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It was not expected that such similar radical chain mechanisms 
would selectively yield thexyl products for tin and germanium vs. 
the dimethylsilyl products in the case of molybdenum hydrides. 
However, analysis employing the steady-state approximation for 
the radical species in (2)-(5) predicts that, irrespective of initiation, 

CpMo(CO),SiMe2CMe2CMe2' + CpMo(CO),H - ki 

CpMo(C0),SiMe2CMe2CMe2H + CpMo(CO),' (5) 

the product ratio for this mechanism is given by [3a]/[2a] = 
k,[la]/k,, where 3a is the thexylsilyl product in analogy to the 
group 14  derivative^.^^ In other words, formation of the thexyl 
product should be favored by high concentrations of la. 

As no substantial quantity of any other product was observed 
at hydride concentrations up to ca. 0.9 M in benzene, a finely 
ground sample of la was treated with neat HMS. Analysis of 
this reaction mixture by 'H N M R  showed the formation of 2a 
and ca. 13% of 3a, the thexyldimethylsilyl molybdenum complex,26 
as predicted by the proposed radical chain mechanism. 

The trace amounts of molybdenum dimers [CpMo(CO),(L)], 
formed in eq 1 are consistent with chain termination during the 
reaction. 

A ca. IO-fold increase in the initial rate is observed upon ad- 
dition of a few mole percent of triphenylmethyl radical (as the 
dimer).27 In a separate experiment, stoichiometric reaction of 
trityl dimer with la in the absence of H M S  produced tri- 
phenylmethane and [CPMO(CO)~]~,  presumably from the coupling 
of CpMo(CO), radicals. 

Attempts to establish the intermolecularity of (1) by means 
of a cross-over experiment using CpMo(CO),D and (MeCp)- 
Mo(CO),H were thwarted by the extremely rapid isotopic 
scrambling observed between these complexes in the absence of 
HMS.  

Comparison of initial rates measured by using a single batch 
of la shows no effect on eq I by carbon monoxide (1.5 atm) or 
tetramethylethylene (0.31 7 M).19 These facts, in conjunction with 
a negative activation entropy (AS* = -25 f 3 eu),28 preclude 
reversible dissociation of these species in the rate-controlling step. 
Changing solvent from benzene to T H F  also leaves the rate un- 
changed. 

In summary, silylene transfer from H M S  to molybdenum hy- 
drides is quantitative, and appears to proceed by radical chain 
ring opening and olefin elimination to yield a transient silyl radical. 
The apparent stabilization of the silyl radical by metal substitution 
suggests that radical paths may be more common with metal 
complexes of silicon ligands than is generally observed in orga- 
nosilicon chemistry.29 
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(25) The product ratio is determined from the following rate expressions 
for formation of products: d[2a]/dt = k,k,[Mp'][HMS]/(k,[la] + k,) and 
d[3a]/dt = k l k 3  [Mp'] [HMS] [la]/(k, [ la]  + kc) ,  where Mp designates the 
CpMo(CO), group. 

(26) The residue from a subsequent fractional sublimation was enriched 
in this product (60%), although we have been unable to isolate 3a completely 
free of l a  and 2a. Compound 3a: ' H  NMR 6 4.59 (s, Cp), 1.98 (septet, J 
= 6.7 Hz, CMe2H), 1.07 (s, SiCMe2), 0.94 (d, J = 6.7 Hz, CMe,H), 0.63 
(s, SiMe,); mass spectrum, m/z calcd 390.0549; found 390.0604. 

(27) The trityl dimer 3-(diphenylmethylene)-6-(triphenylmethyl)- 1,4- 
cyclohexadiene is in equilibrium with the trityl radical: March, J. Organic 
Chemistry; Wiley: New York; p 164 and references therein. 

(28) Activation parameters were determined from an Eyring plot of rates 
at four temperatures (16.7-50.5 "C): AH* = 13.3 f 0.5 kcal/mol and AS' 
= -25 f 3 eu. 

(29) The facile radical chain halogenation of silicon hydrides in M(R2SiH) 
complexes also appears to be a result of the stability of M(R2Si*).I3 
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The kinetics and thermodynamics of long-range ( > l o  A) 
electron transfer (ET) for several ruthenium-modified metallo- 
proteins have been reported Electron transfer in these 
systems has been measured from a reduced surface ruthenium(I1) 
(aSRu, a = NH,) to an oxidized-protein center (either FeI" or 
Cu"). Measurement of ET  in the reverse direction, however, 
requires formation of a mixed-valence ruthenium(II1)-reduced- 
protein complex, a species that was inaccessible by methods 
previously We have now developed a technique 
utilizing flash photolysis to generate this key intermediate, thereby 
enabling us to measure ET  rates from the iron(I1)-heme to 
different ruthenium(II1) histidine-48 acceptors in sperm whale 
myoglobin (Mb). In this system the closest donor-acceptor 
edge-edge distance is 13 & I s 2  

Our methodology for studying ET from a reduced-protein center 
to a covalently bound ruthenium acceptor is summarized in 
Scheme I; the kinetics are followed using flash spectroscopic 
techniques. Flash photolysis generates electronically excited 
tris(2,2'-bipyridine)ruthenium(II) ( R ~ ( b p y ) , ~ + * ) ,  a powerful 
oxidant, which is quenched via electron transfer from the reduced 
(RuI') metalloprotein complex (Ru"-PFe", Fe" = iron(1I)-heme 
or other reduced-protein center) in a rapid bimolecular step to 
yield Ru"'-PFe". In order to observe the desired intramolecular 
ET  process, Ru"'-PFe" - Ru1'-PFe"', it is essential that Ru- 
(bpy)3+ be efficiently removed from the system; otherwise, the 
exergonic (A,!?' = 1.1 V) back reaction (kbr Scheme I) will rapidly 
regenerate RuII-PFe". We have found that a suitable scavenger 
system for aqueous solution experiments consists of nickel(I1) 
hexamethyltetraazacyclodecane (Ni"Me6ane) and 3-bromo- 
propionic acid (RBr). In this system NiJIMe,ane is reduced by 
Ru(bpy),+ to the Ni' species, which then reacts irreversibly with 
RBr.6 

With this technique, we have measured the Fe" to Ru"' ET 
kinetics in asRu(histidine-48)-modified myoglobin (a5Ru(48)- 
MbFe), a system in which the reduction potentials of the heme 
and the pentaammineruthenium are closely matched (AEO = 20 
mV).'s2 The change in the heme absorption at 556 nm following 
flash photolysis of a solution containing a5Ru"(48)MbFe" is shown 
in Figure 1. Immediately after the flash, a small net bleaching 
is observed (the direct oxidation of the heme by R u ( b ~ y ) , ~ + * ) ,  
followed by a relatively slow further oxidation that can be assigned 

( I )  (a) Mayo, S. L.; Ellis, W. R., Jr.; Crutchley, R. J. ;  Gray, H. B. Science 
(Washington, D.C.) 1986, 233, 948-952. (b) Gray, H .  B. Chem. SOC. Rea. 
1986, 15: 17-30. 

(2) (a) Crutchley, R. J.; Ellis, W. R., Jr.; Gray, H. B. J .  Am. Chem. Sot. 
1986, 107. 5002-5004. (b) Crutchley, R. J.; Ellis, W. R.. Jr.; Gray, H. B. 
In Frontiers in Bioinorgdnk Chemisiry; Xavier, A. V. ,  Ed.; VCH Verlags- 
gesellschaft: Weinheim, 1986; pp 679-693. 

(3) (a) Winkler, J. R.; Nocera, D. G.; Yocom, K. M.; Bordignon, E.; Gray, 
H. B. J .  Am. Chem. SOC. 1982, 104, 5798-5800. (b) Isied, S. S.; Worosila, 
G.; Atherton, S. J. J .  Am. Chem. SOC. 1982, 104, 7659-7661. (c) Yocom, 
K. M.; Shelton, J.B.; Shelton, J. R.; Schroeder, W. A.: Worosila, G.; Isied, 
S. S.; Bordignon, E.; Gray, H .  B. Proc. Nat. Acad. Sci. U.S.A. 1982, 79, 
7052-7055. (d) Yocom, K. M.; Winkler, J. R.; Nocera, D. G.; Bordignon, 
E.; Gray, H. B. Chem. Scr. 1983, 21, 29-33. (e) Nocera, D. G.; Winkler, J .  
R.; Yocom, K. M.; Bordignon, E.; Gray, H. B. J.tAm. Chem. Sot. 1984, 106, 
5145-5150. (f) Isied, S. S.; Kuehn, C.; Worosila, G. J .  Am. Chem. SOC. 1984, 
106, 1722-1726. (g) Bechtold, R.; Gardineer, M. B.; Kazmi, A.; van He- 
melryck, B.; Isied, S. S. J .  Phys. Chem. 1986, 90, 3800-3804. 

(4) (a) Kostic, N. M.; Margalit, R.; Che, C.-M.; Gray, H. B. J .  Am. 
Chem. Sot. 1983, 105, 7765-7767. (b) Margalit, R.; Kostic, N.  M.; Che, 
C.-M.; Blair, D. F.; Chiang, H.-J.; Pecht, I.; Shelton, J. B.; Shelton, J. R.; 
Schroeder, W. A,; Gray, H .  B. Proc. Nut. Acad. Sci. U.S.A. 1984, 81, 

(5) Marcus. R. A,: Sutin. N .  Biochim. BioDhvs. Acta 1985.811. 265-322. 
6554-6558. 

(6j Becker, J. Y.; Kerr, J: B.; Pletcher, D.; Rdsas, R .  J .  Electroanal. Chem. 
1981, 117, 87-99. 
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Figure 1. (a) Change in  optical density of the heme absorption at 556 
nm following flash photolysis of a 0.1 M, pH 7 phosphate solution con- 
taining aSRu"(48)MbFe" ( 5  rM), Ru(bpy)?* (65 pM), Nii1Me6ane ( 5  
mM), and RBr (20 mM); 25 OC. (b) First-order plot of the experimental 
data (0).  The line is a least-squares f i t  for these points. 

flash photolysts 1 
Ru(bpy)z+* + Ru"-PFe'' I'o Rul"-PFe" + Ru(bpy)3f 

scavenger I kr ti.' 
Ru'I- PFe"' Ru (bpy):+ 

to intramolecular ET: a,R~'~'(48)MbFe" - aSRu"(48)MbFe"'. 
This oxidation of the FelI-heme follows first-order kinetics for 
a t  least three half-lives with an observed rate constant of 0.058 
s-l. The kinetics were found to be independent of protein con- 
centration (5-50 MM), thereby establishing that bimolecular ET 
processes are not significant. 

The rate of Fell to RuTT1 Et for a5Ru(48)MbFe(kObsd = 0.058 
f 0.004 s-l) is within experimental error of that previously de- 
termined for the reverse ET (kobd = 0.060 f 0.004 S I ) . *  Kinetic 
analysis7 of a reversible unimolecular process yields an observed 
first-order rate constant that is equal to the sum of the forward 
(k , )  and reverse ( k , )  rates: 

k 
a,Ru"'(48)MbFet1 .& a5Ru"(48)MbFe"'; kobsd = kf + k ,  

k ,  

Our finding that the observed rate constant is independent of the 
initial [Ru" ' -PF~~~]  : [ R u ~ ~ - P F ~ ~ ~ ' ]  ratio demonstrates unequivocally 
that long-range ET in a5Ru(48)MbFe is reversible. 

We have also emplqyed the new methodology to measure the 
long-range ET rate in myoglobin modified a t  histidine-48 with 
a4pyRu (py = pyridine). This derivative of myoglobin was pre- 
pared and characterized by procedures analogous to those em- 
ployed for a5Ru(48)MbFe.2*8 The overall driving force for Fell 
to Ru"' E T  in a4pyRu"'(48)MbFe" is 220 mV larger than in 
a5Ru"'(48)MbFett. The general features of the kinetics are similar 

(7) Moore, J. W.; Pearson, R. G. Kinetics and Mechanism, 3rd ed.; Wiley: 
New York, 1981; pp 304-308. 

(8) Karas, J. L.; Gray, H. B. Abstracts of Papers, 192nd National Meeting 
of the American Chemical Society, Anaheim, CA; American Chemical So- 
ciety: Washington, DC; 1986; INOR 171. 
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to those previously discussed for the a5Ru-modified protein except 
that the overall reaction is considerably faster. The measured Fe" 
to Ru"I long-range ET rate of 2.5 s-l indicates that Ru(48)MbFe 
follows Marcus theory with a reorganization energy (A)' similar 
to those reported for related proteiniO~"and steroid-spaceri2 ET 
reactions. In terms of the Hoffman-Ratner treatment of gated 
ET reactions,13 our findings are of particular relevance because 
they show that the  rates of long-range ET in ruthenium-modified 
myoglobins are not controlled by conformational interconversions. l 4  
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(9) Assuming that k = A exp(-(AGO + X)*/4XRr) and that X and A 
remain constant, the ET rate constant at  the higher driving force is k ,  = k Z  
exp[-((AGIo + A)* - (AG2' + A)2)/4XRT], where AGIO = -240 mV, AG2' 
= -20 mV, and k, = 0.04 s-'. For A values between 1 and 2 eV, k ,  is predicted 
to be -2 s-'. 

(10) Peterson-Kennedy, S. E.; McGourty, J. L.; Kalweit, J. A,; Hoffman, 
B. M. J .  Am. Chem. SOC. 1986, 108, 1739-1746. 

(11)  McLendon, G.; Miller, J. R. J .  A m .  Chem. Sor. 1985, 107, 
7811-7816. Conklin, K. T.; McLendon, G. Inorg. Chem. 1986, 25, 

(12) Closs, G. L.; Calcaterra, L. T.; Green, N. J.; Penfield, K. W.; Miller, 
J. R. J ,  Phys. Chem. 1986, 90, 3673-3683. 

(13) In general, the observed rate may be controlled by either the ET step 
or a conformational change: Hoffman, B. M.; Ratner, M. A., submitted for 
publication in J .  Am. Chem. Sor. 

(14) It has been suggested that conformational changes may be responsible 
for directional ET in ruthenium-modified cytochrome c: Bechtold, R.; Kuehn, 
C.; Lepre, C.; Isied, S. S. Nature (London) 1986, 322, 286-288. 
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Although the ionic ring-opening polymerization has been widely 
investigated, few papers have reported on the free radical ring- 
opening polymerization. Recent examples of the free radical 
ring-opening polymerization involve the vinylcyclopropanes,' 
unsaturated spiro orthocarbonates,2 unsaturated spiro ortho esters,) 
2-phenyl-3-~inyloxylanes,~ cyclic ketene acetals such as 2- 
methylene- 1,3-di0xolane,~ and 2-methylene-4-phenyl- 1,3-di- 
oxolane.6 In the course of researching the radical ring-opening 
polymerization of 2-substituted-4-methylene- 1,3-dioxolanes, it was 
found that a polyketone was obtained in good yield by the po- 
lymerization of 2,2-diphenyl-4-methylene- l ,3-dioxolane (1) ac- 
companying the quantitative elimination of benzophenone without 
any side reactions. Although some ways of synthesizing a poly- 
ketone, such as the copolymerization of ethylene with carbon 
monoxide under high p r e ~ s u r e , ~  the oxidation of poly(viny1 al- 
cohol),* the cationic polymerization of a ketene or diketene,' and 

(1) Cho, I.; Ahn, K. D. J .  Polyrn. Sci., Polym. Chem. Ed. 1979, 17, 3169. 
(2) Endo, T.; Bailey, W. J. J .  Polym. Sci., Polym. Chem. Ed. 1975, 13, 

(3) Endo, T.: Okawara, M.: Yamazaki, N. J .  Polym. Sci., Polym. Chem. 
2525.  

Ed.'l981, 19, 1283. 
(4) Endo, T.; Kanda, N. J .  Polym. Sci., Polym. Chem Ed. 1985, 23, 1931. 
(51 Bailey. W. J.: Ni. 2.: Wu. S. R. Macromolecules 1982, 15, 71 1. Endo, 

T.; Okawara, M.; Bailey, W. J.; Azuma, K.; Nate, K.; Yokono, H. J .  Polym. 
Sci., Polym. Lett. Ed. 1983, 21, 373. 

(6) Cho, I.; Gong, M. S .  J .  Polym. Sci., Polym. Lett. Ed. 1982, 20, 361. 
Endo, T.; Yako, N.; Azuma, K.; Nate, K. Makromol. Chem. 1985,186,1543. 

(7) Pieper, G. In Encyclopedia of Polymer Science and Technology; Bi- 
kales, N. M., Ed.; Wiley: New York, 1968, Vol. 9, p 397. 

( 8 )  Saegus, T.; Oda, R. Kogyo kagaku Zasshi 1954, 57, 950. 
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