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c molecules, which exhibit molecular electron transport
characteristics, have attracted considerable attention. This master's thesis reports a novel
universal synthetic route towards diisocyano functionalized biphenyls systems, which
are suitable molecules for investigations in this ongoing research area. These biphenyls,
bearing a terminal isocyano group in 4,4’-positions, are bridged between 2 and 2’
positions by a variable number of methylene groups, giving them a restricted torsion
angle between the two phenyl rings. Thus, the biphenyls are model compounds to
investigate the influence of m-conjugation, on the molecular transport characteristics.
The target molecules are synthesized, starting by converting dibromobiphenyl
derivatives into their diamine analogons and followed by a carbon atom insertion in the
amino functionality using dichlorcarbene as reagent.
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The molecular electron transport characteristics of compounds 1b, 9 and 10 are
investigated in collaboration with the group of Christian Schdnenberger. They enable a
deeper understanding of the influence on the conductance value of the metal-end group
bonding in a molecular break junction.
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The search for molecular assemblies with promising transport characteristics for
electronic devices has been an active field for the past two decades!”. Self-assembled
monolayers (SAMs) of thiols on Au(111) surfaces have been examined extensively.
This assembly is particularly attractive, because of a strong chemical bond formed
between the sulfor and the surface gold atoms. The electron transport characteristics
through a single molecule have been studied using mechanically controllable break

junctions'? and scanning tunneling microscopy (STM)E31.

However, these studies are dominated by two parameters: 1) the formation of a
reproducible and stable contact between the molecule and both metal electrodes, and 2)
the mismatch between the Fermi level and either the HOMO or LUMO level of the
adsorbent molecule. The thiol-gold linkage has been mainly considered for composing
molecular electronic devices. Nevertheless, there are still several limitations of thiol-
gold surfaces for practical molecular electronic applications. The combination of sulfur
and gold yields one of the highest contact barriers for charge transport’®’. It is also well
known that SAMs of thiols on gold are thermally unstablel. Furthermore, the
stochastic behavior of thiols on gold electrodes, that results from the breakage of the
adsorbent molecule-metal contact, has also been observed!®. Therefore, new end groups
binding to the Au surface have to be investigated. Since recent studies of Angelici and
co-workers have shown a strong bond of isocyanides to several metal surfaces, air
stable isocyanide self-assembled monolayer (SAM) on Au can be formed, as in the case
of thiol SAMs!. Regarding the smaller energy difference between the Fermi level and
the HOMOM, isocyanides seem to be well-chosen end groups to perform molecular

electron transport characteristics.

Biphenyls, as the smallest structures comprising two adjacent benzene rings as
individual n systems, are ideal compounds to investigate electronic transport
characteristics. Interesting studies have been done to understand the influence of the
restricted torsion angle between two phenyl units of a biphenyl system and the
conductance valuel***®!. The focus of this report is to provide synthetic access to a
series of biphenyl model compounds for the investigation of the correlation between the

end group and the molecular electron transport characteristics. Considering the studies
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Introduction

Who have shown a low and a high conductance value of

fher investigations are needed to explain such an

interaction between two isocyano end groups within a molecular break junction. This

report presents two straightforward molecular break junction measurements, which give

highly interesting conduction characteristics on two levels separated from each other by

about 2 orders of magnitude. We currently hypothesize the formation of a bimolecular

dimer in the junction stabilized by Coulomb interaction between two isocyano end

groups, as the origin of the lower conducting junction.
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The feature of conductance of the molecular junction is contributed to two different
physical characteristics, namely the energy matching between the Fermi level of metal
electrodes and the influence of the interaction between the conduction orbital of the
molecule (HOMO or LUMO) and the bonding end groups on the overall electronic
conduction through a molecule. A lot of investigations have been done during the past
decade to understand the influence of the molecular structure, i.e. length, conjugation,
molecular geometry, conformation, torsion angle, or the bonding end groups®*? 15201
Consequently, different systems exhibiting molecular conductance were investigated by
changing the anchor groups. A series of terminally functionalized biphenyls seem to be
the suitable model compounds to perform conductance measurements. This project
presents a universal synthetic strategy towards terminally isocyano functionalized
biphenyl systems. Figure 1 illustrates the diisocyano functionalized target compounds.

NC NC NC CN

o o a0
J O‘ O.

NC NC NC CN

1a 1b 1c 1d

Figure 1. Target compounds bearing isocyano anchor groups with increasing torsion angle from la to
1d.

The goal of this series is to synthesize new compounds with different torsion angles,
which are suitable for the examination of the effect of the torsion angle on the
conductance. In order to find relations between torsion angle and conductance it is
necessary that other parameters, that affect the conductance, remain unchanged. This is
why everything but the backbone remains the same throughout this series. The basic
idea is to interlink the two phenyl rings through an additional alkyl chain of various
lengths bridging the 2,2’-positions®® (Fig. 2). To achieve a reasonably relaxed
conformation of the additional alkyl chain, the restricted torsion angle must increase
with enlarging alkyl chain. By increasing the number of carbon atoms in the bridging
alkyl chain, the restricted torsion angle also increases.
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Figure 2. Concept illustration of the desired diisocyano functionalized biphenyls systems building a

formation of molecular junction. A single molecule is anchored to electrodes through terminal Au-CN
bonds. An alkyl chain with n CH, units interlinks the two phenyl units, adjusting stepwise the interplanar

torsion angle.

Molecular transport characteristics are dominated by the bond strength and the
difference between the Fermi-level and the HOMO or LUMO. Isocyanides bind to
transition metals via a strong coordination bond by effective donation to metal and back
donation from metals. The strength of the metal-CN bond is comparable to that of the
metal-S bond™¥. Kubiak and co-workers reported a even smaller energy difference
between the Fermi-level and the HOMO for the unsubstituted biphenyl molecule
anchored by isocyano groups than for the sulfur groupst®. This strong metal-CN bond
and the smaller energy gap are very promising for an increased electron transport

through the junction.
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With terminally halo substituted biphenyls comprising fixed torsion angles in hand, the
synthetic strategy was focused on functional group transformations. The target
compounds 1a to 1d consist of central biphenyl units of varying m-conjugation, which
are substituted with two electron-withdrawing groups in 4 positions and in the 4’
positions, respectively.

NH,
O R a
R2
4 b
NH,
c 5a-e
NC Br
SN .
R? D R?
J ¢
NC Br
1a-e E 8a-e
a:R'=R?=CH;4 i 7a-e
51 D2 HN"~O0
b:R'"=R%2=H
¢: R'-(CH,),-R? 0 R
d: R'-(CH,),-R? O R?
e: R'-(CH,)-R?
OYNH
H
6a-e

Scheme 1. Possible synthetic routes towards the desired biphenyl diisocyanide series. Only pathways

used within this report are displayed.

In addition to the “normal” conditions, like high yielding steps or chemoselectivity, the
synthetic pathway should start from the already available 4,4’-dibromobiphenyl
derivatives (8a-e) or from the commercially available 4,4’-diaminobiphenyl (5b)

derivative.
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ivatives the amine groups in 4 and 4’ position can be

benzophenone imine, which afterwards can be cleaved to the desired amino
functionality (B). If the amine is transformed to the N-arylformamid (D), the
dehydrating agent phosphorus oxychloride forms the diisocyanide structure (E). The
followed synthetic pathway transforms the primary amine directly to the diisocyanide
(C). The amino group of the diamine performs a nucleophilic attack at the
dichlorocarbene and forms by B-elemination, followed by a-elimination the desired

target structures.
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4.1 Synthesis of the 4,4'-diisocyano-2,2'-dimethyl-1,1'-biphenyl (1a)

4.1.1 Development of a general pathway towards the target

diisocyano-systems

With the starting material 4,4’-dibromobiphenyl 8a—8e, benzophenone imine can be
used as ammonia synthon. It is reported to be a suitable ammonia source for aryl
bromines and triflates, but not for aryl chlorides. Hence, conditions for such a

transformation were applied (scheme 2)M*2.

Br N? O

@ R benzophenone imine, Pd,(dba);, BINAP, NaO'Bu, O

R2
O toluene, 80°C, 4h

Br O ~-N
8a-e O

7a-e

Y

Scheme 2. Synthesis of 7a—7e.

In this reaction a Pd(0) catalyst in 4 mol%, racemic BINAP, which acts as a bidentate
ligand, benzophenone imine as the ammonia synthon and sodium tert-butoxide as a
strong base were used. The reaction was carried out under inert gas atmosphere, because
the formed catalyst-ligand-complex is air-sensitive, and water free due to the base. After
4 hours at 80°C the starting material was consumed, which was monitored by TLC.
Products 7a-7e were isolated after purification by recrystallization from methanol. To
cleave the imine, the method suggested by Buchwald and co-workers (scheme 3) was

applied.?
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NH,

® ®
D 3m HCI, THF, rt, 3h .

<
O -N NH2

O 5a-e

7a-e

Y

Scheme 3. Acidic hydrolysis for the cleavage of the imines (7a-7¢).

The diimines 7a—7e were dissolved in THF (0.3 M with respect to the imine) and then
acidified with 3mM hydrochloric acid. The pure compounds 5a-5e were isolated by acidic
extraction and column chromatography. A vyield of 89% was achieved for 5¢ and 94%
yield for 5d. Compound 5a was available from our research group and compounds 5b

and 5e are commercially available.

4.1.2 Pathway b:

To prove pathway b, a test reaction at the benzene-1,4-diamine 2a was conducted as a
first step. The diamine 2a was converted to the corresponding the N,N’-
aryldiformamide (2b) by using ethyl format and acetic acid as solvent'®!. The amine
performs a nucleophilic attack on the carbon atom C1 of the ethyl formate, generating a
N-C bond. By rearrangement and separating ethanol as a side product, the N,N’—
arylformamide (2b) was isolated after filtration. Furthermore, this converted anchor
group needed to be transformed to a diisocyanide by a dehydrating reagent in presence
of a base®. In this research triethylamine and phosphorus oxychloride were used as
dehydrating reagent to form the diisocyanide[zsl. After coloumn chromatography and
recrystallization in DCM/hexane (1:1), the desired molecule 2 was successfully isolated

(scheme 4).
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> »
ACOH, reflux, 4h, 94% . %
‘Ner cOH, reflux, 4h, e THF, 0°C, 1h, 82% A
T
o)
2a 2b 2

Scheme 4. Synthetic pathway b using the diamine derivative 2a as a test molecule.

Unfortunately, no product was isolated after column chromatography by applying these
conditions for the dimethyl biphenyl 1a (scheme 5). The reason for this might be the
coordinated oxygen anions of N,N’—aryldiformamides. Since the anions of the aldehyd-
oxygen atom in the biphenyl systems are well stabilized by the mesomeric structure, the
acidity of the N,N’—aryldiformamide decreases drastically in the biphenyl systems!?®.
Therefore, the reactivity is very low and no 4,4'-diisocyano-2,2'-dimethyl-1,1'-biphenyl
(1a) was observed by following this pathway. But there was not any further
improvement, such as using potassium t-butoxide as a stronger base to convert the
N,N’-aryldiformamide successfully to the diisocyanide (1a)®".

H
OJ‘NH NC
O POCI;, TEA O
A4 Py
> »
O THF,0°C C]
NC
HN._O
hd
H
6a 1a

Scheme 5. Synthesis of the target molecule 1a using dehydrating reagent phosphorus oxychloride.

4.1.3 Pathway a

With the diamine derivatives in hand, the conditions proposed by Hoffmann in 1867
were used to form the desired diisocyano functionalized biphenyl systems. In this
two phase reaction the water phase consists of a 45% potassium hydroxide solution
(ag.) and the organic phase of dichloromethane, respectively. The hydroxyl anion in the

water phase diffuses to the interphase, whereas the chloroform gets deprotonated. These
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d with the benzyltriethylammonium cation, work as

nic couple leaves the interphase and diffuses into the

organic phase.

2p,
S p2

Cl

sz —

v =

Figure 3. Polarized o-bond with 8" at the carbon atom leads to a singlet state.

l,//

e

:C sp?- hybridized

Afterwards, the dichlorocarbene is formed by cleaving a chloride atom. Carbenes
(figure 3) with substituent like chloride atoms, exerting a strong inductive effect,
contain a carbon atom with a charge-deficit and therefore increase electronegativity.
This means, that the non-bonding electrons are sp? hybridized, as the electrons closer to
the core are more stabilized. The singlet—carbene operates either as an electrophilic
system (sp? orbital) or as a nucleophilc system (2p; orbital). In this case the amino group
of the diamine performs a nucleophilic attack at the dichlorocarben and forms the
carbylamines, by subsequent B-elemination and o-elimination, which leads to target

structures la—1e (scheme 6).

10
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Scheme 6. Mechanism towards isocyano functionalized molecules using the conditions proposed by

Hoffmann.

Screening of different reaction conditions for synthesizing 4,4'-

diisocyano-2,2'-dimethyl-1,1'-biphenyl (1a):

By performing the reaction followed by literature®®], a yield of 30% of the desired

product 1a was isolated after purification by column chromatography. The reaction was

repeated with an increased number of chloroform equivalents. A conversion to the

diisocyanide derivative (1a) yielded in 46% after purification. By reason of these

unexpected results a screening of different reaction parameter systems was additionally

performed. The results are displayed in table 1.

11
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(5a) solution Catalyst
[r?]'gﬁl] zom 0% 50equ aghous 6%
b [r?]'gﬁl] zom 9™ 40equ.  4ghours 6%
c [r%é)il] 7.0 ml 0'2?, A)mol 8.0eqv. 24 hours 52%
d [rglglil] 7.0ml 0'2?) A)mol 10eqv. 24 hours 65%
e [rglglil] 7.0 ml 1'00/T0| 20eqv. 24 hours 64%
f [mol/I] 3.0ml ” 20eqv. 24 hours oroduct
9 [r%é)il] 7.0ml 0.25(3%mol 7.0ml 24 hours -

[a] It was assumed that the diamine (5a) is absorbed by the organic phase (dichloromethane).

By performing the reaction followed by literature® and twice as much equivalent of
chloroform (entries a and b), a conversion of 66 % was obtained after 48 hours. As the
chloroform equivalents were increased to 8, the yield as well as the reaction time
decreased. By adding 10 equivalents of chloroform (entry d), the same yield as for
entries a and b was obtained, at a shorter reaction time, though. This decrease in
reaction time while increasing the chloroform equivalents can be explained statistically.
The more chloroform is added, the more dichlorocarbenes are available for the
nucleophilic attack of the amine. This higher amount of dichlorocarbenes in the solution
increases the possibility of side reactions. Since this reaction is a two phase reaction, the
influence of the phase transfer catalyst (entry e) was also tested. By the same amount of
chloroform molecules as in entry a, the possibility of forming the dichlorocarbene is
increased due to larger amount of phase transfer catalyst. Conclusively, a conversion of
64% at a shorter reaction time was obtained. The increase of concentration raised side
reactions, like electrophilic attack of very reactive dichlorocarbene (entry f). By
performing in pure chloroform, as the organic phase, no conversion monitored by TLC
(entry g) was observed. Nevertheless, a white suspension was obtained pointing at the
expected salt formation. To explain this occurrence, a closer look at the reaction

mechanism is required. Owing to the formation of the dichlorocarbene an eq. potassium

12
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ination. Upon conversion to the isocyanide, which also

all the potassium hydroxide molecules were consumed by forming the dichlorocarbene,
there were no molecules left to perform the conversion to the isocyanide. Less solubility
in water of the potassium chloride than the potassium hydroxide leads to the observed

white suspension.

By the screening, the shortest reaction time for such a conversion towards the desired
diisocyanide derivative 1a was found, when the reaction was performed adding 10
equivalents of chloroform or 1 mol % of phase transfer catalyst. All further reactions
starting from diamine 5b-5e to the resulting diisocyanide derivatives 1b-1e were
performed by using 10 eq. of chloroform and 1 mol % of phase transfer catalyst within
the reaction conditions. Yields and selectivities of the other substrates 1b-le are

summarized in table 2.

Table 2. Conversion of amines 5a—5e to the diisocyanides 1a—1le.

All yields are isolated yields.

Product Yield Reaction

time

la CNNc 65% 24 h
b e YAT)ne 59% 24 h

1c CN Q.Q NC 20% 24 h
1d 0.0 33% 24 h

te o~ CITyN 0% 24 h

For the unbridged biphenyl systems 1a and 1b, higher yields were obtained than for the

alkyl chain bridged molecules 1c-le. We assign these differences to side reactions

13
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Discussion

chain. The acidity of the benzylic protons in the side

ed deprotonation disfavoring the transformation to the

diisocyanides. Therefore, no conversion was obtained for the fluorene (1e). The longer

the bridging alkyl chain the lower the acidity of the benzylic protons. This leads to a

higher conversion towards diisocyanides for the 8—-membered ring (1d) than for the 6—

membered ring (1c).

14
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5.1 UV/Vis studies

The correlation between electron absorption characteristics and the interplane torsion
angle ¢ was investigated by UV absorption spectroscopy. The UV absorption spectra of
the series 1a—1d were measured in hexane at a concentration of 1.0 x 10®° M. The

absorption spectra obtained are displayed in Figure 4.

Absorbance [a.u]

0.0 -

| y | : | ; I L | - 1 . I ¥
200 220 240 260 280 300 320 340
Wavelenght [nm]

Figure 4. UV absorption of the diisocyanides 1a—1d biphenyls in hexane at a concentration of 1 - 10° m.

The absorption spectra are displayed in a stacked mode.

The longest absorption band at around 315 nm, assigned to the o—absorption band, is
only observable for the 6-membered ring 1c. The absorption band between 190 and 230
nm is correlated to the B—band. The broad absorption bands of 1a-1d between 230 and
310 nm can be assigned to the p—band of the biphenyl subunit. This p band is also called
the conjugation band as its position and intensity is reported to reflect the extent of

conjugation in the biphenyl core®. The onset of the p-band absorption of each

15
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HOMO-LUMO band gap of the compound under
sorption maxima, is reported in Table 3.

Table 3. UV adsorption properties of the series 1a-1d.

HOMO -
Amax [NM] e [L mol*cm™] Lon [NM] LUMO
band gap [eV]
la 240 27500 290 4.28
1b 268 27300 310 4.00
1c 290 16300 327 3.79
1d 254 25300 297 4.17

[l ) nax is the wavelength in nm at the maximum of the p band. !¢ is the extinction coefficient at

Amax OF the p band. eI 50, is the adsorption onset of the UV spectra.

Within this series of compounds, the expected correlation between the HOMO-LUMO
band gap and the restricted torsion angle was observed. The HOMO-LUMO band gap
was calculated by using the formula:

HOMO-LUMO band gap [eV] = 1/(Aon - 107 nm) - 8065.5447 cm™

Vonlanthen and co-workers investigated the restricted torsion angle in a biphenyl series
with cyanide and thiol as an anchor group™**%. Due to the fact that no X-ray solid state
structures for our diisocyano functionalized biphenyl series was performed, all the
restricted torsion angles between the two phenyl units are assumed to be comparable.
Going through the sequences for the molecule 1a from above, which performs a
restricted torsion angle close to 80°, the HOMO-LUMO band gap with the highest
energy was obtained. For the unsubstituted biphenyl 1b, with a restricted torsion angle
of around 30°, the HOMO-LUMO gap decreased as expected. Due to the smallest
restricted torsion angle (ca. 20°) for molecule 1c, the smallest energy gap between the
HOMO-LUMO was observed. Molecule 1d performs a torsion angle between the two
biphenyl units of about 60°. As expected, the energy of the HOMO-LUMO band gap is
higher than for the 6-membered ring (1c).

16
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based on diisocyano functionalized biphenyl

Biphenyls, the smallest structures to comprise two adjacent benzene rings as individual
7 systems, are ideal model compounds to investigate electronic transport characteristics
(31331 As it has been reported a strong relation of the restricted torsion angle between

[14]

these biphenyl systems*®* 221 and the anchor group™, diisocyano functionalized

biphenyl derivatives have been used as a model system.

For comparison of transport characteristics of different anchor groups break junction
measurements of unsubstituted difunctionalized biphenyl derivatives were performed by
Jan Brunner, using isocyanide 1b, cyanide 9 and thiol 10 anchor groups. The molecules
which were used for single molecular electron transport measurements are shown in
Table 4. The analyzing method of the break junction measurements was followed by the
proposed procedure of Huber and co-workers™. The table illustrates further the
strategy of the present study. In molecule 9, the anchor groups include cyanid groups
and in molecule 10 the thiol group replaces the isocyanid anchor group. For the other
molecules 1a, 1c and 1d no single molecule conductance characteristics have been
investigated yet.

Table 4. Average single-molecule conductance values G,, for
molecules 1b, 9 and 10, obtained by break junction measurements.

No. Of  Conductance
samples (Go)™!

1b N~ T )ne 1 2.1-10°
9 NCCN 1 3.6-10°
10 rs— )k 1 1.7 - 10"

eI Synthesized with R=Ac; immobilized with R=Au electrodes.

Molecule

I Conductance value of molecule 10 has been reported by Vonlanthen

and co-workers.[*!

No electronic transport through a single sulfur anchored biphenyl molecule was

obtained in the histogram (Fig. 5). Since some of the up cycles are representing a
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Figure 5. 5 typical single G(z) curves measured in solvent (1:4 THF:Mesitylene) with added diisocanide
molecules 1b (a), dicyanide molecules 9 (b) and dithiol molecules 10 (c). The curves are shifted
horizontally for clarity. Also shown are histograms (Nj,,c(log G)) of log(G) values obtained from 50

opening curves each.

Going through the sequences, one can see that the conductance value Gpea,
corresponding to the peak position in the log histogram, is reduced for molecule 9 by a
factor of 100 compared to the molecule 1b. This effect is explained by a smaller energy
gap between the HOMO and the Fermi level for molecule 1b and a larger energy gap
between LUMO gap and the Fermi level for molecule 9, respectively.

If the histogram and the open cycles are analyzed more carefully one can see another
peak at lower conductance and higher z. There have been reported several structures
performing molecular interactions leading to a second lower conductance peak.*" If
there is a lower conductance peak, it can be explained for the same reasons, not for the
n-1t stacking interaction between a pair of molecule but for Coulomb interaction
between the anchor groups. This interpretation is supported by the shift of Gpeax to lower
values by more than an order of magnitude. In this picture, a reduced G value is
expected because the pair of molecules will be longer than a single diisocyanide
molecule anchored between Au electrodes. Therefore, it was investigated a single
molecular conductance measurement of a diisocyanide molecule including only one

phenyl unit 2 (figure 6).
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Figure 6. Diisocyano functionalized molecule (2) including only one phenyl unit.

When the isocyanides are attached to the gold surface, the v(CN) bands are observed at
much higher frequencies. This increase in v(CN) frequencies for isocyanides attached to
gold is generally interpreted as evidence of increased donation of electronic charge from

the isocyanide to the gold®®*

. Decreasing the number of phenyl rings decreases the
electron donation to gold, and this results in the effect of lower v(CN) frequencies. The
decreased electron donation to gold, in turn, leaves a residual smaller partial positive
charge on the isocyanide molecule. The effective smaller partial positive charge causes
a rise of the molecular orbital energies. The rise of the isocyanide molecular orbital
energies moves Epomo closer t0 Egermi and Erermi-Eromo decreasesit™™. The obtained
results are shown in figure 7.

z [um]
9080 9120 9160 9200 9240

Log[G/G]

NIogG [arb. units]

Figure 7. 5 typical single G(z) curves measured in solvent (1:4 THF:Mesitylene) with added diisocyanide
molecules 2. The curves are shifted horizontally for clarity. Also shown are histograms (Nj,gc(log G)) of

log(G) values obtained from 50 opening curves each.

The histogram of the break junction measurement clearly shows two plateaus, meaning
the plateau at a higher conductance peak (8.8 - 10° Gy) is correlated to one molecule in
the break junction (Fig. 8 (a)), whereas the plateau at a lower conductance value (1.9 -
10™ Gy) is achieved by a pair of molecule (Fig. 8 (b)).
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a) b)

Figure 8. Illustration of a) a single diisocyanide biphenyl molecule 2 between two electrodes and b) a
possible staggered dipol—dipole stacking configuration of a pair of molecules 2 within which the anchor

groups are attached to each other due to Coulomb interactions.

Since the interaction of Coulomb forces only occurs if the isocyanides are included at
both sides of the molecule, another straightforward control experiment is necessary to
investigate break junction measurements with a monoisocyano functionalized phenyl

unit 3.

NC

>

Figure 9. Isocyano functionalized molecule (3) including only one phenyl unit.
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Figure 10. 5 typical single G(z) curves measured in solvent (1:4 THF:Mesitylene) with added
monoisocyanide molecules 3 (a) and a mixture of mono- and diisocyanide molecules (1000:1) 3 and 2
(b). The curves are shifted horizontally for clarity. Also shown are histograms (Ni,¢c(log G)) of log(G)

values obtained from 50 opening curves each.

In figure 10a neither a high nor a low conductance value was obtained for molecule 2.
Since the phenyl unit is only mono functionalized no electron transport properties can
be obtained in a molecular break junction, because no junction can just be made of
isocyanide. Analyzing figure 10b a conductance value was observed due to performing
a molecular junction trough the diisocyanide derivative 2. The much higher

concentration of just mono functionalized molecules (3) avoids an interaction between
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Cyano anchor groups. These two control measurements

ing due to Coulomb interaction between the formally

positively charged nitrogen atom and the formally negatively charged carbon atom.

Since the diisocyano functionalized biphenyl 1b do not clearly show a low conductance
value, another break junction measurement of a molecule with better conjugation and a
shorter electrode spacing for the “Coulomb dimer” was envisaged. Therefore, a
diisocyano functionalized naphtaline derivative was synthesized by using the same
conditions within pathway a (scheme 7).

NH, NC

O CHCI3, benzyltriethylammonium chloride O
O CHJCly, 45% aq. KOH solution, reflux, 24h, 50% O
NH» NC

4a 4

Scheme 7. Synthesis of the target molecule 4 following pathway b.

This straightforward experiment will prove whether this Coulomb interaction between
two molecules is also strong enough for longer molecules. The results of break junction

measurement for diisocyano functionalized naphthalene derivative 4 are shown in figure
11.
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Figure 11. 5 typical single G(z) curves measured in solvent (1:4 THF:Mesitylene) with added
diisocyanide molecules 4. The curves are shifted horizontally for clarity. Also shown are histograms

(Nwga(log G)) of log(G) values obtained from 50 opening curves each.

The histogram of the diisocyano functionalized naphthalene molecule 4 reveals a high
conductance value at 4.1 - 10 G,. Unfortunately, the low conductance value disappears
in the noise of the break junction measurement of the setup. The rigid shift towards a
higher conductance value of a factor of 2 compared to the diisocyano biphenyl
derivative 1b is too small. Therefore, the second conductance value, owing to two
stacking molecules, cannot be obtained. To prove such interactions between to
molecules, longer than just one phenyl unit, further investigations have to be done.
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Within this thesis the chemistry required to transform dibromides into diisocyanides has
been developed. The methodology is of particular interest as it allows the synthesis of
model compounds to study the potential of the isocyano group as anchor group in
molecular electronics. A series of torsion angle restricted biphenyls with terminal
isocyano groups has been synthesized to demonstrate the potential of the method.
Conditions for a Hartwig-Buchwald!®?! hetero-cross-coupling reaction to exchange the
bromide substituents to amino groups were found, when applied on the 6-membered
ring 1c, using benzophenone imine as an ammonia synthon. These conditions were
transferable to all other biphenyl dibromides 8a—8e*?. By availability of terminally
halo substituted biphenyl derivatives comprising restricted torsion angles, a first
promising synthetic strategy was developed, based on functional group transformations.
To provide a variety of diisocyanide derivatives with different torsion angles of the
biphenyl moiety, a universal synthetic route towards these molecules was developed. By
following the most straightforward synthetic pathway b, target molecules 1a-1d were
synthesized, starting from the corresponding dibromo derivatives in only three steps
(scheme 8). , several interesting and promising results were obtained. With a parameter-
screening, promising time reduction and yield enhancement were obtained in this
reaction. Further investigations with bases that are better soluble in the solvents could

lead to even higher conversion.

Br NH- NC
1. benzophenone imine, Pdy(dba)s, BINAP, CHCla, benzyltriethylammonium
O 4 NaO'Bu, toluene, 80°C, 4 h, 60 - 70% O chloride, O ’
R ) ) _ » R! - R
R2 = R2 = R2
C] 2 3M HCI. THF . rt. 3 h, > 90% O CHaoCly, 45% ag. KOH solution, O
' S reflux, 24 h, 20 - 65%
Br NH-» NC
8a-d 5a-d 1a-d

aiR'=R?=CH,
b:R'=R%?=H
¢ R'-(CH,)o-R?
di R'-(CHy)4-R?

Scheme 8. Synthetic pathway b towards the desired diisocyanide series 1a—1d.

In summary, it can be stated that a universal synthetic route towards the desired
diisocyano functionalized systems was developed in order to provide a series of

biphenyl including isocyano end groups with defined and fixed torsion angles between
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his report the diisocyanide including one phenyl unit 2,

e 3, the unsubstituted biphenyl diisocyanide 1b, as well

as the dimethyl 1a, the six-membered 1c, the eight-membered 1d, and the naphthalene 4
derivatives were synthesized. Unfortunately, by applying the conditions to transform the
fluorene in the desired diisocyanide 1le, no conversion was obtained. The very basic
condition leads to a deprotonation of the protons at the bridging carbon atom and the
highly reactive dichlorocarbene, which is formed within this reaction, increases the side
products in this reaction. It has to be achieved another synthetic route for the desired
diisocyanide le. Having found a general strategy, derivatives bearing different bridges
such as the 7- and 9-membered ring (1f and 1g) derivatives have to be synthesized in
order to complete the series. Meanwhile, the building block 11 is available as biphenyls
bearing terminal bromide groups in our group (figure 12).

o S & J
Br ’ . ~

JJ SEENG JJ

1 1e 1f 19

Figure 12. Building block of torsion restricted dibromobiphenyls 11 and the desired diisocyande

derivatives le-1g to complete the serie.

Having compound 11 in hand, it is possible to synthesize the desired bridged biphenyl
dibromide following the procedure of Vonlanthen!®, which allows the application of
comparable palladium-catalyzed hetero-cross-coupling reaction conditions to introduce

the amino functionalities.

In cooperation with the experimental physicists initial single molecule transport studies
were performed. Promising results were obtained by analyzing the break junction
measurements™® of 1b, 2, 3, 4 and 9. Molecular break junction measurements,
performed by Jan Brunner, member of the group of Christian Schonenberger, displayed
a dependence of the conductance properties on binding group. Compared to the
conductance of 10 (1.72 + 0.2 - 10™ Go)*, for compound 9 a very low conductance
(3.6 - 10™ Gy) was measured, whereas for the diisocyanide compound an even higher
conductance (2.1 - 10 Gg) was found than for the dithiol molecule. UV-vis spectra

follow the hypothesized trend of an increased m-conjugation in 1c due to a restricted
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Conclusion and Outlook

hile in the case of la a considerable increased torsion

the steric repulsion of both methyl substituents and leads

to a reduced m-conjugation. The break junction measurements nicely illustrate a strong

correlation between conductance value and the anchor groups. To estimate the restricted

torsion angle with the highest conductance value, break junction measurements of the

complete diisocyano functionalized biphenyl series has to be done. To improve the

model of the stacking of two molecules other model compounds are required.
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To determine the electronic characteristics of molecular junctions, molecules need to be
wired between a source and a drain electrode. This has become possible only in the last
decade thanks to the development of new experimental techniques that allow the
controlled formation of nanometer sized gaps between pairs of metal electrodes®® %,
Some examples are (a) Transfer printing is used to make top electrodes to self
assembled monolayer (SAM)E™: (b) Nanoparticels are taken to bridge the gap which is
larger than the molecules®®: and (c) Au colloids can form a 2D arrays of molecular
networks.E

In this report, mechanical controllable break junction (MCBJ) for single molecule
measurements was used. An important feature of this technique is the precise control of
the gap size at the picometer scale with high mechanical stability, which allows
reproducible measurements.

A typical break junction sample used for this report is shown in figure 13. The Au
structure is fabricated by e-beam lithography on a flexible spring steel plate substrate
onto which a several um thick insulating polyimide layer is cast, followed by the
evaporation of a 10 nm thin adhesions layer of Ti under an angle of ~ 50° and the
evaporation of 60 nm Au layer perpendicular to the sample. This procedure ensures
good adhesion of the Au layer, but avoids Ti in the central region of the bridge due to
the angle evaporation. The bridge is typically 150 nm in width and 200-300 nm in

length. The bridge is suspended by etching the polyimide on oxygen plasma.

liquid cell

Figure 13. Schematics of the MCBJ principle with a liquid cell and a SEM image of the central part of

the micro fabricated Au junction.
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substrate guarantees a constant immersion of junction in

two supports at the periphery and a push rod pressing

from below. Bending the substrate results in stretching the suspended Au bridge, which
shrinks until it breaks and a gap of size d forms.

The change in gap Ad is related to the vertical movement of the push rod Az by an
attenuation factor a= Ad/Az = 1.6 x 10°1]. The push rod moves at a velocity of v, = 30

um/s, so that the two Au leads separate at 0.5-1.2 nm/s.

For each sample several (up to 200) consecutive open-close cycles have been
performed. In forming histograms, the proposed procedure consist of (a) disregarding
G(z) curves that do not present clear plateaus, (b) only using data points that belong to
plateaus, instead of taking the whole G(z) date, (c) only using average values derived
from the data points belonging to conductance plateaus, and weighting these by the
plateau length, and using conductance jumpst*®!.

In this work, there have been taken all data and only substracted a background that is
adapted to the physics of the problem. This method is as powerful as all the previous
ones and, most importantly, it is fully objective. While proceeding, it has been noticed
that the conductance must contain a tunneling contributiont®’). The tunneling
conductance G is exponentially dependent on the gap distance d:

G o exp(-2«d).

Here, k = (2m¢)"*/h is the decay constant and, ¢ the apparent barrier height, and m the
electron mass. Furthermore, d = a(z-z), where a is the attenuation factor of the
MCBJI“ and z, is defined as z(d = 0). Rewriting this, we find In G = —2kaz + constant.

It seems therefore much more appropriate to plot histograms of In G, instead of G.
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8.1 General methods

Reagents and solvents:

All chemicals were directly used for the syntheses without purification if nothing else is
remarked. Dry solvents were purchased from Fluka. The solvents for chromatography
and for extractions were not distilled before use. When Schlenk-technic was used, the

solvents were degased with argon for several minutes.

Syntheses:

All reactions with reagents which are easily oxidized or hydrolized were performed
under an argon atmosphere using Schlenk-technic. Glassware was oven-dried for at
least 16 hours or flame-dried and cooled down under an argon flow.

Analytics and instruments:

'"H-Nuclear Magnetic Resonance (NMR): Bruker DPX-NMR (400 MHz), Bruker
BZH-NMR (250 MHz) instruments were used to record the spectra. Chemical shifts (d)
are reported in ppm relative to residual solvent peaks, and coupling constants, J (x 0.1
Hz) are in Hertz (Hz). NMR solvents were obtained from Cambridge Isotope
Laboratories, Inc. (Andover, MA, USA). The measurements were performed at room
temperature. The multiplicities are written as: s = singlet, d = doublet, t = triplet, q =

quartet, quint = quintet and m = multiplet.

B3C-Nuclear Magnetic Resonance (NMR): Bruker DPX-NMR (101 MHz) was used to
record the spectra. Chemical shifts (8) are reported in ppm relative to residual solvent
peaks. The measurements were performed at room temperature. The carbons are

classified as: Cq = quarternary, C; = tertiary, Cs = secondary, C, = primary. The peaks
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estimations and calculations of increment values, or in

measurements.

Massspectroscopy (MS): Mass spectra were recorded on an esquire 3000 plus (Bruker)
for Electron Spray lonisation (ESI), a finnigan MAT 95Q for Electron Impact (EI) or a
Voyger-De™ Pro for MALDI-TOF; measured in m/z (%). El measurements were done
by H. Nadig.

Elementary Analyses (EA): The elementary analyses were measured on a Analysator
240 from Perkin-Elmer by W. Kirsch.

Ultra Violet-Visible Absorptionspectroscopy (UV/Vis): The UV/Vis spectra were
recorded on an Agilent 8453 Diode Array Spectrophotometer. Amax (relative intensity,

%) was measured in nm.

Column Chromatography: For column chromatography silica gel 60 (40-63 pm) from

Fluka was used.

Thin Layer Chromatography (TLC): Silica gel 60 F,s4 glass plates with a thickness
of 0.25 mm from Merck were used. The detection was observed with a UV-lamp at
254 nm.
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Synthesis of N, N'-(1,4-phenylene) diformamide (2b)!?*:

2

NH Ethyl formate H™"NH
AcOH, reflux - HNL H

NH» Y

O

2a 2b
CeHgNz C8H8N202
108.14 g/mol 164.16 g/mol

2.60 ml (1.00 eq., 46.2 mmol, 2.80 mg) AcOH and 35.0 ml ethyl formate was added in
to a 2-neck-flask charged with 5.00 g (1.00 eq., 46.2 mmol) benzene-1,4-diamine (2a).
This solution was refluxed until the starting material had been consumed as monitored
by TLC. Afterwards, the mixture was cooled to room temperature. The suspension was
filtered and washed with ethyl formate. The crude was purified by recrystallization from
MeOH/H;0 to afford 7.15 g (93.5 %) N, N'-(1,4-phenylene) diformamide (2b) as a
white powder.

Analytical data:

'H-NMR (400 MHz, DMSO-Dg, 8/ppm): 10.13 (s, 2H, H7, H7’ (cis, cis), 1H, H7 (cis,
trans)), 10.07 (d, 3Jun = 11.2 Hz, 1H, HT’ (cis, trans)), 8.68 (m, 1H, -NH- (cis, trans)),
8.22 (m, 2H, -NH- (cis, cis), 1H, -NH- (cis, trans), 7.60 — 7.46 (m, 4H, H2, H3, H5, H6

(cis, cis), 2H, H2, H5 (cis, trans)), 7.18 — 7.05 (m, 2H, H3, H6 (cis,trans)).

BC.NMR (101 MHz, DMSO-De, &/ppm): 162.5 (C,, 1C, C7°), 159.3 (C,, 1C, C7),
134.4 - 134.0 (Cq, 2C, C1, C4), 120.2 - 118.3 (C, 4C, C2, C3, C5, C6).

MS (El +, 70 eV, m/z (Int. %)): 165.1 (9.6), 164.1 (100).
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2 3 2 3
H H H
cis, trans — conformation cis, cis - conformation

Synthesis of N,N*-(2,2'-dimethyl-[1,1'-biphenyl]-4,4'-diyl)diformamide)
(6a):

NH,

O Ethyl formate
O AcOH, reflux

Y

Q0= .

NH, O NH
H
5a 6a
C14H16N2 C16H16N202
212.29 g/mol 268.31 g/mol

0.200 ml (1.00 eq., 33.4 mmol, 0.200 mg) AcOH and 12.0 ml ethyl formate was added
in to a 2-neck-flask charged with 0.710 g (1.00 eq., 33.4 mmol) 2,2'-dimethyl-[1,1'-
biphenyl]-4,4'-diamine(5a). This solution was refluxed until the starting material had
been consumed as monitored by TLC. Afterwards, the mixture was cooled to room
temperature. The suspension was filtered and washed with ethyl formate. The crude was
purified by recrystallization from '‘BME/hexane to afford 0.520 g (58 %) N,N'-(2,2'-
dimethyl-[1,1"-biphenyl]-4,4'-diyl)diformamide (6a) as a white foam.

33


http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22

PI]F Your complimentary Experimental Part

use period has ended.
om p I ete Thank you for using

t C PDF Complete.
Unlimited Pages \

'H-NMR (400 MHz, DMSO-Dg, 8/ppm): 10.17 (s, 2H, H8, H8’ (cis, cis), 1H, H8 (cis,
trans)), 10.13 (d, ®Jun = 11.0 Hz, 1H, H8’ (cis, trans)), 8.80 (d, 3Juy = 11.0 Hz, 1H, -
NH- (cis, trans)), 8.27 (d, %Jun = 1.9 Hz, 2H, -NH- (cis, cis), 1H, -NH- (cis, trans)),
7.51 (d, ®Jun = 1.9 Hz, 2H, H3, H3’ (cis, cis), 1H, H3 (cis, trans)), 7.43 (dd, *Juy = 8.2,
2.1 Hz, 2H, H3’ H5 (cis, trans), 1H, H5, (cis, cis)) 7.12 (d, *Juu = 1.9 Hz, 1H, H5’ (cis,
cis)), 7.04 (dd, ®Jun = 8.2 Hz, *Jun = 2.2 Hz, 1H, H5’ (cis, trans)), 6.98 (d, %34y = 8.2
Hz, 2H, H6, H6’ (cis, cis), 2H, H6, H6’ (cis, trans)), 1.95 (s, 6H, H7, H7’ (cis, cis), H7,
H7’ (cis, trans)).

BC.NMR (101 MHz, CDCls, 8/ppm): 162.8 (C,, 1C, C8), 159.2 (C,, 1C, C8’), 130.9
(Cq, 2C, C2, C2°), 130.2 (Cq, 2C, C1, C1’), 121.4 (Cq, 2C, C4, C4%), 120.4 (Cy, 2C, C3,
C3), 117,4 (Cy, 2C, C6, C6’), 116.2 (Cy, 2C, C5, C5°), 20.1 (C,, 2C, CT’, CT°).

MS (EI +, 70 eV, m/z (Int. %)): 268.1 (100), 269.1 (18), 270.1 (1.9).

R (SiOz; EtOAC + 5% TEA) = 0.55.

o}

cis, trans — conformation
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obenzene (2)%:

T
=
T
=
O

POCI;, TEA

Y

THF,0°C
HN_H '
)i
o

=
O

2b 2
CgHsN20, CsHaN2
164.16 g/mol 128.13 g/mol

500 mg (1.00 eq., 30.5 mmol) N, N'-(1,4-phenylene) diformamide (2b) was added to a
solution of 2.60 ml TEA (12.5 ml, 6.00 eq., 1.90 mg) in 12.5 ml THF. The solution was
cooled at 0 °C, while 0.70 ml (1.20 eq., 36.6 mmol, 1.10 mg) phosphoryl oxochloride
was added drop wise. The reaction mixture was stirred until the starting material had
been consumed as monitored by TLC. After the reaction was completed, saturated
Na,CO3; aqueous solution was added at 0 °C to quench the reaction. The product was
extracted with 'BME, dried over sodium sulfate, filtered and concentrated in vacuo. The
orange crude was purified by column chromatography (SiO,, hexane:EtOAc 100:1 -
10:1) and recrystallization in DCM/hexane to afford 320 mg (82%) 1,4-

diisocyanobenzene (2).
Analytical data:
'H-NMR (400 MHz, CDCl3, 8/ppm): 7.44 (s, 4H).

B3C-NMR (101 MHz, CDCls, 8/ppm): 167.7 (CN-), 127.8 (C,, 2C, C1, C4, C,, 4C, C2,
C2’,C3,C3").

MS (El +, 70 eV, m/z (Int. %)): 128 (100), 129 (8.7).
R (SiO,; hexane:EtOAc 4:1) = 0.42.

IR v(CN-): 2130.2 cm™.
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Synthesis of (Z) 3,10-dibromo-5,6,7,8-tetrahydrodibenzo[a,c]
[8]annulene (8d)®?:

Br Br

Q Pd/C (10%), ethyl acetate, 3h O

Br Br
12 8d
Ci6H12Br? CieH14Br2
364.07 g/mol 366.09 g/mol

1.84 g (1.00 eq., 5.06 mmol) of (Z)-3,10-dibromo-5,8-dihydrodibenzo[a,c][8]annulene
(12) in 82.0 ml ethyl acetate was given in a oven-dried 250 ml-flask. To this mixture
135 mg (10 % Pd/C, 2.50 mol%, 0.130 mmol) palladium on charchoal was added and
the black suspension was stirred vigorously under hydrogen (1 atm) for 3h. The
suspension was filtered through a silica pad, washed with ethyl acetate and the solvent
was concentrated in vacuo. 181 g (97%) of 3,10-dibromo-5,6,7,8-

tetrahydrodibenzo[a,c][8]annulene (8d) was collected a white solid.

Analytical data:

'H-NMR (400 MHz, CDCls, 8/ppm): 7.42 (d, *Jun = 2.1 Hz, 2H, H1, H12), 7.73 (dd,
3Jum = 8.1 Hz, *Juw = 2.1 Hz, 2H, H2, H11), 7.07 (d, *Jun = 8.1 Hz, 2H, H4, H9), 2.68
(dd, 2Jpn = 13.4 Hz, 3Jup = 8.5 Hz, 2H, H5, H8), 2.11 — 2.05 (m, 4H, H5, H6, H7, H8),

1.52 — 1.46 (m, 2H, H6, H7).

Rs (SiO,; hexane:CH,CI, 95:5) = 0.75.
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Synthesis of N N’-bis(diphenylmethylene)-9,10-dihydrophenanthrene-
2,7-diamine (7¢)*:

Ph
NH

Br NJ\Ph
O , BINAP, Pdy(dba)3*CHCls, O

O NaO'Bu, toluene, 80 °C, 4h O

Y
O

Br Ph\thN
8c 7c
Cu4H10Br CaoHzoN2
338.04 g/mol 538.68 g/mol

According to procedure™® 49.0 mg (4.00 mol%, 0.0473 mmol) Pd,(dba); - CHCl; and
88.5 mg (12.0 mol%, 0.142 mmol) BINAP in 7.4 ml degased toluene and 400 mg (1.00
eq., 1.18 mmol) 2,7-dibromo-9,10-dihydrophenanthrene (8c), 318.3 mg (2.80 eq., 3.31
mmol) NaO'Bu and 0.480 ml (2.40 eq., 2.84 mmol, 514 mg) benzophenone imine were
used. 584 mg (64%) N?N’-bis(diphenylmethylene)-9,10-dihydrophenanthrene-2,7-
diamine (7c) was isolated after recrystallization from MeOH as a pale yellow powder.
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'H-NMR (400 MHz, CDCls, &/ppm): 7.74 (d, %Jan = 7.1 Hz, 4H, H17, H17’, H27,
H27°), 7.46 (it, 3Jum = 7.2 Hz, *Jpn = 2.4 Hz, 2H, H19, H19%), 7.42 — 7.37 (m, 6H, H4,
H4’, H18, H18’, H20, H20"), 7.29 — 7.23 (m, 6H, H24, H24’, H25, H125’, H26, H26"),
7.17 - 7.13 (m, 4H, H23, H23’, H21, H21"), 6.62 (d, 2Juy = 2.1 Hz, 2H, H13, H14%),
6.55 (dd, 3 = 8.2 Hz, “Jun = 2.2 Hz, 2H, HS, H3), 2.64 (s, 4H, H9, H10).

Rt (SiO2; hexane:EtOAc 5:1) = 0.47.

The analytical data was accorded to literature™?.
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(diphenylmethylene)-5,6,7,8

Jannulene-3,10-diamine (5d)™*2:

NH

. N)\Ph
Q O . BINAP, Pd(dba)s*CHCl3, Q

NaOBu, toluene, 80°C, 4h

BY Ph

ol
8d 7d
C16H14N2 C42H34N2
366.09 g/mol 566.73 g/mol

According to proceduret™® 34.1 mg (4.00 mol%, 0.0330 mmol) Pd,(dba); - CHCl; and
62.0 mg (12.0 mol%, 0.0990 mmol) BINAP in 5.20 ml degased toluene and 300 mg
(1.00 eg., 0.820 mmol) 3,10-dibromo-5,6,7,8-tetrahydrodibenzo[a,c][8]annulene (8d),
221 mg (2.80 eq., 2.30 mmol) NaO'Bu and 0.330 ml (2.40 eq., 1.97 mmol, 356 mg)
benzophenone imine were used. 267 mg (58%) N* N'°-bis(diphenylmethylene)-5,6,7,8-
tetrahydrodibenzo[a,c][8]annulene-3,10-diamine (7d) was isolated after recrystallization
as a pale yellow powder.

Analytical data:

'H-NMR (400 MHz, CDCls, &/ppm): 7.77 (d, %Jun = 7.0 Hz, 4H, H19, H23, H19’,
H23%), 7.47 (tt, *Jun = 7.2 Hz, “Jun = 2.4 Hz, 2H, H21, H21), 7.44 — 7.38 (m, 6H, H1,
H1’, H20, H21’, H22, H22"), 7.30 — 7.21 (m, 6H, H26, H27, H26’, H27", H28, H28"),
7.16 — 7.10 (m, 4H, H25, H25°, H29, H29"), 6.97 (d, 2Jun = 2.1 Hz, 2H, H4, H4"), 6.53
(dd, Jun = 8.2 Hz, “Jun = 2.2 Hz, 2H, H2, H2’), 2.41 (dd, 2Jun = 13.1 Hz, )y = 8.3
Hz, 2H, H5, H8), 1.89 — 1.76 (m, 4H, H5, H8, H6, H7 ), 1.15 — 1.05 (m, 2H, H6, H7).

Rt (SiO2; hexane:EtOAc 5:1) = 0.34.

The analytical data was accorded to literature™?.
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Synthesis of 9,10-dihydrophenanthrene-2,7-diamine (5¢)™2:

Q 3.0 M HCI, THF, 1t Q

= HoN
Ph
7cC oC
CaoHzoN2 Ci14H14N>
538.68 g/mol 210.27 g/mol

Following a literature known protocol™?, 407 mg (1.00 eq., 0.755 mmol) diimine 7c
was dissolved in 5.00 ml THF, adding 1.50 ml 3 M ag. HCI. The pale yellow reaction
mixture was stirred at rt until the starting material was consumed as monitored by TLC.
Afterwards the solution was partitioned between 0.5 M agq. HCl and 2:1 hexane/EtOAcC.
The organic layer was extracted three times with 0.5 M ag. HCI and the combined
aqueous layers made alkaline with 1 M agq. NaOH. The brown liquid was extracted with
dichloromethane, dried over sodium sulfate, filtered and concentrated in vacuo. After
purification by column chromatography (SiO;, hexane:EtOAc 1:1, 5% NEt;) 140 mg

(89%) of diamine 5c¢ was isolated as a yellow solid.
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'H-NMR (400 MHz, CDCls, 8/ppm): 7.45 (d, *Juu = 8.2 Hz, 2H, H4, H5), 6.60 (dd,
3Jun = 8.2 Hz, *Jun = 2.4 Hz, 2H, H3, H6), 6.54 (d, “Jun = 2.4 Hz, 2H, H1, H8), 3.61 (s

(broad), 4H, -NHy), 2.75 (s, 2H, H9, H10).

R (SiO,; hexane:EtOAc 1:5, 5% NEt3) = 0.43.

The analytical data was accorded to literature™?.

Synthesis of 5,6,7,8-tetrahydrodibenzo[a,c][8]annulene-3,10-diamine

(2d)0:

HoN

3.0 M HCI, THF, 1t Q

Ph

- O.

= HoN
Ph
7d 5d
Cu2Ha4N; CieH1gN2
566.73 g/mol 238.33 g/mol

Following the general procedure™®, 267 mg (1.00 eq., 0.470 mmol) diimine 7d was

dissolved in 3.20 ml THF, adding 1.00 ml 3 M ag. HCI. The pale yellow reaction

mixture was stirred at rt until the starting material was consumed as monitored by TLC.

Afterwards the solution was partitioned between 0.5 M agq. HCl and 2:1 hexane/EtOAcC.
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d three times with 0.5 M ag. HCI and the combined
ith 1 M ag. NaOH. The brown liquid was extracted with

dichloromethane, dried over sodium sulfate, filtered and concentrated in vacuo. After
purification by column chromatography (SiO;, hexane:EtOAc 1:1, 5% NEts) 107 mg
(94%) of diamine 5d was isolated as a yellow solid.

Analytical data:

'"H-NMR (400 MHz, CDCls, 8/ppm): 7.02 (d, *Jun = 8.2 Hz, 2H, H1, H12), 6.61 — 6.54
(m, 4H, H2, H4,H9, H11), 3.62 (s (broad), 4H, -NH,), 2.57 (dd, 2Jun = 13.2, 3Jun = 8.2
Hz, 2H, H5, H8), 2.16 — 1.97 (m, 4H, H5, H6, H7, H8), 1.51 — 1.42 (m, 2H, H6, H7).

R (SiO,; hexane:EtOAc 1:1, 5% NEt3) = 0.22.

The analytical data was accorded to literature™?.
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re A: Synthesis of 4,4'-diisocyano-1,1'-
NH, NC
CHCls, benzyltriethyl lum chlorid
O R1 3, Penzyltriethylammonium cnlor; e‘ O R1
R2 - R2
O CH,Cl,, 45% aq. KOH solution, reflux O
NH, NC
) 1

The diaminebiphenyl (5) was dissolved in a mixture CH,Cl,:45% aq. KOH solution
(1:1). To the biphasic mixture, benzyltriethylammonium chloride and chloroform were
added. The reaction mixture was heated at reflux until the starting material had been
consumed as monitored by TLC. After cooling to rt the mixture was transferred to a
separatory funnel diluted with water, and washed twice with water and once with brine.
The organic layer was dried over magnesium sulphate, and the solvent was removed by
evaporation. The product was further purified by column chromatography (SiO,
cyclohexane:CH,Cl, 1:9) to afford 4,4'-diisocyano-1,1'-biphenyl (4) as a white solid.
For elementary analysis the product (4) was additionally purified by vacuum
sublimation.

Synthesis of 4,4'-diisocyano-2,2'-dimethyl-1,1"-bipheny! (1a)*":

NH,

NC
C CHCIj3, benzyltriethylammonium chloride O

f.

O CH,Cl,, 45% aq. KOH solution, reflux
NH, NC
5a la
Ci4H16N2 CisH12N2
212.29 g/mol 268.31 g/mol

Procedure A was followed using 25.0 mg (1.00 eq., 0.140 mmol) 2,2'-dimethyl-[1,1'-
biphenyl]-4,4'-diamine (5a) was dissolved in 7.00 ml CH,Cl, and 7.00 ml 45% agq. KOH
solution. To the biphasic mixture benzyltriethylammonium chloride (3.19 mg, 1.00
mol%) and 0.125 ml (10.0 eq, 1.40 mmol, 0.170 g) chloroform was added. The product
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itography (SiO2, cyclohexane:CH,Cl, 1:9) to afford 21.3
P'-dimethyl-1,1'-biphenyl (1a) as a white solid. For

elementary analysis the product (1a) was additionally purified by vacuum sublimation
(4 - 10 mbar) at 80 °C.

Analytical data:

'H-NMR (400 MHz, CDCls, 8/ppm): 7.58 (d, *Jun = 1.6 Hz, 2H, H6, H6’), 7.46 (dd,
3Jun = 8.1 Hz, “Jun = 1.9 Hz, 2H, H3, H3), 7.20 (d, *Jun = 8.1 Hz, 2H, H5, H5"), 1.99
(s, 6H, H7, H7").

BC-NMR (101 MHz, CDCls, 8/ppm): 164.4 (CN-), 141.3 (C,, 2C, C1, C1°), 137.7 (C,,
2C, C2, C2’), 130.2 (C4, 2C, C6, C6°), 128.0 (C;, 2C, C3, C3°), 124.0 (C,, 2C, C4, C4’,
C.2C, C5, C5’), 19.7 (Cs, 2C, C7, C7").

MS (El +, 70 eV, M/z (Int. %)): 232.1 (100), 233.1 (18), 234.1 (L.4).

EA: found: C=82.43 H =548 N =11.95
Calc.:. C=82.73 H=521 N =12.06

R (SiO,; hexane:EtOAc 4:1) = 0.51.

IR v(CN-): 2117.7 cm™.
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no-1,1'-biphenyl (1b):

NH, NC

O CHCl3, benzyltriethylammonium chloride O

O CHJCly, 45% aq. KOH solution, reflux O

NH, NC

5b 1b

C12H12N2 Ci14H1gN2
184.24 g/mol 204.23 g/mol

According to procedure A 141 mg (1.00 eg., 0.760 mmol) benzidine (5b) was dissolved
in 37.0 ml CHyCl, and 37.0 ml 45% ag. KOH solution. To the biphasic mixture
benzyltriethylammonium chloride (17.3 mg, 1.00 mol%) and 0.610 ml (10.0 eq, 7.60
mmol, 0.907 g) chloroform was added. The product was purified by column
chromatography (SiO,, cyclohexane:CH,Cl, 1:9) to afford 91.2 mg (59%) 4.,4'-
diisocyano-1,1'-biphenyl (1b) as a white solid. For elementary analysis the product (1b)

was additionally purified by vacuum sublimation (4 - 10 mbar) at 80 °C.
Analytical data:

'H-NMR (400 MHz, CDCls, 8/ppm): 7.62 — 7.54 (m, 4H, H2, H2’, H6, H6"), 7.52 —
7.43 (m, 4H, H3, H3’, H5, H5").

BC.NMR (101 MHz, CDCls, 8/ppm): 165.6 (CN-), 140.6 (Cq, 2C, C1, C1°), 128.3 (Cy,
4C, C3, C5, C3°, C5°), 127.2 (C,, 4C, C2, C6, C2°, C6’, Cq, 2C, C4, C4").

MS (El +, 70 eV, m/z (Int. %)): 204.07 (100), 205.07 (15.9), 206.08 (1.1).
Ry (SiOy; c-hexane:CH,CI, 1:9) = 0.36.

IR v(CN-): 2125.4 cm™.
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Synthesis of 2,7-diisocyano-9,10-dihydrophenanthrene (1c):

NH, NC
O CHClI3, benzyltriethylammonium chloride O

O CH,Cly, 45% aq. KOH solution, reflux O

NH, NC
5c 1c
C14H14N, CieH10N2
210.27 g/mol 230.26 g/mol

According to procedure A 140 mg (1.00 eqg., 0.666 mmol) 9,10-dihydrophenanthrene-
2,7-diamine (5c) was dissolved in 32.0 ml CH,Cl, and 32.0 ml 45% ag. KOH solution.
To the biphasic mixture benzyltriethylammonium chloride (15.2 mg, 1 mol%) and
0.540 ml (10.0 eq, 6.66 mmol, 0.795 g) chloroform was added. The product was
purified by column chromatography (SiO,, cyclohexane:CH,Cl, 1:9) to afford 30.7 mg
(20%) 2,7-diisocyano-9,10-dihydrophenanthrene (1c) as a white solid. For elementary
analysis the product (1c) was additionally purified by vacuum sublimation (5 - 107
mbar) at 100 °C.

Analytical data:
'H-NMR (400 MHz, CDCls, 8/ppm): 7.71 (d, *Jun = 8.3 Hz, 2H, H4, H5), 7.34 (dd,

Jun = 8.3 Hz, “Jun = 2.0 Hz, 2H, H3, H6), 7.22 (d, “Jun = 1.9 Hz, 2H, H1, H8), 2.88 (s,
4H, H9, H10).
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Unlimited Pages and 2C, C4, ChH), 125.4 (C, 2C, C3, C6), 125.2 (C,, 2C, C1,

C8, Cq, 2C, C2, C7), 28.4 (Cs, 2C, C9, C10).

MS (El +, 70 eV, m/z (Int. %)): 230.1 (100.0), 231.1 (17.4), 232.1 (1.4).

EA: found: C=82.75 H =555 N = 10.67
Calc.:. C=83.46 H=4.38 N=12.17

Rt (SiO2; hexane:CH2Cl; 1:9) = 0.49.

IR v(CN-): 2129.3 cm™.

Synthesis of 3,10-diisocyano-5,6,7,8-tetrahydrodibenzo[a,c][8]annulene
(1d):

HoN CN
Q CHCI3, benzyltriethylammonium chloride Q
O CH.Cl», 45% aq. KOH solution, reflux O

HoN cN
5d 1d
C14H14N2 Ci6H10N2
238.33 g/mol 258.32g/mol

According to procedure A 107 mg (1.00 eq., 0.448 mmol) 5,6,7,8-
tetrahydrodibenzo[a,c][8]annulene-3,10-diamine (5d) was dissolved in 22.0 ml CH,Cl,
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ution. To the biphasic mixture benzyltriethylammonium
and 0.360 ml (10.0 eq, 4.48 mmol, 0.535 g) chloroform

was added. The product was purified by column chromatography (SiO,,
cyclohexane:CH,Cl, 1:9) to afford 382 mg (33%) 3,10-diisocyano-5,6,7,8-
tetrahydrodibenzo[a,c][8]annulene (1d) as a white solid. For elementary analysis the

product (1d) was additionally purified by vacuum sublimation (6 - 10 mbar) at 100 °C.
Analytical data:

'H-NMR (400 MHz, CDCls, &/ppm): 7.32 (d, “Ju = 1.6 Hz, 2H, H1, H12), 7.28 (dd,
3Jun = 8.1 Hz, *Jun = 1.9 Hz, 2H, H2, H11), 7.22 (d, %Jun = 8.0 Hz, 2H, H4, H9), 2.73
(dd, 2Jpn = 13.6 Hz, 3Jup = 8.5 Hz, 2H, H5, H8), 2.14 — 2.04 (m, 4H, H5, H6, H7, H8),
1.51 - 1.43 (m, 2H, H6, H7).

BC-NMR (101 MHz, CDCls, 8/ppm): 164.5 (CN-), 144.4 (C,, 2C, C15, C16), 140.3
(Cq 2C, C13, C14), 130.0 (C, 2C, C1, C12), 127.5 (C, 2C, C11, C2), 124.0 (C,, 2C,
C4, C9, Cq, 2C, C3, C10), 32.4 (C, 2C, C5, C8), 29.1 (Cs, 2C, C6, CT).

MS (EI +, 70 eV, m/z (Int. %)):258.12 (100.0), 259.12 (19.6), 260.12 (1.9).

EA: found: C=82.75 H =555 N =10.67
Calc.:. C=83.46 H=4.38 N=12.17

Rs (SiOy; hexane:CH,CI, 1:9) = 0.57.

IR v(CN-): 2119.6 cm™
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nonaphthalene (4):
NH; NC
O CHCl3, benzyltriethylammonjum chloride O
O CH.Cl,, 45% aq. KOH solution, reflux O
NH, NC
da 4
C1oH10N2 C12HeN2
158.20 g/mol 178.19 g/mol

According to procedure A 140 mg (1.00 eq., 0.885 mmol) 9naphthalene-2,6-diamine
(4a) was dissolved in 44.0 ml CH,Cl, and 44.0 ml 45% ag. KOH solution. To the
biphasic mixture benzyltriethylammonium chloride (20.2 mg, 1 mol%) and 0.710 ml
(10.0 eq, 8.85 mmol, 1.05 g) chloroform was added. The product was purified by
column chromatography (SiO-, cyclohexane:CH,Cl, 1:9) to afford 78.9 mg (50%) 2,6-
diisocyanonaphthalene (4) as a pale yellow solid. For elementary analysis the product
(4) was additionally purified by vacuum sublimation (7 - 10 mbar) at 100 °C.

Analytical data:

'H-NMR (400 MHz, CDCls, 8/ppm): 7.92 (d, *“Jun = 1.4 Hz, 2H, H1, H5), 7.89 (d, *Juy
= 8.6 Hz, 2H, H8, H4), 7.52 (dd, *Juy = 8.7 Hz, “Jun = 1.7 Hz, 2H, H3, H7).

BBC.NMR (101 MHz, CDCls, 8/ppm): 166.2 (CN-), 132.4 (Cq, 2C, C9, C10), 130.0 (C,
2C, C4, C8), 125.9 (Cy, 2C, C1, C5), 125.3 (C,, 2C, C3, C7, Cy, 2C, C2, C6).

MS (El +, 70 eV, m/z (Int. %)): 178.1 (100), 179.1 (13.0).

EA: found: C =80.53 H =355 N =1541
Calc.: C=80.89 H=3.39 N =15.72

Rs (SiO,; hexane:CH,CI, 1:9) = 0.75.

IR v(CN-): 2130.2 cm™.
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Synthesis of isocyanobenzene (3):

CHCI3, benzyltriethylammonium chloride

1)

NH» CHCly, 45% aq. KOH solution, reflux NC
3a 3
CeH7N C7HsN
93.13 g/mol 103.12 g/mol

According to procedure A 1.00 ml (1.00 eq., 11.0 mmol, 1.02 g) aniline (3a) was
dissolved in 550 ml CHCl, and 550 ml 45% aqg. KOH solution. To the biphasic mixture
benzyltriethylammonium chloride (125 mg, 1 mol%) and 4.44 ml (5.00 eq, 55.0 mmol,
6.57 g) chloroform was added. The product was purified by column chromatography
(SiOy, cyclohexane:CH,CI, 1:9) to afford 74.7 mg (71%) isocyanobenene (3) as dark
blue liquid. For elementary analysis the product (3) was additionally purified by
distillation at 160 °C.

Analytical data:
'H-NMR (400 MHz, CDCls, 8/ppm): 7.41 — 7.36 (m, 5H, H2, H3, H4, H5, H6).

3C-NMR (101 MHz, CDCls, 8/ppm): 163.8 (CN-), 129.31 (C,, 1C, C1), 126.3 (C,, 5C,
C2, C3, C4, C5, C6).

MS (El +, 70 eV, m/z (Int. %)): 103.1 (100.0), 103.1 (7.6).

EA: found: C=80.85 H=512 N =13.38
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=4.89 N =13.58

Unlimited Pages and Expande
Rs (SiO,; hexane:CH,Cl, 1:9) = 0.71.

IR v(CN-): 2126.4 cm™.
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