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S1. Thermochemistry of the reaction mechanisms between catechol
and superoxide radical anion

Five reaction mechanisms between catechol and the superoxide anion radical were

thermochemically analyzed.
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Figure S1. Possible mechanisms of reaction between catechol and superoxide anion radical to
produce catecholate anion radical and hydrogen peroxide.*

1. Mechanism | (HT-PT): This mechanism consists of two steps: i) initial transfer of a
hydrogen atom from catechol to the superoxide radical anion yielding hydroperoxide anion and

catechol radical (HT). ii) Transfer of a proton from catechol radical to hydroperoxide anion

yielding hydrogen peroxide and catecholate anion radical (PT). (See Fig. S2).
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Figure S2. Schematic representation of the HT-PT reaction mechanism. Step 1 = initial
hydrogen atom transfer (HT) from catechol to superoxide radical anion. Step 2 = proton transfer
from the catechol radical conformers (CAT;H) and (CAT,H)’ to hydroperoxide anion.

The free energy change in water, DMF and PEA solvents for the first step of the mechanism HT-

PT was calculated using the following equation:
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% and GSA™: are the free energies of the hydroperoxide anion, the ith
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catechol radical conformer (only two conformers), superoxide radical anion and the ith catechol
conformer (only two conformers) in solution. The free energy in solution for each molecule is

calculated using

G =G +AG
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+AG (S2)
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where G | AG_, and AG are the free energies in the gas phase, the energy of solvation

gas ! solv latm—1M
(single point energy calculation using the geometry optimized in gas phase). The final expression
corresponds to an additional term to convert 1 atm pressure (gas phase) to 1 mol L™ (solution),

which is equivalent to 7.91 kJ mol™.® The other term in equation S1 is f., which is the

population of the ith neutral and anionic conformer of catechol. It is calculated by applying a

Boltzmann statistics expression:
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where R is the ideal gas constants and T is the absolute temperature.

(S3)

On the other hand, the free energy change in gas phase was calculated using similar
mathematical expressions as those presented in equations S1-S3, but using only the free energy

in gas phase, which is calculated using equation S4:

G() — EDFTorccsb(T/ces | DFT (S 4)

gas 0 corr

where EDFTreesPVCES s the electronic energy calculated either at the DFT (using B3LYP or

MO06-2X with the 6-311+G(3df,2p) basis set) or CCSD(T)/CBS level. G2 is the correction of

corr

the electronic energy to obtain the gas phase free energy at the B3LYP/6-311+G(3df,2p) or M06-
2X/6-311+G(3df,2p) optimized geometry in vacuum at standard conditions (G°, T =298.15 K, P
=1 atm).

The free energy change of the second stage of the HT-PT mechanism in solution was calculated

from equation S5:
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G0 GEAT GHOO and GIA™M) are the free energies of hydrogen peroxide, the catecholate
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anion radical, the hydroperoxide anion and the ith catechol radical conformer (only two
conformers) in solution calculated from equation S2, f, is the population of the ith catechol
radical conformer (only two conformers) using equation S3. For the same stage of mechanism

HT-PT, the free energy change in gas phase was calculated using only the free energy in gas

phase (using equation S4):
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2. Mechanism Il (PT-HT): This mechanism consists of two stages: i) initial transfer of a proton

from catechol to the superoxide anion radical, forming catecholate anion and perhydroxyl radical
(PT). ii) transfer of a hydrogen atom from the catecholate anion to perhydroxyl radical, finally
yielding catecholate anion radical and hydrogen peroxide. (See Fig. S3)
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Figure S3. Schematic representation of the PT-HT reaction mechanism. Step 1 = initial proton
transfer (PT) from catechol to superoxide radical anion. Step 2 = hydrogen atom transfer (HT)
from the catecholate anion conformers (CAT;H) and (CAT,H) to perhydroxyl radical.

The free energy change in the first step of the PT-HT mechanism in solution was calculated from

equation S7:
AGH =[G + X -G [ + X, eg ] (s)
where GHOO | GISAT) GO and GEA™: are the free energies of the perhydroxyl radical, the

ith catecholate anion conformer (only two conformers), the superoxide radical anion and the ith
catechol conformer (only two conformers) in solution, calculated from equation S2. f, is the
population of the ith catecholate anion and catechol conformer calculated from equation S3. For
the same stage of the PT-HT mechanism the free energy change in gas phase was calculated

using only the free energy in gas phase (using the equation S4):

gas
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The free energy change of the second stage of the mechanism PT-HT in solution was calculated

from the following equation

MGy = [G 0+ G } - [G RS I S civall } (S9)
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anion radical, the perhydroxyl and the ith catecholate anion conformer (only two conformers) in

solution phase calculated from equation S2. f, is the population of the ith catecholate anion

conformer (only two conformers) using equation S3. For the same stage of the HT-PT
mechanism the free energy change in gas phase was calculated using only the free energy in gas

phase (using equation S4) by:

gas gas gas
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3. Mechanism 111 (GR): This corresponds to the transfer of a proton and a hydrogen atom from

catechol to the superoxide radical anion producing catecholate anion radical and hydrogen

peroxide in the absence of intermediates (see Fig. S4).
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Figure S4. Schematic representation of the simultaneous proton — hydrogen atom transfer (called
GR).

The free energy change of mechanism GR in solution was calculated from the following

equation:
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% and GSA™: are the free energies of hydrogen peroxide, catecholate
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anion radical, the superoxide radical anion and the ith catechol conformer (only two conformers)

in solution, calculated from equation S2. f.

is the population of the ith catechol conformer

calculated from equation S3. For the same stage of the PT-HT mechanism the free energy change

in gas phase was calculated using only the free energy in gas phase (using the equation S4) using

AGEE =[G + G |-G + Y f,-GE™ | (512)

gas gas gas

4. Mechanism IV (SET-DPT): This mechanism starts with the transfer of an electron from

catechol to the superoxide anion radical, producing molecular oxygen dianion and catechol
cation radical. Subsequently, two protons are transferred from the catechol cation radical to
molecular oxygen dianion to produce catecholate anion radical and hydrogen peroxide. This
mechanism can be analyzed using the redox potentials of each half reaction. (See Fig.
S5).

H (CATHy "

o) OH
CAT,H, ©:
0 0O o
[ . ' : DPT
H + O3 L w H + O% ©i + H,0,
o

(CAT,H) "

Figure S5. Schematic representation of the SET-DPT reaction mechanism. Step 1 = initial
single electron (SET) from catechol to superoxide radical anion. Step 2 = double proton transfer
(DPT) from the catechol cation radical conformers (CATiH)™ and (CAT.H)™ to molecular
oxygen dianion.

The free energy change of the first step of the mechanism SET-DPT in solution was calculated

from equation
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Where G2, GISA)" g% and G are the free energies of the molecular oxygen
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dianion, the ith catechol cation radical (only two conformers), the superoxide radical anion and

the ith catechol conformer (only two conformers) in solution, calculated from equation S2. f. is

the population of the ith catechol cation radical and catechol calculated from equation S3. For the
same stage of the SET-DPT mechanism the free energy change in gas phase was calculated using

only the free energy in gas phase (using equation S4):

AGET=| 6% + X, 1,6 |-[6% + X, -6 | (514
The free energy change of the second step of the mechanism SET-DPT in solution phase was
calculated from equation S15:

sol. sol sol. sol sol.
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Where GH:% G g% and G are the free energies of hydrogen peroxide, the
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catecholate anion radical, the molecular oxygen dianion and the ith catechol cation radical (only
two conformers) in solution calculated from equation S2. f. is the population of the ith catechol
cation radical calculated from equation S3. For the same stage of the SET-DPT mechanism the

free energy change in gas phase was calculated using only the free energy in gas phase (using

equation S4):
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S2. Electronic and structural analysis, M06-2X functional

In addition to the analysis with the B3LYP functional, which is described in the main text, we
have performed this analysis using the M06-2X functional. The results are presented in this
section.
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Figure S6. Natural population analysis and frontier molecular orbital analysis along the reaction
coordinate for catechol and superoxide radical anion at the UMO06-2X/6-311+G(3df,2p) level of
theory in water, DMF, PEA and gas phase. (a) Atomic charge analysis, (b) atomic spin density
(c) frontier molecular orbital analysis of catechol/superoxide in the gas phase at the structure of
the TS. Donor: catechol moiety without H; and H, atoms. Acceptor: superoxide radical anion
without H; and H. atoms. Negative values of s (amu*? Bohr) represent the region connecting the

TS with PRC and positive values of s (amu'/? Bohr) represent the region connecting TS with PC.
Solvent effects were simulated using the SMD solvation model.



S3. Optimized structures of catechol, H,O, and HOO™ and comparison
with experimental data

In this section we present details of the optimized structures of catechol, hydrogen peroxide and
perhydroxyl radical and a comparison with experimental data.

Table S1. Geometrical parameters for catechol, CATH, conformer, at different levels of theory
and experimental values (bond lengths in A and valence angles in degrees).

g
W@
@ L]

Bond length (A) Exp. 1* Exp. 2° B3LYP/6-311+G(3df,2p) M06-2X/6-311+G(3df,2p)
Cl-C2 1.4000 1.3900 1.4020 1.3960
C2-C3 1.3870 1.3810 1.3900 1.3820
C3-C4 1.4010 1.3840 1.3980 1.3910
C4-C5 1.3940 1.3860 1.3940 1.3850
C5-C6 1.4000 1.3850 1.3970 1.3890
C3-H1 1.0800 1.0000 1.0870 1.0840
C4-H2 1.0780 0.9600 1.0840 1.0810
C5-H3 1.0780 0.9800 1.0850 1.0810
C6-H4 1.0770 1.0100 1.0850 1.0820
C1-01 1.3670 1.3640 1.3640 1.3550
C2-02 1.3830 1.3730 1.3780 1.3680
O1-H5 0.9640 0.8000 0.9670 0.9630
02-H6 0.9600 0.9100 0.9630 0.9590
Valence angle (°) Exp. Value 1° Exp. Value 2° B3LYP/6-311+G(3df,2p) MO06-2X/6-311+G(3df,2p)
C1-C2-C3 120.9 119.7 120.4 120.5
C2-C3-C4 119.4 120.1 119.9 119.8
C3-C4-C5 119.4 120.1 119.8 119.8
C4-C5-C6 120.3 119.8 120.2 120.3
H1-C3-C4 120.5 123 120.5 120.7
H2-C4-C5 120.4 120 120.6 120.5
H3-C5-C6 119.6 119 119.5 119.6
H4-C6-C1 118.5 119 118.5 118.4
01-C1-C2 120.8 121 120.7 120.4
02-C2-C1 114.1 123 115.3 115.2
H5-01-C1 106.4 111 108.6 108.7
H6-02-C2 109.4 106 110.3 110.4
Dihedral angle (°) B3LYP/6-311+G(3df,2p) MO06-2X/6-311+G(3df,2p)
C,-C1-O41-Hs 0.0 0.0
C1-Cy-Or-Hg 180.0 180.0

“ Reference 7.
b Reference 8.
¢ Calculated with the experimental value 1
¢ Calculated with the experimental value 2
" Calculated with the experimental value 1
9 Calculated with the experimental value 2
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Table S2. Geometrical parameters hydrogen peroxide and perhydroxyl radical at different levels
of theory and experimental values (bond lengths in A and valence angles in degrees).

B3LYP

6-311+G(3df 2p)

MO06-2X

6-311+G(3df,2p)

Hydrogen peroxide (H,0;)

Parameter Exp. ? Calculated Diff. Calculated Diff.
01-02 1.475 1.446 0.029 1.418 0.057
O1-H3 0.950 0.966 -0.016 0.963 -0.013
02-H4 0.950 0.966 -0.016 0.963 -0.013
H3-01-02 94.8 100.9 -6.1 101.7 -6.9
H4-01-02 94.8 100.9 -6.1 101.7 -6.9
H3-01-02-H4 119.8 111.9 7.9 110.7 9.1
Perhydroxyl radical (HOO’)
Parameter Exp.? Calculated Diff. Calculated Diff.
01-02 1.331 1.324 0.007 1.304 0.027
0O1-H1 0.971 0.975 -0.004 0.972 -0.001
H1-01-02 104.3 105.6 -1.3 105.9 -1.6

#Reference 9.
bReference 10.

Table S3. Chemical parameters used for calculating the free energy changes in aqueous phase

for the mechanisms HT-PH, HT-PT y GR.

Parameter Experimental value | Reference

E° (CATH/CATH): CATH + 1e — CATH 0.69 Ref. 11
E°, (CAT /CAT?): CAT + 1e — CAT™ 0.20 Ref. 11
E° (HOO/HOO): HOO" + 1e — HOO 0.75 Ref. 11
pKai(catechol): CATH, — CATH + H'

9.30 Ref. 12

9.45 Ref. 13

9.40 Ref. 14

9.26 Ref. 15

9.25 Ref. 16

9.50 Ref. 17
pK,.(catechol): CATH — CAT™ + H"

12.8 Ref. 13

13.4 Ref. 15

13.0 Ref. 16
pKas(catechol): CATH — CAT ™ + H' 5.0 Ref. 11
pK,: HOO'): HOO" — O, + H'

4.7 Ref. 18

4.9 Ref. 19
pKz (H202): H,0, —» HOO + H' 11.6 Ref. 20
E° (CAT/CATH,): CAT + 2H" + 1€ — CATH,

0.540 Ref. 21

0.530 Ref. 13
E° (02—/H202): O, + 2H" + 16 — H,0,

0.940 Ref. 22

0.890 Ref. 18
BDFE(catechol): CATH, — CATH; + H’ 361.2 Ref 11
BDFE(catechol anion): CATH, —» CAT" + H’ 335.2 Ref 11
BDFE(HOO): HOO - O, + H’ 340.8 Ref 11
BDFE(H,0,): H,0, —» HOO" + H’ 379.9 Ref 11
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S4. Structures of the pre-reactive complexes, transition states and
product complexes

Here we present structural parameters of the pre-reactive complexes, transition states and
product complexes, obtained with the B3LYP and the M06-2X functional.

Table S4. Geometrical parameters for PRC, TS and PC of the concerted reaction mechanism
between catechol and superoxide radical anion, obtained with the B3LYP and MO06-2X
functionals and the 6-311+G(3df,2p) basis set. Bond lengths (d) in A. Valence and dihedral
angles in degrees.

S ek 2

B3LYP/6-311+G(3df,2p) MO06-2X/6-311+G(3df,2p)
Geometrical parameter PRC TS PC PRC TS PC
d(Cs-Cy) 1.4215 1.4629 1.5018 1.4176 1.4551 1.4960
d(C4-0y) 1.3438 1.3180 1.2559 1.3377 1.3084 1.2478
d(Cy-0,) 1.3437 1.2768 1.2559 1.3376 1.2780 1.2478
d(0s-H,) 1.0253 1.1254 1.7664 1.0308 1.1737 1.7681
d(0z-Hy) 1.0251 1.5345 1.7663 1.0291 1.4132 1.7686
d(Oa-Hi) 1.5328 1.2937 0.9853 1.4881 1.2064 0.9795
d(Og-Hy) 1.5338 1.0178 0.9853 1.4945 1.0466 0.9795
d(Oa-Og) 1.3262 1.3883 1.4554 1.3040 1.3577 1.4264
<(0:-C;-Cy) 124.0 121.1 121.8 123.2 120.6 121.4
< (H;-0:-Cy) 117.3 112.9 132.1 116.7 108.2 131.8
< (04-H;-0p) 172.7 179.6 173.1 1741 174.8 170.2
< (02-C,-Cy) 124.0 122.5 121.8 123.2 122.3 121.4
< (H2-0,-C,) 117.3 123.9 132.1 116.7 120.1 131.7
< (02-Hz-0g) 172.6 174.0 173.1 1735 1725 170.1
< (C;-C4-04-Hy) 29.6 48.4 11.4 34.9 55.2 145
< (C;1-C5-0,-Hy) 29.1 23.8 11.4 331 30.9 144
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S5. Transmission coefficients and rate constants obtained from fitted
Eckart potentials

In this section we present details calculations of the transmission coefficients and rate constants
obtained from fitted Eckart potentials. Transmission coefficients were calculated using the
analytical solution for an asymmetric Eckart potential of the form

:ﬂ"' o 7+ ZPEpec (S17)
1+Y  (1+Y)
where A=E -E, , (\/_ 4/ ) ZPEprc is the zero-point energy of the pre-reactive

27(s— : . . :
complex and Y =exp( ﬁ(l 0)) where s is the reaction coordinate, sy the location of the

maximum of the adiabatic potential energy function and | is the width of the barrier. E; and E.;
are the activation energies of the forward and reverse reactions (E; = Ers +ZPEts — Eprc —
ZPEpc; E1 = Evs + ZPE+ts — Epc — ZPExs).

These calculations were performed using the CCSD(T)//B3LYP and CCSD(T)//M06-2X
electronic energies with zero-point energy corrections in vacuum and in water, employing the
ChemRate program?. In ChemRate the Eckart transmission coefficient « is calculated using the

equation
x(T) = ji() P'(E)exp(—BE)E  (S18)

where, # = (kzT)" and P’(E) is the first derivate of the tunneling transition probability P(E) at

total energy E, which is calculated using the analytical formula of Eckart®

cosh| 27 (e, —a, ) |+ cosh[ 275
cosh| 27 (e, +ar, ) |+ cosh[273]

1(EY? 1[E-AT? _ 1[B-CT"
here,ozlzaE ’aZZET ’5:§T

P(E)=1- (S19)
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C = (h/21)*(2m)™* where h is the Planck’s constant, m the mass of the particle (assumed as
constant and equal to 1 amu) and | is the width of the barrier (see above). A, B, and | were
calculated fitting the asymmetric adiabatic Eckart potential to the adiabatic ground-state potential
energy (Vac) profile obtained with the intrinsic reaction coordinate (IRC) method.*® The results

of the adiabatic ground-state potential energy are depicted in Figure S7.
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Figure S7. Adiabatic ground-state potential energy (Vag) profiles, obtained with the intrinsic
reaction coordinate (IRC),”” interpolated variational transition-state theory by mapping (IVTST-
M)* and asymmetric Eckart potential, of the concerted double-proton-transfer electron-transfer
reaction between catechol and O,". (a) CCSD(T)//B3LYP in water, (b) CCSD(T)//M062X in
water, (¢) CCSD(T)//B3LYP in vacuum, (d) CCSD(T)//M062X in vacuum. Solvation model =
SMD.

Rate constants and transmission coefficients (with SCT and Eckart treatments) are presented in

Table S5.

14



Table S5. Rate constants (M™ s™) and transmission coefficients for the concerted double proton-
transfer electron-transfer reaction between catechol and O,°" in water and vacuum. CVT =
canonical variational transition state theory. SCT = small curvature tunneling approximation.
x(Eckart): Eckart transmission coefficient. x(SCT): SCT transmission coefficient. T = 298.15 K.
Solvation model: SMD.

CCSD(T) //B3LYP CCSD(T) //M06-2X
Water

K., 1.38 x 10 7.55x 10°
ky(CVT) 2.82x 107 2.03x 10"
k(SCT) 3.97 x 10° 1.14x 10
x(Eckart) 522x10° 7.32x 10’
Koveralt = Keg “ka(CVT) 1(SCT) 1.54x 10° 1.74 x 10®
koveratl = Koy k2(CVT)-k(Eckart) 2.03x 10* 1.12x 10

Vacuum
ky(CVT) 1.74x 10° 6.49 x 10™
k(SCT) 8.56 x 10° 7.27x 10°
x(Eckart) 3.86 x 10° 4.88x 10’
Koverall = k2(CVT)-x(SCT) 1.49x 10° 471 x 10°
koverat = k2(CVT)- k(Eckart) 6.71 x 10° 3.16 x 10°

As can be seen in table S5, using the fitted Eckart potentials we obtain similar transmission

coefficients (differences of less than one order of magnitude) as with the SCT method in water.

Also, the total rate constants are similar. In vacuum we obtain transmission coefficients with the

Eckart potential, which are roughly similar to the ones obtained with the SCT method (one order

of magnitude larger for the B3LYP optimized structures, two orders of magnitude smaller for the

MO06-2X optimized structures). Note however that the fit of the Eckart potential in case of the

B3LYP optimized structures is not very good, due to the asymmetric shape of the energy barrier

(see Figure S7).
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