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The tautomeric equilibria (constant K_) of &-butyl 2-picolyl ketone (ketone = enol) and of &-butyl quinaldyl
ketone (ketone = enamine) in semi-dilute solution (0.3 mole.I"") were studied by 'H-nmr and uv spectroscopy
as a function of solvent polarity, for a set of twenty-five different solvents including apolar, dipolar aprotic as
well as amphiprotic ones. The contribution of electrostatic field effects (7*), of solute-solvent hydrogen bon-
ding interactions () and of solvent cavitation effects (5,) were estimated separately and critically discussed,
using multiparametric regression analysis and empirical polarity parameters, according to the “‘Solvato-
chromic Comparison Method”’ developed by Taft, et al. For both heterocyclic ketones, the hydrogen bond
donor power of the solvent («) is the major factor of the K variations, as a result of preferential solvation of

the ketonic tautomer.
J. Heterocyclic Chem., 19, 785 (1982).

Introduction.

In the course of our studies on the reaction of a series of
heterocyclic organo-lithium reagents on polymethylmeth-
acrylate and on the specific properties of the derived co-
polymers, we were faced with he problem of the tauto-
merism of some keto-B-heterocyclic structures, especially
2-picolyl and quinalkyl ketones (1-3). As part of the impor-
tand field of the tautomerism of heterocyclics (4), the
tautomerism of such structures has already been investi-
gated for low molecular weight compounds, mostly for the
identification of the tautomers. We have focused our at-
tention on the analysis of the prototropic equilibrium in
solution with special emphasis on the influence of the sol-
vent polarity, because of the scarcity of quantitative data
in this particular area. As a matter of fact, comparison bet-
ween the solvent dependence of the tautomerism of low
molecular weight model compounds and of macromole-
cules labelled with identical structures may provide a
useful strategy for testing the polarity of the microenviron-
ment of polymeric chains in solution (3,5). This factor does
contribute in a significant way to the reactivity of
macromolecules in solution (6), and it still remains to be
measured quantitatively. In the present communication,
the experimental results we obtained for the tautomerism
of t-butyl 2-picolyl ketone (A) and ¢-butyl quinalkyl ketone
(C) in solution will be discussed according to recent trends
in the field of solvent polarity effects on chemical pro-
cesses (7).

Results.

Nature of the Tautomers and Determination of the Tauto-
meric Equilibrium Constant.

For a long time, nmr and uv spectroscopy has allowed
the identification of the conjugated tautomeric forms, i.e.
chelated enol B (8-10) and chelated enamine D (8,11), for
the heterocyclic ketones A and C respectively.
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Chelation is a major but not the only factor of the
tautomer B and D stability, since enolization does occur,
but to a much lower extent, for 4-picolyl and 4-methyl-
quinolyl ketones where chelation is excluded (8,10). The
possibility of a low fraction of non chelated enol or
enamine cannot be thus completely ruled out. According
to Klose and Uhlemann (12), 2-picolyl ketones may exist in
the form of a pyridinium enolate B" in carbon disulfide
solution:
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This zwitterionic structure is merely a canonical form of
the enamine one which has also been quoted by Wolfe, et
al. (13), but apparently as the result of a misunderstanding
of Mondelli and Merlini’s conclusions (8). Moreover, the
enaminic structure has been rejected by Katrizky, et al. (4)
in their recent critical survey of the tautomerism of hetero-
cycles. Consideration of this controversial problem is out
of the scope of the present work, and only a single ketone
A = enol B equilibrium is taken into account in the
following discussion.

The determination of the tautomerism constant K; rests
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Table I

'H-NMR Patterns of the Various Tautomers (a,b)

.CO-CH, CH H,
A (s) 4.02 (m) 8.32
B (s) 5.44 (m) 8.22
C (s) 4.20
D (s) 5.55

-H, -H, -OH -NH

(s) 15.0
(m) 8.25

(m) 6.95 (s) 14.15

() Chemical shifts 6 in ppm at 28°C, for a solute concentration = 0.3 mole.l™", (s) singlet, (m) multiplet. (b) The t-butyl group may be split into two well
separated singlets in some solvents, and especially in aromatic ones: 8, - 8, = 0.30 and &, - 6 = 0.33 ppm in benzene for instance.

upon the quantitative analysis of the well resolved 'H-nmr
spectra, as described in literature (8-11). The average
values of the chemical shifts of some characteristic
hydrogen atoms are collected in Table I. The accuracy of

K; is about = 6% in the best cases (K, = 1), but it
decreases drastically when one tautomer is highly
predominant, and may be lower than 20% as for a molar
fraction higher than 0.90.

The uv spectra in dilute solution, for solute molar frac-
tion lower than 0.01, are characterized by two main ab-
sorption bands, in good agreement with literature data
(8,11). At higher wavelength X,, the absorption related to
the 7 — 7* transition of the conjugated chromophores ap-
pears as a single band with a well defined maximum at 318
nm for the enol B, and as a more complex band showing
three maxima at 405, 420 and 445 nm with relative inten-
sities in the nearly constant ratios 0.81:1.00:0.69, for the
enamine D. Because of chelation, these absorption bands
show only a slight hypsochromic shift when increasing the
solvent polarity: X, (B) = 319 and 313 nm in hexane and
trifluoroethanol respectively, for instance. At lower
wavelength A, the observed bands, mainly to the 7 — 7*
transition of the heterocyclic nucleus, show a poorly defin-
ed peak at A\ = 264 + 6 nm for A,B and a broad absorp-
tion with successive maxima at about 276, 291, 302, 314
and 322 nm for C,D. The overall (A,B) absorption band is
shifted from 270 to 258 nm when going from a non polar
solvent like hexane to a very strong hydrogen bond donor
solvent like trifluoroethanol. At a constant total concentra-
tion of solute c, the tautomeric equilibrium may be easily
modified using various binary mixtures of two solvents of
sufficiently different polarities, like dioxane and
acetonitrile for instance. For t-butyl 2-picolyl ketone, in-
creasing acetonitrile fraction shifts the equilibrium
towards the ketonic form, and the lack of any isosbestic
point and the simultaneous decrease of both A\, and X\,
bands clearly show that the conjugated tautomer B does
contribute to the complex absorption at the shorter
wavelength. Following the same approach as Llor and
Cortijo (14), and assuming no significant changes of molar
absorptivities with the solvent polarity, it may be easily
shown that:

D, = D, [e)fle; - €,)] - ¢ Leseal(es - )
where D, and D, are the absorbances at A, and \;; ¢, the
molar absorptivity of the ketonic tautomer at \,; ¢} and ¢,
the molar absorptivities of the conjugated tautomer at A,
and A, respectively; { the optical length. This linear rela-
tionship, illustrated in Figure 1, allows only the determina-
tion of a reasonable value of ¢;:¢;, = 2870 L.mole '.cm™
versus e; 2-picoline = 2450 L. mole™'.cm™' at A\ = 262 nm in
dioxane. On the other hand, comparison of uv and 'H-nmr
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Figure 1. The uv spectrum of ¢-butyl 2-picolyl ketone (4.6

X 107 mole.l"!) in dioxane-acetonitrile binary solvents.
Variations of the long wavelength absorbance D,(\, = 317
nm) with the short wavelength absorbance D,(\, = 263
nm) for various solvent compositions (the volume fraction
of acetonitrile is increased stepwise by increment of 0.1).

data obtained at the same concentration of 1072 mole.l"" in
dimethylsulfoxide solution leads to the following values:

€2(B) = 7500 + 370, €,(D) = 9900 + 500 l.mole '.cm™

practically independent of temperature within the range
of 25-110°C. Beer’s law is well obeyed within the concen-
tration range of 4 X 1074 X 10°2 mole.l"!, and the
tautomeric equilibria may be thus safely considered as in-
dependent of concentration for these dilute solutions. The
uv measurements however are very sensitive to the
residual water content of the solvents: for insufficently
dried solvents, it may be of the same order of magnitude
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as the solute concentration, and preferential solvation
water-ketonic tautomers — see Discussion — may lead to
strongly underestimated K values. Influence of preferen-
tial or specific hydration upon tautomeric equilibria has
been recently reemphasized by Dubois, et al (15).
Moreover, the independence of the molar absorptivities of
the conjugated chromophores with respect to solvent
polarity is not quite ascertained. In these conditions, Kr
values were derived from 'H-nmr spectrometry in most
cases.

Concentration Effects on the Tautomeric Equilibria.

The experimental results related to carbon tetrachloride
and dimethylsulfoxide solutions at 28° are illustrated in
Figures 2 and 3.

Concentration effects mainly result from differences
between solvent and solute relative polarities, and possible
self-association of a given tautomer may also contribute to
the observed equilibrium (16). Dilution with carbon tetra-
chloride, less polar than the solutes, is expected to favour
the less polar chelated tautomers B and D, whereas oppo-
site effects should occur in dimethylsulfoxide solution.

Tautomerism of ¢-Butyl 2-Picolyl and ¢-Butyl Quinaldyl Ketones
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Figure 3. Influence of dilution on the ¢-butyl quinaldyl
ketone tautomerism at 28°. Varations of the enamine frac-
tion F,, with the total molar fraction of the solute in carbon
tetrachloride ( M ) and dimethylsulfoxide ( [J ) solutions.

These equilibrium shifts actually occur in the case of
t-butyl 2-picolyl ketone (figure 2), but in the case of ¢-butyl
quinaldyl ketone and for a molar fraction lower than 0.2
(upper limit of solubility), concentration effects are
drastically levelled off (Figure 3). On the other hand, vapor
phase osmometry measurements performed at 30° on car-
bon tetrachloride solutions have shown that ¢-butyl
2-picolyl ketone is essentially monomeric for molar frac-
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Figure 2. Influence of dilution on the ¢-butyl 2-picolyl

ketone tautomerism at 28°. Variations of the enol fraction
F, with the total molar fraction of the solute in carbon
tetrachloride ( ® ) and dimethylsulfoxide ( O ) solutions.
A and A literature data (10).
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tions lower than 0.1 (M exp. = 180 + 6 versus M Theor.
= 177.3): the observed dilution behaviour cannot be thus
correlated with the concentration dependence of any self-
association equilibrium. Finally, at higher dilution for
solute molar fraction lower than 1 x 1073, the tautomeric
equilibria of both heterocyclic ketones are no more af-
fected by concentration effects (see uv measurements in
the preceeding section).

Solvent Effects on the Tautomeric Equilibria.

Some K; values, restricted to carbon tetrachloride,
chloroform and dimethylsulfoxide solutions, have already
shown that the tautomeric equilibria are shifted to the
more polar ketonic forms A and C when increasing solvent
polarity (8,10). Since chelation is a major factor of the enol
B and of the enamine D stability, it may be anticipated
that protic and amphiprotic solvents able to block the
chelation sites will strongly favour the ketonic forms. As a
limiting case, they are indeed the only tautomers observed
in trifluoroacetic acid, in good agreement with literature
data (8): €(A) = 7100 L.mole™! at A;(A) = 263 nm, and ¢(C)
= 10400 Lmole™'.em™ at \,(C) = 319 nm for the pro-
tonated ketonic tautomers. The K; values we measured in
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a number of solvents of different polarities (28°, solute
concentration of about 0.3 mole.™) are collected in Table
III. Solvents were characterized according to Taft et al.
(17), as non hydrogen bonding NHB, hydrogen bond ac-
ceptor HBA, hydrogen bond donor HBD, and amphiprotic
hydrogen bond acceptor-donor HBA-D solvents. All the
physical constants and the various empirical polarity para-
meters of the solvents were taken from literature compila-
tions quoted in the text.

Thermodynamics of the Tautomerism of z-Butyl 2-Picolyl
Ketone.

Within the temperature range 25-110°, the uv spectrum
changes of both heterocyclic ketones in dimethylsulfoxide
solution (1072 mole.l"!) are reversible, showing that no
degradation occurs in these conditions. An increase in
temperature shifts the equilibria towards the ketonic tau-
tomers, as illustrated by the experimental data collected in
Table III for t-butyl 2-picolyl ketone.

The linearity of the plot Ln K; = f(1/T) is very good,
aliowing the determination of the enthalpy AH®, the en-
tropy AS® and the change in free energy AG® of the tauto-
meric conversion A — B: see table III. Enolization is exo-

Table 11

Ketonic Fractions of ¢-Butyl 2-Picolyl Ketone F, and ¢-Butyl Quinaldyl Ketone F¢ in Various Solvents at 28°
(Solute Concentration = 0.3 mole.l™")

No. Solvent
0 Bulk
1 Hexane
2 Triethylamine
3 Carbon tetrachloride
4 Benzene (a)
5 Dioxane
6 Methylpivalate
7 Ethylacetate
8 1,2-Dimethoxyethane
9 Chloroform (b)
10 Pyridine
11 Hexamethylphosphoramide
12 Methylenechloride
13 Acetone
14 Dimethylformamide
15 t-Butyl alcohol
16 Dimethylsulfoxide
17 Acetonitrile (b)
18 Nitromethane (b)
19 Propylenecarbonate
20 Ethanol
21 N-Methylformamide
22 Methanol
23 Ethyleneglycol
24 Formamide
25 Trifluoroethanol (c)

Solvent Ketone Fraction

type F4 F.
0.614 (d)

NHB 0.408
HBA 0.115
NHB 0.527 (e) 0.113

NHB-HBA 0.587 0.130
HBA 0.640 0.169
HBA 0.555
HBA 0.172
HBA 0.649

NHB-HBD 0.744 (f) 0.152
HBA 0.694 0.185
HBA 0.185
NHB 0.745
HBA 0.752 0.220
HBA 0.770
HBA-D 0.790 0.256
HBA 0.793 (g) 0.244
HBA-D 0.840 0.320
HBA-D 0.351
HBA 0.828 0.362
HBA-D 0.388
HBA-D 0.933
HBA-D 0.950 0.474
HBA-D 0.948
HBA-D 0.956
HBD 1.000 0.588

(a) Usually weak HBA, but sometimes NHB solvent. (b) Weak HBD with strong HBA solutes. (c) No HBA properties even with strong HBD solutes. (d)
F. = 0.585 at 33°(10). (e) F, = 0.588 at 33° for 50% volivol solution (10). (f) F, = 0.741 and 0.730 for 50% (10) and 25% (13) vol/vol solution. (g) Fa

= 0.714 for 50% vol/vol solution (10).
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thermic, and its entropy decrease is closely related to the
chelated structure of the enol and to the ‘‘planarization’
of the molecule. Within the temperature range investi-
gated, the tautomeric equilibirium of t-butyl 2-picolyl
ketone is entropy controlled.

Table 111

Temperature Effects on the Tautomeric Equilibrium of -Butyl 2-Picolyl
Ketone in Dimethylsulfoxide Solution (107* mole.l"")

Temperature °C 28 50 70 90 110
Ketone Fraction F, 0.747 0.768 0.787 0.805 0.814
AG® kcal.mole.”t.K™! 0.648 0.768  0.891 1.020  1.120

AH® = <1.10 + 0.05 kcal.mole.”*, AS® = ~59 + 0.2 cal.mole.”* K™}

Discussion.

A decade ago Katritzky, et al. (18) pointed out that
quantitative description of solvent effects on chemical pro-
cesses using a single polarity parameter was highly ques-
tionnable, since all types of solute-solvent interactions
have been taken into account simultaneously. As a more
rigorous and quantitative approach, linear multipara-
metric equations have been thus proposed by many
authors (7,17-21). They correlate a given property X of a
given chemical system which both specific and non
specific polarity parameters of the solvents, according to
empirical relations of the following general form:

X=X+ qQ +yY + pP + eE +nN

where X, is the value of the given property X in the gas
phase; Q is related to the energy of solvent cavitation; Y
and P are measurements of the solvent polarization and
polarizability respectively; E and N are measures of the
Lewis acidity or electrophilicity and of the Lewis basicity
or nucleophilicity; q, y, p, €, and n are the partial regres-
sion coefficients which allow the determination of the sen-
sitivity of the property X with respect to every solvent
polarity parameter. In his recent ““Solvatochromic Com-
parison Method”’, Taft et al. (17) suggested the following
simplified form for most cases:

X=X,+sn*+aa+bf

where 7*, o and 3 are empirical parameters measuring
the polarity-polarizability (#* — Y and P), the hydrogen
bond donating power (@ — E, HBD solvents) and the
hydrogen bond accepting power (3 — N, HBA solvents) of
the solvent respectively. These approaches may be criticiz-
ed from two complementary view-points (7). The separa-
tion of solvent effects into various additive contributions is
somewhat arbitrary, since different solute-solvent inter-
actions mechanisms may cooperate in a non independent
way. Moreover, the choice of the best parameter for every
type of interactions is critical because of the multiplicity of
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the corresponding empirical parameters, and because of
their sensitivity to more than one of the multiple facets of
solvent polarity (see further discussion below). Never-
theless, a continuously increasing number of various
chemical processes is currently analyzed successfully by
this method, and especially some heterocyclic tautomeric
equilibria (22,23). We have thus tentatively interpreted
our experimental data according to the same methodo-

logy.

Solvent Polarity-Polarisability Effects (SPPE).

According to Koppel and Palm (19), non specific solute-
solvent interactions may be readily taken into account by
the two additive functions: polarity function Y =
(e-1)(2e+1) (kirkwood-Onsager theory for electrostatic
field effects) and polarizability function P = (n*-1)/(n*+2)
(Lorentz-Lorenz expression) where € and n are the dielec-
tric constant and the refractive index of the solvent respec-
tively. Linear regression analysis on the experimental
results versus Y and P only show, as a general trend, a
strong decrease of Ln K; with increasing SPP effects, but
no significant correlation may be drawn out. Correcting
the polarity function Y by the molar volume of the solvent
V.., as suggested by Powling and Bernstein in their early
studies of tautomeric equilibria (24), and omitting tri-
fluoroethanol as a particular case (see further) lead to poor
linear relationships:

. E-t -1 3
{ Ln K, = 0.4775-0.2995 (2 ‘HV,.n X 10 \>'
R(18 solv.) = 0.928

A=8

N N E-1 - 3)

Ln Ky = 2.253-0.1869 (ool y-!x

{ e 2e+'m X 10
R{6 so) = 0.903

v

Addition of the polarizability term P does not offer a
definite advantage. Inclusion of the solute polarizability
as suggested by Abraham (25) would probably improve the
correlations, but such refinements, which require a precise
knowledge of the solute molecular geometry and of the
bond dipole moments, are out of scope of the present
work. Because of dielectric saturation which does occur
for solvents of moderate polarity (¢ >15), Taft and
Abboud (26) have recently derived an improved dielectric
constant function 8(¢) in place of the classical Kirkwood-
Onsager’s one:

3eLne _ 8

e(g)=
€ Ln g€+l Ln E

-2
This new 6(¢) function leads to amended and statistically
acceptable correlations illustrated in Figure 4.

s 0.0868-0:2659[8(E v X 10°],
R(1Bsolv} = 0.934

c = {Ln K, * 2085-0 \356[e<€)vr;'><|o3}
R(I6 solv) = 0922
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The better correlations (R = 0.99) corresponding to the
dashed lines of Figure 4 have not true physical meaning,
since they involve a completely arbitrary classification of
the solvents.

10

T

—w

LaKy

1
BIE) Vpy x10° me!

Figure 4. Variations of the tautomerism constants K; in
solution (0.3 mole.l"!, 28°) with the Abboud-Taft modified
expression 6(¢). V..

The numbers refer to solvent classification of Table II.
NHB or HBA solvents: ® and @ for ¢-butyl 2-picolyl and
quinaldyl ketones respectively. HBD or HBA-D solvents: O
and O for t-butyl 2-picolyl and quinaldyl ketones respec-
tively.

In spite of its empirical character, the spectroscopic 7*
scale of solvent polarity recently developed by Taft et al.
(17,27,28) may afford the definite advantage of taking into
account SPP effects through a single parameter which
probes directly the cybotactic region of the solvent at a
molecular level, whereas dielectric constant is merely a
macroscopic property of the bulk of the solvent (29).
Figure 5 clearly shows that the 7* parameter is worse than
the (e)V;! function for the analysis of K variations when
the solvents are considered all together, but it clearly
points out the specific behaviour of HBD and HBA-D

solvents, including acetonitrile and nitromethane.

Vol. 19

TT*-0.4284
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T

1
0 0.5 1
n0.2294

Figure 5. Variations of the tautomerism constants K; in
solution with the empirical polarity parameter 7*. Same
symbols as in Figure 4.

Thus, as suggested by Taft et al. (17,28), for NHB and
HBA solvents, significant correlations may be drawn out
andprogressively improved considering families of similar
polarizability characteristics, or introducing a correction
factor for polarizability effects (5 = 0.5 and 1.0 for
polychlorinated aliphatic and for aromatic solvents respec-
tively) when the aprotic solvents are considered all
together. This is clearly the case of t-butyl 2-picolyl ketone,
but less quantitative agreement is in fact observed for
t-butyl quinaldyl ketone, as illustrated below:

[A =B Ln K = 02297-1.647 n"

Aliphatic, non R{6 solv.) = 0.984
polychlorinated
[c =D Ln K= 2119-09585"
R(6 solv) =0194

aprotic sovents

R(lI solv) = 0976
[c.—-o Ln K = 2116-1.026(w" 04288),
R{10 solv.) = 0.944

[A=s Ln K= 0.2095-1681{r"-0 2298),
Aprotic solvenvs[

Because of the too weak number of polychlorinated ali-
phatic and of aromatic solvents under investigation, the
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polarizability correction factor has to be considered mere-
ly as an adjustable parameter which allows a better fit of
the experimental data, and the coefficient of the 6 term
would require more accurate determination to allow a
meaningfull comparison of the influence of solvent pola-
rizability on the two tautomeric equilibria.

SPP effects, as considered within theories of electrosta-
tic field effects, are of definite importance in the position
of the tautomeric equilibria, and this is reemphasized by
the fact that, for the aliphatic non polychlorinated
solvents, the dielectric constant function 6(¢) and the sol-
vatochromic parameter 7* are both very nearly propor-
tional to their molecular dipole moments (26,27). On the
other hand, in spite of the apparent greater value and of
the theoretical background of the 6(e) function, the empi-
rical 7* parameter is of major interest since it clearly
points out the similar behaviour of NHB and HBA solvents
and the specific behaviour of the HBD ones.

Solute-solvent Specific Interactions.

The use of the single Dimroth-Reichardt polarity para-
meter Ez (7,30) leads to good linear correlations Ln K, =
f(E,) for all the solvents under investigation, as illustrated
in Figure 6.

| Lo L
40 50 =7 60
Er kcal.moPe ™'

Figure 6. Variations of the tautomerism constants K, in
solution with the Dimroth-Reichardt polarity parameter
E;. Same symbols as in Figure 4.
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A = B Ln K; = 4.033-0.1235 E; , R(18 solv.) = 0.991
C = D Ln K; = 5.010 - 0.0898 E; , R(17 solv.) = 0.981

This merely means that the various types of solute-
solvent interactions do influence the tautomeric equilibria
with the same statistical weight as for the solvatochromy of
the phenol-betaine dye selected as reference solute in the
empirical E; scale. Nevertheless, the E; parameter has not
necessarily a universal value: binary solvent mixtures,
where preferential or selective solvation phenomena may
occur to a different extent for the tautomers and for the
reference dye, are not expected to lead systematically to
analogous linear correlations Ln K; = f(E;). For instance
this is the case of ¢-butyl 2-picolyl ketone in carbon tetra-
chloride-dimethylsulfoxide mixtures (31), where signifi-
cant deviation to linearity is actually observed within the
whole range of solvent composition, suggesting stronger
preferential solvation by dimethylsulfoxide: Figure 7. On
the other hand, no significant preferential solvation occurs
in dioxane-acetonitrile mixtures, as illustrated in Figure 8,
by the nearly linear variations of Ln K; with the molar
fraction of acetonitrile (unfortunately E, data are not
available for this particular binary solvent).

Et

) 1
0.25 0.50 0.75
Molar fraction of DM SO

Figure 7. Tautomerism of t-butyl-2-picolyl ketone (6.7 X
10~ mole.l!) in carbon tetrachloride-dimethylsulfoxide
binary mixtures. Variations of the tautomerism constant
with solvent composition or its E, parameter.

It is now well recognized that if E; is essentially a
measure of the Lewis acidity for protic solvents, it actually
combines non specific SPP effects and hydrogen bonding
specific interactions when the various types of solvents are
considered all together (32,33). The decomposition of Er
according to Koppel and Palm to derive the solvent elec-
trophility parameter E (19) has been critically discussed by
Kamlet and Taft (34), who suggested a better correlation
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Figure 8. Tautomerism of t-butyl 2-picolyl ketone (4.6 X
107 mole.l”) in dioxane-acetonitrile binary mixtures.
Variations of the tautomerism constant with the solvent
composition.

between E;, 7* and « (33), o being a solvachromic
electrophilicity parameter which measures directly the
HBD acidity of the solvent (32). Stepwise regression
analysis over all the experimental results yields good
linear correlations, as illustrated in Figure 9.

Ln K, = 02095 —1.681(w *-02298)-216Cq,

A =8
{Rtle solv.) = 0993

Ln K = 2,116 -1,026 (v *-0.4288) - 1,426 a,

cC =20
{R(IS sov) = 0977

T T T T

A £ 1 1
-3 -2 S| 0
0.2095 -1.681(x*-0.229d}-2.160&

Figure 9. Stepwise regression analysis of the variations
of the tautomerism constants K; in solution with the sol-
vatochromic polarity parameters 7* and o: observed
versus calculated Ln Ky values. Same symbols as in Figure
4.
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Solvent effects as a whole are more important for ¢-butyl
2-picolyl ketone, but statistical analysis of the partial
regression coefficients (20) points out that the two tauto-
meric equilibria depend mainly and to the same extent on
the HBD power of the solvent: it contributes for 62 and
63% to the variations of Ln K; in the case of r-butyl
2-picolyl and t-butyl quinaldyl ketones, respectively. The
decrease of K; when increasing the HBD power of the sol-
vent is easily understandable, taking into account the high
probability of strong specific hydrogen bonding interac-
tions between the solvent and the ketonic tautomers on
their two HBA sites, the carbonyl group and the heterocye-
lic nitrogen atom. Moreover the HBA behaviours of
2-picoline and quinaldine towards HBD and HBA-D sol-
vents are similar (35). On the other hand, analysis of the
results along the same line using Gutmann’s Acceptor
Number AN (36) is also expected to be successful, since
AN is linearly correlated with E; for a number of solvents
(36), and corresponds actually to a linear combination of
7* and « (33). Nevertheless, this cannot afford any clear
advantage, and correlations with AN are in fact worse than
with E; (AN values are not available for solvents 2, 7, 15,
23 and 25):

A = B Ln K; = 0.2926 - 0.0832 AN, R(16 solv.) = 0.963
C = DLnK; = 2054 -0.0475 AN, R(13 solv.) = 0.798

Finally, taking into account the previous conclusions, the
possibility of any influence of the solvent basicity seems
very improbable. Introduction of a basicity parameter like
the Gutmann’s Donor Number DN (36), as suggested by
Krigowski and Fawcett (20), the B parameter of Koppel
and Palm (19), or the 3 parameter of Taft et al. (37,38),
does not yield any significant improvement of the correla-
tion Ln K; = f(E;). This feature does not necessarily imp-
ly the lack of any specific solute-solvent interactions with
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HBA solvents, since both the ketonic (acidic COCH,
heterocycle methylenic group) and the conjugated (enol
OH or enamine NH functions) forms may behave as weak
HBD solutes: it merely means that preferential solvation

of a given tautomer does not occur to a sufficient extent in
HBA solvents.

Cavity Effects.

Cavity effects are directly related to the energy
necessary to create a cavity in the bulk of the solvent to ac-
comodate a solute molecule. They may be of definite im-
portance especially for non polar and electroneutral che-
mical processes, and for structured solvents like the highly
associated protic ones. The Hildebrand solubility
parameter (39,40), 8y, defined as the square root of the
cohesive energy density (64 = (AHv - RT)V,), is a
measure of the total molecular cohesion per ml of solvent
in the liquid state. Its interest as a solvent *‘polarity”
parameter has been pointed out by Herbrandson and
Neufeld (41), and it has been recently reemphasized by
Dack (42). For instance, the solvent dependence of the tau-
tomerism of some azo-dyes has been quantitatively inter-
preted in terms of 64 for both protic and aprotic solvents

Ln Ky
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Figure 10. Variations of the tautomerism constants K; in
solution with the Hildebrand solubility parameter &y.
Same symbols as in Figure 4.
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(43). Regression analysis on our experimental data for all
solvents except trifluoroethanol leads to the following cor-
relations, illustrated in Figure 10.

A = B Ln K; = 2.180 - 0.3051 65 , R(18 solv.) = 0.932
C = D Ln K; = 4.433 - 0.2970 4, , R(16 solv.) = 0.964

They may be favorably compared with those previously ob-
tained using the polarity function 8(e)V;.. Here again, the
apparent better correlations (R = 0.99) corresponding to
the dashed lines of Figure 10 have no true physical mean-
ing, since they are derived from a completely arbitrary
classification of the solvents. On the other hand, the use of
the standard free energy of vaporisation of the solvent to
estimate cavity effects, as recently suggested by Mayer
{21), does not allow to draw out any statistically acceptable
correlation; it tends however to point out stronger devia-
tions from the monotonous decresase of Ln K, with AG
vap. for the associated HBA-D solvents. A similar trend is
observed when substituting the internal pressure P, of the
solvent of the &, parameter, since hydrogen-bonding con-
tributions to the total molecular cohesion of the protic
solvents are not included in P, (42). The rather fairly good
correlations Ln K, = f(54) suggest that solvent cavitation
is a major factor of the tautomeric equilibria under study.
This could be tentatively interpreted as a result of the dif-
ferences in molecular geometry between the “‘ordered”
structure of the conjugated and the ‘‘planarized”
chelated forms and the more flexible structures of the
ketonic ones. Such conformational differences and their
impact on the solvation shell may be at the origin of the
solvent cavity effects.

Consideration of solute-solvent interactions, not includ-
ed in 64, could perhaps improve the previous correlations.
Multiparameter regression analysis using the so called
“three dimensional solubility parameter’’ (39,40), which
resolves the cohesive energy density into non polar disper-
sion forces, dipolar interactions and hydrogen bonding in-
teractions, fails to lead to any reasonable correlation. On
the other hand, Taft et al. (44) recently suggested that 6y
may be introduced as an additive term to their “‘Solvato-
chromic Equation”. Regresssion analysis of the K values
with 8y, #* and « leads to the following correlations, il-
lustrated in Figure 11:

N {Ln K = 0.4777-003648, - 15181 (r*-a8)-19374a
R(16 sow.) = 0.993

=0 {Ln Kr= 3.0315- 011248, -0 7213(m * —a8)-09461
R(S solv.) = 0987

According to f statistics (45), it may be shown that the pro-
babilities that the two parameter regression analysis (7%,
«) may be rejected in favor of the three parameter ones
are of 54.7 and 99.5% for A — B and C — D, respectively.
The cavity effects, the polarity-polarizability effects and



794 R. Roussel, M. O. de Guerrero, P. Spegt and J. C. Galin

24

L 1 1 1
L] -2 =) 0
0.4777-0.03637 8§ -1.5181(n™ -0.2298)-1.9374 £

Figure 11. Stepwise regression analysis of the variations
of the tautomerism constants K; in solution with the
polarity parameters 84, 7* and «: observed versus
calculated Ln K7 values. Same symbols as in Figure 4.

Ln Ky

1 1 1

0 1 2
3.0315-0.1124 §4-0.7213 (n* - 0.428 §)- 0.9461eL

the HBD power of the solvents would account respectively
for 9, 36 and 55% of the observed K; variations in the
case of t-butyl 2-picolyl ketone, and for 30, 26 and 44% in
the case of t-butyl quinaldyl ketone. Hydrogen-bonding in-
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teractions remain always the major factor of the two tauto-
meric equilibria, but cavity effects, which are nearly
negligible for A, become of the same importance as
polarity-polarizability effects for C: this feature may be
tentatively correlated with the more important cavity re-
quirements of the bulkier enaminic D structure.

Conclusions.

Physically different interpretations of a given ex-
perimental data set through regression analysis may mere-
ly arise from some fortuitous correlation between the
various polarity parameters of the solvents under in-
vestigation. Omitting trifluoroethanol and methylpivalate,
for the twenty three solvents we used, poor but yet
statistically significant correlations may be drawn out bet-
ween the three polarity parameters 6(¢),!, Er and 6y for in-
stance:

8y = -4.033 + 0.3557Er, R(23 solv) = 0.928
6w = 7.198 + 0.7998 (B(e)V;! x 10%), R(23 solv.) = 0.939

On the other hand, Taft et al. (44) have pointed out only a
very bad correlation (R = 0.886) between 64 and 7* for
seventeen aliphatic “‘select” solvents. In spite of the am-
biguity implied by these correlations, solvent effects on
the tautomerism of ¢-butyl 2-picolyl and ¢-butyl quinaldyl
ketones may be rationalized at best in terms of solvent
cavity effects 64, and of polarity 7* and hydrogen bond
donating power « of the medium, within the general
framework of the ‘‘Solvatochromic Comparison Method”’
recently developed by Taft et al. The three parameter
regression analysis of the K; variations does allow an ex-
cellent fit of all the experimental data, taking into ac-
count, as a major factor, specific hydrogen bonding in-
teractions between the ketonic tautomers and the HBD or
HBA-D solvents. These interactions rest on very sound
spectrometric observations and cannot thus be neglected.

On the other hand, from a thermodynamic point of
view, extrapolation of the previous correlations may also
afford a rough estimate of the free energy difference bet-
ween the isolated tautomers in the gas phase (virtual state
for crystalline ¢-butyl quinaldyl ketone which melts at 65°).
This estimation, in spite of its inherent unaccuracy, is of
great interest since it is closely related to the relative
chemical binding energies of the tautomers in equilibrium
(46). The evaluated values AG®,,,€ (A — B) = - 0.3 and
AG®,., € (C — D) = - 1.8 keal.mole™ would obviously re-
quire an independant and direct measurement in the gas
phase, but their difference clearly points out the much
greater stability of the chelated enamine D with respect to
the chelated enol B, the ketonic structures A and B are
taken as references. The nature of the molecular environ-
ment is a decisive factor of the tautomeric equilibria (K is
decreased by a factor of about ten when going from the
vapor phase to solution in HBA-D solvents), but much
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stronger solvation effects have already been observed with
Kr changes of several orders of magnitude, as for the
system 4-hydroxypyridine/4-pyridone for instance (46).

EXPERIMENTAL

Synthesis.

The heterocyclic ketones A and C were prepared by reaction of methyl-
pivalate on 2-picolyl and quinaldyl lithium respectively, according to
known procedures (47,48) as described elsewhere (2). Purification of A by
vacuum distillation and of C by recrystallization in methanol-water mix-
tures produces analytical samples: their uv and 'H-nmr spectra were in
excellent agreement with those expected (see Results).

Anal. Caled. for C,,H,,ON (A) C, 74.54; H, 8.53; 0, 9.03; N, 7.90.
Found: C, 74.30; H, 8.58; 0, 9.18; N, 8.03.

Anal. Caled. for C,H,,ON (C) C, 79.26; H, 7.54; O, 7.04; N, 6.16.
Found: C, 79.19; H, 7.43; 0, 7.16; N, 6.27.

'H-NMR Spectroscopy.

Deuterated solvents (CEA) were used after drying over molecular
sieves 4 A. Hydrogenated solvents were purified and dried according to
literature procedures (49), and finally distilled on a Cadiot teflon spinn-
ing band column and stored over molecular sieves 4 A. Their residual
water content (Karl-Fisher titration) was generally less than 20 ppm. The
"H-nmr spectra were run in solution {TMS as internal reference) on a

Perkin-Elmer R-32 and on a Cameca-250 apparatus operating in the
Fourier transform mode within the range 25-110° for the more dilute
solutions (solute molar fraction <0.01). According to our experience, the
equilibrium was not reached instantaneously after the dilution process,
and the measurements were systematically and safely performed after at
least 15 hours annealing of the solutions at room temperature, and 1
hour annealing at the selected measurement temperature. Quantitative
analysis of the well resolved spectra (see Results) leads directly to the
various tautomer fractions with a reproducible accuracy of about + 3%.

UV Spctrometry.

Measurements were performed at room temperature (Beckmann-Acta)
or at higher temperatures regulated within + 0.5° up to 110° (Cary-14).
The thermal variations of the concentration were corrected using a =
8.8 x 10™* ml.g™".deg™" as thermal expansion coefficient of dimethylsulf-
oxide (49).

Vapor Phase Osmometry.

Measurements were performed on a Knauer apparatus, after calibra-
tion with recrystallized triphenylmethane as reference.
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