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solution, NMR spectra of complexes 210 indicate a more sym
metrical C2c 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 complexes13'14 (compare 1.70 ± 0.02 A in 
six Re(O)X(MeC=CMe)2 structures7'12). The Re-O distance 
in 2c-2MeCN is more comparable to an Re-O double bond 
distance (average 1.76 A in trans-Re02 species) than the Re-O 
triple bond present in most rhenium monooxo compounds (average 
1.69 A).14 The Re-O stretching frequencies in 2a-c are much 
lower than in the Re(III) analogues, for instance, 824 cm"1 in 2c 
(^(Re-18O) = 763 cm"1) vs 972 cm"1 in Ic. In the presence of 
15-crown-5, //(Re-O) is 885 cm"1, indicating that only part of the 
large shift is due to the Na-O interaction. 

The bond length and low stretching frequencies suggest that 
Re-O bonding in 2 is weaker than that in 1. Preliminary cal
culations15 indicate that this is due to the population of a Re-O 
antibonding orbital: the two added electrons occupy the dX2 orbital 
in the mirror plane of the molecule (see drawings in Scheme I) 
which is Re-O ir* and rhenium-acetylene ir 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) A compared to 2.051 (5) A for the 
Re-2-butyne distances in la), the long C=C distances (average 
1.316 (7) A),16 and the low C=C stretching frequencies (1685 
cm"1 in 2a vs 1800 cm"1 in la). The presence of significant 
backbonding complicates the oxidation state assignment: 2a-c 
can also be considered as Re(III) if the added electrons are taken 
to be on the acetylenes rather than the metal, although 2a-c are 
nucleophilic at the metal, not at 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 complexes12"1 

(Scheme I). The high nucleophilicity of the rhenium center is 
unprecedented for metal-oxo complexes.17 Reaction with 
Me3SiCl, 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. Inorg. Chem. 1988, 27, 3899-3903. 
(15) Thorn, D. L., Central Research and Development Department, Du-

Pont Co., unpublished results, 1989 (extended Hiickel 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 Cp2FeBF4 to give Re2O2(RO=CR)4 dimers.9 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 acids,1,2 esters,1,3 

lactones,1,4 amides1,5 lactams,1,6 keto esters, and keto amides,7,8 

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 unreactive.9 Recently, activation of aryl chlorides 

(1) (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. 

(2) (a) Valentine, D., Jr.; Tilley, J. W.; LeMahieu, R. A. J. Org. Chem. 
1981, 46, 4. (b) Cassar, L.; Foa, M.; Gardano, A. J. Organomet. Chem. 1976, 
121,CU. 

(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. 

(4) (a) Mori, M.; Chiba, K.; Inotsume, N.; Ban, Y. Heterocycles 1979,12, 
921. (b) Cowell, A.; Stille, J. K. J. Am. Chem. Soc. 1980, 102, 4193. 

(5) (a) Schoenberg, A.; Heck, R. F. / . Org. Chem. 1974, 39, 3327. (b) 
Kobayashi, T.; Tanaka, M. J. Organomet. Chem. 1982, 233, C64. 

(6) (a) Mori, M.; Chiba, K.; Ban, Y. / . Org. Chem. 1978, 43, 1684. (b) 
Ishikura, M.; Mori, M.; Terashima, M.; Ban, Y. / . Chem. Soc, Chem. 
Commun. 1982, 741. 

(7) Ozawa, F.; Kawasaki, N.; Okamoto, H.; Yamamoto, T.; Yamamoto, 
A. Organometallics 1987, 6, 1640 and references cited therein. 

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

(9) Cobalt-catalyzed photochemical carbonylation of some aryl chlorides 
was reported,9* 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:9' (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) Foa, M.; Francalanci, F.; Bencini, E.; Gradano, A. J. Orga
nomet. Chem. 1985, 285, 293. 
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Table I. Pd-Catalyzed Carbonylation of Aryl Chlorides0 

Ar 

Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
4-ClC6H4 

4-MeC6H4 

4-MeOC6H4 

3-MeOC6H4 

4-MeOCOC6H4 

nucleophile 

«-BuOH 
MeOH 
MeOH 
H2O 
A-Pr2NH 
Et2NH 
MeOH 
H2O 
K-BuOH 
W-Pr2NH 
MeOH 

solvent 

W-BuOH 
DMF 
dioxane 
DMF 
DMF 
xylene 
DMF 
DMF 
W-BuOH 
DMF 
DMF 

base 

NaOAc 
NaOAc 
NEt3 

NaOAc 

NaOAc 
NaOAc 
NaOAc 

NaOAc 

product 

PhCO2Bu 
PhCO2Me 
PhCO2Me 
PhCO2H 
PhCONPr2 

PhCONEt2 

1,4-C6H4(CO2Me)2 

4-MeC6H4CO2H 
4-MeOC6H4CO2Bu 
3-MeOC6H4CONPr2 

1,4-C6H4(CO2Me)2 

yield,4 % 

89 (100)= 
78 
71 
70 
87 
72 
82 
79 
75 
80 
85 

"Reaction conditions: A solution containing chlorobenzene (10 mmol), 1 (0.1 mmol), alcohol or water (1 mL), base (10 mmol), and solvent (3 
mL) was heated at 150 0C for 20 h under 70 psi of CO. In amidation, 2 mL of amine was used. Similar results are obtained when Pd(OAc)2 + 
2dippp is used instead of 1. b Isolated yield. c GC yield. 

toward Pd-catalyzed carbonylation by stoichiometric utilization 
of their chromium tricarbonyl complexes was reported as a reaction 
of industrial significance.10 Clearly, a method for direct catalytic 
carbonylation of aryl chlorides under mild pressure in one or more 
of these reactions would be of great interest. We report here that 
this is possible with the new complex (dippp)2Pd (or its precursors) 
as catalysts [dippp = bis(diisopropylphosphino)propane], leading 
to high-yield syntheses of carboxylic acids, esters, and amides from 
aryl chlorides. 

Oxidative addition of an aryl halide to Pd(O) is thought to be 
a common step in all Pd-catalyzed aryl halide carbonylations. 
Assuming that the much-lower propensity of aryl chlorides, as 
compared with aryl bromides and iodides, to undergo this reac
tion" is the main reason for their lack of reactivity in carbony
lation, we planned to increase the rate of this step without adversely 
affecting other steps in the catalytic cycle. Our approach was 
to utilize chelate-stabilized, electron-rich Pd(O) complexes. 

The new complex (dippp)2Pd(0) (1) was prepared by nucleo-
philic cleavage of 2-methallylpalladium chloride dimer12 with 
sodium methoxide in the presence of 2 equiv of dippp and was 
crystallized from a pentane solution at -30 0C. 31P NMR reveals 
that it is present in solution in an "arm ofP, trigonal form.13 

Table II. Ligand Dependence of Chlorobenzene Carbomethoxylation 

1 is an efficient catalyst for carbonylation of aryl chlorides (eq 
1). For convenience, Pd(OAc)2 + 2dippp can be used, generating 
the Pd(O) catalyst in situ under the reducing carbonylation con
ditions. Table I lists representative reactions of aryl chlorides, 
leading to high-yield syntheses of carboxylic esters, acids, and 
amides. 

ArCl + NuH + CO + base — ArCONu + base-HCl 

Nu = OH, OCH3, RNH 

(D 

No catalyst deactivation or decomposition is observed. For 
example, upon addition of a new charge of chlorobenzene and 
sodium acetate to the reaction in 1-butanol, catalytic activity to 
yield more «-butyl benzoate is resumed.14 As expected, the 
reactions are highly ligand dependent, pointing to the uniqueness 
of dippp (Table II). 

(10) Mutin, R.; Lucas, C; Thivolle-Cazat, J.; Dufand, V.; Dany, F.; 
Basset, J. M. J. Chem. Soc, Chem. Commun. 1988, 896. 

(11) Parshall, G. W. J. Am. Chem. Soc. 1974, 96, 2360. 
(12) Kuran, W.; Musco, A. lnorg. Chim. Acta 1975, 12, 187. 
(13) 31P[1H] NMR of 1 (toluene-rf8): d 1.0 (s, 1 P), 45.3 (t, / = 84 Hz, 

1 P), 21.4 (d, J= 84 Hz, 2P). 
(14) At the sacrifice of the rate, it is possible to use substrate:catalyst ratios 

of below 100:1, although the lowest practical catalyst concentration has not 
been determined. 

ligand 

R2P(CH2)„PR2 

w = 3, R = /-Pr (dippp) 
w = 4, R = i-Pr (dippb) 
w = 2, R = i-Pr (dippe) 
w = 3, R = Ph (dppp) 
w = 2, R = Me (dmpe) 
w = 2, R = Ph (dppe) 

PMe3 

P(C-Pr)3 

PPh3 

conversion 
after • 20 h," % 

80 
40 
30 
15 
3 
2 
0 
0 
0 

0A solution containing chlorobenzene (10 mmol), palladium acetate 
(0.1 mmol), sodium acetate (10 mmol), methanol (1 mL), DMF (3 
mL), and diphosphine (0.2 mmol) or monophosphine (0.4 mmol) were 
heated at 150 0C under 70 psi of CO. Conversion is based on GC 
analysis. 

Although the exact ligand requirements are unknown at this 
stage, chlorobenzene carbomethoxylation may require (1) che
lation, (2) basicity (compare dippp > dppp; dippe > dppe), and 
(3) steric bulk, e.g., dippe > dmpe; (4) a six-membered chelate 
ring is optimal, the reactivity trend being dippp > dippb > dippe; 
dppp > dppe. 

It seems that dippp is the optimal choice. Preliminary ex
periments of mechanistic relevance are the following: (1) reaction 
of 1 with CO is reversible, regenerating the starting complex under 
vacuum; (2) chlorobenzene undergoes oxidative addition to 1 at 
50 0C (in hexane), yielding complex 2;15 the reaction is slow and 
requires several days for completion; (3) carbonylation of 2 at 50 
psi yields complex 316 quantitatively; (4) addition of Et3N to a 
methanolic solution of 3 at 25 0C results in instantaneous de
composition to yield methyl benzoate. 

R2 

-P -Ph 

\ d ^ 

R2 

R ° 
R2 Ii 

/ xPd 

R2 

These observations suggest that oxidative addition of chloro
benzene is the slowest step in carbalkoxylation catalysis by 1. For 
comparison, iodobenzene carbalkoxylation catalyzed by PR3 

complexes involves rate-determining alcoholysis of an acyl-
palladium complex.7,17 A kinetic study7 indicates that this step 
involves predissociation of a phosphine ligand. The unusual facility 
of the nucleophilic cleavage of 318 may be the result of the relative 

(15) 31P[1H] NMR of 2 (toluene-rf8): 6 28.7 (d, J = 42 Hz, 1 P), 11.0 (d, 
J = 42 Hz, 1 P). 

(16) 3: 31P[1H] NMR (toluene-rf8): S 27.6 (d, J = 65 Hz, 1 P), 8.1 (d, 
J = 65 Hz, 1 P). IR: (Nujol) 1648 cm"1 (C=O). 

(17) (a) Milstein, D. /. Chem. Soc, Chem. Commun. 1986, 817. (b) 
Milstein, D. Ace Chem. Res. 1988, 21, 428. 
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ease of opening the chelate ring because of (a) size, (b) bulkiness, 
and (c) a strong acyl-trans effect. Chelate opening may be im
portant also in the CO insertion step.19 

Chlorobenzene oxidative addition to 1 is also more facile 
compared to phenylphosphine palladium complexes. High electron 
density at the metal is undoubtedly one reason, but the low affinity 
of 1 for CO, leaving in solution a higher concentration of an 
unsaturated complex, may also be important. Clearly a number 
of factors may be involved in making 1 an efficient, unique 
catalyst.20 This, as well as potential use of 1 and related complexes 
in other catalytic reactions, is under active investigation. 
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(18) Alcoholysis of acylpalladium complexes containing monodentate 
phosphines requires heating''17 and appears to be much slower than that of 
3. 

(19) The ligand dppp was recently observed to have an accelerating effect 
on the carbomethoxylation of the reactive aryl trifluoromethanesulfonates: 
Dolle, R. E.; Schmidt, S. J.; Kruse, L. I. J, Chem. Soc., Chem. Commun. 1987, 
904. 

(20) The second dippp ligand may also play a role in the catalysis. Sig
nificantly lower yields are obtained when either 2 or 3 is utilized as catalyst. 
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In this communication we report direct evidence for a /3-hydride 
elimination mechanism in hydrocarbon decomposition over metal 
surfaces. This pathway is perhaps the most common of the de
composition reactions in transition-metal alkyls containing (H-
hydrogens; there are many examples for such a mechanism in the 
organometallic literature.1 /3-Elimination has also been indirectly 
invoked when explaining mechanisms for hydrocarbon conversion 
over transition-metal catalysts.2,3 However, due to the difficulty 
in forming alkyl moieties on metal surfaces, the direct detection 
of such processes has so far eluded surface scientists. We here 
present thermal programmed desorption (TPD) spectra from 
partly deuterated fragments chemisorbed on Pt(111) which un
equivocally show that ethyl moieties decompose on those surfaces 
by /3-hydrogen elimination to form adsorbed ethylene. 

The experiments were performed in an ultrahigh-vacuum 
chamber equipped with surface-sensitive instrumentation, as 
described in detail elsewhere.4 Ethyl groups were formed on the 
platinum surface by saturation with ethyl iodide at liquid nitrogen 
temperatures followed by annealing above 170 K. Using X-ray 
photoelectron (XPS) and reflection-absorption infrared (RAIRS) 
spectroscopies, we have previously shown that this procedure 
conduces to the breaking of the C-I bond with the concurrent 
formation of ethyl moieties,5,6 and Lloyd et al. have recently used 
high-resolution electron energy loss spectroscopy (HREELS) to 

(1) Davidson, P. J.; Lappert, M. F.; Pearce, R. Chem. Rev. 1976, 76, 219. 
(2) Kemball, C. Catal. Rev. 1971, 5, 33. 
(3) Clarke, J. K. A.; Rooney, J. J. Adv. Catal. 1976, 25, 125. 
(4) Zaera, F. J. Vac. Sci. Technol. 1989, A7, 640. 
(5) Zaera, F. Surf. Sci. 1989, 219, 453. 
(6) Zaera, F.; Hoffmann, H.; Griffiths, P. R. Vacuum, submitted. 
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Figure 1. H2 and D2 thermal programmed desorption (TPD) spectra 
from saturation coverages of CD3CH2I (left) and CH3CD2I (right) on 
Pt(IIl). The peaks corresponding to the first decomposition step (a 
/3-hydride elimination) are highlighted. 

demonstrate that ethyl groups are stable on Pt(111) below 230 
K.7 

Adsorbed ethyl decomposes thermally above 230 K to yield a 
new intermediate with C2H4 stoichiometry. This conversion has 
been studied by XPS,5 HREELS,7 and TPD.5,7 Hydrogen (H2) 
thermal desorption from CH3CH2I displays several peaks, the first 
at 275 K which corresponds to one-fifth of the total area under 
the spectrum (one out of five hydrogen atoms in CH3CH2I).5 Here 
we have used partly deuterated ethyl iodide compounds in order 
to determine the origin of that first desorption feature. Figure 
1 shows TPD spectra for H2 and D2 desorption from both adsorbed 
CD3CH2I and CH3CD2I. It is clear from the data that in the 
case of CD3CH2I the first desorption peak is composed almost 
exclusively of deuterium gas, while for CH3CD2I this feature is 
only seen in the H2 trace (shadowed areas in the figure). These 
results clearly indicate that the hydrogen atom extracted in the 
first decomposition step of ethyl chemisorbed on Pt( 111) comes 
from the /3 position. Additional TPD, XPS, and HREELS data 
has been used to determine that chemisorbed ethylene forms as 
a result of ethyl decomposition, corroborating the proposed /3-
hydride elimination mechanism.5,7 Adsorbed ethylene then reacts 
to form ethylidyne by going through a vinyl intermediate.5,8 This 
reaction starts at temperatures as low as 260 K, but its rate peaks 
around 305 K in TPD experiments.9 

This is, to the best of our knowledge, the first study showing 
that a /3-hydride elimination mechanism is operative in the de
composition of chemisorbed alkyls, in an analogous fashion to 
well-known chemistry for organometallic compounds. A partic
ularly interesting example has been given recently by Brown et 
al., in which an ethyldiplatinum(I) complex was synthesized by 
starting from ethyl iodide and Pt2(M-Ph2PCH2PPh2)3.

10 This 
compound undergoes /3-H elimination at temperatures between 
60 and 100 0C to yield ethylene and ethane. Ethane formation 
was also seen in our system.5 Establishing the viability of the /3-H 
elimination pathway on surfaces has clear implications in de
termining the mechanism for catalytic H-D exchange and hy-
drogenolysis of alkanes.2,3 In particular, ethane H-D exchange 
on Pt(111) yields dr and d6-substituted molecules predominantly. 
This product distribution can be explained by a mechanism in
volving ethyl groups as a common intermediate, which then reacts 
further by following two competitive pathways.11,12 An additional 
intermediate with C2H4 stoichiometry is required to explain the 
high yield of fully deuterated ethane.12 Previous data suggested 

(7) Lloyd, K. G.; Roop, B.; Campion, A.; White, J. M. Surf. Sci. 1989, 
214, 227. 

(8) Zaera, F. J. Am. Chem. Soc. 1989, 111, 4240. 
(9) Zaera, F.; Fischer, D. A.; Carr, R. G.; Kollin, E. B.; Gland, J. L. In 

Molecular Phenomena at Electrode Surfaces; Soriaga, M. P., Ed.; ACS 
Symposium Series 378; American Chemical Society: Washington, DC, 1988. 

(10) Brown, M. P.; Yavari, A. J. Chem. Soc, Dalton Trans. 1985, 2421. 
(11) Zaera, F.; Somorjai, G. A. J. Phys. Chem. 1985, 89, 3211. 
(12) Miyahara, K. J. Res. Inst. Catal., Hokkaido Univ. 1956, 4, 143. 
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