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Values of the formation constants K,,, frequen-
cy shifts 4vOH and thermodynamic param-
eters 4H, 4G and 48 have been determined
by near-infrared spectrometry for the hydrogen-
bonded 1:1 alcohol-base complexes formed
between fifteen ordinary or halogenated alcohols
and hexamethylphosphoramide and for the
phenol-hexamethylphosphoramide complex in
carbon tetrachloride solutions.

The pK, values of the alcohols studied vary
from about 19 to about 5, the most acidic
alcohols being the two perhalogenated ¢-butyl
alcohols. The spectrometric quantities K,,,
4H and 4vOH vary almost linearly with the
acidity of the alcohols, although the slopes
for ordinary and for halogenated alcohols
are slightly different. The complexation en-
tropies for the different alcohol-base pairs are
quite similar in magnitude, i.e., the systems
are essentially isoentropic. The frequency
shifts vary with temperature. The Badger-
Bauer relation holds with a few small devia-
tions. In the case of the most acidic alcohols
and the phenol there are several hydrogen-
bonded OH absorption peaks, probably due
to the interaction of yOH(bonded) vibrations
with overtones or combinations of  lower
frequency vibrations.

Hexamethylphosphoramide, [(CH,),N1,PO
(HMPA), is a dipolar, aprotic solvent with
excellent solvent properties.!™ In addition,
HMPA has some interesting biological prop-
erties, which are not so widely known as its
excellent solvent properties. HMPA has been
considered as possibly the most suitable model
compound for the study of certain anticancer
(cytostatic) drugs and the general mechanism
of chemosterilation.*® The acute® as well
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as the chronic 1 toxicity of HMPA seems to
be low.

The importance of hydrogen bonding in
biological systems is nowadays generally rec-
ognized.1»2 In addition to the carbonyl group,
also the P=0 group is a very efficient proton
acceptor in these systems. The experimental
data on the P = O group are still meagre, howev-
er. In this paper we wish to report the results
obtained for the hydrogen bonding between
HMPA and various alcohols and phenol,
special attention being directed to the effects
of the acidity and steric factors of alcohols
and phenol.

EXPERIMENTAL

Chemicals. Hexamethylphosphoramide (zur
Synthese, E. Merck AG) was refluxed under
vacuum over CaO for about 20 h, decanted
and distilled, b.p. 80°C/2 mmHg. HMPA was
stored over molecular sieves 4A. Hexameth-
ylphosphoramide-d,, [octadecadeuteriohexa-
methylphosphoramide, HMPA-d,,, [(CDs);N]1,-
PO (Uvasol, E. Merck AG)] was used as re-
ceived. It was stored under nitrogen.

2,2,2-Tribromoethanol (purum, Fluka AG)
and 1,1,1,3,3,3-hexachloro-2-propanol (Hynes
Chemical Research Corp.) were ecrystallized
from hexane. 2,2,2-Trichloroethanol (purum,
Fluka AG) was distilled under vacuum, b.p.
87°C/2 mmHg. 1,1,1-Trichloro-2-methyl-2-pro-
panol (Ph. Nordica quality) contained about
5 9% water, which was distilled away, after
which the alcohol was sublimed at ordinary
pressure. All other alcohols were purified as
described previously.®®*? The liquid alcohols
were stored over molecular sieves 3A (methanol
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Table 1. Spectral data for 1:1 hydrogen-bonded complexes between alcohols or phenol and HMPA
in carbon tetrachloride at 25 °C and the pK, values *-# of alcohols and phenol.

From literature

Alcohol ¢ K, — 4H° Av pK, — 4H° Av
(Phenol) M~ kJ mol™ em™! kJ mol—1 cm™!
1 MeOH 39.0 22.8 275 15.09
2 EtOH 30.5 19.8 271 15.93
3 i-PrOH 21.2 19.0 263 17.1
4 t-BuOH 16.0 17.6 252 >19 23.8¢
5 3-MP 9.77 17.2 242
6 TBE 289 24.9 393 12.70
7 TCE 406 26.1 396 12.25
8 TFE 1230 34.2 394 12.39 32.14 405°¢
9 HCP 3960 33.5 >553°
10 HFP 23600 37.3 >519° 9.3 41.4/ 5407
11 TCTB 64.8 21.3 357
12 TFTB 199 24.8 372
13 HFTB 4640 31.2 >502°% 9.6
14 TCHFB 20300 32.5 >645° 5.1
15 PFTB 82600 40.5 >651° 5.4 43.98 7708 .
16 PhOH 1820 29.9 > 464 9.97 31.8¢ 450%, 460*7
4 3.MP= 3-methyl-3-pentanol, = TBE=1,1,1-tribromoethanol, = TCE=1,1,1-trichloroethanol, TFE

=1,1,1-trifluoroethanol, HCP=1,1,1,3,3,3-hexachloro-2-propanol, HFP=1,1,1,3,3,3-hexafluoro-2-propa-
nol, TCTB=1,1,1-trichloro-2-methyl-2-propanol, CCl3(CH,),COH, TFTB= 1,1,1-trifluoro-2-methyl-2-pro-
panol, CF4(CH,),COH, HFTB=1,1,1,3,3,3-hexafluoro-2-methyl-2-propanol, (CF,),CH,COH, TCHFB
= 2-trichloromethyl-1,1,1,3,3,3-hexafluoro-2-propanol, CCl4(CF;),COH, PFTB= perfluoro-t-butyl alcohol,
(CF,),COH, % complex band with several maxima, measured from the first maximum, ¢ Ref. 23, ¢ Ref. 24,

¢ Ref. 25,7 Ref. 26, & Ref. 27, * Ref. 28, * Ref. 29,7 Ref. 30.

and ethanol) or 4A (other alcohols and CCl,).
It should be mentioned that the alcohols con-
taining much chlorine are very hygroscopic.

Measurements. The near-infrared spectra
were recorded on a Beckman DK-2A spectro-
photometer equipped with a thermostated cell
holder. The details of the measurements have
been published previously.!!

The IR spectra were recorded with a Perkin-
Elmer 621 spectrometer at ambient tempera-
ture, using 5 mm cells with KBr windows
(sealed cells from RIIC). The spectra of the
alcohol-HMPA complexes in CCl, were scanned
against HMPA in CCl,, HMPA-d,, was also
used as a proton acceptor to avoid the dis-
turbing influence of the C—H stretching
vibrations of HMPA on the hydrogen bonded
OH stretching absorption.

Calculations were carried out as previously
described.?

The 4vOH values are estimated to be ac-
curate within +3—5 em™, 4H values within
+2 kJ mol? and K,, values within 10 %,.

The non-SI units used were: 1 M =1 mol
dm™3; 1 mmHg=133.322 Pa.

RESULTS AND DISCUSSION

The experimental data obtained are presented
in Table 1, which also contains the pK_,’s of
alcohols determined in water. The symbols
used for the alcohols are explained in a footnote
to Table 1. When the proton donor was an
ordinary alecohol, TBE, TCE, TFE, TCTB or
TFTB (for which the pK,’s are about 12 or
greater), the absorption bands of the bonded
vOH vibration were simple in form and the
frequency shifts 4vOH were easy to estimate
(see Fig. 1). No indication was found of the
existence of a double maximum, frequently
observed when the bonding occurs at the
carbonyl group. This may be related to the
fact that P=O0O groups are more polar than
C=0 groups. It has been estimated that in
HMPA the P=0O bond has about 50 9, ionic
character.:*31,32 We assume that the hydrogen
bonding oceurs only to the lone pairs of oxygen
of HMPA.

For complexes between the alcohols with
pK, values smaller than 12 or phenol and
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Fig. 1. Illustrative spectrum for the system
TFE —-HMPA-d,,. Solvent CCl,, temperature
ambient, 5 mm cells with KBr windows;
concentrations: 0.0153 M TFE +0.00772 M
HMPA-d,;,, 0.00772 M HMPA-d,; in the refer-
ence beam.

HMPA, the bonded OH absorption bands
consist of several submaxima. Examples are
the IR spectra of the HFP-HMPA and
PFTB—-HMPA complexes shown in Fig. 2.
The existence of these submaxima is probably
due to the coupling of yOH(bonded) vibrations
with combinations or overtones of some other
vibration of lower frequency. For the phenol —
HMPA complex the substructure of the vOH-
(bonded) band can be explained by assuming
Fermi resonance between vOH(bonded) vibra-
tions and suitable combination vibrations of
the phenol.?

Transmittance
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Fig. 2a. Illustrative spectrum for the system
HFP-HMPA-d,,. Solvent CCl,, temperature
ambient, 5 mm cells with KBr windows;
concentrations: 0.0186 M HFP+0.00566 M
HMPA-d,,, 0.00566 M HMPA-d,, in the refer-
ence beam.

Acta Chem. Scand. A 30 (1976) No. 1

Hexamethylphosphoramide 3

The free »OH absorption band of HFP, as
of HCP, consists of two maxima (Fig. 2). In
both cases the values of 4vOH were estimated
from the higher frequency absorption peak.

For complexes with several vOH(bonded)
absorption peaks only the lowest limit of 4vOH
can be estimated (Table 1).

It has been stated that the values of 4vOH-
(bonded) depend on the base concentration
and, accordingly, a concentration-independent
value should be determined by extrapolation to
infinite dilution of the 4»OH values measured
at varying concentrations.*® For several
alcohol - HMPA pairs the 4vOH’s were meas-
ured by varying the concentration of HMPA.
The small changes observed in 4vOH were
within the range of experimental error. The
values of 4vOH in Table 1 are unextrapolated
values measured at relatively high dilution.

The values obtained in this work (Table 1)
are in good accord with those reported in the
literature. The only exception is the t-BuOH —
HMPA system, for which the value of — 4H°,
23.8 kJ mol™, reported by Bogachev ef. al.®®
is remarkably higher than our value. The value
of Bogachev et al. appears too large when
compared with — 4H° values for other ordinary
alcohols. The discrepancies in the 4vOH values
for HFP, PFTB and phenol are explained by
the fact that the absorption band of the complex
is not simple and the 4vOH values are measured
from different points in the spectra.

Acidity of alcohols and spectrometric quan-
tities. Most studies of the influence of the acidity
on hydrogen bond strength have been made

T T T T T T T
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Fig. 2b. Illustrative spectrum for the system
PFTB - HMPA-d,,. Solvent CCl,, temperature
ambient, 5 mm cells with KBr windows;
concentrations: 0.0119 M PFTB+0.00566 M
HMPA-d,;, 0.00666 M HMPA-d,, in the refer-
ence beam.
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Fig. 3. The plot of log K,, against pK, of the
alcohol for the alcohol—HMPA systems at
25°C.
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Fig. 4. The plot of 4v against pK, of the
alcohol for the alcohol—-HMPA systems at
25°C.

with substituted phenols, for which the pK,’s
can vary considerably. The pK, values of
ordinary alcohols vary only a few pK, units
and only recently have papers been published
on more acidic aleohols. The influence of the
acidity on the intermolecular (and intramolec-
ular) hydrogen bonding has recently been
reviewed by Rochester.?® The Bronsted acidity
can best be introduced in terms of the water
acidity, pK,, of the alcohols. Table 1 reveals
that the more acidic an alcohol is, the more
marked is the tendency to hydrogen bond.
This usually leads to increased values of the
spectrometric parameters K,,, — 4H° and
4vOH.**¥ In Figs. 3 and 4, K,, and 4vOH
are plotted against the pK, of the alcohols,

and it can be seen that the dependence is linear
in both cases. This is also true in the case of
— 4H°. The slight scatter of a few points of
K,, (and also of — 4H°) may be due to experi-
mental inaccuracy inherent in the determina-
tion of these quantities. It seems, however,
that the slopes for the ordinary alcohols differ
somewhat from those for the halogenated
alcohols. The situation is analogous to that
found by Dierckx et al.*® in their study on the
influence of the acidity of proton donor on
4vOH values. They, too, obtained different
slopes for phenols and for ordinary alcohols.

Our studies on the heteroassociation of
substituted phenols with HMPA are in pro-
gress; preliminary results indicate that the
behaviour of halogenated alcohols resembles
more closely that of the phenols than that of
the ordinary alcohols.

On the basis of the values of Figs. 3 and 4
we decided that the influence of steric effects
on the hydrogen bonding is negligible.

Relations between spectrometric quantities.
It has been stated that the value of A/ X —-H
is a better measure of the strength of a hydro-
gen bond than is K,, or 4H.*® This is true
because, in the hydrogen-bonded system
Z—-X-H---Y-Z’, AvX—-H measures ener-
getic changes in the formation of the hydrogen
bond H--Y, while 4H is a measure of the
energies of different interactions between
Z—-X-—-H and Y~—Z’. Also, recent force field
calculations on hydrogen-bonded complexes
indicate that 4vX —H is a good measure of the
complex strength.*® It is not therefore sur-
prising that the Badger-Bauer relation, i.e.
the linear dependence between 4H and 4»OH,
does not always hold. The experimental
results obtained in this work and reproduced
in Fig. 5 show the Badger-Bauer relation to be
approximately valid.

The thermodynamic quantities for different
alcohol - HMPA complexes are listed in Table 2.
In many equilibrium and kinetic systems, 4H
is quite often found to be a linear function of
A48. This relation is also common in the case of
hydrogen-bonded systems. Thus Pimentel and
McClellan 1t have discussed the significance
of the 4H ws. AS relation, and refer to cases
in which the linearity of the enthalpy-entropy
relation holds. The explanation given by
Pimentel and McClellan ¢ for.hydrogen-bonded
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Fig. 6. The pldt of — AH° against 4v for the
alcohol — HMPA systems at 25 °C.

systems, that “a higher value of — 4H implies
stronger bonding, with a more restricted con-
figuration in the polymer, hence greater order
leading to a larger value of — 48", is widely
cited.

In Fig. 6, 4H° is expressed as a function of
45°. We can see that the correlation, instead of

Table 2. Thermodynamic quantities for 1:1
hydrogen-bonded complexes between alcohols
or phexgl and HMPA in carbon tetrachloride
at 25°C.

Alcohol — 4H° — AG° — 48°
(Phenol) kJ mol™* kJmol? JK™ mol?
MeOH 22.8 9.08 46.0
EtOH 19.8 8.45 38.2
i-PrOH 19.0 7.57 38.6
t-BuOH 17.6 6.86 36.2
3-MP 17.2 5.65 38.6
TBE 24.9 14.1 36.4
TCE 26.1 14.9 37.6
TFE 34.2 17.6 556.3
HCP 33.56 20.5 43.5
HFP 37.3 25.0 41.4
TCTB 21.3 10.3 36.8
TFTB 24.8 13.1 39.0
HFTB 31.2 20.9 34.6
TCHFB 32.5 24.6 26.4
PFTB 40.5 28.1 41.7
PhOH 29.9 18.6 37.7
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Fig. 6. The plot of — AH° against — 48° for
the alcohol—HMPA systems at 25°C.

being linear, illustrates rather the isoentropic
case, i.e. 49 values are roughly constant. There
are only a few other systems, with substituted
phenols as proton donors, where isoentropicity
is also observed.t+—

At present, the experimental data are too
meagre and to some extent too uncertain to
allow us to decide whether there is any funda-
mental difference between those hydrogen-
bonded acid-base systems that are isoentropic
and those that are not. We expect, however,
that the increase in order is of the same order
of magnitude for most 1:1 hydrogen-bonded
complexes when the geometries of the com-
plexes are nearly the same, namely ‘linear”
or open type configuration. This would favour
isoentropicity. On the other hand, the stiffness
of the complex, which increases with increas-
ing hydrogen-bond strength, also affects the
entropy term. '

The double-scale enthalpy equation. Among
many multiparameter equations for correlating
acid-base behaviour the empirical double-scale
enthalpy equation — AH=E,Egz+C,COp pro-
posed by Drago and Wayland * is perhaps the
most useful in predicting the enthalpies of
hydrogen-bond formation. Parameters E, and
Ey are interpreted as the susceptibility of the
acid and base, respectively, to undergo electro-
static interaction; Cy and Cg are interpreted
as the susceptibility of the acid and the base,
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Table 3. The parameters B, and C, of alcohols
and phenol, and experimental and calculated
(see text) enthalpy values of the HMPA.-proton
donor systems. The Eg and Cy values of HMPA
are 1.52 and 3.55, respectively.4?

Alcohol E, Cy —4H . —AH ey
(Phenol) kJ mol™*  kJ mol™t
t-BuOH 2.04 0.300 17.4 17.6

TFE 3.88 0.451 31.4 34.2
HFP 593 0.623 46.9 37.3
PFTB 7.3¢ 0.731 57.6 40.5
PhOH 4.33 0.442 34.1 29.9
respectively, to form a covalent bond.t*4¢

Table 3 shows the experimental enthalpy
values together with values calculated from
the double-scale enthalpy equation using the
parameters E, and Cp (indicated in Table 3),
which give the — 4H values in the units of keal
mol~*. It has been estimated that the differ-
ence between measured and calculated values
should be less than 4 kJ mol™! 44 (¢f. also
Ref. 44). In the present study the agreement
is excellent for the ¢-BuOH -—HMPA system
and satisfactory for the TFE-HMPA and
PhOH -HMPA systems. The marked differ-
ence between measured and calculated enthalpy
values for HFP -HMPA and PFTB-HMPA
systems may be attributed partly to the steric
hindrance and partly to the high acidity, t.e.,
strong hydrogen bonds of these alcohols. It has
also been stated that because of the intra-
molecular hydrogen bonding in HFP and PFTB,
one should add 4.6 kJ mol! and 4.2 kJ mol™,
respectively, to the calculated negative enthalpy
value.t?

The values obtained in this study imply
that the hydrogen bonding of halogenated
alcohols resembles more closely the bonding
of phenol than that of the ordinary alcohols.
Work is in progress to obtain more information
on the complexing of substituted phenols
with HMPA.
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