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ABSTRACT: Metal-organic cages form well-defined microenvironments that can enhance the
catalytic proficiency of encapsulated transition metal catalysts (TMCs). We introduce a screening
protocol to efficiently identify TMCs that are promising candidates for encapsulation in the GasL¢
12 nanocage. We obtain TMCs from the Cambridge Structural Database with geometric and
electronic characteristics amenable to encapsulation and mine the text of associated manuscripts
to curate TMCs with documented catalytic functionality. By docking candidate TMCs inside the
nanocage cavity and carrying out electronic structure calculations, we identify a subset of
successfully optimized candidates (TMC-34) and observe that encapsulated guests occupy an
average of 60% of the cavity volume, in line with previous observations. Notably, highly charged
guests occupy as much as 72% of the cavity as a result of linker rotation. Encapsulation has a
universal effect on the electrostatic potential, systematically decreasing the electrostatic potential
at the metal center of each TMC in the TMC-34 dataset, while minimally altering TMC metal
partial charges. Collectively these observations support geometry-based screening of potential
guests and suggest that encapsulation in GasLs cages could electrostatically stabilize diverse
cationic or electropositive intermediates. We highlight candidate guests with associated known
reactivity and solubility most amenable for encapsulation in experimental follow-up studies.
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1. Introduction
Synthetic chemists have long sought to mimic the catalytic effect of the enzyme environment
around an active site. One promising direction involves the use of a molecular capsule or cage,
acting as a “host” to bind a “guest” reactant or smaller catalyst, in the same way an enzyme binds
a small molecule substrate or utilizes a catalytic residue in the active site. Since the initial discovery
of crown-ethers!, cryptands,?* and other molecular capsules, the field of supramolecular chemistry
has expanded significantly as larger and more elaborate hosts are designed, including metal-
organic cages.*® Metal-organic cages are composed of metal vertices and organic, often aromatic
linkers. Due to the organic nature of the linkers, metal-organic cages are often stable in organic
solvents, although some can also be stable in polar solvents such as water.” The identity of the
coordinating metal and linker molecules that form the cage walls can be modified to change the
solubility or electronic properties of the cage.”® Particularly well-studied cages include the
[PdsL4]"12,? [CosL2] 3,10 [PdoLa]*,!! [InaLe] 2 ,® and [GasLe] '? cages.!? Numerous other examples
of cages with octahedral,' cubic,'* and tetrahedral geometries exist,!> with increasing diversity in
other cage topologies.'¢

As more examples of cages emerge in the literature, computational studies have become

17-20

central to understand the physical principles behind host-guest recognition, predict the

16,21,22

assembly of novel cage architectures, and identify opportunities for cage-mediated catalytic

rate enhancement.®?* Experimental and computational efforts to understand the physics driving
host-guest recognition have identified electrostatics,>* guest size,® properties of counterions?,
and solvent effects?® as factors that strongly influence host-guess affinity. Once a catalytic guest

is bound by the host, researchers have identified that the local pH inside the cage,?’ transition state

stabilization,®?32* and electrostatic effects>*?” can all contribute to enhanced catalytic rates and
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selectivity observed within many cage environments. Because the physical features that most
strongly impact binding or catalysis can vary with cage architecture, guest characteristics, and
solvent type, it is challenging to identify promising guests according to a universal chemical or
physical descriptor of the guest.

While numerous computational studies have focused on cage design or encapsulation
effects,?® few studies have systematically identified promising guest candidates for existing metal-

organic cages. Notable exceptions include work by Ward and colleagues,?*-*°

in which they
applied a docking protocol to screen organic guests for encapsulation inside a [CosLi2] octahedral
cage. While this approach worked with multiple guests, it necessitated refitting the weights of
specific terms in the docking energy expression against a training set of experimental data, limiting
its applicability to cages where experimental data is available. More recent work demonstrated the
use of a machine learning model to identify promising small organic guests for encapsulation in
cucurbituril CB[6] and Pd,Ls using spatial and electrostatic host-guest compatibility.®! This effort
leveraged electrostatic and non-covalent interactions to predict new small organic guests but is not
suited in its current form for large cage cavities or more diverse guests because of the size of
molecules in its training data. Notably, these screening approaches have not been extended to
diverse transition metal-containing guests, where additional complexities arise from variable
oxidation and spin states of transition metal centers. While transition metal complexes (TMCs)
introduce computational modeling challenges, these guests can have desirable reactivity, such as
cross-coupling?2, for which additional rate enhancement by encapsulation would be beneficial.
Here we identify promising TMC guests by systematically screening the chemical literature

for catalytic TMCs that are suited for encapsulation in a representative [GasLs]'? cage. The

[GasLs]'? nanocage is a well-characterized anionic cage formed of N,N’-bis(2,3-dihydrox
Y y
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benzoyl)-1,5-diaminonapthalene linkers and gallium vertices and has demonstrated promise in
enhancing reductive elimination by TMCs (Figure 1).>3 We screened the Cambridge structural
database (CSD)** for candidate TMCs with desirable size and catalytic properties for potential
guest molecules. Over a subset of 34 TMCs successfully docked into the nanocage (TMC-34), we
identified universal effects of encapsulation on electrostatic properties but variable enlargement of
the cage depending on the size and charge of the guest. We leverage these insights to propose
catalyst and reactant complexes from the TMC-34 set that would be most promising for follow-up

encapsulation-accelerated catalysis study in experiments.

O

O
¢
o

Figure 1. Architecture of the [GasLe]!? nanocages with two examples of transition metal
complexes previously characterized as guests and crystalized shown in licorice representation. The
cage linker (N,N’-bis(2,3-dihydroxy benzoyl)-1,5-diaminonapthalene) is represented by black
lines that correspond to the provided chemical structure. TMC guests are the
bis(trimethylphosphine) gold cation and Cp*,Co* as described in refs * and ¥ respectively. For
structures, gray is used for carbon atoms, white for hydrogen atoms, yellow for gold atoms, and
light green for cobalt atoms.

2. Computational Details

2a. Transition Metal Complex Screening
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We started from a previously curated dataset of mononuclear transition metal complexes®” from
the Cambridge Structural Database (CSD). Briefly, this set contains 204,981 unique complexes
consisting of mononuclear 3d, 4d, or 5d transition metal complexes and was curated from CSD
version 5.41 (Nov. 2019) with March and May 2020 updates included. In this previous work, 37 a
corpus was constructed from downloadable manuscripts mapped from CSD IDs using the
ArticleDownloader package’® following protocols previously detailed by our group.’*#
Consistent with the cationic character of TMC guests in previous experimental studies of GasLs
guests*>*%% and the anionic nature of the cage, we filtered this subset of the CSD to obtain TMCs
with an overall positive charge. We constrained the dataset to compounds that either contained
non-disordered crystallographic hydrogens or where any added hydrogens were deemed
"trustworthy" by the CSD API. Because square planar complexes are likely to feature open
catalytic sites, we further curated the dataset for these coordination geometries.

We also computed the vdW volumes of all TMCs as a prerequisite for encapsulation.
Molecular volumes were evaluated using the standalone program MoloVol v1.0.0* with a single-
probe method and a grid size of 0.1 A. Following literature precedent, we employed the standard
radii for elements and set the probe size to 1.1 A to mimic hydrogen.*> We enforced a TMC volume
cutoff of < 300 A3, motivated by the estimate of cage cavity size and known guest size reported in
a prior study>® or calculated in this study (Supporting Information Table S1). Prior work indicated
that the cage encapsulated guests with volumes ranging from 138 A3 for tetraethyl ammonium
cation to 291 A3 for cobalt metallocene cation®®, and the volume of the cage cavity ranged from
253 to 434 A3 for these same guests. We further down-selected complexes to only include those
that had an even number of electrons, as determined by counting the number of electrons based on

the molecular formula and the net charge present in the CSD entry (see Sec. 3).
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We next identified complexes with manuscripts that studied catalysis following a similar
procedure to our previous work.4%4!46 Briefly, the DOI associated with each candidate structure
was searched against the aforementioned corpus, and complexes with inaccessible manuscripts
were excluded. With the accessible manuscripts, the main text was mined for keywords such as
“catalysis, kinetic studies, reaction rate”, along with capitalization permutations of those phrases
(Supporting Information Table S2). We disregarded the first 25% of the paper to avoid false
positive matches from the introductory text, which was previously determined to be a good
threshold for metal-organic framework literature.*® As we wanted to avoid discarding potentially
catalytically relevant compounds, we carried out further review on any paper that had at least one
catalysis keyword. We then manually inspected these papers to ensure that they did not only
contain synthetic methods or structural characterization and that the keywords were associated
with the relevant TMC (Supporting Information Table S3).

For all complexes that passed the catalytic-relevance test, we prepared them for
encapsulation through a simple geometric docking approach. We computed the centroid of each
guest without mass weighting along with the centroid of the cage. We then applied a coordinate
translation to the guest’s coordinates to superimpose the two centroids. The in-house script that
was used to carry out this transformation is available in the Zenodo repository.*’ This avoided the
need for docking with an energy function, as had been employed previously for a different cage**

but which would be difficult to implement for TMCs due to the lack of available parameters.

2b. Electronic Structure Calculations

We performed density functional theory (DFT) calculations with a developer version of Terachem

(v1.9-2018)*4°, We optimized all TMCs and nanocages with the B3LYP functional’*->? and
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applied a semi-empirical D3 dispersion correction with default Becke—Johnson damping.>*® All
DFT calculations in Sec. 3 were carried out with an LACVP* composite basis set, corresponding
to an LANL2DZ effective core potential’**> for heavier elements (i.e., Pd, Pt, Ni, Rh, Au, Ir, Cu,
Hg, Ag, and Ga) and a 6-31G* basis set>®-® for the lighter elements. To confirm limited sensitivity
of the cage geometry to the electronic structure method, we performed additional calculations with
PBE*® and ®B97X%’ in TeraChem as well as GFN2-xTB in the standalone CREST®!%? program
(Supporting Information Tables S4-S5 and Figure S1). We observed minimal DFT functional
dependence, with all optimized geometries within 0.5 A RMSD of the X-ray crystal structure® of
encapsulated bis(trimethylphosphine) gold cation. We performed xTB optimizations with the
standalone xTB program version 6.6.0,% using tight optimization criteria and analytical linearized
Poisson—Boltzmann (ALPB) implicit solvation.®* Prior to geometry optimization with DFT, we
carried out conformer searching using GFN-2xTB and CREST®!%? to identify the lowest-energy
conformer (Supporting Information Text S1 and Figure S2).

To aid self-consistent field (SCF) convergence of DFT calculations in TeraChem, we used
the hybrid direct inversion in the iterative subspace (DIIS) combined with the augmented form
(ADIIS) method®, and level-shifting of 0.25 hartree was applied to the virtual orbitals.®®$7 A
denser grid (dftgrid = 3) than the default (dftgrid = 1) was used for all calculations to improve
convergence of the geometry optimizations and reduce numerical noise. The translation-rotation-
internal coordinate (TRIC) algorithm for assigning coordinates for geometry optimization was
used with the L-BFGS algorithm for optimization.®® Complexes were solvated implicitly with the
conductor-like polarizable continuum model (C-PCM) as implemented in TeraChem,*-7! with
water (e = 78.39) and methanol (¢ = 32.70) dielectric constants. In all cases, the solute atomic radii

used for forming the cavity were set as the Bondi’? radii scaled by 1.2, following standard
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practice.®” Default radii provided by TeraChem were used for all elements except for gold, which
we instead determined from the original Bondi’” radii publication.

To ensure that the ground state electron configurations of transition metals in the guest
complexes were closed-shell singlets, we optimized structures in implicit solvent using restricted
DFT in singlet states or unrestricted DFT in triplet and quintet states and compared the electronic
energies. For the unrestricted calculations, we used level-shifting of 0.25 hartree on the majority-
and minority-spin orbitals, and no significant spin contamination was observed with all complexes

having (S*) that deviated from the expected S(S + 1) value by less than 1.0. Because the energetic

difference between spin states may be sensitive to the amount of Hartree—Fock exchange as well

7319 we excluded any guest complexes with singlet-triplet

as functional family or basis set choice,
spin splitting energies less than 20 kcal/mol when evaluated with B3LYP-D3(BJ)/LACVP* upon
optimization in C-PCM water implicit solvent. Results were consistent within 0.1-0.2 kcal/mol if
methanol implicit solvent was considered instead with only a few exceptions where geometry
optimizations differed (Supporting Information Table S6 and Figures S3—S4).

To obtain qualitative trends in the host-guest affinity between the cage and docked TMC:s,
we computed the rigid binding electronic energies for each optimized host-guest complex. In this
manuscript, we defined binding as encapsulation into the cages central cavity as seeded by the
docking procedure and not including other interactions that could contribute experimentally, such
as the association of the TMC to the nanocage surface®®®!, due to the large number of structures
being optimized and the difficulty of obtaining quantitatively accurate binding free energies for

host-guest systems. 5284

2c. Electrostatic Potential Calculations and Analysis
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We computed the electrostatic potential (ESP) at the metal center of each transition metal complex
guest following our previous work.?>8¢ Briefly, we computed the partial charges on each atom in
a complex using iterative Hirshfeld (Hirshfeld-I) charges,®’” as implemented in Multiwfn version
3.7 (Supporting Information Text S2).88 We selected the Hirshfeld-I scheme since previous reports
indicate that it accurately approximates the electrostatic potential® and is relatively insensitive to
the level of theory® or basis set. Then, we applied the partial charges to compute the electrostatic

potential at the atom of interest as follows:

1 di
o Ly s
4 dmegx Lary, M
1#a

Consistent with previous work, we estimated the effective dielectric constant inside the cage, «, as

10% of the dielectric constant of the bulk solvent outside of the cage.?’ Thus, we used effective
dielectric constants of k = 7.839 (water) and k = 3.24 (methanol) to account for intra-cage
electrostatic screening in systems optimized with water and methanol implicit solvent
environments respectively. The in-house script that was used to calculate the ESP is available in

the Zenodo repository.*’

2d. Calculation of Cavity Size

To quantify the volume of cage cavities after encapsulating each guest, we first removed the
encapsulated guest and evaluated the molecular volumes with a two-probe (i.e., using a large and
small probe) mode in MoloVol, as recommended** to avoid difficulties in delineating the boundary
of the enclosed region adjacent to cavity openings.***1-3 If the large probe is too small, it will not
block off the central cavity from the outside, which will result in small or discontinuous cavities.
We calculated the largest cavity volume across the various host-guest combinations with large

probe sizes ranging from 3.0 to 5.0 in 0.1 A increments, selecting a radius of 3.6 A because it led
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to consistent behavior across all TMC-34 guests without discontinuous cavities (Supporting
Information Figures S5 and S6). For final calculations, we also used the default** grid size of 0.2

A and a small probe size of 1.1 A to be consistent with our molecular volume calculations (sec.

2a).

3. Results and Discussion

3a. Screening Workflow and Generated Datasets

To identify synthesizable guest complexes that could be encapsulated in the GasLs anionic
nanocages, we developed a procedure to screen the Cambridge Structural Database (CSD) and
mine the text of associated papers. We focused our search on square planar TMCs, which have
previously demonstrated catalytic activity in GasLe nanocages.*>** Leveraging a previously
curated®’ dataset of 242,829 mononuclear TMCs (see Computational Details) from the CSD, we
identified 49,643 square planar complexes. As described in Sec. 2, additional quality control
metrics were applied to ensure that the hydrogens added by the CSD python API were reliable,

yielding a remaining total of 35,874 complexes (Figure 2).
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35784 TMCs square planar geometries

w.— molecular charge greater than 0
w @—— molecular vdW volume less than 300 A3
ﬁ o no unpaired electrons

% [ catalysis keyword text mining
@ o— unique closed shell TMCs

Figure 2. A funnel summarizing the screening workflow we apply to identify transition metal
complex guests for encapsulation into the GasL¢ nanocage. Each text box lists a filtering criterion
applied to downselect the dataset to the number of structures labeled in the corresponding funnel
segment. The 63 TMCs remaining after these filtering stages were studied further with electronic
structure methods as candidates for encapsulation in the cage.

Because positively charged guests bind electrostatically to the highly anionic cage, we
further filtered the dataset to include only cationic TMCs, eliminating a large portion of the dataset
and retaining 7,727 complexes (Figure 2). We computed the vdW volume of the remaining
compounds using MoloVol* to ensure that candidate TMCs were small enough to fit in the cage.
Here, we chose a volume cutoff of < 300 A® for potential guests based on a previous literature
study?® (see also Sec. 2). After imposing these size constraints, we eliminated nearly two-thirds of

cationic TMCs from the dataset, retaining 2,035 small, cationic, square planar TMCs (Supporting

Information Figure S7). We next identified complexes with even numbers of electrons (i.e., that
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could form closed-shell species), reducing this set to 1,413 TMCs. Of this set, about half (i.e., 708
of 1,413) of all associated manuscripts were downloadable, and we identified 129 to have matches
for catalysis keywords (see Sec. 2).

Manual review of these papers led to identification of 76 final TMCs. To identify if any
duplicates had been missed at earlier stages of filtering, we both visually inspected the complexes

t.% We identified two pairs of duplicates and

and computed their molecular graph determinan
eliminated the structure from each pair with the higher R factor value (Supporting Information
Table S7). We validated the closed-shell assumption on these 74 TMCs, eliminating 11 structures
with low-lying triplet spin states (see Sec. 2), and achieving an initial dataset of candidate TMCs
for encapsulation of 63 complexes, which we refer to as TMC-63 (Supporting Information Table
S6). This set of selection criteria enabled us to select a priori, the crystal structure®® of a gold
cation (refcode: OVUHUK), which was experimentally encapsulated in the GasLs cage,
demonstrating the utility of this workflow to identify viable candidates for encapsulation into the
cage.

After eliminating a large majority of the initial TMC candidates, we characterized the final
selection of structures in terms of the transition metal identity and ligand denticity. The initial CSD
set of 35,784 square planar structures are largely composed of Pd, Pt, Ni, Cu and Rh metal centers,
which is consistent with d® electronic configurations. In the TMC-63 dataset, we observe many of
the most common metal centers, with some notable changes. Because we eliminated TMCs with
predicted odd numbers of electrons, Cu metal centers are underrepresented, as predominantly
Cu(IT) metal centers with d° configurations have likely been removed (Figure 3 and Supporting

Information Table S8 and Figure S8). All types of ligand denticities present in the initial set are

preserved after filtering in the TMC-63 set, but the complexes consisting of two bidentate ligands
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are dramatically decreased, likely due to their limited association with catalysis keywords
(Supporting Information Figure S9). We observe monodentate, bidentate, and tetradentate ligands
such as macrocycles and other fused ring structures in both the original 35,784 structures and in
TMC-63 (Supporting Information Figure S9). However, the volume filtering step removes a large
proportion of TMCs with four nitrogen coordinating atoms, a configuration that is characteristic
of nitrogen-containing macrocycles such as porphyrins that are likely to be too bulky for
encapsulation (Supporting Information Figure S10). Amongst TMC-63, the most prevalent motif
is a bidentate ligand coordinating through nitrogen atoms paired with two monodentate ligands,

such as CO or a methyl group (Supporting Information Figure S10).

A B

Cu, 14% Rh, 16%
Ni, 22% ~ Au, 4% Pt, 10% Ni, 5%
Ir, 6%
Total Cu, 3%
Rh, 3% 35784 Ag, 2%

Pd,30%  pg 36%

Au, 22%
Pt, 23%

Figure 3. Pie charts showing the distribution of TMC metal center identity among A) all square
planar complexes in comparison to B) the structures in TMC-63 identified to be potential guests
of the GasL nanocage. Only unique TMCs pursued for docking into the cage are present in B and
metals that make up less than 1% of the total are omitted for clarity in A.

3b. Geometric Changes to TMCs Upon Encapsulation

To establish a baseline for properties of the TMCs in TMC-63 prior to encapsulation, we optimized

each geometry in C-PCM implicit methanol and water solvents to mimic solvent environments

that are experimentally compatible with this nanocage.'>? Among optimized structures in the TMC-
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63 dataset, we observe a median heavy-atom root-mean-square deviation (RMSD) of 0.21 A,
indicating that DFT optimization does not substantially alter the geometry of most TMCs from the
crystal structure. In both solvents (i.e., water or methanol), the average RMSD of 0.41 A is
expectedly larger, while the minimum RMSD value of 0.04 A indicates some structures are nearly
unchanged during optimization. The large difference between the median and average is driven by
greater than 1.0 A RMSD values for six complexes that have ligands with rotatable bonds, such as
methyl or phenyl groups (Supporting Information Figures S11-S12). Some high RMSDs could
also be attributed to the conformational sampling performed (see Sec. 2) prior to DFT
optimization. Overall, our analysis indicates most of TMC-63 consists of relatively small and rigid
transition metal complexes that change little from their crystal structure, with a few outliers.
Next, we docked the optimized, isolated TMC structures into the nanocages by aligning
the centroid of the TMC and the centroid of the cage. From this docked structure we optimized the
full TMC-cage system (see Sec. 2). Of the initial set of 63 compounds, only slightly more than
half (i.e., 34) were successfully optimized, and we refer this set of compounds retained for further
analysis as TMC-34. Optimized geometries are available in the Zenodo repository.*’ The failed
optimizations were predominantly cases in which TMC atoms were too close to neighboring cage
atoms. The initial shortest distance between an atom in the TMC and a cage atom of an
unsuccessfully docked complex averaged 0.55 A, whereas successfully optimized complexes
typically had larger separation from the cage, and all complexes initially distant by at least 1 A
completed successfully (Figure 4 and Supporting Information Figure S13). This suggests that in
future work, success rates could likely be improved by a docking procedure in which rigid rotation

of the TMCs was used to attempt to avoid close contacts with the cage before optimization.
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Figure 4. Representative docked structures with small (left) and large (right) interatomic distances.
Space-filling models are used for the docked TMCs in the top panel to visualize the short
interatomic distances, and the TMC structure with its CSD refcode is given in the bottom panel.
For cage structures, pink coloring is used for carbon atoms, white for hydrogen atoms, blue for
nitrogen atoms, cyan for gallium metal ions, and red for oxygen atoms. For the TMC guest
structures, carbon atoms are grey, hydrogen atoms are white, and oxygen atoms are red. Dark blue-
green and pink are used for the palladium and the iridium metal ions, respectively.

For each guest that successfully optimized in the cage, we quantified both global and local
geometric changes. Using RMSD as a global metric, we observe an average change of only 0.13
A between the solvated and encapsulated TMC structures (Supporting Information Figure S14).
To characterize the local metal structure we defined a scaled metal-ligand bond length, drei(M—X)
evaluated relative to the sum of the covalent radii®® of each ligand element, X, with transition metal

M:

d(M_X)opt_d(M_X) crystal
rM+Trx

dret(M — X) = (H

and we averaged this quantity over all metal-ligand bonds in the complex. Consistent with the
global RMSD metric, we observe that encapsulation minimally alters metal-local TMC structure,
with average changes in scaled metal-ligand bond lengths of only 0.019 from the crystal structure
reference (Figure 5). Nevertheless, three outliers are observed: MUPHIP, MUGJOQ, and

YIDLOP, which are the only TMCs in TMC-34 with Au—ClI bonds (Figure 5). The TMC with the
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largest RMSD, MUPHIP, which is 1-(2-(amino)ethyl)-3-methyl-1H-imidazol-3-ium)-trichloro-
gold, has an average Au—Cl scaled bond length change of 9% upon encapsulation with respect to
the crystal structure. In unscaled bond length terms, this corresponds to an increase from 2.28 A
in the crystal structure to 2.37 A in the DFT optimized structure to 2.48 A after encapsulation,
potentially indicating that the Au—CI bond is uniquely weakened and thus more susceptible to
cleavage inside the cage (Supporting Information Table S9). A halide pre-dissociation step has
been proposed for mechanisms involving reductive eliminations from Au(III) halides in the GasLe

35,96

nanocage,””° and it is an intriguing possibility that the dissociation could be more favorable inside

the cage as a result of host-guest interactions.
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Figure 5. Average change in the scaled bond length ratio relative to the crystal structure value for
optimized TMCs. The covalent radii for all element are defined in Ref. ®°, and the x-axis
corresponds to TMCs optimized in water C-PCM solvent, where the y-axis corresponds to the
same TMC optimized in the cage environment. The four metal-ligand bonds are averaged for each
complex in this plot to produce one data point per TMC. A) Structure of MUPHIP, B) structure of
MUGJOQ, and C) structure of YIDLOP. For structures, gray coloring is used for carbon atoms,
white for hydrogen atoms, blue for nitrogen atoms, green for chlorine atoms, yellow for gold
atoms, and red for oxygen atoms.
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3c. Energetics and Conformational Changes in the Cage Upon Encapsulation

While most TMC guest geometry is not substantially altered by encapsulation, we observe
pronounced differences in nanocage geometry after binding diverse guests. The average heavy-
atom RMSD of cage atoms with respect to a reference X-ray crystal structure is 0.89 A, which is
more than double the average TMC-atom RMSD (Supporting Information Figures S11 and S15).
It is worth noting that the reference cage structure we chose for computing the RMSD is the X-ray
crystal structure® of the GasLs nanocage with an encapsulated bis(trimethylphosphine) gold
cation, as there is no empty GasLs nanocage structure available from experiment. Nevertheless,
the large RMSD observed in cage atoms can largely be attributed to the rotation of the cage linkers
to accommodate encapsulated guests. To characterize this behavior, we examined the atom-wise
contributions to the cage RMSD (e.g., on individual linkers) for cages with the largest and smallest
deviations. The contrast between the low RMSD values in some linkers (< 1.1 A) and the high
RMSDs in others ( > 1.9 A) demonstrates that some linkers are relatively fixed, while the other
linkers rotate to encapsulate the guest (Figure 6 and Supporting Information Table S10). Consistent
with linker rotation, higher atom-wise RMSDs are generally observed on the edge of the linker
naphthalene rings, which undergo greater displacement during rotation. While this trend is
generally observed across our dataset of square planar TMCs, further investigation is required to
determine if other TMC geometries (e.g., tetrahedral structures) would similarly perturb the cage

structure.
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0.00 A| | >2.45 A

Figure 6. Root-mean-square deviations (RMSDs) per cage atom from the optimized encapsulated
TMC geometry. RMSDs were computed with respect to the cage geometry in the X-ray crystal
structure® of the encapsulated bis(trimethylphosphine) gold cation. The same color map is used
for both species with the smaller range of values spanned by TUVNON used as bounds, thus all
values greater than or equal to 2.45 A are given in the same color for WEBHET and BUNQAC.
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As linkers rotate to accommodate a guest, the cage volume necessarily changes. The final
cage volumes range from 356 A3 to 535 A3, with an average of 435 A3 that is 5.6% smaller than
the volume of the reference crystal structure (460 A3) computed with the same approach. Because
the TMC encapsulated in the reference crystal structure was also obtained a priori by our screening
procedure, it is possible to compare the cavity size of the optimized cage obtained by DFT to the
experimental structure. This comparison yields a cavity size of 405 A* for the DFT optimized
structure vs. 460 A® from the crystal structure. While cavity analysis can be sensitive to aperture
volume and pore choice, this difference suggests that cavities may be smaller in DFT-optimized
structures. The reason for this decrease in cavity size could be due to lack of explicit treatment of
solvent or counterions both inside and outside the cage, but these effects are expected to be
systematic across the entire dataset and thus not impact the relative comparisons we make.

As could be expected, we observe a positive correlation between the volume of the
occupied cage and the volume of the guest, which highlights the flexibility of the cage to expand
with increasing guest size (Supporting Information Figure S16). Over our range of optimized guest
sizes (211-310 A?), the encapsulated guests have a wide range of packing fractions from 0.55 to
0.72 (average: 0.60, Supporting Information Figure S17). While factors such as shape, charge, and
ligand identity influence the upper bound of the realizable packing fraction, we note that the
calculated ratios are consistent with those previously quantified for guests studied in this
system.?>*¢ Notably, the packing fraction exhibits no correlation with the average heavy-atom
RMSD of the cage, indicating that the particular rotation of the cage linkers we observe during
each DFT geometry optimization can change the shape of the cavity but does not correlate with
the volume guests can occupy (Supporting Information Figure S18). The average packing ratio we

observed across this expanded set of diverse TMC guests corroborates Rebek’s 55% rule”” but also
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highlights opportunities for larger packing fractions when the chemistry of the TMC is taken into
account. The largest packing fraction in our dataset was 0.72, which corresponds to NICGEO (5,5'-
difluoro-2,2'-bipyridine)-(4-fluorophenyl)-iodo-gold), the only complex in our dataset with
fluorinated ligands and iodide coordinating to the gold center. The hydrophobic nature®® of
fluorine and the larger ionic radii of iodide (i.e., relative to chloride) could explain this large
packing fraction value.

We next computed the binding electronic energies of the structures in TMC-34 to
interrogate the geometric and electronic properties associated with favorable binding energetics.
We computed the binding energies from electronic energies of the isolated and complexed cage-
TMC pair using two dielectric values in an implicit solvent model (see Sec. 2). These binding
energies ranged from —92.5 to —33.2 kcal/mol in water, with an average of —49.9 kcal/mol
(Supporting Information Figures S19). Binding energies computed in methanol span a larger range
from —131 kcal/mol to —44 kcal/mol and are more favorable than those observed in water
(Supporting Information Figures S19). The combination of ligand and metal identity has nuanced
effects, with distinct identities giving rise to similar packing fractions and binding energies (Figure
7). Electrostatics play an important role in binding, as illustrated by highly positively charged
molecules binding most favorably with the anionic cage (e.g., refcode BUNQAC with a net charge
of +4, —92.5 kcal/mol, Figure 7). This effect is more pronounced in implicit methanol solvent, in
which a lower dielectric constant leads to less electrostatic screening and thus stronger electrostatic
interactions that promote TMC encapsulation (Supporting Information Figures S19). The role of
solvent screening is also clear when comparing a TMC in our dataset (refcode OVUHUK) to
previous computational efforts?* where similar TMCs were studied. In this prior work, a TMC

possessing one fewer trimethylphosphine ligand than OVUHUK was studied as an intermediate in
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the same nanocage using a hybrid GGA functional and a larger basis set with neutralizing cations
and water molecules present. The authors obtained a binding energy of —121.9 kcal/mol,?* which
is much larger than our computed value of -38.7 kcal/mol, likely due to differences in solvent
treatment and inclusion of counterions. While the results from these two studies are not directly
comparable due to different chemical models and levels of theory, these results show that the
electronic contribution to binding is very large for these charged systems, as expected and

previously noted.?’
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Figure 7. Binding energies as a function of packing fraction for the 34 encapsulated TMC guests.

TMCs are colored by their total molecular charge. Packing fraction is a ratio of volumes and is

thus unitless. The binding energies as computed in C-PCM solvent of water (¢ = 78.39), A)

Structure of IMIFEQ, B) structure of MEZHUW, and C) structure of BUNQAC. For structures,
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for oxygen atoms. Dark brown and burnt orange are used for the rhodium and palladium metal
centers, respectively.
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One might expect that the packing fraction of the TMC could be related to binding energy,
where the complexes most likely to violate Rebek’s 55% rule®’ are those for which electrostatic
stabilization with the cage is most favorable. Nevertheless, we observe only a weak correlation
between packing fraction and electronic binding energy, with slightly higher binding energies for
the TMCs with larger packing fractions (Figure 7). To examine if the individual components of
the packing fraction ratio have stronger correlations with the binding energy, we examined the van
der Waals volume of the encapsulated TMC and the cavity volume of the optimized cage
(Supporting Information Figure S20 and S21). We observed no significant trends between these
geometric measures and binding energy, which indicates that fit of the TMC in the cage is not
correlated with the electronic contribution to binding. This indicates that a computationally
demanding binding energy calculation is also not required, and it should instead be more
straightforward to apply a relaxed (i.e., 0.55-0.72) interpretation of Rebek’s rule®’ for identifying

potential TMC guests based on packing fraction.

3d. Electronic Changes to TMC-34 Upon Encapsulation

Motivated by studies that have attributed encapsulation-mediated rate enhancements to the
electrostatic environment provided by the cage,?”**1% we aimed to identify if encapsulation in the
GasLs cage alters the electrostatic characteristics of TMCs. Specifically, we compared the
electrostatic potential and partial charges at each TMC metal center in solvated and cage
environments (see Sec. 2). Overall, we observe that the partial charge at TMC metal centers is
weakly affected by encapsulation, with nearly all TMCs retaining unchanged partial charges
(Figure 8). This suggests that much greater differences in partial charges are determined by TMC

chemistry, such as the metal identity (e.g., Au charges range from +0.94 to +1.48 versus Rh partial
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charges range from -0.27 to +0.86 in the encapsulated state), than the effect of encapsulation
(Figure 6). In line with observations on changes in the Au—Cl bond upon encapsulation, we observe
some Au complexes to exhibit a slight decrease in positive charge upon encapsulation (Figure 8).
Conversely, for several of the rhodium-containing TMCs, we do observe a slight shift in partial
charge to more positive values (Figure 8). While the observed partial charges are a combined effect
of the metal and ligand chemistry, the smaller partial charge on the rhodium metal center is
attributed to its electron-rich, nucleophilic nature. On the contrary, gold is more electronegative
and thus carries a more positive partial charge. To examine the chemical diversity that could also
be contributing, we inspected representative TMCs spanning the range of metal partial charges:
the maximum (refcode: IPISAD), the minimum (refcode: SEBBIL), and a structure in the midpoint
(refcode: MODKEY), finding that these complexes preserved our observation of differences
between Au and Rh, with the Ni complex (refcode: MODKEY) residing intermediate between the
two. Interpreting these trends further is complicated by the diversity of coordinating ligands,

which can have differing effects on reactivity across metal series.

2.0

N=34

—
o
—————r
ec0e
SO0O>»>
ccQ
eeoe
IVTZ
S5~a=
<>

-
o
—TTT

0.5 - 1t

metal center g (encapsulated)

«0

_0'5 ) 1 1 1 1
-0.5 0 0.5 1.0 1.5 2.0

metal center g (C-PCM)
Figure 8. Iterative Hirshfeld partial charge, ¢, of the metal center while in implicit solvent versus
when encapsulated for each TMC successfully optimized in the cage. A) Structure of IPISAD, B)
structure of MODKEY, and C) structure of SEBBIL. For structures, gray coloring is used for
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carbon atoms, white for hydrogen atoms, blue for nitrogen atoms, orange for phosphorous atoms,
and red for oxygen atoms. The metal centers are colored consistently with the plot legend.

We next considered the relationship between the net TMC charge and partial charge at the
metal center. Although the number of highly charged complexes is limited (i.e., four complexes
with charges above +1) and complexes vary in ligand and metal identity, encapsulation leads to a
negligible charge shift regardless of overall TMC molecular charge except in some cases of Rh
and Au previously noted (Figure 8 and Supporting Information Figure S22). These conclusions
are largely insensitive to the partial charge scheme (Supporting Information Figure S23). To
understand the weak impact of the cage environment on the metal center partial charge, we
analyzed the structure of each encapsulated TMC. Generally, we observe that TMCs closely
approach cage linkers, with an average distance of 3.8 A between the metal center and the nearest
cage linker atom, while maintaining an average of 7.8 A from the gallium cage vertices. The metal
center of the TMC with refcode HUVNIW most closely approaches a gallium vertex at 5.5 A,
albeit still at a greater distance than the closest linker atoms (Supporting Information Figure S24).
This distance is too far for the positively charged gallium centers to strongly influence the charge
distribution on the metal, and non-polar atoms in the cage linkers would be expected to have an
even more limited effect.

In contrast to metal partial charge, we observe that encapsulation strongly alters the
magnitude of the electrostatic potential (ESP) at the TMC metal centers. ESPs uniformly decrease
upon encapsulation in the strongly anionic cage, with the change in ESP upon encapsulation,
AESP, ranging from -417.9 to -918.9 kcal/molee (Figure 9). Differences in net charge of the TMC
have limited impact on the ESP shift. The ESP at the Rh center of a TMC with a net charge of +4

(refcode: BUNQAC) exhibits a similar AESP to the Rh center in the +1 net charge complexes with
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refcodes AFAZUE or HUVNIW. Moreover, the relative ESP of these TMCs (i.e., AFAZUE <
HUVNIW < BUNQAC) is preserved upon encapsulation, emphasizing the relatively uniform
impact of encapsulation on this diverse set of TMCs. These trends are largely maintained when
the implicit solvent dielectric is changed from methanol to water, although small differences arise
when the change in solvent impacts the optimized geometry (Supporting Information Figures S25—
S26).

To probe small variations in the nearly uniform AESP across TMC-34, we investigated the
proximity of the TMC to the gallium ions at the cage vertices and to the cage linkers. Quantifying
the relationship between these geometry proximity measures and the ESP shift, we observe only a
weak correlation (Figures 9 and Supporting Information Figures S27-S28). Although the TMCs
that are most distant from the cage have smaller ESP shifts than those that are closest to the cage,
there is no monotonic trend between AESP and the distance from the TMC metal to the cage (i.e.,
either Ga ions or cage linkers). Nevertheless, the range of distances between TMCs and cage
linkers or Ga vertices is modest, leaving the possibility that incorporating values from smaller
TMCs or larger cages could lead to a stronger trend. Overall, this indicates that a rapid, purely
volumetric screening of TMCs inside the cage (e.g., with a force field) should be sufficient because

the AESP can be rapidly ascertained on approximate structures or inferred from other TMCs.
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Figure 9. Encapsulation-mediated shift in electrostatic potential at the TMC metal center plotted
against the average distance between the TMC metal and the gallium cage vertices. Data are
colored according to the overall charge of the TMC. A) Structure of SEBBIL and B) structure of
KUDJEZ. For structures, gray coloring is used for carbon atoms, white for hydrogen atoms, blue
for nitrogen atoms, dark orange for phosphorous atoms, light green for fluorine atoms, and red for
oxygen atoms. Brown is used to denote the rhodium metal center in SEBBIL, while light orange
is used to denote the palladium metal center in KUDJEZ.

Next, we evaluated the cumulative ESP, which we obtained by starting at the metal center
and incrementally incorporating atoms at increasing radial distances into the calculation of the
ESP. We carried out this analysis for three representative TMCs, refcodes IPISAD, MODKEY,
and SEBBIL, that span the range of metal partial charges. For each of these TMCs, we observe an
initial local maximum associated with ESP contributions from the primary and secondary
coordination shell atoms (Figure 10). The cumulative ESP then decreases upon inclusion of the
cage atoms, with oscillations in ESP due to local TMC and cage geometry as illustrated by SEBBIL
(Figure 11). These oscillations are in contrast with the radially decaying ESP one would expect if
the electron density were uniformly distributed inside a sphere spanning the distance between the
Rh center of SEBBIL and the closest Ga atom (Supporting Information Figure S29). The location
of the nearest cage atom varies slightly among the three complexes, with distances of 3.28 A
(IPISAD), 4.15 A (MODKEY), and 3.65 A (SEBBIL). At larger distances (~4.5 to ~8 A), both
cage and TMC atoms contribute to the ESP, making it difficult in some cases to deconvolute the
two contributions. For the relatively compact MODKEY (i.e., the largest radial distance spanned
by the TMC complex is 5.7 A with respect to Ni), the sudden decrease in the electrostatic potential
observed between 6.0 and 6.5 A can be entirely attributed to the nearest cage linker. Importantly,
we observe that the full integrated limit of the ESP is consistent with the ESP obtained only at the

metal center (Figure 8). The relative values of the ESP are also correlated with the charge on the

metal atom. Of the three complexes, IPISAD contains both the most negative metal center and
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most negative final ESP amongst the dataset, SEBBIL contains the least negative metal center and
least negative ESP, and MODKEY lies between the two. Collectively, we find that cage
encapsulation shifts the electrostatic potential at TMC centers in a uniformly negative fashion.
These ESP shifts are remarkably similar in magnitude across the diverse dataset and show only

weak dependence on TMC location in the cage.
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Figure 10. Cumulative electrostatic potential for encapsulated TMCs accounting for contributions
from atoms up to different radial cutoffs from TMC center. Cage atoms contribute to the ESP
starting at radial distances of 3.28 A (refcode: IPISAD), 4.15 A (refcode: MODKEY), and 3.65 A
(refcode: SEBBIL), which are indicated with dashed lines.
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Figure 11. Cumulative electrostatic potential for the encapsulated TMC refcode: SEBBIL colored
by radial distance from the TMC metal. Local minima and maxima are used to delineate
boundaries between color blocks. The values used to delineate the minima and maxima are 2.2 A,
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31A,44A,56A,70A,8.1A,9.0A,10.0A, and 12.2 A. All atoms are colored by their radial
distance except the Rh metal center, which is shown in red.

3e. Identifying Guests for Catalytic Studies

We now examine the size of candidate complexes for catalysis (i.e., both the TMC and reacting
molecules) to identify the species with the greatest potential for rate acceleration via encapsulation.
We apply two main criteria: whether the catalyst is small enough that it can be encapsulated, and
whether associated reacting molecules are small enough to be encapsulated as well. We also take
into consideration the solvent used experimentally and note that for follow up study. From TMC-
34, we select five TMCs with reactant volumes of less than 150 A3, such that the total volume of
a reactant and TMC would be < 450 A3 (i.e., all TMCs are < 300 A3 in size, see Sec. 2, Table 1).
This choice is also experimentally motivated by the fact that the largest GasLs cage volume
measured in the literature for this system?® is 434 A3 and our average cage cavity volume across
the 34 encapsulated guests was 435 A3. Assuming the cavity can expand to the maximum value of
535 A’ seen in our study, this would result in a packing fraction of 0.84 for the largest combined
sizes of TMCs and reactants. While this exceeds the packing fraction we observed to be favorable
for our isolated TMCs, we err on the side of including more complexes as it is difficult to predict
if reactants need to be completely encapsulated or how the cage volume will change for different
guests.

Table 1. Experimental information from literature and computed volumes for five promising
TMC:s investigated in this study based on experimental properties and reactant size including CSD
refcode, chemical name, details of the solvent and relevant reaction, and the volume of the reactant.

Chemical names are taken directly from the CSD, where the solubility and reaction type were
gleaned from the associated reference.
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CSD CSD Chemical Solvent® Type of Reaction Reactant, Combin | Ref.
refcode Name TMC, vdW ed
volume® volume
of TMC
+
reactant®
AXEDEN Dicarbonyl-(N-((1- MeCN; carbonylation Methyl acetate, | 316.2 A3 | 1O
methyl-1H-imidazol- AcOH/ 74.8 A3
- H20 mixture
yl)methylene)aniline)-
rhodium
BEBXIQ Dicarbonyl-(bis(1- THF triethylsilane Triethylsilane, | 352.4 A3 | 1
pyrazolyl)methane- alcoholysis 147.2 A>
N,N')-iridium
IMIFEQ Dicarbonyl-(6,6'- AcOH, H>0 carbonylation Methyl acetate, | 308.4 A3 | 103
dihydroxy-2,2'- 74.8 A3
bipyridine)-rhodium
INIJUK Dicarbonyl-(bis(3,5- THF alkene 1-oct-ene, 3612 A3 | 14
dimethylpyrazolyl)met hydroformylation 89.2 A3
hane-N,N')-thodium and hydroamination
MEZHUW | bis((methylsulfinyl)me DMSO; C—C bond forming Cyclohex-2- 3949 A3 | 105
thane-S)- DCE enone,
bis((methylsulfinyl)me 101.0 A3
thane-O)-palladium

?Full chemical names of solvents and utilized abbreviations are acetonitrile (MeCN), acetic acid (AcOH),
tetrahydrofuran (THF), Dimethyl sulfoxide (DMSO), 1,2-Dichloroethane (DCE)
®Volumes were computed from 3D structures obtained from PubChem entry for the listed reactant. Reactant size
was computed by MoloVol v1.0.0 using the standard radii set for the elements, with a grid size of 0.1 A.

“Combined volumes are computed from the CSD structure of the TMC of interest plus the reactant listed in the
column immediately to the left.

Applying this criterion for cage compatibility, we see a particular enrichment of rhodium-
containing compounds and compounds containing carbonyl ligands, which can be expected due to
their widespread catalytic use (Table 1). These complexes: dicarbonyl-(N-((1-methyl-1H-
imidazol-2-yl)methylene)aniline)-rhodium  (refcode:

AXEDEN), dicarbonyl-(bis(1-

pyrazolyl)methane-N,N')-iridium  (refcode: BEBXIQ), dicarbonyl-(6,6'-dihydroxy-2,2'-
bipyridine)-rhodium (refcode: IMIFEQ), dicarbonyl-(bis(3,5-dimethylpyrazolyl)methane-N,N')-
rhodium (refcode: INIJUK), and bis((methylsulfinyl)methane-S)-bis((methylsulfinyl)methane-
O)-palladium (refcode: MEZHUW), are known to catalyze a wide range of reactions such as
carbonylation, hydroamination, C—C bond formation, and polymerization. For one example

(refcode: INIJUK), the catalytic efficiency of the alkene hydroformylation and hydroamination
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reaction was noted to be poor due to migratory insertion not being as rapid as B-elimination
reforming an alkene from the alkyl rhodium intermediate.!®* Upon encapsulation in the GasLs
cage, this TMC becomes 10% more electropositive with a shift in partial charge from +0.546 to
+0.602 a.u. (Figure 6). More electropositive metal centers are expected to accelerate migratory
insertion reactions, and the increased Lewis acidity inside the cage cavity could promote the
required ligand binding for the migratory insertion step. Nevertheless, catalysis by this TMC has
yet to be explored in a more polar solvent. Across our entire TMC-34 set, almost all our TMCs
have reactants that may fit inside the cage and fall below a total volume of 450 A3, and many have
been studied in a polar solvent like acetonitrile. A full analysis of all TMC-34 reaction conditions
is provided in the Zenodo repository.*’ This analysis suggests that many of our TMC-34 complexes
possess properties that would make them ideal starting points for further experimental

investigation.

4. Conclusions
We conducted a screen of the CSD using a combination of physical properties and text mining to
identify catalytic transition metal complexes (TMCs) as potential binders in the anionic GasLe'?~
nanocage. We demonstrated a workflow that that is general to other metal-organic cage systems.
From thousands of possible square-planar complexes, we obtained the TMC-63 set of 63 unique
TMCs encompassing eight different metal centers and a diverse set of coordination ligands.

We retained a subset of 34 TMCs that were successfully optimized inside the cage (TMC-
34), and analyzed properties of these TMCs. We characterized the encapsulation-mediated
electronic and geometric changes in each TMC and found that they were relatively uniform and
modest across most complexes. Nevertheless, we observed that for the only TMCs in TMC-34

with Au—Cl bonds, substantial elongation of the Au—Cl bond occurred in encapsulation. Across
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all complexes, the cage demonstrated higher flexibility, with linker rotations corresponding to the
largest deviation from a reference cage structure. Individual linkers exhibited RMSDs as high as
~2.0 A, often in combination with less mobile linkers with RMSDs of less than <1.0 A, showing
cooperative motion. The TMCs that were successfully encapsulated exhibited a range of packing
fractions with a mean of 0.60, which bears similarity to prior heuristics (i.e., Rebek’s 55% rule).
However, notable exhibitions included complexes (e.g., refcode: NICGEO) with a packing fraction
substantially greater than the 55% rule of thumb (i.e., up to 0.72). Taken together, we have shown
that encapsulation impacts small cationic TMCs in a similar manner, while the cage itself has the
larger changes with shifts in linker geometry.

Across TMC-34, the electrostatic potential (ESP) at the metal center consistently decreased
upon encapsulation while the partial charge remained nearly constant, with some TMC metal
centers (e.g. Rh) showing a slight increase and some gold complexes showing a slight decrease.
Examining the atom-wise contributions to the ESP, we observed that the TMC ligands strongly
screen the metal center from the anionic environment in the cage, minimizing the negative shift in
electrostatic potential and maintaining the TMC partial charge. TMCs with larger ESPs before
encapsulation maintain the largest ESPs after binding in the cage, illustrating that the cage has a
uniform effect across TMC-34. This observation highlighted how purely geometric screening of
TMC size could be used to rapidly assess cage compatibility for charged TMCs.

Finally, we identified the TMC-34 structures that would be most amenable to follow-up
study. We identified five TMCs associated with reactions with small reactants that have been
previously studied in polar solvents that could be simultaneously encapsulated alongside the TMC.
Complexes could then also be pursued experimentally by using our approach to select for

complexes predisposed to rate acceleration upon encapsulation. Future work could also
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computationally study elementary reaction steps inside the cage to allow further fine-tuning of our

approach.
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Nanocages are structures that are known to enable rate enhancement of select reaction steps via
encapsulation by creating a confined environment like enzymes. To understand the cage's effect
on transition metal complexes with identified catalytic activity, we identify complexes from the
Cambridge Structural Database with complementary properties as potential guests for the GasL¢

12 nanocage. We find that the cage undergoes the most geometric changes and electronic changes
to the encapsulated transition metal complexes are relatively uniform.
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