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ABSTRACT: Carbonic anhydrase (CA) catalyzes CO, hydration with
turnover frequencies approaching 10° s™%, but native enzymes lack stability
under conditions typical of industrial carbon capture. Small-molecule zinc
mimics can be more stable under harsh conditions, but product inhibition
by bicarbonate limits efficiency. A general framework for predicting turn-
over across ligand scaffolds has remained elusive. We report the analysis,
by experiment and computation, of speciation and catalytic activity of zinc
complexes as CA mimics. A literature data set of twelve Zn-ligand com-
plexes was constructed, and the binding free energy (AG,, ) of bicarbonate to zinc was calculated by DFT with
DLPNO-CCSD(T) refinement. AGy;, 4 strongly correlates with the intrinsic rate constants of these Zn-ligand complexes for CO,
hydration with R* = 0.90 at pH 9, 25 °C, and saturated CO, (1 atm). By comparison, combining the commonly used descriptors
YE®, g, and %V, .4 resulted in R> = 0.74. Examining additional Zn catalysts (for example, the coordination species
[ZnL,(OH)]", where L is 1-methylimidazole) revealed that chemical speciation must be accounted for to describe the observed
dependence of catalytic activity on ligand stoichiometry. Furthermore, accurate ranking of catalytic activity for several of the modified
cyclens considered requires accounting for steric congestion (%V} ;.q), 2 AGy,, 4 alone does not capture active-site occlusion. These
results define a transferable framework that integrates AGy; ,, speciation, and steric properties to enable the design of Zn-based CO,
hydration catalysts.
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1. INTRODUCTION

more elaborate zinc complexes engineered to engender
secondary-sphere hydrogen-bonding interactions.'"* However,

Metalloenzymes provide inspiration for the development of
synthetic molecular inorganic catalysts that react with high
activity and selectivity under mild conditions.'™® A flagship
example of metalloenzymatic efficiency is carbonic anhydrase
(CA), which catalyzes the hydration of carbon dioxide to bicar-
bonate with diffusion-limited turnover frequencies approaching
10 s71.*7° These turnover frequencies remain unmatched by
synthetic analogs. The active site of CA is a tetrahedral Zn**
center coordinated by three histidine residues and a water mol-
ecule, which, upon deprotonation, forms a highly reactive
Zn—OH species.”” Carbonic anhydrases with substantial
thermal and alkaline stability have been obtained by protein
engineering and metagenomic mining of samples from high-
temperature environments, and these variants have been evalu-
ated for carbon capture.*” Remaining limitations include
durability over required operating lifetimes and economical pro-
duction and immobilization of the enzymes at scale.'”
Consequently, robust small-molecule mimics have been sought
as complementary catalyst platforms.'®"!

The pursuit of abiotic CA mimics spans more than half a cen-
tury, from early efforts involving cobalt complexes of tetra-
azacyclododecane or tris-imidazole phosphine scaffolds'*** to

© 2026 American Chemical Society
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product inhibition, due to the accumulation of bicarbonate,
remains a prevailing challenge.' Rains et al.'® introduced
ZnLI1S (structure shown in Figure 1) as a high-performance
mimic, reporting reaction rate constants that change sharply
with varying concentrations of CO,, bicarbonate, and with pH.

Prior work indicates that rates of reactions catalyzed by
Zn-based small-molecule CA mimics can be limited by addition
of CO, or release of bicarbonate from the bicarbonate complex.
Kim and Kulik computed the complete pathway for Zn(imi),
and identified CO, addition and bound bicarbonate as the
turnover-determining transition state and intermediate, respec-
tively.'® In addition, Koziol et al.'” provided theoretical and
experimental evidence that release of bicarbonate may be the
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Figure 1. Previously experimentally explored ligands versus those in this work, outlining the molecules for which experimental rate constants were
obtained from the literature and those measured in this work. Cyclen and cyclam were used as literature comparisons for our analysis to benchmark

our experimental methods.

rate-limiting step of CO, hydration catalyzed by zinc complexes
of aza-macrocyclic ligands. Rains et al.'® used a variety of
methods to assign the bicarbonate-bound intermediate step as
rate-limiting in the dehydration of bicarbonate catalyzed by
ZnL1S. Together, these studies indicate that the free energy
for dissociation of bicarbonate from the complex correlates with
the rate constant for CO, hydration by multiple Zn mimics, but
they do not establish a single rate-determining step across
ligand classes.

Ab initio predictions of thermodynamic and kinetic proper-
ties of molecular systems have improved substantially in accu-
racy and computational efficiency over the past decade. As a
result, significant progress has been made in the rational design
of synthetic and biomimetic catalysts across diverse applica-
tions.'®'? Descriptor-based computational modeling has pro-
vided a framework to interrogate and predict the performance
of CA mimics by reducing computational costs of evaluating
complex systems.'®** Density-functional theory (DFT) and
local-correlation methods have enabled the quantification of ther-
modynamic and electronic parameters, such as the Zn-
blcarbonate binding energy (AGy,, ), metal-centered charge
(gz),"" donor-acceptor interaction energies (XE®),** and the
steric accessibility of the active site (%V} .q)->>>* Through the
combined use of DFT and DLPNO-CCSD(T) single-point
refinement, accurate modeling can be extended to systems that
are otherwise intractable to calculations with full coupled-cluster
theory, improving predictive accuracy, as demonstrated here.

We introduce a protocol based on molecular descriptors, cor-
rected for speciation, for modeling and evaluating the catalytic
efficiencies of a structurally diverse array of zinc coordination
motifs. Conventional implementations of models to interrogate

21141

CA mimics have often failed to account for speciation, particu-
larly for systems bearing monodentate ligands. Our findings also
show that excess ligand:Zn stoichiometries can be modeled to
improve agreement with observed rate constants, providing a
useful design variable beyond ligand identity alone.

By integrating quantum mechanical modeling, speciation cor-
rections, and experimental rate constants, this study presents a
descriptor-based framework for predicting catalytic perfor-
mance in zinc CO, hydration catalysts. Because the workflow
is based on ground-state energy evaluations, it avoids explicit
transition-state optimizations, which are often computation-
ally prohibitive for larger data sets. While full microkinetic
models can capture coupled reaction networks and dynamic
system behavior, they require extensive parameterization and
system-specific assumptions. Here, we instead employ a
descriptor-based framework augmented with equilibrium spe-
ciation, capturing the dominant thermodynamic and composi-
tional effects governing observed activity, while retaining
interpretability across Zn-based CA mimics.

2. COMPUTATIONAL DETAILS

All quantum chemical and thermodynamic calculations were
performed using an internally developed, descriptor-based
high-throughput platform, termed QUARKS (QUAntum
woRKflow Suite), which automates conformer searches, geom-
etry optimizations, energy refinements, and descriptor extrac-
tion for large sets of ligands across multiple ligand classes.
The suite of programs includes several open-access programs,
such as ORCA***® and Molassembler”” with newly generated
graphical user interfaces (GUIs). Ligands were first constructed

https://doi.org/10.1021/acscatal.6c03861
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in Avogadro2 and then subjected to a conformational search
using GEN2-xTB,*® ALPB water solvation, and CREST.*
DFT geometry optimizations were performed at the B3LYP-
D4/def2-SVP level using CPCM solvation (water), followed
by frequency calculations and single-point energy evaluations
at B3LYP-D4/def2-TZVPP. A visual protocol is available in
Figure S1.

2.1. Descriptor Development

To develop an accurate procedure for modeling zinc complexes,
we curated a benchmark activity data set comprising zinc com-
plexes of five ligands (M1—MS) reported by Koziol et al,'”
selected for internal consistency and for the availability of exper-
imental rate constants. This method-benchmarking set allowed
us to isolate method performance without inter-laboratory var-
iability. Ten computational methods with DFT were tested,
spanning functionals, basis sets, dispersion corrections, and sol-
vation treatments described in Table S2. For each procedure,
the Zn-bicarbonate binding energy (AG,, ,), relative to the
vacant Zn complex and free bicarbonate anion (eq S1), was com-
puted and correlated with intrinsic rate constants (kint’exp)
obtained by accounting for the fraction of catalytically active
Zn-OH at the experimental pH (see Supporting Information)
for M1-MS.

Published rate constants for identical Zn-cyclen and Zn-
cyclam catalysts span approximately one order of magnitude
across laboratories (Table S1), even among studies that used
the same stopped-flow spectroscopic method and originated
from the same lab. All rate constants in this work, therefore,
were normalized to a consistent set of pre-reaction conditions
(before 1:1 stopped-flow mixing: [Zn] < 1 mM in buffered
pH 9 solution; saturated CO, in water at 1 atm; 25 °C) prior
to regression.

Among the protocols tested, B3LYP/def2-TZVPP with D4
dispersion and CPCM (water) solvation was selected as a practical
compromise from the limited five-complex benchmark. It gave
R* = 086, MAE = 532 M™' 57!, RMSE = 617 M~' 57,
Qoo = 088 and MAE, = 940 M*' s.
DLPNO-CCSD(T)/def2-TZVPP single-point corrections were
then applied to the DFT-optimized geometries and frequencies,
giving R* = 0.91 for the benchmark data set (Figure 2).

The final procedure and speciation model were validated
using an independent data set of twelve ligands drawn from
multiple literature sources (Table 1), excluding the five data-
points used in the benchmarking study above (Figure 2). This
external set encompasses a range of ligand families (macrocyclic
and scorpionate), denticities (tetra- and tridentate), and intrin-
sic rate constants ranging from zero to 868 M~" s~ The agree-
ment between the predicted AGy, 4 values and experimentally
derived k;,, ., values across both the benchmark and model sets
forms the foundation for the modeling, screening, and mecha-
nistic analyses presented in the following sections.

AG,,, 4 is the computed free energy for dissociation of bicar-
bonate from each Zn—ligand complex (eq S1). A larger value
denotes stronger binding. It is a ground-state quantity that does
not describe transition states or speciation in solution and is
used here to rank the complexes within the sampled set.

2.2. Normalization for the Fraction of Catalytically Active
Zn—OH

Each literature k_,  value in this study was converted to the

intrinsic rate constant (kim,exp) by accounting for the fraction
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Figure 2. Correlation between computed Zn—bicarbonate binding
free energies (AGy,,4) and experimentally determined intrinsic rate
constants (kimlexp) for the five macrocyclic CA mimics M1-MS$
reported by Koziol et al.'” The Kyt exp values were reported for uniform
assay conditions (pH 9, 25 °C, saturated CO,, 1 atm). The solid trend-
line shows the least-squares fit (R” = 0.91), illustrating the inverse rela-
tionship between turnover and Zn-bicarbonate affinity.

of Zn present as the catalytically active Zn-OH species at the
experimental pH through the procedures outlined in the
Supporting Information section titled “Normalization of Rate
Constants Using the Fraction of Catalytically Active
Zn—OH.” Protonation states and speciation were addressed
by predicting ligand pK, values from the optimized Zn—OH
bond lengths by a previously reported method using a linear
model trained on an expanded combination of experimental
and calculated values from Koziol et al., available in Table S3.
The resulting fit, pK, = 43.34-(dy,_o) — 7442, reproduced
benchmark pK, values with R* = 0.82 (Figure S4). The fraction
of active catalyst (foy) was then determined using the
Henderson—Hasselbalch relation (eq S2 in the Supporting
Information).

2.3. Steric Evaluation

Steric parameters were computed to test whether ground-state
congestion, in addition to AG,;,, contributes to the predic-
tion of kint’ ea» s discussed in Section 3. Steric congestion
was quantified by the SambVca protocol originally reported
by Poater et al.>* A 4.0 A sphere centered on zinc was selected
after sensitivity analysis (2.5—5.0 A) identified this radius as
most accurately reproducing the experimental ranking of
activities. Conformer ensembles generated with GFN2-
xTB/ALPB(water)/GOAT?® from the ORCA framework
were Boltzmann-weighted at 298 K; the reported %V ..q
values are ensemble averages.

3. RESULTS AND DISCUSSION
3.1. AG,,;,q as a Transferable Predictor of Intrinsic Catalytic
Activity

Using the computational protocol described above, the data
from Koziol et al. with ligands M1—MS provided a rigorously
controlled data set (identical buffer, CO, loading, temperature,

https://doi.org/10.1021/acscatal.6c03861
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Table 1. Reported Measured and pH-Corrected Rate Constants and Zn—HCO, Binding Free Energies for Specified Zn-Ligand

Complexes
ligand complex (source identifiers) Kintexp M 'sh kype M s7h
cyclam (M1) 868 126
Zn6c 832 626
TPA-OH 735 73S
TPA 718 648
cyclen (M3) 508 471
Zn7 392 156
e 316 240
c 296 225
ZnL1S 191 86
Zn6a 0 0
Zn6b 0 0
Zn8a 0 0

binding energy Zn-HCO, (DFT)  binding ener§y Zn—HCO
(

(keal mol™") (DFT + CC) (kcal mol™ 13 source

12.8 13.1 30

9.1 10.0 31
12.7 12.5 14
14.7 14.5 14
17.9 16.8 30
16.6 16.7 12
17.2 17.1 32
142 18.5 31
20.0 18.8 15
25.5 22.5 31
24.1 222 31
24.3 22.5 31

and zinc concentration) to calibrate our benchmarking study.
Across ten combinations of functional, basis set, solvation
method, and dispersion corrections, AG; ; computed with
B3LYP-D4/def2- TZVPP + DLPNO-CCSD(T) (DET + CC)
aligned most closely with the intrinsic rate constants, with
R* = 091. The computed AG,; 4 values spanned 12 kcal
mol ™" across the five ligands. This correlation supports the
use of the Zn-bicarbonate binding free energy as a predictor
of the rate constant, but it does not identify one universal
turnover-limiting elementary step.

The transferability of the model to structurally diverse
ligands proved equally strong: when the model trained on the
five macrocyclic complexes was applied to a set of twelve
ligands (Figure 3; Table 1), the correlation between computed
Zn-bicarbonate binding free energy and measured rate constant
remained high (R* = 0.90). This set includes varied ligand scaf-
folds, such as macrocyclic tetraamines and tripodal phosphorus-
and nitrogen-donor scorpionates representing tri- and tetraden-
tate ligands. Within the sampled set, these results support
AG;,q as an empirical predictor of the rate constants of Zn-
catalyzed CO, hydration. Correlations between k;, .., and
bicarbonate binding energies computed by DFT alone
(B3LYP-D4/def2-TZVPP, CPCM(water)) were weaker for this
12-ligand set (R* = 0.79) than the correlation obtained with
DFT + CC (DLPNO-CCSD(T) single-point energies; R* =
0.90, AR*> = +14%, ARMSE = —29%, and AMAE = —33%).
Metric comparisons are available in Table S7 of the
Supporting Information. Subsequent predictions of intrinsic
rate constants from AGy,  use the linear regression in
Figure 3 within the range of AG,; 4 sampled.

The data set reported by Koziol et al.'” exhibits internally
consistent trends across ligands but is systematically offset in
absolute magnitude relative to other literature sources and our
own measurements.>’ As a result, inclusion of these data in a
pooled regression distorts the global AGy;,q—kie, relation-
ship despite preserving relative ordering. Accordingly, the data
of Koziol et al. are used for internal benchmarking (Figure 2),
but they are excluded from cross-study regression analyses
(Figure 3).

The approximate linearity of the correlations in Figures 2
and 3 reflects an empirical observation that applies over the
range of parameters included in our analysis and is not derived
from a kinetic model. However, it is consistent with the linear
free energy relationship reported by Kim and Kulik for their
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Figure 3. Correlation between predicted Zn-bicarbonate binding free
energy (AGy,, ) and experimentally derived intrinsic catalytic rate con-
stants (kint,exp) for CO, hydration by a set of twelve literature-reported
Zn-ligand complexes. All data were recalibrated to standardized condi-
tions of pH 9 using the Henderson-Hasselbalch normalization proto-
col. Error bars for the y-axis are omitted due to inconsistent
reporting and error handling from the original sources, which may
foster misleading comparisons. (Inset) ligand with the highest reported
Kinexp (868 M~'s™") to date for pH-corrected and consistent [CO,].
Data, ligands, sources, and comparisons of DFT vs DFT + CC derived
binding free energies are available in Table 1. The data of Koziol et al."”
are not included in this regression, due to a systematic offset between
the reported rate magnitudes and other literature data sets (see
Section 3 and the Supporting Information for details).

computed cycles for hydration of CO, by Zn(imi), and three
of its derivatives.'® Furthermore, over the 8.8 kcal mol™ range
of AGy;,4 sampled here, the rate constants vary only 4.5-fold, so
a linear dependence cannot be distinguished from an exponen-
tial dependence. The predictive ability of AG,, 4 requires that
reaction-induced changes to coordination and speciation do
not change the ordering of the complexes by AG,,. 4. The cor-
relation with ki, .., indicates that this ordering is retained
within the sampled set.

For the nine Zn complexes with measurable rate constants
included in Figure 3, the R? value from a linear fit of Kingexp tO
AG,,, 4 is 0.77, whereas the R* for all twelve complexes is 0.90.

https://doi.org/10.1021/acscatal.6c03861
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As one basis of comparison, the R? for these same nine complexes
fitted to the exponential function k = a-exp(b-AGy, ) is 0.69
(0.79 for all twelve). Furthermore, for the separate benchmark
set of Koziol et al.'” comprising five complexes, the R” value for
the linear correlation between the experimental k.., values
and AGy, 4 values calculated using the present protocol is 0.91
(Figure 2). However, this empirical relationship is not assumed

to transfer beyond the sampled set.

3.2. Quantitative Limits of First-Coordination-Sphere
Descriptors XE?, gy, and %V, icq

To probe descriptor-based modeling beyond the general corre-
lation between ki, .., and AGy; 4 (Figure 3, R* = 0.90), we
evaluated three frequently used, chemically distinct first-
coordination-sphere descriptors (ZE®), Gz and %V, . o) for
the rigid multidentate ligands in Figure 3: (i) the Natural
Bond Orbital (NBO) donor—acceptor second-order energy
YE®); (i) the Zn NBO charge in the ligand-Zn complex g, ;
and (iii) the percent buried volume of the Zn active site,
%V} urieq- For (i) and (ii), see work from Glendening et al.”
for derivations. The least-squares regression obtained by
extracting these parameters from the structures in the model
set and comparing with experimental rate constants is given
by eq 1:

In Kiptpred = — 10.3+0.15-ZE?) —45.0-q,, +1.07-% Vpuriea

(1)

This regression provides a quantitative mapping between var-
iations in the first-coordination-sphere descriptors (XE®?), g, ,
and %V, ..q) and the catalytic rate constants within the
model set. The correlation between the intrinsic (Zn—OH
normalized), experimental value of In ki, exp and the predicted
value of In k;, .4 using this equation was R* = 0.74, with a
leave-one-out cross-validated R*c,, = 0.43. The three com-
plexes with no measurable activity entered the regression as
k=107 M~' s A negative coeflicient was obtained for
9z, (—45.0), and this negative value indicates that accumula-
tion of positive charge on Zn upon dissociation of bicarbonate
inhibits turnover, whereas positive coefficients for XE®
(40.15) and %V} ;.q (+1.07) indicate that stronger ligand
donor interactions and increased steric bulk modestly enhance
rate constants. To interpret the relative influence of each
descriptor, we refit the regression using z-normalized inputs.
The standardized coefficient for %V, ;.4 (+0.87) is the larg-
est of the three, followed by those for g, (—0.20) and
TE® (40.14). The contributions of ZE® and g,,,, are consis-
tent with stabilization of positive charge on Zn, facilitating
bicarbonate dissociation. The contribution of %V, .4 indi-
cates that steric crowding around the zinc center facilitates
displacement of the product. These inferences align with
reported trends about the steric and electronic effects of
ligands on nickel-based CO, fixation and Zn-based ring-
opening polymerization of lactides.>*3*

Within the sampled descriptor ranges, this regression bounds
the rate constants predicted for Zn complexes of multidentate
ligands. The values of the descriptors for the set of complexes
spanned the following ranges: TE® = 164—198 kcal mol™},
Gz, = 1.66—1.77 €, and %V, ..q = 39.9—652% (Table SS).
Extrapolation to the favorable extremes of the descriptors
(ZE® =198 keal mol ™, g, = 1.66 ¢, %V, ;g = 65.2%), leads

21144

to a value of In k ~ 134 (k = 6.7 X 10> M~! s71). This value
represents an estimated upper bound within the available
descriptor values (ZE®), Gz and %V, ..4) for the first coordi-
nation sphere of these ligands and exceeds the highest measured
rate constant, 868 M~ s™! for the cyclam complex.

To assess whether these first-coordination-sphere descriptors
add out-of-sample predictive information beyond AG,,,
ZnL1S was excluded because its first-coordination-sphere
descriptors lie outside the range spanned by the other eleven
complexes. A leave-one-complex-out LASSO analysis identified
AG,;,4 as the only descriptor retained in all 11 folds of the four-
descriptor model; full validation and sensitivity results are
reported in the Supporting Information (Table S8).

Across the eleven complexes of Table 1 other than ZnL1S,
%Vurieq 18 associated with 55% of the variance in AGy, 4
(p = 0.009), but YE® and gy, together are associated with just
14%. These regressions reveal covariance within this data set
and do not establish causal mechanisms. Adding %V, ;.4 to
the regression of k;,, ..., on AGy,;,4 does not improve the predic-
tion (AR* = 0.000).

3.3. Evaluation of Complexes with Monodentate Ligands

We tested whether the AG,, 4 descriptor also correlates with
the values of k;, .., for reactions catalyzed by complexes con-
taining more labile monodentate ligands. A virtual screen of
30 monodentate N-heterocyclic ligand structures from the
ChEMBL database was performed. The computed AGy; 4
values were converted to predicted rate constants (kint,pred
from the linear correlation between AGy, and ki .0
(Figure 3) derived from the 12-ligand model set (vide supra).
The resulting distribution (ranked by the predicted rate con-
stant) is shown in Figure 4, together with 1-methylimidazole
(L16), which was added as a literature comparison.
Compound identifiers are provided in Table S6.

1300 + L4
H
1200 A N
1
1100 - e iy L1
2-methylimidazole N@ &N L25
1000 A NH N=/ cl
imidazole H
900 1-methylimidazole N‘J\IN>
T 800 A o NN
é 700 A 2,6-dichloropurine
8 600 -
3
~ 500 A
400 A
300 A
200 A
100 A
0 A
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29
Ligand ID

Figure 4. Predicted rate constants (kim’Pred) for 30 monodentate N-
heterocyclic ligands (30 identified from the ChEMBL database and
1-methylimidazole). The structure of each of the zinc bicarbonate com-
plexes was modeled using the validated B3LYP-D4/def2-TZVPP +
DLPNO-CCSD(T) procedure, and the resulting AG,, 4 values were
converted to predicted rate constants using the linear correlation estab-
lished in Figure 3. Candidates were ranked in descending order of
activity. Four ligands (compounds 4, 15, 16, and 2S highlighted in
black and displayed in reported order as images) were selected for
experimental validation. Corresponding ChEMBL identifiers and pre-
dicted rate constants are listed in Table S6.
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To evaluate the ability of this model to predict the reactivity
of complexes containing monodentate ligands, we measured the
experimental rate constants for reactions catalyzed by com-
plexes of four imidazolic ligands, 2-methylimidazole (L4), imid-
azole (L15), 1-methylimidazole (L16), and 2,6-dichloropurine
(L25). These ligands represent a range of predicted kingpred
across the modeled ligands. The rate constants observed for
reactions with 4:1 ligand:Zn ratios (vide infra) under standard
conditions, converted to pH-independent intrinsic rate con-
stants, matched the predicted rank order by the model
(Table 2), affirming the correlation of the intrinsic rate con-
stants with the bicarbonate binding free energy for complexes
of these monodentate ligands. As is commonly observed in
descriptor-based analyses of catalytic activity, deviations from
idealized single-descriptor correlations are expected when addi-
tional thermodynamic or compositional factors (such as specia-
tion equilibria) are present.*

However, in all four cases, the intrinsic (Zn—OH normal-
ized) experimental values Kintexp Were approximately 15% of
the predicted values. The 4:1 ligand:Zn ratio was chosen to bias
the system toward zinc complexes with a higher number of
N-heterocyclic ligands (3:1, 4:1 ligand:Zn) while minimizing
contributions from complexes with a lower number of such
ligands (1:1, 2:1 ligand:Zn). Under these conditions, multiple
coordination numbers are expected to coexist, including ZnL,,
ZnL,, and ZnL,. The tris-ligated species was used as a represen-
tative catalytically active complex for modeling purposes, rather
than a uniquely dominant solution species.

This simplification was initially motivated by analogy to car-
bonic anhydrase, where a tris-coordinate environment supports
the catalytically relevant [ZnL,(OH)]" motif, and all systems
were modeled accordingly. The observed discrepancy between
predicted and experimental rate constants therefore raises a
mechanistic question: does the deviation reflect a limitation of
the AG,,, s-based model, or does it arise from solution specia-
tion deviating from the assumed [ZnL,(OH)]" stoichiometry
in these labile Zn—ligand systems? This question is addressed
quantitatively in the speciation analysis below.

3.4. Speciation Controls Observed Rates in Monodentate
Systems

The systematic ~7-fold discrepancy between predicted and
observed rate constants for monodentate imidazole complexes
at 4:1 ligand:Zn (Table 2) raised an important mechanistic

Table 2. Measured Rate Constants (k) Normalized for pH
(kint,exp) and Predicted (kint,pred) for Three Monodentate
Ligands Identified from the ChEMBL Database and
1-Methylimidazole (L16), Which Also Serves as a
Literature Comparison (Evaluated at a 4:1 Ligand:Zn Ratio

and pH 9)°

kobs int,exp kint pred

ligand ([ZnL,(OH)]™) M s M s (M_i s
2-methylimidazole 108 + 4 124+ 5 809
Imidazole 87 £ 4 94 + 4 676
1-methylimidazole 79 £ 19 86 + 21 622
2,6-dichloropurine 68 + 15 73 £ 16 406

“Species designation [ZnL,(OH)]" denotes the representative stoichi-
ometry used for AGy; 4 modeling prior to the speciation analysis
below.
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Figure S. (A) Experimentally observed rate constants for 1-MIm solu-
tion plotted as a function of the ligand-to-zinc molar ratio under con-
stant conditions (pH 9, CO,-saturated, 1 atm, 25 °C) (open circles
with experimental error bars). Predicted rate constants from DFT +
CC speciation model (solid line); [L],, is represented by the dashed
line accounting for mass balance with all ligands complexed to zinc.
(B) Species population per ligand:Zn molar ratio.

question: does solution speciation deviate substantially from
the assumed [ZnL,(OH)]* stoichiometry, given the lability of
monodentate Zn-ligand systems? We probed the differences
between predicted and observed rate constants (Table 2) by
further measuring the values of k;, .., of 1-methylimidazole:-
zinc mixtures at molar ratios ranginngrom 3:1 to 250:1 at pH
9, saturated CO,, 1 atm, and stock zinc concentrations of 1.0,
0.50, and 0.25 mM (see Experimental Procedures in the
Supporting Information for further details). Figure S reveals a
skewed bell-shaped profile of the experimentally observed rate
constants for 1-methylimidazole (1-MIm) solution (k_,,): the
activity increases sharply with ligand equivalents, reaching a
maximum of ~850 M~ s™" at a 15:1 ligand-to-metal ratio, then
declines gradually. The model (solid line) captures the overall
bell-shaped dependence of activity on the ligand:Zn ratio.
Modeling the speciation of Zn complexes with literature-
derived stepwise log K’s and water-bound Zn-complex pK,
values for 1-methylimidazole (1-MIm), as reported by
Appleton and Sarkar,®” indicates that, at the observed catalyti-
cally optimal ratio (15:1), ~49% of the zinc in solution exists
in three catalytically active hydroxo forms (Figure S). Overall,
the speciation equilibria include L:Zn ratios up to [ZnL]**
(L, represents the number of complexed monodentate imidazolic
ligands). In this distribution of species, [ZnL,(OH)(H,0)]",
[ZnL,(OH)]*, and [ZnL,(OH)]™ are the predominant hydroxo
forms at pH 9. We compute that, at 15:1 molar ratio ligand:Zn,
24% of the total zinc complexes are [ZnL,(OH)(H,0)]*, with
water completing the tetrahedral zinc geometry; ~6% is in the
form of [ZnL,(OH)]*; and ~19% exists as [ZnL,(OH)]* (see
Supporting Information for mass balances and algorithms; see
Appleton and Sarkar’” for potentiometrically derived stepwise
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stability constants (3 values) used to construct Zn-imidazole
speciation).

After applying the DFT + CC workflow to the various zinc
species at pH 9, the speciation-weighted predicted rate constant
is determined by eq 2:

kpred,solution = z“f,"ki,pred (2)

in which k.4 sotution 1S the speciation-weighted predicted rate
constant; f; is the equilibrium molar fraction of each catalytically
active Zn present (e.g, [ZnL,(OH)(H,0)]*, [ZnL,(OH)]",
[ZnL,(OH)]"); and k is the rate constant predicted for
each species i.

Each species [ZnL,(OH)(H,0)]*, [ZnL,(OH)]*, and
[ZnL,(OH)]™ is predicted to react with distinct rate constants
of 68, 622, and 1900 M~" 57!, respectively (from AG,, ;).

Figure S shows these predicted results and the experimental
values for all studied compositions. The intrinsic rate constant
predicted for [ZnL,(OH)]* exceeds the highest reported value
of 868 M~' s™! (cyclam) for the tri- and tetradentate ligand sys-
tems that dominate the literature (Figure 3). This large value
indicates that simple monodentate scaffolds can achieve high
intrinsic catalytic activity, although the value is not immediately
apparent from the value of k_;, due to unfavorable and complex
speciation. The flexibility of monodentate assemblies likely per-
mits reorganization during catalysis, enabling access to more
favorable YXE®) (enhanced donor—acceptor stabilization), g,
and lower %V, ;.4 values than those of the ground-state geom-
etries of rigid scaffolds.

When the speciation is fully considered and applied to the
predicted results for 1-MIm (Table 2), the discrepancy at
4:1 ligand:Zn is reduced from a ~7X overprediction to roughly
a 2X underprediction of the rate constant. The ~2X underpre-
diction observed at 15:1 ligand:Zn can be partly attributed to
systematic differences between the literature data-derived
regression used to convert AGy; 4 to k. (Figure 3) and our
measured rate constants. Specifically, for cyclen and cyclam,
the rate constants measured here are ~25% and ~10% higher,
respectively, than the corresponding literature values used to
construct the model (Table S1). As a result, predicted rate con-
stants based on the literature correlation are expected to be sys-
tematically lower than those observed experimentally.

The data reported by Appleton and Sarkar®” were obtained
under conditions that differ in several respects from those used
here. In their study, Zn concentrations (0.3 mM) are compa-
rable to those used in this work (0.25—1 mM), but the ligand
concentration is higher (77 mM I-methylimidazole in
Appleton vs <15 mM at the 15:1 optimum in this work).
Their measurements were performed in unbuffered aqueous
solution with 0.16 M KNOj as the electrolyte, whereas the pres-
ent experiments were conducted in buffered solution (0.1 M
AMPSO) with 0.2 M NaClO,; i.e., similar ionic strengths but
different electrolytes. In addition, Appleton and Sarkar®” per-
formed potentiometric equilibrium measurements rather than
kinetic CO, hydration experiments, and did not report associ-
ated uncertainties. Despite these differences, their stepwise sta-
bility constants provide a useful thermodynamic basis for
modeling, and, when combined with our computational frame-
work reproduce the non-monotonic dependence of catalytic

i,pred
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activity on ligand:Zn ratio, including a maximum followed by
a decline as inactive species dominate at high ligand loadings.

Taken together, these factors define the expected range of
uncertainty rather than a limitation of the underlying relation-
ship between AG, , and k. The concentration of excess
ligand in solution ([L],.) is included in Figure S as a secondary
y-axis for visual comparison, consistent with Appleton and
Sarkar’s proposal that free ligand may influence the overall
reaction.

3.5. Steric Limitations in Rigid Multidentate Systems

While AG,, 4 qualitatively predicts intrinsic activity for tri- and
tetradentate ligands and captures rank-order trends in mono-
dentate coordination environments, deviations from predicted
behavior arise through two distinct mechanisms depending on
ligand architecture: steric constraints in rigid multidentate sys-
tems and solution-phase speciation in monodentate systems.
To assess how systematic modification of the cyclen ligand
can influence intrinsic rate constants, a series of 18 Zn com-
plexes ligated by mono-substituted cyclens containing electron
withdrawing and donating functional groups was constructed.
Each ligand features a single pendant group attached to a
nitrogen donor atom, preserving the tetraazamacrocyclic
coordination core. Rate constants were predicted using the
AGy,q — k,,, model represented in Figure 3 for all
18 substituted compounds and expressed relative to baseline
Zn-cyclen activity (set to 100%). The results plotted in
Figure 6 span substitutions within a single scaffold. Across
Table 1, intrinsic second-order rate constants range from zero
to 868 M~ 57! and the values of AG,, 4 range from 10.0 to
22.5 kcal mol™". These rate constants and values of AG,, 4
are used to rank activity within this catalyst class.

Substituents leading to enhanced predicted rate constants fell
into two categories: alkyl chains (e.g., butyl, propyl) and benzyl
groups with electron-rich aryl rings (e.g., para-methoxybenzyl,
para-hydroxybenzyl). The substituents with the largest influ-
ence are predicted to increase activity by 30—40% over the
Kint,prea Of the Zn-cyclen complex. In contrast, the (4-pyridinyl)-
methyl substituent is predicted to lead to a 41% decrease in rate
constant. These effects were mirrored by modest changes in the
Zn natural bond orbital (NBO) charge available in Table S4,
which correlated with the rate constant when two outliers were
excluded (R* = 0.73), suggesting that substituent effects in this
subset are at least partly associated with electronic modulation
of the metal center.

To test these predictions, rate constants were measured for
four cyclen complexes: Zn—cyclen (unsubstituted), butyl
cyclen, hexyl cyclen, and benzyl cyclen. Within this N-function-
alized cyclen series, AGy,, 4 predicts the experimental ranking;
however, the catalyst containing unfunctionalized cyclen is
more reactive than those containing all three substituted deriv-
atives, contrary to prediction (predicted: Hexyl > Butyl >
Benzyl > Cyclen; observed: Cyclen > Hexyl > Butyl >
Benzyl). Ground-state %V, .4 trends inversely with activity,
as seen in Table 3. Cyclen (%V} .q = 554%) is the sterically
least encumbered and experimentally most catalytically active;
benzyl-cyclen (%Vy,,;.q = 62.0%) is experimentally least catalyt-
ically active. This outcome contrasts with the monodentate
imidazole series (Table 2), in which AG,, 4 correlates directly

with k,

int,exp*
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Table 3. Experimental Intrinsic Rate Constants (k,

int,e:

), Predictions from AGy,;,q (Kiyqpreq), and Ground-State Steric

Congestion (%V,..q) and Its Difference from That of Zn—Cyclen (A%V,.4) for N-Functionalized Cyclen Complexes (pH 9,

25 °C)
ligand e 57 g (M 5™
cyclen 662 + 47 704 + SO
hexyl 558 + 47 628 + 53
butyl 379 + 34 427 + 38
benzyl 364 + 31 410 + 35

kint,pred (M_l 5_1) % Viuried A%Viyried
406 55.4 0
568 59.9 4.5
551 61.6 6.2
482 62.0 6.6

We attribute the qualitative accuracy difference between the
monodentate study (Table 2) and this cyclen study (Table 3)
to the rigidity of the cyclen scaffold. Here, ground-state geome-
tries do not fully capture the steric constraints experienced
along the reaction coordinate and near the transition state.
The ligand environment in complexes of flexible monodentate
systems can more readily reorganize during catalysis. In con-
trast, the tetradentate cyclen framework is conformationally
constrained, and pendant N-substituents lead to steric effects
that are not as readily relieved by changes to the conformation.
Under these conditions, ground-state A%V, ..4 becomes more
kinetically relevant than electronic parameters. This readily cal-
culable variable A%V} ..4 can be applied as a first-order per-
turbation to AG,;, 4 for screening diverse scaffolds or within
varied ligand families where explicit steric evaluation is
warranted.

Visually represented in Figure 7, panel A, the AG,; ; model
applied to the four N-functionalized cyclen derivatives yields
R* = —0.76 with an RMSE of 170 M~ s™'. However, panel
B shows that the deviations between k;, ..., and k.4 corre-
late with steric congestion, captured by A%V} .4 A%V} ied
is the difference between the %V, ;.4 of each complex and that
of Zn—cyclen (Table 3); the %V, ;.4 calculations are described
in Section 2. Thus, incorporation of the steric correction term
based on A%V),;.q improves agreement between k;,, .., and
kineprea Within this four-member series to R* = 0.96 with an

21147

RMSE of 25 M™" s™! and, importantly, recovers the experimen-
tal rank order (Figure 7C). Although derived from a limited
data set within a single ligand class, this readily obtainable
parameter can be applied to AG,; j-based screening in rigid
multidentate systems, where explicit steric evaluation becomes
necessary to maintain predictive accuracy.

4. CONCLUSIONS

The literature rate constants (k) for CO, hydration catalyzed
by Zn complexes, converted to intrinsic rate constants (kim,exp)
by accounting for the catalytically active Zn-OH fraction, are
strongly associated with DLPNO-refined Zn—Dbicarbonate bind-
ing free energies (AG,,,,) across the compiled ligand set. This
relationship is retained as a bounded empirical descriptor and
does not assign one universal turnover-limiting elementary step.
By comparison, the first-coordination-sphere descriptors ZE®),
Gz and %V, . 4 give a weaker descriptive fit; their associations
are reported without causal interpretation or extrapolation
beyond the sampled ranges.

Although AG,; ; proved generally useful as a single parame-
ter to predict k..., the distribution of Zn-ligand complexes in
solution needed to be considered to reduce a near order of mag-
nitude discrepancy between the k;, ..., and k;,, .4 values for

reactions catalyzed by Zn complexes of monodentate ligands.
Furthermore, a correction for steric hindrance of the ligand
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Figure 7. Evaluation of steric contribution to discrepancy between electronic descriptor predictions and experimental rate constants. Panel A shows

deviation between predictions and observations (kim’ex]P

Vs kim’Pred) with experimental error bars. Panel B represents the formulation of the steric cor-

rection factor as a function of A%V, ;.4 Panel C shows corrected predicted rate constants using combined steric and electronic descriptor predic-
tions, demonstrating substantially improved agreement between predicted and experimental values.

(A%V,,;.q) Was important to predict the trends in reactivity of
cyclen ligands containing a pendant group on a coordinating
nitrogen. Together, these results define a predictive framework
in which AG,,,4, with necessary adjustments made for steric
effects and speciation of the catalytic complexes, provides a
basis for the design and evaluation of Zn-based CO, hydration
catalysts.

The most active complexes do not share a single ligand
topology. Across this data set, higher activity is associated pri-
marily with lower AG,; ;. Within the regression built from
the three parameters that describe the first coordination sphere
(eq 1), stronger ligand-to-Zn electron donation and a less pos-
itive Zn center are associated with higher rate constants. Steric
effects are scaffold-dependent: greater %V, ;.4 across the multi-
dentate set is consistent with promotion of bicarbonate dis-
placement, whereas increasing steric encumbrance within
rigid, substituted cyclens correlates with lower activity. Within
the sampled chemical space, complexes reacting with higher
intrinsic rate constants, therefore, combine weak product bind-
ing and strongly electron-donating ligands with steric pressure
that promotes product release.
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