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The First Heterotriquinone and Dicyano-
heterotriquinone Methide That Undergo a
Five-Stage Amphoteric Redox Reaction**

Kazuko Takahashi,* Satoshi Fujita, Kimio Akiyama,
Misao Miki, and Kazunori Yanagi

In recent years heterocycle-incorporated conjugated mol-
ecules possessing interesting electrochemical and optical
properties have been widely developed in the field of
fundamental molecular and supramolecular chemistry.l'l We
have recently synthesized heteroquaterphenoquinones 1a—d,
which exhibit an intense absorption band in the near-IR
(NIR) region and undergo amphoteric redox reactions.?
However, these quinones exist in a flexible conformation in
solution at around room temperature, and afford unstable
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anion radicals on electrochemical reduction. Furthermore,
they have relatively weak electron-accepting abilities, which
are sometimes unfavorable when these quinones are to be
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employed as functional molecules such as electron-accepting
or electron-transporting mediators, and as functional units in
supramolecular electric systems that can be modulated by
external electrical stimulation.’! To create a new type of
organic redox system that does not have these disadvantages,
we have now designed and synthesized the novel heterotri-
quinone 3 and the novel dicyanoheterotriquinone methide 4,
as the first heterotriquinonoid systems. On the grounds of the
enhanced conjugation between the three terminal electron-
withdrawing groups, each of these compounds should have a
rigid conformation and thus exhibit strong electron-accepting
properties, which should facilitate the formation of stable
radical anions and radical trianions. Indeed, we have found
that 4 exhibits very characteristic electrochemical behavior
and strong electron-accepting ability; it undergoes a novel
amphoteric five-stage one-electron redox reaction.

The heterotriquinone 3, the dicyanoheterotriquinone me-
thide 4, and the ethylenedioxy derivative 2 (a reference
compound for 3 and 4) were synthesized according to the
routes shown in Scheme 1, starting from the reaction of 5
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tBu 1 tBu
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Scheme 1. Reagents and conditions: a) BuLi (1.0 equiv), diethyl ether,
0°C, 1h; b) ZnCl, (1.0equiv), THF, 0°C, 1.5h; c) [PdCL(PPh;),]
(0.5 equiv), THF, DIBAH (0.1 equiv), room temperature, 15 min; d) 6
(1.0 equiv), THF, room temperature, 1 h; e) TBAF (2 equiv), THF, 0°C,
2 min; f) PbO, (10 equiv), CH,Cl,, room temperature, 30 min; g) conc.
HCUTHF (1/10), room temperature, 1 h; h) N,O-bistrimethylsilylaceta-
mide (BSA) (ca. 1.2 equiv), CH;CN, 75°C, 1 h; i) CH,(CN), (1.2 equiv),
benzene/piperidine (cat.), reflux, 22 h.
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with 6.5) Compounds 2-4 are quite stable both in the solid
state and in solution in common organic solvents and possess a
rigid conformation even in solution, as evident from the
inequivalence of the 2/2” protons and carbon atoms from the
6/6" positions of the six-membered ring in 'H and *C NMR
spectra. The X-ray crystallographic analysis disclosed that 4
adopts an essentially coplanar conformation (Figure 1).1 The

Figure 1. Molecular structure of 4 (ORTEP): a) top view, b) side view.

torsion angle between the dicyanomethylene group and the
central 4H-cyclopentadithiophene moiety and that between
the terminal six-membered rings and this moiety are 2.02° and
2.31°, respectively. Selected spectroscopic data of 2—4 are
listed in Table 1. The IR frequencies of the carbonyl groups on
the six-membered rings of 3 and 4 are higher by 6 and 8 cm™!
than that of 2. The *C NMR resonances of C-4/4", C-1/1", and
C-3'/5" of 3 and 4 appear at lower field than the respective
carbon atoms of 2. These facts indicate that the carbonyl and
the dicyanomethylene groups at the C-4’ position exert a
significant electron-withdrawing effect on the terminal six-
membered rings and that the effect is stronger in the
dicyanomethylene than in the carbonyl group. These quinones
exhibit a very intense m-m* absorption maximum at 650-
700 nm, which is accompanied by a weak n-m* absorption
band at 790—-890 nm due to the carbonyl groups in the six-

Table 1. Spectroscopic data of 2—4.

membered rings (Table 1). Both the wt-* and n-mt* absorption
maxima of 4 showed marked bathochromic shifts of 30 and
88 nm, respectively, from those of 2, while the bathochromic
shifts are much smaller for 3. According to MNDO PM-3
calculations,® the LUMO of 4 (—2.764 €V) lies 0.13 eV lower
in energy than that of 3 (—2.631 eV) and 0.31 eV lower than
that of 2 (—2.454 eV). In contrast, the HOMO of 4 is only
0.07 eV lower in energy than that of 3. Therefore, the large
bathochromic shifts of the m-t* and n-n* bands of 4 can be
mainly ascribed to the lowering of the LUMO of 4. This is also
supported by the strong electron-accepting ability of 4 (see
below).

Interestingly, the electrochemical behavior of 4 is remark-
ably different from that of 3. The reduction of 4 occurs in
three consecutive reversible one-electron transfer steps, as
shown by cyclic voltammetry (Figure 2), affording the stable

I3 L 1 ] 1 1 1

+1.5 +1.0 +0.5 0
-~ FE/V

Figure 2. Cyclic voltammograms of a) 3 and b) 4; compound (1.0mm),
electrolyte: Bu,NCIO, (ca. 0.1m) in CH,Cl, at room temperature, (scan
rate: 50 mVs~Y, reference electrode: SCE.

radical anion (4'~), dianion (4?>7), and radical trianion (4%-).
In contrast, 3 is reduced apparently in a one-step, two-electron
transfer process affording the dianion (3?7) at a half-wave
reduction potential of —0.44 V vs. standard calomel electrode
(SCE), and in a subsequent one-step, one-electron transfer
process that affords the radical trianion (3+-) at a half-wave
reduction potential of —1.37 V vs. SCE (Table 2). By consid-
ering that 2 is also reduced apparently in a one-step, two-
electron transfer process affording the dianion (2*7) at
—0.50 V vs. SCE, the one-electron transfer at —1.37 Vin 3
should correspond to the reduction of the carbonyl group in
the central five-membered ring. The coalescence of the first

Compound 3C NMR (CDCly): o2 IR (KBr): 7 [cm™!] Vis/NIR (CH,CL,): A[nm] (Ig¢)

C-4/4" C-1/1" C-3/5 c-4 C-7'al7'b CO(6)®1  CO(5)lor CN  m-mt* n-gr¥ldl
2 185.42 126.24 117.70 104.68 142.23 1583 - 606 (4.85), 660(5.29), 718sh (4.70)  790sh (3.80)
3 185.54 128.62 120.61 179.53 144.29 1589 1714 615(4.84), 665 (5.27) 804br (3.61)
4 185.62 129.27 123.48 149.95 139.71 1591 2225 637(4.96), 692 (5.15 878br(3.12)

[a] 150 MHz, SiMe,. [b] The CO frequency of the six-membered ring. [c] The CO frequency of the five-membered ring. [d] This band showed a blue shift on

changing the solvent from nonpolar to polar.
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Table 2. Oxidation and reduction potentials® of 2—4 in CH,Cl,.

Com- Ef* Eg Erd  Exd ER AERY,  AEYY Epmb
pound

2 +0.88 +1.49 —0.50(2e) - 0 - 1.38
3 +098 +1.52 —044(2¢) —137 0 0.93 1.42
4 +1.01 +151 -030 -050 —-080 0.20 0.30 1.31

[a] In V vs. SCE, obtained from the cyclic voltammogramm (0.1m TBAP,
scan rate: 50 mVs™). [b] E{™ = E¢* + (— EfeY).

and second one-electron reduction potentials in 3 reveals a
short life time of 3*~ and a very small Coulomb repulsion” in
3%, thus the bulk of the negative charges in 3>~ should localize
on the well-separated oxygen atoms at the six-membered
rings, as in 2>~. On the other hand, the Coulomb repulsion in
4>~ is significantly larger than that of 3*~, since the AEYY, (=
Exd — Ed) value of 4is 0.2 V. This evidence indicates that the
negatively charged centers in 4>~ should be located much
closer than in 3*~. Moreover, the Coulomb repulsions in 4°-
and 4~ are not significantly different from each other: the
difference between the values of AE™% and AEYY, is not very
large (Table 2). These facts indicate that the first one-electron
transfer reaction in 4 occurs on the central dicyanomethylene
group at —0.30 V (vs. SCE), followed by the stepwise second
and third one-electron transfers at each of the oxygen atoms
at the six-membered rings. This is remarkable if one considers
that the dicyanomethylene group is bound to a cyclopenta-
dienylidene-type unsaturated five-membered ring, which
might induce an antiaromatic 4nm electronic structure and
the radical anion might be highly stabilized by the contribu-
tion of the aromatic galvinoxyl unit, if the first one-electron
reduction occurs at one of the oxygen atoms at the six-
membered rings.

The radical anion 4~ (deep red species) and the radical
trianions 43~ (deep orange species) and 3~ (yellow species)
are highly stable species that exhibit well-resolved EPR
spectra (Figure 3). These were obtained by electrolyses of 3
and 4 in dichloromethane with Bu,NCIO, as an electrolyte at
room temperature, although 3~ could not be detected by the
EPR spectroscopy. The hyperfine structure (hfs) constants, a!
(2H) =0.065 mT and a" (2N) =0.106 mT, provided from the
EPR spectrum of 4°~, can be assigned to the protons H-3" and
5" and two equivalent nitrogen atoms of the CN groups,
respectively. This hfs pattern is consistent with the prominent
feature of the LUMO of 4, which bears large n-AO
coefficients at the dicyanomethylene group and its adjacent
C-2, C-3, C-3a, C-4, C-4a, C-5, and C-6' carbon atoms, as
shown in Figure 3d. Thus the existence of significant spin
density on the dicyanomethylene group and the adjacent
carbon atoms in 4~ has been proved. The unpaired electron of
4~ mainly delocalizes on the cyclopentadithiophene carbon
atoms: the EPR spectrum of 4~ (Figure 3b) gave a hfs
constant @ (2H)=0.122 mT which can be assigned to H-3’
and H-5', and there are relatively large -AO coefficients at
the cyclopentadithiophene carbon atoms in the NLUMO of 4
(Figure 3e). The unpaired electron of 3~ mainly delocalizes
on the carbonyl group at the five-membered ring and the
adjacent C-2', C-3, C-3'a, C-4, C-4'a, C-5, and C-6' carbon
atoms: the hfs constant, a! (2H)=0.15 mT, assigned to H-3'
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Figure 3. EPR spectra of a) 4, b) 4~ and c) 3 in CH,Cl, at room
temperature, and t-AO coefficients in the d) LUMO of 4, e) NLUMO of 4,
and f) NLUMO of 3, which were obtained from MNDO PM3 calculations.
The tert-butyl groups of 4, 3, and 2 were replaced by hydrogen atoms for the
calculations.

and H-5', could be deduced from the EPR spectrum of 3+~
(Figure 3¢) and there are large n-AO coefficients on these
atoms in the NLUMO of 3 (Figure 3 f). From these EPR
spectroscopic analyses it is revealed that the spin density of
the galvinoxyl units appears to be very small in 43~ and 3*3-,
although the m coefficients of the phenoxyl units are not
negligibly small.l'’l These characteristic properties of 3 and 4
can be rationalized by the remarkable difference in the
electron-accepting abilities between the dicyanomethylene
and carbonyl groups at the C-4’ position. It is also surprising
that the reduction potential at the C-4’ position shifted to a
more positive value by 1.07 V when a carbonyl group was
replaced by a dicyanomethylene group!

The E7*¢ values become more positive in the series 2 <3 < 4
(Table 2) in accord with the increase in the electron-accepting
ability of the C-4' group. This order also coincides well with
the extent of stabilization of the LUMOs of these compounds.
The quinones 2—4 are amphoteric compounds: they undergo
two successive one-electron oxidations in the anodic direction
affording the corresponding radical cations and dications of
these quinones analogous to those of 1b.2! The E¢* values of
2 -4 increase with increasing electron-accepting ability of the
C-4’ group, but the extent of the increase on going from 3 to 4
is fairly small. Since the Ef'™ (= E{+(— E¢))! value, a
convenient measure for evaluating the amphotericity of a
specified molecule, is smallest in 4, the amphotericity is
highest in 4.

Angew. Chem. Int. Ed. 1998, 37, No. 18
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Thus, we have clarified that the redox reaction sequence of
compound 4 proceeds according to the routes shown in
Scheme 2. Indeed, 4 is the first example of a redox-ampho-
teric compound with a closed-shell, which undergoes a rever-
sible five-stage one-electron reaction and has a strong

Scheme 2. Five-stage one-electron redox reaction sequence for 4.

electron-accepting ability. Compounds that undergo more
than four-stage one-electron redox reactions are very rare,
although one example of a redox-amphoteric compound with
a closed-shell is known that undergoes a six-stage redox
sequence,l'”l but with very low reduction and very high
oxidation potentials. Likewise some examples of open-shell
radicals that undergo six-stage redox reactions!’®l have been
reported. Furthermore we have established that the hybri-
dized functionalization of dicyanomethylene and carbonyl
groups in triquinonoid systems appears to be fruitful for
creating novel and unique redox systems.

Received: January 19, 1998 [Z113751E]
German version: Angew. Chem. 1998, 110, 2658 —2662

Keywords: heterocycles - quinones - radical ions - redox
chemistry

[1] For some recent examples see: K. Takahashi, Pure Appl. Chem. 1993,
65, 127; G. M. Tsivgoulis, J.-M. Lehn, Angew. Chem. 1995, 107, 1188,
Angew. Chem. Int. Ed. Engl. 1995, 34, 1119; M. Munakata, L. P. Wu,
T. K.-Sowa, M. Maekawa, Y. Suenaga, K. Furuichi, J. Am. Chem. Soc.
1996, 718, 3305; M. Hanazawa, R. Sumiya, Y. Horikawa, M. Irie, J.
Chem. Soc. Chem. Commun. 1992, 206; T. Saika, T. Iyoda, K. Honda,
T. Shimidzu, J. Chem. Soc. Chem. Commun. 1992, 591; S. Tarutani, T.
Mori, H. Mori, S. Tanaka, K. Takahashi, Chem. Lett. 1997, 627.

[2] a) K. Takahashi, A. Gunji, K. Yanagi, M. Miki, J. Org. Chem. 1996, 61,
4784; b) K. Takahashi, T. Suzuki, J. Am. Chem. Soc. 1989, 111, 5483.

[3] For some recent examples: T. Benincori, E. Brenna, F. Sannicolo, L.
Trimarco, G. Zotti, P. Sozzani, Angew. Chem. 1996, 108, 718; Angew.

Angew. Chem. Int. Ed. 1998, 37, No. 18

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Chem. Int. Ed. Engl. 1996, 35, 648; F. Wiirthner, M. S. Vollmer, F.
Effenberger, P. Emele, D. U. Meyer, H. Port, H. C. Wolf, J. Am. Chem.
Soc. 1995, 117, 8090; J. Daub, J. Salbeck, T. Knochel, C. Fisher, H.
Kunkey, K. M. Rapp, Angew. Chem. 1989, 101, 1541; Angew. Chem.
Int. Ed. Engl. 1989, 28, 1494; A. Knorr, J. Daub, Angew. Chem. 1995,
107, 2925; Angew. Chem. Int. Ed. Engl. 1995, 34, 2664.

[4] P. Jordens, G. Rawson, H. Wynberg, J. Chem. Soc. (C), 1970, 273.

[5] K. Takahashi, T. Suzuki, K. Akiyama, Y. Ikegami, Y. Fukazawa, J. Am.

Chem. Soc. 1991, 113, 4576.

[6] Satisfactory elemental analyses and spectroscopic data were obtained

for all new compounds. Selected physical data for 2: metallic green

powder; m.p. (decomp) >300°C; 'H NMR (600 MHz, CDCl,): 6 =

1.35 (36H, s,1Bu), 4.42 (4H, s, OCH,CH,0), 7.14 (2H, s, H-3',5), 7.18

(2H, d, J=2.5Hz, H-2, 2"), 732 (2H, d, J=2.5Hz, H-6, 6"); 13C

NMR, IR, and VIS/NIR: see Table 1; MS: m/z (% ): 642 (100) [M*]; 3:

golden needles, m.p. (decomp) 291-292°C; 'H NMR (600 MHz,

CDCL): 6=1.34 (18H, s, rBu), 1.35 (18H, s, rBu), 7.16 (2H, d, J=

2.6 Hz,H-2,2"),731 (2H, d,J=2.6 Hz, H-6,6"), 7.50 (2H, s, H-3', 5');

3C NMR, IR, and VIS/NIR: see Table 1; MS: m/z (%): 598 (100)

[M*]; 4: golden crystals, m.p. (decomp) 264-265°C; 'H NMR

(600 MHz, CDCL,): 6=1.35 (36H, s, tBu), 712 (2H, d, /=2.5 Hz,

H-2,2"),733 (2H, d, J=2.5Hz, H-6, 6"), 792 (2H, S, H-3', 5'); BC

NMR, IR, and VIS/NIR: see Table 1; MS: m/z (%): 646 (100) [M*].

The unit cell contains two molecules of 4 which stack along the a axis

in a face-to-face manner; the dicyanomethylene groups are directed in

opposite directions. The asymmetric unit contains 1.5 benzene solvent
molecules. Crystal data for 4: C,,H,;,N,O,S,-1.5C¢Hy, M, =764.07,
triclinic space group PI (no. 2); a=11.211(2), b=20.738(3), c=

10.006(2) A, a=9776(1), B=106.54(1), y=91.04(1)°; V=

2211.2(6)03; Peated = 1.147 gem=; Z =2; F(000) = 814; Cug, radiation

(A=1.54178 A); T=296 K. Of a total of 7029 collected reflections, 6558

were unique, and 3227 with /> 30 (I) were observed. The structure

was solved by Patterson methods by using DIRDIF92. Final R

factor =0.054 and Rw factor = 0.073. Crystallographic data (excluding

structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Center as
supplementary publication no. CCDC-101013. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union

Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail:

deposit@ccdc.cam.ac.uk).

[8] J.J. Stewart, J. Compt. Chem. 1989, 10, 211.
[9] J. B. Torrance, Acc. Chem. Res. 1979, 12, 79.

[10] The hfs constant for H-2/2", 6/6” (4H) was clearly observed in the
radical anions of heteroterphenoquinones even when the spin density
on the galvinoxyl unit is fairly small.’) The NLUMO coefficients on
the galvinoxyl units become smaller when the calculation is performed
on the tetra-fert-butyl derivatives. The g values of 4=, 43, and 33~ are
scarcely different from one another. This can be mainly ascribed to the
lack of spin density on the sulfur atoms of these species.

[11] Ef'™ expresses the span of the oxidation and reduction potentials. A
small Ef"™ value thus is indicative of a compound with a high
amphotericity: K. Nakasuji, K. Yoshida, I. Murata, J. Am. Chem. Soc.
1982, 104, 1432; reference [2b], and references therein.

[12] J. Heinze, Angew. Chem. 1981, 93, 186; Angew. Chem. Int. Ed. Engl.
1981, 20, 202.

[13] J. Rieser, G. A.-Elenien, K. Wallenfels, H. Baumgirtel, Tetahedron
Lett. 1976, 2363; T. Kubo, K. Yamamoto, K. Nakasuji, T. Takui, I.
Murata, Angew. Chem. 1996, 108, 456; Angew. Chem. Int. Ed. Engl.
1996, 35, 439.

[7

—

1433-7851/98/3718-2487 $ 17.50+.50/0 2487



