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1. INTRODUCTION

The first more or less contemporary theory of acids and bases was proposed
by Arrhenius in 1880: acids are substances delivering hydrogen cations
(often simply called just proton) to the solution (water). In 1923 Brgnsted
and Lowry, inspired by the work of Arrhenius, independently extended
and generalized the definitions of acids and bases: acids are substances
from which a proton can be dissociated; bases are substances that bind
protons — there are no bases without acids and no acid exists without a
base. According to this theory any compound capable of binding the proton
can be considered as a base. All compounds can be therefore considered
as bases, since virtually any compound can bind protons. The question is,
what binds the proton more strongly? This question can be resolved with
precise measurements of the strength of acids and bases. The strength of
an acid characterizes its proton-donatong ability and the strength of a base
characterizes its proton-accepting ability.

The first and the most important medium for investigation of acid-base
properties is, of course, water. Thousands of pK, values of different com-
pounds have been measured in water. But as the water itself has acidic and
basic properties then measuring of stronger acids and stronger bases than
water itself, is complicated in water and the strengths of strong acids and
strong bases are levelled. All these acids and bases will be fully dissociated
and pK, values of those compounds are very difficult to measure. The
strength of many strong acids have been measured in water which contains
more hydronium ions than ordinary water. However, in this case we cannot
talk about water as medium anymore. Also solubility of some compounds
in water can be a problem.?

The other possibility is to investigate acids and bases in such media
that do not possess that strong acid-base properties themselves. For ex-
ample, dimethyl sulfoxide (DMSO) and acetonitrile (AN) are very common
media for acid-base studies. In the present work, AN is mainly used as a
medium to measure pK, values, or to be more precise — to compare acid-
base properties of different compouns — to measure ApK, values. AN is a
good solvent for moderately strong acids and bases but in the presence of
superbases and superacids, AN also acts as an acid or base. For superbases,



tetrahydrofuran (THF) is used because of its weaker acidic properties. For
superacids 1,2-dichoroethane (DCE) is used because of its very weak ba-
sic properties. The only medium which has no limitations for measuring
as strong acids or bases as one can get, is the gas phase (GP). It is also
easy to perform quantum chemical calculations of the strengths of acids
and bases in the gas phase. The quantum chemical calculations in solution
phase are much more complicated. The influence of different media on dif-
ferent compounds depends on many factors and it is difficult to take all of
those into account. Nowadays, several theoretical methods are used to pre-
dict strength of acids and bases in solution. All these computational and
predicted values support measurements in GP and in solution phase. Still,
real measurements are always essential, especially in solution phase where
the accuracy of calculations is still significantly lower than the accuracy of
measurements.

It has a great practical value to know the exact strength of acids and
bases. Obtained values are used in many areas of chemistry, biology,
medicine, materials science, etc., in both reasearch and industrial fields.34
Superacids and their anions — weakly coordinating anions (WCAs) are
mainly used as catalysts and the knowledge of exact pK, values are es-
sential for further developments.® Many bases have biological importance,
their pK, values are helping properties, for example, for drug design.® Also,
the study and synthesis of receptors, which recognize anions or cations in
solution, can advance only with known pkK, values of those compounds.”®

The main goal of the present work is to reach self-consistency between
measured pK, values and to provide more values with higher quality. In
this work two comprehensive self-consistent scales of pK, values in AN
have been composed — for the acids and for the bases. These scales have
been compiled using a measurement method permitting to obtain values of
high consistency and are therefore useful tools for measuring pK, values
of all kinds of other compounds — as it is demonstrated in this work. Not
only AN, but also DCE, THF and GP as reaction media have been used
in this work to measure the acid-base properties of superacids, superbases
and many other different compounds.
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2. GENERAL ASPECTS

2.1. Brgnsted-Lowry Acid-Base Equilibria

Acid-base chemistry is one of the most fundamental areas in chemistry.
Proton transfer covers substantial part of all topics studied in chemistry.
Therefore, the investigation of acid-base equilibria has significant impor-
tance.

According to the Brgnsted-Lowry definition, acidity of a neutral acid
(z = -1) or a cationic acid (z = 0) HA**! in solvent S is defined using
equation 2.1 and is expressed as the acid dissociation constant (in this
work the more general term — dissociation constant — is often used) K,
(equation 2.2) or more commonly as the negative logarithm of dissociation
constant — pk,.

Ka
HA*™ + S = A% 4 SHT (2.1)
a(SH™) - a(A%)
Ko == maety (22)

a(SHT) - a(A?%)
a(HAz—l—l)

In the case of a neutral base, the bacicity of that base is defined wvia the
acidity of a cationic acid, the conjugate acid of that base. The main reason
for that is the need to have comparable dissociation constants for neutral
acids and neutral bases. In this work, the terms “acidity of cationic acid”
and “basicity of neutral base” (or just a base) are used interchangeably.
Note that dissociation of a cationic acid involves only rearragangement of
the the cationic charge between different species in solution while dissoci-
ation of a neutral acid involves generation and separation of two charged
species. For the requirement of electroneutrality, it would be correct to
write the dissociation of a base in another way, with the presence of anion.
The equation 2.1 is a simplified way to describe the process. The process

described with the equation 2.1 occurs only in polar solvents such as water,
MeOH, DMSO, etc. (vide infra).%'0

pK, = —log (2.3)



In non-aqueous solvents, the measurements of activity of solvated hy-
drogen ion a(SH™) are problematic, especially in solvents of low polarity.
To exclude the necessity to measure the activity of solvated hydrogen ion
a(SH™), the equilibrium between two acids HA*™ and HA%™ can be stud-
ied:

AK,
A%+ HAYT = HAZT 4 A% (2.4)

This equilibrium refers to the relative acidity of the two acids HA?+1
and HA;“H which is expressed as ApK, and is defined as follows:

a(HA%Z™) - a(A
a(HAZTY) - a(A

)
)

As can be seen, the component a(SH™) is not appearing anymore in
the equation 2.5. If it is assumed that the ratio of activity coefficients
f(HA#t1)/ f(A?) is the same for both species!! then the equation 2.5 can
be transformed into the following form:

ApK, = pK,(HAL™) — pK,(HA%M) = log

(2.5)

NN =N

H
ApK, = pKa(HAS™) — pKa(HAT™) = log

The species in square brackets are now equilibrium concentrations which
can be measured directly.

Before it was mentioned that the process according to the equation 2.1
is the simplified way to describe an acid-base equilibria. The dissociation
as a process according to a solvent may consist of several steps and can
be described with consecutive equilibria 2.7. The following equations are
written only for neutral acids and square brackets indicate solvent cage of
species, not the equilibrium concentrations anymore.

K Ko Ks Ky
HA+SS[AH---S] S [ATHST] S [AT]HST] S A~ +SHY  (2.7)

The first step K, is the initial complex formation between acid and
solvent. This complex is held together by hydrogen bond or non-specific
van der Waals forces (can be also both of those). Hydrogen bond is usually
absent in the case of steric restrictions or if the charges of the formed ions
are well delocalized and the H-A bond in [HA - - - S] is weakly polar.
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The second step Ko, also called primary ionization step, is proton trans-
fer from the acid to the solvent with a formation of a contact ion pair (CIP)
complex [A~SH™], with no solvent molecules between ions. This complex
is usually hydrogen-bonded, but again, it can be held together with elec-
trostatic forces.

When solvatation increases, the bonding decreases and solvent-separated
ion pair (SSIP) [AT][SHT] forms (K3), which is held together by electro-
static forces. This ion pair can dissociate into free ions (Ky). K, is the
overall product of all of these equilibrium constants: Ki-Ks- K3 - K4 = K,.

Steps K5 and K3 are called ionization steps — ion pairs form but disso-
ciation has not yet occured. The term ionization is often used instead of
dissociation, but using this term is correct only if the dissociation process
is not complete.

The extent of the dissociation of the compound depends mainly on the
relative permittivity () of the solvent. Usually in solvents having e, larger
than 20 (water, DMSO, AN, MeOH, EtOH, etc.) the process proceeds to
the formation of free solvated ions in the solvent. The extent of ionization
of the acid depends not as much on ¢, but mainly on electron-pair donating
and accepting properies (see section 2.3. for more profound review).

For a neutral base the similar process to the equation 2.7 can be writ-
ten. According to the properties of the solvent and the neutral acid from
what the base gets its proton, the molecule of the neutral base binds the
proton either from the neutral acid, ion-paired complex or protonated sol-
vent molecule (see equation 2.7). In the case of a weaker acid in a weakly
polar solvent with rather low solvating ability, the proton comes from the
ion-paired complex or from the neutral acid (as it is written in the following
equation):

K1 Ko Ks Ky
B+HA S [B---HA] S [BHYAT] S [BHT][AT] S HBT + A~ (2.8)

Again, the first step K is the initial complex formation between an acid
and a base. The reaction proceeds to formation of CIP (K3), then SSIP
(K3) between acid anion and protonated base, and if favorable, two ions
are eventually separated and dissociated into solution (K4). The overall
result of all of these equilibrium constants indicates the proton distribution
equilibrium between neutral and cationic acid. The relative concentrations
of the different species in equation 2.8 depend on the polarity of solvents,
EPD and EPA properties, properties of ions, etc.
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Sometimes only Kj, is studied (e.g. in sections 4.3. and 5.3. and III).
In this case only ionization equilibrium (K2 or K3, in equations 2.7 and
2.8) is experimentally determined. While equation 2.4 is describing the
equilibirium of proton distribution between two fully dissociated species,
then the equation 2.9 describes the proton distribution between two ion-
paired species:

AK;,
HA; + [HBTA;] S HA, + [HBTAT] (2.9)
It is possible to write this model equation using equilibrium steps con-
taining dissociated species as well as ion-paired species:

HBTAS]

Ky AKq

HA; +[HBTA;] S HA;+A; +HBT S
I/KC[IHBJ"A;]

HA; + A7 +HBT = HA,+[HBTA[] (2.10)

The constants K4 are the dissociation constants of respective ion pairs
and the constant AK, is the estimate of the dissociation constant of the
relative free acid. Estimated K, is used because often the true dissociation
constants K, cannot be measured (also with UV-vis spectrophotometry
method used in this work). From equations 2.9 and 2.10 it is possible get
ApKip:

ApKip = pKip(HA2) — pKip(HA7) =

a([HB*AT) - a(HA) | AKa: KHBTA]
a([HB*A;]) - a(HA,) KIHBYAT]

= log (2.11)

If the K4 values are measured or estimated!? (as in this work), then the
AK, can be found as follows:

[HB+A]

ApK, = pKo(HAy) — pKo(HA) = ApKjp — 1ogm (2.12)
d
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The convenient and common experimental technique to study ion-
pairing is conductometry, often in combination with other methods.!® In
this work (see III) in the case of neutral bases the estimation was made
using the Fouss equation:'4

_e2
3000e«DrT
Ky =220
d 47 Na?
where N is Avogadro’s number (N = 6.02- 10723 1/mol), a is the distance
of ion centres in cm (a = 77 +77), e is the charge of electron, e = 4.80-10~ 10
esu (1 esu = 1.60-1071Y C), k is Boltzmann constant, k = 1.38-10716 erg/K
(1.38-10723 J/K), T is temperature in K.

(2.13)

2.2. Side Reactions of Acid-Base Equilibria

Many solvents (in particular polar non-HBD solvents) have poor ability
to solvate either anions or cations or both species of ions. In this case
different side reactions may appear during the measurements.'® Formation
of homoconjugate and heteroconjugate complexes is the most common of
them. Homoconjugate complex is the hydrogen-bonded complex between
the acidic and basic form of the same compound:

Kana
HAZT A7 = HA; - A% (2.14)
Heteroconjugate complex is the complex between the acidic and basic
forms of different compounds:

Ko/ ia

HAZP 4 A% S HA;p - AP (2.15)

Self-association is complex-formation between two or more neutral, an-

ionic or cationic species. The equation 2.16 is written only for neutral
acid:

Kuao Kyan
nHA S (HA), S (HA), (2.16)

Also, larger aggregates (joined conjugate complexes, associate com-
plexes and ion pairs) may appear in the solution during the measure-
ments.'® Those complexes have been connected via hydogen bond and
electrostatic forces and they may grow so large that they start to scatter
visible light. This appear especially in solvents of low polarity.

It is generally observed that the extent of homoconjugation and associ-
ation increase if the processes studied involve ions with poorly delocalized
charge and not well hindered protonation-deprotonation centre. It is also
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observed that upon increase of the number of acidic protons in the com-
pound the extent of formation of conjugate complexes increases.!

Measuring both, acids and bases in AN, it was observed that many
neutral acids formed homoconjugate complexes but none of the bases. It
is known that AN solvates anions poorly'® and due to the different dis-
sociation proccess of acids (formation of two oppositely charged particles)
the formation of homoconjugate complexes was observed (see IV and V).
In any other solvents, associate and conjugate complex-formation were not
observed with those compounds which were under investigation in those
solvents. The easiest way to decrease the influence of forming homoconju-
gate complexes without changing the medium is to use method that allows
to work with rather diluted solutions.

2.3. Selection of Solvents

Everyone who has measured pK, values in different non-aqueous solvents,
has found that AN is a good solvent for acid-base measurements. Measur-
ing acid-base properties in DCE and THF is significantly more challenging.
Why is that so? That is caused not as much by compounds under inves-
tigation as by the properties of solvents. Not only the physical properties
(boiling point — that determines largely ease of purification, viscosity, UV
absorbance window, etc.) and chemical properties (stability against com-
mon impurities and oxidation, UV radiation, electrochemical stability, etc.)
of the solvent are important. Several other properties of solvents have im-
portant influence on the acid-base reactions also. It has been commonly
accepted that three main components that determine non-specific and spe-
cific solvent-solute interactions can be interpreted as polarity, polarizability
and acid-base properties of solvents.!”

According to Reichardt,'” polarity of a solvent is the overall solvata-
tion capability of the solvent, which in turn depends on the action of all
possible, nonspecific and specific intermolecular interactions between solute
and solvent molecules. These interactions in turn depend on the Brgnsted-
Lowry and Lewis acid-base properties, polarity, polarizability, and other
properties of the involved molecules.

One physical constant that is the most commonly used parameter to de-
scribe polarity of a solvent is relative permittivity ¢, (IUPAC suggest to use
the term relative permittivity instead of dielectric constant). €, experesses
the ability of a solvent to decrease the interactions between charged parti-
cles by orienting its dipoles. €, characterizes well the dissociating power of
solvents. Solvents of large €, (e, > 40) are called polar solvents and ionic
species are fully dissociated in those solvents. In solvents of intermediate
€& (€ = 15-40) the ratio between free and ion-paired ions depends on the
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structure of the solvent and solute (ion size, charge distribution, hydro-
gen bonding abilites, etc.), their interactions and the concentration of the
solute. Solvents of low €. are called apolar or nonpolar solvents and ions
are ion-paired in these solvents. Only solvents with sufficiently high e, will
be capable to reduce the strong electrostatic attraction between oppositely
charged ions to such an extent that ion pairs can dissociate into free sol-
vated ions. These solvents are usually called dissociating solvents. The
importance of €, over the other criteria due to the simplicity have become
a useful measure of solvent polarity.

Dipole moment g (unit C-m or D) is a measure of polarity of a sin-
gle molecule. Electrically neutral molecules with an unsymmetrical charge
distribution possess a permanent dipole moment g. Only molecules pos-
sessing a permanent dipole moment should be called dipolar molecules.'”
Although in order to have high relative permittivity the solvent has to have
molecules with high dipole moment, these two quantities are not strictly
correlated. ¢, depends also on the polarizability of the solvent, its HBD
and HBA properties, etc.

€ as well as p are often used for the quantitative characterization of
solvent polarity but neither of the two describe very well the the specific
intermolecular interactions that are also an intrinsic component of solvent
polarity. There are many empirical polarity parameters, which may de-
scribe more adequately polarity, polarizability, acidity, basicity, hyrogen
bonding, etc.

Polarizability shows the ease of distortion of the electron cloud of a
molecular entity by an electric field, which may be caused by the presence
of a nearby ion or dipole. Solvents of high polarizability are often good sol-
vators for anions which also possess high polarizability. The polarizability
is connected with the index of refraction n (or np if index of refraction is
given for the centre of the yellow sodium double emission) — molecules with
a more easily polarizable electron cloud more intenesely reduce the speed
of light inside the medium and have larger index of refraction.

Acid-base properties of the solvent are very important properties in
terms of acid-base studies. These properties become even more important
if compounds under investigation are extremly strong or weak acids or
bases. Brgnsted-Lowry acid-base properties of a solvent describe the ability

of solvent molecule to donate (equation 2.17) or accept proton (equation
2.18):

SHSHT +S™ (2.17)
SH + H* < SHF (2.18)
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A combination of these two processes is described quantitatively by the
autoprotolysis constant (Kauto) of the solvent:

K

9SH & SHf +S~ (2.19)
Kauto = a(SH3 ) - a(S7) (2.20)

The lower the K,uto value (or the higher the pKyuto value) the wider
is the range of strengths of acids or bases that can exist in this solvent
without being fully dissociated or protonated. The strongest acid that can
exist in the solvent is the lyonium ion SH; and the strongest base is the
lyate ion S~.

There are solvents which do not have proton at all. This kind of sol-
vents are called aprotic solvents. Most of solvents have protons in their
molecules, but the equilibria according to the equation 2.17 are insignifi-
cant (not observable experimentally). These kind of solvents are also called
aprotic. If the dissociation of the solvent proceeds to a measurable extent
then the solvent is called protic. Usually pKauto value 20 is considered to
be the limit between aprotic and protic solvents. However, the term apro-
tic is rather misleading, since, for example, solvents commonly referred to
as dipolar aprotic (e.g. DMSO, AN) are in fact not aprotic. In reactions
where strong bases are employed, their protic character can be recognized.
Therefore, the term aprotic solvents should be replaced by non-HBD sol-
vents (vide infra). In amphiprotic solvents both reactions (equations 2.17
and 2.18) are present. Water is the prototype of amfiprotic solvents.

Solvents can be divided also according to their acidity and basicity.
Protogenic solvents have more pronounced acidic than basic character, pro-
tophilic solvents have more pronounced basic than acidic character. If a
solvent has low acidity and basicity, then it is a good differentiating sol-
vent. Solvents can be also good differentiating solvens for example only
for strong bases and weak acids but at the same time not for weak bases
and and strong acids, or vice versa. Solvents having significantly acidic or
basic nature are called levelling solvent for bases or acids, respectevly. The
terms amfiprotic, protic and levelling are connected — if solvent is protic,
then it is usually levelling.

Hydrogen bonding plays significant role in acid-base studies. When a
covalently bound hydrogen atom forms a second bond to another atom,
then the second bond is called hydrogen bond. Often hydrogen bonding can
be regarded as a preliminary step on a Brgnsted-Lowry acid-base reaction
(see equations 2.7 and 2.8). Solvents containing proton-donor groups are
designated protic solvents or hydrogen bond donating (HBD) solvents, sol-
vents containing proton-acceptor groups are called hydrogen bond accepting

22



(HBA) solvents. Amphiprotic solvents can act both as HBD and as HBA
solvents simultaneously. The stronger the HBA properties of the solvents,
the better it stabilizes cations. The stronger the HBD properties, the bet-
ter it stabilizes anions. This is one reason why for example AN and THF
solvates better cations.

One approach — solvatochromic comparison method — was employed
and further developed by Kamlet, Abboud and Taft et al.'®20 It is used
to evaluate a (3 scale of solvent HBA basicities, an « scale of solvent HBD
acidities and a 7* scale of solvent dipolarity-polarizability using UV-vis
spectral data of solvatochromic compounds. 7* values measure the ability
of the solvent to stabilize a charge or a dipole by virtue of its dielectric
effect and therefore characterize the overall solvent polarity.

Lewis acid-base properties of solvents describe solvents power to donate
or accept electron pair. As dissociating power of solvents depends mainly on
€r, then jonizing power depends on the ability of the solvent to be electron-
pair acceptor (EPA) or electron-pair donor (EPD). These properties can
be empirically described e.g. with acceptor number (AN) or donor number
(DN). Higher values mean that solvent has higher ability to ionize neutral
acid molecules and to stabilize the formed ions.

Koppel and Palm?' and Koppel and Paju?? have defined an empirical
solvent scale of Lewis basicity B and B’, respectevly. B’ scale is based
on the O-H streching frequencies of phenol, which has formed the complex
with the HBA molecules in CCly. Koppel and Palm also presented an
empirical parameter E to describe solvent Lewis acidity, P as a measure of
solvent polarizability and Y as a measure of solvent polarity. Y and P are
considered as non-specific and E and B’ (B) as specific characteristics of
the solvent.

If the solvent is good EPD but poor EPA, then it stabilizes cations effi-
ciently but anions poorly. Therefore, anions tend to form aggregates with
cations or neutrals. The term HBA refers to the acceptance of the proton
of a hydrogen-bond. Therefore, HBA solvents are also EPD solvents. HBD
refers to the donation of the proton. Therefore, HBD solvents behave as
protic solvents. Solvents of higher acidity and basicity solvate ions better.
Therefore, it is necceary to find a compromise between ionizing power and
acid-base properties. For example, DCE has the DN = 0 (it is the reference
solvent for DN-s), but is one of the few possible choices for measuring acidi-
ties of superacids, because most of the other common solvents are either
too basic and protonate in the presence of superacids or are so nonpolar
that neither the acids nor the salts are soluble in those solvents. Because
of the low ¢, and nonexistent EPD abilities and we have to consider the ion
pairs and formation of associates during the measurements.
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In the present work, different media were used for measurements and
for comparison of pK, values. Media referred during the entire study are
following:'7

Water is by far the most popular solvent for investigation of acid-base
equilibria. With its high EPD-EPA ability (AN = 54.8; o = 1.17 and
B = 0.18 here and afterward from reference 20) and high polarity (e, =
78.30, 7* = 1.09) it is good ionizing and dissociating solvent, but at the
same time it has quite high acidity and basicity (pKauo = 14.00) and
is therefore levelling solvent for stronger bases and acids. Water forms
hydrogen bonded complexes with compounds under investigation and thus
it masks the intrinsic acid-base properties of acids and bases. Water is also
not a good solvent for nonpolar molecules. Many important compounds
cannot therefore be studied because of the solubility problems.

Acetonitrile (AN) has many good properties to make it a suitable
solvent for acid-base studies. It has low basicity and almost negligible
acidity, thus it has very low ability to solvate anions. This causes weaker
acids with no sterically hindered protonation site to form larger aggregates.
AN is sufficiently polar (e, = 35.94, #* = 0.75) to favor dissociation of
ion pairs into free ions. The extent of autoprotolysis is significantly lower
(pKauto = 33) than that of water, but very similar to THF and DMSO.
AN is a sufficiently differentiating solvent. AN is a weak HBD and EPD
(DN = 14.1, § = 0.31) and moderate EPA (AN = 18.9, a = 0.19), thus
AN is good solvent for measuring especially strong acids. AN has also one
disadavantage — in the presence of strong bases it starts to oligomerize due
to the deprotonation of AN molecule. Still, in AN it is possible to work with
bases in the range of basicities covering almost all conventional superbases
(approximately 8 units above pKj, value of DBU, see section 4.1. and I).

Tetrahydrofuran (THF) has much lover polarity (e, = 7.58, m* =
0.58) than AN but very similar differentiating ability (pKauto = 34.7). THF
solvates cations (DN = 20.0, # = 0.55) even better than AN but anions
(AN = 8.0, a = 0.00) even more poorly. THF is much stronger base
compared to AN. According to these properties THF is a good solvent
for measurements of strong bases. In this work THF was selected as the
medium for measuring superbases which were not possible to measure in
AN. At present, approximately 6 pK, units higher basicities have been
measured in THF than in AN (see I and III). Differently from AN, in THF
the ion-pair basicities are measured. Generally, THF is very popular and
widely used solvent for measuring both acids?>2% and bases.226

1,2-Dichloroethane (DCE) is with its polarity (e, = 10.36, 7* = 0.81)
similar to the THF. After examined all the other properties, we found
DCE to be markedly different from all the previously mentioned solvents.
Observable autoprotolysis according to the Brgnsted-Lowry definition is
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missing and therefore it sets virtually no limits for choice of compounds.
Nevertheless, it is possible that in the presence of the strongest acids known
(carborane acids) it may protonate and HCI could therefore be detached.
Also it has been determined in this work that after standing for one day
in the presence of superbases (¢-BuPs(dma)) the measurements cannot
be carried out anymore. DCE has rather acidic properties (AN = 16.7,
a = 0.00) and basicity (DN = 0.0, § = 0.00) is virtually nonexistent. In
fact, DCE is used as the reference solvent for measuring EPD properties.
Because of the low polarity and small DN in DCE only ion-pair acidities
are measured. DCE is not a very common solvent for acid-base studies
even though it is widely used in organic syntehsis.

Heptane is a very interesting solvent for acid-base studies. Ionic com-
pounds have extremly low solubility in such a nonpolar solvent (e, = 1.92,
a = 0.00, 8 = 0.00, 7* = -0.08) but in spite of that, several pKj, values
(still till now only relative pKj, values) have been measured in heptane.
The trick is in choosing the compounds that on deprotonation (acids) or
protonation (bases) give ions with highly delocalized charges. Neverthe-
less, during the measurements in heptane, ions and neutrals form ion pairs,
complexes and higher aggregates. In order to avoid an extremely complex
and difficult to interpret picture, very low concentrations are used, at which
it can be assumed that ions with delocalized charges exist only as ion pairs
and no higher aggregates are formed. Heptane does not undergo auto-
protolysis and possesses no electron-pair accepting or donating properties.
With its very low polarity, heptane is a kind of half-way between polar
sovents and GP. Acidity data in solvents of low polarity are very valuable.

Gas-Phase (GP) is the least polar (¢, = 1) and the most differentiating
medium possible.!2! Tt is a much more differentiating medium than water,
AN and THF. The intrinsic acid-base properties of molecules can be studied
in the gas phase. No solvent effects are disturbing. GP as a medium itself
does not set any limits for the strength of acids and bases. The problems
that are encountered with many compounds are practical — the insufficient
volatility and availability as free neutral acids and bases. In the gas phase
theoretical calculation methods are much more successful than in any of
the condendsed media and often accuracy of theoretical results can rival
the accuracy of experiment.?”

Dimethyl sulfoxide (DMSO) is highly polar (¢, = 46.45, 7* = 1.00)
non-HBD solvent with rather high basicity (DN = 29.8, § = 0.76) and
low acidity (AN = 19.3, o = 0.00). Its autoprotolysis constant is similar
to that of AN and THF, pKauo = 35.22 DMSO dissolves both polar and
nonpolar compounds easily and is a widely used solvent in organic synthesis.
It is certainly one of the most popular non-aqueous solvent for acidity
measurements where hundereds of pK, values have been measured.?®
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1,2-Dimethoxyethane (DME) is used in synthesis as a highly boiling
alternative to THF and diethyl ether. It has similar properties to THEF.
DME has been chosen for measuring several acidities of CH acids with
well delocalized charge.?? 3?2 DME forms chelate complexes with cations
and acts as a bidentate ligand and is by this property different from all
previously mentioned solvents. DME is a basic solvent (AN = 10.2, a =
0.00, = 0.41, 7* = 0.53) with moderate differentiating ability.

2.4. Selection of Method

There are several methods developed to study quantitatively acid-base equi-
libria. Undesirable side-reactions and effects of impurities, the information
provided by the method, the number of approximations necessary to get
the results, compatibility of the method with the medium and with the
compounds under study, available equipment, etc. are some of the fac-
tors to consider when choosing the method. The parallel use of different
methods gives the most reliable results.?®> However, to study, to use and
to install a method may often be time-consuming and take much effort. In
this section only the main methods are shortly discussed and their positive
and negative features in terms of acid-base investigations in non-aqueous
media will be considered.

Potentiometic titration has been widely used for acid-base stud-
13,3334 egpecially in water and other protic solvents. Numerous pK,
values in literature have been measured using this method, even though it
needs repeated measurements and particularly prudent handling of equip-
ment because pontentiometric signals from glass electrodes in non-aqueous
media are not as reliable as in water, mainly due to the low conductivity
of solutions, high liquid junction potentials and drift of the properties of
the potentiometric system in time (caused e.g. by small changes of water
content in the solutions). Potentiometric approach cannot be extended to
very low and high pK, regions.?> Procedure itself is somewhat inconvenient
with its standardization and calibration steps. Concentrations of the acids
and bases under investigation must be relatively high during the measure-
ments and in non-aqueous media this may lead to formation of conjugate
complexes and ion pairs. Impurities may easily affect the results. Also, a
relatively large amount of sample is required which can be a problem with
determining pK, values of newly sunthesized and rare compounds.

UV-vis spectrophotometry has been also widely used and is often
the most preferred method due to the possibility to work with low con-
centrations (less associate and conjugate complexes) and small amounts
of compounds. The genuine spectrophotometric method means that in
solution there is an indicator compound whose absorption spectrum is sen-

ies
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sitive to the proton activity and using the spectum of this indicator and
the amount of protonated and deprotonated forms of the investigated com-
pound in the solution, the pK, value of the compound (usually with no
absorption spectra in the UV-vis region) is found. This means prior knowl-
edge of pK, values of indicators in the given solvent and this method may
suffer from serious errors if the solvent, impurities or the compounds under
investigation exhibit considerable absorbance in the same spectral region as
the indicator. The method used in the pesent work to investigate acid-base
properties of compounds is a modification of this UV-vis spectrophotomet-
ric method. The variation from the genuine method is that in our case,
differences of pK, values — ApK, — of two compounds are measured the
way that no amounts of compounds and titrants are needed, only the spec-
tral data are used. This sets some specific requirements to the compounds
under study — mainly, both compounds have to have spectra in the UV-vis
region and the spectra have to be sensitive to the proton activity. The
advatntage of this method is its “clearness” — the method allows to detect
formation of associate and conjugate complexes, non-reversibility and other
problems which may appear during the study.

Conductometry is also a widely used method for acid-base studies.!?
Conductance of pure solvent is usually poor but if there are ions in the
solution, the conductance increases considerably. The conductance of such
electrolytic solutions depends on the concentration of the ions and also on
their nature (charge, size and mobilty). Dissociation constants of acids
can be determined by measuring limiting conductance as a function of
concentration of the ions formed by the dissociation. Using this method,
also values of homoconjugation constants logK ara can be measured, even
though it is not very accurate. Combination of potentiometry and conduc-
tometry is widely used in apolar solvents where ion pairs and associates
often appears. lon-pair acidities are measured using potentiometry and
the incomplete dissociation of acids is taken account using conductometric
method.

Nuclear magnetic resonance (NMR) spectrometry!?3% has been
used for measuring ApK, values. From proton NMR spectra of mixture of
two pure compounds and step by step protonated or deprotonated mixture,
it is possible to calculate ApK, values of these two compounds. The main
drawback of the NMR method is the necessity to use higher concentrations
that in less polar solvents can lead to formation of ion pairs. The advantage
of NMR is the richness of information it offers. It is possible to observe
side processes, get information about protonation site, etc.

All kinds of other methods are used — voltammetry,3” high-performance
liquid chromatography (HPLC)3® | electrophoresis,>4" etc. Whatever prop-
erty of a compound can be measured that is dependent on its protonation
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or deprotonation could be used for acidity-basicity measurements. Often it
is simpler to compare acidities of different compounds — to measure ApK,
values. However, using this approach, known pK, values in a given solvent
must be available if absolute pK, values of the investigated compounds are
desired.

Previous methods were all for investigation of acid-base properties in
solutions. Another important field is to measure acid-base properties of
compounds in the gas phase. For this also several methods have been
developed.

Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) is one of the main methods for measuring the gas-phase
acidity (AGacq) and the gas-phase basicity (AGpase) values.*!42 The prin-
ciple of the method is simple. The ratio of abundances of ionic species can
be obtained from the signal intensities of respective ions in mass spectra
(recorded after some reaction time is allowed for the species in order to
reach equilibrium) and the concentrations of neutrals can be obtained from
partial pressures of the respective species, which can be measured sepa-
rately for both compounds. The main problems are the necessity to use
free acids and bases (not salts of those compounds) and that the acids and
bases must possess some volatility. Different techniques, such as the use of
direct insertion probes have been developed to overcome these problems.*?

High-pressure mass-spectrometry?* and flowing afterglow tech-
niques are also widely used. More limited is the use of the extended kinetic
method of Cooks**46 which can measure directly only approximate values
of proton affinities (PA). The gas-phase PA of a molecule is defined as the
enthalpy change of protonation reaction. The GP acidity is defined as a
change of Gibbs free energy of protonation reaction. The entropy must be
calculated or measured to get the AGpase values from PA values.

Quantum chemistry and correlation methods are a type of en-
tirely different methods to predict the acid-base properties of compounds
in condensed media and in the GP. Quantum chemical calculations at dif-
ferent levels of ab initio and DFT theories are extensively and successfully
used for the calculation and prediction of GP acidities and basicities of
neutral and cationic acids. Less successful in reproducing and predicting
the solution pK, data are numerous computational methods (see e.g. the
Gaussian User’s Reference®?)
dielectric theory or its combinations with the super-molecule approach or
statistical thermodynamic approach.

which use either various modifications of the
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2.5. Method Used in This Work — “Pure”
UV-vis Spectrophotometric Method

It was mentioned in previous section that UV-vis spectrophotometric me-
thod is one of the many methods used to study acid-base properties of
compounds. It has several advantages compared to other methods. From
equations 2.6 it is evident that there is an approach which allows to exclude
the measurement of proton activity in the solvent. In this work this knowl-
edge has been applied and the UV-vis spectrophotometric method is used
to measure relative acidities of compounds. The principle of this method
is very simple — we titrate simultaneously two compounds dissolved in the
same solution, which have UV-vis spectra, with acidic or basic titrant. The
titrants themselves do not absorb in the analytically important wavelength
range (it is the wavelength range where the compounds under investigation
absorb). In the area of analytical wavelengths a set of complex spectra
forms. These spectra are superpositions of spectra of the four species —
the protonated and deprotonated forms of the two compounds. Using the
calculation methods described in section 3.1. it is possible to calculate the
relative acidity of these two compounds quite accurately. This method,
because there are two compounds in the same solution, eliminates many
possible sources of errors or reduces their influence. The advantages of this
method are:

1. The disturbing effects (water, impurities, interference in spectropho-
tometer, etc.) affect both compounds with the same magnitude and
are expected to cancel out. The influence can be somewhat different
if the types of simultaneously measured acids or bases have signif-
icantly different protonation-deprotonation centre (e.g. CH acid ws.
OH acid).

2. Low concentrations (one of the adavantages of UV-vis spectrophoto-
metric method) allow to use very weak buffering with this method.
If a minor acidity change of a solution occurs, it will have influence
for the spectra on both compounds.

3. No need to measure the acidity of the medium.

4. No concentrations of compounds are needed for measurements. This
allow us to use very small amounts of compounds and solvents.
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This method has also some disadvantages:

1. The relative acidity of the two compounds, which are simultaneously
titrated, can vary only within a narrow range — up to 2 pK, units.
This means that we have to compile ladders to cover the whole acidity
area which is quite hard work and may take years. If we have no
reference compounds in a certain acidity area, no other compounds
can be measured there.

2. Relative acidities and basicities can only be measured. This means
that in order to obtain absolute values, the scales have to be anchored
to a reference compound with known acidity (basicity).

3. Both compounds should have UV-vis spectra and spectra of acidic
and basic form should be relatively different.

See section 3.1. for the description of different calculation methods for
ApK, values.

2.6. Isodesmic Reactions Approach

An isodesmic reaction is a chemical reaction (actual or hypothetical) where
the same number of chemical bonds of the same type are broken and formed
in the initial compounds and in the reaction products.*® In the present
work the isodesmic reactions approach was used to explore the origin and
trends of acidity in pentakis(trifluoromethyl) derivatives (see section 5.2.
and V). The principle of this method is to calculate of enthalpy changes
(or if the number of particles is the same on the both sides of the reactions
and no intramolecular cyclization is involved, then it is possible to use also
Gibbs free energy changes) of both sides of a reaction which gives liber-
ation or demand of energy during this reaction. The isodesmic reactions
approach allows to obtain data that are often experimentally inaccessible.
It is possible to calculate energetic effects rearranging the carbon skeleton
of molecules, shifts of substituents within molecules and between molecules,
etc. The obtained data can in turn be used for estimating energetic contri-
butions of different electronic and steric effects. More detailed discussion
about pentakis(trifluoromethyl) derivatives can be found in section 5.2. and
in paper V.
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3. EXPERIMENTAL

3.1. Calculation Methods for ApK, Values

According to the above described method (see section 2.5.) whereby the
relative acidity (basicity) of two acids or bases is measured, it is necessary
to measure also the spectra of the basic and acidic forms of both pure
compounds. To confirm the purity of the measured compounds, it would
be good also to measure some spectra between the fully acidic and basic
forms to assess the sharpness of the isosbestic points (the absorbance of
protonated and deprotonated forms is the same). On Figure 3.1 there are
spectra of two pure compounds measured separately.

absorbance (AU)
)
>

o
w

280 360
wavelength (nm)

Figure 3.1: Spectra of two pure compounds

After measuring the spectra of the pure compounds, the spectra of
their mixture at different dissociation levels are measured. On Figure 3.2
the spectra of mixture of the same two compounds have been indicated.

The principle of calculation of ApK, values from spectral data is to
get (using different approximations, if necessary) the dissociation level « of
each acid (or protonation level of each base) in the solution at each titration
point when titrating the mixture of acids (bases).



absorbance (AU)

wavelength (nm)

Figure 3.2: Spectra of mixture

Dissociation level a of an acid HA**! is defined wvia following equation:

_ [A7]
RS .

The approximations which have been taken into account in the case of
every calculation methods are:

e The normalized concentrations for compounds are used — the sum of
equilibrium concentrations of the acidic and basic form of a compound
are normalized to unity:

[HA%T + [A%] = 1 and [HAZ™) 4 [A%] =1 (3.2)

e The optical path length, 1 cm, is equal for all substances and is in-
cluded in A* and absorbance caused by solvent is compensated.

e Concentrations are used instead of activities. See equations 2.5 and
2.6 in section 2.1.

ApK, values are calculated according to equation 3.3 in the case of
almost all calculation methods, if not indicated differently.

(65] (1 — Oég)
052(1 — 0[1)

ApK, values are found from every titration point during the titration of
mixture. Points with dissociation levels between 5% to 95% for both acids

ApK, = log (3.3)
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are usually used. In THF and in DCE the dissociation level range 10% to
90% was often used. Therefore, to get as many ApK, values as possible
from one measurement, the acidity of the mixture should be changed only
in small steps. 10 to 20 spectra for one ApK, measurement were usually
measured. From UV-vis spectrophotometric data it is possible to calculate
with good confidence level ApK, values up to 2 units. Usually the ApK,
values obtained using different data treatment methods agreed well.

Method A — The least-squares of linear combination method.
When two partially dissociated compounds are in the same solution, the
Lambert-Beer Law for the net absorbance at wavelength A can be written:

A = [Aﬂﬁf\xg + [Aé]ej\% + [HA?A]GI/\{A?H + [HA?FI]E%A;H (3.4)
¢ values are normalized concentration absorptivities of the respective species
at a given wavelength. Equation 3.4 can be rearranged:

A A A A A A A
A = GHATFl + EHAg-‘rl + [A%](eAi - 6HA?-‘rl) + [Ag](EAE - GHA?—I) (35)

If there is a spectrum of a mixture where both compounds are in basic
form, then the net absorbance of the solution is defined as follows:

AN = [A7Jek; + [AZJeXs (3.6)

The terms on the right side of this equation can be expressed via ab-
sorbances of pure compounds in basic form multiplied by coefficients ¢; and
¢9, which are the ratios of concentrations in mixture and solutions of pure
compounds:

[Af]ers = clA’\A%pure and [Ajlexs = coAig (3.7)

2pure

If both compounds are in the basic form, then in the case of normalized
concentrations [A] =1 and [A3] =1 and equation 3.7 can be written:

A A A A
€Az = ClAA?pure and €3z = 24}, (3.8)

2pure

Coefficients ¢; and cy are constant over the wavelength range where
values of €* are not equal to zero. If equations 3.6 and 3.7 are combined
then it is possible to calculate the coefficients ¢; and ¢y from the spectrum
of every mixture of compounds in basic form and from the spectra of both
pure compounds in basic form by using the least squares minimization over
a wavelength range for S2:
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2 _ A A . A
§? = (A Al el
A

The same way as indicated above, if both compounds are in solution
only in the acidic form, we can write:

)* (3.9)

AN = [HAT e o + [HAT ey (3.10)

Taking into account also normalized concentrations, € values on the
right side of equation 3.10 can be expressed:

— A A _ A
= ClAHA?;}re and EHA;JA = C2AHA§;}M (311)

A
CHAZ+!
Analogously, the absorbance of the solution where the both compounds
are simultaneously in acidic or basic form, can be derived by combining
equations 3.5, 3.8 and 3.11 and by introducing dissociation level a; and aw

of compounds HA?Jrl and HA§+1, respectively:

AA = CIAI)‘\IAZ-I—I + CQAI)_\IAZ+1 +

lpure 2pure

z+1 z+1
HAlpure HA2pure

+ alcl(AX%pure — A )+ OQCQ(AXEPM — A ) (3.12)

This equation can be rewritten as a two-parameter («; and ag) linear
regression model as follows:

A)\ - clAA z+1 CQA)\ z+1 —
HAlgure HAZ?)_ure
= x1C1 (AAZ — A 1 ) + OZQCQ(A)\Z — A ) (3 13)
Alpure HA?;urc A2pure HAgg&rc :

By using the least squares minimization for S over the wavelength range
described in equation 3.14, the respective o1 and «y for the compounds in
solutions with different acidities are found as regression coefficients:

SP=N (AN~ A0 -

S 1pure
A A A
— g, — e, ~ A )
A A 2
—onep(dyy |~ A )7 (314)

2pure

Alternatively, intercept by can be introduced and the following three-
parameter regression can be used:
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AN — ¢ A — g AD =

HA?:&re HA;;}re
A A A A
=qaic1(Ar. — AL, + agco(Ar: — AL + by (3.15
1€1 ( Alpure HAlgjre) 2 2( A2pure HA2;&re ) 0 ( )

Normally the models 3.13 and 3.15 give very similar results. Model
3.15 permits to take into account slight baseline shifts that have occurred
between the measurements of spectra of pure compounds and mixtures.
Using the a; and ag values, the ApK, values are calculated according to
the equation 3.3.

From experiments it comes out that if the compounds have similar shape
of absorbance spectra but the difference in absorbance maxima is at least
6 nm, then this calculation method is usually well applicable.

Method B — The general method using only the spectra of mixture.

A frequent situation is that for one compound (compound 1) a con-
venient wavelength range can be found where the difference between the
absorbances of the acidic and basic form is large and the other compound
(compound 2) has an isosbestic point within the same wavelength range.
Usually in this case neither of the forms of the compound 1 have absorbance
within a longer wavelength range, where compound 2 has large difference
in absorbances of the acidic and basic forms. This situation was observed
for example in the case of all guanidine bases measured in paper II and
alkyl substituted phosphazene bases measured in papers III and I. Those
compounds (compounds 1 according to the above classification) have suit-
able spectral properties in the wavelength range of 215-235 nm, but do
not have any absorbance at longer wavelengths (starting from ca 250 nm).
Most of aryl-substituted phosphazene bases (compounds 2) have an isos-
bestic point in the range of 220-230 nm in AN and THF solution (e.g.
Figures 3.1 and 3.2). Therefore the wavelength of the isosbestic point of
the aryl-phosphazene base (compound 2) can be used for measuring the
protonation level of the guanidine and alkyl-phosphazene bases (compound
1) in the solutions.

The wavelength (denoted as A;) at which the compound 2 (denoted as
HA%™ and A%) has the isosbestic point is selected as the first analytical
wavelength. The absorbance of protonated and deprotonated forms of the
compound 1 (denoted as HA?+1 and A7) are different at that wavelength.
Thus the absorbance of the solution in that wavelength A; is:

AN — [HAgﬂ]egAiH + [Afleat + en (3.16)

In the spectrum of the mixture where both compounds are in the basic
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form, [HA%"1]=0 and [Af]=1 (in the case of normalized concentrations).
The absorbance of the solution at wavelength A; is:
A = ek + el (3.17)
In the spectum of the mixture where both compounds are in the acidic
form, [HA%"]=1 and [A%]=0 and the absorbance of the solution at wave-
length \; is:
Ay = 6HAZ+1 +e) (3.18)
In the case of normalized concentrations the dissociation level (a) of
compound 1 is equal:
— (A7) (3.19)

From equations 3.16, 3.17 and 3.18 the [A%] can be obtained as a funcion
of absorbances:

A/\1 _ AN
o =——t (3.20)
AA AIA;ALH

The dissociation level of the compound 2 is found at longer wavelength
Ao where compound 1 does not absorb. The absorbance at \g is expressed
as:

AN = [HAZT )M +[AZ]EAZ (3.21)

Az+1

The dissociation level for HA;Jrl can be written:

HAZ! Aj}f’z AN
g = [z+12 ] — = v (3.22)
[HASTT+[AS] A - A HAZH

The calculation of ApKj, is according to the equation 3.3.

Method C — The method to take homoconjugation into account if the
spectrum of the homoconjugate complex can be approximated as the sum
of the spectra of the neural acid and its anion.

In the case of some acids (perfluorinated phenols and sulfonic acids),
it was necessary to take homoconjugation into account (see IV). Let us
denote the compound that forms a homoconjugate complex as compound 1
(HA?H) and the compound that does not form a homoconjugate complex
as compound 2 (HA§+1). In this case the analytical concentration Cy of
the compound HA%‘H can be expressed as follows:
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Oy = [A%] + [HATT) + [HA; - - AP (3.23)

We assume that the molar absorption coefficient € of the homocon-
jugate complex HA; -- -A%ZH between protonated form of HA?Jrl and its
deprotonated form A7 can be expressed as a sum:

e(HA; --- A3"T1) = ¢(A%) + e(HAZT) (3.24)

Now using the least-squares of linear combination method (see method
A) and models 3.13 or 3.15, we can calculate apparent dissociation level
Qlapp, Which is:

AZ HA --- A2z+1
Qapp = A+ Cll . (3.25)

Qiapp contains also analytical concentration of homoconjugate complex
[HA; - A2H1,

It is known, that Kapa (the homoconjugation constant) is the con-
stant of formation of the homoconjugate complex HA; - - - A%ZH and from
equation 2.14 we can write:

a(HA; - A¥)
a(Af) - a(HAT™)
We assume that the activities in equation 3.26 can be replaced with

concentrations and for now on we use only concentrations instead of activ-
ities:

Kama = (3.26)

[HA1 . _A%z—i-l]
[A%] - [HATH)
Combining the equations 3.23, 3.25, 3.27 and 3.26, then the relative
concentration of the complex HA; - - -A?ZH can be found:

Kama = (3.27)

. 1 1 2

[HAl"'A% +1] _ 1+CI‘KAHA _ <1+ Cl‘KAHA> — ttapp - (1 — Capp)
C; = 5 B) app app
(3.28)
Now [A%]/[HA%™] can be calculated:
HA ...A22+1
I (329
z+17 A ~-A2Z+1 ‘
[HA1 ] 1 — iapp — [H 1011 ]
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With known [A%]/[HA%"!] the calculation of ApK, is as follows:

AfI(1 — a9

[
ApK, =1 3.30
PAa og [HA?+1]O£2 ( )

Method D — The method to take homoconjugation into account if the
spectrum of the homoconjugate complex cannot be approximated as sum
of the spectra of the neural acid and its anion.

If a neutral acid forms homoconjugate complex with its anion exten-
sively and if the protonation site is directly bound to an aromatic ring (e.g.
phenols) then the spectrum of the homoconjugate complex is different from
that of the sum of spectra of the anion and the neutral. This leads to ab-
normalities in UV-vis spectra during the titration of the pure compound.
In particular the spectra do not have isosbestic points anymore evidencing
that there is a more complex equilibrium in the solution than just between
two forms of a compound. In this case, it is possible to calculate from the
titration data of the pure compound the spectrum of the homoconjugate
complex using the concentration of the compound, amount of moles of basic
titrant added and the homoconjugation constant Kapa.

The compound that forms a homoconjugate complex is HA?+1 and the
compound that does not form a homoconjugate complex is HAZH. We
assume that the two compounds do not form a heteroconjugate complex
(this assumption holds if HA%™! is a CH or NH acid with hindered acidity
center and giving a charge-delocalized anion on deprotonation).

At a given point of the titration the concentrations of the protonated
form HATH and deprotonated form A7 in solution, which we can calculate
directly from the mass of added titrant to the solution are apparent concen-
trations, because a part of the species are bound into the homoconjugate
complex:

[HAT ]y = [HATH] 4 [HA, - AZH] (3.31)

and

[Aflapp = [AT] + [HA; - AT (3.32)

The same apparent concentrations can be found via the analytical con-
centration C7 of HA%+1 and its apparent dissociation level aapp:

[HA:ZlH]app = (1 — atapp) - C1 and [AT]app = Qapp - C1 (3.33)

The apparent dissociation level aqapp is the ratio of mass of titrant
added up to the current point and the total mass of titrant added to the
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solution by the end of the titration. The apparent dissociation level is
the dissociation level which does not distinguish between free deprotonated
form and protonated form of the compound and those bound into the ho-
moconjugate complexes.

Using equations 3.27 and 3.31 we get the quadratic equation:

[HA; - ..A%Zﬂ]?f

— ([AfJapp + [HAT app + ) [HAL - AP+

AHA
+ [Aﬂapp : [HA?H]app =0 (3-34)

The concentration of the complex HA; - - ~A?Z+1 can be found:

1 z+1 7
——— + [HA? a0 + [A%].
[HA; -- -A%ZH] — Kana [HAT 2] pp + [A7] PP

\/([Aﬂapp + [HAT app + ﬁ)g —4- [Aapp - [HAT app
2

_l’_

(3.35)

After we know [HA; - -- A%ZH], from equations 3.31 it is possible to cal-
culate the real concentrations of [HA*™!] and [A%]. Using the analytical
concentration C of acid HA%+1 it is possible to get the relative concen-
trations of the species HA?H, A% and HA; - -- A%ZH in the solutions with
different dissociation levels (corresponding to different points of the titra-
tion). The relative concentrations [HAT‘l]rel, [A%];e and [HA; - - A%Z‘H]rel
show how large is the proportion of the corresponding species in the so-
lution. From these relative concentrations and the spectral data it is now
possible to calculate the spectrum of the homoconjugate complex. The
spectrum of the same species (ie the homoconjugate complex) has to be
the same in solutions of different dissociation levels. The expression for
total absorbance of the solution at any dissociation level using relative con-
centration of particles at wavelength A is:

Ai\pure = [AﬂrelAl)&{pure + [HA€+1]r61AI)_\IAz+1 +

lpure

—+ [HA]_ e A%Z+1]relAI)‘\IA1~~-A?Z+1 (336)

The A{‘ values are the absorbances of the respective individual species
at concentration C; and wavelength A. From the equation 3.36 we get the
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absorbance Ai\l ApAZeH of the hypothetical solution containing only the
A2
homoconjugate complex HA{ - - - A%ZH at concentration Ci:

1
Ai\pure - [A?]YEIAzfpure - [HA?F ]relAgAbq

Lpure (3.37)

A%A A2 T 2241

175 [HAI . 'Al ]rel

The spectra of the homoconjugate complexes were calculated from dif-
ferent titration points in the middle of the titration run (where the concen-
tration of the homoconjugate complex is the highest) and were averaged.
The averaged spectrum was used for calculation of the ApK, value as de-
scribed below.

To calculate the ApK, value from a titration point of the mixture was
first necessary to find the coefficients ¢; and co, which show the ratios
of concentrations in the titrated mixture of two acids HA?Jrl and HA;“H
and in the separate titrations of the pure acids. The calculation of these
two coefficients are described at method A. The absorbance of the solution
containing mixture of the two acids at wavelength A can be calculated as
follows:

AN = A} + A) (3.38)

Where A% and A% are the absorbences of HA?+1 and HA;‘*‘1 in mixture.
A? can be expressed as the sum of absorbences of the pure forms multiplied
1 p b p
by their relative concentrations in the mixture:

Ai‘ = Cl([AﬂreLmixAg%pme + [HA%+1]rel,mixA?IAZ+1 +

lpure

+ [HAl o 'A%ZJrl]rel,mixA)\

HA1~~~A%Z+1) (3'39)

The absorbance of acompound 2 at a certain dissociation level can be
also written using absorbances of the pure forms of compound 2:

A%‘ =cC2 [OQAXgpurc + (1 — ag)AHAz+1 ] (340)

2pure
Dissociation level of compound 2 is found at a longer wavelength where
the compound 1 does not absorb:

A>‘
A) = X 3.41
2

The apparent concentrations of HATH and A7 in the mixture are found
from the apparent dissociation level of HA?Jrl in the mixture aapp mix as
follows:
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[HA:Z[J'_l]app,mix = (1 - alapp,mix) cc1-Cy (342)

and
[Aﬂapp,mix = (lapp,mix * C1 * C (343)

The concentration of the homoconjugate complex [HA; - - - A%ZH]miX is
found as follows:

1 z+1 . VA .
[HAl e A%Z-ﬁ-l]mix — KanA + [HAI ]ap2P7mIX + [Al]app,mlx+

\/( [Aflapp,mix + [HA?H]app,miX + ﬁ)z — 4 - [Aflapp,mix - [HA?H]app,mix
2

_l’_

(3.44)

The real equilibrium concentrations of HA%™' and A7 in the mixture
are found as follows:

[HAT  mix = [HAT app mix — [HAL -+ AP i (3.45)
and
[Aﬂmix - [Aﬂapp,mix - [HAl . 'A?ZJrl]miX (346)
The relative concentrations  [HAZ™ o) mix, [A7]relmix  and
[HA; - --A%ZH]rel,mix can be found from the respective absolute concen-
trations:
z HAZ+1 mix
[HAl—H]rel,mix = [ 101 ]7 (3.47)
and
AZ mix
[Aﬂrel,mix = [ Cl]l (3.48)

After combining equations 3.38, 3.39 and 3.40 we get:

AA == Cl([Aﬁ]relamiXAg%pure_‘_
+ [HA?—H]rel,mixAI):IAerl + [HAI e A%Z+1]r‘317miXAI>:IA1'“Afﬁl)+

lpure

+c [agAgépure +(1—)A) i | (3.49)

2pure
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Equation 3.49 models the spectrum of the mixture of compounds HA?H
and HA;Jrl via the spectra of the pure forms of the acids and the concen-
trations of the species in the mixture. Least squares minimization proce-
dure between two different spectra - experimental and modeled spectra (see
equations 3.50 and 3.51) can be used.

S% =) (AL, — AY)? (3.50)
A

This equation can be rewritten as:

S2 = Z[Aé\xp - Cl([Al_]rel,mixAgz

lpure
A

+ [HA?—H]rel,mixAI)_\IA?Jrl
pure
+ cQ(aQAgépme + (L= a)A) 0 )P (3.51)

2pure

+ [HAI e A%Z—H]rel,mixA)\

HA1---A§Z+1)+

The dissociation level ay of HA;Jrl and the apparent dissociation level
Q1app Of HA?Jrl corresponding to the minimum difference between the ex-
perimental spectra and those calculated by equation 3.49 are found by
least squares minimization of S? over the used wavelength range using the
two « values as adjustable parameters. The concentrations [HA]ZL'H]reLmiX,
[AT]relmix and [HA; - --A%ZH]reLmiX are linked to ayapp by equations 3.42
to 3.47. The real protonation level a; is found as follows:

[Aﬂmix
[AjZL ] mix T [HAT’— ! ] mix

In the case of phenols, the minimization procedures were usually carried
out in the wavelength range 250-290 nm. In this range the difference of
the spectra of the corresponding phenol and phenolate anion is the largest.
Using the a1 and as values, the ApK, value at the given titration point
can be calculated according to equation 3.3.

a1 = (3.52)

Method E — Calculation method using concentrations.

In some cases (“invisible compound” (for example, aliphatic amines,
alkyl-phospazenes, alkyl-alkohols, etc.) ws. “visible” aromatic com-
pounds) the calculations have been carried out on a molar basis. The
solution containing a mixture of known amounts (in moles) of “invisible”
and “visible” compounds was titrated with titrant of known concentration.
From the added titrant mass and its concentration, the amount (in moles)
of titrant in the cell was found. The dissociation level of the “visible”
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compound was calculated from the spectra of the mixture, using fully pro-
tonated and fully deprotonated spectra of that compound. The calculation
is the same as described at the method B. Knowing the amounts of the
“visible” compound, its dissociation level and titrant added, the dissocia-
tion level for “invisible” compound was calculated. The ApK, calculation
is then straightforward according to equation 3.3. This method is based
on the original method from Kolthoff et al.* It is not as accurate as other
mothods but usually a good agreement between other methods (if it is pos-
sible to use) have been found. It is possible to use the same method if
“invisible” compound forms homoconjugate complex.

3.2. Absolute pK, Values, their Consistency and
Uncertainty

The pK, values for individual acids were found by minimizing the sum
of squares of differences between directly measured ApK, values and the
assigned pK, values (including pK, value of the anchor compound of the
scale):

nm
uw= [ApK] — (pK.(HAZ") — (pKL(HAZ)?  (3.53)
i=1

The sum is taken over the measurements between all compounds in-
cluded in the scale whereby pK,® is the result of a relative acidity mea-
surement of acids HA?Jrl and HA%+1 (HA;Jr1 is the acid with higher pK,
value). pK,(HA*™) and pK,(HA%™) are the absolute pK, values for the
two acids as found by the least squares procedure (with different i values
different acids are involved). The precision and the consistency of the re-
sults can be assessed using a standard deviation as defined by equation

3.54:

s= ) —o (3.54)
Ny, — Ne

where n,, is the total number of measurements, n. is the number of
pK, values determined. The consistency parameter s has been given for
every measured acidity and basicity scale in this work.

Uncertainty estimation for measured pK, values have been carried out
for neutral bases in AN solution.’® The uncertainties of the pK, values
are defined in different ways. One approach is based on the ISO GUM5!
methodology and involves careful analysis of the uncertainty sources and
quantifying the respective uncertainty components. The second approach
is based on the standard deviation that has been used for characterization
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of the consistency of the scale (equation 3.54). Also, the uncertainty of pK,
value of the anchor compound has been either taken into account or not.
It comes out that uncertainty of the pK, values is the larger the farther
away the compound is removed from the anchor compound on the scale.
The uncertainty of the pK, of the first and last compound on the scale
is around two times larger than the uncertainty of the pK, value of that
to adjacent to the anchor compound. In the case of neutral bases in AN,
the uncertainty ranges are 0.12-0.22 and 0.12-0.14 pK, units at standard
uncertainty level for different bases using the ISO GUM and statistical
approach, respectively, if the uncertainty of pK, value of pyridine is taken
into account. If the uncertainty of pK, value of pyridine is not taken into
account, the ranges of uncertainty values are 0.04-0.19 and 0.02-0.08 pKj,
units, respectively. In the case of neutral acids in AN, the uncertainty values
may be higher — the homoconjugation should be taken into account and
water and other impurities may influence measured ApK, values of acids
more than those of bases. In other solvents (DCE, THF) the uncertainty
values are most probably still higher. In the solvents with lower polarity the
influence of water and impurities to ApK, values is higher and probability
to form associate and conjugate complexes is very high.

3.3. Chemicals and Solvents

The origin and synthesis of the used compounds have been described in
publications I-V. In the case of commercially available chemicals the purity
was the most important criterion in choosing the vendor. The solvent
suitable for our work must be very dry and the concentration of any acidic
and basic impurities and those that absorb UV radiation must be very
low. The commercial AN, THF and DCE were used (Romil, Super Purity
Solvent, assay 99.9%, water content <0.005%). AN was used as recieved.
The water content determined by coulometric Karl Fisher titration was
below 0.004%. DCE was additionally dried before use with molecular sieves
(3A, 8-12 mesh) for at least 2 days. The water content determined was
up to 0.0005%. THF was distilled from LiAlH, under argon before every
measurement. The best way to assess the solvent purity (apart from water
content) with our method is to examine the sharpness of the low-wavelength
isosbestic points in the spectra of compounds during the titrations.

3.4. Experimental Setup

All procedures involved preparation of solutions and acid-base titrations
were carried out in a commercial glovebox under an atmosphere of argon.
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The atmosphere in the glovebox was constantly circulated through a purifi-
cation system containing activated carbon, molecular sieves and activated
copper for removing residues of volatile organics, water vapor and oxygen,
respectevly. The residual concentrations of water and oxygen in the atmo-
sphere of the glovebox were constantly monitured and they were usually
under 1 ppm.

For spectrophotometric titration, a commercial UV-vis spectrophotome-
ter equipped with an external sample compartment positioned in the glove-
box was used. The external sample compartment was connected to the
spectrophotometer via quartz fiber-optic cables. The temperature in the
external sample compartment was monitored and it was between 23-27°C.

Working solutions were preapared gravimetrically by dilution of the
stock solution using mainly syringe technique. Vials and pipettes used in
this work were washed with ethanol before heating in an oven at 150°C for
at least 6 hours and were then immediately transferred to the glovebox.
Usually all solutions were used within 3 days. The solution of EtP2(dma)
in AN cannot be used for longer than one day.

3.5. Theoretical Gas-Phase Acidity and Basicity
Calculations

AG,ciq of an acid HA is the Gibbs free energy change on deprotonation of
the acid according to the following equilibrium:

AC"aucid
HA S A-+HT (3.55)
Gas-phase basicity AGpase and proton affinity (PA = AHy,ge) of a base
B refer to the following equilibrium:

AGbasc

AHpase
B+H* = HB* (3.56)

The AG,cq and AGpase values were calculated taking zero-point ener-
gies, finite temperature (298 K) correction and the pressure-volume work
term into account. Density functional theory (DFT) calculations at B3LYP
6-311+G** level were used. The Gaussian 03 system of programs was
used.?® Full geometry optimizations were carried out for all neutrals, an-
ions and cations. Several different starting geometries were used in doubt-
ful cases. In order to confirm that calculated structures correspond to true
minima, frequency calculations were run in all cases and the absence of
imaginary frequencies (Nimag = 0) was taken as the criterion of the stabil-
ity of the species.

45



4. BASES

According to the Brgnsted-Lowry definition, bases are compounds which
are able to bind proton. The stronger the base, the more stable is the con-
jugate acid of that base. Neutral bases have great practical use in synthesis
but ionic bases are widely used. Anionic superbases are for example alkyl
lithium compounds, lithium dialkylamides, potassiom alkoxides, hydrides
and mixtures of those compounds. Inorganic superbases — alkali metal hy-
droxides and oxides and nitrides are also widely used. But it is not always
possible to use ionic bases. The insufficient solubility in many solvents, in-
stability of many of them and harshness are the main problems using ionic
bases. Nonionic superbases have the advantage that, unlike strong ionic
bases, unwanted side reactions are minimized or eliminated completely.
Well-known nonionic superbases are DBU, TMG, Proton Sponges, etc. but
these bases are too weak compared to the alkyl and aryl metal, metal amide
and other ionic superbases (AGpase of DBU is 243 kcal/mol, but for ¢-Bu~
406 kcal/mol). Therefore, organic neutral superbases which would be easy
to handle and at the same time would have base strength approaching that
of the ionic superbases would be very useful for many chemists.

During the recent years, Verkade and his group have developed a series
of derivatives of bicyclic phosphines, proazaphosphatranes.®® These bases
are stronger than any known amines, DBU, TMG, etc. but not as strong
as Schwesinger’s phosphazene base t-BuP4°* % whose pK, value in AN
is predicted to be 43 units. Basicities of phosphazene bases (or phospho-
rus imines or iminophosphoranes, see Figure 4.2 for the main structures of
phosphazene bases) and their analogues, phosphorus ylides can be tuned
by varying the number of phosphorus atoms and substituents (see sections
4.1. and 4.3. and I and III). Using this approach a large and diverse family
of extremely strong noncharged organic bases — P;~P5 phosphazene bases?®
have been developed. In the present work a new family of neutral organic
superbases — guanidinophosphazenes have been introduced (see section 4.3.
and IIT). These hydrolytically stable bases starts to become rather useful
organic reagents. Besides the enhanced basicity, they combine high solubil-
ity in apolar to moderately polar organic solvents, easy handling and easier
workup through cleaner reactions, low sensitivity to moisture and oxygen,



and the possibility to operate at lower temperature and higher selectivity.

N,N,N’,N’-tetramethyl guanidino (tmg) group has been useful building
block for designing a plenty of new superbases (see also sections 4.2. and
4.3. and III and II). Proton Sponges, polyguanides and other compounds
containing tmg groups have been published.?”>?

Designing such nonionic superbases whose protonated forms would have
well delocalized positive charge and neutral forms would be stable, is essen-
tial of high interest for many chemists. To allow optimal use of the bases,
the pK, values of many conventional bases and superbases have been mea-
sured in AN and in THF. The measurements of strength of bases, including
superbases, are necessary for their optimal use, for design of new bases and
for advancing the general understanding of acid-base chemistry.

4.1. Comprehensive Basiciy Scale in Acetonitrile

The primary goal of this part of the work (see I) was to expand signif-
icantly the existing self-consistent scale toward superbasic direction and
also toward weaker basicity area for several pK, units. Second, due to the
abundant new data, we are now in the position to critically review the ab-
solute basicity values assigned to the bases in earlier works using pyridine
as the reference base.%% 62 We will now compare our data with the data
of 13 different research groups. On the basis of this comparison, we can
shift the reference point of our scale (which is a relative scale) and reassign
new absolute values to the compounds in such a way that the agreement
between our data and the data of the other authors is the best possible.
The earlier compiled self-consistent spectrophotometric basicity scale in
ANYY was expanded to range from 3.8 to 32.0 pK, units, that is 28 orders
of magnitude. Altogether 302 relative basicity measurements (ApK, mea-
surements) were carried out and 136 compounds are currently present on
the scale. The scale contains now bases from very different families of com-
pounds — phosphazenes, bispidines,®® alkylamines and alkyldiamines,%* sub-
stituted guanidines (see section 4.2. and paper II), porphyrines,%! pyridines,
anilines, etc. The relative basicity of any two bases in the scale can be ob-
tained by combining at least two independent sets of measurements. Mul-
tiple overlapping measurements make the results more reliable. The overall
consistency (as defined earlier) of the measurements is s = 0.04 pK, units.
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Table 4.1: Continuous Self-Consistent Basicity Scale of Neutral Bases in AN

Base pK 4(AN) Directly measured ApK , values
BAl  4-MeO-CqH,Ps(dma) 31.99 n
BA2 PhPy(dma) 31.48 —OG 0.58
BA3  PhP,(tm 3138 —
«tme) 0.15 0.98
BA4  2-Cl-CgH,4P5(pyrm)sNEt, 31.19
70
BA5  4-CF3-CqH,Ps(pyrm) 30.50 052
BA6  2-Cl-CoH,P;(dma),NEL, 30.16 —1'(1;1. 5 T
BA7  2,5-Cl,-CeHaPs(pyr)eNEL, 29.16 - 105 —x
BA8  4-CF3-CgH,P3(dma) 20.10 ———0.10 ; —=
BA9  PhP,(tmg),dma 29.07 >
0.93 0.64
BA10  EtP,(pym) 28.88 T 0.86
BA11 t-BuPy(pym) 28.42 ——0.61 1.6
1.36 0.17
BA12  4-MeO-CgH,P,(pyrr) 28.23 3 0.86 v T
BAI3  PhP,(pym) 27.55 —3-0.69 }
1.05 0.02
BAl4 MeP,(dma) 27.52 4044 —X
121 0.95 l
BA15 N,N',N"-[(CH,);NMe,],-guanidine 27.15 0.55
0.60
BA16  HPy(pyrr) 27.01
BA17  t-BuPy(dma) 26.98 1.59 1.70
BA18 N ,N'-[(CH,);NMe,],,N" -propylguanidine 26.63 0.34
0.55
BA19  PhP,(dma) 26.46 .[
BA20  4-Br-CgH,P,(pyrr) 26.32 0.46 |
BA21 TBD 26.03 ot 0.61
BA22 HP,(dma) 2585 —1.03— .I.
BA23  N-[(CH,);NMe,],N',N" -dipropylguanidine 25.85 104 o
BA24 MTBD 25.49 0.56 :
0.08
BA25  2-CI-CgH4P,(pyrr) 25.42 5 33
BA26  4-CF3-CoH,P(pyrr, 25.29 ¥ 0.51 —x
3-CeHaP2(pyrT) T 035
BA27  N,N',N"-tripropylguanidine 24.92 0.45 0.62 oho X
BA28 N ,N'-[(CH,);0Me],,N" -propylguanidine 24.84 +
[(CH,)3 To. prop) 05 0.61 l
BA29  N-[(CH,);OMe],N',N" -dipropylguanidine 24.81 17 o6
BA30 N,N',N"-[(CH,);0Me];-guanidine 24.74 -
0.08
BA31 PhP,(dma),tmg 24.68 -
BA32 DBU 24.34 0.45
BA33  2-Cl-C¢H,P,(dma) 2423 =045 —
BA34  4-NMe,-CeH4Py(pyrr) 23.88 1.20 =
T 111 050
BA35 TMG 2337 —0.77 ¥
0.24
BA36  4-MeO-CgH P (pyrr) 2312 1.55 -3 1
BA37 N,N'-Me,-Bispidine 22.74 .74 1.62 —
0.41
BA38  PhP,(pyrr) 22.34 ¥
0.63
BA39  (-)-Sparteine 21.66 X 0.68 T
BA40  Bispidine 21.55 I
BA41 N ,N'-Bn,-Bispidine 21.38 ———1.09 0.42
254 ‘[ |
BA42  N,N'-(CHMePh)2-Bispidine 21.25 - +
177 003 | 0.21 T 050 l
BA43  PhP,(dma) 21.25 T 3-0.08 j, 0.36 |
o .23
BA44  4-Br-C4H,P,(pym) 21.19 — l 0.43
0.10 0.42
BA45 PhP,(dma),Me 21.03 0.63— 1 *
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BA45
BA46
BA47
BA48
BA49
BAS0
BA51
BA52
BA53
BAS4
BAS5
BAS6
BAS7
BAS8
BA59
BA60
BA61
BA62
BA63
BAG4
BA65
BA66
BAG7
BA68
BAG9
BA70
BA71
BA72
BA73
BA74
BAT5
BA76
BA77
BA78
BA79
BASO
BASL
BA82
BAS3
BA84
BASS5
BA86
BAS7
BASS
BA89
BA90

PhP,(dma),Me

PhTMG

1-NaphtP4(pyrr)

N ,N'-Me,-1,3-Diaminopropane
2-CI-CgH4P4(pyrr)
4-CF3-CgH4P4(pyrr)
N,N,N',N'-Me4-1,3-Diaminobutane
N -Me-1,3-Diaminopropane
N,N,N',-Me3-1,3-Diaminopropane
N,N,N',N'-Me4-1,4-Diaminobutane
1,3-Diaminopropane

2-Tol-1-BG

NN -Me2-1,3-Diaminopropane
Pyrrolidine

Piperidine
N,N,N',N'-Me4-1,3-Diaminopropane
Homopiperazine
2-CI-C¢H,P,(dma)

MePrNH

Et;N

i-Pr,NH

Piperazine
N,N,N',N'-Me4-1,2-Diaminoethane
Proton Sponge

2,6-Cl-CgH3P; (pyrr)
2,5-Cly-CgH3P; (pyrr)
4-NO,-CgH,P;(pyrr)

PrNH,

4-Pyrr-Pyridine

Me,EtN

PrsN

N -Me-Piperidine

Me,BuN

N -Me-Piperazine

4-NMe,-Pyridine

N N'-(CHPh,),-Bispidine
2-NO,-4-Cl-CgH3P4(pyrr)
4-NH,-Pyridine

9-0-1,5-Me2-N ,N'-Bn,-Bispidine
N,N'-Me,-Piperazine
2-NO,-5-CI-C¢H3P, (pyrr)
9-O-N,N'-Bn,-Bispidine
PhCH,NH,
2-NO,-4-CF3-CgH3P4 (pyrr)
2-NH,-Acridine

2-NH,-1-Me-Benzimidazole

21.03
20.84
20.61
20.39
20.17
20.16
20.09
20.04
20.01
19.93
19.70
19.66
19.57
19.56
19.29
19.27
19.10
19.07
18.92
18.82
18.81
18.69
18.68
18.62
18.56
18.52
18.51
18.43
18.33
18.33
18.25
18.25
18.24
18.07
17.95
17.79
17.68
17.62
17.48
17.36
17.27
16.95
16.91
16.54
16.39
16.31
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BA90

BA91

BA92

BA93

BA94

BA95

BA96

BA97

BA98

BA99
BA100
BA101
BA102
BA103
BA104
BA105
BA106
BA107
BA108
BA109
BA110
BA111
BA112
BA113
BA114
BA115
BA116
BA117
BA118
BA119
BA120
BA121
BA122
BA123
BA124
BA125
BA126
BA127
BA128
BA129
BA130
BA131
BA132
BA133
BA134
BA135
BA136

2-NH,-1-Me-Benzimidazole
2-NH,-Benzimidazole
2,3-(NH,),-Pyridine
2,4,6-Me;-Pyridine
2,4-(NO,),-CgH3P4(pyrr)
2,6-(NH,),-Pyridine
2-NH,-Pyridine
2,6-Cl-4-NO,-CgH, P, (pyrr)
4-MeO-Pyridine
3-NH,-Pyridine
2,6-Me,-Pyridine
2,6-NO,-CgH3P4(pyrr)
N,N'-Ph,-Bispidine
9-0-1,5-(COOMe),-N ,N'-Bn,-Bispidine
9-0-1,5-N ,N'-(CHPh,),-Bispidine
2-Me-Pyridine

Pyridine

OEP

4-MeO-Aniline
2-methylkinolin-8-amine

N ,N -Me,-Aniline

Aniline

2-Me-Aniline

TPP

5-NO,-Benzimidazole

T™MP

MePh,P

TCPP

2-MeO-Pyridine
1-Naphthylamine
3-Cl-Pyridine

4-Br-Aniline

2,4-F,-Aniline
9-0-1,5-(COOMe),-N ,N' -Ph,-Bispidine
4-CF3-Aniline

2-Cl-Aniline

3-NO,-Aniline
4-F-3-NO,-Aniline
2,6-(MeO),-Pyridine

PhsP

2-Cl-Pyridine
4-NO,-Aniline
2,5-Cly-Aniline

Ph,NH

2,6-Cly-Aniline
2-NO,-Aniline
4-Cl-2-NO,-Aniline

16.31
16.08
15.24
14.98
14.88
14.77
14.47
14.43
14.23
14.17
14.13
14.12
13.97
13.81
13.48
13.32
12.53
12.37
11.86
11.54
11.43
10.62
10.50
10.41
10.39
10.15
9.96
9.94
9.93
9.77
9.55
9.43
8.39
8.11
8.03
7.86
7.68
7.67
7.64
7.61
6.79
6.22
6.21
5.97
5.06
4.80
3.80

=
l—_ 4+
w

=)
N

o
w

o
WA
a

=)
X

0.06

—-172

—1.15

= 0.430.85

—0.03

—1.57 =—— 025 T

0.17
3

28 1

0.17

0.25

Some of the measurements have been omitted for clarity

50



Anchoring the Scale. Thorough analysis of all of experimental data
(pK, values of this and earlier works) and experimental pK, data in AN
available in the literature (works from the groups of Coetzee and Padman-
abhan, Kolthoff and Chantooni, Jr., the Schwesinger group, Bren’ et al.
and some others, altogether 19 papers) was carried out.

Basicity scale in AN has been previously®® anchored to the pK, value
of pyridine: 12.33 determined by Coetzee and Padmanabhan.'® In light of
the new data obtained in this work it is now reasonable to reexamine this
anchor point.

Available pK, data in AN for the bases studied in this work have been
collected. There are seven major papers where pK, values for bases in AN
have been published: The paper on basicities of amines (including aniline
and pyridine) by Coetzee and Padmanabhan,'® the papers of basicities on
weak bases by Kolthoff et al.,?496566 the contribution from the Schwesinger
group on simple alkylphosphazenes, amidines and guanidines,®* substituted
pyridines from Augustin-Nowacka and Chmurzynski,®” pyridines and ani-
lines from Pawlak et al.%%69 anilines from Bren’ et al.”™® and arylphosp-
hazenes using '*C and '"H NMR from Rodima et al.3¢ There are still some
other contributions'>7~76 that contain less data. If we correlate the lit-
erature pK, values from particular research group in AN with the values
from our present work (anchor compound pyridine, pK, value 12.33) we
can make the following observations:

1. A correlation series of the present data with literature values from
particular author(s) shows in some cases (works of Coetzee,'6 Kolt-
hoff,?49:6566 Bren’, 70 Zvezdina,” Schwesinger®® and Augustin-No-
wacka®7) close to unity slope (deviation is less than 0.03 units), where-
as others differ more significantly (more than 0.07 units) from unity
(works of Pawlak®:% and Rodima3®).

2. The same correlations show that in some cases (works of Coetzee,

Kolthoff,%49:6%:66 Bren’, "0 Zvezdina,”® Schwesinger®®) the standard
deviations of the regression line are small (less than 0.17 pK, units),
whereas in some cases (works of Pawlak,®®%® Augustin-Nowacka,57
Rodima3®) the standard deviations of the regression line are larger
(more than 0.23 pK, units).

These two observations lead to the following conclusions. First, the
pK, values from groups that give in correlation of our data regression line
with slope close to unity give confidence, that our scale has no contraction
or expansion with respect to the data of other authors due to the different
experimental conditions (temperature, composition of medium, effects aris-
ing from impurities, ionic association, etc.). Second, as our basicity scale is
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Figure 4.1: Compounds in Tables 4.1 and 4.4
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self-consistent by its nature, the pK, values from a particular group that
give on correlation with our results regression lines with relatively small
standard deviations are truly close to self-consistency by themselves and
can thus be considered reliable.

Thus, the experiments by Coetzee,'® Kolthoff,%49:6%:66 Bren’, "0 Zvez-
dina™ and Schwesinger®® for measurement of pK, values can be consid-
ered to be carried out at nearly the same conditions as ours and are self-
consistent. These works have altogether 26 common pK, values of bases
with our work (compounds BA10, BA11, BA14, BA17, BA21, BA24,
BA32, BA58, BA64, BA82, BA87, BA91, BA96, BA106, BA108,
BA111, BA121, BA124, BA126, BA131, BA135, BA136). In addi-
tion, there are two works™ 7 that both have only one common compound
(B68) with our scale, but for which we are not able to find a reason to
leave these values out from the sample. The overall correlation of all these
literature pK, values with our pK, values anchored to the pK, value of
pyridine 12.33 gives the following equation:

pK,(lit.) = 0.25 + 0.995p K, (this work) (4.1)
s(intercept) = 0.05, s(slope) = 0.003,n = 28, r% = 1.000, S = 0.11

The average value of our pK, values (scale anchored to pyridine pK,
value 12.33) of the range what has common part with literature pK, values
is 16.14 pK, units. At this point the difference between the hypothetical
literature pK, value described by the regression line and our average value
is 0.18 pK, units. The difference of hypothetical literature pK, value at our
anchor point value (pyridine, pK, = 12.33) described by the regression line
and our value (12.33) is 0.19 pK, units. We see, that these two approaches
yield virtually identical corrections. Hence, we have corrected all our values
increasing them by 0.20 pK, units. This way very good agreement between
our relative data and the absolute pK, values of the abovementioned au-
thors was obtained. The resulting corrected pK, values of the bases are
indicated in the Table 4.1.

Comparison of pK, Values of Anilines and Phosphazenes. It
is of interest to compare the basicities of the substituted PhP;(pyrr) bases
with corresponding anilines. pK, values of substituted anilines in AN cor-
relate well with pK, values of PhP(pyrr) in AN:

pK,(PhP;(pyrr)) = 14.61 4 0.706p K, (Aniline) (4.2)
s(intercept) = 0.38, s(slope) = 0.047,n = 9,72 = 0.970, S = 0.35
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For only 4-CgHy substitution the correlation is as follows:

pK,(PhP;(pyrr)) = 13.46 + 0.824p K, (Aniline) (4.3)
s(intercept) = 0.26, s(slope) = 0.027,n = 5,72 = 0.997, S = 0.12

As seen from Figure 4.3 and from equations 4.2 and 4.3, the basicity of
PhP; (pyrr) is less sensitive toward substitution in the aromatic ring than
basicity of anilines. Lower sensitivity can be due to the contribution of the
ylenic structure in the substituted PhPq(pyrr) series®® and delocalization
of the positive charge of the protonated form into the large phosphorane
moiety.

25

4-MeO

20 4

pK o(Phosphazene)

2,6-Cl,

4Cl2-NO, o

15

pK a(Aniline)

Figure 4.3: Correlation of pK, values in AN of phenylsubstituted anilines and
PhP; (pyrr) phosphazenes. The line corresponds to the correlation
equation of the para-substituted compounds. The most deviating
points belong to the 2,6-Cly- (BA69 and BA87) and 4-Cl-2-NO»-
substituted (BA81 and BA89) compounds.

Basicity of Phosphazenes. If we follow the change in free ion basici-
ties of PhP, (dma) (n =0 --- 3, compounds BA110, BA43, BA19, BA2)
in AN and THF we observe the following base strengthening effect upon
addition of phosphazene groups into a molecule, in AN: 9.82; 5.21; 5.02 pK,
units and in THF: 10.4; 4.6; 3.6 pK, units, respectively. The addition of
first N=P(dma)9 subunit into the amine BA110 molecule is more expressed
in THF (ratio 0.94). The addition of second and third N=P(dma)s subunit
into the molecules BA43 and BA19, respectively, the basicity is 1.16 and
1.36 times stronger expressed in AN than in THF. Schwesinger?® reports
in the row t-BuP,(dma) (n = 0 --- 5) the following base strengthening
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effect upon addition of phosphazene N=P(dma), subunits into a molecule
in AN: approximately 8.5, 6.61, 5.1, 4.1, 2.6 pK, units, last three being
extrapolated from experiments in other solvents. This row is quite similar
to the findings of this work.

\ N7/ \ N7
N\E,N N=p-N_
\ N7 N N
N N P=N N P=N N=R=N
N 'R oo
N-P-N"
I N
APK,(AN) 9.82 5.21 5.02
PK(AN) 1143 ——= 2125 26.46 31.48
ApK,(THF) 10.4 4.6 36

pK,(THF) 49 —> 153 —> 199 ——> 235

(4.4)

4.2. Basicity of Guanidines with Heteroalkyl Side Chains

Guanidine derivatives continue to attract interest among organic chemists
due to their versatile chemistry and interesting biochemical properties.””
Guanidine moiety is an important substructure in many molecules of bio-
logical importance such as arginine, creatine phosphate and purines.”® Due
to their strong basic properties guanidines also serve as useful catalysts in
a wide range of base-catalyzed organic reactions.” 83 Guanidine fragment
has been employed as an essential building block in computational tailoring
and synthesis of strong organic superbases®%4 88 (see also section 4.3. and
IIT). Particularly interesting in this regard were found to be guanidines
substituted with flexible heteroalkyl chains capable of forming multiple in-
tramolecuar hydrogen bonds.

The pK, values of seven novel guanidine derivatives, six of them poss-
esing heteroalkyl substituents capable of forming intramolecular hydrogen
bonds, are determined in AN and presented in this section and in the paper
II. The obtained pK, values range from 24.7 to 27.2 pK, units. The most
basic among the studied guanidines was found to be by ca 4 pK, units
more basic than the well-known superbase TMG.

Compound 1 (see Table 4.2 for numbering) possesses a propyl group at
each of the guanidine nitrogen atoms and cannot form hydrogen bonds nei-
ther in the neutral nor the protonated form. Hence, its basicity is mainly
governed by the resonance effect in the guanidine moiety of the protonated
form coupled with contribution associated with polarizability of the alkyl
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Table 4.2: Numbering of Guanidines with Heteroalkyl Side Chain

no.
no. R! R2 in Table 4.1
1 (CHy)»CH;  (CHa)>CHs BA27
/Rl 2 (CH2)3NM62 (CH2)20H3 BA23
N 3 (CH2)20H3 (CH2)3NM62 BA18
RZ\ J,J\ R2 4 (CH2)3NMe2 (CHg)gNMeg BA15
N N~ 5 (CHy)30Me (CHy),CHj BA29
H H 6 (CHy),CH;  (CH,)30Me BA28
7 (CHQ)gOMe (CH2)3OM6 BA30

groups. Thus, it is expected that its basicity should be similar to that
of previously studied poly-alkyl-substituted guanidine derivatives. This is
indeed found to be a case. The measured pK, value 24.92 is very close to
the pK, values of TBD (BA21) and TMG (BA35) in AN are (26.0 and
23.4, respectevly). Replacement of the propyl groups with the dimethy-
laminopropyl or the methoxypropyl chains opens possibility of forming in-
tramolecular hydrogen bonds which, as discussed earlier,3* could addition-
ally stabilize the protonated forms and increase the basicity of the parent
base. Comparison of the pK, value of 1 with those of its heteroalkyl ana-
logues shows that replacement of the propyl group at the imino nitrogen
in 1 by the 3-dimethylmetylaminopropyl chain (compound 2) increases its
pK, value by 0.93 units. Similarly, replacement of the propyl groups at the
amino nitogen atoms with the 3-dimethylaminopropyl groups (compound
3) results an increase of pK, value by 1.71 units. This corresponds to 0.86
units per amino nitrogen which is slightly less than in the case of imino ni-
trogen. Finally, the compound 4 containing three 3-dimethylaminopropyl
groups is found to be more basic than 1 by 2.23 units. This makes com-
pound 4 the most basic guanidine derivative in acetonitrile measured so
far. It is also interesting to note that replacement of the first propyl
chain with a 3-dimetylaminopropyl group in 1 influences basicity signfi-
canly, more than going from 3 to 4. On the other hand, the pK, values
of the methoxypropyl substituted guanidines 5 to 7 appear to be slightly
lower than the pK, value of 1. Thus, on passing from 1 to 7 a decrease in
total basicity of 0.18 units is observed. To be more specific, replacement of
the propyl groups at the amino nitrogens with 3-methoxypropyl chains in
1 leading to 6 results in a decrease in basicity of 0.1 units which is slightly
less than on going from 1 to 5 with the 3-methoxypropyl group attached
to the imino nitrogen. This in turn, results in the basicity order change
relative to dimethylaminopropyl-substituted guanidines 2 to 4. The trend
of changes in pK, values on passing from 1 to a series of 3-methoxypropyl
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Table 4.3: Calculation Results and Experimental pK, Values of Studied Guani-
dine Derivatives in AN

PA“ pK. pK.
compound (kcal/mol) (caled) (exp) ApK,
1H* 290.6 24.3 24.92 -0.7
2H* 293.5 25.7 25.85 -0.2
3HT 296.1 27.0 26.63 0.4
4H* 299.7 28.7 27.15 1.6
5HT 292.0 25.0 24.81 0.2
6H™ 294.2 26.0 24.84 1.2
TH* 295.5 26.7 2474 2.0
5H" (oc) 289.4 23.7 24.81 -1.1
6H™ (oc) 287.7 22.8 24.84 -2.0
7H™ (oc) 287.2 22.6 24.74 -2.1

@ PA of conjugate bases 1-7 and open-chain struc-
tures 5(oc)-7(oc).

guanidine derivatives strongly implies that formation of the intramolecular
hydrogen bonds in these bases in AN is questionable.

Computational (polarized continuum model in combination with B3LYP
6-311+G**//HF 6-31G* method) PA values of bases 1 to 7 in AN were
calculated (see Table 4.3). Theoretical pK, values were obtained from the
correlation equation found from the correlation between experimental pK,
values vs. computational PA values (in AN) of large number of strong ni-
trogen bases. The comparison of obtained values are presented in the Table
4.3. For bases 5 to 7 calculations were carried out for the cyclic, as well as
for the open-chain (in the Table 4.3 indicated as “oc”) structures.

Analysis of the results in Table 4.3 reveals that the calculated pK, val-
ues are in fair accordance with the experimental ones. However, there are
some larger deviations, like those in the molecules 4 and 7, where the num-
ber of intramolecular hydrogen bonds increases upon protonation. This
indicates that a part of the disagreement might have its origin in neglect-
ing the entropy contribution. In such systems the entropy change upon
protonation occurring due to the entropy of the incoming proton remains
fairly constant across the series of structurally similar compounds. On the
other hand, the structures with the heteroalkyl chains considered here are
stabilized by one or more intramolecular hydrogen bonds. This holds true
in particular for the protonated forms, which as a rule exhibit stronger hy-
drogen bonds than their parent bases. The next point of interest is that the
trend of calculated pK, on passing from 1 to the 3-methoxypropyl deriva-
tives 5 to 7 does not follow the order of the measured pK, values. This is
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not surprising as the PA values used are calculated for the GP geometries,
implying that structural features of the considered species (including the
geometry of the intramolecular hydrogen bonds) in the gas phase and AN
are the same. Therefore, in the case of 3-methoxypropyl guanidine deriva-
tives where this assumption apparently does not hold, larger deviations
between calculated and the measured pK, values can be expected. It is
interesting to note within this context that the AN pK, values of bases 5
to 7, when calculated for open-chain isomers reproduce qualitatively the
experimentally obtained order of pK, values, but in this case larger ApK,
values are encountered.

4.3. Basicity of Guanidinophosphazenes

A principle for creating a new nonionic superbases — guanidinophosphazenes
— is presented in this section (see III). The main idea for construction
of the new family of superstrong uncharged bases of the guanidinophos-
phazene type (see Figure 4.4 and also Figure 4.1) is to apply, instead of
the dialkylamino and tris(dimethylamino)phosphazeno fragments as build-
ing blocks, the strongly electrondonating and presumably less toxic®®:8°
tmg,5"8790 (1,3-dimethylimidazolidin-2-ylidene)amino (imme) or bis(tetra-
alkylguanidino)carbimino fragments to the phosphorus atom of the imino-
phosphorane group. TMG combines strong basic (BT44, pK;,(THF) =
17.0, pK,(THF) = 15.5, see Table 4.4) and nucleophilic properties. There-
fore, it is advantageous to apply this compound and its easily available
cyclic analogue, 1,3-dimethylimidazolidine-2-imine (BT43, pKj,(THF) =
17.2, pK,(THF) = 15.9) (derived from nontoxic 1,3-dimethyl-2-imidazoli-
done), as building blocks for designing new cheap organic superbases for
common use in organic synthesis. The enormous basicity-increasing ef-
fect according to this principle is experimentally verified for the tmg and
imme groups in the THF medium: the basicity increase when moving from
t-BuP;(dma) (BT37, pK, = 18.9) to t-BuP;(tmg) (BT3, pK, = 29.1) is
10 orders of magnitude.

To be synthetically useful, an organic superbase (along with having high
intrinsic basicity) has to be a hydrolytically stable compound. This require-
ment also applies to its protonated form. We assume that significant delo-
calization of the positive charge over the tmg groups due to the conjugation
of guanidino moieties with either a phosphorus atom of guanidinophosp-
hazene or a phosphonium center will reduce the electrophilic character of
phosphorus, providing the respective bases and phosphonium salts with
high hydrolytic stability. This assumption is supported by previous results
on the use of TMG for synthesizing a new generation of robust phase-
transfer catalysts with delocalized lipophilic cations.?™“2 The introduction
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Figure 4.4: Designations of the substituents

of one electron-donating tmg group into carbonium or phosphonium cen-
ters and three tmg substituents to a sulfonium center provided cations
with enhanced stability under extreme conditions (e.g. high temperature,
strongly basic media, powerful nucleophiles).?>% This led to expect simi-
lar hydrolytic stability also for the tmg-substituted carbimines and phosp-
hazenes.

Using the novel guanidino-phosphazenes (and some other bases) the
self-consistent basicity scale in THF medium%? has been expanded, now
spanning 24 orders of magnitude (Table 4.4). Basicity of eight nonionic
superbasic phosphazene bases, tetramethylguanidino-substituted at the P
atom, have been the key building blocks for expanding the basicity scale in
THF (basicity of three of those have been mesured also in AN, see Table
4.1 in section 4.1.).

In the papers of Raab et al.’” it was found that in AN solution the
basicity of Alder’s Proton Sponge increased by ca 6.9 pK, units when the
1,8-bis(dimethylamino) substituents in the naphthalene ring were replaced
with 1,8-bis(tetramethylguanidino) groups. As evidenced in this work, in
THF solution a similar change of the substituents in the naphthalene ring
results in a somewhat more modest (by 5.8 pKj, units) increase in the basic-
ity of the Proton Sponge. In THF, changing all three dimethylamino groups
in t-BuP;(dma), PhP;(dma), and HP;(dma) phosphazenes (see refs 95 and
62 for the pK, values in THF for thos compounds not presented in Table
4.4) to tetramethylguanidino groups increases the basicity enormously: by
10.2, 9.0, and 8.9 powers of 10, respectively. The basicity increase in the
pyrrolidinyl phosphazenes — ¢t-BuPj(pyrr), PhP;(pyrr), and HP;(pyrr) —
initially somewhat stronger, is 8.9, 8.3, and 7.8 pK, units, respectively.
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Table 4.4: Stronger Basicity Area of the Self-Consistent Basicity Scale of Neutral
Bases in THF

Base pPKip(THF) pK4(THF) Directly measured ApK i, values
BTL  S(-) CH(Ph)(Me)Py(imme) 20.1 295
BT2 R(+) CH(Ph)(Me)Py(imme) 20.1 295 o
BT3  t-BuP,(tmg) 28.4 201 —124—% =
BT4  HPy(tmg) 27.9 28.6 06—
BT5  4-MeO-CgH,P4(pyrr) 27.8 28.9 g X
BT6  (+/-) CH(Ph)(Me)P,(tmg) 27.2 27.6
BT7  PhP(pyrr) 27.1 28.1 150 Z: ;
BT8  4-MeO-CgH,P,(dma) 27.0 27.7 .70
BT9  t-BuP,(tmg),NEt, 26.4 26.8 5067
BT10 PhP,(dma) 26.3 270 —117 -
BT11  EtP,(pyrr) 25.9 266 ——0.77
BT12  4-Br-C¢H,P,4(pyrr) 25.8 26.9 057
BT13  2-Cl-CgH Pu(pym) 25.6 26.6 - 1054 T
BT14 EtP,(dma) 24.9 25.3 s Of
BT15  4-MeO-CgH Ps(pyrr) 24.9 25.7 o 0.68
BT16  PhP(pyrr) 24.2 25.1 o
BT17  PhP,(tmg) 23.7 243 T
BT18  4-MeO-CgH,P5(dma) 236 24.1 j 0.70
BT19 PhPs(dma) 23.0 235 - 1.28
BT20  4-CF3-CgH Ps(pym) 22.3 23.2 Y 130
BT21 TBD 217 210 —050
BT22  EtP(pyrm) 21.8 218 —F060 e
BT23  4-CF3-CgH,P5(dma) 21.2 217 —059 PETEEN
BT24  2-Cl-CoH,P3(pym)sNEt, 211 22,0 0.92—% 0.10
BT25 PhP,(tmg),dma 211 216 oL o P 0.26 I -
BT26  4-MeOCgH P,(pyr) 20.9 215 ———092 o5 o.ito T
BT27  HP,(pym) 20.9 209 —0.90 l o
BT28  MeP,(dma) 20.7 20.7 063 i -
BT29  2-Cl-CoH P5(dma)sNEL, 20.4 20.9 117
BT30  PhP,(pyrr) 20.3 20.9 o T 1.35
BT31 t-ButP,(pyrr) 20.3 20.3 o 0.49
BT32 HP,(dma) 19.7 19.7 =—097 0.85
BT33  PhP,(dma) 19.4 19.9 0.36 o
BT34  2,5-Cly-CgHaPa(pyrmsNEL, 19.3 20.2 17—~ 0.13 o
BT35  4-Br-CeH4P(pyrr) 19.3 20.0 T 0»|3—
BT36 BEMP 193 19.0 ™ 0.55 ots 10 l
BT37 t-ButP,(dma) 18.9 18.9 o8 110
BT38 MTBD 18.7 18.0 1.25 i
BT39  t-OctP,(dma) 185 185 5 1
BT40 DBU 18.1 16.9 0-14 o
BT41 PhP,(dma),tmg 18.1 184 —083
BT42  4-Me,N-CgH,P;(pyrr) 17.3 17.3 0.96 ")
BT43  IMME 17.2 15.9 T 02——13 i3
BT44 TMG 17.0 155 ——055 %
BT45  2-Cl-CgH,P,(pyrr) 16.9 17.6 0.2
BT46  4-MeO-CgH,Py(pyr) 16.8 16.8 o5 1
BT47 TMGN 16.5 168 —0O zo. s
BT48  PhP,(pyrr) 16.1 16.1
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The following pattern of basicity change is observed in the THF solu-
tion:

AN AN
| 'NT N
L o
N, ,~
N
\\'I\l/ \N—FI’—NPh \N ’FI\’I—NF‘h /N>§N E‘—NPh
N—P=NPh VAl VAl SN 1
/ ll\l \N N \N N //N N
N / d[é / { / \f
/N\ /N\ PN
ApK, 3.1 3.1 2.8
pK, 153 ——= 184 ———= 215 ——= 243

(4.5)

The basicity increase is nearly additive: the consecutive replacements
of dma groups by tmg fragments contribute 34.4, 34.4, and 31.2%, respec-
tively, to the total basicity increase of 9 pK, units. The comparison of
differences (ca 2.3 pK, units) in pK, values between two pairs of com-
pounds with sterically more demanding ¢-Bu groups on the imino nitrogen,
BT3 and BT9 on one hand and BT17 and BT25 on the other hand,
indicates that the introduction of the first two tmg groups accounts for ca
70-80% of the overall basicity increase when going from the ¢-BuP;(dma)
and PhP;(dma) to their double tmg-substituted analogues.

Comparison of phosphazenes with tmg and imme substituents are pos-
sible. The 1-methylphenethyl substituted phosphazenes containing tmg as
well as imme groups were measured. These phosphazenes are chiral com-
pounds, it was found out that the basicity does not depend on the type of
chiral center. CH(Ph)(Me)P;(imme) (in Table 4.4 compounds BT1 and
BT2) is 2 pK, units stronger base than CH(Ph)(Me)P(tmg) (BT6). At
the same time, the basicity of TMG (BT44) and IMME (BT43) differs by
only 0.4 units — for three substituents the maximum change would be 1.2
units. The larger basicity change comes probably from the slightly smaller
size of the imme group and the planarity of the cyclic guanidino-moiety (as
opposed to the twisted geometry of the tmg fragment). This leads to more
efficient delocalization of the positive charge in the protonated form of the
base.

N,N,N’, N’-tetramethylguanidino moiety is a very good building block
for designing stronger bases. Two papers — II and III have been presented
in this work based on the basicity measurements of compounds with unit
and in paper I several good reference compounds, phosphazenes with tmg
substituents have been investigated.
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5. ACIDS

The use of acids in synthetic chemistry is as widespread as that of dif-
ferent bases.* For example, superacids are used either as different cata-
lysts?® and their anions as counterions in the role of WCAs?" 101 in the
case of stereoselective catalysts, materials for highly effective electrochemi-
cal power sources (Li-ion batteries, electrochemical double layer capacitors,
fuel cells, etc.).

The definition of superacids is simple — all acidic systems stronger
than 100% sulfuric acid are considered to be superacids. Since 1930’s the
strongest known acids were developed!9%1%3 — triflic acid (TfOH) and flu-
orosulfonic acid (FSO3H) and superacidic media — Magic Acid, fluoroanti-
monic acid and related acids were later also developed. These acids (and
media) are by 107 to 10'° times stronger!?* than sulfuric acid. These devel-
opments opened new horizons for the chemistry of superacids. Nowadays
the strongest known neutral superacid (most probably) was developed by
Reed et al. — H(CHB1;Cly1)!! — a representative of the carborane acids.
It is a strong but gentle acids which is able to protonate even Cgg fullerene
without breaking it.1%1%6 Much older but worth of its reputation is pen-
tacyanocyclopentadiene and other polycyano acids originally discovered by
Webster. 107

The generalized principle for designing superacids has been published.
The principle is based on the generalization of the Yagupolskii’s principle
to design superacids, which is known since the 70’s of the previuos century.
The generalized principle in this paper!®® is based on the scheme where
double-bonded sp? oxygen in carbonyl, sulfonyl, etc. groups is replaced
by a bivalent electron-attractive substituent, such as =NCN, =C(CN)a,
=NSO3F, etc. In the case of the Yagupolskii’s substituent, the =0 is re-
placed by =N-Tf. The Yagupolskii’s substituent is a powerful acidifying
tool — replacement of an oxygen atom by =N-Tf group in sulfonimides in-
creases their acidity by approximately 5 pK, units in condensed media. The
sulfonimides modified according to the Yagupolskii’s principle have proven
to be stable also as free acids.'%? Many neutral superacids are stable only
in solution or it is very difficult to get free acid.

In addition to the Yagupolskii’s substituent and its generalized versions,
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the cyano group''® has many positive sides for designing superacids.!0”

It has strong electron-withdrawing power combined with the lowest steric
demand among strong electron-acceptor substituents. The small size is a
property that gives the opportunity to add many cyano groups to the parent
molecule. It is in this respect drastically different from other strongly elec-
tronegative substituents as nitro or alkyl- or aryl-sulphonyl groups. Cyano
group have also some disadvantages. The cyano group has nucleophilic
properties and makes many acids therefore much weaker than could be as-
sumed. It was recently established that the free acid pentacyanocyclopen-
tadiene has a polymeric structre with protons attached to the cyano groups
of two anions simultaneously thus linking them into a polymeric chain.!!!
This polymeric substance is not soluble in AN. Carborane acid with sin-
gle cyano group — H(CHB11H;oCN) — is weaker than the nonsubstituted
carborane acid because the preferred protonation site is introduced with
the cyano group — on the nitrogen with its free electron pair on it.

Trifluoromethyl group has electron-withdrawing power inferior to that
of cyano group. Trifluoromethyl group is also bulkier than cyano group.
Due to the lower resonance effect (hypergonjugation) of trifluoromethyl
group, the molecule or ion does not have to be planar for this group to work
well. Due to the bulkiness of trifluoromethyl group, poly-trifluoromethyl
compounds have like a shield made of inert fluorine atoms. If the whole an-
ion is shielded with fluorines, then the proton has no favorable protonation
site and the acidity of the conjugate acids of such anions can be higher than
of polycyano acids. It is not like this with conventional compounds (phe-
nol, phenylmalononitrile, toluene, etc. — pentacyanated compounds are
approximately 10 pK, units stronger than pentakis(trifluoromethylated)
compounds — see V) but for example, the strongest designed superacid is
the fully per(trifluoromethylated) carborane acid CHB11(CF3)12.'%* The
difference between these conventional acids and the carborane acid is that
the conventional acids have certain known protonation site and cyano group
wins in terms of electron-withdrawing power. The anion of this kind
of carborane acid has a fluorine-shield and not definite protonation site.
Trifluoromethyl group is therefore very useful in avoiding introduction of
protonation sites into the anions of superacids. Compounds with triflu-
oromethyl group are usully volatile enough which is a good property for
preparing neutral free acids via sublimation.

Up to now it has not been possible to set up an equilibrium acidity scale
of truly superacidic molecules in a solvent of constant composition. The
strongest measured superacid in the GP is sulfonimide (C4F9802)2NH.112
Estimates of solution acidities of the famous cyanocarbon acids and other
superacids have also been published.!” Reed and his group measured shifts
of the infrared (IR) NH stretch absorption bands of trioctylammonium for
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comparison of superacids.!'® The easiest way to get estimates of acidity is
calculations. Computational acidity data for a large number of acids have
been reported, among them also for superacids. But still, the real directly
measured equilibrium acidities of superacids are very much needed.

Not only the strength of the strong acids but also of weaker acids and
very weak acids has been under study and is of interest.!* 116 Acidities of
the most common organic acids — acetic acid, benzoic acid, phenols, etc. —
are in the weaker acidity area but their pK, values would be still interesting
to measure in different condensed media. The problem with investigation
of weak acids in non-aqueous media is their tendency to form associates
due to the localized charge (usually this kind of acid anions have rather
localized charge). Also the traces of water have great influence to their
pK, values.

In the present work the comprehensive acidity scale in AN spanning
mor ethan 25 pK, units is composed. A large variety of different acids
were measured (see section 5.1. and IV). As it comes out, most of the older
literature pK, values differ from the pK, values measured in this work and
the weaker the acid the larger the difference. Evidence is presented in favor
of the present results compared to the older results from literature and the
acidity scale presented in this work could be considered as the most correct
acidity scale in AN up to now.

Also, the first achievements on the way towards an equilibrium acidity
scale of superacids in DCE are presented in this work (see section 5.3.).
The scale currently spans ca 10 orders of magnitude and is the most acidic
equilibrium acidity scale in a medium of constant composition.

5.1. Comprehensive Acidity Scale in Acetonitrile

Acidity data in non-aqueous solutions are of continuing interest to chemists.
One of the most popular solvents in this respect is AN. Experimental mea-
surements of pK, values in AN started from the classic papers of the
groups of Kolthoff?34%115 and Coetzee'®!!7 in the 1960’s, and a consider-
able amount of acidity data for various acids in AN has been accumulated
to date.1>2%7TLIOTI8-122 T iterature analysis shows that acidity data for
different compounds in the pK, range of -2-28 exist in AN. However, the
data are scattered, and large discrepancies exist between the data of dif-
ferent groups. For example, the literature pK, values of 2,4-dinitrophenol
range from 15.34'23 to 18.40'?* units.

In this work (see IV), the self-consistent spectrophotometric acidity
scale of neutral Brgnsted acids in AN spanning more than 25 orders of
magnitude of acidities is reported. The scale ranges from pK, 3.6 to 29.1
in AN.
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Table 5.1: Continuous Self-Consistent Acidity Scale of Neutral Acids in AN

Acid pK, (AN) Directly measured ApK , values 10gK ana
AAL  Phenol 29.14 5.0
AA2  2,3,4,5,6-(CFy)s-Toluene 287 S
AA3  9-C¢Fs-Fluorene 28.11 1»74;5—72 2
AA4  (4-NCsF,)(4-Me-CeHy)NH 2696 —1.15 x
AA5  (4-Me-CgF,4)(CoHs)CHCN 26.96 - 61. 8 =
AAG  3-CFs-Phenol 2650 —0.63 5 T ) 5.0
AAT  (4-NC5F4)(CeHs)NH 26.34 o5 0.20 [
AA8  (CgHs)(CeFs)CHCN 26.14 o5 l.ite
AA9  4-CF4-Phenol 2554 =1 31' o J. 5.0
AAL0  (4-Me;N-CgF4)(CeFs)NH 25.12 0.571.35 o
AALL  (4-Me-C4F4)(CsFs)NH 24.94 *
AA12  2-CFz-Phenol 24.88 5.0
AA13  2,3,4,5,6-(CF3)s-Aniline 24.59
AA14  Octafluorofluorene 24.49
AA15  Fluoradene 23.90 0.96 0.18
AAL6  3,5-(CF3),-Phenol 23.78 * 1.70 50
AAL7  9-COOMe-Fluorene 2353 —¥F 1. 5_051 173
AA18  Acetic acid 851~ *-0.68 T 0.97 45
AA19  (CgFs)CH(COOEY), 22.85 o 30_-71
AA20  2-NO,-Phenol 2285 }
AA21  (4-Me-C4F,),CHCN 22.80
AA22  (4-Me-CqF4)(CeFs)CHCN 21.94
AA23  Benzoic acid 2151 3.9
AA24  9-CN-Fluorene 21.36 0.390.25
AA25  (4-H-CgF,)(CeFs)CHCN 2111 0.26
AA26  (CoFs),CHCN 2110 T ots T
AA27  (CF3);COH 20.55 0.76 ot 438
AA28  (4-Cl-CeF4)(CoFs)CHCN 20.36 i o5 0.96
AA29  2,4,6-Bry-Phenol 20.35 o ot * e
AA30  2,3,4,5,6-(CN)s-Toluene 2014 =021 o 1.02 T
AA31  (2,4,6-Cly-CoF,)(CsFs)CHCN 20.13 x 063 = 0. 90 =T [
AA32  2,35,6-F,-Phenol 20.12 ¥ % 0. 00060-?6— 42
AA33  2,3,4,5,6-F-Phenol 20.11 } l 4.2
AA34  (2-CyF7)(C4Fs)CHCN 20.08 0.82
AA35  1-CyF;0H 19.72 0.80 33
AA36  2,4,6-(SOF)s-Aniline 19.66
AA37  (2-CyoF7),CHCN 19.32
AA38  9-C¢Fs-Octafluorofluorene 18.88
AA39  2-CF,OH 18.50 38
AA4D  (4-CF5-CoF,)(CoFs)CHCN 18.14
AA41  4-C¢F5-2,3,5,6-F4-Phenol 18.11 4.0
AA42  (4-H-CeF,)CH(CN)COOEt 18.08
AA43  2,3,4,5,6-Cls-Phenol 18.02
AA44  2,3,4,5,6-Brg-Phenol 17.83 0.63 0.28
AA45  (CgFs)CH(CN)COOEL 17.75 - 0.26
AA46  4-Me-CqH,CH(CN), 17.59 Tis 1
AA47  (2-C1oF7)CH(CN)COOEt 17.50 110 oe7000
AA48  (4-Cl-CoF,)CH(CN)COOE 17.39 o8
AA49  2,4-(NO,),-Phenol 16.66 —0.77
AAS0  4-CF3-2,3,5,6-F4-Phenol 1662 T T oia 0.27 3.6
AA51  (4-NCsF4)(CsFs)CHCN 16.40 k- 0.60 a7
AA52  (4-CF3-C4F,),CHCN 16.13 0.32 i o T
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(4-CF3-C4F,),CHCN
(4-CF3-CgF,)CH(CN)COOEt
(4-NC5F)(2-C1oF;)CHCN
4-NC5F-OH
(4-NC;sF4;)CH(CN)COOEt
3-CF3-CgH,CH(CN),
Saccharin
4-Me-C4F,CH(CN),
(4-NC4F,),CHCN
C4FsCH(CN),

4-H-C4F ,CH(CN),
2-C1oF,CH(CN),

Tos,NH
4-NO,-C¢H,CH(CN),
4-MeO-CgH,C(=0)NHTF
4-Me-CgH,C(=0)NHTF
(CeHsS0,),NH
4-Cl-C¢H,SO,NHTos
CgHsC(=O)NHTF

Picric acid
4-F-C4H,C(=O)NHTf
2,3,4,5,6-(CF3)s-Phenol
2,3,4,6-(CF;),-CgHCH(CN),
4-CI-CH,C(=O)NHTf
(4-CI-CgH,S0,),NH
4-CF4-C4F ,CH(CN),
4-NO,-C¢H,SO,NHTos
4-CI-3-NO,-C4HSO,NHTos
4-NO,-C4H,C(=O)NHTF
4-NO,-CsH,;SO,NHSO,CqH,-4-Cl
2,3,4,5,6-(CF3)sC¢CH(CN),
TosOH
(4-NO,-CgH,SO,),NH
2,4,6-(SO,0CH,CF,CF,H),-Phenol
2,4,6-(SO,0CH,CF3);-Phenol
1-CyoH,SO;H

CeHsCHTY,

4-CI-CH,SOzH
3-NO,-C¢H,SOzH
4-NO,-C¢H,SO;H
4-MeO-C4H,C(=NTHNHTF
4-Me-CgH,C(=NTANHTF
TosNHTf
CeHsC(ENTHNHTF
CeHsSO,NHTF
4-F-C4H,C(=NTHNHTF
4-Cl-CH, C(=NTHNHTF
2,4,6-(SO,F)3-Phenol
4-Cl-C4H,SO,NHTF
4-CI-CH,SO(=NTf)NHTos
4-NO,-CoH C(=NTHNHTF
2,4,6-Tf3-Phenol
C(CN),=C(CN)OH
4-NO,-C4H,SO,NHTf
4-CI-CH,SO(=NTHNHSO,CoH,-4-Cl
2,4-(NO,),-CeH3SO3H

2,3,5-tricyanocyclopentadiene

4-CI-CH,SO(=NTHNHSO,CoH,-4-NO,

16.13
16.08
16.02
15.40
14.90
14.72
14.57
13.87
13.46
13.01
12.98
1223
11.97
11.61
11.60
11.46
11.34
11.10
11.06
11.00
10.65
10.46
10.45
10.36
10.20
10.19
10.04
9.71
9.49
9.17
8.86
85
8.19
8.17
7.97
7.89
7.85
7.2
6.65
6.60
6.41
6.18
6.17
6.03
5.89
5.66
5.56
5.53
5.33
5.13
4.99
4.79
4.69
4.39
4.34
4.30
4.02
3.62

—1 o3 "y
1 005 [ 037 T
¥ 192 -F 1
0.06 T 151
0.70
143
—+ 112135
132
0.69
019
015
—3-0.84
071 1.89
'3
040
I 0.87
0450.89 T
Y 048
0.03 004 |
b 0.70 %
0.74
138026
-062
0.03
028 019
121
0.98
—%0.60 0.60
057 1.
0.49
0.36 |
0.07
143 l >
053
091
0.79 0.
—} 082
027
0.
054
001
3 115 1.30 ——
0,
-052 120
1.06 0.73
—3% 1.05—4-0.46 j,
-053
023
032 T
73 1 23 [
0.69 102
121023 I
13 1 000
025X l
050
1.04
-019
125
054
053
—¥ 051
-051 -
044 | 128 023 T
0.75 0.23—F
005 I
05
6 T | o
-036 }
111 | o047 |
059 1
s l
164
077
125
0.64 T
0.42 059
071
053 0.
-038 |
042
f
1.20
-041
i |
005 087 | 0.41
—1r1 0115 4
A i |
074
i
050

29

2.9

2.9
29
2.9
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The scale includes 109 acids that are interconnected by 273 relative acid-
ity measurements and contains compounds with gradually changing acidi-
ties, including representatives from all of the conventional families of OH
(alcohols, phenols, carboxylic acids, sulfonic acids), NH (anilines, dipheny-
lamines, disulfonimides), and CH acids (fluorenes, diphenylacetonitriles,
phenylmalononitriles, phenylethylcyanoacetates, toluenes). The CH acids
were particularly useful in constructing the scale because they do not un-
dergo homo- or heteroconjugation processes and their acidities are rather
insensitive to traces of water in the medium. The scale has been fully cross-
validated: the relative acidity of any two acids on the scale can be found
by combining at least two independent sets of ApK, measurements. The
consistency standard deviation of the scale is s = 0.06 (or s = 0.04 if some
of the measurements of the weakest acids are left out) pK, units. The large
variety of the acids on the scale, its wide span, and the quality of the data
make the scale a useful tool for further acidity studies in AN.

Comparison of the literature pK , values with those measured
in this work. For several acids belonging to the scale, the pK, values in
AN have been reported in the literature. From Table 5.2 and Figure 5.1,
it is clearly seen that above picric acid, the weaker the acid the greater the
difference of pK, values of literature and this work. Also, it is seen that the
literature values form a more contracted acidity scale. As a broad general-
ization, most of the error sources in non-aqueous pK, measurements, most
importantly traces of water in the solvent, lead to a contraction (and not
expansion) of the scale. The rationale is simple. Traces of water stabilize
the anions that are poorly solvated in AN. In somewhat simplified terms:
the less stable the anion the stronger the concentration of negative charge
in it and the stronger the stabilizing effect of water. Thus, the effect of sol-
vation by water molecules is stronger for the anions of the weaker acids, and
therefore, the acid strength of weaker acids is increased by water molecules
relatively more than the acid strength of stronger acids. Since the effect of
traces of water is dependent on the degree of charge localization in the an-
ion, the susceptibility of the acid strength to alteration by water molecules
in general decreases in the following row: OH acids > NH acids > CH
acids. The CH acids are the least sensitive to the traces of water. This is
also a strong point in favor of our scale, since, in particular above picric
acid, CH acids actually form the backbone of the scale and most of the
ApK, values have been measured in pairs where at least one of the acids is
a CH acid. Moreover, the OH acids with the strongest charge localization
in the anion (AA1, AA6, AA9, AA12, AA16, AA18, AA27) have not
been included in the scale during the minimization step (their pK, values
were found later, using the already fixed scale), and thus, they have in no
way influenced the span of the scale. A further favorable property of CH
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Table 5.2: Comparison of the pK, Values in AN Determined in This Work with
Those Reported in the Literature

pK, values in AN

no. acid this work lit. difference
AA1l phenol 29.14 27.2% 419
26.6"  +2.5
AA18 acetic acid 23.51 22.3 +1.2
22.31¢  +1.20
AA20 2-NO,-phenol 22.85 22.0°  +0.9
22.1%  40.8
AA23 benzoic acid 21.51 20.7% +0.8
AA24 9-CN-fluorene 21.36 20.8¢ +0.6
AA33  23,4.5,6-Fs-phenol 20.11 19.57 406
AA35 1-C,0F,OH 19.72 19.45 403
AA39 2-C,0F;0OH 18.50 17.87 407
AA43  2.3,4,5,6-Cls-phenol 18.02 172 408
AA49  24-(NO3)s-phenol 16.66 15.349  +1.32
16.0°  +0.7
18.40¢ -1.74
AA55 4-NC3F,-OH 15.40 15.27  40.2
AAT1  picric acid® 11.0"
AA83 TosOH 8.5 8.01°  40.5
8.73¢ 0.2

AA108 2,3,5-(CN)s-cyclopentadiene 4.02 3.007  +1.02

aReference 125. PReference 15 “Reference 124. “Reference 126.
¢Reference 127. 7fReference 118. 9Reference 123. "Reference 33.
‘Reference 128. JReference 107. ¥ Anchor compound of the present scale.

acids as building blocks for the scale is their tendency to give very intense
UV-vis spectra for the anions that are strongly different from the spectra
of neutrals, thus enabling high-accuracy spectrophotometric measurement.
Contrary to this, a great bulk of literature data!®2%!18°121 are for the OH
acids whose behavior in AN is complicated. Due to the localized charge in
their anions, these compounds are strongly influenced by traces of water
and form homoconjugation and heteroconjugation complexes easily. The
pK, values in the lower end of the scale (below pK, = 9) of paper IV have
been corrected downwards by 0.1 to 0.15 pK, units because of re-evaluation
of some of the original experimental data.

Homoconjugation. AN has very low solvating ability for anions. This
is the main reason homoconjugation of some anions is extensive in AN.
Values of homoconjugation constants log K ara used in this work have been
indicated in Table 5.1. The homoconjugation constants used in the ApK,
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Figure 5.1: Correlation of acidities of the studied acids and acidities reported in
the literature. Narrow line corresponds to the ideal correlation with
zero intercept and unity slope. The thick line corresponds to the
actual situation. Compounds indicated by empty circles have been
left out from the correlation. The correlation is: pK,(lit.) = 1.17 +
0.906 pK,(this work); s(intercept) = 0.33, s(slope) = 0.016, n = 13,
r? =0.997, S = 0.244.

calculations of this work were obtained by minimizing the standard devia-
tion between the parallel ApK, values (corresponding to different solution
acidities) that were calculated from the same titration experiment. It was
observed that the small variations in homoconjugation constant values do
not have significant influence on the calculated ApK, values. For example,
the variation of the ApK, value between compounds AA41 and AA47
when varying the logKaga from 3.8 to 4.2 is only 0.02 pK, units (the
logK ana value 4.0 was used for the calculations). This is about the aver-
age sensitivity, and one of the largest that we observed was 0.06 units, when
log K apa is varied by 0.5 units. In this case, around 10% of the acid was
in the form of the homoconjugate complex. From this it can be seen that
at used concentrations (n-107° M) the homoconjugation constants in the
range of n-10% cannot be estimated reliably. The values of homoconjuga-
tion constants were estimated taking the literature values as initial guesses,
still some of the literature values were not suitable for the calculations. It
has to be stressed that as the homoconjugation constants used in this work
were not measured directly but just estimated, they have to be treated with
caution.

In the case of phenols, the homoconjugation constant has to be taken
into account in the measurements under our experimental conditions if the
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pK, value is equal to or higher than 15 units . The stronger phenols in
the scale AA71, AA73, AA85, AA86, AA99 and AA103 do not form
homoconjugate complexes under our experimental conditions. The stabil-
ities of homoconjugate complexes of phenols increase as the acid strength
decreases.?” There are some exceptions. 2-Nitrophenol (AA20) has no
remarkable ability to form homoconjugate complex. Substitution of phenol
with a nitro group in the ortho position to the hydroxy group reduces ho-
moconjugation mainly due to intramolecular hydrogen bond of the neutral
molecule. Compounds AA29, AA43 and AA44 also do not form homo-
conjugate complexes, probably chlorine and bromine in the ortho position
are responsible for that. Fluorine substituent in the ortho position does not
prevent homoconjugation (for example, compounds AA32, AA33, AA41,
AA50 and AA55). The reason 1- and 2-perfluoronaphthols (AA35 and
A A39) have lower homoconjugation constants than, for example perfluo-
rophenol (AA33) or 2,3,5,6-tetrafluorophenol (A A32), is that these sub-
stances have a stronger ability to delocalize the anionic negative charge
than perfluorophenol. 1-perfluoronaphthol may have lower homoconjuga-
tion constant than 2-perfluoronaphthol because of steric hindrance, but not
due to peri-interaction between hydroxyl group and fluorine.'®

Connecting pK, Scales of Acids of Different Charge Type in
AN. In this work self-consistent acidity and basicity scales in AN have been
set up (see section 4.1.). The scales of neutral acids and cationic acids are
in fact subunits of one and the same common acidity scale. They have been
treated separately because of the simplicity of calculating ApK, values for
acids of identical charge type. Proton transfer reaction between neutral
acid and neutral base according to equation 5.1 leads to the equation 5.2
for ApK, values:

AK,
HA+B S A™ +HBT (5.1)
When calculating the relative acidity of a neutral and cationic acid
according to equation 5.1 then the assumption that the ratios of the activity
coeflicients are equal is not valid any more and the ApK, value is calculated
using activities:

a(HA) - a(B)
a(HB*) - a(A7)

Attempt was made to connect the set up acidity scale with the revised
basicity scale. ApK, measurements between neutral and cationic acids
were carried out. The average difference between the directly measured
ApK, value and the differences calculated from the assigned pK, values
is 0.05 pK, units, meaning that the pK, scale of bases (cationic acids)

ApK, = pK,(AH) — pK,(HB") = log (5.2)
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is shifted by 0.05 pKj, units downwards relative to the pK, scale of neu-
tral acids. However, the root mean square (rms) difference is 0.10 pK,
units. In general, the individual differences are less than 0.10 pKj, units.
The most deviating measurements are those that involve compounds with
rather localized negative charge on the anion (sulfonic acids). As a conclu-
sion, the two scales can be considered satisfactorily interconnected. The
interconnection has some uncertainty that is the best estimated from the
rms difference. This means that when the pK, value of a compound is
estimated from measurements with references of different charge type, an
additional uncertainty of ca 0.1 pKj, units (at standard deviation level) has
to be taken into account.

The Scales as a Tool for Further Acid-Base Studies. The acid-
ity and basicity scales as a collections of reference compounds with reli-
ably known pK, values can be used as the basis for measuring the pKj,
values of a large variety of acids. The AN basicity scale (see section
4.1.) has already found useful application for measuring pK, values of cal-
ixarenes.'?® The same UV-vis spectrophotometric method has been used
for measuring pK, values of azobenzene dyes.'?® We envisage that the
present acidity scale could also be a valuable tool for future researchers in
acid-base chemistry in AN. The scale has been compiled using primarily
compounds with favorable spectral properties and low tendency to homo-
conjugation, such as arylmalononitriles, diarylacetonitriles. The potential
users are advised to use first of all the compounds from the families of
arylmalononitriles, diarylacetonitriles, fluorenes, ethyl aryl cyanoacetates,
some phenols (picric acid (AAT1), 2,3,4,5,6-(CF3)5-phenol (AA73), 2,4,6-
Tfs-phenol (AA103)), and diarylamines as reference compounds for their
measurements. The rest of the phenols, benzoic acids, and sulfonic acids
should be used only if no suitable compound is found from the above com-
pound families.

5.2. Syntehsis, Structure and Acidity of Some
Poly(trifluoromethyl)phenyl Derivatives

Fluorination of organic compounds is gaining more and more importance
in drug design, materials development, etc.'?1"133 A particularly interest-
ing group of fluorinated compounds are the polytrifluoromethylated com-
pounds. Compared to polyfluorination, polytrifluoromethylation of aro-
matic compounds significantly increases molecular size and steric strain.
Bulky 2,6-bis(trifluoromethyl)phenyl and 2,4,6-tris(trifluoromethyl)phenyl
substituents have proved very useful in stabilizing reactive species and have
allowed the isolation and characterization of several free radicals, carbenes,
carbenoids and WCAs.%%1347143 Dye to the buttressing effect of the two
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meta-CF3 substituents (presence of meta-CF3 groups prevents the ortho-
CF3 groups from bending), pentakis(trifluoromethyl)phenyl (Cg(CF3)s5)
group has to be superior over 2,6-bis(trifluoromethyl)phenyl and 2,4,6-tris-
(trifluoromethyl)phenyl substituents as kinetic stabilizer. The same effect
of Cg(CF3)5 group should also lead to increased electron donating ability of
the fluorine lone pairs of the ortho-CF3 substituents to the electron-deficient
center. On the other hand, the general electron-withdrawing effect of the
Cg(CF'3)5 group has to be superior to that of 2,6-bis(trifluoromethyl)phenyl
and 2,4,6-tris(trifluoromethyl)phenyl substituents.

Table 5.3: Numbering of Pentakis(trifluoromethyl) Derivatives

X 1 X=OH & X=NH,
1a X=0" 5a X=NH
FiC CFs  tbx=0 6 X =CH,
2 X=CF, 6a X=CH,
F,C CF, 3 X=H 7 X=CHCN),
OF 3a X=()~ 7a X=C(CN),
3 4 X=Cl

A general route to functionalized Cg(CF3)5 derivatives (see Table 5.3
for numbering), promising building blocks for designing novel carbenes,
superacids, WCAs and other practically and theoretically useful species,
is shortly presented in this section (see V). A general approach for in-
troduction of perfluoroakyl groups into different compounds has been pub-
lished ™4 149 and a number of polytrifluoromethylated aromatic compounds
are known'?? 154 but no general method to synthesize pentakis(trifluoro-
methyl) arenes has not been published to date. In this work a pertrifluo-
romethylation route was developed that proceeds via conveniently pregen-
erated (trifluoromethyl)copper (CF3Cu) species in DMF, stabilized by addi-
tion of 1,3-dimethyl-2-imidazolidinone (DMI) or N-methyl-2-pyrrolidinone
(NMP). Pregeneration of CF3Cu species is based on Ruppert-Prakash rea-
gent CF3SiMes as the source of CF3 group. These species react with hexa-
iodobenzene Cglg at ambient temperature to give the potassium pentakis-
(trifluoromethyl)phenoxide (la-K™) along with hexakis(trifluoromethyl)-
benzene (2) and pentakis(trifluoromethyl)benzene (3) in a combined yield
of 80%. Vacuum sublimation from the mixture of la-K™ and concen-
trated sulfuric acid affords hitherto unknown highly acidic and hindered
pentakis(trifluoromethyl)phenol (1). 1 gives rise to easily functionalized
pentakis(trifluoromethyl)chlorobenzene (4) and pentakis(trifluoromethyl)-
aniline (5). Pertrifluoromethylation of pentaiodochlorobenzene and pen-
taiodotoluene allows straightforward access to pentakis(trifluoromethyl)-
chlorobenzene (4) and pentakis(trifluoromethyl)toluene (6), respectively
(see Figure 5.2).
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Figure 5.2: General Synthesis Route to Pentakis(trifluoromethyl)aryl Com-
pounds

XRD structures of several Cg(CF3)s5 derivatives were determined and
compared with the calculated structures. Due to the steric crowding the
aromatic rings in all Cg(CF3)5 derivatives are significantly distorted. The
gas-phase acidities and pK, values in different solvents (AN, DMSO, wa-
ter) for these compounds and a number of related compounds have been
measured. The origin of the acidifying effect of the Cg(CF3)5 group has
been explored using the isodesmic reactions approach. Introduction of five
CF3 groups into moderately to weakly acidic compounds, such as phenol,
aniline and toluene significantly increases their acidity.

Structure of pentakis(trifluoromethyl)derivatives. In 1976, when
the XRD structure of Cg(CF3)g was determined,'® the first time it was
noticed that benzene ring is distorted due to the bulky substituents. CF3
groups are bent up and down by 12° from the plane formed by the ring
atoms. The structure of pentakis(trifluoromethyl) derivatives — 1 and 1a;
5 and 5a; 6 and 6a (XRD and computational study) is very similar, ben-
zene ring is slightly bent, the rings in the anions are more distorted than
in neutrals. The molecules have chair-like conformation, The CF3 groups
are alternately twisted out of the aromatic plane up to 27°, whereas in the
case of neutrals the para-CF3 group is the most distotred and in the case of
anions ortho-CF3 groups are the most distorted. Ipso-ortho bondlengths
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c1s c17

Figure 5.3: Molecular structure of 7a - Et4,NT with 50% thermal ellipsoids (hy-
drogen atoms of Et4NT cation are omitted for clarity. Selected
bond distances (A), angles (deg) and dihedral angles (deg): Cl1-
C121.390(2), C1-C2 1.447(2), C1-C6 1.452(2), C2-C1-C6 112.15(12),
C3-C4-C5 116.87(13), C13-C12-C14 112.25-(12), C14-C12-C1-C2
-4.27(24), C1-C2-C3-C4 -11.92(21), C1-C6-C5-C4 9.09(20).

in aromatic ring is considerably elongated compared to the other ring bond
lengths even by up to 0.10 A, it is especially apparent in the case of anions.
One of the C-F bonds in CF3 group is longer at the expense of the other
two. The nearest F-F distances between the adjacent CFg groups are in
2.5 A range, which is less than 2.70 A, twice the generally accepted value
for the fluorine van der Waals radius (1.35 A). Generally, the geometries of
the anions are similar to each other and the geometries of the neutrals are
similar to each other.

Contrary to the anions 1a, 5a and 6a, the computational geometry of
the anion 3a is not chairlike, but strongly twisted. The twist is so strong
that it is impossible to define any plane similar to one defined for the other
compounds. This strong distortion renders it impossible to rigorously assess
the out-of-plane distortion of the CF3 groups. The closer look reveals the
tendency of the ortho-CF3 groups to assume perpendicular orientation and
indicates somewhat allenic character of the ipso-carbon.

The anion 7a (Figures 5.3 and 5.4) has significantly more deformed
aromatic ring than 1a. In particular, the malononitrile fragment C(CN)y
together with the ipso-carbon C1 are strongly forced out of the C2-C3-C5-
C6 (the numeration is indicated in Figure 5.3) plane by the two ortho-CF3
groups: the angle between this and the C1-C2-C6 plane is 35.3°. At the
same time, the angle between the C1-C2-C6 plane and the bond C1-C12 is
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Figure 5.4: Molecular structure of 7a - Et4INT with 50% thermal ellipsoids to
demonstrate non-planarity of the aromatic ring and out of plane
positions of the CF3 groups (Et4NT cation and all fluorine atoms
are omitted for clarity).

only 3.8° and the whole C1-C2-C6-C12-C13-C14-N1-N2 moiety (see Figure
5.3) is nearly planar. This is the reason for the abovementioned strong
deformation — there is strong resonance within this moiety. Bonds C1-
C2 and C1-C6 are considerably longer compared to the other bonds in
aromatic ring, being 1.45 A, whereas the other bonds in the ring are in
range of 1.39-1.42 A. The angle of C2-C1-C6 is also lower than is typical
to aromatic ring: 112.1(1)°. The locations of the CF3 groups are slightly
different from la: instead of being displaced alternately up and down from
the ring the four ortho- and meta-CF3 groups are on the opposite side of
the aromatic ring with respect to the C(CN); fragment while the para-
CF3 group is on the same side. Differently from 1la, the aromatic ring in
this case is not chairlike but boatlike. The bond lengths and angles in the
CF3 groups are not much different from 1a. The differences between the
XRD and computational geometries of 7a are more pronounced. The ring
of the computational structure of 7a, differently from the boat geometry
observed by XRD, displays an asymmetric chair geometry: C1 is out of
the C2-C3-C5-C6 plane by 0.371 A (0.468 A according to XRD), while
C4 is out of the plane to the opposite side by only 0.043 A (0.232 A to
the same side according to XRD). Concurrently, differently from the XRD
geometry, the computational structure of 7a has alternating displacement
of the CF3 groups from the C2-C3-C5-C6 plane. The computed geometry
of the moiety composed of the C1-C2-C6 fragment and the C(CN); group
is rather similar to the experimental one. The structure of neutral 7 is
similar to the other neutral compounds. The aromatic ring is only slightly
distorted, the CF3 groups are slightly out of plane. When comparing the
C(CN); and CH(CN); groups in 7a and 7 it is evident that two CN groups
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in 7 are not on the same plane with aromatic ring but oriented almost
perpendicularly to the ring to incur the least possible steric destabilization.

Acidity. The results of experimental and computational acidity de-
termination of 1, 5, 6, 7 and a number of related compounds in different
media are given in Table 5.4 and Table 5.1 (all compounds measured in
AN have been included into the AN acidity scale Table 5.1 and have been
numbered differently than in this section, 1 = AA73, 5 = AA13, 6 =
AA2 7 = AA82). pK, measurement of 3 was unsuccessful in all con-
densed media except in DMSO. It is interesting to compare the acidity of
compounds containing Cg(CF3)5 group with acidities of compounds con-
taining pentacyano- and trinitrophenyl groups. From Tables 5.1 and 5.6 it
is seen that three nitro groups and five CF3 groups have nearly the same
influence to an acidity but much less compared to five cyano groups (we
can compare phenols, AAT1, AA73 and AD7 (approximately 3.5 pK,
units in AN) and toluenes, AA2 and AA30).

Acidities of 1, 5, 6 and 3 in the Gas Phase. As is seen from Table
5.4 the acidities of the Cg(CF3)s5 substituted compounds decrease in the
following order in all media where comparison is possible: 1 > 5 > 6 > 3.
The acidity differences between the three consecutive pairs of compounds
1, 5; 5, 6; and 6, 3 are significantly smaller (12.9, 8.1 and 13.7 kcal/mol
in the gas phase, respectively) than in the case of the unsubstituted parent
compounds (16.8, 14.6 and 19.5 kcal/mol in the gas phase, respectively),
reflecting the decrease of importance of the first atom of the protonation
center compared to the substituted aromatic nucleus. The only condensed
phase, where similar comparison can be carried out, is DMSO. In DMSO the
same differences between pairs 1, 5 and 5, 6 (data for 3 are not available)
in the case of substituted compounds are 10.48 and 2 pK, units and in
the case of unsubstituted compounds 12.6 and 12.4 pK, units. Particularly
noteworthy is the remarkable strength of 6 in this solvent compared to 5;
the latter is only by 2 pK, units stronger.

Normally the effect of stepwise introduction of multiple electron-acceptor
substituents into the phenol aromatic ring of phenol does not display addi-
tive behavior; the gross effect of the introduction of the substituents is usu-
ally smaller than the sum of single substituent effects. This is attributable
to the saturation of the substituent effects and has been extensively dis-
cussed, e.g. in ref 112. For small substituents, notably fluorine, it can also
be observed that the gross acidifying effect of multiple substituents in poly-
substituted compounds is larger than the additive sum of single substituent
effects. There are five bulky substituents in the molecules of 1, 3, 5 and
6. Thus, there is every reason to expect a less-than-additive behavior. In
the gas-phase this is really the case for 1, 3, 5 and 6: according to both
experimental and computational results the gross acidifying effect of the

76



Table 5.4: Results of Experimental and Computational (DFT B3LYP 6-
311+G**) Acidity Determinations in Different Media®

AGacia  AGacia  PKa pKa pKa
compound (exp)  (caled) (AN) (DMSO) (water)
Phenols
Cs(CF3)50H (1) 298.7 290.2  10.46 3.1 1.32
4-CF3-phenol 330.1° 325.2 25.54 14.6 8.68¢
3-CF3-phenol 332.4° 328.2  26.50 15.1 8.95¢
2-CF3-phenol 332.2 327.1 24.88 14.4 8.42
3,5-(CF'3)2-phenol 322.9° 318.3  23.78 13.2 8.26
phenol 342.3° 3392 29.14  18.0¢ 9.95¢
Anilines

Cs(CF3)sNH, (5) 310.8° 3122 24.59 12.5
4-CF3-aniline 346.0° 345.1 27.0°¢
3-CF3-aniline 349.6° 348.8 28.2¢

2-CFs-aniline 347.1
3,5-(CF3)s-aniline 340.6° 338.7 25.7¢
aniline 359.1  359.4 30.64
Toluenes
Cs(CF3)5CHs (6) 318.9 317.6  28.79 13.9
4-CF3-toluene 359.8 357.7
3-CF3-toluene 362.0 363.0
2-CF3-toluene 359.9
3,5-(CF3)a-toluene 354.3 352.0
toluene 373.7 374.9 43¢
Benzenes
Ce(CF3)5H (3) 331.1F 3324 209
328.4"
4-CF3-benzene 380.1
3-CF3-benzene 380.8
2-CF3-benzene 379.0° 378.2
1,3-(CF3)q-benzene 365.0°  363.6
benzene 390.9° 393.3
Phenylmalononitriles
Cg(CF3)5CH(CN), (7) 280.9 8.86
2,3,4,6-(CF3)4-
CgHCH(CN), 286.8  10.45

@This work, if not specified otherwise. *Reference 156. “Reference
122. 9Reference 28. “Reference 157. ¥ Approximate value from one single
measurement (+ 1 kcal/mol). 9Approximate value (& 1 pK, units).
"Value obtained from the correlation of pK, value of THF/Et,O/DME
vS. AGaciqa value. ‘Reference 158.
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five CF3 substituents forms around 80% of the sum of the acidifying effects
of the single substituents in 1, 5 and 6. In 3 there is 88% additivity. It is
of interest to analyze the acidifying effect of the five CF3 substituents in
order to get some insight into the acidity of these rather peculiar molecules.
We use the method of isodesmic reactions.'® The acidity of a Cg(CF3)s
substituted derivative Cg(CF3)5X, denoted as AGyiq(Ce(CF3)5X), can be
calculated from the acidity of the unsubstituted compound AG ,.iq(CeH5X)
and the acidifying-deacidifying effects of different interactions as follows:

AG4cid(Ce(CF3)5X) = AGacid(CeHs5X) + AAGGAE+
+ AAGs + AAGgrcec + AAGrex  (5.3)

The AAG value in equation 5.3 are defined as follows:
AAG = AG(anion) — AG(acid) (5.4)

o AGgarr (defined via equation 5.6) is the estimate of the gross inter-
action energy between the reaction center and the CF3 substituents
in the idealized pentasubstituted molecule where there are no steric
or other interactions between the CF3 groups and the interactions be-
tween the CF3 groups and the reaction center are just as strong as in
the respective monosubstituted molecules. The steric interaction in
twice the extent present in 2-CF3-CgHyX is also included in AGgaik.

e AGyg is the energy contribution due to saturation of the substituent
effects.

e AGRcc is the energy contribution due to steric repulsion between the
CF3 groups.

e AGRcx is the energy contribution due to additional steric repulsion
between the two CF3 groups in position 2 and the group X (or its
deprotonated form). The additional contribution has two reasons:
(1) in the pentakis-substituted derivative there are simultaneously
two CF3 groups in positions 2 and 6, and (2) there are CF3 groups
also in positions 3 and 5 that reduce the flexibility of the 2- and 6-CF3
groups.

The AGgatg contributions can be estimated from the following series
of reactions:
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X CF, X
[ j © AGy. @ ©
+ — +
CF,

X =0H, O, NH,, NH™, CH3, CH,", H, Q_
(5.5)

The energy effects of this reaction with the 1,2-, 1,3- and 1,4-product
can be summarized as follows, directly providing the AGgaIg:
AGGAIE = AGIE(L 4) + QAGIE(L 3) + QAGIE(L 2) (5.6)

The AGRgrcc is found via the following equation:

CF,
F.C CF
AGRCC : :
5 —_— + 4
F,C CF,
CF
: (5.7)

Since the group X is not involved in this reaction this contribution is the
same in all species leading to AGrcc = 0 kcal/mol. No single isodesmic
reaction equations can be written for obtaining the remaining two AG
contributions: the contributions AGg + AGRrcx can in the framework of
this isodesmic reaction approach be estimated only jointly. The following
series of reactions was used:

X X X X X
CF, AGane F.C CF,
2 + 2 + — + 4
CF, F.C CF,
CF, CF,

X =0H, O, NH,, NH", CH3, CH,', H, O )
(5.8)

The negative free energy change of these reactions can be expressed as
follows:

AGsrr = AGs + AGgrece + AGRex (5.9)
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Table 5.5: Results of Analysis According to Equation 5.3 (all Values are in

kcal /mol)®
1 5 6 3

Contributions from isodesmic

reactions equations 5.6-5.10
AGgaig(neutral) 3.8 -0.9 6.9 0
AGcaig(anion) -56.5 —60.9 -63.9 —68.5
AGagAE -60.3 —-60.0 -70.8 —68.5
AGRrcce(neutral, anion) 56.0 56.0 56.0 56.0
AGg(neutral)+AGrex (neutral) 5.0 6.9 6.4 0
AGs (anion)+AGRCX(anion) 16.3 19.7 20.0 7.6
AAGs+AAGRrex 11.3 128 135 7.6

Contributions estimated from

additional approximations
AGg(neutral) 0 0 0 0
AGs(anion) 113 128 136 76
AGRrex (neutral) 5.0 6.9 6.4 0
AGRrcx (anion) 5.0 6.9 6.4 0
Gross acidifying effects

computational -49.0 -47.2 -57.3 —60.9
experimental -48.5 —-48.3 -54.8 625

¢ Enthalpies would be preferred in the analysis by isodesmic
reactions. See section 2.6. for explanation.

From equations 5.7 and 5.9 follows that

AGs + AGrex = AGsrr + AGrec (5.10)

The results of the analysis according these equations are presented in
Table 5.5.

The AGgarg contributions in the anions of 1, 3, 5 and 6 are vastly
larger than in the neutrals and change monotonously when moving from
la to 5a to 6a to 3a indicating increase in stabilization of the anion in
the row. It is interesting that the AGgamg in 3a is by 4.6 kcal/mol more
negative than in 6a, in spite of the seemingly unfavorable geometry (from
the point of view of resonance and hyperconjugation'® stabilization) of
the free electron pair of the anion 3a. When looking at the contributions
of the individual substituents then it is evident that this is first of all
caused by the large stabilizing interaction with the two CFj3 groups in
positions 2 and 6: -15.1 kcal/mol (per one CF3 group). This value is
clearly the most negative in the row followed by -11.8 kcal/mol of 6a.
Most likely, thereason is twofold: (1) the lack of steric repulsion between
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the deprotonated acidity center and the 2-CF3 groups and (2) the shorter
distance (2 bonds, vs. 3 bonds in 1a, 5a and 6a) between the acidity center
and the 2-CF3 substituents.

Contrary to this the gross additive interaction energies of five CF3 sub-
stituents in the neutrals display complex behavior. The effect is destabi-
lizing in the case of 1 and 6. This is primarily due to the destabilizing
effect of the 2-substitution in 1 (1.6 kcal/mol) and 6 (3.2 kcal/mol) and
is not compensated by the weak stabilizing effect of 4-substitution (-0.6
and -0.2 kcal/mol, respectively). 3-substitution shows slight destabilizing
effect in both 1 and 6 (0.6 and 0.4 kcal/mol, respectively). In 5, the
effect of 2-substitution is weakly destabilizing (0.8 kcal/mol) but it is com-
pensated by the stabilizing effects of 3- (-0.4 kcal/mol) and 4-substitution
(-1.6 kcal/mol). As a result, the AGgarg contributions do not change
monotonously from 1 to 3. Instead, the effects of 1 and 5 are very similar
and significantly lower than in the case of 6. From the analysis we may
conclude that the acidifying effect in 5 is lower mainly because the inter-
action energy between the CF3 substituents and the acidity center -NHj is
significantly more negative than in the case of -OH or -CHj3. The observed
acidifying effects, both experimental and computational, follow the trend.
Obviously, as the AGgag is defined by equation 5.10, AGga(3) = 0
kcal /mol.

In order to separate the joint contributions AGg + AGRrgx into com-
ponents we use the following additional approximations.

1. As seen from the AGgaig values of the neutrals 1, 3, 5 and 6, the
interaction energies in them are small. We can therefore assume that
the effect of saturation of the interaction energy is still a lot smaller
and thus forms a negligible part of the joint contribution AGg +
AGRcex in the neutrals, that is AGg(neutral) = 0 kcal/mol.

2. Geometries of the neutrals and anions of 1, 5 and 6 are similar.
Proton abstraction does not markedly change the geometry of 1, 5
and 6 or release the steric strain. This claim is confirmed by the
geometry analysis (see above). Thus we may assume that as a first
approximation the steric destabilization effects in the neutrals and
the anions are equal: AGRrcx(neutral) = AGRrcx(anion). The only
exception is the anion 3a.

From the above analysis and from the geometries of the species it is
possible to draw the following principal conclusions:

1. The abrupt changes in the acidifying effects of five CF3 groups in
phenol, aniline and toluene are caused by the complex behavior of
the neutrals, not the anions.
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2. The effect of release of steric strain on deprotonation is of minor
importance: the steric distortion of the molecules 1, 5 and 6 does
not change significantly with deprotonation. Instead, the ca 80%
additivity of the effect of substituents on acidity is primarily caused
by saturation of the substituent effects. However, the saturation may
well have the steric distortion of the anion as a major cause.

3. The low acidity of 3 is not caused by inefliciency of the substituents in
stabilizing the anion as might be expected from the classic substituent
effect considerations but by the very low acidity of the parent com-
pound, CgHg. The acidifying effect of the five CFg substituents in 3
is in fact the highest in the row 1-5-6-3. This is remarkable because
the anion 3a is the least planar of the anions in the row 1a-5a-6a-3a.

At the same time, the measured and in this work calculated AG,iq
value of compound 3 is in a very good agreement with the results of
gas-phase acidity measurements!56:158 of eight mono- to 1,2,4,5-tetrakistri-
fluoromethyl) substituted benzenes for which also the additivity of the sub-
stituent effects (3 included) is observed.

Acidities of 1 and 7 in Condensed Phase. Contrary to the gas
phase, the acidity of 1 in all condensed media (no comparison is possible
for 5, 6 and 3 due to lack of data) considered is either close (AN 107%,
DMSO 91%) to that predicted from fractional additivity or even surpasses
it (HoO 133%). Surely, all the above-discussed effects are also in opera-
tion in condensed phase and the (apparent) additivity has to be caused by
solvation. The higher than expected solution acidity can be due to either
additional stabilization of the anion or the absence of some factor stabilizing
the neutral (in both cases with respect to the respective monosubstituted
compounds). It is difficult to see how 1la can be efficiently stabilized by
solvation: the charge is delocalized across the large anion and the phenox-
ide group is hidden between the bulky CF3 groups. Contrary to that the
neutral 1 has extremely polarized O-H bond and is in principle a powerful
hydrogen-bond donor. This hydrogen-bond donating ability, however, is
almost lost due to two ortho-CF3 groups. This leaves the neutral poorly
solvated compared to the singly substituted phenols. We thus suggest that
the higher-than-expected solution acidity of 1 is not due to an extra sta-
bilization effect of 1a but is caused by the lack of possibility of stabilizing
the neutral by hydrogen-bond. This hypothesis is partially supported by
the observation that the non-additivity is especially pronounced in HyO,
which is the strongest hydrogen-bond acceptor of the three solvents. The
acidity of 7 is lower than would be expected based on the acidity data
of different substituted phenylmalononitriles (lack of data does not allow
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exact calculation of additivity). The lower than expected acidity is easily
rationalized considering that the aromatic ring is only slightly distorted in
the neutral and is very strongly distorted in the anion. The reasons leading
to lowered acidity are destabilization of the anion via reduced aromaticity
of the ring and less-than-optimal resonance delocalization of the negative
charge.

In conclusions it is possible to say that five trifluoromethyl groups in a
phenyl ring lead to a considerable increase of acidity compared to unsubsti-
tuted derivatives. Calculations show that their influence is practically the
same as that of three nitro groups but definitely weaker than that of five
cyano groups.

5.3. Acidity Scale in 1,2-Dichloroethane

Acids of very high strength and their derivatives are receiving increas-
ing attention.?%'61  Anions of superacids (WCAs) are of key importance
as counterions in catalysts and charge carriers in electrochemical power
sources.??100 Although, not many consistent acidity-basicity data are avail-
able for acid-base equilibria involving superacids.?®2%122 For many tradi-
tional superacids there are acidity estimates (usually Hy values) available,
for most of the novel superacids there are none. In addition, the Hy value
of every acid refers to a different medium (usually neat acid or its mixture
with water, HF, etc.). While very useful for characterizing the acidity of
the acids as media the Hy values are less suitable for characterizing the
acids as individual compounds or for analysing of dependence of acidity
on molecular structure. The available data are fragmentary and often se-
rious discrepancies exist between the data from different laboratories (see
section 5.1. and IV for examples). Recently an IR-spectroscopic scale of
ion-pairing ability of superacid anions with trioctylammonium ion was re-
ported by the Reed group.''® Although being very useful in characterizing
anions of superacids and providing implications of the acidity of the parent
acids, that scale is not an equilibrium acidity scale and characterizes the
anions rather than their parent acids. Accurate self-consistent scales of
superacids in different solvents of constant composition would be desirable
as these would enable rigorous analysis of structure and solvent effects on
acidity. Such scales are available but mostly for acids of moderate strength
and do not extend into the realm of superacids. In this work (see section
5.1.) extensive self-consistent acidity scale in AN including also a dozen of
superacids is presented. However, due to basicity of AN this solvent cannot
be used for expanding the scale towards stronger superacids.

Search for a suitable solvent for setting up a self-consistent acidity scale
of superacids has led us to DCE. This solvent is inert, has very low basicity
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and at the same time is one of the most polar chloroalkanes (¢, = 10.6),
thus suitable for studies of ionic equilibria involving superacids. It is readily
available and has good solvent properties, also for many ionic compounds.
At the same time the inertness of DCE is expected to invoke several prob-
lems in acidity measurements: side-processes like ion pair formation and
homoconjugation are expected to be much more extensive in DCE than
in AN. The acidities directly measured in DCE are ion-pair acidity mea-
surements. DCE is also more likely affected by impurities like traces of
water. In the course of this work it was established that it is possible to
use the UV-Vis spectrophotometric method studing of acid-base equilibria
in DCE and that it is possible to compose self-consistent scale of pKj, in
DCE. The first segment of the scale spanning for 10 pKj, units and con-
taining 23 acids has been created. Till now it is the most acidic equilibrium
acidity scale that has been composed in a medium of constant composition.
The consistency parameter of the whole scale is s = 0.11 units, this value
will decrease to s = 0.04 units if compounds with pyridinium counterion
AD4, AD8, AD12 and pentacyanophenol AD7 (due to the impurity in
this compound) are left out. In future we expect to extend the available
self-consistent acidity data towards stronger superacids in DCE by several
orders of magnitude and fill the gaps which right now are present in this
scale (two approximately 2 pKj, unit gaps). We also plan to measure in
the framework of this scale some of well-known common acids (TfOH, HBr)
and derivatives of carborane acids (CB11Hi2H), etc.

Compiling the scale. From the practical measurement standpoint an
important difference was found between DCE and AN. In AN acids can
easily be studied as salts with relatively small cations such as triethylam-
monium, pyridinium, etc. The same is not directly possible in DCE due
to strong specific interactions between the acid anion and the cation. In
this work a workaround was found for this problem: the salts must be first
titrated into neutral form and then the neutral acid can be titrated with a
base forming a large and delocalized cation on protonation (phosphazene
base t-BuPj(pyrr) was used). Still, later we found out, that only com-
pounds with tetraalkylammonium counterions or free acids are suitable to
get consistent results with other measurements. It was also found out that
this reversible titration method is still necessary for titration of compounds
with tetraaklylammonium counterions to have more consistent results.

The concentration of studied compounds during the titrations should
be lower (1-2-107°) than concentrations in AN (up to 5-107%), especially
in the case of stronger acids with many cyano groups. Some of the relative
measurements between poly-cyano acids were not successful, probably due
to the formation of higher aggregates. It would be very good, if the partners
for the measurement of poly-cyano acids would be an aromatic sulfonimides
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Table 5.6:

Continuous Self-Consistent Acidity Scale of Neutral Acids in DCE

Acid pK i(DCE) Directly measured ApK, values
Q oN
AD1 OZNOi%CN 10.5 *
SOF 1.15 T
AD2 FOZSQOH 9.4 ¥ 1.55
soF 1 T
AD3 T'—QOH 9.0 -0.76 ¥
o ™ T 0.93 0.1.6
AD4 C‘Oiiuii@i 8.7 ; 6; 1.14 0.42 . 84
NH, . )
AD5 e e 85 -0.24 ¥ v
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NC CN 1.56 T
NTf O
AD8 C\O%—N#OO 6.9 1.66 0.92
e} o
1.14
AD9 OMEOME NC\%\rCN 6.7 v 4 l
CN CN
0.07 1.07
YT = 66 —f—%097—§—012——142
CN CN
0.07
ADI11 NC AN 6.5 ¥ 0.47
CN CN T 0 30
AD12 C\—@*ETN*‘CS‘)‘@*NO, 6.2 -0.25 0.79 A .
g H \(\) . .
RF l 0.04 0.67
AD13 F 6.3 ¥ v 0.57 2 L
T
FF 0.47
AD14 NC__~ CN 58 *
2
CN CN CN CN
AD15 NCMCN 3.8 *
T 0.12 ‘[
AD16 Os NHTF 3.7 T 0.44
AD17 NN 34 -0.36 l
CN CN
W)C\N ﬂ( l 0.10 T 0.77 0.78
AD18 NC AN NON 3.3 0.22
N k)
i NTfCN 0.19 l T
il 3
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Og +
. 129 001 l
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NC, CN 1'¢8
AD22 .2
NC’@\CN O T
o 0.25
AD23 NOANN 00 ¥
CN CN
85



or a tris(sulfonyl)methanes or other types of acids containing not many
cyano groups. Aromatic sulfonimides are good because of their acidity can
be tuned by varying either substituents in the benzene ring or replacing
=0 with the Yagupolskii’s substituent =N-TT.

Anchoring the scale and obtaining absolute pKjp, values is problematic
in DCE. In this work the scale is anchored to the strongest acid measured
and its pKjp, is arbitrarily essigned to zero (in order to prevent negative
pKip values). There are 16 pK, values of neutral acids reported in the lit-
erature'®? which have been measured in DCE using potentiometric titration
and conductometry. Several of those acids (TfOH, HI, HBr) are expected
to be in the acidity realm covered by our acidity scale and could thus be
used as anchor compounds. The authors of reference 162 also report their
acidities to be not ion-pair acidities but free ionic acidities. This claim
is based on the results of conductometric measurements. Given the low
dielectric constant of DCE and its negligible ability to solvate anions, the
validity of this claim has to be carefully studied before accepting it. It
may well be that it is the impurities in the solvent (first of all water) that
dramatically increase the conductivity. If proved is valid then the potential
anchor compound will probably be TfOH which is expected to be in the
range between 2-3 pKj, units in the present scale and has pK, value in
the literature 7.3 units.'%? The final anchor compound will be chosen after
careful study.

Comparison of the acidities of the studied acids in DCE and
AN. The correlation of the obtained DCE data with those measured in
AN does not give a uniform relationship. There are currently too little
data in DCE to make far-reaching conclusions but it can be expected that
instead of a single correlation line accommodating all acids several family
relationships form. Future studies are necessary. Still 6 compouns have
been measured both in AN and DCE.

Three of those compounds are sulfonimides which were used as salts
with pyridinium counterion (AD4, AD8, AD12). These sulfonimides are
substituted using Yagupolskii’s substituent (vide supra). The remaining
three of those are AD2, AD3, AD6 which were used either as free acids
or salts with tetraalkylammonium counterion.

The scale of acidities of sulfonimides is much wider in DCE than in
AN (see Figure 5.5). It is other way around with other compounds. From
Tables 5.1 and 5.6 it is seen, that phenols are in AN relatively stronger
and in DCE weaker compared to other acids. It probably comes from less
favorable solvatation of phenoxide by DCE. Anions of sulfonimides and
polycyanocarbon acids have more delocalized charge and the solvatation
ability of those anions by DCE and AN cannot be distinguished.

86



10.0

9.5

9.0

8.5

8.0 -

7.5

PK (DCE)

7.0 4

AD12 e AA106
6.5 1 AA109 g
///
O//
60 -~
55 : : : :
3.50 4.00 4.50 5.00 5.50 6.00

PK.(AN)

Figure 5.5: Correlation of pKj, values of acids in DCE with pK, values of acids
in AN. Dashed line corresponds to the sulfonimides, solid line to the
other compounds.

5.4. Some New Superacids

Quantum chemical computations is one of the easiest ways to predict GP
acid-base properties of new types of compounds. Many of the new as well as
established superacids are estimated to reach AG,q values down to the re-
gion of 250280 kcal /mol: 1,1,2,3,3-pentacyanopropene (267 kcal /mol),!04
pentacyanocyclopentadiene (254 kcal /mol). Some superacids, are expected
to have AG,eiq values even below 250 kcal/mol (several carborane acids are
expected to have acid strength even down to 200-210 kcal/mol).

In the present work (see VI and VII) two types of anions whose proto-
nated forms can be regarded as superacids with acidities below 280 kcal /mol
are presented. One type of those anions are derivatives of anions of mineral
acids (nitrate and metaphosphate, respectevly) obtained by formal replace-
ment of oxygen atoms by dicyanomethylene fragments (see Figure 5.6). The
other type is substituted boratabenzene anions (see Figure 5.8). Neither
the anions nor their conjugate acids have been described earlier.

Anions N[C(CN),]; and P[C(CN);]; and the Superacidic Prop-
erties of Their Conjugate Acids. It has been suggested that when de-
signing a superacid one should first of all design the anion.'®* According to
the common knowledge the charge in the anion should be as delocalized as
possible, using electron-accepting substituents with strong field-inductive
and resonance-acceptor properties. It is the best if the anion does not have
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a well-defined protonation site and has instead a symmetric structure with
many energetically equivalent protonation sites.

In this section a computational (DFT B3LYP 6-311+G**) design of two
novel anions 1A and 2A and the superacidic properties of their conjugate
acids are presented (See Figure 5.6). The results of acidity calculations are
presented in Table 5.7.

N N N N N N
|l [/l [l
1 + [IH + |1
2., 23 2
; : \
N// \\N N// \\N N// \\N H
1A 1A-a 1A-b

Figure 5.6: Structures of the anions 1A and 2A and their protonated forms.

The geometry of the anions 1A and 2A is similar (Figure 5.7, images of
2A, 2A-a and 2A-b are presented, the respective forms of 1A are similar).
Both have D3 symmetry. The most pronounced difference is the length of
the bonds between the central atom and the Cl carbon (numbering in
Figure 5.6), which for 1A and 2A is 1.38 and 1.71 A, respectively, and the
value of the angles between the planes of the central NCs or PCs moiety
and the C(CN)3 fragments: 34° and 30°, respectively. The shorter distance
from C1 to the central atom might be the cause of the somewhat stronger
distortion of the anion 1A and one of the factors responsible for somewhat
higher acidity of protonated 2A compared to protonated 1A.

In the Cl-protonated species 1A-a and 2A-a the CN groups of the
CH(CN), fragment are rotated out of the plane of the central moiety, which
is still nearly planar in both cases (Fig 5.7). The angles between the plane
of the central moiety and the N-C-H and P-C-H planes are 12.5° and 5.9°,
respectively. Distortion of this fragment out of the main plane enables
the other two C(CN)q fragments to decrease their angles with respect to
the central plane to 21° and 11° for 1A-a and 2A-a, respectively. The
geometry of the N3 protonated species 1A-b and 2A-b is rather similar
to the anions (Figure 5.7). The CNH angle is 124° and 127° in 1A-b
and 2A-b, respectively, and the proton is directed out of the plane of the
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Table 5.7: Calculation (DFT B3LYP 6-311+G**) Results of the Acidities of Pro-
tonated Forms of Anions 1A and 2A

Compounds AHucia  AGacid
N[C(CN)sl5, 1A

N[C(CN)y]o,C(CN)CNH, 1A-b  266.6  259.5

N[C(CN)y],CH(CN)3, 1A-a 266.5  259.4
P[C(CN)2]5, 2A

P[C(CN),),C(CN)CNH, 2A-b  263.3  256.1

P[C(CN),)oCH(CN),, 2A-a 258.1 2521

@All energies are given in kcal /mol and correspond
to the most stable conformations of the species. The
results for the most stable protonated species are given
in bold.

C(CN)q fragment to which it is attached towards the nearest CN group of
the neighboring C(CN)s.

The protonated forms 1A-a and 1A-b have Gibbs free energies dif-
fering by only 0.1 kcal/mol (Table 5.7). Thus the anion 1A provides an
example of an anion without a well-defined protonation site — it has nine
protonation sites with virtually equal energies! The protonated form 2A-b
is by 4.0 kcal/mol more stable than 2A-a. The partial Mulliken atomic
charge on the central nitrogen in 1A is 4+0.84, the partial charge on the
central phosphorus atom in 2A is +0.08. As expected, the negative charge
of the anions 1A and 2A mainly resides on the nitrogen atoms of the CN
groups (partial charges -0.30 in both anions).

¢ ¢ ¢ ?
§ ¥ g
.»).:?’C’“ S Ve ans

Figure 5.7: Geometries of N[C(CN)]5 (2A), P[C(CN)2]oCH(CN), (2A-a) and
P[C(CN)3]2C(CN)CNH (2A-b).

The acids 1A-b and 2A-b are predicted to be by 54.5 and 47.1 kcal/mol
more acidic that their “parent” acids HNO3 and HPOs3,'%* while 2A-b
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is by 3.4 kcal/mol more acidic than 1A-b. These acids are among the
strongest noncarborane superacids and confirm the superstrong acidifying
effect of incorporation of multiple CN groups into an acidic molecule whose
conjugate anion is able to form an extensive conjugated system with the
anionic protonation center. The acid 2A-b is predicted to be in the gas
phase stronger than any of the following acids: TfOH, HAICly, HPFg and
the parent carborane acid CBq1HoH.1%4

Boratabenzene Anions C;B(CN)s~ and C;B(CF3)s~ and the
Superacidic Properties of their Conjugate Acids. Boratabenzenes
and their conjugate acids, borabenzenes (see Figure 5.8) have been known
for long time and have been used in organometallic chemistry as m-donating
ligands.'®3 Substitution of borabenzenes with electron-accepting substitu-
ents with highly field-inductive and resonance-acceptor properties is ex-
pected to lead to highly acidic compounds, but the potential of these com-
pounds as superacids and WCAs has not been recognized.

H

| H M
c2 ‘ B\ Cé6 ‘ B\
L. U

C4

Boratabenzene 5B Borabenzene

CN F,C

Figure 5.8: Structures of boratabenzene, borabenzene, hexacyanoboratabensene
1B and hexakis(trifluoromethyl)boratabenzene 2B.

The results of the calculations of the title compounds and some related
structures are presented in Table 5.8. Structures of 1B and 2B and their
most stable protonated forms are presented in Figure 5.9. To predict the
protonation sites and to rationalize the relative stability of the protonated
forms analysis of natural charges using the Natural Bond Orbital (NBO)
approach was performed for all boratabenzenes and most of the neutral
forms.16

The conjugate acid of 1B is by ca 26 kcal/mol more acidic than that
of 2B. The anion 1B is planar and has Cs, symmetry. Protonation to the
ring makes the CN group to bend out of the plane by 46° (proton on C2) or
57° (proton on C4). Nevertheless the aromatic rings remain planar. If the
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proton is attached to a CN nitrogen, then the whole molecule is planar. The
anion 2B has a slightly bent aromatic ring (dihedral angle of B-C2-C3-C4
is 7.9°) with chair conformation - B and C4 are bent from the remaining
four carbons which are on the same plane (dihedral angle of C2-C3-C5-C6
is 0°). The anion 2B has C symmetry.

Similarly to unsubstituted boratabenzene, the anion 1B has the largest
negative partial charge on carbons C2 and C6: -0.36 units. The nitrogen of
the cyano group attached to the boron atom has also high negative partial
charge: -0.35. This is also the most favourable protonation site. C4 has
partial charge -0.15 units, C3 and C5 0.06 units and the boron atom +0.31
units.

Anion 2B has the largest negative partial charge again on carbons C2
and C6: -0.44 units. C4 has partial charge 0.20 units, C3 and C5 0.04 units
and the boron atom +0.46 units. F atoms in 2 have quite similar partial
charges: -0.33 to -0.37 units. The most negative of these values belong to
the CF3 group attached to the boron atom. Protonation to this CF3 group
leads to the decomposition of the molecule with detachment of HF.

The most favorable protonation site of 2B is carbon C4. If the proton
is attached to C2, then the structure of the resulting borabenzene is quite
similar to the structure of the anion but a little more chair-like. The C-H
bond in this structure is almost perpendicular to the plane which is formed
by four carbon atoms of the aromatic ring (C2-C3-C5-C6, dihedral angle
of these atoms is 6.3°). Protonation on C4 leads to a bath-conformation,
where the boron atom is much more out of plane and the C4 carbon is
almost on the same plane as the other four carbon atoms. The CF3 group
of C4 is not bent to the other side of CF3 group of boron anymore, but to the
same side. The angle between the plane formed by all five carbon atoms and
the CH bond is almost the same as the angle of the same plane and the CF3
group attached to C4 (dihedral angle of C(4-CF3)-C4-C3-C2 is 137.3° and
129.8°, H-C4-C3-C2 is 112.3° and 119.2°). In the C4-protonated conjugate
acid of 2B the charge is more effectively delocalized (seen from atomic
partial charges). The structure in chair-conformation was also calculated
and found to be by 7.6 kcal/mol less stable than the bath-conformation.
The most negative electrostatic potential in 2B is where fluorine atoms of
CF3 groups attached to the B and C2 atoms are very close, envisaging a
protonated structure where proton is chelated by F atoms of two adjacent
CF3 groups. This structure proved to be unstable: HF was detached.

In comparison of anions 1B and 2B it is seen that the total amount
of negative charge in the aromatic ring is almost equal (-0.7 units) but
the distribution of the charge among different atoms of the ring is differ-
ent. In the anion 1B the charges are distributed more evenly. This could
be rationalized on the basis of the difference in resonance acceptor and
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Table 5.8: Computational (DFT B3LYP 6-311+G**) Acidities of Conjugate
Acids of Boratabenzenes in the Gas Phase

AG,ciq AH,uq Protonation site,
Anion (kcal/mol)  (kcal/mol) comments
1B BC;5(CN)g 250.5 257.5 1-CN
247.7 254.6 4-CN
235.2 241.3 C2
234.9 241.1 C4
2B BC;5(CF3)4 276.8 280.9 C4, “bath”
269.2 274.5 C4, “chair”
251.7 258.6 C2
260.0 263.4 Chelate, HF
detached
249.9 253.5 1-CF3, HF
detached
3B BC;(CN)Hy 308.0 314.7 C2
307.5 314.4 C4
293.3 300.5 1-CN
4B BC;5(CF3)Hy 309.6 316.4 C2
309.2 316.0 C4
5B BCs;Hg 325.8 332.4 C2
324.7 331.7 C4
6B C;5(CN); 256.3 263.4 1-CN
250.1 256.6 C1104
7B C5(CF3); 275.5 283.8 C1

field-inductive properties of CF3 and CN groups (CN is a stronger reso-
nance acceptor group) and, even more importantly, from the planarity of
1B and non-planarity of 2B. The stronger resonance acceptor properties
of CN cause the more even charge distribution in BC5(CN)Hg compared
to BC5(CF3)Hg: the resonance effect of the CN group decreases electron
density especially at C2, C4 and C6 that in the unsubstituted borataben-
zene are the most electron-dense positions. Resonance requires planarity of
the whole molecule to delocalize electrons throughout the molecule, field-
inductive effects at the same time depend on bond valence and position of
functional group and need no planarity to work. CN groups are strong res-
onance acceptor groups and the whole molecule has to be planar for these
groups to work well. CF3 groups are rather weak resonance acceptors and
at the same time bulky. Both these factors have a role in the non-planarity
of 2B and its protonated form.

From Table 5.8 it is also seen that the hexakis-substituted borabenzene
and the corresponding pentakis-substituted cyclopentadiene (1B and 6B;
2B and 7B) have very similar gas-phase acidities. The conjugate acid of 6B
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is by approximately 6 kcal/mol weaker acid, even though the protons are
in both cases bound to the nitrogen of a cyano group. Both compounds are
planar and the stronger acidity of borabenzene may come from its slightly
larger size, one additional CN group and the parent boratabenzene as more
stable anion compared to the parent cyclopentadiene. The acidity of 6B
was also calculated using G3(MP2) and both protonation sites (nitrogen
of a cyano group and carbon of a cycle) led to almost the same acidities
254.3 kecal/mol and 254.4 kcal/mol, respectively. The geometries of these
boratabenzenes and cyclopentadiene anions are similar. Anions 1B and
6B are planar. The rings of anions 2B and 7B are slightly bent and the
CF3 groups are somewhat bent out of plane.

1S

Figure 5.9: Structures of anions 1B and 2B and their the most stable protonated
forms.

It is expected that the compounds described in this section, would lead
to a substantial addition to the compounds suitable for compiling the acid-
ity scales (DCE acidity scale as well GP acidity scale) in the superacidic
region.
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6. SUMMARY

The main goal of the present work was to study acidic and basic properties
of different Brgnsted-Lowry acids and bases in non-aqueous media. The
work contains two major parts — studies of neutral bases and studies of
neutral acids.

The first part of the present work is focused on neutral bases. In this
part the comprehensive basicity scale of neutral bases in acetonitrile span-
ning 28 orders of magnitude is presented. The scale contains 136 bases
whose pK, values have been obtained from over 300 measurements of ApK,
values. A useful property of this scale is that it contains many well-behaving
compounds with good spectral properties (aryl substituted phospazenes,
anilines, pyridines, etc.) covering the overall basicity area (can be used as
good reference compounds for further studies) and also all kinds of basic
compounds from different families — simple alkylamines and diamines, well-
known superbases based on guanidine structure, bispidines, porphyrines,
etc. The scale was critically reviewed by comparing the basicities of this
work to the basicities found from literature. As a result, compared to the
previous basicity scale, the pK, values of this scale were increased by 0.20
pK, units to establish consistency between the pK, values from literature
and the pK, values presented in this work.

Additionally, the basicities of seven novel and very interesting substi-
tuted guanidines were measured in acetonitrile. One of those compounds
was found to be the strongest base among the alkyl substituted quanidines
known to date. Also, guanidinophosphazenes as a new type of really power-
ful superbases were presented. These bases are so strong (27-29 pKj;, units
in tetrahydrofuran) that they are able to deprotonate acetonitrile. There-
fore, tetrahydrofuran which has very low acidity, was used to measure the
basicity of those phosphazene bases.

The second part of this work focuses on neutral acids. The com-
prehensive acidity scale in acetonitrile is presented. The scale includes
109 acids that are interconnected by 273 relative acidity measurements
and spanning over 25 orders of magnitude. This scale is composed us-
ing well-behaving acids, mainly poly-florinated aromatic CH acids and NH
acids. Representatives from all of the conventional families of OH (alcohols,



phenols, carboxylic acids, sulfonic acids), NH (anilines, diphenylamines,
disulfonimides) and CH acids (fuorenes, diphenylacetonitriles, phenyl-
malononitriles, phenylethylcyanoacetates, toluenes) have been included to
the scale. The scale also includes pentakis(trifluoromethyl)phenol, -aniline,
-toluene, -phenylmalononitrile and related compounds. The synthesis and
structures of pentakis(trifluoromethyl) derivatives are presented and dis-
cussed. Due to the steric crowding, the aromatic rings in all Cg(CF3)s
derivatives are significantly distorted.

Many of the compounds whose pK, values would be interesting to know
are superacids and it is not possible to measure their strength in acetoni-
trile. 1,2-dichloroethane was chosen to investigate those true superacids.
As a result, the most acidic equilibrium acidity scale that has been com-
posed in a medium of constant composition is presented in this work.

Two new types of superacids (cyano-substituted derivatives of mineral
acids and substituted borabenzenes, AG,:q values are between 260-280
kcal /mol) were also presented in this work and their properties were studied
computationally. These superacids would be useful compounds for acidity
measurements in solution phase and in the gas phase.
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7. SUMMARY IN ESTONIAN

Happe-aluse tasakaalude uurimine mittevesikeskkondades.

Kéaesoleva t006 peamine eesmérk oli uurida erinevate Brgnsted-
Lowry hapete ja aluste happelis-aluselisi omadusi erinevates mittevesi-
keskkondades. T60 koosneb kahest osast — neutraalsete aluste uurimine
ja neutraalsete hapete uurimine.

Esimene osa kéesolevast toost késitleb neutraalsete alustega seondu-
vat. Selles osas on esitatud uus ulatuslik neutraalsete aluste kooskolaline
skaala atsetonitriili keskkonnas ulatusega 28 suurusjarku. Praeguseks on
skaalal 136 alust, mille pK, vaiartused on saadud enam kui 300 ApK,
vaartuse mootmisest. Skaala eeliseks on see, et see sisaldab atsetonitriilis
hésti kéituvaid heade spektraalsete omadustega aineid (ariiiil-asendatud
fosfaseenid, aniliinid, piiridiinid jne.) {ile kogu aluselisuse piirkonna (neid
aineid saab kasutada heade vordlusainetena edaspidiseks mootmiseks) ja
lisaks veel aineid paljudest erinevatest aluste perekondadest — lihtsad alkiiiil-
amiinid ja diamiinid, guanidiinid, bispidiinid, porfiiriinid jne. Skaalal ole-
vaid pK, vaartusi vorreldi kirjanduses olevate samade ainete pK, vaartus-
tega ja leiti, et varem koostatud skaalal olevate ainete pK, vaartusi tuleb
tosta 0.20 pK, thiku vorra, et saavutada kooskola kirjanduse ja kdesolevas
t66s moodetud ainete pK, vaartuste vahel.

Lisaks moodeti dra seitsme uue guanidiini pK, vaartused atsetonitriili
keskkonnas. Uks nendest alustest on siiani kdige tugevam alus alkiiiil-
asendatud guanidiinide seas. Uuriti ka uut tiiiipi ilitugevaid superalu-
seid — guanidinofosfaseene. Need alused on nii tugevad (pKj, véartused
tetrahiidrofuraani keskkonnas on 27-29 iihikut), et enamik neist deproto-
neerib atsetonitriili. Et siiski teada saada nende aluselisusi, uuriti neid
tetrahiidrofuraani keskkonnas.

Teine osa t60st on pithendatud hapete uurimisele. Siin koostati koos-
kolaline happelisuse skaala atsetonitriili keskkonnas ulatusega 25 suurus-
jarku. Skaalale on moddetud 109 happe pK, vaadrtused, mis on saadud
274 ApK, vaartuse mootmisest. Ka see skaala on koostatud atsetonitriili
keskkonnas hasti kaituvatest ainetest — poliifluoreeritud CH ja NH hapetest.
Skaalal on esindatud véga paljud erinevad hapete perekonnad — OH happed
(alkoholid, fenoolid, karboksiiiilhapped, sulfoonhapped), NH happed (ani-



liinid, difeniiiilaniliinid, disulfoonimiidid) ja CH happed (fluoreenid, di-
fentitilatsetonitriilid, feniitilmaloonnitriilid, feniiiiletiitiltsiianoatsetaadid,
tolueenid). Samuti on skaalaga seotud pentakis(trifluorometiiiil)fenool,
-aniliin, -tolueen ja -feniiiilmaloonnitriil ning nendga sarnased ained. On
esitatud pentakis(trifluorometiiiil)feniiiil-ithendite siintees ja struktuuri ana-
liiis. Kuna seda tiilipi ihendid on steeriliselt viga pingestatud, siis leiti,
et neil on oluliselt deformeerunud aromaatne tuum.

Paljusid iithendeid, mille pK, vaartusi oleks huvitav teada, pole nende
iilikorge happelisuse tottu voimalik moota atsetonitriili keskkonnas. See-
tottu on 1,2-dikloroetaan valitud keskkonnaks, et moota superhapete happe-
lis-aluselisi omadusi. Tulemusena on koostatud koige happelisem tasakaalu-
lise happelisuse skaala konstantse koostisega keskkonnas.

Kaesolevas t60s esitletakse ka kahte uudset superhapete perekonda
(tsiiano-asendatud mineraalhapete derivaadid ja asendatud borabenseenid).
Nende ainete struktuuri ja happelisust uuriti arvutuslikult ja leiti, et need
ained kuuluvad toeliste superhapete hulka, mille AG,.q vadrtused jadvad
vahemikku 260-280 kcal/mol.
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