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configuration, respectively),[1] have been intensively studied
owing to their excellent ability to self-assemble[2] as well as
their chiroptical, photochromic, nonlinear optical,[3] and
DNA-intercalating properties.[4] Furthermore, they are
useful for applications in asymmetric molecular recognition[5]

and synthesis[6] as well as in polymer and material sciences.[7,8]

For many of these applications, the (hetero)helicenes must be
isolated with high enantiomeric purity. The most efficient
syntheses of nonracemic helicenes reported to date are based
on resolutions of racemic derivatives.[9, 10] Several enantio- or
diastereoselective approaches have also been described, and
in some cases high levels of asymmetric inductions have been
achieved.[1d,11]

The 1,13-dimethoxyquinacridinium cation 1a has previ-
ously been reported (Scheme 1, R = nPr).[12] This cationic dye

is prepared in one step and with good yield by the reaction of
primary propylamine and the readily available salt of 2. The
molecular framework of 1 contains four ortho-condensed
aromatic rings. Owing to the steric repulsion between the two
methoxy substituents, these derivatives adopt a twisted helical
conformation. As such, compounds of type 1 may be regarded
as [4]heterohelicenium derivatives.[13,14]

Recently it was shown that cation 1a demonstrates high
configurational stability, even more so than [6]helicene.[15]

The hexafluorophosphate salt of 1a was obtained in
enantioenriched form (ee> 96%) by ion-pairing associa-
tion with enantiopure BINPHAT (BINPHAT= bis-
(tetrachlorobenzenediolato)mono([1,1’]binaphthalenyl-2,2’-di-
olato)-phosphate(v)) anion,[16] selective precipitation of one
diastereomeric salt (benzene/THF), and ion metathesis with
KPF6. However, the moderate yields at the precipitation stage

(30 %), the low diastereomeric purity in the mother liquor
(de = 41%), and the fact that the process cannot be applied to
lipophilic cations such as 1b (R = nOct) prompted us to look
for a more effective resolution procedure. Herein we report a
short and general protocol for the resolution of cationic dyes
of type 1 using 1) the addition of an enantiopure sulfoxide
moiety,[17] 2) a facile chromatographic separation of the
neutral diastereomers (DRf� 0.3), and 3) an unprecedented
Pummerer-like C�C bond-fragmentation reaction that gen-
erates both enantiomers with high enantiomeric purity
(ee> 98%).

Procedures involving preparative chromatographic reso-
lution have often freed chemists from being dependent on
crystallization.[18] These procedures are usually performed
with covalent diastereomer mixtures prepared by reactions of
racemic substrates with classical enantiopure resolving agents
(acids, alcohols, amines, etc.). In helicene chemistry, several
such examples make use of aminohydroxybornane[10a] and
camphanates.[10b, c,19] However, as cations 1 are devoid of
functional handles for attaching these resolving agents, an
alternative procedure had to be found.

Siegel, Krebs, Laursen, and co-workers have shown that
reactive carbanions can attack the center of structurally
related carbenium ions to generate rigid neutral molecular
cavities by the formation of a covalent C�C bond between the
reactants.[20] In the case of [1a][PF6], reaction with acetoni-
trile in the presence of NaH was documented, and the product
of CH2CN addition was isolated.[15] For the resolution of
cations of type 1, we expected that the addition of a reactive
enantiopure carbanionic moiety would result in two neutral
diastereomeric structures, which could then be separated by
chromatography.

(+)-(R)-Methyl-p-tolylsulfoxide ((+)-(R)-3) was selected
for its ready availability,[21] known carbanionic chemistry,[22]

and, once introduced, efficiency in chromatographic separa-
tion of diastereomers.[23] Treatment of (+)-(R)-3 with lithium
diisopropylamide (LDA) at 0 8C in THF and subsequent
addition of [rac-1a][BF4] resulted in the formation of two
neutral diastereomeric adducts, (R,M)-4a and (R,P)-4a, in
good overall yield (Scheme 1, Table 1).[24,25]

Thin layer chromatographic plates (SiO2, Et2O) of the 1:1
mixture of (R,M)-4a and (R,P)-4 a displayed two spots with
very different Rf values (DRf = 0.36). Preparative chromatog-
raphy under analogous conditions afforded two separated
fractions in good yields (Table 1). The electronic circular
dichroism spectra of the first and second eluted compounds,
[a]20

D =�700 and + 820, respectively (CH2Cl2, c = 0.056 g/
100 mL), displayed symmetrical curves except in the region
below 250 nm due to the contribution from the CD-active
(R)-tolylsulfoxide (Figure 1). At higher wavelengths, only
negative or positive Cotton effects were observed for (�)-4a
and (+)-4a, respectively; this spectral region is only related to
valence transitions in the helical chromophore of compounds
4a.

The next question concerned the removal of the chiral
auxiliary. Sulfoxide groups are usually removed by treatment
with Raney nickel to cleave C�S bonds adjacent to the
sulfoxide moiety.[22b] In the case of 4a, this would mean
leaving an extra methyl group on the skeleton of the addition

Scheme 1. Synthesis of [(M)-1][PF6] and [(P)-1][PF6]. a) RNH2 (R = nPr
(a), nOct (b), iPr (c), cHex (d)), N-methylpyrrolidine (NMP), 1.5 h,
110 8C; b) (+)-(R)-3, LDA, THF, 0 8C, 1:1 mixture of diastereomers;
c) column chromatography (SiO2); d) aq HPF6, acetone. Tol = tolyl.
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adducts, and then carbenium ion 1a would not be generated.
However, it is known that treatment of aryl alkyl sulfoxides
with strong acids or anhydrides results in aldehyde moieties
and/or derivatives.[26] This Pummerer reaction proceeds by
protonation or esterification of the oxygen atom of the
sulfoxide (Scheme 2). Subsequent cleavage of the S�O and b-
C�H bonds results in the formation of a thionium moiety that
can be trapped to generate a variety of functional groups
(route a). To our knowledge, b-C�C bond fragmentation

(route b) instead of b-C�H bond cleavage has not been
reported. This is probably due to the strong electrofugal
character of H+. As nitrogen-containing carbenium ions
obtained by the reaction of amines with cation 2 show high
chemical stability (pKR+� 19),[12] we considered that the
traditional pathway of the Pummerer reaction could be
overcome as cation 1 a could be a better leaving group than
H+ (route b).

The colorless compounds (�)-4a and (+)-4a were treated
with aqueous HPF6 in acetone at room temperature. The
immediate formation of a deep green color indicated the
presence of cation 1a. Addition of water and partial concen-
tration under vacuum resulted in the precipitation of salts
(�)-[1a][PF6] and (+)-[1a][PF6]. Further purification of the
isolated salts on SiO2 afforded the compounds in good overall
yields and with high enantiomeric purity (Table 1).[27]

The generality of the resolution procedure was then tested
on derivatives from linear (1 b, R = nOct) and branched (1c,
R = iPr; 1d, R = cHex) primary amines (Scheme 1). These
compounds were prepared by the addition of nOctNH2,
iPrNH2, and cHexNH2 to [2][BF4] in NMP at 110 8C (yield: 80,
58, and 48%, respectively). Addition of (+)-(R)-3 to the BF4

�

salts of rac-1b, rac-1c, and rac-1d proceeded as for rac-1 a and
formed compounds 4b, 4c, and 4d in good yields (78–88 %).
In all cases, 1:1 mixtures of diastereomers were obtained (as
determined by 1H NMR spectroscopy and HPLC), which
were separated by column chromatography (SiO2) in satisfy-
ing yields and with good diastereomeric excess (Table 1). The
first and second eluted fractions were all levogyre and
dextrogyre, respectively, and presented CD spectra similar
to that of (�)-4a and (+)-4a (Figure 1). In the case of [rac-
1a][BF4], the addition of (+)-(R)-3 was scaled-up to 10 mmol
of cation 1a (5.0 g); the addition and separation proceeded
with no loss of efficiency.

X-ray-quality crystals of diastereomerically pure (+)-4c
were obtained, and the absolute R,P configuration was
determined from the crystal structure analysis (Figure 2).[28]

As all the second eluted chromatographic fractions of
diastereomeric compounds 4a–d demonstrate analogous
chiroptical properties (Figure 1), the R,P configuration deter-
mined for (+)-4c can also be assigned to (+)-4a, (+)-4b, and
(+)-4 d. Consequently, the first eluted derivatives (�)-4a–d
are all of R,M configuration. Previously, an absolute M
configuration was determined for (�)-[1a][PF6] by vibra-
tional circular dichroism analysis.[15] Evidently, upon removal

Table 1: Synthesis of the sulfoxide diastereomers 4 : Results of the Pummerer-like reaction and resulting enantiopure carbenium ions 1.

Sulfoxides Derived carbenium salts
compound R Rf

[a] yield [%] d.r.[b] [a]20
D config. compound yield [%] config. [a]20

365
[c]

(�)-4a nPr 0.63 39 >99:1 �710 R,M (�)-[1a][PF6] 94 M �12500
(+)-4a nPr 0.27 39 55:1 + 820 R,P (+)-[1a][PF6] 92 P + 13200
(�)-4b nOct 0.92 44 >99:1 �680 R,M (�)-[1b][PF6] 92 M �12200
(+)-4b nOct 0.59 44 >99:1 + 800 R,P (+)-[1b][PF6] 92 P + 12200
(�)-4c iPr 0.56 43 >99:1 �610 R,M (�)-[1c][PF6] 80 M �10000
(+)-4c iPr 0.28 41 >99:1 + 880 R,P (+)-[1c][PF6] 82 P + 10200
(�)-4d cHex 0.82 44 >99:1 �480 R,M (�)-[1d][PF6] 88 M �7500
(+)-4d cHex 0.43 43 61:1 + 550 R,P (+)-[1d][PF6] 94 P + 8700

[a] Et2O as eluent. [b] Determined by HPLC (see Supporting Information). [c] Cations 1 are dyes that absorb light efficiently in most of the visible
region. Very dilute solutions and restricted wavelengths were required to measure the specific optical rotations.

Figure 1. Superposition of the CD spectra of the first (a) and second
(b) eluted diastereomers—that is, compounds of (�)-(R,M) and (+)-
(R,P) configuration, respectively—for derivatives 4a (c), 4b (a),
4c (g), and 4d (d).

Scheme 2. The Pummerer reaction of a branched aryl alkyl sulfoxide
with an electrophile E+ along the classical (a) and nonclassical
pathways (b).
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of the central sulfoxide moiety, the sense of helicity of the
skeleton remains. This means that the fragmentation occurs
with retention of configuration, for example, from (�)-(R,M)-
4a to (�)-[(M)-1a][PF6].

Finally, treatment of (R,M)-4 b–d with HPF6 in acetone
afforded salts (�)-[1 b][PF6], (�)-[1c][PF6], and (�)-[1d]-
[PF6] in excellent yields. Analogous results were obtained for
the diastereomeric (R,P) series in favor of the dextrogyre salts
(Table 1). In the case of the more hindered compounds 4c and
4d, simply increasing the reaction times and the amount of
Brønsted acid (50.0 equiv) was sufficient for the reactions to
proceed to completion. Interestingly, a comparison of the CD
spectra of salts (�)-[1][PF6] showed that the CD properties of
the carbenium ions depend on the nature of the side-chain
residues. The branched compounds (�)-1c and (�)-1d
display stronger Cotton effects (4 � , De620� 7.5) at higher
wavelength than the linear derivatives (�)-1a and (�)-1b.
This result opens interesting prospects for future applica-
tions.[19]
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Lorentz and polarization effects and for absorption (Tmin,max =
0.9629, 0.9745). The structure was solved by direct methods
(SIR97), all other calculations were performed with XTAL
system and ORTEP programs. Full-matrix least-squares refine-
ment based on F using weight of 1/(s2(Fo) + 0.00025(F2

o)) gave
final values R = 0.040, wR = 0.036, and S = 1.46(2). The max-
imum D/s on the last cycle was 0.91 � 10�4. Flack parameter x =

0.01(12). Hydrogen atoms were placed in calculated positions.
The ECD spectrum of the crystal analyzed by X-ray diffraction
was totally superposable to the spectrum of bulk (+)-4c. CCDC-
252698 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.
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