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The Tetraaza[1.1.1.1]m,p,m,p-cyclophane
Dication: A Triplet Diradical Having Two
m-Phenylenediamine Radical Cations Linked
by Twisted Benzenes**

Akihiro Ito, Yukiharu Ono, and Kazuyoshi Tanaka*

Many kinds of cyclophanes have been synthesized so far for
the purpose of investigating the peculiar electronic and
spectroscopic properties, which result from the interesting
stereochemistry, as well as the effective binding properties for
use as host molecules in molecular recognition chemistry.[!
Although carbon is the most common bridging element in
useful macrocyclic compounds such as porphyrins® and
calixarenes,Pl other elements such as nitrogen, oxygen, silicon,
phosphorus, and sulfur can be used to obtain additional
chemical and physical properties. Indeed, over the past few
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years, a considerable number of studies have been devoted to
the syntheses of various heteroatom-bridged [1,]cyclo-
phanes.

We are interested in aza-bridged cyclophanesP! in connec-
tion with the chemistry of high-spin organic molecules;
several cyclophane-based high-spin molecules have been
prepared to date.!) Chemically and thermally stable poly-
radicals often contain heteroatoms that serve as spin-bearing
sites”) and are connected to each other through m-phenylene
units, which have proven to be effective ferromagnetic
couplers.®l For example, a p-phenylenediamine (PD), such
as  N,N,N',N'-tetramethyl-p-phenylenediamine =~ (TMPD;
Scheme 1), can be readily converted by one-electron oxida-
tion into a stable semiquinone radical (Wurster’s blue), in
contrast to the instability of ammonium radicals. Therefore,
the use of this type of radical as a spin-bearing unit is pertinent
to the exploitation of novel high-spin organic molecules.!’)

Me., .Me Me\'tl,Me
|
N
Me” Me” + Me
TMPD TMPD* TMPD?*

Scheme 1. Conversion of TMPD into the stable semiquinone radical
(Wurster’s blue) as well as the dication.

When PD is to be employed as a spin-bearing site, 1 is a
promising precursor of high-spin azacyclophanes with the
smallest ring size possible. In addition, 1 can be regarded as m-
phenylene-tethered version of 2. We have already reported

Me. /@\ - ~ Q\

e N NMe Me N N,Me
N N. N N

Me” \©/ Me Me N Me Me N Me

1 2

the spin preference of 2** and also pointed out the presence of
several conformational isomers.'”) On the other hand, 1 is
anticipated to retain only one conformation in which the two
PD moieties are juxtaposed. Such a conformation is not
feasible for 2 because of steric repulsion between the methyl
groups. Here, we report on the synthesis, structure, and redox
properties of cyclophane 1. Furthermore, the electronic
structure of its dication is described on the basis of EPR
and quantum-chemical studies.

Palladium-catalyzed condensation of m-dibromobenzene
with N,N'-dimethyl-p-phenylenediamine gives the desired 1in
an abysmal yield of 0.28 %[l (Scheme 2), but in a one-pot
reaction. The UV/Vis spectrum of 1 in cyclohexane measured
at room temperature shows two absorption maxima at A, =
236 and 302 nm, which are slightly blue-shifted to those of
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Me, Me a)
+ N N — 1
4 \
Br Br H H

Scheme 2. Synthesis of 1: a) NaOrBu, [PdCL[P(o-tolyl);],], toluene,
100°C, 16 h, 0.28 %.

TMPD.['Z Colorless plates were obtained by slow evaporation
of a dilute solution of 1 in ethyl acetate at room temperature.
The X-ray structure analysis (see the Experimental Section)
designates an alternate meta-para-linked macrocyclic struc-
ture for 1 (Figure 1). Cyclophane 1 has an approximate C,,
symmetry, and the m-phenylene and p-phenylene planes are
inclined in the range of 13-21° and 57-59°, respectively, to
the plane defined by the four nitrogen atoms.

Figure 1. Side (top left and bottom right) and plan views (top right) of the
molecular structure of 1 in the solid state. Thermal ellipsoids have been
drawn at the 50 % probability level.

The density functional theory (DFT) calculations!'3] indi-
cate that the C,,-symmetric structure is favored for a model
compound of 1 in which the methyl groups at N are replaced
by H (1yy). These results are in accordance with the X-ray
crystal structure, except for a small inclination angle of the m-
phenylene plane (3.0°).41 More importantly, 1y (and 1) can
be classified as a coextensive non-Kekulé molecule, judging
from its frontier orbitals (HOMO and HOMO - 1), which are
composed of two nonbonding MOs (2a, and 3b,) of m-
phenylenediamine and a HOMO (e,,) of benzene (Figure 2).
Hence, when these two frontier MOs are singly occupied, a
strong exchange interaction is expected; the energies of the
triplet state of 1yy>" (and 1?*) lie well below those of the
corresponding singlet state. In fact, the singlet—triplet energy
difference, AEg 1, for 1y** is estimated to be 2.2 kcalmol ™,
indicating a ground-state triplet. The C,,-symmetric structure
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S

HOMO (20ay)

2ap 3b,

Figure 2. Schematic representation of the frontier orbitals for 1y on the
basis of BPW91/6-31G* calculations. These orbitals are depicted after the
expansion of the nonplanar structure onto the plane of the page. Two
nonbonding MOs (2a, and 3b,) of m-phenylenediamine are also shown at
the bottom.

HOMO -1 (25by,)

of 1yy remains unchanged even in 1y4**, and moreover two
PD moieties are close to the semiquinone structure, judging
from the optimized bond lengths of 1y*.

The cyclic voltammogram of 1 in acetonitrile clearly shows
four redox couples at E” = —0.03, +0.16, +0.47, and +0.62 V
(vs. ferrocene/ferrocenium (Fc/Fc*)), which correspond to 1%
1+, 14/1%7, 124/13*, and 13*/1*, respectively (Figure 3). Where-
as a quasi-two-electron transfer takes place in 22+ —2*", the

25uA
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E/V

Figure 3. Cyclic voltammogram of 1 in MeCN at 25°C (scan rate
100 mVs™).

corresponding redox processes for 1 are two separate single-
electron transfers, as expected from the macrocyclic structure
of 1. The redox potentials of 1 are summarized in Table 1
together with those of related compounds under the same
conditions. Interestingly, the first and second redox potentials
of 1 are approximately 0.16 V higher than those of 2. The
decrease of electron-donating ability in 1 is ascribed to the m-
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Table 1. Redox potentials of 1 and related compounds.!

Compd  EY'[V] E3'[V] Eg'[V] EY [V]
1 —0.03 (—0.120)) 0.16 (0.141)  0.47 (0.5004)) (.62

2 ~0.19 —0.01 0.44141

301 0131 0.05 0.55

4rhnsl 0,09 0.20 0.64141

TMPD  —029 029

[a] Conducting salt 0.1m nBu,NCIO, in MeCN, potentials given versus Fc/
Fc*, Pt electrode, 25°C, scan rate 100 mVs~!. [b] Measured in CH,Cl,.
[c] Redox behavior such as the formation and dissolution of chemisorbed
hydride and oxide layers on the polycrystalline Pt electrode is observed in
this two-electron transfer (C. H. Hamann, A. Hamnett, W. Vielstich,
Electrochemistry, Wiley-VCH, Weinheim, 1998, p.222). [d] Quasi-two-
electron oxidation.

phenylene tether. In addition, the donor ability of 1 is
comparable to that of a linear N-methylated oligoaniline
tetramer (4) rather than the dimer (3).[*]

SO0

3

ENSpe NSRS

Chemical oxidation of 1 (1 mm) with less than one
equivalent of tris(4-bromophenyl)aminium hexachloroantim-
onatel' in n-butyronitrile at —78°C yields a blue solution
which shows an ESR spectrum (—157°C) with a poorly
resolved hyperfine structure resulting from “N and 'H nuclei
at the N-methyl groups. The g value of 2.0026 suggests fairly
large spin densities at the p-phenylene units, since nitrogen-
centered radicals are typically characterized by large devia-
tion from the g value of the free electron (2.003 -2.004).

When 1 in n-butyronitrile (1 mm) is treated with two
equivalents of the same oxidant at —78°C in the presence of
1% (v/v) trifluoroacetic acid, the corresponding dark blue
di(cation radical) 12+ is obtained. The EPR spectrum of 1>* at
—157°C (Figure 4) shows a definite six-line pattern character-
istic of a randomly oriented non-axial triplet molecule, in
contrast to the case of 2**. Corroborating evidence for the
triplet state of 12 is obtained from the resonance at half-field
for the forbidden transition AMg=+2 (inset of Figure 4). The
generated dication is stable for several weeks in solution at
—78°C, but decays gradually at higher temperature (lifetime
ca. 5 min at room temperature); the resulting solution exhibits
an EPR spectrum similar to that observed for 1™ at —157°C.

Nevertheless, 1>* is far more stable than 2°*. From the peak-
to-peak linewidth of three pairs of bands, the zero-field
parameters of the dipolar electron—electron interaction can
be obtained for 1: |D |=77.6 G (0.0073 cm™') and |E|=75G
(0.0007 cm~'). The value of |D| corresponds to an average
distance between the two radical centers of about 7.1 A within
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Figure 4. The X-band EPR spectrum of 1>+ in n-butyronitrile/trifluoro-
acetate (99/1 v/v) at —157°C. The central line is due to some doublet
impurity. Inset: The resonance for AMg=+2 at —157°C.

the point dipole approximation. This value is, however, larger
than the distance between the centers of two p-phenylene
moieties estimated from the X-ray structure analysis (ca. 5 A).
The average distance is rather close to the distance between
the centers of the two m-phenylene moieties (ca. 7 A). In fact,
a reasonable D value of 0.0068 cm™' calculated for 1y is
obtained on the assumption that the largest dipole—dipole
interaction is along the direction connecting the two m-
phenylene moieties.'”? Hence, 12+ can be regarded as two m-
PD radical cations linked by two p-phenylenes rather than
two p-PD radical cations linked by two m-phenylenes. Note
that the midpoints of the pairs of bands do not coincide,
indicating anisotropy of the g factor: g, =2.0021, g,, =2.0008,
8..=2.0028.1

To elucidate the spin multiplicity of 1>* in the ground state,
we have carried out variable-temperature EPR measurements
(4-100 K). The intensity of the resonance for AMg=+=+2
demonstrates a linear correlation to the reciprocal of the
temperature, indicating a triplet ground state or degeneracy of
singlet and triplet states for 12*. Consequently, it follows from
these results and the calculated AEg 1 value for 1y;** that the
ground state of 12+ is triplet.

In summary, we have described the triplet state of the new
azacyclophane-based dication 1?*. Moreover, it was con-
firmed that the stabilization of the di(cation radical) based on
Waurster’s blue is, to some extent,”) achieved by macro-
cyclization due to the m-phenylene tether, which is lacking in
the conformationally unrestricted 2?*. Cyclophane 1** is a
prototype of one-dimensional high-spin ladderlike polymers,
so that further work on its oligomer model is now in progress.

Experimental Section

1: A mixture of N,N'-dimethyl-p-phenylenediamine (2.7 g, 20 mmol), 1,3-
dibromobenzene (4.8 g, 20 mmol), NaOrBu (5.4¢g, 56 mmol), and
[PACL,(P(o-tolyl);),] (0.61 g, 0.78 mmol) in toluene (180 mL) was heated
under an argon atmosphere at 100°C for 19 h according to the reported
procedure.?! After the usual workup including removal of brown intract-
able polymeric solid, the crude product was purified by medium-pressure
liquid chromatography (MPLC) on SiO, (n-hexane/ethyl acetate (7/1) as
eluent). A fraction (R;=0.5) afforded 1 as a white solid (12 mg,
0.028 mmol, 0.28 %) after recrystallization from ethyl acetate. M.p. 210°C
(decomp.); '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =3.26 (s, 12H),
5.83 (t, “/(H,H) =2.2 Hz, 2H), 6.45 (dd, *J(H,H) =8.3, “/(H,H) =2.2 Hz,
4H), 6.95 (s, 8H), 7.23 (t, *J(H,H) =8.3 Hz, 2H); *C NMR (100.5 MHz,
CDCl;, 25°C, TMS): 6=39.63, 106.18, 125.49, 130.05, 130.05, 144.09,
150.33; UV/Vis (cyclohexane): A,,,,, (Ig &) =236 (4.62), 302 nm (4.57); FT-IR
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(KBr): =698, 761, 837, 880, 1348, 1510, 1591, 2811, 2876, 2957; HR-MS:
mlz caled: 420.2314 [M*]; found: 420.2332.

Crystal data for 1 (C,xH,sN,): M, =420.56, monoclinic, space group P2,/n
(no. 14), a=8.822(4), b=17.577(7), c=15.200(6) A, f=106.43(3)°, V=
2260(1) A3, T=296 K, Z =4, peyea = 1.235 gem=3, u(Moy,) =0.74 cm™'; of
3911 total reflections, 3689 were independent; R =0.084 and Ry = 0.090 for
861 reflections with /> 20([). The structure was solved by direct methods
and refined with the full-matrix least-squares method of the TEXSAN
program (version 1.9, Molecular Structure Corporation). Crystallographic
data (excluding structure factors) for the structure reported in this paper
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-133430. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@
ccde.cam.ac.uk).
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