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ABSTRACT: A highly strained macrocycle comprising four
[4]helicene panels, [4]cyclo[4]helicenylene ([4]CH, 1), was
synthesized through a one-pot macrocyclization and chemically
reduced by alkali metals (Na and K), revealing a four-electron
reduction process. The resulting di-, tri-, and tetraanions of
compound 1 were isolated and crystallographically characterized
by X-ray diffraction. Owing to the four axially chiral bi[4]helicenyl
fragments, a reversible stereo transformation of 1 between the (S,R,S,R)- and (S,S,R,R)-configurations was disclosed upon the two-
electron uptake, which was rationally understood by theoretical calculations. The (S,S,R,R)-configuration of 1>~ was further
stabilized in triply reduced and tetra-reduced states, where structural deformation led by charges and metal complexation was
observed. This study proposed an approach to alter the configuration of cycloarylenes in addition to thermal treatment.
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he chemistry of hydrocarbon cycloarylenes is an Scheme 1. Reduction-Induced Deformation or Stereo

interesting subject for chemists owmg to the aesthetic Transformation of Cycloarylenes
beauty of three- d1mens1onal topologies,' ~* the unique physical
and electronic properties,”® that they are ideal supramolecular
hosts,’ "' as well as that they are promising candidates in
functional materials.'””~'* Since the pioneering work of the
syntheses of ortho-,""~"" meta-,""" and para-linked phenyl-
enes,”’ recent decades have witnessed the glorious synthetic
advancement of cycloarylenes that paves the road to an in-
depth exploration of their properties and applications.'#*' >
The introduction of chirality in a cyclic 7-system, such as R/S
axial,**~** M/P helical,>** and E/Z coplanar,35_37 not only

(a) Reduction-induced deformation

affords structurally appealing molecules but fascinates chemists ﬁ /\ r];;‘/ ey ; J
with potential chiroptical properties such as CD and CPL.*** /S:)@:j\/ ~S/m/\_/"
Thus, the stereoisomerism in cycloarylenes arising from the [6]CNAI';’ Y

rotation behavior of biaryl fragments or helicene units®

deserves an elaborate consideration (b) Reduction-induced stereo transformation (this work)

Cycloarylenes, particularly [n]cycloparaphenylenes ([n]- S Q ;R R /\‘/\, R »%;\—lys
CPPs), exhibit intriguing redox chemistry and structural *\(\ f_\\ Y 1or2e-+ /—\ NI
responses in terms of their unusual HOMO—-LUMO gap & hal ég el
trends,"** allowing remarkable interest in organic electro- - Y r)_{_\ 73/‘\{3/
conductive or energy storage materials. #6741t has been R Q’\G S gx S
demonstrated that chemical reduction gives rise to structural [41CH (1)

deformation of polycyclic aromatic hydrocarbons
(PAHs).*°~>° In particular, [n]CPPs underwent elliptical and
uinoidal distortion upon two-electron uptake (Scheme
12);°°7? [6]cyclo-2,7-naphthylene ([6]CNAP) underwent a Rec?ived: August 2, 2024
two-electron reduction with an emergence of 7- extension over Revised:  October 16, 2024
the binaphthyl linkages and global aromaticity.”” Moreover, Accepted:  October 17, 2024
chemical reduction facilitated reversible core dimerization/ Published: November 1, 2024
transformation® "% and ring-closure/cleavage in some
cases, - indicating its tremendous energy for selective
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bond activation. Although the thermally induced isomerization
has been widely used to promote the interconversion of
cycloarylene stereoisomers,”* >’ the transformation related to
the R/S-, M/P-, or E/Z-configuration driven by a chemical
reduction has never been disclosed or explored. Herein, we
present the first chemical reduction-induced stereo trans-
formation study, using [4]cyclo[4]helicenylene ([4]CH,
Scheme 1b) as a platform. [4]CH is a hydrocarbon macrocycle
bearing four constrained bi[4]helicenyl (BH) fragments with
R/S-configuration, and it was synthesized by one-pot macro-
cyclization of a [4]helicene panel. [4]CH was able to be
reduced by alkali metals (Na and K), and the generated
doubly, triply, and quadruply reduced species were isolated and
characterized by single-crystal X-ray diffraction. Compared to
that of neutral [4]CH, their z-framework showed a different
R/S configuration that was even not detected upon synthesis
or by thermal isomerization. This intriguing reversible R/S
stereo transformation and site-selective metal complexation
were understood by theoretical investigation.

Ni-mediated Yamamoto-type coupling is widely employed as
a synthetic tool to afford a diversity of cycloarylenes (Scheme
$1).°7" To our surprise, by using one-pot macrocyclization
of the monomer S$,8-dibromobenzo[c]phenanthrene, more
strained [4]CH (1, strain energy: 33.6 kcal/mol, Table S9)
and [5]CH (2, 12.5 kcal/mol) were isolated as the dominant
products in yields of 7% and 9%, respectively (Figures S1—3).
We surmised that the constrained BH fragments would be the
rationale due to their rotation behaviors that provided an
opportunity for the assembly of four $,8-[4]helicene panels in
a pseudo perpendicular fashion as found from the large
dihedral angle of BH fragments in 1 (vide infra).

To determine the interesting stereochemistry of strained
[4]CH (1), we first performed SC-XRD measurements to
determine its crystal structure. By selection of proper
crystallization conditions, 1 can present in different crystalline
forms, suggesting the great adaptability of its z-framework. For
instance, the evaporation of the tetrachloroethane solution of 1
afforded colorless plate-shaped crystals as a solvated structure
CyH,o:1.7C,H,Cl, (1-t, t stands for tetrachloroethane, Figure
$19), while the slow cooling of the mixture of melted
anthracene’” and 1 resulted in the formation of a new
polymorph containing one-half of an anthracene molecule,
C,,H,:0.5C,Hyo (1-a, a stands for anthracene, Figure S20).
To exclude the solvent effects, sublimation of 1 in vacuo at 285
°C was applied for the crystal growth that contributed to a new
nonsolvated polymorph, 1-n (n stands for nonsolvated, Figures
la,)b and S23). In the solid-state structure of 1-n, 1 exhibited a
dihedral angle of 82°, —66°, 66°, and —82° for BH1, BH2,
BH3, and BH4, respectively, larger than those for biaryls in
[4]CPhen,, (avg 66°)*” and [6]cyclo-1,3-pyrenylene (avg
64°).”" Such remarkably large dihedral angles helped to relieve
steric hindrance at fjord BH linkages and ring strain. The 1-n
molecules were stacked into a 1D column through C—H--7
interactions (2.568(15)—2.733(15) A) between the peripheral
phenyl rings (Figure 1c), while no significant interactions were
found between adjacent columns (Figure 1d). In contrast, the
insertion of anthracene molecules expanded the width of the
column to 22.5 A from 17.0 A in 1-a (Figure le), which was
observed in every other column with C—H:-7 contacts of
2.588(6)—2.641(6) A (Figure 1f). In all three crystalline forms,
1 adopted an identical z-framework of the (S,R,S,R)-
configuration, in agreement with the conformational search
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Figure 1. Crystal structure of 1-n in (a) ball-and-stick and (b) space-
filling models, 1D columns of (c) 1-n and (e) 1-a, and solid-state

structures of (d) 1-n and (f) 1-a in capped-stick models." The
adjacent molecules are colored purple and orange for clarity, and C—
H---7 interactions are colored as red dotted lines.

calculations (Figure S39), which indicated that the obtained 1
upon synthesis is a meso isomer.

Compared to 1, the addition of one more [4]helicene panel
endows the R/S chirality of 2. By using a cholesterol-loaded
silica gel column under HPLC conditions, two enantiomers of
2 were separated (Figure S3) and showed mirror-imaged
signals in the CD spectra (Figure SS). Slow evaporation of 2
and one of the enantiomers in different solvents afforded
racemic (2-r) and enantiopure polymorphs (2-e), respectively
(see the Supporting Information for details, Figures S21—22
and $27-28). Furthermore, the VT CD spectra showed that
the racemization of 2-e underwent a first-order reaction
correlated with the equation In([CD],/[CD],) = —kt, and the
rate constant of 2.2 X 107™* s™! was estimated at 80 °C. The
temperature dependence of the rate constant was elucidated
with the Eyring equation k = k(kzT/h) exp(—AG*/RT) to
provide the energy barrier of AG* = +28.2 kcal/mol at 298 K
(Figures S6—9). In contrast, no other diastereomers of [4]CH
were found according to HPLC analysis when heating a
solution of 1 at over 200 °C for 1 week, possibly owing to their
much higher energy level (Figure S38) that makes them
thermodynamically unfavored.

Given the ineffectiveness of thermally induced isomerization
of 1 to provide the other [4]CH diastereomers with different
R/S-configurations, we turned our attention to exploring
whether electron addition could trigger a conformational
transformation of cylco[n]helicenylenes using 1 as a
representative model. The chemical reduction of 1 was studied
at room temperature in THF with sodium and potassium
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metals (Scheme 2), which was monitored by time-dependent
UV—vis spectroscopy (Figures S14—15). As shown in Figure

Scheme 2. Chemical Reduction of 1 and Preparation of
Complexes 3—5

excess Na, 18-c-6,

THF, 2 h, rt.
hexanes

[Na*(18-crown-6)(THF),],[1>7] (3)

excess K, 18-c-6,
THF, 30 min, r.t.

hexanes

[K*(18-crown-6)(THF),]
[{K*(18-crown-6)(THF)},(13-)] (4)
" excess K, 18-c-6,
THF, 2 h, rt.

hexanes

[K*(18-crown-6)(THF),],
[{K*(18-crown-6)},(14)] (5)

S16, the reaction proceeded with a pink color initially
(monoanion), followed by a red-brown color (dianion) and
violet color (trianion), and finally turned blue, which was
associated with the last reduction stage (tetraanion). By slow
diffusion of hexanes into the THF filtrate in the presence of 18-
crown-6 ether, the products at different stages were isolated as
high-quality single crystals (see the Supporting Information for
details, Table S2). The SC-XRD experiments confirmed the
formation of a solvent-separated ion product [Na*(18-crown-
6)(THF),],[1*"] (3), a contact ion pair [K*(18-crown-
6)(THF),][{K*(18-crown-6)(THF)},(1°"*)] (4, crystallized
with two interstitial THF molecules as 4-2THF), and a contact
ion product [K*(18-crown-6)(THF),],[{K"(18-crown-
6)},(1*7)] (5). The bulk purity of 3—5 was confirmed by
powder XRD (Figures S34—36 and Tables S6—8). It should be
mentioned that the crystallization of monoanionic 1 was
missed, presumably because of its instability. Chemical
reduction of 2 was also performed (Figures S17—18); however,
we failed to obtain the high-quality crystals of 2 in any charged
states.

In the crystal structure of 3 (Figures 2a, S24, and S29), the
[Na*(18-crown-6)(THF),] moieties were solvent-separated
from the dianionic core 127, allowing the evaluation of the core
deformation upon electron addition without any metal binding
influence. The Na* ion was entrapped by an 18-crown-6 ether
molecule (Na-+Ogn: 2.218(18)—3.271(18) A) and two THF
molecules (Na--Opyp: 2.075(12)/2.345(18) A), with Na---O
distances similar to those previously reported.”*~"

In the crystal structure of 4 (Figures 2c, S25, and S30), two
K" ions were bound to the triply reduced 1>~* core forming a
monoanionic [{K*(18-crown-6)(THF)},(1°7)]~, which was
isolated from the [K*(18-crown-6)(THF),] moiety. Two K*
ions (K2 and K2') were bound to the edge of opposite
[4]helicene subunits in #7*-fashions (Figure 2d), and weak
cation-- 7 interactions were observed with relatively long K---C
distances (3.514(2)—3.568(2) A). The coordination of K2 was
completed by an equatorial bound 18-crown-6 ether molecule
(K-+-Ocrown: 2.753(2)—2.851(2) A) and a capping THF
molecule (K--Opgp: 2.690(2) A), while the K1 ion was
solvent-separated by the addition of one more THF molecule
(KO own: 2.749(2)—2.883(2) A, K--Opgr: 2.742(7) A).
Notably, 1°7* represents the first example of triply reduced
macrocycles, which exhibits a monoradical character with S =
1/2 according to the EPR study (Figure S37).

In contrast, two K* ions (K2) in the crystal structure of §
were 1’-coordinated to the backbone of two opposite
[4]helicene subunits (Figures 2e,f, S26, and S31), with the
K---C distances ranging over 3.004(4)—3.374(4) A. Compared
to 4, the K---C distances in § were much shorter, and the K2
ion was only hexacoordinated to an 18-crown-6 ether (K-
Orown: 2:652(9)—3.052(8) A). The remaining K* ions (K1
and K3) were wrapped by an 18-crown-6 ether and two THF
molecules, with the K--O,., and K--Opyp distances of
2.706(4)—2.855(4) and 2.723(19)/2.735(5) A, respectively.

Figure 2. Crystal structure of (a,b) 3 in ball-and-stick model and its 1*~ core in space-filling model, crystal structures of (c) 4 and (e) 5, and metal

coordination of (d) 4 and (f) § in ball-and-stick models.”*
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All of the K--C and K--O distances were close to those
reported in the literature.**%%7°

Remarkably, the chemical reduction of 1 gives rise to
essential structural changes, which can be considered as two
major steps and illustrated by the comparison of selected
dihedral angles between neutral 1 and its anionic species
(Tables 1 and S3—4):

Table 1. Selected Dihedral Angle (deg) of the BH
Fragments in 1-n and 3-5

position 1-n 1>~ (3) 137° (4) 1* (5)
BHI1 81.8 58.7 61.2 389
BH2 —65.5 67.7 67.4 83.3
BH3 65.5 —58.7 —61.2 —-38.9
BH4 —81.8 —67.7 —67.4 —-83.3

(1) From 1 to 1*7, the first two-electron addition leads to a
R/S stereo transformation. 1-n adopts an (S,R,S,R)-config-
uration with the dihedral angles of 81.8°, —65.5° 65.5° and
—81.8° for its four BH fragments (Figure 1b). Conversely, 1>~
presents a less twisted z-framework as reflected by the smaller
dihedral angles of 58.7°, 67.7°, —58.7°, and —67.7°, where the
inversed value of the dihedral angle for the BH2 and BH3
fragments indicates an R/S rotation upon two-electron uptake
affording an (S,S,R,R)-configuration (Figures 2b and S$32).
Notably, this (S,S,R,R)-configuration was allowed to return to

the (S,R,S,R)-configuration upon oxidation, as confirmed by
powder XRD patterns (Figure $S33 and Table SS).

(2) From 1>~ to 1*7, the acceptance of one and two more
electrons results in the structural deformation of the z-
framework without changing the (S,R,S,R)-configuration.

For example, compared to those of 1>7, the geometry of 1>~*
does not change significantly in view of the dihedral angle for
BH fragments (avg 64.3°). In contrast, a noticeable distortion
of the 7-framework is observed in 1*7, as found from the large
distinction between the BH1/BH3 (38.9°, —38.9°) and BH2/
BH4 fragments (83.3°, —83.3°) according to the dihedral
angle, which might stem from direct metal binding of K" ions
(Figure 2e).

The aromaticity of 1 during chemical reduction was
evaluated by density functional theory (DFT) calculations. In
neutral 1, local aromatic currents are observed (Figures 3 and
$38). From 1 to 1*7, the addition of the first two electrons
leads to a reduced aromatic character, which is particularly
concentrated at the center of the macrocycle as revealed by
IMS3D (Figure 3) and NICS results (Figure S45). From 1*~
to 1*7, the charged species remain less aromatic in comparison
to the neutral parent without noticeable changes. The charges
in the anions are always delocalized on the whole z-surface and
slightly more dense on the terminal rings (Figure S41).

To understand how stereo transformation of 1 emerged
upon the two-electron addition, the NEB-TS calculations were
performed using the ORCA program.”” Given that the
(S,R,S,R)-to-(S,S,R,R) configuration change involves R/S

-20 15 10 -5 0 10 15 20 25

12 8 4 0 4 8

12 -8 -4 0 4 8

12 16 20

Figure 3. IMS3D maps for (S,R,S,R)-1, (S,S,R,R)-1*7, (S,S,R,R)-1°"*, and (S,S,R,R)-1*".
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rotation of two neighboring BH fragments, we proposed a two-
step transformation path to ascertain when the configurational
transformation occurs, namely from (S,R,S,R)- to (S,R,RR)-,
then to (S,S,RR)-1 at different charging states (neutral,
monoanion, and dianion). In all three paths, the (S,R,S,R)-
conformer remains the most stable (Figure 4 and Table S10).
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Figure 4. Comparison of the (S,R,S,R)-to-(S,S,R,R) stereo trans-
formation processes starting from (S,R,S,R)-1 in its neutral (black),
monoanionic (blue), and dianionic (red) forms, respectively, with
schematic illustrations of the structures of the intermediates and
transition states.

Notably, the energy gap of 7.2 kcal/mol between (S,R,S,R)-
and (S,S,R,R)-conformer diminishes as 1 is reduced to
monoanion (4.7 kcal/mol) and dianion (3.4 kcal/mol). This
trend can also be applied to the energy barriers of TS1 and
TS2. For instance, the energy barrier for TS1 in 1 is relatively
high (23.0 kcal/mol). Upon reduction of (S,R,S,R)-1 to its
monoanion and dianion, a reduced energy requirement for the
S-to-R rotation is evident, as demonstrated by much lower
energy barriers of 17.6 and 12.9 kcal/mol, respectively.
Similarly, the transformation from the (S,R,R,R)- to
(S,S,R,R)-configuration becomes more approachable in the
dianion with an energy barrier of only 7.3 kcal/mol. Such
relatively small energy barriers in the dianionic form indicate
that the transformation becomes even feasible at room
temperature in this charging state.”® Therefore, we speculate
that the stereo transformation of 1 is more favorable upon its
two-electron addition due to the largely reduced energy
barriers for both isomerization steps (Figures S46—51).

In summary, we synthesized two strained congeners, [4]CH
(1) and [S]CH (2), through one-pot macrocyclization. The
structurally rigid BH fragments gave rise to separable R/S-
[n]CH stereoisomers. In contrast to 2 where thermal
isomerization is applicable for R/S rotation, the (S,RS,R)-
configuration of 1 is thermostable. We therefore explored the
stereo transformation process of 1 by charging it with
electrons. The chemical reduction of 1 provided ready access
to its doubly, triply, and quadruply reduced species, which
were all crystallized and characterized by single-crystal X-ray
diffraction. The addition of two electrons to 1 enables a
reversible transformation of the z-framework between the
(SR,SR)- and (S,S,RR)-configuration, as rationalized by
theoretical calculations. More importantly, the (S,S,R,R)-
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configuration of 1% retains even in its higher charged states
(1°~* and 1*7), although the z-framework of 1*~ undergoes
some structural deformation due to high negative charge and
metal coordination. This study not only highlights the power
of chemical reduction in affording unstable or inaccessible
conformers of polycyclic aromatics but also demonstrates that
chemical reduction can effectively modulate the chirality of the
hydrocarbon host, suggesting potential applications in chiral
molecule separation. Furthermore, the redox-triggered isomer-
ization provides a foundation for designing functional
molecular complexes, such as redox-active chiral switches,
with the ability to modulate the reactivity and optical or
magnetic properties. We are looking forward to uncovering
more exciting discoveries from chemical reduction when
applied to other 7-aromatic systems, as well as their promising
applications.
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