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Recent data on various relations between the characteristics (spectroscopic and thermodynamic) of hydrogen bonds in
different classes of organic compounds and the acid-base properties of the latter are examined. The principal approaches
to the study of the influence of hydrogen bonds on acid-base equilibria in various solvents are demonstrated. Funda-
mentally new results, obtained in combined studies of proton transfer reactions in the gas phase and in solution, are analysed
and approaches to allowance for the influence of hydrogen bonds on the reactants and the transition state in nucleophilic
substitution reactions as well as the role of hydrogen bonds in the alteration of the rates and modes of chemical reactions
are discussed.
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I. INTRODUCTION

Increasing attention has been devoted in recent years
to problems of the dependence of the reactivity of organic
compounds on the medium. Among various types of
interactions contributing to the solvation energy, weak
specific interactions—hydrogen bonding between the sol-
vent and the reactants—are frequently the most important.

"During the last five years there has been a revolution
in the understanding of the thermodynamics of the solva-
tion of organic ions" 1 as a result of studies on proton
transfer reactions in the gas phase in combination with
quantum-chemical calculations on such reactions, whose
development has been strikingly rapid. The importance
of this revolution is enormous, since it leads to a change
in many important postulates of theoretical organic chem-
istry. A comparative analysis of data on acid—base
equilibria in the gas phase and in solution established
that solvation factors play a much more important role
than had been realised previously. For many classes of
organic compounds, the influence of these factors proved
to exceed in magnitude the electronic effects of substitu-
ents. The nature of the influence of substituents is in
many instances different from that assumed in the study
of reactions in solution. In the course of investigations
the role of hydrogen bonds, which in the view of many
workers determine the solvation effects, was rediscovered
in a new light. In the immediate future one may expect
that even more valuable information will become available
and that such approaches will be extended to other types
of reactions, since the growing number of studies on gas-
phase reactions has an avalanche-like character.

The aim of the present review is analysis of the
methodology of studies designed to discover the influence
of hydrogen bonds on the equilibrium position in proton
transfer reactions and on the rates, mechanisms, and
modes of nucleophilic substitution reactions. From the
large number of studies in which hydrogen bonds are
mentioned, we therefore selected only those which provide
approaches to the assessment of their role in these reac-
tions. Acid-base equilibria are analysed in greatest
detail.

II. HYDROGEN BONDS AND ACID-BASE PROPERTIES
OF ORGANIC COMPOUNDS

Despite many warning signals, such concepts as acid-
ity (basicity) and proton-donating (proton-accepting) capa-
city in the formation of hydrogen bonds are still treated as
synonymous in the literature. The roots of this kind of
confusion can be understood by comparing the following
equilibria:

AH + B it AH ... B (formation of hydrogen bonds); (1)

(acid-base equilibrium). (2)
The formation of hydrogen bonds is necessary for proton
transfer; it can be either an intermediate stage or it can
occur in a transition state, which is assumed to consist of
a hydrogen-bonded complex.

There have already been many studies (see Section III)
in which possible pathways of reaction (2) have been
demonstrated in relation to many examples. The overall
mechanism of the interaction can be represented as
follows:

AH + B
I

AH . . . B
II

A- . , . HB+

HI
A" . . . (S) . . . HB+

IV
A- + HB+. (2a)

V

Here stage II involves the formation of a molecular
hydrogen-bonded complex, stage III the formation of an
ionic hydrogen-bonded complex or an ion pairt, stage IV
the formation of a solvate-separated ion pair (S is the
solvent), and stage V the dissociation into ions. Fig. la
illustrated schematically the potential surface of the AH +
B system, which has two minima3. Fig.l& illustrates the
dependence of the potential energy on the reaction coor-
dinate. Curves I and 2 correspond to cases where either
a molecular complex (the equilibrium I^11), for example,

t One should note that the term "ion pair" is a conse-
quence of traditional usage in the literature, since com-
plexes of a conjugate acid with an anion differ from the
ion pairs formed on ion association via electrostatic
forces. According to Odinokov et al.2, such "ion pairs"
resemble molecular hydrogen-bonded complexes as
regards their infrared spectroscopic properties.
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in a phenol-amine system, or only an ion pair (I-III),
for example, in a pentachlorophenol—amine system, is
formed. Curve 3 represents the situation in which both
molecular and ionic complexes are in equilibrium
(I^I I^ I I I ) , for example, in a 2,6-dichlorophenol-amine
system.

ij(BH)

7 (AH)

Figure 1, The potential surface of the AH + B system
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Figure 2. Relation between the free energies of protona-
tion (pK"a) and hydrogen bond formation (pK"HB) reactions10:
1) amines; 2) pyridines; 3) carbonyl compounds.

By altering the proton-donating properties of AH, the
proton-accepting properties of B, and the solvating capa-
city of the solvent, it is possible to drive reaction (2a)
via one or other pathway. The fact that reaction (2)
includes reaction (1) in some form gives rise to the idea that
there is a general relation between their energetic char-
acteristics. A relation between the linear dependence of
the shifts of the stretching vibration frequencies of the AH
bond [AKOH)] on formation of the hydrogen bond and the
pKa was given in an early investigation . Many linear
relations between frequency shifts or the hydrogen bond
formation energies and the pK"a have been published in
original papers *6 and in monographs (for example, in
Ferjenson's monograph7). The frequency shifts Ay(OH)
are adopted as a measure of the basicity of all solvents8.

Convincing evidence for the absence of a single relation
can be found, for example, in studies9'10 where a thorough
analysis of the relations between the free energies of
reactions (1) and (2) was carried out. By analogy with
pKa, the concept of p?fHB = -lgK"HB, where fiTHB is the
equilibrium constant for the formation of a hydrogen bond
via reaction (1), was introduced. For all classes of
compounds (aliphatic amines, pyridines, and carbonyl
compounds), for which sufficient experimental data were
available, three significantly linear relations, displaced
along the ordinate axis (Fig. 2), were obtained. For the
same capacity for the formation of hydrogen bonds (i.e.
for the same pffHB values), the basicity of aliphatic
amines is greater by five orders of magnitude than that of
substituted pyridines and by thirteen orders of magnitude
that that of carbonyl compounds.

The most thorough comparative study of the hydrogen
bond formation reaction (1) and the proton transfer reac-
tion (2) was carried out by Arnett et al.11, who analysed
the ratios of the enthalpies of these reactions. The com-
parative analysis was based on the calorimetric method
for the determination of the enthalpies of protonation
(Af/j.) in a superacid (fluorosulphonic acid) proposed pre-
viously12. The values of AHi were compared with the
calorimetric enthalpies of formation of hydrogen-bonded
complexes with/>-fluorophenol (A#f). Separate linear
relations are observed between Atf i and Atf f for different
classes of organic compounds, similarly to data for pftTa
and p/fHB°10 F*£- 3 shows that the slopes of the straight
lines are approximately the same.
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1

5

10 20 JO HO -A

Figure 3. Relations between the enthalpies of protonation
(A#i) and hydrogen bond formation (AHf) reactions11:
1) P=O; 2) S=O; 3) amides; 4) pyridines; 5) sulphides.

Studies involving such careful analyses of the relations
between acid and proton donating properties of compounds
of different classes have not so far been described in the
literature and the amount of data permitting a comparison
of the energies of different hydrogen-bonded complexes
with the same base is insufficient. We therefore sug-
gested the hydrogen-bond acidity factor (Pi), intro-
duced13 on the basis of the principle of the constancy of
the acid and basic properties on formation of hydrogen
bonds, as a characteristic of proton-donating properties.
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We calculated the hydrogen-bond acidity factors from the
formula

where A#ij is the energy of the hydrogen bond between the
tth H-acid and the jth base and is j is the basicity hydro-
gen-bond factor of the given base. The hydrogen-bonded
complex of diethyl ether (Ei — 1) and phenol (Pi = 1) was
chosen as the standard: Atfn = -5 .3 kcal mole"1, i.e.
the proton-donating capacity of the given acid is estimated
relative to the proton-donating properties of phenol13.
Fig. 4 clearly demonstrates the existence of different
relations for different classes of compounds between the
factor Pi , which we calculated from literature data14"17,
and the acidity of the compounds (alcohols, phenols,
carboxylic acids, thiols). When the heteroatom in the
acid AH is changed, the acid strengths of the compounds
(thiols > alcohols) and their hydrogen bond proton-donating
properties (thiols < alcohols) vary in opposition. The
relations which obtain with retention of the heteroatom,
for example, in alcohols, phenols, and carboxylic acids,
can also be different (Fig. 4). Even for structurally
similar "alcohols" Ph3COH and Ph3SiOH,18 different rela-
tions between b.v/v and the p/fa of the bases are observed
(Fig. 5).

h
1,5

1.0

0.5

10 17 15
Figure 4. Relations between the: acidity (pfCa) and the
hydrogen bond acidity factor Pi for different groups of
compounds: 1) alcohols; 2) phenols; 3) carboxylic
acids; 4) thiols.

Thus, as stated correctly in the; review of Gur'yanova
et al.19, linear relations between thermodynamic (spec-
troscopic) characteristics of hydrogen bonds and acid-
base properties exist only within the limits of a single
class of organic compounds. The "general" relation
between ApK"a

 a n d A # HB> quoted by Gordi and Stanford5,
is undoubtedly erroneous and the basicity scale for sol-
vents based on Au(OH) for phenol13 is in fact the scale of
their capacity for the formation of hydrogen bonds.

The differences between the changes in the energetics
of hydrogen bond formation and p rotonation processes for
different classes of compounds a:re determined by many
factors. In the first place, as v/ill be shown below, the
solvation energy depends significantly on the type of com-
pound. It plays a very important role in acid—base
equilibria, which had beem studied previously as a rule in
strongly solvating media., On the other hand, in the study
of hydrogen bonds, there: is a possibility of a wide-scale
employment of inert solvents and in addition the influence

of solvating solvents on hydrogen-bonded complexes is
much smaller than on ions. Furthermore, the energetics
of acid-base reactions depends on the energy of the homo-
lytic dissociation of AH and BH+ bonds, on the electron
affinity of the A atom, and on the ionisation potential of
the B atom. Proton transfer is accompanied by a signif-
icant rearrangement of the reacting molecules. The
formation of hydrogen bonds does not require the dissoci-
ation of covalent bonds and a radical rearrangement of the
molecule. Quantum-chemical calculations in recent
years showed (see, for example, Refs. 20-23) that the
changes in electron density on formation of hydrogen
bonds, which are determined by charge-transfer and
polarisation effects, are not restricted to a three-atom
fragment including the AH bond and a heteroatom (:)B with
a lone electron pair. However, these changes are much
smaller than in proton transfer. At the same time,
electrostatic interactions, which make the greatest con-
tribution to the energy of hydrogen-bonded complexes
according to non-empirical calculations, depend mainly
on the local polarity in the region of the hydrogen bond22,
i.e. on the charges of the B and H atoms and not on the
overall polarity of the reacting molecules.

20

15
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Figure 5. Relations between Av/u and the pK"a for
Ph3COH (line l) and PhsSiOH (line 2),19

Thus, one can assume that the hydrogen bond behaves
as a probe which hardly alters the given molecule during
the measurement. The energy of the hydrogen bond
characterises the distribution of electron density in the
molecule in the ground state more adequately than does
basicity or acidity.

In many instances the study of hydrogen bonds consti-
tutes the only possibility of estimating the electron-donat-
ing properties of heteroatoms. For example, the basicity
of compounds contains X-X or X-Y bonds, which are
unstable when acted upon by acids (X = S, Se, or P and
Y = N), cannot be determined. The study of the spectro-
scopic and thermodynamic characteristics of hydrogen
bonds between such compounds and H-acids makes it
possible to estimate their donor properties and to charac-
terise the mutual influence of the heteroatoms24'25. The
study of hydrogen-bonded complexes with aromatic
compounds containing as a substituent a heteroatom with
a lone electron pair provides a unique possibility of
investigating the problem of p—ir conjugation26. In con-
trast to protonation and complex formation reactions with
Lewis acids, in which the n electrons of the heteroatom
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constitute the reaction centre, hydrogen bonds are also
formed with the aid of the 7T electrons of the aromatic
system; infrared spectra reveal the existence of two
types of hydrogen-bonded complexes26"28. Comparison
of the spectroscopic and thermodynamic parameters of
n -complexes (with a heteroatom) with the corresponding
characteristics of aliphatic compounds and comparison of
the parameters of 77-complexes (with a n -electron system)
with the characteristics of carbon analogues makes it
possible to determine the redistribution of electron
density on p —n conjugation and to estimate quantitatively
the degree of p— ir conjugation for different heteroatoms

III. THE ROLE OF HYDROGEN BONDS IN PROTON
TRANSFER REACTIONS

The interaction of acids and bases leading to the dissocia-
tion of acids and the protonation of bases proceeds via the
formation of hydrogen bonds and ion pairs [reaction (2a)],
as stated above. However, apart from this main reac-
tion, there are a number of side reactions associated
with the formation of hydrogen bonds and ion pairs with
solvent molecules and the formation of hydrogen-bonded
complexes between the acid (or base) and the ionic com-
ponent of the anion (or conjugate acid) formed. As a
result, a change in the nature of the solvent leads to a
change in the thermodynamic parameters and sometimes
in the relative sequence of the acidities (basicities) of
various organic compounds. For this reason, investi-
gators have endeavoured to represent thermodynamic
functions as the sum of two contributions: "internal",
which is independent of the influence of the medium, and
"external", which is associated with the solvation of
molecules29'30. However, the problem of the separation
of these contributions and of a quantitative estimation of
the role of hydrogen bonds or other types of interaction
with the medium requires the development of experimen-
tal methods for the determination of the "internal" acidity
(basicity), i.e. for the measurement of acid—base equi-
libria in the gas phase. Such data have been obtained for
a wide range of organic compounds only in the last few
years as a result of the development of mass-spectro-
metric methods.

The principal approaches to the elucidation of the
influence of hydrogen bonds, obtained in the study of acid-
base equilibria in solvents of different types and also when
the latter were compared with the corresponding equilibria
in the gas phase, are discussed below.

lo Acid-Base Equilibria in Various Solvents

Many reviews and monographs present data for the
acidity and basicity constants in various solvents and the
medium effects are discussed in one way or another (see,
for example, Refs.31 — 36). We shall consider the
approaches to the isolation of the role of hydrogen bonds
in proton transfer reactions.

Studies on acid—base equilibria in various media
require that side reactions associated with the formation
of hydrogen bonds, which are therefore different for
protic and aprotic solvents, be taken into account. In view
of the amphoteric nature of protic solvents, the latter
exhibit two functions—those of a proton donor and acceptor.

As a donor, the solvent interacts with
(a) the base:

SH + B ̂  SH . . . B U S~ . . . BH+ ^ S~ + BH+;

(b) with the anion formed:

SH + A" ^ SH . . . A" 2 S" . . . H A 2 S - + HA.

As a proton acceptor the solvent interacts with
(a) the acid:

AH + SH ?± AH . . . S H ^ A " . . . HSH+ ^ A" + SH+;

(b) with the conjugate acid formed:
BH+ + SH ^ BH+ . . . SH j± B + SH,+.

(3)

(4)

(5)

(6)
In media with a dielectric constant e < 24 there is a

large number of ion pairs and hydrogen-bonded complexes;
if e > 24, dissociated ions are also present32,

Aprotic solvents can be divided into two groups:
"inert", which hardly interact or only weakly interact with
the reacting species (hydrocarbons and their halogeno-
derivatives), and dipolar aprotic solvents, which can
behave as proton acceptors [reactions (5a) and (6a)
analogous to reactions (5) and (6)]:

AH + S ^ AH . . . S ? A" . . . HS+ ^ A- + SH+, (5a )

BH+ + S 71 BH+ . . . S ^t B . . . HS+ z± B + HS+. (6a )

In aprotic solvents of these two types reactions involving
the formation of hydrogen bonds between the reactants
assume a major role:

(a) between the acid and its anion:
AH + A" ^ AH . . . A-,

(b) between the conjugate acid and the base:

BH+ + B ^ BH+ . . . B.

(7)

(8)

Table 1. The equilibrium constants and the pK"a for sub-
stituted phenols—substituted pyridines and substituted
phenols—triethylamine series48.

Substituent in Ar

2,6-Cl2, 4-NO,
Cl5

2,6-CIa, 4-NO2
2,6-Clj, 4-NO2
2,6-Cl2, 4-NO2

2,4,6-(NO2)3

2,6-02
3,5-(NO2)2
2,4,6-Cls
2.4.6-Bt3
2,5-(NO2)2

Cl6
2,4-(N2)2

X

^rOH + XPy^ArO" . . .HXPy+*

2,4,6-Me3
2,4,6-Me3
3,5-Me2
2,6-Me2
2,4,5-Me,
2,4,5-Me3

^rOH + NEt 3 ^ArO- . . .HNEt+*

—

—
—
_
—

K

0.11
0.15
0.25
0.85
2.22
9.0

0.4
0.5
0.9
1.3
2.8
2.7
6.7

ApKa

1.63
2.17
2 61
3.21
3.89
4.79

6,80
6.70
7.03
7.0
5.31
5.26
4.07

*The relation betweenK and Ap/fa = O^Ap/fa - 3.4.
** The relation between K and pK"a is K = - 0.5pifa + 3.5.

In "inert" aprotic solvents acid dimers and hydrogen-
bonded complexes of the acid and the base may be present
together with associated species formed by reactions (7)
and (8). The interaction of acids and bases in such media
does not lead to dissociation into ions; it stops at the
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stage involving the formation of ion pairs, which can
associate into larger aggregates36' . Thus the treatment
of acid-base equilibria in solvents virtually lacking the
capacity for specific interactions with the reactants proved
to be fairly complex31>36.

Studies devoted to the conversion of molecular hydro-
gen-bonded complexes into ion pairs have therefore
acquired particular importance. Reliable spectroscopic
criteria have been established for the identification of
molecular (II) and ionic (III) hydrogen-bonded complexes
in ultraviolet38"40, infrared2'41'42, and *H NMR spectra at
low temperatures43. The study of the first stages of
equilibrium (2a) in "inert" media made it possible to
follow the changes in the nature of the interaction as a
function of the proton-donating (for example, in series of
halogeno- and nitro-phenols 3>38>39 and carboxylic acids41"47)
and proton-accepting properties of the reactants (aliphatic
and aromatic amines).

It has been shown48 that there are linear relations
between the equilibrium constants for the formation of ion
pairs and the quantities ApK"a = pKTa(AH) - pK"a(BH+) for
certain series (see, for example, Table 1). In a number
of studies the problem of the values of Ap/fa for which ion
pairs are formed (then ^ III equilibrium) 45,46,49,50 a m j of
the differences between the enthalpies of formation of
complexes II and III 2>38»44>51 has been discussed.

Much attention has been devoted to the investigation of
the influence of the medium on the position of equilib-
rium (2). a8'48'52'53 It has been shown that the role of the
solvent in the formation of ion pairs does not reduce the
influence of the dielectric constant e; the formation of
hydrogen bonds with the solvent is of great importance,
i.e. an enhancement of the proton-accepting properties of
the medium shifts the equilibrium towards form ni.45 '46 '53

In dipolar aprotic solvents the ion pairs A".. . HB* can
be solvated specifically by the solvent with formation of
solvate-separated ion pairs A" . . . (S)... HB*. Thus the
solvation of a nitrophenol-amine complex has been inves-
tigated54; according to the authors, dimethyl sulphoxide
is incorporated in the ion pair, forming a it -complex with
the anion and hydrogen bonds with the cation:
A". . . (DMSO)... HB*. The molecular complex ^ ion pair
equilibrium has not been observed for oxygen-containing
proton acceptors. It has been suggested that, with
increase of the strength of hydrogen bonds, the evolution
of complex formation proceeds from a molecular complex
to an ion pair via a system in which the proton has a sym-
metrical position55.

Reactions (7) and (8), occurring in dipolar aprotic sol-
vents, have been studied by potentiometric titration and
conductimetry in a series of investigations56"60. The
formation of hydrogen bonds between the acid and the
anion [reaction (7)] and between the conjugate acid and the
base [reaction (8)] is referred to by the authors of the
above investigations as homoconjugation processes. They
showed that homoconjugation of type (7) plays a very
important role; the formation constants of the complexes
(AHA)" are much larger than KBHB+ •56'57'59 Enhancement
of the proton-accepting properties of the solvent dimin-
ishes the homoconjugation constants. Thus the homo-
conjugation constants of benzoic acids in dimethylform-
amide (DMF) and in DMSO are smaller by a factor of 10
and 100 respectively than in acetonitrile .

In order to estimate the influence of homoconjugation
on the proton transfer reaction, studies were made 58»57>59»60

of hydrogen bond formation reactions between the test
acids AH and a model anion, for which the Cl" anion was
chosen [reaction (9)], and also between the test anion A"

and a model acid—p-bromophenol [reaction (10)] (the
authors call these processes heteroconjugation):

AH + Cl- js AH . . . CI-, ( 9 )

Br—C,H4OH + A- ?t BrCJH«OH . . . A~. ( 1 0 )

In this approach use is actually made of the principle of
the constancy of acid-base functions in hydrogen bonds,
already mentioned in Section II.12'81 It has been shown in
relation to benzoic acids and phenols that the sensitivity
of the heteroconjugation reaction (the parameter p) to the
electronic influence of substituents is smaller by a factor
of approximately 4 than for the full proton transfer. The
ratio p(phenol)/p(benzoic acid) ^ 1.8-2.0 remains constant
for all the dipolar aprotic solvents employed60.

The influence of solvents on acid-base reactions is
determined overall by the operation of a large number of
factors, namely (1) the formation of hydrogen bonds, (2)
electrostatic interactions, (3) the basicity of (or acidity)
the solvent, (4) van der Waals interactions, among which
dispersion interactions are the most important, and (5)
the structural organisation of the solvent. Allowance for
the contributions of different factors is a complex problem,
but certain approaches to its solution are available. Thus,
in order to eliminate the role of electrostatic interactions,
it has been suggested62'63 that a pair of solvents of differ-
ent types but with similar dielectric constants e be used,
namely methanol and DMF. The thermodynamic charac-
teristics of acid—base equilibria in these two media differ
greatly, demonstrating an important role of specific
interactions.

Dispersion forces depend significantly on the shape
and size of the interacting species, so that they must be
taken into account in those cases where the equilibrium
involves large highly delocalised and therefore readily
polarisable anions. Such anions have a low capacity for
the formation of hydrogen bonds and the role of dispersion
interactions increases and may become decisive. For
example, a whole class of CH acids such as derivatives of
fluorene, diphenylmethane, and triphenylmethane exhibit a
greater acidity in DMSO than in water, in contrast to OH
acids 34'84. In their analysis of the influence of the above
factors the authors64 note that, in solvents such as water
and DMSO, factors (2) and (3) cancel out. Namely, as a
result of the greater basicity of the solvent, the acidity of
a given acid in DMSO should increase by 1.5 ± 0.5 pfira
units, while as a result of the lower dielectric constant e
it decreases by 1 pfiTa unit compared with water. In the
case of CH acids dispersion interactions are of greatest
importance, while for OH acids the formation of hydrogen
bonds is the decisive factor. The differences between
the relative strengths of OH and CH acids in protic and
dipolar aprotic solvents are determined by the operation
of these factors. DMSO molecules, which have a larger
dipole moment and polarisability than H2O molecules,
stabilise carbanions as a result of the operation of dis-
persion forces, which increases the acidity of CH acids
in this solvent. The anions of OH acids are stabilised as
a result of the formation of hydrogen bonds with water, so
that their acidity in water is greater by 4 —6 orders of
magnitude than in DMSO.

It is noteworthy that in CH acids, whose negative charge
is localised at the heteroatom (for example, benzoylacetone,
nitromethane, and hydrogen cyanide), the decisive factor
is the formation of hydrogen bonds with the solvent. As a
result, the acidity in water is greater by 2-3 orders of
magnitude than in DMSO,34'64-6* as for OH acids. At the
same time, an increase in the size of the anions of OH
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acids combined with an increase of the degree of delocal-
isation of the charge leads to a decrease of the strength of
hydrogen bonds with water and to an enhancement of dis-
persion forces. Thus, on passing from phenol to 4-nitro-
and 2,6-dinitrophenols, the difference between the acidities
in DMSO and water diminishes: the ApKa values are 6.4,
3.8, and 1.3 respectively. In picric acid the sign of this
quantity changes (Ap/fa = —1.3); this shows that the above
acid is stronger in DMSO as a result of the stabilisation
of the anion by dispersion forces64. A change of the sign
of ApK'a (where ApKa is the difference between the acid-
ities in DMSO and MeOH) also takes place for 4-nitro-
phenol: ApftTa = 2.2 for phenol and -0.8 for 4-nitrophenol
66

Thus, apart from the acids giving rise to large anions
with a highly delocalised charge, hydrogen bonding effects
predominate over the dispersion forces and lead to a
greater acidity in protic solvents.

The problems of the differentiating action of solvents,
associated with their solvating capacity, have been
examined in detail in a review 32 in relation to phenols and
benzoic acids. It was shown that the differentiating
effects of solvents can be estimated with the aid of three
parameters:

(1) the autoprotolysis constant of the solvent (pA's)j
(2) the coefficient a in the equation

(3) the coefficient p in the Hammett equation:

PKHA (S) = p/C0 — pa.

Table 2. Parameters characterising the differentiating
influence of solvents for monosubstituted benzoic acids67

and phenols 32, and the solvent acidity factors in hydrogen
bonds*.

Solvent

H2O
CH3OH
C J H J O H
C3H,OH
C4H8OH
iso- (QH^OH
iso- (C4H9)OH
(CH3)2CO
CH3NOa

DMF
CH3CN
DMSO

e««°

78.5
32.6
24.3
20.1
17.1
18.3
17.7
20
36.0
36 7
37.5
46.6

PKS

14.0
16.7
19.5
.—
—

23.0
24
29 4
33.3
33.3

a

1
1.30
1.00

—
—
,—
—

1.72
1.81
1.98
2 49
2.49

p(b.a.)

1
1.38
1.66

—
.—
—
—

1.43
1.83
2.03
2-37
2.57

p(ph.)

2.25
2.59
3.17
2.67

—

_
—

P;

0.55
0.66
0.63
0.75

—
0.75
0.44
.—
.
_

—

*The parameters pKs, a, andp(b.a.) for benzoic acids
and p(ph.) for phenols are presented.

Table 2 shows that the values of pK"s, ot, and p vary in
parallel, demonstrating thereby the role of factor (3). At
the same time the data in Table 2 indicate the absence of
any parallelism in the variation of these parameters and
the dielectric constant e. Since the solvents belong to
different classes of organic compounds, there need be no
direct relation between their acid—base properties and
their capacity for the formation of hydrogen bonds, as
stated above. The role of hydrogen bonds is manifested
by the fact that all the solvents which behave as proton
donors exhibit smaller differentiating effects than aprotic

solvents. However, Table 2 shows32'67 that there is no
direct relation between the hydrogen bond acidity factors
P i and the values of p . It may be that the absence of such
a relation is due to the fact that the enthalpies of hydrogen-
bonded complexes, from which the values of Pi were
determined, had been obtained under the conditions leading
to the formation of 1:1 complexes.

The relative activity coefficients have been used in
some studies 58'6S in order to take into account the ability
of solvents to form hydrogen bondsj. The ability of a
given solvent (S) to function as a proton acceptor in relation
to a standard (So), for which acetonitrile (AN) was selected,

was defined as lg y (Ha) with the aid of the expression

lgAtV (Ha) = lg A V (HA) — lgAV (Me A),

where HA is the acid and MeA is its methyl ester. It was
assumed that the activity coefficient of the methyl ester
takes into account all types of interaction other than hydro-
gen bonding. The activity coefficients of the acids and
their esters were determined from measurements of the
solubilities s:

The same activity coefficients were obtained independently
from differences between the heteroconjugation constants.

Thus it was concluded that the quantities lg y Qia)
characterise the ability of the solvents to function as
proton acceptors, which decreases in the following
sequence:

DMSO(—1.9) > MeOH (—1.5) > DMF (—1.4).

The relative abilities of solvents to function as proton
donors in hydrogen bonds with the anion was estimated

from the values of lg yA-> methanol (M) being selected

as the standard solvent. The large negative activity
coefficients obtained for dipolar aprotic solvents indicate
a much higher degree of solvation of anions by methanol.

The quantity lg y increases linearly with increasing
A.

basicity of the anion68.
The activity coefficients obtained from studies

reactions have been used89 to estimate the influence of
hydrogen bonds with the anion on the acid dissociation
constant in protic solvents (H2O, MeOH). However, one
must bear in mind that this method is fairly approximate.

s s
The coefficients lg °y»- for individual ions can be deter-
mined only with the aid of non-thermodynamic postulates.

Information obtained in the study of the thermodynamic
characteristics of hydrogen bonds with ions by infrared
spectroscopic, XH NMR, conductimetric, and calorimetric
methods proved to be much more accurate and reliable
(see, for example, Refs.51 and 70-72). We believe that,
in analysing the influence of solvents on acid—base equi-
libria, one can employ widely the enormous amount of
experimental data on the thermodynamic properties of
hydrogen bonds of the type AH.. .B (see, for example,
Refs. 14 and 73). The most valuable data concerning the
role of hydrogen bonds have been obtained in recent years
by combining the results of studies on proton transfer
reactions in the gas phase and in solutions.

t The relative activity coefficients - l g °y reflect the
change in the standard chemical potential of the solute on
passing from an arbitrary standard solvent (So) to another
solvent (S).
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2. Comparison of the Parameters of the Acid-Base
Equilibria in the Gas Phase and in Solution

The development of methods of ionic cyclotron reso-
nance74'75 and high-pressure mass spectrometry76'77

permitted fairly accurate determinations of thermody-
namic equilibria in the gas phase. The most important
results in this field have been reviewed78'79.

Proton transfer reactions of the following types were
studied in the gas phase:

AH + B - ^ A - + BH, (11)

AH+ + B ^ A + BH+. (12)

If the acidity is defined as the free energy AG° of reaction
(13), then the free energy of reaction (11) is a measure of
the relative acidities of two acids AH and BH:

AH;±A- + H+- (13)

The basicity in the gas phase is the term given to the
corresponding free energy AG° of reaction (14) and AG° of
reaction (12) is a measure of the relative basicities of the
bases A and B:

greater by a factor of 6.8 for phenols and by a factor of
10.6 for benzoic acids than in water79'81. According to

BH+ n B + H+ (14)
The enthalpies A//0 of reactions (11) —(14) are believed to
be approximately equal to the AG° in view of the smallness
of the entropy effects. Special measurements of AS0 of
reaction (12) showed that these quantities are indeed very
small 80

0 The small contribution of entropy factors to
reaction (11) is indicated by the insignificant changes in
AG ° when the temperature is altered by 300 K for a series
of benzoic acids and phenols (AS°< 2-3 e.u.).81 The
relative acidity or basicity [reactions (11) and (12)] are
frequently designated by 5AG°; the relative enthalpies are
designated by 5 AH0.

In order to construct an absolute acidity scale [reaction
(13)] or basicity scale [reaction (14)], it is necessary to
calculate a thermodynamic cycle. The enthalpy change in
reaction (13) caused by the proton affinity of the anion
PA(A~) corresponds to the heterolytic dissociation energy
and is defined as follows:

PA (A~) = A//0 = DH° (AH) — EA (A) + IP (H), (15)

where L>F°(AH) is the homolytic dissociation energy,
EA(A) electron affinity of the atom A, and/P(H) the ion-
isation potential of the hydrogen atomo The values of
PA(A~) for a ser ies of carboxylic acids have been deter-
mined with the aid of data for HC1 and H2S

 82 and were
then used as reference values in the study of benzoic acids
and phenols51 .

The proton affinity of the base PA (B), corresponding to
enthalpy of reaction (14), is defined in terms of the
homolytic dissociation energy DH°(BH+) and the ionisation
potentials of the atoms B and H:

(16)

The internal correspondences in measurements of
repeatedly overlapping thermodynamic cycles ensured an
accuracy of the measurements to within 0.5 kcal mole"1;
the errors in the absolute values of PA (A") and PA (B) are
±2 kcal mole"1.

The existence of a linear relation between the acidities
(or basicities) in the gas phase and the a constants of the
substituents has been demonstrated for certain classes of
acids and bases. In all cases the sensitivity to the elec-
tronic effects of the substituents is much greater in the
gas phase than in solution. Thus p in the gas phase is

other data' the values of p in the gas phase amount to
5.5-5o7 for carboxylic acids and 7.0—8.4 for alcohols;
in protic solvents these quantities decrease to 1.7—1.8 and
2.7 respectively. The electronic influence of substituents
on the basicity of pyridine in the gas phase is greater by
a factor of 3.5 (Taagepera et al.85) (by a factor of 2.5,
according to Arnett et al. :) than in water.

Table 3. The free energies and enthalpies of the reactions
XC6H4OH + C6H5O" - XC6H4O" + C6H5OH in the gas phase,
water, and DMSO.81

P-OCH3
m-CH3
p-CH3

o-Cl
m-Cl
p-Cl
p-NO2

AG°as a A//|as,
kcal mole"!

—0.7
0.4
1.3

- 6 . 3
—7.9
—6.6

—25,8

A6'TJ Q .

kcal mole"!

0.5
0.18
0.42

- 1 . 9
— 1.2
—0.7
—3.8

kcal mole"!

0.22
0.02
0.02

—1.1
—0.3

0.2
—0.8

A G D M S O *

kcal mole"!

—0.6
0.1
1 .7

—4.5
—2.8
—1.5
—8.6

5A//hydr(A-)*,
kcal mole"!

—0.4
—0.7

2 2
—
9.3

10.9
17,9

*5AHhydr(A~) corresponds to the difference between the
heats of hydration of the anions XC6H4O" and CsH5C)~ on
passing from the gas phase to an aqueous medium:
5Af/hydr(A") = AHhydr(XC6H4CT) - AHhydr(C6H5O").

Arnett et aL1 and Mahon and Kebarle81 claim that the
main factor responsible for the weakening of the influence
of substituents in protic solvents is the formation of hydro-
gen bonds with the anion for acids 81 and with the conjugate
acid for bases1, Analysis of the hydration energies of
the anion A" in Table 3 on passing from the gas phase to
an aqueous medium and the internal acidities of substituted
phenols permits a semiquantitative characterisation of the
contribution of hydrogen bonds to the change in the effect
of substituents in water. Comparison of the acidities
(AGgas ^ AH gas) a nd heats of hydration of the anions
[SAHhydr (A~)] shows that the enhancement of the electron-
accepting properties of substituents, leading to an increase
of internal acidity, is almost fully compensated by the
decrease of the hydration of the anion as a result of its
lower basicity and ability to form hydrogen bonds§ . Thus
the acidity of ̂ -nitrophenol increases relative to phenol
by 25.8 kcal mole"1 in the gas phase and solvation, which
stabilises the/)-NO2C6H4O" anion with its lower capacity
for the formation of hydrogen bonds, is weakened by 17O9
kcal mole"1; as a result AG° „ increases by only 3.8

n?\J

kcal mole"1. The decrease of the strength of A". . .(HOH)n
hydrogen bonds leads to an increase of the degree of dis-
order among solvent molecules in the vicinity of the anion,
which is reflected in a greater entropy change and hence in
a higher value of AG° ~ compared with A//° _.. Dipolar

112vJ XI2U

aprotic solvents, which only weakly solvate anions, have
§ As will be made clear below, the differences between

the electrostatic and dispersion interactions for anions of
similar size are negligible and the hydrogen bonds with
the base should play a smaller role than those with the
anion.
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higher values of p (this was indicated in Section n for
benzoic acids). Table 3 shows that the values of AGDMSO
are much closer to those of AGgas for phenols; the
attenuation factor is ~2. In contrast to the values in
water, the influence of substituents is manifested in DMSO
mainly by a change in enthalpy ( A G D M S 0 ~ A#DMSO)> i.e.
as in the gas phase.

The smaller the ability of the anion to form hydrogen
bonds, the greater the decrease of the acidity of the
corresponding acid on passing from the gas phase to
water (and any other protic solvent). Thus the acidities
of acetic acid and phenol are similar in the gas phase,
while in water they differ by six orders of magnitude81.
The delocalisation of the negative charge owing to the
resonance effect in the phenoxide anion lowers its ability
to form hydrogen bonds, which makes phenol a much
weaker acid in solution. In certain classes of com-
pounds it is necessary to take into account the stabilisa-
tion of the acids themselves in addition to the hydrogen
bond with the anion. Thus benzoic acid is much stronger
in the gas phase than phenol, while in water its pfiTa is
almost the same. This has been explained81 by the
greater ability of benzoic acid, compared with phenol, to
function as a proton donor in a hydrogen bond.

The role of hydrogen bonds in the attenuation of the
observed electronic influence of substituents and the
change in the relative sequence of acidities in solution is
manifested also by the fact that these effects are absent
for acids whose anions do not possess a sufficient capacity
for the formation of hydrogen-bonded complexes. Indeed,
it has been shown in a series of studies85"89 that the influ-
ence of substituents in CH acids giving rise to large ions
with a delocalised charge is the same in the gas phase as
in solutions; the relative acidity sequence does not change.
The negligible influence of water as a solvent on the energy
of proton transfer has been demonstrated for a large
number of CH acids86"88. The differences between the
basicities in the gas phase and water for aryl carbonium
ions with appreciable differences in structure are constant.
There is a linear relation between SAGi(gas) and5AGi(H2O)
with a slope of unity and an intercept on the ordinate axis
at ~35 kcal mole"1, i.e. the enthalpy of solvation does not
involve a specific interaction87. A satisfactory linear
relation (with a slope of unity and p = 1) has been obtained
86 between the acidities of a large set of CH acids in the
gas phase and in DMSO.

The most detailed study of solvation effects has been
made recently1. The authors analysed the influence of
hydrogen bonds on the acid —base equilibria of substituted
pyridines and showed that the apparent weakening of the
effect of substituents (by a factor of 2.5) in water can be
accounted for wholly on the basis of a solvation model in
which hydrogen bonds play the main role. They state that
the acid—base equilibria of substituted pyridines involve
an optimum reaction for this solvation model, because the
ions and acid molecules have similar dimensions and
shapes, so that the effects of their electrostatic and dis-
persion interactions are similar.

Arnett et al.1 analysed a thermodynamic cycle and
isolated the contribution of the hydrogen bonds (A//HB)
to the enthalpy of solvation (Ai/s) calculated from heats of
solution and vaporisation:

The authors follow Krishnan and Friedman90'91 in separat-
ing the solvation energy into (1) the enthalpy of formation
of hydrogen bonds, (2) the energy of van der Waals inter-
actions, (3) the energy of formation of a "cavity", and (4)
the energy of the change in solvent structure. The last
three "physical" factors were determined as an overall
factor1.

Three procedures have been used to isolate the con-
tribution of hydrogen bonds.

1. On the basis of the principle of the constancy of the
acid and basic functions in hydrogen bonds 13>fil, the coeffi-
cients for the transition from £>-fluorophenol to water as a
proton donor were determined and the data of Taft et al.10

for the£-FC6H4OH.. .XPy system were used.
2. The difference between the heats of solvation of sub-

stituted benzenes and pyridines was attributed to hydrogen
bonds.

3. A quantum-chemical calculation was carried out on
the hydrogen bond formation and proton transfer reac-
tions.

It was shown that the experimental coefficient a (a = 0.1)
in the linear relation between the energy of formation of
hydrogen bonds and the energy of proton transfer in the
gas phase A#HB (XPy.. . H2O) = o/AHi is twice as great as
the calculated value (a — 0.05), which can be accounted
for by the lower strength of the 1 :1 hydrogen-bonded
complexes, assumed in the quantum-chemical calculation,
compared with the real complexes XPy.. . (H?O)n.

The hydrogen bonds formed by charged ions play the
most important role; their energy exceeds approximately
by a factor of five the enthalpy of formation of hydrogen-
bonded complexes of substituted pyridinesil. The influence
of substituents in the XPyH+... OH2 hydrogen bonds leads
to the opposite relation compared with the proton transfer
reaction, AtfHB(XPvH+- • • OH2) = 0.5 A#i(gas), as for the
hydrogen bonds between benzoic acids and the anions. The
attenuation factor for the influence of substituents in
water (2.5) can be explained satisfactorily by such varia-
tions in the strength of the hydrogen bond.

The study of Arnett et al.1 demonstrated brilliantly the
fruitfulness of this approach to the analysis of the thermo-
dynamic cycle using the following set of data: the exper-
imental enthalpies of proton transfer in the gas phase and
in solution and the enthalpies of solvation and hydrogen
bond formation in combination with the results of quantum-
chemical calculations. A test of the applicability of this
solvation model for hydrogen bonds to other classes of
acids and bases is presumably a task for the immediate
future.

The possibility of using the model for the analysis of
solvation effects involving aliphatic amines is of partic-
ular interest, because the problem of the preferential
contribution of electrostatic interactions or of the forma-
tion of hydrogen bonds continues to remain controversial
93"97. Measurements of the basicities of alkylamines in
the gas phase established that the anomalous basicity
series in water (NH3 < MeNH2 < Me2NH > MesN) is
related to the solvation effects93'96. In the gas phase the
basicity varies in accordance with expectation (NH3 <
MeNHa < Me2NH < Me3N). There are different linear
relations between the enthalpies in the gas phase and

6 A// i ga s

Atfs(BH+)

gas '

AHs(Py)

XP>, g a s +PyH g a s

' Atfg(B) | A//s (PyH+)

11 It is of interest that comparison of the influence of
hydrogen bonds formed by the pyridinium ion (CeH5N

+H...
Cl") with MeOH. . . Py showed92 that the effect of substitu-
ents in the first case is greater by a factor of approx-
imately 5.
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aqueous solution for primary, secondary, and tertiary
amines, whose slopes decrease in this sequence (Fig. 6).93

The basicity of amines in the gas phase is 5-6 times
higher than in water.

However, the interpretations of the results by Aue et
al.94 and by Arnett and coworkers96'97 are contradictory.
Aue et al.94 believe that the irregular basicity sequence
cannot be accounted for solely by the formation of hydro-
gen bonds of the type BH+.. . OH2. They claim that hydro-
gen bonds of this type are responsible only for the differ-
ence between the slopes of the linear plots of proton
affinity against A/ /S f° r primary, secondary, and tertiary
amines.

A//Kas, kcal mole

230

220

-10 -12 -m
&H,^ Qj;kcal mole"1

Figure 6. Relation between the enthalpies of protonation
of aliphatic amines in the gas phase and water94:
1) tertiary amines; 2) secondary amines; 3) primary
amines.

than for nitrogen and oxygen derivatives. The maximum
weakening of the influence of substituents in solution

1
[APA = 16.9 kcal mole"1; A(-A#)UQr, „ = 2.2 kcalmole"1]
is observed for oxonium ions, which corresponds to their
capacity for the formation of hydrogen bonds and cannot be
accounted for by electrostatic interactions. The values of
A.PA from later studies are indicated below in brackets80'

hPA,
kcal mole"!

MeOH 16,9(11,9)
MeSH 15,0(12,0)

A(—AHJj-mOjF,
kcal mole-1

2.2 Ni
8.8 PI

H3 -»MeNH2
i . -> RPH2

&PA,
kcal mole"!
11.0(9,0)
14,4(14.4)

A(^A//)j4go p
kcal mole"!

4.0
13.0

H2O
HaS

Comparative data on the basicities of aromatic and
aliphatic amines in the gas phase and in water have been
analysed in several studies85'100"102 and several instances
of the inversion of the basic strengths in solution com-
pared with the "internal" basicity in the gas phase were
noted. Thus, pyridine, which is four times less basic
than ammonia in water, is eleven times more basic in the
gas phase. The basicity sequence of anilines and amines
in water (Ph3N< PhNH2 < NH3) is also inverted in the gas
phase: NH3< PhNH3 < Ph3N.100 However, it was found
that these changes are not related to the small role of
resonance effects in the gas phase, but can be accounted
for by the fact that the differences between the heats of
solvation exceed the resonance effect in unsaturated
compounds. In has been shown85 that A#s f° r the NH4
cation is greater by 20 kcal mole"1 than for PyH + , which
leads to a much greater stabilisation of the ammonium ion
in water. The higher heat of solvation was attributed to
the greater strength of NH4 . . . OH-, hydrogen bonds. How-
ever, the extent of the electrostatic interactions involving
the small ion should also be greater, so that each contri-
bution requires a special assessment.

The claim by Arnett and coworkers96'97 that hydrogen
bonds are the principal differentiating factor in the solva-
tion of ammonium ions is based on the following facts.
Firstly, the solvation energy depends to a greater extent
on the number of hydrogen bonds than on the size and
shape of the ion. The dependences of the heat of hydra-
tion of ammonium ions on the reciprocal of the radius are
different for primary, secondary, and tertiary ions, the
differences increasing for large ions where the contribu-
tion of electrostatic interaction is reduced. Secondly,
the average solvation energies for the three types of
amines differ by 6—7 kcal mole"1, which corresponds to
the energies of strong N+H.. .OH2 bonds.

Additional confirmation of the rule of hydrogen bonds
was obtained on comparing the influences of substituents
on the acidity of ammonium, oxonium, sulphonium, and
phosphonium ions98. Ions of the last two types exhibit a
much weaker capacity for the formation of hydrogen bonds,
which means that the weakening influence of the solvent
should be significantly smaller for such ions than for
ammonium and oxonium ions. Indeed the influences of
substituents in all four classes of compounds in the gas
phase, characterised by the quantities APA =PA(MeXHn_i)-
PA(XHn), differ little. On the other hand, the differences
between the enthalpies of protonation of methylated deriv-
atives and hydrides in fluorosulphonic acid [A(-M/)

Table 4. The heats of solution and relative acidities in the
gas phase and in water of three pairs of conjugate acids
differing in the degree of unsaturation The proton
affinities and percentages of s character of the lone pair
of the nitrogen atom in the corresponding amines102.

Conjugate acid

\ N H +

Me2NH+

<IZ> N H +

MP

:
/ \ _ NH+

kcal mole'l

73.0

73.0

64.0

62.0

76.0

76.0

«A(7j(gas),
kcal mole-1

- 4 . 3

0

- 8 . 3

0

—9.6

0

a\<7; (ii,O).

kcal mole"!

-3 .88

0

—7.16

0

—8,2

0

kcal mole"!

220.9

224.6

224.8

230

_

-

Amount ot
s character

30

25

83

25

—

are much greater for phosphorus and sulphur derivatives

As stated by Taft et al.101, in order to establish the
role of resonance effects one must compare the basicities
of compounds with similar values of A//g(BH + ). Such
compounds are bases with the same number of acid hydro-
gen atoms and carbon atoms and also with a similar
skeleton, differing only in the degree of unsaturation.
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Under these conditions, the basicity of unsaturated com-
pounds in the gas phase is lower than that of saturated
compounds. Consequently, the resonance effect is mani-
fested quite explicitly (Table 4) and there is no inversion
in the relative basic strengths on passing from the gas
phase to the solution. The changes in the basicities of
unsaturated compounds are greater by 10—20% compared
with saturated compounds in the gas phase relative to
water, which has been explained 01 by the presence of
hydrogen bonds between the bases or conjugate acids and
water. The existence of a linear relation between the
proton affinity and the percentage of s character of the
lone pair orbitals of the nitrogen atom for compounds with
similar values of AH s has been demonstrated102. A
greater percentage of s character corresponds to a lower
value of PA, as for basicity in solution.

Marked changes on passing from the solution of the gas
phase have been observed in studies devoted to the acid
properties of aliphatic amines, alcohols, and thiols 103'107

(Table 5). The acidities in water decrease when the sub-
stituents are varied in the sequence Me > Et > iso-Pr >
t-Bu, and there is a linear relation with the o* constant
of the substituent. The same series, with an effective
correlation between the heats of deprotonation and the a*
constants, has been obtained in a study in DMSO.15 How-
ever, the data in Table 5 show that in the gas phase the
acidity sequence is inverted (Me < Et < iso-Pr < t-Bu),
which demonstrates the lack of validity of the generally
accepted relation between acidity and the inductive effect.

Table 5. The relative acidities of alcohols and thiols in
the gas phase and in water (RX~ + BuXH ̂  BuX" + RXH;
X = OorS).1 0 7

RXH

H,0
MeOH
EtOH
iso- PrOH
t- BuOH

6AGgas>
kcal mole-1

—17.8
- 5 . 6
—2 7
—0.8

0

0AC H I O ,

kcal mole'l

1.1
1.7
1.0
0.3
0

RXH

! H2S
MeSH
EtSH
iso- PrSH
t- BuSH

5ACgas,
keal mole-1

1.1
- 4 . 1
— 1.7
- 0 . 8

0

aAGH2O
kcal mole'l

5.75
1-22
0.78
0.49
0

The role of solvation effects has been analysed108'109.
The enthalpies of solvation AHs obtained for the anions
RO~ can be arranged in the sequence MeO" > EtO~ > iso-
PrO" > t-BuO". The values of AHg then exceed the
stabilisation energy of the ions in the gas phase which
varies in the opposite sequence. Thus the usual ideas
concerning the sign of the inductive effect, based on mea-
surements of equilibria in solutions, are incorrect.
Quantum-chemical calculations by the CNDO/2 n o and
non-empirical111'112 methods established that, owing to its
high polarisability, the alkyl group can exhibit both posi-
tive and negative inductive effects, depending on the
charge on the atom to which it is linked. The calculated
proton transfer energies agree with the acidities and
basicities in the gas phase.

Thus measurements of the acid—base properties in the
gas phase showed that solvation interactions, among which
the formation of hydrogen bonds is the most important,
can influence not only the magnitude but also the sequence
of the properties of a series of compounds having similar
structures.

We shall now consider the problem whether or not
there is a general relation between acid or basic proper-
ties of organic componnds in the gas phase and the char-
acteristics of hydrogen bonds. Strictly speaking, the
comparison should be made using the characteristics of
hydrogen bonds formed in the gas phase. However, the
amount of data for hydrogen-bonded complexes in the gas
phase is at present very small. Nevertheless, it can be
shown that a general relation of this type does not exist.
The lack of correspondence between the energetics of
hydrogen bonds and acidity in the gas phase has been
observed, for example, when the O atom in the H-acid
XH was replaced by an S atom. The acidity of thiols in
the gas phase is greater, as in solution, than the acidity
of alcohols, while their ability to form hydrogen bonds is
much weaker. This difference can be readily understood
if account is taken of the fact that the energy of the acid-
base equilibrium in the gas phase is an overall character-
istic including the dissociation energy and the electron
affinity. The lower strength of the SH bond compared
with OH is the principal cause responsible for the greater
acidity of thiols in the gas phase. Consequently, as one
moves downwards along the Group [in the Periodic Table?]
the acidity in the gas phase increases, as in solution,
while the strength of hydrogen bonds with bases dimin-
ishes.

It is noteworthy that, for certain classes of compounds
(aliphatic amines and pyridines), a greater similarity of
the properties of hydrogen bonds and the basicities in the
gas phase compared with the basicity in the solution was
observed. Thus a linear relation has been obtained113

between the energy of formation of hydrogen bonds by
phenol and p-fluorophenol with substituted amines or pyri-
dines and the proton affinities of these bases in the gas
phase. A correlation between the basicity in the gas phase
and the p/f a in water is not observed in this case, as stated
previously. Studies on the frequency shifts Af(OH... N) 114

and Ai/(C13CH. . . N) 115 in the gas phase and the thermo-
dynamic parameters of the CH3OH. . . N systems 116 in the
gas phase also showed that they vary in parallel with the
proton affinities in the gas phase (Et3N > Me3N > Me2NH >
MeNH2). It is of interest to note that studies on the
OH. . . N hydrogen bonds in solution yield other results,
namely, the energies of hydrogen bonds with tertiary
amines are lower than those of the bonds with secondary
amines117, i.e. there is a correlation with the basicities
in solution and not in the gas phase.

Measurements on ionic equilibria of the type (BHR~)gas ^
Bgas + HRgas yielded a series corresponding to changes
in the enthalpies of hydrogen bonds in parallel with the
acidities of HR in the gas phase: HOH < MeOH <
t-BuOH < CHCls < PhOH < H3CCOOH < HCOOH,118 but it
does not correspond to the energies of hydrogen bonds in
solution in all respects.

We believe that there is no doubt about the importance
of more extensive studies on hydrogen bonds in the gas
phase and of their comparison with data for solutions and
gas-phase acidities and basicities. Studies on the elec-
tron-donating and electron-accepting properties of acids
and bases, extending as far as the significant rearrange-
ment of the latter associated with the proton transfer
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process, are necessary for a deeper understanding of the
reactivities of compounds in acid—base reactions.

IV. HYDROGEN BONDS IN NUCLEOPHILIC SUBSTITU-
TION REACTIONS

The two main classes of nucleophilic substitution reac
tions are known to differ as regards the influence of sol-
vents on the rate of the process:

V- + RX~

-> Y~ + R+ + X- -» YR + X" (protic solvents accelerate
the reaction),

a- «-
-> [Y ... R ... X]* ̂  YR + X- (protic solvents retard the

*~ reaction, while aprotic
dipolar solvents accelerate
it).

Unimolecular reactions are accelerated by protic solvents,
since the formation of hydrogen bonds promotes the for-
mation of the anion X~.

The role of hydrogen bonds, which retard reactions of
theSN^ type, has been elucidated by Parker and cowork-
ers (see, for example, Refs. 119—121). For the analysis
of the influence of the solvent, use is made of the relative
activity coefficients My DMF ̂  which make it possible to
eliminate the influence of electrostatic interactions, since
methanol (M) and DMF have similar dielectric constants,
as stated previously. Examination of the results led
Parker120 to the conclusion that the main factor which
determines the solvation properties of the medium is the
hydrogen bonds between the protic solvent and the anion.

The values of lg y v_ increase in a sequence which is

the same as that corresponding to the ability of the anions
to form hydrogen bonds: ClO4(-0.4); 2,4,6-NO2C6HaO"
(-0.4) < SCN~(2.7) < 4-NO2C6H4S"(2.9) < 4NO2C6H4O-
(4.1) < C6H5S"(4.9) < C6H5O~(7.7) < CH3CO2 (9.2). The
delocalisation of the charge in the picrate and perchlorate
anions leads to a higher degree of solvation by DMF,
which is assumed to be due to the enhancement of disper-
sion interactions.

Analysis of the influence of the solvent made it possible
to determine more effectively than by other methods the
nature of the transition state. The "looser" the transi-
tion state, the greater the localisation of the negative
charge, and the greater the capacity of the given sub-
stance to behave as a proton acceptor in the hydrogen

bond. The quantity lg yryR xl* * n c r e a s e s anc* the ratio
of the logarithms of the rate constant lgfe /lgfe
decreases.

The change in the nucleophilicity sequence when the
nature of the solvent is altered can be accounted for qual-
itatively from the standpoint of the ability of the solvents
to form hydrogen bonds: we have I" > SCN" ^CN~ > N3 ^
Br" > Cl" > OAc" in protic solvents122 and CN" > OAc" >
Cl~ =* Br" es Na" > I" > SCN" in dipolar aprotic solvents119.
Thus the ratio of the nucleophilic Hies of OAc" and SCN"
decreases by a factor of 10 on passing from DMF to
methanol, since the acetate ion is a much more effective
proton acceptor120.

Thus analysis of the influence of hydrogen bonds on the
reaction rates assists in the study of the nature of the
transition state and the prediction of the changes in the
rate on replacement of the solvent. The influence of the
formation of hydrogen-bonded complexes can be detected
qualitatively by employing mixed solvents (see, for

example, Refs. 123-126) or by analysing the changes in
the rate constants which do not parallel the dielectric
constants e of different solvents (see, for example, Refs.
127 and 128).

For a quantitative estimate, one resorts to many-
parameter equations relating the rate constant to different
characteristics of the solvents (n ande), including those
which determine their ability to function as proton donors
and acceptors (see, for example, Refs. 129-131). Thus
the two-parameter expression for dipolar solvents
includes the quantity Avjy, which represents the shift of
the stretching vibration frequency of deuteromethanol
Ai;(CH3OD...B):129'130

Thus the above expression estimates the ability of the
solvent to behave as a proton acceptor in the hydrogen
bond129.

Unfortunately it was found that, for a quantitative
description of the effects of the medium, an equation with
an even greater number of parameters is needed. Further-
more, in the case of strong specific solvation effects, the
equations are inapplicable owing to the significant non-
additivity of the contributions of interactions of different
types129'130.

The change from protic to dipolar aprotic solvents can
also alter the mode of reaction. It has been shown in a
review13" devoted to ambident anions that, depending on
the type of solvent, alkylation reactions lead to different
products. The change from protic to dipolar aprotic
solvents, which do not form hydrogen bonds with oxygen
atoms, induces attack on the oxygen centre with formation
of O -alkylation products.

Table 6. Synthesis of different products by a standard
method and in the presence of KF.135

Product of
synthesis

CH3CH(O2CPh)CO2H
ditto

PhO(CH2)4OPh
ditto

CH / ) C H 2
X O /

ditto
PhN(Me)CH2N(Me)Ph

ditto
MeCH(SPh)CHaMe

ditto

Reactants

PhCO2H/KF/CH3CH(Cl)CO2H
PhCO2K/CH3CH(Cl)COaH
PhOH/KF/Br(CHa)4Br
PhOH/NaOH/Cl(CH2)4Cl

Ph(OH2)/KF/CH2Br2

Ph(OH)i/CHaCl,/NaOH(HjO)
PhN(Me)H/KF/Cl(CH2)2Cl
PhN(Me)H/NaaCO3/Br(CH2)2Br
PhSH/KF/MeCH(I)CH2Me
PhSNa/MeCH(Br)CHaMe

t, °c

130
130
120
150

120

110
110
105
130
120

Yield, %

90
20
93
49

85

23
92
83
92
45

Time, h

0.5
6
0.5
1

1

15—18
6

24
8

24

During the last two years, a series of studies by Clark
and coworkers133"136 has been published under the title
"Hydrogen Bonds and Organic Synthesis". The authors
showed that the formation of hydrogen bonds with KF
added to the solvent greatly increases the reactivity of
compounds containing the OH, NH, and SH groups in
alkylation reactions. All the reactions are much faster
than in the absence of KF and the yields are 80-95%
(instead of 23-45%). Several examples from Clark and
Miller135 are presented in Table 6. The authors showed
convincingly that KF does not participate in the reaction
as a catalyst. The reactions do not rule out an initial
proton transfer mechanism, because neither HF nor HFa
appear in solution, but hydrogen bonds are formed. Clark
and Emsley137"139 investigated the strength of the hydrogen
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bonds formed by infrared spectroscopy and NMR and
showed that the OH... F~ bonds are very strong (with an
energy of 20-30 kcal mole"1). It is of interest that even
the much weaker NH... F" and SH... F" bonds also
accelerate the reactions extremely effectively (by a factor
of 3 — 4) and increase the yield by a factor of 1.5 —3. In the
presence of protic solvents the rate of reaction naturally
decreases and the yields fall. Consequently strong
hydrogen bonds can "assist" in organic synthesis, per-
mitting the elimination of competing reactions and leading
to higher yields and higher rates.

It may be hoped that the development of recently initi-
ated studies on nucleophilic substitution reactions in the
gas phase 140 will permit a quantitative assessment of the
role of specific solvation, particularly the role of the
formation of hydrogen bonds with the solvent.

Thus all the facts described above show that the influ-
ence of hydrogen bonds is very great not only in proton
transfer reactions but also in reactions of other types.
Investigators working in the field of physical organic
chemistry have sought various ways of estimating the role
of hydrogen bonds, but we believe that the accumulated
data on the properties and energetics of hydrogen bonds
have so far been inadequately used. At the same time,
within the framework of studies on hydrogen bonds, there
are trends which are very important for the solution of
problems associated with the reactivity of organic com-
pounds. This concerns studies on molecular hydrogen-
bonded complex-ion pair transitions, the determination
of spectroscopic and energetic characteristics of ionic
hydrogen bonds (between conjugate acids BH+ and bases
and between acids AH and anions), the study of the struc-
ture of the complexes [BHB] + and [AHA]", the study of
hydrogen bonds in the gas phase, and the study of the
influence of polar solvents on the properties of hydrogen-
bonded complexes. The combination of these data is
undoubtedly necessary for a deeper understanding of prob-
lems of the reactivity and structure of organic compounds.

Mention should be made of a number of studies which
were published during the preparation of the manuscript
for the press: on problems associated with the spectro-
scopic and thermodynamic characteristics of molecular
hydrogen-bonded complexes and the structure of ion pairs
in various solvents 141~145j On problems concerning the
elucidation of the role of hydrogen bonds by comparing the
acidities and basicities in the gas phase and in solutions
in different solvents146"149; on the problem of the influence
of strong hydrogen bonds on nucleophilic substitution reac-
tions l50~15\
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