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Ullmann coupling of chiral 2-bromol[4]helicene has been performed
on a Cu(100) surface. Only homochiral 2,2’-bis[4]helicene as the
product is observed using STM. Such stereoselectivity is based on
the fact that the surface will favour a configuration with the central
part of the molecule on the surface, causing the outer ends to spiral
away from the surface.

Chiral recognition among molecules on surfaces plays an important
role in enantioselective catalysis," biomineralization,> and for
the resolution of chiral molecules into pure enantiomers via
crystallization® or chromatography.* Molecular helicity, as one
manifestation of chirality,” has also important ramifications in
molecular biology.® However, the way helical molecules interact
with each other and assemble into macroscopic structures is
still an open question. In order to better understand such
complex intermolecular interactions, surface self-assembly of
chiral and helical molecules has attracted much interest
recently.” *° Helicenes also show good potential for serving as
functional materials in thin film organic electronic devices like
light sensors or spin filters.'"'> However, strategies for more
stable films call for approaches beyond non-covalent self-assembly,
like covalent bonding strategies, for example.

In particular, for carbon-carbon coupling of adsorbed molecules
the Ullmann reaction'® has been very successful."** Initially a
surface-assisted scission of the carbon-halogen bond occurs
and leads to the formation of a carbon-metal-carbon binding
motif. Upon annealing at higher temperatures, the metal atoms
are released and new carbon-carbon bonds are formed.

The up-down asymmetry of the surface excludes any centre
of inversion and is therefore predestined to induce stereochemical
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effects for molecules that differentiate between up and down. Here
we demonstrate by means of scanning tunnelling microscopy
(STM) and X-ray photoelectron spectroscopy (XPS) that copper
surface adatoms C-C-couple two helicenes such that only
(M,M)- and (P,P)-enantiomers are obtained (Scheme 1). Neither
the (M,P)-diastereomer nor any syn isomer is observed in long-
range ordered two-dimensional (2D) structures (Scheme S1, ESIT).
The synthesized bishelicenes crystallize into a 2D conglomerate
with homochiral domains. In disordered areas, intermediate
[4]helicene-Cu-[4]helicene complexes are also identified.

The experiments were performed in ultrahigh vacuum on
the (100) surface of a copper single crystal, cleaned by cycles of
Ar' jon sputtering and healed by subsequent annealing at
773 K. STM images were recorded in constant current mode
using a mechanically cut and in situ Ar'-sputtered PtIr (90% Pt)
tip in a Specs Aarhus 150 instrument. XP spectra were acquired
using Al Ko X-rays. The binding energy scale was calibrated
using the Cu 2p3, signal (932.7 eV) and the Fermi edge (0.0 eV)
in survey spectra. After prolonged degassing, 1 was thermally
evaporated from a crucible kept at 343 K.

Only at coverages yielding a densely packed monolayer are
product molecules sufficiently immobile to be imaged by STM
at room temperature (RT). Deposition of roughly 1.5 ML of 1

Scheme 1 Ullmann coupling between two 2-bromo[4]helicenes (1) lead-
ing to 2,2’-bis[4]helicene (2). The main products formed on the Cu(100)
surface are anti-(P,P)-2 and anti-(M,M)-2.

This journal is © The Royal Society of Chemistry 2016
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onto Cu(100) and subsequent annealing to 463 K induce the
Ullmann coupling and cause desorption of second layer molecules.
Due to their high surface mobility, molecules in lower coverage
samples or in samples prior to annealing could not be imaged at
temperatures above 130 K.

The scission of the carbon-bromine bond, which is the
initial step in the Ullmann reaction, can be followed using
the Br 3p XP spectroscopy (Fig. 1). After deposition at 110 K,
the Br 3p;,, peak maximum is observed at a binding energy of
184.4 eV, consistent with intact C-Br bonds.>*** Upon dissociation
a prominent shift to a lower binding energy is observed. XPS
results show that the C-Br bond scission occurs partly at 183 K and
is completed already at 228 K. This temperature range is consistent
with a previous report on 4,4”-dibromoterphenyl on Cu(111)
(170 K < T < 240 K).**

In accordance with previous results, the sample needs to
be annealed to higher temperatures for carbon-carbon coupling.
Fig. 2 exhibits STM images recorded after annealing at 463 K. The
large-scale image (Fig. 2a) shows self-assembled domains of
the bishelicene product appearing as “S” and “Z”. In a high-
resolution image (Fig. 2b) the terminal benzo groups of the
bishelicenes are clearly resolved due to their higher brightness.
In STM, when operated in constant current mode, parts of a
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Fig. 1 Series of XP spectra of the Br 3p region after deposition of 1 on
Cu(100), kept at 110 K, and subsequent annealing. The background, as
obtained from the clean sample, has been subtracted. The 3p electron
binding energies are characteristic of the chemical state of the bromine
atom. When bromine is still connected to a carbon atom of the helicene it
has its 3pz,> peak maximum at 184.4 eV binding energy (blue curves), but
shifts by 1.6 eV to lower energy when disconnected and bound to surface
copper atoms (red curves).
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Fig. 2 STM images obtained after sublimation of 1 on Cu(100) and
annealing to 463 K. (a) Large scale image (U = 1.2 V, | = 30 pA, T = 295 K)
revealing self-assembled domains of (P,P)-2 (red) and (M,M)-2 (blue). (b) STM
image (U =18V, =30 pA T = 295 K) of a domain of (M,M)-2 exhibiting
intramolecular resolution. The blue circular arrows indicate the handedness
of the helices: going counterclockwise from bright to darker (up-to-down)
identifies the M-helix. (c) Molecular structure of (M,M)-2 with ‘biphenyl’-
hydrogens highlighted in green and (d) electron density of the lowest 3
unoccupied molecular orbitals calculated using extended Huckel theory
(see text). (e) Atomic resolution for bare Cu(100) (U = 4 mV, | = 600 pA,
T = 300 K).

molecule farther away from the surface are coded with relatively
larger brightness. Hence, both ends of the bishelicene turn
from high to low in a counterclockwise rotation (blue arrows in
Fig. 2b), which leads unambiguously to the conclusion that the
product with the ““S” appearance is a (M,M)-isomer. Accordingly,
the entity appearing as “Z” is (P,P)-2. This also implies that the
inner lower part of the bishelicene is adsorbed close to the
surface. The steric repulsion between the H-atoms located in
the ortho-position to the connecting bond in this biphenyl
motif (see green solid circles in Fig. 2¢) does not cause a twist,
because it is overruled by significant n-metal interactions. This
conclusion is consistent with the planar adsorption geometry of
p-hexaphenyl on Au(111).>> Note that the unoccupied frontier
orbitals simulated using extended Hiickel theory after geometry
optimization of (M,M)-2 on a single Cu(100) layer (Fig. 2d) agree
very well with the observed STM contrast, thereby confirming
the assignment of the sense of helicity of the two helical
subunits. The two bis[4]helicene enantiomers self-assemble
into homochiral 2D conglomerates. Due to the fourfold symmetry
of the Cu(100) substrate, four rotational domains coexist for each
mirror domain.
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Without any stereoselective influence during the Ullmann
reaction of bromo[4]helicene and the following self-assembly,
a 2:1:1 ratio is expected for the products (P,M)-2:(P,P)-2:
(M,M)-2, respectively. However, we did not observe (P,M)-2 isomers
at all. In such a case one helix would ‘spiral’ towards - and the
other away - from the surface. The regular Ullmann coupling
is performed over Cu-powder," so stereoselectivity could be
observed there as well. However, at the required high temperature
of ~473 K, the low barrier for the inversion of the biphenyl part
(2 keal mol')***” and the helix inversion (x4 kcal mol ", Table S1,
ESIT) will yield all diastereomers and conformational isomers
as well.

Because Cu adatoms act directly at the surface, the bromine
part needs to be close to the surface in order to support the
Ullmann reaction. When the two helicenes couple through a Cu
surface adatom, their opposite ends will spiral upwards, leading
to homochiral bishelicenes. Due to the relatively low inversion
barrier of about 4 kcal mol ™, the [4]helicenes will easily adopt
such a favoured conformation under reaction conditions. How-
ever, at such a high temperature all other isomers will then form
after the reaction due to the low inversion barriers. We conclude
therefore that the observed diastereoselectivity has originated in
a post-reaction step. Upon cooling all isomers will be switched
to the (P,P) and (M,M) configurations, because the interaction
with the surface is maximized with the middle bisphenyl part
being located close to the surface. Moreover, this arrangement
disfavours the syn-(M,P) configuration due to steric overcrowding
at the upper ends.

Roughly 60% of the surface is usually covered with ordered
arrays of product, whilst a disordered layer of different molecules
accounts for the rest of the surface (Fig. 3). Not all molecules in
the disordered domains can be identified, but a significant
fraction appears as (P,P)-2 and (M,M)-2. However, longer species

Fig. 3 (a) STM image (30 x 30 nm?, U =12V, | =30 pA, T = 295K) of a
disordered area near ordered domains. A ‘longer’ anti-species (b, white
arrow) and a syn-species (c, white arrow) are frequently observed in the
disordered layer in addition to anti-2 (b, red arrow). The ends of the longer
anti- (b) and the syn-species (c) appear significantly farther apart than
those of the regular anti-2. Therefore, with the help of molecular
mechanics simulations performed for all species under consideration
(Table S1, ESIY), the longer anti- and syn-species are identified as C—Cu-C
intermediates.?%3® Electron density of the lowest 3 unoccupied molecular
orbitals calculated using extended Huckel theory for the organometallic
anti-(P,P) (d) and syn-(M,P) (e) intermediates.
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are also observed. All three species differ in their apparent length
at half height intensity, as determined from Fig. 3 and from
images recorded under identical imaging conditions and without
any tip-change.; We find an apparent length of 14.6 + 0.4 A for 2,
17.0 + 0.3 A for the longer product (Fig. 3b) and 16.2 = 0.4 A for
the syn-product (Fig. 3c). In order to make a good assignment
of these two species we compared these values with the lengths
of simulated anti- and syn-bishelicenes both as organic (i.e.
compound 2) and organometallic (C-Cu-C) intermediate spe-
cies (Table S2, ESIT). The difference in apparent length of the
regular anti-2 and the long anti-bishelicenes agrees well with
the elongation of the bishelicenes due to the presence of Cu in
the long anti species. The observed syn-species is longer than the
regular anti-2, but the simulated syn-2 is shorter than the
simulated anti-2 species. This excludes the fact that the observed
syn-bishelicenes correspond to syn-2. Hence, we conclude that the
long anti-bishelicenes and the syn-bishelicenes are organometallic
intermediates.

We also studied the Ullmann reaction on an oxygen recon-
structed Cu(100) surface.*® Compared to bare Cu(100), a much
higher temperature for C-Br bond scission (338 K, Fig. S2, ESIt)
is required for O/Cu(100), consistent with the observation of
intact C-Br bonds of aryl bromides on other O/Cu surfaces at
room temperature.***? After annealing to 463 K no long-range
ordered self-assembled domains, but single bishelicenes in
anti- and syn-conformation are observed (Fig. S3, ESIt). From
the apparent lengths of the anti- and syn-bishelicenes on
0/Cu(100) (16.5 + 0.6 A and 15.5 + 0.5 A, respectively) we
identify both as organometallic intermediates. These observations
for O/Cu(100) are consistent with previous results that the
Ullmann coupling in solution proceeds better on metallic than
on oxidized Cu particles.'**°

In conclusion, the Ullmann coupling between 2-bromo[4]-
helicenes yields only the homochiral combinations of (P,P)-2
and (M,M)-2 on the Cu(100) surface, in which their ends spiral
upwards away from the surface with the C-C-coupled middle
part close to the surface. The enantiomers resolve laterally into
2D conglomerates of homochiral domains. (P,M)-2 diastereomers
are not observed. How much the low inversion barrier of
[4]helicene contributes to the diastereomeric coupling between
helicenes will be evaluated by studying the Ullmann coupling
with helicenes with higher barriers for helix-inversion, e.g.
2-bromoheptahelicene. New insight into mechanisms of covalent
linking is important for the development of stereoselective
processes to highly functional materials and catalysts.

Financial support from the Schweizerischer Nationalfonds
and the University Zurich priority program LightChEC is grate-
fully acknowledged.
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