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Abstract: A small quantity of iron(II) triflate (2.5 to
5 mol%) catalyzes the aziridination reactions of enol
silyl ethers with tosylimino ACHTUNGTRENNUNG(iodo)benzene (PhINTs)
in acetonitrile to give a-N-tosylamido ketones by
subsequent aziridine ring opening. Olefins are con-
verted into aziridines by 5 mol% of this catalyst
system. Both reactions afford the corresponding

products in moderate to good yields. In the presence
of chiral ligands asymmetric aziridinations have been
achieved.
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Introduction

Aziridination reactions are among the most useful
transformations in organic synthesis,[1] since the re-
sulting products are important building blocks for a
variety of nitrogen-containing compounds.[2] Of par-
ticular interest are a-amido ketones, which are acces-
sible by ring opening of aziridines derived from enol
ethers.[3] During the last decades various aziridination
catalysts have been developed,[3c,4–10] but commonly
they involve toxic metals, and their applicability is
limited to a narrow substrate range. Consequently,
further improvements in this area are desirable. In
particular for industrial scale applications the use of
environmentally benign oxidation catalysts is crucial,
making low cost and non-toxic iron a prime element
of choice.[11]

Results and Discussion

In 2006 we reported on iron-catalyzed imination reac-
tions of sulfides and sulfoxides leading to sulfilimines
and sulfoximines, respectively. In this protocol, simple
Fe ACHTUNGTRENNUNG(acac)3 served as catalyst.

[12] With the goal to im-
prove this preparatively important transformation,
the application of iron(II) triflate, which is easily pre-
pared from iron powder or iron(II) chloride and dis-
tilled trifluoromethanesulfonic acid,[13] was investigat-
ed. To our delight we found that even as little as 2.5
mol% of Fe ACHTUNGTRENNUNG(OTf)2 catalyzed the imination reaction of
thioanisole methyl phenyl sulfoxide with PhINNs (2a)
affording the corresponding sulfilimine and sulfox-
ACHTUNGTRENNUNGimine in 91% and 98% yields, respectively.[14] This un-
expected high activity led us to study the application

of the FeACHTUNGTRENNUNG(OTf)2-based catalyst system in other nitro-
gen transfer reactions.[15] A recent paper by Halfen
and co-workers on a related system[16] prompted us to
report our own findings.
Beginning with the aziridination of enol silyl ethers,

we expected a-N-arylamido ketones to be the result-
ing products based on the observations by others.[3]

For the optimization of the protocol, styryloxytrime-
thylsilane (1a) was chosen as substrate. The best
result was achieved by using 2.5 mol% of FeACHTUNGTRENNUNG(OTf)2, 2
equiv. of 1a with respect to PhINTs (2b) and a small
quantity of 4 D molecular sieves (20 mg/0.5 mmol of
substrate) in acetonitrile under argon at ambient tem-
perature for 1 h affording a-N-tosylamido ketone 3a
in 72% yield (Table 1, entry 1). These optimized con-
ditions were then applied for the conversion of other
enol silyl ethers. b-Methyl-substituted styryloxytrime-
thylsilane (1b) gave the corresponding a-N-tosylami-
do ketone 3b in 63% yield (Table 1, entry 2). Non-ar-
omatic enol silyl ethers 1c and 1d led to aziridination
products 3c and 3d in 63% and 46% yield, respective-
ly (entries 3 and 4). Interestingly, aziridination of silyl
ketene ketal 1e with PhINTs (2b) was also possible
(Table 1, entry 5). Although the yield of N-tosyl-pro-
tected amino acid ester 3e was only 50%, this result is
remarkable, since such a nitrogen transfer reaction
under copper catalysis was considered as an impracti-
cal approach to the synthesis of a-amino esters.[3c]

Next, the nitrogen transfer on to simple olefins was
attempted. In this case, aziridines were formed
(Table 2). The application of iminoiodianes formed in
situ from mixtures of the corresponding sulfonamide
and iodosylbenzene or iodobenzene diacetate in the
presence of magnesium oxide was demonstrated by
converting styrene 4a into aziridines 5a and 5b. Yields
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of up to 66% were achieved with 10 or 20 mol% of
Fe ACHTUNGTRENNUNG(OTf)2 as catalyst (Table 2). In the same manner,
combinations of N-(p-toluenesulfonyl)-p-toluenesul-
ACHTUNGTRENNUNGfonimidamide (6c), iodobenzene diacetate and MgO
gave N-(p-toluenesulfonyl)-p-toluenesulfonimidoaziri-
dine (5c) in 58% yield.[18]

Optimization studies allowed a reduction of both
the catalyst loading and the amount of starting olefin.
Thus, by using preformed iminoiodane PhINTs (2b),
the addition of magnesium oxide could be avoided
and less solvent had to be used (0.2 mL of acetonitrile
for a 0.25 mmol scale reaction). Positive effects were
also observed when the olefin concentration was in-
creased and distilled styrene derivatives were used.
Finally, moderate to good yields were achieved in all
cases with only a 7-fold excess of olefin (Table 3). For
example, with 5 mol% of Fe ACHTUNGTRENNUNG(OTf)2 as catalyst the
combination of styrene (4a) and PhINTs (2b) afford-
ed the corresponding aziridine (5a) in 82% yield
(entry 1).[19] Other nitrogen carriers such PhINNs
(2a), PhINSes (2c), and PhINSO2[2- ACHTUNGTRENNUNG(5-methyl)pyri-
dinyl] (2d) could also be applied leading to the corre-
sponding aziridines 5b–5e in up to 90% yield
(Table 3, entries 2-4). Conversions of methylstyrene
derivatives 4b and 4c as well as cyclooctene afforded
the products (5f, 5g and 5h) in reactions with PhINTs
(2b) in yields of 45 and 35 and 61%, respectively
(Table 3, entries 5–7). The two latter results were
ACHTUNGTRENNUNGachieved with a catalyst loading of 10 mol%. Eventu-
ally, aziridination of cis-methylstyrene (4e) with

Table 1. Aziridinations of various enol silyl ethers.[a]

Entry Substrate Product Yield [%][b]

1 1a 3a 72

2 1b 3b 63

3 1c 3c 63

4 1d 3d 46

5 1e 3e 50

[a] Reaction conditions for a 0.25 mmol scale: Fe ACHTUNGTRENNUNG(OTf)2 (2.5 mol%), enol silyl ether 1 (2 equiv.), MeCN (1 mL), r.t., 1 h.
[b] The known products were identified by comparison of their analytical data with those of previous reports.[17]

Table 2. Iron triflate-catalyzed aziridinations of olefins with
sulfonamides.[a]

Entry ArS(X)NH2 Oxidant Product Yield
[%][d]

1 6a PhI ACHTUNGTRENNUNG(OAc)2 5b 66

2[b] 6a PhIO 5b 64

3 6b PhI ACHTUNGTRENNUNG(OAc)2 5a 60

4 6c PhI ACHTUNGTRENNUNG(OAc)2 5c 58[c]

[a] Reaction conditions for a 0.25 mmol scale: Fe ACHTUNGTRENNUNG(OTf)2 (10
mol%), ArSO(X)NH2 (1 equiv.), oxidant (2 equiv.), sty-
rene (20 equiv.), MS 4 D (400 mg), MeCN (2 mL), r.t.,
Ar, 24 h.

[b] Use of 20 mol% of Fe ACHTUNGTRENNUNG(OTf)2; no addition of MgO.
[c] Value of the diastereomeric mixture (dr=7:3).
[d] All products were identified by comparison of their ana-
lytical data with those of previous reports.[3c,6c,e,19]
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PhINTs (2b) and 10 mol% of the iron catalyst pro-
duced exclusively cis-aziridine (5i) in 56% yield, while
under the same reaction conditions cis-stilbene (4f)
led to a mixture of the cis- and the trans-aziridine (5j)
in a cis/trans=43/57 ratio (24% yield) (Table 3, en-
tries 8 and 9). The 1H NMR analysis of the recovered
cis-stilbene showed no isomerization of the double
bond. Thus a concerted mechanism is unlikely, and
the formation of a radical intermediate during the ni-
trogen transfer process can be suggested for the aziri-
dination with Fe ACHTUNGTRENNUNG(OTf)2 as a catalyst.

[20]

Finally, the possibility of performing asymmetric
aziridinations was evaluated. Among various triden-
tate ligands 7 tested in the iron(II) triflate-catalyzed
conversion of styrene (4a) with PhINTs (2b) to give
aziridine 5a, (S,S)-i-Pr-py-BOX (7a)[21] was found to
be the most effective leading to 5a with up to 40% ee
in 72% yield (Table 4, entry 2). Interestingly, 2,6-
bis(N-pyrazolyl)pyridines 7e and 7f could also be ap-
plied as chiral ligand (entries 6 and 7), which opens
further options for ligand structure optimizations.

Table 3. Iron triflate-catalyzed aziridinations of olefins.[a]

Entry Substrate Product Yield [%][b]

1 4a 5a 82

2 4a 5b 72

3 4a 5d 74

4 4a 5e 90

5 4b 5f 45

6 4c 5g 35[c,d]

7 4d 5h 61[d]

8 4e 5i 56[d]

9 4f 5j 24[d,e] (cis/trans=57/43)

[a] Reaction conditions for a 0.25 mmol scale: Fe ACHTUNGTRENNUNG(OTf)2 (5 mol%), olefin (7 equiv.), MeCN (0.2 mL), r.t., 0.5–3 h.
[b] All products were identified by comparison of their analytical data with those of previous reports.[3c,4d,e,m,5d]
[c] Only the trans-product was obtained selectively.
[d] Use of 10 mol% of Fe ACHTUNGTRENNUNG(OTf)2.
[e] The yield reported is for the unseperable mixture of the cis- and the trans-aziridines.
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Conclusions

In summary, we developed iron-catalyzed aziridina-
tion reactions of enol silyl ethers and olefins leading
to a-N-tosylamido ketones and aziridines, respective-
ly, in moderate to good yields. Both preformed imi-

noiodinanes as well as in situ-formed reagents of this
type can serve as nitrogen sources. Finally, the poten-
tial of asymmetric reactions has been demonstrated.

Experimental Section

Materials

Most starting materials were purchased from commercial
suppliers and used without further purification. All enol silyl
ethers,[22] PhINNs (2a), PhINTs (2b), and PhINSes (2c) and
[N-(5-methyl-2-pyridinesulfonyl)imino]phenyliodinane (2d)
were prepared as reported previously or in analogy to
known procedures.[23] Fe ACHTUNGTRENNUNG(OTf)2

[13a] and Fe ACHTUNGTRENNUNG(OTf)2·2MeCN
[13b]

were prepared following published protocols. Dry acetoni-
trile was purchased from Fluka and Acros. Molecular sieves
4 D (powder) was purchased from Fluka and activated by
general procedures.

Representative Procedure for the Conversion of Silyl
Enol Ethers (use of PhINTs)

Styryloxytrimethylsilane (1a, 96 mg, 0.5 mmol) and MS 4 D
(20 mg) were added to the solution of FeACHTUNGTRENNUNG(OTf)2 (2.2 mg,
0.006 mmol) in acetonitrile (1 mL) at 0 8C. After the addi-
tion of PhINTs (2b, 93.3 mg, 0.25 mmol), the reaction mix-
ture was stirred at ambient temperature for 1 h. Then, the
solvents were evaporated (rotary evaporator), and the re-
maining mixture was separated by column chromatography
(silica gel; ethyl acetate:pentane=2:3 as eluent) affording
a-N-tosylamido ketone 3a ; yield: 52 mg (72%).

Representative Procedure for the Conversion of
Olefins (use of PhINTs)

Freshly distilled styrene (4a, 182.0 mg, 0.20 mL, 1.75 mmol,
7 equiv.) and MS 4 D powder (20 mg) were added to the so-
lution of Fe ACHTUNGTRENNUNG(OTf)2 (4.4 mg, 0.0125 mmol) in acetonitrile
(0.2 mL). After the addition of PhINTs (2b, 93.3 mg,
0.25 mmol), the reaction mixture was stirred at ambient
temperature for 0.5 h. After filtration of the reaction
medium, the solvents were evaporated (rotary evaporator).
The remaining mixture was separated by column chroma-
tography (silica gel; ethyl acetate:pentane=1:5 as eluent)
affording aziridine 5a ; yield: 56 mg (82%).

Procedure for the Asymmetric Aziridination (use of
PhINTs)

ACHTUNGTRENNUNG(S,S)-i-Pr-py-BOX (7a, 22.5 mg, 0.075 mmol, 30 mol%) was
added to the solution of FeACHTUNGTRENNUNG(OTf)2 (4.4 mg, 0.0125 mmol, 5
mol%) in acetonitrile (1 mL). After stirring for 15 min, sty-
rene (260 mg, 0.29 mL, 5 mmol), MS 4 D (20 mg) and
PhINTs (2b, 93.3 mg, 0.25 mmol) were added. The reaction
mixture was stirred at ambient temperature for 1 h, and
then the solvents were evaporated (rotary evaporator). The
remaining mixture was separated by column chromatogra-
phy (silica gel; ethyl acetate:pentane=1:5 as eluent) afford-
ing aziridine 5a ; yield: 49 mg (72%, 40% ee).
The enantiomer ratio was determined by HPLC : (Chiral-

cel AS, heptane/2-propanol=75:25 as eluent, 0.55 mLmin�1,

Table 4. Asymmetric aziridination of styrene.[a]

Entry Ligand Yield [%]
of 5a

ee [%]
of 5a

1 7a 67 15

2[b] 7a 72 40

3 7b 67 15

4 7c 75 10

5 7d 51 25

6 7e 60 20

7 7f 40 6

[a] Reaction conditions for a 0.25 mmol scale: Fe ACHTUNGTRENNUNG(OTf)2 (2.5
mol%), ligand (5 mol%), styrene (20 equiv.), MeCN
(1 mL), r.t., 1 h.

[b] Fe ACHTUNGTRENNUNG(OTf)2 (5 mol%) and chiral ligand (30 mol%) were
used.
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254 nm); ret. time=18 min (S) [minor] and 20 min (R)
[major] (40% ee).[4b,24]

Representative Procedure for the Conversion of
Olefins [use of TsNH2 (6b)]

Iodobenzene diacetate (161 mg, 0.5 mmol) was added to the
solution of TsNH2 (6b, 43 mg, 0.25 mmol), MgO (50 mg,
1.25 mmol) and MS 4 D powder (400 mg) in acetonitrile
(2 mL). After the addition of styrene (4a, 520 mg, 0.57 mL,
5 mmol, 20 equiv.) and Fe ACHTUNGTRENNUNG(OTf)2 (8.8 mg, 0.025 mmol), the
reaction mixture was stirred under argon for 24 h. The mix-
ture was the filtrated and the solvent evaporated (rotary
evaporator). The remaining mixture was separated by
column chromatography (silica gel; ethyl acetate:pentane=
1:5 as eluent) affording aziridine 5a as a white solid; yield:
41 mg (60%).

4-Methyl-N-(2-oxononyl)benzenesulfonamide (3d): mp
104–107 8C; 1H NMR (400 MHz, CDCl3): d=0.71 (t, J=
6.6 Hz, 3H), 0.90–1.13 (m, 8H), 1.31–1.38 (m, 2H), 2.16 (t,
J=7.4 Hz, 2H), 2.26 (s, 3H), 3.66 (d, J=4.7 Hz, 2H), 5.16
(broad t, J=4.7 Hz, 1H), 7.14 (d, J=8.5 Hz, 2H), 7.57 (d,
J=8.5 Hz, 2H); 13C NMR (75 MHz, CDCl3): d=203.8,
143.8, 136.0, 129.8, 127.2, 51.3, 40.1, 31.5, 28.9, 23.6, 22.6,
21.5, 14.0; MS (EI, 70 eV): m/z (%)=309 (M�2H)+; IR
(KBr): n=3273, 2931, 2856, 1722, 1321, 1160, 691 cm�1; anal.
calcd. for C16H25NO3S (311.44): C 61.70, H 8.09, N 4.50;
found: C 61.94, H 8.19, N 4.44.

Preparation of PhINSO2[2- ACHTUNGTRENNUNG(5-methyl)pyridinyl] (2d)

KOH (1.18 g, 21 mmol) was added to a solution of 5-
methyl-2-pyridinesulfonamide (1.72 g, 10 mmol) in methanol
(30 mL). Then iodobenzene diacetate (3.22 g, 10 mmol) was
added at 0 8C. The reaction mixture was allowed to warm to
room temperature and was stirred for 45 min. The reaction
mixture was partially concentrated under reduced pressure
and the white solid was filtered. The crystals were washed
with distilled water affording PhINSO2[2-ACHTUNGTRENNUNG(5-methyl)pyridin-
yl] (2d) as a white solid; yield: 2.2 g (61%); mp 144 8C (det-
onates); 1H NMR (400 MHz, DMSO-d6): d=2.28 (s, 3H),
7.39–7.45 (m, 2H), 7.48–7.54 (m, 1H), 7.59–7.62 (m, 1H),
7.65–7.70 (m, 1H), 7.87–7.90 (m, 2H), 8.31–8.32 (m, 1H);
13C NMR (75 MHz, DMSO-d6): d=159.6, 149.0, 138.7,
135.4, 133.1, 131.2, 131.0, 119.4, 119.3, 18.3; IR (KBr): n=
1567, 1465, 1444, 1271, 1132, 1099, 922, 898, 825, 736, 673,
629 cm�1; anal. calcd. for C12H11IN2O2S (357.49): C 38.52, H
2.96, N 7.49; found: C 38.42, H 3.18, N 7.43.
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