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ABSTRACT: A tris(bipyridine) ligand 1 with two BINOL
(BINOL = 2,2′-dihydroxy-1,1′-binaphthyl) groups has been
prepared in two enantiomerically pure forms. This ligand
undergoes completely diastereoselective self-assembly into D2-
symmeteric double-stranded trinuclear helicates upon coordi-
nation to copper(I) and silver(I) ions and to D3-symmetric
triple-stranded trinuclear helicates upon coordination to
copper(II), zinc(II), and iron(II) ions as demonstrated by
mass spectrometry, NMR and CD spectroscopy in combina-
tion with quantum chemical calculations and X-ray diffraction
analysis. According to the calculations, the single diastereomers
that are formed during the self-assembly process are strongly
preferred compared to the next stable diastereomers. Due to
this strong preference, the self-assembly of the helicates from racemic 1 proceeds in a completely narcissistic self-sorting manner
with an extraordinary high degree of self-sorting that proves the power and reliability of this approach to achieve high-fidelity
diastereoselective self-assembly via chiral self-sorting to get access to stereochemically well-defined nanoscaled objects.
Furthermore, mass spectrometric methods including electron capture dissociation MSn experiments could be used to elucidate
the redox behavior of the copper helicates.

■ INTRODUCTION

Helices and spirals are virtually ubiquitous, and their simply
aesthetically appealing structure has fascinated humans for a
long time and has caused the use of this motif in numerous
examples in architecture and arts. However, helical structures
are not only found in macroscopic objects but are also well-
known motifs in (supra-)molecular sciences as for instance the
DNA double helix. Metallosupramolecular helicates represent
another archetype of such aggregates that have interesting
properties and can be used to study all kinds of self-processes
like self-assembly and self-sorting in the sense of self-
recognition and self-discrimination.1 Another important aspect
is that they are inherently chiral supramolecular objects,2 and
the mechanical coupling of two or more metal binding sites in a
single ligand strand offers an outstanding opportunity to
control the relative stereochemistry of stereogenic metal centers
which is difficult to achieve otherwise.2−4 Almost all of the
studies concerning the diastereoselective formation of helicates
have been done with dinuclear complexes so far,5 and these
processes are already challenging since an enantiomerically pure

ligand can in principle give rise to three different diastereomeric
dinuclear complexes, whereas a racemic ligand can even form
up to nine stereoisomeric double-stranded and 12 stereo-
isomeric triple-stranded dinuclear helicates.
In 2002, we made our first contribution to this field when we

reported on the synthesis of an enantiomerically pure C2-
symmetrical bis(bipyridine) 2,2′-dihydroxy-1,1′-binaphthyl
(BINOL) ligand and its completely diastereoselective self-
assembly of dinuclear helicates upon coordination to late
transition metal ions.6 Since then, we were able to extend our
studies to a number of other dissymmetric ligands based on
Tröger’s base derivatives,7 D-isomannide,8 further BINOL
derivatives,9 and 9,9′-spirobifluorene derivatives,10 thereby
gaining a deeper understanding of the scope and limitations
of our concept.11 However, we have also been restricted to the
formation of dinuclear helicates so far. To take our approach a
step further, we present the synthesis of tris(bipyridine) ligand
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1 in two enantiomeric forms here that has two BINOL groups
as stereogenic elements and is designed for the formation of
double- and triple-stranded trinuclear helical coordination
compounds. Such higher nuclear complexes are much more
challenging since the number of stereoisomers rises even more.

■ RESULTS AND DISCUSSION
Synthesis. (P,P)-1 and (M,M)-1 could each be prepared in

a convergent 13-step synthesis outlined in Schemes 1 and 2.

Both enantiomers of 3,3′-diiodo-2,2′-(methoxymethoxy)-1,1′-
binaphthyl ((P)- and (M)-2) were synthesized in four steps
from 2-naphthol following known procedures.12−14 The cross-
coupling partner 5-ethynyl-2,2′-bipyridine (3) was prepared in
five steps from 2-aminopyridine involving an electrophilic
iodination followed by a Sandmeyer-like chlorination to 2-
chloro-5-iodopyridine and a first Sonogashira reaction with
(trimethylsilyl)acetylene, leading to 2-chloro-5-{(trimethyl-

silyl)ethynyl}pyridine (4).15 4 was subjected to a Negishi
cross-coupling with 2-bromopyridine, and cleavage of the silyl
protecting group finally gave 3.16 Reaction of 2 and 3 in a single
Sonogashira cross-coupling reaction afforded monoethynylated
BINOL derivative 5 (Scheme 1).
Bis(ethynylated) 2,2′-bipyridine 6 (Scheme 2) was synthe-

sized in a palladium-catalyzed homocoupling reaction of 4 and
subsequent deprotection of the alkyne functions.17 Two-fold
Sonogashira coupling of 6 with 2.1 equiv of (P)- or (M)-5
finally furnished the desired (P,P)-1 and (M,M)-1, respectively.

Coordination Studies: Structural Assignment. To
generate helicates, we treated solutions of the enantiomerically
pure ligands (P,P)- and (M,M)-1 with solutions of late
transition metal salts, resulting in the specific color changes
expected for bipyridine complexes: silver(I), yellow; zinc(II),
pale yellow; copper(I), red-brown; copper(II), green; and
iron(II), dark red.
In order to verify the formation of discrete double-stranded

or triple-stranded trinuclear coordination compounds and rule
out oligomeric or polymeric species, we explored the
stoichiometry of the metal complexes with ESI mass spectro-
metric methods.
The spectrum of the silver complex (Figure 1a) shows the

most intense signal at m/z 978.2 that can be assigned to the
expected double-stranded [Ag312]

3+ ion assuming that each
silver ion adopts a tetrahedral coordination by four bipyridine
N atoms. Interestingly, two other signals with marked intensity
can be observed at m/z 1413.4 and m/z 760.1. As the former

Scheme 1. Synthesis of Monoethynylated BINOL Derivative
5

Scheme 2. Synthesis of Tris(bipyridine) Ligand 1

Figure 1. Positive ESI-MS spectra of 5 × 10−5 mol/L solutions of (a)
[Ag312](BF4)3 and (b) [Fe313](BF4)6 in dichloromethane/acetonitrile
(2:1).
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one results from a mixture of two ionsa doubly charged
species consisting of two metal ions and two ligands and a
singly charged ion built up from one metal ion and one ligand
strandthe latter one can be assigned to a doubly charged
species with two metal ions being bound to a single ligand.
Both of these are decomposition fragments of the intact
double-stranded trinuclear assembly resulting from the ESI
process as it has been observed for the silver complexes of other
ligands before.6−10 The spectra of freshly prepared copper(I)
helicates are simpler to interpret since the copper complexes’
tendency to undergo fragmentation is obviously much lower
than the one of the silver ions. Hence, the most intense peak
was found at m/z = 933.8, which can be assigned to the
expected [Cu312]

3+ ion. However, the copper(I) complexes
were found to be surprisingly sensitive to oxidation, and thus,
we also detected a mixed-valent complex containing two
copper(I) and one copper(II) ion almost immediately.
Obviously, the copper(II)-containing species are much more
stable since we also obtained intense signals of oxidized triple-
stranded complexes containing two or three copper(II) ions
such as m/z = 684.3 and m/z = 821.3 that correspond to
[Cu313]

6+ and [Cu313]
5+ ions, respectively (see Supporting

Information) after 18 h, and we will come back to this at the
end of this article.
The spectra of the corresponding zinc(II) (see Supporting

Information) and iron(II) complexes (Figure 1b) are even
easier to interpret. Both ions usually prefer an octahedral
coordination geometry established by three chelating 2,2′-
bipyridines. Thus, they were expected to form triple-stranded
trinuclear coordination compounds with 1 which were indeed
found to be the only species present in the solutions. The
spectrum of the iron complex, for example, contains only
signals of ions that can be assigned to intact trinuclear helicates
that carry different numbers of counterions: a signal for a six-
fold charged ion at m/z 680.5 resulting from [Fe313]

6+, one for
a five-fold charged ion at m/z 820.5 arising from {[Fe313]F}

5+,
and finally a quadruply charged ion giving rise to a signal at m/z
1030.2 that can be assigned as {[Fe313]F2}

4+.18

The successful formation of the desired discrete complexes is
also indicated by the 1H NMR spectra in 2:1 mixtures of
dichloromethane-d2/acetonitrile-d3. The spectra of the zinc(II)
and the silver(I) complexes show very distinct, sharp, and
considerably shifted signals (Figure 2). Due to the presence of
mixed-valent species containing copper(II) ions, the spectra of
the copper complexes were only broad and hardly defined (see
Supporting Information). The spectra of the equilibrated
iron(II) complex show only rather broad signals which,
however, is not due to the formation of oligomeric or
polymeric species as the spectrum did not change upon
dilution to a concentration of the complex of 8.5 × 10−5 mol/L
(almost the concentration of the MS experiments, where we
observed only the discrete trinuclear species). Hence, there
might be two reasons for the signal broadening: either the
dynamics of the ligand exchange in this solvent mixture is in the
regime that would cause signal broadening or there might be an
equilibrium between low- and high-spin iron(II) complexes that
causes this phenomenon. This is in accordance with our earlier
findings with other dinuclear iron(II) helicates.6−9 Unfortu-
nately, the dynamic behavior could not be slowed down enough
to obtain a sharp set of signals due to precipitation of the
compound upon cooling to lower temperatures. Changing the
solvent to a 2:1 mixture of dichloromethane-d2/DMSO-d6,
however, slowed down the self-assembly process considerably

as we had observed earlier for the self-assembly of some
dinuclear iron(II) helicates.9a Under these conditions, again
sharp and significantly shifted signals were observed that also
prove that the iron salt is not contaminated by paramagnetic
iron(III) ions, which could have been another reason for the
signal broadening. However, the dynamics of the self-assembly
process in this medium is so slow that one can observe the
intermediate formation of several species until finally almost
only a single product remains (see Supporting Information).
Nevertheless, it should be noted that the broadening of the
signals in the 2:1 mixture of dichloromethane-d2/acetonitrile-d3
might still be a result of a potential spin-crossover equilibrium
since such processes are often also solvent-dependent.
Furthermore, these simple 1H NMR spectra also reveal much

about the stereoselectivity of the self-assembly process: in
principle, six different diastereoisomers can be formed when an
enantiomerically pure ligand is used since the metal centers are
all stereogenic centers that can have (Δ,Δ,Δ)-, (Λ,Λ,Λ)-,
(Λ,Δ,Λ)-, (Δ,Λ,Δ)-, (Δ,Δ,Λ)-, or (Λ,Λ,Δ)-configuration. A
look at the spectra, however, reveals that obviously only a single
one of these is actually formed because we only see one set of
sharp signals and one would expect to see more if a mixture of
diastereomers would be present. Therefore, the self-assembly
process is (almost) completely diastereoselective for both
double- and triple-stranded helicates. Furthermore, since the
number of signals of the trinuclear coordination compounds is
the same as the one observed for the free ligand, we can
conclude that the assemblies have to be D2- or D3-symmetric
because, only in these, the two halves of a single ligand strand
stay magnetically equivalent. Thus, we can exclude the less
symmetrical C2- or C3-symmetric (Δ,Δ,Λ)- and (Λ,Λ,Δ)-
stereoisomers in which the two halves of a single ligand strand
would be magnetically inequivalent.
To discern between these diastereomers in solution, one can

apply NMR spectroscopic techniques. However, ROESY NMR
experiments unfortunately did not allow a truly unambiguous
assignment of the relative stereochemical arrangement of the
bipyridine units with regard to the BINOL groups because we
observed only very small ROE signals due to the long distances

Figure 2. Aromatic region of the 1H NMR spectra of (a) 1 (3.8 × 10−3

mol/L), (b) [Ag312](BF4)3 (1.9 × 10−3 mol/L), and (c) [Zn313]-
(BF4)6 (1.28 × 10−3 mol/L) in dichloromethane-d2/acetonitrile-d3
(2:1).
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between the respective protons, thus, preventing us from
making an assignment. We therefore turned to circular
dichroism (CD) spectroscopy to get further insight into the
stereochemical properties of our complexes. Figure 3 depicts
examples of the spectra of different complex solutions.

The spectra of the free ligand and the silver(I) complexes do
look very similar. This can be explained by the fact that the 2,2′-
bipyridines adopt an almost perpendicular orientation to each
other in the double-stranded helicates with the tetrahedral
coordinated silver(I) centers. Thus, the opposite Cotton effects
of the ligand-centered transitions cancel each other if the angle
between the dipoles of the ligands is 90° due to the exciton
theory.19 Hence, CD spectroscopy alone is no help in
elucidating the absolute stereochemistry of the stereogenic
metal centers in this case just by analyzing the sign of the
Cotton effects and/or comparison with literature data.20−22

The triple-stranded zinc(II), copper(II), and iron(II)
complexes, however, give rise to very distinct CD spectra that
are similar to each other but differ considerably from the ones
of the free ligands. Again, the two enantiomers of 1 assemble
into enantiomeric helicates. This indicates that the iron(II), the
copper(II), and the zinc(II) complexes should have the same
configuration. Furthermore, the spectra of the iron(II) and the
copper(I) complexes do show MLCT bands at longer
wavelengths (>530 nm). Thus, these spectra should in principle
allow the assignment of the assemblies’ absolute stereo-
chemistry based on comparison with literature data.20−22

Since the individual metal centers within our helicates do not
necessarily have to have the same configuration, however, this
approach is simply not feasible because the spectra are too
complex to make an unambiguous assignment.
Therefore, theoretical calculations were performed for these

helicates to identify the energetically preferred diastereomers

and to simulate their spectra for comparison with the
experimental ones (see Supporting Information for details) to
make a reliable stereochemical assignment. These calculations
are truly challenging since the cationic triple-stranded helicates,
for example, contain 483 atoms and the task is to distinguish
between diastereomers rather than enantiomers. Nevertheless,
we optimized the structures of the (Δ,Δ,Δ)-, (Λ,Λ,Λ)-,
(Λ,Δ,Λ)-, and (Δ,Λ,Δ)-configured trinuclear double-stranded
copper(I) and triple-stranded zinc(II) helicates of the (M,M)-
configured ligand at the DFT level using the dispersion-
corrected TPSS23-D324 functional and the def2-SVP25 basis set.
The optimizations are performed with the TURBOMOLE
suite26 and applying the COSMO solvation model (CH2Cl2, ε
= 8.93)27 using the density fitting RI-J approach28 to accelerate
the geometry optimization. We refer to this level of
computation as TPSS-D3/def2-SVP. In both cases, the
(Λ,Λ,Λ)-configured helicates are found to be by far the most
stable diastereomers, and the lowest energy conformers are
shown in Figure 4. The (Δ,Λ,Δ)-configured helicates turn out

to be the second stable diastereomers in both cases, which are
about 26 and 43 kcal/mol higher in energy in the cases of
copper(I) and zinc(II) helicates, respectively (see Supporting
Information). These calculations strongly suggest that the
(Λ,Λ,Λ)-helicate is the only thermodynamically preferred
diastereomer when the (M,M)-configured ligands are used in
our thermodynamically controlled self-assembly processes.
During these calculations, it turned out that the orientation

of the MOM groups has a marked influence on the dihedral
angles of the naphthyl groups of the binaphthyl units and,
hence, on the overall structure of the helicate and its stability.
The MOM groups can adopt several orientations (inward,
mixed, and outward) in the quite open double-stranded
copper(I) helicate, which results in three conformers (a, b,
and c, respectively) of similar energy (ΔΔE < 5 kcal/mol) but
rather different overall structure with marked differences in the

Figure 3. CD spectra of (a) free ligand 1 and its trinuclear silver(I)
complexes and (b) its trinuclear iron(II) complexes. The spectra were
measured in CH2Cl2/CH3CN 1:1 at a concentration of 5 × 10−5 mol/
L in a 1 mm cuvette.

Figure 4. DFT-optimized structures (TPSS-D3/def2-SVP + COSMO
(CH2Cl2)) of the most stable D2- and C2- (pseudo-D3)-symmetric
diastereomers of (a) double-stranded [(Λ,Λ,Λ)-Cu3{(M,M)-1}2]

3+

and (b) triple-stranded [(Λ,Λ,Λ)-Zn3{(M,M)-1}3]
6+ (hydrogen

atoms are omitted for clarity).
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metal−metal distances (see Supporting Information). The
relatively flexible double-stranded copper(I) helicate prefers the
conformation with inward oriented MOM side chains and with
large BINOL dihedral angle (∼103°) and thus long copper−
copper distance. In the sterically more congested triple-
stranded zinc(II) helicates, the calculations suggest that the
confinement of the cavities forces the MOM groups to adopt an
outward directed orientation together with smaller BINOL
dihedral angle which is much more stable (approximately 16
kcal/mol) than the next best conformer.
Next, we performed time-dependent DFT calculations using

a simplified Tamm−Dancoff approximation (sTDA)29 together
with the hybrid BHLYP30 functional and the def2-SVP basis
set25 to model the CD spectra of various diastereomers of both
the [Cu3{(M,M)-1}2]

3+ and the [Zn3{(M,M)-1}3]
6+ ions (see

Supporting Information for details). These complexes contain
323 and 483 atoms, respectively, and, hence, represent very
large systems for reliable first-principles modeling especially
since hundreds of electronic excitations are required to simulate
over the entire energy range in order to differentiate between
diastereomers rather than enantiomers. Even though the huge
size of the molecules forced us to make certain approximations
in the DFT treatments (see Supporting Information), the
calculated spectra of the (Λ,Λ,Λ)-diastereomers using the
simplified Tamm−Dancoff approximation to time-dependent
DFT (sTDADFT)29 are for both ions in very good agreement
with the experimental ones both in terms of position and
absolute intensity of the individual bands and successfully
reproduce nearly all experimentally observed bands in the
broad low-energy range up to 240 nm (see Figure 5 and
Supporting Information for a thorough discussion also of
geometry and conformational effects and UV/CD spectra). The
deviations of the band positions are systematic and acceptable
concerning the size and complexity of the aggregates. Together
with our recent study on even larger oligonuclear metallo-
supramolecular palladium(II) complexes,31 these sTDADFT
calculations set new standards in the field of theoretical CD
spectroscopy.
In the case of the relatively more flexible [(Λ,Λ,Λ)-

Cu3{(M,M)-1}2]
3+ diastereomer, several low-lying conformers

are possible. Interestingly, the conformer c with the shortest
Cu···Cu distance of about 8.8 Å due to a much smaller
binaphthyl dihedral angle shows about 1.5-fold stronger CD
peaks than the lowest conformer a with a considerably longer
Cu−Cu distance of about 15.6 Å due to a larger binaphthyl
dihedral angle, dependent on the MOM side chain orientation.
In addition to relative energies of various diastereomers, the
computed CD spectra provide clear proof for the (Λ,Λ,Λ)-
configuration of both the double- and the triple-stranded
helicates when the (M,M)-1 ligand is used for the self-assembly
of the trinuclear helicates.
Finally, we were also able to corroborate this stereochemical

assignment of our helicates by an X-ray diffraction analysis of
single crystals of the trinuclear triple-stranded copper(II)
helicate of (P,P)-1 which we obtained upon slow diffusion of
tetrahydropyrane into a solution of the copper(II) helicate in a
3:1 mixture of dichloromethane/acetonitrile. The structure
shown in Figure 6 nicely confirms the (Δ,Δ,Δ)-configuration
of the three metal centers when the (P,P)-configured ligand 1
was used in the self-assembly of the helicate. Within this
helicate, the copper(II) ions are found in a distorted octahedral
4 + 2 coordination sphere where four of the Cu−N
coordinative bond lengths are between 2.01 and 2.07 Å and

Figure 5. Experimental and calculated CD spectra (see Supporting
Information for details) of [(Λ,Λ,Λ)-Cu3{(M,M)-1}2]

3+ (top) and
([(Λ,Λ,Λ)-Zn3{(M,M)-1}3]

6+ (bottom).

Figure 6. Structure of the triple-stranded trinuclear helicate [(Δ,Δ,Δ)-
Cu3{(P,P)-1}3](BF4)6 as determined by X-ray diffraction analysis
(counterions and solvent molecules are omitted for clarity, color code:
red-brown, copper; gray, carbon; blue, nitrogen; red, oxygen; white,
hydrogen).
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the two others are considerably elongated, 2.22−2.40 Å (see
Supporting Information).
In order to examine the chiral self-sorting32 behavior of

ligand 1, we also performed experiments with a racemic mixture
of (M,M)- and (P,P)-1 with silver(I) and zinc(II) ions. In these
cases, the number of potentially formed stereoisomers is much
higher because one can think of 18 different stereoisomeric
trinuclear double-stranded helicates and even 24 different
stereoisomers of a trinuclear triple-stranded helicate that can in
principle form from a racemic ligand. However, the self-
assembly processes still proceeded completely diastereo-
selectively giving rise to the racemic pairs of the double- and
triple-stranded homochiral diastereomers, respectively, that we
had observed with the enantiomerically pure ligand. Hence, the
self-assembly process proceeded in a narcissistic self-recog-
nition manner. Following the classification of Schalley33 and
Schmittel,34 this kind of a self-sorting process would be
nonintegrative and 25,5-fold (3) or 26,6-fold (3) completive.35

According to the algorithm of Schmittel, the degree of self-
sorting M = P/P0 in which P0 is the number of all possible
aggregates (in our case 18 or 24, respectively), and P is the
number of the actually observed assemblies (in our case two),
can be calculated as M = 9 for the double-stranded helicate and
M = 12 for the triple-stranded helicate which is an extraordinary
high value that proves the power of this approach to achieve
diastereoselective self-assembly via self-sorting.
Redox Properties of Copper Helicates. Copper is

exciting in the sense that it obviously prefers to form double-
stranded helicates with ligand 1 in the oxidation state +I but
triple-stranded ones in the oxidation state +II. This is in
contrast to the behavior of another dinuclear helicate that was
recently reported by Fabbrizzi and co-workers who found that
the helicates stay double-stranded upon changing the oxidation
state of the copper due to additional interligand interactions
that stabilize the double-stranded structure.36 However, such
stabilizing interligand interactions are not present in our case,
and hence, we observe a different behavior. As mentioned
above, the brown-reddish solutions of copper(I) complexes of 1
in the usual millimolar concentration range used for the NMR
spectroscopic measurements under ambient air were found to
be surprisingly prone to oxidation converting the metal
complexes into the corresponding copper(II) species of typical
green color within 18 h (and a precipitate of an unknown
copper species). Interestingly, this has not been observed with
the bis(bipyridine) BINOL ligand studied before,6 and we
wanted to study this phenomenon further to elucidate the
individual steps of this transformation that obviously contains
three oxidation steps and at least one intermolecular step as one
additional ligand has to be coordinated by the three metal
centers. In particular, we were interested to see how many
copper ions have to be oxidized before the double-stranded
helicate transforms into a triple-stranded one upon addition of
another ligand in order to stabilize the copper(II) centers.
Therefore, we first recorded a cyclic voltammogram which

showed three distinct oxidation steps starting from the double-
stranded trinuclear copper(I) helicate (see Supporting
Information). When we then tried to reduce the triply oxidized
species; however, we only found a single reduction and the
whole process was not reversible (see Supporting Information).
This indicates that the irreversible step occurs at the stage of a
species containing two copper(II) and one copper(I) ion but
does not tell anything about the stoichiometry of the
intermediates. Hence, we thought to couple an electrochemical

cell to a mass spectrometer to get an idea about the
composition of the intermediates. However, again the reduction
of the preformed trinuclear copper(II) helicate was impossible
and precipitation during the oxidation of the trinuclear
copper(I) helicate caused plugging of the ESI sources’ cannula,
thus making the measurements impossible.
However, mass spectrometry still proved to be the method of

choice to study this phenomenon. In order to find out how
many copper ions are oxidized before the addition of the third
ligand, we diluted a freshly prepared solution of a double-
stranded trinuclear copper(I) helicate to micromolar concen-
tration to slow down the intermolecular and most likely rate-
determining step. This turned out to be successful since we
could still detect considerable amounts of the initial double-
stranded trinuclear copper(I) helicate [Cu(I)3(1)2]

3+ in
addition to some completely oxidized triple-stranded trinuclear
copper(II) complexes [Cu(II)3(1)3]

6+ after 18 h. Furthermore,
we observed an ion that can be assigned to a mixed-valent
double-stranded helicate that contains two copper(I) and one
copper(II) ions.
When we examined higher concentrated solutions, we also

observed a very fast oxidation of the first copper ion resulting in
the mixed-valent double-stranded species described above.
However, the oxidation cascade does not stop at this stage but
rapidly proceeds to the thermodynamically most stable
completely oxidized triple-stranded trinuclear copper(II)
helicate, and we were only able to detect a [Cu(II)2Cu(I)-
(1)3]

5+ ion as another intermediate.
Next, we decided to have a closer look at the reduction

pathway via electron capture dissociation (ECD) MSn experi-
ments37 despite the fact that this technique has hardly been
used for the characterization of mononuclear metal com-
plexes38 or even oligonuclear metallosupramolecular complexes
so far.39 Reasons for its rare use might be that it can only be
applied to doubly and even higher charged cations and that the
abundance of fragment ions are usually rather low compared to
other fragmentation methods like collision-induced dissociation
or infrared multiphoton dissociation. Nevertheless, it is a very
promising technique that can provide valuable information
about the structure and the intrinsic redox behavior of a
compound in the gas phase. During ECD, ions trapped in a
FTICR cell are irradiated with low-energy electrons to induce
either fragmentation or reduction after electron uptake.
We typically started these experiments with an ESI mass

spectrum containing the intact triple-stranded trinuclear
copper(II) helicate in different charge states (Figure 7a). The
[Cu3(1)3]

6+ ion was mass selected and subjected to a first ECD
process. The resulting ECD MS/MS is shown in Figure 7b.
Interestingly, we observed a rather intense signal arising from a
[Cu3(1)3]

5+ ion, but we did not detect any five-fold positively
charged fragment [Cu3(1)2]

5+ that had lost a ligand. Hence, we
conclude that a double-stranded helicate containing two
copper(II) ions is just not stable, whereas a triple-stranded
complex with one supposedly reduced copper center is.
Fortunately, the intensity of this [Cu3(1)3]

5+ ion was large
enough to even perform an ECD/ECD MS3 experiment, and
the resulting spectrum is shown in Figure 7c. Clearly, the
second ECD process does not result in a stable [Cu3(1)3]

4+

that would formally represent a complex containing one
copper(II) ion and two copper(I) ions. Instead, a charge-
separating fragmentation is observed which leads to the double-
stranded triply charged Cu(I) helicate [Cu3(1)2]

3+ and a
copper-free monocationic ligand which has lost a MOM group.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja506327c | J. Am. Chem. Soc. 2014, 136, 11830−1183811835



The formation of this ion can be rationalized by a two-step
process: The neutral ligand is oxidized to a ligand radical cation,
thus enabling the formation of the stable double-stranded
helicate with three Cu(I) ions. The ligand radical cation then
loses a MOM radicala reasonable hypothesis in regard of the
fact that this fragmentation usually dominates the EI spectra of
MOM-protected BINOL ligands. Gas-phase one-electron
reduction of the triple-stranded Cu(II) helicate without ligand
loss is successfully achieved for the other charge states, as well
(Figure 7d and Supporting Information). Again, it is the second
electron uptake that induces fragmentation (Figure 7e): ECD
of the mass-selected reduced helicate {[Cu3(1)3]F}

4+ leads to a
disassembly into the mononuclear complexes [Cu(1)]}+ and
{[Cu(1)]F}+. In addition, the 5+ species with one fluoride
anion shows some interesting ligand expulsion already after the
first electron uptake (Figure 7d). Yet, the hypothetic quadruply
charged double-stranded helicate with one Cu(I) and two
Cu(II) ions {[Cu3(1)2]F}

4+ is not observed. Instead, the triply
charged analogue {[Cu3(1)2]F}

3+ with two Cu(I) ions is
formed. The additional electron stems from the expelled ligand
detected as a cation that has lost a MOM group similar to the
findings described above. This finding nicely corroborates the
results obtained by the mass spectrometric experiments with
the diluted solutions where we did not find any triple-stranded
species containing only one copper(II) ion.
Combining these observations, we were able to obtain a

reasonably detailed overview about the redox behavior of our
copper helicates which is depicted in Scheme 3.

■ SUMMARY AND CONCLUSIONS
In summary, we have synthesized a dissymmetric tris(2,2′-
bipyridine) ligand 1 in two enantiomerically pure forms
containing two BINOL units as stereogenic elements. This
ligand undergoes diastereoselective self-assembly to enantio-

merically pure trinuclear helicates upon coordination to late
transition metal ions as could be proven by a combination of
ESI mass spectrometric, NMR and CD spectroscopic means,
and X-ray diffraction. Silver(I) and copper(I) ions form double-
stranded [M3(1)2]

3+ helicates where the distance of the two
outer silver ions is about 3.1 nm, whereas the zinc(II), iron(II),
and copper(II) ions all form the respective triple-stranded
[M3(1)3]

6+ helicates with the two outer metal centers being
about 3.0−3.4 nm apart from each other. In order to assign the
stereochemistry of the stereogenic metal centers, we performed
DFT calculations on these helicates. Despite the fact that these
helicates contain up to 483 atoms, which forced us to apply
some further approximations, in particular, regarding the size of
the AO basis set, these calculations were still accurate enough
to allow an unambiguous assignment via comparison of
experimental and theoretically simulated CD spectra. These
sTDADFT treatments involving thousands of orbitals and
hundreds of excited states represent new standards in the field
of theoretical electronic spectroscopy. Hence, we were able to
deduce that (M,M)-configured ligand 1 gives rise to (Λ,Λ,Λ)-

Figure 7. ECD-FTICR mass spectrometric studies on the triple-
stranded trinuclear copper(II) helicate: (a) positive ESI-MS of a 5 ×
10−5 mol/L solution of [Cu3(1)3](BF4)6 in dichloromethane/
acetonitrile 2:1, (b) ECD MS/MS of [Cu3(1)3]

6+, (c) ECD/ECD
MS3 of [Cu3(1)3]

5+, (d) ECD MS/MS of [Cu3(1)3F]
5+, (e) ECD/

ECD MS3 of [Cu3(1)3F]
4+. Arrows with × mark losses of BF3; *,

electronic noise. The blue rhombs mark the mass-selected ions in the
MSn experiments.

Scheme 3. Redox Behavior of Trinuclear Copper Helicates
Green, Ligand 1; Red Circles, Copper(II) Ions; Yellow
Circles, Copper(I) Ions; Blue Frames Indicate that These
Species could be Detected Experimentallya

aPlease note that we do not know the exact positions of the copper
centers that are oxidized or reduced first, and hence, these cartoons are
rather meant as visualization tools to distinguish between double- and
triple-stranded as well as mixed-valent species. bThe double-stranded
helicate containing one copper(II) and two copper(I) ions was
observed during ECD MS2 of {[Cu(II)2Cu(I)(1)3]F}

5+ as an
{[Cu(II)Cu(I)2(1)2]F}

3+ ion.
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configured helicates, whereas (P,P)-1 forms (Δ,Δ,Δ)-config-
ured complexes independently of the metal ion used. This
assignment was further confirmed by X-ray diffraction analysis
of the trinuclear triple-stranded copper(II) helicate (Δ,Δ,Δ)-
[Cu3{(P,P)-1}](BF4)6. According to the calculations, these two
diastereomers are strongly preferred by as much as ca. 26 kcal/
mol in the case of the double-stranded copper(I) helicate and
even 43 kcal/mol in the case of the triple-stranded zinc(II)
helicate, compared to the next stable diastereomers. Due to this
large energetic difference of the possible diastereomers, the self-
assembly of the helicates from racemic 1 proceeds in a
completely narcissistic self-recognition manner whose degree of
self-sorting M can be calculated to M = 9 for the double-
stranded helicate and M = 12 for the triple-stranded helicate
according to the algorithm of Schmittel. These are extra-
ordinarily high values that prove the power and reliability of
this approach to achieve high-fidelity diastereoselective self-
assembly via chiral self-sorting that gives rise to stereo-
chemically well-defined nanoscaled objects.
Interestingly, double-stranded copper(I) helicates of ligand 1

are readily oxidized to triple-stranded copper(II) helicates
under ambient air. We were able to elucidate the sequence of
the intermediate steps of this complex redox process that
involves three redox steps and an addition/elimination of a
ligand by recording ESI mass spectrometric experiments with
copper(I) helicate solutions of very low concentration and by
performing ECD/ECD-MS measurements starting from the
fully oxidized triple-stranded copper(II) helicate. The latter
technique has, in fact, been used for the first time here to follow
the reduction of such metallosupramolecular assemblies and
proves that this method can provide versatile information not
only on the structure of a given (metallosupra-)molecular
aggregate but also on its intrinsic redox properties.
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