
mass spectrometry (43). Our study has also 
confirmed the absolute stereochemistry of 
ciguatoxins ( 6 ) .  

A preliminary toxicity study of the natural 
product and the synthetic compounds was 
carried out in mice. As expected, synthetic 
CTX3C (2) displayed LD,, values (-1.5 kg/ 
kg) comparable to that of the natural form 
(1.3 kglkg) (7). However, it is surprising that 
the protected intermediate 28 did not exhibit 
detectable toxicity, which suggests that our 
synthetic route is fortunately nontoxic until 
the final deprotection step. 

The total synthesis of CTX3C was 
achieved via the convergent assembly of two 
comparably complex fragments, 14 and 19, 
which were synthesized by coupling two sim- 
ple cyclic ethers, 5 + 6 and 7 + 8, respec-
tively. It should be possible to improve the 
latest deprotection step. The present versatile 
synthetic strategy should be applicable for 
synthesizing the congeners (8 )  and should 
help accelerate the preparation of anti-cigua- 
toxin antibodies for detecting intoxicated 
ciguateric fish and create VSSC probes that 
may provide valuable insight into the VSSC- 
ligand interaction at the molecular level, as 
well as the activation and gating mechanism 
of VSSCs. 
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Engineering Crystal Symmetry 
and Polar Order in Molecular 

Host Frameworks 
K. Travis Holman, Adam M. Pivovar, Michael D. Ward* 

A crystal design strategy is described that produces a series of solid-state 
molecular host frameworks wi th  prescribed lattice metrics and polar crystal- 
lographic symmetries. This represents a significant advance in  crystal engi- 
neering, which is typically l imited t o  manipulation of only gross structural 
features. The host frameworks, constructed by connecting flexible hydrogen- 
bonded sheets wi th  banana-shaped pillars, sustain one-dimensional channels 
that are occupied by guest molecules during crystallization. The polar host 
frameworks enforce the alignment of these guests into polar arrays, wi th  
properly chosen guests affording inclusion compounds that exhibit second 
harmonic generation because of this alignment. This protocol exemplifies a 
principal goal of modern organic solid-state chemistry: the precise control of 
crystal symmetry and structure for the attainment of a specific bulk property. 

The prediction of crystal structure based sole- 
ly on the structure of molecular components 
remains one of the foremost challenges in 
organic solid-state chemistry (1-3). The in- 
herent limitations of computational methods 
for structure prediction have forced solid-
state chemists to rely on empirical crystal 
engineering strategies, which historically 
have been restricted to the design of general 
lattice architecture. In order to better manip- 
ulate the properties of organic solid-state ma- 
terials and capitalize on their inherent versa- 
tility, however, crystal engineering needs to 
develop empirical models that provide reli- 
able prediction and control of crystal symme- 
try, lattice parameters, and atomic positions. 

In this regard, the synthesis of polar crys- 
tals from achiral molecular components has 
been a particularly noteworthy challenge, be- 
cause it requires crystallization into acentric 
space groups (those lacking inversion sym- 
metry) (4). Moreover, acentric space group 
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symmetry is a requirement for a number of 
technologically relevant properties, including 
piezoelectricity, pyroelectricity, ferrolectric- 
ity, and second harmonic generation (SHG). 
SHG describes the ability of a material to 
double the frequency of incident light, a fea- 
ture that is important to many advanced op- 
toelectronics applications (5) . Consequently, 
several approaches toward the achievement 
of acentric crystal packing have appeared in 
recent years; for example, acentric hydrogen- 
bonded aggregates (6, 7 ) ,  acentric metal-li- 
gand coordination networks (a),antiparallel 
alignment of ionic sheets (9, lo), and head- 
to-tail alignment of dipolar guests confined in 
channels of organic host lattices (11, 12). 
Most strategies, however, have not empha- 
sized precise control of the three-dimensional 
(3D) crystal structure, focusing instead on the 
frustration of centric packing, so that the 
tendency to form acentric crystals is in-
creased. We describe here a crystal design 
strategy that produces polar host frameworks 
with 'D cryaa1 symmetries and lattice met- 
r i c ~that are preordained by the structure and 
symmetry of the molecular components. 
These new polar host frameworks guide the 
alignment of selected guest molecules into 
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polar arrays, affording inclusion compounds 
that exhibit SHG activity. 

Our laboratory has reported a series of la- 
mellar host frameworks constructed from gua- 
nidinium cind organodisulfonate ions, in which 
the organic residues of the organodi- 
sulfonate ions serve as molecular pillars that 
support inclusion cavities between opposing 
hydrogen-bonded sheets of complementary 
guanidinium (G) ions and sulfonate (S) moi- 
eties (Fig. l )  (13-16). The GS sheet can be 
described as being made up of 1D GS "ribbons" 
that are fused along their edges by hydrogen 
bonds that serve as hinges. These hinges allow 
accordionlike puckering of the sheet, about an 
angle 0,, effectively allowing the host to 
shrink-wrap around the guest molecules so that 

crystal packing is optimized (1 7). The organo- 
disulfonate pillars can project up or down from 
any S site on the GS sheet, enabling the forma- 
tion of numerous framework architectures (18). 
The most common architectures are the "bilay- 
er" (not shown in Fig. 1) and the "simple 
brick," the latter being continuous in all three 
dimensions as a consequence of alternating up- 
down pillar orientations on adjacent GS rib- 
bons. The lattice parameter a, which is equiva- 
lent to the S-S distance along the GS ribbon, is 
essentially constant for different GS com- 
pounds. In the simple brick framework, in 
which puckering can be substantial, the lattice 
parameters b and c depend on 0,,, according to 
simple mathematical functions (Fig. 1B). The c 
lattice parameter also depends on the length of 

centric "brick" 
inclusion compound 

Fig. 1. (A) Top and side views of the GS sheet (black, carbon; blue, nitrogen; white, hydrogen; 
yellow, sulfur; red, oxygen). The sheet consists of (G)N-H...O(S) hydrogen-bonded ribbons (high- 
lighted in gray) fused laterally by (G)N-He-.O(S) hydrogen bonds. (B) Schematic representation of 
a simple brick inclusion compound with puckered GS sheets. The G ions are blue, the organodis- 
ulfonate pillars are shaded light gray, and the S moieties are yellow and red. The ideal orthorhombic 
unit cell, defined by the lattice constants a, b, and c, is outlined in red. The included guest molecules are 
schematically depicted as gray squares inscribed with the letter g. 

w- 
q~ 

centric "brick" 
host framework 

i: 
rotation 

the organodisulfonate pillar, denoted as 1. The 
three lattice directions are mutually orthogonal 
in an ideal simple brick framework, resulting in 
an orthorhombic lattice. Slight deviations from 
the ideal orthorhombic symmetjr, however, are 
common, owing to the softness of the host 
framework. 

Almost all of the simple brick GS com- 
pounds examined previously have been con- 
structed with linear achiral pillars, in which 
the sulfonate substituents are located at op- 
posite ends, with the C-S bond vectors anti- 
parallel [for example, 1,4-benzenedisulfonate 
(Scheme I)]. Although we have observed 
isolated examples of polar ordering of certain 
guest molecules in these compounds, simple 
brick frameworks with linear pillars, whether 
puckered or unpuckered, are not inherently 
acentric and typically form centric inclusion 
compounds (19). 

A simple model can be used to devise a 
protocol, based entirely on achiral components, 
for achieving an acentric polar version of the 
simple brick framework (Fig. 2). Beginning 
with a puckered GS host with linear pillars, it is 
apparent that puckering of the GS sheet forces 
the pillars in adjacent layers to tilt in opposite 
directions. An imaginary dissection of these pil- 
lars reveals that the brick framework actually 
consists of an equal number of sheets with di- 
poles aligned in opposite directions, hence af- 
fording a centric framework. A 180" rotation of 
every other sheet in the lamellar stack, about an 
axis orthogonal to the sheets (that is, c), would 
produce an ensemble of sheets with all of their 
dipoles parallel. Reconnection of the pillars, 
now banana-shaped because the C-S bond vec- 
tors adopt a bent configuration rather than a 
linear one, would produce a host framework in 
which all the pillars point in the same diction, 
in this case establishing a polar axis along b 
(20). The geomem of the banana-shaped pillars, 
which remain connected to the GS sheets, 

polar (lmm2) "brick" 
host framework 

Fig. 2. Schematic representation of the strategy for designing'3D polar host about the c axis, illustrated here for one sheet (highlighted in blue) of an 
framework. (and, consequently, polar crystals): A simple brick GS host adjacent pair, aligns all the GS sheet dipoles parallel. Reconnection (B) of the 
framework derived from linear achiral organodisulfonate pillars, such as reoriented sheets affords a brick framework in which the now banana- 
1,4-benzenedisulfonate (BDS). Dissection (A) of the pillars illustrates that the shaped organodisulfonate pillars force the formation of a polar host frame- 
individual GS sheets have a polar axis and that the dipoles of adjacent sheets work The dipole directions illustrated here are intended only as a guide to 
are antiparallel. Rotation of one-half of the CS sheets by 180° describe the orientation of the GS sheets. 
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would now force puckering of the sheets (rather 
than puckering being driven by the tendency to 
optimizepacking of the pillars and guests). This 
in turn encourages the formation of the brick 
architecture instead of the bilayer form, which 
cannot achieve highly puckered configurations. 
If the two C-S bond vectors are precisely nor-
mal to the GS ribbons, the puckering angle will 
be dictated by the "bend angle"; that is, the 
angle definedby the intersectionof the two C-S 
bond vectors. More important, it is apparent 
from this model that all simple brick host h e -
works constructed with banana-shaped pillars 
will have polar symmetry. 

This surmise can be extended even further 
to the prediction of space group symmetry. 
Inspection of Fig. 2B reveals that if the ba-
nana-shaped pillar possesses C,, symmetry, 
with two mirror planes bisecting the pillar 
and intersecting on a twofold axis (Fig. 2), 
the space group symmetry of the resulting 
ideal host framework can be assigned as or-
thorhombic Zmm2 (21). Such a framework, 
which would be polar but not chiral, would 
probably guide the polar ordering of guest 

Fig. 3. (A) Schematic 
representation of polar 
simple brick GS host 
frameworks occupied 
by guest molecules 
(gray),which form polar 
arrays. (B) The orthor-
hombic lmm2 polar 
brick host framework 
(the polar guest arrays 
have been omit-
ted for clarity) in 
G,MDS.(nitrobenzene), 
as viewed perpendic-
ular to the corrugat-
ed guest-filled chan-
nels. The red shading 
on the opposing 
ends of one pair of 
adjacent pillars cor-

R E P O R T S  

molecules contained within its inclusion 
cavities. 

The strategy embodied in Fig. 2 has been 
reduced to practice for single-crystal inclu-
sion compoundsbased on GS hosts construct-
ed with three different banana-shaped pillars: 
mesitylenedisulfonate (MDS), 2,4,5,6-tetra-
methylbenzene-1,3-disulfonate (TMBDS), 
and 2-methoxy-4,6-dimethyl-1,5-benzenedi-
sulfonate (MDBDS), each having a bend an-
gle of 120" (Scheme 1) (22). The first two 
pillars in this series possess the nominal C,, 
molecular symmetry required for ideal Zmm2 
space group symmetry, whereas the third 
possesses C, point group symmetry (23). 
Given the length of the pillars (5.5 A, as 
measured by the intramolecular S.-S dis-
tance) and the 120" bend angle, the anticipat-
ed lattice parameters for these frameworks, 
based on their orthorhombic symmetry and 
the equationsprovided in Fig. lB, are a = 7.5 
A , b = 1 1 . 3 A , c = 2 1 . 2 A , a n d a = P = y =  
90". The ideal puckering angle, based on the 
bend angle, is 0,, = 120". 

The G2MDS, G,TMBDS, and G,MDBDS 

L P - -
a polar 'brick" 

inclusioncompound* 
polar guest 

hosts readily form crystalline inclusion com-
pounds with a variety of simple guests such as 
mesitylene, nitrobenzene, and dioxanelmetha-
nol. Single-crystal structure determinations of 
these inclusion compounds (Table 1) revealed 
that these hosts adopt the anticipated polar ar-
chitecturewith highly puckered GS sheets and 
banana-shaped pillars, all pointing along the 
polar b axis of the crystals (Fig. 3A). The 
included guest molecules are confined within 
1D cormgated channels, flanked by pillar 
"walls," along the b axis. The maximum possi-
ble orthorhombic space group symmetry antic-
ipated by the protocol in Fig. 2, Zmm2, is real-
ized in crystals of G,MDS.(mesitylene), 
G,MDS-(nitrobenzene) (Fig. 3, B and C) and 
G,TMBDS.(nitrobenzene). The achievement 
of Zmm2 symmetry by these inclusion com-
pounds is possible because these guests can 
have C,, molecular symmetry (the nitroben-
zene guests in the crystal actually exhibit 
disorder about the ab mirror plane with over-
all C,, symm.etry). The host framework in 
G,MDBDS.(dioxane)-(methanol) exhibits an 
essentially identical polar architecture. The 

lmm2 host framework in 
G2MDS*(nitrobenzene) 

lmm2 host framework in 
G2MDS*(nitrobenzene) 

responds to van der 
Waals radii of the D 
substituents. (C) The 
framework in (B) as 
viewed parallel to 
the channels, with 
the guests depicted 
as gray ovals. (D) 
The near-lmm2 (ac-
tual PI symmetry, 
unit cell depicted in 
red) host frame-
work in G,TMBDS. 
(N,N-dimethyl-3-ni-
troaniline). The polar 
guest arrays have 
been omitted for 

98" 

clarity. The large 
near-lmm2 (PI)host framework in near-lmm2 (Pna21)

N,N-dimethyl-3-ni- near-lmm2(Pn) 
troaniline guest pre- G2TMBDS*(N,N-dimethyI-3-nhniline) G2MDS-(4-nitroanisole) G2TMBDS*(N,Ndimethy14nitmaniline) 
vents close contact 
of adjacent pillars along the b axis, as indicated by the red van der Waals spheres. (E) The crystal structure of SHG-active G,MDSa 
(4-nitroanisole). (F) The crystal structure of SHG-active G,MDBDS-(N,N-dimethyl-4-nitroaniline). In (E) and (F), the guests are rendered in 
space-filling and the hosts in ball-and-stick format. 
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symmetry of the framework, however, is re- 
duced (to Pn), in part by the lower C, sym- 
metry of the MDBDS pillar. As expected, the 
host framework in each compound guides the 
assembly of the guest molecules into a polar 
array, in which all the guests are oriented 
along b. 

Based on the crystal structures with these 
simple guests, it was anticipated that the po- 
lar GS hosts would also enforce polar align- 
ment of guest molecules with significant mo- 
lecular second-order nonlinear optical hyper- 
polarizabilities (P), thereby producing mate- 
rials with SHG activity (24, 25). Notably, 
mm2 point group symmetry is recognized as 
effective for SHG (26). In this regard, 
G2MDS and G2TMBDS form ' 1 : 1 inclusion 
compounds with N,N-dimethyl-3-nitroaniline 
(PI,,,, = 25) and 4-nitroanisole (PI,,,, = 
65). The inclusion of N,N-dimethyl-4-nitroani- 
line (PI,,,, = 218), however, could only be 
achieved in G2TMBDS. Singlecrystal struc- 
ture analysis of these compounds confirmed the 
existence of the polar host architecture, with the 
guests organized as polar arrays along the b 
axis.,Although these compounds do not exhibit 
strictly orthorhombic Zmm2 symmetry, the lat- 
tice parameters for each compound reveal that 
their frameworks are nearly indistinguishable 
from the ideal Zmm2 form (27). This can be 
illustrated by G,TMBDS.(N,Ndimethyl-34- 
troaniline); though crystallizing in PI,  the low- 
est space group symmetry possible, its frame- 

MDS 

work displays an architecture nearly identical to 
ideal Imm2 (Fig. 3D). 

None of these inclusion compounds ex- 
hibit head-to-tail disorder of the dipolar 
guests, which is sometimes observed in other 
channel-type inclusion compounds. A head- 
to-tail configuration of the guests favors polar 
ordering within each channel of the GS hosts; 
however, the large interchannel distances 
would preclude significant guest-guest dipole 
interactions between channels. Although the 
anisotropic structure of the channels in the 
polar GS hosts may play a shape-directing 
role in establishing polar guest order, the 
dipole orientations of the various guest mol- 
ecules, relative to the banana-shaped pillars, 
are essentially identical in all the inclusion 
compounds, despite the different sizes and 
shapes of the guests. This suggests that the 
uniform polar alignment of the guest mole- 
cules, both within each channel and between 
channels, can be ascribed largely to the in- 
herently dipolar character of the host frame- 
work, which creates an environment in which 
host-guest interactions anchor the guests into 
the 3D polar arrays. 

It is apparent that the banana-shaped pil- 
lars force puckering of the GS sheet to pro- 
duce the expected polar architecture. In every 
case, however, €IIR is lower than the ideal 
value of 120". This feature, as well as the 
slight tilting of the C-S bond vectors from 
normality with the GS ribbons, reflects the 

TM BDS 

tendency of the molecular components to 
strive for close packing along the b axis. The 
lower compression limits of b are in fact 
determined by steric repulsion along this di- 
rection, either between the pillars or between 
the guests. Considering only the steric limits 
imposed by pillars (Scheme l), the lower 
limits of b for G2MDS and G2TMBDS are 
8.0 and 8.9 A, respectively, which correspond 
to minimum puckering angles of €IIR = 76" 
and 86". The corresponding c values also fall 
within the ranges expected for each pillar. 
Although estimations of the anticipated lower 
limits of b and €I,, for G2MDBDS are some- 
what complicated by the conformational free- 
dom of the methoxy group, models suggest 
that the lower limit for b is slightly greater 
than 8.0 A. 

All the inclusion compounds in Table 1 
exhibit b values between the ideal value of 1 1.3 
A and their respective lower limits. The rela- 
tively small guests in G2MDS-(nitrobenzene) 
and G2TMBDS-(nitrobenzene) result in b val- 
ues of 8.04 and 9.22 A, respectively, which are 
near the pillar-limited values for these hosts (as 
illustrated by the red van der Waals hemi- 
spheres for G2MDS in Fig. 3B). Conversely, 
the b values for G2MDS.(N,N-dimethyl-3-ni- 
troaniline) and G2TMBDS-(N,N-dimethyl-3- 
nitroaniline) are nearly identical (9.56 and 9.55 
A, respectively), reflecting steric compression 
governed by this larger guest rather than the 
pillars. In these cases, the pillars are not closely 

Scheme 1. 

Table 1. Structural parameters and SHC activity for lmm2 and near-lmm2 polar brick inclusion compounds. 

MDBDS 

Compound space group a (A) b (A) c (A) a (O) P (O) Y (OI v(A31 OIR (O) SHGS 

Anticipated framework (C,, pillars)* 
Fully compressed G,MDS framework? 
Fully compressed G,TMBDS framework? 
C2MDS . (mesitylene) 
G,MDS - (nitrobenzene) 
C,MDS . (N,N-dimethyl-3-nitroaniline) 
G,MDS . (4-nitroanisole) 
G,TMBDS - (mesitylene) 
C,TMBDS . (nitrobenzene) 
G,TMBDS . (N,N-dimethyl-3-nitroaniline) 
C,TMBDS . (Cnitroanisole) 
G,TMBDS (N,N-dimethyl-4-nitroaniline) 
C,MDBDS (dioxane) . (methanol)? 

*The lattice parameters a, b, and c used here represent orthogonal vectors that are strictly tThe fully compressed values are predicated on the close-packing limit between the pillars 
appropriate only for host frameworks with orthorhombic symmetry. The lattice parameters along b. The fully compressed limit for C,MDBDS is more difficult to establish because of the 
of the near-orthorhombic frameworks have been transformed to this convention for con- conformational freedom of the methoxy group. The expectation of lmm2 symmetry is based 
venient comparison. The anticipated values of b, c, el,, and V are predicated on pillars on on assumed C, pillar symmetry [see (23)]. fSHC response relative to values for KDP 
with a 120° bend angle and a length (1 ) of 5.5 A (Fig. 1 and Scheme 1). as measured by the Kurtz-Perry powder method. 
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packed along the b axis. Attempts to synthesize 
polar simple brick frameworks with related 
banana-shaped 1,3-benzene- and 2,4-dimethyl- 
1,5-benzenedisulfonates have failed. This most 
likely reflects excessive void space created by 
the absence of methyl substituents in key posi- 
tions, including those projecting along the b 
axis (28). 

A preliminary measurement of the SHG 
activity of these materials, using the Kurtz- 
Perry powder method (29), reveals that, as 
one would expect, the response scales ac- 
cording to the P values of the included 
guests. The highest SHG activity measured, 
in G,TMBDS.(N,N-dimethyl-4-nitroani-
line), is 10 times that measured for potas- 
sium dihydrogen phosphate (KDP), an ac- 
cepted SHG standard. G,MDS.(mesitylene) 
and G,TMBDS.(mesitylene), which con-
tain a centric guest with no nonlinear opti- 
cal activity, do not exhibit any measurable 
SHG response. Therefore, the polar host 
framework does not contribute significant- 
ly to the SHG activity, and the SHG activ- 
ity is primarily associated with the polar 
guest arrays. This illustrates the fact that 
inclusion compounds can permit crystal ar- 
chitecture, provided by the host framework, 
to be separated from function introduced by 
the included guests, in this case SHG. The 
ionic GS host frameworks also bestow ther- 
mal stability (the inclusion compounds are 
stable to at least 1 80°C) on otherwise low- 
melting guests, an important consideration 
for nonlinear optics applications. 

These results demonstrate that crystal engi- 
neering, using a protocol based on simple geo- 
metric principles, can include the prediction and 
control of lattice metrics and nominal space 
group syrnemtry. The ability to predict crystal 
structure with this level of detail is a rather 
unusual achievement in organic solid-state 
chemistry (30). Furthermore, this design pro- 
duces a polar host framework from entirely 
achiral components, resulting in polar align- 
ment of guest molecules that do not crystallize 
in polar space groups in their pure forms or that 
exist as liquids at room temperature. We antic- 
ipate that related frameworks constructed with 
pillars having significant hyperpolarizabilities 
also can produce materials with SHG activity. 
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Seismic Detection of Rigid 

Zones at  the Top of the Core 


Sebastian Rost* and Justin Revenaugh 

Data from earthquakes in the Tonga-Fiji region recorded at a seismic array in 
northern Australia show evidence for rigid zones at the top of the outer core. 
The ScP waveforms can be modeled by thin (0.12 to 0.18 kilometer) zones of 
molten iron mixed with solid material with a small, but positive, S-wave velocity 
(0.6 to 0.8 kilometer per second) that enables the propagation of S-waves in 
the outermost core. The zones may be topographic highs of the core-mantle 
boundary filled by light core sediments and might be important for variation 
of Earth's nutation and for convection of the outer core. 

The core-mantle boundary (CMB) region, 
where the molten iron outer core meets the 
solid silicate mantle, represents the largest 
compositional and rheological contrast in 
Earth's interior. Strong lateral variations of 
S- and P-wave velocity exist in the lower- 
most 200 to 300 kilometers of the mantle 
above the CMB (1-4), a region capped in 
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many places by a sharp discontinuity (5, 6). 
In the lowermost few tens of kilometers of 
the mantle, ultralow-velocity zones 
(ULVZ) have been detected (7-9) and in- 
terpreted as evidence for partial melt or 
chemical contamination of the lowermost 
mantle by the outer core (10-12). Both 
explanations have significant implications 
for core and mantle dynamics (13-16). 
ULVZ are discussed as source regions of 
mantle plumes and may control the fre- 
quency of Earth's magnetic field reversals 
(1 7, 18). Recently, models of the CMB with 
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