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Ullmann coupling has been one of the most important organic reactions for the formation of an aryl-aryl
bond, which is of great significance in medicinal chemistry, natural product synthesis, and optoelectronic
material fabrication. However, the associated reaction mechanism has not been determined with
certainty and has mostly relied on theoretical calculations, since the identification of reaction
intermediates lacked experimental evidence. Herein, we report the visualization of an unprecedented C—
Cu-Br-Cu-C bonded intermediate state of Ullmann coupling by means of on-surface synthesis. These
intermediates tend to form nanorings on a Cu(11l) surface, as thermodynamically stable structures.
Advanced techniques, including scanning tunneling microscopy, non-contact atomic force microscopy,
and synchrotron radiation photoemission spectroscopy, together with density functional theory

calculations, were used to scrutinize the structural assignments and intermediate transition process at
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Accepted 20th April 2025 the sub-molecular level. The C-Cu—-Br—Cu-C structure is confirmed to be the precursor state of the

conventional C-Cu-C intermediate during an on-surface Ullmann reaction, since their coexistence and
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Introduction

Ullmann coupling has been intensely utilized to synthesize
symmetric and asymmetric biphenyl compounds, and has a wide
range of applications in medicinal chemistry, materials science,
and organic synthesis."” Although high reaction efficiency and
selectivity have been achieved in the past few decades, the reac-
tion mechanism of Ullmann coupling remains elusive because
the capture and accurate characterization of the reaction inter-
mediates are challenging. Consequently, the interpretation of the
reaction mechanisms of Ullmann coupling have largely relied on
theoretical calculations. As for classical metal (M)-catalyzed Ull-
mann reaction systems, two representative mechanisms ratio-
nalized by calculations are the single electron transfer
mechanism and the M(1)-M(u) ionic mechanism.* The latter
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transformation were observed experimentally. Our

findings offer insights into revisiting and

understanding the reaction mechanism of Ullmann coupling.

involves a more complex pathway and has been more popular
(Scheme 1a), in which an M(m) species acts as an important
intermediate prior to the final formation of a C-C covalent bond
(red dashed box).** However, although this predicted mecha-
nism could be reasonable for Cu-catalyzed Ullmann coupling
(Scheme 1a), it is probably not universal and has been debated
because it is not possible to use it to interpret the reaction
mechanism of Pd- or Ni-catalyzed Ullmann coupling.”® Pd(u) and
Ni(m) species are not in their common valence states; thus
different reaction mechanisms in Pd- or Ni-catalyzed reaction
systems need to be proposed. Therefore, an inadequate under-
standing of the reaction mechanism to date has been a major
obstacle to the rational design of catalysts and the further
development of Ullmann coupling. The key to depicting the
reaction mechanism of Ullmann coupling is the effective detec-
tion and precise characterization of reaction intermediates.

The recently developed on-surface synthesis has provided an
unprecedented opportunity for the visualization of reaction
intermediates and products at the single-molecule level, with
the aid of scanning tunneling microscopy (STM) and non-
contact atomic force microscopy (nc-AFM) imaging under
ultra-high vacuum conditions.”™® In addition, the molecule—
substrate interaction helps the stabilization and thereby the
capture of metastable intermediates.'**® With an on-surface
synthesis approach, the mechanisms of several organic reac-
tions have been unraveled at the sub-molecular scale in real

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of Ullmann coupling reactions. (a) Possible mechanism of Cu-catalyzed Ullmann coupling in-solution
chemistry. (b) The conventional reaction pathway of on-surface Ullmann coupling. (c) Reaction pathway of DBP-Br precursor on Cu(111), in
which C-Cu—-Br-Cu—-C bonded nanorings are formed at RT and transform into C-Cu—C bonded nanorings and trans-dimer after annealing at
333 K.
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space, such as intermolecular radical transfer,'® ethylene poly-
merization,” and nucleation-elongation of boroxine
polymer.**** However, as the most widely utilized on-surface
reaction for the synthesis of graphene nanoribbons and cova-
lent networks,>*¢ the detailed reaction pathway of on-surface
Ullmann coupling has been largely unknown.” The only
conventionally captured and characterized intermediate is the
C-M-C species (M = Au, Ag, Cu; Scheme 1b),?**° which trans-
forms into the C-C covalent bond upon further activation. The
process starting from C-X (X = Cl, Br, I) dissociation to the
formation of C-M-C species is, however, unclear.*** This can
probably be attributed to the short lifetime of the associated
C-M-X or similar intermediates, i.e. a negligible energy barrier
from C-M-X to C-M-C species.

Note that in solution-phase Ullmann coupling, the intro-
duction of N-containing ligands enables the coupling reaction
to proceed under mild conditions.**?** Therefore, the N-
containing ligands may influence the formation, evolution,
and lifetime of intermediates, potentially contributing to the
capture of intermediates. Inspired by this, herein, we investi-
gated the reaction mechanism of N-doped brominated mole-
cules on a Cu(111) surface by monitoring the formation of
organometallic  intermediates.  10,13-Dibromodibenzo[a,c]
phenazine (DBP-Br) with the phenazine unit close to the
brominated benzene ring was used as the precursor. Interest-
ingly, a series of N-doped nanorings were fabricated by depos-
iting DBP-Br on Cu(111) at room temperature (RT) (Scheme 1c),
which are stabilized by unusual C-Cu-Br-Cu-C bonds, as
confirmed by combined STM, nc-AFM, synchrotron radiation
photoemission spectroscopy (SRPES), and density functional
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theory (DFT) calculations. The C-Cu-Br-Cu-C species are
transformed to the conventional C-Cu-C bond upon further
annealing, indicating that the former is a precursor state of the
latter. Notably, the C-Cu-Br-Cu-C bonded intermediate is
similar to but different from the theoretically possible coun-
terpart in a solution-phase Ullmann reaction (red dashed box in
Scheme 1a), which may arouse scientists’ interests in revisiting
reaction mechanism of solution-phase Ullmann coupling. This
work extends insights into the Ullmann coupling mechanism by
visualizing diverse reaction intermediates in real space.

Results and discussion

After depositing DBP-Br molecules with approximately 0.5
monolayer (ML) onto the Cu(111) surface kept at RT, prevailing
nanorings were unexpectedly observed (Fig. 1a). 6-Membered
rings are the major products, and a small amount of 4-
membered nanorings (blue circles in Fig. 1a; high-resolution
images can be seen in Fig. S1t) coexist. The zoom-in STM
images displayed in Fig. 1b and c reveal the detailed structure of
a 6-membered ring composed of six DBP units, in which the
“serrations” correspond to the phenanthrene backbones and
the quinoxaline groups manifest as dark “grooves” (Fig. S17).
We observed that the distance (~7.6 A) (Fig. 1c) between adja-
cent DBP units is remarkably longer than that of the conven-
tional C-Cu-C bond (~3.8 A)**” formed after the dissociation
of C-Br bonds on Cu(111) at RT. Two dots are resolved in this
bond; thus a direct intuition is that the bond might be a C-Cu-
Cu-C motif. However, the C-Cu-Cu-C motif is extremely
unstable according to DFT calculations, and is automatically
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Fig. 1 Characterization of C-Cu-Br—-Cu-C bonded nanorings by scanning probe microscopies. (a) Large-scale STM image recorded after
depositing DBP-Br with a coverage of 0.5 ML on Cu(111) held at 300 K. (b) Typical STM image showing uniform 6-membered nanorings. (c)
Close-up STM image of a single 6-membered nanoring. (d) Simulated STM image of the 6-membered nanoring using a bias voltage of 500 mV.
(e) DFT-optimized molecular model of the 6-membered nanoring linked by C-Cu—-Br—-Cu-C bonds on the Cu(111) surface. (f) Large-scale STM
image recorded after depositing DBP-Br with a coverage of 0.1 ML on Cu(111) held at 300 K. (g) Statistical analysis of the observed nanorings with
different coverages on Cu(111), by counting more than 650 organometallic nanoring structures on each sample. Scanning parameters: (a—c and
f) Vioias = 500 mV, /st = 50 pA.
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dissociated during optimization. Inspired by the C-Cu-Br
linked intermediates in solution-phase Ullmann coupling,****
we propose that the bond here may be assigned to a C-Cu-Br-
Cu-C motif, as supported by the good agreement between the
DFT-simulated STM image/molecular adsorption model and
the corresponding experimental results (Fig. 1d, e and S1f).
According to the calculation, the angle of the Cu-Br-Cu bond is
about 88°, and the Br atoms are invisible within the typical
range of scanning bias voltage because of their low density of
electronic states. Notably, only six Br atoms are required for the
formation of a C-Cu-Br-Cu-C linked six-membered nanoring,
implying that other six Br atoms provided by the precursors
should adsorb on the Cu(111) surface, which are clearly visible
in some high-resolution STM images (Fig. S2t).***°

The above organometallic nanorings are linked through
a novel C-Cu-Br-Cu-C bond, extending the family of functional
organic nanorings. Interestingly, the topology of these nanor-
ings can be tuned by molecular coverage. As shown in Fig. 1f
and S3-S5,7 the dominant nanoring products on Cu(111) at RT
evolved from the larger 6-membered ring, to smaller 4- and 3-
membered rings, as the coverage decreased. In particular, the
smallest 3-membered ring,* which is difficult to synthesize on
surfaces, starts to be generated only at an extremely low
coverage of 0.1 M L.** These nanorings kept their structural
integrity even when the sample was left at RT for four days
(Fig. S6t), exhibiting high thermostability.
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To investigate intermediate evolution from the unusual C-
Cu-Br-Cu-C motif to the conventional C-Cu-C motif of Ull-
mann coupling on Cu(111), the sample was annealed at 333 K
for 20 min. As shown in the representative STM images (Fig. 2a,
S7 and S8t), the majority of 6-membered nanorings opened and
the morphology of the surviving nanorings had changed
compared to the original ones in Fig. 1. An example of such 6-
membered nanorings is displayed in Fig. 2b and c. While three
bonds kept their original configuration as the C-Cu-Br-Cu-C
connection, the other three bonds became much shorter and
their length was measured to be about 3.8 A. This strongly
implies that the short bonds are assigned to the conventional
C-Cu-C bonds in Ullmann coupling on Cu(111), where the
bright dots correspond to the Cu adatoms.*® In addition, the
majority of the observed trans-dimer and chain-like structure
formed after ring-opening are also linked by C-Cu-C bonds, as
represented by the STM image of a ¢trans-dimer in Fig. 2d. The
chemical structure matches well with the corresponding STM
image (Fig. 2e), in which the bright dot is again assigned to an
Cu adatom and the phenyls binding to Cu show relatively dark
contrast because of their low adsorption height (Fig. S9t). Such
a transformation described above provides direct evidence that
the unusual C-Cu-Br-Cu-C intermediate starts evolving into
the C-Cu-C motif under these conditions. In this process, the
nanorings tend to open in order to avoid large ring tension; note
that the formed C-Cu-C bond (the angle is typically >160°)*

Fig. 2 Transformation from C-Cu-Br-Cu-C to C-Cu-C bonded intermediates and bond-resolving image of C-Cu-Br-Cu-C bonded
nanoring. (a) Overview STM image revealing the structural evolution by annealing the sample at 333 K. (b) Zoom-in STM image of a 6-membered
ring containing both C—Cu—-Br—Cu-C and C-Cu-C bonds. The corresponding chemical structure is overlapped in (c). (d) Zoom-in STM image
of a trans-dimer. The corresponding chemical structure is overlapped in (e). (f) Representative STM image and (g) nc-AFM image of a 6-
membered ring containing both C-Cu—-Br—-Cu-C and C-Cu-C bonds. The corresponding chemical structure is overlapped in (h). Scanning

parameters: (a—c and f) Viiass = 500 mV, lser = 50 pA.
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cannot possibly be bent at a similar angle to that of the Cu-Br-
Cu bond (80-90°; Fig. S107) to retain the prefect cyclic geometry.

To further confirm the structure of organometallic inter-
mediates linked by C-Cu-Br-Cu-C and C-Cu-C bonds, a bond-
resolving (BR) nc-AFM experiment was performed using a CO-
functionalized probe.** A 6-membered nanoring containing
two C-Cu-C and four C-Cu-Br-Cu-C bonds is shown in Fig. 2f
and g. According to the BR nc-AFM image, the C-Cu-C bond
manifests as a uniform and continuous line, and the Br atom
presents as a bright protrusion in the BR nc-AFM image, in
excellent agreement with previous reports.*®***” In addition, the
structural model optimized by DFT calculations matches well
with the corresponding nc-AFM image (Fig. 2h). We note that,
similar to the case in Fig. 2d, the pyridine moiety and the
central phenyl appear darker than the phenanthrene backbone
because they bend to the Cu(111) surface, driven by the strong
interaction between the pyridine moiety and the substrate
(Fig. S91).

On the basis of the coexistence during annealing-stimulated
transformation of C-Cu-Br-Cu-C and C-Cu-C bonded organ-
ometallic intermediates, we confirm that the unusual C-Cu-Br-
Cu-C motif is the precursor state of a C-Cu-C bond, thus filling
in the blank in the mechanism between C-X dissociation and
C-Cu-C generation in an on-surface Ullmann coupling reac-
tion. Interestingly, a few nanorings containing Cu-Br-Cu bonds
with a smaller angle where Br is further away from the ring
center were occasionally observed experimentally (Fig. S11t). In
this case, the Br atom is leaving the nanoring but is still grasped
by the Cu coordination interaction, which might be a meta-
stable transition or intermediate states of the transformation
process between C-Cu-Br-Cu-C and C-Cu-C motifs.

The C-Cu-Br-Cu-C species completely transformed into the
C-Cu-C linked chain at 353 K, in which monomer units align in
a trans-configuration (Fig. S12+). This is opposite to the case of
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C-Cu-Br-Cu-C linked nanorings, where the neighboring
monomers are connected with a cis-configuration. We calcu-
lated the energy of both t¢rans- and cis-structures of C-Cu-Br-
Cu-C/C-Cu-C organometallic species on Cu(111) and
confirmed that a cis-configuration is energetically more favor-
able for the C-Cu-Br-Cu-C bonded intermediate while a trans-
configuration is energetically more favorable for the C-Cu-C
bonded intermediate (Fig. S137), in good agreement with
experiment. Further annealing at a higher temperature of 413 K
resulted in the dissociation of C-Cu-C bonds, but C-C covalent
bonds were only occasionally observed due to the strong steric
hindrance (Fig. S141). The dominant products are debromi-
nated monomers and they aggregate through Br---H hydrogen
bonding (Fig. S157).*

The whole reaction process and further product confirma-
tion in each reaction step were monitored by synchrotron
radiation photoemission spectroscopy (SRPES) experiments. As
shown in Fig. 3a, by fitting the original experimental data, four
C species were identified at different temperatures. Based on
the electronegativity of atoms linking the carbon and according
to numerous previous studies,**° the order of binding energy
(BE) of C 1s should be C[C,N] (285.5 eV) > C[C3]&C[C,CuBr]
(285.0 eV) > C[C,H] (284.4 eV) > C[C,Cu] (283.9 eV), as repre-
sented by red, green, blue, and purple lines, respectively
(Fig. 3a). We note that because a Br atom is a strong electron-
withdrawing group, which significantly attracts the electron of
a Cu atom, electron donation from Cu to C is suppressed
(Fig. S167). Therefore, the BE of C[C,CuBr] is close to that of C
[C3]- We thus consider the two types of carbons as the same
component in the spectral fitting. At RT, the ratio of C[C,N]:C
[C3]&C[C,CuBr]: C[C,H] = 0.35:0.6:1 obtained from the
experimental results, is very close to the ideal value derived
from the chemical model of a C-Cu-Br-Cu-C bonded nanoring
(Fig. 3b). Importantly, this experimental fact provides strong
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Fig. 3 SRPE spectra C 1s and of Br 3d showing the structural evolution of DBP-Br on the Cu(111) surface. (a) C 1s SRPE spectra of DBP-Br on
Cu(111) recorded by annealing the sample at different temperatures. Circles represent original experimental data and solid lines represent the
fitting. (b) Structural models of respective major products at RT and 353 K. Different atoms are depicted by different colors to illustrate their
chemical environments. The ideal ratios of different C atoms as derived from the chemical structures are shown below. (c) Br 3d SRPE spectra of
DBP-Br on Cu(111) recorded by annealing the sample at different temperatures.
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evidence for the structural assignment of C-Cu-Br-Cu-C,
because the formation of other possible structures linked by
C-(Cu),—C (n = 2, 3) should give rise to the appearance of a C
[C,Cu] signal at a low BE,*** which is absent in our experi-
ments. Annealing at 333 K leads to the appearance of the signal
of C[C,Cu] in C 1s and a decrease in intensity of C[C,CuBr],
indicating that the transformation from C-Cu-Br-Cu-C to C-
Cu-C was activated at this temperature, also in good agreement
with STM observations. The ratio of the four components
changed to C[C,N]: C[C;3]&[C,CuBr]: C[C,H]: C[C,Cu] = 0.36:
0.4 :1:0.2 upon further annealing at 353 K, matching well with
the ideal stoichiometric value of the C-Cu-C linked product
(0.4:0.4:1:0.2). This in turn indicates a complete trans-
formation from C-Cu-Br-Cu-C to C-Cu-C intermediates at 353
K, further supporting the associated STM results.

On the other hand, only one kind of Br species was identified
in the Br 3d spectra (Fig. 3c), featuring a spin-orbit doublet Br
3d;,, and 3ds,, with BE of 69.7 and 68.6 eV, respectively.>*>* This
is because Br adatoms on Cu(111) generated by C-Br and C-Cu-
Br-Cu-C dissociation have a similar chemical environment to
the Br atoms in a C-Cu-Br-Cu-C bond. In both cases, Cu atoms
interact with and donate electrons to the linked Br atoms,
although one kind of Cu is generated from the Cu(111) surface
and the other corresponds to the Cu adatom trapped by the
molecules.

To elucidate an atomistic understanding of the trans-
formation process from C-Cu-Br-Cu-C to C-Cu-C bonds on
the Cu(111) surface, we utilized climbing images nudged elastic
band (CI-NEB) to calculate the reaction pathway.>*® To balance
the computational cost and accuracy, the structure of the DBP
unit is represented by a quinoxaline unit. The reaction path
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barrier diagram calculated with DFT is shown in Fig. 4. The
initial reaction state (IS) shows that two quinoxaline units
adsorbed on Cu(111) are connected by the C-Cu-Br-Cu-C
bond. In the next step, one Br atom leaves the C-Cu-Br-Cu-C
bond, by going across a reasonable energy barrier (1.47 eV; TS1)
to the intermediate state (0.61 eV; Int). Further, one Cu atom on
one quinoxaline unit gradually leaves, and the quinoxaline unit
moves toward another quinoxaline unit to form a more stable
C-Cu-C bonded structure (—0.54 eV; FS), crossing a relatively
low energy barrier (0.76 €V; TS2). The whole reaction undergoes
an exothermic path, indicating that the transition from C-Cu-
Br-Cu-C to C-Cu-C bonds is irreversible.

To our knowledge, such C-Cu-Br-Cu-C organometallic
intermediates have not been reported in on-surface synthesis.
Although the introduction of N atoms into the precursor
molecule might be an indispensable factor for the formation of
C-Cu-Br-Cu-C intermediates, it is not the only decisive
parameter, because such an intermediate has never been
observed via the on-surface synthesis of other N-doped aryl
halides.?”"** Therefore, we propose that the relative position of N
atoms together with the special molecular backbone, as well as
the formation of thermodynamically stable nanorings®>** may
also induce the generation of C-Cu-Br-Cu-C organometallic
intermediates, by improving the stability and elongating the
lifetime of C-Cu-Br-Cu-C intermediates. Note that the former
determines the molecular adsorption geometry and steric
hindrance effect, which is closely related to the substrate-
molecule interaction and charge transfer (Fig. S167),°*°® thus
associating with the formation barrier and structural stability of
the C-Cu-Br-Cu-C intermediates. In addition, previous studies
reported that C-Cu-C has been formed at RT,***® whereas in

0.00 eV

© 2025 The Author(s). Published by the Royal Society of Chemistry
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this work, a C-Cu-Br-Cu-C linked ring structure is observed at
RT, implying that the formation of the nanorings provides
further stability to the system. Further studies will focus on how
the precursor structure influences the formation of the C-Cu-
Br-Cu-C bonded intermediates by tuning parameters,
including the position of nitrogen substitution, length and
shape of the molecular backbone, amount of charge transfer (as
determined by ionization energy),®® and ring tension, by
designing more structurally similar precursors.

Conclusions

We report an unusual C-Cu-Br-Cu-C bonded intermediate in
an Ullmann coupling reaction of DBP-Br on Cu(111), forming
high-yield N-doped nanorings. The topology of the nanorings
can be well tuned by changing the coverage of precursors on the
surface. By careful inspection of structural transformation upon
sample annealing, the C-Cu-Br-Cu-C motif is confirmed to be
the precursor state of the conventional C-Cu-C intermediate in
on-surface Ullmann coupling. Structural validation is offered by
the combination of STM, nc-AFM, SRPES, and DFT calculations.
We propose that the formation of C-Cu-Br-Cu-C bonded
nanorings is attributed to the synergy of multiple factors,
including molecular adsorption geometry, molecule-substrate
interaction, and charger transfer, as well as the stabilizing effect
of the nanoring. These factors together contribute to a longer
lifetime of the otherwise unstable C-Cu-Br-Cu-C intermediate.
The visualization of an intermediate between C-X dissociation
and C-Cu-C formation in this work extends the diversity of
organometallic intermediates of Ullmann coupling on metal
surfaces. Notably, the C-Cu-Br-Cu-C intermediate is similar to
the Cu(m) species proposed in solution-phase Ullmann
coupling (Scheme 1c). However, in the C-Cu-Br-Cu-C inter-
mediate reported in this work, Cu holds a valence state between
+1 and +2, different from the +3 of the similar Cu() interme-
diate in the Cu(1)-Cu(m) ionic mechanism in solution. There-
fore, the mechanism rationalized in this work may also
reasonably interpret the reaction pathway in Ni- or Pd-catalyzed
Ullmann coupling reactions in addition to Cu-catalyzed systems
in solution, since the associated intermediates hold the most
common valence state (+1 or +2) of Ni and Pd. We thus propose
a possibility that the C-M-Br-M-C intermediate might exist in
conventional  solution-phase  metal-catalyzed  Ullmann
couplings, although the detailed mechanism is likely to be
different from that on the surface. This work opens up a new
avenue for revisiting the reaction mechanisms of Ullmann
coupling both on the surface and in solution.
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