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The enantioselective Pd-catalyzed allylation reaction of fluori-

nated allyl enol carbonates is presented; a key feature of this

transformation is the important effect of the ligand-to-palladium

ratio on the enantioselectivity of the a-fluoroketones, since using
a ligand excess (L/Pd ratio = 1.25 : 1) led to moderate results

(30–76% ee), while using a L/Pd ratio o1 : 1.67 (to as low as

1 : 4) allowed the desired products to be obtained with high

enantiopurity (up to 94% ee).

The development of novel methods to synthesize fluorinated

molecules is an active field of research due to the importance

of these compounds in medicinal chemistry and other related

fields.1 A practical method to generate complex fluorinated

compounds is to functionalize simple and readily available

fluorinated substrates. However, this approach is not always

trivial, since fluorinated substrates often show different and

sometimes unexpected reactivities compared to their non-

fluorinated analogues.2 As a result, reaction conditions devel-

oped for non-fluorinated substrates are not always optimal for

fluorinated examples.

Our group is interested in using fluorinated enolates as

nucleophiles in allylic alkylation reactions3,4 for the synthesis

of chiral organofluorine compounds. We have recently re-

ported the first enantioselective Pd-catalyzed allylation of

fluorinated silyl enol ethers.5,6 A variety of cyclic tertiary

a-fluoroketones1c,7 were prepared in good yields and with

excellent enantioselectivities (up to 95% ee). Following this

work, we became interested in exploring an alternative ap-

proach to similar products by using fluorinated enol carbo-

nates, such as 1, as fluorinated enolate precursors. Carbonates

would have a number of added benefits over the silyl enol

ethers, including increased stability and simplified reaction

conditions. Herein, we report an enantioselective Pd-catalyzed

allylation reaction of fluorinated allyl enol carbonates

(eqn (1)). We also report the discovery of an unusual metal-

catalyzed reaction where only a low ligand-to-metal ratio

(L/M o1 : 1.67) is necessary in order to obtain high enantio-

selectivities. The importance of the L/M ratio for fluorinated

carbonates drastically contrasts with non-fluorinated carbo-

nates, where the L/M ratio has no influence on enantioselec-

tivity. Furthermore, this phenomenon is only observed with

fluorinated allyl enol carbonates and not with other fluori-

nated substrates (silyl enol ethers or b-keto allyl esters), thus

highlighting the differences among various enolate precursors.

ð1Þ

We initially examined the reaction of allyl enol carbonate 1

catalyzed by Pd2(dba)3 (2.5 mol%) and ligand 2
8 (eqn (1)).

Using excess ligand (6.25 mol%, L/Pd = 1.25 : 1), the desired

product, 3, was obtained in 85% yield and low enantiomeric

excess (59% ee). Efforts to optimize the enantiopurity by

varying classic factors were unsuccessful.9 This was surprising,

since the successful allylation of non-fluorinated allyl enol

carbonates has been reported under similar conditions.6,10

A significant advance was made when probing the effect of

the ligand-to-palladium ratio (L/Pd, Fig. 1). While excess (i.e.

L/Pd 41 : 1) or equimolar (i.e. L/Pd = 1 : 1) amounts of

chiral ligand were detrimental to the enantioselectivity

(60–64% ee), using less than 1 equiv. of chiral ligand relative

to the metal (i.e. L/Pd = 1 : 1.33 or 1 : 1.1) resulted in an

improved enantiomeric excess (80–83% ee). High enantio-

selectivities (92–93% ee) were obtained by further decreasing

the L/Pd ratio.11,12 Interestingly, a L/Pd ratio as low as 1 : 4

Fig. 1 Effect of L/Pd ratio on the enantioselectivity in the allylation

of allyl enol carbonate 1 (cf. eqn (1)).
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Médecine, Québec, QC, Canada G1V 0A6. E-mail:
jean-francois.paquin@chm.ulaval.ca
w Electronic supplementary information (ESI) available: General ex-
perimental procedures, specific details of representative reactions, and
the isolation and spectroscopic information of the new compounds
prepared. See DOI: 10.1039/b803097a

COMMUNICATION www.rsc.org/chemcomm | ChemComm

This journal is �c The Royal Society of Chemistry 2008 Chem. Commun., 2008, 3251–3253 | 3251



(i.e. 1.25 mol% ligand) could be used without affecting the

yield or enantioselectivity.13

Using these conditions, we next explored the scope of the

reaction. A variety of cyclic allyl enol carbonates were exam-

ined, including tetralone derivatives (Table 1, entries 1–7),

thiochromanone (entries 8–9), indanone (entries 10–11), and

benzosuberone (entries 12–13). It is interesting to note that, in

all cases, the yields of a-fluoroketones were similar, regardless

of the L/Pd ratio, whereas a substantial improvement in

the enantiomeric excess was observed with an L/Pd ratio

o1 : 1.67. For example, reducing the amount of chiral ligand

from 6.25 to 1.25 mol% for the reaction of a thiochromanone

carbonate (entries 8–9) resulted in an enantiomeric excess

improvement from 42 to 92% ee! Finally, the reaction of an

acyclic substrate (entries 14–15) resulted in a moderate

enantioselectivity regardless of the L/Pd ratio. This may be

related to the fact that the initially generated Z palladium

enolate rapidly equilibrates to an E/Z mixture prior to

allylation.

While this reaction is quite general for a variety of cyclic

fluorinated allyl enol carbonates, we were intrigued to verify

whether the drastic effect of the L/Pd ratio on the enantio-

selectivity was specific to fluorinated substrates. We therefore

subjected methyl-substituted carbonate 4 to the reaction con-

ditions and varied the amount of chiral ligand (Scheme 1).14

Regardless of the L/Pd ratio, the desired ketone, 5, was

isolated in similar yields and with an identical enantiomeric

excess (92% ee), suggesting that the fluorine is playing a

critical role in the allylation of fluorinated allyl enol carbo-

nates.15

Having established the importance of both the fluorine

atom and the L/Pd ratio in this reaction, we next examined

the effect of the L/Pd ratios in reactions with other fluorinated

enolate precursors (which had previously employed a L/Pd

41 : 1 to achieve high enantiomeric excesses) (Scheme 2). We

first revisited the allylation of fluorinated silyl enol ethers.5

The reaction of 6 using a L/Pd of 1 : 4 afforded a-fluoroketone
3 with a similar result (79%, 91% ee) compared to the reaction

with an excess of ligand (L/Pd = 1.25 : 1). We then examined

the reaction of a-fluoro-b-keto ester 7, which is an isomeric

equivalent of fluorinated allyl enol carbonate 1.16 Using a

L/Pd ratio of 1 : 4 gave a lower yield of 3 compared to a L/Pd

ratio of 1.25 : 1, but a similarly high enantiomeric excess.

These results clearly highlight the fact that, unlike non-fluori-

nated enolate precursors, different fluorinated enolate precur-

sors have different reactivity patterns and should not be

considered equivalent.6,10,16a

In conclusion, we have detailed the first enantioselective Pd-

catalyzed allylation reaction of fluorinated allyl enol carbo-

nates. In addition, we have discovered an important and

uncommon effect of the L/Pd ratio on the enantioselectivity,

whereby a L/Pd ratio o1 : 1.67 (and as low as 1 : 4) is

necessary in order to obtain the a-fluoroketones in high

enantiopurity (up to 94% ee). Although these conditions are

presently limited to cyclic fluorinated allyl enol carbonates, the

use of a L/Pd ratio o1 : 1 in other catalytic asymmetric

reactions would have tremendous benefits. Notably, chiral

ligands are often more expensive and less accessible than metal

catalysts, and therefore reducing the amount of ligand in any

given reaction may result in lower costs.17 Detailed mechan-

istic studies are currently under way to explain this unusual

finding.
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Table 1 Reactions of various fluorinated allyl carbonatesa

Entry Substrate Product L/Pd
ratio

Result

Yield
(%)b

ee
(%)c

1 1 : 4 93 92
2 1 : 1.67 97 93
3 1.25 : 1 85 59

4 1 : 4 87 92
5 1.25 : 1 98 57

6 1 : 4 92 94
7 1.25 : 1 86 54

8 1 : 4 90 92
9 1.25 : 1 93 42

10 1 : 1.67 91 82
11 1.25 : 1 90 30

12 1 : 4 83 88
13 1.25 : 1 87 76

14 1 : 1.67 58 34
15 1.25 : 1 75 36

a 5 mol% Pd (2.5 mol% of Pd2(dba)3) was used in all the reactions,

along with the appropriate amount of ligand (see ESI for details).
b Isolated yield. c Determined by chiral HPLC.

Scheme 1 Allylation of a non-fluorinated allyl enol carbonate.

Scheme 2 Allylation of alternative fluorinated enolate precursors.
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