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Abstract—The enantioselective Michael addition of thiols to (E)-3-crotonoyloxazolidin-2-one was effectively catalyzed by the
Fe(BF4)2Æ6H2O/(S,S)-ip-Pybox catalyst, and the addition product was obtained with up to a 95% ee.
� 2007 Elsevier Ltd. All rights reserved.
Iron is one of the most abundant and environmentally
friendly metals on earth. During last two decades, some
efficient organic transformations, which were catalyzed
by iron salts, were reported.1 Most of the reports
demonstrated carbon–carbon bond formations such as
coupling, cycloaddition or polymerization reactions.
Our group also reported some iron-catalyzed reactions;
that is, cycloaddition reactions and Michael addition-
type reactions in organic or an ionic liquid solvent
system.2 However, until recently, iron was relatively
underrepresented in the field of asymmetric catalysts1,3,4

compared to other transition metals for chiral com-
plexes such as palladium, rhodium, ruthenium, etc.
Therefore, we believe that the use of iron required for
asymmetric organic syntheses, and the enantioselective
construction of carbon–heteroatom bond is one of the
most challenging topics in this field.

The asymmetric Michael addition reaction is one of the
most important reactions in organic synthesis. Recently,
such an asymmetric Michael addition of active methyl-
ene compounds with a,b-unsaturated carbonyl com-
pounds was attained by some chiral transition metal
catalysts.5,6 On the other hand, the asymmetric Michael
addition of thiols to a,b-unsaturated carbonyl com-
pounds is still a difficult process,7 and to the best of
our knowledge, there are only four reports about such
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reactions with (E)-3-crotonoyloxazolidin-2-one.8 The
first example using the Ni catalyst was reported by
Kanemasa et al. in 1999.8a After their pioneering work,
three groups demonstrated this kind of asymmetric reac-
tion using Yb,8b Hf,8b,c or Sc8d catalyst. From this per-
spective, the iron catalyzed Michael addition of thiols to
a,b-unsaturated compounds still remains unresolved.
We now report the first example of the iron catalyzed
highly enantioselective Michael addition of thiols to
(E)-3-crotonoyloxazolidin-2-one.

The screening of an effective iron catalyst for the conju-
gate addition of benzenethiol (1a) to (E)-3-crotonoyl-
oxazolidin-2-one (2) was performed using varying iron
salts (FeCl2, FeCl3, Fe(BF4)2, Fe(ClO4)2, Fe(ClO4)3,
Fe(OAc)2, Fe(acac)2, etc.), chiral ligands (BINAP,
MOP, Phox, Pybox, Box, Jacobsen ligand, etc.9) and
solvents (toluene, THF, diethyl ether, dioxane, dichloro-
methane, acetonitrile, dimethylforamide, etc.). We
discovered that the iron(II) salt with the bisoxazoline-
based chiral ligand in THF exhibited a better reactivity
and enantioselectivity than the other iron catalysts and
solvents (Scheme 1). For example, iron(II) chloride with
the chiral (S,S)-ip-Pybox ligand (L1) gave the addition
product 3a in both a higher yield and enantioselectivity
than iron(III) chloride with L1 (Table 1, entries 1 and 2).
From these results, it is obvious that iron(II) salts are
promising catalysts for the asymmetric Michael addition
of benzenethiol (1a) to a,b-unsaturated amide 2. So we
attempted to evaluate iron(II) salts; switching the cata-
lyst from FeCl2 to Fe(ClO4)2 increased the chemical
yield of 3a up to 90%, while the enantioselectivity was
significantly dropped to 40% ee (entry 3). Optimization
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Scheme 1. Iron-catalyzed Michael addition of benzenethiol (1a) to (E)-
3-crotonoyloxazolidin-2-one (2).

Table 1. Iron-catalyzed asymmetric Michael addition of benzenethiol
(1a) to N-crotonoyl-2-oxazolidinone (2)a

Entry [Fe] L Additive Temperature
(�C)/time (h)

Yieldb

(%)
eeb,c

(%)

1 FeCl2 L1 — rt/24 79 53
2 FeCl3 L1 — rt/24 69 17
3 Fe(ClO4)2 L1 — rt/24 90 40
4 Fe(BF4)2 L1 — rt/24 74 66
5 Fe(BF4)2 L2 — rt/24 92 0
6 Fe(BF4)2 L3 — rt/24 95 0
7 Fe(BF4)2 L1 — �20/150 86 86
8 Fe(BF4)2 L1 MS 4A �20/24 86 90
9d Fe(BF4)2 L1 MS 4A �20/72 93 90

a All reactions were carried out with 1a (0.75 mmol), 2 (0.50 mmol),
10 mol % iron salt, and 10 mol % chiral ligand in 0.8 mL of THF
under nitrogen.

b Values for ee and yields are for pure, isolated compounds and are an
average of two runs.

c Values of ee were determined by chiral HPLC using Daicel CHIR-
ALPAK AD–H (hexane/2-propanol = 5/1).

d 3 mol % of [Fe] and L1 were used.
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Scheme 2. Iron/ip–Pybox catalyzed asymmetric Michael addition of
thiols 1b–g to 2.

Table 2. Fe(BF4)2/ip-Pybox catalyzed asymmetric Michael addition of
thiols 1b–g to 2a

Entry 1 Temperature (�C)/time (h) Yieldb (%) eeb,c (%)

1 1b �20/24 84 85
2 1c �20/24 99 87
3 1d �20/108 92 95
4 1e �20/24 87 90
5 1f �20/72 96 89
6d 1f �20/168 72 91
7 1g �20/48 53 24

a All reactions were carried out with 1 (0.75 mmol), 2 (0. 50 mmol),
10 mol % iron salt, 10 mol % chiral ligand, and MS 4A (17 mg) in
0.8 mL of THF under nitrogen.

b Values for ee and yields are for pure, isolated compounds and are an
average of two runs.

c Values of ee were determined by chiral HPLC (for details, see Sup-
plementary data).

d 3 mol % of Fe(BF4)2Æ6H2O and (S,S)-ip-Pybox (L1) were used.
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of iron(II) salts concluded that combination of iron(II)
tetrafluoroborate [Fe(BF4)2] with the (S,S)-ip-Pybox
ligand (L1) was the best catalyst and 3a was obtained
in 74% yield with 66% ee (entry 4).11 Interestingly, the
reaction using other chiral bisoxazoline-based ligands,
such as (S,S)-phe-Pybox (L2) and (S,S)-ip-Phebox
(L3), showed no enantioselectivity (entries 5 and 6).
These results suggest that both the isopropyl group10

in the Pybox ligand and pyridyl backbone are essential
for realizing high enantioselective reaction. According
to these results, we concluded that the chiral iron cata-
lyst with (S,S)-ip-Pybox (L1) is the most effective Lewis
acid iron catalyst for the asymmetric Michael addition
of thiol 1 to a,b-unsaturated amide 2. The higher enantio-
selectivity (86% ee) was attained at a lower temperature
(�20 �C), while the reaction rate was significantly de-
creased and it took 150 h to complete the reaction (entry
7). Fortunately great acceleration was obtained when
the reaction was conducted in the presence of molecular
sieves 4 A, and the enantioselectivity was also slightly
increased up to 90% ee (entry 8). Furthermore, it was
found that the reaction proceeded with excellent enantio-
selectivity using only 3 mol % of the catalyst, though a
longer reaction time was needed (entry 9).
Results of the asymmetric Michael addition of various
types of thiols by this iron/ip-Pybox catalyst system
(Scheme 2) are summarized in Table 2. All reactions
were carried out in the presence of Fe(BF4)2

(10 mol %), ip-Pybox (10 mol %), and MS 4A in THF
at �20 �C. The reactions of the aromatic thiols exhibited
both high yields and enantiomeric excesses (Table 2.
entries 1–5). The highest enantioselectivity (95% ee)
was obtained for the reaction of the sterically hindered
2-methylbenzenethiol (1d) (entry 3). It should be empha-
sized that excellent enantioselectivity was obtained even
when the reaction was performed using 3 mol % of the
chiral iron catalyst, though it required a longer reaction
time to complete the reaction (entry 6). Unfortunately, it
was found that our catalyst system was not effective for
the reaction of an alkyl thiol, such as benzyl mercaptan
(1g), and it gave 3g with only 24% ee (entry 7).

In conclusion, we succeeded in demonstrating the first
examples of an iron salt-catalyzed asymmetric Michael
reaction of thiols with a,b-unsaturated amide; the iron
catalyst prepared from Fe(BF4)2 with the (S,S)-ip-Pybox
ligand in situ exhibited excellent enantioselectivity and
desired Michael products was obtained in good yield.
Further investigation of the scope and limitations of
the present iron salt-catalyzed reaction will make it even
more valuable.
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