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Thermodynamic and Kinetic Acidities in Dimethyl Sulphoxide. Part 3.!

Alcohols and Phenols

By Jean-J. Delpuech * and Daniel J. Nicole, Laboratoire de Chimie Physique Organique, Equipe de Recherche
Associée au CNRS, Université de Nancy I, C.0. 140, 54037 Nancy-Cedex, France

Proton transfer from and to the oxygen atom of a series of four alcohols (ROH) in anhydrous dimethyl sulphoxide
was followed by dynamic n.m.r. spectroscopy under conditions of both acid (trifluoromethanesulphonic) and base
(n-butylamine) catalysed exchange. A series of four phenols was also investigated in acidic conditions. Two
kinetic processes were observed. one catalysed by the hydrogen ion DMSO - - - H* and the other by the conjugate
alkoxide base. The results at 25 °C for alcohols are summarized by the equation, rate of hydroxylic proton exchange
= k,[DMSO - - - H+] + £,[RO-]. with &, 3.13 x 10% and &, 1.36 x 101°| mol-1s-1at 25 °C for EtOH. These rate
constants, and the high pK values (21.95 for EtOH) account for the slow exchange on the n.m.r. time scale over a
wide range of pH (5.5—11.5), and thus for the successful use of DMSO as a solvent to observe O—H fission. This
property arises not from the low rate constants in DMSO with respect to those in water or alcohols, but from the
relatively smaller amounts of alkyloxonium and alkoxide ions. The rate constants &, and k, follow the order of
decreasing acidities, and obey Hammett or Ingold—Taft relationships, p* = —0.227 and —0.289 for alcohols;

p —0.852 for phenols. The &, values of phenols are consistent only with the concerted mechanism (i) which is also

DMSO -« *H+* + O—H - - DMSO —» DMSO - - - *H-0 + H+--- DMSO (i)

R
suggested for alcohols.

ProtoN transfer reactions involving O-H bonds are
known to be fast on the n.m.r. time scale, thus preventing
O-H fission from being observed when alcohols or
phenols contain traces of acids or bases. Strongly
hydrogen bonding aprotic solvents %3 are used to slow
down intermolecular exchanges and thus to observe such
fissions. Dimethyl sulphoxide (DMSO) proved to be
the most appropriate solvent in this connection.4
Standard procedures use DMSO solutions to measure
hydroxylic coupling constants of alcohols and polyols as
an aid to conformational analysis of, for instance,
cyclohexanols %¢ and sugars.?

However, no information is available about proton
transfer rates in such solutions. To our knowledge,
kinetic measurements are at present restricted to meth-
anol and ethanol using the alcohols themselves, or their
aqueous mixtures, as solvents.®!1 We have already
pointed out ! that the rates obtained in such media may

OH
ROH R

(1) R=Et (5) R=4-But

{2) R=PhCH, (6) R=H

(3) R=HC=CCH, (7) R=3-Cl

{4) R =CCl4CH, (8) R=4-NO,

not reflect the intrinsic reactivity of the acidic substrates
on account of strong solvation of anions, the existence of

, ! (a) Part 1, J-J. Delpuech and D. Nicole, J.C.S. Perkin 11,

1974, 1025; (b) Part 2, J. Chrisment and J.-J. Delpuech, J.C.S.
Perkin II, 19717, 407.

2 J. R. Holmes, D. Kivelson, and W. C. Drinkard, J. Chem.
Phys., 1962, 37, 150.

3 P. Laszlo, Progr. NMR Spectroscopy, 19617, 3, 333.

4 O. L. Chapman and R. W. King, J. Amer. Chem. Soc., 1966,
86, 2040.

5 C. P. Rader, J. Amer. Chem. Soc., 1966, 88, 1713.

¢ J. J. Uebel and H. W. Goodwin, J. Org. Chem., 1966, 31,
2040.
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various alcoholic hydrogen bonded polymers and the
so-called abnormal proton conductivity phenomena.
Moreover, the diversity of solvents prevents any reliable
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Ficure 1l a, Plot oflog{tgon) in DMSO; solid lines correspond
to the proton transfer rates being studied on the n.m.r. time
scale and b, 1og(t 'yeor) in methanol from ref. 9

comparison between various substrates. All these facts
prompted us to choose DMSO as a solvent not only to
study proton transfers involving O-H bonds, but also
N-H,12 S-H,1« P*-H,13 and C=CH 1® bonds.

The present work is concerned with the transfer of a
proton from and to a series of four alcohols, ethanol (1),
benzyl (2), and propargyl alcohol (3), 2,22-trichloro-
ethanol (4), and four phenols, 4-t-butyl- (5), unsubsti-
tuted (6), 3-chloro- (7) and 4-nitro-phenal (8).

8 Z. Luz, D. Gill, and S. Meiboom, J. Chem. Phys., 1961, 384,
5 E. Grunwald, C. F. Jumper, and S. Meiboom, J. Amer.
Chem. Soc., 1962, 84, 4664.

10 W. G. Paterson, Canad. J. Chem., 1963, 41, 714.

11 W. G. Paterson and H. Spedding, Canrad. J. Chem., 1963,
41122‘1133.' Bianchin and J-J. Delpuech, Bull. Soc. chim. France,

1973, 34.
13 J-J. Delpuech and D. Nicole, unpublished results.
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Two different kinds of proton transfer are found in
DMSO; they are demonstrated in a logarithmic plot of
the reciprocal of the mean lifetime 7on of the hydroxylic
protons against the pH of the solution (Figure 1a). Two
straight lines with slopes +1 and —1 are obtained, of
which only two small segments ranging over 0.5—0.8 pH
unit are available on the n.m.r. time scale. These two
pH ranges are so far from each other that, as with thiols,!
they may be studied independently. Kinetic laws
supporting various reaction schemes are now described
using variable pH and alcohol concentration.

EXPERIMENTAL

Procedures used to purify DMSO and to prepare solutions
have been described previously.! Alcohols (Fluka) were

30 Hz
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FiGure 2 N.m.r. spectra of a 1.15M solution of benzyl alcohol

in acidic DMSO. Experimental (right) and theoretical (left)
curves, with tog™* = 0, 7.0; b, 10.5; ¢, 13.5; and d, 23.0s™!

distilled in a Nester—-Faust 60 cm spinning band column.
Phenols (Fluka; puriss) were used without further purifi-
cation. Basic solutions of alcohols and phenols were stable
for several days. Acidic solutions of alcohols containing
107M-trifluoromethanesulphonic acid were stable forca. 12 h,
and solutions of phenols for several days. Spectrophoto-
metric measurements were used to determine the pH of the
DMSO solutions. Acidic solutions made use of 1075m-
2,4-dinitrophenol (molar absorptivity ¢ 1.55 X 10° at 432

14 C. D. Ritchie and R. E. Uschold, J. Amer. Chem. Soc., 1967,
89, 1721; 1968, 90, 2821.
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nm). The pH of basic solutions derived from a pK scale
previously described, built from a series of overlapping
indicators and anchored to the pK of 2,4-dinitroaniline
(14.8), as determined by Ritchie and Uschold 4 by means of
a reversible glass electrode standardized at pH 3. The pK
of alcohols were taken as the pH of their solution in DMSO
half-neutralized by methylsulphinylmethanide (dimsyl)
anion.

N.m.r. spectra were taken with a JEOL C60-HL spectro-
meter at 60 MHz and 25 °C. Singlets and triplets were
obtained for the hydroxylic protons of phenols and primary
alcohols respectively. The triplets were not perfectly
symmetrical and a second-order analysis (AB, type) was
necessary to account for the observed lineshapes of both the
hydroxy and methylene protons. Coalescence was brought
about by addition of small quantities (1073—107%m) of either
a strong acid (trifluoromethanesulphonic acid) or a strong
base (diethyl- or n-butyl-amine). The mean lifetime tog
of the phenolic protons between two successive deproton-
ations was computed according to the formula 1/tom =
Ay, where Av is the linewidth increase of the singlet due to
chemical exchange. In the case of alcohols, the experi-
mental curves (Figure 2) were analysed using the program
EXCHI14.15 Theoretical curves were obtained from a
Texas Instruments 980 A mini-computer and a recorder.

RESULTS

Measuvements in Acidic Solutions.—A thorough study was
first carried out for benzyl alcohol. Coalescence was ob-
tained for pH 5.2—6.3. Two methods were used in turn.
In the first, the pH was measured by means of an indicator,
2,4-dinitrophenol (IH). The acidity of this indicator is
high enough to provide the very small amount of protons
(1075—107%M) necessary for coalescence. Table 1 shows the
Ton ! values using the four pH values and two alcohol
concentrations.

TABLE 1

[H*] and 7og™? values in acidic DMSO for various concen-
trations of benzylic alcohol using 2,4-dinitrophenol (IH)
both as an acid and an indicator

[PhCH,OH]/m [IH]:{I-] 10{DMSO:--H+]/M 7om/s™!
0.386 0.087 0.549 2.0
0.282 1.780 5.0
0.562 3.545 11.0
1.041 6.568 20.0
1.150 0.087 0.549 2.0
0.428 2.700 5.0
0.666 4.202 11.0
1.000 6.310 19.0

One straight line is obtained, within experimental error
(4:-5%), when plotting tog™! versus [H*] computed from the
experimental [TH]: [I"] ratio and the pK of the indicator
(pK1a 5.2 4+ 0.15),2¢ with slope %, = 2.96 X 10® 1 mol™? s
at 25 °C. This graph provides evidence that protons are
not transferred to the alcohol ROH from its conjugate
oxoninm ion ROH,* according to equation (1). Moreover,

ROH + ROH,* —» ROH,* + ROH (1)

the indicator itself may not be considered as the reactant
since tog™! actually depends on the molar ratio [IH]: [I7]
15 J-J. Delpuech and G. Serratrice, Org. Magnetic Resonance,
1972, 4, 667.
16 B. W. Clare, D. Cook, E. C. F. Ko, Y. C. Mac, and A. J.
Parker, J. Amer. Chem. Soc., 1966, 88, 1910.



572

and not on the total concentration [I7], or, alternatively
[IH]. This point is made clear from the unchanged tog!
values for several DMSO solutions containing various
indicator concentrations and the appropriate quantities of
strong acid or base to bring them to the same pH. We are
then left with two possibilities for the protonation of benzyl
alcohol, involving either the hydronium H,O" or the di-
methylsulphoxonium DMSO - - - H*ion. These two species
are in the equilibrium DMSO + H,0" g—» DMSO - - - H*
+ H,0 where Ky o+ = 2.217 or 2.13.18

For solutions containing ca. 0.03M water as an accom-
panying impurity, the molar ratio [DMSO - - - H*]: [H,0%]
is 73. In spite of this unfavourable ratio, protonation by
hydronium ion might be predominant on account of the
stronger basicity of DMSO with respect to that of water.
This possibility was discarded by adding 0.1m-water and
observing no variation of the n.m.r. spectra and of the pH.
In the first instance, proton exchanges may be thought to
arise from protonation of the alcohol by solvated protons
[reaction (2)] followed by the reverse reaction (fast).

ky
ROH + DMSO - - - H* — ROH,* + DMSO (2)

According to this view, chemical exchange would be twice
as fast as the n.m.r. site exchange, %, = 2k, = 5.92 x 108
1 mol™ s71 at 25 °C.

A more simple method used known quantities (1075—
10"%M) of trifluoromethanesulphonic acid, a strong acid
completely dissociated in DMSO.!* In these conditions,
the amount of alkoxonium ion [ROH,*] is negligible with
respect to that of solvated protons [DMSO ---H*'],
and %, may be computed as &, = 2k, = 2tog7/[CF,SO,H].
The least squares rate constant is 4.32 x 10¢ 1 mol™® s71 at
25 °C, a value 259% lower than the previous one. The
discrepancy may be accounted for by the uncertainty range
(40.15) quoted 1® for the pK of the indicator. The second
k, value is therefore preferred to the first, with an uncer-
tainty << +39%,. The other alcohols were studied on similar
lines.

There is no evidence for O—H fission in the spectrum of
phenols. Proton transfers to phenols may however be
studied because the OH singlet is much broadened even for
very low concentrations (1074—1073M) of added trifluoro-
methanesulphonic acid. Rates of proton exchange are
derived using relationship (3) due to Meiboom 2° (in which
7 is replaced by ptog) where p is the fractional population

nAv = ¥pitog/(1 + 3% 1on?) (3)

of the less populated site, 8 the chemical shift (in radian s™1)
between exchanging sites, and Av the line-broadening (Hz)
of the unique dominant line being observed. Line-broaden-
ings were found to be proportional to the concentration of
acid Cg+. This point may be accounted for by assuming the
smaller site to be the solvated proton DMSO - - + H* and by
considering either a slow transfer, in which case equation (4)

applies, or a fast transfer with the rate equation (5). The
Ay = 1o ! = ksCqu+ (4)
wAv = 82p21op = 82Cy+/ka[phenol]? (5)

latter assumption must be rejected because Av was found to
be independent of the phenol concentration. However

17 1. M. Kolthoff and T. B. Reddy, Inorg. Chem., 1962, 1, 189.

18 R. L. Benoit and C. Buisson, Inorg. Chim. Acta, 1973, 7,
256.
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equation (3) predicts a maximum, (Av),. = p§(Hz) ~ 0.02
Hz for 0.8M-phenol, with p ~ 104 and § ~ 240 Hz, well
below the experimentally observed (1—4 Hz). Additional
experiments without phenol showed that the DMSO - - - H*
line shifts from & 13.75 to 8 when Cg+ is decreased from 1.0 to
0.05M. This means that acidic protons are averaged on the
n.m.r. time scale with those of the residual water at § 3.3,
thus increasing the p and & values to be introduced into
equation (3): p = (2[H,O] + Cg+)/[phenol] ~ 0.075M, § =
360 Hz, and (Av),,, ~ 27 Hz. When 0.8M-phenol was now
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Ficure 3 OH Linewidth of 0.8M-phenol in DMSO as a function
of acidity: Cuy+ =a, 0; b, 4.3 x 107%;, ¢, 1.1 x 107%; d,
1073; e, 4 x 107%; f,1072; and g, 107

added to such solutions, the O—H singlet at & 9.36 was first
broadened according to equation (4), when Cg+ ~ 107%M
(Figure 3), then vanished into the base line noise at coales-
cence (Cg+ =~ 1073M), and appeared again as a sharp line, first
upfield (Cg+ ~ 1072M), and then downfield (Cg+ ~ 107m).
The acidity range of interest for uncomplicated kinetic
measurements thus corresponded to Cg+ 1074—1073M.
Proton transfer to phenols must be traced to DMSO - - - H*
only, as for alcohols, and not to H;O*, since the n.m.r.
spectrum is not sensitive to massive additions of water (up

19 R, L. Benoit and C. Buisson, Electrochim. Acta, 1973, 18,

105.
20 S, Meiboom, J. Chem. Phys., 1961, 34, 375.
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t00.2M). Results for the whole series of alcohols and phenols
are reported in Tables 2 and 3.

TABLE 2

[H*]/M and tog™ s values in acidic DMSO solutions
of alcohols and phenols at 25 °C

EtOH PhCH,OH CH=CCH,0H CCl,CH,0H
108(H*] tog™? 10[H*+] tom* 108[H+] <ox™! 10%[H*] ton?
2.35 7.0 3.77 7.5 5.60 7.0 11.3 10.0
3.30 10.5 5.66 11.5 8.38 10.0 18.8 15.0
4.24 13.5 7.54 16.5 11.20 14.0 28.3 22.0
7.07 23.0 9.43 21.0 14.00 17.0 37.7 28.5
4-ButC,H,0H PhOH 3-CIC,H,OH 4-NO,C,H,OH
61 12.95 42.8 4.71 244 15.3 244 6.60
110 22.4 61.1 7.06 366 24.7 366 10.36
183 377 85.6 11.3 489 33.0 489 15.1
244 49.5 110 14.1 978 65.9 733 20.7
TABLE 3

pK and rate constants k4, %,, kp, and &, for alcohols
and phenols in DMSO at 25 °C

Sub- 105k, 1075,/ 107%,/
strate pK 1 mol™s™ 1 molls™ 1012%,/s7! 1 molls™!
1 21.95 31.3 62.6 1.52 13.6
(2) 21.30 21.6 43.2 4.24 8.47
(3) 19.85 12.2 24.4 8.47 0.60
(4) 18.60 7.75 15.6 510 2.03
(5) 16.43 2.04 4.08
(6) 16.0 1.26 2.52
(1) 14.7 0.67, 1.34,
(8) 11.0 0.28, 0.57,

Measurements tn Basic Solution.—The n.m.r. method was
restricted to alcohols since the phenolic singlet is not sensitive
to the addition of base. This point suggests deprotonation
involving the conjugate phenoxide or alkoxide ion according
to equation (6) and not the dimsyl anion.

ks
ROH + RO- —» RO~ + ROH (6)

The pK values of alcohols (1)—(4) were determined as the
pH values at half neutralization, using, respectively, 4-
nitroaniline, 2-nitrodiphenylamine, and 3-chlorodiphenyl-
amine (twice) as indicators with pK values all anchored to
that of 2,4-dinitroaniline.?® The pK values of phenols
(5)—(7) were measured using 2,5-dichloro-4-nitroaniline
(twice) and 2,4-dinitroaniline as indicators. The pK of
4-nitrophenol was taken from Kolthoff.21 These values
may be compared with those from independent measure-
ments in water pK = 15.9(1), 15.05(2), 13.55(3), 12.24(4),22
10.25(5), 9.99(6), 9.02(7), and 7.15(8).22 A constant differ-
ence, pK (DMSO) — pK(water) = 6.12 4- 0.17 (excluding
p-nitrophenol), was observed, very close to those obtained
for acids of the same electrical type: toluene-a-thiol
(6.0), '* nitromethane (5.7),1* benzoic acid (5.8),1»2¢ and
acetic acid (6.7).17

The pH of solutions at coalescence range from 12.5 to
13.2 for ethanol, and from 10.3 to 11.1 for trichloroethanol.
They were measured with two indicators, 6-bromo-2,4-
dinitroaniline (pK 13.4 from an overlap spectrophotometric
comparison with 2,4-dinitroaniline) and 4-nitrophenol
(pK 11.0).2*  Small quantities (10*—1072m) of n-butyl-
amine were used asa base to vary the pH. This base (B)

21 1. M. Kolthoff, M. K. Chantooni, jun., and S. Bhowmik,

J. Amer. Chem. Soc., 1968, 90, 23.

22 P. Ballinger and F. A. Long, J. Amer. Chem. Soc., 1960, 82,
795.
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does not contribute to the removal of hydroxylic protons.
Such a reaction (ROH + B —» RO~ + HB*) would imply
an independence of tog™? upon the alcohol concentration,
in contrast with experiment. Moreover, using another base
(diethylamine) leads to the same kinetic plots, as shown in
Figure 4, yielding equal rate constants kg within 4-29
(8.47 and 8.80 X 10° 1 mols™ at 25 °C).

C}
20—
B)
T +
= /
S*‘ / (A)
+
Q
S0 /
t,"& e /
ol
| | | | | | 1 1 |
0 1 2 3 4 5 6 7 8 9

10%(H*)7/
FI1GURE 4 Plot of (tppom,om) ™! versus [H*]™! in basic DMSO, for

[PhCH,OH] = 0.386 (A); 0.772 (B), and 1.15M (C), using
either diethylamine (+) or n-butylamine (@) as base

Three sets of experiments using three different concen-
trations were performed with each alcohol. In each one,
Tor ! was measured at four pH, and plotted against [H*],
yielding a straight line of slope p passing through the origin
(Figure 4). These slopes p are in turn proportional to the
concentration of alcohol as shown in Figure 5. The least

10%p [(0)-(F)]

10'% 116N

- N W N O 3 oo
I

1 il
05 1
[ROH] /™

Ficure 5 Plot of slopes p of lines (A)—(C) (Figure 4) versus the
concentration of ethanol (D), benzyl (E) and propargyl (F)
alcohol, and 2,2,2-trichloroethanol (G)

squares slopes of the straight lines of Figure 5 are reported in
Table 3 as rate constants zg. Rate constants %, of reaction

23 (a) G. Kortiim, W. Vogel, and K. Andrussow, ‘ Dissociation
Constants of Organic Acids in Solution,” Butterworths, London,
1961; (b) R. W. Taft, in ‘ Proton-transfer Reactions,’ eds. E. F.
Caldin and V. Gold, Chapman and Hall, London, 1975, ch. 2.

24 F. G. Brockman and M. Kilpatrick, J. Amer. Chem. Soc.,
1945, 58, 1843.
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(5) are obtained by dividing kg by the ionization constant
Kgon of each alcohol.

DISCUSSION

The complete kinetic law, including both equations (2)
and (6) predicts a minimum <, for the n.m.r. rate
constant tog! {Tw ! = (2 ka1kp[ROH))}} when pH =
PH, = —% log(ks[ROH]/ks). Computed values for
molar solutions of alcohols (1)—(4) are displayed in
Table 4. If we compare our data for ethanol in DMSO

TABLE 4

¢ Values (Taft or Hammett), OH chemical shifts 3og,
minimum values 1, at 25 °C of the rate of proton
exchange tox™? at pH = pH,, and values pK of the
conjugate acids of alcohols and phenols

pK of ROH,*
Sub- In In
strate ° Sog 10%t,7'/s! pH, DMSO¢ H,0?
1) 0 4.36 4.37 9.15 —4.05 —2.26
(2) 0.6 5.13 6.05 8.85 —4.21 —2.80
(3) 1.7 5.17 14.4 8.53 —4.46 —3.63
(4) 2.65 6.78 39.7 7.59 —4.65 —4.29
(5) —0.197 9.14 —5.23 —6.23
(6) 0 9.36 —5.44 —6.93
(7 0373  9.91 —572 —17.85
(8) 0.778 11.09 —6.08 —9.08

¢ From equation (8). ? From equation (11).

with those of Grunwald ® for methanol in pure methanol
(Figure 1), pH, values are very close in both media
(9.15 and 8.80, respectively), but the rates <, ! are
larger in methanol by five orders of magnitude, 1.40 X
10% against 4.37 x 103 s1. This dramatic fall accounts
for the successful use of DMSO to observe OH fission by
n.m.r. spectroscopy.

Analysing the reasons for this fact, we notice that both
acidic and basic overall rate constants are much smaller
in DMSO (k4 and kg = 3.13 x 1081 mol? st and 1.52 X
10251 against 8.79 x 10%1mol?ls?and2.25 x 1077s7,
respectively, at 25 °C). If we first examine basic solu-
tions of alcohols, the first point deserving notice is the
small influence of the solvent (k, = 1.36 x 10! for EtOH
in DMSO, against 1.85 x 10%° for MeOH in methanol ?).
This result clearly demonstrates that it is not necessary
to use hydrogen-bonded solvents to obtain fast proton
transfers; successive fast proton switches along a
Grotthuss chain are necessary in such solvents only
because of strong solvation of the alkoxide anion hinder-
ing the approach of acid molecules. A second point is
the large pK decrease, ca. 6 (or 5) units on going from
water (or methanol) to DMSO solutions, which accounts
for the much longer lifetime of the hydroxy-protons in
DMSO.

If we now examine the acidic rate constants of alcohols,
the mechanism of proton transfer is not the same in

25 H. H. Szmant, in ‘' Dimethyl Sulfoxide,” eds. S. W. Jacob,
E. E. Rosenbaum, and D. C. Wood, Marcel Dekker, New York,
1971, vol. 1, p. 20—38 and references therein.

26 M. V. Smoluchowski, Z. Phys. Chem., 19117, 92, 129.

27 J. M. Cowie and P. M. Toporowski, Canad. J. Chem., 1961,
39, 2240.
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DMSO as in methanol. In pure methanol? proton
transfer is mostly controlled by diffusion, and, in part, by
the so-called mechanism of abnormal conductance of the
hydrogen ion. A quite different situation prevails in
DMSO solutions. This solvent is strongly hydrogen-
bonded to alcohols 325 thus preventing self-association of
alcohol molecules. This point is made clear from the OH
chemical shifts in DMSO (Table 4), which were found to
be independent of alcohol concentration from 0.1 to 0.8M.
Proton transfer may therefore be safely assumed to
involve solvated monomeric alcohol molecules (and
phenols as well). Overall rate constants k, are far from
the diffusion controlled limit %p, as it is observed in the
case of methanol ? for the transfer of one proton between
two molecules of alcohol [equation (1)]. This transfer
is not observed in DMSO, because reaction (2) predomin-
ates over (1), i.e., kp[ROH,*] <€ &,[DMSO - --H*], or
[ROH,*] : [DMSO ---H*] € 1.25 x 102 for ethanol
(taking kp = 5 x 10%1 mol™ s, computed for uncharged
reactants of similar size # in DMSO of viscosity 0.019 8
poise).?”  The concentration ratio [ROH,*] : [DMSO - - -
H™*] could be computed from the pK of ethyloxonium ion
in DMSO [pK(ROH,*)], if it were known. Conversely,
the above inequality implies that this ratio is at most
equal to 1074, and that pK(ROH,*) < ca. —4 for molar
solutions of ethanol. This inequality means in turn that
the reverse reaction (7) is diffusion controlled, since

¥y
ROH,* + DMSO —» ROH + DMSO - - - H* (7)

k',[DMSO] > 10%, ~ 6 x 10 s1 This result con-
versely suggests computing pK(ROH,") from equation
(8). This assumption leads to pK(EtOH,*) — 4.05 (in

K(ROH,*) = kp[DMSO]/k, = 7.03 x 101%, (8)

DMSO), as expected from our premises, and to a Brgnsted
relationship, where the «-exponent is unity, for the com-
puted pK values of the other alkoxonium ions (Table 4).

If we turn now to structural effects, the rate constants
ka or &, fall in the order predicted by simple polar induc-
tive effects and the absence of steric hindrance, as shown
by the close fit of the data to the p*—o* Ingold-Taft 2
relationship [log kx = —0.227 ¢* 4 6.483 (mean devi-
ation 8logky = 0.01)]. With the above assumptions,
this ¢* value applies to the pK values of alkoxonium
acids as well.

However, this interpretation is untenable when applied
to phenols. Their conjugate acids are much more
acidic than those of alcohols, as is clear from the few data
presently available; e.g. the pK values of ethyl- and
phenyl-oxonium ions in water are —2.32230 and
6.74 31 respectively, 7.e., a difference of —4.41. However
the relevant rate constants k4 differ only by about an

28 R. W. Taft, in M. S. Newman, ‘ Steric Effects in Organic
Chemistry,” Wiley, New York, 1956, ch. 13.

2 E. M. Arnett, Progr. Phys. Org. Chem., 1963, 1, 324.

3 C. E. Newall and A. M. Eastham, Canad. J. Chem., 1961,
39, 1752.

31 E. M. Arnett and C. Y. Wu, J. Amer. Chem. Soc., 1960, 82,
5660.
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order of magnitude (A log kx — 1.40), instead of being
nearly equal to ApK from the assumption of a Brgnsted
a-exponent of unity. The argument is yet more con-
vincing if this comparison is carried out within the
series of phenols. The pK values of phenyl- and p-
nitrophenyl-oxonium ions are known in water, —6.74 3!
and —9.1832 respectively, from which we compute
ApK — 2.44, Alogk, — 0.640, and « = 0.262 instead of
1. This inconsistency may alternatively be restated as
follows. Rate constants %k, obey a Hammett p—o
relationship [log £y = —0.852¢ + 5.127 (mean deviation
8logks = 0.01)], whose absolute ¢ value, |¢;,| = 0.852, is
much smaller than that from a similar relationship
assumed for the pK values of phenyloxonium ions, and
roughly computed as pepnom,+ = —ApK/(spxo,cm,08 —
opyor) = 3.08. These two values would again lead to
o = lPkA]/PPhOH,‘*‘ = 0.276, instead of 1.

Moreover, the pK, values of the series of phenyloxo-
nium ions in DMSO computed according to equation (8)
seem highly unlikely when compared to experimentally
measured values in water. Thus, the pK difference for
an acid in water and in DMSO has a large positive value
contrasting with a small negative value observed for
some diprotonated cations, such as diethylammonium
ion.2! A more convincing argument lies in the computed
pK difference between phenyl- and p-nitrophenyl-oxo-
nium ions (—0.64) in contrast with the previously
reported value in water (—2.44).

575

is likely to overcome reaction (2); the measured rate
constant &, is that from equation (10), and previously
computed pK(ROH,*) values are meaningless. In
spite of a symmetrical transition state (A) increased
basicity promotes faster proton transfer to phenols.

One may wonder which is the exact mechanism in the
case of alcohols. Comparison with phenols may provide
an answer. First, if we look at the various Hammett
relationships, we notice that the ¢ values for the ioniz-
ation of phenols (p 2.113 in water,* or 3.094 in DMSO
from our values, exluding p-nitrophenol)?® are not
widely different from the one previously computed for
the ionization of phenyloxonium ions in water, (p 3.08).
We may therefore expect for the ionization of alkyloxo-
nium acids a ¢* value close to the one observed for the
ionization of alcohols, z.e. ¢* 1.27 in DMSO or 1.42 in
water.22 Unfortunately, the former value is unknown.
However, if mechanism (2) is predominant, the relevant
¢* value has already been computed, |¢*| = 0.227, much
smaller than 1.27. Another piece of evidence uses the
Brgnsted law. Such a relationship is expected for
conjugate acids of phenols and alcohols, since a Hammett
or Ingold-Taft correlation is observed for rate constants
k4 on the one hand, and is likely to hold for the ionization
constants on the other. If phenols and alcohols obey
the same mechanism, then the same Brgnsted equation
should hold for all of them. Using the three pK values
available, for ethyl,?:30 phenyl,3! and p-nitrophenyl 32

. ¥ .
DMso--~"}L+’oQ+ DMSO —2- DMSO+"H—? +H"-DMSO  (9)
|

Ph

DMSO--*H + c|>—H--- DMSO—DMSO--*H—0 + H*... DMSO

Ph

These inconsistencies prompt us to abandon, at least
in the case of phenols, a mechanism where the conjugate
acid PhOH,™" is an intermediate, and to envisage instead
a concerted mechanism in which the two steps, proton-
ation of phenol to its conjugate acid followed by a fast
reverse deprotonation, occur simultaneously [reaction
(9)]. A similar mechanism, involving the hydrated
proton HgO*, had already been assumed by Grunwald
and Puar 3 in aqueous solutions to account for proton

+
DMSO- H_ _H: DMSO

I
Ph

(A}

transfer between phenol and water. The reaction is not
actually termolecular since phenol is likely to be com-
pletely hydrogen-bonded to DMSO, so that reaction (9)
should be rewritten as (10). This concerted mechanism

32 V. Gold and D. P. N. Satchell, J. Chem. Soc., 1955, 3609.
3 E. Grunwald and M. S. Puar, J. Phys. Chem., 1967, 71, 1842.

Ph

(10)
Ph

ions in water, the three corresponding points nicely fall
on a straight line in a log 2,—pK plot [equation (11)],

logks = 0.299pK + 7.172
(mean deviation 3logk, = 0.02)

(11)

again pointing to the existence of a unique concerted
mechanism. Conversely, assuming the Brgnsted equa-
tion (11) allows new pK values of conjugate acids of the
alcohols and phenols (1)—(8) in water to be computed
(Table 4).

At last, we may carry out a brief comparison between
transfers involving hydroxy- and mercapto-bonds. Both
the acidic and basic rate constants of benzyl alcohol in

34 C. M. Judson and M. Kilpatrick, J. Amer. Chem. Soc., 1949,
71, 3115; H. Kloosterziel and H. J. Backer, Rec. Trav. chim.,
1952, 71, 295; E. E. Sager, M. R. Schooley, A. S. Carr, and S. F.
Acree, J. Res. Nat. Bur. Stand. 1945, 85, 521; R. Nisinen,
P. Lumme, and A. L. Mukula, Acta Chem. Scand., 1951, 5, 1199;
J. E. Leffler and E. Grunwald, ‘ Rates and Equilibria of Organic
Reactions,” Wiley, New York, 1963, p. 178.
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DMSO are larger, as expected,!# than those of the analo- solvated proton in basic and acidic DMSO respectively;
gous toluene-a-thiol, 2, and kg = 2.16 x 108and 8.47 x in the latter case, it is however impossible to decide
10 1 mol! 7., against 2.35 x 102 and 2.62 x 108 1 mol! between mechanisms (2) and (10) for the thiol.

s, at 25 °C, respectively. In both cases, the exchange

involves the conjugate base of the substrate and the [6/892 Received, 10tk May, 1976]




