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The precise mechanism of the carbometalation reported here
is not yet clear. However, our preliminary investigation has
revealed that the product 1 in the reaction of phenylacetylene
with Me3Al-Cl,ZrCp; is largely an (E)-2-phenylpropenyl-
alane species (~95%) mixed with a minor amount (~5%) of
the corresponding organozirconium species. Thus, the 'H
NMR spectrum of the phenylacetylene-Me3Al-Cl,ZrCp;
reaction mixture in CH,Cl; shows two distinct allylic methyl
signals at 6 2.35 and 1.93 ppm in the ratio of ~20:1. The 'H
NMR spectra of authentic samples of 5§ and 6 prepared by

Ph H Ph H 1
~N - N R e H
= C= e
v e
Me AlMe, Me ZiCyp, R2 X
-
5 cl 7
6

treating 4 with n-BulLi, followed by addition of Me,AlCl and
Cl,ZrCp,, respectively, show their allylic signals at 6 2.35 and
1.93 ppm, respectively. These results not only support the above
conclusion, but indicate the following. (1) The interconversion
between the organocaluminum and organozirconium species
is slow on the NMR time scale, in contrast to the methyl ex-
change. (2) The propenyl C-1 atom in the products is not
bonded simultaneously to both Al and Zr to any detectable
extent. The spectroscopic data presented above suggested that
the carbometalation reaction might be catalytic with respect
to Cl,ZrCps. Indeed, the reaction of 1 equiv of phenylacetylene
with 2 equiv of MesAl in the presence of 0.1 equiv of Cl,ZrCp;
for 12 h at 25 °C produced, after hydrolysis, a-methylstyrene
in 60% yield.

While the scope and the mechanistic details remain to be
further explored, it is clear that a novel, selective, and opera-
tionally simple route to trisubstituted olefins represented by
7 via carbometalation of R'C=CH is now at our disposal.
Various known reactions of alkenylaluminums,?* including
those reported in the accompanying communication,2® point
to the potential utility of the alkenyl metal products obtainable
by the procedure reported here in the synthesis of trisubstituted
olefins,
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Double Metal Catalysis in the Cross-Coupling
Reaction and Its Application to the Stereo- and
Regioselective Synthesis of Trisubstituted Olefins!
Sir:

We have recently developed highly selective procedures for
the synthesis of olefins which involve the reaction of alkenyl-
alanes or alkenylzirconium derivatives (1) with unsaturated
organic halides in the presence of a Pd9-phosphine or Ni-
phosphine complex.2 While these procedures offer a facile
entry into certain disubstituted olefins,? our initial attempts
to apply them to the synthesis of trisubstituted olefins via 2
were unsuccessful or unsatisfactory. Particularly frustrating
was the generally low reactivity of 3, which is now readily
available via carbometalation as described in the accompa-
nying communication,! in the Pd-catalyzed cross-coupling.

1
Rl\c_ C/H RI\C_ C/R N — C/H
— el ol
v~ ML, H ML, R S,
1 2 3

R, R', or R? = alkyl; ML,, = Al< or ZrCp,Cl

To alleviate this difficulty, we turned our attention to a
simple but little-tested possibility of doubly or multiply cata-
lyzing the Pd- or Ni-catalyzed cross-coupling reaction?® which
presumably proceeds via oxidative addition-transmetala-
tion-reductive elimination.* Since the difficulty appeared
largely steric in orgin, and since steric acceleration rather than
steric hindrance was expected in the reductive elimination step,
the difficulty appeared to lie in the transmetalation step.> We
further reasoned that, in the catalytic reaction of this nature,
the difficulty must be kinetic rather than thermodynamic, and
that such a kinetically unfavorable transmetalation process
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Table I. The Pd- or Ni-Catalyzed Reaction of Alkenylaluminum or Alkenylzirconium Compounds with Organic Halides in the Presence of

chlza
Hydrometalation
or carbometalation Organic Yield,© %
Alkyne agent halide Product® GLC Isold
3-Hexyne i-Bu,AlH m-Tolyl iodide (E)-3-(m-Tolyl)-3-hexene 88
3-Hexyne i-Bu,AlH 7 8 65
5-Decyne H(CHZrCp, Pheny! iodide (E)-5-Phenyl-5-decene 804 65
3-Hexyne H(C)ZrCp» 7 8 85 72
3-Hexyne H(C1)Z:Cp, (E)-1-lodo-1- (E,E)-4-Ethyl-3,5- 86 7
hexene decadiene
3-Hexyne H(C1)ZrCp, Vinyl bromide (E)-3-Ethyl-1,3- 79 62
hexadiene
1-Heptyne Me3Al-ClZrCp; Vinyl bromide (E)-4-Methyl-1,3- 73
nonadiene
1-Heptyne MesAl-Cl,ZrCps 1-lodo- I-hexyne (E)-8-Methyltridec- 90 75
7-en-5-yne
1-Heptyne Me;Al-Cl,ZrCp, (E)-1-lodo-1- (E,E)-8-Methyl-5,7- 65
hexene tridecadiene
6-Methyl-5-hepten-1-yne MesAl-Cl,ZrCp, Vinyl bromide 11 70€ 56
1-Heptyne i-Bu,AlH 1-lodo-1-hexyne (£)-Tridec-7-en-5-vne 92

@ All reactions were run at 20-25 °C under an atmosphere of nitrogen in the presence of | equiv of ZnCl,. Unless otherwise mentioned,
Pd(PPhs), was used as a catalyst (5 mol %). b All isolated products have been adequately characterized and identified by 'H and '3C NMR
and IR. The stereoselectivity in each case is 297% by GLC and 'H and '3C NMR. ¢ The yields of homo-coupled products were 0-5% each.
4 Ni(PPhj)4 was used as a catalyst (10 mol %). ¢ The Pd catalyst obtained by treating Cl,Pd(PPhs), with 2 equiv of i-Bu,AlH was used (5

mol %).

could be facilitated by the use of one or more coordinatively
unsaturated compounds of low steric requirements containing
metals whose electronegativities are either comparable with
or between those of the two metals in question, i.e., Al or Zr
and Pd or Ni. Conceptually, a single transmetalation process
of high activation energy could be replaced by a double or
multiple transmetalation process of low kinetic barriers, which
could lead to an overall rate enhancement. We therefore tested
various metal salts containing Cu, Zn, Cd, In, Sn, and Ti.¢
We now report that many of the Pd- or Ni-catalyzed reac-
tions of the alkenylaluminum or -zirconium compounds rep-
resented by 1-3 with alkenyl, aryl, or alkynyl halides, which
either fail to give or produce only in low yields the cross-coupled
products, can be significantly promoted to give the desired
products in high yields by the addition of metal salts containing
Zn or Cd, such as ZnCl,. Thus, for the first time, the Pd- or
Ni-catalyzed cross-coupling reaction represented by eq 1

R! R
>C=C< + R3X
R: ML,
1-3
Pd’— or Ni’—phosphine complex Rl\ /R
/C=C\ (O
ZnCl, R? RS

R, R!, or R2 = H or alkyls R? = alkenyl, aryl or alkynyl; ML, =

Al<or ZrCp,Cl; X = Bror |
provides a generally applicable procedure capable of producing
various trisubstituted olefins. Although the scope of the current
discussion is restricted to the synthesis of olefins, the concept
of double or multiple metal catalysis presented here promises
to prove useful in various cross-coupling and other types of
organometallic reactions.

Typically, the reaction of (E)-3-hexenyldiisobutylalane (4)
with m-iodotoluene in the presence of S mol % of Pd(PPh3)4
did not produce any more than a trace (<1%) of (£)-3-(m-
tolyl)-3-hexene (5) even after 1 week at room temperature.’
This reaction was chosen as a test system, and the effect of
various metal salts was examined. Whereas Inl;, SnCl, or
TiCl4® did not induce the formation of 5 in any appreciable
yields (<5%) within 48 h, the addition of 1 equiv of ZnCl; or

CdCl, resulted in a dramatic rate enhancement (>104X), the
desired product 5° being formed in 88 or 76% yield, respec-
tively, within 1 h at room temperature. As no cross-coupling
takes place in the absence of the Pd or Ni catalysts, the reaction
is promoted by both the Pd or Ni complexes and ZnCl,; or
CdCl,. Although much less effective, Cul (1 equiv) induced
the formation of §in 36% yield in 24 h at room temperature.
We have therefore tentatively chosen ZnCl, as a cocatalyst in
all subsequent cases.

That the action of ZnCl; is indeed catalytic has been shown
in the reaction of 6 with 7 in the presence of 5 mol % of

Et\ /Et
/C= Br\ /Me
H ZxCp, /C=C\
o H COOMe
6 7
it Et
N
/C ——C\ /Me
H /C =C\
H COOMe

8 (>97% E,E)

Pd(PPhs)4. Thus, the use of 1, 0.5, and 0.2 equiv of ZnCl; in-
duced the formation of 8 in 82 (1 h), 85 (1 h) and 72% (2 h)
yields, respectively, in the indicated periods, whereas essentially
no product (<2%) was formed in the absence of ZnCl, even
after 6 h, at which time almost all of 7 had been consumed in
some side reaction.

The experimental results obtained by using ZnCl, as an
added reagent are summarized in Table [. It should be em-
phasized that, in the absence of ZnCls, the reactions in Table
[ either fail to produce the desired products in appreciable
yields or are far more sluggish than the ZnCl, promoted re-
actions.

Particularly attractive from the viewpoint of natural prod-
ucts synthesis is the stereoselective one-pot conversion of ter-
minal acetylenes into conjutaged dienes (9) and enynes!0 (10)
via 3 (R2 = Me), as exemplified by the transformation shown
in eq 2. Although the carbometalation of terminal acetylenes



1
R \C /H R /H
N -
M === E ’
e /C C\ Me C=CR
10
9
1
R ~ /H
/C=C\
LM Me
12

with Me3Al-Cl,ZrCp, produces 95:5 mixtures of two re-
gioisomers,! the cross-coupled products obtained by using a
minor excess (10%) of the alkenyl metal intermediates are
regiochemically >99% pure, indicating that the alkenyl metal
speciés represented by 3 (R2 = Me) are considerably more
reactive in the cross coupling than their regioisomers repre-
sented by 12. Attempts are being made to further convert the
conjugated dienes 9, such as 11, and enynes 10 into various
natural products.

1. Me,Al1-Cl,ZrCp, J\/\/’\/\
2. BrCH==CH,, Zn(Cl,, C1,Pd(PPhs,), N 2

+ 2(i-Bu,AlH) 70% 11° (>98% E)

Although the exact role of ZnCl, remains to be clarified, the
possible intermediacy of alkenylzinc species has been indicated
by the observation that the formation of (£)-8-methyltridec-
7-en-5-yne (10, R! = Pent-n; R’ = Bu-n) in the reaction of
(E)-2-methyl-1-heptenylzinc chloride!! with 1-iodo-1-hexyne
is at least as fast as that in the ZnCl; promoted reaction of 3
(R! = Pent-n; R2 = Me) with 1-iodo-1-hexyne.
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Reactions of Triply Bonded Dimetal Compounds.
Reversible Addition of Carbon Monoxide to a
Hexakis(alkoxy)dimolybdenum Compound. A Molecule
with a Carbonyl-Bridged Metal-Metal Double Bond
Sir:

We report here our initial observations on a series of most
remarkable reactions involving carbon monoxide and
Mo,(OR)¢ compounds, which contain unbridged metal-metal
triple bonds.!

Alkane solutions of Moy(OR)g¢ compounds, where R =
Me;C, Me,CH, and Me3CCH,, rapidly absorb carbon mon-
oxide at room temperature to give dark solutions.2 Upon ex-
posure to 2 equiv of CO, crystalline compounds have been
obtained merely by cooling the alkane solutions to ca. =10 °C.
Black crystalline compounds of empirical formula Mo-
(OR)3CO have been obtained? for R = Me,CH and
Me;CCH; and a preliminary x-ray investigation has shown
that the isopropoxide is tetranuclear, Mos(OPr?);3(CO),. The
IR spectrum of the latter compound shows four well-resolved
and sharp bands of approximately equal intensity assignable
to coordinated carbonyl ligands: 1957, 1882, 1837, and 1819
cm™!. When R = MesC, a dark purple crystalline compound,
Mo, (OBu')¢CO (I) was obtained which showed only one IR
band, at 1670 cm™!, assignable to a carbonyl group.

All the new carbonyl compounds are thermally labile. I
readily loses CO on heating in vacuo and Mo;(OBu‘)g is re-
covered. Carbon monoxide is also lost in solution under a ni-
trogen purge or under vacuum. This establishes the reversibility
of reaction 1 below.

Mo,(OBut)g + CO = Mo,(OBu)¢CO (1)

The black crystalline compounds, Mo4(OR)2(CO)4, where
R = Me;CH and Me3;CCH,, yield Mo(CO)g at 50 °C (1072
Torr) and Mo,(OR)g compounds at 80-100 °C (1072 Torr).
Other nonvolatile products are as yet uncharacterized in these
thermal decomposition reactions.

Upon exposure to an excess of CO (1 atm), Moy(OR),
compounds react further. For example, after exposing a hexane
solution of Mo;(OBu’)¢ to an excess of CO (1 atm) for 12 h,
the solvent was stripped, leaving a black powdery residue which
showed the following IR bands assignable to carbonyl groups:
2022 (m), 1985 (vs), four overlapping bands at ~1930 (all
strong), 1830 (w), 1690 (vw), 1670 (w), and 1630 (w) cm~!.
The band at 1985 cm™! is assignable to Mo(COQ)e and, even
at room temperature (I atm), this compound slowly sublimes
out of the black residue. Thus it appears that formation of I
represents merely the first step in a chain of reactions which
leads to Mo(CO)s among other as yet uncharacterized prod-
ucts. We proceeded directly toward a full structural charac-
terization of the novel carbonyl compound (I).

Crystals of I consist of discrete dinuclear molecules with the
structure shown in Figure 1. Here we omit, for the sake of
clarity, the (CHj3);C groups. Each molecule possesses a crys-
tallographically* imposed mirror plane containing O1, C1, O2,
and O3 and bisecting the Mo-Mo bond. The virtual symmetry
of the molecule is Cy,. The coordination polyhedron about each
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