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This review describes the development of a new class of chiral phosphorus ligands: amino acid-derived P-
chirogenic diaminophosphine oxides, DIAPHOXSs, and their application to several transition metal-catalyzed
asymmetric allylic substitution reactions. Pd-catalyzed asymmetric allylic alkylation with cyclic S-keto esters as
prochiral nucleophiles was initially examined using P-chirogenic diaminophosphine oxide 1a, resulting in highly
enantioselective construction of quaternary stereocenters. Mechanistic investigations revealed that 1a is activated
by N,0-bis(trimethylsilyl)acetamide-induced tautomerization to afford a trivalent diamidophosphite species 13,
which functions as the actual ligand. Pd-catalyzed asymmetric allylic substitutions of both acyclic and cyclic sub-
strates were also examined using various nucleophiles such as malonate derivatives, nitromethane, aliphatic
amines, and aromatic amines, providing a variety of chiral compounds with good to excellent enantioselectivity.
In addition, Ir-catalyzed asymmetric allylic amination and alkylation of terminal allylic carbonates were exam-
ined using structurally optimized P-chirogenic diaminophosphine oxides, and the corresponding branched prod-
ucts were obtained in a highly regio- and enantioselective manner. Furthermore, the developed catalytic asym-
metric process was successfully applied to the catalytic enantioselective synthesis of biologically active com-

pounds, (R)-preclamol, (R)-baclofen hydrochloride, and (—)-paroxetine.
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Introduction

Since the early 1970s, a variety of chiral ligands for transi-
tion metal-mediated asymmetric reactions have been devel-
oped.” From a functional point of view, one value of enan-
tiomeric excess is that it is the simplest index for evaluating
the ability of chiral ligands. On the other hand, from a practi-
cal point of view, air-stable, inexpensive, and easily accessi-
ble ligands are highly desirable. Secondary phosphine oxides
and phosphonic acid derivatives are air- and moisture-stable
pentavalent phosphorus compounds and exist in equilibrium
between pentavalent forms (RR’P(=0O)H) and trivalent tau-
tomeric forms (RR’POH) (Chart 1).” This property allows
for the use of these compounds as air- and moisture-stable
ligands in transition metal catalysis.> > Several secondary
phosphine oxides and their equivalent have been successfully
applied to Pt-catalyzed reactions,®” Pd-catalyzed aromatic
substitution reactions,® '” Pd- and Ni-catalyzed cross cou-
pling reactions,'' ¥ Pd-catalyzed oxidative etherification of
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Chart 1. Tautomerization of Secondary Phosphine Oxides and Phosphonic
Acid Derivatives
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aldehydes,'® and Ru-catalyzed C—H bond activation.!”-!®

During the P(V)-P(Ill) equilibrium, stereochemical ar-
rangement around the phosphorus center is retained. This in-
teresting property has inspired the creation of a new research
field: asymmetric catalysis with P-chirogenic phosphine ox-
ides. The first application of P-chirogenic secondary phos-
phine oxide to Ir-catalyzed asymmetric hydrogenation was
reported by Minnaard, Feringa, and de Vries.'*?” Pd-cat-
alyzed asymmetric allylic alkylation’" and asymmetric ben-
zylidencyclopropanation®” were also reported by Dai and
Buono, respectively. Simple P-chirogenic secondary phos-
phine oxides, such as fert-butylphenylphosphine oxide, have
been prepared by optical resolution’** or separation of chi-
ral chromatography.'” A practical method for the asymmetric
synthesis of various kinds of P-chirogenic secondary phos-
phine oxides, however, is not yet established.?® Therefore the
development of an efficient strategy to synthesize various P-
chirogenic secondary phosphine oxides or their equivalent in
an optically pure form is in high demand. We envisaged that
this preparative drawback could be overcome by designing
new ligands based on a chiral diamine framework, and finally
succeeded in developing a new class of chiral phosphorus
ligand. This review presents our recent research on transition
metal-catalyzed asymmetric allylic substitution reactions?®>”)
using amino acid-derived P-chirogenic diaminophosphine
oxides: DIAPHOXs.?Y
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1. Design and Synthesis of P-Chirogenic Diaminophos-
phine Oxides: DIAPHOXs>”

Cyclic diaminophosphine oxides with a stereogenic center
on the phosphorus atom can be prepared from chiral (or achi-
ral) asymmetric diamines. Separation of the diastereomeric
(or enantiomeric) mixture, however, is necessary to obtain
optically pure P-chirogenic diaminophosphine oxide. Our
strategy to synthesize P-chirogenic diaminophosphine oxides
is as follows: Triaminophosphines are reactive to water under
acidic conditions via an Sn2-type process, affording the cor-
responding diaminophosphine oxides through P(III) to P(V)
tautomerization. Therefore we expected that diastereoselec-
tive formation of P-chirogenic triaminophosphine starting
from optically active branched-triamines, followed by the in-
troduction of oxygen functionality on the phosphorus atom,
would be an efficient synthetic route (Chart 2).

Synthetic route for (S,Rp)-DIAPHOX 1a is shown in Chart

R? 2
N~ R 3 R2 H~ // 3
1 ( n H N’P\N R ,R
R1 PX3 HZO
N7 — )
H ; \ .
HN. 3 N R e R
A
Diastereoselective Sn2-Type Addition
Formation of of Ho0 to the
Triaminophosphine Phosphorus Atom
Chart 2. Strategy for the Synthesis of P-Chirogenic Diaminophosphine
Oxides
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Conditions. (a) aniline, DMF, rt, then aniline, EDC, rt. (b) Pd-C, H, (I atm), 2-
propanol-DME, rt. (c) benzoyl chloride, NEt;, THE, rt. (d) LiAlH,, THF, reflux. (e)
PCl,, NEt;, toluene, —78 °C to rt. (f) SiO,, H,0, AcOEt, rt.

Chart 3. Synthesis of (S,Rp)-DIAPHOX 1a

Vol. 56, No. 9

3. Our synthesis started with the commercially available acid
anhydride 2, which can be easily prepared from (S)-aspartic
acid. Nucleophilic opening of 2, followed by condensation
with aniline in the presence of 1-ethyl-3-(3-dimethylamino-
propyl)-carbodiimide (EDC), yielded the corresponding di-
anilide 3. Removal of a carbobenzyloxy (Z) group, followed
by amide formation with benzoyl chloride, afforded triamide
4. After reduction of all of the amide groups, the obtained tri-
amine 5 was reacted with phosphorus trichloride to afford the
corresponding triaminophosphine 6, which was converted
into (S,Rp)-DIAPHOX 1a by treatment with silica in wet
ethyl acetate. Direct purification of the crude triaminophos-
phine residue with silica gel column chromatography could
be utilized as a more convenient alternative method. Simi-
larly, structurally modified aspartic acid-derived (S,Rp)-
DIAPHOXs 1b—h could be prepared using the correspond-
ing aromatic amines and acid chlorides (Fig. 1).

2. Pd-Catalyzed Asymmetric Allylic Substitution Reac-
tions Using Carbon Nucleophiles

2.1. Asymmetric Allylic Alkylation of 1,3-Diphenylal-
Iyl Acetate with Dimethyl Malonate and Determination
of the Actual Ligand Structure’® With optically pure
DIAPHOXs in hand, we attempted to use them as chiral
ligands. We first examined Pd-catalyzed asymmetric allylic
alkylation of 1,3-diphenylallyl acetate 7 with dimethyl mal-
onate, because this reaction is recognized as the benchmark
system to evaluate the ability of newly developed chiral lig-
ands. Examinations were performed using 1mol% of (1°-
C;H,PdCl), and 4 mol% of (S,Rp)-1a in CH,Cl,. No reaction
occurred when a variety of bases, such as NaH, lithium diiso-
propylamide, 1,1,3,3-tetramethyguanidine, and diisopropyl-
ethylamine, were used. In contrast to other bases, N,O-
bis(trimethysilyl)acetamide (BSA)*" promoted the reaction
very efficiently to afford the corresponding product (S)-8 in
94% yield and in 99% ee (Chart 4).

Very interestingly, typical bases other than BSA did not
promote the reaction. >'P-NMR studies revealed that pentava-
lent 1a [chemical shift: 12.5 ppm (CDCL,)] first reacts with

X X 1aX=H,Y=H, R=CgHs
Y 1b: X =H, Y = H, R = 1-naphthyl
Y 1c: X=H, Y =H, R =2-naphthyl
1d: X =H, Y =H, R = 3-biphenyl
1e: X=H, Y = H, R = 4-biphenyl
. 1f:X=H,Y=H,R=tBu
R[/“p\ 1g: X =MeO, Y = H, R = CgHs
1h: X =CF3, Y =H, R=CgHs
1i: X =#Bu, Y =H, R = CgHs
R 1j: X =MeO, Y =MeO, R = CgHs

Fig. 1. Structure of Aspartic Acid-Derived (S,R,)-DIAPHOXSs
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BSA to provide a trivalent phosphorus compound [chemical
shift: 110.0 ppm (CDCL,)]. To clarify the structure of the ob-
served trivalent species, several mechanistic experiments
were performed. Preliminary experiments using diamino-
phosphine oxide 9 indicated that trivalent phosphorus com-
pound 10 is formed in the presence of BSA (Fig. 2). This re-
sult was very informative for determining the structure of the
diamidophosphite moiety of the trivalent species derived
from 1a. To obtain experimental information on the structure
of the nitrogen moiety on the sidearm of 1a, we performed
fast atom bombardment mass spectrometry (FAB-MS) analy-
sis (Fig. 2). FAB-MS analysis of the residue obtained from a
CH,Cl, solution of 1a and BSA (30eq to 1a) exhibited a
peak at 464 m/z. The detected peak corresponded to the mo-
lecular weight of 11. In addition, FAB-MS analysis of the
residue obtained from a CH,Cl, solution of (1°-C;H,PdCl),,
1a, and BSA in a ratio of 1:2:60 exhibited a peak at 610
m/z. The detected peak corresponded to the molecular weight
of the cationic complex 12. In addition, the observation that
no trimethylsilylation of N-methylaniline occurred in the
presence of BSA suggested that the nitrogen atom on the
sidearm in 1a is not silylated. On the basis of these results,
we concluded that DIAPHOX 1a, the preligand, reacts with
BSA in the reaction mixture, affording the trivalent phospho-
rus compound 13, which is proposed to be the actual ligand
structure (Chart 5) (for more detailed discussions, see ref.
30).

2.2. Enantioselective Construction of All-Carbon
Quaternary Stereocenter Using a Pd-DIAPHOX Catalyst

System” Catalytic enantioselective construction of a qua-
(7°-C3HsPdCl), (1 mol %)
(S,Rp)-1a (4 mol %)
/\)O\Ac BSA (3 equiv) MeOOC.__COOMe
A dimethyl malonate (3 equiv) A
Ph . Ph Ch,Ch Ph et Ph

24 h, 94%, 99% ee

Chart 4. Pd-Catalyzed Asymmetric Allylic Alkylation of 7
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Fig. 2. Observed Species in the Preliminary Experiments and the FAB-MS
Analysis
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ternary carbon center is a formidable challenge in organic
synthesis.*> % Pd-catalyzed asymmetric allylic substitution
using prochiral nucleophiles is one of the most straightfor-
ward approaches toward this end. Few successful reactions of
this type have been reported since the 1980s.**¥ There
were, however, several unsolved difficulties in substrate gen-
erality in each catalytic process, indicating that there is still
room for developing a novel catalytic asymmetric process.
These backgrounds led us to attempt this type of reaction
using the Pd-DIAPHOX catalyst system. We first examined
asymmetric allylic substitution of cinnamyl acetate 14a with
ethyl 2-oxocyclohexane carboxylate 15a (Table 1). When the
reaction was performed using 2.5mol% of (17°-C;H,PdCl),,
10mol% of (S,Rp)-1a, and BSA as the base, (S)-16a was
obtained in 53% ee, even though the yield was only 10%.
Encouraged by this result, we investigated the effect of the
addition of acetate salt. Detailed screening revealed that
Zn(OAc), was the best additive for asymmetric induction.
After several studies to determine the optimal amount of
BSA and 15a, 4 eq of BSA and 1.5eq of 15a to 14a gave the
best reactivity (entry 8).

Having developed efficient conditions, we examined the
scope and limitations of different substrates (Table 2). When
0.5—5mol% of the catalyst was employed, asymmetric al-
lylic substitution of 14a using prochiral nucleophiles with
six-, five-, seven-, and eight-membered rings proceeded
smoothly at room temperature to provide the corresponding
products in good yield with modest to high enantioselectivity
(72—94% ee) (entries 1—7). In addition to y-aryl substi-
tuted-allyl acetates, y-alkyl substituted-allyl acetates reacted
with f-keto ester 15¢g to afford the corresponding products in
good yield with good to high enantioselectivity (80—92%
ee) (entries 8—11). Reaction using simple allyl acetate, how-
ever, gave a less satisfactory result (entry 12). Particularly
noteworthy is that y-acetoxy o,f-unsaturated carbonyl com-
pounds are compatible with this reaction system.*> With use
of 2mol% of Pd catalyst and 4 mol% of (S,Rp)-1¢, character-
istic reaction adducts with three different carbonyl groups
were obtained in excellent yield with high enantiomeric ex-
cess (up to 95% ee) (entries 13, 14).

2.3. Mechanistic Studies: Source of Enantioselection
in Construction of Quaternary Stereocenters” The
sources of enantioselection are quite different between the
two types of reactions examined: attack at enantiotopic ter-
mini of the meso-7-allyl complex (Chart 4) and differentia-

Table 1. Optimization of the Reaction Conditions
(7P-C3HsPdCl), 25 mol %) o
(S,Rp)-1a (10 mol %) COOEt
P X" 0pc Additive (10 mol %) é‘/\/Aph
BSA (x equiv), 15a (y equi
14a Cotiene. 24 n ) (S-16a
Entry Additive X y Yield (%) ee (%)
1 — 3 1.25 10 53
2 LiOAc 3 1.25 53 8
3 Mg(OAc),-4H,0 3 1.25 99 66
4 In(OAc), 3 1.25 17 73
5 Zn(OAc), H,0 3 1.25 81 89
6 Zn(OAc), 3 1.25 80 91
7 Zn(OAc), 3 1.5 86 91
8 Zn(OAc), 4 1.5 99 92
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Table 2. Scope and Limitations
Pd cat. (x mol %), (S,Rp)-1a (2x mol %) 0 COOR;
N onc Zn(OAc), (10 mol %), BSA (4 equiv) NN -
14 keto ester 15 (1.5 equiv), toluene, rt k'\;; )n 16
Entry Acetate Keto ester x Product Time (h) Yield (%) ee (%)
1 14a: R=Ph 15a: n=1, R'=Et 2 16a 16 99 93 (S)
2 14a: R=Ph 15a: n=1,R'=Et o o 0.5 16a 32 85 93 (S)
3 14a: R=Ph 15b: n=1, R'=Me 2 16b 20 93 94
4 14a: R=Ph 15¢: n=1,R'=Bn ) OR 2 16¢ 15 99 91 (S)
5 14a: R=Ph 15d: n=0, R'=Me n 5 16d 24 75 85 (S)
6 14a: R=Ph 15e: n=2,R'=Me  1%af 2 16e 24 85 78
7 14a: R=Ph 15f: n=3, R'=Me 2 16f 20 97 72
8 14b: R=4-Me-CH; 15g o o 2 16g 10 98 92
9 14c: R=4-CI-CH, 15¢ 2 16h 7 99 91
10 14d: R=CH,CH,Ph 15g @é)L OMe 5 16i 24 74 82
11 14e: R=cyclohexyl 15¢ 15g 5 16 20 83 80
12 14g: R=H 15¢ 5 16k 48 24 63 (S)
139 14h: R=COO¢#-Bu 15a: n=1,R'=FEt 2 161 24 99 95 (S)
149 14i: R=COPh 15a: n=1,R'=Et 2 16m 20 97 90 (S)
a) (S,Rp)-1c was used as the ligand.
tion of the prochiral nucleophile face (Table 2). Despite the Ph on
. . . . . . U
mechanistic difference, a high level of enantioselection was Ph HN i
realized in both cases. Enantioselective nucleophilic attack of AN on LPAO) g K[ﬁh
a stabilized prochiral anion to z-allylpalladium is not easy to KEN_P\ SN R
control by the chiral ligand on the palladium atom, because R Bn O g P HoBn Yo
the incoming nucleophile resides at the side opposite to the ™S TMS 13

stereogenic center in the transition state. Interestingly, this
difficult process proceeded with high enantioselectivity in the
presence of Zn(OAc),. To clarify the role of Zn(OAc), in the
formation of quaternary stereocenters, we performed detailed
mechanistic studies.

Considering the structure of 13, it is possible that 13
chelates to the Pd metal in a bidentate manner through both
the phosphorus atom and the nitrogen atom. This led us to
question whether this Pd-ligand ratio (Pd:1a=1:2) was op-
timal. To resolve this issue, we first investigated the Pd-lig-
and ratio using two representative reactions: 7 to 8 and 14a
to 16a. The obtained results made a sharp contrast with those
obtained using the optimal conditions. No reaction occurred
in both cases using the catalyst prepared from the Pd source
and 1a in a ratio of 1 : 1. In addition, there were positive non-
linear effects in both types of reactions. These results led us
to hypothesize that the Pd—13 (1: 2) complex exists in the re-
action mixture, and might function as the catalytically active
species. To elucidate the detailed reaction profiles, we per-
formed kinetic experiments. The reaction rate of allylic alky-
lation of 7 with dimethyl malonate (Reaction Type A) had
first-order dependency on the Pd catalyst, zero-order depend-
ency on 7, and first-order dependency on dimethyl malonate.
Similarly, the reaction rate of allylic substitution of 14a with
15a (Reaction Type B) had first-order dependency on the Pd
catalyst, zero-order dependency on 14a, first-order depend-
ency on 15a, and first-order dependency on Zn(OAc),. The
rate dependency on the Pd catalyst supports our expectation
that two molecules of 13 chelate to the Pd metal and result in
a positive nonlinear effect. Consequently, the Pd(0) complex
17 (Pd:13=1:2) is proposed to be the common active
species (Fig. 3) (for more detailed discussions, see ref. 30).

Kinetic experiments also indicate that, in the case of Reac-
tion Type B, the rate-determining nucleophilic attack of the

Fig. 3. Proposed Structure of the Catalytically Active Species
enol silyl ether, derived from 15a and BSA, to a cationic 7-
allylpalladium complex is achieved in cooperation with a sin-
gle molecule of Zn(OAc),. This suggestion led us to hypoth-
esize that a nitrogen atom on the sidearm in 13 could fix the
prochiral nucleophile in the appropriate position through a
secondary ligand substrate interaction***” mediated by Zn
metal. To examine this possibility, we investigated the effect
of ligand modifications (Table 3). When structurally modi-
fied diaminophosphine oxides (S,R,)-18—21 were used as
the ligand, there were no significant changes in the stereose-
lectivity in the case of Reaction Type A (entries 1—5). In
contrast, remarkable changes were observed in the case of
Reaction Type B. Electronic and steric changes on the nitro-
gen atom (entries 8, 9), as well as changes in the sidearm
length (entry 10), influenced catalytic activity, resulting in
decreased reactivity and selectivity. Particularly noteworthy
is that there was a significant decrease in the enantioselectiv-
ity, when (S,Rp)-21, a ligand without a nitrogen atom on the
sidearm, was used (entry 11). In addition, with the use of
(S,Sp)-22, opposite stereoselection was observed in Reaction
Type A (entry 6). Moreover, no reaction occurred when
(S,Sp)-22 was used in Reaction Type B (entry 12). These re-
sults clearly indicate that the ligand structure with a sidearm
possessing a nitrogen atom is very important to achieve the
present asymmetric catalysis. These findings led us to con-
clude that the secondary ligand substrate interaction medi-
ated by N—Zn coordination has a crucial role on the enantio-
facial recognition of prochiral nucleophiles in Reaction Type
B.

To obtain more detailed structural information for discus-
sion on the sources of enantioselection, we tried crystallizing
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Table 3. Effect of Ligand Modification
7 (73-C3HsPdCl), (1 mol %) 8
or DIAPHOX (4 mol %) or
14a optimized conditions 16a
Entry  Substrate DIAPHOX Time (h) Yield (%) ee (%)
1 7 la 0.5 84 99 (S)
2 7 18 0.5 98 98 (S)
3 7 19 0.5 82 94 (S)
4 7 20 0.5 50 97 (S)
5 7 21 0.5 85 97 (S)
6 7 22 0.5 96 80 (R)
7 14a la 2 89 93 (S)
8 14a 18 2 37 79 (S)
9 14a 19 2 55 64 (S)
10 14a 20 2 90 84 (S)
11 14a 21 2 29 63 (S)
12 14a 22 2 No reaction
Ph Ph,
R’Nwzr"'l H NHR[Eh Ph o
oo 2%, ‘\[ N
{ H o] H N7 H
Ph Ph
1o R e H Ph Ph
18R = Ac 2 n 22
19: R = CHs
Ac
ROOC
OTMS (s)
Bn
® Products
I -
Ph’\/ ' 3

Fig. 4. Working Model

the catalyst species. Unfortunately, a crystal for X-ray analy-
sis could not be obtained. Although the complete transition
state is not clear, the enantioselection in Reaction Type B
would be explained by the working model shown in Fig. 4.
The observed absolute configurations of 16a and other prod-
ucts indicate that the C—C bond formation occurs on the Si-
face of the enolate nucleophile. The observation that nucle-
ophiles with a smaller methyl ester gave higher enantioselec-
tivities suggests that the ester moiety of the nucleophiles is
located inside the chiral pocket. This spatial arrangement is
stabilized through the Zn-mediated secondary ligand sub-
strate interaction. Effective fixation of the three reactants re-
sults in not only an increase in the enantiofacial discrimina-
tion of nucleophiles, but also an enhancement of the reactiv-
1ty.

2.4. Asymmetric Allylic Alkylation Using Nitro-
methane as the Nucleophile®” Various stabilized carbon
nucleophiles are applicable to Pd-catalyzed asymmetric al-
lylic alkylation. There are, however, only a few reports of Pd-
catalyzed asymmetric allylic alkylation using nitronate nucle-
ophiles, perhaps due to multiple alkylations and the forma-
tion of side products.* 2 In our experiments, catalytic
asymmetric allylic alkylation of 1,3-diphenylallyl ethyl car-
bonate 23 with nitromethane was performed using similar
conditions to those of asymmetric allylic alkylation with di-
methyl malonate (reaction conditions in Chart 4), giving the
desired product 24 in only 5% yield and 66% ee, accompa-
nied by the formation of some other side products. Although
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Pd cat. (5 mol %)
(S,Rp)-1a (10 mol %)
OCOOEt i-PraNEt (50 mol %)
_MRAR I meT R
X BSA (3 equiv)
Fh Ph CH3NO, (0.1 M), rt
z (R)-24
3.5h, 88%, 98% ee

Chart 6. Pd-Catalyzed Asymmetric Allylic Alkylation with Nitromethane

OCOOEt NO2
SN Conditions
O in Chart 6. O X O
91%, 98% ee
OMe  ,,  OMe OMe 28  OMe
1. Smly, THF Boc Mes-N_ _N-Mes
MeOH, 0 °C, 4 h N cl.l __Ph
2. (Boc),0, NEts T e
MeOH, rt, 1 h ~ PCys
(91%, 2 steps) O O 30 (3 mol %)
3. allyl bromide CH,Cl5 (0.01 M)
0,
NaH, DMF, rt OMe Ome  eflux 2 (93%)
(92%)
29
Boc Pd-C (cat)  Boc
N H,, EtOH N
t,3h Tef. 53
S
(96%)
(R)- Preclamol
31 (R)-(+)-32 (25)

Chart 7. Enantioselective Synthesis of (R)-Preclamol

the chemical yield was low, there was a significant improve-
ment in the enantioselectivity when nitromethane was used
as the solvent (4h, 26% yield, 96% ee). This result encour-
aged us to optimize the reaction in nitromethane. Silyl ni-
tronates are efficiently generated from nitroalkanes in the
presence of BSA and amine. Therefore the addition of amine
to the reaction was examined in detail. We were pleased to
find that catalytic amounts of N,N-diisopropylethylamine im-
proved the chemical yield dramatically (88% yield) and there
was a slight increase in the enantiomeric excess (98% ee)
(Chart 6).

The present reaction system was successfully applied to
the catalytic asymmetric synthesis of (R)-preclamol [(+)-3-
PPP] (25), a selective dopamine D, autoreceptor agonist, and
(R)-baclofen hydrochloride (26), a GABAj receptor agonist.
The synthetic route of enantioselective synthesis of (R)-
preclamol is outlined in Chart 7. Pd-catalyzed asymmetric al-
lylic substitution of 27 with nitromethane proceeded under
the optimized conditions to afford 28 in 91% yield with 98%
ee. Reduction of the nitro group with Sml,, followed by pro-
tection of the resulting amine with a Boc group and allyla-
tion, gave 29. Subsequently, 29 was treated with 3 mol% of
the Grubbs catalyst (30) to afford the corresponding cyclic
product 31, which was successfully transformed into a chiral
piperidine intermediate (R)-(+)-32. The known intermediate
32 can be converted into (R)-preclamol (25) using the re-
ported procedure.”**¥ The synthetic route of enantioselective
synthesis of (R)-baclofen hydrochloride is also outlined in
Chart 8. Pd-catalyzed asymmetric allylic substitution of 33
with nitromethane proceeded under the optimized conditions
to afford 34 in 92% yield with 97% ee. 34 was transformed
into 35 using the same method as in the case of 28. After for-
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mation of enamide 36 using Pd-catalyzed vinyl transfer reac-
tion,> ring-closing metathesis was performed in the pres-
ence of 30, affording cyclic compound 37. Introduction of a
hydroxyl group followed by oxidation of the resulting crude
lactamol with PCC gave the known lactam (R)-(+)-38. The
obtained lactam could be transformed into (R)-baclofen hy-
drochloride (26) using the reported procedure.’* >

2.5. Asymmetric Allylic Alkylation of 2-Phenyl Cy-
cloalkenyl Carbonates®® There are many reports of asym-
metric allylic substitution using simple cycloalkenyl alcohol
derivatives as substrates. Only limited success of asymmetric
allylic substitution of 2-substituted cycloalkenyl alcohol de-
rivatives, however, has been reported so far.®’—® The suc-
cess of the asymmetric allylic alkylation of 1,3-diphenylallyl
acetate led us to examine asymmetric allylic alkylation of 2-
substituted cycloalkenyl alcohol derivatives using the Pd-DI-
APHOX catalyst system. We first optimized the reaction con-
ditions using asymmetric allylic alkylation of 2-phenylcyclo-
hexenyl carbonate 39 with malonate nucleophiles (Table 4).
Using 2.5mol% of [1*-C,H,PdCI], and 10mol% of (S,R;)-

NO,
OCOOEt  conditions
A in Chart 6. A
SREcE 3%
o “ Cl 97% ee Cl 34 c

Ph Ph
<‘/ ; 2 \,>
_N. ,N_

1. Smly, THF Boc
MeOH, 0°C, 4 h
2. (Boc),0, NEt3 FgCOCO OCOCF3
MeOH, rt, 1 h (10 mol %)
(95%, 2 steps) O butyl vinyl ether
Cl  DME, 80 °C
24 h (71%)
$OC y IIBOC
30 (10 mol %) N
NF# THF (0.01M) {
S reflux, 24 h
O O 64% (90% based
Cl Cl | onrecovered 36)
36
Boc
1.HBF4, H,0 o HCI-HoN
CH3CN, 0 °C (0] HoOC
tort, 1h ref. 59
2. PCC, celite
CHyCly, 1t, 3 h
o, (R)-Baclofen

(83%. 2steps) o) 4ya8 Gl Hydrochloride (26)  Cl

Chart 8. Enantioselective Synthesis of (R)-Baclofen Hydrochloride
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1a in CH,CN, the reaction proceeded slowly at room temper-
ature to afford product 41 in 43% yield and 68% ee. To im-
prove the reactivity and enantioselectivity, we investigated
the effect of the additive in detail. Both reactivity and enan-
tioselectivity were remarkably affected by the addition of ac-
etate salts, and LiOAc was the best additive for both reactiv-
ity and enantioselectivity (entry 2). Further optimization of
the ester substituents of a malonate nucleophile indicated
that dibenzyl malonate resulted in the best enantioselectivity
(entry 7). When a lithium enolate prepared from dibenzyl
malonate and LiH was used as the nucleophile, 42 was ob-
tained in 99% yield with 86% ee. This result indicates that
LiOAc is likely related to the generation of lithium enolate in
situ, resulting in increased enantioselectivity. 2-Phenyl-sub-
stituted cyclopentenyl carbonate 40 was also applicable to
this reaction, and the corresponding product 43 was obtained
in 92% yield with 89% ee (entry 8).

2.6. Pd-Catalyzed Enantioselective Synthesis of Qua-
ternary o-~Amino Acid Derivatives Using Chiral Di-
aminophosphine Oxides®” Pd-catalyzed asymmetric al-
lylic substitution using B-keto esters with a nitrogen func-
tional group at the o-carbon as the prochiral nucleophiles is
one of the most straightforward approaches for synthesizing
chiral quaternary a-amino acid derivatives.”> %% Although
several types of Pd-catalyzed asymmetric allylic substitutions
using prochiral nucleophiles have been investigated since the
1980s, there are only a few reports of asymmetric synthesis
of such tetrasubstituted carbons using this strategy.®” "

We first examined asymmetric allylic substitution of 14a
with -acetoamido fS-keto ester 44a based on the reaction
conditions using cyclic B-keto ester nucleophiles (Table 5).
There was a slight decrease in enantioselectivity, however,
when 10 mol% of Zn(OAc), was used as the additive (entry 1
vs. entry 2). We then investigated the effect of the structure
of DIAPHOX under additive-free conditions. When the reac-
tion was performed using (S)-aspartic acid-derived DI-
APHOXs, there was no remarkable increase in the enantiose-
lectivity (entries 2—38). Further studies revealed that enan-
tioselectivity was improved when the reaction was performed
using DIAPHOXs prepared from other amino acids. Finally,
(S,Rp)-47, prepared from (S)-phenylalanine, was best for
asymmetric induction, affording (R)-45a in 98% yield with
92% ee (entry 11). Further optimization of the reaction con-
ditions revealed that 10mol% of KOAc dramatically in-
creased reactivity (entry 12).

Table 4. Pd-Catalyzed Asymmetric Allylic Alkylation of 2-Phenyl Cycloalkenyl Carbonates

Ph (73-C3HsPdCl), (2.5 mol %) Ph

(S,Rp)-1a (10 mol %)

Malonate Nucleophile (3 equiv)

COOR
41:R=Me,n=1
COOR 42:R=Bn,n=1

39:n=1" BSA(3 equiv), Additive (10 mol %) )n 43:R=Bn,n=0
CH3CN (0.25 M), rt
Entry Substrate Nucleophile Additive Product Time (h) Yield (%) ee (%)
1 39 CH,(COOMe), — 41 48 43 68
2 39 CH,(COOMe), LiOAc 41 4 94 80
3 39 CH,(COOMe), NaOAc 41 4 95 67
4 39 CH,(COOMe), KOAc 41 4 93 66
5 39 CH,(COOMe), Mg(OAc), 41 96 55 80
6 39 CH,(COOMe), Zn(OAc), 41 96 40 81
7 39 CH,(COOBn), LiOAc 42 4 94 86 (R)
8 40 CH,(COOBm), LiOAc 43 4 92 89 (R)
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The scope and limitations of different substrates were fur-
ther examined under optimized conditions (Table 6). Asym-
metric allylic substitutions using N-acyl-protected alkyl ke-
tone-type substrates 44a—f proceeded smoothly in the pres-
ence of KOAc, affording the corresponding quaternary o-
amino acid derivatives 45a—f in excellent yield with high
enantioselectivity (86—92% ee) (entries 1—6). The reaction
adducts were highly crystalline compounds and the optical
purity was efficiently enriched by a single recrystallization
(entry 1). The present reaction conditions were also effective
in asymmetric allylic substitution using carbamate-type sub-
strates 44g and 44h. The corresponding products 45g and
45h were obtained in excellent yield with high enantioselec-
tivity (entries 7, 8). In contrast, no reaction occurred under
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the same reaction conditions when phenyl ketone-type sub-
strate 44i was used as the prochiral nucleophile. This prob-
lem could be overcome by the addition of KOAc (10 mol%)
and KCI (10 mol%), and the corresponding product 45i was
obtained in 99% yield with 80% ee (entry 9).

3. Pd-Catalyzed Asymmetric Allylic Substitution Reac-
tions Using Nitrogen Nucleophiles

Considerable effort has been directed toward the catalytic
asymmetric synthesis of «-chiral amines because chiral
amine units are ubiquitous in biologically active compounds.
A transition metal-catalyzed asymmetric allylic amination is
one of the most useful methods for synthesizing chiral allylic
amines.”” Several transition metal-catalyzed asymmetric
allylic aminations using Pd,”> " Ir,'® or other transition
metal catalysts'*"'%? have been reported. The success of the

fable 3. Optimization of the Reaction Conditions asymmetric allylic substitution reactions with carbon nucle-
A0 > ph 14 [773-C3HsPdCI], (2.5 mol %) o o ophiles led us to examine asymmetric allylic amination using
* (S.RpIDIAPHOX (10mol %)\ -\ “ocH, the Pd-DIAPHOX catalyst system.
11 a B F caovol %) AcHN \—\ 3.1. Pd-Catalyzed Asymmetric Allylic Amination of
H3CM°CH3 (156quv) toluene, 4°C (R-45a ™" Linear Substrates'® We first examined asymmetric al-
NHAC lylic amination of 1,3-diphenylallyl acetate 7 with benzyl-
Entry DIAPHOX Additive  Time (h) Yield (%) e (%) amine using (S,Rp)-1a. The reaction was performed under
conditions similar to the case of asymmetric allylic alkyla-
1 1a Zn(OAc), 48 96 74 tion of 7 with dimethyl malonate, and the corresponding
2 1a - 43 90 78 product (R)-48a was obtained in 91% yield with 98% ee
i ig - Zg ;i gé (Table 7, entry 1). Various amine nucleophiles were applied
5 1g _ 48 90 79 to this type of asymmetric allylic amination. Using 1—
6 1h - 48 36 79 2mol% of Pd catalyst and 2—4 mol% of (S,Rp)-1a, asym-
7 1i — 20 99 69 metric allylic amination of 7 with both primary and second-
8 1j - 48 49 77 ary amines proceeded at room temperature to give the corre-
1(9) ig B gg 2(5) 32 sponding products in good yield with high stereoselectivity.
11 47 _ 24 08 9 No reaction, however, occurred when p-anisidine was uti-
12 47 KOAc 12 99 90 lized as the nucleophile (entries 6, 7). This catalyst system
was also applied to asymmetric allylic amination of 1,3-di-
alkyl-substituted allyl carbonate 49. The reaction was per-
““‘:?\ formed using (S,Rp)-1a in CH,CN, affording the correspon-
R\[ N'/wp\a” ding product 50 in moderate yield with low enantiomeric ex-
H E S Foen cess. There was a slight improvement in the enantioselectiv-
Ph ity when (S,Rp)-1b was used (entries 8, 9).
Table 6. Scope and Limitations
o 0 (Psdfgs;g ?1]?)' :f& %) o 0
AOTNpn b i OCH,8 KOAc (10 mol %) RN “OCH,
14a NHR2 BSA (4 equiv), toluene, 4 °C R2HN \
44a-i (1.5 equiv) 45a-i Ph

44a,45a: R' = CH3, R? = Ac

44b, 45b: R = CH,CH3, R2= Ac  44e, 45¢: R = cHex,

44c, 45¢: R! = CHyCHPh, R? = Ac 44f, 45f: R! = CH3, R? = benzoyl

44d,45d: R' = i-Pr,R2= Ac

44g, 45g:R! = CHj, R? = methoxycarbonyl
44h, 45h: R! = CH3, R? = benzyloxycarbonyl
44i, 45i: R' = Ph, R? = Ac

R?= Ac

Entry Nucleophile Time (h) Yield (%) ee (%)

1 44a 12 99 (70)? 90 (99)” (R)
2 44b 24 98 87

3 44c 24 99 89

4 44d 48 99 90

5 44e 48 99 86

6 44f 20 99 92

7 44g 60 (24)° 73 (99)° 89 (90)”

8 44h 60 99 89

9 44i 72 (46)° No reaction (99)° — (80)?

a) Yield of recrystallization from EtOH. ) Enantiomeric excess after single recrystallization from EtOH.

ditive.

¢) 10mol% of KOAc and 10 mol% of KCI were used as the ad-
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Table 7. Pd-Catalyzed Asymmetric Allylic Amination of 1,3-Disubstituted Allyl Alcohol Derivatives
X Pd catalyst (x mol %) NR'R?
/\/L (S,Rp)-DIAPHOX (2x mol %), BSA (3 equiv) .
R R HNR'R? (3 equiv), solvent, rt R R
7: R=Ph, X=0Ac ! ’ i
23:R = Ph, X = OCOOEt 48a-f, 80
49: R = CH,CH,Ph, X = OCOOMe
Entry Substrate Amine X Solvent DIAPHOX Product Time (h) Yield (%) ee (%)
1 7 Benzylamine 2 CH,Cl, 1a 48a 24 91 98 (R)
2 7 Furfurylamine 2 CH,(CI, 1a 48b 24 92 96
3 7 n-Butylamine 2 CH,Cl, la 48c 60 79 99
4 7 Cyclohexylamine 2 CH,(Cl, 1a 48d 24 87 98
5 7 Morpholine 1 CH,Cl, 1a 48e 12 90 97
6 7 p-Anisidine 2 CH,Cl, 1a 48f 24 No reaction
7 23 p-Anisidine 2 CH,(CI, 1a 48f 24 No reaction
8 49 Benzylamine 5 CH,CN la 50 23 63 35
9 49 Benzylamine 5 CH,CN 1b 50 23 72 52
Table 8. Pd-Catalyzed Asymmetric Allylic Amination of 2-Substituted Cycloalkenyl Carbonates
R R
Pd catalyst (2 mol %)
@/OYOMS (S,Rp)-1a (4 mol %), BSA (3 equiv) @zNWRz
)n O HNRRZ (3 equiv), CHsCN, rt )n
39, 40, 53a-g 51a-c, 52, 54a-g, 55
Entry R n Substrate Amine Product Time (h) Yield (%) ee (%)
1 Ph 2 39 Benzylamine 51a 17 93 96
2 Ph 2 39 EtOOCCH,NH, 51b 48 88 96 ()
3 Ph 2 39 Morpholine 51c 7 90 97
4 Ph 1 40 Benzylamine 52 8 99 93
59 Ph 3 53a Benzylamine 54a 3 84 83
6 4-F-C,H, 2 53b Benzylamine 54b 5 95 93
79 3-MeO-C¢H, 2 53¢ Benzylamine 54c 4 93 93
8 2-F-C,H, 2 53d Benzylamine 54d 7 83 98
99 8507 2 53e Benzylamine 54e 4 95 72
10 PR 2 53f Benzylamine 54g 24 55 94
11 Ph—=— 2 53g Benzylamine 54¢g 24 75 80
12 Ph 2 39 p-Anisidine 55 24 Trace —

a) 5mol% of Pd catalyst and 10 mol% of (S,R;)-1a were used.

3.2. Pd-Catalyzed Asymmetric Allylic Amination of
Cyclic Substrates'™ The satisfactory results in the reac-
tion system using a conventional substrate led us to examine
asymmetric allylic amination of cyclic substrates. Asymmet-
ric allylic amination of 2-substituted cycloalkenyl alcohol de-
rivatives affords versatile adducts for the synthesis of nitro-
gen-containing natural products. Despite its usefulness, the
success of this type of reaction is limited.** % Although no
reaction occurred when 2-phenylcyclohexenyl acetate was
used as the substrate, allylic amination of 2-phenylcyclohex-
enyl carbonate 39 with benzylamine proceeded in CH,CI,
using 2mol% of the catalyst, affording the corresponding
product 51a in 75% yield and 93% ee. Examination of the
solvent effect revealed that the reaction medium dramatically
affected reactivity rather than enantioselectivity, and best re-
sults were obtained when CH,CN was used as the solvent
(Table 8, entry 1).'%Y

The scope and limitations of different substrates were fur-
ther examined under optimized conditions (Table §). As
shown in entries 1—3, asymmetric allylic amination of 2-
phenyl cyclohexenyl carbonates using primary and secondary
amines proceeded at room temperature to provide the corre-

sponding products in good yield with high enantioselectivity.
Other cyclic substrates with a five-membered ring or a seven-
membered ring were also applicable to this reaction, afford-
ing chiral allylic amines with 93% or 83% ee, respectively
(entries 4, 5). Asymmetric allylic amination of cyclohexenyl
carbonates with various substituents at the 2-position was
also examined using benzylamine as the nucleophile (entries
6—11). Aryl groups with an electron-withdrawing functional
group, as well as an electron-donating functional group, were
tolerant to this reaction, giving products with high enantio-
selectivity. Furthermore, substrates with alkyl, alkenyl, or
alkynyl substituents were also applicable to this reaction, and
the corresponding products were obtained in moderate to
good enantiomeric excess. Asymmetric allylic amination of
39 with p-anisidine as the nucleophile, however, gave unsat-
isfactory results (entry 12).

We applied this catalyst system to the catalytic asymmetric
synthesis of (5)-56, which is the key intermediate for Mori’s
total synthesis of crinine-type alkaloids (Chart 9).'"" Using
5mol% of Pd catalyst and 10 mol% of (S,R,)-1a, asymmetric
allylic amination of 57 with amine 58 proceeded at room
temperature, affording the chiral allylic amine 59 in 98%
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yield and 97% ee, which could be converted to the key inter-
mediate (S)-56.

3.3. Enantioselective Synthesis of aza-Morita—Baylis—
Hillman Reaction Products Using Asymmetric Allylic
Amination'’ The catalytic enantioselective aza-Morita—
Baylis—Hillman (aza-MBH) reaction provides functionalized
chiral allylic amines.'"” To date, several asymmetric catalysts
for this reaction have been developed. The scope of those
asymmetric catalysts, however, is limited in intermolecular
aza-MBH reactions.!'® ' There are no reports of a cat-
alytic asymmetric intramolecular aza-MBH reaction. Pd-cat-
alyzed asymmetric allylic amination of cycloalkenyl carbon-
ates with an electron-withdrawing group at the 2-position is
an alternative to the intramolecular aza-MBH reaction via
nucleophilic catalysis. Although this type of transformation
using oxygen nucleophiles has been investigated in detail by
Trost et al.,**!'6~11%) there are limited applications of nitro-
gen nucleophiles.®” This background led us to examine
asymmetric allylic amination of 2-methoxycarbonyl 2-cyclo-
hexenyl alcohol derivative 60 with benzylamine using our
catalyst system (Table 9). The effect of the ligand structure
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performed at a lower temperature. Using 2 mol% of Pd cata-
lyst and 4 mol% of (S,Rp)-1j, cyclic product (S)-61a was ob-
tained in 99% yield with 99% ee (entry 9).

The scope and limitations of different substrates were ex-
amined using the optimized reaction conditions (Table 10).
When 2mol% of Pd catalyst and 4 mol% of (S,R;)-1j were
used, asymmetric allylic amination of 60 using primary
amines (entries 1—6), a secondary amine (entry 7), and an
aromatic amine (entry 8) proceeded efficiently to provide the
corresponding products in excellent yield and enantiomeric
excess. Other cyclic substrates with a five-membered ring
and a seven-membered ring were also applicable to this reac-
tion, affording the corresponding chiral allylic amines in
91% ee and 84% ece, respectively (entries 9, 10). Further-
more, a substrate with a simple secondary amide, as well as
the Weinreb amide-type substrate, could be utilized for this
reaction system, giving the corresponding products in excel-
lent yield and enantiomeric excess (entries 11, 12). Similarly,

Table 9. Optimization of the Reaction Conditions

Pd catalyst (2 or 5 mol %)

revealed that the introduction of electron-donating groups O OCOOMe (S,Rp)-DIAPHOX O HN"Ph
h . . hed to th it t . (4 or 10 mol %)
onto the aromatlc‘ rings gtt.ac ed to the nitrogen atoms in- MeO BSA (3 equiv) MeO
creases the en?ntloselect1V1ty, and the 3,4-dimethoxy-type . benzylamine (3 squv)
ligand (S,R,)-1j was best for asymmetric induction. More- CH3CN (0.2 M), 24 h (S)-61a
over, enantioselectivity was increased when the reaction was
Pd cat. Temp. Yield ee
Entry DIAPHOX (mol%) ©C) (%) (%)
0o\ Pd catalyst (5 mol%) 0o\
o) (S,Rp)-1a (10 mol%) 0 1 1a 5 4 91 87
IO OFt 2 1b 5 4 92 89
58
0CoOM HZN\)\OEt (3 equiv) E\)o\Et 3 1c 5 4 97 83
© BSA (3 equiv) OEt 4 1g 5 4 96 90
CHACN, 1t, 48 h 5 1h 5 4 99 71
6 1i 5 4 99 89
57 TsCl, Py < 59 (R = H): 98%, 97% ee 7 1j 5 4 99 94
1t, 4 h, 99% (S)}-56 (R = Ts) 8 1j 2 4 99 94
9 1j 2 —=30 99 99
Chart 9. Catalytic Asymmetric Synthesis of (S)-56
Table 10. Scope and Limitations
O 0COOMe O  0COOMe
Pd catalyst (2 mol %) gg 2 : % 66
OCOOMe (5 Roy-1} (4 mol %) NR'R? MeO ) g4n=3 OniN
EWG BSA (3 equi EWG n
[ O % D O 0COOMe 0COOMe OCOOMe
-4 R'R“NH (3 equiv) —--d MeO. NC NC
CH3CN (0.2 M) N T Fh
Me 68 70 Ph 72
Entry Substrate R'R®NH Product Temp. (°C) Time (h) Yield (%) ee (%)
1 60 Benzylamine 61a —30 24 99 99 (S)
2 60 4-Methoxybenzylamine 61b —30 24 99 97 (S)
3 60 Furfurylamine 61c -30 24 99 98
4 60 Allylamine 61d —40 24 99 98
5 60 Isopropylamine 6le —30 24 92 99
6 60 N"™-Boc-tryptamine 61f =30 24 97 96
7 60 Morpholine 61g —10 15 98 99
89 60 p-Anisidine 61h —=30 47 99 94 (S)
9b) 62 Benzylamine 63 —40 18 81 91 (S)
109 64 Benzylamine 65 —40 18 99 84
11 66 Benzylamine 67 —=30 48 94 98
129 68 Benzylamine 69 —=30 32 98 99 (S)
139 70 Benzylamine 71 —40 18 99 95
14 72 Benzylamine 73 4 24 96 89

a) (S,Rp)-1a wasused. b) Dichloroethane was used as the solvent.

¢) (S,Rp)-1g was used.
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PAOH)ZC 0O NHZ NHZ
Ha, then_ _ | LDA _ MeOOC
()61 ZCl, pyridine M O) allyl bromide
-61la——— > Me! ‘ e
88% 73% A
(dr=13:1)
(S,S)-74 75
1) TsCl
)NEta O NHTs pd(OH),-C O  NHTs
H
s)61b 22 L Meo 2 MeO
98% 93%
(2 steps) (syn:anti = 5:1)
76 77

O NHBn 1gpp o

PhMgBr Triron B Ph)lll"
(S)-69 ———— Ph T o
99% 82%

78 1)Pd-C,H, 79
2) BH3 THF
Danishefsky's NHBn 83% OH NHBn
()61 diene, Et,AICI ME€Q0% (2 steps) :
-b1a
88% o-OH:B-OH Ph H
o) ) = 85:1

81 80

Chart 10. Diastereoselective Modifications of Aza-MBH Adducts

a reaction using a cyclic substrate with a nitrile group pro-
ceeded at —40°C to provide the corresponding product in
high enantiomeric excess (entry 13). In addition, asymmetric
allylic amination of 1,3-diphenylallyl carbonate derivative 72
proceeded at 4°C to provide the corresponding product in
89% ee (entry 14).

To demonstrate the usefulness of these chiral allylic
amines, several diastereoselective modifications were per-
formed (Chart 10). Chiral cyclic B-amino acids have gained
much attention due to their increasing importance for the
synthesis of B-peptides.''” There are, however, few catalytic
asymmetric synthetic methods.!?*!?" Qur synthesis started
with (S)-61a and (S)-61b. Both olefin hydrogenation and
debenzylation of (S)-61a using Pd(OH),—C, followed by pro-
tection of the resulting free amine with a carbobenzyloxy (Z)
group, afforded the cyclic anti-f-amino acid derivative (S,S)-
74 in 88% yield as a nearly optically pure compound (99%
ee). In this hydrogenation, the reaction proceeded with com-
plete diastereoselection, giving the anti-product exclusively.
On the other hand, protection of (S)-61b with a tosyl group,
followed by treatment with trifluoroacetic acid, gave o, -un-
saturated ester 76 in 98% yield without any noticeable loss of
optical purity (97% ee). This product could be transformed
into the cyclic syn-B-amino acid derivative 77 with good di-
astereoselectivity (syn:anti=5:1). The usefulness of these
compounds was further demonstrated. After the formation of
lithium enolate of 74, diastereoselective alkylation was per-
formed using allyl bromide as an electrophile,'*? affording
the product with an all-carbon quaternary stereocenter in
73% yield with high diastereoselectivity (dr=13:1). Wein-
reb amide-type adduct (5)-69 (99% ee) reacted with a Grig-
nard reagent at —40 °C to provide the corresponding enone
78 in 99% yield (99% ee). This enone could be converted
into a,B-epoxy ketone 79 (82% yield) and 1,3-aminoalcohol
80 (83% yield) in a highly diastereoselective manner. More-
over, Diels—Alder reaction of (S)-61a with the Danishefsky’s
diene proceeded in the presence of Et,AlCl, giving the bi-
cyclic product 81 in 88% yield as a single diastereomer.

3.4. Pd-Catalyzed Asymmetric Allylic Amination
Using Aromatic Amine Nucleophiles'”® Although vari-
ous nitrogen nucleophiles are available for Pd-catalyzed
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Table 11. Optimization of the Reaction Conditions
MeO. -0 Pdcat 2mol%) VOO
(S,Rp)-1a (4 mol %)
OCOOMe p-aniPsidine (3 equiv) N\©\
BSA (3 equiv)
60 solvent (0.2 M) (S)61h OMe

Temp. Time Yield ee
Entry Solvent ©C) (h) %) %)
1 CH,CN 4 7 99 90
2 CH,CH,CN 4 16 99 73
3 CH,Cl, 4 24 98 78
4 DMF 4 4 99 90
5 CH,CN —30 47 99 94
6 DMF -30 48 99 95

Ph Pd cat. (5 mol %)

OCOOMe (S Rp)-1a (10 mol %)
BSA (3 equiv) \©\
p-anisidine (3 equiv)
39 solvent, rt (S)-55
in CHCN : 17 h, 8%, 95% ee
inDMF  :17h, 99% 97% ee
Ph Pd cat. (2 mol %)

(S,Rp)-1a (4 mol %
indoline (10 equiv)

BSA (3 equw)
DMF (0.2 M),

5{@

3h, 94%, 99% ee

é’@

12 h, 97%, 96% ee

©/OCOOMe

39

Ph Pd cat. (2 mol %)
(S,Rp)- 1a (4 mol %)
OCOOMe p-anisidine (3 equlv)

BSA 3 equlv)

40 DMF(02M

Chart 11. Asymmetric Allylic Amination of Cyclic Substrates Using Aro-

matic Amine Nucleophiles
HN

Pd cat. (2 mol %)
(S,Rp)-1a (4 mol %)

OCOOEt  BgA'(3 equiv)
N
Ph Ph DABCO (1 equiv) X
p-anisidine (3 equiv) Ph/\)\Ph
23 Et,O (0.25 M), rt (R)-48f

24 h, 99%, 97% ee

Chart 12.  Asymmetric Allylic Amination of 23 with p-Anisidine

asymmetric allylic aminations, aromatic amines are not com-
monly used in these reactions,'** probably due to the lower
nucleophilicity of aromatic amines compared with that of
aliphatic amines or stabilized anionic nitrogen nucleophiles
derived from aromatic amines. Actually, asymmetric allylic
amination of 7, 23, and 39 using p-anisidine did not proceed
under the optimized conditions for asymmetric allylic amina-
tion with aliphatic amines (Table 7, entries 6, 7, and Table 8,
entry 12). As shown in Table 10, cyclic substrate 60 exhib-
ited much higher reactivity toward p-anisidine, providing the
corresponding product (S)-61h in 99% yield with 94% ee.
Therefore, asymmetric allylic amination of 60 using p-ani-
sidine was selected for initial optimization of the reaction
conditions (Table 11). Examination of the solvent effect re-
vealed that the reaction medium dramatically affected reac-
tivity, as well as enantioselectivity, and the best reactivity
was obtained when DMF was used as the solvent (entry 4).
Although the enhanced reactivity in DMF was not observed
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at a lower temperature, the reaction proceeded in 48 h to af-
ford (S5)-61h in 99% yield with 95% ee (entry 6).

Based on these results, we examined asymmetric allylic
amination of 2-phenylcyclohexenyl alcohol derivative 39
with p-anisidine using DMF as the solvent (Chart 11). The
reaction rate was remarkably enhanced when the reaction
was performed in DMF using 5mol% of Pd catalyst and
10 mol% of (S,Rp)-1a, and the corresponding product (S5)-55
was obtained in 99% yield with 97% ee. Indoline, a second-
ary aromatic amine, was also applicable to this reaction, af-
fording the corresponding product 82 with excellent enan-
tioselectivity. In addition, asymmetric allylic amination of 2-
phenyl-substituted cyclopentenol-type substrate 40 was ex-
amined using DMF as the solvent, providing the correspon-
ding product 83 in 97% yield with 96% ee. On the other
hand, asymmetric allylic amination of 23 with p-anisidine
was sluggish even with use of DMF as the solvent (5 mol%
of the catalyst, 24 h, 30% yield, 74% ee). Further optimiza-
tions of the reaction conditions revealed that there was a re-
markable increase in the reactivity by the addition of base
such as DABCO or N,N-dimethylpiperazine. Finally, the best
result was obtained when the reaction was performed in Et,O
using 1eq of DABCO as the additive (99% yield, 97% ee)
(Chart 12).

4. Ir-Catalyzed Asymmetric Allylic Substitution Reac-
tions

Phosphites and phosphoroamidites are effective ligands in
Ir-catalyzed allylic substitution reactions of terminal allylic
electrophiles to give branched products.'*'*” As shown in
Chart 5, DIAPHOX 1a is activated by N,O-bis(trimethylsi-
lyl)acetamide (BSA)-induced tautomerization to afford triva-
lent phosphorus compound 13, which functions as the actual
ligand. The diamidophosphite structure of 13 led us to hy-
pothesize that the present ligand system could be extended to
Ir-catalyzed asymmetric allylic substitution reactions.

4.1. Ir-Catalyzed Asymmetric Allylic Amination
We first examined asymmetric allylic amination of cinnamyl
carbonate 84 with benzylamine (Table 12).'%13® No reac-
tion occurred when 1mol% of chloro(1,5-cyclooctadiene)-

128)
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iridium(I) dimer ([Ir(cod)Cl],) and 4mol% of (S.R;)-1a
(Ir:1a=1:2) were used in CH,Cl, at room temperature
(entry 1). In contrast, when 1mol% of [Ir(cod)Cl], and
2mol% of (S,Rp)-1a (Ir: 1a=1: 1) were used, branched prod-
uct 85a was obtained in 63% ee, even though the yield was
only 10% (entry 2). In this reaction, the formation of linear
product 85a’ was not observed in "H-NMR analysis of the
crude sample. Encouraged by this result, we investigated the
effect of the addition of sodium salts. Both the reactivity and
enantioselectivity were dramatically affected by the counter
anion of sodium salts, and best reactivity was obtained when
hexafluorophosphate salt was used. Although there was
a slight decrease in the enantiomeric excess (59% ee),
branched product 85a was obtained in 99% yield using
5mol% of NaPF, (entry 6)."*” We next attempted to improve
the enantioselectivity by tuning the structure of DIAPHOX
(entries 7—12). Detailed investigations into the ligand struc-
ture indicated that introduction of substituents onto the aro-
matic rings attached to the nitrogen atoms tended to improve
the enantioselectivity. The best result was obtained using chi-
ral diaminophosphine oxide (S,Rp)-1i, which possessed a ¢-
Bu substituent on the para-position of the aromatic rings,
and the enantiomeric excess of 85a increased to 92% ee
when the reaction was performed at —20°C (entry 12). On
the other hand, when the reaction was performed using
(S,Rp)-21, a diaminophosphine oxide without a nitrogen atom
on the sidearm, there was no significant change in the enan-
tioselectivity compared with that obtained using (S,Rp)-1a
(entry 6 vs. entry 11). This result indicates that this series of
diaminophosphine oxides coordinates to the Ir metal in a
monodentate manner through the phosphorus atom.

The scope and limitations of different substrates were ex-
amined using the optimized conditions (Table 13). When
2mol% of Ir catalyst, 2mol% of (S,Rp)-1i, and 5mol% of
NaPF, were used, asymmetric allylic amination of 84 with
primary amines and an o-branched primary amine proceeded
at —20°C to provide the corresponding branched allylic
amines 85a—c in good yield and in high enantioselectivity
(entries 1—3). In contrast, there was a decreased enantiose-
lectivity when morpholine was used as a nucleophile (entry

Table 12. Optimization of the Reaction Conditions
[Ir(cod)Cl, (1 mol %)
(S,Rp)—DI/iPHOX NHBn
N (Ir/DIAPHOX = 1/ x) Z N
©M°C°OME BnNH, (3 equiv), additive ©)\/ WNHB”
84 BSA (3 equiv) (S)-85a 85a’
CHCly (0.4 M), rt (85a: 85a'=>99: 1)
Entry x DIAPHOX Additive (mol%) Time (h) Yield (%) ee (%)
1 2 la 22 No reaction —
2 1 1a 22 10 63
3 1 1a Nal (10) 22 16 60
4 1 1a NaBF, (10) 22 70 66
5 1 1a NaPF; (10) 7 86 58
6 1 1a NaPF (5) 7 99 59
7 1 1g NaPF; (5) 19 51 60
8 1 1h NaPF, (5) 19 10 73
9 1 1i NaPF, (5) 19 93 86
10 1 1j NaPF, (5) 19 25 68
11 1 22 NaPF, (5) 19 99 58
129 1 1i NaPF; (5) 48 96 92

a) Reaction was performed at —20 °C.
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Table 13. Scope and Limitations
[Ir(cod)Cll, (1 mol %)
(S,Rp)-1i (2 mol %) 102
BSA (3 equiv), HNR'R2 (3 equiv) NR'R
RX"0cooMe NaPFg (5 mol %) RTNF
CH,Cl; (0.4 M), -20 °C
Entry Substrate Amine Product Time (h) Yield (%) Ratio (b/1) ee (%)
1 84: R=phenyl Benzylamine 85a 48 96 >99/1 92 (S)
2 84: R=phenyl Frufurylamine 85b 48 95 >99/1 94
3 84: R=phenyl Isopropylamine 85¢ 60 98 >99/1 92
49 84: R=phenyl Morpholine 85d 24 96 >99/1 65
5 86: R=4-methoxyphenyl Benzylamine 87 24 99 >99/1 91
6 88: R=4-chlorophenyl Benzylamine 89 48 99 >99/1 94
7 90: R=3-fluorophenyl Benzylamine 91 48 92 >99/1 95
8 92: R=2-methoxyphenyl Benzylamine 93 48 97 >99/1 93
9 94: R=1-naphthyl Benzylamine 95 60 98 >99/1 87
10” 96: R=2-naphthyl Benzylamine 97 60 97 >99/1 87
11 98: R=2-furanyl Benzylamine 99 36 94 >99/1 88
12 100: R=CH,CH,Ph Benzylamine 101 60 74 2 68

a) Reaction was performed at room temperature.
tained.

Table 14. Optimization of the Reaction Conditions

Ir cat. (5 mol %)

b) Reactions were performed at —5°C.

¢) 8% of linear-linear product and 5% of branched-linear product were ob-

(S,Rp)-DIAPHOX (5 mol %) MeOOC._-COOMe
NaPFg (10 mol %) :
©/\/\oc00Me additive (10 mol %) @/v/ . ©/\/\/COOM6
CH,(COOMe), (3 equiv) COOMe
84 BSA (3 equiv), CHoCly, 1t, 24 h (S)-102 102
Entry Additive DIAPHOX Conc. (M) Yield (%) Ratio (102/102") ee (%)
1 — la 0.4 29 97/3 75
2 LiCl la 0.4 95 97/3 72
3 LiOAc la 0.4 71 95/5 90
4 LiOAc la 0.5 73 96/4 88
5 LiOAc la 0.25 90 95/5 88
6 LiOAc 1b 0.25 54 95/5 57
7 LiOAc 1c 0.25 69 96/4 74
8 LiOAc 1d 0.25 92 99/1 90
9 LiOAc le 0.25 92 97/3 82
10 LiOAc 1f 0.25 28 95/5 81
11 LiOAc 1i 0.25 78 90/10 45

4). Asymmetric allylic amination of various terminal allylic
carbonates was also examined using benzylamine as the nu-
cleophile. Aromatic substituents with electron-donating and
electron-withdrawing functionalities were tolerant to this re-
action, giving the products with good to high enantioselectiv-
ity (entries 5—=8). Terminal allylic carbonates with a naph-
thyl substituent (entries 9, 10) or a heteroaromatic substituent
(entry 11) were also applicable to this reaction, affording the
corresponding product with good enantioselectivity. In addi-
tion, asymmetric allylic amination of 100, a substrate with an
alkyl substituent, was examined using 2 mol% of the catalyst,
giving the corresponding product 101 in 74% yield with 68%
ee, accompanied by 8% of linear-linear product and 5% of
branched-linear product (entry 11).

4.2. Ir-Catalyzed Asymmetric Allylic Alkylation
The success of the asymmetric allylic amination led us to ex-
amine asymmetric allylic alkylation using the Ir-DIAPHOX
catalyst system.'*'—15% Optimizations of reaction conditions
were performed using asymmetric allylic alkylation of 84
with dimethyl malonate using (S,R)-1a (Table 14). Although
no reaction occurred when 2.5mol% of chloro(1,5-cyclooc-

140)

tadiene)iridium(I) dimer ([Ir(cod)Cl],) and 5 mol% of (S,R;)-
1a (Ir/1a=1/1) were used, the same reaction proceeded in the
presence of 10 mol% of NaPF,, affording branched product
(8)-102 with high regioselectivity (29% yield, 102/102'=
97/3, 75% ee) (entry 1). The addition of LiCl remarkably in-
creases both reactivity and enantioselectivity in the Ir-cat-
alyzed asymmetric allylic alkylation.!*>!**!4) Thus we inves-
tigated the effect of adding lithium salt. Although reactivity
was significantly improved when LiCl was used as the addi-
tive, there was a slight decrease in the enantioselectivity
(entry 2). Both reactivity and enantioselectivity, on the other
hand, were affected by the addition of LiOAc. Further opti-
mization with regard to the reaction concentration resulted in
the formation of branched product (S)-102 in good yield
(90% yield, 102/102'=95/5) with 88% ee (entry 5). The in-
creased reactivity under the diluted reaction condition is
likely related to the solubility of LiOAc in CH,Cl,. We next
attempted to improve the regioselectivity and enantioselectiv-
ity by tuning the structure of DIAPHOX (entries 6—11).
Studies of the effect of substituents on the aromatic rings re-
vealed that (S,Rp)-1d, which possesses a 3-biphenyl group at
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0CoOMe Ircat. (5 mol %), (R,Sp)-1d (5 mol %)
“ NaPFg (10 mol %), LIOAc (10 mol %)
CH3(COOMe); (3 equiv)
F 104 BSA (3 equiv), CHCly, rt
36 h, 93%, 92% ee (b/l = 99/1)
RhCI(PPh3)s
MeOOC.__COOMe (2 mol %) MeOOC.___COOMe
9-BBN, THF, rt
then 30% H,0, OH
F 105 pH 7 buffer F 106
85%
1) MsCI. NEts MeOOC.__COOMe
CH,Clp, =30 °C Lindlar's cat. H
2) NaNg, DMF N3 oluene/MeOH
50°C F (5/1), 1t
90% (2 steps) 107 93% (dr = >99:1)
(0]
MeOOC,,, NH -?I:I%.THF
, reflux
99%
E 108

known procedure

ref. 158

F
(—)-Paroxetine (103)

Chart 13. Enantioselective Synthesis of (—)-Paroxetine

the benzylic moiety, was best for asymmetric induction (90%
ee), giving the branched product (5)-102 in good yield with
excellent regioselectivity (93% yield, 102/102"=99/1) (entry
11).

The developed reaction system was successfully applied to
the enantioselective synthesis of (—)-paroxetine 103 (Chart
13).156-199) First, Ir-catalyzed asymmetric allylic alkylation
of 104 with dimethyl malonate was performed using (R,Sp)-
1d, affording 105 in 90% yield (branched/linear=99/1) with
92% ee. Hydroboration of the olefin with 9-BBN in the pres-
ence of Wilkinson’s catalyst, followed by work-up with hy-
drogen peroxide, gave 106 in 85% yield.'*” After conversion
of the hydroxyl group to an azide group (90% yield), 107
was treated with Lindlar’s catalyst in toluene/MeOH (5/1)
under hydrogen atmosphere to provide lactam 108 in 93%
yield as a single diastereomer (anti/syn=>>99/1). Subsequent
reduction of 108 with BH;- THF complex gave (35,4R)-(—)-
109 in 99% yield. The known intermediate 109 can be con-
verted into 103 using the reported procedure.'®

5. Conclusion

Transition metal-catalyzed reactions using secondary
phosphine oxides or their equivalent have attracted attention
in these past several years due to the air and moisture stabil-
ity of pentavalent phosphine oxides. Application to asymmet-
ric catalysis using chiral phosphine oxides is, however, still
limited. We developed a new class of P-chirogenic phosphine
oxides based on a chiral diamine framework: P-chirogenic
diaminophosphine oxides: DIAPHOXs. These pentavalent
phosphorus compounds, the preligands, reacted with BSA to
provide the trivalent diamidophosphite species, which func-
tioned as the actual ligands. Asymmetric allylic alkylation,
asymmetric allylic amination, and enantioselective construc-
tion of quaternary carbons were investigated using the Pd-
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and Ir-DIAPHOX catalyst systems, affording various chiral
compounds with good to excellent enantioselectivity. In addi-
tion, the developed reactions were successfully applied to
catalytic asymmetric syntheses of biologically active com-
pounds. We believe that DIAPHOX ligands have great poten-
tial and will be applied to a variety of transition metal-medi-
ated asymmetric reactions. As that occurs, development of
new conditions for activating DIAPHOXs other than the
BSA-induced P(V) to P(III) tautomerization will become an
important key.
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