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18 Abstract
19 A computational kinetics study of the antioxidant activity of tryptamine toward HO® and HOO® radicals in water at 298 K has been carried out. Density
20 functional methods have been employed for the quantum chemical calculations and conventional transition state theory was used for rate constants evaluation.
21 Different mechanisms have been considered: radical adduct formation (RAF), single electron transfer (SET), and hydrogen atom transfer (HAT). For the
22 reaction of tryptamine with the hydroxyl radical nearly all channels are diffusion controlled, and the overall rate constant is very high, 6.29 x 10'* M s™. The
23 RAF mechanism has a branching ratio of 55%, followed by the HAT mechanism (31%), whereas the SET mechanism accounts just for 13% of the products.
24 The less hindered carbon atom neighbor to the nitrogen of the indole ring seems to be the preferred site for the RAF mechanism, with a branching ratio of
25 16%. The overall rate constant for the reaction of tryptamine with the HOO® radical is 3.71 x 10* M s, suggesting that it could be a competitive process with
26 other reactions of hydroperoxyl radicals in biological environments. For this reaction only the HAT mechanism seems viable. Furthermore, only two centers

may contribute to the HAT mechanism, the nitrogen atom of the indole ring and a carbon atom of the aminoethyl chain, the former accounting for more than
27 91% of the total products. Our results suggest that tryptamine could have a noticeable scavenging activity toward radicals, and that this activity is mainly
28 related to the nitrogen atom of the indole ring thus showing the relevance of their behavior in the study of aminoindoles.
29
30
31 Introduction
32 Tryptamine (TRA) is a neurotransmitter closely related to the amino acid tryptophan. In fact, both molecules share the indole
33 ring and the aminoethyl side-chain. The difference resides in the carboxylic group at the end of the chain present in
34 tryptophan. Other related molecules with important biological activity are the neurotransmitter serotonin (5-
35 hydroxytryptamine) and the neurohormone melatonin (5-methoxy-N-acetyltriptamine). Several other substituted tryptamines
36 play also a role as neurotransmitters or drugs.
37 In addition to its biological activity related to the nervous system, tryptamine and derived compounds have a remarkable
38 antioxidant activity. Oxidative stress has undesirable effects on living beings since it is related to several health diseases and
39 degenerative disorders. Oxidative stress is caused by the effect of free radicals on living organisms. Therefore, antioxidants
40 that can avoid or ameliorate the damage caused by free radicals are highly valuable. Different types of antioxidant activity
41 can be identified: enzyme inhibitors, metal chelators, or radical scavengers." TRA, as well as other compounds having an
42 indole ring, seems to have antioxidant properties as radical scavengers.””
43 Several experimental studies*’have been conducted to study the antioxidant activity of substituted tryptamines,

particularly melatonin (MLT). From the theoretical side, different studies have tried to ascertain the possible mechanisms
44 . . . . 8-13
operating in the antioxidant activity of melatonin and related compounds.

45 All indolamines share an heteroaromatic ring of high electronegativity and they only differ in several substitutions and
46 groups in their side chain. The experimental results indicated that the scavenging of free radicals by indole compounds
47 depends on the presence of the indole ring, and also of their functional residues which modulated the reactivity of these
48 molecules.'” In fact, the presence of different substituents affects the antioxidant activity of indolamines, but TRA is
49 especially relevant since it possess the essential skeleton of this type of molecules. Therefore, it would be interesting to know
50 the role of the different possible mechanisms in the antioxidant activity of TRA, since this would provide information about
51 the intrinsic antioxidant potential of the aminoindole structure common to different potentially interesting molecules with
52 antioxidant activity. This is precisely the main purpose of the present work.
53 The conformers of TRA have been studied in detail in the gas phase through different experimental techniques.'®*° The
54 results obtained through theoretical analysis*' are basically in agreement with the experimental observations. The analysis of
55 the conformational space of TRA were further extended by theoretical studies considering solvent effects.”” Moreover, a
56
57
58 1
59
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recent paper showed” the significance of the knowledge of electronic distribution of TRA and its behavior to understand the
values of thermodynamic parameters necessary for the study of the free radical scavenging capacity. More precisely, the
quantification of the changes measured in serotonin (5-hydroxytryptamine, SER) regarding TRA as reference allowed
concluding that the variations on the electronic population at the nitrogen belonging of the indole ring, and the electronic
delocalizations from that site and those related to the m-electronic system, enabled us to explain variations associated with
free radical scavenging capacity. To apply new hypotheses, it is therefore of interest to deepen the knowledge of the role of
indole ring, in TRA as a model of aminoindol structures, which as already shown is significant in the antioxidant activity,
through the kinetics study. Since the study of the antioxidant activity of TRA should approach as much as possible the
conditions in living organisms, it is desirable to carry out simulations in a solvent environment. For that reason, we will
adopt in our work the predicted conformational structure in theoretical simulations in aqueous solution.?

Our purpose is to analyze the antioxidant properties of TRA. As model oxidant agents, we have taken into account the
hydroxyl (HO®) and hydroperoxyl (HOO®) radicals. Despite their apparently close structure, these radicals behave in a rather
different way. Hydroxyl is very reactive, with a half-life in the scale of nanoseconds. On the other hand, hydroperoxyl is less
reactive and has a half-live in the scale of seconds.?! In addition, HOO- is a good model to understand the behavior of larger
peroxyl radicals. The importance of analyzing the kinetics of the mechanisms to scavenge HO® radicals was previously
recognized considering that the protective effect against lipid peroxidation does not occur directly trapping peroxyl radicals,
but by the capture of more reactive radicals such as HOe, which are fundamental since these radicals would be the ones that
initiate the process of degradation.'®

Previous studies of Molecular Electrostatic Potential for parent molecule also will be helpful to analyze some obtained
results.”?

Computational methods

We have adopted a computational methodology that has been successfully applied and tested in many other studies.'%1325-%

Galano and Alvarez-Idaboy*® paved the way for the design of a computational strategy for the accurate prediction of rate
constants in solution, which can be applied to evaluate the antioxidant activity of chemical compounds. They termed this
methodology QM-ORSA (quantum mechanics-based overall free radical scavenging activity).’® A detailed account of this
methodology can be found in ref. 30. We will just summarize the main points.

Geometry optimizations of all species were carried out using the M05-2X functional,®' which has been parameterized for
kinetic calculations, in conjunction with the 6-311++G(d,p) basis set.>> The Gaussian 09 program> was employed in all
electronic structure calculations. For all open-shell species unrestricted calculations were performed. Harmonic vibrational
calculations were carried out at the optimized geometries. In such way the nature of stationary points can be determined (all
frequencies real for minima and one imaginary frequency for transition states). In addition, frequency calculations allow an
estimate of the zero-point energy correction to the electronic energies. Thermal corrections to the energies (at 298 K) were
also included.

A continuum model has been employed for mimicking solvent effects. In particular the SMD model** was chosen, in part
due to the employment of the M05-2X functional in the parameterization of the SMD model. Solvent cage effects, taking
into account the free volume theory, are incorporated following the corrections proposed by Okuno®. In addition, the 1M
standard state in solution must be incorporated, as opposite to the latm standard state operating in the gas phase. This
correction due to the standard state is particularly relevant when computing rate constants for bimolecular processes since
the energy barriers are affected.>
The rate constants are calculated using conventional transition state theory (TST) through the standard formula:

k=o1 %Be_("‘;*)/" (1

Whereo corresponds to the reaction path degeneracy, zis the tunneling correction, and kz and 4 are the Boltzmann and
Planck constants, respectively. For the estimation of tunneling corrections we have employed the zero-curvature tunneling
method*® employing an Eckart barrier.

For those reactions where a transition state cannot be located using electronic structure methods, such as for single
electron-transfer (SET) processes, Marcus theory®”*® will be employed. In those cases the energy barrier is estimated as

== A(14 22
AGT = " 1+ N 2)
employing two thermodynamic parameters, the nuclear reorganization energy (1) and the free energy of reaction (4G°). A
simple approach to A is given by:
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A = AE- AG® 3)

where AE is the vertical energy difference between reactants and products for the electron transfer process. A similar
procedure has been previously applied in a number of reactions.***°

Since we are dealing with reactions in solution, diffusion may play a crucial role. For very fast processes the limiting
factor could be the diffusion rate. In order to obtain the apparent rate constant for any channel considered in the global
process, we will follow the suggestion of Galano and Alvarez-Idaboy.>® These authors propose to employ the Collins-
Kimball theory to obtain the apparent rate constant

kp k
kapp = k;+k “)

in terms of the thermal rate constant (k) and the steady-state Smoluchowski rate constant (kp). The latter is obtained as
kp =41 RypDapNy Q)

where R 3 is the reaction distance, D 5 is the mutual diffusion coefficient, and N, the Avogadro number.D 5 is computed
employing the reactants diffusion coefficients,*' and these are calculated through the well-known Stokes-Einstein formula:

kg T
6TTNTy

Dy = (6)
where 7 is the viscosity of the solvent and 7, the radius of the corresponding solute 4.

Once the apparent rate constants for all channels are obtained, reaction branching ratios can be estimated simply dividing
by the overall rate constant. The branching ratios provide clues about the dominant mechanisms operating in the antioxidant
process.

Results and discussion

We have studied the radical scavenging activity of TRA in aqueous media. Two different radicals of biological relevance
have been selected, namely hydroxyl (HO®) and hydroperoxyl (HOO®). In both cases, we have considered different possible
mechanisms for the reaction of TRA with a radical (R-):

- Radical adduct formation (RAF) TRA +R°*— [TRA-R]®
- Hydrogen atom transfer (HAT) TRA +R°*— [TRA(-H)]*+ RH
- Single electron transfer (SET) TRA + R*— [TRA]*+R"

Through all these mechanisms a new radical species (adduct, dehydrogenated or cationic TRA) is formed, but now the
indole ring contributes to stabilize the unpaired electron and therefore to diminish drastically its reactivity.

Other mechanisms invoked in the literature are the proton coupled electron transfer (PCET) and sequential electron
proton transfer (SEPT). In the PCET mechanism transfer of an electron takes place simultaneously to a proton transfer. The
resulting products are the same as in the HAT mechanism, and an analysis of the transition state involved is required to
distinguish between HAT and PCET mechanisms. In the SEPT mechanism the proton transfer occurs after the electron
transfer, giving finally the same products as in the HAT mechanism. Since proton transfer is usually fast, the rate of the
SEPT mechanism should be essentially controlled by the SET step.

A previous study®® of the conformational space of TRA in aqueous media concluded that the most stable conformer is
that represented in Figure 1. Therefore, we have adopted in our work this structure. The site numbering employed is also
shown in Figure 1. Possible addition sites for the RAF mechanism are the carbon atoms in the indol, namely C1, C2, C3, C4,
C5, C6, C7 and C8 according to our notation. For the HAT mechanism we may identify as possible reactive sites N1, N2, C9
and C10. Therefore, in principle, all centers of the molecule might be involved in the antioxidant activity.

The processes studied in the present work correspond to the reactions of TRA with the radicals HO® and HOO®:

TRA + HO® — (Reaction 1)
TRA + HOO® — (Reaction 2)
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The notation of the species involved in the different processes would refer to the mechanism (RAF, HAT, SET) followed
by a number indicating the reaction (1 for HO®, 2 for HOO®), the nature of the species (PROD for a product, TS for a
transition state), and finally the center of the molecule where the radical attack is taking place according to the notation
shown in Figure 1. Finally, in some cases a letter would be added at the end of the notation: A indicating either the top part
of the indole ring or the right side of the aminoethyl chain, and B denoting the botfom part of the ring or the /eft side of the
chain (according to the schematic structure of TRA shown in Figure 1).

Figure 1. Schematic representation of the structure of TRA in aqueous solution with numbering of atoms employed in the present work.

Reaction of tryptamine with HO®

The structures of the products obtained in the reaction of tryptamine with HO® through the RAF mechanism are shown in
Figure 2, whereas those of the corresponding transition states are given in Figure 3. Relative energies and Gibbs free
energies of the adducts and transition states are given in Table 1. RAF rate constants and apparent RAF rate constants, taking
into account the diffusion process, for each reaction site are also given in Table 1. Following the suggestion of Galano and
Alvarez-Idaboy,*® to compute the diffusion rate constant R,z is estimated as: a) the distance between the two atoms involved
in the formation of the bond, taken form the transition state, for the RAF mechanism; b) the sum of the radius of both
reactants (TRA and HO® ) for the SET mechanism; ¢) the distance in the transition state between the two atoms involved in
the hydrogen transfer for the HAT mechanism.

In all the formed adducts the hydrogen of the incoming HO® radical points to the indole ring. The C-O distance for most
adducts is very similar, taking values around 1.45-1.46 A, except at C1 which is somewhat shorter (1.435 A) and C3 with a
longer value (1.485 A).

There are no significant differences in the stability of the A and B RAF products. It seems that the attack through the fop
orientation (the same side as the aminoethyl chain) is slightly favored for the C5, C6, C7 and C8 centers, whereas the bottom
orientation (opposite to the chain) is slightly preferred for the RAF products on C1, C2 and C3. This slight preference might
be due to steric repulsion of the incoming HO® radical with the chain.

The indole ring remains nearly planar in all adducts, except for those resulting from addition at C3 and C8, the two
carbon atoms connecting the phenyl and pyrrole rings. The ZC4C3C8N1 dihedral angle for these adducts is around 155
degrees, reflecting the deviation from planarity of the indole ring. This important distortion of the geometry, associated to a
large extent to the loss of aromaticity, has direct consequences in the stability of the corresponding adducts. The C3 and C8
adducts are less stable than the rest of addition products, as can be seen in Table 1. In fact, addition at C3 is endergonic by
more than 3 kcal/mol, whereas addition at C8 is only slightly exergonic.
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42
43
44 . . . o -
45 In agreement with these results, when the Molecular Electrostatic Potential (MEP) was analyzed, diminished reactivity at
C3 and CS8 to the electrophilic attack was shown.?? The rest of addition channels are thermodynamically favored as illustrated
46 by their negative Gibbs free energy. The most exergonic RAF channel is addition at Cl, the carbon atom belonging
47 exclusively to the pyrrole ring and closest to N1. This outcome is also supported by the behavior of MEPs, which showed the
48 highest reactivity of the indole ring to electrophilic attack close to C1.2? This addition seems to be so favorable that no
49 transition state for this process was characterized. We found the corresponding transition state in the gas phase. However all
50 our attempts to obtain this TS in aqueous solution failed. Relaxed scans, following the C-O distance and optimizing all other
51 geometrical variables, showed no sign of a barrier in aqueous solution, and as the oxygen atom approaches C1 the energy
52 lowers reaching the adduct.
53
54
55
56
57
58
59
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Figure 3. Optimized geometries of the transition states corresponding to the RAF mechanism of the TRA + HO® reaction. Distances are

given in A.
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Table 1. Relative Gibbs free energies (including thermal correction energies at 298 K) of the products (AG) and transition states (AG™), imaginary
frequencies (v, cm™) of the transition states, RAF rate constants (K***), diffusion constants (kp) and apparent RAF rate constants (kg;,qu ) for the RAF
mechanism in the reactions of tryptamine with HO®. All energies are given in kcal/mol and rate constants in M s™'.

path  AG AG” v Kr kp k&py
CIA -23.38 -3.19° - 3.31x 10" 2.53x 10° 5.06 x 10°
CIB -24.22 -3.19° - 3.31x 10" 2.53x10° 5.06 x 10°
C2A -13.34 -0.43° 90i - - .

C2B -14.43 -1.55° 89i - R R

C3A 3.82 9.03 395i 3.65x 107 2.14x 10° 3.59x 107
C3B 3.33 8.89 403i 4.63x 107 2.14x10° 4.53x 107
C4A -15.38 3.11 269i 7.98 x 10" 2.64x 10° 2.63x 10°
C4B -15.39 2.09 242i 4.46 x 10" 2.65x 10° 2.65x 10°
C5A -9.37 2.69 2714 1.62 x 10" 2.58 x 10° 2.58 x 10°
C5B -9.20 2.77 2671 1.42x 10" 2.59x 10° 2.58x 10°
C6A -11.98 3.15 338i 7.46 x 10" 2.60 x 10° 2.59x 10°
C6B -11.17 2.69 3451 1.62 x 10" 2.61x10° 2.60 x 10°
C7A -14.6 3.09 252i 8.25 x 10" 2.62x10° 2.62x10°
C7B -14.4 2.29 259i 3.18x 10" 2.63x10° 2.62x10°
C8A -3.16 5.72 146i 9.75 x 10° 2.39x 10° 1.92 x 10°
C8B -2.67 5.93 1371 6.84x 10° 2.40x 10° 1.78 x 10°

“Estimated from a single-point calculation on the gas-phase structure of the transition state.
"Relative Gibbs free energy of the TS corresponding to the isomerization of the C2-C1 products.

The study of MEPs in the gas phase and in solution justifies this behavior. It was found a large increment in reactivity to
electrophilic attack close to C1 when the system was modeled in aqueous solution by a Polarized Continuum Medium model.*?
Therefore, it seems that this process may proceed without an activation barrier in aqueous solution. Nevertheless, in Table 1 we
provide the energy barrier resulting from a single-point calculation in aqueous solution at the geometry of the located TS in the gas
phase. The activation Gibbs free energy is -3.19 kcal/mol, thus confirming the hypothesis of a barrier-free process. The estimation
of the rate constant employing this value should be taken just as an approximate value. However, since it takes a very high value,
has no practical consequence, since the corresponding C1 RAF channel should be diffusion-controlled.

Another peculiar case is the RAF channel for C2. This is a clearly exergonic process as well, but we were not able to obtain a
transition structure neither in aqueous solution nor in the gas phase. In this case, all our attempts to characterize the transition
states led to the transition structures corresponding to the migration of the incoming HO® radical from C2 to C1. These are the
structures termed RAF1 TS (C1-C2)A/B in Figure 3. Their Gibbs free energy (after taking into account the corrections in
solution) are -0.43 and -1.55 kcal/mol, respectively for the A (top) and B (bottom) transition states. It seems that as soon as the
HO?® radical approaches C2, formation of the C1 adduct is so favorable that the HO® radical migrates to C1. Again, the study of
MEPs gives support to these features; in fact, the negative values of MEP which allowed to describe sites of electrophilic attack,
showed that C1 is close to a site which is more reactive than C2 site by approximately 70%.?? Therefore, we may conclude that the
RAF channel starting at C2 would lead in fact to the barrierless formation of Cl. Consequently, we must count twice the
contribution of the C1 RAF channel.

We were able to characterize the transition states in aqueous solution for the rest of RAF channels C3-C8 (imaginary frequencies
of the transition states are included in Table 1). In all cases the C-O distances are in the range 2.1-2.3 A, with the exception of
TS_C3A/B which have a shorter distance (1.887 A). For C4, C5, C6 and C7 energy barriers of 2-3 kcal/molare found, whereas the
less favorable channels at C3 and C8 have noticeable larger barriers. In fact, as Galano and Alvarez-Idaboy®® suggest, it is
unnecessary to calculate the energy barrier for the C3 RAF channel, since this is an endergonic process. Even if the endergonic
path takes place at a significant rate, it would be reversible and the formed products will not be observed.* In the present case, a
formal evaluation of the rate constant for the C3 RAF channel shows a rather low value, two orders of magnitude lower than the
diffusion limit, leading to the conclusion that this channel should not be effectively observed. In what follows we will omit the
calculation of energy barriers for endergonic processes. As can be seen in Table 1, all remaining RAF channels have similar
apparent rate constant, since they are mainly diffusion- controlled, except that involving C8 which is somewhat lower due to the
larger barrier found in this case. The most favorable center seems to be C1, with rate constants which nearly double the rest of
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centers for the RAF mechanism. All these results are also in agreement with the characteristics of MEPs mentioned above which
were described in a previous work.?

Table 2. Vertical energy difference (AE), Gibbs free energy of reaction (4G°), reorganization energy (A1), Gibbs free energy of activation (4G”),
SET rate constant (k**"), and apparent SET rate constant (k55 for the SET mechanism in the reactions of tryptamine with HO® and HOO®. All

energies are given in kcal/mol and rate constants in M s™'.

o0 = SET SET
AE AG A AG )5 k3ET
TRA + HO® 1.58 -6.14 7.72 0.08 1.32x 10" 8.19x 10°
TRA + HOO® 36.56 16.91 19.65 17.01 51.67 51.67

The different parameters (vertical energy difference, Gibbs free energy of reaction, and reorganization energy) required to
estimate the SET rate constant are given in Table 2. As can be seen, the Gibbs free energy of the reaction is negative and therefore
the process is thermodynamically viable. The resultant activation barrier for this process is very small, leading to a very high
electron transfer rate constant. The consequence is that the process is diffusion-controlled, with an apparent rate constant higher
than any individual RAF channel.

Finally, the corresponding data for the HAT mechanism are collected in Table 3, whereas the structures of the products and
transition states involved in the HAT mechanism for the reaction of TRA with HO® are provided in Figures 4 and 5, respectively.
The main changes found in the optimized geometries of HAT products, shown in Figure 4, are related to the aminoethyl chain,
whereas the indole ring remains planar. As can be seen in Table 3 all channels are clearly exergonic, showing that all these
processes are thermodynamically favored compared to the RAF and SET mechanisms. It seems that hydrogen transfer from C9
and N1 are the most favorable sites for the HAT mechanism. Furthermore, it is noticeable that the HAT apparent rate constants in
TRA are for N1 one order of magnitude higher than in MLT, and for C9 two orders of magnitude higher than in MLT.'" These
findings reveal the effect of substituents. We hope that subsequent studies of electronic distribution will allow us to understand
these TRA-MLT variations. These results can be related to the highest positive values of MEP at hydrogen atom attached to N1,
and the high positive value at hydrogen atom B bonded to C9, as previously found.”” For N1 we were only able to characterize the
transition state in the gas phase, since all our attempts in solution failed. Again, the study of MEPs in the gas phase and their
changes in solution could explain these results because an augmented reactivity for nucleophilic attack (about 40%) at hydrogen
bonded to N1 was observed when it was considered in the aqueous solvent.”> A single-point calculation in solution at the gas-phase
geometry provided a value of -1.65 kcal/mol for AG”, suggesting quite likely that in fact there will be no transition state in solution
and the rate constant should be the corresponding diffusion constant.

For the rest of HAT sites we have estimated the rate constant taking into account the correction for tunneling. Nevertheless, as
can be seen in Table 3, the tunneling coefficients in all cases are rather low, within the range 1-2, mainly as a consequence of the
relatively low imaginary frequency associated to the transfer of the hydrogen atom. In any case, the HAT rate constants are at least
one order of magnitude higher than the diffusion constants, and the apparent rate constants in all cases are close to the diffusion
constants. There seems to be no significant differences in the individual rate constants for each path, and all reaction sites should
contribute in a rather similar proportion.

Table 3. Relative Gibbs free energies (including thermal correction energies at 298 K) of the products (AG) and transition states (AG”), imaginary
frequencies (v, cm™) of the transition states, tunnelling coefficients (i), HAT rate constants (k""), diffusion constants (kp) and apparent HAT rate

constants (kfs") for the HAT mechanism in the reactions of tryptamine with HO®. All energies are given in kcal/mol and rate constants in M's".

path  AG AG” v K AT kp kAT
N1 -35.02 -1.95° - - 4.08x 10" 2.96 x 10° 2.96 x 10°
C9A -37.01 1.87 438 i 1.21 7.82x 102 3.25x10° 3.25x 10°
C9B  -35.33 5.25 784 i 1.91 2.16x 10" 3.11x10° 2.89x 10°
CI10A -32.29 4.17 666 i 1.58 1.33x 10" 3.11x 10° 3.06 x 10°
CI10B -31.63 471 628 i 1.50 5.36x 10" 3.13x10° 3.01 x 10°
N2A -26.16 5.69 657 1.57 1.02x 10" 2.92x 10° 2.47 x 10°
N2B  -26.96 5.42 640 i 1.53 1.62x 10" 2.64x10° 2.38x10°

“Estimated from a single-point calculation on the gas-phase structure of the transition state.
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Figure 4. Optimized geometries of the products corresponding to the HAT mechanism of the TRA + HO® and TRA + HOO® reactions

Once all individual rate constants have been obtained, we can compute the global rate constants for each mechanism just
summing up the contribution of each individual channel. The overall rate constant is then computed as:

kovemll:kRAF + kSET + kHAT (7)

In Table 4 we summarize the results for the reaction of TRA with HO® in water at 298 K, along with the corresponding
branching ratios for each mechanism.

Table 4. Global apparent rate constants (M~ s™), including diffusion correction, and direct branching rations at 298 K for the three considered
mechanisms in the reaction of tryptamine with HO®.

Path Kapp T (%)
RAF 3.47 x 10'° 55.16
SET 8.19x 10° 13.02
HAT 2.00 x 10%° 31.82

It seems that RAF should be the dominant mechanism, accounting for more than the half of the reaction, followed by the HAT
mechanism with approximately a third part of the products. Finally, the less contributing mechanism is SET, with a branching ratio
of 13%. Nevertheless, this value is of the same magnitude than the branching ratio for the most contributing site in the RAF
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mechanism, namely C1. The sum of the branching ratios for the C1A and C1B channels in the RAF mechanism is 16.10%, only
slightly higher than the branching ratio for the SET mechanism. The overall rate constant is relatively high, namely 6.29 x 10'® M
s, suggesting that tryptamine is an efficient scavenger for HO® radicals in water.

o) d
HAT1_TS_N2 3

HAT1_TS_C10A HAT1_TS_C108

Figure 5. Optimized geometries of the transition states corresponding to the HAT mechanism of the TRA + HO® reaction. Distances are given

in A.

Reaction of tryptamine with HOO*®
We now consider the reaction of TRA with HOO® taking into account the same mechanisms as in the preceding section.

The relative reaction energies (including ZPE corrections) and the Gibbs free energies (including thermal corrections at 298 K)
of the products for the RAF mechanism are given in Table 5, the corresponding optimized geometries are given as supplementary
information in Figure S1. It can be readily seen that, even though the paths C1A and C1B are exothermic, finally all paths are
endergonic. Therefore, the RAF mechanism does not seem viable for the reaction of TRA with HOO® because, as mentioned
before, the fact that all paths are endergonic means that, even if the products could be formed, they would evolve toward the
reactants given the reversibility of the process. Consequently, the RAF channel should be ruled out as a possible mechanism for
this reaction. The different behavior observed between the HO® and HOO?® radicals could be related to their respective electron-
accepting character, as suggested by Iuga et al.’

The corresponding parameters required to estimate the reaction constant for the SET mechanism of the reaction of TRA with
HOO?® are shown in Table 2. It can be readily seen that SET is also clearly endergonic and therefore this anticipates that this
mechanism should be ruled out. Nevertheless, we have computed the rate constant, obtaining a value of 51.67 M'sl, which is
consistent with a non-important path. In fact, when compared to the HAT mechanism (see below) the rate constant of the SET
mechanism would lead formally to a branching ratio below 0.1%, thus confirming that its contribution should be in any case
negligible for the present reaction. Analogous MLT studies led to similar results,'® thus enlightening this behavior as intrinsic to
aminoindole structures.
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Table 5. Relative energies, including ZPE corrections, (4E ) and Gibbs free energies, including thermal correction energies at 298 K (4G) of the
products for the RAF mechanism in the reactions of tryptamine with HOO®. All energies are given in kcal/mol.

Path AE AG
Cl1A -5.52 3.06
C1B -5.97 2.48
C2A 491 13.35
C2B 3.87 12.32
C3A 19.86 28.83
C3B 22.04 30.74
C4A 0.63 9.43
C4B 1.22 9.75
C5A 7.64 16.01
C5B 7.71 16.09
C6A 5.23 13.45
C6B 5.44 13.96
C7A 2.47 10.52
C7B 2.93 11.49
C6A 14.04 22.92
C&B 14.33 23.12

Finally, the relevant data in the HAT mechanism are collected in Table 6. As can be seen only three paths are exergonic,
namely N1, C9A and C9B.Therefore the sites C10 and N2 should not have any role in the HAT mechanism for the reaction
between TRA and HOO®. In MLT instead, the exergonic processes correspond to C9 and C1 channels.'” The changes MLT-TRA
for N1 and C1 are again interesting substituent effects. The transition states for the exergonic paths are shown in Figure 6. It can be
seen that the O-H distances in the transition states are much shorter than those found in the corresponding transition states of the
reaction with HO®. This is probably related to the much higher imaginary frequencies observed in the case of the reaction with
HOO*® (see Tables 3 and 6).

Table 6. Relative Gibbs free energies (including thermal correction energies at 298 K) of the products (4G) and transition states (AG”),
imaginary frequencies (v, cm™) of the transition states, tunnelling coefficients (k), HAT rate constants ("), diffusion constants (kp) and apparent
HAT rate constants (kg';;‘g ) and branching ratios for the HAT mechanism in the reactions of tryptamine with HOO®. All energies are given in
kcal/mol and rate constants in M s

path  AG AG” v K T kp kAT T (%)
N1 -1.80 15.70* 2392 72.17 3.40x 10* 256x10"  3.70x 10* 91.82
C9A -3.79 16.02 1369 i 10.20 2.80x 10° 2.74x 10" 2.80x10° 7.56
C9B  -2.11 17.47 1389 i 9.68 3.30 x 10? 2.74x 10"  2.30x 10? 0.62
C10A 0.94 -
CI0B 1.59 -
N2A  7.06 -
N2B  6.27 -

“Estimated from a single-point calculation on the gas-phase structure of the transition state.

11

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

o

*

HAT2_TS_C9B

HAT2_TS_CSA

Figure 6. Optimized geometries of the transition states corresponding to the HAT mechanism of the TRA + HOO® reaction. Distances are given

in A.

The relatively high imaginary frequencies shown in Table 6 lead also to higher tunneling coefficients than in the case of the
reaction with HO®. Nevertheless, the relative Gibbs free energies of the transition states are also much higher for the reaction with
HOO?®, leading finally to much smaller HAT rate constants. We have computed the diffusion constants as well, but it can be seen
in Table 6 that in this case diffusion does not play any significant role, and the bottleneck for this reaction is the barrier of the
transition state. The branching ratios, included in Table 6, suggest that more than 90% of the reaction should take place through
the N1 site, with a minor role for C9. C10 and N2 should not play any role in this reaction.

The overall rate constant for the reaction of TRA with HOO® in water at 298 K takes a value of 3.71 x 10* M s, and
corresponds entirely to the HAT channel, since both RAF and SET channels are endergonic. This a relatively fast value, compared
to other processes in biological environments. For example, as discussed by Iuga et al*’ and de Grey,* the damage to unsaturated
fatty acids caused by HOO® radicals takes place at rates around 1.18-3.05 x 10> M s, smaller than the scavenging activity of
TRA toward HOO?® radicals. It seems that TRA could act as a relatively efficient antioxidant.

Moreover, our results show that the behavior of TRA against radical HOO?® is similar to that already reported for MLT, with
the only exception of the changes found between MLT and TRA for N1 and C1 in the HAT mechanism.'® This finding leads us to
propose that the low reactivity towards said radical would be associated mainly with the indole heterocycle, being practically

independent of the acetamidoethyl side chain and the methoxy group at site 5.
Finally, it is interesting to note that the overall rate constant of hydroxyl radical reaction (6.29 x 1010 M-1 s-1), is much higher than that
of hydroperoxyl radical (3.71 x 104 M-1 s-1), and that recent experimental developments confirm this result.*

Conclusions
A computational kinetics evaluation of the antioxidant activity of tryptamine in water at 298 K has been carried out. Two different
radicals have been considered, namely HO® and HOO®.

In the case of the hydroxyl radical nearly all channels are diffusion controlled. The overall rate constant is very high, 6.29 x
10" M 57!, suggesting that tryptamine should react very rapidly with hydroxyl radicals. The dominant mechanism is RAF, with a
branching ratio of 55%, followed by the HAT mechanism (31%) and finally SET (13%). The most favorable site for the RAF
mechanism seems to be Cl1, the less hindered carbon atom neighbor to the nitrogen of the indole ring, accounting for 16% of the
products. For the HAT mechanism no significant differences are found between the different possible centers participating in the
mechanism.

The overall rate constant found for the reaction of tryptamine with the HOO® radical is much smaller, namely 3.71 x 10* M s~
!, but still high enough as to be a competitive process with other reactions of hydroperoxyl radicals in biological environments.
This may suggest that tryptamine could have a noticeable scavenging activity toward radicals. For the reaction with hydroperoxyl
radicals the all RAF and the SET mechanisms are found to be endergonic, and the only viable mechanism is HAT. Furthermore,
only two centers may contribute to the HAT mechanism, N1 and C9, the former accounting for more than 91% of the total
products. Therefore, we may conclude that most of the antioxidant activity of tryptamine toward HOO® radicals comes from the
nitrogen atom of the indole ring through hydrogen atom transfer, with a very minor contribution of the aminoethyl chain.

It draws the attention that HAT mechanism for the reaction between MLT and HOO® was reported as endergonic channel
through N1 and exergonic channel from site C1.'” In view of recent electronic studies® it is of our interest to study with the same
detail the kinetics of SER, to analyze for example the change in the reactivity of N1 in TRA, as well as their high values of k,,,, for
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the HAT channels from N1 and C9. In addition, a systematic comparison between in polar and nonpolar solvents and gas phase

rate constants of radical reaction and their corresponding transition states at different sites would be significant for further kinetic

study of TRA and other indole antioxidants.
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