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Introduction

(Metallo-)supramolecular chemistry[1] is a discipline which is
positioned at the borders between chemistry and nanotech-
nology.[2] It provides the chemical tools for, and the mecha-
nistic understanding of, arranging molecular components to
give large, very stable noncovalently linked structures.[3] The
knowledge of fundamental mechanistic principles of coordi-
nation chemistry,[4] supramolecular chemistry,[5] and self-as-
sembly[6] are essential for the systematic use of the chemical
™bottom up synthesis∫[7] for metal-containing nanostruc-
tures.

Modern coordination chemistry started with the ground-
breaking work of Alfred Werner in the late 19th century.

Basic knowledge of the three-dimensional arrangement of li-
gands coordinated to metal ions was provided at this time.[8]

An extension of this ™simple∫ coordination chemistry to-
wards more complex and larger self-assembled structures
was introduced in the 1980s by Lehn and co-workers.[9,10]

This was, and still is, thoroughly investigated by the groups
of Raymond,[11±13] Saalfrank,[12,14, 15] Constable,[16,17] Ward,[18]

and many others.[7,19] An even more sophisticated level of
organization is achieved in the preparation of large, multi-
nanometer-dimensioned oligo- (or better: poly-) nuclear co-
ordination compounds which approach the size of proteins
or viruses.[20] This is impressively demonstrated by the work
of Stang,[21] Fujita,[22] Robson[23] and their respective co-
workers.

As it is understood today, the specificity of the self-assem-
bly of metallo-supramolecular architectures depends on the
symmetry of the molecular components; on the one hand on
the coordination geometry of the metals, and on the other
on the symmetry of the ligands.[5] However, for the in-depth
study of the basic mechanistic principles of the self-assembly
of supramolecular aggregates by metal coordination, simple
model compounds have to be studied. This allows the use of
the gained knowledge to design bigger supermolecules.
Therefore, during the last 15 years, helicates became a kind
of ™metallo-supramolecular chemists’ drosophila∫, which
made it easy to investigate self-assembly processes using co-
ordination chemistry.[10,24, 25]

The mechanism of the self-assembly of helicates,[25±28] the
™cooperativity∫ of this process,[29] and ™secondary interac-
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Abstract: A series of bisimine-bridged
dicatechol ligands 2-H4±5-H4 were syn-
thesized and were used to prepare
triple-stranded dinuclear helicate-type
complexes with a length of up to more
than 2 nm. X-ray structural analyses of
Na4[(2)3V2], Na4[(3)3Ti2], Na4[(4)3Ti2],
and Na4[(5)3Ti2], as well as tempera-
ture-dependent NMR investigations of
Na4[(4)3Ti2] and Na4[(5)3Ti2] show that,
in the case of the rigid linear ligands 2

and 3, and of the ligand 5, which pos-
sesses C2h symmetry in its idealized
structure, homochiral helicates are dia-
stereoselectively formed. Ligand 4, on
the other hand, with idealized C2v sym-
metry, leads with surprisingly high se-

lectivity to the formation of the hetero-
chiral meso-helicate. This is attributed
to the ability of ligand 4 to adopt a
less-restricted conformation in the
meso compound than in the helical
complex. NMR investigations indicate
that both complex units of Na4[(4)3Ti2]
invert (LD!DL) simultaneously, while
in the case of Na4[(5)3Ti2] a stepwise
racemization proceeds.
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tions∫ (templating effects)[10,30,31] have already been the
focus of much work. Further questions regarding the orien-
tation of directional ligands[17,32±34] or the self- or hetero-rec-
ognition of ligands and/or metals[35] were also posed. Just re-
cently several groups have started to investigate the function
of helicates with respect to electrochemistry,[36] photophy-
sics,[34,37,38] mesoscopic behavior,[39] and their ability to recog-
nize guests[40] or binding sites.[41]

In the self-assembly of double- and triple-stranded heli-
cates, an intrinsically chiral supramolecular architecture is
formed from achiral components (if ligands without stereo-
genic units are used).[10] Chirality is introduced upon wrap-
ping of the helicating ligands around the metal centers. In
the case of the meso-helicates[31,42±46] (™side-by-side com-
plexes∫,[47] or™mesocates∫[48]) an achiral supermolecule is ob-
tained that bears two oppositely configured chiral units. Dif-
ferent factors can be responsible for the stereocontrol in the
formation of the helicate-type complexes.[49] Templating ef-
fects might influence the diastereoselective formation of hel-
icates.[15,48,50] Chiral units in the ligand spacer can control the
stereochemistry at the metal complex units,[51] or steric con-
straints enforce one of the two possible diastereomeric
forms of coordination compounds.[28,52]

As a systematic entry for the stereospecific preparation of
helicates or meso-helicates, we introduced the ™even±odd
principle∫[53] in this field of chemistry: We prepared alkyl-
bridged dicatechol,[54] di-8-hydroxyquinoline,[55] or dibipyri-
dine[43] ligands with alkyl spacers of different length (e.g. 1 a-
H4, 1 b-H4), and owing to the preferred zigzag conformation
of the alkyl chain, the diastereoselectivity of the complex
formation can be controlled.[45]

As outlined for the ™CH2∫ spacer of 1 a-H4 in Figure 1, li-
gands with an odd number of methylene units in the spacer
possess a ™horizontal∫ mirror plane as the most influential
symmetry element of the idealized C2v symmetry, which
mirors the two attached chiral metal-complex moieties onto
each other. This symmetry transformation leads to an oppo-
site configuration at the complex units, and thus the ligand

is predisposed to form the achiral dinuclear meso-helicate
LD-[(1 a)3Ti2]

4�.[31] The methylene unit also possesses a C2-
symmetry axis. However, to preserve this symmetry in a di-
nuclear complex with short spacers, the ligand has to adopt
an unfavorable conformation for complex formation. If long
spacers are present, this conformation should not be ™unfav-
orable∫ (vide infra).

Ligands with an even number of methylene units, such as
1 b-H4, show idealized C2h symmetry. They possess a C2 axis
(see Figure 1) as the relevant symmetry element. This leads
to the specific formation of chiral helicates such as LL- and
DD-[(1 b)3Ti2]

4� as a racemic mixture.[56] Thus, the alkyl
chains of ligands with a linear alkyl bridge connecting two
rigid metal binding sites act as stereo-controlling units that
transfer the chiral information from one metal-complex
moiety to the other and predetermine the stereochemical re-
lation (homo- versus heterochiral) between the two cen-
ters.[57]

In the present study we synthesized a series of dicatechol
ligands 2±5 (see Scheme 1) by simple imine condensa-
tion[33,58±63] and prepared their dinuclear metal complexes.[64]

Our aim was to assemble nanometer-dimensioned com-
plexes, and to use the most simple ™stereo-controlling∫ alkyl
units±-methylene and ethylene–in conjunction with rigid
linear connectors to control the formation of stereochemi-
cally well-defined coordination compounds.[65] We wanted to
determine whether the relative stereochemistry is still con-
trolled by the methylene or ethylene units (Figure 2), as was
described for ligands 1 a and 1 b.[31, 45,56]

The small control units CH2 and (CH2)2 are therefore in-
troduced in the central part of a long, partly rigid spacer to

Figure 1. Idealized representation of the ligands 1 a-H4 and 1b-H4 show-
ing the symmetry elements that are relevant for the selective formation
of the meso-helicate (mesocate, side-by-side complex) [(1 a)3Ti2]

4�[31] or
the helicate [(1b)3Ti2]

4�.[56]
Figure 2. Schematic representation of dicatechol ligands possessing rigid
connectors and small central stereo-controlling alkyl units.

¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 2839 ± 28502840

FULL PAPER

www.chemeurj.org


investigate if long-range stereochemical information transfer
between two connected complex units can occur in systems
with long ™semirigid∫ ligands.

Results

Ligand synthesis : The bisimine-bridged dicatechol ligands 2-
H4±5-H4 are easily prepared by condensation of appropriate
diamines with two equivalents of 2,3-dihydroxybenzalde-
hyde (Scheme 1).[66] The preparation and characterization of

2-H4 was described earlier.[64] The ligand 2-H4 possesses a
rigid (but short) spacer connecting the ligand units. In the
benzidine derivative 3-H4 the two ligand units are also
bridged by a rigid spacer. In 4-H4 and 5-H4 rigid linear con-
nectors on the one side are attached to the ligand moieties,
and, on the other side, are bound to a flexible central
stereo-controlling unit: either -CH2- (4-H4) or -CH2CH2- (5-
H4). The ligands 3-H4±5-H4 are obtained in 91 to 97 % yield
and are characterized by standard methods (1H and
13C NMR spectroscopy, mass spectrometry, and elemental
analysis). As a characteristic 1H NMR signal, the resonance
of the imine proton of the ligands in [D6]DMSO appears at
d=8.9±9.0 ppm.

Formation and structure of Na4[(2)3V2]: Titanium(iv) and
vanadium(iv) complexes of ligand 2-H4 can be easily pre-
pared by simple mixing of 2-H4 with the alkali metal carbon-
ate and [MO(acac)2] (M=Ti, V; acac=acetylacetonate) in
methanol (Scheme 2). After the mixture is stirred overnight,
the solvent is removed and the obtained solids are purified
by chromatography on lipophilic Sephadex LH20.[64]

The titanium(iv) complex Na4[(2)3Ti2] was already report-
ed by us. The complex shows a helicate structure with two
equal configured complex units. A sodium cation can be ob-
served in the interior of the helicates in the solid state, and

NMR spectroscopy indicates that this binding takes place in
solution as well.[64]

The vanadium(iv) complex Na4[(2)3V2] was isolated in
92 % yield and was characterized by elemental analysis and
positive FAB mass spectrometry in 3-nitrobenzoic acid (3-
NBA) as matrix. Characteristic peaks of the dinuclear coor-
dination compound are detected at m/z 999 {Na4[(2)3V2]H

+}
and 977 {Na3[(2)3V2]H2

+}. X-ray±quality crystals of
Na4[(2)3V2]¥5MeOH¥Et2O were obtained by slow diffusion
of diethyl ether into a methanolic solution of Na4[(2)3V2].
The compound crystallizes in the monoclinic space group
C2/c (no. 15), with cell parameters a=13.905(1), b=
18.387(1), c=21.368(1) ä, and b=90.84(1)8. The structure
was refined to R=0.074.

Figure 3a shows the dinuclear tetraanionic helicate
[(2)3V2]

4�, with the three azine-bridged dicatechol ligands 2
wrapping around the two vanadium(iv) centers (Figure 3b).

Scheme 1. Synthesis of the bisimine-bridged dicatechol ligands 2-H4±5-
H4.

Scheme 2. Synthesis of TiIV and VIV complexes of ligand 2-H4.

Figure 3. Part of the solid state structure of Na4[(2)3V2]¥5MeOH¥Et2O.
Hydrogen atoms are omitted for clarity and methanol is only indicated.
a) Side view of the dinuclear triple-stranded helicate [(2)3V2]

4� ; b) top
view of the dinuclear triple-stranded helicate [(2)3V2]

4� ; c) [(2)3V2]
4� with

encapsulated sodium cations and methanol molecules; d) representation,
showing the coordination at the encapsulated sodium cations.
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Two different conformations are observed at the azine
bridges. One of the spacers of 2 adopts an s-cis orientation
at the N�N unit (dihedral angle at C=N�N=C 48.88), with
the nitrogen lone pairs pointing away from the cavity of the
helicate and the imine hydrogen atoms pointing inwards.
The other two spacers adopt an s-trans conformation (C=N�
N=C �155.98), with one lone pair of one nitrogen atom
pointing outwards and the other inwards. The latter confor-
mation is enforced by encapsulation of two sodium ions in
the interior of the helicate [(2)3V2]

4� (Figure 3c). Each of
the Na+ ions binds to two internal catecholate oxygen
atoms of a complex moiety and to one of the internal N
atoms. Additionally, two methanol ligands bind to each of
the sodium cations, and a further methanol group bridges
the two cations (Figure 3d).

The coordination chemistry at the vanadium centers of
[(2)3V2]

4� can be described as distorted octahedral with a
V¥¥¥V separation of 8.339 ä within the complex. The heli-
cate, with the same configuration at both metal-complex
units, is the favored diastereoisomer due to the rigidity of
the linear conjugated spacer.[28, 52,61,67, 68]

Formation and structure of M4[(3)3Ti2] (M=Li, Na, K): Ti-
tanium(iv) complexes of ligand 3 cannot be prepared as was
described for the corresponding complexes of ligand 2 due
to the low solubility of 3. Therefore, 3-H4, [TiO(acac)2], and
the corresponding alkali metal carbonate are dissolved in
DMF (Scheme 3). Within minutes the solution turns orange-

red and is then stirred overnight at room temperature. Vola-
tile components are removed under vacuum to obtain the
complex salts M4[(3)3Ti2] (M=Li, Na, K) as red solids in
92±95 % yield.

The dinuclear complexes were characterized by elemental
analysis. Positive FAB MS (3-NBA) reveals characteristic
peaks at m/z 1379 {H2Li3[(3)3Ti2]

+} and 1385 {HLi4[(3)3Ti2]
+},

and 1427 {H2Na3[(3)3Ti2]
+} and 1449 {HNa4[(3)3Ti2]

+}, or
1475 {H2K3[(3)3Ti2]

+} and 1513 {HK4[(3)3Ti2]
+}, respectively.

Upon complex formation, the imine proton, which appears in
the 1H NMR of 3-H4 in [D6]DMSO at d=9.01 ppm, is shifted
upfield to d=8.69±8.71 ppm. The signals of the spacer are ob-
served as two doublets at d=7.57/7.19 (M=Li, J=7.1 Hz),
7.56/7.21 (M=Na, J=7.8 Hz), or 7.56/7.22 ppm (M=K, J=
7.1 Hz), while the catechol resonances are detected at d=

7.04/6.41/6.21 (M=Li), 7.08/6.40/6.21 (M=Na), or 7.08/6.41/
6.23 ppm (M=K). Thus, no significant differences are ob-
served for the NMR shifts of different salts of [(3)3Ti2]

4�.[69]

X-ray quality crystals of Na4[(3)3Ti2]¥13DMF were ob-
tained by slow diffusion of diethyl ether into a solution of
the sodium salt in DMF. The compound crystallizes in the
monoclinic space group P21/c (no. 14) with the cell parame-
ters a=22.716(1), b=24.487(1), c=22.868(1) ä and b=

104.358. The linear rigid ligands form a triple-stranded heli-
cate [(3)3Ti2]

4� with two similar-configured titanium(iv) com-
plex units. The transition metals are fixed at a distance of
Ti¥¥¥Ti=16.946 ä (Figure 4). The total length of the cylindri-
cal complex is approximately 2.1 nm.[13]

The ligands (3) slightly wrap around the metals and adopt
a conformation with the imine hydrogen atoms pointing into
the cavity, directed towards the catecholate oxygen atoms.
This orientation leads to the upfield shift of the resonance
of this proton in the 1H NMR spectra. The bridging biaryl
units are twisted by 33.0, 21.6, and 45.18, respectively. In the
solid state, two sodium cations are bound in the interior of
the helicate, each binding to the internal catecholate oxygen
atoms and to three DMF molecules. An additional DMF
molecule is encapsulated in the center of the cavity (Fig-
ure 4b).

Formation and structure of M4[(4)3Ti2] (M=Li, Na, K): Re-
action of titanium(iv) ions with ligand 4-H4 in the presence
of the corresponding alkali metal carbonate in DMF leads
to the assembly of dinuclear complexes M4[(4)3Ti2] in quan-
titative yield (Scheme 4).

The complexes M4[(4)3Ti2] were characterized by elemen-
tal analysis, FAB MS, and NMR spectroscopy. For example,
in the positive FAB mass spectrum of Li4[(4)3Ti2] character-
istic peaks can be detected at m/z 1415 {H3Li2[(4)3Ti2]}

+ and

Scheme 3. Synthesis of M4[(3)3Ti2] complexes.

Figure 4. a) View of the dinuclear triple-stranded helicate [(3)3Ti2]
4� in

the solid state; b) structure of [(3)3Ti2]
4� including encapsulated sodium

cations and DMF molecules. Hydrogen atoms are omitted for clarity, and
DMF molecules, which are coordinated to sodium cations, are only
shown schematically.

Scheme 4. Synthesis of M4[(4)3Ti2] and M4[(5)3Ti2] complexes.
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1421 {H2Li3[(4)3Ti2]}
+ . A corresponding peak for the anion

{Li3[(4)3Ti2]}
� appears in the negative FAB mass spectrum at

m/z 1419. The lithium salt Li4[(4)3Ti2] in [D6]DMSO shows
peaks in the 1H NMR spectrum at d=8.75 (6 H, imine), 7.14
(br., 24 H; spacer-aryl), 7.05 (dd, J=8.0, 1.4 Hz, 6 H; cat),
6.35 (t, J=8.0 Hz, 6 H; cat), and 6.11 ppm (dd, J=8.0,
1.4 Hz, 6 H; cat). The corresponding aromatic and imine 1H
NMR resonances of the potassium or the sodium salt show
no significant shift differences compared to the lithium com-
pound. The signal of the spacer methylene unit, however,
appears for both the potassium and the sodium salts as a sin-
glet at d=3.87 ppm. In the case of Li4[(4)3Ti2] two separate
signals are observed at d=3.86 and 3.84 ppm for the CH2

group.[70]

We were able to obtain crystals of Na4[(4)3Ti2]¥10 DMF by
diffusion of diethyl ether into a DMF solution. The complex
crystallizes in the monoclinic space group P21/n (no. 14)
with cell parameters a=25.887(1), b=12.584(1), c=
34.210(1) ä, b=96.45(1)8 and was refined to R=0.122.
Ligand 4 with a central CH2 unit leads to the formation of
the triple-stranded meso-helicate [(4)3Ti2]

4�. The solid-state
structure shows the ™C∫-shaped conformation at the ligands
(4), which leads to different configurations at the two com-
plex units (Figure 5a).[45] The meso-helicate [(4)3Ti2]

4� is

2.05 nm long, and the metals (Ti¥¥¥Ti) are 1.6845 nm apart.
Again, two sodium cations are encapsulated in the interior
of the complex. One of the cations shows a disorder over
two positions (Figure 5b). In addition to the interaction with
two internal catecholate oxygen atoms and two or three
DMF molecules, respectively, the cations bind to the imine
nitrogen atoms of one of the three 4 ligands, enforcing an
™inward∫ orientation of the imines of this strand. Na�N dis-
tances are 2.58±2.59 ä. One additional DMF molecule is lo-
cated in the inner cavity of the complex.

Formation and structure of M4[(5)3Ti2] (M=Li, Na, K): The
complex salts M4[(5)3Ti2] are prepared in quantitative yield

as was described for M4[(4)3Ti2]. Elemental analyses showed
the correct composition for the compounds, and characteris-
tic peaks were observed in the positive (e. g.: m/z 1463
{H2Li2[(5)3Ti2]}

+) as well as in the negative FAB mass spec-
tra (e. g.: m/z 1455 {HLi2[(5)3Ti2]}

� and 1461 {Li3[(5)3Ti2]}
�).

1H NMR spectroscopy in [D6]DMSO reveals the resonances
of the imine proton at d=8.67 (M=Li), 8.80 (M=Na), and
8.74 ppm (M=K), of the spacer at d=7.29/7.10/2.80 (M=

Li), 7.32/7.18/2.81 (M=Na), and 7.33/7.19/2.82 ppm (M=

K), and of the catecholate units at d=7.03/6.36/6.14 (Li),
7.08/6.38/6.18 (Na), and 7.07/6.37/6.17 ppm (K). Again, no
significant differences were observed comparing the spectra
of the complex salts M4[(5)3Ti2] with different cations M+ .

Crystals of Na4[(5)3Ti2]¥13 DMF¥H2O were obtained from
wet DMF/diethyl ether. The complex crystallizes in the
monoclinic space group P21/c (no. 14) with cell parameters
a=24.870(1), b=23.601(1), c=23.564(1) ä, b=104.85(1)8
and was refined to R=0.102.

The three 5 ligands, with an ethylene moiety as central
unit, wrap slightly around the two metal centers, leading to
the same configuration at the two metal-complex units. The
obtained supramolecular ™cylinder∫ is 2.25 nm long with a
Ti¥¥¥Ti separation of 1.9060 nm (Figure 6a). Two sodium cati-

ons are encapsulated in the interior of the helicate, each
binding to three internal catecholate oxygen atoms and to
three DMF molecules. One molecule of DMF fills the inter-
nal space of the cavity (Figure 6b).

Temperature-dependent NMR investigations on Na4[(4)3Ti2]
and Na4[(5)3Ti2]: For dinuclear helicate-type complexes with
an odd number of CH2 units in the spacer, NMR spectrosco-
py is a powerful tool to distinguish between the helicate and
the meso-helicate form.[27,42,44, 45,71,72]

Figure 7 shows schematic representations of the situation
that is found for methylene or ethylene spacers either in hel-

Figure 5. a) View of the dinuclear triple-stranded meso-helicate
[(4)3Ti2]

4� in the solid state; b) structure of [(4)3Ti2]
4� including encapsu-

lated sodium cations and DMF molecules. Hydrogen atoms are omitted
for clarity, and DMF molecules, which are coordinated to sodium cations,
are only shown schematically.

Figure 6. a) View of the dinuclear triple-stranded helicate [(5)3Ti2]
4� in

the solid state; b) structure of [(5)3Ti2]
4� including encapsulated sodium

cations, and DMF molecules. Hydrogen atoms are omitted for clarity,
and DMF molecules, which are coordinated to sodium cations, are only
shown schematically.
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icate or meso-helicate structures. In the case of the ethylene
spacer we expect two sets of signals for the helicate as well
as for the meso-helicate. However, in the case of the methyl-
ene linkage, only one signal is expected for the helicate,
whereas two diastereotopic protons are present for the
meso-helicate. Therefore, we would expect two signals for
the methylene unit of the meso-helicate [(4)3Ti2]

4�.[42,44,45, 72]

This is only observed for the lithium salt Li4[(4)3Ti2] which
shows, in [D6]DMSO at room temperature (400 MHz), two
signals at d=3.86 and 3.84 ppm for the spacer. Under the
same conditions singlets are observed for the alkyl units of
the potassium as well as of the sodium salt. This is attributed
to a low inversion barrier for the complex units,[73] which de-
pends on the internally bound counterions.[44] Therefore we
investigated the spectra of Na4[(4)3Ti2] at low temperature.

The 1H NMR spectrum of Na4[(4)3Ti2] in [D4]methanol at
room temperature shows only one singlet at d=3.90 ppm
for the protons of the central methylene unit. Upon cooling
of the NMR sample, the signal of the CH2 group broadens
and starts to split. At 233 K two separate doublets are ob-
served at d=3.86 and 3.93 ppm (J=15 Hz) (Figure 8a), re-
vealing that the meso-helicate Na4[(4)3Ti2] is present in solu-
tion as it is observed in the solid state. From the coalescence
temperature (ca. 275 K) an energy barrier of DG�=

57 kJ mol�1 is estimated[74] for the degenerated inversion of
the meso-helicate (LD!DL).[44]

In the case of Na4[(5)3Ti2] a fast racemization reaction
LL!DD and vice versa is expected to occur.[56] Unfortu-
nately Na4[(5)3Ti2] is only slightly soluble in [D4]methanol.
We therefore had to perform the temperature-dependent
NMR investigations in [D7]DMF. Rather different results
were obtained for the two complexes Na4[(4)3Ti2] and
Na4[(5)3Ti2] in this solvent.

The 1H NMR spectrum of Na4[(4)3Ti2] in [D7]DMF at
500 MHz shows broad signals at room temperature for the
methylene protons. At high temperature (Figure 8b) a sharp
singlet can be detected for this group at d=4.07 ppm
(350 K). Coalescence occurs at approximately 305 K. At low
temperature (253 K) two separate doublets can be observed
for the diastereotopic protons at d=4.22 and 3.94 ppm (J=
13.4 Hz). This shows the presence of the meso-helicate in
solution. According to NMR spectroscopy no significant
amounts of the chiral helicate were present. A barrier of
DG�=59 kJ mol�1 can be estimated[74] for the inversion of
the complex, which is in accordance with the corresponding
results obtained in [D4]methanol.

The racemization barrier of Na4[(5)3Ti2] is rather low. We
could therefore not freeze out the inversion process in the

NMR spectrum in [D7]DMF at 500 MHz. However, at 190 K
the signal of the alkyl unit (d=3.05 ppm at room tempera-
ture) broadens significantly, indicating that this temperature
is close to the coalescence temperature. At lower tempera-
ture the sample solidifies. Therefore the barrier for the race-
mization of Na4[(5)3Ti2] can be estimated to be DG�<

32 kJ mol�1.[74] Our NMR investigations in [D7]DMF at
500 MHz show that the barrier for the inversion of the
meso-helicate Na4[(4)3Ti2] is approximately twice as high as
that of the helicate Na4[(5)3Ti2].

Discussion

Herein we describe a series of bisimine-bridged dicatechol
ligands 2-H4±5-H4 which form dinuclear triple-stranded com-
plexes in self-assembly processes with surprisingly high dia-
stereoselectivity. All ligands are rigid[75] with some degree of
flexibility introduced into ligands 4-H4 and 5-H4. To under-
stand the structure of the ligands in the complexes we have
to consider conformational restrictions in the ligand strands
based on dipole±dipole interactions, conjugation, and cation
complexation.

Conformational considerations : Figure 9a shows different
orientations that can be adopted by the imine units of li-
gands 2±5. Conformation A represents a favored orienta-
tion. Here the imine group is oriented away from the inter-

Figure 7. Schematic representation of the orientation of ligands with
methylene or ethylene spacers in the helicate and meso-helicate. Homo-
topic and diastereotopic protons are indicated.

Figure 8. Temperature-dependent NMR spectra of Na4[(4)3Ti2] in
[D4]methanol (a) or [D7]DMF (b) showing the splitting of the signal of
the CH2 group (^) into two doublets at low temperature (*: impurities).
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nal catecholate oxygen atom and an attractive dipole±dipole
interaction occurs between the imine proton and the lone
pair of the oxygen atom. In B a disfavored conformation is
shown in which a repulsive interaction takes place between
the nitrogen and oxygen lone pair. However, structure C
can be adopted if a cation binds to the internal catecholate
oxygen atom as well as to the imine nitrogen atoms, and
thus compensates for the charge of the electron pairs. In the
presented X-ray structures of Na4[(2±5)3(V/Ti)2], the imine
group usually is in conjugation with the catechol. This leads
to small dihedral angles Y=0.18±158 (Figure 9b) in the case
of a structure like A. If a cation coordinates (C), Y becomes
approximately 1758. On the other hand, the imine is not in
conjugation with the aromatic ring of the spacer (Figure 9c),
and the dihedral angle F varies from 138 to 498. However,
this dihedral angle F does not influence the linearity of the
spacer, due to the para substitution at the phenyl group.

Stereochemical considerations : It is not a surprise that the
rigid linear ligands 2-H4 and 3-H4 form helicates.[68, 69,75] The
linear ligand transfers the stereochemical information direct-
ly from one complex unit to the other. To obtain a meso-hel-
icate, the ligand has to bend, that is, to adopt a ™C∫-type
shape. Due to the buildup of strain, this is highly disfavored.

In the case of the ligand 5-H4, which contains a central
ethylene linkage, it is also understandable that the helicate
is favored over the meso form because of symmetry argu-
ments. In the favored zigzag conformation D (Figure 10),

the ethylene linkage does not possess the mirror plane that
is necessary for the meso-helicate. To form the meso-heli-
cate, the ethylene linkage has to adopt the sterically disfa-

vored staggered conformation E. Minimization of strain
energy leads to the preferred formation of the homochiral
helicate if ligand 5 is used.[56]

The most surprising result is obtained with ligand 4-H4,
which forms the achiral meso-helicate [(4)3Ti2]

4� with high
diastereoselectivity. As indicated in Figure 11, ligand 4 can

adopt two different conformations, ™side-on∫ and ™wrap-
ping∫, in which either the C2 axis of the helicate (™wrap-
ping∫)[38,76] or the mirror plane of the meso-helicate (™side-
on∫)[31, 43] is present. Thus, ligand 4 is in principle able to
form both the chiral helicate and the achiral meso-helicate.

For the small ligand 1 a, the same arguments can be used.
However, in contrast to 4, 1 a has only a very short spacer.
Thus it is not able to wrap around the metal centers, but has
to approach side-on with both ligand units from the same
face of the dinuclear complex. Ligand 1 a forms the meso-
helicate [(1 a)3Ti2]

4� with high diastereoselectivity.[31] The
spacer of 4 is much longer than that of 1 a, and therefore it
is surprising that here the meso-helicate L,D-[(4)3Ti2]

4� is
also formed with high stereoselectivity.

Furthermore, Williams,[77,78] Hannon,[58,60] and Yoshida[62,63]

and their respective co-workers already introduced the meth-
ylene-bridged ligands 6 and 7, which form the triple-stranded
homochiral helicates [(6)3Co2]

4+ [77] and [(7a)3Ni2]
4+ [58] or

[(7a)3Zn2]
4+ [62,63] with high diastereoselectivity.

Figure 9. a) Schematic representation of the imine orientations and of the
dihedral angles Y (b) and F (c).

Figure 10. Different conformations of an ethylene unit, which have to be
adopted in a helicate (D) or a meso-helicate (E).

Figure 11. Schematic representation of the possible conformations of
ligand 4 and 5 to either wrap around the two metals or to bind by side-
on coordination. Hereby ligand 4 forms the helicate by ™wrapping∫,
whereas ™side-on∫ coordination results in the meso-helicate. With ligand
5 the homochiral helicate is formed in all cases.
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NMR investigation of the diamagnetic triple-stranded hel-
icate [(7 a)3Fe2]

4+ shows that this chiral complex is formed
in a highly diastereoselective way.[58,60] The corresponding
dinuclear zinc complex [(7 a)3Zn2]

4+ leads to a complicated
NMR spectrum at low temperature, which is attributed to
restricted rotation of the phenyl groups and eventually to
some ligand dissociation.[62,63] For the double-stranded com-
plex [(7 b)2Ag2]

2+ , NMR spectroscopy shows signals of both
diastereomeric forms, that is, the helicate and the meso-heli-
cate.[60]

Both ligands 4 and 7 possess a similar geometric arrange-
ment but, in coordination studies, led to different diaster-
oisomers with high selectivity. At first sight this seems to be
surprising. To explain this contradiction we have to specu-
late: In the case of 7, the imine groups are a part of the
metal-binding unit. The flexibility of the ligand is thus re-
duced, leading to a state of high preorganization which facil-
itates wrapping around the metals.[58,62] To form dinuclear
triple-stranded complexes, the metal-complex units have to
adopt a well-defined geometry. To minimize distortion at
the metal center, the ligand 7 wraps around the metal cen-
ters and the helical complex [(7)3M2]

4+ is formed. Here con-
straints at the metal center as well as at the ligand control
the structure. On the other hand, ligand 4 shows a higher
flexibility than 6 or 7 due to some rotational freedom at the
imine units. Therefore, constraints, which accumulate upon
complex formation, can be cancelled by dihedral distortion
of those units.

™Side-on∫ binding of the ligands is observed in the solid
state for complex [(4)3Ti2]

4� and [(5)3Ti2]
4�, as well as in sol-

ution for ligand 4. We can speculate that the side-on coordi-
nation might be entropically favored. If the ligand wraps
around the metal centers, the inversion of the metal centers
is disfavored, due to a major structural rearrangement of the
complex during this process. In the side-on coordination the
complexes are highly dynamic. This coordination should
therefore be entropically favored because the system can
adopt a state of ™higher disorder∫.

A shallow potential surface for the racemization of heli-
cates was demonstrated before for related small triple-
stranded helicates by Raymond et al.[28] and later by us.[72] In
the dynamic systems Na4[(4)3Ti2] and Na4[(5)3Ti2], a dramat-
ic difference can be detected for the inversion barriers of
DG�=59 kJ mol�1 (Na4[(4)3Ti2]) and DG�<32 kJ mol�1

(Na4[(5)3Ti2]). This indicates that inversion proceeds by dif-
ferent mechanisms (Figure 12).

For the ethylene-linked system Na4[(5)3Ti2], the inversion
proceeds by successive racemization of the single complex
units. Hereby the meso compound is formed as a ™high-
energy∫ intermediate in which the ethylene linkage adopts
the unfavored staggered conformation. For Na4[(4)3Ti2] the
simultaneous inversion of the two complex units is assumed.
In the transition state both titanium(iv) complex units pos-
sess a trigonal-prismatic coordination geometry.[73] Due to
the racemization of both units at once, the barrier for this
process is approximately twice as high as for the successive
inversion of the two units in Na4[(5)3Ti2]. This can be ob-
served by NMR spectroscopy and is probably due to a me-
chanical coupling of the binding sites in the more rigid

ligand 4. Ligand 5, on the other hand, possesses higher flexi-
bility.

In Na4[(4)3Ti2] the achiral (™trigonal-prismatic∫) transi-
tion-state geometry seems to be energetically favored over
the chiral intermediate in which the ligand wraps around the
metal.

Conclusion

In this study we investigated the coordination chemistry of a
series of bisimine-bridged dicatechol ligands and found a
surprising long-range transfer of stereochemical information
in the obtained helicate-type complexes. With ligands 4 and
5, a rigid connector transfers the stereochemical information
of the first complex unit to a stereo-controlling unit that is
located at a distance of about 1 nm from the complex
moiety. This small central unit influences the stereochemis-
try at the second titanium(iv) triscatecholate complex, which
again is located 1 nm away. Thus, the stereochemical infor-
mation is transferred over a distance of nearly 2 nm. If the
stereo-controlling unit consists of a methylene group, the
heterochiral meso-helicate is formed, while a direct rigid
connection or the presence of an ethylene group leads to
the homochiral helicate.

In summary, we demonstrated that the three-dimensional
structure of nanometer-sized supramolecular aggregates can
be controlled by very small units. Appropriate rigid moieties
have to be present as stereochemical communicators that
are able to transfer the chiral information over long distan-
ces. It is crucial to observe and to rationalize factors that in-
fluence the stereochemistry at such ™small∫ supramolecular
aggregates like the helicates to learn how to rationally
design bigger structures.[79]

Figure 12. Schematic representation of a) the stepwise racemization of
the helicate Na4[(5)3Ti2] and b) simultaneous inversion of the complex
units of the meso-helicate Na4[(4)3Ti2].
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Experimental Section

NMR spectra were recorded on a Bruker DRX 500, WM 400 or a Varian
Inova 400 or Unity 500 spectrometer. FT-IR spectra were recorded by
diffuse reflection (KBr) on a Bruker IFS spectrometer. Mass spectra (EI,
70 eV; FAB with 3-NBA as matrix) were taken on a Finnigan MAT 90,
95 or 212 mass spectrometer. UV/Vis spectra were obtained with a
Perkin Elmer Lambda2 Spectrometer. Elemental analyses were obtained
with a Heraeus CHN-O-Rapid analyzer. Melting points: B¸chi B-540
(uncorrected). Ligand 2-H4 was prepared as described before.[64]

Data sets were collected on a Nonius KappaCCD diffractometer, equip-
ped with a Nonius FR591 rotating-anode generator. Programs used: data
collection: COLLECT (Nonius B.V., 1998); data reduction: Denzo-
SMN;[80] absorption correction: SORTAV;[81] structure solution:
SHELXS-97;[82] structure refinement: SHELXL-97 (G.M. Sheldrick, Uni-
versity of Gˆttingen, 1997); graphics: SCHAKAL (E. Keller, University
of Freiburg, 1997); and XP (Bruker AXS, 2001).

CCDC-200 000, -200 001, -200 002, and -205 260 contain the supplementa-
ry crystallographic data for this paper. These data can be obtained free
of charge via www.ccdc.can.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; Fax: (+44) 1223-336033; or deposit@ccdc.cam.ac.uk).

General procedure for the preparation of the ligands : 2,3-Dihydroxyben-
zaldehyde (2 mmol) and the appropriate diamine (1 mmol) were dis-
solved in methanol (20 mL). After a few minutes an orange material pre-
cipitated which, after being left to stand overnight, was isolated by filtra-
tion and dried in vacuum.

Ligand 3-H4 : Yield: 97% of a red solid; m.p. 275 8C (decomp); 1H NMR
([D6]DMSO): d=9.01 (s, 2H), 7.83 (d, J=8.3 Hz, 4H), 7.54 (d, J=
8.3 Hz, 4H), 7.13 (d, J=7.7 Hz, 2H), 6.96 (d, J=7.7 Hz, 2 H), 6.81 ppm
(pseudo t, J=7.7 Hz, 2H); 13C NMR ([D6]DMSO): d=165.2 (CH), 149.9
(C), 147.5 (C), 146.1 (C), 138.3 (C), 128.0 (CH), 123.3 (CH), 122.5 (CH),
119.9 (C), 119.5 (CH), 119.3 ppm (CH); IR (KBr): ñ=3438, 1624, 1579,
1460, 1368, 1277, 1215, 829, 735 cm�1; MS (EI, 70 eV): m/z : 424 (100 %)
[M]+ . HRMS calcd for C26H20N2O4: 424.1423, found: 424.1432; elemental
analysis calcd (%) for C26H20N2O4: C 73.57, H 4.75, N 6.60; found: C
73.57, H 4.94, N 6.55.

Ligand 4-H4 : Yield: 91 % of a red solid; m. p. 227 8C (decomp); 1H NMR
([D6]DMSO): d=13.32 (br, 2 H), 9.21 (br, 2 H), 8.91 (s, 2 H), 7.37 (d, J=
8.8 Hz, 4H), 7.34 (d, J=8.8 Hz, 4H), 7.09 (dd, J=7.7, 1.7 Hz, 2 H), 6.96
(dd, J=7.7, 1.7 Hz, 2H), 6.79 (t, J=7.7 Hz, 2 H), 4.02 ppm (s, 2H);
13C NMR ([D6]DMSO): d=163.9 (CH), 150.0 (C), 146.4 (C), 146.2 (C),
140.8 (C), 130.4 (CH), 123.4 (CH), 122.1 (CH), 120.0 (CH2), 119.5 (CH),
119.4 ppm (CH); IR (KBr): ñ=3523, 3440, 3319, 1625, 1462, 1276, 1235,
733 cm�1; MS (EI, 70 eV): m/z : 438 (100 %) [M]+ ; HRMS calcd for
C27H22N2O4: 438.1580, found: 438.1579; elemental analysis calcd (%) for
C27H22N2O4: C 73.96, H 5.06, N 6.39; found: C 73.74, H 5.11, N 6.24.

Ligand 5-H4 : Yield: 94 % of a red solid; m. p. 231 8C (decomp); 1H NMR
([D6]DMSO): d=13.38 (br, 2 H), 9.21 (br, 2 H), 8.92 (s, 2 H), 7.35 (d, J=
8.5 Hz, 4H), 7.32 (d, J=8.5 Hz, 4H), 7.10 (dd, J=7.7, 1.7 Hz, 2 H), 6.97
(dd, J=7.7, 1.7 Hz, 2H), 6.80 (t, J=7.7 Hz, 2 H), 2.94 ppm (s, 4H);
13C NMR ([D6]DMSO): d=163.6 (CH), 150.0 (C), 146.2 (C), 146.1 (C),
141.0 (C), 130.1 (CH), 123.4 (CH), 121.8 (CH), 120.0 (CH2), 119.5 (CH),
119.4 ppm (CH); IR (KBr): ñ=3429, 1623, 1463, 1274, 1228, 733 cm�1;
MS (EI, 70 eV): m/z : 452 (100 %) [M]+ ; HRMS calcd for C28H24N2O4:
452.1736, found: 452.1737; elemental analysis calcd (%) for C28H24N2O4:
C 74.32, H 5.35, N 6.19; found: C 73.71, H 5.64, N 6.12.

Complex Na4[(2)3V2]: Ligand 2-H4 (150 mg, 0.55 mmol), Na2CO3 (39 mg,
0.37 mmol), and [VO(acac)2] (97 mg, 0.37 mmol) were dissolved in meth-
anol under argon. The dark mixture was stirred overnight, the solvent
was removed under vacuum, and the residue was purified by chromatog-
raphy over Sephadex LH20 (methanol). Yield: 92% of a black solid; IR
(KBr) ñ=3409, 1619, 1439, 1329, 1262, 774, 739, 644 cm�1; UV/Vis (meth-
anol): l=195, 297, 570 nm. MS (pos. FAB, 3-NBA): m/z : 977
[M�Na+2 H]+ , 999 [M+H]+ ; elemental analysis calcd (%) for
C42H24N6Na4O12V2¥5H2O: C 46.34, H 3.15, N 7.72; found: C 46.41, H
3.57, N 7.18.

General procedure for the preparation of titanium(iv) complexes : Ligand
(3 equiv), M2CO3 (M=Li, Na, K, 2 equiv), and [TiO(acac)2] (1 equiv)

were dissolved in DMF under argon. The orange mixture was stirred
overnight and volatiles were removed in vacuum to obtain an orange-red
material.

Complex Li4[(3)3Ti2]: Yield: 92% of a red solid; 1H NMR ([D6]DMSO):
d=8.69 (s, 6 H), 7.57 (d, J=7.4 Hz, 12H), 7.19 (d, J=7.4 Hz, 12 H), 7.04
(d, J=7.1 Hz, 6H), 6.41 (pseudo t, J=7.1 Hz, 6 H), 6.21 ppm (d, J=
7.1 Hz, 6H); IR (KBr): ñ=3367, 3054, 2929, 2887, 1665, 1590, 1491, 1446,
1251, 740, 628 cm�1; MS (pos. FAB, 3-NBA): m/z : 1379 [M�Li+2 H]+ ,
1385 [M+H]+ ; elemental analysis calcd (%) for C78H48N6Li4O12Ti2¥
5H2O¥4 DMF: C 61.17, H 4.90, N 7.93; found: C 61.10, H 5.27, N 8.55.

Complex Na4[(3)3Ti2]: Yield: 95% of a red solid; 1H NMR ([D6]DMSO):
d=8.72 (s, 6 H), 7.56 (d, J=7.8 Hz, 12H), 7.21 (d, J=7.8 Hz, 12 H), 7.08
(d, J=7.4 Hz, 6H), 6.40 (pseudo t, J=7.4 Hz, 6 H), 6.21 ppm (d, J=
7.4 Hz, 6H); IR (KBr): ñ=3419, 3027, 2866, 1667, 1588, 1490, 1449, 1412,
1248, 629 cm�1; MS (pos. FAB, 3-NBA): m/z : 1383 [M�3 Na+4H]+ ,
1405 [M�2 Na+3 H]+ , 1427 [M�Na+2 H]+ , 1449 [M+H]+ ; elemental
analysis calcd (%) for C78H48N6Na4O12Ti2¥3 H2O¥3 DMF: C 60.67, H 4.39,
N 7.32; found: C 60.67, H 4.63, N 7.35.

Complex K4[(3)3Ti2]: Yield: 93% of a red solid; 1H NMR ([D6]DMSO):
d=8.69 (s, 6H), 7.56 (d, J=7.1 Hz, 12H), 7.22 (d, J=7.1 Hz, 12H), 7.08
(d, J=7.0 Hz, 6H), 6.41 (pseudo t, J=7.0 Hz, 6H), 6.23 ppm (d, J=
7.0 Hz, 6 H); IR (KBr): ñ=3438, 3026, 2928, 2865, 1665, 1618, 1588, 1489,
1446, 1248, 1194, 627 cm�1. MS (pos. FAB, 3-NBA): m/z : 1399
[M�3K+4 H]+ , 1437 [M�2K+3H]+, 1475 [M�K+2H]+ , 1513 [M+H]+ ;
elemental analysis calcd (%) for C78H48N6K4O12Ti2¥H2O¥4 DMF: C 59.27,
H 4.31, N 7.68; found: C 59.06, H 4.53, N 7.11.

Complex Li4[(4)3Ti2]: Yield: quantitative of a red solid; 1H NMR
([D6]DMSO): d=8.75 (s, 6H), 7.14 (br, 24H), 7.05 (dd, J=8.0, 1.4 Hz,
6H), 6.35 (t, J=8.0 Hz, 6H), 6.11 (dd, J=8.0, 1.4 Hz, 6 H), 3.86 (s, 3H),
3.84 ppm (s, 3H); IR (KBr): ñ=3408, 1666, 1617, 1591, 1502, 1446, 1386,
1252, 1193, 742, 657 cm�1; MS (pos. FAB, 3-NBA): m/z : 1415
[M�2Li+3H]+ , 1421 [M�Li+2 H]+ ; (neg. FAB, 3-NBA): m/z : 1419
[M�Li]� ; elemental analysis calcd (%) for C81H54N6Li4O12Ti2¥
7H2O¥4 DMF: C 60.53, H 5.24, N 7.59; found: C 60.66, H 5.88, N 7.69.

Complex Na4[(4)3Ti2]: Yield: quantitative of a red solid. 1H NMR
([D6]DMSO): d=8.77 (s, 6H), 7.16 (d, J=8.8 Hz, 12 H), 7.13 (d, J=
8.8 Hz, 12 H), 7.07 (dd, J=7.7, 1.4 Hz, 6H), 6.37 (t, J=7.7 Hz, 6 H), 6.14
(dd, J=7.7, 1.4 Hz, 6H), 3.87 ppm (s, 6 H); IR (KBr): ñ=1666, 1615,
1590, 1502, 1446, 1385, 1251, 1214, 742, 658 cm�1; elemental analysis
calcd (%) for C81H54N6Na4O12Ti2¥9H2O¥4 DMF: C 57.41, H 5.18, N 7.20;
found: C 57.56, H 4.99, N 7.22.

Complex K4[(4)3Ti2]: Yield: quantitative of a red solid; 1H NMR
([D6]DMSO): d=8.74 (s, 6H), 7.17 (d, J=8.5 Hz, 12 H), 7.13 (d, J=
8.5 Hz, 12 H), 7.09 (dd, J=8.0, 1.4 Hz, 6H), 6.36 (t, J=8.0 Hz, 6 H), 6.13
(dd, J=8.0, 1.4 Hz, 6H), 3.86 ppm (s, 6 H); IR (KBr): ñ=1665, 1616,
1589, 1444, 1386, 1252, 1214, 744, 657 cm�1; MS (pos. FAB, 3-NBA): m/z :
1555 [M+H]+ , 1517 [M�K+2 H]+ ; elemental analysis calcd (%) for
C81H54N6K4O12Ti2¥9 H2O¥4 DMF: C 55.57, H 5.01, N 6.97; found: C 56.00,
H 5.33, N 6.82.

Complex Li4[(5)3Ti2]: Yield: quantitative of a red solid. 1H NMR
([D6]DMSO): d=8.67 (s, 6H), 7.29 (d, J=8.3 Hz, 12 H), 7.10 (d, J=
8.3 Hz, 12 H), 7.03 (dd, J=7.7, 1.4 Hz, 6H), 6.36 (t, J=7.7 Hz, 6 H), 6.14
(d, J=7.7 Hz, 6 H), 2.80 ppm (s, 12H); IR (KBr): ñ=3429, 1664, 1619,
1592, 1445, 1251, 740 cm�1; MS (pos. FAB, 3-NBA): m/z : 1463
[M�Li+2 H]+ ; (neg. FAB, 3-NBA): m/z : 1455 [M�2Li+H]� , 1461
[M�Li]� ; elemental analysis calcd (%) for C84H60N6Li4O12Ti2¥
5H2O¥5 DMF: C 61.79, H 5.50, N 8.01; found: C 61.70, H 5.48, N 8.39.

Complex Na4[(5)3Ti2]: Yield: quantitative of a red solid; 1H NMR
([D6]DMSO): d=8.80 (s, 6H), 7.32 (d, J=8.3 Hz, 12 H), 7.18 (d, J=
8.3 Hz, 12 H), 7.08 (dd, J=8.0, 1.4 Hz, 6H), 6.38 (t, J=8.0 Hz, 6 H), 6.18
(dd, J=8.0, 1.4 Hz, 6 H), 2.81 ppm (s, 12H); IR (KBr): ñ=1666, 1617,
1592, 1447, 1251, 740 cm�1; MS (pos. FAB, 3-NBA): m/z : 1533 [M+H]+ ,
1511 [M�Na+2 H]+ ; elemental analysis calcd (%) for C84H60N6Na4O12Ti2

¥3H2O¥4 DMF: C 61.35, H 5.04, N 7.45; found: C 61.67, H 5.71, N 7.20.

Complex K4[(5)3Ti2]: Yield: quantitative of a red solid; 1H NMR
([D6]DMSO): d=8.74 (s, 6H), 7.33 (d, J=8.5 Hz, 12 H), 7.19 (d, J=
8.5 Hz, 12 H), 7.07 (dd, J=8.0, 1.4 Hz, 6H), 6.37 (t, J=8.0 Hz, 6 H), 6.17
(dd, J=8.0, 1.4 Hz, 6 H), 2.82 ppm (s, 12H); IR (KBr): ñ=1663, 1618,
1591, 1446, 1249, 740 cm�1; elemental analysis calcd (%) for
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C84H60N6K4O12Ti2¥3 H2O¥2 DMF: C 60.13, H 4.49, N 6.23; found: C 60.32,
H 5.09, N 5.93.

X-ray crystal structure analysis of Na4[(2)3V2]: formula C42H24N6O12V2-
Na4¥5CH3OH¥C4H10O, Mr=1232.84, black crystal 0.20 î 0.10 î 0.05 mm,
a=13.905(1), b=18.387(1), c=21.368(1) ä, b=90.84(1)8,V=

5462.6(6) ä3, 1calcd=1.499 gcm�3, m=4.53 cm�1, empirical absorption cor-
rection (0.915 � T � 0.978), Z=4, monoclinic, space group C2/c (no.
15), l=0.71073 ä, T=198 K, w and f scans, 11317 reflections collected
(�h, �k, �L), [(sinq)/l]=0.66 ä�3, 6506 independent (Rint=0.047) and
4624 observed reflections [I�2s(I)], 365 refined parameters, R=0.074,
wR2=0.185, max. residual electron density 1.51 (�1.26) eä�3 in the
region of the diethyl ether molecule, this was refined with split positions,
bond-length constraints, and common isotropic thermal-displacement pa-
rameters; hydrogen atoms at O41 and O51 from difference map; hydro-
gen atom at O61 could not be localized; others were calculated and all
refined as riding atoms.

X-ray crystal structure analysis of Na4[(3)3Ti2]: formula C78H48N6O12Na4-
Ti2¥13 C3H7NO, Mr=2399.23, red crystal 0.35 î 0.10 î 0.05 mm, a=
22.716(1), b=24.487(1), c=22.868(1) ä, b=104.35(1)8, V=

12323.4(9) ä3, 1calcd=1.293 g cm�3, m=2.21 cm�1, empirical absorption
correction (0.927�T�0.989), Z=4, monoclinic, space group P21/c (no.
14), l=0.71073 ä, T=198 K, w and f scans, 80519 reflections collected
(�h, �k, �L), [(sinq)/l]=0.59 ä�1, 21 684 independent (Rint=0.093)
and 12768 observed reflections [I�2s(I)], 1137 refined parameters, R=

0.138, wR2=0.337, max. residual electron density 2.25 (�1.11) eä�3,
phenyl ring C85±C90 was fixed with restraints and refined with isotropic
thermal parameters; nearly all of the DMF molecules are heavily disor-
dered, therefore they were all refined with isotropic thermal parameters;
hydrogen atoms were calculated and refined as riding atoms.

X-ray crystal structure analysis of Na4[(4)3Ti2]: formula C81H54N6O12Na4-
Ti2¥10 C3H7NO, Mr=2222.02, red crystal 0.25 î 0.20 î 0.05 mm, a=
25.887(1), b=12.584(1), c=34.210(1) ä, b=96.45(1)8, V=

11073.8(10) ä3, 1calc=1.333 g cm�3, m=2.37 cm�1, empirical absorption
correction (0.943�T�0.988), Z=4, monoclinic, space group P21/n (no.
14), l=0.71073 ä, T=198 K, w and f scans, 27046 reflections collected
(�h, �k, �L), [(sinq)/l]=0.54 ä�1, 14 463 independent (Rint=0.068)
and 8074 observed reflections [I�2s(I)], 1228 refined parameters, R=

0.122, wR2=0.332, max. residual electron density 1.94 (�0.82) eä�3, crys-
tals only diffract to a relative low resolution, sodium atom Na6 was re-
fined with split positions to a ratio of 0.56(2):0.44, phenyl ring C86±C91
was fixed with restraints; some of the DMF molecules are heavily disor-
dered, therefore three of them were refined with isotropic thermal pa-
rameters, three other solvent DMF molecules were refined with one
common isotropic thermal parameter per molecule, a non-disordered one
was used as a model; hydrogen atoms were calculated and refined as
riding atoms.

X-ray crystal structure analysis of Na4[(5)3Ti2]: formula C84H60N6O12Na4-
Ti2¥12 C3H7NO¥2/2 C3H7NO¥H2O, Mr=2501.40, orange crystal 0.40 î 0.30 î
0.10 mm, a=24.870(1), b=23.601(1), c=23.564(1) ä, b=104.85(1)8, V=

13369.1(10) ä3, 1calcd=1.243 gcm�3, m=2.07 cm�1, empirical absorption
correction (0.922�T�0.980), Z=4, monoclinic, space group P21/c (no.
14), l=0.71073 ä, T=198 K, w and f scans, 30735 reflections collected
(�h, �k, �L), [(sinq)/l]=0.54 ä�1, 17 329 independent (Rint=0.064)
and 9449 observed reflections [I�2s(I)], 1471 refined parameters, R=

0.102, wR2=0.282, max. residual electron density 1.22 (�0.75) eä�3.
Crystals only diffract to a relative low resolution; some of the DMF mol-
ecules are heavily disordered, therefore one out of the coordination
sphere of the sodium atoms was refined with isotropic thermal parame-
ters, the free solvent DMF molecules were refined with one common iso-
tropic thermal parameter per molecule, a non-disordered one was used
as a model; hydrogen atoms were calculated and refined as riding atoms;
hydrogen atoms at the water could not be located.
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