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ABSTRACT: Molecular compounds with zigzag carbon nanotube
geometries are exceedingly rare. Here we report the synthesis and
characterization of carbon-based nanotubes with zigzag geometry,
best described as radially oriented [n]cyclo-meta-phenylenes,
extending the tubularene family of compounds. By the incorpo-
ration of edge-sharing benzene rings into the tubularene’s radial 7-
surface, we have uncovered the first step to give rise to the
emergence of radial orbital distribution in zigzag nanorings.

he matchless feature of carbon nanotubes (CNTs)' is

their permanently oriented radial z-system.” Molecules
with a rigid conformation able to display an electron cloud in
this geometry were, until recently, unprecedented in the
literature. The first molecule of this kind, referred to as a
carbon nanobelt (CNB), comprises a “closed loop of [twelve]
fully fused edge-sharing benzene rings” in an armchair’ CNT
geometry.” To date, few other fully fused compounds have
been reported, including chiral species.” All reported CNBs
thus far are obtained by first establishing the overall backbone
connectivity in the form of an arene—alkene macrocycle or
[n]cyclo-para-phenylene ([n]CPP),° which, in turn, are closed
into a CNB by inducing a cascade of nickel-mediated aryl—
aryl™” or Scholl cyclodehydrogenation® reactions, respectively.
Most importantly, extrapolating a similar stepwise design logic
to zigzag CNTs has not been successful (Figure 1a), although,
by following other synthetic routes, zigzag CNBs have been
reported.” Whereas [n]CPPs serve as nanobelt precursors for
armchair geometries,” related [n]cyclo-meta-phenylenes ([n]-
CMPs)” could hypothetically similarly serve to synthesize
zigzag-type CNBs, also termed [n]cyclacenes. However,
[n]CMPs lack a radial 7-system because their 1,3 connectivity
favors flat macrocycles.'® Aside from previous attempts,'' the
synthesis and characterization of radially oriented [n]CMPs
remain largely unknown.

Recently, our group reported the synthesis of tubularenes by
following an approach that facilitates the formation of the
strained aromatic, the bottleneck step,12 in a one-pot eight-fold
C—C bond formation via Suzuki—Miyaura cross-coupling
reaction (Figure 1b)."” The upper rim of our previous
tubularenes follows an armchair CNT geometry. Taking
advantage of our modular strategy, we were able to almost
double the heights of these new tubularenes 1 and 2 relative to
the previous ones, at the same time allowing us to switch to a
zigzag-like geometry that resembles a radially oriented
[n]JCMP. Herein we report tubular[4,12,0,8]arene (1) and

© XXXX American Chemical Society

WACS Publications A

reilsusmeiozij N\ AN\ 2 1)
O ArE TN

NN NN NN NN
7/
ad

N

0}, 0Qo Sy 00 0 0y 02§00 0
A\ @J\ AN @,\\

\ | \ |

RR RR RR RA

Tubular[4,8,8,8]arene Tubular[4,8,8,12]arene

) This work R= 2NN\
a

SN0 0

HN\\NNH HNASNNH HNN; NH HNRYNH
W B R

RR 1 RR RR 2 RA

Figure 1. (a) Hypothetical retrosynthesis of zigzag CNT. (b)
Previously reported armchair tubularenes with armchair connectivity.
(c) Tubularenes 1 and 2 are reported herein.

tubular[4,16,0,12]arene (2), building on our prior strategy by
introducing a belt of hydrogen bonds'* to maintain the aryl
reacting fragments close to each other and demonstrating the
modularity of our templated approach to both armchair and
zigzag CNT geometries.
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Abundant literature exists on the synthesis of species similar
to 4."> Treatment of 4 with 3,5-dibromobenzaldehyde in 4:1
EtOH/H,O and excess NaHSO; under reflux for 2 days
affords 3 in 70% yield (>2.5 g, Scheme 1). Suzuki—Miyaura

Scheme 1. Syntheses of Tubular[4,12,0,8]arene (1) and
Tubular[4,16,0,12]arene (2)
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cross-coupling reaction of 3 with 1,3-phenyldiboronic acid
bis(pinacol) ester in 10:1:1 THF/H,0O/EtOH at 70 °C, with
excess K,CO; and using Pd(PPh,), as a catalyst, affords 1 in a
3.3% yield. Under similar reaction conditions, the cross-
coupling of 3 with 2,7-naphthalenediboronic acid bis(pinacol)
ester provides 2 in 2.5% yield. Unassigned 'H NMR
resonances in 1 and 2 may indicate the trapping of molecules
in their cavities. Analogous tubularene wall structures Sa and
Sb (Scheme 1) were synthesized to gain more insight into the
effects of rigidifying the overall architecture while maintaining
the radially oriented 7z-system

Compounds 1—3 have poor solubility in standard organic
solvents, but upon the addition of a small alcohol, for example,
MeOH or EtOH, these species readily go into solution. Vapor
diffusion of Et,O into a solution of 3 in MeOH/DCM formed
colorless block-shaped crystals. The molecular crystal structure
of 3, shown in Figure 2a, confirms our hypothesis in which a
belt of hydrogen bonds is formed by the benzimidazole
fragments and an external hydrogen bond donor—acceptor.
Crystals of two different adducts have been obtained: 3-2H,0-
2MeOH (Figure 2a) and 3-H,0-3MeOH (Figure S1). Density
functional theory (DFT) optimized structures of tubularenes 1
and 2 at the MN15/6-31G*+PCM(CH,Cl,) level of theory
are shown in Figure 2b,c, respectively. Attempts to grow
crystals of 1 and 2 have only produced microcrystals with
extremely weak X-ray diffraction. The structural information
suggests that compounds 1—3 should be C,-symmetric in
solution. Indeed, '"H NMR indicates a symmetric environment
in all three cases (Figure 2d). From compound 3, we expect six
unique chemical aromatic environments, all integrating for one
hydrogen atom, except one, e’’, which is expected to integrate
for two hydrogen atoms. The single resonance for e’’ at 7.82
ppm demonstrates that at room temperature there is no steric
hindrance for free rotation of the 1,3-dibromophenyl fragment,
as shown in Figure 2d. Note, however, that the tubular

conformer is maintained in solution, as indicated from the
chemical shift of i’ (>5.5 ppm, independent of the solvent
system used).'® Following a similar analysis, under C,
symmetry we expect 10 aromatic resonances for tubularene 1
(Figure 1c). Indeed, all resonances are observed and assigned
based on comparisons to 3, DFT-calculated "H NMR (Table
S4), and their splitting pattern, for example, a and b. Whereas
the 'H NMR of 2 is more complex relative to 1, the long-range
coupling *T observed in 2 helped us deduce the resonances
coming from a’ to e’ (Figure 2d, Figure S13, and Table SS).
Also, the MALDI-TOF MS for 1-3 display a single ion in each
case across a wide range of m/z (Figure 2e). Upon close
inspection, the observed mass spectra match the simulated [M
+ HJ* isotopic distribution patterns for 1—3, as indicated in
Figure 2el—e3.

Tubularene’s rigidity is particularly relevant to maintain the
radial orientation of the z-system, and it also creates a
permanent cavity. Octabromo species 3 maintains its tubular
shape thanks to its belt of hydrogen bonds (Figure 2e, inset).
Closely related cavitands are known to flip between open
(kite) and closed (vase) conformers depending on the guest or
temperature,17 and in some, the closed conformer has been
enforced by intramolecular hydrogen bonding.l%’18 Octabro-
mo species 3 has eight hydrogen bonds formed between N and
O atoms at an average distance of 2.77(1) A (Figure S1),
which is relatively short and likely provides a significant
energetic stabilization to the tubular form of 3."” In the
absence of the hydrogen bond donor—acceptor interaction,
compound 3 lacks any significant solubility, presumably
forming aggregates without an internal cavity. This is not the
case in 1 and 2, where covalent bonding rigidifies the overall
structure creating pores along the walls (Figure S22) and
permanent internal void spaces (Figure 2e, inset). The
diameters of 1 and 2 are ~9.5 and ~12.7 A (Figures S23
and S24), respectively. These are remarkably larger than those
of initially reported porous organic cages™ and on par with
those of state-of-the-art organic rn01sture stable porphyrin box
cages with permanent porosity.”’ The calculated internal
volumes of 1 and 2 are ~620 and ~910 A? (Figures S23 and
S24), respectively, and were obtained in a similar way to
tubular[4,8,8,8]arene."® Tubularene’s internal cavity and
rlgldlty make them ideal candidates for novel porous organic
solids.**

Radially bending the aromatic z-system in 1 and 2
inherently builds strain. DFT calculations employing the
homodesmotic reactions described in Figure S25, at different
levels of theory, provide average strain energles (SEs) for 1 and
2 of 42.2 and 61.9 kcal/mol (Table S6),> respectively. These
are significantly lower in comparison with the average SEs of
tubular[4,8,8,8]arene and tubular[4,8,8,12]arene at 89 and 81
kcal/mol, respectively, and substantially higher than those
reported for [n]CMPs'® (<23 kcal/mol) and [n]cyclo-2,7-
naphthylenes™* ([#n]CNAP < 19 kcal/mol). The obtained SEs
are counterintuitive, because in a first approximation, one
would expect 2 to have less strain than 1 based on its larger
diameter.” In fact, whereas the top nanoring in 1 resembles a
radial [n]JCMP,"" the analogous nanoring in 2 with its 2,7-
naphthylene moieties can be devised as a partial [n :|cyclacene26
because it has conjugated edge-sharing benzene rings, a feature
extensively investigated”’ and, until very recently, unprece-
dented®*” in the literature.

Tubularene 2 can be regarded as an intermediate between a
fully fused zigzag nanoring, [n]cyclacene, and a nonfused
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Figure 2. Characterization of 1, 2, and 3. (a) Molecular crystal structure of 3, obtained at 150 K. Thermal ellipsoids are set at S0% probability level.
Hydrogen bonds are shown in stripes of white and gray. (b,c) DFT-optimized structures of 1 and 2 at the MN15/6-31G*+PCM(CH,Cl,) level.
(d) '"H NMR of 1, 2, and 3 in selected solvent systems. * indicates residual solvent signals from 1,2-C4D,Cl,. (e) Experimental MALDI-TOF MS
and isotope patterns of (el) 3, (e2) 1, and (e3) 2. [M + H]" simulated traces are shown in black. Insets: Top view of the structures of 1, 2, and 3

with their corresponding internal diameters.

radially oriented [n]CMP, just like the upper terminus in 1
(Figure 1a,c). UV—vis absorption and emission spectra of 1—3,
Sa, and Sb were collected to gain further insight into their
electronic structure. The absorption bands of 1 and 2 are
clearly sharper than those of their precursor 3 and the
analogous wall-building block compounds Sa and Sb (Figure
3a). From 300 to 340 nm, an almost identical peak progression
is observed with A, at [306, 317, 334] versus [305, 318, 335]
nm for 1 and 2, respectively. Note that the strong band at 4,
= 280 nm in 2 is the only marked difference because it is not
present in 1. Also, the absorption sEectra of 1 and 2 depart
significantly from those of [8 1CMP”*' (4,... ~ 245 nm) and

[n]CNAP** (size-independent A, &~ 270 nm for n = 5—7),
which only have a single broad absorption band. Time-
dependent (TD) DFT calculations (Table S7) establish the
HOMO-to-LUMO transition in 1 and 2 to be forbidden, akin
to previous tubularenes'” and other radially conjugated
compounds.**” Most importantly, absorption band sharpening
is a signature of tubularene’s rigidity, similar to the effects of
rigidifying linear polymers,” and akin to a single-wall CNT.*!

Noncontorted compounds 5a and Sb, analogues of the
tubular walls of 1 and 2, respectively, display two distinctive
sets of two emission transitions around 370 and 470 nm
(Figure 3b). Surprisingly the low-energy bands around 470 nm
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Figure 3. Electronic structure of tubularenes 1 and 2. (a) UV—vis absorption and (b) emission spectra collected in CH,Cl,/MeOH (9:1) at room
temperature. Emission data were collected by light excitation at 305 nm. Side and top views of LUMO density plots (+0.02 au) of tubularene (c) 1
and (d) 2, calculated at the MN15/6-31G*+PCM(CH,Cl,) level of theory.

are not present in 1 and 2, where only two peaks are observed
at A, of [364, 376] nm for 1 and [365, 405] nm for 2. Notice
how the high-energy emission line is independent of the size of
the zigzag nanoring in 1 and 2, whereas the low-energy
emission band red-shifts in 2, which is likely related to its larger
radial z-surface. From these optical data, an identical Stokes
shift of ~2460 cm™ is observed for tubularenes 1 and 2. This
is in stark contrast with the Stokes shifts of 7065 and 6425
cm™' observed in the previously reported armchair tubular-
[4,8,8,8]arene and tubular[4,8,8,12]arene,"” respectively.
Compounds having large Stokes shifts, for example, >7000
cm™!, are exceedingly rare,’> and they are highly desired to
prevent self-quenching of fluorophores in materials and
biologically relevant applications.” Interestingly, when com-
paring zigzag to armchair tubularenes of the same diameter
(~1 nm), for example, 1 and tubular[4,8,8,8 ]arene, we observe
a remarkable three-fold increase in the Stokes shift. Optical
band gaps (Egap)‘4 are similarly tuned between zigzag and
armchair tubularenes. Whereas for 1 and 2, we obtain 3.58 and
3 52 eV, respectively, armchair tubularenes in Figure 1b have

Eg,, values significantly smaller at ~2.6 eV. The larger Egp
values in zigzag 1 and 2, or cross-conjugated systems,” are
attributed to their lack of global con]ugatlon and inherent
destructive quantum interference.”® The modularity of the
synthetic approach developed here, combined with our
previous report,"”’ demonstrates its remarkable capability to
fine-tune the Stokes shifts in comparatively similar conjugated
molecular nanotubes while maintaining their emissive proper-
ties, as determined from the fluorescence quantum yields (¢)
of 35, 39, 40, and 38% for compounds 1, 2, tubular[4,8,8,8]-
arene, and tubular[48 8,12 ]arene (Flgure $26, using anthra-
cene as standard’’), respectively. In comparison, note that
[8]CPP and [6]CMP have poor ¢, values of 0.084°° and 6%,
respectively.

DFT calculations at different levels of theory were carried
out to support the electronic structure of tubularenes 1 and 2.
Extending the radial 7-surface area has a profound effect on the

HOMO-LUMO density in these tubularenes (Figures S27
and S28); in fact, it is particularly evident in the LUMOs, as
shown in Figure 3c,d. Whereas in 1, the orbital density is
located along its tubular walls, in 2, the LUMO is distributed
exclusively across its upper nanoring. This dramatic shift of the
location of the LUMO density is also reflected in its DFT
calculated energy level values, where the radially distributed
LUMO of 2 is lower in energy than that of 1 across all theory
levels (Table S8). Finally, the electronic structure evolution
from 1 to 2 demonstrates the fundamental effect of the
stepwise incorporation of edge-sharing benzene rings into
zigzag nanorings en route to a fully fused system, akin to
[n]cyclacenes.
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