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ABSTRACT: The intramolecular dehalogenation reaction as
an essential step is generally involved in the deprotection of
carbon−carbon double bonds in solution chemistry. However,
harsh reaction conditions often limit the functional group
compatibility and cause the selectivity problems. In compar-
ison with traditional solution reactions, on-surface chemical
reactions always occur on metal substrates, which could serve
as catalysts to effectively reduce the reaction barriers in many
cases. On the other hand, on-surface intermolecular
dehalogenative homocoupling reactions have been extensively
demonstrated, while, to our knowledge, intramolecular
dehalogenation reactions are less discussed on surfaces. Herein, by the combination of high-resolution scanning tunneling
microscopy imaging and density functional theory calculations, we introduce the vicinal dibromo group on chemically different
surfaces, such as Cu(110), Ag(110), and Au(111), respectively, to investigate the generality of intramolecular dehalogenation
reactions. As a result, we successfully achieved the direct formation of C−C double-bonded products in a facile manner on all
three surfaces.

■ INTRODUCTION

In solution chemistry, vicinal dihalogenation and subsequent
dehalogenation have been employed as a normal method for
the protection of C−C double bonds in a multistep synthesis
process.1 The corresponding dehalogenation process, however,
is very challenging, which often requires highly toxic metal
reductants, such as zinc, iron, or metal hydrides.2,3 To
overcome the problem, as a relatively mild condition, varied
photosensitizers and photocatalysts have been developed to
promote the absorption of visible light for the dehalogena-
tion.4,5 However, organic additives are still inevitable.6 In
comparison with solution chemistry, on-surface synthesis has
attracted a lot of attention in recent years, in which atomically
precise fabrication of various structural motifs including C−C
double-bonded and triple-bonded nanostructures has been
achieved in a facile way.7−10 Since last dozen years, various
chemical reactions have been introduced on surfaces.11−22

Among others, intermolecular dehalogenative homocoupling
reactions have been widely studied and employed to achieve
on-surface fabrication of a variety of nanostructures with
atomic precision.23−25 Most intermolecular dehalogenative
homocouplings resulted in the formation of C−C single
bonds.26−31 Recently, by introduction of halide precursors
containing two and three halogens attached to a carbon atom,
our group achieved the direct formation of C−C double-

bonded (cf. Scheme 1, upper panel) and triple-bonded
structural motifs through intermolecular dehalogenative
homocouplings.7−9 On the other hand, intramolecular
dehydrogenation reactions resulting in the formation of C−C

Received: October 15, 2019
Revised: November 20, 2019
Published: November 25, 2019

Scheme 1. Illustration Shows the Intermolecular
Dehaolegenative Homocoupling of gem-Dibromides and the
Intramolecular Dehalogenation of vic-Dibromides for the
Direct Formation of C−C Double-Bonded Structural Motifs
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single bonds have been reported.32−34 However, to our
knowledge, the direct formation of C−C double bonds via
intramolecular dehalogenation reactions are less discussed on
surfaces.35 Thus, it is of general interest to extend on-surface
strategies by investigation of intramolecular dehalogenation
reactions.
To explore the intramolecular dehalogenative reactions, in

this work, we introduce vicinal (vic-) dibromides on metal
surfaces. As such, we choose a simple molecule (1,2-dibromo-
1,2-diphenylethane, shortened as DBDPE), which has a vic-
dibromo group in the middle of the two benzene rings as
shown in Scheme 1 lower panel. Three chemically different
metal substrates, Cu(110), Ag(110), and Au(111), are
employed as both templates and catalysts to adopt molecules
and to facilitate the on-surface intramolecular dehalogenative
reactions. From the interplay of high-resolution scanning
tunneling microscopy (STM) imaging and density functional
theory (DFT) calculations, we demonstrate that it is feasible to
induce intramolecular dehalogenative reactions in a facile
manner on surfaces, and as a result, we successfully achieved
the direct formation of the C−C double-bonded product, that
is, the alkene molecule (1,2-diphenylethene, shortened as
DPE) (also see Scheme 1, lower panel). In addition, the in
situ-formed product has also been proved by the ex situ-
synthesized DPE molecule.

■ METHODS

The STM experiments were carried out in a UHV chamber
with a base pressure of 1 × 10−10 mbar. The whole system is
equipped with a variable-temperature “Aarhus-type” scanning
tunneling microscope,36,37 a molecular evaporator, and stand-
ard facilities for sample preparation. The metal substrates were
prepared by several cycles of 1.5 keV Ar+ sputtering followed

by annealing, resulting in clean and flat terraces separated by
monatomic steps. After the system was thoroughly degassed,
the DBDPE (from Acros, purity > 97%) and DPE (from TCI,
purity > 98%) molecules were sublimated at 300 K. The
sample was thereafter transferred within the UHV chamber to
the microscope, where measurements were carried out in a
typical temperature range of 100−150 K.
The calculations were performed in the framework of DFT

by using the Vienna ab initio simulation package (VASP).38,39

The projector-augmented wave method was used to describe
the interaction between ions and electrons,40,41 and the
Perdew−Burke−Ernzerhof (PBE)-generalized gradient approx-
imation exchange−correlation functional was employed.42 van
der Waals corrections to the PBE density functional were also
included using the DFT-D3 method of Grimme.43 The atomic
structures were relaxed using the conjugate gradient algorithm
scheme as implemented in the VASP code until the forces on
all unconstrained atoms were ≤0.03 eV/Å. The simulated
STM images were obtained by the Hive program based on the
Tersoff−Hamann method.44

■ RESULTS AND DISCUSSION

After deposition of DBDPE molecules on the Cu(110) surface
held at room temperature (RT), we observe the formation of
ordered islands as shown in Figure 1a,b. From the
corresponding close-up STM image (Figure 1b), we identify
that the formed molecular islands are composed of rodlike
structures and bright protrusions. The rodlike structure is
imaged as two lobes at both ends linked by two dot-shaped
contrasts in the center. According to the previous stud-
ies,7−9,21,29 the round bright spots are attributed to detached
bromine atoms. We thus speculate that the intramolecular
dehalogenative reactions have occurred. Because of the

Figure 1. (a) Large-scale and (b) close-up STM images showing the in situ-synthesized DPE products via the intramolecular dehalogenation of vic-
dibromides on Cu(110). (c,d) STM image of ex situ-synthesized DPE molecules on Cu(110) without and with Br atoms, respectively. The equally
scaled model of the DPE molecule is overlaid on the corresponding STM topography, and the in situ-formed DPE product and the ex situ DPE
molecules are indicated by white contours as shown in (b,c,d), respectively. The detached Br atoms are indicated by circles in (b,d). (e) Top and
side views of the DFT-optimized model of the DPE molecule on Cu(110). (f) High-resolution STM image of the DPE molecule and (g)
corresponding simulated STM image with the measured dimensions.
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formation of well-ordered self-assembled islands (Figure 1a),
which indicates that the formed rodlike motifs are highly
mobile on the surface, we thus further deduce that the rodlike
motifs should be attributed to the alkene products, that is, the
DPE molecules. To experimentally confirm the in situ
formation of DPE molecules, we directly deposit commercial-

ized DPE molecules on the surface, as shown in Figure 1c. As
can be seen from the STM image of ex situ-synthesized DPE
molecule on Cu(110), we identify that the morphology of the
DPE molecule is in good agreement with the in situ-
synthesized product. In addition, in order to provide a similar
chemical environment, we utilize the residual Br atoms within

Figure 2. (a) Large-scale and (b) close-up STM images showing the in situ-synthesized DPE products via the intramolecular dehalogenation of vic-
dibromides on Ag(110). (c,d) STM images of ex situ-synthesized DPE molecules on Ag(110) without and with Br atoms, respectively. (e) Top and
side views of the DFT-optimized model of the DPE molecule on Ag(110). (f) High-resolution STM image of the DPE molecule and (g)
corresponding simulated STM image with the measured dimensions.

Figure 3. (a) Large-scale and (b) close-up STM images showing the in situ-synthesized DPE products via the intramolecular dehalogenation of vic-
dibromides on Au(111). (c,d) STM images of ex situ-synthesized DPE molecules on Au(111) without and with Br atoms, respectively. (e) Top
and side views of the DFT-optimized model of the DPE molecule on Au(111). (f) High-resolution STM image of the DPE molecule and (g)
corresponding simulated STM image with the measured dimensions.
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the chamber to make Br-participated self-assembled DPE
islands as shown in Figure 1d. Again, the STM morphology of
the DPE molecule shown in Figure 1d is characteristically the
same as the one in Figure 1b. Theoretically, we relax the DPE
molecule on Cu(110) as shown in Figure 1e, and based on
that, the simulated STM image of the DPE molecule is studied
as shown in Figure 1g. From the comparison of the simulated
STM image and the close-up STM image of in situ-formed
DPE product, both the morphology and the dimension fit well.
Based on the above analysis, we draw the conclusion that the
intramolecular dehalogenative reaction proceeds on the
Cu(110) surface, and as a result, the direct formation of C−
C double-bonded alkene product is achieved.
To explore the generality of such an intramolecular

dehalogenative reactions and the influence of different metal
substrates, we have also performed experiments on Ag(110) as
shown in Figure 2a,b. Interestingly, similar to the case on
Cu(110), intramolecular debromination of DBDPE also occurs
on Ag(110) at RT. A good agreement is also achieved by
comparing the ex situ-synthesized DPE molecule and the in
situ product, as shown in Figure 2c. The STM morphology of
ex situ-synthesized DPE molecule with Br atoms shown in
Figure 2d is characteristically the same as the in situ product
shown in Figure 2b. Based on the relaxed model (Figure 2e),
we perform STM simulations as shown in Figure 2g. From the
comparison of the simulated STM image and the close-up
STM image of the in situ product, a good agreement is also
achieved, which demonstrates that the intramolecular
dehalogenative reaction can also proceed on the Ag(110)
surface.
In the next step, we move to a chemically even less reactive

surface Au(111). As shown in Figure 3a,b, unexpectedly,
intramolecular debromination of DBDPE also occurs right
after deposition on Au(111) at RT. Both STM results of the ex
situ-synthesized DPE molecule (Figure 3c,d) and DFT
calculations (Figure 3e,g) fit quite well with the in situ-
synthesized product (Figure 3f). More surprisingly, such an
intramolecular debrominative reaction could occur at even
∼150 K, indicating that the energy barrier is quite low in
comparison with Ullmann reaction (C(sp2)−Br) on the same
surface;14 on the other hand, such an intramolecular
debromination is in analogy with Wurtz reaction (C(sp3)−
Br).26

To further confirm the experimentally observed relatively
low temperature of debromination on Au(111), we have
performed DFT calculations on the reaction pathway of
intramolecular dehalogenation of vicinal dibromides on the
Au(111) surface. As shown in Figure 4, the barriers for the
successive debromination processes on Au(111) are deter-
mined to be 0.15 eV (i.e., ∼56 K according to the Arrhenius
equation) for the first Br and 0.40 eV (i.e., ∼150 K) for the
second one, respectively, which is in excellent agreement with
our experimental conditions and observations. In addition, to
confirm that the molecules are intact during deposition, we
have performed additional DFT calculations on the reaction
pathway of intramolecular dehalogenation of vicinal dibro-
mides in the gas phase. As shown in the Supporting
Information, the energy barrier for the debromination process
(simultaneous debromination of two Br atoms) in vacuum is
determined to be 1.4 eV (i.e., ∼525 K), while, on the other
hand, the molecules were experimentally sublimated at 300 K.
Thus, we confirm that the molecules should be intact during
sublimation.

■ CONCLUSIONS
In conclusion, from the high-resolution UHV-STM imaging
and the DFT calculations, we demonstrate that the direct
formation of C−C double-bonded products via intramolecular
dehalogenative reaction has been successfully achieved on
three chemically different metal substrates, that is, Cu(110),
Ag(110), and Au(111), in a facile and efficient manner. It is
supposed that this intramolecular reaction is a two-step
process. First, the vic-diradical intermediate is formed by C−
Br bond activation, and second, the intramolecular C−C
double bond is spontaneously formed via rearrangement of the
diradicals. The findings provide an alternative route for
incorporating C−C double bonds into surface nanostructures.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b09713.

DFT-calculated reaction pathway for the C−Br bond
activations of the DBDPE molecule in vacuum (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: xuwei@tongji.edu.cn.
ORCID
Haiping Lin: 0000-0002-9948-7060
Wei Xu: 0000-0003-0216-794X
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors acknowledge the financial support from the
National Natural Science Foundation of China (21622307 and
21790351), the Fundamental Research Funds for the Central
Universities.

■ REFERENCES
(1) Wuts, P. G. M.; Greene, T. W. Greene’s Protective Groups on
Organic Synthesis, 4th ed.; John Wiley & Sons: Hoboken, 2007.

Figure 4. DFT-calculated reaction pathway for the successive C−Br
bond activations of the vic-dibromide molecule on Au(111). The
structural models of the initial state (IS), transition state (TS),
intermediate (Int), and final state (FS) along the pathway are also
shown.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b09713
J. Phys. Chem. C 2019, 123, 30467−30472

30470

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b09713/suppl_file/jp9b09713_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b09713/suppl_file/jp9b09713_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b09713?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b09713/suppl_file/jp9b09713_si_001.pdf
mailto:xuwei@tongji.edu.cn
http://orcid.org/0000-0002-9948-7060
http://orcid.org/0000-0003-0216-794X
http://dx.doi.org/10.1021/acs.jpcc.9b09713


(2) Taleshi, M. S.; Seidler-Egdal, R. K.; Jensen, K. B.; Schwerdtle, T.;
Francesconi, K. A. Synthesis and Characterization of Arsenolipids:
Naturally Occurring Arsenic Compounds in Fish and Algae.
Organometallics 2014, 33, 1397−1403.
(3) Kuivila, H. G.; Menapace, L. W. Reduction of Alkyl Halides by
Organotin Hydrides. J. Org. Chem. 1963, 28, 2165−2167.
(4) Maji, T.; Karmakar, A.; Reiser, O. Visible-Light Photoredox
Catalysis: Dehalogenation of Vicinal Dibromo-, α-Halo-, and α,α-
Dibromocarbonyl Compounds. J. Org. Chem. 2011, 76, 736−739.
(5) Goren, Z.; Willner, I. Photochemical and chemical reduction of
vicinal dibromides via phase transfer of 4,4’-bipyridinium radical: the
role of radical disproportionation. J. Am. Chem. Soc. 1983, 105, 7764−
7765.
(6) McTiernan, C. D.; Pitre, S. P.; Scaiano, J. C. Photocatalytic
Dehalogenation of Vicinal Dibromo Compounds Utilizing Sexithio-
phene and Visible-Light Irradiation. ACS Catal. 2014, 4, 4034−4039.
(7) Sun, Q.; Tran, B. V.; Cai, L.; Ma, H.; Yu, X.; Yuan, C.; Stöhr, M.;
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