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New 1,2-dichalcogenins, 2-selenathiin (lmax� 488 nm), and 1,2-diselenin (lmax�
504 nm), have been prepared. They possess notably shielded 77Se peaks as well as
UV maxima that are red-shifted compared to that of 1,2-dithiin (lmax� 457 nm).

Light-sensitive 1,2-dichalcogenins lose S or Se on brief exposure to light, giving thiophenes
or selenophenes via intermediates seen only at low temperature. Substituted 1,2-dichalco-
genins are conveniently prepared from titanacyclopentadienes, for example, 3-6-di(tert-
butyl)-1,2-dithiin (see scheme) which undergoes loss of S on irradiation at 25 8C.

(irradiation time t� 0, 1, 3, 5, 8 min)

For more information
see pages 1604 ± 1607
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Whereas natural clusters and synthetic analogues[1] utilize
hydrogen bonds and other numerous weak interactions, the
use of stronger, highly directional, and well-studied metal ±
ligand interactions has recently provided many examples of
clusters with a range of sizes, stoichiometries, and symme-
tries.[2] We have recently demonstrated that a variety of high-
symmetry coordination clusters can be rationally designed
and synthesized in high-yield self-assembly reactions.[3±12]

Careful consideration of the geometric requirements of a
particular symmetry and stoichiometry for a cluster can lead
to the controlled formation of M2L3 triple helicates (D3),[8±10]

M4L4 tetrahedra (T),[7] and M4L6 tetrahedra (S4 and T).[6, 11]

Here we present an example of a bis(bidentate) catechol-
amide ligand whose geometry will allow for the formation of
both an M2L3 triple helicate and an M4L6 tetrahedron. In the
absence of a guest, an M2L3 triple helicate forms; however, in
the presence of Me4N�, the entropically disfavored M4L6

tetrahedron self-assembles to form a host ± guest complex
with Me4N� encapsulated in the tetrahedral cluster cavity.
Even more remarkably, the triple helicate can be quantita-
tively converted into the tetrahedron by addition of Me4N�

(Scheme 1).
The ligand H4-L is based on a 2,6-diaminoanthracene

backbone and is similar to a previously reported ligand system
derived from 1,5-diaminonaphthalene.[5, 6] For these types of
backbones the catecholate binding units are offset when the
ligand is in the conformation required to form a helicate, thus
disfavoring helicate formation.[13] Although the horizontal
offset between the catecholate groups is exactly the same in
both ligands, the extended length of H4-L allows for greater
flexibility in constructing the M2L3 structure.

Extensive molecular modeling of both the M2L3 and M4L6

structures was performed using the CAChe[14] system (MM3)
before beginning ligand synthesis. Results of these calcula-
tions indicated that both structures appeared equally plau-
sible. These initial modeling investigations and the previous
work with the 1,5-bis(2,3-dihydroxybenzamido)naphthalene

Scheme 1. Reaction of H4-L with [TiO(acac)2] or [Ga(acac)3] leads to an
M2L3 helicate in the absence of Me4N� guest and an M4L6 tetrahedron in
the presence of Me4N� guest. The helicate can be converted into the
tetrahedron simply by addition of Me4N�.

ligand led us to believe that the M2L3 triple helicate structure
could be formed by H4-L, but that a strong host ± guest
interaction might push the equilibrium towards formation of
the M4L6 tetrahedron.

Ligand H4-L was synthesized according to established
methods by coupling of 2,3-dimethoxybenzoyl chloride to
2,6-diaminoanthracene followed by deprotection with BBr3.
Reaction of H4-L (3 equiv), [TiO(acac)2] (2 equiv; acac�
acetylacetonate), and KOH (4 equiv) in methanol afforded
after recrystallization orange microcrystals that analyze as
K4[Ti2-L3] ´ DMF ´ 2 H2O (see Experimental Section). The
highly symmetric 1H NMR spectrum exhibits downfield-
shifted ligand resonances indicative of metal complex for-
mation. Without high-resolution mass spectrometry results or
a solid-state structure, however, there is no way to distinguish
between a K4[Ti2-L3] or a K8[Ti4-L6] structure.[15] Fortunately,
the high-resolution electrospray mass spectrum shows that
K4[Ti2-L3] does indeed form in solution.

A single-crystal X-ray diffraction study of this compound
confirmed that the helicate structure is maintained in the solid
state.[16] The [Ti2-L3]4ÿ tetraanion is a homochiral triple
helicate (DD or LL at the metal centers) with a TiÿTi
distance of 16.7 � (Figure 1). Disregarding the anthracene
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Figure 1. Stereoview of the crystal structure of [Ti2-L3]4ÿ.

backbones of the ligand, the tetraanion has approximately D3

molecular symmetry. However, the threefold axis is lost
because two of the anthracene rings are oriented with their
edges directed into the cluster interior, while the third is
oriented approximately perpendicular to the plane bisecting
the angle between the two former anthracene ring planes. This
third ligand is substantially nonplanar. Despite the anthracene
ring (and all other aromatic rings) being restrained in the
least-squares refinement to be flat, the deviations of the
carbon atoms from the best-fit plane (RMS deviation 0.12)
are significantly above the random deviations (RMS deviation
0.02 ± 0.03) observed for the carbon atoms of the catechol
rings and the remaining two anthracene rings. In addition to
this bend of the anthracene ring, the nitrogen atoms of the
amide moieties show even greater deviation (�0.25 �) from
the anthracene least-squares plane. In effect, this ligand is
bowed out from the cluster interior.

In each of the three ligands, the catechol rings are not
coplanar with the anthracene backbone. The angles between
the least squares planes calculated for the catechol rings and
the anthracene backbone are 61.0(0.6)8 and 18.0(1.0)8 for the
first ligand, 44.9(0.6)8 and 6.6(1.1)8 for the second ligand, and
72.4(0.7)8 and 44.9(0.8)8 for the third ligand. The third ligand,
which shows the most substantial twisting about the amide
NÿC bond, is the one previously described as being curved.

It is apparent from the crystal structure that this particular
ligand allows for the formation of the M2L3 structure, but ªjust
barely.º The third ligand shows substantial strain, as evi-
denced by the curvature of the aromatic backbone and the
twists of the catechol rings with respect to the anthracene
backbone. The ideal symmetry of a triple helicate (D3),
therefore, is not possible. As mentioned above, the 1H NMR
spectrum of K4[Ti2-L3] shows a single high-symmetry product
on the NMR timescale. Variable-temperature NMR experi-
ments are underway to determine if the asymmetry seen in the
solid-state structure can also be observed at low temperature
in solution.

Previous results suggested that alkylammonium cations
might be suitable guests for the proposed tetrahedral cluster
host.[5, 6] Reaction of H4-L (3 equiv), [TiO(acac)2] (2 equiv),
and Me4NOH (4 equiv) in methanol leads to an orange
precipitate that analyzes as [Me4N]8[Ti4-L6] ´ 3 DMF ´ H2O.
The 1H NMR spectrum of this product shows a single, highly
symmetric product with two Me4N� resonances in a ratio of
7:1 (d� 3.97, ÿ2.60). The presence of the extremely upfield
shifted Me4N� resonance (d�ÿ2.6) whose relative intensity
corresponds to one Me4N� cation to six ligands can be
interpreted as a direct indication of the encapsulation of one

Me4N� cation by the tetrahedral cluster [Ti4-L6]8ÿ.[6, 7, 17] In
turn, this encapsulation indicates successful formation of the
tetrahedral cluster.

13C NMR spectroscopy and high-resolution electrospray
mass spectrometry results support the assignment of this
species in solution as the [Ti4-L6]8ÿ cluster. Two resonances
(d� 54.54, 49.32) for the Me4N� cation are observed in the
13C NMR spectrum. In the ES mass spectrum all peaks can be
assigned to the tetrahedral [Ti4-L6]8ÿ cluster; these peaks are
for the compositions [Me4N�]n[Ti4-L6](8ÿn)ÿ (n� 2 ± 6) and
Hm[Me4N�]n[Ti4-L6](8ÿmÿn)ÿ (m� 1, n� 3-4; m� 2, n� 0, 2, 3).
Due to the high resolution of the results from the experiment,
the charge states of all the signals (except those with 6ÿ
charge) were confirmed by inspection of the peak separations.
For example, the signal for [Me4N�]5[Ti4-L6]3ÿ at m/z 1140.4
has a peak separation of 0.3 amu, indicative of a 3ÿ charge
state.

A single-crystal X-ray diffraction study of this compound
confirmed that the tetrahedral structure is maintained in the
solid state.[18] Crystallographic analysis of (Me4N)8[Ti4-L6] ´
4 H2O ´ 2 DMF ´ 2 C4H8O2 ´ x solvent showed it to be a high-
symmetry cluster in which the four TiIV ions are in a
tetrahedral array bridged by six ligands (Figure 2). The
octaanion is a racemic mixture of homochiral tetrahedra
(DDDD or LLLL at the metal centers) with an average TiÿTi
distance of 16.1 �. Additionally, a Me4N� cation was found
encapsulated within the cavity of this cluster.

Figure 2. Stereoview of the crystal structure of Me4N�� [Ti4-L6]8ÿ.

The tetranuclear complex has crystallographic D2 symme-
try and idealized T symmetry. There is little twisting about the
amide moiety in the tetrahedral cluster as compared to the
helicate; the angles between the least-squares planes calcu-
lated for the anthracene and catecholate rings range from only
9.48 to 12.78. The ligands are, however, bowed in towards the
cavity, presumably in order to make van der Waals contact
with the small Me4N� cation. The deviations of the carbon
atoms of the anthracene rings from the best-fit planes (RMS
deviation 0.11 �) are significantly above the random devia-
tions (RMS deviation 0.03 ± 0.04 �) observed for the carbon
atoms of the catechol rings. In addition to this bend of the
anthracene rings, the nitrogen atoms of the amide moieties
show even greater deviation (�0.29 �) from the anthracene
least-squares planes. Furthermore, in the tetrahedron the
catechol binding units of each ligand are pointed in towards
one another (antiparallel coordinate vectors); in the helicate
the ligands are contorted to allow the two catecholate binding
units of each ligand to align in roughly the same direction
(parallel coordinate vectors). This represents an elegant proof
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of principle for our rational design of these two types of
systems.[13]

Since the only difference in the two systems described is the
absence or presence of Me4N�, it should be possible to
transform a triple helicate into a tetrahedral cluster simply by
addition of Me4N�. To test this hypothesis, the gallium(iii)
analogues were prepared because of the greater lability of
GaIII compared to TiIV. Upon addition of 20 equivalents of
Me4NCl to a solution of K6[Ga2-L3] in D2O, complete
transformation of the helicate into the tetrahedral cluster
occurred. This was monitored by 1H NMR spectroscopy over
the course of five days (pD 6.5, T� 40 8C; Figure 3). Similar
transformation studies at higher pD values (pD 7.5) and lower
temperatures (room temperature) resulted in lower conver-
sion rates due to the slower kinetics of metal ± ligand
rearrangement under these conditions.

In summary, we have shown that two different clusters, a
triple helicate and a tetrahedron, can be prepared using
identical ligand and metal components.[19±22] Both structures
conform to the rational design we have proposed for such
clusters, and the relative energies are consistent with model
predictions. Simply the addition of an appropriate guest is
enough to shift the equilibrium from the entropically pre-
ferred helicate to the tetrahedron. More remarkably, the
triple helicate can be quantitatively transformed into the
tetrahedron by simple addition of this guest, Me4N�. While we
have demonstrated control of cluster synthesis by control of
ligand geometry, these results show that we can also system-
atically use host ± guest interactions in the rational design and
synthesis of supramolecular clusters.

Experimental Section

General: All NMR spectra were measured with a Bruker 500-MHz
spectrometer. Chemical shifts are reported as in ppm downfield from
tetramethylsilane (TMS).

Me4-L : Under a N2 atmosphere, 2,6-diaminoanthracene[23] (706 mg,
3.4 mmol) was added all at once to 2,3-dimethoxybenzoyl chloride[24]

(1.36 g, 6.78 mmol) in dry CH2Cl2 (60 mL) followed by the addition of
excess Et3N (1.5 mL). The mixture was stirred for 20 h and then
successively washed with 1n HCl, 10% aq NaOH, and brine. After drying
of the solution over MgSO4 and removal of the solvent under vacuum, a
yellow powder was obtained. The product was further purified by layering a
solution of the powder in CHCl3 with Et2O to yield yellow microcrystals
(0.78 g, 43%). 1H NMR (500 MHz, [D6]DMSO): d� 10.47 (s, 2 H), 8.62 (s,
2H), 8.42 (s, 2 H), 8.02 (d, 2H), 7.64 (d, 2H), 7.19 (m, 6 H), 3.85 (d, 12H);
13C NMR (125 MHz, [D6]DMSO): d� 166.55, 153.87, 136.45, 132.15, 131.89,
129.93, 129.18, 125.75, 124.96, 122.13, 121.26, 121.15, 115.46, 112.76; 62.06,
56.78; FAB-MS (positive ion): m/z : 537 (MH�, 100 %); elemental analysis
calcd (found) for C32H28N2O6 ´ 1.5 H2O: C 68.19 (68.25), H 5.54 (5.52), N
4.97 (5.01).

H4-L : Boron tribromide (1.25 mL, 12.2 mmol) was added by syringe to a
N2-purged solution of Me4-L (0.37 g, 0.77 mmol) in dry CH2Cl2 at ÿ78 8C.
The mixture was allowed to warm to room temperature and was stirred
overnight under a N2 atmosphere. The volatile components were removed
under vacuum, and the resulting solid was hydrolyzed with water and
stirred for 2 h at 100 8C. The yellow-green solid was collected by filtration,
washed with water and Et2O, and dried under vacuum (0.32 g, 93%).
1H NMR (500 MHz, [D6]DMSO): d� 11.61 (br s, 2H), 10.57 (s, 2H), 9.47
(br s, 2H), 8.53 (s, 2 H), 8.48 (s, 2H), 8.08 (d, 2 H), 7.72 (d, 2H), 7.49 (d, 2H),
7.00 (d, 2 H), 6.80 (t, 2H); 13C NMR (125 MHz, [D6]DMSO): d� 168.25,
148.57, 146.62, 135.25, 131.29, 129.74, 128.88, 125.74, 122.70, 119.45, 118.99,
118.94, 117.77, 117.17; FAB-MS (positive ion): m/z : 481 (MH�, 100 %);
elemental analysis calcd (found) for C28H20N2O6 ´ 4 H2O: C 60.87 (60.93), H
5.11 (5.07), N 5.07 (5.04).

K4[Ti2-L3]: The ligand H4-L (150 mg, 0.312 mmol) was suspended under
oxygen-free conditions in CH3OH (30 mL). A 0.508n KOH solution in
CH3OH (817 mL) was added by a pipetteman. [TiO(acac)2] (55 mg,
0.21 mmol) was added as a powder, after which the solution gradually
turned orange. The mixture was stirred overnight, and the solvent
subsequently removed under vacuum to afford a red solid, which was
purified by recrystallization from DMF/Et2O (156 mg; 89%). Crystals
suitable for analysis by X-ray diffraction were obtained by the slow vapor
diffusion of Et2O into a solution of the complex in DMF/THF. 1H NMR
(500 MHz, [D6]DMSO): d� 11.66 (s, 6H), 8.01 (s, 6 H), 7.68 (s, 6 H), 7.30 (d,
6H), 7.15 (d, 6H), 7.13 (d, 6H), 6.50 (t, 6H), 6.39 (d, 6 H); 13C NMR
(125 MHz, [D6]DMSO): d� 165.25, 161.11, 160.09, 135.45, 132.09, 129.16,

129.13, 125.04, 122.78, 117.78, 117.05, 116.96,
115.33, 113.89; ESI-MS (positive ion): m/z :
1567.3 (H4K[Ti2-L3]� , 97%), 1529.4 (H5[Ti2-L3]� ,
83%), 765.2 (H6[Ti2-L3]2�, 100 %); elemental
analysis calcd (found) for K4[Ti2-L3] ´ DMF ´
2H2O: C 58.84 (58.76), H 3.32 (3.25), N 5.48
(5.41).

K6[Ga2-L3]: Prepared as above using [Ga(acac)3].
The product was recrystallized by layering a
solution in CH3OH with Et2O (98 %). 1H NMR
(500 MHz, [D4]MeOH): d� 8.01 (d, 6 H), 7.39 (d,
6H), 7.17 (d, 6H), 7.11 (d, 6H), 6.87 (d, 6H), 6.73
(d, 6 H), 6.42 (t, 6 H); 13C NMR (125 MHz,
[D6]DMSO): d� 164.65, 161.06, 160.01, 134.45,
131.38, 129.01, 128.89, 125.01, 122.28, 117.18,
117.06, 116.98, 115.31, 113.22; ESI-MS (positive
ion): m/z : 1576 (H7[Ga2-L3]� , 100 %); elemental
analysis calcd (found) for K4[Ga2-L3] ´ DMF: C
55.69 (55.76), H 2.95 (2.89), N 5.26 (5.28).

(Me4N)8[Ti4-L6]: Prepared as above using [TiO-
(acac)2] and Me4NOH instead of KOH. The
orange precipitate was collected by filtration
and recrystallized by layering a solution in DMF
with Et2O (73 mg, 61%). Single crystals suitable
for X-ray diffraction were grown by the slow
vapor diffusion of ethyl acetate into a wet solution
of the complex in DMF. 1H NMR (500 MHz,
[D6]DMSO): d� 14.79 (s, 12H), 9.47 (d, 12H),
7.86 (d, 12 H), 7.49 (s, 12 H), 7.29 (s, 12H), 6.79 (d,

Figure 3. 1H NMR spectra of helicate ± tetrahedral cluster interconversion (D2O, pD 6.5). Addition of
Me4N� to a solution of K6[Ga2-L3] leads to quantitative transformation of Me4N�� [Ga4-L6]12ÿ.
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12H), 6.32 (d, 12H), 6.23 (t, 12H), 3.97 (s, 84H), ÿ2.55 (12 H); 13C NMR
(125 MHz, [D6]DMSO): d� 168.34, 159.94, 157.98, 138.94, 130.35, 128.39,
127.81, 123.01, 122.03, 113.95, 112.87, 112.73, 112.31, 112.12; 54.54, 49.32;
ESI-MS (negative ion): m/z : 1747.2 ((Me4N)6[Ti4-L6]2ÿ), 1140.4 ((Me4N)5-
[Ti4-L6]3ÿ), 1116.0 (H(Me4N)4[Ti4-L6]3ÿ), 1091.7 (H2(Me4N)3[Ti4-L6]3ÿ),
818.3 (H(Me4N)3[Ti4-L6]4ÿ), 836.8 ((Me4N)4[Ti4-L6]4ÿ, 100 %), 800.6
(H2(Me4N)2[Ti4-L6]4ÿ), 654.4 ((Me4N)3[Ti4-L6]5ÿ), 533.4 ((Me4N)2[Ti4-
L6]6ÿ), 509.1 (H2[Ti4-L6]6ÿ); elemental analysis calcd (found) for [Me4N]8-
[Ti4-L6] ´ 3DMF ´ 2 H2O: C 64.39 (64.46), H 5.61 (5.56), N 8.26 (8.32).

K4(Me4N)8[Ga4-L6]: Prepared as above using [Ga(acac)3], KOH, and
Me4NCl. The product was precipitated by reducing the volume of the
solution slowly to 5 ml. The yellow precipitate was collected by filtration
and dried under high vacuum (61 mg, 91 %). 1H NMR (500 MHz,
[D6]DMSO): d� 14.79 (s, 12H), 9.39 (d, 12 H), 7.81 (d, 12 H), 7.46 (s,
12H), 7.21 (s, 12 H), 6.78 (d, 12H), 6.26 (d, 12H), 6.08 (t, 12 H), 3.95 (s,
84H),ÿ2.60 (s, 12 H); 13C NMR (125 MHz, [D6]DMSO): d� 167.88, 159.67,
157.60, 138.56, 130.04, 127.89, 127.81, 123.01, 122.03, 113.95, 112.87, 112.73,
112.31, 112.02, 54.70, 49.97.
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A Simple Lithographic Approach for Preparing
Patterned, Micron-Scale Corrals for
Controlling Cell Growth**
Pradyut Ghosh, Mary Lee Amirpour,
William M. Lackowski, Michael V. Pishko,
and Richard M. Crooks*

In this report we demonstrate that a simple, three-step
lithographic processÐinvolving microcontact printing (m-
CP), polymer grafting, and subsequent polymer functionali-
zationÐresults in patterned surfaces exhibiting excellent cell

adhesion and spatial definition. The patterned substrates
consist of cell corrals having lateral dimensions of 63 mm and
wall heights of 54� 4 nm. The corrals have hydrophobic,
methyl-terminated n-alkanethiolate bottoms, which promote
cell adhesion, and the walls consist of hydrophilic poly(acrylic
acid)/poly(ethylene glycol) (3-PAA/PEG) nanocomposite
polymers that resist cell encroachment. Peritoneal IC-21
murine macrophage cell growth occurs only within the
boundaries of the corrals. This approach provides a simple
and chemically flexible route to local definition of cells on
surfaces.

Formation of biological tissue structures, such as nerves and
blood vessels, require micron-scale morphologic control and
spatial positioning of cells. To achieve this on artificial
substrates, the adsorption and adhesion of cells and proteins
have been studied on self-assembled monolayers (SAMs)
made up of alkanethiolates or alkylsilanes and on thin
polymer films.[1±5] There have been a smaller number of
studies focused on the adhesion and motility of cells on
patterned substrates.[6±11]

Our approach for exerting micron-scale control over cell
adhesion involves four steps (Scheme 1).[12] After preparation
of a suitable poly(dimethylsiloxane) (PDMS) stamp from a
TEM-grid master (TEM� transmission electron microscopy),

Scheme 1. Formation of micron-scale corrals with hydrophobic
alkanethiolate bottoms and walls consisting of a hydrophilic three-
layer poly(acrylic acid)/poly(ethylene glycol) nanocomposite.

an evaporated gold substrate is patterned with a hexadeca-
nethiol (C16SH) SAM by soft lithography.[13] Second, the
unmodified regions of the gold substrate are filled with a
SAM of 11-sulfanylundecanoic acid (also called mercaptoun-
decanoic acid, MUA). Next, the terminal acid groups of the
MUA-patterned portions of the mixed monolayer are acti-
vated and treated with a,w-diamino-substituted poly(tert-
butyl acrylate) (H2NR-PTBA-RNH2) to yield the amide-
grafted polymer layer. Hydrolysis of PTBA with MeSO3H
yields the first layer of PAA, and two additional cycles of
activation, grafting, and hydrolysis yields a hyperbranched
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