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Furthermore, this arrangement allows simultaneously the paral- 
lel organization of the rodlike molecules and the segregation of 
polar and lipophilic units into different regions. 

A novel case of mesophase induction by self assembly direct- 
ed by molecular recognition has been described. It is the first 
example of mesophase stabilization and induction by inter- 
action of alkali metal cations with a low molecular weight 
calamitic crown compounds. It is especially remarkable, that 
this rod-shupedmolecule can organize as a columnar mesophase. 
In all previously reported cases of mesophase induction by com- 
plex formation of crown ethers with alkali metal ions, columnar 
mesophases were only obtained with tapered-shaped molecules, 
that is, compounds that have a "pre-disc" shape. 
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K,Sb~109Se,.3H,0: The First Crystalline 
Nanoporous Material with a Photo-Semicon- 
ducting Host Structure** 
Ulrich Simon,* Ferdi Schiith, Stephan Schunk, 
Xiqu Wang, and Friedrich Liebau 

During the nineties the preparation of nanostructured materi- 
als has evolved to an important and promising area for physi- 
cists and chemists. The topic of many developments is the de- 
signed formation of specific structures of matter, for example 
the generation of quantum dots, quantum wires, or multiple 
quantum wells, for integration into microelectronic circuits to 
miniaturize functional elements." - 3 1  

To generate nanostructures physicists usually adopt prepara- 
tion methods like electron beam lithography, which create the 
small from the large structure and are consequently termed 
"top-down'' methods. However, these methods can only gener- 
ate structures that have a certain size distribution. but not those 
of uniform size. This is a disadvantage when quantum size prop- 
erties are investigated, because these properties are very sensi- 
tive to structural changes. 

In order to cope with this problem, chemistry has evolved an 
approach that has so far attracted only little attention. Elabo- 
rately optimized synthesis and self-assembly techniques have 
made available nanostructured materials of uniform shape and 
size, which may be smaller than one nanometer. These ap- 
proaches start from atomic or molecular precursors and create 
large from small. Thus, they are termed "bottom-up'' methods. 
Among these materials are many metal and semiconductor clus- 
t e r ~ [ " ~  (which in some cases are arranged in superstructures) as 
well as a large number of meso- to nanoporous solids. The latter 
consist of a host structure containing cage- or channel-type 
pores, or both. Guests are occluded in these voids. By far the 
best known solids of this kind are zeolites and zeolite-type metal 

mensional, polyhedral framework. Among the metal oxide 
group are mainly compounds that fulfil the structural demands 
of semiconductors but are electrical insulators due to their 
chemical composition. 

oxides,[2. 5 71 in . which the host structure is a porous, three-di- 
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For some time, therefore, efforts have been made to prepare 
nanoporous semiconducting materials chemically.[s - ''I Such 
substances are crystallized with templates and typical semicon- 
ducting elements such as Sn, Sb, and Se. So far, however, only 
template-stabilized framework structures that transform into 
thermodynamically more stable phases and lose their porosity 
upon removal of the template have been found. Here we report 
the synthesis of the crystalline, template-free compound 1 with 
a host structure consisting of one-dimensional tubular chains 
and discuss its thermal, optical, and electrical properties. 

K3Sb,O,Se;3H,O 1 

Crystals of 1 are prepared hydrothermally from aqueous 
KOH and elemental antimony and selenium and grow as dark- 
red hexagonal prisms to a maximum size of 0.1 mm width and 
1 mm length. Under standard conditions ( T  = 298 K, P = 

0.1 MPa) they are stable to air, water, methanol, ethanol, and 
acetic acid. The determination of the structure based on single- 
crystal X-ray diffraction data["] shows that 1 is an ordered 
2 x 2 x 1 superstructure of the disordered structure of the natu- 
ral mineral cetineite (K,Na), +,(Sb,O,),(SbS,)-(2.8 - x)- 
H20['Z1 and a series of synthetic phases that are isotypic with 
cetineite and that have the general formula A,[Sbl,01,][SbX,]2~ 
(6 - mx - y)HzO-x[B"+(OH),]~y~ (A = NaC,  K', Rb'; 
X = S 2 - ,  Se2-; and B = Na', Sb3+).[131 The square in that 
formula represents a vacancy in the crystal structure, that is, not 
all of the H,O and OH positions have to be occupied (for ex- 
ample after dehydration). 

In the hexagonal structure of 1, pyramidal [SbO,] groups are 
linked to tubular [Sb,,O,,] chains (Figure I ) .  These tubes are 

Figure 1. Projection of the hexagonal structure of 1 along the crystallographical c 
axis (a = h = 29.260(7), c = 5.6164(7) A, 2 = 8, space group P6,). 

then combined to form a three-dimensional nanoporous frame- 
work through weaker secondary interactions with interjacent 
[SbSe,] pyramids. The diameter of the tubes is about 7.0 A, and 
they are lined by the K' ions. The central part of a tube is 
occupied by [ (H,O),] octahedra, which are elongated trigonally 
and linked through shared faces to form a chain of octahedra. 
The electron micrograph in Figure 2 clearly reveals the 
nanoporous character of the crystal structure. 

By a combination of differential thermal analysis, ther- 
mogravimetry, and X-ray diffraction it was shown that the host 
structure of 1 is stable up to about 570 K in air and up to 710 K 
in flowing nitrogen at standard pressure (0.1 MPa) . At higher 
temperatures in air, Sb"' is oxidized to SbV and the host struc- 
ture is destroyed. 

Figure 2. Electron micrograph of 1 showing the nanoporous structure 

Investigations with IR-microspectroscopy using polarized ra- 
diation and a high-vacuum sample environment were carried 
out on single crystals of 1 with a size of 40 pm x 200 pm. Fig- 
ure 3 shows the IR spectra for radiation polarized perpendicular 
(top) or parallel (bottom) to the hexagonal c axis of the crystals. 
From these spectra it can be deduced that the water molecules 
possess a strong preferential orientation in the structure. 

E I:/ 1 

1 I 4 I I I 

3700 27W 17W 700 

:/cm-' - 
Figure 3. FTIR spectra of a crystal of I .  The polarization plane is indicated: 0 
(top) and 90" (bottom). E = extinction. 

A striking characteristic of both spectra is the differences for 
the two polarization directions in the regions of the OH vibra- 
tions (at 3600-3000 cm-' and at 1730-1600 cm-'). The OH 
vibrations are caused by the water molecules occluded in the 
channels of 1. The maxima of the signals occur at around 3500, 
3000, and 1677 cm- '. This corresponds to the symmetric and 
antisymmetric stretching modes and the bending mode of free 
water. The assignment of the high-frequency signal to the sym- 
metric stretching mode is based upon its polarization behavior, 
which is identical to that of the bending mode. This shows that 
the two modes belong to the same symmetry. 

To verify the assignment of the signals, the water was removed 
from the channel structure by pumping and heating. In the case 
of morphologically well-defined crystals, this was achieved at 
room temperature under high vacuum within a few seconds. In 
the case of crystal aggregates, which consisted of single crystals 
intergrown to fiber- or bundlelike units, removal of the water 
was possible only after grinding and sometimes only after a 
prolonged treatment at 620 K under vacuum. Because in all 
cases the IR signals mentioned above vanished under high vac- 
uum, they can unambigiously be identified as belonging to wa- 
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ter. From the strong polarization of the signal at 1677 cm-', it 
can be deduced that the C,  axis of the water molecules are 
preferentially aligned parallel to the crystallographic c axis of 1. 
From the dichroic ratio a mean deviation of the C, axis from the 
c axis of 20-30' can be calculated. 

This is in agreement with the crystallographic result based on 
the average structure (calculated without consideration of the 
superstructure reflections), according to which each oxygen 
atom 0, of the water molecules is attached to an oxygen atom 
of the tube by a short hydrogen bond of 2.67 8, (--- in Figure 1 ) .  
In contrast, distances of 3.12 8, to two neighboring 0, atoms 
( . . .  in Figure 1 )  indicate the presence of only weak hydrogen 
bonds. Four such oxygen atoms connected to each other by 
hydrogen bonds are situated in a plane perpendicular to the c 
axis. 

To determine the optical band gap, single crystals of 1 were 
studied with a microspectrophotometer (Leica MSV-SP). Fig- 
ure 4 shows a UV:Vis spectrum that was recorded in transmis- 
sion mode in the wavelength region between 250 and 800 nm. 
The solid shows a strong absorption below about 610 nm, which 
corresponds to the dark-red color of the crystals. This wave- 
length corresponds to an optical excitation energy of 2.06 eV. 
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Figure 4 UV Vi5 spectrum of 1 measured in transmission mode 

For measurement of the electrical conductivity, single crystals 
of good optical quality were fixed on a quartz support. Their 
ends in the c direction were fixed in contact with silver paint. 
Defects at the crystal surface in the contact region as well as the 
contacts themselves may influence the results of conductivity 

Therefore, long crystals were selected to 
make sure that the contribution of the volume to the total con- 
ductivity dominates. In addition, the contacts were attached in 
such a way that they cover the ends of the crystals well enough 
to minimize the direct incidence of light in this region. Instead 
of d.c. measurements, impedance measurements were per- 
formed in a frequency region from 10 mHz to 10 kHz. With this 
method interfacial phenomena and contact resistances, for ex- 
ample by an oxide layer, can in most of the cases be separated 
from the resistance of the 

Figure 5 shows curves of the complex impedance, which are 
representative of the crystals investigated. Samples were mea- 
sured in the dark (a) and under illumination with white light (b) 
at room temperature. The measurements yield compressed 
semi-circles. From rheir low-frequency minima, the d.c. resis- 
tance R and the specific conductivity (T can be extrapolated. 
For the example shown here, oa (conductivity in the dark) is 

4 T  

3 1  4 .  A 

0 1 2 3 4 5 6 

Z'/IO'O R - 
Figure 5.  The complex impedance, shown in the complex plane of 1, in the dark (a) 
and under illumination (b) at 298 K. The solid line represents an idealized curve 
fitted through the data by means of a Cole-Cole element. 

2.54 x lo-' Scm-' and (conductivity under illumination 
with light) is 1.91 x lo-' Scm-'. As the high-frequency ends of 
both curves end at the origin of the coordinate system and as 
only the volume of the crystal was illuminated directly, these 
results show that 1 is photoconducting. The H,O guest mole- 
cules present in the structure can be excluded as the cause of this 
conductivity. Accordingly, as far as we know 1 is the first 
nanoporous semiconductor with a photosemiconducting host 
structure. 

As at present there is no additional information on the elec- 
tronic structure of 1 apart from the data presented in this work, 
no assignment of the optical band gap and no explanation for 
the basis of photoconductivity can be given. For this purpose, 
additional investigations, especially on the temperature depen- 
dence of the optical absorption and the conductivity, as well as 
on the mobility of the charge carriers, are in preparation. How- 
ever, it is clear that with the synthesis and characterization of l 
a step has been made into the direction of potential applications 
along the lines of the predictions for the class of nanoporous 
semiconductors.['. '-'I Because of the large interior surface of 
dehydrated 1, its use as a highly sensitive and chemoselective 
sensor appears possible. The results of this work also point to 
possible optoelectronic and photovoltaic applications. 

Exper imen fa/ Sect ion 
Synthesis of 1: antimony (0.76 g). selenium (0.74 g), KOH (0.80 g). water (2.5 mL), 
and 2-aminopentane (0.5 mL) were charged into 50mL teflon bottles, which were 
sealed and heated to 473 K in a steel autoclave for 4 days. The product was washed 
with water and methanol, filtered off, and dried in air. As the products always 
contained minor amounts of other phases, analytical investigations (electron beam 
microprobc with a CAMEBAX MICROBEAM device from Cameca) and the single 
crystal X-ray structure determination were carried out on crystals that were selected 
under the optical microscope 
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Highly Efficient Synthesis of Cephalotaxine by 
Two Palladium-Catalyzed Cyclizations"" 

WOC t i  
B O C  1 
Woc Br 

e H  I 
H Br 

Lutz F. Tietze* and Hartmut Schirok 

Dedicated to Professor Peter Welzel 
on the occasion of his 60th birthday 

Cephalotaxine 1 is the parent compound of the antileukemic- 
active harringtonines, a group of uniquely structured penta- 
cyclic alkaloids that were isolated from the southeast Asian yew 
tree of the genus Cephaloraxus.['] In the harringtonines the free 
hydroxyl group of 1, which itself is not biologically active, is 
esterified by a substituted methyl hydroxymonosuccinate. Al- 
though several totaI syntheses of racemic cephalotaxine have 
been described,12] and even the enantiomerically pure natural 
product has been ~ynthesized,[~' new synthetic approaches are 
especially attractive when they either surpass former methods in 
efficiency or allow modifications of the structure of the natural- 
ly occurring compound. 

Both of these requirements are fulfilled by the method report- 
ed herein, which is used to construct the racemic intermediate 2, 
which, according to Kuehne et is easily converted in four 
steps into cephalotaxine 1 in a total yield of 75%. Retrosynthe- 
tic analysis of 2 suggests that the cleavage of the seven-mem- 
bered ring would provide the spirocyclic compound 3a, which 
should be available from allyl acetate 4a. This compound can be 
readily obtained from 5e und 6 by alkylation. The intramolecu- 
lar Pd-catalyzed substitution of an allyl acetate with an amine 
has already been reported by Godleski et al.,141 and the stereose- 
lective construction of benzazepines by intramolecular Heck 
reaction from appropriate iodoarenes has been carried out with 
other compounds by our group.[51 The combination of both 
Pd-catalyzed reactions should therefore lead to a highly efficient 
synthesis of cephalotaxine. It had to be clarified first, however, 
whether the difference in reactivity between the allyl acetates 
and the iodoarenes is sufficient for a selective reaction process. 

For the synthesis of 5e,16] amine 5a,17] readily available from 
piperonal, was protected with di-tert-butyldicarbonate to form 
5 b  and subsequently halogenated with iodine and silver tri- 
fluoroacetate['] to yield 5c. Subsequent cleavage of the tert-bu- 
toxycarbonyl (tBoc) protecting group with trifluoroacetic acid 
provided the known amine 5e in 91 % yield. Initially, the iodina- 

[*] Prof. Dr. L. F. Tietze, Dip1.-Chem. H. Schirok 
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tion of 5 b proved difficult. By other methods, such as the reac- 
tion with iodine and iodic acid as reported by KOnigstein,"l 5c  
was obtained only in very low yields. This results from the fact 
that the electron density of methylenedioxyarenes such as 5 b is 
lower than that of I ,2-dimethoxybenzene, because the steric 
arrangement of the methylenedioxy group restricts the overlap- 
ping of the oxygen atoms' orbitals containing nonbonding elec- 
tron pairs with the x-orbitals of the arene.['Ol 

Alkylation of 5e with iodide 6 (Table I), readily available 
from 3-ethoxycyclopentenone in four steps, provides the sec- 
ondary amine 4a, the starting material for the double cycliza- 

Table 1. 1H NMR spectroscopic data of 2, 3b, 4b, and 6. 

2: 1H NMR (200 MHz, CDC13): 6 =1.66- 1.87 (m. 2H), 1.91 -2.07 (m, 3H), 2.34 
(dd, J = 14.2, 6.1 Hz, 1 H), 2.43 (ddd, J = 9.3, 9.3. 6.8 Hz, 1 H), 2.58 (dd, J = 11.7, 
7.3 Hz, 1 H), 2.76 (ddd, J = 17.8,4.9.2.4 Hz, 1 H), 2.96 (ddd, J = 12.7,11.7,6.1 Hz, 
1H). 3.11 (ddd, J=9 .3 .  7.6,4.9Hz, l H ) ,  3.20(ddd.J=14.2, 12.7.7.3H~. IH),  
3.88(br.s, 1 H), 5.52(ddd, J =  5.9,4.4,2.2 Hz, 1 H), 5.79(ddd,J= 5.9,5.1.2.4Hz, 
lH),5.88(d,J~1.5H~,1H),5.89(d,J=1.5H~,1H),6.59(s,lH),6.65(~,1H) 
3b:  1H NMR (200 MHz, CDC13): d = 1.61 (tt. J = 6.8,6.8 Hz. 1 H). 1.74-1.98 (m. 
5H),  2.30 (tdd, J z 7 . 1 .  2.2, 2.1 Hz, 2H). 2.38-2.56 (m, 2H), 2.69-2.85 (m, 3H). 
2.88-3.02(m,1H),5.56(dt,J=5.6,2.1Hz,lH),580(dt,J=5.6,2.2Hz,lH), 
5 93 (s, 2H). 6.71 (s, 1 H). 6.96 (s, 1 H) 
4b:lHNMR(500MHz,CDC13):6=1.7(hr.s,lH).1.71(tt,J=7.3,7.3Hz.2H), 
1.83(dddd,J=14.2,8.7,3.9,3.2Hz,lH),2.02(s,3H),2.12-2.25(m,3H),2.32 
(dddd, J = 13.9.8.8. 7.6, 5.1 Hz, 1 H), 2.41 -2.49 (m, 1 H), 2.68 (t. J = 7.2 Hz. 2H), 
2.82-2.89 (m, 4H). 5.47 (m, 1 H), 6.62-6.66 (m, 1 H), 5.95 (s, 2H). 6.74 (s, 1 H), 
6.99 (s, 1 H) 

147-1.71(m,4H),2.49(t,J=6.8Hz,2H),5.32(m.1H),5.53-5.64(m,1H) 
6: lHNMR (200MHz, C6D6): 6 =1.35 (tt, J=7.1,  7.1 Hz, 2H). 1.59 ( s ,  3H). 




