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ABSTRACT

Potentiometric and calorimetric data are given for the protonation at 25°C of some
purines, pyrimudines and related bases, B, in dimethylsulfoxide and water The enthalpies of
transfer from water to Me,SO of BH™ are found to be 329+0 7 kJ mol~! more exothermuc
than the transfer enthalpies of B Correlations are reported between the free energy and
enthalpy of protonation of B 1n both solvents and 1n the gas phase These correlations are
useful 1n predicting and assessing the validity of exprimental or calculated thermodynamic
data

INTRODUCTION

The basicity of the solvent can have a profound influence on the thermo-
dynamics of proton transfer reactions [1] However, except in special cases
[2], the protonation free energy and enthalpy of aliphatic [3] and aromatic
[4] amunes appear to be little different in water than in dimethylsulfoxide
(Me,SO), even though these two widely used solvents have different basici-
ties, in addition to their very different structural properties We have
recently reported some himited data on the protonation of some purines in
various media [5] We now present more complete thermodynamic data on
the protonation of biologically important purines (Pur) and pyrimidines
(Pym), and also of related compounds, in water and Me,SO Calorimetric as
well as potentiometric and NMR determinations were carried out to supple-
ment existing data We have attempted to correlate protonation free energies
and enthalpies 1in both solvents and we have also compared solution data
with gas-phase proton affinities While the diversity of the considered bases
hmit the possibility of interpreting the data in terms of solute—solvent
interactions, the thermodynamic correlations we present are useful for
predicting unavailable thermodynamic data, as well as for assessing the
validity of the results of molecular orbital (MO) calculations
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The bases considered are shown below

Base Abbr R, R R,
R Purine Pur H H H
© Ademne Ade H NH, H
N N Adenosine Ado H NH, nbose
A\ Y 9-Methyladenne ~ MeAde  H NH, CH,
R N T NS, N®Diethyl-
Rg adenine Et,Ade H Et,N H
Hypoxanthine Hyp H OH * H
Guanine Gua NH, OH * H
Xanthine Xan OH * OH * H
Py
* Tautomerization to —C-N-
Base Abbr R, R, R, R,
Ra Pyrimidine Pym H H H H
Re Cytosine Cyt OH * NH, H H
N | Uracil Ura OH * OH * H H
> Thymine Thy OH * OH * CH H
N 3
R, 4-Amino-2-6-
dimethyl-
pyrimdine Dap CH, NH, H CH,

O H
Il

* Tautomenzation to —C-N-—

EXPERIMENTAL
Materials

Sources of most of the compounds used were previously reported [5,6]
7.9-Dimethylxanthine (Me, Xan) was synthesized according to the procedure
of Jones and Robins [7] and checked for purity by acidimetric titrations

pK, Determunations

Potentiometric titrations of Me,SO or aqueous solutions of bases (=
10%-10"2 M) with standardized 0 1 M CF,SO;H m Me,SO or aqueous 0 1
M HCl were carried out at 25 0 + 0 1°C as previously reported [S] The 1onic
strength was maintained constant by imitially making the solution 0 10 M
Et,NCIO, in Me,SO or 0.10 M KClI in water For pyrnmdine, more
concentrated solutions of base (=01 to 08 M) and acid (=10 M) were
used because it 1s a weak base in Me,SO Imtially, the ionic strength was
050 M n Et,NCI1O,
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The low pK, value of xanthine (Xan) in Me,SO could not be obtained by
potentiometry We recorded the *C NMR spectra of 0 07-0 08 M xanthine
solutions containing increasing acid concentrations Spectra were obtained
at 28°C with a Bruker WP-80 spectrometer operating at 202 Hz '*C
chemical shifts were measured relative to external dioxane in D,0O (coaxial
tube) taking &pge,s, = Spioxane T 6740 ppm [8] Because acidic xanthine
solutions developed a color on standing, NMR samples were prepared just
before recording spectra, by dissolving weighed quantities of xanthine 1n
known volumes of standardized CF,SO;H solutions in Me,SO

Calorimetric measurements

The heats of protonation of the bases were obtained at 2500+ 001°C
with a L K B Model 8725-2 1soperibol calorimeter as previously described
[9] The amounts of base dissolved (= 10~*~1072 mol) 1n 100 ml of 01 M
CF,SO;H 1n Me,SO or aqueous 01 M HCIO,, were deduced from the
weights of the glass ampoules Hypoxanthine (Hyp) was dissolved in 0 68 M
CF;SO;H 1n Me, SO, and 1n aqueous 0 58 M HCIO, to increase 1ts solution
rate The heat of neutralization of pyrimudine was determined 1n 0 38 M
CF,SO;H 1n Me,SO The heat of reaction of aqueous N, N°-diethyladenine
(Et, Ade) with an excess of 5 8 M HCIO, was measured to yield the heat of
protonation of Et,Ade after correction for the dilution of HCIO,

RESULTS
Ionization constants

The values of the 1onization constant, K,, of the conjugate acids BH™ of
the bases 4-amunopyridine (Ampy), Pym, cytosine (Cyt), Et,Ade and
Me, Xan in Me, SO, and adenine (Ade), Et, Ade, and Me, Xan 1n water were
obtamned from the potentiometric titration curves The program described
previously [5] was used Our pK, values are valid for 0 10 M ionic strength,
with the exception of Pym where u =050 M For XanH" in Me,SO, K,
was calculated from the concentrations of H", Xan and XanH™ at equi-
librium These concentrations were deduced from the plots of the measured
13C chemical shifts against r = [H*] /[Xan], (O < r < 10), where [H*], and
[Xan], are the mmtial concentrations, and from the *C chemical shifts of
Xan and XanH"* The pK, values in Me,SO and water are listed 1n Table 1
together with literature values for other bases [4,5,10-12] No corrections
were made for the effect of 1onic strength, which would be small for such a
type of reaction
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TABLE 1
Ionization constants, K,, of BH" 1ons at 25°C
Base (abbr ) pK,

Me,SO H,0
Cytosine (Cyt) 573+£004 458%
Uracil (Ura) - —-235¢
Thymune (Thy) - -308°?
4-Amno-2,6-dimethylpynmdine (Dap) 638" 685°
Pyrimidine (Pym) 0554015 130°
4-Aminopyridine (Ampy) —-85+014¢ 917°¢
2-Hydroxypyndine (Hypy) - 077%
Pyridme (Py) 345® 517°
N, N-Dimethylaniline (¢ NMe,) 251°¢ 516°
Aniline (¢ NH,) 372° 460°
Purine (Pur) 183° 239"
Adenine (Ade) 406° 43414003
Adenosime (Ado) 318° 355°
9-Methyladenine (MeAde) 369° 388°
N® NS Diethyladenme (Et,Ade) 302+001 455+003
Hypoxanthine (Hyp) 194° 18°
Guanune (Gua) 374° 330
Xanthine (Xan) 0524005 091°f
Caffeine (Caf) - ~013,018'
7,9-Dimethylxanthine (Me, Xan) 5154003 3084002
Benzimidazole (BzImd) 436° 577°
N-Methyhimidazole (MeImud) 615° 720°
Imudazole (Imud) 626° 714°

2110] ®[5] °[11] ¢ D Boulet, unpublished result ©[4] [12]
Protonation enthalpies and entropies

The values of the heats of neutrahization of solild Ampy and Cyt 1n
Me,SO containting an excess of CF;SO;H, Q. ., were plotted against the
number of moles of dissolved base The slopes of the least-square lines gave
the molar enthalpy of neutralization in Me,SO, AH_ (B), which refers to
reaction (1)

B(1 orc)+ H*(s or w)=BH"(s or w) (1)

Hyp and Et, Ade dissolved slowly 1n acidic solutions, so that the amount of
base could not be varied significantly The reported neutralization enthalpies
in Me, SO and water represent an average of two to four separate determina-
tions The enthalpies of protonation of the bases in Me,SO and water,
AH,(B) and AH,,(B), referring to reaction (2)

B(s or w) + H* (s or w) = BH" (s or w) (2)
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TABLE 2
Enthalpies and entropies of protonation of B in Me,SO and water at 25°C
Base AHZ (B) (kJ mol ™) ASF(B)(Jmol 'K
Me, SO H,0 Me,SO H,0
Cyt ~304+03 -212¢% +8 +16
Dap —424° —342° -20 +16
Pym ~75410 +090+001 -15 +28
Ampy —503+03° —461¢ -6 +21
Hypy - +03° - +16
Py ~277% -203° ~27 +31
#NMe, -238¢ - ~-32 -
#NH, —308f -301"f -32 +16
Pur —195° -88° -31 +16
Ade -258" -176°? -9 +24
Ado -210° -159° -9 +15
MeAde —258° -194° -16 +9
Et,Ade -200+04 -199+06 -9 +20
Hyp ~195+17 ~1058 -28 -1
Gua - -206" - -6
BzImud ~307° -300° -19 +10
Melmid —388° —329° -12 +28
Imid —424° -368"° -22 +13

2113] ®[5] °D Boulet, unpublished result °[14] ©[15] [4] ®[16] ™ Value obtaned by
subtracting A H.Z (Gua) [6] from the average value of A H,S (Gua) in aqueous HCI solutions
for 018 M < [HCI] <079 M [17]

were calculated by combining values of AH or AH,, with the correspond-
ing solution enthalpies of the bases in Me,SO and water [6], AH (B) and
A H_(B), obtained previously

AHps orpw(B) = AI{ns or nw(B) - AHS orw(B) (3)

The protonation enthalpy of Pym in both solvents was obtained after
correction to account for its incomplete protonation

These values of AH(B) and AH,(B) at 01 M 1onic strength are not
likely to be very different from the AHS, AH, values at zero ionic
strength [5] These values are presented 1n Table 2 together with previously
published data [4,5,13-17] We also give in Table 3 the enthalpies of
protonation of B 1n the gas phase, AH ,(B), which are equal to minus the
proton affinities (PA) PA values have been reported by several groups of
workers [18-25] The PA values are averages based on PA(NH,) = 866 kJ
mol !, PA(Py) =937 kJ mol~' and PA(Me,N) = 958 kJ mol~! Results of
recent molecular orbital calculations [26-28] are also listed

The protonation entropies in Me,SO and water, ASS(B) and AS (B),
respectively, are also listed in Table 2 These latter values were calculated by
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TABLE 3

Enthalpies of protonation of B in the gas phase, AH,(B), and theoretical protonation
energies (kJ mol~1)

Base AHpg(B) Theoretical protonation energy
Cyt —9502® -10427°, —8618¢
Ura —887421° —798 3¢

Thy —8912° —8862° —7897°¢
Pym —9122¢

Ampy -977f

Py ~9372

& NMe, —-9508h

oNH, —901 280

Pur —9292ab

Ade —946°2° —941849, —10088°
Ado ~948°

Hyp -918+13°

Gua -93949° ~10238¢, —9101¢
BzImid - —957 !

Melmud —974

Imid -941 &

(18] °[19] ©[27] < [26] ©[20) f(21] B[22] P [23] ' [28] ’[24] * [25]

TABLE 4

Enthalpies of transfer of B and BH™' from water to Me,SO at 25°C (kJ mol 1)
Base AHZ(B)? AHS(BH™)
Cyt -188 —535
Ura —-192 -
Thy —-154 -
Dap +49 —288
Pym +100 —239
Ampy -78 —-375
Hypy +37 -
Py +109 -220
6 NH, -112 -371
Pur -46 —408
Ade -235 -572
Ado -310 -616
MeAde -196 -515
Et,Ade +51 -205
Hyp -165 ~510
Caf +4

BzImid -77 ~339
Melmud +95 -219

Imid ~-18 ~329
‘6]
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combining the AG,; . ,(B) deduced from pK, with AH o ow(B). according

S

to eqns (4) and (5)

AGZ., .. (B) = —2 303 RTpK, (4)
AGpgor pw (B) = AI{p?or pw (B) - TASp?or pw (B) (5)

Enthalpies of transfer of BH *

The enthalpies of transfer of BH™ from water to Me,SO, AH.S(BH™),
were calculated by using eqn (6) relating protonation processes m both
media

AH;(BH")=AHg (B)+AHZ (H") + AH; (B) — AH, (B) (6)

AHZ(B) and AHZ2(H") are the enthalpy of transfer of B and H¥, respec-
tively, from water to Me,SO AH2S (H*) was taken as —255 kJ mol ™! [1]
The AH (B) values, recently reported [6], are given in Table 4 with the
calculated AHS (BH™) values

DISCUSSION

We will discuss the extensive thermodynamic data of Tables 1, 2, 3 and 4
with the help of several kinds of correlations First, we relate free energes,
AG:’ , and enthalpies of protonation, AH, in each solvent in turn Sec-
ondly, we examine the relationship between the same parameter in Me,SO
and water, 1e between pK,, and pK,,, and AH and AH;, Finally, we
look for correlations between protonation data in the gas phase and in

solution
Free energies and enthalpies of protonation in Me,SO and water

We have plotted m Figs 1 and 2 the free energy of protonation,
AG? =RT In K,, aganst the enthalpy of protonation 1n Me,SO and in
water respectively The corresponding correlation equations are

AGS =(105+008)AHS + (68+25) n=16, r=0 960 (7)
AG, =(098£007)AHS, —(47+18) n=17, r=0 962 (8)

Surpnisingly, the correlation lines are nearly of unit slope Thus 1s in part due
to the relatively small contribution of the TASP9 term to AGPe However, the
1so-entropic behaviour (ASyy = —23+9 Jmol™! K™!, ASS = +16+7J
mol ™! K™') 1s only apparent because the points which do not fall on the
Iines, fall well outside the himmt of experimental errors Actually, data n
Table 2 show that some bases have ASy, values which are quite different
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from +16+7 J mol™' K™!, the two hydroxypurines Hyp and guanine
(Gua) are examples It 1s not clear why Cyt (a hydroxypyrimidine) has an
unusual AS, value but a normal AS value It seems that the bases that
we are considering are structurally too different to expect a better AG>-AH >
correlation, such as that observed in water for eleven 3- and 4-substituted
pyridines, with a slope of 119 and r = 0996 [29]

Correlation between 1onization constants and protonation enthalpies in Me,SO
and water

Attempts to improve the correlation between iomization constants in
Me, SO and water, for all BH™ conjugate acids, led us to consider different
groups of bases separately First, with the purines, pyrimidines and their
derivatives, we have

pK,.=(095+005)pK,, — (04+03) n=11, r=0988 (9)

The bases are thus shightly less basic in Me,SO than in water, although
pyrndine (Py) and Et, Ade exhibit larger changes

Xan, Hyp, Gua and Cyt which are tautomerized hydroxypurines and
pyrimidines are better correlated through

pK,.=(139+005)pK,,— (07+02) n=4,r=0998 (10)

which accounts for the fact that these bases are now stronger in Me, SO than
1n water

Turning now to the protonation enthalpies, AHJ 1s plotted against AH
in Fig 3 The corresponding correlation equation which holds over a range
of some 45 kJ mol ™! 1s

AH,,=(091+003)AH,, —(94+09) n=12, r=0993 (11)

Thus the poorer correlation (eqn (9)) obtained for the free energies (pK,) 1s
due to entropic factors This ttme Hyp, Cyt and Py are also on the
correlation line while Et, Ade 1s not, but compounds with the para-diethyl-
amino group are often excluded from such correlations [30] This leaves us
with only benzimidazole (BzImid) remaining well off the line

The nearly constant difference between AH; and AHP?V (egqn (11)) has
an 1nteresting consequence 1n that eqn (6) indicates that there should be a
nearly constant difference between the enthalpies of transfer of BH" and B
Using data for AH 5, (BH™") and AH. (B) in Table 4, we have the following
relation which covers a range of 42 kJ mol ™' for AH2 (B) [6]

AHZ(BH*)=(099+004)AHS (B) - (329+07) n=12 r=0991
(12)

This 1s a somewhat unexpected result since it means that irrespective of
the nature of B, whether imidazole, pyndine, pyrimidine, or purine, the
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Fig 3 Correlation between protonation enthalpies in Me,SO and water at 25°C

addition of an H* on B makes the transfer of BH" some 33 kJ mol ™' more
exothermic than the transfer of B Clearly this extra 33 kJ mol ! exothermic-
ity 1s essentially due to stronger H-bonding of BH™ to more basic Me,SO 1f
we consider (1) that the electrostatic contribution to the transfer of BH™ as
calculated from the Born equation 1s small and of opposite sign [31] (~ 3 kJ
mol ™! 1f the BH™ 10omc radius 1s taken as 2 5 A) and (1) that B 1s a good
neutral analogue of BH" for cavity and related effects The 33 kJ mol ™!
value 1s limited to the bases we have considered Data for two tertiary
aliphatic amines, Me,N [3] and DABCO [2], leads to a higher 48 kJ mol !
extra stabilization for the transfer of BH™ over that of B Nevertheless, since
our heterocyclic mtrogen bases cannot be viewed as forming a very homoge-
neous series, the relation between AHS (BH™) and AHS (B) expressed by
eqn (6) remains puzzling, particularly since 1t involves transfers between
water and Me, SO, two structurally dissimilar solvents Our work 1n progress
suggests that sirmlar correlations are found for transfers between pairs of
non-aqueous solvents

Correlation between protonation data in the gas phase and n solution

Correlations have often been established between gas-phase proton affim-
ties and protonation enthalpies in solution, or pK,, for series of related
bases For example, with 3- and 4-substituted pyridines, but with “chem-
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Fig 4 Correlation between protonation enthalpies in gas phase and aqueous free energies of
protonation at 25° C

1cally nert substituents”, there 1s a good hnear relationship between AH,
and AH,, with a slope of 25 [32] We have plotted the AH_,(B) of our
bases against both their pK, (Fig 4) and protonation enthalpies in water
(because there are more data available than for the protonation in Me,SO)
The corresponding correlation equations are

AH,, = (132+£013)AG,, — (910 + 4) n=9, r=0970 (13)
AH,,=(147+019)AH — (916 £+ 5) n="7,r=00961 (14)

Although these linear correlations are only fair, this 1s not very surprising
when we consider, 1n particular, the diversity of H-bonding properties of our
polyfunctional bases and the fact that, even with the well-behaved pynidine
bases mentioned above, the data for pyridines with H-bonding substituents
are elminated from the correlation [32] Our correlation equations (eqns
(13) and (14)) are of real value for predicting unknown proton affinities of
bases related to our series and also for assessing the validity of some
reported PA values and of some results of MO calculations For example,
the quoted PA value for imidazole (Imud), 941 kJ mol ™!, appears to be
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erroneous, while some MO values for Cyt (—1043 kJ mol ™' [27] and — 862
kJ mol ™! [26]) and Ade (—1009 kJ mol~' [27]), which are already at odds
with the experimental PA data, are definitively out of line
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