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zation is observed in the H-H coupled components, as would be 
expected for para H2 induced polarization. In addition, since each 
P split component exhibits an E/A phase compared with A/E 
phases in the trans and gem proton resonances of styrene, the sign 
of JHH for IrH,X(CO)(dppe) is opposite that of 3 J ~ ~  in styrene 
and is therefore negative. 

The results reported here demonstrate para H2 induced po- 
larization which should prove useful for the study of hydrogen- 
ations, H2 oxidative additions, and, because of its amplification 
effect, the detection of catalytically significant hydrides. The 
effectiveness of the method depends on the pairwise transfer of 
H2 to an organic substrate or a metal center and the rate at which 
this occurs relative to proton relaxation. Finally, unlike previous 
studies employing ortho/para H2 conversion to follow hydro- 
genation and H2 oxidative addition,15J6 the method described here 
monitors the products directly and is capable of much greater 
sensitivity. 
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The oxidative addition of carbon-heteroatom bonds to transition 
metals has been intensively investigated as a synthetic pathway 
to new organometallic complexes and employed for the catalytic 
functionalization of organic compounds.' Recent advances have 
extended the scope of this process to include carbon-hydrogen 
bond activation.' However, few examples of cleavage of car- 
bon-fluorine bonds by oxidative addition to a metal center are 
known despite the continuing interest in fluoroorganometallic 
c h e m i ~ t r y . ~  The greater abundance of systems capable of ac- 
tivating C-H bonds relative to C-F bonds is perhaps not surprising 
given the great strength of the C-F bond (125 kcal/mol for Ph-F 
versus 110 kcal/mol for Ph-H).4 In this communication we report 
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that facile oxidative addition of an aromatic C-F bond takes places 
at tungsten( 0). 

Literature precedent for C-F bond cleavage includes the low 
yield synthesis of thermally unstable t r~ns-Ni(pEt~)~(C,F~)F from 
C6F6.' Orthometalation of pentafluoroazobenzene by Mn2(C- 
O)lo6a and of perfluoroazobenzene by C ~ R U ( P P ~ , ) , M ~ ~ ~  has been 
observed as minor products in refluxing heptane. Photochemical 
activation of an aromatic C-F bond in a 1,4-bis(pentafluoro- 
pheny1)tetrazadiene ligand coordinated to cobalt has also been 
reported.' In the latter three cases, the fate of the cleaved fluorine 
atom was not determined. 

Recently we demonstrated that chelate-assisted oxidative ad- 
dition of a Ph-X (X = C1, Br, I) bond in appropriately designed 
ligands takes place at  tungsten(0) under mild conditions.8 Ex- 
tension of this chemistry has resulted in the discovery of a ligand 
in which oxidative addition of a Ph-F bond occurs in high yield 
to afford a stable tungsten(I1) metallacycle with the cleaved 
fluorine atom bound to the metal center. 

Reaction of pentafluorobenzaldehyde with 1 .O equiv of 1,2- 
diaminobenzene in ethanol affords the yellow crystalline 1: 1 Schiff 
base (1) in 92% yield.9 Treatment of 1 with 1.0 equiv of W- 
(CO),(EtCN),'O in THF at room temperature under nitrogen gives 
a deep red solution of 3; IR monitoring (see Scheme I) indicates 
the reaction is complete in less than 10 min. Addition of hexanes 
and cooling to -10 O C  affords red crystalline 3 in 69% yield as 
a T H F  solvate." 

The structure 3 is assigned by interpretation of IR, 19F, and 
'H NMR spectroscopic data and confirmed by single-crystal X-ray 
diffraction. The I9F NMR spectrum exhibits four coupled aro- 
matic C-F resonances at -1 11.44, -138.06, -151.61, and -162.06 
ppm versus CC13F in acetone-d,. A broad peak ( u ~ , ~  = 23 Hz) 
at -225.97 ppm is assigned to the fluoride bound to tungsten. This 
resonance is slightly solvent dependent and shifts to -237.1 ppm 
when D 2 0  is added to the sample suggesting hydrogen bonding 
to the fluoride.I2 Although Ig3WJ9F coupling has been observed 
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mre 1. ORTEP revresentation of 3 with THF solvate omitted. Selecte 
bond distances (Ajareas follows: W-NI, 2.250 (5); W-NZ 2.182 (6); 
W-CI, 2.03 ( I ) ;  W-C2. 1.947 (8); W X 3 ,  1.859 (7); NZ-CIO, 1.265 
(8). Selected bond angles (deg) are as follows: FI-W-C4, 125.5 (2); 
NI-W-N2.75.2 (2); NZ-W-C4, 73.1; NZ-W-CI, 164.6 (2); NI-W- 
C2; 155.1 (3); FI-W-C3. 165.1 (3). 

in several higher oxidation state  compound^,'^ the width of the 
resonance hinders the detection of lS3W satellites. The strongly 
deshielded resonance a t  -1 11.44 ppm is assigned14 to F2 (see 
Scheme I) and exhibits an additional coupling to the imine proton 
of the ligand (sJHF = 1.9 Hz). Selective I9F decoupling of this 
resonance causes the imine to collapse to a singlet clearly revealing 
ls'W satellites ()JWH = 8.8 Hz). This coupling is indicative of 
metallocycle formation in related ligand systems? Aside from 
the aromatic backbone of the ligand, diastereotopic N H  protons 
are observed a t  6.52 and 6.30 ppm. Addition of D,O results in 
rapid proton exchange of the amine hydrogens as evidenced by 
IH N M R  spectra. 

The solid-state structure of 3 is illustrated in Figure l.15 The 
geometry of the seven-coordinate complex can be approximated 
as a capped octahedron with C 4  as the capping atom.I6 The 
W-C4(2.232 (6) A)8 and W-Fl(2.032 (4) A)" bond lengths 
appear to be normal. The five-membered metallacycle is planar 
with the largest deviation from the least-squares plane being 0.09 
A. Indeed, the entire ligand (15 atoms) is planar within +0.25 
A; the tungsten atom is located 0.72 A from this plane. 

The mechanism of this reaction is under investigation. In- 
termediate 2 can be isolated as a dark purple solid in 82% yield 
by conducting the reaction in CH2CIz followed by immediate 
precipitation with hexanes.'8 Transformation of 2 to 3 is rapid 
in T H F  a t  r m m  temperature. However, dissolution of 2 in 
CH3CN affords 1 and W(CO),(NCCH,),. Low-temperature 19F 

(12) (a) Nesmeyanw. A. N.; Nogina, 0. V.; Fedin, E. 1.; Dubvitskii, V. 
A.; Kvasov, B. A,; Petrwskii, P. V. Dokl. Chem. Prm. Acod. Sei. USSR. 
Chemistry Secfion 1972.205.632-636. Dokl. Akad. Nwk S S S R  1972.205. 
857-860. (b) Buffin. B. P.; Richmond, T. G., unpublished results, 1987. 

(13) (a) Wray, V. Ann. Rep. NMRSpee .  1983. 14,365. (b) Pmtel, U.; 
R i a ,  J. G.: Calves, I. Y.; Ouerchais. J. Imq, Chim. Ado 1979.32, 175-180. 

(14) Bruce, M. 1.3. Chrm. Sd. A 1968. 1454-1464. 
(15) Crystal d a b  for 3THF WFI04N,C&I,r yellow, monoclinic, &?,/a, 

a = 9.228 (9) A. b = 16.814 (13) A, e = 13.800 (8) A, 8 = 105.05 ( 6 p ,  V 
= 2067.9 h3. Z = 4, M o K a  of 3030 reflections collected at ambient tem- 
wrature (Svntex PI. 3- < 28 < 45O1 were unione of which 1971 had P > 
i o P  and &re usedin the solution'(Pattenonj and refinement. Final IC- 
finement included all "on-hydragcn atoms as anisotropic contributions exapt  
for C5 and C7 which wen refined as isotropic contributions (279 variables). 
Far parameters. R = 0.084 and R ,  = 0.088, GOF = 2.7. and highest pcak 
in the final map of 1.3 c A" approximately 1.3 A from W. 

(16) Drew, M. G. B. Prop. Inorg. Chem. 1977.23.67-210. Hoffman", 
R.; Bcier. B. F.; Muetterties, E. L.; Rossi, A. R. Inorg. Chem. 1977. 16, 
51 1-522. 

(17) Hidai. M.; Mizobe, Y.; Sata, M.; Kcdama. T.; Uchida, Y. J. Am. 
Chem. Sm. 1978, IW, 574w5748. 

(18) NMR data far 2 at 0 'C I9F (acetoned, CCl,F reference) -138.90 
(d. 2 F), -154.65 (1. I F). -162.25 (m. 2 F); IH (acetone-d,) 9.20 (s. 1 H), 
7.71 (d. I H). 7.46 (m, 3 H). 6.21 (d, 1 H), 5.63 (d. I H). 

N M R  studies of 2 in acctone-d6 did not provide any evidence for 
fluurocarbon binding to t~ngsten. '~  but studies in less coordinating 
solvents proved difficult bccausc of the low solubility and high 
reactivity of 1. 

Several factors orobablv account for the remarkablv facile C-F 
oxidative addition procek described above. The nit;ogen donor 
atoms of 1 afford the very basic metal center (as judged by low 
vco values in the IR spectrum) required for oxidative addition 
in the intermediate 2. The chelating nature of the ligand reduces 
the entropic barrier to reaction and the planar, conjugated me- 
tallacycle is quite stable! In addition, the overall thermodynamic 
favorability of this transformation suggests that the tungsten- 
(11)-fluoride bond is reasonably strong despite the low formal 
oxidation state of the metal.'0 

These results suggest that metal-catalyzed transformations of 
heavily fluorinated organic molecules may be possible despite the 
great strength of the carbon-fluorine bond. We are continuing 
to explore other carbon-heteroatom bond activation reactions in 
this and related systems. 
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Dynamical simulations are necessary for a full understanding 
of the effect of the environment on the behavior of chemical 
reactions in solution'J and the active sites of enzymes."' We 
have developed a molecular dynamics simulation methodology 
based on combined quantum and molecular mechanim potentials 
for addressing the general problem of chemical reactions in the 
condensed phase. In what follows we give a brief outline of the 
method and apply it to the SN2 reaction CI-+CH,CI in the gas 
phase and in solution. 
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