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Complex formation followed by internal electron transfer: the reaction

between L-dopa and iron(III)*
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Abstract

In anaerobic acid solutions dopa (L-3-(3,4-dihydroxyphenyl)-alanine, H,LLH) reacts with iron(11l) to
form two complexes, FeLH* and its protonated form FeHLH?*. These both decompose via an
intramolecular electron transfer in FeHLH?* to yield iron(I1I) and dopasemiquinone which in turn is
oxidised by iron(111) to- dopaquinone. The quinone then cyclises by an intramolecular Michael addition
giving the (UV-transparent) leucodopachrome. These reactions have been studied by stopped-flow
spectrophotometric, spectroscopic, and chronoamperometric methods, and a mechanism is proposed.
Rate constants for the various steps have been evaluated. Spectral data for the complexes and the
quinone have also been obtained: FeLH*: maxima at 442 and 700 nm, €,0=1380 M~ ! cm~!; FeHLH?*:
maxima at 435 and 660 nm, €o=520 M~! cm™!; dopaquinone: maximum at 385 nm, €3s=1650 M’

cm™’, shoulder at 458 nm).

1. Introduction

When iron(11I) is added to an acidic solution of
dopa (L-3-(3,4-dihydroxyphenyl)-alanine) a deep blue
and, below a pH of 1.2, a pale green colour appears.
Both colours then rapidly fade, but they are restored
by the addition of excess iron(II) and, in the case
of the blue complex, of base. This behaviour can
be observed in many such systems, and it is ascribed
to complex formation of the reducible metal ion with
the oxidisable ligand, followed by internal electron
transfer [1, 2]. In the present case the colours are
due to the formation of an 1:1 complex between
iron(IIl) and the dihydroxy function of dopa, the
green complex being protonated at one of the co-
ordinated oxygen atoms [3]. Up to a pH value of
about 2.5 the redox reaction goes to completion,
whereas above a pH of about 3 the redox equilibrium
is very much in favour of iron(III) complexes (in
fact, accurate equilibrium data can be obtained by
pH-metric titration methods).

However, under the present conditions, the product
of the intramolecular redox process within the
iron(I11) complexes is the dopaquinone, which in a
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further reaction step cyclises by an intramolecular
Michael condensation to form the UV-transparent
leucodopachrome.

The formation of the complex (monitored at 700
nm) is faster than its decomposition by a factor of
about 100. Furthermore, the formation and disap-
pearance of the dopaquinone can be followed at
385 nm and is separately accessible by electrochemical
methods. This fortunate situation allowed us, by use
of high-speed stopped-flow spectrophotometry, to
shed light on the rather complicated mechanism of
the system and to evaluate rate as well as equilibrium
constants.

2. Experimental

Solutions of the required final pH were made up
from deoxygenated stock solutions of dopa and of
iron(IIT) that contained calculated amounts of HCl
and sufficient KCI to maintain the final ionic strength
at 0.10 M; similar solutions containing NO;~ or
ClO, ™~ were also used. The pH was measured directly
after each kinetic run, and [H*] was obtained from
the experimental pH values in chloride solutions by
use of an empirical relationship ([H*]= 10~ {PH—0.0¢h)
obtained by titrating HCl with KOH. (Note that the
concentrations of iron(III) used were so low that
changes in pH during reaction were negligible.). All
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solutions were carefully deoxygenated before use and
then transferred from the oxygen-free glove box,
where they had been prepared, to the stopped-flow
apparatus in sealed syringes.

Spectra of the complex were obtained from a
Hitachi U2000-spectrophotometer. Accurate spectral
data for the complexes were obtained as follows.
Solutions containing 0.01 M dopa, perchloric acid
to cover the appropriate pH range, and 0.1 M iron(IT)
sulphate were made up containing either no added
iron(IIT) to act as reference or known amounts of
iron(IIl) in the range (1.5-50)x 107> M. The large
excess of iron(I) maintained the equilibrium con-
centration of the complex by reversing the redox
reactions, enabling molar absorbances to be calcu-
lated from the spectra.

Kinetic stopped-flow techniques using absorption
within the visible and near UV region were carried
out with a high speed stopped-flow spectrometer
storing some 1016 spectral data points for each
spectrum in a multichannel analyser. The multi-
channel instrument was supplied by Applied Pho-
tophysics Ltd. (London). These data were supple-
mented by more precise kinetic measurements in
the near UV region at 385 nm using a conventional
monochromatic detector of a Durrum D110 stopped-
flow apparatus. The path length of the reaction cell
was 2.0 cm in both instruments. All stopped-flow
data were obtained with dopa in a large excess
enabling them to be treated as pseudo first order
reactions. The pH was measured immediately after
each run — the very low concentrations of iron(I1I)
employed mean virtually no increase in [H™] as the
reaction proceeds. The background electrolyte was
KCI at a total ionic strength of 0.10 M, after pre-
liminary results using KNO; and NaClO, confirmed
that the choice of solute did not affect the rate.

Electrochemical investigations were carried out
with a conventional galvanostat—potentiostat system
supplied by Princeton Applied Research Corporation.
The chronoamperometric data [4] were obtained by
applying a potential of about 100 mV anodic to peak
potential (first obtained by cyclic voltametry) and
then following the current-time curves at various
pH values.

3. Results and discussion

In the solid, and over a wide pH range in aqueous
solution, dopa exists as the zwitterion 1. In this paper
we use the abbreviation HLLH for this species, ie.
with the phenolic protons written to the left of L

and the amino (and carboxyl) protons to the right.

HO X
HO: :/ ﬁ:Ha ~COO"

[H2LH]
1

3.1. Spectra

The spectra of the complex FeLH™, its protonated
form FeHLH?*, and the quinone are shown in Fig.
1 and gave following characteristics: FeLH*: maxima
at 442 and 700 nm, €,00= 1380 M~ ! cm~!; FeHLH?*:
maxima at 435 and 660 nm, ego=520 M~ 1 cm™L.
The spectrum of the dopa quinone was obtained
directly from the kinetically obtained spectra (A,
385 nm, €335=1650 M~ ! cm ™!, shoulder at 458 nm).
A value of log Ky"'=1.4 for the protonation of
FeLH™* was obtained from the variation of A,,,, with
[H*] (A value of 2.9 was previously [5] obtained
from potentiometric (pH-metric) measurements but
appears to be less reliable because of the redox
reaction.)
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Fig. 1. Electronic spectra of iron(IIl) complexes of dopa
and of dopaquinone: FeLH* —; FeHLH?* -.-; dopa-
quinone - ---- .

3.2. Protonation constants of dopa

The complete protonation scheme for the dopa
anion is given below together with the relevant
microconstants [6] (x=0.1 M KNO;, 25 °C).

Protonation of phenolic oxygens
L~ +H* = HL*~  log K" =1388
HL’” +H* &= H,L"~ log K;"'=8.97
log B, =log(K,"'K,") = 22.85



Protonation of the amino group
H L +H* = H,LH log K;"=9.20
Protonation of the carboxyl group
H,LH+H* = H,LH,* log K,*=2.22

As these are microconstants their values are not
altered by the protonations on other sites. We assume
furthermore, that the values for the protonation of
the amino and the carboxyl group are insensitive to
the reactions of the dihydroxy function, i.e. they are
the same for the complex, the quinone and the
leucodopachrome.

3.2. Kinetics

3.2.1. Formation of the complexes

At constant [H*] the rate of formation of the
complexes FeLH* and FeHLH,"* was first order in
iron(IIT) concentration (eqn. (1)) over the range pH
1.4-2.6 (i.e. [H"]=0.04-0.003 M) and was also ac-
curately first order in [L]r. Although the spectra of
the differently protonated complex species differ in
their molar extinctions the first order character allows
us to write eqn. (1) (including both species).

d[coloured complex]/ds =k,°**[Fely €))

Over this range k,°®/[L}; decreased with [H*] (i.e.
increased with pH). Above [H*]=0.04 M (pH <1.4)
there was a distinct change of the dependence of
k;°*/[L]y on [H*], the observed rate increasing as
the pH fell. These results are summarised in Fig.
2 where k,°*/[L]r is plotted against pH and some
typical results are quoted in Table 1.

In a first approximation it is assumed that Fe(OH)?*
reacts with dopa regardless of the speciation of the
latter. In simplified form this may be written as

12( /
P
/
7
P
/
- /

'— /
gl
(\l‘_‘ B 0/
= A
~
3 ot
o g
X ré

L 9’/0

-
° 70
oo ,000
0 8 o0®
0 - 1 L L 1
1.0 15 20 25 30

pH
Fig. 2. Formation of the complexes: k,°*/[L}r vs. pH. The
broken line is computed with k;=3.13x10° M~ s~1
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In agreement with the protonation equilibria (see
below eqns. (15) and (16)) the shape of the curve
in Fig. 2 indicates that above a pH of 1.5 the mainly
present coloured complex is FeLH*. The respective
rate law thus has the form

d([FeLH*])/dt =k, [Fe(OH)** J[Lk 3)
Using the equilibrium

KMOH
Fe(OH)**,,+H* &= Fe**,, 4)

and the relationship (5)

[Fe}r=[Fe**]+ [Fe(OHY*]
=[Fe(OH)**J(1+KMOP[H*]) &)

(3) becomes (6)

d(FeHL" )/dt = k,[Fel[L}/(1+KMOH[H*]) (6)

Comparison of (6) with (1) and taking reciprocals
leads to

[L}e/k,% = 1k, + (KMOH)k, ) [H* ] 0

From a plot of [L]{/k,°* versus [H*] both k, and
KMOH could be determined (k;=(3.13+0.06) X 10°
M~! s1 and KMOH =630 M~'). Mentasti et al. [7,
8] obtained a value of 2.5x 10> M~! s~ ! for k; and
a value of KMP" =660 M~' was previously obtained
by us [1, 2] when investigating the analogous reactions
with cysteine. That there is no observable curvature
in the plot of [L]+/k,°* versus [H* ] strongly confirms
that the interaction of Fe** (in contrary to Fe(OH)**)
with dopa must be of little importance (as has been
implied by (2)) — the rate constant for this reaction
cannot in fact be much greater than 1073 X k; before
(7) fails.

Leaving the above simplification, i.e. taking the
speciation of dopa into account, the reactions (8)
and (9) have to be treated separately

Fe(OH)** + H,LH — FeLH* +2H,0+H*  (8)
Fe(OHY* + H,LH,* —5
FeLH* +2H,0+2H* (9)
This implies the rate law
d[FeLH*}/dt = k,[Fe(OH)?* ][H,LH]
+ ky[Fe(OH)Y?* J[H,LH, ] (10)
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TABLE 1. Typical rate constants for the formation (k,**) and decay (k,"™) of the iron(IIl) complexes ([Fe]r=

1.0-10.0x 10"°> M)

pH 10°x[H]* 10X [L]y ko k2102 % [L]; 102 Xk kL)
(M) M) ™" (M™'s™h) s (M~ts™h

1.04 104 1.00 3.06 3.06 2.82 2.82
1.20 724 1.25 2.78 222 2.79 2.23
1.24 66.1 1.00 2.22 2.22 2.18 2.18
1.31 562 0.50 0.97 1.93 0.94 1.88
1.38 479 1.00 1.59 1.59 1.55 1.55
1.46 39.8 1.00 1.74 174 1.60 1.60
1.53 339 1.25 1.76 141 1.84 1.47
1.58 302 1.00 1.52 1.52 1.48 1.48
1.65 25.7 1.25 221 1.77 1.80 1.80
1.77 19.5 0.75 1.76 2.34 2.38 317
1.82 17.4 1.00 2.56 2.56 2.91 291
1.89 148 1.00 2.40 2.40 2.60 2.60
1.93 135 1.00 2.84 2.84 3.09 3.09
2.09 9.33 0.50 2.14 428 358 7.15
234 5.25 0.50 377 7.54 4.90 9.80
2.52 347 1.00 9.70 9.70 10.3 10.3
2.61 2.82 1.00 12 112 119 119

In the investigated pH range dopa is almost exclusively
present in the forms H,LH and H,LH," so that
[L)r is given by eqn. (11)
[L}r=[H,LH] + [H,LH,"]

=[H,LH)(1+ KH[H"]) (11)
Substitution of (5) and (11) into (10) leads to (12)
(k1 + ko KP[H* ))[Fel|L)r

AIFeLH YAt = 10 & KMOTH )1 + KA )

(12)
and comparison of (12) with (1) gives (13).
DI e L L) (13)

{Q+KMPH (I + K [H D}

Figure 3 shows a plot of k,°*{(1+ KM°H[H*])(1+
KMH*DYIL)r versus K,;F[H*] (using the indepen-
dently obtained values of K™M°" [1,2] and K, [6])
which indeed yields a straight line whose slope
(3.16 x10° M~' s7!) and intercept (3.11x10> M™?
s™") correspond to k, and k;, respectively. It is
remarkable [9] that, despite the fact that the two
dopa species present are differently charged, the two
rate constants are almost identical, in turn giving
significance to the former simplified treatment. Using
these results the broken line in Fig. 2 has been
calculated showing that the identification of FeLH™*
as the coloured species above a pH of 1.5 is valuable.
The rise in k;°"%/[L]+ below this pH can be attributed
to increasing importance of the back reaction. Using
the equilibria of complex formation and protonation,
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Fig. 3. Plot of k°{(1+KM°P[H*1)(1+ K [H " DY/[L]; vs.
KMH*], with intercept=k;=3.11x10°> M~' s™! and
slope =k, =3.16 X 10° M "' s, indicating the independence
of the rate of formation on speciation of dopa. Derivation
given in the text.

one can calculate that below this pH the reaction
no longer goes to completion. Therefore it is necessary
to include the back reactions in the above reaction
schemes. Unfortunately our results in this range are
not accurate enough to get quantitative results al-
though the rise in rate can be qualitatively repro-
duced.



3.2.2. Rate of decomposition of the complexes
At constant [H*] and [L]r the rate of decom-
position is given by (14)

— d[coloured complex)/ds =k,***[Fe}r (14)

The rate is first order in [L]t and results are sum-
marised in Fig. 4 and typical k,°**/[L]; are given in
Table 1. It might be pointed out that the observed
first order dependence is not simply explicable by
the excess in dopa used to obtain pseudo first order
kinetics for the preceding complex formation. As
seen below the decomposition of the complex does
not involve dopa as a reactant. However, the con-
centration of the complex itself depends upon [L]r.

Above pH=1.30 the results can be explained by
eqns. (15)-(18) in which "HLH is the dopasemi-
quinone.

KmH
FelH* + H* &=— FeHLH** (15)
K
FeHLH?* +H* = FeHLH,** (16)
FeHLH?* 5 Fe?* +°HLH a7
FeHLH,** —%> Fe** +°HLH +H* (18)

—d[FeLH*)/dt = k;[FeHLH?* ] + k,[FeHLH,** ]
(19)

i.e. we allow for protonation of the carboxyl group.
We now assume that the value of K is equal to the
respective value for dopa, K,", and that the pro-
tonation reactions of FeLH* (15) and FeHLH?*
(16) are fast, compared with the decomposition
reactions. (19) then becomes (20)

—d[FeLH" }/dt = (k; + kK, F[H* DK\ [FeLH* J[H* ]
(20)
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Fig. 4. Decomposition of the complexes: k,°**/[L}; vs. pH.

The broken line is computed with k;K,7=7.52 M~! 571,
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and, as has been shown above in the case of the
formation of the complexes, it is probable that both
k3 and k, are equal. Hence (20) reduces to (21).

—d[FeLH" )/dt =k; Kp'(1+ KF[H* )[FeLH* ][H*]

(21)

Making use of (5), (11) and the appropriate equi-
librium constants, and defining an equilibrium con-
stant K\M (22)

KM
Fe** + LH>~ —— FeLH" (22)
(21) becomes (23)
- d[FeLH * ]/dl = {k3KMHK1MKMOH/&H

X (1+KMOU[H }HFelr[L}r (23)

Comparison of (23) with (14) together with the fact
that 2d[FeLH")/dz=d[Fe}/dt (due to the fast re-
action of the semiquinone produced with another
iron(111) ion (wvide infra)) and taking the reciprocal
leads to (24) and a plot of [L}/k,*™ versus [H*]
enables KMPH to be obtained from slope/intercept
(KMOH =630, identical to that obtained for the for-

[L]T/2k2°bs = I}ZH/k?,KMHKl MKMOH
+ (B ks K"K M)[H ] (24)

mation of FeLH™*, above) and k3K = g,H/(KM X
slope). Use of the accepted values [6] for 8, and
K Myields k3KyH=7.52+0.15M " !'s™!in good agree-
ment with the value of Mentasti et al. [8] of 3.89
M~ 57! for half the rate constant. k; itself can be
obtained using the rather insensitive value of
Kyt=254+25 M™! to give 0.30+0.05 s7%,

The increase in rate obscrved below a pH of about
1.30 can be explained as follows. The actual de-
composition of FeLH™ proceeds almost certainly via
rapid protonation to form FeHLH?* which then
slowly decays. Below pH=1.3 the concentration of
FeHLH?" begins to rise at the expense of FeLH*,
since the total concentration of the complex decreases
with decreasing pH. As now the concentration of
the rate determining species increases the speed of
the reaction and the observed rate constant increase,
as can be seen in Fig. 4.

3.2.3. Formation of the dopaquinone

In contrary to earlier reports the appearance of
dopaquinone does not simply follow the disappear-
ance of the complex species [8]). The formation of
the quinone, QH (H), followed at 385 nm, yields
what appears to be biphasic kinetics. At low pH
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Fig. 5. Formation of dopaquinone: increased appearance of fast formation step as pH increases.
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Fig. 6. Relationship between the fast rate of formation of

dopaquinone (k,°®) and the rate of formation of the
complexes (k) (line drawn with unit slope).

values there is a single relatively slow formation step
of the quinone, but as the pH is increased this is
preceded by a fast formation step until by pH of
1.8 only the fast step is observed (Fig. 5).
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Fig. 7. Relationship between the slow rate of formation
of dopaquinone (ks°**) and the rate of formation of the
complexes (k,°*) (line drawn with unit slope).

The present investigation shows that the occur-
rence of biphasic kinetics does not necessarily point
to a two step mechanism. From the electronic spectra
(Fig. 1) it is known that beside the quinone the
formed complexes also absorb near 385 nm. Keeping
this in mind, the observed behaviour and its de-
pendence on the pH values can be explained as
follows.

(i) Fast formation kinetics. In this case the rate of
formation of QH is again of the form (25) and is
exactly equal to the rate of formation of FeLH"

d[QHY/ds = k*[Felr (25)



ks is exactly equal to the rate of formation of
FeLH" as is shown in Fig. 6. Examination of the
spectra (Fig. 1) together with the fact that at these
pH values [FeLH™"] is formed in increasing amount,
leads us to the conclusion that it is this species that
we are following, and not [QH].

(ii) Slow formation kinetics. The rate equation at
constant [H*] and [L]; takes the form (26) and is
first order in [L}¢

d[QH]/dt = k,**[Fe}r (26)

The rate constants obtained reflect the decomposition
of FeLH" (see Fig. 7) and so the reaction scheme
(27) is proposed.

FeHLH?* —%» Fe?* +°HLH

FeHLH,>* —5 Fe?* +°HLH +H*

Fe’* +°HLH ——> QH +Fe** +H* @7
This leads to (28) which is the required result
d[QH)/dt =k;[FeHLH™ ]+ k,[FeHLH,** | =k, [Felr

(28)

3.2.4. Cyclisation of dopaquinone

It is well established {10, 11] that the quinone of
dopa and related substances (e.g. adrenaline) spon-
taneously cyclise via a Michael addition to form the
UV-transparent leucodopachrome (III).

-
n%‘%ﬂeo_a_q—
Bt

3k -
30/

-4
Fig. 8. Observed rates of cyclisation of dopaquinone to
form leucodopachrome: [J=kinetic results for dopa;
O=chronoamperometric results for dopa; A =chronoam-
perometric results for a-methylnoradrenaline. The deri-
vation of the curve is given in the text.
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The kinetics of this cyclisation were established by
monitoring the quinone at 385 nm. This was possible
because at very low pH the spectral absorption of
the quinone rapidly exceeded that of the complex.
At higher pH values this was no longer the case
and the formation of the quinone could not be
followed. Its disappearance, however, could be fol-
lowed since iron(II) does not absorb appreciable at
this wavelength.

The rate of disappearance of the quinone is given
by

—d[Qlr/dt =ks**[Q]r (30)

Typical first order rate constants obtained for the
decay of the quinone at various pHs are listed in
Table 2 and included in Fig. 8. The values appeared
to be surprisingly high when compared with those
for the rate of cyclisation of a-methylnoradrenaline
obtained by chronoamperometry by Hawley et al.
(Fig. 3 in ref. 12 was redrawn using those values)
and which we expected to be similar to those of
dopa. We therefore used the same technique as
Hawley et al. in order to obtain pH dependent data
for the cyclisation of dopaquinone and these are
presented in Table 3 and Fig. 8 together with those
for a-methylnoradrenaline. The figure shows how
they confirm that our results do indeed refer to the
cyclisation reaction.

To explain these results we postulate the following

reaction scheme (31) in which K is the microconstant
for the protonation of the carboxyl group in do-
paquinone and leucodopachrome (The proton at the
carboxyl site is indicated by Hy).
In other words we propose that the lower rates at
low pH values are due to the protonation of the
carboxyl group and the theoretical curve included
in Fig. 8 was derived on this basis as follows.

We assume that the reactive species is deproton-
ated at the amino site, and because the protonation
constant of this group is high, i.e.

TABLE 2. Typical values for the observed rate constants (ks°*) obtained for the cyclisation of dopaquinone to leucodopachrome

(kinetic data)

pH 0.15 1.12 1.32
—log ks 3.15 2.62 2.59

1.55 1.76 1.85 2.07 2.30
2.49 2.35 2.46 234 241
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TABLE 3. Values of the rate constants (ks°) for the cyclisation of dopaquinone to leucodopachrome obtained by

chronoamperometry
pH 3.50 4.50 5.50 6.00 6.50 7.00
—log ko™ 2.35 2.11 1.22 0.77 0.30 0.11

(o) N (o] X
-H*
o Z coo- 0N COOH

Dopaquinone
protonated and
deprotonated forms

Ky «H* ”m' K,
o R
Q -
@ i COO~  H*
NH,

K

protonated and
deprotonated forms

HO

HO \ ~H*
HO NHp ~COO- HO

K"
ka
RNH, +H* == RNH;," (32)
K=k, /k_,=[QHJ[Q][H"] (33)

the deprotonation step is relatively slow and must
be included in the reaction scheme. (We also assume
that k_, is independent of protonation at the carboxyl
site.)

Thus we have

—d[Qhr/ds =ks[Q] +ks[QHL] (34)
= (ks + kKo [H*DIQ] (35)

NH3

" -H~”+H. i

o N

07 N COOH
NH,

(31

Leucodopachrome ., l fast

i

NHp “COOH

but under these conditions [Q] would reach a steady
state, i.e.

d[Q)/ds=0 (36)

which yields

k_.[QH]=£.[Q][H"]+ks[Q] 37
ie.
[Q] = [QHJAKN[H* ]+ ks/k _ .} (38)

The total quinone concentration is given by (39) and
(40) and



[Q}r = [QH] + [QHH,) (39)
=[QHN{1 + K,"[H* ]} (40)

hence substitution for [QH] from (40) in (38) and
comparing the results with (30) yields (41).

ks®°® = (ks + ke Ko [H* DAKN[H"]
+ks/k_o)(1+KP[H D} (41)

(Based on the experience with microconstants [6]
Ky and K" were assumed to have the same value
as the corresponding protonation constants for dopa,
viz. Ky"'=microconstant for the protonation of
COO™, log K;"#=2.22; Ky"=microconstant for the
protonation of -NH,, log K;7=9.20.)

The best fit to the observed data was obtained
withk_,=3.42+0.08 s™ % ks=(1.411£0.04) X 10?*s™%;
ke=(4.840.1)x10* s~

4. Conclusions and general discussion

Under anaerobic conditions four general steps of
the present redox reaction between Fe(I1I) and dopa
could be followed spectrophotometrically, namely (i)
the formation of a complex between the metal ion
and protonated and unprotonated species, (ii) the
decomposition of the complex after electron transfer,
yielding Fe(1l) and dopasemiquinone, (iii) the for-
mation of dopaquinone (directly observable at low
pH), and (iv) its cyclisation via an intramolecular
Michael addition yielding leucodopachrome. Chron-
oamperometric investigations allowed to investigate
the cyclisation step independently. In the presence
of oxygen further oxidations occur, yielding do-
pachrome and finally melanine.

The rate constant obtained largely confirm those
of Mentasti et al. [7], but the interpretation differs
in two important ways. Firstly our results clearly
show that even at low pH values the reaction proceeds
exclusively via complex formation. Secondly our re-
sults show that the complex FeLH™" is protonated
at one of the coordinated phenolic oxygen atoms
(as has been well established in the case of tiron
[3]). It is the protonated complex, FeHLH?*, that
relatively slowly decomposes by intramolecular elec-
tron transfer from dopa to coordinated iron(III). It
should be pointed out that all the kinetics involving
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the complex are governed by its concentration. The
increase in k,°* above a pH of 1.3 is due to this
fact as is the formation of the quinone.

The fact that we were able to follow the cyclisation
reaction of the dopaquinone to leucadopachrome at
very low pH values is also of some importance since
below a pH of about 3 the chronoamperometric
method is not successful [12]. Thus a expansion of
the range — either pH or k°® — of electrochemical
methods by stopped-flow methods is possible.

It is perhaps surprising that protonation of the
carboxyl group of the dopaquinone has such a strong
effect, but we ascribe this to the breaking of a
hydrogen bond between the unprotonated amino
group and the anionic form of the carboxyl group
on protonation of the latter.
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