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The rates (R) of the oxygen exchange of arsenic acid with solvent water were measured over a wide range
of hydrogen-ion concentrations. At pH>4, a 180 tracer method was used ([As(V)]=0.07 moldm™3, 0—50 °C).
At pH<5, '"ONMR line broadening technique was used ([As(V)]=1 moldm™3, 50—90 °C). Over the whole
pH range studied, the variation of R amounts to 10'°, and the comprehensive rate law is expressed as: R=
ki1in [H+] [H3ASO4] +k11 [H3ASO4] +kio [H2A504 —] +ki3 [HASO42_] +kig [ASO43_] + ko1 [H3ASO4]2 + koo [H3ASO4]
[H2AsO4 7|+ kas [HzAsO4_]2+k24[H2AsO4"][HAsO42_]+Ic25 [HAsO42—]2. The rate constant for each elemen-
tary process in the equation was obtained. The activation parameters of each elementary process were
evaluated. The oxygen exchange rate of arsenic acid was compared with that of phosphoric acid. The
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contrast of an Sn2-type exchange of the former acid vs. an Sx1-type one of the latter is suggested.

Since the As and P atoms belong to the nonmetal
5B group, arsenic and phosphoric acids have similari-
ties regarding their structures and physical properties
in aqueous solution. On the other hand, the difference
in the reactivities between them is enormous; the oxo-
arsenate ions are reactive, while the oxophosphate ions
are stable and unreactive. It would be interesting to
make a more precise comparison of the kinetic behavior
between P(V) and As(V). The oxygen exchange of oxo-
phosphate(V) and oxoarsenate(V) ions with water is a
primitive reaction, and may be used as a probe for ex-
amining their reactivities. While the oxygen exchange
of phosphoric acid has been well studied,’? studies of
arsenic acid have been rather few.%%

In a previous paper? we reported extensive kinetic re-
sults concerning the oxygen-exchange reaction between
. arsenate ions and water. The exchange rates were mea-
sured at 14.5 and 30 °C over a pH range of 6.5—12.5
using an 180 tracer method. The rate (R) may be ex-
pressed by the rate law:

R=k12[H2As047 | + k13[HAsO4* 7] + k14[AsO4>7]
+k23[H2As047]? + koa[H2AsO4 | [HASO4 2]
+kos [HASO42~ ]2
=Ri12 + R13 + Ri4 + Ra3 + Ros + Ros. (1
It has been considered that the rate terms (Ri2, Ris,
and Rj4) are for an oxygen exchange of the arsenate ions
with water; (Ras, R24, and Ras) are for the reversible

condensation reactions between two arsenate ions in-
volved in each rate term. The exchange rates at 30 °C

were analyzed in terms of this rate law to obtain the
values of the rate constants, ko — k14 and ko3 — kos.

In this paper we present the kinetic results con-
cerning the fast oxygen exchange reaction of As(V)
(mainly ionic species of H3AsO4 and HpAsO47) us-
ing recently available NMR instrumentation ([H*]=
107%—3 moldm~3). Some additional results from an
180 tracer study (pH>4) are also described.

As one part of a series of studies concerning the ki-
netic behavior of arsenic oxygens, we have studied the
oxygen-exchange reaction of the alkyl derivatives of ar-
senic acid with water.>~" The substituent effect of the
alkyl groups on the arsenic oxygen exchange has been
determined. The arsenic oxygen exchange reported here
is very important for precisely understanding these sub-
stituent effects.

As additional information, the solvent effect on the
oxygen exchange reaction of arsenic acid with water is
reported.

Experimental -

Materials. Disodium hydrogenarsenate heptahydrate
(guaranteed reagent, Merck) was used without further pu-
rification. Sodium dihydrogenarsenate dihydrate was pre-
pared by acidifying a solution of disodium hydrogenarsenate
to pH 4, and was purified by repeated crystallization. Ar-
senic acid (Special grade JIS) was received as a 60% aqueous
solution. The concentration of the arsenic acid solution was
determined by both potentiometric titration and chemical
analysis methods.

Procedure. 80 Tracer Work: The procedure was
almost the same as that used in a previous study.® The
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exchange reaction was initiated by diluting an isotopi-
cally-equilibrated solution of disodium hydrogenarsenate in
(*80)water with a relatively large amount of isotopically
normal water. The pH of the solution was adjusted by
adding a small amount of hydrochloric acid, and was mea-
sured at each reaction temperature. The ionic strength (I)
of the solution was adjusted by adding NaCl. At appro-
priate intervals, aliquots were drawn; the arsenate ion was
precipitated as barium arsenate by adding a solution of bar-
ium chloride. The precipitation-induced oxygen exchange of
the arsenate ion becomes appreciable at pH values smaller
than 9. To avoid this exchange, the pH of the solution was
brought to 10 before adding of the precipitant by adding an
appropriate amount of sodium hydroxide solution.

The precipitate was separated by means of a centrifuge,
washed three times with absolute ethanol, dried in an
oven at 110 °C, and converted into carbon dioxide by the
guanidiniumchloride method.®) The isotopic analysis of the
carbon dioxide was carried out on a Hitachi RMS-I-type
mass spectrometer.

The rate (R) of the oxygen exchange was calculated by
means of the following formula:

_ _[As(V)][H20]
" 4[As(V)] +[H:0]
1. O0;-0Ox
kex = n h’l m, (2)
where Op, O, and O are the oxygen-18 contents of the
arsenate at times 0, ¢, and infinity, respectively. [As(V)]
and [H20] are the molar concentrations of the arsenate and
water, respectively.

NMR Measurements. Solutions for the '"O NMR
spectra were prepared as follows: A known amount of
NaH,AsO4 was dissolved into 3 ml of 10% (17O)water con-
taining 25 vol % D20 added for NMR lock ([As(V)]=0.95
moldm™3). The pH of the solution was adjusted by adding
a small amount of either concentrated sulfuric acid or per-
chloric acid. The pH of the solution was measured both
before and after the NMR measurement at 30 °C using a
Radiometer PHM type-26 pH meter.

The *"O NMR spectra were recorded at 36.6 MHz on an
FT-NMR spectrometer (JEOL-GX270). The relevant spec-
tral parameters were as follows: spectral width, 20 kHz;
digital resolution, 1.2 Hz; number of scans, 4096 to 8192.
Before making a Fourier transformation, the FID was mul-
tiplied by an exponential function in which the broadening
parameter(LB) was 2 Hz.

The Dissociation Constants of Arsenic Acid. The
first-dissociation constant (K1) was determined by using po-
tentiometric titration under the NMR experimental condi-
tions ([As(V)]=0.32, 0.60, and 0.95 moldm™2, 30 °C). So-
lutions of sodium dihydrogenarsenate containing 25 vol %
D20 were titrated by concentrated hydrochloric acid. The
pH was measured using a Radiometer PHM type-26 pH me-
ter. The K; values were obtained from two series of titra-
tion, each with more than ten titrations. During the course
of titration, the ionic strengths (I’s) of the solution remain
constant, since any decrease in I due to a change of the
species from HyAsO4~ to H3AsOy4 is compensated by the
formation of an equal amount of NaCl to that of H3AsO4
(I=[As(V)]). The values of pK; were estimated by using the
relation pKi=pH+log {([HsAsO4]s —[H*])/([H2AsO4 "] +

Kex,

Ozygen Exchange between Arsenic Acid and Water

[H*]}=log {[H3As04]/[H2As04 "]}, where the subscript f
designates the stoichiometric concentration, and [Ht] was
approximated to ay+. The pKi; values were obtained
to be 1.99240.001 ([As(V)]=0.32 moldm™2), 2.0180.001
(JAs(V)]=0.60 moldm™2), and 1.897£0.010 ([As(V)]=0.95
moldm™3). It may be said that the pK; values are almost
independent of the ionic strength of the solution.

Results and Discussion

I. 80 Tracer Study. pH Dependence of the
Oxygen Exchange Rate:  The pH dependence of
R was studied at 0 °C (4<pH<10) and 50 °C (7.5<
pH<12) ([As(V)]=0.07 moldm~3, /=0.55 moldm—3).
Plots of log R against pH are shown in Fig. 1 (A: 0 °C,
D: 50 °C). At pH<6, log R varies linearly with the pH,
and the slope of the line is —0.87 (0 °C). The pH-rate
profiles previously obtained at 14.5 °C (B) and 30 °C
(C)¥ are also included in Fig. 1.

Dependence of the Rate on [As(V)]: The de-
pendence of R on [As(V)] was studied at pH 5.4 and 0
°C (I=0.55 moldm~2). The values of R at [As(V)]=
0.0413, 0.0617, and 0.100 mol dm~3 were obtained to be
8.03x1074, 1.41x1073, and 1.81x107% moldm~3s~1,
respectively. The order of the reaction with respect to
[As(V)] was evaluated to be 1.9140.25, showing that the
contribution of a bimolecular reaction to the exchange
is important at this pH.

Mechanism of the Oxygen Exchange and Rate
Analyses: For a mechanistic consideration of the ex-
change rate, the concentrations of the ionic species un-
der the conditions of kinetic runs are needed. The con-
centrations were calculated by the following relations:

[As(V)]=[H3AsO4] + [HaAsO4 ] + [HAsO42"] + [AsO4*7],
Ki=ay+ [H2As047]/[H3As04],
Ko=ay+ [HAsO4*"]/[H2As04 7],
Ks=ay+[AsO4*7]/[HAsO4* 7],
and [H2AsO47 ) =[As(V)]/(1 + ag+ /K1 + K2/ ay+
+K2K3/ay+?). (3)

As the dissociation constants (I =0.55 moldm™3) in
Eq. 3, the following values were used: pK;=2.24 (0
°C);” pKy=6.531 (14.5 °C), 6.596 (30 °C),* 6.494 (50
°C); pK3=11.015 (14.5 °C), 11.190 (30 °C),? 10.81 (50
°C). The values at 50 °C were obtained by extrapola-
tion (AH°=3.44 (K>) and 19.07 (K3) kJmol™! ¥). The
concentration of various ionic species at a definite pH
(am+) can be estimated from these p K values in terms of
Eq. 3. It is seen that each species (H3AsO4, HoAsO4™,
or HAsQ42™) exists predominantly at pH of 0, 4.8, or
9, respectively.

As already described, the oxygen-exchange rate (R)
in the pH range above 6.5 may be expressed by the
rate law (Eq. 1). By using a method similar to that
described earlier,®) the rates (R) at 14.5 and 50 °C
were analyzed in order to evaluate the rate constants
(k12— k25 in Eq. 1). They are listed in Table 1. The
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pH dependence of the oxygen exchange rate (R) ([As(V)]=0.07 moldm ™2, I=0.55 moldm™3). A(0): 0 °C,

B(®): 14.5 °C (aqueous solution); b(e): 14.5 °C (aqueous methanol solution), C(A): 30 °C, D(O): 50 °C.

Table 1.

Rate Constants and Activation Parameters of the Oxygen Exchange of Arsenic Acid by

80 Tracer Work R=k12[H2ASO4_—]+k13[HASO42_]+IC14[ASO43_]—|—k23[H2A804_]2+k24[H2ASO4_]—

[HASO42_]+IC25 [HASO42_]2

Temp k12 kis k1a ko3 koa kas
°C 107471 10781 107% ! 1072M~'s7! 1073M~ s 107SMtsT?
0 — 0.1 (0.03)® 0.7)®) (0.2) (0.3)®
14.5 0.6£0.2 0.8+0.8 0.33£0.02 2.320.1 1.240.3 1.5+1.3
302 1 12 1.5 7.4 6.4 4.2
50 — 93 +12 33 42 — 52 +2 36 +4
FE./kJmol™! 103412 103%7 55 82+2 70+11
AS*/Jmol 1K™! —10+3 —2242 —93 —2440.5 —104+3

a) Ref. 4. b) Extrapolated values.

numbers appearing after plus—minus represent the stan-
dard deviations obtained in the rate analysis. The ac-
tivation energy and activation entropy (30 °C) for the
elementary processes were calculated, and are also given
in Table 1.

In the pH region from 6.5 to 3.8 and at 0 °C, the rate
of oxygen exchange may be expressed as R=k-ag+%°
[As(V)]*9. In this pH range the dominant ionic species
of oxoarsenate (V) is the HpAsO4 ™ ion; the fraction of
[HAs047]/[As(V)] is more than 0.98 at a pH between
4 and 4.8; a further decrease in the pH decreases the
fraction. On the other hand, H3AsO4 comes to exist
in an appreciable concentration at pH 5; its concen-
tration continues to increase with decreasing pH (f=
[H3As04]/[As(V)]=5.7x107° (pH 6), 1.5x 1073 (pH 5),
8.3x1073 (pH 4.3), 2.4x1072 (pH 3.8)). The fact that
the oxygen-exchange rates continue to increase with de-
creasing pH over the entire pH range from 6.5 to 3.8
may be interpreted by assuming that the participation

of the more reactive H3 AsOy4 species into the rate proc-
ess becomes important. The role of the hydrogen ion is
to shift the pre-equilibrium,

H2AsO7 + HT ——H;3As0y,

from left to right in favor of the more reactive H3AsO4
species.
The possible mechanism is as follows:

k11
HsAs'"003 + H,0 == H3AsO4 + H'70, (4)
k22
H3As04 + H2AsO4~ &—— H3As207;~ + H;0. (5)

The contribution of the bimolecular path between two
molecules of undissociated arsenic acid (Eq. 12), which
corresponds to the rate-term (ks;[H3zAsO4)?), was ne-
glected because the hydrogen-ion dependence is smaller
than 1 and there is a small concentration product
[H3As04)? in the koj-term.
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The rate law (4<pH<6.5) is then expressed as:

R=R, + k11 [H3ASO4] + koo [H3ASO4] [H2ASO4_]
=R'+ R11 + Raa, (6)

where R'=(Ri2+ Ri3+ Ris4+ Roz+ Rag+ Rps) in Eq. 1.
Eq. 6 can be rewritten as:

R—-R = kll[HgASO4] + kzz[H3ASO4][H2ASO4_] : (7)

The exchange rates at 0 °C (pH=4—7) were ana-
lyzed in terms of Eq. 7. For each run, the left side of
Eq. 7 (R—R') was calculated by using the rate con-
stants extrapolated to 0 °C from higher temperatures
(Table 1); the concentration products were also calcu-
lated. The contribution of R’ to the total rate (R) is
58% (pH=6.8), 35% (pH=5.9), 7% (pH=4.8), and 1%
(pH=3.8). By a least-squares treatment of a set of nu-
merical equations, thus obtained, the values of k;; and
ky2 were obtained to be nearly 1 (1.1£3.9) s™! and 2
(1.746.2) mol~! dm®s~?, respectively. The large-error
attendant on k;; and kye may originate from an uncer-
tainty involved in the small value of [H3AsO4]. More
precise values of these rate constants will be obtained
from the 17O NMR rate results in the pH range between
3.5 and 1.5 where the contributions of the k;1- and koo-
terms are most significant.

IO. '"ONMR Study. The fast oxygen exchange
rates of arsenic acid with water were evaluated by mea-
suring the line widths of 1O NMR signals due to arsenic
acid and water. The fast exchange of 17O nucleus be-
tween the arsenic site and water caused (a) line broad-
ening (pH=1.5—3.1) and (b) line narrowing ([H*]>0.2
moldm™3), depending on the exchange rate. Details
concerning the procedure to calculate the kinetic data
are described in Eqgs. 8, 9, 10, and 11 of the Appendix.
The kinetic results are shown separately for the acidic
regions, (a) and (b), as follows:

(a) pH=1.5—3.1:  In this region, both the oxy-
gen signals due to arsenic acid (site A) and solvent wa-
ter were observed separately. The 7O chemical shifts
of arsenic oxygen (referred to the HyO signal) are 110
(pH=9), 97 (pH=4.8), and 88 (pH=1.4) ppm. The line
widths were measured for both signals at temperatures
ranging from 0 to 90 °C in the pH region between 1.5
and 5. The typical values of the line widths of the 7O
signals at site A are plotted against the temperatures
in Fig. 2. The values of ks (the exchange rate constant
of the oxygen nucleus at site A) can be calculated by
means of Eq. 9 (Appendix).

The pH Dependence of R. The pH dependence
of R was studied at temperatures ranging from 50 to 90
°C ([As(V)]=1=0.95 moldm~2). The logarithms of ks
are plotted as a function of the pH at 30 °C in Fig. 3 (60
and 90 °C). The slopes of the plots were obtained to be
—1.03+0.02 (60 °C) and —0.88+0.01 (90 °C); the rate
has an approximately first-order dependence in the hy-
drogen-ion activity. The difference in the slopes at two
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Fig. 2. Measured "ONMR line widths of arsenate

oxygens as a function of the temperature ([As(V)]=
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Fig. 3. pH dependence of the oxygen-exchange rate of
arsenic acid ([As(V)]=0.95 moldm™?). A: 90 °C, B:
60 °C. ka is defined in Eq. 9 of Appendix.



A. Okumura et al.

temperatures reveals that the activation energy (F,)
of the kp values depends on the pH. The ks values
obtained at various pH give the E, values (kJ mol~?!) as:
39+2 (pH=3.1), 36+1 (pH=2.5), 30+1 (pH=2), 24+1
(pH=1.6)(60, 70, 80, and 90 °C). The pH dependence of
E, shows that the mechanism of a low activation energy
prevails in a lower pH region.

The Dependence of R on [As(V)]. The con-
centration dependence of R was studied at pH 2.37
([As(V)]=0.32—0.96 moldm ™3, 60—90 °C). In a se-
ries of the experiments, the ionic strength was not ad-
justed, since it was found that the added inert salt af-
fects the line widths of the arsenic oxygens. The kinetic
salt effect may be considered to be small, if any, since
the elementary processes which contribute mainly to
the total rate at pH 2.4 are the reactions of a neutral
H3AsO4 molecule with HoO, H3AsOy4, and HyAsO,~,
as discussed later. Plots of log R (=ka[As(V)]) against
log [As(V)] yield straight lines (not shown) with slopes
of 1.27+0.14 (90 °C), 1.20+0.13 (80 °C), 1.15+0.14 (70
°C), 1.0630.09 (60 °C).

(b) [H*]>0.2 moldm™3: At [H*]=0.1 moldm~3,
two peaks began to coalesce. Then, at [H*]=0.2—3
moldm™3 only one peak was given, where line narrow-
ing of the peak was observed. The line width of the sin-
gle peak was measured (90 °C, [As(V)]=0.3 moldm~3)
(Table 2). By using Eq. 10 (Appendix), the values of
(ta~ Y4718 1)=(ka+kg) were calculated, and are shown
in Table 2.

The order of the exchange rate (ks +kg) with respect
to [H*] was obtained to be 0.7 on the basis of the data
given in Table 2.

The dependence of R on [As(V)] was studied at [HT]|=
1.6 moldm—2 ([As(V)]=0.3—2.5 moldm~3, 30 °C). The
values of (ks +kg) (Table 3) are nearly constant over the
concentration range. On the basis of Eq. 11 (Appendix),
it is inferred that the oxygen exchange of arsenic acid
at [H*]>0.3 shows a first-order dependence on [As(V)].

Mechanism of the Oxygen Exchange and Rate
Analyses. (a) In the pH range from 1.5 to 3.1,
there exist undissociated arsenic acid (H3AsO,4) and di-
hydrogenarsenate ion (H2AsO4~). At pH 4.8, where
H2AsO4~ exists predominantly, line broadening due to
oxygen exchange does not occur. Therefore, the ob-

Table 2.
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Table 3. Dependence of the Oxygen Exchange Rate
of Arsenic Acid on [As(V)] ([H]=1.63 moldm™3,

30 °C)

[As(V)] vi/2 (ka+kB)
mol dm™3 Hz 10%s7!
0.287 115 5.6
0.518 182 4.7
0.707 219 5.0
0.898 262 5.0
1.62 412 5.2
2.46 563 5.6

served oxygen exchange in this pH region can be as-
cribed to the participation of undissociated acid into
the rate process. The fact that the order (m) (Eq. 11)
is 1.3—1.2 suggests that oxygen exchange proceeds
through both unimolecular (Eq. 4) and bimolecular
(Eqgs. 12 and 5) paths:

k21
H3AsO4 + H3AsOy4 —— HyAs207 + H20. (12)

Furthermore, the rate law in the more acidic region
(b) ([H*]>0.2 moldm~?) is given as R=k[H*]?" [As-
(V)]. Since in region (b) undissociated arsenic acid is
the only species of As(V), the fact that the oxygen ex-
change rate continues to increase along with an increase
in [HT] suggests that the catalytic effect of H on the
oxygen exchange of H3AsO, is important. The first-or-
der dependence of R on [As(V)] ([H¥]=1.6 moldm~3)
is consistent with the Ht-catalyzed oxygen exchange of
H3AsO,4 with water (Eq. 13). The contribution of a H*-
catalyzed bimolecular reaction between two molecules
of H3AsOy4 to the total rate may be neglected.

k11lh
HsAs'"003+H;0+HY == H3AsO4+H,'"O+H*. (13)

The path (Eq. 13) which prevails in region (b) may also

be an important reaction in pH range (a). Then, the

rate law for the oxygen exchange of arsenic acid with

water may be expressed as follows:

R=k11 [H3ASO4] + ko1 [H3A804]2 + koo [H3ASO4][H2ASO4_]
+k11n[H)[H3AsO4). (14)

The exchange results were analyzed using the rate law

Hydrogen-Ion Concentration Dependence of Line Widths and

Rate Constants ((7a " *4+75 " !)=(ka+ks)): Exchange Narrowing of
a Coalesced Oxygen Signal (90 °C, [As(V)]=0.3 moldm™3)

[H*]/moldm™ vy, (ka+ks) [H*]/moldm™ v/ (ka+ks)
(H2504) Hz  10*s7! (HCl104) Hz  10*s!
0.39 83.8 5.35 0.51 69.0 7.02
0.72 66.4 7.43 1.00 51.6 11.1
1.00 57.2 9.34 1.50 43.8 15.0
1.40 50.4 11.5 1.99 40.2 17.8
1.80 45.8 13.7 2.47 38.4 19.7
2.20 42.8 15.7 3.01 37.5 20.9
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(Eq. 14). The concentrations of H3AsO4 and HoAsO4~
in Eq. 14 were estimated by using the pK; value (30 °C)
and the pH values of the solutions for the 1O NMR
spectra measured at 30 °C. Both values at tempera-
tures other than 30 °C were not measured. It was there-
fore assumed that the value of f=[H3As0,47]/[H3As04]
estimated at 30 °C remains constant at elevated tem-
peratures. This assumption may be rationalized by
expressing f as: f=([H2AsO47|f+ag+)/([H3AsO4)r —
ag+)=Ki/ag+ (cf. Experimental section). For a given
solution having a definite [HyAsO4 "]y and [H3AsOy)y,
any change in the pH (ayz+) with increasing temper-
ature is too small to affect [H2AsO,] and [H3zAsOy]
estimated at 30 °C ([As(V)]=0.95 moldm~3, AH® for
pKi=-5 kJmol~! 9).

In the pH region above 2.3, the contribution of the
k11n-term to the total rate may be neglected. Rate law
(Eq. 14) can be rewritten as

R

[H3ASO4] (15)

=k + {k21 + £1—’(:22}[H3ASO4].
ay+

By using the same data as shown in Fig. 3, the values on

the left-hand side of Eq. 15 are plotted against [H3AsO4]

in Fig. 4. From the intercept of the straight line the k;;

values were obtained, and are listed in Table 4. The

rate law is again rewritten as

R—k11[H3As04] = ko1 [H3AsO4]* + k2o [H3 AsO4][H2AsO4 ]
(16)
For each run at pH>2.3, the left-hand side of Eq. 16
was calculated using the above value of k;;. The con-
centration products on the right-hand side were also
calculated. By a least-squares treatment of a set of nu-
merical equations, thus obtained, the values of k»; and
ka2 at 90 °C are (1.940.2)x 103 and (8.1£0.6) x 102, re-
spectively. The ko3 and kge values at other tempera-
tures and the activation parameters are listed in Ta-
ble 4. koy has a value of 1.3 mol~1dm3s~! at 0 °C
(extrapolated by using E,=60 kJmol~!). This value,
obtained by the 17O NMR method, is in agreement with
the 2 mol~! dm®s~! obtained above by the 20O tracer
method.
At pH<2, the contribution of the k;;,-term becomes
important, and the rate law is given in terms of Eq. 14.

Table 4.
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Fig. 4. Plots of R/[H3AsO4] against [H3AsO4] (pH=

2.37). A: 90 °C, B: 80 °C, C: 70 °C, D: 60 °C, E: 50
°C.

The equation can be rewritten as

{R—Ri1 — Ra1 — Ra2}/[HsAsO4] = kuin[H'].  (17)
The values on left side of Eq. 17 were calculated using
the observed R at pH<2 and the rate constants (kii,
k21, and kyo). These values were plotted against [HT|
(not shown). The value of k11, obtained from the slope
of the straight line is (2.7740.04)x10* mol~! dm3s~!
at 90 °C (Table 4).

(b) In the range [H*]=0.5—2.2 moldm ™3 the ob-
served rate law is given as R=k[HT]|%7[As(V)]. Since
the dominating species of As(V) in this [H*] range is
H3As0y4, the oxygen exchange was expected to proceed
via Eq. 13 and Eqgs. 4 and 12. The latter two are im-
portant reactions in pH range (a). The ka values were
estimated in terms of the rate law, ka=ky1n[H']+k11+
kp1[H3AsOy], using the rate constants shown in Table 4.

Rate Constants and Activation Parameters of the

Oxy-

gen Exchange of Arsenic Acid by “ONMR Work R=kiin[HT]

[H3AsO4]+k11[H3AsO4]+k21 [H3ASO4]2+]C22 [H3AsO4] [H2ASO4_]

Temp kllh k11 k21 k22
°C 10*M~*s7! 10%s7! 10°M7's™t 10°MT st
60 2.13£0.05 0.73£0.2, 1.22£0.25 1.4440.66
70 2.2:£0.03 1.04£0.35 1.43£0.14 2.7:40.37
80 2.34+0.03 1.1o+0.2¢ 1.75+0.14 5.11+0.36
90 2.77£0.04 1.2,40.17 1.8540.23 8.03£0.60
E./kJmol™! 8.6+2.4 15.6%3.2 15.3%1.7 59.7%1.5
AS*/Jmol™'K™'  —146+1 —170+1 —149+1 —3241
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The obtained values of ka are 1.1x10% s~! ([H*]=0.39
moldm~3) and 6x10* s=! ([H*]=2.2 moldm~3). These
ka values were corrected to (ka+kg) using the relation
ka/kp=Pp/Pa=55/1.2. Pa and Pg are the popula-
tions at sites A and B. Contrary to the expectation,
the observed (ka+kp) values (Table 2) were found to
be much larger than the calculated (ks +#kg) values. Re-
garding this observation the referee gave us the follow-
ing plausible suggestion. There are two things that may
be relevant. In the higher [H*] range, the coordination
number of arsenic(V) may change according to

AsO(OH)3 + H30™ = As(OH2)(OH)4t.

This would alter the value of P4 (but not Pg), so that
the ratio of Pg/P,s would decrease. The five-coordina-
tion arsenic might exchange more rapidly than a four-
coordination arsenic.

Another possible source of deviations in a strong acid
is the non-linear ability of these solutions to protonate
substrates, as indicated by Hammett and Deyrup Hjp.
At 3 moldm~3 HClOy, a positive deviation in the rate
by a factor of three is likely.

By using both 180 tracer and 17O NMR methods,
the oxygen exchange rates (R) of As(V) over a wide
pH range (0—12) could be obtained. The values of R
(moldm~3s~1) normalized to [As(V)]=0.07 moldm~3
and 30 °C are as follows: 2.8x10% (0); 6.6 (2.0); 0.36
(3.1); 4.2x1073 (5.0); 2.7x107% (7.1); 9.3x10~7 (9.1);
2.1x1077 (12.1) (pH values are shown in parentheses.).
Over the whole pH range studied, the variation of R
amounts to 10'° and the comprehensive rate law is ex-
pressed as

R=ki1n[HT|[H3As04] + k11[H3AsO04] + k12[H2As04 7]
+k13[HASO4> 7] + k14[AsO4>7] + ko1 [Hs AsO4)?

Table 5.

tions of Arsenic Acid (a) and Methylarsonic Acid (b) (30 °C) (a):

Bull. Chem. Soc. Jpn., 68, No. 7 (1995) 1845

+koo {H3ASO4] [HzASO4 —] + ko3 [H2A504 - ] 2
+k24[H2AsO4 | [HASO4 "] + kos[HASO4* )%, (18)

The rate constants for the elementary processes in the
Eq. 18 are summarized in Table 5 (30 °C). The kinetic
results for methyl arsonic acid (MAA)®7 are also given
in the same table. We shall discuss the data in Tables 4
and 5.

Comparison of the Oxygen Exchange of As(V)
with That of P(V). Bunton et al” have studied
the oxygen exchange of phosphoric acid with water at
100 °C. They expressed the exchange rate at pH 0—9
([P(V)]=0.4—0.8 moldm™3) in terms of the following
equation:

R = ka[H'][H3POulexp (8I) + kn[H3PO4] + km[H2PO4 ]
(19)
The rate constants in Eq. 19 are ky=25.45x10""
mol~1dm3s™!, ky=128x10"%s"!, and ky =4.03x
10~%s~1.V In order to obtain the activation param-
eters, we investigated the oxygen exchange of phos-
phoric acid under the following conditions: [P(V)]=0.1
moldm~3, 90 and 100 °C, pH=4.5. Here, P(V) exists
predominantly as HoPO,~. The McKay plots (Eq. 2)
are given in Fig. 5. The kv values at 90 and 100
°C were calculated to be (2.62+0.04)x10~7 s~} and
(1.05£0.01)x 1075 s~!, respectively. From these two
km values, the energy and entropy of activation for the
oxygen exchange of the HoPO4~ ion were estimated to
be 156 kJmol~! and +48 Jmol~! K~!, respectively.
The kinetics of the oxygen-exchange reaction of ar-
senic acid (As(V)) is quite different from that of phos-
phoric acid (P(V)) in the following respects:
1) The rate constants for the oxygen exchange be-
tween monoanion and water at 30 °C are kjo=1x10"*
s~1 for HpAsO,~ and ky=4x10"1! s71 (extrapolated

Rate Constants and Activation Parameters for the Oxygen Exchange Reac-

R=ki1n[H*]-

[H3ASO4}+I€11 [H3ASO4]+IC12 [HzASO4_ ] +ki13 {HASO4 _2] +kig [ASO43_]+]C21 [H3ASO4]2+k22—
[H3AsO4][H2AsO4s ™ |+ ko3 [H2AsOs 1%+ koa[HaAsO4 | [HAsO4* " |+ ko5 [HAsO4 %] (b): R=
k1 1h[H+] [RIAS()st] +k; 1[RIA803H2] +IC12[RIASO3H-] +k13[R’ASO32_] +k‘21h[H+] [RIASO3H2]2
+k21[R'AsO3Ha]? +k22[R'AsO3Ha|[R'AsO3H ™ |+k23[R'AsO3H™]? (R'=CH3-)

Rate const®) (a) ki E. AS* (b) k™ E, AS*
kJmol™!  Jmol™! K7! kJmol™'  Jmol™! K™!

kin/M™'s™!t 1.6x10* 9 —146 6.0x10? 33 -92

kii/s™! 5.6x10 16 —~170 2.8 45 -97

kig/s™! 1 x107*® 6.6x107*

kiz/s! 1.2x107° @ 103 -~10 2.7x107* 85 —42

kya/s™? 1.5x107%® 107 -8

k2in/M~2s71 6.8x10? 18 -125

kai/M™1s™! 7.5x10? 15 ~149 1.8x10 31 —-120

kao/M™1s™!  2.1x10 60 -32 2.5x10 33 —124

kos/M™'s™!  7.4x1072 % 55 —-93 5.7x107°

koa/M™1s™!  6.4x1073 2 79

kos/M~1s™!  85x1076 @

a) Ref. 4. b) Refs. 6 and 7.

¢) M=moldm™3.
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Fig. 5. Plots of —log ((*®* Oso —8 01)/(*® 0o =18 Op))
against time (h) (McKay plots). ([P(V)]=0.1

moldm™3, pH=4.5). A(O): 100 °C, B(®): 90 °C.

from 100 °C) for HyPO4~. ki is larger by a factor of
106 than ky.

2) The small value of E, (28 kJmol™?!) for ki, is in
contrast to that for a ky; of 156 kJ mol~!. This contrast
may be responsible for the large difference between k5
and ky, although the F, values for both constants are
not sufficiently accurate to allow a more precise discus-
sion.

It is worth noting that the value of AS# for ky has
a positive value (+48 JK~!mol~!). For the oxygen
exchange of the dihydrogenphosphate ion (HoPO47),
Bunton et al.! presented a first-order path via a re-
versible formation of the metaphosphate ion, (PO3;™)
as:

H,POs~ = P03~ +H,0 (20)

Furthermore, they suggested a hydrogen-bonded cyclic
intermediate between a dihydrogenphosphate ion and a,
water molecule for this reaction (Eq. 20). The positive
value of AS# for the oxygen exchange of HyPO4~ (kyp)
obtained here is consistent with their dissociative Sy1
mechanism.

3) The order of the reactivity of undissociated acid
and monoanion towards water (100 °C) is as follows:

As(V); H3AsO4 (k11 =1.5x10% s7) > HyAsO4 ™
(k12 =8x107* s71),
P(V); HsPOs (kn=1.3x107° s7') SHPO4™
(kv =4.0x107% s71).

For As(V), H3AsO, is much more reactive than
HzAs04~. On the other hand, for P(V) the reactivity
of undissociated acid and monoanion is almost equal,
and HoPO, ™ is rather more reactive than H3POy.

4) In the concentration range below 1 moldm~3 and
at pH<4, for both P(V) and As(V), undissociated acid

Ozxygen Exchange between Arsenic Acid and Water

and monoanion exist predominantly. There, bimolec-
ular reactions between the species of As(V) make an
important contribution to the exchange of the arsenic
oxygens. On the other hand, the exchange of phos-
phoric oxygens proceeds exclusively via monomolecular
paths. Keisch et al.?) have shown that in the [P(V)]
range above 10 moldm™3, the exchange path of phos-
phoric acid via the reversible formation of HyP»,O7 be-
comes important.

Comparison of the Oxygen Exchange Rates
between Arsenic Acid (As(V)) and Methyl-
arsonic Acid (MAA). Surprisingly, the reactivity
of As(V) is different from that of MAA,5—" depend-
ing on the ionic species of these two compounds. As to
an undissociated acid, H3AsO,4 exchanges its oxygens
with water 20-times faster than does CH3AsO3H,. The
proton-assisted exchange of H3AsOy is also 26-times
faster than that of CH3AsO3H,. On the other hand,
the order of reactivity between As(V) and MAA for
a negatively charged ion has a trend opposite to that
for undissociated acid; CH3AsO3H~ and CHzAs032~
react 6- and 20-times faster than do HyAsO,~ and
HAsO42~, respectively. For monoanion, the substituent
effects have been investigated with the aid of an ab ini-
tio molecular-orbital calculation. The rate constants
(k12’s) correlate well with energy levels of the low-
est unoccupied molecular orbitales (LUMO’s) of uni-
valent anions of arsenic and alkylarsonic acids.> The
higher reactivity of H3AsO4 towards HoO compared to
CH3AsO3H> may be interpreted in terms of the acti-
vation energy; E, for ky;(H3AsO4) of 16 kJmol™? is
significantly smaller than that for k;;(CH3AsO3H3) of
45 kJ mol~!. The activation entropy for a k;;(H3zAsOy4)
of —170 JK~! mol~! is found to be more negative than
that for a k;;(CH3AsO3H,) of =97 JK~! mol~1.

It is noticeable that large negative values of AS# for
the k;; of both compounds have been found. These val-
ues fall into the range from —90 to —140 JK~! mol~!
found for a nucleophilic displacement reaction, which
is known to be termolecular.!® This fact suggests that
the transition state may have a cyclic structure involv-
ing an additional water molecule, in which a proton
transfer may be facilitated.'” The smaller F, value and
the larger negative AS7 value of the oxygen exchange
of H3AsQy4, compared to those of CH3AsO3H,, indi-
cate that one more OH bond involved in H3AsO,4 would
make a special contribution to the stabilization of a
cyclic transition state by hydrogen-bonding.

The reversible condensation reactions between two
molecules of As(V) or MAA are discussed (cf. Egs. 5
and 12). ko1 (H3AsO4) is 42-times larger than
k21(CH3AsO3H,), and ky3(H2AsO4 ™) is also 103-times
larger than kp3(CH3AsO3H™). The higher reactivity of
H5AsO4~ than that of CH3AsO3H™ in a bimolecular re-
action is in contrast with the observation that towards
water HoAsO4~ is less reactive than CH3AsO3H~. For
a reaction between two ions, the steric inhibition of a
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methyl group substituted on As is considered to become
important. It is noted that the proton-catalyzed con-
densation reaction between two undissociated methyl-
arsonic acids has been observed, while the correspond-
ing reaction between two H3AsO4 molecules could not
be found. The latter may be swamped by a fast oxy-
gen exchange between Hz AsO4 and water catalyzed by
a proton.

A characteristic common to both acids (As(V) and
MAA) is that the reactivity of an undissociated acid
towards water is significantly larger than that of a
monoanion. k1;(H3AsO4) and k3 (CH3AsO3H,) are
5.6x10%- and 4.2x103-times larger than k;2(H2AsO47)
and k12(CH3AsO3H™), respectively. The small value
of the activation energy may be responsible for the re-
activity of undissociated acids. The reactivity ratio of
monoanion to dianions, on the other hand, is less than
ten.

Solvent Effect on the Oxygen Exchange of Ar-
senate Ions. 1) The pH dependence of the oxygen-
exchange rate of arsenate ions in an aqueous methanol
solution (25 weight %) was examined in the pH region
between 6 and 12 ([As(V)]=0.07 moldm~3, I=0.55
moldm™3, 14.5 °C). The pH-rate profile is shown in
Fig. 1 (curve b). Its shape is quite similar to that for
a run in an aqueous solution (curve B). The rate was
analyzed according to the rate law (Eq. 1) to obtain the
rate constants involved in Eq. 1. These values were ob-
tained as: ki =0.29(0.6)X10_4 S—l; k13:1(0.81))<10_6
™1 kg =0.1(0.33)x1078 571 ky3 =2.5(2.3)x1072
mol~tdm®s™1; ks =0.9(1.2)x10"3mol" 1 dm3s7!; kys
=0.7(1.5)x107° mol~*dm3®s~!. The values in paren-
theses are those in an aqueous solution. The rate con-
stants in an aqueous methanol solution (e,=69) are
quite similar to, or two- or three-times smaller than,
those in an aqueous solution (e,=82). For a reaction be-
tween like-charged ions, the rate constants are expected
to decrease along with a decrease in the dielectric con-

Bull. Chem. Soc. Jpn., 68, No. 7 (1995) 1847

Scheme 1.

He (.S q— He He-mmfom-
/0 ?  proton ?/ .

#,i transfer i \o
) — ; P

T H P—o | H
monoanion | H - ___. 0/ ‘ H—Io‘/
1.53A
dual
neutral Heo -
"\ ___.ﬂ: H—O proton (,7/
° transfer ! H

H s ! Y

w H H " e
; LY P~o | .- obn
i o | _-0
'H - (] 0 H

O~H--—~

Sn1 ]
intermediate

Scheme 2.

stant of the solution.!® The trend observed for kyy and
ko5 agrees with this expectation.

2) The solvent effect on the oxygen-exchange rate of
arsenate ions was studied in some aqueous organic sol-
vents (Table 6). The reaction was carried out under the
following condition: 15 °C, I=0.19 moldm—3, pH=7.32
(in H20). The apparent pK> values in Table 6 were ob-
tained with the ordinary method used for an aqueous

Table 6. Solvent Effect on the Oxygen Exchange Rate of Arsenate Ions
with Water ([As(V)]=0.07 moldm™2, Mole Fraction of Solvent=0.144,

15 °C) a):

Comparison between Miscellaneous Solvents.

I=0.19

moldm™3 b): Effect of Ionic Strength. =0.19, 0.55 moldm™3

a)

H,O CH3OH C;HsOH (CH3)2CO t—C4HgOH Dioxane
pK: 6.68 7.12 7.54 7.19 7.72
pH 7.32 7.76 8.18 7.83 8.36
kex/107%s~! 8.6+£0.1 7.7£0.1 6.840.1 11.3+0.3 14.7+0.2 14.94+0.2
€r 82 69 61 53 41
b)
H,0 C,H5;0H H-.0 C,H;0H
I'=0.19 moldm™3 I=0.55 moldm™3
pK> 6.68 7.35 6.47 6.86
pH 6.64 7.29 6.56 6.85
kex /1073571 48.3£0.5 32.5+0.3 45.2+0.4 60+1
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solution without paying any special attention to the
pH measurement in aqueous organic solvents. These
pK> values are quite different from each other. There-
fore, the pH values for the kinetic measurement in sol-
vents other than H,O were chosen so that the value of
(pH—pK2)=log ([H2As04~]/[HAsO4~]) become equal.
At pH=7.32 the contribution of bimolecular paths (kp3,
ka4, k25) to the total rate can be estimated to be 50% for
an aqueous solution. For aqueous methanol and ethanol
solutions, the rate constant of the 80 exchange reac-
tion kex (Eq. 2) decreases in the order of the decrease
in a macroscopic dielectric constants, while for aqueous
solutions of acetone, t-butyl alcohol, and dioxane, the
kex value increases in that order.

Concluding Remarks

In this work, the following results were obtained:

1. The oxygen-exchange rates of arsenic acid with wa-
ter could be successfully measured over a wide pH range
(0—12) using both 20 tracer and 17O NMR methods.
The rate law is expressed in terms of Eq. 18. The rate
constant for each elementary process in the equation
was obtained. The activation parameters of each ele-
mentary process were evaluated.

2. The kinetics of the oxygen-exchange reaction of
arsenic acid (As(V)) is quite different from that of phos-
phoric acid (P(V)) in the following respects:

1) For an oxygen exchange between monoanion and
water, the kinetic parameters at 30 °C are as follows:

k12 (H2AsO4 ™ ); 1x107* s7!, E,; 28 kJmol™*
k12(HoPOs ™) = ku; 4x 107" 871, E,; 156 kJmol™ L.

k12(H2AsO4 ™) is 10%-times larger than ky. The small
E, value for kj2(H2AsO,7) is in contrast to the large
E, value for ky. The value of AS# for ky was esti-
mated to be +48 JK 1 mol~!. The positive value of
AS# is consistent with the dissociative Sx1 mechanism
proposed by Bunton et al.V

2) The order of the reactivity of undissociated acid
and monoanion towards water (100 °C) is as follows:

As(V); H3AsO4 (k11 =1.5x10° s71) > HyAsO4™
(k12 =8x107* s71),

Ozygen Fxchange between Arsenic Acid and Water

P(V); HsPOs (kn=1.3x107° s7') <H,PO,~
(kv =4.0x107° 571,

For As(V) H3AsO, is much more reactive than
HyAsO4~. On the other hand, for P(V) the reactivity
of undissociated acid and monoanion is almost equal
and HoPO,~ is rather more reactive than H3POy.

As for As(V), the result of ki1>>k;5 is considered
to reflect the Sny2 reaction. A neutral substrate with
a more positive nucleophilic center is naturally much
more reactive than its conjugated anion. That is, a
neutral substrate has a much lower orbital energy of
LUMO than the anion. In fact, the good correlation
between the LUMO energies and the rate constants for
the oxygen exchange of monoanions with water® has
proven the SN2 nature. Also, the large negative AS#
value of =170 Jmol=' K~ for k;; (Table 4) has indi-
cated a compact form of the Sy2 transition state with a
cyclic hydrogen-bond network. On the other hand, for
P(V) the Sn1 reaction has been confirmed on the ba-
sis of the small positive AS7 value (+48 Jmol ™! K—1).
Bunton et al. suggested a PO3~ intermediate for the
Sn1 path via the following self cleavage:V

H,PO, = P03~ +H-0.

In their scheme, one water (or methanol'®) molecule
is involved to facilitate proton transfer for yielding
PO3~. However, our preliminary computational result
has shown that two water molecules are needed to cause
the transfer (Scheme 1).'¥

For the monoanion substrate (HoPO4™), the water
dimer works primarily as a proton donor (vide supra).
For the neutral substrate (H3POy), the dimer would do
as a proton acceptor. Since this dehydration is a rate-
determining step in the Sy1 reaction, this dual role of
the water dimer may be related to the almost equal rate
constants, kxySkv (Scheme 2).

The remarkable contrast between the Sx2 of As(V)
and the Sy1 of P(V) is a significant mechanistic find-
ing; theoretical work concerning this contrast is in
progress.'4

3. The oxygen exchange rate constant for each ele-
mentary process is compared between the arsenic and

Table 7. O NMR Line Widths of Arsenic Oxygen in the Absence of
the Oxygen Exchange with Water
pH  [As(V)] ZUPIN
mol dm~3 Hz
Temp/°C
3 10 15 20 30 40 50 60 70 80 90
9 0.3 310 250 202 168 140 121 105
4.8 0.3 290 232 176 159 133 115 101
1.0 373 294 239 198 167 145 127
4.5 1.0 824 576 387 305 250 209 177 152 134
4.0 1.0 817 582 383 305 249 208 176 151 135
2.5 1.0 808 664 581 519
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methylarsonic acid (MAA). As for an undissociated
acid, the reactivity of H3AsO,4 towards water is larger
than that of CH3AsO3H;. On the other hand, for a
negatively charged species, an opposite trend in the re-
activity was observed between As(V) and MAA.

Appendix

Evaluation of the Oxygen-Exchange Rate. (a)
Line Broadening (Slow Exchange Limit): In the
slow exchange limit, where the mean lifetime of an oxygen
nucleus at site A (7a) is small compared to the chemical
shift of 17O at site A (referred to H20), two signals were
observed separately, and 74 is given by

A =ka=Toa ' —Toao L. 8)

Here, T>a is the measured transverse relaxation time of an
oxygen nucleus at site A. Tha o is its magnitude in the
absence of an oxygen exchange. By using the relation 1/ Th=
V1 /2, 7"} is expressed as

st :kAZT[(Vl/Q,A—V(l)/2,A)7 (9)

where v;/5 o and %y /2,4 are the line widths of oxygens at
site A in the presence and absence of an oxygen exchange,
respectively.

To evaluate the oxygen-exchange rates from the observed
line widths, it is required to estimate an appropriate value
of 19 /2,4 under the condition in which v/ o is measured.
A detailed method for estimating these v/? /2,4 values has al-
ready been described.” Table 7 gives some measured values
of the line widths of oxygens at site A in the absence of an
oxygen exchange.

(b) Line Narrowing (Fast Exchange Limit): As
the exchange rate is increased, two signals are broadened
and tend to merge. At the coalescence point, the curve loses
its two maxima to give only one peak. Over the point, the
spectrum then becomes narrowed and, in the fast exchange
limit, an averaged signal is observed at a frequency which
is the weighted mean over the frequencies of the individual
resonance. In the condition under which line narrowing is
observed, the oxygen-exchange rate is given by

Pa Py

+ Pa Pg(bw)?
Toa,0  ToBo

(1/7a+1/m8)’

TVy/2 = (10)
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where Py and Pp are the populations at sites A and B.
T2a,0 and T, are the transverse relaxation times of an
oxygen nucleus at sites A and B in the absence of an ex-
change (sites A and B are arsenic acid and solvent water,
respectively). 6w is the difference in the chemical shifts
(without any exchange) between sites A and B (rads™1).
The mean lifetime of the oxygen nucleus of species A be-
tween exchanges (74) is related to the conventional rate con-
stant (k) of the arsenic oxygen exchange with water by

Ta”' = ka = (1/[ADd[A]/dt = K[A]" 7Y, (11)

where m is the order of the reaction with respect to the
concentration of A (=[As(V))]).

References

1) C. A. Bunton, D. R. Llewellyn, C. A. Vernon, and V.
A. Welch, J. Chem. Soc., 1961, 1636.

2) B. Keisch, J. W. Kennedy, and A. C. Wahl, J. Am.
Chem. Soc., 80, 4778 (1958).

3) R. F. Kouba and J. E. Varner, Biochem. Biophys.
Res. Commun., 1, 129 (1959).

4) A. Okumura and N. Okazaki, Bull. Chem. Soc. Jpn.,
46, 2937 (1973).

5) N. Niwa, M. Fushimi, M. lida, Y. Horie, S. Yamabe,
and A. Okumura, Bull. Chem. Soc. Jpn., 62, 2240 (1989).

6) A.Okumura, M. Fushimi, H. Hanaki, A. Yamada, Y.
Gofuku, M. Kagawa, N. Niwa, M. Yamamoto, and M. lida,
Bull. Chem. Soc. Jpn., 65, 1397 (1992).

7) A. Okumura, M. Fushimi, and M. Yamamoto, Bull.
Chem. Soc. Jpn., 66, 2814 (1993).

8) P. D. Boyer, D. J. Graves, G. H. Suelter, and M. E.
Dempsey, Anal. Chem., 33, 1906 (1961).

9) L. G. Sillen and A. E. Martell, “Stability Constants,”
Chem. Soc., Spec. Publ., No. 17, London (1964).

10) M. A. P. Dankleff, R. Curci, J. O. Edwards, and H.
Y. Pyun, J. Am. Chem. Soc., 90, 3209 (1968).

11) W. C. Copenhafer and P. H. Rieger, J. Am. Chem.
Soc., 100, 3776 (1978).

12) A. A. Frost and R. G. Pearson, “Kinetics and Mech-
anism,” Wiley, New York and London (1961).

13) C. A. Bunton, D. R. Llewellyn, K. G. Oldham, and
C. A. Vernon, J. Chem. Soc., 1958, 3574.

14) A. Okumura and S. Yamabe, to be published.




