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Increasing our repertoire of addition reactions enhances our
opportunities to increase synthetic efficiency.! Formation of
C—C bonds by additions of C—H bonds across z-unsaturation
constitutes a particularly valuable strategy. The importance of
alkenes in and of themselves and as building blocks for
construction of complex molecules makes their availability in
a geometrically controlled fashion by such processes important.
One strategy involves elaboration of simple alkenes into more
complex ones. With alkenes conjugated to an electron-
withdrawing group, formation of new carbon—carbon bonds
generally involves conjugate addition which removes the double
bond? or alkylations via enolates.?> Their high reactivity toward
additions to themselves complicates a reaction of the type shown
in eq 1 which is initiated by a metal-catalyzed C—H insertion*~®
wherein the organometallic intermediate might simply add to
its precursor. On the other hand, the prospects to develop a
fully stereocontrolled alkene synthesis which is especially
difficult for tri- and tetrasubstituted alkenes in such an efficient
manner enticed us to examine such a process.
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Initial work centered on 1-acetylcyclohexene (1) and -cyclo-
pentene (2) using ruthenium complexes which have been
successful in aryl systems, the most notable being the work of
Murai et.al* Treatment of the former (0.25 M) with 2 equiv
of triethylvinylsilane (4a) in toluene with 5% (PhsP);RuH,(CO)
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(3) at reflux gave a 94% isolated yield of the addition product
5a® (eq 2). The utility of alkoxysilanes as easy precursors of
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alcohols? led to our examination of triethoxyvinylsilane, which
participated equally well, giving the adduct 5b® in 76% isolated
yield. Surprisingly, 1-acetylcyclopentene (2) returned starting
material.

In contrast to this result, methyl 1-cyclopentenecarboxylate
(6a) reacted efficiently with 1.2 equiv of alkene 4b to give the
desired adduct 7a® (eq 3). The greater effectiveness of the ester
in promoting the addition in comparison to the ketone is noted
in the reaction times. The 65 h reaction time for 1 was reduced
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to 18 h for 6b. More dramatically, the lack of reactivity of
1-acetylcyclopentene contrasts with a 3 h reaction time for 6a,
even faster than the six-membered-ring analogue 6b. Basic
peroxide (KHCOs;, H,0O,;, THF, CH3;0H, room temperature)
smoothly converted the adduct 7b to the lactone 8% (n = 2) in
86% isolated yield. Other ruthenium complexes including Cp
(COD)RuCl; (with or without silver triflate or ligands) and arene
ruthenium complexes'? gave unsatisfactory results. Replacing
triphenylphosphine of 3 with the acceptor ligand trifurylphos-
phine!! also proved undesirable. In contradistinction to the
above, methyl benzoate failed to react under the above condi-
tions, highlighting the differences between the vinyl and aryl
systems.

Styrene (1.2 equiv) gave similar results (eq 4, path a) albeit
in a somewhat slower reaction. After 40 h, a 70% yield of
adduct 9% was obtained with starting material remaining (92%
yield based upon recovered starting material (brsm)). A
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silylalkyne also proved to be a satisfactory acceptor (eq 4, path
b), in which case the percent conversion increased by using 2
equiv (82% yield, 95% yield brsm) of acceptor rather than 1.2
equiv (52% yield, 99% yield brsm). Only a single geometric
isomer and regioisomer tentatively assigned as 108 based on
2D NMR studies was obtained.

The chemoselectivity was explored with a series of esters as
summarized in eq 5 and Table 1. As expected, aromatic rings

R R
S L o @
PhCHy refiux SiR

1"

(entry 1), esters (entry 2), and silyl ethers (entry 3) have no
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Table 1, Chemoselectivity of Ruthenium-Catalyzed Addition?

entry R R’ % yield®  compd no.
1 CH:Ph C,HsO 91 11a
2 (CH>)sCH>0Ac C.H;s 85 (90) 11b
3 (CH,)sCH,OTBDMS  C,H; 91 11c
4 o] C,H; 73 (84) 11d
S
5 CH,CH, s:> C,H;s0 92 11e
CH; S
6 (CH;);10CON(CHs), C.Hs 93 11f
7
T org<® CH; 3(77) 11g
8 (CH,)sCH,Br C,HsO 54 (68) 11h
9 (CH)sCH,CN C.Hs 19 (55) 11i

¢ All reactions were performed in toluene at reflux with 5% 3 for
20 h. ? Yields in parentheses are based upon recovered starting material
(brsm).

effect. Interestingly, both ketals (entry 4) and thioketals (entry
5) are well tolerated. The coordinating ability of an amide (entry
6) does not inhibit reaction in contrast to the case of a nitrile
(entry 9) which apparently does.!? Remarkably, alkylating
agents like an epoxide (entry 7) and a bromide (entry 8) are
also tolerated. Surprisingly, the (Z)-3-hexenyl and 3-hexynyl
esters failed to react.

Acyclic substrates react but can lead to isomerizations of the
initial products. For example, methyl tiglate gave an 88% yield
of a 17:2:3 ratio of adducts 12,2 13, and 14® under the usual
conditions in 2 h. Use of THF as solvent inhibits the
isomerization but slows reaction such that a 52% isolated yield
of 12 is obtained after 65 h (eq 6). Use of 1 equiv of dioxane
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in toluene proves most satisfactory, giving an 86% yield of 12
in 20 h. Disubstituted alkenes were converted stereoselectively
into trisubstituted ones 15 and 17 (eqs 7 and 8). The product
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15 was fully characterized as the lactone 16 formed upon
oxidative cleavage of the silane. Presumably, the ether oxygens
in the substrate precluded the need to add exogenous ethers to
inhibit product isomerization. The compatibility of the remote
trisubstituted double bond in eq 8 contrasts with the incompat-
ibility of disubstituted double bonds in eq 5 (vide supra).
N-Methylcinnamide gave the expected adduct 188 in 80% yield
even in the absence of dioxane (eq 9).
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Scheme 1. Mechanism of Addition
{PhsP)3RuH,(CO)
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The mechanism of this reaction can be envisioned as shown
in Scheme 1. Evidence for “activation” of the catalyst by loss
of hydrogen was pursued by spectral studies. Addition of the
acceptor alkene triethoxyvinylsilane to complex 3 in a NMR
tube shows disappearance of the signals corresponding to the
ruthenium hydride at 6 —6.87 and —8.82 with only a new set
of aromatic signals (6 7.25—9.00) remaining. Furthermore, the
infrared spectrum shows a new CO peak at 1903 cm™!. GC
analysis also shows the presence of the hydrogenation product
from the acceptor alkene. This resultant species is catalytically
active. A reasonable conjecture for the structure of this species
is a coordinatively unsaturated complex such as 19 which may
be stabilized by solvent serving as a weakly coordinating ligand.
Strong inhibition by performing the reaction in the presence of
a CO atmosphere and modest inhibition by performing the
reaction in a closed system suggest that loss of CO to yield 19
is also required. Thus, a highly coordinatively unsaturated
ruthenium bearing only the three phosphine ligands stabilized
by solvent serving as a weakly coordinating ligand may be the
active species.!3 The retardation effect of THF as solvent and
the strong influence of ether additives support this contention.
Consistent with the cyclometalation as the first step is the lack
of reactivity wherein the 8 C—H bond is trans to the carbonyl
group.'* The ability to elaborate activated alkenes into more
substituted ones with excellent retention of alkene geometry by
addition to a vinylic C—H bond should prove to be a useful
methodology that enhances synthetic efficiency.
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