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Figure 1. Temperature dependence of the electron-transfer rate constant 
ke,. The experimental data are matched well by the solid line which is 
the prediction of eq 1 with parameters determined from AGO dependence 
with inclusion of the temperature dependence of the solvent reorganiza- 
tion energy A,( r).  The dotted line represents the predicted k ,  evaluated 
in the same procedure except that X ,  was fixed to the room temperature 
value. 

will occur in the solvent for this simple charge shift reaction, which 
destroys a solvation environment around the reactant, B-, but 
creates a similar one around the product, N-. The finding that 
laSol is small is different from the observation on the triplet energy 
transfer study," where a substantial entropy change appears to 
arise from changes in the inter-ring torsional mode of biphenyl. 

&( T ) .  The temperature dependence of A, was estimated by 
the dielectric continuum model (A, 0: (l/eop - l/c,))I2 and mea- 
surements of the temperature dependence of the optical (coP)l3 
and static ( € , ) I 4  dielectric constants. A, increased by 20% as T 
decreased from 100 to -94 "C. Considering only the change in 
t, (or only cop) & increased by 43% (or decreased by 23%). While 
there is reason to doubt the accuracy of the dielectric continuum 
result, the correction to AH* is small, so that only a large error 
in the correction would seriously affect the calculated AH*. 

Activation Energy, AH*.  The solid line in Figure 1 is k,, 
calculated by eq 1 with the temperature-dependent values of A,. 
The calculated k,, almost perfectly matches the measured k,, 
without any adjustable parameters. In accordance with eq 1 the 
activation enthalpy AH* is evaluated as Rd(1n (k,,v'T)J/d( l / n ,  
where R is the gas constant. The directly measured AH* is 0.215 
f 0.005 eV (4.96 kcal/mol), the calculated AH* is 0.216 eV with 
experimentally determined &( T).  This excellent agreement (0.5%) 
is certainly fortuitous because the calculated AH* is much more 
uncertain. If the temperature dependence of A, is not taken into 
account, the calculated AH* = 0.166 eV (the dashed line in Figure 
I ) ,  which is 23% less than the experimental value. 

In conclusion we have studied an ET reaction which is well- 
suited to quantitative tests of ET theory because the rate and the 
thermodynamics are precisely measurable as a function of tem- 
perature. An excellent correlation between temperature depen- 
dence and AGO dependence of the long-range intramolecular 
electron transfers of organic anions at normal region was found. 
In contrast recent work on photosynthetic reaction centers will 
require a more sophisticated model.I5 Work in the inverted region 
is in progress which will help to further reveal the important 
aspects of nuclear tunneling and electron-transfer dynamics. 
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The terminal oxo ligand is most commonly found in high ox- 
idation state transition metal complexes; with oxidation states <+4 
or electron configurations >d2, oxo ligands usually bridge two or 
more metal centers." Octahedral d4 terminal oxo complexes, such 
as the Fe02+ unit implicated in catalysis by cytochrome P-450 
 enzyme^,^ are highly reactive species in part because metal-oxygen 
antibonding orbitals are p o p ~ l a t e d . ~ . ~  We have been studying 
d4 rhenium(II1) oxo bis(acety1ene) compounds Re(O)X(RC= 
CR), that are stable and relatively unreactive because in their 
tetrahedral structure no R e 4  antibonding orbitals are ~ c c u p i e d . ~  
This report describes the addition of two more electrons to the 
rhenium( 111) compounds to give remarkable rhenium terminal 
oxo compounds, N ~ R ~ ( O ) ( R C E C R ) ~ ,  in which the metal is 
formally rhenium(I), d6. 

Reduction of Re(O)I(RC=CR), (R = Me, la; Et, lb; Ph, 
lc)738 with 1 equiv of sodium or sodium naphthalenide (NaCloH8) 
in T H F  gives NaI  and the rhenium dimers Re202(RC=CR)4.9 
The use of 2 equiv of reducing agent a t  -78 OC yields rhenium 
oxo bis(acety1ene) anions: orange NaRe(O)(RC=CR), (R = 
Me, 2a; Et, 2b) or red-purple N a R e ( o ) ( P h C ~ c P h ) ~  (2c).lo 

Complex 2c crystallizes from acetonitrile as NaRe(O)(PhC= 
CPh),.2MeCN, with pairs of [Re(O)(PhC=CPh),]- anions linked 
through the oxo ligands to Na(MeCN)2+ cations (Scheme 
The rhenium center is coordinated only to an oxo and two 
acetylene ligands, in a roughly trigonal planar arrangement (the 
Re is 0.12 A out of the plane defined by the oxo and the acetylene 
midpoints). The structure is similar to those of the rhenium(II1) 
complexes R~(O)X(RCECR), ,~J~  except that the fourth ligand 
(X) is missing. These structures all have approximate mirror 
symmetry, and the acetylene ligands lie in a plane roughly per- 
pendicular to the R e 0  axis and are not parallel but splayed. In 
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(10) Selected NMR (CD3CN) and IR (Nujol) data are as follows. 2a: 

2.98 (each m, 4 H, CH3CHH'), 1.23 (12 H, t, 7 Hz, CH3CH2); I3C(IH) 171.2, 
27.9, 16.1; IR 830, 804 (Reo).  2c: 'H 7.67 (8 H,  d, 8 Hz), 7.29 (8 H, t ,  8 
Hz), 7.14 (4 H, t, 8 Hz); 13C{'H1 172.2 (PhCCPh). 

(1 1)  Crystal data for 2c.2CD3CN: monoclinic, P2, /c ,  a = 11.640 (2) A, 
b = 12.648 (2) A, c = 19.668 (4) A, p = 99.19 (2)O, V =  2858 (2) A', Z = 
4; 7179 reflections to 28 = 55' were collected by using a CAD4 diffractometer 
(Mo Ka). RefinementI2' of 334 parameters based on 4325 independent 
observed reflections converged to R, = 0.032. R,, = 0.035, and GOF = 1.28; 
Re-0, 1.756 (3) A; Re-CI, 2.019 (5); Re-C2, 1.994 (5); Re-C3, 1.995 (6); 
Re-C4, 2.017 (6); Cl-C2, 1.312 (7); C3-C4, 1.319 (7); 0-Na, 2.274 (4); 
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Scheme I 

solution, N M R  spectra of complexes 2I0 indicate a more sym- 
metrical C2, structure and suggest that acetylene rotation is not 
facile (the methylene hydrogens in 2b are diastereotopic). 

The rhenium-oxo distance of 1.756 (3) A is indicative of 
substantial multiple bonding, but it is one of the longest reported 
for rhenium monooxo co~nplexes '~J~  (compare 1.70 f 0.02 8, in 
six Re(0)X(MeC=CMe)2 structures7J2). The Re-0 distance 
in 2c.2MeCN is more comparable to an Re-0 double bond 
distance (average 1.76 A in trans-Reoz species) than the Re-0 
triple bond present in most rhenium monooxo compounds (average 
1.69 A).14 The Re-0 stretching frequencies in 2a-c are much 
lower than in the Re(II1) analogues, for instance, 824 cm-l in 2c 
(v(Re-I80) = 763 cm-I) vs 972 cm-' in IC. In the presence of 
15-crown-5, v(Re-0) is 885 cm-I, indicating that only part of the 
large shift is due to the Na-0 interaction. 

The bond length and low stretching frequencies suggest that 
Re-0 bonding in 2 is weaker than that in 1. Preliminary cal- 
culations15 indicate that this is due to the population of a Re-0 
antibonding orbital: the two added electrons occupy the d, orbital 
in the mirror plane of the molecule (see drawings in Scheme I) 
which is Re-0 a* and rhenium-acetylene T backbonding. High 
electron density in this orbital is consistent with the location of 
the Na+ ions in the xz plane in the crystal structure. Strong 
backbonding to the acetylenes is indicated by the short Re-C 
distances (average 2.006 (5) 8, compared to 2.051 (5) A for the 
Re-Zbutyne distances in la) ,  the long C=C distances (average 
1.316 (7) A),16 and the low C=C stretching frequencies (1685 
cm-l in 2a vs 1800 cm-l in la) .  The presence of significant 
backbonding complicates the oxidation state assignment: 2a-c 
can also be considered as Re(II1) if the added electrons are taken 
to be on the acetylenes rather than the metal, although 2a-c are 
nucleophilic a t  the metal, not a t  the acetylene ligands. 

Compounds 2 are readily protonated (with water), alkylated 
(with methyl or allyl iodide), and acylated (with acetic anhydride) 
to form rhenium hydride, methyl, allyl,12c and acyl complexeslZd 
(Scheme I). The high nucleophilicity of the rhenium center is 
unprecedented for metal-oxo c0mp1exes.l~ Reaction with 
Me3SiC1, however, forms a siloxide complex; in the presence of 
added acetylene, Re(OSiMe3)(RC~CR)3 is obtained in 30-40% 
yield. Compounds 2 are rapidly oxidized by atmospheric oxygen 

(13) Reference 4, pp 175-176. 
(14) Mayer, J. M. Znorg. Chem. 1988, 27, 3899-3903. 
(15) Thorn, D. L., Central Research and Development Department, Du- 

Pont Co., unpublished results, 1989 (extended Huckel calculations). 
(16) McGeary, M. J.; Gamble, A. S.;  Templeton, J. L. Organometallics 

1988, 7 ,  271-279. Capelle, B.; Dartiguenave, M.; Dartiguenave, Y.; Beau- 
champ, A. L. J .  Am. Chem. Soc. 1983,105,4662-4670 and references therein. 
Cotton, F. A.; Hall, W. T. Inorg. Chem. 1980, 19, 2352-2354. Einstein, F. 
W. B.; Tyers, K. G.; Sutton, D. Organometallics 1985, 4, 489-493 and ref- 
erences therein. 

(17) Reference 4, p 223 ff. See also: Newton, W. E.; Bravard, D. C.; 
McDonald, J.  W. Inorg. Nucl. Chem. Lett. 1975, 553-557. 

or Cp2FeBF, to give Re202(RC=CR)4  dimer^.^ Further studies 
are in progress to explore the properties and reactivity of com- 
pounds 2, rare examples of terminal oxo complexes in which 
metal-oxygen antibonding orbitals are populated. 
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Palladium-catalyzed carbonylation of aryl halides under mild 
pressure forms the basis for a number of synthetically useful 
reactions, including the syntheses of carboxylic esters,Ig3 
 lactone^,^,^ amides',s lactams,lx6 keto esters, and keto 
and considerable effort has been devoted to the study of the scope 
and mechanisms of these reactions. One serious limitation com- 
mon to all of these reactions, which hinders industrial utilization, 
is the fact that aryl chlorides, which are obviously more attractive 
as starting materials than the aryl bromides and iodides, are 
generally unrea~t ive .~  Recently, activation of aryl chlorides 

( I )  (a) Heck, R. F. Palladium Reagents in Organic Synthesis; Academic 
Press: New York, 1985; p 348-361. (b) Tsuji, J.  Organic Synthesis with 
Palladium Compounds; Springer-Verlag: New York, 1980; p 145-146. 
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1981, 46.4. (b) Cassar, L.; Foa, M.; Gardano, A. J .  Organomet. Chem. 1976, 
121, c55.  

(3) (a) Schoenberg, A,; Bartoletti, I.; Heck, R. F. J .  Org. Chem. 1974, 39, 
3318. (b) Stille, J. K.; Wong, P. K. Ibid. 1975, 40, 532. (c) Hidai, M.; Hikita, 
T.; Wada, Y.; Fujikura, Y.;  Uchida, Y. Bull. Chem. SOC. Jpn. 1975,48, 2075. 
(d) Hashem, K. E.; Woell, J. B.; Alper, H. Tetrahedron Lett. 1984, 25, 4879. 
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921. (b) Cowell, A,; Stille, J. K. J .  Am. Chem. SOC. 1980, 102, 4193. 

(5 )  (a) Schoenberg, A,; Heck, R. F. J .  Org. Chem. 1974.39, 3327. (b) 
Kobayashi, T.; Tanaka, M. J .  Organomet. Chem. 1982, 233, C64. 

(6) (a) Mori, M.; Chiba, K.; Ban, Y. J .  Org. Chem. 1978, 43, 1684. (b) 
Ishikura, M.; Mori, M.; Terashima, M.; Ban, Y. J .  Chem. SOC., Chem. 
Commun. 1982, 741. 
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A. Organomefallics 1987, 6, 1640 and references cited therein. 

(8) Tanaka, M.; Kobayashi, T.; Sakakura, T.; Itatani, H.; Danno, K.; 
Zushi, K. J .  Mol. Catal. 1985, 32, 115. 

(9) Cobalt-catalyzed photochemical carbonylation of some aryl chlorides 
was reported? although in similar studies, no carbonylation was observed and 
o-dichlorobenzene could be used as a solvent.9b Co-catalyzed carbonylation 
of the activated chloronaphthalenes was reported, although chlorobenzene 
derivatives do not react:9c (a) Kudo, K.; Shibata, T.; Kashimura, T. Chem. 
Lett. 1987, 577. (b) Brunet, J. J.; Sidot, C.; Caubere, P. J .  Org. Chem. 1983, 
48, 1166. (c) Fog, M.; Francalanci, F.; Bencini, E.; Gradano, A. J .  Orga- 
nomet. Chem. 1985, 285, 293. 
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