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A series of diarylacetylene (tolane) derivatives functionalised at the 4- and 40-positions by thiolate, thioether, or amine
groups capable of serving as anchor groups to secure the molecules within a molecular junction have been prepared and

characterised. The series of compounds have a general form X-B-X, Y-B-Y, and X-B-Y where X and Y represent anchor
groups and B the molecular bridge. The single-molecule conductance values determined by the scanning tunnelling
microscope break-junction method are found to be in excellent agreement with the predictions made on the basis of a
recently proposed ‘molecular circuit law’, which states ‘the conductance GXBY of an asymmetric molecule X-B-Y is the

geometric mean
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GXBXGYBY

p
of the conductance of the two symmetric molecules derived from it, GXBX and GYBY.’ The

experimental verification of the circuit law, which holds for systems in which the constituent moieties X, B, and Y are
weakly coupled andwhose conductance takes place via off-resonance tunnelling, gives further confidence in the use of this

relationship in the design of future compounds for use in molecular electronics research.

Keywords: molecular electronics, quantum interference, alkynes.

Received 5 June 2021, accepted 22 July 2021, published online 1 September 2021

Introduction

Molecular electronics is a multi-disciplinary field of research

broadly concerned with the electrical, magnetic, and chemical
behaviour of one or more molecules electrically contacted
between two macroscopic electrodes.[1,2] Given the experi-

mental challenges in constructing an electrode | molecule |
electrode experimental platform, or molecular junction,[3–5]

many early studies in the field made use of charge transfer

processes in donor–bridge–acceptor systems or intervalence
charge transfer processes in M–bridge–Mþ mixed-valence
complexes as model systems to study intramolecular charge
transfer.[6] The earliest true molecular junctions were con-

structed from Langmuir–Blodgett monolayers of fatty acids on
aluminium substrates, top-contacted by a Hg drop or thermally
evaporated lead or aluminium,[7] with the exponential decay of

the junction conductance as a function of molecular length
providing experimental evidence for the prominent role of

tunnelling-based mechanisms of electron transport in these
systems.

Beyond junctions based on ‘large area’ contacts to large
numbers of molecules in well ordered monolayers,[8–11] the
development of techniques for the formation of single-molecule

junctions such as the scanning tunnelling microscope break
junction (STM-BJ),[12] current–distance spectroscopy (I(s)),[13]

and mechanically controlled break-junctions (MCBJ)[14] have

become essential experimental tools through which to probe the
electrical properties and physical structure of molecular junc-
tions in unprecedented detail. Through such studies, molecules
that integrate within a junction to give electrical responses that

correspond to wires, rectifiers, and switches have been devel-
oped,[15,16] while the introduction of a third ‘gate’ electrode to
the junction assembly has allowed the demonstration of a

transistor-like response at the single-molecule level.[17] Molec-
ular junctions are now also being recognised as tools through
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which to explore a wider range of processes beyond themimicry

of electronic components, including single-molecule reaction
chemistry[18] and single-molecule electrochemistry.[19] The
electrical and chemical properties of molecules within a junc-

tion are finding applications in areas such as molecular mem-
ory[20–22] and sensing,[23,24] while the use of paramagnetic
molecular systems in combination with magnetic electrodes
opens a suite of opportunities for spintronic applications.[25–30]

Together, the use of molecular junctions to discover, develop,
and exploit molecular properties and molecular materials sci-
ence, have led to newly emerging fields such as molecular

thermoelectric materials.[31]

The experimental study of molecular junctions and measure-
ment of the electrical properties of single molecules and molecu-

lar ensembles has permitted exploration and verification of
various theoretical models of junction behaviour. These simple
models include structure–property relationships that illustrate the
change in dominant conductance mechanism from coherent

tunnelling to thermally activated hopping with increasing molec-
ular length,[32,33] and correlations of molecular redox potential
as a proxy for the tunnel barrier height with junction conduc-

tance.[34] More generally the electrical properties of a junction
are a result of the integrated effects of the material composition
and structure of the electrodes, the chemical and physical detail

of the molecule–electrode contacts, the solvent or general
environment in which the junction operates, and the molecular
backbone. To this end, Landauer–Büttiker theory provides a

detailed description of the junction that takes into account all of
these features, and gives a more complete model that can be
expressed within the electron transmission function T(E).[35]

However, while a combination of DFT and non-equilibrium

Greens functions can be used to compute T(E),[36] DFTmethods
cannot accurately predict the relative energies of the molecular
orbital energies and the electrode Fermi levels, EF, which is

critical to the prediction of molecular conductance, G. Thus,
common practice in the field is to use the results of experimental
measurements of molecular conductance to help determine the

position of the Fermi level relative to transport resonances
arising from, for example, the molecular HOMO and LUMO.

Coherent tunnelling dominates the charge transport mechan-
isms in many molecules of length up to ,3–5 nm, and so

transport through an elementary molecular component of well
defined chemical structure can be considered in terms of the
scattering through three serially connected components: the left

anchor group, X, the molecular backbone, B, and the right
anchor group Y. It has been proposed that the off-resonance
transport through such a molecular component can be described

by several predictive numerical relationships.[37] For example,
the single-molecule conductance of an asymmetrically con-
tacted compound X-B-Y GXBYð Þ can be expressed in terms of

the conductance of the symmetrically contacted systems, X-B-X
GXBXð Þ and Y-B-Y GYBYð Þ (Eqn 1)

G2
XBY ¼ GXBXGYBY ð1Þ

In addition, numerical parameterisation of the molecular

conductance is possible, which yields Eqn 2:

log G=G0ð Þ ¼ aX þ bB þ aY ð2Þ

where G0 is the quantum of conductance, and aX, bB, aY are
parameters characterising the anchor and backbone sub-
elements X, B, and Y respectively.[38] These circuit rules hold

great promise for the prediction of trends in molecular conduc-

tance, in a manner that would be challenging for DFT calcula-
tions. While several anchor and bridge parameters have been
derived, there are few combinations of experimental measure-

ments of molecules X-B-X, Y-B-Y, and X-B-Y that allow direct
verification of the above circuit rule.[38]

Here we describe the synthesis and characterisation of
diphenylacetylene (tolane) compounds functionalised by differ-

ent combinations of anchor groups. The molecular conductance
of these compounds determined by STM-BJ methods, together
with data from similarly functionalised 1,4-diphenylbuta-1,3-

diyne and 1,4-bis(phenylethynyl)benzene compounds reported
elsewhere,[35] verify the quantum circuit rules, and illustrate the
predictive power of these relationships within the limits of the

approximations used in their derivation.

Results and Discussion

The rigid, linear geometry and p-conjugated electronic struc-

tures of tolanes,[39] oligo(phenylethynyl)benzenes (OPE),[32]

and polyynes,[40,41] coupled with the ease of synthesis and
chemical compatibility with common anchor groups, makes

such compounds exemplary systems through which to explore a
wide range of fundamental properties of molecular junctions. In
order to explore the quantum circuit rules expressed in Eqns 1

and 2,[38] and extend the library of anchor group parameters, ai,
tolane compounds 4,4’-functionalised by 3,3-dimethyl-2,3-
dihydrobenzo[b]thiophene (DMBT), thiomethyl (SMe), thioa-

cetate (SAc), and amine (NH2) groups were chosen. These
structures complement similarly functionalised buta-1,3-diynes
and 1,4-bis(phenylethynyl benzene) derivatives[35] that provide
comparative data from molecules with the same anchor groups

but different backbones (Chart 1).
Compounds 1, 2, 3,[42] and 4[40] are readily prepared by

Sonogashira cross-couplings of 5-ethynyl-3,3-dimethyl-2,3-

dihydrobenzo[b]thiophene, 4-ethynyl thioanisole, 4-ethynyl
benzenthioacetate, or 4-ethynylaniline with the appropriate aryl
halide chosen from 5-bromo-3,3-dimethyl-2,3-dihydrobenzo[b]-

thiophene, 4-iodothioanisole, 4-iodo-benzenethioacetate, or
4-iodoaniline in good to excellent yield. While the iodo-
functionalised arenes were smoothly cross-coupled with
PPh3-ligated palladium catalysts at room temperature, the con-

veniently prepared, but electron-rich, 5-bromo-3,3-dimethyl-
2,3-dihydrobenzo[b]thiophene necessitated the use of the much
more active JohnPhos ancillary ligand.[43] In addition to the

usual array of 1H, 13C{1H} NMR and IR spectroscopic and high
resolution mass spectrometric data which were used to fully
characterise the compounds and are unremarkable for com-

pounds of this type, the molecular structures of 1–3 were also
determined by single crystal X-ray diffraction studies (Fig. 1,
Table 1).

Single-molecule conductance measurements were carried
out using the STM-BJ method. Briefly, a flame-annealed
gold-on-glass substrate is sealed into an STM liquid cell before
the introduction of the analyte as a 1mM solution in mesitylene.

A gold tip is driven,2–3 nm into the substrate to create a fused
metallic junction, and then the tip retracted at a rate of 5 nm s�1

while recording current–distance traces under –0.1V bias.[44]

The curves often show characteristic steps at the quantum of
conductance, G0 ¼ 2e2=h, as the gold filament formed by the
fusion of the tip and substrate thins to a single atom. As the last

metallic contact breaks, the current undergoes a rapid decrease
by several orders of magnitude. In many traces, additional
features in the form of current plateaus near 10�3 G0 are
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observed arising from the formation of a molecular junction. On
continued tip retraction the molecular junction breaks and the

current decays to the noise floor either abruptly, or via a series of
shorter, lower conductance steps. These additional low conduc-
tance features of the current decay profiles are a result of
dynamic reorganisation of the molecule within the junction

and arise from different contact geometries and molecular
configurations, including sliding of the molecule along the
electrode surface. The individual plateau regions also exhibit a

degree of variation from trace to trace due to thermal fluctua-
tions, necessitating the collection of thousands of individual
traces to obtain a statistically significant result.

The current–distance traces were analysed by binning the
current data and plotted to give 1D current histograms. The peak
around 1G0 corresponds to the single-atom gold contact in the
junction, while the lower conductance features were fitted by

Gaussian functions to give the most probable molecular con-
ductance of the clearly apparent peaks (Fig. 2, Table 2).

In addition, composite plots of all the current–distance

curves were used to generate two-dimensional (2D) conduc-
tance versus relative displacement histograms or heat maps
(Fig. 2).

The break-off distances associated with the highest molecu-
lar conductance plateau, and allowing for the snap-back of the
gold electrodes on rupture of the last Au-Au contact,[39] are

somewhat shorter than the crystallographically determined
molecular lengths. This indicates that, with the exception of
bis-thiolate anchored 4,[40] the molecules are contacted in a
tilted fashion within the junction, with contact angles at the

substrate (a) in the range 408–608 (Table 2).
Molecular conductance through tolanes such as 1–4 that are

contacted within a molecular junction by electron-donating

thiolate, thioether, and amine anchors is expected to be

dominated by off-resonance tunnelling through the tail of the
HOMO state. The molecular conductance in these cases is

often well described by the Landauer–Büttiker model,[45,46]

which for single channel conductance can be written as shown
in Eqn 3:

G ¼ 2e2

h
T EFð Þ ð3Þ

where T EFð Þ is the transmission function which describes the
probability of transport of an electron at the Fermi energy
through themolecule. As noted in section 12.6 of ref. [46] in the

weak coupling limit, the transmission function is proportional
to the modulus squared of the Green’s function coupling
the two ends of the molecule, which for a linear molecule

can be written as a product of contributions from the individual
moieties.

The multi-parameter nature of electron transmission through
a molecular junction helps to rationalise the relative molecular

conductance values 3, 2, 4E 1, where the shorter junctions
formed from compound 3, whichmight also be expected to offer
the highest lying HOMO, is the least conductive member of the

series. Clearly the molecular coupling terms mediated by the
anchor groups is a significant factor in the overall molecular
conductance, with the DMBT group giving particularly strong

interactions with the electrodes.
The single molecule conductance data from 1–4 (Table 2)

provide information to expand tests of the quantum circuit

laws expressed in Eqns 1 and 2 beyond the original test set
based on a large range of calculated conductance values and
experimental data from 1,4-benzenedithiol, 1,4-benzenedia-
mine, and 4-aminothiophenol.[38] The values of molecular

conductance predicted by the quantum circuit rules are denoted
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here asGTh to distinguish them from the most probable conduc-
tance determined from the experimental conductance histo-

grams, denoted G. Given the measured conductance values of
the symmetrically contacted molecules 1 (G ¼ 2� 10�3 G0),
2 (G ¼ 0:8� 10�3 G0), 3 (G ¼ 0:7� 10�3 G0), and 4

(G ¼ 1:6� 10�3 G0) it is possible to use the relationship in
Eqn 1 to predict the conductance of asymmetric derivatives such
as 5 (GTh ¼ 1:2� 10�3G0), 6 (GTh ¼ 1:1� 10�3G0), 7 (GTh ¼
0:7� 10�3G0), and 8 (G

Th ¼ 1:1� 10�3G0) (Chart 1, Table 2).

The parameterisation of molecular conductance in the form
of Eqn 2 provides further exciting opportunities for designing
molecular components for use inmolecular electronics, should a

sufficient range of terms to characterise a sufficiently wide
range of anchors (aX, aY, Table 2) and backbones (bB, Table 3)
be known. Although the anchor group parameters for the

thioanisole and 3,3-dimethyl-2,3-dihydrobenzo[b]thiophene
have not yet been determined, parameters have been deter-
mined for benzenethioate (aS ¼ �1:22) and aniline contacts

(aNH2
¼ �1:44), and for the ethynyl bridge (bC�C ¼ �0:31).[38]

It is therefore also possible to use Eqn 2 to estimate the
molecular conductance GTh of, for example, the bis(amine)

contacted compound 3

log GTh=G0

� � ¼ aNH2
þ bC�C þ aNH2

¼ �1:44ð Þ þ �0:31ð Þ
þ �1:44ð Þ ¼ �3:19

and the bis(thiolate) derived from the acyl-protected compound 4

log GTh=G0

� � ¼ aS þ bC�C þ aS ¼ �1:22ð Þ þ �0:31ð Þ
þ �1:22ð Þ ¼ �2:75

These values are in excellent agreementwith the experimentally
determined values (3, G –3.2� 0.4; 4, G –2.8� 0.1) (Table 2).

As noted above, the anchor group parameters for the
3,3-dimethyl-2,3-dihydrobenzo[b]thiophene (aDMBT) and thio-
anisole (aSMe) anchors have not been determined. However, the
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Fig. 1. ORTEP drawings (50% probability levels) of the molecular structures of 1 (a), 2 (b), and 3 (c), with

their atom-numbering schemes. All C-bonded hydrogen atoms except N1, N1A, and additionalmolecules in the
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molecular conductance values of symmetrically structured

molecules featuring either the DMBT (1, 9, 11) or thioanisole
(2, 10, 12) anchor groups and molecular backbones with known
backbone parameters (Table 4) have been reported here or

elsewhere[35] (Chart 1, Table 2). The anchor parameters for
these increasingly common contacting groups could therefore
be obtained from the average solutions for aX ¼ aYð Þ fromEqn 2

using the experimental values of log G=G0ð Þ from 1, 9, and 11

(aDMBT ¼ �1:21) or 2, 10, and 12 (aSMe ¼ �1:41) (Table 3).
Perhaps unsurprisingly, since the experimental data from 1

and 2 form part of the input used to calculate the anchor
parameters for the DMBT and thioanisole moieties, Eqn 2 and
the data in Tables 3 and 4 successfully estimate the conductance
of these compounds, with excellent agreement between calcu-

lated ( log GTh=G0

� �
) and experimental ( log G=G0ð Þ) values

(Table 2). With contact parameters for a range of anchor groups
in hand (Table 3), log GTh=G0

� �
for the proposed asymmetric

compounds 5–8 can also be estimated from Eqn 2. Pleasingly,
the GTh values calculated for 5–8 in this manner with Eqn 2 are
consistent with those obtained from Eqn 1 (Table 2).

The self-consistency of quantum circuit rules prompted
further exploration of the relationships proposed and the syn-
thesis and measurement of the asymmetric compounds 5–8.

These compounds were also readily prepared via Sonogashira
cross-coupling reactions, with the molecular structures of 5, 7,
and 8 also being determined crystallographically (Fig. 3,
Table 5). Each of these compounds was studied within molecu-

lar junctions using the STM-BJ technique as described above,
giving current–distance traces with clear molecular conduc-
tance plateaus, leading to well defined peaks in the 1D current

histograms and features in the 2D conductance–relative dis-
placement maps (Fig. 4).

As noted above, from the conductance values determined

experimentally for 1 and 2, Eqn 1 estimates the conductance of 5
to be GTh ¼ 1:2� 10�3G0, which can now be shown to be in
excellent agreement with the experimentally determined value

of 1.0� 0.8G0 (Table 2). Similarly, from Eqn 2 and the anchor
and bridge parameters contained in Tables 3 and 4, the conduc-
tance of 5 is estimated to be log GTh=G0

� � ¼ �2:93 (i.e. also
1:2� 10�3G0). Similar high levels of agreement are also found

in the molecular conductance values of the asymmetrically
contacted compounds 6, 7, and 8 determined from single-
molecule STM-BJ experiments, and the values estimated from

Eqns 1 and 2 (Table 2). Together these results give considerable
confidence in the use of the molecular circuit laws as predictive
tools for use in the further study of the electrical properties of

molecular junctions.

Conclusions

A series of ‘molecular quantum circuit laws’ that have been
developed for off-resonance tunnelling junctions treated as a
series of weakly coupled scattering moieties, were previously

verified largely by results from DFT calculations of junction
conductance. Here we have tested the circuit laws using a small
range of tolane compounds, symmetrically and asymmetrically

functionalised by common anchoring groups. The circuit laws
are found to hold true for these experimental data, giving great
confidence in the potential for these relationships to be used in a

predictive and design capability for future molecular-based
electronic devices.

Experimental

General Conditions

All reactions were performed under an N2 atmosphere using

standard Schlenk techniques unless noted otherwise. Reaction
solvents were purified and dried by appropriate means before
distillation and storage under nitrogen. No special precautions

were taken to exclude air or moisture during work-up.
The compounds 4-ethynylthioanisole, 5-ethynyl-3,3-dimethyl-
2,3-dihydrobenzo[b]thiophene,[43] 4-ethynylaniline,[47]

[PdCl2(PPh3)2],
[48] and [Pd2(dba)3]

[49] were prepared by
literature methods. All other materials were obtained from
commercial suppliers and used as received.

NMR spectra were recorded in deuterated solvent solutions
on Bruker Avance 500MHz or 600MHz spectrometers and
referenced against residual protio-solvent resonances (CHCl3:
1H 7.26 ppm, 13C{1H} 77.16 ppm). Infrared spectra were

recorded on an Agilent Technologies Cary 630 spectro-
meter using ATR sampling methods. High-resolution mass
spectra were recorded using a Waters LCT Premier XE mass

spectrometer using electrospray ionisation or atmospheric
pressure chemical ionization with Leucine Enkephalin as
reference.

Crystallography

Data were collected using an XtaLAB Synergy single source
HyPix diffractometer operating at T 100K. Data were measured
using Cu Ka radiation. The diffraction pattern was indexed and

the total number of runs and images was based on the strategy
calculation from the program CrysAlisPro 1.171.41.103a. Data
reduction, scaling, and absorption corrections were performed

using CrysAlisPro (Rigaku, V1.171.41.103a, 2021).
The crystals were kept at a steady T 100K during

data collection. The structures were solved with the SHELXT

Table 1. Selected bond lengths and angles from crystallographically

determined molecular structures of 1–3

X = DMBT 1, SMe 2, NH2 3

X
XC Cp i a b

Bonds Structure

1 2A 3A

Bond lengths [Å]

Ca � Cb 1.201(3) 1.213(4) 1.206(3)

1.213(4) 1.198(4)

Ca � Ci 1.437(2) 1.427(3) 1.434(3)

1.428(3) 1.431(3)

Cp � X 1.761(1) 1.755(2) 1.382(3)

1.759(2) 1.384(3)

Bond angles [deg.]

C� X� Cp 90.7(1) 104.3(1)

103.6(1)

Ci � Ca � Cb 178.8(2) 179.4(3) 176.7(3)

179.4(3) 179.1(3)

X � � �X 13.135(1) 13.198(1) 12.476(3)

13.221(1) 12.475(3)

ATwo half molecules in the asymmetric unit.
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2018/2[50] solution program using dual methods and by using

Olex2 1.3[51] as the graphical interface. Themodels were refined
with SHELXL[52] using full matrix least-squares minimisation
on F2. All crystallographic data have been deposited with the

CCDC (2087332–2087337) and can be obtained free of
charge via https://www.ccdc.cam.ac.uk/structures/ or from the
Cambridge Crystallographic Data Centre, 12 Union Road,

Cambridge CB2 1EZ, UK (fax þ441223336033; email depos-
it@ccdc.cam.ac.uk). Crystal and refinement details are given in
Table S1 (Supplementary Material).

Single-Molecule Conductance Characterisation

For the STM-BJ experiment, gold-on-glass substrates (Arrandee)

were cleaned by immersion in a freshly prepared piranha solution
(1 part of H2O2 (33%) in 3 parts of H2SO4 (98%) – CAUTION
piranha solution is extremely corrosive) for 1–2min and then

rinsedwith copious amounts of deionisedwater and dried under a
nitrogen stream. A freshly cut gold wire of 99.99% purity was
used as the STM tip. A 1mM solution of the target molecules in

1,3,5-trimethylbenzene (TMB, mesitylene) was used for analy-
sis. For compound 8 the 1mM TMB solution was also treated
with small quantities of 1M solution of tetra-n-butylammonium

fluoride (TBAF) in tetrahydrofuran (THF) to assist in removing
the protecting acyl group. The substrate surface was checked by

STM imaging in solution before starting the conductance–

distancemeasurements. The junctions form and break repeatedly
between the sharp tip and the gold substrate by moving the tip
into and away from the substrate at the rate of 5 nm s�1 (V bias

–0.1V). In the cases where the gold junction breaks without
molecule(s) becoming trapped between electrodes while with-
drawing the tip, the current–distance trace demonstrated only

exponential decay. In contrast, if a target molecule(s) bridged
the gap between electrodes, the conductive plateau-like features
were observed. Typically, 2000 individual traces were recorded

for each compound. All current–distance traces were plotted
without selection, except in the case of compounds 3 and 8;
for these compounds it was necessary to manually remove
examples of exponential curves without molecular plateaus to

improve signal to noise ratio and make the conductance peaks
more prominent.

Synthetic Details

1,2-Bis(3,3-dimethyl-2,3-dihydrobenzo[b]thiophen-5-
yl)ethyne (1)

S C CH C C+ Br S S
S

Pd2(dba)3, JohnPhos,Cul

NHiPr2, 48 h, Reflux
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Fig. 2. Representative conductance ( log G=G0ð Þ) versus electrode displacement curves, conductance histograms, and 2D conductance–relative displacement

histograms (where the heat map colour ranges from zero counts (white) to high counts (deep blue)) from compounds 1–3.
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A solution of 5-ethynyl-3,3-dimethyl-2,3-dihydrobenzo[b]thio-
phene (78mg, 0.411mmol) and 5-bromo-3,3-dimethyl-2,3-dihy-

drobenzo[b]thiophene (100mg, 0.411mmol) in dry and degassed
NHiPr2 (20mL) was treated with [Pd2(dba)3] (11mg,
0.012mmol), 2-biphenyl-di-tert-butylphosphine (JohnPhos,

8mg, 0.025mmol), and CuI (5mg, 0.025mmol) and the mixture
allowed to stir at reflux temperature for 48 h. The solvent was
removed under vacuum and the residue purified by column
chromatography on silica using hexane giving the product as a

white solid (95mg, 66%). Crystals suitable for X-ray diffraction
were obtained fromCH2Cl2/MeOH by slow diffusion. nmax (solid
state, ATR)/cm�1 n(C�C) 2113. dH (CDCl3, 500MHz) 7.28 (dd,

J 8.0, 1.6, 2H, H3), 7.19 (d, J 1.4, 2H, H10), 7.14 (d, J 8.0, 2H, H3),
3.20 (s, 4H, H2), 1.39 (s, 12H, H8). dC (CDCl3, 126MHz) 148.37
(C9), 141.43 (C5), 130.85 (C3), 125.91 (C10), 122.42 (C4), 119.41

(C2), 89.28 (C1), 47.46 (C6), 47.41 (C7), 27.50 (C8). m/z (ESIþ)
350.1164; calcd. for C22H22S2 [M]þ 350.1163.

10

8

6

S
SC C

97

1
2

34

5

1,2-Bis(4-(methylthio)phenyl)ethyne (2)

SCCI+S HC C S S
Pd(PPh3)2Cl2, CuI

NHiPr2, 20 h, RT

A solution of 4-ethynylthioanisole (119mg, 0.799mmol) and
4-iodothioanisle (200mg, 0.799mmol) in dry and degassed
NHiPr2 (20mL) was treated with Pd(PPh3)2Cl2 (14mg,
0.02mmol) and CuI (4mg, 0.02mmol) and the mixture allowed

to stir at room temperature for 20 h. The solvent was removed
under vacuum and the residue purified by column chromatogra-
phy on silica using hexane/CH2Cl2 (2:1) giving the product as a

white solid (180mg, 83%). Crystals suitable for X-ray diffrac-
tion were obtained from CH2Cl2/n-pentane by slow diffusion.
nmax (solid state, ATR)/cm�1 n(C�C) 2113. dH (CDCl3,

500MHz) 7.42 (d, J 8.3, 4H, H3), 7.20 (d, J 8.3, 4H, H4), 2.50
(s, 3H, H6). dC (CDCl3, 126MHz) 139.37 (C2), 131.95 (C3),
126.04 (C4), 119.74 (C5), 89.43 (C1), 15.56 (C6). m/z (ESIþ)
270.0536; calcd. for C16H14S2 [M]þ 270.0537.

4

125

3

6 C C SS

4,4’-(Ethyne-1,2-diyl)dianiline (3)

CCI+H2N H2NNH2 NH2HC C
NHiPr2, 20 h, RT

Pd(PPh3)2Cl2, CuI

A solution of 4-ethynyaniline (59mg, 0.502mmol) and

4-iodoaniline (100mg, 0.456mmol) in dry and degassedNHiPr2
(20mL) was treated with PdCl2(PPh3)2 (8mg, 0.011mmol) and
CuI (2mg, 0.01mmol) and the mixture allowed to stir at room

temperature for 20 h. The solvent was removed under vacuum
and the residue purified by column chromatography on silica
using hexane/CH2Cl2 (1:1) giving the product as an off-white

solid (78mg, 82%). Crystals suitable for X-ray diffraction
were obtained by slow evaporation of toluene. nmax (solid state,
ATR)/cm�1 n(C�C) 2109, n(N–H) 3464. dH (CDCl3, 500MHz)
7.30 (d, J 8.6, 4H, H3), 6.62 (d, J 8.6, 4H, H4), 3.77 (s, 4H, H6).

dC (CDCl3, 126MHz) 146.27 (C2), 132.83 (C3), 114.93 (C4),
113.54 (C5), 87.89 (C1). m/z (ESIþ) 209.1079; calcd. for
C14H13N2 [M þ H]þ 209.1079.

4
125

3
6

C C NH2H2N

3,3-Dimethyl-5-((4-(methylthio)phenyl)ethynyl)-2,3-
dihydrobenzo[b]thiophene (5)

+ C CS SC CHS I S
Pd(PPh3)2Cl2, CuI

NEt3, 20 h, RT

A solution of 5-ethynyl-3,3-dimethyl-2,3-dihydrobenzo[b]thio-

phene (60mg, 0.318mmol) and 4-iodothioanisole (96mg,
0.382mmol) in dry and degassed NEt3 (20mL) was treated with
PdCl2(PPh3)2 (6mg, 0.008mmol) and CuI (2mg, 0.01mmol)

and themixture allowed to stir at room temperature for 20 h. The
solvent was removed under vacuum and the residue purified by
column chromatography on silica using hexane/CH2Cl2 (9:1)
giving the product as a white crystal (90mg, 90%). Crystals

Table 3. Quantum circuit rule parameters for some common anchor groups

BT

S

DMBT

S

SH

SH

SMe

SMe

NH2

NH2

aX; aY –1.12 –1.21 –1.22 –1.41 –1.44

Table 4. Quantum circuit rule parameters for some common molecu-

lar backbones

C C C C–C C
C C C C

bB –0.31 –0.63 –1.37
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C7
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Fig. 3. ORTEP drawings (50% probability levels) of the molecular structures of 5 (a), 7 (b), and 8 (c), with their

atom-numbering schemes. All C-bonded hydrogen atoms except N1 are omitted for clarity.

Table 5. Selected bond lengths and angles from molecular structures of 5, 7, and 8

X� = DMBT 5, NH2 7, SAc 8

S C C X�
p i i� p�a b

Bonds Structures

5 7 8

Bond lengths [Å]

Ca � Cb 1.208(2) 1.206(2) 1.203(7)

Ca � Ci 1.429(2) 1.435(2) 1.432(1)

Ca � Ci 1.430(2) 1.431(2) 1.432(6)

Cp � S 1.761(2) 1.761(2) 1.767(5)

Cp � X0 1.825(2) 1.380(2) 1.777(5)

Bond angles [deg.]

C� S� Cp 103.6(1) 104.0(1) 104.2(2)

C� X0 � Cp0 90.8(1) 101.4(2)

Ci � Ca � Cb 177.0(2) 170.1(2) 177.4(6)

Ci0 � Ca � Cb 177.0(2) 177.9(2) 175.9(6)

S � � �X0 13.153(1) 12.828(1) 13.138(2)
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suitable for X-ray diffraction were obtained from CH2Cl2/
MeOH by slow diffusion. nmax (solid state, ATR)/cm�1

n(C�C) 2114. dH (CDCl3, 500MHz) 7.42 (d, J 8.6, 2H, H4),
7.28 (dd, J 8.0, 1.6, 1H, H9), 7.22 – 7.18 (m, 3H, H3 and H16),
7.15 (d, J 8.0, 1H, H10), 3.20 (s, 2H, H12), 2.50 (s, 3H, H1), 1.39

(s, 6H, H14). dC (CDCl3, 126MHz) 148.39 (9), 141.61 (11),
139.18 (5), 131.91 (4), 130.90 (9), 126.06 (3), 125.99 (16),
122.43 (10), 119.89 (2), 119.27 (8), 89.98 (6), 88.74 (7), 47.46

(12), 47.41 (13), 27.49 (14), 15.57 (1). m/z (ESIþ) 311.0926;
calcd. for C19H19S2 [M þ H]þ 311.0928.

4
125

3
7

910

11 8 6

12 13

C CS S

14

15 16

4-((3,3-Dimethyl-2,3-dihydrobenzo[b]thiophen-5-
yl)ethynyl)aniline (6)

+ C CSC CHS I NH2
NH2

NEt3, 20 h, RT

Pd(PPh3)2Cl2, CuI

A solution of 5-ethynyl-3,3-dimethyl-2,3-dihydrobenzo[b]thio-
phene (60mg, 0.318mmol) and 4-iodothioanisole (84mg,
0.382mmol) in dry and degassed NEt3 (20mL) was treated with

PdCl2(PPh3)2 (6mg, 0.008mmol) and CuI (2mg, 0.01mmol)
and themixture allowed to stir at room temperature for 20 h. The
solvent was removed under vacuum and the residue purified by
column chromatography on silica using hexane/CH2Cl2 (1:1)

followed by hexane/CH2Cl2 (1:6) giving the product as a yellow
viscous oil (70mg, 80%). nmax (neat, ATR)/cm

�1 n(C�C) 2194,
n(N–H) 3465. dH (CDCl3, 500MHz) 7.32 (d, J 8.6, 2H, H4),
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Fig. 4. Representative conductance ( log G=G0ð Þ) versus electrode displacement curves, conductance histograms and 2D conductance–relative displacement

histograms (where the heat map colour ranges from zero counts (white) to high counts (deep blue)) from compounds 5–8.
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7.29 – 7.24 (m, 1H, H9), 7.17 (d, J 1.3, 1H, H16), 7.13 (d, J 8.0,

1H, H10), 6.63 (d, J 8.6, 2H, H3), 3.80 (s, 2H, H1), 3.19 (s, 2H,
H12), 1.38 (s, 6H, H14). dC (CDCl3, 126MHz) 148.27 (C3),
146.62 (C5), 140.81 (C11), 132.99 (C4), 130.71 (C9), 125.79

(C16), 122.36 (C10), 119.92 (C8), 114.91 (C3), 112.97 (C2), 89.56
(C7), 87.73 (C6), 76.84 (s), 47.46 (C12), 47.39 (C13) 27.48 (C1).
m/z (ESIþ) 280.1161; calcd. for C18H18NS [MþH]þ 280.1160.

4
125

3
7

910

11 8 6

12 13

C CS

14

15 16

NH2

4-((4-(Methylthio)phenyl)ethynyl)aniline (7)

CCI+S HC C SNH2 NH2
NHiPr2, 20 h, RT

Pd(PPh3)2Cl2, CuI

A solution of 4-ethynylthioanisole (200mg, 0.913mmol) and

4-iodoaniline (164mg, 1.105mmol) in dry and degassed NHiPr2
(20mL) was treated with PdCl2(PPh3)2 (36mg, 0.023mmol) and
CuI (5mg, 0.025mmol) and the mixture allowed to stir at room
temperature for 20h. The solvent was removed under vacuum

and the residue purified by column chromatography on silica
using hexane/CHCl3 (1:1) giving the product as an off-white solid
(198mg, 62%). Crystals suitable for X-ray diffraction were

obtained from CH2Cl2/n-hexane by slow diffusion. nmax (solid
state, ATR)/cm�1 n(C�C) 2199, n(N–H) 3463. dH (CDCl3,
500MHz) 7.40 (d, J 8.1, 2H, H4), 7.32 (d, J 8.2, 2H, H9), 7.19

(d, J 8.1, 2H,H3), 6.63 (d, J 8.2, 2H,H10), 3.81 (s, 2H,H1), 2.49 (s,
3H, H12). dC (CDCl3, 126MHz) 146.73 (C8), 138.53 (C5), 133.05
(C9), 131.78 (C4), 126.15 (C3), 120.48 (C2), 114.90 (C10), 112.82

(C11), 90.33 (C6), 87.23 (C7), 15.68 (C1). m/z (ESIþ) 240.0846;
calcd. for C15H14NS [M þ H]þ 240.0847.
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1
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3
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9 10

1186
C CS

12NH2

S-(4-((4-(Methylthio)phenyl)ethynyl)phenyl)
Ethanethioate (8)

S I S

O

C H + S SCC C

O
NHiPr2, 20 h, RT

Pd(PPh3)2Cl2, CuI

A solution of 4-ethynylthioanisole (100mg, 0.360mmol) and
S-(4-iodophenyl) ethanethioate (54mg, 0.360mmol) in dry and
degassed NHiPr2 (20mL) was treated with PdCl2(PPh3)2
(14mg, 0.02mmol) and CuI (4mg, 0.02mmol) and the mixture

allowed to stir at room temperature for 20 h. The solvent was
removed under vacuum and the residue purified by column
chromatography on silica using hexane/CH2Cl2 (2:1) giving the

product as an off-white solid (95mg, 89%). Crystals suitable for
X-ray diffraction were obtained from CH2Cl2/n-hexane by slow
diffusion. nmax (solid state, ATR)/cm�1 n(C�C) 2116. dH
(CDCl3, 500MHz) 7.54 (d, J 8.4, 2H, H9), 7.44 (d, J 8.5, 2H,
H4), 7.39 (d, J 8.4, 2H, H10), 7.21 (d, J 8.5, 2H, H3), 2.50 (s, 3H,
H1), 2.43 (s, 3H, H13). dC (CDCl3, 126MHz) 193.63 (C12),
139.92 (C2), 134.36 (C10), 132.24 (C9), 132.09 (C4), 128.06

(C8), 125.99 (C3), 124.75 (C11), 119.28 (C5), 91.07 (C6), 88.88

(C7), 30.42 (C13), 15.49 (C1). m/z (ESIþ) 298.0426; calcd. for
C17H14OS2 [M]þ 298.0486.
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Supplementary Material

Crystal structure and refinement details as well as plots of
1H and 13C{1H} NMR spectra are available on the Journal’s
website.
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