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are found per sodalite cage. There was no evidence suggesting
any sodium ordering, such as supercell reflections. Models based
on the “basic” sodalite structure®® Nag_;(A1SiO4)¢(OH),+4H,0
(6 > 0) gave substantially poorer profile fits. Selected bond length
data, with esd’s in parentheses, for these phases are as follows:
in the ZnPO system the Zn(1)-0(1), P(1)-O(1), Na(1)-O(1),
and Na(1)-0,(1) contacts are 1.946 (6), 1.531 (3), 2.414 (8),
and 2.397 (8) A, respectively; in the ZnAsO system the Zn-
(1)-0(1), As(0)-O(1), Na(1)-O(1), and Na(1)-O,(1) bond
lengths are 1.946 (6) 1.670 (6), 2.424 (1 1) and 2.431 (8) A,
respectively. O,(1) is the water molecule in each case. The
Zn-0-X bond angle is 126.1 (3)° for ZnPO and 123.8 (3)° for
ZnAsO, much smaller than the 136.2 (3)° found for the Al-O-Si
bond angle in Nag(AlSiO,)¢8H,0.> The closest sodium-sodium
contacts are 3.53 (3) A for ZnPO and 3.56 (3) A for ZnAsO
(3.764 (8) A for the sodium aluminosilicate®). The ZnAsO
represents the largest cage size dimension observed to date in
hydrated sodalite-type phases.

The results obtained to date have demonstrated that an extensive
chemistry exists with respect to the room-temperature synthesis
of novel non-aluminosilicate zeolitic-type materials. Synthetic
and structural studies on other phases will be reported in subse-
quent publications.*!?
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Recently there has been considerable interest in extending

electrochemical methods to the study of solid-state redox tran-
sitions in thin polymeric films containing fixed redox sites,"? as
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Figure 1. 1llustration of a three-electrode cell arrangement for use in
solid-state electrochemistry.

well as in bulk mixed-valence and porous inorganic materials.?
The eligible systems are ionically conducting solids having various
accessible oxidation states and remaining capable of fast electron
transfer between redox sites. A direct extension of normal
electrochemical methods to the solid state would involve such
crystalline molecular materials as heteropolyacids®# and infinite
colloidal oxides of tungsten,®®’ which possess distinct multiple
valence states within their structures, high protonic conductivities,’
and semiconducting or semimetallic electronic properties.?o4.5¢6
They host mobile charged species, especially protons, at fairly large
concentrations; and these can serve the same purpose as supporting
electrolytes in conventional electrochemistry. Thus, the migration
effects and electric fields within the material can become negligible.

Of particular interest are single crystals of tetragonal silico-
tungstic acid, H,SiW ,0,4,:31H,0.3" They have a structure in
which the rigid Keggin-type, molecular heteropolyanion3®
SiW;,0,4* is surrounded by a hydrated three-dimensional
“pseudoliquid”,**® which also hosts the protons’ required for charge
balance. These protons are known to be transported, virtually
as fast as in aqueous solutions.”° Reduction of the rigid (het-
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Figure 2. (A) Cyclic voltammetry of a silicotungstic acid single crystal
(150 mg. weight; ca. 2-3 mm thick). Scan rate: 50 mV s™. Scan begins
at 0.5 V vs Ag/A gCl and first moves negatively. Cathodic currents are
up. (B) Inset: Cathodic peak current of first reduction peak vs square
root of scan rate.
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eropolyanion) portions of the structure is accompanied by the
formation of well-defined, geometrically fixed W(VI)/ W (V) redox
sites, between which electron transfer is feasible.? We have
demonstrated that single crystals of silicotungstic acid are
characterized by reversible redox transitions in the solid state and
that the overall mechanism of charge propagation is diffusional.
To make this work possible, we have designed a three-electrode
cell that permits voltammetric monitoring of redox transitions in
bulk materials, including polyoxometalate single crystals.

Important to the cell (Figure 1) is an Ag/AgCl, 3 M NaCl
(gel) reference electrode (Bioanalytical Systems, Inc.), which
possesses a ceramic tip capable of forming an ion-permeable, but
still basically dry, junction with the solid sample. The counter
electrode, in the form of a fairly large graphite ring, surrounds
the reference. Pressed against the opposite side of the crystal is
the working electrode, a glassy carbon plate in most work described
here. Instead of this electrode, an optically transparent SnQ,-
coated glass or a Pt ultramicroelectrode was occasionally used.
A key feature of this design is that it can handle substantial
currents, while the voltage between the reference and working
electrodes can be controlled as desired on a widely used potential
scale (offset 0.197 V vs SHE). Care was exercised at all times
to protect single crystals from evaporation, which would lead to
loss of the crystalline character. The whole cell assembly was
enclosed in Tygon or glass tubing and sealed with Parafilm or
Teflon tape where necessary. Single crystals of silicotungstic acid
were grown at ambient temperature (20 £ 2 °C) by slow evap-
oration of an aqueous saturated solution of the commercially
available silicotungstic acid (Fluka).

When a single crystal of silicotungstic acid was introduced into
the three-electrode assembly and subjected to potential cycling,
the voltammetric pattern in Figure 2 was observed. In the potential
range from -0.] to -0.65 V, three well-defined, reversible redox
transitions were observed, corresponding to the approximate
electron ratios 1:1:2. These findings are consistent with those
previously reported®®442.6 for silicotungstates, either dissolved
in acid solutions or bound to electrode surfaces as modifiers. When
the potential is sufficiently negative for the first electron transfer,
corresponding to one of the hexavalent tungsten atoms in the lattice
going to the pentavalent state, the most positive reduction peak
is developed (Figure 2A). At scan rates up to 1000 mV s7!, the
height of this peak is proportional to the square root of scan rate
(with O intercept; see inset in Figure 2), as expected for a diffu-
sional process. Also, chronocoulometry involving the first reduction
and reoxidation waves gives linear Anson plots over time scales
as short as 50 ms. Apparently the electron transfer between
chemically identifiable W(VI) and W(V) sites in the transition-
metal cluster® is balanced rapidly by a flux of mobile protons; and
diffusional gradients, rather than potential-driven gradients, are
established in the material. Estimation of the apparent diffusion
coefficient by the usual means, from the integrated Cottrell
equation,’ leads to values on the order of 107 cm? 57, i.e.,
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somewhat lower than typically observed in aqueous solutions. On
the basis of the crystal physicochemical parameters, the con-
centration of mixed-valence W(V1,V) redox sites was taken as
0.4 M in the above calculation.

Since the voltammetric response is analogous to that observed
for silicotungstates dissolved in acid solutions (e.g., 0.5 M
H,S0,),%% the electrochemical charging of a silicotungstate anion
in the crystal seems to correspond to

SiW|20404_ +ze" + zH* = HzSiW120404'

where H,SiW ,04* stands for a heteropolyanion and z can have
values equal to 1, 2, and 4. Here protons originate from the “ionic
budget” ¢ of structural H* in H,SiW,,04:31H,0. Upon
consideration of the molecular weight, approximate volume (0.1
cm?), and actual weight of the crystal, the population of protons
is expected to be at the 1.5-2.0 M level, which makes the reaction
feasible. To preserve electroneutrality during electroreduction,
a side reaction, an oxidation, must take place at the counter
electrode, presumably of water to hydrogen peroxide or oxygen.
No effect of the reaction at the counter electrode manifested itself
in the overall voltammetric behavior of the single crystal during
at least 20 consecutive potential cycles within the potential limits
of Figure 2; thus the side reaction products do not seem to diffuse
into the bulk of the crystal. This stability and the reversibility
of electron transfer also suggest that, as expected for the rapid
formation of heteropoly blues,’ the redox transitions are not ac-
companied by significant structural changes or intramolecular
chemical reactions. Coloration, but no crystal degradation, is
clearly visible when SnO,-coated glass is used as the working
electrode. Further reduction of heteropoly blues, though not shown
here, can be accomplished at more negative potentials and leads
irreversibly to “brown” species.’*46® This behavior may result
from structural reorganizations®® or may reflect changes in the
system’s conductivity. As opposed to heteropoly blues, which are
Robin-Day class 11T mixed-valence compounds,5® and which have
metallic or semimetallic conductivities, the “brown” microstruc-
tures are class I insulators characterized by complete charge
localization. Further discussion will be provided in our next
communication.

Another important feature of the investigated system is that
as long as it is not dried out and retains its crystalline character,
strictly defined by the degree of hydration (31 H,0),*f the volt-
ammetric responses, as in Figure 2, are virtually insensitive to the
humidity of the surrounding atmosphere. When a wet, freshly
prepared silicotungstic acid single crystal (without visible droplets
of the mother liquid on its surface) was introduced to the well-
sealed cell, the material was stable and visually unchanged for
at least 2 days.

In conclusion, we have shown that electrochemical methodology
can be extended to the investigation of the protonically conducting,
crystalline mixed-valence molecular materials. Such studies
provide information about thermodynamics and kinetics of redox
processes in these materials. Our additional results,'? with thin
films and powders of silicotungstic acid and related oxide systems,
clearly suggest that solid-state electrochemical responses are very
sensitive to the degree of hydration, which probably controls the
protonic mobility. We have been able to perform useful solid-state
electrochemical measurements on other powdered materials, in-
cluding Prussian blue analogues and metalloproteins, by essentially
the same methodology. The approach may also prove useful in
the further structural characterization of the reduced forms,
heteropoly “blues” and “browns”. Apart from the fundamental
significance, applications to the construction of miniature batteries,
electrochromic devices, and sensors and in microelectronics can
be envisioned.
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A number of basidiomycete sesquiterpenoids exhibit consid-
erable toxic, antibiotic, and antitumor activity, including members
of the protoilludane, illudane, marasmane, and sterpurane fam-
ilies.! The first type is considered to play an important biogenetic
role with respect to the remainder.'#f%2  Among the synthetically
most challenging protoilludanes ranks illudol (1), because it
combines the task of constructing the unusual angular and strained
hydrocyclobutaindane nucleus with that of controlling five con-
tiguous stereocenters. Isolated by Anchel and co-workers some
time ago,'80m the molecule has seen only two total syntheses in
the past two decades.>* Like most other approaches to complex
oligocycles, they relied on a stepwise strategy for ring formation.’
Compared to these, a topologically more profound retrosynthetic
disconnection envisions enediyne 4 as the direct precursor to the
basic skeleton of 1. Thus, it was hoped that stoichiometric
CpCo(CO), would convert 4 to CpCo-complexed 8§ by intramo-
lecular [2 + 2 + 2] cycloaddition,® the ligand 5 possessing the
necessary functionality to allow its elaboration to 1 (Scheme I).
This anticipation notwithstanding, there was considerable concern
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%(a) (i) [(CH,),CH],NLi (1.0 equiv), THF, -78 °C, 2 h; (ii) 3-
bromo-1-(trimethylsilyl)propyne (1.0 equiv), -78 to 23 °C, 12 h, 94%;
(b) LiAIH,4 (0.5 equiv), (CH,;CH,),0, 23 °C, 4 h, 100%; (c) (i) (CO-
Cl);, DMSO, -78 °C, 1.5 h; (ii) (CH;CH,);N, =78 to 23 °C, 4 h,
97%; (d) (i) CH,S(O)CH,4Li (1.4 equiv), (C¢Hs);p*CH,OCH,CI- (1.5
equiv), THF, 0 °C for 5§ h, 23 °C for I h; (ii) 2 (1.0 equiv), 0-23 °C.
4.5 h; (iit) 1 N HCI, 23 °C, 18 h, 86%; (e) (C4Hs);P=C(CH,)CO,-
CH,CHj; (1.2 equiv), CH,Cl,, 23 °C, 48 h, 92%; (f) [(CH,),CHC-
H,],AlIH (2.05 equiv), CH,Cl,, =78 °C, 2 h, 99%; (g) (i) (COCI),,
DMSO, -78 °C, 1.5 h; (ii) (CH;CH,);N, -78 to 23 °C, 3.5 h, 98%;
(h) propynylmagnesium bromide (2.5 equiv), (CH,CH,),0, 0 °C, 15
min, 89%; (i) K,CO, (1.2 equiv), CH;OH, 23 °C, 24 h, 100%; (j)
[(CH,4);C](CH,),SiCl (1.8 equiv), imidazole, DMF, 23 °C, 36 h, 99%;
(k) (i) CpCo(CO), (1.1 equiv), toluene, 110 °C, hv, 6 h; (ii) CuCl,
2H,0 (2.5 equiv), 1,2-dimethoxyethane, 23 °C, 3 h, 92%; (1) (i) Li
(excess), NH;—(CH;);COH-THF (8:2:3), 33 °C, 5 min; (ii) NH,CI
(20 equiv), =33 °C, 62%; (m) (i) ByH¢ (3.0 equiv), THF, 23 °C, 3 h;
(ii) H,0, (5.0 equiv), K,CO; (1.2 equiv), 65 °C, 1.5 h, 77% (6:7, 2:3);
(n) (i) (COCl),, DMSO. -78 °C, 2 h; (ii) (CH,CH,);N, =78 t0 23 °C,
3 h; (iii) K,CO; (1.5 equiv), CH;OH, 23 °C, 4.5 h, 79%; (o) (i) [(C-
H,;),CH],NLi (2.0 equiv), THF, 23 °C, 3.5 h; (ii) CO, (excess), -78
°C, 5 min; (iii) | N HCI (2.0 equiv), =78 to 0 °C; (iv) CH;N, (10
equiv), (CH;CH,),0, 0-23 °C, 2 h, 56%; (p) (i) NaH (1.2 equiv),
THF, 0 °C, 2.5 h; (ii) C4H;sSeCl (0.95 equiv), -78 °C, 0.5 h; (iii)
H;0, (excess), NH,Cl (20 equiv), CH,Cl,, 0 °C, 1.5 h, 40%; (q)
NaH,AI(OCH,CH,0CHj;), (5.0 equiv), C4Hs 23 °C, 24 h, 54%
(17:37 B:a); (r) (CH,CH,CH,CH,),N*F- (1.0 equiv), THF, 23 °C, 12
h. 74%.

about the lack of precedence for such a transformation, featuring
internal double bonds flanked by two alkynes, all previous examples
leading to unstrained systems and suffering much lesser encum-
brance by substituents.® Moreover, related terminal enediyne
cyclizations were shown to be complicated by isomerizations in-
volving hydrogen shifts.” We now report the realization of Scheme
I, incorporating the stereoselective assembly of 8 and its conversion
to racemic illudo] (1).2

%H osl'+
1
“, |
H s, 0 P
N = =/
OH OH

1 4

Alkylation of the enolate of ethyl 2-methylpropanoate with
3-bromo-1-(trimethylsilyl)propyne, followed by reduction of the
ester function to the corresponding alcohol and subsequent oxi-

(7) Duflach, E.; Halterman, R, L.: Vollhardt, K. P. C. J. Am. Chem. Soc.
1988, /07, 1664,
(8) All new compounds gave satisfactory spectral and analytical data.
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