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Ir-catalyzed asymmetric allylic alkylation using chiral
diaminophosphine oxides: DIAPHOXs. Formal

enantioselective synthesis of (�)-paroxetine
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Abstract—An Ir-catalyzed asymmetric allylic alkylation using chiral diaminophosphine oxide is described. Asymmetric allylic alkyl-
ation of terminal allylic carbonates proceeded using 5 mol % of Ir catalyst, 5 mol % of DIAPHOX 1i, 10 mol % of NaPF6, 10 mol %
of LiOAc, and N,O-bis(trimethylsilyl)acetamide (BSA), affording the corresponding branched products in excellent yield and in up
to 95% ee. The developed catalytic asymmetric reaction was successfully applied to a formal enantioselective synthesis of (�)-
paroxetine.
� 2007 Elsevier Ltd. All rights reserved.
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Scheme 1. BSA-induced tautomerization of DIAPHOXs.
Transition-metal catalyzed asymmetric allylic alkylation
is one of the most powerful methods for introducing chi-
rality on the allylic carbon. Various types of asymmetric
allylic alkylations have been reported.1 Pd-catalyzed
asymmetric allylic alkylation normally favors nucleo-
philic addition to the less substituted allylic terminus,
although ligands can influence this selectivity.2 In con-
trast, asymmetric allylic alkylation using W-,3 Mo-,4

Ir-,5 and Rh-catalysts6 favors attack at the more substi-
tuted terminus, providing chiral branched products
regioselectively.7 We recently reported that aspartic
acid-derived P-chirogenic diaminophosphine oxides
(DIAPHOXs) are useful chiral preligands in several
Pd-catalyzed asymmetric allylic substitutions.8,9 In these
reactions, chiral diaminophosphine oxides are activated
in situ by N,O-bis(trimethylsilyl)acetamide (BSA)-
induced tautomerization, affording trivalent diamido-
phosphite species, which function as the actual
ligands (Scheme 1). The present chiral ligand system
was also applicable to Ir-catalyzed asymmetric allylic
amination of terminal allylic carbonates to give
branched allylic amines, which was dramatically acceler-
ated by the addition of NaPF6.10 The success of the
asymmetric allylic amination led us to examine asym-
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metric allylic alkylation using the Ir–DIAPHOX–NaPF6

catalyst system.11,12 We report herein an Ir-catalyzed
asymmetric allylic alkylation using DIAPHOXs. The
developed catalytic asymmetric reaction was success-
fully applied to the formal enantioselective synthesis of
(�)-paroxetine.

We first examined asymmetric allylic alkylation of
cinnamyl carbonate 2a with dimethyl malonate using
(S,RP)-1a (Table 1 and Fig. 1). Although no reaction
occurred when 2.5 mol % of chloro(1,5-cycloocta-
diene)iridium(I) dimer ([Ir(cod)Cl]2) and 5 mol % of
(S,RP)-1a (Ir/1a = 1/1) were used, the same reaction
proceeded in the presence of 10 mol % of NaPF6, afford-
ing branched product (S)-3a with high regioselectivity
(29% yield, 3a/3a 0 = 97/3, 75% ee) (entry 1).13 The addi-
tion of LiCl remarkably increases both reactivity and
enantioselectivity in the Ir-catalyzed asymmetric allylic
alkylation.5b,c,g Thus, we investigated the effect of
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Table 1. Optimization of the reaction conditions

OCOOMe

MeOOC COOMe

COOMe

COOMe
+

(S)-3a 3a'

Ir cat. (5 mol %)
(S,RP)-1a (5 mol %)
NaPF6 (10 mol %)
additive (10 mol %)

CH2(COOMe)2 (3 eq)
BSA (3 eq), CH2Cl2, rt2a

Entry Additive Conc. (M) Time (h) Yielda (%) Ratiob (3a/3a 0) eec (% ee)

1 — 0.4 24 29 97/3 75
2 LiCl 0.4 24 95 97/3 72
3 LiOAc 0.4 24 71 95/5 90
4 NaOAc 0.4 24 39 93/7 73
5 KOAc 0.4 24 36 95/5 80
6 CsOAc 0.4 24 38 97/3 85
7 Mg(OAc)2Æ4H2O 0.4 24 77 99/1 80
8 Zn(OAc)2 0.4 24 93 98/2 60
9 In(OAc)3 0.4 24 92 98/2 60

10 Bu4NOAc 0.4 24 42 99/1 60
11 LiOAc 0.5 24 73 96/4 88
12 LiOAc 0.25 24 90 95/5 88

a Isolated yield of 3a+3a 0.
b Determined by 1H NMR analysis of the crude sample.
c Determined by HPLC analysis.
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1a: X = H, Y = H, Ar = phenyl
1b: X = OMe, Y = H, Ar = phenyl
1c: X = OMe, Y = OMe, Ar = phenyl
1d: X = t-Bu, Y = H, Ar = phenyl
1e: X = CF3, Y = H, Ar = phenyl
1f: X = H, Y = H, Ar = 1-naphthyl
1g: X = H, Y = H, Ar = 2-naphthyl
1h: X = H, Y = H, Ar = 4-biphenyl
1i: X = H, Y = H, Ar = 3-biphenyl

Figure 1. (S,RP)-DIAPHOXs.

Table 2. Ir-catalyzed asymmetric allylic substitution of 2a with
dimethyl malonate using 1a–ia

Entry DIAPHOX Time
(h)

Yieldb

(%)
Ratioc

(3a/3a0)
eed

(% ee)

1 1a 24 90 95/5 88
2 1b 24 94 98/2 88
3 1c 24 98 96/4 85
4 1d 24 78 90/10 45
5 1e 24 17 97/3 85
6 1f 24 54 95/5 57
7 1g 24 69 96/4 74
8 1h 24 92 97/3 82
9 1i 24 92 99/1 90

a Conditions: Ir cat. (5 mol %), (S,RP)-DIAPHOX (5 mol %), NaPF6

(10 mol %), LiOAc (10 mol %), dimethyl malonate (3 equiv), BSA
(3 equiv), CH2Cl2 (0.25 M).

b Isolated yield of 3a+3a0.
c Determined by 1H NMR analysis of the crude sample.
d Determined by HPLC analysis.
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additives in detail. Although reactivity was significantly
improved when LiCl was used as the additive, there was
a slight decrease in the enantioselectivity (entry 2). Both
reactivity and enantioselectivity, on the other hand, were
affected by the addition of acetate salts (entries 3–10).
The best enantioselectivity (90% ee) was obtained when
LiOAc was used as the additive (entry 3). Further opti-
mization with regard to the reaction concentration re-
sulted in the formation of branched product (S)-3a in
good yield (90% yield, 3a/3a 0 = 95/5) with 88% ee. The
increased reactivity under the diluted reaction condition
is likely related to the solubility of LiOAc in CH2Cl2 (en-
tries 3, 11, and 12). We next attempted to improve the
regioselectivity and enantioselectivity by tuning the
structure of DIAPHOX (Table 2). Studies of the effect
of substituents on the aromatic rings revealed that DIA-
PHOX 1i, which possesses a 3-biphenyl group at the
benzylic moiety, was best for asymmetric induction
(90% ee), giving the branched product (S)-3a in good
yield with excellent regioselectivity (93% yield, 3a/
3a 0 = 99/1) (entry 9).

Having developed efficient conditions,14 we examined
the scope and limitations of different substrates (Table
3). Using 5 mol % of Ir catalyst, 5 mol % of (S,RP)-1i,
10 mol % of NaPF6, and 10 mol % of LiOAc, asymmet-
ric allylic alkylation of various terminal allylic carbon-
ates were performed using dimethyl malonate as the
nucleophile. Terminal allylic carbonates with an elec-
tron-donating group, as well as an electron-withdrawing
group, on the aromatic ring are tolerated in this reac-
tion, giving the corresponding branched products in
good yield with high regio- and enantioselectivity (en-
tries 1–8). In addition, terminal allylic carbonates with
a naphthyl substituent (entries 9 and 10) or a heteroaro-
matic substituent (entry 11) were also applicable to this
reaction, affording the corresponding product with good
enantioselectivity. On the other hand, asymmetric allylic
alkylation of 2l, a substrate with an alkyl substituent,
gave the linear product predominantly (branched/
linear = 39/61) and the enantiomeric excess of the
branched product was moderate (entry 12).

Thus, the present catalytic asymmetric reaction had
broad generality for c-aryl substituted-terminal allylic



Table 3. Substrate scope

R OCOOMe R

MeOOC COOMe

R
COOMe

COOMe
+

(S)-3a–l 3a'–l'

Ir cat. (5 mol %)
(S,RP)-1h (5 mol %)
NaPF6 (10 mol %)
LiOAc (10 mol %)

dimethy malonate (3 eq)
BSA (3 eq), CH2Cl2, rt2a–l

Entry Substrate Product Time (h) Yielda (%) Ratiob (3/30) eec (% ee)

1 2a: R = C6H5 3a 24 93 99/1 90 (S)
2 2b: R = 4-MeO–C6H4 3b 48 93 99/1 93
3 2c: R = 4-Cl–C6H4 3c 48 99 95/5 95
4 2d: R = 4-F–C6H4 3d 36 93 99/1 92 (S)
5 2e: R = 3-MeO–C6H4 3e 72 99 97/3 90
6 2f: R = 3-F–C6H4 3f 36 93 95/5 89
7 2g: R = 2-MeO–C6H4 3g 48 91 97/3 87
8 2h: R = 2-F–C6H4 3h 36 92 97/3 92
9 2i: R = 1-Naphthyl 3i 36 99 99/1 90

10 2j: R = 2-Naphthyl 3j 36 99 97/3 91
11 2k: R = 2-Furyl 3k 36 91 99/1 88
12 2l: R = C6H5CH2CH2 3l 36 95 39/61 60

a Isolated yield of the branched and linear products.
b Determined by 1H NMR analysis of the crude sample.
c Determined by HPLC analysis.
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Scheme 2. Formal enantioselective synthesis of (�)-paroxetine.
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carbonates, affording the corresponding branched prod-
ucts in excellent yield with high regio- and enantioselec-
tivity. To demonstrate the synthetic utility, we applied
the developed reaction system to the formal enantio-
selective synthesis of (�)-paroxetine 4.

(�)-Paroxetine hydrochloride, marketed as Paxil/Ser-
oxat, is a selective serotonin reuptake inhibitor used in
the treatment of depression, obsessive-compulsive disor-
der, and panic disorder.15 As one of the leading prescrip-
tion drugs worldwide, (�)-paroxetine has received
considerable attention from synthetic chemists. There-
fore, there have been several studies on the catalytic
asymmetric synthesis of (�)-paroxetine.16,17 A formal
enantioselective synthesis of (�)-paroxetine using Ir-cat-
alyzed asymmetric allylic alkylation is outlined in
Scheme 2. First, Ir-catalyzed asymmetric allylic alkyl-
ation of 2d with dimethyl malonate was performed using
(R,SP)-1i, affording (R)-3d in 90% yield (branched/lin-
ear = 99/1) with 92% ee. Hydroboration of the olefin
with 9-BBN in the presence of Wilkinson’s catalyst, fol-
lowed by work-up with hydrogen peroxide gave 5 in
85% yield.18 After conversion of the hydroxyl group to
an azide group (90% yield), 6 was treated with Lindlar’s
catalyst in toluene/MeOH (5/1) under hydrogen atmo-
sphere to provide lactam 7 in 93% yield as a single dia-
stereomer (anti/syn = >99/1). Subsequent reduction of
7 with BH3ÆTHF complex gave (3S,4R)-(�)-8 in 99%
yield (½a�23

D �17.0 (c 0.90, MeOH, 92% ee),19 litera-
ture data: ½a�23

D �21.7 (c 0.41, MeOH), (3S,4R)-iso-
mer).17e The known intermediate 8 can be converted
into 4 using the reported procedure.16c

In conclusion, we achieved the Ir-catalyzed asymmetric
allylic alkylation using chiral diaminophosphine oxides:
DIAPHOXs. Using the developed catalyst system,
branched products were obtained in excellent yield with
high regio- and enantioselectivity. In addition, the
developed catalytic asymmetric reaction was success-
fully applied to the formal enantioselective synthesis of
(�)-paroxetine. Mechanistic investigations into the role
of additives, as well as the structure of the catalytically
active species, are currently in progress.
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