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Abstract: The Diels–Alder reaction is one of the most popular
reactions in organic chemistry. However, its use in the field of
on-surface synthesis is hampered by the spatial restrictions of
this cycloaddition reaction. Herein we selected a cyclic strained
triyne to demonstrate an on-surface hexadehydro-Diels–Alder
reaction in a single molecule. The reaction was studied in detail
by means of atomic force microscopy (AFM) with CO-
functionalized tips. Our results pave the way to use this iconic
pericyclic reaction for on-surface synthesis, introducing the
concept of atom economy in the field.

The Diels–Alder (DA) reaction is one of the most important
reactions in chemistry. In this [4+2] cycloaddition, the
reaction between a diene (4p electrons) and a dienophile
(2p electrons) generates a new six-membered ring by forming
two new s-bonds between the reaction partners (Figure 1a).
First reported in 1928 by Otto Diels and Kurt Alder while
studying the products from the reaction of cyclopentadiene
with quinone,[1] in few years the Diels–Alder reaction became
one of the most popular reactions in organic synthesis.[2]

According to Roald Hoffman, the distinguished pioneer in
the study of organic reactivity, the relevant role of the DA
reaction is due to “…the economy it brings to synthesis, and
the frequency of the six-membered ring in organic chemis-
try”.[3]

In the last years, impressive progress has been made in the
field of on-surface synthesis, spurred by pioneering works of
Grill, Hecht and co-workers,[4, 5] and carbon nanoribbons

discovered by Fasel, M�llen and co-workers.[6] In recent years,
a plethora of reactions has been induced on different surfaces
and visualized by scanning probe microscopy (SPM) with sub-
molecular resolution, including Ullmann couplings, alkyne
cyclizations, cyclodehydrogenations, Glaser couplings and
Bergman cyclizations, among other interesting transforma-
tions.[7] However, despite the privileged role of the DA
reaction in organic chemistry and the demonstration of other
cycloaddition reactions on surface,[8–14] there are very few
reports about on-surface transformations based on DA
reactions.[15,16] As remarkable exceptions, Jel�nek, Starý and
co-workers proposed a Diels–Alder reaction to describe the
planarization of a heptahelicene derivative on Ag(111),[16a]

while M�llen, Fasel and co-workers suggested a dehydro-
Diels–Alder cycloaddition as part of a reaction sequence to
explain the thermal oligomerization of bis(phenylethynyl)-
benzene derivatives on Au(111).[16b] In the latter, the on-
surface cyclization proceeded between planar moieties on the
surface, where diene and dienophile approach each other
within the same plane. This is in contrast with the conven-
tional DA reaction where the approach is along staggered
parallel planes. The spatial restrictions due to the adsorption
of the reactants on the surface, limit the possibilities to study
and use the DA reaction for on-surface chemistry. Herein, we
describe our efforts to induce and investigate an on-surface
DA reaction in a single molecule, facilitated by the careful
design of the precursor molecule.

Initially, we began searching for a suited molecular system
to study the on-surface DA reaction, bearing in mind some
important restrictions. First, as commented above, the con-
ventional DA reaction requires that both diene and dien-

Figure 1. a) Representation of Diels–Alder (DA) and hexadehydro-
Diels–Alder (HDDA) reactions. b) HDDA reaction studied on surface
in this work.
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ophile approach each other from different planes and in
a concerted way, which complicates the possibility to perform
this reaction on surface. Second, the reaction product is
frequently a non-planar molecule, which renders it difficult to
identify and study it by SPM. Third, the activation energy
involved in the conventional DA reaction may be relatively
high. Due to these restrictions, we focused our attention on
the hexadehydro-Diels–Alder (HDDA) reaction,[17–20] a [4+2]
cycloaddition between a diyne and an alkyne to form an aryne
(Figure 1a), that is, a highly reactive flat molecular species
that is stable under UHV conditions and can be studied by
SPM, as previously shown by some of us.[21] In particular,
a properly designed triyne moiety combining both reaction
partners, could provide enough ring strain to facilitate an
intramolecular HDDA, affording a planar product that could
be identified by SPM.

Inspired by the work of Tobe and co-workers,[22] we
studied the intramolecular HDDA reaction of triyne 1 on
surface (Figure 1b). This compound is a twisted biphenylo-
phane with a highly distorted diacetylene moiety that could
facilitate the on-surface HDDA reaction, leading to the
formation of aryne 2. This particular transformation was
previously reported in solution,[22] the aryne 2 being inter-
cepted by reaction with furan. On-surface, we expect that
aryne 2 could evolve by cycloisomerization to obtain triben-
zo[fg,ij,rst]pentaphene (3), a flat aromatic hydrocarbon that
might be unambiguously identified by AFM to demonstrate
the on-surface HDDA reaction.

First, we prepared triyne 1 following the synthetic
procedure previously reported (see supporting information
(SI) for details, Figure S1 and S2).[22] We evaporated triyne
1 by flash heating from a silicon wafer piece onto a Cu(111)
single crystal, partially covered by bilayer NaCl islands, at
a sample temperature of T� 10 K. The AFM tip was
functionalized by picking up an individual CO molecule

from bilayer NaCl (see SI, Figure S3).[23] All measurements
shown were obtained with a CO functionalized tip on
molecules adsorbed on Cu(111) at T= 5 K. AFM and STM
data of molecules observed after preparation at T= 10 K,
without post annealing, are shown in Figure 2. We observed
molecules with qualitatively different contrasts that we
assigned to different adsorption conformations (and enantio-
mers) of 1 on Cu(111), with the aid of density functional
theory (DFT) calculations and AFM simulations (see SI).[24]

We found that 1 was adsorbed either with a diyne group
(Figure 2a) or a monoyne group (Figure 2 e, i), in contact with
the Cu substrate. Then the opposing group (i.e., monoyne or
diyne, respectively) was exposed towards the tip and showed
a characteristic contrast in AFM measurements. The contrast
of the exposed triple bonds is resolved as bright features in
AFM acquired at a tip height that corresponds to the onset of
atomic resolution (see Figure 2c, g, k), explained by their high
electron density.[25–27] Furthermore, we distinguish two differ-
ent adsorption conformations of the monoyne group in
contact to the Cu sample. Most clearly, they are distinguished
with AFM at small tip heights, shown in Figure 2h and l, and
they show different adsorption heights (see SI, Figure S4–S7).
We assigned the former to a physisorbed species (physisorbed
monoyne) and the latter to a chemisorbed species (chem-
isorbed monoyne). For the molecules with diyne in contact to
Cu, we find only one conformation that we assigned to
molecules that are chemisorbed with a diyne group to the
Cu(111) substrate (Figure 2a). The most abundant species
found was the latter, that is, chemisorbed diyne (see SI,
Figure S5 for DFT calculations). Note that compound 1 is
a helical twisted chiral hydrocarbon and we found both
enantiomers M and P (with similar occurrences), in each of
the three adsorption conformations, yielding in total six
observed adsorption geometries (see SI, Figure S4). Also, the
products discussed in the following, are chiral molecules,

Figure 2. Molecular models and experimental data for triyne 1, prepared on Cu(111) at T = 10 K without post annealing. We assigned the
adsorption geometries as chemisorbed diyne (P)-1 (a–d), physisorbed monoyne (M)-1 (e–h) and chemisorbed monoyne (M)-1 (i–l).
Corresponding experimental constant-current STM images (b, f, j) at I = 1 pA and V = 0.1 V, and constant-height AFM images (c, d, g, h, k, l) at
tip heights Dz with respect to the STM setpoint (I = 1 pA, V =0.1 V) on bare copper indicated. All images are 20 � by 20 �. The three adsorption
conformations are shown exemplarily for one enantiomer here. For both M and P enantiomers of 1 we observed all three adsorption
conformations. The prevalently observed adsorption conformation was the chemisorbed diyne.
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except for the final product 3. We always found both
enantiomers with similar occurrences indicating racemic
mixtures and do not discuss enantiomers separately.

When we annealed the sample to 463 K, we observed
structure 3’, shown in Figure 3a–c, as the prevalent molecule
on the surface. After annealing to 558 K we observed

structure 3, shown in Figure 3d–f as the only species. Note
that compound 3’, which we assigned to a p-radical, could also
be transformed into 3 by atom manipulation, that is, by
applying a voltage pulse above 3’ with a voltage of V= 4.2 V
and 30 pA< I< 250 pA, to dissociate the hydrogen atom
bonded to the sp3 hybridized carbon,[28, 29] breaking the
weakest bond of the molecule.

The final product 3 is a planar polycyclic aromatic
hydrocarbon (PAH) rendering its assignment with AFM
very certain. Note that also the hydrogenation of the carbons
at the periphery can be inferred from the AFM data, as
hydrogen atoms are observed as additional protrusions,[28]

while reactive sites (s-radicals with missing hydrogen) lead
to bond formation to the Cu substrate and in turn to tilted
adsorption geometries,[28, 21] and in addition to subtle changes
in bond order relations.[21] In turn, we assigned with high
certainty the intermediate found after annealing to 463 K as 3’
(see SI, Figure S8 for AFM simulations), which is the final
reaction product 3 with one additional hydrogen atom. The
finding of these structures evidences the transformation of
1 into 3 and suggests that a Diels–Alder reaction was
thermally induced on surface.

To increase our insight into the reaction pathway, we were
looking for additional intermediates and conducted experi-
ments in which the sample had been annealed to maximal
temperatures of 413 K and 423 K. After such maximal
annealing temperatures, we found several different non-
planar species with significant occurrences on the surface,
with the most abundant ones shown in Figure 4. Because of

Figure 3. Planar products after annealing. (a–c) Prevalent adsorbate
on the Cu(111) surface after annealing to 463 K. (d–f) Only adsorbate
on the Cu(111) surface after annealing to 558 K. (a, d) Constant-
current STM data, V = 0.1 V and I = 1 pA in (a), I =10 pA in (b); (b, e)
constant-height AFM data with Dz indicated; (c, f) molecular models.
All images are 20 � by 20 �.

Figure 4. Intermediates observed on Cu(111) after annealing the sample to 413 K and 423 K. We observed species with three characteristically
different contrasts shown in the three rows. STM images (a, f, k) at I = 1 pA, V = 0.1 V. (b–d, g–i, l–n) AFM images of the respective molecules, at
different Dz. We tentatively assign the intermediates as shown in the models (e,j,o): Structure 2 (e) as the anticipated product after a HDDA
reaction of 1, with all hydrogen atoms still attached to the same carbons as in the precursor 1; structure 2’ (j) as the HDDA product of 1 with an
additional H atom at the aryne moiety; structure 2’’ (o) as the HDDA product of 1 with two hydrogen atoms of one phenanthrene moiety
dissociated. All images are 20 � by 15 �.
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their non-planarity and their reduced symmetry, compared to
1 and 3, the assignment of the structures is challenging. In
addition to the STM and AFM images at different height we
performed Df(z) spectroscopy (see SI, Figure S9) and we used
DFT to calculate adsorption geometries of different struc-
tures and AFM simulations for those. We tentatively assign
the structures as shown by the models in Figure 4.

The structure shown in the first row of Figure 4 we
tentatively assigned to 2 (Figure 4e), i.e., the aryne that is the
anticipated product after a Diels–Alder reaction, with all
hydrogen atoms still attached to the same carbons as in the
precursor 1. In addition, we found molecules that exhibit
a characteristically different contrast in both STM and AFM.
Based on DFT calculations and AFM simulations, we
tentatively assigned the structure imaged in the second row
as compound 2’ (Figure 4 j), which corresponds to 2 with an
additional H atom attached to one of the carbon atoms of the
aryne moiety and the structure in the third row of Figure 4 to
compound 2’’ (Figure 4o), which corresponds to aryne 2 but
with two hydrogen atoms dissociated from one phenanthrene
moiety (see SI, Figure S10 for AFM simulations of other
possible intermediates).

Statistics of the counted species after the different
maximal annealing temperatures are shown in Table 1.
After annealing to 413 K, we found that 2 was the prevalent
compound, whereas for 423 K, 2’’ was the prevalent species.
However, at annealing temperatures of both 413 K and 423 K
all three structures 2, 2’ and 2’’ coexisted with significant
occurrences.

In contrast to on-surface Ullmann or Glaser type coupling
reactions the number of atoms in precursor 1 and product 3 is
identical, which relates to the atom economy of the DA
reaction.[3] However, the number of hydrogen atoms is not
conserved in the complete reaction pathway. Structure 3’,
which is found with an abundance of 86% after annealing to
463 K, contains one hydrogen atom more than both the
precursor 1 and the final product 3. The coexistence of the
tentatively assigned intermediates 2, 2’ and 2’’ would indicate

intermolecular hydrogen migration, which has been fre-
quently described in on-surface chemistry,[30] and might be
important in the reaction pathway.

The important finding of this work is the HDDA
cyclization reaction of 1. The structure of the anticipated
product 2 could only be assigned tentatively and with some
uncertainty, as also other similar products are possible and
have also been tentatively assigned (2’ and 2’’). However, the
certain assignment of the reaction products 3’ and 3 formed at
elevated temperatures, provides strong evidence for the on-
surface HDDA cyclization of 1.

In conclusion, we have demonstrated an intramolecular
on-surface hexadehydro-Diels–Alder reaction, indicating that
this important type of transformation is energetically favored
and can be triggered with high yield by thermal activation on
surface. More insights about the Diels–Alder reaction could
be obtained by cleverly designed precursor molecules and
AFM investigations after different annealing steps. On-sur-
face intermolecular Diels–Alder reactions could lead to novel
nanostructures and an improved atom economy in on-surface
synthesis.
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