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ABSTRACT: The cavities of artificial receptors are defined by how their components fit together.
The encapsulation of specific molecules can thus be engineered by considering geometric
principles; however, intermolecular interactions and steric fit scale with receptor size, such that
the ability to bind multiple guests from a specific class of compounds remains a current challenge.
By employing metal-organic self-assembly, we have prepared a triangular prism from two different
ligands that is capable of binding more than twenty different natural products, drugs and steroid
derivatives within its prolate cavity. Encapsulation inflates the host, enhancing its ability to bind
other guests in peripheral pockets, and thus enabling our system to bind combinations of different
drug and natural product cargoes in different locations simultaneously. This new mode of
entropically-favorable self-assembly thus enables central encapsulation to amplify guest binding

events around the periphery of an artificial receptor.

Introduction

Natural products are often information-rich, with asymmetric structures that contain multiple
stereocenters. These properties render them challenging to encapsulate with high affinity within
synthetic self-assembled receptors,'” which tend to have cavities that approximate spheres.®!®
Self-assembly pathways that generate receptors with anisotropic void spaces consequently
diversify the range of guests that may be bound.!”!” Successful strategies to generate asymmetrical
receptors include the use of twofold-symmetric building blocks to form lantern-shaped hosts?%-*
and multi-step organic synthesis to produce tailored binding pockets.?>* However, larger
assemblies prepared using these methods tend to be porous, limiting the density of favorable

intermolecular interactions between host and guest, thus hindering high-affinity binding.



Asymmetrical binding environments can also be created through heteroleptic assembly,
wherein multiple different building blocks combine to generate a single entity.!”*%3° The bringing
together of multiple components into one specific configuration, from among other possibilities,
usually incurs an entropic penalty. The selective synthesis of heteroleptic structures is thus often
designed to be enthalpically favorable, as strain within homoleptic derivatives is avoided upon
formation of a mixed-ligand system.**** Understanding the factors leading to heteroleptic
assembly would enable artificial receptors to be designed for the encapsulation of low-symmetry

and asymmetric guests that cannot be bound by their homoleptic analogs.

Here we describe the factors leading to the selective formation of a new and useful triangular-
prismatic host framework, and quantify its remarkable ability to selectively bind a collection of
pharmaceutically-relevant molecules. Entropy, as opposed to enthalpy, drives the selective
synthesis of this heteroleptic triangular prism over the homoleptic cubes and tetrahedra usually
observed. Whereas the central binding sites of both homoleptic species are roughly spherical, those
of the triangular prisms are prolate. This decreased symmetry promoted the binding of a collection
of complex natural products — steroids, opiates, alkaloids and other drugs bound within the prisms,
but not within the cubes or tetrahedra. Upon binding one guest internally, the prism inflated to
express a set of secondary, peripheral binding sites. The malleable nature of the structure induced
complex binding interactions involving collections of guests, including cooperative binding events
and guest aggregation around the cage, underscoring the utility of our system to generate diverse

host-guest dynamics from simple building blocks.

Results and Discussion

Entropically-favorable self-assembly. Triangular prism 1 was synthesized from Ni'-porphyrin
A (3 equiv), triamine B (2 equiv), 2-formylpyridine (18 equiv) and Zn" (6 equiv) in CH;CN (Fig.
la, SI Section 2). The 'H NMR spectrum of 1 displayed twofold desymmetrization of the porphyrin
unit with maintenance of threefold rotational symmetry of the triamine unit, consistent with the D;
point symmetry of a triangular prism. Mass spectrometry revealed the Zn'sLAsL®, composition of
1 and single-crystal X-ray diffraction (Fig. 1¢) confirmed its face-capped triangular prismatic
structure. Both the all-A and all-A enantiomers of 1 present in the crystal. Zn'-Zn"" distances were

observed to be slightly shorter around the parallel triangular faces (14.2 — 14.7 A) than they were



between them (15.2 — 15.4 A) within 1. This stands in contrast to the crystal structures of

homoleptic products: Zn"'-Zn" distances were 15.7 A in tetrahedron 2, and 14.8 — 15.2 in cube 3.
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Figure 1. Entropy as a driving force for generating heteroleptic 1. a, Self-assembly of 1 from subcomponents A, B,
2-formylpyridine and Zn" templates, or from the conproportionation of homoleptic cages 2 and 3. Conditions: i,
CH3CN, 50 °C; ii, CH3CN, 70 °C to generate 1; CoCsBisHz,-, 50 °C to generate 5. b, van ’t Hoff analysis of the
equilibrium of aii. ¢, X-ray crystal structure of 1, with each set of unique proton environments highlighted in a different

color, showing the D3 point symmetry of the assembly.



In each others’ absence, subcomponent B produced tetrahedron 2 and subcomponent C
produced cube 3 (Fig. 1a). Heating A, B and 2-formylpyridine together with Zn' at 50 °C produced
a '"H NMR spectrum wherein all three products (1, 2, and 3) were observed (SI Section 3), whereas
1 was isolated as the exclusive product at 70 °C. A van ’t Hoff analysis of the equilibrium between
the heteroleptic and homoleptic structures indicated that the generation of the triangular prism was
an enthalpically-disfavored process; entropy drives its formation, such that AH = +70 + 8 kJ mol™
Pand AS=+250 =20 J K™ mol™! for the equilibrium 2 + 3 = 2-1 (Fig. 1b).

We attribute the positive entropy change associated with the formation of 1 to two factors.
First, we infer 1 to possess a greater number of conformational microstates than the combination
of 2 and 3. The crystal structure of 1 and its host-guest complexes (discussed below) revealed that
each of the Ni'! porphyrins in 1 existed in one of two saddled conformations, whereas the Ni''
porphyrin units in 3 are planar. Because the porphyrin cores of 1 may thus exist in one of two
microstates, whereas 3 lacks these degrees of freedom, the formation of 1 will be favored

entropically by +35 J K™! mol ™! (SI Section 3.1).

Second, 1 entraps fewer solvent molecules than the corresponding mixture of 2 and 3. A
comparison of void volumes between the homo- vs. heteroleptic products (SI Section 4) revealed
the combined cavity space of 2 and 3 to be larger than two equivalents of 1 (310-740 A® greater,
depending on the conformation of the porphyrins in 1). This decrease in volume means that two

equivalents of 1 encapsulate 6-14 fewer acetonitrile molecules, as compared to one equivalent of

both 2 and 3 (SI Section 3.2).

Entropy changes resulting from structural transformations are rarely quantified in cage
systems; fewer still are investigated in organic solvents.** Entropy changes associated with guest
encapsulation are better understood — the expulsion of solvent from the cavity of a cage provides
an entropic driving force for guest binding.*** Noting that the volume of one equivalent of 1 (415—
630 A?) is comparable to the volume change associated with the equilibrium 2 +3 = 2-1 (310—
740 A%), we quantified the entropy change associated with guest binding within 1, proposing that
this value may be used to estimate the entropy change upon the formation of heteroleptic products

from homoleptic ones.

The encapsulation of cobalticarborane within 1 was observed to lead to a system entropy
change of +206 + 9 J K™! mol™!, which we attribute to the liberation of CH3CN from the cavity

(Fig. S15). This value is in line with analogous investigations on cages with similarly-sized cavities
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in MeCN,*” and may be used to approximate the entropy change associated with solvent expulsion

in forming heteroleptic 1 from homoleptic 2 and 3.

When taken together, the microstates and solvent-liberation contributions thus predict an
entropic driving force for the formation of 1 of ca. +240 J K-! mol™!, which is within the uncertainty
of our experimental value. Although the number of components and bonds remain the same on
both sides of the equilibrium, conformational freedom and a smaller number of trapped solvent
molecules renders heteroleptic 1 entropically favorable with respect to homoleptic 2 and 3, thus

providing a new rationale for heteroleptic self-assembly.

A subtle stereochemical difference between trigonal prism 1 and tetrahedron 2 helps to explain
why 2 is enthalpically disfavored with respect to 1. In the all-(A-Zn") configuration of 2, the
triskelions of its B residues may be oriented in either a clockwise or an anticlockwise
configuration, yielding energetically-distinct diastereomers. However, only the all-clockwise A-
Zn" configuration (and its A/anticlockwise enantiomer) has been observed for 2 (Fig. 2a) and its
Fe' congener in the solid state*®, leading us to infer this diastereomeric configuration to be

energetically favorable.

In the case of 1 and its host-guest complexes, however, A-Zn"

vertices are paired with
anticlockwise oriented triskelions (Fig. 2c-f). Because its absence from 2 suggests the
A/anticlockwise configuration to be enthalpically unfavorable, its presence in 1 may be inferred
to represent a kind of structural compromise, whereby an enthalpic penalty is built in to a structure

that is nonetheless thermodynamically favorable owing to the entropic gain described above.

Templates were necessary to favor the formation of triangular prism 5, a congener of 1 (SI
Section 5). Employing ether-bridged C in place of amine-bridged B during the assembly process
led initially to the exclusive formation of homoleptic products (i.e., the tetrahedron 4 and cube 3)
at 70 °C. When testosterone or sodium cobalticarborate (NaCoCsBigH22) was added and the
mixture heated to 70 °C for a further 24 h, triangular prism 5 was obtained in >90% yield. The
subtle balance between the hetero- and homoleptic products in this system is thus tipped in favor

of heteroleptic 5 by an asymmetrical template.

(9]
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Figure 2. X-ray crystal structures of assemblies and host-guest complexes. Solid-state structures of a, 2; b, 3; ¢, 1; d,
CoC4BisHx1; e, strychninecl; f, testosteronecl; g, (CB11Hi2).c5. All heteroleptic structures are viewed down
their C; axes. Red and green arrows indicate concave and convex porphyrins, respectively. Each guest is shown in a
different color. For the cages, Zn — yellow, Ni — cyan, C — grey, N — blue, O — red, H — white; solvent, non-binding

anions, and disorder are not shown for clarity.



Host-guest dynamics. Noting its ability to template 5, we investigated the binding of CoC4B1sH22~
within 1. Cobalticarborane was observed to bind to 1 in slow exchange on the NMR timescale,
with K, > 10* M~!. The single-crystal X-ray structure of cobalticarborane bound within 1 (Fig. 2d)
indicated that encapsulation led to a bulging outward of the porphyrin subunits, whereas in free 1
the porphyrins bulged inward (Fig. 2¢). This reconfiguration led to a 52% increase in the cavity
volume of 1 (from 415 to 630 A®) following the binding of CoCsBisH2™. The distinct
conformational microstates of the porphyrin ligands of 1 thus adapted in order to optimize

encapsulation.

Similar morphology changes were observed in the solid-state structure of 5, which housed two
CBi1Hi2™ anions (Fig. 2g). These anions bound non-cooperatively within 1, as determined by 'H
NMR titration. In contrast, two molecules of neutral adamantane bound with positive allosteric
cooperativity*” within 1, with a cooperativity parameter of o = 4K,/K; = 5.8 + 0.3. Guest signals
were shifted downfield by ca. 5 ppm relative to their free values, with maintenance of D3 host
symmetry.

Further exploration of the guest-binding abilities of 1 revealed the binding of structurally
complex natural products, steroids and drugs (Fig. 3). A series of steroids — estrogens, androgens,
corticoids, progestogens and synthetic drug analogues — and smaller terpenoids — santonin and
totarol — were observed to bind in slow exchange on the NMR timescale. The proton signals of the
guest were shifted upfield by up to 7 ppm upon binding to 1, appearing in the range —1 to —6 ppm
(Fig. 4, SI Section 6.3). For testosteronec1, 'H NOE correlations between the phenylene protons
of 1 and multiple proton signals of the guest were identified, all consistent with internal binding.
A crystal structure of testosterone bound within 1 was also obtained (Fig. 2f). For all host-guest

complexes, mass spectra were consistent with the encapsulation of a single guest (Fig. S44).
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Figure 3. Host-guest chemistry of 1. a, Guests that bound in slow exchange. b, Guests showed significant spectral
broadening, suggesting intermediate exchange rates. ¢, Fast exchange binding guests. d, Molecules that had no
observable interaction with 1. Guests that displayed both internal and peripheral binding to 1 are marked with blue

asterisks; those that bound only peripherally are marked with green triangles.
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Figure 4. "H NMR spectra (500 MHz, 298 K, CD3CN) of 1 and selected host-guest adducts.

Binding constants for steroid adducts of 1 (Table 1) were determined by 'H NMR integration,
averaged over three different host:guest ratios. Androgens and progestogens were thus the
strongest binding guests, with K, > 10* M. Guests with equatorial OH moieties (hydrocortisone
and prednisolone with 11a-OH, and ethynylestradiol, with a 3-OH moiety) bound with
intermediate strength, followed by guests with more sterically demanding units at their termini.
We discerned no clear correlation between the linearity of a guest and its binding affinity: for
instance, prednisone and prednisolone are bent to a similar degree, and are both more bowed than
testosterone (which binds more strongly) and cortisone (which binds more weakly). Steroids

bearing a secondary alcohol moiety, as opposed to a ketone, at the 11-position of the steroid



backbone bound an order of magnitude more strongly: hydrocortisone or prednisolone were both
much better guests than cortisone or prednisone. A size limitation for binding within 1 was also
observed: steroids with bulky axial substituents (e.g. spironolactone) or long alkyl chains (e.g.
cholesterol) do not fit within 1, leading to no observable binding (Fig. 3d). Canrenone and
dexamethasone were the largest guests to show clear evidence of encapsulation, and the

diterpenoids totarol and santonin were the smallest guests.

Table 1. Binding constants of steroid and drug guests within 1, in order of binding affinity, determined by 'H NMR
titrations (298 K, CD3;CN).

Guest K. (x 10*M™)
Testosterone >5000
Androsterone >5000
Progesterone 390 £ 30
Norethisterone 190 £ 10
11a-Hydroxyprogesterone 90+ 10
Prednisolone 67+9
Hydrocortisone 45+£5
17a-Ethynylestradiol 36+4
(+)-Totarol 34+2
Dexamethasone 12.8+£0.8
Prednisone 72+0.3
Mestranol 6.5+04
Cortisone 23+0.6
(-)-a-Santonin 1.1+£0.1
Estradiol bl
Canrenone el

[a] Full saturation of the host was observed upon the addition of one equivalent of guest. [b] Guest showed insufficient

solubility in CH3CN for binding constant determination. [c] Signal overlap precluded binding constant determination.

Peripheral steroid aggregation. A key advantage of many biochemical receptors is that they
contain multiple recognition sites, each of which bind molecules with different affinities™.
Analogously, we observed that 1 bound steroids at sites around its periphery. Decreasing the
ionization voltage from 30 to 7 V during the mass spectrometry of testosteronec1 revealed several

steroid guests associated with 1 in the gas phase (Fig. 5e). Both slow-exchange interior binding
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and fast-exchange exterior binding of testosterone were observed to occur simultaneously by 'H

NMR (Fig. 5a-d). Two distinct sites were thus occupied, with different rates of guest exchange.
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Figure 5. Testosterone binding within and around 1. a, '"H NMR spectrum of testosteronec1. b, '"H NMR peaks split
when steroids bind within 1, with colors matching the environments highlighted in ¢. ¢, The 'H NMR spectra of
testosterone within 1, as compared to d, the spectrum of free testosterone. e, At low cone voltage (5-10 V), a series of
peaks corresponding to testosteronec1- (testosterone);.s were observed by ESI-MS (black numbers show the number

of testosterone molecules associated with each charge state of 1). f, At higher cone voltages (20-35 V), only

testosteronec1 was observed.



The localization and orientation of steroid guests at the periphery of 1 was supported by a
crystal structure wherein testosterone bound to 1 at both internal and external locations (Fig. 5g).
While the internal guest is confined within a circumscribed volume, the peripheral testosterone is
bound to an open, bowl-shaped cavity. Both the internal and external guests were disordered in the
crystal; however, we observed the backbone plane of the external steroid to be parallel to the
porphyrin moiety, with methyl groups pointing away from the host, in all disordered configurations
of the guest (ca. 2.7-3.2 A apart), suggesting a preferential steroid orientation at the periphery of
1.

Figure 6. Two views of the X-ray crystal structure of testosteronec1-testosterone, where the internal steroid is
colored red, and the peripheral steroid is colored purple. a, Perpendicular to the C3 symmetry axis and b, offset from

a porphyrin face.

The multiple binding locations for steroids around 1 facilitated peripheral guest configurations

in which multiple guests bound at symmetry-equivalent sites (SI Section 6.5). For example, the
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addition of both progesterone and hydrocortisone to a sample of 1 gave a mass spectrum consistent
with the binding of both steroids around the cage (Fig. S55). This phenomenon was also observed
in the case of weakly-binding guests: for example, when cortisone was added to a solution of
testosteronecl, signals corresponding to rapidly-exchanging, peripherally-bound cortisone were
observed, without perturbation of the signals corresponding to interior-bound testosterone (Fig.
S56). The aggregation of these guests around the host periphery increases their local concentration
and brings them into proximity with each other. Such aggregation may favor new guest
transformations, either involving host-catalyzed reactions (using the metalloporphyrin walls), or

reactions between guests that are facilitated by higher local concentrations.

Peripheral binding was also observed when internal binders were absent. Both quninine (an
antimalarial drug) and digoxigenin (a plant-derived hapten) bound peripherally to 1, but not
internally (Fig. 3c). When quinine was added to testosteronecl, internally-encapsulated
testosterone and peripherally-bound quinine signals were both observed by 'H NMR spectroscopy.
Receptor 1 thus selectively binds molecules at internal and external positions. No significant
interaction was observed between free subcomponent A and externally-binding guests by '"H NMR

(Fig. S58), suggesting that this peripheral interaction was unique to the cage.

Opiate and alkaloid binding. Several guests were observed to bind internally but not externally.
Opiate drugs such as codeine and morphine, along with the alkaloids strychnine and brucine,
bound within 1 (Fig. 3b). While the 'H NMR spectra of these host-guest species were broad, mass
spectra confirmed the formation of 1:1 host:guest complexes in each case (SI Section 6.6), and a

crystal structure of strychnine within the cavity of 1 was obtained (Fig. 2e).

As in the case of the crystal structure of testosteronec1 (Fig. 2f), in strychninec1 (Fig. 2e),
two of the porphyrin faces remained outward-facing, while the other bowed inward. We infer this
reconfiguration to occur in order to optimize guest fit and binding. This conformation differs from
the one adopted for optimal binding of prolate guests that more closely matched the cavity
symmetry, such as cobalticarborane (Fig. 2d), where all porphyrin faces bow outward. Both the
all-A and all-A enantiomers of 1 are present in the crystal structures of testosteronec1 and
strychninecl, suggesting that guest stereochemistry does not have a strong energetic impact upon

the stereochemical configuration of the host framework, echoing our observations in the solution



state (Fig. 5a-d). The disordered configurations adopted by the guests within 1 in the crystal are
also consistent with our solution NMR measurements: guests experienced rotational freedom
around their long axes, but did not rotate end-over-end, within 1. That this rotational restriction
can be observed by NMR spectroscopy suggests one of two possibilities with respect to the
mechanism of guest binding: 1) that the structure deforms to allow guest encapsulation while
maintaining overall structure (i.e., no ligand dissociation); or 2) that ligand faces partially
dissociate, a guest binds within, and further dissociation becomes energetically disfavorable due

to host-guest binding.

Conclusions

The diversity of these host-guest phenomena — internal and peripheral binding, host templation,
structural adaptation and binding amplification — derive from the prolate cavity of the assembly,
which in turn results from an entropically-favorable liberation of solvent during assembly. The
concept of designing heteroleptic structures with smaller cavities than those of their homoleptic
derivatives may thus provide a new method for optimizing the formation of low-symmetry
structures that recognize diverse and targeted sets of prolate guests, including many
pharmaceuticals beyond those explored here. Such structures may serve as the basis of new
chemical sensing and purification systems, enabling new liquid extraction methods that select for

specific molecules within biological feedstocks.
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