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The reactivity of 5,6-dihydroxyindole and its major dimers has been studied with the use of a recently proposed
general-purpose reactive indicator (Anderson et al. J. Chem. Theory Comput. 2007, 3, 358—374) from ab
initio density-functional theory calculations. Theoretical prediction has reasonably explained previously isolated
oligomers up to tetramers. The oxidative polymerization is governed by the electron-transfer-controlled reaction.
The electrostatic interaction plays a regioselective role in the reactant complex and/or intermediates. A
monomer—dimer coupling is able to form trimers, while a part of it is prevented by the exchange repulsion,
i.e., steric hindrance. Therefore, a dimer—dimer coupling is also able to form tetramers.

1. Introduction

It is widely believed that eumelanin, a brown-to-black
pigment, provides photoprotection and shields epidermal cells
from radiation in the ultraviolet (UV) and visible (VIS)
frequency regions. 5,6-Dihydroxyindole (DHI, 1 in Figure 1),
5,6-dihydroxyindole-2-carboxylic acid (DHICA), and their
oxidized molecules are considered as the precursors of eumela-
nin, and their polymerization seems to produce eumelanin, but
the chemical structure of eumelanin is not well understood.' ™

Some properties of eumelanin were explained® by considering
semiconductor model.'® For example, the optical absorption of
eumelanin, which is the well-known broad absorption and looks
like an inorganic material, was considered to give support to
this model.!! It was also shown that eumelanin can act as the
electrical switch.!> Tt was also demonstrated that the broad
absorption spectrum was explained naturally based on a
chemical disorder model.'>»'* In the model eumelanin is
considered as an ensemble of chemically distinct oligomeric
macromolecules with an individual optical gap.'* Therefore
understanding polymerization mechanism of the precursors of
eumelanin is important.

The precise mechanism of oxidative coupling of 1 and of
DHICA remains unclear. To analyze the oxidative polymeri-
zation mechanism, many experimental efforts have been made
to isolate oligomers.' =20 With respect to oligomers consisting
of 1, Naples’ group clarified the early stages of the polymeri-
zation process of 1 up to tetramers (Figure 1).1617:19.20 These
oligomers were isolated as acetyl derivatives and all oligomers
mentioned above have a single linkage.

At the dimer level, the 2,4'-, 2,7'-, and 2,2'-biindolyls, 2, 3,
and 4, were isolated.!®!7 Note that the 2,2'-linked homodimer
4 is produced only in the presence of the transition-metal cations
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(e.g., Ni?* and Zn 2).16 It was suggested from product analysis
that the process involves the nucleophilic attack of a dihydroxy-
indole to one of its two-electron-oxidants as an electrophile.
DHI homotrimers were also isolated as 2,4":2',4"- and 2,4":2',7" -
terindolyls (5 and 6) in the process of oxidation of 1.!7 The
structural features of oligomers up to trimers showed that the
coupling through the 2,4'- and 2,7'-linkages is preferable. Thus,
product analysis had disproved the mode of polymerization of
1 via the C3 position proposed earlier,!” and so it was a surprise
for Naples’ group to isolate the tetramer, 5,5',5",5" ,6,6',6",6™ -
octahydroxy-2,4":2',3":2" 4" -tetraindolyl 7 with unexpected
2,3'-coupling, in the process of the oxidation of 2 in the presence
of Zn*" ion.'? Furthermore, the additional anomalous linkages,
3,3" and 4,4', were found in the oxidation of 3: 7,2":3" 3" :2" 7" -,
2,74 4" 7" 2" - and 2,7':2',3":2" 7" -tetraindolyls (8, 9, and
10) are isolated.?’ The group also showed that 10 becomes
preferable enough to be one of the major products by the
influence of Zn?* ion.?°

Ab initio studies have been started on oligomers consisting
of 1 and/or DHICA to clarify their electronic structures and the
UV—vis spectra.'3?172% However, in all of those studies
oligomer structures have been assumed a priori according to
chemical speculation. This is because, to the best of our
knowledge, even the reactivity of 1 and/or DHICA monomers
has not been studied from ab initio calculations. Quite recently,
Anderson et al.>> proposed a general-purpose reactive indicator
for nucleophiles and electrophiles. The indicator is considered
to be useful because it can describe not only electrostatic-
controlled reactions and electron-transfer-controlled reactions
but also reactions between these extreme reactions.

In this paper, we examine the oxidative polymerization
mechanism of 1 with the general-purpose reactive indicator from
ab initio density-functional theory calculations. We demonstrate
that the oxidative polymerization mechanism of 1 is governed
by the electron-transfer-controlled reaction at least up to the
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formation of tetramers. The electrostatic interaction has been
suggested to play a regioselective role in the reactant complex
and/or in the intermediate. A monomer—dimer coupling is able
to form trimers, while a part of it is prevented by the exchange
repulsion, i.e., steric hindrance. Therefore, a dimer—dimer
coupling is also able to form tetramers.

2. Details of Calculations

All ab initio density-functional theory (DFT) calculations?%-2’

have been carried out using the B3LYP functional,?® which
consists of Becke’s exchange functional and the slightly
modified Lee—Yang—Parr correlation functional. We have used
the 6-31++G(d,p) basis set,??° which takes account of diffuse
functions for all atoms and d polarization functions on heavy
atoms and p polarizations on hydrogen atoms. The solvent effect
has been taken into account by the polarizable continuum
model.3!' The CHelpG method3? has been used for estimating
the effective point charge on each atom. Harmonic vibrational
wavenumbers have been calculated analytically and scaled by
0.982. The excitation energy of each molecule has been
estimated by the time-dependent DFT (TD-DFT) with the
B3LYP functional and 6-314++G(d,p) basis set to verify
optimized molecular structures in comparison with previous
results. All ab initio calculations have been carried out using
the Gaussian 03 program.’?

In order to evaluate the reactivity of molecules, we have used
the indicators proposed by Anderson et al.>> They derived the
indicators by considering both electron-transfer effects and
electrostatic interactions. The indicator for nucleophiles is given
by

Eiwsoa = e+ 1gg) = ANGe = Dfy” M
and that for electrophiles is given by
Efv0a =~ + Dgl + ANGc — 1)f, 2)

Here, subscript o specifies the reactive position, and g% and
fu™ denote the effective point charge and condensed Fukui
functions, respectively, on the reactive position a. The con-
densed Fukui functions on the reactive position o are defined
as

fo=ay —qy 3)
fi=qY—q (4)

In the equations, g5’ and ¢ denote the effective point charge

for the radical cation of the nucleophile without a transferring
electron and that for the radical anion of the electrophile with
an additional electron, respectively. (Although in the original
papers by Anderson et al.?> the expressions of qﬁ%)deopmb o
q(eol>ectrophile, 8] q(l:uz:leophile, [/t q(chtrophile, ') fn;cleophile, o andfeTeclrophile, o
are used, the subscripts “nucleophile” and “electrophile” are
omitted in this paper since they are understood from the
superscripts.) In calculating ¢ and ¢, they pointed out that
the effective point charge on the reactive position o should
include that on the adjacent hydrogen atom. Equations 1 and 2
include the two parameters, AN and «. The parameter AN
denotes the amount of electron transfer in the reaction and can
be calculated from ab initio calculations. The other parameter
Kk describes the chemical reaction type and should be treated as
a variable: « > 1, strong electrostatic control; k = 1, pure
electrostatic control; —1 < x < 1, joint control by electrostatics
and electron-transfer effects; k = —1, pure electron-transfer
control; k < —1, strong electron-transfer control. Since EAy, «
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models the interaction energy of the molecule, the most reactive
position of the molecule is the reactive position with the most
negative EAp, o

3. Results and Discussion

3.1. Reactivity of Monomers. The molecular structures of
1 and 11 (see Figure 2) were optimized in aqueous solution.
The excitation energy of each molecular structure was calculated
by using TD-DFT. The results are essentially identical to those
reported previously** (see the Supporting Information), validat-
ing our structure calculations. We summarized the energy of
the highest occupied molecular orbital (HOMO) (enomo) and
that of the lowest unoccupied molecular orbital (LUMO) (eLumo)
for 1 and 11 in Table 1. The relation eénomo,11 < €Homo1 <
eLumoa1 < €Lumoa holds (subscripts 1 and 11 specify the
molecules). This means that 1 acts as a nucleophile and 11 as
an electrophile in the dimerization process as suggested previ-
ously.® We calculated the energy difference Ae between e umo
for the electrophile and exomo for the nucleophile since the
reaction is easy to occur with the small Ae. No significant
difference in Ae (see Figure 3) suggests that any of the reactions
occurs similarly.

As the probability of reaction is also proportional to the
collision rate between the target molecule and the other one in
the reactant complex, we calculated the probability of finding
each conformer 1 and tautometer 11 in aqueous solution using
the Boltzmann factor, which depends on both temperature and
the relative energy difference in conformers/tautomers. The
relative energy difference was estimated using the dissociation
energy, which is defined as the sum of the binding energy and
the vibrational zero-point energy. The temperature was set to
be 300 K. It was found from Table 1, in which the probability
of finding each conformer 1 and tautometer 11 is also tabulated,
that 1 should exist as a mixture of at least three conformers
and the probabilities of finding 11b and 11c¢ were negligibly
small in comparison with that of finding 11a. This agrees with
the previous result.>* Hence we focus our attention on the
dimerization reaction of 1 against 11a hereafter.

Only carbons on 2, 3, 4, and 7 positions, i.e., C2, C3, C4,
and C7 positions in abbreviated representations, were treated
as reactive positions. The effective point charge on each reactive
position of 1 and 11a is tabulated in Table 2, where the
condensed Fukui function and reactivity indicator under the
condition of k = —1 and IANI = 1 are also shown (for 11b and
11c, see the Supporting Information). The effective point charge
on each carbon includes that on the adjacent hydrogen atom.?
It is found from Table 2 that the C2 positions are positively
charged and the other reactive positions are negatively charged
for both 1 and 11a. It is likely that Coulomb repulsion prevents
the C2 positions of 1 and 11a from facing and approaching
each other in the reactant complex. Taking account of Coulomb
attraction, there are two possible reaction paths: (i) The C2
position of 1 attacks one of the C3, C4, and C7 positions of
11a; (ii) The C2 position of 11a attacks one of the C3, C4, and
C7 positions of 1.

To identify theoretically which path is favorable, we should
first estimate Ej\y, 2 for 1 and 11a. As mentioned before, ZAy, o
includes two parameters AN and k. The electronic structure of
each monomer and possible dimer in aqueous solution is such
that the amount of electron transfer from 1 to 1la in the
dimerization reaction almost equals unity (IANI ~ 1), which is
retained in any possible dimerizations, i.e., producing the 2,2'-,
2,4'-, or 2,7'-biindolyl independent of the reaction paths (i) and
(ii). As mentioned in the original paper by Anderson et al.,?
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Figure 2. Structural formulas for conformers of 1 (la—1d), indole-
quinone (IQ, 11a), quinonimine (11b), and quinone methide (11c). The
numbers 1—11 in la are the labels of the atoms, to which the labels
for 1b—1d and 11 are identical. We consider the C2, C3, C4, and C7
positions as reactive positions.

the parameter AN is exactly evaluated from ab initio calcula-
tions, see the Supporting Information. Therefore, we can safely
set IANI = 1 in calculating ZAy, o for the present system.
Ideally, IANI = 1 should result that the dimerization reaction is
the electron-transfer-controlled reaction and the other parameter «
should be simultaneously k = —1.25 We have shown Zfiy =1, o of
each reactive position o in Table 2. As for the x-dependence of
EfAm=1,q in the range of —1 =< x =< 1, see the Supporting
Information. Under the condition of IANI = 1 and x = —1, it is
found that 5y =11, ¢ = —0.4060 for 1a, 5y =11 ¢ = —0.4706
for 1b, Zy =11, co = —0.4433 for 1c, iy = 11 c2 = —0.4608 for
1d, and E\y = 11, c2 = —0.2889 for 11a. Although the original paper

by Anderson et al.? just states that “a molecule is most reactive in
the places where ZEjn(r) (defined as EAn(r) ~ ZoEAN, o /IF — Ryl)
is the most negative”, we stretch the meaning of Zjy, o such that
the reactive position with the most negative Zxy, o may be most
reactive even when two different molecules are compared with
each other. So we interpret that the C2 position of 1b is the key
reactive position in the dimerization and the reaction path (i) is
favorable. As Zian =1, o = —2fi&, the most negative Ty = L1
means the most positive fco. This indicates that the C2 position of
1b has the highest electron-donating capability.

Remembering that Coulomb repulsion prevents the reaction
from forming the 2,2'-linkage, the most reactive position of 11a
is found to be the C4 position with EKN:;%, cs = —0.2086 and
the next-most reactive position is the C7 position with
EZ,?Q'I, c7 = —0.1863. The reactivity of the C3 position of 11a
is extremely low in comparison with the other two positions
judging from ZXy :_}, c3 = —0.0299. These results predict that
the 2,4'-biindolyl 2 is the primary product, the 2,7'-biindolyl 3
is the secondary one, and the 2,3'-biindolyl is hardly produced.
The small f3 means that the C3 position of 1la has little
electron-accepting capability. The same order of products holds
in the parameter region of —1 < x < 0.77 (see the Supporting
Information). Almost the same holds for the reaction between
1a, 1b, or 1d and 11a. Theoretical prediction on the formation
of dimers is schematically summarized in Figure 4.

Another reaction picture may be possible when intermediates
are considered. We tentatively call it a radical ion picture. As
already mentioned g5 (¢&") is the effective point charge on
each reactive position o after one electron transfer from 1 to
11 and, therefore, is regarded as the effective point charge of a
radical cation (anion). In the intermediate state of the reaction
of 1 against 11a, the largest Coulomb attraction acting between
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TABLE 1: Energies of HOMO and LUMO for 1 and 11¢ and Probabilities of Finding Conformers of 1 and Tautomers of 11°

la 1b 1c 1d 11a 11b 11c
EHOMO —5.4072 —5.4372 —5.3843 —5.4417 —5.8996 —6.1899 —6.2845
ELUMO —0.4934 —0.4889 —0.4659 —0.5270 —3.7468 —3.9531 —3.8541
probability 44.27 37.31 17.79 0.62 100.00 1.24 x 1078 1.80 x 1073

@1In units of eV. ? In units of %.

(eV)
|

Energy level
L

T e
1a: 1.6604 1.4541 1.5531
1b:1.6903 1.4841 1.5831
1¢:1.6374 1.4312 1.5302
1d: 1.6?49 1.4E|386 1.5?76

—6 | —_—
1a 1b 1¢ 1d 11a 11b 11¢c

Figure 3. Energy level scheme of HOMO (horizontal solid line) and
LUMO (horizontal dashed line) for 1 and 11. The energy differences
between enomoa and e umor are also shown. This scheme indicates
that (i) 1la—1d are almost identical to each other at least energetically,
(i1) 1 acts as a nucleophile and 11 acts as an electrophile, and (iii)

changes in these possible reactions are not so significant.

TABLE 2: Effective Point Charges,” Condensed Fukui
Function,” and Reactive Indicator’ on Each Reactive

Position for 1 and 11¢

Cc2 C3 C4 Cc7

1a qQ 0.0819 —0.2080  —0.2844 —0.1671
s 0.2849 —0.0423 —0.1488 —0.1016

fa 0.2030 0.1656 0.1356 0.0655
Vol 04060  —0.3313 —0.2713 —0.1310

1b qY 0.0721 —0.1796 —0.2314 —0.2163
qs” 0.3074 —0.0728 —0.1416 —0.1520

fa 0.2353 0.1068 0.0898 0.0644
V= lie  —0.4706 —0.2136 —0.1796 —0.1287

1c g 0.0693 —0.1955 —0.3001 —0.2159
q%” 0.2910 —0.0927 —0.2302 —0.1557

fa 0.2216 0.1028 0.0699 0.0603
Eivolle  —0.4433 —0.2055 —0.1398 —0.1205

1d g 0.0714 —0.1720 —0.2111 —0.1127
a5 0.3018 —0.0311 —0.0687 —0.0607

fa 0.2304 0.1409 0.1424 0.0520
voli. —0.4608 —0.2818 —0.2849 —0.1041

11a o 0.1980 —0.1415 —0.2811 —0.2159
a5 0.0531 —0.1564 —0.3854 —0.3090

M 0.1449 0.0149 0.1043 0.0932
AV« —0.2899 —0.0299 —0.2086 —0.1863

“In units of elementary charge. ” Under the condition of IANI =
1 and k¥ = —1. ¢ See Figure 2 for the labels of the atoms.

the corresponding radicals leads to 2 and the next largest
Coulomb attraction leads to 3 (see Table 2).

In any case theoretical prediction is consistent with the
previous product analysis in the absence of transition-metal
cations. That is, 2 is the primary product, 3 is the secondary
one, and the other dimers were not isolated.!” Note that the
relative yield of 2 and 3 depends on the reaction conditions
and 3 may become a primary product in several conditions.??

It should be noted here that when the other possible reaction
path (ii) is selected, the theoretical prediction contradicts the
experimental results.!” This fact appears to validate a broad
interpretation of Z}y, o mentioned before.

We briefly consider the dimerization mechanism in the
presence of transition-metal cations. It is natural to consider

Z “NH
HO.
I
HO N
2H 4 on

HO
1)
HO N
3H ud  bu

Figure 4. Proposed origin of the formation of 2,4'- and 2,7'-biindolyls.
The nucleophilic attack of the C2 position of 1 to the C4 and C7
positions of 11a leads to 2 and 3, respectively.

that transition-metal cations might prevent Coulomb attraction
from acting between the C2 position of 1 and the C4 and C7
positions of 11a. Analysis of the reason is beyond the scope of
this paper and we do not discuss it further. Nevertheless, the
2,2'-linkage may be formed under such a circumstance because
the reactivity of the C2 positions of both 1 and 11a is essentially
high (see Table 2).

3.2. Reactivity of Dimers. In the following, we discuss the
reactivity of 1-related dimers which appear to take part in the
formation of trimers and tetramers. From the discussion for
1-related monomers mentioned above, it is certain that the
polymerization of 1 is the electron-transfer-controlled reaction
and the electrostatic interaction plays the regioselective role.
We consider the formation mechanism of 5—7 in this section.
Furthermore, we predict possible tetramers via the coupling of
3 and its two-electron-oxidant. Note that we do not distinguish
la—1d from each other in this section because the four
molecules are essentially identical to each other in terms of the
HOMO and LUMO energies and the reactivity (see the previous
section), and we use 1a as a typical molecule in the discussion
below.

3.2.1. Formation Mechanism of 2,4':2',4"-Terindolyl 5.
Both 5,5'.5",6,6',6"-hexahydroxy-2,4":2",4"- and 2,4":2',7"-
terindolyls (5 and 6) were isolated experimentally without
transition-metal cations.!” We start from considering the forma-
tion mechanism of the former. There are two possible pathways
to form 5: One is a reaction of 1 against one of two-electron-
oxidants of 2 and the other is a reaction of 2 against 11. As
already mentioned in the previous section, the C2 position of 1
is the most reactive among possible reactive positions of 1 and
11. It is reasonable to consider that the C2 position of 1 is the
key reactive position even in forming trimers and so the other
molecule participating in the reaction is one of two-electron-
oxidants of 2. Exclusion of the latter pathway is justified later.
Hence we optimized the molecular structures of four tautomers/
conformers of the two-electron-oxidants of 2 in aqueous solution
from the viewpoint of stability, i.e., extended quinone methide
with geometry Z 12a (3a), that with geometry E 12b (3e),
2-substituted quinone with syn-periplanar (sp) symmetry 12¢
(3p), and 2-substituted methide with sp symmetry 12d (3i) (see
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Figure 5. Structural formula of 12, two-electron-oxidants of 2, under
consideration.

TABLE 3: Energies of HOMO and LUMO for 12¢ and
Probabilities of Finding Tautomers 12¢

12a 12b 12¢ 12d
£HOMO —5.3951 —5.3718 —5.5519 —5.6692
ELUMO —3.7477 —3.7121 —3.6338 —3.7815
probability 98.57 1.42 1.26 x 1072 2.50 x 1074

@1In units of eV. ? In units of %.

3 |
3
B
> | e
B e
h 1.7‘735 1 6257
|
1 12a 12b 12¢ 12d

Figure 6. Energy level scheme of HOMO (horizontal solid line) and
LUMO (horizontal dashed line) for 1 and 12. The energy differences
between enomo.1 and erumo.12c and ELumo.12a are also shown. This scheme
indicates that 1 hardly reacts with 12a and 12b due to exchange
repulsion and reacts as a nucleophile with 12¢ and 12d as electrophiles
and that the changes in the reactions of 1 against 12¢ and 12d are not
so significant energetically.

Figure 5). Here, symbols in parentheses are those of ref 23.
The stability of each molecule was studied with the dissociation
energy.

Energy levels of HOMO and LUMO in each oxidant are
shown in Table 3 and are compared with those of 1 in Figure
6. In Table 3, the probabilities of finding tautomers 12 are also
tabulated. The energy level scheme indicates that the reaction
of 1 against the most stable oxidant 12a cannot be regarded as
a reaction of a nucleophile against an electrophile. The extremely
small difference in the energy level of each HOMO suggests
that 1 hardly reacts with 12a due to exchange repulsion or Pauli
repulsion, which is termed steric hindrance in the field of organic
chemistry. Almost the same holds for the reaction of 1 against
the next-most stable oxidant 12b (see Figure 6). The fact that
12a and 12b are not consumed in forming trimers makes the
formation of tetramers via a dimer—dimer coupling possible
and an important reaction mechanism. Such a reaction picture
that a nucleophile attacks an electrophile holds for the reactions
of 1 against more unstable oxidants, 12¢ and 12d. The
probability of finding 12¢ is 1.26 x 1072% and that of finding
12d is at most 3 x 107%% (see Table 3). Therefore, it is
sufficient to consider the reaction of 1 against 12¢ the highest
priority in clarifying the formation mechanism of 5.

The effective point charge and condensed Fukui function for
each reactive position of 12a—12¢ are tabulated in Table 4,
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where the reactive indicator under the condition of k = —1 and
AN =1 is also shown. Analogous to the formation of dimers,
IANI = 1 may be a good approximation even in forming 5. This
is justified by the molecular structure calculation of 5. As for
estimation of AN and the «-dependence of reaction index, see
the Supporting Information. The formation of 5 is also suggested
as a result of the electron-transfer-controlled reaction and so it
is sufficient to consider the limit of IANM = 1 and x = —1
primarily. At the limit, the following is found from Tables 2
and 4. The C2 position of 1 is the most reactive among the
reactive positions of 1 and 12¢. The C2 position of 1 will attack
a reactive position with negative charge and most or more
negative ZAy - :_1', «- Such a reactive position is the C4 position
on the 2-substituted indole of 12¢. In the radical ion picture,
the reaction is interpreted as follows. After an electron transfer
from 1 to 12¢, the largest Coulomb attraction acts between the
C2 position of 1 and the C4 position on the 2-substituted indole
of 12¢. In any way, the nucleophilic attack of the C2 position
of 1 to the C4 position on the 2-substituted indole of 12¢ leads
to 5.

3.2.2. Formation Mechanism of 2,4':2',7"-Terindolyl 6.
Here we discuss the formation of 5,5',5",6,6',6" -hexahydroxy-
2,4":2" 7" -terindolyl 6. Although the reaction of 2 against 11
and that of 1 against 12 can form 6, we consider the reactions
of 1 against two-electron-oxidants of 3 analogous to the
formation of 5.

We considered the reactions of 1 against five tautomeric/
conformeric two-electron-oxidants of 3, i.e., extended quinone
methide with geometry Z 13a (4a), that with geometry £ 13b
(4e), 2-substituted quinone with sp symmetry 13c (40), that with
antiperiplanar (ap) symmetry 13d (4q), and 2-substituted
methide with sp symmetry 13e (4j) (see Figure 7). Here,
symbols in parentheses are those of ref 23. The HOMO and
LUMO energies of 13 are summarized in Table 5, and the
energy scheme of 13 is compared with that of 1 in Figure 8. In
Table 5 the probabilities of finding tautomers 13 are also
tabulated. It may be concluded from Table 5 and Figure 8 that
1 hardly reacts with 13a and 13b due to exchange repulsion.
Therefore, we consider the reaction of 1 against the third and
fourth stable molecules, 13¢ and 13d, which may act as
electrophiles for 1. Note that we may neglect the fifth stable
molecule 13e because the probability of finding 13e is much
less than those of finding 13¢ and 13d (see Table 5).

The effective point charge, condensed Fukui function, and
reactive indicator under the condition of x = —1 and AN =1
for each reactive position of 13a—13d are tabulated in Table 6.
As for estimation of AN and the x-dependence of reaction index,
see the Supporting Information. The approximation IANI = 1
appears to be appropriate again in the formation of 6 and so it
may be sufficient to consider the limit of IANI =1 and k = —1
primarily. At the limit, the following is found from Tables 2
and 6. The C2 position of 1 is the most reactive among the
reactive positions of 1, 13¢, and 13d. Regarding the C2 position
of 1 as the key reactive position, we looked for a reactive
position with the most negative ZAy = 1. in 13¢ and 13d. For
13c (13d), the C7 (C4) position on the 2 (7)-substituted indole
has the most negative EA’(N:;]{ o - Resultant products are 2,7":
2'7"-terindolyl from the reaction of 1 against 13¢ and 2,4":
7',2"-terindolyl from the reaction of 1 against 13d. However,
such trimers were not isolated experimentally.!” The inconsis-
tency is not easily resolved even when the energy of reaction
complex is additionally taken into account.

There is no inconsistency between the theoretical prediction
and the product analysis when the radical ion picture is used.
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TABLE 4: Effective Point Charges,” Condensed Fukui Function,” and Reactive Indicator’ on Each Reactive Position for
12a—12¢
C3 C4 Cc7 Cc2' C3' Cc7'
12a qg?) —0.0967 —0.1233 —0.2463 0.1003 —0.1575 —0.0347
qﬁf) —0.2298 —0.1753 —0.2948 0.0590 —0.1849 —0.1250
ﬁ 0.1332 0.0520 0.0485 0.0413 0.0274 0.0903
AN —0.2664 —0.1040 —0.0969 —0.0826 —0.0549 —0.1806
12b qﬁf) —0.0534 —0.1314 —0.2260 0.0944 —0.1312 —0.0512
qﬁf) —0.1422 —0.1694 —0.2722 0.0579 —0.1564 —0.1341
ﬁ 0.0888 0.0380 0.0462 0.0365 0.0251 0.0829
EKA;?;'L o —0.1776 —0.0760 —0.0925 —0.0730 —0.0502 —0.1658
12¢ qﬁf) —0.2332 —0.2810 —0.2433 0.1347 —0.1798 —0.1331
qﬁf) —0.2559 —0.3492 —0.2878 0.0653 —0.1520 —0.1645
o 0.0226 0.0682 0.0444 0.0694 —0.0277 0.0314
AN —0.0453 —0.1364 —0.0889 —0.1389 0.0555 —0.0628
3o}
©
>
o
> [ emmepemen meepeen
4 T 0 T
E 17361 1.7434 {5763
I —
6t 1 13a 13b 13¢ 13d 13e

Figure 7. Structural formula of 13, two-electron-oxidants of 3, under
consideration.

TABLE 5: Energies of HOMO and LUMO for 13“ and
Probabilities of Finding Tautomers 13°

13a 13b 13c 13d 13e
£HOMO —5.4121 —5.3849 —5.6294 —5.6060 —5.7344
ELUMO —3.7846 —3.7543 —3.6711 —3.6638 —3.8309

probability  96.97 2.99 2.65x 1072 122 x 1072 8.74 x 1073

@ 1In units of eV. ¢ In units of %.

The C2 position of the radical cation of 1 is still the most
reactive in the sense that it has the most positive charge. The
most reactive positions against it are the C4 positions on the
2-substituted indoles for the radical anions of 13¢ and 13d,
because the positions have the most negative charge among the
reactive positions of 13c or 13d. Therefore, the primary resultant
trimer is 6.

Theoretical prediction of the formation of trimers is schemati-
cally summarized in Figure 9.

3.2.3. Formation Mechanism of 2,4':2',3":2",4" -Tetrain-
dolyl 7. Formation of 5,5',5",5",6,6',6",6" -octahydroxy-2,4":
2',3":2" 4" -tetraindolyl 7 was proposed to reflect a reaction of
2 against one of its two-electron-oxidants, extended quinone
methide with geometry Z 12a, i.e., 7 may be formed via the
nucleophilic attack of the C2 position on the 4-substituted indole
of 2 to the C3 position on the 2-substituted indole of 12a.'° In
the following, we confirm the proposed reaction scheme
theoretically.

The four tautomers of 2,4'-biindolyl 2a—2d (Figure 10) were
optimized in aqueous solution. We report in Table 7 energy

Figure 8. Energy level scheme of HOMO (horizontal solid line) and
LUMO (horizontal dashed line) for 1 and 13. The energy differences
between enomo and ELumo 13¢—13e are also shown. This scheme indicates
that 1 hardly reacts with 13a and 13b due to exchange repulsion and
reacts as a nucleophile with 13¢—13e as electrophiles, and that the
changes in the reactions of 1 against 13c¢—13e are not so significant
energetically.

levels of HOMO and LUMO of 2 to study the reaction picture,
in which the probability of finding each molecule is also shown
(for 12a, see Table 3). The relation egomoiza < €HomO2 <
ELUMO12a < €Lumo,2 holds, and & umo,12a— €Homo,2 is nearly
constant. Therefore, we may conclude that 2 acts as a nucleo-
phile and 12a as an electrophile in the formation of 7 as
proposed previously.'?

The effective point charge and condensed Fukui function for
2, which are needed to evaluate the general-purpose reactivity
indicator, are summarized in Table 8. Analogous to the above-
mentioned discussion, an approximation of IAN| = 1 is probably
reasonable from comparison of chemical formulas of 2, 12a,
and 7.

Analogous to the formation mechanism of the dimers and
trimers, it seems reasonable to consider the limit of the electron-
transfer-controlled reaction, x = —1. We have shown
ZEAN :71_], o of each reactive position o for 2 in Table 8. As for
the k-dependence of reaction index, see the Supporting Informa-
tion. Because 7 is formed only in the presence of Zn>" ion,!°
the effect of Zn>* on the reaction should be taken into account.
Analogous to the formation process of 4 mentioned before, we
may consider that Zn>* ions reduce the reactivity of negatively
charged reactive positions. Probably the effect will be larger at
the positions with more negative charge. Conversely, Zn?" ions
will have no effect on the reactivity of positively charged
positions. The C2 position on the 4-substituted indole of 2d
has the most negative EAm =7},a among the five positively
charged reactive positions of 2 and 12a (for 12a, see Table 4)
and so it may be considered to be the key reactive position.
We would like to mention that among the reactive positions of
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TABLE 6: Effective Point Charges,” Condensed Fukui Function,” and Reactive Indicator’ on Each Reactive Position for

13a—13d
C3 C4 Cc7 c2' Cc3' c4'
13a q —0.1159 —0.1284 —0.2587 0.0783 — 0.0964 —0.0991
g5 —0.2465 —0.1849 —0.2658 0.0373 —0.1243 —0.1727
fa 0.1306 0.0565 0.0071 0.0410 0.0278 0.0735
By =« —0.2613 —0.1130 —0.0142 —0.0820 —0.0557 —0.1471
13b q — 0.0687 — 0.1587 —0.2368 0.0943 —0.0933 — 0.0996
g5 —0.1494 —0.1723 —0.2595 0.0363 —0.1397 —0.1730
fa 0.0806 0.0136 0.0227 0.0580 0.0464 0.0734
Bl —0.1613 —0.0272 —0.0454 —0.1161 —0.0928 —0.1468
13c q —0.2332 —0.2883 —0.2234 0.0905 — 0.1690 —0.1992
g5 —0.2337 —0.3545 —0.3007 0.0463 —0.1699 —0.2425
fa 0.0005 0.0662 0.0773 0.0442 0.0008 0.0432
Bl —0.0010 —0.1324 —0.1546 —0.0883 —0.0017 —0.0865
13d g —0.1861 —0.2887 —0.1928 0.0741 —0.1621 —0.1650
g5 —0.1987 —0.3467 —0.2735 0.0283 —0.1506 —0.2581
fa 0.0126 0.0580 0.0807 0.0458 —0.0116 0.0931
Bl —0.0253 —0.1160 —0.1613 —0.0916 0.0231 —0.1862
@ TIn units of elementary charge. » Under the condition of AN = 1 and x = —1.
HO OH

HO Fli
DR O B
N
"o H I
o NH o
/
5%
H

Figure 9. Proposed formation mechanism of 2,4':2',4"- and 2,4":2',7" -
terindolyls. The nucleophilic attack of the C2 position of 1 to the C4
position on the 2-substituted indole of 12¢ leads to 5 and that to the
C4 position on the 2-substituted indole of 13¢ or 13d leads to 6.

2a—2d the C2 position on 4-substituted indole for each molecule
is the only position which is positively or small-negatively
charged with larger negative 2y = ,. With respect to possible
reactive positions of 12a, the most negative Zay = 11’ « 1S achieved
at the C3 position on the 2-substituted indole. Fortunately, the
effective point charge on the position is small negative and so
it is reasonable to consider that the influence of Zn>* ions on
the position is not so significant. Therefore, we may theoretically
conclude that 7 is formed via the nucleophilic attack of the C2
position on the 4-substituted indole of 2d to the C3 position on
the 2-substituted indole of 12a in the presence of Zn** ions.
This reaction is diagrammatically shown in Figure 11, and is
basically consistent with the previous speculation!® that 12a or
12b undergoes nucleophilic attack at the C3 position by 2 via
the C2 position on the 4-substituted indole.

What are possible tetramers resulted from the coupling of 2
and 12 in the absence of transition-metal cations? In subsection

Figure 10. Structural formulas of the four 2,4'-biindolyls 2a—2d.

TABLE 7: Energies of HOMO and LUMO for 2* and
Probabilities of Finding Tautomer 2°

2a 2b 2¢ 2d
EHOMO —5.0306 —5.0412 —5.1116 —5.1223
probability 57.16 20.35 13.22 9.28

@1In units of eV. ? In units of %.

2, we found that a method taking account of both the value of
EAn, o and Coulomb interaction between radical ions is prefer-
able to explain product analysis of trimers consistently. There-
fore, we adopt the method using values of Zfyy ;11, o q&_), and
qg’) tabulated in Tables 4 and 8. It is natural to consider the
case that Coulomb interaction between a reactive position on a
radical cation and one on a radical anion is attractive and both
reactive positions have large negative Zjin = 11, « - In this case,
possible linkages are the linkage between the C2 position on
the 4-substituted indole of 2¢ and 2d and the C3 position on
the 2-substituted indole of 12a and 12b and that between the
C2 position on the 4-substituted indole of 2¢ and 2d and the
C7 position on the 4-substituted indole of 12a and 12b. As
another possibility, we may consider the case that each of
reactive positions on a radical cation and a radical anion has
fully large negative Eo = 1, and Coulomb interaction between
them is repulsion but small enough. In this case, possible
linkages are the linkage between the C7 position on the
4-substituted indole of 2 and the C7 position on the 4-substituted
indole of 12a and 12b; that between the C3 position on the
2-substituted indole of 2a, 2b, and 2d and the C7 position on
the 4-substituted indole of 12a and 12b; and that between the



11220 J. Phys. Chem. A, Vol. 112, No. 44, 2008

Okuda

TABLE 8: Effective Point Charges,” Condensed Fukui Function,” and Reactive Indicator’ on Each Reactive Position for 2

C3 C4 C7 Cc2' C3' Cc7
2a q? —0.2718 —0.2219 —0.1450 0.0743 —0.1704 —0.2061
a5’ —0.1238 —0.1482 —0.1535 0.1382 —0.1141 —0.0822
Ja 0.1480 0.0737 —0.0085 0.0639 0.0563 0.1240
EAW=1a —0.2961 —0.1474 0.0170 —0.1278 —0.1127 —0.2480
2b q? —0.2419 —0.2160 —0.1376 0.0713 —0.1354 —0.2347
g5’ —0.0880 —0.1573 —0.1180 0.1451 —0.1120 —0.0958
Ja 0.1540 0.0587 —0.0195 0.0738 0.0234 0.1390
EAW="1a —0.3079 —0.1174 —0.0391 —0.1476 —0.0468 —0.2779
2¢ q? —0.2043 —0.2036 —0.1418 0.0661 —0.1619 —0.1756
g5’ —0.1316 —0.1476 —0.1307 0.1768 —0.1194 —0.0317
Ja 0.0727 0.0560 —0.0111 0.1107 0.0424 0.1439
BNl —0.1453 —0.1119 —0.0222 —0.2213 —0.0848 —0.2877
2d q? —0.2292 —0.2187 —0.0974 0.0658 —0.1440 —0.1768
a5’ —0.0677 —0.1344 —0.1386 0.1887 —0.1362 —0.0676
Ja 0.1615 0.0843 —0.0413 0.1229 0.0078 0.1091
Ev=l1a —0.3230 —0.1686 0.0825 —0.2458 —0.0156 —0.2183
“In units of elementary charge. ® Under the condition of AN = —1 and « = —1.

Figure 11. Proposed formation mechanism of 2,4':2',3":2" 4" -
tetraindolyl in the presence of Zn?*. The nucleophilic attack of the C2
position on the 4-substituted indole of 2d to the C3 position on the
2-substituted indole of 12a leads to 7.

H
H HNTS H o o—H
o o}
Y W T
Yo N o N
H O\H O—H H HN__~#
3a 3b
H
i HNSS i H—Q D
o) o)
PO OIBONSY,
\O HH \O H
—0 O HN__~
3c " 3d

Figure 12. Structural formulas of the four 2,7'-biindolyls 3a—3d.

C3 position on the 2-substituted indole of 2b and 2d and the
C3 position on the 2-substituted indole of 12b. Thus, theoreti-
cally predicted products are 2,4':2',3":2" 4" -,2,4":2" 7":4" 2" -,
247714 2" - 2,47 32" A" - and 4,2':3",3":2" 4™ -tet-
raindolyls.

3.2.4. Possible Tetramers via the Coupling of 2,7'-Biindolyl
and Its Two-Electron-Oxidant. Possible tetramers resulted from
the coupling of 3 (Figure 12) and 13 in the absence of transition-
metal cations are as follows: The four tautomers of 2,7'-biindolyl
3a—3d were optimized in aqueous solution. The HOMO and
LUMO energies of 3, which are tabulated with the probability
of finding each tautomer in Table 9, should be compared with
those of 13 to study the reaction picture (for 13, see Table 5).
The relation enomo,13 < €HomMo3 < €LuMO,13 < €Lumo,3 holds,
and &1.umo.13—€nomo 3 18 nearly constant. Thus, we may conclude
that 3 acts as a nucleophile and 13 as an electrophile in
the coupling of 3 and 13. In this reaction, it is probably

TABLE 9: Energies of HOMO and LUMO for 3“ and
Probabilities of Finding Tautomer 3°

3a 3b 3¢ 3d
EHOMO —5.1141 —5.1289 —5.2224 —5.2688
ELUMO —1.0262 —0.9627 —1.0347 —0.9666
probability 59.82 24.11 8.95 7.13

@1In units of eV. ? In units of %.

reasonable to consider the condition of IANI = 1 and k = —1.
The effective point charge, condensed Fukui function, and
reactive indicator under the condition of AN = —1 and « =

—1 on each reactive position for 3 are summarized in Table 10
(for 13, see Table 6). For the dependence of the reactive
indicators on « for 3, see the Supporting Information.
Analogous to the above-mentioned discussion, we first
consider the case of attractive Coulomb interaction between
reactive positions on a radical cation and a radical anion. The
most possible linkage is the linkage between the C2 position
on the 7-substituted indole of 3¢ and the C3 position on the
2-substituted indole of 13a. In the case of small enough repulsion
Coulomb interaction, possible linkages are the linkage between
the C3 position on the 2-substituted indole of 3b and 3d and
the C3 position on the 2-substituted indole of 13a and 13b;
that between the C4 position on the 7-substituted indole of 3
and the C3 position on the 2-substituted indole of 13a and 13b;
and that between the C4 position on the 7-substituted indole of
3 and the C4 position on the 7-substituted indole of 13a and
13b. Therefore, 2,7':2',3":2" 7" -, 7,2":3',3":2" 7" -, 2,7":4' 3"
2" 7" -, and 2,7":4' 4":7" 2" -tetraindolyls are predicted theoreti-
cally as possible products via the coupling of 3 and 13.
Quite recently, Pezzella et al.”® succeeded in isolating three
tetramers from the four above-predicted tetramers, 7,2':3",3":
2" 7=, 2,74 47" 2" - and 2,7":2',3":2" 7" -tetraindolyls (8,
9, and 10), by the oxidation of 3. This suggests that the present
theoretical prediction is reasonable. Possible formation paths
of the isolated tetramers by the oxidation of 3 in the absence of
transition-metal cations are summarized in Figure 13. It was
also shown that 10 becomes preferable enough to be one of the
major products in the presence of Zn>" ion. They consider that
this is caused by the increase in the reactivity of the C2 position
on the 7-substituted indole of 3 by the influence of Zn>* ion.20
The increase in the reactivity of that position may be explained
theoretically as already discussed before in this paper: The
influence of Zn* ion is not so significant for positions with
positive charge. Zn>* ions more strongly reduce the reactivity
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TABLE 10: Effective Point Charges,” Condensed Fukui Function,” and Reactive Indicator’ on Each Reactive Position for 3

3 C4 c7 c2 c3' c4'

3a q9 —0.2508 —0.2173 —0.1581 0.0418 —0.1688 —0.2527
a5’ —0.1377 —0.1594 —0.1214 0.0847 —0.1014 —0.1188

fa 0.1131 0.0579 0.0368 0.0429 0.0674 0.1339

V- —0.2263 —0.1158 —0.0735 —0.0858 —0.1348 —0.2678

3b q¥ —0.2486 —0.2145 —0.1298 0.0697 —0.1879 —0.2714
g5’ —0.0880 —0.1659 —0.1003 0.0764 —0.1054 —0.1475

fa 0.1606 0.0486 0.0295 0.0067 0.0825 0.1239

BVl —0.3212 —0.0971 —0.0590 —0.0134 —0.1650 —0.2478

3¢ q¥ —0.2097 —0.1959 —0.1340 0.0584 —0.1679 —0.2307
g5’ —-0.1163 —0.1687 —0.1134 0.1262 —0.1346 —0.0946

fa 0.0934 0.0272 0.0206 0.0679 0.0333 0.1361

BVl —0.1868 —0.0543 —0.0412 —0.1357 —0.0666 —0.2722

3d g9 —0.2251 —0.2040 —0.1395 0.0741 —0.1819 —0.2223
a5’ —0.0766 —0.1441 —0.1284 0.1245 —0.1270 —0.1104

fa 0.1485 0.0599 0.0111 0.0504 0.0549 0.1119

BVl —0.2969 —0.1198 —0.0221 —0.1009 —0.1098 —0.2238

3c

10 ¢

Figure 13. Proposed origin of the formations of the isolated tetramers, 7,2":3",3":2" 7" -, 2,7":4' 4" :7" 2" -, and 2,7":2',3":2" 7" -tetraindolyls. The
nucleophilic attack of the C3 position on the 2-substituted indole of 3 to the C3 position on the 2-substituted indole of 13a or 13b leads to 8; that
of the C4 position on the 7-substituted indole of 3 to the C4 position on the 7-substituted indole of 13a or 13b leads to 9; and that of the C2 position
on the 7-substituted indole of 3¢ to the C3 position on the 2-substituted indole of 13a leads to 10. Note that for the reaction paths of forming 8 and
9, we predict that 8 and 9 are the results of the reactions of 3 against 13a and 13b. However, the structural formula only of 13a is shown as a typical

molecule for the reactions forming 8 and 9 in this scheme (top picture).

at the positions with the larger negatively charge. For 3, the
effective point charge of the C2 position on the 7-substituted
indole is positive and the other reactive positions are negative
(see Table 10). Therefore, the reactivity of the C2 position on
the 7-substituted indole of 3 relatively increases.

4. Summary

We have studied the oxidative polymerization mechanism of
DHI with the general-purpose reactivity indicator from ab initio
density-functional theory calculations. Theoretical predictions
may explain reasonably the experimental results. It has been
demonstrated that the polymerization up to tetramers is the
electron-transfer-controlled reaction in contrast to the previous

speculation that the reaction is dominated by the electrostatic
interaction. We have also concluded that the electrostatic
interaction may play a regioselective important role in the
reactant complex.

It has been found that the general-purpose reactivity indicator
used herein is literally general-purpose but not a panacea. In
the present case, effective point charges on reactive positions
of radical ions work well as a complementary indicator, too.

As for dimerization, the following has been shown. Four
conformers of DHI, 1la—1d, participate in the reaction as a
nucleophile while IQ predominantly participates as an electro-
phile among three tautomers. The C2 position of DHI is the
most reactive among the reactive positions of DHI and Q. The
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isolated dimers, 2,4'- and 2,7'-biindolyls, are formed via the
nucleophilic attack of the C2 position of DHI to the C4 and C7
positions of IQ as an electrophile. The C3 position of IQ is
much less reactive. The 2,2'-biindolyl is considered to be formed
as a result of transition-metal cations reducing the reactivity of
the negatively charged positions, i.e., the C3, C4, and C7
positions both of DHI and IQ.

In the trimer formation process, reactions between the most
stable and next-most stable two-electron-oxidants of 2,4'- and
2,7'-biindolyls and DHI are ruled out because of steric hin-
drance. These two-electron-oxidants of dimers are rather
consumed to form tetramers. This finding may explain why such
polymerization mechanism as a dimer—dimer coupling may
occur in the oxidation of DHI. The reaction of DHI against the
third stable two-electron-oxidant of 2,4'-biindolyl, 2-substituted
quinone with sp symmetry, is considered to form 2,4":2',4"-
terindolyl via the nucleophilic attack of the C2 position of DHI
to the C4 position on the 2-substituted indole of 2-substituted
quinone with sp symmetry, and the reaction of DHI against the
third or fourth stable two-electron-oxidant of 2,7'-biindolyl,
2-substituted quinone with sp symmetry or 2-substituted quinone
with ap symmetry, may form 2,4":2',7"-terindolyl with almost
the same reaction for 2,4':2'4"-terindolyl. Here, 2,4":2',7"-
terindolyl has been explained theoretically not by using only
the general-purpose reactivity indicator but by considering the
effective point charges of radical ions in the reaction intermedi-
ate state.

The formation of tetramer involves a dimer—dimer coupling
because the most stable and next-most stable two-electron-
oxidants of 2,4'-biindolyl are not consumed in forming trimers.
The formation of isolated 2,4":2',3":2" 4" -tetraindoly] is reason-
ably explained by the nucleophilic attack of the C2 position on
the 4-substituted indole of 2,4'-biindolyl to the C3 position on
the 2-substituted indole of extended quinone methide with
geometory Z under the condition that Zn?* reduces the reactivity
of the position with large-negative point charge. As products
resulted from the oxidation of dimers in the absence of
transition-metal cations, 2,4":2',3":2" 4" -, 2,4":2" 7":4" 2" - 2 4":
774" 2" - 2,47, 372" 4" - and 4,2":3",3":2" 4" -tetraindolyls
may be formed from the oxidation of the 2,4'-biindolyl, and
2,72'3":2" -, 7,230,320 7 -, 2,74 47" 2" - and 2,7":
4',3":2" 77" -tetraindolyls from the oxidation of 2,7'-biindolyl.
The former three of the four predicted tetramers for the oxidation
of 2,7'-biindolyl were isolated quite recently. This seems to
validate the present theoretical prediction.

The present work opens doors to identifying oligomer
structures of melanin not a priori but logically according to the
reactivity of its precursors. This is a significant advance in
modeling melanin structure.

Supporting Information Available: The excitation energies
of 1, 11, 12, 13, 2, and 3, the reactivity of 11b and 11¢, AN in
forming dimers, trimers, and tetramers, and « -dependence of
Eav = 1o for 1, 11, 12, 13, 2, and 3. This material is available
free of charge via the Internet at http://pubs.acs.org.
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