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The design and synthesis of new p-stacked molecular arrays
holds potential for the preparation of wirelike materials for
applications in the ever-evolving area of molecular electronics
and nanotechnology.[1] We have recently demonstrated that
polyfluorenes adopt cyclophane-like p-stacked structures
when woven at the alternating carbon atoms of the backbone
of an acyclic alkane (Figure 1).[2] This p-stacked arrangement

of the aromatic moieties in the depicted bifluorene (as well as
its higher homologues) arises because of the disk-shaped
structure of the fluorene moieties, as well as the anti arrange-
ment of all the bonds in the alkane backbone, allow the p-
stacked structure to be stabilized both in solution and solid
state, as confirmed by NMR spectroscopy and X-ray crystal-
lography.[2]

Our ongoing interest in such cofacially stacked polyben-
zenoid structures led us to hypothesize that a p-stacked
arrangement should be feasible in the bis(catecholacetal) of
acetylacetone (1a). This compound is readily available by the
reaction of acetylacetone (a 1,3-diketone) with catechol in
toluene in the presence of an acid catalyst [Eq. (1)].[3]

The molecular structures of various conformers of 1a,
calculated by density functional theory (DFT) at the B3LYP/
6-31G* level, showed that both the p-stacked and extended
conformers are accessible. The extended conformer 1aE is
only about 2.1 kcalmol�1 lower in energy than the p-stacked

Figure 1. Molecular structure of a p-stacked bifluorene.
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conformer 1aS (Figure 2). Interestingly, the energy optimi-
zation of the p-stacked conformer of bis(catecholacetal) of
acetonoylacetone 2aS (a 1,4-diketone) always resulted in the
extended conformer 2aE (Figure 3). This suggests that the
stacked conformer is substantially higher in energy and not
readily attainable.

Accordingly, herein, we will delineate that the extended
conformers of bis-catechol acetals of acetylacetone (1E)
undergo instantaneous folding into cyclphane-like stacked
conformers (1S) upon one-electron oxidation by using
electrochemistry and time resolved laser-flash photolysis as
follows.

Various catechol acetals as well as the dimethylcatechol
acetals 1–3 were readily synthesized by acid-catalyzed con-

densation with the corresponding ketones in refluxing tolu-
ene.[3] An X-ray structure analysis confirmed that 1 b in the
solid state exists exclusively as the extended conformer
(Figure 4),[4] as expected based on DFT calculations

To demonstrate whether both the extended and the p-
stacked conformers of 1 exist in solution, we examined the
electron donor–acceptor (EDA) complexes of 1–3 with
tetrachloro-p-benzoquinone (chloranil as an electron
acceptor) by UV/Vis spectroscopy. It has been well estab-
lished that the redox potentials (or p basicity) of the p-
stacked cyclophane-like aromatic donors are significantly
lower than that of their extended analogues.[5] The p basicity
can be readily gauged by formation of the EDA complexes in
solution according to the Mulliken theory.[6]

Interestingly, when colorless solutions of diacetals 1 a and
2a as well as the monoacetal 3a were exposed to a pale yellow
solution of chloranil in CH2Cl2, they all instantaneously
produced red solutions. Furthermore, the UV/Vis spectra
showed a broad charge-transfer (CT) absorption band
centered at lmax = 522� 2 nm. Similarly, the dimethylcatechol
acetals 1b, 2b, and 3b produced green solutions upon
exposure to solutions of chloranil, and they each showed a
charge-transfer absorption band centered at lmax = 608�
2 nm.[7] The identical CT transitions for various acetals in a
given series suggests that the electron-donor strength is the
same, and thus indicates that there is little or no contribution
of the p-stacked conformer 1S in solution. Moreover, the
similarity of the chemical shifts for the aromatic and aliphatic
protons in 1–3 (see the Experimental Section) further
supports that 1a and 1b exist mostly as the extended
conformer in solution. The variable temperature NMR
analyses of 1 indicated that the postulated conformers 1E
and 1S cannot be frozen out, even at �100 8C in CH2Cl2.

The cyclic voltammograms of 1a, 2a, and 3a showed
irreversible oxidation because of the presence of substitution-
labile positions para to the oxygen atoms. On the other hand,
the electrochemical oxidation of 1b, 2b, and 3b at a platinum
electrode in CH2Cl2 (containing nBu4NPF6 as the supporting
electrolyte) was reversible at a scan rate of 25–400 mVs�1; all
anodic/cathodic peak current ratios were Ia/Ic = 1.0 (theoret-
ical) at room temperature (Figure 5). Furthermore, both
monoacetal 3b and diacetal 2b showed only a single
reversible (CV) wave at a potential of Eox = 1.23� 0.01 V
versus SCE. A quantitative evaluation of the CV peaks and
peak currents with added ferrocene (as an internal standard,
Eox = 0.45 V vs. SCE) revealed that the reversible oxidations
correspond to the production of monocation 3bC+ and
dication 2b2+ by transfer of one and two electrons, respec-
tively. In contrast, dimethylcatechol acetal 1b showed two
reversible one-electron oxidation waves at Eox = 1.13 and
1.50 V versus SCE (Figure 5).

The observation of a two-electron oxidation of 2b at a
single potential is consistent with the fact that it exists
exclusively in the extended conformer, and thus the two
dimethylcatechol rings in 2b are not in electronic communi-

Figure 2. Structures of the p-stacked conformer 1aS (left) and the
extended conformer 1aE (right).

Figure 3. Structure of the extended conformer 2aE.

Figure 4. Molecular structure of 1b in the solid state showing the
extended conformer.
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cation. On the other hand, the two well-separated one-
electron oxidation waves in 1b are easily explained by the
following: Upon removal of a single electron the extended
conformer transforms into the p-stacked conformer by a
simple C�C bond rotation. This leads to cyclophane-like
stabilization of the cationic charge in 1bC+ and thus renders
the oxidation of the second dimethylcatechol ring more
difficult (by about 370 mV; Scheme 1).[8]

As such, the effective electronic coupling between cofa-
cially oriented aryl moieties in 1b is readily judged by the
reversible electrochemical oxidation at significantly (namely,
100 mV) lower potential as compared to the model electron
donors 2b and 3b. Such through-space electronic coupling
between cofacially stacked aryl moieties can also be seen in
the electronic spectra of their radical cation, where character-
istic charge-resonance transitions in the near-IR region are
observed.[9] Accordingly, we generated the radical cations of
1–3 based on time-resolved absorption measurements upon
diffusional electron-transfer quenching of photoexcited chlor-
anil triplet as an oxidant (Ered = 2.2 V vs. SCE) using laser-
flash photolysis.[10]

The transient spectrum obtained 100 ns after laser exci-
tation (10 ns) of chloranil (5 mm) in the presence of 1a
(10 mm) in CH2Cl2/CH3CN (1/1) showed an absorption band
at lmax = 450 nm with a shoulder at 420 nm, characteristic of a
chloranil radical anion,[11] together with a broad absorption
band centered at lmax = 1400 nm (Figure 6 a). The local
absorption band of the catechol ether radical cations only
have maxima at about 450 nm,[11] and thus lie within the
envelope of the signal for the chloranil radical anion.
Similarly, the radical cation 1bC+ showed an intense near-IR

transition with a red-shifted absorption
maximum at lmax� 1600 nm (Figure 6b).
The radical cations 2aC+, 2bC+, 3aC+, and
3bC+, generated similarly, lacked any
absorption in the near-IR region. The
observation of the charge-resonance tran-
sitions in the radical cations 1aC+ and 1bC+

(because of effective through-space elec-
tronic coupling) confirms a rapid trans-
formation of the extended conformers into
the p-stacked conformers upon one-elec-
tron oxidation (Scheme 1).

In summary, we have demonstrated that catechol acetals
of acetylacetone (1) in the neutral state exist exclusively as
the extended conformers. However, the one-electron oxida-
tion readily transforms these extended conformers into the
folded p-stacked conformers. We are actively investigating
the usefulness of such a redox-controlled molecular motion in
readily available catechol acetals 1a and 1b as well as the
design and synthesis of higher homologues of these electro-
active materials.

Experimental Section
Compounds 1–3 were synthesized using standard literature proce-
dures.[3] Their molecular structures were calculated with the aid of the

Figure 5. Cyclic voltammograms of 1b, 2b, and 3b (5 mm) in CH2Cl2 measured at a scan
rate of v = 200 mVs�1 at 25 8C. The corresponding square wave voltammograms are shown
as bold curves. E = electric potential, I =current.

Scheme 1. Transformation of the extended conformer of 1b into the
p-stacked conformer upon one-electron oxidation.

Figure 6. The transient absorption spectra of the radical ions formed
from 0.005m chloranil and 0.01m 1a, 2a, and 3a (a) or 0.01m 1b, 2b,
and 3b (b) in a CH2Cl2/CH3CN (1:1) following laser excitation at
355 nm for 10 ns. Inset in (a): The absorption spectrum of chloranil
radical anion generated under identical conditions using 1,4-
diazabicyclo[2.2.2]octane (DABCO) as an electron donor (the radical
cation absorbs at l<350 nm).
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“Spartan 02” graphics program. NMR spectra were recorded using a
300-mHz Varian spectrometer.

1a : M.p. 67–688C; 1H NMR (CDCl3): d = 1.74 (s, 6H), 2.60 (s, 2H),
6.75 ppm (sym m, 8H); 13C NMR (CDCl3): d = 25.36, 46.57, 108.80,
116.48, 121.42, 146.96 ppm; GC–MS: m/z 284 ([M+] calcd for
C17H16O4); elemental analysis (%) calcd for C17H16O4: C 71.82, H
5.67; found: C 71.91, H 5.72.

2a : M.p. 120–1218C; 1H NMR (CDCl3): d = 1.62 (s, 6H), 2.15 (s, 4H),
6.77 ppm (m, 8H); 13C NMR (CDCl3): d = 25.00, 32.98, 108.54, 118.31,
121.21, 147.42 ppm; GC–MS: m/z 298 ([M+] calcd for C18H18O4);
elemental analysis (%) calcd for C18H18O4: C 72.47, H 6.08; found: C
72.57, H 6.10.

3a : Liquid; 1H NMR (CDCl3): d = 1.69 (s, 6H), 6.78 ppm (sym m,
4H); 13C NMR (CDCl3): d = 26.25, 108.75, 117.62, 121.27,
147.47 ppm; GC–MS: m/z 150 ([M+] calcd. for C9H10O2); elemental
analysis (%) calcd for C9H10O2: C 71.98, H 6.71; found: C 72.07, H
6.75.

1b : M.p. 139–1408C; 1H NMR (CDCl3): d = 1.70 (s, 6H), 2.15 (s,
12H), 2.54 (s, 2H), 6.54 ppm (s, 4H); 13C NMR (CDCl3): d = 20.02,
25.28, 46.38, 110.21, 116.47, 128.88, 145.06 ppm; GC–MS: m/z 340
([M+] calcd for C21H24O4); elemental analysis (%) calcd for C21H24O4:
C 74.09, H 7.11; found: C 74.14, H 7.17

2b : M.p. 181–1828C; 1H NMR (CDCl3): d = 1.57 (s, 6H), 2.09 (s, 4H),
2.15 (s, 12H), 6.53 ppm (s, 4H); 13C NMR (CDCl3): d = 19.90, 24.96,
32.91, 109.81, 118.18, 128.52, 145.43 ppm; GC–MS: m/z 354 ([M+]
calcd for C22H26O4); elemental analysis (%) calcd for C22H26O4: C
74.55, H 7.39; found: C 74.61, H 7.42.

3b : Colorless liquid; 1H NMR (CDCl3): d = 1.66 (s, 6H), 2.18 (s, 6H),
6.56 ppm (s, 2H); 13C NMR (CDCl3): d = 19.92, 26.03, 109.95, 117.31,
128.51, 145.28 ppm; GC–MS: m/z 178 ([M+] calcd for C11H14O2);
elemental analysis (%) calcd for C11H14O2: C 74.13, H 7.92; found: C
74.17, H 7.99.
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