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Cavity-Shape-Dependent Divergent Chemical Reaction inside

Aqueous PdiL, Cages
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ABSTRACT: Chemical reactions inside the confined pockets of enzyme-
mimicking hosts, such as cages and macrocycles, have been an emerging
field of interest over the past decade. Although many such reactions are
known, the use of such cages toward the divergent synthesis of nonisomeric
products has not been well explored. Divergent synthesis is a technique of
forming two or more distinct products from the same reagents by changing
the catalyst or reaction conditions. Changing the shape of the cage can also
change the nature and magnitude of the host—guest interactions. Thus, is it
possible for such changes to cause differences in the reaction pathways
leading to formation of nonisomeric products? Herein, we report a divergent
chemical transformation of anthrone [anthracen-9(10H)-one] inside
different water-soluble M¢L, cages. When anthrone was encapsulated inside
a newly synthesized M¢L, octahedral cage 1, it dimerized to form dianthrone

Dianthrone Major Products Anthraquinone

[9,9-bianthracen-10,10"(9H,9'H)-dione]. In contrast, when the same chemical reaction was performed inside a M¢L, double-square
shaped cage 2, it was oxidized to form anthraquinone [anthracene-9,10-dione]. Similar results were obtained with a different set of
isomeric aqueous Pd, cages 3a (octahedral cage) and 3b (double-square cage), indicating the dependence of the shape of cavity on
the divergent synthesis. The present report demonstrates a unique example of different outcomes/results of a reaction depending on
the shape of the molecular container, which was driven by the host—guest interactions and the preorganization of the substrates.

1. INTRODUCTION

In nature, many reactions occur in the confined spaces of
biomolecules, such as enzymes and other cell organelles. Such
reactions are known to show an enhanced reaction rate and
selectivity." Multiple noncovalent interactions, such as ion—
pair interactions, hydrogen bonding, electronic polarization,
n—7n interactions, and van der Waals interactions, are
responsible for this enhanced rate and selectivity.” Inspired
by such biomolecules, scientists have developed various
artificial analogues that mimic the different properties of
such molecules. These artificial analogues are either “poly-
meric” like metal organic frameworks (MOFs) and covalent
organic frameworks (COFs) or “discrete” like cages and
macrocycles.”™® Discrete hosts have better solubility and have
been used for different biomimetic applications.” Discrete
hosts can be either organic or metal—organic. Organic cages or
macrocycles are generally neutral and soluble in common
organic solvents. For this reason, most organic cages.m_13 and
macrocycles do not bind strongly to soluble organic guests, and
instances of guest uptake and subsequent chemical trans-
formation inside the cavity are less explored.'* Metal—organic
cages, on the other hand, are charged. Their solubility depends
on the counterion used, and they can be dissolved in polar
solvents like water.'>'® Such hosts are often formed through
the self-assembly of metal acceptor and donor subunits,
forming the thermodynamically most stable system. Through

this metal—ligand-coordination-driven self-assembly, thermo-
dynamically stable products can be easily obtained without the
need of multistep synthesis processes. This makes metal—
ligand self-assembly a valuable tool for the synthesis of
different hosts of varying structural complexity.'”'® Specifi-
cally, these water-soluble hosts are highly sought after due to
their amenability to biological environments and efficient guest
encapsulation capability. Such a capability is due to a
combination of hydrophobic interactions between the host
and guest, which causes tight binding of the guest molecules
inside the cage. All these aspects together make metal—organic
hosts conducive for multiple applications such as sensing,"”*’
stabilization of reactive intermediates,”"”** separation of
molecules,””** and platforms for light harvesting.”>~*’
Metal—organic cages have also been used as hosts for
carrying out different organic reactions.”*’ The reactions
investigated include the Diels—Alder reaction,’® the Knoeve-
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Darzens Reaction, oxidation reactions and many

more.””~** However, although quite a few reactions inside
metal—organic hosts are known, many of them face multiple
complications, like product inhibition and cage degradation by
the products.”’ Probably for these reasons, most reactions
inside cages are single-step; and multiple-step, cascade, or
domino reactions are rare.*”** Similarly, cage dependent
divergent reactions, other than regioselective ones,30’46 are also
unexplored inside cages.

Divergent reactions or divergent synthesis is defined as a
reaction strategy where nonidentical products are formed from
the same reactants by changing the reaction conditions or
catalyst.*” Divergent synthesis can be of various types, such as
regio-divergent and diastereo-divergent synthesis, but the
rarest of them are the divergent syntheses, where nonisomeric
products are formed.* Such reactions are known predom-
inately with organometallic or organic catalysts, where a
change in catalyst changes the product obtained.”” In such
cases, one catalyst selectively stabilizes the transition state for
one reaction, while a different catalyst stabilizes the transition
state for a different reaction. In doing so, the catalyst dictates
the flow of the reaction, and different products are formed.

In the case of reactions taking place inside the cavity of a
cage, the stabilization comes from the noncovalent forces
between the host and guest. The cumulative effect of such
interactions can cause changes in the properties of the guest
molecules from those observed in the bulk solvent.’® Such
interactions are also known to stabilize the transition state of
the reactions occurring inside the cavity, which leads to an
enhanced reaction rate.”’ These host—guest interactions
depend on the host’s nature, size, and shape. Thus, by
changing the shape of the cavities, different transition states
could be selectively stabilized, thereby leading to a divergent
synthesis. However, to the best of our knowledge, no such
example is known where changing the Pd(II) cage cavity has
led to different reaction pathways and has led to the formation
of distinct, nonisomeric products.

Herein, we report the synthesis of a water-soluble cage 1,
which was formed by the metal—ligand-coordination-driven
self-assembly of a pyrimidine-based tripyridyl ligand L1 with a
90° cis-blocked Pd" acceptor M (Scheme 1). The crystal
structure of 1 showed that it has an octahedral structure with a
large cavity suitable for guest encapsulation. 1 was able to

Scheme 1. Schematic Representation of Divergent Synthesis
Using Pd4 Cages 1 and 2 of Different Shapes
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encapsulate a variety of planar and nonplanar molecules.
Further, inside the cavity of cage 1, anthrone (AO) [anthracen-
9(10H)-one] readily dimerized to form dianthrone (P1) [9,9'-
bianthracen-10,10'(9H,9'H)-dione]. This reaction was then
performed inside a different cage (2),*" which has the same
stoichiometry (MgL,) but a different shape (double-square)
with D,;-symmetry (Scheme 1). Surprisingly, inside the cavity
of cage 2, AO underwent facile oxidation to form
anthraquinone (P2) [anthracene-9,10-dione] instead of
dimerizing to form P1. Further investigations revealed that
the reaction inside the cages proceeded in such a way that the
most stable host—guest complex was formed. This was
achieved through preorganization of the substrates inside the
cages. Inside cage 1, AO molecules were preorganized in such
a way that the formation of P1 was facile and thus led to the
formation of P1C1, which was a more stable host—guest
complex. Similarly, in cage 2, encapsulated AO proceeded to
form P2, leading to the more stable host—guest species
(P2C2) species. To the best of our knowledge, a similar
dichotomy in the reaction pathway by changing the cavity
shape of the reaction vessel has not yet been demonstrated.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization. The tripyridyl
ligand L1 with a pyrimidine core was synthesized by the base-
mediated condensation of 4-acetylpyridine and 4-pyridinecar-
bonitrile at 120 °C in an autoclave reactor (Scheme S1). The
ligand was characterized by electrospray ionization mass
spectrometry (ESI-MS), proton nuclear magnetic resonan-
ce'HNMR) and (carbon NMR)"*C NMR in CDCl, (Figures
S1 and S2). Due to the unsymmetrical nature of the hgand L1,
it had 2:1 splitting of the a- and S-hydrogen of the pyridine
rings (Figures 1 and S1). These signals are denoted as a and a’
for the a-hydrogens of the pyridine rings and b and b’ for the
P-hydrogens of the pyridine rings.

1 was synthesized by the self-assembly of L1 with cis-
[(tmeda)Pd(NO,),] (M) [tmeda = N,N,N’,N’-tetramethyl-
ethane-1,2-diamine] in a 2:3 molar ratio in water at 65 °C for 2
h (Scheme S2). The mixture turned into a clear solution over
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Figure 1. Stacked "H NMR spectra of (a) cage 1 in D,0, (b) ligand
L1 in CDCly, and (c) '"H NMR DOSY spectrum of 1 in D,O.
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the course of the reaction with the consumption of the donor.
After the reaction was complete, the pure form of 1 was
obtained by concentrating the solution under reduced pressure
and triturating with acetone.

The nature of the product (1) formed was first characterized
with "H NMR (in D,0), which revealed three distinct peaks in
the aromatic region (Figures 1 and S3). 'H diffusion-ordered
spectroscopy (DOSY) showed that all the three peaks
correspond to the same assembly having a common diffusion
band [D = 1.58 X 107" m* s™" (log D = —9.8)] (Figures 1 and
S4). The peaks were further characterized by 'H—'H
correlation spectroscopy (COSY) and nuclear Overhauser
enhancement spectroscopy (NOESY) NMR in D,O (Figures
SS and S6). The analysis showed that the split a-hydrogen
peaks (a and a’) of the pyridine rings in the 'H NMR of L1
were merged upon complexation with M in the "H NMR of 1.
Similarly, one of the f-hydrogen peaks (denoted as b) merged
with the pyrimidine peak (denoted as c). This was also in line
with the proton integration of 1 (Figure S3).

To understand the stoichiometry of the cage, the ESI-MS
spectrum of the PF¢~ analogue was recorded in acetonitrile.
The spectrum showed peaks at m/z = 719.0805, 935.5879,
1295.1059, and 2015.1970 corresponding to the fragments
[MeL1, (PF6)7]5+) [M¢L1, (PF6)8]4+r [MeL1, (PF6)9]3+1 and
[MgL1, (PF¢),0]*", respectively (Figures S7 and S8). This
showed that 1 was a [6 + 4] self-assembly of the ditopic
acceptor M with the tridentate ligand L1. Such a self-assembly
can either have an octahedral structure®” or a double-square
shape.”’ Cages with double-square structure are known to have
a 1:2 splitting of the ligand peaks,”" which was not observed in
the case of cage 1. It could thus be concluded that 1 must have
an octahedral structure.

The final proof of the structure came from a single-crystal
diffraction study (Figures 2 and S9). Crystals suitable for X-ray
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Figure 2. X-ray crystal structure of 1. (a) Side view of the cage, (b)
view of the inner cavity with different Pd—Pd distances labeled, (c)
space-fill model of the cage [color scheme: H, white; C, red; N, blue;
Pd, violet]. (d) space-fill model with the cavity space highlighted with
blue contour.

diffraction were grown by the slow vapor diffusion of acetone
into a concentrated aqueous solution of 1 (with NO;™ as the
counterion). A synchrotron radiation source was used for
collecting X-ray diffraction data. 1 crystallized in the
monoclinic space group C2/c with an octahedral structure.
Unlike previously reported octahedral cages,” due to the

unsymmetrical nature of the ligand L1, it did not have a T
symmetry. The cage was devoid of any symmetry elements
other than a C,-principal axis. However, the cage crystallized in
a centrosymmetric space group with different enantiomers
present as one crystal unit making it overall achiral. The crystal
structure showed four acceptor (M) units, which were present
in a nearly square plane, and two acceptor units were
positioned above and below the square plane, forming an
octahedron. The four ligands (L1) were positioned in the
alternating faces of this octahedron. The Pd---Pd distance
between the two acceptor units above and below the square
plane along the C,-axis is 18.8 A. The crystal structure also
showed that it had a large inner cavity with triangular apertures
(Figure 2b). The Pd---Pd distances of the apertures are ca. 13.2
A X 132 A x 12.9 A. The available volume of the cavity was
calculated using the MoloVol software.”* The cavity volume
was found to be 593.8 A (Figure 2d), which was in the range
of that obtained for other octahedral cages.”

2.2. Guest Encapsulation Studies. The guest encapsu-
lation of 1 was investigated with electron-rich planar aromatic
guests. Excess solid pyrene (Py) was added to an aqueous
solution of 1, and the mixture was stirred at room temperature
for 8 h. This gave a turbid yellow solution, which was then
centrifuged, and the supernatant was used for further
characterization. The 'H NMR of this solution (PyCl)
showed new peaks in the region upfield to 7 ppm (Figures 3
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Figure 3. 'H NMR stack plot of (a) 1 in D,0, (b) PyCl (Py:
Pyrene) in D,0, (c) AOC1 (AO: anthrone) in CD;0D/D,0 (1:2)
mixture. The guest peaks are highlighted in blue.

and S10). Similarly, the a-hydrogen peaks of the pyridine rings
were shifted downfield (Figures 3 and S10). Such a shift in the
'"H NMR peaks of the host and guest molecules was
characteristic of guest encapsulation inside the cavity of a
cage. The interior binding was further proved by the 'H DOSY
spectrum of PyC1 in D,O, which showed a single diffusion
band (log D = —9.9) (Figure S13). The host—guest interaction
was also confirmed by the '"H—"H NOESY spectrum of PyC1
in D,0. This showed a correlation between the a-hydrogens of
the pyridine rings of 1 and the upfield shifted aromatic protons
of Py (Figure S14). The host—guest stoichiometry was also
calculated by integrating over the host and guest regions and
was found to be 1:1 (Figure S12).
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Table 1. Reaction Conditions for the Reaction Performed in Molecular Vessels 1 and 2

Entry Solvent Atmosphere Temperature Light Time
1 Water (H,0) Air r. t. yes 12h
2 Water 0, r. t. yes 12h
3 Water Air r. t. yes 2h
4 Water + TEMPO Air r. t. yes 10h
S Water Air r. t. no 10 h
6 Water Air <10 °C no 10h
7 Water N, r. t. no 10 h
8 CH,CN N, L.t no 10 h
9 Water Air r. t yes 10 h
10 Water Air L.t yes 10 h
11 Water Air L.t yes 10 h
12 Water+CH;0H(1:1) Air L.t yes 10h

Cage/Acceptor/Ligand  Product

Major % Composition of the products (P1 + P2) in
the CHCl, extract” (Selectivity)”

Cage 1 P1 >99% (99%)
Cage 2 P2 >96% (96%)
Cage 1 P1 >99% (99%)
Cage 2 P2 97% (98%)
Cage 1 P1 >99% (99%)
Cage 2 P2 50% (98%)
Cage 1 NA® No Reaction
Cage 2 P2 40%*

Cage 1 P1 >99% (97%)
Cage 2 P2 95% (99%)
Cage 1 NA° 20%

Cage 2 NA® 33%

Cage 1 P1 >99% (97%)
Cage 2 P2 93% (97%)
Cage 1 NA* 18%

Cage 2 NA° 13%
Acceptor M NA*© <5%

Ligand L1 NA“ <5%

Ligand L2 NA® 23%

blank NA® <5%

blank NA® <5%

4% composition of the products was calculated by "H NMR, by the relative abundance of the products’ (P1/P2) peaks with respect to that of the
starting material (AO) peaks in the CHCI; extract from the aqueous solution after the reaction. bSelectivity was calculated by the relative
integration of the P1 and P2 peaks. “NA denotes that P1 and/or P2 are the minor products, and the starting material AO is the major product.
9Calculated with respect to internal standard as AO peaks were broad due to the presence of TEMPO.

The encapsulation of other polycyclic aromatic hydro-
carbons was then investigated using the same procedure as that
employed for Py. Although 1 showed easy encapsulation of Py,
it did not show encapsulation of other polyaromatic hydro-
carbons except phenanthrene (P) (Figures S10 and S14—S16).
Interestingly, 1 did not encapsulate the linear isomer
anthracene (A) but encapsulated the U-shaped isomer
phenanthrene (P). This is probably due to the shape of the
anthracene(A) molecule, which failed to have efficient host—
guest interactions with 1. The host—guest interactions were
not strong enough to overcome the hydrophobic interactions
of A with the solvent (H,0O), and thus, the host—guest
complex was not formed. Seeing this difference in
encapsulation behavior, the encapsulation ability of 1 toward
anthracene derivatives was investigated. It was found that 1
readily encapsulated nonplanar derivatives of anthracene like
9,10-dihydroanthracene (Figure S17). It was also able to
encapsulate derivatives such as AO [anthracen-9(10H)-one]
and xanthone [xanthen-9-one] (Figures 3 and S17).

To get an accurate "H NMR of AOC]1, it was recorded in
CD;0D/D,0 (1:2) mixture by the addition of AO (3 equiv in
CD,0D) to a D,O solution of 1. It was done in this manner
because encapsulation of AO (solid) in room temperature for
8 h by 1 led to the formation of other products (vide infra,
Table 1). Much like the '"H NMR of PyCl, that of AOC1 also
showed new peaks for the guest molecules upfield to the 7 ppm
region and a concomitant downfield shift of the host peak. The
binding of the guests was further investigated by 'H DOSY
NMR of AOCL1. It showed that all the peaks corresponded to
the same diffusion band; this proved that the guest and host
were part of a single host—guest complex instead of their
physical mixture (Figure S18).

2.3. Divergent Synthesis Using Different Cages. Cage
1 showed encapsulation of different guests; thus, its ability to

perform chemical reactions within its cavity was investigated.
The reaction of choice was the oxidation reaction of 9,10-
dihydroanthracene (H,A) or Anthrone (AO) to anthraqui-
none [anthracene-9,10-dione]. This reaction is industrially
important as it was used for the commercial production of
anthraquinone from coal tar.’>* Recently, it had been reported
that this oxidation can be performed under mild conditions in
organic solvents like acetone;’® however, a report of the
reaction in aqueous medium is not known.

The reaction was first investigated with AO as the model
compound. AO possesses an active methylene group (—
CH,—) flanked by two phenyl rings, which could be easily
oxidized to a keto group (C=0) leading to the formation of
anthraquinone. To an aqueous solution of 1, solid AO (5 mg,
excess) was added. The mixture was then stirred in the
presence of white light [45 W LED (4 > 400 nm)] in ambient
atmosphere and room temperature for 10 h. After this, the
mixture was centrifuged, and the clear supernatant was
collected. The guest/product encapsulated inside the cage
was extracted in chloroform (or CDCl;), which was then
characterized by NMR study. The aqueous solution of the cage
(after removal of the product) could then be further used for
another set of reactions (Scheme S5).

Interestingly, it was found that when the reaction was
performed inside cage 1, a new product (denoted as P1) was
obtained. P1 had distinctly different 'H NMR peaks in CDCl,
from that of the starting material AO (Figure 4). The reaction
proceeded with high selectivity, and only P1 was formed under
the above-mentioned conditions. Needle-shaped yellow
crystals of P1 were easily obtained by the slow evaporation
of the chloroform solution. Surprisingly, X-ray analysis of these
crystals (Table S2) showed that the compound formed was
dianthrone [9,9’-bianthracen-10,10"(9H,9'H)-dione]**" in-
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stead of expected oxidized product anthraquinone (Figures 4,
$29 and S30).
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Figure 4. Partial 'H NMR stack plot of (a) Anthrone (AO) in CDCL,,
(b) product P1 (in CDCl;) obtained from cage 1, (c) product P2 (in
CDCl;) obtained from cage 2, (d) Anthraquinone (AQ) in CDCl,,
and (e) X-ray crystal structure of P1 (found to be dianthrone [9,9'-
bianthracen-10,10’(9H,9'H)-dione]). Peaks for the internal standard
(1,3,5-trimethoxybenzene) are highlighted in gray.

Such unusual dimerization of the active methylene group
(sp>-C) in the confined space of a cage is new. Thus, the
uniqueness of this cage toward the formation of such a product
was demonstrated. To check this, another water-soluble cage
(2) with similar ML, stoichiometry was synthesized (Scheme
1 and S3), following the previously reported procedure from
our group.”’ The triimidazole ligand L2 was self-assembled
with the acceptor M in a 2:3 molar ratio in water for 24 h at
room temperature (Scheme 1 and Figures S19 and S20). This
gave a clear solution of 2 that could be further purified by
concentrating the solvent and triturating with acetone. The
stoichiometry was further verified by the ESI-MS spectrum of
the PF4~ analogue of 2 in acetonitrile. The spectrum showed
multiple peaks at m/z = 551.7386, 691.0848, 900.0869, and
1248.4390 corresponding to the fragments [MgL2, (PF4)4]%,
[MgL2, (PF),]>", [MgL2, (PF4)s]* and [MgL2, (PF5)9]3+;
respectively (Figures S21 and S22).

As seen from the structure of 2 (Figure $23),”" it has a
double-square structure with a D,,-symmetry. Orientation of
the ligands in 2 leads to an open structure with two large open
windows, like a barrel. 2 also showed encapsulation of multiple
planar and nonplanar aromatic molecules (Figures S24—S27).
"H NMR titration of 2 with phenanthrene (P) showed that
encapsulation of the guest inside 2 showed slow-exchange in
"H NMR time scale (Figures S25 and S26). In such conditions,
the peak for the host 2 disappeared, and new peaks for the
host—guest species PC2 appeared. In such cases, after a certain
equivalence of guest was added, the 'H NMR stopped
changing (i.e, no new peak for the host—guest complex
appeared), this equivalence directly correlated to the maximum
number of guest molecules encapsulated (Figure S25). Using
this, the stoichiometry of the host—guest complex was
calculated to be 1:1.

Using cage 2, the same reaction was performed under the
same conditions as those for cage 1. The major product
formed using cage 2 (denoted as P2) had similar spectral
characteristics as that for anthraquinone (AQ) (Figures 4, S31
and S32). This observation of formation of different non-

isomeric products from the same reaction by simply changing
the shape of the reaction vessel (cage) is unusual to the best of
our knowledge.

To better understand the reaction of AO in reaction vessels
1 and 2, the reaction was performed under different conditions
(Table 1). When the reaction was performed in the presence of
[2,2,6,6-tetramethylpiperidin-1-yl)oxyl] (TEMPO), a known
radical quencher, in the case of 1, a negligible amount of P1
was formed. Similarly, in the case of 2, the amount of P2
formed had decreased (Table 1 and Figures S33 and S34).
This showed that the reactions inside 1 and 2 occurred
through the formation of a radical species, which could be
light-mediated or thermally activated. When the reactions in 1
and 2 were performed in absence of light, both reactions
showed a very small change in the relative composition of the
major product to that obtained in the presence of light (Table
1 and Figures S33 and S34). This meant that even in the
absence of light, radical formation could happen. This is
probably due to greater stabilization of the radical species
inside the cages, which leads to easy formation of the radicals,
as has been previously reported.”” However, when the reaction
was performed at low temperature (<10 °C) and in absence of
light, the relative composition of the major product decreased
significantly, and unreacted AO was the major species (Table 1
and Figures S33 and S34). This proved that under such
conditions, radical formation was minimized.

It was further seen that the reaction inside cages 1 and 2
occurred even under a N, atmosphere (Table 1 and Figures
$33 and S34). Formation of P1 did not depend on any
oxidizing species; however, P2 formation required an oxidizing
species. Since the reaction occurred even in a N, atmosphere
this indicated that the solvent itself was probably acting as a
reagent for the formation of P2. Similar unusual oxidation by
H,O has been previously reported,”” where the radical formed
inside the cage can react with molecular oxygen or, in its
absence, with H,O to form the oxidized product.

Based on the above findings, AO inside cage 1 or 2 readily
formed AO radical which then dimerized inside cage 1 to form
P1 (dianthrone), while it underwent reaction with molecular
oxygen (or in its absence water) inside cage 2 and was oxidized
to P2 (anthraquinone) (Figure S35). The reaction was then
investigated in the presence of the subunits M, L1, and L2.
While L1 and M showed almost no product formation (<5%),
reaction with L2 showed small conversion but proceeded with
the formation of both P1 and P2 (Table 1 and Figures $33 and
S34). Similarly, when the reaction was performed in absence of
any cage or its subcomponents, the reaction hardly proceeded
(<5% conversion), and both P1 and P2 were formed (Table 1
and Figures S33 and S34). This suggests that the high
conversion of AO to P1 or P2 occurred due to the presence of
the cages, and the shape of the cages played an important role
in terms of both selectivity and conversion values.

To further check if the divergent reactions inside cages 1 and
2 were due to the change in shape or due to a difference in
ligands (L1 and L2), two isomeric cages (3a and 3b) were
explored as the reaction vessels (Scheme 2). 3a®” has similar
octahedral structure as that of 1, while 3b”° has double-square
structure as that of 2. Since 3a and 3b were isomeric, change in
products could occur due to the change in shape of the cavity
and not due to change in the nature of the ligand (Scheme 2).

When the reaction of AO was performed inside cage 3a,
product P1 was selectively formed (Figure $36). However, in
this case, the net yield of the dimerized product (P1) was less
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Scheme 2. Isomeric PdsL, Cages 3a and 3b Used for the

Divergent Synthesis of P1 and P2, Respectively’”*

\

U
;

(78%) compared to that using cage 1. This is attributed to the
strong interactions of product P1 with the host 3a, and even
after stirring the host—guest (P1C3a) aqueous solution with
chloroform for 8 h, all the guest molecules (P1) could not be
extracted. Reaction of AO inside cage 3b showed the
formation of P2 as the major product although the selectivity
was lower (73%) as compared to that of cage 2 (Figure S36).
This indicates that the cavity shape played an important role in
the divergent synthesis. To summarize, the aqueous ML,
octahedral cages (1 and 3a) preferred the formation of
dimerized product (P1) from AO, while both the double-
square shaped aqueous ML, cages (2 and 3b) favored the
formation of oxidized anthraquinone (P2) from AO under a
similar reaction condition.

To check the universality of this reaction, H,A (9,10-
dihydroanthracene) was selected as another guest. To an
aqueous solution of 1 or 2, excess of solid H,A was added, and
the solution was purged with O, for 1 min. The mixture was
then stirred in the presence of white light [45 W LED (4 > 400
nm)] in room temperature for 10 h. The mixtures were then
centrifuged, and clear supernatants were collected. The guests
from these solutions were extracted with chloroform, and the
'"H NMR spectrum was recorded to analyze the products
obtained (Figure S24) using cages 1 and 2 as reaction vessels.
The product formation was similar to that observed with AO.
H,A inside cage 1 formed P1; while in cage 2, it underwent
complete oxidation to form anthraquinone (P2) (Figure S37).

2.4. Mechanism of Divergent Synthesis and Selective
Encapsulation Studies. Inside cages 1 and 2, the same
compound AO was getting transformed to nonisomeric
compounds P1 and P2, respectively. For simplicity, the
dimerization reaction can be considered as path-a, while the
oxidation reaction can be considered as path-b (Figure S35).

First, the host—guest stoichiometries of AOC1 and AOC2
were investigated. '"H NMR integration of AOC1 in DMSO-
dg/D,0 mixture showed that the stoichiometry was 1:2 (i.e.,
two molecules of AO were encapsulated) (Figure S38). '
DOSY of the same proved that all the guest molecules were
bound to the host (Figure $38). Similarly, '"H NMR titration of
AOC2 showed no further change in NMR peaks after the
addition of two equivalents of AO (Figure S40). Since the
titration showed slow-exchange in the 'H NMR time scale

(Figure S40), this directly proved that two molecules of AO
were encapsulated. Then, the relative stabilities of the different
host—guest complexes of 1 and 2 with P1 and P2 were studied.
To check this, a solid mixture of P1 (9.3 mg, excess) and P2
(5.0 mg, excess) was added to a concentrated aqueous solution
of 1 or 2. The mixture was then stirred in room temperature
for 10 h. The resultant mixture was then centrifuged, and the
supernatant was stirred with chloroform to extract the
encapsulated guest. It was found that 1 selectively encapsulated
P1 from the mixture of P1 and P2, while cage 2 selectively
encapsulated P2 from the same mixture (Figures S and S41—
S44).

d) P2

Extract
(P14+P2) + 22— P2

c) L_J J A

Extract
(P1+P2) + 1 ——22" 5 Pq

b | L A

2 §2
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a) YA, L P1
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Figure 5. Partial '"H NMR stack plot of (a) P1, (b) extracted guest
from (P1 + P2) + 1, (c) extracted guest from (P1 + P2) + 2, and (d)
P2. Peaks for the internal standard (1,3,5-trimethoxybenzene) are
highlighted in gray.

This was also confirmed by the 'H NMR titration
experiments (Figures S46—S52). These clearly showed that 1
only encapsulated P1 and did not show any encapsulation of
P2 (Figures S46—S48). In case of 2, P2 showed complete
encapsulation, while in case of P1, there was free host peaks
remalnlng (Figures S49—S52). Further, the apparent binding
constant™® of P1C2 (4.86 X 10* M™!) was lower than that of
P2c2 (1.08 x 10° M™). Above results indicate that the
formation of PC1 is more favorable than P2C1. Likewise,
P2C2 is more favorable than P1C2. Using these results, we can
predict a mechanism based on selective host—guest chemistry
(Figure 6).

AO encapsulated inside 1 underwent a chemical trans-
formation to form P1C1 and P2C1. P2C1 was not stable
(Figure S48), and thus it disintegrated to form free cage 1 and
solid P2. This free host 1 could then encapsulate any excess of
AO present in the reaction medium to form AOC1, which
then underwent similar reactions and separation. In this way,
after each cycle, the amount of P1C1 increased, and after 10 h,
P1C1 remained as the main product in aqueous medium,
while P2 remained as a solid in the precipitate. When the
product was extracted using CHCI, from the aqueous solution,
only P1 was obtained (Figure 4). The presence of P2 in the
precipitate was proved by the 'H NMR of the precipitate
(Figure S$53). The '"H NMR showed that other than unreacted
AO, P2 was the major product in the precipitate. Similarly, AO
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Figure 6. Two probable mechanisms working simultaneously for the selective formation of P1 in cage 1 and P2 in cage 2. (a) Mechanism 1:
selective host—guest encapsulation. (b) Mechanism 2: preorganization of substrate inside the cavity [i) optimized structure of AOCI, (ii)
optimized structure of AOC2, (iii) orientation of AO molecules inside cage 1, and (iv) orientation of AO molecules inside cage 2].

encapsulated inside cage 2 underwent a reaction to form both
P1C2 and P2C2. Because of the lower stability of P1C2, P1
came out of the cage, and the free cage (2) encapsulated AO to
form AOC2, which underwent further cycles of reaction and
separation. In this manner, after 10 h in the aqueous solution,
P2C2 remained as the major species while more of P1
remained in the precipitate as solid. When the product was
extracted from the aqueous solution, P2 remained as the major
product with 96% selectivity (Figure 4). The '"H NMR of the
precipitate proved the presence of more P1 in the solid phase
(Figure S53).

This indicated that the formation of the favorable host—
guest complex dictated the flow of the reaction (Figure 6). The
reaction with cage 1 proceeds in such a way so as to form the
most favorable host—guest complex (P1C1). Likewise, as
P2C2 is the more favorable complex, the reaction with cage 2
proceeded in such a way that the most favorable host—guest
complex P2C2 was formed.

This was further verified using 3a and 3b. 3b showed
decreased selectivity in the reaction (Figure S36). Thus, 3b is
expected to have a decreased selectivity in host—guest
encapsulation. This was observed when encapsulation studies
were performed with 3a and 3b. While 3a selectively
encapsulated only P1, 3b encapsulated both P1 and P2
(Figure S45).

This selective host—guest separation worked only in the
presence of excess AO. Thus, the relative ratio of P1 and P2
formation inside cages 1 and 2 with exactly two equivalents of
AO (solid) was investigated. The 'H NMR showed that when
excess of AO was not used, the selectivity for P1 formation
inside 1 went down to 92% from >99% (Figure S55). In the
case of cage 2, the selectivity for P2 formation went down to
93% from 96% (Figure S56). This indicated that apart from
selective-host—guest separation, some other mechanism was
also working toward the selective formation of products inside
the cages.

To understand the reason behind the inherent tendency of
cage 1 to make P1 and cage 2 to make P2, the structure of the

host—guest complexes of the substrates (ie., AOCI1 and
AOC2) were optimized semiempirically using the PM6 model
(Figure S57). The optimized structures showed that the main
stability of the host—guest complexes came from the 7—7x
interactions of the AO molecules with the walls (ligands) of
the cages (Figure SS57). As cages 1 and 2 differed in their
structure (orientation of ligands), the two AO molecules
encapsulated inside them also had different arrangements
(Figure S57).

Interestingly, it was seen that the two AO molecules inside
cage 1 preorganized in such a manner, that the tetrahedral-C
atoms of the two AO molecules were close to one another with
3.4 A distance (Figures 6 and SS8). This distance was
comparable to the summation of the van der Waals radii of the
two C atoms. This meant that once AO radicals were
generated inside the cage, they could readily dimerize without
needing to overcome a large distance. Further, the angle
between the AO molecules and an imaginary line connecting
the two tetrahedral-C atoms were found to be ca. 117°, which
was comparable to that observed in P1 (ca. 114°) (Figures 6
and $58). Thus, if dimerization happened in that arrangement,
then the resultant P1 molecule would not suffer from angle
strain (Baeyer strain).

On the other hand, the AO molecules inside cage 2 were
arranged almost parallel to one another (Figures 6 and S59).
The distance (4.8) between the two tetrahedral-C atoms of
AO was also larger. Thus, two AO radicals formed from the
AO molecules inside cage 2 had less tendency to dimerize. The
angle between the two AO molecules and an imaginary line
connecting the tetrahedral-C atoms (ca. 123 and 62°) also had
a larger deviation from the value obtained for P1 (ca. 114°).
Thus, if AO molecules dimerized with that arrangement, the
resultant P1 molecule would have high angle strain (Baeyer
strain) due to a large deviation of bond angles from the normal
values.

The molecules encapsulated inside cages 1 and 2 are
confined and show reduced degrees of freedom. Owing to this,
such preorganization plays an important role in determining
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the selectivity of the reaction taking place inside the cavity. It is
due to these reasons that AO radicals inside cage 2 preferred to
react with the oxygen (or solvent, H,O) molecule to form P2
(Figure S35) rather than intermolecular dimerization to form
P1. While inside cage 1, the AO molecules are preorganized
perfectly such that the AO radicals could undergo facile
dimerization to form P1.

The effect of such preorganization toward product formation
was previously demonstrated for the Diels—Alder Reaction.*’
The second mechanism (preorganization of the AO mole-
cules) seems to be responsible for this divergent chemical
transformation inside cages 1 and 2 (Figure 6). This
preorganization of the substrate working in conjunction with
the selective host—guest separation led to the high selectivity in
chemical transformations observed with cages 1 and 2.

3. CONCLUSIONS

In conclusion, we have demonstrated an unusual example of
cage-shape-dependent divergent chemical transformation in an
aqueous medium leading to the formation of nonisomeric
products. This was done through the synthesis of a new water-
soluble MgL, octahedral cage 1. 1 was obtained in high yield
through the metal—ligand-coordination-driven self-assembly of
tripyridine ligand L1 with a cis-blocked 90° Pd"-acceptor M.
The cage has an octahedral structure with a large interior cavity
that encapsulated a variety of planar and nonplanar molecules
like pyrene and 9,10-dihydroanthracene. Further, it was found
that AO encapsulated inside 1 was selectively dimerized to
dianthrone (P1) in aqueous medium when stirred under white
light for 10 h at ambient condition. As such a transformation
was unusual, the same reaction was performed in a different
cage of similar stoichiometry. Under similar conditions, a
different MgL, cage (2), with double-square shape, caused the
oxidation of AO to anthraquinone (P2) inside its cavity. This
dichotomy in the reaction pathway by changing the molecular
shape of the reaction vessel is a new observation. The role of
cavity shape on the fate of same chemical reaction was further
investigated using other cages like 3a and 3b that are
isostructural to 1 and 2, respectively. It was found that
isostructural ML, cages (1 and 3a) with an octahedral shape
preferred the formation of P1 inside their cavity. Similarly, the
aqueous ML, cages (2 and 3b) with double-square structure
favored the formation of P2 inside their cavity. Selective
encapsulation studies showed that in cage 1, P1C1 was the
more favorable host—guest complex, and P2C2 was the more
favorable host—guest complex in cage 2. This showed a unique
correlation between product formation and favorable host—
guest complexation. Optimization of the structures of the
host—guest complexes, AOC1 and AOC2, showed that the
AO molecules were preorganized inside cage 1 in such a
manner that it facilitated the dimerization reaction to form P1.
The absence of such favorable preorganization inside cage 2
led to a different reaction pathway, where AO reacted with
oxygen (or the solvent H,O) to form P2. Through this, we
demonstrated a new form of divergent chemical trans-
formation, where the nature of the cavity and its host—guest
interactions (substrate preorganization and host—guest binding
preference) dictated the nature of the final product and
reaction pathways. We envision that this divergent synthesis
strategy can be used further in other macromolecular hosts
leading to the formation of more diverse molecules.
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