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A computational framework for ligand-driven design of transition metal complexes is presented in this work.
We propose a general procedure for the construction of active site-specific linear free energy relationships
(LFERs), which are inspired from Hammett and Taft correlations in organic chemistry and grounded in the
activation strain model (ASM). Ligand effects are isolated and quantified in terms of their contribution to
interaction and strain energy components of ASM. Scalar descriptors that are easily obtainable are then
employed to construct the complete LFER. We successfully demonstrate proof-of-concept by constructing and
applying an LFER to CH activation with enzyme-inspired [Cu,O,]*" complexes. The key benefit of using ASM is
a built-in compensation or error cancellation between LFER prediction of interaction and strain terms, resulting
in accurate barrier predictions for 37 of the 47 catalysts examined in this study. The LFER is also transferable
with respect to level of theory and flexible towards the choice of reference system. The absence of interaction-
strain compensation or poor model performance for the remaining systems is a consequence of the
approximate nature of the chosen interaction energy descriptor and LFER construction of the strain term,
which focuses largely on trends in substrate and not catalyst strain.

“ Mork Family Department of Chemical Engineering and Materials Science, University of Southern California, Los Angeles, CA, USA. E-mail: ssharada@usc.edu
b Department of Chemistry, University of Southern California, Los Angeles, CA, USA
+ Electronic supplementary information (ESI) available. See DOI: 10.1039/d1cp02278d

Zhenzhuo Lan

Shaama is the WISE Gabilan
Assistant Professor in the Mork
Family Department of Chemical
Engineering and Materials Science
since 2017 and Assistant Professor
(by Courtesy) in the Department of
Chemistry at the University of
Southern California since 2020.
Her research interests span the
development and application of
quantum chemistry and dynamics
methods to design molecular,
heterogeneous, and photo-catalysts

Zhenzhuo is a PhD candidate in the
Mork Family Department of Chemi-
cal Engineering and Materials
Science at the University of
Southern  California  and a
recipient of the Graduate School
Merit Fellowship and the TLARGI
Fellowship at USC. She is studying
mechanisms of CH activation and
ligand sensitivities with oxygen-
activated mono- and dicopper
catalysts, and developing generaliz-
able ligand design frameworks for

Shaama Mallikarjun

molecular catalysts. She completed Sharada for sustainable chemistry. She
her BS in Chemical Engineering at received her Bachelors and Masters
Tianjin University in 2017. in Chemical Engineering from the Indian Institute of Technology,

Bombay (India) where she was awarded the Institute Gold Medal. She
recetved her PhD in Chemical Engineering from UC Berkeley (2015) and
completed her postdoctoral training in Chemical Engineering at
Stanford University. She is a recipient of the 2020 ACS Petroleum
Research Fund Doctoral New Investigator Award and is a 2020 Scialog
Fellow for the Negative Emissions Science initiative.

This journal is © the Owner Societies 2021 Phys. Chem. Chem. Phys., 2021, 23,15543-15556 | 15543


http://orcid.org/0000-0003-2531-6338
http://orcid.org/0000-0001-7332-5373
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cp02278d&domain=pdf&date_stamp=2021-07-12
http://rsc.li/pccp
https://doi.org/10.1039/d1cp02278d
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP023029

Published on 06 July 2021. Downloaded on 4/15/2026 9:29:33 PM.

Paper

1 Introduction

In the field of homogeneous catalysis with molecular transition
metal complexes, there is a growing need for systematic approaches
to probe the influence of active site-bound ligands on catalytic
activity, as this is a necessary step towards rational catalyst screening
and design. Significant progress has been made in screening and
design of heterogeneous catalysts in recent decades."* Experiment->*
and theory-based®® screening methods for molecular catalysts are
still emerging. This is largely a consequence of complex interplay
between metal oxidation and spin states, ligands, substrates, solvent,
counter-ions, and other factors, whose individual and combined
contributions to catalytic activity can be challenging to capture.

Quantitative molecular catalyst design strategies can be
categorized broadly into scaling relationships or volcano plots
relying on energetic descriptors and valence bond approaches,” ™
those based on artificial intelligence and machine learning
methods,'* and linear free energy relationships (LFERs) that
rely on capturing ligand electronic and steric effects using a set
of scalar, structural descriptors.>'® LFERs describe reaction rate
or equilibrium dependence on structural and electronic attributes
of the system.'® This dependence is linear when the reaction
mechanism is not altered upon variation of substituents. LFERS
were originally developed as Hammett relationships in organic
aromatic chemistry to describe the influence of (meta- or para-)
substituents on the dissociation rate of benzoic acid. In Hammett
relationships, the electrophilicity descriptor is a Hammett para-
meter (g,, or g,) and the slope of the Hammett plot describes the
sensitivity of the mechanism to substituent electrophilicity."” Taft
extended this framework to ortho-substituted groups via the
inclusion of an additive term that captures the impact of
substituent steric bulk.'® The resulting free energy relationship
has two additive terms, one describing the electronic effect and
another describing the steric effect of substituents on reaction
rates or equilibria.

Such frameworks can offer systematic means to probe and
predict the impact of ligands bound to a transition metal active
site on catalyst performance metrics such as activity, selectivity,
and stability.? The construction of an LFER framework requires
quantitative information regarding various ligand effects as well
as the identification of appropriate scalar descriptors for these
effects. It may seem intuitive to categorize ligand effects into
their ability to tune the electronic character of the active site and
their spatial extent, or steric bulk, that can impact substrate
approach to the active site. These effects however, are often
interrelated and difficult to isolate.'®?° As a result, the Taft
equation describing reaction rate dependence on substituent
electronic and steric effects cannot be generally applied across
reaction chemistries with transition metal complexes. Our goal
is to instead avoid explicit classification of ligand effects into
electronic and steric terms, and develop an approach that relies
on describing ligand effects in terms of directly measurable
impacts on the activated catalyst-substrate system.

This study aims to establish a framework for constructing
LFERs for CH activation with metal-oxygen active sites by
quantifying trends in barriers obtained via systematic catalyst
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perturbations. Instead of breaking down ligand contributions
into electronic and steric terms, we examine their impact on
interaction and strain energy differences between transition
and initial states of the catalyst-substrate system described by
the activation strain model (ASM), also known as the distortion-
interaction model.”"*> We utilize mechanistic findings from
our prior study of CH activation with dioxo-dicopper complexes
to calculate activation barriers using density functional theory
(DFT).*® Our previous studies also identify descriptors for
capturing trends in interaction®® and strain energies** based
on systematic ligand variations. An active site-specific LFER
that combines both these effects is constructed in this work, as
developing a single set of design rules that is valid across
several active sites is a formidable task on account of the
diversity in oxidation and spin states achievable with transition
metal centers.”> We examine LFER accuracies in predicting
activation barriers by examining several model [Cu,0,]*" com-
plexes constructed using imidazole N-donor ligands. The
LFER is highly reliable, and predicts most barriers to within
10 k] mol " of their DFT values. This is the consequence of a
natural compensation or cancellation of errors observed between
LFER predictions of constituent interaction and strain energies.
Our functional and basis set tests show that the LFER is also
transferable and can be used alongside multiple levels of theory.
Analyses of outliers and sensitivity reveal that the Hammett
parameter, used as a descriptor for ligand interaction effects, is
the most likely cause for model deviations. In addition, as the
model largely captures strain arising from substrate deformation
(C-H stretch) in the transition state, LFER predictions are poorer
for systems where catalyst strain deviates significantly from the
reference system. Therefore, while we successfully demonstrate
proof-of-concept for ASM-driven construction of LFERs, there is a
need for descriptors that are more appropriate for transition metal
complexes. Future work, in addition to expansion to other active
sites, will include the search for interaction descriptors that are
more suitable for metal-ligand bonds (such as metal ligand
electronic parameters, MLEPs)*® which will enable construction
of LFERs that are generalizable across several classes of ligands.

2 Methods

In this section, we outline the procedure for constructing a
generalizable LFER model and illustrate its application to CH
activation with model [Cu,0,]*" complexes. We choose the dioxo-
dicopper active site as it is found to selectively oxidize various types
of CH bonds in several enzymes and their synthetic mimics.>”*

2.1 Activation strain model & LFER

The guiding hypothesis for this work is that ligand effects on
reaction kinetics can be completely characterized by their impact
on changes in interaction between catalyst and substrate and
strain induced in the process of bond breakage/formation. The
LFER model can be constructed by identifying suitable descriptors
for capturing these interaction and strain energies. To this end, we
employ the activation strain model or the distortion-interaction
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model. ASM proposes that the activation energy for a reaction step
(AE*) comprises destabilizing strain (AEsrg) induced by geometric
deformation from the initial to transition structure and stabilizing
interaction between catalyst and substrate (AEpy).>>?°

AE* = AEyr + AEsrg (1)

where A stands for the difference between transition and initial
states. AE” is computed using DFT coupled with transition structure
search methods®>*' and AEnr can be determined using energy
decomposition analysis (EDA).*> ASM has been extensively employed
to better understand reaction mechanisms in terms of ligand
contributions to transition state stabilization vis-G-vis geometric
deformation, as well as to analyze catalyst-substrate interactions
along the entire reaction path to uncover unusual reaction
characteristics.”>** However, to the best of our knowledge, ASM
has not been previously conceived of as a framework upon which
LFERs can be constructed.

To develop an LFER expression using ASM, we invoke the
original equation put forth by Taft for ortho-substituted aro-
matics to quantify electronic and steric substituent effects:'®

k
- logk = po + OE; 2)

ref

The left-hand side (LHS) represents the logarithm of the ratio of
reaction rate coefficients for a substituted system to a reference
system. Substituent effects on reaction rates are mapped using
reactants’ property descriptors — ¢ for electronic and E; for steric
effects. Specifically, these are descriptor differences calculated
with respect to a reference system. In the case of benzoic acid
dissociation, for example, the reference is the unsubstituted
benzoic acid (or substituent = H), for which ¢ = 0. The slopes,
p and ¢, quantify the sensitivity of the reaction to electronic and
steric substituent effects, respectively. The relationship is valid
(linear) when the mechanism of the reaction is not altered
relative to the reference by the substituents.

By employing simplifying approximations, we can rewrite the
Taft LFER using ASM. First, we assume that zero-point energies,
enthalpy, entropy, and pre-exponential terms in the rate coeffi-
cient expression are less sensitive to the choice of ligand
compared to electronic energies. Therefore, the LHS of eqn (2)
can be rewritten as:

AE' — AE}
_ logki o Tref (3)

ref 2.303RT

where AE' refers to the broken symmetry electronic energy
difference between transition and initial states. Second, we
isolate interaction and strain effects rather than the original
Taft formalism of separating electronic and steric effects. This is
because the former are directly computed using ASM while the
latter can be difficult to quantify for ligands bound to transition
metal active sites. In other words,

AEY _ AEfcf B (AEINT — AEINT.rcf)
2.303RT 2.303RT

(AEstR — AESTR ref)
2.303RT

= po + OE; (4)
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The equivalence is shown only to illustrate parallels between our
LFER and the Taft formalism. It does not imply a one-to-one
correlation between interaction energy (strain energy) and electronic
(steric) effects. However, we utilize these parallels as useful guides
for the selection of descriptors. The subsequent steps of LFER
construction are illustrated using CH activation with the goal of
designing N-donor ligands for enzyme-inspired dioxo-dicopper
([Cu0,]") catalysts.

2.2 LFER construction: CH activation with dioxo-dicopper
complexes

Mechanism. In an earlier study of CH, activation, we compute
Hammett curves via systematic variation of N-donors coordinated
to the [Cu,O,]”" center with the goal of identifying the preferred
reaction mechanism.*® [Cu,0,]*" exhibits two isomeric forms -
p-n*n? peroxo (P) and bis(j-oxo) (0),>* with relative prevalence
and equilibrium between the two determined by various factors
including ligand field, solvent, and counterions.*” Although the P
isomer is a quintessential multi-reference system that cannot be
adequately treated with DFT,*** our previous mechanistic study
finds that P — O isomerization precedes CH activation.?® Therefore,
without loss of generality, the O isomer is utilized as the single-
reference ground state in our previous works and the current study.

The proposed mechanism of CH activation has been debated
extensively in the literature.**> By contrasting with experimental
substrate variation-based curves,”® we demonstrate in our previous
work that (in the absence of spin-crossing) the one-step oxo-
insertion mechanism is preferred to the two-step radical recombi-
nation mechanism on the singlet potential energy surface. Fig. 1
represents the potential energy surface for the singlet oxo-insertion
mechanism along with the geometries of initial, transition, and
final states, labeled IS, TSoxo, and FS, respectively. The mechanism
is concerted, and proceeds via simultaneous C-H and Cu-O bond
breaking and C-O and O-H bond formation.

Interaction term. With oxo-insertion determined to be the
preferred mechanism, we leverage the ASM to quantify N-donor
effects. To probe trends in the AEpgr term with ligand variation, we

82.2
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/ C s
J o ) B #
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4. Y ¢

o
-100 %\
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Fig. 1 Potential energy diagram for the singlet oxo-insertion mechanism
of CH activation with [Cu,(C3NoH4)4O51%*. X-Axis represents reaction
progress. IS, TSoxo, and FS correspond to initial, transition, and final states,
respectively. Y-Axis is the broken symmetry electronic energy (Cu: ochre,
O: red, N: blue, C: grey).
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choose the [Cu,(NH;),0,]"" model complex, where each Cu is
bound to two NH; ligands, as the reference system. Two sets of
N-donors with amine and imidazole backbones are chosen. For the
amine N-donors, the active site and substrate are then frozen in the
relaxed configuration obtained for the reference system and NHj is
systematically replaced with substituted amine (NH,X,,,) groups of
varying electrophilicity (X,m, = OCHjz, CH;, H, CF;, NO,). The
procedure is repeated for the imidazole N-donors (X;, = OCHg,
CH;, H, CF;, NO,). As a consequence of freezing the active site and
substrate, AEgrr is invariant to substitutions. For the imidazole
N-donors, we then obtain,

AET — AEEef N AENT — AEINT,ref
2.303RT 2.303RT

4
~—228) 0,;—0.23 )
i=1

= po

where i (i = 1,2,3,4) refers to each of the four N-donor bound to the
4

active site (all identical in this case, ) _ ¢, ; = 40, 1) and the non-zero
i=1

intercept is a consequence of choosing the amine reference (X, = H
for AE,s and AEpy). Using the Hammett parameter associated with
para-substituted ligands, o, as the electronic descriptor, we find
that the slope p = —2.28 is in excellent agreement with experiment
(—2.2) at 148 K (—125 °C).> Therefore, the mechanism is sensitive
to choice of ligand electrophilicity and TSoxo is more stabilized
when the active site is coordinated to electron-withdrawing ligands
compared to electron-donating ligands. These variations in
stabilization are captured in the AEyr component of ASM.

While this analysis indicates that the Hammett parameter
may be a reliable descriptor for interaction energies, we find
poor fit to linear models for amine N-donors, which is expected
as these amines are not aromatic.>® Furthermore, we are
limited to using the Hammett parameter for the substituent
only (e.g. CHj) rather than the entire N-donor (NH,CHj3) as
values (experimental or otherwise) for the latter are not readily
available. Alternative scalar descriptors such as the charge of
the active site oxygen atom or catalyst HOMO levels do not
easily lend themselves to LFER construction. As a consequence
of these limitations, we proceed with the Hammett parameter,
0,, for LFER development but demonstrate proof-of-concept for
complexes constructed using only imidazole N-donors. Going
forward, our goal is to identify interaction descriptors that are
more suitable for metal-ligand bonds than organic aromatic
systems to develop LFERs that are transferable across various
ligand backbones, which in this case consist of amines, diamines,
imidazoles, and pyridines.

Strain term. Following the development of the LFER inter-
action component,”® we isolate trends in AEgy while keeping
AEr constant by varying bidentate diamine N-donors coordinated
to the [Cu,0,]" active center.>® The strain model is designed to
capture changes in CH stretch and catalyst deformation in the
transition structure (TSoxo), induced predominantly by the size of
the bidentate N-donor. We find that, unlike the Taft equation that
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Fig. 2 (a) An illustration of Sterimol parameters for imidazole N-donor
substituted with CH3, where L is length of the group along a user-defined
axis (Cu=N) and B1 is the minimum width when looking down from the
axis. The third Sterimol parameter, which is the corresponding maximum
width, B5, is not shown here. (b) Representation of strain descriptors 0 and
B1in IS. All strain descriptors are calculated using optimized IS geometries.
(Cu: ochre, O: red, N: blue, C: grey).

uses a single scalar descriptor Es to describe steric effects for ortho-
substitutions to aromatic substrates, we need more than one
descriptor to quantify the impact of varying N-donor backbone,
branching, and substitution on AEgrg. A combination of two
parameters - the N-Cu-N bite angle, 0, and Sterimol
parameter,”* ™’ B1 - is necessary to describe N-donor strain
effects. The Sterimol parameter B1 is defined as the minimum
width of N-donor, which is a projected width when looking
down a Cu-N bond. Since only two out of the total four N-donors
are usually close to and interact with the substrate in a transition
state, we identify the two B1 values of N-donors closest to the
substrate as one set of strain descriptors. Sterimol parameters are
determined with Bondi radii® using the Python package devel-
oped by Brethomé A. V. et al.>* One pair of bite angles and one pair
of Sterimol parameters for an example system (Xj,; = CH3) are
illustrated in Fig. 2. All steric descriptors are calculated using
optimized IS geometries as shown in Fig. 2(b).

The resulting strain-only LFER, where AEyy is invariant, is
determined to be:**

AEf — AEY, __AEsTR — AESTR ref
2.303RT 2.303RT

~ 6.28(AB1, + ABL,) + 0.38(A0, + A6y ©)

= OE;

As strain energies are dominated by substrate C-H stretch,
which also shows higher sensitivity to ligand variations com-
pared to catalyst strain, we believe that the LFER model mainly
captures ligand impact on substrate strain. We find that bulkier
ligands with larger bite angles or spatial extent tend to yield higher
barriers. This is because the CH bond stretch in TSoxo increases
with increasing B1 and/or 0, leading to larger AEgrg terms.
Complete LFER. In this work, our objective is to combine the
two LFER components determined in previous studies and
examine its accuracy in predicting barriers for a broad range
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of [Cu,0,]** complexes coordinated to monodentate imidazole
N-donors. We identify model outliers to analyze sources of
error, and determine LFER transferability with respect to level
of theory. Assuming that the previously determined LFER
components are additive as each of them captures only one
of the two ligand effects, we obtain a complete LFER by adding
eqn (1) and (2). For CH activation with [Cu,0,]** complexes
where Cu is coordinated in a planar fashion with oxygen and
N-donors, the LFER is given by:

_ (AENT — AEINTrer) + (AEstR — AESTR ref)
o 2.303RT

AE! - AEL,
2303RT

4
= —233 0, +6.28(ABI| + ABly) + 0.38(A0; + Ab)
i=1

)

where T is set to 148 K (—125 °C) to match the experimental
study used to contrast Hammett slopes.” Note that the slope of
the interaction component of the LFER is slightly more negative
than reported in our previous work® and eqn (1) on account of
setting the intercept of the Hammett curve to zero by employing
Xim = H as the reference.

To apply these types of LFER models, one needs a DFT
barrier calculations for a single reference system (AE.¢) and
descriptors for the reference and system of interest. The model
(eqn (7)) can then predict the barrier (AE) for the system of
interest without the need for several tedious transition structure
and barrier calculations.

2.3 LFER model performance tests

We examine the viability of the proposed framework for LFER
construction by analyzing the accuracy of eqn (7). This work
probes AE predictions for fully relaxed systems where active sites
are bound to monodentate imidazole N-donors (C3N,H3Xim). Xim
is substituted at the C atom between the two N atoms as shown in
Fig. 3(a). Fig. 3(b) represents the geometry of [Cu,0,]** complexes
with four imidazole groups. Eleven symmetric complexes are
constructed using four identical X;,, groups, denoted S1-S11. In
addition, a diverse set of 38 [Cu,0,]*" complexes are obtained by
mixed, asymmetric substitution of X, groups as shown in
Table 1, named A1-A38, where both the types of N-donors as
well as their positions (illustrated in Fig. 3(b)) are varied.

We use the ab initio quantum chemistry software, Q-Chem
(Version 5.1 and above)® to carry out all DFT calculations.
Barriers are calculated for CH, activation using the range-
separated hybrid functional, ®B97X-D,*"** and the Stuttgart
Relativistic Small Core (srsc) effective core potential for Cu®?
and triple-{ 6-311+G* basis set with diffuse and polarization
functions for the remaining atoms. The level of theory is
identical to that employed for constructing the strain LFER.
For the interaction LFER, the same functional was employed
alongside a smaller basis set (6-31G*). Wavefunction stability
analysis is used to determine stable, broken-symmetry (BS)
wavefunctions.®®> The extent of spin contamination is found
to be similar across all systems in both initial ((Sz)avmge =
0.098) and transition structures ((Sz)awerage = 1.284). Consistent
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Fig. 3 (a) Geometry of eleven imidazole groups substituted with X,
groups (S1-S11) and (b) geometry of monodentate [Cu,O,]>* complexes
with four imidazole groups.

Xim,2

with our LFER construction studies, the second-generation
absolutely-localized molecular orbital-EDA, or ALMO-EDA, is
employed to calculate the AEpr term in ASM.®®”" The LFER
model prediction is deemed accurate if the predicted barrier is
within 10 k] mol™" of the ‘true’ DFT value, in line with the rule of
thumb typically applied to energy differences that are meaningfully
resolvable by DFT.

2.4 Model sensitivity & transferability

Sensitivity analysis refers to the examination of uncertainty in
model output. The analysis determines the source of uncertainty,
or the degree to which the model output varies with variation of
each input parameter. This analysis is aimed at identifying model
sensitivity to the three sets of LFER descriptors - o, Sterimol B1,
and bite angle 6. We select a global variance-based sensitivity
analysis, known as the Sobol method”> implemented in the SALib
Python package.”® A first-order Sobol sensitivity analysis calculates
the percentage influence of the variance of each descriptor on the
barrier variance and thus determines the relative significance of
descriptors.
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Table 1 Imidazole N-donors for asymmetrically substituted [Cu,O,]%*
complexes, where Xim; (i = 1, 2, 3, 4) are four substitution groups, with the
1-4 positions described in Fig. 3(b)

Index Xims1 Xims2 Xims3 Ximsa
Al OCH,4 H OCH,4 H

A2 CH, H CH, H

A3 CF, H CF; H

Ad NO, H NO, H

A5 CH, OCH, CH, OCH,
A6 OCH, CF, OCH;, CF;
A7 OCH;,3 NO, OCH;,3 NO,
A8 CH, CF; CH, CF;
A9 CH,3 NO, CH;3 NO,
A10 CF, NO, CF, NO,
Al1 H H CF, H
A12 H H CH, H
A13 H H NO, H
A14 H H OCH; H
Al5 H H CF, CF;
A16 H H CH, CH,
Al7 H H NO, NO,
A18 H H OCH,4 OCH,
A19 H CF, CF, H
A20 CH, H H CH,
A21 H NO, NO, H
A22 OCH, H H OCH,
A23 CF, H CF, CF;
A24 CH, H CH, CH,
A25 H NO, NO, NO,
A26 OCH;3 H OCH;3 OCH;3
A27 NO, CF, CF, NO,
A28 CH, CF, CF, CH,
A29 CH, NO, NO, CH,
A30 OCH, CF, CF, OCH,
A31 OCH;3 CH;3 CH,3 OCH;,3
A32 OCH;,3 NO, NO, OCH;3
A33 H CH, H OCH,
A34 H CF; H OCH;,
A35 H NO, H OCH,4
A36 H CF; H CH,
A37 H NO, H CH,
A38 NO, H CF; H

An LFER model, once constructed, must be usable alongside
any level of theory. In other words, a truly generalizable LFER
requires DFT calculations at the desired level of theory for only
a single reference system. The reference calculation and
descriptors can then be plugged into eqn (7) to predict barriers
for arbitrary ligands coordinated to the [Cu,0,]** center. To
determine whether this is the case with our ASM-based LFER
model, we identify density functional approximations that
benchmarking studies demonstrate to be reliable predictors
of activation barriers.”*”> We also examine sensitivity to
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described in Table 2, where the ‘baseline’ refers to ®B97X-D/
6-311+G* (srsc for Cu) utilized to assess LFER model perfor-
mance. Strain descriptors and IS and TSoxo structures are
calculated at these levels of theory to contrast LFER predictions
with DFT results. Owing to difficulties converging optimization
cycles for SCANO, single point IS and TSoxo calculations are
performed with SCANO on structures optimized at the baseline
level of theory.

3 Results

Table 3 shows the interaction and strain descriptors and CH
activation barriers for the symmetrically substituted (S1-S11)
complexes. Note that even though the N-donor variation is
based on electrophilicity of the substituent and S1-S11 are
ordered with respect to increasing electron-withdrawing char-
acter of the substituent, DFT barriers do not necessarily follow
the same trend. The corresponding data for asymmetrically
substituted A1-A38 systems is reported in the ESIt (Table S1).

The parity plot in Fig. 4 depicts LFER predictions (AEprgr)
relative to DFT barriers (AEpgpr) for both symmetric (S1-S11)
and asymmetric (A1-A38) systems. We find that LFER predictions
are reliable for nearly 80% of all the systems examined in
this study. Out of 47 systems (excluding reference S7), 37 LFER
predictions are within 10 k] mol " of the DFT value, shown by the
shaded region about the x = y parity line in Fig. 4. Of these, 23
predictions are within 5 kJ mol " of the DFT value.

For S1-811, model predictions are within 10 k] mol " of DFT
results for 6 systems (excluding the S7 reference), with a mean
absolute error (MAE) of 3.1 k] mol~". The overall MAE is higher

Table 3 Sum of four Hammett parameters g, bite angles 0 (°) and
Sterimol parameters B1 (A), BS barriers AE5er calculated at the baseline
level of theory and AEfrer predicted by LFER model for eleven symmetric
substituted catalysts (barriers in kJ mol™)

Index Xip S, 0y 0, Bl, Bl, AESer AEfmm

s1 N(CH;), —3.32 94.585 98.370 1.95 1.92 94.0 116.4
s2 NHCH; -2.80 96.874 96.742 1.59 1.57 97.3 1010

S3 NH, —2.64 97.006 97.099 1.57 1.59 88.4 100.5
S4 OH —1.48 98.724 98.938 1.66 1.68 87.5 99.8
S5 OCH;3 —1.08 98.754 98.896 1.67 1.70 102.5 97.7
S6 CH; —0.68 92.672 92.937 1.72 1.71 85.0 83.2
S7 H 0.00 95.678 95.803 1.65 1.62 82.2 82.2

S8 CHO 1.68
S9 COOH  1.80

95.278 95.264 1.62 1.63 81.4 69.7
97.469 97.316 1.62 1.61 79.2 73.1

S10 CF; 2.20 95.536 97.808 1.79 1.88 75.2 76.8
size and choice of basis set. The chosen levels of theory are S11  NO, 312  97.179 96.610 1.65 1.59 63.1  63.5
Table 2 Levels of theory chosen for examining model transferability
Purpose Class Functional Basis set (effective core potential)
Baseline Range-separated hybrid functional ®B97X-D”° 6-311+G* (Cu: srsc)
Functional test Global hybrid functional PBE0”’ 6-311+G* (Cu: srsc)
Functional test Hybrid meta-generalized gradient approximation SCANO"® 6-311+G* (Cu: srsc)
Functional test Range-separated hybrid functional ®B97X-V"? 6-311+G* (Cu: srsc)

Basis set test Range-separated hybrid functional ®B97X-D 6-31G*
Basis set test Range-separated hybrid functional ®B97X-D def-SVP
Basis set test Range-separated hybrid functional ®B97X-D def-SVPD
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Fig. 4 LFER predictions (AEfrer) vs. BS DFT barriers (A Eper) at the B97X-
D/srsc,6-311+G* level of theory (kJ mol™) for 11 symmetrically substituted
(S1-S11, blue) and 38 asymmetrically substituted catalysts (A1-A38,
green). Points lying in the shaded region indicate LFER prediction is within
10 kJ mol™! of the DFT value. All model outliers are marked in red and
labeled "A"/"S" to indicate asymmetric/symmetrically substituted catalysts
(structures listed in Tables 1 and 3, respectively).

(7.7 kJ mol ") on account of 4 outliers, with substituents (Xiy,)
N(CH3),, NH,, OH and CHO. For the asymmetrically sub-
stituted A1-A38, LFER predictions are within 10 k] mol™* of
DFT results for 32 complexes, with MAE = 4.1 k] mol *. The
overall MAE is slightly higher at 5.7 k] mol ™. It is worth noting
that with only a few exceptions (A6, A10, A37), LFER accurately
predicts barriers for mixed ligand systems that contain both
electron-donating and withdrawing N-donors relative to refer-
ence Xj,, = H, namely A7, A8, A9, A28, A29, A30, A32, A34, A35,
and A36, for which MAE = 4.8 k] mol™".

Transferability tests using levels of theory described in
Table 2 are carried out for S1-S11. Before contrasting LFER
performance, we determine whether trends in DFT barriers across
N-donor substitutions are consistent across various levels of
theory. In Fig. 5, we report BS barrier difference (AAE?) between
a substituted imidazole and the reference (Xi,, = H, S7). The black
curve in Fig. 5 corresponds to our baseline level of theory. In
general, AAE* across various functional and basis set combinations
are within 10 k] mol " of the baseline. The sole exception is $10
(Xim = CF3), for which PBEO and ©®B97X-V barriers are 12.0 kJ mol *
and 13.7 k] mol ™" lower than the baseline, respectively.

Based on the general agreement in trends across various
levels of theory, we contrast LFER predictions calculated using
eqn (7) with these levels of theory. Descriptors for LFERs are
obtained at the same level of theory as the reference calculation.
These descriptors as well as the resulting DFT and LFER barriers
are listed in Table S2 of ESL7 Fig. 6 depicts LFER performance for
each level of theory. In all cases, LFER performance resembles the
baseline scenario, with similar MAEs and outliers. Functional tests

This journal is © the Owner Societies 2021

View Article Online

Paper
NO;
CF3 1
COOH A
g CHOA
£
2 CHsf
=]
W
& OCHj31
[=}
7
Z OH ' (B97X-Distsc, 6:3114G* =
I PBEO0/srsc, 6-311+G*
NH2 1 mmm SCANO/ssc, 6-311+G*
BN ©B97X-V/srse, 6-311+G*
NHCH3{ s ©B97X-D, 6-31G*
B B97X-D, def2-SVP
N(CHs), | ™88 oB97X-D,de2-sveD e
=30 -20 -10 0 10 20 30

AAE*

Fig. 5 BS DFT barrier differences for CH,4 activation (kJ mol™) with
respect to the reference imidazole system (X;,, = H) calculated using
various levels of theory for S1-S11. AAE* = AE* — AEje 1. Xim's are ordered
with respect to decreasing Hammett parameter, o, BS barriers are
obtained with optimized IS and TSoxo at the chosen level of theory,
except in the case of SCANO. Single point calculations are carried out for
SCANO using geometries optimized at the baseline level of theory.

result in MAEs of 9.9, 8.8, and 10.0 kJ mol ! for PBE0, SCANO, and
®BI97X-V, respectively. Basis set tests yield MAEs of 9.0, 8.4, and
7.6 k] mol ! for 6-31G*, def2-SVP, and def2-SVPD, respectively.
The LFER is therefore transferable across basis sets and density
functional approximations. We also identify between 3 and 5
outliers at every level of theory. While S1 is an outlier in all
cases, small variations are observed in the remaining outliers
compared to the baseline scenario.

We also calculate the first-order sensitivity of the LFER
model to the chosen descriptors for interaction (c,,) and strain
(B1,0). Fig. S1 of ESIL,T depicts the first order sensitivities with
respect to each of the 4 ¢,,’s, and each of 2B1 and 0 values. The 4
g,’s combined constitute the greatest determinant of LFER
performance, with a total sensitivity of 70.3%. Model sensitivities
to the 2B1 and 20 descriptors are 12.8% and 16.9%, respectively.
Therefore, LFER performance is least sensitive to one of the
strain descriptors, B1, and most sensitive to the interaction
descriptor, a,,.

4 Discussion

The cornerstone of our catalyst design philosophy is that the
influence of active site-bound ligands on kinetics can be isolated
and captured using the activation strain model. The LFERs
constructed using descriptor-based estimation of ASM compo-
nents are then employed to predict the activity of catalysts bound
to arbitrary ligands. Accordingly, for CH activation with catalysts
consisting of the [Cu,0,]*" active site, we isolate and quantify (1)
AEnr with 6, as the descriptor, and (2) AEgrg with B1 and 0 as
descriptors, based on careful, systematic N-donor variations in
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Fig. 6 LFER predicted BS barriers vs. DFT barriers (kJ mol™) for S1-S11 at levels of theory listed in Table 2. Points lying in the shaded region indicate
LFER prediction is within 10 kJ mol™* of the DFT value. All model outliers are marked in red and labeled “$" to indicate symmetrically substituted catalysts.

each case. The resulting complete LFER is given by eqn (7). In
this section, we lay out the reasoning behind accurate barrier
predictions for the vast majority of catalysts examined. By assessing
model sensitivities, descriptors, and by further decomposing strain
energies into substrate and catalyst components, we also outline the
possible reasons behind model failures, shown in red in Fig. 4. In
short, our analysis shows that LFER accuracies rely on error
cancellation between individual interaction and strain terms. How-
ever, the extent of absence of these cancellations arising from the
choice of descriptors or model inadequacies in capturing ASM
terms is difficult to deconvolute. Therefore, we emphasize that the
analysis presented in this section is only semi-quantitative, aimed at
identifying the most probable causes for model failure.

4.1 LFER performance: activation-strain compensation

First, we analyze the rationale behind accurate LFER barrier
predictions for nearly 80% of the systems examined in this
study. We do so by breaking down the LFER prediction into its
component AEpr and AEgrg values. Table 4 shows this decom-
position for the symmetrically substituted S1-S11 catalysts.
The differences between model predictions and DFT results
for A1-A38 are reported in Table 3 of the ESI.{ In general,
LFER is a poor predictor of individual interaction and strain
components. However, the sum of these deviations in interaction

15550 | Phys. Chem. Chem. Phys., 2021, 23, 15543-15556

Table 4 Differences between LFER and DFT-based (©B97X-D/srsc/6-
311+4G*) AEnT, AEstr and AE* (kJ mol™) for $1-S11. ASM components
for the outliers (Fig. 4) for which the magnitudes of LFER deviations exceed
10 kJ mol~?* are highlighted in boldface

Index AEINT,LFER - AEINT,DFT AESTR,LFER - AESTR,DFT AEiFER - AE]iJFT

S1 8.4 14.0 22.3
S2 13.0 -9.3 3.7
S3 15.9 -3.8 12.1
S4 5.8 6.6 12.4
S5 5.4 —10.1 —4.8
S6 5.0 —6.8 -1.8
S7 0.0 0.0 0.0
S8 -1.3 —-10.4 —-11.7
S9 —-21.9 15.8 —6.1
S10 -9.9 11.4 1.6
S11 —-26.6 27.0 0.4

and strain energies cancel out in most cases. To determine
whether these deviations and their mutual cancellation are
grounded in underlying model properties, we revisit the proce-
dure for LFER construction.

To construct the interaction component of the LFER
(eqn (1)), we vary N-donor electrophilicity and capture the effect
on AEr by forcing AEstr to be constant. Constant strain is
achieved by freezing the active site and substrate. The active
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site distances as well as the C-H stretch in TSoxo are therefore
identical to the reference in all systems. Consider the cases
wherein electron-withdrawing substituents are bound to imidazole
(S8-S11). While the decrease in barrier relative to the reference S7
manifests purely in AEnr during model construction, the barrier
is also lowered due to reduced CH stretch in the fully relaxed
system examined in this study. In the case of S11, the CH stretch is
1.415 A in TSoxo, reduced from 1.447 A in the reference S7 system.
Therefore, this leads to a corresponding decrease in AEgrgr. In
other words, in a completely relaxed system the barrier is
redistributed between the AEnr and AEsrg components of
ASM compared to LFER construction wherein AEgrg is invariant.
For an electron-withdrawing substituent therefore, the LFER
model is expected to predict more negative AEnr than what is
observed with DFT, or AEprirer — AEmnrprr < 0. Correspondingly,
the observed DFT strain energy is lower than LFER, or AEgrg 1rer —
AEgsrr prr=>0. The converse is true for electron-donating groups, for
which LFER is expected to predict higher interaction and lower
strain energies. This compensation enables cancellation of LFER
errors in ASM components, leading to reliable barrier predictions
for both the symmetric and asymmetrically substituted com-
plexes. LFER transferability tests in Fig. 6 show that this
compensation occurs irrespective of the choice of underlying
level of theory.

We also believe that this compensation between interaction
and strain energies are built into the activation strain model.
We observe this phenomena in the course of constructing the
strain-only component of the LFER with bidentate diamine
N-donors, wherein A Eqyr is invariant and all structures are fully
relaxed.>* The strain model described by eqn (6) captures varia-
tions both in substrate strain (C-H stretch) induced by the spatial
extent (or steric bulk) of the catalyst and strain arising from
deformation of the catalyst. Substrate strain is typically the domi-
nant contributor to AEstr and also exhibits higher sensitivity to N-
donors. The outliers for the strain model consist of systems in
which the catalyst ceases to be planar and exhibits bending in the
TSoxo structure. We find that A Exyr is no longer invariant for these
outliers. While the likelihood of catalyst deformation in the transi-
tion structure may be challenging to determine a priori to aid model
construction, we note an interesting trend, shown in Table S6 of
ESL{ Model deviations in AEgry are directly correlated with the
deviation of AEpr with a slope of unity (R* = 0.93). In other words,
concurrent with the decrease in overall observed strain, driven by
larger decrease in substrate strain and small increase in catalyst
strain, is an increase in interaction energy towards more repulsive
catalyst-substrate interactions. While our limiting choice of an
aromatic interaction descriptor precludes extending the compensa-
tion analysis to these diamine N-donors, this analysis highlights an
important consequence of employing the ASM. The builtin com-
pensation between interaction and strain components is leveraged
effectively in the complete LFER despite the fact that individual
activation and strain components are poorly predicted by our model.

4.2 Analysis of model descriptors & outliers

The LFER effectively leverages compensation between interaction
and strain energies defined by ASM to accurately predict barriers.
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The model described in eqn (7), however, still has limitations that
lead to incorrect barrier predictions for 10 systems examined in
this study. The LFER outliers for symmetric substitutions
identified in Fig. 4 — S1, S3, S4, and S8 - either do not exhibit
the interaction-strain compensation described above (S1, $4, S8) or
the compensation does not lead to adequate error cancellation
(S3), as shown in Table 4. Each of these outliers is also observed in
at least 4 out of the 6 transferability tests shown in Fig. 6.

The choice of scalar descriptors and model construction to
enable capture of all ligand interaction and strain effects using
these descriptors are both critical to LFER performance. The
analysis of model sensitivity shows that LFER model performance
is determined to the greatest extent (70.3%) by the interaction
descriptor, ¢,, with each of the four o, values contributing equally
(17.6%). Our choice of para-substituted Hammett parameters
is based on excellent agreement of Hammett slopes with
experiment.?® Their use as descriptors is justified as long as
we limit the scope of LFER applicability to aromatic N-donors
(e.g. imidazoles). However, we make a critical assumption that
the descriptor refers only to the property of the substituent (say,
OCH;) and not the entire N-donor ligand (C3N,H3;OCHj3). The
interaction of the complete N-donor with the active site is
therefore only partially captured by our choice of o, leading
to possible LFER deviations from true barriers. The second
consequence of choosing substituent and not N-donor o, is the
fact that the impact of physical separation of the electron-
donating or withdrawing group from the active site is incorporated
into the slope of the interaction term, not unlike traditional
Hammett analysis.'” This further limits the scope of ligands for
which the LFER model is valid.

To overcome these issues associated with Hammett para-
meters, our objective going forward is to identify alternative
descriptors that can directly capture the impact of the complete
N-donor ligand on the active site. The metal-ligand electronic
parameter (MLEP) and the associated bond-strength order (BSO),
both measures of metal-ligand bond strength in transition metal
complexes, show promise as descriptors because they yield the
most direct description of metal-ligand coordination and are
easily calculated from vibrational analysis.***>*" Unlike Hammett
parameters however, there is little prior evidence to the best of our
knowledge of the use of MLEP’s, BSO’s, or related quantities
in linear models similar to Hammett or Taft relationships.
Examination of these parameters and construction of structure-
function relationships therefore constitute future work towards
constructing a generalizable LFER.

Although sensitivity analysis shows that the LFER model is
less sensitive to strain descriptors (12.8% and 16.9% to the 2B1
and 20 parameters, respectively), we find that these parameters
overestimate strain contributions in some cases, leading to
barrier deviations. For instance, S1 is the most extreme outlier
among all the systems examined and for all levels of theory,
seen in Fig. 6. While we cannot eliminate the possibility that g,
may be an inadequate descriptor of AExr, Table 4 shows that,
contrary to the expected compensation effect, the strain difference
(AEstr,LrErR — AEsTr,prr) is large and positive. The large LFER
strain estimate can be traced back to the strain descriptor,
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Sterimol B1, for S1 in Table 3, which is much larger than the
values obtained for the remaining symmetrically substituted
systems. Although our prior study** develops the strain LFER
based on catalysts that possess a wide range of B1 (1.55-2.82 A)
and 0 (71.848-100.811°), it is likely that the absence of com-
pensation in S1 stems in part from B1 overestimating the
importance of steric bulk.

The sources of error are more challenging to deconvolute for
the remaining outliers in symmetrically substituted catalysts — S3,
S4, and S8. With S3, for instance, the absence of compensation
could arise from a combination of g, overestimating N-donor
electrophilicity and the fact that A Esrg 1 rer is very close to instead
of being significantly lower than AEgrg prr. Although the strain
descriptors for S8 are very close to reference S7, the LFER strain is
lower than the true value. To probe the origins of such deviations,
we turn to EDA results for further decomposing strain energy into
substrate and catalyst components.

Catalyst and substrate strain terms are obtained from isolated
fragment energy differences between TSoxo and IS calculated
using EDA. These components are listed in Table S4 of the ESL¥
The catalyst component of strain is the consequence of two
phenomena - (1) deformation of the catalyst in TSoxo, reflected
in N-donor rotations relative to IS, and (2) change in intrafragment
interactions between N-donors between TSoxo and IS. Although
the two are difficult to isolate, the latter can be approximately
quantified by carrying out EDA between two N-donors bound to
each Cu at their respective geometries in TSoxo and IS. For
the S1-S11 systems, these intramolecular interactions (Table S5
of ESIt) have non-negligible impact on lowering catalyst strain
energy. The average catalyst strain energy is 63.1 k] mol™* for
S$1-S11, of which these intramolecular interactions can range
between —5.3 kJ] mol~* and —20.9 k] mol ! with an average of
—12.4 k] mol". While these quantities are significantly smaller
than substrate strain (125.9 k] mol " on average for $1-S11), we
find that trends are non-negligible.

Applying this analysis to S8, we find that the catalyst strain
energy is 12.0 kJ] mol™"' in excess of the reference $7. It is
therefore possible that failure to capture this component leads to
lower LFER strain even though the compensation effect predicts
positive AEstr 1rer — AEstr prr- We emphasize however that this
deviation is not unique to S8 and that even S5 shows catalyst
strain that is 12.2 k] mol " higher than S7. The absence of
adequate compensation or error cancellation between the two
terms constituting the ASM framework is ultimately what leads to
large errors in LFER barrier predictions.

A6 and A10 exhibit the largest deviations among asym-
metrically substituted systems, with barriers overestimated by
15.4 and 17.7 k] mol ™, respectively (Table S3 of ESI{). In both
cases, the magnitude of the strain deviations are higher than
the compensation offered by interaction deviations. LFER over-
estimates strain energy because true catalyst strain is lower
than the reference by 13.9 k] mol~* and 9.4 kJ mol " for A6 and
A10, respectively. On the other hand, LFER underestimates
barriers by 13.4 k] mol ™" and 14.7 k] mol ™" for A12 and A37,
respectively. In A12, LFER underestimates strain by 14.5 kJ mol "
but overestimates interaction by only 1.1 kJ mol ', with the
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former originating in part, from higher catalyst strain relative
to reference S7. In A37, LFER underestimates both strain and
interaction terms by 7.1 k] mol * and 7.7 k] mol *, respectively. It
is therefore possible that a combination of factors described
previously are contributing to these deviations. Although the
deviations have opposite signs as is expected for A16 and A17,
inadequate compensation between interaction and strain terms
lead to poor barrier predictions, with errors of —10.8 kJ mol '
and 11.5 kJ mol ™, respectively.

In summary, we find that the LFER model errors can exceed
10 k] mol ! in scenarios where individual interaction and strain
deviations do not cancel each other. The absence of cancellation
of errors can arise from the underlying choice of interaction and
strain descriptors and/or because the strain component of the
LFER is designed to primarily capture substrate strain.

4.3 Ligand weighting & position effects

An implicit assumption of our LFER framework is that all
N-donors contribute equally to the interaction term, as a result
of which the weight of each of the four ¢,’s in eqn (7) is unity.
We also assume that the 2 N-donors closest to the substrate
contribute equally to the strain term. This is reasonable because
most TSoxo structures exhibit some degree of symmetry, where the
activated substrate is positioned close to the middle of the active
site, seen in Fig. 1.

We test the assumption of equal weighting of the interaction
term by analyzing the dependence of barriers on the location of
the N-donor relative to the Cu-O bond being broken in the
course of CH activation. We select two monodentate amine
N-donors (Xam = CH3, CF3) and substitute one of them in one of
the four positions as shown in Fig. 3(b), with NH; (X,m = H)
groups as the remaining three N-donors. The procedure for
calculating barriers is similar to the LFER construction method for
the interaction term to minimize strain effects. The active site and
substrate are constrained to the reference [Cu,(NH;),0,]*" relaxed
geometry. Barriers are calculated at the ®B97X-D/srsc, 6-311+G*
level of theory.

Table 5 shows that these barriers lie in a narrow range (within
10 kJ mol "), spanning 4.7 k] mol " for CH; and 9.7 kJ mol ™ for
CF;. Therefore, the assumption of equal N-donor contributions to
the interaction term is reasonable and equal weights can be
assigned to the interaction descriptors for N-donors coordinated
to the active site. We note that this is valid exclusively in situations
where the active site and the connecting N-atoms are planar. The
relative contributions of various N-donors in non-planar complexes,
which can occur when more than 2 N-donors are bound to each Cu,
is yet to be examined.

Table 5 BS barriers (kJ mol™) for [Cu,(NH3)40,]>* complex with one H
atom replaced by a CH3z or CF3 group. N-Donor position 1-4 are shown in
Fig. 3(b)

Position
N-Donor 1 2 3 4
CHj; 76.0 73.6 71.3 72.1
CF; 56.0 63.4 53.7 61.8
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While the ranges of barriers in the analysis present in
Table 5 are within 10 k] mol™", the sensitivity of barriers to
the position of the X,,, = CF; group may not be negligible. A
subset of asymmetric catalysts described in Table 1 are
employed to further examine these position effects on LFER
predictions for fully relaxed systems. For example, consider A3,
A15, and A19, each consisting of two Xj, = CF; and Xi, = H
N-donors in distinct positions. In A3 and A15, each CF;-bound
imidazole group is coordinated to a different Cu in trans- and
cis-like configuration, respectively. In A19, both CF;-bound
imidazole groups are coordinated to the same Cu. The DFT
barriers lie in a range similar to the CF; systems in Table 5 -
73.8 k] mol~* for A3, 84.0 k] mol " for A15, and 82.4 k] mol*
for A19. The LFER interaction term is identical for all three
systems. LFER predicts higher barriers for A3 (81.2 kJ mol )
and A19 (81.5 k] mol ') compared to A15 (78.1 k] mol ), on
account of proximity of the CF; group to the substrate, reflected
in one of the two B1 descriptors. The predicted barrier is very
close to the DFT value for A19 and higher for A3 although still
within the allowable margin of error. In the case of A15, the
LFER prediction is lower than DFT by 5.9 k] mol™" on account
of modest increase in catalyst and substrate strain in the latter
that is either not captured or adequately compensated for by
the model. A3 does not exhibit the added strain predicted by
the model despite N-donor proximity to the substrate being
similar to A19. This is because, unlike in the case of A19, the
Ximya does not undergo twisting relative to the active site plane
in A3. The remaining three N-donors show similar deformation
in the two systems. Similar conclusions can be drawn from
examining other asymmetric systems which only vary in
positions, such as A4, A17, and A21, with two X;,, = NO, and
two X;y, = H N-donors.

Taken together with the results in Table 5, we conclude that
N-donor positions do impact interaction and strain components
of the ASM, although the resulting range in barriers is relatively
narrow. This range may not be resolvable with high fidelity by
the LFER model or even be usable in model construction to
assign position-dependent weights to N-donor descriptors.

4.4 Choice of reference for LFER construction & application

A comment on the choice of reference system to compute AE;¢
and descriptor reference values in the LFER model is necessary.
In principle, the choice of reference system must not affect
model performance for a truly generalizable LFER. In this work,
each additive term is constructed separately using a different
reference system - imidazole (Ximrr = H) for the interaction
term and bidentate diamine H,NCH,NH, for the strain
term.>*** The resulting complete LFER model, with the imidazole
(Xim,ref = H) as a reference, can accurately predict most barriers for
the systems examined in this study. Therefore, the model is
reasonably flexible to the underlying choice of reference. The
choice of linear fit with or without an intercept during model
construction does not affect model performance, with the former
only requiring the use of additional terms in the LFER. In our
framework, we set the intercept to zero to match the Taft
formalism. The construction of interaction and strain terms
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themselves, on the other hand, requires careful selection of reference
and N-donor variations. For instance, our previous study calculates
Hammett (interaction) slopes for both amine (Xymrr = H) and
imidazole N-donors. As the amine N-donors are not aromatic, o,
is not a suitable descriptor for interaction terms, and the resulting
model fit is poor (R* = 0.63). Using the amine N-donor-based
interaction model with either the ammonia or imidazole reference,
instead of the imidazole-based model employed in this work, leads
to poor model performance. The quantitative outcomes of all these
scenarios are summarized in Table S7 of the ESL¥

4.5 Transferability

The LFER constructed using the baseline level of theory shows
similar performance - MAEs and outliers - when the reference
is calculated using a different basis set and/or functional
approximation. This is a promising indicator that the LFER
framework may be transferable and therefore serves as an easily
generalizable platform for ligand design. It is worth noting that
our choice of functionals for transferability tests are based on
conventional wisdom that a fraction of Hartree-Fock (HF) exchange
improves barrier estimates. Recent studies show exceptions to this
rule both in the gas phase and in surface chemistry.*>* In the gas
phase, rehybridization of the atom undergoing transformation in
the TS leads to anomalous behavior of hybrid functionals.®> There-
fore, while the carbon atom in our study is not rehybridized in the
course of hydroxylation, a broader test of functional transferability is
necessary for LFER construction if the reactions involve transition
state rehybridization. An additional challenge with transferability
can arise when attempting to construct LFERs for key steps of a
catalytic cycle instead of the single stoichiometric step examined in
this study. For an iron-oxo complex for CH activation, Gani and
Kulik show that the AE;nr and AEgrg terms exhibit distinct
functional sensitivity towards the hydrogen atom transfer and
oxo-formation steps in the catalytic cycle, leading to different
trends in barriers for the two steps with varying extent of HF
exchange.®* Future work into the expansion of the framework to
study catalytic cycles must therefore include additional functional
transferability tests of ASM (and therefore LFER) components.

The LFER framework, constructed using the activation strain
model by isolating and assigning descriptors for each contribution,
constitutes a reliable predictor of activation energies for the N-donor
class examined in this study. We find that the model relies on
compensation or error cancellation between the interaction and
strain components. The analysis presented in this work highlights
key strengths of the model, including transferability with respect to
level of theory and robustness with respect to choice of reference.
We also identify critical model limitations that affect performance
and transferability across N-donor classes, including that imposed
by the choice of interaction descriptor and incomplete description
of catalyst strain effects.

5 Conclusions

Inspired from the Hammett and Taft equations in organic
aromatic chemistry that quantify substituent effects on reaction
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kinetics, this work is aimed at developing a simple yet compre-
hensive design framework for transition metal complex catalysts.
Using the activation strain model, we present a procedure for
constructing active site-specific linear free energy relationships
that is easily generalizable across a wide range of catalytic reac-
tions. The procedure allows us to understand ligand effects in
terms of measurable quantities - their impact on catalyst-sub-
strate interaction and strain induced upon deformation to the
transition state — rather than by assigning ‘electronic’ and ‘steric’
effects, which can difficult to isolate and quantify in a systematic
manner. We propose a piecewise construction method for the
LFER, in which the impact of ligands on the interaction and strain
components of the activation barrier are captured separately via
careful selection of ligands and simulation constraints. This
involves activation barrier and EDA calculations along with the
identification of a suitable set of descriptors for each term in the
ASM. To subsequently predict the catalytic activity for the desired
set of ligands, the LFER needs DFT barrier calculations for only a
single reference system and inexpensively obtained descriptors for
the reference and the desired system.

The LFER construction procedure and resulting performance
are illustrated for CH, hydroxylation with enzyme-inspired
[Cu,0,]" complexes. We combine the outcomes of our previous
two studies that isolate interaction and strain effects via systematic
N-donor ligand variations and determine that the former effect can
be described by the Hammett parameter (o,,) and the latter with a
combination of bite angle (0) and Sterimol parameter (B1). The
resulting LFER can accurately predict barriers for most catalysts
where the [Cu,0,]*" is bound to arbitrary imidazole N-donors and
is transferable with respect to level of theory. This is the
consequence of a natural compensation observed between LFER
predictions of interaction and strain energies.

Analysis of model sensitivity and outliers reveals that the
choice of interaction descriptor is the most probable cause of
model deviations in systems where this compensation is not
observed. Use of the Hammett parameter as descriptor severely
limits the ligand space that can be explored with the current
LFER and may not adequately describe the interaction effect of
the entire ligand. To expand LFER catalyst scope and enable a
more complete description of metal-ligand effects, our future
work involves exploration of alternative descriptors, specifically
MLEPs. Another limitation of the LFER model is that it captures
primarily trends in substrate strain and not catalyst strain,
which can also lead to barrier deviations when the catalyst
strain is far from the reference value. Going forward, we aim to
construct a more complete LFER model by identifying a suitable
set of N-donor variations to isolate and quantify trends in
catalyst strain.

This work constitutes the first step towards developing a
systematic, generalizable framework for active site-specific design
of transition metal complex catalysts. We successfully demonstrate
proof-of-concept that an LFER grounded in the activation strain
model has the ability to predict activation barriers for catalyst
constructed with imidazole N-donor ligands. The choice of
descriptors and quantification of more complex, intramolecular
effects are essential next steps towards developing a truly
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generalizable LFER that can accurately predict barriers for a
broader spectrum of ligands.
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