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Overview

* Brgnsted acidity and basicity of molecules in solution

* What data exists (pK, and pK_,, values, absolute and relative

values)?
 How and why does solvent influence pK, values? g®@

* How do solvation energies, solvent properties Q@@ @Q@%@Q@%
(polarity, acidity, basicity), ion properties (charge %% @@@@@Q
localization) play a role? ©) &

* What non-aqueous pK, data are available? T FTET
* How to estimate pK, of compound X =T, R
in solvent S? P sansa Q O
> & oo
e How good are the data? e
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Some notes

* We start with basics
* Only Brgnsted acidity-basicity

* Big Picture is more important than nuances
* A lot of explanations are simplified
* A lot of data are approximate

e Slides: analytical.chem.ut.ee/bos2024/ and:

e Ask questions at any time!
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Why do we need non-aqueous pK, data?

» Understanding and predicting reactivity

* Reactions often in non-aqueous solutions
* Very often involving protonation and/or deprotonation

* pK, determines is a reactant neutral or ionized

* Neutrals and ions have very different
polarity, solubility, distribution/partition, reactivity

* Design of novel acids and bases

* Development of theoretical calculation methods

* Increasingly: machine learning, training Al




Acidity of media

* Brgnsted acidity of a medium refers to the

medium’s ability to donate proton
to molecules in the medium

* In agueous solution: pH

* Strongly acidic solutions: H,
e “Unified pH Scale” A. Heering et al, Analyst 2024, 149, 1481

(pHabs) V. Radtke et al, Pure Appl. Chem. 2021, 93, 1049




Acidity of molecules

* Brgnsted acidity of a molecule refers to the

molecule’s ability to donate proton
to other molecules

* Usually defined in terms of equilibrium constants (K,
pK,, pK,,) or deprotonation energies (GA or AG,_)

This is the main topic of this talk




Acidity of molecules in solution

* Acidity of molecules in solution is defined in the
framework of the Brgnsted theory via the pK, values

Ka -
HA + S 2 > A+ SH*

a(A7) -a(SH™)

K,(HA) = —logK,(HA) = —1

the stronger the acid
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e S acts as a base

* Simplified scheme, valid in polar solvents
* lon-pairing is not considered




Basicity of molecules in solution

» Basicity of a molecule B in solution is defined as
the acidity of its conjugate acid (its pk, value)

Ka
BH* + S > B + SH*

<€

pK,(BH") = pK,u(B) = pKgy+(B) =

—logK,(BH") = — loga(Bcz(.BU;I(f;{Jr)
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e S acts as a base

* Simplified scheme, valid in polar solvents
* lon-pairing is not considered




Acidity and basicity of solvent molecules: pK_ ..

K

auto

(SH) + (SH). 2 (SH,*)c + (S)s

Kauto = A(AH,Y) - a(S) K, ye0 = -108K, 416
* pK,,:, defines the span of pK, scale

» Differentiating ability, related also to ion solvation ability

* Low ion solvation — HighpK, ., — wide pK, span

uto




Solvent
basicity

Er
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TS0, BINO Solvent acidity,
_ Il rC o
S0 basicity and pK,
DMF
MeCN Solvent

EtOH acidity

uto

)

| Acetone '

NH,-CH,CH,-NH,

THF E
AcOH Values on the blocks are pK_,
SO B 0 ds* lable dat
- ,Open ends“ mean unavailable data
o 86 — P
Et,N = N 3
CH,CI, I 86* |
Kutt et al. Tetrahedron Letters 2018, 59, 3738-3748
c.H, IR 120* _
T Alkanes E =
) Higher acidity Higher basicity ]

* Computational estimates 1




Generalised acid-base reaction in a non-
aqueous solvent

Kl K2 K3
(AH)¢ + (:B); 2 (AH--:B); 2 (A :--HB*); or (A : HB*); 2 (A : // HB*) 2 (A :) + (HB*),
HB complex HB complex CIP SSIP free ions

How far the process goes depends on

--1-- Acid and base strengths of the compounds
--2-- Solvent

* Two typical situations:
* PolarsolventandB=S then pK,=-log (K, K, K;-K,) ,free-ion pK,“ ,normal pK,“
* Nonpolar solvent B =strong base pkK,=—log (K, K,-K;) or -log(K,:K;) ,ion-pair pK,”

* Can be recalculated into free-ion pK, values

We today speak mostly of free-ion pK, values .




Some solvents

Solvent/ . Basicity, HB | HB doni-
. E. £ . : . PK . uto Comments
medium acceptivity, B city, o
Gas phase - 1 - = =
THF 0.207 | 7.47 287 0 Very high | AProtic. ion-pair pK, (free-ion
pK, values can be estimated)
1,2-Dichloro- : Aprotic, ion-pair pK, (free-ion
Ethane 0.3271 10.7 40 0 very high pK, values can be estimated)
MeCN 0.460 | 35.9 160 0.19 ca 39 Aprotic, free-ion pK,
DMSO 0.444 | 46.7 362 0 ca 33 Aprotic, free-ion pK,
Methanol 0.762 33 High 0.98 18.9 Protic, free-ion pK,
Water 1.000 81 High 1.17 14.0 Protic, free-ion pK,

C. Reichardt, T. Welton Solvents and Solvent Effects in Organic Chemistry, 4th ed. VCH, 2011
J.L.M. Abboud, R. Notario Pure Appl. Chem. 1999, 71, 645-718
M. J. Kamlet et al. J. Org. Chem. 1983, 48, 2877-2887 12




Acidity and basicity of molecules in the gas phase
* Intrinsic acidity/basicity of molecules
* Expressed via deprotonation Gibbs' free energy

K

a -
HA 3 > A+ H
GA = AG?..4 = —RT InK,
Ka
BH* < > B + H

1 pK, unit =1.36 kcal/mol

GB = AGbase —RT InK,

13
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Acids in
different media

Data:

Raamat et al J. Phys.
Org. Chem. 2013, 26,
162

Trummal et al J. Phys.
Chem. A 2016, 120,
3663

Paenurk et al Chem.
Sci. 2017, 8, 6964—
6973

Parman et al J. Phys.
Org. Chem. 2019,
e3940

Kitt et al Eur. J. Org.
Chem. 2021, 1407
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Data:

Raamat et al J. Phys.
Org. Chem. 2013, 26,
162

Trummal et al J. Phys.
Chem. A 2016, 120,
3663

Paenurk et al Chem.
Sci. 2017, 8, 6964—
6973

Parman et al J. Phys.
Org. Chem. 2019,
e3940

Katt et al Eur. J. Org.
Chem. 2021, 1407

* Free-ion pK, values calculated
from experimental pK;,.

Computationally anchored 15
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. o of acid dissociation
Dissociation in the gas phase

AG° (HA) >>>0
Gas phase g @ +

A _AG®,(SH*) << 0 l
Desolvation Asor,G°(H*,S) ‘/ @ AsoG°(A7,S) << 0
~AsoG°(HA,S) > 0 <<<0 ‘\
A, ,G° (SH*,S) << O‘

Solution Dissociation ‘ '
@ @@ in solution @ Q @
@@ AG®,(HA,S) (%@@ >
20N




Different solvation energies — different pK, values

* The pK, differences of a compound in different solvents are
first of all due to differences in three solvation energies:

G°(H*,S)

G°(A-,S)

G°(HA,S)

soIv
solv

solv

* These energies are influenced by the solvent properties

* Are solvation energies of all species equally important?

19




Example: Acetic acid

A

Gas phase

_ASO|VGO(HA!S) =
+6.7 kcal/mol

AG®,(HA) =
+341.1 kcal/mol @

Asolv(-:"<>(H+1S) -

-265.9 kcal/mol @

1 kcal =4.184 kJ

©

AsoIvGo(A_’S) —
-/ 7.6 kcal/mol

H,0

()

'

SO ot ()
X o
@ @ @ .3 kcal/mo @ @Q

O(sH)

()
S
Qe

G

%

20
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Link between acidity in gas phase and solution (water)

K,(HA)
HA + S &2 SH™ + A

Solvent: water

AGoa(HA,S) = +4.3 All values in kcal mol
+ AG° (HA) +341.1

+ A, ,G°(H"S) -265.9

+ A, ,G°(AS) -77.6

- A, ,G°(HA,S) +6.7

1 pK, unit =1.36 kcal/mol

e Experimental: +6.5 kcal mol* (pK, = 4.76)

21




Gas Phase
DCE o 250.1 (341.1) CH3COOH

1,2—Dich|oroethane/,x"

pK, values

MeCN
DMSO

In this slide the - ~60
positions of the ,bars”

are not to scale 35 —— 233.4 (318.3) HBr

! A

H,O

—_— 18.87 .. \ ; 7 orders of magnitude

10.1 —— / : ’
l1 |
\\ 1 S — M !
AN < k :
\ ! k :
N K . \ /
7z
o ) Y ; OH
Ay 1 4 !
Ny ‘ k
N . k :
,< , - NO
\ 4
RN ’ | ! 2
e - k
| . 7 , \ ! v
l N L . 3
. - —_———d oo ——
/ — -7 v/ 226 2 308 6
’ e v ' '
; .- ‘
’ -7 A
, 16.65 .-~ &
_ \
/I - ,”’ ll ‘\
, ) \ NO
[ - ! \ 2
' -7 ! \
. - i \
I i \
4.76 —— 5.1 ' ‘
. \
' \
- ' \
. ' \

4.09 —]— 40.6 ; \

| - EI e
‘—  220.4 (300.6)
54 .

@)
>
O
-
Q
@
o
O
D
=
Q
=,
o
)
=
o)
=
o
>
»




The most important is the ability to solvate H*

* Differences of A, ,G° of H+ from water to solvents:

(transfer free energias from H,O to S) 1 pK, unit =1.36 keal/mol

Diransfer @° OF HY from H,0

Difference of A_,,,G°of H* from H,0

2 (kcal/mol)
— . . .
[ 1,2-Dichloroethane Highly positive
= MeNO, +23
c
2 MeCN +11.1 - |
o) Just the different
% MeOH +2.5 solvgtion of :—I+ leads to
pK, difference of more than
Water 0.0 T oK. units
DMSO -4.6 - !
Pyridine -6.7
23

Y. Markus, et al J. Phys. Chem. 1988, 92, 3613




Next is the ability to solvate the anion A-

* Differences of A_,,G° of anions from water to solvents: 1 pK, unit = 1.36 kcal/mol
(transfer free energies from H,O to S)

C6F5-octa-
fluoro-
fluorenide

[ '|L:|

2,4-Dinitro-
phenolate

>
=
=
C
@)
©
M
I
+—
-
)
=
O
p]

1,2-Dichloroethane  Aprotic 20 13 / ‘ 2 -9 @
MeCN Aprotic 17 10 3 o, -13
DMSO Aprotic 17 10 2 -15
MeOH Protic 7/ 6 4 -10
Water Protic 0.0 0.0 0.0 0.0

Charge localization in anions

Source: COSMO-RS Computations 24




Solvation free energies of neutrals are typically small,
compared to ions

* If aiming at the big picture then we can ighore them

25
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pK, of acids: observations, generalisations

Mostly ion solvation matters

» Especially small ions and/or with localized

charge You will not find an acid which

has lower pK, in MeCN than in

Solvation of H* shifts the whole scale
/ Water or DMSO

* More basic solvent — lower the pK,

o . " pK, differences between MeCN
»Crossing points” are due to and DMSO are 11 .. 14 units

differences in anion solvation

e Constant differences — constant pKa
differences

pK, order of a carboxylic acid and
a CH acid often changes between
water and DMSO

\ N\

e Varied differences — ,,crossing points % g T W T A1, LT

> in DMSO ajd MeCN it is more
than 30 pK, units

PK, ., determines the span of the pK,
values

27




Acid (uncharged) dissociation in a polar solvent

QNG

@ Q@ * Two ions are formed from a neutral

e Very solvent-sensitive




Base (cationic acid) in a polar solvent

@ @ @ e Number of ions does not change

e Somewhat less solvent-sensitive




Solvent effects on bases are different from acids!

pK, and pK_, values

MeCN
DMSO 29.2
| @OH
H,O
AN
18.83
;P — OH
/ /16.65 NO,
123/ / / :
10.7 /7 10.64 NO,
10.00— .. 30 /
51/ /
4.62 —— .
4.09 . 36

ApK_(H,0 — MeCN) = 19.2

ApK,,(H,O0 — MeCN) = 8.1

ApK,(H,O — MeCN) =12.5

ApK,,(H,O0 — MeCN) = 6.0

In this slide the
positions of the ,bars®
are to scale

* The interpretation
logic is the same but
the trends are
different

* In a broad

approximation the
pK,, trends are
governed by
differences in
solvation of H*

* (Cation solvation
ability does not differ
between solvents as
much as anion
solvation ability

30
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Vazdar et al Acc.
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54, 3108

iIBond database
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Sources of non-aqueous pKa values?

" International Uniqn of Pure and Applied Chemistry
Chemicat Data Series No 35 '

Raletie

“”hw 3%y

(%0

\ent

PKa Valygg

456 Acc. Chem. Res. 1988, 21, 456-463

Equilibrium Acidities in Dimethyl Sulfoxide Solution

FREDERICK G. BORDWELL

Department of Chemistry, Northwestern University, Evanston, Illinois 60201
Recetved May 6, 1988 (Revised Manuscript Received August 10, 1988)

458 Bordwell Accounts of Chemical Research
Table 11
Eguilibrium Acidities in Dimethyl Sulfoxide at 25 °C
acid pK,* acid pK,°®
5-nitrobarbituric acid 0.8 PhCONHOH 13.65
(FyCS0,,CH, 2.1 2,3-dihydroxynaphthalene 13.7
2,4-dinitronaphthol 2.1 N-acetyloxindol 13.8¢
PhN*HMe, 2.45 1,2,3-triazole 13.9
FyCCOH 3.45 uracil 14.1
saccharin 4.0 adenine 14.2
PhCH(CN), 4.2 CH,;COCH,CO,Et 14.2
2,6-dinitrophenol 4.9 (MeS0,),CHPh 14.3
2,4-dinitrophenal 5.1 2,5-diphenyleyclopentadiene 14.3
F,C30,CH,COPh 5.1 9-cyano-9,10-dihydroanthracene 14.3
PhCOSH 5.2% ol 144
Cl,CHCO.H 6.4° pnlr ’
PhSCH(S0,Ph), 5.55 e
F;CCH,S0,NHPh 5.7 " ,N'\M
2,4,5-ClCeH,SH 6.0 e ¢
Pth*CBH:CE)Ph 61 CH,COCH,COEt . 14.4
PhyP*CH,CN 705 fluorenone benzylimine 14.5
. 7 FQCSO,CIélgPh 1455
: succinimide 14.6
P SOLCHNO, , CH,C(=S)NHPh 147
o 7‘4 B 1,2,4;‘triazole 1475
E¥<Me : 14.75
el K e
© \
Me
HONO 7.5 = 14.8
HyN*CH,CO,H 7.5¢ o=<2m+ (a-pyridone) .
?CI:F’T;%%%}#NOZ _7‘,;5 fluorenone phenylhydrazone 149
ek i MeCHICOCK), 1203
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Acidity-Basic

¢ Data (pKa Valus X ar

C M 2% analytical.chem.ut.ee/HA_UT/

Acidity-Basicity Data (pK, Values) in Nonaqueous Solvents (and some in water as well

If you cannot find the data that you need, please contact ivo leito[atjut.ee. We may be able to help!

The highlighted papers contain large amounts of pK; data (or other information): acids — red, bases — blue, both acids and bases — purple.

Publication

Data

Medium

Method

Description

Available files

Eur J. Org. Chem. 2023, 26, 202300453

pKzy and GB values

Acetonitrile, THF, gas phase

UV-Vis spectrometry, Computations

Basicity values in MeCN and THF (pK,y values) of a number of phosphane (posphine)
bases containing the benziphenoneimine (bpi) moisty.

pH,n_valuss of phosphanes in MeCN and
THE (PDF)

Asymmetric Phase-transfer and Brensted-acid Catalysis. It turns out that the linker
length has large influence on enantioselectivity but does not influence much the pK; value.

Bigorgan. Med Ghem. 2023 81 117203 pK; values MeCN and MeCN : water UV-Vis spactrometry pK, and pK,y, values, of different drugs, bioactive and related compounds in pK, and pK,y values,_of different drugs,
mixtures acetonitrile-water mixtures and acetonitrile: Hydrochlorthiazide, Ibuprofen, Valsartan, bioactive and related compounds in
[Atenolol, Lidocaine, Mepivacaine, Propranolol, Scopolamine, Nalidixic acid, 3- acetonitrile-water mixtures and acetonitrile
aminophenol, benzoic acid. The used water-acetonitrile mixtures were meant to be (PDF)
nonpolar media mimicking the cell membrane interior.
Chem_Eur J 2022 29 2022025853 pK; values Acetonitrile UV-Vis spectromatry, 31p NMR pK values of Singly-linked and Macrocyclic Bisphosphoric Acid catalysts for pi; values of Singly-linked and Macrocyclic

|Bisphosphoric Acid catalysts in MeCN (PDF)|

Anal Chem. 2022, 94, _4059-4064

Biphasic pK values
(pK;™™ values)

Octanol:\Water

UV-Vis spectrometry, TH NMR, 13C NMR,
3P NMR

Biphasic pK values (pK,°¥ values) of 35 acids of various structures and chemical
properties (mostly lipophilic) — carboxylic acids (benzoic acid, serbic acid, cinnamic acid,
ibuprofen, stearic acid, etc), phenols (pentachlorophenol, pentabromophenaol, etc),
sulfonamides and sulfonimides, as well as different CH acids — were determined in the 1-
octanol-water solvent system. Biphasic pK; value (pK,™ value) is measured in biphasic
systems of water in equilibrium with a non-miscible organic selvent, in such a way that
a(H™) is measured in agueous phase (where most of H* ions reside) and the anion/neutral
ratio in the organic phase (where most of the neutrals and anions reside, the latter as ion
pairs). The directly cbtained (apparent) pK,;®" values depend on concentration.
Concentration-independent values were obtained by extrapolating the apparant values to
zero concentration using a Debye—Hucksl model.

Octanolwater biphasic pK, values (pK_ 2%
wvalues ) of 35 acids and extrapolation plot
(PDF)

Acc. Chem. Res. 2021, 54, 3108-3123

pK; values (pK,y

MeCN, THF, gas phase

UV-Vis spectrometry, NMR,

An overview is given on design and synthesis of neutral (uncharged) superbasic molecules

pK, (pK p)values in MeCN and THF as

values

compiled. The scale ranges from 295.4 to 277.1 kcal mol-! and extends the previously
reported scale towards higher acidities. Gas-phase acidities for several important
superacids (e.g. triflic acid) were significantly revised.

values), gas-phase Computations that besides high basicity have other desirable properties. Important structural features of |well as gas-phase basicities of around 30
basicities superbases are discussed and pK, (pK,y) values in MeCN and THF, as well as gas- [important superbases (PDF)

phase basicities of around 30 important superbases (amidines, guanidines, proton

sponges, phosphazenes, phosphanes, phosphorus ylides, carbodiphosphoranes) are

presented.

Eur. J. Org. Chem. 2021, 1407-1419 pK; values Acetonitrile UV-Vis spectrometry pK; values of 231 acids in acetonitrile, ranging from hydrogen iodide (2.8) and indole Acidity pK; values of 231 acids in
(32.57) and covering almost 30 orders of magnitude. This is the revised and significantly |acetonitrile (PDF)
extended version of our pKa scale of acids in MeCN. The acids have wide structural
variety, ranging from common families (phenols, carboxylic acids, sulfonic acids, hydrogen
halides) to highly special molecules (chiral BINOL catalysts, bis{benzoxazole-2-
ylmethanes, polyfluorinated compunds) and superacids.

J_Am. Chem Sog. 2020 142, 15252-15258 pK; values Acetonitrile UV-Vis spactrometry Chiral benzoic acid catalysts are reported that efficiently catalyse enantioselective [4+2] |Acidities (pK, in MeCN) of the
cycloadditions of acetals. The peculiar structure of the acids features covalently linked enantioselective carboxylic acid catalysts
thiourea sites that stabilize the carboxylate conjugate bases via intramolecular hydrogen  |(PDF)
bond to the anionic site. This leads to the low pK; values of the acids compared benzoic
T R N R R

Angew. Chem. Int. Edit 2020, 59, 2028-2032 pK; values Acetonitrile UW-Vis spectrometry Chit
$rr.1|a| . d catalysts

e .
r https://analytical.chem.ut.ee/HA UT/ ’
conj

Rapid Commun. Mass. Sp. 2020 Gas-phase acidity Gas phase FT-ICR mass spectrometry this ieracids (PDF

Eur. J. Org. Chem. 2019, 6735-6748

pK; values (pK;y
values)

Acetonitrile, DMS O, THF, Water

UV-Vis spectrophotometry

pK; values (pK,y values) in MeCN, DMSO, THF and water (altogether close to 400
values) for a large number of organic bases representing all main classes (amines,

diamines, anilines, pyridines, imidazoles, amidines, phosphazenes, etc). Simple equations

Basicity pK, (pK;p).values of 279 bases in

acetonitrile (PDF)
Racicite nld (il Vualiine af cnlactad
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Example: Self consistent
asicity scale in MeCN

270 bases
pK,, span: 1.3 ..33.1

682 relative basicity (ApK,,)
measurements

Internal consistency

I((

* 0.03 ,normal” compounds

e 0.06 ,difficult compounds

Tshepelevitsh et al. Eur. J. Org. Chem. 2019, 6735-6748

Compound

Ph-CH=P(-NMe~CH,~CH,~);N
t-BuP(dma)s

PhPy(pyrr);

Ph=-CH=P(pyrr),

PKan

33.14
33.09
32.74
32.42

Directly measured ApKy

'

dma

P (Pyrr)s
4-MeO-CcH,Ps(dma);
PhPy(dma);
PhP(tmg);
Ph-CH=P(dma)
2-CI-CgH,P3(pyrr)sNEt;
ProtonSp-| (n-Bu)z
4-NO,~CgH,~CH=P(tmp);

32.06
31.95
31.44
31.34
31.24
31.17
31.05
30.68

\tmg

VN
N

QOO0

Py pi ch

p <P h
~
~o o

bn  1-Napht tmp

720.

P-N=P(cp):
4-CF3-CgH.Py(pyrr);
ProtonSp-N=P(Me);
ProtonSp=N=P(/~Pr);
[t-Bu](/-Pr]IYA
2-CI-CgH,P(dma)sNEt,
[CMe,CH,-t-Bu][i-Pr]IYA

30.55
30.46
30.32
30.32
30.20
30.14
29.95

=

e
(c

Ph-CH=P[-NMe-CH-CHN

T

| o N h\ ):'

[t-Bu][CH,~t-Bu]lYA
[CMe-t-Bu][i-Pr]IYA
HP(pyrr-2-CH,-N-pyrr);
2,5-Cl=CoH3Ps(pyrr)sNEL,
4-CF3=C¢H,Ps(dma);
PhP,(tmg).dma

H;C{hpp}2

EtP(pyrr);

t=BuP(pyrr)s
4-MeO-CgH,Pa(pyrr)s
[i-Pr][i-Pr]IlYA
[(CH,).dma][(CH;),dma]TMAIMG
PhP(pyrr)s
[Et][(CH.):dma]TMAIMG
MeP4(dma)y
t-BuP(TACD)
[ch][ch]TMAIMG
[Me](i-PrlIYA

29.89
29.89
29.47
29.31
29.15
29.08
29.06
28.98
28.88
28.42
28.23
27.98
27.66
27.56
27.54
27.52
27.38
27.25
27.2

XPy(R)y

=6

£-8UP,(TACD)

L] ?
X-N=i-R  X-Nej-Ne|-R X-Nej-Nej-R  X-N=j-N=,-R
R R R

XPo(R);

? L'fJ 5

XPy(R);  XPs(RIGNER,

CFy
0 N® R

HP,(;wvrr-z-ch,-N;yrr)3 4-CF;-7-N=P,(R);-Coumarin

p12.

U
Li-Pr][i-Pr]TMAIMG

HP(pyrr)s

t-BuP4(dma)y

t-BuP4(pip);
[(CH,)3OMe][(CH,);OMe]TMAIMG

27.15
27.11
27.01
26.98
26.70
26.66

PhP.(dma)s
4-Br-CgH.Py(pyrr)s
[CH,~t-Bu][i-Pr]IYA
TBD
HP;(dma)s

[dma][H, idi

26.63
26.44
26.30
26.25
26.02
25.85

7/

/

2,6-{hpp};CsH;N

P
4-NO_-C¢H,~CH=P(pyrr).

MTBD

2-CI-CgH,P(pyrr);

Me,-IP

4-CF3-CgH.P4(pyrr)s

25.83
26,7

25.52
25.49
25.47
25.40
25.30
25.27

[RR21IYA

Ak

K(”\RI
S

)"m ~_ ’)_"\_
)EW )b i

3 Me,-1P
RIS R

w ""Y: NHz
e o

Prof p-tmg

[H]H

24.92

24.90

HI[O
[OMe][H;

24.82

24.79

[OMe][O
PhP.(dma)t

24.73

4-NO,-C¢H,~CH=P(dma)
[HI[i-PrIIYA
DBU
2-CI-CgH,Po(dma)s
2-{hpp}CsH.N
4-dma-CgH,P+(pyrr)s
TMG
[4-MeO-CH,][/-Pr]IYA

24.67
24.53
24.44
24.31
24.23
242

23.86
23.35
23.24

\

A

[R1J[R2]Guanidine ™G

£
50

H,Clhppl,

Cp

G o)
foioe
2,6-(hppl.CHN  2-fhpplCHN

a

0 o

MTBD oBU
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Compound pKyy Directly measured ApKay

[4-MeO-CH,I[/-PrIVA 2324 i l l by
4-MeO-C5HiP(pym)s 2311 b

[Me][i-PriTriazine 23.02

N,N'-Me,-Bispidine 22.73

PP (pyrr); 22.32 i 0o O N

Example: Self consistent e T 22

H
N.N'~(CHMePh).-Bispidine 21.28 E:j ) B
HN, H —
H \_)‘ —

PhP,(dma); 21.26 —1,
i i i . 4 048 Piperazine Homoplperazing
asicity scale in Ve i s 1L q
4=(4=dma=CgH,~N=N)=C5H.P (pyrr); 20.88 A
| # o

&
=

f
[} r' 35 | oks
4-Br-CgHiPilpyrr)s 21.20
PhTMG 20.85

1-NaphtP(pyrr); 20.61 ] Bispidine  (-)-Sparteine L _
MeHN-{CH;);-NHMe 20.45 T M /

4=(Ph=N=N)-C;H.P,(pyrr)s 20.27

4-CF5-CsHaPi(pyrr)s  20.25 T T T

2-CI-CsHaP,(pyrr)s 20.19 L o i i

Me;N—{CH;),CHMe-NMe, 20.15

MeNH-(CH,);-NH, 20.10

MeNH-(CH;):-NMe, 20.07 1

MezN-(CHz),~-NMe; 19.96

NH,~(CHo):~NH2 19.76

1-{o-Tolyl)bi ide 19.72

Me:N-(CH,):-NH, 18.63

Pyrrolidine 19,62

Quino[7,8-h]quinoline 19.60

4-(4-NO,-CgH.~N=N)-C:H,P (pyrr); 19.51

Piperidine 19,36

Me;N-(CH.):-NMe, 19.28 1

[Me][Ph]Triazine 19.17

Homopiperazine 19.11

2-Cl-C¢H,P(dma); 19.10

4~(4-dma-CzH,~N=N)-C:H.P;(pyrr).Ph 19.04

Me:NH 19.03

MePrNH 18.83

N-Me-Cyclohexylamine 18,81 1

ELN 1883

i-Pr:NH 18.82

Piperazine 18.69 ¥

Me;N-(CH;),-NMe, 18.69

N,N-Me,~-Cyclohexylamine 18.67

ProtonSp-dma  18.63 g

4-CFy-7-N=P,(pyrr)s—C in 1858 e

2,6-Cl~CsHaP (pyrm)s 18.56

[H][Ph]Triazine 18.52

2,6-Cl;~CgHsP,(pyrr): 18.50

4-NOz-C;H,Py(pyrr); 18.50 — 1.

PriiH,  18.44

A4-(Ph-N=N)-C¢H,P,(pyrr):Ph 18.39

Cyclohexylamine 18.36

9-NH;-Acridine 18.36

4-pyrr-Pyridine  18.35

We EIN 18.33

Pr:N 18.26

WMe BuN 18.25

N-Me-Piperidine 18.24 1

N-Me-Piperazine 18,06

4-dma-Pyridine 17.96

N,N '-(CHPh;)-Bispidine 17.70 =

4-(4-NO;—CH,~N=N)-C.H P (pyrr)Ph 17.74

2=-NO;-4-CI-CH3P (pyrr); 17.70

4-NH;-Pyridine 17.63

4-(Ph-N=N)-CgH.P (dma)Ph 17.51

9-0-1,5-Me.~N,N'-Bn,-Bispidine 17.49 14—,

I,N'-Me,-Piperazine 17.38

1=N)-CcH.P (Ph)pyrr 17.34 1
s 2-NO;~5-CI-C:HP,(pyrr): 17.28 oo ok

9-0-N,N'-Bn-Bispidine 18.94 1

Tshepelevitsh et al. Eur. J. Org. Chem. 2019, 6735-6748 e wos —

4-(Ph-N=N)-C¢H,P;(Ph):pyrr 16.86 1

s

-

=

FETR"
e

4-(4-dma-C:H,




Compound

Example: Self consist
basicity scale in MeC

Tshepelevitsh et al. Eur. J. Org. Chem. 2019, 6735-6748

ent

4-(Ph=N=N)-CsH.P,(Ph).pyrr

PKan

16.86

Directly measured ApKoy

4-CF3-7-N=P,(pyrr),Ph-C

2-NOz-4-CF3-CcHaP(pyrr)s

3-NHz-Acridine

2-NH,~1-Me-Benzimidazole

4~(4-NO3-CgH;~N=N)-CgH,P;(Ph)spyrr

4-(4-dma-CgH,~N=N)-CsH,P(Ph);
2-NH;-Ber

16.86
16.54
16.40
6.32
16.22
16.18

-

—a

Me,P—{CH;).~PMe,
4-(Ph-N=N)-CH,P,(Ph)s

Me P

2,3=(NH;),~Pyridine

4=CF;=7-N=P (Ph),pyrr-Coumarin
Imidazole

2,4,6-Me;3-Pyridine
2,4-(NO),=CeHaPy (pyrr)s
4=-(4-NO;-CcH,~N=N)-C:H,P,(Ph)s
2,6—(NHz),-Pyridine
2-NH-Pyridine
2,6-Clo=4-NO,~CH P, (pyrr)s
4-MeO-Pyridine

3-NH-Pyridine

2,6-(NO2)o~CcHoPy (pyrr)s
2,6~Me,~Pyridine
N,N'-Ph,~Bispidine

16.10
156

15.58
15.48
5.26
15.24
15.07
15.00
14.91
14.90
1478
1450
1445
14.23
1421
1447
14.16
14.00

-

SR )

Pyricing  Quinoling Acriding

o Qb GO

s
=

|
—C—sl

4-CF4=7-N=P; (Ph);-C
9-0-1,5-(COOMe).~N,N'~Bn,-Bispidine

13.92
384

2-NH;~Acridine

13.69
13.67

Ben
9-0-N,N'~(€CHPh,),~Bispidine
2-Me-Pyridine
4-MeO-N,N-Dii

1354
13.51
13.28

oD G

Pyrazing Imidazole  Banzimidazola

o O

g
YR

Quinoxaline

¢ o

Pyiimidine Quinazoline Indazole

e

12.3-Triawle Benzotriazole

Pyrazale

oo &

Pyidazine  Phthalazine

W
2,2 Biguinoline

&2

Quina{7,8-luinaline

Cb I Cge

oo &P

22"-Bipysidine  Phenanthroline

Isoquinoline
Acridine
MePhP
Pyridine
Thiabendazole

1272
12.68
1266
1284
1253
12.41
12.38

pedber

Uracil Thymine. Caffeine

.

2,2'-Bipyridi
Carbendazim
,N-Dimethylaniline

Quinoline

4-Me-N.

5,6-Benzoquinoline
4-MeQ-Aniline
Phthalazine
B-NH;-2-Me-Quinoline

N, N-Dimethylaniline
2,2’-Biquinoline
4-NO-N,N-Di

12.27
1225
1224
11.97
11.96
11.87
11.56
11.56
1147
11.28

3-MeO-N,N-Dimethylaniline
9-Cl-Acridine
N-Me-Aniline

11.22
11.07
10.97

7, e
Aniline

2-Me-Aniline

§-NO,-Benzi

10.85
10.64
10.49
10.48

dma ne

10.41

Ph;P-(CH;),~PPh;

4-Br-N,N-Di

10.30
10.23
10.16

(4-MeO-CH,),P
Pyridazine

MePh P
2-MeO-Pyridine
Ph:P-(CH.)-—PPh;
1-NaphtNH
,N-Dimethylaniline
3-Cl-Pyridine
4=-Br=Aniline

3-Br-N.

1013
10.08
10,06
10.01

&
L5

39




Compound  pKay Directly measured ApKay

4-Br-Aniline  9.44 o i i l A"
Ph.P—(CH;).-PPh, 9.38 X [ + 1
040 140
Qui i 9.20
055
Pyrazole 9.1 X T s ko ¥
[ 9.0 -
[ ] 4-SCN-N,N-Dimethylaniline  8.78
[ Pyrimidine
4-CF3-N,N-Dimethylaniline
157
° ° ° 4-(4=NO,~C¢H,~N=N)-Aniline A
24-Fs—Aniline
096
Ph,P-(CH,),~PPh,-H"
o8 155
3-N0,-N,N-Dimethylaniline
9-0-1,5-(COOMe),~N,N'-Ph,-Bispidine  8.14
4-CF-Aniline  8.03
BIPHEP 7.99
017 0.75 043
1,23-triazole 8.0 0. 0.03 1
2-Cl-Aniline  7.86 =
0gs 0.5 042
BINAP  7.79 o
7.8 — 0 - t
olr l a4z 0g2
Pyrazine 7.74
06
3-NO:~Aniline  7.68 4 4
o 037
4-F-3-NO~Aniline  7.68
. 0gs obr |
2,6-(Me0),~Pyridine  7.65 = I
PhyP
s 782 I [ 150 .48
Indazole  7.61 . 1
Caffeine  7.51 Py v
a 7.10 -
Ph;P-(CH;}:-PPh;-H" 7.4 ——10 ke
7.0 20, i 1 =
Benzotriazole 6.89 —1 Y ]
2=Cl-Pyridine 6.79 l
024
(1-Napht);P  6.55
MePh,N  6.52 5 o
4-NO,-N,N-D ylanilne .46 e B I e e
4-NOs-Imidazole  6.34 ——0.24—0. ]
25-Cl—Aniline  6.23
L -g.01 T
4-NO-~Aniline 6,22 ‘
025
(2-F-CeHa)(Ph):P - 6.11
PhoNH  5.98 ki
Ph;P=(CH;).-PPh.-H' 5.8 l
104
2-NO;-Imidazole  5.55 o T P —
(26-Fo~CsH)Ph).P 547 0. -
od1 | e
2,6-Cl~Aniline  5.07 B
5-NO;-Indazole  4.91 35
PR, P
6-NO,~Indazole  4.87 °F [ “P": r‘x
050 D#
2-NO:~Aniline  4.80 i
132
WmeO-Phenyifulvene . !u' - BIPHEP BINAP
{2-F-CHa)2(Ph)P j AL
BIPHEPH"
BINAPH™
4-C1-2-NOz-Aniline
2=Cl=4-NOz=Aniline
Me-Phenylfulvene
Uracil
X B
5-CI-2-NO_~Aniline T o
0.
(2-F=CsHa)sP - 3.01 1 *-Phenylfu
D\HT 067
H-Phenylfulvene 290 —1o. L Py < ratontionsi
23,56-Cl-Aniline 272 e
1
Thymine 2.68 r t o P
Cl-Pheny 2.56
039
(CeFs)Ph)P  2.54 .
(2,6-F2~CH)(PN)P 2,50 T
2,3,4,56-Cl—Aniline 232
og
(2,6-Clo-CgHa)sP 1,70 —21
PhoN - 1.28
[shepelevitsh et al. Eur. J. Org. Chem. 2019, 6735-6748 B Promtorkis W 10t PomSerges B Apuicomies B Popries B Prnmes

Compound family:
B Pnosphazenes [ Amidines Il Heterocycles Bl Aromaticamines B Phenyifulvenes




. Possible solutions: Typical issue: no pK, data for X in solvent S

e Measure
e Compute

* Increasingly useful and used

» Usually correlations with experimental data are needed for good accuracy
e Correlate between solvents

» Reliable data of similar compounds are needed in both solvents

* Best if large span

* Works best within a homogeneous compound series

* Not between any solvents
e Cross-use between solvents

e Only with structurally similar compounds!

* In many cases acidity/basicity order remains the same
» Often acidity/basicity differences remain similar

Kutt et al. Tetrahedron Letters 2018, 59, 3738-3748



pKaip,reI(DCE)

Sometimes correlations are very good

14.0

10.0

6.0

2.0

-2.0

-6.0

| pKaip’rel(DCE) =1.08 pK,(MeCN) -11.9
R2=0.994, S=0.6
o %
% 00
2.00 6.00 10.00 14.00 18.00 22.00 26.00
pK,(MeCN)

E. Paenurk et al Chem. Sci. 2017, 8, 6964



Sometimes correlations are good

p I’<aH (THF)

MeCN vs THF, cationic acids
40 -
pKan(THF) = 0.86:pKan(MeCN) - 3.4
R2 = 0.967
30 -
20 -
10 -
0 T T T T 1
0 10 20 30 40 50
pKan(MeCN)

Kutt et al. Tetrahedron Letters 2018, 59, 3738-3748



Sometimes correlations are tricky or do not work

MeCN vs Pyridine, neutral acids

20 -
16 -
+Oxazolones
2 151 Fluorocarboxylic +©
2 acids Other acids %@
> SV
o Y
= 8 ‘ .
X Sulfonamides
<o LN
4 <o @ 8
S o ] .g“
0 Sulfonimides
0 5 10 15 20 25 30

pKa(MeCN)

Kutt et al. Tetrahedron Letters 2018, 59, 3738-3748



pK, correlation
possibilities
Legend:

Reliable

Tricky

,+7: real data
available

Acetone

DMSO

DMF

THF

DME

Py

DCE/
DCM

MeOH/
EtOH

H,O

Ace- DCE/ MeOH
MeCN PC tone DMSO DMF THF DME Py DCM /EtOH H,O

Kutt et al. Tetrahedron Letters 2018, 59, 3738-3748
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... Sometimes published
correlation equations are
available

e Correlations
within families
work better!

e But only for
compounds
belonging to the
families!

Kutt et al Eur. J. Org. Chem. 2021, 1407

Table 2. Equations for conversion of acidity data from acetonitrile to other media. Standard errors are given in parentheses. N - number of compounds
used in regression; 5 - standard error of regression.
Eg. Compounds included N Equation'™ 5 7 u™  pK(MeCHN)
Mo range
Water
1.1 All availabla 47 pEGH0) = piiMeCN) - 0.7 2(0.03) 4 nC- 0.45(0.05) 4 niOM - 0.190.05) 0.961 1.4 28...3256
X-CO-1.600.5)-12.0(0.6)
1.2 OH acids 22 pEGH0) = piiMaCN) -0.55(0.01) = X—C0-2.2(0.2) +nC-0.13{0.04) 4 03 0994 03 44...292
(18 phenols, MW - 0.0017(0.0007)—6.5(0.5)
3 carboxylic acids,
1 alcohol)
12 NH acids 15 pK,(H,0)= pKMeCN)-0.70(0.02) —n5 - 2.9(0.2)— nH-0.24{0.06) 3.9(0.4) 02| 0995 04 105..326
DMs0
2.1  All available 75 pEIDMS0) = pk (MeCN) - 0.94(0.02) 4+ nHED - 1.1(0.2) 4 X-502- 1.8(0.3) | 1.1 I 0959 1.2 28...3256
X-H-0.8(0.3)=10.7(05)
22 (CHacids 27 pH(DMS0) = pK;(MeCN) - 0.78(0.03) 4+ n5-1.4{0.3})— X~ - 0.6{0.3)— 8.0{0.7) 0.7 0979 09 77..288
23 NH acids 24 pELIDMS0) = pk,(MeCN) - 1.0000.02) 4 X-502- 2.0(0.2) 4 nMN - 0.2(0.1)=12.56(0.6) 04 0991 05 146...326
(mainly
diarylamines
and sulfonamidas)
24 OH acids (16 21 pIDMS0) = pK(MeCHN) - 0.87(0.02) = nNO2 - 1.000.1) 4+ nCF3 - 0.37(0.09)-B.0{06) | 0.5 0992 06 105...292
phenols/
naphthols,
5 othar acids)
CMF
3.1 All available 22 prGIDMF) = pKalMeCHN) -0.91(0.03) -7 6{0.6) .9 0982 09 10.2...32.6
3.2 Phenols 7 pELIDMF) = pKa(MeCN) -0.95(0.01)-9.5(0.3) 0.2 0999 0.2 11.0...29.2
332  Aromatic sulfonamides 7 pHIDMF) = pKa(MeCN) -0.77(0.02) - 2.5(0.6) 0.05) 0995 006 246..27.0
DCE
4.1 Al available 47 P (DCE) = pKa(MeCH]- 1.10(0.03)+ 32.6(0.4) 0972 1.2 2B...235
42 CH acids, exd TCNP acids® 27 pH(DCE) = po(MeCN) - 1.05(0.01) 4+ 33.5(0.2) 0997 03 36..235
43  Aromatic 9 pEGIDCE) = pKa(MeCN)- 1.03(0.03) 4 32.8(0.2) 0995 0.2 3.3...10.0
sulfonimides




To be submitted soon: Critical compilation of acid pKa values in
polar aprotic solvents

More than 9000 pK, values
Close to 5000 acids

In DMSO, MeCN, DMF, pyridine,
acetone, propylene carbonate, THF

Critical evaluation
* Flagging as ,preferred” or ,,doubtful”
» Correcting, where possible

To be submitted to Pure Appl.
Chem. during summer 2024

Huge XLSX file will be deposited

To be continued with pK_, of
bases
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Objective
The objective is to summarize and critically evaluate the data
on ionization constants of acids (pK; data) available in a
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most popular solvents for pK; determination or (2) have
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Excerpt of data table

H - pKa_Data_Tablexlsx - Excel Ivo Leito

File Home Insert Page Layout Formulas Data Review  View Help  ACROBAT Q Tell me what you want to do

I { e S u I t S Of E26 w2 Jx || 2-Hydroxy-propanoic acid (Lactic acid) v

. . I E S ‘ T ‘ U | vV W . X ‘ Y ‘ z ‘ AA =
C r I t I C a Compound DMSO_pK; DMSO_Ref  DMSO_Comments MeCN_pK ; MeCN_Ref MeCN_Comments DMF_pK; DMF_Ref DMF_Comments
[ ] 1 = - = = = = = = z
e V a I u a t I O n [ ] 2878\4[3;10\[; acid (Butyric acid) 129 c1 Pt 3mM 240 C1 Pt 4 mM; 22.73 corrected by +1.3 125 B109 Pt ND; 10.0 comected by +2.5, doubtful
e 29 Butanoic acid (Butyric acid) 1.0 B109 Pt, ND; doubtful
30 2-Methyl-propenoic acid (Isobutyric acid) 128 B101 Pt ND 234 B101 Pt, ND; 22.20 corrected by +1.2, doubtful 1405 B101 Pt ND
. O u t Of 9 7 1 3 31_2—Methyl-propanoic acid (lsabutyric acid) 105 B109 Pt, ND; unreliable 134 B109 Pt @ec{e{! by +2.8, doubtful
32 2Methyl-propancic acid (Isobutyric acid) 4928 P44 C, ND; unreliable
| o 33_ Pentanoic acid (Valeric acid) 122 B109 Pt, ND; doubtful 139 B109 Pt, ND; 10.9 comected by +3.0, doubtful
V a u e S ° 34 2. 2-Dimethyk-propanoic acid (Pivalic acid) 129 K18 Pt 238 B101 Pt, ND; 22.28 comected by +1.3, doubfful 1427 B101 Pt ND
35 12,2-Dimethyk-prapanoic acid (Pivalic acid) 129 B104 Pt ND
) D O u b tfu I 36_2,2-D\methy|—propan0\c acid (Pivalic acid) 133 F6,31 UV, ND; 124 corrected by +0.9, doubtful
37 Cyclohexanecarboxylic acid u7 c17 Pt 23.3 comected by +14
1 9 3 2 38 Heptanaic acid (Enanthic acid) 11 B109 Pt. ND: doubtful 139 B109 Pt ND; 10.9 comected by +3.0, doubtful
39 Cyclohexyl-acetic acid 126 B101 Pt ND 23 B10Y P, ND; 22.06 corrected by +1.2, doubtful 1347 B101 Pt ND
I . I 40 7-Methyl-decanoic acid 133 = Pt ND; unreliable
® U n r e I a b e 41 Bicycio[2.2 2Joctane-1-carboxylic acid 129 KiBK18 Pt
1 1 42 Bicyclo[2 2 2Joctane-1-carboxylic acid 128 K17 Pt ND
8 43 Bicyclo[2.2 2Joctane-1-carboxylic acid 125 R4 Pt OB mM, [~1mM
44 cubanecarboxylic acid 122 K16.K18 Pt
o C O r re Ct e d 45 Phenyk-acefic acid 17 Bio1  PLND 18 8101 Pt, ND: 20.73 comected by +1.05, doubtfl 135 01 Pt no temp., 10-100 mMd
46 Phenylacetic acid 16 o4 Pt 10-20 mM, I = 100 mM 1293 B104 Pt ND
2 3 7 6 47 Phenylacetic acid 16 K18 Pt
48 |Phenylacefic acid 106 P1 P4, ND, | — 0; doubtul
49 a-Methyl4-{2-methylpropylbenzeneacetic acid (buprofen) 277 V23 uv
50 Diphenykacetic acid 109 R7 Uv, ~ 0.4 mM M3 B101 Pt, ND; 20.3 corrected by +1.0, doubiful 1219 B101 Pt ND
51 Diphenylacetic acid 109 B101 Pt ND .
pKa Data | Comments | References | Howtocite | Statistics ® 4 3

Ready i m - 1 + 150%




Warning signs for potentially low reliability pK, data

e Molecular structure
* Strongly outlying pK, from a good correlation within a series
* Substituents behave unexpectedly
e Solvent effects
* Unexpected differences between pKa values in different solvents

* Values outside the ,pK, ., range in the solvent

uto

e Unsure? Confused? Write me: ivo.leito@ut.ee
* Or talk to me here at BOS 2024

49
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