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Surface-Dependent Chemoselectivity in C@C Coupling Reactions
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Abstract: Surface-confined covalent coupling reactions of the
linear compound 4-(but-3-en-1-ynyl)-4’-ethynyl-1,1’-biphenyl
(1), which contains one alkyne and one enyne group on
opposing ends, have been investigated using scanning tunnel-
ing microscopy (STM) and density functional theory (DFT)
calculations. The reactions show a surface-dependent chemo-
selectivity: on Au(111), compound 1 preferentially yields
cyclotrimerization products, while on Cu(111), a selective
coupling between the enyne and alkyne groups is observed.
Linear, V-shaped string formations combined with Y-shaped
bifurcation motifs result in a random reticulation on the entire
surface. DFT calculations show that the C@H···pd@ transition
state of the reaction between the deprotonated alkyne group
and a nearby H-donor of the alkene group plays a key role in
the mechanism and high chemoselectivity. This study highlights
a concept that opens new avenues to the surface-confined
synthesis of covalent carbon-based sp–sp2 polymers.

In the past decade, on-surface reactions have been shown to
enable the detailed investigation of reaction mechanisms,
since some stable intermediates can be directly observed at
the sub-molecular level by scanning probe microscopy. More-
over, on-surface reactions also provide an innovative route
for the bottom-up fabrication of one-dimensional (1D) wires

or ribbons, and two-dimensional (2D) covalent organic
frameworks including certain graphene analogues, which
show significant potential for applications in molecular
electronics and optoelectronics.[1] Notable reactions such as
Ullmann coupling and Glaser coupling have been widely
investigated on surfaces.[1b]

Due to their increased reactivity, alkyne compounds have
been used in a multitude of on-surface studies.[2] Reactions
such as azide–alkyne cycloaddition,[3] cyclotrimerization,[4]

and homo-coupling[5] have been investigated on Cu(111),[5b,6]

Au(111),[4,5d,e] and Ag(111),[5a,c,e,f] and a preference for cyclo-
trimerization and homo-coupling was observed on Au(111)[4]

and Ag(111),[5a,c] respectively. However, on Cu(111), a variety
of reactions is observed[5b] and even organometallic alkyne
complexes can evolve during annealing.[5c,d, 7] Due to the high
reactivity, achieving the C@C homo-coupling of alkynes with
a low number of side reactions on Cu(111) remains a chal-
lenge.

Compared with terminal alkynes, terminal alkene com-
pounds show a lower reactivity in general, which is attributed
to the lower s-character and electronegativity of their carbon
atoms, that is, terminal alkenes normally do not react on
Au(111) and Cu(111) surfaces. However, it was shown that on
Cu(110), they can be coupled into (Z,Z)-butadiene with high
stereoselectivity.[8]

Until now, studies of on-surface chemical reactions have
been mainly focusing on homo-coupling reactions. On-surface
cross-coupling reactions are mostly observed between aro-
matic halogen compounds and alkynes, and the activation of
additional precursors would enlarge the scope of this reaction
type.[9] In solution, such cross-coupling reactions have been
proven to be more challenging, since alkyne and alkene
groups prefer to undergo enyne metathesis reactions[10] or
addition reactions.[11] Only a single example has been
reported in which electron-deficient olefins and alkynes
could be coupled by a Pd catalyst, yielding the desired
cross-coupling enyne products.[12] Under surface confinement,
the cross-coupling of alkynes (with sp carbon atoms) and
alkenes (with sp2 carbon atoms) has not been studied yet.

With this aim in mind, we designed and synthesized the
compound 4-(but-3-en-1-ynyl)-4’-ethynyl-1,1’-biphenyl (1;
Scheme 1), which contains one alkyne and one enyne
substituent on a biphenyl backbone and acts as a precursor
in on-surface reactions. These functional groups may lead to
the formation of several symmetric products based on homo-
coupling reactions along with cross-coupling, leading to a set
of regioisomers. Using compound 1, we performed systematic
investigations on well-defined Au(111) and Cu(111) sub-
strates by scanning tunneling microscopy (STM). The analysis
was supported by DFT simulations. For the first time, a very
effective coupling between alkyne and enyne groups under
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on-surface conditions is reported and further developed into
large-scale 2D covalent networks.

The molecular structure of the custom-designed com-
pound 1 is depicted in the Scheme 1. 1 can be described as an
asymmetrical molecule with one 1,3-enyne group in the 4
position and an alkyne group in the 4’ position of a biphenyl
backbone. In the alkene group, there are three reactive
hydrogen atoms, labeled a-E, a-Z, and b (see Scheme 1).

First, a 0.3-monolayer (ML) coverage of 1 was deposited
onto the Au(111) substrate, which was held at 273 K. An
individual molecule of 1 appears as a rod-like protrusion with
a bright lobe at one end (Figure 1a). The bright lobe can be
ascribed to the enyne group (marked by the red arrows in
Figure 1b). Aside from individual molecules, self-assembled
aggregates with windmill-, triangle-, and square-like shapes
are also observed. Upon deposition, the molecules preferen-
tially occupy elbow sites of the herringbone reconstruction of
the Au(111) substrate. After increasing the coverage to
0.8 ML, compound 1 begins to grow along the fcc stripes in
an irregular manner (Figure 1c).

Three different types of supramolecular interactions drive
the formation of the self-assembled aggregates: i) weak
intermolecular C@H···p interactions between the hydrogen
atom of the terminal alkyne group and the p-system of the
enyne group of a nearby molecule 1, which can be observed as
triangle-like patterns (red circles in Figure 1a, c, see also
Figure 1b-i; statistical value: 2%) and rhombus-like aggre-
gates (yellow circles in Figure 1a, c, see also Figure 1b-ii;
1%). ii) Intermolecular C@H···p interactions between the
hydrogen atom of the terminal alkyne group and the p-system
of the terminal alkyne group of a neighboring molecule 1,
observed as fourfold-symmetrical windmill-shaped nodes
(green circles in Figure 1a, c, see also Figure 1b-iii;
80%)[4b, 9a] as well as five-fold (blue circles in Figure 1c, see
also Figure 1b-iv; 7%) and six-fold windmill-shaped nodes
(purple circles in Figure 1c, see also Figure 1b-v; 5 %).[4b,13]

Additionally, there are irregular monomers and dimer nodes,
which occupy the residual statistical value of 5%. iii) Weak
C@H···p interactions between two enyne groups of nearby
molecules 1; observed in regular close-packed reticular
fourfold-symmetrical assemblies (Figure S3, Supporting
Information). Each supramolecular node (threefold- to
sixfold-symmetrical nodes) exhibits chirality as either an R
or S enantiomer (solid circles and dashed circles for R and S,

respectively, in Figure 1).[14] When carefully analyzing the
enantiomorphic distribution within these regular domains, we
find that it represents a 2D racemic crystal with line-type
stacking phases (Figure S3 b),[14d, 15] closest-neighbor phases
(Figure S3 c),[14a,c,d] and mixed phases (Figure S3 d).[14d]

After annealing the sample at 393 K for 10 min, the
majority of the molecules 1 undergo cyclotrimerization
(Figure 1e-i, blue circles in Figure 1d; 45%, see also Fig-
ure S4) resulting in molecular islands on the surface. There is
a bright lobe at each end of the Y-shaped cyclotrimerization
products (red arrows in Figure 1e-i), indicating that the
cyclotrimerization occurs between the alkyne groups. More-
over, some tetramers (Figure 1e-ii, green circles in Figure 1 d;
5%) also exist due to the reaction between an enyne group of
the cyclotrimerization product with an alkyne group of
another molecule 1, but they cannot extend to 1D or 2D
structures. It should be noted that, additionally, a small
amount of dimers (Figure 1e-iii, orange arrows in Figure 1 d;
10%) is present on the surface. There are also some unreacted
monomers and possibly organometallic intermediates, which
are accounted for under “other” (purple arrows in Figure 1d).

To trigger further oligomerization of the remaining
pristine molecules, we annealed the sample to 433 K for
10 min. As shown in Figures 1 f and S5, the molecular
coverage decreases, indicating that some molecules desorb
from the substrate, but further reactions hardly occur during
annealing.

Due to the lowered activity of the enyne group on
Au(111), we changed the substrate to Cu(111). As a first
approach, a 0.3 ML coverage of molecules 1 was deposited
onto the Cu(111) substrate, which was held at & 200 K. As
shown in Figure 2 a, molecules of 1 are scattered over the
surface and the majority remains isolated. Their appearance,
a rod-like protrusion with a bright lobe at one end, reflects the
situation observed on Au(111). Accordingly, the bright-lobe
feature is again attributed to the enyne group (red arrows in
Figure S6). The molecule–substrate interaction reveals a pref-
erential molecular arrangement along the < 11(2> set of
directions. Additionally, guided by weak intermolecular
interactions, some molecules form short supramolecular
linear aggregates (Figure S6), which can be considered as
a suitable predisposition for the C@C coupling reaction. The
DFT-optimized adsorption geometry (Figure 3a,b) and simu-
lated STM images (calculated at a bias voltage of @1 V;

Scheme 1. Possible transformation pathways of compound 1.
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Figure 3c,d) of compound 1 on Cu(111) show that the
terminal alkyne group appears slightly dark whereas the
enyne group appears as a bright lobe, which is in good
agreement with the experimental results (Figure S6). This
suggests that the alkyne groups form a coordinative bond to
the Cu(111) surface at 200 K, which is in good agreement with
reports about terminal alkyne adsorption on Cu(111) in the
literature.[6, 16]

After annealing at 333 K for 10 min, short 1D linear chain
segments become visible on Cu(111), indicating that this

thermal treatment triggers the formation of covalent C@C
bonds (Figure S7). By further annealing at 363 K, the 1D
linear chain segments grow longer. In contrast to the
dominating cyclotrimerization of 1 on Au(111), the main
reaction on the Cu(111) substrate is the cross-coupling
reaction of the enyne and alkyne groups between two
molecules 1. The presence of three reactive hydrogen sites
on the alkene moiety enables several chain motifs via
formation of three different cross-coupling products: i) at a-
E (red rectangles in Figure 2b, 2c-a-E ; 45%), ii) at a-Z
(purple circles in Figure 2b, 2c-a-Z ; 17 %), and at the b-
hydrogen (yellow circles in Figure 2b, 2c-b ; 12%). Interest-
ingly, the latter two exhibit V-shape configurations with

Figure 2. a) STM image of deposited molecules 1 (0.3 ML) on Cu(111)
at a substrate temperature of 200 K. Orange arrows show the <11(2>
set of directions of Cu(111). b) Polymerization of 1 on Cu(111) after
annealing at 363 K. Colors relate to distinct oligomer types of the
covalent 2D network. c) Four types of covalent linkages present in
chain segments shown in (b) together with a graph depicting the
relative abundance of the coupling motifs according to the statistical
evaluation. d) Zoomed-in STM image of a 1D chain polymer of 1 from
(b). Inset: Line-scan profile of the polymer marked by the green line.
e), f) Polymerization of 1 on Cu(111) after annealing at 433 K. The blue
and orange arrows in (f) highlight single- and double-Cu-coordinated
sites, respectively. Inset of (f): Line-scan profile of the polymer
between the two green spots. Scanning parameters: (a) Ubias =@0.9 V,
It =0.1 nA; (b,d, e, f): Ubias =@1 V, It =0.1 nA.

Figure 1. a) Initial deposition of 1 on Au(111) held at 273 K with ca.
0.3 ML coverage. The orange arrows show the <11(2> set of
directions of Au(111). b) Close-up STM images of five kinds of isolated
supramolecular nodes (i–v) upon self-assembly of 1 on Au(111), and
the statistical results of different self-assembly nodes based on (c).
Chemical models of the different nodes are also shown. Red arrows
show the bright lobe attributed to the enyne groups. c) STM image of
the self-assembly upon deposition of 1 on Au(111) held at 273 K with
ca. 0.8 ML coverage. Circles with different colors show different kinds
of supramolecular nodes. Solid and dashed circles indicate a chiral
geometry with R or S enantiomorphs, respectively. d) STM image of
products of 1 on Au(111) after thermal annealing at 393 K. Different
colors show different annealing products. e) Close-up STM images of
three types of isolated annealing products (i–iii). Each image of (e) is
superposed with a tentative chemical model and red arrows pointing
towards the bright lobes ascribed to the enyne groups. The bottom
panel presents the statistical results of different annealing products:
i) cyclotrimerization, ii) tetramerization, iii) dimerization, and other.
f) STM image of the annealing products of 1 on Au(111) after thermal
treatment at 433 K. Scanning parameters for (a–f): Ubias =@1 V,
It =0.1 nA.
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angles of 6088 and 12088, respectively. When the cross-coupling
occurred simultaneously at two reactive hydrogen sites (for
example, a-E,b), branched Y-shape-like connection nodes
(green circles in Figure 2b, 2c-a-E,b ; 17 %) are observed.
These nodes link nearby oligomeric strands and represent the
elementary motif of the resulting disordered 2D covalent
network. Furthermore, the majority of the 1D wires are
arranged along the < 11(2> set of directions. To further verify
the reaction products, we measured the distance of the
repeating unit (Figure 2d), yielding a value of 1.57: 0.06 nm,
which is in good agreement with the distance of 1.58 nm for
a model obtained by DFT calculations (Figure 3 b). Similar to
absorbed monomer molecules 1, the optimized model (Fig-
ure 3b) and simulated STM image (Figure 3d) of the
elementary cross-coupling product are in good agreement
with the experimental data shown in Figure 2d. Interestingly,
the central part the of the akynyl–alkenyl–alkynyl bridge
exhibits a slightly darker feature on Cu(111) (Figures 2d and
3d).

To trigger further oligomerization, the sample was
annealed to 433 K (Figures 2e, f and S8). The obtained
structure now displays a 2D covalent network dominatingly
consisting of linear C@C-linkages and Y-shaped interconnec-
tions resulting from single and double cross-coupling prod-
ucts, thus representing an efficient way for the on-surface
construction of mixed sp–sp2 carbon scaffolds. We find that

often, there are one or two bright spots along each alkyne–
alkene linkage in the sample annealed at 433 K (marked by
the blue and orange arrows in Figure 2 f and the orange arrow
in Figure S10b, top-right inset). Measurements of the repeat-
ing-unit distance show that the units are in a perfect distance
of 1.59: 0.06 nm of each other (Figure 2 f), which is almost
the same as observed in the sample annealed at 363 K
(Figure 2d). We assume that Cu atoms are pulled out of the
substrate and coordinate side-on to the alkyne–alkene–alkyne
linker of the polymer. One bright spot can be attributed to the
changed geometry of the fragment, which is also supported by
the DFT-calculated structure and STM image (Figures 3d and
S9).

First-principle calculations were performed to gain fur-
ther insight into the mechanistic aspects of the alkyne–enyne
cross-coupling on Cu(111). Figure 3a–d displays the most
favorable adsorption geometries of the monomer 1 and the
product of the alkyne–enyne cross-coupling along with
simulated STM images. The molecular orientations are
perfectly compatible with those observed in experiment. To
simplify the modeling, we applied phenylacetylene and 3-
buten-1-yn-1-yl-benzene as the cross-coupling reagents. The-
oretical calculations reveal that the dehydrogenation process
of the terminal alkynes on Cu(111) is catalyzed by a Cu-
adatom, followed by the formation of organometallic inter-
mediates,[6, 16] as evidenced by the characteristic terminal
depressions at the terminal alkyne groups. Similar effects
were observed upon annealing to 333 K (Figure S7). Thus, we
directly used the phenylacetylide in the simulation of the
initial state (Figure 3e, IS). The attraction of the alkyne group
at the enyne end in reagent 3-buten-1-yn-1-yl-benzene
towards the Cu(111) surface lifts the alkene groups relatively
far from the substrate (Figure 3e, TS1). Here, the deproton-
ated alkyne group forms an ionic C@H···pd@ hydrogen bond
between the p-system of the deprotanted alkynyl group and
a nearby H-donor,[6] resulting in a coupling transition state.[17]

The DFT results shown in Figure 3e (TS1) confirm that the
hydrogen atom of the alkene group acts as a very good H-
donor in the formation of the ionic C@H···pd@ hydrogen bond.
This enables the formation of a cross-coupling intermediate
state (Figure 3e, INT), followed by direct dehydrogenation
with an energy barrier of 0.76 eV (Figure 3e, TS2 and FS). In
contrast, the Au(111) surface is inactive towards deprotona-
tion of the terminal alkyne as well as alkene-group activation
at the given temperature,[8] resulting exclusively in cyclo-
trimerization instead of C@H bond dissociations.[4]

The effect of the coverage on the outcome of the cross-
coupling reaction was investigated for 0.8 ML of 1 on Cu(111)
(Figure S10a). The resulting supramolecular organization is
not very regular, which is attributed to the strong interaction
of the alkyne and enyne groups with the Cu(111) surface,
inhibiting a thermodynamic self-assembly. Upon annealing at
433 K, a covalent network has formed through selective cross-
coupling reactions (Figures S10b and S11), which decorates
the entire surface in a branched fashion. Upon increasing the
surface coverage, the formation of long straight 1D chains
with favorable a-E-site cross-coupling (Figure 2 b) is slowly
declining; at increased coverages, the a-Z- and b-site cross-
couplings are becoming more prominent, leading to V- and Y-

Figure 3. a), b) Energetically favored adsorption geometry of 1 (a) and
the molecular dimer (b) on Cu(111), obtained from DFT calculations.
c),d) Simulated STM images (U =@1 V) of 1 (c) and the molecular
dimer (d). Color code: Cu, orange; C, gray; H, white. e) DFT-calculated
reaction path for the cross-coupling reaction of the terminal alkyne
with the enyne, shown in side and top views of the initial state (IS),
the transition states (TS1 and TS2), the intermediate state (INT), and
the final state (FS). The respective phenyl derivatives of 1 were used.
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shaped branching nodes and a shortening of the 1D wire
segments, which finally leads to a network with irregular
pores.

In conclusion, C@C coupling reactions of the ditopic
compound 1 have been investigated on Au(111) and Cu(111)
using STM and DFT. On Au(111), 1 mainly forms cyclo-
trimerization products related to the terminal alkyne func-
tionalization. On the Cu(111) surface, enyne groups can
chemoselectively cross-couple with alkyne groups, affording
1D wires that are further branched to 2D covalent networks.
DFT calculations show that the C@H···pd@ transition state of
the reaction between the deprotonated alkyne group and
a nearby alkene group is a key point for the chemoselective
alkyne–alkene cross-coupling on Cu(111). This work reports
the first alkyne–alkene cross-coupling reaction on metallic
substrates, which opens a new route towards the on-surface
fabrication of covalent polymers. Based on the gained
insights, we expect, on the long term, the development of
improved chemoselectivity of the cross-coupling reaction on
surfaces to yield 1D molecular wires and ribbons or 2D
networks useful for molecular electronic applications.[5f]
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