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ABSTRACT

Cyclic Dimer (2)

Cyclic Trimer (3)

Ferrocenophanes with Cz-Chiral Ferrocenyl Units

Upon treatment with CuCI/TMEDA (1:1) at a high [CuCI)/[1] ratio, enantiopure C,-chiral tetrasubstituted ferrocene 1 carrying phenylalkynyl
groups is transformed into a novel family of chiral ferrocenophanes 2 and 3 with their ferrocenyl joints connected by a z-conjugated rigid
bridge. Compound 3, which is reminiscent of the Escher’s endless staircase, is a single conformer with a one-handed helical chirality.

Ferrocene (Fc), an organometallic iron(I1) complex with two
facing cyclopentadienyl (Cp) ligands, has attracted long-term
attention in broad areas of chemistry and materials science
because of its chemical stability, redox activity, and aromatic
nature.* Besides these fundamental features, Fc has been used
as a rotary module for molecular machines>® since the Cp
ligands in solution undergo a free thermal rotation around
the metal center.* Likewise, specia attention has also been
paid for polymers composed of rigid rods and Fc joints,”
since rotary motions of thejoint parts may exert an interesting
conformational properties. Being motivated by thisidea, we
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synthesized a novel Fc monomer with phenylalkynyl groups
(2) for the polymerization via Cu(l)-mediated Glaser—Hay
coupling® (Scheme 1). A marked feature of monomer 1 isa
C, chirality of the Fc part due to its tetrasubstituted structure
originally developed as a pivotal module for light-powered
molecular scissors.” In order to overcome a potential
solubility problem of the products, monomer 1 bears trieth-
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Scheme 1. Cu(l)-Mediated Coupling of Enantiopure 1
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ylene glycol (TEG) side chains. In the course of this study,
we found that, at a high [Cu(1)]/[1] ratio, cyclic products
(ferrocenophanes) 2 and 3 with defined geometries are
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produced (Scheme 1). Although ferrocenophanes with mul-
tiple Fc units have been reported,® compound 3, which is
reminiscent of the Escher’s endless staircase, isthefirst chira
ferrocenophane with a one-handed helicity.®

For the synthesis of a TMS-protected derivative of 1
(Lrms), a mixture of the meso and racemic forms of 1,1’-
bis(4-bromophenyl)-3,3"-bi(4-i odophenyl)ferrocene was sub-
jected to Sonogashira coupling with an acetylene attached
to triethylene glycol monomethyl ether and then trimethyl-
silylacetylene. Preparative chiral HPLC® of the resulting
isomeric mixture of 1tys (94%) displayed three elution peaks
(Figure S13, Supporting Information). The first fraction,
corresponding to one of the enantiomers of 1ys, was
collected and subjected to deprotection, affording enantiopure
1 (Amax = 290 nm) almost quantitatively.

Asatypical procedure for Glaser—Hay coupling, a CH,Cl,
(1.5 mL) solution of a mixture of enantiopure 1 (21 mg,
0.022 mmol) and CuCl (11 mg, 0.11 mmol) was vigorously
stirred under air at 25 °C for 15 min. Then, TMEDA (17
uL, 0.12 mmol) was added, and the mixture was further
stirred for 30 min at 25 °C. After acidic workup followed
by drying over anhydrous Na,SO,, the resulting solution was
filtered with SiO, and evaporated to dryness. Analytical size-
exclusion chromatography (SEC) of the residue showed two
elution peaks (Figure 1a). Detailed analysis of the high-
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Figure 1. Glaser—Hay coupling of 1 with CuCl/TMEDA (1:1) in
CH.Cl, at 25 °C. Size-exclusion chromatograms (SEC, CHCl; as
an eluent [flow rate 1.0 mL min~Y], 25 °C, monitored at 300 (blue)
and 350 (red) nm) of the reaction mixtures obtained at [Cu(l)]/[1]
of (a) 5 after 0.5 h and (b) 0.5 after 18 h.

resolution MALDI-TOF mass spectra of the corresponding
fractions, isolated by preparative gel-permeation chroma
tography (GPC),  revealed that they are cyclic dimer 2 (m/z
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calcd for Cii6H112Fe016 [M+] 1872.6649, obsd 1872.6710;
Figure S14a, Supporting Information) and trimer 3 (m/z calcd
for Cy74H16sF€3024 [M 1] 2808.9974, obsd 2809.0021; Figure
S14b, Supporting Information). The isolated yields of 2 and
3 were 38 and 15%, respectively, which are in agreement
with those evaluated from Figure 2b. In contrast, when the
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Figure 2. 'H NMR spectra of the reaction mixtures obtained at
[Cu()]/[1] of (a) 0.5 after 18 h and (b) 5 after 0.5 h, aong with
that of cyclic (c) 2, (d) 3, and (e) acyclic 2" in CDCl; at 20 °C.

molar ratio [CuCl]/[1] was decreased to one-tenth that
employed for the above reaction conditions, a much different
SEC profile resulted (Figure 1b). 'H NMR spectroscopy
indicated that the reaction mixture includes neither 2 nor 3
but linear oligomers along with 1 unreacted (Figure 2a). The
observed dependence of product selectivity on the molar ratio
[CuCI]/[1] may be reasonable, considering that the cycliza-
tion of acyclic precursors can occur only when their two
termini are activated simultaneously.®

As expected, 'H NMR spectra of ferrocenophanes 2
(Figure 2c) and 3 (Figure 2d) in CDCl; did not show any
signal assignable to H-C=C— characteristic of acyclic
analogues (e.g., 0 3.18 for 1 in Figure S6, Supporting
Information). Noteworthy, their spectral profiles were es-
sentialy different from that of reference acyclic dimer 2/
(Scheme 1, Figure 2€). For example, cyclic dimer 2 in the
aromatic region showed two sets of doublet signals (Figure
2c), where the paired doublets at 6 6.78 and 7.02 are upfield-
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shifted from the other (6 7.28 and 7.40). With the aid of 2D
NMR spectroscopy (Figures S15 and S16, Supporting
Information), the former set was assigned to ArH in the
bridging aromatic units that are perfectly eclipsed with one
another, while the latter originates from the exocyclic
(peripheral) aromatic units attached to the akynyl-TEG
chains. It should be noted that the three Cp signals spread
over a rather wide chemical shift range from 6 3.9 to 5.1,
where one of them is remarkably upfield shifted by 1.1 ppm
from the other. In sharp contrast, its acyclic reference 2/
displayed just an ordinary spectral feature both for the
aromatic and Fc regions (Figure 2e), where the chemical shift
range of the Cp signals, for example, is only 0.3 ppm. On
the other hand, in case of cyclic trimer 3 (Figure 2d), the
three Cp signals spread over the chemical shift range (0.9
ppm) as wide as that observed for cyclic 2, whereas all the
ArH signals, except one at 6 7.5, appeared in avery narrow
range of 0 7.2—7.3. Here, one may draw several different
conformations for the cyclic trimer. However, the spectral
pattern of 3 is quite ssimple, displaying only four doublet
signals dueto ArH. Hence, 3 is obviously asingle conformer
adopting a highly symmetric geometry, i.e., helical structure
with a symmetry group Ds. Considering that its C,-chiral
Fc joints al adopt an identical absolute configuration, only
two helical conformers 3A and 3B with opposite handed-
nesses are possible (Figure 3). By means of 2D NMR

Top Views

2 (Top View)

Figure 3. Optimized structures (B3LYP/6-31G*) of 2 and two
possible helical conformers of cyclic trimer 3. TEG chains are not
taken into account for optimization.

spectroscopy (Figures S17 and S18, Supporting Information),
all four ArH signals were successfully assigned as shown in
Figure 2d. It is noteworthy that the exocyclic Ar protons ¢
and d in 3 are more shielded than those in 2, indicating that
these Ar units are in closer proximity to one another than in
the case of 2 (Figure 3, bottom). Namely, 3B can be
excluded, leaving 3A as the most likely candidate.
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Figure 4. (a) Electronic absorption and (b) circular dichroism (CD)
spectra in CH,Cl, at 20 °C of cyclic 2 (blue) and 3 (red), along
with those of acyclic references 1’ (orange) and 2° (green).

As shown in Figure 4a, not only acyclic references 1
(orange) and 2’ (green) but also cyclic compounds 2 (blue)
and 3 (red), in CH,CI, at 20 °C, displayed a broad absorption
band up to wavelengths longer than 500 nm. Whereas the
spectral shape of triangular 3 is similar to those of acyclic
1" and 2', cyclic dimer 2 (blue) showed a peculiar spectral
feature with a red-shifted absorption maximum at 350 nm.
This band most likely originates from the fully eclipsed
sr-conjugated bridges with a parallel orientation across the
ferrocenyl joints. Figure 4b showed circular dichroism (CD)
spectra of the above four compounds in CH,Cl, at 20 °C.
Monomer 1, though enantiomerically pure, was substantially
CD-silent. Likewise, the chiroptical activity of 1’ (orange)
is rather small. Although acyclic dimer 2’ (green) has an
enhanced absorption spectral feature (Figure 4a), its CD
activity (Figure 4b) is just twice as large as that of 1". In
sharp contrast, cyclic 2 (blue) displayed highly intense CD
bands over the entire absorption range. The same was true
for cyclic 3 (red), athough the spectral shape was quite
different from that of 2 (blue). Here it should be noted that
the intensity of an exciton-coupled CD band depends on the
dihedral angle of transition dipoles involved.'* Thus, the
weak chiroptical features of acyclic 1’ (orange) and 2” (green)
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suggest that the geometries of their major conformers are
analogous to neither 2 nor 3. Thisindication can be supported
by the large *H NMR spectral difference in the Cp region
between the cyclic and acyclic oligomers in Figure 2.

Both cyclic and acyclic compounds underwent reversible
oxidation. In cyclic voltammetry using Pt working/counter
electrodes at 25 °C (0.1 M BusNPFg in CH,Cl,), all of the
compounds, irrespective of the numbers of chromophores
and Fc joints, displayed a single oxidation wave, indicating
that the cationic species in their oxidation states is mostly
localized in a Fc joint.*? Although the oxidation potentials
(Eyo/V versus Fc/Fct) are not much different from one
another, cyclic 2 (+0.16) and 3 (+0.19) are dightly less
subject to oxidation than acyclic 1’ (+0.13) and 2" (+0.13).

In conclusion, by employing a high [CuCl]/[1] ratio,
Glaser—Hay coupling of enantiopure C,-chiral ferrocene 1
bearing phenylalkynyl groups proceeds to give cyclic oli-
gomers 2 and 3 as mgjor isolable products. These compounds
are the first ferrocenophanes that bear multiple Co-chiral
ferrocenyl units in a predetermined manner.2¢ Compound 3
is reminiscent of the Escher’s endless staircase. Of interest,
this triangular helical molecule is formed as a single
conformer (3A in Figure 3) with a one-handed helical
chirality. While cyclic compounds 2 and 3 display a large
chiroptical activity, acyclic references 1" and 2’ are much
less. Together with the large *H NMR spectral differencein
the Cp region between the cyclic and acyclic compounds,
major conformers of the acyclic compounds are geometrically
different from 2 and 3. Conformational and CD spectral
studies on discrete linear oligomers of 1 with larger numbers
of the repeating units are interesting subjects worthy of
further investigation.
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