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The literature data on the properties of hydrogen bonds involving the elements in the Third, Fourth, and Fifth Periods are
surveyed and an attempt is made to determine the factors which have a decisive effect on the proton- and electron-donating
capacities in series of compounds of the same type formed by elements in different Periods and Groups.
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1. INTRODUCTION

Hydrogen bonds play an important role in various
chemical, physical, and biological reactions’, which is
the reason for the increasing interest in the study of vari-
ous systems with hydrogen bonds. However, the majority
of investigations have been concerned with hydrogen bonds
in compounds formed by the elements in the Second Period,
such as nitrogen, oxygen, fluorine, and (to a lesser
extent) carbon. Extensive experimentall'7 and theoreti-
cal®™! data have accumulated in this field and have been to
a large extent reviewed. Hydrogen bonds involving ele-
ments in the Third and subsequent Periods have been
investigated much less. The available information about
this problem is sporadic and frequently contradictory.
Until recently, it used to be assumed’ that these elements
either do not tend to form hydrogen bonds or give rise to
relatively weak bonds.

In recent years, there has been a significant growth of
interest in the so called weakt hydrogen bonds for two
reasons. Firstly, the course of chemical processes is
determined not only by strong interactions associated with
large changes in the energy of the reactants but also by
weak interactions, which influence the process probability
but hardly alter the energy spectrum of the reaction. Such
interactions play an especially important role not only in
chemical but also in biological systems. Secondly,
studies of this kind extend significantly our ideas about the
nature of the hydrogen bond.

This review deals with studies on weak hydrogen bonds
involving the atoms of Group V-VII elements. A separate
section is devoted to the properties of hydrogen bonds
involving sulphur compounds, since after the publication of
the review of Zuika and Bankovskii'?, the literature was
supplemented by numerous quantitative data. This section
includes also studies which showed that the properties of
hydrogen bonds between interacting molecules determine
not only the kinetics but also the mechanism of the fast
proton exchange reaction. Particular attention has been
devoted to the identification of the factors which determine
the nature of the changes in the proton- and electron-
donating capacities in the hydrogen bond as a function of

T We employ the term weak for hydrogen bonds whose
formation involves the elements in the Third, Fourth, and
subsequent Periods.

Variation of the proton- and electron-donating capacities in series of compounds of the same
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the electronic structure of the relevant atoms, i.e. as a
function of their position in the Periodic System.

In this paper, an attempt is made to survey and analyse
the available literature data (up to 1974 inclusive) for the
properties of weak hydrogen bonds and about the influence
of these bonds on protolytic reactions, such as tautomerism
and rapid proton exchange.

II. THE HYDROGEN BOND INVOLVING SULPHUR COM -
POUNDS

1. MERCAPTANS AND THIOPHENOLS
(a) Self Association

There is no doubt about the self association which
occurs in liquidmercaptans RSH andtheir solutions in inert
solvents as a result of the SH...S hydrogen bonds. The
spectroscopic and physicochemical studies on this problem
have been considered in detail in a review'2. However,
the vast majority of the relevant data are qualitative.
Quantitative results on the self association of mercaptans
have been obtained by Miller and coworkers'®™'® using
NMR. Hu and Miller'® studied the self association of mer-
captans in terms of the variation of the chemical shift of
the SH protons (Tgyg) with concentration in carbon tetra-
chloride or cyclohexane solution. The measured dimeri-
sation constants K showed that the tendency towards self
association increases in the sequence C¢HsSH << CzHsSH <
H‘C3H7SH < i"CSH’7SH < n-04HgsH.

The hydrogen bond strengths AH in the self-associated
species of mercaptans, aminomercaptans, and mercapto-
ethers have been obtained'®™®, According to Yablonskii
et al.,® —AH = 0.1-0.4 kcal mole™ for the SH...S hydrogen
bonds and — AH = 0.5-0.8 kcal mole”" for the SH...O bonds
in mercaptoethers. Hu and Miller'® determined the
SH...S bond strength in the self-associated mercaptan
species from the temperature variation of 7gg. As in the
study of Marcus and Miller **, relatively low values of K
were obtained. It was found that the bond strength (- AH =
1 kcal mole™) is likewise low and depends little on the
nature of the substituents. A low SH...S bond strength is
indicated by the results of quantum-chemical calculations
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for the hydrogen bond in HzS solutions *™% (-AH =~ 1.7 kcal

mole™). The infrared spectroscopic studies on certain
mercaptans at reduced temperatures by Alencastro and
Sandorfy ® agree with these data. The tendency towards
self association increases on passing to aminomercaptans.

Table 1 shows that mercaptans form weak hydrogen
bonds, whose strength is much lower than that of the ana-
logous alcohol complexes. This can be explained by the
fact that, on passing from oxygen to sulphur, there is an
appreciable decrease of the proton- and electron-donating
capacities of the hydrogen bond (see below).

When the mercaptan molecule contains electronegative
atoms such as oxygen and nitrogen (mercaptoethers and
aminomercaptans), the tendency towards self association
should increase, since there is an increase in the proton-
donating capacity of the SH group and the possibility of the
formation of the SH...O and SH...N hydrogen bonds with
stronger electron donors appears.

Table 1. The thermodynamic characteristics of the
hydrogen bond in the dimers of certain mercaptans.

RSH k30 , litre molc'l| -AH, keal mole’l -AS, e.u. References
n-C3H78H 0.0051 0.9 13 16
iso-C3H7SH 0 .6050 0.8 13 16
n C4HQSH 0.0035 0.8 14 16
HqSH 0 0014 1.1 16 16
I’?HSH 0.0001 0.7 15 16
- 1.7%* 18 20
C,,Hst — 12 — 17
R, ,(CH,CH,SH); — 1.9—-2.5%* — 19

*The SH...N bond, in the remaining cases the SH...S bond.
**The infrared spectroscopic method, in the remaining
cases the NMR method.

A study has been made ® of the self association of
p-substituted thiophenols and the interaction of the SH
groups with the heteroatoms of the substituents has been
observed. p-Amino- and p-fluoro-thiophenols are self-
associated to a greater extent than thiophenol itself owing
to the formation of the SH...N and SH...F bonds.

The structure of the self-associated thiol species con-
stitutes at the present time the most controversial prob-
lem. With the exception of rigid systems, such as those
in crystals, or systems with fixed configurations, such as
those in biopolymers, it is difficult to characterise the
geometry of the hydrogen bond. Since a linear hydrogen
bond is usually stronger, presumably open-chain dimers
(I) should be formed preferentially in solution. Indeed
quantum-chemical calculations for NH;, H,O, H,S, and HF
have shown that type (I) dimers are energetically prefer-
able ®*"**, However, the relatively low entropies of the
hydrogen bond (Table 1) can be explained by the formation
of cyclic dimers (I)*°:

N
New s/ R—§  S—R
\R \\‘H 2

U] (I1)
Structures (I) and (II) probably exist in solution. Accor-

ding to data'®’®® for aromatic thiols, apart from dimers
(I) and (II) there is a possibility of complexes with the
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hydrogen bonds SH...7, the formation of which should lead
to an additional 1ncrease in the complexity of the structure
of the solution. However, the conclusion'® that the thio-
phenol self-associated species have a tetrameric structure
in carbon tetrachloride solution at a normal temperature
is doubtful, since the infrared spectra show bands corre-
sponding to self-associated species of a higher order than
dimers only at low temperatures 2.

On the basis of the available data'®”"***® one can
formulate a series in terms of the decrease of the hydro-
gen bond strength (- AH, kcal mole™) in the self-agsoci-
ated species of the alkyl compounds or hydrides of various
elements:

ROH(~4) >RNH,(~3.5) >RSH(~ 1) >»R,CH

or
HF>H,0>H,N>H,S>H,C.

Evidently this series agrees with the electronegativity
series for the corresponding elements.

(b) Association

The results of the study of physicochemical properties
and spectroscopic investigations have shown that mercap-
tans and thiophenols form associated species in proton-
donating solvents via the SH...O, SH...N, SH...Cl, etc.
hydrogen bonds. However, there are relatively few quan-
titative data for the properties of these bonds and a sys-
tematic treatment of the latter is not available. The first
Guantitative characteristics of association involvmg thio-
phenol as the proton donor were obtained by NMR *'~3
A detailed study of the hydrogen bonds in the 1:1 associ—
ated species of certain mercaptans with various electron
donors has been made by Hu et al.,*® who investigated
hydrogen bonds of the type SH...S, SH...O, SH...O=C,
SH...0=S, SH...O=P, and SH...N. It was found that the
strengths of these bonds are low (Table 2) and change little
when the electron donor is altered. For the same elec-
tron donor, the strengths of hydrogen bonds with various
alkanethiols are virtually constant.

Table 2. The thermodynamic characteristics of the
hydrogen bonds between certain mercaptans and different
electron donors*

. 102K, litre -AH,
“ AT, p.p.m. > . -
pomer ‘ L To PR mole-! kcal mole'l AS, e.u.
iso-C3H7SH

(CH,),S 32.6 1.65 34 0.8 9.0

(CHy),S 32.2 0.92 3.7 0.5 8.0

(CH:,)zCO 32.2 1.24 4.7 0.9 9.0

30.2 0.81 6.1 1.0 9.0

(CH..O& 30.4 0.51 12.0 0.9 7.0

(Cz )PO 3.5 2.4 6.5 1.0 9.0

(CHs)zN],po 44.2 15.28 2.0 1.1 1.0

H,CN 3.2 0.45 13.0 0.6 6.0

I(CH )2NJ,.CO 34.9 2.22 5.9 1.1 9.0
n-C4iigSH

(CHZ),S0 34.2 0.95 17.0 0.9 6.0

(C,H;0),PO 3.2 1.47 12.0 1.0 8.0
t-C4H9PH

(CH,),S 36.0 0.38 14.0 0.7 6.0

(CHg),S, 36.0 1.23 3.1 0.6 9.0

(CHy),CO 35.2 0.97 6.4 0.9 8.0

O(CH,~—CH,),0 31.9 1.06 5.5 0.6 8,0

HCON(CH3;), 36.0 1.41 8.4 0.9 8.0

(CH,),SO 31.9 0.60 30.0 0.9 5.0

(C,H;0),PO 32.7 2.43 6.9 1.0 8.0
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Table 2 and literature data® ’*® show that there is no

correlation for the association of thiols with various elec-
tron donors between the chemical shift on complex forma-
tion AT¢ and the bond strengthf. The equilibrium constant
K is likewise unrelated to the bond strength®*®, Its
changes for different electron donors are determined
mainly by the change in entropy.

Hydrogen bonds involving thiophenol have been investi-
gated to a somewhat greater extent. The thermodynamic
characteristics of the hydrogen bonds between thlophenol
and electron donors of different types have been obtained®®
**_ The association of thiophenol, thiocresol, and p-bro-
mothiophenol with ethylene tr1th10carbonate has been
studied by ultraviolet spectroscopy The dimerisation
constants obtained (K2, litre mole” l) were used to estab-
lish a series based on the variation of the proton-donating
capacity of the thiophenols investigated: p-bromothiophe-
nol (0.87) > p-thiocresol (0.75) > thiophenol (0.64). This
series is inconsistent with the expected acidities of the
thiophenols *®”*” (which was also noted by Mukherjee et al.*?)
and with the conclusions reached by the present author and
Gragerov®®. Possibly the discrepancies are due to the
inaccuracies in the determination of K.

The present author and Kukhtenko*® studied by NMR the
association of thiophenol and its derivatives with electron
donors of the n- and 7-types: anisole, dimethyl-aniline,
and thioanisole. The concentration and temperature vari-
ation of Tgy showed that thiophenol forms mainly com-
plexes of the m-type with dimethylaniline:

ll\I(CHa)z

()

while n-complexes are mainly formed with thioanisole:

/ N g TN
__o—s—HLoLsEH)-L 3,

for which —AH = 1.6 kcal mole™ and -AS = 9.0 e.u. were
obtained. It was found that the probabilities of the forma-
tion of n- and 7-complexes with anisole are almost identi-
cal. The hydrogen bond formed by thiophenol with butyl
methyl ether is characte rised by the following parameters:
—AH = 2.7 kcal mole™' and —AS = 9.6 e.u. Comparison
of the heats of association of thiophenol with this ether and
acetone showed that the ketone forms a stronger bond
(—AH = 3.2 kcal mole™).%® This result conflicts with the
view*® that ethers should form stronger hydrogen bonds
than ketones, since the lone electron pair of the oxygen
atom in ketones has a greater amount of s character (sp?
hybridisation). This treatment is based solely on the
donor—acceptor model of the hydrogen bond and does not
take into account the contribution of the electrostatic
interaction, which is probably significant for ketones
owing to the strong polarisation of the bond in the carbonyl
TOoup.
& The data obtained® **® make it possible to arrange the
bases investigated in a series in terms of decreasing
m-electron-donating capacity in relation to the formation
of hydrogen bonds with thiophenol: NN-dimethylaniline >
anisole > benzene > thioanisole. Thioanisole is a less
effective m-electron donor, since the m-electron density in
its ring may be reduced owing to 7—d conjugation.
Furthermore, the p—7 conjugation in thioanisole is less
effective than, for example, in anisole itself, since the

{The weak temperature variation of A7¢c may be
neglected*! "*.
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difference between the energy levels of the p and 7 elec-
trons (An = 1) hinders the interaction of these orbitals®
The above hypotheses agree with the type of change in the
Hammett ¢ constants on passing from alkoxy- to alkylthio-
substituents *

The influence of the electronic nature of the substituents
in both proton donor and electron donor molecules on the
spectroscopic and thermodynamic characteristics of the
SH...O=C hydrogen bond in the thiophenols-acetophenones
system has been investigated®® by NMR. As was to be
expected, the stability of the associated species increases
with increase of the electron-accepting capacity of the
substituents in the thiophenol ring. The dependence of
AH on the Hammett 0 constants is described by the equa-
tion

AHpA=22+4190. 1)
The energy of the hydrogen bond increases with increasing
electron-donating capacity of the substituent in the aceto-
phenone molecule:

—AHg=2.4—120. (2)

Comparison of the reaction constants for the two series
investigated (0A/PB = —1.6) shows that the changes in the
properties of the proton donor and electron donor under
the influence of substituents affect to an equal extent the
strengths of the hydrogen bonds between thiophenols and
acetophenones. The change in AH for the S—H...0=C
hydrogen bond in this system is more sensitive to the
change in the properties of the proton donor than in those
of the electron donor.

In a study of the OH...O hydrogen bonds between p-sub-
stltuted 2,6-di-t-butylphenols and anisoles or acetophe-
nones”’ the opposite relation was obtained—the change in
the OH.. O bond strength was found to be more sensitive
to changes in the properties of the electron donor. Com-
parison of the properties of the SH...O=C and OH...0=C
hydrogen bonds reveals not only quantitative differences
(the SH...O=C bond is weaker) but also qualitative differ-
ences—the changes in the properties of the proton acceptor
and proton donor respectively play the main role in the
variation of the OH..0=C and SH...0=C hydrogen bond
strengths.

The hydrogen bond between thiophenol and acetic acid
has been investigated™ and the quantities K**° = 0.38
(mole fraction)™, —AH = 1.2 kcal mole™", and - AS =
5.9 e.u. have been determined. Despite the much lower
acidity of thiophenol than that of acetic acid (pKa = 6.52
and 4.76 respectively*’), thiophenol in fact functions as the
proton donor and the acid as the electron donor. The
reason for this is probably that OH...S hydrogen bonds,
which the acid might form as the proton donor, cannot
compete in strength with the OH...O=C bonds in the acid
dimers, since electron-donating functions are apprecxably
weakened on passing from oxygen to sulphur >~

The thermodynamics of the hydrogen bond being subst1-
tuted thiophenols and thiobenzoic acids has been studied®
The latter differ sharply from acetic acid in the proton-
and electron-donating properties. In this system too, it
was also found that thiophenol behaves as the proton donor
on formation of hydrogen bonds, while the thiolo-form of
thiobenzoic acid is the electron donor despite the fact that
thiophenol is the weaker acid. Of the two possible dimer
structures

—SH ... 0=C—SH
|

@) av)

—SH ... S (H)—C‘;O
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structure (III) is apparently preferable, since hydrogen
bonds of the type SH...S cannot compete with bonds of the
type SH...O as regards strength. We may note that the
effects of substituents (Table 3) are consistent with the
proposed structure of the associated species.

Thus the available data®’* show that, when thiophenol
is involved in association with acetic and thiobenzoic acids,
and probably with other carboxylic acids, there is prefer-
ential formation of dimers in which thiophenol plays the
role of the proton donor and the carbonyl group of the acid
is the electron donor (SH...O=C). These bonds are prob-
ably stronger than the OH...S and even more so the SH...S
hydrogen bonds, which might be formed if the acid and
thiophenol changed roles, since the increase of electron-
donating capacity when S is replaced by O has a greater
effect onthe energy of the hydrogen bondthan the weakening
of the proton-donating capacity on passing from OH to SH.*®

Table 3. The spectroscopic and thermodynamic charac-
teristics of the hydrogen bond in the association complexes
of thiophenols with thiobenzoic acids.

P - AH, keal _AS o,
R Tes PP mole-1 AS, e
R ;—CyH,SH- CgHyCOSH
2 5-(CHy); 185 1.9 8.1
4/OCH 1.58 2.0 8.
4-CH, * . 2008 2.1 9.6
H 1.52 21 5.3
4Cl 170 32 93
2.5Cl, 175 25 1
C4HySH + R, —C;H,COSH - CCl,
4-0CH, 1.58 2.0 6.6
H 1,52 17 6.2
4Cl 1.41 16 69

Thus the structure of the complexes and the properties
of the hydrogen bonds are determined by the proton- and
electron-donating capacities of the interacting components
and not by their acidity or basicity, and in many cases the
acidity and proton-donating capacity vary in opposition
(for example, on passing from thiophenol to phenol the
acidity decreases, while the proton-donating capacity
increases sharply ®°72),

(¢) The Intramolecular Hydrogen Bond

The presence of the intramolecular SH...B (B = O, N,
or Cl) intramolecular hydrogen bonds in 0-substituted
thiophenols has been noted in a number of studies
The NMR and infrared spectra as well as measurements
of the dipole moments of a series of substituted thiophe-
nols confirmed™ the presence of an intramolecular hydro-
gen bond in o-halogeno-, o-methoxy-, o-nitro-, ando-
methoxycarbonyl derivatives. The SH...B intramolecular
hydrogen bond causes an appreciable increase in the
intensity of the absorption band due to the vibrations of the
SH group without a significant shift of the wavenumber.

A much stronger hydrogen bond has been observed in
o-methoxy carbonylthiophenol, in the molecule of which a
six-membered chelate ring may be formed as a result of
the intramolecular hydrogen bond.
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It has been shown™ that the SH group does not form an
intramolecular hydrogen bond in a@-mercaptocarboxylic
acid esters, while a bond of this kind persists in thiosali-
cylic acid and its esters even in solution in acetonitrile.
According to Ginzburg and Loginova®, —AH = 0.9 kcal
mole™ for the S=H...0=C hydrogen bond in thiosalicylic
acid.

In contrast to w-NN-dialkylaminomercaptans’?, in
aminothiophenols chelation is found to occur owing to the
SH...N or NH...S hydrogen bonds™. It follows from the
infrared spectra that such bonds are not formed in o~
aminophenols or are significantly weaker. Consequently
the proton- and electron-donating functions of sulphur are
more effective than those of oxygen in the formation of
intramolecular hydrogen bonds, while in association pro-
cesses the opposite behaviourisobserved. Thesefindings
are consistent with the calculations on intermolecular and
intramolecular hydrogen bonds involving sulphur and oxy-
gen atoms ™75,

In rigid systems, such as five-membered chelates with
intramolecular hydrogen bonds, the large size of the sul-
phur atom and diffuseness of its 3p orbitals ensure more
satisfactory conditions than in oxygen for the overlapping
of the interacting orbitals on formation of the bonds.
Consequently the properties of the intramolecular hydrogen
bonds

N /
4 N
Y X
. /
N 1/

are determined by the nature of the proton donor and
acceptor, the linearity of the XH...Y bond, and the dis-
tance between the donor and acceptor atoms™.

2. THIOCARBOXYLIC AND PHOSPHOROTHIOIC ACIDS

Thiocarboxylic acids RC(O)SH should form more stable
self-associated species than thiophenols and mercaptans
via the SH...O=C hydrogen bonds. However, the litera-
ture data on this problem are contradictory. Thus it has
been suggested™ that the degree of self-association of
thioacetic acid is low in view of the observed decrease of
the wavenumber and increase of the intensity of the v(SH)
infrared band on passing from the gas to the liquid. In
the gas phase™ and in carbon tetrachloride solutions”,
no signs of the self-association of thioacetic acid were
observed, which conflicts with the results of another
study ®, where the intensities of the ¥(C=0) and v(SH)
bands of thioacetic and thiobenzoic acid were found to vary
with concentration, indicating unambiguously the formation
of SH...O=C hydrogen bonds. The chemical shift of the
SH protons was also found to depend on the concentration
of thiobenzoic acid in benzene® and of thioacetic acid in
carbon tetrachloride ®. It has been suggested®® that thio-
acetic and thiobenzoic acids form linear and cyclic dimers:

1710 em-]

/° 2570 cmr! tesg e N o H-S 2530 cm-!
R—C Vo L 77 N\, ¢
Ng ... o jle8bem R—C C—R
TN s ... 07
2588 cm'l\ /C—R
H—S
(%)) (V1)

With decrease of temperature, the probability of the for-
mation of the cyclic structure (VII) increases.
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All the foregoing considerations suggest that the occur-
rence of the self-association of thiocarbo:?rlic acids has
been established. The present author *’*® obtained by
NMR data for the structures and thermodynamic charac-
teristics of the hydrogen bonds in the self-associated
species of p-substituted thiobenzoic acids. It was found
that — AH = 6.2 kcal mole™ and -AS = 21 e.u. for the
unsubstituted acid. Comparison with data for benzoic
acid® (- AH = 10.6 kcal mole™ and -AS = 18.8 e.u.)
showed that the S—H...O=C bonds are much weaker than
the O-H...0=C bonds. On the other hand, thiobenzoic
acids are much more self-associated than thiophenols and
mercaptans. It has been shown® that the values of AH
and AS for thiobenzoic acid represent the overall effect of
the formation of two hydrogen bonds. Consequently the
acid dimers have the cyclic structure (VII). These
results apply solely to the thiolo-form of the acid (VII),
since in inert solvents the presence of the thiono-form (IX)
was not observed®" %,

In electron-donating solvents, the complex-formation
process is accompanied by the formation of a new molecu-
lar structure with mobile protons, which are involved in
rapid exchange with the protons of the OH groups of the
solvent (methanol, acetic acid). This is probably asso-
ciated with the formation of appreciable amounts of the
thiono-tautomer owing to the displacement to the right of
the equilibrium

CoHiC (0) SH 2 C.H,C (S) OH
(Vi1 (1X)

compared with the solution in carbon tetrachloride. The
present author believes that this influence of electron-
donating solvents on the state of the thiol-thione equilib-
rium should be sought by comparing the properties of the
self-associated species and complexes formed with the
solvent by the tautomeric species (VII) and (IX).

As a result of complex formation with the electron
donor (B), the self-associated species of the acid (vin)
decompose. The associated species of the thiono-form
CeHsC(S)O-H..B produced under these conditions are more
stable than those of the thiolo-form CeHsC(O)S-H...B,
since the hydroxy-group is a more effective proton donor
in the hydrogen bond than the mercapto-group. This in
fact leads to the appearance in solution of an appreciable
amount of the thione tautomer (IX).

The present author also investigated®® the influence of
substituents on the self-association of thiobenzoic acids
(Table 4). The relation obtained between AH and the
Hammett 0 constants suggests that the change in the pro-
ton-donating capacity of the mercapto-group plays a deci-
sive role in the alteration of the stability of the self-asso-
ciated species of thiobenzoic acids. The change in the
electron-donating capacity of carbonyl oxygen is of secon-
dary importance and can affect only the magnitude but not

the sign of the reaction constant p in the Hammett equation.

For thiobenzoic acids, this quantity (p = 1.8) is signifi-
cantly smaller than the value found® for the association of
thiophenols with acetone (p = 2.4).

On passing from mono- to di~thiobenzoic acid, the
tendency towards self-association decreases sharply.
According to infrared spectroscopic data, all the signs of
the self-association of dithiobenzoic acid vanish already
in a 20% solution in carbon tetrachloride®. This can be
explained by the fact that the SH...S=C hydrogen bond
formed in dithiobenzoic acid dimers is much weaker than
the S-H...0=C bond in monothiobenzoic acid dimers.
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In contrast to thiocarboxylic acids, the monothio-deri-
vatives of phosphorus-containing acids exist in inert solvents
in the form of the thione tautomers®. The self-associa-
tion of diethylphosphinothioic, 0-ethyl methylphosphono-
thioate, and diethyl phosphorothioate has been investigated
by NMR® in carbon tetrachloride solution on the basis of
the temperature and concentration variation of the chemi-
cal shift of the hydroxyl protons. Analysis of these data
by Lippert's method®? showed that the main type of equi-
librium in solutions of the above acids is monomer = tri-
mer. It was established that the values — AH = 18 estab-
lishedfor the monothio-derivatives of phosphorus-containing
acids correspond to the overall effect of the formation of
three hydrogen bonds of the type OH...O and that the tri-
mers have the cyclic structure

;N
R,P—0 O—PR,

$n b é
o’
s—bR,
(X)
Consequently the thiophosphoryl sulphur cannot compete
with the hydroxyl oxygen as the electron donor in the
hydrogen bond.

Table 4. The spectroscopic and thermodynamic charac-
teristics of the self-association of the acids p-RCe¢H4C(O)SH
in CCl; solution (AS = =21 e.u.).

27° - AH, keal
A, pp.m. | K°' (mole » keal
R Sl fraction)™! mole” 9
OCH, 1.33 0.40 5.7 —0.268
H 1.33 0.95 6.2 0.000
F 1.34 0.95 6.2 0.062
Cl 1.32 1.83 6.6 0.227

Table 5. The spectroscopic and thermodynamic charac-
teristics of the hydrogen bond in the self-associated
species of organophosphorus monothio-acids R;R2P(S)OH.

cppan. | Argppm. | 103k40°, -aH, |

R, ] R: 70 P-PI Te P-pM (mole tractiony2 | keal male-1 AS, e.u.
C,Hpg C,Hjy 3.80 1.47 4.0 18 .0 41.8
C,HeO CH, 4,39 290 5.7 178 40,5
C,HO C,HO 4,47 2.19 10.0 18.0 39.4

The data in Tables 4 and 5 show that, on passing from
thiobenzoic acids to thio-derivatives of phosphorus-con-~
taining acids, there is a sharp increase of the ability to
form self-associated species. This is due to the increase
of the strength of the hydrogen bond when the mercapto-
group is replaced by the hydroxyl as the proton donor,
although this involves a significant gain in entropy, caused
by the increased complexity of the structure of the self-
associated species.
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Thus the structures and properties of the self-associated
species of monothio-acids depend on the position of the
thiol-thione equilibrium. As stated above, in thiobenzoic
acids the equilibrium is displaced towards the thiolo-tauto-
mer, which results in the formation of the cyclic dimers
(VII) with oxygen as the electron donor, similar to the
carboxylic acid dimers®. For thio-derivatives of phos-
phorus-containing acids, the equilibrium is displaced
towards the thiono-form, dimers of type (VII) becoming
less stable owing to the reduced electron-donating capacity
of sulphur and cyclic trimers (X), with oxygen as the
donor, whose structure resembles that of the self-associ-
ated species of alcohols, are formed™.

The self-association of dithio-derivatives of phosphorus-
containing acids has been investigated in greater detail.
Thus the infrared spectra of solutions of diethyl and dime-
thyl phosphorodithioates®® and of phenyl phenylphosphono-
dithioate and ethyl ethylphosphonodithioate ® in carbon
tetrachloride showed a splitting of the ¥(SH) band. The
doublet structure of this band and the dependence of the
relative intensities of its components on concentration and
temperature were explained by the self-association of the
acids with formation of SH...S bonds. Self-association of
this type is assumed for both phosphorodithioic®® and
diphenylphosphinodithioic” acids. On the other hand,
cryoscopic measurements have shown®® that phosphorodi-
thioic acids exist in benzene solutions as monomers.
Presumably the decomposition of the self-associated
species in this system is caused by the formation of com-
plexes by the acid with the solvent (benzene). There is at
present no doubt about the possibility of the formation of
hydrogen bonds of the type SH...m.

Many workers® "% believe that the doublet structure of
the ¥(SH) band is due to the presence of two rotational iso-
mers with intramolecular hydrogen bonds between the SH
groups and the oxygen atoms of the substituent or the sul-
phur atom in the P=S group.

Quantitative studies on the hydrogen bonds in the self-
associated species of phosphorodithioic acids have been
carried out by NMR and infrared spectroscopy. Thus a
study has been made ' %2 of the hydrogen bond strengths
in the self-associated species of a number of phosphorodi-
thioic acids and in their complexes with dioxan. The
authors'® %2 suggested the cyclic structure

..H-s R
N

P,
"
.S R

So

R
\

oo
No
v

—H ..

(X1)
for phosphinodithioic acids and the linear dimeric struc-
ture

h
S O...H-S OR
N N
N 2N
H—-§ OR s OR
(XID

for the self-associated species of phosphonodithioic and
phosphorodithioic acids. We may note, however, that the
conclusion concerning the preferential formation of struc-
ture (XI), reached'™ on the basis of a comparison of the
values of V(SH) for self-associated species and complexes
with dioxan as well as the hypothesis that the proton-
accepting capacity of the oxygen in the RO substituent is
greater than that of the thiono-sulphur in the P=S group
appear to have little justification. One should also note
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that the same workers'°2 believe that the thiophosphoryl
group in phosphinic acids gives rise to more stable asso-
ciated species than those produced by the oxygen of the
substituent in phosphonic and phosg)horic acids.

An NMR study has been made'® of the self-association
of dithio-derivatives of phosphorus-containing acids. In
agreement with previous results '*'*'°2, it was shown that
the main type of equilibrium in solutions of these acids in
carbon tetrachloride or cyclohexane is monomer = dimer.
The value of AH for self-association obtained by infrared
spectroscopic (Table 6) and NMR methods (Table 7) agree
satisfactorily when account is taken of the experimental
error.

Table 6. The spectroscopic characteristics and strength
of the hydrogen bonds formed by organophosphorus dithio-
acids R,R2PSSH in their self-associated species and in
their complexes with dioxan.

Self association Complex with dioxan
Ry Ry -1 -AH, -1 -aH,
VSH...S(0)r “M | kcalmolesl | VSH..Ow °m kcal mole1
1 Gy, n-C,H, 2405 3.2 2445 2.0
CH; CHs 2405 3.4 2440 -
CH, CHO 2460 24 2470 -
CH, C,H,0 2460 211 2470 —
CH, n-CgH-O 2460 2.4 2470 —
CHg, iso-CgH,;O 2460 2.0 2470 —
C.Hs RERG) 2460 2.3 2460 1.8
C:H,0 C:H,0 2460 201 2460 15
CH,
AN o,
’ > 2460 2.4 2450 1.8
—0
cHy,”

The stability of the complexes (XI) of phosphinodithioic
acids varies in the range 2.6-3.4 kcal mole™. Conse-
quently the energy of the SH...S=P hydrogen bond is close
to 1.5 kcal mole™". As already mentioned, in phosphono-
dithioic and phosphorodithioic acids, both thiono-sulphur
and oxygen atoms in the substituent can behave as electron
donors. For this reason, these acids can give rise to the
following structures apart from complexes of types (XI)
and (XII):

R. ’?
RO O H-S S RO O H—S Op
N Y4 N N

P P P P

7 7 7 4
S/ SH (‘) \OR S \S—‘H S })R

R
(XI1I) (XIV)
101,102

The conclusion that the open-chain dimers (XII)
are formed preferentially by phosphonic and phosphoric
acids is inconsistent with thermodynamic data'® %,
Thus the energy of the SH...O hydrogen bond between
dithio-derivatives of phosphorus-containing acids and diox-
an is 1.5-1.8 kcal mole™'. '® On the other hand, the
strength of the bond of the same type but with the oxygen
atom of the substituent at the phosphorus atom should be
smaller, since in this case the electron-donating capacity
of the oxygen atom is reduced owing to the effect of the
pr — dn conjugation®"%.  Table 7 shows that the bond
energy in the self-associated phosphonic and phosphoric
acid species varies from 2.7 to 4.3 kcal mole™. Clearly
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a structure of type (XII) with a single SH...O hydrogen bond
cannot alone account for the observed heats of complex
formation. On the other hand, cyclic structures of types
(X1), (XII), and (XIV) are consistent with experimental
data. We therefore suggest that phosphonodithioic as well
as phosphinodithioic acids form mainly cyclic dimeric
self-associated species in solution in inert solvents. This
conclusion is further confirmed by the similarity of the
values of AS for self-association obtained for complexes
of all three types of acids (Table 7).

Table 7. The spectroscopic and thermodynamic charac-
teristics of the hydrogen bond in the self-association
species of the acids RiR.PSSH.

0 larg, ppam K40 1 -AH, —AS

Ry p.p.m. 7o P-pM Kfl’act;lf:;?le kcal mole’l | e.u PKg —Zog
CoH, 8.07 2,75 1.4 2.7 8.01 5.06 | 2.202
CeHy 7.67 1.33 1.0 2.6 8.3| 3.48 | 1.18
CH;™ 7.42 2.00 1,9 3.0 8.21 346 | 1.179
n-C,H,0 7.42 1.43 1.8 3.6 10.3| — 0.822
n-C;H,0 7.40 1.48 2,0 3.5 98| — 0.630
iso- C,H;0 7.34 1.27 1.4 3.5 10.5 | — 0.600
iso- CyH1;0 7.50 1.45 2.9 3.6 9.7 2.9 | 0.582
C,H;0 7.30 1.58 1.4 2.7 8.2| 2.8 | 0.42
Cel0 5.67 2.00 14.0 43 85| 241 | 0422

* Determined in 100% alcohol **.
** Qyerall o constants'®®.

*** Rz = CoHs0, in the remaining cases R; = R..

When data for the self-association of mono- and di-thio-
derivatives of phosphorus-containing acids are compared,
sharp differences are discovered!®. The self-associated
species of the monothio-derivatives have a trimeric cyclic
structure formed by OH...O hydrogen bonds, while the
dithio-acids give rise to cyclic dimers with SH...S and
SH...O bonds. It was noted that, when oxygen is replaced
by sulphur, both the electron-donating and the proton-
donating capacity of the hydrogen bond are reduced. The
sharp differences between the values of K, AH, and AS for
the self-associated species investigated are therefore
based not only on the differences in the numbers of the
hy drogen bonds forming the complexes but also in their
properties.

3. HYDROGEN BONDS AND RAPID PROTON EXCHANGE
REACTIONS INVOLVING SH GROUPS

It was shown previously *7*°°"'** that the initial stage of
the proton transfer reaction between molecules or ions is
the formation of an intermediate reaction complex in which
the reactions centres of the interacting species are brought
closer together by hydrogen bonds, which ensures the most
favourable mutual orientation of the centres for the reac-
tion. The increase of the strength of the hydrogen bond
in the intermediate complex leads to a decrease of the
height and width of the potential barrier to the reaction,
which facilitates proton transfer via both the classical
mechanism and as a result of the tunnel effect. These are
also the causes underlying the observed correlations
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between the kinetic and activation parameters of rapid pro-
ton exchange reactions and the thermodynamic characteris-
tics of the hy drogen bondbetween the exchangingreactants *°.

However, the dependence of the mechanism of the rapid
proton exchange reactions on the structure of the com-
plexes and the properties of the hydrogen bond between the
exchanging components has still been inadequately investi-
gated. This problem has been solved in a number of
studies ***%"'%~122 for reactions involving SH, COOH, and
COSH groups. Reactions of this type occupy an important
place in various biochemical processes'®.

The kinetics and mechanism of the rapid proton
exchange between the SH groups in a series of substituted
thiophenols and the COOH group of acetic acid, catalysed
by sodium acetate, have been investigated“’md by NMR.

Tt was established that the rate-limiting stage of the reac-

tion involves proton transfer from the thiophenol to the
acetate ion in the bimolecular complex formed by hydrogen
bonds:

PhSH ... ~OAc*PhS- ... HOAc. (3)

The increase of the rate constant and the decrease of the
activation energy with enhancement of the electron-accep-
ting capacity of the substituents in the thiophenol ring
(Table 8) are consistent with the proposed exchange
mechanism (3).

Table 8. The kinetic and activation parameters of the
fast proton exchange reaction between ArSH and AcOH
catalysed by sodium acetate.

~
102 *0

Substituent ’
litre mole-l 51

E,
keal mole'l lea

2,5-(CHa), 4.3 104 9.7
4°0CH, 10.5 9.5 9.7

H 16.2 9.3 9.7
4Cl 49.0 8.9 99
2,5Cl, 169.8 8.8 10.4

It is of interest to compare these data with the results
of studies on the proton exchange between thiophenols and
methanol in an alkaline medium ‘# which proceeds in the
trimolecular complex

CH,

| (XV)
ArSH ... OH ... ~SAr

and its rate is limited by proton transfer from the thio-
phenol to the alcohol. The activation energy is in this
case much more sensitive to the influence of the substitu-
ents in the thiophenol ring than in reaction (3). This can
be explained by the levelling of the strengths of the AH...B
hydrogen bonds involving a strong electron donor (for
example B = OH™ or AcO”) and differing in the strengths
of the proton donors, like the differences between the acid
strengths in highly basic solvents. The activation ener-
gies for the exchange reaction involving such hydrogen
bonds, which depend on the strength of the latter, are
therefore also levelled.

The proton exchange between the SH and COOH groups
in thiolactic acid CH;CH(SH)COOH, between 1-methyl-
ethanethiol and acetic acid'®, and in mercaptoacetic acid
HSCH=COOH ' takes place in a binary complex of type (3)
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when the process is catalysed by sodium acetate. The
values of £, E, and lgA are listed below:
Compound 10-2k, litre mole™! 571 E, kcal mole~l 1gA
Thiolactic acid 3.6 (42° Q) 11.8 10.7
1-Methylethanethiol 0.1(46°C) 14.2 10.8
Mercaptoacetic acid 74 12.4 8.5

The proton exchange between a series of thiophenols
and thiobenzoic acid, differing sharply from acetic acid in
its proton- and electron-donating properties, has been
investigated® and it has been established that, when the
process is catalysed by lithium thiobenzoate, its rate-
limiting stage involves proton transfer in the trimolecular
complex formed by hydrogen bonds:

Lit
ArSH. +.0=C~SH. . .O—C—S=Li*$~. . .HO—C=S. . .HO—C=S . (4)
| | | | f
Ph Ph Ar Ph Ph

This complex arises as a result of the association of
the dimers CeHsSH...O=C(SH)C4H; (III) present in the sys-
tem with lithium thiobenzoate, since trimolecular colli-
sions of thiophenol, acid, and catalyst molecules are
unlikely. The formation of the complex or its decompo-
sition cannot limit the rate of exchange, since they are
rapid reactions involving the formation or dissociation of
hydrogen bonds.

The data obtained for the influence of substituents on
the kinetics of reaction (4) provided evidence in support of
a detailed exchange mechanism. Three schemes are
possible: single-stage synchronous transfer of two protons
[reaction (4)] and two-stage ionisation schemes [reactions
(5) and (6)], in the slow stage of which the thiobenzoic acid
or catalyst molecule is protonated:

Lit stow - Li+
H---0 SH--0 ! § ——> §---HO SH---0 T §—m>
? X ./ A4 | Nt/ \N=7
A
CeH, CeH, CoHy CoH,
. Lit
B stHo S---HO S (5)
I N\ 7 N7 .
Ar ({a (|I 5
CeHy CeHy
B0 SH-0Li'sg 2% 5 gh..oli s-mo s
A N7 Nz | A4 N A
S Y
CeH, CeHs CeH; CeHs
fast Li+ ( )
——» $=--HO S ---HO, S 6
| N4 N
Y
CeHy CeHs

Scheme (8) is inconsistent with the influence of substituents
on the rate of reaction, since the rate of the slow stage in
this scheme should not depend on the substituents in the
thiophenol ring. On the other hand, mechanisms (4) and
(5) are consistent with experimental data. Furthermore,
a quantitative relation has been observed between the
kinetic parameters of the exchange reaction and the ther-
modynamic characteristics of the hydrogen bond in the
dimeric species formed by thiophenols with thiobenzoic
acid (Tables 3 and 9). This relation presupposes proton
transfer in the slow stage via the S—H...O=C hydrogen
bond [see scheme (5)].
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We may note that a considerable similarity between the
kinetics and mechanisms of the rapid proton exchange
reactions of thiophenols with thiobenzoic acid*® and metha-
nol!?7? hag peen observed. ‘In both cases, the rate of
reaction is described by a third-order kinetic equation,
the substituents in the thiophenol ring have the same type
of influence, and even the corresponding catalytic rate
constants and activation energies are similar. Presum-
ably, such analogy is due to the similarity of the slow
stages in the above processes—proton transfer via the
SH...O hydrogen bond in accordance with a type (5) mecha-
nism.

Table 9. The kinetic and activation parameters of the
fast proton exchange reaction between substituted thiophe-
nols and thiobenzoic acid catalysed by lithium thiobenzoate.

. 10°3 &40, E,

Substituent litre mole-! s-1 | keal mole™l led
2,5-(CHy), 4.6 8.7 9.8
4:0CH, 13°6 8.0 9.7
4-CH, 13.1 7.8 9.6
H 20.9 7.8 9.8
2.5-Cl, 1400 | 4.8 8.5

In contrast to the above similarity, the exchange of
thiophenols with thiobenzoic acid differs as regards kine-
tics and mechanism from the seemingly analogous proton
exchange reaction between thiophenols and acetic acid.
The weak hydrogen bond between thiophenol and acetic
acid and the marked tendency of the latter to undergo self-
association cause the alkali-catalysed rapid proton
exchange involving the SH and COOH groups to proceed via
the bimolecular mechanism (3), the acetic acid molecule
not being involved in the slow stage. On the other hand,
the stronger hydrogen bond between thiophenol and thioben-
zoic acid and the much smaller (compared with acetic
acid) tendency of the latter towards self-association
explains why the proton exchange between the SH and
COSH groups take place in a trimolecular hydrogen-
bonded complex.

Thus the data examined in this section constitute
undoubted proof that the properties of the hydrogen bond
between the exchanging components determine not only the
kinetics but also the characteristics of the mechanism of
rapid proton exchange.

4. THE ELECTRON-DONATING CAPACITY OF SULPHUR
COMPOUNDS

The proton- and electron-donating properties of the
hydrogen bond formed by the SH groups of mercaptans,
thiophenols, and thiocarboxylic acids, as well as the thio-
derivatives of phosphorus-containing acids were examined
above. Other types of sulphur compounds, for example
sulphides RS, thioketones R;C=S, phosphine sulphides
R3;P=S, etc. do not have a mobile proton but can neverthe-
less form hydrogen bonds as electron donors by virtue of
the lone electron pairs of the bivalent sulphur atom.

Convincing evidence for the association of sulphur com-
pounds of this type with various proton donors has been
compiled in the literature'®. For example, the OH...S,'*"
12 OH...8=P,'?® OH...S=C,*"¥ NH...s,!*? and CH...S ¥
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bonds have been discovered. The electron-donating pro-
perties of the hydrogen bonds formed by amines, ethers,
and sulphides (thloethers) with phenols and alcohols have
been compared!®* ™,

The values of AH quoted in Table 10 show that the elec~
tron-donating capacity of the hydrogen bonds formed by
amines is twice as great and that of the bonds formed by
ethers approximately 1.5 times as great as that of the
bonds involving sulphides.

Table 10. Hydrogen bond strengths in the complexes of
amines, ethers, and sulphides with alcohols and phenols.

Electron donor ~AH, keal mole-l Electron donor -AH, kcal mole”l
(CF3)3COH [calorimetry (Ref.134)] p-CICgH4OH [i.r. (Refs.137-139)]
(C;Hg)sN 14.3 (CoHg)sN 9.5
{CLH:0 8.3 (CiH)O 6.3
(CoHy)eS 7.0 (CoHg)oS 5.0

p-CH3CgH4OH [ir. (Ref. 137, 138)] (CF3)2CHOH [i.r., calorimetry (Ref.137, 140)]
CgHsN 7.8 (CaHg)sN 11.5
(CeHy)0 5.9 (C3Hy),0 7.2
(CsHy):S 4.3 (CHy),S 5.8
(CHy):S 4.8 C3H70H [GLC (Ref.136))

CgHSOH [ir. (Ref.137, 138)] (CBSH;%HSN g é
57 thr (Rel 177, 18 s .
(CHN 9.1 CoHlsS 204
(GaHg)O 6.0 C4HgOH [GLC (Ref.136)}
(C3H,):0 6.0 T
(CoHg)oS 4.6 (CgHy7).CH;N 5.3
(CsH12):0 3.8
p-FCgH4OH [ir. (Ref.137, 139)] (CoHyr)s 2.8
(CHgN l 9.0 (CH3)3COH [GLC (Ref.136)]
(C,Hg):O 5.6 (CgH,7).CH;N 4.0
(C.Hy)S I 4.7 sHur) 3.4
m-FCgH4OH [i.r. (Ref.138)) sH1z)s 2.0
(C,H,).0 | 6.0
(CeHa)eS 5.0

The data obtained have been analysed'®® with the aid of
the Drago relation*

—AH=Ex Ep-+Ca Cs, (7

where the empirical parameters EA and CA refer to the
proton donor and Ep and Cp refer to the electron donor.
The values of EA and EB characterise the ability of the
donor and acceptor to enter into an electrostatic interac-
tion, while CA and CB determine the contribution to the
overall bond energy by the donor-acceptor (covalent)
forces. Calculation of the contributions of the electrosta-
tic (- AHE = EAEB) and donor—acceptor (-AHC = CACB)
interactions to the overall energy of the hydrogen bond
showed that, when dioctyl ether, methyldioctylamine and
dioctyl sulphide are involved in association with aliphatic
alcohols, the contributions of the electrostatic forces to
the overall energy of the hydrogen bond are 83, 56, and 34%
respectively. Consequently, accordmg to Pearson s
classification '*2, ethers are “hard” bases, sulphides are
“soft” bases, while amines are “hard-soft” bases.

The electron -donating capacities of ethers and sulphides
in relation to alkyl halides have been compared™*®. The
data obtained by gas—-liquid chromatography (GLC) are
difficult to interpret in terms of the hypothesis that com-
plexes are formed in this system only via the C-H...O and
C—-H...S hydrogen bonds. Thus the stabilities of the com-
plexes formed by chloroform with di-n-octyl ether and
di-n-octyl sulphide are 2.38 and 1.93 kcal mole™ respec-
tively. These values agree with the usual hypothesis that
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the electron-donating capacity in the hydrogen bond
decreases on passing from oxygen to sulphur'®**.  On the
other hand, the complex of bromoform with the ether
(-AH = 2. 17 keal mole !y proved to be less stable than that
with the sulphide (- AH = 2.28 kcal mole™?). Further-
more, the replacement of chloroform by bromoform leads
to a decrease of the stability of the ether complex in
accordance with the reduced proton-donating capacity of
bromoform relative to chloroform **™*"  while the oppo-
site behaviour applies to the sulphide—the bromoform
complex is more stable than the chloroform complex. In
order to account for the above findings, the authors'*®
assume that in the association of halogenoalkanes with
ethers and particularly with sulphides complexes with
charge transfer of the n — o* type'*® between the oxygen
or sulphur atoms (n-electron donor) and halogen atoms
(electron acceptor) are formed in addition to the hydrogen
bond. The contribution of the charge-transfer interaction
increases and the tendency towards the formation of
hydrogen bonds diminishes on passing from the ether to
the sulphide and from chloroform to bromoform. Pos-
sibly the classic electrostatic interaction, which may be
enhanced with increase of atomic polarisability on passing
from O to S and from Cl to Br, plays an 1mportant stabi-
lising role for such relatively weak “contact” com-
plexes 149,150

The hydrogen bonds between phenylacetylene and ethers
and sulphides have been investigated'®*® by NMR and infra-
red spectroscopy. The formation constants of the 1:1
complexes formed by sulphides are approximately five
times smaller than those of the complexes formed by
ethers.

Table 11, The thermodynamic characteristics of the
hydrogen bonds formed by chloroform, phenol, and ethanol
with certain sulphides and disulphides.

-AH,

-AH,
Electron donor | geal mole-! -AS, e, Electron donor keal moie-] -AS, e.u.

C13CH [NMR (Ref.151)] CgHsOH [ir. (Ref.153)]

(CHS), 0.93 70 (CH,S), 230 6.2
(C,Hy),S I 1.70 ‘ 9,0 (C4Hg)eS l 4,90 ’ 16.6
(CH,),S 2.30 10.9 CoH5OH [ir. (Ref.153)]

CI3CH {NMR (Ref.152)] (CH.S) T30 -~
(CHy),S 1.50 l — (CiHe)S l 2,60 l _
(CyHy):S | 2.10 —

The electron-donating capacities in the hydrogen bonds
of sulphides and dlsulghldes may be compared on the basis
of the available data'®~'%® (Table 11). It is striking that
the strength of the hydrogen bond diminishes approxi-
mately by a factor of two on passing from sulphides to
disulphides. The chemical bond between two sulphur
atoms weakens their electron-donating properties. This
observation was made for the first time by Epshtein and
Zhdanova'®®, but has not been explained. The present
author believes that the cause of the weakening of the
electron-donating capacity of disulphides may be as fol-
lows. The multiplicity of the chemical bonds between two
sulphur atoms may increase, because, apart from a single
0 bond, there is a possibility of interaction of the 7-type
between the 3p orbital of the lone electron pair of one atom
and the vacant 3d orbital of another, which is suitable as
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regards symmetry. Such interaction must lead to an
increase of the degree of delocalisation of the 3p electrons
and hence to a decrease of the orbital electron density.
This entails a decrease of the capacity of the 3p orbital of
the lone electron pair of the sulphur atom for overlapping
with the 1s orbital of the hydrogen atom of the proton
donor, which leads in its turn to the weakening of the
hydrogen bond noted above. An increase of the amount of
double bond character in S-S in disulphides is indicated by
the data quoted in Foss's paper'®.

Hydrogen bonds involving the electron-donating C=S,
P=8, and As=S groups have been investigated'® '®'. The
abilities of certain enaminothiones to form hydrogen bonds
has been compared in an infrared spectroscopic and NMR
study155 with those of the corresponding oxo-analogues.

It was observed that the efficiency of the thiono-group as
an electron donor may be less effectively reflected in an
intermolecular hydrogen bond than in the case of the car-
bonyl group. The opposite is true of intramolecular con-
jugated chelate systems, which has been attributed to the
6m-electron stabilisation of the chelate, including the
expansion of the orbital of the sulphur atom.

Hydrogen bonds of type N—H...S=C have been dis-
covered'™ in the self-associated species of the heterocy-
clic thioamides (XVI)-(XVII):

H
N—H |
AN VAN RN
I —
(= (] = (=
_ /l / /
\S/ N/ \S/ Ng/
(XVD) (XVII) (XVIII)

According to X-ray diffraction data'®®, 2-mercaptoben-

zothiazole (XVII) forms centrosymmetric cyclic dimers
with a short hydrogen bond. The infrared spectra of the
thioamides (XVI)—(XVII) hardly change on passing from
crystals to a dilute solution in carbon tetrachloride. The
cyclic dimeric structure of the associated species

N/
8+ BNC

N\N— /7
ON—H ... §
(XIX)

probably persists also in carbon tetrachloride solution.
The intensity of the ¥(NH...S) bands and the values of Av =
v(HN) — v(NH...S) show that the strength of the hydrogen
bond in complexes of type (XIX) increases in the sequence
XVI) < (Xvi) < (XVII). This conclusion is consistent
with the observed dimerisation constants, which are 88,
570, and 5540 litre mole™ for complexes (XVI), (XVII),
and (XVIII) respectively, and the results of a study **® of
the influence of hydrogen bonds on the ultraviolet spectra
of the same compounds.

The OH...S=C hydrogen bond has been investigated
calorimetrically in relation to the association of tetra-
methylthiourea (XX) and NN-dimethylthioacetamide (XXI)
with alcohols—hexafluoroisopropyl alcohol (XXII) and tri-
fluoroethyl alcohol (XXIII)'%:

(CHz)zN—%‘N (CHy),

S
(XX) (XXI)

CHy—C—N (CHy)q
I

The energies of the OH...S=C hydrogen bond in the associ-
ated species formed by compound (XX) with compounds
(XXII) and (XXII) are 6.5 kcal mole™ (Av = 445 em ™) and
4.6 kcal mole™ (Av = 290 cm™), while the energies of the
bond of the same type in the complexes formed by com-
pound (XXI) with compounds (XX ) and (XXIII) are 6.0 kcal
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mole™ (Av=430cm™)and4.3kcalmole™ (Av=280cm™).
According to the literature'®, the bond energies in the
complexes formed by phenol with alkylthioureas are 4-4.8
kcal mole™. Comparison of Sherry and Purcell's data'®
with those of Singh et al.** showed that the electron-
donating capacity of sulphur increases in the sequence

Cc—C—C
I
S

C—C—N N—C—N

< <
S

1
s
This is probably associated with the increasing contribu-
tion of the electrostatic interaction to the energy of the
OH...S=C hydrogen bond in the above series owing to the
greater contribution of the dipolar structure in thioamides

—cN & —c=R(,
PN
s 5

than in thioketones.

The electron-donating capacity of sulphur in the P=8
and As=S groups has been investigated by infrared spectro-
scopy and calorimetry in a number of studies'®®~!%

(Table 12). The enthalpies of formation of the hydrogen
bond with phenol have shown that the electron-donating
capacity of the As=S group is only slightly greater than
that of the P=8S group and much smaller than that of the
As=0 group with similar substituents.

Table 12. The hydrogen bond strengths and the v(OH)
band shifts in the complexes formed by phenol and fluori-
nated alcohols with thio-derivatives of phosphorus-con-
taining acids, phosphine sulphides, and arsine sulphides
and oxides.

~AH, ~-AH,
Electron donor av, em-l keal mole-1 Electron donor Av,em-l keal mole!
CgHOH1se CFCH,OH!s¢8
(CsHy)P=S 321 5.9 (CyH,),P=8 273 4.4
(CoHg0)sC,HyP=S 261 5.1 (CgH;7);P=S 272 4.3
(((::,HBS)BP:S 196 zg (CeHg)gP=S 200 -
(C,HgS)yP=S 191 .
(CH.ClP=5 186 4.3 _CaH_sO‘% .
(CoHyg)As =S 369 .2
(CPyCHOM. ChlCinas=s | a3 | 50
C,H;)gP=5 | 423 6.3 (CeH5).CoHsAs=S 321 5.7
CgH,7)sP=S 414 5.9 (CgHg)sAs=8 296 5.5
CgHp)yP=S \ 312 4.6 5)sP= 244 4.9
CyHg(CHg)As=0 M 8.6

The empirical parameters Eg and Cp [see Eqn. (7)] for
the sulphur-containing bases investigated have been calcu-
lated'®®. As was to be expected, the parameters found
for S donors differ significantly from the corresponding
characteristics of “hard” oxygen- and nitrogen-containing
donors, namely in the case of sulphur the parameters C
are greater and the Eg are smaller. This implies that
the covalent contribution to the strength of the hydrogen
bond involving an S donor plays a decisive role. This con-
clusion is consistent with results*® according to which S
donors are classified as “soft” bases.
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III. VARIATION OF THE PROTON- AND ELECTRON-
DONATING CAPACITIES IN SERIES OF COMPOUNDS OF
THE SAME TYPE FORMED BY GROUP V-VII ELEMENTS

1. GROUP V ELEMENTS

The electron-donating properties in the hydrogen bonds
formed by compounds of Group V elements, with the excep-
tion of nitrogen, have been very little investigated. Never-
theless, the available literature data'®®"*® make it possible
to trace certain regularities in the variation of the elec-
tron-donating capacities of analogous nitrogen, phosphorus,
arsenic and antimony compounds. In the studies quoted,
the association of pyrrole, phenol, and methanol with the
electron donors (C2Hs)sY (Y = N, P, As, or Sb) was inves-
tigated and it was found that all the compounds form hydro-
gen bonds with the proton donors. Antimony and even
arsenic exhibit semimetallic properties, but form hydrogen

‘bonds nevertheless. There is probably a significant con-
tribution of the p or d orbitals to that of the free electron
pair of antimony, imparting to the latter directional pro-
perties, which are required in the formation of the hydro-
gen bond.

According to the data in Table 13, the electron-donating
capacity in the N~H...Y (Y = N, P, As, or Sb) hydrogen
bond decreases in the sequence (CzHs)sN > (C.Hs)sP >
(C2Hs)sAs > (C2Hs)sSb.  This might have been expected,
since the fundamental properties change in the same direc-
tion ' and the formation of the hydrogen bond is the first
stage in the acid-base interaction with proton transfer ‘¢,

Table 13. Characteristics of the hydrogen bonds formed
by pyrrole and phenol with RsY.

30°
Y -1 K7, -AH, -AS, eu.
Av, om titre mole! | kcal mole! o8
Pyrrole, N-H...Y
N 310 — —_ —
p* 216 1.53 — —
P 166 0.89 3.0 10.0
As 101 0,37 2,5 10.0
Sb 65 0,23 — —
N 556 90.00 9.1 —
P 333 4.50 4.3 11.0
As 219 1.01 3.4 11.0
Sb 155 0.43 2.9 11.0

*R = n-C4Hy, in the remaining cases R = CzHs.

The significant discrepancy between the very large
change in basicity and the relatively small change in elec-
tron-donating capacity in the R3Y series has been dis-
cussed'®. For example, the difference between the
basicities of (C2Hs)sP and (CoHs)sAs amounts to 5 pK units,
while the association constant changes only by a factor of
2.5. There exist two alternative explanations of the varia-
tion of the basicity in the series of analogous compounds of
the elements belonging to the same Group: either in terms
of the Gibbs rehybridisation theory'® or in terms of the
theory of electron correlation repulsion'®’. Both theories
are based on allowance for the electronic configuration of
the central atom (the reaction centre of the base) in the
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proton transfer. According to Gurka and Taft's results '™,

the formation of the hydrogen bond can be regarded as only
partial proton transfer, since the electronic configuration
of the central atom changes in this process to a much
lesser extent than on protonation. Hence follows the small
change in electron-donating capacity on formation of the
hydrogen bond.

As will be seen below, there are other explanations in
the literature of the insignificant change in electron-
donating capacity on transition from, say, phosphorus to
arsenic or from sulphur to selenium, based, in particular,
on the examination of the contributions of various mecha-
nisms to the redistribution of electron density between the
proton donor and electron donor on complex formation.

The nature of the changes in electron-donating capacity
in the O-H...Y'®® and N-H...Y'® (Y = N, P, As, or Sh)
bonds is the same. The values of Ay, K, and AH (Table13)
show that the electron-donating capacity of Y in the O-H...Y
bond diminishes in the sequence N > P > As >Sb. The
greatest changes in the above quantities occur in the tran-
sition from nitrogen to phosphorus. Arsenic and antimony
are characterised by similar electron-donating capacities.
This may be associated with the increase of the polarisa-
bility of the orbital of the free electron pair on passing to
heavier elements in Group V, which leads to an increase
of the contribution of dispersion forces to the energy of the
hydrogen bond. At the same time the charge-transfer
interaction may be intensified, since the ionisation potential
of Y diminishes.

It is noteworthy that the Badger-Bauer rule '™ holds for
the A-H...Y hydrogen bonds (Y is a Group V element),
since there is a linear correlation between Av and AH.

The proton-donating capacities of compounds with X—-H
(X =N, P, or As) groups have been investigated only for
X =N. There have been no direct experimental studies
on the properties of the X~H...B hydrogen bond with X =
P or As. There are only indirect data which suggest that,
on passing from amines to phosphines or from ammonium
to phosphonium compounds, the proton-donating capacity
of X-H falls. Such studies include those of the rapid
proton exchange between trimethylphosphonium ions and
water ' or between dimethylphenylphosphonium ions and
methanol*™, The results of these studies have been
examined in detail in a review® and compared with those
for the analogous reactions involving N—-H bonds.

A sharp decrease of proton-donating capacity on passing
from N-H to P-H is indicated by the a6 initio calcula-
tions # of the energy of the hydrogen bond in the ammonia
and phosphine complexes with the hydrides of the electro-
negative elements in the Second and Third Periods. For
example, —AH = 4,07 kcal mole™* for the complex HzN-—
H...OHz, while for the complex HoP-H...OHz, - AH is only
1.06 kcal mole ™.

The problem of the type of change in proton-donating
capacity on passing from P-~H to As-H still remains
unresolved.

2. GROUP VI ELEMENTS

The first quantitative studies on the relative electron-
donating capacities in the hydrogen bonds formed by ana-
logous compounds of Group VI elements include those of
West and coworkers "*"""®, where the thermodynamic
characteristics of the hydrogen bonds between phenol and
the electron donors (n-C4H,).Y or (t-C4H,),Y (Y = O, S,
Se or Te) were determined by infrared spectroscopy. It
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was shown for the first time that the atoms of heavy
Group VI elements behave as electron donors in the forma-
tion of the OH...Se and OH...Te hydrogen bonds.

The replacement of oxygen by sulphur or selenium
lowers significantly the strength of the hydrogen bond with
phenol (Table 14). The maximum difference between the
values of AH is observed on passing from oxygen to sul-
phur.

Table 14. Characteristics of the hydrogen bonds between
phenol and dibutyl chalcogenides R.Y'"® (the results of
West et al. '™ are given in brackets).

Y Av, cm*} -Aad, -AS, e.u.
keal mole-1

(0] 278 5 71(5.98) 15.5 (11.8)

S 254 4,19 (4.26) 13.5(9.0)

Se 240 3.69(3.i2) 14 .9(7.6)

Te 220 — —

O* — 7.31 22,0

S* — 4.87 12.2

*R = t-C4Ho, in the remaining cases R = n-C4Hs.

It is striking that the values of AH found by West and
coworkers ™" are virtually the same, while the values
of AS diverge significantly. According to Pimentel and
McClellan®, values of —AS in the range 8-12 e.u. are the
most probable for hydrogen bonds having average energies
between 4 and 6 kcal mole™'. The values of AS quoted in
the second study by West et al.'” are apparently too low
(i.e.their absolute values are too high), while the earlier
results ™ are more correct. The measured values of Av
agree with the results of later investigations '7°.

Table 15. The spectroscopic and thermodynamic charac-
teristics of the hydrogen bonds formed by phenol and
indole with diethyl chalcogenides (C2Hs):Y.

Y Av, em-1 Akfk K‘wn,m el ~af, keal [ _Ag oy
’ mole~ mole-1 ’
___Phenol, O-H...Y
[} 274 0.146 4.50 5.63 14.9
S 251 0,134 0.80 3.35 1.1
Se 236 0.126 0.62 3.15 1.1
Te 213 0.114 0.50 — —
[¢] 155 0.860 1.72 — —
S 136 0.760 0.72 — —
Se 132 0.740 0.69 — —
Te 130 0.730 0.48 — —

Note. Ak/k =~ 2Av/v, is the relative change in the force
constant of the O—H or N-H bond on formation of the
hydrogen bond'™.

The hydrogen bonds formed by phenol and indole with
diethyl ether and its sulphur, selenium and tellurium ana-
logues have been investigated by NMR and infrared spec-
troscopy ™. It was found that the N—H group in indole
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and the O-H group in phenol form hydrogen bonds not only
with oxygen and sulphur but also with selenium and tellu-
rium. Chojnowski and Brandt """ attempted to analyse the
results (Table 15) in order to determine which type of
interaction—electrostatic or charge-transfer—makes the
main contribution to the energy of the hydrogen bond. It
was suggested that the contribution of the electrostatic
interaction to the A-H...Y(C2Hs)2 hydrogen bonds (A-H is
a constant moiety and Y = O, S, Se or Te) should decrease
on passing from oxygen to tellurium, since the negative
charge on the electron-donating atom diminishes in the
same sequence, but the contribution of charge transfer to
the overall bond energy should then increase, since the
jonisation potential of Y diminishes.

Table 15 shows that all the characteristics of the com-
plex-formation reactions (Av, Ak/k, K, and AH) decreases
from oxygen to tellurium. Consequently the electron-
donating capacity of Y in the hydrogen bond diminishes in
the sequence O > S > Se > Te.

Since Ak/k = b%, where b is the coefficient defining the
contribution of the state with electron transfer to the over-
all wave function of the complex'™"®, i.e.

b =ap (AB)+ by (AB*), (8)

the observed decrease of Ak/k and hence of the coefficient
b [Eqn. (8)] from oxygen to tellurium implies a decrease of
the contribution to the overall energy of the hydrogen bond
due to the charge-transfer interaction. It is believed'™
that the interaction of this type is not of decisive impor-
tance in the formation of hydrogen bonds, since the
increase of the H...Y bond length from oxygen to tellurium
causes a greater decrease of its strength than the postu-
lated increased influence of charge transfer on AH as the
ionisation potential of Y diminishes '®*.

According to Pogorelyi et al.,'® butyl chalcogenides
form hydrogen bonds not only with the proton-donating OH
and NH groups but also with the mercapto-group of thio-
phenol. As was to be expected, the strength of the SH...Se
and SH...Te bonds is lower than that of the OH...Se and
OH...Te bonds. The values of AH for the complexes inves-
tigated (Table 16) diminish in the sequence O > S > Se >
Te.

Table 16. The thermodynamic parameters of the hydro-
gen bonds formed by 2,6-di-t-butylphenyl (ArOH) and thio-
phenol with di-n-butyl chalcogenides (n-CsH,)2Y.

v ~aH, ’ -as, -aH, -8,
keal mole e.u. keal mole-1 eu.
C,HySH ArOH
o 2.7 10.3 3.8 13.2
S 2.4 8.1 3.3 11.7
Se 2.3 8.1 3.3 12.0
Te 2.1 7.9 341 12.2

The observed'”® """ decrease of the electron-donating
capacity of Group VI elements with increase of # (the
principal quantum number of the orbital of the free elec-
tron pair of Y) is probably an indication that the main con-
tribution to the energy of the A-H...Y hydrogen bond (Y =
0, S, Se, or Te) comes from the redistribution of the
charge owing to the overlapping of the 1s orbital of the
bridging hydrogen atom with the npg orbital of Y,'®' With
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increase of #, the p electrons become more diffuse, and

their orbital density decreases, with a consequent decrease

of the capacity of the corresponding orbitals for overlapping
and there is an appreciable intensification of the repulsion
forces between A and Y due to the inner electrons of Y.

However, the above treatment does not rule out another
explanation—the decrease of AH in the sequence O > S >
Se > Te may be caused by the weakening of the electro-
static interaction, since the negative charge diminishes
from oxygen to tellurium.

In this connection, the results of a study of hydrogen
bonds involving 2,6-dimethyl-4-pyrone and its thio- and
seleno-analogues are of interest '23718%;

HC, /o\’ l/cr{s Hsc\f(x\ CH,

| (
Hy” \1‘/ NHy Hy” \|/ H,
J -
(XXIV)
Y=0, S, or Se

Compounds of the type of the pyrone (XXIV) differ from
dialkyl chalcogenides by the presence of an appreciable
negative charge, localised on the electron-donating centre —
the exocyclic oxygen, sulphur, or selenium atom '**, which
may affect the relative contributions of different types of
interactions to the hydrogen bond energy.

Table 17 shows that the results obtained by the NMR '%*
and infrared spectroscopic'® methods agree satisfactorily.
For both phenol and methanol, the strength of the hydrogen
bond decreases in the sequence pyrone > thiopyrone >
selenopyrone. In conformity with its greater proton-
donating capacity, phenol forms more stable complexes
than methanol.

Table 17. The spectroscopic and thermodynamic charac-
teristics of the hydrogen bonds in the association com-
plexes of 2,6-dimethyl-4-pyrone and its thio- and seleno-
analogues with methanol and phenol.

40° ..
Proton donor 70, p-p.m. roppm. | K mol l{i‘e 'ﬁzielffal -AS, e.u.
€
Pyrone, OH...O0

CH,OH | 415 3.87 4.3 4.8 121
CeH;OH 4.15 3.76 7.4 5.5* 10.5*

Thiopyrone, OH...S
CH,OH 3.26 3.07 0.9 3.6 11.6
CgH;0H - — I — 4.8% 4.5*

Selenopyrone, OH...Se
CH;OH 2.89 2.67 1.9 3.1 I 9.7
CH,0H = Z - 3.9 4B

Note. 7o and T¢ are the chemical shifts of the —HpB pro-
tons of the pyrone derivatives investigated in the monomer
and complex respectively.
*Infrared spectroscopy;
cases.

NMR was used in the remaining

The dependence on 7 of AH for the hydrogen bonds
between different proton donors and bases where the elec-
tron-donating centres are Group VI elements is similar
for the pyrones (XXIV) and dialkyl chalcogenides. The
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strength of the hydrogen bond and hence the electron-
donating capacity decrease with increase of n. The pre-
sent author believes that these data demonstrate that the
mechanism of the redistribution of electron density owing
to charge transfer from the highest occupied orbital of the
electron donor to the antibonding o orbital of the A—H bond
does not play a decisive role in the formation of the hydro-
gen bond between the atoms of Group VI elements, regard-
less of the structure of the electron donor molecule.

Thus the electron-donating properties of Group VI
elements are determined mainly by the overlapping between
the 1s (H) and np (Y) orbitals. This conclusion is con-
firmed by the correlation between the strength of the
hy drogen bonds forined by ethers and sulphides with the
integral for the overlap of the orbital of the #p electrons
of the oxygen and sulphur atoms with the 1s orbital of the
bridging hydrogen atom %,

Together with the redistribution of the charge via the
orbital overlapping mechanism, there is also a change in
the contribution to AH by the electrostatic interaction.
The negative charge on the heteroatom decreases approxi-
mately by a factor of two on passing from oxygen to tellu-
rium in dialkyl chalcogenides'™. On the other hand, in
pyrones the negative charge increases somewhat when
oxygen is replaced by sulphur '*" and possibly by selenium.
This does not, however, lead to an increase of AH in the
above series as a result of the increasing contribution of
the electrostatic interaction, probably because of the
increase of the atomic radius of Y.

Egorochkin et al.'® inferred a change in the electron-
donating capacity of chalcogens in the compounds
[(C2Hs)sM Y (M = 8i, Ge or Sn) from the value of Av(C-D)
i.e. from the shift of the C—D band of deuterochloroform
on complex formation. According to Av measurements,
the electron-donating capacity of Y in the [(C2Hs):SilY
series diminishes in the sequence Te > Se > S > O, which
is the exact reverse of the series quoted above for chalco-
gen—carbon compounds. In the series with M = Ge or Sn,
the general sequence in terms of decreasing electron-
donating capacity, i.e. O > Te > Se > S, also differs from
the series for carbon compounds. According to the
authors '®®, the complete or partial inversion of the elec-
tron-donating capacity series for chalcogens on passing
from carbon compounds to compounds of its electronic
analogues can be accounted for by the effects of the pn~dy
conjugation between M and Y, which leads to a decrease
of the electron-donating capacity of Y. The capacity of
chalcogens for pr — dr conjugation with the elements of the
carbon subgroup diminishes in the sequence O > S > Se >
Te and the capacity of Group IV elements for such conju-
gation varies in the sequence Si > Ge > Sn. If this is the
case, then the electron-donating capacity of oxygen linked
to silicon should diminish to the greatest extent owing to
the pr — dr conjugation.

Table 18. The spectroscopic and thermodynamic charac-
teristics of the hydrogen bonds formed by 2,6-di-t-butyl-
pheni)l (ArOH), thiophenol, and selenophenol with pyri-
dine **°.

40 —AS

Bond , p-p.m. AT, p.p.m. K7, (mole ~-AH, ,

Froton donor on 70- P PP fraction)-! kcal mole-1 e.u.
ArOH O—H...N 51417 3.20 3.0 5.0 ‘ 14
PhSH S—H...N 6,85 3.12 1.2 3.2 10
PhSeH Se—H...N 8.62 4.42 2.5 3.4 9
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The present author believes that the decrease of the
electron-donating capacity of (RsM).Y on replacement of,
say, M = C by M = Si with Y constant can be accounted
for with the aid of the concept of the pg — dr conjugation.
On the other hand, the series based on the variation of the
electron-donating caPacity of Y for different M proposed
by Egorochkin et al.'®® and their treatment appear to be
doubtful. Firstly, these series have been established only
on the basis of the Av(C-D), which reflect only the change
in the strength of the C—-D bond on complex formation and
may not be correlated with the energy of the hydrogen bond
(for a more detailed treatment, see below). For this
reason, the basicity series can be established reliably
only by measuring the thermodynamic characteristics of
the hydrogen bond. Furthermore, the series proposed by
Egorochkin et al.'® conflict with other data'®*”® for
hydrogen bonds involving the compounds RsP=Y (Y = O, S,
Se or Te). The latter studies established on the basis of
determinations of AH that the sequence based on the varia-
tion of the electron-donating capacity of chalcogens linked
to phosphorus agrees fully with the corresponding series
for carbon compounds, i.e. O > S > Se > Te. We may
note that the effect of the pr ~ dr conjugation in the P=Y
bond should be greater than in the Si-Y bond, since the
increase of nuclear charge from silicon to phosphorus
causes a contraction of the atomic d orbitals of phosphorus
and this leads in its turn to an improvement of the condi-
tions for d - p overlapping™. Thus, there are at present
no adequate grounds for the assumption that the sequence
based on the variation of the electron-donating capacity in
the hydrogen bonds of chalcogens in their compounds with
silicon is different from that in compounds with carbon or
phosphorus.

The situation is different in rigid systems, such as, for
example, the intramolecular hydrogen bond. We examined
above studies from which it follows that, on formation of
hydrogen-bonded chelates, sulphur can behave as a more
effective electron donor than oxygen. However, there are
insufficient data to extend this series to selenium com-
pounds let alone tellurium compounds.

The intramolecular hydrogen bond in 3-methyl-1-phenyl-
4-phenylaminomethylene-5-pyrazolone and in its thio- and
seleno-analogues has been investigated by NMR'*%, The
measured values of TNH...Y and JNH~-CH (the spin-spin

interaction constants) suggest'®® that the strength of the
N-H...Y (Y = O, S, or Se) intramolecular hydrogen bond,
giving rise to six-membered conjugated chelate rings,
increases in the sequence O <8 <Se. The construction
of planar models enabled the authors of the above study to
conclude that the geometry of the selenium derivative is
more favourable from the standpoint of the formation of a

hydrogen bond than that of the oxygen and sulphur analogues.

The model for selenopyrazolone demonstrates an almost
linear disposition of atoms in the N-H...Se fragment and
hence the most effective overlapping of the 1s orbital of the
hydrogen atom with the pure p orbital of the lone electron
pair of selenium. Possibly the increase of the strength
of the intramolecular hydrogen bond in the sequence O <

S < Se is also due to the molecular geometry, which is
more favourable for the formation of the bond.

The strength of the intermolecular hydrogen bond in the
cyclic dimers of 2-pyridone and its thio- and seleno-ana-
logues increases, as expected, in the opposite sequence:
0 > 8 >Se.'™ Planar models of these complexes show
that the ring strain in the dimer increases on replacement
of oxygen by sulphur and even more so on its replacement
by selenium.
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The proton-donating capacity in the X-H...B X =0, S,
Se, or Te) hydrogen bond in chalcogen compounds has been
very little studied. It has only been firmly established
(see, for example, Zuika and Bankovskii'?) that, on
passing from oxygen compounds to the analogous sulphur
compounds the proton-donating capacity of X~H is sharply
reduced. This is associated with the increase of the
overlap integral [X-H = ¥1s(H)-¥np(X).47 and of electron
density at the bridging hydrogen atom when X = O is
replaced by X = S, which entails a decrease of the resid-
ual capacity for overlapping of the 1s(H) orbital %,
Furthermore, the replacement of O by S leads to a
decrease of the dipole moment of the X~H bond and hence
to a decrease of the contribution of the electrostatic inter-
action to the overall energy of the hydrogen bond. When
these explanations are extended to selenium and tellurium
compounds, one may expect that the proton-donating capa-
city will decrease in the sequence OH > SH > SeH > TeH.
However, no experimental confirmation of this hypothesis
has so far been obtained. There has been only one rele-
vant study195 where the hydrogen bonds formed by 2,6-di-
t-butylphenol, thiophenol, and selenophenol with pyridine
were investigated. It was found, contrary to expectation,
that selenophenol forms with pyridine an even stronger
hydrogen bond than does thiophenol, although, judging from
the values of 7o, the electron density at the hydrogen atom
in the X~-H bond increases monotonically in the sequence
OH < SH < SeH (Table 18).

The present author suggests that the observed sequence
based on the variation of the proton-donating capacity,
namely OH > SH < SeH, can be accounted for on the basis
of the following postulates. According to Lippincot and
Schroeder®®, the heat of formation of the X-H...B hydro-
gen bond can be represented by the sum

AH=Qx-u+Qx .5 +Qu..5,

where @H...B is the exothermic heat of formation of the
new bond, @X-H the endothermic heat of extension of the
X-H bond, and @X,..B the endothermic heat of interelec-
tron repulsion arising when the atoms X and B approach
one another. On passing from oxygen to sulphur and to
selenium, QH...B falls, while @X...B increases for the
reasons described above. These changes reduce AH in
the above sequence. Since the strength of the X—~H chemi-
cal bond diminishes on passing from oxygen to selenium,
@X-H decreases in the same direction, which may result,
depending on the magnitude of the effect, in an increase of
AH. The influence of the weakening of the X—H bond
formed by the proton donor on AH is probably particularly
important for strong ionising electron donors, such as,
for example, nitrogen-containing bases, since partial or
complete proton transfer

X—H...NZ2X..H...N2Z X" ... H-N+,
accompanied by a significant change in the length of the
X~H bond, is most probable in such systems. Whereas
the change in AH on passing from phenol to thiophenol is
probably determined mainly by the changes in @H...B and
@X...B, the influence of the low strength of the Se—H bond
on AH becomes appreciable for selenophenol. Such joint
influences of all three effects on AH can in fact explain why
thiophenol and selenophenol form hydrogen bonds of similar

strength with the same electron donor.



330

3. GROUP VII ELEMENTS
In early studies '*""®°, the changes in electron-donating
capacity in the hydrogen bonds of halogen compounds were
inferred from the values of Av(OH) for phenol or methanol.
It was assumed that the Badger—Bauer rule'™ is valid for
the O~H...Y system for any Y. Measurements of Av(OH)
showed that the electron-donating properties are enhanced
in the sequence F < Cl1 <Br <1. However, analysis of
the thermodynamic characteristics of hydrogen bonds of
different types showed!’®! that the Badger-Bauer rule is
applicable only to a limited range of related compounds.

The data in Table 19 are completely inconsistent with
the earlier conclusion concerning the sequence of the
changes in the proton-accepting capacity of the covalently
bound halogen. Quantities such as =AH and — AF (the free
energy change) decrease in the sequence F > C1 > Br > 1,
while the values of Av vary in the opposite sequence.
According to the literature ®'*®2 AF for the intramolecu-
lar hydrogen bond in 2,6-dihalogenophenols decreases in the
sequence Cl > Br > F >1. However, the results of Baker
and Kaeding ®" and Richards and Walker®2, on the one
hand, and West et al.,'™ on the other, are not inconsistent,
since mainly steric factors influence the changes in AF in
systems with intramolecular hydrogen bonds.

Table 19. The thermodynamic and spectroscopic charac-

teristics of the hycir?gen bonds formed by phenol with
7

cyclohexyl halides "™.

25°
Electron donor | Av, cm-l ' -AH, - > | -AS, e
keal molel | kcal mole'!
Cyclohexyl fluoride 53 3.13 1.31 6.1
Cyclohexyl chloride 66 2.21 0.87 4.5
Cyclohexyl bromide 82 2.05 0.85 4.0
Cyclohexyl iodide 86 1.72 0.82 3.0
|

West et al. '™ put forward a qualitative explanation of the
absence of correlation between AH and Av in many
instances. AH is known to reflect the total energy of the
A-H...Y-R interaction, i.e.the H...Y bond strength; Av
represents a measure of the weakening of the A-H bond
only. Consequently, for a constant proton donor A-H,

Av may be correlated with AH for small changes in the
electron donor molecule, i.e. in R, but such correlation
need not necessarily persist when Y is altered or even when
the degree of hybridisation of the electrons in Y is changed.

The results of West et al. '™ were confirmed by NMR
and infrared spectroscopic measurements 23 of the associ-
ation constants of phenol with n-hexyl fluoride, n-butyl
chloride, n-butyl bromide, and n-butyl iodide. Although
there are certain quantitative discrepancies between the
values of K determined by different methods, nevertheless
the sequence based on the variation of the proton-accepting
capacity of alkyl halides (F > C1 > Br > I) remains un-
changed. The values of AH for the association of phenol
with CeHyiF (0.9 kcal mole™) and CeHuiCl (0.5 kecal mole™),
which were determined calorimetrically®*, proved to be
smaller by a factor of 3—4 than the AH for the same sys-
tems calculated from infrared spectroscopic data'™. = For
the O-H...X (X = F or Cl) bonds, the absolute value of
AH < 1 kcal mole™ should probably be regarded as too low,
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since a weaker proton donor (chloroform) forms with car-
bon tetrachloride C~H...Cl bonds having ~AH =~ 1.5 kcal
mole™, *°

The intramolecular O-H...X (X = halogen) bonds in o-
substituted halogenophenols and the influence of these bonds
on the position of the cis—frans equilibrium have been
studied in a number of investigations ®°"#'°,  The values of
AH obtained?® show that the strength of the intramolecular
hydrogen bond decreases in the sequence F (1.63) = Cl
(1.63) > Br (1.53) > I (1.32) for the gas phase, and in the
sequence Cl (1.62) > Br(1.57) > 1 (1.45) =F (1.44) for
cyclohexane solutions. According to Tiensung Lin and
Fishman ®° the values of AH for the gas phase are
approximately twice as large, although a similar sequence
persists: Cl (3.41)>> Br (3.13) > 1 (2.75). The behaviour
of fluorine #°, which forms virtually the strongest hydrogen
bond in the gas phase and the weakest in solution, is the
most remarkable. According to Carlson and Fateley #°,
the sequence of halogens based on the variation of their
electron-donating capacity in the gas phase is consistent
with the sequence which would be expected from the size
and electronegativities of the halogens. On the basis of
its electronegativity alone, fluorine should form a stronger
bond than chlorine, but the smaller size of the fluorine
atom causes some decrease in bond strength, since the OH
group is unable to approach sufficiently closely for optimurn
overlapping of the 1s(H) and 2p(F) orbitals. In inert sol-
vents, o-fluorophenol forms the least stable intramolecular
hydrogen bond, which indicates the highest frans :cis ratio.
The frans-isomer is probably stabilised in this case by the
preferential formation of intermolecular hydrogen bonds,
since the electron-donating capacity of fluorine is a maxi-
mum in the series of halogens.

The relative proton—donating; capacities of hydrogen
halides have been investigated®?™2*, It was found for
solutions in aromatic hydrocarbons that the relative shift
Av/v of the X—H bond on formation of a hydrogen bond
with a standard electron donor diminishes from HF to HI.?
The ratio of the band intensities of the bound and free
H-X molecules increases in the same sequence. On this
basis, it was concluded that the stability of the hydrogen-
bonded complexes is determined by the acidity of HHal and
that the relative band shift does not characterise the sta-
bility of this complex. A similar claim was made by
workers #2 who measured the frequencies of the complexes
formed by HF, HC! and HBr with dioxan. However, other
results #*#* ‘obtained from measurements of AH for the
hydrogen bonds between HX and benzene, carbon tetra-
chloride, ketones, and ethers in carbon tetrachloride solu-
tions and in the gas phase, cast doubt on these conclu-
sions®®'2, It was found that the energy of the hydrogen
bond formed by HX with all the electron donors enumer-
ated above is a maximum for HF, decreasing on passing to
HCI1 and still more on passing to HBr. For example, in
the case of acetone —AH for HF, HC1, and HBr is 8.4, 6.1,
and 5.7 kcal mole™" respectively. The energy of the
X~-H... B hydrogen bond and the relative frequency shift
were found to vary in parallel.

Thus the strength of the hydrogen bond formed by the
proton donors X-H (X = F, Cl, Br, orI) with a specified
acceptor decreases with increasing acidity of the hydrogen
halide, which is probably due to the decrease of the resi-
dual capacity for overlapping of the 1s(H) orbital as the
electronegativity of the halogen diminishes. It is note-
worthy that, according to Shchepkin **, the maximum
change in the energy of the X—H. .. B bond occurs on
passing from HF to HCl. When HCI is replaced by HBr,
the change is much smaller. 1In the series of proton
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donors PhXH (X = O, S, or Se) the small differences
between the AH for the heavy atoms can probably be
explamed by the weakening of the X-H bond, which is
said'®® to compensate to some extent the decrease in AH
owing to the reduction of the residual capacity for over-
lapping of the 1s(H) orbital in the same direction.

Thus the electron-donating capacity of R-X and the
proton-donating capacity of X-H decrease in the sequence
F > Cl1> Br > 1, the maximum difference between these
properties being observed on passing from fluorine to
chlorine.

IV. CERTAIN GENERAL PROBLEMS OF THE HYDROGEN
BOND

The sum total of the data discussed in previous sec-
tions makes it possible to establish certain general regu-
larities in the variation of the proton- and electron-dona-
ting capacities in the hydrogen bonds formed by analogous
compounds of Group V-VII elements. An attempt will
also be made to determine wherever possible the factors
which play a decisive role in the variation of the properties
of the A-H...Y, X-H...B, and X-H...Y hydrogen bonds
(where A-H and B are standard proton and electron donors
and X and Y are a series of elements belonging to a single
Group or Period).

For the A-H...Y hydrogen bonds, the electron-donating
capacity of Y, belonging to the given Group, diminishes
on passing to heavier elements: N> P > As > Sb; O >
S>S8e>Te;, F>Cl>Br>1 The greatest differences
‘between the electron-donating capacities are observed on
passing from the elements in the Second Period to those in
the Third Period, i.e.between nitrogen and phosphorus,
between oxygen and sulphur, and between fluorine and chlo-
rine, while for heavier elements the differences are much
less pronounced. We may note that even elements such as
antimony, tellurium, and iodine, which are of the metallic
or semimetallic type, are capable of forming hydrogen
bonds as electron donors. Proton-accepting capacity can
probably be regarded as virtually the exclusive property
of the free electron pair and there is at present no reason
to deny the possession of this property by still heavier
atoms such as those of bismuth, polonium, and astatine.

According to modern ideas 10’““ the main contribution
to the formation of the hydrogen bond comes from the elec-
trostatic interaction, the repulsion of electron clouds,
and the redistribution of electron density. The latter
involves the overlapping of the 1s(H) and #p(Y) orbitals and
charge transfer from the highest occupied orbital of the
proton acceptor Y to the antibonding o orbital of the proton
donor A~H. The data obtained for the decrease of the
electron-donating capacity in Groups V—VII on passing to
heavier elements suggest that the main contribution to the
hydrogen bond energy is made by the overlapping of the
1s(H) and np(Y) orbitals. With increase of n, p electrons
become more diffuse and their orbital density diminishes;
together with the interelectron repulsion, which increases
in the same direction, this causes a decrease of the capa-
city for overlapping of the np(Y) orbital. From the stand-
point of the model of charge-transfer complexes, the oppo-
site behaviour would be observed—the electron-donating
capacity of Y should increase with increase of 7, since this
entails a diminution of the ionisation potential.

We may note that the role of charge transfer in the
hydrogen bond is the most controversial problem. This
model is attractive, because it involves the inclusion of
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hydrogen-bonded complexes in the general class of donor-
acceptor complexes. However, the correlation between
the ionisation potentials of Y and the thermodynamic cha-
racteristics of association by hydrogen bonding is limited®.
The most important experimental argument against the
charge-transfer model of the hydrogen bond is the absence
of the charge-transfer band from the spectra of hydrogen-
bonded complexes . Analysis of the infrared spectra
with the aid of the vibronic theory '"®*#%  based on Mulli-
ken's ideas'®, also showed'®® that charge transfer does
not play a de 01s1ve role in the formation of the hydrogen
bond by the elements of the same Group as electron donors.

As already stated, the effect of charge transfer may
reduce merely to a decrease of the difference between the
heats of association of neighbouring members of the Group
as the ionisation potential is reduced. The increase of the
polarisability of the electrons in Y with increase of #,
resulting in an increase of the contribution of dispersion
interaction, may play the same role.

The fastest decrease of proton-accepting capacity with
increasing atomic number has been observed in a series
of electron donors belonging to Group V. Chojnowski '®¢
explains this by the fact that the greatest differences
between the hybridisations of the free electron pair orbital
are characteristic of Group V elements. This follows
from a comparison of the valence angles in the corre-
sponding alkyl derivatives: 109° for (CHs):N, 100° for
(CH1):P, and 96°C for (CHs)sAs in Group V and 111° for
(CHs)20 and 105°C for (CHs)sS in Group VI. These data
show that the increase of the amount of s character of the
free electron pair orbltag resulting in a decrease of its
capacity for overlapping #7'#%, is faster in Group V than in
Group VI. If one assumes by analogy that the amount of s
character increases at the lowest rate in Group VII, one
can understand the small change in electron-donating capa-
city on passing from chlorine to bromine and iodine.

We shall now consider how the electron-donating capa-
city changes in the A-H...Y hydrogen bonds for Y belonging
to different Groups in the same Period. It was established
previously® that the electron-donating capacity of the ele-
ments in the Second Period decreases in the sequence N >
O > F, i.e. with increase of the electronegativity of Y.

The data in Tables 13-15 and 19 suggest that this tendency
in the variation of the electron-donating capacity is main-
tained in the Third, Fourth, and possibly Fifth Periods
(P>8 >Cl; As>Se > Br; Sb>Te >1I), although the
differences for neighbouring numbers of the series gradu-
ally diminish with increasing number of the Period. Cal-
culations of the hydrogen bond energy* and the H...Y bond
populations #*° showed, in agreement with experimental data
that the electron-donating capacity of Y decreases in the
sequences P > S > Cl and Se > Br.

Thus the available data suggest that the electron-dona-
ting capacity of Group V-VII elements in the same Period
decreases with increasing electronegativity, in contrast
to the series of electron donors in a single Group. Con-
sequently the electrostatic interaction is not of decisive
importance in the formation of hydrogen bonds even with
“hard” bases such as oxygen and fluorine compounds.

The proton-accepting capacity of the elements in a single
Period is probably determined by the redistribution of
charge between the molecular fragments of the complex
AH...Y owing to the overlapping of the 1s(H) and np(Y)
orbitals and as a result of charge transfer from the np(Y)
orbital of the proton acceptor to the antibonding ¢ orbital
of the A—H bond of the proton donor. On passing from
nitrogen to fluorine, from phosphorus to chlorine, etc.,
the number of free electron pairs of the atom Y increases,

>
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which leads to an intensification of the interelectron repul-
sion ® in A...Y and impairment of the conditions for the
overlapping of the 1s(H) and #p(Y) orbitals. Further-
more, the increase of the ionisation potential in the same
direction hinders charge transfer to the antibonding o
orbital of the A-H bond. The joint operation of the above
factors can account for the observed decrease of the
electron-donating capacity within the limits of the same
Period on passing to heavier elements.

We shall now consider how the proton-donating capacity
changes in the X-H...B hydrogen bond, although, as we
have seen, there are very few literature data for the ele-
ments in the Third, Fourth, and Fifth Periods. Never-
theless, one can assume that, for elements of the same
Group or Period, the following series based on decreasing
proton-donating capacity are valid: NH > PH, OH > SH =
SeH, FH > CIH > BrH > IH, FH > OH > NH, and C1H >
SH > PH. 7

The proton-donating capacity of the XH group is known
to be determined mainly by the tendency of the H atom in
this group to accept electrons from the B atom, using the
residual capacity for overlapping of the 1s(H) orbital.
This capacity should increase with decrease of the overlap
integral of the X-H bond®, i.e. with increase of the degree
of dissociation of the hydrogen atom as a proton. With
increase of the electronegativity of the X atom, the over-
lap integral for the X~H bond diminishes, which entails
an increase of the proton-donating capacity of the X-H
group. Furthermore, the dipole moment of the X-H bond
and hence also the contribution of the electrostatic inter-
action to the hydrogen bondenergy increase withincreasing
electronegativity of X. These factors are in fact respon-
sible for the increase of the proton-donating capacity of
X-H on passing to heavier elements in the Period and to
lighter elements in the Group. It is noteworthy that,
within the limits of the same Period, the acidity and pro-
ton-donating capacity of X—H are the same, since the
X~-H bond energy and the degree of dissociation of the
hydrogen atom as a proton vary in opposition. On the
other hand, within the limits of a single Group, the bond
energy and the degree of dissociation vary in parallel,
which gives rise to the inverse relation between acidity
and proton-donating capacity.

We shall now consider how the properties of the hydro-
gen bond are affected by the simultaneous variation of the
proton- and electron-donating capacities of the interacting
molecules. Such a situation arises in self-association
processes:

/Y e H—X\
R—X—H...X—R ot R—C C—R
! \x—H... Y/

H

when the substituent is altered. Electron-accepting
substituents, for example, increase the proton-donating
capacity of the X—H group but reduce the electron-donating
capacity of X or Y. The overall effect of the substituent
will depend on the relative contributions of the electron
donor and proton donor to the hydrogen bond energy.
Three cases are possible: (a) the contribution of the
electron donor is greater than that of the proton donor and
the introduction of electron-donating substituents streng-
thens the bond; (b) the contribution of the proton donor
plays a decisive role and electron-accepting substituents
strengthen the hydrogen bond; (c) the increase (decrease)
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of the proton-donating capacity of the X—H group is com-
pensated by the decrease (increase) of the electron-
donating capacity of X or Y and the strength of the hydro-
gen bond should not then depend on the nature of the
substituent.

Analysis of the experimental data enabled the author of
this review to put forward certain hypotheses of a general
type 8,  Thus it has been established that the strength of
hydrogen bonds in self-associated species of substituted
anilines increases following the introduction of electron-
donating substituents 220, the tendency of mercaptans
towards self-association is more pronounced than that of
thiophenol‘s; the degree of self-association of phenols
increases in the sequence p-chlorophenol < p-fluorophe-
nol < p-cresol ' and the stability of the self-associated
species increases on passing from ethyl alcohol to t-butyl
alcohol®™, All these data lead to the conclusion that, in
series of compounds forming hydrogen bonds of the type
NH...N, SH...S, OH...O, and probably in general “homo-
quantum” bonds of the type X~H...X'(where X and X' are
atoms of elements belonging to the same Period), the
variation of the hydrogen bond strength is determined
mainly by the variation of the properties of the electron
donor.

On the other hand, in series of compounds associated
via “heteroquantum” bonds of the type X-H...Y (where X
and Y are elements belonging to different Periods), the
variation of the stability of the associated species is pre-
sumably determined by the variation of the properties of
the atom whose electrons, involved in the formation of the
hydrogen bond, are characterised by a larger principal
quantum number. Thus the variation of AH for the
S~H...O bond should be determined by the variation of the
proton-donating capacity of the SH group and for the
NH...P bond by the variation of the electron-donating pro-
perties of the phosphorus atom under the influence of sub-
stituents. The latter hypothesis explains the type of
influence of substituents on the stability of self-associated
species of thiobenzoic acids®®, the ratio of the quantities
p [Eqns. (1) and (2)] for the association of thiophenols with
acetophenones 2, and the shift of the thiol-thione equilib-
rium *® under the influence of substituents.

Since the influence of substituents reduces the electronic
polarisation of the reaction centre of the molecule, an
explanation of the essential physical features of the empiri-
cal rule which has been formulated® is provided by calcu-
lations, involving complete neglect of differential over-
lapping (CNDO/2), of the charge shifts ?** in the molecular
fragments of the HSH...OH> and HOH...SH, complexes'®,
These complexes provide one of the simplest examples of
“heteroguantum” hydrogen bonds. It was found that the
charge shift in the H.O molecule functioning as either an
electron or proton donor is zero or many times smaller
than the charge shift in the H>S molecule. This can be
accounted for by the fact that, on passing from oxygen to
sulphur, the deformability and polarisability of the electron
clouds increase. The above results show that, on forma-
tion of the “heteroquantum” hydrogen bonds SH...O and
OH...S, the maximum charge shift occurs precisely in the
fragments of the complex where a change in properties is
stated® to have a decisive influence on the change in bond
energy. Consgequently the greater sensitivity of the energy
of a “heteroquantum” hydrogen bond to changes in the pro-
perties of the atom with the higher principal quantum num-
ber of the valence electrons can be explained by the fact
that the maximum charge shift on formation of the hydro-
gen-bonded complex occurs in the molecular fragment with
this atom.
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