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The regioselectivity in the ruthenium-catalysed allylic alkylation

of mono substituted allyl acetates with the malonate anion was

highly controlled by Ru3(CO)12 with 2-(diphenylphosphino)-

benzoic acid, and the linear-type alkylated product was

obtained.

Transition metal-catalysed allylic substitution is a useful process in

organic synthesis, and many excellent results have been reported

for the reaction of symmetrically disubstituted substrates.1 On the

other hand, the regioselective allylic substitution of unsymmetrical

allyl substrates is a difficult problem and very challenging topic in

this field of chemistry. In particular, it is known that the control of

mono-substituted allyl substrates that forms both linear and

branched isomers is very difficult and the regioselectivity depends

on the type of transition metal–catalyst which was employed in the

reaction. Palladium-catalysed reactions tend to cause nucleophilic

substitution at the sterically less hindered allylic terminus and

produces linear-type products,2,3 while other metals such as

tungsten,4 molybdenum,5 rhodium,6 iridium7 and ruthenium8,9

preferentially yield branched-type products, by attack at the more

hindered allylic terminus. On the other hand, common ruthenium

catalysts exhibited a slightly low reactivity for the allylic alkylation

of unsymmetrical monosubstituted allyl substrates when compared

to palladium. The first regioselective ruthenium-catalysed reaction

with a carbon nucleophile was reported by Mitsudo; the

[Ru(cod)(cot)] catalysed highly regioselective reactions with several

carbon nucleophiles. However, no regioselectivity was obtained for

the reaction of the malonate anion.8e Recently, Trost reported that

a branched type of alkylation with the malonate anion proceeded

with a high selectivity using [Cp*Ru(NCCH3)3]PF6.
8b Bruneau

also reported some ruthenium catalysed reactions that exhibited a

branched-type selectivity,9a–e and Pregosin also reported examples

of a number of p-allylruthenium intermediates that generated

branched products.9f–i However, there are still no examples of a

ruthenium-catalysed linear-type allylic alkylation of monosubsti-

tuted allyl substrates by the malonate anion. We here report the

first example of a ruthenium-catalysed perfect linear-type of allylic

alkylation with malonate anion.

We discovered that Ru3(CO)12 with an appropriate ligand

system accomplished the highly regioselective allylic alkylation of

unsymmetrical allyl substrates with the malonate anion. Typically,

the reaction was carried out as follows: for the ruthenium catalyst,

which was prepared in situ by mixing 3.3 mol% Ru3(CO)12 with a

ligand, c-substituted allyl acetates 1 and a-substituted allyl acetates

2 were allowed to react with the dimethyl methylmalonate anion in

THF at 0 to 60 uC for 12 h (Scheme 1). When PPh3 or dppe was

used as a ligand for the reaction of the c-substituted allyl acetate 1a

with the malonate anion, the reaction proceeded smoothly, but the

regioselectivity was low, and the branched isomer 3a was obtained

as the major product. Fortunately, we discovered that the reaction

using 2-(diphenylphosphino)benzoic acid (L1)10 as a ligand

exhibited an unusual regioselectivity. The alkylation of 1a with

the malonate anion in the presence of the ruthenium catalyst

coordinated with L1 took place with a 99% linear selectivity in a

97% isolated yield (Table 1, entry 3). The reaction with 1 mol% of

Ru3(CO)12 also proceeded with a perfect linear type of regio-

selectivity, though it required a longer reaction time to complete

(entry 4). The c-substituted acetates 1b–f exhibited a similar

reactivity with an excellent high linear selectivity (entries 5–9). The

linear selectivity which we observed here was higher than that of a

palladium-catalysed reaction.2e,11 We next investigated the reaction

with a-substituted allyl acetates 2a–f, which are regioisomers of

1a–f. Most of the a-substituted allyl acetates 2 also exhibited the

same linear selectivity as obtained for the reaction of the

c-substituted acetates 1, while a slight reduction in reactivity was

recorded (entries 10–16). The fact that the same regioselectivities

are observed for the reactions of 1 and 2 suggests that the reaction

proceeds through a shared p-allylruthenium intermediate as is

usual in transition metal-catalysed allylic substitutions.
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Following these reaction results, we attempted to prepare the

p-allylruthenium complex, which might be a key intermediate of

our highly linear selective allylic alkylation reaction (Scheme 2).

Mixing Ru3(CO)12, the ligand L1 and allyl acetate 1a at 60 uC gave

no new specific signals in the 31P NMR spectrum. However, when

the lithium salt of dimethyl methylmalonate (1 equivalent to Ru

metal) was added to the reaction mixture, two new signals (major

isomer 5: d 28.2 ppm. minor isomer 59: d 34.6 ppm) appeared in

the 31P NMR spectrum. The 1H NMR spectra of this complex

clearly indicated the formation of p-allylruthenium complexes. The

subsequent workup and recrystallization afforded orange crystals

of the major p-allylruthenium complex [Ru(1-phenyl-

allyl)(L1)(CO)2] (5) in a 71% isolated yield, based on the Ru

metal. The neutral ruthenium(II) complex 5 was stable under

atmospheric conditions for the solid state and we succeeded in

solving the structure by an X-ray crystallographic analysis (Fig. 1).

The bond length of Ru–C3 (2.298(5) Å) is slightly longer than that

of Ru–C1 (2.224(5) Å), and this relative difference in the bond

lengths between Ru and the two p-allyl termini, C1 and C3, is

similar to the reported results9c,d,f–i for the key intermediates of the

ruthenium-catalysed branch selective allylic alkylations by

Bruneau and Pregosin. Although branched-type alkylations were

reported for Bruneau’s and Pregosin’s cationic ruthenium (IV)

complexes, the stoichiometric reactions of the neutral

p-allylruthenium(II) complex 5 with the lithium enolate of dimethyl

methylmalonate in THF gave a linear-type product 4a in 100%

conversion with a 99% regioselectivity, which is in good agreement

with our catalytic reactions. Furthermore, we confirmed that the

same p-allyl complex 5 was also formed from the allyl acetate 2a.

The 1H NMR spectra showed that the major ruthenium complex 5

slowly converts to another new p-allyl complex 59. We isolated the

minor p-allylruthenium species 59 as a yellow powder, which was

then subjected to a stoichiometric reaction with the malonate

anion; the reactivity of 59 was, however, very low and the reaction

gave a mixture of branched- and linear-type isomers in a 79 : 21

ratio with an 80% conversion. From these results, we concluded

that the p-allyl complex 5 might be the key intermediate in the

linear selective allylic alkylation reaction, and nucleophilic attack

selectively occurred at the sterically less hindered p-allyl terminus.

The regioselectivity might be due to the difference in oxidation

state [Ru(0)/Ru(II) or Ru(II)/Ru(IV)] and the absence of the Cp*

ligand.8e These mechanistic studies will be performed in the

future.{

Notes and references

{ Preparation of p-allylruthenium complex 5 [Ru(1-phenyl-allyl)(L1)(CO)2]
and 59. Ru3(CO)12 (1.0 g, 1.56 mmol), 2-(diphenylphosphino)benzoic acid
(L1) (1.4 g, 4.69 mmol), 1-phenyl-2-propenyl acetate (1a) (3.3 g, 18.7 mmol)
and dimethyl methylmalonate (2.1 g, 14.0 mmol) were suspended in 15 mL
of THF in a screw-capped vial. The mixture was stirred at 0 uC for 5 min,
then LiHMDS (14.0 mmol. 14 mL of 1.0 M in THF) was slowly added at
same temperature. The reaction mixture was then stirred at 60 uC for 2 h.
The mixture was absorbed onto silica gel and chromatographed with ethyl
acetate/hexane (50 : 50 to 100 : 0), then evaporated. The gummy residue
was dissolved in a minimum amount of ethyl acetate and recrystallized by
slow diffusion of pentane into the concentrated ethyl acetate solution at
room temperature, yielding orange prismatic crystals of 5; yield 660 mg
(71% as ethyl acetate co-crystals). A suitable crystal was selected for the
X-ray study. On the other hand, the mother liquor was concentrated and
gave ruthenium complex 59 as a yellow powder; ca. 100 mg. The 1H NMR
and 31P NMR revealed that the ruthenium complex 5 (28.2 ppm in 31P
NMR) slowly converts to ruthenium complex 59 (34.6 ppm in 31P NMR).

Table 1 Ru3(CO)12 catalysed allylic alkylation of 1a–f and 2a–fa

Entry Acetate L Yieldb (%) of 3 and 4 Ratioc 3 : 4

1 1a PPh3 70 77 : 23
2 1a dppe 90 79 : 21
3 1a L1 97 1 : 99

4d,e 1a L1 90 1 : 99
5 1b L1 98 3 : 97
6 1c L1 98 1 : 99
7 1d L1 96 1 : 99
8 1e L1 98 1 : 99
9 1f L1 87 1 : 99

10 2a L1 96 1 : 99
11d,e 2a L1 86 1 : 99

12 2b L1 86 3 : 97
13 2c L1 98 1 : 99
14 2d L1 96 1 : 99
15 2e L1 81 1 : 99
16 2f L1 79 1 : 99

a All reactions were carried out in THF at 0 to 60 uC for 12 h under
nitrogen unless otherwise noted: THF (1.0 mL), allylic acetate
(1.0 mmol), MeCH(CO2Me)2 (1.5 mmol), base (1.4 mmol),
Ru3(CO)12 (0.03 mmol), and ligand (0.1 mmol). b Isolated yield by
silica gel column chromatography. c The ratio was determined by
500 MHz 1H NMR analysis of crude materials. d 1 mol% of
Ru3(CO)12 and 3 mol% of L1 were used. e 24 h.

Scheme 2 Reaction pathway in the ruthenium-catalysed allylic alkyla-

tion of 1a–f and 2a–f.

Fig. 1 Crystal structure of 5 with thermal ellipsoids at the 30%

probability level. All hydrogen atoms and ethyl acetate were omitted for

clarity. Selected bond lengths (Å): Ru(1)–C(1), 2.224(5); Ru(1)–C(2),

2.239(5); Ru(1)–C(3), 2.298(5); Ru(1)–C(29), 1.853(6), Ru(1)–C(30),

1.914(6); Ru(1)–P(1), 2.3345(14); Ru(1)–O(1), 2.121(4).
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Ruthenium complex 5: 1H NMR (500 MHz, CDCl3) d 2.58 (dd, J = 4.55,
12.90 Hz, 1H), 3.12 (d, J = 12.90 Hz, 1H), 4.42 (dd, J = 4.55, 7.80 Hz, 1H),
5.94 (dt, J = 7.80, 12.90 Hz, 1H), 6.32–6.37 (m, 3H), 6.50–6.54 (m, 2H),
7.07–7.13 (m, 5H), 7.32–7.40 (m, 4H), 7.44–7.48 (m, 3H), 7.65–7.68 (m,
1H), 8.38 (ddd, J = 1.35, 4.6, 7.8 Hz, 1H). selected 13C NMR (125 MHz,
CDCl3) d 14.16, 21.00, 61.64 (d, J = 17.30), 80.53 (d, J = 4.80), 102.96,
139.51, 140.37 (d, J = 11.54), 169.28 (d, J = 7.69), 171.09, 195.36 (d, J =
4.81), 197.76 (d, J = 11.54). 31P NMR (202 MHz, CDCl3) d 28.2. mp 144–
147 uC (decomp).

Ruthenium complex 59: selected 1H NMR (500 MHz, CDCl3) d 1.74 (d,
J = 12.58 Hz, 1H), 3.60 (d, J = 7.80 Hz, 1H), 4.48 (dd, J = 12.58 Hz, JHP =
5.50 Hz, 1H), 5.88 (dt, J = 7.80, 12.58 Hz, 1H). selected 13C NMR
(125 MHz, CDCl3) d 14.20, 21.06, 57.07, 60.41, 89.12, 89.32, 104.76, 139.65,
139.68, 140.36. 31P NMR (202 MHz, CDCl3) d 34.6. mp 174–176 uC
(decomp).

Crystal data for 5?EtOAc: C34H31O6RuP, MW = 667.66, T = 173 K,
Monoclinic, space group P21/c, a = 12.846(2), b = 16.061(3), c =
14.566(4) A, U = 3005.1(11) A3, Z = 4, m(Mo-Ka) = 0.711 mm21, 25 776
reflections measured, 6696 unique [Rint = 0.125], Final R1 [I . 2sI] = 0.075,
wR2 = 0.173 (all data). CCDC 622374. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b614015g
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