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The composition of solvolysis products of butyl bromide, acetanhydride, and benzoyl chloride
has been followed in aquoeus alcohol in alkaline and (except for butyl bromide) also in neutral
regions. The results have been used as a piece of evidence of the existence of equilibrium between
hydroxide and alkoxide ions and for evaluation of the possibility of calculation of the concentra-
tion ratio of hydroxide and alkoxide ions from the concentration ratios of the products as well
as for evaluation of selectivities of the solvolytic reactions for mechanistic purposes.

The equilibrium (A) is established in alkaline mixtures of water and alcohol.
RO™ + H,O =2 ROH + OH~™ (4)

A real existence of equilibria between hydroxide and methoxide or ethoxide ions
was confirmed within a wide range of concentrations of water and alcohol by means
of relative proportions of the reaction products of the hydrolytic and alcoholytic
reactions of dinitrohalobznzenes' ~*, acetanhydride®, benzyl chloride®, phthalic an-
hydride® and in reesterification reactions’*®. There are not many reports showing
the real existence of equilibrium (A). Therefore chemists often ignore this equili-
brium. The aim of the present communication is to gather further evidence con-
firming the existence of equilibrium (A4) and to show the consequences following
therefrom. Another aim of this paper is to evaluate the possibility of calculation
of the concentration ratio of alkoxide and hydroxide ions from that of the reaction
products and to gather experimental material enabling utilization of selectivities
of the solvolytic reaction for mechanistic purposes.

EXPERIMENTAL

Chemicals. Acetanhydride. benzoyl chloride, benzere, methanol, etharol, I-propanol, 2-
-propanol, 1-butanol. methyl and ethyl benzoates, 1-propyl and 2-propyl acetates of p.a. purity
grade (Lachema) were redistilled immediately before use. Sodium hydroxide, sodium perchlorate,
and potassium iodide were also p.a. commercial products (Lachema). 1-Bromobutane®, methyl
butyl ether'®, and ethyl butyl ether!® were prepared according to known procedures.
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Solvolyses. The solvolyses of butyl bromide were carried out in aqueous methanol (cg,g, =
= 0-805 mol dm~ ) and aqueous ethanol (cgup, = 1:48 mol dm™3) by action of sodium hy-
droxide of various concentrations. The reaction mixture was analyzed (after 24 h) by means
of gas chromtaography to estimate the content of butanol and methyl butyl ether and ethyl
butyl ether, respectively. Dibutyl ether was not observed.

The initial concentrations of acetanhydride for the solvolyses in reutral mixtures water-1-
-propanol and water-2-propanol were 0:105 and 0-96 mol dm ~3, respectively. The reaction
products were identified chromatographically after 24 h of reaction. The initial concentrations
of acetanhydride for the solvolyses in alkalire mixtures of water and 1-proparol were 0-01 mol .
.dm™ 3. For solvolyses in alkalire mixtures of water and 2-propanol a small amount of solid
sodium hydroxide was dissolved in the reaction mixture prior to addition of acetanhydride
(whose resulting concentration was 0-96 mol dm™3). The concentrations of the esters formed
were estimated chromatographically after 5 min (water-1-propanol) or after 3 h (water-2-
-propanol).

For the solvolyses of benzoyl chloride, the solution of the substrate in berizene was added
to aqueous methanol or ethanol (the resulting concentration of benzoyl chloride was 8:7.
. 1073 mol dm"3). For the solvolyses' in alkaline region, small amounts of solid sodium
hydroxide were dissolved in the reaction mixture prior to benzoyl chloride. The resulting
solution was analyzed by means of gas chromatography (the content of the esters) either imme-
diately (alkaline medium) or after 24 h (neutral medium). All the reactions were carried out at
room temperature, since the selectivity of solvolytic reactions is known to change but little with
lcmperatureI l.

Analyses. All the analyses were carried out by means of a gas chromatograph Chrom 4 (Labo-
ratorni pristroje, Prague) with a flame ionisation detector. The steel column (2:5m, 3 mm)
was packed with 15% Carbowax 20M on Chromaton NAW HMDS (0-16 to 0-20 mm). The
analyses of the reaction mixtures of 1-bromobutane in aqueous methanol (ethanol) were carried
out at the inlet temperature of 110°C, column temperature of 82°C (75°C), and detector tempera-
ture of 110°C. The flow rates: nitrogen 27, hydrogen 30, and air 500 ml min~!. The analyses
of the reaction mixtures of acetanhydride in aqueous 1-propanol (2-propanol) were carried out
at the inlet temperature of 100°C, the column temperature of 69°C (61°C), and the detector
temperature of 110°C. Flow rates: nitrogen 26, hydrogen 30, and air 500 ml min~!. A glass
column (1 m, 2 mm) packed with 3% FFAP on Inerton Super (0:16—0-20 mm) was used for the
analyses of the reaction mixtures from benzoyl chloride and aqueous methanol or ethanol.
The inlet temperature 120°C, the column temperature 100°C, the detector temperature 130°C.
Flow rates: nitrogen 23, hydrogen 30, and air 500 ml min~ . The reaction mixture to be analyzed
was injected (1 pul) into the gas chromatograph by means of a Hamilton syringe (U.S.A.) of
10 pul capacity.

THEORETICAL

Scheme 1 describes the solvolyses of 1-bromobutane and other substrates in-

vestigated.

kjOH~ -
—== > C4HyOH + Br

C4HgyBr 7
\__kaRO" .
——> C4H4OR + Br

SCHEME 1
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If both the reactions are first order in the nucleophile, OH™ or RO~ ions, which
sometimes' ~* but not always® is the case, and first order in the substrate, then one
can write Eq. (1) for the ratio of concentration increases of the reaction products.
This equation can be integrated for zero initial concentration of the reaction products
and for constant ratio ¢(OH™)/c(RO™) throughout the reaction to obtain Eq. (2).

de(BuOH)/de(BuOR) = kc(OH™)/k,c(RO™) (1)
kyJk, = c(BuOH) . ¢((RO™)/c(BuOR) . c(OH") (2)

The logarithm of ratio of the rate constants is sometimes denoted as the reaction
selectivity (log (ky/k,) = S, see e.g. ref.'?). Sometimes this function has been sug-
gested as a mechanistic tool for differentiation between monomolecular and bimole-
cular reactions, since it is closely bound with the slowest reaction step!3. If the slowest
reaction step consits in a bond splitting followed by a faster reaction of the splitting
products with nucleophiles, then the concentration ratio of the reaction products
(unless sterical aspects are taken into account) is given by the concentration ratio
of the nculeophiles, and the ratio of rate constants is close to one. With respect to
the sterical aspects it turns out that for solvolytic reactions of the type investigated
the water-methanol system is preferable.

If the slowest step consists in the addition of nucleophile to the substrate followed
by a fast decomposition of the intermediate formed, then the additions of the two
nucleophiles exhibit different velocities. In such case the concentration ratio of the
reaction products does not correspond to the concentration ratio of nucleophiles,
and the ratio of rate constants calculated from Eq. (2) is different from 1.

However, Eq. (2) has broader applications given by the fact that calculation of the
equilibrium constant of Eq. (4) is connected with problems at present. The method
by Rochester'* is connected with extrathermodynamic presumptions whose justifica-
tion is not always clear. Therefore it is still useful to compare its results with those
of the kinetic method'~* based on Eq. (2). It is based on the presumptions that if
k, and k, are separately measurable and the rate constants are independent of or
equally dependent on the medium, then it is possible to calculate the concentration
ratio of alkoxide and hydroxide ions from the concentration ratio of the reaction
products using Eq. (2). This method has already been critically evaluated® but on
a relatively narrow experimental basis. The present communication is designed to
extend this experimental basis.

In the solvolysis of bznzyl chloride a large dependence was found® between the
solvolytic reaction selectivity and the total concentration of base. Therefore we
also investigated the solvolysis of butyl bromide at various overall concentrations
of base. The results of these experiments should contribute to elucidation of the
reaction formalism of the parallel reaction studied. If the solvolytic reaction is first
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order in both ¢(RO~) and ¢(OH ™), then a change in the overall concentration of
base must not change the k,/k, ratio obtained from Eq. (2). Hence the found con-
centration ratios of butanol and butyl alkyl ether were multiplied by the ratio of
activities of alkoxide and hydroxide ions and introduced into Eq. (2). The equation
(2) necessitates the mutiplication by the concentration ratio of the corresponding
ions which, however, has not been available. Therefore it was replaced by the ion
activity ratio taken from refs® 14,

RESULTS AND DISCUSSION

Tables I and II present the results of calculations of the k,/k, ratios of solvolytic
reaction of 1l-bromobutane in the water—-methanol and water—ethanol systems.
From Table I it is obvious that the rate constant ratio k/k, found from Eq. (2)
somewhat decreases with increasing concentrations of both methanol and base in
the water-methanol system. In the water—ethanol system the respective changes are
much less distinct. The changes in the ratio of rate constants with changes in con-
centrations of both base and alcohol, which are given in Table I, lead to the conclu-
sion that the kinetic situation in the solvolytic reaction of 1-bromobutane probably
is somewhat more complex than that following from Eq. (2). Hydrolyses and alcoho-
lyses are not always of the same order with respect to hydroxide and alkoxide ions,
respectively, however, the experiments described do not provide sufficient informa-
tion for a discussion of kinetic formalism of the parallel reactions studied. They
unambiguously indicate the real existence of equilibrium in the sense of Eq. (4) and
the found change in the ratio of rate constants (calculated from Eq. (2)) connected
with the change in the solvent composition (which is expressed in order of magnitude
for the water-methanol system), they confirm the earlier opinion® that the activity
ratio of alkoxide and hydroxide ions cannot be calculated from the ratios of the rate
constants and of the concentrations of reaction products experimentally found since
the dependence of the rate constants on the solvent composition is not known and
the kinetic formalism can also somewhat change with the solvent composition. In
conclusion it can be stated that the rate constant ratio found in the water-methanol
system considerably differs from 1. Hence it is in accordance with the Sy2 mechanism
of the reaction studied'® and corresponds to the addition of hydroxide (alkoxide) ion
to the substrate in the rate-limiting step. The results obtained in the water—ethanol
system are less unequivocal. The activity ratios of alkoxide and hydroxide ions do
not much differ in the water—methanol'® and water—ethanol® systems. Hence the
difference between the k,[k, ratios in Tables I and II (which is expressed in order
of magnitude) must be caused by lowered reactivity of ethoxide ions whose reasons
are not quite clear. However, the selectivity cannot be used in this case for mechanistic
discussions.

Due to the known difficulties connected with chromatographic determination
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of acetic acid itself, we could only quantitatively estimate the acetate esters formed
in the solvolyses of acetanhydride in the mixtures of water with 1-propanol or
2-propanol. Special attention was paid to the system water-1-propanol, since the
existence of 1-propoxide ions has not yet been synthetically proved therein. Therefore
we followed, at first, the proportion of the acetate ester formed during the solvolysis
in 60% (by weight) 1-propanol in neutral and alkaline regions at various overall

TaBLE I

The rate constant ratio k, [k, obtained from measurements of alkaline hydrolysis of 1-bromo-
butane in aqueous methanol

Total concentration of base, mol dm ™3

wt. %

MeOH -~ ————— — -
€ 0-130 0217 0-304 0-435
10 0113 0-110 0-085 0084
28'5 0-065 0-101 0.074 0068
50 0-050 0-042 0036 0-030
60 0-045 0-039 0031 0025
70 0022 0032 0019 0019
80 0013 0018 0-012 0019
90 0018 0013 0013 0-008

TasLE 11

The rate constant ratio kq/k, obtained from measurements of alkaline solvolysis of 1-bromo-
butane in aqueous ethanol

wt. % Total concentration of base, mol dm ™3

EtOH 0-12 0-20 0-28 0-40
10 7:31 514 5-15 5-33
20 6-88 7-46 7-87 793
30 7-93 8-87 9-70 13-82
40 3-81 322 2-81 2:76
50 2-78 2-39 2:45 395
60 1-96 216 2-33 2-41
70 2:23 2:56 1-58 1-58
80 3-50 4.35 3-74 391
90 2:56 220 2-40 2-15
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concentrations of base. The below-given results thus obtained are not loaded with
any presumptions (¢(AA) means the initial concentration of acetanhydride).

Overall base
concentration, mol dm ™3 0-00 0-02 0-03 0-04 0-05 0-06

c(ester)/c(AA) in 2, 238 5-07 5-98 8-04 9-09 9-59

Obviously the fraction of the ester formed in alkaline region is lower in the order
of magnitude for the most diluted concentrations of base as compared with the
neutral region, but it increases with increasing base concentration. Therefrom it
follows that the nucleophiles are different in the neutral and alkaline regions. As,
however, acetic acid and 1-propyl acetate again are the reaction products, the exis-
tence of propoxide ions is thereby proved. From the increased proportion of the
ester with increasing overall concentration of base it can be concluded that the
hydrolytic and alkoholytic reactions differ in their kinetic order with respect to the
nucleophiles. The reaction is very fast and it has not yet been studied kinetically.
Therefore, Eq. (1) was used for description of the reaction system, which means
a certain simplification of the kinetic formalism. The fraction of acetanhydride
which underwent hydrolysis was calculated from the difference between the known
initial concentration of acetanhydride and the ester concentration determined after
the reaction was finished. The ratio of rate constants of the hydrolysis and alcoho-
lysis is expressed by Eq. (3),

ki/k, = [c(AA) — c(ester)] . ¢(RO™)/[c(ester) . c(OH )] (3)

where again ¢(AA) means the initial concentration of acetanhydride. In the calcula-
tion of the rate constant ratio according to Eq. (3) the concentration ratio of 1-prop-
oxide and hydroxide ions again was replaced by the corresponding ratio of their
activities taken from ref.!”. The rate constant ratio thus calculated from Eq. (3) for
the water—1-propanol system is given in Table III. From the table it can be seen
that the share of alcoholysis in the overall hydrolysis is increased with increasing
total base concentration. In order to find whether the increase in alcoholysis to the
detriment of hydrolysis is due to neglecting of the difference between activities and
concentrations, i.e. of the different dependence of the activity coefficients of 1-prop-
oxide and hydroxide ions on ionic strength, we investigated the solvolysis of acetan-
hydride in 0-02 mol dm™3 NaOH (I = 0-02 moldm~?) in 50%, (by weight) 1-pro-
panol. The ionic strength of solution was adjusted by addition of solid sodium per-
chlorate (up to I = 0-08 mol dm~3). The rate constant ratio found varied only
within experimental error, hence the experimental results are not presented. This
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finding allows the conclusion that the replacement of the concentration ratio by
the activity ratio of alkoxide and hydroxide ions is correct and introduces no serious
error, but the situation in the reacting system is somewhat more complex than that
indicated by Eq. (3). However, our experimental material does not allow any in-
crease in precision. Table IIT also gives the rate constant ratio of the neutral solvo-
lysis of acetanhydride calculated from Eq. (4) which obviously is an analogue of
Eq. (3).

kilky = [c(AA) — c(ester)] c(ROH)/c(ester) c(H,O) (4)

From Table III it follows that the rate constant ratio of the neutral solvolysis changes
with the solvent composition, which again prevents application of Eq. (2) to the
calculation of the concentration ratio of 1-propoxide and hydroxide ions. From the
table it is also obvious that the hydrolysis is far less preferred in neutral medium
than in alkaline medium.

The results of investigation of the solvolytic reactions of acetanhydride in the
water-2-propanol system are given in Table IV. Again the calculation of the rate
constant ratio was simplified by adopting the ratio of activities of 2-propoxide
and hydroxide ions taken from ref.® and introducing it into Eq. (3). For calculation
of the rate constant ratio in the neutral region we adopted Eq. (4). Comparison
with Table IIT shows that the rate constant ratio of hydrolysis and alcoholysis of
acetanhydride is ten times as large in the water—2-propanol system as in the water—
~1-propanol system due probably to the sterically less accessible oxygen atom in
2-propanol. In alkaline medium the reactivity differences are less distinct. In the case

TasLe 11

The rate constant ratio k,/k, obtained from measurements of neutral and alkaline solvolyses
of acetanhydride in aqueous 1-propanol

Total concentration of base, mol dm 3

wt. %,
1-PrOH T T ) - T o
0-00 0-02 003 0-04 0-05 0-06
10 0-43 12-8 10:5 81 76 69
20 0-65 377 29-7 279 19-9 18-2
30 0-84 367 319 311 29-8 257
40 1-16 44.0 384 380 337 30-4
50 1-32 40-6 31-4 29-3 234 229
60 1-44 668 56-1 40-8 357 33-6
70 1-63 1020 599 49-1 27-0 263
80 1-76 116-8 758 45-2 36-4 314
90 2:24 70-5 535 260 18:6 17-8
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of alkaline solvolysis of phenyl amidophosphates® low (practically zero) reactivity
of 2-propoxide ions was used to prove the reaction mechanism. Our results show
that this procedure can only be used in the cases of sterically very much hindered

TABLE IV

The rate constant ratio k,/k, obtained from measurements of solvolysis of acetanhydride in
aqueous 2-propanol

wt. %, Region
2-PrOH T
neutral alkaline

10 4:65 47-7
20 5-00 43-3
30 5:56 63:1
40 6:22 72:5
50 6-28 74-3
60 7-31 75-0
70 9-51 79-4
80 9-53 17-9
90 13-26 2:2

TasLe V

The rate constant ratio k/k, obtained from measurements of solvolyses of benzoyl chloride
in aqueous methanol and ethanol

Wt 0’ Water-methanol Watcr-ethanol
ROH T B .
neutral alkaline neutral alkaline

10 2:97 0:-66 4:51 1-16
20 - — 13-39 1-46
285 1-01 0-53 - —
30 - - 8:56 0-55
40 - - 3-49 0-16
50 0-77 0-24 1-95 0-51
60 0-54 0-21 0-52 0-77
70 0-47 0-12 0-44 0-70
80 0-52 1-64 0-61 0-84
90 2:90 2:87 0-78 2:43
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electrophiles, since the reactivity changes of acetanhydride in the systems water—
—ethanol®, water—1-propanol, and water-2-propanol are not very distinct. The
results of Table IV agree qualitatively with those of solvolysis of phthalic anhydride®.
With both the substrates a decrease in the rate constant ratio is observed in 80 and
90°; (by weight) 2-propanol. The reasons of this phenomenon arc not known yet.

Table V presents the experimental results of solvolyses of benzoyl chloride in the
water-methanol and water—ethanol systems. In neutral region the k,/k, ratio changes
with the solvent composition in both the systems. This ratio is close to 1 in the former
system, the solvolysis of benzoyl chloride proceeding by a spectrum of Syl —S\2
reactions with predominant share of the Sy2 mechanism'® or by an entirely associa-
tive mechanism'®. However, the k, [k, ratio is close to 1 within the whole concentra-
tion range of alcohol, which (together with refs'®:'®) leads to the conclusion that the
k,[k, ratio differing from 1 by one or more orders of magnitude can serve as evidence
in favour of a bimolecular process in the rate-limiting step. If the ratio is close to 1,
then the rate constant ratio cannot provide reliable information about reaction
molecularity. In alkaline region the solvolysis of benzoyl chloride is very fast, but
the acid-base equilibrium (A) is probably established much faster. This explains
different k, [k, ratios in neutral and alkaline regions in both systems. In both the
systems (water-methanol and water—ethanol) the k, [k, ratio is close to 1 in alkaline
region, which does not allow any conclusions to be made about the reaction mole-
cularity.

In conclusion it can be stated that in the ncutral solvolyses the k,/k, ratios change
with the solvent composition. The changes can be due to different dependences of
the rate constants on the medium (as it was proved earlier®), but changes in kinetic
formalism can contribute, too. These changes found in the neutral solvolyses (where
the concentration of nucleophile is doubtless) prevent applications of Eq. (2) to
calculations of the concentration ratio of alkoxide and hydroxide ions from kinetic
data. The rate constant ratios k,/k, in Tables -1V have been calculated with the
help of known activity ratios of alkoxide and hydroxide ions. If this ratio were
considered constant for a given substrate in a binary solvent mixture within the whole
range of concentrations of its components (as it is the case in the kinetic method),
one would obtain different ratios of concentrations of alkoxide and hydroxide ions.
for a single mixed solvent depending on the substrate used. Hence the calculations
of k,[k, ratios provide information about applicability of kinetic methods to the
calculations of concentration ratios of alkoxide and hydroxide ions. At present, the
method by Rochester'* seems to be the only one suitable for the calculation of
activity of alkoxide and hydroxide ions within a broader concentration range of
alcohol. The estimation of molecularity of solvolytic reactions (if possible at all)
by means of the selectivities is restricted to the water-methanol system, which fol-
lows from Tables I—III. Finally it can be stated (which was the main aim of the
present work) that all the reactions studied — by their reaction products found in

Collect. Czach. Chem. Commun. (Vol. 55) (1990)



Equilibria between Hydroxide and Alkoxide Ions

akaline medium — confirm the existence of the equilibrium between hydroxide and
alkoxide ions in all the water-alcohol systems investigated.
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