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Mechanistic Studies on the Oxidation of Nitrite by a u-Oxodiiron(IILIII)
Complex in Aqueous Acidic Media
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Examined in this study is the kinetics of a net 2e™ transfer between [Fe,(u-O)(phen),(H,0),]** (1) and its
hydrolytic derivatives [Fe,(u-O)(phen),(H,0)(OH)** (2) and [Fe,(u-O)(phen),(OH),]** (3) with NO; in aque-
ous media and in presence of excess 1,10-phenanthroline (phen). The reaction is quantitative with a 1:1 stoichi-
ometry between the oxidant and reductant to produce ferroin ([Fe(phen);]**) and NO; . The order of reactivity
of the oxidant species is 1>2>3, in agreement with the progressive cationic charge reduction. The reactions
appear to be inner-sphere where the initial one-electron proton-coupled redox (le”, 1H"; electroprotic)
seems to be rate-determining.

Introduction. — Proteins containing nonheme, nonsulfur, carboxylato- or oxo-
bridged diiron sites have not escaped the apparently irresistible tendency of chemists
and biochemists to classify natural phenomenon (quoted from [1]). Most of these pro-
teins react with dioxygen as a part of their functional processes, which are perhaps the
mostly studied among many of their biological processes. Among these studies, explo-
ration of the structures of several diiron(II) sites and insights into the high-valent oxo-
diiron intermediates are included. Synthetic chemistry has already suggested many
novel structures that are structural and sometimes also functional models for these
high-valent iron species as well as for diiron(II) sites [2].

However, reactivity studies of these model di- or polyiron species appear to be
occasional [3], and mechanistic studies are extremely rare [4] outside a protein environ-
ment, whereas quite a lot of reactivity and kinetic studies on addition reactions to iron
centers and subsequent redox changes of diiron sites in ribonucleotide reductase
(RNR) [5], hemerythrin (Hr), semimetHr and metHr [6] with a broad spectrum of
small ligands as well as reducing agents are known. The lack of information on reactiv-
ity of model oxodi- or oxopolyiron complexes is possibly due to the high stability of the
u-oxodiiron(IILIIT) unit that translates to inertness under a variety of conditions and is,
in fact, one likely reason for the availability of quite a large number of synthetic com-
plexes with the Fe—O—Fe unit.

The complex salt [Fe,(u-O)(phen),(H,0),](NO;),-5H,O (phen=1,10-phenanthro-
line; 1; Fig. I) selected for the present investigation, is an attractive Raman-spectros-
copy model for the binuclear iron site in the RNR and metHr, the oxidized form of
the oxygen-transport protein hemerythrin [7]. Its conjugate base, [Fe,(u-O)(phen),
(H,O)(OH)J** (2) is also a possible functional model for the purple acid phosphatase
[2a][8]. The dinuclear complex 1 is soluble in H,O, and the solution is fairly stable
towards self-decomposition in a wide pH range (3.0-7.0) in presence of added 1,10-
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N =1,10-phenanthroline Fig. 1. Structure of [Fe,(u-O)(phen),(H,0),]**

phenanthroline. The u-oxo bridges in such complexes are potential proton-acceptor
sites that allow electron transfer coupled with proton movements from reducing sub-
strates or solvent to the oxo bridges, and this lowers the activation barrier for thermo-
dynamically unfavorable reactions [3b]. Reversible oxygenation to deoxyhemerythrin,
disproportionation/reduction of mixed-valent forms of diiron sites in hemerythrin [9],
reaction of NO [6d,e], HNO, [6b], or H,O, [6a,c] with deoxyhemerythrin unambigu-
ously demonstrate that the oxo-bridge protonation is an essential prerequisite for the
above-mentioned redox processes. Recently, we observed that complex 1 and its hydro-
lytic derivatives are reduced by N,H, by the very similar proton-coupled electron-trans-
fer (PCET) pathways [4f].

We now find that complex 1 oxidizes nitrite and the reaction rate is considerably
lowered in D,0, again suggesting simultaneous e~ and H* transfer in the rate-limiting
step of the redox reaction of 1 and nitrite. We like to note here that nitrite, in the form
of HNO,, oxidizes deoxyHr (Fe',Fe") to its semimet (Fe',Fe™) oxidation level and
forms a stable adduct Fe"'Fe"'NO, [6b]. While there is no evidence that a semimet
or metHr is reduced by NO;, or HNO,, the observation that the binuclear iron(IILIIT)
complex 1, a structural analogue of metHr, is reduced by nitrite might be instructive,
and we report in this study the results of its investigation.

Results and Discussion. — Equilibrium Studies. The built-in program of the autoti-
trator yielded pK,;=3.92+0.15 and pK,,=5.33+0.10 for the complex 1 in 95% D,0O.
The pK, for nitrous acid in 95% D,0O media was found to be 3.80£0.10.

Stoichiometry and Reaction Products. Results of several stoichiometric measure-
ments under aerobic conditions yielded an average value of 1.06+0.04 for A[N"]/
A[Fel'] (IN"]=[HNO,]+[NO,]). Absorbance measurements at 510 nm established
the quantitative (twice that of [Fe}"]) formation of ferroin, [Fe(phen);]**. The presence
of NO; in the product solution was confirmed by the chromotropic acid test [10]. These
observations are in accordance with the net reaction of Egn. 1.

[Fel'(u-O)(phen),(H,0),]*" +NO; +2 phen — 2 [Fe(phen);]*"+NO; +2 H,0 (1)

Kinetics. The absorbance at 510 nm vs. time plots could be well-fitted by the stan-
dard first-order growth equations, and log,y(A. —A,) vs. time plots resulted in good
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straight lines (r>0.98) where A, and A, stand for the absorbances of the final
[Fe(phen);"] (=2[1]1ow) and [Fe(phen)it], (=2[1consumed at )> T€spectively. The first-
order rate constants k, were evaluated from the slopes of these linear plots. We note
here that owing to the slow redox described here, the self-decomposition of 1 to
[Fe(phen);]*" (reducing equivalents are supplied possibly from the 1,10-phenanthroline
present in excess in the solution) is contributing to the overall rate as evidenced from
the significant drooping of the log,,(A. — A,) vs. time plots after ca. 80% completion of
the reactions (Fig. 2). The departure from linearity was more pronounced in D,O
media where reactions were slower. Parallel blank experiments were always done,
and the absorbances of the solution mixtures at every time were corrected for the back-
ground absorptions resulting from the self-decomposition of 1. The absorptions and the
semilog plots thus obtained were well-defined by the corresponding first-order equa-
tions for at least up to four half-lives both in H,O and in D,0 media. Each k, reported
is the average of at least three independent determinations where the coefficient of var-
iation (CV) [11] was within a maximum of 3%.

In weakly acidic solution, viz. the pH interval chosen for the present investigation,
the oxo bridge in 11is stable though at pH <2, 1 slowly decomposes to [Fe(phen);]*" that
could be identified from its VIS spectra. In all the reported kinetic studies, use of an
excess 1,10-phenanthroline not only buffered the reacting solution against any consid-
erable pH drift (mostly within £ 0.02 units) but also ensured quantitative formation of
tris(phenanthroline) complexes, [Fe(phen);]*" and [Fe(phen),;]*", from any possible
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Fig.2. Plot of log;y(A.—A,) vs. time showing the self-decomposition of the diiron(IILIII) complex.
[Fe}"]1=0.05 mm, [N"];=0.02M, Cppen=3.0 mm. T 25.0°, I=1.0M (NaNO;). A =experimental values, @ =cor-
rected values (see text).
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transient bis(phenanthroline) intermediates. Otherwise, interpretation of kinetic data
would have been difficult, and re-oxidation of [Fe(phen);]*" to 1 may be an additional
complication as it is well documented that oxidizing agents like chlorite [12], hydrogen
peroxide [13], and peroxydiphosphate [14] oxidize [Fe(phen),]*" to {Fe,O}*" species,
possibly 1, in absence of any excess 1,10-phenanthroline present in the solution. We
note that tris(3,4,7,8-tetramethyl-1,10-phenanthroline)iron(II) catalyzes HNO, decom-
position [15]. No such redox interaction between tris(phenanthroline)iron(II)
([Fe(phen),;]*") and nitrite was evident as we verified that there is no immediate spec-
tral change of [Fe(phen);]*" on mixing 0.10M NO, with 0.10 mum [Fe(phen);]*" over a
wide pH range (3.2-5.7). Moreover, the spectra of [Fe(phen);]*" remained unchanged
in presence of nitrite for at least 6 h. We observed a modest increase in rate on increas-
ing [H*] of the reacting media but the rate remained unchanged within experimental
uncertainty (+5%) in presence of C,=3.0-10.0 mm. Also at a particular pH, the
ko vs. [N"]; plots were linear with statistically insignificant intercept. Constancy of
the k, values on variation of C,,, established that no phenanthroline-releasing (from
the oxidant) pre-equilibrium was occurring in the solutions. The rate/pH profile sug-
gested that though on increasing pH, more reactive reducing species NO, should
enhance the rate [16], concomitant generation of the less reactive hydrolytic deproto-
nated species of 1 (pK, and pK,,=3.714+0.05 and 5.28+0.10, resp., at 25.0° and
I=1.0m (NaNO;) [4f]) slowed down the reaction at lower acidities [16b][17] (Table
1). A few reactions carried out at much less ionic strengths yielded substantially higher
ky values than those at /=1.0m; this possibly demonstrates reactions between oppo-
sitely charged species like 1 and its hydrolytic derivatives with NO, . However, conceiv-

Table 1. Some Representative First-Order Rate Constants for the Oxidation of Nitrite by the Dinuclear Iron-
(IILIII) Complex 1. Cpye, =3.0 mm, T 25.0°, I=1.0m (NaNO;).

pH [IN"]y [m] 10k, [s™']) CV [%]")
358 0.02 343 (338) 25
4.06 0.02 2719 (2.88) 24
4.46 0.02 249  (230) 3.0
497 0.02 181 (1.68) 22
545 0.02 126 (1.20) 2.9
5.02 0.04 308 (325) 2.9
5.05 0.06 469  (4.78) 2.6
5.03 0.08 6.529)  (6.46) 25
3.50 0.04 6.96°)  (6.76) 25
351 0.08 1325 (13.5) 25
351 0.12 20.0 (20.3) 2.6
3.50 0.20 32.6 (33.8) 25
3.49 0.04 7.038)  (6.76) 2.8
545 0.02 129¢)  (1.20) 2.7
3.49 0.04 6.99%)  (6.76) 27

2) [Fe']1=0.05 mum unless otherwise stated. Calculated k, values are given in parentheses. ) CV was measured
using the relation: CV =sd-100/x, where sd =standard deviation of the measurements of k,and x =average k;
see [11].°) 10°k, [s'] values are 2.21 and 1.61 at 1= 1.0m (0.5M NaCl/0.48m NaNO,and 0.95m NaCl/0.03M NaNO,,
resp.) 10°%k, [s7']=2.76. ¥ 10°k, [s'] values are 4.90 and 6.10 at /=0.05 and 0.01M, resp. ¢) 10°%k, [s~']=6.96 at
[Fel"]=0.025 mwm. ©) 10°k, [s"']=13.2 in presence of 0.20 mm [Fe(phen),]**. &) In presence of 6.0 mm phen. ") The
reaction was carried out in presence of purified N,.
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able rate retardation was noticed when NaNO; was partially substituted by NaCl at
I=1.0m (NaNO; + NaCl; see Tuble 1). We also verified that the k, values remained con-
stant (within 5%) on a four-fold variation in complex concentration (0.025-0.1 mm),
when the reactions were carried out in presence of added [Fe(phen);]*" (up to 0.3
mM), on variation of the monitoring wavelength in the range 440-530 nm, when the
reaction media were purged with purified N,, or when stray light was excluded by run-
ning the reaction in closed containers the walls of which were covered by japan black.
Table 1 summarizes some representative k, values.

The observed kinetics may be well-described by Scheme 1 (Egns. 5-7) along with
the known equilibria of Eqns. 2—4.

Ka
[Fe}(u—O)(phen), (H,0),]*" — [Fel(u — O)(phen),(H,0)(OH)]** + H*
PKa1=5.

1 2 2)

[Fe}" (u—O)(phen),(H,0) (OH)]** [Fe}' (u — O) (phen), (H,0) (OH),|** + H*

PKpp=528
2 3 (3)
HNO, = NO; +H"; pK,=3.00 [16b][18] 4)
Scheme 1
1+ NO, L, products (5)
2+ NO, L, products (6)
3+NO; SN products (7)

In Scheme 1, we did not consider any protonation equilibrium of HNO, generating
NO™* (Egn. 8) or disproportionation equilibrium of HNO, generating NO and NO,
(Egn. 9). A reaction path involving NO would require a [HNO,]* term in the rate
law and NO" requires a third-order term [Fel'][HNO,][H"]. The equilibrium constants
of these reactions are small, and that might be a major reason for not obtaining the
reactivities, if any, of these species. We, thus, used [N"];=[HNO,] +[NO, ].

HNO,+H"=NO"+H,0; K=3.0-10"[19] (8)

2 HNO, = NO"+NO,+H,0; K=6.0-10"°[20] 9)

Scheme 1 leads to the rate law of Eqn. 10 where k, is defined by Eqn. 11, a, (Egn.
12) is the fraction of the total Fe-complex present as 1, and a, (Egn. 13) is the fraction of

total nitrite present as NO; (pK, of HNO, being 3.00 at 25.0°, /=1.0m) [16b][18a].

ko[H* P/(IN"]payap) = kg [H P + ko K o [HY] + k3K K (10)
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Rate = — d[Fel')/dt=2d[Fe(phen);'] = ky[Fel'] (11)
ay=U(1+K/[H]+ Ky Ko [H) (12)
a2:Ka/(Ka+ [H+]) (13)

The left-hand side of Egn. 10 when plotted against [H"] resulted in a good polyno-
mial fit (Fig. 3, r>0.98), second-order in [H*], whence the second-order rate-constants
ki, k,, and k5 (Table 2) were calculated from the corresponding coefficients by using the

known K,; and K,,. These rate constants regenerate all the experimental k,values quite
satisfactorily (7Table 1).
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[H*]/m

Fig. 3. Plot of left-hand side of Eqn. 10 vs. [H"]

Table 2. Second-Order Rate Constants®) for the Oxidation of Nitrite by the Dinuclear Iron(IILIII) Complex.
T25.0°, I=1.0m (NaNO;), Cpppe, =3.0 mm.

Reaction path 10* Rate constant [m's™'] in H,O 10* Rate constant [M's™'] in 95% D,O
ky (1+NO;) 30.042.2 27.0+24

k, (2+NO;) 10.0+0.7 6.00.3

k; (3+NO;) 3.040.04 0.9040.05

) These k values are for overall reactions and are, therefore, equal to twice the rate constant for Egn. 18 shown
in Scheme 3.
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An alternative to Scheme I that also fits the experimental observations is shown in Scheme 2 (Egns. 14-16)
involving only HNO, and not NO, .

Scheme 2
1+ HNO,~~  products (14)
2+ HNO, N products (15)
34+ HNO,~~ products (16)

The derived rate law for Scheme 2 is given by Eqn. 17. The polynomial of Egn. 17 may be solved in the usual
manner resulting in &} =(5.9£0.3)-107, k, = (6.2+0.4)- 10, and k; = (2.7 £0.2)- 10 v~ s™". Of particular note
in this result are the similar values of k| and k), and the much higher value of k. We find that these values are not
kinetically acceptable though it is a good numerical solution. Indeed, NO; is a much stronger coordinating
ligand than HNO, and present in a much higher concentration than HNO, in the entire pH range studied
(INO; Jmin >3[HNO,], [NO; | nax > 99[HNO,]); thus, why HNO, will be reactive in such a situation? The neutral
species HNO, is not expected to swamp the reactivity of NO, by its own. Moreover, for the occurrence of per-
fect inner-sphere paths, a direct bonding between the iron and HNO, via hydroxo/aqua ligands is required what
is not possible as N has no low-lying vacant acceptor orbitals. Superior reactivity of hydroxo paths thus may not
be possible. We thus prefer to consider only Scheme I for the further discussion.

K ko[H J(IN"ray00) = K, [HT PP + K, K [H] + K, Ky Koy (17)

Mechanism. The observed trend of evaluated second-order rate-constants
ki >k, > k;demonstrates that protonated oxidants are more reactive than their depro-
tonated conjugate-base analogues — a trend that is well-accepted in redox reactions
with polyprotic redox partners [17¢][21]. In the investigated pH range, the linearity
of k,on [N™]; suggests weak adduct formation, if any, between the Fe™ dimer and
NO, . Any possible pre-equilibrium binding of NO, with Fe'" in the present situation
renders the estimated maximum value for the pre-equilibrium constant (K;) around 10",
holding the inequality K,[NO, ] <1 with no obvious lower limit. We note here that the
bare Fe*" binding with NO; to form mono- (Fe(NO,)*"), di- (Fe(NO),);), or trinitro
species (Fe(NO,);) is much stronger (overall stability constants s (i=1-3) are of
the order 10% 10°, and 10°, resp.) [22].

Replacement of Fe''-bound H,O or OH™ by NO, in the present investigation is
thus found to be weak, at best. The estimated small pre-equilibrium constants, we
find, could not be related to the ion pairing as in presence of added CI~, the reaction
rate decreases. Rate retardation in presence of Cl~ (Br~ is found to be almost innocent,
Table 1) may be due to a competitive process where nonreducing chloride, present in
large excess, competes with NO; for the adduct formation.

It is also well-documented that solutions of [Fel"L,Cl,(«-O)]*" [23] rapidly aquate
to generate [Fel"L,(H,0),(u-O)]*" and also instantaneously produce [Fel'L,(SCN),
(u-0)]*" on adding a KSCN solution (L=2,2-bipyridine or 1,10-phenanthroline)
[23][24]. These observations clearly indicate the labile nature of the monodentate
ligands, viz. CI” and H,O bound to each d’ high-spin Fe' center.

The overall redox in this study is a net 2e” transfer and is expected to proceed in
steps to avoid the prohibitive Frank—Condon barrier. We like to assign the rate-deter-
mining step to a le~ transfer yielding the respective Fe''—~O—Fe™ dimers that immedi-
ately collapse either by aquation to Fe'' and Fe monomers or by further reduction to
Fe"" monomers. The Fe monomer [Fe(phen),(H,0),]*" is further reduced to the Fe"
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monomer [Fe(phen),(H,0),]*" that rapidly forms ferroin ([Fe(phen);]*") in the pres-
ence of excess phenanthroline as used in our study. It is known that [Fe(phen),;]*" is
almost instantaneously reduced to ferroin by HNO, [25]. [Fe(phen),(H,0),]*" is
expected to react even faster with nitrite. Formation of ferroin from Fe*" and excess
phen is also known to be a fast reaction [26]. Inner-sphere reduction of [Fe(phen);]*"
by nitrite should be slow since substitution at this low-spin d* Fe' complex is slow, con-
trary to the situation of the diaqua derivative as the d° high-spin diaqua species would
be labile to substitution [27]. Even with [Fe(phen);]*", the outer-sphere reduction
should be fast as estimated by the Marcus relation [28]. Thus, the calculated rate con-
stant for a le~ outer-sphere reduction of [Fe(phen);]*" by NO, is ca. 3-10° M ' s™". The
reaction of [Fe(phen);]** with HNO, is reported to be reversible with the 1e™ reduction
rate of [Fe(phen);]*" being ca. 30 m~' s7! [25]. The much higher rate constant for the
reduction as calculated by the Marcus equation may be due to a change in the reactive
species, NO; instead of HNO,.

Within the time period for the kinetic studies, the self-decomposition of complex 1
is little (though considered in measuring k, values). The {Fe,O}*" core unit in 1 or sim-
ilar species is stable, the stability arises from the superexchange of the two d° high-spin
Fe™ centers through the oxo bridge [29]. However, the high-spin Fe™ and Fe™ must be
less strongly bound to O*~ since both oxidation states having two antibonding electrons
are directed towards the formal bond axes that would impart weakening of the Fe"—
O—Fe" and Fe"—O—Fe" bonds, both of which are expected to be rapidly broken by
aquation, or by further reduction (Scheme 3, Eqns. 18—-22). In fact, the oxo bridge in
the mixed-valent system Fe"—O—Fe™ is rather uncommon [2d][30] and in general
putative outside a protein environment. It is thus becoming justified that complete
reduction of the {Fe,O}*" units involves several steps; the only rate-determining step
would be the one-electron transfer, {Fe,O}*" +e~ — {Fe,O)" (Egn. 18) and all subse-
quent steps (Egns. 19-22) are kinetically silent.

Scheme 3
(Fe!"—O—Fe"}*+ NO; = (Fe'—CO—Fe"[" +NO, (18)
(Fe''—O—Fe")" + H' = {Fe"'-O—Fe""}""; fast (19)
[Fe-O—Fe"}** +NO, ™, 2 Fe"+ NO, + H,0 (20)
Fe'' + 3phen — [Fe(phen);]**; fast 1)
2NO; + H,0 — NO; + HNO, + H"; fast @)

In an alternate description of reaction sequences, a strong pre-equilibrium binding of NO; with the Fe™
dimer and subsequent reaction with a second NO, according to Scheme 4 (Eqns. 23 and 24) would lead to
the rate law of Eqgn. 25.

Nitrite redox reactions leading to nitrate products with second-order nitrite dependence have been identi-
fied in several instances [31]. However, for K[NO; | > 1, the observed kinetics along with the first-order depend-
ence on [N"]; could be explained with the rate law of Egn. 25. For K[NO; |>> 1, it requires (K)pinimum @ high as
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around 10°. We, however, found no second-order dependence (vide supra) in the redox we are studying that
clearly removes any possibility of strong pre-equilibrium binding of NO; with Fel', and thus, Scheme 4 is not

an alternative to Scheme 3.

Scheme 4
Fell + NO; <= Fel' . NO; 23)
Fel' . NO, + NO;  products (24)
Rate = kK[Fe!"][NO; [(1+K[NO; ]) (25)

The immediate le~ oxidation of NO, results in NO, which is known to dispropor-
tionate quickly in aqueous solution producing NO; and NO;, [32]. The le -reduced Fe-
dimer {Fe"-O—Fe™}*" should immediately take up a proton (either from the reaction
media or from the NO, disproportionation, cf. Eqn. 22) as the basicity of the oxo bridge
is expected to increase tremendously in comparison to the {Fe"'—O—Fe™}*" dimer.
Precedences of such differences in basicities of the oxo bridges in di- or multinuclear
higher-valent Mn complexes are well-established [33], and these differences are a
key feature in redox steps of the Kok cycle in PS II [34]. The possibility of protonation
at the oxo bridge of 1is ruled out as during its synthesis from Fe(NOj;);-9H,0 and 1,10-
phenanthroline in a 1:2 ratio, a pH as low as ca. 1.9 is maintained. We find that the
available evidences on hemerythrin [9¢c][35] strongly suggest that protonation of the
oxo bridge is not a pre-requisite for a 1le™ reduction of the diferric site in methemery-
trin. Protonation at some point after le” reduction would be favored due to the
expected increase in basicity of the oxo bridge that could remove thermodynamic
and/or kinetic barriers to further reduction [3c]. Proton-coupled electron transfer is
the basic mechanism for the bioenergetic redox conversions in proteins [36]. Protona-
tion of {Fe,O" (Eqn. 19) thus remains an essential step in the overall reaction. It
should be noted that instead of the disproportionation of NO, to NO; and NO,, a
direct electron transfer from NO, to {Fe,O}*" leading to products via the fast hydrolysis
of NO; thus generated can not be ruled out on principle. Oxidation of NO, by higher-
valent metal complexes are sometimes proposed [16a][37]. Adopting an inner-sphere
pathway for the rate-determining le” transfer generating {Fe,OH}*" and NO,, subse-
quent immediate electron transfer from NO, to {Fe,OH}*" is not a remote possibility
as, due to the close proximity of {Fe,OH}*" and NO,, the latter may transfer one elec-
tron to the Fe'" center before diffusing into the bulk solvent for its disproportionation.

Complex 1 is a mild oxidant, its 1e™ reduction potential is —0.18 V vs. NHE [4{].
One-electron oxidation of NOJ to NO, is extremely endothermic, —1.04 V [38]. The
overall one-electron exchange of Eqgn. 26 is thus thermodynamically much unfavora-
ble; the equilibrium constant K for this 1le™ redox is computed to be very small (ca.
107*) which is not in agreement with the forward rate constant for Egn. 26, assuming
ky, has a diffusion-control limit (10" Mm~'s™). Using the value of k; of the order 10~ to
107 M~'s™ (Table 2) yields a K of the order 107 to 10~ for Egn. 26 which allows to
estimate a comparatively less endothermic le™ oxidation of NO,, around —0.60 V. It
may be concluded that coordination of NO,; to the Fe'" center increases its oxidizabil-

ity.

ke
Fel' + NO, «==Fe"Fe!' + NO, (26)

ky
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To collect further information on the proposed mechanism involving the necessity
of a proton-coupled electron transfer as described in Egns. 18 and 19 of Scheme 3, we
performed several kinetic runs in H,O and D,0 media, and we found a detectable low-
ering in rate in the latter cases. Variations in rate resulting from substitution of D,O for
solvent H,O are expected to be slight for simple electron-transfer reactions, but a sub-
stantial rate retardation is expected when such a transfer is coupled with the movement
of protons, which are in equilibrium with solvent protons [37][39]. It is noticeable that
the plots of k, vs. the mol fraction of D,O are linear (Fig. 4, r >0.98), and the linear plots
are indicative of the transfer of just one single proton in the rate-determining step of the
redox process [40]. Well-documented rate retardation in D,0O media compared to that
in H,O for the deoxygenation process of the oxygen binding to hemerythrin is mecha-
nistically reminiscent [41]. We are thus able to state that, besides having a decrease in
the endothermicity of NO, oxidation by its coordination Fe'! which increases the ther-
modynamic ability of NO; oxidation, simultaneous proton/electron transfer is another
driving force for the redox of 1. Additionally, the exceptional stability of the low-spin
[Fe(phen),]*" formed as the sole Fe-product also drives the reaction to completion.

The second-order rate constants are also determined in 95% D,0 media and com-
pared with those in H,O (7Table 2). The observed difference in kinetic isotope effect is
prominent at higher pH (k; is mostly affected and k, is least affected). A hydroxo ligand
is much more basic than H,O [42] and makes the Fe-centers less electron accepting; this
results in increasing basicity of the oxo bridges in the order 3>2>1. A similar trend in
isotope effects was also earlier observed in the reduction of [Mn," (4-O),(u-MeCO,)-
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Fig. 4. Effect of mol-% D,0 on ky [s™']. [Fel]=0.05 mu, [N"];=0.02M, Cppey=3.0 mm, T 25.0°, I=1.0m
(NaNO,).



HELVETICA CHIMICA AcTA — Vol. 88 (2005) 2671

(bipy),(H,0),]’" (MeCO,H =acetic acid, bipy=2,2"-bipyridine) and its hydrolytic
derivatives with hydroxylamine [43].

The oxo bridge in complex 1 is not protonated though oxo-bridge protonation must
occur while one Fe-center is reduced to Fe™. We thus formally separate these two acts:
the rate-determining le™ reduction and then a very fast oxo-bridge protonation'). The
Fe' dimer 1 is a mild oxidant [4{], and we now observed that its one-electron potential
is independent on the working pH range 3.5-5.5 where all its proton-dependent species
are available. This indicates species 1-3 are almost equally oxidizing which in turn pre-
dicts that the reactions of Egns. 5—7 are equally unfavorable from a purely thermody-
namic consideration. Yet we find substantial differences in the reactivities of 1-3 with
NO, , and more importantly, the kinetic isotope effect is most observable in the k; path
where the basicity of the oxo bridge of the one-electron reduced dimer, viz. [(phen),
(OH)Fe™OFe"(phen),(OH)|" is highest. This clearly demonstrates that oxo-bridge
protonation is the key step in the proposed mechanism.

This work is financially supported by the Council of Scientific and Industrial Research, New Delhi, India.

Experimental Part

Materials. The complex salt [Fe,(u-O)(phen),(H,0),]X,-5H,0 (X=NOj or ClO;) was prepared following
areported method [7], and its purity was checked by elemental analyses as well as by its reported optical spectra.
The crystals obtained were found to be sufficiently pure. Stock solns. of NaNO, were prepared by dissolving
solid NaNO, (G. R. grade; E. Merck), recrystallized from hot aqueous EtOH and standardized by KMnO, titra-
tion [44] as well as by spectrophotometry at 355 nm (¢=23.3 M~' cm™') [45]. Both yielded closely similar results
(within 3% ). These solns. (0.05-0.50m) were spectrophotometrically found to be stable for at least 24 h at ca. 10°
and at pH > 6.0. Solns. of recrystallized NaNO; and NaClO, (both of G. R. grade; E. Merck) were standardized
by cation-exchange resin as described earlier [43]. The 1,10-phenanthroline (G. R. grade; E. Merck) was used
without further purification. Tris(phenanthroline)iron(III) nitrate ([Fe(phen);](NO;);) and tris(phenanthrol-
ine)iron(1I) nitrate ([Fe(phen);](NOs),) were prepared and standardized by using literature procedures[46] [47].
D,0 (99.9 atom-% D; Aldrich) was used for the preparation of all the solns. when kinetic isotope effects were
measured. Sulfanilic acid and napthalen-1-amine were from E. Merck (G. R. grade), and the disodium salt of
1,8-hydroxynaphthalene-3,6-disulfonic acid (=chromotropic acid; Sigma, reagent grade) was used as received.
Chromium(II)-scrubbed N, gas and doubly distilled deionized H,O were used. All other chemicals were of
reagent grade.

Physical Measurements and Kinetics. All absorbances and optical spectra were recorded with a Shimadzu
1601 PC spectrophotometer in 1.00-cm quartz cells. The kinetic traces were monitored in situ in the ‘kinetic
mode’ of the instrument at 510 nm, the VIS-absorbance maximum of the final iron species, [Fe(phen);]**
[48], in the electrically controlled thermostated (25.04+0.1)° cell housing (CPS-240A) as described earlier.
Excess of 1,10-phenanthroline concentration, Cy, (=[Hphen']+[phen]), in the range 3—10 mm, was used in
all the kinetic runs. NaNO, Solns. were directly injected into the spectrophotometer cells containing all other
components of the reaction mixture. The final concentrations of the diiron complex and the reducing agent
were achieved after mixing which was immediately followed by automatic monitoring of the change in absorb-

1) Sometimes PCET (=proton-coupled electron transfer) is referred to a single chemical reaction step involv-
ing concerted transfer of both a proton and an electron. PCET is thus differentiated from stepwise pathways
that involve mechanistically distinct electron- and proton-transfer steps. ‘Concerted’ thus indicates the
absence of an intermediate but does not imply synchronous transfer [36¢][36d]. In this study, we propose
that the electron transfer is slow followed by a very fast proton transfer (acid-base reaction) and thus
though these steps are mechanistically distinct, one can also call them concerted. The oxo-bridge mixed-val-
ent Fe'™. Fe!' dimer is putative outside a protein environment, and we could not gather any direct spectral or
kinetic evidence on the intermediate generation of any such mixed-valent species during the reduction of 1.
All steps beyond Egn. 18 are fast (Scheme 3).
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ance with time. To minimize redox decomposition of HNO, to NO and NO,, we used capped quartz cells with
minimum vacant space left as the decomposition of HNO, in acidic media depends strongly on the NO escape
rate [49]. Moreover, we used low [N"];, and in our experimental pH range (3.49-5.45), free HNOj; concentra-
tion is low. The measured average stoichiometry of the reaction (1.06, see Results and Discussion) is only mar-
ginally higher than the ideal value (1.00) that indicates only slight loss of [N"'];.. Measurement of soln. pH values
and calibration of pH electrodes (Orion pH-meter, model 710 A) were described earlier in detail [50]. For reac-
tions in D,0, pD was calculated as pD = (pH) neasurea + 0-40 [51] where (pH) easurea 1S the pH-meter reading in
D,O0. Nitric acid (99 atom-% D; Aldrich) and solid NaOH dissolved in D,O were used for this purpose. Excess
reducing agent, [N"]; (=[HNO,] +[NO;]), 0.01-0.15 mwm, was maintained over the complex (generally 0.05
mM) in all the kinetic runs. The first-order observed rate constants k, were measured from the least-squares
slopes of In(A, — A,) vs. time plots. Most of the reported k, values are at 25.0° and at /=1.0m (NaNOj).

Equilibrium Measurements. Acid dissociation constants of the complex 1 and nitrous acid were determined
by pH-metric titration with a Metrohm 736 GP Titrino autotitrator in 95% D,0O media as described earlier [4f].
The acid dissociation constant of nitrous acid was measured by dissolving solid NaNO,in D,O and quickly titrat-
ing the soln. with DNO; to avoid acid-induced decomposition of nitrous acid.

Stoichiometry and Reaction Products. The stoichiometry of the overall reaction was determined under
kinetic conditions ([N"]; > [Fel']) by measuring the reaction product, viz. [Fe(phen);]*", and the unreacted
[N'™]. The UV/VIS spectra of product solns. confirmed the quantitative formation (98+3%) of [Fe(phen);]*"
as the sole Fe-product. Excess [N"] left after the completion of the reactions was measured colorimetrically
[52]. For this purpose, Fe}" in the concentration range 0.05-0.20 mm were treated with [N"'];in 2-4 times of
[Fel'] at pH3.5-4.0. After completion of the reactions as indicated by the quantitative generation of
[Fe(phen),]** measured at 510 nm (e =1.11-10* m~' cm™') [48] after necessary dilution, excess Fe(ClO,), and
NaClO, solns. were added into the soln. mixtures. Excess Fe*" quantitatively removed 1,10-phenanthroline
forming [Fe(phen),]** that was precipitated from the soln. as its perchlorate salt due to its poor solubility and
removed by filtration. The soln. mixtures were then appropriately diluted and treated with sulfanilic acid and
napthalen-1-amine to form the characteristic red dye. The removal of [Fe(phen);]*" as well as excess 1,10-phe-
nanthroline was necessary to avoid their interference. The absorbance of the dye was measured at 520 nm, and
the concentration of unreacted N'' was obtained from a calibration curve (exper. £ =4.1 (£0.03)-10*m'em ™,
in close agreement with the reported £ =4.0-10* m~' em™) [52].

The NO; produced in the title redox was qualitatively tested by the chromotropic acid method [10]. For this
purpose, the perchlorate salt of Fel' was treated with excess N, After completion of the reaction, [Fe(phen);]**
and 1,10-phenanthroline were removed by adding excess Fe(ClO,), as described above. Excess nitrite in the
soln. was removed by sulfite/urea soln. The chromotropic acid reagent was then added followed by conc. H,
SO, soln. A yellow color developed that qualified the presence of NO; ; we verified [10] that both Fe?* and
ClO, do not interfere.

REFFERENCES

[1] D.M. Kurtz Jr., J. Biol. Inorg. Chem. 1997, 2, 159.

[2] a) M. Fontecave, S. Ménage, C. Duboc-Toia, Coord. Chem. Rev. 1998, 178—180, 1555; b) H. Arii, S. Naga-
tomo, T. Kitagawa, T. Miwa, K. Jitsukawa, H. Einaga, H. Masuda, J. Inorg. Biochem. 2000, 82,153;¢c) J. A.
Kovacs, Chem. Rev. 2004, 104, 825; d) E. Tshuva, S.J. Lippard, Chem. Rev. 2004, 104, 987.

[3] a) K. Wieghardt, K. Pohl, D. Ventur, Angew. Chem., Int. Ed. 1985, 24,392; b) D. M. Kurtz Jr., Chem. Rev.

1990, 90, 585; c) S. Ménage, J. M. Vincent, C. Lambeaux, G. Chottard, A. Grand, M. Fontecave, Inorg.

Chem. 1993, 32, 4766; d) R. M. Buchanan, S. Chen, J. F. Richardson, M. Bressan, L. Forti, A. Morvillo,

R. H. Fish, Inorg. Chem. 1994, 33, 3208; ¢) A. Hazell, K. B. Jensen, C. J. McKenzie, H. Toftlund, Inorg.

Chem. 1994, 33, 3127; f) A. G.J. Lightenbarg, P. Oosting, G. Royelfes, R. M. La Crois, M. Lutz, A. L.

Spek, R. Hage, B. L. Feringa, Chem. Commun. 2001, 385; g) C. Stadler, J. Daub, J. Kohler, R. W. Saalfrank,

V. Coropceanu, V. Schunemann, C. Ober, A. X. Trautwein, S. F. Parker, M. Poyraz, T. Inomata, R. D. Can-

non, J. Chem. Soc., Dalton Trans. 2001, 3373; h) D. Lee, S. J. Lippard, J. Am. Chem. Soc. 2001, 123;4611; i)

R. F. Moreira, E. Y. Tshuva, SJ. Lippard, Inorg. Chem. 2004, 43, 4427, j) S. V. Kryatov, S. Taktak, I. V.

Korendovych, E. V. Rybak-Akimova, J. Kaizer, S. Torelli, X. Shan, S. Mandal, V. L. MacMurdo, A. Paye-

ras, L. Que Jr., Inorg. Chem. 2005, 44, 85; k) A. Ghosh, F. T. de Oliveira, T. Yano, T. Nishioka, E. S. Beach,

I. Kinoshita, E. Miinck, A. D. Ryabov, C. P. Horwitz, T. J. Collins, J. Am. Chem. Soc. 2005, 127, 2505.

a) T. G. Traylor, W. A. Lee, D. V. Stynes, J. Am. Chem. Soc. 1984, 106, 755; b) P. N. Balasubramanian, J. R.

Lindsay Smith, M. J. Davies, T. W. Kaaret, T. C. Bruice, J. Am. Chem. Soc. 1989, 111, 1477, c) H. Noglik, D.

4

[l



(5]

]

[10]
(11]

(12]
(13]
(14]
(15]
[16]

(7]

(18]

(19]
(20]
[21]

(22]
(23]
(24]
(25]
[26]

[27]

(28]
[29]

HELVETICA CHIMICA AcTA — Vol. 88 (2005) 2673

W. Thompson, D. V. Stynes, Inorg. Chem. 1991, 30, 4571 and ref. cit. therein; d) B. Chaudhuri, R. Banerjee,
Can. J. Chem. 1998, 76, 350; ) B. Chaudhuri, R. Banerjee, J. Chem. Soc., Dalton Trans. 1998, 3451; f) J.
Bhattacharyya, K. Dutta, S. Mukhopadhyay, Dalton Trans. 2004, 2910; g) L. Keeney, M. J. Hynes, Dalton
Trans. 2005, 1524.

K. Lam, D. G. Fortier, A. G. Sykes, J. Chem. Soc., Chem. Commun. 1990, 1019; C. Gerez, M. Fontacave,
Biochemistry 1992, 31, 780; A. Davydov, P. C. Smith, A. Griéslund, Biochem. Biophys. Res. Commun.
1996, 219, 213 and ref. cit. therein; A. M. Dobbing, C. D. Borman, M. B. Twitchett, D. N. Leese, G. A. Sal-
mon, A. G. Sykes, J. Am. Chem. Soc. 2000, 122, 2206; J. Baldwin, C. Krebs, B. A. Ley, D. E. Edmondson, B.
H. Huynh, J. M. Bollinger Jr., J. Am. Chem. Soc. 2000, 122, 12195.

a) Z. Bradi¢, P. C. Harrington, R. G. Willkins, ‘Biochemical and Clinical Aspects of Oxygen’, Ed. W. S.
Caughey, Academic Press, New York 1979, p. 459; b) J. M. Nocek, D. M. Kurtz Jr., R. A. Pickering, M.
P. Doyle, J. Biol. Chem. 1984, 259, 12334; c) G. D. Armstrong, A. G. Sykes, Inorg. Chem. 1986, 25, 3514;
d) D. E. Richardson, M. Emad, R. C. Reem, E. I. Solomon, Biochemistry 1987, 26, 1003; ¢) J. M. Nocek,
D. M. Kurtz, Jr., J. T. Sage, Y.-M. Xia, P. Debrunner, A. K. Shiemke, J. Sanders-Loehr, T. M. Loehr, Bio-
chemistry 1988, 27, 1014; f) M. Wirstam, S. J. Lippard, R. A. Friesner, J. Am. Chem. Soc. 2003, 125, 3980.
J. E. Plowman, T. M. Loehr, C. K. Schauer, O. P. Anderson, Inorg. Chem. 1984, 23, 3553.

C. Duboc-Toia, S. Ménage, J.-M. Vincent, M.-T. Averbuch-Pouchot, M. Fontecave, Inorg. Chem. 1997, 36,
6148.

a) R. E. Stenkamp, L. C. Seiker, L. H. Jensen, J. D. McCallum, J. Sanders-Loehr, Proc. Natl. Acad. Sci.
US.A. 1985, 82, 713; b) M. J. Maroney, D. M. Kurtz Jr., J. M. Nocek, L. L. Pearce, L. Que Jr., J. Am.
Chem. Soc. 1986, 108, 6871; c) L. L. Pearce, D. M. Kurtz Jr., Y.-M. Xia, P. Debrunner, J. Am. Chem.
Soc. 1987, 109, 7286; d) B. G. Fox, K. K. Sureus, E. Miinck, J. D. Lipscomb, J. Biol. Chem. 1988, 263,
10553; ) M. S. Mashuta, R. J. Webb, K. J. Oberhausen, J. F. Richardson, R. M. Buchanan, D. N. Hendrick-
son, J. Am. Chem. Soc. 1989, 111, 2745.

P. W. West, T. P. Ramachandran, Anal. Chim. Acta 1966, 35, 317.

D. A. Skoog, D. M. West, F.J. Holler, S. R. Crouch, ‘Fundamentals of Analytical Chemistry’, 8th edn.,
Thomson Learning Inc., UK, 2004, Chapt. 6, p. 126.

B. Z. Shakhashiri, G. Gordon, J. Am. Chem. Soc. 1969, 91, 1103.

M. Cyfert, Inorg. Chim. Acta 1985, 98, 25.

A. A. Green, J. O. Edwards, P. Jones, Inorg. Chem. 1966, 5, 1858.

I. R. Epstein, K. Kustin, R. H. Simoyi, J. Am. Chem. Soc. 1982, 104, 712.

a) G. Davies, K. Kustin, Inorg. Chem. 1969, 8, 484; b) S. Mukhopadhyay, R. Banerjee, J. Chem. Soc., Dalton
Trans. 1994, 1349.

a) K. D. Asmus, M. Bonifacic, P. Toffel, P. O’Neill, D. S. Frohlinde, S. Steenken, J. Chem. Soc., Faraday
Trans. 1 1978, 1820; b) E. C. Constable, ‘Metals and Ligand Reactivity’, Ellis Horwood, Chichester, UK,
1990, 36; c) P. Bandyopadhyay, B. B. Dhar, J. Bhattacharyya, S. Mukhopadhyay, Eur. J. Inorg. Chem.
2003, 4308.

a) P. Lumme, J. Tummavuori, Acta Chem. Scand. 1965, 19, 617; b) V. Zhang, R. van Eldik, Inorg. Chem.
1990, 29, 4462.

N. S. Bayliss, R. Dingle, D. W. Watts, R. J. Wilkie, Aust. J. Chem. 1963, 16, 927.

M. S. Ram, D. M. Stanbury, Inorg. Chem. 1985, 24, 2954.

K. Lemma, A. M. Sargeson, L. I. Elding, J. Chem. Soc., Dalton Trans. 2000, 1167; P. Bandyopadhyay, S.
Mukhopadhyay, Polyhedron 2002, 21, 1893; A. Das, S. Mukhopadhyay, Polyhedron 2004, 23, 895.

E. Avsar, F. B. Erim, Polyhedron 1986, 5, 1335.

P. G. David, P. C. de Mello, Inorg. Chem. 1973, 12, 2188.

P. G. David, J. Inorg. Nucl. Chem. 1973, 35, 1463.

G. Bazsa, 1. Lengyel, W. Linert, J. Chem. Soc., Faraday Trans. 1 1989, 85, 3273.

T. S. Lee, I. M. Kolthoff, D. L. Leussing, J. Am. Chem. Soc. 1948, 70, 3596; J. C. Thompsen, H. A. Mottola,
Anal. Chem. 1984, 56, 755.

R. B. Jordon, ‘Reaction Mechanisms of Inorganic and Organometallic Systems’, 2nd edn., Oxford Univer-
sity Press, New York, 1998, Chapt. 3.

R. A. Marcus, Annu. Rev. Phys. Chem. 1964, 15, 155; R. A. Marcus, N. Sutin, /norg. Chem. 1975, 14, 213.
G. McLendon, R. J. Motekaitis, A. E. Martell, Inorg. Chem. 1976, 15, 2306; P. Chaudhuri, K. Wieghardt, B.
Nuber, J. Weiss, Angew. Chem., Int. Ed. 1985, 24,778; R. C. Reem, E. I. Solomon, J. Am. Chem. Soc. 1987,
109,1216; T. C. Brunold, E. 1. Solomon, J. Am. Chem. Soc. 1999, 121, 8277; S. Chardon-Noblat, O. Horner,



2674

(30]

[31

(32]
(33]

(34]
(35]

(36]

(37]
(38]
[39]
[40]
(41]
[42]

(43]
(44]
(45]
(46]
(47]
(48]

(49]
(50]

(51]

(52]

HELVETICA CHIMICA AcTA — Vol. 88 (2005)

B. Chabut, F. Avenier, N. Debaecker, P. Jones, J. Pecaut, L. Dubois, C. Jeandey, J.-L. Oddou, A. Deronzier,
J.-M. Latour, Inorg. Chem. 2004, 43, 1638.

F. Arena, C. Floriani, A. Chiesi-Villa, C. Guastini, J. Chem. Soc., Chem. Commun. 1986, 1369; S. Zhang, R.
E. Shepherd, Inorg. Chem. 1994, 33, 5262; S. Yoon, S. J. Lippard, Inorg. Chem. 2003, 42, 8606.

J.N. Penlebury, H. R. Smith, Aust. J. Chem. 1973, 26, 1847; F. Ferranti, A. Indelli, Gazz. Chim. Ital. 1980,
110,273; P. Maurer, C. F. Thomas, R. Kissner, H. Riiegger, O. Greter, U. Rothlisberger, W. H. Koppenol, J.
Phys. Chem. 2003, 107, 1763.

Y. N. Lee, S. E. Schwartz, J. Phys. Chem. 1981, 85, 840.

M. J. Baldwin, V. L. Pecoraro, J. Am. Chem. Soc. 1996, 118, 11325, J. S. Vrettos, J. Limburg, G. W. Brudvig,
Biochim. Biophys. Acta 2001, 150, 229.

G. Renger, Biochim. Biophys. Acta 2004, 1655, 195; S. Mukhopadhyay, S. K. Mandal, S. Bhaduri, W. H.
Armstrong, Chem. Rev. 2004, 104, 3981.

M. S. Maroney, R. C. Scarrow, L. Que Jr., A. L. Roe, G. S. Lukat, D. M. Kurtz Jr., Inorg. Chem. 1989, 28,
1342.

a) C.C. Page, C. C. Mosar, X. Chen, P. L. Duttan, Nature (London) 1999, 402, 47; b) J. Stubbe, D. G.
Nocera, C. S. Yee, M. C. Y. Chang, Chem. Rev. 2003, 103, 2167; c) J. M. Mayer, 1. J. Rhile, Biochim. Bio-
phys. Acta 2004, 1665, 51; d) J. M. Mayer, Ann. Rev. Phys. Chem. 2004, 55, 363; e¢) A. R. Crofts, Ann.
Rev. Physiol. 2004, 66, 689; f) M. Sjodin, S. Styring, H. Wolpher, Y. Xu, L. Sun, L. Hammarstrom, J.
Am. Chem. Soc. 2005, 127, 3855.

S. K. Ghosh, R. N. Bose, E. S. Gould, Inorg. Chem. 1987, 26, 2688.

D. M. Stanbury, Adv. Inorg. Chem. 1989, 33, 69.

W. H. Albery, ‘Proton Transfer Reactions’, Eds., E. Caldin and V. Gold, Wiley, New York, 1975, Chapt. 9.
W.J. Albery, M. H. Davis, J. Chem. Soc., Faraday Trans. 1 1972, 68, 167.

J. D. Armstrong, A. G. Sykes, Inorg. Chem. 1986, 25, 3135.

G. Charlot, D. Bezier, ‘Quantitative Inorganic Analysis’ (English Version of 3rd French edn.), John Wiley
& Sons, Inc., New York, 1957, p. 23; J. Waser, ‘Quantitative Chemistry: A Laboratory Text’, W. A. Benja-
min, Inc., New York, 1964, p. 208.

S. Banerjee, U. Roy Choudhury, R. Banerjee, S. Mukhopadhyay, J. Chem. Soc., Dalton Trans. 2002, 2047.
A. 1. Vogel, ‘Quantitative Inorganic Analysis’, English Language Book Society, London, 3rd edn., 1961,
Chapt. 3, p. 297.

J. H. Wetters, K. L. Uglum, Anal. Chem. 1970, 42, 335.

N. Sutin, B. M. Gordon, J. Am. Chem. Soc. 1961, 83, 70.

T. S. Lee, I. M. Kolthoff, D. L. Leussing, J. Am. Chem. Soc. 1948, 70, 2348.

M. L. Moss, M. G. Mellon, G. F. Smith, Ind. Eng. Chem., Anal. Ed. 1942, 14, 931; G. Nord, B. Pedersen, E.
Bjergbakke, J. Am. Chem. Soc. 1983, 105, 1913.

J-Y. Park, Y.-N. Lee, J. Phys. Chem. 1988, 92, 6294.

H. N. Irving, M. G. Miles, L. D. Pettit, Anal. Chim. Acta 1967, 38, 475; S. Banerjee, U. Roy Choudhury, B.
C. Ray, R. Banerjee, S. Mukhopadhyay, Anal. Lett. 2001, 34, 2797.

P. K. Glasoe, F. A. Long,J. Phys. Chem.1960, 64, 188; P. Salomaa, L. L. Schaleger, F. A. Long,J. Am. Chem.
Soc. 1964, 86, 1.

G. Charlot, ‘Colorimetric Determination of Elements: Principles and Methods’, Elsevier Publishing Com-
pany, New York, 1964, p. 324; N. G. Bunton, N. T. Crosby, S. J. Patterson, Analyst 1969, 94, 585.

Received April 7, 2005



