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Novel technologies based on nanoscale machines and
devices will bring us a new world.[1] The key to realizing this
nanotech world is to devise simple and efficient methods to
create patterns of well-arranged nanocrystallites.[2] Recent
research on metal and semiconductor nanostructures is
expanding rapidly into the assembly of nanoparticles in two-
(2D) and three-dimensional (3D) ordered superstructures.[3]

A range of methods, including solvent evaporation of hydro-
phobic colloids,[4] molecular cross-linking in colloidal aggre-
gates,[5] and biotemplate-directed synthesis,[6] have been
reported, and they usually require the synthesis of initial
nanoparticles with uniform size. One-dimensional (1D) nano-
structures are of particular interest because of their potential
in fundamental research and industrial applications.[7] The
synthesis of nanorod arrays, especially the creation of aligned
nanorods with novel patterns on surfaces, is considered to be a
definitive step towards the fabrication of advanced electronic
and opto-electronic nanodevices.[8] However, due to the
anisotropic structure of nanorods, the oriented growth of
nanorods on surfaces is difficult and usually requires solid
templates, such as porous alumina,[9] polymer nanotubes,[10]

and patterned catalysts,[11] to control the directional growth.
Mostly substrates such as silicon wafers, Al2O3 membranes,
and polycrystal glass plates are used to sustain nanorod
growth.[12] The development of simple, mild, and effective
methods for creating novel assemblies of 1D metal or

semiconductor nanostructures on heterogeneous substrates,
or even on self-generated homogeneous substrates, is of
importance to nanotechnology and remains a key research
challenge.

Here we demonstrate a room-temperature solution-growth
method to synthesize of a self-supported pattern of radial
semiconductor Ag2S nanorod arrays with only AgNO3,
thiourea (Tu), and NaOH as the reagents. To the best of our
knowledge, this is the first self-supported growth of Ag2S
nanorods. The reaction between AgNO3 and Tu to form an
unstable Ag-Tu complex has been well studied.[13] Our
strategy is based on the experimental finding that basic
conditions accelerate the decomposition of Tu.[14] We induce
the reaction of AgNO3 and Tu under basic conditions to
control the decomposition rate of the complex and hence the
nucleation and growth rates of crystalline Ag2S. This synthetic
process is very simple and mild, free of any templates (either
membranes or surfactants), and provides a novel method for
low-temperature homogeneous growth of 1D nanostructures
and their simultaneous assembly into patterns.

The formation of the crystalline Ag2S phase was established
from X-ray diffraction (XRD) pattern (Figure 1). All peaks
can be indexed to monoclinic Ag2S with lattice constants
comparable to the values of JCPDS card 14-72, and no
impurities can be detected in this pattern, which indicates that
crystalline Ag2S is formed from solution at room temperature.

Figure 1. XRD pattern of the Ag2S nanorod arrays.

The product morphology and chemical composition were
determined by scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS). Figure 2 shows the
unusual structure of radially aligned Ag2S nanorods grown on
a flakelike substance. The flakes usually have an irregular
morphology with size up to dozens of micrometers, on which a
large number of Ag2S nanorods grow radially from one
center. The nanorods have nonuniform diameters in the range
of 50 to 200 nm and lengths of up to several micrometers. The
Ag2S nanorods at the radial center are slightly wider and
longer than those at the edge. The EDS spectra (not shown) of
the Ag2S nanorods and flakes show strong silver and sulfur
signals with Ag:S ratios of 2.00:1.03 and 2.04:1.00, respec-
tively, which indicate stoichiometric relations between Ag and
S in both the nanorods and the flakelike material. These
results clearly indicate the formation of a distinctive radial
pattern of aligned Ag2S nanorods on self-provided Ag2S
flakes.
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Figure 2. SEM images of the Ag2S nanorod arrays.

The product was further characterized by high-resolution
transmission electron microscopy (TEM), accompanied by
EDS and selected-area electron diffraction (SAED). Fig-
ure 3a shows a typical TEM image of the product. The
diameters of the nanorods are in the range of 30 to 120 nm,
slightly less than those determined by SEM. This may be due
to the Au cladding sprayed on the sample for SEM observa-
tion, which makes the diameters determined from SEM
images slightly larger than the true sizes.[15] The high-
resolution TEM image of an individual Ag2S nanorod (inset

Figure 3. a) TEM image of the Ag2S nanorod arrays. The inset is a high-
resolution TEM image of a nanorod. b) SAED pattern obtained from a
nanorod. c) EDS spectrum obtained from a nanorod. d) SAED pattern
obtained from a flake. e) EDS spectrum obtained from a flake.

in Figure 3a) clearly shows that the nanorod is highly
crystalline and has a preferred growth direction. The calcu-
lated interplanar distance is 2.4 ä for the (1≈03) face,
consistent with that previously reported.[16] The (1≈03) face is
parallel to the long axis of the rod, that is, the preferred
growth direction is [010]. Figures 3b and c show the SAED
pattern and EDS spectrum, respectively, of an individual
nanorod. The diffraction spots, indexed in Figure 3b, further
suggest that the nanorod has a [010] growth direction.
Figures 3d and e show a typical SAED pattern and an EDS
spectrum, resectively, of a single flake; they indicate that the
flakelike material is polycrystalline Ag2S. The Cu and Cr
signals are attributed to Cu grids for TEM observation. The
powder XRD pattern (Figure 1) does not show any distin-
guishing diffraction peaks, which may be due to the fact that
this pattern was measured on the randomly oriented poly-
crystalline flakes with radial nanorods. The TEM results are
consistent with those obtained from SEM observations and
further confirm the formation of the unique self-supported
pattern of radially aligned Ag2S nanorods.

The addition of an appropriate amount of NaOH is
undoubtedly vital in the formation of the unique pattern. In
our experiments, 0.75 ± 1.15 mL of 2� NaOH solution led to
formation of the self-supported pattern of radial Ag2S nano-
rod arrays; otherwise, no nanorod arrays were observed. The
reaction without NaOH resulted in the formation of Ag2S
microrods due to the strong coordinating ability of Tu. At low
concentrations of NaOH (0.50 mL), the decomposition and
nucleation rates are very slow, and the gradual transference
and aggregation of the substance lead to the formation of
flakelike Ag2S. At high concentrations of NaOH (1.95 mL),
decomposition of the Ag-Tu complex is so fast that much Ag2S
nucleates immediately after the two solutions are mixed, and
homogeneous Ag2S nanoparticles are formed.

The structure-directing agent (Tu) is also important for
controlling the decomposition of the Ag-Tu complex, and
therefore the growth of Ag2S nanorods. In our experiments, a
slight increase in the amount of Tu did not seriously affect the
formation of the nanorod arrays, but did lead to a slight
decrease in diameter. The reaction temperature is another
factor that affects diameter and length. Increasing the
reaction temperature from 20 to 40 �C increased the average
diameter of the Ag2S nanorods and decreased the length.

In summary, a simple and mild solution-growth method,
free of any templates and substrates, creates a unique self-
supported pattern of radial semiconductor Ag2S nanorod
arrays at room temperature, and may provide a new method
for directed growth of nanorods and related materials.

Experimental Section

In a typical procedure for the synthesis of self-supported, radially aligned
Ag2S nanorods, 0.95 mL of 2� NaOH solution was mixed with 10 mL of
0.26� Tu solution with stirring. Then the mixed solution was slowly added
to 5 mL of 0.39� AgNO3 solution, and the mixture was kept at room
temperature for several days. The resulting black precipitate was collected
by filtration, washed several times with distilled water and absolute alcohol,
and dried at room temperature.
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Total Synthesis of (�)-Strychnine
Masato Nakanishi and Miwako Mori*

(�)-Strychnine (A),[1] the most famous of the Strychnos
alkaloids, has seven rings and six stereogenic centers in the
molecule and is one of the most complex natural products of
its size. Although Woodward et al.
succeeded in the total synthesis of
(�)-strychnine in 1954,[2] there were
no reports of its total synthesis for
40 years. In 1992, Magnus et al. re-
ported the total synthesis of strych-
nine,[3] and then Overman and co-
workers succeeded in the first asym-
metric total synthesis of (�)- and (�)-strychnine in 1993.[4]

Since then, several groups have reported the total synthesis of
(�)- or (�)-strychnine.[5, 6] Very recently, Vollhardt and co-
workers completed the total synthesis of (�)-strychnine by
using an ingenious cobalt-catalyzed [2�2�2] cycloaddition as
a key step.[7]

We recently reported a novel method for synthesizing
indole derivative 4 by means of palladium-catalyzed cycliza-
tion of 2-bromoaniline 3. The aniline derivative 3 was
obtained from cyclohexenol 1 and aniline 2 by using
palladium-catalyzed asymmetric allylic substitution
(Scheme 1).[8] (�)-Dehydrotubifolin and (�)-tubifolin were
synthesized from tetracyclic ketone 5, which was formed from
10 (Scheme 3; cf. 4).
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Scheme 1. Palladium-catalyzed asymmetric allylic substitution. Ts� to-
luene-4-sulfonyl, TBDMS� tert-butyldimethylsilyl, binapo� (S)-2,2�-bis-
(diphenylphosphanoxy)-1,1�-binapthyl, Boc� tert-butoxycarbonyl.

These results prompted us to synthesize (�)-strychnine, as
tetracyclic ketone 5 is considered to be a very important
intermediate in the syntheses of Strychnos indole alkaloids.
Our retrosynthetic analysis of (�)-strychnine is shown in
Scheme 2. The method for the construction of the G ring is
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