
Synthesis of Partially Hydrogenated Cycloparaphenylenes with Bent
and Fused Structures Bearing Armchair Carbon Nanotube-like
Connections
Changfeng Huang, Shuangjiang Li, Haresh Thakellapalli, Behzad Farajidizaji, Yiwei Huang,
Novruz G. Akhmedov, Brian V. Popp, Jeffrey L. Petersen, and Kung K. Wang*

C. Eugene Bennett Department of Chemistry, West Virginia University, Morgantown, West Virginia 26506-6045, United States

*S Supporting Information

ABSTRACT: The Diels−Alder reactions between 2 equiv of
(E,E)-1,4-bis(4-bromophenyl)-1,3-butadiene and 1,4-benzo-
quinone led to the formation of a key intermediate with all
four 4-bromophenyl substituents cis to one another. The
subsequent nickel-mediated homocoupling reactions then
produced partially hydrogenated cycloparaphenylenes, includ-
ing a molecule bearing two units of tetrahydro[6]-
cycloparaphenylene (4H[6]CPP) fused together through two
1,4-dimethoxybenzene units in an armchair (6,6)carbon nanotube-like connection. Similarly, two 6H[9]CPPs were connected
through three 1,4-dimethoxybenzene units in an armchair (9,9)carbon nanotube-like arrangement. A bent 8H[12]CPP and a
bent 12H[18]CPP, which were fused intramolecularly with two and three 1,4-dimethoxybenzene units, respectively, to create the
bent structures, were likewise synthesized. A molecule containing a bent 8H[12]CPP fused to a 4H[6]CPP was likewise
constructed. The structures of these partially hydrogenated CPPs were established by X-ray structure analysis, NMR
spectroscopy, and additional independent synthetic pathways.

■ INTRODUCTION

The macrocyclic structures of [n]cycloparaphenylenes
([n]CPPs) are constructed by connecting n units of the
benzene ring at para positions.1 They represent the shortest
repeating hooplike segments of (n,n)armchair single-walled
carbon nanotubes. Current interest in CPPs is due in part to
their potential use as templates for growing armchair carbon
nanotubes of a single chirality and diameter for nanotechnology
applications.2 Several synthetic pathways have been developed
for the construction of CPPs with various macrocyclic ring
sizes.3 One of the current frontiers of investigation in this area
involves preparation of substituted and functionalized CPPs for
connection with a nanotube-like arrangement. The 1,4-
benzene- and 1,5-naphthalene-bridged [8]CPP dimers were
synthesized,4 and a directly connected [10]CPP dimer was
constructed.5 We now report our development of synthetic
pathways leading to fused macrocycles bearing two partially
hydrogenated CPP units with armchair nanotube-like con-
nections. Other partially hydrogenated CPPs with bent and
multiply fused structures have also been constructed.

■ RESULTS AND DISCUSSION

We recently reported the use of a Diels−Alder reaction as a key
step in the construction of a functionalized [9]CPP bearing
three evenly spaced 5,8-dimethoxynaphth-1,4-diyl units and
related carbon nanohoops.6 Specifically, the Diels−Alder
reaction between (E,E)-1,4-bis(4-bromophenyl)-1,3-butadiene
(1) and 1,4-benzoquinone (2) was used to place the two 4-

bromophenyl groups cis to each other exclusively as shown in 3
for the subsequent macrocyclic ring formation (Scheme 1).6,7

We have adopted the same strategy in this investigation to
produce 3,7b which upon being treated with silver oxide
produced 1,4-benzoquinone 4 in 80% yield in two steps. The
presence of a 1,4-benzoquinone moiety in 4 allowed a second
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Scheme 1. Synthesis of Tetrabromide 5
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Diels−Alder reaction with diene 1 to produce, after
methylation, 5 and 6 in an 8:1 ratio as determined by the
integration of the 1H NMR spectrum. Isomer 5 with all four 4-
bromophenyl groups cis to one another was isolated in 68%
yield, and a small quantity of isomer 6 with the two sets of the
4-bromophenyl groups trans to each other was also isolated for
structural elucidation.
A single crystal of 5 was grown for an X-ray structure analysis

to establish its stereochemistry. However, the quality of the
structural refinement was not sufficient to warrant publication
of the final results. Fortunately, we were able to convert 5, by
the lithium−bromine exchanges with nBuLi followed by
iodination with iodine, to form the corresponding tetraiodide
7 for growing a high-quality single crystal suitable for X-ray
structure analysis (Figure 1). A single crystal of 6 was also
obtained for X-ray structure analysis.

The formation of 5 as the major product could occur with a
preferential endo approach of diene 1 toward dienophile 4 from
the same side of the two 4-bromophenyl groups and/or with a
preferential exo approach of 1 toward 4 from the side opposite
to the two 4-bromophenyl groups. Although the endo approach
toward 1,4-benzoquinone (1) is the preferred pathway leading
to 3,6 it appears that the endo approach from the same side of
the two 4-bromophenyl groups in 4 leading to 5 suffers from
more severe nonbonded steric interactions than the endo
approach from the opposite side, which leads to 6. This
suggests that the exo approach from the side opposite to the
two 4-bromophenyl groups is likely responsible for the
preferential formation of 5.
Treatment of 5 at a concentration of 1 mM in THF with

Ni(cod)2 (cod being 1,5-cyclooctadiene) in the presence of
2,2′-bipyridyl (bpy) promoted the homocoupling reactions8 to
produce the two possible cyclic dimers 8 and 9 in an ∼1:1 ratio
in the reaction mixture (Scheme 2). Broad 1H NMR signals in
the typical aromatic and methoxy regions were also observed
from the crude reaction mixture, indicating that oligomers and/
or polymers of 5 were also produced. We were able to use silica
gel column chromatography to separate and isolate 8 in 5%
yield and 9 in 1% yield. Because of the presence of C2
symmetry in 5, the group A 4-bromophenyl substituents are
equivalent, as are the group B 4-bromophenyl substituents. On
the other hand, the group A and group B substituents are
enantiotopic to each other. An initial intermolecular homo-
coupling reaction between a group A substituent and a group B

substituent, such as between A1 of one molecule and B1 of a
second molecule (A1−B1), followed by three intramolecular
homocouplings, such as B1−A1, A2−B2, and B2−A2 (not
necessarily in this order), would produce 8. On the other hand,
an initial intermolecular homocoupling reaction between two A
groups, such as A1−A1, or between two B groups followed by
three intramolecular homocouplings, such as B1−B2, A2−A2,
and B2−B1 (not necessarily in this order), would produce 9. If
the two initial homocoupling reactions involve A1−A1 and B1−
B1, A1−A1 and B2−B2, or A1−B1 and B1−A1, then oligomers
and/or polymers would be produced.
The molecular structure of cyclic dimer 8 contains two

tetrahydro[6]CPP (4H[6]CPP) substructures, which are
indicated with two sets of sequentially labeled numbers.
Compared to earlier reports of structures containing two
CPP units,4,5 the orientations of the two 4H[6]CPP units in 8
are fixed because they are fused to each other through two 1,4-
dimethoxybenzene units and aligned with the holes facing each
other in an armchair (6,6)carbon nanotube-like connection.
The DFT-optimized structure of 8 shows that the two
4H[6]CPP units have an oval shape and the two sets of
methoxy groups are parallel to each other (Figure 2). For cyclic
dimer 9, the structure contains a bent 8H[12]CPP unit, which
is fused intramolecularly with two 1,4-dimethoxybenzene units.
The bent 8H[12]CPP unit is indicated with one set of
sequentially labeled numbers. The DFT-optimized structure of
9 shows that the two sets of methoxy groups are perpendicular
to each other.
In addition to cyclic dimers 8 and 9, the Ni(cod)2-mediated

homocoupling reactions of 5 at a concentration of 1 mM also
produced small quantities of cyclic trimers 10−12 (Scheme 2).
At 10 mM 5, the amounts of the cyclic trimers increased as
observed previously,6 and the 8:9:10:11:12 mole ratio was
determined by 1H NMR spectroscopy to be ∼2:1:1.3:2.7:1. At
50 mM 5, cyclic trimers 10−12 were separated and isolated at
levels of 0.5, 1, and 1%, respectively. The fourth possible cyclic
trimer, 13, was not observed.
The molecular structure of cyclic trimer 10 contains two

6H[9]CPP units, which are fused together through three 1,4-
dimethoxybenzene units with the holes facing each other with
an armchair (9,9)carbon nanotube-like connection. The DFT-
optimized structure of 10 shows that the two 6H[9]CPP units
have a triangular shape and the three sets of methoxy groups
are in a plane parallel to the planes of the two 6H[9]CPP rings
with the front ring highlighted in black (Figure 3).
The molecular structure of cyclic trimer 11 contains a bent

12H[18]CPP unit, which is fused intramolecularly with three
1,4-dimethoxybenzene units. The DFT-optimized structure of
11 shows that two sets of the methoxy groups are in a plane
parallel to the front and the rear macrocyclic rings and the third
set is perpendicular to the plane. The molecular structure of
cyclic trimer 12 contains a bent 8H[12]CPP unit, which is
fused within itself with a 1,4-dimethoxybenzene unit, and the
8H[12]CPP unit also is fused through two 1,4-dimethox-
ybenzene units to a 4H[6]CPP unit. The DFT-optimized
structure of 12 shows that two sets of methoxy groups are
perpendicular to the front and the rear macrocyclic rings and
the third set is parallel to the macrocyclic rings. The molecular
structure of cyclic trimer 13 has three fused 4H[6]CPP units.
The DFT-optimized structure shows that the three sets of the
methoxy groups are all perpendicular to the macrocyclic ring
structures.

Figure 1. Molecular structure and ORTEP drawing of the crystal
structure of tetraiodide 7 prepared from cis isomer 5. A molecule of
dichloromethane has been omitted for the sake of clarity.
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The molecular structure of cyclic dimer 8 was confirmed by
X-ray structure analysis (Figure 4). The two phenyl groups in
each of the four biphenyl segments were slightly twisted with
dihedral angles between 2° and 7°. This is in contrast to the
DFT-optimized structure in which the average dihedral angle
was calculated to be 44° and to a one-hoop 4H[6]CPP system
in which a dihedral angle of 49° was observed in the crystal
lattice.6

There are three C2 axes in 8, and it belongs to the D2h group.
As a result, only five 1H NMR signals were observed with one
singlet for the methoxy groups at δ 3.83 and one AB pattern at
δ 6.54 and 6.68 for the aromatic hydrogens. The structure of 9
also has three C2 axes and belongs to the D2d group. It likewise
exhibited only five 1H NMR signals with the methoxy signal
occurring at δ 3.86 and the AB system appearing at δ 6.45 and
6.49. It is worth noting that the aromatic signals of 8 and 9 are
shifted significantly upfield, indicating that they are located in a
magnetically shielded region of the aromatic ring currents

generated by the phenyl groups of the biphenyl segments in the
proximity. In the crystal lattice, the distance between the
centers of the bonds joining the two phenyl groups within the
same 4H[6]CPP unit is 4.03 Å and across to the other
4H[6]CPP unit is 5.88 Å (Figure S5). The high-resolution
mass spectra of 8 and 9 are also consistent with their structural
assignments as the cyclic dimers from 5.
Before the X-ray structure of 8 was obtained, we were unable

to assign the two dimeric structures to the isolated samples of 8
and 9 by NMR spectroscopy because they both showed an
identical number of signals and very similar chemical shifts. The
development of an independent synthetic pathway toward 8
without the possibility of producing 9 was thus initiated. Diene
14 bearing two trimethylsilyl groups as masked iodo groups9

was used for the Diels−Alder reaction with 1,4-benzoquinone 4
to form 15 as the major isomer in 55% isolated yield (Scheme
3). Treatment of 15 at a concentration of 1 mM with Ni(cod)2
in the presence of bpy produced syn dimer 16 and anti dimer

Scheme 2. Synthesis of Bent and Fused Carbon Nanohoops
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17 in a 1:1 ratio, which was determined by 1H NMR
spectroscopy. Anti isomer 17 was isolated in 30% yield and,
upon treatment with ICl at −78 °C, was converted to the
corresponding tetraiodide 19.9 However, the Ni(cod)2-
mediated homocoupling reactions of 19 failed to produce 8,
suggesting that 17 had the anti configuration. A small quantity
of syn dimer 16 was also isolated by preparative TLC for
structural elucidation. However, because of difficulty in fully
purifying syn dimer 16, the remaining crude syn dimer 16 was
treated, without further purification, with ICl at −78 °C to form
tetraiodide 18. Crude 18, upon being exposed to Ni(cod)2, was
converted to cyclic dimer 8 in 8% overall yield from 15,
providing an independent confirmation of the structure of 8.
Cyclic trimer 10 belongs to the D3h group and has a C3 axis,

three C2 axes perpendicular to the C3 axis, and a plane of
symmetry perpendicular to the C3 axis between the front and
rear 6H[9]CPP units. Again, only five 1H NMR signals were
observed with the singlet of the methoxy groups appearing at δ
3.71 and the two doublets of the aromatic hydrogens appearing
at δ 7.23 and 6.92. It allowed the structure to be readily
differentiated from those of cyclic trimers 11 and 12. However,
cyclic trimer 13 also belongs to the D3h group and can be
expected to show only five 1H NMR signals, as well. The 1H
NMR signals of the aromatic hydrogens on the three
4H[6]CPP units in 13, on the other hand, are likely to be
shifted more upfield than those assigned for 10 at δ 7.23 and
6.92.
To fully verify that the isolated sample was 10, a synthetic

pathway toward 10 without the possibility of producing 13 was
developed (Scheme 4). At a concentration of 50 mM,
dibromide 15 was treated with Ni(cod)2 to form, in addition
to 16 (8%) and 17 (12%), cyclic syn trimer 20 and anti trimer
21 in a 1:3 ratio, which was determined by NMR spectroscopy.
Cyclic anti trimer 21 was isolated in 12% yield. A small quantity
of cyclic syn trimer 20 was also isolated for structural

elucidation, and the majority of 20, without further purification,
was converted, with ICl at −78 °C, to the corresponding
hexaiodide. The crude hexaiodide was treated with Ni(cod)2 to
produce 10 with 1H NMR signals identical to those of 10

Figure 2. DFT-optimized structures of fused cyclic dimer 8 and bent
cyclic dimer 9 with carbons (black and gray), hydrogens (white), and
oxygens (red).

Figure 3. DFT-optimized structures of cyclic trimers 10−13 with
carbons (black and gray), hydrogens (white), and oxygens (red).
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synthesized from 5 directly, supporting the assignment of the
structure of 10.
The molecular structures of cyclic trimers 11 and 12 belong

to the C2v group. The two structures could be readily
differentiated on the basis of the fact that the 1H NMR
spectrum of 11 exhibited three singlets of equal intensity for the
three sets of chemically nonequivalent methoxy groups, while
12 showed two singlets in a 2:1 ratio for the two sets of
chemically nonequivalent methoxy groups. In addition, upon
irradiation of the H1 and H4 signals of 11 simultaneously, the

H2 signal became a doublet and the H3 signal also became a
doublet with an AB pattern between them. For 12, upon
irradiation of H1, H2 became a singlet, and likewise, upon
irradiation of H4, H3 became a singlet.
The use of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone

(DDQ) for the oxidative aromatization reaction of a [9]CPP
precursor under mild thermal conditions was found to be
successful in producing a fully aromatized [9]CPP derivative
bearing three evenly spaced 5,8-dimethoxynaphth-1,4-diyl
units.6 We have attempted to oxidize 10 with DDQ to form

Figure 4. ORTEP drawing of the crystal structure of fused cyclic dimer
8. A molecule of dichloromethane has been omitted for the sake of
clarity.

Scheme 3. Stepwise Synthesis of Fused Carbon Nanohoop 8

Scheme 4. Stepwise Synthesis of Fused Carbon Nanohoop
10
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two fully aromatized [9]CPP units. Unfortunately, oxidative
aromatization with DDQ at temperatures ranging from ambient
temperature to 70 °C failed to produce the desired product.
Partial removal of the benzylic hydrogens was observed at the
initial stage of the oxidative aromatization process at 50 °C.
Forcing the reaction to go to completion to form the fully
aromatized product resulted in decomposition.

■ CONCLUSIONS
The Diels−Alder reactions between 2 equiv of (E,E)-1,4-bis(4-
bromophenyl)-1,3-butadiene (1) and 1,4-benzoquinone (2) led
to the formation of 5 having all four 4-bromophenyl groups cis
to one another, which is essential for macrocyclic ring
formation. The nickel-mediated homocoupling reactions of 5
produced partially hydrogenated CPPs with bent and fused
molecular structures. The two fused 4H[6]CPP units in 8 and
the two 6H[9]CPP units in 10 were connected with an
armchair carbon nanotube-like arrangement and aligned with
the holes facing each other. Other partially hydrogenated CPPs
with bent and fused macrocyclic structures in 9, 11, and 12
were likewise constructed. The structure of 8 was established by
X-ray structure analysis. The other fused and bent structures
were established by extensive NMR studies and by the
development of independent synthetic pathways. While the
synthetic sequence outlined in Scheme 3 was developed to
provide an independent confirmation of the structure of 8, the
possibility of using two different 1,3-butadienes for condensa-
tion with 1,4-benzoquinone (2) provides opportunities to fuse
together a variety of macrocyclic ring structures with equal or
different ring sizes. The results of this research will be presented
in due course.

■ EXPERIMENTAL SECTION
General Experimental Methods. All air- and moisture-sensitive

reactions were conducted in oven-dried (120 °C) glassware under a
nitrogen atmosphere. (E,E)-1,4-Bis(4-bromophenyl)-1,3-butadiene
(1)10 and 1,4-bis[4-(trimethylsilyl)phenyl]-1,3-butadiyne11 were pre-
pared according to the reported procedures. Boron trifluoride diethyl
etherate (BF3·OEt2), 1,4-benzoquinone (2), silver(I) oxide (Ag2O),
dimethyl sulfate, bis(1,5-cyclooctadiene)nickel [Ni(cod)2], 2,2′-
bipyridyl (bpy), aluminum chloride (AlCl3), iodine chloride (ICl), n-
butyllithium in hexanes (1.6 M), triethylsilane, [1,1′-bis-
(diphenylphosphino)ferrocene]dichloropalladium(II) [Pd(dppf)Cl2],
palladium(II) acetate [Pd(OAc)2], 1,1′-bis(diphenylphosphino)-
ferrocene (dppf), copper(II) sulfate (CuSO4), and 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) were purchased from chemical
suppliers and were used as received. Infrared (IR) spectra of solid
samples were recorded on an Fourier transform infrared system
equipped with a diamond crystal attenuated total reflectance sampling
interface. HRMS spectra were obtained on an FT-ICR mass analyzer
coupled with electrospray ionization (ESI).
Preparation of Dibromide 4. To a mixture of 3.64 g of diene 1

(10.0 mmol) and 1.30 g of 1,4-benzoquinone (2, 12.0 mmol) in 200
mL of anhydrous dichloromethane under a nitrogen atmosphere was
added by using a syringe 1.00 mL of BF3·OEt2 (8.10 mmol). The
reaction mixture was stirred at rt for 20 h. The reaction mixture was
then passed through a short silica gel column, and the column was
further eluted with dichloromethane. The combined eluates were
concentrated to afford 3 as a brown/yellow solid. Crude 3 was used for
the next step without further purification. To crude 3 and 2.78 g of
silver oxide (12.0 mmol) under a nitrogen atmosphere was added 100
mL of anhydrous diethyl ether. The reaction mixture was stirred at rt
for 12 h and then passed through a short silica gel column. The
column was further eluted with diethyl ether (2 × 50 mL), and the
combined eluates were concentrated. The residue was recrystallized
from diethyl ether to afford 3.76 g of 4 (8.00 mmol, 80% yield) as a

brown solid: mp 149−151 °C; IR 1655, 1485, 1293, 1010, 864, 812
cm−1; 1H NMR (CDCl3, 600 MHz) δ 7.43 (4 H, d, J = 8.4 Hz), 7.15
(4 H, d, J = 8.4 Hz), 6.69 (2 H, s), 5.91 (2 H, d, J = 2.4 Hz), 4.72 (2 H,
d, J = 3.0 Hz); 13C NMR (CDCl3, 150 MHz) δ 185.8, 141.4, 140.1,
136.3, 131.7, 130.0, 126.4, 120.8, 39.8; HRMS (ESI) calcd for
C22H14Br2O2 (M+) 467.9355, 469.9335, 471.9314, found 467.9350,
469.9327, 471.9309. Recrystallization of 4 from chloroform and
hexanes produced a single crystal suitable for X-ray structure analysis.

Preparation of Tetrabromides 5 and 6. To a mixture of 3.64 g of
diene 1 (10.0 mmol) and 4.70 g of dibromide 4 (10.0 mmol) in 200
mL of anhydrous dichloromethane under a nitrogen atmosphere was
added by using a syringe 1.00 mL of BF3·OEt2 (8.10 mmol). The
reaction mixture was stirred at rt for 20 h. The reaction mixture was
then passed through a short silica gel column, and the column was
further eluted with dichloromethane (2 × 100 mL). The combined
eluates were concentrated to afford a yellow solid. The crude solid was
used without further purification. To the yellow solid and 5.52 g of
potassium carbonate in dry acetone (200 mL) was added 2.40 mL of
dimethyl sulfate (25.4 mmol) via a syringe, and the reaction mixture
was heated at reflux for 3 h. The reaction mixture was then allowed to
cool to rt and concentrated. Distilled water (100 mL) was added, and
the reaction mixture was extracted with dichloromethane (3 × 100
mL). The combined organic layers were dried over sodium sulfate and
concentrated. The residue (8:1 5:6 as determined by 1H NMR
spectroscopy) was purified by flash column chromatography (silica gel,
1:4 dichloromethane/hexanes) to separate 5 and 6. Recrystallization
from chloroform produced 5.86 g of tetrabromide 5 (6.80 mmol, 68%
yield) as a white solid and a sample of 6 suitable for X-ray structure
analysis. 5: mp 174−176 °C; IR 1485, 1009, 811 cm−1; 1H NMR
(CDCl3, 600 MHz) δ 7.22 (8 H, d, J = 8.4 Hz), 6.81 (8 H, d, J = 9.0
Hz), 6.08 (4 H, d, J = 3.6 Hz), 4.80 (4 H, d, J = 3.0 Hz), 3.52 (6 H, s);
13C NMR (CDCl3, 150 MHz) δ 152.1, 142.6, 131.17, 131.15, 129.2,
128.1, 119.9, 60.4, 40.4; HRMS (ESI) calcd for C40H30Br4O2 (M+)
859.8953, 861.8933, 863.8912, found 859.8940, 861.8930, 863.8901. 6:
1H NMR (CDCl3, 400 MHz) δ 7.36 (8 H, d, J = 8.8 Hz), 7.06 (8 H, d,
J = 8.8 Hz), 5.86 (4 H, d, J = 2.8 Hz), 4.82 (4 H, d, J = 2.8 Hz), 2.97 (6
H, s); 13C NMR (CDCl3, 100 MHz) δ 152.7, 143.6, 131.5, 131.0,
129.6, 127.3, 120.1, 60.2, 41.0; HRMS (ESI) calcd for C40H30Br4O2
(M+) 859.8953, 861.8933, 863.8912, found 859.8906, 861.8868,
863.8885.

Preparation of Tetraiodide 7. To 1.01 g of 5 (11.7 mmol) in 250
mL of dry THF at −78 °C was added dropwise 32.2 mL of a 1.6 M
solution of n-butyllithium (51.5 mmol) in hexanes. After 2 h at −78
°C, a solution of 14.8 g of iodine (58.3 mmol) in 100 mL of THF was
added dropwise. Then the reaction mixture was stirred at rt for 12 h.
Distilled water (100 mL) was added, and the reaction mixture was
extracted with diethyl ether (3 × 50 mL) and dichloromethane (100
mL). The combined organic layers were dried over magnesium sulfate
and concentrated. Recrystallization of the residue from dichloro-
methane and hexanes produced a single crystal of 7 suitable for X-ray
structure analysis: 1H NMR (CDCl3, 400 MHz) δ 7.42 (8 H, d, J = 8.4
Hz), 6.68 (8 H, d, J = 8.4 Hz), 6.07 (4 H, d, J = 3.2 Hz), 4.78 (4 H, d, J
= 2.8 Hz), 3.52 (6 H, s); 13C NMR (CDCl3, 100 MHz) δ 152.1, 143.3,
137.1, 131.0, 129.5, 128.0, 91.4, 60.4, 40.5.

Preparation of Cyclic Dimers 8 and 9 and Cyclic Trimers 10−12.
To an oven-dried 2 L flask were added 1.26 g of tetrabromide 5 (1.46
mmol) and 1.00 g of bpy (6.40 mmol). Then the flask was flushed with
nitrogen and placed in a glovebox, and 1.77 g of bis(1,5-
cyclooctadiene)nickel (6.43 mmol) was added. The flask was fitted
with a condenser and a rubber septum and then removed from the
glovebox before 1.5 L of THF was added via cannula under a nitrogen
atmosphere. Then the reaction mixture was heated at reflux for 15 h
before it was allowed to cool to rt. The reaction mixture was then
passed through a short silica gel column, and the column was further
eluted with dichloromethane (3 × 150 mL). The combined eluates
were concentrated, and the residue was purified by flash column
chromatography (silica gel, 1:5 to 2:1 dichloromethane/hexanes) to
produce, in the sequence of appearance from the column, 0.039 g of 8
(0.036 mmol, 5% yield) as a white solid and 0.008 g of 9 (0.007 mmol,
1% yield) as a white solid. At 50 mM 5 (1.96 g, 2.27 mmol), in the
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sequence of appearance from the column after 8 and 9, 0.014 g of 12
(0.009 mmol, 1% yield) as a white solid, 0.012 g of 11 (0.007 mmol,
1% yield) as a white solid, and 0.006 g of 10 (0.004 mmol, 0.5% yield)
as a white solid were isolated. 8: 1H NMR (CDCl3, 600 MHz) δ 6.94
(8 H, dd, J = 4.1, 2.5 Hz), 6.68 (16 H, d, J = 7.9 Hz), 6.54 (16 H, d, J =
8.2 Hz), 5.17 (8 H, m), 3.83 (12 H, s); 13C NMR (CDCl3, 150 MHz)
δ 151.4, 139.8, 139.7, 133.9, 132.0, 127.7, 126.8, 62.0, 38.3; HRMS
(ESI) calcd for C80H60O4 (M+) 1084.4486, found 1084.4509.
Recrystallization of 8 from dichloromethane and hexanes produced a
single crystal suitable for X-ray structure analysis. 9: 1H NMR (CDCl3,
600 MHz) δ 6.71 (8 H, dd, J = 3.8, 1.8 Hz), 6.49 (16 H, d, J = 8.3 Hz),
6.44 (16 H, d, J = 7.7 Hz), 5.09 (8 H, dd, J = 3.6, 1.7 Hz), 3.86 (12 H,
s); 13C NMR (CDCl3, 150 MHz, from gHMBCAD) 151.9, 139.3,
130.2, 128.3, 127.0, 61.5, 38.8 (the signals from C2 and C8 were not
observed); HRMS (ESI) calcd for C80H60O4 (M

+) 1084.4486, found
1084.4494. 10: 1H NMR (CDCl3, 600 MHz) δ 7.23 (24 H, d, J = 8.4
Hz), 6.92 (24 H, d, J = 7.8 Hz), 6.11 (12 H, d, J = 2.4 Hz), 4.78 (12 H,
d, J = 2.4 Hz), 3.71 (18 H, s); 13C NMR (CDCl3, 150 MHz) δ 152.7,
142.8, 138.3, 130.6, 127.8, 127.4, 126.5, 60.2, 40.5; HRMS (ESI) calcd
for C120H91O6 (MH+) 1627.6810, found 1627.6895. 11: 1H NMR
(CDCl3, 600 MHz, 25 °C) δ 7.33 (8 H, d, J = 7.8 Hz), 7.14 (8 H, d, J
= 8.4 Hz), 7.05 (8 H, d, J = 8.4 Hz), 6.91 (8 H, d, J = 8.4 Hz), 6.88 (8
H, d, J = 7.8 Hz), 6.87 (8 H, d, J = 7.8 Hz), 6.84 (4 H, dd, J = 4.5, 3.3
Hz), 6.06 (4 H, dd, J = 10.2, 3.6 Hz), 6.03 (4 H, dd, J = 10.2, 3.6 Hz),
5.24 (4 H, m), 4.73 (8 H, m), 3.746 (6 H, s), 3.745 (6 H, s), 3.61 (6
H, s) [at −20 °C, the three CH3O signals appear at δ 3.76 (6 H, s),
3.74 (6 H, s), and 3.59 (6 H, s)]; 13C NMR (CDCl3, 150 MHz) δ
152.9, 152.8, 151.3, 143.2, 142.8, 140.6, 138.0, 137.8, 137.5, 133.9,
132.9, 130.8, 129.9, 127.8, 127.7, 127.6, 127.5, 126.4, 126.3, 126.1,
125.8, 61.8, 60.6, 59.7, 40.8, 40.6, 38,8; HRMS (ESI) calcd for
C120H91O6 (MH+) 1627.6810, found 1627.6744. 12: 1H NMR
(CDCl3, 600 MHz) δ 7.20 (8 H, d, J = 8.4 Hz), 7.09 (8 H, d, J =
8.4 Hz), 6.91 (8 H, d, J = 7.2 Hz), 6.895 (4 H, m), 6.89 (8 H, d, J = 8.4
Hz), 6.88 (8 H, d, J = 8.4 Hz), 6.83 (4 H, m), 6.82 (8 H, d, J = 9.0
Hz), 5.98 (4 H, d, J = 2.4 Hz), 5.26 (4 H, m), 5.23 (4 H, m), 4.68 (4
H, d, J = 2.4 Hz), 3.73 (12 H, s), 3.66 (6 H, s); 13C NMR (CDCl3, 150
MHz) δ 152.9, 151.7, 143.4, 140.6, 140.4, 138.5, 137.7, 137.4, 134.2,
133.8, 133.0, 130.4, 127.69, 127.65, 127.58, 127.2, 126.8, 126.2, 126.1,
125.6, 61.9, 60.0, 40.9, 38.8, 38.7; HRMS (ESI) calcd for C120H91O6
(MH+) 1627.6810, found 1627.6680.
Preparation of 1,3-Butadiene 14. To a mixture of 1,4-bis[4-

(trimethylsilyl)phenyl]-1,3-butadiyne (1.00 g, 2.89 mmol), 2.00 mL of
triethylsilane (12.5 mmol), Pd(dppf)Cl2 (0.063 g, 0.086 mmol),
Pd(OAc)2 (0.020 g, 0.089 mmol), dppf (0.160 g, 0.289 mmol), and
CuSO4 (0.138 g, 0.865 mmol) were added 10 mL of toluene and 10
mL of water.12 The reaction mixture was heated at reflux under air for
24 h before it was allowed to cool to rt. The solvent was removed in
vacuo; the residue was passed through a short silica gel column (5
cm), and the column was eluted with dichloromethane (50 mL). The
combined eluates were concentrated in vacuo, and the residue was
washed with methanol and pentane. After 2 h in vacuo, 0.650 g of 14
(1.85 mmol, 64% yield) was obtained as a white solid: mp 146−148
°C; IR 1245, 1109, 838 cm−1; 1H NMR (CDCl3, 600 MHz) δ 7.49 (4
H, d, J = 8.0 Hz), 7.42 (4 H, d, J = 8.0 Hz), 6.99 (2 H, m), 6.67 (2 H,
m); 13C NMR (CDCl3, 150 MHz) δ 140.0, 137.7, 133.7, 132.9, 129.5,
125.7, −1.14; HRMS (ESI) calcd for C22H30Si2 (M

+) 350.1881, found
350.1887.
Preparation of Dibromide 15. To a flask containing 3.50 g of diene

14 (10.0 mmol), 4.70 g of dibromide 4 (10.0 mmol), and 0.34 g of
anhydrous AlCl3 (2.5 mmol) was added 200 mL of anhydrous
dichloromethane. The reaction mixture was stirred at rt for 20 h and
then passed through a short silica gel column. The column was eluted
with dichloromethane, and the eluates were concentrated to afford a
yellow solid. The crude solid was used without further purification. To
the yellow solid and 5.52 g of potassium carbonate (40 mmol) in dry
acetone (200 mL) was added 2.4 mL of dimethyl sulfate (25.4 mmol)
via a syringe, and the reaction mixture was heated at reflux for 3 h. The
reaction mixture was allowed to cool to rt and concentrated. Distilled
water (100 mL) was added, and the reaction mixture was extracted
with dichloromethane (3 × 100 mL). The combined organic layers

were dried over sodium sulfate and concentrated. The residue was
purified by flash column chromatography (silica gel, 1:4 to 1:2
dichloromethane/hexanes) to produce 4.67 g of 15 (5.50 mmol, 55%
yield) as a yellow solid: mp 97−98 °C; IR 1487, 1248, 839 cm−1; 1H
NMR (CDCl3, 400 MHz) δ 7.27 (4 H, d, J = 8.4 Hz), 7.17 (4 H, d, J =
8.4 Hz), 6.95 (4 H, d, J = 8.4 Hz), 6.79 (4 H, d, J = 8.4 Hz), 6.11 (2 H,
d, J = 3.6 Hz), 6.02 (2 H, d, J = 2.8 Hz), 4.81 (2 H, d, J = 2.8 Hz), 4.80
(2 H, d, J = 3.2 Hz), 3.54 (6 H, s), 0.23 (18 H, s); 13C NMR (CDCl3,
100 MHz) δ 152.3, 144.6, 142.7, 137.4, 133.1, 131.5, 131.0, 130.6,
129.2, 128.2, 127.7, 126.8, 119.7, 60.3, 41.2, 40.2; HRMS (ESI) calcd
for C46H48Br2O2Si2 (M+) 846.1554, 848.1534, 850.1513, found
846.1595, 848.1573, 850.1546.

Preparation of Cyclic Tetrasilanes 16 and 17. To an oven-dried 1
L flask were added 0.570 g of dibromide 15 (0.671 mmol) and 0.25 g
of bpy (1.6 mmol). The reaction flask was flushed with nitrogen and
then placed in a glovebox before 0.44 g of bis(1,5-cyclooctadiene)
nickel (1.6 mmol) was added. The flask was fitted with a condenser
and a rubber septum and then removed from the glovebox. THF (700
mL) was added via cannula under a nitrogen atmosphere. Then the
reaction mixture was heated at reflux for 15 h before it was allowed to
cool to rt. The reaction mixture was passed through a short silica gel
column, and the column was eluted with dichloromethane (100 mL).
The combined eluates were concentrated, and the residue was purified
by flash column chromatography (silica gel, 1:6 to 1:3 dichloro-
methane/hexanes) to produce 0.220 g of crude 16 as a white solid and
0.137 g of 17 (0.0994 mmol, 30% yield) as a white solid. A fraction of
16 was further purified by preparative TLC to afford a more pure
sample of 16 for structural elucidation. 16: 1H NMR (CDCl3, 600
MHz) δ 7.47 (8 H, d, J = 8.4 Hz), 7.34 (8 H, d, J = 8.4 Hz), 6.83 (4 H,
dd, J = 4.5, 2.7 Hz), 6.67 (8 H, d, J = 8.4 Hz), 6.54 (8 H, br), 5.97 (4
H, d, J = 2.4 Hz), 5.03 (4 H, m), 4.95 (4 H, d, J = 2.4 Hz), 3.46 (12 H,
s), 0.25 (36 H, s); 13C NMR (CDCl3, 150 MHz) δ 152.0, 145.9, 140.0,
138.6, 137.6, 134.2, 133.5, 133.3, 130.7, 127.4, 127.0, 126.1, 61.0, 42.1,
38.4, −0.86; HRMS (ESI) calcd for C92H96O4Si4 (M+) 1376.6380,
found 1376.6472. 17: 1H NMR (CDCl3, 600 MHz) δ 7.49 (8 H, d, J =
7.8 Hz), 7.33 (8 H, d, J = 7.8 Hz), 6.86 (4 H, dd, J = 4.2, 3.0 Hz), 6.65
(8 H, d, J = 8.4 Hz), 6.51 (8 H, br d), 6.01 (4 H, d, J = 2.4 Hz), 5.01 (4
H, m), 4.95 (4 H, d, J = 1.8 Hz), 3.55 (12 H, s), 0.26 (36 H, s); 13C
NMR (CDCl3, 150 MHz) δ 151.8, 145.8, 139.9, 138.5, 137.6, 134.2,
133.4, 133.1, 130.6, 127.4, 127.0, 126.0, 60.9, 42.0, 38.3, −1.0; HRMS
(ESI) calcd for C92H96O4Si4 (M

+) 1376.6380, found 1376.6412.
Experimental Procedure for Iodination of 16 and the

Subsequent Nickel-Mediated Homocoupling Reactions to Form 8.
One-third of the crude 16 was dissolved in 20 mL of dichloromethane
under a nitrogen atmosphere and cooled to −78 °C. To the solution at
−78 °C was added dropwise 0.2 mL of a 1 M solution of ICl in
dichloromethane. After 5 min at −78 °C, the reaction was quenched
with a saturated sodium thiosulfate solution and the mixture diluted
with 30 mL of water. The reaction mixture was extracted with
dichloromethane (3 × 20 mL), dried over sodium sulfate, and
concentrated to afford crude 18 as a white solid. To crude 18 in a 250
mL flask was added 0.41 g of bpy (0.26 mmol), and the flask was
flushed with nitrogen. The flask was then placed in a glovebox before
0.73 g of bis(1,5-cyclooctadiene)nickel (0.26 mmol) was added. The
flask was fitted with a condenser and a rubber septum and removed
from the glovebox before 100 mL of THF was added via cannula
under a nitrogen atmosphere. The reaction mixture was heated at
reflux for 15 h before it was allowed to cool to rt. The reaction mixture
was then passed through a short silica gel column, and the column was
eluted with dichloromethane (100 mL). The combined eluates were
concentrated, and the residue was purified by flash column
chromatography (silica gel, 1:5 dichloromethane/hexanes) to produce
0.009 g of 8 (8% yield from 15). 18: 1H NMR (CDCl3, 400 MHz) δ
7.65 (8 H, d, J = 8.0 Hz), 7.06 (8 H, d, J = 8.4 Hz), 6.83 (4 H, dd, J =
4.2, 2.2 Hz), 6.65 (8 H, d, J = 8.4 Hz), 6.46 (8 H, br d), 6.05 (4 H, d, J
= 2.0 Hz), 5.00 (4 H, br), 4.92 (4 H, d, J = 2.0 Hz), 3.53 (12 H, s); 13C
NMR (CDCl3, 100 MHz) δ 151.6, 144.5, 139.7, 138.5, 137.4, 134.6,
133.1, 130.2, 129.9, 127.8, 127.3, 126.1, 91.8, 61.1, 41.3, 38.3. Cyclic
dimer 8 produced from 18 showed 1H NMR signals identical to those
of the sample produced directly from 5.
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Experimental Procedure for Iodination of 17 and the
Subsequent Nickel-Mediated Homocoupling Reactions. The same
procedure for iodination of 16 was applied to 17. Iodination of 17 with
ICl produced crude 19, which was treated with Ni(cod)2 and bpy for
the nickel-mediated homocoupling reactions. However, only oligomers
and/or polymers were produced. 19: 1H NMR (CDCl3, 400 MHz) δ
7.64 (8 H, d, J = 8.8 Hz), 7.05 (8 H, d, J = 8.0 Hz), 6.85 (4 H, dd, J =
4.6, 2.6 Hz), 6.66 (8 H, d, J = 8.8 Hz), 6.46 (8 H, d, J = 7.6 Hz), 6.03
(4 H, d, J = 2.8 Hz), 5.00 (4 H, m), 4.91 (4 H, d, J = 2.8 Hz), 3.57 (12
H, s); 13C NMR (CDCl3, 100 MHz) δ 151.6, 144.6, 139.6, 138.5,
137.4, 134.7, 133.0, 130.0, 129.7, 127.7, 127.3, 126.1, 91.4, 61.0, 41.3,
38.2.
Preparation of Cyclic Hexasilanes 20 and 21. To an oven-dried

200 mL flask were added 1.42 g of dibromide 15 (1.67 mmol) and
0.57 g of bpy (3.65 mmol). Then the flask was flushed with nitrogen
and placed in a glovebox before 1.01 g of bis(1,5-cyclooctadiene)nickel
(3.67 mmol) was added. The flask was fitted with a condenser and a
rubber septum and then removed from the glovebox before 30 mL of
THF was added via cannula under a nitrogen atmosphere. Then the
reaction mixture was heated at reflux for 15 h before it was allowed to
cool to rt. The reaction mixture was passed through a short silica gel
column, and the column was eluted with dichloromethane. The
combined eluates were concentrated, and the residue was purified by
flash column chromatography (silica gel, 1:5 to 1:1 dichloromethane/
hexanes) to produce 0.090 g of 16 (0.065 mmol, 8% yield) as a white
solid, 0.132 g of 17 (0.096 mmol, 12% yield) as a white solid, 0.140 g
of 21 (0.068 mmol, 12% yield) as a white solid, and crude 20 (4%
NMR yield) as a white solid. 20: 1H NMR (CDCl3, 600 MHz) δ 7.44
(12 H, d, J = 8.4 Hz), 7.27 (12 H, d, J = 8.4 Hz), 7.18 (12 H, d, J = 7.8
Hz), 7.03 (12 H, d, J = 8.4 Hz), 6.08 (6 H, d, J = 3.6 Hz), 6.00 (6 H, d,
J = 3.0 Hz), 4.99 (6 H, d, J = 3.0 Hz), 4.96 (6 H, d, J = 3.0 Hz), 3.22
(18 H, s), 0.08 (54 H, s); 13C NMR (CDCl3, 150 MHz) δ 153.0,
144.8, 143.7, 138.2, 137.2, 133.1, 132.1, 131.4, 128.5, 128,4, 127.9,
127.2, 126.5, 61.4, 41.5, 41.4, −1.02; HRMS (ESI) calcd for
C138H145O6Si6 (MH+) 2065.9651, found 2065.9652. 21: 1H NMR
(CDCl3, 400 MHz) δ 7.37 (4 H, d, J = 8.0 Hz), 7.34 (4 H, d, J = 8.4
Hz), 7.33 (4 H, d, J = 8.4 Hz), 7.26 (4 H, d, J = 8.4 Hz), 7.21 (4 H, d, J
= 8.0 Hz), 7.135−7.107 (12 H, m), 7.09 (4 H, d, J = 8.4 Hz), 6.99 (4
H, d, J = 7.6 Hz), 6.89 (4 H, d, J = 7.6 Hz), 6.87 (4 H, d, J = 8.0 Hz),
6.14−6.02 (12 H, m), 4.95 (6 H, d, J = 3.6 Hz), 4.90 (2 H, d, J = 2.8
Hz), 4.86−4.83 (4 H, m), 3.57 (6 H, s), 3.55 (6 H, s), 3.19 (6 H, s),
0.18 (18 H, s), 0.07 (18 H, s), 0.01 (18 H, s); 13C NMR (CDCl3, 100
MHz) δ 152.9, 152.6, 152.4, 144.6, 144.45, 144.38, 143.5, 142.98,
142.95, 138.6, 138.5, 138.0, 137.1, 137.0, 133.08, 133.03, 133.01,
131.8, 131.58, 131.53, 131.1, 130.7, 130.5, 129.0, 128.7, 128.3, 128.1,
128.0, 127.77, 127.71, 126.99, 126.92, 126.69, 126.60, 126.57, 126.4,
61.1, 60.8, 60.5, 41.5, 40.9, 40.7, −1.03, −1.07, −1.12; HRMS (ESI)
calcd for C138H144O6Si6 (M

+) 2064.9573, found 2064.9574.
Experimental Procedure for Iodination of 20 and the

Subsequent Nickel-Mediated Homocoupling Reactions To Form
10. Crude 20 was dissolved in 20 mL of dichloromethane under a
nitrogen atmosphere and cooled to −78 °C. To the solution at −78
°C was added dropwise 0.15 mL of a solution of 1 M ICl in
dichloromethane. After 5 min at −78 °C, the reaction was quenched
with a saturated sodium thiosulfate solution and the mixture diluted
with 30 mL of water. The solution was extracted with dichloromethane
(3 × 20 mL), dried over sodium sulfate, and concentrated to afford a
crude mixture of the corresponding tetraiodide. To the crude
tetraiodide in a 250 mL flask was added 0.030 g of bpy (0.19
mmol), and the flask was flushed with nitrogen before it was placed in
a glovebox. Then, 0.050 g of bis(1,5-cyclooctadiene)nickel (0.18
mmol) was added. The flask was fitted with a condenser and a rubber
septum before it was removed from the glovebox. THF (100 mL) was
added via cannula under a nitrogen atmosphere, and the reaction
mixture was heated at reflux for 15 h before it was allowed to cool to
rt. The reaction mixture was passed through a short silica gel column,
and the column was eluted with dichloromethane (50 mL). The
combined eluates were concentrated in vacuo. The 1H NMR spectrum
of the residue showed that cyclic trimer 10 was produced.
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