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The oxidation of 3-aminopropan-1-ol (3-AP) and certain diamines by diperiodatoargentate() (DPA) has been
studied by stopped-flow spectrophotometry at pH 8.0. The kinetics of the reaction of 3-AP consist of three steps—an
induction period, then a fast decay, which is followed by a slower decay. The initial step involves the axial binding of
the substrate to the silver() species; this rearranges during the induction period (0.2 s) and takes up another ligand
in the following step with a second-order rate constant of 4 × 103 dm3 mol�1 s�1 to yield [AgIII(H2IO6)(3-AP)2]. The
silver() centre in this complex is reduced by 3-AP in the rate-determining step with a rate constant of 0.50 × 102 dm3

mol�1 s�1. Both of these processes show inverse dependence on [IO4
�] and [OH�]. The kinetics of the oxidation of

diamines by silver() follow a different kinetic behaviour. The rates of their complexation and oxidation follow the
order 1,2-diaminoethane > 1,3-diaminopropane > 1,4-diaminobutane. Separation of the two functional groups by an
additional CH2 in the studied substrates reduces the rates of both the steps. In case of the diamines, the formation of
a cyclic complex involving silver() and the substrate prior to its oxidation is suggested. The mechanisms of these
reactions are being analysed.

Introduction
Higher oxidation state species of transition metal ion(s) have
often been found to be involved in redox reactions involving
their respective stable ions.1–4 Most of these species are fairly
short lived and highly reactive. Copper in its 3� oxidation state
is thought to be involved in certain metalloenzyme systems.1

Gold() species have shown antitumour activity and cyto-
toxicity.5 The applications of cuprate() and argentate() in
analytical chemistry have been reported by several workers.6,7

Ag() is a strong two-electron acceptor and has a d8 configur-
ation similar to Cu() and Au(); for this reason, its reactions
with different organic and inorganic species have been exam-
ined. Efforts have been made to stabilize the unusual oxidation
state species of silver() by using a variety of ligands.8–11 Reac-
tions of silver() have been performed using several of these
complexes, such as [Ag(OH)4]

�,12,13 ethylenebis(biguanide)-
silver(),14 diperiodatoargentate() (DPA) 15–17 among others.
DPA has the advantage of being a relatively strong oxidant,
and is fairly stable in mild as well as highly basic media. In the
oxidation of 1,2-diaminoethane (1,2-DAE) by DPA, it has been
observed that both the complexation and redox of silver()
through the amino group are fairly fast, compared to other
functional groups, such as OH or COOH.16 In the present work
we investigate the oxidation of 3-aminopropan-1-ol (3-AP),
1,3-diaminopropane (1,3-DAP) and other related compounds
by DPA. The effect of the separation of the two functional
groups on the kinetics of these reactions is examined. In the
case of diamines, a cyclic silver() complex is suggested as an
intermediate. Increased separation of these groups, however,
disfavours the formation of such a complex. Although the
involvement of silver() and the formation of cyclic silver()
complexes with diols in the Ag�-catalysed redox reactions of
cyclic 1,2-diols by S2O8

2� have been suggested, no experimental
evidence has been found to support this.1,18

Results and discussion
The mixing of a solution of DPA (5 × 10�5 mol dm�3) and

3-AP (1 × 10�3 mol dm�3) at pH 8.0 results in the disappearance
of the yellow color of DPA within about 50 s. The progress of
this reaction could, therefore, be monitored by the stopped-flow
technique. The representative kinetic traces for this reaction are
shown in Fig. 1. This reaction consists of three steps, namely,
an induction period, then a fast decrease in absorbance
followed by a slower decrease. The first decay process attains a
limiting value after about a 30% decrease in absorbance over
less than a second and can be distinctively separated kinetically
from the other decay process, which occurs over some tens of
seconds. Both of these processes were found to follow pseudo-
first-order kinetics as shown in the insets for the respective
traces (Fig. 1). It should be mentioned that the observed change
in kinetics does not arise due to a change in the pH, as this
remains unchanged during the course of the reaction. More-
over, the pKa of 3-AP is reported in the literature 19 to be 9.96,
which is about 2 units away from the pH and would not be
influenced by the kinetic behaviour. The kinetics of both of
these processes were not affected by an increase in the ionic
strength of the medium; this was established by adding the
neutral salt KClO4 up to 2 × 10�3 mol dm�3. Therefore, the
ionic strength of the medium was not maintained in these
experiments.

Effect of [3-aminopropan-1-ol]

An increase in [3-AP] (5 × 10�4 to 1 × 10�3 mol dm�3) enhances
the rate of both of the decay processes without influencing the
duration of the induction period. For the first step the variation
of the pseudo-first-order rate constant as a function of [3-AP]
is shown in Fig. 2. At low [3-AP] the rate constant increased
linearly, whereas at higher concentrations (2.5 × 10�3 mol
dm�3) it attains its limiting value. From the linear part of this
curve, the second-order rate constant for the process was
determined to be 4.0 × 103 dm3 mol�1 s�1. However, a plot of
1/k1 vs. 1/[3-AP] was linear and depicted an intercept (Fig. 3a).
It kinetically demonstrates the formation of an intermediate
between DPA and 3-AP. For the second step a plot of pseudo-
first-order rate constant (k2) vs. [3-AP] varies linearly and passes
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through the origin (Fig. 3b). This gives a second-order rate
constant of 0.5 × 102 dm3 mol�1 s�1 for this process. At pH 8.0,
the reactive silver() species in the reactions of DPA is known
to be [AgIII(H2IO6)(H2O)2].

16

[AgIII(H2IO6)2]
3� � 3H2O
[AgIII(H2IO6)(H2O)2] � H3IO6

2� � OH� (1)

The possibility of the formation of an intermediate(s)
between DPA and 3-AP was checked by recording absorption
spectra at different time intervals from the stopped-flow kinetic
traces. These measurements were carried out at different wave-
lengths between 300–600 nm at pH 8.0 (Fig. 4). It should be
noted that 3-AP does not possess any absorption in the

Fig. 1 Kinetic traces recorded in stopped-flow experiments at 360 nm
upon mixing DPA (5 × 10�5 mol dm�3) and 3-AP (1 × 10�3 mol dm�3)
at pH 8.0 on the time scales indicated in the respective traces. Inset:
Pseudo-first-order kinetic plots.

Fig. 2 Plots of pseudo-first-order rate constants for complexation (k1)
vs. [substrate] – 3-AP (∆); 1,3-DAP (�).

recorded wavelength region. The spectrum obtained immedi-
ately after mixing the reactants differs from that of DPA and
can be assigned to the complex formed between DPA and 3-AP,
reaction (2).

[AgIII(H2IO6)(H2O)2] � 3-AP
[AgIII(H2IO6)(H2O)(3-AP)] � H2O (2)

The absorption due to this species remains unchanged during
the induction period, but an increase in [3-AP] reduces the
absorbance of the starting signal (Inset: Fig. 4). It suggests that
3-AP initially binds to the silver() species axially, rearranging
during the induction period. This is the reason why a change
in [3-AP] does not influence the length of the induction period.
This spectrum decays in the fast process to produce another
species in about 5 s. Since the rate of this process depends upon
[3-AP], and its absorption does not completely decay to zero, it
is, therefore, suggested that there is further uptake of 3-AP by
[AgIII(H2IO6)(H2O)(3-AP)] in this step to yield the intermediate,
[AgIII(H2IO6)(3-AP)2], reaction (3).

[AgIII(H2IO6)(H2O)(3-AP)] � 3-AP
[AgIII(H2IO6)(3-AP)2] � H2O (3)

This spectrum then decays in the 300–450 nm region, along
with a simultaneous buildup of absorption from 450–600 nm.
At longer times (after about 60 s) a bleaching of the absorption
due to the [AgIII(H2IO6)(3-AP)2] species can be seen at wave-
lengths 340–370 nm, which results in an increase at longer wave-
lengths on the same time scale. The rates for the decay and
buildup at these wavelengths are kinetically very similar. These
spectral changes depicted an isosbestic point at 440 nm. The
intermediate formed after 70 s of reaction (Fig. 4, curve -�-)

Fig. 3 (a) Plots of 1/k1 vs. 1/[substrate] – 3-AP (�); 1,3-DAP (∆).
(b) Plots of pseudo-first-order rate constants for oxidation (k2) vs.
[substrate] – 3-AP (�); 1,3-DAP (∆).
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Fig. 4 Absorption spectra of DPA and intermediates formed upon mixing DPA (5 × 10�5 mol dm�3) and 3-AP (2 × 10�3 mol dm�3) at pH 8.0 –
0.25 s (�); 10 s (∆); 30 s (×); 70 s (�); absorption spectrum of DPA (-�-). Inset: Plot of absorbance as a function of [3-AP] immediately after mixing
of DPA and 3-AP.

can be attributed to [AgII(H2IO6)(3-AP)2], formed by the trans-
fer of an electron from the free 3-AP to the silver() centre
within the complex [reaction (4)]. This assignment is supported

[AgIII(H2IO6)(3-AP)2] � 3-AP →
[AgII(H2IO6)(3-AP)2] � 3-AP�� (4)

by a pulse radiolysis experiment, in which the reduction of DPA
was performed by e�

aq.20

However, the amino radical cation shown in reaction (4)
could not be identified, as it is expected to have little absorbance
in the UV region below 250 nm.21 The radical cation, 3-AP��

might undergo a series of reactions to form aldehyde and
ammonia, reactions (5)–(7).

N��H2CH2CH2CH2OH →
N�HCH2CH2CH2OH � H� (5)

N�HCH2CH2CH2OH � [AgII(H2IO6)(3-AP)2] →
NH��CH(CH2)2OH � AgI � H2IO6

3� � 2(3-AP) (6)

NH��CH(CH2)2OH
H2O

NH3 � OHCCH2CH2OH (7)

Effect of [periodate]

Since DPA contains two periodate ligands coordinated to
silver() and one of them is released into the aqueous media,
reaction (1), the effect of [periodate] on the kinetics of this
reaction was examined. The addition of periodate (5 × 10�4

mol dm�3) reduces the rate of the initial decay process signifi-
cantly from 4.2 (in the absence of periodate) to 1.1 s�1. More-
over, the variation in the rate constant with [IO4

�] was non-
linear (Fig. 5). The plot of 1/k1 vs. [KIO4] is, however, linear
with an intercept. This inverse rate dependence on KIO4 verifies
the dissociation pre-equilibrium shown in reaction (1). The rate
of the reaction observed for the second step is also reduced in
the presence of periodate. However, in contrast to the kinetics
of the first step, the rate of this process varies linearly with
[IO4

�]. The addition of 5 × 10�4 mol dm�3 of IO4
� reduced

it from 0.05 to 0.013 s�1. Thus in the mild basic pH range
[AgIII(H2IO6)(H2O)2] will be the chief reactive species. Upon
applying the steady state treatment to the intermediates [AgIII-
(H2IO6)(H2O)2], [AgIII(H2IO6)(H2O)(3-AP)] and [AgIII(H2IO6)-

(3-AP)2] in reactions (1)–(4), the rate law for the oxidation of
3-AP, assuming k-3 <<< k4, is given by eqn. (8).

Rate =
K1K2k3[AgIII(H2IO6)2]

3�[3-AP]

[H3IO6]
2�[OH�]

(8)

This rate law explains all the kinetic features observed above
at pH 8.0.

Fig. 5 (a) Effect of [periodate] on the pseudo-first-order rate constant
(k1) and a plot of 1/k1 vs. [periodate] at pH 8.0. (b) Effect of [periodate]
on pseudo-first-order rate constant for oxidation (k2). [DPA] = 5 × 10�5

mol dm�3; [3-AP] = 1 × 10�3 mol dm�3.
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Effect of [OH�]

The kinetics of both the processes, i.e. complexation and oxid-
ation, are influenced by the addition of OH� (Fig. 6). The addi-
tion of 5 × 10�4 mol dm�3 OH� reduced the pseudo-first-order
rate of complexation from 4.23 to 1.1 s�1. This decrease in rate
was non-linear with [OH�]. In this case, the variation of 1/k1 vs.
[OH�] was also linear. This behaviour at low pH is consistent
with the rate law derived in eqn. (8). A further increase in [OH�]
affects the kinetics of the second step in a complex manner.
Initially, the rate of this process decreases up to 7.5 × 10�4 mol
dm�3 of OH� and, thereafter, it increases and starts attaining a
limiting value at high [OH�] (Fig. 6). At higher [OH�] the
reactive silver() species in the reaction system might change
because of hydroxylation of DPA reaction (9).

[AgIII(H2IO6)2]
3� � OH� � H2O

[AgIII(H2IO6)(OH)2] � H3IO6
3� (9)

Then, as per the above observation, the hydroxylated
silver() species may release OH� into the solution, as shown
in reactions (10) and (11).

[AgIII(H2IO6)(OH)2]
2� � 3-AP →

[AgIII(H2IO6)(OH)(3-AP)]� � OH� (10)

[AgIII(H2IO6)(OH)(3-AP)]� � 3-AP →
[AgIII(H2IO6)(3-AP)2] � OH� (11)

A comparison of the kinetic data obtained from the DPA–3-
AP system with that of DPA–2-aminoethanol (2-AE) 17 reveals
that the rates of both complexation and oxidation are slightly
less for 3-AP under similar experimental conditions, but are of
the same magnitude. The difference between 3-AP and 2-AE is
the increased separation in the former of the two functional
groups, NH2 and OH, by an additional CH2.

Effect of replacement of OH by NH2 in 3-AP on the kinetics

This was investigated by examining the kinetics of the reaction
of DPA with 1,3-diaminopropane (1,3-DAP). This reaction was

Fig. 6 (a) Effect of [OH�] on pseudo-first-order rate constant (k1) and
a plot of 1/k1 vs. [OH�]. (b) Effect of [OH�] on pseudo-first-order rate
constant for oxidation (k2). [DPA] = 5 × 10�5 mol dm�3; [3-AP] =
1 × 10�3 mol dm�3.

fairly fast and was over in less than a second. The kinetic traces
depicting the different steps of this reaction are shown in Fig. 7.
This reaction consists of three steps: a rapid decrease in
absorbance, followed by a slow decrease, which is then followed
by a relatively fast decay in absorbance. The first fast decay in
absorption is completed in about 40 ms. The intermediate
formed in this step decays slowly over 0.15 s and the resulting
species then decays in the fast process. All three processes
follow pseudo-first-order kinetics. The effect of [1,3-DAP] on
the rate of the first two steps is shown in the inset of Fig. 7. The
second-order rate constants for complexation and reduction
of the silver() complex by 1,3-DAP have been computed to
be 6.9 × 104 and 9.8 × 103 dm3 mol�1 s�1, respectively (Figs. 2
and 3). In contrast to the DPA–1,2-DAE system, where the
complexation of silver() with 1,2-DAE was complete in about
10 ms, it would be possible to follow the rate of complexation
of 1,3-DAP with silver().

To further analyse the effect of the separation of the two
amino groups on the kinetics, the next homologue of the
diamine series, i.e. 1,4-diaminobutane (1,4-DAB) was exam-
ined. Its kinetic behaviour was quite different to that of the other
diamines, viz. the DPA–1,3-DAP and DPA–1,2-DAE 17 systems.

In this case the reaction is attended by an induction period of
about 0.2 s, and its kinetic behaviour is very similar to that of
the DPA–3-AP system (Fig. 8). For this system the rate of com-
plexation of 1,4-DAB with DPA is determined to be 0.6 × 104

dm3 mol�1 s�1. In the following step 1,4-DAB then transfers an
electron to the silver() centre and this process occurs with a
second-order rate constant of 4.3 × 102 dm3 mol�1 s�1. Interest-
ingly, the rates of both of these processes are fairly slow com-
pared to 1,3-DAP. Thus, both observations (a change in the
kinetic behaviour and a reduction in the rates of complexation
and oxidation) suggest the absence of the formation of a cyclic
complex in this case. The initial complexation in this case
apparently takes place through one amino group, in a similar

Fig. 7 Kinetic traces recorded in stopped-flow experiments at 360 nm
upon mixing DPA (5 × 10�5 mol dm�3) and 1,3-DAP (5 × 10�4 mol
dm�3) at pH 8.0 on the time scales indicated in the respective traces.
Inset: Pseudo-first-order kinetic plots.
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manner to the DPA–3-AP system, and there is an uptake of
another ligand in the subsequent step.

Thus the above observed kinetic data with different sub-
strates can be classified into two categories: (i) showing an
induction period; (ii) not exhibiting any induction period. For
the first category of reaction it appears that there is an axial
binding of the substrate to the silver() centre. This complex
then rearranges to give a more stable four-coordinate complex
by substituting water or an OH� group in DPA. For this reason
the length of the induction period remains unchanged with
increasing [substrate] during the induction period. On the other
hand, the reactions of the second category are completed in a
fraction of a second. The difference in the two cases might be
interpreted as the formation of a cyclic complex in the latter
case. Thus, the highest rate of complexation of silver() has
been observed with 1,2-DAE, in which it is very likely that
the silver() forms a cyclic complex involving the two amino
groups. Separation of these groups by an additional CH2 in
1,3-DAP, increases their separation by 1.54 Å, which decreases
both the rates of complexation and oxidation but still results
in the formation of a cyclic complex. In the next homologue,
1,4-DAB, the separation of the amino groups is further
increased to 3.08 Å, which does not allow complexation to
occur involving both amino groups simultaneously. For this
reason the kinetic behaviour of 1,4-DAB is very similar to that
of the aminoalcohols, in which no such complexation has been
observed.

To examine the above hypothesis, the kinetic study of Ag()
was performed with propane-1,3-diol (1,3-PD), where no
amino group is present. Indeed, the rates of both of the
processes are reduced substantially (Table 1). Further, the
electronic spectra of the intermediate assigned as the complex
in this case show weak complexation (Fig. 9) compared to the
substrates containing amino groups like 3-AP (Fig. 4), 2-AE

Fig. 8 Kinetic traces recorded in stopped-flow experiments at 360 nm
upon mixing DPA (5 × 10�5 mol dm�3) and 1,4-DAB (6 × 10�4 mol
dm�3) at pH 8.0 on the time scales indicated in the respective traces.
Inset: Pseudo-first-order kinetic plots.

and 1,2-DAE.16 The possibility of complexation and oxidation
through a single amino group was checked at pH 8.0 by
performing the reaction of DPA with N-propylamine (N-PA),
which does not contain another functional group. Its kinetic
behaviour was similar to that of 3-AP and 1,4-DAB, and
depicts an induction period of about 0.2 s. In this case the initial
complexation is completed in <1 s and it undergoes oxidation
with a second-order rate constant of 0.17 × 102 dm3 mol�1 s�1.

In summary, 3-AP forms a complex with silver() through
axial binding of NH2. This complex then rearranges prior to
the uptake of another ligand. In contrast, diamines are com-
plexed at a faster rate, without exhibiting an induction period.
In this case, the formation of a cyclic complex involving two
NH2 groups is suggested. Increasing the separation of the two
groups by inserting a CH2 group prevents the formation of such
an intermediate, which then behaves in a similar manner to
substrates having a single amino group. In both cases the reduc-
tion of the silver() intermediate then takes place by transfer-
ence of an electron from the uncomplexed substrate.

Experimental
Materials

All the used compounds, namely 3-aminopropan-1-ol (3-AP),
propane-1,3-diol (1,3-PD) (Aldrich), N-propylamine (N-PA)
(Thomas Baker), 1,3-diaminopropane (1,3-DAP), 1,4-diamino-
butane (1,4-DAB), 2-aminoethanol (2-AE), silver nitrate,
potassium metaperiodate, potassium peroxodisulfate, chromo-
tropic acid (Merck), KOH (SRL), NaOH (BDH) were of
analytical grade. The purity of the N-propylamine, 1,3-diamino-
propane and 1,4-diaminobutane used was further ensured by
distillation and recording their boiling points. Acrylonitrile and

Fig. 9 Absorption spectra of DPA and intermediates formed upon
mixing of DPA (5 × 10�5 mol dm�3) and 1,3-PD (2 × 10�3 mol dm�3) at
pH 8.0 – 1.5 min (---); 9.0 min (-�-�-); 24 min (-��-��-); 56.5 min (-���-���-);
absorption spectrum of DPA (——).

Table 1 Rates for complexation and oxidation at pH 8.0

Substrate

Rate of
complexation/
dm3 mol�1 s�1

Rate of
oxidation/
dm3 mol�1 s�1

3-Aminopropan-1-ol (3-AP)
2-Aminoethanol (2-AE) a

1,2-Diaminoethane (1,2-DAE) a

1,3-Diaminopropane (1,3-DAP)
1,4-Diaminobutane (1,4-DAB)
Propane-1,3-diol (1,3-PD)
N-Propylamine (N-PA)

0.4 × 104

1.0 × 104

—
6.9 × 104

0.6 × 104

0.0063
—

0.5 × 102

1.3 × 102

1.4 × 104

9.8 × 103

4.3 × 103

0.0011
0.17 × 102 b

a Ref. 17. b Estimated value.
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K2S2O8 were also purified by distillation and recrystallisation
prior to their use.

Equipment

Slow kinetics and absorption spectra were measured on
Shimadzu UV-2100/s and UV-1601 PC spectrophotometers.
Fast kinetic measurements were made on an Applied
Photophysics-1705-Stopped-flow apparatus equipped with an
IP 28 nine stage photomultiplier. The transients signal was
stored in a DL-905 datalab transient digitizer. The kinetic
traces from the scopex were transferred with the help of a YT
recorder. The dead-time of the apparatus was 1 ms. IR spectra
were recorded on an M-1640 Perkin-Elmer FTIR.

Methodology

The synthesis of sodium diperiodatoargentate() was carried
out by a literature method.11,22,23 This complex was identified
by its characteristic IR and electronic spectra. The absorption
spectrum has three peaks at 214, 254 and 362 nm. Its molar
absorptivity coefficient at 362 nm was found to be 1.4 × 104 dm3

mol�1 cm�1 at pH 8.0, which was in agreement with the previous
reports. The diamagnetism of the compound was checked by its
magnetic moment, which was 0.4 µB.

The progress of the reaction was followed kinetically by
monitoring the absorbance of the DPA–substrate complex at
360 nm. None of the used substrates possess any absorption
at this wavelength. The electronic spectra of the intermediates
were measured from 300–600 nm. All the kinetic experiments
were carried out under pseudo-kinetic conditions, in which the
concentration of the substrate was maintained about 10 times
higher than that of DPA. The stopped-flow experiments were
performed at (20 ± 0.5) �C whereas the slow kinetics were
carried out at (35 ± 0.1) �C. The pH of the reactants was
measured prior to their mixing and was found not to change
after mixing within the duration of the experiment. First-order
plots of kinetic data were linear through at least more than 75%
of the completion of reaction. The correlation coefficient of
the observed linear curve has been reported in the respective
trace.

The oxidation products of the reactions of DPA with 3-AP
and 1,3-DAP were identified as the respective aldehyde and
NH3, tested by Schiff ’s and Nessler’s reagents, respectively.
None of these substrates yielded the C–C bond cleavage
product. This observation was in contrast to the reactions of

DPA with 2-aminoethanol (2-AE), 1,2-diaminoethane (1,2-
DAE) and ethane-1,2-diol, in which HCHO is formed as one
of the products.
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