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ABSTRACT

A guest molecule sa bis- N-tetraethyleneglycol-substituted 3,3 ′-difluorobenzidine derivative shas been synthesized, and its complexation with
the host, cyclobis(paraquat- p-phenylene), has been investigated. This host −guest complex was then employed in the template-directed synthesis
of a blue-colored [2]rotaxane. The color of this [2]rotaxane arises from the charge-transfer absorption band between the HOMO of the guest
and the LUMO of the host. This host −guest complex, and the derived [2]rotaxane, completes the donor −acceptor-based RGB (red/green/blue)
color complex set.

The discovery1 of cation recognition by crown ethers has
led to the design and synthesis of a myriad of host-guest
systems employing hosts such as cyclodextrins,2 calixarenes,3

cucurbiturils,4 etc. In addition to these hosts, the tetracationic
cyclophane, cyclobis(paraquat-p-phenylene)5 (CBPQT4+),
enjoys a unique stature in host-guest chemistry6 on account
of its insatiable appetite to bindπ-electron-rich systems. The
π-electron-poor CBPQT4+ ring interacts withπ-electron-rich
guest molecules by means of charge-transfer (CT) interac-

tions, conferring useful electrochemical7 and electrooptical8

properties upon the host-guest system. The color of the
complex withCBPQT4+ as the host is determined by the
wavelength of the CT absorption band,5a,8,9 whereas the
absorption wavelength depends on the energy gap between
the LUMO of CBPQT4+ and the HOMO of the guest
molecule.5a,9d Thus, we can generate a range of different
colors by altering the HOMO energy level of the guest
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molecules. Given this unique optical property, we have
performed10 calculations on an electrochemically controllable
RGB (red/green/blue) dye, which is based on a [2]catenane
constitution consisting of an interlocked CBPQT4+ ring and
a crown ether, having threeπ-electron-rich stations. The color
of this three-station2 catenane changes as a function of the
CBPQT4+ ring location (Scheme 1) which, in principle, can
be controlled by the oxidation of each station in turn.

Although for the best part of two decades we have been
identifying and examining a range of guest molecules5a,8,9,11

that can form inclusion complexes with the CBPQT4+ ring,
the blue color that is suitable for the design of the RGB dye
has eluded us.12 DFT calculations10 predict that bis-N-
oligoethyleneglycol-substituted 3,3′-difluorobenzidine should
give the required blue color when it forms a complex with
the CBPQT4+ ring. Here, we describe the synthesis of a new
guest compound, bis-N-tetraethyleneglycol-substituted 3,3′-
difluorobenzidine (DFBZ-TEG), for the host,CBPQT4+,

as well as a new [2]rotaxane,1‚4PF6, using DFBZ-TEG
as a precursor to its dumbbell. Both the [2]pseudorotaxane
and the [2]rotaxane which have their optical (absorption
spectrum) and electrochemical properties measured, and
thermodynamic parameters deduced, display intense blue
colors.

The synthetic routes employed in the synthesis of 3,3′-
difluorobenzidine13 (DFBZ), DFBZ-TEG, and 1‚4PF6 are
summarized in Scheme 2.

DFBZ was prepared, starting from 4-bromo-2-fluoro-
aniline (2), in 33% yield using a modification of a procedure
already reported in the literature:13b the reaction also afforded
3-monofluorobenzidine (15%) and benzidine (BZ) itself
(10%).DFBZ was obtained as a pure compound, free from
these byproducts, after column chromatography (SiO2: MeOH/
(2 M) NH4Cl (aq)/MeNO2, 5:4:1).

DFBZ-TEG was prepared by alkylation (NEt3/PhMe) of
the two amino groups inDFBZ with the monotosylate3 of
tetraethyleneglycol.11,14Because the reactivity of these amino
groups is lower than inBZspresumably on account of both
the steric and electronic influences of the fluorine substituents
in the 3,3′-positionssthe yield ofDFBZ-TEG was only
30%. WhenCBPQT‚4PF6sa white powderswas added to
a colorless solution ofDFBZ-TEG in MeCN, the color of
the solution turned blue immediately, indicating the formation
of the [2]pseudorotaxane. The [2]rotaxane1‚4PF6 was
isolated in 18% yield as a result of capping11,15 the terminal
hydroxyl groups of this [2]pseudorotaxane with TIPS triflate
in DMF laced with 2,6-lutidine.
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Credi, A.; Gandolfi, M. T.; Gómez-López, M.; Iqbal, S.; Philp, D.; Preece,
J. A.; Prodi, L.; Ricketts, H. G.; Stoddart, J. F.; Tolley, M. S.; Venturi, M.;
White, A. J. P.; Williams, D. J.Chem.-Eur. J. 1997, 3, 152-170. (d)
Balzani, V.; Credi, A.; Mattersteig, G.; Matthews, O. A.; Raymo, F. M.;
Stoddart, J. F.; Venturi, M.; White, A. J. P.; Williams, D. J.J. Org. Chem.
2000,65, 1924-1936.

(10) Deng, W.-Q.; Flood, A. H.; Stoddart, J. F.; Goddard, W. A., III.J.
Am. Chem. Soc.2005,127, 15994-15995.
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Scheme 1. Color Change Scheme of the RGB Dye

Scheme 2. Synthesis of the Blue-colored [2]Rotaxane

a CTAB: Cethyltrimethylammonium bromide.
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Figure 1 portrays the1H NMR spectra of the blue-colored
[2]rotaxane1‚4PF6 (Figure 1c) and its precursorsDFBZ-
TEG (Figure 1a) andCBPQT‚4PF6 (Figure 1b). The signals
for the aromatic protons on the rod section of the dumbbell
component, i.e., protons a-c, NH, and d, are shifted to a
much higher field in the [2]rotaxane1‚4PF6, where the
CBPQT4+ ring expresses its well-known shielding effect on
guest protons situated within its cavity. Of the protons
associated with the CBPQT4+ ring, the chemical shifts for
the R and CH2 protons are almost identical (cf. Figures 1b
and 1c), whereas those of theâ and e protons are shifted to
higher and lower fields, respectively. These observations
suggest strongly that the plane of the aromatic ring inDFBZ
is parallel and perpendicular, respectively, with the bi-
pyridinium and the paraphenylene aromatic rings present in
CBPQT4+, a co-conformation which is consistent with the
DFT calculated10 one.

Table 1 summarizes the thermodynamic parameters for
the 1:1 complexes formed betweenCBPQT‚4PF6 as the host
and the guestsDFBZ and DFBZ-TEG. The binding
constants orKa values (see Figure S1 in Supporting Informa-
tion) confirm that the introduction of tetraethyleneglycol
chains leads to an increase in theKa value. Nonetheless, the
binding constant does not increase as drastically as when
the cores of the guests are tetrathiafulvalene or 1,5-dioxy-
naphthalene.16 The trend inKa values on going fromDFBZ

to DFBZ-TEG is consistent with what has been observed
previously11 for biphenol derivatives. Also, it should be noted
that theKa value involvingDFBZ-TEG as a guest is much
smaller than that for the bis-N-tetraethyleneglycol-substituted
benzidine17 (BZ-TEG), presumably because of the detri-
mental effect the fluorine atoms have, both electronically
and sterically, on the binding of aBZ unit inside aCBPQT4+

host.
UV-visible (UV-vis) absorption spectra of 1:1 mixtures

of (a) DFBZ and CBPQT‚4PF6 and (b)DFBZ-TEG and
CBPQT‚4PF6 and the spectrum of (c) the blue-colored
[2]rotraxane,1‚4PF6, are illustrated in Figure 2.

The smallKa values for the [2]pseudorotaxane involving
DFBZ andDFBZ-TEG result in much lower CT absorption
intensities (Figures 2a and 2b) compared with that (Figure
2c) of the [2]rotaxane1‚4PF6. The introduction of tetra-
ethyleneglycol chains results in a change of the maximum
absorption wavelength (λmax) from 570 to 610 nm, indicating
that the HOMO energy level ofDFBZ changes as a direct
result of the alkylation of the amino groups.10,18 The color
of theDFBZ-based complex in solution can be categorized
as purple, rather than as blue. On the other hand, theλmax of
610 nm for the blue-coloredDFBZ-TEG -based complex and
the [2]rotaxane1‚4PF6 (ε ) 1.7 × 102 M-1 cm-1) is close
to that (601 nm) predicted10 by DFT calculations.

The electrochemical properties ofDFBZ, DFBZ-TEG,
and the blue-colored2 rotaxane1‚4PF6 were analyzed by
cyclic voltammetry (CV) (Figure 3) and by differential pulse
voltammetry (DPV). See also Figures S2 and S3 in the
Supporting Information. The guest compounds (DFBZ and
DFBZ-TEG) show (Figures 3a and 3b, respectively) two
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Figure 1. 1H NMR spectra (500 MHz, CD3CN, rt) of (a)DFBZ-
TEG, (b) CBPQT‚4PF6, and (c) the blue-colored rotaxane1‚4PF6.

Table 1. Thermodynamic Parameters for the Inclusion
Complexes Formed withCBPQT‚4PF6 as a Host in MeCN at
25 °C (Details in Supporting Information)

guest
∆H

(kJ mol-1)
T∆S

(kJ mol-1)
∆G

(kJ mol-1)
Ka

(M-1)

DFBZ -59.0 ( 3.5 -48.4 -10.4 68.3 ( 4.7
DFBZ-TEG -51.6 ( 0.3 -37.3 -14.2 312 ( 2.5

Figure 2. UV-vis absorption spectra (rt, MeCN, 1 mM) of (a) a
1:1 mixture of DFBZ and CBPQT‚4PF6, (b) a 1:1 mixture of
DFBZ-TEG andCBPQT‚4PF6, and (c) the blue-colored [2]rotax-
ane1‚4PF6. A photograph of the blue-colored [2]rotaxane solution
is shown in the inset.
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reversible one-electron redox processes. The half-wave
potentials (E1/2) are summarized in Table 2. The redox

potentials ofDFBZ are higher than those ofDFBZ-TEG,
which is consistent with UV-vis results. The shape of the
CV trace in the oxidation region, especially in the cathodic
scan, is distorted for1‚4PF6. It can be assumed that the
flexible tetraethyleneglycol linker enables the CBPQT4+ ring
to move freely around theDFBZ station, a situation which
results in the broadening of the redox CV peaks. DPV
analysis (Figure S2 in the Supporting Information), however,
clearly shows two distinct peaks, which give the exactE1/2

values.
In highly constrained [2]rotaxanes,18,19 the E1/2 value for

the second redox process shifts more significantly than the
first one because the tetracationic CBPQT4+ ring strongly
hinders the generation of the dication in the limited available
space. In1‚4PF6, the first and secondE1/2 values shift almost

in the same magnitude compared withDFBZ-TEG: the
potential shifts for the first and second oxidations are+0.20
and+0.19 V, respectively. This observation implies that the
CBPQT4+ ring is slightly translocated from theDFBZ station
in the direction of the tetraethyleneglycol spacer on account
of Coloumbic repulsion after the first oxidation. Because the
tetraethyleneglycol is short, the presence of the CBPQT4+

ring near theDFBZ station still exerts influence on the
second redox potential.

Two reversible two-electron redox processes were ob-
served for the CBPQT4+ ring in the reduction region (E <
0). The first two-electron reduction peak is broad. This
broadening is clearly recognizable (Figure S3 in Supporting
Information) in the DPV analysis. The broadening arises from
the overlap of two peaks as a result of the CT interactions,
which mix theDFBZ HOMO and the bipyridinium LUMOs
together.19,8 The second two-electron reduction peak does
not show broadening,20 suggesting that the CBPQT2+ ring
has translocated to one of the tetraethyleneglycol spacers
because of weak CT interactions.9b,d

In conclusion, we have designed, synthesized, and char-
acterizedDFBZ-TEG and the [2]rotaxane consisting of
DFBZ-TEG andCBPQT4+. We confirmed the blue color
of the CT absorption band betweenDFBZ-TEG and
CBPQT‚4PF6. The acquired data (Table 3) on model

compounds (Figure S4 in the Supporting Information)s
binding constants, absorption spectra, and electrochemical
propertiessindicate that the design of an RGB dye using
the discussed donor-acceptor motif is attainable.
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Figure 3. Cyclic voltammetry traces of (a)DFBZ, (b) DFBZ-
TEG, and (c)1‚4PF6. The cyclic voltammograms were recorded
at 200 mV s-1 in argon-purged MeCN at rt. The concentrations of
the samples and the supporting electrolyteTBA‚PF6 were 0.5 mM
and 0.1 M, respectively.

Table 2. Half-Wave Potentials (E1/2 vs SCE in V) forDFBZ,
DFBZ-TEG, CBPQT‚4PF6, and the Blue-Colored [2]Rotaxane
1‚4PF6

a

oxidation reduction

DFBZ +0.76, +0.95
DFBZ-TEG +0.65, +0.83
CBPQT‚4PF6 -0.29, -0.72
1‚4PF6 +0.85, +1.02 -0.29, -0.81

a Argon purged MeCN, 0.1 MTBA‚PF6, 200 mV s-1.

Table 3. Physicochemical Properties of the Three Model
Guests for the RGB Dye

λmax of CT band
nm

binding
constant
Ka M-1

first E1/2

vs SCE
in V

TTF-TEGa,20 416,000 +0.36 835 (green)
DFBZ-TEG 300 +0.65 610 (blue)
DNP-C5DEGa,20 100 +1.16 525 (red)

a The structural formulas are shown in Figure S4 in the Supporting
Information.
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