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1. INTRODUCTION

The ability to utilize single molecules that function as self-
contained electronic devices has motivated researchers
around the world for years, concurrent with the con-
tinuous drive to minimize electronic circuit elements in
semiconductor industry. The microelectronics industry is
presently close to the limit of this minimization trend
dictated by both laws of physics and the cost of produc-
tion. It is possible that electronically functional molecular
components can not only address the ultimate limits of
possible miniaturization but also provide promising new
methodologies for novel architectures, as well as nonlin-
ear devices and memories.
Molecular electronics [1–3] is conceptually different

from conventional solid state semiconductor electron-
ics. It allows chemical engineering of organic molecules
with their physical and electronic properties tailored
by synthetic methods, bringing a new dimension in
design flexibility that does not exist in typical inor-
ganic electronic materials. It is well known that semi-
conductor devices are fabricated from the “top-down”
approach that employs a variety of sophisticated litho-
graphic and etch techniques to pattern a substrate. This
approach has become increasingly challenging as feature
size decreases. In particular, at nanometer scale, the elec-
tronic properties of semiconductor structures fabricated
via conventional lithographic processes are increasingly
difficult to control. In contrast, molecules are synthe-
sized from the “bottom-up” approach that builds small
structures from the atomic, molecular, or single device
level. It in principle allows a very precise position-
ing of collections of atoms or molecules with specific
functionalities. For example, one can selectively add an
oxygen atom to a molecule with a precision far greater
than an oxidation step in microfabrication using state

of the art lithography and etching. Chemical synthesis
makes it possible to make large quantities of nanometer-
size molecules with the same uniformity but at signif-
icantly less cost, compared to other batch-fabrication
processes such as microlithography. One can envision
that in assembling molecular circuits, instead of build-
ing individual components on a chip one will synthesize
molecules with structures possessing desired electronic
configurations and attach/interconnect them into an elec-
tronic circuit using surface attachment techniques like
self-assembly. Self-assembly is a phenomenon in which
atoms, molecules, or groups of molecules arrange them-
selves spontaneously into regular patterns and even rela-
tively complex systems without outside intervention [2].

2. BASIC CONCEPTS
OF MOLECULAR ELECTRONICS

2.1. Self-Assembled Monolayers

Self-assembled monolayers (SAMs) are ordered molec-
ular structures formed by the adsorption of an active
surfactant on a solid surface (Fig. 1). A SAM film can
be deposited on a substrate surface simply by exposing
the surface to an environment containing surface active
molecular species for a certain period of time (solu-
tion or vapor phase deposition). The molecules will be
spontaneously oriented toward the substrate surface and
form an energetically favorable ordered layer. During this
process, the surface active head group of the molecule
chemically reacts with and chemisorbs onto the substrate.
Because a self-assembling system attempts to reach a
thermodynamically stable state driven by the global min-
imization of free energy, it tends to eliminate grow-
ing foreign or faulty structures of molecules during the
assembly process. This simple process with its intrinsic
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R: Backbone ;  F: Functional end group; M: Metal. 
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Figure 1. Self-assembled monolayers are formed by immersing a sub-
strate (e.g., a piece of metal) into a solution of the surface-active mate-
rial (consisting of backbone R and functional end group F). The func-
tional end group chemically reacts with the metal and the material
spontaneously, forming a two-dimensional assembly. Its driving force
includes chemical bond formation of functional end group in molecules
with the substrate surface and intermolecular interactions between the
backbones.

error-correction advantage makes SAMs inherently man-
ufacturable and thus technically attractive and cost effec-
tive.
In addition, SAMs can be designed and engineered to

provide extremely high functional density. For example,
one can realize a switch or a memory out of a single
monolayer. On the other hand, in order to perform highly
complex functions as those of current integrated circuits,
a self-assembly strategy that enables easy formation of
complex patterns to “program” the structures and (elec-
trical) properties of materials at nanometer levels needs
to be developed.
Aimed at understanding charge transport properties of

SAMs and applying it to electronic applications, we focus
our attention on conjugated SAMs in this study.

2.2. Conjugated Oligomeric Systems

The two basic requirements for electronic conduction
in a material are: (1) a continuous system of a large
number of strongly interacting atomic orbitals leading to
the formation of electronic band structures and (2) the
presence of an insufficient number of electrons to fill
these bands. In inorganic semiconductors and metals, the
atomic orbitals of each atom overlap with each other in
the solid state creating a number of continuous energy
bands and the electrons provided by each orbital delocal-
ized throughout the entire array of atoms. The strength of
interaction between the overlapping orbitals determines
the extent of delocalization, giving rise to the bandwidth.
Likewise, in a molecule, a set of overlapping delocalized

electronic states across the entire molecule is necessary
for electronic conduction. A brief review of the basic con-
cepts underlying the physics and chemistry of conjugated
oligomers as follows should help one to understand elec-
tronic transport in molecular systems.

2.2.1. Bonding in Molecular Orbitals

The molecular orbitals (MO) of a molecule are created
by the overlap of the atomic orbitals of its constituents.
For instance, a bonding MO–� bond is formed when
two sp3 hybridized atomic orbitals form head-on over-
lap, with electron density localized between two bonded
nuclei. It is a single bond and acts essentially as structure
glue (a bond with no node). A bonding � bond is formed
when remaining parallel p orbitals on two sp2 hybridized
atomic orbitals combine with each other. Compared with
a � bond, a � bond is often weaker and less localized
(two bonding regions above and below a nodal plane,
because the � bond—the ground state—has zero nodes
while the � bond—the first excited state—has one node).
Together the � bond and � bond make a double bond
(e.g., C2H4), whereas linear triple bonds [e.g., in alkynes
(C2H2) and nitriles] are the results of the formation of
two � bonds using two mutually perpendicular p orbitals
on each of the triple bonded atoms, with a � bond in the
middle.

2.2.2. Delocalized � Bonds and Benzene

More than two adjacent p orbitals can combine to form
a set of molecular orbitals where the electron pairs are
shared by more than two atoms. These form “delocal-
ized” � bonds. In the case of benzene (C6H6), it is a
planar molecule with the shape of a regular hexagon.
All C–C–C bond angles are 120�, all six carbon atoms
are sp2-hybridized, and each carbon has a p orbital per-
pendicular to the plane of the six-membered ring. Each
p orbital overlaps equally well with both neighboring p
orbitals, leading to a picture of benzene in which the six
� electrons are completely delocalized around the ring.
Benzene therefore has doughnut-shaped clouds of elec-
trons, one above and one below the ring (Fig. 2) [4].

2.2.3. Aliphatic vs Aromatic

Molecules with saturated C–C and C–H single (�) bonds
are referred to as aliphatic molecules. There are no
conjugated � orbitals in them, and they act as insula-
tors. Molecules containing benzene rings are generally
referred to as aromatic molecules.

H

Figure 2. Delocalized � bonds of benzene and its symbols.

bill taylor
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2.2.4. Conjugated Oligomers

The term conjugated means an alternation of multiple
and single bonds linking a sequence of bonded atoms,
such that there is an extended series of overlapping
p orbitals, and the electrons involved are � electrons.
Oligomers are synthesized by joining one molecular unit
to itself a few times. This repeated unit is the equiv-
alent of the unit cell in the solid state; it is referred
to as a monomer. Different from the more commonly
encountered polymers that generally consist of strands
of large molecules with varying length, structure, and
morphology, oligomers are synthesized by precisely con-
trolled processes producing well defined chains [5, 6].
It is often the case that in oligomers, the MOs are
� orbitals which are spatially not suited for extensive
overlapping and impede significant electron delocaliza-
tion. However, in conjugated oligomers, in addition to the
�-framework that establishes the structure of molecules,
� electrons are delocalized throughout the molecules.
Good examples of conjugated oligomers are polypheny-
lene and polyphenylene-based molecules [7].

2.2.5. Polyphenylene and Polyphenylene-Based Molecules

The delocalization in benzene can be extended to other
adjacent atoms. For example, one can bind benzene
rings to each other (Fig. 3a), forming a chainlike struc-
ture called polyphenylene. Borrowing the idea of diblock
copolymers1 from bulk organic materials, one can also
insert other types of molecular groups into a polypheny-
lene chain [e.g., singly bonded aliphatic groups ( CH2–
CH2 ), doubly bonded ethenyl groups ( HC CH ),
and triply bonded ethynyl groups ( C C )] to
obtain polyphenylene-based molecules (Fig. 3b). In
polyphenylenes or polyphenylene-based molecules with
multiply bonded groups, delocalized � orbitals extend
across and merge with the neighboring aromatic ring
and multiple bonded groups, maintaining delocalization
throughout the length of the molecule.
For electronic transport studies, one needs to know the

following important terminology: the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), similar to the valence band
and the conduction band in solid state materials, respec-
tively, but with discrete energy levels caused by quantiza-
tion effects in constricted dimension of a molecule. The
difference in HOMO and LUMO is referred to as the
energy band gap (Eg).

1 Copolymer refers to the combination of two different monomers, A
and B; diblock indicates that they are combined in the ratio of one
monomer each to make the new unit cell (A + B). Diblock copoly-
mer opens up the possibility of creating polymer heterostructures with
unique band structures.

(a)

(b)

Figure 3. (a) Polyphenylenes and (b) polyphenylene-based conjugated
oligomers.

2.3. Basic Charge Transport Mechanisms

2.3.1. Bulk Organic Materials

Electron transport in bulk organic materials can be char-
acterized by the macroscopic conductivity [8]. Most con-
jugated polymer systems are electrically nonconducting
unless they are doped.2 This may appear to be similar
to that of semiconductors, but the physics of conjugated
polymer semiconductors differs markedly from that of
inorganic semiconductors such as Si or GaAs. In three-
dimensionally bonded materials, the fourfold (or sixfold,
etc.) coordination of each atom to its neighbors through
covalent bonds leads to a rigid structure, and the rigidity
of the lattice ensures that charge carriers added to the
system are accommodated in the conduction and valence
bands with negligible rearrangement of the bonding. In
such systems, therefore, the electronic excitations can
usually be considered in the context of this rigid struc-
ture, leading to the conventional concept of electrons
and holes as the dominant excitations. In organic conduc-
tors, the bonding has reduced dimensionality (in that the
interactions within the molecular chain are much stronger
than those between adjacent chains). The twofold coor-
dination makes these systems generally more susceptible
to structural distortion. As a result, the dominant elec-
tronic excitations are inherently coupled to chain distor-
tions, and the equilibrium geometry is determined by the
occupancy of the electronic levels via electron–phonon
coupling. When a polymer chain is doped, it can usu-
ally better accommodate an added charge if the charge
becomes localized over a smaller section of the chain.
This is because, on one hand, charge localization along
the chain requires a local rearrangement of the bond-
ing configuration in the vicinity of the charge (the poly-
mer lattice relaxes to a new bonding geometry) and
hence costs the system a gain in elastic energy; on the
other hand, the generation of this local lattice distortion
also lowers the ionization energy of the distorted chain.
If the gain in elastic energy is offset by the reduction
of the ionization energy of the chain, charge localiza-
tion will take place at the expense of complete charge

2 That is, exposed to suitable electron acceptors (oxidizing agents) or
electron donors (reducing agents). Doping through chemical oxidation
(or reduction) involves the creation of a charged polymeric backbone
and the introduction of a counterion that ensures charge neutrality.

bill taylor
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delocalization [9]. The specific types of charged defects
formed on the polymer backbone during doping depend
on the structure of the polymer chain: those with degen-
erate ground state structures such as polyacetylene and
those with nondegenerate ground state structures such as
poly(p-phenylene) [10].
For example, in the case of poly(p-phenylene) (Fig. 4),

when an electron is removed from the �-system of its
backbone (chemical oxidation), an unpaired electron with
spin 1

2 (a free radical) and a spinless positive charge
(cation) are created. The radical and cation are coupled
to each other via a local bond rearrangement, creating
a polaron which appears in the band structure as local-
ized electronic states symmetrically located within the
gap with the lower energy states being occupied by a
single unpaired electron. Further oxidation creates dica-
tions in the polymer. An electron can be removed from
either the polaron or the remaining neutral portion of
the chain. In the former case, the free radical of the
polaron is removed and a dication is created comprised
of two positive charges coupled through the lattice distor-
tion, creating a new spinless defect bipolaron. Removal
of an additional electron from a neutral portion of the
chain would create two polarons. Because the formation
of a bipolaron produces a larger decrease in ionization
energy compared to the formation of two polarons, the
former process is thermodynamically favorable. These
new empty bipolaron states are also located symmetri-
cally within the bandgap. Further doping creates addi-
tional localized bipolaron states, which eventually overlap
to form continuous bipolaron bands at high enough dop-
ing levels.
In the case of conjugated polymers with degenerate

ground state structures, the situation is different. The ini-
tial oxidation of trans-polyacetylene also creates polarons

+

-e-

neutral chain 

polaron

solitons
-e-

+

+

+

+ +

bipolarons

poly(p-phenylene)
non-degenerate ground state 

polyacetylene
degenerate ground state 

neutral
chain

LUMO

HOMO

solitonspolaron bipolaron soliton bands 

Figure 4. Neutral chain and oxidation of poly(p-phenylene) (left) and
polyacetylene (right) and the creation of polaron, bipolaron, and soli-
tons states.

as discussed previously. When it is further oxidized, since
its ground state is twofold degenerate, the bonding con-
figurations on either side of the charged defects only
differ by a reversed orientation of the conjugated sys-
tem and are energetically equivalent resonance forms. It
in turn creates isolated, noninteracting charged defects
that form domain walls separating two phases of opposite
orientation but identical energy. Such defects are called
solitons, which result in the creation of new localized
electronic states that appear in the middle of the energy
gap. As the doping level increases, these states can over-
lap to form soliton bands.
It is now well accepted that in conducting polymers,

transport occurs by the movement of charge carriers
between localized states or between soliton, polaron,
or bipolaron states [10]. The result is that transport
in conducting polymers is dominated by thermally acti-
vated hopping (or tunneling processes) in which carriers
hop across (or tunnel through) barriers created by the
presence of isolated states or domains. These include,
for example, intersoliton hopping [11], hopping between
localized states assisted by lattice vibrations [12], inter-
chain hopping of bipolarons [13], variable range hop-
ping in three dimensions, and charging energy limited
tunneling between conducting domains [11]. These lat-
ter two mechanisms are characterized by conductivities
that vary as T −1/4 in the case of variable range hopping
[14] and T −1/2 in the case of charging energy limited
tunneling [15]. This is in contrast to processes related
to the thermal activation of carriers across a bandgap
into extended states in which the conductivity varies as
T −1. In summary, conjugated polymers have a bulk con-
ductivity limited not by carrier mobility in a molecule
but by interchain hopping, and macroscopic conductiv-
ity measurements do not directly probe single molecule
properties. The mechanism of bulk conductivity involves
incoherent diffusive intra- and intermolecular electron
transport where the electrons thermalize with the matrix
and are dissipative.

2.3.2. Nanoscale Molecular Wires3

When these organic materials are reduced to their molec-
ular components, what does conductivity mean? How will
the chemical structure of a molecule affect the trans-
port properties? Can one construct nanoscale molecu-
lar “wires” that are capable of transporting charge easily
from one end to the other? Based on computation, mod-
eling, measurement, and analogy, one can suggest sev-
eral different mechanisms that take place when electrons
transport through nanoscale molecules [16].

Coherent Electron Motion: Nonresonant Nonresonant
coherent electron motion occurs in the absence of strong

3 A molecular wire generally refers to a linear chain of � -type molec-
ular structure intended to connect two electronic components [2].

bill taylor
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dissipation or trapping effects, and the molecular orbitals
associated with the molecular wire provide a pathway
for the electron to transport down the wire without loss
of energy or phase information. An important factor in
determining the conductance of molecular wires is the
location of the Fermi energy of the metallic contact rel-
ative to the energy levels of the wires. The molecules we
will be considering have a HOMO–LUMO gap of sev-
eral eV. Similar to the situation in metal–semiconductor
contacts, the Fermi level will lie in the gap regardless of
the nature of the molecule or the metal. It is similar to
metal–semiconductor contacts, where the Fermi energy
lies close to the charge neutrality level near the center of
the gap; otherwise there would be too much excess charge
in the semiconductor. The conduction is considered non-
resonant because the electronic states in the wires are far
above the energy of the tunneling electrons.
In nonresonant coherent electron motion, the rate

of electron transport is exponentially dependent on the
length of the molecular bridge [17–20]. The conductance
g can be expressed as

g = Ae−
N

where N indicates the number of sites in the wire and
is proportional to wire length, 
 is the characteristic
decay parameter and depends on the internal wire elec-
tronic structure, and the prefactor A is related to the
contact conductance and depends on the electrode–wire
end interactions. This exponential decay should hold
for short wires with large HOMO/LUMO gaps, such as
oligoalkanes.

Coherent Electron Motion: On Resonance On-resonance
coherent electron motion occurs when the energy of the
tunneling electrons is resonant with the conduction band
of the wires and in the absence of dissipative effects. The
rate of electron transport will obey the Landauer for-
mula [21, 22], independent of the length of the molecular
bridge (distinctively different from nonresonant coherent
electron motion). The conductance should scale linearly
with the transmission coefficient and therefore with the
number of eigenmodes in the wire.
The linear increase in conductance with the number

of modes has been observed in atomic point contacts
[23, 24], where the transmission probability T is essen-
tially unity for each available channel. However, given the
nature of the molecular eigenstates, T is much smaller
in the wires. This is because the electronic orbitals in
a molecule are often spatially localized on constituent
atoms of the molecule (Fig. 5). An incoming electron
with a specific energy can only be in resonance with part
of the molecule, causing average transmission through
the entire molecule much less than unity. Recent low-
temperature conductance measurement in metallic car-
bon nanotubes apparently belongs to this regime of
behavior [25].

CH2S S

position along the molecule below 

Energy

Figure 5. Molecular structure and schematics of electron orbital energy
levels for a proposed molecule.

Incoherent Transfer—Ohmic Behavior Incoherent trans-
fer occurs when the electronic levels in the molecu-
lar wire couple either to nuclear motions (vibration,
rotation) in the wire or to modes of the environment.
The electronic states in the wire will develop an effec-
tive intramolecular lifetime, and inelastic scattering can
become important. Under these conditions, the wire
should behave very much like a regular electrical resis-
tive wire, with its conductivity inversely proportional to
length. In long, nonrigid molecular wires with smaller
gaps, electron/vibration coupling, electron/electron scat-
tering, or electron/defect scattering can be strong enough
that electron localization on the wire occurs and can
inhibit coherent electron transport. Under these circum-
stances, exponential decay dependence characterizing
coherent electron motion should no longer be expected
as in short wires with large gaps. This is similar to the sit-
uation of electron transfer through tunneling barriers in
semiconductor devices, where incoherent processes aris-
ing from inelastic scatterings can result in the transforma-
tion from exponential decay to ohmic behavior, with the
current dominated by inelastic processes and decreasing
only slowly as the inverse of the length of the wire [26].

Quasiparticle Formation and Diffusion In long molecular
wires, quasiparticle motions could provide effective con-
duction. Quasiparticles like solitons and bipolarons are
considered to be the primary charge carriers at ambient
temperature in conducting polymer systems as discussed
above (transport mechanisms in bulk organic materials).
Ratner [16] proposed that defects like solitons and bipo-
larons can be important transport mechanisms in longer
molecular wire.

Gated Electron Transfer Mechanisms One important
characteristic of molecules is that they are capable of
undergoing dynamic stereochemical change. Molecules
can change their shapes from one local minimum to
another. These different geometries have different elec-
tronic structures and therefore different conductances.
An example from Closs et al. [27] shows that as a sub-
stituent on a cyclohexane ring changes its position from
equatorial to axial, the rate of electron transfer changes
by roughly a factor of 10. It is different from other
nanoscale structures such as atomic wires, quantum dots,
or mesoscopic junctions. This type of electron-transfer

bill taylor
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process is considered gated. Different molecular confor-
mations can be caused by chemical reaction or thermal
activation, etc.
These five mechanisms appear to be the important,

limiting behaviors that can characterize conduction in
molecular wires. By changing such parameters as the
molecular and electronic structures of the molecular
bridge, the metal-molecule attachment (energy level
alignment), and coupling with nuclear or environmental
modes (e.g., through solvent or coating), one can modify
the nature of the conductance of these molecular wires.

2.4. Initial Studies in Molecular Electronics

In 1974, Aviram and Ratner suggested the field of molec-
ular electronics by first proposing a D–�–A unimolecular
rectifier4 [28] (i.e., a molecular pn junction). However,
the proposal was premature in that both the chemi-
cal synthesis of such a rectifying molecule and the fab-
rication of such a device, involving vertically stacking
nanometer-scale thick organic monolayers in between
two metal electrodes, was not technically feasible. With
recent developments in chemical synthesis and micro-
fabrication, many of these challenging experiments have
now been done. For example, Metzger et al. realized the
D–�–A rectification through Langmuir–Blodgett (L-B)
multilayers5 and monolayers of hexadecylquinolinium tri-
cyanoquinodimethanide [29] in 1997.
Instead of using LB films, Reed [31, 32] proposed con-

jugated oligomers with precisely controlled lengths as
molecular devices using self-assembly techniques. Never-
theless, to electrically contact these functionalized rigid
rod conjugated oligomers with lengths on the order of
nanometer is technically challenging.
Mechanically controllable break junctions were orig-

inally used to study conductance quantization [32]. In
1997, Reed et al. first applied this technique to measure
electronic transport through a single molecule [33]. Using
a similar technique, Kergueris et al. employed a micro-
fabricated break junction [34] to study transport through
oligothiophene molecules. Zhou et al. [35] applied a ver-
tical electrode method, first developed by Ralls et al. [36],
to characterize molecular junctions. This technique real-
izes direct and robust metal–molecule contacts and allows

4 The D end is a good organic one-electron donor (but poor acceptor),
� is a covalent saturated bridge, and A is a good organic one-electron
acceptor (but poor donor). It is predicted to exhibit rectifying electron
transfer from D to A because the barrier to form zwitterionic state
D+–�–A− is several eV lower than that of D−–�–A+.

5 The L-B technique involves the vertical movement of a solid sub-
strate through the monolayer/air interface. A classic L-B material has
two distinct regions in the molecule: a hydrophilic headgroup and a
long alkyl chain which provides a hydrophobic or oleophilic tail. L-B
monolayer formation is governed by its hydrophilic/hydrophobic inter-
action with substrate, which is of a physical nature, unlike SAM which
chemically reacts with its substrate.

for variable-temperature measurements, leading to fur-
ther understanding of metal–SAM contacts [37, 38] and
nonlinear molecular devices [38, 39].
In the meantime, the discovery of the scanning tun-

neling microscope opened a new horizon for the study
of molecular scale electronics. It allows for imaging,
probing, and manipulation of single molecules [40–
42]. For instance, the first demonstration of conduc-
tion through a single molecule was made by Bumm
et al. [42] who measured electron transport through indi-
vidual molecules isolated in an insulating alkanethiol6

matrix using a scanning tunneling microscope (STM).
Combining self-assembled nanoclusters with conjugated
molecules, Dorogi et al. [43] succeeded in extracting the
conductance of xylene-dithiol by measuring IV � charac-
teristics with an STM tip placed above gold cluster on a
xylene-dithiol SAM covered gold surface.
Other than electrical characterization of conducting

molecules, the search for individual molecules with the
ability to behave as switches has been ongoing for a long
time. It began with the Aviram and Ratner theory on
molecular rectification in 1974 [28] and was furthered by
Aviram’s proposal on a molecular spiro switch in 1988
[44]. In addition, a molecular shift register was proposed
by Hopfield et al. to be used for molecular electronic
memories [45]. Only recently have experimental results
on switching and memory behavior been reported in
molecular devices. Collier et al. reported an irreversible
switch with a low current density utilizing a L-B film
[46]. Several months later, Chen et al. [38] realized a
reversible switching device exhibiting a large peak to val-
ley ratio negative difference resistance behavior using a
redox SAM, which is the first of its kind. Moreover, we
recently first demonstrated a molecular memory device
with long bit retention time [39] working at ambient
temperature.
Combining individual molecular elements such as

wires, switches, and memories mentioned above to cre-
ate devices with more complex functionality is the logi-
cal next step in further development of molecular elec-
tronics. However, the problem of interconnection on
molecular scale is not a trivial one. Unlike bulk solid-state
electronics, when small sections of molecular compo-
nents are combined into larger molecular devices, strong
Coulomb interaction and quantum interference among
electrons can change the transport properties of individ-
ual elements.

3. SYNTHESIS OF MOLECULAR
WIRES AND DEVICES

The syntheses of molecular wires are described in this
section. In each case, the molecular wires bear one or
more thioacetyl end groups that can be deprotected,

6 Alkanethiol molecules are the type of molecules with (CH2)nSH
structure.
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during the SAM formation step, to afford the free thiols
for attachment to metallic probes.

3.1. Synthesis of One-Terminal Oligo(phenylene
ethynylene) Molecular Wires

The synthesis of a simple wire, 4, from readily available
1-bromo-4-iodobenzene, 1, is shown;

TMS

I SAc

SAc

I Br
1. Pd/Cu,i-Pr2NEt, TMSA, 95%
2. Pd/Cu,i-Pr2NEt, 99%

2. Pd/Cu,i-Pr2NEt, 12%

1. K2CO3, MeOH, CH2Cl2, 91%

1 2

4

3

(1)

The starting material was monocoupled to trimethylsily-
lacetylene using typical Sonogashira coupling procedures
[47]. The reaction proceeded with good chemoselectivity
due to the greater reactivity of the aryl iodide. Interme-
diate 2 was then coupled to phenylacetylene using similar
conditions yet higher temperatures to enhance coupling
to the aryl bromide. The terminal alkyne was depro-
tected using potassium carbonate and methanol and then
coupled to 1-iodo-4-thioacetylbenzene [48] (3) to form
molecular wire 4.
X-ray diffraction crystallography of thiol derived from

4 attached to an Os cluster has shown that this
oligo(phenylene ethynylene) exists predominantly in a
planarized form, the phenyl rings being nearly parallel
[49].
The solubility of unsubstituted 4 is moderately low in

most organic solvents; therefore, it was necessary to place
n-alkyl side chain moieties on the phenylene ethynylene
oligomers when there are more than three phenyl units.
Although a long alkyl chain is important to retain solu-
bility of a molecular wire in common organic solvents, it
could sterically retard self-assembly or inhibit formation
of a well-ordered and densely packed monolayer.
In order to make more soluble systems, we prepared

molecular wire 16 by Pd/Cu-catalyzed coupling reactions
of 8, 12, and 13 [Eq. (2)]. 8 was synthesized by the cou-
pling reaction of 6 [50] with phenylacetylene followed
by an iodination with iodomethane. 9 [48] was coupled
with 10 to afford dimer 11. Deprotection of the termi-
nal alkyne with TBAF provided intermediate 12 that was
coupled with 13 [51] to afford tetramer 14 which, upon
deprotection and coupling with aryl iodide 8, afforded 16.
16 has dodecyl chains on the two central units that allow
this system to be soluble in many organic solvents but the
chains point in the opposite direction of thiol group that
serves as a functional end group; therefore, it does not
impede the formation of the SAM [52].
The syntheses of wires with hypothesized central con-

duction units and terminal conducting barrier units are

shown in Eq. (3). These were prepared to study the
effects of imbedding the molecular system in a mildly
insulation terminal framework.

NH2Br N3Et2Br

N3Et2 I

AcS I TMS AcS R

1) NaNO2, HCl

MeI

+

I TMS

PPh3, i-Pr2EtN

Pd(dba)2, CuI

C12H25-n

2

TBAF, HF, pyridine 14 : R = TMS
15 : R = H

AcS

8, Pd(dba)2, CuI

2

R

2PPh3, i-Pr2EtN

C12H25-n

11 : R = TMS
12 :R = HTBAF, HF, pyridine

2) Et2NH, K2CO3

Pd(dba)2, CuI

PPh3, i-Pr2EtN

, Pd(dba)2, CuI

AcS
PPh3, i-Pr2EtN 2 2

C12H25-n

2

95 %

90 %

81 %

88 %

81 %

97%

87%

49%

5 6

7 8

9 10

13

16

(2)

Br Br AcSBr1. n-B uLi
2. C2H5I
      90%

1. t-BuLi
2. S8
3. AcCl
     27%17 18 19

Br Br Br

SH

1. n-B uL i
2. C3H7I
      94%

(n-B u)3Sn(all yl ), Pd/Cu
               75%

1. AcSH, AIBN, 6 3%
2. KOH, 72%

17 20

21 22

(3)

Monolithiation on 4,4′-dibromobiphenyl (17) followed by
treatment with iodoethane afforded 18 that was then con-
verted to the molecular scale wire 19 with one ethyl
end group barrier. The two-barrier system 22 was syn-
thesized by conversion of 4-bromo-4′-propylbiphenyl (20)
to 4-allyl-4′-propylbiphenyl (21). Radical thioacetyl for-
mation [53] afforded the thiol-protected molecular scale
wire with an imbedded conductive portion that could be
further converted to the alkylthiol 22.

3.2. Synthesis of Two-Terminal Oligo(phenylene
ethynylene) Molecular Wires

Several syntheses of oligo(phenylene ethynylenes) with
���-dithioacetyl moieties have been executed. These
compounds will permit molecular scale wires to perform
as interconnects between metallic probes [Eqs. (4) and
(5)].
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I I

SAc

AcS SAc
Pd/Cu
94%23 24

9

(4)

SAc

SAcAcS SHHS

I

1. NaOH
2. 3M HCl

1. I2, H5IO6, 100 %
2.TMSA, Pd/Cu, 84 %
3. K2CO3, MeOH, CH2Cl2, 92%

Pd/Cu, 72 %

25 26

3

27 28
89 %

(5)

Specifically, Pd/Cu-catalyzed cross-couplings of 1,4-
diiodobenzene (23) with two equivalents of endgroup 9
[48] afforded the rigid rod molecular scale wire 24. Due
to the poor solubility of the deprotected dithiol made
from 24, the more soluble diethyl-containing wire, 28, was
synthesized. Iodination of 1,4-diethylbenzene followed by
a series of Pd/Cu-catalyzed couplings led to the forma-
tion of 27. Removal of the acetyl protecting groups with
sodium hydroxide in THF/H2O and rapid workup pro-
duced soluble 28 with free thiol endgroups. However, it is
recommended that the endgroups remain protected until
the SAM formation step. In this way, oligomerization via
oxidative disulfide formation is inhibited.

3.3. Synthesis of Three-Terminal
Molecular Scale Wires

Three-terminal interconnects were prepared for
branched interconnect locations [Eq. (6)] [54]. Endgroup
9 [48] was cross-coupled with 29 [51] followed by subse-
quent deprotection of the terminal alkyne to afford 30.
Three equivalents of intermediate 30 were coupled with
1,3,5-triiodobenzene (31) to afford the desired 32.

AcS

C2H5

AcS

C2H5

SiMe3

I

I

I

I

SAcAcS

SAc

C2H5C2H5

H5C2

66%

Pd(dba)2, CuIPd(dba)2, CuI, 80%

2. n-Bu4NF, HF, 83%

1.

9

29

30

31

32

(6)

3.4. Molecular Wires with Internal Methylene
and Ethylene Transport Barriers

Molecular scale wires with internal methylene and ethy-
lene conduction barriers have been synthesized. These
alkyl conduction barriers are positioned in the rigid rod
phenylene ethynylene backbone to disrupt the electronic
characteristics of the wires.

Br Br

OH

Br Br

1. n -BuLi, T HF
2.

BrOHC

86%

Br Br

NaBH4, T FA

94%

AcS SAc

1. t- BuL i, THF
2. S8
3. AcCl
     81%

33 35 36

37

34

(7)

Monolithiation of 1,4-dibromobenzene and subse-
quent quenching with p-bromobenzaldehyde gave diaryl-
methanol 35 that was subsequently converted to the
diarylmethane 36 by reduction with sodium borohydride
[55]. 37, with one central methylene conduction bar-
rier, was easily synthesized from 36 by lithium–halogen
exchange followed by quenching with sulfur and subse-
quent addition of acetyl chloride [Eq. (7)].
Compounds 41 and 45 are molecular wires with a

tunnel barrier to study the effects of asymmetric and
symmetric barrier placement on the electronic proper-
ties. The synthesis of 41, a 3-phenyl ring molecular scale
wire with a methylene conduction barrier, is described in
Eq. (8).

I I

OH

I Br

1. n-BuLi, THF
2.

91%

Br CHO I Br

Br

Br

Br

Pd/ Cu
   92%

1. t-BuLi
2. S8
3. AcCl
    87 %

AcS

SAc

23

38 39

40 41

NaBH4, TFA

94%

34

(8)

1,4-Diiodobenzene was monolithiated and quenched with
4-bromobenzaldehyde to form intermediate 38 followed
by reduction of the secondary alcohol to form 39 in
high yield. Coupling to the more labile aryl iodide gave
compound 40. Lithium–halogen exchange followed by
quenching with sulfur and subsequent addition of acetyl

CH2H2N NH2 CH2Et2N3 N3Et2

CH2 II

AcS

CH2AcS SAc

1. NaNO2

2. Et2NH

47%

CH3I

61% Pd(dba)2, CuI

71%

42 43

44

45

9

(9)
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chloride afforded the molecular scale wire 41 containing
a methylene conduction barrier.
The synthesis of a symmetric molecular wire with a

methylene conduction barrier is described in Eq. (9).
Conversion of 4,4′-diaminodiphenylmethane (42) to the
diiodide 44 through the formation of the bistriazene 43
proceeded in moderate yields. Intermediate 44 was cou-
pled with the endgroup 9 [48] to afforded molecular wire
45 with the desired central methylene transport barrier.
[54]

I
H
C

AcS

AcS SAc

59%

2.

II

CHOOHC

H
C I

89%

I 2CH CH2 I
Pd(dba)2, CuI

CH2CH2

1. n-BuLi

     NaBH4

      TFA

       70%

23 46

47

48

9

OH OH

(10)

Compound 48 is a more sophisticated device with two
barriers that hypothetically resemble a linear quantum
dot or a resonant tunneling diode [54]. 46 was synthe-
sized from terephthaldehyde and 1-iodo-4-lithiobenzene
[Eq. (10)]. Reduction of the two hydroxyl moieties on 46

SAcAcS

SAc

I

I

I

I

I

I

CHOH

I

I

AcS

C2H5

CH2

C2H5 H5C2

C2H5

1. n-BuLi ;  DMF, 50%

2. n-BuL i, 59%

1. NaBH4, CF3CO2H, 49%

2.

Pd(dba)2, CuI, 83%

23
31

49

50

30

(11)

afforded 47 that was further coupled with two equivalents
of 9 to afford the desired 48.
A three-terminal system with one barrier could be

reminiscent of a molecular-sized field effect transistor
(FET) or switch in which there is a source, drain, and
gate [Eq. (11)], although isolation at this scale is prob-
lematic [54]. 4-Iodobenzaldehyde was treaded with 1,3-
diiodo-5-lithiobenzene to afford the alcohol 49. Reduc-
tion and Pd/Cu-catalyzed coupling with 30 yielded 50, the
desired three-terminal system with one methylene trans-
port barrier.
Four-terminal systems were synthesized according to

Eq. (12). 4,4′-Diaminodiphenylmethane was treated with
bromine followed by removal of the amino groups to
afford 3,3′,5,5′-tetrabromodiphenylmethane (51). Com-
pound 51 proved to be too unreactive toward Pd/Cu
coupling; therefore, conversion of the bromides to
the iodides was necessary. Lithium–halogen exchanges
on 51 followed by quenching with molecular iodine
resulted in monoiodination on each ring. Complete
halogen exchange reaction on 51 was achieved via
conversion to the tetra(trimethylsilyl) system by addi-
tion of n-butyllithium and chlorotrimethylsilane followed
by treatment with iodine monochloride. The Pd/Cu-
catalyzed coupling reaction of 9 or 30 with the tetraiodide
intermediate afforded the four-terminal systems 52 and
53, respectively.

CH2H2N NH2 CH2

Br

Br

Br

Br

AcS

C2H5

C

AcS

AcS

HH

1. Br2, MeOH
2. NaNO2, HOAc;

   H3PO2

21%, 2 steps

1. n-BuLi, TMSCl
2. ICl, CCl4, 36% 2 steps

Pd(dba)2, CuI3.

30

51

52 , 47%

AcS
9

or

C

AcS

AcS

C2H5

H5C2

HH

SAc

SAc

53 , 49%

SAc

SAc

or

H5C2

C2H5

(12)

The synthesis of two four-terminus systems with two
methylene conduction barriers is shown in Eq. (13).
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BrH3C

Br CH3

BrClOC

Br COCl

Br TMS

Br

O

Br

Br

O

Br

I I

I I

R R

R R

1. KMnO4, Pyr, H2O

2. KMnO4, H2O
           80%
3. Oxalyl chloride, 100%

AlCl3, CH2Cl2
60%

1. CF3SO3H, Et3SiH, 88%
2. t-BuLi; I2, 58%

9 or 30
Pd/ Cu

SAc

SAc

R=

R=

35%

41%

55

54

56 57

58

59

(13)

The dibromoxylene was oxidized and converted to
the di(acid chloride) 54. Friedel–Crafts acylation of
54 with bromobenzene was sluggish and low yielding.
However, the tetrabromobis(arylketone) 56 was con-
veniently prepared by treatment of 54 with 1-bromo-
4-trimethylsilylbenzene [56]. The reduction of the
tetrabromobis(arylketone) was successfully carried out
using triethylsilane and trifluoromethanesulfonic acid
[57]. Conversion of the bromides to the iodides was
achieved by lithium–halogen exchange with tert-BuLi fol-
lowed by quenching with iodine. Pd/Cu couplings of 57
with the endgroup 9 or 30 afforded the four-terminal
systems 58 and 59, respectively.

O2N
NO2

Et2N3
N3Et2

I
I AcS

SAc

1. H2, Pd/C, 59%
2. HCl, NaNO2
3. Et2NH, K2CO3, 87% (2 steps)

MeI
78%

9, Pd/Cu
     61%

60
61

62
63

(14)

A two-terminal system with a lengthened section was
sought. Conversion of 1,2-(4,4′-dinitrodiphenyl)ethane
(60) to the diiodide 62 followed by Pd/Cu-catalyzed cou-
pling with endgroup 9 afforded 63 with the desired cen-
tral ethylene transport barrier [Eq. (14)].

I I TMS TMS

I

I

SAc

AcS

SAc

1. TMSA, Pd/Cu, 99%
2. K2CO3, MeOH, 97%
3.

TMSI

Pd/Cu, 83%

1.H2, Pd/C, HCl, 97%
2. ICl, CCl4
       99%

9 , Pd/Cu, 75%

9, Pd/Cu,

35%

23 64

65

66

67

(15)

The syntheses of two ethylene-barrier containing
systems, 66 and 67, are described in Eq. (15). 64
was synthesized in three steps from 1,4-diiodobenzene.
Hydrogenation of 64 was achieved over Pd/C in the pres-
ence of a small amount of hydrochloric acid. Without
an acid additive, no reduced products were isolated in
a range of solvents and temperatures. The intermediate
was then converted to 65 by treating with ICl in carbon
tetrachloride. Pd/Cu couplings of 65 with two equivalents
of 9 produced wire 66. Alternatively, coupling with one
equivalent of phenylacetylene followed by one equivalent
of 9 afforded 67 with one thioacetyl terminal group.

3.5. Synthesis of Molecular Scale Devices
with Heteroatomic Functionalities

Described here are the syntheses of functionalized molec-
ular scale devices which are designed to have nonlin-
ear IV � responses by adding heterofunctionalities to
modulate the �-electron system. The majority of these
molecules are based on functionalized oligo(phenylene
ethynylene)s which are substituted with electron with-
drawing and donating groups and are terminated with
thioacetyl [48, 51].

NH2

BrBr

O2N

NHAc

BrBr

O2N

NHAc

Br

O2N

NH2

SAc

1. Ac2O, 99%
2. HNO3, H2SO4, 70 %

Pd/Cu, i-PrNEt, THF
             56%

1. K2CO3, MeOH, CH2Cl2, 100%
2. Pd/Cu,  i-PrNEt, THF, 67%

AcS

68

69 9 70

(16)

The synthesis of a molecular scale device with amino
and nitro moieties is described in Eq. (16). The formation
of 2,5-dibromo-4-nitroacetanilide (68) proceeded accord-
ing to a literature procedure [56b, 58]. Caution must be
used during the synthesis of 68 due to the possibility of
multiple nitrations on the phenyl ring which could gen-
erate polynitrated compounds; on one occasion the com-
pound exploded violently upon drying [56b]. The Pd/Cu-
catalyzed coupling of phenylacetylene to the substituted
dibromobenzene gave a moderate yield of the product
due to the expected mixture of the mono- and dicou-
pled products. The coupling of 68 was expected to pro-
ceed faster at the bromide ortho than the nitro (electron
withdrawing) moiety since it is more active toward the
electron rich late-transition metal catalyst system. X-ray
analysis confirmed the assigned regiochemistry (Fig. 6).
The acetyl-protecting group was removed during the

deprotection of the terminal alkynes in the presence
of potassium carbonate and methanol. The electron
withdrawing ability of the nitro moiety allowed for
the removal of the acetyl-protecting group under such
mild conditions. Finally, intermediate 69 was coupled by
Pd/Cu catalysis to endgroup 9 [48] to afford molecular
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Figure 6. Crystal structure of 69.

scale device 70. An additional method for the synthesis
of 70 has been developed. Intermediate 69 was coupled
with trimethylsilylacetylene, then deprotection of the ter-
minal acetylene and the amine with potassium carbonate,
and finally coupling with 3 afforded 70 in slightly lower
yields than described in Eq. (16). The dipole moment of
the interior phenyl ring in 70, which is directed away from
the thioacetyl group, was calculated to be 5.8 Debye [59].
IV � measurements on compound 70 will be discussed
later.

O2N

NHAc

Br

69
O2N

NHAc

SAcPd/Cu,  i-PrNEt, THF

AcS

9 71
82%

(17)

Compound 71 differs from 70 in that it possesses an
acetamide rather than an amine moiety. The Pd/Cu-
catalyzed coupling reaction to form 71 proceeded at a
faster rate than the coupling to the amine/nitro com-
pound due to the diminished electron donating potential
of the acetamide allowing for faster Pd oxidative addi-
tion across the aryl bromide bond. The overall net dipole
moment of this compound has been calculated to be 2.7
Debye, substantially lower than that for 70 [59].
The cyclic voltammetry characteristics of the

nitroaniline-containing molecular scale devices were
examined; thus it became necessary to synthesize
thioether 73 that is more stable to hydrolysis and

O2N

NHAc

Br

69
O2N

NH2

SMe
2. Pd/Cu,  i-PrNEt, THF, 37%

MeS
73

72

1. K2CO3, MeOH, CH2Cl2, 100%

(18)

subsequent oxidation than the thioacetate-terminated
system [Eq. (18)].
For the synthesis of thioether 73, intermediate 69
was deprotected and Pd/Cu-catalyzed coupled to 72 to
form thioether terminated 73. This compound was sub-
jected to cyclic voltammetry that confirmed that the
compound was being reduced at −1�7 V and again
reduced at −2�3 V [Ag/AgNO3 reference electrode,
1.0 M n-tetrabutylammonium tetrafluoroborate in N ,N -
dimethylformamide (DMF) at a scan rate of 100 mV/sec].
To determine the effect of the direction, if any, of the

dipole moment on IV � properties, compound 75 was
synthesized, according to Eq. (19). It possesses a dipole
that is directed toward the thioacetyl terminus, a direc-
tion opposite that of the dipole in 70.

NO2

Br Br

AcHN
68 74

NO2

AcHN

TMS

NO2

H2N

SAc2. Pd/Cu, THF, i-P r2 NEt, 82% (2 steps)

1. K2CO3, MeOH, CH2Cl2

I SAc

3

1. Pd/Cu, TMSA, THF, i-P r2 NEt, 54 %

2. Pd/Cu, THF, i-P r2 NEt, 79 %

75

(19)

With a deficient amount of trimethylsilylacetylene, the
coupling with intermediate 68 proceeded at the more
labile bromide alpha to the nitro group (vide supra). Sub-
sequent coupling to phenylacetylene provided 74. Depro-
tection of the amine and the terminal alkyne, followed by
coupling to 3, afforded 75.

To determine the effects of an electron withdrawing
or donating moiety on the electrical properties of these
compounds, materials with solely an amine, nitro, or
acetamide moiety have been synthesized.

Br Br

NO2

H

NO2

H

I SAc NO2

SAc

    Pd/Cu

Pd/Cu
  47 % 78

2.

3. K2CO3, MeOH
   35% (3 steps)

1. TMSA, Pd/Cu

77
76

3

(20)

2,5-Dibromonitrobenzene was coupled with trimethylsi-
lylacetylene at the more reactive bromide, � to the
nitro moiety, followed by coupling with phenylacetylene.
Deprotection of the terminal alkyne afforded interme-
diate 77. Coupling of 77 with 3 afforded product 78
[Eq. (20)].

bill taylor
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Br

NHAc

Br
1. Pd/Cu,  i-Pr2NEt, TH F, 42%,
2. Pd/Cu,  i-Pr2NEt, TMSA, THF, 84%

TMS

NHAc

NH2

SAc
1. 3M HCl, T HF
2. K2CO3, MeOH, CH2Cl2
3.Pd/Cu, i-Pr2NEt, T HF

79 80

3

81
I SAc

43% (3 steps)

(21)

The system, which possessed an amino moiety, was syn-
thesized according to Eq. (21). Following the couplings
of phenylacetylene and trimethylsilylacetylene to 79, the
deprotection of compound 80 with 3 M HCl afforded two
compounds: the desired amine product and the amine
cyclized bicyclic indole product [60]. The separation of
these compounds was not attempted due to similar reten-
tion factors on silica gel in most eluents. The termi-
nal alkyne was revealed using potassium carbonate and
methanol followed by Pd/Cu-catalyzed coupling to 3 to
form 81 which, at this stage, could be separated from the
other products. The sequence of couplings to the bromo
moieties on 79 was inferred based upon the electron
donation of the acetamide; however, no crystallographic
confirmation of the regioselectivity was obtained.

TMS

NHAc

80

1. K2CO3, MeOH, 
    CH2Cl2

2. Pd/Cu, i-P r2 NEt, 
    THF, 50%  (2 steps)

3

I SAc

NHAc

SAc

82

(22)

Similar to 81, the acetamide adduct was synthesized
according to Eq. (22). In this case, the deprotection of the
terminal alkyne with potassium carbonate and methanol
did not remove the acetyl-protecting group.
A two-terminal molecular scale device that is similar to

compound 70 has been synthesized according to Eq. (23)
although this bears ���-endgroups.

Br Br

NO2

AcHN

1. Pd/Cu, TMSA, i-P r2 NEt, THF

2. K2CO3, MeOH, CH2Cl2
3. Pd/Cu, TMSA, i-P r2 NEt, THF

I SAc

AcS

NO2

H2N

SAc

3

68
83

57% (3 Steps)

(23)

To study the effects of other endgroups on the
impedance of molecular/metal junctions, compounds with
isonitrile end groups were synthesized. The nitroaniline
with an isonitrile terminus, 86, was synthesized accord-
ing to Eq. (24). The amine moiety in intermediate 69
was unmasked with potassium carbonate and methanol
followed by Pd/Cu-catalyzed cross-coupling with the
formanilide-bearing endgroup, 84, to afford compound

85. Although 85 had limited solubility, it was dehydrated
in the presence of

O2N

NHAc

Br

69
NHCHO

1. K2CO3, MeOH, CH2Cl2, 100%
2. Pd/Cu, i-Pr2NEt, THF

O2N

NH2

NHCHO

84
85

PPh3, CCl4, NEt3, CH2Cl2
83% (2 steps)

O2N

NH2

NC

86

(24)

triphenylphosphine and triethylamine to afford the isoni-
trile 86 [61].
Currently, these molecular systems are studies as

SAMs on a metal surface. An additional method of
preparing ordered monolayers of molecular devices is
the use of L-B films. [62] Therefore, a compound with
hydrophilic and hydrophobic subunits with the central
nitroaniline core similar to 70 was synthesized as in
Eq. (25) [62].

C6H13 C6H13 Br

NHAc

O2N
NHAc

O2N

BrBr

1. Br2, Al2O3, 80%
2. Pd/Cu,TMSA,  i-Pr2NEt, THF, 68%
3. K2CO3, MeOH, CH2Cl2
4. Pd/Cu,  i-Pr2NEt, THF, 31 % (2 steps)

68

87
88

Pd/Cu,  i-Pr2NEt, THF, 96%

CO2Me

C6H13

NH2

O2N

CO2R

90 , R=
, R=

 Me
91  H

LiOH, MeOH, H2O, 94%

89

2. K2CO3, MeOH, CH2Cl2, 99%

1.

(25)

n-Hexylbenzene was easily brominated on neutral alu-
mina [63] and coupled to trimethylsilylacetylene followed
by silyl removal and coupling to the nitroacetanilide core
intermediate, 68, to afford 88. The methyl ester, inter-
mediate 90, was synthesized by the coupling of methyl
4-ethynylbenzoate (89) to 88. The amine was unmasked
and the methyl ester was saponified with lithium hydrox-
ide to afford molecular scale device 91 [64]. Compound
91 is suitable for the formation of a L-B film due to its
hydrophilic carboxylic acid endgroup and the hydropho-
bic n-hexyl endgroup.
Other compounds with substituted biphenyl and

bipyridyl core units have been sought [Eqs. (26) and
(27)]. 2,2′-Dinitrobiphenyl (92) was brominated at the 4-
and 4′-positions on the biphenyl core using bromine, sil-
ver acetate, and acid [65]. The brominated biphenyl was
coupled to trimethylsilylacetylene to afford 93 that was
then monoreduced to the nitroamine 94 in the presence
of iron and acetic acid [66]. Finally, the terminal alkynes
were revealed and coupled to two equivalents of end-
group 3 to afford compound 95.
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NO2

O2N

NO2

O2N

TMS TMS

Fe, AcOH, THF

33%

NH2

O2N

TMS TMS

O2N

NH2

AcS SAc

1. K2CO3, MeOH, CH2Cl2

2. Pd/Cu, i-Pr2NEt, THF

I SAc

1. Br2, AgOAc, H+,  36%

2. Pd/Cu, TMSA,  i-Pr2NEt, THF, 88%

3

92 93

94

95

61% (2 steps)

(26)

A similar compound with a bipyridyl central core was
sought according to Eq. (27). In this manner, a greater
degree of planarity could be achieved due to reduced
interactions in the absence of 2- and 2′-steric interactions.
To that end, 2-chloro-3-nitropyridine was homocoupled
in the presence of copper/bronze and dimethylforamide
[67]. The bipyridine ring system was brominated at the
5- and 5′-position under harsh conditions [68] (due to
its electrophilicity) to afford intermediate 98 that was
then coupled with two equivalents of trimethylsilylacety-
lene. These coupling conditions unfortunately afforded
the hydroxyamine and a very small amount of the dinitro-
coupled product. The electron deficient 98 presumably
underwent nitro loss and Pd-catalyzed reduction by the
hydridopalladium species that are present in the coupling
catalytic cycle to afford the undesired 99 [Eq. (27)] [68b].

N
Cl

NO2

N

N
NO2

O2N

Br Br

N

N
OH

H2N

TMSTMS

Pd/Cu,TMSA, 
i-Pr2NEt, THF

96
98

99

17%

N

N
NO2

O2N

97

Cu, DMF

35%

KBr, Br2
   45%

N N

O2N

X X

N
O O

X = Br or TMS-CC
M = Pd or Cu

M
N N

X X

M

O N
O

[H]

N N
X X

M

OH NH2

(27)

3.6. Porphyrin Containing Molecular Scale Wires

Initial efforts directed toward the porphyrin targets
involved the preparation of dipyrromethane or aryl-
substituted-dipyrromethanes with the intent of subse-
quent Pd/Cu-catalyzed coupling [69] to the aryl halides

for preparation of the final compounds [70]. The por-
phyrin syntheses are shown in Eq. (28).

N
H

N
H

N
H

,
,
 R = H, 43%
R = C6H5, 60%

, R = p-C6H4-CH3, 65%
, R = p-C6H4-Br, 69%
, R = p-C6H4-I, 69%

 1. R'CHO
     

2. DDQ N

NH

HN

N

R'

R'

, R = H, R' = p-C6H4-Br, 21%
, R = H, R' = p-C6H4-I, 18%
, R = C6H5, R' = p-C6H4-Br, 34%
, R = p-C6H4-I, R' = C6H5, 19%

RCHO
R

HOAc
R R

BF3 OEt2

100 101
102
103
104
105

106
107
108
109

(28)

The dipyrromethanes could be prepared in rea-
sonable yield and further condensed with the com-
plementary benzaldehyde component to generate the
trans-(halophenyl)porphyrins [71]. Unfortunately, fur-
ther attempts to elaborate the halogenated posi-
tions via Pd/Cu-catalyzed cross-coupling or lithium–
halogen exchange and subsequent conversion directly to
thioacetyl moieties (excess BuLi, sequential quenching
with S8 and AcCl) [48] were unsuccessful; all reactions
afforded only small amounts of monosubstituted prod-
ucts, if any. Additionally, complexing the porphyrin with
zinc did not change the unsuccessful course of the subse-
quent derivatizations of 106–109.
The strategy was therefore modified by preparing the

aldehyde-bearing protected thiol using Pd/Cu-catalyzed
coupling of 4-iodobenzaldehyde with trimethylsilylacety-
lene, subsequent deprotection, and another Pd/Cu-
catalyzed coupling with 4-iodo-1-thioacetylbenzene (8) to
afford aldehyde 110 [Eq. (29)] [72]. Protected thiol 110
was then condensed with the substituted dipyrromethanes
(102–105) and oxidized to form porphyrins 111–114,
respectively [Eq. (30)]. Likewise, 110 was condensed with
pyrrole to form 115 and then further condensed with ben-
zaldehyde and oxidized to form 111 [Eq. (31)]. Accord-
ingly, no further functionalization of the porphyrin was
needed. Furthermore, the thioacetyl moieties did not
inhibit the reaction nor were they affected to a significant
extent; the yields were similar to those obtained in reac-
tions that did not have these thioacetyl functionalities.
In a less controlled manner, the three-component system
involving pyrrole, benzaldehyde, and 110 could be used to
prepare 111 in 8% yield after oxidation with p-chloranil.

SAcOHCII

1. n-BuLi; DMF, 70%
2. TMSA, Pd/Cu, 73%

3. K2CO3, MeOH, 95%

4. I SAc

Pd/Cu, 75%

11023

8

(29)
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Similarly, the tetra substituted system 116 could be pre-
pared from 110 and pyrrole [Eq. (32)] [69–71].

1. 110,

2. DDQ
N
H

N
H

102
103
104
105

111
112
113
114

, R = C6H5

, R = p-C6H4-CH3

, R = p-C6H4-Br

, R = p-C6H4-I

R

N

NH

HN

N

SAcAcS

R

R
, R = C6H5, 27%

, R = p-C6H4-CH3, 27%

, R = p-C6H4-Br, 28%

, R = p-C6H4-I, 28%

BF3 OEt2

(30)

N
H

N
H

SAc

N
H

HOAc, MeOH
    86%

110

115

1. PhCHO, 

2. DDQ
111

21%

BF3 OEt2

(31)

Finally, we have demonstrated efficient removal of
the acetyl groups in 111 using ammonium hydroxide
[73]. Metal incorporation into 111, specifically Zn
(91%), Cu (95%), and Co (90%), using the corre-
sponding hydrated metal acetates, followed by ammo-
nium hydroxide-promoted thiol generation [73], pro-
ceeded without metal loss as indicated by 1H nuclear
magnetic resonance (NMR) analysis. Similarly, the tetra
substituted system 116 could be prepared from 110 and
pyrrole [Eq. (32)].

N
H

1.110 ,
    

2. p-chl o ran i l

29%

N

NH

HN

N

SAcAcS

SAc

SAc

BF3 OEt2

116

(32)

3.7. Synthesis of Dipole-Possessing Molecular
Wire SAMs to Control Schottky Barriers
in Organic Electronic Devices

We envision conjugated phenylene–ethynylene com-
pounds that possess electron deficient units or electron
rich units to be good candidates for lowering or raising
the LUMO energies, respectively, as needed for the elec-
tron or hole injecting interfaces. Again, these compounds
need endgroup functionalization to provide the SAM for-
mation.

NC Br NC SAc
1. Pd/Cu, TMSA, i-Pr2NEt, THF, 93%
2. K2CO3, MeOH, CH2Cl2
3. Pd/Cu, i-Pr2NEt, THF, 76% (2 steps)

117 118

3

I SAc

(33)

Br SAc

CN CN

1. Pd/Cu, TMSA, i-Pr2NEt, THF, 95%
2. K2CO3, MeOH, CH2Cl2
3. Pd/Cu, i-Pr2NEt, THF, 48%  (2 steps)

3

I SAc
119 120

(34)

Compounds 118 and 120 were synthesized by Pd/Cu-
catalyzed cross-coupling reactions [Eqs. (33) and (34),
respectively]. Surprisingly, each of these compounds was
extremely difficult to separate by column chromatogra-
phy and recrystallizations. They were finally purified by
multiple cold hexanes washes.

N
Br

N
SAc

1. Pd/Cu, TMSA, i-Pr2NEt, THF, 88%
2. K2CO3, MeOH, CH2Cl2
3. Pd/Cu, i-Pr2NEt, THF, 53% (2 steps)

3

I SAc
121 122

(35)

N

N
Br

SAc
N

N
SAc Pd/Cu, i-Pr2NEt, THF, 52%

9
123 124

(36)

Likewise, compounds 122 and 124 were synthesized
[Eqs. (35) and (36), respectively]. Again, these com-
pounds were produced in a straightforward fashion by
Pd/Cu-catalyzed cross-couplings.

N
BrBr

H

N
TMS

I SAc

N
SAc

1. Pd/Cu, TMSA, i-Pr2NEt, THF, 84%
2. Pd/Cu, i-Pr2NEt, THF, 63%

1. K2CO3, MeOH, CH2Cl2
2. Pd/Cu, i-Pr2NEt, THF, 56% (2 steps)

3

131 126

127

(37)
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A three-aryl system with a pyridine interior was syn-
thesized [Eq. (37)]. 2,5-Dibromopyridine was coupled to
trimethylsilylacetylene followed by phenylacetylene under
Pd/Cu-catalyzed conditions. The first coupling reaction
occurred at the more labile bromide at the 2-position in
the pyridine ring. The alkyne in intermediate 126 was
unmasked and then was coupled to endgroup 3 to form
the desired 127.
To decrease to the barrier for electron injection, com-

pounds with electron donating moieties and carboxylic
acid endgroups were synthesized for the formation of
SAMs on aluminum oxide contacts [74].

CO2Me

CO2R

NH2NH2

I
Pd/Cu, i-Pr2NEt, THF, 57%

129, R=  Me
130, R=  H89

128 Li OH, MeOH
H2O, 98%

(38)

OCH3

I

CO2Me

CO2R

OCH3

Pd/Cu, i-Pr2NEt, THF, 57%

89

131 132, R= M e
133, R=  H

L i OH, MeOH
H2O, 97%

(39)

In separate reactions, compounds 128 and 131 were
coupled to 89 to afford methyl ester intermediates, 129
and 132, respectively. The methyl ester moieties were
saponified in the presence of lithium hydroxide to afford
compounds 130 and 133 [Eqs. (38) and (39)] [64].

3.8. Experimental

3.8.1. General

All reactions were performed under an atmosphere of
nitrogen unless stated otherwise. Alkyllithium reagents
were obtained from FMC. Pyridine, methyl iodide, tri-
ethylamine, and DMF were distilled over calcium hydride
and stored over 4 Å molecular sieves. Toluene and ben-
zene were distilled over CaH2. Methylene chloride and
hexanes were distilled. Ethyl ether and tetrahydrofuran
(THF) were distilled from sodium benzophenone ketyl.
Triethylamine and diisopropylethylamine (Hünig’s base)
were distilled over CaH2. MeOH was dried over oven-
dried 3 Å molecular sieves. Gravity column chromatog-
raphy, silica gel plugs, and flash chromatography were
performed using 230–400 mesh silica gel from EM Sci-
ence. Thin layer chromatography was preformed using
glass plates precoated with silica gel 60 F254 with a layer
thickness of 0.25 mm purchased from EM Science. Com-
bustion analyses were obtained from Atlantic Microlab,
Inc., P.O. Box 2288, Norcross, GA 30091.

3.8.2. General Procedure for the Coupling of
a Terminal Alkyne with an Aryl Halide Using
the Palladium–Copper Cross-Coupling
(Castro-Stephens/Sonogashira Protocol) [47]

To an oven-dried round bottom flask equipped with
a water cooled West condenser and magnetic stir bar
or to a screw cap pressure tube with a magnetic stir
bar were added the aryl halide, a palladium catalyst
such as bis(triphenylphosphine)palladium(II) dichloride
(3–5 mol% per halide), and copper(I) iodide (6–10 mol%
per halide). Triphenylphosphine was used in some reac-
tions to keep the palladium in solution. The vessel was
then sealed with a rubber septum (flask) or capped (tube)
under a N2 atmosphere. A solvent system of THF and/or
benzene and/or methylene chloride was added depending
on the solubility of the aryl halide. Then base, triethy-
lamine or diisopropylethylamine, was added. Finally, the
terminal alkyne (1–1.5 mol% per halide) was added and
the reaction was heated until complete. Upon comple-
tion of the reaction, the reaction mixture was quenched
with water, a saturated solution of NH4Cl, or brine.
The organic layer was diluted with methylene chloride
or Et2O and washed with water, a saturated solution of
NH4Cl, or brine (3×). The combined aqueous layers were
extracted with methylene chloride or Et2O (2×). The
combined organic layers were dried over MgSO4 and the
solvent removed in vacuo to afford the crude product that
was purified by column chromatography (silica gel). Elu-
ents and other slight modifications are described below
for each material.

3.8.3. General Procedure for the Iodination
of Triazenes [75]

To an oven-dried screw cap tube were added the cor-
responding triazene and iodomethane. The mixture was
degassed by slowly bubbling nitrogen for more than
15 min. After flushing with nitrogen, the tube was capped
and heated at 120 �C overnight. The reaction mixture
was cooled and diluted with hexane. The mixture was
passed through a plug of silica gel. After evaporation of
the solvent in vacuo, purified product was obtained by
chromatography. Eluents and other slight modifications
are described below for each material.

3.8.4. General Procedure for the Deprotection
of Trimethylsilyl-Protected Alkynes

For Method A, the silylated alkyne was dissolved in
methanol and often a co-solvent, and potassium carbon-
ate was added. The mixture was stirred at room tem-
perature before being poured into water. The solution
was extracted with ether or ethyl acetate and washed
with brine. After drying over magnesium sulfate, the sol-
vent was evaporated in vacuo to afford the products that
generally required no purification. For Method B, the
silylated alkyne was dissolved in pyridine in a plastic
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vessel. A mixed solution of 49% hydrofluoric acid and
1.0 M tetrabutylammonium fluoride (TBAF) in THF was
added at room temperature. The solution was stirred for
15 min and quenched with silica gel. The mixture was
poured into water and extracted with ether. The extract
was washed with brine and dried over magnesium sul-
fate. After filtration the solvent was evaporated in vacuo.
The crude product was purified by a flash chromatogra-
phy on silica gel. Eluents and other slight modifications
are described below for each material.

3.8.5. General Procedure for the Conversion
of Aryl Halides to Arylthioacetates

To tert-BuLi (2 equiv per halide) in ether or THF at
−78 �C was added a solution of the aryl halide in THF.
After stirring for 40 min, sulfur powder was added as
a solid or via cannula as a slurry in THF. The result-
ing green slurry was stirred for 1 h and then warmed to
0 �C. The mixture was recooled to −78 �C and acetyl
chloride (1.2 equiv per halide) was added. The resultant
yellow solution was allowed to warm to room temper-
ature and stirred for 1 h before quenching with water.
The mixture was extracted with ether (3×). The com-
bined organic fractions were washed with water (2×)
and dried over magnesium sulfate. Removal of solvents
in vacuo followed by flash chromatography afforded the
desired material. Eluents and other slight modifications
are described below for each material.

1-Bromo-4-(trimethysilylethynyl)benzene [48] See the gen-
eral procedure for the Pd/Cu coupling reaction
except that amine was added at 0 �C. The com-
pounds used were 1-bromo-4-iodobenzene (2.83 g,
10.0 mmol), trimethylsilylacetylene (1.47 mL, 10.4 mmol),
bis(triphenylphosphine)palladium(II) chloride (0.21 g,
0.30 mmol), copper(I) iodide (0.11 g, 0.60 mmol), ben-
zene (13 mL), and triethylamine (5.6 mL, 40 mmol).
The mixture was stirred at room temperature for 10 h.
Flash chromatography (silica gel, hexane) afforded 2.37 g
(95%) of the title compound as a yellow oil with slight
impurities. The compound was used for the next step
without further purification. Spectral data were identical
to that reported earlier [48].

1-Ethynylphenyl-4-(trimethylsilylethynyl)benzene (2) See
the general procedure for the Pd/Cu coupling reaction.
The compounds used were copper(I) iodide (78 mg,
0.41 mmol), bis(triphenylphosphine)palladium(II) chlo-
ride (0.14 g, 0.20 mmol), 1-bromo-4-(trimethysily-
lethynyl)benzene (1.0 g, 4.0 mmol), phenylacetylene
(0.60 mL, 5.5 mmol), triethylamine (2.0 mL, 14 mmol),
and benzene (2 mL) at 80 �C overnight. The resulting
brown solid was eluted 2× through a 4 × 20-cm column
of silica gel using hexanes as the eluent. The product
was obtained as a crystalline white solid (1.08 g, 99%).
TLC Rf = 0�28 (hexanes). Infrared (IR) (KBr) 3053,
2957, 2897, 2153, 1602, 1509, 1441, 1406, 1249, 866,

844, 757, 692, 628, 550, 529 cm−1. 1H NMR (CDCl3)
� 7.512 (m, 2 H), 7.441 (m, 4 H), 7.336 (m, 3 H),
0.253 (s, 9 H), 13C NMR (CDCl3) � 131.87, 131.60,
131.37, 128.45, 128.36, 123.34, 122.99, 122.89, 104.64,
96.21, 91.28, 89.01, −0�07. LRMS calculated (calcd) for
C19H18Si: 274 m/e. Found 274 (M+), 259 [(M CH3�

+],
202 [(M C3H10Si)+].

1-Ethynyl-4-(ethynylphenyl)benzene See the general pro-
cedure for the deprotection of a trimethylsilyl-protected
alkyne. The compounds used were 2 (0.94 g, 3.4 mmol),
K2CO3 (1.9 g, 14 mmol), methanol (2.5 mL), and methy-
lene chloride (4 mL). The product was obtained as a pale
yellow solid (0.63 g, 91%). IR (KBr) 3278, 3079, 3062,
3053, 3033, 3017, 1602, 1500, 1440, 1406, 1265, 1249,
1181, 1111, 1101, 1070, 1025, 922, 842, 834, 759, 690, 666,
629, 548, 527, 460 cm−1. 1H NMR (CDCl3) � 7.515 (m,
2 H), 7.462 (m, 4 H), 7.341 (m, 3 H), 3.159 (s, 1 H).
13C NMR (CDCl3) � 132.06, 131.64, 131.46, 128.52,
128.38, 123.79, 122.94, 121.86, 91.36, 88.82, 83.28, 78.85.
LRMS calcd for C16H10: 202 m/e. Found 202 (M+), 176
[(M C2H2�

+], 150 [(M 2C2H2�
+], 101 [(M C8H5�

+].

4,4′-Di(ethynylphenyl)-1-(thioacetyl)benzene (4) See the
general procedure for the Pd/Cu coupling reaction.
The compounds used were copper(I) iodide (0.06 g,
0.30 mmol), bis(dibenzylideneacetone)palladium(0)
(0.09 g, 0.15 mmol), triphenylphosphine (0.16 g,
0.60 mmol), 1-iodo-4-thioacetylbenzene (0.84 g,
3.00 mmol) 1-ethynyl-4-(ethynylphenyl)benzene (0.5 g,
2.5 mmol), diisopropylethylamine (1.7 mL, 10.0 mmol),
and THF (15 mL) at ambient temperature for 16 h.
The residue was purified by flash liquid chromatogra-
phy using silica gel (1:1 hexanes: methylene chloride)
yielding 0.102 g (12%) of the titled compound. IR (KBr)
3435.9, 3138.5, 2215.4, 1697.4, 1656.4, 1507.7, 1379.5,
1353.8, 1128.2, 1107.7, 1015.4, 943.6, 838.6, 828.1, 759.0,
756.7, 692.0, 620.5 cm−1. 1H NMR (300 MHz, C6D6)
� 7.54–7.50 (m, 2 H), 7.39 (d, J = 8�5 Hz, 2 H), 7.34
(d, J = 2 Hz, 3 H), 7.24 (d, J = 8�5 Hz, 2 H), 7.16 (br
s, 1 H), 7.03–6.98 (m, 3 H), 1.81 (s, 3 H). 13C NMR
(400 MHz, C6D6) � 190.94, 134.24, 132.01, 131.62,
131.58, 128.91, 128.35, 127.21, 126.96, 124.12, 123.60,
123.28, 122.93, 91.87, 91.01, 90.90, 89.52, 29.55. HRMS
calcd for C23H16SO: 352.0922. Found 352.0921.

1-Diethyltriazenyl-4-ethynylphenylbenzene (7) See the
general procedure for the Pd/Cu coupling reaction.
6 (2.56 g, 10.0 mmol), phenylacetylene (1.21 mL,
11.0 mmol), bis(dibenzylideneacetone)palladium(0)
(0.26 g, 0.280 mmol), copper(I) iodide (0.21 g, 11.0 mmol),
triphenylphosphine (0.83 g, 2.75 mmol), and diisopropy-
lethylamine (7.65 mL, 44.0 mmol) were reacted in THF
(10 mL) at room temperature for 2 d and 70 �C for
3 d. An additional portion of phenylacetylene (0.60 mL,
5.5 mmol) was added and the mixture was stirred at
70 �C for 1 d. The crude product was purified by flash
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chromatography on silica gel (hexane-ether 19:1) to
afford the desired product (2.64 g, 95%) as a yellow
oil. Fourier transform infrared (FTIR) (neat) 2976,
2359, 2213, 1594, 1393, 1237, 1201, 1162, 1097, 841, 756,
690 cm−1. 1H NMR (CDCl3) � 7.51 (dd, J = 7�7, 1.7 Hz,
2 H), 7.48 (dt, J = 8�5, 1.6 Hz, 2 H), 7.38 (dt, J = 8�5,
1.6 Hz, 2 H), 7.36–7.26 (m, 3 H), 3.76 (q, J = 7�2 Hz,
2 H), 1.26 (br t, 3 H). 13C NMR (CDCl3) � 151.1, 132.3,
131.5, 128.3, 128.0, 123.6, 120.4, 119.4, 90.1, 89.1. (Two
carbons are missing due to the quadropolar effect of
nitrogen.) HRMS calcd for C18H19N3: 277.1579. Found:
277.1582.

1-(Ethynylphenyl)-4-iodobenzene (8) See the general pro-
cedure for the iodination of triazenes. 7 (2.51 g,
9.06 mmol) was stirred in iodomethane (10 mL) to afford
8 (2.46 g, 90%) as a white solid. The solid was recrystal-
lized from ethanol to afford the purified product (2.06 g,
75%) as white crystals. Mp 104–105 �C. FTIR (KBr)
1493, 1385, 1004, 821, 758, 750, 690 cm−1. 1H NMR
(CDCl3) � 7.67 (dt, J = 8�5, 1.9 Hz, 2 H), 7.52–7.47 (m,
2 H), 7.36–7.30 (m, 3 H), 7.23 (dt, J = 8�5, 1.9 Hz, 2 H).
13C NMR (CDCl3) � 137.5, 133.1, 131.6, 128.5, 128.4,
122.9, 122.8, 94.1, 90.8, 88.5. HRMS calcd for C14H9I:
303.9749. Found: 303.9738.

11 See the general procedure for the Pd/Cu coupling
reaction. 10 [51] (528 mg, 3.0 mmol), 9 (990 mg,
3.3 mmol), bis(dibenzylideneacetone)palladium(0)
(73 mg, 0.080 mmol), copper(I) iodide (63 mg,
0.33 mmol), triphenylphosphine (256 mg, 0.85 mmol),
and diisopropylethylamine (2.29 mL, 13.2 mmol) were
reacted in THF (10 mL) at room temperature for 2.5 d.
The crude product was purified by flash chromatography
on silica gel (hexane-dichloromethane 7:3) to afford
the desired product (841 mg, 81%) as a white solid.
Mp 114 �C. FTIR (KBr) 2150, 1694, 1504, 1384, 1248,
841 cm−1. 1H NMR (CDCl3) � 7.52 (d, J = 8�3 Hz, 2 H),
7.43 (s, 4 H), 7.38 (d, J = 8�3 Hz, 2 H), 2.42 (s, 3 H),
0.24 (s, 9 H). 13C NMR (CDCl3) � 193.2, 134.2, 132.2,
131.9, 131.5, 128.4, 124.2, 123.2, 123.0, 104.6, 96.5, 90.7,
90.5, 30.3, −0�1. HRMS calcd for C21H20OSSi: 348.1004.
Found: 348.1004.

12 See the general procedure for the deprotection of a
trimethylsilyl-protected alkyne. 11 (230 mg, 0.65 mmol)
was desilylated with TBAF (1.0 M solution in THF,
0.72 mL, 0.72 mmol) and 48% hydrofluoric acid
(0.045 mL, 1.40 mmol) in pyridine (4.0 mL) for 10 min
according to Method B. The crude product was puri-
fied by flash chromatography on silica gel (hexane-ethyl
acetate 9:1) to the afford desired product (157 mg, 88%)
as a pale yellow solid. Mp 113–115 �C. FTIR (KBr) 3272,
1670, 1508, 1384, 1125, 833 cm−1. 1H NMR (CDCl3) �
7.53 (dt, J = 8�5, 1.9 Hz, 2 H), 7.46 (s, 4 H), 7.38 (dt, J =
8�5, 1.9 Hz, 1 H), 3.17 (s, 1 H), 2.42 (s, 3 H). 13C NMR
(CDCl3) � 193.4, 134.2, 132.2, 132.1, 131.5, 128.4, 124.2,

123.4, 122.2, 90.5, 90.4, 83.2, 79.1, 30.3. HRMS calcd for
C18H12OS: 276.0609. Found: 276.0615.

14 See the general procedure for the Pd/Cu coupling
reaction. 12 (319 mg, 0.43 mmol), 13 [51] (144 mg,
0.52 mmol), bis(dibenzylideneacetone)palladium(0)
(13 mg, 0.023 mmol), copper(I) iodide (8 mg,
0.042 mmol), triphenylphosphine (33 mg, 0.11 mmol), and
diisopropylethylamine (0.30 mL, 1.73 mmol) were stirred
in THF (2.0 mL) at room temperature for 2 d. Addi-
tional portions of bis(dibenzylideneacetone)palladium(0)
(13 mg, 0.023 mmol), copper(I) iodide (8 mg,
0.042 mmol) and triphenylphosphine (33 mg, 0.11 mmol)
were then added. The mixture was stirred at room tem-
perature another 2.5 d. The crude product was purified
by flash chromatography on silica gel (hexane-ethyl
acetate 8:2) to afford the titled compound (307 mg,
81%) as a yellow solid. Mp 98–101 �C. FTIR (KBr)
2922, 2852, 2150, 1700, 1511, 1249, 1119, 862, 839 cm−1.
1H NMR (CDCl3) � 7.54 (dt, J = 8�4, 1.6 Hz, 2 H), 7.50
(s, 4 H), 7.45 (d, J = 7�9 Hz, 1 H), 7.42–7.37 (m, 4 H),
7.32 (dd, J = 7�9, 1.6, Hz, 1 H), 7.32 (d, J = 1�5 Hz,
1 H), 7.26 (dd, J = 7�9, 1.5 Hz, 1 H), 2.82 (t, J = 7�8,
2 H), 2.75 (t, J = 7�8, 2 H), 2.42 (s, 3 H), 1.70 (pent,
J = 7�9 Hz, 2 H), 1.64 (pent, J = 8�0 Hz, 2 H), 1.45–1.13
(m, 36 H), 0.86 (t, J = 6�5 Hz, 6 H), 0.25 (s, 9 H). 13C
NMR (CDCl3) � 193.3, 145.7, 145.2, 134.2, 132.4, 132.2,
132.1, 131.9, 131.7, 131.6, 128.9, 128.6, 128.3, 124.3,
123.3, 123.3, 122.8, 122.8, 122.6, 103.6, 99.7, 94.7, 91.5,
90.8, 90.6, 90.5, 89.5, 34.7, 34.6, 32.0, 30.6, 30.6, 30.3,
29.7, 29.7, 29.6, 29.6, 29.4, 22.7, 14.2, −0�01. HRMS
calcd for C61H76OSSi: 884.5386. Found: 884.5386.

15 See the general procedure for the deprotection of a
trimethylsilyl-protected alkyne. 14 (119 mg, 0.13 mmol)
was desilylated with TBAF (1.0 M solution in THF,
0.14 mL, 0.14 mmol) and 48% hydrofluoric acid
(0.009 mL, 0.29 mmol) in pyridine (1.5 mL) for 10 min
according to Method B described above. The crude prod-
uct was purified by flash chromatography on silica gel
(hexane-ethyl acetate 19:1) to afford the desired product
(83 mg, 79%) as a pale yellow solid. 1H NMR (CDCl3)
� 7.54 (dt, J = 8�4, 1.9 Hz, 2 H), 7.50 (s, 4 H), 7.46 (d,
J = 8�0 Hz, 1 H), 7.43 (d, J = 8�0 Hz, 1 H), 7.39 (d,
J = 1�6 Hz, 1 H), 7.39 (dt, J = 8�4, 1.9 Hz, 1 H), 7.34 (br
s, 1 H), 7.33 (dd, J = 8�0, 1.6 Hz, 1 H), 7.27 (dd, J = 8�0,
1.6 Hz, 1 H), 3.32 (s, 1 H), 2.82 (t, J = 7�4 Hz, 2 H), 2.77
(t, J = 7�6 Hz, 2 H), 2.43 (s, 3 H), 1.69 (pent, J = 7�4 Hz,
2 H), 1.64 (pent, J = 7�6 Hz, 2 H), 1.46–1.14 (m, 36 H),
0.86 (t, J = 6�1 Hz, 3 H). 13C NMR (CDCl3) � 193.3,
145.7, 145.2, 134.2, 132.9, 132.2, 132.1, 131.9, 131.6, 131.6,
128.9, 128.6, 128.3, 124.3, 123.6, 123.3, 122.9, 122.8, 122.7,
121.6, 94.4, 91.5, 90.7, 90.6, 90.5, 89.6, 82.1, 34.6, 34.3,
31.9, 31.6, 30.6, 30.5, 30.3, 29.7, 29.7, 29.6, 29.6, 29.6, 29.5,
29.4, 22.7, 14.1. LRMS calcd for C58H68OS: 812. Found:
812. (This compound is too unstable to afford a HRMS.)
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16 See the general procedure for the Pd/Cu cou-
pling reaction. 15 (464 mg, 0.57 mmol), 8 (207 mg,
0.68 mmol), bis(dibenzylideneacetone)palladium(0)
(17 mg, 0.029 mmol), copper(I) iodide (11 mg,
0.057 mmol), triphenylphosphine (38 mg, 0.145 mmol),
and diisopropylethylamine (0.47 mL, 2.72 mmol) were
stirred in THF (2.0 mL) at room temperature for 2 d.
More bis(dibenzylideneacetone)palladium(0) (17 mg,
0.029 mmol), copper(I) iodide (11 mg, 0.057 mmol)
and triphenylphosphine (38 mg, 0.145 mmol) were then
added. The mixture was stirred at room temperature
another 4 d. The crude product was purified by a recrys-
tallization from hexane to afford the desired product
(369 mg, 66%) as a yellow solid. Mp 124–125 �C. FTIR
(KBr) 2922, 1709, 1511, 1384, 836 cm−1. 1H NMR
(CDCl3) � 7.57–7.43 (m, 13 H), 7.42–7.30 (m, 10 H), 2.84
(t, J = 7�4 Hz, 4 H), 2.42 (s, 3 H), 1.70 (p, J = 7�4 Hz,
4 H), 1.47–1.14 (m, 36 H), 0.90–0.78 (m, 6 H). 13C NMR
(CDCl3) � 193.3, 145.2, 137.5, 134.2, 133.1, 132.2, 131.9,
131.8, 131.7, 131.6, 131.6, 131.4, 129.0, 128.8, 128.4,
128.4, 124.3, 123.3, 123.3, 123.2, 123.1, 122.9, 122.8,
122.8, 122.5, 94.8, 94.4, 91.6, 91.4, 90.8, 90.6, 90.1, 89.7,
89.2, 34.7, 32.0, 30.6, 30.3, 29.8, 29.7, 29.7, 29.6, 29.4,
22.8, 14.2. HRMS calcd for C72H76OS: 988.5613. Found:
988.5630.

4-Bromo-(4′-ethyl)biphenyl (18) To a solution of 4,4′-
dibromobiphenyl (17) (6.24 g, 20.0 mmol) in THF
(100 mL) at −78 �C was added n-BuLi (12.4 mL,
20.0 mmol, 1.61 M in hexane) dropwise. The yellow
slurry was stirred for 1 h and iodoethane was added.
The mixture was allowed to warm to room temperature
and stirred for 20 h. The mixture was poured into water.
The organic layer was separated and washed with water
(2×) and brine (1×). The combined aqueous solution
was extracted with ether (2×). The combined organic
fractions were dried over magnesium sulfate. Removal of
solvent followed by flash chromatography (silica gel, hex-
ane) gave the desired product as a white solid (4.70 g,
90%). FTIR (neat) 2964, 2923, 2872, 1482, 1390, 1267,
1133, 1072, 1000, 815, 739 cm−1. 1H NMR (300 MHz,
CDCl3) � 7.53 (d, J = 8�4 Hz, 2 H), 7.46 (d, J = 8�2 Hz,
2 H), 7.43 (d, J = 8�5 Hz, 2 H), 7.26 (d, J = 8�8 Hz, 2 H),
2.68 (q, J = 7�6 Hz, 2 H), 1.26 (t, J = 7�6 Hz, 3 H). 13C
NMR (75 MHz, CDCl3) � 143.92, 140.14, 137.40, 131.89,
128.63, 128.51, 126.93, 121.28, 28.62, 15.65. HRMS calcd
for C14H13Br: 260.0201. Found: 260.0204.

4-Ethyl-4′-thioacetylbiphenyl (19) See the general proce-
dure for the conversion of aryl halide to arylthioacetate.
The compounds used were 18 (0.784 g, 3.00 mmol) in
ether (10 mL), tert-BuLi (2.6 mL, 6.0 mmol, 2.30 M
in pentane) in ether (10 mL), sulfur powder (0.16 g,
5.0 mmol) in ether (5 mL), and acetyl chloride (0.43 mL,
6.0 mmol). Gravity chromatography (silica gel, hex-
ane/ether 9/1) afforded the desired material as a white
solid (0.21 g, 27%). Mp 84–86 �C. FTIR (neat) 2964,

2923, 2872, 1703, 1482, 1395, 1354, 1123, 1097, 1005, 954,
815 cm−1. 1H NMR (300 MHz, CDCl3) � 7.60 (d, J =
8�1 Hz, 2 H), 7.50 (d, J = 8�1 Hz, 2 H), 7.44 (d, J =
8�1 Hz, 2 H), 7.27 (d, J = 8�0 Hz, 2 H), 2.68 (q, J = 7�6
Hz, 2 H), 2.43 (s, 3 H), 1.26 (t, J = 7�6 Hz, 3 H). 13C
NMR (75 MHz, CDCl3� � 194.30, 144.04, 142.40, 137.54,
134.77, 128.43, 127.80, 127.15, 126.39, 30.24, 28.57, 15.57.
HRMS calcd for C16H16OS: 256.0922. Found: 256.0918.

4-Bromo-(4′-propyl)biphenyl (20) To a solution of 17
(9.36 g, 30.0 mmol) in THF (150 mL) at −78 �C was
added n-BuLi (18.8 mL, 30.0 mmol, 1.60 M in hex-
ane) dropwise. The yellow slurry was stirred for 1.5 h
and iodopropane was added. The mixture was allowed
to warm to room temperature and stirred for 5 h. The
mixture was poured into water and extracted with ether
(2×). The organic fractions were dried over magnesium
sulfate. Removal of solvent followed by flash chromatog-
raphy (silica gel, hexane) gave the product as a white
solid (7.80 g, 94%). Mp 103–104 �C. FTIR (KBr) 2954,
2933, 2872, 1482, 1462, 1390, 1262, 1133, 1077, 1005, 826,
800, 739 cm−1. 1H NMR (300 MHz, CDCl3� � 7.53 (d,
J = 8�4 Hz, 2 H), 7.46 (d, J = 7�9 Hz, 2 H), 7.43 (d,
J = 8�4 Hz, 2 H), 7.24 (d, J = 8�1 Hz, 2 H), 2.62 (t,
J = 7�6 Hz, 2 H), 1.67 (sext, J = 7�5 Hz, 2 H), 0.96 (t,
J = 7�3 Hz, 3 H). 13C NMR (75 MHz, CDCl3� � 142.37,
140.13, 137.38, 131.86, 129.09, 128.62, 126.81, 121.24,
37.76, 24.61, 13.96. HRMS calcd for C15H15Br: 274.0357.
Found: 274.0350.

4-Allyl-4′-(propyl)biphenyl (21) A mixture of 20 (3.96 g,
14.4 mmol), tributylallyltin (4.97 g, 15.0 mmol), Pd(dba)2
(0.248 g, 0.432 mmol), PPh3 (0.453 g, 1.73 mmol), and
BHT (four crystals) in toluene (20 mL) was heated to
reflux for 21 h. The mixture was cooled to room temper-
ature, filtered, and concentrated in vacuo. The residue
was diluted with ether and aqueous potassium fluoride
(8 mL, 3 M) was added. The mixture was stirred for
15 min and filtered through a pad of celite. The filtrate
was washed with water (2×) and dried over magnesium
sulfate. Removal of solvent in vacuo followed by flash
chromatography (silica gel, hexane) gave the product as
a white solid (2.55 g, 75%). Mp 44–46 �C. FTIR (KBr)
3077, 3026, 2964, 2923, 2872, 1641, 1497, 1456, 1431,
1400, 1267, 1118, 1005, 995, 913, 831, 795, 739 cm−1.
1H NMR (300 MHz, CDCl3� � 7.52 (d, J = 8�0 Hz, 2 H),
7.49 (d, J = 8�0 Hz, 2 H), 7.25 (d, J = 8�0 Hz, 2 H),
7.24 (d, J = 8�0 Hz, 2 H), 6.07–5.94 (ddt, J = 17�0, 8.2,
6.7 Hz, 1 H), 5.12 (dd, J = 17�0, 1.5 Hz, 1 H), 5.09
(dd, J = 8�2, 1.3 Hz, 1 H), 3.42 (d, J = 6�7 Hz, 2 H),
2.62 (t, J = 7�6 Hz, 2 H), 1.67 (sext, J = 7�5 Hz, 2 H),
0.97 (t, J = 7�3 Hz, 3 H). 13C NMR (75 MHz, CDCl3�
� 141.85, 139.37, 139.09, 138.77, 137.74, 129.33, 129.23,
127.35, 127.19, 116.22, 40.26, 38.09, 24.96, 14.30. HRMS
calcd for C18H20: 236.1565. Found: 236.1564.
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1-(4′-Propylbiphenyl)-3-thioacetylpropane A mixture of
21 (0.90 g, 3.8 mmol), thioacetic acid (0.44 mL,
6.0 mmol), and AIBN (0.005 g) in benzene (5 mL) was
heated to reflux overnight [53]. After cooling to room
temperature, the mixture was poured into water and
extracted with ether (2×), and the extracts were dried
over magnesium sulfate. Removal of solvent followed by
flash chromatography (silica gel, hexane/ether = 20/1)
gave the title compound as a white solid (0.75 g, 63%).
FTIR (KBr) 2954, 2933, 2862, 1677, 1497, 1451, 1421,
1400, 1354, 1144, 1118, 954, 831, 790, 636 cm−1. 1H NMR
(300 MHz, CDCl3� � 7.49 (d, J = 8�0 Hz, 2 H), 7.48 (d,
J = 8�0 Hz, 2 H), 7.23 (d, J = 8�3 Hz, 2 H), 7.22 (d,
J = 8�1 Hz, 2 H), 2.91 (t, J = 7�3 Hz, 2 H), 2.71 (t, J =
7�6 Hz, 2 H), 2.61 (t, J = 7�6 Hz, 2 H), 2.33 (s, 3 H), 1.92
(p, J = 7�5 Hz, 2 H), 1.67 (sext, J = 7�4 Hz, 2 H), 0.96 (t,
J = 7�3 Hz, 3 H). 13C NMR (100 MHz, CDCl3� � 195.55,
141.46, 139.75, 138.79, 138.20, 128.71, 128.67, 126.85,
126.66, 37.72, 34.50, 31.15, 30.71, 28.66, 24.62, 13.98.
HRMS calcd for C20H24OS: 312.1548. Found: 312.1539.

1-(4′-Propylbiphenyl)-3-propanethiol (22) To a solution
of 1-(4′-propylbiphenyl)-3-thioacetylpropane (0.50 g,
1.6 mmol) in ethanol (4 mL) was added water (4 mL)
and potassium hydroxide (0.45 g, 8.0 mmol). The mix-
ture was heated to reflux for 15 min. The mixture was
cooled to room temperature. The solution was acidified
with 3 N HCl and extracted with ether (3×). The extracts
were dried over magnesium sulfate. Removal of solvent
in vacuo followed by flash chromatography (silica gel,
hexane) gave the desired product as a white solid (0.31 g,
72%). Mp 32–33 �C. FTIR (KBr) 3026, 2954, 2923, 2862,
1497, 1456, 1400, 1374, 1344, 1292, 1256, 1185, 1118,
1005, 800, 739 cm−1. 1H NMR (300 MHz, CDCl3� � 7.50
(d, J = 8�1 Hz, 2 H), 7.48 (d, J = 8�1 Hz, 2 H), 7.23
(d, J = 8�5 Hz, 4 H), 2.75 (t, J = 7�5 Hz, 2 H), 2.61
(t, J = 7�6 Hz, 2 H), 2.56 (q, J = 7�4 Hz, 2 H), 1.96
(p, J = 7�3 Hz, 2 H), 1.67 (sext, J = 7�5 Hz, 2 H), 1.37
(t, J = 7�8 Hz, 2 H), 0.96 (t, J = 7�3 Hz, 3 H). 13C
NMR (100 MHz, CDCl3� � 141.69, 140.10, 138.98, 138.41,
128.92, 128.91, 127.04, 126.86, 37.76, 35.51, 34.04, 24.63,
24.09, 13.98. HRMS calcd for C18H22S: 270.1442. Found:
270.1437.

24 See the general procedure for the Pd/Cu coupling
reaction. The compounds used were 1,4-diiodobenzene
(0.165 g, 0.500 mmol), 9 [48] (0.247 g, 1.40 mmol),
Pd(dba)2 (0.029 g, 0.05 mmol), copper(I) iodide (0.019 g,
0.10 mmol), PPh3 (0.052 g, 0.20 mmol), THF (13 mL),
and diisopropylethylamine (0.70 mL, 4.0 mmol). Flash
chromatography (silica gel, hexane, then hexane/CH2Cl2
1/1) afforded the desired product as a light brown solid
(0.20 g, 94%). Mp 199–120 �C. FTIR (KBr) 1692, 1590,
1513, 1385, 1354, 1118, 1092, 1010, 964, 826, 621 cm−1.
1H NMR (300 MHz, CDCl3� � 7.54 (d, J = 8�5 Hz,
4 H), 7.50 (s, 4 H), 7.39 (d, J = 8�5, 4 H), 2.43 (s, 6 H).
13C NMR (75 MHz, CDCl3) � 193.40, 134.22, 132.16,

131.62, 128.30, 124.21, 122.99, 90.65, 90.57, 30.29. HRMS
calcd for C26H18O2S2: 426.0748. Found: 426.0740.

1,4-Diethyl-2,5-diiodobenzene A mixture of 1,4-diethyl-
benzene (2.43 g, 18.1 mmol), iodine (6.13 g, 24.1 mmol),
periodic acid (2.74 g, 12.0 mmol), acetic acid (12 mL),
water (2.4 mL), and concentrated sulfuric acid (0.4 mL)
was heated to 95 �C for 1 d. The mixture was cooled to
room temperature and poured into water. The mixture
was neutralized carefully with saturated aqueous sodium
bicarbonate. The precipitate was collected by filtration
and redissolved in ether. The ether solution was washed
with aqueous sodium thiosulfate (1×), water (1×), and
brine (1×) and dried over magnesium sulfate. After fil-
tration, removal of solvent in vacuo gave the title com-
pound as a white solid (6.92 g, 99%). Mp 68–69 �C.
FTIR (neat) 2964, 2933, 2862, 1462, 1380, 1349, 1318,
1046, 1036, 980, 882, 713, 667 cm−1. 1H NMR (300 MHz,
CDCl3� � 7.60 (s, 2 H), 2.62 (q, J = 7�5 Hz, 4 H), 1.16 (t,
J = 7�5 Hz, 6 H). 13C NMR (75 MHz, CDCl3� � 145.93,
138.70, 100.52, 33.26, 14.61.

TMSTMS

1,4-Diethyl-2,5-bis(trimethysilylethynyl)benzene See the
general procedure for the Pd/Cu coupling reaction. The
compounds used were 1,4-diethyl-2,5-diiodobenzene
(3.86 g, 10.0 mmol), trimethylsilylacetylene (3.53 mL,
25.0 mmol), bis(triphenylphosphine)palladium(II) chlo-
ride(0.35 g, 0.50 mmol), copper(I) iodide (0.19 g,
1.0 mmol), diisopropylethylamine (7 mL, 40 mmol), and
THF (10 mL). Flash chromatography (silica gel, hexane)
gave the title compound as yellow crystals (2.73 g, 84%).
FTIR (neat) 2964, 2872, 2154, 1487, 1456, 1400, 1251,
1195, 1062, 897, 867, 841, 764, 708, 626 cm−1. 1H NMR
(300 MHz, CDCl3� � 7.26 (s, 2 H), 2.73 (q, J = 7�5 Hz,
4 H), 1.21 (t, J = 7�5 Hz, 6 H), 0.25 (s, 18 H). 13C NMR
(75 MHz, CDCl3� � 143.82, 131.76, 122.50, 103.78, 99.12,
27.10, 14.50, −0�02.

1,4-Diethyl-2,5-(diethynyl)benzene (26) See the general
procedure for the deprotection of a trimethylsilyl-
protected alkyne. The compounds used were 1,4-diethyl-
2,5-bis(trimethysilylethynyl)benzene (2.52 g, 7.70 mmol)
and potassium carbonate (6.40 g, 46.2 mmol) in methanol
(50 mL) for 1 d to afford the titled compound as a yellow
oil (1.29 g, 92%). FTIR (neat) 3290, 2971, 2933, 2875,
1491, 1457, 1239, 1061, 896 cm−1. 1H NMR (300 MHz,
CDCl3� � 7.31 (s, 2 H), 3.29 (s, 2 H), 2.75 (q, J =
7�6 Hz, 4 H), 1.22 (t, J = 7�6 Hz, 6 H). 13C NMR
(75 MHz, CDCl3� � 143.99, 132.27, 121.88, 82.10, 81.68,
26.89, 14.63. HRMS calcd for C14H14: 182.1096. Found:
182.1088.
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27 See the general procedure for the Pd/Cu cou-
pling reaction. The compounds used were 26 (0.624 g,
3.42 mmol), 3 (1.95 g, 7.00 mmol), di(benzylidineacetone)
palladium(0) (0.20 g, 0.35 mmol), triphenylphosphine
(0.37 g, 1.4 mmol), copper(I) iodide (0.13 g, 0.70 mmol),
diisopropylethylamine (4.9 mL, 28 mmol), and
THF (10 mL). Flash chromatography (silica gel,
hexane/CH2Cl2/ether = 12/6/1) gave the desired product
as a light yellow crystalline solid (1.19 g, 72%). Mp 154–
158 �C. FTIR (neat) 2954, 2933, 2872, 1692, 1590, 1497,
1395, 1123, 949, 887, 826 cm−1. 1H NMR (300 MHz,
CDCl3� � 7.55 (d, J = 8�5 Hz, 4 H), 7.39 (d, J = 8�4 Hz,
4 H), 7.38 (s, 2 H), 2.83 (q, J = 7�5 Hz, 4 H), 2.42 (s,
6 H), 1.29 (t, J = 7�5 Hz, 6 H). 13C NMR (75 MHz,
CDCl3� � 193.42, 143.66, 134.29, 132.08, 131.69, 128.11,
124.68, 122.42, 93.44, 89.88, 30.30, 27.20, 14.73. HRMS
calcd for C30H26O2S2: 482.1374. Found: 482.1373.

28 To 27 (0.15 g, 0.31 mmol) and sodium hydroxide
(0.740 g, 18.5 mmol) were added THF (20 mL) and water
(4 mL). The mixture was stirred for 12 h. The solvent
was decanted and the precipitate was washed with ether
(5×). The solid was suspended in ether and acidified with
3 N HCl (10 mL). The organic layer was separated and
washed with water (1×) and brine (1×) and dried over
magnesium sulfate. Removal of solvent in vacuo gave the
desired product as a yellow solid (0.11 g, 89%). FTIR
(KBr) 2964, 2933, 2872, 2359, 2339, 1590, 1497, 1456,
1400, 1097, 1015, 897, 821 cm−1. 1H NMR (300 MHz,
CDCl3� � 7.38 (d, J = 8�2 Hz, 4 H), 7.35 (s, 2 H), 7.23 (d,
J = 8�4 Hz, 4 H), 3.52 (s, 2 H), 2.82 (q, J = 7�5 Hz, 4 H),
1.28 (t, J = 7�5 Hz, 6 H). 13C NMR (75 MHz, CDCl3)
� 144.28, 132.94, 132.73, 132.42, 129.91, 123.33, 121.55,
94.59, 89.66, 28.27, 15.82. HRMS calcd for C26H22S2:
398.1163. Found: 398.1167.

SAcTMS

4 -Ethynylphenyl - 3′-ethyl- 4′-trimethylsilylethynyl -1-thioace-
tylbenzene See the general procedure for the Pd/Cu
coupling reaction. 29 [51] (3.28 g, 10.0 mmol), 9 [48]
(2.23 g, 12.7 mmol), bis(dibenzylideneacetone)palla-
dium(0) (288 mg, 0.50 mmol), copper(I) iodide (0.190 g,
0.042 mmol), triphenylphosphine (655 mg, 2.50 mmol),
and diisopropylethylamine (7.0 mL, 40.0 mmol) were
stirred in THF (20.0 mL) at room temperature for 1 d.
The crude product was purified by flash chromatography
on silica gel (hexane-ethyl acetate 19:1) to afford the
desired product (3.00 g, 80%) as an orange oil. FTIR
2965, 2152, 1713, 1601, 1495, 1250, 1114, 864 cm−1.
1H NMR (CDCl3� � 7.52 (dt, J = 8�2, 1.6 Hz, 2 H),
7.39 (d, J = 7�8 Hz, 1 H), 7.38 (dt, J = 8�2, 1.6 Hz,
2 H), 7.35 (d, J = 1�4 Hz, 1 H), 7.27 (dd, J = 7�8, 1.4
Hz, 1 H), 2.78 (q, J = 7�6 Hz, 2 H), 2.42 (s, 3 H), 1.24
(t, J = 7�6 Hz, 3 H), 0.24 (s, 9 H). 13C NMR (CDCl3�
� 193.3, 146.8, 134.2, 132.4, 132.2, 131.1, 128.8, 128.2,

124.4, 123.0, 122.6, 103.4, 100.0, 91.1, 90.0, 30.3, 27.6,
14.4, 0.0. HRMS calcd for C23H24OSSi: 376.1317. Found:
376.1308.

30 See the general procedure for the deprotection of
a trimethylsilyl-protected alkyne. The compounds used
were (31) (940 mg, 2.5 mmol), pyridine (5.0 mL), con-
centrated hydrofluoric acid (48% in water, 0.18 mL,
5.60 mmol), and TBAF (1.0 M in THF, 2.75 mL,
2.75 mmol) at room temperature for 10 min. The crude
product was then purified by flash column chromatogra-
phy on silica gel (hexane-ether 19:1) to afford the desired
product (629 mg, 83%). Mp 97–98 �C. FTIR (KBr) 3255,
2966, 1702, 1491, 1123, 956, 825 cm−1. 1H NMR (CDCl3�
� 7.53 (dt, J = 8�4, 1.9 Hz, 2 H), 7.43 (d, J = 7�9 Hz,
1 H), 7.38 (dt, J = 8�4, 1.9 Hz, 2 H), 7.38 (d, J = 1�6 Hz,
1 H), 7.30 (dd, J = 7�9, 1.6 Hz, 1 H), 3.33 (s, 1 H), 2.81
(q, J = 7�6 Hz, 2 H), 2.42 (s, 3 H), 1.25 (t, J = 7�6 Hz,
3 H) 13C NMR (CDCl3� � 193.4, 146.9, 134.2, 132.8,
132.2, 131.1, 128.9, 128.3, 124.3, 123.4, 121.9, 90.9, 90.1,
82.4, 81.9, 30.3, 27.4, 14.5. HRMS calcd for C20H16OS:
304.0922. Found: 304.0920.

32 See the general procedure for the Pd/Cu coupling
reaction. 1,3,5-Triiodobenzene (228 mg, 0.50 mmol),
30 (547 mg, 1.80 mmol), bis(dibenzylideneacetone)
palladium(0) (43 mg, 0.075 mmol), copper(I) iodide
(29 mg, 0.15 mmol), triphenylphosphine (98 mg,
0.37 mmol), and diisopropylethylamine (1.0 mL,
6.0 mmol) were stirred in THF (5.0 mL) at room tem-
perature for 65 h. The crude product was washed with
a small amount of ethyl acetate to afford a pale yellow
solid (107 mg). The washings were combined, evaporated
to dryness, and purified by a flash chromatography on
silica gel (hexane-ethyl acetate 85:15) to afford another
219 mg yielding a total of 326 mg (66%) of the titled
compound. Mp 87–88 �C. FTIR (KBr) 1700, 1578, 1498,
1384, 1115, 827, 619 cm−1. 1H NMR (CDCl3) � 7.63 (s,
3 H), 7.55 (dt, J = 8�5, 1.9 Hz, 6 H), 7.49 (d, J = 7�9 Hz,
3 H), 7.43 (d, J = 1�6 Hz, 3 H), 7.39 (dt, J = 8�5, 1.9
Hz, 6 H), 7.36 (dd, J = 7�9, 1.6 Hz, 3 H), 2.90 (q,
J = 7�5 Hz, 6 H), 2.43 (s, 9 H), 1.33 (t, J = 7�5 Hz, 9 H).
13C NMR (CDCl3� � 193.4, 146.5, 134.3, 133.9, 132.2,
132.2, 131.2, 129.1, 128.3, 124.3, 124.2, 123.3, 122.1,
93.0, 91.0, 90.3, 89.2, 30.3, 27.4, 14.7. HRMS calcd for
C66H48O3S3: 984.2766. Found: 984.2717.

Bis(4-bromophenyl)methanol (35) To a solution of 1,4-
dibromobenzene (5.66 g, 24.0 mmol) in THF (50 mL)
at −78 �C was added n-BuLi (14.6 mL, 22.0 mmol, 1.51 M
in hexane) dropwise. The slurry was stirred for 40 min
and added to a solution of 4-bromobenzylaldehyde (3.7 g,
20 mmol) in THF (40 mL) which was cooled at −78 �C.
The yellow solution was allowed to warm to room tem-
perature and stirred for 2 h before pouring into water.
The mixture was extracted with ethyl acetate (3×). The
combined organic fractions were washed with water (2×)
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and dried over magnesium sulfate. Removal of solvents
in vacuo followed by washing with hexane afforded the
titled compound as a white solid (5.89 g, 86%). Mp 112–
113 �C. FTIR (KBr) 3323, 2903, 1590, 1482, 1400, 1328,
1190, 1113, 1072, 1041, 1010, 862, 810, 795 cm−1. 1H
NMR (300 MHz, CDCl3� � 7.45 (d, J = 8�5 Hz, 4 H),
7.21 (d, J = 8�3 Hz, 4 H), 5.74 (d, J = 3�3 Hz, 1 H),
2.21 (d, J = 3�4 Hz, 1 H). 13C NMR (75 MHz, CDCl3�
� 142.23, 131.74, 128.21, 121.78, 75.03. HRMS calcd for
C13H10Br2O: 339.9098. Found: 339.9084.

Bis(4-bromophenyl)methane (36) To a solution of 35
(1.71 g, 5.00 mmol) in TFA (40 mL) was added sodium
borohydride (1.89 g, 50.0 mmol) in small portions at
room temperature over 10 min [55]. The resulting white
slurry was stirred for 40 min before pouring into water.
The suspension was carefully made alkaline with aqueous
sodium hydroxide solution. The mixture was extracted
with ether (3×). The combined organic fraction was
washed with water (2×), and brine (1×) and dried over
magnesium sulfate. Removal of solvents followed by fil-
tering through a short silica gel column (hexane) afforded
the desired product as a white solid (1.53 g, 94%). Mp
62–62.5 �C. FTIR (KBr) 2923, 2851, 1482, 1436, 1400,
1200, 1113, 1067, 1010, 856, 805, 780, 621 cm−1. 1H NMR
(300 MHz, CDCl3�� 7.39 (d, J = 8�4 Hz, 4 H), 7.01 (d,
J = 8�3 Hz, 4 H), 3.86 (s, 2 H). 13C NMR (75 MHz,
CDCl3�� 139.46, 131.69, 130.64, 120.26, 40.71. HRMS
calcd for C13H10Br2: 323.9149. Found: 323.9147.

Bis(4-thioacetylphenyl)methane (37) See the general pro-
cedure for the conversion of aryl halides to arylthioac-
etates. The compounds used were 36 (0.978 g, 3.00
mmol) in THF (15 mL), tert-BuLi (8.7 mL, 15 mmol,
1.72 M in pentane) in ether (5 mL), sulfur powder
(0.39 g, 12 mmol) in THF (15 mL), and acetyl chloride
(1.07 mL, 15.0 mmol). Gravity chromatography (silica
gel, hexane/ether 4/1) afforded the desired product as a
colorless oil (0.764, 81%). Mp 54–55 �C. FTIR (neat)
3395, 3026, 2923, 1703, 1595, 1492, 1431, 1405, 1354,
1118, 1092, 1015, 949, 805, 790, 610 cm−1. 1H NMR
(300 MHz, CDCl3� � 7.32 (d, J = 8�2 Hz, 4 H), 7.21
(d, J = 8�1 Hz, 4 H), 4.00 (s, 2 H), 2.39 (s, 6 H).
13C NMR (75 MHz, CDCl3� � 194.10, 141.98, 134.70,
129.95, 125.81, 41.37, 30.24. HRMS calcd for C17H16O2S2:
316.0592. Found: 316.0583.

4′-Bromo-(4′′-iodo)diphenylmethanol (38) See the prepa-
ration of 34. The compounds used were 1,4-diiodo-
benzene (4.29 g, 13.0 mmol) in THF (50 mL),
n-BuLi (8.0 mL, 12 mmol, 1.51 M in hexane), and
4-bromobenzylaldehyde (1.85 g, 10.0 mmol) in THF
(40 mL). After workup, the solvent was removed in vacuo
followed by washing with hexane to give the desired com-
pound as a white solid (3.53 g, 91%). Mp 119–120 �C.
FTIR (KBr) 3333 (broad), 2903, 1590, 1482, 1400, 1328,
1292, 1190, 1113, 1072, 1036, 1005, 862, 831, 810, 790

cm−1. 1H NMR (300 MHz, CDCl3) � 7.65 (d, J = 8�4 Hz,
2 H), 7.44 (d, J = 8�5 Hz, 2 H), 7.20 (d, J = 8�7 Hz, 2 H),
7.08 (d, J = 8�5 Hz, 2 H), 5.73 (d, J = 3�2 Hz, 1 H),
2.20 (d, J = 3�5 Hz, 1 H). 13C NMR (75 MHz, CDCl3�
� 142.92, 142.21, 137.70, 131.75, 128.44, 128.22, 121.79,
93.48, 75.12. HRMS calcd for C13H10BrIO: 389.8939.
Found: 389.8930.

4′-Bromo-(4′′-iodo)diphenylmethane (39) See the prepa-
ration of 35. The compounds used were 38 (1.36 g,
3.50 mmol), sodium borohydride (1.32 g, 35.0 mmol), and
TFA (30 mL). Flash chromatography (silica gel, hexane)
afforded the desired product as white needlelike crystals
(1.23 g, 94%). Mp 68–70 �C. FTIR (KBr) 3036, 2923,
2851, 1482, 1436, 1395, 1200, 1108, 1067, 1010, 856, 800,
774 cm−1. 1H NMR (300 MHz, CDCl3� � 7.59 (d, J =
8�4 Hz, 2 H), 7.39 (d, J = 8�4 Hz, 2 H), 7.01 (d, J =
8�5 Hz, 2 H), 6.89 (d, J = 8�4 Hz, 2 H), 3.85 (s, 2 H).
13C NMR (75 MHz, CDCl3� � 140.15, 139.42, 137.68,
131.71, 131.00, 130.68, 120.28, 91.71, 40.84. HRMS calcd
for C13H10BrI: 371.9011. Found: 371.8996.

40 See the general procedure for the Pd/Cu cou-
pling reaction. The compounds used were 39 (1.12 g,
3.00 mmol), 1-bromo-4-ethynylbenzene (0.58 g,
3.2 mmol), bis(dibenzylidineacetone)palladium(0)
(0.086 g, 0.15 mmol), copper(I) iodide (0.057 g,
0.30 mmol), triphenylphosphine (0.157 g, 0.600 mmol),
THF (20 mL), and diisopropylethylamine (2.1 mL,
12 mmol) at room temperature for 2 d. Flash chro-
matography (silica gel, hexane) afforded the desired
product as white crystals (1.17 g, 92%). Mp 151–153 �C.
FTIR (KBr) 2215, 1508, 1482, 1385, 1067, 1005, 867,
826, 810, 780, 621 cm−1. 1H NMR (300 MHz, CDCl3�
� 7.46 (d, J = 8�8 Hz, 2 H), 7.43 (d, J = 9�0 Hz, 2 H),
7.40 (d, J = 8�7 Hz, 2 H), 7.35 (d, J = 8�3 Hz, 2 H), 7.12
(d, J = 8�0 Hz, 2 H), 7.03 (d, J = 8�2 Hz, 2 H), 3.92
(s, 2 H). 13C NMR (75 MHz, CDCl3� � 141.10, 139.48,
133.03, 131.85, 131.66, 131.64, 130.70, 129.01, 122.45,
122.31, 120.94, 120.22, 90.43, 88.23, 41.22. HRMS calcd
for C21H14Br2: 423.9462. Found: 423.9465.

41 See the general procedure for the conversion of aryl
halide to arylthioacetate. The compounds used were 40
(0.852 g, 2.00 mmol) in THF (20 mL), tert-BuLi (6.0 mL,
10 mmol, 1.67 M in pentane) in ether (5 mL), sul-
fur powder (0.257 g, 8.00 mmol) in THF (10 mL), and
acetyl chloride (0.71 mL, 10 mmol). Flash chromatogra-
phy (silica gel, hexane/ether 4/1, then hexane/CH2Cl2 1/1)
afforded the desired product as a white solid (0.724 g,
87%). Mp 99–100 �C. FTIR (KBr) 1697, 1513, 1385, 1354,
1123, 1015, 959, 826, 785, 621 cm−1. 1H NMR (300 MHz,
CDCl3� � 7.53 (d, J = 8�5 Hz, 2 H), 7.45 (d, J = 8�3 Hz,
2 H), 7.37 (d, J = 8�6 Hz, 2 H), 7.32 (d, J = 8�4 Hz, 2 H),
7.20 (d, J = 8�4 Hz, 2 H), 7.16 (d, J = 8�4 Hz, 2 H), 4.00
(s, 2 H), 2.42 (s, 3 H), 2.40 (s, 3 H). 13C NMR (75 MHz,
CDCl3� � 194.29, 193.51, 142.13, 140.98, 134.65, 134.23,
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132.17, 131.93, 129.83, 129.15, 127.95, 125.66, 124.64,
120.93, 91.03, 88.52, 41.55, 30.30, 30.19. HRMS calcd for
C25H20O2S2: 416.0905. Found: 416.0919.

Bis(4-diethyltriazenylphenyl)methane (43) To 4,4′-methyl-
enedianiline (42) (19.83 g, 100 mmol) in water (80 mL)
and concentrated hydrochloric acid (30 mL) was added
sodium nitrite (15.18 g, 220 mmol) in water (120 mL) at
0 �C. The reaction was stirred at 0 �C for 30 min and then
poured into a solution of potassium carbonate (165.85 g,
1200 mmol) and diethylamine (22.76 mL, 220 mmol) in
water (500 mL) at 0 �C. The reaction was stirred for
30 min at 0 �C and then poured into water. The aque-
ous layer was extracted with diethyl ether (3 × 25 mL)
and the organic layer was dried over magnesium sulfate
and the product concentrated in vacuo to afford 17.30 g
(47%) of the title compound as a viscous brown liquid.
IR (neat) 3083, 3024, 2931, 1905, 1601, 1502, 1090, 1014,
854, 821, 787, 736, 700, 624 cm−1. 1H NMR (400 MHz,
CDC13� � 7.31 (d, J = 8�3 Hz, 4 H), 7.12 (d, J = 8�4 Hz,
4 H), 3.94 (s, 2 H), 3.72 (q, J = 7�2 Hz, 8 H), 1.23 (t, J =
7�1 Hz, 12 H). 13C NMR (125 MHz, CDC13� � 150.03,
138.76, 129.85, 120.98, 54.03, 41.60, 13.48.

Bis(4-iodophenyl)methane (44) See the general proce-
dure for the iodination of triazenes. The title compound
was prepared as above from 43 (9.15 g, 25 mmol) and
iodomethane (25 mL) to yield 6.36 g (61%) of the
title compound as a fluffy white solid. IR (KBr) 3025,
2919, 2848, 1898, 1477, 1394, 1196, 1105, 1056, 1003,
854, 798, 772, 617 cm−1. 1H NMR (400 MHz, CDC13�
� 7.58 (d, J = 8�3 Hz, 4 H), 6.88 (d, J = 8�4 Hz, 4 H),
3.83 (s, 2 H). 13C NMR (100 MHz, CDC13� � 140.15,
137.76, 131.15, 92.04, 41.07. LRMS calcd for C13H10I2:
420. Found: 420.

45 See the general procedure for the Pd/Cu cou-
pling reaction. 44 (84 mg, 0.20 mmol), 9 (84 mg,
0.48 mmol), bis(dibenzylideneacetone)palladium(0)
(12 mg, 0.021 mmol), copper(I) iodide (8 mg,
0.042 mmol), triphenylphosphine (30 mg, 0.10 mmol),
and diisopropylethylamine (0.33 mL, 1.92 mmol) were
stirred in THF (2.0 mL) at room temperature for 80
h. The crude product was purified by flash chromatog-
raphy on silica gel (hexane-ethyl acetate 9:1) to afford
the titled compound (73 mg, 71%) as a yellow solid.
Mp 173–174 �C. FTIR (KBr) 1701, 1508, 1385, 1118,
828 cm−1. 1H NMR (CDCl3) � 7.52 (dt, J = 8�3, 1.8
Hz, 4 H), 7.44 (d, J = 8�2 Hz, 4 H), 7.37 (dt, J = 8�3,
1.8 Hz, 4 H), 7.15 (d, J = 8�2 Hz, 4 H), 3.98 (s, 2 H),
2.41 (s, 6 H). 13C NMR (CDCl3� � 193.5, 141.2, 134.2,
132.1, 131.9, 129.0, 127.9, 124.6, 120.9, 91.0, 88.5, 41.7,
30.3. HRMS calcd for C33H24O2S2: 516.1218. Found:
516.1207.

46 To a solution of 1,4-diiodobenzene (726 mg,
2.2 mmol) in dry THF (10 mL) at −78 �C was added
n-butyllithium (1.53 M in hexane, 1.37 mL, 2.1 mmol).

The yellow suspension was stirred at -78 �C for 30 min
and terephthaldehyde (134 mg, 1.0 mmol) in dry THF
(5.0 mL) was added. After stirring at room temperature
for 30 min, the suspension was poured into water. The
solution was extracted with ether and dried over magne-
sium sulfate. After filtration, the solvent was evaporated
in vacuo to afford a colorless oil. The oil was sepa-
rated by flash chromatography on silica gel (hexane-ethyl
acetate 7:3) to afford the desired product as a white
solid (317 mg, 59%). The product was a 1:1 mixture of
diastereomers. Mp 160–164 �C. FTIR (KBr) 3355, 1482,
1397, 1192, 1038, 1006, 799, 774 cm−1. 1H NMR (CDCl3�
� 7.63 (d, J = 8�4 Hz, 4 H), 7.29 (s, 4 H), 7.09 (d, J =
8�4 Hz, 4 H), 5.75 (s, 1 H), 5.74 (s, 1 H), 2.16 (s, 1 H), 2.15
(s, 1 H). 13C NMR (CDCl3� � 143.2, 143.0, 137.6, 128.4,
126.8, 93.1, 75.4. HRMS calcd for C20H16O2I2: 541.9240.
Found: 541.9216.

47 To trifluoroacetic acid (20 mL) was added under
nitrogen at 0 �C a mixture of 46 (542 mg, 1.0 mmol)
and sodium borohydride (760 mg, 20.0 mmol) [55]. The
mixture was stirred at 0 �C for 1.5 h and poured into
water. The solution was extracted with dichloromethane
and washed with a saturated solution of sodium bicar-
bonate and brine. The solution was dried over magne-
sium sulfate. After filtration, the solvent was evaporated
in vacuo to afford a white solid. The solid was crystallized
from cyclohexane and purified by flash chromatography
on silica gel to afford the desired product as a white solid
(359 mg, 70%). Mp 141–142 �C. FTIR (KBr) 1511, 1480,
1426, 1398, 1181, 1003, 797, 752, 627, 471 cm−1. 1H NMR
(CDCl3� � 7.57 (d, J = 8�2 Hz, 4 H), 7.05 (s, 4 H), 6.91
(d, J = 8�2 Hz, 4 H), 3.86 (s, 4 H). 13C NMR (CDCl3� �
140.8, 138.4, 137.5, 131.0, 129.0, 91.3, 41.0. HRMS calcd
for C20H16I2: 509.9342. Found: 509.9331.

48 See the general procedure for the Pd/Cu cou-
pling reaction. 47 (255 mg, 0.50 mmol), 9 (201 mg,
1.1 mmol), bis(dibenzylideneacetone)palladium(0)
(23 mg, 0.040 mmol), copper(I) iodide (20 mg,
0.10 mmol), triphenylphosphine (75 mg, 0.25 mmol), and
diisopropylethylamine (0.70 mL, 4.0 mmol) were stirred
in THF (4.0 mL) at room temperature for 65 h. The
crude product was washed with a small amount of ethyl
acetate to afford a yellow solid. The solid was dissolved
in hot ethyl acetate and the solution was filtered. After
the solvent was evaporated in vacuo, the title compound
was afforded as a yellow solid (269 mg, 89%). Mp
188–190 �C (ethyl acetate). FTIR (KBr) 1692, 1560,
1508, 1384, 1112, 826, 695 cm−1. 1H NMR (CDCl3� �
7.52 (dt, J = 8�5, 1.9 Hz, 4 H), 7.43 (d, J = 8�3 Hz, 4 H),
7.37 (dt, J = 8�5, 1.9 Hz, 4 H), 7.15 (d, J = 8�3 Hz, 4
H), 7.09 (s, 4 H), 3.95 (s, 4 H), 2.41 (s, 6 H). 13C NMR
(CDCl3� � 193.5, 141.9, 138.5, 134.2, 132.1, 131.8, 129.1,
129.0, 127.9, 124.7, 120.6, 91.1, 88.3, 41.5, 30.3. HRMS
calcd for C40H30O2S2: 606.1687. Found: 606.1698.
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4-Iodobenzaldehyde [71] To a solution of 1,4-diiodo-
benzene (5.11 g, 0.015 mol) in diethyl ether (2.1 mL)
at −78 �C was added dropwise n-butyllithium (6.14 mL,
1.50 M in hexanes) over a period of 30 min. The reaction
was stirred for 1 h. To this solution was added dropwise
dry DMF (1.19 mL) over a period of 30 min. The reaction
mixture was gradually allowed to warm to room temper-
ature. The reaction mixture was quenched with distilled
water and the mixture extracted with methylene chlo-
ride (3 × 70 mL). It was dried over sodium sulfate and
the solvents were removed in vacuo to yield a yellow oil
that solidified on cooling. The sample was purified by sil-
ica gel column chromatography using hexane/methylene
chloride (1:1, v/v) to provide 2.50 g (70%) of the title
compound as a white solid. 1H NMR (300 MHz, CDCl3�
� 9.95 (s, 1 H), 7.55 (d, J = 8�4 Hz, 2 H), 7.87 (d, J =
8�37 Hz, 2 H). FABMS calcd for C7H5IO: 232. Found:
232. 13C NMR (100 MHz, CDCl3�� 130.77, 135.56,
138.39, 191.23. Anal. calcd for C7H5IO: C, 36.23; H, 2.17.
Found. C, 36.46; H, 2.12.

3,4′,5-Triiododiphenylmethanol (49) To a solution of
1,3,5-triiodobenzene (3.37 g, 7.41 mmol) in dry THF
(90 mL) at −78 �C was added n-butyllithium (1.57 M
in hexane, 5.18 mL, 8.14 mmol). The solution was
stirred for 30 min and transferred via cannula into
4-iodobenzaldehyde (2.06 g, 8.88 mmol) in dry THF
(50 mL) at −78 �C. The solution was stirred for 10 min
and the temperature was gradually raised to room
temperature. The solution was poured into water and
extracted with ether and washed with brine. The extract
was dried over magnesium sulfate. After filtration, the
solvent was evaporated in vacuo to afford a brown oil.
The oil was separated by flash chromatography on sil-
ica gel (hexane-ethyl acetate 19:1 to 8:2) to afford the
desired product (2.32 g, 59%) as white crystals. Mp 146–
147 �C. FTIR- (KBr) 3416, 1567, 1540, 1410, 1384, 1167,
1038, 1005, 830 cm−1. 1H NMR (CDCl3� � 7.93 (t, J = 1�5
Hz, 1 H), 7.67 (dt, J = 8�7, 2.0 Hz, 2 H), 7.63 (dd, J = 1�5,
0.6 Hz, 2 H), 7.06 (dtd, J = 8�7, 2.0, 0.3 Hz, 2 H), 5.63
(d, J = 2�4 Hz, 1 H), 2.25 (d, J = 3�3 Hz, 1 H). 13C NMR
(CDCl3� � 147.1, 144.4, 142.2, 137.9, 134.7, 128.4, 95.0,
93.9, 74.3. HRMS calcd for C13H9I3O: 561.7789. Found:
561.7798.

I

I

ICH2

3,4′,5-Triiododiphenylmethane The procedure by Grib-
ble was modified as follows [55]. To trifluoroacetic acid
(50 mL) was added under nitrogen at room tempera-
ture sodium borohydride (1.05 g, 27.6 mmol). Before
all of the sodium borohydride reacted with the trifluo-
roacetic acid, 49 (1.56 g, 2.78 mmol) in dichloromethane
(50 mL) was added dropwise. The mixture was stirred for
1 h. Additional pieces of sodium borohydride (606 mg,

15.9 mmol) were added in portions over 6 h. The mix-
ture was stirred for 1 h and then poured into ice water.
The solution was neutralized by a careful addition of
sodium hydroxide pellets. The solution was extracted with
dichloromethane and washed with brine. The extract was
dried over magnesium sulfate. After filtration, the solvent
was evaporated in vacuo to afford a mixture of a yel-
low oil and a white solid. The mixture was washed with
hexane-ethyl acetate (8:2) and filtered to afford a white
solid (599 mg). The washings were combined, evaporated
to dryness, and again purified by flash chromatography
on silica gel (hexane-ethyl acetate 8:2) to afford another
145 mg yielding a total of 744 mg (49%) of the desired
compound in addition to the recovery of 49 (338 mg,
22%). Mp 147–148 �C. FTIR (KBr) 1571, 1539, 1482,
1418, 1384, 1006, 858, 787, 706 cm−1. 1H NMR (CDCl3�
� 7.88 (t, J = 1�5 Hz, 1 H), 7.61 (dt, J = 8�6, 2.1 Hz,
2 H), 7.43 (d, J = 1�5 Hz, 2 H), 6.88 (dt, J = 8�6, 2.1 Hz,
2 H), 3.77 (s, 2 H). 13C NMR (CDCl3� � 144.5, 143.1,
139.0, 137.8, 137.1, 130.9, 95.1, 92.1, 40.4. HRMS calcd
for C66H48O3S3: 545.7838. Found: 545.7840.

50 See the general procedure for the Pd/Cu coup-
ling reaction. 49 (295 mg, 0.54 mmol), 30 (587 mg,
1.93 mmol), bis(dibenzylideneacetone)palladium(0)
(47 mg, 0.081 mmol), copper(I) iodide (30 mg,
0.16 mmol), triphenylphosphine (107 mg, 0.41 mmol),
and diisopropylethylamine (1.13 mL, 6.5 mmol) were
stirred in THF (5.0 mL) at room temperature for 3 d.
The crude product was washed with a small amount of
ethyl acetate to afford a pale brown solid (355 mg). The
washings were combined, evaporated to dryness, and
further purified by flash chromatography on silica gel
(hexane-ethyl acetate 8:2) to afford a yellow oil. The
oil was crystallized from ethyl acetate to afford another
125 mg yielding a total of 480 mg (83%) of the desired
product. Mp 132–134 �C. FTIR (KBr) 2954, 2203, 1698,
1588, 1498, 1384, 1116, 827, 620 cm−1. 1H NMR (CDCl3�
� 7.55–7.53 (m, 7 H), 7.48 (d, J = 8�2 Hz, 2 H), 7.46
(d, J = 7�9 Hz, 2 H), 7.46 (d, J = 8�0 Hz, 1 H), 7.41
(d, J = 1�4 Hz, 2 H), 7.41–7.37 (m, 7 H), 7.33 (dd,
J = 7�9, 1.4 Hz, 2 H), 7.34–7.31 (m, 3 H), 7.21 (d,
J = 8�2 Hz, 2 H), 4.00 (s, 2 H), 2.87 (q, J = 7�6 Hz, 4 H),
2.86 (q, J = 7�5 Hz, 2 H), 2.42 (s, 9 H), 1.31 (t, J = 7�6
Hz, 6 H), 1.30 (t, J = 7�5 Hz, 3 H). 13C NMR (CDCl3�
� 193.4, 146.4, 146.2, 141.3, 140.5, 134.4, 134.2, 132.4,
132.3, 132.2, 132.1, 131.9, 131.6, 131.2, 129.1, 129.0,
129.0, 128.4, 128.3, 128.3, 128.2, 124.4, 124.4, 124.0,
123.1, 122.8, 122.7, 122.4, 121.5, 94.7, 93.8, 91.2, 91.1,
90.2, 90.0, 88.6, 87.9, 41.4, 30.3, 27.7, 27.6, 14.6, 14.6.
Anal. calcd for C73H54O3S3: C, 81.53; H, 5.06. Found: C,
81.48; H, 5.07.
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Bis(3,5-dibromo-4-aminophenyl)methane To 4,4′-diamino-
diphenylmethylene (594 mg, 3.0 mmol) in a methanol/
dichloromethane (1:1) solution (20 mL) was added drop-
wise bromine (0.77 mL, 15.0 mmol) in a methanol/
dichloromethane (1:1) solution (20 mL). The mixture was
stirred at room temperature for 3 h before being poured
into 1 N sodium hydroxide solution. The mixture was
filtered to afford a white solid. The solid was washed
with water and dried to give the titled compound (1.45 g,
94%). Mp > 250 �C. FTIR (KBr) 3424, 3315, 1618, 1472,
1060 cm−1. 1H NMR (CDCl3� � 7.14 (s, 4 H), 3.66 (s,
2 H). HRMS calcd for C13H10N2Br4: 509.7577, Found:
509.7600. Insolubility of the material inhibited obtaining
other spectral characterizations.

Bis(3,5-dibromophenyl)methane (51) To sodium nitrite
(208 mg, 3.0 mmol) in sulfuric acid (5.0 mL) at 5 �C
was added dropwise a suspension of bis(3,5-dibromo-
4-aminophenyl)methane (514 mg, 1.0 mmol) in glacial
acetic acid (5.0 mL). During the addition, the temper-
ature was maintained below 10 �C. The mixture was
stirred at 5 �C for 30 min and a 50% aqueous solution
of hypophosphorous acid (3.12 mL, 30 mmol) was added
dropwise. After stirring for 30 min at 5 �C, the mixture
was placed in a refrigerator for 1 d and then allowed
to stand at room temperature overnight. The mixture
was poured into water and extracted with ethyl acetate.
The extract was washed with sodium bicarbonate solu-
tion and brine and dried over magnesium sulfate. After
filtration, the solvent was evaporated in vacuo to afford a
brown solid. The solid was crystallized from chloroform
to afford the desired product (109 mg, 23%) as a white
solid. Mp 196 �C. FTIR (KBr) 3036, 1575, 1556, 1417,
1104, 849 cm−1. 1H NMR (CDCl3� � 7.54 (t, J = 1�7 Hz,
2 H), 7.21 (d, J = 1�7 Hz, 4 H), 3.82 (s, 2 H). 13C NMR
(CDCl3� � 143.1, 132.5, 130.7, 123.2, 40.4. HRMS calcd
for C13H8Br4: 479.7359. Found: 479.7357.

I

I

I

I

CH2

Bis(3,5-diiodophenyl)methane To a solution of bis(3,5-
dibromophenyl)methane (484 mg, 1.0 mmol) in dry
THF (1.0 mL) was added under nitrogen at −78 �C
n-butyllithium (1.58 M in hexane, 3.2 mL, 5.0 mmol).
The solution was stirred at −78 �C for 1 h. After
chlorotrimethylsilane (1.27 mL, 10.0 mmol) was added,
the solution was stirred at −78 �C for 30 min and at
room temperature overnight. The solution was poured
into water and extracted with ether. The extract was
dried over magnesium sulfate. After filtration, the sol-
vent was evaporated in vacuo to afford a brown oil.
The oil was separated by flash chromatography on sil-
ica gel (hexane-ethyl acetate 19:1) to afford bis(3,5-
bistrimethylsilylphenyl)methane (377 mg) as a yellow oil.

The oil contained a small amount of impurity but it was
used for the next reaction without further purification.
To a solution of bis(3,5-bistrimethylsilylphenyl)methane
(332 mg, 0.73 mmol) in carbon tetrachloride (10 mL)
was added at room temperature iodine monochloride
(0.16 mL, 3.2 mmol) in carbon tetrachloride (5.0 mL).
The solution was stirred at room temperature for
1 h and poured into an aqueous solution of sodium
thiosulfate. The aqueous solution was extracted with
dichloromethane. The solution was dried over magne-
sium sulfate. After filtration, the solvent was evaporated
in vacuo to afford a brown oil. The oil was washed with
a small amount of dichloromethane to afford the desired
product (209 mg, 36%) as a white solid. Mp 219–221 �C.
FTIR (KBr) 1560, 1542, 1412, 1384, 712 cm−1. 1H NMR
(CDCl3� � 7.91 (s, 2 H), 7.42 (t, J = 1�5 Hz, 4 H), 7.42 (d,
J = 1�5, 4 H), 3.71 (s, 2 H). 13C NMR (CDCl3� � 143.6,
137.1, 94.8, 39.8. HRMS calcd for C13H8I4: 671.6805.
Found: 671.6802.

52 See the general procedure for the Pd/Cu coup-
ling reaction. Bis(3,5-diiodophenyl)methane (170 mg,
0.25 mmol), 916 (211 mg, 1.20 mmol), bis(dibenzylidene-
acetone)palladium(0) (29 mg, 0.050 mmol), copper(I)
iodide (19 mg, 0.10 mmol), triphenylphosphine (66 mg,
0.25 mmol), and diisopropylethylamine (0.70 mL,
4.0 mmol) were stirred in THF (4.0 mL) at room tem-
perature for 2 d. The crude product was dissolved in
ethyl acetate and passed through a plug of silica gel.
Then the crude solid was washed with a small amount of
ethyl acetate, dissolved in hot ethyl acetate, and filtered
to afford the titled compound (102 mg, 47%) as a pale
yellow solid. Mp 177–178 �C. FTIR (KBr) 1701, 1593,
1486, 1385, 1118, 828 cm−1. 1H NMR (CDCl3� � 7.59 (t,
J = 2�5 Hz, 2 H), 7.53 (dt, J = 8�3, 1.7 Hz, 8 H), 7.38
(dt, J = 8�3, 1.7 Hz, 8 H), 7.34 (d, J = 1�5 Hz, 4 H),
3.96 (s, 2 H), 2.41 (s, 12 H). 13C NMR (CDCl3� � 193.3,
140.7, 134.2, 133.0, 132.2, 132.2, 128.4, 124.1, 123.7, 90.1,
89.5, 30.0. HRMS calcd for C53H36O4S4: 864.1496. Found:
864.1453.

53 See the general procedure for the Pd/Cu coup-
ling reaction. Bis(3,5-diiodophenyl)methane (108 mg,
0.16 mmol), 30 (220 mg, 0.72 mmol), bis(dibenzylidene-
acetone)palladium(0) (18 mg, 0.032 mmol), copper(I)
iodide (12 mg, 0.064 mmol), triphenylphosphine (42 mg,
0.16 mmol), and diisopropylethylamine (0.45 mL,
2.59 mmol) were stirred in THF (3.0 mL) at room tem-
perature for 60 h. The crude product was dissolved in
hexane-ethyl acetate (1:1) to afford a pale yellow solid.
The solid was washed with a small amount of ethyl
acetate to afford the desired product (107 mg, 49%) as
a pale yellow solid. Mp 104–107 �C. FTIR (KBr) 1707,
1585, 1498, 1384, 1108, 826 cm−1. 1H NMR (CDCl3�
� 7.57 (t, J = 1�3 Hz, 2 H), 7.54 (dt, J = 8�3, 1.7 Hz,
8 H), 7.48 (d, J = 8�0 Hz, 4 H), 7.41 (d, J = 1�3 Hz, 4 H),
7.38 (dt, J = 8�3, 1.7 Hz, 8 H), 7.35 (d, J = 1�3 Hz, 4 H),
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7.33 (dd, J = 8�0, 1.3 Hz, 4 H), 4.00 (s, 2 H), 2.88 (q,
J = 7�6 Hz, 8 H), 2.42 (s, 12 H), 1.31 (t, J = 7�6 Hz, 12
H). 13C NMR (CDCl3� � 193.8, 146.8, 141.1, 134.6, 133.0,
132.6, 132.6, 132.3, 131.6, 129.4, 128.6, 124.8, 124.5, 123.5,
122.7, 94.1, 91.4, 90.6, 89.1, 41.3, 30.7, 28.0, 15.0. Anal.
calcd for C93H68O4S4: C, 81.07; H, 4.97. Found: C, 81.16;
H, 4.99.

2,5-Bis(p-bromobenzoyl)-1,4-dibromobenzene (56) To a
suspension of aluminum chloride (2.67 g, 20.0 mmol) in
CH2Cl2 (50 mL) at 0 �C was slowly added a solution
of 54 [56] (3.25 g, 9.00 mmol) in CH2Cl2. The resultant
yellow slurry was stirred for 10 min and a solution of
1-bromo-4-trimethylsilylbenzene (4.89 g, 21.3 mmol) in
CH2Cl2 (15 mmol) was added. The mixture was stirred
for 2 h at 0 �C and overnight at room temperature.
The brown mixture was carefully poured into cold 1.5 N
HCl solution. Dichloromethane (100 mL) was added to
dissolve the precipitate and the organic phase was sep-
arated. The aqueous phase was extracted with CH2Cl2
(2×). Combined organic fractions were washed with H2O
(1×) and dried over magnesium sulfate. After filtration,
the solvent was concentrated to ca. 100 mL and filtered
through a short silica gel column [CH2Cl2/hexane (1/1)].
Removal of solvents followed by washing with hexane
and ether afforded the desired product as a white solid
(3.25 g, 60%). Mp 254–256 �C. FTIR (KBr) 3097, 1677,
1585, 1400, 1385, 1339, 1246, 1067, 1010, 928, 882, 841,
749 cm−1. 1H NMR (300 MHz, CDCl3� � 7.69 (d, J =
8�9 Hz, 4 H), 7.65 (d, J = 9�0 Hz, 4 H), 7.58 (s, 2 H). 13C
NMR (CDCl3, 50 �C, 100 MHz) 192.16, 142.94, 134.02,
133.08, 132.29, 131.42, 129.86, 118.54. HRMS calcd for
C20H10Br4O2: 597.7414. Found: 597.7400.

Br

BrBr

Br

2,5-Bis(p-bromobenzyl)-1,4-dibromobenzene To a suspen-
sion of 56 (2.11 g, 3.50 mmol) in CH2Cl2 (70 mL) was
added dropwise trifluoromethanesulfonic acid (3.15 g,
21.0 mmol). The clear golden solution was cooled to 0 �C
and a solution of triethylsilane (3.15 g, 17.5 mmol) in
CH2Cl2 (10 mL) was added dropwise [53]. The result-
ing light yellow solution was stirred at 0 �C for 10 min.
Another portion of trifluoromethanesulfonic acid (3.15 g,
21.0 mmol) and triethylsilane (3.15 g, 17.5 mmol) was
added by the above addition sequence at 0 �C. The
obtained light yellow solution was allowed to warm to
room temperature and was stirred for 3 h before pouring
into saturated aqueous sodium carbonate (100 mL). The
aqueous phase was separated and extracted with CH2Cl2
(2×). The combined organic fractions were washed with
H2O (2×) and dried over magnesium sulfate. Removal
of solvents followed by washing with hexane afforded
the desired product as a white solid (1.76 g, 88%).
Mp 161–167 �C. FTIR (KBr) 1487, 1472, 1436, 1405,

1385, 1072, 1056, 1010, 897, 831, 774 cm−1. 1H NMR
(300 MHz, CDCl3� � 7.41 (d, J = 8�4 Hz, 4 H), 7.28
(s, 2 H), 7.03 (d, J = 8�4 Hz, 4 H), 3.97 (s, 4 H). 13C
NMR (75 MHz, CDCl3) � 139.97, 137.63, 134.75, 131.76,
130.69, 123.74, 120.52, 40.59. HRMS calcd for C20H14Br4:
569.7829. Found: 569.7834.

2,5-Bis(p-iodobenzyl)-1,4-diiodobenzene (57) To tert-BuLi
(5.62 mL, 10.0 mmol, 1.78 M in pentane) in ether (5 mL)
at −78 �C was added via cannula a solution of 2,5-bis(p-
bromobenzyl)-1,4-dibromobenzene (0.574 g, 1.00 mmol)
in THF (15 mL) dropwise. The brown slurry was stirred
for 30 min and then warmed to 0 �C. The slurry was
recooled to −78 �C and a solution of iodine (2.54 g,
10.0 mmol) in THF (10 mL) was added via cannula. The
mixture was allowed to warm to room temperature and
was stirred for 1 h before pouring into an aqueous solu-
tion of sodium thiosulfate. The organic phase was sep-
arated. The aqueous layer was extracted with CH2Cl2
(2×). Combined organic fractions were washed with H2O
(2×) and dried over magnesium sulfate. Removal of sol-
vents followed by washing with ethyl acetate afforded the
desired product as a white solid (0.442 g, 58%). Mp 210–
213 �C. FTIR (KBr) 3149, 1482, 1431, 1400, 1385, 1354,
1185, 1041, 1005, 897, 815, 774 cm−1. 1H NMR (300 MHz,
CDCl3� � 7.61 (d, J = 8�4 Hz, 4 H), 7.53 (s, 2 H), 6.89
(d, J = 8�4 Hz, 4 H), 3.94 (s, 4 H). No 13C could be
obtained due to the limited solubility of 57. HRMS calcd
for C20H14I4: 761.7274. Found: 761.7270.

58 See the general procedure for the Pd/Cu cou-
pling reaction. The compounds used were 57 (0.38 g,
0.50 mmol), 916 (0.44 g, 2.5 mmol), di(benzylidine-
acetone)palladium(0) (0.058 g, 0.10 mmol), copper(I)
iodide (0.038 g, 0.20 mmol), triphenylphosphine (0.53 g,
0.20 mmol), THF (15 mL), and diisopropylethy-
lamine (1.4 mL, 8.0 mmol) at room temperature.
The mixture was stirred for 8 h. Another por-
tion of di(benzylidineacetone)palladium(0) (0.029 g,
0.050 mmol) and PPh3 (0.026 g, 0.10 mmol) in THF (5
mL) was added. The mixture was further stirred for 21
h. Flash chromatography (silica gel, hexane/CH2Cl2 1/1)
gave the desired product as a white solid (0.165 g, 35%).
Mp 239–240 �C. FTIR (KBr) 1708, 1497, 1385, 1354,
1123, 1015, 854, 826, 621 cm−1. 1H NMR (300 MHz,
CDCl3� � 7.52 (d, J = 8�5 Hz, 4 H), 7.46 (d, J =
7�9 Hz, 8 H), 7.37 (d, J = 8�5 Hz, 4 H), 7.36 (d, J =
8�6 Hz, 4 H), 7.35 (s, 2 H), 7.24 (d, J = 8�3 Hz, 4 H),
4.19 (s, 4 H), 2.42 (s, 6 H), 2.41 (s, 6 H). 13C NMR
(75 MHz, CDCl3� � 193.53, 193.37, 140.72, 140.69, 134.32,
134.24, 133.34, 132.19, 132.11, 131.94, 129.10, 128.53,
127.94, 124.67, 124.12, 123.23, 120.89, 94.61, 91.17, 89.64,
88.56, 39.80, 30.36, 30.32. HRMS calcd for C60H42O4S4:
954.1966. Found: 954.1999. Anal. calcd for C60H42O4S4:
C, 75.44; H, 4.43. Found: C, 75.52; H, 4.51.
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59 See the general procedure for the Pd/Cu coup-
ling reaction. The compounds used were 57 (0.076 g,
0.10 mmol), 30 (0.157 g, 0.500 mmol), di(benzylidine-
acetone)palladium(0) (0.012 g, 0.020 mmol), copper(I)
iodide (0.0076 g, 0.040 mmol), triphenylphosphine
(0.026 g, 0.10 mmol), THF (3 mL), and diisopropylethy-
lamine (0.28 mL, 1.6 mmol) for 60 h at room temper-
ature. Flash chromatography (silica gel, CHCl3/hexane
1/1) afforded the desired product as a green/yellow solid
(0.060 g, 41%). Mp 159–162 �C. FTIR (KBr) 2964, 2933,
2872, 2205, 1708, 1595, 1508, 1400, 1385, 1349, 1118,
1087, 1015, 949, 892, 826, 613 cm−1. 1H NMR (300 MHz,
CDCl3� � 7.54 (d, J = 8�1 Hz, 8 H), 7.48–7.43 (m, 6 H),
7.40–7.36 (m, 16 H), 7.32 (dd, J = 8�2, 1.7 Hz, 4 H),
7.25 (d, J = 8�1 Hz, 4 H), 4.25 (s, 4 H), 2.86 (q, J =
7�6 Hz, 4 H), 2.76 (q, J = 7�6 Hz, 4 H), 2.42 (s, 12 H),
1.29 (t, J = 7�6 Hz, 6 H), 1.21 (t, J = 7�6 Hz, 6 H).
13C NMR (100 MHz, CDCl3� � 193.31, 193.28, 146.19,
146.11, 140.53, 140.22, 134.21, 133.37, 132.27, 132.16,
132.04, 131.73, 131.16, 128.97, 128.94, 128.25, 128.14,
124.43, 124.32, 123.59, 123.15, 122.83, 122.68, 122.37,
121.26, 94.82, 93.72, 93.30, 91.21, 91.07, 90.32, 90.00,
87.77, 39.78, 30.45, 27.81, 27.75, 14.86, 14.77. LRMS
calcd for C100H74O4S4: 1468. Found: 1468. Anal. calcd for
C100H74O4S4: C, 81.82; H, 5.08. Found: C, 81.68; H, 5.13.

H2N
NH2

1,2-Bis(4′-aminophenyl)ethane To a Parr flask were
added 60 (5.45 g, 20.0 mmol), 10% palladium on
activated carbon (274 mg), and ethanol (50 mL). The
flask was purged with hydrogen and pressurized to 60
psi. The flask was shaken for 5 h at room temperature.
After filtration, the solvent was evaporated in vacuo to
afford the desired compound (2.50 g, 59%) as a white
solid. Mp > 250 �C. 1H NMR (CDCl3) � 6.95 (d, J = 8�2
Hz, 4 H), 6.61 (d, J = 8�2 Hz, 4 H), 3.47 (br, 4 H), 2.74
(s, 4 H).

1,2-Bis(4′-diethyltriazenylphenyl)ethane (61) To 1,2-bis-
(4′-aminophenyl)ethane (1.00 g, 4.72 mmol), hydrochloric
acid (15 mL), and water (50 mL) was added at 0 �C
sodium nitrite (716 mg, 10.4 mmol) in water (2.0 mL).
The solution was stirred for 30 min at 0 �C and poured
into potassium carbonate (10.4 g, 75.2 mmol), diethy-
lamine (10 mL), and water (100 mL). An orange solid
was removed by filtration and washed with water. After
drying, the desired solid (1.59 g, 87%) was obtained.
Mp 64–66 �C. FTIR (KBr) 2980, 2935, 1433, 1402, 1384,
1351, 1235, 1089, 841 cm−1. 1H NMR (CDCl3) � 7.30
(dt, J = 8�3, 2.0 Hz, 4 H), 7.11 (dt, J = 8�3, 2.0 Hz,
4 H), 3.73 (q, J = 7�2 Hz, 8 H), 2.87 (s, 4 H), 1.24
(t, J = 7�2 Hz, 12 H). 13C NMR (CDCl3) � 149.4, 138.8,
128.9, 120.3, 37.7, 13.1 (br) (one carbon is missing due
to the quadropolar effect of nitrogen). HRMS calcd for
C22H32N6: 380.2688. Found: 380.2696.

1,2-Bis(4′-iodophenyl)ethane (62) See the standard pro-
cedure. The compounds used were 61 (800 mg,
2.48 mmol) and iodomethane (15 mL) at 120 �C
overnight. After cooling, the reaction was diluted with
hexane-ethyl acetate (1:1) and passed through a plug
of silica gel. The solvent was evaporated in vacuo to
afford the desired compound (834 mg, 78%) as a yel-
low solid. Mp 150–151�C. FTIR (KBr) 1482, 1384, 1002,
816 cm−1. 1H NMR (CDCl3) � 7.56 (d, J = 8�3 Hz,
4 H), 6.86 (d, J = 8�3 Hz, 4 H), 2.81 (s, 4 H). 13C NMR
(CDCl3) � 140.8, 137.4, 130.6, 91.2, 37.1. HRMS calcd
for C14H12I2: 433.9028. Found: 433.9027.

63 See the general procedure for the Pd/Cu coup-
ling reaction. 62 (304 mg, 0.7 mmol), 9 (296 mg,
1.68 mmol), bis(dibenzylideneacetone)palladium(0)
(40 mg, 0.070 mmol), copper(I) iodide (27 mg,
0.14 mmol), triphenylphosphine (92 mg, 0.35 mmol), and
diisopropylethylamine (0.97 mL, 5.6 mmol) were stirred
in THF (10 mL) at room temperature for 2 d. The
crude product was passed thorough a plug of silica gel
(hexane-ethyl acetate 1:1) to afford a yellow solid. The
solid was recrystallized from ethyl acetate to afford the
desired compound (227 mg, 61%). FTIR (KBr) 1700,
1512, 1384, 1123, 828, 623 cm−1. 1H NMR (CDCl3) �
7.54 (dt, J = 8�5, 1.8 Hz, 4 H), 7.43 (dt, J = 8�3, 1.7
Hz, 4 H), 7.38 (dt, J = 8�5, 1.8 Hz, 4 H), 7.11 (dt,
J = 8�3, 1.7 Hz, 4 H), 2.92 (s, 4 H), 2.42 (s, 6 H). 13C
NMR (CDCl3) � 193.5, 142.1, 134.2, 132.2, 131.7, 128.7,
127.9, 124.7, 120.5, 91.2, 88.4, 37.6, 30.3. HRMS calcd
for C34H26O2S2: 530.1374. Found: 530.1366.

64 See the general procedure for the Pd/Cu coupling
reaction. The compounds used were 1,4-diethynylbenzene
(1.26 g, 10.0 mmol), 1-iodo-4-trimethylsilylbenzene
(6.09 g, 22.0 mmol), di(benzylidineacetone)palladium(0)
(0.57 g, 1.0 mmol), triphenylphosphine (0.53 g, 2.0 mmol),
copper(I) iodide (0.38 g, 2.0 mmol), THF (40 mL), and
diisopropylethylamine (13.9 mL, 80.0 mmol). The mixture
was stirred at room temperature for 30 h. After workup,
the residue was dissolved in CH2Cl2 and filtered through
a silica gel column [hexane/CH2Cl2 (2/1)]. Removal of
the solvent in vacuo followed by crystallization from hex-
ane gave a pale yellow solid (2.86 g). The mother liquor
was purified by flash chromatography to give another
pale yellow solid (0.66 g). A total of 3.52 g (83%) of the
desired product was obtained. Mp 214–220 �C. FTIR
(KBr) 3067, 3015, 2954, 2892, 1595, 1513, 1385, 1308,
1246, 1103, 846, 821, 754, 718, 682 cm−1. 1H NMR
(300 MHz, CDCl3) � 7.49 (s, 12 H), 0.26 (s, 18 H). 13C
NMR (75 MHz, CDCl3) � 141.36, 133.31, 131.61, 130.74,
123.36, 123.18, 91.51, 89.59, −1�17. HRMS calcd for
C28H30Si2: 422.1886. Found: 422.1878.

TMS

TMS
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1,4-Bis(2-(4′-trimethylsilylphenyl)ethyl)benzene A mixture
of 64 (1.27 g, 3.00 mmol) in ethanol (100 mL) and
37% hydrochloric acid (10 drops) was hydrogenated over
Pd on carbon (0.2 g, 10% of Pd on carbon) at 60 psi
for 21 h. The mixture was filtered and the residue was
washed with ethyl acetate. Removal of solvent in vacuo
gave the desired compound as a white solid (1.26 g,
97%). Mp 168–173 �C. FTIR (KBr) 3067, 3015, 2954,
2923, 2851, 1600, 1513, 1451, 1395, 1246, 1108, 831, 754,
718, 692, 651 cm−1. 1H NMR (300 MHz, CDCl3� � 7.44
(d, J = 7�9 Hz, 4 H), 7.20 (d, J = 7�9 Hz, 4 H), 7.14
(s, 4 H), 2.89 (s, 8 H), 0.29 (s, 18 H). 13C NMR (75 MHz,
CDCl3) � 142.66, 139.52, 137.61, 133.52, 128.45, 127.96,
38.07, 37.50, −0�96. HRMS calcd for C28H38Si2: 430.2512.
Found: 430.2497.

1,4-Bis(2-(4′-iodophenyl)ethyl)benzene (65) To a suspen-
sion of 1,4-bis(2-(4′-trimethylsilylphenyl)ethyl)benzene
(1.13 g, 2.62 mmol) in carbon tetrachloride (60 mL)
was added dropwise iodine monochloride (0.37 mL,
7.3 mmol). The mixture was stirred for 80 min and then
decolorized with aqueous sodium thiosulfate. The mix-
ture was extracted with methylene chloride (2×). The
extracts were dried over magnesium sulfate. Removal
of solvent in vacuo gave a white solid. The solid was
redissolved in methylene chloride and passed through a
short silica gel column to afford the desired compound
as a white solid (1.39 g, 98%). Mp 147–160 �C. FTIR
(KBr) 3026, 2944, 2923, 2851, 1513, 1482, 1451, 1400,
1385, 1200, 1139, 1087, 1062, 1005, 815, 790, 759, 703,
610 cm−1. 1H NMR (300 MHz, CDCl3) � 7.56 (d, J =
8�2 Hz, 4 H), 7.03 (s, 4 H), 6.88 (d, J = 8�2 Hz, 4 H), 2.83
(s, 8 H). 13C NMR (75 MHz, CDCl3) � 141.39, 138.94,
137.35, 130.68, 128.50, 91.04, 37.41, 37.26. HRMS calcd
for C22H20I2: 537.9655. Found: 537.9634.

66 See thegeneralprocedure for thePd/Cucoupling reac-
tion.Thecompoundsusedwere65(0.463g,0.860mmol),916

(0.379 g, 2.15 mmol), di(benzylidineacetone)palladium(0)
(0.049 g, 0.086 mmol), copper(I) iodide (0.033 g,
0.17mmol), triphenylphosphine (0.090 g, 0.34mmol), THF
(15 mL), and diisopropylethylamine (0.91 mL, 5.2 mmol)
for 24 h at room temperature. Flash chromatography (sil-
ica gel, CH2Cl2/hexane 2/1) afforded the desired com-
pound as a white solid (0.41 g, 75%). Mp 182 �C (decom-
pose). FTIR (KBr) 2913, 2851, 1703, 1513, 1385, 1129,
1092, 1015, 949, 831, 821 cm−1. 1H NMR (300 MHz,
CDCl3) � 7.52 (d, J = 8�2 Hz, 4 H), 7.43 (d, J = 8�1 Hz,
4 H), 7.37 (d, J = 8�3 Hz, 4 H), 7.13 (d, J = 8�2 Hz,
4 H), 7.05 (s, 4 H), 2.89 (br s, 8 H), 2.42 (s, 6 H).
13C NMR (100 MHz, CDCl3) � 193.28, 142.40, 138.83,
134.07, 131.99, 131.52, 128.51, 128.35, 127.69, 124.61,
120.24, 91.20, 88.16, 37.93, 37.25, 30.34. HRMS calcd for
C42H34O2S2: 634.2000. Found: 634.1990.

67 See the general procedure for the Pd/Cu coup-
ling reaction. A solution of bis(dibenzylidineacetone)-

palladium(0) (0.0770 g, 0.135 mmol) and triphenylphos-
phine (0.14 g, 0.54 mmol) in THF (5 mL) was added to
a solution of 65 (0.724 g, 1.35 mmol), phenylacetylene
(0.138 g, 1.35 mmol), and copper(I) iodide (0.050 g,
0.27 mmol) in THF (10 mL). The mixture was stirred
for 19 h at room temperature. A solution of 9 (0.44 g,
2.5 mmol), bis(dibenzylidineacetone)palladium(0)
(0.015 g, 0.027 mmol), and triphenylphosphine (0.028 g,
0.11 mmol) in THF (5 mL) was added. The mixture
was stirred for 28 h at room temperature and then
poured into water. The mixture was extracted with
methylene chloride (2×). The filtrate was dried over
magnesium sulfate. Removal of solvent followed by flash
chromatography (silica gel, CH2Cl2/hexane 1/1) and
recrystallization from cyclohexane/CH2Cl2 afforded the
desired compound as a white solid (0.266 g, 35%). Mp
180–183 �C. FTIR (KBr) 2915, 2850, 2371, 2213, 1707,
1591, 1508, 1387, 1113, 1011, 946, 830 cm−1. 1H NMR
(300 MHz, CDCl3) � 7.52 (d, J = 8�5 Hz, 2 H), 7.51
(dd, J = 7�8, 2.0 Hz, 2 H), 7.43 (d, J = 8�1 Hz, 4 H),
7.38–7.30 (m, 3 H), 7.13 (d, J = 8�3 Hz, 2 H), 7.12
(d, J = 8�2 Hz, 2 H), 7.05 (s, 4 H), 2.89 (br s, 8 H),
2.42 (s, 3 H). 13C NMR (100 MHz, CDCl3) � 193.12,
142.28, 141.92, 138.74, 138.68, 133.94, 131.87, 131.39,
131.31, 128.38, 128.33, 128.22, 128.07, 127.87, 127.57,
124.49, 123.19, 120.49, 120.12, 91.09, 89.34, 88.77, 88.04,
37.79, 37.12, 30.20. HRMS calcd for C40H32OS: 560.2174.
Found: 560.2157.

2-Bromo-4-nitro-5-(phenylethynyl)acetanilide (69) See the
general procedure for the Pd/Cu-catalyzed coupling
reaction. The compounds used were 2,5-dibromo-4-
nitroacetanilide (68) [56] (3.0 g, 8.88 mmol), phenylacety-
lene (0.98 mL, 8.88 mmol), copper(I) iodide (0.17 g,
0.89 mmol), bis(triphenylphosphine)palladium(II)
chloride (0.25 g, 0.44 mmol), triphenylphosphine
(0.47 g, 1.78 mmol), diisopropylethylamine (6.18 mL,
35.52 mmol), and THF (25 mL) at room temperature
for 1 d then 50 �C for 12 h. The resultant mixture was
subjected to an aqueous workup as described above.
The desired material was purified by gravity liquid chro-
matography using silica gel as the stationary phase and
methylene chloride as the eluent. Rf (product) = 0�60.
The reaction afforded 1.79 g (56% yield) of the desired
product. IR (KBr) 3261.5, 3097.4, 2215.4, 1671.8,
1553.8, 1533.3, 1502.6, 1379.5, 1333.3, 1261.5, 1092.3,
1020.5, 892.3, 851.3, 753.8, 687.2, 651.3 cm−1. 1H NMR
(400 MHz, CDCl3) � 8.84 (s, 1 H), 8.39 (s, 1 H), 7.80
(br s, 1 H), 7.66–7.60 (m, 2 H), 7.43–7.36 (m, 3 H),
2.32 (s, 3 H). 13C NMR (400 MHz, CDCl3) � 168.30,
139.81, 132.20, 129.49, 129.03, 128.49, 124.87, 122.21,
119.88, 117.49, 111.00, 98.64, 84.81, 25.33. HRMS calcd
C16H11N2O3Br: 357.9953. Found: 357.9948.
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2-Bromo-4-nitro-5-(phenylethynyl)aniline To a 100 mL
round bottom flask equipped with a magnetic stirbar,
69 (0.33 g, 0.92 mmol), potassium carbonate (0.64 g,
4.6 mmol), methanol (15 mL), and methylene chloride
(15 mL) were added. The reaction was allowed to stir
at room temperature for 1 h. The reaction mixture
was quenched with water and extracted with methylene
chloride (3×). The organic layers were combined and
dried over magnesium sulfate. Solvents were removed
in vacuo. No further purification was needed. The reac-
tion afforded 0.29 g (100% yield) of the titled com-
pound as a yellow solid. IR (KBr) 3476.9, 3374.4, 3159.0,
1656.4, 1615.4, 1559.0, 1379.5, 1307.7, 1138.5, 1102.6,
892.3, 748.7, 687.2 cm−1. 1H NMR (400 MHz, CDCl3)
� 8.46 (s, 1 H), 7.74-7.68 (m, 2 H), 7.52-7.46 (m, 3 H),
7.06 (s, 1 H), 4.93 (br s, 2 H). 13C NMR (400 MHz,
CDCl3) � 148.55, 139.41, 132.02, 130.45, 129.25, 128.46,
122.46, 120.17, 118.38, 106.86, 96.94, 85.46. HRMS calcd:
317.9828. Found: 317.9841.

2′-Amino-4,4′-diphenylethynyl-5′-nitro-1-thioacetylbenzene
(70) See the general procedure for the Pd/Cu-catalyzed
coupling reaction. 2-Bromo-4-nitro-5-(phenylethynyl)
aniline (0.10 g, 0.30 mmol) was coupled to 9 (0.10 g,
0.56 mmol) as described above using copper(I) iodide
(0.01 g, 0.03 mmol), bis(triphenylphosphine)palladium
(II) chloride (0.01 g, 0.02 mmol), triphenylphosphine
(0.02 g, 0.06 mmol), diisopropylethylamine (0.24 mL,
1.40 mmol), and THF (10 mL) in an oven-dried round
screw capped pressure tube equipped with a stirbar.
The reaction mixture was allowed to react at 80 �C for
3 d. The resultant mixture was subjected to an aque-
ous workup as described above. The desired material
was purified by gravity liquid chromatography using
silica gel as the stationary phase and 3:1 methylene
chloride/hexanes as the eluent. Rf (product): 0.26. An
additional hexanes wash gave yellow crystals of the
desired compound, 0.80 g (67% yield). IR (KBr) 3374.4,
3138.5, 2205.1, 1384.6, 1312.8, 1246.2, 1112.8, 825.6,
753.8, 692.3, 615.4 cm−1. 1H NMR (400 MHz, CDCl3) �
8.27 (s, 1 H), 7.59 (m, 2 H), 7.55 (d, J = 8�0 Hz, 2 H),
7.42 (d, J = 8�2 Hz, 2 H), 7.38 (m, 3 H), 6.92 (s, 1 H),
4.89 (br s, 2 H), 2.45 (s, 3 H). 13C NMR (400 MHz,
CDCl3) � 193.03, 150.99, 139.53, 134.36, 132.12, 132.08,
130.24, 129.23, 129.19, 128.441, 123.21, 122.55, 121.06,
118.01, 106.88, 97.66, 96.53, 85.98, 84.89, 30.51. HRMS
calcd C24H16N2O3S: 412.0882. Found: 412.0882.

TMS

NH2

O2N

4-Nitro-3-phenylethynyl-6-trimethylsilylethynylaniline See
the general procedure for the Pd/Cu-catalyzed coupling
reaction. The compounds used were 2-bromo-4-nitro-5-
(phenylethynyl)aniline (0.26 g, 0.83 mmol), trimethylsily-
lacetylene (0.17 mL, 1.25 mmol), copper(I) iodide (0.02 g,
0.08 mmol), bis(triphenylphosphine)palladium(II) chlo-
ride (0.03 g, 0.04 mmol), diisopropylethylamine (0.58 mL,
3.32 mmol), and THF (10 mL) at 75 �C for 3 d. The
desired material was purified by gravity liquid chromatog-
raphy using silica gel as the stationary phase and a mix-
ture of 3:1 methylene chloride/hexanes as the eluent.
Rf = 0.72. The reaction afforded 0.22 g (81% yield)
of the desired compound. IR (KBr) 3465.06, 3350.39,
3214.34, 2958.03, 2360.06, 2341.17, 2146.27, 1625.20,
1539.10, 1507.32, 1305.69, 1247.56, 1199.99, 1091.12,
878.19, 843.71, 756.00, 663.28, 472.37 cm−1. 1H NMR
(400 MHz, CDCl3� � 8.23 (s, 1 H), 7.65–7.60 (m, 2 H),
7.43–7.38 (m, 3 H), 6.91 (s, 1 H), 4.87 (br s, 2 H), 0.31
(s, 9 H). 13C NMR (400 MHz, CDCl3) � 151.80, 139.68,
132.47, 130.77, 129.62, 128.85, 122.95, 121.37, 118.22,
107.50, 103.95, 99.08, 97.83, 86.32, 0.30. HRMS calcd
C19H18N2O2Si: 334.1138. Found: 334.1135. This material
was deprotected using the standard potassium carbonated
protocol described above and then further coupled with
3 by the Pd/Cu protocol to afford 70 in 82% yield. The
spectra were identical to that described above for 70.

2′- Acetamido-4, 4′ -diphenylethynyl -5′-nitro-1-thioacetylben-
zene (71) See the general procedure for the Pd/Cu-
catalyzed coupling reaction. 69 (0.10 g, 0.28 mmol)
was coupled to 9 (0.08 g, 0.45 mmol) as described
above using copper(I) iodide (0.01 g, 0.02 mmol),
bis(triphenylphosphine)palladium(II) chloride (0.01 g,
0.01 mmol), triphenylphosphine (0.01 g, 0.04 mmol),
diisopropylethylamine (0.19 mL, 1.12 mmol), and THF
(10 mL) in a screw capped pressure tube equipped with
a magnetic stirbar. The reaction mixture was allowed to
stir at 80 �C for 3 d. The resultant mixture was subjected
to an aqueous workup as described above. The desired
material was purified by gravity liquid chromatography
using silica gel as the stationary phase and methylene
chloride as the eluent. Rf = 0�40. The compound was
further purified by a hexanes wash to give 0.10 g (82%
yield) of the desired compound as bright yellow crystals.
IR (KBr) 3138.5, 2205.1, 1384.6, 1333.3, 1241.0, 1117.9,
953.8, 897.4, 825.6, 753.6, 687.2, 615.4 cm−1. 1H NMR
(400 MHz, CDCl3) � 8.41 (s, 1 H), 8.29 (s, 1 H), 8.06
(br s, 1 H), 7.62 (m, 2 H), 7.57 (d, J = 8�4 Hz, 2 H),
7.46 (d, J = 8�5 Hz, 2H), 7.38 (m, 3 H), 2.64 (s, 3 H),
2.32 (s, 3 H). 13C NMR (400 MHz, CDCl3) � 192.77,
168.29, 143.82, 142.02, 134.51, 132.23, 132.17, 130.17,
129.47, 128.61, 128.46, 123.57, 122.27, 122.21, 120.70,
111.15, 99.43, 98.68, 85.55, 83.51, 30.58, 25.33. HRMS
calcd C26H18N2O4S: 454.0987. Found: 454.0987.

4-Iodophenyl methyl sulfide 1,4-Diiodobenzene (6.60 g,
20.0 mmol) was added to an oven-dried two-neck round
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bottom flask equipped with a stirbar. Air was removed
and nitrogen backfilled (3×). THF (2.5 mL) was then
added under N2 and the apparatus was cooled in a dry
ice/acetone bath to −78 �C. tert-BuLi (23.4 mL of 1.7 M
solution) was then added dropwise over a period of
45 min. The mixture was allowed to stir for 30 min and
sulfur (0.769 g, 24 mmol) was then added to the flask.
This mixture was allowed to stir for 10 min and was sub-
sequently heated to 0 �C and stirred for 10 min. The
mixture was then cooled to −78 �C and methyl iodide
(1.87 mL, 30 mmol) added. The reaction was allowed to
warm to room temperature overnight while maintaining
stirring. The reaction was then quenched with water and
washed with brine and methylene chloride (3×). Gravity
column chromatography (silica gel with hexanes as elu-
ent) afforded the desired product (3.14 g, 63% yield).
IR (KBr) 3070.5, 2910.5, 2851.5, 1883.0, 1469.0, 1426.3,
1381.1, 1092.3, 1000.2, 801.5, 482.2 cm−1. 1H NMR (400
MHz, CDCl3) � 7.60 (dt, J = 8�6, 2.0 Hz, 2 H), 7.01 (dt,
J = 8�6, 2.0 Hz, 2 H), 2.48 (s, 3 H). 13C NMR (100 MHz,
CDCl3) � 139, 138.06, 128.68, 90, 16.10. HRMS calcd for
C7,H7,S,I: 249.9313. Found: 249.9307.

SMeTMS

4-Thiomethyl-1-(trimethylsilylethynyl)benzene See the gen-
eral procedure for the Pd/Cu-catalyzed coupling reaction.
The compounds used were 4-iodophenyl methyl sulfide
(2.0 g, 8.0 mmol), bis(triphenylphosphine)palladium(II)
chloride (0.281 g, 0.40 mmol), copper(I) iodide (0.15 g,
0.80 mmol), THF (30 mL), diisopropylethylamine
(5.57mL,32.0mmol), and trimethylsilylacetylene (1.47mL,
10.4 mmol) at 50 �C for 10 h. Flash column chromatog-
raphy (hexanes as eluent) afforded the desired product
(1.74 g, 99% yield). 1H NMR (400 MHz, CDCl3) � 7.39
(dt, J = 8�6, 2.0 Hz, 2 H), 7.17 (dt, J = 8�6, 2.0 Hz, 2 H),
2.50 (s, 3 H), 0.27 (s, 9 H). 13C NMR (100 MHz, CDCl3)
� 139.99, 132.63, 126.05, 119.78, 105.27, 94.56, 15.72,
0.39. IR (KBr) 3740.6, 3645.4, 3070.5, 3026.7, 2956.4,
2920.0, 2157.7, 1898.8, 1590.8, 1488.9, 1438.7, 1320.2,
1250.8, 1092.2, 1014.6. HRMS calculated for C12H16SSi:
220.0742. Found: 220.0737.

1-Ethynyl-4-thiomethylbenzene (72) See the general pro-
cedure for the deprotection of a trimethylsilyl-protected
alkyne. The compounds used were 4-thiomethyl-1-
(trimethylsilylethynyl)benzene (0.29 g, 1.33 mmol), potas-
sium carbonate (0.92 g, 6.63 mmol), methanol (20 mL),
and methylene chloride (20 mL) for 2 h. Due to the
instability of conjugated terminal alkynes, the material
was immediately used in the next step without additional
purification.

73 2-Bromo-4-nitro-5-(phenylethynyl)aniline (317 mg,
1.00 mmol), bis(triphenylphosphine)palladiumdichloride
(35 mg, 0.05 mmol), copper(I) iodide (19 mg, 0.1 mmol),

diisopropylethylamine (0.70 mL, 4.0 mmol), 72 (178 mg,
1.2 mmol), and THF (25 mL) were coupled accord-
ing to the general coupling procedure except that 72
was dissolved in THF and transferred via cannula into
the reaction. The reaction mixture was heated at 75 �C
overnight. The crude product was then separated via
flash chromatography (1:1 CH2Cl2/hexanes) to afford 143
mg (37%) as a yellow solid. IR (KBr) 3474.1, 3366.0,
2360.1, 2204.9, 1616.3, 1541.0, 1517.0, 1473.0, 1286.3,
1248.4, 1148.4, 1090.1, 814.8, 754.1, 686.4 cm−1. 1H NMR
(400 MHz, CDCl3) � 8.26 (s, 1H), 7.60–7.53 (m, 2 H),
7.42 (d, J = 8.4, 2 H), 7.37–7.35 (m, 3 H), 7.21 (d, J =
8�5, 2 H) 4.85 (br s, 1 H). 13C NMR (100 MHz, CDCl3) �
151.3, 141.1, 132.8, 132.5, 132.3, 132.1, 130.5, 129.6, 129.0,
128.9, 126.2, 126.1, 123.0, 121.1, 118.5, 118.3, 107.9, 97.7,
15.6. HRMS calcd for C23H16N2O2S: 384.0933. Found:
384.0932.

NHAc

Br
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2-Bromo-4-nitro-5-(trimethylsilylethynyl)acetanilide See
the general procedure for the Pd/Cu-catalyzed cou-
pling reaction. The compounds used were 68 (4.00 g,
11.84mmol), trimethylsilylacetylene (1.30mL, 11.8mmol),
copper(I) iodide (0.22 g, 1.18 mmol), bis(triphenyl-
phosphine)palladium(II) chloride (0.41 g, 0.59 mmol),
diisopropylethylamine (8.25 mL, 47.36 mmol), and THF
(80 mL) at 70 �C for 2 d. The desired material was puri-
fied by gravity liquid chromatography using silica gel
as the stationary phase and a mixture of 3:1 diethyl
ether/hexanes as the eluent. Rf (product): 0.43. The reac-
tion afforded 1.46 g (35% yield, 54% based on a recov-
ered 1.44 g of starting material) of the desired product.
IR (KBr) 3384.6, 3107.7, 3056.4, 2964.1, 2143.6, 1717.9,
1559.0, 1523.1, 1492.3, 1446.2, 1379.5, 1333.3, 1246.2,
1225.6, 1097.4, 846.2, 764.1, 712.8 cm−1. 1H NMR (400
MHz, CDCl3) � 8.84 (s, 1 H), 8.29 (s, 1 H), 7.75 (br
s, 1 H), 2.30 (s, 3 H), 0.27 (s, 9 H). 13C NMR (100
MHz, CDCl3) � 169.38, 145.60, 140.82, 129.90, 126.63,
120.52, 112.46, 106.70, 100.03, 26.45, 0.93. HRMS calcd
C13H15BrN2O3Si: 354.0035. Found: 354.0034.

2-(Ethynylphenyl)-4-nitro-5-(trimethylsilylethynyl)acetanilide
(74) See the general procedure for the Pd/Cu-catalyzed
coupling reaction. 2-Bromo-4-nitro-5-(trimethylsilyle-
thynyl)acetanilide (1.20 g, 3.38 mmol) was cou-
pled to phenylacetylene (0.56 mL, 5.07 mmol) as
described above using copper(I) iodide (0.06 g, 0.34
mmol), bis(triphenylphosphine) palladium(II) chloride
(0.12 g, 0.17 mmol), diisopropylethylamine (2.36 mL,
13.52 mmol), and THF (25 mL) at 75 �C for 3 d. The
desired material was purified by gravity liquid chro-
matography using silica gel as the stationary phase and a
mixture of 3:1 methylene chloride/hexanes as the eluent.
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Rf (product): 0.38. The reaction afforded 1.00 g (79%
yield) of the desired product. IR (KBr) 3384.6, 3128.2,
2953.8, 2215.4, 2153.8, 1707.7, 1543.6, 1523.1, 1497.4,
1456.4, 1384.6, 1338.5, 1225.6, 1169.2, 1112.8, 1051.3,
846.2, 748.7, 687.2, 620.5 cm−1. 1H NMR (400 MHz,
CDCl3) � 8.77 (s, 1 H), 8.21 (d, J = 0�03 Hz, 1 H), 8.07
(br s, 1 H), 7.57–7.52 (m, 2 H), 7.47–7.39 (m, 3 H), 2.30
(s, 3 H), 0.29 (s, 9 H). 13C NMR (100 MHz, CDCl3)
� 169.35, 145.49, 142.99, 132.82, 131.01, 129.94, 129.34,
125.26, 122.25, 121.06, 112.98, 107.23, 100.90, 100.76,
83.10, 26.45, 0.96. HRMS calcd C21H20N2O3Si: 376.1243.
Found: 376.1235.

NO2

H2N

H

5-Ethynyl-2-(ethynylphenyl)-4-nitroaniline See the gen-
eral procedure for the deprotection of trimethylsilyl-
protected alkynes. 74 (0.10 g, 0.27 mmol) was depro-
tected to the terminal alkyne and the free amine using
the procedure described above using potassium carbon-
ate (0.19 g, 1.35 mmol), methanol (15 mL), and methy-
lene chloride (15 mL). The reaction mixture was allowed
to stir at room temperature for 2 h. The resultant mixture
was subjected to an aqueous workup as described above.
Due to the instability of conjugated terminal alkynes, the
material was immediately used in the next step without
additional purification or identification.

5′ - Amino-4,4′ -diethynylphenyl -2′ -nitro-1-thioacetylbenzene
(75) See the general procedure for the Pd/Cu-catalyzed
coupling reaction. The compounds used were 5-ethynyl-
2-(ethynylphenyl)-4-nitroaniline (0.08 g, 0.27 mmol),
3 (0.09 g, 0.32 mmol), copper(I) iodide (0.005 g,
0.01 mmol), bis(triphenylphosphine)palladium(II) chlo-
ride (0.01 g, 0.01 mmol), diisopropylethylamine (0.20
mL, 1.08 mmol), and THF (20 mL) at 70 �C for 12 h.
The desired material was purified by gravity liquid chro-
matography using silica gel as the stationary phase and a
mixture of 3:1 methylene chloride/hexanes as the eluent.
Rf = 0�32. The reaction afforded 0.09 g (82% yield over
three steps) of the desired product as a yellow solid
which turned yellowish–green upon standing. IR (KBr)
3466.7, 3364.1, 2205.1, 1702.6, 1615.4, 1548.7, 1507.7,
1476.9, 1307.7, 1246.2, 1117.9, 948.7, 912.8, 871.8, 820.5,
748.7, 682.1 cm−1. 1H NMR (400 MHz, CDCl3) � 8.28
(s, 1 H), 7.61 ( 12ABq, J = 8�4 Hz, 2 H), 7.55 (m, 2 H),
7.41 ( 12ABq, J = 8�4 Hz, 2 H), 7.41–7.35 (m, 3 H), 6.90
(s, 1 H), 4.93 (br s, 2 H), 2.44 (s, 3 H). 13C NMR (100
MHz, CDCl3) � 193.09, 150.93, 139.33, 134.98, 134.13,
132.46, 131.55, 130.06, 129.07, 128.49, 123.69, 121.94,
120.25, 117.91, 107.50, 97.51, 96.26, 87.50, 83.16, 30.45.
HRMS calcd C24H16N2O3S: 412.0882. Found: 412.0883.

1-Bromo-3-nitro-4-(trimethylsilylethynyl)benzene See the
general procedure for the Pd/Cu-catalyzed coupling reac-
tion. The compounds used were 2,5-dibromonitrobenzene
(1.37 g, 4.89 mmol), bis(triphenylphosphine)palladium(II)
chloride (0.17 g, 0.25 mmol), copper(I) iodide (0.09 g,
0.49 mmol), THF (30 mL), Hünig’s base (3.41 mL,
19.56 mmol), and trimethylsilylacetylene (0.69 mL,
4.9 mmol) at 70 �C for 18 h. Due to difficulty in sepa-
ration of products, full characterization was not achieved
and the resulting mixture was carried on to the next reac-
tion step. 1H NMR (300 MHz, CDCl3) � 8.14 (d, J =
2�0 Hz, 1 H), 7.66 (dd, J = 8�3, 2.0 Hz, 1 H), 7.49 (d,
J = 8�3 Hz, 1 H), 0.26 (s, 9 H).

2-Ethynyl-5-ethynylphenyl-1-nitrobenzene (77) 2,5-Dibro-
monitrobenzene (76) (4.0 g, 14.24 mmol), bis(tri-
phenylphosphine)palladium(II) dichloride (0.300 g,
0.427 mmol), copper(I) iodide (0.163 g, 0.854 mmol),
THF (30 mL), diisopropylethylamine (9.9 mL,
57.0 mmol), and trimethylsilylacetylene (2.21 mL,
15.66 mmol) were used at room temperature for 10 h
following the general procedure for couplings. Flash
column chromatography (silica gel using 2:1 hex-
anes/dichloromethane as eluent) afforded a mixture of
products that was taken onto the next step. The product
mixture (3.09 g), bis(triphenylphosphine)palladium(II)
dichloride (0.217 g, 0.31 mmol), copper(I) iodide
(0.118 g, 0.62 mmol), THF (30 mL), diisopropylethy-
lamine (7.2 mL, 41.44 mmol), and phenylacetylene
(1.7 mL, 15.54 mmol) were used following the gen-
eral procedure for couplings at 50 �C for 15 h. Flash
column chromatography (silica gel using 1:1 hex-
anes/dichloromethane as eluent) afforded a mixture
of products that was taken onto the next step. The
product mixture (1.95 g), potassium carbonate (4.2 g,
30.4 mmol), methanol (50 mL), and dichloromethane
(50 mL) were used following the general procedure for
deprotection. Flash column chromatography (silica gel
using 1:1 hexanes/dichloromethane as eluent) afforded
the desired product as an orange solid (1.23 g, 37%
yield for three steps). IR (KBr) 3267.2, 3250.1, 3079.6,
2208.4, 2102.6, 1541.6, 1522.5, 1496.0, 1347.1, 1275.2,
900.9, 840.5, 825.0, 759.0, 688.0, 528.8 cm−1. 1H NMR
(400 MHz, CDCl3) � 8.16 (d, J = 1�5 Hz, 1 H), 7.67 (dd,
J = 8�1, 1.5 Hz, 1 H), 7.64 (d, J = 7�8 Hz, 1 H), 7.53
(m, 2 H), 7.37 (m, 3 H), 3.58 (s, 1 H). 13C NMR (100
MHz, CDCl3) � 150.62, 135.82, 135.65, 132.24, 129.72,
128.97, 127.80, 125.51, 122.33, 117.01, 94.35, 87.04, 86.97,
78.82. HRMS calcd for C16,H9,N,O2: 247.0633. Found:
247.0632.

4,4′-Di(ethynylphenyl)-2′-nitro-1-thioacetylbenzene (78)
See the standard procedure for Pd/Cu couplings. The
compounds used were 77 (0.500 g, 2.02 mmol), 3 (0.675 g,
2.43 mmol), bis(dibenzylideneacetone)palladium(0)
(0.232 g, 0.404 mmol), copper(I) iodide (0.077 g,
0.404 mmol), triphenylphosphine (0.212 g, 0.808 mmol),
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THF (10 mL), and diisopropylethylamine (0.7 mL,
4.04 mmol) at 50 �C oil bath for 2 d. Column chromatog-
raphy (silica gel using 2:1 dichloromethane/hexanes
as eluent) afforded the desired product as an orange
solid (0.381 g, 47% yield). IR (KBr) 3100, 2924, 2213.1,
1697.1, 1537.3, 1346.9, 1131.9, 831.9, 751.4, 684.9, 623.0.
1H NMR (400 MHz, CDCl3) � 8.22 (dd, J = 1�1, 0.3 Hz,
1 H), 7.70 (dd, J = 8�1, 1.5 Hz, 1 H), 7.67 (d, J = 8�0
Hz, 1 H), 7.61 (dt, J = 8�5, 1.9 Hz, 2 H), 7.54 (m, 2
H), 7.42 (dt, J = 8�5, 1.8 Hz, 2 H), 7.37 (m, 3 H), 2.43
(s, 3 H). 13C NMR (75 MHz, CDCl3) � 193.10, 149.5,
135.30, 134.55, 134.27, 132.57, 131.84, 129.56, 129.26,
128.56, 127.65, 124.47, 123.40, 122.05, 117.5, 97.84, 93.82,
86.86, 86.31, 30.36. HRMS calculated for C24,H15,N,O3,
S: 397.0076. Found: 397.0773.

NHAc

Br

2-Bromo-5-(ethynylphenyl)acetanilide See the general
procedure for the Pd/Cu-catalyzed coupling reaction.
2,5-Dibromoacetanilide (6.00 g, 17.76 mmol) was cou-
pled to phenylacetylene (1.95 mL, 17.76 mmol) using
copper(I) iodide (0.34 g, 1.78 mmol), bis(triphenyl-
phosphine)palladium(II) chloride (0.62 g, 0.89 mmol),
diisopropylethylamine (12.37 mL, 71.04 mmol), and THF
(75 mL) at 75 �C for 2.5 d. The desired material was
purified by gravity liquid chromatography using silica
gel as the stationary phase and methylene chloride as
the eluent. Rf = 0�38. An additional purification was
performed using gravity liquid chromatography with
silica gel as the stationary phase and a mixture of 3:1
hexanes/ethyl acetate as the eluent. Rf = 0�50. The
reaction afforded 1.79 g (32% yield, 42% based on a
recovered 0.69 g of starting material) of the desired
compound as a white solid. IR (KBr) 3282.1, 3159.0,
1661.5, 1559.0, 1507.7, 1461.5, 1405.1, 1379.5, 1271.8,
1107.7, 1066.7, 1015.4, 964.1, 892.3, 861.5, 820.5, 748.7,
682.1, 610.3 cm−1. 1H NMR (400 MHz, CDCl3) � 8.66
(br s, 1 H), 7.92 (br s, 1 H), 7.55–7.49 (m, 2 H), 7.41–7.37
(m, 3 H), 7.32 ( 12ABq, J = 8�3 Hz, 1 H), 7.20 ( 12ABq
d, J = 6�4, J = 1�8 Hz, 1 H), 2.25 (s, 3 H). 13C NMR
(100 MHz, CDCl3) � 169.15, 140.81, 133.62, 132.61,
130.32, 129.80, 127.70, 124.93, 123.33, 123.15, 111.69,
98.63, 84.65, 26.32. HRMS calcd C16H12BrNO: 313.0102.
Found: 313.0107.

3-Ethynylphenyl-6-(trimethylsilylethynyl)acetanilide (80)
See the general procedure for the Pd/Cu-catalyzed
coupling reaction. 2-Bromo-5-(ethynylphenyl)acetanilide
(0.91 g, 2.90 mmol) was coupled to trimethylsilylacety-
lene (0.47 mL, 4.35 mmol) using copper(I) iodide (0.06 g,
0.29 mmol), bis(triphenylphosphine)palladium(II) chlo-
ride (0.11 g, 0.15 mmol), diisopropylethylamine (2.02 mL,
11.60 mmol), and THF (20 mL) at 70 �C for 3 d.
The desired material was purified by gravity liquid

chromatography using silica gel as the stationary phase
and methylene chloride as the eluent. Rf = 0�33. The
reaction afforded 0.81 g (84% yield) of the desired
compound as a yellow foam after drying in a vacuum
atmosphere. IR (KBr) 3394.9, 3138.5, 2953.8, 2143.6,
1702.6, 1553.85, 1553.8, 1523.1, 1410.3, 1384.6, 1271.8,
1246.2, 1169.2, 1112.8, 1015.4, 846.2, 753.8, 687.2,
620.5 cm−1. 1H NMR (400 MHz, CDCl3) � 8.53 (br s,
1 H), 7.91 (br s, 1 H), 7.55–7.49 (m, 2 H), 7.43–7.36 (m,
4 H), 7.15 (dd, J = 6�6, 1.5 Hz, 1 H), 2.24 (s, 3 H), 0.25
(s, 9 H). 13C NMR (100 MHz, CDCl3) � 169.09, 139.72,
132.62, 132.49, 130.27, 129.79, 128.06, 125.58, 123.63,
123.24, 112.98, 105.68, 99.09, 97.67, 85.26, 26.33, 1.28.
HRMS calcd C21H21BrNOSi: 331.1392. Found: 331.1391.

TMS

NH2

3-Ethynylphenyl-6-(trimethylsilylethynyl)aniline A 100 mL
round bottom flask equipped with a magnetic stir-
bar was charged with 3-ethynylphenyl-6-(trimethylsilyl-
ethynyl)acetanilide (0.25 g, 0.75 mmol), hydrochloric acid
(15 mL, 1.5 M), and THF (15 mL). The reaction mix-
ture was heated to reflux for 2.5 h. The reaction progress
was monitored by TLC. The reaction was quenched and
extracted with water (3×) and diluted with methylene
chloride. The organic layers were combined and dried
over magnesium sulfate. Volatiles were removed in vacuo.
Crude 1H NMR and TLC showed two inseparable prod-
ucts with similar amine and aromatic resonances. There-
fore, the crude reaction mixture was reacted further with-
out purification.

H

NH2

2-Ethynyl-5-(ethynylphenyl)aniline See the general pro-
cedure for the deprotection of trimethylsilyl-protected
alkynes. The compounds used were 3-ethynylphenyl-6-
(trimethylsilylethynyl)aniline (0.22 g, 0.75 mmol) potas-
sium carbonate (0.52 g, 3.75 mmol), methanol (15 mL),
and methylene chloride (15 mL) for 2 h. Due to the
instability of conjugated terminal alkynes, the material
was immediately used in the next step without additional
purification or identification.

2′-Amino-4,4′-di(phenylethynyl)-1-thioacetylbenzene (81)
See the general procedure for the Pd/Cu-catalyzed
coupling reaction. The compounds used were 2-ethynyl-
5-(ethynylphenyl)aniline (0.16 g, 0.75 mmol), 3 (0.25 g,
0.90 mmol), copper(I) iodide (0.02 g, 0.08 mmol),
bis(triphenylphosphine)palladium(II) chloride (0.03 g,
0.04 mmol), diisopropylethylamine (0.53 mL, 3.00 mmol),
and THF (15 mL) at 45 �C for 12 h. The desired
material was purified by gravity liquid chromatography
using silica gel as the stationary phase and a mixture of
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1:3 diethyl ether/hexanes as the eluent. Rf (product):
0.40. The reaction afforded 0.28 g (43% yield, over
three steps) of the desired compound as a bright yellow
solid. IR (KBr) 3138.5, 2205.1, 1702.6, 1610.3, 1384.6,
1117.9, 943.6, 825.6, 753.8, 692.3, 615.4 cm−1. 1H NMR
(400 MHz, CDCl3) � 7.56–7.50 (m, 4 H), 7.42–7.31 (m,
6 H), 6.92–6.87 (m, 2 H), 4.32 (br s, 2 H), 4.44 (s, 3 H).
13C NMR (100 MHz, CDCl3) � 193.66, 148.20, 134.72,
132.40, 131.75, 128.89, 128.86, 128.84, 128383, 124.60,
124.10, 123.32, 121.49, 117.14, 108.58, 96.57, 91.32, 89.72,
85.78, 30.48. HRMS calcd C24H17NOS: 367.1031. Found:
367.1032.

H

NHAc

2-Ethynyl-5-(ethynylphenyl)acetanilide See the general
procedure for the deprotection of trimethylsilyl-protected
alkynes. The compounds used were 80 (0.20 g,
0.60 mmol) potassium carbonate (0.25 g, 1.80 mmol),
methanol (15 mL), and methylene chloride (15 mL) for
2 h. Due to the instability of conjugated terminal alkynes,
the material was immediately used in the next step with-
out additional purification or identification.

2′-Acetamido-4,4′-di(phenylethynyl)-1-thioacetylbenzene (82)
See the general procedure for the Pd/Cu-catalyzed
coupling reaction. The compounds used were 2-ethynyl-
5-(ethynylphenyl)acetanilide (0.16 g, 0.60 mmol), 3
(0.20 g, 0.72 mmol) copper(I) iodide (0.01 g, 0.06 mmol),
bis(triphenylphosphine)palladium(II) chloride (0.02 g,
0.03 mmol), diisopropylethylamine (0.42 mL, 2.40 mmol),
and THF (20 mL) at 70 �C for 12 h. The desired material
was purified by gravity liquid chromatography using silica
gel as the stationary phase and a mixture of 3:1 ethyl
acetate/hexanes as the eluent. Rf (product): 0.35. The
reaction afforded 0.12 g (50% yield, two steps) of the
desired compound as an off-white solid. IR (KBr) 3138.5,
2933.3, 1702.6, 1656.4, 1543.6, 1379.5, 1261.5, 1112.8,
1010.3, 948.7, 882.1, 820.5, 748.7, 682.1, 610.3 cm−1.
1H NMR (400 MHz, CDCl3) � 8.62 (br s, 1 H), 7.96 (br
s, 1 H), 7.58–7.52 (m, 4 H), 7.46 ( 12ABq, J = 7�8 Hz,
1 H), 7.42–7.37 (m, 5 H), 7.23 ( 12ABq d, J = 8�1, 1.4 Hz,
1 H), 2.43 (s, 3 H), 2.27 (s, 3 H). 13C NMR (100 MHz,
CDCl3) � 193.62, 168.51, 139.39, 134.70, 132.48, 132.02,
131.88, 129.52, 129.09, 129.00, 126.87, 124.41, 124.25,
122.45, 122.27, 112.45, 98.38, 91.06, 90.61, 84.24, 30.48,
25.10. HRMS calcd C26H19NO2S: 410.1215. Found:
410.1212.

NHAc

O2N

TMS TMS

2,5-Bis(trimethylsilylethynyl)-4-nitroacetanilide See the
general procedure for the Pd/Cu-catalyzed coupling
reaction. The compounds used were 6826 (0.60 g, 1.78
mmol), trimethylsilylacetylene (0.78 mL, 7.12 mmol),
copper(I) iodide (0.07 g, 0.37 mmol), bis(triphenyl-
phosphine)palladium(II) chloride (0.13 g, 0.18 mmol),
diisopropylethylamine (2.48 mL, 14.24 mmol), and THF
(20 mL) at 75 �C for 3 d. The desired material was
purified by gravity liquid chromatography using silica
gel as the stationary phase and a mixture of 3:1 diethyl
ether/hexanes as the eluent. Rf (product): 0.80. The
reaction afforded 0.63 g (95% yield; 0.26 g of material as
the product with the deprotected amino moiety instead
of the acetamide was also obtained) of the desired
product. IR (KBr) 3374.4, 3117.9, 2964.1, 2143.6, 1723.1,
1610.3, 1543.6, 1502.6, 1456.4, 1400.0, 1379.5, 1333.3,
1251.3, 1220.5, 1112.8, 882.1, 846.2, 759.0, 620.5 cm−1.
1H NMR (400 MHz, CDCl3) � 8.72 (s, 1 H), 8.11
(s, 1 H), 8.07 (br s, 1 H), 2.25 (s, 3 H), 0.31 (s, 9 H),
0.26 (s, 9 H). 13C NMR (100 MHz, CDCl3) � 169.27,
145.23, 143.53, 129.21, 124.94, 121.27, 112.68, 107.86,
107.26, 100.70, 98.57, 26.25, 1.08, 0.94. HRMS calcd
C18H24N2O3Si2: 372.1325. Found: 372.1332.

NH2

O2N

H H

2,5-Di(ethynyl)-4-nitroaniline See the general procedure
for the deprotection of trimethylsilyl-protected alkynes.
The compounds used were 2,5-bis(trimethylsilylethynyl)-
4-nitroacetanilide (0.60 g, 1.61 mmol), potassium carbon-
ate (2.22 g, 16.10 mmol), methanol (40 mL), and methy-
lene chloride (40 mL) for 2 h. Due to the instability of
conjugated terminal alkynes, the material was immedi-
ately used in the next step without additional purification
or identification.

2,5-Diphenylethynyl-4′,4′′-dithioacetyl-4-nitroaniline (83)
See the general procedure for the Pd/Cu-catalyzed
coupling reaction. The compounds used were 2,5-
di(ethynyl)-4-nitroaniline (0.30 g, 1.61 mmol), 3
(1.09 g, 3.86 mmol) copper(I) iodide (0.06 g,
0.32 mmol), bis(triphenylphosphine)palladium(II) chlo-
ride (0.11 g, 0.16 mmol), diisopropylethylamine (2.25 mL,
12.88 mmol), and THF (40 mL) at 50 �C for 2 d.
The desired material was purified by gravity liquid
chromatography using silica gel as the stationary phase
and a mixture of 1:1 ethyl acetate/hexanes as the eluent.
Rf = 0�52. The reaction afforded 0.47 g (57% over three
steps) of the desired compound as a bright yellow solid.
IR (KBr) 3476.9, 3364.1, 3117.9, 1687.2, 1625.6, 1543.6,
1507.7, 1476.9, 1384.6, 1307.7, 1246.2, 1117.9, 1010.3,
948.7, 825.6, 615.4 cm−1. 1H NMR (400 MHz, CDCl3)
� 8.28 (s, 1 H), 7.62 ( 12ABq, J = 8�2 Hz, 2 H), 7.56
( 12ABq, J = 8�4 Hz, 2 H), 7.44 ( 12ABq, J = 4�4 Hz, 2
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H), 7.42 ( 12ABq, J = 4�2 Hz, 2 H), 6.92 (s, 1 H), 4.90
(br s, 2 H), 2.45 (s, 3 H), 2.44 (s, 3 H). 13C NMR (100
MHz, CDCl3) � 193.00, 192.91, 150.99, 134.26, 134.25,
134.25, 134.13, 134.11, 132.45, 132.04, 130.16, 123.64,
123.09, 120.52, 118.01, 107.00, 96.59, 96.45, 87.44, 84.79,
30.44, 30.42. HRMS Calcd C24H17NOS: 487.0786. Found:
487.0792.

4-(Trimethylsilylethynyl)aniline See the general proce-
dure for the Pd/Cu cross-couplings. The compounds
used were 4-bromoaniline (6.88 g, 40 mmol), trimethylsi-
lylacetylene (11.3 mL, 80 mmol), tetrakis(triphenyl-
phosphine)palladium(0) (393 mg, 0.34 mmol), copper
iodide (76 mg, 0.4 mmol), and diisopropylamine (40 mL)
at 110–120�C for 12 h. The mixture was concentrated
and filtered through a plug of silica gel using 1:1 ethyl
acetate/hexane. The filtrate was concentrated and puri-
fied on a silica gel column (1:5 ethyl acetate/hexane). IR
(KBr) 3469, 3374, 2958, 2156, 2144, 1624, 1508, 1294,
1249 cm−1. 1H NMR (300 MHz, CDCl3) � 7.26 (d, J =
8�6 Hz, 2 H), 6.57 (d, J = 8�6 Hz, 2 H), 0.22 (s, 9 H).

4-Ethynylaniline See the general procedure for the
deprotection of trimethylsilyl alkynes. The compounds
used were 4-(trimethylsilylethynyl)aniline (2.48 g,
13 mmol), potassium carbonate (11 g), and methanol
(100 mL) for 12 h. Hexane was added to a highly
concentrated ether solution to give fine crystals. The
collected crystals were washed with hexane and dried
in vacuo to afford 1.14 g (74%) of the title compound.
1H NMR (400 MHz, CDCl3) � 7.28 (d, J = 8�6 Hz,
2 H), 6.58 (d, J = 8�6 Hz, 2 H), 3.72–3.88 (br, 2 H), 2.94
(s, 1 H). 13C NMR (100 MHz, CDCl3) � 147.0, 133.5,
114.6, 111.4, 84.4, 74.9.

4′-Ethynylformanilide (84) A solution of 4-ethynylaniline
(0.87 g, 6.0 mmol) in ethyl formate (40 mL) was heated to
reflux for 24 h. After removal of the solvents by a rotary
evaporation, another portion of ethyl formate (40 mL)
was added and the solution was heated to reflux for 24
h. The evaporated residue was chromatographed on sil-
ica gel (1:2 ethyl acetate/hexane) to afford 0.65 g (75%)
of a slightly brown–white solid of the title compound.
IR (KBr) 3292, 2107, 1686, 1672, 1601, 1536, 1407, 1314,
842, 668, 606 cm−1. 1H NMR (400 MHz, CDCl3) � 8.71
(d, J = 11�3 Hz, a), 8.38 (d, J = 1�5 Hz, b), 7.82–7.92
(br d, J = 10 Hz, c), 7.48 (dt, J = 14�5, 8.7 Hz, 3 H), 7.2
(br, d), 7.02 (d, J = 8�6 Hz, 1 H), 3.07 (s, e), 3.04 (s, f )
where (a+ b = 1 H, c + d = 1 H, e + f = 1 H).

85 See the general procedure for the Pd/Cu-catalyzed
coupling reaction. The compounds used were 2-bromo-
4-nitro-5-(phenylethynyl)aniline (0.26 g, 0.83 mmol), 84
(0.15 g, 1.00 mmol), copper(I) iodide (0.02 g, 0.08 mmol),
bis(triphenylphosphine)palladium(II) chloride (0.03 g,
0.04 mmol), diisopropylethylamine (0.58 mL, 3.32 mmol),
and THF (25 mL) at 70 �C for 3 d. The desired mate-
rial was purified by gravity liquid chromatography using

silica gel as the stationary phase and a mixture of 1:1
ethyl acetate/hexanes as the eluent. Rf = 0�09. An addi-
tional purification was performed using gravity liquid
chromatography using silica gel as the stationary phase
and a mixture of ethyl acetate as the eluent. Rf = 0�63.
The reaction afforded an impure product of 0.23 g. The
crude reaction product was taken on to the next synthetic
step.

2′-Amino-4,4′-diphenylethynyl-5′-nitrobenzenisonitrile (86)
To an oven-dried 100 mL round bottom flask equipped
with a stirbar and a West condenser were added
85 (0.04 g, 0.10 mmol), triphenylphosphine (0.09 g,
0.33 mmol), triethylamine (0.04 mL, 0.39 mmol), carbon
tetrachloride (0.03 mL, 0.31 mmol), and methylene chlo-
ride (10 mL) [61]. The reaction was heated to 60 �C
for 5 h. The reaction mixture was cooled and quenched
with water and extracted with methylene chloride (3×).
Organic layers were combined and dried over MgSO4.
The volatiles were removed in vacuo. The crude reac-
tion mixture was purified by gravity liquid chromatog-
raphy using silica gel as the stationary phase and ethyl
acetate as the eluent. Rf = 0.85. An additional purifi-
cation was performed using gravity liquid chromatogra-
phy with silica gel as the stationary phase and a mix-
ture of 1:1 methylene chloride/hexanes as the eluent. Rf

(product): 0.30. The reaction afforded 0.03 g (83% yield,
two steps) of the desired material. IR (KBr) 3450.62,
3358.15, 2925.78, 2855.52, 2200.00, 2114.03, 1618.06,
1542.38, 1506.39, 1432.51, 1367.16, 1309.39, 1246.34,
1203.57, 1144.72, 1097.07, 995.30, 835.22, 749.25, 470.10
cm−1. 1H NMR (400 MHz, CHCl3) � 8.32 (s, 1 H),
7.68–7.55 (m, 4 H), 7.45–7.37 (m, 5 H), 6.97 (s, 1 H),
4.89 (br s, 2 H). 13C NMR (100 MHz, CDCl3) � 151.38,
133.03, 132.52, 132.07, 130.82, 129.74, 129.03, 128.89,
127.11, 126.98, 123.92, 122.86, 121.80, 118.54, 106.73,
98.30, 95.78, 86.36, 86.16. HRMS calcd C23H13N3O2:
363.1008. Found: 363.1008.

1-Bromo-4-n-hexylbenzene The procedure of Ranu et al.
was followed [63]. In an 125 mL flask, bromine (0.52 mL,
10 mmol) was absorbed onto neutral, Brockmann grade
I, alumina (10 g). 1-Phenylhexane (1.88 mL, 10 mmol)
was absorbed onto neutral alumina (10 g) in a second
125 mL flask. The contents of both flasks were combined
in a 250 mL flask equipped with a magnetic stir bar. The
reaction was complete within 1 min when the dark orange
color of the bromine became light yellow. The solid mass
was then poured in a column that contained a short plug
of silica gel. The desired product was eluted with methy-
lene chloride to give 2.58 g of a 80:15:5 mixture (desired
product: starting material: ortho-substituted product) as
judged by 1H NMR. 1H NMR (400 MHz, CDCl3) � 7.37
(d, J = 8�2 Hz, 2 H), 7.03 (d, J = 8�2 Hz, 2 H), 2.54
(t, J = 7�5 Hz, 2 H), 1.60 (p, J = 7�1 Hz, 2 H), 1.38–1.24
(m, 8 H), 0.92–0.84 (m, 3 H).
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1-n-Hexyl-4-(trimethylsilylethynyl)benzene See the gen-
eral procedure for the Pd/Cu-catalyzed coupling reaction.
The compounds used were 1-bromo-4-n-hexylbenzene
(7.23 g, 30.0 mmol) trimethylsilylacetylene (5.94 mL,
42.0 mmol), copper(I) iodide (0.69 g, 3.6 mmol),
bis(triphenylphosphine)palladium(II) chloride (0.84 g,
1.2 mmol), triphenylphosphine (1.57 g, 6.0 mmol), tri-
ethylamine (30.36 mL, 300 mmol), and THF (30 mL)
at 85 �C for 3 d. The resultant mixture was subjected
to an aqueous workup as described above. The desired
material was purified by gravity liquid chromatography
using silica gel as the stationary phase and hexanes as the
eluent. The reaction afforded 5.26 g (68% yield) of the
desired material. IR (KBr) 2923.1, 2851.3, 2158.2, 1923.1,
1507.7, 1461.5, 1405.1, 1246.2, 1220.5, 861.5, 835.9, 753.8,
600.0 cm−1. 1H NMR (400 MHz, CDCl3) � 7.35 (d, J =
8�0 Hz, 2 H), 7.07 (d, J = 8�1 Hz, 2 H), 2.56 (t, J =
7�7 Hz, 2 H), 1.62–1.50 (m, 2 H), 1.28 (br s, 8 H),
0.86 (br t, 3 H), 0.22 (s, 9 H). 13C NMR (400 MHz,
CDCl3) � 143.48, 131.75, 128.18, 120.17, 105.36, 93.15,
35.95, 31.76, 31.24, 28.95, 22.68, 14.18, 0.17. HRMS calcd
C17H26Si: 258.1804. Found: 258.1793.

1-Ethynyl-4-n-hexylbenzene See the general procedure
for the deprotection of trimethylsilyl-protected alkynes.
The compounds used were 1-n-hexyl-4-(trimethyl-
silylethynyl)benzene (0.18 g, 0.7 mmol), potassium
carbonate (0.48 g, 3.5 mmol), methanol (10 mL), and
methylene chloride (10 mL) for 2 h. The material was
immediately reacted in the next step without additional
purification or identification.

2-Bromo-5-(4′-n-hexylphenylethynyl)-4-nitroacetanilide (88)
See the general procedure for the Pd/Cu-catalyzed
coupling reaction. The compounds used were 68
(1.42 g, 4.21 mmol), 1-ethynyl-4-n-hexylbenzene
(0.95 g, 3.83 mmol), copper(I) iodide (0.02 g,
0.08 mmol), bis(triphenylphosphine)palladium(II) chlo-
ride (0.07 g, 0.38 mmol), diisopropylethylamine (2.69 mL,
15.38 mmol), and THF (20 mL) at 75 �C for 3 d.
The desired material was purified by gravity liquid
chromatography using silica gel as the stationary phase
and a mixture of methylene chloride as the eluent. Rf

(product): 0.58. The reaction afforded 0.52 g (31%
yield, two steps) of the desired material. IR (KBr)
3276.65, 3086.57, 3016.72, 2926.07, 2852.18, 2213.34,
1671.79, 1592.84, 1560.91, 1534.12, 1500.11, 1460.89,
1389.78, 1337.01, 1260.89, 1093.45, 1020.52, 894.33,
813.73, 743.88, 631.04, 464.48, 442.99 cm−1. 1H NMR
(400 MHz, CHCl3) � 8.83 (s, 1 H), 8.39 (s, 1 H), 7.81 (br
s, 1 H), 7.35 (ABq, J = 8�3 Hz, �� = 110�6 Hz, 4 H),
2.65 (t, J = 7�6 Hz, 2 H), 2.33 (s, 3 H), 1.63 (p, J = 7�8,
6.1, 2 H), 1.40–1.22 (m, 6 H), 0.93 (t, J = 7�2 Hz, 3 H).
13C NMR (100 MHz, CDCl3) � 168.83, 145.36, 144.28,
140.22, 132.55, 129.38, 129.03, 125.18, 120.44, 119.69,
111.21, 99.49, 84.76, 36.43, 32.08, 31.53, 29.32, 25.49,

22.99, 14.49. HRMS calcd C22H23
79BrN2O3: 442.0892.

Found: 442.0895.

Methyl 4-(trimethylsilylethynyl)benzoate See the general
procedure for the Pd/Cu-catalyzed coupling reaction. The
compounds used were methyl 4-iodobenzoate (5.00 g,
19.1 mmol), bis(triphenylphosphine)palladium(II) chlo-
ride (0.670 g, 0.955 mmol), copper(I) iodide (0.36 g,
1.91 mmol), THF (50 mL), diisopropylethylamine
(13.31 mL, 76.4 mmol), and trimethylsilylacetylene (3.51
mL, 24.8 mmol) at 60 �C for 18 h. Column chromatogra-
phy (silica gel, 1:1 hexanes/methylene chloride) afforded
the desired product (4.34 g, 98% yield) as orange crystals.
IR (KBr) 2958.6, 2159.9, 1720.7, 1603.2, 1443.2, 1404.8,
1278.3, 1243.6, 1171.1, 1110.5, 1017.0, 841.6, 771.1 cm−1.
1H NMR (400 MHz, CDCl3) � 7.99 (dt, J = 8�7 Hz,
1.7 Hz, 2 H), 7.54 (dt, J = 8�6, 1.7 Hz, 2 H), 3.94 (s, 3 H),
0.28 (s, 9 H). 13C NMR (100 MHz, CDCl3) � 166.68,
132.06, 129.89, 129.57, 127.97, 104.27, 97.88, 52.40, 0.029.
HRMS calculated for C13H16O2Si: 232.091959. Found:
232.0919.

Methyl 4-ethynylbenzoate (89) See the general proce-
dure for the deprotection of trimethylsilyl-protected
alkynes. The compounds used were methyl 4-
(trimethylsilylethynyl)benzoate (0.75 g, 3.23 mmol),
potassium carbonate (2.23 g, 16.15 mmol), methanol
(50 mL), and methylene chloride (50 mL) for 2 h.
Extraction of the product afforded 0.49 g of the desired
product that was immediately reacted in the next step.

C6H13

NHAc

O2N

CO2Me

Methyl 2′ - acetamido - 4,4′ - diphenylethynyl - 4′′ - n-hexyl-5′-
nitrobenzoate See the general procedure for the Pd/Cu-
catalyzed coupling reaction. The compounds used were
88 (0.23 g, 0.52 mmol), 89 (0.11 g, 0.68 mmol),
copper(I) iodide (0.01 g, 0.05 mmol), bis(triphenyl-
phosphine)palladium(II) chloride (0.02 g, 0.03 mmol),
diisopropylethylamine (0.36 mL, 2.08 mmol), and THF
(15 mL) at 75 �C for 3 d. The desired material was puri-
fied by gravity liquid chromatography using silica gel as
the stationary phase and a mixture of methylene chloride
as the eluent. Rf : 0.20. The reaction afforded 0.26 g (96%
yield) of the desired material. IR (KBr) 3426.99, 3286.07,
2926.72, 2844.78, 2361.19, 2334.33, 2194.63, 1722.66,
1671.72, 1602.42, 1546.11, 1494.92, 1426.27, 1407.39,
1339.77, 1276.39, 1173.17, 1105.95, 760.00 cm−1. 1H NMR
(400 MHz, CHCl3) � 8.86 (s, 1 H), 8.33 (s, 1 H), 8.06 (br
s, 1 H), 7.85 (ABq, J = 6�8 Hz, �� = 188�8 Hz, 4 H), 7.35
(ABq, J = 8�2 Hz, �� = 170�20 Hz, 4 H), 3.98 (s, 3 H),
2.66 (t, J = 7�6 Hz, 2 H), 2.35 (s, 3 H), 1.65 (p, J = 7�8,
6.1 Hz, 2 H), 1.40–1.37 (m, 6 H), 0.93 (t, J = 6�8 Hz, 3 H).
13C NMR (100 MHz, CDCl3) � 168.70, 166.52, 145.43,
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144.23, 142.39, 132.65, 132.03, 131.37, 130.30, 129.15,
129.03, 126.09, 123.95, 121.65, 119.74, 111.04, 100.61,
98.76, 85.46, 85.05, 52.86, 36.45, 32.08, 31.54, 29.32, 25.56,
22.99, 14.48. HRMS calcd C32H30N2O5: 522.2155. Found:
522.2147.

Methyl 2′-amino-4,-4′-diphenylethynyl-4′′-n-hexyl-5′-nitro-
benzoate (90) To a 100 mL round bottom flask equipped
with a magnetic stirbar were added methyl 2′-acetamido-
4,4′-diphenylethynyl-4′′-n-hexyl-5′-nitrobenzoate (0.10 g,
0.19 mmol), potassium carbonate (0.16 g, 1.15 mmol),
methanol (15 mL), and methylene chloride (15 mL).
The reaction mixture was allowed to react at room
temperature for 1 h. The reaction was quenched with
water and extracted with methylene chloride (3×).
Organic layers were combined and dried over MgSO4.
Volatiles were removed in vacuo. No further purification
was needed. The reaction afforded 0.09 g (99% yield) of
the desired material. IR (KBr) 3475.47, 3362.54, 2914.63,
2850.15, 2205.37, 1706.79, 1629.40, 1596.36, 1543.77,
1519.70, 1426.27, 1316.01, 1290.51, 1279.59, 1173.73,
1141.49, 1114.87, 760.00, 679.40, 614.93, 469.85 cm−1.
1H NMR (400 MHz, CHCl3) � 8.31 (s, 1 H), 7.85 (ABq,
J = 8�6 Hz, �� = 182�9 Hz, 4 H), 7.36 (ABq, J = 8�2 Hz,
�� = 129�83 Hz, 4 H), 6.95 (s, 1 H), 4.92 (br s, 2 H), 3.96
(s, 3 H), 2.64 (t, J = 7�6 Hz, 2 H), 1.65 (p, J = 7�7, 6.8
Hz, 2 H), 1.36–1.27 (m, 6 H), 0.91 (t, J = 7�1 Hz, 3 H).
13C NMR (100 MHz, CDCl3) � 166.74, 151.42, 145.13,
139.96, 132.46, 131.92, 130.77, 130.64, 130.10, 129.00,
127.11, 121.96, 120.01, 118.38, 106.80, 98.72, 96.69, 86.51,
85.81, 52.75, 36.42, 32.08, 31.56, 29.32, 22.99, 14.47.
HRMS calcd C30H28N2O4: 480.2049. Found: 480.2050.

2′ - Amino - 4,4′ - diphenylethynyl-4′- n-hexyl-5′′ -nitrobenzoic
acid (91) The procedure by Corey et al. was followed
[64]. To a 250 mL round bottom flask equipped with
a magnetic stirbar were added 90 (0.07 g, 0.15 mmol),
lithium hydroxide (0.02, 0.75 mmol), methanol (9 mL),
methylene chloride (5 mL), and water (3 mL). The reac-
tion mixture was allowed to stir at room temperature
for 2.5 d. The reaction was quenched with water and
extracted with methylene chloride (3×). The yellow aque-
ous phases were combined and acidified to pH = 3
whereupon a yellow solid precipitated. The solid material
was collected on a fritted funnel. The collected solid reac-
tion mixture was purified by gravity column chromatogra-
phy using silica gel as the stationary phase and methylene
chloride as the eluent. Rf (product): 0.10. The reaction
afforded 0.065 g (94% yield) of the desired material. IR
(KBr) 3460.77, 3378.60, 2957.49, 2921.54, 2844.51, 2207.7,
1580.98, 1542.74, 1428.19, 1385.56, 1307.71, 1242.23,
1108.70, 774.89, 646.51, 615.69, 456.49 cm−1. 1H NMR
(400 MHz, MeOH) � 8.22 (s, 1 H), 7.72 (ABq, J = 8�5
Hz, �� = 142�14 Hz, 4 H), 7.38 (ABq, J = 8�2 Hz, �� =
97�07 Hz, 4 H), 6.99 (s, 1 H), 2.61 (t, J = 7�6 Hz, 2 H),
1.69–1.59 (m, 2 H), 1.42–1.28 (m, 6 H), 0.96–0.86 (m, 3
H).

4,4′-Dibromo-2,2′-dinitrobiphenyl (92) [65] In a large
oven-dried screw capped tube equipped with a mag-
netic stirbar were added 2,2′-dinitrobiphenyl (2.44 g,
10.0 mmol) and silver acetate (4.01 g, 24.0 mmol). Glacial
acetic acid (20 mL), sulfuric acid (2.03 mL, 38.0 mmol),
and bromine (1.54 mL, 30.0 mmol) were sequentially
added and the reaction vessel was capped. The reac-
tion vessel was heated to 80 �C for 16 h. The reac-
tion mixture was cooled and was poured into ice water.
The solid material was then collected by filtration. The
desired material was purified by gravity liquid chromatog-
raphy using silica gel as the stationary phase and a mix-
ture of 1:1 methylene chloride/hexanes as the eluent.
Rf (product): 0.58. The reaction afforded 1.43 (36%
yield) of the desired material as a yellow solid. IR (KBr)
3097.4, 2861.5, 1523.1, 1384.6, 1338.5, 1271.8, 1241.0,
1148.7, 1092.3, 1000.0, 892.3, 835.9, 764.1, 723.1, 697.4
cm−1. 1H NMR (400 MHz, CDCl3) � 8.37 (d, J =
2�0 Hz, 2 H), 7.81 (dd, J = 2�0, 8.2 Hz, 2 H), 7.15
(d, J = 8�0 Hz, 2 H). 13C NMR (100 MHz, CDCl3)
� 147.07, 136.34, 131.76, 131.69, 127.81, 122.66. HRMS
Calcd C12H6Br2N2O4: 399.8694. Found: 399.8675.

4,4′ - Bis(trimethylsilylethynyl) - 2,2′ - dinitrobiphenyl (93)
See the general procedure for the Pd/Cu-catalyzed coup-
ling reaction. The compounds used were 4,4′-dibromo-
2,2′-dinitrobiphenyl (1.50 g, 3.73 mmol), trimethylsily-
lacetylene (1.32 mL, 9.33 mmol), copper(I) iodide (0.07 g,
0.37 mmol), bis(triphenylphosphine)palladium(II) chlo-
ride (0.13 g, 0.19 mmol), triphenylphosphine (0.20 g,
0.75 mmol), triethylamine (1.62 mL, 14.92 mmol), and
THF (25 mL) at 75 �C for 3 d. The desired material was
purified by gravity liquid chromatography using silica gel
as the stationary phase and a mixture of 1:1 methylene
chloride/hexanes as the eluent. Rf (product): 0.55. The
reaction afforded 1.44 g (88% yield) of the desired
compound as a very viscous yellow liquid. IR (KBr)
3743.6, 3651.3, 3076.9, 2953.8, 2892.3, 2153.8, 2061.8,
1943.6, 1876.9, 1805.1, 1610.4, 1523.3, 1477.1, 1405.3,
1338.6, 1256.6, 1215.6, 1143.8, 1092.5, 1000.2, 928.4,
851.5, 759.2, 692.5, 641.2 cm−1. 1H NMR (400 MHz,
CDCl3) � 8.28 (d, J = 1�6 Hz, 2 H), 7.71 (dd, J = 6�2,
0.7 Hz, 2 H), 7.20 (d, J = 6�9 Hz, 2 H), 0.19 (s, 18 H).
13C NMR (100 MHz, CDCl3) � 146.76, 136.22, 133.26,
130.71, 128.04, 124.97, 101.67, 98.74, −0�07. HRMS calcd
C22H24N2O4Si2: 436.1275. Found: 436.1281.

2-Amino-4,4′-bis(trimethylsilylethynyl)-2′-nitrobiphenyl (94)
93 (0.70 g, 1.60 mmol), glacial acetic acid (15 mL), and
THF (15 mL) were added to a 100 mL round bot-
tom flask equipped with a magnetic stirbar and a West
condenser. The reaction mixture was heated to reflux.
Iron powder (0.20 g, 3.52 mmol) was carefully added to
the refluxing reaction mixture [66]. The reaction mixture
was allowed to reflux for 2 h while being monitored by
TLC. The reaction mixture was cooled, quenched with
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water, and filtered through filter paper to remove unre-
acted iron. The filtrate was extracted with brine (3×)
and diluted with methylene chloride. Organic layers were
combined and dried over magnesium chloride. Volatiles
were removed in vacuo. The crude reaction mixture was
purified by gravity liquid chromatography using silica gel
as the stationary phase and a mixture of 3:1 methy-
lene chloride/hexanes as the eluent. Rf (product): 0.68.
The reaction afforded 0.13 g (21% yield, 33% based on
a recovered 0.26 g of starting material) of the desired
material. IR (KBr) 3469.7, 3382.5, 2953.8, 2154.7, 1617.1,
1529.9, 1479.1, 1413.7, 1346.2, 1242.5, 848.4, 759.5 cm−1.
1H NMR (400 MHz, CDCl3) � 8.02 (d, J = 1�7 Hz, 1 H),
7.68 (dd, J = 7�8, 1.6 Hz, 1 H), 7.36 (d J = 7�8 Hz, 1 H),
6.93–6.86 (m, 3 H), 3.49 (s, 2 H), 0.28 (s, 9 H), 0.25
(s, 9 H). 13C NMR (100 MHz, CDCl3) � 149.08, 143.25,
135.73, 132.67, 132.41, 128.92, 127.58, 124.33, 124.19,
123.13, 122.56, 118.91, 104.72, 101.77, 98.24, 94.43, 0.09,
−0�12. HRMS calcd C22H26N2O2Si2: 406.1533. Found:
406.1532.

NH2

O2N

H H

2-Amino-4,4′-diethynyl-2′-nitrobiphenyl See the general
procedure for the deprotection of trimethylsilyl-protected
alkynes. The compounds used were 94 (0.13 g,
0.33 mmol), potassium carbonate (0.46 g, 3.30 mmol),
methanol (10 mL), and methylene chloride (10 mL) for
2 h. Due to the instability of conjugated terminal alkynes,
the material was immediately used in the next step with-
out additional purification or identification.

O2N

NH2

AcS SAc

95 See the general procedure for the Pd/Cu-catalyzed
coupling reaction. The compounds used were 2-amino-
4,4′-diethynyl-2′-nitrobiphenyl (0.09 g, 0.33 mmol), 3
(0.22 g, 0.79 mmol), copper(I) iodide (0.02 g, 0.10 mmol),
bis(triphenylphosphine)palladium(II) chloride (0.02 g,
0.03 mmol), diisopropylethylamine (0.46 mL, 2.64 mmol),
and THF (10 mL) at 50 �C for 2 d. The desired mate-
rial was purified by gravity liquid chromatography using
silica gel as the stationary phase and methylene chloride
as the eluent. Rf (product): 0.55. The reaction afforded
0.11 g (61% yield, two steps) of the desired compound
as a bright yellow solid. IR (KBr) 3128.2, 2924.8, 2859.4,
1718.8, 1348.6, 1261.1, 1108.5, 948.7, 825.2, 614.5 cm−1.
1H NMR (400 MHz, CDCl3) � 8.12 (d, J = 1�2 Hz,
1 H), 7.78 (dd, J = 6�2, 1.6 Hz, 1 H), 7.58 (dd, J =
6�6, 1.8 Hz, 2 H), 7.54 (d, J = 8�6 Hz, 2 H), 7.46–
7.36 (m, 5 H), 7.02–6.94 (m, 3 H), 3.59 (s, 2 H), 2.45

(s, 3 H), 2.43 (s, 3 H). 13C NMR (100 MHz, CDCl3)
� 193.26, 192.96, 149.29, 143.50, 135.56, 134.24, 134.14,
132.74, 132.66, 132.44, 132.36, 132.26, 132.14, 129.17,
128.02, 127.35, 124.42, 124.22, 124.09, 123.21, 122.38,
118.631, 91.64, 90.84, 88.86, 88.12, 30.48, 30.42. HRMS
calcd C32H22N2O4S2: 563.1099. Found: 563.1094.

3,3′-Dinitro-2,2′-bipyridyl (97) [67] To a 250 mL round
bottom flask equipped with a magnetic stirbar and a West
condenser was added 2-chloro-3-nitropyridine (15.0 g,
94.61 mmol) and copper bronze (15.03 g, 236.53 mmol).
DMF (100 mL) was added and the reaction mixture was
heated to reflux for 18 h. The reaction mixture was cooled
and filtered through a pad of celite. The filter cake was
washed with hot DMF. The filtrate was poured into 1 L
of water and the desired material precipitated. The solid
material was collected on a fritted funnel to give 3.57 g
(35% yield) of a golden brown solid. 1H NMR (400 MHz,
CDCl3) � 8.91 (dd, J = 4.8, 1.5 Hz, 2 H), 8.60 (dd,
J = 8.3, 1.5 Hz, 2 H), 7.67 (dd, J = 8.4, 4.8 Hz, 2 H).
13C NMR (100 MHz, CDCl3) � 153.52, 151.79, 144.33,
133.44, 124.65.

5,5′-Dibromo-3,3′-dinitro-2,2′-bipyridyl (98) To a 100 mL
round bottom flask equipped with a magnetic stirbar
was added 97 (1.00 g, 4.06 mmol). The starting material
was dissolved in MeOH (50 mL) and CH2Cl2 (50 mL).
In a separate 100 mL two necked round bottom flask
was added KBr (9.66 g, 81.2 mmol), and then bromine
(4.33 mL, 81.2 mmol) was slowly added. [68] The KBr/Br2
mixture was slowly transferred via cannula over 30 min
to the first flask containing the bipyridine. The desired
material precipitated and was collected on a fritted fun-
nel. The collected solid was added to an oven dried pres-
sure tube equipped with a magnetic stirbar and capped
with a septum. Bromine (0.42 mL, 8.12 mmol) was added,
the septum was removed, and the reaction vessel was
quickly sealed with a screw cap and heated to 180 �C
for 3 d. The reaction was cooled and poured into a solu-
tion of ice water. 1 M NaHSO3 (aq) was added to react
with any unreacted bromine. The solution was made alka-
line with NaOH (s). The resulting solution was extracted
with CH2Cl2 (4×). The organic layers were combined
and dried over MgSO4. Volatiles were removed in vacuo.
The reaction mixture was purified by gravity liquid chro-
matography using silica gel as the stationary phase and
2:3 ethyl acetate/hexanes as the eluent mixture. Rf =
0.41. The reaction afforded 0.52 g (45% yield). IR (KBr)
3425.07, 3059.70, 1578.41, 1544.96, 1428.03, 1345.68,
1232.84, 1104.05, 1027.57, 897.37, 879.49, 789.60, 749.49,
649.64, 551.72, 475.22 cm−1. 1H NMR (400 MHz, CDCl3)
� 8.89 (d, J = 2.0 Hz, 2 H), 8.67 (d, J = 2.1 Hz, 2 H).
13C NMR (100 MHz, CDCl3) � 154.26, 148.55, 143.76,
135.50, 120.86. HRMS calcd C10H4Br2N4O4: 401.8600.
Found: 401.8603.
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4-(Trimethylsilylethynyl)benzaldehyde See the general
procedure for the Pd/Cu-catalyzed coupling reac-
tion. The compounds used were 4-iodobenzaldehyde
(0.5 g, 2.15 mmol), THF (2.7 mL), trimethylsi-
lylacetylene (0.44 mL, 0.31 g, 3.18 mmol),
diisopropylethylamine (0.6 mL, 3.5 mmol),
bis(triphenylphosphine)palladium(II) chloride (4 mg,
0.21 mmol), and copper iodide (0.0020 g, 2.1 mmol) at
room temperature for 24 h. After workup, the residue
was purified by silica gel column chromatography using
hexane/methylene chloride (1:1) to provide 0.063 g
(73%) of the title compound as a brown solid. MP:
60–66�C. IR (KBr) 2955.6, 2833.4, 2722.2, 2144.5, 1700.0,
1594.5, 1555.6, 1383.3, 1294.5, 1244.5, 1200.0, 1155.6,
861.1, 838.9, 755.6, 661.1 cm−1. 1H NMR (300 MHz,
CDCl3) � 9.98 (s, 1 H), 7.81 (d, J = 8.37 Hz, 2 H), 7.59
(d, J = 8.28 Hz, 2 H), 0.13 (s, 9 H). 13C NMR (100
MHz, CDCl3) � 191.38, 135.59, 132.47, 129.34, 103.83,
99.02, −0�21. Anal. calcd for C12H14OSi: C, 71.00; H,
6.95. Found: C, 71.29; H, 6.96.

4-Ethynylbenzaldehyde According to the general pro-
cedure, the compounds used were 4-(trimethylsily-
lethynyl)benzaldehyde (0.093 g, 0.45 mmol), methylene
chloride (5 mL), methanol (5 mL) and potassium carbon-
ate (0.47 g, 3.42 mmol) for 6 h. The residue was purified
by silica gel column chromatography using methylene
chloride to provide 0.056 g (95%) of the title compound
as a pale yellow solid. MP: 84–86�C. IR (KBr) 3210.3,
1696.9, 1682.0, 1600.0, 1550.0, 1384.6, 1205.1, 1164.1,
825.6, 738.5 cm−1. 1H NMR (300 MHz, CDCl3) � 10.01
(s, 1 H), 7.81 (d, J = 8�4 Hz, 2 H), 7.63 (d, J = 8�25
Hz, 2 H), 3.27 (s, 1 H). 13C NMR (100 MHz, CDCl3)
� 192.38, 137.06, 133.83, 130.62, 129.43, 83.84, 82.28.
FABMS calcd for C9H6O: 130. Found: 130.

4-Thioacetyldiphenylethynylcarboxaldehyde (110) See the
Pd/Cu coupling protocol. The compounds used were
4-ethynylbenzaldehyde (0.049 g, 0.37 mmol), 3 (0.123 g,
0.44 mmol), bis(triphenylphosphine)palladium(II) chlo-
ride (0.013 g, 0.06 mmol), copper iodide (0.35 mg,
0.18 mmol) and THF (0.2 mL). The residue was puri-
fied by silica gel column chromatography using methy-
lene chloride/hexane (1:1) as the eluent. The solvent was
removed in vacuo to afford 0.078 g (75%) of the title
product as a yellow solid. MP: 122–123 �C. IR (KBr)
3138.5, 2841.0 1697.4, 1594.9, 1379.5, 1287.2, 1123.1,
959.0, 820.5, 723.1 cm−1. 1H NMR (300 MHz, CDCl3)
� 10.10 (s, 1 H), 7.84 (d, J = 8.4 Hz, 2 H), 7.65
(d, J = 8.25 Hz, 2 H), 7.55 (d, J = 8�4 Hz, 2 H),
7.39 (d, J = 8�4 Hz, 2 H), 2.43 (s, 3 H). 13C NMR
(100 MHz, CDCl3) � 194.14, 192.31, 136.67, 135.34,
134.17, 133.27, 130.67, 130.26, 130.04, 124.76, 93.68,
91.18, 31.66. FABMS calcd for C17H12O2S: 280. Found:
280. Anal. calcd for C17H12O2S: C, 72.83; H, 4.34. Found:
C, 72.21; H, 4.35.

5,15-Bis(4-thioacetyldiphenylethynyl)-10,20-bis(phenyl)por-
phyrin (111). A solution of 110 (0.10 g, 0.35 mmol)
and meso-phenyldipyrrromethane (102)41 (0.079 g,
0.36 mmol), in CHCl3 (36 mL) at room temperature was
degassed under nitrogen for 15 min. This was followed
by the addition of two drops of BF�

3OEt2. The solution
was left stirring under nitrogen for 1 h after which
time DDQ (0.081 g, 0.36 mmol) was added and stirring
continued for another 1 h. The solvent was removed
in vacuo and the crude sample was purified by silica
gel column chromatography using methylene chloride
as the eluent followed by a second column purification
with methylene chloride/hexane (1:1) to provide 0.047 g
(27%) of the title compound in the first major fraction
as a purple powder. MP: 200–204 �C. IR (KBr) 3435.9,
3128.2, 1625.6, 1384.6, 1123.1, 800 cm−1. 1H NMR
(300 MHz, CDCl3) � 8.85 (m, 8 H), 8.19 (d, J = 7�92 Hz,
8 H), 7.91 (d, J = 7�83 Hz, 4 H), 7.70–7.76 (m, 10 H),
7.45 (d, J = 8�19 Hz, 4 H), 2.46 (s, 6 H), −2�79 (s,
2 H). 13C NMR (100 MHz, CDCl3) � 193.49, 142.47,
141.99, 134.59, 134.52, 134.32, 132.31, 130.06, 128.24,
127.79, 126.71, 124.52, 122.48, 122.43, 120.53, 120.44,
119.47, 119.37, 119.31, 119.21, 91.0, 89.81, 30.32. UV/Vis
(CH2Cl2� max (log !): 450.92 (5.52), 570.12 (3.23), 619.50
(3.91), 670.58 (4.73). FABMS calcd for C64H42N4O2S2:
962. Found: 962. Anal. calcd for C64H42N4O2S2.CHCl3:
C, 72.11; H, 4.00; N, 5.17. Found: C, 73.15; H, 4.33; N,
5.17.

5,15-Bis(4-thioacetyldiphenylethynyl) - 10,20 - bis(4 -methyl -
phenyl)porphyrin (112) See the preparation of 111
for the synthetic protocol. The compounds used were
110 (0.125 g, 0.45 mmol), meso-(4-methylphenyl)-
dipyrrromethane (103) [71] (0.1 g, 0.45 mmol), CHCl3
(36.66 mL), two drops of BF�

3OEt2� and DDQ (0.10 g,
0.45 mmol). The solvent was removed in vacuo and the
sample was purified by silica gel column chromatography
using methylene chloride as the eluent followed by a sec-
ond column purification with methylene chloride/hexane
(1:1) to provide 0.059 g (27%) of the title compound in
the first major fraction as a purple solid. MP: 214–216�C.
IR (KBr) 3433.3, 3128.2, 1704.3, 1464.5, 1384.6, 1108.5,
963.2, 796.2, 730.8 cm−1. 1H NMR (300 MHz, CDCl3)
� 8.89–8.84 (m, 8 H), 8.19 (d, J = 8�19 Hz, 4 H), 8.07
(d, J = 7�89 Hz, 4 H), 7.9 (d, J = 7�95 Hz, 4 H), 7.68
(d, J = 8�22 Hz, 4 H), 7.53 (d, J = 7�89 Hz, 4 H), 7.45
(d, J = 8�34 Hz, 4 H), 2.69 (s, 6 H), 2.46 (s, 6 H),
−2�75 (s, 2 H). 13C NMR (100 MHz, CDCl3) � 193.50,
142.58, 139.07, 137.45, 134.58, 134.48, 134.32, 132.31,
130.04, 131.00, 128.22, 127.44, 124.54, 122.37, 120.70,
120.53, 119.16, 119.00, 91.03, 89.77, 30.32, 21.52. UV/Vis
(CH2Cl2)  max (log !): 456.03 (5.20), 617.80 (3.59), 679.10
(4.42). HRFABMS calcd for C66H46N4O2S2: 990.3062.
Found: 990.3080. Anal. calcd for C66H46N4O2S2: C,
79.97; H, 4.67; N, 5.65. Found: C, 80.42; H, 4.98; N, 5.97.
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5,15-Bis(4 -thioacetyldiphenylethynyl) - 10,20-bis(4-bromo-
phenyl)porphyrin (113) See the preparation of 111
for the synthetic protocol. The compounds used
were 110 (0.061 g, 0.22 mmol), meso-(4-bromo-
phenyl)dipyrromethane (104) [71] (0.065 g, 0.22 mmol),
CHCl3 (21.87 mL), two drops of BF�

3OEt2 and DDQ
(0.049 g, 0.22 mmol). The solvent was removed in vacuo
and the crude sample was purified by silica gel column
chromatography using methylene chloride followed by
a second column purification with methylene chlo-
ride/hexane (1:1) to provide 0.034 g (28%) of the title
compound in the first major fraction as a purple solid.
MP: 204–206 �C. IR (KBr) 3435.9, 3138.5, 2923.1, 1625.6,
1461.5, 1384.6, 1117.9, 800 cm−1. 1H NMR (300 MHz,
CDCl3) � 8.87 (m, 8 H), 8.21 (d, J = 8�07 Hz, 4 H), 8.05
(d, J = 8�04 Hz, 4 H), 7.91 (m, 8 H), 7.68 (d, J = 8�22
Hz, 4 H), 7.48 (d, J = 8�19 Hz, 4 H), 2.46 (s, 6 H), -2.82
(s, 2 H). 13C NMR (100 MHz, CDCl3) � 193.50, 142.25,
142.21, 140.86, 135.82, 134.57, 134.33, 132.43, 132.31,
130.10, 129.96, 128.27, 124.47, 122.59, 122.58, 119.69,
118.90, 90.90, 89.91, 30.34. UV/Vis (CH2Cl2)  max (log !):
458.68 (5.69), 571.82 (3.32), 675.69 (4.92), 621.20 (4.10).
HRFABMS calcd for C64H40Br2N4O2S2: 1119.1038.
Found: 1119.1039. Anal. calcd for C64H40Br2N4O2S2: C,
68.57; H, 3.59; N, 4.99. Found: C, 67.81; H, 3.92; N; 4.86.

5,15 - Bis( 4 - thioacetyldiphenylethynyl ) - 10,20 - bis( 4 - iodo-
phenyl)porphyrin (114) See the preparation of 111
for the synthetic protocol. The compounds used
were 110 (0.060 g, 0.21 mmol), meso-(4-iodophenyl)-
dipyrrromethane (105) [71] (0.075 g, 0.21 mmol), CHCl3
(43 mL), two drops of BF�

3OEt2, and DDQ (0.049 g,
0.21 mmol). The solvent was removed in vacuo and
the crude sample was purified by silica gel column
chromatography using methylene chloride as the eluent
followed by a second column purification with methylene
chloride/hexanes (1:1, v/v) to provide 0.034 g (28%) of
the title compound in the first major fraction as a purple
powder. MP = 216–218 �C. IR (KBr) 3435.9, 3128.2,
1466.7, 1384.6, 1117.9, 800 cm−1. 1H NMR (300 MHz,
CDCl3) � 8.86–8.83 (m, 8 H), 8.17 (d, J = 8�13 Hz, 4
H), 8.05 (d, J = 8�19 Hz, 4 H), 7.89 (d, J = 7�95 Hz, 8
H), 7.67 (d, J = 8�22 Hz, 4 H), 7.45 (d, J = 8�19 Hz, 4
H), 2.46 (s, 6 H), −2�84 (s, 2 H). 13C NMR (100 MHz,
CDCl3) � 194.26, 143.26, 142.51, 137.13, 136.94, 135.59,
135.34, 133.34, 132.10, 131.14, 129.40 125.54, 123.67,
120.76, 120.07, 95.40, 92.07, 91.07, 31.61. HRFABMS
calcd for C64H40I2N4O2S2: 1214.0682. Found: 1214.0759.
UV/Vis (CH2Cl2)  max (log !): 457.88 (5.44), 578.63
(3.35), 614.39 (3.85), 673.99 (4.66). Anal. calcd for
C64H40I2N4O2S2.CHCl3: C, 58.51; H, 3.09; N; 4.19.
Found: C, 57.85; H, 3.15; N, 4.54.

Meso - (4 - thioacetyldiphenylethynyl)dipyrromethane (115)
A solution of pyrrole (6 mL, 87 mmol) and 110 (0.055 g,
0.19 mmol) in methanol (0.27 mL) was treated with acetic
acid (0.82 mL) under nitrogen at room temperature for

20 h. The reaction mixture was diluted with CH2Cl2
and washed with water. The organic phase was dried
over MgSO4 and the solvents were removed in vacuo.
The crude sample was purified by silica gel column
chromatography using methylene chloride/triethylamine
(100:1, v/v) and was isolated as the second light yellow
band. The solvent was removed in vacuo to provide
0.067 g (86%) of the title product as a tan viscous oil.
IR (KBr) 3394.9, 3169.2, 1384.6, 1117.9, 1025.6, 769.2,
717.9 cm−1. 1H NMR (300 MHz, CDCl3) � 8.02 (br s,
2 H), 7.53 (d, J = 8�13 Hz, 2 H), 7.45 (d, J = 8�25 Hz,
2 H), 7.37 (d, J = 8�04 Hz, 2 H), 7.19 (d, J = 8�31 Hz,
2 H), 6.7 (br s, 2 H), 6.17 (dd, J = 5�4, 2.6 Hz, 2 H),
5.89 (br s, 2 H), 2.41 (s, 3 H), 5.41 (s, 1 H). 13C NMR
(100 MHz, CDCl3) � 193.43, 142.75, 134.17, 132.12,
131.92, 128.44, 127.96, 124.485, 121.405, 117.45, 108.43,
107.39, 90.96, 88.72, 43.94, 30.43. HRFABMS calcd for
C25H20N2OS: 396.1296. Found: 396.1303.

5,10,15,20 - tetrakis(4 - thioacetyldiphenylethynyl)porphyrin
(116) To a stirred solution of 110 (0.062 g, 0.22 mmol)
and pyrrole (0.015 g, 0.22 mmol) in CHCl3 (22 mL)
that contained 0.75% EtOH was added two drops of
BF�

3OEt2. The reaction mixture was allowed to stir
under nitrogen for 5 h. After 5 h, p-chloranil (0.05 g,
0.22 mmol) was added and the reaction mixture stirred
for another 1 h. The solvent was removed in vacuo
and the crude residue was purified by silica gel column
chromatography using methylene chloride as the eluent
followed by a second column purification using methy-
lene chloride/hexane (5:1). The solvent was removed in
vacuo to provide 0.02 g (29%) of purple solid. MP: 168–
170 �C. IR (KBr): 3403.2, 3128.2, 1703.3, 1464.5, 1336.4,
1304.7, 11108.5, 956.0, 883.3, 796.2, 738 cm−1. 1H NMR
(300 MHz, CDCl3) � 8.87 (s, 8 H), 8.19 (d, J = 8�13 Hz,
8 H), 7.91 (d, J = 8�13 Hz, 8 H), 7.62 (d, J = 8�67 Hz,
8 H), 7.45 (d, J = 8�13 Hz, 8 H), 2.46 (s, 12 H), −2�78
(s, 2 H). 13C NMR (100 MHz, CDCl3) � 193.14, 142.13,
134.43, 134.17, 132.16, 129.96, 128.15, 124.37, 122.43,
119.51, 90.91, 89.85, 30.43. UV/Vis (CH2Cl2)  max (log !):
464.55 (5.69), 628.01 (3.90), 685.91 (4.91). FABMS calcd
for C84H54N4O4S4: 1310. Found: 1310.

4-Trimethylsilylethynylbenzonitrile See the general pro-
cedure for the Pd/Cu-catalyzed coupling reaction.
The compounds used were 4-bromobenzonitrile
(0.50 g, 2.75 mmol), trimethylsilylacetylene (0.59 mL,
4.13 mmol), copper(I) iodide (0.05 g, 0.28 mmol),
bis(triphenylphosphine)palladium(II) chloride (0.10 g,
0.14 mmol), triphenylphosphine (0.14 g, 0.55 mmol),
triethylamine (1.19 mL, 11.00 mmol), and THF (15 mL)
at 65 �C for 60 h. The desired material was purified
by gravity liquid chromatography using silica gel as
the stationary phase and a mixture of 1:1 methylene
chloride/hexanes as the eluent. Rf (product): 0.60. The
reaction afforded 0.52 g (93% yield) of the desired
compound as off white crystals. IR (KBr) 3128.2, 2953.8,
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2225.6, 2143.6, 1600.0, 1492.3, 1384.6, 1246.2, 1174.4,
841.0, 753.8 cm−1. 1H NMR (400 MHz, CDCl3) � 7.57
(d, J = 8�4 Hz, 2 H), 7.52 (d, J = 8�3 Hz, 2 H), 0.26
(s, 9 H). 13C NMR (100 MHz, CDCl3�� 132.15, 131.63,
127.73, 118.17, 111.53, 102.74, 99.35, −0�30. HRMS calcd
C12H13NSi: 199.0817. Found: 199.0816.

4-Ethynylbenzonitrile See the general procedure for the
deprotection of a trimethylsilyl-protected alkyne. The
compounds used were 4-trimethylsilylethynylbenzonitrile
(0.35 g, 1.72 mmol), potassium carbonate (1.19 g,
8.60 mmol), methanol (10 mL), and methylene chloride
(10 mL) for 2 h. The material was immediately reacted
in the next step without additional purification or identi-
fication.

118 See the general procedure for the Pd/Cu-
catalyzed coupling reaction. The compounds used were
4-ethynylbenzonitrile (0.22 g, 1.65 mmol), 3 (0.60 g,
2.15 mmol), copper(I) iodide (0.03 g, 0.17 mmol),
bis(triphenylphosphine)palladium(II) chloride (0.06 g,
0.09 mmol), triphenylphosphine (0.09 g, 0.34 mmol), tri-
ethylamine (0.96 mL, 6.88 mmol) and THF (20 mL) at
65 �C for 3 d. The desired material was purified by gravity
liquid chromatography using silica gel as the stationary
phase and a mixture of 3:1 methylene chloride/hexanes
as the eluent. Rf = 0�49. The compound was further
purified by a hexanes wash to give 0.28 g (76% yield
over two steps) of the desired compound as yellow crys-
tals. IR (KBr) 3117.9, 2225.6, 1692.3, 1379.5, 1266.7,
1164.1, 1112.8, 1010.3, 959.0, 825.6, 615.4 cm−1. 1H NMR
(400 MHz, CDCl3) � 7.63 (d, J = 8�6 Hz, 2 H), 7.59
(d, J = 8�6 Hz, 2 H), 7.56 (d, J = 8�62 Hz, 2 H), 7.42
(d, J = 8�6 Hz, 2 H), 2.42 (s, 3 H). 13C NMR (400 MHz,
CDCl3) � 192.94, 134.22, 132.25, 132.10, 132.02, 129.16,
127.78, 132.32, 118.41, 111.77, 92.88, 89.22, 30.48. HRMS
calcd C17H11NOS: 277.0561. Found: 277.0573.

2-Trimethylsilylethynylbenzonitrile See the general pro-
cedure for the Pd/Cu-catalyzed coupling reaction.
The compounds used were 2-bromobenzonitrile
(0.50 g, 2.75 mmol), trimethylsilylacetylene (0.59 mL,
4.13 mmol), copper(I) iodide (0.05 g, 0.28 mmol),
bis(triphenylphosphine)palladium(II) chloride (0.10 g,
0.14 mmol), triphenylphosphine (0.14 g, 0.55 mmol),
triethylamine (1.19 mL, 11.00 mmol), and THF (15 mL)
at 65 �C for 60 d. The desired material was purified
by gravity liquid chromatography using silica gel as
the stationary phase and a mixture of 1:1 methylene
chloride/hexanes as the eluent. Rf = 0�60. The reaction
afforded 0.52 g (93% yield) of the desired compound
as off-white crystals. IR (KBr) 3066.7, 2953.8, 2902.6,
225.6, 2153.8, 1589.7, 1559.0, 1476.9, 1446.2, 1405.1,
1251.3, 1220.5, 1164.1, 1092.3, 1035.9, 953.8, 861.5, 764.1,
733.3, 697.4, 641.0 cm−1. 1H NMR (400 MHz, CDCl3)
� 7.62 (d, J = 7�7 Hz, 1 H), 7.53 (t, J = 13�7 Hz, 1 H),
7.52 (d, J = 11�7 Hz, 1 H), 7.38 (t, J = 8�8 Hz, 1 H),

0.30 (s, 9 H). 13C NMR (100 MHz, CDCl3) � 132.45,
132.35, 132.08, 128.35, 126.87, 117.20, 115.73, 102.16,
100.49, −0�19. HRMS calcd C12H13NSi: 199.0817. Found:
199.0814.

2-Ethynylbenzonitrile See the general procedure for the
deprotection of a trimethylsilyl-protected alkyne. The
compounds used were 2-trimethylsilylethynylbenzonitrile
(0.35 g, 1.72 mmol), potassium carbonate (1.19 g,
8.60 mmol), methanol (10 mL) and methylene chloride
(10 mL) for 2 h. The material was immediately reacted
in the next step without additional purification or identi-
fication.

120 See the general procedure for the Pd/Cu-cata-
lyzed coupling reaction. The compounds used were
2-ethynylbenzonitrile (0.22 g, 1.72 mmol), 3 (0.61 g,
2.15 mmol) as described above using copper(I)
iodide (0.03 g, 0.17 mmol), bis(triphenylphosphine)palla-
dium(II) chloride (0.06 g, 0.09 mmol), triphenylphos-
phine (0.09 g, 0.34 mmol), triethylamine (0.96 mL,
6.88 mmol), and THF (20 mL) at 65 �C for 48 h. The
resultant mixture was subjected to an aqueous workup
as described above. The desired material was purified by
gravity liquid chromatography using silica gel as the sta-
tionary phase and a mixture of 1:3 ethyl acetate/hexanes
as the eluent. Rf = 0�38. The compound was further puri-
fied by a hexanes wash to give 0.23 g (48% yield over
two steps) of the desired compound as a yellow solid.
IR (KBr) 3425.6, 3138.5, 2369.2, 2225.6, 1702.6, 1656.4,
1384.6, 1112.8, 1015.4, 943.6, 825.6, 769.2, 620.5 cm−1. 1H
NMR (400 MHz, CDCl3) � 7.68 (d, J = 7�7 Hz, 1 H),
7.65 (d, J = 8�4 Hz, 2 H), 7.64 (buried d, 1 H), 7.57
(t, J = 7�6, 1 H), 7.44 (buried d, 1 H), 7.41 (d, J = 8�7
Hz, 2 H), 2.44 (s, 3 H). 13C NMR (100 MHz, CDCl3)
� 192.96, 134.20, 132.64, 132.46, 132.35, 132.14, 129.27,
128.46, 126.81, 123.14, 117.41, 115.45, 95.08, 87.06, 30.48.
HRMS calcd C17H11NOS: 277.0561. Found: 277.0574.

2-Trimethylsilylethynylpyridine See the general pro-
cedure for the Pd/Cu-catalyzed coupling reaction.
The compounds used were 2-bromopyridine (121)
(0.45 mL, 3.16 mmol), trimethylsilylacetylene (0.68 mL,
4.74 mmol), copper(I) iodide (0.06 g, 0.32 mmol),
bis(triphenylphosphine)palladium(II) chloride (0.11 g,
0.16 mmol), triphenylphosphine (0.17 g, 0.63 mmol),
triethylamine (1.38 mL, 12.64 mmol), and THF (15 mL)
at 70 �C for 48 h. The desired material was purified
by gravity liquid chromatography using silica gel as
the stationary phase and a mixture 3:1 methylene
chloride/hexanes as the eluent. Rf (product): 0.15. The
reaction afforded 0.50 g (88% yield) of the desired com-
pound. IR (KBr) 3056.4, 2953.8, 2902.6, 2153.8, 1579.5,
1559.0, 1456.4, 1425.6, 1246.2, 1220.5, 1148.7, 1046.2,
984.6, 866.7, 841.0, 774.4, 759.0, 733.3, 697.4, 651.3 cm−1.
1H NMR (400 MHz, CDCl3) � 8.55 (d, J = 3�1 Hz, 1 H),
7.63 (t, J = 6�1 Hz, 1 H), 7.43 (d, J = 7�7 Hz, 1 H), 7.20
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(t, J = 3�6 Hz, 1 H), 0.27 (s, 9 H). 13C NMR (100 MHz,
CDCl3) � 149.87, 143.03, 135.97, 127.20, 122.95, 103.65,
94.76, -0.07. HRMS calcd C10H13NSi: 175.0817. Found:
175.0812.

2-Ethynylpyridine See the general procedure for the
deprotection of a trimethylsilyl-protected alkyne. The
compounds used were 2-trimethylsilylethynylpyridine
(0.35 g, 1.95 mmol), potassium carbonate (1.35 g,
9.75 mmol), methanol (15 mL), and methylene chloride
(15 mL) for 2 h. The material was immediately reacted
in the next step without additional purification or identi-
fication.

122 See the general procedure for the Pd/Cu-cata-
lyzed coupling reaction. The compounds used were
2-ethynylpyridine (0.20 g, 1.95 mmol), 3 (0.66 g,
2.34 mmol), copper(I) iodide (0.02 g, 0.12 mmol),
bis(triphenylphosphine)palladium(II) chloride (0.04 g,
0.06 mmol), triphenylphosphine (0.06 g, 0.23 mmol),
diisopropylethylamine (1.36 mL, 7.80 mmol), and THF
(15 mL) at 50 �C for 16 h. The desired material was
purified by gravity liquid chromatography using silica
gel as the stationary phase and a mixture of 1:1 ethyl
acetate/hexanes as the eluent. Rf (product): 0.38. The
reaction afforded 0.26 g (53% yield over two steps) of
the desired compound as a yellow solid. IR (KBr) 3128.2,
2215.4, 1697.4, 1574.4, 1461.5, 1384.6, 1276.9, 1117.9,
1005.1, 948.7, 830.8, 779.5, 733.3, 615.4 cm−1. 1H NMR
(400 MHz, CDCl3) � 8.60 (d, J = 4�0 Hz, 1 H), 7.65
(t, J = 5�8 Hz, 1 H), 7.59 (d, J = 8�0 Hz, 2 H), 7.51
(d, J = 4�0 Hz, 1 H), 7.38 (d, J = 8�6 Hz, 2 H), 7.22
(t, J = 3�7 Hz, 1 H), 2.41 (s, 3 H). 13C NMR (400 MHz,
CDCl3) � 193.01, 150.05, 143.04, 136.14, 134.12, 132.50,
128.94, 127.26, 123.39, 122.96, 90.12, 88.28, 30.46. HRMS
calcd C15H11NOS: 253.0561. Found: 253.0562.

124 See the general procedure for the Pd/Cu-catalyzed
coupling reaction. The compounds used were 5-
bromopyrimidine (0.18 g, 1.15 mmol), 9 (0.24 g,
1.38 mmol), copper(I) iodide (0.02 g, 0.12 mmol),
bis(triphenylphosphine)palladium(II) chloride (0.04 g,
0.06 mmol), triphenylphosphine (0.06 g, 0.23 mmol), tri-
ethylamine (0.51 mL, 4.60 mmol), and THF (15 mL) at
75 �C for 4 d. The desired material was purified by gravity
liquid chromatography using silica gel as the stationary
phase and a mixture of 1:1 ethyl acetate/hexanes as the
eluent. Rf (product): 0.53. The reaction afforded 0.15 g
(52%) of the desired compound as a bright yellow solid.
IR (KBr) 3425.6, 3128.2, 2215.4, 1702.6, 1656.4, 1543.6,
1384.6, 1117.9, 1097.4, 943.6, 820.6, 717.9, 615.4 cm−1.
1H NMR (400 MHz, CDCl3) � 9.14 (s, 1 H), 8.85 (s, 2 H),
7.76 (d, J = 8�1 Hz, 2 H), 7.42 (d, J = 8�0 Hz, 2 H),
2.44 (s, 3 H). 13C NMR (400 MHz, CDCl3) � 192.84,
158.57, 156.79, 134.26, 132.22, 129.49, 122.82, 119.59,

95.46, 83.84, 30.50. HRMS calcd C14H10N2OS: 254.0514.
Found: 254.0513.

N
Br TMS

3-Bromo-6-(trimethylsilylethynyl)pyridine See the general
coupling procedure. The compounds used were
2,5-dibromopyridine (125) (2.37 g, 10.0 mmol),
bis(triphenylphosphine)palladium(II) chloride (0.35 g,
0.50 mmol), copper(I) iodide (0.19 g, 1.0 mmol),
triphenylphosphine (0.52 g, 2.0 mmol), triethylamine
(4.35 mL, 40.0 mmol), THF (50 mL), and trimethylsi-
lylacetylene (1.4 mL, 10 mmol) at 65 �C for 2 d. The
reaction was separated via flash chromatography afford-
ing a light brown solid (2.130 g, 84% yield), Rf = 0�22
(50% hexanes/methylene chloride). IR (KBr) 3031.8,
2958.2, 2163.8, 1561.3, 1543.6, 1451.4, 1367.0, 1248.9,
1089.4, 1001.1, 844.6, 760.9, 678.6, 642.87, 534.52 cm−1.
1H NMR (400 MHz, CDCl3) � 8.61 (dd, J = 2�4,
0.73 Hz, 1 H), 7.76 (dd, J = 8�4, 2.4 Hz, 1 H), 7.32
(dd, J = 8�2, 0.73 Hz, 1 H). 13C NMR � 151.05, 141.36,
138.72, 128.19, 120.24, 102.58, 96.40, −0�40.

3 - Ethynylphenyl - 6-( trimethylsilylethynyl ) pyridine (126)
See the general procedure for the coupling reaction.
The compounds used were 5-bromo-2-(trimethyl-
silylethynyl)pyridine (2.00 g, 7.90 mmol), bis(triphenyl-
phosphine)palladium(II) chloride (0.28 g, 0.40 mmol),
copper(I) iodide (0.15 g, 0.8 mmol), THF (20 mL),
diisopropylethylamine (5.50 mL, 31.6 mmol), and pheny-
lacetylene (0.87 mL, 7.9 mmol) at 55 �C overnight.
The reaction was separated via flash chromatography
affording a light brown solid (1.37 g, 63%), Rf = 0�36
(2:1 methylene chloride to hexanes). IR (KBr) 2959.5,
2157.9, 1492.3, 1463.6, 1384.0, 1247.7, 1019.9, 844.4,
754.8, 690.3 cm−1. 1H NMR (400 MHz, CDCl3) � 8.70
(d, J = 1�3 Hz, 1 H), 7.74 (dd, J = 6�0, 2.6 Hz, 1 H),
7.53 (m, 2 H), 7.43 (d, J = 8�0 Hz, 1 H), 7.36 (m, 3 H).
13C NMR (75 MHz, CDCl3) � 152.32, 141.52, 138.38,
131.73, 129.02, 128.52, 126.59, 122.33, 119.76, 103.51,
96.95, 94.49, 85.93, −0�12. HRMS calcd for C19H17NSi:
275.1130. Found: 275.1126.

N
H

2-Ethynyl-5-ethynylphenylpyridine See the general proce-
dure for the deprotection of a trimethylsilyl-protected
alkyne. The compounds used were 126 (272 mg,
1.00 mmol), potassium carbonate (690 mg, 5.00 mmol),
methanol (30 mL), and dichloromethane (30 mL) for
2.5 h. The product was used without purification.
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127 See the general procedure for the Pd/Cu-catalyzed
coupling reaction. The compounds used were 2-ethynyl-
5-ethynylphenylpyridine (0.167 g, 1.00 mmol), 3 (0.334 g,
1.20 mmol), bis(triphenylphosphine)palladium(II) chlo-
ride (0.035 g, 0.050 mmol), copper(I) iodide (0.019 g,
0.10 mmol), triphenylphosphine (0.026 g, 0.10 mmol),
THF (30 mL), and diisopropylethylamine (0.70 mL,
4.0 mmol) at 50 �C for 2 d. Column chromatography
eluting with 3:1 methylene chloride to hexanes yielded
199 mg (56%) of a light brown solid. IR (KBr) 3052.1,
2923.3, 2214.1, 1703.5, 1571.6, 1536.4, 1493.7, 1460.4,
1397.5, 1359.9, 1222.2, 1124.8, 1107.4, 1081.7, 1013.6,
943.1, 824.9, 754.3, 687.7, 618.5, 523.7 cm−1. 1H NMR
(300 MHz, CDCl3) � 8.76 (br s, 1 H), 7.80 (dd, J = 2�0,
8.1 Hz, 1 H), 7.62 ( 12ABq, J = 8�5 Hz, 2 H), 7.54 (m,
3 H), 7.41 (1/2ABq, J = 8�1 Hz, 2 H), 7.37 (m, 3 H).
13C NMR (75 MHz, CDCl3) � 193.15, 152.51, 141.57,
138.50, 134.23, 132.61, 131.75, 129.28, 129.05, 128.53,
126.63, 123.23, 122.33, 119.73, 94.61, 90.22, 85.97, 30.37.
HRMS C23H16NOS calcd: 353.0870. Found: 353.0874.

129 See the general procedure for the Pd/Cu-cata-
lyzed coupling reaction. The compounds used were
2-iodoaniline (128) (0.607 g, 2.77 mmol), bis(tri-
phenylphosphine)palladium(II) chloride (0.098 g,
0.139 mmol), copper(I) iodide (0.053 g, 0.277 mmol),
diisopropylethylamine (1.93 mL, 11.08 mmol), 89
(0.488 g, 3.05 mmol), and THF (25 mL) at 70 �C for
7 d. Column chromatography (silica gel with methy-
lene chloride as eluent) afforded the desired product
(0.40 g, 57% yield). IR (KBr) 3468.06, 3375.97, 2941.49,
2210.75, 1711.99, 1602.74, 1485.37, 1453.52, 1308.06,
1280.46, 1099.68, 770.84, 753.54, 695.52 cm−1. 1H NMR
(400 MHz, CDCl3) � 8.04 (dt, J = 8�5 Hz, 1.8 Hz, 2 H),
7.59 (dt, J = 8�5� 1�7 Hz, 2 H), 7.40 (dd, J = 7�8� 1�5 Hz,
1 H), 7.18 (td, J = 7�6� 1�5 Hz, 1 H), 6.75 (m, 2 H), 4.33
(br s, 2 H), 3.94 (s, 3 H). 13C NMR (100 MHz, CDCl3)
� 166.95, 148.44, 132.74, 131.70, 130.70, 129.98, 129.76,
128.46, 118.44, 114.87, 107.64, 94.43, 89.54, 52.65. HRMS
calculated for C16H13NO2: 251.094629. Found: 251.0940.

4-(2′-Aminoethynylphenyl)benzoic acid (130) 129 (0.300 g,
1.194 mmol), lithium hydroxide (0.250 g, 5.97 mmol),
methanol (30 mL), water (10 mL), methylene chloride
(20 mL), and a stirbar were added to a 100 mL round
bottom flask [64]. The mixture was stirred at room tem-
perature for 2 d. The mixture was washed with methylene
chloride and the layers separated. The aqueous portion
was adjusted to pH = 4 and washed with methylene chlo-
ride to afford 0.277 g of product (98% yield). IR (KBr)
3468.1, 3376.3, 3054.3, 2957.6, 2656.7, 2538.5, 2205.4,
1681.3, 1604.8, 1488.4, 1422.2, 1318.8, 1281.9, 860.4, 758.7
cm−1. 1H NMR (400 MHz, d-DMSO) � 7.95 (dt, J =
8�5� 1�8 Hz, 2 H), 7.72 (dt, J = 8�5� 1�7 Hz, 2 H), 7.26
(dd, J = 7�7� 1�5 Hz, 1 H), 7.11 (td, J = 7�7� 1�6 Hz, 1 H),
6.75 (dd, J = 8�3� 0�6 Hz, 1 H), 6.55 (td, J = 7�6� 1�0 Hz,
1 H), 5.59 (br s, 2 H). 13C NMR (100 MHz, d-DMSO)

� 167.65, 150.85, 132.88, 132.12, 131.19, 130.72, 130.24,
128.32, 116.66, 114.94, 105.64, 94.14, 90.90. HRMS calcu-
lated for C15H11NO2: 237.0790. Found: 237.0792.

Methyl 4-(2′ - methoxyethynylphenyl)benzoate (132) See
the general procedure for the Pd/Cu-catalyzed coup-
ling reaction. The compounds used were 2-iodoanisole
(131) (0.49 mL, 3.74 mmol), 89 (0.50 g, 3.12 mmol),
copper(I) iodide (0.06 g, 0.31 mmol), bis(triphenyl-
phosphine)palladium(II) chloride (0.11 g, 0.16 mmol),
diisopropylethylamine (2.17 mL, 12.48 mmol), and THF
(15 mL) at 75 �C for 2.5 d. The desired material was puri-
fied by gravity liquid chromatography using silica gel as
the stationary phase and methylene chloride as the elu-
ent. Rf (product): 0.59. An additional purification was
performed using gravity liquid chromatography with silica
gel as the stationary phase and a mixture of 1:1 diethyl
ether/hexanes as the eluent. Rf = 0�54. The reaction
afforded 0.47 g (57% yield) of the desired compound as a
white solid. IR (KBr) 3426.87, 2941.49, 2828.66, 2200.00,
1720.89, 1597.73, 1487.07, 1463.09, 1433.24, 1275.68,
1245.54, 1167.90, 1102.30, 1018.13, 853.62, 753.68, 691.05,
474.58 cm−1. 1H NMR (400 MHz, CDCl3) � 7.80 (ABq,
J = 8�7 Hz, �� = 159�91 Hz, 4 H), 7.52 (dd, J = 7�6� 1�8,
1 H), 7.36 (td, J = 7�4� 1�7 Hz, 1 H), 6.98 (td, J =
7�5� 1�0 Hz, 1 H), 6.94 (dd, J = 8�4� 0�7 Hz, 2 H), 3.95
(s, 6 H). 13C NMR (100 MHz, CDCl3) � 167.05, 160.50,
134.09, 132.88, 131.95, 130.73, 129.99, 129.84, 129.69,
128.76, 120.95, 112.31, 111.14, 93.06, 89.29, 56.26, 52.61.
HRMS calcd C17H14O3: 266.0943. Found: 266.0945.

4 - ( 2′ -Methoxyphenylethynyl ) benzoic acid (133) To a
100 mL round bottom flask equipped with a magnetic
stirbar were added 132 (0.30 g, 1.16 mmol), LiOH
(0.14, 5.82 mmol), methanol (18 mL), methylene chlo-
ride (10 mL), and water (6 mL) [64]. The reaction mix-
ture was allowed to stir at room temperature for 2 d.
The reaction was quenched with water and extracted
with methylene chloride (3×). The yellow aqueous phases
were combined and acidified to pH = 3 whereupon a
white solid precipitated. The solid material was col-
lected on a fritted funnel. No further purification was
needed. The reaction afforded 0.28 g (97% yield) of
the desired material. IR (KBr) 3445.36, 2962.62, 2829.10,
2659.63, 2536.38, 2212.84, 1681.14, 1604.93, 1488.82,
1457.92, 1425.90, 1317.19, 1297.57, 1278.77, 1244.42,
1178.84, 1098.43, 1016.26, 954.64, 858.43, 757.58, 697.86,
554.07 cm−1. 1H NMR (400 MHz, d-DMSO) � 13.00 (br
s, 1 H), 7.80 (ABq, J = 8�2 Hz, �� = 135�77 Hz, 4 H),
7.52 (dd, J = 7�5� 1�7 Hz, 1 H), 7.42 (td, J = 7�7� 1�7 Hz,
1 H), 7.12 (d, J = 8�4 Hz, 1 H), 7.00 (td, J = 7�4� 0�6 Hz,
1 H), 3.33 (s, 3 H). 13C NMR (100 MHz, d-DMSO)
� 167.59, 160.67, 134.09, 132.20, 131.78, 131.27, 130.43,
127.88, 121.43, 112.32, 111.60, 93.08, 89.81, 56.61. HRMS
calcd C16H12O3: 252.0786. Found: 252.0782.
A full description can be found in [76].
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4. FABRICATION OF MOLECULAR
TRANSPORT DEVICES

Investigations of the electronic conduction through con-
jugated molecules that are end-bound onto a surface have
been demonstrated using a STM [42, 43], using microma-
chined silicon nanopores [35, 37, 38], and between proxi-
mal probes [33, 34]. Although a good deal of information
about the structural properties of various functional ter-
minal moieties on both aliphatic and aromatic molecules
has been obtained, very little is known about the elec-
tronic properties of through-bond transport.
STM techniques allow for the investigation of surface

properties at high spatial resolution. Since a STM tip
can be positioned with atomic accuracy, local experiments
(electronic transport) can be performed (e.g., the con-
ductances of single molecules can be measured) [42, 43].
However, the close proximity between the probe tip and
the sample surface can also modify what is measured,
by tip-induced modification of the local surface elec-
tronic structure, especially at small tip–surface distances.
The perturbation of the electronic structure can be very
significant so that tip-induced localized states may be
formed [77, 78]. In addition, other tip–surface interac-
tions may become important (e.g., the electrostatic and
van der Waals force interaction). The presence of a vac-
uum gap between tip and molecule often complicates
analysis,7 and the mechanical stability that the STM has
to meet during spectroscopy measurements (under disen-
gaged feedback loop) is quite demanding.
Another category of proximal probes aimed at defin-

ing nanometer-sized tunnel gaps is called a “break junc-
tion.” Mechanically controllable break junctions [33] have
been used to measure electronic conduction through
benzene-1,4-dithiol. An alternative approach is a current-
controlled break junction, fabricated using electromigra-
tion of metal atoms by passing current through metallic
nanowires [79].
Fabrication of planar metallic electrodes with sep-

aration down to the length of conjugated oligomers
is another approach to realize charge transport mea-
surements through molecules. Lombardi [80] deposited
12 nm conjugated oligomers in between 10 nm metallic
gaps, fabricated with a combination of standard electron-
beam lithography on a bilayer resist and angle evapo-
ration, but observed no appreciably conduction through
the gaps. They concluded that either the molecules are
sterically inhibited to bridge across the gap or they are
not conductive at such length scales. More recently,
Bezryadin et al. [81] demonstrated a 4 nm metallic gap by
sputtering Pt across a slit in a freestanding silicon nitride
membrane and then electrostatically trapped Pd colloids
in between the nanoelectrodes. The electrostatic trapping
method works well for colloids and DNA [82]. However,

7 For example, narrow features in the local density of states of STM
tip apex atom can give rise to negative differential resistance.

if one would electrostatically trap molecules, the strong
trapping field may change the polarization, conformation,
or structure of molecules undesirably.
To reliably measure transport through a metal–

molecule–metal system, we employ a fabrication tech-
nique to directly measure the conduction through a small
number of self-assembled molecules sandwiched between
top and bottom metallic contacts [35]. This technique
guarantees good control over the device area and intrin-
sic contact stability and produces a large number of
devices with acceptable yield so that statistically signifi-
cant results can be produced. Two features are essential
to the process, the first of which is the employment of
nanoscale device area. The area is made to be smaller
than the domain size of the SAM and thus the adsorbed
organic layer is highly ordered and (mostly) defect-free.
The second feature is that during the deposition (evap-
oration) of the contact onto the SAM, several measures
are taken to ensure that the deposited metal atoms accu-
mulate at the SAM surface and do not penetrate into
the organic layer. These methods also provide minimized
damage to the SAM during the deposition.
Figure 7 is a schematic flow diagram of the fabrication

process. The starting substrate is a 250 "m thick, (100)
double side polished silicon wafer, upon which 50 nm of
low stress Si3N4 is deposited by low pressure chemical
vapor deposition.
On the back surface, the nitride is removed in a

(400 "m × 400 "m) square by optical lithography and
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Figure 7. Schematics of the fabrication process.
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Figure 8. (a) SEM graph of pyramid structure of silicon and freestand-
ing silicon nitride membrane. (b) SEM graph of nanopore after first
evaporation of metal from front side of the sample.

reactive ion etching (RIE). The exposed silicon is etched
in an orientation dependent anisotropic etchant (85 �C
35% KOH solution) through to the top surface, while the
silicon nitride acts as an etch mask. At the end of the etch
(approximately 2 hr 20 min), the wafer was left with a
suspended (40 "m× 40 "m) optically transparent silicon
nitride membrane. The wafer is carefully rinsed in water,
dried with isopropanol alcohol, and then immersed in
an isotropic silicon etch (HNO3:HF:H2O = 75:150:2) for
8 min to round off the sharp edges holding the suspended
membrane to reduce stress on the corners of the mem-
brane. A scanning electron microscope (SEM) picture of
the membrane and the pyramid structure of silicon after
unisotropic etching is shown in Figure 8a. The wafer was
subsequently cleaned using a standard RCA cleaning pro-
cess8 and then loaded into a wet oxidation furnace to
oxidize the silicon sidewalls for improving electrical insu-
lation. Then 1000 Å SiO2 is thermally grown at 800 �C
for 90 min. The wafer is loaded very slowly in and out of
the furnace to reduce the thermal stress to the membrane
caused by the high temperature process.
The critical fabrication steps are the pattern defin-

ing process using electron beam lithography and pattern
transfer using RIE. The exposure tools used are either a
JEOL 6400 or a Leica VB-6. PMMA (2000 Å) is spun
coated on the front side of the wafer. A single nanometer
scale dot is exposed in the resist. To determine the opti-
mum exposure dosage, pixel size, dot size, and test pat-
terns with arrays of varying size and dose were exposed.
After being developed, the wafer is loaded into a RIE
chamber. Either a CF4 plasma etching is used to trans-
fer the pattern on the resist to the silicon nitride film,
or a CHF3/O2 plasma was used to etch a hole through
the membrane. In both cases, the RIE etching chamber
has to be cleaned by O2 plasma thoroughly before the
etching and every 2 min during the etching to remove
the deposited hydrocarbon residues in the chamber. Due
to both resist corrosion and redeposition of hydrocarbon

8 Care must be taken that neither ultrasonic nor vacuum can be used
once the suspended membrane is etched.

Figure 9. Test pattern with arrays of dots with diameters ranging from
1 "m to 30 nm after etching.

on the sidewalls of the hole, etching is much impeded
at the far side opening. The opening at the far side is
therefore much smaller than that actually patterned, ren-
dering a cross-section bowl-shaped geometry [36]. The
optimum exposure dose, size, and etching time are deter-
mined from the test patterns. The test pattern used is
shown in Figure 9, where arrays of dots with different
diameters (ranging from 1 "m, 100 nm, 50 nm, to 30 nm)
were patterned and etched on membranes.
Exposure dose was varied from 60 to 200 mC/cm2, with

20 mC/cm2 steps from die to die. Etching time was varied
from 3 to 6 min for 50 nm thick membranes. In both the
RIE chambers, the etching rates are not uniform laterally
across the chamber. To obtain consistent results, wafers
are placed at a fixed spot and angle inside the chamber.
The residue PMMA is striped off in a O2 plasma after
etching is completed.
A Au contact of 200 nm thickness is evaporated onto

the top side9 of the membranes, which filled the pore with
Au. To make sure the pore is etched through, a Au con-
tact is evaporated onto the bottom side of the membranes
for test samples and the resistance between the top and
bottom Au contacts is measured. A good ohmic contact
typically yields a resistance of ∼2 #. If not, the wafer has
to be further etched until the holes are completely etched
through. A typical SEM picture of the etched nanohole
is shown in Figure 8b. The image was taken from the
backside of the membrane, after the evaporation of gold
from the front side of the wafer. The size of the hole is
roughly 30 nm in diameter, small enough to be within
one domain of both the evaporated gold film and that of
the SAM layer. After the evaporation of the first metal
electrode, the sample was then transferred into solutions
for molecular deposition. The sample was then rinsed
with deposition solvent and quickly loaded into a high
vacuum deposition chamber for the opposing gold elec-
trode evaporation. To minimize thermal damage of metal

9 The top side of the membrane is defined as the side that goes
through electron beam lithography.
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to the molecular film,10 the sample stage is cooled using
liquid nitrogen, and the evaporation rate is kept less than
0.5 Å/s. Au (200 nm) is evaporated while sample is kept
at 77 K. The devices are then diced into individual chips,
bonded with gold wires onto 16 pin packaging sockets
using silver paint.
A HP4145B semiconductor parameter analyzer (SPA)

is used to perform most of the electrical measurements
[mainly current (I)–voltage (V ) characteristics] of the
two-terminal molecular devices. The SPA can be used as
a voltage source and a current meter where the current
is measured through a sense resistor across a differen-
tial amplifier. It has a voltage resolution of 1 mV and
a current resolution of 50 fA. A divider can be used
in conjunction with the SPA to obtain voltage resolu-
tions less than 1 mV. The instrument is interfaced with a
computer using the Labview program. A Janis Research
SuperVariTemp (SVT) system was used for all cryogenic
experiments. It consists of an outer liquid nitrogen reser-
voir and an inner liquid helium reservoir, separated by a
vacuum jacket. The sample was usually precooled by fill-
ing the liquid nitrogen reservoir with LN2 and allowing it
to remain overnight. The LHe reservoir will be indirectly
cooled to about 180 K through convection and radia-
tion. The SVT system uses exchange helium gas to cool
the sample, obtained through a needle valve connecting
both the sample chamber and the helium reservoir. To
maintain the sample temperature, a Lakeshore electron-
ically controlled heater is used, which can be used to
regulate the gas temperature in the range of 1.5–300 K.
The actual sample temperature was monitored using a
Lakeshore thermometer mounted on the sample stage.
When devices are cooled down, temperatures between
300 and 160 K are generally reached by filling the liq-
uid nitrogen dewar with liquid nitrogen. The system cools
slowly by radiation, allowing acquisition of data every
10 degrees, with no significant thermal averaging.11 To
measure devices between 160 and 4.2 K, liquid helium is
transferred into the liquid helium dewar. Helium vapor
is controlled to flow past the sample mount via a needle
valve, cools the sample, then exits through a vent port at
the top of the cryostat. Temperatures below 4.2 K and
down to 1.5 K are achieved by evacuating the sample
chamber using a mechanical pump. To measure devices
when they are warmed up, between 1.5 and 120 K, helium
vapor passing through the sample space is heated using
the temperature controller, and the needle valve and
sample vent are adjusted to maintain a stable feedback to
the temperature controller. From 120 to 300 K, nitrogen
vapor is used instead as the exchange gas in conjunction
with the Lakeshore temperature controller to obtain sta-
ble temperatures.

10 It turns out that most of the devices (90%) were shorted during
evaporation with substrate at ambient temperature.
11 During each IV � measurement, the sample temperature is almost
constant, varying within 1 K.

The devices are mounted on a sample stage and loaded
into the Janis cyrostat from the top. In order to reduce
noise level, triaxial cables were used to connect sample
leads to the measurement instruments outside the cryo-
stat through vacuum electrical feedthroughs.
A series of control experiments have been done using

alkanethiol molecules, silicon nitride membranes without
pores, and membranes with pores but without molecules,
respectively. The Au–silicon nitride membrane–Au junc-
tions showed current levels at the noise limit of the appa-
ratus (less than 1 pA) for both bias polarities at both
room and low temperatures. The Au–Au junctions gave
ohmic IV � characteristics with resistance less than 2 #.
The yield of the devices is around 60–70%.

5. SIMPLE SAM MIM TUNNELING

When the molecular layers is a large bandgap insulator,
well-defined MIM tunneling should occur. Temperature-
independent electron transport due to direct tunneling
should be the dominant conduction mechanism. Other
mechanisms will be discussed in further sections; how-
ever, a MIM signature is important to determine if
the transport is determined by the bandstructure of the
molecular layer, or due to other less intrinsic effects.
An investigation of these systems has been done [29, 35,
38, 62b, 83], specifically alkanethiol [CH3(CH2)n−1SH]
because it forms a robust SAM on Au surfaces [84].
A few groups have utilized the scanning tunneling micro-
scope [85], the conducting atomic force microscope [86,
87], or mercury-drop junctions [88] to investigate electron
transport through alkanethiols at room temperature, and
they claimed that the transport mechanism is tunneling.
Although electron conduction is expected to be tunneling
when the Fermi levels of contacts lie within the HOMO–
LUMO gap of a short length molecule as for the case
of these alkanethiols [16], in the absence of temperature-
dependent current–voltage IV � T �� characteristics such
a claim is unsubstantiated since other conduction mech-
anisms (such as thermionic or hopping conduction) can
contribute and complicate the analysis.
In this section, electron transport through alkanethiol

self-assembled monolayers is investigated with IV � T �
measurements. The measured IV � data are compared
with theoretical calculations. IV � measurements on var-
ious alkanethiols of different molecular lengths are also
performed for the study of length-dependent conduction
behavior.
The device structure is similar to one reported in the

previous section [35, 36]. Figure 10 shows a SEM image
of an array of nominally identical pores that were made
in close proximity to actual devices at the same time,
in order to statistically determine the pore size. This
indirect measurement of device size is done since SEM
examination of the actual device can cause hydrocarbon
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Figure 10. A scanning electron microscope image of an array of pores.
The average diameter of a single pore was determined to be 45± 7 nm
from this image. Scale bar is 500 nm.

contamination of the device and subsequent contamina-
tion of the monolayer. The average diameter of a single
pore was determined to be 45 ± 7 nm from this anal-
ysis. As the next step, 150 nm gold is thermally evap-
orated onto the topside of the wafer to fill the pore
and form one of the metallic contacts. The device is
then transferred into a molecular solution to deposit
the SAM layer. For our experiments, a ∼5 mM alka-
nethiol solution is prepared by adding ∼10 "L alkanethi-
ols into 10 mL ethanol. The deposition is done in solution
for 24 hours inside a nitrogen filled glove box with an
oxygen level of less than 100 ppm. Three molecules of
different molecular lengths: octanethiol [CH3(CH2)7SH;
denoted as C8, for the number of alkyl units], dode-
canethiol [CH3(CH2)11SH; denoted as C12], and hexade-
canethiol [CH3(CH2)15SH; denoted as C16] were used
to form the active molecular components. The sample
is then transferred in ambient conditions to an evapo-
rator that has a cooling stage to deposit the opposing
Au contact. During the thermal evaporation (under the
pressure of ∼10−8 Torr), liquid nitrogen is kept flowing
through the cooling stage in order to avoid thermal dam-
age to the molecular layer. This technique reduces the
kinetic energy of evaporated Au atoms at the surface of
the monolayer, thus preventing Au atoms from punching
through the monolayer. For the same reason the evap-
oration rate is kept very low. For the first 10 nm gold
evaporated, the rate is less than 0.1 Å/s. Then the rate
is increased slowly to 0.5 Å/s for the rest of the evapo-
ration and a total of 200 nm gold is deposited to form
the contact. The device is subsequently bonded onto a
16-pin header and loaded into a Janis cryostat. After
filling the cryogen chamber with liquid nitrogen, sample
temperature from 300 down to 77 K is reached by flowing
nitrogen vapor into the sample chamber through a nee-
dle valve. A heater controlled by a Lakeshore autotuning
temperature controller is used to maintain the sample
temperature. Two-terminal dc IV � measurements are
performed from 300 to 80 K.

As will be discussed in more detail in further sec-
tions, there are a number of possible conduction mech-
anisms [89, 90]. Based on whether thermal activation is
involved, the conduction mechanisms fall into two dis-
tinct categories: (i) thermionic or hopping conduction
which has temperature-dependent IV � behavior and
(ii) direct tunneling or Fowler–Nordheim tunneling which
does not have temperature-dependent IV � behavior.
For example, thermionic and hopping conductions have
been observed for 4-thioacetylbiphenyl SAMs [35] and
1,4-phenelyene diisocyanide SAMs [37]. On the other
hand, the conduction mechanism through alkanethiols is
expected to be direct tunneling because the Fermi lev-
els of contacts lie within the large HOMO–LUMO gap
(∼8 eV) of the alkanethiols with short molecular lengths
(∼1–2.5 nm) [16, 88].
Tunneling characteristics or tunneling with weakly

thermal-activated transport behaviors were observed by
IV � characterizations on alkyl-type molecular mono-
layers in 1970s [91, 92]. However, these alkyl mono-
layers were made by the Langmuir–Blodgett technique.
Compared with that, the molecular self-assembly process
forms a chemisorbed layer by chemical reaction on the
substrate with charge transfer involved between molec-
ular end groups and substrate surface, resulting in dif-
ferent physical and electrical properties. Tunneling IV �
characteristics on self-assembled alkanethiol monolayers
have also been reported previously [85–88, 93–95]. How-
ever, all of these measurements were performed at a fixed
temperature (300 K). Without temperature-dependent
current–voltage IV � T �� characterization other conduc-
tion mechanisms (such as thermionic or hopping conduc-
tion) cannot be simply ruled out. Reported here are the
IV � measurements in a wide temperature range from
300 to 80 K with 10 K steps on self-assembled alkanethiol
molecular systems.
Figure 11 shows a representative IV � T �� character-

istic of dodecanethiol (C12) measured with similar device
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Figure 11. Temperature-dependent IV � characteristics of dode-
canethiol (C12). IV � data at temperatures from 300 to 80 K with 20 K
steps are plotted on a log scale.
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structure as that shown in Figure 7. Positive bias cor-
responds to electrons injected from the physisorbed Au
contact (bottom contact in Fig. 7) into the molecules.
By using the contact area of 45 ± 7 nm in diameter
(estimated from Fig. 10), a current density of ∼1500 ±
500 A/cm2 at 1.0 V is determined. No significant tem-
perature dependence of the characteristics (from V = 0
to 1.0 V) is observed over the range from 300 to
80 K. An Arrhenius plot [lnI� versus 1/T ] of this is
shown in Figure 12a, exhibiting little temperature depen-
dence in the slopes of lnI� versus 1/T at different
bias and thus indicating the absence of thermal activa-
tion. Therefore, we conclude that the conduction mech-
anism through alkanethiol is tunneling, either direct or
Folwer–Nordheim. Direct tunneling happens when the
applied bias is less than the barrier height V < %B/e�,
while Fowler–Nordheim tunneling is dominant when the
applied bias becomes larger than the barrier height V >
%B/e�. These two tunneling mechanisms can be dis-
tinguished due to their distinct voltage dependencies.
Analysis of lnI 2/V � versus 1/V (in Fig. 12b) shows
no significant voltage dependence, indicating no obvious
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Figure 12. (a) Arrhenius plot generated from the IV � data in Fig-
ure 11, at voltages from 0.1 to 1.0 V with 0.1 V steps. (b) Plot of
lnI 2/V � versus 1/V at selected temperatures.

Fowler–Nordheim transport behavior in this bias range
(0 to 1.0 V) and thus determining that the barrier height
is larger than the applied bias (i.e., %B > 1�0 eV). This
study is restricted to applied biases ≤1.0 V. The transi-
tion from direct tunneling to Fowler–Nordheim tunneling
requires higher bias and is under study at present. Hav-
ing established direct tunneling as the conduction mecha-
nism, we can now obtain the barrier height by comparing
our experimental IV � data with theoretical calculations
from a direct tunneling model.
To describe the tunneling transport through a molecu-

lar system having HOMO and LUMO energy levels, one
of the applicable models is the Franz two-band with a
gap model [96–99]. This model provides a nonparabolic
energy–momentum (E–k) dispersion relationship by con-
sidering the contributions of both conduction band (cor-
responding to LUMO) and valence band (corresponding
to HOMO) [96],

k2 = 2m∗

�2
E

(
1+ E

Eg

)
(40)

where k is the imaginary part of the wave vector of elec-
trons, m∗ is the electron effective mass, h (=2��) is
Planck’s constant, E is the electron energy, and Eg is the
bandgap.
From this nonparabolic E–k relationship, the effec-

tive mass of the electron tunneling through the molecular
wires can be deduced by knowing the barrier height of the
metal–SAM–metal junction [97]. By assuming that the
Fermi levels of the metals are aligned around the mid-
dle of the HOMO–LUMO energy gap, the barrier height
is about half of the energy gap. Another model that has
been used widely for thin film tunneling is the Simmons
model [100]. This model considers the contribution of
only one band, either the conduction band (LUMO) or
the valence band (HOMO). If the Fermi levels of the
metals are aligned within the forbidden gap and close
enough to one band, then the effect of the other dis-
tant band on the tunneling transport is negligible and the
Simmons model is a good approximation [101]. In the
following we use the Simmons model to characterize our
experimental IV � data and we show that the Simmons
model can be used on our metal–SAM–metal junctions
as a good approximation of the Franz model later.
From the Simmons model, the tunneling current den-

sity through a barrier in the direct tunneling regime V <
%B/e� is given by [88, 101]

J =
(

e

4�2�d2

){(
%B−

eV

2

)

×exp

[
−22m�1/2

�
�

(
%B−

eV

2

)1/2

d

]
−
(
%B+

eV

2

)

×exp

[
−22m�1/2

�
�

(
%B+

eV

2

)1/2

d

]}
(41)
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where m is electron mass, d is barrier width, %B is barrier
height, V is applied bias, and � is a unitless adjustable
parameter that is introduced to modify the simple rec-
tangular barrier model or to account for an effective mass
[87, 88, 100]. � = 1 corresponds to the case for a rectan-
gular barrier and bare electron mass and previously has
been shown not to fit IV � data well for some alkanethiol
measurements at fixed temperature (300 K) [88].
From Eq. (41) by adjusting two parameters %B and �,

a nonlinear least square fitting can be performed to fit
the measured C12 IV � data [102]. By using a device
size of 45 nm in diameter, the best fitting parameters
(minimized *2) for the room temperature C12 IV � data
were found to be %B = 1�42 ± 0�06 eV and � = 0�65 ±
0�02 (C12, 300 K), where the error ranges of %B and
� are dominated by potential device size fluctuations of
7 nm estimated from Figure 10. A second independently
fabricated device with C12 gave values of %B = 1�37 ±
0�06 eV and � = 0�66 ± 0�02. Likewise, a data set was
obtained and fitting was done for hexadecanethiol (C16),
which yielded values of %B = 1�40 ± 0�04 eV and � =
0�68± 0�02 (C16, 300 K).
Using %B = 1�42 eV and � = 0�65, a calculated IV �

for C12 is plotted as a solid curve in Figure 13. For com-
parison, a calculated IV � for � = 1 and %B = 0�65 eV is
shown as the dashed curve in the same figure, illustrating
that with � = 1 only limited regions of the IV � can be fit
(specifically here, for V < 0�3 V). Although the physical
meaning of � is not unambiguously defined, it provides
a way of applying the tunneling model of a rectangu-
lar barrier to tunneling either through a nonrectangular
barrier [88], a proposed effective mass (m∗) of the tun-
neling electrons through the molecules [87, 97], (i.e., for
� = 0�65, m∗ would be = 0�42 m here), or a combination
of both. Note that the IV � data can be fit to arbitrary
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Figure 13. Measured C12 IV � data (circular symbols) are compared
with the calculated one (solid curve) using the optimum fitting param-
eters of %B = 1�42 eV and � = 0�65. Calculated IV � from the simple
rectangular model (� = 1) with %B = 0�65 eV is also shown as a dashed
curve.

accuracy over the entire bias range by allowing a slight
bias dependence of � (or %B).

Nonlinear least square fittings on C12 IV � data at
all temperatures allow us to determine {%B��} over the
entire temperature range and show that %B and � values
are temperature-independent in our temperature range
(300 to 80 K). For the first C12 sample reported, values of
%B = 1�45± 0�02 eV and � = 0�64± 0�01 were obtained
[1�M (standard error)].
Equation (41) can be approximated in two limits: low

bias and high bias as compared with the barrier height
%B. For the low bias range, Eq. (41) can be approximated
as [100]

J ≈
(
2m%B�

1/2 e2�

h2d

)
V exp

[
−22m�1/2

�
�%B�

1/2d

]
(42a)

To determine the high bias limit, we compare the relative
magnitudes of the first and second exponential terms in
Eq. (41). At high bias, the first term is dominant and thus
the current density can be approximated as

J ≈
(

e

4�2�d2

){(
%B − eV

2

)

× exp
[
−22m�1/2

�
�

(
%B − eV

2

)1/2

d

]}
(42b)

According to the Simmons model, at low bias, the tun-
neling current is dependent on the barrier width d as
J ∝ 1

d
exp−
0d�, where 
0 is the bias-independent decay

coefficient:


0 =
22m�1/2

�
�%B�

1/2 (43a)

while at high bias, J ∝ 1/d2� exp−
Vd�, where 
V is
the bias-dependent decay coefficient:


V = 22m�1/2

�
�

(
%B − eV

2

)1/2

= 
0

(
1− eV

2%B

)1/2

(43b)

At high bias 
V decreases as bias increases [Eq. (43b)],
which results from the barrier lowering effect due to the
applied bias.
We define the high bias range somewhat arbitrarily by

comparing the relative magnitudes of the first and second
exponential terms in Eq. (41). Using %B = 1�42 eV and
� = 0�65 obtained from nonlinear least square fitting of
the C12 IV � data, the second term becomes less than
∼10% of the first term at ∼0.5 V that is chosen as the
boundary of low and high bias ranges.
To determine the decay coefficient values for alka-

nethiols used in this study, three alkanethiols of different
molecular length, octanethiol (C8), dodecanethiol (C12),
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Figure 14. Log plot of tunneling current densities multiplied by molec-
ular length d at low bias and by d2 at high bias (symbols) versus molec-
ular lengths. The lines are plotted from linear fittings.

and hexadecanethiol (C16), were investigated to gener-
ate length-dependent IV � data. Figure 14 is a log plot
of tunneling current densities multiplied by molecular
length (Jd at low bias and Jd2 at high bias) as a function
of the molecular length for these alkanethiols [103]. The
molecular lengths used in this plot are 13.3, 18.2, and
23.2 Å for C8, C12, and C16, respectively (each molecu-
lar length was determined by adding an Au–thiol bonding
length to the length of molecule [86]). Note that these
lengths implicitly assume “through-bond” tunneling, that
is, along the tilted molecular chains between the metal
contacts [86].
As seen in Figure 14, the tunneling current shows expo-

nential dependence on molecular length. The 
 values
can be determined from the slope at each bias and are
plotted in Figure 15. The error bar of an individual 

value in this plot was obtained by considering both the
device size uncertainties and the linear fitting errors.
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Figure 15. Plot of 
 versus bias in low bias range (square symbols) and
high bias range (circular symbols). The inset shows plot of 
2

V versus
bias with a linear fitting.

According to Eq. (43b), 
2
V depends on bias V lin-

early in the high bias range. The inset in Figure 15 is a
plot of 
2

V versus V in this range (0.5 to 1.0 V) along
with a linear fitting of the data. From this fitting, %B =
1�34 ± 0�20 eV and � = 0�64 ± 0�04 were obtained from
the intercept and the slope, respectively, consistent with
the more precise values obtained from the nonlinear least
square fitting previsously. The %B (square symbols) and
� (circular symbols) values obtained by the C12 and C16
IV � data fittings and 
2–V linear fitting are summa-
rized in Figure 16. The combined values are %B = 1�40±
0�02 eV (1�M) and � = 0�65± 0�01 (1�M).
Decay coefficients for alkanethiol tunneling obtained

by various experimental techniques have previously been
reported [85–88, 93–95]. These reported decay coeffi-
cients were mainly deduced from the equation [16, 20]

G = G0 exp−
d� (44)

which has no explicit length factor d in G0. The 
 val-
ues determined from Eq. (44) are generally different
from those determined from J ∝ 1

d
exp−
0d� or J ∝

1/d2� exp−
Vd� that were deduced from the Simmons
model.
In order to compare with the previously reported 


values, we also performed length-dependent analysis on
our experimental data according to Eq. (44). This gives
a 
 value from 0.83 to 0.72 Å−1 in the bias range
from 0.1 to 1.0 V, which is within the range of the
results reported previously. For example, Holmlin et al.
reported a 
 value of 0.87 Å−1 by mercury drop exper-
iments [88]. Wold et al. have reported 
 of 0.94 Å−1

and Cui et al. reported 
 of 0.6 Å−1 for various alkane
thiols by using the conducting atomic force microscope
technique [86, 87]. Bumm et al. and Fan et al. reported

 of 1.2–1.4 Å−1 by monitoring tunneling current while
changing conducting tip position over an alkanethiol
SAM/Au, but without measuring alkanethiols of differ-
ent lengths [85, 93]. These reported 
 were treated

0.4

0.8

1.2

1.6

2.0

β2

Fitting
C16

Fitting
C12

Fitting

Φ
B
 (

eV
)

0.6

0.8

1.0

1.2

α

Figure 16. Summary of %B (square symbols) and � (circular symbols)
values obtained from alkanethiol IV � fittings and 
2–V fitting.
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as bias-independent quantities. However, in our calcu-
lations using both the Simmons model and Eq. (44),
the decay coefficient showed bias-dependent behavior at
high bias regime. A bias-dependent behavior of 
 has
been observed in nanoparticle/alkane-dithiol molecular
systems [104].
We also analyzed our experimental data using the

Franz two-band model [96, 98, 99]. Since as far as we
know there is no decisive experimental report on the
Fermi level alignment in such metal–SAM–metal systems,
we cannot simply assume that the barrier height is half
of the alkanethiol HOMO–LUMO gap. By adjusting two
parameters %B and m∗, we performed least square fitting
on our data with the Franz nonparabolic E–k relation-
ship [Eq. (40)] using the alkanethiol HOMO–LUMO gap
of 8 eV [105, 106]. Figure 17 shows the E–k relationship
generated from the experimental data according to [98,
99] with the fitting result. The best fitting parameters by
minimized *2 were obtained as %B = 1�39 eV and m∗ =
0�45 m. Both electron tunneling around LUMO and hole
tunneling around HOMO in the forbidden gap can be
described by these parameters. However, our experimen-
tal data cannot distinguish between them. %B = 1�39 eV
indicates that the Fermi levels are aligned close to one
band in either case; therefore the Simmons model is a
valid approximation in our molecular systems. %B = 1�40
and � = 0�65 (corresponding to m∗ = 0�42 m for the rec-
tangular barrier case) obtained from the Simmons model
are in agreement with those obtained from the Franz
model (%B = 1�39 eV and m∗ = 0�45 m). m∗ = 0�45 m for
alkanethiol deduced from our experimental data is also
close to the theoretical calculation result reported previ-
ously [97] (estimated as 0.38 m using the HOMO–LUMO
gap of 8 eV from Figure 4 in [97]).
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Figure 17. E–k relationship (symbols) generated from the length-
dependent measurement data for alkanethiols. Solid and open sym-
bols correspond to electron and hole tunnelings, respectively. The solid
curve is the Franz two-band expression for m∗ = 0�45 m.

6. BASIC TRANSPORT MEASUREMENT
IN MOLECULAR LAYERS

In charge transport cross a metal–SAM–metal system
both the electronic structure of the SAM and the metal–
SAM coupling play important roles. Given the simplest
conjugated SAM, one can study the effects of metal–
SAM contact. The most well known and studied SAM–
metal system is thiolate on gold surfaces [73, 107–110].
Reed et al. [33] have measured transport properties
through a gold–thiolate SAM–gold junction. They pro-
posed that the current is largely limited by Au–S contacts,
which was later confirmed by theoretical calculations of
Di Ventra et al. [111]. Recently, Vondrak et al. [112]
reported that the interfacial electronic structure of thio-
late SAM on metal surfaces is dominated by �∗ orbitals
localized to the C–S–metal anchor, strongly coupled to
the metal substrate, and is independent of the nature of
the backbone, further emphasizing the importance of the
interface metal–SAM contact. In this section we will dis-
cuss a second type of SAM–metal junction, specifically
1,4-phenylene diisocyanide with metal (Au or Pd) con-
tacts [37]. This system has significant electronic advan-
tages over the thiol and other Group VI systems (e.g.,
Se, Te) [113].
To understand the electrical conduction of a metal–

molecule system, the energy level matching (or mismatch-
ing) of the available electrons in the metal (the Fermi
level) and the available molecular orbital in the terminal
molecule must be considered. In general, the Fermi level
of the metallic contact does not energetically line up
with either the HOMO or LUMO levels in the molecule
[114]. This mismatch gives rise to a contact barrier, anal-
ogous to a Schottky contact. Electron (or hole) transport
through such a contact will exhibit a range of phenom-
ena, depending on the height of the barrier, the effective
barrier thickness, and the presence of defects; the most
prevalent are thermionic emission, direct tunneling, and
defect-mediated transport such as hopping [89, 115, 116].

6.1. Conduction Mechanisms

Table 1 lists the possible conduction mechanisms with
their characteristic behavior, temperature dependence,
voltage dependence, and schematic band diagrams.
Schottky emission is a process in which carriers over-
come the metal–dielectric barrier by thermionic emis-
sion, whose current is a strong function of temperature.
The extra voltage term on the exponential lowers the
barrier at the metal–insulator interface due to image-
force correction. Frenkel–Poole (FP) conduction is due
to field-enhanced thermal excitation of trapped electrons
into the conduction band, a process similar to Schottky
emission. Instead of the metal–dielectric barrier height
found in Schottky emission, the barrier height in FP con-
duction represents the depth of the trap potential with
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Table 1. Possible conduction mechanisms.

Conduction Characteristic Temperature Voltage Schematic
mechanism behavior dependence dependence band diagram

Schottky emission I ∼ T 2 exp

(
−q %−

√
qV

4�!d
kT

)
ln
(

I

T 2

) ∼ 1
T

lnI� ∼ V 1/2

Frankel–Pool conduction I ∼ VT 2 exp

(
−q %−2

√
qV
�!d

2kT

)
ln
(

I

T 2

) ∼ 1
T

ln
(
I
V

) ∼ V 1/2

Hopping conduction I ∼ V exp
(− �E

kT

)
ln
(
I
V

) ∼ 1
T

I ∼ V

Fowler–Nordheim tunneling I ∼ V 2 exp
(
− 4d

√
2m

3q�V q%�15
)

— ln
(

I

V 2

) ∼ 1
V

Direct tunneling I ∼ V exp
(
− 4�d

h

√
2m%

)
— I ∼ V

respect to the edge of the conduction band. Its cur-
rent has the same temperature dependence as that of
Schottky emission, but with different voltage dependence.
As seen from its characteristics, the barrier lowering is
twice that observed in Schottky emission, because of the
immobility of the positive charge associated with the trap.
Hopping conduction refers to the process in which ther-
mally excited electrons hop from one isolated state to
the next, whose conductance also depends strongly on
temperature. Different from Schottky emission, there is
no barrier lowering effect. The tunneling processes (both
Fowler–Nordheim tunneling and direct tunneling) do
not depend on temperature (to first order) but strongly
depend on film thickness and voltage.
For a given metal–dielectric film–metal system, certain

conduction mechanisms may dominate in certain voltage
and temperature regimes. For example, Schottky emis-
sion usually plays an important role at high tempera-
tures and low barrier heights; Frenkel–Poole conduction
will dominate if there is a high density of traps in the
dielectrics; tunneling current will be a major contribution
if the dielectrics is thin and under high voltage biases;
and for a dielectric film that has a very low density of
thermally generated free carriers in the conduction band,
hopping conduction is more likely to be observed, espe-
cially at low applied voltages and high temperatures.
To elucidate the dominant specific mechanism and

effective barriers, we schematically plot the current den-
sity ln J versus V 1/2 for thermal emission, hopping, and

tunneling transport as shown in Figure 18. The effect
of thermionic emission for two different barrier heights
(%th) is shown for %th2 (1.0 eV) > %th1 (0.5 eV). The
effect of defect (e.g., hopping) conduction is shown for
different defect densities N (1.25N0 > N0 > 0�85N0) even
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Figure 18. Dependencies of ln J vs V 1/2 for thermal emission, hopping,
and tunneling transport. The effect of thermionic emission for two dif-
ferent barrier heights is shown; for %th2 (1.0 eV) > %th1 (0.5 eV), the
thermionic emission component drops (exponentially). The effect of
defect (e.g., hopping) conduction is shown for different defect densi-
ties (1.25N0 > N0 > 0�85N0) even though the hopping barrier may be
the same (�Eh = 0�5 eV). The tunneling component (with %tunnel =
0�5 eV) is much smaller than the others. Depending on the value of
%th� �Eh�N , and %tunnel one may observe different mechanisms; for
example, both are observable for %th1 and N0, if �Eh = %th1.
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though the hopping barrier may be the same (�Eh =
0�5 eV). The tunneling component (with %tunnel = 0�5 eV)
is shown for the same barrier; it has a significantly smaller
contribution than the other mechanisms. Depending on
the value of %th� �Eh�N , and %tunnel one may observe dif-
ferent mechanisms; for example, both thermionic emis-
sion and hopping are observable for a barrier of 0.5 eV
and defect concentration of N0, if �Eh = %th1 = 0�5 eV.
With the same barrier heights, if the defect density is
too high (e.g., 1.25N0), only hopping conduction can be
observed; on the other hand, if the defect density is
low enough, in this case, 0.85N0, one will only observe
thermionic conduction.
Previous work on self-assembled thiol-terminated (but

asymmetric) oligomers illustrated that one can deduce
the basic transport mechanisms (illustrated in Fig. 18)
by measuring the IV � T � characteristics. In previous
work, it has been found that the physisorbed aryl–Ti
interface gave a thermionic emission barrier of approx-
imately 0.25 eV [35], whereas the Au–thiol (and other
group VI termini such as Se and Te) bond exhibited a
hopping barrier of roughly 0.2 eV [113]. This is con-
sistent with other transport measurements on a single
molecule [33] that measured an apparent gap of 0.7 eV
and the interpretation of the observed gap as the mis-
match between the contact Fermi level and the LUMO
of the molecule was supported by theoretical calculations
[111]. That is because the contribution from the 0.2 eV
defect-mediated hopping barrier (not present in the sin-
gle molecule experiment) is significantly larger than that
from the 0.7 eV barrier symmetric structures. The mea-
sured IV � should not (and does not, Fig. 19) show the
resultant rectification of such a barrier asymmetry.
Here we investigate two new aspects of through-bond

electronic conduction in the nanopore configuration,
namely (a) the transport through the self-assembled func-
tional termini of isocyanides, and its effective electron
transport barrier, and (b) a symmetric termini–metal con-
tact structure.
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Figure 19. IV � of Pd–SAM–Pd junction at 290 K.

6.2. Isocyanide SAM

Unlike the extensive research on thiol SAMs, very little
has been reported on isocyanide SAMs. Angelici et al.
reported the binding of aryl isocyanides to gold powder
[117, 118], whose infrared spectroscopy measurements
on 1,4-phenylene diisocyanide–gold show there exists two
CN bands; an unbound CN and a CN bound perpen-
dicular to gold. Henderson et al. [109] studied surface
structure properties of aryl diisocyanides on gold film
deposited on silicon substrate and reached the same con-
clusion.
Isocyanides have a high affinity for transition metals

(e.g., W, Pd, Pt, etc.). When it binds to metal surfaces, it
forms so-called “backbonding” [119]. In the language of
molecular orbital theory, that means that the metal (e.g.,
Pd) d orbital overlaps with the �∗ orbital of the ligand,
for example, isocyanide (Fig. 20a). In this way, the delo-
calization of the electron density occurs via the overlap
of d orbitals on the metal with orbitals of the ligand. The
electron density is shifted via the � bond from the metal
atom to the ligand. The greater the amount of metal–
C � bonding, the less � bonding can occur between C
and N, giving rise to the partial double bond resonance
structure as illustrated in Figure 20b. The metal–1,4
phenylene-diisocyanide–metal thus forms a delocalized
d�–p�–d� system (Fig. 21a), whereas Au–1,4 dithiol
benzene–Au forms a �–p�–� system (Fig. 21b). For
symmetry reasons, the delocalized � states within the
conjugated molecule can not couple strongly to the local-
ized � states at the interface. These � states do not serve
as efficient “bridging states” between the molecule and
the metal. Therefore we expect a smaller contact barrier
in the CN–metal (e.g., CN–Pd) system with d�–p�–d�
orbital overlap than that in the S–Au system with �–p�–
� orbital overlap.

6.3. Au–Isocyanide–Au Junctions

Electronic measurements were performed in a nanostruc-
ture that has a metal top contact, a SAM active region,
and a metal bottom contact. This nanostructure is similar
to that reported previously [36], and its fabrication pro-
cess is described in Section 4 (summarized in Fig. 22).

NCPd

Pd – C ≡ N ↔ Pd = C = N 

(a)

(b)

Figure 20. (a) � bond between d orbital on Pd and antibonding orbital
�∗� on the isocyanide group; (b) partial double bond resonance
between Pd and CN.
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Pd Pd
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Au AuS S
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Figure 21. Bonding molecular orbital for metal bridged with (a) aro-
matic isocyanide and (b) aromatic thiols.

To deposit the SAM layer onto the first metallic con-
tact, the sample is transferred immediately into 1 mM
1,4-phenylene diisocyanide in toluene (Aldrich) under an
inert atmosphere of Ar. After 48 hours, the sample is
taken out, rinsed with fresh toluene, and gently blown
dry with N2 gas. It is then loaded into a high vacuum
chamber right away for the top layer metallization and is
characterized as discussed in Section 4.
Although the Au–isocyanide SAM–Au system appears

to be symmetric, there is a subtle difference in the
two SAM–metal interfaces formed during the fabrication
process (Fig. 22). The first interface is formed when iso-
cyanide chemisorbs onto a gold surface; the second inter-
face is formed when gold is evaporated onto isocyanide
as pointed out in Figure 22. We refer to them as the
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Figure 22. Schematics of device fabrication: (a) cross section of a sili-
con wafer with a nanopore etched through a suspended silicon nitride
membrane; (b) Au–SAM–Au junction in the pore area; (c) blowup
of (b) showing 1,4-phenelyene diisocyanide sandwiched in the junc-
tion, with the chemisorbed and evaporated contacts pointed out by the
arrows.
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Figure 23. I–V characteristics of a Au–isocyanide SAM–Au junction
from 20 to 300 K, with 20 K increment. Positive bias corresponds to
electron injection from evaporated SAM–gold contacts. The curves at
20 and 40 K overlap with each other.

chemisorbed contact and the evaporated contact, respec-
tively.
To determine the effective transport characteristics,

IV � T �� measurements are performed from 300 to
20 K with the voltage swept between −1 to +1 V.12

Figure 23 shows the IV � characteristics of a gold–
isocyanide SAM–gold junction from 20 to 300 K in 20 K
increments. Positive bias corresponds to electron injec-
tion from the evaporated metal–SAM contact. Current
changes five orders of magnitude over 300 K and freezes
out at low temperature. This dramatic change of current
with temperature suggests an activated type of behavior.
Figure 24 illustrates reduced IT � characteristics at var-
ious voltages; one sees that the dependence of lnI/T 2�
vs 1/T (0.1 to 1 V) has a clear linear dependence at
biases less than 0.7 V. This dependence is characteristic
of thermionic emission [89, 115, 116], where

I = A∗T 2 exp
(
−q% − a

√
V

kT

)
a = q

√
q%

4�!0!d

where A∗ is the effective Richardson constant multiplied
by the current injection area, % is the thermal emission
barrier height, k is Boltzmann’s constant, q is the elec-
tron charge, !0 is the vacuum dielectric constant, ! is the
relative dielectric constant of the isocyanide SAM, and d
is the thickness of the film.13 For V > 0�7 (E ∼ 7 MV/cm),
deviation from a linear dependence is observed; the ori-
gin is not known, but it is probably due to high field
breakdown effects. One possible scenario is that at high
field, impact ionization generates electron–hole pairs,
and the resulting hole current cancels the electron injec-
tion.

12 At low temperatures (∼40 K), biases higher than 1 V are applied.
13 The length of 1,4 phenylene-diisocyanide is calculated to be 10 Å
with the molecule oriented normal to the gold surface. It agrees with
the ellipsometry measurement by Henderson et al. [109].
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Figure 24. Series of plots of lnI/T 2� vs 1/T at biases from 0.1 to 1.0 V
at 0.1 V increments, for the Au–SAM–Au junctions. All the straight
lines are *2 fits for respective data sets.

Below 0.1 V, the dependence does not have the voltage
dependence characteristic of thermionic emission, and
instead one finds a linear dependence of lnI/V � vs 1/T .
This dependence is characteristic of hopping conduction,
where

lnI/V � = f N�− �E/kT �

where �E is the activation energy to hop from one site
to another and f N� is a function of the trap concentra-
tion [116]. Figure 25 shows this dependence in the regime
of bias less than 0.1 V. Whereas the physical interpre-
tation of the thermionic transport barrier is clearly the
molecule–metal contact potential, the physical site giving
rise to hopping transport is less well defined. Structural
defects in the nanopore or edge defects are potential can-
didates for the low-bias defect-mediated transport.
To determine the energetic barriers, we plot the slope

of (lnI/T 2� vs 1/T ) vs V 0�5 in Figure 26. For the
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Figure 25. lnI/V � vs 1/T at biases less than 0.1 V, for the Au–SAM–
Au junctions. The straight line is the *2 fit for the data set.
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Figure 26. Plot of the slope of [lnI/T 2� vs 1/T ] vs V 0�5: at 0 < V <
0�1 V, no bias dependence; at V > 0�1 V, linear dependence. Thermal
barrier height of the Au–SAM–Au junction can be deduced from the
intercept of the straight line.

isocyanide–Au contact, we obtain for 0.1 V < V < 1 V
that the intercept of the line fit gives −q%/k, with a
thermionic barrier of % = 0�38 (±0�01) eV; the slope
of the line fit gives a/k, where a = qq%/4�!0!d��0�5,
with the dielectric constant of the isocyanide film ! of
3.5. The effective Richardson constant can be obtained
from Figure 24. With a device area of 300× 300 Å2, the
effective Richardson constant was found to be around
120 A/cm2 at low electrical field and 40 A/cm2 at high
fields (E > 7 MV/cm). This could be caused by reduced
effective area at high current density/high electrical fields
around nonuniform metal–SAM interfacial regions. For
0 V < V < 0.1 V, the slope does not depend on bias
voltage. A hopping barrier of �E = 0�3 (±0�01) eV is
obtained from the slope .lnI/V � vs 1/T ] of Figure 25.
When the junction is biased in the reverse direction

such that electrons are injected from the chemisorbed
Au–isocyanide contact, similar activation behavior is
observed from −0.01 to −1 V (Fig. 27). The current
changes more than five orders of magnitude over 200 K
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for respective data sets.
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at both low and high bias regime. The barrier height is
determined in Figure 28, where the slope of .lnI/T 2� vs
1/T / was plotted against V 0�5. The intercept of the line fit
gives a thermionic barrier of % = 0�35 (±0�01) eV and an
effective Richardson constant of 120 A/cm2. As schemati-
cally denoted in Figure 18, the observation of the various
mechanisms in a given junction will depend on both the
magnitude of the various barriers and the defect density.
If the thermionic emission barrier is too large, such as in
the case of thiol-like termini onto Au, only the hopping
barrier would be observable. As defect-mediated con-
duction is a complicated function of trap concentration
and details, a significantly more extensive study would
be necessary to elucidate the nature and effects of pro-
cess on the defects. The present study serves to identify
the characteristic energy, although the origin and density
(and thus the current magnitude) are not well controlled.
From our experiment, under negative bias (chemisorbed
metal–SAM contact), we only observe thermionic emis-
sion, with an unobservable defect component. Under pos-
itive bias (evaporated metal–SAM contact), the defect
component is larger, and we observe both simultaneously.
The above result suggests that defects are likely located at
the evaporated metal–SAM interface, possibly introduced
during metal evaporation onto the organic film surface.

6.4. Pd–Isocyanide–Pd Junctions

Because the fabrication technique is generalizable to dif-
ferent termini and metals, it is easy to compare the effects
of different contacts. Utilizing the same fabrication tech-
nique but instead substituting the metal Au with Pd,
Pd–1,4-phenylene diisocyanide–Pd junctions were fabri-
cated and measured as before. Figure 29 shows the IV �
characteristics from 50 to 290 K at 20 K increments
when electrons were injected from the chemisorbed Pd–
isocyanide contact. Notice that currents are larger than
those of a Au–SAM–Au junction as shown in Figure 23,
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Figure 28. Plot of the slope of [lnI/T 2� vs 1/T ] vs V 0�5 of a Au–SAM–
Au junction shows a linear dependence. The thermal barrier height of
the junction can be deduced from the interception of the straight line.
The straight line is the *2 fit for the data set.
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from 50 to 290 K, with 20 K increments. Negative voltage bias corre-
sponds to electron injection from the chemisorbed SAM–Pd contact.
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in ln scale.

suggesting a smaller contact barrier. Figure 30 shows
plots of: (a) lnI/V � vs 1/T (low bias), illustrating hop-
ping conduction, and (b) lnI/T 2� vs 1/T (high bias),
illustrating thermionic emission. The barrier heights are
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than −0.1 V; (b) series of plots of lnI/T 2� vs 1/T at biases from −0.1
to −1.0 V at −0.1 V increments. All the straight lines are *2 fits for
respective data sets.
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obtained in Figure 31 which illustrates the slope of
.lnI/T 2� vs 1/T ] vs V 0�5 at negative bias, and we have
(a) for −0�1 < V < 0 V, a hopping barrier of �E =
0�19 (±0�02� eV; (b) for V < −0�1 V, a thermionic
emission barrier of % = 0�22 (±0�02� eV, with a fit-
ted Richardson constant of 130 A/cm2 at low field and
30 A/cm2 at high electrical field (E > 5 MV/cm). The
larger fitted Richardson constant could be caused by
deviation in device area, while the smaller fitted Richard-
son constant could be due to reduced effective area at
high current density/high electrical fields around nonuni-
form metal–SAM interfacial regions. In this case, the
unidentified defect component was large enough such
that both thermionics and hopping are observed. When
electrons are injected from the evaporated Pd–CN con-
tact, the defect component is so large that only hopping
is observed, with a barrier height of 0.21 (±0�02� eV.
As seen from above results, the contact barrier

between Au–isocyanide SAM is larger than that of Pd–
isocyanide SAM. The difference is most likely caused by
different electronic configurations between the two met-
als. In the noble metal Au, the d-shell is completely occu-
pied and there is a single valence s electron on the outer
shell. The Fermi level of Au lies far enough above the
d-band for the s-band to intersect !F (Fermi surface)
at points where it is still quite similar to the free elec-
tron band [120]. Consequently, the Fermi surface of Au
is a slightly distorted free electron sphere. In the transi-
tion metal Pd, electrons are regarded as occupying over-
lapping s- and d-bands [121]. Unlike noble metals, the
d-band in transition metals extends through the Fermi
energy. When levels on the Fermi surface are d-derived
levels, the Fermi surface no longer resembles a slightly
distorted free electron sphere. According to Mott [122],
the valence electrons (of Pd) are shared between a wide,
low density of states s-band and a narrow, high density of
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Figure 31. Plot of the slope of [lnI/T 2� vs 1/T ] vs V 0�5: at −0.1 V <
V < 0, no bias dependence; at V <−0�1 V, linear dependence. Thermal
barrier height of the Pd–SAM–Pd junction can be deduced from the
interception of the straight line.
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Figure 32. Some qualitative features of the d-band and s-band con-
tributions to the density of states of a transition metal. The d-band
is narrower and contains more levels than the s-band. Consequently
when the Fermi level (separating the shaded and unshaded regions) lies
within the d-band, the density of states g!F� is very much larger than
the free-electron-like contribution of the s-band alone. Reprinted with
permission from J. M. Ziman, “Electrons and Phonons: The Theory of
Transport Phenomena in Solids.” Oxford Univ. Press, New York, 1960.
© 1960, Oxford University Press.

states d-band. This high density of states arises because
the spatial extension of the d-electron wave functions is
much less than that for the s-electrons, with consequently
less overlap from atom to atom. Hence the d-band is
narrower; yet it has to accommodate 10 electrons com-
pared to the s-band’s 2. Shown in Figure 32 are some
qualitative features of the d-band and s-band contribu-
tions to the density of states of a transition metal [120].
In a word, the d-band plays a dominant part in the elec-
tronic properties of a transition metal such as Pd. When
Pd is brought into contact with isocyanide ligand, its d
orbital overlaps with the �∗ orbital of a ligand and forms
a d�–p� bond. However, when Au comes into contact
with isocyanide, since its d-bands lie far below the Fermi
surface, it cannot “backbond” to isocyanide effectively.
The delocalization between Au and isocyanide is there-
fore not as efficient as that between Pd and isocyanide.
This could be responsible for the larger barrier height
measured in Au–isocyanide SAM junctions.

6.5. Localized States
in Metal–SAM–Metal Junctions

Occasionally observed in some of the metal–isocyanide–
metal14 samples is a stepwise increase in current as
shown in Figure 33. The observed stepwise current
increase usually occurs at low bias voltage (tens of
meV) for both polarities, symmetric or asymmetric; and
it is most distinct at low temperatures,15 disappearing
around 30 K. If the devices were taken to a high elec-
trical field regime (e.g., 10 MV/cm), the steps could
degrade; otherwise, they are reproducible. This phe-
nomenon has been observed on samples from different
wafers and from different fabrication batches. It accounts

14 It is observed in both Au and Pd contacts with isocyanide SAM.
15 The lowest temperature obtained in the experiments is 1.5 K.
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Figure 33. IV � characteristics and dI/dV vs V in (a) a Au–SAM–Au
junction at 1.5 K; (b) a Pd–SAM–Pd junction at 1.67 K.

for roughly 10% of the investigated working devices, with
the other 90% exhibiting normal Schottky/hopping con-
duction. The stepwise increase in current is very similar
to that observed in the impurity states in heterostruc-
ture semiconductor devices [123]. The peak positions and
widths are summarized in Table 2. We notice that the
energetic spacings are around tens of meV.
IV � and dI/dV vs V characteristics of a Au–SAM–

Au junction at different temperatures are illustrated in
Figure 34. Listed in Table 3 is a summary of width, ther-
mal broadening at temperature T (3.5kBT ), and cur-
rent step size at different temperatures of the Au–SAM–
Au junction from IV � characteristics in Figure 34. It
is noticed that the magnitude of current step does not
change monotonously with temperature; it first increases
with increasing temperature (1.5 K > T > 7 K) and then
decreases at higher temperature (T > 7 K). We list in
Table 3 the width16 of the conductance peaks (i.e., the
width of the current steps) and 3.5kBT , which is the
expected thermal broadening if we assume that the level
width is determined by the Fermi distribution. Note that

16 All the widths referred to here are full width at half maximum.

Table 2. Localized levels and their widths (full width at half maximum)
in metal–SAM–metal junctions, all in meV. E+1 and E+2 are the first
and second peak positions under positive bias; E−1 and E−2 are the first
and second peak positions under negative bias.

E+2 Width E+1 Width E−1 Width E−2 Width

Au–SAM–Au 93 3 41 3.5 79 2.2
Pd–SAM–Pd 94 3 54 9 53 9 71 3
Error bars ±1 ±0.5 ±1 ±0.5 ±1 ±0.5 ±1 ±0.5

all the widths are larger than thermal broadening before
the current steps disappear around 30 K. This is because
only part of the applied voltage can drop across the local-
ized state. We assume a voltage to energy conversion fac-
tor � (note that the energy conversion factor � used in
this section has a different meaning from decay coeffi-
cient � used in Section 5) which determines by how much
the localized state is pulled down in energy relative to
the Fermi level of the left electrode when a bias V is
applied. It can be obtained by comparing the width with
thermal broadening 3�5kBT as plotted in Figure 35. An �
of 0.4 fits well the experimental width and thermal broad-
ening. There is some deviation at 7 K, coincident with
an unusually high current step value as shown in Table 3.
The width seems to saturate below 3 K, which could be
due to the intrinsic line width of the state.
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Figure 34. (a) I–V and (b) dI/dV vs V characteristics of a Au–SAM–
Au junction at different temperatures.
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Table 3. Comparison of width, thermal broadening (3.5kBT ), and cur-
rent step size at different temperatures of a Au–SAM–Au junction
from IV � characteristics in Figure 34.

T (K) Width (meV) 3.5kBT (meV) �Istep (pA)

1�5 2�2 0�45 13�4
4�2 3 1�3 13�9
7 6 2�1 22�5
11 7 3�3 16�5
30 9 9�1 9

There are two obvious possibilities as to the origin of
the observed stepwise IV � characteristics: a Coulomb
staircase of a metal cluster or clusters, which might have
separated from the gold electrodes and migrated into
the SAM layer; or tunneling through unknown localized
states of the isocyanide layer itself. We will discuss both
possibilities as follows.
Consider a metal particle trapped between the top and

bottom electrodes in the SAM, forming a metallic island
as sketched in Figure 36a. For the simplest case, we
assume that the particle is located in the middle of the
junction. When an electron tunnels to a metallic island
with capacitance C, the potential on the island will be
changed by Ec = e2/2C (Fig. 36b). Transport through the
junction will be blocked at biases less than Ec/e; greater
than that, it is energetically possible for an electron to
tunnel to the island, causing an increase of 2Ec in the rel-
ative level of the island chemical potential. The hopping
of the next electron will be inhibited unless the voltage
at the electrode is raised high enough to compensate for
the charging energy of the island. This process will be
observable if e2/2C � kBT , and the barrier resistance
R exceeds the quantum resistance Rk (i.e., R � Rk =
h/e2 = 26 k#). Both these conditions appear to be satis-
fied. For instance, in the Pd–SAM–Pd junction case, the
charging energy e2/2C is 53 meV � kT = 0.14 meV, at
T = 1�67 K, and R ∼ 4 G# is also larger than Rk.

To add an additional electron to the island, the total
energy required is 2Ec + �E, where �E is the mean
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Figure 35. Width and thermal broadening as a function of temperature.
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Figure 36. Schematics of (a) metal cluster in metal–SAM–metal junc-
tion; (b) single electron charging energy; (c) energy level spacing of the
metal island.

level spacing in a metal island (Fig. 36c). If we take the
density of states to be 0�094 × 1023/eV cm3 [124], with
a volume of (2�12 × 0�5) nm3, the expected mean level
spacing is 48 meV, giving 2Ec + �E ∼ 154 meV, larger
than the peak spacing we observed (20–40 meV). There-
fore, it is less likely that the step increase we observed
is caused by interstitial metal particles trapped in the
junction. Roth et al. [125] observed a similar step cur-
rent increase in a gold–LB film–gold microjunction. They
interpreted their observation as a Coulomb staircase of
a gold cluster trapped in between the electrodes. The
L-B film they used is thicker than 8 nm, allowing much
bigger gold clusters (approximately one order of magni-
tude larger in diameter than those in our experiment)
and hence much smaller charging energy and mean level
spacing.
The other possibility as to the origin of the observed

stepwise current increase is tunneling into localized states
in the isocyanide SAM. These localized states could
be introduced by defects in the synthesized isocyanide
molecules themselves or structural defects (like domain
boundaries) of the isocyanide SAM. The current versus
external bias across such a metal–SAM–metal junction is
proportional to the transmission probability through the
junction, which depends upon the overlap between the
localized state wave function and the entering electron
wave functions. Figure 37a illustrates the energy level
schematics of a metal–SAM–metal junction with some
localized states (E1, E2) in the SAM at zero external
bias (V = 0). The first current step occurs when the
increase of external bias V (V = V1r) brings the Fermi
level at the left electrode in resonance with the first
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Figure 37. Energy level schematics of metal–SAM–metal with localized
states.

localized state E1, increasing the transmission probabil-
ity (Fig. 37b). With further increase of bias (V = V2),
current rises slowly, possibly contributed by inelastic scat-
tering in the junction (Fig. 37c). Applying even higher
voltage bias (V = V2r) will bring the next localized state
level E2 below the Fermi level in the left electrode intro-
ducing another channel for transmission (Fig. 37d). If
the two barriers are symmetric, the positive and nega-
tive peak positions should be symmetric. The asymmet-
ric resonance level positions observed in our experiment
suggest asymmetric barriers to the evaporated and the
chemisorbed contact.
In general, the current through a single localized state

can be expressed as

�IV � = ef /3V �

where 3 is the lifetime of the localized state, and f is the
Fermi distribution function. The sharpness of the current
step edge is thus expected to decrease as temperature
increases, due to the broadening of the Fermi distribution
function. The magnitude of the current can be written as

IV � T � = 2Ithf V � T � =
2Ic

1+ exp.�eVc − V �/kT /

where e is the electron charge, k is Boltzmann’s constant,
� is the voltage to energy conversion factor, and Vc and
Ic are the threshold voltage and current at the conduc-
tance maximum. As seen from Figure 34 and Table 3, the
magnitude of current step first increases with increasing
temperature then decreases. This complicated behavior
could be caused by both change of the localized state

itself with temperature and additional current superim-
posed upon tunneling current into the localized states. To
concentrate on the tunneling current through the local-
ized states, we fit the conductance curves (instead of the
current curves) in Figure 34 by comparing them with the
derivative of the above equation with respect to bias V .
An � of 0.34 ± 0.04 was obtained, close to that obtained
in Figure 35.
The origin of the (possible) localized states in SAM

layer has not been identified. One possibility is that there
exists a structural defect in the SAM layer, giving rise to
polaron-like states [8]. Further experiments under mag-
netic fields could help to elucidate this phenomenon. For
instance, it is known that bipolaron transport gives rise
to spinless transport in poly(p-phenylene) [8].
Table 4 summarizes the results of the transport bar-

riers of through-bond transport of isocyanide on the
metals measured in this study. It is observed that ther-
mal emission is the dominant conduction mechanism
in chemisorbed metal–isocyanide junctions, while in the
evaporated metal–isocyanide contact, both hopping and
thermal emission can play an important role depend-
ing on the defect level introduced during the fabri-
cation process. The barriers of both the chemisorbed
and the evaporated contact are approximately the same,
which is expected given the symmetry of the structure. It
appears that the hopping component in the chemisorbed
metal–molecule junction is less significant than that in
the evaporated metal–molecule junction, which suggests
that there are less defects in the chemisorbed metal–
molecular interface. Overall, the Pd–CN contact bar-
rier is smaller than that of a Au–CN junction. The
technique reported here elucidates the relevant elec-
tronic transport barriers and conduction mechanisms of
through-bond metal–molecule contacts, which have been
possible through the implementation of microfabricated
electronic devices utilizing SAMs. The technique should
be applicable to a large range of inorganic and biomolec-
ular transport measurements, to quantitatively measure
the dominant electron transport mechanisms.

Table 4. Summary of the contact barriers and conduction mechanisms
for various metal–isocyanide SAM interfaces.

Metal Au Pd

Chemisorbed
contact

0.35 ± 0.01 eV,
thermionic

0.22 ± 0.02 eV,
thermionic (0.19
± 0.02 eV hop-
ping at low bias)

Evaporated
contact

0.38 ± 0.01 eV,
thermionic (0.3 ±
0.01 eV hopping
at low bias)

0.21 ± 0.02 eV
hopping
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7. DEVICE APPLICATIONS
OF MOLECULAR LAYERS

Electronic switching and memory effects are known to
exist in a wide variety of inorganic and organic mate-
rials. In 1979, Potember et al. [126] reported bistable,
reporducible, and nanosecond electronic switching and
memory phenomena in an organometallic charge-transfer
complex salt CuTCNQ formed by TCNQ (7,7,8,8-
tetracyano-p-quinodimethane), which acts as an electron
acceptor with metallic copper as the electron-rich donor.
In these materials the switching and memory phenomena
are given rise to by the field assisted structural changes
such as phase transitions, crystallization, and metal fila-
ment formation assisted by highly localized Joule heat-
ing. However, the electronic behavior of these materials
is mostly not stable or reproducible and usually requires
high switching voltage [127].
In this section we discuss stable and reproducible

switching and memory effects in SAM. We first present
results on conformation-induced transition behavior and
then demonstrate the realization of stable and repro-
ducible large negative differential resistance (NDR) and
charge storage in electronic devices that utilize a sin-
gle redox-center-contained SAM as the active compo-
nent. The devices exhibit electronically programmable
and erasable memory bits with bit retention times greater
than 15 minutes at room temperature.

7.1. Conductor–Insulator Transition Caused
by Molecular Conformation

Molecular conformation17 is one of the most important
aspects of chemistry. When molecular systems have suf-
ficient degrees of freedom to adopt a variety of shapes
or forms, some of these forms can be associated with
stretching or bending of bonds. For example, studies on
mechanical distortions of bent nanotubes and crossing
nanotubes show that they can exhibit substantial tubular
deformations as well as bending and buckling, a factor in
turn influencing their electronic transport characteristics
[128].
On the other hand, molecular conformation is often

associated with rotations of substituents around specific
bonds. Zhou et al. [113] observed that there exists
a transition temperature below which the benzene
rings of a tolane-like molecule assume a perpen-
dicular configuration, but a coplanar one above the
transition temperature. These devices are nanoscale
Au/Ti/ethyl-substituted 4,4′-di(phenylene-ethynylene)-
benzothiolate/Au junctions, fabricated using an inverted
nanopore structure [113]. The experiments show that
current first decreases gradually as temperature varies

17 Structures that differ only by rotation about one or more bonds are
defined as conformations of a compound.

from room temperature to 30 K due to thermal activa-
tion; then a sharp decrease of two orders of magnitude
in conductance resembling a transitional behavior is
observed around 25 K (Fig. 38). Calculations by Sem-
inario et al. show that the relative angle between two
benzene rings in each tolane molecule determines its
conductivity, being maximum at 0 degrees and minimum
at 90 degrees [129]. At 10 K, phenyl rings in the tolane
molecules show very little tendency to rotate and per-
pendicular tolanes are more stable than parallel tolane
molecules—giving rise to smaller conductivity. At 30 K,
the tolane rings are able to freely rotate with respect to
each other, allowing the tolane molecules to be planar
at some instant in time, consequently reaching higher
conductivity.

7.2. Negative Differential Resistance
in Molecular Junctions

The discovery of NDR in semiconductor diodes has
opened a new chapter in semiconductor device physics
and device development [129–135]. Through the use of
NDR devices, circuits with complicated functions can be
implemented with significantly fewer components [136–
141]. There are various NDR devices such as Esaki
tunnel diodes [129], Gunn effect diodes [130], resonant
tunneling diodes [131], etc., caused by various physi-
cal mechanisms. For example, a Gunn effect diode, also
known as a transferred electron diode, is given rise to
by a field-induced transfer of conduction band electrons
from a low energy, high mobility valley to higher energy,
low mobility satellite valleys [132].
NDR was first discovered by Esaki [129] in 1958 in

a tunnel diode (a highly degenerate p–n junction). The
physical basis of the tunnel diode, which is also called the
Esaki diode, is interband tunneling between the valence
band and the conduction band.
Another type of well-known NDR device is the res-

onant tunneling diode (RTD). Tsu and Esaki proposed
resonant tunneling shortly after molecular beam epi-
taxy appeared in the field of compound semiconductor
crystal growth in 1973 [131]. A RTD typically consists

Conducting

Non-conducting

coplanar

perpendicular

Figure 38. I–T characteristics at different biases (0.1–1 V) of a
Au/Ti/ethyl-substituted 4,4′-di(phenylene-ethynylene)-benzothiolate/Au
junction. A sharp decrease in conductivity is observed around 25 K.
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of an undoped quantum well layer (GaAs) sandwiched
between undoped barrier layers (AlGaAs) and heavily
doped emitter and collector contact regions [139]. Res-
onant tunneling through the double barrier structure
occurs when the energy of the electrons flowing from the
emitter coincides with the energy of the quantum well
state (resonant state) in the quantum well. The effect of
the external bias, V , is to sweep the alignment of the
emitter and resonant states (E0). Thus a resonant tunnel-
ing current starts to flow when the Fermi level. EF in the
emitter reaches the resonant state.
There are also some organic switching devices that

exhibit NDR behavior, whereas their NDR behavior has
been attributed to the formation of highly conducting fil-
aments [142–144]. These filaments are formed by local
joule heating which produces material rearrangement or
even melting. This type of organic switching device is
insensitive to the polarity of the applied field but suffers
from some material rearrangement or damage. Besides,
they also need high switching power consumption, and
the type of metal that was used for contacts also plays
an important role. For instance, Gundlach et al. have
observed NDR in Al–(Al oxide)-arachidic acid–Al (or
Au) junctions using the L-B technique [142], but short
circuits were observed when they used Au for both junc-
tion electrodes. The presence of Al oxide is vital for
their experiment to block leakage current around domain
boundaries or defects in the L-B film (with a sample area
of approximately 1 mm2). The NDR they observed is not
repeatable.
Here we discuss the realization of large NDR behav-

ior and room temperature operation in an electronic
device that utilizes special molecules as the active com-
ponent. Unlike in Esaki diodes or in RTDs, the mono-
layer thickness is determined by the SAM thickness,
which inherently/ultimately solves the monolayer fluctua-
tion problem at the interfaces. Being different from bulk
organic switching devices, our nanoscale NDR devices
are both reproducible and reversible [38].
A molecule containing a nitroamine redox center [2′-

amino- 4,4′ -di(ethynylphenyl)-5′-nitro-1-benzenethiolate]
is used in the active SAM in the nanopore configura-
tion discussed previously. Its structure is illustrated in
Figure 39. Apart from the ethynylphenyl based back-
bone, there is a redox center introduced in the middle

Z

NH2

O2N
1a, Z = SCOCH3
1b, Z = SHNH4OH

1,   Z = S  
1c, Z = H 

Figure 39. The structures of active molecular compound 1 and its pre-
cursors, the free thiol 1b and the thiol-protected system 1a.

benzene ring: the electron withdrawing nitro ( NO2)
group and the electron rich amino ( NH2) group.
To deposit the SAM layer onto gold electrode, we

transfer the prefabricated nanopores into a 0.5 mM 2′-
amino -4,4′ -di(ethynylphenyl) -5′ -nitro-1-(thioacetyl)ben-
zene (1a) [145] in THF solution. The thioacetyl groups
are then selectively hydrolyzed with ammonium hydrox-
ide (concentrated aqueous 14.8M NH4OH, 5 "L per
mg of 1a) in THF to yield the free thiol, 2′-amino-4,4′-
di(ethynylphenyl)-5′-nitro-1-benzenethiol (1b), which
then forms the thiolate, 2′-amino-4,4′-(diethynylphenyl)-
5′-nitro-1-benzenethiolate (1) upon exposure to Au after
48 hours [73] under an inert atmosphere of Ar. The
sample was then prepared and characterized as discussed
previously.
A device containing a SAM of conjugated molecules

similar to 1 but not bearing the nitroamine functionalities
was fabricated and measured in nearly identical condi-
tions [113] and did not exhibit any NDR behavior. There-
fore, the nitroamine redox center is responsible for the
NDR behavior.
Typical IV � characteristics of a Au–(1)–Au device at

60 K are shown in Figure 40. Positive bias corresponds
to hole injection from the chemisorbed thiol–Au con-
tact and electron injection from the evaporated contact.
The peak current density for this device was greater than
53 A/cm2, the NDR is less than −380 "#/cm2, and the
PVR is 1030:1. Unlike previous devices that also used
molecules to form the active region [146], this device
exhibits a robust and large NDR. Some device-to-device
variations of peak voltage position (∼ ×2) and peak cur-
rent (∼ ×4) were observed as shown in Figure 41. Curve
clusters 1–3 are from three different devices (numbered
1 through 3, respectively) on two different batches of
wafers fabricated. Curves within each cluster are from
the same device but from different runs at different time.
Device-to-device current fluctuations can be attributed to
fluctuations in the pore diameter size. As total voltage
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Figure 40. IV � characteristics of a Au–1–Au device at 60 K. The peak
current density is ∼50 A/cm2, the NDR is ∼ − 400 "#/cm2, and the
PVR is 1030:1.
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Figure 41. IV � characteristics of Au–1c–Au devices at 60 K. Curve
clusters 1–3 are measured from different samples, while curves within
one cluster are from the same sample but from different runs.

applied to the molecular junction can be divided into the
voltage drop on the molecules and the voltage drop on
the metal–molecule contacts, device-to-device peak volt-
age fluctuations can be caused by different voltage drops
on the metal–molecule contacts. As shown by Di Ventra
et al. [111], the detailed metal–molecule contact config-
uration plays an important part in the conductance of
metal–molecular junctions. Different contact geometries
caused by differences in fabrication processes, such as in
etching and metallization, could result in different con-
tact potentials. Figure 41 suggests that the voltage drop
on the metal–molecule contacts on device 3 is almost
twice that of device 1. Further fine-tuning of the fabri-
cation processes should improve uniformity and reduce
device-to-device fluctuation.
The IV � curve is fully reversible upon change in

bias sweep direction (from negative bias to positive bias)
as shown in Figure 42; for a given device, small fluc-
tuations (∼1% in voltage peak position and ∼6% in
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Figure 42. Forward (−2 → 6) V and reverse (6 → −2) V sweeps on a
Au–1c–Au junction at 60 K. The inset shows the blowup of the sweeps
around peak.

peak current) are observed with consecutive positive and
negative sweeps but could be attributed to temperature
fluctuations of ∼2 K (within the experimental thermal
stability). The performance exceeds that observed in typ-
ical solid state quantum well resonant tunneling het-
erostructures [147–150]. In addition to the obvious size
advantages for scaling, the intrinsic device characteris-
tics (that is, the valley current shutoff) may be superior
to that of solid-state devices. The intrinsic PVR of the
molecule may be considerably greater than that reported
here because the valley currents observed (on the order
of picoamperes) are comparable to typical leakage cur-
rents in the silicon nitride film. At negative bias, when
electrons are injected from the chemisorbed contact, the
current level is approximately one order of magnitude
smaller than that of positive bias as shown in Figure 43.
Negative bias corresponds to electron injection from the
chemisorbed thiol–Au contact. As discussed in Section 6,
its contact barrier is around 0.7 eV, larger than the evap-
orated contact. The rectifying behavior (I+5I− = 30:1) is
most likely caused by the asymmetric metal–molecular
contacts.
We would like to point out the details of IV � mea-

surements as follows: if a positive voltage sweep (referred
to as S1+, e.g., from 0 to 2.5 V) is followed by a nega-
tive sweep (referred to as S1−, e.g., from 0 to −2.5 V),
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Figure 43. Full (−5, 5) V and negative (0, −5) V sweeps of a Au–1c–Au
junction at 60 K.
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the following positive sweep (referred to as S2+, from 0
to 2.5 V) reproduces S1+ very well. If a sweep is started
from negative bias to positive bias (e.g., from −2.5 to
2.5 V), it always overlaps with consecutive sweeps, as
shown in Figure 42. If S1+ is followed immediately by
a positive sweep (i.e., S2+), at low temperature, NDR
is observed in both sweeps with less than a few percent
shift in peak position and decrease in peak amplitude; at
high temperature, different phenomena (memory effects)
were observed and will be discussed in detail later. S1+s
can be reproduced after negative sweeps (S−s). In this
section, we concentrate on the investigation of NDR
behavior. The positive curves shown here are S1+s. The
behavior of S2+s is very similar to that of S1+s at low
temperatures. In addition, S1+s and S2+s have very sim-
ilar temperature dependences which will be shown.

7.3. Temperature Dependence

All of the Au–1c–Au devices examined exhibit peak volt-
age position and current magnitude shifts with tempera-
ture such as shown in Figure 44. We observe a decrease
in peak intensity with increasing temperature. This could
be caused by scattering in the junction. However, the
fact that the peak intensity has a maximum at 60 K is
not understood yet. It could be caused by thermally acti-
vated conformation change in the SAM layer. We also
observe that the peak position shifts to smaller voltage
with increasing temperature (Fig. 45a). The shift can be
fit by the following expression:

�Vpeak =
c1

1+ e−
34meV�

kT

This expression can be explained by a two energy
level model using a Boltzmann distribution. Where the
34 (±0.7) meV corresponds to the activation barrier from
the bound state as proposed in Figure 45b, and C1 is a
proportionality constant. More supporting evidence for
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Figure 44. IV � T � characteristics of a Au–1c–Au device.
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Figure 45. (a) Peak voltage vs temperature relationship of the same
device; (b) possible physical picture of the trap state.

the above model comes from the temperature depen-
dence of peak width (Fig. 44). It remains constant at low
temperatures and widens at higher temperature. Further
discussions on temperature dependencies and compari-
son with other compounds will be carried on next.
Similar NDR behavior is also observed in devices with

nitro only moiety (2). The PVR is smaller than that of
1, but NDR behavior persisted from low temperature to
room temperature. IV � characteristics of a Au–(2)–Au
device at 300 K are shown in Figure 46a. The device has
300 K characteristics of a peak current density greater
than 16 A/cm2, NDR smaller than −144 m#/cm2, and a
PVR of 1.5:1. At 190 K (Fig. 46b), the NDR peak is much
sharper than that of 1, although its PVR is not as big as
that of 1. The degradation in PVR (decreasing in peak
current) can probably be caused by increased inelastic
scattering with increasing temperature. Figure 47 shows
the cyclic voltammagram curve for compound 2c where
the reduction potentials peaked at −1�39 and −2�09 V
respectively. The potentials are shifted about 0.3 V less
than that of the nitro-amino device.
The next experiment that naturally follows is the elec-

tronic transport and electrochemistry experiments of an
amino only molecule [2′-amino-4,4′-di(ethynylphenyl)-1-
benzenethiolate, compound 3]. We observe no NDR
behavior in 3 at both low temperature (60 K) and room
temperature, as shown in Figure 48. To avoid breakdown
of the molecular junction, bias at room temperature was
restricted to 1 V to limit current through the junction.
Its CV curve did not exhibit any reduction peak in the
range of interest. Concluding from above experimental
results, we suggest that the nitro group is responsible for
the NDR behavior. Further understanding of the under-
lying mechanism and experimentation with various redox
centers should allow us to engineer molecular compounds
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Figure 46. IV � characteristics of a Au–2–Au device at (a) 300 K and
(b) 190 K.

in the future to improve PVR at room temperature and
above.
Shown in Figure 49 is the temperature dependence of

peak positions of a Au–2–Au device. The peak voltage
is observed to drop linearly with increasing temperature:
�Vpeak = −0�025�T . It appears to be very different from
that of a Au–1c–Au device. To compare possible effects
of different redox centers on temperature dependence,
we show in Figure 50 a plot of temperature vs voltage val-
ues at a constant current of 10 nA of a Au–3–Au device.

Figure 47. Cyclic voltammagram of compound 2c shows two distinct
reduction peaks at −1�39 and −2�09 V.
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Figure 48. IV � characteristic of 2′-amino-4,4′-di(ethynylphenyl)-1-
benzenethiolate (3) at 60 and 295 K. No NDR behavior was observed.
Bias across 3 was restricted to 1 V at room temperature to avoid junc-
tion breakdown.

Interestingly, it can also be fit to a two-level model,

�V@10 nA = c3

1+ e−
30meV�

kT

where C3 is a proportionality constant and the binding
energy for the trap state on 3 is around 30 (±0.2) meV.
On the other hand, the transition region of Vpeak vs T
of a nitro-amine redox molecule (Fig. 44a) can be fit in
piecewise to linear relationship as shown in Figure 51a,
with �V = −0�014�T and �V = −0�034�T , respectively,
and the transition region of V@10nA vs T of an amine-only
moiety can also be fit to a linear relationship as shown
in Figure 51b, with �V = −0�005�T . The fitting results
and comparison between compounds 1c, 2, and 3 of S1+

sweeps are summarized in Table 5. As mentioned previ-
ously and shown in Table 6, the temperature dependence
of S2+ sweeps is very similar to that of S1+ sweeps. The
difference has to do with the memory effects that will be
discussed next.
The above result suggests that the presence of the

amine group gives rise to a bound state around 30 meV in
the molecule, whereas the nitro group is responsible for
NDR behavior. The exact mechanism of linear shift of
peak position with temperature is not understood at this
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Figure 49. Peak voltage vs temperature of a Au–2–Au device.
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Figure 50. Voltage values at a constant current of 10 nA vs temperature
of a Au–3–Au device.

stage yet. However, we provide one (although we stress
not unique or unambiguously proven) possible explana-
tion as follows.
The peak position shift with temperature could be

caused by different vibrational modes excited at differ-
ent temperatures. These vibrational modes can cause
instantaneous dipole changes in the molecule which in
turn interact with electrons passing through the molecule,
changing the transmission coefficient. The nitro-amine
substituents in 1 have nonzero dipole moments. For
instance, in nitromethane (Fig. 52), the nitrogen atom
has four bonds rather than the usual three and must
be represented as having a formal positive charge. The
singly bonded oxygen atom, by contrast, has one bond
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Figure 51. Piecewise linear fitting in the transition region of (a) peak
voltage vs temperature of a Au–1c–Au device. (b) Voltage values at a
constant current of 10 nA vs temperature of a Au–3–Au device.

rather than the usual two and must be represented as
having a formal negative charge. The dipole moment of
nitromethane resulting from the above-mentioned polar
bonds is 3.46D, where D = 3�336 × 10−30 C m [151].
On the other hand, the lone pair in amine group can
also lead to the dipole moment. The dipole moment of
ammonia (NH3) is 1.47D. The nitro substitutent on the
benzene ring withdraws electrons from the aromatic ring
by resonance (overlap of a p orbital on the substituent
with a p orbital on the aromatic ring). Conversely, the
amine substituent donates electrons (through lone pairs)
to the aromatic ring by resonance. With a dipole moment
of 3.8D between nitro-amine group [152], the energy of
the dipole on 1 under an electrical field of 10 MV/cm is
approximately 40 meV, comparable to the energy scale
observed in our experiment. Rotation is therefore possi-
ble. Similar rotation of the benzene ring caused by nitro–
amine dipole interaction has been observed by others
[153]. Further IR spectroscopy experiments on 1 should
help to elucidate this point.
It has been known that different rotational conforma-

tions of a molecule with the same chemical composition
leads to different HOMO–LUMO gaps. For instance,
in ethane (CH3–CH3), the lowest energy, most stable
conformation is a staggered configuration where all six
carbon–hydrogen bonds are as far way from each other as
possible, whereas the highest energy, least stable confor-
mation is an eclipsed one where the six carbon–hydrogen
bonds are as close as possible. Between these two limiting
conformations are an infinite number of other possibil-
ities. Experiments show that the energy barrier to rota-
tion is 12 kJ/mol [154]. The 12 kJ/mol of extra energy
present in the eclipsed conformation of ethane is also
called torsional strain which is believed to be due to the
slight repulsion between electron clouds in the carbon–
hydrogen bonds as they pass by each other at close quar-
ters in the eclipsed conformer. As a result of this, the
HOMO–LUMO gap energies of these two configurations
are different, with a 10.99 eV gap of staggered ethane
and 10.94 eV of the eclipsed conformer. A much big-
ger effect is observed in nitramide [154] where the rota-
tional barrier is about 48 kJ/mol, causing a change in the
HOMO–LUMO gap of about 0.99 eV.
We propose that at different temperatures, the dipole

induced by the excited vibrational modes rotates the
molecule under electric field, thereby changing the posi-
tion of the NDR peak.
Based on our experiments, the electron-withdrawing

nitro group is responsible for NDR behavior, whereas
the electron-donating amine group gives rise to a bound
state in the molecule of approximately 30 meV. We
have learned that conformational change (rotation)
and/or charging can change the conjugation of molecular
orbitals. Further exploration on design and engineering
of molecules with various redox substituents should help
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Table 5. Comparision between compounds 1c, 2, and 3 on temperature dependence of S1+ sweeps.

V vs T

Redox center NDR Best fit Piecewise linear fit Ebinding

Nitro-only (2)
√

�Vpeak = −0�025�T
Nitro-amine (1c)

√
�Vpeak = c1

1+e−
34meV�

kT

�V = −0�014�T 34 meV

�V = −0�034�T
Amine-only (3) X �V@10 nA = c3

1+e−
30meV�

kT

�V = −0�005�T 30 meV

to realize nonlinear electronic devices with multiple func-
tionalities.

7.4. Molecular Memory Effects

The programmable storage of digital information as
packets of charge is beginning to reach not only tech-
nological but fundamental limits. Electronic memories
that operate at the charge limit (e.g., by single elec-
tron effects) have been demonstrated [155, 156] but
have not yet addressed the dimensional limit (i.e., a sin-
gle molecule). Although memory phenomena have been
studied in bulk organic materials (such as organometallic
charge-transfer complex salts [126]), we will demonstrate
nanoscale electronically programmable and erasable
memory devices utilizing molecular SAM and a memory
cell applicable to a random access memory (RAM).
Figure 53 lists the molecules used in this study.

(They were introduced previously; we list them again
for convenience.) The four systems studied are:
Au-(1)-Au [1: 2′-amino-4,4′-di(ethynylphenyl)-5′-nitro-1-
benzenethiolate]; Au–(2)–Au [2: 4,4′-di(ethynylphenyl)-
2′-nitro-1-benzenethiolate]; Au–(3)–Au [3: 2′-amino-
4,4′-di(ethynylphenyl)-1-benzenethiolate]; as well as
Au–(4)–Au [4: 4,4′-di(ethynylphenyl)-1-benzenethiolate]
that had neither the nitro nor amine functionalities.
The memory device operates by the storage of a high

or low conductivity state. Figure 54 shows the write, read,
and erase sequences for (1). An initially low conductivity
state (low �) is changed (written) into a high conductivity
state (high �) upon application of a voltage pulse. The
direction of current that flows during this “write” pulse is
diagrammed. The high � state persists as a stored “bit,”
which is unaffected by successive read pulses. Molecules
with the nitro moieties (1 and 2) are observed to change

Table 6. Comparision between compounds 1c, 2, and 3 on temperature dependence of S2+ sweeps.

V vs T

Redox center NDR Best fit Piecewise linear fit Ebinding

Nitro-only (2)
√

�Vpeak = −0�005�T
�Vpeak = −0�010�T

Nitro-amine (1c)
√

�Vpeak = c1

1+e−
32meV�

kT

�V = −0�02�T 32 meV

Amine-only (3) X �V@10nA = c3

1+e−
30meV�

kT

�V = −0�005�T 30 meV

conductivity state, whereas the amine-only (3) and the
unfunctionalized molecule (4) do not exhibit storage.
In the following, we first describe the characteristics
obtained by linear voltage sweeps [so as to generate IV )
characteristics]. Second, we demonstrate the same effects
and a circuit using voltage pulses.
Figure 55 shows the IV � characteristics of a Au–(1)–

Au device at 200 K initially (defined as “0”) and after
(defined as “1”) a write pulse, as well as the difference
between the two (defined as “1”–“0”). Positive bias cor-
responds to hole injection from the chemisorbed thiol–
Au contact. The device initially probed with a positive
voltage sweep from 0 to 2 V in 1 min exhibits a low
conductivity state. Subsequent positive sweeps show a
high conductivity state with IV � characteristics identi-
cal to the previous values (“1”). Device bias swept in
the reverse bias direction from 0 to −2 V in one minute
causes the IV � to be identically reset to the initial, “0”
IV � characteristic. The characteristics are repeatable to
high accuracy and device degradation is not observed.
This ability to program, read, and refresh the state of
the molecular device accomplishes the functionality of
a RAM. Figure 56 shows the difference characteristic
(“1”–“0”) of (1) as a function of temperature. The peak
current difference decreases approximately linearly with
increasing temperature.
A characteristic bit retention time was obtained by

measuring the stored high conductivity state at various
times intervals after programming the Au–(1)–Au device.
After an initial positive write sweep from 0 to 2 V in
1 min, a second sweep was measured at different time
intervals, and the difference between the first and the
second sweeps at peak current position was taken and
plotted against time in Figure 57a. Notice that after each
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Figure 52. Nitromethane and its dipole.

second sweep during the experiment, the junction has
to be reset to the initial state by a negative bias sweep
from 0 to −2 V in 1 min. It is found that the differ-
ence “1”–“0” exhibits an exponential decay with a time
constant (3) of approximately 800 seconds at 260 K. Sim-
ilar measurements were performed from 260 to 190 K.18

The stored state was found to decay exponentially with
increasing time constants at lower temperatures. Shown
in Figure 57b is a plot of the decay time constant (reten-
tion time) at different temperatures, exhibiting an expo-
nential dependence with 1/T . It indicates an activation
behavior: 3 = 30 expEa/kT �, suggesting activation over
a single trap state. The activation energy Ea for this
molecule over this bias regime was found to be approxi-
mately 80 meV.
So far we only discussed the memory effects when the

molecular junction is under positive bias (other than the
negative sweep used to refresh the written state). Fig-
ure 58a shows the first (“0”) and second (“1”) traces
when the same junction is biased negatively (0, −5 V) at
100 K. The window over which the “0” and “1” differ by
a constant amount of ∼120 pA is nearly 4 V, providing
well-separated thresholds. The third trace and so on over-
lap with the second one. Contrary to the positive bias,
initially, the molecular junction is in a higher conductivity
state, whereas it is changed to a lower conductivity. After
applying a positive sweep, we observe that the junction is
set back to the initial negative trace (overlaps with “0”).
Shown in Figure 58b is the difference between the first
and second IV � traces (“0”–“1”) at various tempera-
tures. Notice that the width of the plateau decreases with
increasing temperature. The decay of the stored state
under negative bias is very slow. The decay constant is
estimated to be larger than hours.
Figure 59a–d shows the difference IV � traces (“1”–

“0”)19 between 10 and 260 K of a Au–(1)–Au device. As
seen in Figure 59a, in addition to the major NDR peak,
there is an evolution of a second peak at higher bias,
which is most obvious at 200 K and disappears around
190 K. Simultaneously, the difference curve changes its
sign at low bias around 200 K, suggesting a change in the

18 Below 190 K, the IV � characteristic changes considerably, with the
NDR peak shifting much toward higher voltage. No appreciable decay
of current was observed.
19 The two traces are measured one immediately after the other.

conducting states in the molecule. No appreciable decay
of current was observed below 190 K. This could possi-
bly be caused by suppression of specific conformational
modes in the molecule at low temperatures. Below 160 K,
it is seen that there are two distinct NDR peaks, one
from the first trace (peaked at smaller voltage) and the
other from the second trace (peaked at larger voltage).
Peak position difference between the two NDR peaks
remains approximately the same below 80 K. Peak ampli-
tude decreases to roughly 1/3 at the second sweep. The
third traces and so on repeat the second ones. A negative
sweep brings the molecular junction to its original state,
after which the first traces can be reproduced. This obser-
vation could possibly be caused by excess charge trapped
in the molecule.
Memory effects are also observed in devices with the

molecules having only the nitro moiety (2), although in
this case the storage was of a low conductivity state20

after an initial positive sweep from 0 to 1.75 V in 1 min,
opposite to that of molecule (1). Figure 60a demonstrates
the storage of this state in molecule (2) at 300 K. NDR
was observed in the stored state “1.” As described pre-
viously, subsequent reads and resets identically recov-
ered the IV � characteristics. At 300 K, thermal activa-
tion does contribute some nonzero “0” current, although
the thresholds are still well separated (approximately
250 pA). Figure 60b shows the difference IV � char-
acteristics (“0”–“1”) at various temperatures, “0” > “1”
(before the NDR region), opposite that of molecule (1).
IV � characteristics under negative biases are shown

in Figure 61. In (a) are shown the first/initial and sec-
ond sweeps from 0 to −5 V in 2 mins, respectively. As
described before, subsequent reads and resets identically
recovered the IV � characteristics. Figure 61b shows the
difference IV � sweeps (“0”–“1”) at various tempera-
tures. The width of the current plateau decreases with
increasing temperature, similar to that of molecule (1).
A characteristic bit retention time is obtained by mea-

suring the stored low conductivity state at various time
intervals after programming the Au–(2)–Au device. After
an initial write bias sweep, current (I1) at 1.5 V of the
stored state “1” increases gradually until it recovers the
initial “0” high conductivity state (I0). Their difference
(I0 − I1) exhibits an exponential decay with a time con-
stant (3) of approximately 900 seconds at 300 K (Fig. 62).
Memory effects are not observed in molecule (3) with

the amine-only group. Shown in Figure 63 are typical
IV � characteristics of a Au–(3)–Au device at 60 and
295 K, respectively. The first and second traces at a con-
stant temperature overlap with each other. The current
level is higher than that of both Au–(1)–Au and Au–(2)–
Au devices, suggesting that the presence of nitro group
impedes charge transport, causing a high conductivity

20 Not including the NDR region, where current level is higher than
the initial state.
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Figure 53. The molecular junctions (1–3) used in this study. Junction 4 was studied by Zhou [113], drawn here for comparison purpose. There are
approximately 1000 molecules sandwiched between the two Au contacts. Only one molecule is drawn for simplicity.
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Figure 55. IV � characteristics of a Au–(1)–Au device at 200 K. “0”
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Figure 57. Bit retention as a function of time and temperature. (a) Bit
retention for (1) exhibits an exponential decay with a time constant (3)
of 790 seconds at 260 K. (b) Temperature dependence of 3 gives an
activation energy Ea = 76± 7 meV.

state in (1) (with nitro-amine group) and a low conduc-
tivity state in (2) (with nitro-only group). Consequently,
the 80 meV energy level observed in (1) is most likely
associated with the nitro group.
The above observation leads us to the following pre-

liminary model for the memory effect (Fig. 64). We have
identified from above experimental results that the nitro
group is responsible for the memory effect, while the
presence of the amine group changes the initial conduc-
tivity states of the molecule (most likely caused by the dif-
ferent dipole distribution it introduces to the molecule).
Here we use molecule 1 as an example. Depending on its
history, 1 can be in one of the two states, L (low conduc-
tivity state) or H (high conductivity state). We propose
that the different conductivity states are caused by dif-
ferent trap levels occupied by electrons in the molecule
as shown in Figure 64a. Different trap levels occupied by
electrons in a molecule could mean either different elec-
tronic states with different charge distributions (such as
different dipole distribution), or different conformation
states in a molecule (such as rotational conformations,
about various axes), or both. The microscopic origin of
the trap states is at this point unknown; we stress that
regardless of the microscopic origin, we have determined

-5 -4 -3 -2 -1 0

-150.0p

-100.0p

-50.0p

0.0

 "0"
 "1"

I 
(A

)

V

T = 100 K 

(a)

-5 -4 -3 -2 -1 0

-1.5x10-10

-1.0x10-10

-5.0x10-11

0.0

 6 0 K
 70 K
 8 0 K
 9 0 K
 100 K
 110 K
 120 K
 13 0 K
 14 0 KI 

(A
)

V

(b) “0” – “1”

60 K 

140 K 

Figure 58. (a) IV � characteristics of the first trace (erased/initial state)
and the second trace (stored state) in Au–(1)–Au at 100 K under neg-
ative bias; (b) difference IV � characteristics (“0”–“1”) at different
temperatures.

here that the origin is a trap state, and the energetic char-
acteristics of that trap state.
These trap levels can cause different electronic dis-

tributions, leading to various conductivity states of the
molecule. From Figure 55, 1 is initially in a low con-
ductivity state (L). As the junction is biased positively,
the barrier is tipped over, and the electron falls into
state H (Fig. 64b). When the bias is removed the elec-
tron remains undisturbed in the same localized state H
they occupied under bias for a period of time equal to
�P�−1 where � is the attempting frequency to escape
and P is the probability of escaping the localized state
H. In general P is proportional to the Boltzmann factor
exp(−E/kT ), where E denotes the energy barrier of the
localized state H. It corresponds to the measured 80 meV
as shown in Figure 57. For subsequent positive biases
at times t < �P�−1, the electron is trapped in state H
(Fig. 64c). Only with negative bias can the electron be
“liberated” and go back to state L (Fig. 64d). At times
t > �P�−1, the electron leaks through the barrier and
finally returns to state L. The electron will be trapped in
state L with following negative sweeps, and it can only
be refreshed to the H state by positive bias. This explains
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Figure 59. Difference IV � curves (“1”–“0”) between 10 to 260 K of a
Au–(1)–Au device: (a) 190–260, (b) 140–190, (c) 80–140, and (d) 10–80 K.
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Figure 60. (a) IV � characteristics of the first trace (initial state) and
the second trace (stored state) in Au–(2)–Au at 300 K under pos-
itive bias; (b) difference IV � characteristics (“0”–“1”) at various
temperatures.

well that the first negative sweep on the junction shows
a high conductivity state (Fig. 58) (i.e., the initial H state
after positive sweeps). The following negative traces show
low conductivity states, and a positive trace resets the
state.
In Figure 65, we see a final example of a molecule

(biphenyl dinitro) that exhibits this large resettable con-
ductivity at room temperature. Here the high conductivity
state on probe is set into the low conductivity state, which
is persistent until the application of a negative bias pulse
after which the high conductivity state is recovered. This
type of behavior is illustrative with the above model of
a bistable state; although the microscopic origin of these
states is complex, this behavior is generically seen in this
class of systems.

7.5. Demonstration of a Molecular
Memory Storage Cell

Figure 66 shows a constructed sense circuit diagram
for a molecular memory cell operation. TTL level sig-
nal (5 V) from a function generator is first converted
to the operating point of the memory cell (set at the
points diagrammed in Fig. 67, 1.5 V) and applied to the
molecular junction (DUT). The current through DUT is
measured via a feedback resistor Rsense and amplified 10
times using low noise operational amplifiers. Then the
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temperatures.

signal is fed into a comparator (LM339) and compared
with the “1” set-point (low conductivity state) as mea-
sured in Figure 66. To demonstrate the storage of a low
conductivity state, the signal is inverted and gated with
the input pulse from the function generator. A measured
logic diagram utilizing the above sensing circuit and a
Au–2–Au device is shown in Figure 68, demonstrating a
molecular RAM cell at ambient temperature.
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Figure 62. Measurement of retention time for (2). Current exhibits an
exponential decay with a time constant (3) of 910 seconds at 300 K.
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benzenethiolate (3) at 60 and 295 K. First and second traces overlap
with each other.

The upper trace shown in Figure 68 is an input wave-
form applied to the device, and the lower is the RAM
cell output. The first positive pulse configures the state
of the cell by writing a bit, and the second and third
positive pulses read the cell. The third pulse (and subse-
quent read pulses, not shown here for simplicity) demon-
strates that the cell is robust and continues to hold the
state (up to the limit of the bit retention time). (This
demonstration highlights the dramatically long bit reten-
tion time.) The negative pulse erases the bit, resetting
the cell. The second set of four pulses repeats this pat-
tern, and many hours of continuous operation have been
observed with no degradation in performance. Currently
the speed of the memory device is limited by the RC

(a) (b)

(d)(c)

L

H

EFl EFr

V

V -V

Figure 64. Proposed model for the memory effect. Lowering of EFr cor-
responds to positive bias. (a) Initial low conductivity state, zero bias;
(b) first positive sweep, “write,” changed into a high conductivity state
— H; (c) consecutive positive sweeps, “read,” remained in the high
conductivity state; (d) first negative sweep, “erase,” back to the low
conductivity state.
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(a) First sweep shows a high conductivity ON state and two NDR peaks,
the prominent peak current is 2.5 nA, and the PVR is 7:1. The sub-
sequent sweeps show a low conductivity OFF state. After a negative
sweep, the high conductivity ON state recovered and repeated with the
first sweep. The subsequent sweeps show same low conductivity. After
a negative sweep, the high conductivity ON state recovers.

time constant of the circuit. There is a 1 pF capacitance
between the two Au electrodes in the nanopore configu-
ration. The current level of the devices is less than 10 nA,
which can be attributed to the 0.7 eV S–Au barrier [33,
111] in the molecular junction. Engineering of molecules
with smaller contact barriers (e.g., use CN terminated
molecules and Pd contacts) to obtain a higher current
level while minimizing contact area to decrease parasitic
capacitance should improve the RC limit.
The present devices utilize nanoscale structures that

limit the number of molecules in the active region to
∼1000, which is determined by lithographic limitations in
defining the contacts. We have seen no evidence in the
device characteristics indicating that limitations exist for
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Figure 66. Diagram of the sense circuit for a molecular memory cell.
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Figure 67. IV � characteristics of stored and initial/erased states in
Au–(2)–Au at 300 K. The set-point indicated is the operating point for
the circuit of Figure 65.

scaling the number of molecules in the active region to
one, assuming that an appropriate fabrication scheme can
be identified.

8. CONCLUSIONS AND OUTLOOK

Molecular electronics uses molecular structures whose
function involves discrete molecules, which are distin-
guished from organic thin film transistors that use bulk
materials and bulk-effect electron transport. It provides
a bottom-up way to produce sub-nm sized functional
devices.
We have developed a nanolithography technique to

demonstrate directed self-assembly, generating inter-
mixed SAMs—conjugated SAM in an insulating back-
ground. In particular, we have demonstrated that
programmable patterning of a SAM of dodecanethiol
can be performed by applying voltage pulses from a
STM tip. After patterning, conjugated oligomers are
introduced and they are observed to be subsequently
chemisorbed onto the patterned sites. This technique
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Figure 68. Measured logic diagram of the molecular random access
memory.
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combines a SPM-based lithography technique and the
design of molecular units with specific structural, chem-
ical, and electronic properties. It can be used to gener-
ate SAMs with arbitrary compositions and geometries at
ambient temperature, opening up many new possibilities
for molecular-scale bottom-up fabrication.
Up to now, molecular electronics has been mostly

about conductance measurements of molecules. For
nanoscale molecules, most conductance measurements
are restricted to two terminals because of fabrication
issues and screening effects. Molecule–metal contact
plays a vital part in these measurements. The quest for
a small SAM–metal contact barrier has thus been long
going, which has become a bottleneck in through-bond
transport in molecular systems. We have investigated
the contact barrier between isocyanide SAM and metal
systems. Nonohmic behavior—thermionic and hopping
conduction—is observed to be the dominant conduction
mechanism. We have shown that thermal emission is the
dominant conduction mechanism in chemisorbed metal–
isocyanide junctions, while in the evaporated metal–
isocyanide contact, both hopping and thermal emission
can play an important role depending on the defect
level introduced during the fabrication process, suggest-
ing that there are less defects in the chemisorbed metal–
molecular interface. Overall, the Pd–CN contact barrier
is smaller than that of a Au–CN junction, in agree-
ment with the more efficient � bond formed between
Pd–CN. Our results also show that the contact barrier
between �-bonded isocyanide SAM–metal is less than
that of the more extensively studied �-bonded thiol
SAM–metal systems. The technique reported here elu-
cidates the relevant electronic transport barriers and
conduction mechanisms of through-bond metal–molecule
contacts, which have been possible through the imple-
mentation of microfabricated electronic devices utilizing
SAMs. The technique should be applicable to a large
range of inorganic and biomolecular transport measure-
ments, to quantitatively measure the dominant electron
transport mechanisms.
We demonstrated novel non-FET switching devices

and a prototype of memory cell using single SAMs
as the active component. We learned that conforma-
tional change like rotation of molecular bonds can
change the conjugation of molecular orbitals, leading
to the observed conductor–insulator type of transition
that can be thermally controlled. We have realized two-
terminal NDR devices with large PVR at low tem-
perature and NDR devices at room temperature. The
NDR behavior is caused by the reduction nature of
substituents on ethynylphenyl molecules. Based on our
experiments, the electron-withdrawing nitro group is
responsible for NDR behavior, whereas the electron-
donating amine group gives rise to a bound state in
the molecule of approximately 30 meV. Through the

design of the molecular switches we learned that incor-
poration of different redox centers can change charge
distribution and/or conformation in a molecule, leading
to different conjugation of molecular orbitals. Further
exploration on design and engineering of molecules with
various redox substituents should help to realize non-
linear electronic devices with multiple functionalities.
We also discovered erasable storage effects in redox-
center-containing ethynylphenyl molecules. The storage
behavior can be discreetly added on a molecule by engi-
neering electron-withdrawing or/and electron-donating
sidegroups onto its backbone. We have concluded from
our experiments that the electron-withdrawing nitro
group is responsible for the observed memory effects,
while the presence of the electron-donating amine group
changes the storage of different conductivity states. Our
results show that the storage behavior is controlled by
a single thermal activation process, associated with the
nitro group. Further experiments with various redox cen-
ters should make molecular memories with different
retention times possible. Finally, we successfully demon-
strated an erasable molecular memory cell that can store
a high conductivity state with a bit retention time orders
of magnitudes longer than that of a DRAM. Further
engineering of different molecules shall permit poten-
tial applications such as nonvolatile memories on flexible
substrates.
We have mainly focused on polyphenylene-based

molecular wires in this study. What we have sampled
and studied consists of only a tiny portion of a copious
family of prospective molecules that possess unique
characteristics for electronic applications. Even with the
subject of our work, there still remains a lot to be
explored. For instance, to further investigate through-
bond transport of metal–molecule–metal systems, engi-
neering and measurements of molecules with different
backbones should help to elucidate its role versus the
role of metal–molecule contacts. As to a molecule with
specific end groups, one can vary its length (e.g., single
ring vs multiple ring), conjugation (e.g., aliphatic ring
vs aromatic ring), and charge distribution (electron-
withdrawing group vs electron-donating group) and map
out the functional table of each component. To mini-
mize metal–molecule contact barriers, different kinds of
endgroups need to be explored (e.g., what will happen
if there is no end group, and what if one introduces an
electron-withdrawing group on one end but an electron-
donating group on the other end?). To improve the
film robustness (e.g., against postprocess heating or top
metallization), novel organic–inorganic complex SAMs
may be designed and engineered, which could preserve
band engineering flexibility through the organic com-
ponent and in the mean time improve film robustness
through the inorganic component. To reduce the number
of interconnects between different molecules, can one
integrate the demonstrated prototype molecular switches
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and memories by synthesizing one specific molecule
with different functional parts capable of performing the
desired tasks. Will the various functional components
behave as expected when they are “assembled” into one
new unit (molecule)?
Molecular electronics is still in its infancy but holds

great promise in that it potentially provides a conceptu-
ally new path without the inherent tolerance problems
of a lithographic approach. We believe that the most
exciting discovery in molecular electronics is its ability
to explore new architectures and devices unique to
molecular-based systems themselves, which are yet to be
made.
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