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The spontaneous self-organization of coordination com-
pounds has been studied intensively over the last few
years.[1] One area of particular interest are the triple-stranded
helicates with catecholato donor groups.[2] Much less is known
about helicates with thiolato donor groups, only bis(benze-
nedithiol) ligands[3] and their dinuclear nickel complexes have
been reported.[4] Herein we present the synthesis of the first
catechol/benzenedithiol (O–O/S–S) ligand H4-1 and the
molecular structure of the triple-stranded L,L-helicate
Na(PNP)3[Ti2(1)3] (PNP+=bis(triphenylphosphoranylidene)-
ammonium).

Triple-stranded helicates containing donor atoms from the
second period (O, N) contain two metal centers coordinated
in an octahedral fashion. However, under certain conditions,
macrobicyclic tris(catecholato) ligands can enforce a trigonal-
prismatic coordination environment in mononuclear com-
plexes.[5] In contrast, tris(benzenedithiolato) complexes can
be pseudo-octahedral (e.g. [WV(bdt)3]

� , bdt=benzene-1,2-
dithiolate)[6] or trigonal-prismatic (e.g. [WVI(bdt)3]),

[7]

depending on the oxidation state of the coordinated metal
center. The connection of a catechol and an o-benzenedithiol
donor group in the same ligand and the preparation of triple-
stranded dinuclear complexes with such ligands was of
interest to us. A parallel orientation of the ligands would
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allow the coordination geometry of the o-benzenedithiolato-
coordinated metal center and thus the helicity of the complex
to be switched by varying the oxidation state of this {MS6}
metal center.

The preparation of ligand H4-1 starts from 2,3-di(isopro-
pylsulfanyl) benzoic acid (2, Scheme 1).[8] This acid was
converted into the acid chloride, followed by the reaction with

the single tert-butoxycarbonyl (Boc) protected diamine[9] and
subsequent removal of the Boc protecting group. The primary
amine 4 reacts with 2,3-di(benzyloxy)benzoic acid chloride[10]

to give the ligand precursor 5. All the protecting groups were
simultaneously removed with Na/naphthalene in THF.[4,8]

After protonation with H2O/HCl ligand H4-1 was obtained
in about 59% yield (relative to 2) as a light yellow solid.

The 1H NMR spectrum of H4-1 (Figure 1, top) shows two
resonance signals for the N�H protons (Ha, t, 9.10 ppm and
He, s, 8.25 ppm), which based on their multiplicity were
assigned to the catechol- and o-benzenedithiol-bound amide
groups. In addition, six well resolved resonance signals were
observed for the protons of the aromatic rings.

Only a few helical complexes with asymmetrical donor
groups derived from functionalized benzene are known.[11]

Albrecht et al. reported a tetradentate, directional ligand
containing an aminophenol and a catechol unit.[12] In addition,
directional ligands are known which have identical donor
groups but an asymmetric spacer between them.[13] The
orientation of directional ligands in dinuclear complexes
(parallel or antiparallel[14]) is of special interest since not only
complexes with stereoisomeric metal centers (L, D) but also
as regioisomeric complexes can form.

The directional catechol/aminophenol ligand[12] reacts
with GaIII or TiIV to give a dinuclear complex with parallel
orientation of the ligands, while the reaction with a mixture of
GaIII and TiIV (1:1) gives a dinuclear complex with an
antiparallel orientation of the ligands. The reaction of a

directional phenylalanine-bridged di(catechol) ligand with
TiIV gives a mixture of products containing a total of seven
double-stranded dinuclear stereoisomeric (L, D) and regioi-
someric (parallel and antiparallel) complexes.[13b,c]

Ligand H4-1 shows directionality based on the two
different donor groups (O–O/S–S) and on the asymmetric
CMe2CH2 spacer between them. The reaction of three
equivalents of H4-1 with two equivalents of [TiO(acac)2] in
the presence of Na2CO3 in methanol gives a red-brownish
complex which dissolves well in methanol. Addition of PNPCl
and diffusion of diethyl ether into a saturated methanol
solution of the product gives the dinuclear complex
Na(PNP)3[Ti2[(1)3] as red-brown crystals. The NMR spectra
of Na(PNP)3[Ti2[(1)3] show a surprisingly small number of
signals (Figure 1, bottom). The aromatic protons of the
benzenedithiolato and the catecholato groups are detected
as one triplet (d= 6.65(Hg) and 6.32(Hc) ppm) and two
doublets (d= 7.08(Hf), 6.98 (Hh) ppm, and d= 7.15(Hb),
6.21(Hd) ppm) for each ring. This result demonstrates that
the three ligands are oriented in an identical, parallel manner.

The downfield shift of the triplet Ha for the N�Hproton of
the catechol-bound amide (Dd= 0.70 ppm, Figure 1) is
remarkable. This shift indicates the formation of a planar
six-membered ring and a strong N�H···O hydrogen bond
between the amide proton Ha and the o-catecholato oxygen
atom (Figure 1). This type of hydrogen bond has been
observed for helicates with amide-bridged catecholato
donor groups[15] and for other catechoylamide complexes
and has often been shown to be structure determining.[5,16]

Scheme 1. Synthesis of ligand H4-4.

Figure 1. 1H NMR spectra (in [D7]DMF, *=DMF resonances) of H4-
1 (top) and Na(PNP)3[Ti2(1)3] (bottom).
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The chemical shift for the amide protons next to the
benzenedithiolato group changes only marginally upon com-
plex formation indicating the presence of no or only very
weak N�H···S hydrogen bonds.

All the NMR data indicate the presence of the parallel
regioisomer and only one pair of enantiomers in solution.
However, the NMR data do not allow the determination
which pair of enantiomers L,D/D,L or L,L/D,D is present.[17]

Slow diffusion of diethyl ether into a methanol solution of the
complex gave single crystals of Na(PNP)3[Ti2(1)3]·CH3OH·
H2O·Et2O suitable for an X-ray diffraction analysis.[18]

The structure analysis revealed, that indeed the triple-
stranded helicate [Ti2(1)3]

4� had formed (Figure 2). The three
ligands are oriented in a parallel manner, as expected. One

titanium atom is coordinated in a distorted octahedral fashion
by the six oxygen atoms of three catechoylamide groups. The
Ti�O bond lengths fall in the range reported for other TiIV

tris(catecholato) complexes.[19] The second titanium atom is
surrounded by six sulfur atoms from three benzenedithiolato
groups in a strongly distorted octahedral fashion. The Ti�S
bond lengths vary only slightly and are comparable to bond
lengths reported for tris(o-benzenedtihiolato) TiIV com-
plexes.[20] The helical twist between two titanium centers
measures 65.68.

The unit cell contains one [Ti2(1)3]
4� ion, three PNP

cations, one sodium cation, and one molecule each of water,
methanol, and (disordered) diethyl ether. The PNP cations
maintain no contacts to the [Ti2(1)3]

4� ion whereas the Na+ ion
acts as a bridge between the [Ti2(1)3]

4� ions and this leads to
indefinite chains in the crystal lattice. The Na+ ion completes
its coordination sphere by the coordination of one molecule
each of methanol and water (Figure 3).

Both metal centers in [Ti2(1)3]
4� in the crystal under

investigation assume the same configuration, namelyL. Since
the complex crystallized in the acentric space group P1 and
the CD spectrum of the reaction product shows no Cotton
effect, crystals of the D,D enantiomer must also have formed.

A similar spontaneous resolution of stereoisomers upon
crystallization was first described for triple-stranded NiII

complexes with oligobipyridine ligands.[21] Since the NMR
spectra show the formation of only one pair of enantiomers,
the formation of helicates of the L,D and D,L type, can be
excluded.

Currently we can only speculate about the driving force
for the formation of the parallel triple-stranded helical
complex [Ti2(1)3]

4�. With the related directional ligand
containing catechol/aminophenol donor groups reported by
Albrecht et al. only the antiparallel ligand orientation was
observed for homobinuclear complexes,[12] which leads to the
smallest possible charge separation in the complex.[22] Ligand
H4-1 was expected to behave similarly. However, H4-1 is
directional with respect the donor groups and with respect the
spacer between them. Upon formation of the triple-stranded
helicate a distorted {TiS6} octahedron and a smaller {TiO6}
octahedron are obtained. It is reasonable to expect, that the
sterically more demanding (CMe2) part of the spacer
CMe2CH2 is oriented towards the larger {TiS6} octahedron
thereby causing the parallel orientation of the ligands. This
orientation allows the formation of three stable N�H···O
hydrogen bridges (length H···O 1.824–2.039 G) and of three
almost planar N�H···O-C-C-C(O) rings within the catechoy-
lamide groups at the {TiO6} octahedron (Figure 2). Similarly
strong N�H···S hydrogen bonds were not observed (distance
H···S 2.444–2.701 G) and the benzenedithiolato groups are
not coplanar with their amide groups. We therefore propose a
structure-determining influence of the sterically unsymmet-
rical CMe2CH2 spacer for the formation of the parallel
regioisomer. This postulate is corroborated by the observa-
tion that a ligand isomeric to H4-1 with a symmetrical
CH2CH2 spacer forms dinuclear TiIV complexes of the known
structural type[13b,c] [Ti2(L)2(OMe)2]

2� with an antiparallel
orientation of the ligands.[23]

The structure-determining influence of the unsymmetrical
spacer in ligand H4-1 will be more prominent in the synthesis
of heterobimetallic triple-stranded helicates, where the pref-
erences of the donor groups for different metal ions will be a
factor. We expect that the reaction of H4-1 with a mixture
(1:1) of TiIV and WV will yield a triple-stranded helicate with
parallel ligand orientation containing {TiO6} and {WS6}
octahedra. Such investigations are currently underway as
well as attempts to remove the helicity in such heterobime-
tallic complexes by oxidation of the {WVS6] octahedron to
give the trigonal-prismatic {WVIS6} coordination polyhedron.

Figure 2. Molecular structure of the tetraanion [Ti2(1)3]
4� in a side-

view (left) and along the Ti–Ti axis (right). Selected bond lengths [A]
and angles [8]: Ti-S 2.381(3)–2.436(3), Ti-O 1.904(6)–2.010(6), in one
donor group S-Ti-S 81.64(9)–81.94(9), O-Ti-O 78.9(2)–80.9(3); the
Ti�S or Ti�O bonds to the donor atoms in 2-position at the aromatic
ring are always slightly longer than the bonds to donor atoms at the
3-positions at the aromatic rings.

Figure 3. Section of the crystal structure of Na(PNP)3[Ti2(1)3]·CH3OH·
H2O·Et2O, for clarity the PNP cations and the diethyl ether molecule
are not shown.
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Experimental Section
All synthetic manipulations were carried out under argon in Schlenk
flasks. Solvents were dried, distilled, and stored under argon. Correct
elemental analyses (C, H, N, S) were obtained for all compounds.

H4-1: Yield 59% relative to 2. 1H NMR (300 MHz, [D7]DMF,
assignment of signals given in Figure 1): d= 10.44 (s, br, 2H, OH),
9.10 (t, 1H, Ha), 8.25 (s, 1H, He), 7.60 (d,

3J= 7.8 Hz, 1H, Hb), 7.49 (d,
3J= 8.2 Hz, 1H, Hf), 7.35 (d,

3J= 7.8 Hz, 1H, Hd), 7.12 (t,
3J= 7.8 Hz,

1H, Hc), 7.05 (d, 3J= 8.2 Hz, 1H, Hh), 6.78 (t, 3J= 8.2 Hz, 1H, Hg),
5.59 (s, br, 2H, SH), 3.82 (d, 2H, CH2), 1.56 ppm (s, 6H, CH3);
13C NMR (75 MHz, [D7]DMF): d= 171.40 (C=O), 169.93 (C=O),
150.58, 147.51, 137.56, 133.98, 131.59, 130.63, 126.09, 125.63, 119.55,
118.83, 118.03, 116.07 (CAr), 56.12 (CH2C(CH3)2), 48.39
(CH2C(CH3)2), 24.87 ppm (CH2C(CH3)2); MALDI-MS (positive
ions): m/z (%): 393 (100) [M+H]+.

Na(PNP)3[Ti2[(1)3] was prepared by stirring ligand H4-1 (104 mg,
0.26 mmol), [TiO(acac)2] (45 mg, 0.17 mmol), and Na2CO3 (18 mg,
0.17 mol) in methanol at room temperature for 72 h. Subsequently,
the solvent was removed and the solid obtained was redissolved in
methanol. After addition of bis(triphenylphosphoranylidene)ammo-
nium chloride (PNPCl) (98 mg, 0.17 mmol) of the reaction mixture
was filtered. Slow diffusion of diethyl ether into the filtrate yielded
60 mg (0.06 mmol, 23%) of red-brown crystals of (PNP)3Na[Ti2(1)3]·
CH3OH·H2O·Et2O.

1H NMR (500 MHz, [D7]DMF, solvent-free com-
pound, assignment of signals given in Figure 1): d= 9.80 (t, br, 3H,
Ha), 8.14 (s, br, 3H, He), 7.80–7.60 (m, 90H, HAr, PNP), 7.15 (d,

3J=
7.8 Hz, 3H, Hb), 7.08 (d,

3J= 7.5 Hz, 3H, Hf), 6.98 (d,
3J= 7.5 Hz, 3H,

Hh), 6.65 (t,
3J= 7.5 Hz, 3H, Hg), 6.32 (t,

3J= 7.8 Hz, 3H, Hc), 6.21 (d,
3J= 7.8 Hz, 3H, Hd), 4.81 (s, br, 6H, CH2), 1.38 ppm (s, br, 18H, CH3);
13C NMR (125 MHz, [D7]DMF, solvent-free compound): d= 169.41
(C=O), 167.44 (C=O), 161.81, 161.40, 155.24, 152.05, 135.63 (CAr, 1),
134.34, 133.08, 133.03, 132.98, 130.24, 130.19, 130.11, 128.48, 128.46,
127.62 (CAr, PNP), 128.22, 123.03, 121.85, 117.86, 116.47, 115.56,
112.29 (CAr, 1), 54.98 (CH2C(CH3)2), 49.46 (CH2C(CH3)2), 25.16 ppm
(br, CH2C(CH3)2); MS (ESI, negative ions): m/z (%): 630.7 (100)
[Ti2(1)3 + 2H]2�.
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