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N-donors. Electronic effects are largely similar across the chosen systems and geometric effects – quantified
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linear free energy relationship emerges that is both transferable to asymmetrically substituted complexes and
independent of choice of theory. We outline steps for expanding this approach to create a generalizable Taft
framework for inorganic catalyst design.
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Linear free energy relationships for transition metal
complex chemistry: Opportunity or pipe dream?

Zhenzhuo Lan,a and Shaama Mallikarjun Sharada∗a,b

We propose a computational framework for developing
Taft-like linear free energy relationships to characterize
steric effects on the catalytic activity of transition metal
complexes. The framework uses the activation strain model
and energy decomposition analysis to isolate electronic
and geometric effects, and identifies structural descriptors
to construct the linear relationship. We demonstrate
proof-of-principle for CH activation with enzyme-inspired
[Cu2O2]2+ complexes, each coordinated to two identical
bidentate diamine N-donors. Electronic effects are largely
similar across the chosen systems and geometric effects
– quantified by strain energies – are accurately captured
by a linear combination of two structural descriptors. A
powerful linear free energy relationship emerges that is
both transferable to asymmetrically substituted complexes
and independent of choice of theory. We outline steps
for expanding this approach to create a generalizable Taft
framework for inorganic catalyst design.

The isolation and quantification of ligand effects constitute crit-
ical steps towards rational design of inorganic catalysts. Begin-
ning with Tolman’s characterization of electronic and steric effects
of ligands with CO stretching frequencies and ligand cone angles,
respectively,1 several efforts have been devoted to the analysis of
ligand effects and identification of suitable descriptors for devel-
oping structure-activity relationships.2 Steric effects imposed by
bulky substituents or large metal-ligand bite angles are particu-
larly difficult to deconvolute.3–6 This is because steric effects play
a role in electronic tuning of catalytic activity as well as deter-
mining stability of transition states and intermediates by virtue of
their spatial extent.
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Our goal is to establish a quantitative procedure to isolate elec-
tronic and geometric effects of steric bulk and utilize these out-
comes to develop linear free energy relationships along the lines
of the Taft equation in organic chemistry.7,8 To this end, we em-
ploy the activation strain model9,10 in conjunction with energy
decomposition analysis (EDA)11,12 to distinguish electronic (or
interaction energy) contributions of steric bulk from geometric
(or strain energy) terms. The approach is inspired from work by
Wolters et al., which uses the activation strain model to probe
dependence of bite angles on steric bulk for biphosphine-bound
Pt complexes and implications for CH activation.5 This work is
aligned with our broader effort to identify catalyst characteris-
tics that drive activation of strong CH bonds in enzyme-inspired
[Cu2O2]2+ complexes.13 We therefore use the CH4 activation
step with bidentate N-donor-bound model [Cu2O2]2+ complexes
to establish proof-of-principle of this approach.

Table 1 Three sets of bidentate N-donors (L), classified based on di-
amine backbone, used to construct [Cu2(L)2O2]2+ model complexes with
the same N-donors coordinated to each Cu atom. Indices are used in-
terchangeably in the text to describe both N-donors and N-donor-bound
complexes.

Set 1 Set 2 Set 3

Index N-donor Index N-donor Index N-donor

1 7 13

2 8 14

3 9 15

4 10 16

5 11 17

6 12 18
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Selection of the bis(µ-oxo) isomer as the reference catalyst ge-
ometry and one-step oxo-insertion as CH activation mechanism is
guided by our prior analysis of the stoichiometric step of CH4
activation with monodentate N-donor-bound [Cu2O2]2+ com-
plexes.14 We examine steric effects by varying both backbone and
substitution (H, CH3) at the N atoms. Eighteen [Cu2(L)2O2]2+

complexes consisting of three sets of N-donors (Table 1) are cre-
ated. ESI outlines the computational procedure employed to cal-
culate transition states and barriers (∆E‡). ESI also reports vali-
dation of both geometric parameters and trends in calculated CH
activation barriers with prior theory and kinetics experiments, re-
spectively, for complexes 13, 16, and 18.15

The main hypothesis driving this work is that the influence of
steric bulk, induced by N-donor backbone and substitution, is
decomposable into its electronic (∆EINT ) and geometric/strain
(∆EST R) components, made possible by the activation strain
model.9 We employ energy decomposition analysis (EDA) to cal-
culate interaction energy differences between transition and ini-
tial states (∆EINT ), and the activation strain model to determine
strain energies (∆EST R):

∆E‡ = ∆EINT +∆EST R (1)

We examine the viability of bite angles and Sterimol parame-
ters as descriptors for the impact of steric bulk on CH activa-
tion.6,16–18 Sterimol parameters characterize the spatial extent
of N-donors by means of three distances, L, B1, and B5. ESI illus-
trates the procedure for calculating these parameters.

Table 2 Bite angles (N-Cu-N), Sterimol parameters, and barriers obtained
upon geometry optimization of [Cu2(L)2O2]2+ model complexes. Unless
identical, two sets of Sterimol parameters are reported (described by
subscripts 1 and 2) based on the fact that L axis for each N-donor corre-
sponds to the Cu-N bond closest to the CH4 substrate.

Index Bite angle Sterimol Parameters (Å) ∆E‡

θ (◦) L1,L2 B11,B12 B51,B52 (kJ/mol)
1 71.85 3.77 1.52 3.63 41.4
2 72.27 3.76, 4.36 1.91, 1.52 3.63, 4.91 54.0
3 72.69 4.30, 4.48 1.91, 1.90 4.90, 4.95 73.1
4 72.47 3.75, 4.49 2.77, 1.52 3.64, 4.91 67.1
5 72.94 4.51, 4.50 2.77, 1.91 4.95, 4.91 83.1
6 73.59 4.41 2.77 4.88 98.9
7 86.95 4.01, 4.02 1.60 4.47 77.5
8 87.67 4.03, 4.84 1.96, 1.60 4.48, 4.90 91.3
9 88.20 5.38, 5.39 1.96 4.86 112.6

10 88.21 4.09, 5.31 2.82, 1.60 4.49, 4.86 103.8
11 88.91 4.87, 5.32 2.82, 1.96 4.88, 4.85 114.9
12 89.29 5.37, 5.39 2.82 4.85, 4.86 130.5
13 95.76 4.60 1.63 4.93 101.3
14 94.82 4.61, 5.61 1.96, 1.63 4.93, 4.90 111.1
15 94.98 5.63, 4.61 2.00, 2.39 4.90, 4.91 120.6
16 96.28 4.67, 5.75 2.83, 1.64 4.96, 4.90 123.5
17 95.45 5.69, 5.74 2.84, 2.43 4.93, 4.92 138.2
18 100.81 5.90 2.83, 2.84 4.97 150.4

Table 2 shows optimized bite angles N−Cu−N, Sterimol pa-
rameters, and (broken-symmetry, BS) oxo-insertion barriers. For
each backbone, increasing substitution leads to an increase in bite
angle to lower steric repulsion between N-donors coordinated to

Fig. 1 CH activation barriers vs. bite angles across [Cu2(L)2O2]2+ com-
plexes constructed using N-donors in Table 1

the active center. Barrier trends are illustrated in Figure 1. A wide
range of oxo-insertion barriers are observed (109.0 kJ/mol) upon
varying both the diamine backbone and substitution. For sets 1
and 2, barriers exhibit a linear increase with increasing bite an-
gle, similar to oxidative addition reactions of Pd coordinated to
diphosphine ligands.19 Lower barriers for less sterically crowded
systems can be attributed to easier approach of the substrate to
the active site.5

The activation strain model, shown in Figure 2, identifies the
origins of these trends. The primary reason for increase in barriers
with N-donor size is strain energy (∆EST R). ∆EINT , on the other
hand, is nearly invariant across 1-15 owing to the cancellation of
dominant EDA components (ESI). Increasing steric bulk enhances
repulsive frozen interaction energies between catalyst and sub-
strate fragments, dominated by Pauli repulsions. However, large
N-donor fragments are more polarizable and polarization contri-
butions to ∆EINT , which become more favorable with increasing
size, effectively cancel out frozen interactions. Consequently, with
the exception of 16-18, ∆EINT , or the overall electronic effect of
steric bulk shows little dependence on N-donor identity.

For the CH activation step with 1-15, therefore, N-donor sterics
predominantly lead to geometric effects, quantified by strain ener-
gies. Figure 3 decomposes total strain into substrate (∆EST R,SUB)
and catalyst (∆EST R,CAT ) components. ∆EST R,SUB increases lin-
early with CH stretch and is the predominant contributor to ∆EST R

differences across systems. ∆EST R,CAT values for 1-15 lie in a nar-
rower range. However, transition states reveal significant out-of-
plane deformation of the N-donor, quantified by the N−O−O−N
torsion angle (ESI), for the bulkiest systems (16-18). These cat-
alyst deformations therefore lead to deviations from linearity ob-
served in Figure 2. For 16-18, catalyst bending also manifests
in ∆EINT as charge transfer interactions that are otherwise neg-
ligible across 1-15. It must be noted that the strain energies
for isolated fragments (∆EST R,CAT ,∆EST R,SUB) are based on spin-
restricted (and not BS) fragment calculations. This is the reason
for apparent mismatch between total strain energies reported in
Figures 2 and 3. Data shown in Figure 3 is utilized purely to illus-
trate sources of strain and is not used for subsequent development
of linear free energy relationships.

The next step involves identification of structural descriptors
that capture these geometric effects. For sets 1 and 2, the bite
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Fig. 2 Energy differences (∆E) between transition and initial states
across 18 systems using activation strain model, shown as a function
of difference in CH bond length between the two states. Note that trend-
lines (∆EST R, ∆E‡) and mean and standard deviation (µ, σ ) for ∆EINT
exclude 16-18.

angle serves as a suitable descriptor for activation barriers for
each N-donor backbone, as illustrated in Figure 1. For develop-
ing structure-activity relationships that are generalizable across
N-donor backbones, composite descriptors that incorporate both
backbone and substituent effects are necessary. We utilize struc-
tural descriptors – bite angles and Sterimol parameters – in con-
junction with the Taft equation to establish a quantitative frame-
work for predicting steric effects. The Taft formalism was orig-
inally devised for ortho-substituted aromatics to quantify elec-
tronic and steric effects of substituents.7 The equation describes
these impacts on reaction rates in terms of their respective prop-
erty descriptors – σ for electronics and Es for sterics – and slopes
that quantify the sensitivity of the mechanism – ρ and δ , respec-
tively – to these effects:

− log
k

kre f
= ρσ +δEs (2)

where k is the rate coefficient and kre f corresponds to a chosen
reference system. We use the same sign convention as our prior
analysis of electronic effects with monodentate N-donor-bound
[Cu2O2]2+ complexes.14 To adapt this expression to CH activa-
tion chemistry, we assume that entropy changes and zero-point
contributions are similar across systems, and that (free energy)
barriers are sufficiently described by broken-symmetry electronic
energy differences. 1 is chosen as the reference system. Applying
our hypothesis that electronic effects are captured by ∆EINT , the
first term on the RHS can be neglected (∆EINT −∆EINT,re f ∼ 0) for
1-15. A simplified form of the Taft equation emerges:

− log
k

kre f
≈

∆E‡ −∆E‡
re f

2.303RT
≈

∆EST RAIN −∆EST RAIN,re f

2.303RT
≡ δEs (3)

The original Taft formalism proposes a single steric descriptor, Es.
For substituted diamine systems with varying N-donor backbone,
a single descriptor is insufficient to quantify geometric implica-
tions of steric bulk. A linear combination of ∆B1, the difference
between B1 values for a specific system and the reference, and the

Fig. 3 Strain energy differences between transition and initial states con-
sisting of isolated catalyst and substrate fragments for (a) substrate, char-
acterized by change in CH stretch from initial state, and (b) catalyst, with
out-of-plane bending quantified by change in the N-O-O-N torsion angle.

difference in bite angle, ∆θ , accurately capture strain energies.
Further, we treat each N-donor as a distinct entity. Therefore,
∆B1 and ∆θ are each a sum of contributions from each N-donor.
Figure 4 shows a strong correlation (R2 = 0.99) between strain en-
ergies and the chosen descriptors for modeling geometric effects.
The following bivariate model is obtained:

− log
k

kre f
= 5.88(∆B11 +∆B12)+0.40(∆θ1 +∆θ2) (4)

where subscripts 1 and 2 refer to the two N-donors. The LHS is
calculated at a temperature reported by experimental studies for
catalysts containing a subset of N-donors listed in Table 1 (-125
0C).15 Positive signs on both slopes indicate that barriers increase
with increase in B1 and θ .

We then examine the transferability of this model to asymmet-
ric substitutions wherein each Cu atom is bound to a different
N-donor. Thirty model catalysts are created using combinations
of N-donors chosen from 1-15 (ESI). The model accurately pre-
dicts strain energies with mean error <1kJ/mol and maximum
deviation 11.9kJ/mol. Green circles in Figure 4 show the results
of the transferability test, indicating that the model reliably pre-
dicts strain energies across symmetric and asymmetric N-donor
substitutions. Furthermore, the power of linear free energy re-
lationships lies in the fact that they rely on trends in barriers
or rates rather than absolute values. Therefore, model slopes
must be independent of the choice of level of theory. In other
words, this model needs only one reference barrier calculation at
the desired level of theory to predict steric dependence across a
broad spectrum of N-donors. The ωB97X-D functional20,21 is em-
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Fig. 4 Quantifying steric effects using the Taft framework for linear
free energy relationships. For 1-15, −log(k/kre f ) = 5.88(∆B11 +∆B12)+

0.40(∆θ1 +∆θ2), with R2 = 0.99. Values for 1-15 are shown in blue, 16-18
in red, and validation set in green. The model surface (Equation 4) is
shown in grey.

ployed in model construction. We demonstrate functional inde-
pendence using B3LYP22 for symmetric 1, 7, and 13-bound com-
plexes (ESI). Structural descriptors (∆B1,∆θ) exhibit negligible
differences across functionals. Model predictions for B3LYP are
remarkably accurate, with errors smaller than 1kJ/mol.

Figure 4 also highlights an important limitation of the Taft ap-
proach to catalyst design. The linear model leads to poor pre-
dictions of strain energy for 16-18 with errors of up to 30kJ/mol
(red circles in Figure 4). In principle, these fits can be improved
through more rigorous screening of structural descriptors than
what we employ here. However, we argue that poor predictions
originate not in the choice of parameters but rather in the defini-
tion of linear free energy relationships. These relationships rely
on descriptors for the resting state of the catalyst, which cannot
accurately predict steric environments in transition states that in-
volve significant catalyst deformation. Therefore, while these re-
lationships are invaluable in guiding catalyst design, their relia-
bility is limited by the possibility of structural changes in the cat-
alyst over the course of a reaction step, which cannot always be
determined a priori. However, for the specific instance of CH ac-
tivation chemistry with dioxo-dicopper complexes, this limitation
does not pose a significant problem. Highly substituted tertiary
amine-bound complexes (e.g. 18) are less interesting for catalyst
development owing to the fact that they exhibit very low activity
compared to primary amines (13), as shown both in this study as
well as prior experiments.23

Our approach therefore illustrates the feasibility and limita-
tions of developing a transferable linear free energy framework
for inorganic catalysis. We further outline issues that must be
addressed to create a fully generalizable Taft framework that en-
compasses all electronic and geometric effects for a given active
site-substrate combination across ligand denditicies, backbones,
and substitutions. First, suitable descriptors are necessary to cap-
ture all significant electronic effects – frozen interactions, charge
transfer, and polarization. Our previous work with monodentate
amine N-donors shows that, under certain assumptions, the Ham-
mett parameter (σp)24 is an accurate descriptor of charge trans-

fer and the resulting Hammett slopes are nearly identical with
experiment.14 We therefore aim to develop a simple predictive
model based on available Hammett parameters to calculate σp for
arbitrary N-donors.25 We also propose to investigate the appro-
priateness of Sterimol parameters and N-donor polarizabilities as
descriptors for frozen and polarization terms, respectively. Sec-
ond, the ease of generalizability of the Taft equation developed
for a specific class of N-donors (diamines, in this case) to arbi-
trary ligands is an open question. We believe that inclusion of
all electronic and geometric effects is necessary to eliminate the
need for developing class- or backbone-specific linear free energy
relationships. The computational procedure outlined in this work
therefore offers a promising route to develop reliable structure-
activity relationships. The quantitative nature of this analysis en-
ables precise assignments of descriptors, accurate prediction of
mechanism sensitivity to electronic and structural attributes, and
identification of factors responsible for deviations from linearity.
We therefore believe that a structured approach to rational design
and screening of homogeneous, transition metal complex cata-
lysts, is a viable proposition.
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Supporting Information
Linear free energy relationships for transition metal complex

chemistry: Opportunity or pipe dream?

Zhenzhuo Lan,a and Shaama Mallikarjun Sharada∗a,b

1 Methods

Simulation methods: We use the ab initio quantum chemistry package, Q-Chem 5.1.2,1 to carry out all density
functional theory (DFT) simulations. Geometry optimization, transition state search,2,3 and vibrational analysis
of spin singlet structures are carried out using the ωB97X-D4,5 functional. We utilize the Stuttgart Relativis-
tic Small Core (srsc) effective core potential for Cu6 and triple-ζ 6-311+G* basis set for the remaining atoms.
Wavefunction stability analysis is used to determine broken-symmetry (BS) solutions.7,8 The second-generation
absolutely-localized molecular orbital (ALMO) flavor of energy decomposition analysis (EDA)9–14 is utilized to
calculate catalyst-substrate interaction energy differences (∆EINT ) between transition states and initial states.

Figure 1: Illustration of Sterimol parameters for N-donor 8. L is the total length along an axis defined by the Cu-N
coordination. B1 and B5 are minimum and maximum widths of the group when viewed looking down the L axis.

Sterimol parameters: Figure 1 illustrates the distances characterized by L, B1, and B5. We define the Cu-N axis
closest to the substrate (CH4) as the primary axis to calculate L. Sterimol parameters are determined with Bondi
radii15 using the Python package developed by Brethomé A. V. et al.16

2 Validation: Catalyst geometries and CH activation barriers

We compare our structures for 13, 16, and 18 with EXAFS and DFT characterization studies carried out by Citek
et al.17 DFT-derived Cu-Cu, Cu-O and Cu-N bond lengths are in good agreement with each other and typically
shorter than corresponding EXAFS values. Citek et al. also probe activation kinetics of CH bonds weaker (bond
dissociation energy = 309.6kJ/mol) than that of CH4. We contrast these reaction rates with calculated barriers to
verify whether trends are consistent. Table 1 depicts comparison of both bond lengths and kinetics. Decreasing
rates from 13-18 is consistent with increase in our calculated barriers (∆E‡), therefore validating our methods and
proposed mechanism.

3 Oxo-insertion mechanism: Singlet state

Figure 2 depicts the potential energy surface for the singlet oxo-insertion mechanism proposed in our previous
work.18 The mechanism is concerted, and proceeds via simultaneous C−H and Cu−O bond breaking and C−O and
O−H bond formation.

1



Table 1: Bond lengths (Å) for dicopper complexes with N-donors 13, 16 and 18. aOptimized at
M06/TZVP/SMD(THF) level of theory. bThis work. For complexes containing 16, the catalyst geometry is
not symmetric but more ‘trans’ -like, leading to two distinct bond lengths. Experimental rate coefficients, k, are
reported in M−1s−1 and calculated barriers (∆E‡) are in kJ/mol.

Source Citek et al., 201517 Current work

N-donor
EXAFS (DFTa)

k
DFTb

∆E‡
Cu-Cu Cu-O Cu-N Cu-Cu Cu-O Cu-N

13 2.77(2.71) 1.86(1.80) 2.00(1.94) 9.2 2.73 1.79 1.94 101.3

16 2.82(2.75) 1.85(1.81) 2.01(1.98, 1.94) 0.4 2.75 1.79, 1.80 1.98, 1.94 123.5

18 2.85(2.83) 1.84(1.81) 2.02(2.00) No Rxn 2.81 1.80 2.00 150.4

Figure 2: Potential energy diagram for the oxo-insertion mechanism of CH activation with 7. 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).

Table 2: EDA components for oxo-insertion with N-donors 1-18 – frozen energy (∆EFRZ), polarization energy
(∆EPOL), charge transfer energy (∆ECT ), total interaction energy (∆EINT ), electrostatic energy (∆EELEC) and
Pauli repulsion energy (∆EPAULI). Barriers (∆E‡) are calculated as difference between electronic energies of TS
and IS (ETSoxo − EIS). Strain energy (∆ESTRAIN ) is calculated as difference between barriers and interaction
energies (∆E‡-∆EINT ). Fragment preparation energy differences are negligible, and therefore not reported. All
energies are in kJ/mol.

N-donor ∆EFRZ ∆EPOL ∆ECT ∆EINT ∆EELEC ∆EPAULI ∆E‡ ∆ESTRAIN

1 561.6 -76.0 -537.4 -51.8 -306.4 868.0 41.4 93.2
2 585.4 -89.2 -545.8 -49.6 -325.4 910.8 54.0 103.5
3 602.6 -101.6 -544.4 -43.3 -342.4 945.0 73.1 116.5
4 597.0 -100.1 -540.3 -43.4 -338.8 935.8 67.1 110.5
5 623.4 -119.1 -548.1 -43.8 -360.7 984.1 83.1 126.9
6 646.8 -138.0 -550.5 -41.7 -381.4 1028.2 98.9 140.5
7 599.0 -100.8 -550.2 -52.0 -345.5 944.5 77.5 129.5
8 617.6 -118.1 -549.7 -50.2 -368.5 986.1 91.3 141.5
9 629.5 -125.5 -547.5 -43.5 -374.8 1004.3 112.6 156.0
10 634.0 -129.2 -549.8 -45.0 -378.5 1012.5 103.8 148.8
11 648.7 -149.4 -545.2 -45.9 -397.2 1045.9 114.9 160.8
12 656.1 -153.4 -543.9 -41.2 -397.5 1053.6 130.5 171.7
13 618.8 -118.1 -549.4 -48.8 -367.5 986.3 101.3 150.1
14 629.7 -131.2 -544.3 -45.7 -378.7 1008.5 111.1 156.9
15 662.0 -156.0 -547.6 -41.6 -412.5 1074.5 120.6 162.2
16 622.5 -119.7 -534.7 -31.8 -365.8 988.4 123.5 155.3
17 616.6 -118.5 -525.5 -27.4 -354.8 971.5 138.2 165.6
18 619.0 -120.4 -520.3 -21.7 -359.5 978.5 150.4 172.1
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4 Energy decomposition analysis

Table 2 reports ∆E’s or differences in EDA interaction energies and their constituents, strain energies, and barriers
for the 18 systems under investigation. Figure 3 depicts ∆∆E’s, or EDA components and total interaction energy
differences calculated using 1 as reference. For 1-15, while frozen interactions span a wide range, becoming more
repulsive with increasing steric bulk, they are almost exactly cancelled by polarization energies arising from the
fact that larger N-donors are also more polarizable. 16-18 deviate from these trends largely on account of charge
transfer interactions arising from catalyst deformation.

Figure 3: ∆∆EINT and its components for oxo-insertion barriers:(a) frozen, (b) charge transfer, (c) polarization,
and (d) total interaction energies. Data labels correspond to the indices of N-donors. All results are reported with
1 as the reference state. Solid lines correspond to linear fits and corresponding R2 values are reported in the plot.

5 Catalyst strain in 16-18

Apart from Cu-O stretch, catalysts 1-15 exhibit very small deformations (strain) in the transition state. On the
other hand, large out-of-plane bending is observed for 16-18. This bending can be described in terms of the change
in torsion angle, ∆N−O−O−N. The out-of-plane bending for 18 is illustrated in Table 3.

Table 3: Front and lateral view of the CH activation transition state for 18.
Index Front view Lateral view

18

a Mork Family Department of Chemical Engineering and Materials Science,
b Department of Chemistry, University of Southern California, Los Angeles CA 90089, USA.

E-mail: ssharada@usc.edu
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6 Transferability tests

Asymmetric substitutions: We determine the validity of the Taft-like correlation for strain effects by asymmet-
rically associating the [Cu2O2]2+ center with N-donors chosen from 1-15 to create 30 model catalysts. In the model
calculation we approximate the bite angles as those determined for the original 1-15 systems. This is a reasonable
assumption since the bite angles deviate, on average, by < 0.5%. Similar assumptions are made for B1. Table 4
reports both calculated results, predicted strain energies and model errors.

Table 4: Calculated ∆E‡, ∆EINT , ∆ESTRAIN for 30 catalysts with asymmetrically substituted [Cu2O2]2+.
∆ESTRAIN,model corresponds to model predictions based on Equation 4 in the main text. All energies are in
kJ/mol.

N-donor 1 N-donor 2 ∆E‡ ∆EINT ∆ESTRAIN ∆ESTRAIN,model Error

1 2 43.3 -50.1 93.4 93.7 -0.3
1 3 53.0 -45.4 98.3 100.7 -2.3
1 4 47.7 -47.9 95.6 93.9 1.7
1 5 77.9 -46.3 124.2 115.3 8.9
1 6 62.9 -49.2 112.2 116.0 -3.9
2 3 61.8 -44.0 105.8 107.5 -1.7
2 4 57.8 -43.8 101.6 100.9 0.7
2 5 67.2 -44.3 111.5 107.9 3.6
2 6 72.5 -44.0 116.5 123.0 -6.5
3 4 70.9 -42.4 113.3 101.4 11.9
3 5 75.7 -37.4 113.1 108.4 4.7
3 6 82.0 -39.1 121.0 123.5 -2.4
4 5 77.0 -40.8 117.8 116.0 1.8
4 6 77.1 -42.7 119.8 116.7 3.1
5 6 88.3 -39.9 128.2 123.7 4.5
1 7 56.0 -49.5 105.5 111.7 -6.2
1 8 59.5 -49.9 109.4 112.5 -3.1
1 9 74.8 -41.7 116.5 119.1 -2.6
1 13 65.6 -48.4 114.0 122.1 -8.2
1 14 75.3 -41.6 116.8 121.1 -4.2
1 15 81.3 -41.6 122.9 127.4 -4.5
7 13 91.7 -47.4 139.1 140.6 -1.5
7 14 98.2 -43.9 142.1 139.5 2.6
7 15 97.8 -42.3 140.1 145.9 -5.8
12 13 115.9 -44.7 160.5 163.6 -3.1
12 14 113.1 -40.1 153.1 162.5 -9.4
12 15 127.0 -40.0 167.0 168.9 -1.9
13 14 105.4 -41.6 146.9 149.8 -2.9
13 15 116.7 -37.6 154.3 156.2 -1.9
14 15 118.4 -35.2 153.5 155.3 -1.8

Level of theory: To test transferability of the model described in Equation 4 of the main text, we carry out
simulations and recalculate Sterimol parameters and bite angles at the B3LYP level of theory19 with the same basis
set. Table 5 reports calculated results and model predictions with the reference set to 1 at the new level of theory.

Table 5: B3LYP estimates of ∆E‡, ∆EINT , and ∆ESTRAIN for 1, 7, and 13. Results of the model are labeled
∆ESTRAIN,model. All energies are in kJ/mol.

N-donor ∆E‡ ∆EINT ∆ESTRAIN ∆ESTRAIN,model Error

1 31.7 -156.6 188.3 188.3 0.0
7 68.9 -156.7 225.6 225.2 0.4
13 89.1 -156.7 245.8 246.3 -0.5
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