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Introduction

The potential of cheap solar cells, field-effect transistors,
and organic light-emitting diodes (OLEDs) is fueling inter-
est in organic semiconductor materials.[1]

The performance of such devices critically depends on the
efficiency with which charge carriers (holes and electrons)
move within p-conjugated materials. Organic semiconduc-
tors can be divided into two classes: p-channel semiconduc-
tors (holes are injected into the material from the electro-
des), and n-channel semiconductors (electrons can be inject-
ed into the material from the electrodes). The availability of
both efficient n- and p-channel semiconductor materials is
one of the bottlenecks currently limiting the development of
electronic devices.

For the development of efficient p-conjugated materials, a
profound understanding of the interplay between the p-elec-
tron delocalization and geometrical structural features is re-
quired. The structure/property relationships of p-conjugated
polymers[1a,2] or molecular rods[3] with p-type character have
been studied extensively during the last few years. Most of
these semiconductors are based on organic systems with
electron-rich, oxidizable structures comprising thiophene,[2b]

pyrrole, or other systems containing nitrogen donors.[2a] In
contrast, the structure/property correlations of n-channel
materials have not been well established because of the lim-
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ited availability of stable and highly performing electron-ac-
cepting p-systems.[1a,4] Prototypical polymeric n-channel ma-
terials usually consist of rather rigid molecular subunits such
as naphthalene or perylene tetracarboxylic diimides.[5] Prog-
ress in the development of new types of n-channel semicon-
ductors has been made in the past few years through chemi-
cal substitution of the aromatic subunits with electron-with-
drawing groups.[4b] Strong acceptor groups efficiently lower
the frontier orbital levels, and thereby make the structure
LUMOs accessible to electrons at less negative potentials.
In other words, these acceptor groups can improve the re-
ducibility of the system. However, a clear relationship be-
tween the spatial arrangement of neighboring p-systems and
electronic properties is still lacking.

Recently, it has been shown that the conformation of indi-
vidual subunits in polymeric chains such as poly(phenylene
vinylene) is crucial in determining the overall physical prop-
erties of the material.[6] Furthermore, charge transport in bi-
phenyl model structures comprising donor substituents has
been studied, showing that electronic hole transport through
the HOMO depends linearly on the cos2 value of the torsion
angle between the two divided p-systems.[3]

The exploration of the extent to which these findings also
apply to electrons delocalized in the LUMOs was the moti-
vation for the physical investigations of the series of model
compounds presented here.

Results and Discussion

Molecular design of dicyanocyclophanes as model com-
pounds with tunable backbone conjugation : Six dicyanobi-
phenyls (1–6) were designed as a series of model compounds

with comparable lengths and substitution patterns, but with
different torsion angles f between the phenyl rings as the
only varying structural feature.[3a] The torsion angle f can
be fixed by interconnecting the two benzonitrile units with a
second short alkyl chain fixed in the 2 and 2’ positions. Thus,
the number of CH2 units dictates the torsion angle f, and
therefore the degree of p-electron delocalization between

the two p-systems, while the overall electronic structure is
maintained. Furthermore, the steric requirements of the
chemically inert alkyl substituents potentially prevent inter-
molecular aggregation.

Substitution of the terminal positions of the biphenyl syn-
thons with cyano groups improves the ease of electron injec-
tion into the p-system. As a consequence, the reduction po-
tential of the benzonitrile subunit becomes electrochemical-
ly accessible, and thus becomes a label for the investigation
of the inter-ring communication.

Furthermore, with the terminal cyano groups as potential
anchor groups for metal electrodes, this series of model
compounds is ideally suited for studying electron transport
on a single-molecule level. Thereby, the series enables the
systematic investigation of the relationship between electron
transport and backbone conformation, which is reported
elsewhere.[7]

In addition, organic cyano derivates are highly stable
compounds compared to thiols,[8] amines,[9] or isocyanides.[10]

In the following, we present the synthesis of six model
compounds (1–6) with n-channel semiconductor properties.
Subsequently, we describe and discuss their solid-state mo-
lecular structures and packing properties, and correlate
these data with their electrochemical, spectroelectrochemi-
cal, and optical characteristics. Moreover, single crystals of
all members of the series were grown, revealing information
about the molecular structures and packing properties in the
solid state. The experimental data are compared with results
obtained from DFT calculations.

Synthesis of the dicyanocyclophanes : The synthetic strategy
for building the cyclophane synthons was based on our pre-
viously reported work on angle-restricted biphenyldi-ACHTUNGTRENNUNGthiols.[3a,11a]

Cyclophanes 1–4, with increasing inter-ring alkyl chain
length (n= 1–4) and thus with increasing torsion angles,
were our initial synthetic target structures. The series of ter-
minally cyano-functionalized biphenyl systems was comple-
mented by the unsubstituted compound 5, and the 2,2’,6,6’-
tetramethyl derivate 6.

Within these terminally cyano-functionalized biphenyl sys-
tems, variations of the inter-ring torsion angles between 08
for the fluorene compound 1 and 908 for the tetramethylbi-
phenyl compound 6 were expected.

Here, we present an alternative synthetic route based on
our recently published concept.[3a,11a] The strategy to build
up the cyclophane structures 3 and 4 is adopted, but the ter-
minal halogen atoms are replaced by methoxy groups. The
new synthetic pathway can easily be scaled up to a few hun-
dred grams, and no longer requires the use of polymethylhy-
drosiloxane, which is difficult to handle, and other costly re-
agents. Furthermore, the overall yield of this new “me-
thoxy” synthetic route is increased almost four times com-
pared to the previously described synthesis.[11a] The synthetic
pathway of dicyanocyclophane 3 is shown in Scheme 1.

Starting from the bulk chemical 4-bromo-3-methylanisole,
an oxidative iron-catalyzed homocoupling reaction,[12] using
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stoichiometric amounts of 1,2-dichloroethane as the re-oxi-
dation agent, afforded the building block 7 in 92 % yield.
Subsequent double bromination with N-bromosuccinimide
(NBS) afforded the key intermediate 8 in 68 % yield. To
achieve the oxo-functionalized propyl bridge in 9, an addi-
tional carbon atom was introduced through an intramolecu-
lar cyclization reaction of the dibromide 8, using the masked
formaldehyde equivalent (tolylsulfonyl)methyl isocyanide
(TosMic)[13] to provide the dimethoxy ketone 9 as a white
solid in a yield of 83 %. The “methoxy” route allowed re-
duction through a Wolff–Kishner reaction,[14] affording 10 in
86 % yield. This was considerably more efficient in terms of
the purification procedure than the previously reported re-
duction protocol.[3a,11a]

Subsequent functional-group transformations allowed 10
(with terminal methoxy groups) to be transformed into 12
(bearing triflate groups).[11b] The unfunctionalized propyl
bridge in 10 allowed electrophilic cleavage of the two
methyl groups of the biaryl diether with boron tribromide at
room temperature. Subsequent esterification of the diol 11
with triflic anhydride in pyridine gave the triflate building
block 12 in a yield of 84 % over two steps. An overall yield
of 38 % was obtained for this six-step reaction sequence.

The conversion of triflates to aryl nitriles is a valuable
synthetic reaction because of the wide range of available en-

vironmentally friendly phenol derivatives. However, only a
few examples of the conversion of triflate groups have been
reported.[15] To the best of our knowledge, the synthesis of
bis ACHTUNGTRENNUNG(triflate)-functionalized aromatic systems has not yet
been investigated. The use of catalytic amounts of [Pd2-ACHTUNGTRENNUNG(dba)3], tributyltin chloride, and xantphos in refluxing aceto-
nitrile (denoted as method A) was successful in the double
cross-coupling reaction of 12 with potassium cyanide to give
the model compound dicyanocyclophane 3 in 82 % yield as
white solid.

Again, starting from the key intermediate 8 (Scheme 2), a
copper-mediated alkylation, with the Normant reagent gen-
erated in situ, provided the diallylbiphenyl 13 as a smelly oil

in 77 % yield. A ring-closing metathesis using Grubbs� cata-
lyst afforded 14 in high yield (79 %). Subsequent hydrogena-
tion with Pd/C at atmospheric pressure gave the hydrogenat-
ed butyl-bridged biaryl ether 15 in almost quantitative yield.
Finally, a similar deprotection/reprotection reaction se-
quence, as described for the synthesis of 12, resulted in the
transformation of the methoxy groups into triflate groups to
provide the butyl-bridged key intermediate 17 in 83 % yield
over two steps (Scheme 2). An overall yield of 31 % was ob-
tained for this seven-step reaction sequence. Applying again

Scheme 1. Synthesis of the dicyanobiphenylcyclophane 3. Reagents and
conditions: a) Mg0 (1.4 equiv), methyl-THF, FeCl3 (7.1 mol %), 1,2-di-
chloroethane (1.7 equiv), reflux, 92 %; b) NBS (2.1 equiv), benzoyl perox-
ide (7.5 mol %), CCl4, reflux, 68%; c) TosMic (1.0 equiv), CH2Cl2,
NaOH, tetrabutylammonium bromide (TBAB) (6.3 mol %), then HCl,
tBME/H2O, 83%; d) KOH (4.2 equiv), hydrazine monohydrate
(2.3 equiv), diethylene glycol, 195 8C, 86%; e) BBr3 (5.5 equiv), CH2Cl2,
0 8C to RT; f) Tf2O (3.9 equiv), pyridine, RT, 84% over two steps;
g) Method A: [Pd2ACHTUNGTRENNUNG(dba)3]·CHCl3 (10.0 mol %), xantphos (10.0 mol %),
tributyltin chloride (3.6 mol %), KCN (3.0 equiv), acetonitrile, reflux,
82%.

Scheme 2. Synthesis of the dicyanobiphenylcyclophane 4. Reagents and
conditions: a) CH2CHMgBr (6.0 equiv), CuI (1.0 equiv), CH2Cl2, �50 8C
to RT, 77%; b) Grubb�s catalyst (5.0 mol %), CH2Cl2, reflux, 79%; c) H2,
Pd/C 10%, RT, EtOAc, 98 %; d) BBr3, pyridine, RT; e) Tf2O (3.9 equiv),
pyridine, RT, 83 % over two steps; f) Method A: 86%.
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the cyanation method A to the ditriflate 17 afforded the
model compound dicyanocyclophane 4 as a white solid in
86 % yield after purification by flash chromatography.

Single crystals of model compounds 3 and 4 suitable for
X-ray structural analysis were obtained by recrystallization
from a mixture of hot dioxane and cyclohexane.

Whereas the model compounds 3 and 4 were assembled
by the “methoxy route”, another strategy was applied for
the assembly of the dicyanocyclophanes 1 and 2. Starting
from 2,7-dibromofluorene,[16] a Rosenmund–Von Braun[17]

reaction using copper(I) cyanide was performed (denoted as
method B), yielding the fully planar dicyano compound 1 in
51 % yield.

Although other authors[18] have already reported the syn-
thesis of 2,7’-dicyanofluorene, a complete analytical charac-
terization is still lacking. Repeated attempts to purify 1 were
complicated because of the low solubility of the fluorene de-
rivate. These attempts included repeated extraction of the
product by ethyl acetate, and filtration through silica, fol-
lowed by repeated recrystallization from 1) acetonitrile,
2) ethanol, and 3) 2-methoxyethanol, yielding crystalline
samples of insufficient purity. A final chromatographic pu-
rification of 1 was achieved by dissolving the compound in a
large amount of chloroform and adsorbing it to the immobi-
lized phase. This was followed by recrystallization from a
hot mixture of dioxane and cyclohexane, affording single
crystals suitable for X-ray analysis as the first sample satisfy-
ing all analytical criteria.

The dicyanocyclophane 2 containing an ethylene bridge
was assembled using a similar synthetic strategy. 2,7-Dibro-
mo-9,10-dihydrophenanthrene[19] (19) underwent a cyanation
reaction with copper(I) cyanide (method B), followed by re-
crystallization from hot toluene and subsequently from a
boiling mixture of dioxane and cyclohexane, to give single
crystals of 2 suitable for X-ray analysis (Scheme 3).

The model compound 4,4’-dicyanobiphenyl 5 was synthe-
sized starting from the commercially available 4,4’-dibromo-
biphenyl 20. Again, a doubly copper-mediated cyanation re-
action (method B) afforded the target compound 5 in a
yield of 73 %. Due to the low solubility of the core-unsubsti-
tuted biphenyl 5, similar purification problems were encoun-
tered as described before for the fluorene model compound
1. An adapted purification procedure allowed the separation
of the impurities of biphenyl 5. The slow evaporation tech-
nique with dioxane/cyclohexane as the solvent mixture was
a crucial step in obtaining single crystals suitable for X-ray
analysis.

To complement the series of cyclophanes with restricted
rotation along the biphenyl axis, we focused further on a bi-
phenyl system with sterically demanding alkyl substituents
at the positions ortho to the biphenyl bridge. The already
available building block[11a,19] 21 with four methyl groups in
the ortho positions was successfully cyanated by applying
method B; the reaction was completed within a shorter re-
action time and proceeded at a slightly lower reaction tem-
perature. Purification by flash chromatography on silica fol-
lowed by recrystallization from cyclohexane using the slow

evaporation technique afforded the last member of the
series 6 as single crystals.

All synthesized molecules were fully characterized by 1H
and 13C NMR spectroscopy, mass spectrometry, optical ab-
sorption spectroscopy, and elemental analysis. Accurate
mass determination was used instead of elemental analysis
for some of the intermediates. In addition, all target struc-
tures 1–6 were analyzed using cyclic voltammetry, and their
solid state structures were determined by X-ray analysis.

Solid-state structure analysis : X-ray solid state structure
analysis of the new biphenyl model compounds 1–6 was of
particular interest. Single crystals of the entire series were
grown, not only to confirm the identity of the molecules and
to provide highly pure model compounds, but also to inves-
tigate the correlation between the length of the bridging
alkyl chain or the bulkiness of the substituents in the
2,2’,6,6’-positions in 1–6 and the resulting torsion angles f.

Figure 1 displays the solid-state structures of the dicyano-
derivates 1–6 as a series with increasing torsion angle. Fur-
thermore, selected structural parameters such as the intra-
molecular nitrogen–nitrogen distance as the length axis of
the molecule or the torsion angle f are listed in Table 1,
and are compared with the torsion angles obtained from the
DFT calculations.

The torsion angles were measured between the planes of
the phenyl rings of the biphenyl skeleton. These planes were
obtained by considering all six carbon-atom positions of the

Scheme 3. Synthesis of the dicyanobiphenyl derivatives 1, 2, 5, and 6. Re-
agents and conditions: Method B: a) CuICN (2.6 equiv), DMF, 150–
160 8C, 51% for 1 and 53% for 2 ; b) CuICN (3.0 equiv), DMF, 150–
160 8C, 16 h, 73% for 5, and CuICN (3.0 equiv), DMF, 140 8C, 8 h, 84 %
for 6.
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solid-state structure for the least-squares minimization pro-
cedure. Very comparable intramolecular nitrogen–nitrogen
distances were obtained within the series of X-ray-analyzed
derivatives, with values between 11.96(9) � for 1 and
12.24(6) � for 4. This indicates that the effects of the vari-
ous alkyl substituents on the length of the dicyanocyclo-
phane backbone are minimal.

As expected, a fully planar biphenyl backbone is observed
in the fluorene structure 1. Due to the bent backbone of 1,
the N�N distance of 11.96(9) � is slightly decreased com-
pared to all other derivatives. A continuous increase of the
torsion angle is observed in the cyclophane structures 2–4
with elongation of the ring-interlinking alkyl chain. As
shown in Table 1, all measured torsion angles are in good

agreement with the values obtained from DFT calculations
(see Table 1 and the next section for the calculations). Inter-
estingly, the torsion angles of the dicyanocyclophane com-
pounds 1–6 are very similar to those determined in an anal-
ogous series comprising terminal acetylsulfanyl donor substi-
tuents,[3a] indicating that the interlinking alkyl chain is the
subunit dictating this structural feature of the biphenyl back-
bone. The core-unsubstituted biphenyl compound 5 is an ex-
ception. The torsion angle in the solid state was found to de-
viate from the value calculated theoretically in the gas
phase by 7.838. However, the torsion angle of unsubstituted
biphenyl is reported to be strongly dependent on the state
of aggregation and the temperature.[20]

An almost perpendicular arrangement of the two phenyl
rings was measured for the solid-state structures of the tetra-
methyl model compound 6, with a torsion angle f of 89.268.
The rotation barriers of the methyl-substituted[21] model
compound 6, and in particular of the cyclophanes[22] 1–4, are
expected to increase considerably compared to the cyano-
substituted derivative 5, which is substituted solely in the
para position.[23] Thus, the f values measured in the solid
state are considered to be a good proxy for the torsion
angle expected in solution.

Of further interest was the packing motif of the model
compounds 1–6 in the solid state. In Figure 2, the packing

Figure 1. Solid-state structures of the dicyanobiphenyl derivatives 1–6. Thermal ellipsoids are set at the 50% probability level.

Table 1. Molecular structures and measured properties.

f [8] solid
state

f [8]
DFT[a]

N–N distance
[�]

crystal
system

space
group

1 1.02 0.00 11.96(9) monoclinic P2/n
2 20.74 20.97 12.22(3) monoclinic C2/c
3 44.78 47.13 12.24(5) triclinic P1̄
4 58.47 59.94 12.24(6) monoclinic C2/c
5 31.77 39.60 12.20(2) monoclinic P21

6 89.26 90.00 12.21(4) monoclinic P21/c

[a] See next section for computational details.
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motif of the planar model compound 1 is shown as a repre-
sentative example for the entire series of dicyanocyclo-
phanes.

Figure 2 shows the top view of the molecular network.
The molecules form 1D chains held together by dipolar anti-
parallel CN···CN interactions. Recently, experimental evi-
dence for such dipolar CN···CN interactions has been sys-
tematically explored[24] by analyzing the Cambridge Struc-
tural Database. Furthermore, there are short HAr···NC con-
tacts, in which the H···N distance is below 2.8 �. These con-
tacts can be interpreted as weak hydrogen bonds[25] (other
similar contacts are omitted for clarity).

In addition, the packing structure is stabilized by the cofa-
cial arrangement with the neighboring biphenyl planes.

The side view along the b-axis of the unit cell is displayed
in Figure 3. Half of the fluorene molecule overlaps with the
lower-lying and upper-lying molecules in a parallel displaced

manner, forming columnar p-stacks. The closest plane-to-
plane distance between the two neighboring planar 2,7-di-
cyanofluorene units is found to be 3.44(9) � between C3
and C3 of the parallel displaced rings. An additional stabiliz-
ing interaction may arise from the slightly positively polar-
ized carbon atoms of the sp-hybridized cyano groups, which
are sandwiched between the phenyl ring p-systems of the
neighboring molecules supporting the intermolecular p–p

stacking.

Comparable packing motifs with dipolar antiparallel
CN···CN interactions and HAr···NC hydrogen bonds were ob-
served in the packing structures of model compounds 2–6.
Generally, it is found that the intermolecular distances of
these aggregates, stabilized by weak interactions, gradually
increase with the increasing steric requirements of the alkyl
chains and substituents attached to the phenyl rings. In par-
ticular, the increasing length of the ring-interlinking alkyl
chain and attached methyl groups in the ortho position of
the biphenyl bridge gradually enlarges the intermolecular
distance between the cofacially arranged phenyl planes. The
absence of efficient p–p overlap of the phenyl planes is ob-
served if the interplanar torsion angle exceeds the value of
44.788. Only dicyanocyclophane 1 (1.028), 2 (20.748), and the
unsubstituted 5 (31.778) display intermolecular distances be-
tween the planes of below 3.8 �.[26]

Whereas weak intermolecular interactions play an impor-
tant role in the overall stabilization of the packing structures
of 1–6 in the solid state, intermolecular p–p aggregation of 1
was not observed in CDCl3 and C6D6 in concentration-de-
pendent NMR experiments.

Computational studies : In order to explore the geometries
of the dicyanobiphenyls 1–6, in particular with respect to
their conformation and molecular orbital energies, ab initio
calculations of the molecules in vacuum were performed.
The geometry of each molecule was optimized using the
TURBOMOLE program package[27] version 5.9, and DFT
calculations with the B3LYP hybrid exchange correlation
functional[28] in combination with the multiple accelerated
resolution of identity in J (MARI-J) approximation[29] and
the TZVP basis[30] set, as implemented in the TURBO-
MOLE program package.

In addition, the energy levels of the relaxed ground states
of all structures in the series were calculated by DFT. All
the calculated torsion angles and HOMO–LUMO energies
are given in Table 2.

Whereas the twisted form of the simple biphenyl compris-
ing various substituents in the para position is reported to
be the dominant conformation in the gas phase and in solu-
tion,[31] planarization of the two phenyl rings occurs if, for
example, molecule/surface[32] interactions dominate the
weak steric repulsion[23] between the phenyl ring hydrogen
atoms. In our calculations, the torsion angle of 5 turned out

Figure 2. 1D chains of 1 in the solid-state structure stabilized by intermo-
lecular contacts. The dipolar antiparallel CN···CN interactions are dis-
played on the right, and the weak hydrogen bond HAr···NC contacts are
displayed on the left.

Figure 3. View along b-axis of the unit cell of the solid-state structure of
1 to display the cofacial through-space interactions.

Table 2. Calculated torsion angles and energies of the dicyanocyclophane
series.

f [8]
DFT[a]

HOMO
[eV]

LUMO
[eV]

HOMO–LUMO
separation [eV]

1 0.00 �6.94 �2.57 4.37
2 20.99 �6.92 �2.59 4.33
3 47.13 �7.09 �2.38 4.71
4 59.97 �7.14 �2.19 4.95
5 39.60 �7.21 �2.54 4.67
6 90.00 �7.39 �1.80 5.59
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to be relatively sensitive to the basis set used. The TZVP
basis set gave a torsion angle of almost 408, but calculations
using the smaller basis set SVP gave a slightly reduced tor-
sion angle of 36.968. Incorporation of an alkyl chain of vari-
able length in the 2,2’-position of the biphenyl skeleton con-
trols the torsion angle between the two aromatic rings with-
out changing the electronic environment of the p-system.
As a result, the degree of electron p-delocalization is the
only effect shifting the relative positions of the HOMO and
LUMO levels. The LUMO level is stabilized, whereas the
HOMO is destabilized with decreasing torsion angle. As a
consequence, the energy gap increases with increasing tor-
sion angle (Figure 4).

Compared to similar thiol-functionalized p-systems, the
energy levels of the frontier orbitals of cyano-functionalized
p-systems are downshifted in energy by �1.5 eV.[3b, 33] The n-
type semiconductor properties of cyano-functionalized p-
systems are explained in particular by their lowered LUMO
promoting efficient electron transport.[34]

The energy levels of the HOMO, LUMO, and their vicinal
orbitals are visualized in Figure 4. Whereas DFT hybrid
methods often underestimate ionization potentials and elec-
tron affinities, the HOMO–LUMO separations obtained
with the B3LYP functional are reported to agree well with
the vertical excitation energy of the UV absorption spec-
tra.[35] Surprisingly, the calculation displays a slightly in-
creased HOMO–LUMO separation for the fluorene struc-
ture 1 compared to the cyclophane structure 2, which is no
longer planar.

Electronic spectra : To investigate the correlation between
the electronic properties and the interplanar torsion angle f

of the dicyanobiphenyls 1–6, the absorption spectra of the
entire series (1 �10�5

m solutions) were recorded in acetoni-

trile (CH3CN). All the recorded spectra are displayed in
Figure 5, and a list of the most important UV absorption
bands is given in Table 3.

The longest wavelength absorption band of 1 is at 311 nm,
and, in analogy to its terminally unsubstituted counterparts,
is, according to Clar,[36g] assigned to the a-absorption band
(a-band, lmax 300 nm).[36] Similarly, the structured absorption
band between 275 and 293 nm can probably be assigned to
the p-band of the biphenyl subunit, which exhibits a maxi-
mum absorption at 288 nm. The p-band of 1 displays a vi-
brational fine structure, presumably because of its rigid, es-
sentially planar geometry. The bathochromic shift of the ab-
sorption bands compared to fluorene can be attributed to an
enlargement of the p-system arising from the substitution
with two cyano groups.[36d] The UV absorption spectra of
compounds 1–6 were measured in acetonitrile, but negligible

Figure 4. Energy diagram of the dicyanobiphenyl derivatives 1–6. The en-
ergies are given in eV.

Figure 5. The overlaid UV absorption spectra of the dicyanocyclophane
series 1–6 as 1� 10�5

m solutions in CH3CN.

Table 3. UV absorption properties of 1–6 in CH3CN at 298 K.

f[a] [8] lmax
[b] [nm (eV)] e[c] [L mol�1 cm�1] lon

[d] [nm (eV)]

1 1.02 207 (5.99) 38600 322 (3.85)
288 (4.31) 33500
299 (4.15) 27600
311 (3.99) 40800

2 20.74 207 (5.99) 37800 335 (3.70)
294 (4.22) 30600
318 (3.90) 16800

3 44.78 204 (6.08) 42100 307 (4.04)
271 (4.58) 27400

4 58.47 209 (5.93) 32600 298 (4.16)
257 (4.82) 22400

5 31.77 199 (6.23) 60200 310 (4.00)
274 (4.52) 38100

6 89.26 205 (6.05) 81900 294 (4.22)
243 (5.10) 30500

[a] f is the torsion angle between the planes of the phenyl rings as ob-
tained from the solid-state structural analysis. [b] lmax is the wavelength
at the maximum of each band. [c] e is the extinction coefficient at lmax of
each band. [d] lon is the onset of the absorption onset in the UV spectra.
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solvatochromic effects were observed when using heptane as
the solvent. Solvent effects investigated using molecular dy-
namics (MD) simulations of similar biphenyls showed negli-
gible influence on the geometric structures.[7]

Cyano groups lead to an overall stabilization of the
HOMO and LUMO levels,[37] as expected from the acceptor
nature of the substituent. The p-band is also called the con-
jugation band (p–p* band),[36f, 38] as its position is reported
to reflect the extent of conjugation in the biphenyl
core.[36f, 38,39] The calculated HOMO/LUMO gaps of the
series agree well with the vertical excitation energies of the
p-band absorption,[35] and do not deviate by more than
0.15 eV for compounds 1–5 and 0.49 eV for compound 6.

Surprisingly, for the terminally cyano-functionalized cyclo-
phane 2, which is no longer planar, we observe a bathochro-
mic shift of 6–7 nm of both the p- (294 nm) and a- (318 nm)
absorption bands with respect to the fluorene derivative 1.
Obviously, 2 exhibits the smallest optical band gap as well
as the lowest vertical excitation energy within the series,
which is consistent with the results obtained theoretically. In
contrast to the terminally unsubstituted dihydrophenan-
threne[38] (a-band, lmax 298 nm), the longest wavelength ab-
sorption of cyclophane 2 shows a bathochromic shift of
20 nm. The onset of each absorption spectrum and all lmax

values are listed in Table 3. According to theory, the p–p*
transition energy[36d,f] observable as the lmax value of the con-
jugation band should correlate with the conformation of the
biphenyl core. The orbital overlap of adjacent p-systems cor-
relates linearly with cos f between their planes, and the
electron-transfer properties between the two p-systems are
proportional to the cos2 values of their torsion angles.[40]

In Figure 6, the vertical p–p* excitation energy (p-band
absorption maximum) of each compound under investiga-
tion is plotted against cos2f. Within this series of com-
pounds, the expected linear correlation between the vertical
excitation energy and cos2f was observed.

The only exceptional behavior in the series was observed
for the fluorene derivative 1, which displays a vertical exci-
tation energy outside this linear fit. However, the assign-
ment of the structured UV bands of 1 is speculative. Results

from first-principle calculations of the singlet excited states
using TD-DFT and coupled cluster methods did not match
the experimental results. DFT calculations of the ground
state revealed a slightly larger HOMO–LUMO gap for 1
than for cyclophane 2, which is no longer planar.

Whereas the interplanar torsion angles f of all structures
of this series were determined by solid-state structural anal-
ysis, that of the unsubstituted dicyanobiphenyl 5 (39.608)
was taken from the DFT calculations. In this particular case,
the X-ray torsion angle is assumed to be dominated by
packing effects, and therefore the calculated angle repre-
sents a more realistic situation in solution.[3b, 41]

It is worth noting that the best-resolved spectrum was ob-
tained for compound 1. The broad band located at 250–
340 nm has a set of sharp features for 1, unlike that for the
other compounds studied. 2,7-Dicyanofluorene represents a
rather hard (rigid) structure, and prevents any changes in
the conformation of this molecule, whereas molecules of the
other compounds have a certain degree of freedom that re-
sults in the broadening of their absorption bands.

Electrochemistry : For the characterization of the electro-
chemical properties of the dicyanobiphenyls 1–6, cyclic vol-
tammograms (CVs) were recorded using a Au net electrode
in a three-electrode all-glass electrochemical cell. 1,4-Dicya-
nobenzene (DCB) consisting of only one benzene ring was
also investigated for comparison. Two pairs of reduction and
oxidation peaks were observed for all the molecules studied
(Figure 7).

The second (that is, more negative) reduction wave of 6
could not be resolved because of electrolyte decomposition

Figure 6. Vertical excitation energy for the lowest valence p–p* transition
(p-band absorption maxima) of molecules 1–6 plotted against cos2f (f is
the interplanar torsion angle obtained from the X-ray structures). The
torsion value of 5 was obtained from DFT calculations. The linear corre-
lation coefficient R2 (excluding 1) is 0.9975.

Figure 7. Cyclic voltammograms of the dicyanobiphenyl compounds 1–6
recorded from 0.5mm solutions in a 0.1m TBA·PF6/CH3CN electrolyte so-
lution (scan rate 100 mV s�1).
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when employing a gold working electrode. However, both
reduction waves of 6 were observed when using a glassy
carbon electrode (GC, Figure S1 in the Supporting Informa-
tion). We note that the redox potentials of the six dicyanobi-
phenyls 1–6 are, within DEred <10 mV, identical on both Au
and GC electrodes under the experimental conditions
chosen. Calibration experiments with ferrocene revealed
that both redox peaks represent one-electron processes.

Experiments with different scan rates (v) demonstrated
that the peak-to-peak separation for each pair of redox
peaks is larger than 59 mV, the expected value for an ideally
reversible one-electron transfer process (Figure S2 in the
Supporting Information). The difference increases with scan
rate, with the reduction peaks (negative currents) showing a
stronger shift than the corresponding oxidation peaks (posi-
tive currents) for both redox couples (Figure S3 in the Sup-
porting Information). Furthermore, the peak heights in-
crease linearly with the square root of scan rate, indicating a
substantial contribution due to reactant diffusion (Figure S4
in the Supporting Information). The ratios between the re-
duction and oxidation currents of the first pair of peaks is
close to one, whereas the second pair of peaks results in sub-
stantially smaller values. These observations clearly show
that both redox processes correspond to quasi-reversible
one-electron transfer reactions, with the more negative pro-
cess most probably coupled to a follow-up reaction involving
the partial decomposition of the reactant.[42]

On the basis of previous literature data,[43] we suggest that
the first reduction wave represents the formation of the
anion radical [Eq. (1)].

The second reduction wave is assigned to the formation of
the dianion, followed by additional reactions [Eq. (2)].

The first reduction process leading to the radical anions
was investigated quantitatively. We estimated first the diffu-
sion coefficients D0 for the family of compounds 1–6 using
Equation (3), in which n is the number of electrons in the
redox process, F is the Faraday constant, A is the surface
area of the electrode, C*

0 is the bulk concentration of the re-
actant, v is the scan rate, R is the universal gas constant and
T is the absolute temperature.[42]

i ¼ nFAC*0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D0nFu

RT

� �

s

ffiffiffi

p
p

c atð Þ ð3Þ

The parameter c(at) is determined from the difference be-
tween the reduction peak potential and the potential of the
half-wave, following the procedure in reference [42]. The
diffusion coefficients obtained are rather similar, and range
between 2.5 � 10�5 cm2 s�1 for 1 and 4.1 �10�5 cm2 s�1 for 6.

Using these values, we estimated the heterogeneous stan-
dard rate constants k0 from Equation (4).[42]

Y ¼ k0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D0p
nF
RT u

q ð4Þ

The kinetic parameter y is determined from the differ-
ence between the first reduction and the corresponding oxi-
dation peak potentials. The smallest rate constant, k0 =4.6 �
10�3 cm s�1, was found for 2 and 4. The derivative with four
CH2 bridging units between the phenyl rings, led to the
highest value of k0 =1.0 � 10�2 cm2 s�1. Thus, the first elec-
tron-addition reaction is quasi-reversible for all the com-
pounds studied.

In the following, we attempt to correlate the energetic
data obtained from cyclic voltammetry and DFT with the
torsion angle f. We notice that the positions of the reduc-
tion peaks of both redox processes correlate linearly with
the calculated LUMO energies (Figure S5 in the Supporting
Information). The planar fluorene 1, as well as compounds 2
and 5 with the least negative reduction potentials, are the
best electron acceptors, and the tetramethyl compound 6 is
the most difficult molecule to be reduced.

Moreover, the first and second reduction peaks of 1, 2,
and 5 with torsion angles f�39.608 appear at approximately
the same potentials (Figure 7). Interestingly, very similar
LUMO energies were also obtained for these structures in
the DFT calculations (Figure S5 in the Supporting Informa-
tion). It is worth noting that the first reduction wave of the
planar fluorene 1 (1.028) is slightly shifted to a more nega-
tive potential as compared to the nonplanar dihydrophenan-
threne 2 (20.748) and to compound 5 (39.608 (DFT)). The
reduction potentials of 3, 4, and 6 shift significantly with in-
creasing torsion angle f (f>39.608) towards more negative
values. This trend directly reflects the order of calculated
LUMO energies, as displayed in Figure 4. We note that no
linear correlation between the positions of the individual
redox peaks of the six model compounds and cos2f of the
torsion angle was found (Figure S6 in the Supporting Infor-
mation). However, the potential differences between the
first and second reduction peaks (DEred) exhibit a linear cor-
relation with cos2f (Figure 8). Although the extent of elec-
tronic communication between the benzonitrile subunits is
expected to increase with decreasing torsion angle f, the ob-
vious preservation of these structural features, even beyond
the anion radical formation, is surprising.

The following scenario is suggested. The first one-electron
transfer process leads to the formation of the radical anion
[see Eq. (1)], in which the electric charge is partially delo-
calized on the p-system of one benzonitrile unit (“donor”),
whereas the adjacent second benzonitrile unit remains un-
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charged (“acceptor”). The p–p electronic coupling of the
adjacent phenyl rings approximately follows the cosine of
the torsion angle f between them.[40b] The “rate constant”
of the “donor”–“acceptor” electron transfer is proportional
to the square of the coupling between the “donor” and “ac-
ceptor” rings.[44] These back-and-forth electron donations
lead to the delocalization of electrons over the entire bi-
phenyl p-system. As a consequence, the extent of the p-elec-
tron delocalization (electron mobility) is linearly proportion-
al to cos2f.

The subsequent addition of a second electron (during the
second one-electron transfer process) onto the charged radi-
cal anion leads to a Coulomb repulsion between the two
charges. Hence, the more the first electron is already delo-
calized over both benzonitrile subunits, the larger the repul-
sion for the addition of the second electron. Consequently,
the potential difference between the first and second reduc-
tion peaks (DEred) increases linearly with cos2f (Figure 8).

The model compound 6 (89.268) with the two benzonitrile
units perpendicular to one another displays a fully decou-
pled p-system. Only a slightly increased energy is required
for the addition of a second electron, as the first electron is
localized on one benzonitrile subunit leaving the second one
basically unaffected. In contrast, the planar fluorene com-
pound 1 (1.028) no longer has a divided p-system, so the ad-
dition of a second electron induces a strong Coulomb repul-
sion, leading to a large value of DEred. This hypothesis is fur-
ther supported by the large DEred for DCB,[43b–e] which con-
sists, similarly to fluorene, of only one fully delocalized p-
system for the acceptance of two electrons.

Spectroelectrochemistry : All CVs were recorded in a
custom-designed spectroelectrochemical cell (Figure S7 in
the Supporting Information) with sample concentrations of
dicyanobiphenyl derivatives of 0.5 mm or 0.1 mm. Their over-
all shapes were identical to the curves recorded in a macro-
scopic all-glass electrochemical cell (Figure S8 in the Sup-
porting Information shows a representative example for
molecule 3). Figure 9 shows the UV/Vis spectra recorded
before the first redox process (E=�0.2 V) and at the poten-

tials of the first reduction peak for a sample concentration
of 0.1 mm. The spectra of the uncharged species (black
lines) are identical to the traces plotted in Figure 5. Spectra
during the first reduction process were recorded while main-
taining the potential at the first reduction peak constant.

We note that the limited cathodic stability of the Au/elec-
trolyte system prevented us from reliably recording the
spectroelectrochemical data of 6.

The formation of the radical anions of model compounds
2 to 5 is represented by the evolution of two new spectral
features at �450 nm and �600–1100 nm (gray lines). Simul-
taneously, the absorption band around 260–290 nm (black
lines) decreases with time because of the reduction of the
uncharged species. The current observed during the elec-
trode polarization remains rather high; this is because of the
continuous formation of the radical anion and its diffusion
from the electrode surface into the electrolyte.

The radical anion is oxidized to the neutral species upon
changing the potential back to the positive direction
(�0.2 V). This is reflected by the decrease of the absorption
bands above 400 nm, and by the reappearance of the initial
spectra recorded at �0.2 V. Thus, the anion radicals are re-
versibly and completely oxidized back to the neutral com-
pound at the electrode surface.

During the formation of the anion radical, an additional
electron occupies the LUMO of the neutral molecule, which
then becomes a SOMO (singly occupied MO).[45] Thus, the
smaller excitation energies in the case of radical anions as
compared with the neutral molecules correspond to transi-
tions from the SOMO to the unoccupied orbitals (Bi type)
and also from the filled orbitals to the SOMO (Ai type).

Figure 8. Linear correlation of the difference between the first and
second reduction peaks (DEred) with the cos2f (f is the interplanar tor-
sion angle obtained from the X-ray structures). The value for 5 was ob-
tained from DFT calculations. The linear correlation coefficient R2 is
0.986.

Figure 9. Spectroelectrochemical investigation of the dicyanobiphenyl
compounds 1–5. UV/Vis spectra with 0.1mm sample concentrations in
0.1m TBA·PF6/CH3CN electrolyte solution at �0.2 V (black lines) and at
the potential of the first reduction peak maximum (gray lines).
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It is interesting to note that the position of the peak at
�450 nm is shifted hypsochromically with increasing torsion
angle f for compounds 2–4 (gray lines in Figure 9). This fol-
lows the trend observed for the absorption bands at 240–
295 nm (black lines in Figures 9 and 5) of the neutral mole-
cules. In contrast, with increasing torsion angle f, a batho-
chromic shift is observed for the band at 600–1100 nm.

The assignment of the energetic transitions observed is
based on recent work by Nelsen et al.[45b] These authors in-
vestigated the optical spectra of dinitro-aromatic anion radi-
cals including 4,4’-dinitrobiphenyl (4,4’-BI�), which has a
strong structural similarity with compound 5 of the present
work. It consists of a biphenyl backbone with terminal nitro
groups as strong electron acceptors. The use of Koopmans-
based calculations allowed the authors to assign the peak at
�455 nm in the UV/Vis spectrum of the 4,4’-BIC� anion radi-
cal to the Ai (HOMO–SOMO) transition and the peaks at
l>500 nm to B-type transitions. In analogy, we propose A-
type transitions for the peaks at around 450 nm of the anion
radicals of the dicyanobiphenyls studied here, and B-type
transitions for peaks at longer wavelengths.

On the basis of this assignment, we explain the hypso-
chromic and bathochromic shifts of the peaks at �450 nm
and around 600–1100 nm, respectively, caused by the in-
creasing torsion angle f, as follows. The HOMO–SOMO
gap increases with increasing the torsion angle, whereas the
gaps between the unoccupied orbitals and the SOMO de-
crease. Interestingly, even though the charging by an addi-
tional electron affects the energy-level diagram, these trends
also correlate with the HOMO–LUMO and LUMO–
LUMO + 1 energy separations as calculated for the neutral
molecules (see Figure 4).

The spectrum for the radical anion of 1 represents an ex-
ception, with an intense band at 320 nm, a less intense band
at 446 nm, and a very broad feature at 500–900 nm.

We also tried to record UV/Vis spectra at the second re-
duction potential. However, the spectra were not reproduci-
ble and not reversible. After polarization at the potentials of
the second reduction processes, the steady-state spectrum of
the neutral compound (for instance at E=�0.2 V) was no
longer observed. Additional shoulders appeared for all
model compounds at 300–400 nm. Their intensities increased
with the polarization time at potentials close to the second
reduction peak, indicating follow-up and decomposition re-
actions of the charged species. The exact identification of
these processes was beyond the scope of the present paper.

Conclusion

A series of dicyanobiphenyls 1–6 with various torsion angles
f between the phenyl rings were designed and synthesized
as model compounds for the investigation of electron delo-ACHTUNGTRENNUNGcalization within gradually divided p-systems. The new
structures were fully characterized; in particular, X-ray crys-
tal analysis was used to document the gradual increase of
the torsion angle with increasing length of the alkyl chain in-

terlinking the biphenyl system in the 2- and 2’-positions. The
extent of electron delocalization on the biphenyl backbone
was investigated by UV/Vis spectroscopy, electrochemistry,
and spectroelectrochemistry. Particular spectral features
(such as the conjugation band in the series of absorption
spectra, or the potential difference between the reduction
peaks in the series of CVs) correlate with the cos2 value of
the torsion angle. Interestingly, spectroelectrochemical in-
vestigations suggest that the separation of the p-systems
within these biphenyls is maintained even beyond the radi-
cal anion.

In summary, these correlations demonstrate that the fixed
intramolecular torsion angle f is the dominant factor in de-
termining the extent of electron delocalization in these
model compounds, and that the angle f measured in the
solid-state structure is a good proxy for the molecular con-
formation in solution. The results are also supported by
quantum mechanical investigations based on density func-
tional theory.

Furthermore, these new biphenyl model compounds, with
fixed backbone conjugation comprising terminal cyano
groups, are promising candidates for single-molecule trans-
port investigations.[7]

Experimental Section

General methods : All chemicals were used directly in the syntheses with-
out purification unless otherwise indicated. All reactions were performed
under argon with oven-dried glassware. 1H and 13C NMR spectra were re-
corded with a Bruker DPX-400 or Lambda-900 or -250 spectrometer.
1H NMR chemical shifts are internally referenced to the residual solvent
proton resonance (CDCl3: d=7.26 ppm; [D6]DMSO: d= 2.49 ppm;
CD3CN: d=1.94 ppm). 13C NMR chemical shifts are internally refer-
enced to the deuterated solvent signal (CDCl3: d= 77.2 ppm;
[D6]DMSO: d=39.7 ppm; CD3CN: d= 118.3 ppm, d= 1.8). Mass spectra
were recorded with an Esquire 3000 plus (Bruker) for electron spray ion-
ization (ESI) MS or with a Finnigan MAT 95Q spectrometer for electron
impact (EI) MS. Elemental analyses were carried out with a Perkin–
Elmer Analyser 240. Flash chromatography was performed on silica gel
60 (40–63 mm) from Merck.

Voltammetric and spectroelectrochemical measurements : Electrochemi-
cal experiments were performed in an electrochemical glass cell (the
volume of the solution was 1 mL). In all experiments we used 0.1 m

TBA·PF6 (Fluka, puriss, electrochemical grade) in CH3CN (ACROS or-
ganics, HPLC) as supporting electrolyte. A Pt wire and an assembly of
Ag/0.01 m AgNO3 + 0.1m TBA·PF6 in CH3CN served as the counter and
reference electrodes, respectively. The electrochemical measurements
were carried out on Au net (Figure S7 in the Supporting Information)
and glassy carbon working electrodes. To calibrate the potential, we
added 0.5 mm ferrocene to the cell as a standard, and recorded cyclic vol-
tammograms at the end of each experiment. UV/Vis spectra were record-
ed under potential control using the optical cell shown in Figure S7 of
the Supporting Information. The working electrode was a gold net, and
the counter and reference electrodes were the same as in the electro-
chemical cell. Ar was passed over the solution in the cell during all ex-
periments. Ar was saturated with CH3CN before being introduced into
the cell to prevent evaporation of the solvent. Before every experiment,
the Au net was cleaned in caroic acid, rinsed with ultrapure water, and
dried in a strong Ar stream. The GC electrode was polished with 0.05 mm
aluminum paste, thoroughly rinsed with water using an ultrasonic bath,
and then dried in an Ar stream. The Pt counter electrode was flame-an-
nealed before each use.
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Synthesis :

4,4’-Dimethoxy-2,2-dimethylbiphenyl (7): Under an inert atmosphere, 1-
bromo-4-methoxy-2-methylbenzene (34.90 g, 0.174 mol) was dropped
into a suspension of magnesium (6.10 g, 0.251 mol, 1.4 equiv) in dry
methyltetrahydrofuran (MeTHF, 150 mL) at such a rate that the moder-
ate conversion of the halogenide was maintained. Then the reaction mix-
ture was heated at reflux for 30 min and cooled to room temperature.
The Grignard reagent was slowly transferred to a refluxing solution of
1,2-dichloroethane (23 mL, 0.292 mol, 1.7 equiv) and anhydrous FeCI3

(2.00 g, 12.33 mmol, 7.1 mol %) in dry diethyl ether (250 mL). The reac-
tion mixture was heated under reflux for 70 min, cooled to room temper-
ature, and poured onto ice. Then, HCl (20 mL, 37%) was added, the or-
ganic layer was separated, and the aqueous phase was extracted with
methyl tert-butyl ether (tBME, 3 � 50 mL). The combined extracts were
washed with NaOH (2 � 50 mL, 1.0m) and filtered through a silica pad.
The colorless oil was dried in vacuo to afford 7 (19.40 g, 80.06 mmol,
92%), which was pure enough to be used in the next step without further
purification. For analytical purposes, flash chromatography was per-
formed (silica, CH2Cl2 in hexane, 20–100 %). 1H NMR (400 MHz, CDCl3,

25 8C): d =2.06 (s, 6 H), 3.85 (s, 6H), 6.78 (dd, 3J ACHTUNGTRENNUNG(H,H) =8.3, 4J ACHTUNGTRENNUNG(H,H) =

2.5, 2 H), 6.84 (d, 4J ACHTUNGTRENNUNG(H,H) =2.5 Hz, 2H), 7.03 ppm (d, 3J ACHTUNGTRENNUNG(H,H) =8.3, 2H);
13C NMR (100 MHz, CDCl3, 25 8C): d=20.6, 55.6, 111.2, 115.6, 131.1,
134.2, 138.1, 159.0 ppm; MS (70 eV): m/z (%): 242.1 (100) [M+]; elemen-
tal analysis calcd (%) for C16H18O2: C 79.31, H 7.49; found: C 78.14, H
7.26.

2,2’-Bis(bromomethyl)-4,4’-dimethoxybiphenyl (8): NBS (3.10 g,
17.41 mmol, 2.1 equiv) and benzoyl peroxide (0.20 g, 0.62 mmol,
7.5 mol %, 75%) were added to a solution of 7 (2.00 g, 8.25 mmol) in
CCl4 (60 mL). The reaction was kept at reflux until all starting material
was converted (GC-MS, 2 h). The cooled reaction mixture was filtered
through a silica pad and the solvent was evaporated. Flash chromatogra-
phy was performed (silica, CH2Cl2 in hexane, 30–90 %) to afford pure
2,2’-bis(bromomethyl)-4,4’-dimethoxy-biphenyl 8 (2.23 g, 5.57 mmol,
68%) as a thick colorless oil that solidified upon standing. M.p. 75 8C;
1H NMR (250 MHz, CDCl3, 25 8C): d =3.87 (s, 6 H), 4.17 (d, 2J ACHTUNGTRENNUNG(H,H) =

9.9 Hz, 2H), 4.31 (d, 2J ACHTUNGTRENNUNG(H,H) =9.9 Hz, 2H), 6.91 (dd, 3J ACHTUNGTRENNUNG(H,H) =8.4, 4J-ACHTUNGTRENNUNG(H,H) =2.7 Hz, 2H), 7.06 (d, 7.18, 4J ACHTUNGTRENNUNG(H,H) =2.7 Hz, 2H), 7.18 ppm (d, 3J-ACHTUNGTRENNUNG(H,H) =8.4 Hz, 2 H); 13C NMR (100 MHz, CDCl3, 25 8C): d=32.6, 55.8,
114.7, 115.8, 131.9, 132.1, 137.9, 159.8 ppm; MS (70 eV): m/z (%): 398.0
(50), 400.0 (100), 402.0 (49) [M+]; HRMS (ESI): m/z calcd for
C16H16O2Br2 [M+Na]+ : 420.9416; found: 420.9414; elemental analysis
calcd (%) for C16H16Br2O2: C 48.03, H 4.03; found: C 47.94, H 3.91.

3,9-Dimethoxy-5,7-dihydrodibenzo ACHTUNGTRENNUNG[a,c]cyclohepten-6-one (9): Under ice
cooling, NaOH (294 mg, 7.35 mmol, 5.0 equiv) was dissolved in H2O
(4 mL) and added to a suspension of 8 (589 mg, 1.47 mmol), toluenesulfo-
nylmethyl isocyanide (287 mg, 1.47 mmol, 1.0 equiv), and tetrabutylam-
monium bromide (TBAB, 30 mg, 93 mmol, 6.3 mol %) in CH2Cl2 (10 mL).
The two-phase mixture was stirred vigorously at room temperature over-
night. tBME (16 mL) and HCl (8 mL, 37 %) were added, and the mixture
was stirred for 3 h. The phases were separated and the organic layer was
washed with saturated NaHCO3, dried over MgSO4, and the solvent was
evaporated. The crude product was purified by flash chromatography
(silica, CH2Cl2) to afford 9 as a white solid (326 mg, 1.22 mmol, 83%).
M.p. 126 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d=3.45 (d, 2J ACHTUNGTRENNUNG(H,H) =

13.0 Hz, 2 H), 3.59 (d, 2J ACHTUNGTRENNUNG(H,H) =13.0 Hz, 2 H), 6.79 (d, 4J ACHTUNGTRENNUNG(H,H) =2.6 Hz,
2H), 6.94 (dd, 3J ACHTUNGTRENNUNG(H,H) =8.5, 4J ACHTUNGTRENNUNG(H,H) =2.6 Hz, 2H), 7.44 ppm (d, 3J-ACHTUNGTRENNUNG(H,H) =8.5 Hz, 2 H); 13C NMR (100 MHz, CDCl3, 25 8C): d=50.0, 55.8,
113.7, 114.9, 130.6, 132.1, 134.3, 159.4, 210.5 ppm; MS (70 eV): m/z (%):
268.1 (100) [M+], 225.1 (67), 165.1 (15), 153.1 (11); HRMS (ESI): m/z
calcd for C17H16O3 [M+Na]+ : 291.0997; found: 291.0993.

3,9-Dimethoxy-6,7-dihydro-5 H-dibenzoACHTUNGTRENNUNG[a,c]cycloheptene (10): Hydrazine
monohydrate (0.35 mL, 7.21 mmol, 2.3 equiv) was added to a suspension
of 9 (854 mg, 3.18 mmol) and powdered KOH (750 mg, 13.37 mmol,
4.2 equiv) in diethylene glycol (10 mL) under ice cooling. The mixture
was heated to reflux for 2 h. The water and excess of hydrazine was dis-
tilled off at an oil-bath temperature of 190 8C. After a total reaction time
of 3 h and a maximum oil-bath temperature of 195 8C, the reaction was
stopped. Water (40 mL) was added to the cooled reaction mixture, fol-

lowed by extraction with tBME (4 � 20 mL). The combined organic layers
were washed with HCl (1 � 20 mL, 1.0m), water (3 � 10 mL), and brine
(1 � 30 mL), dried over MgSO4, and filtered through a short silica pad.
After evaporation of the solvent, 10 (700 mg, 2.75 mmol, 86 %) was ob-
tained as a white oil that solidified upon standing. M.p. 110 8C; 1H NMR
(250 MHz, CDCl3, 25 8C): d= 2.16 (m, 2H), 2.47 (m, 4 H), 7.19 (d, 4J-ACHTUNGTRENNUNG(H,H) =2.4 Hz, 2 H), 7.27 (dd, 3J ACHTUNGTRENNUNG(H,H) =8.4, 4J ACHTUNGTRENNUNG(H,H) =2.6 Hz, 2H),
7.41 ppm (d, 3J ACHTUNGTRENNUNG(H,H) = 8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3, 25 8C):
d=32.2, 33.3, 55.7, 111.9, 114.6, 129.5, 133.9, 141.3, 159.1 ppm; HRMS
(ESI): m/z calcd for C17H19O2 [M+Na]+ : 255.1385; found: 255.1385.

3,9-Dihydroxy-6,7-dihydro-5 H-dibenzoACHTUNGTRENNUNG[a,c]cycloheptene (11): The di-ACHTUNGTRENNUNGmethoxy compound 10 was deprotected with BBr3 according to the pro-
tocol to afford 16. The crude diol 11 was obtained as a white powder,
which was used without further purification for the next step. 1H NMR
(250 MHz, CDCl3, 25 8C): d=2.14 (m, 2H), 2.44 (m, 4 H), 4.66 (br s, 2H),
6.72 (d, 4J ACHTUNGTRENNUNG(H,H) =2.4 Hz, 2 H), 6.78 (dd, 3J ACHTUNGTRENNUNG(H,H) = 8.0, 4J ACHTUNGTRENNUNG(H,H) =2.4 Hz,
2H), 7.19 ppm (d, 3J ACHTUNGTRENNUNG(H,H) =8.0 Hz, 2 H); 13C NMR (100 MHz, CDCl3,

25 8C): d= 31.5, 32.7, 113.0, 115.2, 128.9, 132.6, 140.7, 155.4 ppm;
MALDI-TOF MS (without matrix): m/z =226.4 [M+].

3,9-Bis-(trifluoromethanesulfonyloxy)-6,7-dihydro-5 H-dibenzo-ACHTUNGTRENNUNG[a,c]cycloheptene (12): The crude diol 11 was esterified with triflic anhy-
dride and pyridine as the base, according to the known protocol.[11a] The
ditriflate 12 was obtained as a colorless oil. The yield over two steps was
84%. 1H NMR (250 MHz, CDCl3, 25 8C): d =2.24 (m, 2 H), 2.52 (m, 4H),
7.19 (d, 4J ACHTUNGTRENNUNG(H,H) =2.5 Hz, 2 H), 7.27 (dd, 3J ACHTUNGTRENNUNG(H,H) = 8.4, 4J ACHTUNGTRENNUNG(H,H) =2.5 Hz,
2H), 7.41 ppm (d, 3J ACHTUNGTRENNUNG(H,H) =8.4 Hz, 2 H); 13C NMR (100 MHz, CDCl3,

25 8C): d= 31.2, 32.6, 119.6, 121.4, 130.0, 139.6, 142.1, 149.0 ppm;
19F NMR: d=�74.0 ppm; MS (70 eV): m/z (%): 490.0 (37) [M+]; ele-
mental analysis calcd (%) for C17H12F6O6S2: C 41.64, H 2.47; found: C
41.72, H 2.48.

Representative example for cyanation method A—3,9-dicyano-6,7-dihy-
dro-5 H-dibenzoACHTUNGTRENNUNG[a,c]cycloheptene (3): Potassium cyanide (100 mg,
1.54 mmol, 3.0 equiv), Pd2 ACHTUNGTRENNUNG(dba)3·CHCl3 (53 mg, 51 mmol, 10.0 mol %),
and xantphos (30 mg, 51 mmol, 10.0 mol %) were added to a solution of
12 (251 mg, 0.51 mmol) in dry and degassed acetonitrile (5 mL). Tributyl-
tin chloride (3.9 mL, 14.4 mmol, 2.8 mol %) was added, and the reaction
mixture was heated at reflux for 16 h, then cooled to room temperature;
the solvent was evaporated, and the dicyano compound 3 was purified by
flash chromatography (silica, CH2Cl2) to obtain a white solid. Recrystalli-
zation from a mixture of hot dioxane and cyclohexane using the slow
evaporation technique gave single crystals suitable for X-ray analysis
(102 mg, 0.418 mmol, 82%). M.p. 246–248 8C; 1H NMR (400 MHz,
CDCl3, 25 8C): d =2.21–2.29 (m, 2 H), 2.52 (br s, 4 H), 7.45 (d, 3J ACHTUNGTRENNUNG(H,H) =

7.9 Hz, 2H), 7.57 (d, 4J ACHTUNGTRENNUNG(H,H) =1.6 Hz, 2 H), 7.67 ppm (dd, 3J ACHTUNGTRENNUNG(H,H) =8.1,
4J ACHTUNGTRENNUNG(H,H) =1.6 Hz, 2H); 13C NMR (100 MHz, CDCl3, 25 8C): d=31.2, 33.1,
112.7, 119.1, 129.4, 131.2, 132.6, 141.1, 144.3 ppm; MS (70 eV): m/z (%):
244.1 (100) [M+], 229.1 (74), 216.1 (26), 202.1 (11); elemental analysis
calcd (%) for C17H12N2: C 83.58, H 4.95, N 11.47; found: C 83.45, H 5.14,
N 11.39.

2,2’-Diallyl-4,4’-dimethoxybiphenyl (13): Compound 8 (4.00 g,
10.00 mmol) was dissolved in dry CH2Cl2 (15 mL) and added to a vinyl
magnesium bromide solution in dry THF (86 mL, 60.20 mmol, 6.0 equiv,
0.7m) at �50 8C. Then CuI (1.90 g, 10.00 mmol, 1.0 equiv) was added im-
mediately and the reaction mixture was allowed to reach room tempera-
ture overnight. The black suspension was poured onto a cold NH4Cl solu-
tion (300 mL). The organic layer was separated, and the aqueous phase
was extracted with tBME (3 � 150 mL). The combined organic phases
were washed with brine (150 mL), dried over MgSO4, and filtered
through celite. After evaporation of the solvent, flash chromatography
(silica, hexane/CH2Cl2, 1:1) was performed to obtain 13 (2.27 g,
7.71 mmol, 77 %) as a colorless smelly oil. 1H NMR (400 MHz, CDCl3,

25 8C): d =3.03–3.14 (m, 4H), 3.84 (s, 6H), 4.87–4.98 (m, 4H), 5.74–5.84,
(m, 2H), 6.79 (dd, 3J ACHTUNGTRENNUNG(H,H) = 8.3, 4J ACHTUNGTRENNUNG(H,H) =2.7 Hz, 2H), 6.83 (d, 4J-ACHTUNGTRENNUNG(H,H) =2.7 Hz, 2H), 7.03 ppm (d, 3J ACHTUNGTRENNUNG(H,H) =8.3 Hz, 2H); 13C NMR
(100 MHz, CDCl3, 25 8C): d=38.3, 55.6, 111.5, 114.9, 116.3, 131.7, 133.4,
137.5, 140.1, 159.2 ppm; MS (70 eV): m/z (%): 294.2 (100) [M+]; elemen-
tal analysis calcd (%) for C20H22O2: C 81.60, H 7.53; found: C 80.28, H

Chem. Eur. J. 2011, 17, 7236 – 7250 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 7247

FULL PAPERConformationally Controlled Electron Delocalization

www.chemeurj.org


7.41; HRMS (ESI): m/z calcd for C20H22O2 [M+ Na]+ : 317.1517; found:
317.1512.

3,10-Dimethoxy-5,8-dihydrodibenzo ACHTUNGTRENNUNG[a,c]cyclooctene (14): Compound 13
(1.84 g, 6.25 mmol) was dissolved in CH2Cl2 (500 mL). After addition of
the Grubbs catalyst (1st Generation, 0.26 g, 0.32 mmol, 5.0 mol %) the so-
lution was heated at reflux for 16 h and the solvent was evaporated. The
product was purified by flash chromatography (silica, hexane/CH2Cl2,
1:1) to give 14 (1.32 g, 4.96 mmol, 79 %) as a white solid. M.p. 142 8C;
1H NMR (400 MHz, CDCl3, 25 8C): d=2.98–3.09 (m, 4 H), 3.84 (s, 6H),
5.80–5.88 (m, 2 H), 6.75 (d, 4J ACHTUNGTRENNUNG(H,H) =2.7 Hz, 2H), 6.83 (dd, 3J ACHTUNGTRENNUNG(H,H) =

8.3, 4J ACHTUNGTRENNUNG(H,H) =2.7 Hz, 2H), 7.17 ppm (d, 3J ACHTUNGTRENNUNG(H,H) =8.3 Hz, 2 H); 13C NMR
(100 MHz, CDCl3, 25 8C): d=34.2, 55.7, 112.0, 114.8, 129.3, 129.4, 134.9,
138.7, 160.0 ppm; MS (70 eV): m/z (%): 266.1 (100) [M+]; elemental
analysis calcd (%) for C18H18O2: C 81.17, H 6.81; found: C 80.72, H 6.84;
HRMS (ESI): m/z calcd for C18H18O2 [M+Na]+: 289.1204; found:
289.1210.

3,10-Dimethoxy-5,6,7,8-tetrahydrodibenzoACHTUNGTRENNUNG[a,c]cyclooctene (15): Com-
pound 14 (1.08 g, 4.06 mmol) was dissolved in ethyl acetate (70 mL), and
Pd/C (120 mg, 10% Pd) was added. The mixture was stirred under a hy-
drogen atmosphere (1 atm) for 3 h. Then, the solution was filtered
through a silica pad and the solvent was evaporated. 15 was collected as
a white solid (1.07 g, 3.99 mmol, 98 %). M.p. 152 8C; 1H NMR (400 MHz,
CDCl3, 25 8C): d=1.48–1.57 (m, 2H), 2.01–2.19 (m, 4H), 2.64–2.69 (m,
2H), 3.80 (s, 6H), 6.78–6.80 (m, 4H), 7.13–7.16 ppm (m, 2H); 13C NMR
(100 MHz, CDCl3, 25 8C): d=30.1, 33.5, 55.7, 111.5, 114.8, 130.6, 133.5,
144.6, 159.5 ppm; MS (70 eV): m/z (%): 268.1 (100) [M+]; elemental
analysis calcd (%) for C18H20O2: C 80.56, H 7.51; found: C 80.62, H 7.50.

3,10-Dihydroxy-5,6,7,8-tetrahydrodibenzoACHTUNGTRENNUNG[a,c]cyclooctene (16): BBr3

(2.9 mL, 30.60 mmol, 5.5 equiv) was slowly dropped into a solution of 15
(1.50 g, 5.59 mmol) in dry CH2Cl2 (80 mL) at 0 8C. Stirring was continued
at room temperature until TLC showed full conversion of the starting
material (1.5 h). The reaction was quenched with MeOH under ice cool-
ing. The reaction mixture was washed with water (50 mL) and dried over
MgSO4, and the solvent was evaporated. The crude 16 (1.67 g) was ob-
tained as a white powder which was pure enough to be used for the next
step. Flash chromatography was performed (silica, hexane/tBME, 2:1) to
obtain a sample for analytical purposes. M.p. 130–134 8C; 1H NMR
(400 MHz, [D6]DMSO, 25 8C): d=1.31–1.33 (m, 2 H), 1.86–2.00 (m, 4H),
2.50–2.55 (m, 2 H), 6.58–6.62 (m, 4H), 6.90 (d, 3J ACHTUNGTRENNUNG(H,H) =8.0 Hz, 2H),
9.23 ppm (br s, 2H); 13C NMR (100 MHz, CDCl3, 25 8C): d= 30.4, 33.4,
113.7, 116.3, 130.6, 131.9, 144.1, 157.5 ppm; MS (70 eV): m/z (%): 240.1
(100) [M+]; HRMS (ESI): m/z calcd for C16H16O2 [M +Na]+ : 263.1047;
found: 263.1056.

Bis-(trifluoromethanesulfonyloxy)-5,6,7,8-tetrahydro-dibenzo-ACHTUNGTRENNUNG[a,c]cyclooctene (17): The crude diol 16 was esterified with triflic anhy-
dride and pyridine as the base according to a known protocol.[11] The di-
triflate 17 was obtained as a colorless oil, which solidified upon standing
(2.33 g, 4.62 mmol, 83% over two steps). M.p. 69–70 8C; 1H NMR
(400 MHz, CDCl3, 25 8C): d=1.48–1.53 (m, 2H), 2.08–2.15 (m, 4H),
2.74–2.79 (m, 2H), 7.16–7.21 (m, 4 H), 7.29 ppm (d, 3J ACHTUNGTRENNUNG(H,H) =8.3 Hz,
2H); 13C NMR (100 MHz, CDCl3, 25 8C): d= 29.0, 32.6, 118.7, 119.2 (q, J-ACHTUNGTRENNUNG(C,F)=319 Hz), 122.0, 130.6, 140.0 145.4, 149.5 ppm; 19F NMR
(376 MHz, CDCl3, 25 8C): d =�74.0 ppm; MS (70 eV): m/z (%): 504.0
[M+]; elemental analysis calcd (%) for C18H14F6O2S2: C 42.86, H 2.80;
found: C 42.91, H 2.75.

3,10-Dicyano-5,6,7,8-tetrahydrodibenzoACHTUNGTRENNUNG[a,c]cyclooctene (4): The triflate
17 was converted to the dicyanide 4 according to method A (see synthetic
protocol for 3). The dicyanide 4 was purified by flash chromatography
(silica, CH2Cl2/hexane, 8:2) to give a white solid. Recrystallization from a
mixture of hot dioxane and cyclohexane using the slow evaporation tech-
nique gave single crystals suitable for the X-ray analysis (132 mg,
0.51 mmol, 86 %). M.p. 248–249 8C; 1H NMR (400 MHz, CDCl3, 25 8C):
d=1.45–1.53 (m, 2 H), 2.04–2.18 (m, 4 H), 2.75–2.82 (m, 2H), 7.31 (d, 3J-ACHTUNGTRENNUNG(H,H) =7.9 Hz, 2 H), 7.57 (dd, 3J ACHTUNGTRENNUNG(H,H) =7.9, 4J ACHTUNGTRENNUNG(H,H) =1.6 Hz, 2H),
7.61 ppm (d, 3J ACHTUNGTRENNUNG(H,H) = 7.9 Hz, 2H); 13C NMR (100 MHz, CDCl3, 25 8C):
d=29.3, 32.6, 113.1, 119.1, 129.9, 130.0, 133.7, 143.8, 144.2 ppm; MS
(70 eV): m/z (%): 258.1 [M+], 243.1 (18), 229.1 (67), 216.1 (35), 202.1

(15), 190.1 (14); elemental analysis calcd (%) for C18H14N2: C 83.69, H
5.46, N 10.84; found: C 83.37, H 5.54, N 10.82.

Representative example for cyanation method B—4,4’-dicyanobiphenyl
(5): Copper(I) cyanide (0.860 g, 9.62 mmol, 3.0 equiv) was dried under
high vacuum. Then, the copper salt and 20 (1.00 g, 3.20 mmol) were sus-
pended in dry DMF, and the reaction mixture was stirred at 150–160 8C
for 16 h. The reaction mixture was cooled to room temperature, water
(80 mL) and ethylenediamine (10 mL) were added, and the mixture was
stirred at 70 8C for 10 min and cooled again to room temperature. The
dark blue reaction mixture was extracted with CH2Cl2. The organic phase
was washed with water and brine, dried over MgSO4, and evaporated on
a rotary evaporator. The residue was taken up in hot EtOH/water and
cooled to room temperature. The powder was filtered off and dried in
vacuo. Compound 5 was obtained as a beige powder (480 mg, 2.35 mmol,
73%). Chromatographic purification (silica, CH2Cl2) of 5 was achieved
by dissolving the compound in a large amount of chloroform and adsorb-
ing it to the immobilized phase. This was followed by recrystallization
from a hot mixture of dioxane and cyclohexane using the slow evapora-
tion technique, affording single crystals suitable for X-ray analysis. M.p.
227–239 8C; 1H NMR (250 MHz, [D6]DMSO, 25 8C): d=7.81–7.87 ppm
(m, 8H); 13C NMR (100 MHz, CDCl3, 25 8C): d=112.9, 118.3, 119.4,
129.0, 133.9 ppm; MS (70 eV): m/z (%): 204.1 (100) [M+]; elemental
analysis calcd (%) for C14H8N2: C 82.34, H 3.95, N 13.72; found: C 82.07,
H 4.17, N 13.75.

2,7-Dicyanofluorene (1): Cyclophane 1 was obtained from the commer-
cially available 18 according to method B. The reaction time was 6 h. 2.6
equivalents of copper(I) cyanide were used, and the product was extract-
ed several times with ethyl acetate. The combined extracts were filtered
through a silica pad, and the solvent was evaporated on the rotary evapo-
rator. The beige residue was repeatedly recrystallized from hot acetoni-
trile, ethanol, and methoxyethanol. 1 (540 mg, 2.49 mmol, 51%) was ob-
tained as fine yellow crystals. For the elemental analysis, a final chroma-
tographic purification of 1 was achieved by dissolving the compound in a
large amount of chloroform and adsorbing it to silica (eluent: CH2Cl2).
This was followed by recrystallization from a hot mixture of dioxane and
cyclohexane, affording single crystalline material suitable for X-ray anal-
ysis and for carrying out all analytical tests. M.p. 279–281 8C; 1H NMR
(400 MHz, CDCl3, 25 8C): d= 4.04 (s, 2H), 7.74 (dd, 3J ACHTUNGTRENNUNG(H,H) =8.0, 4J-ACHTUNGTRENNUNG(H,H) =1.3 Hz, 2 H), 7.89 (d, 3J ACHTUNGTRENNUNG(H,H) =8.0 Hz, 2 H), 7.93 ppm (dd, 3J-ACHTUNGTRENNUNG(H,H) =8.0 Hz, 2H); 13C NMR (100 MHz, CDCl3, 25 8C): d=37.12,
112.06, 119.42, 121.97, 129.37, 131.94, 144.54, 144.62 ppm; MS (70 eV): m/
z (%): 216.1 (100) [M+]; elemental analysis calcd (%) for C15H8N2: C
83.32, H 3.73, N 12.95; found: C 83.35, H 3.91, N 12.83.

2,7-Dicyano-9,10-dihydrophenanthrene (2): Dicyanide 2 was obtained ac-
cording to method B from dibromide[19] 19. The reaction time was 18 h.
The obtained beige powder containing traces of DMF was recrystallized
from hot toluene to give 2 (360 mg, 1.56 mmol, 53 %) as fine yellow crys-
tals. Subsequent recrystallization from a boiling mixture of dioxane and
cyclohexane gave 2 as a colorless prism suitable for X-ray measurements.
M.p. 299–300 8C; 1H NMR (400 MHz, CDCl3, 25 8C): d=2.94 (s, 4H),
7.57 (d, 3J ACHTUNGTRENNUNG(H,H) =8.1 Hz, 2 H), 7.64 (dd, 3J ACHTUNGTRENNUNG(H,H) = 8.1, 4J ACHTUNGTRENNUNG(H,H) =1.4 Hz,
2H), 7.83 ppm (d, 3J ACHTUNGTRENNUNG(H,H) =8.1 Hz, 2 H); 13C NMR (100 MHz, CDCl3,

25 8C): d=28.44, 112.48, 119.02, 125.39, 131.50, 132.31, 137.49,
139.10 ppm; MS (70 eV): m/z (%): 230.1 (100) [M+], 215.1 (16), 202.1
(14), 190.1 (26); elemental analysis calcd (%) for C16H10N2: C 83.46, H
4.38, N 12.17; found: C 83.19, H 4.56, N 12.15.

4,4’-Dicyano-2,2’,6,6’-tetramethylbiphenyl (6): Dicyanide 6 was obtained
according to method B, starting from 4,4’-diiodo-2,2’,6,6’-tetramethylbi-
phenyl 21.[11a] The reaction was completed within 8 h at 140 8C. The
cyano compound 6 was purified by flash chromatography (silica, CH2Cl2/
hexane, 8:2), affording an off-white crystalline powder (344 mg,
1.32 mmol, 84%). Recrystallization using the slow evaporation technique
(cyclohexane) gave single crystals suitable for X-ray analysis. M.p. 249–
250 8C; 1H NMR (400 MHz, CDCl3, 25 8C): d=1.91 (s, 12H), 7.46 ppm (s,
4H); 13C NMR (100 MHz, CDCl3, 25 8C): d =19.94, 112.15, 119.22,
131.81, 137.03, 143.68 ppm; MS (70 eV): m/z (%): 260.1 (62) [M+]; ele-
mental analysis calcd (%) for C18H16N2; C 83.04, H 6.19, N 10.76; found:
C 83.03, H 6.40, N 10.74.
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