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Although examples preceded the definition, the term “heli-
cate” was introduced by Lehn et al. in 1987 for metal
complexes that contain two or more metal centers bridged
by one or more ligand strands.[1] Helicates are the simplest
and most fundamental supramolecular architectures.[2–3] The
formation of different types of helicates is a consequence of
the combination of the information intrinsic to the helicate
components. Since this self-assembly process is also the basis
for the formation of other supramolecular architectures and
devices, helicates in particular have received much atten-
tion.[2–3] For example, early work in this laboratory on MIII

triple-stranded helicates[4] elucidated structural principles
that have allowed the development of a versatile class of
inorganic supramolecular structures.[5] While numerous
single-, double-, and triple-stranded helicates have been
well documented,[2–4, 6] there are only a few examples of
quadruple-stranded helicates,[7–9] as a result of the increased
complexity of this architecture in relation to other helicates.

As predicted,[2] most reported saturated quadruple-
stranded helicates have been achieved by employing a
combination of square-planar metal centers with oligomono-
dentate bridging ligands.[8] Recently, the formulation of the
first quadruple-stranded bisbidentate helicate was con-
firmed[9] by electrospray mass spectrometry as a double-
charged anion, which was composed of two EuIII ions and four
bis(b-diketone) ligands. However, there have been no reports
of fully characterized fourfold-symmetric oligobidentate
quadruple-stranded helicates, nor reports of quadruple-
stranded actinide helicates. The design and synthesis of
oligobidentate quadruple-stranded helicates has remained a
challenge.

A continuing goal in our group has been the development
of chelating agents for lanthanide and actinide ions.[10] The
lanthanide and actinide ions generally display high, variable
(8, 9, or higher) coordination numbers which makes them
excellent candidates for matching the coordination require-
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ment (8 or higher) of oligobidentate quadruple-stranded
helicates. Indeed, the high coordination number of lanthanide
and actinide ions potentially permits greater versatility in the
design and construction of supramolecular edifices, of which
quadruple-stranded helicates represent the important first
step. However, the high and variable coordination number
also presents a challenge along with complicated coordination
geometries.

It has been suggested[2] that the synthesis of a quadruple-
stranded helicate might be achieved by employing a combi-
nation of square-antiprismatic metal centers with oligobiden-
tate bridging ligands. A metal ion with fourfold coordination
geometry, such as square antiprism or monocapped square
antiprism, would be a good candidate for a saturated
quadruple-stranded helicate. However, quadruple-stranded
helicates based on eight-coordinate square-antiprism metal
ions may leave relatively large openings at both ends of the
helicate, thus causing undesirable high repulsion energy
between the donor atoms (Figure 1a). As a result, we

concluded that nine-coordinate metal ions, with monocapped
square-antiprism geometry, in which the donors are distrib-
uted more evenly around the central metal ion, would be the
better choice for designing a quadruple-stranded helicate
(Figure 1b).

We previously reported that the tris-b-diketonate type
hexadentate 4-acyl-2-pyrazolin-5-one ligand, H3L
(Scheme 1), forms a supramolecular lanthanide complex
[La8L8] .

[11] The bisbidentate 4-acyl-2-pyrazolin-5-one ligands
were first synthesized about two decades ago.[12] The avidity of

4-acyl-2-pyrazolin-5-one ligands towards lanthanide and acti-
nide ions has long been recognized.[13] One such bisbidentate
ligand H2L

1 (Scheme 1), for example, forms triple-stranded
dinuclear lanthanide complexes [Ln2(L

1)3(dmf)4] (dmf=
N,N,-dimethylformamide), in which each lanthanide ion is
eight-coordinate with three bidentate ligand moieties and two
solvent DMF molecules.[13] It was therefore reasoned that
these bisbidentate pyrazolonate ligands, in combination with
eight- or nine-coordinate tetravalent ions, such as ThIV, would
lead to quadruple-stranded helicates, because the high charge
(4+ ) would encourage four monoanionic bidentate pyrazo-
lone ligand moieties to bind at each central metal ion. In
addition, repulsion energy calculations predicted that the
capped square antiprism isomer with a C4 symmetry axis
is the discrete potential energy minimum for
[MIV(bidentate)4(monodentate)] complexes.[14,15] In such a
geometry, the monodentate ligand occupies the cap position
and the four equivalent bidentate ligands are wrapped around
the nine-coordinate MIV atoms, thus forming capped square
antiprisms with the bidentate ligands spanning the edges
linking the two square faces of the square antiprism (Fig-
ure 1b).

A series of bisbidentate pyrazolone ligands with system-
atically varied lengths of the linear ligand scaffold was
prepared according to reported procedures.[12,13] Scheme 1
shows two examples, H2L

1 and H2L
2, with a linear scaffold of

three and four methylene groups, respectively.
The ThIV quadruple-stranded helicate complexes were

prepared by treatment of ThIV tetrakisacetylacetonate with
two equivalents of bisbidentate pyrazolone ligands H2L

1 or
H2L

2 in a solution of MeOH/CHCl3 (1:1). FAB(+) mass
spectrometric analysis indicated that both ThIV complexes
have the expected M2L4 stoichiometry. The 1H NMR spectra
of these complexes in [D6]DMSO are consistent with the
formation of highly symmetrical quadruple-stranded helicates
with average D4 symmetry on the NMR timescale. For
example, the 1H NMR spectrum of [Th2(L

1)4] shows only one
multiplet for the protons of the central methylene units of the
ligand (Figure 2, upper panel). After crystallization from

Figure 1. Schematic view of quadruple-stranded helicates based on
a) square-antiprism (C.N.: 8) and b) monocapped square-antiprism
(C.N.: 9) metal centers (purple, donor atoms red) and bisbidentate
ligand strands (orange). C.N.= coordination number.

Scheme 1. Tris-b-diketonate H3L and bis-diketonate 4-acyl-2-pyrazolin-
5-one ligands H2L

1 and H2L
2 with three and four methylene linear

scaffolds, respectively.
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DMF, the NMR spectra of the complex indicated the
presence of two DMFmolecules associated with the complex,
and only one set of the DMF peaks is apparent (Figure 2,
lower panel). The high symmetry of the original molecule is
retained, which implies that the two DMF molecules are
located on the C4 axis, at the termini of the helicate, as it
seems unlikely that full scrambling at the position of the
bisbidentate ligand occurs on the NMR timescale.

As a result of the high nuclear quadrupole moment of
thorium (Q(mbarn)= 4300),[16] the NMR signals of the ligand
spacer methylene groups adjacent to the thorium coordina-
tion centers are broadened and can be detected only at
elevated temperatures (Figure 3).

Single-crystal X-ray structure analyses were carried out to
determine the solid-state structures of [Th2(L

1)4] and
[Th2(L

2)4].
[17] X-ray quality crystals of [Th2(L

1)4(dmf)2] were
grown by slow evaporation of its wet DMF solution (1%H2O
in DMF), while those of [Th2(L

2)4(dmf)2] were grown from
wet DMF solution by diffusion of diethyl ether. The crystal
structures of both helical complexes are shown in Figures 4
and 5. These structures indicate that both of the quadruple
helicates are homochiral, which implies that there might be

mechanical coupling between the two centers of each helicate
such that the chirality at one can be transmitted to the
second.[2]

In both helicates, [Th2(L
1)4(dmf)2] and [Th2(L

2)4(dmf)2],
the ThIV ions are nine-coordinate. This coordination number
has several idealized coordination geometries. The tricapped
trigonal prism (D3h) and capped square antiprism (C4v) are the
most stable geometries, and the energy difference between
the two is very small as predicted by repulsion energy
calculations.[14,15] We thus employed the shape measure S to
assess this subtle difference[18] and found that in both helicates

Figure 2. Proton NMR spectra of a[Th2(L
1)4] (upper panel) and

[Th2(L
1)4(dmf)2] (lower panel) in [D6]DMSO.

Figure 3. Variable-temperature NMR spectra of [Th2(L
1)4] in [D6]DMSO.

The signal labeled with the diamond represents the central methylene,
and the star represents the methylene groups of the scaffold adjacent
to the coordination centers.

Figure 4. Frame-and-sphere representations of the crystal structure of
a) [Th2(L

1)4(dmf)2] and b) [Th2(L
2)4(dmf)2] as viewed perpendicular to

the twofold axis of the quadruple-stranded helicate. For clarity, each
ligand is represented in a different color, with thorium ions repre-
sented by dark red spheres, coordinated dmf dark blue.

Figure 5. Frame-and-sphere representations of the crystal structure of
a) [Th2(L

1)4(dmf)2] and b) [Th2(L
2)4(dmf)2] as viewed down the fourfold

axis of the quadruple-stranded helicate. For clarity, each ligand is
represented in a different color, with thorium ions represented by dark
red spheres, coordinated dmf dark blue.
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the nine-coordinate geometries can be assigned as being
closest to the monocapped square antiprism (C4v) based on
the shape measure calculation.

As expected from repulsion energy calculations and
previous observations,[14,15] the bidentate units are symmetri-
cally bonded in a capped square-antiprism geometry (Fig-
ure 1b), with the donor atoms that form the capped face (Ocf)
experiencing considerably less repulsion than those that form
the uncapped face (Ouf), in agreement with the observed
average Th�O lengths in the quadruple helicates. The ThIV�
Ocf bond lengths are 2.41(1) and 2.40(1) D and the ThIV�Ouf

bond lengths are 2.47(3) and 2.48(3) D in [Th2(L
1)4(dmf)2];

the Th�Ocf bond lengths are 2.38(3) and 2.41(2) D and the
Th�Ouf bond lengths are 2.49(6) and 2.47(2) D in [Th2(L

2)4-
(dmf)2]. Note that in the 10-coordinate ThIV complex of bis(4-
benzoyl-2,4-dihydro-5-methyl-2-phenyl-3-H-pyrazolonato-
O,O’)-bis(nitrato-O,O’)-bis(triphenylphosphine oxide-O)
complex,[19] the bond lengths between the ThIV ion and the
two oxygen donors of a bidentate 4-acyl-pyrazolonate ligand
are quite similar at 2.435 and 2.447 D, respectively.

The pitchL of a helicate is defined by Equation 1,[2] where
d is the distance (D) between the upper and bottom surfaces

L ¼ d=ðw1=360Þ ð1Þ

of the helicate cylinder andw1 is the twist angle (in degrees) of
the upper and bottom surfaces. An ideal helicate should be
palindromic (constant pitch), which is not the case with
[Th2(L

1)4(dmf)2] and [Th2(L
2)4(dmf)2], and three subpitches

L1, L2, and L3 compose the total pitch LT (Figure 6). The two
subpitches (L1 and L3) of both capped square antiprisms of
the helicate are different from that of the bridging part (L2;
see Table 1).

Previous studies have found that the stereoselective
formation of triple-stranded helicate complexes from linear
alkyl-bridged ligands depends, to a large extent, on the
preferred conformation of the spacers. An odd number of
methylene units yields a molecule with an internal mirror
plane, thus producing an achiral meso helicate. In the case of
an even number of methylene units, the favored conformation
imposes a C2 axis upon complex formation and will lead to a
chiral helicate.[3] In the case of bisbidentate quadruple-
stranded helicate complexes formed from linear alkyl-bridged
ligands, the preferred conformation of the spacer does not
significantly affect the stereochemistry of the complexes.
With both three and four (odd or even) methylene spacers,
the complexes are all homochiral helicates. However, the
alkyl-bridge pitch (L2) in [Th2(L

1)4(dmf)2] (n= 3, odd) is
much longer than that in [Th2(L

2)4(dmf)2] (n= 4, even), which
suggests a trend similar to that observed in the triple-stranded
helicates. Given the important role of chirality in the
application of supramolecular compounds in catalysis, the
difference between the observed behavior of the triple- and
quadruple-helicate complexes is significant.

In summary, new actinide quadruple-stranded helical
supramolecular architectures have been synthesized in
which two capped square-antiprismatic ThIV centers are
coordinated by four bisbidentate 4-acylpyrazolone chelating
strands. These complexes are the first two structurally
characterized examples of bisbidentate quadruple-stranded

helical complexes and are another remarkable example of
cluster formation by incommensurate coordination number.
These helicates and the previous [La8L8] complex (“The Lord
of Rings”)[11] highlight the versatility of 4-acylpyrazolone
ligands in lanthanide and actinide coordination chemistry,
with implications ranging beyond the field of supramolecular
chemistry.

Experimental Section
[Th2(L

1)4]: A solution of [Th(acac)4] (acac= acetylacetone;
0.05 mmol) in absolute methanol (10 mL) was added to a solution
of H2L

1 (0.11 mmol) in CHCl3 (10 mL). The reaction mixture was

Figure 6. Different subpitches (L1–L3) in a quadruple-stranded helicate,
in which the height of the helicate (LT) is defined as the distance
between the centroids of the outer square faces. Colors as in Figure 1.
The thick edges of the polyhedra represent the bidentate spanning
edges.
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heated at reflux under N2 with stirring for 16 h, during which time a
beige precipitate formed. The solid was collected by filtration, washed
with methanol, and dried under vacuum to yield 88 mg (0.039 mmol,
78%) of [Th2(L

1)4] based on [Th(acac)4]. Elemental analysis (%)
calcd for C100H88N16O16Th2 (2233.99 gmol�1): C 53.76, H 3.97, N 10.03;
found: C 53.47, H 4.11, N 10.22; 1H NMR (500 MHz, [D6]DMSO, 258C):
d= 1.93 (qt, 8H, J= 7.0 Hz; CH2), 2.27 (s, 24H; CH3), 7.09 (t, J=
7.5 Hz, 8H; ArH), 7.20 (t, J= 7.7 Hz, 16H; ArH), 7.80 ppm (d, J=
8.0 Hz, 16H; ArH); (+)FAB-MS [MH+] m/z 2193.7. This compound
was recrystallized from wet DMF (containing 1%H2O) to provide X-
ray-quality colorless crystals of [Th2(L

1)4(dmf)2]·6DMF·0.5H2O.
[Th2(L

2)4]: This compound was prepared by a similar procedure as
above, except H2L

2 was used instead of H2L
1, and yielded 84 mg

(0.037 mmol, 74%) based on [Th(acac)4]. Elemental analysis (%)
calcd for C104H96N16O16Th2 (2290.05 gmol�1): C 54.55, H 4.23, N 9.79;
found: C 54.22, H 4.33, N 9.82; 1H NMR(500 MHz, [D7]DMF, 25 8C):
d= 1.20 (s, br, 8H, CH2), 1.92 (s, br, 8H, CH2), 2.41 (s, 24H, CH3), 7.09
(t, J= 7.5 Hz, 8H, ArH), 7.22 (t, J= 7.7 Hz, 16H, ArH), 7.94 ppm (d,
J= 8.0 Hz, 16H, Ar H); (+)FAB-MS [MH+]m/z 2289.6. Colorless X-
ray-quality crystals [Th2(L

2)4(dmf)2]·0.5DMF·1.5C4H10O were
obtained form diffusion of its DMF solution into diethyl ether.
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