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ABSTRACT: The integration of substitutional dopants at predetermined positions along the hexagonal lattice of graphene-derived
polycyclic aromatic hydrocarbons is a critical tool in the design of functional electronic materials. Here, we report the unusually mild
thermally induced oxidative cyclodehydrogenation of dianthryl pyrazino[2,3-g]quinoxalines to form the four covalent C—N bonds in
tetraazateranthene on Au(111) and Ag(111) surfaces. Bond-resolved scanning probe microscopy, differential conductance
spectroscopy, along with first-principles calculations unambiguously confirm the structural assignment. Detailed mechanistic analysis
based on ab initio density functional theory calculations reveals a stepwise mechanism featuring a rate determining barrier of only
AE* = 0.6 eV, consistent with the experimentally observed reaction conditions.

xidative cyclodehydrogenation reactions have found Scheme 1. Surface Supported Thermal

extensive use in the synthesis of extended polycyclic Cyclodehydrogenation of 2a—c on Au(111) or Ag(111) to
aromatic hydrocarbons (PAH). Solution-based Scholl and Give Tetraazateranthene 1
Kovacic reactions among many others, which rely on Lewis A1) or
acid/oxidant combinations, have widely been used to induce /\19()(311(:),

the intramolecular cyclodehydrogenation of carefully designed
oligo-arene precursors into extended PAHs.' The emergence of
bond-resolved SPM characterization techniques along with an
expanded understanding of surface catalyzed reaction mecha-
nisms” has even provided access to PAH structures featuring
high-energy ground states,” open-shell electron configura-
tions,” and highly reactive unsaturated spin systems.” One of
the most common approaches relies on a thermally induced 67
electrocyclization of an oligo-arene precursor that is either
preceded or followed by the transfer of two hydrogen atoms to
the underlying metal surface.® The thermal activation barrier
for this process varies with the underlying substrate and to a
lesser extent with the structure of the molecular precursor, but fOHO‘_"’ed by catal'ytic dehydroge'natior.l g.ives pyraz.ino [2,3-
generally requires annealing temperatures ranging between 200 gJquinoxaline (4) in two steps. Dibromination of 4 Wlt}-l NBS
and 450 °C.”'° While this approach has been broadly applied and subsequent Suzuki—Miyaura cross-‘couphng Wlth 2-
to the formation of covalent C—C bonds on Au, Ag, and Cu (anthracen—9-y.l)-4,4,5,5-tetramethyl-1,3,2jdloxaborolane ylel.ds
surfaces, the analogous reaction establishing covalent C— the parent dianthryl pyrazino[2,3-g]quinoxaline 2a. While
heteroatom bonds has never been observed. While a wide pyrazino[2,3-g]quinoxaline 2b can be obtained through direct
variety of heteroatoms (e.g, N, S, O, B) have been used to bromination with N-bromosuccinimide in 70% yield, a two-
replace C—H groups along the edges of PAHs,"'™'* the step sequence of Miyaura b01_'ylation followed by treatment of
electronically much more interesting substitution of trigonal .the.mteFmechat.e mixture of Plnacol bc.)‘ronllc esters Wlth‘ copper
planar carbon atoms at the center of extended 7-system iodide is required to obtain the diiodinated pyrazino[2,3-
remains rare. Access to these backbone-substituted PAHs has glquinoxaline 2c albeit in a lower yield (~ 7% over two steps).
exclusively relied on the pre-assembly of all carbon— Pyrazino[2,3—g]quinoxal%nes 2a—'c were deposited from a
heteroatom bonds present in the product at the oligo-arene Knudsen cell evaporator in ultrahigh vacuum onto Au(111)

surfaces proceeds at unusually low temperatures and leads to
the formation of four covalent C—N bonds in the
tetraazateranthene 1. The synthesis of dianthryl pyrazino[2,3-
glquinoxalines 2a—c is depicted in Scheme 2. Condensation of
2,5-dihydroxy-1,4-benzoquinone (3) with ethylenediamine

precursor stage.>”"”
We herein report the first example of a surface catalyzed Received: December 15, 2019
cyclodehydrogenation that leads to the formation of covalent Published: February 11, 2020

C—N bonds in an extended PAH. The thermally induced
intramolecular cyclodehydrogenation of pyrazino[2,3-g]-
quinoxalines 2a—c (Scheme 1) on Au(111) or Ag(111)

© 2020 American Chemical Society https://dx.doi.org/10.1021/jacs.9b13507

W ACS Publications 3696 J. Am. Chem. Soc. 2020, 142, 36963700


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilya+Piskun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raymond+Blackwell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joaquim+Jornet-Somoza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fangzhou+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angel+Rubio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steven+G.+Louie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steven+G.+Louie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felix+R.+Fischer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.9b13507&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13507?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13507?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13507?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13507?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13507?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13507?fig=sch1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/jacs.9b13507?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

Communication

pubs.acs.org/JACS

Scheme 2. Synthesis of Pyrazino[2,3-g]quinoxalines 2a—c
1. NHy(CHg)oNHa,
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2bR=Br ] 1. Pd(dppf)Cly, Boping, Cs,COs,
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DMF, 80 °C, 24 h
2. Cul, KI, THF/MeOH/H,0,
80°C, 16 h, 7% (2 steps)

and Ag(111) surfaces held at 24 °C. Figure 1A shows a
representative STM topographic image (S K) of self-assembled
multilayer islands of 2a on a Au(111) crystal surface. Isolated
molecules of 2a adsorb preferentially in a conformation that
places the anthracenyl groups at either end of the molecule
nearly coplanar to the underlying surface (Figure S1). One side
of the central pyrazino[2,3-g]quinoxaline ring protrudes high
above the plane of the molecule and appears as a characteristic
bright feature in the topographic image in Figure 1B.
Annealing of molecule decorated surfaces at temperatures as
low as 75—100 °C for 15 min induces a thermal cyclo-
dehydrogenation of all peri-positions to form tetraazateran-
thene 1 (Figure 1C,D). STM images on Au(111) or Ag(111)
reveal a submonolayer coverage of the surface with discrete
rectangular structures measuring 0.95 + 0.05 nm, 1.20 + 0.15
nm, and 0.19 + 0.02 nm in width, length, and height,
respectively (Figure 1E). There is no observable difference in
cyclodehydrogenation conditions between Au(111) and
Ag(111). Bond-resolved STM (BRSTM) imaging, wherein
the STM tip is functionalized with a carbon monoxide
molecule to conduct imaging in the Pauli repulsive regime,”””"
confirms the tentative structural assignment and shows the
fully fused core along with the four covalent C—N bonds of
tetraazateranthene 1 (Figure 1F). Large-area scans on Au(111)
and Ag(111) highlight the remarkable selectivity and the high
yield of this transformation (Figure 1C,D). Even in the
presence of the thermally labile C—Br or C—I bonds in 2b and
2c¢, the cyclodehydrogenation to form 1 proceeds at temper-
atures <100 °C. The coplanar conformation adopted by the
anthracene and the pyrazino[2,3-g]quinoxaline rings in the
fully cyclodehydrogenated core of 1 precludes the expected
radical step-growth polymerization along the zigzag edges on
the surface (Figure S2) and instead only yields the exhaustive
dehalogenation product tetraazateranthene 1

Differential conductance (dI/dV) point spectra collected
above the nitrogen atoms along the armchair edge of
tetraazateranthene 1 (inset Figure 2) reveals two characteristic
features associated with an occupied and an unoccupied state
at a sample bias of —0.6 V and +1.6 V, respectively (Figure 2).
The dI/dV maps recorded at the corresponding energies show
the spatial distribution of the local density of states (LDOS)
across the surface of the adsorbed molecule. In an effort to

3697

-~ eRsTM

0.00 nm

0.22nm 0.00V

Figure 1. STM topographic image of (A) self-assembled islands and
(B) an isolated molecule of 2a on a Au(111) surface. STM
topographic image of (C) a Au(111) and (D) a Ag(111) surface
after annealing to 100 °C showing the clean transformation of 2a to 1
(dark depressions in (D) are due to missing atoms in the lattice of the
Ag(111) surface following the sputtering and annealing cycles). (E)
STM topographic and (F) Laplace filtered BRSTM image of fully
cyclized tetraazateranthene 1 on Au(111). ((A)—(E): V,=50mV I, =
20 pA; (F) V, = 0 mV, fy: 455 Hz, AV, = 10 mV)

assign the peaks in the differential conductance spectra to
molecular frontier orbitals, we performed density functional
theory (DFT) calculations with local density approximation
(LDA)* as well as a GW calculation which incorporates the
electron self-energy in a many-electron Green function
approach.””** The peak at —0.6 V closely resembles the
projection of the HOMO—2 orbital of tetraazateranthene,
while the broader feature at +1.6 V is best represented by a
superposition of the LUMO and the LUMO+1 orbitals. While
the degeneracy between LUMO and LUMO+1 is not
immediately apparent from calculations within the LDA
framework alone, quasiparticle calculations using the GW
correction confirm that LUMO and LUMO+1 of 1 are
separated by AE < 50 meV. An analysis of wave function
symmetry of the frontier orbitals of tetraazaanthene 1

https://dx.doi.org/10.1021/jacs.9b13507
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Figure 2. (A) STM dI/dV point spectrum of 1 on Au(l111).
Experimental dI/dV spatial maps and calculated position dependence
of the LDOS map of states with energy fixed at (B) V, = —0.6 V (I, =
0.60 nA) and (C) V= +1.6 V (I, = 0.75 nA). Calculated lateral spatial
distribution of LDOS at fixed energy is evaluated at a height of 4 A
above the plane.
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calculated in the gas phase (Figure S3) suggests strong
hybridization of HOMO and HOMO-1 states with the
underlying Au(111) or Ag(111) substrate. The resulting
significant broadening prevents an unambiguous assignment
of the HOMO and HOMO-1 feature in the dI/dV spectrum.

Further insight into the mechanism of the surface-assisted
cyclodehydrogenation of 2a including the formation of four
C—N bonds was obtained from ab initio calculations using the
all-electron FHI-aims code.”” We determined the reaction-
energy landscape including all transient intermediates and
transition states using DFT at the PBE+vdW+ZORA level for
four discrete cyclization sequences (Figures S4—S8). While the
calculated rate determining transition states range between
AE* = 0.6 and 3.5 eV above the starting materials (2a
physisorbed on Au(111)), in the following discussion, we will
focus only on the most plausible mechanism involving the
lowest overall activation barrier (Figure 3a).

An initial step involving the concerted or stepwise (Figure
S8) formation of two C—N bonds between the physisorbed
side of the pyrazino[2,3-g]quinoxaline and the two anthracene
units represents the rate-determining transition state and is
associated with an activation barrier of AE* = +0.6 eV. The
transition state structure TS1 is characterized by an allylic
diradical that undergoes a rapid suprafacial [1,2] hydrogen
shift (red H atoms in TS1) to give the stabilized benzylic
radical intermediate Intl. The subsequent transfer of the two
hydrogen atoms closest to the substrate (black H atoms in
Intl) to the Au(111) surface is virtually barrierless (AEF =
+0.3 eV) and leads to the partially cyclodehydrogentated
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Figure 3. Calculated energy diagram for the stepwise cyclo-
dehydrogenation of 2a to 1. The graph shows the ab initio energy
landscape for intermediates and transition states along the reaction
pathway from 2a to 1. Calculated activation energies are shown next
to the reaction arrows.

intermediate Int2 featuring two out of the four C—N bonds in
the tetraazateranthene 1. It is important to point out that we
have never observed the partially cyclized intermediate Int2 on
the surface of Au(111) or Ag(111). The only two unimolecular
species that could be imaged throughout the reaction are the
as-deposited starting material 2a (or 2b,c) and the fully
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cyclized product 1 following the annealing step (Figure S2).
The cyclization of the remaining pyrazino[2,3-g]quinoxaline
wing protruding from the surface proceeds through a single
transition state, albeit with a higher activation barrier (AE* =
+1.1 eV). The two remaining C—N bonds are formed through
an approach of the pyrazino[2,3-g]quinoxaline wing from
above the plane of the anthracenes, placing the red hydrogen
atoms in the allyl diradical-like transition state TS3 in a
position pointing directly toward the underlying Au(111)
surface. Direct transfer of these hydrogen atoms to the surface
yields the fully cyclized tetrateranthene 1.

In summary, we report the experimental demonstration and
detailed mechanistic investigation of an intramolecular cyclo-
dehydrogenation that leads to the formation of four covalent
C—N bonds on Au(111) and Ag(111) surfaces. SPM imaging
reveals that molecular precursors 2a—c adsorb in a chairlike
conformation on metal substrates and undergo a clean
conversion to tetraazateranthene 1 under mild conditions.
BRSTM and differential conductance spectroscopy unambig-
uously confirm the structural assignment. Mechanistic analysis
based on ab initio DFT calculations reveals the most likely
stepwise mechanism featuring a rate-determining barrier of
only AEF 0.6 eV, consistent with the experimentally
observed reaction conditions (T = 75—100 °C). This work
expands our mechanistic understanding of oxidative C—N
bond formation reactions on metal surfaces and provides a
useful tool for the incorporation of substitutional heteroatom
dopants into the extended z-backbone of bottom-up
synthesized nanographene.
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