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CONSPECTUS: Chemical reactions may take place in a pure
phase of gas or liquid or at the interface of two phases (gas—
solid or liquid—solid). Recently, the emerging field of “surface-
confined coupling reactions” has attracted intensive attention.
In this process, reactants, intermediates, and products of a
coupling reaction are adsorbed on a solid—vacuum or a solid—
liquid interface. The solid surface restricts all reaction steps on
the interface, in other words, the reaction takes place within a
lower-dimensional, for example, two-dimensional, space.
Surface atoms that are fixed in the surface and adatoms that move on the surface often activate the surface-confined coupling
reactions. The synergy of surface morphology and activity allow some reactions that are ineflicient or prohibited in the gas or
liquid phase to proceed efficiently when the reactions are confined on a surface. Over the past decade, dozens of well-known
“textbook” coupling reactions have been shown to proceed as surface-confined coupling reactions.

In most cases, the surface-confined coupling reactions were discovered by trial and error, and the reaction pathways are largely
unknown. It is thus highly desirable to unravel the mechanisms, mechanisms of surface activation in particular, of the surface-
confined coupling reactions. Because the reactions take place on surfaces, advanced surface science techniques can be applied to
study the surface-confined coupling reactions. Among them, scanning tunneling microscopy (STM) and X-ray photoelectron
spectroscopy (XPS) are the two most extensively used experimental tools. The former resolves submolecular structures of
individual reactants, intermediates, and products in real space, while the latter monitors the chemical states during the reactions
in real time. Combination of the two methods provides unprecedented spatial and temporal information on the reaction
pathways. The experimental findings are complemented by theoretical modeling. In particular, density-functional theory (DFT)
transition-state calculations have been used to shed light on reaction mechanisms and to unravel the trends of different surface
materials.

In this Account, we discuss recent progress made in two widely studied surface-confined coupling reactions, aryl—aryl (Ullmann-
type) coupling and alkyne—alkyne (Glaser-type) coupling, and focus on surface activation effects. Combined experimental and
theoretical studies on the same reactions taking place on different metal surfaces have clearly demonstrated that different surfaces
not only reduce the reaction barrier differently and render different reaction pathways but also control the morphology of the
reaction products and, to some degree, select the reaction products. We end the Account with a list of questions to be addressed
in the future. Satisfactorily answering these questions may lead to using the surface-confined coupling reactions to synthesize

predefined products with high yield.
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1. INTRODUCTION

In homogeneous catalysis, reactants, products, and catalysts are
in the same phase (liquid or gas); in heterogeneous catalysis,
reactions take place at solid—liquid or solid—gas interfaces
(Scheme 1). In surface-confined coupling reactions, surface
atoms, intrinsic or foreign adatoms moving on the surface, bear
the characteristics of both homogeneous and heterogeneous
catalysis. As illustrated in Scheme 1, in a surface-confined
coupling reaction, reactants, products, and intermediates (if
any) are mixed and free to move yet remain adsorbed on a solid
surface; namely, the reactions are restricted within a two-
dimensional (2D) space. Surface atoms, surface defects (steps
and kinks), intrinsic adatoms that pop out of the surface, or
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foreign atoms or clusters deposited on the surface may activate
or catalyze the reactions. Because the reactants are adsorbed on
the surface in specific conformation and orientation, the
surface-confined coupling reactions may be sterically enhanced
or hindered compared with the counterpart reactions taking
place in a three-dimensional space. As a result, the surface-
confined coupling reactions often exhibit unique features, such
as regio- and stereoselectivity, easily accessible active sites, and
thermotolerance. These characteristics resemble heterogeneous
catalytic reactions. However, the surface-confined coupling
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Scheme 1. Comparison of Homogeneous, Heterogeneous
Catalysis, and Surface-Confined Coupling Reactions

homogeneous catalysis heterogeneous catalysis
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surface-confined coupling reaction

reactions differ from heterogeneous catalytic reactions by
nature since the catalysts and the reactants are mixed in the
same phase of a 2D space. In this regard, the surface-confined
coupling reactions can be viewed as homogeneous reactions
taking place in 2D. Another feature of the surface-confined
coupling reactions is that advanced techniques of surface
science, including microscopy and spectroscopy character-
ization tools under well-defined conditions of cryogenic
temperature and ultrahigh vacuum (UHV), and theoretical
tools of atomistic modeling, can be employed to analyze
reactants, intermediates, and products, as well as reaction steps.
These techniques provide unprecedented insights of the
reactions in great details, which afford a deep understanding
of the reaction mechanism.

In less than 10 years, surface-confined coupling reactions
have been developed to generate a wide range of organic

systems, including macromolecules, polymeric chains, two-
dimensional porous organic networks, graphene nanoribbons,
and super honeycomb networks, etc. Various well-known
organic reactions have been shown to work well in an surface-
confined setting, including aryl—aryl coupling (Ullmann-type
reaction), alkyne (Glaser-t?rpe reaction) coupling, condensation
reactions of boronic acids,' > imine formation,* dimerization of
N-heterocyclic carbenes,” alkane polymerization,6 acylation
reactions,”® Bergman cyclization,9 cycloclehydrogenation,10’11
click reactions,'”” and cycloaddition reactions.'”'” In many
aspects, the surface-confined coupling reactions resemble the
counterpart reactions in solution; nevertheless, the reaction
pathways and products often vary significantly on different
surfaces, indicating that the surfaces play critical roles. In this
Account, we examine in vacuo surface-confined Ullmann-type
and Glaser-type coupling, and we focus on surface activity.
More comprehensive reviews of surface-confined coupling
reactions can be found elsewhere.'*~"”

2. ARYL—ARYL (ULLMANN-TYPE) COUPLING

In 1901, Fritz Ullmann discovered a reaction that fused two
halogen aryl moieties into a biphenyl with the help of a copper
powder.'® This reaction, which became known as the classical
Ullmann reaction, has been extensively used in organic
synthesis.”” In 1992, Xi and Bent reported surface-confined
Ullmann reaction in UHYV for the first time.*”*' In 2000, Hla et
al. used a scanning tunneling microscope (STM) tip to
manipulate two iodobenzene molecules on a Cu(111) surface
at liquid helium temperature to form a biphenyl molecule.”” In
2007, a seminal work by Grill et al. demonstrated that
brominated porphyrin derivatives spontaneously linked via
Ullmann coupling to form macromolecular and oligomeric
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Figure 1. (a) The pathway of surface-confined Ullmann coupling of 4,4'-dibromo-p-terphenyl on Cu(111). (b) STM image of the sample annealed
at 300 K (20 X 20 nm?). Inset: Br atoms lying between the linear structures (8 X 4 nm?). (c) High-resolution STM image of the intermediate (8 X 4
nm?) and the DFT-calculated structure. Inset: DFT-simulated STM image at +2.7 V. (d) dI/dV spectra measured at terphenyl (black) and Cu (blue)
marked in panel c. (e) Calculated PDOS of terphenyl (black) and Cu (blue). Reproduced with permission from ref 24. Copyright 2011 American
Chemical Society. (f) Br 3p and (g) C 1s XP spectra of TBPB on Cu(111) with a coverage of § = 0.027 (around 0.9 monolayers). TBPB was
deposited onto Cu(111) with the substrate held at 170 K. Reproduced with permission from ref 33. Copyright 2014 American Chemical Society. (h)
Intensity functions of C s core levels as a function of annealing temperature acquired by fast-XPS measurement. One is assigned to carbon bound to
copper, 2 and 3 are assigned to the dehalogenated phenyl molecules, and 4 and S are assigned to the coupled carbon. Reproduced with permission

from ref 45. Copyright 2013 American Chemical Society.
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Figure 2. (a) STM topographs and models of the initial state (IS), Ag organometallic intermediate state (IntS), and final state (FS). (b—j) STM
images of representative structures and the bonds fraction during the reaction process on Cu (b—d), Au (e—g,) or Ag (h—j). IS, IntS, and FS are
represented in yellow, green and red, respectively. Scale bar: S nm. (k) Conversion ratios (R) as a function of annealing temperatures of the Ullmann
coupling on these surfaces. (I) Schematic energy diagram of Ullmann coupling on (111) surfaces of Cu, Au, and Ag [ref 47].

structures on Au(111).”® Since then, this reaction has been
used to generate various covalently linked molecular systems
out of different halogen aryl moieties on different metal
surfaces. The reaction has been studied using a wide range of
advanced surface science techniques, including high-resolution
electron energy loss spectroscopy (HREELS),”>*" STM,**~**
H/D atom titration, 0,21 temperature-programmed reaction
(TPR),>*" X-ray photon spectroscopy (XPS),*™*° and near-
edge X-ray absorption fine structure spectroscopy (NEX-
AFS).*® These studies have revealed some key aspects of the
surface-confined Ullmann coupling reaction, leading to the
conclusion that the surfaces effectively activate the reaction. In
the following sections, we compare the surface-confined
Ullmann reaction on Cu(111), Au(111), and Ag(111) surfaces.
We focus on two roles the surfaces play: (1) forming the
organometallic intermediate and (2) activating the reaction. We
also discuss the surface-confined Ullmann-type reaction
activated by extrinsic Cu, Pd, and Pt as deposits on a surface.

2.1. Organometallic Intermediate

The generally accepted mechanism for the Ullmann reaction
involves multiple steps including (1) formation of an
organocuprate intermediate from a molecule containing an
aryl halide moiety, (2) oxidative addition with another
molecule, and (3) reductive elimination toward the final
product.”””** However, the actual intermediate is still under
debate. In the surface-confined Ullmann reaction, different
intermediates have been proposed.”””** Xi and Bent’>*' and
Blake et al.”” proposed that 1,4-iodobenzene molecules form a
protopolymer on Cu(111) that features a surface-mediated
interaction between dehalogenated phenyl moieties and the
surface atoms. The same surface-mediated structures were
observed by Lipton-Duffin et al. on Cu(110) and by Lewis et al.
on Co islands.*”** Walch et al. reported a different intermediate
structure formed by a larger polyphenyl molecule, 1,3,5-tris(4-
bromophenyl)benzene (TBPB), on Cu(111) and Ag(111).*
Based on intermolecular distances resolved in STM topographs,
those authors proposed that the intermediate is an aryl—metal—
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aryl coordination complex in which the metal atom is an
adatom that sits in the same plane as the aryl moieties. Similar
structure has been reported in an anthryl-Ag—anthryl
system.44

Wang et al. characterized the reactants, intermediates, and
products in the Ullmann coupling reaction of 4,4’-dibromo-p-
terphenyl on Cu(111) (Figure la).* Using STM and density-
functional theory (DFT) modeling, they showed that the
intermediate structure, which forms at an intermediate
temperature, consists of large, bright ovals and small, dim
dots in a periodic chain arrangement (Figure 1b,c). The ovals
are terphenyl moieties and the dots are Cu adatoms. A DFT-
optimized structure is shown below the STM image in Figure
lc. The side view reveals that the Cu atoms lie nearly coplanar
with the terphenyl moieties and that each Cu atom forms two
C—Cu bonds (C—Cu = 2.11 A) with the neighboring terphenyl
units. Tunneling (dI/dV) spectra (Figure 1d) show that the
terphenyl features a prominent peak at +1.7 V, whereas the Cu
atom features a gradually rising intensity. The calculated
projected density of states (PDOS) of the terphenyl (Figure
2e) exhibits a sharp peak at +2.7 V, while the Cu adatom has no
apparent features. The calculated PDOS is in fair agreement
with experimental dI/dV spectra. The inset in Figure lc shows
a simulated STM image of the intermediate structure at +2.7 V.
It reproduces the main features of the experimental STM
image. The intermediate structure was found to convert to the
final products of polyphenylene chains at 470 K. Similar
intermediate of an Ag-bridged structure on Ag(111) surface
was reported by Chung et al.”®

Chen et al. studied the adsorption and reaction of TBPB on
Cu(111) surface using XPS.>> The molecules were vapor
deposited onto Cu(111) at a sample temperature of 170 K. Br
3p and C 1s XP spectra were taken at 170 K and higher
temperatures. At 170 K, the Br 3p;, signal consists of a single
peak at 184.1 eV, as shown in Figure 1f, which is associated
with intact TBPB. Once the sample was heated to 240 K, the
original Br 3p;/, peak at 184.1 eV was nearly fully converted
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Figure 3. (a) Dibromoterfluorene (DBTF) adsorbed on a stepped Au(10,7,7) surface. (b) Relative frequencies of different types of Br removal from
DBTF molecules adsorbed at straight step edges or kink I sites on an Au(10,7,7) surface. (c) Proposed kink catalysis. Reproduced with permission

from ref 50. Copyright 2012 Wiley-VCH.

into a peak at 182.4 eV. No significant changes were observed
after heating to higher temperatures of up to 473 K, indicating
that the C—Br bond scission is complete by 240 K. A single C
1s peak appears at 285.0 eV, as shown in Figure 1g. This peak
shifts gradually to lower binding energy with increasing
temperature up to 393 K. From 393 to 473 K, the peak shifts
slightly back to higher binding energy.

Di Giovannantonio et al. used fast-XPS to monitor the
dynamic transition from an organometallic intermediate
structure to covalently bonded polymers.** They demonstrated
how temperature controlled the evolution of the organometallic
intermediate state in Ullmann coupling of 1,4-dibromobenzene
on a Cu(110) surface. Spectral analysis confirmed that
debromination was complete at room temperature and the C
1s core level peak at 283.2 eV was assigned to C—Cu binding,
supporting the interpretation that an organometallic inter-
mediate incorporating C—Cu bonds forms at room temper-
ature. Analysis of the peak intensities of the C 1s state as a
function of annealing temperature (Figure 1h) suggests that the
vanishing of the peak at 283.2 eV can be considered the limiting
step for the conversion into covalent bonding. The transition
temperature is estimated to be 460 + 10 K, which confirms the
picture proposed in ref 24.

The behavior of the intermediate state differs on different
metal surfaces. Figure 2 compares Ullmann coupling of TBPB
molecules on Cu(111), Au(111), and Ag(111). Three states,
the initial state of intact molecules (IS), the intermediate state
featuring an organometallic intermediate (IntS), and the final
state featuring covalently linked molecules (FS) can be resolved
in STM topograph shown in Figure 2a. On Cu(111), the
transition from IS to IntS occurs in the temperature range of
170 to 240 K.** Annealing to 370 K caused the IntS to develop
into larger and regular organometallic networks (Figure 2b),
indicating that the C—Cu—C bonds are quite stable at this
temperature. Further annealing to 390 K disrupted the regular
networks of IntS, converting a small fraction of it into FS.
Conversion of IntS to FS became significant above 400 K and
reached more than 90% at 410 K (Figure 2c). On Ag(111), the
transition from IS to IntS occurred at 390 K.** Annealing to
550 K converted only 10% of IntS into FS (marked by the red
arrows in Figure 2i), indicating that the IntS was quite robust
against annealing on Ag(111). On Au(111), covalently coupled
dimers formed at ~380 K (Figure 2¢).””*° Further annealing to
430 K led to irregular polymer network structures associated
with the molecules fully converted to FS (Figure 2f). In sharp
contrast to the Cu and Ag surfaces, no IntS was observed on
Au(111).
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2.2. Intrinsic Substrate Activation

The temperature-dependent evolution of IS, IntS, and FS in
the Ullmann coupling on the three surfaces is plotted in Figure
2d,g,j. These graphs suggest that the Ullmann reaction proceeds
differently on the three surfaces.*” For example, IS is present on
Au(111) and Ag(111) at 295 K but not on Cu(111), indicating
that the IS is stable on Au and Ag but more easily activated on
Cu. IntS forms on Cu and Ag but not on Au, suggesting that
C—Au—C is either unstable or has a short lifetime. On Cu or
Au, all molecules convert to FS at 420 or 465 K, but on Ag the
conversion is only about 10% even at 560 K.** The overall
reaction yields on the three surfaces, defined as the ratio of FS
to IS, are plotted in Figure 2k. One can see that the coupling
takes place at 300 and 400 K and completes at 420 and 465 K
on Au(111) and Cu(111), respectively. On Ag(111), the
reaction starts at the same temperature of 400 K as it does on
Cu(111) but increase much more slowly than it does on
Cu(111) with temperature increment. In conclusion, surface
activation efficiency is in the order of Au(111) > Cu(111) >
Ag(111). These differences are rationalized in a qualitative
energy diagram (Figure 21), which features an energy barrier I
that defines conversion of IS to IntS and a barrier II that
defines conversion of IntS to FS. It is worthwhile to point out
different orientations of the same material, for example,
Cu(111) and Cu(110), exhibit quite different activity.49

2.3. Kink Activation

Defects such as step edges and kinks on catalytic surfaces are
thought to serve as “active sites” in heterogeneous catalytic
reactions. Saywell et al. investigated the activation effect of kink
sites on a stepped Au(10,7,7) surface for the surface-confined
Ullmann-type coupling.’® The Au(10,7,7) surface has a
misorientation angle of ~9° to Au(111) and thus shows
narrow (111)-oriented terraces separated by step edges with
kinks facing the right side (Figure 3a). On this surface,
dibromoterfluorene (DBTF) molecules adsorbed in two
characteristic adsorption geometries: One is parallel to the
step on the straight region of the steps, while the other shows
an approximately 10° tilt at the kink sites. Most molecules
(75%) at straight steps remained intact, and in those (25%)
that underwent debromination, the dissociation of Br atoms
happened equally at either of the two termini (Figure 3b). In
comparison, the fraction of debrominated molecules was
doubled at kink sites, and 95% of Br atoms were removed
from the left terminus compared with only 5% from the right
terminus, in accordance with the right-side facing kinks. These
results led Saywell et al. to propose the mechanism depicted in
Figure 3c. Intact DBTF molecules diffuse along the straight
step edge, and the Br atoms at the termini are catalytically
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Figure 4. (a) STM image (25.4 X 25.4 nm?) of the intermediate structures formed by Pt and TBPB. (b) STM images (3.2 X 3.2 nm®) showing the
structures of different coordination numbers and the corresponding structural models [ref 47].
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Figure S. (a) STM images of polymeric chains formed in Pd-activated Ullmann coupling of Br-DPP on Au(111) with annealing to 447 K for S min
(left) or 105 min (right). Inset, high-resolution STM image of the Br-DPP chain (25 X 25 nm?). (b) STM images of polymeric chains formed in Cu-
activated Ullmann coupling of Br-DPP on Au(111) with annealing to 453 K for S min (left) or 160 min (right). (c) Bond concentration in Pd-
activated coupling as a function of reaction time at 393, 411, or 429 K. (d) Arrhenius plot of rate constant k obtained from experimental data. (e)
Bond concentration in Cu-activated coupling as a function of reaction time at 399 K (black), 417 K (red), 435 K (blue) or 453 K (green). Results at
453 K were scaled down by a factor of 5. Reproduced with permission from ref 53. Copyright 2014 Wiley-VCH.

cleaved when they arrive at the kink sites. Then they remain

there due to the high diffusion barrier.
2.4. Extrinsic Atom Activation

The surface-confined Ullmann coupling discussed in the
previous sections used intrinsic surface atoms or adatoms
popping out of the surface to activate the reaction. Surface-
confined coupling reactions can also be activated by extrinsic
foreign metal deposits. In the following, we discuss three
extrinsic elements, Pt, Pd, and Cu. Pt is a widely used catalyst.51
In their study, Dong and Lin deposited Pt on Ag(111) to test
Pt activity, taking the advantage of the fact that the Ag surface is
known to be poor at activating Ullmann coupling.*” After
depositing TBPB and Pt on Ag(111) and annealing to 320 K,
they observed bright dots, which are attributed to Pt atoms,
attached at corners of the TBPB molecules (Figure 4a). Figure
4b shows magnified STM topographs highlighting four
representative structures formed by TBPB and Pt. Structure
II features a TBPB dimer linked via a pronounced protrusion,
with a center-to-center distance of 1.74 nm (Figure 4b). Such
pronounced protrusions appeared more frequently with
increasing Pt dosage. Note that the Ag organometallic TBPB
dimers feature a much smaller metal center, as shown in Figure
2a. Thus, the dimer is assigned to an organometallic
intermediate containing a C—Pt—C bridge. Pt in these
intermediates could coordinate with one to four aryl moieties,
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as illustrated by the models depicted in Figure 4b. Annealing to
380 K converted 90% of the intermediate structures into
covalently linked species, and further annealing to 470 K
achieved approximately 100% conversion, indicating that Pt
effectively activates the surface-confined Ullmann reaction.

Pd is another versatile catalyst used in a wide range of homo-
and cross-coupling reactions.” Adisoejoso et al. deposited Pd
on a Au(111) surface and examined the Ullmann coupling of
5,15-bis(4-bromo-phenyl)-10,20-diphenyl porphyrin (Br-DPP,
inset of Figure Sa) and compared with the results of using Cu
on the same surface.”” Predepositing Pd onto Au(111) and
then depositing Br-DPP led to covalently linked polymeric
chains at room temperature. Similar polymeric chains were
obtained with Cu deposits after 400 K annealing and on bare
Au(111) after 450 K annealing. Thus, both Pd and Cu activate
the Ullmann coupling. Adisoejoso et al. determined reaction
rate constants by monitoring isothermal reaction products in
situ using STM. C—C bond concentration was measured after
annealing to different temperatures for different durations
(Figure Sc). In the presence of Pd deposits, bond concentration
initially rose rapidly at annealing temperatures above 420 K,
then gradually reached saturation; the initial rapid increase was
less apparent at annealing temperatures below 420 K. At an
even lower temperature of 393 K, a biphasic behavior appeared:
a relatively slow increase lasting from 0 to 60 min (phase I) and
a rapid increase from 60 to 140 min (phase II). This biphasic
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Figure 6. (3, b) Glaser coupling of TEB and Ext-TEB on Ag(111). (a) STM image of a TEB dimer; the calculated dimer structure is superimposed
on the image. (b) Covalently bonded networks formed by Ext-TEB. The inset shows a high-resolution image of a hexagon. Scale bars 1 nm.
Reproduced with permission from ref 57. Copyright 2012 Nature Publishing Group. (c—e) STM images showing Ext-TEB monomer (c), trimer (d),
and hexamer (e) via cyclotrimerization formed on on Au(111), with corresponding molecular models. Reproduced with permission from ref 59.
Copyright 2014 Royal Society of Chemistry. (f—h) Glaser coupling and other side reactions of alkyne on Au(111). (f) Chemical structure of
diethynylarene. (g) STM images (6 X 6 nm?) of six products, each formed by a different reaction pathway. The corresponding molecular structures
are shown underneath. (h) Analysis of the relative frequencies of the observed products. Reproduced with permission from ref 60. Copyright 2013
Wiley-VCH. (i) STM image of annealed 1,4-diethynylbenzene monolayers on Cu(111). (j) Structural models of reaction products observed,
presumably due to (I) homocoupling, (II) trimerization, (III) cross-coupling, (IV) combined trimerization and homocoupling, or (V) sequential
double trimerization. Reproduced with permission from ref 61. Copyright 2013 Royal Society of Chemistry.

behavior suggests the existence of multiple steps in the reaction
pathway. Those authors speculated that phase I involves an
initial activation process and phase II involves C—C bond
formation. The rate-limiting step at higher temperatures is C—

C bond formation. The overall rate constant k was determined
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by fitting the bond concentration using a rate equation. The
plot of In(k) versus T~ showed a linear relationship for the
three reaction temperatures above 420 K (Figure Sd). An
activation energy of 0.41 + 0.03 eV was calculated from the

Arrhenius equation. This is much lower than the activation
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Figure 7. (a) DFT-calculated energy diagram of the second step in Ullmann-type coupling of two phenyls into a biphenyl on Au(111), Ag(111), and
Cu(111). In the top panel, the reaction is depicted for Ag(111), with the energy indicated for each of the states along the path on each of the three
surfaces. The energies are given with respect to the most stable adsorption configuration of an isolated phenyl on the respective surface. Reproduced
with permission from ref 66. Copyright 2013 American Chemical Society. (b) DFT-calculated reaction pathway of Glaser-type coupling and
subsequent dehydrogenation of two TEB molecules on a Ag(111) surface. Reproduced with permission from ref 69. Copyright 2014 American

Chemical Society.

energy of 1.12 eV reported for the Ullmann coupling of
iodobenzene on Cu(111).>* Besides activation energy, Cu and
Pd differ in several other respects: Yields in the Cu-activated
reaction do not show saturation and are much higher than
those in the Pd-activated ones (Figure Se). The Cu-activated
reaction generates much longer polymeric chains than the Pd-
activated process (Figure S, panel a versus b). These differences
hint that Pd lowers the energy barrier of the initial
dehalogenation step, whereas Cu lowers the activation energy
of subsequent step(s) in the reaction.

3. ALKYNE—ALKYNE (GLASER-TYPE COUPLING)

Glaser coupling is a classic organic reaction that links acetylenes
into biynes via cuprous ion-activated oxidative coupling.ss’56
Surface-confined Glaser-type coupling has been achieved on
Ag(111), Au(111), and Cu(111). While surface-confined
Ullmann-type coupling leaves halogen atoms adsorbed on the
surface, surface-confined Glaser coupling generates bisethyny-
larene products and hydrogen as the only byproduct.

Zhang et al. reported the first example of surface-confined
coupling of alkynes on a Ag(111) surface.”” Thermal annealing
of 1,3,5-triethynylbenzene (TEB) up to 330 K resulted in
dimerization via Glaser coupling (Figure 6a). The covalent
nature of the products was confirmed by DFT simulation and
STM manipulation. Under the same conditions, the larger
molecule 1,3,5-tris(4-ethynylphenyl)benzene (Ext-TEB) was
coupled to form 2D conjugated networks (Figure 6b). Detailed
analysis of the binding motifs showed that two competing
reaction pathways dominate the coupling process. The first is
the Glaser coupling of two alkyne termini, leading to a linear
butadiyne bridge. The second is the connection of a butadiyne
group to a laterally attacking terminal alkyne. Since this
converts the attacked ethyne to ethene moieties, it inhibits the
production of regular networks.”® Interestingly, Liu et al.
demonstrated that cyclotrimerization is the dominant reaction
pathway for Ext-TEB on a Au(111) surface (Figure 6c—e).”’
Figure 6d and e show after annealing to 373 K, discrete trimers
and hexamers formed. The trimers and hexamers arose from
cyclotrimerization of three and six TEB molecules, respectively.
Further annealing to 433 K resulted in a fully interconnected
2D network via cyclotrimerization. The cyclotrimerization
occurred at modest temperatures, starting at around 373 K
and proceeding to completion at 433 K, implying that the Au
surface activates the reaction.

Gao et al. reported that on Au(111) diethynylarenes (Figure
6f) proceeded in various reaction pathways,” including Glaser
coupling (Figure 6g, pathway I), formal hydroalkynylation of
the terminal alkyne functionality at either the a- or B-position
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(Figure 6g, pathways II and III), formation of dienyne products
(Figure 6g, pathway IV), and hydroalkynylation leading to an
enediyne moiety (Figure 6g, pathway V). Alkyne trimerization
was also observed, generating a branching point with an
aromatic core structure (Figure 6g, pathway VI). Analysis of the
relative frequencies of occurrence of these reaction pathways
(Figure 6h) showed that pathways I and II, in which the Glaser
coupling is the main process, occurred 26% =+ 3% of the time,
while trimerization occurred 10.7% + 3.1% of the time. Other
researchers have also observed surface-confined diyne poly-
cyclotrimerization on Au(111) via a two-step [2 + 2 + 2]
cyclization reaction.®”

Eichhorn et al. examined surface-confined coupling reaction
of 1,4-diethynyklbenzene on Cu(111). Thermally disordered
covalent aggregates and networks formed after annealing the
sample to 573 K (Figure 6i).°" Structural analysis of these
structures suggested the simultaneous occurrence of several
side reactions other than Glaser coupling, including trimeriza-
tion, cross-coupling, combined trimerization and homocou-
pling, and sequential double trimerization (Figure 6j). These
reaction pathways could not be controlled by changing the
annealing temperature or time.

The different products formed on different surfaces clearly
demonstrate that the surface-confined Glaser-type coupling is
surface sensitive. Using 1,4-diethynyl-benzene as a model
system, Gao et al. compared the surface-confined Glaser
coupling on Au(111), Ag(111), and Cu(111).%® Analysis of the
frequencies of bond-forming events showed that Ag led to a
lower proportion of byproducts than Au, while the coupling
was quite inefficient on Cu(111). DFT calculations suggest a
mechanistic model in which the alkyne functionality interacts
with the Au or Ag surface and direct C—C bond formation is
the rate-determining step. In conclusion, Ag is more efficient
than Au or Cu for Glaser-type coupling, which differs from the
trend found in the surface-confined Ullmann-type reaction.

Two strategies have been demonstrated to improve chemo-
selectivity of surface-confined Glaser-type coupling. One is to
block one ortho position next to the reacting alkyne moiety
using an alkyl substituent. This side group reduces or entirely
eliminates side reactions for steric reasons, making Glaser-type
coupling the major reaction pathway. Another strategy is to use
a vicinal surface. On a Ag(877) surface, which has narrow
terraces, homocoupling of 1,4-diethynylbenzene resulted in
extended graphdiyne wires with lengths reaching 30 nm.**

4. COMPUTATIONAL STUDIES

Computational studies can provide detailed atomistic insights
into the reaction mechanisms including reaction paths, energy
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barrier, rate-limiting steps, and intermediate and transition
states.”> These studies may be carried out for various
interesting metal surfaces and molecules with selected reaction
groups, which can reveal comparative trends for the same
reactions taking place on different surfaces. DFT with correct
functionals is one of the most powerful and reliable tools to
obtain equilibrium structures. The transition-state calculations,
however, are much more challenging and resource demanding
due to the large size of the systems. Here we select two
examples to show the typical outcomes of using DFT to study
surface-confined coupling reactions.

Bjork et al. performed DFT-based transition-state calcu-
lations to compare the reaction barriers of Ullmann-type
coupling of two bromobenzene molecules on (111) surfaces of
Au, Ag, and Cu.®® The calculations found the reaction consists
of two steps: (1) dehalogenation forming surface-supported
radicals (IS) and (2) coupling of two IS to a biphenyl (FS). It
was found that the barrier for halogen dissociation is reduced
from 3.9 eV in vacuum to 1.0, 0.8, and 0.7 eV on Au(111),
Ag(111), and Cu(111), respectively. The second step is highly
exothermic on all three surfaces (Figure 7a). On Au(111), the
barrier separating the IS and FS is below the 0.01 eV resolution
of the calculations, but 0.25 eV is required to bring two well-
separated phenyls to the IS. On Cu(111), the barrier is also
rather small, while it is greatest on Ag(111). However, the
reaction pathway involving the organometallic intermediate
state has not been reported. It is worthwhile to note that the
reaction pathway and mechanism of Ullmann-type coupling
between large precursor molecules such as 4,4’-dibromo-p-
terphenyl or TBPB most likely differ from the small
bromobenzene since the large molecules are expected to be
adsorbed differently from the IS shown in Figure 7a.

Glaser-type coupling in solution is known to proceed via a
Cu—acetylide intermediate, generated from dehydrogenation of
the terminal alkyne with a copper ion.”” In the presence of Ag
ions, a Ag—acetylide intermediate can form.*® The mechanism
of surface-confined Glaser-type coupling, in contrast, is poorly
understood. Characterization of TEB dimerization on Ag(111)
using XPS and DFT calculations excluded a potential
organometallic intermediate state.”” DFT-based transition
state calculations suggest that surface-confined Glaser-type
coupling is initiated by covalent coupling between two
molecules instead of by single-molecule dehydrogenation.
Figure 7b shows that two TEB molecules first form a dimer
intermediate and then undergo two rate-limiting dehydrogen-
ation processes to afford the diyne.”” Ag(111) stabilizes the
coupled intermediate prior to dehydrogenation, as well as
constrains the molecular motion to two dimensions. DFT also
suggested that direct covalent bond formation followed by step-
by-step dissociation of two hydrogen atoms has a lower
activation barrier than formation of an organometallic Ag bis-
acetylide complex.

5. CONCLUSION AND OUTLOOK

In this Account, we have reviewed the surface-confined
coupling reactions of aryl—halogen (Ullmann-type) and alkyne
(Glaser-type) on the (111) surfaces of Cu, Ag, and Au. In
comparison, the surface-confined Ullmann-type coupling is
better understood, while the Glaser-type coupling is more
intricate. Both types of reactions are sensitive to the surface, but
in different manners. Aryl—halogens yield the same products
featuring an aryl—aryl bond regardless of the choice of the
surface. Nevertheless, the reaction intermediate is surface
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sensitive: an organometallic intermediate forms on Cu and Ag
but not on Au. The surface activity is in the order of Au > Cu >
Ag. The reaction barrier can be further reduced using the
extrinsic element of Pt or Pd. Alkynes, in contrast, yield
different products, depending on the surface. Glaser-type
coupling is by far the predominant reaction on Ag(111),
whereas appreciable amounts of byproducts are unavoidable on
Au(111) and Cu(111). Under certain conditions, cyclo-
trimerization prevails on Au(111). Surface activity varies in
the order of Ag > Au > Cu. No organometallic intermediate
was observed on any of the surfaces. In both reactions, surface
morphology, including narrow terraces and kinks, were found
to be able to steer the reactions. In summary, both types of
coupling reactions can proceed on the noble metal surfaces but
exhibit distinctive features: Ullmann-type coupling results in
single products; in contrast, Glaser-type coupling results in
multiple products. The drawback of Ullmann-type coupling is
that the residual Br atoms very often interfere with or even
hinder the reaction, while Glaser-type coupling is cleaner with
H as the byproduct.

The results reviewed in this Account, however, raise more
questions than providing answers. Despite the progress made
so far, the pathway of the surface-confined coupling reactions
and the mechanism of the surface activation are largely
unknown. For example, it is mystery why Glaser coupling
proceeds on Ag(111) but cyclotrimerization results on Au(111)
for the same reactant molecule. We end this Account with a list
of questions and perspectives for future work in this field: By
what steps does the organometallic intermediate form in the
Ullmann coupling? How does the charge state of the metal
atoms change in the reactions? How can we make use of
specific molecular conformation upon surface adsorption to
yield target products but block side reactions? Is it feasible to
make use of surface chirality to achieve chiral-selected surface-
confined coupling reactions? Can other textbook couplings, in
particular, cross-coupling, be realized on surface and if so how?
Joint efforts made by synthetic chemists, surface scientists, and
theorists targeting specific model systems are hopeful to answer
these questions. Satisfactory answers to these questions will
shed light on the design principle for forming large area defect-
free 2D ordered nanostructures using surface-confined coupling
reactions.
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