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Abstract—Some novel ferrocenylphosphine-amidine ligands with central and planar chirality were prepared from (R,S,)-PPFNH,-
R 3 and its diastereomer (S,S,)-PPFNH, 3a. The efficiency and diastereomeric impact of these ferrocenylphosphine-amidine
ligands in the palladium-catalyzed asymmetric allylic substitution was examined, and up to 96% e.e. with 98% yield was achieved
by the use of ligand (R,S,)-4a with a methyl group in the amidino moiety. The results also indicated that (R)-central chirality and
(S,)-planar chirality in these ferrocenylphosphine-amidine ligands were matched for the palladium-catalyzed asymmetric allylic

alkylation. © 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Chiral ferrocene based ligands incorporating both pla-
nar and central chirality have found widespread appli-
cation in asymmetric catalysis.! A large array of these
ferrocenyl ligands was derived from N,N-dimethyl-1-
ferrocenylethylamine and its analogues.!> The key step
in synthesizing these ferrocenyl ligands involves the
highly diastereoselective ortho-lithiation of N,N-
dimethyl-1-ferrocenylethylamine and its analogues fol-
lowed by introduction of an appropriate electrophile.?
As a consequence, the resulting ferrocenes are
diastereoisomers, containing elements of both planar
and central chirality, and having (R,S,)- or (S,R,)-
configurations. This is why there are few reports involv-
ing the synthesis of chiral ferrocenyl ligands with
(8.S,)- or (R,R,)-configurations and their application in
catalytic asymmetric reactions.* Recently, we have
developed a novel family of ferrocenylphosphine-
amidine ligands 1 and 2 with (R,S,)-configurations and
found that they were effective ligands for the palla-
dium-catalyzed asymmetric allylic alkylation.> Follow-
ing this preliminary research, herein we wish to report
the synthesis of some new (R,S,)-ferrocenylphosphine-
amidine ligands with a methyl group in the amidino
moiety and describe the details of this reaction using all
of these ferrocenylphosphine-amidine ligands. In order

* Corresponding author. Tel.: +86-411-4663087; fax: +86-411-
4684746; e-mail: zhengz@dicp.ac.cn

0957-4166/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/S0957-4166(03)00437-3

to investigate the impact of diastereomeric ferrocenyl
ligands in the catalytic asymmetric reactions, the first
synthesis of (S,S,)-PPFNH, was carried out, and the
efficiency of its amidine derivatives in Pd-catalyzed
asymmetric allylic alkylation was also examined.
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2. Results and discussion

2.1. Synthesis of ferrocenylphosphine-amidine ligands
(R,S,)-1, (R,S,)-2 and (R,S,)-4

In order to investigate the influence of the substituent
in the amidino moiety in asymmetric catalysis, the
synthesis of novel modified ferrocenylphosphine-
amidine ligands was first performed, which is outlined
in Scheme 1. As we have reported, the synthesis of
these ligands is straightforward, treatment of (R,S,)-
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Scheme 1. Preparation of chiral ferrocenylphosphine-amidi-
nes 1, 2 and 4.

PPFNH,-R 3% with N,N-dimethylformamide dimethyl
acetal or N,N-dimethylacetamide dimethyl acetal at
room temperature gave the target ferrocenylphosphine-
amidines 1 and 4 in good yields, respectively.

The dimethylamino group of amidines was easily
replaced by other secondary amines. This exchange
reaction was carried out by simply mixing compound
1a and a large excess of morpholine or piperidine in the
presence of a catalytic amount of 10-camphorsulfonic
acid at the corresponding reflux temperature to give the
modified amidine ligands 2a and 2b in 88 and 56%
yield, respectively.

2.2. Synthesis of (S,S,)-PPFNH, 3a and its amidine
derivatives (S,S,)-1a and (S,S,)-4a

In order to examine the effect of diastereomeric ligands
in the catalytic reactions, (S,S,)-PPFNH, and its
derivatives were then prepared. The synthetic procedure
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is outlined in Scheme 2. The initial step in the synthesis
involved the introduction of a trimethylsilyl protected
group in the ortho-position of N,N-dimethyl-1-ferro-
cenylethylamine 5 (FA).>* Further metallation of (S)-
N,N-dimethyl-1-[(R)-2-(trimethylsilyl)ferrocenyl]ethyl-
amine 6 by n-BuLi, followed by diphenylphosphination
with chlorodiphenylphosphine gave (S)-N,N-dimethyl-
1 -[(R) - 2 - trimethylsilyl - (S) - 5 - (diphenylphosphino)-
ferrocenyllethylamine 7 according to the method
described by Hayashi and Kumada et al.’® After the
reaction of dimethylamine 7 with Ac,O at 100°C fol-
lowed by treatment with a large excess of ammonia in
methanol or acetonitrile in an autoclave at 80°C, the
dimethylamino group of 7 was substituted by a primary
amino group to form the key intermediate, (S)-1-[(R)-
2 - trimethylsilyl - (S) - 5 - (diphenylphosphino)ferrocenyl]-
ethylamine 8, which was casily purified by recrystalliza-
tion from 2-propanol. Desilylation of primary amine 8
was accomplished by treatment with a solution of tetra-
butylamminum fluride (TBAF) in THF to give
(S)-1{(S)-2-(diphenylphosphino)ferrocenyljethylamine 3
[(S,S,)-PPFNH,] in nearly quantitative yields.

According to above-described method, treatment
of (S,S,)-PPFNH, 3 with N,N-dimethylformamide
dimethyl acetal and N,N-dimethylacetamide dimethyl
acetal gave corresponding ferrocenylphosphine-amidine
ligands (S,S,)-1a and (S,S,)-4a in good yields,
respectively.

2.3. Pd-catalyzed asymmetric allylic alkylation

The chiral ferrocenylphosphine-amidine ligands were
then applied to the palladium-catalyzed asymmetric
allylic alkylation of 1,3-diphenylprop-2-en-1-yl pivalate
9a or acetate 9b with dimethyl malonate (Scheme 3).”
This reaction was carried out in toluene in the presence
of 2.0 mol% of [Pd(n3-C;H5)Cl],, 5 mol% of chiral
ligand, a mixture of N,O-bis(trimethylsilyl)acetamide
(BSA) and a catalytic amount of metal acetate.

Initially, the optimization of reaction conditions was
examined by use of ligand (R,S,)-1a. Results were listed
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Scheme 2. Synthesis of (S,S,)-3a and its amidine derivatives (S,S,)-1a and (S.,S,)-4a.
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Table 1. Asymmetric allylic alkylation of 1,3-diphenylprop-2-en-1-yl acetate 9b or pivalate 9a using amidine ligand (R,S,)-

la‘d

Entry Substrate Additive salt Solvent Temp. (°C) Yield (%)® e.e. (%)° (config.)d
1 9b KOAc Toluene 25 93 87 (S)
2 9a KOAc Toluene 25 96 92 (S)
3 9a NaOAc Toluene 25 90 88 (S)
4 9a LiOAc Toluene 25 99 84 (S)
5 9a CsOAc Toluene 25 94 92 (S)
6 9a KOAc Toluene 25 84 91 (S)°
7 9a KOAc CH,Cl, 25 31 65 (S)
8 9a KOAc THF 25 79 83 (S)
9 9a KOAc Benzene 25 98 90 (S)
10 9a KOAc Et,0 25 99 88 (S)
11 9a KOAc Toluene 40 99 87 (S)
12 9a KOAc Toluene 10 83 79 (S)f

4 Molar ratio: [Pd(n3-C5H;)Cl], (0.02 equiv.), (R,S,)-1a (0.05 equiv.), dimethyl malonate (3.0 equiv.), BSA (3.0 equiv.) and a catalytic amount of

additive salts.
® Isolated yield.

¢ Determined by HPLC analysis using a Chiralpak AD column (eluent: hexanes/2-propanol=9 /1, 1.0 mL/min).
d Determined by chiroptical comparison with the reported data, see: Ref. 10.
© The reaction was carried out by using 1.0 mol% [Pd(n3-C;H;)Cl],, 2.5 mol% ligand.

fThe reaction was carried out for 48 h.
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Scheme 3. Pd-catalyzed asymmetric allylic alkylation.

in Table 1. The reaction was first carried out in toluene
by use of 1,3-diphenylprop-2-en-1-yl acetate 9b as sub-
strate and KOACc as base, and 87% e.e. with 93% yield
was obtained (entry 1). Replacing 9b with 9a as sub-
strate, enantioselectivity was remarkably raised to 92%
e.e. with 96% yield (entry 2). The effect of the bases was
next evaluated. Using sodium acetate or lithium acetate
instead of potassium acetate gave the product in 90 and
99% yields with 88 and 84% e.e., respectively (entries 3
and 4). The use of cesium acetate gave comparable
enantioselectivity (92% e.e.) (entry 5 versus entry 2).
The reduction of the amount of [Pd(n3-C;H;)Cl], from
0.02 to 0.01 mol equivalent caused a decrease in the
reaction rate, and only a slight drop in enantioselectiv-
ity (entry 6). The effect of solvents on this reaction was
also investigated and a remarkable variation in the
catalytic activity on the nature of solvents was
observed: CH,Cl,, which is usually a good solvent for
the Pd-catalyzed allylic alkylation, was proved to be
not so good for our catalytic system, and only 65% e.e.
with 31% yield was obtained (entry 7). The reaction
proceeded at a low reaction rate with moderate enan-
tioselectivity in THF (entry 8). When the reaction was
carried out in benzene or Et,O, somewhat lower enan-
tioselectivity with slightly increased yield was obtained
(entries 9 and 10). Increasing the reaction temperature
to 40°C resulted in low enantioselectivity (entry 11),
while lowering the reaction temperature to 10°C
decreased both enantioselectivity and reactivity (entry
12).

Table 2. Asymmetric allylic alkylation of allylic pivalate
9a using ligands 1, 2 and 4°

Entry  Ligand Yield (%)° E.e. (%) (config.)
1 (RS,)1a 96 92 ()
2 (RS,)1b 98 94 (S)
3 (RS,)1e 6l 37 (S)
4 (RS,)2a 91 81 (S)
5 (RS,)2b 90 65 (S)
6 (RS,)4a 98 96 (S)
7 (R.S,)4b 97 95 (5)
8 (RS,)4c 71 42(S)

2 Molar ratio: [Pd(n3-C;H5)CI, (0.02 equiv.), L* (0.05 equiv.),
dimethyl malonate (3.0 equiv.), BSA (3.0 equiv.) and a catalytic
amount of KOAc.

b Isolated yield.

¢ Determined by HPLC analysis using a Chiralpark AD column.

4 Determined by chiroptical comparison with the reported data, see:
Ref. 10.

From the reaction conditions screening experiments, we
then selected 9a as substrate, toluene as solvent, and
potassium acetate as base for investigating the influence
of ligands on the catalytic activity and enantioselectiv-
ity, and the results are summarized in Table 2. Of
ligands la—lc with different substituents R on the
stereogenic carbon center, the ligand 1b (R =Et) exhib-
ited the best enantioselectivity (94% e.e.) (entry 2),
while the ligand 1¢ (R=Ph) gave the product with
unexpected low yield and enantioselectivity (entry 3).
For ligands 2a-2b with a morpholino or piperidino
substituting in place of dimethylamino group, both
yield and enantioselectivity were decreased significantly
(entries 4 and 5). It is interesting that ligands 4a—c
exhibited higher enantioselective induction than their
corresponding analogues 1la—c without a methyl group
in the amidino moiety (entries 6 ~8 versus entries 1~
3). The difference between the results obtained from
ligands 1 and 4 could be explained by a ‘locking-in’
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effect of the amidino group in 4/Pd complexes, recently
reported by Reetzs et al.® In contrast, the amidino
groups of 1/Pd complexes rotate more freely, resulting
in a decreased secondary effect of the amino group on
the catalytic reaction.” When ligand 4a was used in the
catalytic reaction, up to 96% ee with 98% yield was
obtained (entry 6). The absolute configuration of
product 10 from these reactions established as S by
comparing the specific rotation with a literature value.'®

2.4. The diastereomeric effects in Pd-catalyzed asym-
metric allylic alkylation using ferrocenylphosphine-
amidine ligands

In contrast to the extensive use of ferrocene based
ligands with (R,S,)- or (S,R,)-configuration, there are
few reports involving the preparation and application
of chiral ferrocenyl ligands with (S,S,)- or (R,R,)-
configurations derived from N,N-dimethyl-1-ferro-
cenylethylamine 5 partly due to the difficult synthesis of
these compounds.* After having synthesized amidine
ligands (S,S,)-1a and (S,S,)-4a, we next investigated
the diastereomeric impact of ferrocenyl ligands in the
palladium-catalyzed asymmetric allylic alkylation. The
results are summarized in Table 3. All of these ferro-
cenylphosphine-amidine ligands exhibited high enan-
tioselectivity. Compared to (R,S,)-1a and (R,S,)-4a,
however, (S,S,)-1a and (S,S,)-4a showed lower enan-
tioselectivity but gave the alkylation product 10 with
the same configuration (entries 2 and 4 versus entries 1
and 3). This result indicates that (R)-central chirality
and (S,)-planar chirality were matched in these ferro-
cenylphosphine-imine ligands for the palladium-cata-
lyzed asymmetric allylic alkylation.

The mechanism of asymmetric induction with this type
of ligand is rationalized on the basis of the stereochem-
ical results obtained (Scheme 4). Concluded from the
above-results, the planar chirality of ferrocenyl units in
these P,N ligands has the key influence on the Pd-cata-
lyzed asymmetric allylic alkylation, and controls the
configuration of the allylic alkylation production.
According to the recent research by Guiry et al.,'! in
the conformational equilibrium of sterically favored

Table 3. The diastereomeric effects in Pd-catalyzed asym-
metric allylic alkylation using ferrocenylphosphine-amidine
ligands®

Entry  Ligand Yield (%)° E.e. (%)° (config.)
1 (RS,)1a 96 92 (S)
2 (5.5,)1a 94 88 (S)
3 (R.S)4a 98 9 (S)
4 (S,5,)-4a 93 91 (S)

“ The reactions were carried out using pivalate 9a as a substrate in
toluene in the presence of 2.0 mol% [Pd(n3-C;H;)Cl],, 5 mol% of
chiral ligand, 3 equiv. of dimethyl malonate, 3 equiv. of BSA and a
catalytic amount of KOAc at rt.

" Isolated yield.

¢ Determined by HPLC analysis using a Chiralpark AD column.

d Determined by chiroptical comparison with the reported data, see:
Ref. 10.
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Scheme 4. The conformational equilibrium of sterically
favored m-allyl palladium complexes exo-11 and endo-12.

n-allyl palladium complexes exo-11 and endo-12,'?
complex exo-11 would be formed preferentially due to
the predominated role of the planar chirality of the
ferrocenyl units on the 1,3-diphenylallyl orientation
through interactions between the diphenylphosphino-
ferrocene unit and the allylic fragment, no matter the
central chirality is (R)- or (S)-configuration. The struc-
ture of Pd/4a complex prepared in situ from [Pd(n?-
C;H5)Cll, and (R,S,)-4a was monitored by
spectroscopic methods, and 3'P NMR spectrum showed
two peaks at 27.6 and 21.7 ppm in a ratio of 19.9:1,
indicating that one diastereomer formed preferentially.
The decreased enantioselectivity obtained by the use of
ligand (S,S,)-enantiomers could be due to the dis-
matched (S)-central chirality, which resulted in the
decreased ratio of exo:endo diastereomers. The nucleo-
phile attacks the allylic terminus trans to the phospho-
rus atom in the major diastereomer exo-11, from the
back side of the palladium catalyst in the w-allyl system
as designated in 11," affording the product (S)-10.

3. Conclusion

In conclusion, we have extended our research in devel-
oping novel ferrocenylphosphine-amidine ligands and
prepared some novel phosphine-amidine ligands 4 with
a methyl group in amidino moiety from (R,S,)-
PPFNH,-R 3. The efficiency of ferrocenylphosphine-
amidine ligands 1, 2 and 4 in the palladium-catalyzed
asymmetric allylic alkylation was examined, and up to
96% e.e. with 98% yield was achieved by the use of
ligand 4a. The results also indicated that the existence
of a methyl group in the amidino unit in the ferro-
cenylphosphine-amidine ligands was favorable to
obtain high enantioselectivity in this reaction. In order
to examine the effect of diastereomeric ligands in the
catalytic reactions, (S,S,)-PPFNH, 3a and its amidine
derivatives (S,S,)-1a and (S,S,)-4a were then prepared.
The results indicated that (R)-central chirality and (S,)-
planar chirality in these ferrocenylphosphine-amidine
ligands are matched for the palladium-catalyzed asym-
metric allylic alkylation. Further application and mod-
ification of ligands are in progress.
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4. Experimental

4.1. General methods

Melting points were measured on a Yazawa micro
melting point apparatus (uncorrected). Optical rota-
tions were measured on a HORIBA SEPA-200 high
sensitive polarimeter. The 'H NMR spectra were
recorded on a BRUKER DRX 400 system with TMS
as an internal standard. The *'P NMR spectra were
recorded using a BRUKER DRX 400 system with 85%
phosphoric acid as the external standard. Enantiomeric
excesses (% e.e.) were determined by HPLC (Agilent
1100 series) analysis. All experiments were carried out
under an argon atmosphere. All solvents were dried
using standard procedures. 1,3-Diphenyl-2-propenyl
pivalate 9a was derived from the reaction of 1,3-
diphenylprop-2-en-1-ol with pivaloyl chloride in pyri-
dine. 1,3-Diphenyl-2-propenyl acetate 9b was prepared
according to the reported method.'* PPFNH,-R 3 were
prepared according to literature’s procedure.® (S)-N,N-
dimethyl-1-[(R)-2-trimethylsilyl- (S)- 5 - (diphenylpho-
sphino)ferrocenyljethylamine 7 was  synthesized
according to the procedure reported by Hayashi, et al.?®

4.2. General procedure for the synthesis of ferrocenyl-
phosphine-amidine ligands (R,S,)-1 and (R,S,)-4

A mixture of (R,S,)-PPFNH,-R (1.0 mmol) and N,N-
dimethylformamide dimethyl acetal (1.35 g, 1.5 ml, 11.3
mmol) or N,N-dimethylacetamide dimethyl acetal (1.50
g, 11.3 mmol) was stirred at room temperature. TLC
periodically monitored the reaction. After the reaction
was complete, the volatile fractions were removed in
vacuo. The residue was purified by silica gel column
chromatography modified by 2.0% of Et;N.

4.2.1. Preparation of (R)-N-(dimethylaminomethylene)-
1-[(S)-2-(diphenylphosphino)ferrocenyl]ethylamine 1a.
Recrystallized from n-hexane to afford a golden solid,
yield 81.0%; mp 98-100°C; [a]5% =—-427 (¢ 0.11, CHCL,);
'"H NMR (CDCl,) 1.56 (d, J=6.8 Hz, 3H), 2.21 (s, 6H),
3.70 (s, 1H), 3.97 (s, SH), 4.25 (s, 1H), 4.56 (m, 1H),
4.60 (s, 1H), 7.07-7.52 (m, 11H); *'P NMR ¢ -22.8.
HRMS caled for C,;H,,FeN,P+H 469.1490, found
469.1494.

4.2.2. Preparation of (R)-N-(dimethylaminomethylene)-
1-[(S)-2-(diphenylphosphino)ferrocenyllpropylamine  1b.
Yellow foam solid, yield 78.7%; [a]5s=-450 (¢ 0.22,
CHCl,); 'H NMR (CCl,) 6 1.01-1.05 (m, 3H), 1.84—
2.25 (m, 2H), 2.36 (s, 6H), 3.79 (s, 1H), 4.03 (s, SH),
4.14-4.17 (m, 1H), 4.33 (s, 1H), 4.62 (s, 1H), 7.13-7.60
(m, 11H); *'P NMR § -22.4. HRMS caled for
C,sH;, FeN,P+H 483.1652, found 483.1650.

4.2.3. Preparation of (R)-N-(dimethylaminomethylene)-
1 - [(S) - 2 - (diphenylphosphino)ferrocenyl]phenylmethyl-
amine 1c. Recrystallized from n-hexane to afford yellow
needle solid yield 86.1%; mp 106-107°C; [«]5 =-330 (¢
0.20, CHCL,); '"H NMR (CCl,) J 2.44 (s, 6H), 3.86 (s,
5H), 4.27-4.30 (m, 2H), 4.80 (s, 1H), 5.53-5.54 (m, 1H),

7.19-7.75 (m, 15H); 3P NMR & -22.6. HRMS calcd
for Cs,Hs FeN,P 530.1573, found 530.1578.

4.2.4. Preparation of (R)-N-(dimethylaminoethylene)-
[(S)-2-(diphenylphosphino)ferrocenyl]ethylamine 4a.
Recrystallized from n-hexane to afford orange solid,
yield 86.7%; mp 108-109°C; [«]5=-402 (¢ 0.10,
CHCl,); '"H NMR (DMSO-d%) ¢ 1.33 (d, J=4.0 Hz,
3H), 1.75 (s, 3H), 2.26 (s, 6 H), 3.63 (s, 1H), 3.97 (s,
5H), 4.29 (s, 1H), 4.51 (s, 1H), 4.65-4.66 (m, 1H),
6.99-7.03 (m, 2H), 7.16-7.19 (m, 3H), 7.41 (s, 3H),
7.46-7.48 (m, 2H); *'P NMR § -21.4. HRMS calcd for
C,sH; FeN,P 482.1574, found 482.1574.

4.2.5. Preparation of (R)-N-(dimethylaminoethylene)-
[(S)-2-(diphenylphosphino)ferrocenyl]propylamine 4b.
Orange viscous liquid, yield 57.4%; [«]5 =—431 (¢ 0.10,
CHClL,); 'H NMR (DMSO-d®) § 0.75-0.79 (t, J=7.2
Hz, 3H), 1.54-1.61 (m, 1H), 1.68 (s, 3H), 2.14-2.19 (m,
1H), 2.29 (s, 6H), 3.58 (s, 1H), 3.96 (s, SH), 4.26 (s,
1H), 4.33-4.36 (m, 1H), 4.49 (s, 1H), 6.98-7.00 (m, 2H),
7.17-7.19 (m, 3H), 7.40 (s, 3H), 7.45-7.48 (m, 2H); *'P
NMR 6 -20.9. HRMS caled for C, H;;FeN,P+H
497.1808, found 497.1812.

4.2.6. Preparation of (R)-N-(dimethylaminoethylene)-
[(S)-2-(diphenylphosphino)ferrocenyl]phenylmethylamine
4c. Yellow viscous liquid, yield 71.1%; [a]3 =-345 (c
0.20, CHCL,); '"H NMR (DMSO-d®) 6 1.65 (s, 3H), 2.34
(s, 6 H), 3.72 (s, 1H), 3.74 (s, 5H), 4.09 (s, 1H), 4.26 (s,
1H), 5.61 (s, 1H), 7.08-7.10 (m, 2H), 7.21-7.24 (m, 4H),
7.32-7.36 (m, 2H), 7.42-7.43 (m, 3H), 7.53-7.55 (m,
4H); 3P NMR J -21.5. HRMS caled for
C;;3Hy3FeNL,P+H 545.1808, found 545.1810.

4.3. Synthesis of modified amidine ligands (R,S,)-2

4.3.1. Preparation of (R)-1-[(S)-2-(diphenylphosphino)-
ferrocenyl]-/V-[(4-morpholino)methylene]ethylamine  2a.
A mixture of 3a (390 mg, 0.833 mmol) and morpholine
(2.27 g, 2.3 ml, 26.0 mmol) was refluxed under argon in
the presence of 10-camphorsulfonic acid (10 mg, 0.043
mmol). The reaction was periodically monitored by
TLC. After 8 h at reflux temperature. The resulting
solution was then diluted with toluene (20 ml), follow-
ing by washing the organic phase with saturated
aqueous NaHCO; and brine. The organic phase was
dried over MgSO,, and the solvent was evaporated. The
residue was purified by silica gel column chromatogra-
phy ecluted by a 4:1 mixture of hexane and acctate
including 10% Et;N to give a yellow solid. The crude
product was recrystallized from n-hexane to give 4a
(374 mg, 88.0% yield) as a golden needle solid; mp
179-180°C; [«]5 =-482 (¢ 0.11, CHCl;); 'H NMR
(CDCl,) ¢ 1.58 (d, J=6.8 Hz, 3H), 2.69 (m, 4H), 3.29
(m, 4H), 3.76 (s, 1H), 3.96 (s, SH), 4.29 (s, 1H), 4.61
(br, 2H), 7.07-7.53 (m, 11H); 3P NMR ¢§ -23.3.
HRMS calcd for C,,H; FeN,OP+H 511.1601, found
511.1597.
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4.3.2. Preparation of (R)-1-[(S)-2-(diphenylphosphino)-
ferrocenyl]- V-[(1-piperidino)methylene]ethylamine 2b. 4b
was afforded as a yellow solid in a similar procedure as
da, yield 56.0%; mp 96-98°C; [x]3=-470 (¢ 0.10,
CHCL;); 'H NMR (CDCl,) ¢ 1.17 (m, 4H), 1.29 (br,
2H), 1.57 (d, J=6.4 Hz, 3H), 2.60 (br, 4H), 3.74 (s,
1H), 3.95 (s, 5SH), 4.27 (s, 1H), 4.57 (m, 1H), 4.61 (s,
1H), 7.07-7.53 (m, 11H); 3P NMR § -23.0. HRMS
caled for C; Hs3FeN,P+H 509.1809, found 509.1803.

4.4. Synthesis of (.5)-1-[(S)-2-(diphenylphosphino)ferro-
cenyllethylamine 3a

4.4.1. Preparation of (5)-1-[(R)-2-trimethylsilyl-(5)-5-
(diphenylphosphino)ferrocenyllethylamine 8. (S)-N,N-
Dimethyl-1-[(R)-2-trimethylsilyl-(S)-5-(diphenylphos-
phino)ferrocenyl]ethylamine 7 (1.03 g, 2.0 mmol) was
sealed in an air-free tube with acetic anhydride (2.0
mL). The tube was heated to 100°C for 2 h. After
cooling to rt, the reaction mixture was poured into 150
mL of 15% aqueous potassium carbonate with vigorous
stirring. Oily material was extracted with Et,O (30
mLx2). The ether extract was washed with 5.0% HCI
(20 mLx2), 5.0% K,CO; (20 mLx2), and brine (50
mLx1), and then dried over Na,SO,. The solvent was
removed under reduced pressure, the residue was
purified by column chromatography (silica gel, hex-
anes:ethyl acetate, 30:1) to give an orange oil. The
resulting oil was then dissolved in a solution of 10 mL
25% aqueous NH; in 20 mL of CH;CN. The mixture
was then placed in a 100 mL autoclave and heated at
70-80°C for 8 h. The reaction mixture was diluted with
10 mL of CH,CIl,, and the solvent was evaporated. The
residue was purified by column chromatography on a
silica gel column (hexanes:ethyl acetate, 10:1 to 4:1) to
give orange viscous liquid 0.59 g, which was solidified
on standing. The resulting solid was purified by recrys-
tallization from 2-propanol to give 0.38 g (40.2% yield)
of (S)-1{(R)-2-trimethylsilyl-(S)-5-(diphenylphosphino)-
ferrocenyllethylamine 8. mp 118-119°C; [«]5 =-342 (c
0.10, CHCly); 'H NMR (DMSO-d®) 5 0.28 (s, 9H), 1.01
(d, J=6.8 Hz, 3H), 1.64 (br, 2H), 3.89-3.90 (m, 1H),
3.95 (s, 5SH), 4.21-4.25 (m, 2H), 7.11-7.15 (m, 2H),
7.24-7.29 (m, 3H), 7.42-7.43 (m, 3H), 7.51-7.56 (m,
2H); *'P NMR § -22.1.

4.4.2. Synthesis of (5)-1-[(S)-2-(diphenylphosphino)-
ferrocenyllethylamine 3a. (S)-1-[(R)-2-Trimethylsilyl-
(S)-5-(diphenylphosphino)ferrocenyl]ethylamine 8 (121
mg, 0.25 mmol) was dissolved in 5.0 mL of a 1.0 mol/L
solution of tetrabutylammunim fluride (TBAF) in
THF. After 3 h reflux, the mixture was concentrated in
vacuo to afford a red oil, which was extracted with
Et,O (10 mLx2). The resulting organic layer was
washed with water (10 mLx2), and then dried over
anhydrous sodium sulfate. The solvent was removed
under reduced pressure, the residue was purified by
column chromatography (silica gel modified by 2%
Et;N, elution by hexanes:ethyl acetate:Et;N, 20:10:1 to
10:20:1) to give 94 mg (91.0% yield) of (S)-1-[(S)-2-
(diphenylphosphino)ferrocenyljethylamine [(S)-(S),)-3a]
as an orange crystals. Mp 127-128°C; [«]5=-341 (c
0.11, CHCl,); '"H NMR (DMSO-d%) § 0.78 (d, /=64

Hz, 3H), 3.34 (br, 2H), 3.72 (s, 1H), 4.02 (s, 1H), 4.02
(s, SH), 4.31 (s, 1H), 4.60 (s, 1H), 7.10-7.13 (m, 2H),
7.25-7.29 (m, 3H), 7.43 (s, 3H), 7.50-7.52 (m, 2H); *'P
NMR 6 -23.2.

4.5. General procedure for the synthesis of amidine lig-
ands (S,S,)-1a and (S,S,)-4a

A mixture of (S,S,)-PPFNH, 3a (413 mg, 1.0 mmol)
and N,N-dimethylformamide dimethyl acetal (1.35 g,
1.5 ml, 11.3 mmol) or N,N-dimethylacetamide dimethyl
acetal (1.50 g, 11.3 mmol) was stirred at room tempera-
ture. TLC periodically monitored the reaction. After
the reaction was complete, the volatile fractions were
removed in vacuo. The residue was purified by silica gel
column chromatography modified by 2.0% of Et;N
(eluent, hexanes:ethyl acetate:Et;N, 10:10:1).

4.5.1. Preparation of (5)-/NV-(dimethylaminomethylene)-1-
[(S)-2-(diphenylphosphino)ferrocenyl]ethylamine 1a.
Orange foam solid, yield 81.3%; [a]5=-161 (¢ 0.19,
MeOH); 'H NMR (DMSO-d®) 6 0.86 (d, J=6.4 Hz,
3H), 2.84 (s, 6H), 3.66 (s, 1H), 3.90 (s, 5H), 4.28 (s,
1H), 4.28-4.30 (m, 1H), 4.54 (s, 1H), 7.12-7.15 (m, 2H),
7.24-7.31 (m, 3H), 7.42 (s, 3H), 7.49-7.53 (m, 2H), 7.56
(s, 1H); *'P NMR ¢ -22.6. HRMS calcd for
C,,H,oN,PFe+H 469.1490, found 469.1503.

4.5.2. Preparation of (5)-N-(dimethylaminoethylene)-1-
[(S)-2-(diphenylphosphino)ferrocenyl]ethylamine 4a.
Orange foam solid, yield 85.8%; [a]3=-142 (c 0.28,
MeOH); 'H NMR (DMSO-d®) 6 0.79 (d, J=6.4 Hz,
3H), 1.90 (s, 3H), 2.89 (s, 6H), 3.61 (s, 1H), 3.87 (s,
5H), 4.27-4.28 (m, 1H), 4.46-4.49 (m, 1H), 4.65 (s, 1H),
7.14-7.18 (m, 2H), 7.26-7.30 (m, 3H), 7.40-7.41 (m,
3H), 7.47-7.51 (m, 2H); *'P NMR ¢ -22.5. HRMS
caled for C,gH; FeN,P+H 483.1652, found 483.1626.

4.6. General procedure for asymmetric allylic
alkylations

A solution of [Pd(n?-C;H;)Cl], (3.7 mg, 0.010 mmol)
and chiral phosphine-amidine 1, 2 or 4 (0.025 mmol) in
toluene (1.5 mL) was stirred at room temperature for 1
h under argon. To this Pd-catalyst was added allylic
pivalate 9a or acetate 9b (0.50 mmol) in toluene (1.5
mL), followed by dimethyl malonate (170 uL, 1.5
mmol), N,O-bis(trimethylsilyl)acetamide (BSA, 0.37
mL, 1.5 mmol), and a catalytic amount of KOAc
sequentially. After stirring at rt for 24 h, the reaction
mixture was quenched with saturated aqueous NH,Cl
solution and diluted with CH,Cl,. The organic layer
was separated, dried over MgSO,, and concentrated
under reduced pressure. The residue was purified by
column chromatography (hexane:ethyl acetate, 8:1) to
afford a pure product 10. The enantiomeric excess was
determined by HPLC (Chiralpak AD, hexanes:2-
propanol=90:10, 1.0 mL/min). The absolute configura-
tion was assigned by the comparison of the specific
rotation with a literature value.'
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