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Abstract: Stable [ruthenium(R-substituted-tetrame-
thylcyclopentadiene)(2-quinolinecarboxylato)(1-R’-
substituted-allyl) hexafluorophosphate (R=Me, R’=
H, Me, n-Pr, Ph; R= t-Bu, R’=Me) and [ruthe-
nium(pentamethylcyclopentadiene)(2-quinolinecar-
boxylato)(1-n-propylallyl)] tetrafluoroborate (4’a), as
allylruthenium(IV) complexes, have been synthe-
sized in one step, starting from [ruthenium(R-substi-
tuted-tetramethylcyclopentadiene)tris(acetonitrile)
hexafluorophosphate or tetrafluoroborate complexes,
quinaldic acid, and allylic alcohols. Single stereoiso-
mers are obtained and the X-ray single crystal struc-
ture determinations of 3b (R= t-Bu, R’=Me) and
4’a allow one to specify the preferred arrangement.
Complexes 3a (R=R’=Me) and 3b are involved as
precatalysts favoring the formation of branched

products in regioselective nucleophilic allylic substi-
tution reactions, starting from ethyl 2-(E)-hexen-1-yl
carbonate and chlorohexene as unsymmetrical ali-
phatic allylic substrates. Phenols, dimethyl malonate,
and primary (aniline) and secondary (pyrrolidine, pi-
peridine) amines have been used as nucleophiles
under mild basic conditions. For the first time, the re-
gioselectivity in favor of the branched product ob-
tained from purely aliphatic allylic substrates is close
to the high regioselectivity previously reached start-
ing from cinnamyl-type substrates in the presence of
ruthenium catalysts.

Keywords: allyl ligands; allylation; homogeneous
catalysis; regioselectivity; ruthenium

Introduction

Since the discovery of the catalytic activity of the
[Ru ACHTUNGTRENNUNG(C5Me5)(1,5-cyclooctadiene)Cl] complex in nucle-
ophilic allylic substitution,[1] the precatalyst
[Ru ACHTUNGTRENNUNG(C5Me5) ACHTUNGTRENNUNG(MeCN)3]ACHTUNGTRENNUNG[PF6], 1a, has attracted the most
interest as it provided higher regioselectivities in
favor of the chiral branched products.[2]

Furthermore, the substitution of one or two aceto-
nitrile ligands in the cationic complex 1a by various
nitrogen[3] or phosphorus[4] ligands (Scheme 1) has led
to a family of precatalysts allowing one to extend the
scope of the catalytic process and to enhance reactivi-

ty.[5] Thus, the regioselective formation of branched
derivatives from aromatic cinnamyl-type linear sub-
strates is almost perfect in several reactions involving
carbon-carbon, oxygen-carbon, and nitrogen-carbon
bond formation. However, the regioselectivity re-
mained unsatisfactory starting from unsymmetrical
aliphatic allylic substrates.[4]
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Very recently, it has been shown that the formation
of phenyl 1-vinylbutyl ether from 1-chloro-2-butene
and phenol in the presence of a ruthenium complex
related to type (A) gave a high 20:1 branched to
linear ratio, but with a moderate yield of 36%.[6] Vari-
ous transition metal complexes have recently been in-
voked to tackle the challenge of regioselectivity with
aliphatic substrates. Remarkably, iridium,[7] palladi-
um,[8] and platinum,[9] complexes bearing appropriate
ligands have been successfully used as catalyst precur-
sors to reach good regioselectivies in favor of
branched derivatives. Alternately, the formation of
branched products has also been achieved starting
from branched allylic substrates, but according to a
distinct regiospecific process, using rhodium,[10] or
ruthenium,[11] complexes as catalyst precursors.
On the other hand, 2-quinolinecarboxylic acid in a

transient cationic [Ru(Cp)(N,O-chelate) ACHTUNGTRENNUNG(MeCN)]+

species analogous to (C) in Scheme 1, has recently
proved to cooperate with the metal center to achieve
the activation of allyl alcohol.[12] From the hydroxy
group of allyl alcohol and the acidic proton of 2-qui-
nolinecarboxylic acid, water was produced in this re-
action besides the stable [Ru(Cp)(2-quinoline-
carboxylato) ACHTUNGTRENNUNG(h3-C3H5)] [PF6] as an allylruthenium(IV)
complex which is a key intermediate for the rutheni-
um-catalyzed protection of alcohols as their allyl
ethers, as well as their subsequent deprotection.[13]

These remarkable results also suggested that a gener-
al route leading to [Ru ACHTUNGTRENNUNG(h5-C5R5)(2-quinoline-
carboxylato) ACHTUNGTRENNUNG(h3-allyl)]+ as allylruthenium(IV) cations
might be possible.
We report herein the synthesis of new [Ru-

ACHTUNGTRENNUNG(C5Me4R)(2-quinolinecarboxylato)(h
3-CH2CHCHR’)]-

ACHTUNGTRENNUNG[PF6] derivatives as allylruthenium(IV) complexes
from the reaction of allylic alcohols with in situ gener-
ated intermediates of type (C) (Scheme 1). We show
that these complexes are very active and efficient cat-
alysts for the regioselective nucleophilic allylic substi-
tution reactions. Starting from aliphatic allylic chlor-
ides or carbonates, the regioselectivity in favor of the
branched products reaches the high level of regiose-
lectivity previously obtained starting from aromatic
substrates in the presence of a ruthenium precatalyst.

Results and Discussion

The addition of 2-quinolinecarboxylic acid to an
orange solution of [Ru ACHTUNGTRENNUNG(C5Me5) ACHTUNGTRENNUNG(MeCN)3]ACHTUNGTRENNUNG[PF6] 1a in
dichloromethane resulted within a few minutes in a
deep violet color accounting for the formation of the
expected intermediate (C). The subsequent addition
of allyl alcohol and further stirring for several hours,
led to a yellow precipitate of [Ru ACHTUNGTRENNUNG(C5Me5)(2-quinoline-
carboxylato)(h3-CH2CHCH2)]ACHTUNGTRENNUNG[PF6], 2a (Scheme 2).

The more soluble complexes [Ru ACHTUNGTRENNUNG(C5Me5)(2-quinoline-
carboxylato)(h3-CH2CHCHR’)] ACHTUNGTRENNUNG[PF6], 3a (R’=Me), 4a
(R’=n-Pr), and 5a (R’=Ph) were similarly prepared
using crotyl alcohol, 2-(E)-hexen-1-ol, and isomeric
cinnamyl and a-vinylbenzyl alcohols, respectively. The
tetrafluoroborate salt [Ru ACHTUNGTRENNUNG(C5Me5)(2-quinolinecarbox-
ylato)(h3-CH2CHCHn-Pr)] ACHTUNGTRENNUNG[BF4], 4’a exhibiting the
same cation as 4a but arising from [Ru ACHTUNGTRENNUNG(C5Me5)
ACHTUNGTRENNUNG(MeCN)3]ACHTUNGTRENNUNG[BF4] 1’a instead of 1a, was also prepared
and, more peculiarly, allowed an X-ray single crystal
structural study. Carrying a distinct cyclopentadienyl

Scheme 1. Ruthenium(II) precatalysts related to complex
1a : (A) P=PACHTUNGTRENNUNG(OMe)Ph2, PACHTUNGTRENNUNG(o-tolyl)Ph2; (B) N,N=2,2’-bipyri-
dine or a-diimine type ligands; (C) N,O=2-quinolinecar-
boxylic acid.

Scheme 2. Synthesis of [Ru ACHTUNGTRENNUNG(C5Me4R)(2-quinolinecarboxy-
lato) ACHTUNGTRENNUNG(h3-allyl)] [PF6] complexes.
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ligand, the analogous complex [Ru(C5Me4t-Bu)(2-qui-
nolinecarboxylato)(h3-CH2CHCHMe)] ACHTUNGTRENNUNG[PF6] 3b, was
synthesized starting from [Ru(C5Me4t-Bu) ACHTUNGTRENNUNG(MeCN)3]
ACHTUNGTRENNUNG[PF6] 1b and crotyl alcohol, to test the influence in
catalysis of a bulky C5Me4t-Bu ligand.

[14]

The new allylruthenium(IV) complexes have been
characterized by 1H and 13C NMR spectroscopy, and
elemental analysis. The 1H NMR spectra gave a
straightforward evidence for the presence of the allyl
and cyclopentadienyl ligands besides a quinoline frag-
ment. Only complex 2a involves a symmetrical allyl
ligand whereas two stereoisomers (both as enantio-
meric pairs) might be considered for the other com-
plexes, depending on the position of the R’ group rel-
ative to the N,O-chelate. 1H and 13C NMR spectrosco-
py gave evidence for the selective formation of only
one of them. Complex 5a was obtained as very thin
needles that retained both acetonitrile and dichloro-
methane as disclosed by 1H NMR spectroscopy. Re-
markably, the same stereoisomer 5a was obtained
starting from cinnamyl alcohol or a-vinylbenzyl alco-
hol, as linear and branched allylic isomers.
X-Ray single crystal analysis studies of 3b and 4’a

allowed us to specify the preferred arrangement.
Ortep drawings of 3b and 4’a are shown in Figure 1
and Figure 2, respectively, and selected bond distances
are given in the captions. Cations of 3b and 4a dis-
played a similar square-pyramidal structure with the
oxygen and nitrogen atom from the 2-quinolinecar-

boxylate anion at basal positions acting as a chelate
to form a nearly planar metallacycle, and the terminal
carbon atoms of an endo h3-allyl ligand, the usual con-
figuration for comparable allylruthenium(IV) com-
plexes.[5] No more surprising was the observation of
only slightly longer CH�CH2 bond length [1.418(3) P
in 3b and 1.408(3) P in 4’a] relative to the CH�CHR’
one [1.404(3) P in 3b and 1.400(3) P in 4’a], which
accounts for a true allylic coordination. Complexes 3b
and 4’a differ in the presence of a tert-butyl group at
the cyclopentadienyl ring in 3b, and in the presence
of a n-propyl group at the substituted allylic terminal
carbon atom in 4’a. The ruthenium-oxygen and ruthe-
nium-nitrogen bonds in 3b [2.056(1) and 2.173(2) P,
respectively] are slightly shorter and longer, respec-
tively, relative to 4’a [2.065(1) and 2.165(2) P, respec-
tively].
The comparison of the ruthenium-carbon bond

lengths involving the unsubstituted terminal allylic
carbon atom [2.196(2) P in 3b vs. 2.195(2) P in 4’a] as
well as those involving the medium allylic carbon
atom [2.176(2) P in 3b vs. 2.168(2) P in 4’a] and the
substituted allylic terminal carbon [2.327(2) P in 3b
vs. 2.315(2) P in 4’a], revealed even weaker differen-
ces between 3b and 4’a. Of interest also is the com-
parison of these structural features to those of the
allylruthenium(IV) complex [Ru ACHTUNGTRENNUNG(C5Me5)Cl-
ACHTUNGTRENNUNG(Ph2POMe)(h

3-CH2CHCHn-Pr)] ACHTUNGTRENNUNG[PF6], which had
indeed, already disclosed a very similar ruthenium-
allyl tetrahedral arrangement [Ru�CH2: 2.191(4) P,
Ru�CH: 2.198(4) P, Ru�CH-n-Pr: 2.339(4) P, CH�
CH2: 1.406(6) P, CH�CH-n-Pr: 1.395(6) P].[4] As the

Figure 1. ORTEP drawing of 3b showing 50% probability
thermal ellipsoids. The PF6 anion is omitted for clarity. Se-
lected bond lengths [P] and angles [8]: Ru1-O2 2.056(1),
Ru1-N1 2.173(2), Ru1�C14 2.196(2), Ru1�C15 2.176(2),
Ru1�C16 2.327(2), C14�C15 1.418(3), C15�C16 1.404(3);
O2�Ru1�N1 76.87(5), O2�Ru1�C16 78.45(6), N1�Ru1�C14
85.96(6), O2�Ru1�C14 126.04(6), N1�Ru1�C16 116.39(6),
C14�Ru1�C16 64.33(7).

Figure 2. ORTEP drawing of 4’a showing 50% probability
thermal ellipsoids. The BF4 anion and the CH2Cl2 molecule
are omitted for clarity. Selected bond lengths [P] and angles
[8]: Ru1�O1 2.065(1), Ru1�N1 2.165(2), Ru1�C11 2.195(2),
Ru1�C12 2.168(2), Ru1�C13 2.315(2), C11�C12 1.408(3),
C12�C13 1.400(3); O1�Ru1�N1 77.40(6), O1�Ru1�C13
80.34(7), N1�Ru1�C11 87.07(7), O1�Ru1�C11 127.17(7),
N1�Ru1�C13 118.98(7), C11�Ru1�C13 63.88(8).
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preferred stereoisomer in this case, the substituted al-
lylic terminal carbon is located in a cis position rela-
tive to a chlorine atom whereas the unsubstituted ter-
minal allylic carbon atom is located in a cis position
relative to the bulkier phosphorus ligand. Remarka-
bly, 3b and 4’a similarly showed the substituted allylic
terminal carbon located in a cis position relative to
the oxygen atom from 2-quinolinecarboxylate anion
whereas the unsubstituted terminal allylic carbon
atom is located in a cis position relative to the nitro-
gen atom from the bulkier quinoline moiety.
Starting from cinnamyl-type allylic substrates, nu-

cleophilic allylic substitution reactions catalyzed by 1a
and related complexes as precatalysts, most often oc-
curred according to a highly regioselective formation
of branched products.[5,15] By contrast, the moderate
regioselectivities as yet reached starting from unsym-
metrical aliphatic allylic substrates emphasized the in-
terest to evaluate the potential of new species of type
(C) (Scheme 1). In the light of the putative mecha-
nism for these ruthenium-catalyzed reactions,[5] the
new [Ru ACHTUNGTRENNUNG(C5Me4R)(2-quinolinecarboxylato)(h

3-
CH2CHCHR’)] ACHTUNGTRENNUNG[PF6] derivatives as allylruthenium(IV)
complexes might be considered as alternative precata-
lysts, as compared to previously reported [Ru-
ACHTUNGTRENNUNG(C5R5)(h

2-O2CO-t-Bu)(h
3-CH2CHCHPh)] ACHTUNGTRENNUNG[PF6] (R=H

or Me) cinnamylruthenium(IV) complexes.[16]

Allylation Reactions Catalyzed by Complexes 3a,b

The low solubility of 2a in usual solvents while the
crystals of 4a retain dichloromethane, led us to select
3a and 3b as precatalysts for nucleophilic allylic sub-
stitution catalytic experiments. Chlorohexene as a 4:1
mixture of linear n-PrCH=CHCH2Cl and branched n-
PrCH(Cl)CH=CH2 isomers resulting from the reac-
tion between PCl3 and 2-(E)-hexen-1-ol,

[17] was select-
ed as a typical aliphatic allylic substrate for the syn-
thesis of allyl aryl ethers, according to a previously re-
ported protocol involving ruthenium-catalyzed nucle-
ophilic substitution with phenols under basic condi-
tions [Eq. (1)].[18] Thus, the addition of various
phenols (1 equiv.) to chlorohexene (0.5 mmol) in the
presence of the ruthenium precatalyst 3a or 3b (3
mol%) and K2CO3 (1 equiv.), in 4.0 mL of solvent for
18 h at ambient temperature, resulted in the complete
consumption of chlorohexene and quantitatively led
to the formation of the allyl aryl ethers 6–10, as mix-
tures of branched n-PrCH ACHTUNGTRENNUNG(OAr)CH=CH2 and linear
n-PrCH=CHCH2OAr isomers [Eq. (1)]. Under simi-
lar conditions, the involvement of 1a as precatalyst
for these reactions, had already been studied. The for-
mation of the allyl aryl ether 6 from the reaction with
p-methoxyphenol, gave a moderate 61:39 B/L regiose-
lectivity.[18]

The results given in Table 1, obtained using 3a and
3b as precatalyst, disclose a spectacular increase of
the regioselectivity in favor of the branched products,
and also reveal the beneficial effect of a tert-butyl
group at the cyclopentadienyl ring in 3b. Using aceto-
nitrile as solvent, 6 was obtained in a 94:6 B/L ratio
with 3a and an enhanced 97:3 B/L regioselectivity
with 3b (entries 1 and 2). Furthermore, increased 95:5
B/L and 99:1 B/L selectivities, respectively, were
reached when dichloromethane was used as solvent
(entries 3 and 4). Similarly, excellent regioselectivities
were obtained starting from para-cresol (entries 5 and
6) and para-chlorophenol (entries 7 and 8). Precata-
lyst 3a was less efficient for the allylation of ortho-
chlorophenol (entry 9) and phenol (entry 11) leading
to 75:25 B/L and 88:12 B/L selectivities, respectively.
However, the use of the precatalyst 3b resulted in an
excellent regioselectivity in favor of the branched
products, as shown by the achievement of a 94:6 B/L

Table 1. Allylation of ArOH with chlorohexene in the pres-
ence of 3a and 3b.[a]

Entry Ar Catalyst Solvent Product B/L[b]

1 p-MeOC6H4 3a MeCN 6 94:6
2 p-MeOC6H4 3b MeCN 6 97:3
3 p-MeOC6H4 3a CH2Cl2 6 95:5
4 p-MeOC6H4 3b CH2Cl2 6 99:1
5 p-MeC6H4 3a MeCN 7 94:6
6 p-MeC6H4 3b MeCN 7 95:5
7 p-ClC6H4 3a MeCN 8 93:7
8 p-ClC6H4 3b MeCN 8 97:3
9 o-ClC6H4 3a MeCN 9 75:25
10 o-ClC6H4 3b MeCN 9 94:6
11 C6H5 3a CH2Cl2 10 88:12
12 C6H5 3b CH2Cl2 10 97:3

[a] Experimental conditions: chlorohexene 0.5 mmol, ArOH
0.5 mmol, K2CO3 0.5 mmol, precatalyst 3a or 3b 3 mol%,
room temperature, 18 h.

[b] Conversion and B/L ratio as determined by 1H NMR
spectroscopy and GC analysis.
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ratio for ortho-chlorophenol (entry 10) and a 97:3 B/L
ratio for phenol (entry 12).
This level of regioselectivity for the formation of

allyl aryl ethers via nucleophilic substitution starting
from aliphatic substrates, represents the best result
ever obtained with ruthenium catalysts and competes
with the results obtained with other metal catalysts.
The efficiency of precatalysts 3a and 3b for the allyla-
tion of phenols with chlorohexene led us to evaluate
their activity for other ruthenium-catalyzed nucleo-
philic allylic substitution reactions. The allylation of
sodio dimethyl malonate with ethyl cinnamyl and
ethyl 2-(E)-hexen-1-yl carbonates [Eq. (2)] was thus
investigated.

Preliminary experiments were conducted at room
temperature in THF as solvent according to path (i)
[Eq. (2)] using a solution of sodio dimethyl malonate
in THF prepared by reacting dimethyl malonate with
NaH (Table 2). Thus, using 3a as precatalyst, ethyl 2-
(E)-hexen-1-yl carbonate led to the monosubstituted

dimethyl malonates 11 [Eq. (2)]. A reaction time of
18 h ensured a complete consumption of the allylic
carbonate and the linear allylic derivative was pro-
duced as the major compound as indicated by a 26:74
B/L ratio (entry 1). To compare the reactivities of 3a
and 3b to those of the precatalysts 1a or 1’a, ethyl cin-
namyl carbonate was then used as allylic substrate.
The results given in Table 2 show a B/L ratio located
in the range 94:6 with 1’a as precatalyst (entry 2) and
96:4 with 3b as precatalyst (entry 4). Thus, the preca-
talysts 1’a, 3a, and 3b maintained the excellent regio-
selectivity in favor of the branched isomer of 12 [Eq.
(2)] arising from ethyl cinnamyl carbonate, as already
reached using 1a as precatalyst.[2]

Attempts to achieve the direct allylation of dimeth-
yl malonate without prior deprotonation confirmed a
lack of reactivity, which could be overcome by addi-
tion of K2CO3 as a base according to path (ii) [Eq.
(2)]. Acetonitrile can be used as solvent and these
conditions promoted the formation of the branched
isomer of 11 starting from ethyl 2-(E)-hexen-1-yl car-
bonate. The best regioselectivity was obtained in the
presence of the precatalyst 3a allowing us to reach a
89:11 B/L ratio (entry 5). Under these conditions, the
precatalyst 3b featuring the tert-butyl-substituted cy-
clopentadienyl ligand failed to enhance this remark-
able regioselectivity starting from an unsymmetrical
aliphatic allylic substrate (entry 6).
For comparison, the involvement of 1a as precata-

lyst under these mild conditions led to the favored
formation of the linear product as indicated by a
23:77 B/L ratio (entry 7). The involvement of K2CO3

as a base to generate the dimethyl malonate anion as
a soft carbonucleophile, might be reasonably assumed
to ensure a large presence of dimethyl malonate rela-
tive to dimethyl malonate anion. The preserved di-
methyl malonate might act as a source of protons for
the regeneration of the type (C) intermediate allow-
ing the release of the ethoxide anion as EtOH and
making easier the activation of ethyl 2-(E)-hexen-1-yl
carbonate. Accordingly, the addition of ethyl 2-(E)-
hexen-1-yl carbonate to a solution of 1a and quinaldic
acid in dichloromethane as solvent, led to the quanti-
tative formation of 4a, thus providing an alternate
synthesis of 4a (experiment details in Supporting In-
formation).
Under the conditions (ii), a longer reaction time

was clearly required when starting from ethyl cinnam-
yl carbonate as the allylic substrate. More unexpect-
edly, the cinnamyl substrate led to a 81:19 B/L regio-
selectivity with 1a as precatalyst (entry 8) and to a
still lower 58:42 B/L ratio with 3a as precatalyst
(entry 9), which represent markedly reduced regiose-
lectivities as compared to the experiments performed
under conditions (i) (entries 3 and 4). The regioselec-
tivity was even worse in THF as solvent (entries 10
and 11).

Table 2. Formation of monosubstituted dimethyl malonates
11 and 12.[a]

Entry R Path Catalyst Solvent Product B/L[b]

1 n-Pr (i) 3a THF 11 26:74
2 Ph (i) 1’a THF 12 94:6
3 Ph (i) 3a THF 12 95:5
4 Ph (i) 3b THF 12 96:4
5 n-Pr (ii) 3a MeCN 11 89:11
6[c] n-Pr (ii) 3b MeCN 11 86:14
7 n-Pr (ii) 1a MeCN 11 23:77
8[d] Ph (ii) 1a MeCN 12 81:19
9[d] Ph (ii) 3a MeCN 12 58:42
10 Ph (ii) 1a THF 12 80:20
11 Ph (ii) 3a THF 12 50:50

[a] Experimental conditions: substrate 0.5 mmol, precatalyst
3 mol%, room temperature, 18 h, (i) sodio dimethylmalo-
nate 0.6 mmol or (ii), dimethyl malonate 0.5 mmol,
K2CO3 0.5 mmol.

[b] Conversion and B/L ratio as determined by 1H NMR
spectroscopy and GC analysis.

[c] Conversion: 93%.
[d] 40 h.
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Finally, complexes 3a and 3b were evaluated as pre-
catalysts for allylic substitution reactions leading to
the formation of a carbon-nitrogen bond. Aniline was
selected as a primary amine and pyrrolidine and pi-
peridine were selected as secondary amines. Starting
from ethyl 2-(E)-hexen-1-yl carbonate as the allylic
substrate [Eq. (3)], the results are given in Table 3.

In acetonitrile as solvent, the reaction with aniline
in the presence of 3a (3 mol%) as precatalyst, result-
ed in a modest consumption of 49% of the allylic car-
bonate after a 16 h reaction time, and revealed a fa-
vored formation of the linear isomer of the allylic
amines 13 (entry 1). No conversion at all had been
previously observed using [Ru ACHTUNGTRENNUNG(C5Me5)(h

2-O2CO-t-
Bu)(h3-CH2CHCHPh)] ACHTUNGTRENNUNG[PF6] as precatalyst and the
analogous tert-butyl 2-(E)-hexen-1-yl carbonate as the
allylic substrate.[16a] Under similar conditions, the con-
sumption of ethyl 2-(E)-hexen-1-yl carbonate with
pyrrolidine was complete and led to a favored forma-
tion of the branched isomer of the allylic amines 14.
The 85:15 B/L ratio (entry 2) was increased to an ex-
cellent 93:7 B/L regioselectivity by using dichlorome-
thane instead of acetonitrile as solvent (entry 3). Sur-
prisingly, the precatalyst 3b achieved a markedly re-
duced regioselectivity (entry 4) whereas the involve-
ment of 1a as precatalyst showed the linear product
to be formed selectively (entry 5). Pointing out the

importance of the choice of the solvent, conversion
and regioselectivity were both disfavored when the
use of THF as solvent was attempted (entry 6). Under
the most favorable conditions for the formation of the
branched allylamine from pyrrolidine (entry 3), piper-
idine afforded the allylic amines 15 with a lower re-
gioselectivity as determined by a 73:27 B/L ratio
(entry 7).
The formation of allylruthenium(IV) intermediates

is expected to be easier starting from chlorohexene
relative to ethyl 2-(E)-hexen-1-yl carbonate. For this
reason, the synthesis of the allylic amines 13–15 was
also investigated starting from chlorohexene as the al-
lylic substrate [Eq. (4)].

Two distinct procedures were introduced. In path
(i) [Eq. (4)], the initial presence of one equivalent of
K2CO3 with respect to the amine provided the forma-
tion of the free allylic amines 13–15. In path (ii), no
K2CO3 was added so that the allylic amines remained
protected as their hydrochloride form. Whatever the
conditions used, the results given in Table 4 show the
favored formation of the branched isomers of the al-
lylic amines 13–15. As compared to the results ob-
tained using ethyl 2-(E)-hexen-1-yl carbonate as the

Table 3. Formation of allylic amines 13–15 starting from ethyl 2-(E)-hexen-1-yl carbonate.[a]

Entry R1R2NH Catalyst Solvent Conversion[b] Product B/L[b]

1 Aniline 3a MeCN 49 13 33:67
2 Pyrrolidine 3a MeCN 100 14 85:15[c]

3 Pyrrolidine 3a CH2Cl2 100 14 93:7
4 Pyrrolidine 3b CH2Cl2 100 14 60:40
5 Pyrrolidine 1a CH2Cl2 100 14 2:98
6 Pyrrolidine 3a THF 68 14 44:56
7 Piperidine 3a CH2Cl2 100 15 73:27[c]

[a] Experimental conditions: allylic carbonate 0.5 mmol, amine 0.75 mmol, catalyst 3 mol%, room temperature, 16 h.
[b] Conversion (%) and B/L ratio as determined by 1H NMR spectroscopy and GC analysis.
[c] An unidentified additional minor product was detected by 1H NMR spectroscopy.
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allylic substrate, the reaction with aniline now led to
the formation of the branched isomer of the allylic
amines 13 as the major product. The 85:15 B/L regio-
selectivity reached when 3a was used as precatalyst
(entry 1) was enhanced to a 88:12 B/L regioselectivity
with 3b as precatalyst (entry 2). The reaction required
the presence of K2CO3 to reach completion as com-
pared to path (ii), which gave a moderate 77% con-
sumption of chlorohexene (entry 3).
On the other hand, the 71:29 B/L regioselectivity

provided by the more basic pyrrolidine and 3a as pre-
catalyst in the presence of K2CO3 (entry 4) could be
increased to a 82:18 B/L selectivity according to path
(ii) using 3a or 3b as precatalyst (entries 5, 6). As was
observed from ethyl 2-(E)-hexen-1-yl carbonate as al-
lylic substrate, piperidine afforded a lowered regiose-
lectivity as compared to pyrrolidine, in acetone
(entry 7) or in dichloromethane (entry 8) as solvent.

Conclusions

New stable allylruthenium(IV) complexes [Ru-
ACHTUNGTRENNUNG(C5Me4R)(2-quinolinecarboxylato)(h

3-CH2CHCHR’)]
[PF6] were synthesized as single stereoisomers, in one
step starting from [Ru ACHTUNGTRENNUNG(C5Me4R) ACHTUNGTRENNUNG(MeCN)3] [PF6], qui-
naldic acid, and allylic alcohols. They were demon-
strated to be efficient precatalysts in nucleophilic al-
lylic substitution and provided highly regioselective
formation of branched products from allylic substrates
such as ethyl 2-(E)-hexen-1-yl carbonate and chloro-
hexene. The selective formation of carbon-oxygen,
carbon-carbon, and carbon-nitrogen bonds, was thus
achieved under mild basic conditions using phenols,
dimethyl malonate and primary and secondary
amines as nucleophiles, respectively. With amines, the
regioselectivity strongly depends on the nature of the
amine. Variations of regioselectivity were also ob-
served arising as well from a structural modification
of the C5Me4R cyclopentadienyl ligand, from the
nature of the allylic substrate, the nature of the sol-

vent and the basic conditions. Therefore, a large
choice is offered for variation to reach the optimal
conditions with respect to regioselectivity.
The novel and most attractive property of this

family of catalysts is their efficiency to provide, espe-
cially from phenols and soft carbonucleophiles, high
regioselectivities in favor of branched products start-
ing from linear aliphatic allylic substrates.

Experimental Section

Typical Synthesis of Complexes; [Ru ACHTUNGTRENNUNG(C5Me5)(2-quino-
linecarboxylato)(h3-CH2CHCHMe)] ACHTUNGTRENNUNG[PF6] (3a)

As a typical procedure, dichloromethane (35 mL) was added
to a stirred mixture of 1a (2.01 g, 3.98 mmol) and quinaldic
acid (0.69 g, 3.98 mmol),), to rapidly afford a dark violet-
purple solution to which crotyl alcohol (0.60 mL, an excess)
was added. The mixture was further stirred overnight and
was then evaporated to dryness under vacuum. The remain-
ing solid was dissolved in dichloromethane (20 mL) and the
orange-red solution was then covered with diethyl ether
(100 mL) to afford thin orange needles that were collected
by filtration; yield: 1.97 g (81%).
Complete experimental details concerning the synthesis of

complexes, 1H and 13C NMR data and elemental analysis are
given as Supporting Information.

X-Ray Crystallography

The samples were studied with an Oxford Diffraction Xcali-
bur Saphir 3 diffractometer with graphite monochromator.
Crystallographic data are given in Table 5. Data reduction
was carried out with CrysAlis RED.[19] The structures were
solved with SIR-97 which revealed the non-hydrogen
atoms.[20] After anisotropic refinement, many hydrogen
atoms may be found with Fourier difference calculations.
The whole structures were refined with SHELXL97 by full-
matrix least-squares methods on F2 (x , y, z, bij for Ru, P, N,
Cl, F, C and O atoms; x, y, z in riding mode for H atoms).[21]

ORTEP views were prepared with PLATON98.[22] CCDC
668006 (3b) and CCDC 666465 (4’a) contain the supplemen-
tary crystallographic data for this paper. These data can be

Table 4. Formation of allylic amines 13–15 starting from chlorohexene.[a]

Entry R1R2NH Catalyst Solvent Path Conversion[b] Product B/L[b]

1 Aniline 3a Acetone (i) 100 13 85:15
2 Aniline 3b Acetone (i) 100 13 88:12
3 Aniline 3b Acetone (ii) 77 13 87:13
4 Pyrrolidine 3a CH2Cl2 (i) 100 14 71:29
5 Pyrrolidine 3a CH2Cl2 (ii) 100 14 82:18
6 Pyrrolidine 3b CH2Cl2 (ii) 100 14 83:17
7 Piperidine 3b Acetone (ii) 100 15 69:31
8 Piperidine 3b CH2Cl2 (ii) 100 15 64:36

[a] Experimental conditions: chlorohexene 0.5 mmol, amine 0.75 mmol, catalyst 3 mol%, K2CO3 0.75 mmol for path (i) and
none for path (ii), room temperature, 16 h.

[b] Conversion (%) and B/L ratio as determined by 1H NMR spectroscopy and GC analysis.
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obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.

Typical Catalytic Experiment; Synthesis of Allyl Aryl
Ether 6

As a typical experiment, a sample of p-methoxyphenol
(0.5 mmol, 1 equiv.) was added to a stirred mixture consist-
ing of hexenyl chloride (0.5 mmol, 1 equiv.), precatalyst 3b

(0.015 mmol, 3 mol%), K2CO3 (0.5 mmol, 1 equiv.), and di-
chloromethane (4.0 mL). The mixture was stirred at room
temperature for 18 h and the resulting slurry was filtered for
GC analysis. The filtrate was then concentrated under
vacuum and 1H NMR spectroscopy analysis solely disclosed
3-(4-methoxyphenoxy)-1-hexene as the branched isomer of
allyl aryl ether 6 (B/L ratio=99:1).
Complete experimental details concerning catalytic ex-

periments and 1H NMR spectra and data for compounds 6–
15 are given as Supporting Information.
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