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Introduction

Cycloaddition reactions are arguably among the most pow-
erful synthetic strategies for the preparation of functional-
ized cyclic structures.[1] Because suitable catalysts lower the
barrier to addition reactions and improve the selectivity of
the process, tremendous effort has been devoted to the de-
velopment of catalytic enantioselective versions of this type
of reaction. To this end, the use of chiral Lewis acids based
on metal complexes as homogeneous catalysts remains as
one of the dominant approaches.[2] In particular, 1,3-dipolar
cycloadditions have been extensively used to prepare opti-
cally active five-membered heterocyclic ring systems and,
among them, the enantioselective 1,3-dipolar cycloaddition
reaction (DCR) of an alkene with a nitrone leads to the

construction of up to three contiguous asymmetric carbon
centers. The resulting five-membered isoxazolidine deriva-
tives (Scheme 1) may be converted into amino alcohols, pre-
cursors to biologically important amino acids, alkaloids, or
b-lactams.[3]

Normal electron-demand 1,3-dipolar cycloaddition reac-
tions of alkenes with nitrones involve the interaction be-
tween the alkene LUMO and the HOMO of the nitrone.
Therefore, electron-deficient alkenes activated through coor-
dination to a metal via an electron-withdrawing group con-
stitute the ideal species to achieve this type of transforma-
tion.[4] However, in some instances, nitrone competes with
the alkene for metal coordination eventually preventing the
process from occurring.[5] To overcome this difficulty, two
different approaches have been applied. The first one con-
sists of making use of alkenes that enable a bidentate coor-
dination to the metal such as 3-alkenoyl-2-oxazolidinones.
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Scheme 1. 1,3-DCR between nitrones and alkenes.
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In fact, the first example of a transition-metal-catalyzed
asymmetric DCR between alkenes and nitrones, reported in
1994 by Gothelf and Jørgensen, exploits this feature: chiral
titanium compounds generated in situ from [TiACHTUNGTRENNUNG(OiPr)2Cl2]
and chiral diols catalyzed the addition of 3-alkenoyl-2-oxa-
zolidinones to benzylideneamine N-oxides (Scheme 2).[6]

Subsequently, most research in the field was concentrated
on bidentate substrates of the 3-alkenoyl-2-oxazolidinone
type.[3b,4]

The second approach has been applied to monodentate
alkenes, mostly a,b-unsaturated aldehydes with the intent of
keeping the nitrone concentration low by adding it slowly to
the reaction media.[7] Thus, excellent yield and high enantio-
selectivity was obtained in the reaction between methacro-
lein and 1-pyrrolidine N-oxide catalyzed by the Binop-F
iron complex I, when the nitrone was added slowly
(Scheme 3).[7a] Analogously, quantitative yields and enantio-

meric excesses of about 90% were achieved in the reaction
between methacrolein and 1-pyrrolidine N-oxide, 2,3,4,5,-
tetrahydropyridine N-oxide or 3,4-dihydroisoquinoline N-
oxide catalyzed by the complexes (SM,RC)-[(h

5-
C5Me5)M{(R)-Prophos}(methacrolein)] ACHTUNGTRENNUNG(SbF6)2 (M=Rh (II),
or Ir (III)) when the addition of the corresponding nitrone
was performed over 10–15 h (Scheme 3).[7b]

However, neither approach is of general application: bi-
dentate coordination can be a harsh requirement for alkenes

and slow addition of the nitrone does not work properly for
any nitrone/alkene combination.

We envisaged the possibility of circumventing the prob-
lem of the competitive coordination of the nitrone in a dif-
ferent manner: to favor the coordination of the alkene to
the metal in a monodentate fashion by using a good coordi-

nating functionality such as a
cyano group. The present paper
reports on our efforts in this ap-
proach. We focus on the addi-
tion of the nitrone 3,4-dihydroi-
soquinoline N-oxide (A) to
methacrylonitrile (B)
(Scheme 4). After an initial

screening among a few chiral diphosphines, the [(h5-
C5Me5)Rh{(R)-Prophos}] system was chosen as the most

promising one. The influence of
the temperature, solvent, and
the rate of nitrone addition
were studied.

To understand the results ob-
tained, the characterization of
the two epimers at the metal,
that is, (SM,RC)- and (RM,RC)-
[(h5-C5Me5)M{(R)-Prophos}-
(methacrylonitrile)] (SbF6)2
(M=Rh, Ir), including the de-
termination of the molecular
structure of the SRh,RC isomer
by X-ray diffraction methods,
as well as the epimerization of
the R epimers to the S epimers,
are also reported.

Subsequently, the stoichio-
metric reaction between nitrone
A and dipolarophile B cata-
lyzed by diastereopure (SM,RC)-
[(h5-C5Me5)M{(R)-Prophos}-

(methacrylonitrile)]2+ was studied. The influence of the tem-
perature and solvent on the conversion and selectivity was
analyzed for the rhodium case. The rhodium catalyst was
reutilized up to nine times with the activity and selectivity
being essentially retained.

Scheme 2. DCR of 3-alkenoyl-2-oxazolidinones with nitrones.

Scheme 3. DCR of methacrolein with nitrones.

Scheme 4. 1,3-Dipolar cycloaddition reaction studied.
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Results and Discussion

Preparation of the catalyst precursors : The aqua complexes
(SM,RC)-[(h

5-C5Me5)M{(R)-Prophos} ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG(SbF6)2 (M= Rh
(1), Ir (2)) were prepared as previously reported.[7b,8] The
Chiraphos complex [(h5-C5Me5)Rh ACHTUNGTRENNUNG{(S,S)-Chiraphos}ACHTUNGTRENNUNG(H2O)]-
ACHTUNGTRENNUNG(SbF6)2 (3) was prepared, in an isolated yield of 89%, by re-
acting the solvato complex[9] [(h5-C5Me5)Rh ACHTUNGTRENNUNG(acetone)3]

2+

with (S,S)-Chiraphos in acetone. The presence of trace
amounts of water in the solvent is sufficient to afford pure
complex 3.[10] Attempts to isolate the homologous aqua com-
plex with the diphosphine (S)-Binap, following a similar
preparative route, were unsuccessful. However, the related
methacrylonitrile complex [(h5-C5Me5)Rh{(S)-Binap} ACHTUNGTRENNUNG(NC-
(Me)C=CH2)] ACHTUNGTRENNUNG(SbF6)2 (4) was prepared in 89% yield by suc-
cessive addition of methacrylonitrile and (S)-Binap to a so-
lution of [(h5-C5Me5)Rh ACHTUNGTRENNUNG(acetone)3]

2+ in acetone. On the
other hand, the chiral diphosphine diol (S,S)-Hyphos con-
taining complex 5 was isolated from the reaction of [(h5-
C5Me5)Rh ACHTUNGTRENNUNG(acetone)3]

2+ with (S,S)-Diop in acetone
(Scheme 5).

Complexes 3–5 were characterized by analytical and spec-
troscopic means. In particular, at room temperature, the
1H NMR spectrum of the Chiraphos complex 3 shows two
broad peaks at d=2.30 and 1.35 ppm attributed to the two
CH and two CH3 of the -HC*(Me)-(Me)C*H- Chiraphos
moiety, respectively. Accordingly, the 31P NMR spectrum
consists of a very broad signal centered at about d=67 ppm.
However, at �50 8C, two CH peaks at d=2.80 and
2.51 ppm, as well as two methyl signals at d=1.40 and
1.11 ppm, were recorded and the 31P NMR spectrum shows
two well-resolved double doublets at d=72.0 (1J ACHTUNGTRENNUNG(Rh,P1)=

127.2 Hz, J ACHTUNGTRENNUNG(P2,P1)=45.2 Hz) and d=59.6 ppm (1J ACHTUNGTRENNUNG(Rh,P2)=

130.9 Hz). These variable-temperature spectra can be ex-
plained by assuming a rapid exchange, on the NMR time-
scale, between the relative orientations of water molecules
and the C5Me5 ligands. Additionally, two IR bands centered

at 3480 and 1700 cm�1 are attributed to the presence of a
water molecule.

The NMR spectra of the Binap complex 4, apart from the
typical peaks for the coordinated Binap and C5Me5 ligands,
show the presence of the coordinated nitrile. Thus, the
1H NMR spectrum shows two singlet peaks at d=4.37 and
5.65 ppm corresponding to the �CH2 protons that correlate
with a 13C resonance at d=139.3 ppm. The resonance of the
nitrile methyl protons is overlapped by the C5Me5 signal
that appears at d=1.33 ppm as a pseudo-triplet due to the
coupling to two phosphorus nuclei. One doublet at d=

129.0 ppm (2JACHTUNGTRENNUNG(Rh,C)=5.75 Hz) and one singlet at d=

114.9 ppm in the 13C NMR spectrum are assigned to the re-
maining NC and NC�C carbons, respectively. At room tem-
perature, the 31P NMR spectrum consists of two sharp
double doublets centered at d=37.9 (1J ACHTUNGTRENNUNG(Rh,P1)=127.4 Hz,
J ACHTUNGTRENNUNG(P2,P1)=54.9 Hz) and 24.3 ppm (1J ACHTUNGTRENNUNG(Rh,P2)=128.2 Hz). An
IR band at 2253 cm�1 is attributed to the C�N bond.

Bidimensional 1H–1H, 13C–1H, and 31P–1H NMR data of
complex 5 are compatible with a P-CH2-CH-CH-CH2-P
structural skeleton for the diphosphine ligand and exclude
the presence of the OOCACHTUNGTRENNUNG(CH3)2 Diop moiety. At room tem-
perature, the 31P NMR spectrum of complex 5 consists of
two sharp double doublets centered at d=52.0 and 13.9 ppm
with the expected 103Rh–31P (134.75 and 132.8 Hz, respec-
tively) and 31P–31P (47.6 Hz) coupling constants. The
1H NMR spectrum shows two distinct OH peaks at d=8.25
and 3.36 ppm. The latter appears as a double doublet with
couplings of 3.8 and 2.4 Hz. These spectra remain essentially
unchanged from +30 to �50 8C. A broad n(OH) IR band
centered at 3557 cm�1 denotes the presence of hydroxy
groups. All these data are consistent with the presence of
the (SC,SC)-1,4-bis(diphenylphosphino)butane-2,3-diol [(S,S)-
Hyphos] ligand displaying a k3-P,P,O coordination mode
(Scheme 5). Most probably, after coordination of the origi-
nal (S,S)-Diop ligand, hydrolysis of its dioxolane ring occurs
with formation of the [(S,S)-Hyphos] ligand. Subsequent co-
ordination of one of the resulting hydroxy groups affords

Scheme 5. Chiral diphosphines and precatalysts employed.
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complex 5. It has been previously reported that the antipode
(R,R)-Hyphos ligand is also k3-P,P,O coordinated in the rho-
dium complex [Rh ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG{(S,S)-Hyphos}]BF4 (nbd=norbor-
nadiene).[11]

Catalytic studies : Complexes 1–5 were tested as catalysts for
the DCR between the nitrone 3,4-dihydroisoquinoline N-
oxide and methacrylonitrile (Scheme 4). Table 1 lists a selec-

tion of the results together with the reaction conditions em-
ployed. The collected results are the average of at least two
comparable reaction runs. Conversion and stereochemistry
were determined by NMR spectroscopy. High conversions
are obtained and, as expected for Lewis acid-catalyzed
DCR of nitrones with one-point binding alkenes, endo pref-
erence is shown.[5] The cyclic nitrone employed affords 3,5-
cycloadducts regioselectively in all cases.[7,12] Pure 3S*,5R*-
endo cycloadducts can be obtained by column chromatogra-
phy. Enantioselectivity was determined by using HPLC.

Catalysts based on diphosphines with C2 symmetry are
very poorly enantioselective (entries 3–5, Table 1). A fair
enantioselectivity was achieved with the Rh-Prophos cata-
lyst (entry 1, Table 1). Surprisingly, this catalyst is much
more enantioselective than the iridium analogue (entry 2,
Table 1). In this respect, it is interesting to point out that
both systems efficiently catalyze the DCR between enals
and nitrones with ee values of around 90%, the Ir-Prophos
system being a little more reactive and selective than its rho-
dium counterpart.[7b,13]

We focused our work on the Rh-Prophos system because
the best results were obtained with this system. Temperature
and reaction solvents generally influence the selectivity and
catalytic activity in Lewis acid catalysis. Table 2 collects a se-
lection of the results obtained for the DCR between the ni-
trone A and the a,b-unsaturated nitrile B catalyzed by the
Rh-Prophos system at the indicated temperatures. The ex-
cellent regio and endo selectivities are essentially main-
tained, but a gradual increase of the enantiomeric excess
from 36 to 64% was observed as temperature increased

from �25 to +30 8C. This is a surprising result because an
opposite trend is generally encountered in catalytic DCR of
nitrones with alkenes.[7b,14]

Next, the same reaction was carried out in a variety of
solvents (Table 3). After a few hours at room temperature,
good conversions were achieved in most assayed solvents,

the less active medium being a H2O/MeOH mixture
(entry 6, Table 3). No significant differences can be ascribed
to the coordination capability of the solvents, indicating
that, most probably, solvent does not compete with the ni-
trile for metal coordination. Excellent regio and endo selec-
tivities were uniformly reached. Enantiomeric excesses rang-
ing from 29 to 73% were achieved, THF proving to be the
solvent of choice.

Finally, it was observed that if the nitrone was slowly
added to the reaction medium enantioselectivity significant-
ly increased, as the sole noteworthy change (Table 4). In this

respect, it is interesting to point out that coordination of the
nitrone to the (C5Me5)Rh ACHTUNGTRENNUNG(Prophos) moiety was not ob-
served in the presence of methacrylonitrile. Thus, the com-
petitive coordination of the nitrone can be discarded as the

Table 1. 1,3-Dipolar cycloadditions.[a]

Entry Precatalyst t [h] Yield [%][b] 3,5-endo [%] ee [%][c]

1 1 16 82 98 52
2 2 54 91 93 1
3 3 65 54 98 5
4 4[d] 65 100 97 6
5 5[d] 65 95 96 2

[a] Reaction conditions: Precatalyst 0.03 mmol (10.0 mol%), methacrylo-
nitrile 2.1 mmol, and nitrone 0.3 mmol, in CH2Cl2 (4 mL). Runs were car-
ried out at RT. [b] Based on nitrone. [c] Determined by HPLC.
[d] 5.0 mol% of precatalyst loading.

Table 2. Temperature effect.[a]

Entry T [8C] t [h] Yield [%] 3,5-endo [%] ee [%]

1 30 16 88 95 64
2 RT 16 82 98 52
3 0 48 36 99 40
4 �25 72 26 99 36

[a] For conditions see footnote of Table 1.

Table 3. Solvents effect.[a]

Entry Solvent t [h] Yield [%] 3,5-endo [%] ee [%]

1 CH2Cl2 16 82 98 52
2 acetone 16 88 98 52
3 MeOH 16 16 99 57
4 EtAc 16 66 97 29
5 THF 16 90 98 73
6 H2O/MeOH[b] 58 23 99 41

[a] For conditions see footnote of Table 1. Corresponding solvent (4 mL)
was used. [b] 75:25 v/v.

Table 4. Influence of the addition time of the nitrone.[a]

Entry Addition time[h][b] t [h][c] Yield [%] 3,5-endo [%] ee [%]

1 [d] 16 82 98 52
2 12 36 98 98 54
3 30 32 95 95 64
4 68 72 92 98 65

[a] For conditions see footnote of Table 1. Solvent: CH2Cl2. [b] The ni-
trone solution was added over the indicated period of time. [c] Total re-
action time including the addition time period. [d] The nitrone solution
was added in one portion at the beginning of the reaction.
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main cause for the increase of the ee when the nitrone is
slowly added.

ACHTUNGTRENNUNG(SRh,RC)-[(h
5-C5Me5)Rh{(R)-Prophos}ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG(SbF6)2/meth-

ACHTUNGTRENNUNGacrylonitrile system : Some of the above-mentioned results
are unexpected and difficult to explain. In particular, the in-
crease of the enantioselectivity, when temperature (Table 2)
or nitrone addition time (Table 4) increase, does not have
an obvious interpretation. To try and shed light on the cata-
lytic system, we have studied the solution behavior of mix-
tures of the aqua complex (SRh,RC)-[(h

5-C5Me5)Rh{(R)-
Prophos} ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG(SbF6)2 with methacrylonitrile by NMR
spectroscopy. When, at �70 8C, 1.5 equivalents of methacry-
lonitrile were added to a solution of (SRh,RC)-[(h

5-
C5Me5)Rh{(R)-Prophos} ACHTUNGTRENNUNG(H2O)]2+ in CD2Cl2, NMR measure-
ments show the immediate disappearance of the starting
complex and the simultaneous formation of the new com-
plexes (SRh,RC)- and (RRh,RC)-[(h

5-C5Me5)Rh{(R)-Prophos}-
(methacrylonitrile)]2+ containing methacrylonitrile (6a, 6b)
in a molar ratio of approximately 38:62 [Eq. (1)].

The most abundant isomer was the R-at-rhodium epimer.
Two pairs of double doublets, showing RhP and PP cou-
plings in the 31P NMR spectrum, and two pairs of singlets in
the 5–6 ppm region, assigned to the methylene protons of
the nitrile ligand, in the 1H NMR spectrum, are diagnostic
of the formation of the new complexes. At �70 8C, the iso-
meric composition of the solution mixture remains un-
changed for hours; however, at �25 8C, 6b slowly epimerizes
to 6a and after 45 min at 10 8C complex 6a represents more
than 99% of the mixture. Kinetics measurements for the ep-
imerization process of 6b to 6a, in CH2Cl2, at 10 8C, re-
vealed that the epimerization obeys a first-order rate law
with a derived rate constant of (1.73�0.04)V10�3 s�1.

At �25 8C, a 45:55 molar ratio mixture of 6a/6b, as SbF6

salts, was isolated and, after epimerization, pure 6a could
also be isolated. The 31P NMR spectrum of compound 6a
consists of two double doublets centered at d=75.0 (1J-
ACHTUNGTRENNUNG(Rh,P1)=121.4 Hz, J ACHTUNGTRENNUNG(P2,P1)=35.7 Hz) and 45.9 ppm (1J-
ACHTUNGTRENNUNG(Rh,P2)=125.8 Hz). A quartet at d=5.92 ppm (4JACHTUNGTRENNUNG(H,H)=

1.8 Hz) and a broad singlet at d=5.32 ppm, in the 1H NMR
spectrum assigned to �CH2 protons, that correlate with a
peak at d=139.95 ppm in the 13C NMR spectrum, together
with a n(CN) IR band at 2257 cm�1 account for the presence
of coordinated nitrile. The molecular structure of compound
6a was determined by X-ray diffraction (see below).

For comparative purposes, the iridium analogue [(h5-
C5Me5)Ir{(R)-Prophos}(methacrylonitrile)] ACHTUNGTRENNUNG(SbF6)2 (7) was
also prepared according to Equation (1). The two epimers at

the metal, SIrRC and RIrRC (7a and 7b, respectively), were
obtained in a 67:33 7a/7b molar ratio. Notably, the diaste-
reomeric composition of the mixture remained unchanged
during a week, in CD2Cl2, at room temperature. However,
pure 7a could be obtained by heating the mixture at 50 8C
in acetone.

Molecular structure of compound 6a : A molecular represen-
tation of the complex cation 6a is depicted in Figure 1 and
selected geometrical parameters are listed in Table 5. The
rhodium atom exhibits a pseudo-tetrahedral coordination
environment and is coordinated to a h5-C5Me5 ring, to the
two phosphorus atoms of the (R)-Prophos ligand, and to the
nitrogen atom of the methacrylonitrile. The metal atom,
configured as a chiral center, presents an S isomer absolute
configuration.[15] The Rh-P(1)-C(36)-C(35)-P(2) metallacycle
shows, as is usual, a l conformation[16] with an 3E puckering
descriptor (Cremer and Pople parameters Q=0.472(8) W
and f=73.5(6)8).[17] As commonly observed in other related
half-sandwich complexes,[18] the sterically demanding Cp*

ligand, together with the methyl
group attached to the chiral
carbon, occupy equatorial posi-
tions in this five-membered
metallacycle ring, whereas the
nitrile group is situated in an
axial position.

Figure 1. Molecular structure of the cation of complex 6a.

Table 5. Selected bond lengths [W] and angles [8] for compound 6a.[a]

Rh�P(1) 2.331(3) Rh�C(1) 2.228(11)
Rh�P(2) 2.329(3) Rh�C(2) 2.196(12)
Rh�N(1) 2.067(7) Rh�C(3) 2.247(11)
Rh�G[a] 1.858(5) Rh�C(4) 2.247(10)

Rh�C(5) 2.187(7)
N(1)�C(38) 1.151(10) C(39)�C(40) 1.40(2)
C(38)�C(39) 1.418(12) C(39)�C(41) 1.426(19)
P(1)-Rh-P(2) 84.17(8) Rh-N(1)-C(38) 173.5(6)
P(1)-Rh-N(1) 86.6(2) N(1)-C(38)-C(39) 177.3(14)
P(1)-Rh-G[a] 131.66(18) C(38)-C(39)-C(40) 117.8(14)
P(2)-Rh-N(1) 90.5(2) C(38)-C(39)-C(41) 116.9(14)
P(2)-Rh-G[a] 130.54(18) C(40)-C(39)-C(41) 125.2(11)
N(1)-Rh-G[a] 119.6(2)

[a] G represents the centroid of the pentamethylcyclopentadienyl ring.
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The Rh�P and Rh�G(Cp* centroid) bond lengths in 6a
do not significantly differ from the values reported in relat-
ed analogous rhodiumACHTUNGTRENNUNG(III) half-sandwich complexes of the
type [(h5-C5Me5)Rh{(R)-Pro-
phos}L]2+ containing different
oxygen-donor ligands (L=H2O,
methacrolein, tetrahydropyri-
dine N-oxide, or trans-2-methyl-
2-butenal (Rh�P 2.323–
2.334(2), Rh�G 1.853–
1.867(2) W).[7b,13] However the
Rh�N bond length, 2.067(7) W
is statistically shorter than the
Rh�O bond lengths observed in
these complexes (2.111–2.198(7) W) indicating, in a first ap-
proximation, a stronger bonding interaction with the metal
atom. This seems to be also the case in isoelectronic RuII

complexes such as [(h5-C5Me5)Ru ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(NCPh)]+ (Rh�N
2.027(5) W),[19] [(h6-C6H6)Ru ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(NCMe)]2+ (Rh�N
2.040(2) W),[20] or [(h5-indenyl)Ru ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(NCMe)]+ (Rh�N
2.0488(14) W).[21]

Bearing in mind the linearity of the Rh-N(1)-C(38)-C(39)
fragment (see Table 5), the relative disposition of the metha-
crylonitrile ligand within the metal coordination sphere
could be characterized by the torsion angle C5Me5-
ACHTUNGTRENNUNG(centroid)-Rh···C(39)-C(40) that relates the plane around
C(39) (alkene plane of the nitrile) to that of the sterically
demanding C5Me5 ligand; a value of 74.58 has been observed
in 6a that is similar, although of different sign, to that re-
ported in the related methacrolein or nitrone compounds
[(SM,RC)-[(h

5-C5Me5)Rh{(R)-Prophos}(L)]2+ where the plane
of this coordinated olefinic molecule is close to a parallel
disposition to the C5Me5 plane (�64.6(6)8 for methacrolein,
and �65.7(6)8 for the nitrone).[7b] In these molecules, this
nearly parallel disposition has been associated to the pres-
ence of a CH/p interaction that contributes to the restriction
in the rotation of the alkene ligand and, consequently to the
stabilization of a preferred conformation for this unsaturat-
ed substrate. Unfortunately, the limited quality of crystallo-
graphic data (high thermal parameters for nitrile carbon
atoms and low precision for their respective hydrogen
atoms) prevents a deeper discussion for 6a of this particular
aspect.

Stoichiometric reactions : At this point we envisaged that
the catalytic results obtained in the DCR between nitrone A
and methacrylonitrile B catalyzed by the Rh-Prophos
system would be strongly influenced by the formation of the
two epimers, 6a and 6b, and by the epimerization process
that takes place between them. We realized that, under the
catalytic conditions employed, both isomers of complex 6
were formed and, assuming that both are active in catalysis,
enantioselectivity could be decreased if they induce differ-
ently. If so, enantioselectivity could be increased by using
only one epimer of 6 as catalyst. Thus, we carried out the
stoichiometric reaction between isolated complex 6a and
3,4-dihydroisoquinoline N-oxide. After the appropriate reac-

tion time, an excess of nBu4NBr was added to dissociate the
isoxazolidine formed, which was recovered in quantitative
yield [Eq. (2)].

Table 6 collects the ee values obtained by working at dif-
ferent temperatures and in different solvents. The 3,5-endo
adduct was selectively obtained in high enantioselectivity in

all cases. Two facts merit comment. Employing pure 6a in-
stead of 6a/6b mixtures, i) at room temperature, the ee in-
creased from 52 to 77% in CH2Cl2 (entry 1, Table 6) and
from 73 to 84% in THF (entry 6, Table 6) and, ii) as it can
be seen in Table 6, enantioselectivity increases as tempera-
ture decreases.

Similarly, pure iridium isomer 7a reacts with 3,4-dihydro-
isoquinoline N-oxide in CH2Cl2, at room temperature, ren-
dering regio- and diastereoselectively the 3,5-endo cycload-
duct with an ee of 74%. This ee value is comparable to that
obtained with the rhodium catalyst under the same condi-
tions (entry 1, Table 6).

We also carried out the stoichiometric cycloaddition reac-
tion with a 6a/6b mixture as catalyst. Thus, when nitrone A
was added to a 45:55 6a/6b molar ratio mixture in CH2Cl2,
the 3,5-endo cycloadduct was obtained with an ee of 34.5
and 31% at �35 and �50 8C, respectively,[22] the most abun-
dant enantiomer obtained being the same as that obtained
when pure 6a was employed. These results clearly indicated
that R-at-metal epimers (6b, 7b) also catalyze the cycloaddi-
tion reaction and they have either to be less enantioselective
than the corresponding S-at-metal isomers 6a and 7a, or to
preferentially render the antipode adduct.[23]

The observed increase in enantioselectivity on increasing
the temperature (Table 2) or nitrone addition time (Table 4)

Table 6. Stoichiometric reactions.

Entry Solvent T [8C] ee [%]

1 CH2Cl2 RT 77
2 – 0 90
3 – �25 94
4 – �35 94
5 – �50 95
6 THF RT 84
7 – 0 91
8 – �25 94
9 – �50 95
10 acetone �25 91.5
11 MeOH �25 87.5
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can be correlated to the relative increment of 6a, at the ex-
pense of 6b, under these conditions. Conversely, the poor
performance of the iridium system in substoichiometric con-
ditions, as compared to its rhodium counterpart (Table 1, en-
tries 1 and 2), could be due to the reluctance of the iridium
isomer 7b to epimerize (see above). All these data support-
ed a strong influence of the configuration at the metal on
the stereochemistry of the catalytic outcome.

Recycling experiments : The data collected in Table 6 prove
that pure 6a is a highly enantioselective catalyst for the cy-
cloaddition reaction we are studying. As methacrylonitrile
reacts with the metallic fragment (h5-C5Me5)Rh{(R)-Pro-
phos} producing 6a/6b mixtures, a catalytic substoichiomet-
ric reaction affords the adduct in up to 73% ee (see
Table 3). Therefore, only stoichiometric amounts of the
product can be prepared with high enantioselectivity
(>90% ee). To increase the ratio of adduct/catalyst without
loss of ee, we planned to carry out recycling experiments in
repetitive batch mode. Scheme 6 shows the three steps of
the procedure we have developed. In the first step, five

equivalents of nitrone were added to diastereopure 6a.
After the required reaction time, the excess of nitrone was
extracted in Et2O/CH2Cl2 to avoid the simultaneous pres-
ence of nitrone, nitrile, and catalyst in the reaction medium.
The adduct was dissociated from its rhodium complex by
adding 20 equivalents of nitrile in the second step. Simulta-
neously, a 6a/6b mixture was formed. The adduct and the
excess of nitrile were extracted in Et2O/CH2Cl2 and from
the resulting solution the adduct was recovered. In the third
step, the 6a/6b mixture was allowed to epimerize to 6a,
which restarts a further catalytic run.

Following this experimental protocol at least ten consecu-
tive catalytic runs can be performed with very similar re-
sults. Figure 2 shows the yield and enantioselectivity ach-

ieved in the 3,5-endo cycload-
duct after reaction at 0 8C for
15 h. Whereas the conversion
slowly decreases along the runs
from 97 (run 1) to 84% (run
10), the enantioselectivity re-
mains essentially constant at
around 90% ee. In summary,
the procedure shown in
Scheme 6 renders the catalytic
reaction between nitrone A and
nitrile B substoichiometric with
an effective catalyst loading of
10 mol%. In total, the 3,5-endo
cycloadduct is isolated in
90.5% yield and 90.6% ee.

Conclusion

The results reported herein
reveal the important role that
the characterization of the met-

allic intermediates involved in catalysis plays to optimize
the performance of the catalytic system. Thus, the paper
shows how, taking advantage of the knowledge of the rela-
tive abundance and stereochemistry of the metallic species
present in the catalytic system, a moderate enantioselectivity
can be improved to achieve an excellent level of selection.
Furthermore, unexpected trends observed when tempera-
ture changes or when the speed of addition of reagents de-
creases can be appropriately addressed. Notably, a direct re-
lationship between the configuration of the metal and the
stereochemical outcome of the catalytic reaction can be es-

Scheme 6. Recycling experiments.

Figure 2. Recycling experiments. &=yield [%]; &=ee [%].
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tablished. Finally, the highly enantioselective stoichiometric
reaction can be carried out in a substoichiometric way.

Experimental Section

All solvents were dried over appropriate drying agents, distilled under
argon, and degassed prior to use. All preparations were carried out
under argon. Infrared spectra were obtained as KBr pellets with a
Perkin–Elmer Spectrum One FTIR spectrophotometer. Carbon, hydro-
gen, and nitrogen analyses were performed by using a Perkin–
Elmer 240 B microanalyzer. 1H, 13C, and 31P NMR spectra were recorded
on a Bruker AV-300 (300.13 MHz), or Bruker AV-400 (400.16 MHz), or
Bruker AV-500 (500.13 MHz) spectrometer. Chemical shifts are ex-
pressed in ppm upfield from SiMe4. NOEDIFF and 1H correlation spec-
tra were obtained by using standard procedures. Analytical high-perfor-
mance liquid chromatography (HPLC) was performed by using an Alli-
ance Waters (Water 2996 PDA detector) instrument by using a Daicel
Chiralpack AD-H (0.46 cmV25 cm) chiral column. CD spectra were de-
termined in solutions in dichloromethane in a 1-cm-path-length cell by
using a Jasco-810 apparatus. Optical rotations were recorded on a
Perkin–Elmer-241 polarimeter (10 cm cell, 589 nm).

Complexes (SM,RC)-[(h
5-C5Me5)M{(R)-Prophos}ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG(SbF6)2 (M= Rh,

Ir)[7b] and the nitrone 3,4-dihydroisoquinoline N-oxide[24] were prepared
by using literature procedures. All other chemicals were obtained com-
mercially.

ACHTUNGTRENNUNG[(h5-C5Me5)Rh ACHTUNGTRENNUNG{(S,S)-Chiraphos} ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG(SbF6)2 (3): To a suspension of
[{(h5-C5Me5)RhCl}2 ACHTUNGTRENNUNG(m-Cl)2] (100.0 mg, 0.162 mmol) in acetone (20 mL),
AgSbF6 (222.4 mg, 0.647 mmol) was added. The resulting suspension was
stirred at room temperature for 15 h. The mixture was filtered over kie-
selguhr and the precipitate was washed with acetone (3V1 mL). The fil-
trate was concentrated to about 5 mL and cooled to �25 8C. Solid (S,S)-
Chiraphos (138.2 mg, 0.324 mmol) was added. The solution was stirred at
�25 8C for 15 min and 20 mL of hexanes was then added. The resulting
orange oil was stirred at room temperature until it was converted to an
orange solid, which was washed with hexanes three times and vacuum
dried (331.6 mg, 89%). 1H NMR (400 MHz, CD2Cl2, �50 8C): d=8.0–7.0
(m, 20H; Ph), 3.56 (sbr, 2H; H2O), 2.80 (m, 1H; CH), 2.51 (m, 1H;
CH), 1.40 (m, 3H; Me), 1.34 (sbr, 15H; C5Me5), 1.11 ppm (m, 3H; Me);
13C NMR (100.62 MHz, CD2Cl2, �50 8C): d =135.5–119.7 (Ph), 105.6 (s
br, C5Me5), 39.3 (dd, J ACHTUNGTRENNUNG(P,C)=32.3 Hz, J ACHTUNGTRENNUNG(Rh,C)=16.8 Hz, CH), 34.2 (dd,
J ACHTUNGTRENNUNG(P,C)=32.9 Hz, J ACHTUNGTRENNUNG(Rh,C)=14.6 Hz, CH), 14.1 (m, 2VMe), 9.2 ppm (s,
C5Me5);

31P NMR (121.49 MHz, CD2Cl2, �50 8C): d =72.0 (dd, 1J-
ACHTUNGTRENNUNG(Rh,P1)=127.2 Hz, J ACHTUNGTRENNUNG(P2,P1)=45.2 Hz), 59.6 ppm (dd, 1J ACHTUNGTRENNUNG(Rh,P2)=

130.9 Hz); IR (KBr pellets): ñ=3480, 1700 (OH2), 659 cm�1 (s) (SbF6);
elemental analysis calcd (%) for C38H45F12OP2RhSb2: C 39.55, H 3.93;
found: C 39.80, H 4.06.

ACHTUNGTRENNUNG[(h5-C5Me5)Rh{(S)-Binap}(NC(Me)C=CH2)] ACHTUNGTRENNUNG(SbF6)2 (4): To a suspension
of [{(h5-C5Me5)RhCl}2 ACHTUNGTRENNUNG(m-Cl)2] (100.0 mg, 0.162 mmol) in acetone (20 mL),
AgSbF6 (222.7 mg, 0.648 mmol) was added. The resulting suspension was
stirred at room temperature for 15 h. The mixture was filtered through a
cannula and the precipitate was washed with acetone (3V1 mL). To the
filtrate methacrylonitrile (162.8 mL, 1.941 mmol) was added. The solution
was stirred for 15 min, concentrated to about 5 mL, and cooled to
�25 8C. Solid (S)-Binap (202.5 mg, 0.324 mmol) was added. The solution
was stirred at �25 8C for 60 min and then for an additional period of
60 min at room temperature. After stirring, hexanes (20 mL) were added.
The resulting yellow oil was stirred at room temperature until it was con-
verted to a yellow solid, which was washed with hexanes three times and
vacuum-dried (401.1 mg, 89%). 1H NMR (500 MHz, CD2Cl2, RT): d=

7.0–8.1 (m), 6.72 (d, J=8.8 Hz), 6.07 (d, J=8.8 Hz) (36H; Binap); 5.65
(s), 4.37 (s) (2H; =CH2), 1.33 ppm (pt, J=3.65 Hz, 15H; C5Me5);
13C NMR (125.77 MHz, CD2Cl2, RT): d=144–120 (aromatic carbons),
139.3 (s, =CH2), 129.0 (d, 2J ACHTUNGTRENNUNG(Rh,C)=5.75 Hz, CN), 114.9 (s, CCN), 109.9
(dt, 1J ACHTUNGTRENNUNG(Rh,C)=5.8 Hz, 2J ACHTUNGTRENNUNG(P,C)=1.9 Hz, C5Me5), 18.6 (s, Me), 9.70 ppm (s,
C5Me5);

31P NMR (202.45 MHz, CD2Cl2, RT): d=37.9 (dd, 1J ACHTUNGTRENNUNG(Rh,P1)=

127.4 Hz, J ACHTUNGTRENNUNG(P2,P1)=54.9 Hz), 24.3 ppm (dd, 1J ACHTUNGTRENNUNG(Rh,P2)=128.2 Hz); IR

(KBr pellets): ñ=2253 (m) (C�N), 659 cm�1 (v s) (SbF6); elemental anal-
ysis calcd (%) for C58H52F12NP2RhSb2: C 49.78, H 3.75, N 1.00; found: C
49.53, H 3.93, N 0.97.

ACHTUNGTRENNUNG[(h5-C5Me5)Rh{(S)-Hyphos}] ACHTUNGTRENNUNG(SbF6)2 (5): To a suspension of [{(h5-
C5Me5)RhCl}2 ACHTUNGTRENNUNG(m-Cl)2] (100.0 mg, 0.162 mmol) in acetone (20 mL),
AgSbF6 (223.0 mg, 0.649 mmol) was added. The resulting suspension was
stirred at room temperature for 15 h. The mixture was filtered through a
cannula and the precipitate washed with acetone (3V1 mL). The filtrate
was concentrated to about 5 mL and cooled down to �25 8C. Solid (S,S)-
Diop (161.3 mg, 0.324 mmol) was added. The solution was stirred at
�25 8C for 60 min and then for an additional period of 60 min at RT.
After stirring, hexanes (20 mL) were
added. The resulting orange oil was
stirred at room temperature until it
was converted to an orange solid,
which was washed with hexanes three
times and vacuum-dried (364.2 mg,
96%). 1H NMR (400 MHz, CD2Cl2,
RT): d=8.25 (sbr, 1H; OHC3), 7.8–6.8
(m, 20H; Ph), 4.87 (dd, J=25.25,
8.05 Hz, 1H; H3), 3.83 (m, 1H; H2),
3.56 (dd, J=16.3, 11.9 Hz, 1H; H4proS),
3.36 (dd, J=3.8, 2.4 Hz, 1H; OHC2),
3.07 (m, 1H; H4proR), 2.50 (pt, J=16.5,
1H; H1proS), 2.15 (pt, J=12.4, 1H;
H1proR), 1.43 ppm (pt, J=3.7 Hz 15H;
C5Me5);

13C NMR (100.62 MHz,
CD2Cl2, RT): d=133–122 (aromatic carbons), 106.6 (dpt, 1J ACHTUNGTRENNUNG(Rh,C)=

6.1 Hz, 2J ACHTUNGTRENNUNG(P,C)=3.8 Hz, C5Me5), 76.3 (C3), 62.2 (d, 2J ACHTUNGTRENNUNG(Rh,C)=6.1 Hz, C2),
30.55 (d, J=29.9 Hz, C4), 30.4 (d, J=23.8 Hz, C1), 9.6 ppm (s, C5Me5);
31P NMR (161.96 MHz, CD2Cl2, RT): d=52.0 (dd, 1J ACHTUNGTRENNUNG(Rh,P2)=132.8 Hz,
J ACHTUNGTRENNUNG(P1,P2)=47.6 Hz), 13.9 ppm (dd, 1J ACHTUNGTRENNUNG(Rh,P1)=134.75 Hz); IR (KBr pel-
lets): ñ=3557 (br) (OH), 658 cm�1 (v s) (SbF6); elemental analysis calcd
(%) for C38H43F12O2P2RhSb2: C 39.07, H 3.71; found: C 38.84, H 3.53.

Catalytic procedure : The corresponding metallic complex 1–5
(0.03 mmol, 10.0 mol%) was dissolved in CH2Cl2 (3 mL) at room temper-
ature. Methacrylonitrile (176.1 mL, 2.1 mmol) and 3,4-dihydroisoquinoline
N-oxide (44.15 mg, 0.3 mmol) in CH2Cl2 (1 mL) were added. After the
mixture had been stirred at room temperature for the appropriate reac-
tion time, hexane (20 mL) was added. The resulting suspension was fil-
tered over Celite and the filtrate was evaporated to dryness. Regio and
diastereoselectivity were determined for the crude mixture by 1H NMR
analysis in CDCl3. The enantiomeric ratio was determined by HPLC
analysis by using a Chiralpack AD-H column (85:15 hexane/2-propanol,
0.5 mLmin�1); major isomer tr=19.8 min and minor isomer tr=34.3 min.

ACHTUNGTRENNUNG[(h5-C5Me5)M{(R)-Prophos}(NC(Me)C=CH2)] ACHTUNGTRENNUNG(SbF6)2 ACHTUNGTRENNUNG(M=Rh (6), Ir
(7)): At �25 8C, under argon, to a solution of [(h5-C5Me5)Rh{(R)-
Prophos} ACHTUNGTRENNUNG(H2O)]ACHTUNGTRENNUNG(SbF6)2 (150.0 mg, 0.132 mmol) in CH2Cl2 (5 mL), metha-
crylonitrile (22.1 mL, 0.263 mmol) was added. The solution was stirred for
5 min. The addition of dry hexane (20 mL) to the yellow solution afford-
ed a yellow solid, which was washed with hexanes and vacuum-dried
(144.2 mg, 92%). Composition: 45:55
Molar ratio 6a/6b. The iridium ana-
logue was prepared similarly. Yield
90%. Composition: 67:33 molar ratio,
7a/7b.

For the spectroscopic data of 6a
(SRh,RC isomer) see below.

6b (RRh,RC isomer): 1H NMR
(400 MHz, CD2Cl2, �25 8C): d=5.80
(sbr, 1H; =CHH), 5.17 (sbr, 1H; =

CHH), 3.49, 3.24 (2Vm, 3H; Hc, Ht,
Hg), 1.46 (sbr, 15H; C5Me5), 1.40 (sbr, 3H; nitrile Me), 1.11 ppm (dd,
J=15.0, 6.9 Hz, 3H; Me); 31P NMR (161.96 MHz, CD2Cl2, �70 8C): d=

79.0 (dd, 1J ACHTUNGTRENNUNG(Rh,P1)=125.3, J ACHTUNGTRENNUNG(P,P)=23.3 Hz, P1), 64.8 ppm (dd, 1J-
ACHTUNGTRENNUNG(Rh,P2)=124.3 Hz, P2).

For the spectroscopic data of 7a (SIr,RC isomer) see below.
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7b (RIr,RC isomer):
1H NMR (500 MHz, CD2Cl2, 20 8C): d=5.79 (dq, J-

ACHTUNGTRENNUNG(H,H)=1.7, 0.5 Hz, 1H; =CHH), 5.19 (sbr, 1H; =CHH), 3.48, 3.37, 3.25
(3Vm, 3H; Hc, Ht, Hg), 1.56 (pt, 3J ACHTUNGTRENNUNG(P,H)=2.4 Hz, 15H; C5Me5), 1.41 (pt,
J ACHTUNGTRENNUNG(H,H)=1.7 Hz, 3H; nitrile Me), 1.25 ppm (dd, J=15.4, 7.1 Hz, 3H;
Me); 31P NMR (202.45 MHz, CD2Cl2, 20 8C): d=42.1 (sbr, P1), 29.7 ppm
(sbr, P2).

ACHTUNGTRENNUNG(SRh,RC)-[(h
5-C5Me5)Rh{(R)-Prophos}(NC(Me)C=CH2)]ACHTUNGTRENNUNG(SbF6)2 ACHTUNGTRENNUNG(6a): A

45:55 molar ratio mixture of 6a/6b (100.0 mg) was dissolved in CH2Cl2
(10 mL). After stirring at room temperature for 1 h, the solution was con-
centrated to about 1 mL and then hexane (10 mL) was added. The result-
ing yellow solid (pure 6a, SRh,RC isomer) was filtered off and vacuum-
dried (97.0 mg, 97%). 1H NMR (400 MHz, CD2Cl2, 20 8C): d =7.9–7.3
(m, 20H; Ph), 5.92 (q, J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; =CHH), 5.32 (sbr, 1H; =

CHH), 3.43 (ptddd, J=53.4, 16.7, 4.8, 2.2 Hz, 1H; Hc), 3.04 (m, 1H; Hg),
2.63 (ptpt, J=15.4, 5.8, 1H; Ht), 1.54 (pt, 3J ACHTUNGTRENNUNG(P,H)=3.5 Hz, 15H; C5Me5),
1.53 (3H; nitrile Me, overlapped with the C5Me5 signal), 1.34 ppm (ddd,
J=13.5, 6.6, 0.7 Hz, 3H; Me); 13C NMR (100.62 MHz, CD2Cl2, 20 8C):
d=139.95 (s, =CH2), 134–119 (Ph), 128.5 (d, J=5.85 Hz, CN), 114.8 (s,
CCN), 107.4 (dpt, 1J ACHTUNGTRENNUNG(Rh,C)=5.1, 2J ACHTUNGTRENNUNG(P,C)=2.2 Hz, C5Me5), 32.4 (dd, J-
ACHTUNGTRENNUNG(P,C)=34.0, J ACHTUNGTRENNUNG(P,C)=14.3 Hz, Ctc), 32.2 (dd, J ACHTUNGTRENNUNG(P,C)=31.8, JPC=10.6 Hz,
CMe), 18.9 (s, nitrile Me), 15.1 (dd, 2J ACHTUNGTRENNUNG(P,C)=17.9, 3J ACHTUNGTRENNUNG(P,C)=5.5 Hz, Me),
9.2 ppm (s, C5Me5);

31P NMR (161.96 MHz, CD2Cl2, 20 8C): d=75.0 (dd,
1J ACHTUNGTRENNUNG(Rh,P1)=121.4, J ACHTUNGTRENNUNG(P,P)=35.7 Hz, P1), 45.9 ppm (dd, 1J ACHTUNGTRENNUNG(Rh,P2)=

125.8 Hz, P2); IR (KBr pellets): ñ=2257 (m) (C�N), 658 cm�1 (v s)
(SbF6); elemental analysis calcd (%) for C41H46F12NP2RhSb2: C 41.41, H
3.90, N 1.18; found: C 41.31, H 3.59, N 0.98.

ACHTUNGTRENNUNG(SIr,RC)-[(h
5-C5Me5)Ir{(R)-Prophos}(NC(Me)C=CH2)] ACHTUNGTRENNUNG(SbF6)2 ACHTUNGTRENNUNG(7a): A

67:33 molar ratio solid mixture of 7a/7b (101.3 mg) was dissolved in ace-
tone (10 mL). After stirring at 50 8C for 5 h, the solution was concentrat-
ed to about 1 mL and then hexane (10 mL) was added. The resulting
yellow solid (pure 7a, SIr,RC isomer) was filtered off and vacuum-dried
(yield 96.5 mg, 95%). 1H NMR (500 MHz, CD2Cl2, 20 8C): d=7.9–7.2 (m,
20H; Ph), 5.86 (q, J ACHTUNGTRENNUNG(H,H)=1.7 Hz, 1H; =CHH), 5.22 (sbr, 1H; =CHH),
3.43 (dddd, J=48.9, 16.1, 11.5, 5.0 Hz, 1H; Hc), 3.01 (m, 1H; Hg), 2.63
(ptdd, J=15.4, 6.85, 4.9, 1H; Ht), 1.60 (pt, 3J ACHTUNGTRENNUNG(P,H)=2.3 Hz, 15H; C5Me5),
1.48 (pt, J ACHTUNGTRENNUNG(H,H)=1.3 Hz, 3H; nitrile Me), 1.37 ppm (ddd, J=14.4, 6.6,
1.0 Hz, 3H; Me); 13C NMR (125.77 MHz, CD2Cl2, 20 8C): d=140.75 (s, =

CHH), 134–119 (Ph), 123.8 (s, CN), 114.55 (s, CCN), 101.9 (sbr, C5Me5),
33.1 (dd, J ACHTUNGTRENNUNG(P,C)=39.8, J ACHTUNGTRENNUNG(P,C)=11.9 Hz, Ctc), 32.4 (dd, J ACHTUNGTRENNUNG(P,C)=37.3,
7.6 Hz, CMe), 19.0 (s, nitrile Me), 14.3 (dd, 2J ACHTUNGTRENNUNG(P,C)=17.8, 3J ACHTUNGTRENNUNG(P,C)=4.2 Hz,
Me), 8.5 ppm (s, C5Me5);

31P NMR (202.45 MHz, CD2Cl2, 20 8C): d=

41.05 (d, J ACHTUNGTRENNUNG(P,P)=10.7 Hz, P1), 15.7 ppm (d, P2); IR (KBr pellets): ñ=

2260 (m) (C�N), 658 cm�1 (v s) (SbF6); elemental analysis calcd (%) for
C41H46F12IrNP2Sb2: C 38.52, H 3.63, N 1.10; found: C 38.31, H 3.85, N
1.23.

Stoichiometric reactions : To 4 mL of an approximately 7.5V10�2 molL�1

solution of (SM,RC)-[(h
5-C5Me5)M{(R)-Prophos}(NC(Me)C=CH2)] ACHTUNGTRENNUNG(SbF6)2

(M=Rh (6a), Ir (7a)) under the conditions (temperature and solvent)
indicated in Table 6, five equivalents of the nitrone 3,4-dihydroisoquino-
line N-oxide were added. The solution was stirred for 3 (room tempera-
ture), 15 (0 8C), 24 (�25 8C), or 48 h (�50 8C), respectively, at the corre-
sponding temperature and then an excess (ca. 5 equiv) of nBu4NBr in
CH2Cl2 (1 mL) was added. The solution was concentrated under vacuum
to dryness and the residue was extracted with diethyl ether/CH2Cl2 5:1
(3V5 mL). The resulting solution was evaporated to dryness and the col-
orless oil obtained was analyzed and characterized by using NMR and
HPLC techniques. Quantitative yield.

2-cyano-2-methyl-1,5,6,10b-tetrahydro-isoxazolo ACHTUNGTRENNUNG[3,2-a]isoquinoline : The
residue was purified by column chromatography over silica gel with
hexane/AcOEt 80:20 v/v to provide 2-cyano-2-methyl-1,5,6,10b-tetrahy-
dro-isoxazolo ACHTUNGTRENNUNG[3,2-a]isoquinoline as a white solid. Optical data (ee=

90%): [a]23D =�145.5 (c=1.02 in CH2Cl2);
1H NMR (500 MHz, CDCl3,

20 8C) 7.3–7.1 (m, 4H; H7-H10), 4.71 (pt, 1H; H1), 3.50, 3.43 (2Vm, 2H;
H51, H52), 2.99 (pt, 1H; H21), 3.13, 2.91 (2Vm, 2H; H41, H42), 2.77 (dd, J-
ACHTUNGTRENNUNG(H,H)=12.7, 7.6 Hz, 1H; H22), 1.76 ppm (s, 3H; Me); 13C NMR
(125.77 MHz, CDCl3, 20 8C): d =133.4, 133.0, 128.6, 127.4, 127.1, 126.6
(C6-C11), 122.2 (CN), 74.1 (C3), 63.5 (C1), 48.7 (C4), 48.6 (C2), 28.9 (C5),

26.8 ppm (Me); CD (CH2Cl2, 1.2V10
�3

m, RT): l (De)=263 (+0.17), 271
(+0.15).

Kinetic experiments : A 45:55 molar ratio mixture of 6a/6b (19.8 mg) was
dissolved in CD2Cl2 (0.6 mL) in a 5-mm NMR tube. The probe was kept
at 10 8C and rate data were acquired (12 spectra/45 min). The concentra-
tions of 6a and 6b were assayed by integration of the =CHH resonance
at d =5.29 ppm (6a) and d=5.25 ppm (6b). Reaction rate was obtained
from the least-squares fitting of the intensity decrease of the d=

5.25 ppm (6b) 1H NMR signal as a function of time.

Recycling experiments : To enantiopure (SRh,RC)-[(h
5-C5Me5)Rh{(R)-Pro-

phos)}(NC(Me)C-CH2)] ACHTUNGTRENNUNG(SbF6)2 (6a) (100.0 mg, 0.084 mmol) in CH2Cl2
(4 mL), 3,4-dihydroisoquinoline N-oxide (61.9 mg, 0.420 mmol) was
added. The resulting solution was stirred for 15 h, at 0 8C and was then
vacuum-evaporated to dryness. The residue was washed with an Et2O/
CH2Cl2 9:1 v/v mixture (10V7 mL) to eliminate the excess of nitrone. To
the remaining solid dissolved in CH2Cl2 (4 mL), methacrylonitrile
(141.0 mL, 1.682 mmol) was added. After stirring for 4 h at 0 8C, the solu-
tion was concentrated under reduced pressure to dryness. The residue
was extracted with an Et2O/CH2Cl2 9:1 v/v mixture (10V7 mL) and the
solution was concentrated under vacuum to dryness. Yield and enantio-
meric purity of this solid was determined by the usual methods. The resi-
due of the extraction, which consisted of 6a/6b mixtures enriched in the
first component, was dissolved in CH2Cl2 (4 mL) and the solution was
stirred for 1 h at room temperature to complete epimerization to 6a. Ad-
dition of 3,4-dihydroisoquinoline N-oxide (61.9 mg, 0.420 mmol) to this
solution intitated the next catalytic run.

Determination of the molecular structure of compound 6a by X-ray dif-
fraction : Preparation of a suitable sample required several attempts scan-
ning over different crystallization conditions. In most cases the crystalline
material obtained was of a very small size. Several samples were checked
by using the diffractometer, but showed, in general, broad mosaicity and
very weak intensities. Eventually a tiny (0.075V0.061V0.016 mm) weakly
diffracting crystal grown by slow diffusion of n-hexane into a solution of
6a in dichloromethane was selected for data collection. Preliminary in-
dexing of reflections revealed the presence of a minor twinned crystal,
but subsequent integration was carried out without considering its pres-
ence. Intensity data were collected at low temperature (100 ACHTUNGTRENNUNG(2 K)) on a
Bruker SMART CCD area detector diffractometer equipped with graph-
ite-monochromated MoKa radiation (l=0.71073 W) by using narrow
frames (0.38 in w). Cell parameters were refined from the observed set-
ting angles and detector positions of strong reflections (2297 reflns, 2q<

39.68). Data were corrected for Lorentz and polarization effects, and mul-
tiscan absorption corrections were applied with the SADABS program.[25]

The structure was solved by the Patterson method and was completed by
successive difference Fourier syntheses (SHELXS-86).[26] Refinement, by
full-matrix least-squares on F2 with SHELXL97,[26] was carried out in-
cluding isotropic and subsequent anisotropic displacement parameters for
all non-hydrogen atoms. At this stage, a dichloromethane partially disor-
dered molecule was also observed in the crystal structure; one of the
chloride atoms was refined in two complementary positions (0.684 versus
0.316(9) occupancies). In the late stages of refinement some atoms
showed some inconsistencies in their displacement parameters and some
feeble restraints were necessary (DELU and ISOR applied to C(1),
C(11), C(35), and C(36)) to keep these parameters within reasonable
values. All hydrogen atoms in the metal complex were included in the re-
finement in calculated positions and were refined with riding positional
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and thermal parameters. All the highest electronic residuals (smaller
than 1.37 eW�3) were observed in close proximity of the Sb or Rh atoms
and have no chemical significance.

Crystal data for 6a : C41H46F12NP2RhSb2·CH2Cl2, Mr=1274.06; yellow ir-
regular block, 0.075V0.061V0.016 mm3; monoclinic, P21; a=13.1332(9),
b=13.2461(9), c=14.0183(9) W, b=100.8490(10)8 ; Z=2; V=

2395.1(3) W3; 1calcd=1.767 gcm�3 ; m =1.717 mm�1, min and max transmis-
sion factors 0.794 and 0.976; 2qmax=54.08 ; 22347 reflections collected,
10244 unique (Rint=0.0612); number of data/restraints/parameters
10244/20/576; final GoF 1.063, R1=0.0667 (8037 reflections, I>2s(I)),
wR2=0.1246 for all data. The absolute configuration was determined on
the basis of previously known internal reference ((R)-Prophos) and was
confirmed by using the Flack parameter (x=�0.02(3).[27] CCDC-655302
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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