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Electroactive paraquat 1 and diquat 2 (Figure 1) are
widely used herbicides produced in ton quantities every
year.[1] Due to their powerful electron-accepting character
they are exceptional electron-transfer quenching agents. Re-
search into these dicationic species spearheaded the devel-
opment of supramolecular science and led to the evolution
of molecular devices.[2] Extensive studies into their proper-
ties in biological and photocatalytic systems,[3] and their mo-
lecular recognition capabilities further testify to the unique
position of these privileged dications.

The comparatively unexplored realm of helically chiral N-
heterohelicenia[4,5] (e.g., 3, ref. [4b, c]) represents a platform
on which to simultaneously expand the fields of cationic N-
heteroaromatics,[6] helicenes, and heterohelicenes.[7] The pos-
sibility of combining the remarkably diverse applicationACHTUNGTRENNUNGpotentials of these areas, is particularly attractive.

Herein, we report the synthesis, and properties of helical
extended diquat 4 (helquat 4) and derivatives thereof that
bear resemblance to both diquat 2, and azoniahelicene 3. In
the synthesis of the parent helquat 4, we capitalize on the
fact that a facile pyridine-type nitrogen quaternization pro-
tocol (5!6, Scheme 1) developed for monocation synthesis

by Vaquero, Cuadro et al.[8] can be beneficially combined
with a reliable entry to helical scaffolds based on [2+ 2+2]-
triyne cycloisomerization pioneered by Starý and Star�.[9]

Thus, triyne 6 is prepared in high yield from the known pyri-
dine precursor 5 (ref. [10]) and the key [2+ 2+2] cycloiso-
merization 6!4 is effected in minutes with Wilkinson�s cat-
alyst [Rh ACHTUNGTRENNUNG(PPh3)3Cl] in acetonitrile under microwave condi-
tions. The practicality of the protocol is underscored by the
fact that a simple ethyl acetate wash of the crude product
removes the catalyst affording helquat 4 as the triflate salt
in good purity on milligram to gram scales. X-ray crystal
structure analysis unambiguously confirms the identity of 6
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Figure 1.

Scheme 1. a) TfOCH2CH2C�CH, CCl4, CH2Cl2, 40 8C, 23 h, 83%; b)
[Rh ACHTUNGTRENNUNG(PPh3)3Cl] (5 mol %), MeCN, MW, 30 min, 90 8C, 99 %; c) [Cp*Ru-ACHTUNGTRENNUNG(cod)Cl] (10 mol %), H2O/DMSO 99:1, air, 30 min, 100 8C, 94 %. Tf = tri-
fluoromethanesulfonyl.
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and 4 (Figure 2).[11] The reaction 6!4 is, to our knowledge,
the first example of metal-catalyzed [2+2+ 2] cycloaddition
of cationic N-heteroaromatics reported to date.[12]

The key transformation 6!4 is also catalyzed by a known
ruthenium catalyst [Cp*Ru ACHTUNGTRENNUNG(cod)Cl] (Cp*=pentamethylcy-
clopentadienyl, cod= 1,5-cyclooctadiene)[13] and can be con-
ducted under unique aqueous aerobic conditions
(Scheme 1), representing a rare metal-catalyzed example of
air-tolerant [2+ 2+2] cycloadditions.[14] Although this reac-
tion also proceeds at room temperature, it is slower with
conversion reaching 25 % after 17 h. We note that this mild
air- and water-tolerant process leads to the water-soluble
blue fluorophore 4.[15] The fluorescence spectrum obtained
after excitation at 330 nm, shows a maximum at 400 nm and
extends into the visible region, accounting for the blue fluo-
rescence (Figure 3). The quantum yield was determined to
be 0.14 with fluorescence lifetime of 3 ns (see Supporting In-
formation for details).

Analysis by cyclic voltammetry showed the dication 4 to
be reduced in two separate revers ACHTUNGTRENNUNGible one-electron steps at
reduction potentials of �742 and �982 mV (vs. standard hy-
drogen electrode, scan rate 0.5 V s,�1 see the corresponding
cyclic voltammogram, Scheme 2, panel A).[16] In a UV/Vis
spectroelectrochemical experiment, absorption bands of the
three electrochemical states in the manifold 4, 7, and 8 were
determined. The results obtained experimentally (Scheme 2,
panel B upper) are in excellent agreement with the theoreti-
cal UV/Vis absorption bands of the three species 4, 7, and 8
obtained by ab initio calculations (TD-DFT with BMK func-
tional and 6-31 +G* basis set, Scheme 2, panel B lower). In-

terestingly, calculations show that if the reduced species 8
resided predominantly in its triplet state,[17] the UV/Vis ab-
sorption spectrum would exhibit no maximum in the region
around 690 nm. The presence of this band in the experimen-
tally determined UV/Vis spectrum strongly suggests that
species 8 exists mostly in the singlet form (see Supporting
Information for details). The corresponding triplet state of 8
is calculated to be 0.5 eV (48 kJ mol�1) higher in energy as
compared to the singlet ground state of 8. Thus, the two
electrochemical experiments supported by ab initio calcula-
tions suggest that helquat 4 parallels electrochemical proper-

Figure 3. Absorption (solid line) and fluorescence (dotted line) spectra of
helquat 4 in water.

Figure 2. Molecular structures of 6 and 4 from single-crystal X-ray struc-
ture determination. Triflate counterions were omitted for clarity.

Scheme 2. Reversible Weiz-type electrochemical manifold of 4 ; panel A:
cyclic voltammetry of 4 (0.4 mm) and (nBu4N)PF6 (0.1 m) in acetonitrile;
panel B upper: UV/Vis spectrum of 4 (3 mm) and (nBu4N)PF6 (0.1 m) in
acetonitrile (c), after the one-electron reduction (7, g) and in a
fully reduced form (8, a); Panel B lower: Ab initio calculated spectra
of 4, 7, and 8 in acetonitrile. Counterions are omitted.
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ties of diquat 2 (refs. [3b, 16]) and thus belongs to an electro-
chemically privileged family of Weiz-type structures.[18]

To demonstrate the flexibility of the described synthetic
protocol, a variety of helquats (Table 1) was synthesized.
End-capped triyne 9 was transformed readily to hexasubsti-
tuted benzene derivative 10 showing that internal alkyne
arms are well tolerated. Triyne 11, with elongated tethers
connecting the heterocyclic moiety with the pendant alkyne
functionalities, also smoothly underwent cycloisomerization
giving helquat 12 featuring two seven-membered rings. Sig-
nificantly, introduction of diversity in the region anticipated
to be crucial to the tuning of the helix inversion barrier[19] is
also facile as exemplified by racemic syntheses of methyl-
substituted helquats 14, and 16, and benzo-homologues, 18
and 20. Structures of two representative examples of helical
dications, 18 and 20, are depicted in Figure 4.[20] Similarly to

the synthesis of parent compound 4, all helquats in Table 1
are isolated by a simple ethyl acetate wash of the crude
product affording the helquats in good purity and high
yields. Importantly, the seven helquats reported in this Com-
munication can be accessed uniformly in only three steps
from commercially available starting materials. Each three-
step sequence entails a Sonogashira coupling, bisquaterniza-
tion, and finally [2+ 2+2] cycloisomerization (see Support-
ing Information for details).

In conclusion, capitalizing on a [2+2+ 2]-cycloisomeriza-
tion strategy, we have developed a robust three-step synthet-

ic entry into a novel family of dications which we suggest to
call helquats (helical extended diquats). They feature an
electroactive-extended diquat-type motif in a helical ar-
rangement. The evidence for the reversible electrochemical
Weiz-type manifold in 4 and also regular columnar stacks in
crystal structures of 4, 18, and 20 suggest the potential of
helquats as electroactive functional elements of future nano-
science, for example, molecular electronics.[21] The conceptu-

Figure 4. Molecular structures of 18 and 20 from single-crystal X-ray
structure determination. Triflate counterions were omitted for clarity.

Table 1. Rhodium-catalyzed synthesis of helquats.

Entry[a] Substrate Product Yield [%][b]

1 93[c]

2 91

3
94
93[d]

4 94[e]

5 76[f]

6 69[g]

[a] Reaction conditions: triyne (0.01–0.07 mmol), [Rh ACHTUNGTRENNUNG(PPh3)3Cl]
(5 mol %), MeCN, MW, 30 min, 90 8C. [b] Yield of isolated product.
[c] Reaction temperature 110 8C. [d] EtOH, 0.5 g scale (0.9 mmol).
[e] Reaction performed in EtOH, 90 8C, 30 min, then 110 8C, 30 min.
[f] [Rh ACHTUNGTRENNUNG(PPh3)3Cl] (10 mol %), EtOH, MW, 30 min, 110 8C. [g] [Rh-ACHTUNGTRENNUNG(PPh3)3Cl] (10 mol %), EtOH, MW, 60 min, 120 8C.
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al simplicity, practicality, atom- and step-economy of the re-
ported synthetic strategy will open this class of compounds
for multidisciplinary research efforts ranging from organoca-
talysis to material applications to bio-applications. Potential
uses of helical dications, structural tailoring to tune the sin-
glet-triplet energy gap in fully reduced species such as 8,
and synthetic entry into non-racemic series are currently
being pursued.
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Pecka, J. Jindřich, G. Calleja, P. R. Craig, J. Michl, J. Org. Chem.
2005, 70, 405 – 412; L. Boubekeur-Lecaque, B. J. Coe, K. Clays, S.
Foerier, T. Verbiest, I. Asselberghs, J. Am. Chem. Soc. 2008, 130,
3286 – 3287; F. M. Raymo, M. D. Bartberger, K. N. Houk, J. F. Stod-
dart, J. Am. Chem. Soc. 2001, 123, 9264 –9267 and references there-
in.

[7] For reviews on helicenes and heterohelicenes, see A. Rajca, M.
Miyasaka, in Functional Organic Materials (Eds.: T. J. J. M�ller,
U. H. F. Bunz), Wiley-VCH, Weinheim, 2007, pp. 543 –577; A.
Urbano, Angew. Chem. 2003, 115, 4116 – 4119; Angew. Chem. Int.
Ed. 2003, 42, 3986 –3989; C. Schmuck, Angew. Chem. 2003, 115,
2552 – 2556; Angew. Chem. Int. Ed. 2003, 42, 2448 – 2452; H. Hopf,
Classics in Hydrocarbon Chemistry: Syntheses, Concepts, Perspec-
tives, Wiley-VCH, Weinheim, 2000, pp. 323 – 330; T. J. Katz, Angew.
Chem. 2000, 112, 1997 – 1999; Angew. Chem. Int. Ed. 2000, 39, 1921 –
1923; S. K. Collins, M. P. Vachon, Org. Biomol. Chem. 2006, 4,
2518 – 2524; A. Rajca, S. Rajca, M. Pink, M. Miyasaka, Synlett 2007,
1799 – 1822; for recent reports, see J. Ichikawa, M. Yokota, T. Kudo,
S. Umezaki, Angew. Chem. 2008, 120, 4948 –4951; Angew. Chem.
Int. Ed. 2008, 47, 4870 – 4873; H. Sugiura, R. Amemiya, M. Yamagu-
chi, Chem. Asian J. 2008, 3, 244 –260; K. Shiraishi, A. Rajca, M.
Pink, S. Rajca J. Am. Chem. Soc. 2005, 127, 9312 �9313; Y. Kita-
hara, K. Tanaka, Chem. Commun. 2002, 932 – 933; S. K. Collins, A.
Grandbois, M. P. Vachon, J. C�t�, Angew. Chem. 2006, 118, 2989 –
2992; Angew. Chem. Int. Ed. 2006, 45, 2923 –2926; D. C. Harrowven,
I. L. Guy, L. Nanson; Angew. Chem. 2006, 118, 2300–2303; Angew.
Chem. Int. Ed. 2006, 45, 2242 –2245; Angew. Chem. 2006, 118, 2300 –
2303; Angew. Chem. Int. Ed. 2006, 45, 2242 –2245; C. Wachsmann,
E. Weber, M. Czugler, W. Seichter, Eur. J. Org. Chem. 2003, 2863 –
2876; T. Verbiest, S. Sioncke, A. Persoons, L. Vyklický, T. J. Katz,
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