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Abstract - Optically active ferrocenylphosphines containing, on the side
chain, hydroxy group appropriately distant from the ferrocene nucleus
have been found to be effective ligands for the palladium-catalyzed
asymmetric allylic alkylation of 1,3-disubstituted 2-propenyl acetates
with sodium acetylacetonate and related soft carbon nucleophiles to give
the alkylation products of up to 967 ee. A gold(I) complex of the
chiral ferrocenylphosphines which have tertiary amines on the side chain
have been found to catalyze the reaction of methyl isocyanoacetate with
aldehydes in dichloromethane to give optically active trans-4-methoxy-—
carbonyl-S-alkyl-2-oxazolines with high enantioselectivity (up to 98%
ee) in a quantitative yield.

INTRODUCTION

In recent years, asymmetric carbon-carbon bond forming reactions catalyzed by transition-
metal complexes containing optically active phosphine ligands have been the subjects of in-
creased research activity (ref., 1). One of the most interesting and challenging problems in
research on the catalytic asymmetric synthesis is development of the ligand which will fit in
with a given reaction as efficiently in stereoselectivity as possible. Chiral ferrocenyl=-
phosphines have been demonstrated to be superior to others in that structural modification
can be readily made by introduction of a desired functional group on the side chain according
to the demand of the reaction type (ref. 2). They are effective for asymmetric hydrogenation
of olefins (ref. 3) and ketones (ref. 4), asymmetric hydrosilylation of dienes (ref. 5),
asymmetric cross-coupling forming olefins and allylsilanes (ref. 6 & 7), asymmetric allyla-
tion of active methine compounds (ref. 8). Here we describe some recent results of
palladium(0)-catalyzed asymmetric allylic alkylation of substituted allyl acetates with
carbon nucleophiles and gold(I)-catalyzed asymmetric aldol reaction of isocyanoacetate with
aldehydes forming optically active oxazolines.

CHIRAL FERROCENYLPHOSPHINE LIGANDS

Optically active ferrocenylphosphines, which are readily prepared by way of stereoselective
lithiation of optically resolved N,N-dimethyl-l-ferrocenylethylamine (ref. 9 & 10), have the
unique and significant features shown in Scheme 1. Of these features, the most significant
is the functional groups on the side chain. They are controlled by the ferrocenyl and methyl
groups on the chiral carbon center to face to the reaction site on the catalyst coordinated
with phosphorus atoms on the ferrocenylphosphine ligand and are expected to interact with a
functional group on the substrate in a catalytic asymmetric reaction to bring about high
stereoselectivity.

Scheme 1
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ASYMMETRIC ALLYLIC ALKYLATION

We have previously reported the asymmetric allylation of active methine compounds in the
presence of chiral phosphine-palladium complexes which creates a new chiral carbon center in
the nucleophiles (ref. 11)., Here we describe another type of asymmetric allylation, that is,
the reaction which creates a new chiral carbon center in allylic substrates (ref, 12). In
the reaction of racemic 2~propenyl acetates which have the same substituent groups at 1 and 3
positions, the m-allylpalladium intermediate containing a meso type T-allyl group is formed
from both enantiomers of the allylic substrate, and the asymmetric induction arises from
preferential attack by a soft carbon nucleophile on either of the diastereotopic wm-allyl
carbon atoms in the intermediate (Scheme 2).
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Studies on stereochemistry of the allylic alkylation have revealed that soft carbon nucleo-
philes represented by sodium dimethyl malonate attack the m-allyl carbon from the side
opposite to the palladium (ref. 13). On the basis of the mechanism, the functional groups
which are expected to interact with the incoming nucleophile to bring about high stereoselec-
tivity (Figure 1), were introduced at the side chain of chiral ferrocenylphosphines. Thus,
the ferrocenylphosphines la, 1b, Ic, and 1d were prepared from (R)-1-[(8)-1',2-bis(diphenyl-
phosphino)ferrocenyl]ethyl acetate (ref. 10).
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The ferrocenylphosphines were examined for stereoselectivity in the reaction of racemic (E)-
1,3-diphenyl-3-acetoxy-l-propene (3) with sodium acetylacetonate in THF (Scheme 3). The
reaction conditions and results are summarized in Table 1, which also contains data obtained
with other phosphine ligands for comparison.

Scheme 3
C AR\T/A§§,/AF NaCHZ,/THF An\?/<§§/,Ar CH?ZO )
: CH(COMe 2
(n-C3Hs)PdCI/L*, 40° a
OAc ’ CHZ2 b: CH{COMe)COPh
di-3: Ar = Ph S5a-d: Ar = Ph c: CH(COMe)COOMe
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The highest stereoselectivity was obtained in the reaction with the ferrocenylphosphine
containing N-methyl-N-tris(hydroxymethyl)methylamino group (la), which gave (8)-(E)-1,3-di-
phenyl-2-propenylacetylacetone (5a) of 967 ee in a high yield (entry 1). The ferrocenylphos-
phines 1b, lc, and 1d which have 2-hydroxyethyl group(s) on the amino side chain were also
effective in producing (8)-(E)-5a of over 707 ee (entries 2-5). The stereoselectivity
achieved here is among the highest for the catalytic asymmetric carbon-carbon bond forming
reactions (ref. 1). Lower selectivity was observed in the reaction with the ligands 2a, 2b,
and 2c, which are the ferrocenylphosphines lacking the hydroxy group (entries 6-8). It is
probable that the hydroxy groups on the ligand la, 1b, lc, or 1d which are located outside
the m-allyl of the m—allylpalladium intermediate, interact attractively with the acetylaceto-
nate by hydrogen bonding as shown in Figure 1, and the interaction is responsible for the
high stereoselectivity, controlling the attack of the nucleophile on the m-allyl carbon.

Introduction of the hydroxy group at the ferrocenylmethyl position in the ligand 2d brought
about the reversal of the stereocontrol to give (R)-5a of 467 ee (entry 9). The use of (-)-
DIOP (ref. 14) or BPPM (ref. 15) resulted in the formation of almost racemic product 5a
(entries 10 and 11). The inefficiency of these ligands is ascribed to the lack of functional
groups which can interact with the nucleophile. Sodium salts of benzoylacetone and methyl
acetoacetate were also successfully used for the asymmetric alkylation of 3 to give the
corresponding products 5b and 5¢ with (§8) configuration of 877 and 83% ee, respectively
(entries 12 and 13).
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Table 1. Asymmetric Allylic Alkylation of (E)-1,3-Diphenyl-3-acetoxy-l-propene
(3) Catalyzed by Chiral Ferrocenylphosphine~Palladium Complexes.2

entry -X in (R)-(S)-BPPF-X nucleophile  product yieldE(%) 7 ee (confign)

1 -NMeC(CH,0H), (la) NaCH(COMe), 5a 85 9% ()
2 -NMeCH(CH,0H), (1b) Sa 97 9 (8
3% -NMeCH(CH,OH), (1b) 6a 80 86

4 =N(CH,CHy0H), (1c) 5a 86 81 (8)
5 ~NMeCH,CH,OH (1d) 5a 86 (9
6  -NMe, (BPFFA, 2a) Sa 51 62 (8)
7 -F=(CHys (2b) 5a 90 s (3)
8 -Me (2¢) 5a 92 10 (R)
9 -OH (BPPFOH, 2d) 5a 2% 4% (R
10 (-)-DIOP Sa 88 0

11 BPPM Sa 86 7R
12 -NMeCH(CH,OH), (1b) ~  NaCH(COMe)COPh  Sb 93 87 (8)
13 -NMeCH(CH,OH), (1b) NaCH(COMe)COOMe 5c 9 83 (8

2 To a mixture of a ligand (0.011 mmol), di-u-chlorobis(m-allyl)dipalladium (0.005
mmol), and the acetate 3 (1.0 mmol) in THF (5 ml) was added a suspension of sodium
enolate prepared from sodium hydride (1.2 mmol) and acetylacetone or a related
active methylene compound (1.5 mmol) in THF (5 ml) at room temperature. The
mixture was stirred at 40°C for 13-19 hr. After hydrolysis and the usual work-up,
the product was isolated by preparative TLC on silica gel (hexane/ethyl acetate =
5/1). 2 Isolated yield. = Reaction of racemic (E)-1,3-di(3-methoxyphenyl)-3-
acetoxy-l-propene (4),

The high efficiency of the palladium catalyst coordinated with the ferrocenylphosphine 1 was
also observed in the reaction of cyclic acetate 7, which gave the alkylation products (R,R)-
8a and -8b of over 707 ee (Scheme 4).

Scheme 4
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Z = COOMe: 95% (R,R)-8b, 72% ee

The reaction of racemic 2-propenyl acetates substituted with two different aryl groups at 1
and 3 positions which should include chiral w-allylpalladium complex in the catalytic cycle
was also carried out (ref, 16), Reaction of racemic (E)-1-(3-methoxyphenyl)-3-phenyl-3-
acetoxy-l-propene (9a) with sodium acetylacetonate in THF at 40 °C for 45 h in the presence
of 1 molZ of the palladium catalyst complexed with the chiral ferrocenylphosphine 1b gave 92%
yield of allylic alkylation products consisting of (8)~[(E)-styryl]-(3-methoxyphenyl)methyl-
acetylacetone (10a) (95% ee) and its regioisomer (S)-1la (807 ee) in a ratio of 44/56 (Scheme
5). It should be noted that both of the regioisomeric alkylation products have (S) configu-
ration and the enantiomeric purities of over 807 ee.

Scheme 5
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1b

The stereochemical results can be visualized by Scheme 6. Oxidative addition of (8)-9a to a
chiral phosphine-palladium(0) species with inversion of configuration at the allylic carbon
(ref. 17) will form m-allylpalladium complex 12 which has (1S,2R,3R)-1-phenyl-3~(3-methoxy~-
phenyl)-n-allyl group, and the diastereomeric m-allylpalladium complex 13, which has the 7-
allyl group of opposite configuration (1R,25,38), will be formed from (R)-9a. The nucleo-

philic attack on C-1 carbon of m-allylpalladium complexes 12 and 13 will produce (R)-1la and
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Scheme 6 43 : 6
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(8)-1l1a, respectively, and that on C-3 carbon of 12 and 13 will produce (8)-10a and (R)-10a,
respectively, since the soft carbon nucleophiles including acetylacetonate anion have been
demonstrated to attack the m-allyl carbon from the side opposite to palladium (ref. 13). The
results obtained above that the reaction of racemic 9a gave (S)-10a of 95% ee and (S)-1lla of
807% ee in a ratio of 44/56 indicate that the products consist of (S)-10a (43%), (R)-10a (1%),
(8)-11a (50%), and (R)-1la (6%). The ratios of the nucleophilic attack on the m-allyl
carbons are calculated to be C-1/C-3 = 6/43 for 12 and 50/1 for 13. The chiral ferrocenyl-
phosphine 1b is an effective ligand for the reaction of allyl acetates which proceeds via m-
allylpalladium intermediate bearing meso m-allyl fragment (vide supra), and it has been
observed that the ratios of the nucleophilic attack on the diastereotopic m-allyl carbons of
palladium intermediates complexed with 1b are 95/5 for 1,3-diphenyl-m-allyl and 93/7 for 1,3~
di(3-methoxyphenyl)-n-allyl (see Table 1), The ratio of the nucleophilic attack is changed
to 43/6 in 12 and 50/1 in 13 by steric factors of phenyl and 3-methoxyphenyl groups. The m—
allyl carbon substituted with phenyl is more subject to the nucleophilic attack than that
with 3-methoxyphenyl.

The enantiomeric purities of the alkylation products obtained in the reaction of allyl
acetates substituted with phenyl and several other aryl groups, l-naphthyl (9b), 4-chloro-
phenyl (9¢c), and 4-methylphenyl (9d) under the similar conditions are 94%, 75%, 87%, 70%,
86%, and 72% ee for 10b, 11b, 10c, 1lec, 10d, and 11d, respectively. The ratio of the
regioisomeric products 10/11 are between 46/54 and 45/55. It is noteworthy that the minor
regioisomers 10 always had higher Z ee values than the major ones as can be expected from the
reaction mechanism, and that the regioselectivity of nucleophilic attack was not strongly
dependent on the electronic nature of the aryl group. The regioselectivity seems to be
controlled mainly by the steric bulkiness of the aryl substituents in all cases encountered.

A highly selective kinetic resolution of racemic allyl acetates was observed in the palladi-
um-catalyzed asymmetric allylic alkylation (ref. 18), Racemic 1-[(E)-styryl]-2-methylpropyl
acetate (14) was allowed to react with 0.5 equiv of sodium acetylacetonate in THF at 40 °C
for 3 days in the presence of 1 mol% of the lb-palladium catalyst to give 58% of the re-
covered acetate 14 and 377 of allylic alkylation products consisting of 1-[(E)-styryl]-2-
methylpropylacetylacetone (15) and its regioisomer 16 in a ratio of 48:52 (Scheme 7). The
recovered acetate 14 was determined to be an (R) isomer of 56% ee by converting it into known
(R)-(-)-methyl 2-hydroxy-3-methylbutanoate (17), The products 15 and 16 were found to be
>98% ee and 45% ee, respectively, and their configurations were deduced to be (S) and (R),
respectively, from the configuration of the consumed acetate, since the stereochemistry of
the catalytic allylic alkylation has been established to be retention (ref. 19), The rela-
tive rate ratio of the enantiomer of the acetate 14 is calculated to be k/k' = 14 using the
equation for the kinetic resolution (ref, 20), and it is expected that enantiomeric purity of
the recovered substrate should exceed 997 at the conversion of 67%, Actually, the reaction
carried to 807 conversion gave the acetate 14 of absolute optical purity (>99% ee), which was
accompanied by the formation of 307 of (8)-15 (94% ee) and 48% of (S)-16 (16% ee). The high
enantiomeric purity of one of the regioisomeric products regardless of the conversion can be
also rationalized by the'mechanism shown in the Scheme 6.

Use of sodium dimethyl malonate instead of acetylacetonate for the reaction of 14 resulted in
a small decrease of the enantiomeric ratio (k/k' = 6.6). The ligand 1b was also effective
for the kinetic resolution of racemic [(E)-styryllcyclohexylmethyl acetate (k/k' = 7.0) but
was not effective for 1-[(E)-styryl]ethyl acetate (k/k' = 1.2).
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Scheme 7
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ASYMMETRIC ALDOL REACTION OF ISOCYANOACETATE WITH
ALDEHYDES

There has been great interest in the enantioselective aldol reactions of enclates with
aldehydes to produce optically active g-hydroxycarbonyl compounds (ref. 21), but there have
been few reports on the use of chiral catalysts for such reactions (ref. 22). Here we de-
scribe gold(I)-catalyzed asymmetric aldol reaction of an isocyanoacetate with aldehydes
producing optically active 5-alkyl-2-oxazoline-4-carboxylates with high enantio- and dia-~
stereoselectivity (Scheme 8) which are useful synthetic intermediates to optically active B-
hydroxyamino acids and their derivatives (ref. 23).

Scheme & [Au(c-HexNC),1*8F7 /18 (1 motx) Ris 1)f00Me R, COOMe
RCHO oo
CNCH,COOMe (20), CH,Cl,, 25 °C d_N o N
trans- 18-21
19: PhCHO 19d: MeCHO rane-2l cle-2
19b: (E)-n-PrCH=CHCHO 19e: £-PrCHO Hpe
19c: (E)-MeCH=CMeCHO  19f: c-HexCHO 7 U e CHoCHoNR,
19g: £-BuCHO \ b—PPh, 18a: NRp = NEt,
< “PPhy 18b: NR; = NMe,

We have found, in numerous studies, that the gold complex generated in situ by mixing bis-
(cyclohexyl isocyanide)gold(I) tetrafluoroborate and (R)-N-methyl-N-[2-(dialkylamino)ethyl]-
1-[(8)-1",2-bis(diphenylphosphino)ferrocenyl]ethylamine (18) (ref. 10) is an effective cata-
lyst for the reaction of various types of aldehydes 19 with methyl isocyanoacetate (20).
Reaction of benzaldehyde (19a) with 20 in the presence of 1 mol% of the cationic gold cata-
lyst complexed with the ferrocenylphosphine 18a in dry dichloromethane at 25 °C for 20 h gave
95% yield of 4-methoxycarbonyl-5-phenyl-2-oxazoline (2la) (trans/cis = 89/11). The enantio-
meric pTrities of trans-2la and cis-2la were determined to be 967 ee and 497 ee, respective-
ly, by "H NMR studies using a chiral europium shift reagent. The trans-2la was converted in
high yields into known L~-(-)-threo-B-phenylserine and (1R,2R)-(-)-T-phenyl-2-amino-1,3-pro-
pandiol via methyl phenylserinate. Therefore, (+)-trans-2la has the configuration of
(48,5R). Epimerization of (-)-cis-2la at C-4 with triethylamine in refluxing benzene gave
(4S,5R)~trans-2la, indicating that the configuration of (-)-cis-2la is (4R,5R).

Representative results summarized in Table 2 were obtained under similar conditions. High
enantioselectivity (>90%) and high trans selectivity (>97Z) were observed in the reaction of
secondary and tertiary alkyl aldehydes 19e, 19f, and 19g. The gold catalyst was also effec-

Table 2. Reaction of Aldehydes 19 with Isocyanocacetate 20 Catalyzed by the
Chiral Ferrocenylphosphine-Gold Complex.2

yieldh(Z) ratio of trans-21 cis-21

aldehyde 19 ligand 18 of 21 trans/cis % ee 7 ee
PhCHO (19a) 18a 98 89/11 96 (4S,5R) 49 (4R,S5R)

18b 91 90/10 94 (4S,5R) 4 (45,58)
(E)-n-PrCH=CHCHO (19b) 18a 83 81/19 84 (4S,5R) 52 (4R,5R)

18b 97 80/20 87 (45,5%) O
(E)-MeCH=CMeCHO (19c)  18b 89 91/9 95 (45,5R) 31 (4R,5R)
MeCHO (19d) 18a 100 84/16 72 (45,5R) 44 (4R,SR)
i-PrCHO (19) 18a 99 98/2 92 (45,5R)
C-HexCHO (19£) 18a 95 97/3 90 (45,5R)

18b 96 98/2 81 (43,5R)
£-BuCHO (19g) 18a 100 100/0 97 (45,5R)

2 The reaction was carried out in dichloromethane at 25 °C for 20-40 h.
19/20/catalyst = 1.1/1.0/0.01. b Isolated yield by distillation based on 20.
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tive for the reaction of a,B-unsaturated aldehydes 19b and 19c to give the corresponding
oxazolines of 87% ee and 95% ee, respectively. The high efficiency of the ferrocenylphos-
phine ligand 18 may be visualized by the transition state A where the dialkylamino group at
the end of the side chain on 18 participates in the formation of enolate of isocyanoacetate
coordinated with gold. It is probable that the participation may permit a favorable arrange-
ment of the enolate and aldehyde on the gold(I) at the diastereomeric transition state to
bring about high stereoselectivity. Use of the phosphine ligand 22 which is analogous to 18a
but with 3-(diethylamino)propyl side chain resulted in the formation of 2la with 267 ee,
indicating that the distance between the amino group and the ferrocene moiety is of crucial
importance for the selectivity. The ferrocenylphosphine BPPFA (2a) which lacks the side
chain, as well as chiraphos (ref. 24), DIOP (ref. 14), and p-TolBINAP (ref. 25), gave almost
racemic oxazolines. It should be noted that the use of gold is essential for the high
selectivity, silver or copper catalyst being much less selective. This may be ascribed to
the stronger affinity of gold(I) to phosphorus atoms. The ligand 18 can coordinate to gold
with two phosphorus atoms leaving two nitrogen atoms free while silver or copper forms
undesirable species by coordination of 18 with nitrogen atom(s) instead of phosphorus.

H Me H Me
Y A4
s s
R OMe < \pph, < “PPh2
. /N
221 X = NMe(CHp)gMEL, 231 X = NMeCH,CHN_ D

2a: X = NMe, (BPPFA)
A NMeCH,CH,N )

Further modification of the ferrocenylphosphine ligands by introducing Z-morpholino or pi-
peridino group at the terminal position of the ferrocene side chain improved both enantio-
and diastereoselectivity. The ratios of trans-21/cis-21 and enantiomeric purities of trans-
21 obtained in the reaction with gold-(R)-(8)-23 catalyst are as follows: PhCHO; 95/5, 98%
ee. Piperonal; 96/4, 98% ee. (E)-n-PrCH=CHCHO; 87/13, 95% ee. MeCHO; 93/7, 90% ee. i-
PrCHO; >99/1, 967 ee.
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