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The palladium-catalyzed vinylation of aryl halides, also
known as the “Heck reaction” (eq 1) is a very useful synthetic
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method for the generation of carbenarbon bondsthat has Figure 1. Perspective view (ORTEP) of compléx Bond distances
found many applications. We report here a new type of (A) and angles (deg, errors last digits in parentheses): P@(Q) =
palladium catalyst for this reaction which shows outstanding 2.046(5); Pd(1)O(4) = 2.167(4); Pd(1yP(2) = 2.354(2); Pd(Ly
activities and yields. These catalysts are exceedingly thermally P(3) = 2.381(2); C(1)-C(11) = 1.489(7); C(1yPd(1)-O(4) =
stable and are not sensitive to oxygen. Our evidence suggestd7>-3(2); P(2Pd(1)-P(3)= 152.22(5); Pd(}}C(1)-(C11)= 99.5(3).
that, contrary to the classical mechanism, in this case Pd(0) may
not be involved as the active species. The issue of a possibleX-ray analysis (Figure I Complexesl—3 show exceptionally
Pd(I1)/Pd(IV) cycle in Heck catalysis is currently under detigte.  high activity in the catalytic arylation of olefins with aryl iodides
Recently, highly efficient catalysis using cyclopalladatedtri- ~ and bromides (Table 1). Because of the stabilizing tridentate
tolylphosphine complex&8and palladium carbene complekes ~PCP ligand system, the complexes are extraordinarily thermally
has been reported. stable and no decomposition is observed at temperatures up to
We have reported catalysis of the Heck reaction with aryl 180°C. These complexes are also not sensitive to oxygen and
chlorides using electron-rich trigonal bisphosphine palladium(0) Moisture, and the reactions can be carried out in air, with no
complexed. These reactions exhibit a remarkable chelate effect change in efficiencies or yield. There is no noticeable catalyst
and enable Heck coupling under reducing conditions in absencedegradation even after heating complekesd2 for more than
of base’c although at a moderate rate. In recent years, we have 300 h at 140°C under the reaction conditions. The catalyst
studied complexes of tridentate PCP-type ligands in various remains highly active after the reaction is complete, and upon
reaction$ We have now explored the possibility of catalysis addition of more substrates, catalysis is resumed, leading to the
of the Heck reaction with such palladium(ll) complexes.  coupling product in quantitative yield at essentially the same
The new complexe$, 2, and3 were prepared by treatment  rate. The only change observed at the end of the catalysis is
of Pd(TFA), (TFA = OCOCF) with the corresponding diphos- substit_ution of the triflu_oroacetate ligand to give the corre-
phines in THF at 80°C® Complex3 was characterized by ~ sponding palladium halide complex, as shown ¥y NMR

spectroscopy.
pipr, PR, While very high turnover numbers (TONs) and yields are
observed for all catalysts, compl@xexhibits higher turnover
"’d—TF A /Pd“TFA rates. Most experiments were performed with compléxasd
P iPr, PR, 2

In a typical experiment a slight excess of the olefin is added
to a solution of the aryl halide in freshly distilled-methyl-
pyrrolidone (NMP), followed by addition of an equimolar
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1994 33, 2379-2411. (c) Carbri, W.; Candiani, Acc. Chem. Re4.995 Ben-David, Y.; Milstein, D.Organometallics1993 12, 4734-4735.
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Table 1. Selected Results of the Heck Reaction with Pd(ll) not observed in our catalysis, a route involving a P& (II)
Chelate Complexes hydride such a4 is unlikely.
arene/ Generation of an anionic Pd(0) complex without chelate
~p Olefin catalyst time/ opening (e.g., by deprotonation of a complex sucH)ds also
(mmol/ (mmol)  temp yield unlikely. Such a mechanism would involve nucleophilic attack
ArX mmol) x107° (h)/(°C) TON (%) of the anionic complex on iodobenzene to give the-Pt
1 Phl COOMe 5/6 3.5 1 60/40 142900 100 complex6.° However, complex, prepared by reaction df
2 50/60 17.5 1 253/140 267600 94 with PhLi, does not lead to any coupling products upon heating
3 50/60 8751 350/140 520500 91 with methyl acrylate. Moreover, treatirgwith various aryl
4 5/6 3.5 2 20/140 142900 100 iodides results in the quantitative formation of the corresponding
2 26?60 ;Bs g igﬁig g;g ;88 g; palladium iodide complex and biaryls (eq 3}? Since biaryl
7 5/6 3.5 3 40/140 142900 100 PiPr PiPr,
8 Phl COOBu 5/6 35 1 40/140 5650 4 CHa=CHOOMe | P I
9 5/6 35 1 88/160 108000 77 PhCH=CHCOMe ~——X fa=Pn = PhoPns fo—!
10 5/6 3.5 2 64/140 142900 100 PiPr, PiPr,
11 5/6 3.5 2 14/160 142900 100 6 .
12 Phl C(O)Me 1.34/1.5 3.51 40/140 11500 30 )
13 Phl Ph 5/6 3.5 2 60/140 133000 93 o . ) .
14 p-MeOPhl COOMe 5/6 35 2 16/140 142900 100 formation is not observed in our catalysis, such a mechanism
15 PhBr COOMe 5/6 3,52 63/140 132900 93 can be excluded. Thus, we believe that the traditional mech-
16 p-OCHPhBr COOMe 5/6 3.5 2 63/140 113300 79 anism involving a Pd(0) complex may not be involved. A
aDetermined by GC, based on haloarene and product (PhCHCH- Pd(II)/P_d(IV) c_:yc_:le based.or.] oxidative addition of the aryl halide
COOMe). b Product mixture of two isomer€E(Z = 7/1). to 1-3 is a distinct possiblity.

A competitive experiment using-BrPhl, Phl, p-MePhl,
p-MeOPhI, and methyl acrylate (in molar ratio of 5:5:5:5:1)
and complexl as a catalyst results in a linear correlation with
Hammetto values, yieldinge = 1.39. While this electronic
effect is not surprising, since the oxidative addition of the-atyl
bond to the metal is expected to be facilitated by electron-
withdrawing substituents on the aromatic ring, {h&alue is
too low to fit a rate-determining nucleophilic aromatic substitu-
tion13 A subsequent rate-determining step with different
‘electronic requirements, such as olefin insertion, may account
for this observation.

The higher efficiency of comple® can be attributed to
electronic factors, the metal center 2nbeing more electron
rich than in1. Complex3 is less efficient thar due to the
higher steric bulk of the phosphine ligands.

In summary, the PCP-type palladium(ll) complexes show
exceedingly high catalytic activity in the Heck reaction, includ-
ing reactions of nonactivated aryl bromides. The new catalyst
system is very thermally and air stable. Our evidence suggests
that this catalysis may not involve the classical Pd(0) cycle.
Further investigations aimed at clarification of the scope and
mechanism of these novel catalysts are in progress.

is added and the mixture is stirred at 14D while the course
of the reaction is followed by NMR spectroscopy and gas
chromatography. Selected results are listed in Table 1.

With iodobenzene and methyl acrylate, essentially complete
conversions are obtained with exceptionally high TONs of up
to 500 000. Lower conversions and yields were realized with
aryl bromides, although the observed TON of 132 900 \Rith
in the case of bromobenzene is among the highest reported
Chlorobenzene was almost inactive. Thus, we believe that this
catalyst is among the most active and stable reported so far.

The new catalysts are of interest also from the mechanistic
point of view. While the mechanism has not been studied in
detail yet, involvement of a Pd(0) complex as the active species
seems unlikely. It was shown that a metalated Pd¢H)
tolylphosphine complex can be reduced to a Pd(0) complex
under conditions of the Heck catalysis via formation of a
palladium(ll) hydride followed by ring opening by -H
reductive eliminatiorf. The presence of the two strong chelating
rings renders opening of the Pdryl bond during the reaction
unlikely. Nevertheless, to check this possibility, we have studied
the reactivity of the hydride complek!! Significantly, reaction
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