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ABSTRACT: The synthesis of donor- (D) and/or acceptor (A)-expanded
[4]radialenes has been developed on the basis of readily available dibro-
moolefin (7), tetraethynylethene (10 and 20), and vinyl triflate (12) building
blocks. The successful formation of D/A radialenes relies especially on (1)
effective use of a series alkynyl protecting groups, (2) Sonogashira cross-
coupling reactions, and (3) the development of ring closing reactions to
form the desired macrocyclic products. The expanded [4]radialene pro-
ducts have been investigated by spectroscopic (UV−vis absorption and
emission) and quantum chemical computational methods (density func-
tional theory and time dependent DFT). The combined use of theory and experiment provides a basis to evaluate the extent of
D/A interactions via the cross-conjugated radialene framework as well as an interpretation of the origin of D/A interactions at an
orbital level.

■ INTRODUCTION
Conjugated carbon-rich macrocycles are intriguing targets of
study for both theoretical and experimental chemists because of
their often symmetrical shape and aesthetically appealing struc-
tures. They are, however, useful molecules as well, with potential
as the organic component for electronic, optical, and nonlinear
optical applications.1−8 A specific subcategory of conjugated
macrocycles are the [n]radialenes, which are cyclic, carbon-rich
molecules with a general formula C2nH2n that contain n ring
atoms and n exocyclic double bonds (1, Figure 1). “Expanded

radialenes” are derivatives of radialenes that originate by formal
insertion of an unsaturated spacer between each pair of exo-
methylene fragments of a radialene, giving rise to macrocycles

such as 2 and 3 (Figure 1).8−12 Work with expanded radialenes
was pioneered by Diederich and co-workers13−16 via the
introduction of diacetylene moieties into the radialene frame-
work to give derivatives with the general structure 317,18 as well as
structurally related radiannulenes.19−27 More recently, expanded
radialenes 2 composed of repeating enyne units have been
realized and studied.28−30

The two-dimensionally (2D) conjugated structure of ex-
panded [n]radialenes is rather special because it combines a
number of linearly and cross-conjugated pathways placed on a
nonbenzoid carbon framework.31−39 One key question concern-
ing the properties of expanded [n]radialenes has been the role
played by cross-conjugation9,40,41 to the overall electronic
makeup of these unique molecules. The influence of D−A or
D/A interactions42 via cross conjugation in acyclic systems has
been explored by a number of groups.9,10,43−46 To date, however,
only a few examples of donor- or acceptor-expanded radialenes
have been reported.18,28 Finally, donor−acceptor-expanded
radialenes remain unknown, and there have been no attempts
to document cross-conjugated interactions in these derivatives
using theory.
Our group has recently reported a modular approach for the

synthesis of perphenylated expanded [n]radialenes29 and
radiaannulenes.22,29 This approach has been especially useful in
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Figure 1. Schematic structure of [n]radialenes and expanded [n]-
radialenes.
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producing expanded [4]radialenes28,29 (i.e., Figure 1, 2 with
m = 1) from acyclic iso-polydiacetylene (iso-PDA) precursors,47

both in terms of yield and product stability. The successful
synthesis of an expanded [4]radialene seemingly comes about
through a balance achieved between ring strain present in a
smaller expanded [3]radialene and the steric and/or entropic
effects that challenge the formation of larger expanded [5]- and
[6]radialenes.29 With this in mind, expanded [4]radialenes were
chosen as the 2D cross-conjugated framework for incorporating
electron donors and acceptors. The results of our synthetic
efforts are reported herein, and experimentally obtained elec-
tronic absorption and X-ray crystallographic analyses are then
compared and explained through the use of quantum chemical
computational results using density functional theory (DFT) and
time-dependent DFT (TDDFT). This combined effort allows
for the evaluation of effects based on incorporation of donor and
acceptor groups to the expanded radialene skeleton and com-
munication via cross-conjugation.

■ RESULTS AND DISCUSSION

Synthesis. The synthesis of D/A-substituted expanded
[4]radialenes 4 was envisioned from two different approaches
(Figure 2). The first method, Route I, would seem to offer the
greatest potential for product diversity through the incorporation
of orthogonal alkyne protecting groups to the framework of
radialene 5. Thus, radialene 5 could be assembled from iso-PDA
6 and dibromoolefin 7, and this would be followed by selective
removal of either the acetone or triisopropylsilyl protecting
groups to allow for installation of the D and/or A substituents via
a Sonogashira cross coupling48,49 with the appropriate aryl halide.
An alternative approach (Route II) makes use of expanded ra-
dialene 8, in which donor functionalities have already been
incorporated via the ring-closure reaction of iso-PDA 9 and
dibromoolefin 7. The D−A substituted expanded [4]radialenes

could then be obtained via desilylation of 8 and Sonogashira
cross-coupling of the resulting terminal alkyne with the
appropriate aryl halide.
Following Route I, the assembly of 5 began with the formation

of tetraethynylethene 10 via the Sonogashira cross-coupling reac-
tion of the known dibromoolefin 750 with 2-methyl-2-but-3-ynol
(Scheme 1).51 It is noteworthy that the presence of the two
2-hydroxyprop-2-yl groups52,53 is also predicted to help in the
chromatographic purification due to the increased polarity of the
alcohol functional groups in comparison to the more commonly
used trialkylsilyl groups. Selective removal of the triisopropylsilyl

Figure 2. Retrosynthetic analysis of D−A-substituted expanded [4]radialenes.

Scheme 1. Synthesis of iso-PDA 13a

aReagents and conditions: (a) Pd(PPh3)4, CuI, Et3N, THF, reflux, 24 h
(80%); (b) TBAF, wet THF, 0 °C; (c) 12, Pd(PPh3)4, CuI, iPr2NH,
THF, reflux, 24 h (86% from 10).
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protecting groups in 10 was effected using TBAF in THF at 0 °C
to give the terminal alkyne 11. With the expectation that 11
would not be particularly stable to purification, it was carried on
following workup to a Sonogashira reaction with vinyl triflate
1247 to afford orthogonally protected iso-PDA 13 in 86% isolated
yield after column chromatography.
Selective removal of the tert-butyldimethylsilyl groups in iso-

PDA 13 with TBAF in wet THF at 0 °C gave 14, which was
quickly carried on to a Sonogashira cross-coupling reaction
with dibromoolefin 7 (Scheme 2) using conditions reported for
the formation of other, analogous expanded [4]radialenes.28,29

This cross-coupling reaction gave the orthogonally protected
expanded [4]radialene 5 in 30% yield, and while this macro-
cyclization reaction was less efficient than hoped, it gave
sufficient material for subsequent derivatization.
With the orthogonally protected building block 5 in hand,

the introduction of donor and acceptor groups to the cross-
conjugated framework was explored. Given that the Sonogashira
reaction with electron-deficient arenes should progress better
than that with electron-rich arenes, the former were used first to
establish the methodology. To this end, 5 was treated with KOH
in refluxing benzene to remove the 2-hydroxyprop-2-yl pro-
tecting groups. As this reaction progressed, however, TLC ana-
lysis indicated that liberation of the terminal acetylenes was
accompanied by the significant decomposition of the radialene
product, as evidenced by the development of significant baseline
material. In retrospect, this was probably not completely
surprising given the electron-deficient nature of the radialene
and the potential instability toward hydroxide at elevated tem-
perature. In spite of the inefficient deprotection, however, the
resulting product bearing two terminal alkynes could be pushed
forward to a 2-fold Sonogashira cross-coupling reaction with
either p-iodobenzonitrile or p-iodonitrobenzene. This gave
acceptor-substituted expanded [4]radialenes 15 and 16 in 52%
and 13% yield, respectively, as stable solids. Further elaboration
of these derivatives was, however, abandoned due to procedural
difficulties with this protocol and moderate to low yields of 5 and
15−16.
Although expanded [4]radialene 5 was not deemed a good

precursor to form a donor−acceptor radialene, it did provide a
valuable precursor for the synthesis of derivatives 17−19, which

served as model compounds to explore the effects of stepwise
D/A substitution of the radialene skeleton. Thus, treatment of
5 with TBAF in wet THF at 0 °C effectively removed the
triisopropylsilyl groups without appreciable decomposition. The
deprotected radialene was then used in a 2-fold Sonogashira
cross-coupling reaction with p-iodo-N,N-diisopropylaniline,
p-iodobenzonitrile, or p-iodonitrobenzene to give 17−19,
respectively. Following column chromatography, the D/A-
expanded [4]radialenes 17−19were isolated in good to excellent
yield as air-stable solids with decomposition points in the range
of 180−230 °C as measured by differential scanning calorimetry
(DSC).
In view of the difficulties encountered with the removal of the

2-hydroxypropyl protecting groups from 5, the alternative route
to donor−acceptor radialenes was pursued i.e., incorporation of
the donor moieties at the initial stage of the synthesis (Figure 1,
Route II). Starting with tetraethynylethene 20 (Scheme 3), proto-
desilylation with K2CO3 in MeOH/THF removed the tri-
methylsilyl groups to give 21, which was used directly in a 2-fold
Sonogashira cross-coupling reaction with vinyl triflate 1247 to
give iso-PDA 22 in 76% isolated yield. Removal of the two tert-
butyldimethylsilyl groups of compound 22 in the usual way using
TBAF liberated the terminal alkynes, and this desilylated product
was carried on to a Sonogashira cross-coupling reaction with
dibromoolefin 7 to give the desired radialene 23 as a red solid in
27% isolated yield. While the yield of 23was modest, purification
was reasonably straightforward using a sequence of column
chromatography and recrystallization from CH2Cl2. Gratifyingly
desilylation of 23 proceeded smoothly in the presence of TBAF,
with little or no evidence of decomposition based on TLC ana-
lysis. Following desilylation and workup, the product was carried
on directly to a Sonogashira cross-coupling reaction with 4-iodo-
N,N-diisopropylaniline to give the donor-substituted expanded
[4]radialene 24 in a reasonable isolated yield of 40% yield. An
analogous sequence starting with 23 also generated the D−A
expanded [4]radialenes 25 and 26 in acceptable yield. DSC
analysis confirmed that functionalized [4]radialenes 23−26, with
decomposition points in the range of 240−300 °C, showed
stability similar to that of 17−19. Thus, it seemed clear at this
point that the latter synthetic pathway, Route II, as outlined in

Scheme 2. Synthesis of Donor and Acceptor Expanded [4]Radialenes 15−19a

aReagents and conditions: (a) TBAF, wet THF, 0 °C; (b) 7, Pd(PPh3)4, CuI, iPr2NH, THF, reflux, 24 h; (c) KOH, PhH, reflux. (d) 4-I-C6H4-X
(X = NiPr2, CN, or NO2), Pd(PPh3)4, CuI, iPr2NH, THF, reflux, 15−18 h.
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Figure 3.ORTEP drawings 16 and 23. (a, b) Top-down view of 16 and 23, respectively. (c, d) Side-on view of 16 and 23, respectively. ORTEPs drawn at
30% level. H atoms and cocrystallized solvent removed for clarity; only ipso-carbon of alkylidene phenyl rings are shown in (c) and (d).

Scheme 3. Synthesis of Donor and/or Donor−Acceptor Expanded [4]Radialenes 23−26a

aReagents and conditions: (a) K2CO3, THF/MeOH, rt; (b) 12, Pd(PPh3)4, CuI, iPr2NH, THF, reflux, 24 h; (c) TBAF, wet THF, 0 °C; (d) 7,
Pd(PPh3)4, CuI, iPr2NH, THF, reflux, 24 h; (e) I-C6H4-X (X = NiPr2, CN, or NO2), Pd(PPh3)4, CuI, iPr2NH, THF, 40−50 °C, 15−18 h.
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Scheme 3 offered the more efficient and reasonably versatile
route to D−A-expanded [4]radialenes.
Whereas removal of the acetone protecting groups from

expanded [4]radialene 5 proved difficult (vide supra), selective
removal of this protecting group from iso-PDA 13 in the presence
of the tert-butyldimethylsilyl group was quite successful for
preparing acyclic model compounds, iso-PDAs 27 and 28 (eq 1).
Thus, treatment of iso-PDA 13 with KOH in benzene gave the
terminal alkynes, and, following workup, the crude product was
carried on to the Sonogashira reaction with either 4-iodo-
benzonitrile or 4-iodonitrobenzene to give acceptor-containing
iso-PDAs 27 and 28 in 57% and 59% isolated yield, respectively,
over the two steps from 13.

X-ray Crystallography. Crystals of acceptor-substituted
expanded [4]radialene 16 have been grown by slow evaporation

of CH2Cl2 solution. Conversely, crystals of donor-substituted
expanded [4]radialene 23 suitable for X-ray crystallography have
been grown from a CH2Cl2 solution that had been layered with
hexanes and refrigerated at 4 °C. ORTEP drawings for both
molecules are shown in Figure 3 from both a top-down and
side-on perspective. In general, both molecules show a similar
overall conformation, with a slight “cupping” of the conjugated
framework that is best appreciated from the side-on views in
Figure 3c,d.
From the top-down view, it is clear that the bond angles at the

carbon atoms of the acetylene bonds of the cross-conjugated
enyne skeleton deviate from the linear value of 180°. Krebs, in his
review on strained cycloalkynes, regarded acetylenic bond angles
less than 170° as being strained.54 Radialenes 16 and 23 are thus
“strained” macrocycles, such that the crystal structure of 23
shows acetylenic bond angles within the macrocyclic core that
range from 165.5(17)° to 172.5(17)° (see Table 1), while the
analogous bond angles for 16 span a range from 165.9(3)° to
171.2(3)°, in line with other expanded [4]radialenes reported to
date.28,29 The endocyclic alkylidene bond angles based on the
TEE fragments of 16 and 23 (C2−C3−C4 and C8−C9−C10)
all fall in a narrow range of 112.6° to 113.5°. These values also
reflect the ring strain in 16 and 23, as the bond angles are
somewhat smaller than values of 115−120° found for TEE units
in acyclic molecules.18,55 The endocyclic alkylidene angles of
the two gem-diethynylethene (DEE) segments of 16 and 23

Table 1. Selected X-ray (Black) and Computed (Red) Bond Lengths and Angles for the Expanded [4]Radialenes 16 and 23
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(C5−C6−C7 and C11−C12−C1) span a range from 109.5° to
110.7°, and this is again slightly smaller than similar angles of ca.
113−115° typically found in acyclic molecules.47 The side view
of both 16 and 23 shows that the conjugated structures are both
slightly curved. The nitrophenyl groups of 16 are rotated out of
planarity by ca. 68 and 31°, while those of the N,N-diiso-
propylaniline rings are twisted by 30° and 36° relative to the
radialene framework. Thus, in both cases π-electron communi-
cation is diminished between the conjugated framework of the
radialene and the donor and acceptor groups in the solid state.
UV−vis Absorption Spectroscopy. The absorption

spectra of selected radialenes and iso-PDA model compounds
have been measured in dichloromethane at room temperature,
and the results are summarized in Table 2. In principle, two main
questions come to mind with respect to the absorption spectra
of these compounds. (1) What is the influence of the cross-
conjugated macrocyclic framework in comparison to that of the
acyclic diacetylene (iso-PDA), and (2) are donor−acceptor
interactions mediated through the macrocyclic framework? The
answer to both of these questions, to some extent, can potentially

be answered by considering if the lowest energy absorption(s) of
a D−A radialene are dominated by the longest linearly conju-
gated segment(s), as would be expected in the absence of a
significant contribution from cross-conjugation (Figure 4).
One way to empirically address the first question is to examine

whether the electronic make up of the expanded [4]radialenes is
greater than the sum of its parts, i.e., is the radialene spectrum
simply a summation of contributions from the contributing iso-
PDA segments? The lowest energy λmax of iso-PDA 22 appears at
475 nm, with evidence of a shoulder at ca. 500 nm (Figure 5a).
Donor radialenes 17 and 23, on the other hand, each show a low
energy shoulder absorption (550 and 544 nm, respectively), with
similar molar absorptivities. Thus, in comparison to acyclic 22,
radialenes 17 and 23 clearly show electronic absorptions that
cannot be explained through consideration of the longest linearly
conjugated segments of 22 (see Figure 4). Fully substituted “bis-
donor” radialene 24 incorporates aniline groups in both the
“North” and “South” positions and shows a strong low energy
absorption at 492 nm that merges with a shoulder absorption
at 535 nm. These absorptions correlate well with those of

Table 2. Experimental (λexp) and Computational (λcom) UV−vis Absorption and Experimental Emission Data (λem) for iso-PDAs
and Expanded [4]Radialenesa

aH = HOMO, L = LUMO, f = oscillator strength; experimental absorption and emission data measured in CH2Cl2.
bExcitation at 425 nm. cNot

measured. dA shoulder absorption is evident for 15 (as observed for 18), but it is not possible to accurately estimate a maximum for this signal. eNo
significant observed emission. fCompound has not been synthesized, thus experimental data is not available.
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“mono-donor” 17 and 23, although the absorption intensity is
significantly greater for 24. It is interesting to note that the lowest
energy absorption for 24 is actually slightly blue-shifted rela-
tive to 17 and 23, although the difference is not particularly
significant.56

The electronic absorption spectrum of D−A radialene 26 also
differs quite significantly from that of its subunits, namely donor
and acceptor iso-PDAs 22 and 28, respectively (Figure 5b). Most
significantly, a low energy shoulder absorption is observed for 26
at 582 nm, while 22 and 28 show absorptions only at 475 and
459 nm, respectively. An analogous comparison of the spectrum
of D−A substituted 25 to its constituents parts, i.e., donor-
substituted iso-PDA 22 and acceptor-substituted iso-PDA 27,
also reveals a lower energy shoulder absorption at 573 nm in the
spectrum of 25 that is notably absent in either iso-PDA (see
Figure S3). Gratifyingly, the red-shifted absorption character-
istics found for the cyclized structures can be explained com-
putationally, as will be discussed below.
An analysis similar to that just described above can be used

to examine the impact of D−A substitution to the radialene
framework (Figure 6a). Thus, a comparison of the spectrum of
D−A-substituted 26 to that of donor-substituted 17 and
acceptor-substituted 19 reveals that the lowest energy λmax of
26 (a shoulder absorption at 582 m) occurs at the lowest energy.

Similarly, a comparison of the spectrum of cyano-substituted
D−A-substituted radialene 25 to that of donor-substituted 17
and acceptor-substituted 18 shows that λmax of 25 (a shoulder ab-
sorption at 573 nm) also falls at the lowest energy (see Figure S4,
Supporting Information). Thus, the λmax of 26 (and 25) is indeed
found at slightly lower energy than that of the radialenes that
contain either of the donor or acceptor “parts”, but the intensity
of the lowest energy shoulder absorption is noticeably lower that
that of donor substituted 17. The weakness of the λmax absorption
for 25 and 26 appears to result from a minimal oscillator strength
of the HOMO −> LUMO transition, as suggested by calcu-
lations (vide infra).57

Finally, a comparison of the three expanded [4]radialenes
24−26 shows that all three feature a total of three major ab-
sorptions, centered at ca. 300, 400, and 500 nm (Figure 6b). Fur-
thermore, each macrocycle shows a lower energy shoulder
absorption. It is worth noting that the energy of the lowest energy
absorption for the two D−A substituted expanded [4]radialenes
25 and 26 (at 573 and 582 nm, respectively) is very similar in
energy, likely originating from donor−acceptor interaction (vide
infra). Conversely, the low energy absorption for 24 (492 nm)
merges with the shoulder at 535 nm to give a far more intense
absorption than either 25 or 26.
To complement the absorption spectra, emission spectra have

been measured in deoxygenated CH2Cl2 with an excitation
wavelength of 425 nm (Table 2 and selected spectra in Figure S5,
Supporting Information).58 In general, each compound shows a
single broad emission peak. There is not a large variance in the
associated Stokes shifts that range from 90 to 134 nm (0.37−
0.57 eV), although the values of the iso-PDAs are slightly higher
that those of the radialenes, probably as a result of structural
rigidification upon macrocyclization. The incorporation of both
donor and acceptor moieties to give D−A radialenes 25 and 26
results in quenching of the fluorescence, as has been observed for
other acetylenic scaffolds containing donor and acceptor
substituents.59,60 Thus, the fluorescence quenching in 25 and
26 is consistent with D−A communication in these macrocycles,
but certainly does not constitute proof of a D−A interaction.

Figure 4. Schematic representation of the longest linearly conjugated
segment of iso-PDAs and D/A expanded [4]radialenes (shown in bold).

Figure 5.UV−vis absorption spectra of (a) bis-donor radialene 24 in comparison to monodonor radialenes 17 and 23 and iso-PDA 22 and (b) donor−
acceptor radialene 26 in comparison to donor and acceptor iso-PDAs 22 and 28, respectively.
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Electrochemical Analysis. An analysis of selected [4]-
radialenes from this study has been done using cyclic volta-
mmetry, and the results are shown in Table 3 (individual CV
scans are provided in the Supporting Information). In general,
oxidation potentials of derivatives containing dialkylaniline
moieties are dictated by the donor groups, and each shows an
irreversible event in the range of 0.3−0.4 V. In the absence of the
aniline group (e.g., 5, 18, 19), the first oxidation potential is
located at ca. 1.0−1.1 V, as reported for other expanded
[4]radialene derivatives.28 Conversely, reduction of radialenes
with only a single set of pendent dialkylaniline moieties (17 and
23) are quasi-reversible and located at ca. −1.7 V. Derivative 24,
with dialkylaniline substitution at both poles is slightly easier to
reduce at −1.52 V, suggesting that the larger π-system has a
greater influence on the reduction potential than the presence of
additional donor groups. Finally, acceptor substituted 19 shows

the most facile reduction (−1.35 V), qualitatively consistent with
calculated LUMO energies (vide infra).

■ THEORETICAL CONSIDERATIONS

In order to examine the nature of the electronic transitions and to
better explain the electronic features of the D/A-substituted
radialenes, a series of quantum chemical calculations have been
carried out. A computational approach also increases the pre-
dictive component of this study, since properties of all possible
D/A substitution patterns might be explored, i.e., even those that
are not yet accessible experimentally (e.g., calculated properties
for 16′ and 29′). Most importantly, the computational results
allow amuchmore complete analysis of the effects of ring closure
and donor/acceptor functionalization.

Computational Details. The ground-state geometries were
obtained using density functional theory (CAM-B3LYP61

functional and the 6-31G(d,p) basis set, as implemented in the
Gaussian 0962 program). The spectrum of the molecular Hessian
shows that the optimized structures represent energy minima in
each case. The vertical singlet excited states and transition dipole
moments were computed using time dependent density func-
tional theory (TDDFT) with the same functional and basis set.
Solvent effects were not included. CAM-B3LYP and other long-
range exchange-corrected methods were shown to alleviate the
problem of B3LYP and other DFT functionals to predict the
structure and electronic properties of extended π-conjugated
systems.63−66 For linear polyene and polyyne systems, the CAM-
B3LYP/6-31G(d,p) method was reported to yield structures and
excitation energies65,66 that are in good agreement with experi-
ment. In this work, the comparison of the computed values with
the experimental data show excellent agreement for the struc-
tures and at least qualitative agreement for the UV−vis spectra
(vide infra). When appropriate, TIPS, TBDMS, or Me2(HO)C
groups have been replaced with a hydrogen atom, for simplicity.
Calculated structures are otherwise based on the synthesized
molecules, and for clarity all calculated structures are denoted
with compound numbers containing a “prime” mark relative
to analogous experimental compound, e.g., donor−acceptor

Figure 6. UV−vis absorption spectra of (a) D−A radialene 26 in comparison to donor and acceptor radialene 17 and 19, respectively, and (b) D−A
radialene 25 and 26 in comparison to D−D radialene 24.

Table 3. Selected Electrochemical Data for Expanded
[4]Radialenes (Values in V)a

Ep ox1
b Ep ox2

b E1/2 red1
c E1/2 red2

c Ep red3
b

5 0.99 −1.42 −1.75 −2.01
17 0.37 0.48 −1.68 −1.87 −2.09
18 1.05 −1.41 −1.69
19 1.08 −1.35 −1.49
23 0.39 0.48 −1.65 −1.95
24 0.35 0.49 −1.52 −1.98
25 0.39 0.49 −1.44 −1.72
26 0.37 0.49 −1.40 −1.54 −2.02

aPerformed at a scan rate of 150 mVs−1 in deoxygenated CH2Cl2
containing 0.1 M NBu4PF6 as the supporting electrolyte. The
concentration in analyte was about 1 × 10−3 M. A 3.2 mm diameter
Pt disk was used as the working electrode, a Pt wire was used as the
counter electrode, and a Ag/Ag+ pseudoreference electrode was used
(0.01 M AgNO3, 0.1 M nBu4NPF6 in CH3CN). All values are versus
the Fc+/Fc couple that was used as internal reference. bPeak potential,
Ep, for irreversible waves estimated by reporting the Epa or Epc values of
the oxidation or reduction waves, respectively. cQuasi-reversible, in all
cases, based on the calculation E1/2 = (Epc + Epa)/2, where Epc and Epa
correspond to the cathodic and anodic peak potentials, respectively.
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radialene 26 becomes 26′ for the calculated structure (see
Scheme 4).
Comparison to Experiment: Computed and Solid-

State Structures. The calculated structures of radialenes 16′
and 23′ are both curved, similar to the solid-state geometry of 16
and 23 as determined by X-ray crystallography (vide supra).
Contrary to the experimental solid-state structures, which show
that the nitro and aniline aryl rings of the acceptor and donor
groups are rotated out of plane of the radialene framework, the
computed gas-phase structures predict a planarized geometry
in which π-electron communication between the func-
tionalized aryl rings is maintained with the conjugated framework
of the radialene. The computed equilibrium structures are 25−
30 kJ/mol lower in energy relative to the experimental geo-
metries, likely due to the absence of intermolecular interactions
(so-called crystal packing effects). Aside from this difference
in geometry, however, the agreement between computed and
experimental structures for the two radialenes is very good
(Table 1). The largest deviations in bond length and bond angle
amount to less than 0.015 Å and 3.5°, respectively. As expected
for DFT calculations on π-conjugated compounds, there is a
slight overestimation of electron delocalization, i.e., slightly
shorter single bonds along with slightly longer unsaturated
bonds.
Comparison to Experiment: UV−vis Absorption Spec-

tra.The agreement between experiment and computation is very

good for the longest wavelength absorptions of acyclic com-
pounds such as 22/22′ (λmax = 475/468 nm) and 28/28′ (λmax =
459/461 nm). The experimentally observed transitions for the
substituted radialenes, however, consistently occur at longer
wavelength than predicted by the calculations, such as donor sub-
stituted derivatives 17/17′ (λmax = 550/484 nm) and 23/23′
(λmax = 544/487 nm).
In spite of differences between experiment and theory in

absolute absorption values, specific comparisons clearly shed
light on general trends for these molecules based on structure. For
example, experimental measurements show a substantial red-
shift in λmax absorption upon moving from an acyclic structure
(e.g., 22 λmax = 475 nm) to the analogous cyclic radialene
framework (e.g., 17 λmax = 544 nm, Figure 5a). Computations
predict an analogous red shift as one moves from an acyclic
structure (22′ λmax = 468 nm) to a cyclic (e.g., 23′ λmax = 487 nm),
but the computed red-shift is considerably smaller than that
observed experimentally. A similar observation is made through
comparison of the acyclic D- and A-compounds (22 and 28,
respectively) to the D−A-substituted radialene 26 (Figure 5b).
The calculated λmax value for 26′ (519 nm, HOMO−LUMO) is
found at lower energy than either 22′ or 28′ (λmax = 468 and
461 nm), but the difference is less than that observed experi-
mentally.
The computations reproduce the slight blue shift in λmax

found in the experimental spectrum of tetra-donor 24 radialene

Scheme 4. Schematic Representation of the Effects of Macrocyclization and Substitution on HOMO−LUMO Energies and
Transition Wavelengthsa

aThe asterisk designates forbidden transitions; changes in HOMO and LUMO energy in atomic units (ΔE for LUMO in red and ΔE HOMO in
green) are shown above the arrow; the changes in HOMO−LUMO transition wavelength (Δ) upon functionalization are shown below the arrow,
D = 4-iPr2NC6H4−, A = 4-O2NC6H4−.
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(λmax = 535 nm) in comparison to bis-donor substituted radial-
enes 17 (λmax = 550 nm) and 23 (λmax = 544 nm). Furthermore,
the calculations suggest that the blue-shift for radialene 24 comes
as a consequence of a forbidden HOMO−LUMO transition for
the planar, centrosymmetric structure,57a,b i.e., the calculated
HOMO−LUMO transition for 24′ at 495 nm shows an oscillator
strength f = 0 (Table 2). Thus, λmax for 24′ arises from the
HOMO−1;LUMO+1 transition and appears at higher energy
(459 nm) than the allowed HOMO−LUMO transition of either
17′ (λmax = 484 nm) or 23′ (λmax = 487 nm).
Finally, computed absorption values are also consistent with

trends suggested experimentally for substituent effects mediated
by the radialene framework as shown in Figure 6a, namely that
the electronic structure of 26/26′ is more than just a sum of the
donor and acceptor parts represented byD- and A-radialenes 17/
17′ and 19/19′. Or put another way, a donor−acceptor inter-
action, even though weak, is observed (26) and predicted (26′)
for the cyclic structure based on λmax values. The same is true
when comparing the predicted λmax values of tetra-donor and
tetra-acceptor radialenes 24′ (λmax = 459 nm) and 29′ (λmax =
451 nm; the structure of 29′ is shown in Scheme 4), respectively,
in comparison to 26′ (λmax = 519 nm).
The HOMO, the LUMO, and the Band Gap. The

HOMO−LUMO transition is responsible for the lowest energy
transition in all cases that have been calculated (Table 2),
although in some cases this transition occurs with very low
oscillator strength ( f) or is symmetry forbidden ( f = 0). This fact
allows one to examine an evolution of the electronic makeup of
the molecules, based on molecular structure and the associated
energy gap between of these two orbitals. The cycle shown in
Scheme 4 was constructed to present, in a systematic way, the
response in orbital energies and absorption frequencies to
macrocyclization as well as to the introduction of donor and/or
acceptor substituents. Scheme 4 clearly shows that starting from
the acyclic iso-PDA units (13′, 22′, and 28′), formation of the
correspondingmacrocycle 5′, 23′, and 16′, respectively, results in
a decrease in the HOMO−LUMO gap, i.e., macrocyclic cross-
conjugation is present.55 Closer inspection shows that this is
mainly a result of the stabilization of the macrocycle LUMO,
while the energy of the corresponding HOMO is much less
affected. For the substituted pair 13′ and 5′, the HOMO−
LUMO energy decreases by 0.016 au upon cyclization, most of
which is attributed to stabilization of the LUMO (0.014 au).
Similarly, the LUMO of 23′ is stabilized by 0.013 au relative to
22′, while the HOMO and LUMO of the acceptor substituted
compound 16′ respond equally to ring closure (0.005 au each).
Figure 7 shows that the effect of ring closure is not limited to the
LUMO, but rather, that the entire band of low-lying unoccupied
orbitals responds to ring formation with an energy lowering in all
cases. The energies of the occupied orbitals, on the other hand,
remain vastly unaffected. Hence, the red shift of λmax values upon
macrocycle formation observed experimentally and computa-
tionally appears to be a consequence of the stabilization of the
unoccupied, virtual orbitals.
As one continues through the cycle in Scheme 4, the relative

contributions of the donor and acceptor are also clear. Using
unfunctionalized 13′ as a starting point, there is a strong desta-
bilization of the HOMO (+0.029 au) for 22′ upon addition of
the two donors and an equally strong stabilization of the LUMO
(−0.029 au) for 28′ upon acceptor substitution. If D-/A-
substituents are added directly to the radialene structure (5′), the
effect on the HOMO and LUMO is similar but somewhat less
pronounced (+0.026 and −0.020 au, respectively). Thus, this

description is consistent with observations from experimental
UV−vis spectroscopy, which show that the red-shift in λmax is
more significant upon donor substitution (compare 22 and 28,
Table 2) than that for acceptor substitution (compare 23 and 16,
Table 2).
The addition of a second set of donor or acceptor groups to a

radialene framework (i.e., going from 23′ to 24′ and 16′ to 29′,
respectively) leads to an additional, although small, reduction of
the HOMO−LUMO gap. The largest effect is on the LUMO of
29′, which is lowered in energy by 0.010 au. An analogous con-
clusion comes from examination of Figure 7, which schematically
demonstrates that the energies of the individual orbital com-
ponents of D−A-radialene 26′ arise from that of the donor
(HOMO) and acceptor (LUMO) radialenes 23′ and 16′,
respectively. Or to put it another way, the lower energy LUMOof
16′ and the higher energy HOMO of 23′ combine in 26′ to give
the lowest energy HOMO−LUMO transition of the molecules
described herein.

Observations Relating to the Charge Distributions in
the HOMOs and LUMOs. Visual inspection of the frontier
orbitals (Table 4) of the acyclic iso-PDAs and cyclic radialenes
emphasizes several interesting aspects of the electronic structure.
For example, the LUMOs of the expanded [4]radialenes show a
nodeless link at all four of alkylidene intersections, thus facili-
tating electron delocalization in the ring system. This contrasts
the construction of corresponding HOMOs, where a node is
found each alkylidene unit.67 The effects of the linkage between
the North and South “hemispheres” of the radialene skeleton can
be appreciated by considering the scheme outlined in Figure 4.
Whereas the energy of the HOMO of the expanded 4-radialenes
bearing one set of substituents (i.e., 23′ and 16′) hardly differs
from the energy of the HOMO of the corresponding iso-PDA
segments (i.e., 22′ and 28′), the response of the LUMO energy is
much more obvious. Thus, the nodal structure helps explain that
the response of the HOMO to ring formation is much less than
the one of the LUMO (i.e., comparison of 5′ with 13′). Finally,
the largest substituent effect is found for the D−A radialenes
25′ and 26′, for which the LUMO is concentrated near the
acceptor on the “southern” hemisphere of the radialene, while
the donor dominates the HOMO on the “northern” hemisphere.
This spatial separation offers the prospect of efficient photo-
induced HOMO to LUMO charge-transfer.27

Figure 7. Energies of the frontier molecular orbitals (HOMO−3 to
LUMO+3) for selected iso-PDAs and radialenes.
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Table 4. HOMO and LUMO Orbital Plots for iso-PDAs and Expanded [4]Radialenesa,b
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■ CONCLUSIONS

In conclusion, the first examples of donor- and/or acceptor
substituted expanded [4]radialenes have been synthesized
using a sequence of alkyne deprotection and Sonogashira
cross-coupling reactions to assemble and decorate the cross-
conjugated scaffolds. The UV−vis spectroscopic data for
25 and 26 show that D−A substitution affords a smaller band
gap for these radialenes as compared to either donor or
acceptor substitution alone; i.e., the UV−vis spectra are
not just the result of the superposition the components
of the donor and acceptor fragments. This observation is
supported by the computational study that shows trends in
absorption spectra for acyclic iso-PDAs and cyclic radialenes

mirror those found observed experimentally, in spite of
small discrepancies between experimental and computational
data originating from deficiencies of the quantum chemical
model. More importantly, calculations also support the
conclusion that the electronic absorption characteristics of
D−A-radialenes are more than a simple linear combination of
the individual donor and acceptor “parts” of the macrocycle.
Thus, experiment and theory confirm that the [4]radialene
structure does indeed provide for donor−acceptor inter-
actions across the cross-conjugated framework, and the
electronic makeup is not limited to the longest linearly
conjugated segment.

Table 4. continued

aCalculated structures are designated with a prime (′), referring to the experimental structure that it represents. bD = 4-iPr2NC6H4−, A =
4-O2NC6H4−, A′ = 4-NCC6H4−.

cFor calculations, the iPr3Si, tBuMe2Si, or HOMe2C group of the experimental structure has been replaced with H.
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■ EXPERIMENTAL SECTION
General Details. Reagents were purchased in reagent grade from

commercial suppliers and used without further purification. Function-
alized aryl acetylenes were prepared via Sonogashira cross-coupling of
the corresponding aryl halide and trimethylsilylacetylene followed by
protiodesilylation using K2CO3 in THF/MeOH (ca. 1:5). THF and
Et2O were distilled from sodium benzophenone ketyl. Anhydrous
MgSO4 was used as the drying agent after aqueous workup. Filtration,
evaporation, and concentration in vacuo were done at water aspirator
pressure. All reactions were performed in standard, dry glassware under
an inert atmosphere of argon. Column chromatography: silica gel (230−
400 mesh). Thin-layer chromatography (TLC): precoated plastic sheets
covered with 0.20 mm silica gel with fluorescent indicator UV 254 nm;
visualization by UV light or KMnO4 stain. Melting points are un-
corrected. 1H and 13C NMR spectra are collected at 27 °C in CDCl3,
CD2Cl2, THF-d8, and (CD3)2CO; solvent peaks as reference. Coupling
constants are reported as observed (±0.5 Hz). For simplicity, the
coupling constants of the aryl protons for para-substituted aryl groups
have been reported as pseudo first-order (i.e., doublets), even though
they are second-order (AA′XX′) spin systems.
UV−vis spectra were acquired at rt; λmax in nm (ε in M−1 cm−1). The

λmax of shoulder absorptions are approximated to beGaussian curves and
the value of both the absorption and molar absorptivity were estimated
based on this approximation. Emission spectra were recorded on
deoxygenated solutions.
For mass spectral analyses, low- and high-resolution data are provided

in cases whenM+ was not the base peak. Otherwise, only high-resolution
data are provided. The samples for ESI TOF mass spectrometry were
dissolved in CH2Cl2 and made use of a 3:1 MeOH/toluene mixture as
the carrier solvent. MALDI TOF mass spectrometry used the matrix
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB).
All thermal analyses were carried out on under a flow of nitrogen with

a heating rate of 10 °C/min. Melting points from DSC analysis are
reported as the peak maxima, except in cases when the sample decom-
posed, in which case the onset temperature of the decomposition
exothermic peak is reported, as well as the exothermic maxima corre-
sponding to the decomposition.
General Procedure A. Tetraethynylethene (TEE) Formation. The

terminal acetylene (10.4 mmol) was added to a degassed and dry solu-
tion of the dibromoolefin (2.61mmol) and THF/Et3N or Et3N (50mL)
in THF. PdCl2(PPh3)2 (0.13mmol) or Pd(PPh3)4 (0.13 mmol) andCuI
(0.26 mmol) were added sequentially and the solution stirred at rt until
TLC analysis showed the absence of the dibromoolefinic starting
material (ca. 2−3 d). Et2O (10 mL) and NH4Cl (25 mL) were added,
the organic phase was separated, washed successively with satd aq
NH4Cl (2 × 50 mL), H2O (2 × 50 mL), and brine (2 × 50 mL), dried
(MgSO4), and filtered, and the solvent was removed in vacuo. Column
chromatography (silica gel) yielded the desired TEE.
General Procedure B. iso-Polydiacetylene (iso-PDA) Formation.

Unless otherwise noted in the individual procedures, a mixture of the
appropriate trimethylsilyl- or triisopropylsilyl enyne and K2CO3 (ca.
1 equiv) or TBAF (2.2 equiv) in wet THF/MeOH (1:4, 25 mL) or THF
(25 mL), respectively, was stirred under the conditions described in the
individual procedures until the starting material was no longer visible by
TLC analysis. Et2O (10 mL) and saturated aq NH4Cl (5 mL) were
added, and the organic phase was separated, washed successively with
saturated aq NH4Cl (2 × 50 mL), H2O (2 × 50 mL), and brine (2 ×
50 mL), dried (MgSO4), filtered, reduced to ca. 2 mL, and added to a
deoxygenated solution of the vinyl triflate 12 (1 equiv per coupling
event) in THF (20 mL). Pd(PPh3)4 or PdCl2(PPh3)2 (ca. 0.05 equiv),
iPr2NH or Et3N (ca. 4 mL), and CuI (ca. 0.10 equiv) were sequentially
added, and the solution was stirred under conditions described in the
individual procedures until TLC analysis no longer showed the presence
of the desilylated enyne (ca. 24 h). Et2O and H2O were added, the
organic phase was separated, washed with saturated aq NH4Cl (2 ×
50 mL), H2O (2 × 50 mL), and brine (2 × 50 mL), dried (MgSO4),
and filtered, and the solvent was removed in vacuo. Flash column
chromatography and/or precipitation from CH2Cl2 by the addition of

Et2O, hexanes, or washing with MeOH provided the desired enyne
oligomer.

General Procedure C. Radialene Formation. Unless otherwise
noted in the individual procedures, a mixture of the appropriate tert-
butyldimethylsilyl or triethylsilyl iso-PDA and TBAF (2.2 equiv) in wet
THF (10 mL) was stirred under the conditions described in the
individual procedures until the starting material was no longer visible
by TLC analysis. Et2O (10 mL) and saturated aq NH4Cl (5 mL) were
added, and the organic phase was separated, washed successively with
saturated aq NH4Cl (2 × 50 mL), H2O (2 × 50 mL), and brine (2 ×
50 mL), dried (MgSO4), filtered, reduced to ca. 2 mL, and added
to a deoxygenated solution of the dibromoolefin in THF (20 mL).
Pd(PPh3)4 or PdCl2(PPh3)2 (ca. 0.05 equiv), iPr2NH or Et3N, and CuI
(ca. 0.10 equiv) were sequentially added, and the solution was refluxed
until TLC analysis no longer indicated the presence of the deprotected
iso-PDA (ca. 15−24 h). CH2Cl2 (10 mL) and saturated aq NH4Cl
(5 mL) were added, the organic phase was separated, washed succes-
sively with saturated aq NH4Cl (2 × 50 mL), H2O (2 × 50 mL), and
brine (2 × 50 mL), dried (MgSO4), and filtered, and the solvent was
removed in vacuo. Flash column chromatography and/or precipitation
fromCH2Cl2 by the addition of Et2O or hexanes or washing withMeOH
provided the desired radialene.

General Procedure D. Radialene Functionalization. Part one,
desilylation: To a solution of the appropriate triisopropylsilyl-substituted
expanded [4]radialene in wet THF (10 mL) at 0 °C was added TBAF
(2.2 equiv) and the solution stirred until the starting material was no
longer visible by TLC analysis (ca. 5−10min). Et2O (5mL) and saturated
aq NH4Cl (2 mL) were added at 0 °C, and the organic phase was
separated, washed successively with saturated aq NH4Cl (2 × 50 mL),
H2O (2 × 50 mL), and brine (2 × 50 mL), dried (MgSO4), filtered, and
reduced to ca. 2 mL. Part two, cross coupling: The solution from part one
was added to a degassed solution of the appropriate aryl iodide in THF
(2 mL). Pd(PPh3)4 (ca. 0.05 equiv), iPr2NH (0.5 mL), and CuI (ca.
0.1 equiv) were added sequentially, and the solution was stirred under
conditions described in the individual procedures until TLC analysis no
longer showed the presence of the deprotected radialene (ca. 15−18 h).
Et2O (5 mL) and saturated aq NH4Cl (2 mL) were added, the organic
phase was separated, washed successively with saturated aq NH4Cl (2 ×
25 mL), H2O (2 × 25 mL), and brine (2 × 25 mL), dried (MgSO4), and
filtered, and the solvent was removed in vacuo. Flash column
chromatography and/or precipitation/washing with Et2O, hexanes, or
MeOH provided the functionalized expanded radialene.

Radialene 5. iso-PDA 13 (0.024 g, 0.027 mmol) was desilylated
using TBAF (0.05 mL, 0.05 mmol, 1.0 M in THF) and cross-coupled
with dibromoolefin 7 (0.015 g, 0.027 mmol) according to general
procedure C. Flash column chromatography (silica gel, EtOAc/hexanes
1:9 → 3:7) and two-solvent recrystallization using CH2Cl2/hexanes at
5 °C provided 5 (0.0084 g, 30%) as a yellow solid: mp 201−202 °C
(discolors, dec); Rf = 0.52 (EtOAc/hexanes 1:1); UV−vis (CH2Cl2)
λmax (ε Lmol

−1 cm−1) 436 (sh, 29900), 393 (127800), 275 (31000) nm;
IR (CH2Cl2, cast) 3402 (br), 3083, 3054, 2942, 2865, 2168, 2136,
1278 cm−1; 1H NMR (400 MHz, CDCl3) δ 7.42−7.37 (m, 14H), 7.31−
7.28 (m, 6H), 1.45 (s, 2H), 1.31 (s, 12H), 0.94−0.85 (m, 42H) ppm;
13C NMR (100MHz, CDCl3) δ 153.4, 140.6, 139.6, 131.1, 130.8, 129.5,
129.2, 128.0, 127.9, 117.5, 116.8, 111.9, 110.1, 104.0, 103.7, 103.6, 102.7,
102.5, 101.9, 96.2, 95.1, 79.5, 65.4, 30.9, 18.6, 11.2 ppm; HRMSMALDI
m/z calcd for C72H76O2Si2 [M]+ 1028.5378, found 1028.5377. DSC:mp
189 °C; dec 203 °C (onset), 205 °C (peak).

TEE 10. Dibromoolefin 7 (2.81 g, 5.14 mmol) and 2-methyl-3-
butyn-2-ol (1.73 g, mL, 12.00 mL, 20.6 mmol) were subjected to TEE
formation in Et3N/THF (1:1 v/v, 25 mL) for 1 d according to general
procedure A to afford 10 (2.274 g, 80%) as a colorless solid: mp 110−
112 °C (discolors, dec); Rf = 0.37 (EtOAc/hexanes 3:10); IR (CH2Cl2,
cast) 3344 (br), 2944, 2866, 2208, 2146, 1240 cm−1; 1HNMR (500MHz,
CDCl3) δ 2.02 (s, 2H), 1.55 (s, 12H), 1.10 (s, 42H) ppm;

13CNMR (125
MHz, CDCl3, APT) δ 117.8, 116.0, 103.6, 102.7, 101.5, 79.7, 65.7, 31.1,
18.7, 11.2 ppm; ESI HRMS calcd for C34H56NaO2Si2 ([M + Na]+)
575.3711, found 575.3714. Anal. Calcd for C34H56O2Si2: C, 73.85; H,
10.21. Found: C, 73.79; H, 10.24.
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iso-PDA 13. Compound 10 (0.31 g, 0.56 mmol) was desilylated
using TBAF (1.2 mL, 1.2 mmol, 1.0 M in THF) and cross-coupled with
vinyl triflate 12 (0.522 g, 1.12 mmol) in deoxygenated THF (5 mL) in
the presence of Pd(PPh3)4 (0.032 g, 0.028 mmol), iPr2NH (2 mL), and
CuI (0.011 g, 0.056 mmol) for 24 h at reflux according to general
procedure B. Flash column chromatography (silica gel, EtOAc/hexanes
1:5→ 1:1) provided compound 13 (0.42 g, 86%) as a yellow foam: mp
59−63 °C; Rf = 0.43 (CH2Cl2/hexanes 3:7); UV−vis (CH2Cl2) λmax
(ε L mol−1 cm−1) 395 (28400), 319 (26400), 255 (37800) nm; IR
(CH2Cl2, microscope) 3566, 3373 (br), 3082, 3055, 2981, 2954, 2929,
2857, 2184, 2142, 1250 cm−1; 1HNMR (500MHz, CDCl3) δ 7.40−7.25
(m, 20H), 1.87 (s, 2H), 1.49 (s, 12H), 0.79 (s, 18H), 0.03 (s, 12H) ppm;
13C NMR (125 MHz, CDCl3, APT) δ 158.6, 140.3, 139.6, 130.4, 130.3,
128.9, 128.5, 127.8, 127.7, 118.3, 115.2, 103.4, 103.0, 101.3, 97.1, 96.6,
88.2, 79.5, 65.5, 31.0, 26.0, 16.7,−4.8 ppm; ESIMSm/zHRMS calcd for
C60H64O2Si2Na [M + Na]+ 895.4337, found 895.4339. DSC: mp =
63 °C.
Radialene 15. Compound 5 (23 mg, 0.022 mmol) was combined

with KOH (0.002 g, 0.03 mmol) in C6H6 (10 mL) at reflux until the
starting material was no longer visible by TLC analysis (ca. 30 min). The
reaction was cooled to rt, and Et2O (5 mL) and saturated aq NH4Cl
(2 mL) were added. The organic phase was separated, washed succes-
sively with saturated aq NH4Cl (2 × 50 mL), brine (2 × 50 mL), dried
(MgSO4), filtered, and reduced to ca. 2 mL. This solution was then
carried on to a cross-coupling reaction with 4-iodobenzonitrile (10 mg,
0.045 mmol) in the presence of iPr2NH (2 mL), Pd(PPh3)4 (1 mg,
0.001 mmol), and CuI (2 mg, 0.002 mmol) for 40 h according to part 2
of general procedure D (cross coupling). Column chromatography
(silica gel, CH2Cl2) afforded 15 as an orange solid (12.7 mg, 52%): mp =
218−220 °C (discolors, dec); Rf = 0.68 (CH2Cl2). UV−vis (CH2Cl2)
λmax (ε L mol−1 cm−1) 414 (63900), 339 (27400), 265 (30100) nm; IR
(CH2Cl2, cast) 3050, 2921, 2859, 2359, 2228, 2163, 1602, 1461 cm−1;
1HNMR (400MHz, CD2Cl2) δ 7.61 (d, J = 8.8 Hz, 4H), 7.43−7.37 (m,
8 H), 7.36−7.31(m, 6 H), 7.27 (d, J = 8.4 Hz, 4H), 7.12 (t, J = 8.0 Hz,
4H), 6.98−6.94 (m, 2H), 0.94−0.83 (s, 42 H) ppm; 13C NMR
(100 MHz, CD2Cl2) δ 155.4, 140.2, 139.7, 132.7, 132.4, 131.2, 131.1,
130.2, 129.8, 128.3, 128.2, 127.0, 119.9, 118.7, 116.5, 112.7, 112.3, 109.3,
106.4, 104.1, 103.8, 103.7, 101.4, 96.51, 95.1, 90.0, 18.7, 11.5 ppm (one
signal coincident or not observed); HRMS ESI m/z calcd for
C80H70N2Si2Na ([M + Na]+) 1137.4970, found 1137.4963.
Radialene 16. Compound 5 (23 mg, 0.022 mmol) was combined

with KOH (0.002 g, 0.033 mmol) in C6H6 (10 mL) at reflux until the
starting material was no longer visible by TLC analysis (ca. 30 min). The
reaction was cooled to rt, and Et2O (5 mL) and saturated aq NH4Cl
(2 mL) were added. The organic phase separated, washed successively
with saturated aq NH4Cl (2 × 50 mL), brine (2 × 50 mL), dried
(MgSO4), filtered, and reduced to ca. 2 mL. This solution was then
carried on to a cross-coupling reaction with 4-iodonitrobenzene (10 mg,
0.045 mmol) in the presence of iPr2NH (2 mL), Pd(PPh3)4 (1 mg,
0.001 mmol), and CuI (2 mg, 0.002 mmol) for 40 h according to the
second part of general procedure D (cross coupling). Column chro-
matography (silica gel, CH2Cl2/hexanes 1:1) afforded 16 as an orange
solid (2.8 mg, 13%): Rf = 0.38 (CH2Cl2/hexanes 1:1); Rf = 0.68
(CH2Cl2);

1H NMR (300 MHz, CD2Cl2) δ 8.18 (d, J = 9.0 Hz, 4H),
7.45−7.43 (m, 8H), 7.44−7.36 (m, 10H), 7.17 (t, J = 8.0 Hz, 4H), 6.98
(t, J = 7.4 Hz, 2H), 0.93 (s, 42H) ppm; 13C NMR (100 MHz, CDCl3) δ
154.6, 147.3, 139.9, 139.3, 132.7, 131.0, 130.8, 129.7, 129.4, 128.9, 127.9,
127.8, 123.4, 116.4, 112.3, 108.2, 106.7, 103.8, 103.4, 103.0, 101.3, 99.6,
96.44, 95.7, 95.1, 91.0, 18.5, 11.1 ppm (spectrum suffers from low S/N
due to limited solubility, see the Supporting Information).
A crystal suitable for X-ray crystallography was grown from a CH2Cl2

solution of 16 which had been layered with hexanes and allowed to
slowly evaporate in the refrigerator at 4 °C. X-ray crystallographic data
for 16: C78H70N2O4Si2·0.5CH2Cl2, M = 1198.00; triclinic space group
P-1; ρcalcd = 1.153 g cm−3; a = 14.4760(4) Å, b = 15.8680(4) Å, c =
16.718(3) Å; α = 77.232(2)°, β = 81.703(2)°, γ = 67.4630(10)°; V =
3451.6(7) Å3; Z = 2; μ = 0.140 mm−1. Final R1(F) = R1 = 0.0851 (8325
observations) [F0

2 ≥ 2σ(F0
2)]; wR2 = 0.2569 for 825 variables, 5

restraints, and 12105 data with [F0
2 ≥ −3σ(F02)]; largest diff peak

and hole 0.791 and −0.717 e Å−3. Disorder within the triisopropylsilyl

groups was refined with the following occupancies: C104:C120 =
68:32% and C108/109:C121/C122 = 79:21%. CCDC 1012585.

Radialene 17. Compound 5 (0.025 g, 0.024 mmol) was desilylated
and cross-coupled with 4-iodo-N,N-diisopropylaniline (0.015 g,
0.048 mmol) in the presence of iPr2NH (2 mL), Pd(PPh3)4 (0.001 g,
0.001 mmol), and CuI (0.0004 g, 0.002 mmol) according to general
procedure D. Flash column chromatography (silica gel, EtOAc/hexanes
1:5 → 3:5) followed by washing with Et2O afforded 17 as a red solid
(0.019 g, 79%): mp 233−235 °C (discolors, dec); Rf = 0.38 (EtOAc/
hexanes 1:1); UV−vis (CH2Cl2) λmax (ε L mol−1 cm−1) 550 (24300),
486 (29000), 403 (70400), 397 (72600), 387 (70600), 283 (42700)
nm; fluorescence (CH2Cl2, λexc = 425 nm): λmax,em = 659 nm; IR
(CH2Cl2, cast) 3375 (br), 3052, 2972, 2928, 2170, 1602, 1294 cm

−1; 1H
NMR (500 MHz, CD2Cl2) δ 7.49−7.46 (m, 4H), 7.44−7.38 (m, 10H),
7.22−7.18 (m, 4H), 7.16−7.12 (m, 2H), 6.94 (d, J = 9.1 Hz, 4H), 6.70
(d, J = 9.1 Hz, 4H), 3.92 (septet, J = 6.9 Hz, 4H), 1.50 (s, 2H), 1.32 (d,
J = 6.9 Hz, 24 H), 1.26 (s, 12H) ppm; 13C NMR (125 MHz, CD2Cl2) δ
153.2, 149.3, 140.8, 140.0, 133.2, 131.3, 131.0, 129.7, 129.6, 128.4, 128.3,
117.4, 115.6, 114.2, 112.2, 110.5, 108.6, 104.0, 103.4, 102.7, 102.2, 101.6,
97.3, 95.6, 86.7, 79.5, 65.6, 47.9, 31.1, 21.2 ppm; HRMS MALDI m/z
calcd for C78H70N2O2 [M]+ 1066.5432, found 1066.5432. DSC: dec
226 °C (onset), 230 °C (peak).

Radialene 18. Compound 5 (0.025 g, 0.024 mmol) was desilylated
and cross-coupled with 4-iodobenzonitrile (0.011 g, 0.048 mmol) in the
presence of iPr2NH (2 mL), Pd(PPh3)4 (0.001 g, 0.001 mmol), and CuI
(0.0004 g, 0.002 mmol) according to general procedure D. Silica gel
filtration (CH2Cl2) followed by washing with Et2O afforded 18 as an
orange solid (0.022 g, 99%): Rf = 0.47 (THF/hexanes 1:1). UV−vis
(CH2Cl2) λmax (ε L mol−1 cm−1) 482 (sh, 14800), 409 (93800), 339
(47200), 265 (43500) nm; fluorescence (CH2Cl2, λexc = 425 nm) λmax,em =
574 nm; IR (CH2Cl2, cast) 3482 (br), 3059, 2981, 2224 1602, 1275 cm

−1;
1H NMR (500 MHz, THF-d8) δ 7.69 (d, J = 8.5 Hz, 4H), 7.44−7.37 (m,
14H), 7.27 (d, J = 8.5 Hz, 4H), 7.22 (t, J = 7.7 Hz, 4H), 7.06 (t, J = 7.4 Hz,
2H), 4.42 (s, 2H), 1.17 (s, 12H) ppm; 13C NMR (125 MHz, THF-d8) δ
155.6, 140.9, 140.5, 133.3, 132.9, 131.6, 131.4, 130.8, 130.6, 129.3, 128.9,
127.2, 120.5, 118.7, 116.2, 113.7, 113.2, 109.7, 107.0, 106.2, 103.0, 102.2,
97.3, 96.9, 96.1, 90.3, 79.5, 64.9, 31.7 ppm; HRMS ESI m/z calcd for
C68H42N2O2Na [M + Na]+ 941.3139, found 941.3030. DSC: dec 194 °C
(onset), 199 °C (peak).

Radialene 19. Compound 5 (0.016 g, 0.016 mmol) was desilylated
and cross-coupled with 4-iodonitrobenzene (0.0080 g, 0.032 mmol) in
the presence of iPr2NH (2 mL), Pd(PPh3)4 (0.001 g, 0.001 mmol), and
CuI (0.0004 g, 0.002 mmol) according to general procedure D. Silica gel
filtration (CH2Cl2) and washing with Et2O afforded 19 as an orange
solid (0.015 g, 99%): mp 208−210 °C (discolors, dec); Rf = 0.66 (THF/
hexanes 1:1); UV−vis (CH2Cl2) λmax (ε Lmol

−1 cm−1) 500 (sh, 12900),
412 (77000), 277 (33000) nm; fluorescence (CH2Cl2, λexc = 425 nm):
λmax,em = 595 nm; IR (CH2Cl2, cast) 3548, 3446, 3051, 2930, 2170, 1342
cm−1; 1H NMR (500 MHz, THF-d8) δ 8.19 (d, J = 9.0 Hz, 4H), 7.45−
7.40 (m, 14H), 7.37 (d, J = 9.0 Hz, 4H), 7.22 (t, J = 8.0 Hz, 4H), 7.04 (t,
J = 7.4 Hz, 2H), 4.43 (s, 2H), 1.18 (s, 12H) ppm; 13C NMR (125 MHz,
THF-d8) δ 155.8, 148.8, 140.8, 140.5, 133.7, 131.6, 131.5, 130.8, 130.6,
129.3, 129.2, 128.9, 124.3, 121.0, 116.2, 113.3, 109.4, 107.3, 106.2, 103.0,
102.2, 97.0, 96.9, 96.1, 90.9, 79.5, 64.9, 31.7 ppm; HRMS MALDI m/z
calcd for C66H42N2O6 [M]+ 958.3037, found 958.3035. DSC: dec
179 °C (onset), 190 °C (peak).

TEE 20. 1,1-Dibromo-4-(trimethylsilyl)-2-[(trimethylsilyl)ethynyl]-
1-buten-3-yne51 (1.37 g, 3.62 mmol) and p-ethynyl-N,N-diisopropylani-
line (1.95 g, 22.2 mmol) were subjected to TEE formation in Et3N
(20 mL) for 3 d according to general procedure A to afford 20 (1.20 g,
54%) as an orange solid: mp 165−167 °C; Rf = 0.44 (EtOAc/hexanes
1:9); IR (CH2Cl2, cast) 3088, 2969, 2934, 2198, 2171, 2136, 1603, 1518,
1295 cm−1; 1HNMR (500MHz, CDCl3) δ 7.33 (d, J = 8.8Hz, 4H), 6.74
(d, J = 8.8 Hz, 4H), 3.86 (septet, J = 6.8 Hz, 4H), 1.28 (d, J = 6.8 Hz,
24H), 0.26 (s, 18H) ppm; 13C NMR (125 MHz, CDCl3, APT) δ 148.7,
132.8, 121.3, 115.5, 111.8, 109.4, 103.0, 102.4, 101.1, 86.8, 47.4, 21.1,
−0.01 ppm; EIMS m/z 618.4 (M+, 26), 73.0 ([SiMe3]

+, 76); HRMS
calcd for C40H54N2Si2 (M

+) 618.3826, found 618.3823. Anal. Calcd for
C40H54N2Si2: C, 77.61; H, 8.79; N, 4.53. Found: C, 77.61; H, 9.01; N,
4.68.
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iso-PDA 22.Compound 20 (0.5466 g, 0.8830 mmol) was desilylated
using K2CO3 (0.1220 g, 0.8830 mmol) and cross-coupled with vinyl
triflate 12 (0.8240 g, 1.766 mmol) in deoxygenated THF (15 mL) in the
presence of Pd(PPh3)4 (0.05 g, 0.04 mmol), iPr2NH (2 mL), and CuI
(0.02 g, 0.09 mmol) according to general procedure B. Flash column
chromatography (silica gel, EtOAc/hexanes 3:10) provided compound
22 (0.74 g, 76%) as a red foam: mp 160−163 °C; Rf = 0.33 (EtOAc/
hexanes 3:17); UV−vis (CH2Cl2) λmax (ε L mol−1 cm−1) 475 (47300),
388 (22700), 318 (49200) nm; fluorescence (CH2Cl2, λexc = 425 nm)
λmax,em = 609 nm; IR (CH2Cl2, cast) 3083, 3054, 2956, 2927, 2207, 2169,
1603, 1295 cm−1; 1H NMR (500 MHz, CD2Cl2) δ 7.47−7.42 (m, 8H),
7.37−7.33 (m, 6H), 7.29 (d, J = 9.1, 4H), 7.27−7.23 (m, 6H), 6.76 (d,
J = 9.1 Hz, 4H), 3.90 (septet, J = 6.9 Hz, 4H), 1.29 (d, J = 6.9 Hz, 24H),
0.82 (18H), 0.05 (12H) ppm; 13C NMR (125 MHz, CD2Cl2) δ 158.0,
149.4, 140.9, 140.0, 133.3, 130.8, 130.7, 129.2, 128.8, 128.2, 128.1, 118.8
115.7, 111.6, 108.9, 103.8, 102.1, 101.7, 96.73, 96.65, 89.8, 87.0, 47.8,
26.2, 21.2, 16.9, −4.7 ppm; HRMS MALDI m/z calcd for C78H86N2Si2
[M]+ 1106.6324, found 1106.6325. DSC: mp = 160 °C.
Radialene 23. iso-PDA 22 (0.310 g, 0.280 mmol) was desilylated

using TBAF (0.62 mL, 0.62 mmol, 1.0 M in THF) and cross-coupled
with dibromoolefin 7 (0.153 g, 0.280 mmol) according to general
procedure C. Flash column chromatography (silica gel, THF/hexanes,
3:10 → 3:5) and recrystallization using CH2Cl2/hexanes afforded 23
(0.096 g, 27%) as a red solid: mp 235−237 °C (discolors, dec); Rf =
(0.34 EtOAc/hexanes 3:17); UV−vis (CH2Cl2) λmax (ε L mol−1 cm−1)
544 (sh, 24300), 485 (sh, 32200), 438 (sh, 61900), 388 (76400), 295
(48200) nm; Fluorescence (CH2Cl2, λexc = 425 nm) λmax,em = 656 nm;
IR (CH2Cl2, cast) 3084, 3053, 2962, 2942, 2865, 2171, 1603, 1295 cm

−1;
1H NMR (500 MHz, CD2Cl2) δ 7.45−7.42 (m, 8H), 7.34−7.31 (m,
6H), 7.17−7.10 (m, 6H), 7.04 (d, J = 9.1 Hz, 4H), 6.75 (d, J = 9.1 Hz,
4H), 3.93 (septet, J = 6.9 Hz, 4H), 1.32 (d, J = 6.9 Hz, 24H), 0.95−0.85
(m, 42H) ppm; 13C NMR (125 MHz, CD2Cl2) δ 153.2, 149.3, 140.3,
140.2, 133.1, 131.05, 131.03, 129.7, 129.5, 128.24, 128.20, 117.1, 115.7,
114.0, 112.9, 111.7, 108.8, 104.4, 104.2, 103.14, 103.05, 102.0, 101.2,
96.7, 96.3, 86.6, 47.9, 21.2, 18.8, 11.5 ppm. HRMSMALDIm/z calcd for
C90H98N2Si2 [M]+ 1262.7263, found 1262.7266. DSC: dec 247 °C
(onset), 289 °C (peak).
A crystal suitable for X-ray crystallography was grown from a CH2Cl2

solution of 23 which had been layered with hexanes and allowed to
slowly evaporate in the refrigerator at 4 °C. X-ray crystallographic data
for 23: C90H98N2Si2,M = 1263.93; monoclinic space group P21 (No. 4);
ρcalcd = 1.085 g cm−3; a = 13.9906 (7) Å, b = 13.3080 (6) Å, c = 20.9613
(10) Å; β = 97.6003 (7)°; V = 3868.4 (3) Å3; Z = 2; μ = 0.091 mm−1.
Final R1(F) = 0.0362 (12506 observations) [F0

2 ≥ 2σ(F0
2)]; wR2 =

0.0841 for 938 variables, 6 restraints, and 1470 data with [F0
2 ≥

−3σ(F02)]; Largest diff. peak and hole 0.791 and −0.717 eÅ−3. Within
the disordered triisopropylsilyl group, the Si2A−C33A and Si2B−C33B
distances were constrained to be equal (within 0.03 Å) during refine-
ment. Also within this group, the C33A−C34A, C33A−C35A, C33B−
C34B, and C33B−C35B were constrained to be equal within (within
0.05 Å) during refinement. CCDC 1012586.
Radialene 24.Compound 23 (0.025 g, 0.020 mmol) was desilylated

and cross-coupled with 4-iodo-N,N-diisopropylaniline (0.015 g,
0.040 mmol) in the presence of iPr2NH (2 mL), Pd(PPh3)4 (0.001 g,
0.001 mmol), and CuI (0.0004 g, 0.002 mmol) according to general
procedure D. Silica gel filtration (MeOH/CH2Cl2 3:100) and washing
with Et2O afforded 24 as a red solid (0.010 g, 40%): mp 287 °C
(discolors, dec); Rf = 0.31 (THF/hexanes 3:7); UV−vis (CH2Cl2) λmax
(ε L mol−1 cm−1) 535 (sh, 62000), 492 (75400), 410 (81500), 293
(73900); fluorescence (CH2Cl2, λexc = 425 nm) λmax,em = 650 nm; IR
(CH2Cl2, cast) 2954, 2925, 2171 cm

−1; 1H NMR (500 MHz, CD2Cl2) δ
7.50−7.49 (dd, J = 8.5 Hz, J = 8.3 Hz, 8H), 7.23−7.19 (m, 8H), 7.12 (tt,
J = 7.4 Hz, J = 1.5 Hz, 4H), 6.94 (d, J = 9.1 Hz, 8H), 6.70 (d, J = 9.1 Hz,
8H), 3.92 (septet, J = 6.8 Hz, 8H), 1.32 (d, J = 6.8, Hz, 48H) ppm; 13C
NMR (100 MHz, CD2Cl2) δ 152.0, 149.3, 140.4, 133.2, 131.1, 129.4,
128.3, 115.6, 113.8, 112.7, 108.8, 103.2, 102.5, 101.3, 97.4, 86.7, 47.8,
21.2 ppm. HRMS MALDI m/z calcd for C96H92N4 [M]+ 1300.7317,
found 1300.7312. DSC: dec, 271 °C (onset), 303 °C (peak).
Radialene 25.Compound 23 (0.026 g, 0.021 mmol) was desilylated

and coupled with 4-iodobenzonitrile (0.010 g, 0.042 mmol) in the

presence of iPr2NH (2 mL), Pd(PPh3)4 (0.001 g, 0.001 mmol), and CuI
(0.0004 g, 0.002mmol) according to general procedure D. Flash column
chromatography (silica gel, EtOAc/hexanes 1:10→ 3:10) afforded 25 as
a brown solid (0.0099 g, 41%): mp 253−255 °C (discolors, dec); Rf =
0.48 (EtOAc/hexanes 3:7); UV−vis (CH2Cl2) λmax (ε L mol−1 cm−1)
573 (sh, 15000), 485 (64600), 403 (69900), 317 (60300); IR (CH2Cl2,
cast) 3054, 2969, 2919, 2227, 2170, 1602, 1294 cm−1; 1H NMR
(500 MHz, CD2Cl2) δ 7.57 (d, J = 8.6 Hz, 4H), 7.51−7.49 (m, 4H),
7.47−7.45 (m, 4H), 7.24−7.20 (m, 8H), 7.19−7.14 (m, 6H), 7.00−6.96
(m, 2H), 6.94 (d, J = 9.1 Hz, 4H), 6.69 (d, J = 9.1 Hz, 4H), 3.92 (septet,
J = 6.9 Hz, 4H), 1.32 (d, J = 6.9, Hz, 24H) ppm; 13C NMR (125 MHz,
CD2Cl2) δ 154.0, 149.3, 140.3, 139.8, 133.2, 132.7, 132.3, 131.14,
131.08, 129.9, 129.7, 128.4, 128.2, 127.0, 120.2, 118.7, 115.5, 114.5,
112.6, 112.0, 109.2, 108.5, 106.6, 102.5, 102.0, 101.8, 97.8, 96.6, 95.9,
90.2, 86.7, 47.8, 21.2 ppm; HRMS MALDI m/z calcd for C86H64N4
[M]+ 1152.5126, found 1152.5123. DSC: dec 244 °C (onset), 251 °C
(peak).

Radialene 26. Compound 23 (0.0258 g, 0.0204 mmol) was
desilylated and cross-coupled with 4-iodonitrobenzene (0.0102 g,
0.0408 mmol) in the presence of iPr2NH (2 mL), Pd(PPh3)4 (0.001 g,
0.001 mmol), and CuI (0.0004 g, 0.002 mmol) according to general
procedure D. Silica gel filtration (EtOAc/hexanes 3:10) and washing
with Et2O afforded 26 as a brown solid (0.023 g, 94%): mp 275−277 °C
(discolors, dec); Rf = 0.38 (THF/hexanes 3:7); UV−vis (CH2Cl2) λmax
(ε L mol−1 cm−1) 582 (sh, 12000), 497 (61300), 404 (67600), 300
(55400); IR (CH2Cl2, cast) 3052, 2970, 2169, 1602, 1518 cm−1. 1H
NMR (500 MHz, CD2Cl2) δ 8.13 (d, J = 9.0 Hz, 4H), 7.52−7.46 (m,
8H), 7.31 (d, J = 9.0 Hz, 4H), 7.24−7.15 (m, 10H), 7.01−6.97 (m, 2H),
6.94 (d, J = 9.1 Hz, 4H), 6.69 (d, J = 9.1 Hz, 4H), 3.93 (septet, J = 6.9 Hz,
4H), 1.32 (d, J = 6.9 Hz, 24H) ppm; 13C NMR (125 MHz, CD2Cl2) δ
154.2, 149.4, 147.8, 140.3, 139.8, 133.2, 133.1, 131.2, 131.1, 129.9, 129.8,
129.0, 128.4, 128.3, 123.8, 120.7, 115.5, 114.5, 111.9, 108.9, 108.5, 107.0,
102.5, 102.0, 101.8, 97.8, 96.3, 95.9, 91.0, 86.7, 47.9, 21.2 ppm; HRMS
MALDI m/z calcd for C84H64N4O4 [M]+ 1192.4922, found 1192.4919.
DSC: dec 260 °C (onset), 270 °C (peak).

iso-PDA 27. iso-PDA 13 (0.146 g, 0.167 mmol) was desilylated via
reaction with KOH (0.014 g, 0.25 mmol) in C6H6 (15 mL) at reflux for
25min. Aqueous workup and silica gel filtration (CH2Cl2/hexanes 3:20)
provided the crude terminal diyne (ca. 0.095 g, ca. 75%) as a brown
foam. The product was cross-coupled to 4-iodobenzonitrile (0.060 g,
0.26 mmol) in deoxygenated THF (5 mL) in the presence of Pd(PPh3)4
(0.008 g, 0.007 mmol), iPr2NH (2 mL), and CuI (0.0025 g, 0.013
mmol) at 40−50 °C for 18 h. The reaction was cooled to rt, Et2O
(10 mL) and H2O (5 mL) were added, the organic phase was separated,
washed with saturated aq NH4Cl (2 × 50 mL) and brine (2 × 50 mL),
dried (MgSO4), and filtered, and the solvent was removed in vacuo.
Flash column chromatography (silica gel CH2Cl2/hexanes 3:10→ 1:1)
followed by precipitation from hexanes afforded compound 27 (0.091 g,
57% from 13) as a yellow solid: mp 114−116 °C (discolors, dec); Rf =
0.37 (EtOAc/hexanes 3:17); UV−vis (CH2Cl2) λmax (ε) 448 (30900),
332 (63400), 250 (49600) nm; fluorescence (CH2Cl2, λexc = 425 nm):
λmax,em = 538 nm; IR (CH2Cl2, cast) 3056, 2953, 2928, 2229, 2175, 2144,
1603 cm−1; 1H NMR (500 MHz, CD2Cl2) δ 7.61 (d, J = 8.7 Hz, 4H),
7.50 (d, J = 8.7 Hz, 4H), 7.46−7.43 (m, 4H), 7.40−7.36 (m, 10H),
7.26−7.21 (m, 6H), 0.82 (s, 18H), 0.02 (s, 12H) ppm; 13C NMR
(125 MHz, CD2Cl2) δ 160.0, 140.4, 139.9, 132.8, 132.5, 130.75, 130.69,
129.6, 129.3, 128.3, 128.2, 127.2, 119.8, 118.7, 114.8, 112.7, 103.2, 101.4,
100.0, 97.5, 97.2, 90.4, 88.6, 26.2, 16.9, −4.8 ppm. HRMS MALDI m/z
calcd for C68H58N2Si2 (M

+) 958.4133, found 958.4131.
iso-PDA 28. iso-PDA 13 (0.1032 g, 0.1182 mmol) was desilylated via

reaction with KOH (0.010 g, 0.18 mmol) in C6H6 (15 mL) at reflux for
25min. Aqueous workup and silica gel filtration (CH2Cl2/hexanes 3:20)
provided the crude terminal diyne (ca. 0.08 g, ca. 88%) as a brown foam.
This product was cross-coupled to 4-iodonitrobenzene (0.050 g,
0.20 mmol) in deoxygenated THF (5 mL) in the presence of Pd(PPh3)4
(0.006 g, 0.005mmol), iPr2NH (2mL), andCuI (0.002 g, 0.01mmol) at
40−50 °C for 18 h. The reaction was cooled to rt, Et2O (10 mL) and
H2O (5 mL) were added, the organic phase was separated, washed with
saturated aq NH4Cl (2 × 50 mL) and brine (2 × 50 mL), dried
(MgSO4), and filtered, and the solvent was removed in vacuo. Flash
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column chromatography (silica gel, CH2Cl2 1:1) followed by precipi-
tation from hexanes afforded compound 28 (0.070 g, 59% from 13) as
an orange solid: mp 161−162 °C. Rf = 0.47 (EtOAc/hexanes, 3:17).
UV−vis (CH2Cl2) λmax (ε) 459 (27300), 327 (42600), 249 (39500) nm;
fluorescence (CH2Cl2, λexc = 425 nm): λmax,em = 566 nm; IR (CH2Cl2,
cast) 3055, 2953, 2928, 2175, 2144, 1341 cm−1; 1H NMR (400 MHz,
CD2Cl2) δ 8.17 (d, J = 8.9 Hz, 4H), 7.58 (d, J = 8.9 Hz, 4H), 7.48−7.45
(m, 4H), 7.41−7.36 (m, 10H), 7.26−7.22 (m, 6H), 0.82 (s, 18H), 0.02
(s, 12H) ppm; 13C NMR (100 MHz, CD2Cl2) δ 160.0, 147.8, 140.3,
139.8, 133.1, 130.75, 130.70, 129.6, 129.4, 129.1 128.20, 123.9, 120.4,
114.5, 103.1, 101.3, 100.4, 97.5, 96.9, 91.1, 90.2 88.6, 26.1, 16.9,
−4.8 ppm. HRMS MALDI m/z calcd for C66H58N2O4Si2 (M+),
998.3930 found 998.3930. DSC: mp = 164 °C.
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