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We describe the synthesis of novel biphenylethane-based wires 

for molecular electronics. Exceptional single-molecule diode 

behavior was predicted for unsymmetrically substituted 

biphenylethane derivatives, synthesized here using the so far 

unexplored unsymmetrically substituted 1,2-bis(4-

bromophenyl)ethanes as key intermediates, which were obtained 

from the corresponding tolane precursor by selective 

hydrogenation.  

Since the molecular diode was proposed by Aviram and 

Ratner,
1
 fabricating molecular junctions has been a promising 

approach to build future nanoscale electronic devices. 

Recently, symmetric molecules consisting of two conjugated 

arms connected by a non-conjugated segment have shown an 

intrinsic and pronounced negative differential conductance 

effect in the current-voltage characteristics of a single 

molecule in a break junction.
2
 This phenomenon is widely used 

to amplify electric signals and for switching applications. 

Theoretically, it has been predicted that by introducing an 

asymmetry into these molecules, their properties can be 

significantly changed, turning them into single-molecule 

diodes. Diodes are one of the basic functional units in 

electronics and have attracted much attention experimentally 

at the single-molecule level.
3
 Based on these principles, we 

recently proposed a new theoretical model showing the 

realization of single-molecule diodes with very high 

rectification ratios (RR).
4
 RR is defined as the ratio of forward 

to backward current measured at the same absolute bias. The 

proposed diodes are molecular wires with an unsymmetrically 

substituted biphenylethane-based backbone (see molecule T 

in Scheme 1 for a specific example). In this design, an ethane 

bridge breaks the conjugation between the two 

phenylethynylbenzene halves of the molecule. The molecule is 

end capped with thiols as anchoring unit for coupling to 

metallic electrodes. The required asymmetry comes from the 

substitution on one half of the molecule with electron-

withdrawing groups (EWG). By changing the EWG, the RR can 

be optimized. The model predicts RR as high as 1500, far 

beyond typically reported experimental values (RR ≤ 10).
3b-f, 5 

Only very recently, single-molecule diodes with high RR (in 

excess of 200) have been reported, however the rectification 

obtained there does not arise from the molecule, but it is 

generated from an asymmetry in the metallic electrodes.
6
 

When introducing two fluorine substituents on one phenyl, the 

predicted rectification ratios depend heavily on the location of 

these fluorine atoms on the phenyl ring. The highest 

rectification ratio (RR=751) was predicted for the isomer with 

two fluorine atoms ortho with respect to the ethane bridge. 

Here, we report the challenging synthesis of these novel wires 

as well as several control compounds to enable their 

exploration as intrinsic molecular diodes.  

 

The symmetric biphenylethane derivatives R and R’ (Scheme 1) 

without EWG were obtained successfully as reference 

compounds starting from 1,2-bis(4-bromophenyl)ethane (1),
7 

see Scheme 2. Amine-functionalized R’ is directly obtained 

through Sonogashira coupling between 1 and commercially 

available ethynylaniline. In the case of thioacetyl-derived R, 

the coupling reaction between 1 and either 

trimethylsilylacetylene (TMSA) or 4-ethynyl-1-

thioacetylbenzene
8
 did not take place. Thus, the bromines in 1 

were first exchanged for iodines. This was easily accomplished 

by lithium - halogen exchange using 
n
BuLi at -84 

o
C followed by 

addition of I2 in THF, to produce 2,
9
 in high yield. 2 was then 

coupled with TMSA under Sonogashira conditions using 

Pd(PPh3)2Cl2 as catalyst to afford 3. After cleavage of the 

trimethylsilyl protecting groups in the presence of tetra-n-

butylammoniumfluoride (TBAF), the terminal alkyne generated 

was finally cross-coupled with 4-iodo-1-thioacetylbenzene
8
 

yielding reference compound R. 
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For the synthesis of target molecule T, a variety of starting 

materials is commercially available, which allows us to explore 

a range of synthetic routes. The molecule contains acetyl-

protected thiol end groups, and as EWG two fluorine atoms 

are present on one half of the molecule, both in ortho position 

with respect to the ethane bridge. With the purpose of 

maintaining some flexibility regarding the late stage 

introduction of the anchoring groups through Sonogashira 

coupling, our synthetic approach to T has bromide-derived 

biphenylethane K as key intermediate. In contrast to the 

synthesis of the symmetric analogue R, the route to T presents 

some significant challenges, that are mainly associated with 

the obtaining of its key intermediate K. Whereas the synthesis 

of 1,2-bis(4-bromophenyl)ethane
 

(1) (key intermediate to 

obtain R) is well-known in the literature, no unsymmetrically 

substituted analogues (such as K) have been described so far.  

To develop a new synthetic pathway towards K, we first 

considered the Csp
3
-Csp

3
 bond formation approach (Scheme 

1). For instance, we attempted to synthesize K by mixing the 

two corresponding benzylic halides in the presence of Fe/CuCl 

in water.
7b

 When exploiting this methodology using two 

different reactants, a statistical mixture of homo- and hetero-

coupled products is expected.
10

 However, in our particular 

case, only one spot was observed by TLC and the main product 

we obtained after precipitation was 1,2-bis(4-

bromophenyl)ethane. Alternatively, lithiation of 4-

F
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Scheme 1. Structure of target compound T and reference compounds R and R’, and retrosynthetic pathways to T through intermediate K. 
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Scheme 2. Synthesis of R and R'.
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bromobenzylbromide and then treatment with the 

corresponding electrophile (4-bromo-2,6-difluorobenzyl 

bromide) also did not lead to the desired compound. In this 

case, 4-bromobenzylbromide undergoes Wurtz coupling, in 

which the lithiated species initially formed, react competitively 

with the starting material to produce again homo-coupled 

products. Unsymmetrically substituted biphenylethane 

derivatives can be obtained by exploiting alkyl-aryl cross-

coupling reactions.
11 

Based on these results, we also explored 

the Csp
3
-Csp

2
 bond formation approach (Scheme 1) towards K. 

In the first step towards alkyl-aryl cross-coupling reactions, 

selective formation of the metal-alkyl complex is required 

(frequently a Grignard reagent). In our particular case, we 

were not able to obtain the magnesium-alkyl complex 

selectively starting from 4-bromophenethylbromide. This is 

understandable taking into account that our alkyl derivative 

has two bromine functionalities, and the fact that the reaction 

of organic bromides with magnesium is considered to be 

among the least selective of organic reactions.
12

 For instance, 

we observed that when a solution of (2-bromoethyl)benzene 

and pinacolborane is treated with magnesium, the desired 

boronic ester is formed. However, when using the same 

conditions, but starting with 4-bromophenethylbromide, a 

complex mixture of compounds is formed, according to 
1
HNMR. Attempts to either purify this complex mixture or to 

further cross-couple it with 1-bromo-3,5-difluoro-4-

iodobenzene were unsuccessful.  

As it stands, the described strategies did not lead to a 

successful synthesis of key intermediate K. Therefore, we 

present here an alternative strategy that exploits the 

formation of K through a Csp
2
-Csp bond formation approach 

(See Scheme 1). In particular, K is obtained through selective 

hydrogenation of the corresponding alkyne precursor 6 (see 

Scheme 3). Molecule 6 can be easily obtained through two 

different synthetic routes in 25% or 67% yield starting from 4 

or 7, respectively. Reaction of 4 with TMSA under Sonogashira 

conditions was studied first. Here, the addition of an excess of 

TMSA (1.3 eq. with respect to 4) had a negative effect. In this 

case, both mono-TMSA (5) and di-TMSA adducts were 

obtained, and this mixture cannot be separated by regular 

column chromatography. Adding an equimolar amount of 

TMSA solved this issue. In this case, starting material 4 and 

product 5 were present in the crude reaction but the 

compounds can be separated by column chromatography. 

After purification, 5 together with a small amount of 1,4-

bis(trimethylsilyl)butadiyne was obtained and used directly in 

the next reaction. In order to cleave off TMS, we used TBAF 

because when using KOH/MeOH some unknown side-products 

were generated during the reaction. After cleavage of TMS, 

the terminal alkyne obtained was immediately used because it 

was not very stable. Thus, by reaction with 1-bromo-4-

iodobenzene (2 eq.) under Sonogashira conditions, 

diphenylacetylene 6 was obtained pure, but in overall low 

yield (25%). On the other hand, using 7 as starting material, its 

TMS cleavage in the presence of KOH/MeOH is quantitative. 

Furthermore, the terminal alkyne generated was stable under 

ambient conditions. Next, the reaction of the terminal alkyne 

with 4 (1.1 eq. with respect to terminal alkyne) under 

Sonogashira conditions provided a mixture of 4 and product 6. 

After column chromatography, pure 6 was obtained in overall 

good yield (67%). 
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In the final and most crucial step, selective hydrogenation of 6 

in the presence of a catalytic amount of PtO2 at room 

temperature and atmospheric hydrogen pressure
13

 provides 

access to the key intermediate K. The selectivity of this 

hydrogenation reaction is very sensitive to the reaction 

conditions (See Section 1 of the Supporting Information). Thus, 

to obtain reproducible results it is very important to stir the 

reaction thoroughly because the generation of side-products is 

minimized when the reaction is completed in the shortest time 

possible (typically 2-3 hours). If the reaction is left overnight, 

some of the phenyl-bromine bonds are cleaved. On the other 

hand, if the reaction is stopped before reaching full 

conversion, desired product together with the intermediate 

containing an ethene bridge is obtained. In both cases, these 

mixtures of compounds cannot be easily separated by column 

chromatography. It was also noticed that the reaction cannot 

be pushed to completion when is carried out in neat THF (in 

this case, a mixture between an intermediate containing 

ethene bridge and K is always obtained even for overnight 

reactions). A mixture of THF and MeOH as solvent for the 

reaction was found to afford the desired reactivity and 

selectivity, providing K in 75% yield after purification. Only two 

6-type molecules are known in the literature.
14

 Thus, in order 

to explore the synthetic scope of the approach, the synthesis 

of two additional unsymmetric diphenylethanes (See Scheme 

4: dichloro (11) and trifluoromethyl (13) derived 

diphenylethanes) was carried out from the corresponding new 

dibromotolane precursors.  

After cleavage of TMS from 7, the terminal alkyne was reacted 

with 8 under Sonogashira conditions to provide 10. 

Subsequent hydrogenation of 10 in the presence of a catalytic 

amount of PtO2 at room temperature and atmospheric 

hydrogen pressure provides access to chloro-derived 

diphenylethane 11. In this case, the reaction was carried out in 

THF overnight. After column chromatography, a small fraction 

containing the intermediate alkene was also collected. 

Alternatively, after cleavage of TMS from 7, the terminal 

alkyne was reacted with 9 under Sonogashira conditions to 

afford 12. Subsequent hydrogenation of 12 in THF/MeOH and 

in the presence of a catalytic amount of PtO2 at room 

temperature and atmospheric hydrogen pressure provides 

access to the trifluoromethyl-derived diphenylethane 13. In 

order to completely purify the compound, recrystallization in 

ethanol was carried out affording 13 in moderate yield (39%). 

It is noteworthy that K-type molecules have not been explored 

so far in the literature. For this reason, single crystals of K were 

subjected to an X-ray crystal structure determination. 

Compound K crystallizes as extremely thin plates in the 

centrosymmetric space group P21/c (no. 14). The two phenyl 

BrI

R1

1) KOH, THF / MeOH

2) Pd(PPh3)2Cl2, CuI

    THF / iPr2EtN
7

R2

Br

R1

Br

H2, PtO2

10 (R1=R2=Cl, 52%)   

12 (R1=CF3; R2=H, 50%)

R2

Br

R1 R2

Br

11 (R1=R2=Cl, 53%)   

13 (R1=CF3; R2=H, 39%)

8 (R1=CF3; R2=H)  

9 (R1=CF3; R2=H)

Scheme 4. Synthesis of intermediate acetylenes 10 and 12, and 

alkanes 11 and 13.

Scheme 5. Synthesis of molecular wire T
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rings of the molecule are approximately coplanar with an 

interplanar angle of 1.7(3)°. The torsion angles of the phenyl 

rings to the central C-C bond are -99.8(8) and -79.4(9) °, 

respectively. The ethane bridge shows an anti-staggered 

conformation.  

 

As pointed out in the introduction, our aim was to use 

intermediate K to obtain T, to enable experimental verification 

of its theoretically predicted exceptional rectification 

properties. Henceforth, compound T was obtained starting 

from key intermediate K in three steps, according to Scheme 5. 

We initially attempted to react K with TMSA under 

Sonogashira conditions, but K proved unreactive. We then 

exchanged the bromine groups on K for iodines. This was 

accomplished by lithium - halogen exchange using 
n
BuLi at -

84
o
C followed by addition of I2, to produce 14. The low yield of 

this reaction can be related to the fact that the fluorines in 

meta position with respect to the bromine activate hydrogens 

in ortho, in such a way that deprotonation of these activated 

hydrogens may compete with the lithium - halogen exchange. 

Attempts to increase the yield of this reaction by modifying 

either the solvent or the organometallic reagent were 

unsuccessful. Compound 14 proved reactive to TMSA under 

Sonogashira conditions using Pd(PPh3)2Cl2 as catalyst. 

Compound 15 was desilylated in the presence of TBAF and the 

terminal alkyne generated was coupled with 4-iodo-1-

thioacethylbenzene
8
 in the presence of Pd(PPh3)2Cl2 to afford 

target compound T. 

 

In summary, we have presented here a synthetic approach 

that gives access to biphenylethane-based molecules for 

application in single-molecule electronics. We have shown that 

whereas synthesis of symmetrically substituted 

biphenylethane-containing molecular wire R is 

straightforward, synthesis of the unsymmetrically substituted 

analogue T presents some additional challenges, mainly 

concerning the synthesis of intermediate K. Obvious strategies 

involving alkyl-alkyl or alkyl-aryl couplings afforded either no 

desired product or complex reaction mixtures. To overcome 

these problems, we have introduced a strategy to obtain the 

fluorine-containing 1,2-bis(4-bromophenyl)ethane K by 

selective hydrogenation of the corresponding alkyne precursor 

6. In order to check the scope of this synthetic pathway 

towards unsymmetrically substituted 1,2-bis(4-

bromophenyl)ethane derivatives, the synthesis of two 

additional biphenylethanes (9 and 11) was also demonstrated. 

K was subsequently used to synthesize a fully functionalized 

molecular diode. The outstanding performance of these 

molecules as single-molecule diodes was recently confirmed 

using the Mechanically Controllable Break Junction technique, 

and these results will be published in due course.
15
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