Enediyne Cyclization Chemistry
on Surfaces Under Ultra-High Vacuum

Dimas G. de Oteyza

Abstract The synthesis of complex molecular materials directly on surfaces under
ultra-high vacuum is a new chemical approach attracting increasing interest.
Inspired in the well-established conventional organic chemistry, an increasing
number of reactions are being tested and demonstrated to work also under vacuum.
Among those reactions, we find enediyne cyclizations, which open up promising
new routes to create m-conjugated molecular materials that can be tailored through
the choice of appropriate precursors and substrates. This chapter reviews the
pioneering experiments of enediyne-based chemistry on atomically clean surfaces
under ultra-high vacuum, put in relation to available knowledge from the con-
ventional wet-chemistry analogues.

1 Introduction

The tunable properties of molecular materials place them among the favorites for a
variety of future generation devices. Beyond the readily commercialized organic
electronic devices, the range of potential applications foreseen for supramolecular
materials is dramatically increasing and includes functionalities and device struc-
tures with great degrees of sophistication. For example, self-assembly of well-
defined molecular structures is considered among the most promising strategies to
maintain the current trend of device miniaturization, for which a significant mod-
ification of the present top-down production methods will soon be required.
A reliable synthesis of functional supramolecular structures from the bottom-up
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could pave the way toward industrial production of single-/few-molecule devices
with dramatically reduced length scales. And the potential of precisely controlled
molecular structures reaches even further. It would, for example, allow control over
new and fascinating properties emerging in nanoscale-structured systems, which
could in turn be used for optimized macroscopic devices such as sensors, filters,
solar cells, or catalysts.

Along these lines, the main challenge remains to synthesize appropriate mate-
rials optimized for each particular functionality, which depending on the latter
might require structures of substantial complexity. This in turn necessitates on the
one hand a sufficient understanding of the structure—property relations to allow the
rational design of molecular structures with the desired properties, and on the other
hand the capability to build those previously designed structures. Acquisition of
such understanding and control of matter at the molecular scale has been the goal of
countless investigations over the last decades, which have indeed led to significant
advances. Molecular self-assembly has, for example, been successfully used to
create many kinds of supramolecular structures [1, 2]. Even restricting ourselves to
materials on solid surfaces under ultra-high vacuum (UHV), an enormous variety of
two-dimensional, one-dimensional, or zero-dimensional molecular structures with
diverse compositions, symmetries, electronic, optic, or magnetic properties have
been synthesized [1, 2]. However, self-assembly typically relies on weak,
non-covalent intermolecular interactions such as hydrogen bonds or metal coordi-
nation. This carries some disadvantages, as is the reduced assembly’s resistance and
consequently the compromised durability of a potential device, or also a strong
localization of the electronic states, which limits the charge carrier mobility and
thereby the structure’s efficiencies in many electronic or optical processes.

Only recently, formation of covalently bonded supramolecular structures directly
on surfaces was demonstrated [3, 4]. And although the first pioneering examples
still relied on the manual guidance of the reactions by means of a scanning tun-
neling microscope (STM), inspiring works demonstrating the self-assembled
growth of covalently bonded molecular networks, tailored by appropriate design of
the precursors, began appearing in 2007 [5, 6]. The consequences of this approach
are far reaching. Not only is the stability of the molecular structures greatly
increased and the charge transfer integral along the network enhanced, but it also
allows the synthesis of complex molecular structures directly on surfaces of tech-
nological interest. Most applications require solid supports, and the transfer of
complex molecular building blocks synthesized ex situ by conventional chemistry
is often hampered by solubility problems or by thermal fragmentation if deposited
by sublimation. Therefore, in addition to the intrinsic advantages of covalently
linked structures, further compelling aspects of this so-called on-surface chemistry
are that tedious transfer procedures [7] might be avoided, as well as that it can allow
the occurrence of reactions and the synthesis of materials not achievable by other
means [8, 9].

Among the multiple differences between conventional organic chemistry and
on-surface chemistry under UHV is the absence of a traditionally crucial and
tunable parameter: the solvent. However, here it is the surface which, in a somewhat
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related role, becomes a key player. In addition to the 2D confinement that it
imposes on the reactants (or even 1D if appropriately structured surfaces are used
[9-11]), it might act itself as a catalyzer [11, 12]. Understanding the role of the
surfaces to rationally use it according to our needs thus becomes one of the
important challenges lying ahead toward the full exploitation of on-surface chem-
istry’s potential.

2 Enediyne Cyclization Chemistry

In spite of the associated research having boomed in the last years, it is believed that
only an insignificant part of the potential of UHV on-surface chemistry has been
unveiled to date. Most efforts have been aimed at the demonstration of particular
chemical reactions inspired in conventional wet chemistry [13, 14]. The positive
verification of some of those reactions on surfaces even under UHV has been
extremely stimulating, since it places a vast wealth of knowledge accumulated over
decades in conventional organic chemistry as an enormous test bed for UHV
on-surface chemistry. Among the successfully run reactions, we find the cyclization
of enediynes [15].

After Bergman’s seminal report on the cyclization of enediynes upon thermal
activation [16], the interest in this reaction sparked when enediynes were found to be
the bioactive site of naturally occurring antibiotics [17]. The diradicals formed upon
enediyne cyclization (Fig. 1) can abstract hydrogen from the DNA backbone,
causing DNA cleavage and cell death. But in addition to its relevance in bio-
chemistry, it was John and Tour who noticed the potential of the Bergman
cyclization reaction for the material science community and demonstrated its use for
the synthesis of conjugated aromatic polymers (such as polyphenylenes or poly-
naphthalene derivatives) by radical step-growth polymerization (Fig. 1) [18, 19].
However, it was soon found that in addition to the radical step growth, initially
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Fig. 1 Schematic representation of various possible cyclization and polymerization routes of an
enediyne
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generated radicals can also attack the alkynes of still unreacted enediynes, greatly
increasing the possible reaction paths. This translates into associated products
including highly irregular structures with 6- and also 5-membered rings, branched
chains, and unreacted alkynes (Fig. 1) [20].

Besides, in addition to the Bergman or C1-C6 cyclization, different C1-C5 and
even C1-C4 cyclizations can equally occur (Fig. 1). While the two latter are gen-
erally thermodynamically unfavored [21], several factors have been shown to sway
the energetic balance toward C1-C5 cyclizations [22]. This is, for example, the case
if bulky alkyne terminal groups are present, causing steric congestion upon
cyclization [21-23]. Electronic effects have a similarly significant influence on the
cyclization, in which two mutually perpendicular arrays of m-orbitals play along with
different roles. In-plane m-orbitals are sacrificed to form a c-bond and two radicals,
while out-of-plane m-orbitals evolve smoothly toward the cyclic aromatic n-system
product [22, 24, 25]. The relative energies of in-plane and out-of-plane molecular
orbitals cross along the cyclization. Thus, while the highest occupied and lowest
unoccupied molecular orbitals (HOMO and LUMO, respectively) of the reactant
typically involves out-of-plane m-orbitals, in the cyclization product the frontier
orbitals are normally localized in in-plane (radical) orbitals. This crossing has little
importance in the thermal reactivity of neutral unexcited enediynes, but becomes
relevant if the LUMO (HOMO) gets populated (depopulated) by reduction (oxida-
tion) or photochemical excitation, often favoring C1-C5 cyclizations [22, 25, 26]. In
particular, as a result of this crossing and additional aromaticity changes upon
enediyne reduction, calculations show that the radical-anionic cyclization mecha-
nism differs substantially from the thermal counterpart. Energetically, radical-an-
ionic cyclization of reduced enediynes lowers the transition state and increases the
exothermicity of both C1-C6 and C1-C5 cyclizations, but shows a significantly
stronger influence on the latter [22, 25]. Also, the presence of certain catalysts has
been reported to favor the C1-C5 pathway for thermal cyclizations [27]. Besides,
different reactions such as alkyne homocoupling might also occur and contribute to
possible dimerization or polymerization processes of yet uncyclized enediynes
[12, 28, 29].

Altogether, the use of enediyne cyclization chemistry for synthetic applications
is challenging due to the great number of possible reaction pathways: multiple
cyclization options, each allowing both for subsequent radical step growth or
radical attack of still unreacted enediynes (Fig. 1), alkyne coupling, and combi-
nations thereof. Nevertheless, in spite of all the complexity, enediyne cyclization
has become an important platform for conventional wet-chemistry-based synthesis
of functional polymers [30]. Furthermore, a similarly interesting application of
enediyne cyclizations is for the transformation of readily synthesized polymers. The
cyclization chain reaction of poly-alkynes arranged in what can be seen as over-
lapping enediyne units has, for example, been proposed as a potential synthesis
route to obtain graphene nanoribbons with atomically controlled structures (Fig. 2a)
[31, 32].

All the above is referred to enediyne chemistry in solution, but is expected to
apply at least to some extent also on surfaces under ultra-high vacuum. Under these
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Fig. 2 a Example of poly-alkyne on which an initial enediyne cyclization triggers a subsequent
radical cascade that may afford graphene nanoribbons upon additional cyclodehydrogenation.
b C1-C5 and C1-C6 radical cyclizations, and some of the factors influencing their competing
balance. ¢ Gold(I)-catalyzed cyclization cascade by hydroamination and hydroarylations reported
in Ref. [34]

new conditions, the substrate may additionally influence the chemical processes by
acting as a catalyst, as a template, causing molecule-substrate charge transfer, etc.
In this frame, it is interesting to remark that enediyne cyclization in principle does
not require catalyzing agents. Thus, while the experiments under UHV reported to
date have been performed on metal surfaces, this reaction holds promise to work
also on insulators, as would be ultimately required for many technological appli-
cations. In the following, experiments performed on surfaces under UHV will be
described and put in relation to our available knowledge from wet chemistry for
each of these two approaches: chain reaction in poly-alkynes and radical
step-growth polymerization of cyclized enediynes.

3 Chain Reactions

In molecular structures as shown in Fig. 2a, featuring coupled alkynes that form
“overlapping enediynes,” an initial cyclization generates diradicals that subse-
quently attack the neighboring alkynes and thereby trigger a chain reaction [32].
These radical cyclization cascades differ from the analogous thermal single ene-
diyne cyclization reactions, but the product structures still result from the balance of
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competing C1-C5 and C1-C6 pathways [33]. Among the factors affecting that
balance we find the benzannelation of the conjugated radical reactants, steric
congestion from bulky alkyne terminal groups, or strain (Fig. 2b) [33]. While the
two former tend to favor C1-C5 cyclizations, the latter reverses the selectivity and
favors C1-C6 cyclizations. Noteworthy, strain is particularly relevant in cascade
radical cyclizations where rigid polycyclic frameworks are created.

A phenomenologically different example of chain reaction is displayed in
Fig. 2¢, by means of which polycyclic conjugated frameworks have been created in
solution [34]. In that case, in the presence of a gold(I) catalyst, an initial
hydroamination forming a 5-membered ring triggers subsequent hydroarylations
with the available alkynes that form exclusively 6-membered rings, as would be
desirable, for example, for graphene nanoribbon formation from longer polymeric
chains. However, experiments on surfaces under UHV following this approach
have not yet been reported, in contrast to radical cyclization cascades.

In particular, the cyclization cascade of 1,2-bis((2-ethynylphenyl)ethynyl)ben-
zene on Ag(100) surfaces under UHV has been studied at the single molecule level
with a powerful combination of scanning tunneling microscopy (STM) and tuning
fork-based non-contact atomic force microscopy (nc-AFM), by means of which the
local density of states (LDOS) and internal bond structure of the molecules can be
imaged, respectively [35, 36]. The product structures resulting after annealing the
precursor-decorated Ag(100) surface to temperatures above 90 °C are multiple,
although close to 80 % is made up by the two majority structures displayed in
Fig. 3a.

The reactivity of the precursor can be rationalized considering it as three inde-
pendent but overlapping benzannelated enediyne systems with terminal alkyne
substitutions of two phenyl rings for the central enediyne, or one phenyl ring and
one hydrogen atom in the terminal segments (Fig. 3). This treatment suggests three
potential cyclizations along the reaction pathway. However, additional isomeriza-
tion processes such as [1,2]-radical shifts and bond rotations are required to explain
the reactant transformation into the majority products. Combinations of those
processes leading to the products in a minimal number of steps were explored and
analyzed using density functional theory (DFT) calculations displayed in Fig. 3b, c
[36]. The calculations indicate that due to the exothermic character of the initial
cyclizations, all barriers associated with subsequent isomerization steps remain at
lower energies and are thus not rate limiting. That is, the effective transition state is
found along the initial cyclization. This is in line with the experimental observa-
tions: The reactant molecules on Ag(100) are stable up to temperatures of ~90 °C,
and above that threshold temperature, no intermediates on the reaction pathway to
the final products is observed. Consequently, the order of the various processes
following the rate limiting initial cyclizations cannot be strictly determined
experimentally. However, the sequence does not change the overall reaction
kinetics and thermodynamics discussed above.

Interestingly, both reaction pathways involve C1-C5 cyclizations. This can be
explained by the multiple factors applying to this system that, as described above,
tend to favor C1-C5 versus C1-C6 cyclizations: (i) bulky phenyl substituents at the
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Fig. 3 a Frequency shift nc-AFM microscopy images at constant height (together with the
corresponding wireframe chemical structures) of reactant 1 before annealing and of the majority
products 2 and 3 generated in yields of 51 and 28 %, respectively, after annealing the sample at
T > 90 °C. b Reaction pathway and the associated energies as calculated by DFT for the
transformation of 1 into 2. ¢ Same for the transformation of 1 into 3. Adapted from Ref. [36].
Reprinted with permission from AAAS
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alkyne ends, (ii) a catalytic metallic substrate, (iii) a molecular reduction (DFT
calculations predict a charge transfer of 0.5 electrons from substrate to reactant),
and (iv) the radical cyclization (as opposed to the initial thermal cyclization) of
some of the enediyne units. And also of interest is to see that in both reaction
pathways, the isomerization processes include an intramolecular recombination of
the diradicals initially generated by the enediyne cyclizations. The result is an
additional cyclization involving in both cases a great energetic gain (Fig. 3b, c),
making it thermodynamically very favorable. Its occurrence further explains the
quenching of a subsequent polymerization by radical step growth, and the conse-
quently scarce amount of dimers or oligomers among the products.

4 Radical Step-Growth Polymerization

The use of enediyne cyclization to form conjugated polymers by radical step
growth, as initially proposed by John and Tour [18, 19], has been recently applied
with 1,6-di-2-naphthylhex-3-ene-1,5-diyne molecules on Cu(110) surfaces under
UHV [15]. As opposed to the scenario described above with more complex
molecules used in chain reactions, these simpler precursors lack easily accessible
isomerization steps that could end up in a thermodynamically favorable cyclization
by intramolecular radical recombination. Instead, the radicals remain available for
step-growth polymerization, as schematically displayed in Fig. 4a. Indeed, STM
measurements reveal the pristine reactants as single molecules after deposition on a
cold substrate (Fig. 4b), which are then transformed into regular and uniaxially
aligned molecular chains upon annealing the sample to 400 K (Fig. 4c). This
temperature is thus sufficient to overcome the initial Bergman cyclization barrier,
generating diradical species, and provide them enough mobility to diffuse on the
surface and meet each other, setting in a radical step-growth polymerization. The
discrete azimuthal chain alignment along the Cu[1-10] direction (just as the discrete
azimuthal orientation of the precursors before cyclization and their preferential
diffusion directions along the Cu[1-10] direction) remarks the relevant role of the
substrate in the growth process. DFT-based STM simulations of the expected
polymer structure show a good agreement with high-resolution experimental ima-
ges (Fig. 4d) and thus support the proposed growth scenario (Fig. 4a) and product
structure (Fig. 4e) [15].

Another example of enediyne cyclization-based radical step-growth polymer-
ization under UHV is that of 1,2-bis(2-ethynylphenyl)ethyne (Fig. 5a).
Low-temperature (T = 4 K) STM and nc-AFM characterizations provide detailed
insight into the involved chemistry and electronic properties of reactant and
products [37]. nc-AFM images of the reactants deposited on Au(111) surfaces held
at room temperature (Fig. 5b) display two different isomer conformations: a Cy,
symmetric trans-conformation and a C,, symmetric cis-conformation. Annealing of
the submonolayer reactant-decorated Au(111) surface at 160 °C brings about two
intramolecular cyclizations per monomer. Most common is the occurrence of two
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Fig. 4 a Wireframe molecular structure of the reactant and the associated reaction mechanism.
b STM image of the reactant deposited on Cu(110) held at 170 K. ¢ STM image showing the
formation of one-dimensional molecular chain structures along the [1-10] direction after annealing
the substrate to 400 K. d High-resolution close-up image of the molecular chain and DFT-based
STM simulation (right part) of the proposed product structure. e Perspective view of the structural
model showing the alternatingly tilted naphthyl groups. Adapted with permission from Ref. [15].
Copyright (2013) American Chemical Society
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<« Fig. 5 a Wireframe chemical structure of the pristine reactant, intermediate product after
cyclization, and final product after radical step-growth polymerization. The correspondent nc-AFM
images on a Au(111) surface are shown in b (reactant), ¢ (cyclized monomer), and d (polymer).
Dark (light) arrows mark the long (short) bonds between indenyl units in the polymer (color coded
accordingly in the wireframe structure above). e Polymer including non-cyclized reactants
(highlighted with yellow arrows) and differently cyclized units (next to non-cyclized reactants).
f Image of branched polymer chains. Adapted from Ref. [37] with permission under CC BY

C1-CS5 cyclizations to yield the highly reactive 3,3’-diradical structure displayed in
Fig. 5c. In turn, recombination of these resultant diradicals in a step-growth
polymerization process leads to covalently linked oligo-(E)-1,1'-bi-(indenylidene)
chains (Fig. 5c). More than 70 % of the material on the surface ends up forming
covalently linked molecular assemblies with lengths n = 3 (where n denotes the
number of monomer subunits), most chains containing 5-10 monomer units and the
longest chains sometimes exceeding 20 units.

However, a defect-free oligo-(E)-1,1'-bi-(indenylidene) structure as shown in
Fig. 5a, d is typically retained only over segments of three to five monomers, since
different monomer cyclizations also occur (e.g., C1-C6) whose product structures
are equally included into the polymer chains. Examples thereof are shown in
Fig. Se. In fact, even non-cyclized monomer units are found within the molecular
chains (marked with arrows in Fig. 5e). This is attributed to an attack of the radicals
in cyclized species to the terminal alkyne carbon in non-cyclized precursors. While
an analogue situation with the precursors described in Fig. 4 is presumably pre-
vented by steric hindrance, this process is already known from solution-based
enediyne polymerization reactions [20]. And as displayed in Fig. 1, it may cause
irregular structures with different cyclization patterns, unreacted alkynes, and
branched chains. An example of the latter is provided in Fig. 5f. Furthermore,
cyclization of a monomer unit readily linked to a molecular chain implies a more
complex “reactant” structure. In analogy to the chain reactions of 1,2-bis
((2-ethynylphenyl)ethynyl)benzene on Ag(100) described in the previous section,
following the exothermic cyclizations it could undergo additional isomerization
reactions ending up in an intramolecular radical recombination that quenches the
polymer step growth. This may indeed be an explanation to the common occurrence
of irregular monomer subunits at the chain ends (Fig. Se, f) reported in Ref. [37].

The main polymerization product oligo-(E)-1,1'-bi-(indenylidene) is an oligo-
acetylene derivative with a m-conjugated carbon backbone (Fig. 5a). Bond length
alternation, defined as the difference in length between long (C—C) and short (C=C)
carbon—carbon bonds in a conjugated molecule, is considered as one of the phe-
nomenological measures of aromaticity [38]. Smaller bond length alternation
implies enhanced aromaticity and m-electron delocalization, as well as a smaller
bandgap in extended conjugated systems. In spite of the small dimensions of such
bond length variations, tuning fork-based nc-AFM measurements with carbon
monoxide functionalized probes artificially enhance that difference in the images
and thereby allow its visualization [39]. This is observed best in the bonds between
the five-membered rings of adjacent indenyl groups (Fig. 5d), for which the bond
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length variation measured experimentally reaches ~ 50 %, while density functional
theory predictions amount only to about 3 % [37]. Shorter bonds are highlighted
with light gray arrows and longer ones with dark arrows (Fig. 5d), corresponding to
double and single bonds, respectively (as displayed in the accordingly marked
molecular structure drawing of Fig. 5a). Also, the bonds within the five-membered
rings exhibit bond length modulation. In particular, the double bonds in indenyl end
groups show a distinctive deviation compared to indenyl groups along the extended
oligomer chain. This different geometry resembles that in cyclized monomers
(Fig. 5¢) and might thus be related to the interaction of a radical with the surface
[40].

The bandgap of organic semiconductors is known to scale inversely proportional
to the number of n-conjugated electrons both in linear [38, 41] and 2D structures
[42]. Combining on-surface synthesis, which provides varied product structures,
with scanning tunneling spectroscopy to probe the electronic properties of each
structure independently, the same effect could be concluded from the reduced
energy of the LUMO of polyphenylene oligomers with increasing length [43]. An
equivalent phenomenology is observed on oligo-(E)-1,1"-bi-(indenylidene) chains,
whose LUMO energy with respect to the Fermi level drops from ~1.2 to
~0.13 eV by going from a cyclized monomer (Fig. 5c) to an oligomer containing
four monomer subunits [37]. Mapping of the local density of states at the LUMO
energy further reveals its delocalization along the n-conjugated oligomer backbone
and agrees with the distribution calculated by density functional theory. Altogether,
it provides a fully coherent picture of the experimental findings on enediyne
cyclization-based oligomers synthesized on Au(111) surfaces under UHV by rad-
ical step-growth polymerization. Moreover, it highlights the potential of this
approach for the synthesis of fully conjugated low-bandgap derivatives of all-trans
polyacetylene [37].

5 Summary and Conclusions

The use of enediyne cyclizations for on-surface chemistry under UHV has been
demonstrated following two different approaches. On the one hand,
cyclization-induced diradical species have been linked in a step-growth polymer-
ization process to afford conjugated molecular chains. On the other hand, previ-
ously available alkyne chains in what can be seen as overlapping enediyne systems
have been transformed via cyclization cascades into polycyclic aromatic hydro-
carbons. Experiments following both approaches evidence, in line with the con-
ventional wet-chemistry analogues, a significant complexity in the involved
chemistry: multiple reaction pathways competing in a subtle balance that is in turn
affected by many different parameters. Nevertheless, with a sufficient understanding
of their respective effects, a rational choice of molecular precursors and substrate
surfaces might convert enediyne-based chemistry into a versatile UHV synthetic
route.
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