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ABSTRACT

We studied the interplay between quantum interference (QI) and molecular asymmetry in charge
transport through a single molecule. Eight compounds with five-membered core rings were
synthesized and their single-molecule conductances were characterized using the mechanically
controllable break junction (MCBJ) technique. It is found that the symmetric molecules are more
conductive than their asymmetric isomers and there is no statistically-significant dependence on
the aromaticity of the core. In contrast, we find experimental evidence of destructive QI in five-
membered rings, which can be tuned by implanting different heteroatoms into the core ring. Our
findings are rationalized by the presence of anti-resonance features in the transmission curves
calculated using non-equilibrium Green’s functions. This novel mechanism for modulating QI
effects in charge transport via tuning of molecular asymmetry will lead to promising applications

in the design of single-molecule devices.
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1. INTRODUCTION

Quantum interference (QI) effects have recently attracted great interest in studies of the charge
transport at the single-molecule scale.'® As determined by the phases of the partial de Broglie
waves traversing different paths,”” QI provides a unique way to tune the single-molecule
conductance by orders of magnitude without incorporating substituent groups, extending
molecular length or changing the surrounding environment of the molecule. To date most reports
of QI in cyclic molecules have been restricted to compounds with central six-membered rings.'"
'* Although it has not been observed experimentally, QI in central five-membered rings is
suggested to be a promising way to vary the molecular topology and increase structural diversity
of single-molecule devices."

The incorporation of heteroatoms into a central difunctionalized five-membered m-system
leads to the structural asymmetry of the molecular junctions. Parks et al demonstrated that
through modification of the symmetry of a single-molecule junction by axially stretching the
molecule, the spin states, magnetic anisotropy, and thus the electron flow through the junction
can be tuned.'® Our recent studies also suggest that an asymmetric pyridine (2,4-disubstituted)
modifies the pattern of QI within the core of the molecular backbone and promotes charge
transport through single-molecule junctions.'” Therefore, five-membered heterocyclic cores
provide a logical diversification of the known structural platforms and enable an investigation of
the interplay of QI effects and structural asymmetry of the core unit in charge transport through

single-molecule junctions.
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Figure 1. (a) Molecules with five-membered core units studied in this work. (b) Schematic of a
molecular junction. The vertical dashed line shows the symmetry (top structure) and asymmetry

(bottom structure) with respect to the core unit.

Herein we study the single-molecule conductances of a series of eight compounds of the type
X-Y-X. As shown in Figure la and Figures S3-1 and S3-2 in the SI, the furan (1, 5), pyrrole (2,
6), thiophene (3, 7) and cyclopentadiene cores (4, 8) are rigid and planar. There are three notable
features in their molecular design: (i) all of the molecules have terminal pyridyl anchoring units
(X) at both ends; (i1) each molecule has one of four different five-membered core units (Y), and
(i11) the core is either symmetrically substituted (i.e. 2,5-difunctionalized; 1-4) or asymmetrically
substituted (i.e. 2,4-difunctionalized; 5-8). These compounds provide a unique opportunity to
investigate two issues. First, whether the QI effect is general for other conjugated systems,

besides those previously studied with aromatic six-membered central rings.'"*

Second, what is
the interplay between QI and structural asymmetry in charge transport through five-membered

core units?



2. EXPERIMENTAL SECTION

The synthesis and detailed characterization of compounds 1-8 are given in the SI. The general
synthetic strategy to the symmetrical target structures 1-4 was as follows. The core-unit 2,5-
disubstituted with bromine (thiophene, pyrrole, and furan) or triflate (cyclopentadiene) was
reacted with two equivalents of TIPS-protected acetylene under Sonogashira conditions. After a
two-pot reaction sequence of desilylation with tetrabutylammonium fluoride and subsequent
Sonogashira coupling with 4-iodopyridine, compounds 1-4 were obtained in good yields. The
synthesis of the asymmetric isomers 5-8 was more challenging. This was especially the case for
derivative 8 (Scheme 1) as the formation of C-C bonds at the 2,4-positions of cyclopentadiene
under mild conditions, to our knowledge is not known in the literature. It is worth noting that the
alkyne units at C(2) and C(4) were attached sequentially: this strategy should, therefore, be

versatile for the attachment of different functionality at these positions.

9 10 11 12

l (d)
NQ\W@N 0 TIPS\KTIPS © Tlps\q
I -
8

Scheme 1. Synthesis of 8. Reagents and Conditions: (a) PPhs, Brp, TEA, CH,Cl,, 0 °C to rt, 2 h,

71%; (b) PACly(PPhs),, Cul, TIPSA, DIPA, 10 min, 94%; (c) LIHMDS, Mel, THF, -78 °C to tt,



12 h, 64%; (d) KHMDS, Comins' reagent, THF, -78 °C to rt, 12 h, 87%; (e) TIPSA,
PdCI,(PPhs),, Cul, TEA, THF, rt, 4 h, 91%; (f) TBAF (1 M in THF), THF, rt, 30 min, then 4-

iodopyridine, PdCI,(PPhs),, Cul, THF, DIPA, 40 °C, 12 h, 61% (over two steps).

The mechanically controllable break junction (MCBJ) technique was used to measure the
single-molecule conductances of compounds 1-8. A schematic drawing of the molecular junction
is shown in Figure 1b, while details of the electrical characterization are reported in our previous
paper.'® Briefly, we use an Au wire tip of 99.99% purity for the in-situ fabrication of nanometer-
sized separation. The target compounds were pre-pared as 0.2 mM solutions in TMB
(mesitylene) as solvent. The experiments were carried out in ambient conditions at room
temperature by employing a homebuilt /-7 converter with a sampling rate of 10 kHz. For each
conductance histogram, at least 1,000 individual curves were collected without any data

selection.

3. RESULTS AND DISCUSSION

Figures 2a and 2c display individual conductance traces of 1-4 and 5-8 recorded during the
opening process of the MCBJ operation. The corresponding conductance histograms are given in
Figures 2b and Figure 2d, respectively. Figures 2a-f are plotted in a semi-logarithmic scale in
order to cover the whole measuring range, and the conductance values are reported in units of the
conductance quantum (G¢=2¢”/h). As shown in Figure 2a, after an abrupt jump from the sudden
rupture of the last gold-gold atomic contact, clear conductance plateaus were observed which

could be attributed to the single molecular junctions.
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Figure 2. Typical conductance traces for compounds 1-4 (a) and 5-8 (c), respectively. One-

dimensional conductance histograms for compounds 1-4 (b) and 5-8 (d), respectively. Two-



dimensional conductance-distance clouds of compounds 1 (e) and 5 (f), respectively. The curves

in (b) and (d) are shifted for clarity, while the original histograms are given in the SI.

Table 1. Single-molecule conductances and lengths measured in MCBJ measurements.

Compounds Measured Conductance / log(G/Gy)“ Measured Length / nm

1 -4.54+0.37 1.39+0.15
2 -4.57+0.54 1.38+0.18
3 -4.63+0.36 1.36+0.16
4 -4.49+0.60 1.38+0.13
5 -4.94+0.40 1.44+0.26
6 -5.03+0.35 1.47+0.23
7 <6 /

8 -5.85+0.34 1.40+0.16

 Error bars are based on the Gaussian fitting of conductance all-data-point one-dimensional
histograms. The conductance of the symmetric isomers 1-4 divided by the conductance of the
corresponding asymmetrical isomers 5-8, respectively, gives the following values: 1/5 = 2.5; 2/6
=2.9; 3/7=>23.4; 4/8 = 22.9. ° This is an assumed value, not a measured value. As discussed in
the text, we conclude that the conductance of molecule 7 is below the instrumental sensitivity of

our I-V converter, i.e., <10 G.

The emergence of conductance plateaus in Figure 2a results in the discernible peaks in Figure
2b, which are centered at the very similar values of 1074344037 Go, 1047054 Go, 10403+0:36 Go,
and 10***%% G, for compounds 1-4, respectively. The plateaus and peaks are attributed to the
most favorable microscopic configuration of the molecular junctions, which were further verified
by the location of the intensive cloud in the corresponding two-dimensional conductance-
distance histograms, as shown in Figures 2e and 2f for compounds 1 and 5. The comparable data
for the other compounds and pure solvent are given in the SI. Based on the above-mentioned

data analysis, Table 1 summarizes the single-molecule conductances and the lengths of



compounds 1-8 obtained from MCBJ measurements, where the length was calibrated by adding
0.5 nm considering the snap-back effect.'® In Table 1, error bars are based on the Gaussian fitting
of the one-dimensional conductance histograms and the plateau displacement distributions. For
compound 7 there is no distinct plateau in the individual trace, or peak in the conductance
histogram, implying that the single-molecule conductance is out of the measuring range of our /-
¥ converter, i.e., it is lower than 10 G,. We emphasize that we repeatedly attempted to measure
the conductance of molecule 7 with the same result on each occasion. In these experiments, all
the aspects of the instrumentation were checked, such as the notched-wire chip, the mechanical
components, as well as the I-V converter. Compound 7 is stable to storage under ambient
laboratory conditions, so decomposition of the molecules cannot explain this unexpected result.
We cannot prove that molecule 7 is binding in the junction, but there is no logical reason why it
should not bind, given that all the other seven molecules clearly do bind and reproducibly give
measurable conductance data.

The data show that for the symmetric compounds 1-4 there is no statistical variation of
conductance with the bridging atom (S, N, O or C). It is instructive to compare these results with
the work of Chen et al on a series of compounds having similar structures to 1, 3, and 4."” The
only difference is that each compound studied by Chen et al was wired to gold electrodes by
aminophenyl anchors, while the compounds studied here are wired by pyridyl anchors. The
molecular lengths in both studies are similar. Amino anchors lead to HOMO-dominated
conductances,”’ while pyridyl anchors lead to LUMO-dominated conductances,”' respectively.
For the amino anchors the clear trend in conductance was cyclopentadiene > furan > thiophene.
This led Chen et al to conclude that “aromaticity decreases single-molecule junction

conductance”."” However, we conclude that for the symmetrical compounds 1-4 the pyridyl



anchor dominates the conductance, and there is no statistically-significant dependence on the
aromaticity of the core. Transport between the electrodes can occur through a continuous
linearly-conjugated “butadiene-type” pathway involving the four sp*-hybridized carbon atoms in
1-4. We also note that the single-molecule conductances of our pyridyl compounds are
consistently lower than for the amino anchored analogs due to the different anchoring groups.*
Compounds 5-8 have isomeric structures and comparable lengths with 1-4. However, the
single-molecule conductance values of 5-8 are consistently lower than that of the series 1-4 as
listed in Table 1, giving the direct evidence of destructive QI. This is logical based on a simple
resonance structure analysis of the cores disubstituted at the 2,4 positions,” suggesting the QI
rule in the conventional six-membered rings is also valid for five-membered rings. In contrast to
1-4, there is only weak effective coupling through the system in 5-8 as these molecules do not
offer a linearly conjugated pathway between the two leads. Connecting the substituents at the
2,4-positions of the core (compounds 5-8) corresponds to cross-conjugation,*** thus resulting in
destructive QI. This finding is reminiscent of data for six-membered phenyl core units, where

10-14
0-14 and of our

destructive QI has been observed in the case of non-conjugated meta couplings,
recent work with polycyclic core units, which established that the resonance energy of the core
influences single-molecule conductance.” In the present case, there is no effective conjugated
pathway in molecules 5-8, therefore, the heteroatom in 5-7, or the sp3 carbon atom in 8, plays a
more important role in determining the conductance than in series 1-4.

For compounds 5-8, the electronegativity decreases in the sequence O (3.44) > N (3.04) > S
(2.58) = C (2.55) from the periodic table of electronegativity by the Pauling scale, thus for the

studied compounds, the degree of asymmetry decreases in the sequence 5 > 6 > 7 ~ 8. The

degrees of asymmetry are tuned by the electronegativity of the heteroatom in 5-7, or the sp’
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carbon atom in 8. As listed in Table 1, the lowest conductance values are obtained for 7 and 8,
where the heteroatoms have the lowest electronegativities, suggesting a strong correlation

between the molecular asymmetry, electronegativity and single-molecule conductance.
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Figure 3. DFT results of the transmission coefficients for (a) compounds 1-4 and (b) 5-8.

To investigate the interplay between structural asymmetry and QI in molecules wired between
two electrodes, we calculated the transmission coefficient T(E) of electrons with energy E
passing from one electrode to another through molecules shown in Figure S3-2, using the
Gollum transport code.”® Figure 3 shows the calculated T(E) of compounds 1-8 using the
material specific mean field Hamiltonian obtained from the SIESTA implementation of density
functional theory (DFT).?” For molecules with pyridyl terminal groups, it is known that DFT
incorrectly places the Fermi energy close to the LUMO resonance (at £-Er= 0 in Figure 3). This
causes DFT to overestimate the conductance and therefore to achieve agreement with
experiment, the Fermi energy should be shifted away from the LUMO towards the middle of the

HOMO-LUMO gap (near E-Er = -1 eV in Figure 3).*' Such a shift is consistent with
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thermopower measurements of pyridyl-terminated molecules, whose positive Seebeck
coefficients indicate that the Fermi energy lies in the tail of the LUMO, (in the range -1 eV < E-
Er <0 in Figure 3).%* For the symmetric compounds, Figure 3 shows that the T(E) values of 1-4
in the LUMO dominated regime -1 eV < E < 0 are quite similar, in good agreement with the
experimental findings, that for the series 1-4 the conductances are almost the same. Nevertheless,
in other cases the conductances of para compounds with pyridyl may be sensitive to the
heteroatoms. For instance, recently we measured the conductances of a series of para
compounds with polycyclic core units, i.e., dibenzothiophene, carbazole, dibenzofuran and
fluorene cores, where the conductance varies as the heteroatom changes because the transmission
around the LUMO peak is sensitive to the heteroatoms.”

As shown in Figure 3b, in the same energy regime -1 eV < E < 0, the calculated T(E) of 5-8 is
significantly lower than that of 1-4. Furthermore, for compounds 7 and 8, sharp drops in the
transmission curve, i.c., the anti-resonance features, are observed in the tail of the LUMO peaks.
The presence of these anti-resonances correlates with the lower measured conductances for these
compounds. In contrast, for 5 and 6, as shown in Figure 3b, there are no anti-resonances within
the HOMO-LUMO gap, which correlates with the higher conductances that are measured
experimentally. The absence of anti-resonance features within the HOMO-LUMO gap suggests
that the high electronic asymmetry of the core unit, which originates from the greater
electronegativities of the heteroatoms, moves the anti-resonance features out of the HOMO-
LUMO gap of the molecular junction, and thus QI has a minor effect on the charge transport
through single-molecule junctions. These theoretical results and our experimental findings
suggest that molecular asymmetry affords a novel approach to tuning destructive QI and charge

transport through single-molecule junctions.
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4. CONCLUSIONS

To conclude, we investigated the synergistic effect of molecular symmetry and QI on the charge
transport through single-molecule junctions with five-membered core rings. The study of 5-
membered ring cores is a new and promising way to increase structural diversity of single-
molecule devices. It was found that for the symmetric 2,5-disubstituted series 1-4, the pyridyl
anchors dominate the conductance and there is no statistically significant variation with core
unit. In contrast, the conductances of the asymmetric 2,4-disubsituted series 5-8 are significantly
lower than those of the symmetric 1-4 series, reflecting the presence of destructive QI. More
importantly, the control of molecular asymmetry via the heteroatoms provides the tuning of
destructive QI in the charge transport through single-molecule junctions. DFT calculations reveal
that for asymmetric molecules, the electronegativity of the heteroatoms can be used to move
anti-resonance features into or out of the HOMO-LUMO gap, which controls the destructive QI
effect. Our work establishes a route for the design of building blocks through incorporating
heteroatoms into molecular structure, and further demonstrates a novel yet simple strategy for
tuning QI in single-molecule electronics via asymmetry. This has promising applications in the

design of future molecular-electronic components
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1. Synthesis and Characterization of Molecules

1.1 General Information

All reactions were carried out under an argon atmosphere unless otherwise stated. Starting
materials were purchased commercially and were used as received. Solvents were dried using
an Innovative Technology solvent purification system and were stored in ampoules under
argon. Analytical thin layer chromatography (TLC) was performed on 20 mm pre-coated
plates of silica gel (Merck, silica gel 60 F,s4) TLC plates and spots were visualised using a
TLC lamp emitting at 365, 312 or 254 nm. Silica gel column chromatography was performed
using silica gel 60 purchased from Sigma Aldrich. UV—Visible absorption spectra were

recorded at room temperature on a Thermo Scientific Evolution 220 spectrometer. 'Hand °C
NMR spectroscopy was carried out on Bruker AV400, Varian VNMRS 500 and 700, and
Varian Inova 500 NMR spectrometers. Chemical shifts are reported in ppm relative to CHCl;
(7.26 ppm), and residual protons in DMSO-ds (2.50 ppm) or Acetone-ds (2.05 ppm) and all
NMR data was processed in MestReNova V10. Melting points were recorded on a Stuart
SMP40 machine wusing open ended capillaries with a ramping rate of
1 °C min . Videos were replayed manually to determine the melting point. High resolution
mass spectrometry was carried out on a Waters LCT Premier XE using ASAP ionization.
Samples were analyzed directly as solids. Elemental analysis was performed on an Exeter

Analytical E-440 machine.
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1.2 Experimental Procedures

1.2.1 Synthesis of furan derivatives 1 and 5

@) (b) (©) N” =N
o o TIPS 0. TIPS )
O —— BF\UBF — > SCr = — \o/ =\
15 16 17 1

? 0 TIPS— 2
—> —> Br: N S O
M W % =a
o 7 O 1
20 21
l(g)
|
TIPS
TIPS\(Y \OJ ‘ TIPS\O)
\
Lo
24 23 22

Scheme S1-1: Reagents and Conditions: (a) EtOAc, NBS, ultra-sonication, rt, 1 h, 84%; (b)
TIPSA, PdCl,(PPhs),, Cul, THF, DIPA, 80 °C, 12 h, 86%; (c) TBAF (1 M in THF) THF, rt,
30 min; then Pd,(dba)s, Cul, 4-iodopyridine, THF, DIPA, 40 °C, 12 h, 78% (over two steps);
(d) Bry, CHCl3, reflux, 12 h, 92% (e) i-PrMgCl, THF, —40 °C, 2 h, 85%; (f) PdCI,(PhCN),,
Cul, (t-Bu)sP, TIPSA, DIPA, 1,4-dioxane, 80 °C, 12 h, 90%; (g) LiAlH,, THF, 0°Ctort, 2 h,
99%; (h) MnO,, CH,Cl,, rt, 16 h, 86%; (i) Zn, PPhs, CBr4, CH,Cl;, 0 °C to rt, 48 h, then t-
BuLi, Et,0, —78 °C to 0 °C, 16 h, 78%; (j) TBAF (1 M in THF), THF, rt, 30 min, then 4-
iodopyridine, PdCl,(PPhs),, Cul, THF, DIPA, 40 °C, 12 h, 82% (over two steps).

The compounds 16, 17, 19 and 20 were synthesized according to literature procedures. Their

'"H- and *C-NMR spectra matched previously reported data.'™
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2,5-bis(4-ethynylpyridyl)furan (1)
N7\ — N
SN S

\ /)

A solution of furan derivative 17 (1.00 g, 2.3 mmol) in dry THF (40 mL) was degassed for 30
min. TBAF (1 M in THF, 4.6 mL) was then added and resulting reaction mixture (A) was
stirred in the dark for 30 min at room temperature under inert atmosphere. A separate flask
was charged with 4-iodopyridine (0.90 g, 4.6 mmol), Cul (44 mg, 10% mmol), PPh; (184 mg,
30% mmol) and dry (i-Pr),NH (20 mL). The resulting mixture (B) was degassed for 30 min,
followed by the addition of Pd,(dba); (214 mg, 10% mmol). After deprotection of 17 was
completed, the solution (A) was degassed for 10 min and subsequently cannulated into the
reaction mixture (B). The resulting reaction mixture was stirred at room temperature

overnight under inert atmosphere. After completion, the reaction was filtered through a pad

of CeliteTM, and solvents were removed at reduced pressure. The residue was diluted in ethyl
acetate, washed sequentially with saturated aqueous NH4Cl, water and brine. The organic
layer was dried over MgSQO4 and evaporated in vacuo. The crude product was further purified
by flash column chromatography (Si0,, acetone/toluene, 1:2 — 1:1 (v/v), 5% triethylamine)
yielding 1 (542 mg, 2.0 mmol, 86% over two steps) as a pale yellow solid. mp: 151.5-152.5
°C. "H NMR (400 MHz, CDCl;, 8): 8.64-8.62 (m, 4H), 7.38-7.37 (m, 4H), 6.79 (s, 2H). °C
NMR (101 MHz, CDCls, §): 150.07, 137.70, 130.05, 125.17, 118.16, 92.03, 83.25. HRMS-
ASAP+ (m/z): calcd for C;gH;1N,O [M]+H, 271.0871; found, 271.0867. Anal. calcd for
CisHioN,O: C 79.99; H 3.73; N 10.36; found: C 79.93; H 3.72; N 10.25.

Methyl 4-((triisopropylsilyl)ethynyl)furan-2-carboxylate (21)
T|Psw
g
Methyl 4-bromofuran-2-carboxylate (20, 2.00 g, 9.8 mmol) was dissolved in dry 1,4-dioxane
(30 mL) and dry DIPA (15 mL). The resulting solution was degassed for 30 min, followed by
the addition of PdCl,(PhCN); (187 mg, 5% mmol) and Cul (93 mg, 5% mmol). After further
degassing for 10 min, #BusP (197 mg, 10% mmol) and TIPS-acetylene (2.70 mL, 12.2

mmol) were added sequentially. The reaction mixture was stirred at 80 °C overnight. After
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cooling to room temperature, the reaction mixture was filtered through a pad of CeliteTM, and
solvents were evaporated. The residue was diluted in ethyl acetate, washed sequentially with
saturated aqueous NH4Cl, water and brine. The organic layer was dried over MgSO4 and
removed at reduced pressure. The crude product was further purified by flash column
chromatography (SiO,, hexanes/Et,0, 20:1 — 10:1 (v/v)) yielding 21 (2.70 g, 8.8 mmol, 90%)
as a yellow oil. "H NMR (400 MHz, Acetone-dg, 6): 8.12 (d, J=0.9 Hz, 1H), 7.28 (d, J= 0.9
Hz, 1H), 3.86 (s, 3H), 1.13-1.12 (m, 21H). "C NMR (101 MHz, Acetone-ds, 8): 158.93,
151.02, 145.80, 120.68, 110.91, 97.40, 94.41, 52.48, 19.11, 12.13. HRMS-ASAP+ (m/z):
calcd for C17H»7;05Si [M]+H, 307.1729; found, 307.1716.

(4-((triisopropylsilyl)ethynyl)furan-2-yl)methanol (22)
TIPSWOH
Lo

Methyl ester 21 (3.00 g, 9.8 mmol) dissolved in dry THF (70 mL) was added dropwise to a
suspension of LiAlH4 (312 mg, 8.22 mmol) in dry THF (35 mL) at 0 °C. After the addition
was complete the reaction mixture was stirred for 2 h at room temperature. The reaction was
quenched at 0 °C by carefully adding water followed by aq. HCI (1 M, 50 mL). The crude
product was extracted with diethyl ether (3 x 20 mL). The combined organic layers were
washed with brine, dried over MgSQ,, filtered through a short plug of silica and evaporated
at reduced pressure affording 22 (2.70 g, 9.7 mmol, 99%) as a pale yellow oil, which was
used without further purification. "H NMR (400 MHz, DMSO-dg, 6): 7.98 (d, J = 0.9 Hz,
1H), 6.37 (d, J= 0.9 Hz, 1H), 5.27 (t, J = 5.8 Hz, 2H), 4.34 (dd, /= 5.8, 0.7 Hz, 2H), 1.07 (s,
21H). °C NMR (101 MHz, DMSO-ds, 8): 156.12, 146.43, 109.39, 107.24, 98.61, 91.50,
55.28, 18.46, 10.68. HRMS—ESI- (m/z): calcd for CcH»50,Si [M]-H, 277.1624; found,
277.1610.
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4-((triisopropylsilyl)ethynyl)furan-2-carbaldehyde (23)

TIPSW
\ O

To a solution of alcohol 22 (2.50 g, 8.9 mmol) in dry CH,Cl, (100 mL) was added MnO, (7.7

g, 88 mmol) in portions over 6 h and the resulting reaction mixture was stirred at room

temperature for 12 h. The reaction was filtered through a pad of Celite' . The organic layer
was washed with brine, dried over MgSO, and evaporated at reduced pressure. The crude
product was further purified by flash column chromatography (SiO,, hexanes/Et,0O, 20:1 —
10:1 (v/v)) affording 23 (2.10 g, 7.6 mmol, 86%) as a colorless oil. '"H NMR (400 MHz,
Acetone-dg, 0): 9.66 (d, J=0.7 Hz, 1H), 8.24 (t, /= 0.8 Hz, 1H), 7.52 (d, /= 0.8 Hz, 1H)3.90
(s, 3H), 1.14-1.13 (m, 21H). *C NMR (101 MHz, Acetone-de, 8): 178.69, 153.95, 152.34,
123.99, 111.44, 97.12, 94.86, 19.10, 12.12. HRMS—-ASAP+ (m/z): calcd for CicH»50,Si
[M]+H, 277.1624; found, 277.1610.

2-ethenyl-4-((triisopropylsilyl)ethynyl)furan (24)

TIPS— —
\@//
O

A flask was charged with PPh3 (2.40 g, 9.0 mmol), CBr,4 (3.00 g, 9.0 mmol), Zn dust (0.60 g,
9.0 mmol) and dry methylene chloride (25 mL). The resulting suspension was stirred for 24 h
under inert atmosphere at room temperature. The reaction mixture was cooled to 0 °C and a
solution of 23 (1.00 g, 3.6 mmol) in dry methylene chloride (5 mL) was slowly added. After
completed addition the cooling bath was removed and stirring was continued for 16 h at room
temperature. The reaction mixture was diluted with methylene chloride (50 mL) and filtered

through a pad of Celite' . The organic layer was washed with 10% aqueous Na,S,03,
saturate aqueous NH4Cl, brine, dried over MgSO4 and removed at reduced pressure. The
crude product was further purified by flash column chromatography (SiO,,
hexanes/methylene chloride, 95:5 (v/v)) affording the corresponding dibromo-olefin product
(1.50 g, 3.5 mmol, 96%) which was not purified further. '"H NMR (400 MHz, CDCls, 8): 7.60
(d, J=0.7 Hz, 1H), 7.34 (d, J= 0.6 Hz, 1H), 7.00 (t, J=0.7 Hz, 1H), 1.11 (s, 21H). >C NMR
(101 MHz, CDCls, 8): 150.03, 145.89, 126.02, 113.99, 110.01, 96.95, 93.75, 88.98, 18.78,
11.41. To a flask charged with the dibromo-olefin product (1.50 g, 3.5 mmol) and Et,O (25
S7



mL) was added t-BuLi (1.7 M in pentane, 7.8 mL, 13.2 mmol) at —78 °C. The resulting
reaction mixture was warmed to room temperature over the course of 16 h. The reaction was
quenched by the addition of aqueous saturated NH4CI and extracted with Et,O (3x 50 mL).
The combined organic layers were washed with brine, over MgSO, and removed at reduced
pressure. The crude product was further purified by flash column chromatography (SiO,,
hexanes/methylene chloride, 95:5 (v/v)) yielding 24 (745 mg, 2.7 mmol, 79%) as a light
yellow oil. '"H NMR (400 MHz, CDCls, 8): 7.55 (d, J= 0.8 Hz, 1H), 6.67 (d, J = 0.8 Hz, 1H),
3.37 (s, 1H), 1.10 (s, 21H). >*C NMR (101 MHz, CDCls, 8): 146.99, 136.41, 118.85, 109.27,
96.50, 93.64, 82.32, 73.14, 18.76, 11.39. HRMS—-ASAP+ (m/z): calcd for C;7H,50Si [M]+H,
273.1675; found, 273.1668.

2,4-bis(4-ethynylpyridyl)furan (5)
N _N
S

A solution of furan derivative 24 (0.60 g, 2.2 mmol) in dry THF (30 mL) was degassed for 20
min. TBAF (1 M in THF, 2.2 mL) was then added and the resulting reaction mixture (A) was
stirred in the dark for 30 min at room temperature under inert atmosphere. A separate flask
was charged with 4-iodopyridine (1.0 g, 4.8 mmol), Cul (42 mg, 10% mmol) and dry
triethylamine (15 mL). The resulting mixture (B) was degassed for 10 min, followed by the
addition of PdCl,(PPh;), (154 mg, 10% mmol). After deprotection of 24 was completed, the
solution (A) was degassed for 5 min and subsequently, cannulated into the reaction mixture

(B). The resulting reaction mixture was stirred at room temperature for 12 h under inert

atmosphere. After completion, the reaction was filtered through a pad of CeliteTM, and
solvents were removed at reduced pressure. The residue was diluted in ethyl acetate, washed
sequentially with saturated aqueous NH4Cl, water and brine. The organic layer was dried
over MgSO4 and evaporated in vacuo. The crude product was further purified by flash
column chromatography (SiO,, acetone/toluene, 1:5 — 1:2 (v/v), 5% triethylamine) yielding 5
(486 mg, 1.8 mmol, 82% over two steps) as a white solid. mp: 122.5-123.3 °C. '"H NMR
(400 MHz, Acetone-dg, 8): 8.67-8.66 (m, 2H), 8.63-8.62 (m, 2H), 8.16 (d, J = 0.8 Hz, 1H),
7.52-7.50 (m, 2H), 7.45-7.44 (m, 2H), 7.12 (d, J = 0.8 Hz, 1H). >C NMR (101 MHz,

Acetone-dg, 8): 151.22, 151.13, 149.99, 137.83, 131.38, 130.23, 126.16, 125.95, 119.74,
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109.50, 92.33, 89.83, 84.44, 82.75. HRMS—-ASAP+ (m/z): calcd for C;sH;N,O [M]+H,
271.0871; found, 271.0882. Anal. calcd for C;gH1oN,O: C 79.99; H 3.73; N 10.36; found: C
79.56; H 3.73; N 10.31.

1.2.2 Synthesis of pyrrole derivatives 2 and 6

N @ N ® NN =
—_— —_— = — N —
<\_/7 BFUBF S v =
2

25 26
@ (©) N-Br (d) Br\@Br () TIPS~ A ="TPS
N, —_— > N, — > N, — > Y
SO,Ph Br SO,Ph SO,Ph ‘SOZPh
27 28 29 30
j ()
N7 N (h) TIPS TIPS @)
~ = \\ = N = \\N = TIPSWTIPS
NH
N\— —
6 32 31

Scheme S1-2: Reagents and Conditions: (a) NBS, DMF, 0 °C, 1 h, 85%; (b) 4-ethynyl
pyridine, PdCI,(PhCN),, Cul, (t-Bu)sP, DIPA, 1,4-dioxane, 80 °C, 12 h, 79%; (c) NBS,
DMF, rt, 30 min; (d) CF3SO3H, MePh, 0 °C, 1 h; then TEA, rt, 24 h, 54% (over two steps);
(e) TIPSA, PdCIy(PhCN),, Cul, (t-Bu)sP, DIPA, 1,4-dioxane, 80 °C, 12 h, 83%; (f) KOH,
THF, MeOH, rt, 1 h, 93%; (g) Etl, K,CO3, DMF, rt, 12 h, 85%:; (h) TBAF (1 M in THF),
THF, rt, 30 min; then Pdy(dba)s, Cul, PPhs, 4-iodopyridine, DIPA, 40 °C, 12 h, 67% (over

two steps).

The compounds 28 and 29 were synthesized according to literature procedures. Their 'H- and

C-NMR spectra matched previously reported data.’®

2,5-dibromo-1-ethyl-1H-pyrrole (26)
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An oven-dried argon-flushed flask was charged with dry DMF (20 mL) and 1-ethyl-1H-
pyrrole (25) (1.0 g, 1.1 mL, 10.5 mmol). The resulting reaction mixture was cooled at 0 °C,
while NBS (3.74 g, 21.02 mmol) was added as a solution in DMF (10 mL). The reaction was
stirred at 0 °C before water was added and the product was extracted with hexanes (3 x 50
mL). The combined organic layers were washed sequentially with aq. sat. Na;S,03 (50 mL),
water (50 mL), brine (50 mL), and dried over MgSO,. Before the organic layer was removed
at reduced pressure a few drops of TEA were added to prevent decomposition of the product.
Further purification by column chromatography (SiO,, hexanes, 5% triethylamine) afforded
26 (2.2 g, 8.9 mmol, 85%) as a clear very volatile oil. '"H NMR (400 MHz, CDCls, 8): 6.17 (s,
2H), 4.05 (q, J = 7.2 Hz, 2H), 1.28 (t, J = 7.2 Hz, 3H),). °C NMR (101 MHz, CDCl;, §):
111.76, 100.29, 42.46, 15.63. HRMS—ASAP+ (m/z): caled for C;gH;1N,S [M]™, 250.8945;
found, 250.8956.

2,5-bis(4-pyridylethynyl)-1-ethyl-1H-pyrrole (2)

N;\ < \N _ \/IN
\ /

A solution of 4-((trimethylsilyl)ethynyl)pyridine (0.70 g, 3.9 mmol) in dry 1,4-dioxane (30
mL) was degassed for 30 min. Tetrabutylammonium fluoride (TBAF, 1 M in THF, 3.9 mL)
was then added and the resulting reaction mixture (A) was stirred in the dark for 30 min at
room temperature under inert atmosphere. A separate flask was charged with pyrrole
derivative 26 (0.40 g, 1.78 mmol), PdCI,(PhCN), (68.2mg, 10% mmol), Cul (33.9 mg, 10%
mmol), and (i-Pr),NH, (20 mL). The resulting mixture (B) was degassed for 30 min, followed
by the addition of #BusP (72.0 mg, 20% mmol). After deprotection of 4-
((trimethylsilyl)ethynyl)pyridine was completed, the solution (A) was degassed for 15 min

and subsequently, cannulated into the reaction mixture (B). The resulting reaction mixture
was stirred at room temperature for 12 h under inert atmosphere. The reaction was then
filtered through a pad of CeliteTM, and solvents were removed at reduced pressure. The
residue was diluted in ethyl acetate, washed sequentially with saturated aqueous NH4Cl,

water and brine. The organic layer was dried over MgSO4 and removed in vacuo. The crude
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product was further purified by flash column chromatography (SiO,, acetone/toluene, 1:2 —
1:1 (v/v), 5% triethylamine) affording 2 (0.42 g, 1.40 mmol, 79%) as a yellow solid. mp:
152.8-153.7 °C. '"H NMR (400 MHz, CDCl3, §): 8.61-8.59 (m, 4H), 7.35-7.33 (m, 4H), 6.56
(s, 2H), 4.27 (g, J = 7.2 Hz, 2H), 1.48 (t, J = 7.2 Hz, 3H). *C NMR (101 MHz, CDCl;, d):
149.97, 131.15, 124.95, 116.67, 116.33, 91.92, 85.52, 41.80, 16.36. HRMS—ASAP+ (m/z):
calcd for Cy0H6N3 [M]+H, 298.1344; found, 298.1340. Anal. calcd for C,0H;sN3: C 80.78; H
5.08; N 14.13; found: C 80.73; H 5.15; N 13.98.

1-(phenylsulfonyl)-2,4-bis((triisopropylsilyl)ethynyl)-1H-pyrrole (30)

TIPSWTIPS
L\

SO,Ph
Pyrrole derivative 29 (1.40 g, 3.84 mmol) was dissolved in a mixture of dry 1,4-dioxane (40
mL) and dry DIPA (20 mL). The resulting solution was degassed for 30 min, followed by the
addition of PdCl,(PhCN); (147 mg, 10% mmol) and Cul (73 mg, 10% mmol). After further
degassing for 10 min, -BusP (194 mg, 25% mmol) and TIPS-acetylene (1.90 mL, 8.4 mmol)

were added sequentially. The reaction mixture was stirred at 80 °C for 12 h. After cooling to

room temperature, the reaction mixture was filtered through a pad of CeliteTM, and solvents
were evaporated. The residue was diluted in ethyl acetate, washed sequentially with saturated
aqueous NH4Cl, water and brine. The organic layer was dried over MgSO,4 and removed at
reduced pressure. The crude product was further purified by flash column chromatography
(Si0,, hexanes/toluene, 10:1 — 5:1 (v/v)) yielding 30 (1.80 g, 3.2 mmol, 83%) as a pale
yellow oil. 'H NMR (400 MHz, CDCls, 9): 8.03—8.00 (m, 2H), 7.65-7.61 (m, 1H), 7.52-7.48
(m, 2H), 7.45 (d, J = 1.8 Hz, 1H), 6.60 (d, J = 1.8 Hz, 1H) 1.13-1.08 (m, 42H). *C NMR
(101 MHz, CDCls, 6): 138.29, 134.39, 129.39, 127.83, 126.29, 125.01, 115.86, 108.74,
98.82, 98.52, 95.20, 92.03, 18.75, 18.73, 11.48, 11.39. HRMS-ASAP+ (m/z): calcd for
C3,Hs5oNO,SSi; [M]+H, 568.3101; found, 568.3086.

2,4-bis((triisopropylsilyl)ethynyl)-1H-pyrrole (31)

S11



TIPS—= TIPS
\@/
NH

Finely ground KOH (5.2 g, 92.4 mmol) was dissolved in HPLC grade MeOH (75 mL)
followed by the addition of pyrrole derivative 30 (1.50 g, 2.6 mmol) in HPLC grade THF (75
mL). The reaction mixture was stirred at room temperature for 1 h then quenched by pouring
into iced water (100 mL) and extracted with Et,O (3 x 100 mL). The combined organic layers
were washed with brine, dried over MgSO, and filtered. A few drops of triethylamine were
added and solvents were evaporated at reduced pressure. Further purification by flash column
chromatography (SiO,, hexanes/ethyl acetate, 10:1 — 5:1 (v/v), 5% triethylamine) afforded 31
(1.10 g, 2.5 mmol, 93%) as a beige solid. '"H NMR (400 MHz, CDCls, 8): 8.24 (broad s, 1H),
6.91 (dd, J=2.9, 1.5 Hz, 1H), 6.56 (dd, J = 2.6, 1.5 Hz, 1H), 1.10 (s, 42H). *C NMR (101
MHz, CDCls, §): 123.34, 118.77, 113.65, 106.11, 101.36, 97.89, 92.69, 88.70, 18.84, 18.78,
11.53, 11.41. HRMS-ASAP+ (m/z): caled for CysH4sNSi, [M]+H, 428.3169; found,
428.3159.

1-ethyl-2,4-bis((triisopropylsilyl)ethynyl)-1H-pyrrole (32)

TIPS— ——TIPS
S N =
\@N/

\N—

An oven-dried argon-flushed flask was charged with K,CO;3 (646 mg 4.7 mmol) and dry
DMF (50 mL), ethyl iodide (729 mg, 0.4 mL, 4.7 mmol) and pyrrole derivative 31 (1.00 g,
2.3 mmol). The reaction mixture was stirred for 12 h under inert atmosphere at room
temperature. The reaction was poured into iced water (100 mL) and extracted with Et,O (3 x
100 mL). The combined organic layers were washed with aqueous HCI (1 M), brine, dried
over MgSO, and filtered. A few drops of triethylamine were added and solvents were
removed at reduced pressure. Further purification by flash column chromatography (SiO,,
hexanes/dichloromethane, 10:1 (v/v), 5% triethylamine) afforded 32 (0.90 g, 2.0 mmol, 85%)
as a pale yellow oil. '"H NMR (400 MHz, CDCls, 8): 6.87 (d, J= 1.7 Hz, 1H), 6.53 (d, J=1.7
Hz, 1H), 3.98 (q, J = 7.2 Hz, 2H), 1.38 (t, J = 7.2 Hz, 3H), 1.13-1.12 (m, 42H). °C NMR
(101 MHz, CDCls, 9): 125.90, 118.87, 115.35, 104.39, 101.84, 97.34, 95.18, 88.15, 43.17,
18.84, 18.79, 16.49, 11.55, 11.44. HRMS-ASAP+ (m/z): calcd for C,sHsoNSi, [M]+H,

456.3482; found, 456.3474.
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2,4-bis(4-pyridylethynyl)-1-ethyl-1H-pyrrole (6)

N7\ ~ N
=~ — — g
== \\ =
N

~—

A solution of pyrrole derivative 32 (0.60 g, 1.3 mmol) in dry THF (25 mL) was degassed for
30 min. TBAF (1 M in THF, 2.63 mL) was then added and the resulting reaction mixture (A)
was stirred in the dark for 30 min at room temperature under inert atmosphere. A separate
flask was charged with 4-iodopyridine (0.60 g, 2.9 mmol), Cul (25 mg, 10% mmol), PPh;
(103 mg, 30% mmol) and dry (i-Pr),NH (12 mL). The resulting mixture (B) was degassed for
20 min, followed by the addition of Pd,(dba); (120 mg, 10% mmol). After deprotection of 32
was completed, the solution (A) was degassed for 5 min and subsequently cannulated into the

reaction mixture (B). The resulting reaction mixture was stirred at room temperature for 12 h

under inert atmosphere. After completion, the reaction was filtered through a pad of CeliteTM,
and solvents were removed at reduced pressure. The residue was diluted in ethyl acetate,
washed sequentially with saturated aqueous NH4Cl, water and brine. The organic layer was
dried over MgSO,4 and removed in vacuo. The crude product was further purified by flash
column chromatography (Si0;, acetone/toluene, 1:2 — 1:1 (v/v), 5% triethylamine) yielding 6
(262 mg, 0.9 mmol, 67% over two steps) as a yellow solid. mp: 111.7-112.7 °C. 'H NMR
(400 MHz, CDCls, 3): 8.61-8.59 (m, 2H), 8.56-8.55 (m, 2H), 7.34-7.30 (m, 4H), 7.09 (d, J =
1.7 Hz, 1H), 6.71 (d, J= 1.7 Hz, 1H), 4.10 (q, J = 7.3 Hz, 2H), 1.49 (t, J= 7.2 Hz, 3H). °C
NMR (101 MHz, CDCls, 8): 149.97, 149.80, 132.20, 131.14, 127.43, 125.29, 124.94, 119.51,
114.61, 103.80, 91.58, 89.26, 86.11, 84.86, 43.49, 16.42. HRMS-ASAP+ (m/z): calcd for
CyoH sN3 [M]™, 297.1266; found, 297.1293. Anal. calcd for C,0H;sN3: C 80.78; H 5.08; N
14.13; found: C 80.34; H 5.05; N 14.07.

1.2.3 Synthesis of thiophene derivatives 3 and 7
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Scheme S1-3: Reagents and Conditions: (a) (Triisopropylsily)acetylene, PdCI,(PPhs),, Cul,
THF, (i-Pr),NH, 80 °C, 12 h, 93%; (b) TBAF (1 M in THF), THF, rt, 30 min; then Pd,(dba)s,
Cul, 4-iodopyridine, (i-Pr),NH, 25 °C, 12 h, 73% (over two steps); (c) Lithium
diisopropyamide, THF, —78 °C, 2 h; then MeOH, -78 °C to rt, 1 h, 89%; (d)
(Trimethylsily)acetylene, Pd(PPhs)s, Cul, EtsN, THF, 60 °C, 12 h, 71%; (e) TBAF (1 M in
THF), THF, rt, 30 min; then Pdy(dba)s, Cul, 4-iodopyridine, (i-Pr),NH, 25 °C, 12 h, 64 (89%
over two steps).

The compounds 33, 34, 35, and 36 were synthesized according to literature procedures. Their

'H- and *C-NMR spectra matched previously reported data.” "

2,5-bis(pyridin-4-ylethynyl)thiophene (3)

N7 s = Q)
\ /

A solution of 2,5-bis((triisopropylsilyl)ethynyl)thiophene (34) (1.20 g, 2.7 mmol) in dry THF
(40 mL) was degassed for 30 min. Tetrabutylammonium fluoride (TBAF, 1 M in THF, 5.4
mL) was then added and the resulting reaction mixture (A) was stirred in the dark for 30 min
at room temperature under inert atmosphere. A separate flask was charged with 4-
iodopyridine (1.1 g, 5.4 mmol), Cul (51.4 mg, 10% mmol), PPh; (212.0 mg, 30% mmol) and
dry diisopropylamine (25 mL). The resulting mixture (B) was degassed for 30 min, followed
by the addition of Pd,(dba); (247 mg, 10% mmol). After deprotection of 34 was completed,

solution (A) was degassed for 15 min and subsequently cannulated into the reaction mixture
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(B). The resulting reaction mixture was stirred at room temperature for 12 h under inert

atmosphere. The reaction was then filtered through a pad of CeliteTM, and solvents were
removed at reduced pressure. The residue was diluted in ethyl acetate, washed sequentially
with saturated aqueous NH4Cl, water and brine. The organic layer was dried over MgSO4 and
solvent was removed in vacuo. The crude product was further purified by flash column
chromatography (SiO,, acetone/toluene, 1:2 — 1:1 (v/v), 5% triethylamine) yielding 3 (567.0
mg, 2.0 mmol, 73% over two steps) as a yellow solid. mp: 147.4-148.4 °C. '"H NMR (400
MHz, DMSO-de, 8): 8.66-8.64 (m, 4H), 7.57 (s, 2H), 7.56-7.55 (m, 4H). °C NMR (101
MHz, DMSO-ds, 6): 150.03, 134.63, 129.18, 125.09, 123.54, 91.91, 85.74. HRMS-ASAP+
(m/z): calcd for C1sH;N,S [M]+H, 287.0643; found, 287.0652. Anal. calcd for C;gH oN,S: C
75.50; H 3.52; N 9.78; found: C 75.15; H 3.42; N 10.04.

2,4-bis(pyridin-4-ylethynyl)thiophene (7)

N7 ~— N
~ — N\
= ® =

S

A solution of 2,4-bis((trimethylsilyl)ethynyl)thiophene (36) (0.80 g, 2.9 mmol) in dry THF
(40 mL) was degassed for 30 min. Tetrabutylammonium fluoride (TBAF, 1 M in THF, 5.8
mL) was then added and the resulting reaction mixture (A) was stirred in the dark for 30 min
at room temperature under inert atmosphere. A separate flask was charged with 4-
iodopyridine (1.20 g, 5.8 mmol), Cul (55.1 mg, 10% mmol), PPhs (227.6 mg, 30% mmol)
and dry diisopropylamine (25 mL). The resulting mixture (B) was degassed for 30 min,
followed by the addition of Pdy(dba); (265 mg, 10% mmol). After deprotection of 36 was
completed, the solution (A) was degassed for 15 min and subsequently cannulated into the
reaction mixture (B). The resulting reaction mixture was stirred at room temperature

overnight under inert atmosphere. After completion, reaction was filtered through a pad of

CeliteTM, and solvents were removed at reduced pressure. The residue was diluted in ethyl
acetate, washed sequentially with saturated aqueous NH4Cl, water and brine. The organic
layer was dried over MgSQO,4 and removed in vacuo. The crude product was further purified
by flash column chromatography (Si0O,, acetone/toluene, 1:2 — 1:1 (v/v), 5% triethylamine)
yielding 7 (743 mg, 2.6 mmol, 89% over two steps) as a white solid. mp: 138.4-139.4 °C. 'H
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NMR (400 MHz, CDCls, 8): 8.63-8.60 (m, 4H), 7.59 (d, J= 1.3 Hz, 1H), 7.42 (d, /= 1.3 Hgz,
1H), 7.42-7.36 (m, 4H), °C NMR (101 MHz, CDCl;, §): 150.03, 150.00, 135.23, 132.53,
131.09, 130.70, 125.58, 125.34, 122.81, 121.75, 91.30, 88.04, 86.86, 86.07. HRMS—-ASAP+
(m/z): calcd for C1sH;N,S [M]+H, 287.0643; found, 287.0640. Anal. calcd for C;gH;oN,S: C
75.50; H 3.52; N 9.78; found: C 75.47; H 3.55; N 9.68.

1.2.4 Synthesis of cyclopentadiene derivatives 4 and 8

(@) (b) (© (d) N ~ N
oﬁ;o —> O 0O — Tfo\é,OTf — TMSWTMS — @\é/@
37 40 4
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8 14

Scheme S1-4: Reagents and Conditions: (a) KOH, Mel, dioxane, H,O, reflux, 24 h, 69%; (b)
KHMDS, Comins' reagent, THF, —78 °C to rt, 5 h, 76%; (c) TMSA, PdClI,(PPhs),, Cul, THF,
TEA, rt, 12 h, 96%; (d) TBAF (1 M in THF), THF, rt, 30 min, then Pd,(dba)z, Cul, PPhs, 4-
iodopyridine, THF, DIPA, 40 °C, 12 h, 80% (over two steps). (e) PPhs, Br,, TEA, CH,ClI,, 0
°Cto rt, 2 h, 71%; (f) PdCl,(PPhs),, Cul, TIPSA, DIPA, 10 min, 94%:; (g) LiHMDS, Mel,
THF, —78 °C to rt, 12 h, 64%; (h) KHMDS, Comins' reagent, THF, —78 °C to rt, 12 h, 87%j;
(i) TIPSA, PdCly(PPh3),, Cul, TEA, THF, rt, 4 h, 91%; (j) TBAF (1 M in THF), THF, rt, 30
min, then 4-iodopyridine, PdCI,(PPh3),, Cul, THF, DIPA, 40 °C,12 h, 61% (over two steps).

The compounds 10, 38, and 39 were synthesized according to literature procedures. Their 'H-

and >C-NMR spectra matched previously reported data.'®"!
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1,4-bis(ethynyltrimethylsilane)-5,5-dimethylcyclopenta-1,3-diene (40)

TMS\é/TMS
=~ C

Triflate derivative 39 (2.00 g, 5.1 mmol) was dissolved in dry THF (40 mL) and dry
triethylamine (15 mL). The resulting solution was degassed for 30 min, followed by the
addition of Cul (98 mg, 10% mmol) and PdCl,(PPhs), (360 mg, 10% mmol). After further
degassing for 10 min TMS-acetylene (1.50 g, 2.1 mL, 14.9 mmol) was added and the reaction

mixture was stirred at room temperature for 12 h. The reaction mixture was filtered through a

pad of CeliteTM, and solvents were evaporated. The residue was diluted in ethyl acetate,
washed sequentially with saturated aqueous NH4Cl, water and brine. The organic layer was
dried over MgSO, and removed at reduced pressure. The crude product was further purified
by flash column chromatography (SiO,, hexanes/methylene choride, 95:5 (v/v)) yielding 40
(1.40 g, 4.9 mmol, 96%) as a beige solid. 'H NMR (400 MHz, CDCl;, 8): 6.51 (s, 2H), 1.17
(s, 6H), 0.23 (s, 18H). °C NMR (101 MHz, CDCl;, 3): 140.42, 133.99, 102.42, 100.61,
57.42, 22.28, 0.25. HRMS-ASAP+ (m/z): caled for C,7H,;Si, [M]+H, 287.1651; found,
287.1655.

1,4-bis(4-ethynylpyridine)-5,5-dimethylcyclopenta-1,3-diene (4)

N;\ < _ \/IN
A solution of cyclopentadiene derivative 40 (1.00 g, 3.5 mmol) in dry THF (40 mL) was
degassed for 30 min. TBAF (1 M in THF, 7.0 mL) was then added and the resulting reaction
mixture (A) was stirred in the dark for 30 min at room temperature under inert atmosphere. A
separate flask was charged with 4-iodopyridine (1.00 g, 4.8 mmol), Cul (46 mg, 10% mmol),
PPh; (188 mg, 30% mmol) and dry DIPA (20 mL). The resulting mixture (B) was degassed
for 10 min, followed by the addition of Pd,(dba); (219 mg, 10% mmol). After deprotection of
40 was completed, the solution (A) was degassed for 5 min and subsequently, cannulated into

the reaction mixture (B). The resulting reaction mixture was stirred at room temperature for

12 h under inert atmosphere. After completion, the reaction was filtered through a pad of
S17



CeliteTM, and solvents were removed at reduced pressure. The residue was diluted in ethyl
acetate, washed sequentially with saturated aqueous NH4Cl, water and brine. The organic
layer was dried over MgSQO4 and evaporated in vacuo. The crude product was further purified
by flash column chromatography (SiO,, acetone/toluene, 1:5 — 1:2 (v/v), 5% triethylamine)
yielding 4 (567 mg, 1.9 mmol, 80% over two steps) as a white solid. mp: 91.8-92.5 °C. 'H
NMR (400 MHz, CDCls, 6): 8.60-8.59 (m, 4H), 7.34-7.33 (m, 4H), 6.74 (s, 2H), 1.33 (s,
6H). *C NMR (101 MHz, CDCl;, 8): 149.95, 140.23, 135.61, 131.43, 125.44, 94.95, 89.45,
57.66, 22.37. HRMS-ASAP+ (m/z): calcd for C;H7N, [M]+H, 297.1392; found, 297.1405.
Anal. calcd for C1gH;(N,O: C 85.11; H 5.44; N 9.45; found: C 85.11; H 5.38; N 9.44.

3-((triisopropylsilyl)ethynyl)cyclopent-2-en-1-one (11)

TIPSWO

Cyclohexenone derivative 10 (3.20 g, 19.9 mmol) was dissolved in dry THF (35 mL) and dry
DIPA (20 mL). The resulting solution was degassed for 30 min, followed by the addition of
Cul (114 mg, 3% mmol) and PdCl,(PPh;3), (419 mg, 3% mmol). After further degassing for
10 min TIPS-acetylene (4.40 g, 5.4 mL, 23.9 mmol) was added and the reaction mixture was

stirred for 10 min at room temperature. The reaction mixture was filtered through a pad of

CeliteTM, and solvents were evaporated. The residue was diluted in Et,O, washed sequentially
with saturated aqueous NH4Cl, water and brine. The organic layer was dried over MgSO4 and
removed at reduced pressure. The crude product was further purified by bulb to bulb
distillation (140 °C, 1.0 - 10" mbar) yielding 11 (4.90 g, 18.7 mmol, 94%) as a clear oil. 'H
NMR (400 MHz, CDCls, 6): 6.28 (t, J= 1.9 Hz, 1H), 2.77-2.74 (m, 2H), 2.45-2.42 (m, 2H),
1.12-1.10 (m, 21H). *C NMR (101 MHz, CDCls, §): 209.80, 157.10, 136.67, 109.13,
101.98, 34.91, 32.89, 18.70, 11.26. HRMS-ASAP+ (m/z): calcd for C;cH,;0Si, [M]+H,
263.1831; found, 263.1840.

5,5-dimethyl-3-((triisopropylsilyl)ethynyl)cyclopent-2-en-1-one (12)
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TIPS&QO

A solution of LiHMDS (1 M in THF, 69.5 mL) was added dropwise to a solution of
cyclopentenone derivative 11 (4.60 g, 17.4 mmol) in dry THF (80 mL) at —78 °C under an
inert atmosphere. The reaction mixture was stirred at 0 °C for 1 h and was then cooled to —78
°C followed by the slow addition of Mel (12.3 g, 5.4 mL, 86.9 mmol). After completed
addition, the reaction mixture was allowed to warm to room temperature overnight. The
reaction was quenched by the addition of saturated aqueous NH4ClI and the aqueous layer was
extracted with Et,O (3 x 50 mL). The combined organic layers were dried over MgSO4 and
removed in vacuo. The crude product was further purified by flash column chromatography
(SiO,, hexanes/ Et,0, 95:5 (v/v)) affording 12 (3.70 g, 12.9 mmol, 74%) as a clear oil. 'H
NMR (400 MHz, CDCl;, 6): 6.20 (t, J = 1.9 Hz, 1H), 2.61 (d, J= 1.9 Hz, 1H), 1.13 (s, 6H),
1.12-1.10 (m, 21H). ®C NMR (101 MHz, CDCls, §): 214.42, 154.08, 134.14, 108.71,
102.24, 49.26, 43.99, 25.11, 18.71, 11.27. HRMS-ASAP+ (m/z): caled for C;sH3;OSi,
[M]+H, 291.2144; found, 291.2144.

5,5-dimethyl-3-((triisopropylsilyl)ethynyl)cyclopenta-1,3-dien-1-yl-trifluoromethane-

sulfonate (13)

T'Psxqow

A solution of KHMDS (0.5 M in MePh, 30.3 mL) was added dropwise to a solution of
cyclohexenone derivative 12 (2.02 g, 7.6 mmol) and 2-[N, N-bis(trifluoromethylsulfonyl)-
amino]-5-chloropyridine (Comins’ reagent, 5.70 g, 14.4 mmol) in dry THF (50 mL) at —78
°C under an inert atmosphere. After stirring the reaction mixture for 2 h at —78 °C, the
solution was allowed to warm to 0 °C and stirred for an additional 1 h. The reaction mixture
was diluted with hexanes (100 mL) and the organic layer was sequentially washed with water
(50 mL), 10% aqueous NaOH, and brine. The organic layer was dried over MgSO4 and
removed at reduced pressure. The crude product was further purified by flash column
chromatography (SiO,, hexanes/ Et,0, 95:5 (v/v)) yielding 13 (2.80 g, 6.6 mmol, 88%) as a
yellow oil. '"H NMR (400 MHz, CDCls, 8): 6.26 (d, J= 1.8 Hz, 1H), 5.99 (d, J= 1.8 Hz, 1H),
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1.23 (s, 6H), 1.10 (s, 21H). '>*C NMR (101 MHz, CDCls, §): 159.57, 144.79, 120.95, 118.71
(q, J = 320.8 Hz), 114.27, 101.70, 100.14, 93.64, 50.68, 20.37, 18.77, 11.39. "’F NMR (377
MHz, CDCl, §): —73.29. HRMS—-ASAP+ (m/z): caled for C19H3oF305SSi> [M]+H, 423.1637;
found, 423.1627.

1,3-bis(ethynyltriisopropylsilane)-5,5-dimethylcyclopenta-1,3-diene (14)

T|PSWT|PS

Triflate derivative 13 (2.80 g, 6.6 mmol) was dissolved in dry THF (50 mL) and dry
triethylamine (50 mL). The resulting solution was degassed for 30 min, followed by the
addition of Cul (63 mg, 5% mmol) and PdCIl,(PPhs), (233 mg, 5% mmol). After further
degassing for 10 min TIPS-acetylene (1.80 g, 2.2 mL, 9.9 mmol) was added and the reaction

mixture was stirred for 12 h at room temperature. The reaction mixture was filtered through a

pad of CeliteTM, and solvents were evaporated. The residue was diluted in Et,O, washed
sequentially with saturated aqueous NH4Cl, water and brine. The organic layer was dried
over MgSQO,4 and removed at reduced pressure. The crude product was further purified by
flash column chromatography (SiO,, hexanes) affording 14 (2.90 g, 6.4 mmol, 96%) as a
clear oil. '"H NMR (400 MHz, CDCl;, 8): 6.49 (d, J= 1.5 Hz, 1H), 6.41 (d, J= 1.5 Hz, 1H),
1.19 (s, 6H), 1.10-1.09 (m, 42H). >C NMR (101 MHz, CDCls, 8): 151.34, 139.81, 135.28,
123.39, 102.47, 101.60, 98.39, 92.20, 55.42, 22.13, 18.81, 18.78, 11.43, 11.42. HRMS—
ASAP+ (m/z): caled for Co9Hs;Si, [M]+H, 455.3529; found, 455.3546.

1,3-bis(ethynylpyridine)-5,5-dimethylcyclopenta-1,3-diene (8)

N N

W = — —
IS =

A solution of cyclopentadiene derivative 14 (1.10 g, 2.3 mmol) in dry THF (40 mL) was
degassed for 30 min. TBAF (1 M in THF, 4.6 mL) was then added and the resulting reaction
mixture (A) was stirred in the dark for 30 min at room temperature under inert atmosphere. A

separate flask was charged with 4-iodopyridine (1.00 g, 4.9 mmol), Cul (44 mg, 10% mmol),
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PPh; (183 mg, 30% mmol) and dry DIPA (20 mL). The resulting mixture (B) was degassed
for 20 min, followed by the addition of PdCIly(PPh;), (164 mg, 10% mmol). After
deprotection of 14 was completed, the solution (A) was degassed for 5 min and subsequently
cannulated into the reaction mixture (B). The resulting reaction mixture was stirred at room

temperature for 12 h under inert atmosphere. After completion, the reaction was filtered

through a pad of CeliteTM, and solvents were removed at reduced pressure. The residue was
diluted in ethyl acetate, washed sequentially with saturated aqueous NH4Cl, water and brine.
The organic layer was dried over MgSQOy4 and evaporated in vacuo. The crude product was
further purified by flash column chromatography (SiO,, acetone/toluene, 1:5 — 1:2 (v/v), 5%
triethylamine) yielding 8 (486 mg, 1.6 mmol, 70% over two steps) as a beige solid. mp: 81.9—
82.8 °C. '"H NMR (400 MHz, CDCls, 8): 8.60-8.59 (m, 4H), 7.34-7.33 (m, 4H), 6.75 (d, J =
1.5 Hz , 1H), 6.62 (d, J= 1.5 Hz , 1H), 1.30 (s, 6H). *C NMR (101 MHz, CDCl;, 8): 154.05,
149.96, 149.94, 139.04, 136.03, 131.47, 131.21, 125.62, 125.51, 122.59, 94.41, 89.05, 88.47,
88.24, 55.96, 22.01. HRMS-ASAP+ (m/z): calcd for C;H;7N, [M]+H, 297.1392; found,
297.1387. Anal. calcd for CigH;oN,O: C 85.11; H 5.44; N 9.45; found: C 85.12; H 5.44; N
9.44.
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1.3 '"H NMR and "’C NMR Spectra

1.3.1 '"HNMR and "C NMR Spectra of 1
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Figure S1-1: "H NMR Spectrum of 1 in CDCl; (6 CHClI3 7.26)
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Figure S1-2: °C NMR Spectrum of 1 in CDCl; (9 77.16)
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1.3.2 '"H NMR and "C NMR Spectra of 21
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Figure S1-3: 'H NMR Spectrum of 21 in Acetone-ds (0 Acetone-ds 2.05)
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Figure S1-4: “C NMR Spectrum of 21 in Acetone-ds (0 Acetone-ds 206.26)
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1.3.3 '"H NMR and "’C NMR Spectra of 22
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Figure S1-5: "H NMR Spectrum of 22 in DMSO-dg (6 DMSO-ds 2.50)
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Figure S1-6: “C NMR Spectrum of 22 in DMSO-ds (6 39.52)
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1.3.4 '"H NMR and "C NMR Spectra of 23
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Figure S1-7: "H NMR Spectrum of 23 in Acetone-ds (0 Acetone-ds 2.05)
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1.3.5 'H NMR and "C NMR Spectra of 24
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Figure S1-9: "H NMR Spectrum of 24 in CDCl3 (6 CHCI;3 7.26)
R
L
&
]
a0 [Fy)
@ o [
o [ra] (1]
= - ]
— — oo
5 ' Fi g3 ' 5
? & 88 i
il 7 | | !
| N | -
.50 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 355 50 45 40 35 30 25 20 15 10

Figure S1-10: °C NMR Spectrum of 24 in CDCls (6 77.16)
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1.3.6 '"H NMR and "C NMR Spectra of 5
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1.3.7 '"H NMR and "’C NMR Spectra of 26
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Figure S1-13: 'H NMR Spectrum of 26 in CDCl; (6 CHCI3 7.26)
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Figure S1-14: “C NMR Spectrum of 26 in CDCl; (6 77.16)
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1.3.8 'H NMR and C NMR Spectra of 2
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Figure S1-15: 1H NMR Spectrum of 2 in CDCl; (6 CHCI3 7.26)
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1.3.9 '"H NMR and "C NMR Spectra of 30
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1.3.10 'H NMR and "C NMR Spectra of 31
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1.3.11 '"H NMR and "C NMR Spectra of 32
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Figure S1-21: 1H NMR Spectrum of 32 in CDCl; (6 CHCI3 7.26)
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1.3.12 '"H NMR and "°C NMR Spectra of 6
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Figure S1-23: '"H NMR Spectrum of 6 in CDCl; (6 CHCl3 7.26)
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1.3.13 '"H NMR and "C NMR Spectra of 3
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Figure S1-25: '"H NMR Spectrum of 3 in DMSO-d¢ (6 DMSO-ds 2.50)
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1.3.14 '"H NMR and °C NMR Spectra of 7
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Figure S1-27: '"H NMR Spectrum of 7 in CDCl; (6 CHCl3 7.26)
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1.3.15 '"H NMR and "°C NMR Spectra of 40
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Figure $1-30: °C NMR Spectrum of 40 in CDCl; (6 77.16)
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1.3.16 'H NMR and ""C NMR Spectra of 4
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Figure S1-32: "C NMR Spectrum of 4 in CDCl; (6 77.16)
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1.3.18 'H NMR and ’C NMR Spectra of 12
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1.3.20 '"H NMR and "C NMR Spectra of 14
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1.3.21 '"H NMR and °C NMR Spectra of 8
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2. Single-molecule conductance measurements for compounds 1-8

For the single-molecule conductance measurements, we employed an in-house constructed
mechanically controllable break junction (MCBJ) setup. A notched gold wire with a diameter
of 0.1 mm (99.99%, purity) was fixed on an elastic steel sheet (10 mm % 30 mm % 0.20 mm)
using epoxy glue (Stycast 2850 FT with catalyst 9). Then a liquid cell made of polytef was
placed onto the steel sheet. To open and close the nanogap repeatedly, a stepping motor
(Zaber NA14B16 linear actuator), combined with a piezo stack (Thorlab AE0505D18F), was
employed to bend and release the steel sheet. During the electrical measurements, a bias of
100 mV was applied at the two ends of the gold wire, and a logarithm 7V converter with a
sampling rate of 10 kHz was employed to collect the data. For each compound, at least 1,000
individual curves were collected without any data selection for further analysis. For each of
the 8 compounds, the conductance measurements were performed at least three times to

confirm their reproducibility.
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2.1 Single-molecule conductance measurements for compound 1
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Figure S2-1: (a) One-dimensional conductance histogram for compound 1. Insert: the

chemical structure of compound 1. (b) Two-dimensional conductance-distance cloud of

compound 1. Insert: the distribution of the plateau length for compound 1.

2.2 Single-molecule conductance measurements for compound 2
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Figure S2-2: (a) One-dimensional conductance histogram for compound 2. Insert: the

chemical structure of compound 2. (b) Two-dimensional conductance-distance cloud of

compound 2. Insert: the distribution of the plateau length for compound 2.
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2.3 Single-molecule conductance measurements for compound 3
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Figure S2-3: (a) One-dimensional conductance histogram for compound 3. Insert: the

chemical structure of compound 3. (b) Two-dimensional conductance-distance cloud of

compound 3. Insert: the distribution of the plateau length for compound 3.

2.4 Single-molecule conductance measurements for compound 4
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Figure S2-4: (a) One-dimensional conductance histogram for compound 4. Insert: the

chemical structure of compound 4. (b) Two-dimensional conductance-distance cloud of

compound 4. Insert: the distribution of the plateau length for compound 4.

2.5 Single-molecule conductance measurements for compound 5
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Figure S2-5: (a) One-dimensional conductance histogram for compound 5. Insert: the

chemical structure of compound 5. (b) Two-dimensional conductance-distance cloud of

compound 5. Insert: the distribution of the plateau length for compound 5.

2.6 Single-molecule conductance measurements for compound 6
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Figure S2-6: (a) One-dimensional conductance histogram for compound 6. Insert: the

chemical structure of compound 6. (b) Two-dimensional conductance-distance cloud of

compound 6. Insert: the distribution of the plateau length for compound 6.

2.7 Single-molecule conductance measurements for compound 7
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Figure S2-7: (a) One-dimensional conductance histogram for compound 7. Insert: the

chemical structure of compound 7. (b) Two-dimensional conductance-distance cloud of

compound 7. Insert: the distribution of the plateau length for compound 7.

2.8 Single-molecule conductance measurements for compound 8
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Figure S2-8: (a) One-dimensional conductance histogram for compound 8. Insert: the

chemical structure of compound 8. (b) Two-dimensional conductance-distance cloud of

compound 8. Insert: the distribution of the plateau length for compound 8.

2.9 Single-molecule conductance measurements for pure solvent
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Figure S2-9: (a) One-dimensional conductance histogram for pure solvent. 2. (b) Two-
dimensional conductance-distance cloud of pure solvent. Insert: the distribution of the plateau

length.
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3. Theory

DFT-based computational methods:

The optimized geometry and ground state Hamiltonian and overlap matrix elements of each
structure were self-consistently obtained using the SIESTA' implementation of density
functional theory (DFT). SIESTA employs norm-conserving pseudo-potentials to account for
the core electrons and linear combinations of atomic orbitals to construct the valence states.
The generalized gradient approximation (GGA) of the exchange and correlation functional is
used with the Perdew-Burke-Ernzerhof parameterization (PBE),"? a double- polarized (DZP)
basis set, a real-space grid defined with an equivalent energy cut-off of 250 Ry. The
geometry optimization for each structure is performed to the forces smaller than 10 meV/A.
The mean-field Hamiltonian obtained from the converged DFT calculation was combined
with our Gollum quantum transport code™ to calculate the phase-coherent, elastic scattering
properties of the each system consist of left (source) and right (drain) leads and the scattering
region. The transmission coefficient T(E) for electrons of energy E (passing from the source
to the drain) is calculated via the relation T(E) = Trace(Ix(E)GR(E)I,(E)GRT(E)). In this
expression, I} z(E) = i(ZL,R(E)—ZL_RT(E)) describe the level broadening due to the
coupling between left (L) and right (R) electrodes and the central scattering region,
Y. r(E) are the retarded self-energies associated with this coupling and G® = (ES — H —
Y. — Yg)lis the retarded Green’s function, where H is the Hamiltonian and S is overlap
matrix. Using obtained transmission coefficient (T (E)), the conductance could be calculated
by Landauer formula (G = G, [ dE T(E)(— df/ dE)) where G, = 2e?/h is the conductance
quantum, f(E) = (1 + exp((E — Eg)/kgT)) ! is the Fermi-Dirac distribution function, T is

the temperature and kg = 8.6x107° eV/K is Boltzmann’s const.
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Figure S3-2: Relaxed structures of the molecules 1-8 between electrodes, when the

electrodes are connected to the nitrogen atoms of the pyridyl anchor groups.
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