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The cycloparaphenylene (CPP) nanocarbons are an appealing family of macrocyclic organic semicon-
DOI:00.0000/000000000x ductors with size-tunable structures and unique optoelectronic properties, which can be further mod-
ulated by complexation with guest molecules. While many m—n-stabilized CPP-fullerene host-guest
complexes are known, CPPs can also host polycyclic guests stabilized by aromatic CH-7 interactions.
Here we combine experimental and computational results to report that CH-x interaction can also
be tapped to include redox-active metallocene guests in [8]cycloparaphenylene ([8]CPP). Oxidation
of a metallocene guest is accompanied by an increase in binding affinity and tilt angle. Crystallo-
graphically determined solid-state structures of reveal CH-7 interactions in the ferrocene complex
(FcC[8]CPP) and additional m—7 interactions in the cobaltocenium complex (CoCpp*C[8]CPP).
Functionalizing Fc with oxygen-bearing side chains also improves complex stability to a similar ex-
tent as oxidation, due to the formation of CH-O hydrogen bonds with the host’s p-phenylene units.
This work shows that CH-7 bonding can be generalized as a driving force for CPP host-guest
complexes and combined with other supramolecular forces to enhance stability. Owing to their semi-
conducting nature, amenability to functionalization, and reversible redox-dependent behavior, the
[8]CPP-metallocene host-guest complexes may expand the library of synthons available for designing
bespoke nanoelectronics and artificial molecular machines.

1 Introduction host-guest complexes are often employed to template the syn-

thesis of molecules with topological and mechanical entangle-

Decades of research in supramolecular chemistry has yielded
ments, known as mechanical bonds, which have played an es-

countless revolutionary materials ranging from nanoscale sen-

sors? and machines? to large-scale plastics and elastomers with
switchable, recyclable, self-healing, and/or energy-harvesting
properties. Among the simplest and most well-defined super-
molecules are inclusion or host-guest complexes,® whose com-
plementary pairwise binding motifs resemble conceptually the
lock-and-key model of enzymes and substrates.” Host-guest
chemistry has long served as a platform for rationally probing
how non-covalent bonding interactions influence molecular self-
assembly processes and emerging properties. 21 Host-guest
complexes often display rich stereochemical, dynamic, mechan-
ical, and stimulus-responsive properties, with applications em-
bracing chemical stabilization, 12 selective synthesis,™® dynamic
soft materials and actuators,[E] and biomedicine. ¥ Furthermore,
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sential role in the design and synthesis of artificial molecular ma-
chines. 17118

Cycloparaphenylenes (CPPs) are fully m-conjugated macro-
cyclic hydrocarbon semiconductors that have emerged in
recent years as promising nanomaterials for optoelectronic
and supramolecular?325 applications.  First synthesized by
Jasti2® in 2008, nCPPs are now prepared on multigram
scales and carried ([5]CPP-[12]CPP) by commercial sup-
pliers.2Z In addition to binding many fullerenes via 7-m
interactions,?3 [n]CPPs and other carbon nanorings can
be driven to form CH-n stabilized host-guest complexes,
including a macrocyclic oligoanthracene—fullerene com-
plex, nested [n]CPPs, pyridiniumcdimethoxy-[S]CPP,[E
corannulenec[4] cyclochrysenylene, diquatc[9] CPP,BE]
triquinolinec[12]CPP,*% and a variety of polycyclic aromatic
hydrocarbon (PAH)-[n]CPP complexes. CH-n bonding is
common in molecular crystals and protein folding, but not
often the main interaction stabilizing a host-guest complex. Here
we exploit CH-x interactions to self-assemble 1:1 complexes of
[8]CPP hosts and metallocene-based guests.

Metallocenes are accessible, reliable, and reversible re-
dox switches®® with many commercial derivatives and ap-
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plications.®249 Metallocenes have been integral to a num-
ber of ground-breaking electrochemically addressable artifi-
cial molecular machines.#1"43| Several types of host molecules
have been identified for various metallocenes, 4 includ-
ing cyclodextrins,#>7 cucurbiturils, 4842 calixarenes,2%>2 pjl-
lar[6]arenes,>3>4 and bipyridinium-based cyclophanes.=22"7
However, these hosts are predominantly insulating in nature, un-
like the semiconducting CPPs. By identifying a CPP host for fer-
rocene (Fc) and cobaltocene (CoCps) model systems, we aim to
lay a foundation for self-assembling materials that combine the
advantageous redox-switching properties of metallocenes with
the appealing optoelectronic properties of cycloparaphenylenes.

2 Materials and methods

2.1 Materials

[8]CPP (TCI America, 95%), ferrocene (Sigma Aldrich, 98%),
bis(cyclopentadienyl)cobalt(IlI) hexafluorophosphate (Sigma
Aldrich, 98%), ferrocene-1,1’-dicarboxaldehyde (Biogene or-
ganics, Inc., 97%), 1,1-ferrocenedimethanol (Ambeed, 97%),
tetraethyleneglycol (Alfa Aesar, 99%), and sodium azide (Sigma
Aldrich, 99%) were purchased from commercial suppliers and
used as-received.

2.2 Instrumentation

NMR spectroscopy was performed on a Varian 400 MHz NMR
spectrometer. Raman spectroscopy was performed on a Horiba
LabRAM HR Evolution Spectrometer equipped with a 100 mW
532 nm frequency-doubled Nd:YAG laser. MALDI-TOF mass
spectrometry was performed on Bruker Microflex LRF. Cyclic
voltammetry was performed using a three-electrode configura-
tion including a non-aqueous reference electrode (BASi, MF-
2052,Ag/AgCl (3M NaCl) Reference Electrode), Pt working elec-
trode (BASi, MF-2013, 1.6 mm Diameter, 99.95% purity) and Pt
wire auxiliary electrodes in a voltammetry cell (BASi, MF-1052).
Single crystal X-ray diffraction data were acquired on a Bruker D8
QUEST diffractometer equipped with a Photon50 CMOS detector
and curved graphite monochromator using Mo Ko radiation (A =
0.71073 A).

2.3 DFT Calculations

DFT calculations were performed with Gaussian 16 software on
the RMACC Summit Supercomputer.”® Geometry optimizations
were performed using various functionals (LC-BLYP, B97X, LC-
wPBE, CAM, B3LYP) with the 6-311G(d) basis set and counter-
poise corrections of basis set superposition errors (BSSE). All
stationary points were optimized without symmetry assumptions
and characterized at the same level of theory. The calculated
energy-minimized structures were visualized and analyzed with
Avogadro and Mercury software packages.

2.4 Host-Guest Titration Procedures

A solution of metallocene guest (0.4 - 25 x 103 M) was added in
aliquots to a solution of [8]CPP (0.4 - 1.2 x 103 M) at 20 °C in
deuterated solvents. The mixture was agitated for 10 s in a vortex
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mixer. The changes in the chemical shift of a guest and [8]CPP
were monitored as a function of the added a guest by 'H NMR
spectroscopy. The continuous variation method was applied to a
series of solutions of [8]CPP and Fc with variable molar ratios at
a total concentration of 2.0 mM in CDCl3 for characterization by
1H NMR spectroscopy.

2.5 Binding Constant Calculations

Chemical shift and concentration data at each point in the titra-
tion were uploaded to the free web-based Bindfit platform main-
tained by Pall Thordarson (http://supramolecular.org/) and fit
using a 1:1 binding model and the Nelder-Mead search algo-
rithm.52/60

2.6 Variable Temperature NMR (VI-NMR).

The 'H NMR probe was cooled via the controlled evaporation of
liquid nitrogen in the presence of flowing nitrogen gas to avoid
possible oxidation of probe electronic components. The tempera-
ture was lowered in 10 °C increments and the sample was equi-
librated at each temperature for at least 5 minutes before taking
scans.

2.7 Raman Spectroscopic Analysis

The samples were prepared by drop-casting on a microslide. The
data were collected at three different spots from 100 cm™ to 1800
em’! with 600 gr/mm of grating, 10% ND filter.

2.8 MALDI-TOF Mass Spectrometry

A matrix solution of @-cyano-4-hydroxycinnamic acid (a-HCCA)
in 70% acetonitrile and 30% water solution (1 mg/ml) or dithra-
nol in chloroform (1 mg/ml) was used. Pepcal II (0.7 kDa-3.5
kDa) was used as a calibrant. 1-3 ul of each sample were trans-
ferred to a MALDI plate and then 1-3 ul of the matrix solution
was applied on top of each well. The samples were air-dried be-
fore MALDI-MS analysis. At least 4-5 spectra were collected from
different spots across each substrate in reflector mode. The data
were processed using Bruker MALDI Biotyper software.

2.9 Cyclic Voltammetry

The electrode surface was cleaned with polish before each mea-
surement. [8]CPP solution (1 mg in 0.1 ml of CH5Cly), Fc so-
lution (10 mg in 3.3 ml of of CH5Cly) and FcC[8]CPP solution
(Fc:[8]CPP = 1:10) were prepared and drop-cast on the center
of electrode in 2-ul increments and air dried. The drop-casting
procedure was repeated 10 times. Scans were recorded with the
electrodes submerged in degassed 0.3 M NaCl from —-0.95 V to +
0.1 V at scan rates of 50, 100, or 200 mV/s.

2.10 X-ray Crystallography

Structures were determined for the compounds listed in Table S1.
Single crystals were coated with Paratone-N oil and mounted un-
der a cold stream of nitrogen. Initial lattice parameters were ob-
tained from a least-squares analysis of more than 100 reflections;
these parameters were later refined against all data. None of the
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Fig. 1 FcC[8]CPP. (a) Schematic self-assembly of FcC[8]CPP. (b) ! NMR titration (400 MHz, 293K, CDCl3) showing the change in chemical shift of
the [8]CPP (1.1 mM) signal with increasing [Fc] (0 — 26.9 mM). (c) Example binding isotherm based on the NMR titration (K, = 23 M1, averaged
over 2 trials). (d) Partial VT *H NMR spectrum (400 MHz, CDCl3) of free [8]CPP (dark grey) and a 2:1 Fc:[8]CPP mixture (2 mM, blue).

crystals showed significant decay during data collection. Data
were integrated and corrected for Lorentz and polarization effects
using Bruker APEX4 software, and semiempirical absorption cor-
rections were applied using SCALE.®Y Space group assignments
were based on systematic absences, E statistics, and successful re-
finement of the structures. Structures were solved using Direct
Methods and were refined with the aid of successive Fourier dif-
ference maps against all data using the SHELXTL 6.14 software
package.®2 Thermal parameters for all non-hydrogen atoms were
refined anisotropically. All hydrogen atoms were assigned to ideal
positions and refined using a riding model with an isotropic ther-
mal parameter 1.2 times that of the attached carbon atom (1.5
times for methyl hydrogens). Selected bond distances and angles
for crystals of the FcC[8]CPP and CoCpyPFgC[8]CPP complexes
are collected in Table S1. All other metric parameters can be
found in the cif files included with the Supporting Information.
Definitions of R1 and wR2. R1 = ¥ | |Fo| - |Fc|| / L |Fo|; wR2
= L[w(Fo? - Fc»)?1 / LIw(Fo)?1V2.

3 Results and discussion

3.1 Self-Assembly of FcC[8]CPP

We selected [8]CPP as a potential host for Fc because its cavity ap-
pears to be size- and shape-complementary with with the surface
of Fc. The [8]CPP 'H NMR signal broadens and shifts upfield by
up to 0.12 ppm (Fig. 1b). Non-linear regression analysis (Fig. 1c)
of the 'H NMR titration data against a 1:1 binding model in the
Bindfit web application®2% gave an association constant of 29 +
12Mm1 (averaged over three trials) at 20 °C. The binding constant
was 40 M'! in single trials at 40, 30, and 10 °C, indicating that
the self assembly is dominated by AH and AS is relatively small.
In the 1:1 Fc:[8]CPP mixture, the [8]CPP signal shifts further up-
field as the temperature is lowered (Fig. 1d), but the hosts and
guests remain in fast exchange, since the complexed and non-
complexed signals were not split even at 223 K. On the other
hand, the Fc 'H NMR signal broadens and shifts to slightly higher

frequency (+0.01 ppm) when mixed with [8]CPP. The relatively
small changes in chemical shift, which reflect the low binding con-
stant, have also been observed in some CPP-fullerene host-guest
complexes.®? These changes in chemical shift are consistent with
CH-r interactions, where the Fc guest directs some protons into
the phenylene units of the [8]CPP host. Although the continu-
ous variation method (Job plot) is no longer considered a reli-
able technique for estimating host-guest stoichiometry, €264 the
Job plot is also consistent with a 1:1 complex (Fig S1a).032 The
ultraviolet spectra show isosbestic points (Fig. S1b) at 320 and
365 nm as Fc is titrated into a solution of 8CPP.

The 1:1 FcC[8]CPP complex has also been observed in the
gas phase by MALDI-TOF mass spectrometry (Fig S1b), with a
[M]* signal at m/z = 793.306 (Figure S1b). A more pronounced
[M-Cp]* signal can also be observed at m/z = 729.332. In the
solid-state, the Raman signals (Fig. S2) of [8]CPP exhibit changes
when hosting an Fc guest. The intensity of the squeezing motion
of the nanohoop mode at 495 cm™ decreases and shifts to higher
wavenumber when [8]CPP hosts an Fc guest, while the band in-
tensity at 1175-1225 cmt (in-plane CH bend) increases and the
band at 1240-1290 cm'! (inter-ring CC stretch) decreases. These
spectral changes indicate complexation-induced changes in the
bond lengths and dihedral angles of [8]CPP, where (i) a length-
ened C1-C1’ bond and (ii) more relaxed dihedral angle (promot-
ing the outward C-H bending mode) indicate an increase in aro-
matic character (Fig. S3).

3.2 Solid-State Structure of FcC[8]CPP

We grew single crystals of the FcC[8]CPP complex by solvent
evaporation in CHCI3 and determined the solid-state structure by
X-ray diffraction (XRD) analysis (Fig. 2). The unit cell of the crys-
tal contains two FcC [8]CPP complexes (Fig. 2a) whose central Fe
atoms are offset by 13.637 A. The dihedral angles of the [8]CPP
rings are summarized in Fig. S4. In each of the complexes, the
Cp planes of the Fc guest are tilted at an average angle of ~47°
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Table 1 Comparison of the CH-m and 7—7 bonding parameters in the single-crystal structure of FcC[8]CPP and the energy-minimized gas-phase
structures calculated with the M062X, wB97X, LC-BLYP, LC-wPBE, CAMB3LYP, and B3LYP DFT functionals and the 6-311G(d) basis set.

XRD Structure M062X wB97X LCBLYP LCwPBE CAMB3LYP B3LYP

AE (kcal/mol) -2.16 -2.16 -22.4 -14.8 9.3 -5.1 -4.3 -3.7
Tilt Angle () 45.6 49.0 69.6 62.5 47.8 31.4 14.7 0.9
# of CH-1r Bonds 6 6 4 3 6 4 1 0
Avg. dein (A) 2.94 +£0.08 2.92+0.09 2.67 +0.05 2.79 £ 0.06 2.81+0.04 2.78 £ 0.01 2.96 + 0.00 -
Avg. Zcrx (°) 137.8+16.1 137.8+16.1 126.8+4.0 130.3+6.4 136.6 + 18.4 150.7 + 10.6 161.4 £ 0.00 -

# of m-m Bonds 0 0 2 2 1 0 0 0
AVg. LT T, (°) - - 17.2 20.0 28.8 -

Avg. dTT,-TT, (A) - - 3.770 4.106 4.313 - - -

(45.6° and 49.0°) with respect to the plane of the [8]CPP cavity,
such that six phenylene rings in [8]CPP engage in CH-x interac-
tions with six of the sp®-hybridized cyclopentadienyl (Cp) protons
in Fc. The presence of these CH-7 interactions were identified
using both the Brandl-Weiss®®® and Nishio CHPI6Z systems, each
of which set geometric cut-offs for interatomic distances and an-
gles in CH-7 bonds (see Fig. S5a-b). The CH-x bonds in each
complex have an average H-to-plane distance, dpry, of ~2.9 A
and an average C-H-X bond angle, /¢c.y.x, of ~138°, where "X"
represents the centroid of the n-donating phenylene ring. No 7—
7 interactions®8 (see Fig. S5c¢) were detected between the host
and guest in this complex. A comparison (Fig. S3) of [8]CPP’s
C-C bond lengths in the free macrocycle@I and the Fcc[8]CPP
complex shows that the complexed [8]CPP exhibits increased aro-
matic character, with relatively longer C1-C1’ bonds and shorter
C1-C2/C2-C3 bonds, consistent with the Raman spectral shifts in
Fig. S2. A stacking plot of the complexes (Fig. 2b) shows a her-
ringbone packing pattern, with a stacking distance between Fe
centers of 6.506 A and a tilt angle of 44.7° between the planes
of CPP cavities in adjacent columns. This type of packing is com-
monly observed in the solid-state superstructures of uncomplexed
[n]CPP crystals,lmI including that of [8]CPP.@|

3.3 Gas-Phase DFT Calculations

In order to make predictions about related [8]CPP-metallocene
host-guest complexes, we validated a method to predict the
energy-minimized superstructure of the FcC[8]CPP complex us-
ing density functional theory (DFT). The geometry optimizations
were performed with the 6-311G(d) basis set and initiated from
the crystallographic structure of the complex using a variety of
functionals, especially dispersion-corrected functionals designed
for supramolecular systems.Z! The results of these calculations
using B3LYP,72 L.C-BLYP,73 CAM-B3LYP,7# LC-wPBE, % B97X,76
and M062X7Z functionals are compared in Table 1. The B3LYP
and CAM functionals converge on structures where the Cp planes
of Fc are nearly parallel to the plane of the [8] CPP cavity, whereas
they are more orthogonal in the case of the B97x and M062X
functionals so as to engage in 7—x interactions with the pheny-
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lene rings of [8]CPP. Only the LC-BLYP and LC-wPBE calculations
converged on structures similar to the observed solid-state struc-
ture with a ~45° tilt of the Fc unit’s Cp planes relative to plane of
the [8]CPP cavity. The fact that the optimized geometries exhibit
a wide range of different orientations for the Fc guest suggest that
it can likely sample many nearly iso-energetic co-conformations
(also known as local mimima or metastable states) in the gas
phase and in solution, akin to a ball in a ball bearing. This ex-
pected rapid tumbling motion is consistent with the VT 1H NMR
spectra which do not show signal splitting even at 223 K.

Fig. 2 Single-crystal structure of FcC[8]CPP. Solvent molecules have
been removed for the sake of clarity. Thermal ellipsoids are scaled to
include 50% probability. (a) The orientation of the two FcC[8]CPP com-
plexes that make up the asymmetric monoclinic unit cell. (b) Packing
plot that shows the alternating columns of FcC[8]CPP complexes and
their tilt with respect to each other.
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The LC-BLYP functional most accurately captured the solid-
state geometry of FcC[8]CPP, with a 47.8° tilt angle and six CH-7
bonds (dpiy = 2.81 + 0.04 A, /c.yx = 136.6 & 18.4 °) in good
agreement with the XRD structure. One very weak n—7 interac-
tion within the specified geometric cut-offs®® was also observed
in this superstructure. The structural differences between free
[8]CPP and Fc-complexed [8]CPP, indicating increased aromatic
character in the complex, were also captured at this level of the-
ory (Alexp = Al = —-0.011 for FeC[8]CPP, Fig. S3). The asso-
ciation energy AEqqs was calculated with each method after BSSE
corrections. All methods predict a stable complex, but with a
wide range of values for the calculated enthalpic energies AEgqs
of association.

3.4 Cyclic Voltammetry

Since Fc is a well-known reversible redox switch,?8 we inter-
rogated the FcC[8]CPP complex electrochemically using cyclic
voltammetry (Fig. 3). Thin films of 1:10 Fc:[8]CPP mixtures were
drop cast from DCM on a platinum working electrode, dried, and
submerged in Ny-purged aq. NaCl (0.3 M) with a Ag/AgCl refer-
ence electrode and a Pt counter electrode. At a scan rate of 50
mV/s, two redox waves are observed; one at 0.18 V corresponds
to that of uncomplexed Fc, while the second reversible wave cen-
tered at 0.30 V can be ascribed to the Fecc[8]CPP/ Fct c[8]CPP
redox couple. No major changes were observed at higher scan
rates of 100 and 200 mV/s (Fig. S6). Over the course of re-
peated scans (Fig. 3b), the Fc/Fc* signals are depleted more
rapidly than the FcC[8]CPP/ Fct C[8]CPP signals, likely because
the water-insoluble [8]CPP hosts suppress the extraction of com-
plexed Fc' ions into the aqueous electrolyte compared to the
water-soluble free Fc' ions. Based on peak-fitting analysis (Fig.
S7), the Fe* :Fe* C[8]CPP ratio decreases from 1.9:1 to 1.4:1 over
three scans.

3.5 Self-Assembly of CoCp,™ C[8]CPP

Since the CV data suggests that Fct maintains affinity for [8]CPP,
we assembled and characterized an [8]CPP-cobaltocenium
(CoCpy ™) complex (Fig. 4). We employ CoCpy* as a surrogate
for Fct because it is diamagnetic, and therefore more amenable
to 1H NMR spectroscopic analysis than the paramagnetic Fc* ion.
We determined an association constant of 450 M~! by 'H NMR
titration (Fig. 4b-c) in 1:5 CD3CN:CDClz, as CoCpst was not
soluble in neat chloroform.2? In the VT 1H NMR spectrum (Fig.
4d), the CoCp, ™ signal attributable to the complex broadens and
shifts to lower frequency as the temperature is lowered, unlike
the overlaid signal of uncomplexed CoCps*. As in FcC[8]CPP,
the C-H stretching band at 1175-1225 em! (C-H bending) in-
creases slightly and the inter-ring C-C stretch at 1240--1290 cm'
decreases when [8]CPP hosts CoCp, ™, while the G band (1560—
1620 cm™!) shifts to lower wavenumber (Fig. S8). In the MALDI
mass spectrum (Fig. S9a), we observed a [M — Cp] ™ signal (com-
mon in metallocenes), as well as [M — H]* and [M — 2H]* signals
attributable to laser induced coalescence, as observed in prior CPP
complexes.3278
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Fig. 3 Cyclic voltammograms (scan rate 50 mV/s, 0.3M aq. NaCl) of
thin films drop-cast on a Pt working electrode against an aq. Ag/AgCl
reference electrode and a Pt counter electrode. (a) Comparison of pure
Fc with a 1:5 ratio of Fc:[8]CPP mixture. (b) Three repeat scans of
a Fc:[8]CPP mixture shows that the signals attributable to free Fc are
depleted more rapidly than the signals attributable to the FcC[8]CPP
complex, presumably due to differences in their extraction efficiency into
the aqueous electrolyte.

3.6 Solid-State Structure of CoCp,* C[8]CPP

We grew single crystals of CoCpytC[8]CPP complex by slow
evaporation of a CHCl3/CH3CN (5:1, v/v) solution. Like
FcC[8]CPP, the unit cell of the CoCpy-PFgC[8]CPP crystal con-
tains two complexes. Unlike FcC[8]CPP, these two complexes
exhibit substantially different tilt angles (76.5° and 88.3°) for the
Cp planes of the guest with respect to the plane of the [8]CPP
cavity. Thus, the oxidized metallocenium guest differs from the
neutral one in its tilt angle with respect to [8]CPP by 30-40° in
the solid state. The high tilt angles allow the CoCp, ™ guest to en-
gage in m-—7 interactions with the phenylene units of the [8]CPP
host in both cases, with offest angles (/z_z,) of 8.8° and 24.4°
and centroid-to-centroid distances (dmn) of 3.868 and 3.944 A,
well below the 4.4 A cutoff considered for 7 interactions (Fig.
$5¢).%8 One of the unit cell’s complexes (88.3° tilt) has only
two strong n—x bonds, while the other complex (76.5° tilt) has
two CH-n bonds accompanying its two slightly weaker (longer
bondlength) n-7 interactions. A different packing pattern (Fig.
5b) is observed in the XRD superstructure of CoCpy-PF¢C[8]CPP

Journal Name, [year], [vol.], 1 |5
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Fig. 4 CoCpatC[8]CPP. (a) Schematic self-assembly of CoCpptC[8]CPP. (b) ! NMR titration (400 MHz, 293K, 1:5 CD3CN:CDCl3) showing the
change in chemical shift of the CoCp2T (0.25 mM) signal with increasing [[8]CPP] (0 - 1.65 mM). (c) Example binding isotherm based on the NMR
titration (K, = 450 M1, averaged over 2 trials). (d) The partial VT 'H NMR spectra (400 MHz, 1:5 CD3CN:CDCl3) of CoCpa* (dark grey) and
1:1 CoCp2™T:[8]CPP (blue) become increasingly different as the temperature is lowered from 323 K to 223 K.

compared to the herringbone packing of FcC[8]CPP. In this case,
the [8]CPP rings pack in alternating rows with nearly orthogo-
nal orientations, and two PFg counterions occupy the interstices
between complexes in every other row. The dihedral angles in
the [8]CPP rings of the CoCpy-PFsC[8]CPP complexes do not
vary as widely as they do in free [8]CPP and FcC[8]CPP (Fig-
ure S4), which is supportive of the stabilizing n—= interactions in
the former. The Cp ring radius and the Cp-to-Cp distance in Fc
and CoCp,™* each differ by <0.05 A; their nearly identical size
suggests that sterics are not responsible for the difference in tilt
angle.

We repeated the DFT method comparison for the gas-phase
CoCp, " C[8]CPP complex (Table S2). In this case, the converged
structures are more similar than in the case of FcC[8]CPP, with
tilt angles ranging from 45.8°-68.4°, all of which fall below the
two experimentally observed angles of 76.5° and 88.3° in the
solid state. In the crystal, both Cp rings of the guest engage in
n—7 interactions with the [8]CPP host, yet most of the calculated
structures show only one 7—7x interaction, with the exception of
MO062X. Thus, the solid-state superstructure of CoCp,* C[8]CPP
most closely resembles the gas-phase superstructure predicted
with the M062X functional, which had the highest tilt angle and
two 77 interactions. The M062X functional has been employed
previously to predict other types of - stabilized CPP host-guest
complexes. All of the DFT methods we employed predict that
CoCpyt C[8]CPP is more stable than FcC[8]CPP, but only the
LC-wPBE and CAMB3LYP functionals predict major differences
(>10°) in host-guest tilt angle between the complexes of Fc and
CoCpy™*.

3.7 Functionalized Fc Guests for [8]CPP

The use of FcC[8]CPP in functional materials such as porous
frameworks or mechanically interlocked molecules may
require the Fc core to be functionalized. In order to deter-

6| Journal Name, [year], [vol.], 1

mine if [8]CPP could also host bis-functionalized ferrocenes
(Fc(R)2) (Fig. 6a), we evaluated the binding affinity of
two guests: 1,1-ferrocenedialdehyde (Fc(CHO),) and bis-(2-

Fig. 5 Single-crystal structure of [CoCpaC[8]CPP]PFs. Thermal ellip-
soids are scaled to include 50% probability. (a) The orientation of the
two CoCpatC[8]CPP complexes that make up the asymmetric mono-
clinic unit cell. (b) Packing plot shows alternating rows of orthogonally
positioned complexes with pairs of PFg counterions occupying the inter-
stices between complexes one of the two types of rows.
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Table 2 Comparison of the CH-7 and -7 bonding parameters in the single-crystal structure of CoCpa T C[8]CPP and the energy-minimized gas-phase
structures calculated with the M062X, wB97X, LC-BLYP, LC-wPBE, and CAMB3LYP DFT functionals and the 6-311G(d) basis set.

wB97X LCBLYP LCwPBE CAMB3LYP
AE (kcal/mol) -3.5 -28.9 -24.6 -19.2 -17.7
Tilt Angle () 76.5 60.3 45.8 45.9 46.5
# of CH-1m Bonds 2 4 4 4 5
Avg. dpin (A) 2.798 - 2.67 £0.08 2.76 £0.05 2.66 +0.07 2.72+0.05 2.77 +0.04
Avg. Zcx (°) 157.9 - 127.6+£4.5 130.6 £ 9.6 134.6 £ 10.7 138.2+10.7 135.2+8.4
# of -1m Bonds 2 2 2 1 1 1 -
AVg. LT () 24.4 8.8 12.0+12.8 13.2 24.7 25.1 -
Avg. dm,-TT, (A) 3.868 3.944 3.797 £ 0.02 41 4.3 4.3 -

(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethoxy) methylferrocene
(Fc(4EGN3)5). We estimated an association constant of K; = 590
+ 310 M1 (averaged over two trials) for the Fc(CHO), complex
by 'H NMR spectroscopic titration (Fig. 6d-e) in CDCl3. As in the
prior [8]CPP-metallocene assemblies, the VT 'H NMR spectrum
(Fig. 6b) of the 1:1 mixture becomes increasingly broadened and
upfield-shifted at lower temperatures, while the G band Raman
signals of [8]CPP also shift (Fig. S10). The much higher binding
affinity of Fc(CHO),C[8]CPP compared to FcC[8]CPP suggests
that the aldehyde groups enable additional stabilizing non-
covalent bonding interactions. Indeed, the energy-minimized
gas-phase superstructure (Fig. 6c) is stabilized by two CH-O
hydrogen bonding interactions between the phenylene units of
the host and the aldehyde groups of the guest, as well as three
of the expected CH-r interactions. Geometry optimization of
four gas-phase complexes based on different energy-minimized
Fc conformers (Figure S11) at the LC-BLYP/6-311G(d) level of
theory predicts that Fc(CHO),C[8]CPP is substantially more
stable than FcC[8]CPP (in good agreement with observations),
the most stable species being the trans isomer shown in Fig. 6c
and Fig. S11.

CH-O hydrogen bonds are also important stabilizing interac-
tions for many guests that bind cyclobis(paraquat-p-phenylene),
where significant binding enhancements can be achieved by
introducing more oxygen atoms in extended oligoether side
chains. 8182 we Jooked for evidence of a similar stability enhance-
ment with Fc(4EGN3)5. The azide termini were included to en-
able further modification by way of azide-alkyne cycloaddition
"click" reactions in future work. The association constant of the
Fc(4EGN3),C[8]CPP complex was determined to be 350 + 60
M1 (averaged over two trials) by 'H NMR spectroscopic titration
(Fig. 6f-g). Therefore, extended oligoether side chains do not
offer significant stability enhancements over Fc(CHO),. The Ra-
man signals of [8]CPP in the Fc(4EGN3),C[8]CPP show slight
broadening of the G band compared to free [8]CPP, while no
other significant changes were observed (Fig. S12). These func-
tionalized complexes establish the feasibility of further modifying

FcC[8]CPP as a template for new materials by a variety of means
(such as Wittig, imine, or click reactions) without compromising
the stability of the complex.

4  Conclusions

Until now, no guest for unmodified [8]CPP has been reported, nor
have metallocenes been employed as guests for nCPP nanorings.
Employing metallocenes as guests for [8]CPP confers a degree
of redox control over binding affinity and geometry, which we
have confirmed both experimentally and with DFT calculations.
The metallocene guests can be functionalized with oxygenated
side-chains to enhance binding affinity, providing opportunities
to incorporate them in functional materials in future work. The
discovery of CPP-metallocene host-guest complexes thus unlocks
a new family of redox-active, semiconducting synthons available
for molecular machinery, molecular electronics, and organic elec-
tronic materials.
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Fig. 6 Functionalized ferrocene guests for [8]CPP. (a) Schematic self-assembly of bis-functionalized host-guest complexes (Fc(R)2)C[8]CPP. (b) A
comparison of the partial VT 1H NMR spectra (400 MHz, CDCl3) of free Fc(CHO), (dark grey) and 1:1 Fc(CHO)5:[8]CPP (blue) reveals that they
become increasingly divergent as the temperature is lowered from 323 K to 223 K. (c) Energy minimized gas-phase superstructure of the trans-
Fc(CHO)2C8CPP complex calculated at the LC-BLYP/6-311G(d) level of theory, with CH-O and CH-7 hydrogen bonds shown as dashed red and
black lines, respectively. (d) 'H NMR titration (400 MHz, 293K, CDCl3) showing the change in chemical shift of the Fc(CHO)> (0.36 mM) signals H1
and H2 with increasing [[8]CPP] (0 - 2.82 mM). (e) Example binding isotherm based on the NMR titration (K5 ~ 590 M1). (f) 'H NMR titration
data (400 MHz, 293K, CD>Cl;) showing the change in chemical shift of the Fc(4EGN3)> (3.4 mM) signal with increasing [[8]CPP]. (g) Example
binding isotherm based on the NMR titration data (K, ~ 350 M1).
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