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ABSTRACT: A series of dinuclear triple-stranded complexes,
[Fe,L3DX]X, [X = BE,~ (1), CIO,~ (2)], [Fe,L;080,]5(S0,)s
(3), [Fe,L;DBr](BPhy)s (4), Fe,L3(NO;)Brg (5), and
[Cu,L;DNO;](NO;)6 (6), which incorporate a central cavity
to encapsulate different anions, have been synthesized via the
self-assembly of iron(II) or copper(1l) salts with the N,N"-bis-
[5-(2,2"-bipyridyl)methyl]imidazolium bromide (LBr) ligand.
X-ray crystallographic studies (for 1—4 and 6) and elemental
analyses confirmed the cagelike triple-stranded structure. The
anionic guest is bound in the cage and shows remarkable
influence on the outcome of the self-assembly process with
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regard to the configuration at the metal centers. The mesocates (with different configurations at the two metal centers) have
formed in the presence of large tetrahedral anions, while helicates (with the same configuration at both metal centers) were
obtained when using the relatively smaller spherical or trigonal-planar anions Br™ or NO;™.

B INTRODUCTION

Helix is an important structural motif in nature. Dinuclear triple-
stranded [M,L;] complexes, as simple models for more com-
plex natural structures of biological molecules, have been of
much interest.! For example, the diiron complex of rhodo-
turulic acid can help one to understand how a siderophore
controls iron uptake in microorganisms."” Another aspect is
that these model systems can mimic essential biological pro-
cesses such as bacterial photosynthesis and respiration.'s On
the other hand, these complexes also provide important infor-
mation to the study of the structure, function, and chirality
control in metallosupramolecular chemistry. Intense research
activities have focused on the synthesis of correlative topologi-
cally interesting derivatives, including two-dimensional racks,'
ladders'® and grids,lf and intertwined catenanes and knots,lg’h
as well as on the introduction of specific magnetic, electronic,
and spectroscopic properties into the complexes to develop
functional materials.'

Various ligands such as bis(bipyridine),lc’2 dicatechol,® benzi-
midazole* and the recently reported bis(dipyrromethene)® have
been employed to construct the triple-stranded [M,L;] com-
plexes. According to the chirality at each six-coordinated metal
center, dinuclear [M,L;] complexes may exhibit three stereo-
special configurations—AA, AA, and AA—which result in two
possible architectures when using achiral ligands: homochiral
helicates (AA or AA) and achiral mesocates (AA).° The
helicate structures were reported in as early as 1978,"" but the
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first mesocate was only structurally characterized almost 20 years
later.®® Nevertheless, ever since the report of this mesocate
complex, chemists have devoted many efforts to understanding
the formation of helicates versus mesocates and to achieving
high stereoselectivity of triple-stranded coordination complexes.®
For instance, Raymond et al.” observed helicates and mesocates
with bis(hydroxypyridinone) in thermodynamic equilibrium in
solution. Albrecht et al>™** proposed an empirical odd—even
rule, which demonstrates that the spacer of the ligand plays
an important role in the formation of helicates or mesocates.
Recently, the Dolphin groupSb successfully synthesized and iso-
lated both helicates and mesocates by using bis(dipyrro-
methene) with a single methylene spacer. However, control of
the formation of the two isomers still remains a challenge.

It has been reported that some cations (e.g, Li*, Na*, and
K*) can template the synthesis of triple-stranded [M,L,] struc-
tures.® In contrast, the anion-controlled self-assembly of [M,L;]
metal helicates or mesocates is rare despite the intensive inves-
tigations of anion binding and anion coordination in the past
2 decades.” To the best of our knowledge, the only example
of anion-induced resolution of helicates and mesocates was
reported by Kruger and co-workers,*® who observed the selective
formation of helicates by using the relatively small chloride ion.
Moreover, the Rice group'® reported that the trigonal-planar
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NO;™ anion, rather than the tetrahedral ClO,~, can lead to the
major C; head-to-head-to-head (HHH) isomer in the triple
helicate [Co,L;]* with unsymmetrical chiral ligands in solu-
tion. In the self-assembly of metallosupramolecular architec-
tures, anions have also been found to be capable of directing
the formation of a variety of ordered structures, such as the
circular pentanuclear double helicate structure,"" mercurocar-
borand,'* molecular squares,13 [M,L] cages,14 and rotaxanes.'®
On the basis of these results, the anion-templated stereo-
selective synthesis of triple metal helicates or mesocates might
be achieved when incorporating proper anion-binding sites
to the ligand. Additionally, because the highly charged cagelike
complexes contain an electropositive central cavity where anions
can be encapsulated, these complexes would be potential anion
receptors for studying host—guest chemistry and anion
recognition.

In this work, we designed a heterotopic ligand (LBr) contain-
ing the bis(bipyridyl) metal coordination sites and the imidazo-
lium bridge that is a potential anion-binding group. Previously,
we have synthesized a number of anion receptors including
metal coordination-assisted anion-binding systems.'® Herein we
describe the formation of both triple-stranded helicates and
mesocates from LBr and divalent metals (Chart 1). Very
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interestingly, selective crystallization of the anion-encapsulating
helicate or mesocate can be modulated by the size and/or shape
of the anion: the smaller anions (Br~ and NO;~) tend to tem-
plate the helicate structure, while the larger tetrahedral anions
(BE,~, ClO,~, and SO,*") favor the mesocate isomer. The
changes of the ligand conformation upon the binding of anions
of different size or shape may be responsible for the selectivity
observed in the two cases.

B RESULTS AND DISCUSSION

Synthesis and Crystal Structure of the Ligand LBr. The
ligand LBr was prepared through modification of the general
synthetic method reported previously in the literature,'” as
outlined in Scheme 1. The reaction of 5-(bromomethyl)-2,2"-
bipyridine and imidazole in MeCN gave the desired product
as a white powder in 51% yield, with the Br™ ion as the counter-
anion. The ligand is soluble in H,O, dimethyl sulfoxide (DMSO),
N,N-dimethylformamide (DMF), methanol (MeOH), and aceto-
nitrile and slightly soluble in ethanol (EtOH) and dichloro-
methane. The bromide salt LBr crystallizes as colorless block
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Scheme 1. Synthesis of the Ligand LBr
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crystals [space group P2(1)/c] from a CH;OH solution. The
imidazolium ring links two bipyridyl (bpy) units through
methylene groups and is coplanar with the two —CH,— groups
(Figure 1). The ligand molecule adopts an “S” conformation,

Figure 1. Molecular structure of LBr (thermal ellipsoids at the 30%
probability level; H atoms were omitted for clarity).

and the bond angles of the spacer Cy;,,—Ccp,—Njq are 112.2
and 117.1° respectively. The mean C—N bond length of the
imidazolium is 1.326 A.

Synthesis of the Complexes. The iron(II) complex
[Fe,L;DBF,](BF,)s (1) was synthesized by mixing the aqueous
solutions of LBr and FeBr,-6H,0 followed by treatment with
NaBF,. In the same way, the complexes [Fe,L,DClO,](ClO,);
(2), [Fe;L3080,],(80,)s (3), and [Fe,L;DBr](BPhy)s (4)
were obtained in the presence of NaClO,, Na,SO,, or NaBPh,.
It is noteworthy that the Br™ ion is included in the cage in the
solid-state structure of 4 rather than the much larger BPh,~
anion when using sodium tetraphenylborate to exchange with
the Br™ ion, which is different from the other cases. The nitrate-
including complex Fe,L;(NO;)Br (5) was obtained through
the reaction of LBr with iron(Ill) nitrate in the presence
of excess iron powder, while the dicopper(Il) complex
[Cu,L;DNO,](NO;)s (6) was directly synthesized from LBr
and copper(II) nitrate. These dinuclear complexes were iso-
lated in quantitative or close to quantitative yield and were fully
characterized by elemental analysis, IR spectroscopy, and X-ray
crystallography (for 1—4 and 6). The elemental analysis results
are consistent with the formation of dinuclear species of the
general formula [M,L,]”* (Chart 1), and there is no evidence
for the occurrence of other stoichiometries. The compounds
are sparingly soluble in water, MeOH, and acetonitrile and
would decompose in higher polar solvents such as DMSO and
DMF. Electrospray ionization mass spectromtry (ESI-MS)
spectra were recorded, and complexes 1, 2, 4, and § displayed
the [M,L;X]*" (X = anion) species with the expected isotopic
distribution patterns of the dinuclear complexes (Figure S3 in
the Supporting Information). The sulfate-including complex 3
and the copper(I) complex 6 showed only the [M,L,] frag-
ments. The former case might be due to the poor solubility of
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complex 3, which decomposes at low concentrations, while the
latter may be explained by the fact that the Cu" ion disfavors
the octahedral coordination and the triple helicate might have
disassembled in solution. Moreover, the spectrum of complex §
with the composition Fe,L;(NO;)Brs, as demonstrated by
elemental analysis, showed a series of M,L; fragments with
mixed anions. The iron(II) complexes 1 and §, which exhibit the
mesocate and helicate structures, respectively, were employed as
typical examples to study the solution configuration by 'H and
BC NMR experiments.

Solid-State Structures of Complexes 1-4 and 6. The
crystal structures and anion-binding modes of the complexes
[Fe,L3(BE,)](BF,)¢3CH;CN (1), [Fe,L3(ClO,)](ClO,)¢
3CH;CN (2), [Fe,L3(80,)],(80,)s-3CH;CN (3),
[Fe,L3(Br)](BPhy)s-6CH;CN (4), and [Cu,L3(NO5)](NO5),
(6) were investigated by single-crystal X-ray diffraction. Deep-
red crystals of the iron(II) compounds [Fe,L;]”* (1—4) and
blue block crystals of the copper(Il) complex 6 were obtained
by the slow diffusion of ether into a CH;CN solution of the
corresponding complex at room temperature for about 2 weeks.
All of the complexes show a ligand-to-metal ratio of 3:2, and all
of the crystals have the same habit and appearance, crystallizing
in the trigonal space group R3, with the individual Fe or Cu
centers lying on 3-fold special positions and the ligands being
arranged around a 3-fold axis. Notably, both the helicates and
mesocates are in the same space group, which is different from
some reported cases, in which the two isomers show different
space groups.”® The complexes feature the typical octahedral
bipyridine—metal coordination at both sides of the ligands,
leading to a central cage to accommodate an anion. The imida-
zolium functionality offers electrostatic interactions or (C—H)*-
X" -type ionic hydrogen-bonding interactions with the encapsu-
lated anion. The two C—N distances of the imidazolium ring of
a given ligand are slightly different (except for the perchlorate
complex 2, in which the two C—N distances are equal), and the
mean C—N distance (1.335 A) in the iron(II) complexes is
slightly longer than that in the ligand (1.326 A) and in the
copper(II) complex 6 (1.284 A).

[Fe,L;D(BF,)](BF,)s:3CH;CN (1). The tetrafluoroborate
complex 1 consists of a cationic cage capsule [Fe,L,DBF,]*,
six BF,” counteranions, and three solvent CH;CN molecules.
Three ligands adopt the “pseudo-C” conformations and form
a triple-stranded dinuclear structure with two Fe'' ions. The Fe
atoms in the two [Fe(bpy);]*" units show a A configuration at
one side and a A configuration at the other side, indicating a
mesocate structure. A cavity bound by the two [Fe(bpy);] head
groups and separated by ca. 10.6 A (Fe--Fe distance) can be
identified, which is formed by three surrounding imidazolium
rings with a ca. 6.7 A separation between each other. The two
bpy moieties in one ligand head to the same orientation, leading
to lower symmetry of the ligand (Figure S4 in the Supporting
Information). One tetrafluoroborate ion is encapsulated in the
highly charged central cavity to form the capsule [Fe,L;DBF,],
which is also demonstrated by the '’F NMR spectrum (Figure
S7 in the Supporting Information). The encapsulated BF,”
anion occupies the center of the cage and interacts with the
three ligands via three hydrogen bonds from the 6-CH groups
of the bpy subunits, which have been activated through metal
coordination (Figure 2a). Notably, all three C—H:--F bonds
[C10--F2, 2.999(3) A] point to the same F atom (F2), which
sits at the C; axis, while the other three Cs-related F atoms are
not involved in hydrogen bonding (Table 1).
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Figure 2. (a) Molecular structure of the cationic unit (AA)-
[Fe,L;DBF,]®* of 1. Noninteracting H atoms and external counter-
anions were omitted for clarity. (b) Packing diagram of 1 viewed from
the ¢ axis showing the arrangement of seven neighboring complexes.
(c) Space-filling depiction viewed down the C; axis.

Unexpectedly, in the structure of 1, the imidazolium CH"
moieties do not participate in the CH"---X-type ionic hy-
drogen bonds with the encapsulated anion; instead, the imidaz-
olium planes are oriented in the tangent direction (ie., the
“wall” of the cage). As a result, the CH" vector forms a very
acute C—H--F angle (63.4°) with the three “free” F atoms of
the BF,” anion, although the C--F distance is quite short
[3.108(5) A]. This is remarkably different from a related com-
plex with imidazolium groups, which features three C—H"-
Br~ hydrogen bonds between the imidazolium groups and
the encapsulated Br~ anion besides the C—H:--Br interactions
from the bpy units.'® In the helicate complexes 4 and 6 (vide
infra) reported herein, the nitrate or bromide ion also forms
this C—H"---X" hydrogen bond. The absence of C—H"---Br~
interactions in the current case may be attributed to the larger
tetrahedral BE,™ anion, which forces the imidazolium planes to
rotate away. Therefore, the binding of the BF,” anion might
have been achieved by a combination of hydrogen-bonding and
electrostatic attractions. A packing diagram (Figure 2b) of 1
indicates that every one cage complex is surrounded by six
neighbors via interactions with the external BF,~ anions.

[Fe,L3D(CIO,)I(CIO,)s3CH;CN (2). As an isomorphous
complex of the tetrafluoroborate analogue 1, the skeletal struc-
ture of the perchlorate complex 2 consists of two Fe' ions, three
L molecules, and one encapsulated perchlorate anion, forming
the highly charged [Fe,L;DClO,]® cage, as well as the other six
ClO,” ions as counterions. There are also three C,,—H--O
hydrogen bonds [C10-+02, 3.108(3) A] between the encap-
sulated perchlorate anion and the bpy subunits (Table 1). The
ligands with the “pseudo-C” shape lead to different configura-
tions at the two metals (the mesocate structure) as well (Figure 3).
The three ligand strands wrap around the two metals and adopt
a conformation, with the carbenic C atoms pointing aside and
deviating from the central anion. This orientation results in
too small angles (62.1°) to define any C—H"*--X~ hydrogen
bonding between the perchlorate anion and the imidazolium
CH* moieties [C14---O1, 3.102(5) A]. Hence, the perchlorate
ion should also be bound by hydrogen-bonding and strong
electrostatic interactions as in 1. In the structure of 2, the
bridging groups on the ligands constrain a Fe---Fe distance of
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Table 1. Hydrogen-Bonding Parameters (A and deg) around the Encapsulated Anions in the Complexes

anion shape complex C—H--A C-H H---A C--A £2C—-H-A
tetrahedral [Fe,L,(BE,)](BE,)s (1) C10-H10--F2 0.95 249 2,998 1129
[Fe,L,(ClO,)](CIO,), (2) C10-H10--02 095 2.52 3.009 1127
[Fe,L5(SO,)15(S0,)s (3) C10-H10--02 095 243 2,935 1137
spherical [Fe,L;(Br)](BPh,)s (4) C14*—H14--Br 0.95 2.66 3.602 170.7
trigonal planar [Cu,L;(NO,)](NO,), (6) C14*—H14--01 0.95 1.35 2223 150.6

Figure 3. (a) Molecular structure of the cationic unit (AA)-
[Fe,L;DClO,]*" of 2. Noninteracting H atoms and external counter-
anions were omitted for clarity. (b) Packing diagram. (c) Space-filling
depiction.

10.5 A, which is comparable with that in the tetrafluoroborate
complex 1.

[Fe,L30(50,)],(50,)5:3CH;CN (3). Another isomorphous
iron(II) complex 3 was obtained in a similar way. In complex
3, the “pseudo-C”-shaped ligands form a triple-stranded meso-
cate [Fe,1,;080,]%". There are two independent iron(IT) com-
plex units, five SO,*~ counterions, and three acetonitrile mole-
cules in the crystal structure (Figure 4), as demonstrated by

Figure 4. (a) Molecular structure of one of the independent cationic
units (AA)-[Fe,L;080,]%* of 3. Noninteracting H atoms and external
counteranions were omitted for clarity. (b) Packing diagram. (c)
Space-filling depiction.

elemental analysis and X-ray diffraction. One of the O atoms
(02) of the encapsulated SO,>” ion sits at a C; axis and forms
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three C,,—H--O hydrogen bonds as in the cases of 1 and 2
[C10--02, 2.967(3) A; Table 1]. There are also strong elec-
trostatic interactions between the central anion and the cationic
cage due to the short distances from the anion to the imid-
azolium rings [C14---O1, 3.100(S) A]. The Fe---Fe separation is
ca. 10.6 A.

[Fe,L3DBr](BPh,)s:3CH;CN (4). The structure of complex 4
consists of a cationic cage capsule [Fe,L;DBr]®" and six BPh,~
counterions, as well as three acetonitrile molecules (Figure 5).

Figure 5. (a) Molecular structure of the cationic unit (AA)-
[Fe,L;DBr]® of 4. Noninteracting H atoms and external counter-
anions were omitted for clarity. (b) Packing diagram. (c) Space-filling
depiction.

Three ligands wrap around two Fe' ions to yield a triple-
stranded structure with a highly charged central cage. Instead of
forming a mesocate like 1—3, the ligands adopt a “pseudo-S”
shape and lead to the same configuration at the two Fe'
centers. Therefore, a helicate was obtained with an approach
angle of 52.5°. Very interestingly, the carbenic C atoms of the
bridging imidazolium groups are oriented toward the center of
the cage. A relatively small Br™ anion rather than the large
BPh,” is efficiently encapsulated in the center of the cage via
three C—H"*--Br~ ionic hydrogen bonds [C14--Br, 3.602(3) A]
from the imidazolium groups (Table 1). This is in contrast to
the mesocates 1—3 discussed above, in which the imidazolium
CH" donors deviate from the equatorial plane of the Fe,L;
complex and cannot form effective C—H"---X hydrogen bonds
with the anion.

The dimensions of the cage are defined by the Fe--Fe
(ca. 11.8 A) and imidazolium---imidazolium (ca. 5.7 A between
centroids) separations. Compared to the tetrahedral anion-
encapsulating complexes 1—3, the Fe---Fe distance is slightly
longer, while the “available volume” of the cavity is smaller
(Figure SS in the Supporting Information) because the imid-
azolium CH' donors are now oriented inward toward the center

to hydrogen-bond the guest anion. A packing diagram (Figure Sb)
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of 4 indicates that every one cage is surrounded by six such
cages via interaction with external BPh,” ions and CH,CN
solvents. Notably, the structure is chiral (with the space group
R3), and all of the [Fe,L;] molecules are the same P helix, with
the A configuration about both metal centers. Several crystals
have been tested, and all of them displayed the same chirality.
The results indicate that only one of the helical enantiomers has
crystallized from the solution. We have also measured the
circular dichroism spectrum of a solution of the crystals, but no
optical activity was observed. Thus, spontaneous resolution
may have occurred during crystallization of the triple helicate,
but the complex racemized rapidly in solution [9:1 (v/v)
CH,;CN/H,0] at room temperature.

[Cu,L3D(NO3)J(NO3)s (6). The copper(Il) nitrate complex 6
shows a structure similar to that of the iron(II) bromide
analogue 4, in which one nitrate anion is encapsulated within the
central cage of the complex (Figure 6). The three “S”-shaped

Figure 6. (a) Molecular structure of the cationic unit (AA)-
[Cu,L;DNO;]% of 6. Noninteracting H atoms and external counter-
anions were omitted for clarity. (b) Packing diagram. (c) Space-filling
depiction.

ligands also wrap the two Cu' centers to construct a triple-
stranded helicate with an approach angle of 55.6°,% which is
slightly larger than that in complex 4. Like the bromide-
including complex 4, this helicate is also chiral in the solid state,
showing only the P configuration. Each Cu" ion is coordinated
by three bpy units through C; symmetry in an octahedral
arrangement without apparent Jahn—Teller distortion, and all
six Cu—N bond distances are essentially identical. The absence
of Jahn—Teller distortion in other copper(Il) complexes has
also been reported.'®®'? The N atom of the encapsulated nitrate
anion sits at the crystallographic C; axis, and the three Cs-related
O atoms form three charge-assisted C—H"--O~ [C14--Ol,
2.223(3) A] hydrogen bonds with the bridging imidazolium
units, which also point to the center of the cage as in 4. Notably,
the trapped nitrate ion is not planar. The N atom is slightly out
of the plane defined by the three O atoms, with the sum of
the O—N—O angles being 350.7°. This distortion is apparently
caused by the spatial crowding of the nitrate ion, which has to be
located on the equatorial plane of the complex cage to form
hydrogen bonds with the CH donors of the imidazolium groups
(Figure 6a). It is noticeable that the C---O distance (2.223 A) of
this C—H--O hydrogen bond is very short (Table 1). Each
complex is also surrounded by six neighbors via interactions with
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external NO,™ ions (Figure 6b). The size of the cage is identified
by ca. 11.7 A (Cu--Cu distance). This longer metal---metal
separation in the helicates 4 and 6 than in the mesocates 1—-3
agrees with the results observed by Raymond et al. that the two
vertex metals of a guest-free helicate with a narrow cavity is
longer than that of a water-encapsulating mesocate with a broad
cavity (Figures S5 and S6 in the Supporting Information).”

NMR Studies. In the current work, as discussed above, the
ligand conformation and anion-binding mode in the helicates
and mesocates are significantly different, which can lead to
distinct NMR signals and thus should allow for the evaluation
of their structures in solution. Two complexes, 1 and S, were
used as the representatives of mesocate and helicate, respec-
tively. The complexes were examined by NMR experiments
performed in CD;CN/H,O (8:1, v/v) at room temperature,
and both of the 'H and "*C NMR studies revealed the charac-
teristics of the two complexes. In the 'H NMR spectra, the two
structures displayed dramatically different features for all of the
protons, including the bpy units, the NCHCHN protons of
the imidazolium, the carbenic CH", and the CH, linkers. In the
helicate structure $, a distinct downfield shift (A5 = 1.18 ppm)
of the carbenic CH* H atom was observed, indicating direct
interactions with the central anion via strong hydrogen bond-
ing, yet a well-distinguishable upfield shift (A = —0.45 ppm)
of this proton in the mesocate 1 resulted because of the
shielding effects of the nearby aryl rings. For the protons of
NCHCHN in the central imidazolium groups, only one signal
was observed in the “S”-shaped ligand of the helicate, while the
mesocate displayed two sets of singlets at 6.86 and 6.96 ppm.
Also, significant changes occurred for the signals of the CH,
linkers, which appeared as a singlet in the free ligand but
displayed two groups of peaks in the helicate 5 and further split
into four sets of peaks in the mesocate 1 (Figure 7a).

(@) NCHCHN
c

helicate

e

CHa

5
N 3

LBF4 -

mesocate

T T
10.00 9.50

(b)

helicate

T Al i 1

LBFa

n“ ”1 l HI l

mesocate

Lo .

T T T T
160 50 ppm

T T T T T T T T
150 140 130 1&8 110 100 30 80 70 &0

Figure 7. 'H and *C NMR spectra of the mesocate 1 and helicate $ in
CD;CN/H,0 (8:1, v/v) at room temperature.

These results clearly reflected the structural character of
the mesocate and helicate and can be well explained by the
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different symmetries of the two enantiomers caused by the
conformational change of the ligand upon anion binding. In the
mesocate, the encapsulated tetrahedral anion sits at a C; axis,
with one terminal atom (F or O) pointing to one [Fe(bpy);]*
head (Figure 2, upper part) and the other three F or O atoms
to the other [Fe(bpy);]** head (Figure 1, lower part). In
contrast, in the helicate, the NO;™ or Br™ anion is located on
the equatorial plane and gives a symmetric structure. As a
result, the mesocate displays more signals in the "H NMR spec-
trum. The results also revealed that the mesocate or helicate
structure should be persistent in the solution. Moreover,
because the Py 6-CH of one side forms weak C—H---X hy-
drogen bonds with the anion in the mesocate, the bpy protons
in the two sides should appear at different positions. However,
these protons are highly overlapped and cannot be well distin-
guished in the two cases.

The C NMR spectra are in good agreement with the 'H
NMR results and further confirmed the different environments
of the protons in the two cases. The mesocate displayed 25
signals, with the NCHCHN moiety showing two signals at
151.3 and 140.5 ppm and the CH, group splitting into two
peaks at 50.9 and 49.6 ppm, respectively. Notably, the bpy units
in the two head groups of the mesocate display different chem-
ical shifts in the case of the "*C NMR spectrum. Accordingly,
the more symmetric helicate shows 13 signals (half of the total
C atoms). This is in accordance with their structures in the
solid state (Figure S4 in the Supporting Information). In addi-
tion, some protons showed upfield shifts compared to the free
ligand, suggesting that they now probably lie in the shielding
region upon formation of the metal complexes. The '’F NMR
spectrum of 1 recorded in D,O at high concentration (10™* M)
also provided evidence for the asymmetric structure of the
meso species. The free LBF, ligand displayed two very closely
spaced peaks at ca. —150 ppm (—150.5 and —150.4 ppm) in
the "’F NMR spectrum corresponding to the two isotopes of
boron in their natural abundance (Figure S7 in the Supporting
Information).”® Upon formation of the [Fe,L;D(BF,)](BF,)
complex, there were four separated signals. The two upfield
signals (—150.0/—150.1 and —147.7/—147.8 ppm) are assigned
to the six external BF,~ counterions, which are under slightly dif-
ferent environments. The slightly downfield-shifted (ca. 2 ppm)
signals may be attributed to the anions that are close to the
imidazolium CH' groups and have weak interactions with
them, and the other peaks, which are almost unchanged com-
pared to the ligand LBF,, are attributed to those apart from the
CH" groups and thus can be viewed as free anions. The two
signals appearing at the more downfield region (—143.4/
—143.5 and —129.7 ppm, respectively) can be attributed to the
encapsulated BF,” ion. The signal of the F atom sitting at the
C; axis and those of the other three F atoms show a proper
integral ratio of ca. 1:3.

Formation of Helicates versus Mesocates. Since
Albrecht and co-workers first synthesized a triple-stranded
mesocate in 1995,lb chemists have been attempting to control
the formation of helicates versus mesocates. On the basis of
the self-assembly of a series of dicatechol ligands, Albrecht and
co-workers®>*® proposed an empirical odd—even rule. It was
suggested that tuning the length of the alkyl linker can lead to
the “S” (with an even number of C atoms of the alkyl linker) or
“C” (with an odd number of C atoms) conformation of the
ligand and thus facilitates the formation of a helicate or a meso-
cate, respectively. In addition, theoretically, the homochiral
helicate consistently shows a lower total energy and is preferred
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generally.>! Recently, Dolphin and co-workers®® successfully
synthesized and isolated both triple-stranded helicates and
mesocates from the same reaction, employing an a-free, §,5-
linked bis(dipyrromethene) with a methylene bridge. They
found that the ligand can take either a pseudo-S or a pseudo-C
conformation through bond rotation owing to the ready tran-
sition between the two conformers under the reaction condi-
tions and result in both structures.

Considering the minimum energy of the complex and the
optimal “S” conformation taken by the free ligand LBr (Figure 1)
as mentioned above, the helicate structure should be favored for
the [M,L,] assemblies reported in this work. Interestingly, it was
found that anions of different sizes and shapes were brought into
this system, and the relatively larger tetrahedral anions like BF,~
led to the formation of meso complexes (Figures 2—4), where-
as the smaller spherical Br™ and trigonal-planar NO;~ favored
the helicates (Figures S and 6) by spontaneous resolution
during crystallization. These results imply that the anions may
have templated the selective formation of the mesocates or heli-
cates. In order to accommodate the anion in the central cage,
which has a great contribution to stabilization of the final
[M,L,] structure, the complex has to adjust itself to the size of
the guest by stretching or compression, accompanied by the
conformational change of the ligand, to achieve the optimum
state. As depicted in Figures 2—4, for the large tetrahedral
anions, the CH" vector of the bridging imidazolium group was
twisted to the tangent direction to release enough inner space.
This orientation then forced the strands to be parallel to the C;
axis and adopt a “pseudo-C” shape to avoid steric repulsion of
the bpy and imidazolium rings, thus leading to the meso
configuration. In comparison, in the presence of relatively small
anions, the CH" groups rotated and oriented toward the center
cage and formed efficient CH"---X" ionic hydrogen bonds.
The strands took a “pseudo-S” shape, which reduced the
steric repulsion to a large extent, and a helicate configuration
was constructed (Figure 8). Besides the effect of the ligand

Figure 8. View of the “pseudo-C” conformer of the ligand in the
mesocate complexes (a) and the “pseudo-S” conformer in the helicate
complexes (b).
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conformation, the coordination and hydrogen-bonding ability
of the anions may also count for distinction of the two isomers.
The mesocates were formed when the anions do not hydrogen-
bond to the imidazolium cations, while the helicates were
obtained with the halides or nitrate, which form such hydrogen
bonds.

For the purpose of achieving stable mesocates, many efforts
have been devoted recently, such as engrafting R- and S-chiral
groups in proximity to the chelating units or designing the
zigzag conformation of alkyl spacers containing an odd number
of methylene units employed.** Here we realized the effective
stabilization of the mesocate structure and spontaneous reso-
lution of mesocates and helicates controlled by the size of the
anions.

B CONCLUSIONS

We have successfully synthesized a series of highly charged,
dinuclear triple-stranded cagelike [M,L;]”* complexes by em-
ploying an imidazolium-bridged bis(2,2"-bipyridine) ligand (L)
and a Fe'' or Cu" ion. Interestingly, the complex can accom-
modate an anion in the cage, and the size and/or shape of
the encapsulated anion is the key factor that determines the
stereochemistry of the product. In the presence of the larger
tetrahedral anions such as BF,”, SO,*7, and ClO,”, the meso
complexes are favored. In contrast, the smaller trigonal-planar
(NO;") or spherical (Br~) anions lead to helicates. Moreover,
spontaneous resolution of the P helices occurred during crys-
tallization of the helicates 4 and 6. The conformational change
of the ligand upon encapsulation of the anion may be respon-
sible for the anion-dependent formation of the helicates versus
mesocates.

B EXPERIMENTAL SECTION

General Procedures. 'H, C, and "F NMR spectra were
recorded on a Mercury plus-400 spectrometer at 400, 100, and
375.99 MHz, using tetramethylsilane and NaBF, as internal standards,
respectively, FT-IR spectra were measured by a Nicolet AVATAR 360
FT-IR spectrometer as KBr disks. Elemental analyses were performed
on a VarioEL from Elementaranalysensysteme GmbH. Melting points
were detected on an X-4 Digital Vision MP Instrument. Powder X-ray
diffraction patterns were obtained with a D/max RB diffractometer
using Mo Ka radiation. ESI-MS measurements were carried out using
a Waters ZQ4000 spectrometer in water and a Bruker MicrOTOF-Q
in ESI positive-ion mode.

5-Methyl-2,2"-bipyridine was prepared by the traditional Kréhnke
procedure from 2-acetylpyridine and methacrolein according to the
literature procedures.”" 5-(Bromomethyl)-2,2"bipyridine was prepared
from S-methyl-2,2"-bipyridine by reaction with an excess of N-bromo-
succinimide with azobis(isobutyronitrile) as the initiator under an N,
atmosphere, as the reported in the literature.”” The target ligand was
prepared using modified procedures.'”

Synthesis of N,N’-Bis[5-(2,2'-bipyridyl)methyllimidazolium Bro-
mide (LBr). S-(Bromomethyl)-2,2"bipyridine (1.94 g, 10.0 mmol) and
imidazole (1.00 g 4.00 mmol) were heated under reflux in dry
acetonitrile (SO mL) for 48 h. The reaction mixture was cooled to
room temperature and the solvent removed in vacuo. The addition of
dichloromethane to the residue gave rise to the formation of a yellow
precipitate, which was collected by filtration and recrystallized in water
to yield a white powder (1.18 g, 51%). Mp: 209—212 °C. '"H NMR
(DMSO-d,, 400 MHz): § 9.52 (s, 1H, CH"), 8.82 (br s, 2H, Hé6'), 8.71
(d, J = 4.0 Hz, 2H, H6), 8.39—8.46 (m, 4H, overlapping H3 and H3'),
7.98—8.06 (m, 4H, overlapping H4' and H4), 7.96 (s, 2H, NCHCHN),
7.48-7.51 (m, 2H, HS’), 5.59 (s, 4H, CH,). ESI-MS: m/z 405.2
([M = Br]") (calcd 405.2).

Crystal data for LBr: C,sH, BrNg (485.39), colorless block,
crystal system monoclinic, space group P2(1)/c, a = 8.8357(11) A,
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b =13.0305(17) A, ¢ = 19.233(2) A, f = 101.492(2)°, V = 101.492(2) A3,
T=153(2) K, Z=4, D, = 1486 g cm™>, Fypo = 992, 4t = 1.92 mm ™",
13 887 reflections collected, 3817 unique (R, = 0.0289), 3037 ob-
served [I > 26(I)]; final R1 = 0.041, wR2 = 0.12 [I > 26(I)].

Synthesis of Complexes [Fe,L;(BF )](BF,)¢ (1), [Fe,L;(CIO,)](CIO, )4
(2), [Fe,L5(SO1,(SO,)s (3), and [Fe,Ls(Br)l(BPh,)s (4). To a stirred
suspension of LBr (100 mg, 0.206 mmol) in 2 mL of water was added
dropwise an aqueous solution of FeBr,-6H,0 (44.5 mg, 0.137 mmol).
An immediate color change from colorless to red marked the complex
formation. The resulting deep-red solution was stirred for 30 min at
room temperature and then treated with a 10-fold excess of the aqueous
solution of NaX [X = BF,” (1), CIO,” (2), SO,*~ (3), and BPh,” (4)].
A deep-red precipitate was filtered off, washed with EtOH and ether,
and dried.

[Fe,L3(BF JI(BF)s (1). Yield: 118 mg, 89%. Anal. Calcd for [Fe,L,-
(BF,)](BF,)s4H,0 (C,sH,B,F,sFe,N;30,): C, 44.87; H, 3.56; N,
12.56. Found: C, 44.80; H, 3.42; N, 12.86. FT-IR (KBr, v/cm™):
3164w, 3115w, 1612m, 1563m, 1474m, 1440m, 1405w, 1165m, 1064s
(br, BE,”), 846w, 762m, 521w. '"H NMR [8:1 (v/v) CD,CN/H,0,
400 MHz): & 8.64—8.56 (m, 4H, bpy-3’ and -3), 8.32 (s, 1H, CH"),
8.18—8.04 (m, 6H, bpy-4, -4, and 6'), 7.42—7.32 (m, 2H, bpy-5'),
7.20—7.17 (m, 2H, bpy-6), 6.96 (s, 1H, NCHCHN), 6.86 (s, 1H,
NCHCHN), 5.46 (d, J = 16 Hz, 1H, CH,), 5.23—5.17 (m, 2H, CH,),
492 (d, ] = 16 Hz, 1H, CH,). *C NMR [8:1 (v/v) CD,CN/H,0,
100 MHz]: & 160.8 (CH"), 159.8, 159.7, 159.2, 158.9, 158.0, 154.8,
154.7, 152.4 (NCHCHN), 141.5 (NCHCHN), 140.6, 139.9, 139.7,
137.5,133.5, 131.4, 128.6, 128.2, 125.7, 125.4, 124.0, 123.8, 122.2, 50.9
(CH,), 49.6 (CH,). ESI-MS: m/z 881.2 ([Fe,L;(BF,)s]*").

[Fe,L5(CIO)I(CIO,)s (2). Yield: 125 mg, 90%. Anal. Caled for
[Fe,L;(Cl0,)](ClO,)s (C,sHe;ClFe,Ni305): C, 44.50; H, 3.14; N,
12.45. Found: C, 44.86; H, 3.10; N, 12.70. FT-IR (KBr, v/cm™):
3110w, 3094w, 1608w, 1560w, 1464m, 1438m, 1162m, 1083s (br,
ClO,™), 753m, 615s. '"H NMR [8:1 (v/v) CD,CN/H,0, 400 MHz,
ppm]: 5 8.61—8.57 (m, 2H, bpy-3'), 8.01 (s, 1H, CH"), 8.25—8.23 (m,
2H, bpy-3), 8.14—8.10 (m, 2H, bpy-4), 7.88 (s, 2H, bpy-6), 7.57—7.54
(m, 2H, bpy-4"), 7.97 (s, 1H, NCHCHN), 7.87 (s, 1H, NCHCHN)),
7.36 (dd, ] = 4.8 and 8.0 Hz, 2H, bpy-6"), 7.26 (dd, ] = 4.8 and 8.0 Hz,
2H, bpy-5), 5.53 (s, 1H, CH,), 5.34—5.25 (m, 2H, CH,), 5.12 (s, 1H,
CH,). ®*C NMR [8:1 (v/v) CD,CN/H,0, 100 MHz): § 163.4 (CH"),
158.3, 158.2, 153.7, 148.2 (NCHCHN), 147.7 (NCHCHN), 141.7,
141.6, 138.7, 137.4, 137.2, 127.6, 127.5, 127.4, 127.3, 127.2, 124.4,
124.3, 123.7, 123.6, 123.1, 118.1, 118.0, 49.2 (CH,), 49.1 (CH,). ESI-
MS: m/z 912.1 ([Fe,L;(ClO,)s]*).

[Fe5L3(50,)1,(SO,)s (3). Yield: 102 mg, 89%. Anal. Calcd for [Fe,L,-
(S0,)1,(80,)s (C15oH126Fe4N360,4S,): C, 54.12; H, 3.82; N, 15.15.
Found: C, 54.46; H, 3.48; N, 15.12. FT-IR (KBr, v/cm™): 3045w,
2974w, 1629m, 1604m, 1559m, 1468m, 1438m, 1412m, 1156m,
1115m (SO,*7), 767m. "H NMR [4:1 (v/v) CD;CN/H,0, 400 MHz,
ppm]: 6 8.97 (s, 1H, CH"), 8.64—8.62 (m, 4H, bpy-3' and -3), 8.15—
8.08 (m, 6H, bpy-4, -4, and -6), 7.42—7.32 (m, 2H, bpy-5'), 7.22—7.21
(m, 2H, bpy-6"), 7.88 (s, 1H, NCHCHN), 7.72 (s, IH, NCHCHN),
5.45 (s, 1H, CH,), 5.32—5.16 (m, 2H, CH,), 5.05 (s, 1H, CH,). *C
NMR and the M,L; species in the MS spectrum could not be accessed
because of the poor solubility of complex 3 (decomposition may occur
when the concentration is too low).

[Fe,L3(Br)](BPh,)s (4). Yield: 112 mg, 88%. Anal. Calcd for [Fe,L;-
(Br)](BPhy)4 (Cy19H 43B¢BrFe,N;g): C, 79.15; H, 5.55; N, 7.59. Found:
C, 78.71; H, 522; N, 7.66. FT-IR (KBr, v/cm™): 3050w, 2958w,
2923w,1661m, 1599m, 1558m, 1466m, 1436m, 1400m, 1242m, 1155m,
1088m, 736m, 700m, 603m. 'H NMR [4:1 (v/v) CD,CN/H,0O, 400
MHz, ppm]: 6 103 (s, 1H, CH*), 8.61-8.57 (m, 2H, bpy-3'), 8.45—
8.36 (m, 2H, bpy-3), 8.11-8.04 (m, 2H, bpy4), 7.86 (s, 2H,
NCHCHN), 7.74 (m, 4H, BPh,), 7.63—7.58 (m, 2H, bpy-4), 7.45—7.42
(m, 2H, bpy-6), 7.36—7.32 (m, 2H, bpy-5'), 7.23 (s, 8H, BPh,), 7.19—
7.15 (m, 2H, bpy 6'), 6.92 (s, 8H, BPh,), 4.68—4.61 (m, 4H, CH,). *C
NMR [8:1 (v/v) CD,CN/H,0O, 100 MHz]: § 1642 (CH"), 163.7,
1632, 162.7, 156.5 (NCHCHN), 153.5, 135.3, 129.2, 128.6, 127.3,
127.1, 126.5, 1254, 121.6, 119.2, 114.9, 35.7 (CH,). ESI-MS: m/z
1342.5 ([Fe,L;(BPh,),Br]**).
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Synthesis of Fe,L3(NO3)Brs (5). To a stirred suspension of LBr
(100 mg, 0.206 mmol) in 2 mL of water was added dropwise a MeOH
solution of Fe(NO;);-9H,0 (55.4 mg, 0.137 mmol) in the presence of
excess iron powder. An immediate color change from colorless to red
marked the complex formation. The resulting deep-red mixture was
stirred for 30 min at room temperature and then filtered through
Celite. The filtrate was reduced to 4 mL. A deep-purple precipitate was
obtained through the slow diffusion of ether into the solution of the
product at room temperature. Yield: 92 mg, 70%. Anal. Calcd for
[Fe,Ly(NO;) |Brg-2H,O (CysHg Fe,BrgN,405): C, 50.22; H, 3.76; N,
14.84. Found: C, 5047; H, 4.05; N, 14.99. FT-IR (KBr, v/cm™):
3050w, 2853w, 1637w, 1606w, 1561m, 1468m, 1438m, 1383s (NO;"),
1161m, 766m. "H NMR [8:1 (v/v) CD,CN/H,0, 400 MHz]: § 9.95
(s, 1H, CH"), 8.62—8.52 (m, 4H, bpy-3’ and -3), 8.15—8.06 (m, 2H,
bpy-4'), 7.96—7.94 (dd, ] = 1.6 and 8.0 Hz, 2H, bpy-4), 7.85 (d, ] = 1.6
Hz, 2H, bpy-6), 7.69 (s, 2H, NCHCHN), 7.37—7.34 (m, 2H, bpy-5'),
7.22—7.15 (dd, J = 1.6 and 8.0 Hz, 2H, bpy-6'), 5.27—-5.14 (m, 4H,
CH,). ®C NMR [8:1 (v/v) CD,CN/H,0, 100 MHz]: § 159.5 (CH"),
158.4, 153.7, 153.3 (NCHCHN), 139.0, 138.8, 138.0, 134.1, 127.6,
124.5, 123.9, 123.3, 49.2 (CH,). ESI-MS: m/z 836.6 ([Fe,L;(NO,);-
Br,]**), 846.1 ([Fe,L;(NO;),Br;]*"), 854.5 ([Fe,L;(NO;)Br,]*).

Synthesis of [Cu,L3(NO3)](NOs)s (6). To a stirred suspension of
LBr (100 mg, 0.206 mmol) in 2 mL of water was added dropwise an
aqueous solution of Cu(NO;),-3H,0 (33.2 mg, 0.137 mmol). An
immediate color change from colorless to blue marked the complex
formation. The mixture was stirred for 30 min at room temperature. A
blue precipitate was filtered off, washed with EtOH and ether, and dried.
Blue crystals were obtained by the slow diffusion of ether into a CH;CN
solution of the product at room temperature. Yield: 112 mg, 88%. Anal.
Caled for [Cu,Ly(NO;)](NOs)s (CrsHgCuyNyO,,): C, 50.68; H,
3.57; N, 19.70. Found: C, 50.74; H, 3.87; N, 19.31. FT-IR (KBr,
v/cm™): 3050w, 2924w, 1605w, 1563w, 1503w, 1473w, 1440w, 1383s
(NO;7), 1162w, 1052w, 759w, 670w. ESI-MS: m/z 1328.1 ([Cu,L,-
(NO;)s(CH;CN),]*); only the M,L, species can been detected].

X-ray Crystal Structure Determination. X-ray diffraction data for
the complexes were collected on a Bruker SMART APEX II diffrac-
tometer at 150 K with graphite-monochroated Mo Ka radiation (4 =
0.71073 A). Multiscan corrections were applied using SADABS.>
Structure solutions and refinements were performed with the SHELX-
97 package.”* All non-H atoms were refined anisotropically by full-
matrix least squares on F%. H atoms bonded to C and N atoms were
included in idealized geometric positions, with thermal parameters
equivalent to 1.2 times those of the atom to which they were attached.
The wR2 value for complex 3 is quite high, which may be due to the
presence of a considerable amount of weak diffraction. The NO;~
anion in complex 6 is not perfectly planar because of the small space of
the cage in the helicate as discussed above.

Crystal data for 1: CgH,,B,F,.Fe,N,, (2058.97), red block, crystal
system rhombohedral, space group R3, a = 20.542(2) A, b = 20.542(2) A,
c=17928 2) A, a = =90° y = 120°, V = 6551.6(13) A% T =
153(2) K, Z=3,D. = 1.566 g cm™>, Fyy = 3132, ¢ = 0.45 mm™", 15 403
reflections collected, 5944 unique (R, = 0.029), 5269 observed
[I > 26(I)]; final R1 = 0.046, wR2 = 0.14 [I > 20(I)].

Crystal data for 2: CgH,,Cl,Fe,N,,0,, (2147.45), red block,
crystal system rhombohedral, space group R3, a = 20.675(4) A, b =
20.675(4) A, c=17.902 (4) A, @ = f=90° y = 120°, V = 6627(13) A3,
T=1532) K, Z =3, D, = 1.614 g cm™, Fyyy = 3132, = 0.64 mm™",
13 777 reflections collected, $16S unique (R, = 0.056), 3967 observed
[I > 26(I)]; final R1 = 0.059, wR2 = 0.15 [I > 26(I)].

Crystal data for 3: CgqH.,Fe,N,;0,,S, (2027.72), red block,
crystal system rhombohedral, space group R3, a = 20.526(6) A, b =
20.526(6) A, ¢ = 17.924(5) A, a = f = 90°, y = 120°, V = 6540(3) A3,
T=1532) K, Z =3,D, = 1.545 g cm™, Fyyy = 3135, u = 0.59 mm ™,
12427 reflections collected, 6496 unique (R, = 0.056), 4629
observed [I > 26(I)]; final R1 = 0.085, wR2 = 0.246 [I > 206(I)].

Crystal data for 4: C,;;H,,BsBrFe,N,, (3569.63), red block,
crystal system rhombohedral, space group R3, a = 26.490(5) A, b =
26.490(5) A, c=23.483(4) A, @ = f=90°, y = 120°, V = 14271(4) A3,
T=153(2) K, Z=3,D, = 1246 g cm ™, Fyyy = 5616, y = 0.43 mm ™",
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31011 reflections collected, 11121 unique (R, = 0.073), 7049
observed [I > 26(I)]; final R1 = 0.055, wR2 = 0.16 [I > 26(I)].
Crystal data for 6: C,Hg;Cu,N,,0;, (1561.57), blue block, crystal
system rhombohedral, space group R3, a = 13.563(12) A, b =
13.563(12) A, c = 42.74(4) A, a = = 90°, y = 120°, V = 6809(10) A3,
T=153(2) K, Z=3,D. = 1.142 g cm™, Fyy = 2418, y = 0.53 mm ™",
15111 reflections collected, 5259 unique (R, = 0.049), 2903
observed [I > 26(I)]; final R1 = 0.055, wR2 = 0.15 [I > 26(I)].
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