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Abstract: The reactivity of aryl triflates in on-surface C-C coupling is
reported. It is shown that the triflate group in aryl triflates enables
regioselective homo coupling with preceding or concomitant hydro-
detriflation on Cu(111). Three different symmetrical n-systems with
two and three triflate functionalities were used as monomers leading
to oligomeric conjugated n-systems. The cascade, comprising
different intermediates at different reaction temperatures as observed
for one of the molecules, proceeds via initial removal of the
trifluoromethyl sulfonyl group to give an aryloxy radical which in turn
is deoxygenated to the corresponding aryl radical.
Thermodynamically driven regioselective 1,2-hydrogen atom transfer
leads to a translocated aryl radical which in turn undergoes coupling.
For a sterically more hindered bistriflate, where one ortho position was
blocked, dehydrogenative coupling occurred at remote position with
good regioselectivity. Starting materials, intermediates as well as
products were analysed by scanning tunneling microscopy.
Structures and suggested mechanism were further supported by DFT
calculations.

Introduction

The identification of novel reactive functionalities is key for the further
development of on-surface chemistry.l¥! Considering the on-surface
activation of o-bonds, C—X bonds in aryl halides have found particular
attention. Especially, the mechanism of the Ullmann coupling?
comprising such an aryl-X activation is well understood. It was found

that the energy barrier for splitting of bromine and iodine atoms from
the corresponding halogenated precursors is reduced by interaction
with the surface, with the largest impact found by the Cu(111)
surface.® The resulting radicals are usually expected to be stabilized
by bonding to the supporting surface®® or to halogen adatoms® that
are adsorbed between surface and this reactive intermediate. As the
temperature raises, adatoms stabilize these radicals by formation of
metal organic coordination complexes, as observed in experimental
studies!®® and predicted by theoretical analysis."¥ Recently, it was
even possible to visualize different intermediates of the Ullmann
coupling by nc-AFM with a CO functionalized tip."*® This strategy has
also been used to better describe the mechanism of other on-surface
processes such as decarboxylative coupling,® Glaser coupling,*”
Bergmann reaction* and carbene coupling.*? In order to expand the
scope of the Ullmann coupling, variations of the reactive starting unit
have been disclosed. For example, coupling reactions of organic
halides that vary in carbon hybridization state have been developed!*?!
and the reactivity of aryl chlorides was investigated.** However, aryl
triflates, which show a similar reactivity as aryl halides in transition
metal catalysed coupling processes in solution, have so far not been
studied in on-surface chemistry. Due to their ready preparation, we
regarded them as interesting starting materials also for on-surface
chemistry.

Herein we present the on-surface self-assembly behaviour and
reactivity of three different aryl triflates TPTB 1 (1,3,5-tris (phenyl-4-
trifluoromethylsulfonate)benzene), BDBT 2 (biphenyl-4,4'-diyl
bis(trifluoromethylsulfonate)) and QDBT 3 (m-quaterphenyl-4’,6”-diyl-
bis(trifluoromethylsulfonate)) on the Cu(111) surface (Scheme 1a). It
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Scheme 1. Monomers used in the present study as well as observed reactivity.
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is shown that the triflate moiety under ultra-high vacuum (UHV)
conditions undergoes ortho homocoupling, as investigated by
scanning tunnelling microscopy (STM) (Scheme 1b). Concomitant
with the C-C coupling, removal of the triflate moiety (hydrodetriflation)
is occurring. If the sterically more hindered ortho substituted QDBT 3
is used, remote C-H functionalization at neighbouring phenyl
substituents was observed as dominant reaction pathway. Upon
annealing, linear polymer chains were formed resulting from a
templating effect of the remaining triflate fragments that can be
removed after the coupling reactions under comparably mild
conditions, demonstrating the potential of bis and tris(triflates) as
monomers in surface assisted polymerization.

Results and Discussion

We first tested TPTB 1 (the syntheses of all triflates are described
in the ESI) on the Cu(11l) surface at different annealing
temperatures (Fig. 1). After deposition at room temperature
(300 K) with a base pressure of 4.5x10"° mbar and cooling to
78 K for STM analysis, disordered self-assembled structures
were formed (Fig. S1). Upon annealing at 370 K formation of a
Cs-symmetric structure made of six molecules in its unit cell
(a=b=2.45+0.06 nm, =60 £ 0.5°) and Y shaped pores was
observed (Fig. 1a). Within the hexameric units two orientations of
the molecules were found, where every second molecule is
rotated by 30°. As this structure contains smaller adsorbates, an
activation of the triflate functionality is proposed leading to aryloxy
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radicals R1 (Fig. 1b and c) that have previously been generated
from phenols on Au(111) and Ag(111) surfaces. In lateral
measurement a distance of 0.86 + 0.05 nm between a central
benzene ring and the connecting point to a neighbouring molecule
was found (for method and corresponding line profiles of all
distance measurements concerning TPTB 1 see Fig. S2). This
distance and the angle at the connecting points led to the
assumption that the oxygen atom in aryloxy radicals R1 bind to
Cu adatoms which could stabilize the structure. This model was
also investigated by DFT calculations and the expected distance
of 0.83-0.86 nm between a central benzene ring and a Cu adatom
fits the experimental data very well (Fig. S3).

Further annealing of the sample at 405 K led to a hexagonal
honeycomb lattice (Fig. 1d). The high-resolution STM image
revealed the molecular arrangement depicted in Fig. 1le. Between
the molecules a circular protrusion connecting the adjacent
molecular units could be distinguished and ascribed to Cu
adatoms.l'®! The angle of 180° at the connecting moieties
supported the assumption that the C-O bond was cleaved leading
to aryl radicals R2 (Fig. 1f) connected by adatoms. Unlike
reported aryloxy radical C-C couplings on Au(111) and
Ag(111),191 deoxygenation of the aryloxy radical on Cu(111) is
faster than ortho homocoupling. The existence of Cu adatom
stabilized radicals R2 was further supported by distance
measurement between two central benzene rings in the observed
STM line profile, which was measured to be 1.49 + 0.05 nm fitting
the proposed structure well (Fig. S4). Notably, individual
deoxygenated aryl radicals R3 (Fig. 1i) most probably stabilized
by tilting and binding to the surface were also observed within the
pores of the honeycomb structure. These could either be radicals
R2 unattached to adatoms, or, similar to previously reported work,
translocated m-arylphenylradicals originating from a 1,2-
hydrogen atom transfer (HAT).[t"]

Upon further annealing at 440 K for 20 min, individual aryl radicals
of type R3 were found to be the dominant species at the surface
in a self-assembly (a=b=1.67 £ 0.05 nm, #= 60 £ 0.5°) arranged
in parallel pointing in the same direction with no adatoms being
identified (Fig. 1g). The intermolecular distance between the
phenyl rings located at the nodes was measured to be
0.98 £ 0.05 nm. In a theoretical model containing three molecules
of R3 type coordinating to a Cu atom, the distance between the
same phenyl rings was found to be 0.58-0.59 nm. Further, in a
model conceived on the basis of the experimental distances
containing a Cu adatom, the C—Cu bond length would exceed the
calculated bond length of 0.20-0.21 nm by more than 0.2 nm,
further supporting the absence of adatoms in the structure formed
at 440 K (for calculations and extended discussion see Fig. S5).
In the high-resolution image, the observed distorted topography
indicates the proposed 1,2-HAT (Fig. 1h).

To support our assumption of the translocation in triradical R3, the
adsorption geometry was carefully investigated (Fig. S6). The
four possible combinations of the radical centres being either in
para or in meta position were calculated and the corresponding
total energies and adsorption energies were compared. The
calculations revealed that the most stable conformation is
achieved when all radicals are localized at the meta position. All-
meta-R3 is 81 kJ/mol more stable in comparison to all-para-R3
and also the adsorption on the Cu(111) surface is about 75 kJ/mol
stronger. As the surface coverage remained unaltered during
annealing and both phases coexist afterwards, it is highly likely
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Figure 1. STM topographies of organometallic structures constructed by TPTB 1 on Cu(111) surface at different annealing temperatures. (a) Overview and (b) high-
resolution STM image recorded after annealing at 370 K for 20 min. (c) Proposed structure observed in (a) and (b). (d) Overview and (e) high-resolution STM image
recorded after annealing at 405 K for 20 min. (f) Proposed structure observed in (d) and (e). (g) Overview and (h) high-resolution STM image recorded after annealing
at 440 K for 20 min. (i) Proposed structure observed in (g) and (h). Chemical sketches represent the respective dominantly formed radical species that are stabilized
by bonding to the substrate or adatoms. All STM images were acquired with a tunneling current of | = -0.2 nA and a voltage of Vb = -2.0 V.

that the radicals R3 were gradually generated from Cu adatom
stabilized radicals R2.

At even higher temperature (470 K), oligomerization was
observed (Fig.2). As can be seen in the overview image,
rearranged aryl radicals engaged in coupling reactions and
disordered oligomers were formed (Fig. 2a). The high-resolution
STM images show that the molecules are even closer together
than in the organometallic network, suggesting covalent bond
formation via radical/radical coupling (Figs. 2b and c). Distance
measurement of the formed macrocycle (Fig. 2b) revealed a
diameter of 0.84 nm +0.06 nm in good agreement with the
structure optimized by DFT calculations (0.85 nm and 0.87 nm)
(Fig. S7). Notably, the molecules were connected ortho to the
former triflate groups with excellent regioselectivity showing that

the 1,2-HAT is an efficient process at temperatures between
440 K and 470 K. Thus, a variation of the known ortho coupling of
phenols that is so far restricted to Au(111) and Ag(111) surfaces
has been performed at the Cu(111) surface.*® For the reported
phenol coupling on Au(111) and Ag(111) surfaces, C-C bond
formation was suggested to occur prior to C-O cleavage as
supported by calculations. This is unlike the current case on
Cu(111) starting with triflates, where deoxygenation occurs prior
to C-C coupling and regioselectivity is based on a
thermodynamically favoured 1,2-H shift. It is currently not
understood why the C—C coupling in these aryl radicals did not
occur from the non-rearranged radicals derived from R2. Notably,
using a meta derivative of TPTB 1, 1,3,5-tris (phenyl-3-
trifluoromethylsulfonate)benzene, it was not possible to perform
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the same reaction cascade. While the structures observed on
surface do not change at temperatures between 370 K and 440 K,
decomposition was observed at 470 K (Fig. S8). We also tested
the reactivity of TPTB 1 on Ag(111) where the formation of a
highly ordered self-assembled structure of aryl radicals was
already observed at room temperature (Fig. S9). At higher
annealing temperatures, only the decomposition of the radicals
generated at the surface was noted.

With biphenyl-4,4'-diyl bis(trifluoromethylsulfonate) BDBT 2 as
the starting material on Cu(111), long linear organometallic chains
were formed at room temperature, resulting from removal of the
trifluoromethyl sulfonyl groups and subsequent deoxygenation of
the aryloxy radicals (Fig. S10). The remaining trifluoromethyl
sulfonyl fragments were located between the chains, enabling via
a template effect the high order and low degree of defects along
the chains. The organometallic chains formed from BDBT 2 on
Cu(111) seem to be very stable, as the structure does not change
upon annealing at 375 K. However, at 440 K the topography

Figure 2. (a) STM overview image of covalent structures formed after annealing
at 470 K for 20 min. (b-d) High-resolution images and corresponding molecular
models of the proposed product structures. All STM images were acquired with
a tunneling current of | = -0.48 nA and a voltage of Vb = -1.8 V.

changes and unidentified structures were observed. Aryl radical
coupling products or products derived from HAT with subsequent
coupling could not be identified.

We were further interested in the reactivity of an ortho substituted
triflate to understand if ortho coupling is also possible on sterically
more hindered precursors. To this end, ~0.7 ML QDBT 3 was
evaporated onto a Cu(111) surface kept at 300 K (Fig. 3). In the
STM image, formation of two ordered phases, which consist of
linear chains (phase |, Fig. 3b) and paired dimers (phase Il,
Fig. 3c), was observed. Due to rotation around the C—C bond
linking the two biphenyl moieties, two distinct adsorption
geometries, imaged as linear or kinked shape, are possible and
self-sorting leads to the two phases. In phase |, molecules
adsorbed with linear geometry self-assembled in chains
composed of both enantiomers arranged alternatingly (Fig. 3b).
Molecules adsorbed in kinked geometry prefer to form head-to-
head dimers in phase Il (Fig. 3c). Even though no triflate
fragments were observed and stability of QDBT 3 towards
thermal evaporation was confirmed by in situ EI-MS experiments,
the short distance between the two adsorbates found in phase Il
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leads to the assumption that some or all triflate groups in this
phase might be split off the backbone.

To study the on-surface reactivity of QDBT 3, we gradually
annealed the sample and observed oligomeric structures along
some individual adsorbates at 400 K (Fig. 3d). CF3SO,-groups
were found to cleave from the monomers and are imaged as
bright protrusions between the oligomeric chains (Fig. 3d). As
only oligomerization products were identified, deoxygenation,
HAT and coupling occurred sequentially at around the same
temperature, unlike for the TPTB 1 case discussed above.
Therefore, aryloxy and aryl radicals could not be identified. In
contrastto TPTB 1, C-C coupling occurred at remote position via
the neighbouring phenyl groups, showing that multiple HAT had
occurred prior to the aryl radical coupling steps. The sub-
molecular resolution image presented in Fig. 3d clearly shows
that the aryl/aryl linkages between the former monomers are
located at the neighbouring phenyl ring, preferably at the meta
positions leading to poly-meta-phenylenes.

Along the remote C-H functionalization events, few ortho
coupling reactions were observed. As the monomeric precursor
can adsorb in two different geometries, linear (L) and kinked (K),
and coupling can occur in ortho (O) and in remote position (R),
four possible reaction sites can be assigned (Fig. 3e top). A
statistical analysis based on 560 C—-C bond formations as
obtained from STM images (30 x 30 nm?) revealed that the ratios
of the L-O, L-R, K-O and K-R sites are 4%, 48%, 9% and 39%,
respectively (Fig. 3e). It is currently assumed that stabilization of
the radicals is favoured in remote position as bending of the
molecule along the quaterphenyl backbone leads to a less
distorted structure.

Notably, the lower reaction temperature in comparison to TPTB 1
allows the sulfonyl fragments to remain at the surface. Their
template effect enables the preparation of oligomers with a higher
order.'® Importantly, these sulfonyl fragments can post-
synthetically be removed upon further increasing the temperature
to 440 K (Fig. 3f). During this annealing step, even longer
polymers were obtained and the CF3;SO.-fragments probably
decompose into gaseous by-products that leave the surface
under UHV conditions. This is a highly interesting advance over
the well-established Ullmann coupling, where bromine or iodine
adatoms often disturb oligomerization®™ and can stay at the
surface at annealing temperatures up to 540 K.[*°!

We further performed lateral manipulation with the STM tip. It
could be demonstrated that the topography of the polymer chain
can be preserved after the tip operation (Fig. 3g and h). This
indicates the strong coupling between the monomeric units and
the phenyl-phenyl distance at the connection points further
supporting the formation of covalent bonds. We also tested
QDBT 3 on Ag(111) surface. Unlike TPTB 1, only weak
interaction between molecules and the substrate was observed
and upon annealing most molecules leave the surface (Fig. S11).

Conclusion

In conclusion we have demonstrated both the self-assembly
behaviour and on-surface reactivity of aryl triflates on Cu(111). In
the case of a sterically less hindered monomer, the formation of
self-assembled structures, organometallic networks and C-H
functionalization was observed. Unlike previous works,*® where
phenols were found to form phenoxy radicals that undergo phenol

This article is protected by copyright. All rights reserved.
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Figure 3. STM images of QDBT 3 on a Cu(111) at different annealing temperatures, statistical analysis of reaction sites and lateral manipulation. (a) Overview

image of the two coexisting phases | and Il acquired with a tunneling current of | = -0.17 nA and a voltage of Vi, = —2.1 V after deposition at RT. (b) and (c) High-
resolution images of phase | and Il, respectively. Both STM images are acquired with a tunneling current of | =—1.0 nA and a voltage of Vb = -2.1 V. (d) STM
topography after annealing at 400 K acquired with a tunneling current of | =-1.0 nA and a voltage of Vy = -2.7 V. (e) Statistical analysis between ortho (O) and

remote (R) C-H functionalization as well as linear (L) or kinked (K) geometry. (f) STM topography after annealing at 440 K acquired with a tunneling current of
I =-0.3 nA and a voltage of V, =—2.3 V. (g) and (h) Lateral manipulation of a polymer chain before and after operation. The white arrow in Fig. 3g represents the
movement direction of STM tip during the manipulation. Image tunneling conditions: |1 =-0.60 nA; Vb =-4.6 V. Manipulation operation conditions: |1 =-8.0 nA;

Vb =-0.03 V.

coupling in ortho position, the reaction series described above
comprises cleavage of trifluoromethanesulfonyl groups,
deoxygenation, 1,2-HAT and finally C—C coupling, as analysed by
STM after annealing at different temperatures. When one ortho
position is blocked as in QDBT 3, C-C coupling occurred
preferably at a remote C—H position. Trifluoromethanesulfonyl
fragments were found to facilitate templating effects to enable the
preparation of polymers of higher order but can still be removed
applying comparably mild conditions. We are confident that the
triflate group will find further applications in on-surface chemistry
in the future complementing the reactivity of phenols.
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Insert text for Table of Contents here. Step aside! Coupling of aryl triflates, so far unknown in on-surface chemistry, is reported.
Unlike aryl halides known in Ullmann coupling, aryl radicals formed from triflated monomers undergo HAT prior to C-C coupling,
leading to unexpected regioselectivity. But not only H-atoms step aside: triflate fragments show a powerful templating effect during
the reaction and leave the surface post-synthetically under mild conditions.
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