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Abstract—Chiral (iminophosphoranyl)ferrocenes (1 and 2) are highly efficient ligands to achieve high diastereoselectivity (up to 95/5
dr in favor of the cis-isomer) as well as enantioselectivity (up to 99% ee) in Ru-catalyzed asymmetric cyclopropanation of various
olefins. Reversal in diastereoselectivity is found as a function of metal-to-ligand ratio in the reaction of styrene.
� 2007 Elsevier Ltd. All rights reserved.
CH(Me)NMe2 CH(Me)N=PPh3
Asymmetric cyclopropanation of olefins with alkyl
diazoacetates catalyzed by chiral transition metal
complexes is well-established due to the frequent
occurrence of cyclopropanes in natural products as well
as their importance as valuable synthetic intermediates.1

As such, a great number of catalysts are known.
Pd-, Rh-, and Cu-based systems incorporating chiral
nitrogen donors such as salicylaldimines, semicorrins,
oxazolines, polypyrazoles, azaferrocenes, and ferroce-
nylamines are among the most efficient in terms of
enantioselectivity.2,3 Yet, the simultaneous formation
of two stereocenters in olefin cyclopropanation requires
the control of both diastereo- and enantioselectivities,
and has so far remained as a great challenge. Almost
all catalytic systems developed so far favor trans-selec-
tivity.2–4 In contrast, the development of methodology
favoring cis-selectivity has rather been slow,5 and lim-
ited success has been made only in non-asymmetric
cyclopropanation with Rh-, Fe-, and Cu-based cata-
lysts.6–8 Recently, Mezzetti has demonstrated that high
enantioselectivity with cis-selectivity can be achieved
by some Ru–salen complexes.9 More recently, an immo-
bilized dirhodium(II) compound has also been reported
to give high cis-selectivity.10
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We have recently reported the synthesis of chiral ferro-
cene-based iminophosphoranes (1 and 2, Chart 1) and
demonstrated that they can serve as a new class of prac-
tical ligands for Pd-catalyzed allylic alkylation of allyl
acetates and Rh- and Ir-catalyzed hydrogenation of var-
ious olefins.11,12 In particular, these new ligands exhibit
exceptionally high enantioselectivity (up to 99% ee) in
the Rh-/Ir-catalyzed hydrogenation of olefins regardless
of the type of functional groups and of substitution.12

We anticipated that 1 and 2 should act as tightly binding
chelates and thus would be capable of stabilizing metal
centers involved in catalytic cycles, even in rather low
oxidation states.13,14 Furthermore, as sterically demand-
ing and robust chelates, they are supposed to accom-
plish higher asymmetric induction in other reactions as
well. We now wish to report a successful expansion of
1 and 2 as ligands in Ru-catalyzed asymmetric cyclo-
propanation of various olefins.

In the first set of experiments to benchmark the poten-
tial of our ligands, we performed cyclopropanation of
Fe

PPh2=N-Ar

PPh2=N-Ar

Fe

PPh2

1a: Ar = 2,6-Me2-C6H3

1b: Ar = 2,6-iPr2-C6H3

2

Chart 1.
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Table 1. Cyclopropanation of styrene with EDA as a function of
metala

Entry Metal Yieldb

(%)
% drb

(trans/cis)
% eec

(trans/cis)

1 Ru(DMSO)4Cl2 64 15:85 01:99
2 Ru(PPh3)3Cl2 82 50:50 99:28
3 Rh(PPh3)3Cl 65 53:47 12:99
4 RhCl3ÆxH2O 67 30:70 20:78
5 Pd(OAc)2 78 58:42 30:99
6 Pd2(dba)3 90 85:15 45:90
7 Cu(OTf)2 81 85:15 48:99

a Reaction conditions: [M] = 2 mol%; [M]:[L*] = 1:1; L* = (S,R)-1a.
b GC yield.
c Determined by chiral GC and absolute configuration by comparison

with the literature values.

Table 2. Ruthenium-catalyzed asymmetric cyclopropanation of sty-
rene as a function of ligand and metal-to-ligand ratioa

Entry [L] [M]:[L] Yieldb (%) % drb

(trans/cis)
% eec

(trans/cis)

1 1a 1:1 64 15:85 01:99
2 1:2 97 70:30 99:72
3 1b 1:1 74 88:12 33:31
4 1:2 74 09:91 99:91
5 2 1:1 79 53:47 97:99
6 1:2 60 30:70 99:99

a Reaction conditions: catalyst (M) = Ru(DMSO)4Cl2; [M] = 2 mol %;
absolute configuration of L = (S,R); solvent = dichloroethane;
reaction temperature = 70 �C.

b GC yield.
c Determined by chiral GC and absolute configurations determined by

comparison with the literature values.
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styrene with ethyl diazoacetate (EDA) as a function of
metal (Eq. 1). Typical experimental procedure is as de-
scribed in Ref. 15 and the results are illustrated in Table
1.
Table 3. Ru-catalyzed asymmetric cyclopropanation of olefinsa

Entry Olefin [M]:[L] Yieldb

(%)
% drb

(trans/cis)
% eec

(trans/cis)

1 Bu 1:1 79 16:84 92:94
2 1:2 88 37:63 66:96

3
Hex

1:1 73 48:52 28:73
4 1:2 45 28:72 74:98

5

Ph
1:1 78 26:74 95:98

6 1:2 75 05:95 97:93

7

Ph

1:1 37 19:81 98:80
8 1:2 42 67:33 99:92

9
Et3Si

1:1 90 91:09 98:99
10 1:2 73 94:06 96:98

11 1:1 69 97:03 66:99
12 1:2 40 73:27 98:92

a The same reaction conditions as adopted in Table 2; catalyst pre-
cursor prepared in situ from Ru(DMSO)4Cl2 and (S,R)-1a.

b GC yield.
c Determined by chiral GC and absolute configurations determined by

comparison with the literature values.

[M] / L*

CO2Et

+

Ph

CO2EtPhN2CHCO2Et

Ph

+
C2H4Cl2/Δ, 20 h

12

(1R, 2R)

(1R, 2S)
12

ð1Þ
Table 1 shows that 1a forms very effective catalysts
in situ with a series of metal complexes to give cyclo-
propanated products in high chemical yields with excel-
lent enantioselectivities up to 99% ee in most cases. The
degree of and the preference for diastereoselectivity
show dependency on the metal as well as the type of me-
tal, the observations being little surprising as judged
from the literature. The most characteristic feature of
Table 1, however, is that Ru(DMSO)4Cl2 and RhCl3Æx-
H2O are quite unique in that they exhibit high cis pref-
erence. In addition, when the comparison is made
between the two complexes, the former is the choice of
preference as far as enantioselectivity is concerned. In
fact, Ru(DMSO)4Cl2 results in a quantitative enantio-
meric excess for the major cis-diastereomer (entry 1).

Having established the role of Ru(DMSO)4Cl2 in stereo-
selectivity, we decided to explore the reaction further
by varying the type of ligands and the metal-to-ligand
ratio. Indeed, Table 2 shows that Ru(DMSO)4Cl2-cata-
lyzed cyclopropanation of styrene is a function of
ligand. Most characteristically, all three ligands exhibit
high enantioselectivities for both diastereomers in all
but one set of experimental conditions (entry 3). In addi-
tion, 1a draws a special attention in that it prefers cis-
diastereoselection when the metal-to-ligand ratio is 1:1,
while 1b and 2 act on the contrary under the same con-
dition (entries 3 and 5). At the same time, it should be
noted that dramatic reversal in diastereoselectivity is
observed with a change in the metal-to-ligand ratio.
For instance, cis-diastereoselection found with 1a under-
goes reversal to yield a trans-diastereomer with doubling
the relative concentration of ligand (entries 1 and 2).
Also conspicuous is concomitant reversal in enantiose-
lectivity as well with 1a. Although a little less dramatic
with 1b and 2, such reversal in stereoselectivity as a func-
tion of the metal-to-ligand ratio can be clearly seen in an
opposite manner (entries 3–6). All-in-all, to the best of
our knowledge, reversal in stereoselectivity as a function
of the metal-to-ligand ratio such as observed here in
cyclopropanation reactions has never been reported so
far.

In order to investigate the scope of applicability of 1 and
2 as ligand in Ru-catalyzed cylopropanation, we have
employed a series of olefins as illustrated in Table 3.
The table demonstrates that 1a is a versatile ligand to
achieve high asymmetric induction (up to 97/3 dr and
99% ee) for all olefins employed. It is quite remarkable
to note that such high values of % de and % ee are com-
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parable to or in some cases even better than those
obtained with well-established ligands such as bis-
oxazolines, semicorrins, and azaferrocenes.2–4 Simple
terminal alkyl olefins, which are difficult to cyclopropa-
nate, are also catalyzed efficiently. Overall, cis- is pro-
foundly observed with all olefins except in the case of
triethylvinylsilane and indene. The reversal in diastereo-
selectivity observed with styrene (Table 2) is not found
with other olefins as observed from the table. Lastly,
trans- or cis-preference seems to depend not only on
the metal-to-ligand ratio but also on the nature of
olefins.

In summary, we have demonstrated that chiral (imino-
phosphoranyl)ferrocenes such as 1 and 2 are very pow-
erful ligands to exhibit high cis-selectivity as well as
enantioselectivity (up to 99% dr and ee) in Ru-catalyzed
asymmetric cyclopropanation of a range of olefins with
EDA. They are comparable to or better than well-
known ligands such as bisoxazolines, semicorrins, and
azaferrocenes in terms of asymmetric induction. Further
advantage of employing 1 and 2 lies in the fact that the
control of diastereo- as well as enantioselectivity may be
feasible by a little structural change in the ligand or by
varying the metal-to-ligand ratio as demonstrated in
the reactions of styrene derivatives.
Acknowledgments

This work was supported by a Grant from The Ad-
vanced Medical Technology Cluster for Diagnosis and
Prediction at KNU from MOCIE, ROK. We thank
Dr. D. B. Patel for the assistance in some experi-
ments. Spectral measurements were performed by the
KBSI.
References and notes

1. (a) Lin, H. W.; Walsh, C. T. Biochemistry of the
cyclopropyl group. In The Chemistry of the Cyclopropyl
Group; Patai, S., Rappoport, Z., Eds.; Wiley: New York,
1987, Chapter 16; (b) Tomasz, M.; Jung, M.; Verdine, G.;
Nakanishi, K. J. Am. Chem. Soc. 1984, 106, 7367–7370; (c)
Maas, G. Chem. Soc. Rev. 2004, 33, 183–190.

2. For some recent reviews, see: (a) Doyle, M. P. Asymmetric
cyclopropanation. In Catalytic Asymmetric Synthesis;
Ojima, I., Ed.; VCH: Weinheim, 1993, Chapter 3; (b)
Noels, A. F.; Demonceau, A. Catalytic cyclopropanation.
In Applied Homogeneous Catalysis with Organometallic
Compounds; Cornils, B., Herrman, W. A., Eds.; VCH:
New York, 1996; Chapter 3; (c) Pfaltz, A.; Lydon, K. M.;
McKervey, M. A.; Charette, A. B.; Lebel, H. Asymmtric
cyclopropanation and C–H insertion. In Comprehensive
Asymmetric Catalysis; Jacobsen, E. R., Pfaltz, A.,
Yamamoto, H., Eds.; Springer: New York, 1999, Chapter
16; (d) Fu, G. C. Acc. Chem. Res. 2000, 33, 412–420.

3. For some representative examples, see: (a) Bedekar, A. V.;
Anderson, P. G. Tetrahedron Lett. 1996, 37, 4073–4076;
(b) Park, S. B.; Sakata, N.; Nishiyama, H. Chem. Eur. J.
1996, 2, 303–306; (c) Uozumi, Y.; Kyota, H.; Kishi, E.;
Kitayama, K.; Hayashi, T. Tetrahedron: Asymmetry 1996,
7, 1603–1606; (d) Gant, T. G.; Noe, M. C.; Corey, E. J.
Tetrahedron Lett. 1995, 36, 8745–8748; (e) Leutenegger,
U.; Umbricht, G.; Fahrni, C.; Matt, P.; Pfaltz, A.
Tetrahedron 1992, 48, 2143–2156; (f) Lowenthal, R. E.;
Abiko, A.; Masamune, S. Tetrahedron Lett. 1990, 31,
6005–6008; (g) Song, J. H.; Cho, D. J.; Jeon, S. J.; Kim, Y.
H.; Kim, T.-J.; Jeong, J. H. Inorg. Chem. 1999, 38, 893–
896; (h) Cho, D. J.; Jeon, S. J.; Kim, H. S.; Cho, C. S.;
Shim, S. C.; Kim, T.-J. Tetrahedron: Asymmetry 1999, 10,
3833–3848; (i) Rios, R.; Liang, J.; Lo, M. M.-C.; Fu, G. C.
Chem. Commun. 2000, 377–378.

4. (a) Fritschi, H.; Leutenegger, U.; Pfaltz, A. Helv. Chim.
Acta 1988, 71, 1553–1565; (b) Evans, D. A.; Woerpel, K.
A.; Hinman, M. M.; Faul, M. M. J. Am. Chem. Soc. 1991,
113, 726–728; (c) Nishiyama, H.; Itoh, Y.; Matsumoto, H.;
Park, S. B.; Itoh, K. J. Am. Chem. Soc. 1994, 116, 2223–
2224; (d) Miller, J. A.; Jin, W. C.; Nguyen, S. T. Angew.
Chem., Int. Ed. 2002, 41, 2953–2956; (e) Maux, P. L.;
Abrunhosa, I.; Berchel, M.; Simonneaux, G.; Gulea, M.;
Masson, S. Tetrahedron: Asymmetry 2004, 15, 2569–2573;
(f) Gao, M. Z.; Kong, D.; Clearfield, A.; Zingaro, R. A.
Tetrahedron Lett. 2004, 45, 5649–5652.

5. Bonaccorsi, C.; Mezzetti, A. Curr. Org. Chem. 2006, 10,
225–240.

6. (a) Casey, C. P.; Polichnowski, S. W.; Shusterman, A. J.;
Jones, C. R. J. Am. Chem. Soc. 1979, 101, 7282–7292; (b)
Maxwell, J. L.; O’Malley, S.; Brown, K. C.; Kodadek, T.
Organometallics 1992, 11, 645–652; (c) Seitz, W. J.; Saha,
A. K.; Hossain, M. M. Organometallics 1993, 12, 2604–
2608; (d) Diaz-Requejo, M. M.; Caballero, A.; Belderrain,
T. R.; Nicasio, C.; Trofimenko, S.; Perez, P. J. J. Am.
Chem. Soc. 2002, 124, 978–983.

7. (a) Dı´ az-Requejo, M. M.; Pérez, P. J.; Brookhart, M.;
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15. Representative procedure for asymmetric cyclopropana-
tion is as follows: The catalyst (0.05 mmol) was generated
in situ by dissolving equimolar amounts of the ligand and
Ru(DMSO)4Cl2 in dichloroethane (10 mL). This solution
was mixed with the olefin substrate (10 equiv). To the
reaction mixture at 70 �C was added slowly a-ethyldia-
zoacetate (2.5 mmol) diluted in dichloroethane (10 mL)
over a period of 15 h with a syringe pump. After the
addition was complete, the solvent and excess olefin were
removed under vacuum. The oily residue was passed
through a short silica gel column and the products were
collected. The diastereomeric excess (% de) was deter-
mined by GC equipped with CBP-10 on a Acme 6000E
GC. The enationmetric excess (% ee) was determined by
GC equipped with Chiraldex BPH on a Acme 6000E GC.
The absolute configuration of enatiomer was determined
by comparison of their specific rotation with previous
reports.
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