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Abstract

Calixarenes have found widespread application as building blocks for the design and synthesis of functional
materials in host—guest chemistry. The ongoing desire to develop a detailed understanding of the nature of NO
bonding to multichromophoric n-stacked assembilies led us to develop an electron-rich methoxy derivative of
calix[4]arene (3), which we show exists as a single conformer in solution at ambient temperature. Here, we
examine the redox properties of this derivative, generate its cation radical (3*) using robust chemical oxidants,
and determine the relative efficacy of its NO binding in comparison with model calixarenes. We find that 3/3* is
a remarkable receptor for NO*/NO, with unprecedented binding efficacy. The availability of precise experimental
structures of this calixarene derivative and its NO complex, obtained by X-ray crystallography, is critically
important both for developing novel functional NO biosensors, and understanding the role of stacked aromatic
donors in efficient NO binding, which may have relevance to biological NO transport.

Calixarenes derived from base-catalyzed condensation of 4-tert-butylphenol/formaldehyde have found
widespread application as building blocks for the design and synthesis of functional materials in host—guest
chemistry.2Z Such calixarenes exist as multiple conformers, affording further tailoring of their properties. It has
been shown that, upon its activation via 1-e~ oxidation, the conformationally mobile p-tert-butylcalix[4]arene-
OMe (1) binds nitric oxide (NO) with nanomolar efficiency (k>5x108) leading to the formation of the [1,

NO]* complex.2 The same complex was also obtained by mixing neutral calixarene 1 with nitrosonium cation
NO*. With the aid of X-ray crystallography, it was demonstrated that at least three (i.e., cone, paco, and 1,3-alt,
see Figure 1) of the four conformers of 1 and its conformationally rigid p-tert-butylcalix[4]arene-OPr (2) analog
effectively trap a single molecule of NO between a pair of cofacially arranged benzenoid rings (Figure 1).
Although p-tert-butylcalix[4]arene-OMe (1) and its conformationally frozen derivatives (2) have been extensively
explored,®12 they possess relatively high oxidation potentials (Exxa=1.0 V vs. Fc¢/Fc*) and their cation radicals are
relatively unstable.
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Figure 1. Four interconverting conformations of 4-tert-butylcalix[4]arene methyl ethers (1) and their
rigidification in the corresponding propyl ethers (2). The cofacially arrayed phenyl rings marked in red provide
surfaces for binding NO.
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The continued interest in the role of cofacially-assembled multichromophoric aromatic systems in stabilizing NO
complexesill’ stems from the importance of NO as a cellular messenger and the need to understand
mechanisms of its intercellular migration,® 22 mediated possibly by assemblies of multiple aromatic residues
(Figure 2 A). The desire to develop a more detailed understanding of the nature of NO bonding to
multichromophoric cofacial assemblies led us to examine an electron-rich derivative of 1 (i.e., 3, Figure 2 B),
which can be prepared in a single-step synthesis from the acid-catalyzed reaction between resorcinol methyl

ether (1,3,5-trimethoxybenzene) and paraformaldehyde.22 2L
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Figure 2. (A) Schematic representation of a hypothetical NO* stabilization by neighboring aromatic residues
upon (de)-S-nitrosation and a representative example of a protein structure (PDB code: 1a44) showing cysteine
residue (C132) between two aromatic tyrosine (Y157) and phenylalanine (F153) residues. (B) Synthetic scheme
for the preparation of 3 and representative interconverting structures of 3-paco (see Figure S2 in the Supporting
Information for all eight structures).

Unlike 1, where all four possible conformations are present in solution at ambient temperature,22 22 the
methoxy-rich calixarene derivative 3 exists only as the paco conformation (Figure 2 B), with eight identical
interconverting structures. The activation barrier of their interconversion is relatively small (E.=14.6 kcal mol™?),
and can be frozen at =~20 °C.2 Moreover, it is expected that oxidative activation of the electron-rich

calixarene 3, necessary for NO binding, can be achieved at a lower oxidation potential, owing to the presence of
multiple electron-donating methoxy groups, which should add to the stability of its cation radical and, in turn,
make 3 a potential candidate for NO sensing applications.

Accordingly, here we report a careful evaluation of the redox properties of 3, generation of its cation radical
using robust chemical oxidants, and determination of the relative efficacy of its NO binding in comparison

with 1" and 2*-paco. Aided by electrochemistry, optical, NMR, and EPR spectroscopy, X-ray crystallography, and
DFT calculations, we reveal that 3* is indeed a remarkably efficient receptor for NO, with unprecedented binding
efficiency. Furthermore, the availability of precise experimental structures of 3/[3, NO]* obtained by X-ray
crystallography is critically important not only for developing novel functional NO biosensors, but also for
understanding the role of cofacially arrayed aromatic donors in efficient NO binding that may be relevant to
biological NO transport. The details of these preliminary findings are described herein.
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A previously reported synthesis? of 3 employed reaction conditions where a mixture of 1,3,5-
trimethoxybenzene and equimolar paraformaldehyde in CH,Cl, containing 10 % by volume trifluoroacetic acid
was refluxed for 2 h, affording 3 in =40 % yield. By employing a catalytic amount of methanesulfonic acid and
stirring the reaction mixture at =0 °C overnight, we obtained purer samples of 3 in improved yield (>75 %); see
the Supporting Information for full experimental details and complete characterization data.

The redox potential of 3 was evaluated by electrochemical oxidation at a platinum electrode as a 2 mm solution
in dichloromethane containing 0.1 M nBusN*PFs™ as the supporting electrolyte, with ferrocene as added internal
standard at -30 °C. Figure 3 compares the reversible cyclic voltammogram (CV) of 3, with multiple redox waves

[Eox12 (3)=0.53, 0.66 V vs. Fc/Fc*] with those of 1 and 2-paco [Eoxi(1 and 2-paco)=0.99 V vs. Fc/Fc*]. The presence
of eight additional methoxy groups in 3 lowers its first oxidation by 0.46 V compared to either 1 or 2-paco.
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Figure 3. Cyclic voltammograms (CVs, solid lines) and overlaid square waves (SW, dashed lines) of 2 mm 1, 2-
paco and 3 in CH,Cl, (0.1 M nBusNPFg) at a scan rate of 100 mV s™ at -30 °C.

The cation radical of 3 was generated in solution by means of quantitative?* 2 redox titrations using
[THEO*SbCls"] (THEO=1,2,3,4,5,6,7,8-octahydro-9,10-dimethoxy-1,4:5,8-dimethano-anthracene, Ereq=0.67 V vs.
Fc/Fc*, Amax=518 nm, €max=7300 cm™ M1)2> 2Z 35 oxidant. For example, Figure 4 A shows the electronic spectra
obtained upon an incremental (sub-stoichiometric) addition of a CH,Cl, solution of 3 to a solution of
[THEO*SbCls] at =30 °C. A complete consumption of the oxidant (i.e., THEO") after the addition of 1 equiv of
neutral 3, was determined by a quantitative deconvolution? 2 of the component spectra of various species
present at each titration point. A plot of the mole fractions of THEO™ and 3™ against the added equivalents

of 3 established a 1:1 stoichiometry of the redox reaction, that is, 3+THEO*—>3"+THEO (Figure 4 B).
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Figure 4. A: Spectral changes observed upon the reduction of 0.087 mm THEO* in CH,Cl, (3 mL) of 2.5

mM solution of 3 in CH,Cl; at =30 °C. Inset: the isovalue plot of spin density distribution in 3" calculated at
B1LYP-40/6-31G(d) level of theory.2® 2 B: Plot of the mole fractions of THEO* (red) and 3* (green) against added
equivalents of neutral 3. Symbols represent experimental points, whereas the solid lines show best-fit to
experimental points using AG=Eox(3)-Ereq(THEO™)=-150 mV.2%

Exposure of the generated cation radical 3* to gaseous nitric oxide for 5 s leads to a dark-purple solution (see
left scheme in Figure 5). The same purple color solution, assigned to the [3, NO]* complex, is also obtained by
mixing neutral calixarene 3 with 1 equiv of oxidized nitric oxide [NO*SbClg’] in CH.Cl, (see central scheme in
Figure 5). The electronic absorption spectrum of [3, NO]* contains two bands at 690 and 510 nm (center
spectrum of Figure 5), with the position of the latter band being similar to that of [1, NO]* and [2, NO]* at 556—
572 nm (spectra on the right in Figure 5). Importantly, the [3, NO]* complex can also be obtained by addition of 1
equiv of 3 to the solution of [1, NOJ* or [2, NO]* (right scheme in Figure 5), suggesting that the NO binding
constant of 3 is at least a factor of 2400 larger than 1 or 2 (previously estimated to be >5x10% Mm™2);8 see details in
the Supporting Information. The resulting binding constant of more than 102 is unprecedented and is the
largest among all known NO complexes.
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Figure 5. Electronic absorption spectra of 3* (left spectrum) and [3, NO]* (central spectrum) obtained from
addition of NO gas to 3* (left scheme), by addition of [NO*SbCls"] to 3 (central scheme) and by addition of 3 to
[1, NOJ* and [2, NOJ* (right scheme).

The *H-NMR spectrum of 3 shows three resolved peaks in the aromatic region arising from the protons of
benzenoid rings B and D (i.e., Hs and Hp at 6.31 and 6.26 ppm, respectively) and two symmetrically equivalent
protons at rings A and C (Hac at 5.88 ppm), consistent with a partial cone conformation (Figure 6). Indeed, DFT
calculations of NMR shifts2® have shown that 3-paco is the lowest-energy conformer and accounts for 98 % of
the total population (Table S3 in the Supporting Information). Upon NO binding, chemical shifts of Hg and
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Hp remain nearly invariant, whereas the Ha c peak position shifts downfield by 0.4 ppm, suggesting a significant
involvement of rings A and C in NO binding.

r T T T T

65 63 6.1 59 57 55 41 39 37 35 33 31 29
ppm
Figure 6. The 'H-NMR spectra of 3 and [3, NO]J* recorded in CDCls at -30 °C. See proton assighment from DFT
calculations (Figure S8) and variable temperature *H-NMR of 3 and [3, NO]* in the Supporting Information
(Figure S1).

It is well known that oxidized nitric oxide, that is, [NO*SbCls], is a powerful oxidant and can generate cation
radicals of various aromatic electron donors. In order to probe the oxidation state of 3 in its NO complex we
next obtained the EPR spectra of 3* and [3, NO]* (Figure 7). The EPR experiment was carried out at 77 Kand a
frequency of 9.62 GHz. The EPR spectrum of 3* (expectedly) showed that 3* is a cation radical with g value of
2.0012 (magnetic field B=343.5 mT). In contrast, our data showed that its NO complex is EPR silent, suggesting
that [3, NO]* complex is bound via multiple cation-mt interactions between aromatic moieties of neutral 3 and
NO*.

3* [3,NOJ*

3300 3400 3500 3600 3300 3400 3500 3600
Magnetic Field (G) Magnetic Field (G)
Figure 7. EPR spectra of 0.95 mm 3* and 0.99 mm [3, NO]J* in CH,Cl,.

In order to probe the role of binding with NO* on the structure of calixarene 3, we resorted to X-ray
crystallography. Single crystals of [3, NO]*SbCls, suitable for X-ray crystallography, were obtained by a slow
diffusion of hexane into a dichloromethane solution of [3, NO]* held at —30 °C during the course of two days. The
crystallographic analysis of the dark purple crystals of [3, NO]* revealed that 3 persists as a partial cone
conformation in the complex (Figure 8 A). Specifically, a single molecule of NO is completely sandwiched
between two aromatic rings (units A and C) inside the cavity of the calixarene (Figure 8 B) with almost no
contact with the aromatic ring of unit B, and a partial contact with the aromatic ring of unit D (Figure 8 C). The
distance between NO and aromatic rings A and C is substantially shorter than the van der Waals contact (2.7 vs.
3.2 A), suggesting a strong noncovalent interaction of nitric oxide with the m-core. Indeed, comparison of the
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crystal structures of [3, NO]* and 3 revealed that, upon NO binding, the A—C subunit distance was shortened by
0.4 A (from 5.8 to 5.4 A, Figure 8 D). Furthermore, the binding of NO induced appreciable bond-length changes
(21.6 pm) in units A and C. In contrast, unit B remained nearly unchanged, whereas unit D underwent the largest
bond length changes (£2.3 pm), and the interplanar angle between B and D decreased from 69° to 64°.
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Figure 8. (A) The ORTEP diagram of [3, NO]*SbCls™ and its spacefilling representations illustrating a cavity formed

by two sandwiched units A and C (B) and units B and D (C). (D) Capped stick representation of crystal structures
of 3 and [3, NOJ* with the bar plot representation of the bond length changes induced by NO binding.

2

We further emphasize that NO* is a powerful oxidant capable to generate cation radicals of various aromatic
electron donors (Ar),2 yet calixarene 3 forms a stable [3, NO]* complex despite its low oxidation potential

[Eox1 (3)=0.53 V vs. Fc/Fc*]. Importantly, a variety of other mono- and polyaromatic electron donors can also
form stable complexes with NO* at ambient conditions.2 1113 |t has been established that, as the free energy of
electron transfer (i.e., AGer=Eox[Ar]-Ed[NO*]) increases, the binding energy/constant of the formation of NO
complex [i.e., AGno K%, Eq. 1] increases.t2 For example, with the strong aromatic donor hexamethylbenzene
(HMB), formation of the NO complex occurs with a binding constant K=3.1x10* (Figure 9).32

NO* + Ar & [NO, Ar]*
(1)
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Figure 9. Energy diagram showing the interplay between binding energy of NO complex with HMB, 2,
and 3 (AGno) and electron transfer (AGer) between Ar and NO*. The binding constant (K) of 3 was approximated
as at least a factor of 1000 larger than 1 or 2 (previously estimated to be >5x108 m™2).8

It is noteworthy that although calixarene 2 has AGegr nearly identical to that of HMB (-0.09 vs. -0.03 V,
respectively), its NO binding constant is a factor of four larger (Figure 9). As the NO in [2, NO]* is sandwiched
between two aromatic moieties, the binding constant suggests that the efficacy of the NO binding scales with
the number of aromatic moieties involved in the NO binding, possibly due to the involvement of multiple cation-
Tt interactions between aromatic moieties of neutral 3 and NO*. In this context, X-ray crystallography revealed
that three out of four aromatic moieties in the calixarene 3 are involved in the interaction with NO, contributing
to the unprecedentedly high NO binding constant (Figure 8).

To conclude, we have demonstrated that the methoxy substituted calixarene derivative 3 is an effective
receptor for NO with unprecedented binding efficiency—the largest binding constant among all known NO
complexes. Furthermore, availability of the precise experimental structures of 3/[3, NO]" as elucidated by
electrochemistry, spectroscopy, and X-ray crystallography shed light on the origins of such binding, which lies in
(1) the remarkably low oxidation potential of 3 due to the presence of 12 electron-rich methoxy groups and (2)
stability of the partial cone conformation of 3 that allows stabilization of NO by three aromatic moieties. The
findings of this work will advance the development of novel supramolecular hosts based on calixarenes,
resorcarenes,® 3 etc., and lay the groundwork for the rational design of novel functional NO biosensors as well
as for understanding the role of cofacially arrayed aromatic donors in efficient NO binding that may be relevant
to biological NO transport.
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