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An isomeric pair of 15-membered dehydrobenzopyridannulenes functionalized with-NBu2 groups as
π-electron donors was prepared and their steady-state spectroscopic parameters investigated. The property
differences arising from placement of the pyridine nitrogen relative to the macrocycle, as well as the
differential effects of stepwise protonation of the acceptor and donor nitrogens, were examined. The
macrocycles exhibited dynamic shifting in the emission spectra, which is believed to correlate to induced
changes in the frontier molecular orbitals of the molecules.

Introduction

Highly conjugated, carbon-rich organic molecules have been
the focus of extensive interest in recent years because of their
unique optical and electronic properties.1-3 In particular, chro-

mophoric or fluorophoric systems possessing electronic and/or
photonic transfer pathways are recognized as ideal candidates
for components of analytical reagents and advanced optical
devices.4-8 Their propensity to act as bulk materials or organic
liquid crystal arrays also implies applications in OLED, organic
semiconductor, and photoelectric cell design.

We have been investigating the optoelectronic properties of
a special class of carbon-rich compounds, dehydrobenzoannu-
lenes (DBAs, Figure 1a).4a-c These fully conjugated macrocycles
composed of acetylene-linked arenes represent attractive targets
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of fundamental study into aromaticity and enforced planariza-
tion. We have also performed studies on donor/acceptor-
functionalized DBAs that undergo intramolecular charge transfer
upon optical excitation, as well as studies of their acyclic
tetrakis(arylethynyl)benzene analogues (TAEBs) with variation
of the acceptor group. Most recently, we reported a systematic
study of isomeric pyridine-derivatized bisdonor/bisacceptor
TAEBs (Figure 1b).4d We demonstrated that these systems
underwent two-stage fluorescence emission shifting (to varying
extents corresponding to charge-transfer pathway efficiency)
upon titration with acid or addition of assorted metal ions, and

that these shifts correlated to the relative energies of the spatially
separate frontier molecular orbitals (FMOs). Thus, the segment-
localized FMOs in conjugated donor/acceptor fluorophores could
be manipulated independently.9

We have previously examined DBAs of the type1, incor-
porating solublizingt-Bu groups or electron-donating NBu2

groups, as well as isomers oft-Bu-functionalized dehydroben-
zopyridannulenes (DBPAs)2, fused at either the 2,6- or 3,5-
positions (Figure 2).10a-c Tobe et al. have also prepared
[15]DBAs in the course of examining more complex cyclophane
architectures,10d and Baxter et al. have synthesized several
related pyridannulene structures.5e We now present donor-
functionalized DBPAs of the type3, which incorporate the
aforementioned switching behavior into 15-membered acetylenic
macrocycles. As moderate strength acceptors, pyridines can
participate in various degrees of intramolecular charge transfer,
depending on the efficiency of the conjugated pathway from
the donor to the acceptor nitrogen.4d Since both donor and
acceptor group(s) can be protonated, the ability to probe
independent manipulation of the FMOs using shifts in the
emission spectra can also be demonstrated.

Results and Discussion

Synthesis.Assembly of3a and3b is readily accomplished
as shown in Scheme 1. Donor-functionalized alkyne segment
44a is appended to either 2,6- or 3,5-dibromopyridine5 by using
methanolic KOH to remove the more labile trimethylsilyl (TMS)
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FIGURE 1. (a) Conjugated pathways present in structurally related
tetrakis(phenylethynyl)benzenes and bis(dehydrobenzoannuleno)ben-
zenes and (b) donor/acceptor tetrakis(arylethynyl)benzenes with dibu-
tylaniline donors and pyridine acceptors.

FIGURE 2. Fifteen-membered carbon macrocycle DBAs (1), tert-
butyl functionalized DBPAs (2), and target donor-functionalized DBPAs
(3).
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group in situ to afford the bisdonor precursors6a and 6b.
Removal of the triisopropylsilyl (TIPS) groups with tetrabutyl-
ammonium fluoride (TBAF) followed by oxidative intramo-
lecular homocoupling under Cu-mediated conditions furnished
macrocycles3a and 3b in 71% and 42% overall yield,
respectively. It is notable that in both coupling steps, the more
conjugated systemsa proceed in somewhat higher yields, a trend
also observed in preparation of2a and2b.10b

In the strong donor/strong acceptor bisannulenes,4asignificant
self-associative behavior was observed in their1H NMR spectra
due to intermolecularπ-stacking and dipole attraction between
respective donor and acceptor groups. In3a and 3b, no such
behavior was observed: NMR signals remained constant over
a several-fold concentration gradient. There were, however,
noticeable upfield shifts of the signals from protons ortho to
the monoacetylene linkages (∆δ ) 0.1-0.3 ppm) upon ring
closure of6a,b to 3a,b, with smaller upfield shifts in other
signals (see the Experimental Section and the Supporting
Information). This effect is indicative of increased electron
delocalization along theπ-conjugated pathway. Upon cyclization
to 3b, there was a dramatic (0.91 ppm) downfield shift of the
proton internal to the macrocycle, which was also observed in
2b,10b and is attributed to the anisotropy of the nearby triple
bonds.

Crystals of3a and 3b suitable for X-ray diffraction were
obtained by evaporation from 5:1:1 and 5:3:1 solutions of
hexanes:CH2Cl2:EtOAc, respectively. Both DBPAs are planar
structures with remarkably linear diyne bridges (Csp-Csp bond
angles for3a 177-179°and for3b 177-178°; Figures S4a and
S5a in the Supporting Information). Most of the strain in the
molecules is contained in the monoacetylene units, which are
moderately distorted (Csp-Csp bond angles for3a 167-174°
and for3b 163-171°). Overall, the structures closely resemble
the purely hydrocarbon [15]DBA reported by Tobe et al.10d In
the solid state,3b packs in slippedπ-stacking arrangement,
similar to Tobe’s annulene, whereas3a contains two sym-
metrically independent molecules arranged in zigzagging dimer-
ic pairs. The packing differences are likely due to weak
hydrogen bonding in3b between the pyridine nitrogen atom
and an ortho pyridine proton on a neighboring molecule (N‚‚
‚H-C distance 2.62 Å, Figure S5b, Supporting Information).

Absorption and Emission Data.Electronic absorption and
emission spectra of3a,b are shown in Figure 3a and summarized
in Table 1, along with their respective precursors6a,b andtert-
butyl-functionalized analogues2a,b10b for comparison. Cycliza-
tion/planarization to the macrocycle enhancesπ-orbital overlap,
increasing the conjugation. This results in a 17-25 nm

bathochromic shift in the absorption spectra of3a,b versus6a,b,
accompanied by a significant loss of intensity of the lowest
energy band, possibly indicating weak intramolecular charge
transfer. This is in good agreement with our previously described
donor/acceptor bisannulene series, as well as recent examples
of weak donor/weak acceptor-functionalized DBAs.8f The
electron density from the donating groups results in aλmax of
the lowest energy bands in3a and 3b that are 7 and 19 nm
greater than those for2a and2b, respectively. It is somewhat
surprising that the charge-transfer bands for3a and3b are so
similar, since3b does not contain a direct resonance pathway
for full conjugation, implying good inductive withdrawal by
the pyridine ring as a unit.

Normalized emission spectra are shown in Figure 3b and
Table 1. There is a dramatic red shift in both systems upon
planarization. FMO plots (see next section) show significant
LUMO density localized on the diacetylene bridges, so it is
possible that cyclization has a more pronounced effect on the
excited state energies, thus affecting the emission spectra more
than the absorption. In the precursors, the more conjugated 2,6-
fused system6a is more red-shifted, but in the annulenes the
λmax values are very similar. This may be due to the larger
predicted net dipole in3b (8.46 D vs 4.25 D for3a, see Table
S1 in the Supporting Information). The large increase in Stokes
shifts upon ring closure also indicates an increase in net dipole
and the efficiency of the conjugatedπ-system.12 Our previous
DBA studies generally show adecreasein Stokes shift upon
planarization, but in someπ-electron-rich species an increase
is seen when there is significant calculated LUMO density on
the bridging pathway.4a This also seems to be the case for the
weak donor/acceptor systems here, and is likely due to the less
effective cross-conjugated pathways present in the 15-membered
macrocycles. Donor functionalization also results in maxima
significantly red-shifted relative to2a,b,10b in agreement with
previous DBA behavior.4a

There is little difference inΦf between3a and 3b, likely
reflecting the weak intramolecular charge-transfer transitions
dominating in both. This agrees with previous results wherein
the all-donor analogues of the systems in Figure 1 show higher
quantum yields than the donor/acceptor systems.4,13Interestingly,
the values for3a and 3b are comparable to those for2a and
2b. One would expect functionaliztion with donorπ-electrons
to increaseΦf. The emission spectra of2a and 2b contain
significant fine structure, however, perhaps implying more
complex vibronic interactions than are observed here. Cycles
2aand2b also possess exceptionally long absorption cutoffs.10b

The remarkably high quantum yields of precursors6a and6b
help illustrate in part the effect of enforced planarization on
the conjugation, but it is likely that the increased fluorescence
is also due in part to donor electron contribution from the TIPS
groups. Examination of desilylated6a,b, however, showed no
significant effect on either absorption or emission wavelengths
(see Figure S1 in the Supporting Information).

Molecular Orbital Plots. In our previously described ethy-
nylpyridine systems,4d the ability to protonate the donor and
acceptor segments independently resulted in a two-stage emis-
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SCHEME 1. Preparation of DBPAS 3a and 3b
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sion switching behavior, analogous to that first observed by
Bunz and co-workers in related donor/acceptor cruciforms.9a,b

Initial protonation with trifluoroacetic acid (TFA) caused a
dramatic blue shift in the spectra, followed by a more modest
red shift with subsequent protonation. Since the HOMO and
LUMO are calculated to be localized primarily on the donor
and acceptor segments, respectively, protonation of the donor
or acceptor nitrogens causes the shifts by affecting the relative
energies of the orbitals. Molecules3a and 3b are similar
systems, but with enforced planarization and with only one
acceptor unit for two donor units.

FMO plots of3a′ and3b′ were calculated by using Gauss-
ian0314 (B3LYP15 level of theory, 6-31G* basis set) with
simplified structures that replaced the NBu2 donor with NMe2
(Figure 4). They predict largely overlapping HOMO and LUMO
localizations in the neutral state, but protonation of the pyridine
nitrogen and subsequent protonation of a donor nitrogen cause

increasing spatial separation of the orbitals. Protonation of3a′
to 3a′+ leaves the HOMO relatively unchanged and results in
weak localization in the LUMO at the pyridine ring, but overall
has little affect. Further protonation at one of the donor sites
reveals a more separate orbital diagram in which the HOMO is
localized largely on the neutral donor while the LUMO is spread
over the protonated regions of the macrocycle, creating a more
charge transfer-like system (although the FMOs are more
separated in these cases, it is possible that both donor segments
are in fact protonated in a dynamic equilibrium that does not
lead to the orbital diagrams shown). Charge transfer is quenched
by protonation of the final donor segment, causing overlapping
molecular orbitals. Examination of3b′ indicates that upon
protonation the system exhibits more orbital localization than
3a′, presumably due to the lack of a conjugated pathway.
Protonation of the acceptor segment localizes the HOMO onto
the two donor segments and the LUMO on the acceptor.
Subsequent protonation of a donor segment results in localiza-
tion of the HOMO around the neutral donor arene, while the
LUMO is spread out between the two protonated segments. Both
systems indicate that while the molecular orbitals are not fully
separate, stepwise protonation of the systems may allow for
manipulation of the orbitals and potentially their emission
properties. The band gap energies for3a′ and 3b′ were also
calculated and found to be within 25 nm of the experimental
band gaps for3a and 3b, which is closer than calculated for
previously examined DBAs (see Table S1 in the Supporting
Information).4a Thus, stepwise protonation in3a and/or 3b
reflects aninduced strong donor/acceptor species, implying
enhanced charge-transfer character more akin to that predicted
and observed in the ethynylpyridine systems, and therefore
similar emission switching behavior for3a,b.

TFA Titrations. Trifluoroacetic acid (TFA) titration of3a
in MeOH between [TFA]) 10-5 and 10-0.3 M showed no such
switching behavior, and resulted only in qualitative quenching
of fluorescent intensity with no change in wavelength (see Figure
S2 in the Supporting Information). Repeating the titration of
3awith TFA in CH2Cl2, on the other hand, yielded far different
results (Figure 5). At [TFA]) 10-3 M, the original charge-
transfer band at 407 nm in the absorption spectrum is greatly
enhanced, and two new bands at 494 and 619 nm appear. These
bands reach maximum intensity at [TFA]) 10-2 M, at which
the solution attains a pale green color in ambient light. In the
emission spectra, a rapid drop-off of fluorescent intensity is
accompanied by the simultaneous appearance of a low-intensity
peak at ca. 670 nm, shifting from bright blue-green fluorescence
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FIGURE 3. (a) Absorption and (b) emission spectra of DBPAs3a,b and precursors6a,b in CH2Cl2 at 20-30 µM concentration. Excitation at
365 nm.

TABLE 1. Electronic Absorption and Emission Data for 2a,b,
3a,b, and 6a,b

compd
lowest energy absλmax

[nm] (ε [M-1 cm-1])
emλmax

[nm]
Stokes shift
[cm-1 (nm)] Φf

c

2a 400 (sh) (1750)a 454b 2974 (54) 0.16
2b 389 (3000)a 436b 2771 (47) 0.20
6a 390 (49760) 427 2222 (37) 0.81
6b 383 (52910) 421 2357 (38) 0.85
3a 407 (17290) 490 4162 (83) 0.19
3b ∼408 (sh) (12410) 494 ∼4267 (86) 0.17

a Reference 10b.b Maxima corrected from ref 10b due to instrument
error. c Calculated relative to fluorescein at pH 8 (ref 11) with excitation at
lowest energy absλmax.
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to a dark, deep magenta at [TFA]) 10-2 M. Further addition
of TFA causes a gradual loss of the new bands in the absorption,
until at [TFA] ) 10-0.3 M there are no bands past 400 nm. The
solution fades from green to very light pink and finally a pale
yellow. In the emission spectra, the red band is quenched along
with the gradual appearance of a third peak around 540 nm,
achieving a pale yellow-green fluorescence.

Titration of 3b (Figure 6) gave somewhat different results.
In the initial stage, the lowest energy band in the absorption
spectrum was suppressed and slightly red-shifted to ca. 415 nm
at 10-2 M TFA, while the fluorescence was significantly
quenched at higher than 10-4 M, with a red shift of the emission
maxima to about 560 nm. The solutions change from pale
yellow-green to darker yellow in ambient light, and under UV
illumination fade from fluorescent blue-green to a pale yellow-
orange at 10-2.7 M TFA. Additional protonation eliminates any
significant absorption past 400 nm, and at 10-2 M TFA the
emission is suddenly blue-shifted past the neutral compound to
ca. 445 nm. The solutions fade to colorless, with the generation
of a bright blue fluorescence. The behavior of both compounds

is summarized in Table 2. In contrast to our DBPAs, Baxter’s
pyridannulene systems, which lack donorπ-electrons, exhibited
only red shifting and quenching with acidification.5e Titration
of acyclic precursors6a and6b resulted only in fluorescence
quenching with no significant change inλmax (see Figure S3 in
the Supporting Information).

We believe the behavior exhibited in3a and3b arises from
predominantly stepwise protonation of the molecules. Because
of the π-electron donation from the two NBu2 groups, it is
possible that the pyridine nitrogen is in general protonated first,
causing the red shifts in the absorption and emission. Ionization
of the acceptor should greatly enhance its electron withdrawal
ability, potentially forming a strong charge-transfer system with
a low optical band gap. Subsequent protonation of the donor
nitrogens then suppresses all charge transfer, leading to a system
with only π-π* transitions. The donor electrons also allow
quick but qualitative evaluation of the magnitude of the effect
with use of fluorescence spectroscopy. This easily accessible
protonated state could potentially be exploited for advanced
nonlinear optical applications. Several of our previously studied

FIGURE 4. Molecular orbital plots (B3LYP/6-31G*) of simplified structures3a′ (a) and3b′ (b) of 3a and 3b, respectively, in the neutral,
monoprotonated, diprotonated, and triprotonated states. The lower plots represent the HOMOs, and the upper plots represent the LUMOs.
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systems have exhibited significant nonlinear optical susceptibil-
ity, with two-photon absorption cross sections that rival literature
standards.7 The greatly narrowed band gap in3a at 10-2 M
TFA may display similar or even better results, particularly since
the donor/strong acceptor DBAs4a do not display band gaps as
small, and acidification of solutions of them causes only blue
shifts in both absorption and emission spectra. This effect is

not observed to any significant extent in3b, likely due to the
lack of fully conjugated pathways between the donors and the
acceptor. Only a moderate red shift, followed by a dramatic
blue shift in the emission is observed. These dynamic emission
shifts thus can also serve as a qualitative probe of conjugation
efficiency. Although it is not certain whether the red-shifted
emission peaks correspond to mono- or diprotonated species
(or an equilibrium mixture of both), in both sets of emission
spectra the most acidic solutions’ emission bands display a weak
shoulder somewhat blue-shifted from the maxima. The two
emissions may arise from states with either one or both donor
nitrogens protonated, but the lack of clearly deconvoluted bands
with distinct maxima implies that both are protonated nearly
independently or in equilibrium (rather than discretely as in the
above FMO calculations). This parallels both our previous work

FIGURE 5. (a) Absorption spectra of TFA titration of3a in CH2Cl2 at ca. 60µM concentration. (b) Emission spectra of TFA titration of3a in
CH2Cl2. Excitation at 365-385 nm. (c) Solutions of3a in CH2Cl2 in ambient light against a white background (top) and under illumination by
high-intensity 365 nm lamp in the dark (bottom) at indicated [TFA] (M).

FIGURE 6. (a) Absorption spectra of TFA titration of3b in CH2Cl2 at ca. 30µM concentration. (b) Emission spectra of TFA titration of3b in
CH2Cl2. Excitation at 365-400 nm. Interference peaks from excitation wavelength removed for clarity. (c) Solutions of3b in CH2Cl2 in ambient
light against a white background (top) and under illumination by high-intensity 365 nm lamp in the dark (bottom) at indicated [TFA] (M).

TABLE 2. Summary of TFA-Induced Emission Shifting in 3a and
3b in CH2Cl2

compd
initial em
λmax (nm)

red-shifted em
λmax (nm)

∆λ1

(nm)
blue-shifted em

λmax (nm)
∆λ2

(nm)

3a 490 670a 180 541c 129
3b 494 560b 66 445c 115

a [TFA] ) 10-2 M. b [TFA] ) 10-2.7 M. c [TFA] ) 10-0.3 M.
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on the acyclic ethynylpyridines as well as Bunz’ systems, where
only one band for each protonation state was observed.9a,b In
those cases, the donors are believed to be protonated first,
followed by the acceptors. Here, the cumulative donation by
two NBu2 groups to only one pyridine likely accounts for the
opposite behavior. The interesting lack of clearly discernible
isosbestic points may imply dynamic equilibria during titration
rather than distinct species, but the emission wavelengths clearly
manifest switching behavior that takes place in predominantly
two stages within similar [TFA] ranges for both3a and 3b.
Only in the emission spectra of3a is there seen a very weak
iso-emissive region centered about 630 nm.

To support the hypothesis that the pyridine nitrogen is
predominantly protonated first, we prepared samples of3a in
CD2Cl2 and observed the TFA-induced change in proton shifts
of the1H NMR spectra. Figure 7 shows the 6-9 ppm region of
solutions of3aalone and at 10-2 and 10-0.3 M TFA. Assignment
of the protons is based on coupling constants and previous data
for 4,4a and is verified by correlation spectroscopy (see the
Supporting Information). Comparing the first two spectra clearly
reveals significant downfield shifts of the pyridyl protons Ha

(∆δ ) 0.49) and Hc (∆δ ) 0.18) and only slight shifts of the
donor segment protons (∆δ ) 0.01-0.07), indicative of
protonation of the pyridine nitrogen. At 10-0.3 M TFA, all
protons are shifted far downfield. The greater degree of shifting
in the donor segment protons (∆δ ) 1.00 for both Hd and He)
in this case indicates protonation at one or both of the
dibutylamino nitrogens and generation of an electron-deficient
conjugatedπ-system. A similar but less dramatic stepwise
shifting is observed for3b (see the Supporting Information).
The order of protonation is supported by computations, which
indicate that the pyridine-protonated species are 19-31 kcal
mol-1 lower in energy than the donor-protonated species
(Supporting Information, Figures S6 and S7).

Conclusions

We have prepared an isomeric pair of donor-functionalized
DBPAs that visibly fluoresce and display weak intramolecular
charge transfer behavior. The spectroscopic profiles of the
readily obtained molecules illustrate the effect of nitrogen

placement in the pyridine acceptor on the degree of conjugation.
The unusually large increases in Stokes shifts upon cyclization
are believed to result from the combination of donorπ-electrons,
LUMO localization on the diacetylene bridge formed in the last
synthetic step, and the cross-conjugated “kink” in the 15-
membered macocycles. It has been demonstrated that fluores-
cence spectroscopy can be used to probe the behavior of a donor/
acceptor fluorophore that can be protonated at both donor and
acceptor sites. In particular, the absorption and emission spectra
for 3a at moderate (10-2 M) acid concentration suggest a
monoprotonated state with a particularly narrow optical band
gap, prompting the question of its candidacy as a component
in nonlinear optical devices. The dynamic emission switching
bears striking resemblance to previous studies by us and others
involving independent manipulation of frontier molecular orbit-
als, leading to potential applications as fluorescent ion
sensors.9a,b,16To our knowledge, this is the first reported instance
of such behavior in conjugated acetylenic macrocycles. The
calculated overlapping FMOs in neutral3aand3b further imply
that independent manipulation of HOMOs and LUMOs may
not require as dramatic of a spatial separation as previously
assumed.

Experimental Section

General Methods.These have been described previously.4a

Precursor 6a. A mixture of 2,6-dibromopyridine (5a, 52 mg,
0.22 mmol), donor diyne44a (317 mg, 0.66 mmol), KOH (123 mg,
2.20 mmol), THF (20 mL),i-Pr2NH (20 mL), and MeOH (1 mL)
was bubbled with Ar with stirring for 30 min. Pd(PPh3)4 (15 mg,
0.013 mmol) and CuI (5 mg, 0.026 mmol) were quickly added and
the mixture was bubbled for an additional 20 min. The temperature
was raised to 55°C and the reaction stirred until complete by TLC
(ca. 18 h). The mixture was evaporated and the residue chromato-
graphed on silica gel (2:1 hexanes:CH2Cl2) to yield 6a (164 mg,
84%) as a yellow oil.1H NMR (300 MHz, CDCl3) δ 7.53 (t,J )
7.2 Hz, 1H), 7.42 (d,J ) 9.0 Hz, 2H), 7.34 (d,J ) 7.8 Hz, 2H),
6.72 (d,J ) 2.4 Hz, 2H), 6.54 (dd,J ) 7.8, 2.4 Hz, 2H), 3.27 (t,
J ) 7.5 Hz, 8H), 1.56 (quin,J ) 7.2 Hz, 8H), 1.35 (sext,J ) 7.2
Hz, 8H), 1.15 (s, 42H), 0.96 (t,J ) 7.2 Hz, 12H).13C NMR (75
MHz, CDCl3) δ 148.1, 144.7, 135.7, 134.2, 127.4, 125.5, 115.4,
111.9, 110.8, 106.7, 93.5, 90.2, 90.2, 50.8, 29.5, 20.5, 19.0, 14.2,
11.7. IR (NaCl)ν 2955, 2937, 2858, 2202, 2147, 1655, 1639, 1594,
1572, 1552, 1534, 1509, 1465, 1438, 1397, 1367 cm-1. MS (APCI)
m/z ([isotope], %) 894.6 ([M+], 100), 895.6 ([M+13C], 78), 896.6
([M+213C], 35). UV (CH2Cl2) λmax (log ε) 346 (4.55), 390 (4.70).
Em λmax 427.

Precursor 6b. A mixture of 3,5-dibromopyridine (5b, 47 mg,
0.20 mmol), donor diyne44a (240 mg, 0.50 mmol), KOH (94 mg,
1.67 mmol), THF (20 mL),i-Pr2NH (20 mL), and MeOH (1 mL)
was bubbled with Ar with stirring for 30 min. Pd(PPh3)4 (14 mg,
0.012 mmol) and CuI (4.6 mg, 0.024 mmol) were quickly added
and the mixture was bubbled for an additional 20 min. The
temperature was raised to 55°C and the reaction stirred until
complete by TLC (ca. 18 h). The mixture was evaporated and the
residue chromatographed on silica gel (2:1 hexanes:CH2Cl2) to yield
6b (97 mg, 54%) as a yellow oil.1H NMR (300 MHz, CDCl3) δ
8.55 (d,J ) 2.1 Hz, 2H), 7.84 (t,J ) 2.1 Hz, 1H), 7.32 (d,J ) 9.0
Hz, 2H), 6.73 (d,J ) 2.8 Hz, 2H), 6.55 (dd,J ) 9.0, 2.8 Hz, 2H),
3.28 (t,J ) 7.8 Hz, 8H), 1.57 (quin,J ) 7.5 Hz, 8H), 1.38 (sext,
J ) 7.8 Hz, 8H), 1.17 (s, 42H), 0.96 (t,J ) 7.2 Hz, 12H).13C
NMR (75 MHz, CDCl3) δ 150.0, 148.0, 140.5, 136.6, 127.1, 121.1,
115.5, 111.9, 110.9, 106.5, 93.8, 93.5, 86.7, 50.8, 29.5, 20.5, 19.0,
14.2, 11.6. IR (NaCl)ν 2952, 2938, 2859, 2208, 2151, 1718, 1593,

(16) Huang, J.-H.; Wen, W.-H.; Sun, Y.-Y.; Chou, P.-T.; Fang, J.-M.J.
Org. Chem.2005, 70, 5827-5832.

FIGURE 7. 1H NMR spectra in CD2Cl2 expanded in the 6-9 ppm
region of (a)3a, (b) 3a + 10-2 M TFA, and (c)3a + 10-0.3 M TFA
(exact Hb/Hc shifts indeterminate due to overlap).
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1568, 1536, 1503, 1464, 1432, 1396, 1371 cm-1. MS (APCI) m/z
([isotope], %) 894.6 ([M+], 100), 895.6 ([M+13C], 70), 896.6
([M+213C], 33). UV (CH2Cl2) λmax (log ε) 348 (4.65), 383 (4.72).
Em λmax 421.

Annulene 3a.Precursor6a (120 mg, 0.13 mmol) was dissolved
in THF (20 mL), Et2O (20 mL), and MeOH (10 mL). TBAF (5.4
mL, 5.4 mmol, 1 M in THF) was added and the mixture was stirred
for ca. 18 h. The mixture was concentrated in vacuo, rediluted in
Et2O, and washed with H2O (2×). The organic phase was dried
(MgSO4) and concentrated in vacuo to give an amber oil. The
deprotected material was dissolved in pyridine (50 mL) and injected
into a mixture of Cu(OAc)2 (669 mg, 3.4 mmol) and CuCl (265
mg, 2.7 mmol) in pyridine (340 mL) and MeOH (50 mL) over 40
h with stirring at 65°C. After injection was complete, the solution
was stirred for an additional 24 h, then evaporated to a blue-green
oil. The residue was redissolved in Et2O and washed with H2O
(3×). The organic phase was dried (MgSO4), concentrated in vacuo,
and filtered through a pad of silica (1:1 hexanes:CH2Cl2)to yield
3a (66 mg, 85%) as a bright yellow solid. Mp 131-133 °C. 1H
NMR (CDCl3) δ 7.49 (t, J ) 7.8 Hz, 1H), 7.23 (d,J ) 8.7 Hz,
2H), 7.07 (d,J ) 7.8 Hz, 2H), 6.72 (d,J ) 2.7 Hz, 2H), 6.51 (dd,
J ) 8.7, 2.7 Hz, 2H), 3.25 (t,J ) 7.8 Hz, 8H), 1.54 (quin,J ) 7.8
Hz, 8H), 1.34 (sext,J ) 7.8 Hz, 8H), 0.96 (t,J ) 7.2 Hz, 12H).
13C NMR (CDCl3) δ 148.2, 145.4, 136.9, 131.7, 129.0, 121.2, 115.0,
112.3, 112.1, 94.1, 92.2, 82.3, 78.3, 51.0, 29.5, 20.5, 14.2. IR (NaCl)
ν 2951, 2924, 2866, 2193, 1682, 1652, 1591, 1570, 1533, 1502,
1451, 1366 cm-1. MS (APCI)m/z ([isotope], %) 580.4 ([M+], 100),
581.4 ([M+13C], 44), 582.4 ([M+213C], 8). UV (CH2Cl2) λmax

(log ε) 347 (4.90), 407 (4.24). Emλmax 490.
Annulene 3b.Precursor6b (90 mg, 0.10 mmol) was dissolved

in THF (20 mL), Et2O (20 mL), and MeOH (10 mL). TBAF (6.0
mL, 6.0 mmol, 1 M in THF) was added and the mixture was stirred
for ca. 18 h. The mixture was concentrated in vacuo, rediluted in
Et2O, and washed with H2O (2×). The organic phase was dried
(MgSO4) and concentrated in vacuo to give an amber oil. The
deprotected material was dissolved in pyridine (37 mL) and injected
into a mixture of Cu(OAc)2 (499 mg, 2.5 mmol) and CuCl
(198 mg, 2.0 mmol) in pyridine (254 mL) and MeOH (37 mL)
over 40 h with stirring at 65°C. After injection was complete, the

solution was stirred for an additional 24 h, then evaporated to a
blue-green oil. The residue was redissolved in Et2O and washed in
H2O (3×). The organic phase was dried (MgSO4), concentrated in
vacuo, and filtered through a pad of silica (1:1 hexanes:CH2Cl2) to
yield 3b (25 mg, 77%) as a yellow solid. Mp 181-183 °C. 1H
NMR (CDCl3) δ 8.75 (t, J ) 1.5 Hz, 1H), 8.39 (d,J ) 1.5 Hz,
2H), 7.24 (d,J ) 9.0 Hz, 2H), 6.77 (d,J ) 2.4 Hz, 2H), 6.58 (dd,
J ) 9.0, 2.4 Hz, 2H), 3.27 (t,J ) 8.1 Hz, 8H), 1.56 (quin,J ) 8.1
Hz, 8H), 1.32 (sext,J ) 7.5 Hz, 8H), 0.97 (t,J ) 7.5 Hz, 12H).
13C NMR (CDCl3) δ 150.5, 148.1, 145.4, 131.2, 127.7, 122.0, 115.3,
112.5, 112.2, 100.2, 98.1, 90.6, 83.2, 51.0, 29.5, 20.5, 14.3. IR
(NaCl) ν 2951, 2925, 2866, 2218, 2191, 1771, 1739, 1696, 1684,
1650, 1594, 1567, 1557, 1538, 1504, 1455,1399, 1365 cm-1. MS
(APCI) m/z ([isotope], %) 580.4 ([M+], 100), 581.4 ([M+13C], 37),
582.3 ([M+213C], 11). UV (CH2Cl2) λmax (log ε) 352 (4.70), 408
(4.09). Emλmax 494.

TFA Titration of 3a and 3b. Solutions of3a and 3b were
prepared in spectrophotometric grade CH2Cl2 (ca. 1 mg in 360µL,
UV cutoff 204 nm) and portioned equally into nine 1-dram glass
screw cap vials. Trifluoroacetic acid was diluted to the indicated
concentrations ranging from 10-5 to 10-0.3 M in 10 mL portions
of CH2Cl2. Aliquots (2 mL) of the TFA solutions were added to
each solution of analyte. The solutions were capped, shaken, and
pipetted into a four-sided quartz spectrophotometry cuvette, and
the UV-vis and fluorescence spectra were then taken immediately.
Photographs were taken within 1 h ofpreparation of each sample.
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