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ABSTRACT: Carbon nanomaterials composed of curved aro- @9eneral method for nanohoop trimerization:

matics, such as carbon nanotubes, are difficult to selectively
synthesize and modify precisely. Smaller molecular fragments of
curved nanomaterials, such as cycloparaphenylenes, benefit from
the precision of bottom-up synthesis, however, efforts to expand
the curved molecular framework into even larger structures often
rely on restrictive early stage synthetic strategies or difficult to
control polymerizations. In this work we report a high yielding,
strain-promoted, late-stage modification of a series of [n + 1]CPPs.
We show that the conversion of these [n + 1]CPPs into soluble,
pinwheel-like multipore carbon nanostructures is achievable via a
straightforward and efficient metal-mediated alkyne cyclotrimeriza-
tion reaction. We provide insight into suitable metals for this transformation, the photophysics of these trimeric molecules, as well as
their strain profiles and crystal packing. We also demonstrate the strain-enhanced nature of the reaction under the optimized
conditions, showing that strained internal-alkyne [n + 1]CPPs efficiently undergo complete conversion whereas unstrained
diphenylacetylene remains completely unreacted. We anticipate that this work will have broader impacts on the study of reactivity in
strained-alkyne-containing hydrocarbons, and that access to this new molecular architecture will inspire new research and
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applications in materials science and related fields.

B INTRODUCTION

Curved aromatic hydrocarbons are a useful and continuously
evolving class of carbon nanomaterials. Their deviation from
the flat, planar structure expected of aromatic molecules can
grant them advantages such as (1) narrower HOMO—-LUMO
gaps with increasing strain,' (2) heightened solubility due to
less efficient self-stacking,” and (3) complementary intermo-
lecular interactions such as convex—concave z-interactions.””
Since the landmark discoveries of fullerenes and carbon
nanotubes,s’6 many structural variants of curved aromatic
hydrocarbons have been synthesized. Small molecules such as
helicenes, corannulenes, saddle-shaped polyaromatics, and a
variety of conjugated macrocycles are now accessible via
controlled, bottom-up synthetic methods.” Efficient methods
of derivatizing and extending these smaller fragments of curved
carbon nanomaterials are crucial, as the properties and
potential applications of z-rich molecules rely heavily on
dimensionality, size, crystal morphology, etc. However,
structural modifications of strained aromatics can be
challenging, particularly due to strain-relieving pathways
leading to undesired side products.

In the last several years a class of synthetically tunable
curved aromatic hydrocarbons, carbon nanohoops, have
garnered much attention from the broader scientific
community.””"* Carbon nanohoops (also known as cyclo-
paraphenylenes and abbreviated [n]CPP where n = number of
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phenylene units) are strained aromatic macrocycles that
represent the smallest cross-section of an armchair carbon
nanotube.'* Many molecules in this class have shape-persistent
pores with host—guest capabilities,”* are redox active,'>">~"*
brightly fluorescent,'> possess excellent solubility in most
organic solvents,”” and have syntheses which are highly
modular and tunable; this has enabled the study of nanohoops
of many different sizes, shapes, functionalities, and proper-
ties./ 1319

A growing area of CPP research aims to controllably extend
the strained scaffold into novel 7-rich systems, such as cages,
mechanically interlocked molecules, supramolecular com-
plexes, discrete oligomers, and high molecular weight
polymers.”’™** Specifically, several recent publications have
showcased the syntheses”>° of cycloparaphenylene-like
structures with multiple hoops incorporated within one
molecule (see Figure 1b for a few representative examples).
The synthetic strategies of these extended CPP derivatives,
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Figure 1. (a) Initial findings wherein subjection of macrocycle 1 to reductive aromatization conditions resulted not in isolation of the expected
strained alkyne-containing CPP 2 but instead trimeric species 3. (b) Previous examples of multipore nanohoop-type structures.

however, typically use early stage functionalization to build
multipore precursors, which are aromatized to the final
molecule often in low yield. Much less prevalent are examples
of CPPs undergoing late-stage transformations, a synthetic
strategy that circumvents restrictive prefunctionalization and
should afford easier access to further derivation.

Our group has recently focused on the synthesis and study
of [n + 1]CPPs,”" wherein the “+1” refers to the incorporation
of a single alkyne unit inserted in the macrocyclic backbone
providing a synthetic handle for further reactivity. We have
shown that these [n + 1]CPPs have tunable reactivity toward
strain-promoted [2 + 2]cycloadditions/cycloreversions and [3
+ 2Jazide—alkyne cycloadditions,” ~*® but other strain-
promoted transformations that may lead to multipore
structures have not been reported.”” The present work
explores the [2 + 2 + 2] alkyne cyclotrimerization of a series
of [n + 1]CPPs. While the formation of benzene derivatives via
transition metal catalyzed [2 + 2 + 2] cycloaddition of alkynes
has been known for over 70 years,”* typically these reactions
require elevated temperatures and long reaction times.*
Inspired by related reactions with arynes’®*” and small,
strained cycloalkynes,38 herein, we demonstrate the first
examples of strain-promoted [2 + 2 + 2] cyclotrimerizations
of alkyne-containing macrocyclic precursors to realize large,
highly fluorescent, and soluble carbon nanostructures. This is a
highly efficient late-stage transformation affording large curved
aromatic molecules wherein three CPP fragments are linked in
two dimensions around a newly formed central benzene unit
(Scheme 1). Coupled with the well-established building block
approach to nanohoop derivatives and the ease of preparation
of most [n + 1]CPPs, this methodology provides access to an
array of new structures that are interesting for potential
applications in molecular electronics, extended supramolecular
complexes, and porous carbon nanomaterials.*’

Scheme 1. Conversion of [n + 1]CPPs to Trimers”
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“4 was chosen as a model system to assess the effectiveness of metal
catalysts on the reaction (see Table 1). Percent yields refer to
optimized conditions with Pd,(dba);.
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B RESULTS AND DISCUSSION

Our most recent work with the [n + 1]CPPs focused on
increasing reactivity toward the strain-promoted azide—alkyne
cycloaddition reaction by (1) the introduction of electron-
withdrawing fluorine atoms near the strained alkyne, and (2)
the installation of a meta-linked phenylene into the nanohoop
opposite the alkyne.”> At that time we were unable to isolate
the highly strained and electronically activated CPP 2 (Figure
la) due to its propensity to decompose and/or react
immediately under the reaction conditions. Gratifyingly, we
were later able to identify the trimeric species 3 (Figure 1a) as
one of the byproducts of the highly reactive 2. With knowledge
of the reactivities, photophysical characteristics, and host—
guest capabilities of the previously synthesized [n + 1]CPPs in
mind, we chose four species with increasingly reactive alkyne
units for this study: the 8, 6, 4, and 2. We hypothesized that
the transient 2 and other alkyne-containing CPPs could be
efficiently trimerized with the addition of an appropriate metal
catalyst.

We first focused our attention on the synthesis of the fully
para-linked fluorinated internal-alkyne CPP 4 (Scheme 1)
using a combination of previously described”"** molecular
building blocks (see Supporting Information for full synthetic
details). We found that 4 could be isolated effectively under
the same reaction and purification conditions which had
proved unsuccessful for 2. Interestingly, we would occasionally
observe slow conversion of 4 to $ if the sample was kept as a
solution in possibly metal-contaminated glassware and/or had
not yet been rigorously purified. This finding, along with that
of 2 forming trimer without added catalyst, suggests that the [2
+ 2 + 2] alkyne trimerization of [n + 1]JCPPs might be strain-
promoted. With the comparatively more stable 4 in hand, we
turned our attention to better understanding the nature of the
trimerization reaction. Under inert atmosphere at room
temperature with new and pristine glassware in deuterated
chloroform (CDCl;), we treated 4 with different metal
catalysts (approximately 20% catalyst loading) for 1 h and
assessed the results of each reaction with quantitative '’F NMR
(Table 1 and Scheme 1). The screened metal complexes are

Table 1. Metal Screening Results for Conversion of 4 to 5

metal conversion (%)
none 0.5
Pd,(dba), 99.9
RhCI(PPh,), 63
Ni(cod)DQ 11.5

“Reactions carried out in CDCl; at room temperature for 1 h under
inert atmosphere with 1.9 mM 4, 0.39 mM metal. Conversions
determined by quantitative '°’F NMR.

well-known catalysts for alkyne trimerization; Rh(I)**" and
Ni(0)42_44 are common catalysts for the trimerization of
unstrained alkynes, while Pd(0)*****° is often an effective
catalyst for aryne trimerization.

We found that Pd,(dba); was by far the most efficient
catalyst for the transformation of 4 to §, with a calculated
percent conversion of over 99% (with these conditions, we
achieved 70% isolated yield in a separate experiment).
RhCI(PPh;); and Ni(cod)DQ performed much more
modestly at 6.3% and 11.5% conversion, respectively. This
apparent catalyst preference is similar to that observed by Pefia

et al. in their investigations of cyclohexyne trimerization.’®

Notably, we observed less than 0.5% conversion of 4 to § in an
hour-long, room temperature control experiment with no
added metal (first entry of Table 1). In a separate control
experiment, we found that diphenylacetylene (an unstrained,
phenyl-substituted alkyne) showed no reaction under the same
conditions with Pd,(dba); (see Supporting Information for
details). These results are consistent with our hypothesis that
the cyclotrimerization of the [n + 1]CPPs with Pd(0) is strain-
promoted. Bennett and Schwemlein have shown that cyclo-
octyne, the smallest isolable unsubstituted cycloalkyne, has
increased complexation toward transition metal compounds
compared to acyclic alkynes.** As a result, cyclooctyne
undergoes transition metal-catalyzed cyclotrimerization far
more readily than acyclic alkynes. We hypothesize that our
strained alkyne-containing CPPs may also benefit from
enhanced transition metal complexation, affording complete
conversion to trimeric species in minutes at room temperature.

We next questioned whether less reactive [n + 1]JCPPs could
undergo cyclotrimerization under the same conditions. To
assess whether electron-withdrawing fluorine atoms were
necessary for the transformation, we combined 6 and catalytic
Pd,(dba); and found that alkyne cyclotrimerization occurred
efficiently to form 7 in 95% isolated yield. To investigate if less
strained [n + 1]CPPs were also capable of this transformation,
we subsequently treated 8 with Pd,(dba); and found that 9
could be isolated in 63% yield. While we found that 7, §, and 3
all possessed excellent solubility in a range of organic solvents,
9 suffered from a lack of significant solubility in most solvents,
which likely contributed to its diminished isolated yield.
Despite difficulties during isolation, the crude NMR of the
trimerization of 8 shows clean and complete conversion to 9.

Finally, we turned our attention back to a more efficient
synthesis of 3. After testing several methods, we found that we
could reliably form 3 by adding 1.5 equiv of Ni(cod)DQ
directly to the reductive aromatization reaction of 2. This
allowed us to form 3 in up to 52% vyield from 1 after
purification.

We confirmed the identity and connectivity of 3 and § via X-
ray crystal analysis (unit cells shown in Figure 2). Crystals of §
were formed from the slow evaporation of 1,4-dioxane.
Crystals of 3 were formed from vapor diffusion of pentanes
into 1,4-dioxane. In both cases, precise structural information
could not be determined due to a high number of disordered
solvent molecules. However, the X-ray data was sufficient to
confirm the correct assignment of both molecules and assign a
space group (P1 for 5 and R3 for 3) for each crystal packing
pattern. Notably, 3 packs into an interdigitated structure with
long-range, solvent-filled channels.

While we were not able to grow suitable single crystals of 7
and 9, spectroscopic evidence is consistent with the structural
assignment. Figure 3 shows the 'H NMR spectra in deuterated
dichloromethane (DCM) (CD,Cl,) for each of the trimers
described herein as well as relevant [#n + 1]CPPs. For [n +
1]CPPs, we typically observe a distinctive upfield doublet
representative of the hydrogens ortho to the alkyne (shown
generically as H, in Figure 3).*"*? For nonfluorinated 7 and 9,
another upfield doublet, likely representative of the hydrogens
meta to the alkyne (Hy in Figure 3), can also be observed.
Upon trimerization of 4, an upfield shift of the H, doublet
occurred from 6.96 ([n + 1]CPP) to 6.65 ppm (trimer).
Notably, the H, doublets of 6 and 8 experience very
comparable shifts upon trimerization (7.36 to 6.99 ppm for
6 to 7, and 7.45 to 7.0S ppm for 8 to 9). In these cases, we can
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(b)

Figure 2. X-ray crystal structure unit cells of (a) 3 and (b) 5. Solvent
omitted for clarity.

also note the upfield shift of the Hy signal; the doublet
representing Hy shifts from 7.50 ppm for 6 to 7.20 ppm for 7,
and from 7.57 ppm for 8 to 7.26 ppm for 9. Further NMR
evidence for successful trimerization can be found in the *C
NMR (see Supporting Information for full details). In these
spectra, we see a disappearance of any signals below 120 ppm,
indicating the lack of an alkyne in the product (the alkyne
signals for 4, 6, and 8 in CD,Cl, are observed at 99.24, 99.39,
and 97.10 ppm, respectively). In addition to NMR
spectroscopic evidence, high resolution mass spectrometry of
3, 5, 7, and 9 resulted in the correct ion masses.

We next worked to better understand the total strain and
distribution of local strain in these new nanohoop derivatives.

trimers

T T * T * T * 1T " T " 1T ¢+ 1T % 17
78 76 74 72 70 68 66 64 6.2

0 (ppm)

Figure 3. Diagnostic '"H NMR shifts for trimers and associated [n +
1]CPPs in CD,Cl,.

We used the computational program StrainViz to calculate and
visualize the local and total strain of each trimer and its parent
[n + 1]JCPP (Table 2 and Figure 4).** For the [n + 1]CPPs,

Table 2. Quantitative Strain Data as Determined by
StrainViz (All Values in kcal mol™*)“

compound max. local strain total strain
3 1.8 80.5
S 3.1 130.3
7 3.1 129.3
9 23 112.8
2 34 429
4 2.8 55.6
6 2.9 58.0
8 1.3 44.4

“Computations ?erformed with Gaussian 09 at the B3LYP/6-31G(d)
level of theory.”

local strain is greatest at the alkyne as has been shown
previously.””** For the trimers, however, local strain is greatest
at the phenylene units opposite the newly formed ortho
linkage—this is consistent with our understanding of how
strain is distributed in these types of macrocycles.*® Addition-
ally, the trimmers have total strain values equivalent to less
than three times the total strain of the precursor [n + 1]CPPs.
For example, 5 has a calculated 130 kcal mol™ of inherent
strain, whereas 4 has 56 kcal mol™!. These findings indicate
that the inherent strain per macrocyclic unit decreases post-
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Figure 4. StrainViz structures for each trimer and its respective [n +
1]CPP (2 was not isolated but is shown here for completeness).

trimerization. We also note that 2, which has the highest
calculated maximum local strain value of the [n + 1]CPPs in
this study at 3.4 kcal mol™, trimerizes to form the most locally
and globally unstrained trimer in this series, 3. The meta
linkage serves to heighten strain in nanohoops at the region of
the molecule directly across from it,** but post-trimerization
the newly formed ortho-linkage ameliorates this effect.

Photophysical data for each trimer and its associated parent
[n + 1]JCPP*"** (where applicable) are displayed in Figure 5
and Table 3. Absorbance and emission traces as well as
quantum yields were collected for all molecules in compara-
tively nonpolar DCM and polar dimethyl sulfoxide (DMSO)
to probe any solvent-dependent effects; extinction coefficients
were collected in DCM. For all but one of the trimers, we did
not observe a large solvent effect on photophysics beyond a
slight red-shifting in maximum absorbance wavelength
(Amaxabs) and maximum emission wavelength (A em) values
in DMSO (Table 3 and Figure Sc). Therefore, we focused our
analysis of trimer photophysics on the measured values in
DCM. The only notable solvent effects were observed for
fluor[9 + 1]CPP, which displayed highly solvent-dependent
fluorescence properties (vide infra).

Carbon nanohoops typically display a A, around 340
nm. This major absorbance band is dominated by degenerate
HOMO — 2/HOMO — 1 to LUMO and HOMO to LUMO +
1/LUMO + 2 transitions, as the HOMO to LUMO transition
is symmetry forbidden in most cases.'>*’

When comparing the absorbance profiles of each trimer to
its parent [n + 1]JCPP, we can observe a slight hypsochromic
shift of A. . upon trimerization. For example, 6 has a
measured A, s of 342 nm in DCM, while 7 has a slightly
blue-shifted A5 of 337 nm. Nonetheless, 5, 7, and 9 all
maintain A, s values around the typical 340 nm. Computa-
tional results for § (Supporting Information Table S9) indicate
that the HOMO—LUMO transition is weak, and the stronger
absorption is a combination of higher energy transitions (e.g.,
HOMO to LUMO + 3, HOMO to LUMO + 4, etc.).
Comparing the trimers, we note that 5 has a slightly blue-
shifted A,.x.ps compared to 7. We have previously observed a
slight hypsochromic shift in fluorinated para-linked nanohoops
compared to their hydrocarbon counterparts.”>**>" Finally,
the shortest wavelength A, ., is displayed by 3; we
hypothesize that the significant lack of strain in this molecule
in comparison to the other trimers elevates the energy of this
transition.>”

The extinction coefficient for each trimer is plotted as a
function of wavelength in Figure Sa; extinction coefficients for
each trimer (and corresponding [n + 1]JCPP) at A, are
displayed in Table 3. In each case where it is possible to
compare the trimer to its [n + 1]JCPP parent, we observe that
the extinction coefficient at An,. . is (within error)
approximately three times that of the parent. For instance,
we previously measured an extinction coefficient for 6 of 1.55
X 10° M™' cm™ in DCM at ;{‘max,abs'SI This value essentially
triples for 7 with a measured extinction coefficient of 4.52 X
10° M~! cm™". This is an intriguing result which suggests that
the molar absorptivity of each [n + 1]JCPP macrocycle is
maintained even upon its incorporation into the trimeric
species, establishing the [n + 1] trimers as exceptionally bright
chromophores.

The fluorescence emission traces for each trimer are plotted
in Figure Sa as a function of wavelength and normalized such
that the maximum y-axis value matches the molecule’s
measured quantum yield in DCM. We observe that 9, §, and
7 display fluorescence emissions that are slightly red-shifted in
comparison to their parent [n + 1]CPPs; for example, the
maximum emission wavelength (Ay.em) for 6 in DCM was
previously measured to be 463 nm,”" while 7 displays a Amaxem
of 472 nm. As is generally observed in carbon nanohoops,

-
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Figure 5. Photophysical characterization for the new molecules described herein. (a) Extinction coefficients (colored lines) and fluorescence
emission traces (black lines) for each trimer in DCM plotted as a function of wavelength. Fluorescence traces are scaled such that the maximum y-
value of each curve matches the quantum yield of the compound in DCM. (b) Extinction coeflicient for 4 (blue line) as a function of wavelength in
DCM plotted along with fluorescence emission traces (black lines) for 4 in DCM and DMSO (emission curves are also scaled to quantum yield in
the respective solvent). (c) Solutions of trimers and 4 in DCM and DMSO under irradiation with long-wave UV light.
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Table 3. Tabulated Photophysical Data for Trimers and Associated [n + 1]CPPs”

compound Amaxabs (D) Amayem (nm) extinction coefficient, & (X10° M~! cm™) quantum yield, ®
DCM DMSO DCM DMSO DCM DCM DMSO
3 315 318 402 418 3.27 £ 0.04 0.88 0.88
4 335 343 463 507 1.02 + 0.04 0.49 0.07
S 330 337 472 479 3.13 £ 0.23 0.40 0.46
6 342 351 463 473 1.585 0.76 0.67
7 337 472 487 4.52 + 0.07 0.42 0.47
8 341 350 449 460 1.63 0.80 0.83
9 338 454 468 4.93 + 0.20 0.69 0.67

. 24,25
“Values for 6 and 8 were measured previously™”

and included here as a point of reference. Note that quantum yields were measured by slightly

different methods than were used in this study (see Supporting Information and previous publications for details).

the smaller 7 and § have a red-shifted emission in comparison
to the larger 9, probably due to increased conjugation between
phenylenes in smaller sizes. We observe that fluorination of
scaffold of 7 does not seem to significantly affect fluorescence
properties. The hypsochromic fluorescence emission of 3 in
comparison to the other trimers in this study can most likely be
attributed to a lack of strain in the molecule which in turn
decreases p-orbital overlap and widens the HOMO—-LUMO
gap.">>” Quantum yields for all trimers were reasonably high: $
and 7 displayed quantum yields of 0.40 and 0.42 in DCM,
respectively, while the larger 9 displayed a slightly higher
quantum yield of 0.69. 3 exhibited the highest quantum yield
in the series at 0.88.

Figure Sb,c highlight the significant solvent-dependent
fluorescence properties of 4. The A, .n for 4 shifts from
463 nm in DCM to 507 nm in DMSO. This bathochromic
shift in A, .m With increasing solvent polarity is accompanied
by a notable drop in quantum yield from 0.49 in DCM to 0.07
in DMSO. These results suggest that 4 is a donor—acceptor-
type nanohoop that, upon excitation, experiences charge
transfer from the electron-rich curved phenylene backbone of
the nanohoop to the electron-poor, fluorinated, alkyne-
containing regionl3’16’17’32’53_56 (see Supporting Information
Figure S39 for further details). We speculate that a polarized
excited state would be better stabilized in polar solvents such
as DMSO, therefore resulting in a lower energy transition back
to the ground state and longer wavelength ﬂmax,em.y The lower
quantum yield would in turn be explained by the energy gap
law, as has been seen previously for donor—acceptor
molecules.”® The fact that the quantum yield in DMSO is
largely restored upon trimerization to S suggests that the
trimer’s excited state is significantly less polarized.””*® This
finding is consistent with our calculations (see Supporting
Information Figure S39).

B CONCLUSION

Employing suitable late-stage transformations of curved
aromatic hydrocarbons is a promising approach for systemati-
cally diversifying their structures, and in turn, their
applications. The realization of unique molecular architectures
is a major driving force for uncovering and characterizing the
rich structure function relationships that render organic
synthesis a tool for advancing carbon nanoscience. Our
previous studies of strained alkyne-containing carbon nano-
hoops focused on efficiently attaching them via click chemistry
methods to other small molecules of interest.>' > In this work,
we have described a synthetically simple and high yielding
method for expanding these molecules into larger carbon
nanostructures by a metal-catalyzed trimerization reaction. The

result is high molecular weight pinwheel-shaped [n + 1]
trimers with exceptionally high luminescence and generally
good solubility. We envision that this method can provide
access to trimer derivatives with unique photophysics,
structure, and functionality, especially given the modularity
of [n + 1]CPP syntheses. For example, the inclusion of donor
and acceptor groups to tune optoelectronic properties,
functional handles as sites for further reactivity, and
heteroatoms to tune supramolecular capabilities are all
accessible and exciting next steps for these trimeric macro-
cycles. The current work also provides further evidence that
strained alkyne nanohoops are amenable to derivatization
through a variety of metal-mediated reactions; classical work of
Reppe et al. suggests that the use of an appropriate transition
metal catalyst may afford tetrameric species with four CPPs
linked around a newly formed cyclooctatetraene.’” The use of
strain promoted reactions to generate well-defined carbon
nanomaterials is an exciting area of research lying at the
interface of organic synthesis and nanoscience that we will
continue to explore.
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