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Abstract. A method for creating self-consistent acidity and basicity scales in nonagqueous solvents
is presented and the current progress in applying such scales to different solventsis reviewed. The
method is based on UV-Vis spectrophotometric titration of a mixture of two acids (or two bases)
with a non-absorbing base (acid). From the titration data the relative acidity (relative basicity) of
the two compounds — the difference of their pK, values (ApK,) —is obtained. When alarge set
of compounds that have different acid (base) strengths is available and ApK, measurements are
carried out in such away that each compound is measured against several other compounds, a self-
consistent acidity (basicity) scale can be built. The relative acidities (basicities) of the compounds
included in the scale can be determined at very high accuracy: many of the error sources, most
importantly moisture and impurities in the solvent and in the compounds, influence both
compounds in a similar way and at least partially cancel out. Using this method, self-consistent
acidity scales have been created in heptane and acetonitrile and self-consistent basicity scales have
been developed in acetonitrile and THF. These scales are discussed and future plans are outlined.

Key words: acidity scales, basicity scales, pK, vaues, dissociation constants, nonagueous
solvents.

INTRODUCTION

Acid-base behaviour of molecules is very important in chemistry [1] and
significant effort has been devoted to studies of acid-base equilibriain water [2],
in nonagueous media[2, 3], and in the gas phase [4]. While in water the acidity
and basicity data (pK, values) can generally be regarded as reliable and ample,
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there are, currently, considerably fewer comparable values in nonagueous
media [2]; indeed, nonaqueous pK, data are often scarce and the results reported
by different authors are sometimes significantly inconsistent.

One might think that the lower the polarity of the medium, the smpler the
interactions between the molecules; in fact, the opposite holds. In a somewhat
simplified form the consecutive equilibria that occur in solution when a neutral
acid HA®' (z=-1) reacts with a solvent S to release a proton can be
represented as follows:

K, K, K, K,
HA"' + S22 [HA® S 2 [A'SH | 2 [A%][SH ]2 A +SH'. (D)

In this case, A” is the conjugate anionic base of HA**. The overall product of
these consecutive equilibrium constants, K, -K,-K;-K, =K, (or its negative
logarithm pK,) expresses the acid strength of the compound. The acid
dissociation constant K, of equilibriumin Eq. 1 can be expressed as:

K, - 2BH)-aAY) @
a(HA*™)
o a(SH")- a(AZ)'

a(HA*™) @

pKa:_

The simple overall process described by K, (Eq. 2) can be directly studied only
in water and nonagueous solvents of high polarity such as DM SO or acetonitrile.
In less polar solvents, which have alow dielectric constant and hence have poor
ion-pair dissociating and ion-solvating abilities, the concentration of freeionsis
very low, as in the case of THF or even negligible, as in the case of heptane.
Therefore one has to take into consideration both ion-ion association and ion—
neutral association. The simplest forms of ion—ion association are represented by
the equilibria leading to the formation of contact ([A*SH*]) and solvent-
separated [A?][SH™] ion pairs. If the concentration of the ionic species in the
solution is high, also ion triplets and higher aggregates may form. The ion—
neutral association processes are known as homo- and heteroconjugation
processes [5] (Egs. 4 and 5, respectively, z=-1, 0).

Az tHA = AZHATY, (4)
AZ +HAZ" = AZTHAS™, (5)
In solvents of low polarity these processes occur to a lower extent compared to
ion-pairing and at low concentration these conjugation processes between ions

and neutrals can be neglected because most of the ions present in the solution are
ion-paired. However, in dipolar aprotic solvents, which have a high dielectric
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constant and no hydrogen bond donor ability, for example acetonitrile, ion—
neutral association processes are very important: the poorly solvated anions are
stabilized by hydrogen bonding with neutral acids.

Hence in terms of ion—neutral association and ion-pairing the following
generalizations can be made:

If the solvent is able to solvate both anions and cations and has dielectric
constant D >40 (water, formamide), only the equilibrium described by the
overal constant K, (Eq.?2) is important [6] and Eq. 1 simplifies to give the
Bransted scheme of interaction:

HAZ! + S A% +SH”. (6)

In solvents with a high donicity number (DN) and D > 30 but alow acceptor
number (AN) (dipolar aprotic solvents) the acid-base interaction generaly
proceeds to the formation of free ions. Some ion-pairing may aso occur
depending on the solvent. Due to the lack of solvation of anions, the latter tend to
undergo homo- and heteroconjugation reactions in these media.

In solvents with D = 15-30 (acetone, benzonitrile), a very complex mixture
is usualy present, involving various amounts of all the species described in
Eq. 1, aswell as different higher associates.

In solvents with a high DN but a low D (pyridine, cyclohexanone) the
interaction generally stops at the stage of solvent separated ion pairs, with the
cation strongly solvated while the solvation of the anion is weaker.

In solvents with a low D that also lack the ability to solvate ions (hydro-
carbons, halohydrocarbons) the interaction does not go beyond the initial hydro-
gen bond or contact ion pair formation. The extent of the interaction is dependent
on the medium and the HA and B involved (their strength, charge delocaliza-
tion in the respective ions, etc.). In such solvents numerous other processes, not
represented by Eq. 1, can take place. lons and neutrals can form aggregates of
higher order, and ion tetra- and hexamers can be formed in addition to the ion
pairs[5]. In alkanes — extremely nonpolar solvents —ions are generally present as
large aggregates.

The interplay of all the processes mentioned above leads to a very complex
and hard-to-model system in low-polarity solvents. This complexity generally
increases as the polarity of the medium decreases; that is, the lower the solvating
ability of the solvent molecules, the more the ions tend to interact with each other
and other neutrals in the solution. Although in practice the experimental condi-
tions can usualy be adjusted so that significant simplifications can be made to
the mathematical descriptions (low concentrations of species, large-sizeionswith
delocalized charge, etc., see below), the experiments and the corresponding data
treatment are still very demanding.

Just as the interactions of acids and bases and their ionized forms in the
solution become more and more complex as the polarity and solvating power of
the medium decrease, the influence of impurities on the solvent also becomes
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more pronounced. The most important of these is the omnipresent water, which
stabilizes polar species — especially ions — in nonpolar solvents and hence shifts
the acid-base equilibria leading to erroneous results in the measurements of
acidity or basicity. Traces of water are present in all solvents, even in solvents of
as low polarity as alkanes. Also of importance are the traces of acidic and basic
impurities found in many solvents (acetonitrile, haloalkanes, etc.). Yet another
very annoying impurity in solvents is the dissolved oxygen, which does not have
much influence if working in the acidic range, but can be detrimental to measure-
ments carried out under strongly basic conditions. For example, studies of the
superbases and carbanions are often very sensitive to oxidation. The traces of
peroxides that are found in some solvents (most notably ethers, such as THF) are
just as harmful as oxygen itself.

In spite of the problems outlined above, studying acid—base equilibria in
nonagqueous media is a rewarding endeavour. Acidity and basicity research in
solvents of low polarity is very valuable for several reasons:

— allows investigating the behaviour of compounds in an environment that is less
influential on their certain physical and chemical properties than are the polar
solvents,

— provides a possibility of studying systems of extraordinarily high or low acidity
and basicity,

—is a tool for mimicing real processes in organic synthesis and chemical
technology, many of which are carried out in nonpolar media, and

—helps to better understand the nature of solvent—solute interaction and the
influence of media on chemical properties of various families of compounds.

At first sight it may seem that large collections of acidity and basicity data
have aready been published, also for nonagueous media. For example, in the
Palm Tables[2] — perhaps the most voluminous collection of acidity and basicity
data available — more than 50 individual solvents are listed, ranging from the
highly polar water and acohols to ethers and halohydrocarbons. On closer
inspection, however, one finds that there are enormous gaps in our knowledge:
for most of these solvents the data are fragmentary at best. If we examine the
largest available collections of acidity and basicity data in nonagueous solvents
(see references 2, 3, 7, 8), it becomes obvious that the data are more or less
representative for less than 10 solvents. And even in these media, there are (or
were up to quite recent time, see the sections below) considerable inconsistencies
between the data from different groups. For example, for well-known compounds
in acetonitrile: the pK, vauesfor 2,4-dinitrophenol vary from 16.0 to 18.4 [9]; for
4-toluenesulphonic acid from 8.01 to 8.73[9, 10]; for 4-aminopyridine from
17.00 to 18.38 [11]; for pyridine from 12.33 to 12.60 [11]; for triethylamine from
17.24 to 18.46 [11]. For most of these compounds the uncertainty range is wider
than an order of magnitude, yet al these compounds are stable and have pK,
valuesin avery convenient acidity/basicity range for study. In the case of unstable
and/or extremely acidic/basic compounds the discrepancies are sometimes
several orders of magnitude.
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In this paper we give an overview of the results of our ongoing work in
establishing and extending reliable self-consistent acidity and basicity scales in
nonagueous media. The earlier studies on the determination of acidity and
basicity constants in nonaqueous media started in our group in the 1970s and the
topic became a central theme in our group by the mid-1990s with the devel op-
ment of new measurement methods by our group and advancement of the
experimental techniques.

On a more general note, our work is aimed at creating reliable acidity and
basicity scales in different media with as diverse properties as possible. When
sufficient acidity and basicity data for different families of acids and bases are
available, deeper understanding can be gained on the influence of the solvent on
the acid-base properties of molecules.

It is important to note that the acidity and basicity research in nonagueous
media is closely connected to the acidity and basicity measurements in the
reference medium — the gas phase. For the rest of this review, the gas-phase
measurements will also be referred to where appropriate.

OUTLINE OF THE MEASUREMENT METHOD
AND EXPERIMENTAL CONDITIONS

In order to minimize the problems outlined above, such as aggregation,
solvent impurities, etc., we use the highest available grades of solvents and
additionally purify them as necessary. The work was carried out in an inert gas
glovebox to minimize the influence of traces of moisture and oxygen. We have
introduced an original UV—-Vis spectrophotometric measurement method for
studying acid-base equilibria in solutions. In this method proton distribution
equilibrium between two compounds HAZ* and HA3™ is studied:

K

HAZ" + A7 2 A+ HAT™.

()

The negative logarithm of the equilibrium constant K measures the difference of
acidities of the acids HAZ™* and HA3" in specific conditions:

a(A7)-a(HAZ™)
a(HA[™)-a(A3)

ApPK,, = pK,(HAS™) —pK (HA]™) =—logK =log )

This method is unique in that for the calculation of K all the necessary data are
obtained from UV-Vis spectra recorded on the titration of the mixture of HAZ*™
and HAZ™ with strong base and acid. There is no need for the determination of
a(H"), whichisacomplicated task in nonaqueous media. By having a large set of
compounds with various acid strengths and carrying out ApK, measurements so
that each compound is measured against at least two other compounds, a self-
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consistent acidity scale can be built. The relative acidities of the compounds
belonging to the scale are determined by very high accuracy and many of the error
sources (most importantly moisture and impurities in the solvent and in the
compounds) that influence both compounds in a similar way at least partialy
cancel out. The drawback of this method is that only relative acidities are obtained
and for absolute acidities the scale has to be anchored to the compound with known
absolute acidity (pK,) vaue.

Using this method we have succeeded in building self-consistent acidity or
basicity scales in several media. These are discussed in the subsequent sections.
Additional details on the experimental techniques can be found in the following
sectionsand in [11-15].

ION-PAIR ACIDITY SCALE IN HEPTANE

An exciting and practically unexplored field of acid—base studies is measure-
ments in very nonpolar media, particularly in alkanes. These media are of high
fundamental importance as they help to fill the prominent gap that exists in our
knowledge between the polar solvents and the gas phase. There are a number of
difficulties when performing experimental studies of acid—base equilibriain such
nonpolar media as akanes, including extensive aggregation and often also pre-
cipitation of ionic species, and also scarcity of acids and bases that are
sufficiently soluble in heptane, etc. [8]. We have succeeded in overcoming these
difficulties by using the highly lipophilic phosphazene t-BuP,(dma) [16] (see
Scheme 1) — a very strong sterically hindered base — as the deprotonating agent.
The protonated form of this base — a large cation with very delocalized positive
charge —is agood counterion because specific and electrostatic attraction effects
between it and the anions are practically negligible.

Of the nonpolar mediain which acidity scales have been created, heptaneisto
date the only one with dielectric constant less than 2 (D =1.92). In such a
nonpolar medium ions will not dissociate but formion pairs or higher aggregates
depending on the ions and medium properties. The acidities measured in such a
medium are called ion-pair acidities and the equilibrium between two acids can
be written:

HA, +PH"-A] 2 PH" - A + HA,, 9)
where PH™ denotes the protonated t-BuP,(dma) phosphazene. Thus the pK of the
equilibrium 9 — obtained directly from the experiment — is the relative ion-pair

acidity — ApK;, —of theacids HA, and HA:

a(PH" -A])-a(HA,)
a(PH* -A3)-a(HA,)

APK;, = pK;, (HA,) - K, (HA,) = log (10)
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Scheme 1. Structures of the studied superbasic phosphazenes.

The scale [17, 18] that has been created by our group is presented in Table 1.
It contains polyaromatic CH and NH acids, most of which are polyfluorinated.
For the families of compounds studied it was found that the differentiating ability
of acidities of heptane is only by a factor of 1.2—1.3 weaker than the gas phase

[19-21] and that it has equal or better differentiating ability than DM SO or DME
for CH acids or NH acids, respectively.
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Table 1. Continuous self-consistent ion-pair acidity scale in heptane. The scale is anchored to
arbitrarily chosen reference compound 3 [17, 18]

F. L FF b4 F pK\p(C7)
F O cl
21 TR AN 8.63 —f
. L 0.32 I
F

. . 8.25 —f—1.3 20
F FF cl 0.82
19 ; F 737 —%
FFFF 0.22
A 7.11 0.37 r 18
. 0.06
17 F@E j@cm 7.04 - 0.7 ¥
FN F 0.76
woF 6.40 0.75 16
F F F
15
I 14
13 FCEI:[F 518 —§—1.72—=1.3
F N F l
FooyF
461 $— 0.54 12
i £ 1.9 0.05 1
11 ‘@f I:f‘ 4.60 +
FY VYT 1.31 £ F
F FF CH
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F FF cl
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F
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Ak 068 ——14 T, 2
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&Measurement results from[17]. Reproduced with permission from[18]. Copyright 2003 Am.
Chem. Soc.

ACIDITY SCALE IN ACETONITRILE
Acetonitrile (AN) has many properties that make it a suitable medium for

acid-base studies. It has low basicity and very low ability to solvate anions[5].
Thelow basicity gives AN an advantage over the other very popular solvent for
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Table 2. Continuous self-consistent acidity scale of neutral and some cationic acids in acetonitrile

Compound Measured ApK , pK,
2,4-dinitrophenol T 16.66
0.54 |
(4-CF3CgF,),CHCN —¥—1.92: 16.14
1.43
3-CF3C¢H,CH(CN), ﬁ%)|< 14.72
0.15
Saccharin —%—0.84 14.58
0.71
4-CH3CgF,CH(CN), 13.88
0.87
CoFsCH(CN), —%—0.897— 13.01
0.03 | 0.04
4-HC4F,CH(CN), 0.79¥%—————— 12.98
0.74 )l%
2-C4oF,CH(CN), %r T 12.23
1.38 0.26
Tos,NH —0.624—% 11.97
4-NO,CgH,CH(CN), 11.61
(CsHsSO,),NH 11.34
4-CIC¢H,;SO,NHTos 11.10
Picric acid 11.00
(4-CICgH,S0,),NH 10.20
4-CF3CsF,CH(CN), 10.19
4-NO,CH,SONHTos 0,524+ 06— 10.06
1.05
4-CI-3-NO,CgH;SO,NHTos —>L—¥ 9.69
0.53
4-NO,CsHsSO,NHSO,CeH,-4-Cl X 9.15
0.56 2.3
TosOH —X—1.73 8.6
1.210.23
(4-NO,C4H,S0,),NH t T 1.3~ 8.31
1-C4oH,SO3H ’I( . 8.00
CeHsCHTf, 7.83
4-CICgH,SO3H 7.3
3-NO,CsH,SO,H 6.76
4-NO,CgH,SO3H 6.71
TosNHTf 6.29
CeHsSO,NHTF T . 6.01
4-CICgH,SO,NHTF } 0.704 5.46
0.77
2-NO,CgHsNH;" +— 5.30
0.53 |
4-CICgH,SO(=NTf)NHTos } 0.35: T 5.27
0.38 aL 0.75
2,4,6-Tf3CsH,OH 0.82: t 4.93
0.41 0.94 l
4-NO,CgH,SO,NHTF —¥ 1.17 453
0.05 1.1
4-CICeHsSO(=NTf)NHSO,CeHs-4-Cl —T 0.87: 4.48
1.10 1.15
4-Cl-2-NO,CgH,NH;5" —0.314+— X 4.36
0.74| 0.20
2,3,5-tricyanocyclopentadiene 050 l 4.16
4-CICgHsSO(=NTf)NHSO,C¢Hs-4-NO, 3¢ 3.75

Tos = H3;CC¢H,SO—, Tf = F;CSO,~. Reproduced with permission from[9].
Copyright 1998 Am. Chem. Soc.
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Table 3. Directly measured ApK, values of N-aroyltrifluoromethanesulfonamides relative to
various reference acids with known pK, valuesin AN

CN

|
cw@g* 11.61*
CN
H3CO-©CONHTf
H 3<:-<;>co NHTf

@CONHTf
OZNQOH { 11.00°
F-@-cov\mﬂ 0.87 T 10.67
CI—@CONHTf 0.54 T 10.35
0.56 0.15
F F (‘:N l
FRCQ(‘:H 1.15 10.19°

CN
F F
oN SO;NH—SO;@—CHa —0.73.1.05 F 1.20 10.06°
OQN—DCONHTf l l 950

0.23

OQN@SO;NH—SO@—CI ) 9.15°

® Reference acids. pK, values of the reference acids are from[9]. Table from[10].
Reproduced by permission of The Royal Society of Chemistry.
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acid—base studies — DM SO, which is considerably more basic (stronger acceptor
of hydrogen bonds). As AN has a high dielectric constant (D =36.0 [5]) it
favours the dissociation of ion pairsinto free ions. The autoprotolysis constant of
AN isvery low: pK,,, =33 [22] (even values of pK,,, ashigh as44 have been
suggested [16, 23]), which makes it a good differentiating solvent. Additionally,
the advantages of AN are its transparency down to 190 nm and relative ease of
purification. The acidity scalein AN ispresented in Tables 2—4.

One can see that the replacement of only one oxygen atom in the benzoate
anion (pK,=20.7 [24]) by Yagupolskii's supersubstituent — (=NSO.CF3)
increases the acidity of its conjugate NH acid by 9.6 pK, units whereas the
replacement also of the second oxygen atom leads to a further significant increase
(by 4.9 pK, units) of acidity: thus the total acidifying effect of transfer from
benzoic acid to its benzamidine analogue, another NH acid, reaches 14.5 powers of
ten. Similar enormous acidifying effect of this substituent was observed in DM SO
and in the gas phase in the case of sequential subgtitution of two =O atoms by
=NSO,CF; groupsin toluene-p-sulfonamide [25] andina somewhat lesser extent
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Table 4. Directly measured ApK, values of compounds N,N’-bis(trifluoromethylsulfonyl)benz-
amidines relative to various reference acids with known pK, valuesin AN

NTF
CHO
¢ -©4NHV T 6.55
0.23
NT
<,
NHTF
0.05
HQC—Q—SDZNHW ¥ 05—6.29%

0.16 0.35
NTE

Q-{NHTf 6.17
@-SOZNHTf —059 0.59 6.01°

NTf

F_®< 1.37 0.84 5.81
NHTf

NTf

cl 1.25

_®<NHV T 5.7

GNHQ 0-[9 ' 5.30°

ow—@-{ 5.14
NHTf

0.23 6.30

® Reference acids. pK, vaues for the reference acids are from[9]. Table
from [10]. Reproduced by permission of The Royal Society of Chemistry.

in the case of some sulfonamides (Table 2). These results confirm the earlier gas-
phase data on the extraordinary acidifying effect of the =NSO,CF;
substituent [19].

BASICITY SCALE IN ACETONITRILE

Neutral organic bases have found a wide field of applications in the organic
synthesis as reagents in base-mediated transformations and are often irreplace-
able[26, 27]. They have many substantial advantages as compared to ionic bases,
such as milder reaction conditions, enhanced reactivity of the more naked anions
in the poorly associating ion pairs formed, and better solubility [28-30]. Several
new and very promising families of strong neutral bases — “proton sponges’
[31-33], guanidines[34], amidines, phosphazenes[28-30, 35, 36], phosphorus
ylides [37, 38] — have emerged. Their quantitative basicity data must be known as
these largely determine applicability of these basesin practice.

In spite of the contributions from several groups (especially the Schwesinger
[28, 29], Sundermeyer [39], and Verkade [40] groups), the data on basicity in
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AN intheregion of DBU and above continue to be scarce in the literature. Our
aim was to establish a self-consistent basicity scale of very wide range and to
include various families of bases.

Thereaction studied is given in Eq. 7 and the equilibrium constant formulafor
neutral bases B, and B, can be written as follows;

[HB]-[By]

ApK, =pK,(HB3) —pK,(HB;) =log = .
? ' [HB;][B,]

(11)

In its current state, the scale [11] (Table 5) already contains 89 different bases
and 180 independent ApK, measurements have been carried out so that the scale
spans over 28 pK, units. The bases included are well-known anilines, pyridines,
simple amines, phosphines, guanidines, amidines, and porphyrins. The most
important family of bases included in this scale is phosphazenes, many of which
were synthesized for the first time in our lab. These superbasic phosphazenes
have proved to be very convenient and stable indicator bases in the high basicity
range where there is a lack of good neutra indicator bases. They have the
advantage that they possess an aromatic nucleus that is conjugated to the
protonation centre of the molecule. This causes significant changes in UV-Vis
spectra on protonation and therefore the protonation level of such compounds can
be easly determined UV-Vis spectrophotometrically. The influence of
substituents on the phenyl ring on the basicity of the phosphazene is easily
predictable, providing the possibility of conveniently “tuning” the basicity of the
compound. The possibility of synthesizing higher homologues of phosphazenes
iswell applicable for taking bigger leaps towards the more basic region.

solliecliNes

MTBD DBU

A

NH NH
N N

SN
o-Tol-BG

Proton Sponge

OEP
TPP

Cl TCPP

CH; TmP

Scheme 2. Structures of some other studied bases.
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Work is progressing to further supplement the scale by incorporating new
types of bases and to study the effect of media on the basicity. Thorough analysis
of the basicity datain AN available in the literature was carried out and it was
shown that the basicity data from some authors are consistent with the present
self-consistent basicity scale while the data from some others are not [11].

Table 5. Continuous self-consistent basicity scale of neutral bases in acetonitrile. See schemes 1
and 2 for designations of the compounds

Base pK a(AN)b Directly measured ApK ;2
1 4-MeO-CgH4P3(dma) 31.99 'y
0.51
2 PhPy(dma) 31.48 0.80 f
3 2-Cl-CeH.Ps(pyrmeNEt,  31.19 i 0.98
0.70 l
4 4-CF3-CgH4P3(pyrr) 30.50 Y
0.32 T
5 2-Cl-CeH,P3(dma)sNEt,  30.16 3—1.35 T
6 2,5-Clo-CoHsPs( 113
§ »-CeH3P3(pyrr)eNEt, 29.16 v y 2— 1.05
0.08 l
7 4-CF3-CgH,Py(dma) 29.10 L =
8 EtPy(pyrr) 28.88 =——+—0.93-0.64 T
0.86
9 t-BuPy(pyrr) 28.42 T =— 0.61
0.17 1.36 1.6
10 4-MeO-CgH4P4(pyrr) 28.23 4 3¥— 0.86 3
0.64
11 PhP,(pyrr) 27.55 [— 0.69 X T [
1.21 0.02
12 MePy(dma) 27.52 l 0.55 \ 2
0.60 l
13 HPy(pyrr) 27.01 A
1.59
14 t-BuPy(dma) 26.98 4 1.70
0.55
15 PhP,(dma) 26.46 [ 'y N
0.46
16 TBD 26.03 2 X 0.61
0.99
17 HP;(dma) 25.85 1.03 L
18 MTBD 25.49 A 4
0.08
19 2-CI-CgH4P,(pyrr) 25.42 : Y
1.05 T
20 DBU 24.34 ¥— 157
0.45 T
21 4-NMe,-CgH4P1(pyrr) 23.88 \ 4 1.20
22 4-MeO-CsH4P4(pyrr, 23.12 0'37 T L 2
sHaP1(pyrr) +=— 1.55 *
0.74 l
23 PhPy(pyrr) 22.34 A T
24 PhPy(dma) 21.25 1.09 y = -
25 4-Br-CgH,P4(pyrr) 21.19 { 2.54 0'96
26 PhP;(dma),Me 21.03 1 0'%0 0.63 0.42 .
27 PhTMG 20.84 0.44 A 4
28 1-NaphtP;(pyrr) 20.61 4 0.80 0.62
29 2-Cl-C4H,4Py(pyrr) 2017 0.34 0.?3 | T l
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30 4-CF3-CgsH4P1(pyrr)
31 2-Tol-1-BG

32 pyrrolidine

33 2-Cl-C¢H4P;(dma)
34 Et;N

35 Proton Sponge

36 2,6-Cl,-CsH3P1(pyrr)
37 2,5-Cl,-CsH3P1(pyrr)
38 4-NO,-CgH4P1(pyrr)
39 4-Pyrr-Pyridine

40 4-NMe,-Pyridine

41 2-NO;-4-ClI-CgH3P1(pyrr)

42 4-NH,-Pyridine

43 2-NO,-5-Cl-CgH3P4 (pyrr)

44 PhCH,NH,

45 2-NO,-4-CF3-CgH3P1(pyrr)

46 2-NH,-Acridine

47 2-NH,-1-Me-Benzimidazole

48 2-NH,-Benzimidazole
49 2,3-(NH,),-Pyridine

50 2,4,6-Me;-Pyridine

51 2,4-(NO,),-CsH3P1(pyrr)
52 2,6-(NH,),-Pyridine

53 2-NH,-Pyridine

54 2,6-Clp-4-NO,-CgH,P,(pyrr)

55 4-MeO-Pyridine

56 3-NH,-Pyridine

57 2,6-Me,-Pyridine

58 2,6-(NO2)2-CeHsP1(pyrr)

59 2-Me-Pyridine
60 Pyridine

61 OEP

62 4-MeO-Aniline

63 2-methylquinolin-8-amine

64 N,N-Me,-Aniline
65 Aniline

66 2-Me-Aniline
67 TPP

68 5-NO,-Benzimidazole

Table5. Continued

T - - l -
20.16 0.46 0 50 T
19.66 # = 0.6
19.56 0.59 159 o 1‘18 l 2.10
19.07 5 ge - 1.69 ?
18.821.07 f 0.46 220
18.62 0.23 i -
18.56 l -
lo52—% g 34 0.06 052 1
002 | 1.44 0.21 0.68
18.51 —x ¥— 0.60 :
0.17 0.91 |
18.33 i 0.50 0.93
17.95 0.65 ¥ +— 1.67
17.68 0';5
17.62 0'98 1.04
0.76 0.40
17.27
16.91
1.29
16.54 ——d—11.01 - 1.52 s ¥
16.39 = 0.85 -+ 0.21
16.31 0'99 l 1.31 I l
16.08 1.07 133
15.24 §4 l 1.10 l
27 T 7 1 ‘|‘
14.98 0.36 —¥ T 1.96 —
1485 0.10 ‘[ o 0.45
a7r 0.51 1 o.f13 1
14.47 0.75 57a 0.35
14.43 ' 0.74 ng
14.23 155 0.34 —=
14.17 034 -
0.05
14.13 0.06 ¥
14.12 172 l
13.32
12.53 0'7'7
T o1s ‘[
12.37 0.66 ¥ +
1.01
11.86 0.83
31
11.54—% l
007 1
11.43—¥—0.95
0.77
10.62 1.15
10.50
0.22
10.41
1.58
10.39 1 T
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69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

TMP

MePh,P

TCPP
2-MeO-Pyridine
1-Napht-NH,
3-Cl-Pyridine
4-Br-Aniline
2,4-F,-Aniline
4-CF3-Aniline
2-Cl-Aniline
3-NO,-Aniline
4-F-3-NO,-Aniline
2,6-(MeO),-Pyridine
PhyP
2-Cl-Pyridine
4-NO,-Aniline
2,5-Cl,-Aniline
Ph,NH
2,6-Cl,-Aniline
2-NO,-Aniline

4-Cl-2-NO,-Aniline

Table5. Continued

|
10.15 0.43 0.85 0.56
0.47 0.74
9.96
T 1.07 0.90 0.23
9.94 0.03 0.85 060 068
9.93 { as
0.16 0.32
9.77—¥—5—0.38
0.24 T
9.55—¥ > & .33
0.11 1.37 0.12 l
9.43 ¥
1.06
8.39 : 3
1.57 0.3’5
8.03 =
T o075 0.17
7.86—¥—0.71 0.35 1.77 ¥
0.20 0.35
7.68—F l 0.17
0.01 T 1
7.67—¥—%— 0.04
0.05 T 0.07
7.64—Y 0.07
0.04 0.88 1.51 l
7.61—F 0.85 1.40
T 1.43 1
6.79 1.40
l 0.57
6.22—¥
0.01
6.21 —¥ 0.25
0.25 1.16
5.97 —¥— 1.40
_EO.QI F—1.18
5.06 .
0.25 l
480 1.30 ¥———¥
l 0.97
3.80 v

& The numbers on the arrows are the experimental ApK, vaues from [11-15]. ® Absolute pK,
values. Reproduced with permission from [11]. Copyright 2005 Am. Chem. Soc.

It was shown that the basicity of the PhPy(pyrr) family is less sensitive toward
substitution on the aromatic ring than the basicity of analogously substituted
anilines. Lower sensitivity can be due to the contribution of the ylenic (a in
Eg. 12) structure in the substituted PhP,(pyrr) series and delocalization of the
positive charge of the protonated form into the large phosphorane moiety.
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BASICITY SCALE IN TETRAHYDROFURAN

Tetrahydrofuran (THF) is also a suitable solvent for studies of strong bases [28]
aswell asweak acids[41]. An additional advantage of THF is the direct relevance
of the acidity and basicity data to organic synthesis, as deprotonation reactions of
reactants, acting as weak acids, by strong bases in THF find very extensive applica
tion in organic synthesis[26-30]. The acidity and basicity data that exist in THF to
date are scarce, however. THF has a similar differentiating ability (estimated
PK,o =34.7 [42]) to AN, isa better cation solvator (DN = 20.0) than AN, but it
solvates anions even more poorly than AN (AN = 8.0). It also has alow didectric
congtant (D =7.58 [6]) and, asaresult, in THF the ion-pairing processes are much
more favoured than in AN. Even at low concentrations the ion-pairing processes
(first and last step in Eq. 13) must be considered when using THF. It is much more
resistant to the superbases than AN. At least 5 orders of magnitude stronger bases
can be studied in THF thanin AN [16 and unpublished results from our lab].

In the UV—Vis spectrophotometric titration and *C NMR methods used, the
relative ion-pair basicities (ApK;, values, Eq. 14) of two bases present in the
same THF solution were measured.

K[TBIA K l/K:'BZA

(13)
B,+HB!A" =B, +HB; +A- 2 HB} +B, + A~ = HB}A" +B,,
HB; A~ Ay,
APKy = PR,y (HBSA )~ (HBA ) =log ™ 1t - jog &HBA ) 2B - 34

KA a(HB{A)-a(B,)’

These ApK;, values were corrected for ion-pairing using the Fuoss equation
as described in reference [43]. If the ion-pair's K, values can be measured or
estimated, the ApK,, (an estimate of the ApK,) can be found as follows:

. . K HBIA~
ApK, =pK, (HB3) - pK, (HB;) = ApK;, —log K?*BEA’ : (15)
d

Altogether 58 bases (pyridines, anilines, amines, guanidines, amidines,
phosphazenes) are included and around 120 independent ApK;, measurements
(see Tables6 and 7) were carried out. These measurements give a continuous
basicity scale [14, 15] in THF ranging from 2.6 (2-MeO-pyridine ) to 26.6
(2-Cl-C¢H4P4(pyrr) phosphazene) in the pK, units — that is for 24 orders of
magnitude. The scale is anchored to the pK, value of triethylamine (pK, =
12.5), which was proposed to be used as secondary standard by Morris's group
[44]. The relatively good predictability of the basicity together with suitable
spectral properties in the UV range make the arylphosphazenes (see Scheme 1)
convenient neutral indicators in the medium of high basicity range where the
choice of neutral basic indicatorsis currently very limited.
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Table 6. Continuous self-consistent basicity scale of neutral basesin THF solution®

Compound pK ip(THF) pK ,(THF)
EtP,(pyrr) o T 215 215
4-MeO-CgH4P,(pyrr) i T 20.9 21.3
H2NP; (pyrr) Obe— 1.34b B T s T 20.7 20.8
PhP2(pyrr) 047b 252b 014@ 108 201 206
t-BuP,(pyrr) — 1.600 i 0.40b- o 1 20.1 20.2
TBD Oim" Py * 1395 19.7 19.4
PhP,(dma) T t 19.3 19.7
t-BuP(dma) X 15 18.8 18.8
DBU 0! " 31§ T 17.9 16.6
4-Me,N-CgH4P4(pyrr) 1 ¥ = ~ 17.1 17.1
™G —053 - 1 L3 16.9 15.3
2-CI-PhP,(pyrr) e ti.z 16.7 17.3
4-MeO-CgH4P1(pyrr) - 16.6 16.6
PhP,(pyrr) * 15.9 15.9
4-Br-CgH,P,(pyrm) i T 15.4 15.4
Pyrrolidine = 0'42 0120 15.3 135
PhP,(dma) 3 1.70 >4 0.29 15.2 15.2
PhTMG + £ 15.0 14.0
4-CF4-CgH4P4(pyrr) 0198 e I T 14.6 14.6
1-NaphtP,(pyrr) x f o I 14.2 14.2
Et;N - és Ofl i 161 141 125
2-Cl-CgH,4P1(pyrr) i , T— 13.2 13.2
4-Me,N-Pyridine 1 3 } 13.0 11.2
2-Cl-CgH,P,(dma) P 0154 l’ 125 125
2,5-Cl,-CsH3P: (pyrr) i 0105 %7 11.9 11.9
2,6-Cl,-CsH3P: (pyrr) 0;16 - T 11.8 11.8
DMAN T i 1.05 11.7 11.1
2-NO,-4-Cl-CgH3P 1 (pyrr) T s ! 10.8 10.8
2-NO,-5-Cl-CgH3P 1 (pyrr) o iz T 10.1 10.1
2,4,6-Me,-Pyridine 1 055 9.6 8.1
2-NO,-4-CF4-CgH3P4 (pyrr) 0'197 o # 9.6 9.6
4-MeO-Pyridine L) 0.79 9.1 7.3
2,6-Me,-Pyridine 0*.3’1 8.8 7.2
4-MeO-Aniline 0{15 e 8.3 6.5
2-Me-Pyridine % 032 3 = 8.1 6.3
2,4-(NOy),-CeHsP1 (pyrr) o 0129 1 & 8.0 8.0
2,6-Cl,-4-NO,-CsH,P; (pyrr) 1 pL— 7.8 7.8
2,6-(NO,),-CeH3P1(pyrr) o i 75 7.5
Pyridine Ly 0.49 7.4 55
Aniline 2 043 { 7.0 5.2
2-Me-Aniline T # 052 6.9 5.1
N,N-Me,-Aniline %6 110 # 6.5 4.9
4-Br-Aniline ! 21 5.8 4.0
2-MeO-Pyridine 0 1 4.4 2.6

& The numbers on the arrows are the direct experimental ApK;j, values (uncorrected for ion
Eairing) obtained from UV-Vis spectrophotometric measurements if not indicated otherwise.
NMR measurements. Reproduced with permission from [14]. Copyright 2002 Am. Chem. Soc.
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Table 7. Continuous self-consistent basicity scale of neutral bases in THF solution above DBU?

Compound PK ip(THF)® pK ,(THF)®
2-Cl-CoHaP4(pyrr) o~ I T 25.6 26.6
EtP,(dma) 1o T 24.9 25.3
0.08 1.46
4-MeO-CgH4P3(pyrr) 0266 l 0.68 24.8 25.7
PhP3(pyrr) 0%1 24.1 25.0
4-MeO-CgH4P5(dma) 0'257188 T 235 24.0
PhP4(dma) Y128 T 23.0 235
0.74
4-CF3-CgH4P3(pyrr) 0150 T 22.3 23.1
EtP,(pyrr) 3 0160 i 217 217
TBD ¥ 21.7 21.0
0.59 0.60
4-CF4-CeH4P3(dma) T 0.92 — 1.38 1 21.2 21.7
0.15
2-Cl-CoHaP3(pyrm)sNEL, 1 — 21.1 22.0
4-MeOCgH,P,(pyr) ——— 0.49-—0134 — i = I 20.8 215
HP1(pyrr) 1 Y — 20.8 20.8
l 0.90 05
MeP,(dma) 0.63 i 20.7 20.7
0.70
2-Cl-CoH4P3(dma)sNET, 117 203 20.8
PhP,(pyrr) 00a 1 1.35 20.2 20.9
-BULP (pyrr) i —+— 0.49 20.2 202
HP,(dma) 097 0.85 T 19.7 19.7
PhP,(dma) T 0407 I 17 1 0136 19.4 19.8
2,5-Cly-CgHsP3(pyrr)eNEt, — 0.43 i P = 19.3 20.2
t-ButP; (dma) 055 i 15" i 18.9 18.9
1.10
MTBD i 18.6 17.9
DBU — 18.0 16.8
0.83 T
4-Me,N-CeH,P:(pyrr) T 1 17.3 17.3
o] 02711 )
™G —053—— 1.3 17.0 15.5
Joss[ | T,
2-Cl-CoHaP(pyrr) Y 0.2 16.8 17.5
4-MeO-CgH,P4(pyrr) oEF | 1 f 16.8 16.8
PhP(pyrr) x 1.48 16.0 16.0
PhP;(dma),Me =T 15.4 15.5
PhTMG ~—0.96 15.0° 14.0°
4-CF3-CgH,P1(pyrr) 1 14.6° 14.6°

& The numbers on the arrows are the direct experimental ApK;, values (uncorrected for ion pairing)
obtained from UV—Vis spectrophotometric measurements. ° Value from [14]. © Absolute PKip(THF)
and pK,(THF) estimated vaues for conjugate acids of the respective bases. Reproduced with
permission from [15]. Copyright 2003 Am. Chem. Soc.

In genera, anilines, pyridines, and phosphazenes are dightly better
differentiated in THF than in AN and in both aforementioned solvents better
than in water [14, 15]. For only para-substituted arylphosphazenes AN appears
to be 1.3 times better differentiating medium than THF [11]. It is interesting to
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compare the basicity data in solvents and gas phase. The general correlation of
free-ion basicities (pK,) in THF with gas-phase basicities is rather poor [15].
Also, no well-defined basicity relationship in these two media was obtained for
the separate families of anilines or pyridines. A visible trend is that smaller
molecules with unhindered basicity centres (pyrrolidine, anilines) are relatively
more basic in THF than they would be expected from the correlations with the
gas-phase data. This can be explained by the ability of THF to solvate smaller
and more naked ions better than larger and sterically crowded ones.

FUTURE PLANS

Work is in progress at our laboratory and new results are obtained and
published on aregular basis. The main directions are currently the following:

— Further extension of the scales that have been established in different media
by incorporating new compounds and new compound families. Studies (both
experimental and theoretical) of the influence of structure variation and
homol ogization on the acid—base properties of compounds. Interconnection of
our scales with scales from other presently active authors by incorporating
their compounds to our scales and our compounds to theirs. Critical analysis
of available literature data and interconnection of these to our data.

— Creating self-consistent acidity and basicity scales in solvents where they do
not yet exist. In particular our attention is focused on very nonpolar solvents
and solvents where extreme acidities and basicities can be realized. For the
latter goal the “very nonpolar” ones are in principle well suited but have the
disadvantage that alarge part of the potentially interesting compounds (and/or
their salts) are insoluble. It is important to have the same compound families
on the scales in different media. This allows for a firm relationship between
the different scales and working towards the so-called universal scale — a
scale that allows one to make reliable predictions across different solvents and
different compound families.

— Rigorous anchoring of the scales in nonpolar media. In both heptane and THF
the anchor points are currently arbitrary. Work is in progress to measure/
estimate absolute acidity or basicity values for at least some few compounds
in these solvents. Thereafter these compounds can be used as anchor points.

— Experimentally establishing the aggregation state of the species in the low
polarity solvents. Thus far we have mostly relied on the results from other
authors and on the experimental conditions that permit the minimization of
the aggregation effects. This is not an entirely satisfactory approach because
substantial uncertainty remains about the state of the species.
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Kooskdlalised happelisuse ja aluselisuse skaalad
mittevesikeskkondades

Ivo Leito, lvari Kaljurand, Toomas Rodima, Agnes Kitt, Aino Pihl,
Eva-Ingrid R66m, Lilli Soovdli, Vahur Méemets, Viljar Pihl
jallmar A. Koppel

On antud Ulevaade mittevesikeskkondades kooskdlaliste happelisuse ja
aluselisuse skaalade koostamise meetodist ning hetkeseisust selle meetodi raken-
damisel erinevates keskkondades. Kdnealune meetod kujutab endast kahe happe
(kahe aluse) segu UV-Vis-spektrofotomeetrilist tiitrimist mitteneelava aluse
(happe) lahusega. Tiitrimise andmetest on voimalik leida nende kahe happe
(aluse) suhteline happelisus (suhteline aluselisus) — nende ainete pK -vaartuste
erinevus (ApK,). Kui kasutada suurt erinevate pK, -vaartustega hapete (aluste)
valimit jamodtaiga happe (aluse) suhtelist happelisust mitme teise suhtes, siison
vOimalik koostada kooskdlaline happelisuse (aluselisuse) skaala. ApK-véértusi
on v8imalik méarata vaga kbrge tépsusega, sest paljud olulised veaallikad (esma-
jarjekorras lisandid lahustis ja ainetes endis) mdjutavad kummagi aine pK.-vaar-
tust sarnaselt ning taanduvad (vahemalt osaliselt) vélja. Kirjeldatud meetodi abil
on loodud kooskdlalised happelisuse skaalad heptaanis ning atsetonitriilis ja
kooskdlalised aluselisuse skaalad atsetonitriilis ja tetrahtdrofuraanis. Artiklis on
késitletud senikoostatud skaalasid ja kirjeldatud lUhidalt tulevikupl aane.
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