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Abstract: A novel type of m-helicenes is reported, in
which the m-system is truncated to an all-s-cis all-
Z oligoene chain. A domino sequence was developed,
consisting of up to four consecutive carbopalladation
reactions and a terminal Stille cross-coupling, to
generate these entities in one step from the respective
linear oligoynes. Despite the minimal s-system, very
high optical rotation values were encountered for the
single enantiomers. X-ray crystallography confirmed
their screw-shaped structure.

Typically, ni-helicenes (e.g., 1) consist of ortho-fused aro-
matic units. Because of steric hindrance of the terminal rings,
they adopt a helical screw-shaped topology. This property
makes them chiral although no asymmetric carbon atoms are
present.?l Symmetrical m-helicenes show a C, axis perpen-
dicular to the axis of the helix. Although the first helicene, an
aza[S]helicene,’! was investigated by Meisenheimer and
Witte in 1903, these compounds have lost none of their
fascination. Originally treated as laboratory curiosities, they
have now become model compounds for measuring the
deformation of a w-system by determining and computing the
activation energy for racemization.>) Numerous synthetic
routes,’”! some involving enantioselective transformations,’!
have been developed to access these molecular entities.
Because of their helical molecular skeleton, unusual chirop-
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Common n-Helicenes |

Figure 1. Proposed truncation of [9]helicene to an oligoene-based [9]helicene.
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tical properties are observed, such as very large values (in the
range of several thousand degrees) for optical rotation.'! An
impressive demonstration that unusual st-systems can also be
utilized to generate helicenes was the synthesis of angular
[n]phenylenes, so-called heliphenes, in which alternating
benzene units are fused with cyclobutadienes.®l Recently,
the field has again received much attention since novel
synthetic routes to highly luminescent heterohelicenes incor-
porating silicon and phosphorus have been developed.”

Whereas almost all modern reports in this field tackle
questions such as the incorporation of heteroatoms or the
elongation of the conformationally distorted m-system, the
idea of truncating the m-system of a helicene to its minimum
(as in 3 or 4) has not been addressed. Instead of an array of
angular fused arene moieties, an oligoene chain fixed in the
all-Z configuration should also force the system into a helical
topology. However, it has often been assumed that a normal
linear all-Z oligoene adopts a linear (all-s-trans) rather than
a helical structure. So far, no crystal structure has shed light
on this question.!'”! The only way to connect the oligoene
system in a helical fashion is to annulate ring systems at the
side of the connecting single bonds, thus generating quadruply
substituted C—C double bonds. The theoretical deconstruc-
tion of [9]helicene to an oligoene-based [9]helicene is
depicted in Figure 1. These entities show the most truncated
nt-systems of all helicenes reported to date.

In the last two decades, a number of carbopalladation
cascades!!!! have been developed to access quadruply sub-
stituted alkene moieties.'>"!l Herein, we report our inves-
tigations for the preparation of highly truncated st-helicenes
based on Z,Z-diene, Z,Z,Z-triene, and Z,Z,7Z 7-tetraecne
chains that are fixed in an all-s-cis arrangement. The key to
their synthesis is an approach involving multiple carbopalla-
dations and a Stille coupling, with up to five consecutive steps
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in the cascade. Because of the common syn attack of the
reactive organopalladium species on a C—C triple bond, the
two residues are placed on the same side of the emerging
alkene moiety. In the case of several tethered alkyne units,
repetition of this process leads to the formation of a helical
conjugated oligoene system in which rigidity results from the
concurrent generation of ring systems between the C—C
double bonds.

To test our design principle, we chose long chains
equipped with C—C triple bonds at distinct distances and
arene units at the termini. The first terminus consists of an
aromatic ring substituted with a bromine, the second of an
arene unit substituted with SnMe;. With such a design, we
intended to start with oxidative addition of the Pd catalyst
into the C—Br bond, followed by several carbopalladation
steps, and to finalize the cascade through a Stille cross-
coupling reaction.

For the synthesis of the starting materials, we employed
a repetitive approach, with elongation of the chain through
nucleophilic substitutions of malonate derivatives with func-
tionalized propargylic iodides (Scheme 1). Key intermediates
10 and 11 were obtained through a four-step sequence using
benzyl bromide derivatives 5 and 6, respectively, together
with 2-methylpropanal (7). The triple bond in 10/11 was
generated with the Bestmann—Ohira reagent 9, starting from
the corresponding carbaldehyde.['” The bromine-containing
congener 10 was elongated through attachment of 8% to the
respective propargylic iodide, whereas the iodine-substituted
analogue 11 was reacted with dimethylmalonate. Iodine-
magnesium exchange paved the way for the attachment of the

stannyl group to furnish 15. Finally 14 and 15 were coupled to
afford substrate 16a. This compound consists of a 16-atom
linear carbon chain with three embedded alkyne moieties
between the terminal arene residues. Analogous compounds
(see Table 1), with either a different substitution pattern or
with two and four triple bonds, were obtained in a similar
manner (see the Supporting Information).

With compound 16a in hand, we performed the antici-
pated domino process. We were delighted to observe that
common conditions for Stille-type reactions!'”! were applica-
ble to drive this cascade, which consists of three subsequent
carbopalladations and the terminal Stille cross-coupling, to
completion. Indeed, with compound 16a as starting material,
the desired oligoene system was obtained in 93% yield
(Table 1, entry 2). The complex [Pd(dba),] (dba = dibenzyli-
deneacetone) was employed as the precatalyst and Fu's salt('®!
was used to liberate the highly sterically encumbered tris(zert-
butyl)phosphine to act as the ligand. CsF proved to be
beneficial to activate the stannyl group.'”) Careful inspection
of the ®C NMR data for the domino product revealed a C,-
symmetric structure with three quaternary olefinic carbon
atoms. The helical structure was unequivocally confirmed
through analysis of the '"H NMR spectrum; the chiral axis
renders the geminal methyl groups diastereotopic, thus
resulting in different chemical shifts.

To explore the scope of this domino cascade, the reaction
conditions were then applied to a range of substrates (16-18)
with two, three, or four triple bonds embedded in the chain
between the arene moieties (Table 1). In all cases, the
respective all-Z oligoenes (19-21) were obtained. The syn-

thetic route to the precursors enabled us to
generate several derivatives. Since the modifi-

X cHO cation of the arene residue used for oxidative

©/\Br + Y addition proved to be easier than modification

oS of the stannyl-substituted arene, we concen-
5(X=Br) 7 o o trated our efforts on the former aromatic ring.

Z 8x=h 1) NaOH, TBAI )S(IPI\\oMe Instead of a simple phenyl moiety, methoxy-
(E = CO,Me) 40% (x=81) |5 39222’3‘" Gﬁ;gH N, OMe phenyl (entries 3 and 6) and naphthyl (entries 4
EE 46% (X=1) |3 LDA (CI?I;O),, 9 and 7) moieties were also utilized. The quad-
(4 steps) THF, 0 °C—25 °C ruple domino sequences consisting of three

4 Efrg":jég‘[\zd%zf’ée consecutive carbopalladations and a terminating

« 2 ’ Stille coupling gave excellent yields in the range

18, NaH, DMF / ﬁ:ﬁ(’CDOM%CH@? of 89-93 %, whereas the yields for the quintuple

0°C—25 °C ™ 0°Cc25°C domino reaction resulting in a Z,Z,Z,Z-tetraene

- _— >
2) AcCl, MeOH Il 70%

0°C—25°C

88% (2 steps) I

H) 10 (X =Br)
PPhg, I, imidazole 11 (X=1)
93% | Et,0, MeCN, 0 °C
14 (Y=1)

iPrMgCl-LiCl

13 (X=1)

Me3SnCl, THF | 88%
-78 °C—25°C

ranged between 57 and 72% (entries 5, 6, and
7).

Unfortunately, the nature of the active
catalytic species is not clear and efforts to
perform this transformation enantioselectively
have so far been in vain. We tried to apply

98%¢ NaH, DMF, 0 °C—25 °C

EE SnMe;

Scheme 1. Synthesis of domino precursor 16a.
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(+)-BINAP in the hope of favoring one of the
two possible helicities of the product, but with-
out any success. Then a chiral phospolane, which
mimics the tris(tert-butyl)ligand, was used;!'”)
however, only poor enantiomeric ratios of
55:45 were obtained. Since we were interested
in the values for the optical rotation, we relied
on preparative HPLC to separate the single
enantiomers of two model compounds (19a and

Angew. Chem. Int. Ed. 2015, 54, 1331-1335
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Scope of the domino multiple carbopalladation/Stille approach
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Table 1:

EE

[Pd(dba),]
(tBu)sPH" BF,4
CsF
dioxane, 90 °C
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SnMe;
16,17,18 (n=1,2,0) 19,20,21(n=1,2,0)

Entry Substrate Domino Product Yield® Entry Substrate Domino Product Yield®

[%] [%]
14 5ldel 72
2 6l 68
3 710 57
4

[a] Reaction conditions: 16, 17, or 18 (1.0 equiv), catalyst (10 mol %), ligand (20 mol %), CsF (2.2 equiv), dioxane (20 mm), reaction time of 2.5 h. [b] Yield of
isolated product based on oligoyne. [c] Reaction time: 9 h at 60°C. [d] Catalyst (20 mol %), ligand (40 mol %). [e] Reaction time: 17 h at 60°C. [f] Reaction

time: 46 h at 50°C.

20a) differing in the length of the oligoene chain. A
Chiralpak IA column with n-heptane/ethanol as the solvent
mixture proved to be ideally suited for this purpose. With the
single enantiomers in hand, values for optical rotation were
determined. Huge values for the specific rotation were
measured (triene 19a: 1380°; tetraene 20a: 1490°). For
a better comparison of the two helicenes differing in length
and mass, the molar rotation, a substance parameter that is
independent of the molecular weight, was calculated (19a:
9006°; 20a: 12441°). To structurally assign the different
enantiomers, UV CD spectra were recorded and compared
with the results of a computational study (Figure 2).[*
Additionally, single crystals of two oligoene-based heli-
cenes (19a and 20b) could be obtained (Figure 3).%*?/ In the
triene-based helicene 19a, the two indane moieties are
stacked on top of each other (ca. 1.4 turns), whereas the
tetraene-based congener 20b reveals about 1.8 turns per
molecule. The terminal carbon atoms of the triene unit in 19a
are separated by 3.6 A. The helical topology of all three
structures can be traced back to large torsion angles at the C—
Csingle bonds between the alkene units, ranging from 13-57°.
The C—C double bonds are only slightly twisted to a maximum

Angew. Chem. Int. Ed. 2015, 54, 1331-1335
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of 11°. The bond lengths are not affected at all by this
distortion. For 19a, we also determined the racemization
barrier through a kinetic analysis of its racemization at 110°C
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Figure 2. CD spectrum of the two enantiomers of 19a. The solid line
indicates the (P)-(+)-enantiomer, whereas the dashed line shows the
(M)-(—)-enantiomer. Black bars indicate the position and rotational
strengths of electronic excitations calculated with B3LYP for the (P)-
(+)-enantiomer.?"?2
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Figure 3. a) Molecular structure of 19a (top view; H atoms are omitted
for the sake of clarity); b) molecular structure of 20b (side view; H
atoms as well as ester groups and a second independent molecule are
omitted for the sake of clarity). Thermal ellipsoids are shown at 50%
probability level, oxygen atoms are depicted in grey."

and found an activation energy of 28.1 kcalmol™' (see the
Supporting Information).

In summary, we have designed a novel type of mt-helicenes
whose scaffold is based on an all-s-cis all-Z oligoene chain. In
these structures, the common m-system of helicenes, which
consists of extended arene units, is truncated to a minimum.
The key transformation to access the helical oligoene is
a domino approach involving multiple carbopalladations and
a Stille cross-coupling, which affords the desired compounds
in yields ranging from 57 to 93%. X-ray crystallography
revealed their screw-shaped topology. Despite the truncation
of the m-system, very large optical rotation values were
measured for the single helical enantiomers, which could be
assigned by comparison of their CD spectra with quantum
chemical calculations.
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