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Summary

Ferroceneboronic acid has been characterized by its UV and NMR spectrum
and its dissociation constant in water/ethanol solvents has been determined. The
kinetics of protodeboronation have been studied in the same solvents containing
- 'derate concentrations of sulfuric acid; the Hy, acidity function has been evalu-
ated throughout the range of the reaction media used. The log of the rate of
reaction of ferroceneboronic acid depends linearly with unit slope on Hy. The
solvent hydrogen isotope effect, the temperature dependence and the nature of
acid catalysis have also been investigated. The reaction probably proceeds by an
A-Sg2-type mechanism.

Introduction

Electrophilic substitution at the Cp rings of ferrocene is one of the outstand-
ing features of the chemistry of this compound. The structure of ferrocene
suggests the possibilities of special paths for this reaction, involving participa-
tion of the metal in the initial stages of the electrophilic attack [1,2]. Surpris-
ingly, there has been relatively little physical organic investigation of this topic
and, in spite of an accumulation of evidence to the contrary in a number of
cases, the idea of metal participation, though not adequately supported, has
become fairly popular, and so before describing new work on the reaction, we
briefly summarize the available information about the mechanism.

The participation of the nonbonding 3d electrons of iron in the reactions of
ferrocene has been a subject of continued interest. The metal atom has been
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suggested to be the site of protonation [3,4] and of hydrogen bonding {5—8],
and has been considered to have a role as a neighbouring group in internal elec-
tron-transfer reactions of «-ferrocenylcarbonium ions [9] and in solvolyses of
«a-ferrocenylearbinyl acetates [6,10—12]. The role of iron was first questioned
by Ware and Traylor [13] for the latter reaction. Later on, we showed that
weak proton—ring interactions readily occur under mild acid conditions [14],
whereas the complex in which a proton is bound to the metal is formed only
under very strong acid conditions [4,15].

For electrophilic acylation, Richards [16] proposed a mechanism in which
the metal plays an essential role, a fast, reversible addition of the electrophile
on the iron atom being followed by a rate-determining rearrangement of the
cation thus formed to vield a o-adduct analogous to that assumed for aromatic
benzenoid substitutions. Fast removal of proton then leads to the substituted
ferrocene. A similar scheme was proposed by Sorokin and Domrachev [17].

However, deficiencies in this mechanism were revealed by a study of the
stereochemistry of acetylation of certain bridged ferrocenes {18] and examina-
tion of steric effects on the rate of protodesilylation of alkyl-substituted tri-
methylsilylferrocenes [19]. Rosenblum et al. have reconsidered their earlier
suggestions [8,20], and found that in intramolecular acylation the participation of
iron is not an essential assumption for the reaction mechanism [21—23]. In
acylation the alternative mechanism involves direct attack of the electrophile on
the 5-membered Cp ring without any kinetically significant metal participation.
Either one or the other of these mechanisms has been assumed in discussions by
other groups [24,25].

A number of familiar substitutions such as nitration and halogenation cannot
be easily investigated with ferrocene because of competi:g oxidation to give ferriceni-
um ion. Quantitative studies on the ferrocene system have been carried out for
mercuration [26,27], protodesilylation [28,29], protodeboronation [29], and
hydrogen isotope exchange [30—32]. Use of the proton as the electrophile
requires special care in the choice of the reaction conditions if concurrent oxida-
tion is to be avoided. Substitutions involving this electrophile give clear evidence
against iron participation {14,15,29]. For example, the metal participation
theory [31,32] cannot be easily reconciled with the fact that metal-protonated
species can inhibit the reaction, the exchange slowing down as metal-protonation
becomes more extensive [15]. Furthermore, the low basicity of the iron atom
of ferrocene rules out any effective participation by the metal-protonated species
when the substitutions by H* occur under mildly acidic conditions [15,29].

When our study on protodeboronation was undertaken few data were avail-
able for ferroceneboronic acid. Some reactions were known in which the B(OH),
group is displaced by other groups under various conditions [33]. As like ben-
zeneboronic acid [34], we found that ferroceneboronic acid undergoes proto-
deboronation in Brgnsted acid media [29]. Our rate studies on protodesilyla-
tion and protodeboronation {29] allow a comparison of the reactivity of the
ferrccene and the benzene systems, and provided further information of mech-
anistic significance. We now describe the results of further work on the proto-
debcronation of ferroceneboronic acid which has given an extended picture of
the kinetics and enabled a more thorough comparison to be made with the
behavior of benzeneboronic acid.
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Results and discussion

The characterization of ferroceneboronic acid

Accurate IR and mass spectra for this compound are available [35] and we
have obtained new data for its characterization, viz., the electronic and PMR
spectra and the acid dissociation constant.

The electronic spectrum was recorded in several solvents and dlsplays two
maxima, at 325 and 442 nm, respectively (see Experimental). The PMR spectrum
in hexadeuteroacetone displays a singlet at 6 4.10 ppm and a complex signal in
the range of § 4.30 to 4.50 ppm, due to the ferrocenyl protons of the unsubsti-
tuted and substituted rings, respectiveiy, a slightly broad singlet at § 2.97 ppm
and a singlet at § 6.53 ppm. The area ratios are 5/4/1/1. The signals at § 2.97
and 6.53 ppm disappear after shaking with D,0O, while both the chemical shifts
and the area ratio of the other signals remain unchanged. In CDCl; the ferro-
cenyl protons resonances appear at 6 4.17 ppm for the unsubstituted ring and
at § 4.33—4.67 ppm for the substituted one; there is also a broad signal centered
at § 1.27 ppm, which disappeares after shaking with D,O.

Benzeneboronic acid has different properties in that it gives only a singlet at
& 7.2 ppm in deuterated acetone, which disappears on shaking the solution with
D,0 and which can be attributed to the equivalent protons of the B(OH). group
(area ratio of benzene protons to this singlet, 5/2). Presumably the special geome-
try of the ferrocene system makes such protons non-equivalent due to their
diverse electronic environments, in the vicinity of the Cp rings and of the metal.
Also, the solvent may play a role by affecting the expectedly weak interactions
of the B(OH), group protons and the environment around each of them, but
we did not investigate this point any further.

The acid dissociation constant at 25°C was determined by the method
described by Kuivila et al. [ 36] for benzeneboronic acid, but ethanol/water mix-
tures were used rather than water because of the low solubility of ferrocene-
boronic acid in water. The “pK,” values thus obtained are really equilibrium
concentration quotients, —log @, [37]. They are as follows (% ethanol given in
parenthesis): 10.92 (33), 11.32 (47), 11.48 (53), 11.59 (60), 11.71 (67). In
spite of the greater basicity of ethanol relative to water, the dissociation constant
decreases on increasing the ethanol content [38]. This is interpreted as a dielec-
tric constant effect [39,40].

The “pK.” of benzeneboronic acid under conditions nearest to those used by
Kuivila, i.e., 40% ethanol/water, was found to be 9.82. Thus, ferroceneboronic
acid is a weaker acid than benzeneboronic acid by more than a pK unit, which
is in agreement with the higher electron donor ability of the ferrocenyl group as
‘compared to the phenyl group. A similar trend has been observed with the corre-
sponding carboxylic acids, the “pK,”’ values being 5.52 for benzoic acid [41]
and 6.11 for ferrocenoic acid [42] in 50% ethanol/water. The dissociation con-
stant of ferrocenoic acid also decreases on increasing the ethanol content of the
solvent (“pK,.”’, 6.67 in 80% ethanol/water and 6.94 in 95% ethanol/water [431]).

Acid catalysis and medium effects
The acid-catalyzed protodeboronation of ferroceneboronic acid was compli-

cated by oxidation. This was the case for reactions in formic acid/aqueous
(continued on p. 106)
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Fig. 2. Plot of the log of the rate constant against the Hg acidity functior in various ethanol/water mix-

tures.
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ethanol or hydrochloric acid/aqueous ethanol. Conditions avoiding oxidation .
were obtained by using sulfuric acid in agqueous ethanol under nitrogen (see Ex-
perimental); product analyses confirmed that in the medium ferroceneboronic
acid gave ferrocene in practically quantitative yield, as reported for 1/2 v/v
water/ethanol [29]. Rates were determined spectrometrically at 440 nm and
50°C. The rate constants in diverse H,SO./ethanol/water mixtures are listed in
Table 1.

The H, values for sulfuric acid in the ethanol/water mixtures used for the
kinetfic measurements were obtained by the Hammett method [44]. A plot of
these values against % H.,SO; and, for comparison, of the corresponding data in
water [44] (Fig. 1) shows that the smaller is the content in water of the solvent
the more pronounced is the deviation of the H, value from the line for water.
Cuzxves resulting from the three mixtures used, i.e., 2/1, 1/1, and 1/2 by volume,
cress the water line at the same point, corresponding to 25.9% H,SO.. and lie
below that line for concentrations below that value.

The Hy values for the acid percentages used in the kinetic experiments, as
evaluated from the above plot, are listed in Table 1. They are linearly correlated
with the free energies of aciivation as shown in Fig. 2, the slopes of the lines
being practically unity. Although the relative proton donor abilities of the three
investigated media, at a given H,SO; percentage, depend on the H,SO, concen-
tration, and is inverted above 26.5% H,SO. (Fig. 1), the three straight lines in
Fig. 2 are parallel to each other and show that the rates are always higher the
higher the water content. Thus, the proton availability and solvent effects both
influence the reaction rate. Apparently water solvates the transition state relative
to the reactants more effectively than does ethanol. The rate effect is small, how-
ever, and it involves a factor of 3.2 in going from 1/2 to 2/1 water/ethanol mix-
tures.

In order to find out whether the reaction is subject to general acid catalysis,
the kinetic behavior was examined in phosphoric acid/dihydrogen phosphate
buffers in 1/1 v/v water/ethanol. The test was made in the usual way [45] by
changing the H PO, and NaH.PO._ concentrations while keeping their concentra-
tion ratio constant. The observed rate constants were unaffected by the overail
concentration of the buffer, as shown in Table 2, as so there is no evidence for
general acid catalysis.

Solvent hydrogen isotope effects
Deboronation rates of ferroceneboronic acid have been measured in solutions

TABLE 2

RATE CONSTANTS FOR THE PROTODEBORONATION OF FERROCENEBORONIC ACID IN 1/1
v/v H,0/EtOH AND PHOSPHATE BUFFERS, AT 52.2°C (NaH»PO4/H3PO2 0.46. pH 3.48)

NaH,P03 (M) H3PO4 (M) Buffer 105 X Egpg (s1)
0.020 0.043 0.063 4.46
0.032 0.069 0.101 4.72
0.040 0.087 0.127 4.67
0.050 0.108 0.158 4.55

0.50 1.08 1.58 4.55
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TABLE 3
SOLVENT ISOTOPE EFFECT IN THE DEBORONATION OF FERROCENEBORCNIC ACID, AT 47.7°C

% H3S0y4 103 X kg (sh % D250, 103 X kp(shH kylkp
19.7 1.36¢@ 19.9 o.88d 1.55
19.0 1.80b 19.2 i.is5e 1.64
19.5 4.16° 19.5 2597 1.61

2In1/2 viv H30/EtOH. P In 1/1 v/v H20/EtOH. ¢ In 2/1 vjv HyO/EtOH. 9 In 1/2 v/v D20/EtOD. €In
1/1 v/v D,O/EtOD. TIn 2/1 v/v D2O/EtOD.

of D,S0, in deuterium oxide/ethanol-d; mixtures. The values of the solvent hy-
drogen isotope effect, ky/kp, for a given acid percentage and different D.O/
EtOD mixtures are listed in Table 3.

The ky/kn values are somewhat lower than those observed [46] for p-meth-
oxybenzeneboronic acid (kg/kp 2.0) and other substituted areneboronic acids,
e.g., p-F, kuyfkp 2.2; m-F, ky/kn 2.5, and are similar to the effects observed [47]
for the protodesilylation of trimethylsilylbenzene (ky/kp 1.55 at 50°C). Such
values can be attributed [47] to a balance of the isotope effects in the bond-
breaking of the acid HA and in the bond-making of the aromatic C—H in the
rate-determining step. It is worth noting that markedly greater effects have been
observed in other protonation reactions: thus, the protodeiodination of p-iodo-
aniline, a reaction which involves a rate-determining protonation, is six times
faster in H,O than in D,O [48].

TABLE 4

RATE CONSTANTS AT SEVERAL TEMPERATURES AND ACTIVATION PARAMETERS FOR THE
PROTODEBORONATION OF FERROCCENEBCRONIC ACID WITH H;S04

7 (°C) 103 X kgps (sH @ 103 X kgpe (1) 0 103 X kgps (s ¢
57.2 12.70 16.70 22.90

52.1 8.33 11.50 16.50

48.4 6.38 9.50 12.70

40.5 3.57 4.87 7.07

36.6 . 2.60 3.45 4.73

29.5 1.42 1.86 3.14

E, (kcal/mol) 15.4 + 0.56 15.7 + 0.5b 15.0 £ 0.5¢

as¥ (e —22.8 £ 1.5¢ —-21.2x1.5b —22.6 £ 1.5€

T (°0) 103 X kgps(sH @ 103 X kgpsts~He 103 X kgpg (sH T
59.9 3.60 4.60 —

56.1 2.75 3.57 5.06

52.1 2.00 2.68 3.87

42.6 0.92 1.28 1.90

37.0 0.59 0.85 1.26

30.5 0.32 0.49 1.06

Ej, (kcal/mol) 15.6 £ 0.59 15.3£0.5¢ 15.22 0.57

AST te.n) —38.521.54d —38.01.5¢ —38.0 £ 1.57

@ 96.5% H,yS0,4 in 1/2 v/v HoO/EtOH. b 25.6% H,S0, in 1/1 v/v H,0/EtOH. € 24.9% H,804 in 2/1 v/v
H20/EtOH. 9 19.7% H,S04 in 1/2 v/v Hy0/EtOH. € 19.0% HaSO4 in 1/1 v/vH,0/EtOH. ' 18.4% H,S04
in 2/1 v/v HyO/EtOH.
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The activation parameters
Activation parameters were obtained for two acid concentration ranges,
18.4—19.7% and 24.9—26.5% sulfuric acid in the three water/ethanol mixtures

from rate measurements over a range of about 30°C at six different tempera-
*hn'n. which vielded good Arrheniusg n]nfc The activation narameters are listed

LS o] TALILAL ¥ ACIATIL BUoia AL LIALT AT 440 Qluivawivis pJas

in Table 4. The energies of activation a:l lie in the range 15.0—15.7 kcal/maol, i.e.,
are independent of acid concentration and solvent, whereas the entropies of acti-
vation depend on the acid concentration but not on the solvent. The AS¥ values
are markedly negative, —21.2 to —22.8 and —38.0 to —38.5 e.u., the lower val-
ues applying to the lower acid concentration range.

The Arrhenius plots for the lower acid concentrations enabled evaluation of
the rate constants at 40°C, which allows fairly direct comparison to be made
with Kuivila’s rate constants for areneboronic acids at this temperature (Table 5).
Ferroceneboronic acid is shown to be markedly more reactive than benzene-
and p-methoxybenzene-boronic acids; the reporied relative rates are in fact
lower limits for the ferrocenyl derivative since they refer to water/ethanol mix-
tures in which the reaction is slower than in water.

The reaction mechanism

Despite the complexity of the protodeboronation of areneboronic acids, the
work by Kuivila et al. [ 34,46] has shown that the reaction over a fairly wide
range of structures involves a rate-determining proton transfer (A-Sg2) rather
than a fast protonation followed by a slow decomposition of the conjugate acid
of the substrate (4-1 or A-2) [49]. The reactivity of ferroceneboronic acid, how-
ever, is much greater than that of any of the structures studied by Kuivila
{Table 5), and even greater than that of 2-thiopheneboronic acid [50], which
reacts 8.5 X 10° times as fast as benzeneboronic acid at 70°C. Such a high reac-
tivity and the special structure of the ferrocenyl group demand some care in
comparing the diverse systems.

It should be first noted that because of its high reactivity ferroceneboronic
acid was studied under relatively moderate acidic conditions. Under our condi-
tions, its rate variation on change of the H acidity function is more regular than
that for areneboronic acid, the log k vs. —H, correlation being linear with a slope
value virtually equal to 1. Although this is consistent with both types of mecha-
nism above, the fast protonation mechanism implies a linear log k vs. —H, corre-
lation only when the concentration of the conjugate acid remains much smaller
than that of the substrate [49]. Under the latter conditions, the solvent hydro-
gen isotope effect, ky/kp, is expected to be clearly less than one [49,51], which

TABLE 5
RATE CONSTANTS FOR THE PROTODEBORONATION OF SOME BORONIC ACIDS, AT 40°C

Compound S H2SO4 Solvent k(Y Relative rate
FThB(OH)» - 20.1 Water 5.0 X 10710 1
r-MeOCgH4B(0H)> 20.1 Water 1.35 X 1075 2.7 X 104
FcB(OH)» ) 19.7 1/2 viv H,O/EtOH 7.47 X 107% 1.5 X 10°
FcB(OH)» 19.0 1/1 v{v HyO[/EtOH 1.06 X 1073 2.1 X 106

FcB(OH), 18.4 2/1 vjv H20/EtOF. 1.56 X 1073 3.1 X 106
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is in contrast with our results. Although the solvent isotope effect found for
areneboronic acids is somewhat higher (1.60—2.99) [46] than that in the pre-
sent work (1.55—1.64), the difference may be explained in terms of the different
reactivities of the substrates [46]. The activation parameters of ferroceneboronic
acid also display a general overall pattern similar to that for the areneboronic
acids and the thiopheneboronic acids, in that they are characterized by low entro-
pies of activation. In view of the relative reactivities, it follows that the energy

of activation is markedly lower than that for the areneboronic acids.

Unfortunately, we were unable to detect any general acid catalysis, probably
because we could not vary the buffer concentration by a factor >25. This
result is thus not an unequivocal proof that there is specific acid catalysis [52,
53]. In spite of this uncertainty, the reaction of ferroceneboronic acid is likely
to proceed by an A-Sg2 mechanism as in the case of areneboronic acids. How-
ever, the complexities intreduced by the presence of the B(OH), function may
well lead to changes in the detail of the mechanism. For example, the strong
electron release by ferrocenyl conjugation [35] will reduce the Lewis acid
strength at the boron atom and thus lower the probability of an A-Sgi mecha-
nism involving attack of the bisulfate ion on boron [34,54].

A noticeable difference between ferrocene and areneboronic acids is the
greater sensitivity of AS¥ of the former to the sulfuric acid concentration (Table
4) and the particularly low AS* value in 18.4—19.7% acid (—38.5 e.u.). These
AS* changes generally reflect the state of solvation of the reactants and of the
transition state and the changing structure of the acidic medium. However, there
may be a superposition of specific effects such as intramolecular H-bonding of
the B(OH). group with the iron lone pair. Hydrogen bonding of this kind is not
important in the ground state [ 35] but may become significant in the g-adduct-like
transition state, and such interaction can be seen to be possible in models. Intra-
molecular H-bonding would more effectively compete at lower acid concentra-
tions by providing an intramolecular solvation [55]. Further investigations are
required to test this hypothesis.

To sum up, we note that for the reaction of ferroceneboronic acid in aqueous
sulfuric acid there is no indication that the metal participates in the electrophilic
attack by proton in the early stages of the protodeboronation, in keeping with
our previous conclusions on this problem.

Experimental

Preparation of ferroceneboronic acid

Several methods of preparing ferroceneboronic acid were tried, with the aim
of improving the yield and quality cf the product. Previously [83,56] ferrocene-
boronic acid has been synthesized from ferrocenyllithium and tributylborate in
anhydrous diethyl ether at —75°C. However, 1,1’-ferrocenediboronic acid, which
is obtained as a side-product, could not be completely removed. Another route
was to treat bromomercuriferrocene [57] with boron tribromide, under condi-
tions similar to those reported for the synthesis of ferrocenyldichloroborane
[58]. Hydrolysis of the obtained ferrocenyldibromoborane gave ferroceneboronic
acid in only 17% yield. We tried to use diferrocenylmercury as starting material,
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since benzeneboronic acid can be obtained from diphenylmercury [59]. Boron
tribromide (0.38 m! in 20 ml of 80—100°C petroleum ether) was added drop-
wise to a stirred suspension of diferrocenylmercury [60] (950 mg, 2.07 X 1G™2
mol) in 30 ml of 80—100°C petroleum ether. As soon as the reagent was added,
the suspension disappeared and the solution became dark red. After refluxing
haif an hour, the mixture was hydrolyzed with 5% aqueous NaOH. The aqueous
layer was separated, neutralized with 10% aqueous H,SO., and extracted with
diethyl ether. The solid obtained after evaporation of the solvent was repeatedly
washed with 30—50°C petroleum ether to remove the ferrocene formed in the
reaction. 90 mg of ferroceneboronic acid were obtained (18% yield).

Finally, a modification of a patent by Sollott et al. [61] gave the best results,
especially with respect to purity. 17.5 g (0.06 mol) of boron tribromide in 30
ml of anhydrous heptane were added under nitrogen to a stirred mixture of
39.2 g (0.21 mol) of ferrocene and 9.3 g (0.07 mol) of AICl; in 200 ml of anhy-
drous heptane. After the addition the mixture was refluxed for 4 h, then treated
with 15% aqueous NaOH, neutralized with 10% H,SO., and shaken with diethyl
ether. After evaporation of the ether extract a yellow orange solid was recovered,
which was repeatedly washed with 30—50°C petroleum ether in order to remove
unchanged ferrocene. Ferroceneboronic acid was obtfained in a 23% yvield (3.2 g,
¢.014 mol).

Characterization of ferroceneboronic acid

Electronic spectra were recorded with Beckman DB-GT and Perkin—Elmer
402 spectrophotometers. The absorptivities and wavelengths of the maxima
(given in parentheses, nm) in various solvents are as follows: 170 (325, s) and
160 (442), in dichloromethane; 170 (325, s) and 145 (440), in N,N-dimethyl-
forrnamide; 180 (327) and 165 (444), in methanol; 170 (328) and 165 (444), in
ethanol; 175 (3825) and 165 (441), in 75% v/v ethanol/water; 195 (327) and 165
(440), in 50% v/v ethanol/water.

PMR spectra were carried out with Jeol C60-HL and Varian 60 spectrometers
using TMS as internal standard.

The “pK,” of ferroceneboronic acid was determined by potentiometric titra-
tions with 0.01 N NaOH, using a Radiometer 22 pH-meter, equipped with glass
and saturated calomel electrodes, and a thermostatted cell. Since ferrocene-
boronic acid is almost insoluble in water, titrations were performed in ethancol/
water mixtures prepared by adding water to known volumes of 95% ethanol.

Product analysis

Ferroceneboronic acid (0.24 g, 1.05 mmol) was brought into reaction with 500
ml of sulfuric acid solution in 1/2 v/v water/ethanol. The solutions of reactants
were saturated with nitrogen belore use, and a nitrogen atmosphere was main-
tained during the reaction. After 5 minutes the mixture was cooled, extracted
with 30—50°C petroleum ether, and worked up as usual to yield a yellow solid,
which was ‘dentified as ferrocene, m.p. 172—174°C (lit. [8] 174°C); the PMR
spectrum in CCl, shows a sharp singlet at § 4.0 ppm. Similar analyses were ob-
tained for reactions in 1/1 v/v and 2/1 v/v H,O/EtOH solutions.

Kinetic measurements
The rate measurements were made by recording the absorbance decrease of
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the reaction solutions at 440 nm. A thermostatted Beckman DB-GT self-record-
ing spectrophotometer was used with a tenfold expansion scale and zero suppres-
sion, to allow sufficiently accurate measurements, despite the small overall spec-
tral change. All the solvents were saturated with nitrogen before mixing and a
nitrogen atmosphere was maintained in the cell compartment during the kinetic
experiments. Under those conditions there was no apparent oxidation up to 75%
reaction, but it became apparent in the later stages of the reaction as a slight absorb-
ance at 620 nm, and this prevented recording of infinity absorbances. Therefore,
absorbance data were treated by Mangelsdorf’s [62a] and Guggenheim’s [62b]
methods, which gave results in good agreement.

The rate constants reported in Table 1 with 19.7 and 26.5% H.SO. (1/2 v/v
H,O/EtOH), 19.0 and 25.6% H-.SO, (1/1 v/v H.O/EtOH), 18.4 and 24.9%
H.SO. (2/1 v/v H,O/EtOH) are mean values from several runs carried out with
substrate concentrations in the range 1.0 X 107>*—1.0 X 107* M. The standard
deviation was 5% or less. The measurements in the other H.SO_ media were
carried out in duplicate.

Acidity functions

These were determined with the H,SO./water/ethanol media used for the
kinetic study. Some primary anilines were used as indicators, the log Cgy + /Cg
ratio being determined for each of them in several sulfuric acid solutions. The
actual concentration of sulfuric acid in the various water/ethanol mixtures was
determined accurately by weight, whereas the concentrations reported previously
[29] were determined approximately by volume.

The pKa’s of p-nitroaniline were determined with HCI in water/ethanol mix-
tures while the pX,’s of the other anilines were obtained from these values in
the usual manner [44]. The values obtained were as follows (the solvent compo-
sition is given in parentheses, as v/v H.O/EtOH ratios): p-nitroaniline: +0.01
(1/2), +0.17 (1/1), +0.40(2/1); o-nitroaniline: —1.56 (1/2),—1.31 (1/1), —0.91
(2/1); 8,5-dinitroaniline: —0.89 (1/2), —0.54 (1/1), —0.23 (2/1); 2-nitro-4-meth-
ylaniline: —0.94 (1/2), —0.69 (1/1), —0.31 (2/1); 2-methyl-4-nitroaniline:
—0.14 (1/2), +0.02 (1/1), +0.27 (2/1).

Kinetics in buffer solutions

The determination of reaction rates in H,PO./NaH.PO, buffer solutions was
carried out by procedures reported in refs 34 and 45. Silica cells with septums
were used to follow the absorbance decrease at 440 nm. To avoid oxidation an
argon atmosphere was provided over the solutions in the cell before mixing. The
pH’s of the kinetic solutions were measured with a Radiometer 22 pH-meter
equipped with glass and saturated calomel electrodes.

Kinetics in deuterated media

Ethanol-d, was prepared according to the literature [63], by hydrolyzing
tetraethoxysilane with an equivalent amount of deuterium oxide. Commercial
D,O0 and 96% D,SO, were used. The actual percentage of deuterium sulfate in
the various D,O/EtOD mixtures was determined by weight. The rate measure-
ments were carried out as previously described with H,SO, and all runs were
duplicated. Oxidation caused trouble, and particular care had to be taken to

exclude oxygen.
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