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Abstract: Graphene nanoribbons (GNRs) represent promis-
ing materials for the next generation of nanoscale electronics.
However, despite substantial progress towards the bottom-up
synthesis of chemically and structurally well-defined all-carbon
GNRes, strategies for the preparation of their nitrogen-doped
analogs remain at a nascent stage. This scarce literature
precedent is surprising given the established use of substitu-
tional doping for tuning the properties of electronic materials.
Herein, we report the synthesis of a previously unknown class
of polybenzoquinoline-based materials, which have potential
as GNR precursors. Our scalable and facile approach employs
few synthetic steps, inexpensive commercial starting materials,
and straightforward reaction conditions. Moreover, due to the
importance of quinoline derivatives for a variety of applica-
tions, the reported findings may hold implications across
a diverse range of chemical and physical disciplines.

Graphene nanoribbons (GNRs), which are narrow strips of
graphene featuring a quantum confinement-induced
bandgap, constitute a promising class of materials for the
next generation of semiconductor devices.""% The electronic
properties of GNRs are exquisitely sensitive to their width,
heteroatom content, and edge character.”>™ Thus, much
research effort has been devoted to the preparation of
GNRs that are structurally and chemically defined at the
atomic level.” ' Although traditional top-down lithographic
approaches have exhibited only limited success in this
regard,*!) more recent studies have demonstrated the
bottom-up preparation of pristine GNRs via the surface-
assisted"?! or solution-phase!”? synthesis of nanoribbon
precursor polymers, followed by their cyclodehydrogenation.
To date, these bottom-up strategies have primarily focused on
all-carbon systems, with only a limited number of studies
describing the preparation of nitrogen-containing GNR
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frameworks.”?>**2l Given the immense potential of sub-
stitutional nitrogen doping for tailoring the properties of
GNRs, the sparse literature precedent is surprising and likely
arises from the challenges associated with the incorporation
of heteroatoms at arbitrary locations in graphitic materi-
als'[33,34]

Herein, we describe the modular synthesis of polybenzo-
quinolines, which constitute a generic class of GNR precursor
polymers, and, to the best of our knowledge, have never been
previously reported. We first develop general aza-Diels—
Alder reaction conditions for the synthesis of a series of
benzoquinoline model compounds. Subsequently, we prepare
an AB-type bifunctional monomer and use the conditions
validated for the model compounds to synthesize a congested
polybenzoquinoline via a Diels—Alder-type polymerization
reaction.’” We in turn demonstrate the scope and modu-
larity of our methodology by preparing polybenzoquinolines
of various sizes that feature different peripheral substituents.
Overall, our findings enable facile and rapid access to
a previously unknown family of benzoquinoline-based mate-
rials, which may prove valuable for a wide range of
applications.

As our synthetic target, we selected a nitrogen-doped N =
7 armchair GNR (Figure 1, left). We envisioned the prepa-
ration of this target by surface-assisted cyclodehydrogenation
of a polymeric precursor, as demonstrated by Miillen, Fasel,
and co-workers for the conversion of polyanthracenes into
analogous unsubstituted, all-carbon, GNRs.''® Here, to
enable the formation of a well-defined nitrogen-doped GNR,
we designed an alternative unreported precursor consisting of
benzoquinoline subunits linked at their 4 and 6 positions
(Figure 1, middle). We in turn drew inspiration from the
synthesis of quinoline heterocycles via the aza-Diels—Alder
(Povarov) reaction®™ ¥ and pictured the construction of the
benzoquinoline subunits from alkyne- and aldimine-modified
monomers (Figure 1, right). Consequently, we postulated that
polymerization of the bifunctional monomers would furnish
the desired polybenzoquinoline precursor (Figure 1, middle),
which could ultimately be cyclodehydrogenated into a nitro-
gen-doped N =7 armchair GNR (Figure 1, left).

We began our studies by synthesizing benzoquinoline
model compounds 3a,b and Sab via the Povarov reac-
tion,*** as illustrated in Scheme 1a. To prepare model
compounds 3a and 3b, we first formed aldimines 1a and 1b
by using a known literature protocol.®”] We then reacted
naphthyl alkyne 2 with 1a or 1b in the presence of BF;-OEt,
as the Lewis acid mediator and chloranil as the sacrificial
oxidant,**>% producing benzoquinolines 3a or 3b, respec-
tively. Next, to prepare model compounds Sa and 5b, we
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(c) TBAF
(d) 1a or 1b, BF 3*OEty, chloranil, 150 °C
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Reagents: (a) (TIPS)acetylene, Pd(CH3CN),Cl,, XPhos, 100 °C, 96% yield
(b) TBAF, 84% yield
(c) HCI 12 N, 100 °C, 82% yield
(d) 4-octylbenzaldehyde, PTSA, molecular sieves, 110 °C, 79% yield
(e) BF3+OEty, chloranil, 150 °C, 63% yield

Scheme 1. a) Synthesis of benzoquinoline model compounds 3a, 3b, 5a, and 5b
(TIPS =triisopropylsilyl, XPhos = 2-dicyclohexylphosphino-2',4’,6'-triisopropylbiphenyl,
TBAF =tetrabutylammonium fluoride). b) Synthesis of benzoquinoline model com-

pound 8 (PTSA = p-toluenesulfonic acid).

converted the pendant bromides of compounds 3a and 3b to
alkynes, forming 4a and 4b, respectively. We then reacted
alkyne 4a with aldimine 1a, producing benzoquinolines Sa,
and alkyne 4b with aldimine 1b, producing benzoquinoline
Sb. This linear synthetic strategy furnished the desired
regioisomerically pure products in moderate yields.

We in turn sought to prepare pentameric compound 8 as
a longer model benzoquinoline (Scheme 1b). To construct 8,
we used 5b as the sole starting material and generated
complementary building blocks 6 and 7. Thus, to synthesize 6,
we converted the pendant bromide of 5b to an alkyne, and to
synthesize 7, we converted the acetyl-protected amine of Sb
to an aldimine. We subsequently combined alkyne 6 and
aldimine 7 under our standard Povarov conditions, furnishing
compound 8. Here, by independently modifying the bromide
and amine termini of our precursors, we avoided an arduous
linear synthesis to produce a benzoquinoline macromolecule.

We characterized our benzoquinoline model compounds
(3a, 3b, 5a, 5b, and 8) with 'H and "*C nuclear magnetic
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Figure 1. Illustration of a synthetic strategy for the preparation of a nitrogen-doped N=7
armchair graphene nanoribbon. The desired steps consist of the Diels—Alder-type polymeri-
zation of bifunctional monomers to furnish a polybenzoquinoline nanoribbon precursor, which
can in turn be cyclodehydrogenated into the target nitrogen-doped graphene nanoribbon.
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spectrometry (MS), and/or X-ray crystal-
lography (see the Supporting Information
for details). In particular, we grew crystals
of 3a and 5a and determined their solid-
state structures through standard X-ray
crystallography techniques (Figure 2).!
Although the resolution of 5a was poor,
both crystal structures confirmed that our
reaction conditions produced only the
desired regioisomers and connectivity, as
further supported by a detailed NMR
analysis for 3b (Figures S1-S9). The crys-
tal structures also revealed that the naphthyl
moieties of both 3a and Sa were almost com-
pletely orthogonal with respect to their neighbor-
ing benzoquinoline subunits (Figure 2a,b) and
that the two constituent benzoquinoline subunits
of 5a were twisted out of planarity with respect to
one another (Figure2b). Altogether, these
experiments definitively confirmed the identity
of our compounds.

With our model compounds in hand, we
proceeded to prepare an elongated benzoquino-
line macromolecule. Thus, we produced polyben-
zoquinoline 11a through polymerization of an
AB-type bifunctional monomer via the Povarov
reaction. To this end, we first synthesized mono-
mer 10a from 4-iodonaphthylamine 9 in only
three steps (Scheme 2a). The design of 10a
incorporated the requisite alkyne and aldimine
functional groups within a single substrate, as well
as an alkyl chain for enhanced solubility. We next
used the reaction conditions optimized for the
synthesis of 3b, 5b, and 8 (Scheme 1) to polymer-
ize 10 a, furnishing polybenzoquinoline 11a (Sche-
me 2a). We analyzed the resulting reaction mix-
ture via size-exclusion chromatography with
a refractive index detector (SEC-RI), and through
calibration with standards, we obtained a number
average molecular weight (M,) of 2730 gmol™', a weight
average molecular weight (M,,) of 5420 gmol !, and a poly-
dispersity index (PDI) of 1.98 for crude 11a (See the
Supporting Information for details and Figure S10.). The
PDI of the crude product was consistent with a step-growth
polymerization mechanism, as expected for a Diels—Alder-
type reaction.~7

We subsequently processed and again characterized
polybenzoquinoline 11a. We first terminated the reaction by
addition of phenylacetylene and purified the resulting mate-
rial through sequential precipitation/chromatography (see the
Supporting Information for details). We then analyzed 11a by
SEC-RI with respect to calibration standards. Our measure-
ment yielded a M,, of 7840 gmol ', a M,, of 10500 gmol ', and
a PDI of 1.34, corresponding to about 21 main chain
benzoquinoline subunits for purified 11a (Figure3 and
Table 1). For comparison, the same measurement for mono-
disperse benzoquinoline model compound 8 yielded a M,, of
2110 gmol™!, a M, of 2120 gmol™!, and a PDI of 1.01,
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Figure 2. a) The X-ray crystal structure and the corresponding chemical
structure for benzoquinoline 3a. b) The X-ray crystal structure and the
corresponding chemical structure for benzoquinoline 5a. For both
crystal structures, the carbon, nitrogen, oxygen, and bromine atoms
are indicated in gray, blue, red, and purple, respectively. Note that the
hydrogen atoms and solvent molecules have been omitted for clarity.

confirming the accuracy of our analysis (Figure3 and
Table 1). Notably, despite its aromatic character and crowded
architecture, 11a was readily soluble in most common organic
solvents, presumably due to a partially contorted geometry, as
observed for our model compounds in the solid state. Our
observations were consistent with the preparation of an
extended polybenzoquinoline.

We further characterized 3b, 5b, 8, and 11a with ultra-
violet-visible (UV/Vis) spectroscopy (Figure 4). The spectra
obtained for 3b, 5b, and 8 showed characteristic absorbance
peaks with maxima at nearly identical positions of 297, 314,
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10a-10c 1Ma-11c

H25C12 C1DH21
Reagents: (a) (TMS)acetylene, Pd(PPh;),Cl,, Cul CH CH
(b) aldehyde (R-CHO), A, Dean—Stark 8T 8Ty
(c) CsF, 50 °C or TBAF R= © Q
(d) BF3*OEty, chloranil, A 4 P4 FXF
1a 11b 11c
overall yield from 9:  19% 14% 18%
(b) .
N=
0 oo
—
ey
NHAc
3b
Reagents: (a) HCI 12 N, 4, 89% yield Ha25C1z+ CroMay

(b) (TMS)acetylene, Pd(PPhj),Cl,, Cul, PPhs, 80 °C, 79% yield
(c) 4-(3-decylpentadecyl)benzaldehyde, A, Dean-Stark

(d) TBAF, 63% yield over two steps

(e) BF3+OEt,, chloranil, 180 °C, 8% yield

CgHy

R'= © R?=

Scheme 2. a) Synthesis of monomers 10a-10c¢ and polybenzoquinoli-
nes 11a-11¢c (TMS =trimethylsilyl). b) Synthesis of monomer 12 and
polybenzoquinoline 13.
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Figure 3. The SEC-RI chromatograms obtained for polybenzoquinolines
11a (solid blue line), 11b (solid purple line), 11¢c (solid brown line),
and 13 (solid gray line), as well as for benzoquinoline model
compound 8 (dashed red line). The chromatograms have been normal-
ized for clarity.

Table 1: The tabulated M,, M,, and PDI values for 8, 11a, 11b, 11¢, and
13, as calculated from the chromatograms in Figure 3. Note the excellent
agreement between the calculated and actual molecular weights of 8.

Compound M, M, PDI !
[gmol™] [gmol™]

8 21108 21208 1.01 5

11a 7840 10500 1.34 21

11b 15500 22300 1.44 25

Tc 8960 10900 1.22 22

13 29600 36200 1.22 60

[a] The actual molecular weight is 2093 gmol~". [b] The approximate
number of benzoquinoline subunits, as estimated from M,

352, and 370 nm. By comparison, the spectrum obtained for
11a featured broadened absorption maxima at similar
positions and an onset of absorption that was red-shifted
from 380 to 450 nm. Together, these measurements corrobo-
rated the formation of an extended polybenzoquinoline
system for 11a.

We next sought to demonstrate that our polymerization
strategy was modular and capable of accommodating differ-
ent peripheral substituents. Thus, we leveraged the reaction
conditions already validated for the synthesis of 10a to
prepare monomers 10b and 10c¢, which incorporated
branched alkyl chain and fluorine substituents, respectively
(Scheme 2a). We then used conditions similar to those
developed for the synthesis of 3b, §b, 8, and 11a to furnish
polybenzoquinoline 11b from 10b and polybenzoquinoline
11c from 10c¢ (Scheme 2a). Our standard purification and
analysis procedures yielded the data shown in Figure 3 and
Table 1 for 11b and 1le¢, confirming the success of our
polymerization reactions. The preparation of distinct poly-
benzoquinolines under similar conditions underscored the
potential general scope of our approach.

Finally, we applied our polymerization strategy to the
preparation of an even longer, sequence-variable polybenzo-
quinoline macromolecule. We slightly modified the procedure
required for the preparation of 10a-10¢ to convert 3b into
bifunctional monomer 12 in four steps (Scheme 2b). The
design of 12 incorporated the requisite alkyne and aldimine
functional groups, an expanded aromatic core containing an

www.angewandte.org

die

Chemie

5885


http://www.angewandte.org

Angewandte

5886

Communications

1.0f

0.5

Absorbance —»

0.0

Figure 4. The UV/Vis absorbance spectra obtained for benzoquinoline
model compounds 3b (dashed black line), 5b (dashed green line),
and 8 (dashed red line), as well as polybenzoquinoline 11a (solid blue
line). Note that the spectrum of the polybenzoquinoline is broadened
and red-shifted with respect to the spectra of the model compounds.
The spectra have been normalized for clarity.

additional benzoquinoline subunit, and alternating linear and
branched alkyl side chains. Polymerization of 12 under our
standard reaction conditions furnished polybenzoquino-
line 13. Per our SEC-RI measurement, this polymer featured
a M, of 29600 gmol~!, a M,, of 36200 gmol ', and a PDI of
1.22, corresponding to about 60 main chain benzoquinoline
subunits (Figure 3 and Table 1). Moreover, despite its
increased size relative to 11a-11¢, 13 exhibited good sol-
ubility in common organic solvents. Overall, these findings
demonstrated the potential modularity of our approach,
portending favorably for the synthesis of polybenzoquinoline-
based graphene nanoribbon precursors with tunable sequence
contexts.

In summary, we have developed a new methodology for
the preparation of polybenzoquinolines, which is significant
for several reasons. First, the aza-Diels-Alder (Povarov)
reaction has been employed for the synthesis of benzoquino-
lines only in a limited number of previous instances.*** To
the best of our knowledge, the current study represents the
first reported synthesis of modular polybenzoquinolines using
the Povarov (or any other) reaction. Second, our scalable
approach employs few synthetic steps, inexpensive precursor
materials, and straighforward reaction conditions. These
advantageous features facilitate the preparation of crowded
yet soluble polymers with variable peripheral substituents and
sizes. Given the large number of commercially available
benzaldehyde derivatives, our strategy may also provide
access to a diverse family of benzoquinoline-based materials.
Third, the reported polybenzoquinolines constitute a novel
class of precursor polymers for N=7 armchair GNRs
(Figure 1), which have been prepared exclusively from
polyanthracenes to date.'"™™! Due to the propensity of some
anthracene derivatives to oxidation and undesirable photo-
chemistry,*>> our precursors may prove advantageous for
the preparation of diverse libraries of GNRs with designer
electronic properties. Finally, we note that our polybenzoqui-
nolines could find a number of alternative applications;
indeed, quinoline derivatives are privileged scaffolds in
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medicinal chemistry,”*® ubiquitous ligands in inorganic
chemistry,”*>" and promising materials for organic electronic
devices.’™®!I Consequently, the presented synthetic method-
ology may prove generally valuable across a broad swath of
chemical and physical disciplines.

Keywords: graphene nanoribbons - nanotechnology -
organic electronics - polymers - quinolines
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