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The synthesis and self-assembly behaviour of a series of en-
antiomerically pure bis(chelating) ligands is reported. The li-
gands differ in the spacer unit between a BINOL core and
two bipyridyl groups as the chelating entities and were found
to undergo completely diastereoselective self-assembly to di-
nuclear double-stranded helicates with silver(I) salts, as dem-
onstrated by NMR and CD spectroscopy and ESI mass spec-
trometry. Upon coordination to iron(II) or zinc(II) ions, how-

Introduction

Self-assembly has been proven to be an elegant method
for generating supramolecular aggregates[1] with well-
defined composition and stereochemistry.[2] Helicates are
among the best-studied examples in this context.[3] How-
ever, it is still very difficult to predict the degree of stereose-
lectivity and the resulting relative configuration of the
newly formed stereogenic metal centres just by looking at
a given ligand structure. Some time ago we reported the
bis(bipyridyl) ligand 1 (Scheme 1), which undergoes com-
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ever, a dramatic loss in the diastereoselectivity of the self-
assembly of dinuclear triple-stranded helicates was observed
as a result of increasing spacer length. In the case of zinc(II),
the self-assembly processes were even found to be nonselec-
tive with regard to the composition of the helicates.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

pletely diastereoselective self-assembly to dinuclear double-
and triple-stranded helicates upon coordination to late-
transition-metal ions.[4]

Since then we have been able to show that other dissym-
metric building blocks, for example, differently substituted
BINOLs,[5] Tröger’s base derivatives[6] or -isomannide,[7]

can also be used in this way. In this account we want to
address the question, how far does chirality transfer from
the central stereochemical axis of the BINOL core to the
metal centres work? Therefore, we prepared two ligands 2
and 3 (Scheme 2), which differ from 1 in the length of the
rigid spacer unit. In our initial ligand the BINOL unit and
the bipyridyl groups were connected through an ethynylene
spacer, whereas in 2 we used a p-phenylene and in 3 a buta-
diynylene.

Scheme 2. Extended bis(bipyridyl) ligands 2 and 3.
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Results and Discussion

Synthesis

The known 2,2�-bis(methoxymethoxy)-3,3�-diiodo-1,1�-
binaphthyl (4), which can be prepared in an optically pure
form in four steps from 2-naphthol,[8–11] was identified as
the core building block for the synthesis of ligands 2 and 3.
Binaphthyl 4 could be coupled directly with boronic acid
ester 5 (Scheme 3) in a two-fold Suzuki reaction to give 2
in 67% yield. Note that this reaction requires a very long
reaction time (7 d) and a very high, almost stoichiometric,
catalyst loading (50 mol-%). Bipyridyl-boronic acid ester
5[12] was prepared in six steps starting from 2-chloro-5-

Scheme 3. Synthesis of ligand 2.

Scheme 4. Synthesis of boronic acid ester 5.
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iodopyridine (6), which included our Negishi-type cross-
coupling procedure[13] for the synthesis of the 2,2�-bipyr-
idine as the key step (Scheme 4).

However, BINOL derivative 4 can also be converted into
diethynylated 14 by Sonogashira cross-coupling[12] with
TMS-protected acetylene and subsequent cleavage of the si-
lyl groups[11] (Scheme 5) to give the first building block for
the synthesis of 3.

Scheme 5. Synthesis of 3,3�-diethynylated 1,1�-binaphthyl 14.

The other substrates for the final coupling reaction are
the bromoacetylenes 15a and 15b, which were prepared in
six and eight steps, respectively, starting from commercially
available 2-aminopyridine (16), picoline (17) and 2-bromo-
pyridine (18; see Schemes 6 and 7).[6a,13,14]

Finally, two-fold Cadiot–Chodkiewicz coupling of the
bromoacetylenes 15a and 15b with BINOL derivative 14
gave ligands 3a and 3b, respectively. Whereas this reaction
gave 3a in a good yield of 63%, it yielded 3b in only a
moderate yield of 29 % (Scheme 8).
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Scheme 6. Synthesis of the pyridine building blocks 18b and 20.

Scheme 7. Synthesis of bipyridyl(bromo)acetylenes 15.

Complexation Behaviour

After the successful synthesis of both enantiomers of li-
gands 2 and 3 we studied their complexation behaviour
towards late-transition-metal ions to compare these results
with those previously published for ligand 1.

For this purpose we generated solutions of the ligands in
dichloromethane and [Ag(CH3CN)4]BF4, [Zn(BF4)2·7H2O]
and [Fe(BF4)2·6H2O] in acetonitrile. Upon mixing the li-
gand and salt solutions immediate colour changes occurred,
which indicated the successful formation of bipyridine com-
plexes: pale yellow for silver(I), yellow for zinc(II) and deep
red for iron(II). To analyse the stoichiometric composition
of the complexes we performed ESI-MS measurements.

An exemplary spectrum obtained from the analysis of
the silver(I) complex solutions is shown in Figure 1. The
spectrum of the silver(I) complex of ligand 2 shows a peak
at m/z = 1139.4 that results from the dinuclear double-
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Scheme 8. Synthesis of ligand 3.

stranded [Ag222]2+. However, not unexpectedly on the basis
of our previous results,[4–7] the silver complexes generally
turned out to be the least stable of the coordination com-
pounds under ESI conditions and show a high tendency to
fragment. This is also true for the silver complex of ligand
2; thus, the spectrum also shows signals for [Ag2]+ and
[2+H]+ and some other protonated fragments. As we will
see later in the discussion of the NMR spectra, these frag-
ments result from the ESI process rather than species pres-
ent in solution.

Figure 1. Positive ESI-MS of the silver(I) complex of ligand 2
(5�10–5 mol/L in CH2Cl2/CH3CN, 1:1).

In contrast, zinc(II) and iron(II) complexes usually give
very clear ESI mass spectra that hardly contain any frag-
ments. However, the zinc(II) solution of ligand 3 behaves
differently and gives the most interesting spectrum: first of
all the spectrum contains an unusual amount of fragmenta-
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tion signals (e.g., [Zn3a]2+ and [Zn3a2]2+) and signals aris-
ing from non-specific aggregates ([Zn23a4]2+). Also the base
peak can be assigned to the singly protonated ligand at m/z
= 779.3 [3a+H]+ (Figure 2). Furthermore, two discrete spe-
cies can be observed at m/z = 616.7 and 421.1 and assigned
as [Zn23a3]4+ and [Zn23a2]4+, respectively (the last one ac-
companied by a [Zn3a]2+ fragment, see inset in Figure 2).
From MS/MS studies we know that the [Zn23a2]4+ ion is
not a fragment of the expected [Zn23a3]4+ ion. Although
zinc(II) is known to form coordination compounds with
tetrahedrally as well as octahedrally coordinated metal
centres,[15] this behaviour is still surprising because ligand
1, which has only a slightly shorter spacer between the bi-
pyridyl units and the BINOL core, exclusively forms triple-
stranded species.[4] Clearly, the self-assembly is no longer
selective in terms of the resulting complex composition
when the spacer gets too long.

Figure 2. Positive ESI-MS of the zinc(II) complexes of ligand 3a
(5�10–5 mol/L in CH2Cl2/CH3CN, 1:1).

A similar result was obtained for the zinc(II) complexes
of ligand 2 (Figure 3). Again, signals arising from both qua-
druply charged triple- ([Zn223]4+ at m/z = 806.2) and
double-stranded dinuclear zinc(II) complexes ([Zn222]4+ at
m/z = 548.5) could be observed, although the triple-
stranded complex seems to be more dominant in this case
and the complexes show a lower tendency to fragment.

All the iron complexes, however, gave rise to the expected
clean spectra that contain only signals of triple-stranded di-
nuclear complexes (some of them still carrying counter-
ions), as demonstrated in Figure 4 for the iron(II) com-
plexes of 3a.

We then investigated the coordination behaviour by
NMR spectroscopy. Figure 5 and Figure 6 show the spectra
that were obtained for the silver(I) and zinc(II) complexes
of ligands 2 and 3a (ligand 3b behaves like 3a). Together
with the results of the MS analysis these spectra reveal that
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Figure 3. Positive ESI-MS of the zinc(II) complexes of ligand 2
(5�10–5 mol/L in CH2Cl2/CH3CN, 1:1).

Figure 4. Positive ESI-MS of the iron(II) complexes of ligand 3a
(5�10–5 mol/L in CH2Cl2/CH3CN, 1:1; note that the fluoride ion
of the ion giving rise to the signal at m/z = 822.3 results from
fragmention of the tetrafluoroborate ion).

coordination to silver(I) exclusively yields D2-symmetric
double-stranded dinuclear helicates in a completely dia-
stereoselective manner as only one set of sharp signals was
obtained and these were shifted as expected relative to the
free ligands. Zinc(II), however, forms at least two species in
a non-selective fashion although the spectra are more or
less dominated by a D3-symmetric triple-stranded dinuclear
species, again corroborating the result obtained by MS (be-
sides the formation of double- and triple-stranded species
the formation of different stereoisomers seems to be very
likely).

Unfortunately, the spectra of the iron complexes were
found to be very broad in mixtures of [D2]dichloromethane
and [D3]acetonitrile. In principle, this could a) indicate the
formation of oligomeric or polymeric coordination com-
pounds, b) be a result of paramagnetic impurities of
iron(III) or c) indicate a highly dynamic behaviour in terms
of ligand exchange and/or intramolecular movements. The
formation of oligomeric and polymeric species could be
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Figure 5. 1H NMR spectra (1�10–3 mol/L in CD2Cl2/CD3CN, 5:3)
of a) (P)-3a, b) the silver helicate [Ag2{(P)-3a}2](BF4)2 and c) a 3:2
mixture of (P)-3a and [Zn(BF4)2·7H2O].

Figure 6. 1H NMR spectra (1�10–3 mol/L in CD2Cl2/CD3CN, 3:1)
of a) (P)-2, b) the silver helicate [Ag2{(P)-2}2](BF4)2 and c) a 3:2
mixture of (P)-2 and [Zn(BF4)2·7H2O].

ruled out as dilution experiments down to concentrations
close to those used for the ESI-MS experiments, in which
we only observed discrete triple-stranded dinuclear com-
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plexes, did not lead to a change in the spectra. Unfortu-
nately, cooling the samples to slow the dynamics was not
possible below 0 °C because the complexes tend to precipi-
tate from solutions at this temperature. However, changing
the solvent to a mixture of [D2]dichloromethane and [D6]-
DMSO was found to slow the dynamics considerably (with-
out changing the composition of the coordination com-
pounds, as demonstrated by MS).

In fact it was found to be so slow that we were able to
follow the self-assembly process. This can best be seen with
ligand 1 (Figure 7): whereas initially a complex mixture of
coordination compounds is formed the self-assembly pro-
cess ultimately leads to the most stable complex in a com-
pletely diastereoselective manner.

Figure 7. 1H NMR spectra (1�10–3 mol/L in CD2Cl2/[D6]DMSO,
3:1) of a) (P)-1, b) a 3:2 mixture of (P)-1 and [Fe(BF4)2·6H2O]
45 min after mixing and c) the same mixture after 72 h.

We then studied the behaviour of the iron complexes of
2 and 3. Again it took about one day for the mixtures to
reach their equilibrium composition at room temperature
(Figure 8 and Figure 9). In contrast to 1, these spectra re-
veal that the self-assembly of the triple-stranded dinuclear
iron complexes of 2 is still highly but not completely dia-
stereoselective.

This tendency grows when the length of the spacer is
further increased by about 1 Å (distances between the BI-
NOL and the bipyridyls: ethynylene ca. 4.1 Å, phenylene ca.
5.8 Å and butadiynylene ca. 6.8 Å) resulting in an almost
complete loss of diastereoselectivity in the case of 3.

After scrutinizing the selectivity of the self-assembly pro-
cess in terms of aggregate composition and diastereoselec-
tive formation, we tried to identify which of the three pos-
sible diastereomeric silver(I) complexes are generated by the
ligands. Because the metal centres become stereogenic
centres upon complexation with the ligands, the possible
diastereomers that can form when employing enantiomer-
ically pure ligands are the (∆,∆), (∆,Λ) and (Λ,Λ) dia-
stereomers (Figure 10). Of these, the C2-symmetric (∆,Λ)
isomers can be ruled out for symmetry reasons because we
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Figure 8. 1H NMR spectra (1�10–3 mol/L in CD2Cl2/[D6]DMSO,
3:1) of a) (P)-2 and b) a 3:2 mixture of (P)-2 and [Fe(BF4)2·6H2O]
24 h after mixing.

Figure 9. 1H NMR spectra (1�10–3 mol/L in CD2Cl2/[D6]DMSO,
3:1) of a) (P)-3a and b) a 3:2 mixture of (P)-3a and [Fe(BF4)2·
6H2O] 24 h after mixing.

already know from the 1H NMR spectra that the assemblies
have to be D-symmetric.

Unfortunately, we were neither able to crystallize one of
the complexes nor could ROESY NMR experiments be
used to reveal the relative orientation of the bipyridine units
to the BINOL core due to the long distance (3) or the am-
biguous results obtained with 2 because of the rotation of
the phenylene unit around the aryl–aryl bonds. Therefore,
we used electron circular dichroism (ECD) spectroscopy to
study the diastereomers.[16]

Figure 11 depicts the ECD spectra of solutions of the
silver(I) complexes of ligands 1, 2 and 3a. All of them show
the same negative Cotton effect at around 350 nm, which
would give rise to a (∆,∆) configuration at the metal centres
when using (M)-configured ligands after the Exiton
theory.[16] However, this would be in contrast to our pre-
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Figure 10. PM3-TM-minimized structures of the three possible
double-stranded silver(I) complexes of ligand (M)-2 (hydroxy pro-
tecting groups have been omitted and the heptyl chains shortened
to methyl groups for clarity).

vious assignment based on ROESY experiments for ligand
1. Indeed, one has to be careful with this assignment be-
cause if the metal centres are coordinated by the two bipyr-
idyl groups in an ideally tetrahedral geometry, the peak and
trough of the Cotton effect would cancel each other to zero
owing to the loss of the Davijdov split. In this case the
measured spectrum of the complex solution would be the
same as the spectrum of the free ligand for lack of complex-
specific CD activity.[17]

Figure 11. ECD spectra (CH2Cl2/CH3CN, 1:1; 5�10–5 mol/L) of
solutions of the silver(I) complexes of (M)-configured ligands 1
(black), 2 (black dashed) and 3a (grey dashed).

As Figure 12 shows for ligand 2, this is the case for all
ligands. This might be a coincidence, but because we lack
an alternative appropriate analytical method, we do not
dare to make a definite assignment.

Octahedrally coordinated stereogenic metal centres, how-
ever, usually give rise to very distinct complex-specific CD
signals that allow an unambiguous assignment of the
stereochemistry of the metal centres. Unfortunately, only
three triple-stranded dinuclear complexes with octahedral
coordination of the metal centres are formed in a totally
[zinc(II) and iron(II) with ligand 1] or highly diastereoselec-
tive manner [iron(II) with ligand 2]. The CD spectra of
these complexes obtained from the (M)-configured ligands
are shown in Figure 13. For the iron(II) complex of 2 the
CD effects of the dominating species should dominate the
spectrum. That is why this method is applicable even to
mixed complex solutions.
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Figure 12. ECD spectra (CH2Cl2/CH3CN, 1:1; 5�10–5 mol/L) of
the solutions of free ligand 2: (M)-2 (black), (P)-2 (black dashed)
and solutions of silver(I) complexes with (M)-2 (grey) and (P)-2
(grey dashed).

Figure 13. ECD spectra (CH2Cl2/CH3CN, 1:1; 5�10–5 mol/L) of
the zinc(II) complex formed by ligand (M)-1 (black) and the
iron(II) complexes formed by (M)-configured ligands 1 (black
dashed) and 2 (grey dashed).

In fact, all three complexes exhibit strong positive cotton
effects at about 380 nm, thus revealing a (Λ,Λ) configura-
tion of the metal centres of the (M)-configured ligands, in
accord with the Exiton theory.[16] This is in full agreement
with the assignment of the (∆,∆) configuration to the
[Zn2{(P)-1}3](BF4)4 helicate on the basis of ROESY NMR
studies and an X-ray crystal structure analysis.[4]

Conclusions

We have established a concise and effective synthesis of
the enantiomerically pure bis(bipyridyl)-BINOL ligands 2
and 3 by 13–15-step reaction sequences. The self-assembly
of dinuclear metal coordination compounds from ligands 2
and 3 and the late-transition-metal ions silver(I), zinc(II)
and iron(II) was studied by ESI mass spectrometry and
NMR spectroscopy to investigate the influence of different
spacer lengths on the selectivity of these processes in terms
of aggregate composition and diastereoselectivity in com-
parison with the previously published ligand 1. Both li-
gands as well as 1 form double-stranded D2-symmetric hel-
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icates upon coordination to silver(I) in a totally diastereo-
selective fashion. Unfortunately, neither ROESY NMR nor
CD spectroscopy allowed an unambiguous assignment of
the stereochemistry of the newly formed stereogenic metal
centres.

With zinc(II), however, the elongated ligands 2 and 3
form mixtures of double- and triple-stranded ligands, thus
lacking the selective formation of a single triple-stranded
species as observed for ligand 1 earlier. In addition, the self-
assembly of 1 with zinc(II) ions was found to be completely
diastereoselective and the assignment of (∆,∆) stereochemis-
try to the metal centres formed with (P)-configured 1 was
proven by CD spectroscopy.

The same behaviour was previously found for ligand 1
upon complexation with iron(II). However, elongating the
spacer again resulted in a different behaviour of ligands 2
and 3. Although only triple-stranded species were formed
with iron, the diastereoselectivity was found to drop with
increasing spacer length: whereas intermediate ligand 2 was
found to undergo highly diastereoselective self-assembly, li-
gand 3 was found to be totally unselective.

Thus, self-assembly processes yielding triple-stranded co-
ordination compounds were found to be much more sensi-
tive to subtle changes in the ligand structure, like an in-
crease in spacer length, and react (either) with a growing
loss of selectivity in terms of stoichiometric composition
and/or diastereoselectivity of the assembly.

Experimental Section
General Remarks: All solvents were distilled and thoroughly dried
prior to use according to standard procedures. All syntheses with
air- and moisture-sensitive compounds were performed under
Schlenk conditions with argon as the inert gas. For purification
purposes column chromatography on silica gel and preparative
thin-layer chromatography with silica gel layers were applied. Sol-
vents for mobile phases were distilled prior to use. Detection was
performed under UV light (254 and 366 nm). 1H and 13C NMR
spectra were recorded at 298 K at 500.1 or 400.1 MHz and 125.8
or 100.6 MHz, respectively. 1H NMR chemical shifts are reported
on the δ scale (ppm) relative to residual non-deuterated solvent as
the internal standard. 13C NMR chemical shifts are given in δ val-
ues (ppm) relative to deuterated solvent as the internal standard.
Signals were assigned on the basis of 1H, 13C, HMQC, HMBC and
ROESY NMR experiments. The numbering of the 1H and 13C nu-
clei is shown in Scheme 9. Melting points are uncorrected.

Chemicals and reagents (except for the solvents) obtained from
commercial sources were used as received. The following com-
pounds were prepared according to published procedures: (M)- and
(P)-2,2�-dihydroxy-1,1�-binaphthyl,[8,9] (M)- and (P)-2,2�-bis(me-
thoxymethoxy)-1,1�-binaphthyl,[11] (M)- and (P)-3,3�-diiodo-2,2�-
bis(methoxymethoxy)-1,1�-binaphthyl [(M)- and (P)-4],[11] 4-(5�-
heptyl-2,2�-bipyridyl-5-yl)phenylboronic acid pinalcolato ester
(5),[13] 2-chloro-5-iodopyridine (6),[18] 2-chloro-5-(4-meth-
oxyphenyl)pyridine (8),[14b] 5-methyl-5�-(4-methoxyphenyl)-2,2�-bi-
pyridine (9),[13] 5-heptyl-5�-(4-methoxyphenyl)-2,2�-bipyridine
(10),[13] 5-heptyl-5�-(4-hydroxyphenyl)-2,2�-bipyridine (11),[13] 4-
(5�-heptyl-2,2�-bipyridyl-5-ylphenyl triflate (12),[13] (M)- and (P)-
3,3�-bis[(trimethylsilyl)ethynyl]-2,2�-bis(methoxymethoxy)-1,1�-bi-
naphthyl [(M)- and (P)-13],[12] (M)- and (P)-3,3�-diethynyl-2,2�-bis-
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Scheme 9. Numbering of nuclei.

(methoxymethoxy)-1,1�-binaphthyl [(M)- and (P)-14],[11] 5-bromo-
ethynyl-2,2�-bipyridine (15a),[13] 2-bromo-5-heptylpyridine
(18b),[13] 2-amino-5-iodopyridine (19),[19] 2-chloro-5-[(trimethyl-
silyl)ethynyl]pyridine (20),[20] 3-heptylpyridine (21),[13] 5-[(trimeth-
ylsilyl)ethynyl]-2,2�-bipyridine (22a),[13,14a] 5-heptyl-5�-[(trimethyl-
silyl)ethynyl]-2,2�-bipyridine (22b),[13] 5-ethynyl-2,2�-bipyridine
(23a)[13,14a] and 5-ethynyl-5�-heptyl-2,2�-bipyridine (23b).[13]

(M)- and (P)-2,2�-Bis(methoxymethoxy)-3,3�-bis[4-(5�-heptyl-2,2�-
bipyridyl-5-yl)phenyl]-1,1�-binaphthyl (2): (M)- or (P)-3,3�-Diiodo-
2,2�-bis(methoxymethoxy)-1,1�-binaphthyl (4; 100 mg, 0.16 mmol,
1 equiv.), 5-heptyl-5�-[4-(pinacolatoboronyl)phenyl]-2,2�-bipyridine
(5; 182 mg, 0.4 mmol, 2.5 equiv.), caesium fluoride (73 mg,
0.48 mmol, 3 equiv.) and [Pd(PPh3)4] (92 mg, 80 µmol, 0.5 equiv.)
were dissolved in dry toluene (7 mL) and dry methanol (3 mL).
The reaction mixture was heated at reflux for 7 d. The mixture
was cooled to room temperature and water was added to dissolve
inorganic byproducts. The layers were separated and the polar layer
was extracted thoroughly with ethyl acetate. The combined organic
layers were dried with Na2SO4. After removal of the solvents the
crude product was purified by repeated flash column chromatog-
raphy [1. petroleum ether (40–60 °C)/EtOAc/Et3N (6:1:1) on silica
gel; 2. petroleum ether (40–60 °C)/EtOAc/Et3N (3:1:1) on alumina
(neutral, activated); 3. petroleum ether (40–60 °C)/EtOAc/Et3N
(3:1:1) on alumina (basic, activated); 4. n-hexane/EtOAc/Et3N
(3:2:1) on silica gel; 5. preparative TLC (silica gel) with petroleum
ether (40–60 °C)/EtOAc/Et3N (6:1:1) as eluent]. Yield 110 mg
(67%); m.p. 182 °C. Specific rotation: (M)-2: [α]D23.8 = –193.3�10–1

(c = 0.465, CH2Cl2); (P)-2: [α]D22.1 = +197.9�10–1 (c = 0.4725,
CH2Cl2). CD (CH2Cl2/CH3CN, 1:1, c = 5� 10–5 mol/L): (M)-2: λ
(∆ε) = 232 (–15.5), 266 (8.2), 329 (–8.2 L/molcm) nm; (P)-2: λ (∆ε)
= 232 (14.3), 265 (–8.7), 329 (8.7 L/molcm) nm. Rf = 0.94 [petro-
leum ether (40–60 °C)/EtOAc/Et3N (4:2:1) silica gel], 0.45 [petro-
leum ether (40–60 °C)/EtOAc/Et3N (6:1:1) silica gel]. MS (ESI,
pos.): m/z (%) = 1031.54 (100) [M + H]+. HRMS (ESI, pos.): calcd.
for [C70H71N4O4]+ 1031.547; found 1031.5471. 1H NMR (CDCl3,
298.0 K, 400.1 MHz): δ = 0.83–0.93 (m, 6 H, 31-H), 1.20–1.43 (m,
16 H, 27-H, 28-H, 29-H, 30-H), 1.63–1.74 (m, 4 H, 26-H), 2.42 (s,
6 H, OCH3), 2.69 (t, 3J25,26 = 7.6 Hz, 4 H, 25-H), 4.46 (d, 2J =
5.7 Hz, 2 H, OCH2O), 4.51 (d, 2J = 5.7 Hz, 2 H, OCH2O), 7.31–
7.38 (m, 4 H, 7-H, 8-H), 7.45 (ddd, 3J6,5 = 6.2, 3J6,7 = 6.3, 4J6,8 =
1.8 Hz, 2 H, 6-H), 7.66 (dd, 3J22,21 = 8.3, 4J22,24 = 2.1 Hz, 2 H, 22-
H), 7.79 (d, 3J13,12 = 8.4 Hz, 4 H, 13-H), 7.92–7.95 (m, 6 H, 5-H,
12-H), 8.04 (s, 2 H, 4-H), 9.09 (dd, 3J16,17 = 8.3, 4J16,19 = 2.4 Hz,
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2 H, 16-H), 8.38 (d, 3J21,22 = 8.3 Hz, 2 H, 21-H), 8.49 (d, 3J17,16 =
8.3 Hz, 2 H, 17-H), 8.54 (d, 4J24,22 = 2.1 Hz, 2 H, 24-H), 9.00 (d,
4J19,16 = 2.4 Hz, 2 H, 19-H) ppm. 13C NMR (CDCl3, 298.0 K,
100.6 MHz): δ = 14.0 (C-31), 22.6 (C-30), 29.1 (C-29)*, 29.1 (C-
28)*, 31.1 (C-26), 31.7 (C-27)*, 32.9 (C-25), 55.9 (OCH3), 98.6
(OCH2O), 120.6 (C-21)*, 120.7 (C-17)*, 125.3 (C-6), 126.4 (C-8)*,
126.5 (C-1)*, 126.6 (C-7)*, 126.9 (C-13), 127.9 (C-5), 130.3 (C-12),
130.6 (C-10)*, 130.9 (C-4), 133.7 (C-9)*, 134.7 (C-3)*, 135.0 (C-
16), 135.6 (C-15), 136.5 (C-14), 136.8 (C-22), 138.3 (C-23), 138.9
(C-11), 147.5 (C-19), 149.4 (C-24), 151.3 (C-2), 153.5 (C-20), 155.2
(C-18) ppm; * assignments may be interchanged.

(M)- and (P)-3,3�-Bis(2,2�-bipyridyl-5-ylbutadiynyl)-2,2�-bis(meth-
oxymethoxy)-1,1�-binaphthyl (3a): A solution of CuI (34 mg,
0.343 mmol, 1 equiv.) and NH2OH·HCl (53 mg, 0.755 mmol,
2.2 equiv.) in EtNH2 solution (2 mL, 70% in water) was added to
a solution of (M)- or (P)-3,3�-diethynyl-2,2�-bis(methoxymethoxy)-
1,1�-binaphthyl (14; 145 mg, 0.343 mmol, 1 equiv.) in dry DMF
(2 mL). The mixture was stirred for 3 min. Then a solution of 5-
bromoethynyl-2,2�-bipyridine (15a; 249 mg, 0.96 mmol, 2.8 equiv.)
in dry DMF (3 mL) was slowly added over a period of 30 min.
After 2 h the solution was quenched with satd. aq. EDTA followed
by satd. aq. Na2CO3. The aqueous layer was extracted with
CH2Cl2. The combined organic layers were dried with Na2SO4. The
solvents were removed and the crude product was purified by flash
column chromatography on silica gel [petroleum ether (40–60 °C)/
EtOAc (2:1) + 5% Et3N]. Yield 168 mg (63%); m.p. 108 °C. Spe-
cific rotation: (M)-3a: [α]D23.5 = –525.5�10–1 (c = 0.4725, CH2Cl2);
(P)-3a: [α]D23.8 = +512.3�10–1 (c = 0.29, CH2Cl2). CD [CH2Cl2/
CH3CN (1:1) c = 5 �10–5 mol/L]: (M)-3a: λ (∆ε) = 237 (3.5), 255
(9.7), 276 (–3.3), 345 (–7.5), 368 (–11.6 L/molcm) nm; (P)-3a: λ (∆ε)
= 235 (–4.1), 255 (–10.3), 276 (3.6), 344 (9.1), 367 (13.1 L/
mol cm) nm; Rf = 0.3 [petroleum ether (40–60 °C)/EtOAc (2:1) +
5% Et3N]. MS (ESI, pos.): m/z (%) = 801.2 (100) [M + Na]+ +
[(M + Na)2]2+, 779.3 (50) [M + H]+. HRMS (ESI, pos.): calcd.
for [C52H34N4O4Na]+ 801.2472; found 801.2433. 1H NMR (CDCl3,
298.0 K, 400.1 MHz): δ = 2.66 (s, 6 H, OCH3), 4.92 (d, 2J = 6.1 Hz,
2 H, OCH2O), 5.09 (d, 2J = 6.1 Hz, 2 H, OCH2O), 7.22 (d, 3J8,7 =
8.4 Hz, 2 H, 8-H), 7.29–7.36 (m, 4 H, 7-H, 23-H), 7.45 (ddd, 3J6,7

= 6.8, 3J6,5 = 8.1, 4J6,8 = 1.1 Hz, 2 H, 6-H), 7.81 (ddd, 3J22,21 = 7.7,
3J22,23 = 7.8, 4J22,24 = 1.8 Hz, 2 H, 22-H), 7.86 (d, 3J5,6 = 8.1 Hz, 2
H, 5-H), 7.93 (dd, 3J16,17 = 8.3, 4J16,19 = 2.2 Hz, 2 H, 16-H), 8.26
(s, 2 H, 4-H), 8.40–8.43 (m, 4 H, 17-H, 21-H), 8.68 (ddd, 3J24,23 =
4.8, 4J24,22 = 1.8, 5J24,21 = 0.9 Hz, 2 H, 24-H), 8.81 (dd, 4J19,16 =
2.2, 5J19,17 = 0.8 Hz, 2 H, 19-H) ppm. 13C NMR (CDCl3, 298.0 K,
100.6 MHz): δ = 56.4 (OCH3), 77.8, 78.2 (C-12, C-13)*, 79.6 (C-
14), 80.3 (C-11), 99.3 (OCH2O), 115.9 (C-3), 119.0 (C-15), 120.4
(C-17), 121.7 (C-21), 124.2 (C-23), 125.9, 126.0 (C-1, C-6)*, 126.6
(C-8), 127.9 (C-5), 128.2 (C-7), 130.3 (C-10), 134.3 (C-9), 136.2 (C-
4), 137.1 (C-22), 140.4 (C-16), 149.4 (C-24), 152.7 (C-19), 153.7 (C-
2), 155.3 (C-20), 155.6 (C-18) ppm; * assignments may be inter-
changed.

(P)-3,3�-Bis(5�-heptyl-2,2�-bipyridyl-5-ylbutadiyndiyl)-2,2�-bis(meth-
oxymethoxy)-1,1�-binaphthyl (3b): (P)-3,3�-Bis(ethynyl)-2,2�-bis-
(methoxymethoxy)-1,1�-binaphthyl (13; 42 mg, 0.1 mmol, 1 equiv.)
was dissolved in THF (1 mL) and water (0.5 mL). Then nBuNH2

(120 µL, 88 mg, 1.2 mmol, 98%, 12 equiv.) was slowly added. After
that CuCl (3 mg, 0.03 mmol, 30 mol-%) and NH2OH·HCl (4.2 mg,
0.06 mmol, 60 mol-%) were consecutively added. The mixture was
stirred for 15 min. Then a solution of 5-bromoethynyl-5�-heptyl-
2,2�-bipyridine (15b; 107 mg, 0.3 mmol, 3 equiv.) in THF (1 mL)
was added dropwise and the solution was stirred for 20 h at room
temperature. The mixture was quenched with water and diethyl
ether was added. The layers were separated and the organic layer
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was washed three times with satd. aq. EDTA, water and brine. The
organic layer was dried with Na2SO4 and the solvents were re-
moved. The crude product was purified by flash column
chromatography on silica gel [n-hexane/EtOAc (3:1) + 5% Et3N].
Yield 28 mg (29%); m.p. 138–140 °C. Specific rotation: (P)-3b:
[α]D27 = +122.0�10–1 (c = 0.395, CH2Cl2); Rf = 0.67 [n-hexane/
EtOAc (3:1) + 5% Et3N]. MS (ESI, pos.): m/z (%) = 975.5 (70)
[M + H]+, 488.2 (100) [M + 2H]+. HRMS (ESI, pos.): calcd. for
[C66H63N4O4]+ 975.4844; found 975.4835. 1H NMR (CDCl3,
300.0 K, 500.1 MHz): δ = 0.88 (t, 3J31,30 = 7.1 Hz, 6 H, 31-H),
1.23–1.39 (m, 16 H, 27-H, 28-H, 29-H, 30-H), 1.63–1.70 (m, 4 H,
26-H), 2.64–2.71 (m, 4 H, 25-H), 2.67 (s, 6 H, OCH3), 4.93 (d, 2J
= 6.2 Hz, 2 H, OCH2O), 5.09 (d, 2J = 6.2 Hz, 2 H, OCH2O), 7.22
(d, 3J8,7 = 8.1 Hz, 2 H, 8-H), 7.34 (dd, 3J7,6 = 7.4, 3J7,8 = 8.1 Hz,
2 H, 7-H), 7.45 (dd, 3J6,7 = 7.4, 3J6,5 = 7.4 Hz, 2 H, 6-H), 7.66 (dd,
3J22,21 = 8.1, 4J22,24 = 1.4 Hz, 2 H, 22-H), 7.86 (d, 3J5,6 = 7.4 Hz,
2 H, 5-H), 7.92 (dd, 3J16,17 = 8.2, 4J16,19 = 2.1 Hz, 2 H, 16-H), 8.27
(s, 2 H, 4-H), 8.34 (d, 3J21,22 = 8.1 Hz, 2 H, 21-H), 8.41 (d, 3J17,16

= 8.2 Hz, 2 H, 17-H), 8.52 (s, 2 H, 24-H), 8.80 (s, 2 H, 19-H) ppm.
13C NMR (CDCl3, 300.0 K, 125.8 MHz): δ = 14.0 (C-31), 22.6 (C-
30), 29.05, 29.08 (C-28, C-29)*, 31.0 (C-26), 31.7 (C-27), 32.9 (C-
25), 56.3 (OCH3), 77.7, 77.9 (C-12, C-13)*, 79.6 (C-14), 80.1 (C-
11), 99.2 (OCH2O), 115.9 (C-3), 118.6 (C-15), 120.1 (C-17), 121.3
(C-21), 125.7 (C-1), 125.9 (C-6), 126.4 (C-8), 127.8 (C-5), 128.0 (C-
7), 130.1 (C-10), 134.2 (C-9), 136.1 (C-4), 137.1 (C-22), 139.0 (C-
23), 140.2 (C-16), 149.3 (C-24), 152.6 (C-19), 152.7 (C-20), 153.6
(C-2), 155.4 (C-18) ppm; * assignment may be interchanged.

5-(Bromoethynyl)-5�-heptyl-2,2�-bipyridine (15b): Br2 (22 µL) was
added to a solution of ice (320 mg) and aq. NaOH (130 µL, 10 mol/
L) in an open flask to form a light-yellow solution of sodium hypo-
bromite. A satd. solution of 5-ethynyl-5�-heptyl-2,2�-bipyridine
(23b; 100 mg, 0.432 mmol) in THF was slowly added dropwise (it
is crucial to keep the amount of THF as small as possible). The
reaction was monitored by TLC [n-hexane/EtOAC (5:1) + 0.5%
Et3N]. After about 24 h the reaction was quenched by addition of
satd. aq. NH4Cl. The product was extracted with CH2Cl2. The or-
ganic phase was dried with Na2SO4 and the solvent was removed.
The crude product was purified by chromatography on silica gel
[n-hexane/EtOAc (10:1) + 5% Et3N]. Yield 127 mg (82%); m.p.
73 °C. Rf = 0.67 [n-hexane/EtOAc (10:1) + 5% Et3N].
C19H21BrN2·1/9C6H14 (357.29+9.57): calcd. C 64.39, H 6.20, N
7.64; found C 64.55, H 6.21, N 7.67. MS (EI): m/z (%) = 356.1 (100)
[M(79Br)]+, 358.1 (99) [M(81Br)]+, 285.0 (38) [M(79Br) – C5H11]+,
285.0 (38) [M(81Br) – C5H11]+, 271.0 (98) [M(79Br) – C6H13]+, 273.0
(98) [M(81Br) – C6H13]+. HRMS (EI): calcd. for [C19H21

79BrN2]+

356.0888; found 356.0896. 1H NMR (CDCl3, 298.0 K,
400.1 MHz): δ = 0.87 (t, 3J = 7.1 Hz, 3 H, CH3), 1.22–1.38 (m, 8
H, 4 CH2), 1.60–1.69 (m, 2 H, CH2), 2.65 (t, 3J = 7.6 Hz, 2 H,
CH2-bipy), 7.62 (dd, 3J = 8.1, 4J = 2.2 Hz, 1 H, bipy), 7.83 (dd, 3J
= 8.3, 4J = 2.1 Hz, 1 H, bipy), 8.29 (d, 3J = 8.1 Hz, 1 H, bipy),
8.34 (dd, 3J = 8.3, 5J = 0.7 Hz, 1 H, bipy), 8.49 (d, 4J = 2.2 Hz, 1
H, bipy), 8.49 (dd, 4J = 2.1, 5J = 0.7 Hz, 1 H, bipy) ppm. 13C NMR
(CDCl3, 298.0 K, 100.6 MHz): δ = 14.2 (CH3), 22.8 (CH2), 29.2
(CH2), 29.2 (CH2), 31.2 (CH2), 31.9 (CH2), 33.0 (CH2-bipy), 52.3
(Br-C�C-bipy), 77.5 (Br-C�C-bipy), 119.5 (bipy), 120.1 (bipy),
121.2 (bipy), 136.9 (bipy), 138.9 (bipy), 139.9 (bipy), 149.6 (bipy),
152.2 (bipy), 153.1 (bipy), 155.6 (bipy) ppm.

Preparation of Metal Complexes as Exemplified for the Synthesis of
[Ag2{(M)-2}2](BF4)2: Compound (M)-2 (3.00 mg, 2.91 µmol) and
[Ag(CH3CN)2]BF4 (1.065 mg, 2.91 µmol) were dissolved in CD2Cl2
(0.6 mL) and CD3CN (0.3 mL), respectively. The two solutions
were combined and mixed. The resulting light-yellow solution was
transferred into an NMR tube. Likewise solutions for ESI-MS and
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CD were generated. For ESI-MS and CD studies 5 �10–5 mol/L
solutions were prepared (CH2Cl2/CH3CN, 1:1).

[Ag2{(M)-2}2](BF4)2/[Ag2{(P)-2}2](BF4)2: CD: (M): λ (∆ε): = 232
(–26.9), 265 (12.3), 333 (–14.3 L/molcm) nm; (P): = 232 (26.5), 266
(–13.2), 330 (14.8 L/molcm) nm. MS (ESI, pos., CD2Cl2/CD3CN):
m/z (%) = 1139.4 (25) [Ag222]2+, [Ag2]+, 1085.5 (10) [Ag2 + H]2+,
1031.6 (10) [2 + H]+, 724.0 (15) [Ag2 + 2H]3+, 570.2 (25) [Ag2 +
H]2+, 516.3 (100) [2 + 2H]2+. 1H NMR [CD2Cl2/CD3CN (2:1),
298.0 K, 500.1 MHz]: δ = 0.87 (t, 3J31,30 = 7.1 Hz, 12 H, 31-H),
1.23–1.40 (m, 32 H, 27-H, 28-H, 29-H, 30-H), 1.64–1.72 (m, 8 H,
26-H), 2.27 (s, 12 H, OCH3), 2.73 (t, 3J25,26 = 7.8 Hz, 8 H, 25-H),
4.27 (d, 2J = 5.5 Hz, 4 H, OCH2O), 4.35 (d, 2J = 5.5 Hz, 4 H,
OCH2O), 7.20 (d, 3J8,7 = 8.5 Hz, 4 H, 8-H), 7.28 (ddd, 3J7,8 = 8.5,
3J7,6 = 6.8, 4J7,5 = 1.2 Hz, 4 H, 7-H), 7.42 (ddd, 3J6,5 = 8.4, 3J6,7 =
6.8, 4J6,8 = 1.2 Hz, 4 H, 6-H), 7.76 (d, 3J13,12 = 8.4 Hz, 8 H, 13-H),
7.83 (d, 3J12,13 = 8.4 Hz, 8 H, 12-H), 7.91 (d, 3J5,6 = 8.4 Hz, 4 H,
5-H), 7.94 (dd, 3J22,21 = 8.3, 4J22,24 = 2.1 Hz, 4 H, 22-H), 7.99 (s,
4 H, 4-H), 8.28 (d, 3J21,22 = 8.3 Hz, 4 H, 21-H), 8.34 (dd, 3J16,17 =
8.5, 4J16,19 = 2.2 Hz, 4 H, 16-H), 8.37 (dd, 3J17,16 = 8.5, 5J17,19 =
0.6 Hz, 4 H, 17-H), 8.53 (d, 4J24,22 = 2.1 Hz, 4 H, 24-H), 8.93 (dd,
4J19,16 = 2.2, 5J19,17 = 0.6 Hz, 4 H, 19-H) ppm. 13C NMR [CD2Cl2/
CD3CN (2:1), 298.0 K, 125.8 MHz]: δ = 13.6 (C-31), 22.5 (C-30),
28.9 (C-28/C-29), 30.8 (C-26), 31.6 (C-27), 32.4 (C-25), 55.6
(OCH3), 98.4 (OCH2O), 122.3 (C-17/C-21), 125.4 (C-6), 126.0 (C-
8), 126.4 (C-1), 126.5 (C-7), 126.9 (C-13), 128.0 (C-5), 130.4 (C-
12), 130.6 (C-4), 130.9 (C-10), 133.6 (C-9), 134.4 (C-3), 134.9 (C-
14), 136.8 (C-16), 137.4 (C-15), 139.0 (C-22), 139.6 (C-11), 140.9
(C-23), 148.7 (C-19), 149.5 (C-20), 150.8 (C-24), 150.9 (C-2/C-
18) ppm.

[Ag2{(M)-3a}2](BF4)2/[Ag{(P)-3a}2](BF4)2: CD: (M): λ (∆ε) = 237
(6.4), 256 (19.3), 275 (–6.8), 344 (–14.8), 367 (–22.9 L/molcm) nm;
(P) = 236 (–7.7), 256 (–19.9), 277 (6.9), 345 (16.3), 368 (24.2 L/
molcm) nm. MS (ESI, pos., CD2Cl2/CD3CN): m/z (%) = 887.2 (90)
[Ag23a2]2+, [Ag3a]+, 779.3 (100) [3a + H]+, 390.1 (50) [3a + 2H]2+.
1H NMR [CD2Cl2/CD3CN (5:32), 298.0 K, 500.1 MHz]: δ = 2.61
(s, 12 H, OCH3), 4.81 (d, 2J = 5.9 Hz, 4 H, OCH2O), 4.88 (d, 2J =
5.9 Hz, 4 H, OCH2O), 7.08 (d, 3J8,7 = 8.5 Hz, 4 H, 8-H), 7.30 (ddd,
3J7,8 = 8.5, 3J7,6 = 6.8, 4J7,5 = 2.2 Hz, 4 H, 7-H), 7.44 (ddd, 3J6,7 =
6.8, 3J6,5 = 8.2, 4J6,8 = 1.1 Hz, 4 H, 6-H), 7.51 (ddd, 3J23,24 = 4.9,
3J23,22 = 7.9, 4J23,21 = 1.1 Hz, 4 H, 23-H), 7.87 (d, 3J5,6 = 8.2 Hz,
4 H, 5-H), 7.99 (ddd, 3J22,23 = 7.9, 3J22,21 = 7.9, 4J22,24 = 1.7 Hz, 4
H, 22-H), 8.09 (dd, 3J16,17 = 8.4, 4J16,19 = 2.1 Hz, 4 H, 16-H), 8.25–
8.30 (m, 12 H, 4-H, 17-H, 21-H), 8.64 (ddd, 3J24,23 = 4.9, 4J24,22 =
1.7, 5J24,21 = 0.8 Hz, 4 H, 24-H), 8.74 (dd, 4J19,16 = 2.1, 5J19,17 =
0.6 Hz, 4 H, 19-H) ppm. 13C NMR [CD2Cl2/CD3CN (5:3),
298.0 K, 125.8 MHz]: δ = 56.6 (OCH3), 77.3 (C-13)*, 78.8 (C-14),
79.2 (C-12)*, 81.4 (C-11), 99.6 (OCH2O), 115.9 (C-3), 120.6 (C-
15), 122.2 (C-17), 123.3 (C-21), 126.10, 126.12 (C-1/C-23), 126.58,
126.61 (C-6/C-8), 128.6 (C-5), 128.8 (C-7), 130.7 (C-10), 134.8 (C-
9), 136.9 (C-4), 139.3 (C-22), 142.2 (C-16), 151.2 (C-24), 152.6 (C-
20), 152.9 (C-18), 153.75 (C-2), 153.81 (C-19) ppm; * assignments
may be interchanged.

Supporting Information (see also the footnote on the first page of
this article): MS spectra of the complexes [Ag23a2](BF4)2 and
[Fe223](BF4)4, CD spectra of both enantiomers of 3a and their sil-
ver(I) helicates.
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