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A general model is proposed for the evaluation of equilibrium constants for hydrogen
bonding in polar aprotic solvents between weak acids and (a) solvents, (b) anions and
(c) other acid molecules, based on incomplete literature data for hydrogen bonding in
polar aprotic solvents or in carbon tetrachloride.

The model is based on the apparent existence of ‘unique’, solvent-independent
equilibrium constants, K,,, for the hydrogen bonding equilibria of interest. It is shown
that equilibrium constants for hydrogen bonding between neutrals in carbon tetra-
chloride may serve as K -values, while equilibrium constants for hydrogen bond
formation between an anion and a neutral in an aprotic solvent may be converted into
a K-value if a K -value for hydrogen bonding between the neutral and the solvent is
known. Application of linear free energy relationships for determination of equi-
librium constants unavailable in the literature is demonstrated and used extensively.

Finally, the consequences of the generally strong hydrogen bonding interaction
between acids and polar aprotic solvents for interpretation of measured pK-values in
these solvents are discussed.

A series of methyl substituted phenols and their anions are used as a general

example throughout the paper.

Interference from hydrogen bonding equilibria involving
proton donors on the measured rates of proton transfer
reactions in polar aprotic solvents has previously been
shown to be of importance,'™ and any attempts to interpret
the observed rate constants for proton transfer on a micro-
scopic level require a detailed knowledge of the state of the
reactants in the solution including specific solute-solute
and solute-solvent interactions such as hydrogen bonding.®

Experimental determination of the hydrogen bonding
equilibrium constants is difficult (in some cases impossible)
and time consuming, when series of proton donors and
series of solvents are used, and the aim of the present paper
is to rationalize quantitatively the relationships between
different hydrogen bonding equilibria in order to enable
the determination of the required equilibrium constants
based on incomplete sets of published experimental data.
The analysis of the proposed general model is also based
entirely on data available in the literature.

The hydrogen bonding equilibria included in the dis-
cussion are (a) 1:1 and 1:2 homoconjugation equilibria in
which the corresponding anion of the proton donor, B™,
forms a hydrogen bond with one or two molecules of the
parent acid, HB; (b) 1:1 and 1:2 heteroconjugation equilib-
ria in which an anion, B'~, forms hydrogen bonds with one
or two molecules of an acid, HB; (c) dimerization equilib-
ria in which two molecules of the acid form a hydrogen
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bonded dimer, and (d) hydrogen bonding between an acid
molecule or a dimer of the acid and the solvent.

The search for such a quantitative treatment of literature
data was prompted by the analysis of an extensive set of
kinetic data for the protonation of anthracene anion radical
by a series of mono-, di- and trimethyl substituted phenols
in a series of polar aprotic solvents, where interpretation of
solvent, as well as of substituent, effects seemed to be
related to specific interactions between the phenols and (1)
the solvents, (2) other phenol molecules and (3) the corre-
sponding phenolate anions.® The determination of equilib-
rium constants pertinent to the analysis of these kinetic
data from existing literature data will be used as the ‘case
study’, but the analysis includes a wider range of proton
donors. Most of the results of the analysis are confined to
polar aprotic solvents such as hexamethylphosphoric tria-
mide (HMPA), dimethyl sulfoxide (DMSO), N, N-dimeth-
ylformamide (DMF), N,N-dimethylacetamide, (DMA),
propylene carbonate (PC), acetonitrile, (MeCN) and ben-
zonitrile (PhCN).

In addition, the consequences of a quantitative knowl-
edge of the equilibrium constants for hydrogen bonding
between acids and polar aprotic solvents for the interpreta-
tion of measured equilibrium acidities will be discussed for
a series of substituted phenols.
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The equilibria and the existing data. In order to clarify
whether it is possible to predict from the existing equilib-
rium data and the stoichiometric concentrations of HB
(Chp) and B~ (Cg-) in a given polar aprotic solvent (solv),
the distribution of HB and B~ on the species ‘free’ HB,
‘free’ B~, HB/solv, HB/HB, HB/B~, HB/HB/B~, HB/HB/
solv, it is necessary to analyze the comparability of the
existing data. (Here and in the following ‘/’ represents a
hydrogen bond, and ‘free’ means non-specifically sol-
vated). For the four homo- and hetero-conjugation equilib-
ria, (1)-(4), values of the corresponding equilibrium con-
stants for different HB, B~ and HB, B’~ pairs have been
measured in different polar aprotic solvents, K:°" (here and
in the following the subscript refers to the number of the
equilibrium while the superscript refers to the solvent in
which the equilibrium constant has been measured). Only
for a limited number of HB, B~ and HB, B~ pairs has K;°"
been determined in more than one solvent. With respect to
equilibria (1)~(4) the main question is therefore whether
knowledge of K;" is sufficient to estimate K°"2 for a given
HB, B~ or HB,B'~ pair.

solv

HB + B~ == HB/B" (1)
golv

2 HB + B~ = HB/HB/B~ (or HB/B"/HB) )
:olv

HB + B~ == HB/B'~ (3)
solv

2 HB + B'~ == HB/HB/B'~ (or HB/B'~/HB) @)

Very limited sets of data are available for equilibrium
constants for the formation of hydrogen bonded dimers,
eqn. (5), and these data were obtained in apolar solvents
such as CCl,, CH,Cl, or cyclohexane. In this case the main
question is therefore whether it is possible to predict, from
e.g. K{%-values, the amount of hydrogen bonded dimer
present in polar aprotic solvents.

solv
2 HB =— HB/HB 5)
With respect to hydrogen bonding of HB or HB/HB to
the polar aprotic solvents, eqns. (6) and (7), equilibrium
constants have only been reported when ‘solv’ is in fact a
solute and the solvent CCl,, CH,Cl, or equivalent apolar
solvents. Again the question is whether it is possible to
estimate from K the value of K" when ‘solv’ is the
polar aprotic solvent as well as the hydrogen bond ac-
ceptor.

solv

HB + solv == HB/solv (6)

solv

HB/HB + solv == HB/HB/solv (7
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The model and the assumptions. The model for a general-
ized treatment of hydrogen bonding equilibria is based on
the assumption that each hydrogen bond donor molecule,
HB, can be the hydrogen bond donor only in one hydrogen
bond at a time.

The suggestion is that for each hydrogen bond donor -
hydrogen bond acceptor pair there exists a unique, solvent-
independent equilibrium constant, K;, for hydrogen bond-
ing. This unique equilibrium constant should be interpreted
as the equilibrium constant, K, for equilibrium (i) mea-
sured in a hypothetical solvent with a relative permittivity
in the range of the polar aprotic solvents but without hydro-
gen bond donor or acceptor interactions with the solutes,
i.e. a pure dielectric-continuum-solvent.

Given these unique equilibrium constants and the stoi-
chiometric concentrations of HB, B~, B’~ and solv, the
distribution of HB, B~, B’~ and solv on the possible free
and hydrogen bonded species can then be calculated from
the mutual fulfilment of all the equilibrium conditions.

In the next sections are discussed the possibilities for
determining these unique equilibrium constants from avail-
able literature data.

Results and discussion

Equilibrium constants for hydrogen bonding to solvents.
Application of KE-values as unique K¢-values. In order to
determine the equilibrium concentrations of a free proton
donor in polar aprotic solvents, it is necessary to have
access to the value of the equilibrium constant for hydrogen
bonding between the proton donor and the hydrogen bond
acceptor, when the hydrogen bond acceptor at the same
time acts as the solvent. In the case of the methyl-sub-
stituted phenols where kinetic measurements were carried
out in four different solvents,’ this corresponds to 4 X 14
equilibrium constants, and to the best of our knowledge
none of these, or other equilibrium constants of this type,
have been determined with the hydrogen bond acceptor as
the solvent. This is related to the fact that direct determina-
tion of the equilibrium constants for hydrogen bonding
between good hydrogen bond donors such as phenols and
hydrogen bond acceptors with the latter also acting as the
solvent is difficult owing to the very low concentration of
the free hydrogen bond donor, when the equilibrium con-
stant is large. However, especially for substituted phenols,
a wealth of equilibrium constants for hydrogen bonding to
a large group of neutral hydrogen bond acceptors including
DMSO, DMF, PC and MeCN (which were used as solvents
in the kinetic study applying the methyl-substituted phe-
nols®) have been determined in CCl,, K, by spectro-
scopic methods (IR, NMR, UV), and it is therefore tempt-
ing to propose K{“-values as unique K¢ -values, although
the dielectric constant, €, for CCl, (¢ = 2.2) is much smaller
than that for polar aprotic solvents.

The relationship between the K{-values and the appro-
priate ‘pure base’ values is not known in general, but it has
been shown®® that there is a remarkably good agreement
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Table 1. Data from Ref. 6 for the heat of hydrogen bond formation, AH;, at 25°C measured calorimetrically either by the pure base
method or in dilute CCl, solution for phenol and 4-fluorophenol as hydrogen bond donors.

H-acceptor AH/kcal mol™! KgC4/M!

pure base CCl, IR? AH(pure base)?
Phenol
DMF ~6.86+0.08 —-6.3+0.2 75.56+2.0 70.0+6.0
THF -5.75+0.08 -5.7+0.3 13.3+0.4 13.6+0.4
Pyridine —7.34%£0.10 -7.21+0.2 49.7+1.0 48.0+2.0
4-Fluorophenol
DMF -6.97+0.11 -6.7+0.2 116.0+3.0 122+9
DMSO -7.21+0.08 —6.6+0.1° 346+8°
THF -5.75+0.08 —6.0+£0.3 17.7+£0.5 19.4+1.0
Pyridine —7.40+0.09 —-7.2+0.2 75.0£1.5 74.0+£5.0

aFrom Ref. 6, equilibrium constant determined from IR measurements in dilute CCl, solution. °From Ref. 6, equilibrium constant
calculated from calorimetrically determined AHP* in dilute CCl, at several concentrations of the hydrogen bond donor assuming

AH(pure base) equal to AH;(CCl,). °From Ref. 7.

between the heat of complex formation, AH;, in ‘pure
base’ experiments (see Ref. 6 for a description of the
method) and in experiments carried out in dilute CCl,
solutions as demonstrated in Table 1.

This agreement is not a priori expected as AH, has been
shown to be moderately solvent dependent.® For the hydro-
gen bonding between 3-fluorophenol and, e.g., ethyl ace-
tate AH, changes from —6.7 kcal mol™" in cyclohexane to
—3.7 kecal mol~! in 1,2-dichloroethane, with the values in
CCl,, 1,2-dichlorobenzene and benzene in between.” The
correspondence between the AH-values measured in CCl,
and obtained by the ‘pure base’ method is therefore diffi-
cult to rationalize. Unfortunately, the largest discrepancies
between the ‘pure base’ values and the CCl, values are
found when the hydrogen bond acceptor is likely to self-
associate when neat as e.g. DMSO.® In these cases the
AH-value measured in CCl,; may overestimate the ‘pure
base’ value due to the energy required to break-up the
self-association which accompanies the formation of the
hydrogen bond.

With respect to the entropy of complex formation, AS;,
it has been shown that for a series of phenols, unsubstituted
in the ortho position, AS; is practically constant for a com-
mon acceptor, as has been reported for DMA,'® when the
experiments are carried out in CCl,, i.e. there is a direct
relationship between AH; and K. Similarly, in CCl, AS;
is practically constant for one phenol (4-fluorophenol),
when the acceptor belongs to a series of related com-
pounds, e.g. a series of N,N-disubstituted amides or a
series of sulfoxides.?

On the basis of the considerations above it was decided
to use K{%-values as the best available approximation of
the unique, solvent-independent K -values as well as of the
‘pure base’ value, although there is an uncertainty in the
relationship between the absolute magnitude of K& (=
K,) and the absolute magnitude of the ‘pure base’ value,
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especially for the values related to DMSO and DMF as
acceptors, because these acceptors are the most likely to be
self-associated.®® On the other hand, the relative magni-
tudes of K{“+-values for one acceptor and different, closely
related donors seem to be representative of the relative
magnitudes of the corresponding ‘pure base’ values.

Determination of ‘missing’ KE-values. Despite the large
number of K{%-values available in the literature the sit-
uation frequently arises that the KS-value for a certain
HB,solv pair is unknown. In the case of the methyl-
substituted phenols, only six of the 4 x 14 Kf%-values re-
quired, appear to have been measured previously (cf. Table
2). However, a reliable estimate of the missing KS-value
for unsubstituted phenol, Kf%(PhOH/PC), can be ob-
tained by application of the linear free energy relation
method of Taft ez al.!"' which has recently been presented
in a more general form,"' and which, in principle, associ-
ates every hydrogen bond donor with a hydrogen bond
donor acidity and every hydrogen bond acceptor with a
hydrogen bond acceptor basicity. However, for the present
purpose the simpler version in eqn. (8)" is appropriate.

log K{%(donor,/acceptor;) =
¢, log KE(donor,/acceptor;) + ¢, (8)

Eqn. (8) describes a linear relationship between
log K¢ %-values for two different hydrogen bond donors,
donor, and donor,, and the same series of hydrogen bond
acceptors, acceptor;, where ¢, and c, are constants deter-
mined by the two donors. Using existing literature data for
K (primary values), determined for PhOH and for 4-
chlorophenol and a series of common hydrogen bond ac-
ceptors, the value of K{“4(PhOH/PC) = 9.8 M~!, (a sec-
ondary value), can be found from the known value of
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Fig. 1. Regression of log KS%(4-chlorophenol/acc;) vs.
log K$%(phenol/acc;); slope = 1.10, intercept = 0.13, r =
0.996. The data are from Refs. 6, 7, 10, 16—43.

KEY(4-chlorophenol/PC) = 16.3 M1 ,'® and the linear rela-
tionship between the logarithm of the two sets of K-
values, eqn. (8), shown in Fig. 1.

For the methyl-substituted phenols only few (in the
range 0-10) primary values for hydrogen bonding to differ-
ent acceptors can be found in the literature. Consequently,
determination of secondary values by application of linear
relationships of the type in eqn. (8) between each of the
methyl-substituted phenols and, e.g., PhOH will be rather
uncertain, and the four K{%-values needed for each of
these phenols therefore have to be evaluated by another
method. The general linear free energy relation method"!*
predicts that a linear relationship similar to eqn. (8) exists
for the hydrogen bonding between two different hydrogen
bond acceptors, acceptor, and acceptor,, and a common
series of hydrogen bond donors, donor;, eqn. (9), where ¢,
and ¢, are constants determined by the two acceptors.

log KE%(donor;/acceptor,) =

¢, log K£%(donor,/acceptor,) + ¢, )
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Fig. 2. Regression of log KSC(HB,/DMF) vs.

log K (HB/acetone); slope = 1.32, intercept = 0.42, r =
0.998. The data are from Refs. 6, 7, 16, 18, 21, 24, 25, 32, 33
44-52, two secondary values for log KS¢+(HB,/DMF) and one
secondary value for log K$®+(HB;/acetone) derived from the
regression lines found in the legend to Fig. 5 as described in
the text.
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Fig. 3. Regression of log K§(HB,/DMSO) vs.

log K§C4(HB/DMF); slope = 1.18, intercept = 0.12, r = 0.997.
The data are from Refs. 6, 7, 16, 18, 19, 24, 26, 31, 33, 4547,
49-51, 53, 54, and four secondary values for

log KE®(HB/DMF) derived from the linear regression lines in
the legend to Fig. 5 as described in the text.

Application of eqn. (9) for the determination of the
K{%-values for the methyl-substituted phenols and the
four polar aprotic solvents as acceptors, requires (1) that
K{-values for all the methyl-substituted phenols have
been determined for one common hydrogen bond acceptor,
acceptor,, and (2) that a correlation of the type shown in
eqn. (9) can be established between acceptor, and each of
the four acceptors needed for our purpose, acceptor,,
through a common set of other hydrogen bond donors,
donor;.

The equilibrium constants for hydrogen bonding be-
tween acetone and phenol and all the methyl-substituted
phenols (except 2,3,6-trimethylphenol) have been mea-
sured previously in CCl,,>* and a correlation between
log K¢€4(HB,/DMF) and log KS©4(HB,/acetone) can be
established by application of K{%-values for 13 common
donors, Fig. 2. For DMSO, PC and MeCN the number of
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Fig. 4. Regression of (a) log KS¢4(HB/PC) vs.

log K$€4(HB/DMSO); slope = 0.64, intercept = ~0.52, r =
0.991; and (b) log K$®'+(HB,/MeCN) vs. log K§°+(HB,/DMSO);
slope = 0.53, intercept = —0.51, r = 0.98. The data are from
Refs. 7, 8, 16, 19, 22, 25, 26, 30, 31, 37, 45, 46, 49. Eight
secondary values for log KS®+(HB,/PC) and six secondary
values for log K§C(HB,/MeCN) are derived from the linear
regression lines found in the legend to Fig. 5 as described in
the text.



K& -values which can be used in a correlation with
the acetone data are limited to less than ten common do-
nors, but a correlation of the type in eqn. (9) between
log KS€4(HB/DMSO) and log KE“4(HB,/DMF) data can
easily be established based on a large number of K-
values in the literature for common hydrogen bond donors,
Fig. 3. Therefore, the secondary values for the equilibrium
constants for hydrogen bonding between the methylphe-
nols and DMF derived from the correlation in Fig. 2 can be
used in the correlation between log K{“4(HB,/DMSO) and
log K¢“4«(HB/DMF) to estimate the equilibrium constants
for hydrogen bonding between the methyl-substituted phe-
nols and DMSO.

The same approach was used to obtain the equilibrium
constants for hydrogen bonding to PC and to MeCN, Fig.
4, but the log K% (HB,/PC)- and log KE4(HB,/MeCN)-
values were correlated with the log K&€4(HB,/DMSO)-
values, instead of with the log K{“4(HB/DMF)-values,
because a larger number of primary values for common
donors is available in these cases. Owing to the lack of
literature values for K€4(HB,/PC), all the PC-values used
in the correlation with the DMSO-values are based on the
reported value of the equilibrium constant for hydrogen
bonding between 4-chlorophenol and PC,!® which, as de-
scribed above, allows the determination of secondary val-
ues for other hydrogen bond donors by application of rela-
tions of the type described by eqn. (8). These secondary
values of the equilibrium constant for hydrogen bonding
between PC and a series of substituted phenols have been
determined using PhOH as donor,. The regression of log
K& (4-fluorophenol/acc;) vs. log KSS4(PhOH/acc) is
shown in Fig. 5, where the regression lines for seven other
substituted phenols are also given in the legend.
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Fig. 5. Regression of log K$%(4-fluorophenol/acc;) vs.

log K§®4(phenol/acc)) (slope = 1.04, intercept = 0.11, r =
0.996). Similar regressions for seven other substituted phenols,
log K§®4(X-phenol/acc;) vs. log KS%(phenol/acc;) result in the
following regression lines: 4-bromophenol (slope = 1.20,
intercept = —0.03, r = 0.997); 4-methylphenol (slope = 0.96,
intercept = —0.06, r = 0.998); 4-methoxyphenol (slope = 1.02,
intercept = —0.17, r = 0.998); 3,4-dimethylphenol (slope =
0.91, intercept = —0.04, r = 0.995); 3-methylphenol (slope =
1.00, intercept = —0.17, r = 0.990); 3-nitrophenol (slope =
1.38, intercept = 0.22, r = 0.990); 4-nitropheno! (slope = 1.36,
intercept = 0.36, r = 0.98). The data for log KS%(phenol/acc;)
are from Refs. 6, 7, 10, 17-20, 22-27, 2942, 56-63, and the
data for the substituted phenois are from Refs. 6-8, 10, 17,
19-21, 23, 36, 41, 4547, 54, 55, 57, 58, 63-70.

Using the primary K{%-values for hydrogen bonding
between the methyl-substituted phenols and acetone* and
the four correlations of the type given in eqn. (9) described
above, the secondary K{-values for the hydrogen bond-
ing between the methyl-substituted phenols and DMSO,
DMF, PC and MeCN found in Table 2 were derived. For

Table 2. Secondary values of the equilibrium constant for hydrogen bond formation, K, at 25°C between 14 phenols and four polar
aprotic solvents based on the K§®4-values for hydrogen bond formation between the same phenols and acetone as described in the

text.
Phenol Acetone? K§C4/M
substitutent

DMSO DMF PC MeCN
None 127 210 (210)® 75 (75)° 9.2¢ 5.1 (5.1)°
2-Methyl 8.5 112 44 6.2 3.7
3-Methyl 10.7 160 (130)' 60 (57)' 7.8 45
4-Methyl 10.6 160 (150)¢ 60 77 4.5
2,3-Dimethyl 7.0 84 34 5.1 3.2
2,4-Dimethyl 6.9 82 34 5.0 3.2
2,5-Dimethyl 7.3 89 36 53 3.3
2,6-Dimethy! 3.1 24 12 23 1.6
3,4-Dimethyl 8.5 110 44 6.2 3.7
3,5-Dimethyl 9.3 130 50 6.8 4.0
2,3,5-Trimethy! 6.3 71 30 4.6 29
2,3,6-Trimethyl 2,78 19 9.7 2.0 15
2,4,6-Trimethyl 2.5 17 8.8 1.8 14
3,4,5-Trimethyl 7.8 99 40 5.7 3.5

aData from Ref. 44. *Average of data from Refs. 7, 19, 26, 31. “Average of data from Refs. 6, 7, 18, 24, 33. Secondary value from
correlation between PhOH and 4-chlorophenol data, Fig. 2, 9.8 M~'. ®Average of data from Refs. 22, 25, 30. 'Data from Ref. 45.

9Data from Ref. 19. "Estimated as described in the text.
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2,3.6-trimethylphenol, for which no literature data exist for
the hydrogen bonding to acetone, the value of the equilib-
rium constant for hydrogen bonding to acetone was esti-
mated to be 2.7 M~! by evaluation of the average effect of
a 3-methyl substituent on the equilibrium constant for
phenol, 2-methyl-, 3-methyl-, 4-methyl- and 2,3-dimethyl-
phenol, and the value of the equilibrium constant for
2,6-dimethylphenol. ‘
In Table 2 are given in parentheses the six primary K{%-
values found in the literature for hydrogen bonding be-
tween the methyl-substituted phenols and the four sol-
vents. By comparison of these primary values with the
corresponding secondary values derived as described
above, it appears that the error introduced by the applica-
tion of the secondary values is relatively small. The largest
deviation is found for hydrogen bond formation between
3-methylphenol and DMSO (23 %), which, however, is
almost within the experimental uncertainty of the primary,

spectroscopically determined values of KS®.*

Alternative method for the determination of ‘missing’ KS-
values. The existence of the linear free energy relation-
ships. eqns. (8) and (9), suggests that for a given hydrogen
bond acceptor a Hammett correlation might exist for
structurally related hydrogen bond donors such as, e.g., a
series of substituted phenols. However, in the following it
will be demonstrated that application of this method has
severe drawbacks compared with the method described
above for the estimation of ‘missing’ K{“4-values.

In order to establish the Hammett relationship, primary
K{“-values for the hydrogen bond equilibria between
meta- and para-substituted phenols and the hydrogen bond
acceptor in question, are required. Taking again DMSO,
DMEF, PC and MeCN as examples, the number of available
literature values is limited (between one and eleven values)
and the regression lines can therefore only be determined
with a large uncertainty.

In the example with the methyl-sustituted phenols, 2-
substituted as well as 2,6-disubstituted phenols were in-
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Fig. 6. Hammett plot of (a) log KS®(X-phenol/acetone) (slope =
0.82, intercept = 1.11, r = 0.98) based on seven primary
values of KgC4, Refs. 16, 21, 25, 32, 44 and (b)

log K§®(X-phenol/DMSO) (slope = 1.35, intercept = 2.37, r =
0.97) based on 11 primary values of KS°, Refs. 7, 16, 19, 26,
31, 45, 46, 71.
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Table 3. Comparison of ‘best’ o,- and g, ¢-values for methyl
substituents in phenols taken from the literature or estimated
from literature data.

Measured quantity Ref o8 03

Equilibrium constant for hydrogen

bonding to acetone in CCl, 442 -024 -075
Equilibrium constant for hydrogen

bonding to Et;N in CCl, 58 -0.24 -
NMR frequency shift of hydroxy

proton in HMPA 72 -0.07 -0.67
NMR frequency shift of hydroxy

proton in DMSO 73,74 -0.12 -0.76

“The equilibrium constants are found in Table 2.

cluded in the series. This raises the problem of a meaning-
ful definition of o-values for the 2-methyl and the 2,6-
dimethyl substitution patterns. Utilizing again the data set
for hydrogen bonding between acetone and methyl sub-
stituted phenols,?* it is possible to define a Hammett
relation based on the ortho unsubstituted phenols, Fig.
6(a), and from this regression line to determine the ‘best’
0,- and g, (-values for the methyl group with respect to this
equilibrium, o = —0.24 and o} = —0.75. Using these
values, additivity with respect to additional meta or para
substituents is maintained. The question is how general
the applicability of these o%- and o} (-values is for methyl
groups. Table 3 summarizes the ‘best’ values, o5 and o5,
found in the literature or calculated from literature data
dealing with equilibrium processes involving 2-methyl and
2,6-dimethyl substituted phenols.

Inspection of the data in Table 3 reveals that the o}-
values found from the two hydrogen bonding studies* are
identical, indicating that the influence of the 2-methyl sub-
stituent in phenol is comparable even for two acceptors,
acetone and triethylamine, which structurally are quite dif-
ferent. Furthermore, the rule of additivity of o for two
ortho substituents (o8, = o5 + 03) is not followed in any of
the studies, but for the measurements of the chemical shift
in HMPA ,” which includes a total of 11 methyl-substituted
phenols, it appears that once the proper o5~ and 63 ¢-values
are chosen, additivity of the o-values is followed, as is also
observed in the case of hydrogen bonding to acetone. The
ob-values corresponding to the NMR studies™* are consid-
erably less negative than those corresponding to the value
of the hydrogen bonding equilibrium constants. This differ-
ence may be attributed to the quantities measured, where
the changes in the values of the chemical shift, contrary to
the free energy of complex formation, do not take into
account the entropy.

Assuming the o%- and o} ;-values found from the data for
hydrogen bonding to acetone are generally applicable in
Hammett relations of equilibrium constants for hydrogen
bonding of methyl substituted phenols, it is possible to
compare the K{%-values for 2-methyl- and 2,6-dimethyl-



Table 4. Secondary values of the equilibrium constant for
hydrogen bond formation, K$%, at 25°C between 11 phenols
and DMSO determined from the Hammett plot in Fig. 6(b) and
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Table 5. Literature values of the equilibrium constant for
formation of phenol dimers by hydrogen bonding in CCl,, KS%4.

with 0§ = —0.24 and o3, = —0.75 found from Fig. 6(a) as Phenol KSCl/M-1
described in the text. substituent

Ref. 58 Ref. 76 Ref. 77
Phenol substituent %o, o® KSCa/M~? (30°C) (28°C) (?°C)
2-Methyl -0.24 111 None 4.7 1.3 0.72
2,3-Dimethyl —0.31 89 2-Methyl 0.77
2,4-Dimethyl ~0.41 66 4-Methyl 47 0.80
2,5-Dimethyl —-0.31 89 3,4-Dimethyl 5.0
2,6-Dimethyl -0.75 23
3,4-Dimethyl —0.24 111
3,5-Dimethyl -0.14 152
2,3,5-Trimethyl —0.38 72 ably maximum - estimates of unique equilibrium constants
2,3,6-Trimethyl —0.82 18 . .
2.4.6-Trimethyl _0.92 13 for reaction (5) in the case of phenols.
3,4,5-Trimethyl —0.31 89 Again, taking the methyl-substituted phenols as an ex-

substituted phenols hydrogen bonding to DMSO deter-
mined from the linear relations (8) and (9), with those
determined by application of the 05- and 0% ¢-values and the
Hammett relation for hydrogen bonding to DMSO (the
only case for which sufficient literature data are available
for construction of the Hammett correlation). The Ham-
mett plot in Fig. 6(b) is given by the equation log KE%(X-
pheno/DMSO) = 1.35¢ + 2.37 from which the K{%-
values in Table 4 are found for the 2-methyl- and 2,6-
dimethyl-substituted phenols as well as for the other
methyl-substituted phenols for which no primary values
exist for the equilibrium constant for hydrogen bonding to
DMSO. Comparing these values with the corresponding
values in Table 2, shows that surprisingly good agreement is
obtained. In only three cases, 2,4-dimethyl-, 3,5-dimethyl-
and 2,4,6-trimethyl-phenol, do the K{%-values found de-
viate from the Hammett relation by more than 10 % from
the values found by application of eqns. (8) and (9), and
the deviations seem to be non-systematic.

This agreement strongly supports the validity of the
much more general approach described above, where liter-
ature data for different types of hydrogen bond donor are
used in combination in order to obtain the regression lines
defined by eqn. (9).

Evaluation of equilibrium constants for formation of dimers
by hydrogen bonding. The existence of hydrogen-bonded
dimers has been reported for a few phenols in
CCl,, 3940387578 45 well as for a number of alcohols’® and
carboxylic acids™ %3 but the measured values of K9 may
not be directly applicable as unique values as in the case of
K,, because, in some cases, especially for the carboxylic
acids, they have been attributed to a cyclic structure in-
volving two hydrogen bonds per dimeric species,”®
whereas the polarity and the hydrogen bond acceptor
strength of the polar aprotic solvents make the cyclic dimer
unlikely. However, the KS%-values are the only values
available and are therefore chosen as the best — and prob-

ample, reported values of K, which include at least two
of the phenols® 7" are found in Table 5. If we compare the
values only within a single set of measurements it appears
that substitution in the ortho position, as may be expected
from steric reasons, causes a decrease in the value of K,
while substitution in the 4- and 3,4-positions causes a slight
increase in the value. It is assumed that this tendency is
independent of the structure of the dimeric species. For the
2,6-dimethyl-substituted phenols no values have been re-
ported, but from the large differences between the K-
values for 2,6-dimethyl-substituted phenols and the K-
values for other phenols, the values of K< for 2,6-di-
methyl-substituted phenols may well be an order of magni-
tude smaller than for phenols unsubstituted in the ortho
position.

The K$“-values from Ref. 58 were chosen, despite the
fact that they are obtained at 30°C, while almost all other
K 4-values refer to 25°C, for two reasons: (1) the K$%-
values are found in the only work including three of the
phenols of interest; (2) the K{®-values were determined
by the same workers who made measurements of equilib-
rium constants for 1:1 as well as 2:1 hydrogen-bonding
complexes involving the same three phenols (and a series of
other substituted phenols), and the results from these
measurements are used below in order to estimate the
stoichiometric effect of hydrogen bonding between dimeric
species and solvents.

The results from Ref. 76, cf. Table 5, indicate that methyl
substitution in the 2-position leads to a K®-value which is
only 60 % of the value for PhOH, and, assuming that this
decrease in K$ by methyl substitution in the ortho posi-
tion can be transferred to the set of data from Ref. 58, this
will be equivalent to a KS®-value for 2-methylphenol equal
to 2.8 M™!. Based on the apparent effects of substitution in
2-, 4- and 3,4-positions, the values of K for the remain-
ing phenols may be estimated to be in the range 3-10 M,
with the K{-values for phenols substituted in the ortho
position in the lower end of the range and with the K%-
values for 3,5-dimethyl- and 3,4,5-trimethyl-phenol in the
higher end.

That this is, in fact, the right order of magnitude of the
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K-values, and consequently, that the values of K are
not seriously effected by possible cyclic structures in CCl,,
may be checked if we approximate the hydrogen bond
acceptor property of a phenol with the hydrogen bond
acceptor property of a corresponding alkyl phenyl ether.
For PhOH the equilibrium constant for hydrogen bonding
to methyl phenyl ether in CCl, has been determined to be
1.01 M~' 2 and for hydrogen bonding to ethyl phenyl ether
in CCl, to be 1.12 M~' 2 or 1.22 M™% To the best of our
knowledge the analogous values for the methyl-substituted
phenols are not available in the literature.

Therefore, also in this case of unique equilibrium con-

stants for the formation of hydrogen-bonded dimers, Ky,
the corresponding equilibrium constants determined in
CCl,, K, are chosen as representatives.

Unique equilibrium constants for homo- and hetero-con-
jugation. Determination of unique K- and K;-values from
Kio"-, K3~ and K¢-values. The K{*“-values found in the
literature (solv being a polar aprotic solvent) do not take
into account the fact that the hydrogen bond donor, HB, as
demonstrated above, is mainly hydrogen bonded to the
solvent, HB/solv, and consequently, K{° may more pre-
cisely be interpreted as in eqn. (10).

[HB/B-]
([HB) + [HB/solv])[B]

K = (10)

Knowledge of the values of KF“4(HB/solv) offers the
opportunity of calculating a value for the homoconjugation
constant which takes into account that only part of the
hydrogen bond donor is free and able to form the new
hydrogen bond.

[HB/B™]

K = [HB][B] ~ K1 + KS%[solv]) (1)

K, defined in eqn. (11) may be taken as the unique
homoconjugation constant quantifying directly the interac-
tion between the hydrogen bond donor and the anion and
not the competition between the anion and the solvent for

hydrogen bonding with the donor. In that respect K; would
correspond to the equilibrium constant for equilibrium (1)
measured in an inert solvent, e.g. CCl,, but Kt-values are
not available and, owing to the low relative permittivity of
CCly (¢ = 2.2), such data would be influenced by ion-
pairing effects, and consequently the values of K, cannot
be experimentally verified. However, if determination of
K, from different K{*™-values, i.e. from apparent equilib-
rium constants for homoconjugation measured in different
solvents, give similar values of K|, it seems appropriate
to use these Kj-values as unique equilibrium constants
for equilibrium (1), and it will then be possible from the
value of the equilibrium constant for homoconjugation
determined in one solvent, solv,, to determine the value
of the equilibrium constant in another solvent, solv,, if
KE{(HB/solv,) and KEC4(HB/solv,) are known. In order
to test whether this approach is feasible, 4-nitrophenol was
used as a model compound, this being the only compound
for which literature data are available for homoconjugation
in several different polar aprotic solvents.

The equilibrium constants for homoconjugation of 4-
nitrophenol determined in the five different solvents
DMSO,’O DMF,KS'M PC,M MCCNM‘M‘(’QJO and PhCN,67'89
vary by approximately 2.5 orders of magnitude when the
solvent is changed from DMSO to PhCN (Table 6). Un-
fortunately, only KE4(4-nitrophenol/DMSO) has been de-
termined,'® but reliable secondary values of KS%(4-nitro-
phenol/solv) when solv is DMF, PC, MeCN or PhCN can
be obtained by application of the regression equation given
in the legend to Fig. 5 together with the known values of
K§4(PhOH/solv). These secondary values of K¢'4(4-nitro-
phenol/solv) are also found in Table 6.

By application of eqn. (11) and the Ki{*"- and K{%-
values in Table 6, five independent values of the unique
equilibrium constant for homoconjugation of 4-nitrophenol
were calculated (cf. Table 6), and when the very different
origins of the literature data for K°", as well as for K$%,
are taken into account, the variation in K| is certainly very
small — less than a factor of two — indicating that non-
specific interactions between the polar aprotic solvents and
the solutes are of minor importance for the formation of
the homoconjugation complex.

Table 6. Values of tHe unique equilibrium constant for homoconjugation, K;, between 4-nitrophenol and 4-nitrophenolate calculated
from eqn. (11) by application of the equilibrium constants for homoconjugation in five polar aprotic solvents, K}, and the equilibrium
constants for hydrogen bonding between 4-nitrophenol and the solvents, K§C%.2

DMSO DMF PC MeCN PhCN
K§Ca/M 3610° 930° 5849 24¢ 15
KoM/M~! 409 70" 3.55x10%/ 4.1x10%/ 2.5x10%
K,x1075/M™? 20 2.0 2.4 1.9 3.7

2At 25°C. °Ref. 19. °Secondary value derived from the regression line in the legend to Fig. 5 and primary value of K4(PhOH/DMF),
Refs. 6, 7, 18, 24, 33. YSecondary value derived from the regression line in the legend to Fig. 5 and the secondary value of
K$C4(PhOH/PC), see Table 2. °Secondary value derived from the regression line in the legend to Fig. 5, and the primary value of
KSCsPhOH/MeCN), Refs. 22, 25, 30. 'Secondary value derived from the regression line in the legend to Fig. 5 and the primary value
of Kg®4(PhOH/PhCN), Refs. 22, 59. 9Ref. 70. "Refs. 85-87. 'Ref. 88. /Refs. 64, 67, 69, 70. “Refs. 67,89.
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Table 7. Values of the unique equilibrium constant, Kj, for heteroconjugation between 4-bromophenol and five different anions,
calculated from egn. (13), the equilibrium constants for heteroconjugation in three different solvents, K$*¥, and the equilibrium
constants for hydrogen bonding between 4-bromophenol and the solvents, K§°(4-bromophenol/soiv).?

Anion DMSO DMF MeCN

KPMSO/M~! Ky/M™! KMF/M-? KM~ Ky*eeN/M-! Ki/M!
3-BrC¢H,CO0" 26.3° 2.1x10° 129° 2.8x10° 1820° 2.3x10°
3-NO,-4-CIC,H,CO0"~ 12.9° 1.1x10° 75.9° 1.7x10° 955°¢ 1.2x10°
4-NO,C¢H,CO0~ 17.0° 1.4x10° 83.2% 1.8x10° 1100° 1.4x10°
3,5-di-NO,CsH;0"~ 19.0¢ 1.6x10° 74 1.6x10° 1320° 1.7x10°
4-NO,CeH,0O- 24.5° 1.8x10° 74 1.6x10° 710" 0.9x10°

2K$C4(4-bromophenol/DMSO) = 590 M~', Ref. 19, and the secondary values KS%(4-bromophenol/DMF) = 170 M,
K$C'4(4-bromophenol/MeCN) = 6.6 M, determined from the regression line in the legend to Fig. 5. °Ref. 90. °Ref. 91. “Ref. 92.

°Refs. 64, 69, 92. 'Refs. 64, 69.

As with the literature values for the equilibrium con-
stants for homoconjugation, literature values for equilib-
rium constants for heteroconjugation, do not take into
account the fact that the hydrogen bond donor, HB, is
found mainly as HB/solv. The only difference between the
homoconjugation, equilibrium (1), and the heteroconjuga-
tion, equilibrium (3), is that the anion, B~ of the hydrogen
bond donor, HB, is different from the anion, B'~, to which
the hydrogen bond is formed in the heteroconjugation
complex.

Consequently, the literature values, K$°", may more pre-
cisely be interpreted as in eqn. (12), and analogously to the
equilibrium constants for homoconjugation, the measured
equilibrium constant for heteroconjugation can be recalcu-
lated to a unique equilibrium constant for heteroconjuga-
tion taking into account the hydrogen bonding between HB
and the solvent by application of eqn. (13).

N [HB/B'"]
K™ = (4B + [HB/soV])[B' ] (12
[HB/B'"]
s = BB = K+ KEsolv) (13)

The equilibrium constants for heteroconjugation of dif-
ferent anions with 4-bromophenol in three different aprotic
solvents have been reported,® %% Table 7. From these

values of K{*" three independent values of the unique het-
eroconjugation equilibrium constant, K3, can be calculated
for each anion, by application of eqn. (13), and in none of
the five cases do the three values of K; differ by more than
a factor of two, Table 7.

The consistency in unique values of homo- and hetero-
conjugation equilibrium constants determined as described
above from the available, solvent specific literature data,
supports the applicability of the approach for determina-
tion of unknown solvent-specific homoconjugation equilib-
rium constants, K°".

For the series of phenols in the example, comparison
of K-values derived from different K{°"-values can only
be made for unsubstituted phenol, for which KPMSO and
K™ have been reported. Application of the values of
KEC4(PhOH/DMSO) and K% (PhOH/MeCN) found in
Table 2 and the reported K{®“-values®’** in eqn. (11)
results in K, = 6.8 x 10° M~! (DMSO) and 1.1 x 10° M™!
(MeCN). The origin of the substantial difference in this
case — a factor of six — is not clear.

On the basis of the four reported values of KPMSO for
methyl-substituted phenols®* and the corresponding
K¢C-values in Table 2, the K;-values in Table 8 can be
calculated. From Table 8 it appears that the rather small
variation in the observed KPMSC-values is partly a conse-
quence of a parallel decrease in the values of K, and K&
upon methyl substitution in the ortho position.

Table 8. Equilibrium constants for homoconjugation in DMF, PC and MeCN, K{°", calculated from the values in DMSO, KPMSC, the
equilibrium constants for hydrogen bonding between the phenols and the solvents, K£%%, in Table 2 and eqn. (11).7

Phenol KPMSO/M-1 b K,/M-1¢ KPMF/M-1 @ KPC/M-1 9 KMeCN/\p-1 @
substituent

None 2.3x10° 6.8x10° 7.0x10° 6.3x10* 6.8x10%(1.1x10%°
2-Methyl 1.4x10° 2.2x10° 3.9x10° 3.0x10* 3.1x10*

3-Methyl 2.3x10° 5.2x10°8 6.7x10° 5.7x10* 6.0x10*

4-Methy! 2.5%x10° 5.6x10° 7.3x10° 6.2x10* 6.5x10*
2,6-Dimethy! 1.9%x10° 6.4x10° 4.2x10° 2.3x10* 1.9%x104

apt 25°C. ’From Refs. 93, 94. “Calculated from eqn. (11). “Calculated from egn. (11) and the values of K,. °From Refs. 69,70.
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The calculated values of K, for PhOH, 2-, 3- and 4-
methylphenol and for 2,6-dimethylphenol permit the esti-
mation of K{*™ in DMF, PC and MeCN for these phenols,
by application of the K“4-values in Table 2 and eqn. (11),
and these estimated values are also found in Table 8.

Inspection of Table 8 also reveals that methyl substitu-
tion in 3- and 4-position has a similar and only small dimin-
ishing effect on the value of K, contrary to substitution in
the 2-position and especially in 2- and 6-position. It there-
fore seems justified to assign the same K-value as found
for 3- and 4-methylphenol (on the average 5.5 X 10° M) to
3,4- and 3,5-dimethylphenol and to 3,4,5-trimethylphenol.
Similarly, a K|-value only a little lower (2 X 10° M™') than
the one found for 2-methylphenol (2.3 x 10 M™!), can be
assigned to 2,3-, 2,4-, 2,5-dimethylphenol and 2,3,5-tri-
methylphenol; and a K,-value of 6 x 10° M™! (slightly lower
than the one found for 2,6-dimethylphenol, 6.4 x 10° M™!)
can be assigned to 2,3,6- and 2,4,6-trimethylphenol.

Determination of unique K,-, K4~ and K;-values from Ks-
and K¢-values. Tt is well recognized?*25895% that forma-
tion of a hydrogen bond to a hydrogen bond acceptor site in
a molecule strengthens a hydrogen bond donor site within
the same molecule, and the non-cyclic hydrogen bonded
dimers are consequently expected to be stronger hydrogen
bond donors than the monomers. Therefore, although the
unique equilibrium constants for formation of hydrogen
bonded dimers, K, as discussed above, are relatively small
for the phenols, it is necessary to determine to what extent
the dimer, HB/HB, is present hydrogen bonded to the
solvent, HB/HB/solv, or to the corresponding anion,
HB/HB/B", in order to estimate the distribution of HB on
monomeric and dimeric forms.

In general, a hydrogen bonded complex consisting of two
molecules of a hydrogen bond donor and one molecule of a
hydrogen bond acceptor (acc) may have two different
structures, HB/HB/acc or HB/acc/HB, if the acceptor has
two possible acceptor sites, i.e. two lone-pairs. For exam-
ple, in the 2:1 homoconjugation complex, the formulation
of the 2:1 complex as HB/B~/HB indicates that two mono-
meric phenols hydrogen bond to the same anion. However,
this species differs only in a single proton shift from HB/
HB/B~, which could be described as a conjugation complex
between a hydrogen bonded dimer, HB/HB, and a corre-
sponding anion, B™.

If we ignore any possible differences in the structure of
the 2:1 complexes formed by two molecules of a hydrogen
bond donor and one molecule of a hydrogen bond ac-
ceptor, the thermodynamic cycle (18) shows the close rela-
tionship between equilibrium (14) [the generalized version
of equilibria (1), (3) and (6)], equilibrium (5), equilibrium
(15) [the generalized version of equilibria (2) and (4)] and
equilibrium (16) [the generalized version of equilibrium
(7)], when all the reactions are formulated as solvent inde-
pendent with the unique equilibrium constants, K,,—K,,.

K
HB + HB + acc == HB + HB/acc (14)

K
HB + HB + acc == HB/HB/acc (or HB/acc/HB)  (15)

K16

HB/HB + acc == HB/HB/acc (or HB/acc/HB) (16)
K

HB + HB/acc == HB/HB/acc (or HB/acc/HB) (17)

K
HB + HB + acc =—= HB/HB + acc

Ko || KIS\K,(, I (18)

K
HB + HB/acc —> HB/HB/acc

Given the unique values K (= K£4) and either K5 or
K,, and K|, the unique value, K4, for the equilibrium
constant for hydrogen bonding between the dimer and an
acceptor can be calculated: K,, = Ks/Ks = K,,K,,/K;.

Equilibrium constants for the overall formation of a 2:1
homoconjugation complex have been reported for PhnOH
and other ortho unsubstituted phenols in MeCN,”” KMeN =
KMeN. Analogously to the recalculation of the equilibrium
constants for homoconjugation, taking into account that
only part of the acid is free and able to form new hydrogen
bonds, the unique equilibrium constant, K, = K, for
formation of the 2:1 complex can be calculated by applica-
tion of eqn. (19) using the corresponding Kg-values
(= K&%-values).

Table 9. Values of the unique equilibrium constant, K, for hydrogen bonding between PhOH/PhOH and CI~ and between
PhOH/PhOH and PhO~ calculated from the reported equilibrium constants for 1:1 and overali 2:1 complex formation, KMeN and K}NecN

respectively, as described in the text.?

acc KMecN/M-1 KW/~ KMeCN/\-2 K,s/M2 Kis/M~!
cr 150° 1.5%104¢ 600° 5.7x108 1.2x10°
PhO- 1.1x104? 1.1%108 ¢ 5.8x10°° 5.4x10° 1.1x10°

2At 25°C. ®Refs. 22, 69. “Calculated from eqn. (13), KMCN = K}eCN_ dCalculated from eqn. (11), KMeCN = KMeCN_ eRef. 97. ‘Calculated

from egn. (19).
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Kis = K2V ( 1+ Kg[solv])? 19)

For PhOH the values of KMV (= K}N), K, and K;
result in a unique equilibrium constant for formation of a
2:1 homoconjugation complex between a dimer and an
anion K; = K, = Ks/Ks = 1.1 x10° M}, cf. Table 9. By
application of the same procedure the reported overall
equilibrium constant for the hydrogen bonding between
two PhOH molecules and Cl~ in MeCN, KN = g MecN 97
gives the unique value of K, = K5 found in Table 9 using
eqn. (19), K, and K;.

The corresponding unique equilibrium constants for for-
mation of 1:1 complexes between PhOH and PhO~, K, =
K4, and between PhOH and CI-, K; = K,, (cf. Table 9)
can be used to compare the relative strengths of the dimer
and the monomer as hydrogen bond donors. With CI~ as
the hydrogen bond acceptor, the ratio K;s/K;, = 80 tells
that the equilibrium constant for hydrogen bonding is 80
times as large for the dimer as for the monomer, whereas
the ratio K,/K,, = 10° found when PhO" is the acceptor,
tells that when the hydrogen bond acceptor is the much
stronger PhO~, the relative strenth of the dimer compared
with the monomer is about an order of magnitude larger
than when the acceptor is Cl™.

For PhOH, 3-methylphenol and 3,4-dimethylphenol the
equilibrium constants for formation of 1:1 complexes, K4,
with Br™, I-, tetramethylurea (TMU) and triethylamine
(TEA) in CCl, have been reported®-258% together with the
equilibrium constants for formation of a second hydrogen
bond from another phenol molecule to the 1:1 complex,
K,,. Br~ and I exist as ion pairs in CCl, (the tetrabutylam-
monium salt, Br-//Bu,N* * or the tetraheptylammonium

Table 10. Values of the unique equilibrium constant for
hydrogen bond formation between four acceptors and the dimer,
Kie, calculated from the values of the unique equilibrium
constants for 1:1 complex formation, K;,, and 2:1 complex
formation, K;;.?

Phenol Hydrogen  K;,/M™' Kz/M™! Kis/M™!

substituent  bond
acceptor

None Br//Bu,N* 1.3x10%%  1.1x10%®  3.0x10*
I"//Hep,N* 2.7x102®  4.7x10'®  2.7x10°
T™MU 1.2x10%°¢ 1.8x10'° 4.6x102
Et;N 4.9%x10'9 2.9%x10'9 2.9%x10?

4-Methyl Br//Bu,N* 8.3x10%°% 1.3x10?° 2.2x10*
I-//Hep,N* 2.2x102° 27x10'®  1.3x10°
TMU 7.6x10'° 1.5x10' ¢ 2.4x10?
Et;N 3.8x10' ¢ 4.1x10'¢ 3.3x10?

3,4-Dimethyl Br //Bu,N* 6.5x102? 9.4x10'® 1.2x10*
I"//Hep,N* 1.7x102° 3.6x10'? 1.2x10°
T™MU 7.1x10' ¢ 1.4x10' ¢ 2.0x10?
E;N 3.1x10'¢ 3.8x10'¢ 2.4x10?

apt 25°C. PData from Refs. 36, 52. °Data from Ref. 95. “Data
from Ref. 58.
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Fig. 7. Regression of log K,¢[(PhOH),/acc] vs.
log Ki4(PhOH/acc;) (slope = 1.55, intercept = —0.35, r =
0.998). The values of K,, and K, are found in Tables 9 and 10.

salt, I"//Hep,N* %) and consequently, the measured equi-
librium constants are not equivalent to the unique equilib-
rium constants for heteroconjugation determined above for
Cl- from data obtained in MeCN. However, the relative
hydrogen bonding strengths of phenol monomers and dim-
ers toward these ion-paired anions are still valid quantities.

Using the thermodynamic cycle (18) and the values of
K, the values of K, = K|,K,,/K; found in Table 10 were
calculated. For each of the three phenols we now have two
sets of values, one set consisting of the unique equilibrium
constants for formation of hydrogen bonds between the
phenol molecule and a series of hydrogen bond acceptors
(CI~, PhO~, Br //Bu,N*, I"//Hep,N*, TME and TEA for
PhOH and Br7//Bu,N*, I"//Hep,N*, TME and TEA for
4-methylphenol and 3,4-dimethylphenol), and one set con-
sisting of what formally can be regarded as the unique
equilibrium constants for hydrogen bonding between the
phenol dimer and the same series of hydrogen bond accep-
tors. Consequently, we can make a correlation of the type
in eqn. (8) for each phenol, with the monomeric phenol as
donor, and the corresponding dimer as donor,. For PhOH,
where we have six points in the regression, the linearity of
the plot is surprisingly good, cf. Fig. 7. From this linear
relation and the known values of the equilibrium constants
for hydrogen bonding between monomeric PhOH and the
four solvents, K, = K&, (Table 2) the corresponding
equilibrium constants for formation of the 2:1 complexes

Table 11. Estimated unique equilibrium constants, K; = K, for
hydrogen bonding between hydrogen bonded dimers and the
four aprotic solvents.?

Phenol Ki/M'? K, = Kg/M™!
substituent

DMSO DMF PC  MeCN
None 47 1.8x10° 3.6x10> 14 56
4-Methyl 47 1.3x10° 3.2x10% 16 7.4

3,4-Dimethyl 5.0 7.6x10%2 2.1x10% 14 6.9

2At 25°C. ’From Ref. 58.
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by hydrogen bonding between the dimer and the solvent,
K; = K, can be estimated, and the values are found in
Table 11.

For 4-methylphenol and 3,4-dimethylphenol the same
correlations can be made (although only with four points in
each), and again the K, = K-values for the four solvents
can be estimated. The data are summarized in Table 11.

We believe that the K; = K ¢-values in Table 11 are valid
to within half an order of magnitude, but it is important to
emphasize that the quality of the data in Table 11 is much
lower than the secondary data derived previously because
(1) the exact structure of the 2:1 complexes may vary from
one hydrogen bond acceptor to another owing to differ-
ences in the number of acceptor sites (lone pairs) and to
differences in the electronic distribution in the 1:1 complex;
(2) the unknown influence of the ion pair structure of
Br//Bu,N* and 1"//Hep,N*; (3) the number of points in
the correlations is small compared with the other applied
correlations; (4) the Ki-values may be uncertain.

For 2-methylphenol the estimate of K; was equal to 2.8
M~! and consequently the relative hydrogen bond donor
strength of the dimer compared with the monomer is ex-
pected to be smaller than for the ortho-unsubstituted phe-
nols discussed above, and for the 2,6-dimethyl-substituted
phenols, the small values estimated for K; indicate that the
dimers have a hydrogen bond strength comparable to that
of the monomers.

Distribution of acid and anion on different species in so-
lution. Based on the determination of the different equilib-
rium constants in the previous sections it is now possible to
estimate the distribution of neutral acids and anions on the
different ‘free’ and hydrogen bonded species in a polar
aprotic solvent, solv. Taking first the case where only neu-
tral acid is present in solution in the stoichiometric concen-
tration Cjy, the stoichiometric equation (20) must be satis-
fied. Using the equilibrium constants Ks, K, and K5, eqn.
(20) leads to eqn. (21) from which [HB] can be found.

te = [HB] + [HB/solv] + 2[HB/HB] +

2[HB/HB/solv] (20)

2K(1 + Ky[solv])[HB]* + (1 + K[solv])[HB] —

s = 0 (21)

In the case where the neutral acid as well as the anion is
initially present, the two stoichiometric equations (22) and
(23) must be fulfilled. Eqns. (22) and (23) may by applica-
tion of the equilibrium constants K,, K, K, K; and K¢
(for hydrogen bonding between the dimer and the anion)
be combined to give eqn. (24), from which [HB] can be
found.

Cs = [HB] + [HB/solv] + 2[HB/HB]

+ 2[HB/HB/solv] + [HB/B~] + 2[HB/HB/B"] (22)

C3. = [B7] + [HB/B"] + [HB/HB/B"] (23)

(2K K3(1 + K[solv])}[HB]* +

(2K, K(1 + K;[solv]) + KsK,o(1 + K[solv])}[HB] +
(K(1 + K [solv]) + 2K(1 + K;[solv]) +

K:K,(2C3- — Cig)}[HB]® +

{(1 + K[solv]) + K((Gg- — Gip)}[HB] ~ Gy = 0 (24)

Interpretation of thermodynamic acidities in polar aprotic
solvents. Bordwell and coworkers have reported a large
number of equilibrium acidities in DMSQ,”% pKPMSC_ The
measurements were made by spectroscopic determination
of the concentrations of an indicator acid and its corre-
sponding anion, and the equilibrium constants for, e.g.,
phenols have been corrected for the influence of homocon-
jugation. The indicator acids, Hln, are, in general, carbon
acids which are unable to form hydrogen bonds either to
the solvent or to the corresponding anions,” In~.
However, the hydrogen bonding between the test acids
and the solvent was not taken into account in the calcula-
tion of the equilibrium constants, and the reported equilib-
rium constants are therefore K,;, defined in eqn. (25),

Table 12. Literature values of pK*" and the corresponding pK,,,-values corrected for hydrogen bonding between the acid and the

solvent calculated from egn. (27) and the K®-values in Table 2.2

Phenol pKOMSO & PKomso pKOMF © PKowr pRMeCN @ PKuecn
substituent

None 18.03 14.53 18.0 15.0 27.2 25.2
2-Methyl 18.10 14.89 27.5 25.6
3-Methyl 18.23 14.87

4-Methyl 18.86 15.51 27.45 255
2,6-Dimethyl 18.52 15.99

aAt 25°C. °From Refs. 93, 94. °From Ref. 99. “From Refs. 70, 100.
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rather than K,, defined in eqn. (26), which defines the
‘true’ acidity of the ‘free’ acid.

[HIn][B]
Ky = ([HB] + [HB/solv])[In"] *
~ [HIn][B~] (26)

* " [HB][In"]

Consequently, the true thermodynamic acidity of the
‘free’ acid, HB, in the solvent solv, pK,,, is related to the
measured acidity, pK*", by eqn. (27), which shows that the
acidity of the acids forming the strongest hydrogen bonds
to the solvent are seriously underestimated.

PK.w = PK*" — log (1 + K{[solv]) 27

Returning to the case of the methyl-substituted phenols,
the equilibrium acidities, pK®M5°, have been measured for
PhOH, 2-, 3-, 4-methylphenol and 2,6-dimethylphenol by
Bordwell and coworkers.”** These values are listed in
Table 12 together with the ‘true’ pKpyso-values calculated
from eqn. (27) and the K{%%-values in Table 2. Inspection
of Table 12 reveals that although 2-methyl- and 2,6-di-
methyl-substitution of the phenol have surprisingly small
effects on the measured pK°SC-values, the corrected
pKpuso-values are in the order expected from an inductive
substituent effect of the methyl groups.

Modification by application of eqn. (27) is also necessary
for pK*"-values measured in other polar aprotic solvents,
because none of them - independent of the method of
determination — takes into account the extent to which the
phenol is hydrogen bonded to the solvent.

Only the equilibrium acidity of the unsubstituted phenol
has, to the best of our knowledge, been determined in
DMF and in PC, while in MeCN the acidities of 2-methyl-
and 4-methyl-phenol have also been reported,'® and these
values are found in Table 12. The reason for the apparently
different change in the pKy.cn-values with 2- and 4-sub-
stitution compared with the pKpyso-values is probably the
fact that the reported values of pKM*™ are uncorrected for
homoconjugation in contrast with the pKPMS©-values.

For the phenols for which no pK*"-values have been
reported, secondary pK,,-values may be determined from
Hammett plots of the pK,,,-values for a series of sub-
stituted phenols.

If the measured pKPMSC-values for seven of the eight
carefully selected phenols in Ref. 93 (PhOH, 3-methyl-,
4-methyl-, 3-fluoro-, 3-chloro-, 4-chloro-, 3-cyano- and 3-
nitro-phenol) are all subjected to the correction for hydro-
gen bonding by eqn. (27) (the K{-value for 3-cyanophe-
nol is not available) the g-value for —pKpyse Vs. 0 takes the
value 6.7, compared with ¢ = 5.3 (or 5.2 if 3-cyanophenol
is omitted here as well) for —pKPS° vs. o. From the
pKpmso-values for 2-methylphenol and 2,6-dimethylphenol

EQUILIBRIUM CONSTANTS FOR HYDROGEN BONDING

in Table 12 and the Hammett relation we arrive at o5 =
—0.08 and 0%, = —0.24.

It is interesting now to compare the values of (a) o for the
unique equilibrium constants for hydrogen bonding be-
tween substituted phenols and DMSO, g(log K£%), and o
for the absolute acidities of the same phenols in DMSO,
o(—pKpwmso) and (b) the ‘best’ values, o% and o3, deter-
mined for hydrogen bonding and for thermodynamic acid-
ity in DMSO.

First, from the linear relations of the type in eqn. (8) it
appears that the stronger the hydrogen bond donor, the
stronger the dependence of the strength of the hydrogen
bond acceptor on the values of K. This corresponds for
a series of phenols to a larger value of g(log K$) when the
strength of the hydrogen bond acceptor is increased. Or, in
other words, the stronger the redistribution of charge, the
stronger the substituent effect. It is therefore expected,
that the value of o(—pKpuso) is larger than o(log K&™)
even when the acceptor is as strong as DMSO, owing to the
presence of a full charge in the anion, and this is exactly
what is found. Second, comparison of the o} and of¢-
values for methyl found for hydrogen bonding with those
found for complete ionization shows that ‘the ortho effect’
is completely different for the two equilibria. The steric
requirements for formation of hydrogen bonds are far
larger than those for ionization in DMSO, where no specif-
ic solvent interaction with the anion is expected. The effect
of 2-methyl- and 2,6-dimethyl-substitution of phenols on
0% and of¢- and g-values for the rate of proton transfer
from these phenols have been examined in the kinetic study
referred to above.®

Solvent attenuation of thermodynamic acidities. 1t is well
known that the effect of substituents in series of benzoic
acids, phenols, anilines and toluenes, on thermodynamic
acidities is attenuated in solution compared with the gas
phase,!"'"'® as expressed by the lower values of ¢ for Ham-
mett plots of pK*". For the three polar aprotic solvents
DMSO, DMF and MeCN a common value of o(—K*") =
4.4 + 0.1 has previously been reported,” and the attenuat-
ing effect has primarily been ascribed to solvation of the
anions.'""'® However, in the previous section it was found
that the g-value for the ‘true’ thermodynamic acidities in
DMSO, pKpyso. of a small series of substituted phenols
was considerably larger, o(—pKpmso) = 6.7, than the o-
value for the measured acidities of the same series of phe-
nols, o(—pKpmso) = 5.2, and in the following it will be
shown that in the four aprotic solvents DMSO, DMF, PC
and MeCN a varying fraction of the attenuation is due to
the hydrogen bonding of the parent acid.

From eqns. (28)—(30) it follows that the o(—pK,,)-value
can be found by application of eqn. (31) for ortho-unsub-
stituted phenols, because the approximation 1 + Ky[solv]
=~ Ky[solv] is valid in all cases, i.e., the g-values for the
thermodynamic acidity of ‘free’ phenols, o(—pK,,,), can be
determined as the sum of p(log K) and the p-value for the
measured equilibrium acidities, o(—pK*").
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Fig. 8. Hammett plot of —pK®SO(slope = 5.14, intercept =
—17.81, r = 0.994), data from Refs. 92-94 and Refs. cited
therein.

log K¢(X-phenol/solv) = o(log K;) 0 +

log K,(PhOH/solv) (28)
—pK*"(X-phenol) = o(—pK**™™) 6 — pK**(PhOH) (29)
pK..(X-phenol) = pK*" — log (1 + K,[solv]) (30)
—pK.a(X-phenol) = {o(—pK*") + o(log K,)} 0 —
pKw(PhOH) 31

The excellent correspondence between Kg-values deter-
mined from linear relations of the type in eqns. (8) and (9)
and from the Hammett plot found for the hydrogen bond-
ing between substituted phenols and DMSO, Fig. 6(b) and
Table 4, allow the inclusion of secondary K¢-values deter-
mined by application of (8) and (9) in the construction of
Hammett plots for hydrogen bonding between substituted
phenols and the aprotic solvents for which insufficient pri-
mary data exist. The g(log K)-values for DMSO, DMF,
PC and MeCN are summarized in Table 13.

A Hammett plot of —pKPM© for 24 substituted

pK"™

25

Fig. 9. Regression of pKPC vs. pKMeCN (slope = 1.02, intercept =
—1.87, r = 0.993), data from Refs. 88, 92, 104 and Refs. cited
therein.
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Table 13. Summary of Hammett o-values obtained by
correlation of equilibrium constant for hydrogen bonding, K$°4,
measured equilibrium acidity, pK*", and equilibrium acidity
corrected for hydrogen bonding of the acids, pK,.

DMSO DMF PC MeCN
o(log KS%) 1.42 1.26 0.8° 0.6¢
o(—pK>") 5.1¢ 4.5 459 4.4"
o(—PKyw)' 6.5 5.7 5.3 5.0

“Data from Refs. 7, 16, 19, 26, 31, 46, 71 and four secondary
values from Table 2; std. error on ¢ =~ 0.1. ®Data from Refs. 6,
7, 16, 18, 24, 33, 46, 47 and eight secondary values from Table
2 and the regression lines in the legend to Fig. 5; std. error on ¢
~ 0.06. °Data from Ref. 16 and 11 secondary values from
Table 2 and the regression lines in the legend to Fig. 5; std.
error on ¢ = 0.05. YData from Refs. 8, 22, 25, 30, 55 and six
secondary values from Fig. 1, Table 2 and the regression lines
in the legend to Fig. 5; std. error on ¢ = 0.06. °Data from Fig.
8, std. error on ¢ = 0.1. '‘Data from Ref. 92 and Refs. cited
therein; std. error on ¢ = 0.2. 9From correlation of pK °¢ against
pKMeCN, Fig. 9. "Data from Ref. 92 and Refs. cited therein; std.
error on @ = 0.1. ‘o(—pKeay) = o(—pK*") + o(log Kg%4).

phenols (mono- as well as di- and tri-substituted) yields
o(—pKPMsO) = 5.1, Fig. 8, resulting in o(—pKpwmso) = 6.5.
This value is slightly lower than the value found directly
from the seven pKpyso-values (r = 0.999) partly due to the
difference between the g(— KPMS©)-value for the seven phe-
nols used above (g = 5.2, r = 0.995), and the o(—pKPM50)-
value for the larger set of phenols (o = 5.1, r = 0.994), and
partly due to the scatter in the correlation of log K¢ vs. o (r
= 0.98).

Application of the same procedure to literature values
for pKPMF and pKMe™ resulted in the o(—pK,,,)-values in
Table 13. For PC too few literature data for substituted
phenols were found to obtain a reliable o(—KF¢)-value.
However, by including different types of acid a linear rela-
tionship between pK*¢ and pKMeN was established, pKT¢ =
1.02 pKM<™N — 1.87, Fig. 9, and from that relation
o(—pK*) = 4.3 was found, cf. Table 13.

Inspection of Table 13 reveals that correction of the
measured pK**M-values with respect to the hydrogen bond-
ing of the phenols to the solvent leads to differences in the
sensitivity of the equilibrium acidity of the ‘free’ phenols
toward substitution, due to the differences between the
solvents with respect to substitution effects on the log K-
value.

Acknowledgements. Professor Bordwell is gratefully ac-
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