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The on-surface dehydrogenation of bispentahelicene on a gold
(111) surface has been studied by means of scanning tunneling
microscopy. Deposition of 2,2’-bispentahelicene onto a gold
surface under ultrahigh vacuum leads exclusively to formation
of the homochiral (MM) and (P,P) diastereomers. Thermally
induced cyclodehydrogenation proceeds then enantiospecifi-
cally into planar coronocoronene, which breaks mirror symme-
try due to surface confinement. Upon cooling, the coronocor-
onene enantiomers crystallize into a two-dimensional
conglomerate of homochiral domains.

Cyclodehydrogenation of sterically overcrowded precursor
molecules into planar polycyclic aromatic hydrocarbons (PAH) is
an important step to all-carbon nanostructures, such as
nanographenes."™ For that matter, on-surface chemistry has
become an important approach towards new functional
interfaces that are hardly available by solution chemistry.*’! For
example, graphene nanoribbons, carbon nanotubes and nano-
graphenes have been synthesized after deposition of aromatic
precursors followed by thermally induced dehydrogenation and
C—C coupling.®"?
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Due to surface alignment and two-dimensional packing of
precursors, C—C coupling reactions can proceed highly
stereospecifically."® For helically shaped aromatic hydrocar-
bons, so-called helicenes, diastereoselectivity has been reported
for on-surface Ullmann coupling into bishelicenes."*' Bishepta-
helicene or dibenzoheptahelicene, for example, can be planar-
ized thermally on surfaces by Diels-Alder cycloaddition fol-
lowed by cyclodehydrogenation.!’'®

Here, it is shown that the hitherto unknown 2,2'-bispentahe-
licene (C4H, bis[5]H) undergoes cyclodehydrogenation such
that the sense of helicity is converted specifically into planar
chirality (Scheme 1). At first, the self-assembly of bis[5]H on a
gold(111) surface has been investigated by means of scanning
tunneling microscopy (STM), supported by force field calcula-
tions and time-of-flight secondary ion mass spectrometry (ToF-
SIMS). After deposition of bis[5]H onto Au(111), only (M,M)- and
(P,P)-bis[5]H enantiomers are observed on the surface. This
finding is attributed to substantial steric overcrowding of a
potential surface-confined (M,P) isomer in combination with
low inversion barriers of the pentahelicene subunits (Figure 1).
As the distal ends of both enantiomers spiral up away from the
center, C—C coupling and dehydrogenation leads to planar
coronocoronene (2) enantiomers, which aggregate upon cool-
ing into homochiral domains, that is, into a 2D conglomerate.

2,2’-Bis[5]helicene Coronocoronene

Scheme 1. Stereospecific cyclodehydrogenation of bisheptahelicene into
coronocoronene. Due to surface confinement, the product is chiral. (M,M)-
and (P,P)-2,2"-bis[5]H enantiomers turn into (Sp)- and (Ry)-enantiomers,
respectively. (Sp) stands for going intramolecularly from one coronene center
to the other if one has to turn left, whereas for (R;) one has to turn right.
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Figure 1. Diastereomers of bis[5]H. a) Stick models of the P,P and MM
enantiomers and the (M,P)-meso form. b) Full-space models of the
diastereomers.

Details of experimental and computational methods as well
as chemical synthesis of racemic bis[5]H, involving a homo-
coupling of 2-Br-[5]H, are presented in the Supporting Informa-
tion. Briefly, the molecules have been sublimated in ultrahigh
vacuum onto the gold surface held at room temperature. STM
investigation has been performed after cooling the sample to
50 and to 7 K. Dehydrogenation has been induced by stepwise
annealing to 400°C.

Figure 2 shows STM images of bis[5]H on Au(111). At low
coverage, the handedness of single molecules is clearly
deduced by bright protrusions (Figure 2a). As these are the
upper (distal) ends of the spirals, spiraling downward in a
counterclockwise fashion (red circular arrow) marks (M) helicity
and spiraling downward in a clockwise fashion (blue circular
arrow) marks (P) helicity. Modeled electron density grayscale
maps of unoccupied states of the two enantiomers fully relaxed
on the surface (Figure S1 in the Supporting Information)
support the assignment (Figure 2a, insets). Although all diaster-
eomers are observed in solution, (M,P)- or (P,M)-meso forms are
not observed on the surface with STM. Landed at room
temperature on the surface, the meso forms convert into the
(M,M)/(P,P) enantiomers in order to maximize contact to the
surface and to minimize steric overcrowding. With increasing
coverage, the molecules assemble into partly ordered motifs,
aligned by the Au(111) surface structure (Figure 2b, c). That is,
chains form along the hcp/fcc superstructure of the recon-
structed surface." Judging by the faint contrast near the bright
protrusions, both enantiomers are found in this semi-ordered
van der Waals assembly, which is particularly evident at the end
of such rows (Figure S2). At full monolayer coverage a 2D
racemate crystal is formed (Figure 2d). Although the STM
contrast does not unequivocally show the absolute handedness
of a single molecule, the four-lobe contrast of each entity
alternates mirror-like (Figure S2). The modeled STM contrast for
a tentative structure model with both enantiomers in the unit
cell (Figure S3) is in good agreement with the experiment
(Figure S2). Force-field model calculations performed for bis[5]H
dimers on the surface also show a small preference for
heterochiral recognition (Figure S4).

Thermal treatment at 620 and 670K leads to almost
complete and fully complete planarization of bis[5]H into 2,
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Figure 2. Self-assembly of racemic bis[5]H on Au(111). a) High-resolution
STM image (4 x4 nm?, U=400 mV, /=120 pA, T=7 K) showing individual
(M,M)- and (P,P)-bis[5]H enantiomers. Curved colored arrows indicate the
sense of helicity spiraling downward. The insets present grayscale
unoccupied orbital density maps. b) STM image (60x60 nm? U=—2.5V,
1=20 pA, T=50 K) at sub-monolayer coverage showing, in part, zigzag
chains oriented along the herringbone reconstruction of the Au(111) surface.
¢) STM image (10x 10 nm? U= —2.5V, =20 pA, T=50 K) of a zigzag chain
segment, in part superimposed with bis[5]H molecular stick models. Circular
arrows indicate the clockwise (blue) and counterclockwise (red) intermolec-
ular helical descent deduced from STM contrast. d) STM image (15X 15 nm?,
U=-2.5V, =25 pA, T=50 K) of the monolayer saturation coverage
structure. The inset (3 x3 nm?) is a magnified cut-out and shows different
contrast for adjacent molecules. See Figure S2 for STM pattern analysis.
Triple white arrows mark the orientation of the (111) surface.

respectively. Dehydrogenation occurs at eight C atoms and four
new C—C bonds are formed between C atoms 1 and 14, 1’ and
14, 3 and 13’, as well as between 3’ and 13 of the bis[5]H
molecule (Figure S5). Such chemistry is supported by ToF-SIMS,
showing the loss of 8 H atoms (Figure S6).

Figure 3 shows STM images of the planarization products.
After treatment at 620 K, there are a few molecules that still
show a bright protrusion on one side (Figure 3a). These are
entities in which only one helicene subunit has been cyclo-
dehydrogenated (Figure 3b,c). As the planar product is chiral in
its adsorbate state, aspects of chirality also apply to its self-
assembly. The absolute handedness of semi-planarized product
is easily determined, and it shows strong preference to be
incorporated into homochiral domains of completely planarized
product with identical handedness (Figure 3d). After complete
planarization, as achieved after thermal treatment at 670 K (or
bis[5] deposition at that temperature) conglomerate aggrega-
tion into homochiral domains of 2 was observed. Confirmation
of this scenario required submolecular resolution, which was
achieved by STM studies at 7 K with a carbon monoxide
modified STM tip (Figure 3e, f).
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Figure 3. Selective formation of coronocoronene by thermally induced
cyclodehydrogenation of bis-[5]H on Au(111). a) STM image (22x 15 nm?,
U=1.0V, =20 pA, T=50 K) revealing the coexistence of mostly planar
species and semi-planarized species highlighted by red and blue rectangles
after annealing to 620 K. b), c) Unoccupied states density maps of the
opposite-handed semi-planarized products show only one bright helical
subunit per molecule. d) STM image (40 x40 nm? U=1.2V, =20 pA,
T=50 K) showing the predominant presence of self-assembled domains of
completely planar molecules. The semi-planarized molecules suggest the
presence of a 2D conglomerate. Homochiral domains are indicated by red
and blue edging. e), f) High-resolution STM images (5x5 nm?, U=70 mV,
I=1.44nA, T=7K; and 5x5 nm? U=50 mV, I=1.12 nA, T=7 K) acquired
after annealing to 670 K. At this stage, the planarization is complete, and a
conglomerate of homochiral domains of (Sp)-2 (e) and (Ry)-2 (f) is formed.

In contrast to bis[5]H dimers, force-field modeling of
surface-confined dimers of 2 shows a small preference for
homochiral interactions (Figure S7). However, such conglomer-
ate aggregation is rather due to the denser packing in case of
homochiral domains, thus resulting in an overall larger mole-
cule-surface interaction. As the molecular mobility at 670 K is
high, homochiral recognition occurs upon cooling at lower
temperatures. Enantiomeric conversion can be safely excluded
because the large contact area between molecule and surface
causes strong binding. Based on previous density functional
theory (DFT) studies,”®*" the binding energy of 2 to Au(111) is
estimated to be between 4.42 and 5.63 eV. Support for the
course of the reaction comes also from force-field calculations,
comparing the surface binding energies of bis[5]H, the semi-
planarized intermediate and the final product 2 (Table S1).

Each enantiomer converts exclusively to a specific product.
(M,M)-bis[5]H gives (Sp)-2 and (P,P)-bis[5]H leads to (R,)-2; this
means that on-surface cyclodehydrogenation proceeds indeed
stereospecifically. Enantiomerization of the [5]H subunits is
expected to occur even on the surface at these temperatures,
but a potentially forming (M,P)-meso form cannot undergo
complete dehydrogenation. Once the dehydrogenation starts
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on one side of the molecule, the chirality of the product is fixed,
thus explaining the stereospecificity. Semi-planarized product
can only lead to opposite handed completely planarized
product if it flips over on the surface. Again, such process is
highly unlikely due to the strong interaction of planar
polyaromatic hydrocarbons with the surface.

The last step of on-surface synthesis of graphene nano-
ribbons (GNR) includes also cyclodehydrogenation.”*¥ Starting
with polyanthrylene polymers, annealing to 600 K causes partial
cyclodehydrogenation, and annealing at 670 K causes formation
of planar ribbons. The mechanism of the cyclodehydrogenation
into GNR has previously been studied by means of DFT.?**!
Transferring the conclusions of that study to the bis[5]H
cyclodehydrogenation leads to the following reaction mecha-
nism (Figure S8): i) Due to temperature induced vibrations of
the molecular frame and van der Waals interactions, the distal
end of one helix gets closer to the proximal part, enabling C—C
bond formation between C atoms 1 and 14 as well between 3’
and 13. ii) The hydrogen atoms at the proximal part of the helix
are then catalytically detached by the surface. iii) The upper
hydrogen atoms at C13 and C14 are transferred by a 1,3 shift to
rim carbon atoms, forming an intermediate CH, group from
which iv) the lower hydrogen atoms are also catalytically
detached. Alternatively, thermally allowed 1,5-H shifts or the
involvement of gold adatoms, both not considered in the DFT
evaluations, could be involved here. Because a semi-dehydro-
genated species with only one helix planarized is observed as
intermediate, the first C—C bond formation must have the
highest barrier with the following steps easier to complete. The
fact that hydrogen at sterically overcrowded positions is most
reactive is also supported by catalytic oxidation of respective
polyaromatic hydrocarbons.”!

In summary, adsorption of bis[5]H leads exclusively to the
formation of (M,M) and (P,P) enantiomers on Au(111), whereas a
(M,P)-meso form is not observed on the surface. Aggregation
into a 2D racemate crystal occurs at full monolayer coverage.
Thermally induced cyclodehydrogenation proceeds stereospe-
cifically to planar coronocoronene, which is chiral due to surface
confinement. The product then assembles into a conglomerate
of enantiopure domains. Such a reaction is a special example of
topochemistry in which the alignment of reactant by the
surface supports enantiospecific conversion.
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