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ABSTRACT: A 3D mn-conjugated polyradicaloid molecular cage c-Phi4, consisting of three Chichibabin’s
hydrocarbon motifs connected by two benzene-1,3,5-triyl bridgeheads, was synthesized. Compared with
its linear model compound I-Ph4, the prism-like c-Ph14 has a more rigid structure, which shows signifi-
cant impact on the molecular dynamics, stability, and electronic properties. A higher rotation energy
barrier for the quinoidal biphenyl units was determined in c-Ph14 (15.64 kcal/mol) than that of I-Phg
(11.40 kcal/mol) according to variable-temperature NMR measurements, leading to improved stability,
a smaller diradical character, and an increased singlet-triplet energy gap. The pressure-dependent Ra-
man spectroscopic studies on the rigid cage c-Phi4 revealed a quinoidal-to-aromatic transformation
along the biphenyl bridges. In addition, the ellipsoidal cavity in the cage allowed selective encapsulation
of fullerene C,, over Cgo, With an associate constant of about 1.43x104 M. Moreover, c-Phi4 and I-Ph4
exhibited similar redox behavior and their cationic species (c-Ph14°* and I-Ph43*) were obtained by
chemical oxidation and the structures were identified by X-ray crystallographic analysis. The biphenyl
unit showed a twisted conformation in I-Ph4?*, whereas remained coplanarity in c-Ph14°%*. Notably, mol-
ecules of c-Ph145%* form one-dimensional columnar structure via close n-nt stacking between the bridge-
heads.

INTRODUCTION organic radical frameworks.” It has been demon-
strated that aromaticity played a critical role on
their diradical character and singlet-triplet en-
ergy gap.’® However, there is almost no system-
atic study on how the structural rigidity affects
the molecular dynamics, stability and electronic
properties. This issue becomes particularly im-
portant for the design of diradicaloids with flexi-
ble conformation and tailored diradical character.

Chichibabin’s hydrocarbon (CH), p,p’-bi-
phenylene-bis-(diphenylmethyl), can be consid-
ered as the very first open-shell singlet diradica-
loid (Figure 1a).® The diradical-like behavior can
be ascribed to the recovery of two aromatic sextet
rings in the diradical form. The compound showed
a bright green color in solid state and X-ray crys-

Over the past decade, open-shell singlet diradica-
loids have received intensive studies mainly due
to their unique electronic properties arisen from
the intermediate bonding emerging from frac-
tional occupation of frontier m-electrons.® The
molecules exhibit diradical-like behavior and
thermally activated paramagnetic activity. How-
ever, the practical applications of diradicaloids
are still limited by the low stability, although var-
ious thermodynamic and kinetic stabilizing strat-
egies have been developed. The topological struc-
tures of the investigated diradicaloids varied from
rigid planar skeletons? to conformationally flexi-
ble molecules,® contorted helicenes,* macrocy-
cles,5 3D molecular cages,® and even 2D covalent



tallographic analysis revealed a planar p-di-xy-
lylene backbone, implying dominant contribution
from the closed-shell quinoidal resonance form in
the crystal (Figure 1a).° On the other hand, the so-
lution displayed a blue-violet color and was very
sensitive to oxygen, indicating an open-shell
diradical character. While it is practically difficult
to determine the real conformation of the mole-
cule in solution, one can expect a dynamic process
in which the two phenyl rings in the p-di-xylylene
unit can rotate along the central CC bond due to
its partial single-bond nature as described in the
open-shell diradical form (Figure 1a). We believe
that such dynamic rotation process can be re-
stricted when the CH units are constrained in a
rigid 3D topological structure such as a molecular
cage, and as a consequence, the conformational
stability of CH could be improved. Therefore, we
designed and synthesized a rigid molecular cage
c-Ph14 in which three CH units are linked via two
benzene-1,3,5-triyl bridgeheads and there are
overall fourteen m-conjugated phenyl rings (Fig-
ure 1b). Similar to the CH, the individual CH units
in c-Ph14 have the tendency to become open-shell
diradicals, and thus the cage is supposed to dis-
play multiple diradical characters. Different from
the normal CH, two of the phenyl substituents are
replaced by bulky mesityl (Mes) groups which
simultaneously provide kinetic stabilization and
structural restriction(congestion) in such a way
that the CH units always adopt a cis- configuration
in the cage. For comparison, a CH analogue [-Ph4
with two Mes and two 4-bromophenyl groups was
also synthesized, which is supposed to exhibit a
cis-/trans- isomerization via a diradical transition
state in the free conformational state (Figure 1c).
Detailed studies on the neutral molecules as well
as their charged species allow us to understand
how the structural rigidity in a 3D m-conjugated
molecular cage affects the molecular dynamics,
stability, and electronic properties. In addition,
the rigid cage-like structure also offers the possi-
bility to investigate free volume cavity controlled
properties such as; i) pressure dependent quinoid-
benzenoid interconversion,' and space spherical
filling by host-guest chemistry with fullerenes.™
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Figure 1. Structures of (a) Chichibabin’s hydro-
carbon, (b) the new Chichibabin’s hydrocarbon
based molecular cage c-Phi4, and (c) the model
compound I-Ph4 with possible cis-/trans- isomer-
ization via a diradical transition state. The aro-
matic sextet rings are shaded in blue color.

RESULTS AND DISCUSSION

Synthesis. Synthesis of 3D n-conjugated molecu-
lar cages is a challenging task, and recently, dy-
namic alkyne metathesis,”” Suzuki coupling,™
Yamamoto coupling,®4 and platinum (Pt)-medi-
ated assembly of stannylated subunits followed by
reductive elimination of Pt,'5 turned out to be ef-
ficient ways. Herein, a key intermediate 4 con-
taining three 4-bromophenyl groups was first syn-
thesized (Scheme 1). Nucleophilic addition of
4,40-dibromobenzophenone 1 with excess amount
of 2-mesitylmagnesium bromide generated the al-
cohol intermediate 2 and subsequent methylation
by iodomethane gave compound 3 in 86% yield
over two steps. A three-fold Suzuki coupling reac-
tion between an excess amount of 3 and 1,3,5-
tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzene afforded the precursor 4 in 55% yield.
The steric repulsion amongst the mesityl substit-
uents and neighboring phenyl units gives rise to a
dihedral angle that is optimal for the Ni(COD).
mediated Yamamoto homo-coupling of 4 to build
the cage structure 5 in 26% yield, after purifica-
tion by preparative gel permeation chromatog-
raphy (pre-GPC). Six-fold reductive elimination of
the methoxy groups in 5 by SnCl, in dichloro-
methane (DCM) generated the fully conjugated
molecular cage c-Phi4 in nearly quantitative



yield. The model compound I-Ph4 was synthesized
from the building block 6® through a similar nu-
cleophilic addition, methylation and reduction se-
quence (Scheme 1). The bulky mesityl groups at-
tached onto c-Phi14 and I-Ph4 ensure sufficient
stability and solubility, and both compounds can
be purified by normal silica gel column chroma-
tography.

Scheme 1. Synthetic route for c-Ph14 and I-Ph4?
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2Conditions: (a) MesMgBr, THF, R.T., 4h; (b) NaH,
CH;l, THF, R.T., 6h; (c) 1,3,5-tris(4,4,5,5-tetrame-
thyl-1,3,2-dioxaborolan-2-yl)benzene, Pd,(dba),,
PPh;, Cs,CO;, CsF, toluene/DMF, reflux, 24h; (d)
Ni(COD),, 2,2’-bipyridine, THF, 65 °C, 72h; (e)
SnCl,, DCM, R.T., 12h.

Ground-state geometry. Single crystals suitable
for X-ray crystallographic analysis were obtained
by slow diffusion of acetonitrile into the THF so-
lution of 1-Ph4."”7 The molecule adopts a C; sym-
metry with trans- configuration (Figure 2a). Like
the CH,° the fourteen di-p-xylylene carbons in I-
Ph4 are essentially coplanar (Figure 2b). The
bulky mesityl substituents are almost perpendic-
ular to the mean molecular plane (torsional angle:
72.5°), and the sterically congested 4-bromo-
phenyl groups are displaced out of the main plane
with a torsional angle of 35.8°. Bond length anal-
ysis clearly disclosed aromatic character of the
two outer phenyl rings with the harmonic oscilla-
tor model of aromaticity (HOMA)*® value (0.96)

close to the ideal benzene model (HOMA: 1.0). In
contrast, large bond alternation was observed in
the central di-p-xylylene unit, and a much smaller
HOMA value (0.57) was calculated for these two
six-membered rings, indicating a non-aromatic
quinoidal structure. The bond length of central C1-
C1' bond (1.427 A) is much longer than that in typ-
ical olefins (1.33 A) but shorter than the aryl-aryl
single bond distance in biphenyl (1.493 A), sug-
gesting an intermediate open-shell diradical char-
acter. Indeed, natural orbital occupation number
(NOON) calculations (UCAM-B3LYP/6-31G(d,p))
based on the X-ray structure of I-Ph4 predicted a
moderate diradical character (y, = 0.73, defined
as the occupation number of the lowest unoccu-
pied natural orbital (LUNO)). Single crystal of c-
Ph14 could not be obtained after many efforts, and
its geometry was only assessed by DFT calcula-
tions (UB3LYP/6-31G(d,p)). It is predicted that c-
Phi4 adopts C3, symmetry, and the three bridges
adopt a propeller-like geometry (Figure 2c,d). The
bridgehead 1,3,5-triphenylbenzene units display
strong aromatic character (HOMA = 0.92/0.94),
indicating that the CHs are nearly decoupled due
to the cross-conjugated 1,3,5-linkage mode. The
three di-p-xylylene units are predicted to have a
planar geometry with a large bond alternation and
small HOMA value (0.50), similar to CH and [-
Ph4. The distance between neighboring methine
sites (C2-C3/C3-C4/C4-C2) along one bridgehead
is as long as 11.809 A, implying weak through-
space electronic coupling between the three CH
units. Indeed, NOON calculations based on the op-
timized geometry of c-Phi4 predicted similar
multi-diradical characters with y, = 0.67, y, =
0.66, and y, = 0.51, which are defined as the oc-
cupation number of LUNO, LUNO+1, and LUNO+2,
respectively. The y, value is slightly smaller than
that of I-Ph4, indicating that structural restriction
in a 3D cage structure may lead to higher rotation
barrier and a larger singlet-triplet energy gap
(AEs.7). On the other hand, the similitude of the yo,
Y;, and y. indices indicate the development of
diradical character in each CH unit is almost inde-
pendent from the others. This hypothesis was ver-
ified by variable-temperature (VT) nuclear mag-
netic resonance (NMR) and electron spin reso-
nance (ESR) measurements of both I-Ph4 and c-
Phi4 (vide infra).
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Figure 2. X-ray crystallographic structure of I-Ph4 and optimized structure of c-Phi4: (a)/(d) top view;
(b)/(c) side view. Hydrogen atoms (for both) and mesityl substituents (for c-Ph4) are omitted for clarity.
Selected bond lengths (in A) and dihedral angles in the biphenyl subunits are labeled, and the blue num-
bers in individual rings are the calculated HOMA values.

Molecular dynamics. Although I-Ph4 was found
only in trans- configuration in the single crystal,
it should have a cis- isomer, which might be in
equilibrium with the trans- isomer in solution
(Figure 1c). DFT calculations (UB3LYP/6-
31G(d,p)) indicate that the cis-isomer almost has
the same energy to the trans- isomer (CEcis-trans =
0.01 kcal/mol). VT NMR measurements were con-
ducted for I-Ph4 in THF-dg to determine the possi-
ble dynamic interconversion process (Figure
3a,b). The 'H NMR spectrum at 268 K is well-re-
solved and can be fully assigned by 2D COSY and
NOESY NMR techniques (Figures S3-S7 in the Sup-
porting Information (SI)). Only one set of aver-
aged resonances was observed due to fast ex-
change between cis-/trans- isomers relative to
NMR timescale. As the temperature was lowered,
the signals were gradually broadened and became
fully coalescent at about 258-243 K. Further cool-
ing of the solution resulted in splitting of all the
peaks into two sets of signals, which can be as-
signed to the cis- and trans- isomer, respectively,
indicating a slow cis-/trans- isomerization pro-
cess on the NMR timescale. The cis-/tran- isomers
are in an approximately 1:1 ratio below 233 K as
estimated from integration of the respective reso-
nance, in accordance with their nearly identical
populations as predicted by energy calculations.
The cis-/trans- exchange rate constants (k [s™]) in
the temperature range from 268 K to 218 K were
then estimated by careful line-shape analysis of
the pair-peaks 6/60 (see details in SI).'” The inter-
conversion rate constants k were plotted versus
the reciprocal absolute temperature (1/7T) and the
data was then fitted by Eyring equation ln§
— ATfI* X % + lnT + ATS* to give the thermodynamic ac-
tivation parameters AH” = 112.32+3.15 kJ-mol* and
ASY = 266.7+13.3 J-mol™*K* (Figure 3c). The posi-
tive value of ASY reveals the formation of a dis-

kp

torted transition state in agreement with our hy-
pothesis. The interconversion energy barrier at
the coalescence temperature AG™. (T = 243K) was
then estimated to be 47.51 kJ-mol™ (11.4 kcal-mol
B related with the energy required to complete the
scission of the n—-bond from the partial diradical in
the reactant/product up to the transition state. It
should be noted that the cis-/trans- isomerization
can happen by rotation along either C1-C1’' bond or
C2-C3 bond, but according to the X-ray crystallo-
graphic data, the former (1.423 f\) is obviously
longer than the latter (1.394 A) (Figure 2a), imply-
ing a larger single-bond character. Therefore, the
measured interconversion energy barrier based
on the protons 6/6' should be correlated to the ro-

tation barrier about the central Ci1-C1’' bond.
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Figure 3. (a) VT 'H NMR spectra (aromatic region)
of I-Ph4 in THF-ds; (b) the labeling in the cis- and
trans- isomers; (c) kinetic analysis of the ex-
change rate constants at different temperatures
by Eyring equation.

In the rigid molecular cage c-Phi4, although
the CH units are locked in cis- configuration, the
phenyl rings in the di-p-xylylene moieties may
still undergo a dynamic restricted flipping process
due to the partially single-bond character of the
central C-C bond. Indeed, this dynamic flipping
process was also found by VT-NMR measurements
in THF-ds (Figure 4a,b). At low temperature range
(T < 300K), two split doublets were observed in
an integration ratio of 1:1, which can be assigned
to pair-protons 5/50based on 2D COSY and NOESY
NMR techniques (Figures S8-S9 in SI), indicating
that the flipping of phenyl rings in the di-p-xy-
lylene unit is slow on NMR timescale. As the tem-
perature was increased, the flipping speeded up,
and the two doublets (5/50) tended to merge to-
gether and became fully coalescent at around 310
K. Further heating of the solution would expect-
edly lead to a well-resolved spectrum with only
one set of sharpened peaks. However, severe sig-
nal broadening was found above 315 K due to re-
markable thermal population from the diamag-
netic singlet species to the paramagnetic triplet
species, thus hampering the observation and
quantification of the fast ring rotation process.
The flipping rate constants (k [s™]) in the range
from 310 to 270 K can be estimated by using sim-
ilar line-shape analysis as I-Ph4 (see details in SI),
and fitting by Eyring equation gave the thermody-
namic parameters AH” and AS" as 112.81 + 4.23
kJ/mol and 153.67 + 14.25 J/(mol-K), respectively
(Figure 4c). The flipping energy barrier at the co-
alescence temperature AG%. (T. = 310 K) was then
estimated to be 65.17 kJ-mol™ (15.64 kcal-mol™?),
which is much larger than the cis-/trans- isomeri-
zation energy barrier of I-Ph4. The largely in-
creased barrier can be attributed to the conforma-
tional restriction in the rigid cage framework,
which also explains the smaller diradical charac-
ter in comparison to I-Ph4. Consequently, c-Phi4
exhibited much better stability (half-life time t;,,
= 22.6 days) than I-Ph4 (t;» = 13.1 days) under
ambient air and light conditions as monitored by
UV-vis absorption spectroscopy (Figure S1 in SI).
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Figure 4. (a) VT '"H NMR spectra (aromatic region)
of c-Ph14 in THF-ds; (b) the labeling; (c) kinetic
analysis of the exchange rate constants at differ-
ent temperatures by Eyring equation.

Magnetic properties. Compound c-Ph14 showed a
well-resolved 'H NMR spectrum at 295 K in THF-
ds, while heating the solution resulted in severe
signal broadening, in particular for the protons on
the quinoidal biphenyl subunits (Figure 4a),
which can be explained by the existence of ther-
mally populated triplet species as commonly ob-
served in many open-shell singlet diradicaloids.*
In contrast, I-Ph4 in THF-ds exhibited extremely
broadened NMR signals even at 288 K (Figure 3a),
in accordance with its larger calculated diradical
character. The magnetic properties of c-Phi14 and
1-Ph4 were further investigated by VT ESR meas-
urements (Figure 5). c-Phi14 displayed an unre-
solved one-line ESR spectrum with g. of 2.00276
(Figure 5a), implying carbon-centered n-radicals.
The signal intensity gradually decreased upon
lowering temperature, consistent with its open-
shell singlet ground state. Fitting of the VT-ESR
data recorded in frozen THF solution by Bleaney-
Bowers equation®® gave a singlet-triplet gap (AEs.
1) of -3.04 kcal/mol (Figure 5b). Calculations
(UCAM-B3LYP/6-31G(d,p)) on the singlet diradi-
cals show that the spins are well distributed
among three bridges, with the spin density mainly
delocalized along the di-p-xylylene moieties (inset
in Figure 5b), indicating weak through-space cou-
pling. Compound I-Ph4 in THF showed a similar



one-line ESR spectrum (ge = 2.00264) and temper-
ature dependence (Figure 5c). Fitting of the ESR
gave a smaller OEs.r of -2.56 kcal/mol (Figure 5d).
The spins are well delocalized along the di-p-xy-
lylene unit as well as the two 4-bromophenyl
groups (inset in Figure 5d). The larger singlet-tri-
plet gap of c-Phi4 is in good agreement with its
smaller diradical character, larger flipping energy
barrier, and better stability as compared to I-Ph4.
Thus, conformational restriction plays a critical
role in molecular dynamics, as well as electronic
and magnetic properties of a cage-shaped polyrad-
icaloid, c-Ph14.
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Figure 5. VT ESR spectra and IT-T plots of (a), (b)
c-Phi14 and (c), (d) I-Ph4 in frozen THF. I: inte-
grated ESR intensity; T: temperature in K. The vi-
olet lines in (b) and (d) are the fitted curves, and
inseted are the calculated spin-density distribu-
tion maps of the singlet diradicals.

Optical and electrochemical properties. Com-
pounds c-Phi14 and I-Ph4 have good solubility in
common organic solvents, resulting in red color
solutions. The UV-vis absorption spectra of both
compounds in DCM are compared in Figure 6a. I-
Ph4 shows a major absorption band with maxi-
mum (Amax) at 552 nm (€ = 1.93x105 M*.cm™), ac-
companied by a long tail up to 700 nm. c-Ph14 dis-
plays a similar band structure but with 19 nm blue
shift (Amax = 533 nm, € = 4.89%x10°> M*-cm™) due to
the larger conformational restriction. The molar
coefficient of c-Ph14 at the absorption maximum
is 2.53 times as that of I-Ph4, implying weak elec-
tronic coupling between the CH units.

The electrochemical properties of c-Phi14 and
I-Ph4 were studied by cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) meas-
urements in dry DCM solutions (Figures 6b). I-Ph4
showed two reversible oxidation waves with half-
wave potential (E;»°*) at 0.16 and 0.40 V and two
reversible reduction waves with half-wave poten-
tial (E,."™%) at -1.52 and -1.75 V (vs Fc/Fc*, Fc =
ferrocene). Oxidative titration of [-Phg4 with
NO-SbFe gave corresponding radical cation (Amax=
1620/686 nm, € = 0.27/0.67x105 M™*.cm™) and di-
cation (Amax = 575 nm, € = 0.78%x105 M*.cm™) (Fig-
ure S2 in SI), which can also be unambiguously
generated upon stepwise electrochemical oxida-
tion (Figure 7a).
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Figure 6. (a) UV-vis absorption spectra of c-Phi4
and I-Ph4 in DCM. (b) Cyclic voltammograms and
differential pulse voltammograms of c-Ph14 and I-
Ph4 in DCM.

For c-Phi4, despite the existence of three CH
subunits and the multiple diradical characters,
similar cyclic voltammogram was recorded with
two reversible oxidation waves at E,»,°* = 0.076,
0.29 V (vs Fc/Fc*) as compared to I-Ph4, attrib-
uting to the weak through-space coupling between
the CH bridges. Oxidative titration of c-Ph14 with
NO-SbFe¢ was difficult to control to give pure inter-
mediate states (Figure S2 in SI). Alternatively,
stepwise electrochemical oxidation provided
three clear oxidation states sequentially (Figure
7b), which can be assigned to the corresponding
dication, tetracation and hexacation of c-Phi4 by



comparison with the absorption spectra of I-Phg4**
and l-Ph4?+. The absorption spectrum of the first
oxidation state of c-Ph14 exhibited a band at 702
nm together with a broad band at 1580 nm tailing
up to almost 2000 nm, which is highly correlated
with the band structure of the I-Ph4* (Amax =
686/1620 nm). However, while the lowest energy
band maximum is blue-shifted (1580 nm versus
1620 nm), the higher energy peak is red-shifted
(702 nm versus 686 nm) as compared to I-Phg4*-.
While we should expect a unison large red-
shit/blue-shift of the two bands if the charge
would spread over a larger/smaller (more con-
fined) n—core than in 1-Ph4*:, such as previsibly
would be the cases of the radical cation/radical
trication species, the slight changes found on first
oxidation indicated the formation of the interme-
diate diradical dication of c-Phi4 (i.e., c-Phi14?*
where the charges are separated along two
bridges in the 3D cage-shaped architecture, or c-
Ph142¢+*)), Posterior oxidation of c-Ph14 gave rise
to the full clearance of the 702/1580 nm bands ac-
companied with the concomitant emergence a new
band at 593 nm, similar as what has been observed
for the 1-Ph42?*, but with a slight red-shift (593 nm
versus 575 nm). With the same reasoning, the sec-
ond oxidation state of c-Ph14 was neither a singly
confined dication nor a triple dication, but a tetra-
cation (i.e., c-Ph144* or c-Ph142®"). Further oxi-
dation of c-Ph14 led to a species with an I-Phg4?*-
like absorption band at 565 nm. According to the
previous logic and supported by the fact that this
species appeared at higher potential than c-
Ph144*, the new oxidized species was the hexa-
cation (i.e., c-Ph14°* or c-Ph143®"). The Coulomb
repulsion among the three dicationic bridges in
the cage framework provoked the blue shift of c-
Ph145%* as compared to I-Ph42*. Moreover, [-Ph42*
and c-Ph14%" can be isolated in single-crystal
forms by adding two and six equivalent of NO-SbFs
to the solution of I-Ph4 and c-Ph14 in one portion,
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Figure 7. Normalized UV-Vis-NIR absorption
spectra of the oxidized species of [-Phgq (I-
Ph4* and I-Ph4?*) and those of c-Ph14 (c-Ph143*,
c-Ph144* and c-Ph14°%*) all generated from spec-
troelectrochemistry in 0.1 M TBAPF¢ in DCM at
300 K. The inser corresponds to the NIR part of
the spectra of I-Ph4* and c-Ph14?*.

Crystallographic structures and dynamic NMR
spectra of I-Ph4?** and c-Ph145%*. X-ray crystallo-
graphic analysis'” on a single crystal of [-Phg3*
revealed a C; symmetric geometry (Figure 8a), in
which the central biphenyl rings are distorted to a
dihedral angle of 32.9°, differed from the co-pla-
narity in neutral state. The central Ci1-C1' bond
now becomes much longer (1.473 A). In addition,
smaller bond length alternation in the central bi-
phenyl ring was observed with a higher HOMA
value (0.81) as compared to I-Ph4. All these indi-
cate a transformation from a quinoidal structure
to an aromatic one upon oxidation. Two counter
ions (SbF¢’) locate in close contact to the molecu-
lar backbone, and the Coulomb repulsion among
the two delocalized positive charges enhances the
structural rigidity of I-Ph4?*, thereby the rotation
of the phenyl rings along the central C-C bond was
restricted allowing an energy barrier in a detecta-
ble range of NMR. The '"H NMR spectrum of I-Phg4>*
in CD,Cl, displayed one set of broad resonances at
room temperature, while cooling the solution led
to more broadened signals which became fully co-
alescent at 288 K (Figure S1i1 in SI). Upon further
lowering the temperature down to 253 K, the sig-
nal for protons 6/7 were split into two well-re-
solved doublets at an integration ratio of 1:1. The
rotation rate constant (k [s™]) in the range from
298 to 253 K can be estimated by using similar
line-shape analysis as I-Ph4, and fitting by Eyring
equation gave the thermodynamic parameters AH"
and AS” as 107 + 2.03 kJ/mol and 171.2 +7.48
J/(mol-K), respectively. Accordingly, the rotation
energy barrier at the coalescence temperature
AG"rc was estimated as 57.72 kJ/mol (13.85
kcal/mol, T. = 288 K) (Figure S25 in SI). Similar to
the neutral compound, the bond length (1.473 A)
of C1-C1'is longer than that of C2-C3 (1.450 A), and
thus this measured energy barrier is mainly cor-
related to the rotational barrier along the Ci-C1'
bond. This is a rare example in which rotation
along the C-C single bond is slowed down due to
Coulomb interactions.



Figure 8. X-ray crystallographic structures of I-Ph4?* (a), and c-Ph14°%* from side view (b) and top view
(c). Hydrogen atoms are omitted for clarity. Selected bond lengths (in A) and dihedral angle along the
biphenyl subunit are labeled, and the blue numbers in individual rings are the calculated HOMA values.
The packing structure of c-Ph14%* was also shown from side view (d) and top view (e).

The prism-like structure of c-Ph14%* was un-
ambiguously confirmed by X-ray crystallography
(Figure 8b,c).'” The molecule adopts a high Cs
symmetry with three bridges in a propeller-like
geometry. The six SbFs counter ions locate along
the prism and fill the grooves homogenously sur-
rounding two bridgeheads, with close contact to
the molecular skeleton. Bond length analysis
clearly disclosed three sets of aromatic biphenyl
units with small bond length alternation and a
large HOMA value (0.92). Unlike the distorted
conformation in I-Ph4?*, the biphenyl unit along
each bridge of c-Ph14°%* remains coplanar, presum-
ably due to a high structural rigidity induced by
the strong Coulomb repulsion among three dica-
tionic bridges. A similar dynamic flipping process
for the biphenyl subunits of c-Ph14%* was also ob-
served by VT NMR measurements in CD,Cl, (Figure
Si5 in SI), but with a larger rotation energy bar-
rier as compared to the model compound I-Ph4?**.
For c-Ph14°%*, since the coalescence temperature is
higher than the detection limit of CD,CL,, 'H NMR
spectrum with one set of well-resolved sharp sig-
nals at high-temperature range can’t be recorded
(changing the solvent to C,D,Cl, with high boiling
point resulted in degradation of c-Ph14%*). Line-
shape analysis on the VT-NMR data in the range
from 298 K to 263 K and fitting of the data by
Eyring equation gave the thermodynamic parame-
ters AH” and AS” as 90.24 + 3.33 kJ/mol and 91.53

+ 11.6 J/(mol-K) (Figure S26 in SI), respectively.
Accordingly, AG” at 288 K was estimated to be
63.88 kJ/mol (15.33 kcal/mol), which is much
higher than that of I-Ph4?* at the same tempera-
ture (13.85 kcal/mol). So, again, structural rigid-
ity enhanced the rotation energy barrier in the di-
cationic form of each CH bridge.

The benzene-1,3,5-triyl bridgeheads in c-
Ph14%* display strong aromatic character (HOMA:
0.95), whereas the six phenyl rings surrounded
are highly bent and deviated from conventional
aromatic benzene ring (HOMA value: 0.79) (Fig-
ure 8c). c-Ph14%" exhibits interesting packing
mode in single crystal. In the ab plane, molecules
pack tightly with SbFe¢” counter ions as well as the
mesityl groups of adjacent molecules filling the
grooves, and the six-surrounding molecules form
a hexagonal pattern (Figure S31 in SI). Interest-
ingly, significant -7 interaction was observed be-
tween the benzene-1,3,5-triyl bridgeheads of
neighboring molecules (with a distance of about
3.434 A) (Figure 8d and Figure S32 in SI), in spite
of the bent 3D-cage skeleton and intermolecular
Coulomb repulsion. 1D column is formed, with
neighboring propeller-like cage molecules stacked
with each other after rotation by 60 degrees along
the c axis (Figure 8e).

Raman spectra of neutral and oxidized species.
To gain a better insight into the changes of struc-



tural and electronic features upon oxidation, Ra-
man spectra were recorded for the neutral and ox-
idized states of both c-Ph14 (Figure 9) and I-Ph4
(Figure S19 in SI). Whereas the neutral c-Phig4
showed the main Raman band at 1597 cm™, multi-
ple oxidation led to the rise of a new band for typ-
ical aromatic benzenes at 1605 cm™. Meanwhile,
the characteristic bands at low frequency range
(1120 to 1330 cm™) were diminished. In particular,
the clearance of these bands was observed for c-
Ph14°%*, in which all the quinoidal fragments are
fully oxidized to be aromatic. Thereby, the band at
1324 cm™ due C-C stretching and at 1220-1119 cm’
! assigned to mixed C-C stretches + C-H defor-
mation modes all arise from the quinoidal bi-
phenyl moiety of the neutral®* (the band at 1535
cm™likely arises from the trisubsttuted benzene).
Similarly, oxidation provoked an up-shift of the
main Raman band of the neutral I-Ph4 from 1577
cm™to 1580 cm™ and 1603 cm™ in the radical cat-
ion and dication, respectively (Figure S19 in SI).
The changes, however, are larger (26 cm™, from
1577 to 1603 cm™) in I-Ph4 than in c-Ph14 (8 cm™?,
from 1597 to 1605 cm™), revealing a high degree
of corformational restriction in c-Phi4 that re-
duces (i.e., makes more energetic) the amplitude
of the quinoidal->aromatic conversion upon oxida-
tion in the cage in line with previous data. On the
other hand, the similitude between I-Ph4?* and c-
Ph145* is in line with the fact that each arm bears
two positive charges.
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Figure 9. Raman spectra of c-Phi4 and its oxi-
dized species c-Ph14%*, c-Ph144* and c-Ph14°% in
DCM at 300K. Q/A: quinoidal/aromatic bands.
Pressure depedent Raman spectra of c-Phi4. It
is well-known that m-conjugated molecules un-
dergo a wide range of conformational transfor-
mations under high pressure,’® which can also be
used to modulate the electro-optical properties of
materials. Therefore, it would be of great interest
to investigate conformational and electronic di-
versity of a conjugated cage-shaped molecule con-
sisting of both quinoidal and aromatic phenyl
rings. To test this hypothesis, the evolution of the
Raman spectra of c-Ph14 in solid state at room
temperature upon variable pressure were rec-
orded (Figure 10a).

(@)~ ) e

P
covereg l""l

11.6 GPa (I)
lli;ll

T Diamond

10.4 GPa

mime

Raman Intensity

T T T T T T
1700 1600 1500 1400 1300 1200 1100 1000
Raman shift / cm™

Figure 10. (a) Pressure dependent Raman spectra
of c-Phi4 in solid state at 300K. (b) Qualitative
view of the deformation of c-Ph14 under pressure,
the red discs represent benzene-1,3,5-triyl bridge-
heads and the blue parts represent quinoidal bi-
phenyls. (c) Proposed quinoidal to aromatic trans-
formation upon pressure at a molecular level.

Interestingly, the two bands at 1597 (of the
quinoidal biphenyl) and 1535 cm™ (of the connect-
ing tri-substituted benzenes) progressively coa-
lesced into a broad one at high pressure at room
temperature, suggesting a structural deformation
of the cage with pressure. At molecular level, the
increment of pressure would decrease the volume
of the cavity, which can be viewed as a flattening
of the cage (Figure 10b). Considering the unique
71-7 stacking as observed in the crystal of c-Ph14°%+,
it is reasonable to assume that pressure is trans-
mitted intermolecularly through direct contacts
between the benzene-1,3,5-triyl bridgeheads (Fig-
ure 10b). In parallel, the biphenyl quinoidal cores
are subsequently deformed to reduce the molar
volume.’ Noticed that the nature of the pressure
effect in these two bands is different as revealed
by the different behaviour of their wavenumbers
with pressure (see Figure S20). The Raman spec-
tra of c-Ph14 under pressure exhibited a similar
band structure to c-Ph14%* in 1500-1600 cm™, and
the clearance of bands within 1120-1330 cm™ un-
derlined a common structural response to pres-
sure and to oxidation, suggesting a quinoidal to
aromatic transformation of the central biphenyl
subunits. Thereby, pressure serves as external
stimuli to reach multiradical states of c-Phi4 by
enforcing the quinoidal bridges to open-shell rad-
ical form (Figure 10c). Moreover, the whole pres-
sure cycle is reversible, that is, when the external



pressure is released, a Raman spectrum that
highly matched with c-Phi14 under ambient pres-
sure was recovered.

Host-guest chemistry with fullerenes. Consider-
ing the well-defined cavity of c-Ph14, the molecule
may serve as a supramolecular host for selective
encapsulation of certain type of m-conjugated
guest molecules with convex surface, such as full-
erenes Ceo and Cyo.'"" The binding of c-Phi4 with
Cso and C,, was monitored by UV-vis absorption
and fluorescence titration experiments (Figure
11a,c). Upon gradual addition of Ceo, N0 apprecia-
ble change was observed in both absorption and
fluorescence spectra (Figure S27 in SI). In con-
trast, a clear fluorescence quenching was ob-
served when the solution of c-Ph14 in 1,2-dichlo-
robenzene was titrated with C,, (Figure 11c), indi-
cating the existence of intermolecular electronic
interaction between c-Ph14 and C,,. Fitting of the
fluorescence change at 780 nm under different
concentrations gave an association constant (K,)
of 1.43x10% + 350.5 M™.?2 Judging from Job’s plot
(Figure 11b), the complexation stoichiometry was
determined to be 1:1, which was further supported
by MALDI-TOF mass spectroscopic analysis (Fig-
ure S28 in SI). The c-Ph14-C,, complex clearly
showed two peaks with m/z at 841.3 and 1853.8
for both components, as well as a weak peak with
m/z at 2694.6 corresponding to 1:1 host-guest
complex C,o@c-Ph14. In addition, upon addition of
1 equivalent of C,,, all the '"H NMR resonances for
the protons on the backbone of c-Ph14 are slightly
shifted to the high field (Figure S29), indicating
effective electronic interactions between the host
and guest. Furthermore, DOSY NMR analysis (Fig-
ures S30-S31) revealed that the c-Phi14 (D = 6.44
m?/S) and the 1:1 c-Ph14/C,, complex (D = 6.31
m?/S) exhibited a similar diffusion coefficient (D),
suggesting that they have similar molecular size
and thus C;, should be encapsulated inside the
cavity of c-Ph14. The selective encapsulation of
C,0 over Ce¢o can be explained by the ellipsoidal
cavity of the cage framework, as demonstrated in
the single-crystal structure of c-Ph14°%*. The dis-
tance between two benzene-1,3,5-triyl bridge-
heads is 13.41 A, whereas the distance between
neighboring methine-carbons surrounding the
same bridgehead is 11.68 A, the resulting cavity
fits better with the ellipsoidal surface of C,, rather
than the spherical surface of Ceo.
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Figure 11. (a) UV-vis absorption spectra of C,, and
c-Phi14 at different ratios in 1,2-dichlorobenzene.
(b) Job plot of c-Phi14 and C,,based on the UV-vis
titration. (c) Fluorescence spectra of c-Ph14 upon
addition of various amount of C,,. (d) Plot of fluo-
rescence change at 780 nm (Al sonm) versus the
concentration of C,, ([Cy0]) in 1,2-dichlorobenzene
for estimation of the association constant (K.), R?
is the standard deviation.

CONCLUSION

In summary, a 3D m-conjugated polyradicaloid
cage c-Ph14 consisting of three Chichibabin’s hy-
drocarbon motifs connected by two benzene-1,3,5-
triyl bridgeheads was synthesized through a con-
cise and efficient strategy. A restricted rotation
process was found for the quinoidal biphenyl unit
in the rigid molecular cage c-Phi4 as well as the
linear model compound I-Ph4 by dynamic NMR
spectroscopic technique, but the former showed a
larger energy barrier due to structural rigidity. As
a consequence, the cage compound c-Ph14 exhib-
ited improved stability, a smaller diradical char-
acter, and an increased singlet-triplet energy gap
compared to I-Ph4. The rigid cage molecule c-Ph14
also underwent a quinoidal-to-aromatic transfor-
mation upon increased pressure as monitored by
Raman spectroscopy. In addition, c-Ph14 showed
selective encapsulation of C,, over Ceo in a 1:1 stoi-
chiometry via its ellipsoidal cavity. X-ray crystal-
lography of 1-Ph4?* and c-Ph14%* confirmed aro-
matic biphenyl subunits in both cases, which were
also supported by UV-vis absorption and Raman
spectroscopic measurements. Notably, the rigid
hexacation c-Ph14°* form 1D columnar structure
in crystal via intermolecular n-n stacking of the ben-



zene-1,3,5-triyl bridgeheads. Our studies demon-
strated how the structural rigidity in 3D m-conju-
gated molecular cages affected the dynamics, sta-
bility, and electronic properties of diradica-
loids/polyradicaloids.
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1. Experiment section

1.1 General

All reagents and starting materials were obtained from commercial suppliers and
used without further purification unless otherwise noted. Anhydrous toluene and THF
were distilled from sodium-benzophenone immediately prior to use. Anhydrous
dichloromethane (DCM) was distilled from CaH. All reaction conditions dealing with
air and moisture sensitive compounds were carried out in a dry reaction vessel under
nitrogen atmosphere. All the other chemicals were reagent grade and used without any
further purification. Flash silica gel column chromatography was performed on silica
gel 60N (spherical and neutral gel, 40-50 um, Kanto), and gel permeation
chromatography (GPC) was performed on JAI LC-9104 systems equipped with UV and
RI detectors using JAI GEL 1H-40, 2H-40 and 2.5H-40 columns (eluent: CHCI3). The
"H NMR and *C NMR spectra were recorded in solution of DMSO-ds, CDCls, CD2Cl,
or THF-ds on DRX 500 NMR spectrometers. All chemical shifts are quoted in ppm,
relative to tetramethylsilane, using the residual solvent peak as a reference standard.
The following abbreviations were used to explain the multiplicities: s = singlet, d =
doublet. Atmospheric Pressure Chemical Ionization Mass Spectrometry (APCI MS)
measurements were performed on a Finnigan TSQ 7000 triple stage quadrupole mass
spectrometer. UV-vis-NIR absorption spectra were recorded on a Shimadzu UV-3600
spectrophotometer. Cyclic voltammetry (CV) and differential pulse voltammetry
measurements were performed in dry DCM on a CHI 620C electrochemical analyzer
with a three-electrode cell, using 0.1 M n-BusNPFs as supporting electrolyte, AgCl/Ag
as reference electrode, gold disk as working electrode, Pt wire as counter electrode,
with scan rate was at 50 mV/s for CV. The potential was externally calibrated against
the ferrocene/ferrocenium couple. Continuous wave X-band ESR spectra were obtained
with a JEOL (FA200) spectrometer using a variable temperature liquid nitrogen cryostat.
The VT ESR data of c-Ph14 and /-Ph4 in the frozen THF solutions were fitted by

Bleaney-Bowers equation,
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C
" kg3 + exp(—2]/ksT)]

where C is a constant and -2/ is correlated to the excitation energy from the ground

IT

state to the first triplet excited state.

Raman Spectroscopy. The Raman spectra of the neutral and oxidized species were
recorded by using the 532 nm excitation of a Bruker Senterra Raman microscope by
averaging spectra during 50 min with a resolution of 3-5 cm™'. A CCD camera
operating at —50 °C was used. The spectra were collected using the 1 x 1 camera of the
mentioned microscope.

Variable pressure Raman Spectroscopy. Pressure dependent Raman measurements
were conducted with an Invia Reflex Raman RENISHAW microscope with 785 nm as
excitation wavelength with a spectral resolution of 0.5-1 ¢m ~! (1800 gr/mm). High
pressure studies were conducted in a screw-driven diamond anvil cell (DAC) with ultra-
low fluorescence diamonds and culet size 250 um. Rhenium gasket 25 um thick with a
gasket hole of 80 um was used. No pressure transmitting medium was used and the
shift of the diamond was use as the pressure calibrant. The recovered samples, after
pressure cycles, were also analyzed, taking several spectra on different sample points
to confirm the reproducibility on the same sample and to ensure whether the
transformation of the samples is complete or not.

UV-Vis-NIR spectroelectrochemistry. In situ UV-Vis-NIR spectroelectrochemical
studies were conducted on the Cary 5000 spectrophotometer. A C3 epsilon potentiostat
from BASi was used for the electrolysis using a thin layer cell from a demountable
omni cell from Specac. In this cell a three electrodes system was coupled to conduct in
situ spectroelectrochemistry. A Pt gauze was used as the working electrode, a Pt wire
was used as the counter electrode, and an Ag wire was used as the pseudo-reference
electrode. The spectra were collected a constant potential electrolysis and the potentials
were changed in interval of 15 mV. The electrochemical medium used was 0.1 M TBA-
PF6 in fresh distilled CH2Cly, at room temperature with sample concentrations of 103

M.
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1.2. Synthetic procedure and characterization data

Compound 6 was synthesized by following the reported procedure.!

Synthesis of compound 3:
Mes OH Mes, OMe

/‘)‘\‘\ 1.0 M MesMgBr NaH, CH3I “
speic=Jsacli—=None
2

4,4'-Dibromobenzophenone 1 (2.42 g, 5.40 mmol) was dissolved in 100 mL of
degassed anhydrous THF. 2-Mesitylmagnesiumbromide (MesMgBr) solution (1.0 M,
6.0 mL, 1.11 eq) was added dropwise at room temperature (R. T.), and the reaction
mixture was allowed to stir for 4 hours. After quenching by water and extracted with
diethyl ether (3 x 60 mL), the organic phase was collected and dried over Na;SO4. The
organic solvent was then removed by rotary evaporation and the residue was dried
under vacuum, which was then used for the next step reaction without any purification.

The residue was re-dissolved in anhydrous THF (60 mL), and NaH (60% in
mineral oil, 432 mg, 10.8 mmol, 2.0 eq) was added at 0 °C. After stirring for 30 min,
CHasl solution (2.0 M in fert-butyl methyl ether, contains copper as stabilizer, Sigma-
Aldrich, 4.05 ml, 1.5 eq) was added at 0 °C under nitrogen atmosphere. The reaction
mixture was stirred at room temperature overnight and then carefully quenched with
H>0 (10 mL), extracted with diethyl ether (3 X 60 mL). The organic layer was washed
with brine, dried over Na>SOs, and concentrated in vacuo. The residue was purified by
column chromatography (hexanes/DCM = 1:0 to 6:1) to afford compound 3 (2.91 g,
86%) as a light yellow solid. '"H NMR (500 MHz, DMSO-ds): & ppm 7.45 (d, J = 8.3
Hz, 4H), 7.19 (d, J = 8.3 Hz, 4H), 6.85 (s, 2H), 3.14 (s, 3H), 2.22 (s, 3H), 1.74 (s, 6H).
13C NMR (126 MHz, DMSO): & ppm 145.50, 138.88, 136.53, 134.41, 131.50, 130.92,
128.68, 119.68, 86.44, 51.58, 24.06, 20.05. HR-MS (APCI): m/z = 440.9847 [M-OMe]",
calcd. for CooH19Br2, 440.9848, the methyloxyl group was removed during HR-Mass
characterization in positve mode.

Synthesis of compound 4:
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Mes, OMe Br
BrBr
3 Pd,(dba)s, PPh,
Cs,CO3, CsF
+
toluene/DMF 2:1
(pin)B B(pin) Reflux 24 hours
B(pin)

A solution of 1,3,5-phenyltriboronic acid, tris(pinacol)ester (500 mg, 1.1 mmol),
3(4.72 g, 10 mmol, 9 eq), Pd2(dba); (60 mg, 0.066 mmol), PPh3 (70 mg, 0.26 mmol),
Cs2CO3 (950 mg, 2.93 mmol), and CsF (450 mg, 2.93 mmol) in toluene/DMF (60
mL/30 mL) was degassed through three freeze-pump-thaw cycles, and the reaction
flask was purged with nitrogen. The resulting mixture was stirred at reflux for 24 hours.
After cooling down to room temperature, the reaction mixture was diluted with DCM,
washed with water and dried over anhydrous sodium sulfate. After evaporation of the
solvent, the residue was purified by silica-gel column chromatography (deactivated by
triethylamine (TEA)) to give compound 4 as a white solid (759 mg, 55%). 'H NMR
(500 MHz, Methylene Chloride-d2): 6 ppm 7.74 (s, 3H), 7.57 (d, J = 8.6 Hz, 6H), 7.40
(dd, J=8.7, 6.8 Hz, 12H), 7.28 (d, /= 8.7 Hz, 6H), 6.86 (s, 6H), 3.26 (s, 9H), 2.29 (s,
9H), 1.87 (s, 18H). '*C NMR (126 MHz, Methylene Chloride-d>): 8 ppm 146.81, 146.31,
142.18, 140.32, 139.56, 137.48, 136.04, 132.12, 131.51, 129.55, 128.10, 127.31,
125.24, 120.74, 87.84, 52.39, 30.29, 24.88, 20.84 ppm. HRMS (APCI): m/z =
1254.2834 [M]", calcd. for C75sHeoBr30s, 1254.2791.

Synthesis of compound 5:

OMe  Ni(COD),, 2,2bipiridine
T

THF, 65°C, 72 h

In a nitrogen-filled glove box, Ni(COD). (421 mg, 1.53 mmol, 3.3 equiv), 2,2-

bipyridyl (260 mg, 1.67 mmol, 3.3 eq), and anhydrous THF (60 mL) were sequentially
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added to a 100 mL glass vial equipped with a stir bar. The vial was sealed with a teflon-
lined septum cap, transferred out of glove box, and stirred at 60 °C for 0.5 h. After
cooling down to room temperature, the vial was moved back into the glove box. In the
glove box, compound 4 (582 mg, 0.46 mmol, 1.0 equiv) and THF (500 mL) were added
to a 1.0 L glass heavy-wall pressure vessel equipped with a stirring bar. Next, the
content in the 100 mL glass vial was transferred to the pressure vessel via syringe. The
vessel was capped, transferred out of the glove box, and was stirred at 65 °C for 72 h.
The reaction mixture was cooled down to room temperature and filtered through a short
pad of silica gel by using 1:2 Hexanes/CHCIs (300 mL) as eluent. The solvent was
removed under reduced pressure, and the residue was further purified by preparative
GPC to afford the cage 5 (122 mg, 26%) as a white solid. Due to the existence of
multiple isomers, the NMR spectrum of compound 5 is very complicated. HRMS
(APCI): m/z = 2035.0514 [M]*, calcd. for C1s0H1330s, 205.0488.

Synthesis of compound 7:

MesMgBr, THF NaH, CHgl

Reflux, 12h THF, R. T.

The synthetic procedure was modified a little bit from that of compound 3. Compound
6 (600 mg, 1.16 mmol) was dispersed in 80 mL of degassed anhydrous THF (the
solubility of compound 6 is very poor in common organic solvents). 2-
Mesitylmagnesiumbromide (MesMgBr) solution (1.0 M, 4 mL, 3.4 eq) was added
dropwise at R. T., and the reaction mixture was stirred at reflux for 12 hours. After
quenching by water and extracted with diethyl ether (3 x 60 mL), the organic phase was
collected and dried over Na;SO4. The organic solvent was then removed by rotary
evaporation and the residue was dried under vacuum, which was then used for the next
step reaction without any purification.

The residue was re-dissolved in anhydrous THF (60 mL), and NaH (60% in
mineral oil, 186 mg, 4.64 mmol, 4.0 eq) was added at 0 °C. After stirring for 30 min,

CHsI solution (2.0 M in tert-butyl methyl ether, contains copper as stabilizer, Sigma-
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Aldrich, 1.8 ml, 3.1 eq) was added at 0 °C under nitrogen atmosphere. The reaction
mixture was stirred at room temperature overnight and then carefully quenched with
H>O (10 mL), extracted with diethyl ether (3 x 40 mL). The organic layer was washed
with brine, dried over Na;SOs, and concentrated in vacuo. The residue was purified by
column chromatography (hexanes/DCM = 1:0 to 6:1) to afford compound 7 (748 mg,
82%) as a white solid. 'TH NMR (500 MHz, DMSO-ds): & ppm 7.54 (d, J= 8.1 Hz, 4H),
7.44 (d, J=8.2 Hz, 4H), 7.28 (d, J=8.1 Hz, 4H), 7.22 (d, J = 8.3 Hz, 4H), 6.84 (s, 4H),
3.15 (s, 6H), 2.22 (s, 6H), 1.77 (s, 12H). 3C NMR (126 MHz, CDCl3): § ppm 145.89,
145.01,138.94,137.43,136.37,134.97, 131.47, 130.83, 128.80, 127.12, 126.09, 119.54,
86.64, 51.57, 40.01, 24.07, 20.07. HR-MS (APCI): m/z = 755.1513 [M-OMe]", calcd.
for C4sH41Br20O, 755.1519, one methyloxyl group was removed during HR-Mass
characterization in positive mode.

General procedure for synthesis of /-Ph4 and c-Ph14:

Under argon atmosphere, the precursors 5 and 7 with ‘OMe’ groups (60 mg) was
dissolved in a solution of DCM (25 mL), then SnCl; (170 mg, 0.22 mmol, excess
amount) was added. The mixture was stirred at room temperature overnight. After
evaporation of the solvent, the residue was purified by flash column chromatography
(silica gel pre-deactivated by triethylamine, DCM/Hexane = 1:3 to 1:2) in air to give
the corresponding compounds /-Ph4 and c-Ph14.

Compound /-Ph4: 52.5 mg, yield 95%.

Br

W O
==~
W &

Br

'"H NMR (500 MHz, THF-ds) at 268 K: § ppm 7.46 (m, 8H), 7.31 (d, J = 9.8 Hz, 2H),
7.20 (d, J = 8.2 Hz, 4H), 6.94 (s, 4H), 6.39 (d, J = 9.7 Hz, 2H), 2.30 (s, 6H), 1.97 (s,
12H). '"H NMR (500 MHz, THF-ds) at 218 K: & ppm 7.65 — 7.59 (d, J = 9.9 Hz, 1H),
7.52 (m, 5H), 7.46 — 7.39 (m, 3H), 7.32 (dd, /= 10.0, 2.1 Hz, 1H), 7.21 (m, 4H), 6.98
(m, 4H), 6.45-6.32 (d, J=8.5, 2H), 2.31 (m, 6H), 1.97 (m, 12H). HR-MS (APCI): m/z
=725.1393 [M+H]", caled. for C4sH39Br2, 725.1413.
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Compound c-Ph14: 49.6 mg, yield 91%.

'H NMR (500 MHz, THF-ds) at 275 K: & ppm 7.95 (s, 6H), 7.85 (d, J = 8.0 Hz, 12H),
7.34 (d, J= 8.0 Hz, 12H), 7.19 (s, 6H), 7.14 (d, J= 10.3 Hz, 6H), 6.97 (s, 12H), 6.84
(d, J= 10.2 Hz, 6H), 6.40 (d, J = 9.8 Hz, 6H), 2.32 (s, 18H), 2.14 (s, 36H). HR-MS
(APCI): m/z = 1848.9421 [M]", calcd. for CiasHiao, 1848.9385.

2. Additional spectra
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Figure S1. Photo-stability test of (a) /-Ph4 and (c) c-Ph14 under ambient white light
and air condition in DCM. The decay of the absorbance at absorption maximum was
plotted with time, and the half-life time (#12) can be determined to be 13.1 and 22.6

days for (b) I-Ph4 and (d) c-Ph14, respectively.
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Figure S2. Change of the UV-vis-NIR absorption spectra of (a) /-Ph4 and (b) c-Ph14

in dry DCM upon oxidative titration with NO+*SbF (dissolved on minimal amount of

dry acetonitrile). /-Ph4 can reach two oxidation states which can be assigned to radical

cation and dication. For c-Ph14, the intermediate states can’t be fully assigned, but the

final state should be assigned to hexacation.
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Figure S3. 2D COSY NMR spectrum (aromatic region) of /-Ph4 in THF-dg at 268 K

with the assignment.
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Figure SS5. 2D COSY NMR spectrum (aromatic region) of /-Ph4 in THF-dg at 218 K
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Figure S8. 2D COSY NMR spectrum (aromatic region) of c-Ph14 in THF-ds at 295 K

with the assignment.
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Figure S9. 2D NOESY NMR spectrum of ¢-Ph14 in THF-dg at 275 K with the
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Figure S10. '"H NMR spectrum of ¢-Ph14 in THF-ds at 275 K with the assignment and

integration.
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Figure S11. Variable temperature (298 K-253 K) '"H NMR spectra of I-Ph4?" (aromatic

region) in CD2Cl, with the assignment.
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Figure S12. 2D COSY NMR spectrum (aromatic region) of I-Ph4?* in CD2Cl» at 253K

with the assignment.
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Figure S13. 2D NOESY NMR spectrum (aromatic region) of /-Ph4** in CD>Cl, at 253
K with the assignment. The red/blue cross peaks represent positive/negative signal,
respectively, and the positive cross peaks come from dynamic exchange, not from

normal NOE.
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Figure S14. '"H NMR spectrum of I-Ph4?" in CD,Cl> at 253 K with the assignment and
integrations.
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Figure S15. Variable temperature (298 K-263 K) 'H NMR spectra of c-Ph146*

(aromatic region) in CD>Cl, with the assignment.
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Figure S16. 2D COSY NMR spectrum (aromatic region) of c-Ph14%" in CD,Cl, at 268

K with the assignment.
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Figure S17. 2D NOESY NMR spectrum (aromatic region) of ¢-Ph14%* in CD,Cl, at

268 K with the assignment.
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Figure S18. '"H NMR spectrum of ¢-Ph14%" in CD>Cl, at 268 K with the assignment
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Figure S19. Raman spectra of c-Ph14 and neutral /-Ph4 together with the spectra of

the radical cation /-Ph4* and [-Ph4** obtained by electrochemical oxidation at room

temperature.
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Figure S20. Raman shifts as a function of pressure of the CC stretching modes of the

phenyl units (1600 cm™ region).
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3. Estimation of energy barrier by dynamic NMR

The exchange rate constant k was estimated according to the literature.> Three
characteristic exchange regions were observed in all cases if available: (1) a slow
exchange region, in which the exchange is slower than the spectrometer timescale and
two separate peaks are observed; (2) coalescence, at which two peaks completely merge
into one peak; and (3) fast exchange region, in which the exchange is rapid than the
spectrometer and the two peaks are merged into one peak. The exchange rate constant
k can be calculated by individual equation in these three regions.

1) At slow exchange temperature (7' < T¢), two peaks are separated enough, the rate
constant k can be determined by comparing the linewidth of a peak with no exchange

with the line width of the peak with little exchange using the following formula:
k=m[(Ave)s — (Avo)i] (1)

i1) When temperature is close to T¢, two separated peaks will overlap with each
other but not fully coalescent, thus the exchange constant at this temperature can then

be calculated by:

kz% (AVE — AV2)1/? 2

ii1) For the coalescence temperature k can be calculated using:

TTAVO

k= "% €)
1v) At fast exchange temperature (7> T¢)
2
k= TR [(Av): — (Ave)i] ™t (4)
2 2

In these equations, AV is the difference in chemical shift (Hz) between two
correlated peaks at one temperature in the slow exchange region. AV is defined as the
value of AV at no exchange temperature (at which the two peaks are mostly separated),
and AV, is defined as the value of AV at all other temperatures in this region if available.

(Av)1 is the linewidth (Hz) at half height of peak at anyone temperature in all region
2
if available. (Avy): is defined as the value of (Av): at no exchange
2 2

temperature. (Av,): is defined as the value of (Av): at all other temperatures in all
2 2
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region if available. 7¢ is defined as coalescence temperature at which two peaks
completely merge into one peak. The obtained k values were then fitted with Eyring

equation:

E_ ot st
ln;— BT + R +l1’lh (6)

and then:

AGH = AH? - TAS? (7)

193K
203K
208K
213K
218K
223K
228K
233K
238K
243K
248K
253K
258K
268K
278K
288K
295K

80 79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62 6.1
Chemical Shift (ppm)

Figure S21. VT '"H NMR spectra (aromatic region) of I-Ph4 in THF-ds.

From the VT '"H NMR spectra of I-Ph4 in THF-ds (Figure S21), the cis-/trans-
isomerization process was clearly demonstrated with the following information:

1) The coalescence temperature is 243 K;

2) When the temperature goes to 213 K, the peaks are fully separated.
Therefore, the exchange rate constant k£ can be calculated by individual equation in
these three regions.
Table S1. Parameters obtained from the line-shape analysis based on the VT 'H NMR

spectra of /-Ph4 in THF-ds.
S20
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TK) Av.'? AVe Exchange /T (XK"Y  In(k/T)
(Hz) constant k (s™1)
268 20.14 (Fully merged) Avo'? for one peak temperature range
258 21.70 2221.44 0.003876 2.15295
253 24.40 814.15 0.003953 1.168749
248 3743 200.72 0.004032 -0.21151
243 Coalescence Temp 102.36 0.004115 -0.86453
238 24.45 42.9 19.64 0.004202 -2.4946
233 19.39 43.5 8.4 0.004292 -3.32263
228 16.98 44 .4 3.05 0.004386 -4.31492
223 15.78 45 0.375 0.004484 -6.38687
218 15.66 4541 0.122 0.004587 -7.48676
213 15.60 46.08
(Ave'?)  (AVo)
3
Equation y =a+ b*x
Weight No Weighting
Residual Sum of Squares 0.47662
Pearson's r -0.99725
0- Adj. R-Square 0.99373
Value Standard Error
B Intercept 54.518 1.6004
B Slope -13510.69 379.211
E 3]
=
=

-61 AH*=112.32+3.15 kJ/mol
| AS”=266.7+13.3)-mol-1-K-1
AG, = 47.51 kd/mol (11.40 kcal/mol)

-9

0.0038 0.0040 0.0042 0.0044
UT (K

0.0046

Figure S22. Estimation of the cis-/trans- isomerization energy barrier of /-Ph4 by

fitting the exchange rate constants at different temperatures by Eyring equation.
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Figure S23. VT '"H NMR spectra (aromatic region) of c-Ph14 in THF-ds.

From the VT 'H NMR spectra of ¢c-Ph14 in THF-ds (Figure S23), the dynamic flipping

process was clarified with the following information:

1) The coalescence temperature is 310K;

2) When the temperature goes to 275K, the peaks are fully separated.

Therefore, the exchange rate constant & can be calculated by individual equation in

these three regions.

Table S2. Parameters obtained from the line-shape analysis based on the VT 'H NMR

spectra of c-Ph14 in THF-ds.

T(K) Exchange T (K"  Ink/T)
constant k (s

275 Peaks are fully seperated

280 0.533146 0.003571 -6.26375
285 1.266221 0.003509 -5.41645
290 2.887871 0.003448 -4.60936
295 7.21651 0.00339 -3.71016
300 16.21651 0.003333 -2.91772
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In (k/T)

305 45.67701 0.003279 -1.89872

310 66.732 0.003226 -1.53589

315 104.3 0.003175 -1.1053

320 112.62 0.003125 -1.0443
0

Equation y = a+ b*x
14 Adj. R-Square 0.99024
o Value Standard Error

| D Intercept 42.24
-2 - ©p Slope -13568.43 508.7
3.
4
-5 -

| AH = 112.81+4.23 kd/mol
g4 AS’=153.67+14.25]-mol-1-K-1
| AG. " =65.17 kd/mol (15.64 kcal/mol)

-7

1.71

1T (K™

T T T T T T T T T T
0.0031 0.0032 0.0033 0.0034 0.0035 0.0036

Figure S24. Estimation the flipping energy barrier of c-Ph14 by fitting the exchange

rate constants at different temperatures by Eyring equation.

From the VT 'H NMR spectra of I-Ph4?" in CD>Cl, (Figure S11) we can see that the

rotation of the central biphenyl subunits was restricted to a detectable range, in which

the following information can be drawn:

1) The coalescence temperature is 288 K;

2) When the temperature goes to 263 K, the peaks are fully separated.

Therefore, the exchange rate constant k£ can be calculated by individual equation in

these three regions.

Table S3. Parameters obtained from the line-shape analysis based on the VT 'H NMR

spectra of I-Ph4** in CD,Cl.

T(K) Exchange T (K"  Ink/T)

constant k (s
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288 195.04 0.003472 -0.3897
283 98.46 0.003534 -1.0558
278 44.68 0.003597 -1.8977
273 13.64 0.003663 -2.9965
268 7.44 0.003731 -3.5839
263 2.64 0.003802 -4.6017
258 1.0 0.003876 -5.5445
0 Equaton  y=a <+ b

Weight No Weighting
Residual Sum of Squares 0.0589

-1 - Pearson'sr  -0.99892
Adj. R-Square 0.99749
Value Standard Error
B Intercept 44.35 0.90
-2 1 B Slope -12873.00 244.20
~~
<
¥ =31
~—
iy
— -4

| AH” = 107.03£2.03 kJ/mol
"5 AS*= 171.20+7.483-mol-1-K-1
1AG,” =57.72 kd/mol (13.85 kcal/mol)

0.0034 0.0035 0.0036 0.0037 0.0038 0.0039
In(k/T)

Figure S25. Estimation of the rotation energy barrier of the central biphenyls in I-Ph4?*
by fitting the exchange rate constants at different temperatures by Eyring equation.
From the VT 'H NMR spectra of ¢-Ph14¢* in CD,Cl, (Figure S15), we can see that the
rotation of the central biphenyl subunits was restricted to a detectable range, in which
the following information can be drawn:

1) The coalescence temperature is beyond boiling point of CD>Cl, due to the
structural rigidity and conformational restriction of the cage framework;

2) When the temperature goes to 268 K, the peaks are fully separated.
Therefore, the exchange rate constant & can be calculated by individual equation, and
the rotation energy barrier of the central biphenyls in can ¢-Ph14%* be roughly estimated.
Table S4. Parameters obtained from the line-shape analysis based on the VT 'H NMR

spectra of ¢-Ph14%" in CD,Cl,.
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In(k/T)

T(K) Exchange UT (K Ink/T)

constant k (s1)

298 55.05 0.003356 -1.69

293 28.45 0.003413 -2.33

288 16.00 0.003472 -2.89

283 9.21 0.003534 -3.43

278 3.99 0.003597 -4.25

273 1.67 0.003663 -5.10
-1 Equation y=a+bx

Weight No Weighting

Pearson's r -0.99728

Residual Sum of Squares 0.04247

1.40

-2 7 Adj. R-Square 0.99322
Value Standard Error
B Intercept 34.77
3 B Slope -10853.68  400.79
O
-4 -

5] AH" = 90.24+3.33 kJ/mol
| AS”=91.53+11.60J-mol-1-K-1
AG.. =~ =63.88 kJ/mol (15.33 kcal/mol)

288K

'6 T T T
0.0033 0.0034 0.0035 0.0036

UT (K

0.0037

Figure S26. Estimation of the rotation energy barrier of the central biphenyls in c-

Ph14%* by fitting the exchange rate constants at different temperatures by Eyring

equation. Since the coalescent temperature is beyond the detection limit using CD2Cl

as solvent, the thermal dynamic parameters were roughly estimated from observed VT-

NMR data, and the energy barrier of c-Ph14%" at 288 K (the coalescent temperature of

[-Ph4**) was calculated to make comparison with /-Ph4?*,
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4. Estimation of association constant

To determine the selective encapsulation of C7o over Ceo, the binding of ¢-Ph14
with Ceso and C70 was monitored by UV-vis absorption and fluorescence titration
experiments. Upon gradual addition of Ceo, no appreciable change was observed in both
absorption and fluorescence spectra (Figure S27). In contrast, a clear fluorescence
quenching was observed when the solution of c-Ph14 in 1,2-dichlorobenzene was
titrated with C7o. In the fluorescence titration experiments, the concentration of c-Ph14
was constant to be 1.16x10° M, and the fluorescence intensity upon adding varying
concentration of C7o was recorded. The association constant (Ka) of c-Ph14> Crowas
then estimated by a non-linear curve-fitting method on the basis of the following

equation:

AF = (AFw/[H]0)(0.5[G]o+0.5([H]o+1/Ka)—(0.5([G]o*+(2[Glo(1/Ka—[H]0))+(1/Ka +
[H10)%)°%)) (8)

Where AF is the fluorescence intensity changes at 780 nm at [H]o, 4F is the
fluorescence intensity changes at 780 nm when c-Ph14 is completely complexed, [G]o
is the initial concentration of C7o, and [H]o is the fixed initial concentration of c-Ph14.

"H NMR and DOSY NMR spectra of ¢-Ph14 and its complex with C79 were
recorded to determine the rough size of the binding structure (Figures S29 and S30).
The diffusion coefficient obtained from DOSY NMR is roughly related to the molecular

size on the following equation:
_ kgT
~6mmy,

where D represent the diffusion coefficient, ks is the Boltzman’s constant, 7'is the
temperature (K), 1 is the solvent viscosity, 7 is the hydrodynamic radius of the
molecule that was roughly seen as a ball.

From the DOSY NMR analysis (Figures S30-S31), the diffusion coefficient (D) of
c-Ph14 is estimated to be 6.44 m?/S, whereas the complex [c-Ph14+C5] shows a D value
of about 6.31 m?/S. These two values are similar, suggesting that they have similar

molecular size and thus C7o should be encapsulated inside the cavity of c-Ph14.
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Figure S27. Change in (a) absorption spectra (0—2.0 equiv) and (b) fluorescence
spectra upon addition of Ceo (0—3.6 equiv) to the solution of ¢-Ph14 in 1,2-

dichlorobenzene.
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Figure S28. MALDI-TOF mass spectra for the complex of ¢-Ph14 with Cy. In the
mass spectrum, the signal peak for each component was observed, 841.3 for C7 and
1853.8 for c-Ph14, respectively, and a small peak corresponding to the complex Cro@c-

Ph14 at 2694.6 was obtained as well.
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Figure S29. 'H NMR spectra of ¢c-Ph14 and c-Ph14 with 1.0 equivalent Co in the

M

mixture solvent consisting of 60% ds-THF and 40% CS; at 285 K. All peaks for the
protons on the backbone of c-Phl14 are shifted to high field upon complexation,

indicating an encapsulation of Cro inside the cavity.
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Figure S30. DOSY NMR spectrum of c-Ph14 in the mixture solvent consisting of 60%
ds-THF and 40% CS> at 285 K, and the averaged diffusion coefficient (D) is estimated
to be 6.44 m?/S.
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Figure S31. DOSY NMR spectrum of the 1:1 complex of c-P14 and Cro in the mixture
solvent consisting of 60% ds-THF and 40% CS; at 285K, and the averaged diffusion
coefficient (D) is estimated to be 6.31 m?/S.

5. Theoretical calculations

Theoretical calculations were performed with the Gaussian09 program suite.> All
calculations were carried out using the density functional theory (DFT) method with
Becke’s three-parameter hybrid exchange functionals and the Lee-Yang-Parr
correlation functional (B3LYP) employing the 6-31G(d,p) basis set for all atoms.*
Natural orbital occupation number (NOON) calculations were done by spin unrestricted
UCAM-B3LYP/6-31G(d,p) method, and the multiple diradical characters i are

defined as the occupation number of the LUNO+i.°
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Figure S32. Calculated (UB3LYP/6-31G(d,p)) SOMO profiles of I-Ph4 (SOMO a-spin
(a), SOMO B-spin (b)) and c-Ph14 (SOMO a-spin (c), SOMO B-spin (d)).

0.400

I 0.395

Figure S33. Side views and top views of calculated charge distribution maps of /-Ph4?*
(a) and c-Ph14%* (b).
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Figure S34. Optimized geometries of (a) /-Ph4** and (b) c-Ph14%" at RB3LYP6-

31G(d,p) level of theory. The torsion angles among the biphenyl subunits are labeled.

6. X-ray crystallographic data

The X-ray intensity data were measured at low temperature (T=100K ), using a
four circles goniometer Kappa geometry, Bruker AXS D8 Venture, equipped with a
Photon 100 CMOS active pixel sensor detector. Frames were integrated with the Bruker
SAINT® software package. Data were corrected for absorption effects using the multi-
scan method (SADABS).” Molecule was solved with the software SHELXT,? using a
Dual Space method. Refinement of the structure was performed by least squares
procedures on weighted F2 values using the SHELXL-version 2014/6° included in the
WinGx system programs for Windows.'? Single crystal of compound /-Ph4 (CCDC No
1190471) was obtained through slow evaporation of acetonitrile to its THF solution.
Single crystal of I-Ph4** (CCDC No 1190472) was obtained through slow diffusion of
cyclohexane to its dichloromethane solution. Single crystal of ¢-Ph14%" (CCDC No
1190473) was obtained through slow diffusion of hexanes to its dichloromethane

solution.
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Figure S35. Packing structure of ¢-Ph14%* in ab plane. Layer structure was observed

demonstrated seen from top view (a) and side view (b).

Figure S36. Packing structure of c-Ph14%* along c axis seen from side view (a) and top
view (b). A molecular column based on prism-like cage framework (a), (b). The

interaction between neighboring molecules is typical n-r stacking, as demonstrated in

(©).
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Table S5. Crystal data and structure refinement for /-Ph4.

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group
alA

b/A

c/A

a/°

pre

V/°
Volume/A3
Z

peaicg/cm®
wmm'

F(000)

Crystal size/mm?

Radiation

CCDC 1190471
C11Hg5Bros
60.55

99.98

triclinic

P-1

7.8715(3)
8.3728(3)
14.1114(5)
94.3560(10)
98.7750(10)
91.6830(10)
915.70(6)

12

1.318

2.242

372.0

0.876 x 0.682 x 0.468

MoKa (A =10.71073)

20 range for data collection/°4.884 to 59.23

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (1)]

Final R indexes [all data]

-10<h<10,-10<k<11,-19<1<19
28199

5103 [Rint = 0.0551, Rsigma = 0.0350]
5103/0/211

1.134

R1 = 0.0300, wR; = 0.0996

R1=10.0362, wR2 =0.1112
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Largest diff. peak/hole / e A< 0.55/-0.67

Table S6. Crystal data and structure refinement for I-Ph42*.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
pre

v/°
Volume/A3
Z

peaicg/cm?
w/mm?
F(000)
Crystal size/mm?

Radiation

CCDC 1190472
C22H19BrFsSh
599.03

100.01
orthorhombic
Pcca
34.691(17)
8.184(4)
15.076(7)

90

90

90

4280(3)

8

1.859

3.214

2328.0

0.68 x 0.46 x 0.15

MoKa (A = 0.71073)

20 range for data collection/°4.696 to 56.616

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters

Goodness-of-fit on F2

46 <h<46,-10<k<10,-20<1< 19
71907

5305 [Rint = 0.0998, Rsigma = 0.0408]
5305/0/276

1.185
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Final R indexes [[>=2c ()]

Final R indexes [all data]

R1=0.0585, wR2 = 0.1345
R1=0.0896, wR2 = 0.1567

Largest diff. peak/hole / e A-31.32/-2.49

Table S7. Crystal data and structure refinement for c-Ph14%+,

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pr°

V/°

Volume/A3

Z

pealcg/cm®

w/mm?

F(000)

Crystal size/mm?

Radiation

CCDC 1190473
C144H120F36She
3258.30

100.03
hexagonal
P63/m
18.9873(11)
18.9873(11)
33.688(2)

90

90

120
10517.9(14)
2.0004

1.007

0.822

3150.0

0.75 x 0.65 x 0.52

MoKa (A =10.71073)

20 range for data collection/°5.1 to 56.566

Index ranges

Reflections collected

Independent reflections

-25<h<25,-25<k<25,-44<1<44
340864

8607 [Rint = 0.0878, Rsigma = 0.0307]
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Data/restraints/parameters ~ 8607/0/293
Goodness-of-fit on F 1.147

Final R indexes [[>=2c (I)] R1=0.1029, wR> = 0.2927
Final R indexes [all data] R1=0.1411, wR> = 0.3503
Largest diff. peak/hole / e A2 1.07/-0.50
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7. NMR and high-resolution mass spectra of new compounds
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Figure S37. '"H NMR spectrum of compound 3 (500 MHz, DMSO-dg, rt).
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Figure S38. 3*C NMR spectrum of compound 3 (126 MHz, DMSO-dG, rt).
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Figure S39. '"H NMR spectrum of compound 4 (500 MHz, DMSO-dG, rt).
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Figure S43. HR mass spectrum (APCI) of the compound 3.
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Figure S44. HR mass spectrum (APCI) of the compound 4.
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Figure S45. HR mass spectrum (APCI) of the compound 5.
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Figure S46. HR mass spectrum (APCI) of the compound c-Ph14.
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