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vinyltrimethylsilane 33 (65%) and aromatized product 34 (7%). 
When employing the conditions of method 2 (R2Li = MeLi) to 
2-cyclohexen-l-one (35), we also isolated the corresponding vi
nyltrimethylsilane 36 as the major product (36%). The desired 
allyltrimethylsilane 38 was obtained in 15% yield; other minor 
products included aromatic silane 37 (15%) and trimethylsilyl ether 
39 (5%). 

In conclusion, use of the counterattack method facilitated the 
preparation of allyltrimethylsilanes. Treatment of the readily 
available starting material, allyl alcohols, enals, enones, aldehydes, 
or ketones with organolithium reagents gave allyl alkoxides. The 
alkoxides then reacted with Me3SiSiMe3 to afford trimethylsilyl 
ethers and Me3Si". In situ a substitution reaction occurred between 
these two species to produce allyltrimethylsilanes in good yields. 
In these one-flask reactions, Me3SiSiMe3 behaved as a counter
attack reagent. 
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We have recently reported on the electronic properties of 
phosphazene substituents which affect thermodynamic shifts in 
the oxidation peak potential of ferrocene.1 Examination of the 
electrochemistry of ferrocene bonded to phosphazenes provides 
a direct probe of the electronic and bonding structure of this 
important class of molecules. In this paper we present the first 
thermodynamic and kinetic data obtained for the electrochemical 
oxidation and reduction of ferrocene-substituted polyphosphazenes 
[N3P3F4(7?-C5H4)2Fe]„ (I), [N3P3(OCH2CF3)^-C5H4)FeU-
C5H5)Jn (ID, and [N3P3(OCH2CF3)4(7,-C5H4)2Fe]„ (III). 

Cyclic voltammetry and chronoamperometry at platinum disk 
electrodes (radius = 1.9 mm) coated with evaporatively deposited 
(from DMF) polymers were used to study electron transfer and 
cross exchange processes. Voltammograms for a surface immo
bilized film of I in dichloromethane are shown in Figure IA. 
Voltammetry of I in acetonitrile solutions results in irreproducible 
electrochemistry and deterioration of the polymer film apparently 
due to a chemical reaction of oxidized I with acetonitrile. 
Electrochemistry in dichloromethane is reproducible and can be 
used to ascertain the thermodynamic properties of this polymer. 
The surface coverage of the polymer (T) was obtained by inte
grating the area under the oxidation wave.2 

The large difference between oxidation and reduction peak 
potentials (A£p) and asymmetrical peak shapes are typical of the 
voltammetry obtained with platinum electrodes modified with 
polymer films of I. The separation between voltammetric peaks 
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Figure 1. Cyclic voltammograms of evaporatively deposited poly
phosphazenes I (A), II (B), and III (C), on Pt electrodes, in 0.1 M 
tetrahexylammonium perchlorate/dichloromethane (A) or 0.1 M tetra-
ethylammonium perchlorate/acetonitrile (B and C). Scan rates: 0.2 (a), 
0.1 (b), 0.05 (c), 0.02 (d), 0.01 (e) V/s. Surface coverage T = 4.9 X 10"8 

mol/cm2 (A), 1.6 X 10"9 mol/cm2 (B), and 4.8 X 10"' mol/cm2 (C). 

Table I. Charge Transport Rates of Ferrocene-Substituted 
Polyphosphazenes" 

( />«' /2C)anod4'C (O c . 1 / 2 Oca ,h C 

compd (10"8 mol/cm2) (10"8 mol/cm2) 
F 1.41 (±0.15) 1.52 (±0.24) 
II 1.96 (±0.18) 1.81 (±0.44) 
III 3.20 (±0.20)' 6.19 (±1.65) 
III 7.49 (±0.71/ 

"The preanalysis potential was held at either 0.0 or 1.0 V for II and 
1.3 V for III for at least 60 s prior to the application of the forward 
(oxidation) or reverse (reduction) potential step, respectively, to assure 
a homogeneous film oxidation state and to eliminate effects from in
sufficient film oxidation or reduction as an initial condition. bn = 18 
for all averages except I (n = 5) and (Aa'̂ Qanod for " (« = 21). 
'Values in parentheses represent the 95% confidence interval. dValues 
for this polymer calculated with the Randles-Sevcik equation. 'Values 
obtained between 10 and 25 ms. -̂ Values obtained between 25 and 50 
ms. 

ranges from a low of 0.26 V at a 10 mV/s scan rate to a high 
of 1.24 V at a 200 mV/s scan rate. Plots of (fp)ano(i versus square 
root of scan rate (v1/2) were linear (correlation coefficient = 
0.9965, n = 5) for values between the scan rate limits examined. 

The linear relationship between 0'p)anod a n d v^2 indicates that 
charge transfer is similar to a semi-infinite linear diffusion process 
as described by the Randles-Sevcik equation.3 Rates for charge 
transport (Da

l/2C) for I are listed in Table I. The large variation 
of peak potentials with scan rate suggests that the polymer film 
undergoes a chemical reaction following the oxidation of ferrocene. 
This result is similar to the voltammetry observed for its low 
molecular weight analogue N3P3F4(j/-C5H4)2Fe.1 The oxidized 
and chemically rearranged phosphazenyl ferrocene is reduced at 

(3) Randles-Sevcik equation: ip = (2.69 X W5W2AD1Z2Cv"2, ref 9, p 218. 
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Figure 2. (A) Polymerization schemes for polyphosphazene III; OR = 
OCH2CF3. (B) Arrangements of ferrocene units on the polyphosphazene 
backbone. 

potentials more than 1 V negative of oxidation. The nature of 
this reaction is still not understood.4 However, the oxidized 
polymer undergoes a quantitative reduction upon scan reversal, 
whereas the oxidized trimer does not at similar scan rates. 

Cyclic voltammetry obtained with polymer II (Figure IB) is 
typical of that obtained from surface immobilized ferrocenyl 
compounds.5,6 The peak potentials for oxidation and reduction 
remain unchanged over a range of moderate scan rates, and the 
voltammetric waves are symmetrical. The expected linear rela
tionship2 between O'p)ano<j and v is observed for this polymer 
(correlation coefficient = 0.998, n = 4). 

Figure IC shows cyclic voltammetry of polymer III. As with 
II, the peak potentials for oxidation and reduction do not vary 
with changing scan rate, and plots of O'p)a„od versus v are linear 
(correlation coefficient = 0.9994, n = 5). The most striking and 
unique feature of the voltammetry of this polymer is the presence 
of two closely associated surface waves. This suggests the presence 
of two different types of ferrocene electron-transfer sites within 
the polymer. We have previously shown that different structural 
configurations and different amounts and types of substituents 
on the phosphazene affect the electrochemistry of ferrocene-
substituted phosphazenes.1 The voltammetric behavior of IH 
might be rationalized by the presence of different microstructures 
of the polymer produced by different, competing polymerization 
routes. 

Polymerization routes via cleavage of the cyclic trimer at two 
different sites forming a 1,3- and 1,5-type polymer can be envi
sioned (Figure 2A). While the oxidation peak potentials of these 
two different polymer types are nearly identical with those of the 
analogous 1,3- and 1,5- cyclic tetramers,1 no spectroscopic (19F 
and 31P NMR) evidence for the 1,5-polymerization route has been 
found.7 A more likely possibility is that the polymerization route 
forms a 1,3-polymer, but the ring-opened trimers link up in a 
head-to-tail as well as a head-to-head arrangement (Figure 2B). 
Here, a ferrocene unit in an arrangement as ferrocene 1 would 
have a slightly greater oxidation potential than ferrocene 4 because 
it is surrounded by more trifluoroethoxy groups.1 A random 
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arrangement of these two different ferrocene groups would result 
in a 1:1 ratio of these species. 

Chronoamperometry was used to evaluate the rate of electron 
transport through films of II and III (Table I). The behavior of 
II is nearly identical for oxidation versus reduction of the ferrocene 
sites, and the values for Da

l/2C are similar to the values reported 
for plasma polymerized films of vinylferrocene in acetonitrile.6 

Chronoamperometric data for the oxidation step of III (0.0 V 
to 1.3 V) do not show the characteristic Cottrell r1/2 dependence8 

for the decay current, whereas the reduction step (1.3 V to 0.0 
V) is well behaved. Two current domains are apparent for the 
oxidation step: / < 25 and ; > 25 ms. Plots of i versus r'/2 yield 
two nonparallel linear regions (correlation coefficient > 0.990). 
A comparison of values for D1^I1C (Table I) shows that the initial 
oxidation process is significantly slower than either the second 
oxidation domain or subsequent reduction step. 

These trifluoroethoxy-substituted polymers permit a unique 
comparison of the rate of charge diffusion in ferrocene-containing 
polymer films with ferrocene both in a freely moving (II) and 
bound (III) configuration. All values of Da

l/2C for HI are larger 
than those for II. This is interesting since the pendent ferrocene 
polymer (II) would be expected to display greater mobility and, 
hence, a greater through-space electron cross exchange rate. The 
greater rate of charge transport observed with the rigid bridged 
ferrocene polymer might indicate a mechanism which involves 
both electron cross exchange and "metallic-like" conduction in 
the partially oxidized III which results in larger D^I1C values 
for this structure. 
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Intramolecular carbametalations are proving to be a useful 
strategy for ring construction.1 The cyclization of diynes to 
generate dialkylidenecycloalkanes according to eq 1, path a, using 
stoichiometric amounts of low valent titanium and/or zirconium 
complexes represents a particularly intriguing reaction because 
of the utility of the 1,3-dienes in subsequent cycloadditions.2,3 In 
this communication, we wish to report a general catalytic approach 
(eq 1, path b) for the preparation of 1,2-dialkylidenecyclopentanes 
from diynes and its extension to multiple ring construction. 

The strategy and perceived complications are outlined in eq 
2, based upon a novel catalyst presumed to be a hydridopalladium 
carboxylate.5 Success requires (1) regioselective hydropalladation 
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