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Abstract: Ruthenium(1) complexes containing the pen-
tamethylcyclopentadienyl ligand efficiently perform the
activation of allylic carbonates and halides to generate
cationic and dicationic ruthenium(iv) complexes. This
activation has been transferred as a key step to the cata-
lytic allylation of nucleophiles. The structural and elec-
tronic properties of the allylic moieties lead to the re-
gioselective formation of chiral products resulting from
nucleophilic addition to their most substituted terminus.
The catalytic activity of various Ru(Cp*) precatalysts in
several allylic substitutions by C and O nucleophiles
will be presented. The enantioselective version that has
been demonstrated by using optically pure bisoxazoline
ligands will also be discussed.

Keywords: allylation - enantioselectivity - nucleophilic
Ksubstitution - regioselectivity - ruthenium )

Introduction

Enantioselective nucleophilic substitution of allylic sub-
strates catalysed by transition-metal complexes is a powerful
method in organic synthesis. The palladium-catalysed reac-
tion known as the Tsuji-Trost reaction!!! is one of the most
popular model reactions for this type of substitution, which
is used for the evaluation of the efficiency of chiral ligands.
More recently, other transition-metal complexes based on
molybdenum,? rhodium,® tungsten® and iridium® have
shown high potential in this type of reaction. However, the
nucleophilic allylic substitution has not been widely studied
starting from unsymmetrically substituted substrates, and yet
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constitutes a challenging research area in asymmetric cataly-
sis.

With the objective of preparing optically active com-
pounds through the substitution of related unsymmetrical al-
lylic substrates bearing an unsubstituted terminus, the first
requirement is the regioselective formation of chiral
branched isomers B (Scheme 1) via monosubstituted allylic

R/\/\X )Ni/ 5
or [Cp*Ru] cat. R
X + Nu f’ +

R)\/ X RNy L

R= Ph, PhCH,, nPr ; NuH= alcohol, amine, phenol, YCR'Z'Z?
(Z'= CO,Me, Z°=CO,Me, COMe ; Z'= 7= COMe ; R'=H, Me ; Y= H, Na)

Scheme 1. General scheme for the nucleophilic substitution of unsymmet-
rical allylic substrates leading to branched (B) and linear (L) regioiso-
mers.

organometallic intermediates. To reach this purpose, some
ruthenium complexes have shown potential and these will
be presented in this paper.

Ru-Catalysed Nucleophilic Substitution
Chronology

In the field of metal-catalysed allylic substitution, the cata-
lytic activity of ruthenium complexes was first shown in
1985 by Tsuji, who used the ruthenium(m) dihydride com-
plex [RuH,(PPh;),] to perform the substitution of allyl and
cinnamyl carbonates by stabilised carbon nucleophiles aris-
ing from B-ketoesters.’! The reaction was carried out in pyri-
dine as solvent, but led to the linear product starting from
cinnamyl carbonate and methyl 2-methyl-3-oxobutanoate
(Scheme 1, R’=Me, Y =Na, Z'=CO,Me, Z*=COMe). The
substitution of cinnamyl carbonate was also performed with
[Ru’(cod)(cot)] (cod =cyclooctadiene, cot=cyclooctatriene)
as the catalyst precursor. Branched compounds were pro-
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duced from (-ketoesters, whereas no regioselectivity was ob-
tained from malonate nucleophiles.”

Neutral ruthenium complexes containing a Ru(Cp) (Cp=
cyclopentadienyl) fragment, such as [RuCl(Cp)(PPh;),],®
[RuCl(Cp)(cod)]™ are also able to provide the activation of
allylic carbonates. The reactions require high temperature
and lead to the formation of both branched and linear com-
pounds without any regioselectivity. On the other hand, the
cationic Ru(Cp)-containing precatalysts [Ru(Cp)(PPhs)-
(CH;CN),]PF,™ and [Ru(Cp)(CH;CN);]PF/!!l performed
the allylic activation under mild conditions (25-30°C). Un-
fortunately, they provide a low regioselectivity in favour of
the linear isomer, as exemplified by the reaction of tert-
butyl cinnamyl carbonate with methyl sodium malonate in
the presence of [Ru(Cp)(CH;CN);]PF,. Complete conver-
sion with a B/L ratio of 1:2 was obtained in dimethylforma-
mide at ambient temperature.['?

A breakthrough in terms of regioselectivity in favour of
the branched isomers was brought by the use of Ru(Cp*)
(Cp* =pentamethylcyclopentadienyl) catalyst precursors.
The Cp* ligand offers at the same time steric protection and
electron richness to the metal centre. This was first shown
by the utilisation of [RuCl(Cp*)(cod)] during the substitu-
tion of cinnamyl carbonate by piperidine; this reaction led
to complete conversion in THF at 0°C with a B/L ratio of
84:16.1%1 Similarly, the reaction with sodium malonate at
room temperature gave a B/L ratio of 88:12." However,
the regioselectivities that are obtained in the presence of
this neutral ruthenium precursor strongly depend on the
nature of the starting allylic substrates. Indeed, the forma-
tion of branched isomers is highly favoured when the allylic
fragment is substituted by an aromatic group rather than an
alkyl group. For instance, the substitution of the aliphatic
trans-but-2-enyl methyl carbonate by piperidine produces a
56:44 B/L ratio," and the substitution of butenyl methyl
carbonates by pentanethiol leads to the linear compound as
the major compound (B/L =22:78).11%]

Based on the good results obtained with precatalysts fea-
turing the Ru(Cp*) fragment, and the remarkable activities
of enantiopure chiral nitrogen ligands already shown in
enantioselective catalysis,'®! we investigated the potential of
Ru(Cp*) complexes bearing nitrogen ligands with the objec-
tive of preparing new catalysts able to perform both regio-
and enantioselective substitution of unsymmetrical allylic
substrates. A variety of Ru(Cp*)-containing complexes were
thus revealed as excellent precursors for the regioselective
allylation of selected nucleophiles from cinnamyl deriva-
tives, but also more challenging and innovative from aliphat-
ic allylic substrates.

Structures of Neutral and Cationic n*-Allyl
Pentamethylcyclopentadienyl-Ruthenium(1v)
Complexes

The pioneering study in which the pentamethylcyclopenta-
dienyl-ruthenium complex [RuCl(Cp*)(cod)] was involved
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as a catalyst precursor for allylation reactions under mild
conditions has undoubtedly initiated further efforts to take
advantage of the interest of a regioselectivity favouring the
formation of branched organic products.’! The characterisa-
tion of the involved n’-allyl ruthenium(iv) complex [RuCl,-
(Cp*)(n*-CH,CHCHPh)] as depicted in Scheme 2, already

a7y \V\Ph Nu

PhCH=CHCH,CI

PhY\
Nu

2L
2L *éf and

L= solvent, substrate Ru' B Ph "~ Nu
ca” |L Cl

Scheme 2. Oxidative addition of allylic substrate as a key-step in rutheni-
um-catalysed allylic substitution reactions.

suggested that oxidative addition of allylic substrates to the
ruthenium(m) centre would be a key step for related catalyt-
ic processes.!

From [RuCl(Cp*)(cod)], the easy removal of the 1,5-cy-
clooctadiene ligand allowing the formation of 1 might sug-
gest a 14-electron RuCl(Cp*) fragment will account for the
catalytic activity. However, the discovery of new Ru(Cp*)-
based catalyst precursors indicated that the first requirement
for catalytic activation was the ability of the ruthenium
centre to generate a 16-electron ruthenium species able to
coordinate the olefinic function from the allylic substrate. A
subsequent intramolecular oxidative addition step completes
the formation of n*-allyl-ruthenium(iv) complexes.

In this way, not only the cationic [Ru(Cp*)(MeCN);]PF;
ruthenium(11) precursor bearing very labile acetonitrile li-
gands has conveniently allowed the synthesis of cationic
[RuX(Cp*)(n’-CH,CHCHR)(MeCN)]PF,  complexes,”!*!
but also precursors such as [Ru(Cp*)(L)(MeCN),]PF, and
[Ru(Cp*)(bipy)(MeCN)]PF,, which have led to monocation-
ic and dicationic n’-allyl-ruthenium(1v) complexes, respec-
tively (Scheme 3).1%%

Complexes 2a and 2b resulted from oxidative addition of
the allylic halide to [Ru(Cp*)(MeCN);]PF,, and complex 4
is a rare example of a characterised n*-allyl-ruthenium(iv)
complex arising from oxidative addition of a cinnamyl car-
bonate.”!! Complexes 3a, 3b and 5 resulted from oxidative
addition of allylic halides to [Ru(Cp*)(Ph,POMe)-
(MeCN),]PF, and [Ru(Cp*)(o-phenanthroline)(MeCN)]PF,
in the presence of KPFg, respectively. In the solid state, all
these  nP-allyl-pentamethylcyclopentadienyl-ruthenium(iv)
complexes have an endo-trans-CH,CHCHR n*-allyl ligand.

The selected data collected in Table 1 allow a comparison
between the n’-allyl-Ru fragments in complexes 1-5. The
examination of bond lengths emphasises for each complex a

Chem. Eur. J. 2006, 12, 51785187
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tBuO
4 5
R = p-MeOCyH, N-N = o-phenanthroline

Scheme 3. X-ray structurally characterised cationic pentamethylcyclopen-
tadienyl-ruthenium(iv) complexes bearing an unsymmetrical n’-allyl
ligand.

Table 1. Selected bond lengths [A] in [Ru(Cp*)(n’-allyl)] complexes.

Complex Ru—CH, Ru—CHR Ru—CH Al Ref.
1 2.18(1) 2.35(2) 2.14(2) 0.17(3) [13]
2a 2.192(3) 2.351(2) 2.162(3) 0.159(5) [18]
2b 2.208(4) 2.280(5) 2.165(5) 0.072(9) [17]
3a 2.182(5) 2.452(4) 2.210(4) 0.270(9) [19]
3b 2.191(4) 2.339(4) 2.198(4) 0.148(8) [19]
4 2.162(5) 2.303(5) 2.137(5) 0.14(1) [21]
5 2.196(3) 2.398(3) 2.197(3) 0.202(6) [20]

[a] A=(Ru—CHR)—(Ru—CH,).

longer Ru—CHR bond relative

CONCEPTS

close as might be assumed for a true 1’-allyl ligand. Simple
BC{'H} NMR spectra allow us to distinguish the resonance
corresponding to the =CH, carbon nucleus, whereas the res-
onances assigned to the two CH carbon nuclei (CH and
CHR) occurred at neighbouring chemical shifts. In all cases,
the resonance of the terminal CH, is located 20-40 ppm up-
field with respect to the substituted terminal allylic end. For
complexes 2a and 2b two species were observed in dichloro-
methane as monitored by NMR spectroscopy. This isomer-
ism disappeared when a symmetrical allyl ligand was intro-
duced, thus indicating a stereoisomerism that may be for-
mally depicted as an exchange of position between the ace-
tonitrile and the halide ligand. However, additional species
believed to arise from endo—exo isomerism have been de-
tected in acetone."! The substitution of the acetonitrile
ligand by the more sterically demanding Ph,POMe phospho-
rus ligand enhanced stereoselectivity as only one species
was detected in the case of complexes 3a and 3b. In all
cases, the allylic complexes contain a stereogenic ruthenium
centre.

The study of these n’-allyl-ruthenium(1v) complexes be-
lieved to be closely related to catalytic intermediates, was
expected to provide a better mechanistic understanding for
catalytic processes. Especially important at the synthetic
point of view, but also intriguing, was the favoured forma-
tion of branched products when the allylic substrate generat-
ed an unsymmetrical 1’*-CH,CHCHR allyl ligand. The pro-
posed formation of m’-allyl-ruthenium(1v) intermediates as

Table 2. Bond lengths [A], angles [°], and *C{'H} NMR data for the allyl ligand in complexes 1-5.

to the Ru—CH, one (0.072<  Complex CH,~CH CH-CHR H,C-C-CHR 5(CH,) 5(CH) Ref.
A <0270 A). 1 1.38(2) 1.43(2) 118(1) 62.9 90.4, 92.8 [13]
The comparison of Ru—CH,, 2a (major) 1.415(4) 1.412(4) 115.8(3) 67.7 91.4, 94.0 [17,18]

and Ru—CH bond lengths in all  2a (minor) 59.8 93.2,101.2 [17]
the complexes reveals slight dif- 2P (major) 1.394(7) 1.403(5) 115.8(5) 66.9 86.4, 98.6 [17]
ferences  (maximum  differ- 2b (minor) 620 94.1,98.3 (17]

) 3a 1.398(6) 1.396(6) 119.5(4) 51.4 91.0, 103.4 [19]
ence=0.046, and 0.037 A, re- 3y 1.406(6) 1.395(6) 119.1(4) 53.3 96.1, 100.4 [19]
spectively). The main variation 4 1.404(7) 1.397(7) 116.5(5) 65.3 93.2,98.6 [21]

length. The Ru—CHAr bond
lengths decreased from
2.452(4) A in 3a to 2.303(5) A in 4, thus remarkably follow-
ing the order of decreasing steric requirement from
Ph,POMe, CI (3a)>N-N chelate (5)>MeCN, Cl (2a) or
Cl, CI (1)>O—O chelate (4). However, the Ru—CHR bond
is significantly shorter when R is an alkyl instead of an aryl
group (2.280(5) A in 2b vs. 2.351(2) A in 2a; 2.339(4) A in
3b vs. 2.452(4) A in 3a), and thus becomes less distinct rela-
tive to the Ru—CH, bond length. Therefore, perhaps not sur-
prisingly, moderate regioselectivities are reached in several
catalytic systems starting from alkyl allylic substrates, where-
as high regioselectivities were most often observed starting
from cinnamyl substrates.

The structural details and “C{'H} NMR spectroscopic
data given in Table 2 are also specific of the allyl ligand.
The CH—CH, and CH—CHR bond lengths are remarkably
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the first key step for ruthenium-catalysed allylation reac-
tions is commonly accepted, as well as a subsequent addition
of the nucleophile at one terminus carbon of the allyl
ligand. From a kinetical point of view, both the preliminary
n?-olefinic coordination of the allylic substrate to the ruthe-
nium(m) centre and the following intramolecular oxidative
addition step might be of crucial importance during the al-
lylic activation process. Thus, the allylation of the dimethyl
malonate anion with fert-butyl cinnamyl carbonate was
twice as fast by using 4 rather than [Ru(Cp*)(MeCN);]PF,
as the catalyst, owing to the coordinating ability of acetoni-
trile.”!! The rate of the catalytic process was also shown to
depend on the linear or branched structure of the allylic car-
bonate, but in agreement with a mechanism involving the
same n’-allyl-ruthenium(1v) intermediate.

5181

www.chemeurj.org


www.chemeurj.org

CHEMISTRY=

C. Bruneau et al.

A EUROPEAN JOURNAL

The data collected in Table 1
clearly indicate a longer Ru—
CHR bond relative to the Ru—
CH, one in mn-allyl rutheni-

Table 3. Ethyl cinnamyl carbonate substitution by carbonucleophiles.

Ph"X""0C0,Et
+

Ru cat. (3 mol%)

H

MeO,C COZMS
P> B
Ph

CO,Me RT * coMe
um(1v) complexes 1-5, all bear- COMe g L
i ; 3 X : ) CO, Ph™ S CO,Me
ing an unsymmetrical 1n’- H (1-1.2 equiv) -y H
CH,CHCHR allyl ligand. This :
observation might intuitively Catalyst precursor X Solvent Reactlon Conv. B/I'J Ref.
. - time [h] [%] ratio
suggest a minor contribution of RO eod)] S 0 - " s 0
2 . _ ) .- u p*)(co a :
an n°-CH,=CH—C"”HR olefinic
L 2 L M RuCI(Cp*)(MesN—CHCH=NMes)] Na  THF 17 85 6535  [26]
form to the coordination of the  [gy(Cp+)(CH,CN)(MesN=CHCH=NMes)[PF, Na  THF 17 100 85:15  [26]
allyl ligand and this picture con-  [Ru(Cp*)(CH;CN),(PPh,OMe)]PF, Na  THF 16 100 92:8  [19]
Veniently accounts for the ob- [Ru(Cp*)(CH;CN),(PPh,(o-tolyl)|PF, Na THF 16 100 90:10 [19]
served egioslctviy, Howev- [RUCICHOWGSaieazbonlty I oy ek
u P* 3 9 "-dirBu- > - 1py 6 3 .
er, results from DFT caleula- \p (e CH,ON),JPF,/Benzim 1/BuOK H  CHCN 16 100 85115  [27]
tions were more consistent with  [Ru(Cp*)(CH,CN);]PFy/BenzIm 2/BuOK H CH,CN 16 100 88:12  [27]

attack by a nucleophile at the
less negative CHR carbon atom
of a both geometrically and
electronically distorded n*-allyl ligand.

From the chirality point of view, stereospecific nucleophil-
ic substitution starting from optically active substrates has
been reported in the presence of [Ru(Cp*)(MeCN);]PF as
catalyst.'">¥! However, it is very difficult to control the ste-
reochemistry of the ruthenium centre and enantioselective
catalytic processes have been achieved only with catalysts
bearing an optically pure ligand. Examples based on the uti-
lisation of [Ru(Cp’-PR,)(MeCN),]PF/?** and [Ru(Cp*)-
(MeCN),]PF{*! in the presence of a chiral bis-oxazoline
ligand will be presented.

[18]

Pentamethylcyclopentadienyl-Ruthenium Catalysts
for Regioselective Allylation of Nucleophiles

Allylation of stabilised carbon nucleophiles with cinnamyl
carbonates: Stabilised carbon nucleophiles are usually gen-
erated from gem-diesters, gem-diketones, a-ketoesters, and
related compounds upon deprotonation with NaH. Only in
the case of allylic carbonates as starting substrates, in which
the in situ formation of an alkoxide anion able to deproto-
nate the pronucleophile is observed, can the use of NaH be
avoided. Examples of such a process have been observed in
palladium-catalysed allylic substitution,” but with rutheni-
um catalysts the most common procedure includes previous
generation of an anionic nucleophile. In the presence of
neutral catalyst precursors featuring a labile bidentate
ligand, such as [RuCl(Cp*)(cod)] and [RuCl(Cp*)(1,2-di-
imine)],?°! ethyl cinnamyl carbonate was substituted by
sodium malonate with high regioselectivity but modest con-
versions (Table 3). On the other hand, no conversion was
observed when the analogous neutral ruthenium complex
containing the 1,3-bis(diphenylphosphino)propane ligand
was used." The corresponding cationic ruthenium com-
plexes resulting from substitution of the chloride anion by
acetonitrile were more efficient and led to complete conver-
sion within 16 h with B/L ratios of about 85:15. [Ru(Cp*)-
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(CH;CN);]PF¢ was shown to give complete conversion and
the major formation of the branched isomer from tert-butyl
cinnamyl carbonate and sodium malonate in a B/L ratio of
90:10.'>2" Substitution of one acetonitrile ligand by the
phosphane PPh,(o-tolyl) or the phosphinite PPh,OMe led to
similar regioselectivities in THF at room temperature
(Table 3).0%

We have found that two types of catalysts were able to
make the substitution of cinnamyl carbonate by diethyl mal-
onate possible without previous deprotonation. One arises
from an in situ generated catalytic system prepared by treat-
ment of [Ru(Cp*)(CH;CN);]PF, with two equivalents of a
benzimidazolium salt (BenzIm 1 or BenzIlm 2) and tBuOK

N~ >~OMe N~ NEt,
Benzim 1 : @:9} cr Benzim 2: @:9> or
N~"0oMe N"ome

in THF at 50°C for 2 h.? Even though, no well-defined
complex could be isolated, this procedure is supposed to
generate a [Ru(Cp*)(carbene)] species. The second family
of catalyst precursors consists of well-characterised [Ru-
(Cp*)(CH;CN)(bipyridine)|PF,; complexes, which produce
dicationic ruthenium species [Ru(Cp*)(allyl)(bipyridine)]**
upon activation of allylic substrates.’” The formation of di-
cationic allylic intermediates would reinforce the electro-
philic character of the intermediate allylic ligand and thus
make the nucleophilic attack efficient even in the presence
of a catalytic concentration of carbonucleophile. These cata-
lytic systems not only make possible the direct reaction of
malonates with allylic carbonates, but also lead to the high-
est regioselectivities in favour of the branched isomers
(>95:5; Table 3). Similarly, the direct substitution of ethyl
cinnamyl carbonate by pentane-2,4-dione is carried out with
a B/L ratio of 98:2 in the presence of the extremely active
[Ru(Cp*)(CH,CN)(phenanthroline)]PF, precursor.”!

Allylation of phenols with cinnamyl chloride: Cinnamyl
chloride reacts with methyl sodium malonate in the pres-

Chem. Eur. J. 2006, 12, 51785187
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ence of [Ru(Cp*)(CH;CN);]PF; in DMF to form the expect-
ed branched and linear products. At room temperature, a
poor regioselectivity is observed, whereas at —40°C the
branched product is obtained almost as the sole compound
in more than 99% relative yield."” We have investigated
the use of cinnamyl chloride to perform the regioselective
etherification by phenol derivatives, in the presence of
K,CO; as a base for the in situ formation of phenoxide
anions, and various ruthenium catalysts (Table 4).

Table 4. Regioselective allylation of phenols by cinnamyl chloride.

CONCEPTS

tained from phenol, 4-methoxy-, and 4-chlorophenol corre-
sponded to B/L ratios of 94:6, 94:6, and 89:11, respectively
(Table 4).2"

Allylation of phenols with allyl benzyl chloride: The substi-
tution of 3-chloro-4-phenylbut-1-ene, as a typical branched
substrate, by phenol in the presence of potassium carbonate
and 3 mol % of [Ru(Cp*)(CH;CN);]PF, carried out at room
temperature in acetonitrile or acetone led to complete con-
version, but with a poor B/L

ratio of 60:40 (Table 5).)
The catalyst generated in situ

OAr
PN Rt - PN B from the same ruthenium com-
+ uca'_ + plex, a benzimidazolium chlo-
ArOH KaCO, (12 equiv), RT P X"oar L ride (BenzIm 1) and rBuOK
rovided a complete reaction
Catalyst precursor Ar Solvent Reaction Conv. B/L Ref. p, hin 16 h d lp d b
time [h] [%] ratio within . an 6[27]t0- a' etter
[Ru(Cp*)(CH,CN),|PF, CeH, CH,CN 40 100 982 7 DB/Lratioof 83:17.77 Similar re-
[Ru(Cp*)(CH:CN),|PF, 4MeOCH, CH.CN 40 100 982 [17] gloselectivities were obtained
[Ru(Cp*)(CH;CN);]|PF, 4-MeC¢H, CH;CN 40 100 97:3 [171 from 4-chlorophenol and 4-
[Ru(Cp*)(CH;CN);]PF; 4-CICH, CH,CN 40 100 98:2  [171 methoxyphenol with various
[Ru(Cp*)(CH,CN),|PF/BenzIm 1//BuOK  C,H CH,CN 16 100 94:6 271 penzimidazolium carbene sour-
[Ru(Cp*)(CH,CN),]PF/Benzlm /BuOK ~ 4-MeOCH, CH,CN 16 100 94:6  [27] 7]
[Ru(Cp*)(CH,CN),]PF/Benzlm 1/fBuOK  4-CIC.H, CH.CN 16 100 89:11  [27] ©CS (Table_ 5)-7" The best results
[Ru(Cp*)(CH;CN),(PPh,OMe)|PF, C4H, CHCl, 16 100 85:15 [19] from various phenols and 3-
[Ru(Cp*)(CH,CN),(PPh,0Me)|PF, 4-MeOCH, CH,Cl, 16 76 92:8  [19] chloro-4-phenylbut-l1-ene were
[Ru(Cp*)(CH,CN),(PPh,0Me)|PF, 4-MeC4H, CH,Cl, 16 61 8:12  [19] obtained with  [Ru(Cp*)-
Very high regioselective sub-  Table 5. Substitution of 3-chloro-4-phenylbut-1-ene by phenol derivatives.
stitutions took place when [Ru- Cl OAr
(Cp*)(CH;CN);]PF¢ was used Ph. A~ Ru et Ph ~ B
in CH;CN at room tempera- + oo (1u2ca' O RT +
L. .2 equiv),
ture.ll”’”. When one acetonitrile ArOH & tee Ph v on b
ligand in complex [Ru(Cp*)-
(CH,CN),]PF, was exchanged Catalyst precursor Ar Solvent Feacﬁ:}n [((ij/ox]lv. B/tI'J Ref.
. . me ratio
by PPh,OMe, no catalytic activ- TRaCo o ] > 9]
. . . [Ru(Cp*)(CH,CN),(PPh,OMc)|PF CeH; THF 16 87 92:8  [19
ity was observed meither in \p o ON).(PPh,OMe)|PE, 4MeOCH, THF 16 88 964  [19]
THF nor in acetonitrile. HOw-  gy(cp#)(CH,CN),(PPh,OMe)|PF, 4MeCH, THF 16 %3 91:9  [19]
ever, in dichloromethane, [Ru-  [Ru(Cp*)(CH;CN),(PPh,OMe)]PF, 2-MeC,H,  THF 16 89 92:8  [19]
(Cp*)(CH,CN),(PPh,OMe)|PF,  [Ru(Cp*)(CH;CN);]PFy/Benzim 1//BuOK CeH; CH,CN 16 100 83:17 [27]
led to the formation of the [Ru(CP*)(CH:CN)IPF, + Benzim2 + BuOK 4-MeOCH, CH,CN 16 100 8020 [27]
) . [Ru(Cp*)(CH;CN),]PF, 4-CICH, CH,CN 16 100 83:17 [27]
branched isomer as the major g %) (CH,CN),JPF, CeH, CH,CN 40 100 60:40 [17]

product at room temperature in
16 h, in a quantitative yield and
a B/L ratio of 85:15." The
strong solvent influence seems to indicate that in the pres-
ence of the phosphinite ligand PPh,OMe, THF and acetoni-
trile are strongly ligated to the [Ru(Cp*)] centre, thus pre-
cluding the coordination and activation of cinnamyl chlo-
ride. In dichloromethane, various aryl benzyl ethers were
obtained with good regioselectivities, from o-, m- and p-cre-
sols and p-methoxy- and o-chlorophenol (Table 4).') The
[Ru(Cp*)(carbene)]-containing catalytic system was also
found as an efficient catalytic system in terms of reactivity
and regioselectivity. In acetonitrile, except for 2-chlorophe-
nol which led to low regioselectivities with various types of
benzimidazolylidene ligands, the best regioselectivities ob-
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(CH;CN),(PPh,0OMe)|PF; as the catalyst precursor, which
provided high conversion in THF at room temperature with
regioselectivities in favour of the branched isomer higher
than 9:1 (Table 5).1 The allylic substitution of 3-chloro-4-
phenylbut-1-ene by phenoxides as nucleophiles appears to
favour the formation of the branched isomers when at least
one acetonitrile ligand of [Ru(Cp*)(CH;CN);]PF; is re-
placed by a benzimidazolylidene or a phosphinite ligand.

Allylation of phenols with aliphatic allylic chlorides: Isomer-
ic hexenyl chlorides were used as allylic substrates to test
the efficiency of ruthenium catalysts in the nucleophilic sub-
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stitution. From phenol, [Ru(Cp*)(CH;CN);]|PF; led to a B/L
ratio of 63:37 in acetonitrile (Table 6), which represents a
regioselectivity very comparable to that obtained from 3-

Table 6. Etherification of aliphatic allylic halides by phenols.

Caroll rearrangement catalysed by ruthenium complexes:
The decarboxylative allylic alkylation (namely, the Caroll re-
arrangement) is a [3,3]-rearrangement of allyl B-ketoesters
which produces v,0-unsaturated
ketones. The proposed mecha-
nism for this catalysis mediated

cl OAr o ;
pr” N b N B by transition metals involves an
ner . .

+ + AOH Ru cat. -allyl intermediate. Saegusa et

K,CO; (1.2 equiv), RT L s :

e e PN 0Ar al. reported the first catalytic

- rearrangement of allyl p-ke-

Catalyst precursor Ar Solvent Reactlon Conv. B/L Ref. toesters using a palladium com-

time [h] [%] ratio [29] .

[Ru(Cp*)(CH,CN)]PF, CH CH,CN 40 100 6337 [17] plex.™ However, the primary

u(Cp* 3CN);[PEg ash 3 : _

[Ru(Cp*)(CH:CN),]PF, C.H, (CH,),CO 40 100 7030 7] Products were those of a [1.3]

[Ru(Cp*)(CH;CN),(PPh,OMe)|PF,  C¢Hs THF 16 100 75:25 [19] rearrangement due to a nucleo-

[Ru(Cp*)(CH,CN),(PPh,0OMe)|PF,  4-MeOC¢H, = THF 16 100 61:39  [19] philic attack at the less-substi-

[Ru(Cp*)(CH;CN),(PPh,OMe)|PF;  4-MeC¢H, THF 16 88 7525 [19]1 tuted allyl terminus. The first
[Ru(Cp*)(CH,CN),(PPh,OMe)]PF,  4-CIC,H, THF 16 99 49:51  [19]

chloro-4-phenylbut-1-ene.'”! The regioselectivity was slightly
improve to a B/L ratio of 75:25, with the utilisation of [Ru-
(Cp*)(CH;CN),(PPh,0OMe)|PF; (Table 6).

Applications of the Ruthenium-Catalysed Allylic
Substitution Reaction

Protection and deprotection of alcohols: In organic chemis-
try, protection and deprotection of functionalised molecules
require mild conditions with high reactivity and chemoselec-
tivity. The allyloxycarbonyl function and the simple allyl
group have demonstrated their efficiency for alcohol and
amine protection. During the last five years, ruthenium-cata-
lysed deprotection involving nucleophilic substitution by al-
cohol has been introduced as a simple method for carboxy-
late and hydroxy deprotection, with concomitant formation
of an allyl ether. Thus, at room temperature, the use of
[Ru(Cp)(CH;CN),(PPh;3)]PF, proceeds with a high sub-
strate/catalyst ratio from allyl carboxylates and methanol,
and leads to the freed carboxylic acids and allyl methyl
ether in quantitative yield."”

This ruthenium catalytic precursor is completely inert to
deprotect allyl ethers. However, the addition of one equiva-
lent of 2-quinolinecarboxylic acid to [Ru(Cp)(CH;CN);]PF
provides a very efficient catalytic system to achieve the
transetherification of various allyl ethers at 30°C in metha-
nol (Scheme 4).1"1 Remarkably, the reverse reaction, the al-
lylic alcohol etherification reaction, can be catalysed by the
same ruthenium complex.

o
N
S
[RUCP(CH,CN),JPF, / P OH
AOR MeOH. 30 °C #~-OMe + ROH
94-99%

R= Ph, PhCH,CH,, 2-indanyl, PhCH,(Me),C, CH,=CH(CH,),, HC=C(CH,),

Scheme 4. Deprotection of alcohols.
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[3,3]-rearrangement  catalysed
by ruthenium precursors [{Ru-
(Cp*)(OCHy)},] and [Ru(Cp*)-
(w’-allyl)(n?-amidinate)][Cl, PF, or BF,] was reported by Na-
gashima et al.’” Moderate to good selectivities were ob-
tained with acyclic and cyclic compounds, respectively. Re-
cently, Tunge and co-workers®" reported that the [3,3]-
Caroll rearrangement of allyl (3-ketoesters could be cata-
lysed by the [RuCl(Cp*)(bipy)] moiety, generated in situ by
addition of bipyridine to [{RuCl(Cp*)},] (Scheme 5). Unsub-

SRS
¥
1
o .
R and/or [{Ru(Cp*)Cl}4], bipyridine RH%
o O CH,Cl,, RT R? “
RAJ\/U\O/\/%‘R?'
RZ

Scheme 5. Caroll rearrangement in the presence of [Ru(Cp*)(bipyridine)]
catalysts.

stituted allyl p-ketoesters led almost exclusively to the
branched ketone. Substituted f-ketoesters also reacted
smoothly, but required longer reaction times and the diaste-
reoselectivities were moderate.

This catalytic system was shown to be selective for the de-
carboxylative rearrangement of allyl (3-ketoesters to vy,0-un-
saturated ketones in the presence of dimethyl malonate. The
addition of the in situ generated enolate to the allyl ligand is
then much faster than the deprotonation of malonate. More-
over, regioisomeric allyl fB-ketocarboxylates provide the
same product.F

Tandem reactions catalysed by ruthenium complexes: Be-
sides simple individual catalytic transformations, multiple
catalytic transformations or cascade reactions in one pot
have appeared.’” Ruthenium catalysis has entered this field
with a variety of cascade and sequential catalytic transfor-
mations.” The first tandem sequence, involving allylic sub-
stitution catalysed by a ruthenium complex, was described
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by Itoh et al. and provided exo-methylenecyclopentanes
through a double allylation/cycloisomerisation from 1,3-di-
ketones and B-ketoesters (Scheme 6).*¥ The success of this

EFE _[RuCKCp")(cod)] ><i Et,SiH E><j
/\/OCO Me CIZCHZCHZCIQ /
overall yield = 47-83%

E = E': aliphatic or cyclic diketones
E = COMe, E'= CO,Me

Scheme 6. Ruthenium-catalysed diallylation as the first step of a sequen-
tial transformation.

one-pot synthesis is based on the initial diallylation of malo-
nates or [-ketoesters catalysed by [RuCl(Cp*)(cod)] fol-
lowed by the additional use of a silane, which generates an
active ruthenium-hydride species required for the second step.

A regioselective Michael addition/allylic alkylation was
made possible by the decarboxylative activation of allyl (-
ketoesters (Scheme 7). The first step, catalysed by [RuCl-
(Cp*)(bipy)], regioselectively produced the enolate and an

o 9 O Ar
R1JJ\)J\O/\/\R2 Ar . E
or + S/ e [RuCI(Cp*)(bipy)] R'ki\/tE
o o0 K CH,Cl,, RT N ge
R’ (@) Z E high regioselectivity

yield= 45-97%
d.r=16:11t0 12:1

Scheme 7. Tandem Michael addition/allylation.

electrophilic n’-metal species. Enolate addition to the Mi-
chael acceptor produced a new stabilised enolate that
served as nucleophile for the metal-catalysed allylic substitu-
tion. The regioselectivity of the last step is controlled by the
ruthenium complex. By contrast, the analogous palladium-
catalysed tandem reaction produced the opposite regioiso-
mer. As observed for the Caroll rearrangement, the same
product was isolated whatever the starting regioisomeric
allyl B-ketocarboxylate.

Even though tandem reactions are in the early stages, the
above-mentioned examples demonstrate that Ru(Cp*) com-
plexes are catalyst precursors of choice for regioselective
control when a nucleophilic allylic substitution reaction is
involved.

Asymmetric Allylation

Regio- and stereoselective formation of new bonds is a cru-
cial issue in organic chemistry. Among the different method-
ologies, allylic substitutions represent a very useful and
broadly explored transformation as a wide range of bond
types can be created (C—C, C—S, C—N, C-O and C—H). The
design of more and more active and selective ruthenium cat-
alysts precursors for the allylic substitution reaction has led
to the discovery of efficient catalytic systems giving highly

Chem. Eur. J. 2006, 12, 5178 -5187
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regioselective reactions. This represents a main advantage,
as the nature of the final compound is not dependent on the
branched or linear nature of the unsymmetrical starting al-
lylic substrate. It has been clearly shown that substitution at
the more-substituted allylic terminus leading to chiral
branched isomers is favoured, especially at the benzylic po-
sition of cinnamyl derivatives.

Stereoselectivity is another crucial problem to solve.
Using allylic substitution, three classes of catalytic reaction
can lead to the formation of optically pure compounds:
1) stereospecific reaction, 2) kinetic resolution and 3) enan-
tioselective allylic substitution.

Stereospecific nucleophilic substitution: The complete trans-
fer of chirality was observed during the substitution of the
acyclic (R)- and (S)-1-phenylprop-2-enyl carbonates by a
stabilised carbonucleophile (Scheme 8).1'

| i CO:B
g{ocoztsu k\ LCOMe

+ pr H P H CO,Me

N 94% ee [RU(CP*)(CH:CN);][PF4] 94% ee
MeOZC/\COZMe* l NaH, DMF, RT CO,Bu
K/{OCOZMe | AN come

ph H PH " CO,Me
99% ee 99% ee

Scheme 8. Stereospecific substitution of enantiopure allylic carbonates by
carbonucleophiles.

It has been recently shown that nucleophilic addition of
stabilised carbonucleophiles to cyclic allylic ruthenium com-
plexes exclusively takes place from the exo face of the allylic
ligand (opposite to metal coordination) according to an anti
mechanism.”1>% Then, the complete transfer of chirality
proves that the addition of the nucleophile is faster than the
equilibrium of the n’-allyl-ruthenium intermediate and no
racemisation was detected. The stereospecificity of the
ruthenium-catalysed allylation was also demonstrated
during the etherification of phenols starting from similar
carbonates.!'”

Decarboxylative allylation of ketone enolates using the
[{RuCl(Cp*)},]/bipyridine catalytic system proceeds also in a
stereospecific manner (Scheme 9).*”! Here again, the m—o—n
allyl interconversion is slow, and the rearrangement is highly
stereospecific. The imperfect stereospecificity was attributed
to a ruthenium-catalysed isomerisation of the starting mate-
rial into the regioisomeric linear allyl B-ketoester, through
reversible formation of n’*-allyl-ruthenium intermediate.

o)
R‘JK{RZ

\v:\R3

[{Ru(Cp*)Cl},], bipyridine
CH,Cl,, RT

O 0] R®
R1MO\*"V
RZ
R' = Me, Bn, iPr; R®*=H, Me

R® = Ph, p-MeO-C¢H,, p-CI-C;H,, p-Me-CH,, p-NO,-CH,

Scheme 9. Stereospecific allylation of enolates.
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Kinetic resolution: Examples of kinetic resolution, in allylic
substitution reaction, have been reported for palladium,®
molybdenum®! and iridium™®” catalysts. Using ruthenium
catalysis, Onitsuka et al. have recently shown that planar
chiral Ru(Cp’) complexes were effective catalysts for kinetic
resolution of (E)-ethyl pent-3-en-2-yl carbonate during the
substitution by malonate (Scheme 10, R =Me).*"! Extension

O
Bu—— T IIPFd R~CR
| :
RysR CN/Ru“\Ae\) OCO,Et
e / p “oao
OCO,Et MeCN A’r}A (2.5 mol%) 90-94% ee
. +
* THF, 20°C, 3 h
NaCH(CO,Me), RWR
CH(CO,Me),

Rete s 92-99% ee

Scheme 10. Kinetic resolution of allylic carbonates by planar chiral cyclo-
pentadienyl ruthenium catalysts.

of this reaction to other allylic carbonates (R=Et, Ph),
which provides a symmetrical allylic organometallic inter-
mediate, also leads to alkylated products in high ee’s (92—
99%), and to the recovered carbonate in moderate to good
ee’s (Scheme 10).

Enantioselective nucleophilic substitution: Enantioselective
allylic substitution with nucleophiles is a powerful tool for
the controlled formation of carbon—carbon and carbon-het-
eroatom bonds and opens efficient routes in total synthe-
sis.'® Very few results have been reported on the enantiose-
lective ruthenium-catalysed allylic nucleophilic substitution.
The first examples were obtained with planar chiral cyclo-
pentadienyl-ruthenium catalysts, which revealed high activi-
ty for the substitution of symmetrical allylic carbonates by
di-n-propylamine and sodium malonates.”? The allylic ami-
nation of rac-1,3-diphenylprop-2-enyl ethyl carbonate takes
place at 20°C in dichloromethane in the presence of
5mol% of optically pure catalyst to give the allylated
amine in quantitative yield with 20-74 % ee. From sodium
malonates, under similar conditions, optically active 1,3-di-
phenylprop-2-enyl malonates were obtained with high enan-
tioselectivity (up to 97 % ee) (Scheme 11).

We were interested in the development of a more
straightforward route avoiding the preparation of planar
chiral cyclopentadienyl-ruthenium complexes possessing an
anchor phosphine ligand, but using optically pure bidentate
nitrogen ligands for the enantioselective allylation from un-
symmetrical substrates. Therefore, we are now developing a
new catalytic system based on chiral bisoxazoline ligands
and a Ru(Cp*) moiety for the regio- and enantioselective
etherification of unsymmetrical allylic chlorides with phe-
nols.”™ Among the chiral bisoxazolines, (4R,55.4'R,5'S)-2,2'-
methylenebis(4,5-diphenyl-2-oxazoline) led to the best enan-
tioselectivities. Both regioselectivity and enantioselectivity
of the O-allylation of phenol by cinnamyl chloride were
found to be dependent on the nature of the solvent. In our
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(6]
R PF
2" PR
MeCN/ﬁu\P\)
MeCN -\
Ar Ar
Ph (5 mol%) Ph
Ph X + NuNa - PhW
OCO,Et THF, 20 °C, 6 h Nu
63%<ee<97%

NuNa = NaCH(CO,Me),, NaCH(CO,Et),, NaCMe(CO,Me),
R= Me, Ph, fBu ; Ar= Ph, 0-MeC,H,, 3,5-Me,C,H,

Scheme 11. Enantioselective allylic substitution of carbonates with planar
chiral ruthenium catalysts.

best reaction conditions, satisfactory regioselectivities (up to
4:1) and quite good enantioselectivities (70-75 %) were ob-
tained (Scheme 12).

Further studies with para-substituted phenols also provid-
ed good results, and demonstrated that this catalyst tolerates
different substituents on the aromatic ring, and that the

L
[RU(CP*)(CH,CN),JIPF] / L*
Ph X" S, +
PhOH, K,CO, solvent, 0°C OPh
B
o] o] =
L*= Phw&ﬂ/\ﬁ\g—Ph Ph
NN ee = 70-75%
Ph Ph

Scheme 12. Enantioselective allylic substitution of cinnamyl chloride by
phenol in the presence of optically pure [Ru(Cp*)(bisoxazoline)] cata-
lysts.

electronic properties of the substituted phenols have little
influence on the enantioselectivity (Table 7). Moreover, we
have recently observed that this allylic etherification can be
run at room temperature in acetone without any loss of
enantioselectivity.

Table 7. Enantioselective allylic etherification of substituted phenols.

ArOH Conversion [%] Selectivity (B/L) ee[%]
4-MeO-C,H,OH 75 221 81 (R)
4-ClI-CH,OH 96 1.6/1 82 (R)
4-Me-C¢H,OH 96 3/1 52 (R)

Conclusion and Outlook

Pentamethylcyclopentadienyl-ruthenium complexes bearing
nitrogen ligands such as acetonitrile or bipyridine have re-
vealed their ability to activate allylic halides and carbonates
to generate [Ru(Cp*)(n’-allyl)] complexes that can be isolat-
ed and fully characterised. Their structures exhibit common
features:

e Formation of ruthenium complexes with a major endo-
trans-coordinated allylic ligand.

e The allylic ligand shows two equivalent C—C bond
lengths.

o The coordination of the allylic ligand is unsymmetrical in
the sense that the ruthenium-unsubstituted carbon bond
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length is always significantly shorter than the ruthenium-
substituted carbon bond.

The catalytic allylation reactions take place at room tem-
perature and are easy to transfer to applications in fine
chemistry. The regioselectivity obtained for the allylation of
various types of nucleophiles is in most cases in favour of
the formation of the branched isomers, but strongly depends
on the nature of the starting allylic substrate, the nucleo-
phile, the catalyst precursor, the solvent and the tempera-
ture.

Satisfactory enantioselectivities have been obtained for
the allylation of phenols in the presence of bisoxazoline li-
gands but to the detriment of regioselectivity. An objective
is to find the family of ligands that will make possible the
preparation of enantiomerically enriched allylic derivatives
with high regioselectivity, and applicable to a large range of
nucleophiles.
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