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ABSTRACT

A convenient two-step, one-pot synthesis of oligo(arylene—ethynylene) (OAE) type molecular
wires in yields of up to 70% via in situ desilylation of protected bis(alkynes)
Me;SiC=CArC=CSiMe3 (Ar = 2,5-thienyl, |,4-naphthylene, 9,10-anthrylene) and subsequent
Sonogashira cross-coupling with S-(4-iodophenyl) ethanethiolate, 4-iodothioanisole, or 5-bromo-
3,3-dimethyl-2,3-dihydrobenzo[b]thiophene is described. The in situ desilylation avoids the manipu-
lation of the sensitive terminal dialkynes (HC=CArC=CH), whilst the general approach presented
has some advantages over alternative synthetic strategies based on coupling of aryl dihalides
(XArX) by avoiding the multi-step preparation and purification of the terminal alkynes S-(4-
ethynylphenyl) ethanethiolate, 4-ethynylthioanisole and 5-ethynyl 3,3-dimethyl-2,3-dihydrobenzo
[b]thiophene. The molecular conductance of the resulting thiolate or thioether functionalised
OAE molecular wires has been determined using scanning tunneling microscope break junction
(STM-BJ) methods. The trends in molecular conductance do not track simply with the degree of
aromaticity of the molecular core despite the rather similar molecular lengths. Rather, the STM-B)
data are better correlated with the nature of the anchor group, highlighting the important role of
electrode—molecule coupling on electron transport in a molecular junction. The experimental
conductance data are in good agreement with recently described quantum circuit rules, further
highlighting the potential for these relationships to be used as predictive tools in molecular
electronics research.

Keywords: molecular electronics, molecule-electrode coupling, molecular junction, molecular

wire, oligo(phenylene—ethynylene), conductance,

STM-break junction.

single-molecule Sonogashira coupling,

Introduction

The field of molecular electronics has matured and evolved over the past decades from an
initial focus on the mimicry of solid-state electronic components to emerging applications
in molecular materials science.'""?! Key to all of these advances in the broad field of
molecular electronics is the development of methods to create single-molecule™*! and
‘large area’l>®! electrode|molecule(s)|electrode ‘molecular junctions’ that permit the
direct measurement of the electrical properties of the molecule(s) or monolayer under
an applied bias. Whilst large-area junctions are closer to true device structures,®~'!!
single-molecule junctions play a critical role in elucidating the fundamental processes of
molecular electronics. >

Electron transport through a molecule within a molecular junction, and hence single-
molecule conductance, is known to depend on the chemical structure of the molecular

"This paper is dedicated to Professor Glen Deacon, a true icon of Australian chemistry, in celebration of his
85th Birthday.
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backbone and the nature of the anchor groups that bind the
molecule to the electrodes, as well as environmental factors
such as the solvent.""*! For a simple model junction in which
electrons tunnel through a single molecular energy level (or
molecular orbital) close to the electrode Fermi level, these
concepts are succinctly captured in the Breit-Wigner for-
mula (Eqn 1), which describes the transmission coefficient T
of an electron of energy E:

411 Ix

T = (E - e)* + (I + RR)?

1)

where I}, and Iz are terms describing the coupling of the
molecular orbital to the left and right electrodes, and
g, = E, — o is the energy of the molecular orbital responsi-
ble for transmission (E,,) adjusted for the effects of coupling
to the electrodes (o). The transmission function is maxi-
mised when the energy of the transmitting electron is
equal to the molecular orbital energy. The coupling terms
are strongly dependent on the chemical characteristics of
the anchor groups in contact with the electrodes, whilst ¢,
carries information from both the molecular backbone and
the solvent environment."'*! Based on the simple ideas of
the Breit-Wigner expression, studies of transport through
molecules with systematically varied molecular backbones
and contact groups are readily identified as valuable tools in
establishing structure-property relationships governing the
electrical characteristics of molecular junctions.

Moving to the more general case of non-resonant trans-
port, the current flowing through a molecular junction is
better described by the expressions drawn from the
Landauer model (Eqn 2)

1= (%) [ 1@l ® - i @) @)

where T(E) is the transmission coefficient for electrons pass-
ing from one electrode to the other, and fis(E) and fiign(E)

PP
-t

Fig. I. A simple schematic of a molecular junction illustrating the
conceptual partitioning into anchor groups (ax, ay) and the molecular
backbone (bg).['®

describe the energy distribution of electrons entering the
junction from the left or right electrodes.!">'* The
Landauer model, implemented within the framework of
DFT and non-equilibrium Green’s function calculations,''>]
has proven to be an exceptionally robust tool through which
to explore and rationalise the electrical properties of molec-
ular junctions.®!

In looking beyond atomistic modelling of the complete
junction, attention is now being directed to the description
of entire molecular circuits, and the laws that govern the
underlying structure-property relationships.''”? As part of
such efforts, a ‘circuit rule’ that partitions the molecular
junction into a series of weakly coupled scattering regions,
each described by an independent numerical parameter,
has been proposed.!’® The rules most usefully apply to
non-resonant tunnel junctions (i.e. the Fermi energy of the
electrodes falls near the middle of the molecular HOMO-
LUMO gap) formed from a molecule of general form X-B-Y
(where X and Y are the anchor groups that bind the mole-
cule to the electrodes and B is the molecular backbone,
Fig. 1), with conductance dominated by coherent tunneling
(i.e. molecules less than ca. 3 nm in length).

When the scattering regions defined by X, B and Y are
weakly coupled, the conductance of the junction, Gxgy, can
be written (Eqn 3)

log(Gxsy/Go) = ax + bg + ay 3)

where ¢ is the quantum of conductance, ax, bg and ay are
independent parameters describing the anchor X, the bridge
B and anchor Y, respectively, suggesting that the logarithm of
the junction conductance is a sum of transferrable parame-
ters.""®] A number of these parameters have been determined
from both computational and experimental conductance
data, providing the basis of a ‘tool kit’ for exploring molecular
structure—electrical property relationships and molecular
design strategies (Table 1, 2).['®!°) However, before the
potential of the circuit laws can be fully realised, more such
parameters need to be determined from conductance data of
systematically varied molecular structures.

Due to the almost ubiquitous use of gold electrodes in the
formation of molecular junctions to design candidate mole-
cules through which to both further experimentally test the
circuit laws and expand the range of available molecular
parameters, compounds featuring anchors well-suited to

Table I. Quantum circuit rule parameters, ay, for some common anchor groups.
s s - SMe NH, \NI N
i i 9
v
e Y v i -
Y
ax® -1.12 -1.21 -1.22 ~1.41 ~1.44 -2.15 -1.85

AParameters obtained by fitting experimental conductance (log;0(G/Go)) to Eqn 3.l'8'"]
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Table 2. Quantum circuit rule parameters, bg, for some common
molecular backbones.
Backbone bg Reference
A~ -2.04° '8
N -4578 18
2
N -5.198 18
3
e -0.09% '8
N -0.228 18
2
N -0.358 18
3
e -0.31° S
{_:_} -0.63* '8
2
=1L -0.38° '8
I3
{_:_} -1.20* '8
4
-2.574 '8
= -1.37% 18
=\ )=
-0.46% '8
= =
A -1.18% This work
—
— S —
/N -1.28* This work
— ;\ /; —
Q -1.03" This work

AParameters obtained by fitting experimental conductance (logo(G/Go)) to
Eqn 3.
BParameters obtained by fitting DFT-computed conductance (log;o(G/G)) to
Eqn 3.

gold electrodes are readily identified as initial targets. For
gold-electrode based molecular junctions, thiol-based anchor
groups are frequently used in both single molecules and large
area junctions due to the strong gold-sulfur bond, the often
high junction formation probability and the propensity of
thiols (as thiolates) to form well-packed self-assembled mono-
layers (SAMs) with a high stability on gold.!?>?" Indeed, the
thiolate—gold electrode bond (RS-Au) strength is very similar
to the gold-gold (Au-Au) bond, and therefore thiols (as
thiolate) form a robust interaction and strongly couple
electronically with the gold electrodes. These concepts are
of paramount importance in stabilising the molecule within

508

the molecular junction and strongly influence the electronic
characteristics of the assembly.>?!

However, despite the advantages of thiol(ate) anchor
groups in molecular electronics research, free thiols and
surface-anchored thiolates in films readily undergo side
reactions including oxidative disulfide formation, and other
oxidation reactions.’*>**! To avoid handling free thiols,
molecules designed to be attached within molecular junctions
by thiolate anchors are commonly introduced as the acetyl
protected thioacetate (RSAc). The thioacetate group can be
easily unmasked by deprotection in situ in the junction, to
give the free thiol and in turn forming a thiyl radical (RS) at
the surface of the gold electrode where it binds through
covalent interaction.'?*!

In much the same way that thio(ate) has served as the
most common anchor group for securing molecules within
gold-electrode junctions, oligo(arylene-ethynylene)-type
molecules (OAEs) have been used as the ‘fruit flies’ of
organic backbone structures.?2°1 OAE-based structures
of defined length and various anchor groups are availa-
ble,*°21 and offer the possibility to introduce pendant
groups and to vary the electronic nature of the arylene
core(s).’*®! This synthetic versatility has permitted the use
of OAE structures in the exploration of an increasingly wide
range of electrical transport and thermoelectrical phenomena,
in both single-molecule junctions and ‘large area’ or ensemble
molecular junctions (Fig. 1).****>) The backbone parame-
ters by for such diethynylarylene cores can therefore be iden-
tified as useful in the development of structure-property
relationships and discovery in molecular electronics.

Given the role that SAc functionalised OAE compounds
continue to play in the development of the field of molecular
electronics, and the availability of the anchor group parameter
for the arylthiolate group, which in turn allows calculations of
the arylene backbone parameter from experimental conduct-
ance data, the development of simple and straight-forward
routes to synthesise thioacetate functionalised OAE structures
is of interest. The Sonogashira coupling reaction is one of the
most frequently applied methods for synthesising OAE com-
pounds using strategies such as those outlined in Scheme 1,
but despite the general utility of this approach, limitations
remain.®**) The key reagent S-(4-ethynylphenyl) etha-
nethiolate is prepared in a multi-step reaction sequence,
beginning with the reduction of iodobenzylsulfonylchloride
to the thiolate salt which is trapped by acetylation to give
S-(4-iodophenyl) ethanethioate.'*!! The Sonogashira cross-
coupling reactions of S-(4-iodophenyl) ethanethioate with
trimethylsilylacetylene and subsequent removal of the silyl
protecting group produces the building block S-(4-ethynyl-
phenyl) ethanethiolate in 87% overall yield.[**!

Whilst S-(4-ethynylphenyl) ethanethiolate can be cross-
coupled with a wide range of dihalo arylenes (XArX;
X = 1, Br, OTf) to give SAc-functionalised OAE compounds
(Scheme 1, Route 1),[3341:43-451 the Jow tolerance of the
thioacyl functional group towards nucleophiles can result
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Route 1

Route 2

Scheme I.
compounds.

Cul/[Pd])/amine

Cul/[Pd]/amine

X=Br, |, OTf,
[Pd] = [Pd(PPhy),], [Pd(PPh,),Cl,], [Pd,dba),] etc.
E = DMBT, SMe, NH,, SAc, Py

General reaction procedures for the Sonogashira cross-coupling used for the preparation of OAE type

S < > — SiMeS + | < > s 1. KF, MeOH/THF > S
/ J— 2.[PdCL,(PPhy),],Cul, /
(@)

NEt,, 20 h, RT

Scheme 2.

in inadvertent deprotection of the thioacetate reagent in the
reaction mixture, resulting in reduced yields."* Furthermore,
attempts to couple S-(4-ethynylphenyl) ethanethiolate with
un-activated dihaloarylenes result in a cyclotrimerisation
reaction rather than entering into the cross-coupling cycle.*®!

Alternatively, the corresponding diethynyl arylenes (HC =
CArC=CH) can be cross-coupled with S-(4-iodophenyl) etha-
nethiolate under similar Sonogashira conditions (Scheme 1,
Route 2).[*3%7501 However, whilst stepwise protection/
deprotection sequences can be effective routes to the prepara-
tion of the key diethynylarylene reagents,'*®>!->?) the limited
thermal and chemical stability of many diethynyl arylenes
such as 9,10-diethynyl anthracene®*** and 2,5-diethynyl
thiophene™! limits their practical use as cross-coupling part-
ners. To overcome these various inconveniences, a number of
procedures have been developed for the preparation of OAE
compounds based on the in situ deprotection of bis(trimethyl-
silylethynyl) arylenes (Me3SiC = CArC = CSiMes) prior to cou-
pling with an arylhalide.'®*°*>! Various desilylating agents
have been employed, including catalytic hexafluorosilicic
acid,’® or more commonly tetrabutylammonium fluoride
(TBAF),[%1:621 CsF,[®3] and various nucleophilic bases.'®*
The main disadvantage of TBAF-facilitated desilylations is
the subsequent difficulty in the purification of the desired
products, free of ionic side products.'®>! The low solubility
of CsF causes slow reaction progress and often requires
additional phase transfer catalysts (e.g. polyethylene gly-
cols) to guarantee a sufficient fluoride concentration in the
organic solvent reaction medium.®* In addition, both base
mediated and fluoride deprotection strategies can lead to
complications in the subsequent Sonogashira reactions with
coupling partners bearing substituents that are sensitive to
nucleophiles, including SAc.

In order to access a series of OAE compounds with sys-
tematically varied arylene cores (1,4-naphthalene, 9,10-
anthracene and 2,5-thiophene) and sulfur-based anchor

A, 63%

Synthesis of test compound A for reaction optimisation.

groups we have employed modified reaction conditions
that permit facile two-step, one-pot synthetic strategy. The
reaction conditions are tolerated by the SAc functionality,
and are also suitable for other sulfur-based anchor groups
such as thioanisole and 3,3-dimethyl-2,3-dihydrobenzo[b]
thiophene (DMBT). The molecular conductance of each
of these compounds was determined in single-molecule
junctions using the scanning tunnelling microscope
break junction (STM-BJ) method under a uniform set
of conditions. This has allowed an exploration of the
interplay and influence of anchor groups and the central
arylene core on molecular conductance, and further
quantification and testing of the parameters and relation-
ships contained within recently proposed quantum circuit
laws. !

Results and discussion

Synthetic strategy

Given the competitive cyclo-oligomerisation of S-(4-ethynyl-
phenyl) ethanethiolate under Sonogashira conditions, the
reaction strategy outlined in Scheme 2 was adopted here.
As proof of principle, the reaction of trimethylsilyl-protected
ethynylthioanisole with S-(4-iodophenyl) ethanethiolate!**!
was initially investigated (Scheme 2). The desilylation of
4-(trimethylsilylethynyl)thioanisole by KF (2.5 equiv.) in a
methanol solution was readily achieved within 2 h. To pre-
vent methanolysis of the thioacyl group in the subsequent
coupling reaction, all volatiles were removed under reduced
pressure. The residue was directly treated with triethyl amine
(NEts), S-(4-iodophenyl) ethanethioate, [PdCl,(PPhs),], and
Cul and allowed to react for 2 h at ambient temperature that
gave the desired product in good yield (Scheme 2). The
fluoride-based salts are apparently insufficiently soluble

509


https://www.publish.csiro.au/ch

M. Nabher et al.

Australian Journal of Chemistry

1. KF, MeOH/THF

Me,Si %O%snwes +

1-3 e

O - Arylhalide %
15 —E@? 4a 'O

26 ()

(¥
37 O i
W

2. [Pd], Cul, NEt,

P o ﬁ/(/)

5a, 20% 6a, 64%
5b, 50% 6b, 73%
5c, 49% 6c, 51%

4c Br S

under these conditions to cause deprotection of the SAc
group, and A was isolated in 63% yield.

The two-step, one-pot deprotection/cross-coupling of bis
(trimethylsilylethynyl)-arylenes 1-3 in combination with
S-(4-iodophenyl) ethanethiolate was subsequently explored
under similar conditions, although the initial desilylation
reaction of 9,10-bis(trimethylsilylethynyl)anthracene (3)
in the mixed-solvent system required an increase of the
temperature to 60°C. After allowing the reaction to cool
followed by the removal of the polar solvents, the SAc-
functionalised compounds were readily formed from the
subsequent room-temperature cross-coupling reactions
for 2 h producing 5a (20%), 6a (64%) and 7a (60%)
(Scheme 3).

With the SAc-functionalised OAE compounds in hand,
attention was turned to the preparation of similar compounds
bearing other S-based anchor groups. Cross-coupling
reactions of 4-iodothioanisole with the terminal dialkynes
prepared by in situ deprotection gave 5b (50%), 6b (73%)
and 7b (75%) under similar conditions and after similar
reaction times. However, the rather electron-rich, and
hence deactivated, 5-bromo-3,3-dimethyl-2,3-dihydrobenzo
[b]lthiophene has been shown to more efficiently enter
into Sonogashira cross-coupling reactions when the more
active palladium catalyst combination of [Pd,(dba)s]/
JohnPhos is employed.'®® Using this catalyst system and
rather more forcing conditions (50-90°C; 24 h) 5¢c, 6¢ and
7c were formed and isolated in 49-64% yield (Scheme 3).

Each of the compounds was characterised by the usual
array of IR spectroscopy, NMR spectroscopies (‘H, *C{'H})
and mass spectrometry, with data consistent with that avail-
able in the literature in the cases of known compounds
(5a,!*®1 5b,[671 ga, 34 b, 1511 74 [361 7361y The molecular
structure of the precursor 2,5-bis(trimethylsilylethynyl)
thiophene (1) and the 7c¢ were also confirmed by single-
crystal X-ray diffraction (SI).

510

Oy g
)

7a, 60%
7b, 75%
7c, 64%

Scheme 3.
and 7a-7c.

Preparation of compounds 5a-5c¢, 6a—6c

Molecular conductance measurements

The single-molecule conductance of each of the compounds
5a-c, 6a—c and 7a—c was determined using the scanning
tunneling microscope break junction (STM-BJ) method.®!
Although molecular conductance values for some of these
compounds have been reported previously (5a,!°” 5b,”]
6a,>%! 6b,°11 74,[34:36.701 71, [36.70.711) "t4 avoid systematic
errors in data comparisons all compounds were measured
here using the same experimental conditions including
technique, solvent, applied voltage bias, and sample concen-
tration. For each compound, 2000 current—distance (I(z))
traces were obtained, with well-developed plateaus in the
range log(G/Go) = —3.4to —4.1 attributed to the formation
of the single-molecular junctions, and subsequently analysed
by creating all-data point 1-D conductance histograms and
overlaid to construct 2-D conductance—distance cloud maps
(Fig. 2-4). Each of the conductance histograms featured high
conductance peaks associated with the formation of the metal-
lic Au-Au contact between the STM tip and the gold substrate.
A sharp feature around 1 G, (Go = 2¢%/h = 77.5 uS) in each
of the conductance histograms is assigned to the last gold-
gold atomic contact, together with a peak arising from the
molecular junction that reflects the most probable molecular
conductance. Molecular conductance values were extracted
by fitting the peak to a Gaussian curve (Table 3). The con-
ductance histograms of compounds 6a and 7a also revealed
a second, rather less pronounced conductance peak in a
lower conductance region (10g(Gexp/Go) = —4.8 to —5.0),
which is in good agreement with the previous studies.>*
The absolute electrode displacement in the experimental
measurements, and hence the length of the molecular junc-
tion, was estimated by adding a snapback distance that allows
for the rupture of the last Au-Au contact to the experimentally
measured displacement Az* (plateau length).[”>”3! The snap-
back distance is extracted from the current-displacement
traces without molecular junctions (AZ. = 0.5 nm).
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Fig. 2. Representative conductance histograms, conductance (log(G/Gp)) vs electrode displacement curves (offset along the
displacement axis for clarity), and 2D conductance-relative displacement histograms from compounds 5a-c.

The most probable absolute displacements Az* + Az, are,
in most cases, close to the length of the molecule suggesting
that, before breaking of molecular junction, the molecule is
oriented almost perpendicularly (with a couple of exceptions)
in respect to the substrate (Table 3).

The junction formation probability (JFP) was computed
by dividing the number of traces containing conductive
plateaus by the total number of traces.!**! It was found
that JFP for the molecule with the same core follows the
trend DMBT = —SMe > —SAc (Table 3). The high JFP of
compounds with DMBT and -SMe binding groups can be
attributed to the strong interactions of the sulfur moiety
with the gold electrodes. Although thioacetate has been
widely used as an anchor in molecular electronics research
and is known to give rise to Au-S contacts,"*”! in our hands,
the JFP for thiolate junctions formed from —SAc protecting
binding groups was rather low (a matter of a few percent)
in the absence of a deprotecting agent that increased
to 25-40% upon addition of 1 M THF solution of either

tetra-n-butylammonium fluoride (TBAF) (Fig. 2-4) or
tetra-n-butylammonium hydroxide (TBAOH; Supplementary
Fig. S23).

Quantum circuit law parameters

From these experimental data, the relevant anchor group
parameters, ax (Table 1), and the circuit rule (Eqn 3) it is
possible to calculate, test and refine backbone parameters, bz,
for the 2,5-diethynylthiophene (bwiopn), 1,4-diethynyl-
naphthalene (bpaphn) and 9,10-diethynylanthracene (bane)
fragments. In the first instance, given the anchor parameters
for the thioanisole (asye = —1.41) and DMBT (apypr =
—1.21) moieties,'’®! and the experimentally determined
molecular conductance of the 2,5-diethynylthiophene
compounds 5b (log(G/Gy) = —3.81 = 0.36) and 5c
(log(G/Gy) = —3.77 = 0.36) (Table 3) it is possible to
estimate the bridge parameter biuiopn (—1.17) from the
average solutions of Eqn 3.
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Fig. 3. Representative conductance histograms. conductance (log(G/Gp)) vs electrode displacement curves (offset along the

displacement axis for clarity), and 2D conductance-relative displacement histograms from compounds éa-c.

With values for both bgiopn and the thiolate anchor
(as- = —1.22) in hand, from Eqn 3 the logarithm of con-
ductance of the thiolate contacted diethynylthiophene junc-
tion derived from 5a can also be estimated as follows.

log(Gn/Go) = as- + buioph + as- = (—1.22)
+ (-1.17) + (-1.22) = -3.61

This value is in excellent agreement with the experimentally
determined value (—3.73 £ 0.40) of the junction derived
from 5a, giving confidence in the significance of the cir-
cuit rule.

Alternatively, averaging the values of biopn Obtained
from each of the three experimental conductance values
from 5a, 5b and 5c gives buiopn = —1.18, a value obviously
similar to the two-point estimate given above. Unsurprisingly,
using the established anchor parameters (Table 1) and this
globally averaged value of the bridge parameter, estimates of
molecular conductance (log(Gw/Go)) are also found to
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be in excellent agreement with the experimental values (log
(Gexp/Go)) (Table 3).

In the same manner, a two-point average estimate of
braphtn (—1.34) and b,nm, (—1.00) have been calculated
from 6b and 6¢, and 7b and 7c respectively, and used to
predict the most probable conductance of the structures
with thiolate anchor groups:

IOg(G‘h/GO) = as + bnaphth + as- = (-1.22)
+ (-1.34) + (-1.22) = —-3.78

and

log(Gn/Go) = as- + banthrac + as- = (—1.22)
+ (—=1.00) + (-1.22) = —3.44

These values are in excellent agreement with the experi-
mental conductance of 6a and 7a (—3.60 = 0.25 and
—3.52 = 0.49, respectively). Again, globally averaged
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Representative conductance histograms, conductance (log(G/Go)) vs electrode displacement curves (offset along the

displacement axis for clarity), and 2D conductance—relative displacement histograms from compounds éa—c.

values of the bridge parameter bhapns and bans based on
experimental conductance values 10g(Gex,/Go) of 6a, 6b, 6¢
and 7a, 7b, 7¢, have been determined, and summarised in
Table 2. Estimates of molecular conductance (log(Gu./Go))
are found to be in excellent agreement with the experimen-
tal values (Table 3).

Structure—property relationships

In addition, we have studied the relationship between the
aromaticity of the backbone and conductance of single-
molecule junctions.”*) Aromaticity of the substituted ring
of each core has been estimated by the Bird index.””! For
this, the bond orders (N) were calculated from the bond
length (R) from the crystal structure data of compounds,
using the Gordy relationship!”®! (Eqn 4)

=2 b &

where, for C-C bond a = 6.20 and b = 1.71, and for C-S
bond a = 11.9 and b = 2.59.

The coefficient of variation for the bond orders of a
heterocycle is estimated by the equation (Eqn 5)

100 | = (N — N)?
N n

V= 5)

where n is the number of bonds.

Finally, the aromaticity index (I) can be calculated
using the coefficient of variation for the bond orders
(Eqn 6)

- v
I= 100(1 - ) (6)

K

where, for a five-membered ring heterocycle, the coefficient
of variation for the bond orders in a non-delocalized Kekule
form of the cyclic structure with alternating single and
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Table 3. Summary of conductance and junction geometry data.

Compound (log (log d (A) Az* Az* + AS Junction
(GIG)™ (Gen/Go))® (nm)E Zeore (NnM)F formation
probability (%)"

o) A o) -3.73+0.40 -3.62 18 1.31 1.81 84° 40
= ~
/«s O = Q j -
s

5a
s -381£036  -400 18 130 1.80 81° 100
s O - O s’
5b
M -377£036  -3.60 17 124 174 84° 100

5c
O -3.60 £ 0.25 -3.72 19¢ 1.21 1.71 62° 40
Z I\ — N\ — /T
S — N/ — A\ 7 SZ
(@]
6a
\ J N\ — . = -4.07 £ 0.42 -4.10 19¢ 1.35 .84 71° 100
s =)=~
6b
-3.85 £ 041 -3.70 18 1.34 1.84 82° 100
TN — TN — 7\
SN\ ) —=—A ) =X_)s

0 Q -3.52+0.49 —3.47 20° 1.26 1.76 6l° 25
: /7 N — (TN — (T

-3.85+040 -3.85 20° 1.31 1.81 65° 100

7b

(Continued on next page)
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Table 3. (Continued)

Compound (log (log d (A) Az* Az* + AS Junction
(GIGy))A (GenlGo))® (nm)E Zeorr (NM)F formation

probability (%)"
-3.40 £0.28 -345 20° 13.0 1.80 65° 100
TN — TN — 7 N
SN/ — 2\ /g =—_)~s
7c

AExperimentally determined most probable molecular conductance; the error bars are based on the standard deviation in the Gaussian fitting of the 1D

conductance histograms.

BMolecular conductance calculated from Eqn 3.

€s...S distance determined from optimised structure in 3DChem.

Ds...S distance determined from crystallographically determined structures.
EExperimentally determined break-off distance.

FBreak-off distance allowing for snap-back of the gold electrodes (0.5 nm).[n]
GTilt angle to the surface.

HProportion of current—distance curves containing the featured molecular plateau.

Table 4. Bird (aromaticity) index for the cores of the molecular
backbones.

Backbone core 3{@\5\ 4 O i O
S
)

80.85

Bird index (I) 57.33 88.66

double bonds Vx = 35 (thiophen backbones), and for a six-
membered ring heterocycle Vx = 33.3 (naphthalene and
anthracene backbones).

The aromaticity of each compound has been estimated
from the metric data contained within the available crystal
structures of 2,5-bis((trimethylsilyl)ethynyl)thiophene, 1,4-bis-
((trimethylsilyl)ethynyl)naphthalene and 9,10-bis((trimethyl-
silyDethynyl)anthracene. The results of these calculations of
the Bird index reveal that the aromaticity of the alkynyl
substituted ring follows the trend thiophene < naphthalene
< anthracene (Table 4). However, there is no strong corre-
lation between the aromaticity index and conductance of
molecules 5a,b-7a,b (Fig. 5). Not surprisingly, for a range
of molecules that vary in both backbone and anchor group, a
single parameter such as the aromaticity of the backbone
moiety cannot be the key tool for prediction, comparison,
and tuning of molecular conductance of a molecular junction.
Structure-property relationships can, however, be rationa-
lised from the molecular circuit rule where the overall molec-
ular conductance of a specific compound is obtained from
partitioning the junction into a series of weakly coupled
scattering regions (i.e. the molecular backbone and the anchor
groups) (Fig. 6).

-3.3
-3.4 a7cC

=351 = 7a

-3.6 =6a

=371 = 5a
A Bc

-3.8

* 5b s6c o 7b

-3.9

log (G/Gg) experimental

-4.0

o . 6b

5 60 65 70 75 80 8 90 95
Aromaticity (Bird index)

Fig. 5. Plot of experimentally determined molecular conductance
(log(G/Gp)) vs Bird aromaticity index for compounds 5a-c, éa—c
and 7a—c.

Conclusions

The in situ desilylation of trimethylsilyl-protect bis(alkynyl)
arylenes and subsequent coupling with the appropriate aryl
halides offer a convenient method to synthesis the wide
variety of oligo(arylene-ethynylene) (OAE) type molecular
wires. The molecular conductance values of a range of these
molecular wires (5a,b-7a,b) with different arylene ethyny-
lene backbones have been measured using the STM-BJ
method. Off-resonance tunnelling through this family of
molecules allows the junction to be treated as a series of
weakly coupled scattering moieties (anchors and a molecu-
lar bridge) in line with the concepts expressed in recently
proposed quantum circuit laws. Experimentally determined
molecular conductance values have been used to extract the
molecular bridge parameters, b, for 2,5-diethynylthiophene,

515


https://www.publish.csiro.au/ch

M. Nabher et al.

Australian Journal of Chemistry

-3.3 -
-3.4 -
-3.5 4
-3.6 -
-3.7 -
-3.8 1
-3.9 4

—4.0

log (G/Gg) experimental

=6b

-4.1 4

—4.2 T T T T T T T T 1
-4.2 -4.1 -4.0 -39 -3.8 -3.7 -3.6 -3.5 -3.4 -3.3

log (G/Gy) theoretical

Fig. 6. Plot of experimentally determined molecular conductance
values (log(G/Go)) vs those calculated from Eqn 3 (log(G™/Gy)) for
compounds 5a-c, 6éa—c and 7a-c.

1,4-diethynylnaphthalene, and 9,10-diethynylanthracene
moieties. Predictions of molecular conductance based on
these parameters are in excellent agreement with available
experimental results. Whilst there was no simple relationship
between molecular conductance and the degree of aromatic-
ity in the arylene fragments, the junction may be partitioned
into anchor and backbone regions according to molecular
circuit laws. By parameterising these regions with numerical
terms (ax, bg) that capture the molecular variables influen-
cing the electrical properties of a junction (e.g. energy level
alignment, molecular length, electrode-molecule coupling,
etc.), the quantum circuit rules can be used as predictive
tools for molecular conductance.

Experimental section

General conditions

All reactions were performed with the use of standard Schlenk
line techniques, under an atmosphere of N,. Methanol was

S‘@%SiM% + |—@s
/

1. KF, MeOH

All other materials were obtained from commercial suppliers
and used as received. NMR spectra were recorded in deuter-
ated solvent solutions on Bruker Avance 400 MHz (lH,
400.1 MHz; '3C, 100.6 MHz) or 500 MHz (*H, 500.1 MHz;
13¢, 126 MHz) spectrometers using CDCl; as the solvent and
referenced to internal solvent references (*H, '°C{H}).
Infrared spectra were recorded on an Agilent Technologies
Cary 630 spectrometer fitted with an ATR attachment. High-
resolution mass spectra were recorded using a Waters LCT
Premier XE mass spectrometer using electrospray ionisation
(ESD) or atmospheric pressure chemical ionisation (APCI)
with Leucine Enkephalin as reference.

Crystallography

Data were collected using an XtaLAB Synergy single source
HyPix diffractometer operating at T = 102(2) K. 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 = 100 K during data
collection. The structures were solved with the ShelXT 2018
solution program using dual methods,'®” and by using
Olex2 as the graphical interface.'®") The models were
refined with ShelXL using full matrix least squares minimi-
sation on F2.'®2) All crystallographic data have been depos-
ited with the CCDC (2107811, 2107812) 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
+441223336033; email deposit@ccdc.cam.ac.uk). Crystal
and refinement details are given in Supplementary Table S2.

S-(4-((4-(Methylthio)phenyl)ethynyl)phenyl)
ethanethioate, A

}7 2. [PACL,(PPhy),], Cul,

- O=C0

NEt,, RT

dried over activated Mg turnings and distilled under N,
before use. Tetrahydrofuran was dried on an INERT™
column-based solvent purification system and stored under
N,. Triethylamine (NEt3) was dried and distilled over KOH
under N, before use. No special precautions were taken to
exclude air or moisture during work-up. The compounds
S-(4-iodophenyl) ethanethioate,’*'! 5-bromo-3,3-dimethyl-
2,3-dihydrobenzo[b]thiophene,'®®  4-(trimethylsilylethynyl)-
thioanisole,'®®  2,5-bis((trimethylsilyl)ethynyl)thiophene,!””]
1,4-bis((trimethylsilyl)ethynyl)naphthalene,®  9,10-bis
((trimethylsilyl)ethynyl)anthracene,®*! [PdCl,(PPh3),],"”®
[Pd,(dba);]"*! and were prepared by literature methods.
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A solution of 4-(trimethylsilylethynyl)thioanisole (200 mg,
0.907 mmol) and KF (264 mg, 4.54 mmol) in dry, degassed
MeOH (10 mL) was stirred at room temperature for 2 h. After
this time, the solvent was removed under reduced pressure
and dry, degassed NEt; (20 mL), S-(4-iodophenyl) etha-
nethioate (252 mg, 0.907 mmol), [PdCl,(PPh3),] (14 mg,
0.02 mmol), and Cul (5 mg, 0.02 mmol) were added to the
residue. The reaction mixture was stirred at room tempera-
ture for further 20 h. After this time, the solvent was removed
in vacuo, and the residue purified by preparative thin layer
chromatography on silica eluting with CH,Cl,:hexane (1:5) to
give the product as an off-white solid. Yield was 0.135 g (63%).


https://www.ccdc.cam.ac.uk/structures/
https://www.ccdc.cam.ac.uk/structures/

www.publish.csiro.au/ch

Australian Journal of Chemistry

IR (solid state, ATR)/cm “: »(C=C) 2116. 'H NMR
(CDCls, 500 MHz, §/ppm): 7.54 (d, J = 8.4 Hz, 2H, H°),

Synthesis of 2,5-bis((4-(methylthio)phenyl)
ethynyl)thiophene, 5b

A 1. KF, MeOH
Y O o - D
wms—=— 87 ~1us \ 2.[PdCl,(PPhy),], Cul = g~ =

NEt, \S S/

7.44 (d,J = 8.5 Hz, 2H, H*), 7.39 (d, J = 8.4 Hz, 2H, H'?),
7.21 (d, J = 8.5 Hz, 2H, H>), 2.50 (s, 3H, H'), 2.43 (s, 3H,
H'?). 3C{*H} NMR (CDCl3, 126 MHz, §/ppm): 193.63 (C'?),
139.92 (C?), 134.36 (C'©), 132.24 (C°), 132.09 (C*), 128.06
(C®), 125.99 (C%), 124.75 (C'1), 119.28 (C>), 91.07 (C°), 88.88
(C7), 30.42 (C'?), 15.49 (C'). Acc-MS(ESI™): m/z 298.0426
[M] ™" calculated for C;,H;40S, 298.0486.

Synthesis of S,S’-((thiophene-2,5-diylbis(ethyne-
2,1-diyl))bis(4,1-phenylene))diethanethioate, 5a

1. KF, MeOH

A solution of 2,5-bis((trimethylsilyl)ethynyl)thiophene
(100 mg, 0.361 mmol) and KF (53 mg, 0.903 mmol) in
dry, degassed MeOH (15 mL), was stirred at room tempera-
ture for 3 h. After this time solvent was removed under
reduced pressure and the residue immediately treated with
dry, degassed NEt; (15 mL), 4-iodothioanisole (190 mg,
0.0.758 mmol), [PACl;(PPh3)>] (14 mg, 0.02 mmol), and
Cul (4 mg, 0.02 mmol). The reaction mixture stirred at room
temperature for further 2 h. The solvent was then removed
in vacuo, and the residue purified by column chromato-
graphy on silica eluting with CH,Cly:hexane (1:5) to give
the product as a yellow solid. Yield was 0.70 g (47%).
IR (solid state, ATR)/ecm™': »(C=C) 2122. 'H NMR
(CDCl3, 500 MHz, §/ppm): 7.42 (d, J = 8.5 Hz, 4H, HY),

/@\ +IOS
MS—— S T=—~TMS }.7
o)

A solution of 2,5-bis((trimethylsilyl)ethynyl)thiophene
(100 mg, 0.361 mmol) and KF (53 mg, 0.903 mmol) in
dry, degassed MeOH (15 mL) was stirred at room tempera-
ture for 3 h. After this time, the solvent was removed under
reduced pressure and the residue immediately treated with
dry, degassed NEt; (15 mL), S-(4-iodophenyl) ethanethioate
(211 mg, 0.758 mmol), [PACl,(PPh3),] (13 mg, 0.02 mmol),
and Cul (4 mg, 0.02 mmol). The reaction mixture was
stirred at room temperature for further 2 h, after which
time the solvent was removed in vacuo, and the residue
purified by column chromatography on silica eluting
with CH,Cly:hexane (1:9) to give the product as a yellow
solid. Yield was 0.30 g (20%). IR (solid state, ATR)/cm ™
»(C=C) 2113. 'H NMR (CDCls, 500 MHz, §/ppm): 7.54

1

2. [PdCI (PPh3)2] cul /[<

==}

7.26 (s, 1H, H%, 7.21 (d, J = 8.5 Hz, 2H, H®),
2.50 (s, 3H, HY)."*C{'H} NMR (CDCl;, 126 MHz, §/ppm):
140.16 (C?), 131.87 (C* & C°), 125.94 (C®), 124.77 (C®),
118.93 (C®), 94.11 (C®), 82.57 (C”), 15.44 (C). Acc-MS
(ESI™): m/z 376.0411 [M]* -calculated for C,5H;¢Ss
376.0414.

Synthesis of 2,5-bis((3,3-dimethyl-2,3-dihydro-
benzo[b]thiophen-5-yl)ethynyl)thiophene, 5c

KF, MeOH 7\

(d, J = 8.5 Hz, 2H, H®), 7.40 (d, J = 8.5 Hz, 2H, HY),
7.18 (s, 1H, H'©), 2.44 (s, 3H, H'). 3C{'H} NMR (CDCls,
126 MHz, §/ppm): 193.45 (C?), 134.40 (C%), 132.42 (C'?),
132.15 (C>), 128.77 (C%), 124.80 (C%), 123.91 (C>), 93.68
(C7), 84.01 (C®), 30.47 (CY). Acc-MS(ESIY): m/z 432.0312
[M]* calculated for Co4H1605S5 432.0312.

O s 89/\
L=

N

—
e S —

[Pd,(dba)], Cul, O
JohnPhos, NEt, S

A solution of 2,5-bis((trimethylsilyl)ethynyl)thiophene
(100 mg, 0.361 mmol) and KF (53 mg, 0.903 mmol) in
dry, degassed MeOH (15 mL) was stirred at room tempera-
ture for 2 h. After this time, the solvent was removed under
reduced pressure and the residue immediately treated with
dry and degassed NEt; (15 mL), 5-bromo-3,3-dimethyl-
2,3-dihydrobenzo[b]thiophene (182 mg, 0.758 mmol),
[Pdy(dba)s] (9 mg, 0.009 mmol), JohnPhos (6 mg,
0.02 mmol) and Cul (4 mg, 0.02 mmol). The reaction mix-
ture was allowed to react for 24 h at 50°C temperature, and
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then cooled t room temperature before the solvent was
removed in vacuo. The residue was purified by column
chromatography on silica eluting with hexane to give the
product as a yellow solid. Yield was 0.80 g (49%). IR (solid
state, ATR)/cm ™! »(C=C) 2131. 'H NMR (CDCl;, 500 MHz,
8/ppm): 7.28 (dd, J = 8.0, 1.4 Hz, 2H, H®), 7.18 (d, J = 1.4
Hz, 2H, H®), 7.16 (d, J = 8.0 Hz, 2H, H®), 7.12 (s, 2H, H'),
3.20 (s, 4H, H®), 1.39 (s, 6H, HY). 13C{'H} NMR (CDCl;, 126
MHz, §/ppm): 148.50 (C°), 142.36 (C%, 131.71 (C'3),
130.88 (C®), 125.84 (C®), 124.76 (C'%) 122.50 (C°), 118.56
(C7), 94.62 (C'%), 81.95 (C'"), 47.46 (C?), 47.42 (C?), 27.50
(CYH. Acc-MS(ESIT): m/z 456.1042 [M]* calculated for
CagH24S3 456.1040.

1. KF, MeOH/THF

(CDCls, 100 MHz, 8/ppm): 193.52 (C?), 134.49 (C%), 133.17
(C'H, 132.39 (C®), 130.02 (C'?), 128.64 (C®), 127.59 (C'),
126.73 (C'?), 124.52 (C?), 121.60 (C°), 95.45 (C®), 89.27
(C7), 30.48 (C1). Acc-MS(ESI™): m/z 477.0981 [M + H]*
calculated for C3oH5;S,0, 477.0981.

ef=0

Synthesis of 1,4-bis((4-(methylthio)phenyl)
ethynyl)naphthalene, 6b

TMS + IOS
\

TMS—— ;\ /;

Synthesis of S,S’-((naphthalene-1,4-diylbis
(ethyne-2,1-diyl))bis(4,|-phenylene))
diethanethioate, 6a

= 1. KF, MeOH/THF

2. [PACI,(PPhy),], Cul
NEt,, THF

OGQ

A solution of 1,4-bis((trimethylsilyl)ethynyl)naphthalene
(100 mg, 0.312 mmol) and KF (46 g, 0.78 mmol) in a
solution of dry, degassed MeOH (10 mL) and THF (2 mL),
was stirred at room temperature for 3 h. After this time the
reaction mixture was allowed to cool, the solvent was
removed under reduced pressure and the residue treated
with dry and degassed NEt; (10 mL) and THF (2 mL),
4-iodothioanisole (164 mg, 0.0.655 mmol), [Pd(PPh3),Cl,]
(11 mg, 0.02 mmol) and Cul (3 mg, 0.02 mmol). After that,
the reaction mixture was allowed to stirred at room temper-

TMS —=— ——TMS + |O
@ >/7 2. [PACL(PPhy),], ol

NEt, THF

A solution of 1,4-bis((trimethylsilyl)ethynyl)naphthalene
(100 mg, 0.312 mmol) and KF (46 mg, 0.78 mmol) in a
solution of dry, degassed MeOH (10 mL) and THF (2 mL),
was stirred at room temperature for 3 h. After this time the
reaction mixture was allowed to cool to room temperature.
The solvent was removed under reduced pressure and
the residue immediately treated with dry and degassed
NEt3 (10 mL) and THF (2 mL), S-(4-iodophenyl) ethanethio-
ate (183 mg, 0.655 mmol), [Pd(PPhs3),Cl;] (11 mg, 0.02
mmol), and Cul (3 mg, 0.02 mmol). The reaction mixture
was allowed to stir at room temperature for further 2 h,
before the solvent was removed in vacuo, and the residue
purified by column chromatography on silica eluting
with CH,Cly:hexane (1:6) followed by CH,Cl,:hexane (1:1)
to give the product as a yellow solid. Yield was 0.95 g
(64%). IR (solid state, ATR)/cm ™ ": 4(C=C) 2108. 'H NMR
(CDCl3, 400 MHz, §/ppm): 8.45 (dd, J = 6.4, 3.3 Hz, 2H,
H'), 7.75 (s, 2H, H'), 7.71-7.63 (m, 6H, H'® & H®), 7.46
(d, J = 8.4 Hz, 4H, H"), 2.46 (s, 6H, H"). "*C{'H} NMR
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ature for further 2 h. The solvent removed in vacuo, and
the residue purified by column chromatography on silica
eluting with hexane followed by CH,Cl,:hexane (1:8) to
give the product as a yellow solid. Yield was 0.96 g
(73%). IR (solid state, ATR)/cm ™~ ': (C=C) 2114. "H NMR
(CDCl5;, 500 MHz, §/ppm): 8.45 (dd, J = 6.4, 3.3 Hgz,
2H, H'), 7.72 (s, 2H, H%), 7.65 (dd, J = 6.4, 3.3 Hz, 2H,
H'?), 7.56 (d, J = 8.5 Hz, 4H, H"), 7.26 (d, J = 8.5 Hz, 2H,
H®), 2.53 (s, 6H, HY). 3C{'*H} NMR (CDCl;, 126 MHz, &/
ppm): 139.98 (C?), 133.17 (C'?), 132.09 (CY), 129.77 (C?),
127.37 (C'%), 126.78 (C'1), 126.08 (C?), 121.61 (C®), 119.58
(C>), 96.01 (C7), 87.84 (C°) 15.54 (C1). Acc-MS(ESI*): m/z
420.1005 [M]* calculated for CogHy0Ss 420.1006.
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Synthesis of 1,4-bis((3,3-dimethyl-2,3-dihydro-
benzo[b]thiophen-5-yl)ethynyl)naphthalene, 6c

™S —= ; /; = TMs + Br%

A solution of 1,4-bis((trimethylsilyl)ethynyl)naphthalene
(100 mg, 0.312 mmol) and KF (46 mg, 0.78 mmol) in a
solution of dry, degassed MeOH (10 mL) and THF (2 mL) was
stirred at room temperature for 2 h. After this time, the
solvent was removed under reduced pressure and the residue
immediately treated with dry, degassed NEt; (10 mL) and
THF (2 mL), 5-bromo-3,3-dimethyl-2,3-dihydrobenzo[b]thio-
phene (166 mg, 0.5 mmol), [Pd,(dba)s] (8 mg, 0.008 mmol),
JohnPhos (6 mg, 0.02 mmol) and Cul (4 mg, 0.02 mmol). The
reaction mixture then heated for further 24 h at 50°C tem-
perature. After this time, the solution was cooled, the solvent
was removed in vacuo, and the residue purified by column
chromatography on silica eluting with hexane: CH,Cl, (8:1)
to give the product as a yellow solid. Yield was 0.80 g (51%).
IR (solid state, ATR)/cm~': (C=C) 2109. *H NMR (CDCls,
500 MHz, §/ppm): 8.46 (dd, J = 6.4, 3.3 Hz, 2H, H'), 7.71
(s, 2H, H'®), 7.65 (dd, J = 6.4, 3.3 Hz, 2H, H'®), 7.42 (dd,
J = 8.0, 1.5 Hz, 2H, H®), 7.30 (d, J = 1.5 Hz, 2H, H®), 7.22
(d, J = 8.0 Hz, 2H, H%), 3.23 (s, 4H, H%), 1.43 (s, 12H, H").
13C{'H} NMR (CDCl;, 126 MHz, §/ppm): 148.55 (C>),
142.19 (C%, 133.18 (C'"), 131.13 (C®), 129.72 (C'),
127.31 (C'), 126.83 (C'), 125.98 (C%, 122.57 (C?),
121.63 (C'), 119.20 (C7), 96.54 (C'°), 87.20 (C'"), 47.51
(C?), 47.47 (C?), 27.55 (C"). Acc-MS(ESI*): m/z 500.1637
[M]™" calculated for C34H5sS5 500.1632.

5 Ve 2

S-4 7 10 U/ 78R\
N\ / —
9 8

1 KF, MeOH/THF

. [Pd,(dba),], Cul,
JohnPhos, NEt,

1. KF, MeOH/THF \

solution of dry, degassed MeOH (10 mL) and THF (5 mL),
was stirred at 60°C temperature for 3 h. After this time the
reaction mixture was allowed to cool, and the solvent

@@%

was removed under reduced pressure. The residue was trea-
ted with dry, degassed NEt; (10 mL) and THF (2 mlL),
S-(4-iodophenyl) ethanethioate (157 mg, 0.565 mmol),
[PACl>(PPh3),] (10 mg, 0.013 mmol) and Cul (3 mg,
0.013 mmol), and the mixture allowed to stirred at room
temperature for further 2 h. After this time, the solvent
removed in vacuo, and the residue purified by column
chromatography on silica eluting with CH,Cl,:hexane (1:8)
followed by CH,Cl,:hexane (1:3) to give the product as a
yellow solid. Yield was 0.85 g (60%). IR (solid state,
ATR)/cm ™! »(C=C) 2113. 'H NMR (CDCl;, 500 MHz,
8/ppm): 8.67 (dd, J = 6.6, 3.3 Hz, 4H, H'!), 7.81 (d, J =
8.4 Hz, 4H, H>), 7.66 (dd, J = 6.6, 3.3 Hz, 4H, H'?), 7.51 (d,
J = 8.4 Hz, 4H, HY), 2.48 (s, 6H, H"). *C{'H} NMR
(CDCl;, 126 MHz, §/ppm): 193.54 (C?), 134.60 (C),
132.38 (C®), 132.31 (C'%, 128.77 (C®, 127.33 (C'h),
127.19 (C'®, 124.70 (C%, 118.54 (C°), 101.86 (C7),
88.27 (C®), 30.50 (C"). Acc-MS(ESI*): m/z 526.1069 [M]™*
calculated for C34H550,S, 526.1061.
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1 20 11«
2 R 1@ —
s e = g = s
_ \ 7/
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Synthesis of 9,10-bis((4-(methylthio)phenyl)
ethynyl)anthracene, 7b

A solution of 9,10-bis((trimethylsilyl)ethynyl)anthracene
(100 mg, 0.269 mmol) and KF (40 mg, 0.673 mmol) in dry,
degassed MeOH (10 mL) and THF (2 mlL), was stirred at
60°C temperature for 2 h. After this time the reaction

_

Synthesis of §,S’-((anthracene-9,10-diylbis
(ethyne-2,1-diyl))bis(4, 1 -phenylene))
diethanethioate, 7a

A solution of 9,10-bis((trimethylsilyl)ethynyl)anthracene
(100 mg, 0.269 mmol) and KF (40 mg, 0.673 mmol) in a

— 1. KF, MeOH/THF

> / S
2. [PdCI,(PPhy),], Cul
NEt, THF

mixture was allowed to cool, and the solvent was removed
under reduced pressure. The residue was immediately treated
with dry, degassed NEt; (10 mL) and THF (2 mL),
4-iodothioanisole (142 mg, 0.565 mmol), [PdCly(PPhs),]
(10 mg, 0.013 mmol), and Cul (3 mg, 0.013 mmol).

TMS—— ; /; — TMS+I—®—S

2. [PACI,(PPh3),], cul
o NEt, THF

Q-
@@
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The reaction mixture was allowed to stirred at room temper-
ature for further 2 h, before the solvent was removed in
vacuo, and the residue purified by column chromatography
on silica eluting with hexane followed by CH,Cl,:hexane
(1:8) to give the product as a yellow solid. Yield was 0.95 g
(73%). IR (solid state, ATR)/cm~': (C=C) 2113. 'H NMR
(CDCl3, 500 MHz, &/ppm): § 8.68 (dd, J = 6.6, 3.3 Hz, 4H,
H'9), 7.69 (d, J = 8.4 Hz, 4H, H*), 7.64 (dd, J = 6.6, 3.3 Hz,
4H, H'), 7.32 (d, J = 8.4 Hz, 2H, H?), 2.56 (s, 6H, H").
13c{'H} NMR (CDCl;, 126 MHz, &/ppm): 140.15 (C?),
132.20 (C%, 132.08 (C%), 127.41 (C'9), 126.95 (C'),
126.17 (C%), 119.81 (C>), 118.58 (C®), 102.49 (C®), 86.87
(C"), 15.58 (C"). Acc-MS(ESI™): m/z 470.1157 [M] ™" calcu-
lated for C32H2282 470.1163.

Synthesis of 9,10-bis((3,3-dimethyl-2,3-
dihydrobenzo[b]thiophen-5-yl)ethynyl)
anthracene, 7c

(CY). Acc-MS(ESI*): m/z 550.1786 [M]* calculated for
CssHsS, 550.1789.

1 15
2

L e
4/ \7 0 11/ J—

S =l = /_\S

9 8

Single-molecule conductance characterisation

The general methods and principles of the single-molecule
conductance measurements by STM-BJ have been reported
in detail elsewhere by others.!****! In brief, for the STM-BJ
experiment, the gold-on-glass substrates (Arrandee™) were
cleaned by immersion in a freshly prepared piranha solution
(1 part H,O, (33%) in 3 parts H,SO,4 (98%)). After cleaning,
the substrates were rinsed with deionised water and dried
under a nitrogen stream. A freshly cut gold wire (99.99%
purity, 0.25 mm diameter) was used as the STM tip. Analyte
solutions (1 mM) were prepared in 1,3,5-trimethylbenzene
(TMB). For compounds 5a, 6a, and 7a in 1 mM TMB solution,
a few drops of a 1 M solution of tetra-n-butylammonium
fluoride (TBAF) in tetrahydrofuran were added as a depro-
tecting agent to facilitate the removal of the acyl groups. The
substrate surface was examined by STM imaging in the ana-

TMS —— ;\ ; — TMS + Br IS

A solution of 9,10-bis((trimethylsilyl)ethynyl)anthracene
(100 mg, 0.269 mmol), KF (40 mg, 0.673 mmol) in dry,
degassed MeOH (10 mL) and THF (2 mL) was stirred at 60°C
temperature for 2 h. After this time, the solvent was
removed under reduced pressure and the residue immedi-
ately treated with dry and degassed NEt3 (10 mL) and THF
(2 mL), 5-bromo-3,3-dimethyl-2,3-dihydrobenzo[b]thiophene
(137 mg, 0.565 mmol), [Pdy(dba)s] (7 mg, 0.007 mmol),
JohnPhos (6 mg, 0.02 mmol) and Cul (4 mg, 0.02 mmol).
The mixture was allowed to react for further 24 h at reflux
temperature. After this time, the solvent was removed in
vacuo, and the residue purified by column chromatography
on silica eluting with hexane followed by CH,Cly:hexane
(1:9) to give the product as a yellow solid. Yield was 0.95 g
(64%). IR (solid state, ATR)/cm~': (C=C) 2112. 'H NMR
(CDCl3, 500 MHz, §/ppm): 8.69 (dd, J = 6.6, 3.3 Hz, 4H,
H'Y, 7.65 (dd, J = 6.6, 3.3 Hz, 6H, H'), 7.54 (dd, J = 8.0,
1.5 Hz, 2H, H®), 7.41 (d, J = 1.5 Hz, 2H, H%), 7.28 (d, J =
8.0 Hz, 2H, H), 3.26 (s, 6H, H%), 1.48 (s, 12H, H"). *C{'H}
NMR (CDCls, 126 MHz, §/ppm): 148.66 (C°) 142.39 (C%),
132.19 (C'®), 131.20 (C®), 127.46 (C'*), 126.88 (C'),
125.89 (C%, 122.67 (C°), 119.44 (C7), 118.60 (C'?),
103.04 (C'%), 86.20 (C'Y), 47.56 (C?), 47.53 (C?), 27.59

520

Q 1. KF, MeOH/THF — Q
— > S = =/
2. [Pd,(dba)], Cul, \_7/ 7 —( %
JohnPhos, NEt,

lyte solution before starting the conductance-distance mea-
surements. Molecular junctions were formed and broken
repeatedly between the sharp tip and the gold substrate by
moving the tip into and away from the substrate at the rate of
5nms ! (Vius = —0.1 V). In the case where no molecule(s)
were trapped between electrodes while withdrawing the tip,
the current-distance trace demonstrated only exponential
decay. In contrast, if target molecule(s) bridged the gap
between electrodes, conductive plateau-like features were
observed. Typically, 2000 individual traces were recorded
for each compound.

Supplementary material

Crystal structure and refinement details as well as plots of
'H and '*C{'H} NMR spectra are available in supplementary
material online.
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