
175 

Journal of Organometallic 
S.A., Lausanne Printed in Netherlands 

ASYMMETRIC CATALYTIC ALLYLATION OF P-DIKETONES OR 
&KETOESTERS WITH ALLYLIC ETHERS USING A PALLADIUM-DI’.!P 
CATALYST: A MECHANISTIC STUDY 

J-C. FIAUD, A. HIBON DE GOURNAY, M. LARCHEVEQUE and H.B. KAGAN * 

Laboratoire de Synthke Asyme’trique, (LA CNRS No_ 040255OZ)), Uniuersit6 de Paris-Sud, 
91405Orsay (France) * 

(Received January 12th, 1978) 

Summary 

Allylation of @diketone, j3-ketoesters and methine active hydrogen com- 
pounds by ally1 phenyl ethers or ally1 esters with palladium/phosphine catalytic 
systems has been studied, and a mechanism is suggested. The use of DIOP (2,3- 
U-isopropylidene-2,3-dihydroxy-l,4-bis(diphenylphosphino)butane) as chiral 
phosphine ligand produces optically active allylated compounds with up to 
10% e-e. 

Introduction 

Some asymmetric catalytic organic reactions involving chiral coordination 
complexes have been widely developed, such as hydrogenations or hydrosilyla- 
tions [l] . Alkylation reactions received less attention, and gave smaller asym- 
metric inductions. Among the catalysed reactions involving carbon--carbon 
bond formation, the highest asymmetric inductions reported are in olefin 
oligomerisation between 1,5cyclooctadiene and ethylene [ 2 3 (88% e-e.), in 
cyclopropanation [S] (80% e-e.), in hydroformylation [4] (44% e-e.), and 
more recently in allylic alkylation [5] (up to 45% e-e.). 

We report here studies on a system related to allylic alkylation, involving 
catalytic transfer of an ally1 group from an allylic ether or ester to an active 
hydrogen compound. This reaction was first shown [6] to proceed with methyl 
acetoacetate to give the monoallylated compound according to eq. 1. Similarly, 

PhOCH2CH=CH2 i- CH&OCH2C02CH3 Pd8;<yst+ CII&O yH( CH2CH=CH2) (I) 

CO&H, 

* Dedicated to Professor E. Lederer on the occasion of his 70th birthday. 
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auglaatiollol~,,trla,et,,e with allylic alcohols or allyldietliylamine.has been 
reported [yi. The &&ly&used:%as _i mixture of PdCl,(PPh,)z-with PbONa aS a 
h&c-&o&at&&&. F&w e&tnples of thistype of reaction are.ktiown;and~little 
informakok is available on its me&hanism; 

Scope and me&anistic d&ails 

In order to observe asymmetric induction and avoid racemisation in this 
reaction, we investigated the allylation of methine active compounds leading to 
quaternary carbon-atom. We chose as standard system the allylation of Sacetyl- 
cyclohexanone (II) with allylic ethers or esters I (eq. 2)_ The catalytic system 

Z~C+~-~=-CH~ + CH3 PC!* cotolyst (21 
-ZOH 

(2 = Me, PhCH,, AC, Ph) 

we used was either a palladium(O) complex such as Pd(dba), [8] and a chiral 
phosphine as DIOP (Ib), or a palladium(II) complex such as PdCl,DIOP together 
with~a basic cocatalyst. Optically active III is formed in this reaction (vide infra). 
Allylation of methyl. acetoacetate with ally1 phenyl ether takes place at room 
temperature at a higher rate with (+)DIOP as a ligand in the catalyst than with 
PPh3 or dppe. 

To define the origin of the asymmetric induction in reaction 2, we needed 
to know whether the reaction was under kinetic or thermodynamic control. 
Ally1 exchange reaction between alcohols and phenols catalysed by palladium 
complexes has been shown [6] to be an equilibrium, according to eq. 3. 

ROC8HIB f Ph0H.e pd’n) catalyst PhOC8H,3 + ROH 
8O=C 

(3) 

(CsH,, = 2,7-octadienyl; R = Me, PhCH,) 

We have found that, under these conditions there is no ally1 exchange between 
Gallylated compounds and active methine compounds or phenol. Thus reaction 
2 is under kinetic control, because there is no mechanism allowing cleavage of 
a C-allylic bond. 

Results of asymmetric allylation of 2-.acetylcyclohexanone by I: 

In Table 1 are reported results obtained by varying the nature of the reagent 
m-the reaction with II; Alkyl ally1 ethers are not ally1 donors, ally1 acetate is a 
poor one, and ally1 ph~enyl ether is the best donor; 

In runs 2 and 4 of Table 2, the isomeric reagents PhOCH(CH,)CH=CH, and 
PhOCH2CH=CHCH3 yield-an isomer&z mixture of the same composition. This 
means that the reaction probably proceeds via a common intermediate in which 
the isomeric position of the phenoxy group is lost. This suggests the interven- 
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TABLE 1 

ALLYLATION OF II WITH I =. I •t II + III 

I Yield (%> [o]g (CHC13. c = 5) 

CH;OCH+H=CH2 
PhCH20CH2CH=CH2 
AcOCH$H=CH2 
PhCOCH$H=CH2 ’ 

no reaction 
no reaction 

45 +2.0 TL O.1° 
100 +1g.o + 0.5O 

’ Reaction conditions: 5 mm01 I; 5 mm01 II: 0.05 mmol PdCII-(+)DIOP: 0.2 mmol PhONa. no solvent. 
60°C. 25 h.’ Same conditions. except reaction time 4 h at room temperature. 

tion of a r-allylic intermediate, the less substituted terminal carbon of which is 
attacked by the reagent. 

The formation of this intermediate may involve the following steps, initiated 
by catalytic amounts of a palladium(O) complex of PdLa type (L being a phos- 
phine). The first step may involve n-complexation of the allylic reagent, and 
then oxidative addition of the allylic C-O bond on palladium to give the rr- 
allylic complex IV (eq. 4). 

/ 

C 

-2L 

[ 1 
<( 

.“Pd 
iL + - 

PdL4 _ 
,= \L OZ <( 

‘=. Pd lL 
i- 

+2L (4) 

02 
I” \o* 

ZO- = phenol&e mz) (PI 

The asymmetric carbon atom is formed by nucleophilic addition df the anion 
(or conjugated base) of the active methylene or methine compound such as II 
to one of these complexes. In any case, the anion OZ- is liberated, and used as 
a base to generate another molecule of enolate A-. The ambident electrophilic 

AH+ZO-=A-+ZOH (5) 

cation IV has two sites for reaction: according to HSAE! concept [9 1, hard 
nucleophiles will preferentially react at palladium (hard center) whereas soft 
ones will attack the allylic ligand (soft center). The nucleophile @-diketone and 
fl-ketoester) is also an ambident reagent with both a hard (oxygen atom) and 
a soft centre (carbon atom). Thus we must consider four different types of 
primary attack, among which * attack of the allylic ligand by the carbon atom 

* Other possible types are: 

(a) Attack on the palladium atom by the carbon atom of the enolate ion, followed by a transfer 
of the new ligand from Pd to the ally1 unit. Such transfers are very rare. 

(b) Attack on the palladium atom by the oxygen atom of the enolate. which would probzbly 

lead to V by displacement of the chelating phosphlne l&and. A related complex x-C3H-$d(acac) 
has been shown to yield the allylated acetylacetone on heating [lo]. This mechanism cannot apply 
to our case because it is a stoichiometric process. 

(c) Attack by the oxygen atom of the enolate ion on the ally1 unit of IV. followed by e rearrange- 
ment to the C-allylated compound. Such isomerisation of an O-ally1 vinyl ether has been shown to 
occur in related systems with platinum catalysts [11.121. In our case. this possibility can be ruled 
out because O-allyhtion would probably occur at the less substituted end of the x-aUylic system to 
give VI as the major product. and this would then isomerise to VII. As IX is the predbminznt iso- 
mer obtained in the reaction (and provided that the rate of the concerted isonerisation of VI to VII 
is of the same order of magnitude as the rate of cyclisation of VIII to IX). IX must come from 
C-aIIyIation of the rr-allylic system. not from an 0-allylation reaction followed by a concerted 
isomerisation. 

We also found that the system Pd(dba)z + DIOP does not catzlyse the rearrangement of X to 
2-allylcyclohexanone. 
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of th_e enolate-ion (Callylation) is the likely one, leading to formation of a C-C 
bond, with possible asymmetric induction; 

Proposed mechanism for the catalytic allylation 

The overall mechanism we propose is depicted in Fig. 1. It involves a catalytic 
cycle for the palladium and an acid-base reaction for the formation of the 
enolate. For the catalytic cycle involving the metal, the rate-limiting step is the 
oxidative addition of the ally1 ether. For the acid-base reaction, the stronger 
the base liberated by the formation of the allylic complex the easier will be the 
proton abstraction from the active hydrogen compound. If this latter step 
limits the speed of the overall reaction, the order of reactivity of the reagents 
would be the same as the order of basicity of the corresponding liberated base, 
viz. alkyl ethers > ally1 phenyl ether > ally1 acetate. In fact, ally1 alkyl ethers 
are unreactive (Table l), indicating that the limiting step lies in the cycle involv- 
ing the metal. It reflects the ease for oxidative addition of a C-C bond to pal- 
ladium, followiig the sequence aryl ally1 ether > ally1 acetate: this reaction does 
not take place with alkyl ally1 ethers. 

The results in Table 3 show that the ease of the reaction, and the sense and 
the magnitude of asymmetric induction are solvent dependent. In absence of 

Fig. 1. Mechanism for catalytic dbdation. 



TABLES- ‘-1 .:. . . 

SOiVENT ItiFLUENCE ‘” THZ REACTION I+ I;-+III 0. -.. . - 

Solvent b ~R&?.Cti0* Yield (%). 
time (h) 

ccLg <CIg3. c = 5) of III 

-. 

. Eenzene 4 70 +8.0 f OS0 

Chloroform 4 100 -11.0 i 0.5O 

THF 15 40 -35*oo5°’ _ _ 
Dioxane C 15 16 - 

DME = 24 3 

DMF 15 95 +3-o + 0.05” 

DMSO 4 .95 -0.6 L O.O1° 
Ethanol 15 90 t4.5 -c O.o50 
None 4 100 -18.0 + O.lD 

a 5 mm01 I; 5 mm01 II: 0.05 mm01 PdCIT<+)DIOP; 0.25 mmol PhONa; room temperat&. b 3 mL ’ 80°C. 
: 

solvent, or with solve& of low polarity and coordinating power (chloroform 
and benzene), the reaction is faster-and there is greater asymmetric induction 
than with coordinating solvents jdioxane, THF, DME): This may be explained 
either by saturation of the free coordination sites of complex IV, or by an 
increase inthe concentration of complexes in which the optically active phos- 
phine ligands are_ replaced by molecules of .solvent, giving less reactive achiral 
complexes. 

The question rem- of how the.paIladium(O) complex PdL, is formed. It 
may be produced by an exchange ligand reaction between Pd(dba), and DIOP: 

mPd(dba)* f 2 DIOP --f Pd(DIOP), + 2 dba 

The production of a palladium(O) complex from_ a palladium( II) complex is 
less straighf$orward. Complexes of high oxidation states are reported to be 
reduced to metal(O) complexes in the presence of bases [13]_ Ugo et aI. 1143 
de&bed a route from a palladium(H) to a palladium(O) complex involving 
reduction by a% alcoholate in the presence of a phosphine, according to eq. 6. 

2 RCHzO- 
Pd(PPh3)&12 - 

3 PPh3. H20 

Pd(PPh&!CCH&)z _a Rcn20u, _rph30 Pd(PPh3 )a (6) 

Acetate is probably too weak a base, and would not allow rapid reduction. 
This mechanism is unlikely in our case, since there is neither excess phospbine 
present nor water as the proton donating compound, but it could operate if 
some of the complex were decomposed to give phosphine and metallic palladium, 
as is often observed with palladium(II) catalytic systems. 

For the reaction catalysed by palladium(II) systems we examined especially 
the influence of the anion and the cation of the cocatalyst on thelspeed of the 
reaction, and on the amount of asymmetric induction -(Table .4). Surprisingly, 
the nature of the cation of the cocaGlyst can infhience the asymmetric induc- 
tion; in a-given reaction, changing PhONa for PhCLi-as the cocatalyst of the 
-catalytic system changes the specific optical rotation .of product III from -18 
*%o +-2X> a result difficult to interpret - 

The use of opticitlly active salts z$ cocatalysti; for PdCl,(clppe), does not_-. 
induce any. asymmetry in the product.-This means that neither there is- no . . .~ 
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TABLE 4 

INFLUENCE OF THE COCATALYST ON THE REACTION I t II 4 III = 

CO+alYst Reaction 
temPeature 

C”C) 

Reaction 
time (h) 

Yield (sb) Ealg <CHC13, c = 5) 

PhONa 

AcONa 
MeONa 
PhOLi 
$PhOhBa 

c 

room 
80 
room 
room 
room 
room 
room 

. 4 100 -18 •t 0.1” 
15 50 +2.4 •i- 0_05O 
15 100 +3.3 + 0.05O 

1 60 +21 i O.1° 
1 so +5 + 0.05” 
1 80 0 

24 40 0 

u Experimental conditions: 5 mmol I: 5 mmol II; 0.05 mmol PdC124+)DIOP (not for h and c); 0.25 mmol 
cocataiyst. b Disodium saIt of (-)-binaphthol [231.0.05 mmol PdC12<dppe). c Disodium salt of (t)-2,3- 
0-isopropyiidene-L-threitol [241. 0.05 mmol PdCl2<dppe) as catalyst. 

TABLE 5 

REACTION I t II’ III WITH PALLADIUM<II) CATALYTIC SYSTEMS = 

Pd cat.aIyst ’ Reaction 
temperature 
<“C) 

Reaction 
time (h) 

Yield (Sro) [al g (CHC13) of III 

PdC12-(+)DIOP + PhONa c room 4 100 -18 i OS0 
Pd<tFAcCam)2 60 15 0 
Pd(tFacCam)z + PhONa c 60 15 0 
Pd<tFacCam)2 + dppe d 60 15 80 0 
Pd(tFacCam)2+ DIOP e room 1 85 i-7.1 2 0.05O 

a 5 mm01 I: 5 mm01 II. b 0.05 mmol. ’ 0.25 mmol_ d 0.2 mmol. e 0.2 mmol (t)DIOP. 

exchange between the phenoxide ion (in IV) and the chiral anion or, if there is, 
the product causes no induction. If the latter were the case, it could be taken 
to favour the view that V is probably less efficient than IV for asymmetric induc- 
tion. Pd(tFAcCam)2 alone or with sodium phenoxide, has no catalytic effect. 
Addition of an achiral phosphine (dppe) initiates reaction to yield racemic III, 
while with a chiml phosphine (DIOP), asymmetric induction occurs (Table 5). 

Asymmetric syntheses &om various substrates 

Cyclic /3-diketones and fl-ketoesters may be cleanly allylated by this process. 
The products obtained show some optical activity, but since they have never been 
resolved, their optical purity is difficult to evaluate. We tried to estimate the 
enantiomeric excess for each compound by PlMR spectroscopy in the presence 
of chiral europium complexes. We separated the vinylic protons in enantiomers 
of XII (-7% e-e). In benzene at 5O”C, 2-acetyl-1-tetralone is allylated into XI 
[cu]~ - 33.4” (c 3, CHCl,); PMR analysis in presence of the chiral shifting 
reagent Eu(DCM), shows two doublets for HA indicating 10 + 2% e-e. Even less 
acidic compounds such as atropaldehyde can be allylated to give 65% XII, 

c4g - 1.8” (c 2, CHCI,) (PMR with Eu(DCM), indicates 8% e-e.). ’ 



Conclusion 

The reaction we h&e reported here differs from Trost’s allylation [ 51 of 
carbariions m. that base is present. The asymmetric inductions are lower than in 
‘Frost% experiments. This may be explained in terms of the.greater distance 
between the inducing moiety and the developing asymmetric centre. In Trost’s 
system (path a in Fig. 2) the asymmetric carbon atom is formed in the inner 
coordination sphere, wbi.le in our case (provided the nucleophile attacks the 
f&e bf the ~-ally1 unit opposite to the palladium [15J) it is formed in the outer 
coordination sphere (path b). 

To grovide~furtber understanding of the asymmetric induction from this 
reaction, we are studying-the stereochemistry of the addition of nucleophiles to 

i 

<. I 
* L/pd\ 

L* 

\I/ 
C 

(a> 

- 1 I \* 

(b) 

Fig. 2. 
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or 

dichlorobis(benzonitrile)palladiilm 
[22] in 10 ml is added 500 mg (1 mmol) in 10 ml hot acetone. 
The yellow solution is heated for 10 (steam bath, 60°C); after cooling, 
the yellow crystals are filtered off, washed (acetone), 
complex (80% Anal. Found C, 60.61; H, 5.31. PdCl?-(+)DIOP. C31H3202- 
C12Pd &cd.: C, 60.65; H, 5.22%. 

Allylation of @heto esters or P-diketones. Starrdard procedure 
A typical reaction was conducted in a Schlenk apparatus, as follows. The 

reaction was started by placing 5 mmol of allylic compound and 5 mmol of 
active hydrogen compound in the reaction vessel, replacing air by nitrogen and 
adding in one portion the catalyst (either 0.05 mmol palladium(O) salt + 0.25 
mm01 of basic cocatalyst or 0.05 mmol Pd(dba), + 0.05 mmol phosphine). The 
suspension (former case) or the solution (latter case) was stirred for the appro- 
priate time. Aliquots were taken out (syringe), diluted with hexane, washed 
(water), dried, and submitted to GLC analysis_ When the reaction was complete, 
the mixture was poured into a mixture of hexane and water, the organic layer 
was washed with dilute (5%) NaJ3C03 aqueous solution then water, and dried. 
The allylated products were purified by silica gel column chromatography, with 
hexane as eluent. 

Ally&ion of atropaldehyde to XII 

A mixture of 1.34 g (10 rnmol) atropaldehyde, 1.24 g (10 mmol) l-phenoxy- 



1+1 _.!L__;-_;-_ :~cy<j--_l,f: _!‘,y _- _::: ..- -:-:_; ;~~_:r_; ::, ~~_;;:~,_ ; -; : __.__:,. :. .y-. :_ . . . . __ ;. 

:. .. 

A&&k Of ~-O&i~~-~i?t&X& CO ig I .- . . . I . . : I ._ 

. . ~.8@(5’&nrolj 2TacetyI+l-tetralone;-0.75 g.(5 mmol) llphenoxy-Z&opene; 
34 mg. (0.05 .rn.&ol);-PdCI&-f)DIOP ,a&56 _nrg-(9.5 mnioI)-.sodium.phenoxide 
We&: sk$~ for16 h. at50” G. .7?reatznent and.p&ifkation.on column chromatog- 
raphy yields 0.68 g (63%) XI, gjg - 33.4 (c 3, .cHCl& PMR (CCL), substmte/ 
Eu(DCM)$ lo/l, giveafor H, two sep,arate (13 Hz) broad-doublets, integration 
of *ich ind&&ea~ 10 f 27oe.e. for XI. ..:- 

Pdk!? data f0-i aiiylated cotipou~ds 
-. 2-&etyE2-ahyIcycIoh&anone .(I):_C&s, 3) i-0; CH,=&(m, 2) 4.8-5.2; 

CH=C (m, 1.) 5_3+L7. : 
2-Acety&2-(1-methyIaIIyI)cycIoh~xanone (VII): CH,%O (s; 3) 2.0; kH,-C 

(d,,.3)$.1; I - -: 
.!&Acetyl-2-(2-buteriyljcyclohcxanone~(IX): CH,-CO (s, 3) 2.1; CH=C (m, 1) 

~5.l-5.8; CH,--c (d, .3)-i-65; 
2-Methyl-2-phenyl+%penten-l-al (XII); &I, (s, 1) 1.36; CH,-C (d, 2) 2% 

cH4=C (m, 2) 4.85-5~15;~GH~C (m, 1) 4.875.9; CHO (s,.1) 9.4. 
2-AcetyI-2-ahyl-1-tetralone (XI) : CH, -CO (s, 3) 2.0; HA (m, 1) 7.9-8.1; 

-other aromatic CH (m, 3) 7.0-7.6. 
2-Acetyl-2-(2,7_octadienyl)cyclohexanone: CH,-CO (s, 3) 1.96; CH vinyhc 

(m, 5) 4JF6.0. 
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