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ABSTRACT: We found that Pd(II) ion (M) and the smallest 120° bidentate donor pyrimidine (L,) self-assemble into a
mononuclear M(L,), complex (1a) instead of the expected smallest M;,(L,),, molecular ball (1), presumably due to the weak
coordination nature of the pyrimidine. To construct such a pyrimidine bridged nanoball, we employed a new donor tris(4-
(pyrimidin-S-yl)phenyl)amine (L); which upon selective complexation with Pd(II) ions resulted in the formation of a pregnant
M,,L,, molecular nanoball (2) consisting of a pyrimidine-bridged Pd,, baby-ball supported by a Pd,, larger mother-ball. The
formation of the baby-ball was not successful without the support of the mother-ball. Thus, we created an example of a self-
assembly where the inner baby-ball resembling to the predicted M;,(L,),, ball (1) was incarcerated by the giant outer mother-
ball by means of geometrical constraints. Facile conversion of the pregnant ball 2 to a smaller M;,(Ly),, ball 3 with dipyridyl

donor was achieved in a single step.

B INTRODUCTION

Inspired by the incredible emergence of precise assembly in
well-defined large structures of multiple proteins subunits,'
chemists have explored various creative approaches to prepare
polyhedral molecular architectures with specific Platonic and
Archimedean geometries having desired functions.” Careful
control over coordination interaction of exomultidentate
ligands with transition metal ions has been pursued with
special attention to fabricate several topologically similar
derivatives such as “cubes”’® “balls”,* and “spheres”5 with
structural resemblance to spherical virus capsids. Since the
vertices and edges of these architectures are occupied by metal
ions and organic ligands respectively, understanding the
underlying principles is crucial to effectively map a particular
structure by designing appropriate donor and acceptor units.®
However, due to relatively flexible and weak nature of the
coordination bond, sometimes other factors (e.g, template,7
solvents,® bent angle,” etc.) may influence the self-assembly
leading to unprecedented architectures. For example, Fujita and
co-workers have shown that slight change in ligand bent angle
can result into incommensurable difference in the final
structures; from cuboctahedron to rhombicuboctahedron.’
Therefore, a more precise understanding of the interplay of
these several effects is necessary for the preparation of desired
architectures by control self-assembly.
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On the other hand, supramolecular self-selection depends on
specific instructions like coordination environment of metal
ions,'” steric constraints,'' and geometrical complementarity'>
which are encoded in building components. This represents a
novel approach to build-up functionally integrated and
structurally organized supramolecular architectures from multi-
ple subunits. Moreover, lability of coordination interactions
allows reversible associations of the building units by
continuous exchange which is associated with error-checking
and thus often leads to the formation of predominant
thermodynamic product(s)."> Several external stimuli, like
solvent,"* pH'® and temperature,'® can sometimes also decide
the fate of certain recognition process. However, influence of
electronic properties of the subunits and entropic factor to
guide such self-selection process in complex mixture of
competing species has been investigated in limited number of
systems.”’18

Based on the previous results,'” the outcome of the self-
assembly of a square planar Pd(II) ion with any 120° bidentate
rigid donor (X) should be a Pd;,X,, cuboctahedral cage.
Pyrimidine (L,) is considered to be the shortest 120° bidentate
donor with two donor nitrogens separated by a single carbon
atom. Hence, self-assembly of pyrimidine (L,) with square
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planar naked Pd(II) should lead to the formation of smallest
M,,(L,),4 cuboctahedron (1) (Scheme 2). Herein, we report
the formation of a simple mononuclear M(L,), complex (1a)
by two-component self-assembly of Pd(II) ion (M) and
pyrimidine (L,) instead of anticipated M,(L,),, molecular
sphere (Scheme 2). Interestingly, an analogous spherical
pyrimidine bridged smallest cuboctahedron was possible to
form with the support of a larger cage employing a new donor
L (L = tris(4-(pyrimidin-5-yl)phenyl)amine) (Scheme 1). This

Scheme 1. Synthesis of Stellated M,,L,, Pregnant
Coordination Cage (2) by Two-Component Self-Assembly
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Scheme 2. Schematic Representation of the Formation of
M(L,), Mononuclear Complex (1a) Instead of Expected
M,,(L,),; Molecular Sphere (1) by Two-Component Self-
Assembly

expanded tripyrimidine donor led to the formation of a
pregnant M,,L,, molecular nanoball (2) upon simple treatment
with naked Pd(II) ions. To the best of our knowledge, this is
the first example where we show that formation of a baby-cage
M,,(L,),4 is possible only in the womb of an analogous larger
outer cage (mother-cage) which induces stability through
templation.

B RESULTS AND DISCUSSION

Synthesis and Characterization of 1a. Previously, Fujita
and colleagues pioneered the use of coordination interactions
to preorganize 24 bidentate bent pyridyl ligands (X) around 12
Pd(II) ions to prepare M;,X,, spherical discrete architectures.'®
Such type of coordination in structurally related simple 120°
donor, pyrimidine (L,) with Pd(II) ion should, in principle,
result in the formation of a small molecular ball M;,(L,),,
(Scheme 1). With this notion, we performed self-assembly of
Pd(II) ion with pyrimidine in 1:2 ratio in DMSO. Substantial
downfield shift was observed in the "H NMR of the isolated
product which is characteristic of coordination to metal. In
addition, four aromatic peaks in the proton NMR were
inconsistent with the symmetric ball formation (Figure S4).
Notably, diffusion-ordered NMR spectroscopy (DOSY)
showed a clear single band at D = 1.3 X 107'° m*/s (logD =
—9.89), which is higher as compared to that previously reported
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for M, X, type cuboctahedron (Figure S4). Finally, appearance
of prominent peaks at m/z = 488.2 [1a — NO;™]'* and 213.5
[1a — 2NO; ]*" in ESI-MS analysis apparently indicated the
formation of [1 + 4] self-assembled product. Finally, the single-
crystal X-ray study affirmed that the solid-state structure of la
to be consistent with the structure proposed based on solution
phase NMR and ESI-MS analyses (Figure 3). Diffraction
quality block-shaped yellow single-crystals were obtained by
slow vapor diffusion of acetone into the concentrated DMSO
solution of the assembly.

Structural refinements revealed that complex la crystallized
in triclinic system with PT space group. It has C,, point group
symmetry. The asymmetric unit consists of one palladium and
four pyrimidine units, and the average Pd—N bond length is in
the range of 2.02—2.03 A. One of the coordination sites of
pyrimidine participates in complexation to form M(L,),
complex leaving other site uncoordinated.

To obtain quantitative insight into the energitics of the
reactions, we performed theoretical calculations. Although,
solvent effects and electrostatic interactions play essential roles
in the stability of the self-assembled products, it is very difficult
to estimate the energitics of the reaction process by taking
account these factors. Therefore, to compare the heat of
reactions, a compromise was made by estimating the energy
diferences between the products and reactants. The energy of
the involved components were optimized through DFT
(B3LYP) calculations (Figure S7). In both cases, the calculated
heat of reactions were found to be positive, indicating
significant contribution from solvent effects and electrostatic
interactions in the product formations. The calculation predicts
that the formation cuboctahedron (1) is more energy
demanding (11 923.4 kcal/mol) as compared to the mono-
nuclear complex (1a) (232.7 kcal/mol). In other words, each
Pd center in complex la gains an extra —760.9 kcal/mol
stability (Scheme S2). So, the formation of the M;,(L,),, ball
was energitically unfavored.

Self-Templation. The ability of a template to induce
stability in an otherwise unstable molecule has many interesting
consequences. For instance, the formation of dynamic library of
coordination complexes in the presence of appropriate anionic
template has been reported earlier.” We, therefore, speculated
that the synthesis of such pyrimidine bridged small nanoball
might be possible by stabilizing it through templation effects.
To verify the feasibility of our approach, we first designed and
synthesized a new exohexadentate ligand L comprising
triphenylamine core in 87% vyield by Suzuki coupling of
tris(4-bromophenyl)amine and pyrimidine-S-boronic acid at 85
°C (Scheme S1). The hexadentate ligand was characterized by
various spectroscopic techniques (Figures 2 and S1—S3). The
ligand is almost coplanar and both the ligand and metal ions
have divergent coordination modes. It is therefore expected to
generate polymeric product if all aromatic nitrogen ligate to
naked Pd(Il) ion. However, complexation of L with Pd(NO;),
in 1:1 molar ratio in DMSO resulted a clear yellow solution.
Our first impression was that the reaction led to the formation
of a discrete complex instead of polymeric product. Since,
Pd(NO;), has divergent coordination sites, the structural
convergence is only possible if the ligand uses A and B sites for
coordination leaving C site uncomplexed (Figure 1) to result in
a complex structure. On the other hand, coordination
interaction of C site with Pd(NO;), can lead to the formation
of “paddle wheel”™® structure (Pd,L,) where A and B sites
(Figure 1) remain uncoordinated. The product was isolated as
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Figure 1. Different coordination sites of the donors.

yellow precipitate by triturating the reaction mixture with
excess amount of cold acetone. Noticeable downfield shifts
particularly for pyrimidine rings were observed in the proton
NMR signals which were quite broad at room temperature.
This was ascribed to the slower tumbling motion of very large
assembly as compared to NMR time scale (Figure 2). The
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Figure 2. Partial "H NMR spectra of the ligand L (top) recorded in
CDCl; and M,L,, pregnant molecular nanoball (2) (bottom)
recorded in DMSO-d;.

magnetically nonequivalent pyrimidine rings in each ligand (L)
displayed two sets of peaks, as observed in 'H NMR spectra.
Furthermore, a clear single band was encountered in DOSY
NMR spectra at D = 7.8 X 107! m*/s (log D = —10.11) which
is much smaller than that of free ligand D = 1.1 X 10~ m?/s
(logD —8.96) (Figure SS), apparently indicating the
formation of much larger structure. Due to the high molecular
weight and relatively weak Pd—N bonds, mass analysis of the
complex was extremely difficult. Nevertheless, after optimizing
the condition, ESI-MS analysis showed a prominent peak at m/
z = 1357.1 presumably due to the [2 — 12NO;7]"** fragment
(Figure S6).

Structural conformation of the double layered M,,L,,
stellated assembly (2) was subsequently obtained by X-ray
crystallographic analysis where selective coordination was
observed at sites A and B, while sites C remained
uncoordinated (Figure 3). Complex 2 crystallized in tetragonal
system with space group I4/m. It possesses approximate T,
point symmetry. Three Pd(II) ions and four ligands are present
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Figure 3. X-ray structure of the complexes 2 (left) and 1a (bottom)
and stripped down version of the structure 2 defining cuboctahedral
framework (right). (Color codes: Pd = yellow, N = blue, C = red, gray,
and sky blue.) Hydrogen atoms and counteranions are omitted for

clarity.

in the asymmetric unit. Both cuboctahedral frameworks (inner
and outer) consist of six square and eight triangular windows.
Twelve clipping Pd(II) ions are, in fact, connected by one of
the coordination sites of the extended arms of pyrimidine to
form stellated complex 2. The framework contains void space
with the separation between most distant Pd(II) ions is about
36.10 A. It also has six square and eight triangular concave
surfaces with the diameter of the inscribed circles being about
18.01 and S.61 A, respectively, which suggested that the
architecture could potentially act as different functional
domains. More importantly, the outer ball acts as a template
and induces stability to the inner ball, which is an analogue of 1.
The pyrimidine bridged inner baby-ball was not formed at all
when Pd(II) was separately treated with free pyrimidine.
Formation of this baby-ball was only possible in the presence of
the support of the larger mother ball formed by the
coordination sites B of L (Figure 1). Thus, the overall structure
of the final architecture can be considered as “pregnant
molecular nanoball” with a Pd;, baby-ball in the womb of a
Pd,, mother-ball.

Self-Selection. Although pyridyl donors are widely
employed to build coordination cages, pyrimidine-based donors
are important owing to their versatile coordination behavior
despite their weaker donating ability. We envisaged that this
kind of electronic information can determine the outcome of
selection process involving mixture of pyrimidine- and pyridine-
based competing components. To investigate this, we
performed a competitive experiment by subjecting a mixture
of 1,3-dipyridylbenzene (L) and pyrimidine-based donors (L)
to interact with acceptor Pd(II) ions (M) in 2:1:1 ratio in
DMSO at 60 °C (Scheme S4). The low ligand strength of
pyrimidine allows the acceptor M to selectively bind with Ly, to
form molecular M,,(Ly),, ball (3),'** leaving L unreacted, as
evidenced by the 'H NMR spectra of the isolated product
(Figure S8). To further establish the self-recognition process,
we performed cage-to-cage conversion experiment by adding Ly,
in an incremental fashion into the solution of 2 at 60 °C
(Scheme 3). Accordingly, the product was precipitated out and
the progress of the reaction was monitored by 'H NMR
spectroscopy. Analysis of proton signals depicted that gradual
addition of Ly led to the depletion of broad peaks
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Scheme 3. Conversion of Pregnant Molecular Nanoball (2) to Preferred Nanoball (3) Containing Pyridyl Donor with the

Addition of Appropriate Ligand (L;)
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corresponding to 2, followed by the simultaneous appearance
of a band of peaks ascribed to the mixture of 3 and L. A
complete disappearance of broad proton signal at 10.01 ppm
upon 100% addition of L;, confirmed that the pregnant nanoball
2 fully transformed into spherical complex 3 as a preferred
product and L remained uncoordinated in solution (Figure S9).
Thus, the preferred constituents self-organized to form the
thermodynamically most stable product even though both
pyrimidine and pyridine donors were present in the reaction
mixture. Such self-selection and cage-to-cage transformation are
presumably governed by higher donating ability of pyridine as
well as entropic factor of the assembly process.

B CONCLUSIONS

In summary, to investigate the versatility of 120° ditopic donors
on square planar Pd(Il), we employed simple pyrimidine (L,)
as smallest 120° donor with Pd(Il). Surprisingly, such self-
assembly of Pd(NO,), and pyrimidine (L,) led to the
formation of a mononuclear Pd(L,), complex instead of
expected Pd;,(L,),, molecular ball, presumably due to weak
coordination ability of free pyrimidine. To circumvent this
problem, we have converted pyrimidine to an expanded new
tripyrimidine donor L. Self-assembly of L with square planar
Pd(1I) yielded a very large pregnant molecular nanoball Pd,,L,,
consisting of pyrimidine-bridged Pd,, baby-ball supported by
an outer Pd,, larger mother-ball. The smaller Pd;, nanoball
bridged by pyrimidine was not formed when Pd(II) was treated
with pyrimidine alone. The existence of such Pd;, baby-
nanoball was realized only inside an analogous larger Pd,, ball.
The present results establish the role of supporting large
structure in stabilizing analogous smaller structure by self-
templation. Finally, the weak coordination ability of the
pyrimidine moiety was utilized for self-selection and cage-to-
cage transformation by converting the pregnant Pd,, nanoball
(2) to a relatively smaller Pd,, nanoball (3) in a facile manner.
The strategy used here for the synthesis of double-shell
superstructure establishes new guidelines for the creation of
novel complex architectures.

B EXPERIMENTAL SECTION

General Procedures. All the chemicals were purchased from
commercial sources and used without further purification. Tris(4-
bromophenyl)amine and cage 3 were synthesized following the
reported procedure.”’ The NMR spectra were recorded on Bruker 400

9500

MHz instrument. The chemical shifts (5) in the "H NMR spectra are
accounted in ppm relative to tetramethylsilane (Me,Si) as internal
standard (0.0 ppm) or proton resonance resulting from incomplete
deuteration of the solvent (CDj3),SO at (2.51 ppm) and CDCl; (7.26
ppm). Electrospray ionization mass spectrometry (ESI-MS) experi-
ments were carried out in Bruker Daltonics (Esquire 300 Plus ESI
model) using standard spectroscopic grade solvents acetonitrile and
methanol. Elemental analyses (C, H, N) were performed using a
PerkinElmer 240C elemental analyzer. IR spectra were recorded on a
Bruker ALPHA FT-IR spectrometer.

Synthesis of Tris(4-(pyrimidin-5-yl)phenyl)amine (L). A mixture of
tris(4-bromophenyl)amine (500.0 mg, 1.04 mmol), pyrimidine-S-
boronic acid (578.0 mg, 4.66 mmol), Pd(PPh;), (59.5 mg, 5.0 mol %),
and K,CO; (1.38 g, 10.0 mmol) was taken in SO mL of THF and water
(5:1) mixture and refluxed under the nitrogen atmosphere. After 48 h,
the reaction mixture was extracted with chloroform and the product
was purified by column chromatography. Isolated yield: 60%. Anal.
caled for (activated sample) CyH, N;: C, 75.14; H, 4.41; N, 20.4S.
Found: C, 74.78; H, 4.79; N, 20.42. IR: v (cm™") = 3028, 1596, 1547,
1270, 830, 723, 556. 'H NMR (400 MHz, CDCL;): § = 9.20 (s, 3H),
8.96 (s, 6H), 7.55 (d, 6H), 7.31 (d, 6H). *C NMR (100 MHz,
CDCL,): § = 157.38, 154.64, 147.82, 133.71, 129.39, 128.25, 125.17.
HRMS caled for C;H, N,H [M + H]* m/z = 480.1937, found
480.1911.

General Procedure for the Synthesis of Complexes 1a and 2.
A DMSO solution (2 mL) of Pd(NO,), was added to the individual
solid ligand (L,/L), and the reaction mixture was stirred at 60 °C.
After 12 h, product (1a/2) was obtained with the addition of excess
amount of ethyl acetate.

Synthesis of Complex 1a. DMSO solution of Pd(NOj;), (10.0 mg,
0.043 mmol) was added into pyrimidine (L,) (6.9 mg, 0.086 mmol).
Isolated yield: 45%. Anal. calcd for (activated sample)
C,H N, OgPd: C, 34.89; H, 2.93; N, 25.43. Found: C, 35.31; H,
3.02; N, 26.24. IR: v (em™) = 3065, 1595, 1311, 926, 697, 640. 'H
NMR (400 MHz, (CD;),SO): § = 9.77 (s, 1H), 9.34 (d, 1H), 8.96 (d,
1H), 7.81 (t, 1H). ESI-MS (m/z) = 4882 [1a — NO, 1" and 213.5
[1a — 2NO,;7]*.

Synthesis of Complex 2. Ligand L (20.8 mg, 0.043 mmol) was
added to the DMSO solution of Pd(NO;), (10.0 mg, 0.043 mmol).
Yield: 90%. Anal. calcd for (activated sample) Cy0Hs04N5160144Pds:
C, 50.75; H, 2.98; N, 17.76. Found: C, 51.17; H, 3.31; N, 18.43. IR: »
(em™) = 3074, 2159, 1594, 1506, 1266, 827, 702, 560. "H NMR (400
MHz, (CD5),S0): & = 10.01 (bs, 144H), 9.19 (bs, 72H), 7.81 (bd,
144H), 7.27 (bd, 144H). ESI-MS (m/z) = 1357.1 [2 — 12NO,"]."

Self-Recognition Experiment (M + L, + L). A DMSO solution (1
mL) of Pd(NO;), (5.0 mg, 0.022 mmol) was added to the solid
mixture of L, (10.1 mg, 0.043 mmol) and L (10.4 mg, 0.022 mmol).
The resulting mixture was stirred at 60 °C for 12 h, and the product
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was obtained by the addition of ethyl acetate to the reaction mixture.
Preferential binding with appropriate ligand was investigated by 'H
NMR spectroscopy.

Cage-to-Cage Transformation. Ligand L;, (9.8 mg, 0.042 mmol)
was added gradually to the DMSO solution (1 mL) of cage 2 (15.0
mg, 0.0009 mmol) with subsequent stirring at room temperature for
20 min, and the reaction was monitored by '"H NMR spectroscopy.
After 100% addition, the reaction mixture was kept for stirring at 60
°C for 6 h. Finally, the product was purified by triturating with excess
amount of ethyl acetate.

X-ray Data Collection and Structure Refinements. The
diffraction data of la was accumulated on a Bruker SMART APEX
CCD diffractometer and complex 2 with synchrotron radiation. Data
reduction was performed by using the SMART/SAINT software.”*
Intensity data were collected using graphite-monochromatic Mo Ka
radiation (0.7107 A) at 100 K on a crystal as obtained after several
attempts. The structures were solved by direct methods using SHELX-
2013 incorporated in WinGX.>*~>® Empirical absorption corrections
were applied with SADABS.>” All non-hydrogen atoms were refined
with anisotropic displacement coeflicients. Hydrogen atoms were
assigned isotropic displacement coefficients, U(H) = 1.2U(C) or 1.5U
(C-methyl), and their coordinates were allowed to ride on their
respective carbons. The quality of the obtained X-ray data was poor
due to the presence of severely disordered solvent molecules and
counteranions. Therefore, for complexes 2, refinement was carried out
constraining a few bond distances fixed using DFIX command and
final refinement was performed with the modification of the structure
factors for the electron densities of the solvent molecules and
counteranions using SQUEEZE option of PLATON.”

Crystal Data for 1a. C,H,(N;,O¢Pd; M, = 550.79, triclinic PT, a =
7.9119(7) A, b = 10.6627(9) A, ¢ = 12.1631(10) A, a = 84.422(2)°, B
= 85.326(2)°, y = 88.627(2)°, V = 1017.72(15) A3, Z = 2, Mo Ka
radiation (4 = 0.71073 A), T = 100(2) K, R1 = 0.0384, wR2 = 0.1136
(I >26(D)).

Crystal Data for 2. C,H;306Np160577Pdyy, M, = 2477494,
tetragonal I4/m, a = 36.935(5) A, b = 36.935(5) A, ¢ = 53.156(11)
A a=90° f=90° y = 90° V = 72515(25) A3, Z = 2, Mo Ka
radiation (4 = 0.71073 A), T = 100(2) K, R1 = 0.0869, wR2 = 0.2698
(I >20(D)).

Computational Methods. Full geometry optimizations were
performed employing the Gaussian 09 package.”® The hybrid B3LYP
functional has been utilized in all calculations as implemented in the
Gaussian 09 package, mixing the exact Hartree—Fock-tyge exchange
with Becke’s expression for the exchange functional® and that
proposed by Lee—Yang—Parr for the correlation contribution.*® The
LANL2DZ basis set was utilized for all of the calculations.

B ASSOCIATED CONTENT
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Characterization data (NMR, FTIR, ESI-MS) of the complexes.
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.5b06628.

B AUTHOR INFORMATION

Corresponding Author

*psm@ipc.iisc.ernet.in

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

P.S.M. is grateful to DST-New Delhi, India for financial support
as Swarnajayanti Fellowship grant. Authors sincerely thank
Prof. E. Zangrando for giving efforts for X-ray data collection of
2. D.S. is grateful to Mr. Prodip Howlader and Dr. Debasish
Manna for helpful discussion on theoretical calculations.

9501

B REFERENCES

(1) (2) Umena, Y.; Kawakami, K; Shen, J. R;; Kamiya, N. Nature
2011, 473, S5. (b) Friend, S. H,; Matthew, J. B; Gurd, F. R. N.
Biochemistry 1981, 20, 580. (c) Fornasari, M. S.; Laplagne, D. A;
Frankel, N.; Cauerhff, A. A.; Goldbaum, F. A.; Echave, J. Mol. Biol.
Evol. 2004, 21, 97—107.

(2) (a) Caulder, D. L.; Raymond, K. N. Acc. Chem. Res. 1999, 32, 975.
(b) Wyler, R;; de Mendoza, J.; Rebek, J., Jr. Angew. Chem. 1993, 105,
1820. (c) Gibb, C. L. D.; Gibb, B. C. J. Am. Chem. Soc. 2004, 126,
11408. (d) Kaanumalle, L. S; Gibb, C. L. D,; Gibb, B. C;
Ramamurthy, V. J. Am. Chem. Soc. 2004, 126, 14366. (e) Chakrabarty,
R; Mukherjee, P. S,; Stang, P. J. Chem. Rev. 2011, 111, 6810.
(f) Vriezema, D. M.; Comellas Aragonés, M. C.; Elemans, J. A. A. W,;
Cornelissen, J. J. L. M.; Rowan, A. E;; Nolte, R. J. M. Chem. Rev. 2005,
10S, 1445S. (g) Fujita, M.; Tominaga, M.; Hori, A.; Therrien, B. Acc.
Chem. Res. 2005, 38, 369. (h) Lehn, J.-M. Supramolecular Chemistry:
Concepts and Perspectives; VCH: Weinheim, Germany, 1995. (i) Lehn,
J.-M. Science 2002, 295, 2400. (i) Saha, M. L.; Mittal, N.; Bats, J. W.;
Schmittel, M. Chem. Commun. 2014, 50, 12189. (j) Weilandt, T.; Low,
N. L; Schnakenburg, G.; Daniels, J.; Nieger, M.; Schalley, C. A;
Liitzen, A. Chem. - Eur. J. 2012, 18, 16665. (k) Weilandt, T.; Kiehne,
U,; Schnakenburg, G.; Liitzen, A. Chem. Commun. 2009, 2320.
(1) Chen, K; Shu, Q.; Schmittel, M. Chem. Soc. Rev. 2015, 44, 136.
(m) Toh, N. L.; Nagarathinam, M.; Vittal, J. J. Angew. Chem., Int. Ed.
2005, 44, 2237.

(3) (a) Suzuki, K; Tominaga, M.,; Kawano, M.; Fujita, M. Chem.
Commun. 2009, 1638. (b) Hong, M.; Zhao, Y.; Su, W.; Cao, R.; Fujita,
M.; Zhou, Z.; Chan, A. S. C. J. Am. Chem. Soc. 2000, 122, 4819.
(c) Ronson, T. K;; Fisher, ].; Harding, L. P.; Rizkallah, P. ].; Warren, J.
E.; Hardie, M. J. Nat. Chem. 2009, 1, 212.

(4) (a) Duriska, M. B; Neville, S. M; Ly, J.; Iremonger, S. S.; Boas, J.
F.; Kepert, C. J.; Batten, S. R. Angew. Chem,, Int. Ed. 2009, 48, 8919.
(b) Duriska, M. B,; Neville, S. M.; Moubaraki, B.; Cashion, J. D.;
Halder, G. J,; Chapman, K. W,; Balde, C.; Létard, J.; Murray, K. S,;
Kepert, C. J; Batten, S. R. Angew. Chem., Int. Ed. 2009, 48, 2549.

(S) (a) Moon, D.; Kang, S.; Park, J.; Lee, K; John, R. P.; Won, H;
Seong, G. H;; Kim, Y. S,; Kim, G. H.; Rhee, H;; Lah, M. S. J. Am.
Chem. Soc. 2006, 128, 3530. (b) Samanta, D.; Mukherjee, P. S. Chem. -
Eur. J. 2014, 20, 12483,

(6) (a) Sun, Q.-F.; Sato, S.; Fujita, M. Nat. Chem. 2012, 4, 330.
(b) Nitschke, J. R. Acc. Chem. Res. 2007, 40, 103. (c) Wiester, M. J.;
Ulmann, P. A.; Mirkin, C. A. Angew. Chem. 2011, 123, 118. (d) Cook,
T. R; Stang, P. J. Chem. Rev. 2015, DOI: 10.1021/cr5005666.
(e) Cook, T. R; Zheng, Y.-R; Stang, P. J. Chem. Rev. 2013, 113, 734.
(f) Fujita, M. Acc. Chem. Res. 1999, 32, S3. (g) Ronson, T. K,; Zarra,
S,; Black, S. P.; Nitschke, J. R. Chem. Commun. 2013, 49, 2476.
(h) Vajpayee, V.; Song, Y. H,; Cook, T. R;; Kim, H.; Lee, Y.; Stang, P.
J;; Chi, K-W. J. Am. Chem. Soc. 2011, 133, 19646. (i) Leininger, S.;
Olenyuk, B; Stang, P. J. Chem. Rev. 2000, 100, 853. (j) Stang, P. J.;
Olenyuk, B. Acc. Chem. Res. 1997, 30, 502. (k) Seidel, S. R.; Stang, P. J.
Acc. Chem. Res. 2002, 35, 972.

(7) Riddell, I. A.; Hristova, Y. R;; Clegg, J. K;; Wood, C. S.; Breiner,
B.; Nitschke, J. R. J. Am. Chem. Soc. 2013, 135, 2723.

(8) (a) Suzuki, K; Kawano, M.; Fujita, M. Angew. Chem., Int. Ed.
2007, 46, 2819. (b) Zarra, S.; Clegg, J. K; Nitschke, J. R. Angew.
Chem., Int. Ed. 2013, 52, 4837.

(9) Sun, Q.-F.; Iwasa, J.; Ogawa, D.; Ishido, Y.; Sato, S.; Ozeki, T.;
Sei, Y,; Yamaguchi, K.; Fujita, M. Science 2010, 328, 1144.

(10) (a) Lehn, J.-M.; Eliseev, A. V. Science 2001, 291, 2331.
(b) Kramer, R;; Lehn, J.-M.; Marquisrigault, A. Proc. Natl. Acad. Sci. U.
S. A. 1993, 90, 5394.

(11) (a) Ma, Y.; Kolotuchin, S. V.; Zimmerman, S. C. J. Am. Chem.
Soc. 2002, 124, 13757. (b) Zhang, C.; Li, S.; Zhang, J.; Zhu, K; Li, N;
Huang, F. Org. Lett. 2007, 9, 5553.

(12) (a) Pérez, E. M.; Martin, N. Chem. Soc. Rev. 2008, 37, 1512.
(b) Grimme, S. Angew. Chem., Int. Ed. 2008, 47, 3430.

(13) (a) Wu, A; Isaacs, L. J. Am. Chem. Soc. 2003, 125, 4831.
(b) Acharyya, K; Mukherjee, S.; Mukherjee, P. S. J. Am. Chem. Soc.
2013, 135, 554. (c) Wang, W.; Zhang, Y.; Sun, B.; Chen, L.-J.; Xu, X.-

DOI: 10.1021/jacs.5b06628
J. Am. Chem. Soc. 2015, 137, 9497—-9502


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.5b06628
mailto:psm@ipc.iisc.ernet.in
http://dx.doi.org/10.1038/nature09913
http://dx.doi.org/10.1021/bi00506a021
http://dx.doi.org/10.1021/bi00506a021
http://dx.doi.org/10.1093/molbev/msg244
http://dx.doi.org/10.1021/ar970224v
http://dx.doi.org/10.1021/ar970224v
http://dx.doi.org/10.1002/ange.19931051229
http://dx.doi.org/10.1021/ja0475611
http://dx.doi.org/10.1021/ja0450197
http://dx.doi.org/10.1021/cr200077m
http://dx.doi.org/10.1021/cr200077m
http://dx.doi.org/10.1021/cr200077m
http://dx.doi.org/10.1021/cr0300688
http://dx.doi.org/10.1021/ar040153h
http://dx.doi.org/10.1021/ar040153h
http://dx.doi.org/10.1126/science.1071063
http://dx.doi.org/10.1039/C4CC05465B
http://dx.doi.org/10.1039/C4CC05465B
http://dx.doi.org/10.1002/chem.201202771
http://dx.doi.org/10.1039/b819335e
http://dx.doi.org/10.1039/C4CS00263F
http://dx.doi.org/10.1039/C4CS00263F
http://dx.doi.org/10.1002/anie.200462673
http://dx.doi.org/10.1039/b822311d
http://dx.doi.org/10.1021/ja000247w
http://dx.doi.org/10.1021/ja000247w
http://dx.doi.org/10.1038/nchem.213
http://dx.doi.org/10.1002/anie.200903863
http://dx.doi.org/10.1002/anie.200903863
http://dx.doi.org/10.1002/anie.200903863
http://dx.doi.org/10.1002/anie.200805178
http://dx.doi.org/10.1021/ja060051h
http://dx.doi.org/10.1002/chem.201402553
http://dx.doi.org/10.1038/nchem.1285
http://dx.doi.org/10.1021/ar068185n
http://dx.doi.org/10.1002/ange.201000380
http://dx.doi.org/10.1021/cr5005666
http://dx.doi.org/10.1021/cr3002824
http://dx.doi.org/10.1021/ar9701068
http://dx.doi.org/10.1039/c2cc36363a
http://dx.doi.org/10.1039/c2cc36363a
http://dx.doi.org/10.1021/ja208495u
http://dx.doi.org/10.1021/cr9601324
http://dx.doi.org/10.1021/ar9602011
http://dx.doi.org/10.1021/ar010142d
http://dx.doi.org/10.1021/ja311285b
http://dx.doi.org/10.1002/anie.200605084
http://dx.doi.org/10.1002/anie.201209694
http://dx.doi.org/10.1126/science.1188605
http://dx.doi.org/10.1126/science.1060066
http://dx.doi.org/10.1126/science.1060066
http://dx.doi.org/10.1073/pnas.90.12.5394
http://dx.doi.org/10.1021/ja0202006
http://dx.doi.org/10.1021/ol702510c
http://dx.doi.org/10.1039/b802589b
http://dx.doi.org/10.1002/anie.200705157
http://dx.doi.org/10.1021/ja028913b
http://dx.doi.org/10.1021/ja028913b
http://dx.doi.org/10.1021/ja310083p
http://dx.doi.org/10.1021/jacs.5b06628

Journal of the American Chemical Society

D.; Wang, M,; Li, X;; Yu, Y,; Jiang, W.; Yang, H.-B. Chem. Sci. 2014, S,
4554. (d) Safont-Sempere, M. M.; Fernandez, G.; Wurthner, F. Chem.
Rev. 2011, 111, 5784. (e) Brusilowskij, B.; Dzyuba, E. V.; Troff, R. W,;
Schalley, C. A. Chem. Commun. 2011, 47, 1830. (f) Sarma, R. J;
Nitschke, J. R. Angew. Chem., Int. Ed. 2008, 47, 377. (g) Granzhan, A,;
Schouwey, C.; Riis-Johannessen, T.; Scopelliti, R;; Severin, K. J. Am.
Chem. Soc. 2011, 133, 7106.

(14) Kuehl, C. J.; Huang, S. D.; Stang, P. J. J. Am. Chem. Soc. 2001,
123, 9634.

(15) Mukhopadhyay, P.; Wu, A,; Isaacs, L. J. Org. Chem. 2004, 69,
6157.

(16) Addicott, C.; Das, N.; Stang, P. J. Inorg. Chem. 2004, 43, 5335.

(17) (a) Yoshizawa, M.; Nagao, M; Kumazawa, K; Fujita, M. J.
Organomet. Chem. 2005, 690, 5383. (b) Zhao, L.; Northrop, B. H;
Zheng, Y. R;; Yang, H. B,; Lee, H. J; Lee, Y. M; Park, J. Y.; Chi, K-W,;
Stang, P. J. J. Org. Chem. 2008, 73, 6580.

(18) (a) Sun, B; Wang, M,; Lou, Z.; Huang, M.; Xu, C; Li, X; Chen,
L-J; Yu, Y,; Davis, G. L,; Xu, B.; Yang, H.-B,; Li, X. J. Am. Chem. Soc.
2018, 137, 1556. (b) Sun, Q.-F.; Murase, T.; Sato, S.; Fujita, M. Angew.
Chem., Int. Ed. 2011, 50, 10318.

(19) (a) Tominaga, M.; Suzuki, K; Kawano, M.; Kusukawa, T.;
Ozeki, T.; Sakamoto, S.; Yamaguchi, K; Fujita, M. Angew. Chem., Int.
Ed. 2004, 43, 5621. (b) Fujita, D.; Takahashi, A.; Sato, S.; Fujita, M. J.
Am. Chem. Soc. 2011, 133, 13317.

(20) (a) McMorran, D. A; Steel, P. J. Angew. Chem,, Int. Ed. 1998,
37, 3295. (b) Chand, D. K; Biradha, K; Fujita, M. Chem. Commun.
2001, 1652. (c) Han, M.; Engelhard, D. M.; Clever, G. H. Chem. Soc.
Rev. 2014, 43, 1848. (d) Samanta, D.; Mukherjee, P. S. Chem. - Eur. J.
2014, 20, 12483.

(21) (a) Sahu, D; Tsai, C.-H.; Wei, H-Y,; Ho, K.-C.; Chang, F.-C;
Chu, C.-W. J. Mater. Chem. 2012, 22, 794S. (b) Tominaga, M.; Suzuki,
K.; Kawano, M.; Kusukawa, T.; Ozeki, T.; Sakamoto, S.; Yamaguchi,
K; Fujita, M. Angew. Chem., Int. Ed. 2004, 43, 5621.

(22) SMART/SAINT; Bruker AXS, Inc.: Madison, WI, 2004.

(23) Sheldrick, G. M. Acta Crystallogr, Sect. A: Found. Crystallogr.
2008, 64, 112.

(24) Farrugia, L. J. WinGX: An Integrated System of Windows Programs
for the Solution, Refinement and Analysis for Single Crystal X-ray
Diffraction Data, version 1.65.04; Department of Chemistry: University
of Glasgow, 2003. Farrugia, L. J. ]. Appl. Crystallogr. 1999, 32, 837.

(25) Sheldrick, G. M. SADABS, Bruker Nonius Area Detector Scaling
and Absorption Correction, version 2.05; University of Gottingen:
Gottingen, Germany, 1999.

(26) Farrugia, L. J. J. Appl. Crystallogr. 1997, 30, S6S.

(27) Spek, A. K. Acta Crystallogr,, Sect. D: Biol. Crystallogr. 2009, D6S,
148.

(28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A; Cheeseman, J. R; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M,; Li, X.; Hratchian, H.
P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M;
Ehara, M.; Toyota, K,; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y,; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A, Jr.;
Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin,
K. N,; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K;;
Rendell, A; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega,
N.; Millam, J. M.; Klene, M,; Knox, J. E; Cross, J. B.; Bakken, V;
Adamo, C; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev,
Austin, A. J.; Cammi, R;; Pomelli, C.; Ochterski, J. W.; Martin, R. L,;
Morokuma, K.; Zakrzewski, V. G.; Voth, G. A, Salvador, P,
Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.;
Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09,
Revision A.02, Gaussian, Inc.: Wallingford CT, 2009.

(29) Becke, A. D. Phys. Rev. A: At, Mol, Opt. Phys. 1988, 38, 3098.

(30) Lee, C; Yang, W.; Parr, R. W. Phys. Rev. B: Condens. Matter
Mater. Phys. 1988, 37, 785.

9502

DOI: 10.1021/jacs.5b06628
J. Am. Chem. Soc. 2015, 137, 9497—-9502


http://dx.doi.org/10.1021/ja310083p
http://dx.doi.org/10.1039/C4SC01550A
http://dx.doi.org/10.1021/cr100357h
http://dx.doi.org/10.1039/C0CC04476H
http://dx.doi.org/10.1002/anie.200703877
http://dx.doi.org/10.1002/anie.200703877
http://dx.doi.org/10.1021/ja200580x
http://dx.doi.org/10.1021/ja0114355
http://dx.doi.org/10.1021/jo049976a
http://dx.doi.org/10.1021/ic049326p
http://dx.doi.org/10.1016/j.jorganchem.2005.06.022
http://dx.doi.org/10.1016/j.jorganchem.2005.06.022
http://dx.doi.org/10.1021/jo800957r
http://dx.doi.org/10.1021/ja511443p
http://dx.doi.org/10.1002/anie.201104670
http://dx.doi.org/10.1002/anie.200461422
http://dx.doi.org/10.1021/ja2059236
http://dx.doi.org/10.1002/(SICI)1521-3773(19981217)37:23<3295::AID-ANIE3295>3.0.CO;2-5
http://dx.doi.org/10.1039/b104853h
http://dx.doi.org/10.1039/c3cs60473j
http://dx.doi.org/10.1002/chem.201402553
http://dx.doi.org/10.1039/c2jm16760c
http://dx.doi.org/10.1039/c2jm16760c
http://dx.doi.org/10.1002/anie.200461422
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0021889899006020
http://dx.doi.org/10.1107/S0021889897003117
http://dx.doi.org/10.1107/S090744490804362X
http://dx.doi.org/10.1103/PhysRevA.38.3098
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1021/jacs.5b06628

