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positions, as in 2-4, or without a coordinating nitrogen, as in 1 (Fig. 1). For polydentate 3 and 4, the
location of the nitrogen was revealed to have an effect on directing the basket’s coordination to Ag(I)
cation, and subsequent folding to enclose space. The folded geometries were shown to encompass
a helical, Ag(I):3, or Cs3y/Cay symmetrical, Ag(I):4, dynamic arrangement of the gates (from density

functional theory). For 2 and 1, however, the presence of Ag(I) caused the sole formation of oligomers and
Molecular baskets e . . . . . 3 1 19
Host-guest chemistry the absence of comdmatlr}g mteractlgns, Fespectlyely. Variable tempe.ratme .(V"l.') H and “F NMR
Encapsulation measurements of Ag(I):3 did not provide direct evidence for the solvation of its inner space and the
Silver(I) coordination encapsulation of the BF4— counterion. Moreover, CH3CN or CH3NC substrates were not found inside of
Ag(1):3. The finding is in contrast with the behavior of Cu(I):3, which is known to encapsulate these
guests. The intriguing guest selectivity was accounted for by small structural and electronic differences of
Ag(I)/Cu(l) folded baskets. The X-ray solid-state structural studies of 2, 3, and 4 revealed the basket’s
capacity to fill its inner space with small compounds. Thus, 3 was found with an ordered molecule of
chloroform, while 4 contained molecules of CH30H and H,O. The basket selectivity for enclosing and
positioning guests, in the solid state, was deduced to be guided by their size and weak host-guest and
guest-guest noncovalent interactions.
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1. Introduction propensity of four molecular baskets 1-4, to coordinate Ag(I) cation
(Fig. 1). Moreover, we describe the folding behavior of such hosts
The design of dynamic receptors! and the study of their oper- and their ability to encapsulate guests in solution and the solid

ational mechanisms? have been of a considerable interest in recent state. The presented study will expand our knowledge of molecular
years.? These endeavors are inspired by nature where biological trafficking and translocation in complex chemical environments.

molecules mediate a synchronous formation and cleavage of co-
valent bonds via directed chemical processes. Our approach in
designing functional abiotic receptors has involved the preparation
and mechanistic studies of a family of molecular baskets,® con-
taining a semi-rigid and curved C3, symmetrical tris-norborna-
diene framework (Scheme 1 and Fig. 1). Three aromatic rings,
incorporating transition metal chelating®® or hydrogen-bonding
sites,”? are installed at the rim to act as folding appendages that
form a ‘dynamic’ inner space. Importantly, the process by which the
guest(s) is(are) encapsulated and trafficked to and from the basket
have been revealed to be a function of the host’s ‘elasticity’ and
metal-to-ligand coordination.” In this study we elaborate on the

2. Results and discussion
The preparation of baskets 1 and 3 was reported earlier.”®
Compounds 2 and 4 were obtained in a reaction of tris-anhydride
5°24 with 2- and 4-(aminomethyl)pyridine, respectively (Scheme
1). In particular, basket 2 was obtained (67% yield) by condensation
of the reactants in refluxing toluene. The synthesis of 4, however,
required a more polar solvent (acetic acid, 50% yield). Evidently, the
condensation of tris-anhydride 5 with various amines is, in the
given multivalent setting, a function of the solvent properties
(acidity, polarity, etc.) and, in some cases, the presence of external
pyridine.® Indeed, the mechanism for the imide formation,® and in
particular the cyclization of the intermediate amic acid, has been
* Corresponding author. shown to depend on the medium acidity. This, to a degree, explains
E-mail address: badjic@chemistry.ohio-state.edu (J.D. Badjic). for the experimental observations, but more importantly directs
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Scheme 1. Chemical structures and syntheses of molecular baskets 1-4.

Figure 1. CPK representations of molecular baskets 1-4 (with and without a nitrogen heteroatom). The baskets were investigated for coordinating to Ag(I) cation in a polydentate

fashion to, via folding, physically enclose space.

efforts toward completing the final step of any future basket
synthesis.

Silver(I) cation has previously been shown to bind to molecular
basket 3, and to mediate its folding (Fig. 6A).°° On the basis of that,
an intriguing question arose: how would the position of the
nitrogen heteroatom in the pyridine ‘flap’, or perhaps its complete
absence, affect the binding of the transition metal and the folding of
the host? Compounds 1-4 (Fig. 1) were used to examine such
a hypothesis.

The electron-rich bowl-shaped platform of 1, lacking the het-
eroatoms in the appended flaps, can be envisaged to ‘nest’ Ag(I)
cation. In fact, silver’s ability to bind to aromatic hosts via cation-7
and orbital interactions has been well documented.” Calixarenes
and resorcinarenes, for example, employ their w-rich surface to

coordinate to alkali metals® in the endo-fashion and transition
metal cations (such as Rh, Ru, and Ir) in the exo-fashion.”

An incremental addition of AgOTf (29.0 mM) to a solution of 1
(2.60 mM, CDCl3/CD30D=1:1) caused no observable change in its
TH NMR spectrum (Fig. 2). In particular, the aromatic protons Ha /g
were not affected by the presence of the silver suggesting the
inferior affinity of 1 toward hosting this cation.

Subsequently, AgOTf (57.5 mM) was titrated to a solution of 2
(2.7 mM, CDCl3/CD30D=1:1), and the coordination/assembly was
followed with 'H NMR spectroscopy (Fig. 3). Proton resonances in
2, evidently, shifted to a negligible extent with the increased
amounts of Ag(I) salt. More importantly, a considerable broadening
of the signals for Hy_4 and Hejr protons was observed. A nearly
complete disappearance of these resonances, at the equimolar
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Figure 2. 'H NMR spectra (500 MHz, 300 K) of 1 (2.60 mM, CDCl3/CD;0D=1:1), ob-
tained after incremental addition of a standard solution of AgOTf (29.0 mM, CDCls/
CD30D=1:1); the final mixture comprises (a) 0, (b) 0.2, (c) 0.4, (d) 0.5, (e) 0.7, (f) 0.8, (g)
0.9, (h) 1.0, (i) 1.2, and (j) 1.4 molar equivalents of Ag(l). The assigned 'H NMR reso-
nances are depicted in the structure of 1 on the left.

X ' Hp/a) H
H 9 elf H
_'\191'71" ,J_| '_J_| ,_EHC 'J-‘ h
yn, k]
Hij j ﬁ—'—’;r—*—
ot 1 |
0=\ "0 g ——
f ——ee e
Hes | Ny Ha e =M .M N
H = H d I ;"J'%
d b A !
H, C == “—jli
b S . 1
2 T — v
8.0 70 50 4.0 3.0
é (ppm)

Figure 3. A series of "H NMR spectra of 2.7 mM solution of 2 (400 MHz, 300 K, CDCls/
CD3;0D=1:1), recorded after a gradual addition of 57.5 mM solution of AgOTf, so that
the final mixture comprises (a) 0, (b) 0.1, (c) 0.2, (d) 0.3, (e) 0.4, () 0.5, (g) 0.6, (h) 0.7, (i)
0.8, (j) 0.9, and (k) 1.0 molar equivalents of Ag(I). The assigned 'H NMR resonances are
depicted in the structure of 2 on the left.

Ag(1):2 ratio, suggested the formation of a range of metallo-
supramolecular oligomers.!” In fact, the protons H,q and Her,
belong to the dynamic (rotatable) part of the basket. They appar-
ently resided in diverse chemical environments, upon the basket
coordination to silver, to explain for the observed effects. On the
contrary, the protons of the basket platform (Hg_j, Fig. 3) did not
‘report’ on the presence of Ag(l) cations. This is consistent with
their distant position from the ‘flaps’ and, in this particular case,
robustness of the basket’s ‘foundation’.

When a standard solution of AgOTf (80.0 mM) was titrated into
a solution of 4 (3.1 mM, CD,Cl,/CD30D=1:1), the H, and Hj reso-
nances moved upfield (A6=0.37 and 0.03 ppm, respectively; Fig. 4).
The 1:1 stoichiometric ratio of Ag(I):4 was indicated from the break
in the titration that occurs at the equimolar ratio of the two
interacting species. Interestingly, the signal for the bridge protons
Hj) altered from a broad singlet in 4 to an AB type quartet in
Ag(1):4. Arguably, the change can be ascribed to the conformational
‘adjustment’ of the basket platform made to accommodate Ag(I)
cation at the northern part of the host. Structurally related, but
more sizeable, molecular bowls> have indeed been shown to
comprise a semi-rigid platform capable of undergoing related
‘clipping’ motions.

Isothermal titration calorimetry (ITC) measurements (Fig. 5,
Table 1) confirmed that the formation of Ag(I):4 was indeed ef-
fective, K;=2.3+0.8x10°> M~ L. The experiment revealed that the
assembly was driven by enthalpy (AH°=-13.2+0.8 kcal/mol) and
impeded by entropy (AS°=-20+7 cal/mol K). The ITC entropic data
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Figure 4. Selected regions of a series of "H NMR spectra of 3.1 mM solution of 4 (300 K,
CD,(l,/CD30D=1:1), recorded after a gradual addition of 80.0 mM solution of AgOTf,
so that the final mixture comprises (a) 0, (b) 0.1, (c) 0.2, (d) 0.3, (e) 0.4, (f) 0.5, (g) 0.6,
(h) 0.7, (i) 0.8, (j) 0.9, (k) 1.0, (1) 1.1, (m) 1.2, (n) 1.3, (0) 1.4, and (p) 1.5 molar equivalents
of Ag(I). The assigned 'H NMR resonances are shown in the structure of 4 on the left.
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Figure 5. Isothermal titration calorimetry (ITC) data (left) for the gradual addition of
a standard solution of AgOTf (0.995 mM, CH,Cl,/CH30H=9:1) to a solution of 4
(0.10 mM, CH,Cl,/CH30H=9:1) at 300 K. Computer simulated curve fitting afforded the
thermodynamic parameters for the assembly (right).

do have a high degree of uncertainty, despite that the experiments
were repeated multiple times; perhaps, additional minor equilibria
occurred in the system and contributed to the deviations. None-
theless, it is evident that different thermodynamic forces drive the
formation of Ag(1):4 and Ag(1):3 folded baskets (Table 1).°° The
calculated folding geometries of the two assemblies (density
functional theory, BP86 functional)!! can, in part, explain the ob-
served trend (Fig. 6). That is to say, in bringing three pyridine ‘flaps’
together, the silver cation ends up on top of the basket, Ag(I):4, or is
more buried inside, Ag(I):3. As a result, Ag(I) is more prone to the
solvation in Ag(l):4 to account for its negative folding entropy
(AS°=-20e.u.). In the course of the coordination of Ag(l) to 3,
however, solvent molecules are less capable of approaching the
silver cation and are therefore released in the assembly process
(AS°=+34 e.u.). The observed enthalpic disparity (Table 1) concurs
with the above discussion, and is an indication of the enthalpy/
entropy compensation effects.!? Notably, the stabilities of poly-
dentate Ag(I):3 and Ag(I):4 complexes appear to result from

Table 1
Thermodynamic parameters for the interaction of 1-4 with Ag(I)

Molecular  Stoichiometry K, (M~!) AH° (kcal/mol)  AS° (cal/mol K)
basket

1 No interaction  n/a n/a n/a

2 Aggregation n/a n/a n/a

3 1:1 1.9+0.3x10° 3.0£0.1 34.0

4 1:1 2.3+0.8x10° —13.2+0.8 -20
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Figure 6. Energy minimized (DFT, BP86) structures of dynamic conformational isomers of folded Ag(I):3 (left) and Ag(I):4 (right).

chelation effects operating in their formation: in the conventional
(driven by entropy) or the nonconventional fashion (driven by
enthalpy).!® Indeed, the stepwise assembly of Ag(pyridine); com-
plex was reported earlier to be thermodynamically less favorable
(K=1x10* M~1). The known advantage of combining mono- into
multivalent ligands and gaining some stability is evident yet an-
other time.®

Folded basket Ag(1):4 has, interestingly, been calculated (BP86)
to assume achiral conformations A and B (Fig. 6). The two con-
formers have similar stability (AE=0.42 kcal/mol), with conceivably
a low interconversion barrier. Indeed, variable temperature 'H
NMR studies of Ag(I):4 only showed broadening, but not decoa-
lescence, of the Hejf proton resonances at lower temperatures.'® The
gates evidently behave like revolving doors and rotate about the
central ‘shaft’ (silver cation) with a low activation barrier.

The encapsulation of solvents, CHCl3 (75 A%) and CH3C(=0)CH3
(72 A3), with Ag(l):3 basket (137 A3) was investigated first. The
slippage of the two compounds, through the aperture in Ag(I):3,
was computed (PM5, CaChe) to necessitate a slight expansion of the
host (Fig. 7).16

Accordingly, the calculations estimated a constrictive binding
energy!” of 15 kcal/mol for incorporating CHCls and 9 kcal/mol for
CH3C(=O0)CH3; the computed activation barrier for the encapsu-
lation of CHCl3 was reasonable enough to expect the formation of
a kinetically stable complex with Ag(1):3.1 The guest exchange via
gating, in which the flaps dissociate from the transition metal, re-
quires a comparable amount of energy'® (AG°393=—7.2 kcal/mol,
Table 1) and thereby presents a competitive mechanistic pathway;

AH( kcal/mol)°

somewhat cooperative assembly !> can, however, be anticipated to
operate in the formation of Ag(I):3, to make the dissociation of the
first flap an arduous task. Interestingly, variable temperature 'H
NMR studies of Ag(I):3 with neat CHCI3 or CH3C(=0)CHs5'" showed
no sign of these molecules residing inside the folded basket.!®
Accordingly, a fast guest exchange by one of the above proposed
mechanisms must be occurring to disguise the direct observation of
the inner space’s solvation.!® One can also foresee solvent mole-
cules partially occupying the inner basket space, merely protruding
the host via the apertures. As AgBF4 was originally used in the
experiment, the counterion BFz can, on the basis of its size and
shape, be envisioned as a guest balancing the silver(I) charge.
Variable temperature F NMR studies of Ag(I):3 (2.8 mM,
CD3C(=0)CD3/CDCl3=5:3) revealed a single resonance for the BFz
(Fig. 8). The anion stayed solely paired with the basket assembly
and outside of its interior.

Silver(I) folded 3 has previously been shown to have an affinity to
bind small heterocycles.”® The guests adopt an apical position, on
the outer side of the basket, to coordinate to the transition metal.
Consequently, it was discovered that CH3CN and CH3NC get in-
corporated inside Cu(l) folded 3 by coordinating the metal cation.>
Silver(I) is a sizeable (1.29 A) and soft d'© transition metal with
a known ability to bind nitriles,?%2 as well as isocyanides.?% It thus
seemed quite reasonable to examine the encapsulation of such
guests inside Ag(I):3, as well. When CH3CN (100 mol equiv) was
added to a solution of Ag(I):3 (5.9 mM, CD3C(=0)CD3/CDCl3=5:3),1>
however, there was not a typical upfield '"H NMR signal for the en-
capsulated acetonitrile: even a great excess of the guest did not lead
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Figure 7. The reaction coordinate, v, for the egress of CHCl3 and CH3C(=0)CH3 from Ag(I):3 (left). The computed energy profiles (PM5, CAChe), for the decomplexation of CHCl; and

CH3C(=0)CHj3 from Ag(1):3, are shown on the right.'®
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Figure 8. '°F NMR spectra (400 MHz) of a solution of 3 (2.80 mM, CD3C(=0)CDs) (a)
before and (b) after addition of fluorobenzene standard (CgHsF) at 300 K. Variable
temperature '°F NMR spectra (400 MHz) of Ag(I):3 (2.80 mM, CD;C(=0)CDs) at (c)
300, (d) 283, (e) 273, (f) 258, (g) 243, and (h) 228 K.

to its encapsulation! We then used a standard solution of CH3NC to
titrate the Ag(I):3 complex,'® and the metal cation was gradually
removed from the basket with increasing amounts of the iso-
cyanide.”® Likewise, imidazole and azetidine were previously
shown® to be capable of extracting the silver from Ag(1):3.

What does account for the observed conflicting host-guest be-
havior of the Cu(I) and Ag(I) folded baskets? One can deduce that
smaller Cu(I) (0.8A) and bigger Ag(l) (1.29 A) impose subtle
changes on the folding geometry of the basket; somewhat different
TH NMR spectra (298 K) of Cu(I) and Ag(I) folded 3 support such
a notion (Fig. 9). This structural difference, in combination with the
electronic character of each transition metal inside the complex,
was likely expressed in the selective ‘recognition’ behavior of the
hosts.

A single-crystal X-ray study of molecular basket revealed
a C3 symmetrical conformer with three pyridine ‘flaps’ pointing
away from the platform (Fig. 10A). Each‘flap’ has a nitrogen atom
located on the northern side and is residing in between two
pyridines of the adjacent molecule. The crystal unit cell contains
a dimer of 3, whereby a phthalimide side ‘arm’ of one basket is
positioned in between the neighboring two (Fig. 10B).

315,21

+ culy —

Figure 10. Stick representations (A, B) of the X-ray crystal structure of molecular

basket 3, containing an ordered molecule of CDCl5.>?!

Remarkably, an ordered molecule of deuterated chloroform was
found inside of 3.2! The central carbon atom, in the encapsulated
CDCl3, was located along the Cs axis of the basket, with a chlorine
atom directed toward the host’s aromatic base. The observed host-
guest order in the solid state is indeed surprising; one would an-
ticipate that the positively polarized deuterium would be located in
close proximity to the negative quadrupolar side of the bottom
benzene ring. Presumably, effective packing is a decisive factor in
this situation, with a bigger chlorine atom filling a fraction of the
basket’s inner space more effectively than a smaller deuterium. The
results of the solid-state investigations also validate an earlier
proposed notion that the interior of Ag(I):3 contains a molecule of
guest in the liquid phase.

Single-crystal X-ray studies of baskets 2°4 and 4%° (Fig. 11)"
revealed both compounds adopting a C3 symmetrical conforma-
tion, which is almost identical to that observed for compound 3.
Interestingly, basket 4 had its inner space occupied with a disor-
dered CH30H and an ordered molecule of H,O (Fig. 11A). A mole-
cule of methanol has been found distant from the C3 axis, with its
methyl group on top and the OH unit oriented inside the basket
interior. Presumably, the hydroxyl proton is engaged in hydrogen
bonding with the nearby oxygen atom of the encapsulated water:
the oxygen-oxygen distance was found to be short, only 2.351 A.
The water molecule has its oxygen atom located on the Cs axis, and
approximately 3.6 A from the center of each of the facing benzene
rings. The water hydrogens were not resolved and therefore not
added to the structure (Fig. 11A), but can be assumed to interact
with the surrounding aromatic rings via non-traditional O-H-- -7
hydrogen bonds;%® 3.2-3.8 A mean distance, for X-H---m contacts
(X=0, N, S), has been reported for biological molecules.?® The
combined volume of CH30H/H,0 is 60.1 A%, and is similar to 74.9 A3
for CHCls, which itself fills the inner space of 3. Markedly, the

I
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Figure 9. 'H NMR spectra (400 MHz) of Ag(1):3 (bottom) and Cu(I):3 (top)*? folded molecular baskets (CDCl3/CD5C(=0)CD5=3:5) at 298 K.
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Figure 11. Stick representation of the X-ray crystal structures of 4 (A) and 2 (B) in the
solid state1>2425

basket’s selectivity for enclosing and positioning guests, in the solid
state, is guided by their size.>” Weak noncovalent forces augment
the assembly but are evidently of secondary importance.

3. Conclusions

The transition metal mediated folding of molecular baskets is,
markedly, a strategically facile and thermodynamically efficient
way for generating the enclosed and dynamic space. The location of
the nitrogen, within the ‘flaps’, is critical for creating differently
folded hosts, but can also trigger the formation of extended as-
semblies (supramolecular polymers);?® the code entered in the
form of a slight variation of the basket structure can evidently be
transferred into discrete functional behavior. Notably, the encap-
sulation of molecules in the metal-containing baskets bears
a prominent selectivity: the Cu(I) folded host holds cylindrical
ligands inside of its cavity, while the Ag(I) host is more resilient to
accept guests. The observed behavior has been explained by the
subtle differences in the structural, electronic, and dynamic prop-
erties of the hosts. The X-ray structural studies of baskets, lacking
metal cations, have shown that small molecules indeed reside in
their inner space. The recognition process and the assembly order
are predominantly determined by the guest(s) size and shape, and
to an extent their electrostatic characteristics.?® The solid-state
studies thus verify the solvation of the basket’s inner space despite
a lack of direct '"H NMR spectroscopic evidence for such an
occurrence.

4. Experimental
4.1. General

All chemicals were purchased from commercial sources and
used as received unless stated otherwise. All solvents were dried
prior to use according to standard literature protocols. Chroma-
tography purifications were performed using silica gel 60 (Sorbent
Technologies 40-75 um, 200x400 mesh). Thin-layer chromatog-
raphy (TLC) was performed on silica gel plates w/UV254 (200 pm)
and chromatograms were visualized by UV-light. 'H and '*C NMR
spectra were recorded at 400 MHz and 125 MHz, respectively, on
a Bruker DPX-400 spectrometer. The spectra were referenced to the
residual solvent signal(s). '°F spectra were recorded on a Bruker
DPX-400 spectrometer at 376 MHz and referenced to fluoro-
benzene (CgHsF) as an internal standard. Samples were prepared in
CDCl3, CD»Cl,, CD3COCD3, and CD30D purchased from Cambridge
Isotope Laboratories, Inc. The chemical shift values are expressed as
¢ values in parts per million (ppm) and the coupling constants (J)
are in hertz (Hz). The following abbreviations were used for signal
multiplicities: s, singlet; d, doublet; t, triplet; m, multiplet; and br,
broad. Microcalorimetric experiments were performed using an
isothermal titration calorimeter (VP-ITC, MicroCal, Northampton,
MA). Computer simulations (curve fittings) were performed using

ORIGIN 7.0 software, adapted for ITC data analysis. The ‘Single Set of
Identical Sites’ model was applied in all cases. Melting points are
reported uncorrected. Mass Spectrometric analyses were per-
formed on a Finnegan Orbitrap instrument.

4.2. Preparation of compounds 2 and 4

4.2.1. Compound 2

Tris(anhydride) 5 (2.1 mg, 0.003 mmol) was suspended in dry
toluene (2.0 mL) and 2-aminomethylpyridine (3.0 puL, 0.03 mmol)
was added at room temperature. The solution was brought to
reflux, after which neat pyridine (0.1 mL) was added and the re-
action mixture allowed to stir at reflux (12 h). Then the solvent was
removed in vacuo and the solid residue purified by column chro-
matography (SiO,, CH2Cl/CH30H=9:1) to give the desired product
as a colorless solid (2.0 mg, 67%). Mp decomposition >250 °C. 'H
NMR (400 MHz, CDCl3/CD30D=5:3) 6=2.425 (6H, s), 4.396 (6H, s),
4.607 (6H, s), 6.96 (6H, m), 7.397 (9H, m), 8.161 (3H, d, J=4.4 Hz). 13C
NMR (125 MHz, CD,Cl;) 0=42.59, 49.26, 66.28, 116.13, 121.15,
122.20, 130.68, 136.44, 137.94, 149.29, 156.00, 157.04, 167.97. HRMS
(ESI) m/z calculated for C57H3gNgOg: 901.2775, measured: 901.2713.

4.2.2. Compound 4

Tris(anhydride) 5 (5.0 mg, 0.008 mmol) was suspended in gla-
cial acetic acid (2.0 mL) and 4-aminomethylpyridine (5.0 pL,
0.049 mmol) was added at room temperature. The solution was
brought to reflux for 12 h, after which the solvent was removed in
vacuo. The solid residue was purified by column chromatography
(Si0,, CH,Cly/CH30H=9:1) to give the desired product as a colorless
solid (4.0 mg, 50%). Mp decomposition >280 °C. "H NMR (400 MHz,
CD,(Cl/CD30D=5:3) 6=2.514 (6H, s), 4.527 (6H, s), 4.607 (6H, s),
7.108 (6H, d, J=6.0 Hz), 7.526 (6H, s), 8.293 (6H, dd, J;=4.4 Hz and
J=1.6 Hz). 3C NMR (125 MHz, CD,Cl,/CD30D=5:3) §=42.04, 68.24,
118.29, 124.85, 132.24, 139.99, 148.33, 151.18, 159.72, 169.95. (One
carbon is perhaps hidden under the solvent peak at 50 ppm.) HRMS
(ESI) m/z calculated for Cs7H36NgOg: 901.2775, measured: 901.2730.
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