Kinetic and mechanistic studies on the oxidation of hydroxylamine
by a tri-bridged manganese(1v,Iv) dimer in weakly acidic media
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The complex ion, [Mn"Y,(u-0),(u-MeCO,)(bipy),(H,0),]*" (1**) (bipy = 2,2’-bipyridine) and its aqua derivatives
[Mn,"™(u-0),(bipy),(H,0),]** (2*") and [Mn," (u-O),(u-MeCO,)(bipy)(H,0),]** (3*") coexists in rapid equilibria

in aqueous buffer in the presence of excess of bipy and MeCO, " in the range pH 4.00-5.30. The solutions are
reasonably stable up to pH 5.50 and react quantitatively with hydroxylamine to produce manganese(1) and N,O.
The reactions follow simple first-order kinetics in the presence of excess hydroxylamine. There is UV-vis spectral
evidence for the intermediate Mn™! complex, [(bipy),Mn™(u-0),Mn"(bipy),]*, in the presence of excess bipy
and deficit hydroxylamine which supports that 13* and its hydrolytic derivatives are reduced by one-electron steps.
Increased extent of aquation at the manganese(1v) centre leads to increased kinetic activity in the order: 13* < 2**

< 3" The rate of reduction increased with an increase in the concentration of hydroxylamine but decreased with
increase in ¢ypy and coa.. The mild oxidising character of the complex ion along with major structural changes
associated with one-electron oxidation of hydroxylamine disfavours an outer-sphere pathway. The overall first-order
rate constants decrease linearly with increased mol% of D,O suggesting proton-coupled electron transfer pathways.

Introduction

Oxo- and ethanoate-bridged manganese dimers containing
N-donor ligands are considered as “molecular bricks” for
the oxygen evolving complex (OEC) in the photosystem II (PS
II)."* Their reactivity and kinetic studies,® though limited in
numbers, provided interesting results. The dimanganese(1v,Iv)
complex,  [Mn",(u-0),(1-MeCO,)(bipy),(H,0),](ClO,);-H,O
(MeCO, = ethanoate, bipy = 2,2'-bipyridine) (Fig. 1), the

Fig. 1 Graphical structure for 13" drawn on the basis of its crystal
structure.

oxidant chosen for our study, includes simultaneously a bridg-
ing ethanoate ligand, two oxo-bridges and two water molecules,
each coordinated to Mn(1v) ion® and is quite attractive as a
biological model of PS II and as a novel oxidant.* Three of its
structural features appear noteworthy: (a) a bending of the
Mn"(u-0),Mn" unit in the presence of an ethanoate bridge,
(b) elongation of the equatorial Mn—-N bonds due to trans-
influence of the bridging oxygen atoms, and (c) presence of
undeprotonated water molecules in the coordination sphere of
each Mn(1v). Features (a) and (b) significantly affect the solu-
tion chemistry of the cationic complex [Mn"™,(u-O),(u-MeCO,)-
(bipy),(H,0),]*", designated as 13*. For example, the bridging
ethanoate and one of the bipy ligands are labile and in aqueous
solution 1** coexists with its aqua derivatives. Spectrophoto-
metric studies indicated rapid solution equilibrium but no
deprotonation of the coordinated water molecules at least up to
pH 5.50.¢ The mechanism for oxidation of the manganese
cluster (OEC) in PS II is now established ¥ to occur by proton
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coupled electron transfer steps mediated by O-H bond of a
tyrosine residue forming a tyrosyl radical.

Hydroxylamine, the presently chosen reductant, is useful
for probing reaction mechanisms of inorganic complexes,
and the mechanistic versatility noted in its reactions is attrac-
tive in the way that it acts both as an oxidant or a reductant’
and can coordinate through either the N- or the O-end.?
Furthermore, the estimated dissociation energy for the N-H
bond of hydroxylamine (92 kcal mol™')® and that of O-H
bond of tyrosine (86.5 kcal mol™")!® are similar and it is inter-
esting to examine whether hydroxylamine may take part
in a proton coupled electron transfer, as tyrosine does in
PSII.

Experimental

Materials

The title complex, [Mn',(u-0),(u-MeCO,)(bipy),(H,0),]-
(Cl0O,),'H,0, was prepared following a known procedure®
involving oxidation of Mn?* by Ce*" in the presence of ethano-
ate and bipyridine. The crystals obtained are sufficiently pure
and gave satisfactory analyses (Found: C, 30.3; H, 3.1; N, 6.4.
Cp,H,sC13Mn,N,O,y requires C, 30.5; H, 2.9; N, 6.5%). Its
equivalent weight found by iodometry (214) was in good
agreement with the calculated value (216.5). Hydroxylamine
nitrate was prepared in solution by double decomposition of
hydroxylamine sulfate (G.R., E. Merck) with barium nitrate
(G.R., E. Merck) and standardised by oxidation ' with KBrO,
in presence of dilute H,SO,. We found this solution to be stable
for at least six months when kept at ~10 °C. Aqueous solutions
of NaNO,; and MeCO,Na (both are G.R., E. Merck) were pre-
pared in freshly boiled double distilled water and standardised
by passing through a Dowex 50W X-8 strong cation exchange
resin in the H* form and titrating the liberated acid with stand-
ard NaOH to a phenolpthalein end-point. 2,2'-Bipyridine
(G.R., E. Merck) was used as received. All other chemicals were
of reagent grade. Double distilled, freshly boiled water was used
throughout.
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Physical measurements and kinetics

All absorbances and electronic spectra were recorded with a
Shimadzu (1601 PC) spectrophotometer using 1.00 cm quartz
cells. The kinetics was monitored in situ in the ‘kinetic mode’ of
the instrument at 420 nm in the electrically controlled thermo-
stated (25.0 + 0.1 °C) cell-housing (CPS-240A). In this mode
the change in absorbance is automatically and continuously
recorded. Hydroxylamine solution (adjusted to the desired pH)
was directly injected into the spectrophotometer cell containing
other components of the reaction mixture kept at the same pH.
The desired concentration of complex and reducing agent
was achieved after mixing. The ionic strength (/) was main-
tained at 1.0 mol dm™* (NaNOj;). Excess of 2,2’-bipyridine was
added to the reaction mixture. The total 2,2’-bipyridine concen-
tration, cy,, (= [Hbipy] + [bipy]), and ethanoate concen-
tration, cos. (= [MeCO,H] + [MeCO, ]) (HOAc = HO,CMe)
were in the ranges 5-35 and 4-150 mmol dm™* respectively.
Limited solubility of 2,2'-bipyridine in the experimental condi-
tion prohibited the use of a wider range for cy;,,. Solution pH
values (4.00-5.30) were measured with an Orion pH-meter
(model 710A) electrode before and after the reaction. The
linearity of the electrode was established using pH 4, 7 and 9
buffers as described earlier.'* For reactions in D,0, pD was
calculated * as pD = (pPH)measurea + 0.40. Excess reducing agent,
cr(= [NH,OH"] + [NH,OH]), 1-5 mmol dm* over the com-
plex (0.1 mmol dm™*) was maintained in all the kinetic runs.
The observed rate constants (first-order) were measured from
the least-squares slope of In 4, versus time data.

Stoichiometry

The stoichiometry was measured by estimating unchanged
hydroxylamine spectrophotometrically. Excess hydroxylamine
was mixed with the complex in the presence of bipyridyl and
acetate buffer in the range pH 4.00-5.30. Soon the reaction
mixtures turned colourless indicating complete reduction of
Mn", to Mn™. Excess Fe,(SO,); (kept at 0.5 mol dm~* HNO;)
was then added into the reaction mixtures and the pH of the
solutions were adjusted to ~4.0 using additional acetate buffer.
The red coloration produced due to the formation of
[Fe(bipy)s]**, generated by the quantitative reduction of Fe™ by
excess hydroxylamine, was measured at 522 nm (¢ = 8710 dm’?
mol ™' cm ™).

Since the formation and decay of HNO, was observed '>!¢ in
some oxidation reactions of NH,OH, we tested for the presence
of whether any HNO, or NO,™ was formed. A 25 ml mixture of
0.10 mmol dm* complex, cg = 1.0 mmol dm >, ¢y, = 0.035 mol
dm3, cos = 0.10 mol dm ™ at pH 4.50 was taken. The product
solution after complete reaction was eluted through a
Dowex 50W X-8 cation exchanger in the Na™ form, made up
to 100 ml and subjected to the Griess-Ilsovey reaction'’
for nitrous acid by reaction with sulfanilic acid followed by a
coupling reaction with l-naphthylamine to give an azo dye
(Amax = 520 nm, & = 40000 dm® mol™' cm™")."® A 1% sulfanilic
acid solution was prepared by dissolution of the powder in 25%
acetic acid. A 0.6% solution of l-napthylamine was also
prepared in 25% acetic acid.

Results and discussion
Stoichiometry and reaction products

Results of the stoichiometric experiments yielded A[Mn',}/
A[NH,OH] = 0.507 £ 0.019 (Table 1) which suggests quanti-
tative oxidation to N,O.

[Mn",(u-0),(1-MeCO,)(bipy),(H,0),I** +
2 NH,0H + H* — 2 Mn" + MeCO,H +
2 bipy + 5 H,0 + N,O (1)
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Table 1 Stoichiometry of reduction of the Mn"", complex by hydroxyl-
amine nitrate (R)*

[Mn'™,] pH [R] A[Mn"™,J/A[R]

0.20 4.00 1.00 0.51

0.40 4.30 2.40 0.52

0.60 4.50 4.20 0.49

0.80 4.80 5.60 0.48

1.00 5.10 8.00 0.51

1.20 5.30 12.0 0.53

Average = 0.507 £ 0.019

“ Chipy = 100, coac = 35; all concentrations are in mmol dm™, T =25°C.

Under the experimental conditions no indication of form-
ation of N™ was detected by the Griess—Ilsovey reaction and
the spectra of the product solutions were practically super-
imposed on that of a mixture of Mn(NO;), and 2,2’-bipyridine
under the reaction conditions of concentration and pH.

The complicated redox chemistry of hydroxylamine in solu-
tion has been studied extensively.” It was observed that hydroxy-
lamine is most commonly oxidised to N,0."-*! Oxidation to N,,
NO,", NO;™ and NO are relatively rare.*'**!' EPR spectroscopy
has established the formation of the H,NO" radical in the
oxidation of NH,OH with one-electron oxidants.?> The ultim-
ate oxidation product varies depending on the mode of decay
(eqns. (2)—(4)) of the H,NO" radical under different conditions.”
Thus H,NO" may decay to N, (eqn. (2)) or may be further
oxidised (eqn. (3)) to HNO, which dimerises to cis- and trans-
hyponitrous acid.?® The trans form is more stable than the cis
form and decomposes into N,0.** With strong oxidants such as
Mn?*(aq) or Ag**(aq), present in excess, the free radical is
further oxidised to NO, .

H,NO" — 0.5 N, + H,0 )
H,NO' — HNO + H* + ¢ 3)
2HNO — H,N,0, — N,0 + H,0 @)

The thermodynamic oxidising strength of the title complex
13" under investigation is moderate. Hence NO;~ is not an
expected oxidation product.

The reduction of Mn", to 2Mn" involves a net 4e-change
and must be a multistep process. It is likely that all steps in
eqn. (1) are le-changes and all manganese species except
manganese(l1) are binuclear in line with the evidences (a)—(c).
(a) Electrochemical reduction of [Mn',(u-O),(u-HPO,)(bipy),-
(H,PO,),] yields [(bipy),Mn™(u-O),Mn"(bipy),]**. Electro-
chemical**?” and chemical®* reduction of this and several
other Mn™Mn'"" complexes with a {Mn,0,}*" core in turn,
produce Mn™, dimer and then a mixture of Mn™ and Mn"
species. (b) Different oxidation levels of the binuclear catalase
enzyme models?® preserve nuclearity. (c) The various oxidation
levels (S-states)®® of the manganese cluster in PS II% also
apparently retain bond connectivity. (d) Manganese has a high
tendency for the generation and retention of the di(u-oxo)
bridged unit {Mn,0,}"".

In an attempt to detect any intermediate manganese com-
plex, we mixed 13 with less than stoichiometric amounts of
hydroxylamine and recorded the spectra. Typically, with com-
plex : hydroxylamine = 2 : 1; pH 4.50; ¢y, = 0.035 mol dm™;
Coac = 0.1 mol dm™, we observed the growth of a narrower
band at 684 nm with a shoulder near at 555 nm (Fig. 2). Both
bands are fingerprints?’ for [(bipy),Mn™(u-O),Mn™(bipy),]**,
a complex which formed by chemical, le-reduction® of 13* by
S,0,% and by the electrochemical reduction?®® of [Mn",(u-0),-
(u-HPO,)(bipy),(H,PO,),]. It appears very much likely that
hydroxylamine also reduces complex 13* by one-electron steps
and that all the intermediates are binuclear.



Table 2  First-order rate constants” at T =25 °C, I = 1.0 mol dm* (NaNO;), A = 420 nm

pH Coadmmol dm~?

Cpipy/mmol dm™

3 cg/mmol dm~3 103, /s™!

4.00 100 35.0
4.22
4.36
4.54
4.75
4.86
5.12
5.30
4.75 100 5.00
10.0
15.0
20.0
25.0
30.0
4.00 35.0
20.0
50.0
80.0
150
100

1.0 6.40 (6.45)

5.12(5.10)

4.42 (4.39)

3.61 (3.65)

2.99 (3.01)

2.75(2.74)

2.25(2.26)

2.01(1.99)

6.50 (6.50)

4.63 (4.62)

3.85(3.90)

3.50 (3.52)

3.30 (3.28)

3.10 3.12)
10.5 (10.4)

6.62 (6.67)

4.33 (4.30)

3.40 (3.37)

2.50 (2.48)

2.0 6.02 (6.01)

2.5 7.48 (7.51)

3.0 9.04 (9.02)
3.5 10.5 (10.5)
4.0 12.0 (12.0)
45 13.5 (13.5)
5.0 15.0 (15.0)

® Concentration of complex used 0.10 mmol dm . Individual rate constants are averages from 2 or 3 experiments and k, values are reproducible

within 3%. Calculated k, values are given in parentheses.
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Fig. 2 (A): Spectra of 0.15 mmol dm > 13*. Spectra of a mixture of
(A) with hydroxylamine (2 : 1) immediately after mixing (B), after
10 min (C), after 25 min (D) and after 80 min (E) of mixing; ¢y, = 0.035
mol dm™>, ¢ppc=0.1 moldm™>, I=1.0 mol dm™, T =25°C.

Kinetics

At a fixed pH, ¢y and co,. the observed first-order rate con-
stants, k, (Table 2) increase linearly with increase in total
hydroxylamine concentration. k, also increases with a decrease
in pH (Fig. 3), ¢yipy OF Coa- These observations along with pre-
vious equilibrium studies® indicate rapid ligand dissociation
equilibria (5) and (6) and increased kinetic activities for the
aquated derivatives 2** and 3**.

Q)
[Mn"(1-0), (1-MeCO, )(bipy), (H,0),F* + 2H,0 —2—
13+
[Mn"2(u-0), (bipy), (H,0),]** + MeCO,”
244»

24

T T T T M T T T T T T T T
38 40 42 44 46 48 50 52 5.4
pH

Fig. 3 The rate (ko)—pH profile at [complex] = 0.1 mmol dm™, ¢, =
0.035 mol dm ™3, coa. = 0.1 mol dm™, 7= 1.0 mol dm 3, ¢g = 1.0 mmol
dm™, T =25°C.

N I3
I’ +2H,0 == (6)
[Mn]vz(U'O)Z(H'Mecoz)(bip}')(Hzo)4]3+ + bipy
33+

It is unlikely that the observed increase in k, at lower pH is
due to greater kinetic activity of NH;OH* over NH,OH. First,
it is very unusual for a conjugate acid to be a better reducing
agent than the parent base. Secondly, under the present
experimental conditions the reducing agent is almost
exclusively present as NH;OH" (pK, = 6.0)* and the very
modest variation in its concentration in equilibrium with
NH,OH at different pH can not create such a substantial
change in k, as observed here. The rate-pH profile therefore
augments the anticipation of higher kinetic activity of the
hydrolytic species of 13*,
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Solution equilibria

As evident from its crystal structure, the complex salt 1(ClO,);
H,O contains an ethanoate bridge, and two oxo-bridges. There
is also one bipy and one water molecule directly coordinated to
each Mn(1v) ion.* The ethanoate bridge and a bipy ligand are
labile and dissociates in aqueous solutions according to equi-
libria (5) and (6).>* The solution is otherwise stable under the
present experimental conditions.

A labile ethanoate bridge is found also in the dinuclear
Mn(ur1v) complex [Mn™™Y,(u-0),(u-MeCO,)(fac-bpea),]**
[bpea is N,N-bis(2-pyridylmethyl)ethylamine] and in its diferric
analouge, [Fe™,(u-O)(u-MeCO,),(L),** (L is substituted
bpea).’>** The chelating ligands in the complexes [L’,Mn™-
(u-0),Mn™L',** (L’ = 2,2'-bipyridine or 1,10-phenanthroline)
are also labile. 3273536 The binding sites in the S;-states [the
S-state notation > identifies the number of oxidising equivalents
stored in the manganese cluster in the water oxidation complex
of PS II] are labile and exchange '®O-labeled water in <1 s.%’
However, the bridging oxo-ligands are kinetically inert.3®3
Interestingly, equilibrium as well as kinetic studies>** suggest
that coordinated water molecules in 13" and its aqua derivatives
do not deprotonate, at least up to pH 5.50. The weak acidity
of coordinated water is known also for [Mn";(u-O),(bipy),-
(H,0),]*" (ref. 41) and [Mn(pd),(H,0),]" (pd is petane-2,4-
dione). The latter complex has a pK, value of 7.3.** The weak
acidity observed is consistent with recent findings that the
strength of O-H bond in water coordinated to higher valent
manganese is comparable to that for phenolic O-H bond
strength in tyrosine.'

Kinetics and reaction scheme

The trend in the dependence of k, on cg, Cyipy> Coac and pH
may be reconciled with the following rate scheme, where the
analytical concentrations of the manganese species can be
derived from equilibria (5) and (6).

1’ + NH,0H" — Products
2" + NH,OH* —“— Products
3% + NH,0H" —%— Products

which leads to the rate-law

ko= {(,A + kB +
kOW(A + B+ ONNH Te/(K, + [H'])  (7)

where, 4 = KHOACKHbipyCOAccbipya B = KIZKHbipycbipy(KHOAc +
[H']) and C = K3KuoacCoacKamipy + [H']), which may be
rearranged to eqn. (8).

(®)
ko CR{KHOACKHbipyCOAccbipy + KIZKHhipycbipy(KHOAc +[H) +
KlsKHOAcCOAc(KHbipy + [H+D} = {leHOAcKHbipyCOAchipy +
szlzKHbipbeipy(KHOAc + [H+]) + k3K13KH0AcCOAc(KHbipy +
[H'DHH WK, + [H']

where K, = [(1.0 £ 0.1) x 107%] mol dm™ (ref. 5d), K,; =
[(1.0 £ 0.1) x 107°] mol dm™? (ref. 5d), Kyoa. = [HJ[OACT]/
[HOAc] = 1.8 x 107> mol dm™> (ref. 45), Ky, = [H'][bipy)/
[Hbipy] = 3.8 x 107> mol dm > (ref. 46) and K, = [H"][NH,OH}/
[NH;0H*]=1.0 x 107 mol dm~? (ref. 31).

The rate equation can be transformed into a set of simul-
taneous equations «; = k,x; + k,y; + ksz;, where a = left-hand
side of eqn. (8) and x, y, z are the known functions containing
known values of the parameters Kyoaes Coacs Kubipys Coipy and
[H*]. The rate constants k;, k, and k; (Table 3) were evaluated
by solving the series of simultaneous equations using Gauss’s
method.*” These values reproduce k, values within a maximum
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of 3%. This supports the reaction scheme with the NH;OH" as
the only active reductant towards the tetravalent metal centres.
We anticipate that the hard donor oxygen prefers hard Mn™
centres in the title complex.

As discussed earlier, the spectral detection of the Mn(1,1v)
species likely indicates that 13" and its hydrolytic derivatives are
reduced by one-electron steps. We have verified that NH,OH-
HNO, very rapidly reduces [(bipy),Mn™(u-O),Mn"(bipy),]**
to Mn" under the present reaction conditions and hence the
change Mn"Y, — Mn™", seems to be the only rate determining
step. Nevertheless, none of these observations and arguments,
can firmly discard the possibility of a two-electron reduction
of Mn", — Mn™, followed by a fast comproportionation
reaction, Mn™, + Mn', — 2Mn™",. Such a reaction has a
remarkably high (10'3%) comproportionation constant.*”

The immediate (one-electron) oxidation product of NH,;OH*
is NH,OH™ which is known to generate N,O via HNO". Trace
metal ions* in solution strongly catalyse the oxidation of
hydroxylamine and affects both rate and the oxidation product.
Ambient light also sometimes plays a definite role. In our
experiments use of excess bipyridyl sequestered trace metal
ions, if any, and we observed no effect of diffuse light in our
system, or if the reaction medium is purged with dinitrogen.

The observed sequence of rate constants k; < k, < k; indi-
cates that the redox reactivity of the Mn', complexes increases
with the increased number of water molecules in the coordin-
ation sphere of a Mn centre. This trend is, however, not a speci-
ality for the binuclear complexes, it is also well documented for
higher valent mononuclear manganese complexes.** In our
system, the maximum number (3) of water molecules at each
Mn" centre is found in 3**, which is oxidised with the highest
rate. It is likely that increased aquation makes the oxidant more
electron deficient with a concomitant increase in the electron
affinity of the metal centres. Moreover, replacement of the rigid
chelate rings with monodentate aqua ligands makes the com-
plex more flexible with reduced Franck—Condon* barrier to
electron transfer. Also removal of bulky chelating agents
reduces the effective volume of the complex; the internuclear
distance between the redox partners in the activated state is thus
reduced. It was reported that electron transfer from hydroxy-
lamine to Ir" in [IrCl¢]*~ occurs via a weak outer-sphere associ-
ation complex.®® The self-exchange rate constant between the
perfect octahedral couple [IrClg* /[IrClg]* is high (2 x 10° dm?
mol ™' s7")5" and is expected to exceed those for the more rigid
molecules 13, 2** and 3**. The self-exchange rate for [IrCl¢]*~
may thus be taken to be an upper limit for the self-exchange rate
of species 13*.

The self-exchange rate constant for the couple NH;OH*/
NH,OH" may roughly be taken as that for NH,OH/NH,OH"
couple (5 x 107"%).”° Using the Marcus cross-relation,* the equi-
librium constant (K) for the cross-reaction k,, = (k;;k,,K)"? can
then be estimated. Hence, for the species 13*, from the estimated
K value, the lower limit of E°,_ for 13 becomes ~1 V. However,
the cyclic voltammogram of 1** in CH;CN shows an irrevers-
ible wave at 0.33 V versus SCE corresponding to the (1v,Iv)/
(ur,mm) couple.®” Hence, the E°,, value calculated from Marcus
relation refutes an outer sphere pathway. Stated simply, the
remarkably low self-exchange rate of the NH,;OH*/NH,OH"
couple and a poor reducing character of NH;OH™ disfavours
outer-sphere reactions.

In the presence of ~6% (v/v) acrylonitrile no cloudiness in the
solution due to polymerisation was observed during the reac-
tions which might suggest that the radicals generated by the
one-electron oxidation of NH;OH™ rapidly reduce the succes-
sor complex before they can escape into the bulk solvent. This
perhaps indicates the inner-sphere nature of the reactions
where the radicals are generated and consumed within the
coordination sphere of the metal complex.

In order to further explore the mechanism, we measured k,S
in aqueous media partially substituted with D,0O. The ratio of



Table 3 Comparison of ky, k, and k; in H,O and in H,0-D,0 (1:9)

Rate constant/dm® mol ™' s™! H,0 H,0-D,0(1:9) kuolkuo 00 (-9
ky 0.287 £ 0.015 0.013 + 0.003 22.1

k, 13.1 £ 0.350 1.45 % 0.051 9.03

ks 25.1 £0.501 2.54 £0.072 9.88

ko in pure H,O (at pH 4.40) to that in a 90% D,O-water mix-
ture [cyipy = 0.005 mol dm™, ¢p,, = 0.1 mol dm™ and at ¢ =
1.0 mmol dm >, pH, ..curea = 4.40] is substantial (13 : 1). Vari-
ations in rate resulting from substitution of D,O for solvent
H,O are expected to be slight for simple electron transfer reac-
tions. However, dramatic rate retardation is expected when such
transfer is coupled with the movement of a proton which is in
equilibrium with solvent protons.® It is also noticeable that the
plot of k, versus mol fraction of D,O is linear (regression co-
efficient, r >0.99) (Fig. 4). According to Albery and Davies*
this is indicative of the transfer of just a single proton in the
redox process.

0 T T d T T T T T y
0 20 40 60 80 100

mole % DZO

Fig. 4 Effect of mol% D,0 on k,; [complex] = 0.1 mmol dm ™, Chipy =
0.005 mol dm ™3, cga. = 0.1 mol dm ™, 7= 1.0 mol dm 3, ¢g = 1.0 mmol
dm™, T =25 °C, pHeasurea = 4.40.

We cannot conclude from Fig. 4 that D,O retards either or
all the reaction paths, but further kinetic studies in 90 mol%
D,0 medium demonstrates unequal retardation for the three
paths. The rate constants k,, k, and k; in 90% D,O have been
compared with those in H,O in Table 3. This demonstrates that
replacement of H,O by D,0 most strongly affects the k,; path
(22.1x% rate retardation). The effects on k, and k; are relatively
modest (9—10X rate retardation), though large in itself.

The observed difference in solvent isotope effect probably
reflects a difference in the basicity of the oxo-bridge in the
species 13*, 2*" and 3**. Replacement of more basic ligands like
ethanoate and bipy with less basic aqua ligands > should render
the manganese centre more electron accepting and the oxo-
bridges less basic. Ghosh e al*® established an electroprotic
pathway for the reduction of [(bipy),Mn" (u-O),Mn™(bipy),]**
to [(bipy),Mn™(u-O)(u-OH)Mn™(bipy),]’* by ascorbate and
hydroquinone. Some electrochemical and chemical investi-
gation further established the oxo-bridge to be a potential basic
site for protonation in multinuclear manganese complex-
es. 274364156 Hence reduced basicity of the oxo-bridge is a likely
cause for reduced solvent isotope effect.
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