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Introduction

The mechanisms of biologically essential metalloenzymes
oxidases,
a-hydroxylating monooxygenase (PHM) and dopamine-f

such as amine
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How do quantum chemical descriptors shape
hydrogen atom abstraction reactivity in cupric-
superoxo species? A combined DFT and machine
learning perspectiveti

Chandrasekhar Nettem 2 and Gopalan Rajaraman (= *

Oxygen activation, a crucial function performed by enzymes, prompts the synthesis of biomimetic
models utilised to investigate structure—activity relationships, with a particular focus on metal-superoxo
species resulting from O, interaction with the metal centre. Among others, cupric-superoxo species have
been extensively studied, showcasing diverse examples and potent catalytic capabilities. While quantum
chemical calculations have helped in understanding the mechanistic aspect of their reactivity, recent
advances in machine learning (ML) tools have substantiated this further and offered potent predictive
power. The development of machine learning tools and associated quantum descriptors for open-shell
paramagnetic catalysts is rarely pursued due to the complexity involved. However, if achieved, it has the
potential to fundamentally change the existing paradigm in catalytic design and development. In making
this connection, a detailed hydrogen atom transfer (HAT) reaction instigated by [(TMPA)Cu(i)—-O,""]
species and its analogues gains relevance as they offer a unique set of diverse reactivity pathways among
structurally similar cupric-superoxo species. In this study, we embark on a comprehensive exploration of
reactivity mechanisms employing the DFT method (B3LYP/TZVP) with five distinct catalysts and three
varied substrates, resulting in combinations that lead to fifteen different reactions for the HAT reaction.
The reactivity of cupric-superoxo species was found to be correlated not only with the rate-limiting HAT
barrier but also with the competitive dimerization barrier. Our comprehensive analysis of mechanisms
offered a rationale for the experimentally observed reactivity and the setting of goals for developing suit-
able ML models. In making this connection, we have arrived at fifteen quantum chemical descriptors,
including exchange interaction (J), sterics, hydrogen bonding, and various thermodynamic parameters
derived from DFT calculations. Our multivariate linear regression (MLR) model accurately predicts catalytic
reactivity towards HAT using these quantum chemical descriptors based simply on ground state geome-
try. The H-bonding interactions, along with the free energy of the HAT/PT/ET reaction (AGpcet/AGpt/
AGeq), were found to yield excellent results for accuracy (R = 0.90), setting a stage to study multinuclear
paramagnetic catalysts. For the first time, this study provides valuable insights not only into the reactivity
of metalloenzymes but also offers design clues to enhance the reactivity of transient species using the ML
approach.

monooxygenase (DBM), rely heavily on copper-oxygen reactive
intermediates such as copper(u)-superoxo species formed from
the binding and activation of dioxygen by a single copper-ion
glycine-  site." Previous mechanistic studies have revealed that the
substrate hydroxylation reaction mechanisms of PHM and
DPM are quite similar.”®'* Apart from these two enzymes,
galactose oxidase and lytic polysaccharide monooxygenase are
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two other enzymes where cupric-superoxide is found to play a
critical role in their functioning."”” The copper(u)-superoxo
adduct has been characterized, using X-ray structure analysis,
as being present in an oxygenated precatalytic form of the
PHM enzyme complex and has also been proposed in the
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other enzymes based on kinetic data.'' These enzymes
perform very efficient C-H and O-H bond activation of inert
substrates, and these reactions are important for the biosyn-
thesis of prohormones and neurotransmitters in
humans.'*16-2°

While the cupric-superoxide has been found to trigger the
catalytic reaction in all these enzymes, different enzymes
perform different transformations - thanks to variations in
their ligand environment and the protein backbone. Among
other factors that contribute to their reactivity, for the end-on
copper(i)-superoxo species, its reactivity stems from the
radical character of the O, moiety, which substantially
reduces the barrier height for the hydrogen atom transfer
(HAT) reaction, as shown in the PHM enzyme.*! Similarly, the
{Cu(u)-0,""} species was found to be involved in the HAT of
phenol in the pMMO reaction with an estimated barrier height
of 35 k] mol™'. Moreover, for the LPMO enzyme as well, the
HAT reaction barrier for the {Cu(u)-O, "} species was esti-
mated to be 21 k] mol™".

The mechanistic studies targeting the activity of metalloen-
zymes are often cumbersome, and chemists have switched to
smaller models that are both structural and functional mimics
of metalloenzymes. Thus, there is growing interest in bio-
inorganic chemistry to mimic the reactivity of these enzymes
via small structural models, and many copper(i)-superoxo
adducts are synthesized and characterized using X-ray and
spectroscopic methods.?>>* As copper(u)-superoxo adducts are
often transient in nature, spectroscopic methods coupled with
theoretical tools have played an important role in their elucida-
tion and also in understanding the implication of their elec-
tronic structure with respect to reactivity.>>>® Over the years,
more than ~50 different copper(u)-superoxo adducts have been
reported, and their reactivity patterns differ significantly from
being strong to sluggish oxidants.>**° Although there are indi-
vidual studies that have focused on the reactivity of the end-on
superoxo species, due to wide variations in its coordination
environment and coordination number, a general descriptor
that could explain the reactivity of this species is still
lacking.?**° Among model complexes, the oxygenation of the
Cu(1) complex of the TMPA (TMPA = tris(2-pyridyl methyl)
amine) ligand is one of the most extensively studied reactions,
and detailed spectroscopic and reactivity studies have been
reported for this species over the years.*'*®

Most notably, Karlin and co-workers investigated the HAT
reactivity of the {*Y*¥LCu(u)-0,""} complex (1a, where X1 =
H, X2 = H and L = TMPA) (see Scheme 1) towards O-H bond
activation using different substrates that yield {*V*?LCu(u)-
OOH} species and a phenoxy radical as products.>*® This
study was expanded later to include four more catalysts by
varying substituents attached to the TMPA (X1 and X2) (2a-5a,
see Scheme 1) that enhanced the H-bonding interactions with
the O, where the reactivity was found to increase by an order
of magnitude. Although H-bonding interactions were hinted at
during the enhancement of the reactivity, the exact role of
H-bonding interactions in the mechanism of O-H bond acti-
vation and reactivity was not studied in detail."”® Furthermore,
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as a variety of substrates with structurally analogous catalysts
were explored, this investigation offers a rare data set to study
in detail the reaction mechanism and then employ machine
learning tools®® to develop suitable descriptors that could
potentially predict the reactivity of {¥V*?LCu(n)-0, "}species,
in general.

The bond dissociation energy (BDE),** H-bond (HB) inter-
actions, frontier molecular orbital (FMO) energy,’>*' free
energy of reaction (AGpcgr),"” steric factors,”*™*> and the asyn-
chronicity (7)**™*® and frustration (6)*® of the reaction, all of
which quantify the relative capacities of different species to
acquire an electron and a proton when they are vying for a
hydrogen atom abstraction, were shown to play crucial roles in
HAT in metal-oxo complexes. All of these parameters, however,
have been shown to impact the reactivity of the metal-superoxo
complexes.>®*° Yet, there is no consensus on their individual
significance or relative impact. We present a thorough statisti-
cal analysis of these parameters in copper superoxo-mediated
HAT reactions. This analysis facilitates statistical exploration of
various hypotheses regarding the parameters that dictate the
HAT reactivity of metal-superoxo species. We developed a
multivariate linear regression (MLR) model that effectively
forecasts catalytic reactivity towards HAT using various
quantum chemical descriptors, eliminating the need to eluci-
date complete mechanistic cycles, given that these are often
demanding and challenging. Our findings have immediate
ramifications for metal-superoxo complexes in chemical-bio-
logical systems and provide a foundation for reactivity patterns
observed experimentally.

Computational methods

DFT computations employing the dispersion-corrected unrest-
ricted Becke3LYP (B3LYP) hybrid functional'* were used in
conjunction with a double ¢ quality LanL2DZ basis set with
Los Alamos effective core potential for metal Cu and the 6-31G
(d) basis set for the remainder of the atoms such as H, C, O,
and N. This functional is chosen based on earlier benchmark-
ing reports.”®> The molecular geometries were optimized
without any constraints using the G09 suite of programs.>® At
the same level of theory, frequency calculations have been per-
formed to identify the nature of the species and to compute
enthalpic and entropic corrections; therefore, all the reported
energies are free energies unless otherwise stated. Further
intrinsic reaction coordinate (IRC) caluclations were per-
formed on selected geometries to affirm the correct nature of
the transition state, and a polarizable continuum model (PCM)
was employed to incorporate solvent effects. The single-point
calculations were performed on optimized geometries using
the larger basis sets of TZVP for all atoms, in conjunction with
the polarizable continuum model. To assess and analyse the
results obtained from B3LYP functionals, we have also per-
formed limited benchmarking studies incorporating the fol-
lowing functionals: PBE, BP86, PBEO, TPSSH, and ®B97X,
including dispersion corrections. Using these functionals, we
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Scheme 1 Formation of {*Y*@LCu(1)~OOH} from {*Y*@LCu(1)-0, "} species by reacting with different phenol substrates.

have estimated the singlet-triplet gap and also the activation
barrier for the HAT reaction. Tetrahydrofuran was used as the
solvent employed in the experiments. Further analysis was per-
formed on the optimized geometries, such as NBO (natural
bond orbital), AIM (atoms in molecules), localized orbital
locator (LOL), energy decomposition analysis (EDA), and NCI
(non-covalent interactions), by employing G09 and Multiwfn
3.7.>* The iso-surfaces of RDG were rendered by using the
VMD 1.9.1 program.> Kinetic isotopic effect calculations were
performed using the Jacob Bigeleisen equation,’® and the tun-
nelling correction to the kinetic barrier was calculated using
Pilgrim software employing the Page-Mclver algorithm.>”»>®
For all examined reactions, the minimal energy path (MEP)
was followed using mass-scaled coordinates (with scaling mass
=1 amu) and Hessian computations every five steps using the
Page-Mclver algorithm.”® Machine learning studies were
carried out utilizing the linear regression, Lasso, Adaboost,>
Random Forest,’® and extreme Gradient Boosting (XGBoost)
models.®"** The calculations of DLPNO-CCSD(T)*** (cc-pvTZ;
No Frozen Core and TIGHTPNO) and EPR parameters (within
DFT formalism) have been performed in Orca version 4.2 soft-
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ware.®® The starting coordinates for the EPR calculations have
been obtained by DFT calculations in the Gaussian09 suite of
programs, as stated earlier.>® The B3LYP hybrid functional®®®®
and def2-TZVP basis set have been used for all atoms for EPR
property calculations. Magnetic exchange interactions are cal-
culated using the B3LYP functional. The magnetic exchange
interaction between metal Cu(u) and the O, radical is
described by the spin Hamiltonian, H = —Js1.50, wWhere J is the
isotropic exchange coupling constant (see the ESIi for full
computational details).

Results and discussion

Geometries and electronic structures of the
{EVE2L,Cu(n)-0, 7} species

First, we have optimized different catalyst structures la-5a
(Scheme 1) used in the study. The ground-state-optimized geo-
metries of catalysts 1a-5a with selected structural parameters
and computed spin densities are given in Fig. 1 (see ESI Tables
S1 and S2 and Fig. S1 and S2}). The unpaired electron in the
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Cu1-012.030  , 55 Cu1-012.010 Pcu1 0.31

01-02 1.256 pCUI0.78 01-02 1.266 Po1 0.77 Cul-O1 1.985 pCu10-38
o 0.87 02-H(N5)2.081  p,, 0.79 0102 1278 Po1 0.68
Poz 7. o, 011  Ol-H(N5)1.981 Poz 0.76

02-H(N6) 1.956 p, 0.15

Cul-01 2.012 Pcu1 0-30 Cul-01 1.989 Pcu1 035
01-02 1.264 Po1 0.77 01-02 1271 Poy 0.75
02-H(N5) 1.920 Poz 0.80 02-H(N5) 1.904 Po 0.76

p, 0.08 02-H(N6) 1.924 p. 0.10

Fig. 1 DFT-optimized ground state (S = 1) geometries of catalysts 1a—5a. (a) 1a, (b) 2b, (c) 3b, (d) 4a and (e) 5a (all bond lengths are given in A; p is

spin density).

Cu(u) center and the O, ™ are expected to have strong magnetic
coupling, and therefore, we have computed both singlet and
triplet states and found the triplet state to be the ground state
for all complexes. The magnetic exchange interaction between
0O,"” and the Cu(u) ion is found to be ferromagnetic in nature
with the exchange coupling J value estimated to be
1697.4 cm™, 1423.8 cm™, 1094.4 cm™, 1572.4 cm™' and
1578.3 cm™" for 1a, 2a, 3a, 4a and 5a, respectively. With the tri-
gonal bipyramidal geometry of the Cu(u) centre, the unpaired
electron is expected to be in the d, orbital, which would
couple with the frontier orbitals of the n*, with the n*, of the
superoxo unit lying close by, and this is similar to the elec-
tronic structure established by Solomon and co-workers (see
ESI Fig. S31).>' A very small gap between these two n* orbitals
(m*s and n*,) leads to a triplet ground state exemplified by the
characteristic spin density shape at the superoxo unit (see ESI
Fig. S1-S31). Similar spin density values are also witnessed for
complexes 2a-5a with slight differences in the nature of delo-
calization of spin density that is found to be influenced by the
H-bonding interactions with the ligand framework. The spin

Inorg. Chem. Front.

density values on the superoxo moiety (0, ) and Cu(u) centre
are in the range of 1.45-1.65 and 0.25-0.38, respectively. This
suggests strong delocalization of spin density from the Cu(u)
centre to the coordinated ligands. The singlet S = 0 state is
found to be higher in energy with respect to the ground state
by 100.5 k] mol™", 96.2 kJ mol™", 100.8 k] mol™", 93.5 kJ
mol ™", and 105.8 k] mol~" for 1a-5a, respectively. The ground-
state-optimized structure reveals a number of H-bonding inter-
actions between the amino groups with proximal/distal oxygen
atoms with differing strengths for complexes 2a-5a (see ESI
Table S1f and Fig. 1). The Cu-O and O-O bond lengths are
found to be in the range of 1.985-2.03 A and 1.25-1.28 A,
respectively, which is consistent with the expected superoxo
characterisitics and experiments (see ESI Table S1%). To under-
stand the role of O-O rotation for different geometries, we
have performed conformational analysis on catalysts by alter-
ing the dihedral angle of N1-Cu1-01-02 (see Fig. 1) from the
trans to the cis conformation and found that the energy
demand for this process is a few k] mol™" in 2a-4a while in 5a
it is as high as 20 k] mol~" (see Table S3}).

This journal is © the Partner Organisations 2024
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A closer look at the geometries reveals that complexes 3a
and 5a possess two H-bonding interactions between the O,
unit and amine H atom of the ligand (1.981 A, 1.956 A and
1.904 A, 1.924 A), and in complexes 2a and 4a, only one such
H-bonding interaction is detected with the amide H atom of
the ligand (1.920 A and 2.081 A; see Fig. 1 and ESI Fig. $4-S7
and Table S41 and related text). All these H-bonding inter-
actions are relatively weak as the distances are longer.®>”° To
ascertain the relative strength of the H-bonding interactions
and their influence on the geometry and electronic structure
of these species, AIM (atoms in molecules),”’ NBO (natural
bond orbital), LOL”* (localized orbital locator) and NCI”* (non-
covalent interactions) analyses were performed.

These analyses suggest the following decreasing order of
strength in H-bonding interactions: 5a > 4a > 3a > 2a > 1a (see
ESI Table S41 and related text). The NCI plot reveals that the
catalysts 2a and 1a have greater van der Waals interactions
(exemplified by the larger green colour points around the H
bond in Fig. S4 and S5}), while on the other hand, complexes
3a, 4a, and 5a have stronger attractive intramolecular inter-
actions (exemplified by the larger blue colour points around
the H bond in Fig. S4 and S5%). Similar to this, electron
density and LOL values at the BCP (bond critical point) of the
H bond in 1a-5a reveal similar observations (see ESI Fig. S6
and S7 and Table S4f). Furthermore, reactivity is impacted not
only by the hydrogen-bond donating capability of substituents
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around O, "~ but also by their bulkiness. Nolan and Cavallo’s
“per cent buried volume” (%V;,,) concept quantifies ligand
steric effects by indicating the fraction of a ligand’s volume
enclosed within a sphere. To understand steric hindrance
around the superoxo moiety, we calculated %V, for the cata-
lysts in our study. Catalysts 1a-5a have %V, values of 46.6,
49.8, 52.3, 51.4, and 55.1, respectively. Steric hindrance values
gradually increase from 1a to 3a, and catalysts 3a and 4a
exhibit similar %V}, values, while 5a demonstrates the
highest steric hindrance (see Table S51 and related text).

Mechanism of O-H bond activation by catalysts 1a-5a

To understand the O-H bond activation by catalysts 1a to 5a,
we have adapted the mechanism shown in Fig. 2 (see
Scheme 1 and Fig. S81) wherein the substrate is anchored to
the {¥YXJ)1Cu(n)-0,"7} species via non-covalent interaction
(reactant complex; RCgx), followed by O-H bond activation via
a transition state (TSgx) leading to the formation of Cu(u)-
OOH species and a trapped phenoxy radical (product complex
PCgx). In the next step, the trapped radical follows a cage-
escape pathway that leads to the formation of a Cu(u)-hydro-
peroxo species.

DFT calculations were performed with catalysts 1a to 5a by
considering three different substrates (p-methoxy-2,6-di-tert-
butylphenol (A1), p-methoxy-phenol (A2) and phenol (A3), see
Scheme 1 and Fig. S81), where combinations lead to a total of

s  R5(X,=PV,X,=PV)
mm R4(X,=PV,X,=H)
mEm— R3(X,=NH,,X,=NH,)

(102.6) R2(X,=NH,,X,=H
— I ( 1 20 )
mm— R1(X,=H,X,=H)
(89.9) .
=iy

tBu
OCH;

23)

OCH,
3p,
X o RX
(\N OH
LNEE o
/\ A
N\ % N
\n oH
N—-Cu—0
N/ \N,Xz

Fig. 2 Energy profile for hydrogen atom abstraction (HAT) from tertiary butyl phenol by 1a (green; R1), 2a (violet; R2), 3a (black; R3), 4a (blue; R4)

and 5a (brown; R5).

This journal is © the Partner Organisations 2024

Inorg. Chem. Front.


https://doi.org/10.1039/d4qi00701h

Published on 14 May 2024. Downloaded by INDIAN INSTITUTE OF TECHNOLOGY BOMBAY on 5/31/2024 6:59:46 AM.

Research Article

fifteen different reactions (R1 to R15; see Scheme 1 and
Fig. S81) that were modelled. For catalyst 1a reacting with
p-methoxy-2,6-di-tert-butylphenol (A1), the reactant complex
formation (see Fig. S9 and Table S6}) was found to be endergo-
nic by 46.1 k] mol™". In the next step, the O-H bond activation
is assumed via TSg;, which is found to have a barrier height
(AG,) of 86.4 k] mol™" from the reactants at the triplet surface.
The barrier heights computed at the singlet surface were
found to be larger than 130 k] mol™, and therefore, reactants
are unlikely to participate in the reactivity. At the transition
state, the newly forming O-O bond is found to be 1.280 A with
the substrate O-H bond elongating to 1.131 A, suggesting a
reactant-like transition state that is consistent with the rela-
tively lower barrier height computed (see Fig. 3 and Table S71).
The *TSg; was found to proceed via the o-HAT mechanism
with one B-electron from the substrate being transferred to the
n*, orbital of the O, leading to the elongation of the O-O
bond and reduction in the net spin density (see Fig. S10 and
Table S8%). A similar scenario is encountered for all the other
fourteen reactions with the spin density on the O, reducing
at the transition state in the range of 0.50-0.70, while the sub-
strate gains an equivalent amount (see Table S87). In the next
step, the {¥V*J)L,Cu(n)-OOH} species (1b) (where X1 = H and
X2 = H) formed with the phenoxy radical anchored by hydro-
gen-bonding interactions with a significant reduction of spin
density at the O-OH moiety and a concomitant increase at the
Cu(u) centre (see Tables $9-S12 and Fig. S11, S12f). The g
value of 1b is found to be isotropic with an estimated value of
2.08, and this matches well with the experimental data
reported.>® % The barrier heights for catalysts 2a and 3a with
the substrate A1 (R2 and R3) are estimated to be 80.6 k] mol ™
and 77.6 kJ mol ™', respectively. As the number of H-bonding
interactions between substituents (amino) of the catalyst and
0,” is found to increase, the barrier height is found to
decrease, suggesting that H-bonding interactions of the amino
moiety stabilize the transition state. The barrier heights com-
puted for 4a and 5a (R4 and R5) with A1 are estimated to be
89.9 k] mol™" and 102.6 k] mol™?, which are higher than that
obtained for R1, suggesting a counter-intuitive trend based on
the strength of H-bonding interactions (see Fig. 2). The com-
puted barrier heights for A3 (A2) are found to be larger
(smaller) than those for A1 (see Fig. S13 and 14%).

Role of various factors in O-H bond activation

To understand this trend, we have performed NCI and EDA
analyses, but individually, they fail to explain the trend, and
this suggests a combination of factors that are at play. To gain
further insights, we have examined various factors such as (i)
the free energy of reaction (AGpcer), (ii) the strength of
H-bonding (HB) interactions, and (iii) buried volume (BV) on
reaction barriers via least squares regression. These analyses
suggest that AGpcrr accounts for only 20% of the dataset vari-
ation. However, if the BV is added, this substantially improves
the R? value to 0.81. The inclusion of HB does not yield any
significant improvement (see Fig. S15%). As BV is estimated to
be an important parameter, the reason for such a close corre-
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lation was explored by computing the strain energy associated
with the substrate (NCI plots support these observations) (see
Fig. S16 and 17%). This provided a significant correlation on its
own (see Fig. S17 and Table S13}), and suggests that the pre-
vailing influence of steric hindrance over H-bonding inter-
actions emphasizes the critical importance of H-bond donor
groups being relatively compact yet possessing a higher
H-bonding capacity to effectively lower the reaction barrier for
HAT.

Understanding the impact of quantum tunneling in the
hydrogen atom transfer (HAT) reaction

Apart from the kinetic barrier, a meticulous examination of
the imaginary frequencies associated with the corresponding
transition states (refer to Fig. 3) indicates the potential involve-
ment of tunnelling. This aspect, as demonstrated by Shaik and
co-workers, has been elucidated as crucial in comprehending
the reactivity of metal-oxo species.”*””® To understand the role
of tunnelling, we have computed the Wigner transmission
coefficient values’® for catalysts 1a-5a with substrate A1 (R1,
R2, R3, R4, and R5). These are estimated to be 3.24, 2.81, 1.99,
2.21, and 1.23 for R1-R5, respectively. As the strength of
H-bonding interactions and extent of bulkiness were found to
increase (la-5a), the transmission coefficient was found to
decrease, suggesting that H-bonding interactions and bulki-
ness of substituents play crucial roles in dictating the tunnel-
ling. Overall, both the H-bonding interactions between substi-
tuents (amino/pivalamido) of the catalysts and the O,
radical, and the steric hindrance between substituents (amino/
pivalamido) of the catalysts and the substrate were found to
decrease the transmission coefficient (see Tables S14-S16%).
Furthermore, we have also estimated the kinetic isotopic effect
(KIE) values at 298 K, which were found to be 6.0, 5.7, 4.8, 5.2
and 5.6 for R1-R5, respectively (see Fig. S18 and related text,
and Tables S17-5S20%). The KIE values also predict a similar
trend to that of the tunneling coefficient calculations affirming
confidence in the methodology employed.

Role of thermodynamic stability of the catalysts

Not only do the kinetics, thermodynamics, and tunnelling of
the HAT reaction affect its overall rate but they also affect the
rate of competitive reactions such as (i) the formation of the
Cu(i) precursor complex from the {*V*?LCu(u)-0,""} complex
by releasing oxygen and (ii) the formation of 2:1 Cu/O, or
trans-p-1,2-peroxide species ({*V*?LCu()-0-0-Cu(m)LEVED})
from the {*Y*?)LCu(u)-0,""} complex by reacting with the
Cu(r) precursor complex (see Scheme 2). The free energy of
reaction (AG]) for the formation of {¥**?LCu(1)} precursors
("1¢c-'5¢) from their respective {¥V*?LCu(i)-0,"} complexes
(*1a-%5a) is around —5.1 k] mol™*, —12.9 k] mol™*, —13.0 k]
mol™!, —20.8 and —23.4 k] mol™" for 1a-5a, respectively (see
Fig. 4 and Tables S21-5S25%). The relaxed scan performed by
varying the Cul---O1 distance shows that the formation of Cu
(1) precursors (*1c-'5¢) from their respective {*V*JLCu(u)-
0, "} complexes (*1b->5b) is a barrierless process for all of the
catalysts, with the exception of 35a (see Fig. S19%).
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Fig. 3 DFT-optimized geometries of the transition state (S = 1 spin state): (a) >TSg4, (b) *TSga, (c) >TSgs, (d) 3TSr4 and (e) 3TSgs (all bond lengths are

given in A and frequencies are in given cm™; p is spin density).

Furthermore, AG] is found to decrease with increasing hydro-
gen-bond donor ability and steric hindrance of the substituent
attached to the TMPA ligand. The activation free energy of the
reaction (AG,) for the formation of 2:1 Cu/O, or trans-p-1,2-

This journal is © the Partner Organisations 2024

peroxide species (*1d->5d) from their {*Y*¥LCu()-0, "} com-
plexes (*1a-°5a) by reacting with {CY*?Lcu())} precursor
(*1c-"5¢) complexes is estimated to be 55.8 k] mol™", 60.6 k]
mol™, 71.4 k] mol™?, 82.0 k] mol™ and 96.9 k] mol™* for 1a-
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Scheme 2 Adapted mechanism of reactivity and the decomposition pathways of the {*"*2LCu()-0,""} species.

5a, respectively, following the order 5a > 4a > 3a > 2a > 1a (see
Fig. 4, Fig. S20% for transition state geometries and Tables
S21-S25% for transition state structural parameters and spin
densities).

This trend is in agreement with the experimental trend of
decomposition rate constants estimated from absorption
spectra.’® The S = 0 (both open-shell and closed-shell singlets)
spin state of species 1d-5d is found to be more than 60 kJ
mol™" higher in energy compared to the S = 1 state (see
Table S23}). In *1d, the Cu---Cu separation is found to be
4.532 A, which also matches with that of the reported X-ray
structure'®®' (see Fig. S21 and Tables $21-S25}). To obtain
quantitative insights, we examined the role of HB and BV on
the activation free energy of reaction (AG,) for the formation
of 2:1 Cu/O, via least squares regression. Both BV and HB
alone were found to correlate well, yielding a value of more
than 0.83R> (see Fig. S22), while the combination of both BV
and HB does not result in significant improvement. The
overall catalytic reactivity was found to be correlated with the

Inorg. Chem. Front.

difference between AG, and AG, termed as AG,,, (AGw =
AG, — AG,;) and follows the order 1a < 2a < 3a ~ 4a < 5a for
substrate A1, which is aligned with the experiments (see

Table S261).5%°

Comparative analysis of reactivity: machine learning versus
valence bond predictive models

In recent years, the study of catalytic mechanisms and the cre-
ation of new materials have both benefited greatly from the
use of machine learning (ML) models.®>®* These may be used
in conjunction with DFT computations to determine the
underlying connection between the theoretical indications and
descriptors.®! Other than the ML models, there are also other
approaches, such as the valence bond (VB) model, that have
been shown to successfully predict the reactivity pattern in
metal-oxo species.”>®> The proposed equation for estimating
the activation barrier is based on DFT-computed (or experi-
mental) bond dissociation energies of reactants and products
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Fig. 4 DFT-computed potential energy surface for the formation of binuclear Cu species from the Cu(i)-superoxo species.

and is adapted from the work of Shaik and co-workers** (eqn
(1); see Fig. S231 and related text for details):

AE?
AE{(2) = 0.3Go + 0.5AEy, — Bxuy + 0.5 (?m) (1)
0

where,
1

and
Go = 0.5(G; + Gp) (3)

BDEy_x is the BDE of {¥Y*?1LCu(i)-OOH} and BDEy_y is the
BDE of the substrate. Here, AE,, is the energy difference
between the reactant and the product. The G, and G, terms are
promotion gaps (see Fig. S231). Using this equation, we have
estimated the barrier height for R1-R15 (see Table S27}) and
the regression model, based on the AE,; vs. the computed
barrier height (AG,), which was found to yield a poorer predic-
tion of the barriers (the R value is 0.25; see Fig. S$24%). The
complexity observed in understanding the reactivity of metal-
superoxo species can be ascribed to the presence of radical
species at both the catalyst and substrate (radical), leading to
intricate spin patterns. Additionally, the steric properties of
the ligands and the approach of the substrate are pivotal

This journal is © the Partner Organisations 2024

factors influencing the reaction. To illustrate this point, we
have considered a scenario where both AE,; and BV are taken
together into consideration, and this model is found to yield
an improved correlation (R* = 0.80; see Fig. S247).

Machine learning models

It is clear from the earlier analysis that a combination of
factors (not only BDE) is needed to rationalize the experi-
mental reactivity and also for prediction. Keeping this in
mind, we have moved to machine learning models with our
data set of R1-R15 and have developed various descriptors
using multivariable linear regression (MLR) models to predict
the target variable. This approach leveraged all available data,
revealing factors influencing the reactivity.

We have considered a total of fifteen descriptors (termed as
features i.e., FO1-F15) spanned over five categories such as (i)
steric and hydrogen bonding (F01, F13), (ii) frontier orbital
energy and magnetic coupling (F14) (see Computational
methods), (iii) thermodynamic quantities (FO5, F06, FO7, F08,
F09, F15) (see Fig. S257), (iv) bond-dissociation energy (F02,
F03), and (v) acido-basic and redox potential quantities (F10,
F11, F12) (see Fig. 5(a) see Fig. S26}). Importantly, none of
these parameters requires transition state geometries (see
Tables S28 and 29%), or the estimation of kinetic barriers,
which is not only a challenging task but, given the open-shell
nature of the reaction, often involves multiple spin states and
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Fig. 5 (a) The descriptors used in the ML model employed. (b) Schematic representation of various thermodynamic descriptors employed.

spin coupling that may lead to the possibility of even missing
the lowest energy transition state.®®®” Furthermore, a robust
ML model based on simple quantities adapted here can help
to pave the way forward for larger screening and more robust
prediction.

To assess the mutual relationship or correlation among the
selected descriptors, we computed the pair-wise correlation
coefficient between them (see Fig. 6). The pair-wise corre-
lations between different descriptors and target variables T01
(AG,y,) and T02 (AG,) are assessed using the Pearson corre-
lation coefficient, and the findings are shown in Fig. 6. Highly
positive or highly negative correlation coefficients, which
suggest significant correlation between the pair of descriptors,
are indicated by dark red or blue colours. The BDE energy-
based descriptors were found to be not correlated at all to the
TO1 parameter, while with T02, the correlation is weak. Given
the fact that the BDE of the substrates is widely used by experi-
mentalists to correlate with the reactivity, our work suggests a
note of caution in this approach, especially when competing
reactions are operational. Among the descriptors, the magnetic
coupling J between the Cu(u) centre and superoxo O, ™ radical
is also considered, given the fact that this can be estimated
using experiments and can also be calculated using DFT meth-
odology with good numerical accuracy.?® Furthermore, earlier
work implicates the role of magnetic coupling in the C-H
bond activation barriers for the metal-superoxo species.®® In
the given data set, while J is found to have a reasonably good
correlation to the target variable T02, for the overall energetics
that dictate the reactivity, which includes the dimerization
reaction, etc., the correlation is found to be rather weak.

Furthermore, the high values of the Pearson correlation
coefficient suggest that some of the descriptors, such as F07
(AGgr), F13 (HB) and F15 (6 = AGpy + AGgy) are significantly
correlated with the target variable T01. The training set and
the testing sets for ML models are made up of 15 sets of data,
which are randomly divided into 12 sets and three sets.
Through an iterative multivariate regression modelling
process, the four-component model was identified to predict

Inorg. Chem. Front.

TO01, which is given by eqn (4) (see Fig. 7 and Tables S30, S311)
(for the T02 variable, see Fig. S27 and Tables S32-S331):

AG!, = 8.3484(HB) — 18.7055(AGpcer) A
— 4.5758(AGpr) + 21.8389(AGgr) + 13.7749 @)
For the TO1 variable, the model is able to predict the target
variable with an R* of 0.90 (test set), RMSE of 4.01, and an MAE
of 3.2 kJ mol™" (for the test set), yielding excellent accuracy for
this complex reaction. The regression model’s performance was
tested using four-fold cross-validation (MAE = 4.36 k] mol ") and
LOO (leave one out) (MAE = 3.38 kJ mol ). To validate the model
developed, we have extended our studies to two new Cu(u)-super-
oxo species reported earlier by Karlin and co-workers™ (see
Fig. S28 and Tables S38, S397), which were experimentally tested
to exhibit HAT reactions. We then employed the aforementioned
ML model to compute the barrier height for these two catalysts.
Our ML model displayed strong generalization for these two
unseen hydrogen atom transfer reactions with a mean absolute
error of 6.4 k] mol™" against DFT-computed barriers, further vali-
dating the predictive capability beyond the tested sample space.
The observed dependence on AGpr and AGgr, as revealed
by our linear regressions, aligns with theoretical models docu-
mented in the literature.”' The dependence of catalytic activity
on AGpcer is well documented in the literature (Bell-Evans—
Polanyi principle)®®*> and the reliance on AGpr and AGgr
likely stems from the amalgamation of proton transfer and
electron transfer intermediates into the concerted transition
state.*’ In the broader dataset, we note that AGgr and AGpcgr
exert a more pronounced influence on the total of the reaction
barriers compared to either AGpr or HB (H-bond strength).
This is evident in the larger coefficient assigned to the AGgr
and AGpcer terms relative to the coefficients for the AGpr and
HB (H-bond strength) terms in the fitting equation (see Tables
S30 and S31}). While the role of thermodynamic quantities
influencing the reaction rate is evident in the literature,*'
H-bonding interaction was found to have more influence than
the AGpr parameter, emphasizing the importance of weak

This journal is © the Partner Organisations 2024
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non-covalent interactions in modulating the reactivity. Given
the fact that the metal-superoxo species formed in enzymatic
conditions exhibit several such H-bonding interactions, it is
not surprising to see that the enzymes are more robust cata-
lysts compared to model complexes.

Discussion

Oxygen activation is central to the function of metalloenzymes,
and once oxygen binds to the metal, this forms the putative
metal-superoxo species, which then goes on to convert to

This journal is © the Partner Organisations 2024

other species or trigger reactivity on its own. The formation
and reactivity of metal-superoxo species are thus central to
understanding the enzyme kinetics and have, therefore, very
broad implications in breathing to oxidation catalysis.® Among
others, the copper(u)-superoxo species has been found to play
a pivotal role in many enzymes, such as PHM. Constructing
several biomimetic models that aim to capture both the struc-
ture and function of these enzymes was attempted. Among
others, TMPA-based (TMPA = tris (2-pyridyl methyl) amine)
copper-superoxo complexes {(Xl)(XZ)LCu(n)—OZ'_} are one of
many thoroughly studied models with minor ligand modifi-
cations offering substantial improvements in reactivity.
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Furthermore, with five structurally analogous catalysts
{XDECu(n)-0,"7} [X1 = H, X2 = H (1a), X1 = H, X2 = NH, (2a),
X1 = NH,, X2 = NH, (3a), X1 = NH(CO), X2 = H (4a) and X1 = X2 =
NH(CO) (5a)] and three different substrates that were tested
experimentally, this set of reactions offers a large treasure trove of
data to benchmark the theory and develop potential machine
learning models to untangle the relationship between enzymatic
reactivity vis-a-vis biomimetic models, which has been the focus
of this work. To elucidate the structure-activity relationship of the
hydrogen atom transfer (HAT) reaction in metal-superoxo-
mediated HAT catalysis, we initially constructed a sample space
rooted in the experimental advances of analogous transform-
ations. Subsequently, we conducted density functional theory
(DFT) calculations on the devised sample space to generate the
necessary statistical data for model training.

To begin with, we have computed the ground state geome-
tries of catalysts la-5a using DFT methods (B3LYP/TZVP),
which yielded triplet (S = 1) ground states consistent with the
experiments. The singlet state (S = 0) is higher in energy com-
pared to the ground state by 100.5 k] mol™", 96.2 k] mol™",
100.8 k] mol™, 93.5 k] mol™?, and 105.8 k] mol™* for 1a-5a,
respectively. To validate both the nature of the ground state
and also obtain good numerical accuracy for the singlet-triplet
gap that can be employed to judge the quality of the B3LYP
results, we have undertaken ab initio DLPNO-CCSD(T) calcu-
lations on 1a. This also consistently yields S = 1 as the ground
state, with the singlet (S = 0) being 96.8 k] mol™" higher in
energy, closely aligning with the results obtained from B3LYP.
The spin densities determined for the atoms within catalyst 1a
using the DLPNO-CCSD(T) method closely agree with those
obtained from B3LYP (as depicted in Fig. S291).

Furthermore, we have also investigated the dependence of
the singlet-triplet gap (AGs_r) on various exchange-correlation

Inorg. Chem. Front.
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functionals, including GGA (BP86, PBE) and hybrid func-
tionals (TPSSH, »-B97X, PBEO) (refer to Tables S35 and S361).
The GGA functional failed to accurately predict the gap (com-
pared to DLPNO-CCSD(T) results), while the hybrid functionals
exhibited similar trends across 1a-5a, with changes of approxi-
mately 15 kJ mol™" compared to the B3LYP functional.
Additionally, single-point calculations conducted using B3LYP
geometries and these functionals result in significantly
smaller singlet-triplet gaps for the GGA functionals, while
hybrid functionals produce consistent values. This strongly
indicates that the energies are relatively less influenced by the
geometries utilized and more by the nature of the exchange-
correlation function employed. These findings align with
earlier benchmark studies on copper-superoxide complexes.’®
Furthermore, Odoh and co-workers spearheaded a comprehen-
sive method assessment, examining 31 functionals to deter-
mine their effectiveness in oxidizing methane with a tri-copper
complex. Their findings underscored the importance of incor-
porating 20-30% Hartree-Fock exchange for achieving high
accuracy.”® Ugalde et al. delved into methane oxidation by
copper hydroxide cations, revealing that single-reference func-
tionals, incorporating a moderate amount of HF exchange,
could yield methane activation barriers akin to those derived
from multi-reference CASPT2.%* Furthermore, many structural
parameters observed are reproduced with the computation,
offering confidence in the methodology (see Table S34}). In
particular, the ferromagnetic exchange between Cu(n) and the
O, species is relatively strong and is in the range of
1100 cm™ to 1700 cm™. Due to trigonal bipyramidal geome-
try, the unpaired electron in the Cu(u) centre is found to be in
the d,. orbital, which overlaps weakly with the n* orbitals of
the superoxo moiety, leading to degeneracy between n*; and
n*, orbitals and ferromagnetic coupling. Furthermore, the
strength of the H-bonding interactions was found to vary sig-
nificantly, and various analyses such as LOL, NCI, NBO, and
AIM yield the following trend: 5a > 4a > 3a > 2a > la.
Coincidentally, the observed experimental reactivity also
follows the same trend.

In the next step, we considered the reactivity by modelling
the O-H activation of various substrates by the catalysts 1a-5a,
giving rise to fifteen combinations (R1-R15). In these reac-
tions, the potential energy surface was modelled along with
the stability of the {¥Y*?LCu(i)-0, 7} species tested via com-
petitive dimerization reactions. In particular, the O-H bond
activation was found to proceed via a triplet transition state in
all cases via the c-HAT mechanism. During the transition
state, one electron from the substrate was found to be trans-
ferred to the mn*, orbital of the O, radical leading to the
elongation of the O-O bond, leading to the formation of
respective phenoxy radicals in all cases. Our calculations
predict the following reactivity order 5a > 4a > 1la > 2a > 3a
(termed AG,) for all substrates. We assessed AG, using various
other functionals, and found that all hybrid functionals exhibi-
ted similar patterns to B3LYP across 1a-5a (see Table S371).
However, this contradicts the experimental observations,
which suggest catalyst 5a to be the most reactive. As HAT reac-
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tions are subject to quantum tunnelling effects, we estimated
the transmission coefficients for all the reactions, and these
were found to be significant.

Our analysis reveals that tunnelling effects are correlated to
the magnitude of the imaginary frequency (IF) computed. To
understand the reason for the variation in the IF values, the
asymmetry in the bond make-break O-H bond distance was
estimated, and this is found to have a strong linear correlation,
i.e. the greater the asymmetry, the wider the barrier, which in
turn reduces the magnitude of the IF (see Fig. 8). A careful
examination revealed that steric hindrance between the cata-
lyst’s substituents (amino/pivalamido) and substrate contrib-
utes to increased asymmetry, consequently lowering trans-
mission coefficients. However, the incorporation of these
effects still does not readily explain the trend observed.

We then extended our study not only to consider the O-H
bond activation barriers but also a well-documented'! com-
petitive dimerization reaction and the corresponding tran-
sition state barrier (AG,), which reduces the O-H bond acti-
vation rate. If these two parameters were taken into consider-
ation together (AG,,, = AG, — AG,), we arrived at a predictive
reactivity order of 1a < 2a < 3a ~ 4a < 5a, which is in agreement
with the experimental rate constant.'”> This suggests that not
only the HAT step but also competitive catalyst poisoning
needs to be carefully analyzed to understand their potent
activity.

Estimating the AG,, not only requires exploration of
various mechanisms but also computationally challenging
transition state geometries. Creating a model relying on basic
descriptors to predict the reactivity of Cu(u)-superoxo species
and directly determine the activation free energy (AG,,) is
crucial for enhancing understanding. For this purpose, we
initially looked at the valence bond model that considers BDE
energy as the descriptor, but, in our tested case, this is not
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comprehensive enough to rationalize the trend observed. We
then moved to a machine-learning model comprising fifteen
physical organic descriptors, as shown in Fig. 8. The descrip-
tors are comprehensive and cover various aspects such as
H-bonding, steric effects, thermodynamic properties, spin-
state-dependent quantities, and acido-basic quantities. While
many of the descriptors correlated well with the HAT trend
observed, many failed to capture the complex mechanistic
scenario hidden behind the AG,, parameter. An iterative
multivariate regression modelling process identified four
quantum descriptors that predict the target variable T01 with
an R? value of 0.90, RMSE of 4.01, and an MAE of 3.2 k] mol™*
for the test set. Notably, the model developed hints at the
importance of the pivotal role of H-bonding interactions in
controlling the overall kinetics. Thermodynamic quantities
such as AGpcpr and AGgr exert more significant influence
than the H-bonding interaction (HB) and AGpy parameters.
Specifically, HB interactions were found to have a greater
impact than the AGpr parameter, underscoring the signifi-
cance of weak non-covalent interactions in modulating reactiv-
ity. The correlation analysis reveals that H-bonding strength is
moderately correlated to the HAT step but rather strongly to
the catalytic poisoning step by enhancing the corresponding
kinetics requirements. The HAT reaction, on the other hand,
relates very strongly with the AGpr corresponding to the for-
mation of Cu(u)-hydroperoxo species. Considering the fact
that metal-superoxo species in metalloenzymes have a large
number of H-bonding pockets coupled with an ability to seam-
lessly perform proton transfers, they could yield very small
AG,, and hence very high reactivity. Therefore, these consider-
ations need to be incorporated into the ligand design if we
aim to structurally and functionally mimic the metalloen-
zyme’s reactivity. This study illustrates that combining DFT
calculations with machine learning tools not only provides

(b) N

AEgss AE°(H)
BVtot

Fig. 8 (a) Correlation of the square of the imaginary frequency with the bond order (v is the imaginary frequency and BO is the Wiberg bond order).
(b) Schematic representation of encoding the catalyst structure and various quantum chemical descriptors employed here.
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insight into the molecular mechanism but also reveals the
anatomy of various factors governing overall reaction kinetics,
which is an unprecedented approach in biomimetic chemistry.

Conclusions

Understanding the formation and reactivity of metal-superoxo
species is crucial for enzyme kinetics, spanning processes
from respiration to catalysis. The Cu(u)-superoxo complexes,
particularly TMPA-based ones, serve as valuable biomimetic
models, with minor ligand modifications enhancing their reac-
tivity. Experimental data from five analogous catalysts
{*VEILcu(n)-0,"7} [X1 = H, X2 = H (1a), X1 = H, X2 = NH,
(2a), X1 = NH,, X2 = NH, (3a), X1 = NH(CO), X2 = H (4a) and
X1 = X2 = NH(CO) (5a)] and different substrates provide a rich
dataset for theory benchmarking and machine learning model
development, elucidating the structure-activity relationship in
metal-superoxo-mediated catalysis. Ground state geometries of
catalysts 1a-5a, determined through DFT calculations, exhibit
triplet ground states consistent with experiments, with ferro-
magnetic exchange between Cu(u) and O, species and the
strength of H-bonding interactions showing a trend of 5a > 4a
> 3a > 2a > 1a, mirroring experimentally observed reactivity
towards the HAT reaction. Modelling O-H activation of various
substrates by catalysts la-5a revealed that HAT proceeds
through the triplet transition states via the 6-HAT mechanism,
yielding phenoxy radicals with a predicted reactivity order of
5a > 4a > 1a > 2a > 3a, contrasting experimental observations.
Quantum tunnelling effects, which are significant in HAT reac-
tions, correlate with the magnitude of the imaginary frequency
(IF) and asymmetry in the O-H bond distance of the transition
state, with steric hindrance contributing to decreased trans-
mission coefficients. Considering both O-H activation barriers
and competitive dimerization reaction, a predictive reactivity
order of 5a > 4a > 3a > 2a > 1a emerged, aligning with experi-
mental rate constants, emphasizing the importance of analyz-
ing both HAT and catalyst poisoning for understanding reactiv-
ity. The development of a predictive model for Cu(u)-superoxo
species reactivity (AG,,) utilizing fifteen quantum chemical
descriptors encompassing H-bonding, steric effects, and
thermodynamic properties yielded an R* value of 0.90. This
approach underscored the significance of H-bonding inter-
actions in controlling kinetics, particularly in catalytic poison-
ing, rather than the HAT step, as revealed through correlation
analysis. This study demonstrates that integrating DFT calcu-
lations with machine learning enables a comprehensive under-
standing of the molecular mechanism and the intricate inter-
play of factors governing overall reaction kinetics, offering un-
precedented insights for biomimetic ligand design aimed at
mimicking metalloenzyme reactivity. As enzymes such as
galactose oxidase form cupric-superoxo species that contain
several H-bonding interactions, our study suggests that the
descriptor adapted here based on biomimetic models can also
be utilized to understand enzyme kinetics and thus has scope
beyond the examples presented.
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