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Overview

» Brgnsted acidity and basicity in solution
* pK, values

» Influence of solvent

« Polarity, acidity, basicity
» What non-aqueous pK, data are available
» How to estimate pK; of X on solvent S?




Why do we need non-aqueous pK_, data?

» Most reactions and processes run
heterolytically
* Very often involving acid-base interactions
* Very often in non-aqueous solutions
 For understanding them pK; values are necessary

 Design of novel acids and bases

» Development of theoretical calculation
methods

Acidity of molecules

» Brgnsted acidity of a molecule refers to its
ability to donate proton to other
molecules

» Usually defined in terms of equilibrium constants
(K, pK,) or deprotonation energies (GA or AG,4q)

This is the main topic of this talk




Acidity of media

» Brgnsted acidity of a medium refers to its
ability to donate proton to molecules in
the medium
» In aqueous solution: pH
» Strongly acidic solutions: A,
 “Unified pH Scale” A suuetal, Anal. chem. 2015, 87, 2623

(pHabs)

D. Himmel et al, Angew. Chem. Int. Ed. 2010, 49, 6885

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 —— A+ SH*

a(A7)-a(SH")
a(HA)

pK,: the lower the value, the more acidic

pK, =—logK, =—log

Acidity of an acid is very different in different solvents!




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*

a(B)-a(SH")
a(BH")

pK,: the higher the value, the more basic

pK, =—logK,6 =—log

Basicity of a base is very different in different solvents!

Acidity and basicity of molecules in the
gas phase

» Acidity/basicity of molecules in the gas

phase is expressed via deprotnation
Gibbs' free energy

Ka —
HA A+ H
GA =AGS, =—RTInK,
Ka
BH* —— B + H*
GB=AG?_ =-RTInK,
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Gas phase
Dissociation in the gas phase

AG®,(HA) >>> 0
— 0 .

—AG®,(SH*) << 0 l@

Desolva-
tion @ AG°(A)|<< 0
AG°4(HA) >0

AG®,(SH*) << 0 |

o
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Gas phase: Acetic acid
Dissociation in the gas phase

G°a(HA) =+341.1 kcal/mo@
> +
G

‘ -AG®,(SH*) l

1 pK, unit = 1.36 kcal/mol

desolva-

tion =-265.9 AG°((AY) =
° — -77.6

AG°4(HA)|= kcal/mol e

+6.7 kcal/mol |

H o ] !

3 S NG DG

@‘ i )
+6.5 kcal/mo

OO CL)\ u

35
o)




Acidity in solution and in the gas phase

o PK, | pK, | Pk pPK, |AG,(GP)
(water) | (MeOH) | (DMSO) | (MeCN) |kcal/mol
HBr ~ -9 ~1 ~ -7 5.5 318.3
2,4-Dinitrophenol 4.09 7.9 5.1 16.7 308.6
Acetic acid 4.76 9.6 12.3 23.51 341.1
F F
F FF F
FF 9.5 8.0 21.1 312.4
F CN F

Solvation energias are very different
In water HBr is 1013 times stronger than 2,4-DNP

« In the gas phase HBr is 107 times weaker than
2,4-DNP _ 1pK,unit=1.36 kcal/mol __ '3
H,0 AN DCE GP _—
Acids in
! 250.1 (341.1)
30 , == cdifferent media
e w{™  Raamatetald. Phys.
’ Org. Chem. 2013, 26, 162
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Generalised acid-base reaction in a non-
aqueous solvent
K, K K
(AH)s + (:B)s S (AH--:B)s 5 (A :--HB*);or (A : HB*). S
HB complex HB complex contact ion pair

Kk K
S (A://HB*)s S (A:)s + (HB*)
solvent-separated ion pair free ions

How far the process goes depends on
--1-- Acid and base strengths of the compounds
--2-- Solvent

18




How does solvent influence pK,?

By solvating the species

» Ions are much solvated much stronger
« First approximation: neglect neutrals

» Especially small ions and/or with localized charge

HB acceptor properties / basicity
» Solvation of H* , HA, BH*

HB donor properties / acidity

» Solvation of A-, B:

Dielectric constant

» Promotes dissociation

19

Solvent acidity and basicity: pK

auto

K

auto

(SH)s + (SH)s S (SH,*)s + (S')s

Kauto = a(AH2+) ' a(S-) pKauto = 'IOgKauto

* pK,, defines the span of pKa scale
« Differentiating ability
» High pK,,,, is preferable

20
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Pyndine ) pKauto
THF D g |
AcOH HEE
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po HEE s T
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Solvent
acidity

Highar acidity Higher basicity .
Kiitt et al. Tetrahedron Letters 2018, 59, 3738—-3748

Some solvents

Solvent/ HBA: HBD K Useful f
medium | © |DN,B’| o | Plauwo setuttor
L
Gas phase 1 - - - Any acid or base
Heptane 1.94 0.0 0 - (Any acid or base)*
. Weak acids, strong
THF 7.47 | 20,287 0 Very high S
1,2-Dichloro- 10.7 01. 40 Very high Strong acids, weak
Ethane ’ bases**
Strong acids, weak
MeCN 35.9 14.1,160 0.19 ca 39 o
Weak acids, strong
DMSO 46.7 29.8, 362 0 ca33 T
. Medium acids and
Methanol 33 High 0.98 18.9 e
. . Medium acids and
Vesi 81 High 1.17 14.0 bases

* Solubility issues
** Jon-pair acidities and basicities
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) o] T 59 (CHSSONH _( ) i
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e ol AT LT 7 1500 Stk
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25 (20 NCFICHEN T ™ 5 0% oe 1 T
26 1-CoF,0H 19. 80 TosNHTH 016 ‘I‘ ‘I‘ 035
27 246:50,7)sAnine H— 81 CCe - T | s I
28 (2-C,F;),CHCN -E- 82 CHsSONHTH 6.02—¥F— 573 Tt
31 (4-CF -G )(CeF s)CHCN 18.° o .‘ o7 HBr 5'5
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35 2345681, Phonol 17,83k 0.75 % 8B 4:NOL-CAH.CI=NTONHTT 2 1
e s ok T T 240 Toprencs 29k =
. g B Y PO o P B
38 (2-C,oF;)CH(CN)COOEL 7. - 91 -Cl 44— 1101,
031 T
seacnoona v 2,4-(NOy),-Phenol 16.7 = i B
L » : HI 2.8
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weoror . Flr T AL Kiitt et al, J. Org. Chem. 2006, 71, 2829
w0 sac.r.0n ol L A. Kiitt et al J. Org. Chem. 2011, 76, 391
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4,2-DCE acidity

No Acid DK (DCE) Directly measured ApK , values in DCE *
1 Picric acid 00
2 HCl -0.4 -0. S‘J:»BO 10 x T
sc ale 3 2,3,4,6-(CF;)5-CgH-CH(CN), s A 7 B
4 4-NO,-CgH,SO,NHTos © A5 412 ok
5 HNO, A7 e ]
' The most acidic § ANOrCHSONNSOCHHk e SN IR
,S0, 2.
P - g 012 | 16
equilibrium acidity 8 CUCRCHEN) S A0 I
. 9 (4NO,-CeH,-SO,),NH 37—k i
scale in a constant- 10 INOACICHSONHSOCHAND, 41 —brb] o
ny 11 (3-NO,-4-CI-CgH,SO,),NH 45—ttt
composition 12 Her as b1 o
= 13 4-NO,-C¢HSO,CH(CN), 54—k
medlum 14 2,4,6{SO,F),-Phenol 59—
15 2,4,6-Tfy-Phenol ¢ 6.4 —F084
16 CH(CN); &8O e T 112
. . s 17 4-CI-C¢H,SO(=NTHNHTos s —osfoss oy
» Relative acidities 8 NTONP* aastHHH TS
19 2,3 5-tricyanocyclopentadiene 70
» Not easy to anchor 20 Pentacyanophenol 25-05r-fos
21 4-CI-CgH,SO(=NTHNHSO,CeH,-4-CI a8 =417
e Some values 2 w i INNES
H ; 23 4-NO,-CeHSONHTF 78-1101 083
available in s o BRI BIN
- ) 0.09
literature, but 25 3,4{MeO),-C;H,TCNP a7k i 1
26 4-MeO-CoH,-TCNP 87 023 i
are very doubtful 27 C(CN),=C(CN)OH 88 oio 4 024
28 4-CI-CgH,SO(=NTANHSO,C¢H,-NO, 89 -022 -
¢, 29 2,4-(NO,);-CgH:SO,0H 89 —foo7 11—
A. Kiitt et al J. Org Chem. 30 CoFsCH(TR, 90 -
2011’ 76’ 391 31 HB(CN)(CF3), 9.3 -047 Toh I‘
32 Ph-TCNP 9.4 *IFDI 31 iy + 162 25
http://tera.chem.ut.ee/~ivo/HA UT/ * " 02 !
34 FSO,0H 405026 —) )
29 24-(NO,),-C;H;50;0H 89 10
o
SFICHEH : % l %n 2
1 2 DC E H d 't 31 HB(CN)(CF.), 93 -047 4
y - ac' I y 32 Ph-TCNP 04— R 1 i 01-131 2 l
33 HBF, -10.3 1
scale 34 FSO,0H A05—40 3 L
35 3-CF3-C¢H,-TCNP -10.5° Py 1 in S
- - aym 36 H-TCNP -10.74730 T Tods
« Ion pair acidities 37 [CHSONTILNH ' L
38 [(C;F5)2POINH A11.3-0. ot 1 -
[ ] Counter—|on: 39 2,4,6{NO,);-CoH,SO,0H . obs
40 [C(CN),=C(CN)].CH, -11.4%70440.‘0 1
O 41 TiOH 4t 072 —-3—xoird
42 CoH;SO(=NTANHTF 11.5—% 0400, A 1
t'BUP1(py")H+ H + N 43 TCH(CN), 1.6 - = ]l,
AL 44 Br-TCNP 1.8
><N_'? N(j 45 [CCN)=CCNILNH M8—foget 4 i L
N 46 3,5-(CFy)5-CoHy-TCNP 418051 doas 212
; ; 47 Tf,NH .11_9i90 0+ 0.31 T l
48 4-CI-CgH,SO(=NTANHTF 424 i .{m i
001 036
° Aq p/( (H ) 49 CI-TCNP 1241 } 043 F—
Ueous a 0 50 (C4F/SO;),NH 422 °¥° —13<~ 024
o
| 51 (C4FoSO,),NH 122 0.19-—%027 1
values down to o o N DINNDD T
- 10 - 15 53 (C,FsSO,)NH A23—f—p 10541 ot 30474 0.4 |1
" 54 CF,-TCNP 2.7 | ~ o
- - . 55 HCIO, 3.0 o D:[,m 018
[ ] In p|pel|ne. 56 CF,(CF,SO,),NH 3.1 SO ok j. o o
. 57 4-NO,-CH,SO(=NTf)NHTf 1341 K
o Weaker acids 58 HB(CN), 433 OIA o
59 (FSO,),CH -13.6 192
* Weak bases 60 TH,CH(CN) A89—%1 'LQAS —
61 2,3,4,5-tetracyanocyclopentadiene -15.1*0l0%1 i }0 S +
. 62 CN-TCNP 5.3 * -
A. Kiitt et al J. Org. Chem. P -
2011, 76, 391 64 CF,SO(=NTANHTF' 18 26
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Typical issue: no pKa data for X in

solvent S

» Possible solutions:
¢ Measure
e Compute
» Usually correlations are needed for corrections
¢ Correlate between solvents

¢ Reliable data of similar compounds are needed in both
solvents

» Best if large span
e Works best within a homogeneous compound series
* Not between any solvents
¢ Cross-use between solvents
¢ Only suitable for , stronger-weaker" statements

Kiitt et al. Tetrahedron Letters 2018, 59, 3738-3748
|
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Sometimes correlations are good ...

PKan(THF)

MeCN vs THF, cationic acids

40 -
pKan(THF) = 0.86:pKan(MeCN) - 3.4
R? = 0.967
30 1
20 1
10 A
0

0 10 20 30 40

50
PKan(MeCN)
33
... Sometimes tricky
MeCN vs Pyridine, neutral acids
20 1
pKa(Pyridine) = 1.12:pK4(MeCN) - 15.0
R? = 0.968
16 1
_ + Oxazolones &’
2 42 { Fluorocarboxylic wT 8o
o acids
5
e @
S 8-
Qo
<o o o
4 A © < Py
S o L] .g
Sulfonimides
0 T T T T T )
0 5 10 15 20 25 30
pKa(MeCN)
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Ace- DCE/ MeOH

MeCN PC tone DMSO DMF THF DME Py DCM /EtOH H,0

pKa MeCN
Correlation .. N

possibilities s

DMSO

Legend:

THF s
Reliable oME .

Py S
Not reliable DCE/

DCM

,+": real data weor
available

H,0

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