
Tetrahedron: Asymmetry 20 (2009) 1197–1205
Contents lists available at ScienceDirect

Tetrahedron: Asymmetry

journal homepage: www.elsevier .com/locate / tetasy
Asymmetric 1,3-dipolar cycloaddition reaction of a,b-unsaturated nitriles
with nitrones catalyzed by chiral-at-metal rhodium or iridium complexes

Daniel Carmona *, M. Pilar Lamata, Fernando Viguri, Ricardo Rodríguez,
Fernando J. Lahoz, M. José Fabra, Luis A. Oro
Departamento de Química Inorgánica, Instituto Universitario de Catálisis Homogénea, Instituto de Ciencia de Materiales de Aragón,
Universidad de Zaragoza-Consejo Superior de Investigaciones Científicas, 50009 Zaragoza, Spain

a r t i c l e i n f o a b s t r a c t

5
Article history:
Received 3 March 2009
Accepted 8 April 2009
Available online 6 May 2009
0957-4166/$ - see front matter � 2009 Elsevier Ltd. A
doi:10.1016/j.tetasy.2009.04.002

* Corresponding author. Tel.: +34 976 762027; fax:
E-mail address: dcarmona@unizar.es (D. Carmona
The aqua complexes (SM,RC)-[(g -C5Me5)M{(R)-Prophos}(H2O)](SbF6)2 (M = Rh, Ir; (R)-Prophos = 1,2-bis-
diphenylphosphino propane) catalyze the 1,3-dipolar cycloaddition reaction (DCR) of nitrones with a,b-
unsaturated nitriles with low-to-moderate enantioselectivity. The involved catalysts [(g5-C5Me5)M{(R)-
Prophos}(a,b-unsaturated nitrile)](SbF6)2, isolated as mixtures of the (SM,RC)- and (RM,RC)-diastereomers,
have been fully characterized, and the molecular structure of the complexes (SRh,RC)-[(g5-C5Me5)Rh{(R)-
Prophos}(cis-2-pentenenitrile)](SbF6)2 and (SIr,RC)-[(g5-C5Me5)Ir{(R)-Prophos}(acrylonitrile)](SbF6)2 has
been determined by X-ray diffraction. The (R)-at-metal epimers isomerize to the (S)-at-metal counter-
parts. Diastereopure (SM,RC)-[(g5-C5Me5)M{(R)-Prophos}(a,b-unsaturated nitrile)](SbF6)2 complexes cat-
alyze the above-mentioned DCR in a stoichiometric manner with up to 97% ee. The results make clear the
influence of the metal configuration on the catalytic stereochemical outcome. The catalysts can be recy-
cled without significant loss of either activity or selectivity.

� 2009 Elsevier Ltd. All rights reserved.
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Scheme 1. 1,3-DCR between nitrones and alkenes.
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Scheme 2. a,b-Unsaturated nitriles employed in the catalytic experiments.
1. Introduction

Cycloaddition reactions are atom-economic processes that are
among the most powerful synthetic strategies for the preparation
of functionalized cyclic structures.1 In particular, the enantioselec-
tive 1,3-dipolar cycloaddition reaction (DCR) of an alkene with a
nitrone can lead to the construction of up to three contiguous
asymmetric carbon centres. The resulting five-membered isoxazol-
idine derivatives (Scheme 1) may be converted into amino alco-
hols, precursors to biologically important amino acids, alkaloids
or b-lactams.2 Asymmetric catalysis is the most attractive method
of obtaining simple enantiomers from a practical point of view
while the use of chiral Lewis acid based on metal complexes as
homogeneous catalysts remains as one of the dominant ap-
proaches.3 In this methodology, coordination of the alkene to the
metal lowers the barrier energy of the catalytic reaction and an
enantiopure chiral ligand, also coordinated to the metal, is the
source of chirality. In some instances, the metal becomes a stereo-
genic centre after the coordination of the ligand. This occurs, for
example, in half-sandwich three-legged piano stool complexes
containing chiral bidentate ligands of C1 symmetry. However,
epimerization at the metal often precludes from obtaining a rela-
tionship between the configuration at the metal and the stereo-
chemical outcome of the catalytic process.4
ll rights reserved.
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On the other hand, over the last few years, a few examples of one-
point binding catalysts for the asymmetric DCR of nitrones with al-
kenes have been developed.5 In these reactions, the alkene contains
an electron-withdrawing group that, apart from activating the dou-
ble C@C bond, provides an anchoring atom for the coordination of the
substrate. Dealing with this type of systems,6 we realized that olefins
activated by a coordinating nitrile group generate catalysts well sui-
ted for the study of the influence of the configuration at metal on the
absolute configuration of the catalytic adducts (see Scheme 2).6f
Herein we report on: (i) the catalytic asymmetric DCR of a,b-
unsaturated nitriles with nitrones using the aqua complexes
(SM,RC)-[(g5-C5Me5)M{(R)-Prophos}(H2O)](SbF6)2 (M = Rh 1, Ir 2)
as catalyst precursors; (ii) the preparation and characterization of
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the new complexes (SM,RC and RM,RC)-[(g5-C5Me5)M{(R)-Pro-
phos}(a,b-unsaturated nitrile)](SbF6)2 (M = Rh 6–10, Ir 11–15);
and (iii) the use of the (SM,RC)-epimers of the latter as stoichiometric
catalysts for the above-mentioned DCR. As a consequence of this
study a straightforward relationship between the configuration at
the metal and the enantioselectivity of the cycloadducts can be
established.

2. Results and discussion

2.1. Catalytic studies

The rhodium complex7 (SM,RC)-[(g5-C5Me5)Rh{(R)-Pro-
phos}(H2O)](SbF6)2 1 was tested as catalyst precursor for the
DCR reaction between a,b-unsaturated nitriles 3 (Scheme 2)
and linear 4a,b or cyclic 4c–e nitrones (Scheme 3). Table 1 lists
out a selection of the results together with the reaction conditions
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Scheme 3. Nitrones employed in the catalytic experiments.
employed. The collected results are the average of at least two com-
parable reaction runs. Conversion and stereochemistry were deter-

Table 1
Enantioselective DCR of a,b-unsaturated nitriles with nitrones catalyzed by compound 1

Entry Olefin Nitrone Adduct i (h) Conv.a (%) 3,4-end

1
CN

3a

4ª 5aa 90 89 29.5 (4
2 4b 5ba 90 100 30 (32
3 4c 5ca 60 100 21 (16
4 4d 5da 60 100 21
5 4e 5ea 60 100 75 (6.5

6

CNMe

3b

4ª 5ab 90 30 —
7 4b 5bb 90 51 —
8 4c 5cb 60 100 —
9 4d 5db 60 100 —

10 4dd 5db 72 100 —
11 4ce 5eb 16 82 —

12

Et

CN

3c

4a 5ac 130 20 25 (37
13 4b 5bc 90 12 38 (0)f

14 4c 5cc 60 100 —
15 4d 5dc 60 100 —
16 4e 5ec 60 100 —

17

3d
NC

Ph

4c 5cd 60 92 100 (0
18 4d 5dd 60 80 100 (0
19 4e 5ed 60 41 100 (0

20g

CNMe

3b

4d 5db 60 100 —
21g 4dh 5db 70 100 —

Reaction conditions: catalyst 0.03 mmol (10 mol %), nitrile 2.10 mmol and nitrone 0.30
otherwise stated.

a Based on nitrone.
b Determined by 1H NMR and from the molecular structure of 5db and 5ec, determin
c Determined by HPLC.
d At �25 �C.
e Ref. 6f.
f Small amounts of other isomers are also formed.
g The iridium complex 2 was used as the catalyst precursor.
h At 0 �C.
mined by NMR spectroscopy as well as, by the determination of the
molecular structure of the adducts 5db and 5ec by X-ray diffraction
methods (Scheme 4, see Supplementary data). Enantioselectivity
was determined by using HPLC.

Unsubstituted 3a, 2-substituted 3b and cis-3-substituted 3c
cyanoolefins give high conversions with all the nitrones assayed;
however, trans-3-substituted 3d does not react with the linear nit-
rones 4a and 4b and no reaction was observed when the 2,3-disub-
stituted 3e nitrile was treated with both linear and cyclic nitrones
4a–e (the latter attempts are not included in Table 1). In general,
cyclic nitrones are more reactive than the linear ones. As expected
for Lewis acid-catalyzed DCR of nitrones with one-point binding
alkenes, an endo preference is shown8 with the only exception
being the cis-3-substituted nitrile 3c. Cyclic nitrones 4c–e afford
3,5-cycloadducts (with the 2-substituted olefin 3b) or 3,4-cycload-
ducts (with olefins 3c and 3d) with high regioselectivity. However,
poor regio- and diastereoselectivity were achieved with the unsub-
stituted olefin 3a and, a common feature of these reactions is the
low-to-moderate enantioselectivity reached. To obtain more infor-
mation about the catalytic systems, we next studied the stereo-
chemistry of the reaction of the aqua-complexes 1 and 2 with
the a,b-unsaturated nitriles 3.
2.2. Preparation of the Complexes (SM,RC and RM,RC)-[(g5-
C5Me5)M{(R)-Prophos} (a,b-unsaturated nitrile)](SbF6)2 (M = Rh
6–10, Ir 11–15)

At �25 �C, the water molecule of the complexes (SM,RC)-[(g5-
C5Me5)M{(R)-Prophos}(H2O)](SbF6)2 (M = Rh, 1, Ir 2) is displaced
o (%)b (ee)c 3,4-exo (%)b (ee)c 3,5-endo (%)b (ee)c 3,5-exo (%)b (ee)c

7) 28.5 (49) 28 (32) 14 (4)
.5) 11 44 (7.5) 15 (4)
) 9 (7) 52 (3) 18 (0)

13 49 17
) — 18 (5.5) 7

— 50 (65) 50 (61)
— 90 (5.5) 10 (7.5)
— 90 (44) 10 (50)
— 100 (6.5) —
— 100 (4) —
— 98 (52)f —

) 75 (55) — —
56 (29) — —
90 (6)f — —
92.5 (4)f — —
95 (11)f — —

) — — —
) — — —
) — — —

— 100 (0) —
— 100 (0) —

mmol, in 4 ml of CH2Cl2. Reactions were carried out at room temperature unless

ed by X-ray diffractometric methods.
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Scheme 4. DCR of a,b-unsaturated nitriles with nitrones.
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by nitriles 3a-e to afford compounds 6–15 (Eq. 1) in nearly quan-
titative yield.� The complexes were isolated as a mixture of the
two possible epimers at metal namely SM,RC (which we will label
with an a after the corresponding number) and RM,RC (labelled b).
In Eq. 1, the measured diastereomeric excesses (de’s) are quoted
after the label of the corresponding complex; the most abundant epi-
mer is also indicated. As it can be seen, low de’s were achieved in all
cases (634%).

The new compounds were characterized by analytical and spec-
troscopic means (see Section 4) including mono- and two-dimen-
sional experiments with homo- and hetero-correlations. In
� Compounds 7 and 12 have been previously reported by us (see Ref. 6f).
addition, the molecular structures of the cis-2-pentene nitrile rho-
dium 8a and acrylonitrile iridium 11a complexes have been deter-
mined by X-ray diffractometric methods.

As a general trend, the 1H NMR resonances appear in the irid-
ium complexes at higher fields than those of the corresponding
rhodium analogues. This experimental fact reflects the greater
electron-withdrawing character of the Ir(III) species than their rho-
dium(III) analogues.

The NMR spectra, apart from the typical peaks of the coordi-
nated (R)-Prophos and C5Me5 ligands, show the presence of the
coordinated nitrile. Thus, three, two or one 1H NMR resonances
in the 5.4–6.9 ppm region, which appropriately correlate with
two 13C NMR peaks in the 90–110 (NC–C@C) and 146–167 (NC–
C@C) ppm intervals, are attributed to the olefinic protons. The NC
carbon resonates at around 128 or 123 ppm for the rhodium or



(SM,RC)-[(η5-C5Me5)M{(R)-Prophos}(H2O)](SbF6)2

(SM,RC and RM,RC)-[(η5-C5Me5)M{(R)-Prophos}(α,β-unsaturated nitrile) ](SbF6)2 + H2O

α,β-unsaturated nitrile+

M

PPh2
Ph2P

*

Me

*

CNR2

R4
R3

(SbF6)2

R2= R3= R4= H; M = Rh (6a,b; 12% de, a epimer), Ir (11a,b; 6%, b)
R2= Me, R3= R4= H; M = Rh (7a,b; 10%, b), Ir (12a,b; 34%, a)
R2= R3= H, R4= Et; M = Rh (8a,b; 16%, b), Ir (13a,b; 12%, b)
R2= R4= H, R3= Ph; M = Rh (9a,b; 20%, b), Ir (14a,b; 10%, b)
R4= H, R2,R3= (-CH2-)4; M = Rh (10a,b; 6%, b), Ir (15a,b; 14%, b)
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iridium complexes, respectively. In addition, a sharp IR band at
around 2250 cm�1, shifted about 30 cm�1 towards higher fre-
quency with respect to the free ligands, is attributed to the C„N
bond (see below).

The 31P NMR spectra consist of two double doublets for the rho-
dium complexes and two doublets for the iridium ones. 31P–31P
coupling constants of about 30 Hz were measured in all cases
and 103Rh–31P couplings of about 120–130 Hz, characteristic for
phosphorus nuclei coordinated to Rh(III) ions,9 were also recorded.
Interestingly, the Dd between the two P resonances strongly
changes from the (S) at metal to the (R) at metal epimers. Thus,
while differences of about 29 (Rh) or 25 (Ir) ppm were measured
for (SM,RC)-diastereomers, the corresponding Dd value is only
about 11 (Rh) or 13 (Ir) ppm for their (RM,RC)-analogues.9

Notably, at �25 �C, the (RM,RC)-isomers 6b–10b slowly epimer-
ize to the corresponding (SM,RC)-epimers 6a–10a. Analogously, the
iridium compounds 11b–15b isomerize to the thermodynamically
preferred complexes 11a–15a but, in this case, acceptable rates are
only achieved above 30 �C. This epimerization reaction renders
pure samples of the (SM,RC)-diastereomers that will be employed
in a stoichiometric DCR reaction between a,b-unsaturated nitriles
3 and nitrones 4 (see below).

2.3. Molecular structures of compounds 8a and 11a

Single crystals of 8a were obtained by the careful addition of
hexane to a concentrated solution of the complex in dichlorometh-
ane; in the case of 11a, good crystals were formed after slow evap-
oration of dichloromethane from a solution of this complex.
Molecular diagrams of both complexes are depicted in Figures 1
and 2, and selected structural parameters are given in Table 2.
The metal atom in both cationic complexes exhibits formal pseu-
Figure 1. Molecular structure of the cation of complex 8a.
do-tetrahedral environments, being coordinated to the g5-C5Me5

group, to the two phosphorus atoms of the (R)-Prophos ligand
and to the nitrogen atom of the unsaturated nitriles 3c (8a) and
3a (11a). Both absolute configurations at the metal are identical
corresponding to an S descriptor, in accordance with the ligand pri-
ority sequence g5-C5Me5 > P(1) > P(2) > N;10 the M–P(1)–C(36)–
C(35)–P(2) metallacycles exhibit a k conformation with highly
puckered half-chair conformations [Cremer and Pople parameters
Q = 0.490(7) Å, u = 90.8(4)� in 8a; Q = 0.458(11) Å, u = 81.1(7)�
and Q = 0.404(12) Å, u = 99(2)� in 11a].11

Both molecules show the unsaturated nitrile fragment N(1)–
C(38)–C(39)–C(40) to be essentially planar. The bond distances
along this conjugated system NC–C@C [N(1)–C(38) 1.140(10),
C(38)–C(39) 1.434(12), C(39)–C(40) 1.298(14) Å in 8a; 1.134(12),
1.438(14) and 1.225(14) Å in 11a] are evidence for the partial delo-
calization of the p-electron density and justify the m(CN) frequen-
cies measured.

Assuming the linearity of the M–N(1)–C(38)–C(39) moiety (see
Table 2), the relative disposition of the reactive olefin in the nitrile
ligand with respect to the metal coordination sphere could be char-
acterized by the torsion angle C5Me5(centroid)–M–C(39)–C(40)
that relates the nitrile molecular plane to the sterically demanding
C5Me5. The observed values do not identify a preferred orientation;
thus a perpendicular disposition is observed between the C5Me5

and the nitrile plane in the ethyl-substituted nitrile [175.5(7)� in
8a], while in the two independent molecules of the unsubstituted
nitrile 11a two nearly parallel dispositions, one at each side, have
been determined [125(1)� and �99(2)�].

2.4. Stoichiometric reactions

The preparation of complexes 6–15 according to Eq. 1, clearly
establishes that both epimers at metal are formed and, most prob-
ably, both will be present during the catalytic reactions reported
Figure 2. Molecular structure of the cation of complex 11a.



Table 2
Selected bond distances (Å) and angles (�) for the cationic metal complexes of 8a and
11a

Rh (8a) Ir (11a)

M–P(1) 2.332(2) 2.319(3) 2.324(3)
M–P(2) 2.333(2) 2.321(3) 2.326(3)
M–N(1) 2.057(6) 2.028(11) 2.038(11)
M–C(1) 2.238(7) 2.217(13) 2.249(14)
M–C(2) 2.187(8) 2.216(13) 2.258(13)
M–C(3) 2.256(8) 2.211(14) 2.207(13)
M–C(4) 2.224(8) 2.257(13) 2.314(15)
M–C(5) 2.216(8) 2.231(14) 2.221(13)
M–Ga 1.863(4) 1.873(7) 1.880(7)
P(1)–C(36) 1.863(8) 1.857(11) 1.855(12)
P(2)–C(35) 1.839(8) 1.833(12) 1.831(11)
C(35)–C(36) 1.540(9) 1.536(16) 1.525(16)
N(1)–C(38) 1.140(10) 1.144(16) 1.124(17)
C(38)–C(39) 1.434(12) 1.415(19) 1.46(2)
C(39)–C(40) 1.298(14) 1.28(2) 1.17(2)
C(40)–C(41) 1.476(14)
C(41)–C(42) 1.536(14)
P(1)–M–P(2) 84.01(7) 84.55(11) 84.29(11)
P(1)–M–N(1) 86.41(19) 84.7(3) 84.3(3)
P(1)–M–Ga 130.34(12) 131.7(2) 133.5(2)
P(2)–M–N(1) 91.39(19) 89.1(3) 89.4(3)
P(2)–M–Ga 130.25(12) 131.5(2) 129.9(2)
N(1)–M–Ga 120.9(2) 120.4(4) 120.5(4)
M–N(1)–C(38) 178.3(7) 178.9(10) 177.8(12)
N(1)–C(38)–C(39) 178.5(9) 179.4(16) 177.9(16)
C(38)–C(39)–C(40) 121.3(8) 122.9(16) 127.2(17)
C(39)–C(40)–C(41) 127.5(8)
C(40)–C(41)–C(42) 114.2(8)

a G represents the centroid of the C5Me5 rings.
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above. Assuming that both are active in catalysis, the enantioselec-
tivity could be decreased if they induce differently. On the other
hand, pure samples of the (SM,RC)-diastereomers can be prepared
taking advantage of the epimerization of the b isomers to the cor-
responding a analogues (see above). With the aim to improve the
enantioselectivity of the processes, we carried out stoichiometric
reactions between isolated (SM,RC)-isomers 6a–9a and 12a and nit-
rones 4. After the appropriate reaction time, an excess of nBu4NBr
was added to dissociate the isoxazolidine that formed, which
was recovered in quantitative yield. Table 3 reports a selection of
the results obtained. No significant differences in stereoselectivity
have been observed between the corresponding catalytic and stoi-
chiometric runs for cyanoolefins 3a (rhodium complex 6a; com-
pare entry 5, Table 1 to entry 1, Table 3) and 3d (rhodium
Table 3
Stoichiometric reactions

Entry Catalyst Nitrone Adduct 3,4-endo (%) (e

1 6a 4e 5ea 80a (0.5)
2 7a 4ª 5ab
3 4b 5bb
4 4c 5cb
5 4d 5db —
6 4db 5db —
7 4dc 5db —
8 4ed 5eb —
9 8a 4c 5cc

10 4d 5dc
11 4e 5ec
12 9a 4c 5cd 100 (3)
13 4d 5dd 100 (2)
14 4e 5ed 100 (1)
15 12a 4d 5db —
16 4db 5db —

a Small amounts of other isomers were also formed.
b Reaction performed at 0 �C.
c Reaction performed at �25 �C.
d Ref. 5.
complex 9a; entries 17–19, Table 1 vs entries 12–14, Table 3).
These results indicate a low level of enantiodifferentiation for both
metal epimers in the involved reactions.

For cis-2-pentene nitrile 3c, the (SRh)-epimer 8a presents a
slightly better diastereoselectivity to the 3,4-exo adduct than the
corresponding RRh epimer 8b. More interesting was to find out that
both epimers differ in enantiodifferentiation, pure 8a giving higher
ee for the 3,4-exo cycloadduct (compare entries 14–16, Table 1
with entries 9–11, Table 3).

The most interesting findings were obtained with methacrylo-
nitrile. For this olefin, in all cases, an important increase in enanti-
oselectivity was observed in the stoichiometric reactions. The best
results were obtained by employing pure 7a, instead of employing
the catalytic 7a/7b mixtures generated in situ, which caused the ee
to increase from 6.5% to 89.5% for the reaction with nitrone 4d (en-
try 9, Table 1 vs entry 5, Table 3). Similarly, whereas a 33/67 molar
ratio mixture of the iridium complex 12a/12b reacts with the nit-
rone 2,3,4,5-tetrahydropyridine N-oxide 4d rendering regio- and
diastereoselectively the 3,5-endo cycloadduct with 0% ee (Table
1, entry 20), pure isomer 12a stoichiometrically catalyzes this reac-
tion with an ee of 84% at room temperature.

As can be seen in Table 3, the enantioselectivity increases as
temperature decreases. Thus, when nitrone 4d was added to the
rhodium complex 7a, the 3,5-endo cycloadduct was obtained with
89.5%, 95.5% and 97% ee, at rt, 0 and �25 �C, respectively (entries
5–7). Analogously, the iridium complex 12a catalyzes the same
reaction with 84% and 93.5% ee, at rt and 0 �C, respectively.

The impressive increase in the ee values achieved for the olefin
3b in stoichiometric reactions (Table 3, entries 2–8, 15, 16) com-
pared to those in catalytic runs (Table 1, entries 6–11, 20, 21)
strongly indicates that changing the metal configuration reverses
the induction sign and renders antipode adducts. In particular,
the reaction between olefin 3b and nitrone 4d catalyzed by the
iridium complex 12 (Table 1, entries 20 and 21; Table 3, entries
15 and 16) constitutes as an interesting example in which the con-
figuration at the metal correlates with the stereochemistry of the
catalytic outcome: only if 12a and 12b diverge in enantioselection
is it possible to achieve zero ee working with 12a/12b mixtures
and up to 93.5% ee using pure 12a as catalyst.

Finally, to prove that it is possible to increase the ratio adduct/cat-
alyst without a significant loss of ee, we carried out recycling exper-
iments using the reaction between nitrone 4d and olefin 3b as a
model. From this reaction, cycloadduct 5db (Scheme 5) is obtained
in 98% yield and 95.5% ee, or in 97% yield and 93.5% ee using the rho-
e) 3,4-exo (%) (ee) 3,5-endo (%) (ee) 3,5-exo (%) (ee)

15 (11.5)
50 (75) 50 (82)
80 (35.5) 20 (82)
97 (83) 3

100 (89.5)
100 (95.5)
100 (97)

98 (77)a

95 (15.5) 5
95 (23) 5 (0)
95 (33) 5 (18)

—
—
—
100 (84)
100 (93.5)
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dium complex 7a (Table 3, entry 6) or the iridium analogue 12a (Ta-
ble 3, entry 16) as catalyst, respectively. Following the method de-
scribed in Ref. 6f (see also recycling experiments in Section 4), in a
second catalytic run, 7a renders the cycloadduct in 97.5% yield and
94% ee, and 12a in 93.5% yield and 92% ee. As can be seen, both yield
and ee are essentially maintained.
CMeMe

P2Ph2Ctc

P1Ph2

Hg

Ht Hc

Scheme 5. Labelling of (R)-Prophos for NMR assignments.
3. Conclusions

The catalytic system based on the chiral Lewis acid fragment
(g5-C5Me5)M{(R)-Prophos} (M = Rh, Ir) is well suited for obtaining
chemical information about the active species involved in the DCR
between alkenes and nitrones. The employment of alkenes con-
taining a good coordinating functionality, such as a cyano group al-
lows the complete characterization of the substrate–catalyst
intermediates formed during catalysis. The determination of the
stereochemistry of these intermediates allows us; (i) to optimize
the performance of the catalytic system; and (ii) to explain the
enantioselectivity achieved, and, more importantly, to unequivo-
cally establish the configuration at metal as responsible for the sign
of the induced enantioselectivity in this type of systems.
4. Experimental

4.1. General

All solvents were dried over appropriate drying agents, distilled
under argon and degassed prior to use. All preparations were car-
ried out under argon. Infrared spectra were obtained as KBr pellets
with a Perkin–Elmer Spectrum One FT IR spectrophotometer. Car-
bon, hydrogen and nitrogen analyses were performed using a Per-
kin–Elmer 240 B microanalyzer. 1H, 13C and 31P NMR spectra were
recorded on a Bruker AV-300 spectrometer or a Bruker AV-400 or a
Bruker AV-500. Chemical shifts are expressed in ppm upfield from
SiMe4. NOEDIFF and 1H correlation spectra were obtained using
standard procedures. Optical rotations were recorded on a Per-
kin–Elmer-241 polarimeter (10 cm cell, 589 nm). Analytical high
performance liquid chromatography (HPLC) was performed on an
Alliance Waters (Waters 2996 PDA detector) instrument using a
chiral column Daicel Chiralpack OD-H (0.46 cm � 25 cm) and
OD-H guard (0.46 � 5 cm) or AD-H (0.46 cm � 25 cm).

The complexes (SM,RC)-[(g5-C5Me5)M{(R)-Prophos}(H2O)](SbF6)2

(M = Rh 1, Ir 2) were prepared using literature procedures.6b

4.2. Catalytic procedure

At �25 �C, the metallic complex (SM,RC)-[(g5-C5Me5)M{(R)-Pro-
phos}(H2O)](SbF6)2 (0.03 mmol, 10 mol%) was dissolved in CH2Cl2

(3 mL) and the corresponding a,b-unsaturated nitrile (2.10 mmol)
was added. The suspension was stirred for 30 min and then a solu-
tion of the nitrone (0.30 mmol), in CH2Cl2 (1 mL) was added. After
stirring at the indicated temperature, for the appropriate reaction
time, 20 mL of hexane was added. After filtration over Celite, the
solution was evaporated to dryness. The residue was purified by
chromatography (SiO2) to provide the corresponding isoxazoli-
dines. Conversion and regioselectivity were determined in a CDCl3

solution of the crude mixture by 1H NMR analysis. The enantio-
meric excess was determined by HPLC analysis (for details see Sup-
plementary data).

4.3. Preparation of the compounds (SM,RC and RM,RC)-[(g5-C5Me5)
M{(R)-Prophos} (a,b-unsaturated nitrile)](SbF6)2 (M = Rh, Ir) 6–15

At �25 �C, under argon, to a solution of the corresponding
(SM,RC)-[(g5-C5Me5)M{(R)-Prophos}(H2O)](SbF6)2 (0.13 mmol) in
CH2Cl2 (5 mL) the corresponding a,b-unsaturated nitrile
(0.26 mmol) was added. The resulting yellow solution was stirred
for 5 min and then the solvent was vacuum-evaporated to dryness.
The diastereomeric composition of the residue was determined by
NMR (Scheme 5). The residue was re-dissolved with a minimum
amount of CH2Cl2 (about 1 mL) and the addition of 20 mL of dry
hexane afforded a yellow solid that was filtered off, washed with
hexane and vacuum-dried.
4.3.1. Compound 6 (yield 92%)
(SRh,RC)-Isomer: 1H NMR (400 MHz, CD2Cl2, rt): d = 7.9–7.3 (m,

20H, Ph), 6.25 (d, 3JHH = 11.9 Hz, 1H, CNCHCHH), 5.81 (d,
3JHH = 19.9 Hz, 1H, CNCHCHH), 5.43 (dd, 1H, CNCHCHH), 3.36
(ptddd, 2JPH = 53.1, 3JPH = 16.5, 2JHH = 16.5, 3JHH = 4.4, 4JHH = 2.0 Hz,
1H, Hc), 3.02 (m, 1H, Hg), 2.44 (ptpt, 2JPC = 15.3, 3JPH = 5.7,
2JHH = 15.3, 3JHH = 5.7, 1H, Ht), 1.52 (pt, 3JPH = 3.5 Hz, 15H, C5Me5),
1.31 (dd, 3JPH = 13.9, 4JPH = 6.3 Hz, 3H, Me). 13C NMR (100.62 MHz,
CD2Cl2, rt): d = 146.32 (s, CNCHCHH), 135–120 (Ph), 126.98 (d,
2JRhC = 5.9 Hz, CNCHCHH), 107.78 (ptd, 1JRhC = 5.1, 2JPC = 2.2 Hz,
C5Me5), 104.50 (s, CNCHCHH), 32.67 (dd, 1JPC = 35.1, 2JPC = 13.9 Hz,
Ctc), 32.45 (dd, 1JPC = 32.2, 2JPC = 10.25 Hz, CMe), 15.37 (dd,
2JPC = 17.9, 3JPC = 5.5 Hz, Me), 9.54 (s, C5Me5). 31P NMR
(161.96 MHz, CD2Cl2, rt): d = 74.83 (dd, 1JRhP1 = 121.6, 2JP2P1 =
36.0 Hz, P1), 45.68 (dd, 1JRhP2 = 125.9 Hz, P2). IR (KBr pellets,
cm�1): m(CN) 2261s, m(SbF6) 658vs. Anal. Calcd for
C40H44F12NP2RhSb2: C, 40.88; H, 3.77; N, 1.19. Found: C, 40.63; H,
4.06; N, 1.05. ½a�27

D ¼ �26:7 (c 0.5, CH2Cl2).
(RRh,RC)-Isomer: 1H NMR (300 MHz, CD2Cl2, �25 �C): d = 6.13

(dd, 3JHH = 9.5, 2JHH = 2.3 Hz, 1H, CNCHCHH), 5.45 (m, 2H,
CNCHCHH, CNCHCHH), 3.45, 3.25 (2 �m, 3H, Hc, Hg, Ht), 1.46 (pt,
3JPH = 3.6 Hz, 15H, C5Me5), 1.17 (dd, 3JPH = 15.4, 4JPH = 7.7 Hz, 3H,
Me). 31P NMR (121.50 MHz, CD2Cl2, �25 �C): d = 73.37 (dd,
1JRhP1 = 121.8, 2JP2P1 = 28.2 Hz, P1), 62.515 (dd, 1JRhP2 = 123.3 Hz, P2).

4.3.2. Compound 8 (yield: 94%)
(SRh,RC)-Isomer: 1H NMR (300 MHz, CD2Cl2, rt): d = 7.9–7.3 (m,

20H, Ph), 6.69 (dt, 3JHH = 10.75, 3JHH = 7.7 Hz, 1H,
CNCHCH(CH2CH3)), 5.00 (d, 1H, CNCHCH(CH2CH3)), 3.39 (ptdd,
2JPH = 53.3, 3JPH = 14.6, 2JHH = 14.6, 3JHH = 2.1 Hz, 1H, Hc), 3.02 (m,
1H, Hg), 2.45 (ptpt, 2JPH = 15.4, 3JPH = 5.6, 2JHH = 15.4, 3JHH = 5.6,
1H, Ht), 1.76 (m, 2H, CNCHCH(CH2CH3)), 1.54 (pt, 3JPH = 3.3 Hz,
15H, C5Me5), 1.33 (dd, 3JPH = 13.6, 4JPH = 5.9, Hz, 3H, Me), 0.93 (t,
3JHH = 7.4 Hz, 3H, CNCHCH(CH2CH3)). 13C NMR (75.47 MHz, CD2Cl2,
rt): d = 165.79 (s, CNCHCH(CH2CH3)), 134–119 (Ph), 126.16 (d,
2JRhC = 6.4 Hz, CNCHCH(CH2CH3)), 107.38 (ptd, 1JRhC = 5.5,
2JPC = 1.8 Hz, C5Me5), 95.57 (s, CNCHCH(CH2CH3)), 32.39 (dd,
1JPC = 30.8, 2JPC = 15.2 Hz, Ctc), 32.19 (dd, 1JPC = 30.8, 2JPC = 10.1 Hz,
CMe), 26.63 (s, CNCHCH(CH2CH3)), 15.00 (dd, 2JPC = 17.9,
3JPC = 5.5 Hz, Me), 12.29 (s, CNCHCH(CH2CH3)), 9.21 (s, C5Me5).
31P NMR (121.50 MHz, CD2Cl2, rt): d = 74.94 (dd, 1JRhP1 = 121.8,
2JP2P1 = 35.6 Hz, P1), 45.94 (dd, 1JRhP2 = 126.2 Hz, P2). IR (KBr pellets,
cm�1): m(CN) 2242s, m(SbF6) 658vs. Anal. Calcd for
C42H48F12NP2RhSb2: C, 41.93; H, 4.02; N, 1.16. Found: C, 42.13;
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H, 4.19; N, 1.01. ½a�27
D ¼ �26:7 (c = 0.5, CH2Cl2). ½a�27

D ¼ �31:2 (c 0.6,
CH2Cl2).

(RRh,RC)-Isomer: 1H NMR (300 MHz, CD2Cl2, �25 �C): d = 6.58
(dt, 3JHH = 11.3, 3JHH = 7.9 Hz 1H, CNCHCH(CH2CH3)), 4.99 (d, 1H,
CNCHCH(CH2CH3)), 3.43, 3.21 (2 �m, 3H, Hc, Hg, Ht), 1.71 (m, 2H,
CNCHCH(CH2CH3)), 1.46 (pt, 3JPH = 3.1 Hz, 15H, C5Me5), 1.16 (dd,
3JPH = 15.1, 4JPH = 6.4 Hz, 3H, Me), 0.72 (t, 3JHH = 7.4 Hz,
CNCHCH(CH2CH3)). 31P NMR (121.50 MHz, CD2Cl2, �25 �C):
d = 74.15 (dd, 1JRhP1 = 125.5, 2JP2P1 = 26.7 Hz, P1), 61.95 (dd,
1JRhP2 = 123.3 Hz, P2).

4.3.3. Compound 9 (yield: 90.5%)
(SRh,RC)-Isomer: 1H NMR (300 MHz, CD2Cl2, rt): d = 7.9–7.3 (m,

25H, Ph), 6.86 (d, 3JHH = 16.4, 1H, CNCHCHPh), 5.72 (d, 1H,
CNCHCHPh), 3.40 (ptddd, 2JPH = 53.25, 3JPH = 14.1, 2JHH = 14.1,
3JHH = 5.1, 4JHH = 2.0 Hz, 1H, Hc), 3.11 (m, 1H, Hg), 2.44 (ptpt,
2JPH = 15.4, 3JPH = 5.6, 2JHH = 15.4, 3JHH = 5.6, 1H, Ht), 1.56 (pt,
3JPH = 3.3 Hz, 15H, C5Me5), 1.34 (dd, 3JPH = 13.8, 4JPH = 6.7 Hz, 3H,
Me). 13C NMR (100.62 MHz, CD2Cl2, rt): d = 158.36 (s, CNCHCHPh),
135–120 (Ph), 129.01 (d, 2JRhC = 5.8 Hz, CNCHCHPh), 107.60 (ptd,
1JRhC = 5.3, 2JPC = 1.75 Hz, C5Me5), 91.79 (s, CNCHCHPh), 32.65 (dd,
1JPC = 33.3, 2JPC = 12.3 Hz, Ctc), 32.56 (dd, 1JPC = 32.2, 2JPC = 10.5 Hz,
CMe), 15.37 (dd, 2JPC = 17.8, 3JPC = 5.6 Hz, Me), 9.59 (s, C5Me5). 31P
NMR (121.50 MHz, CD2Cl2, rt): d = 75.10 (dd, 1JRhP1 = 121.0,
2JP2P1 = 36.4 Hz, P1), 45.86 (dd, 1JRhP2 = 125.5 Hz, P2). IR (KBr pellets,
cm�1): m(CN) 2246s, m(SbF6) 658vs. Anal. Calcd for
C46H48F12NP2RhSb2: C, 44.16; H, 3.81; N, 1.12. Found: C, 44.58;
H, 4.01; N, 0.95. ½a�24

D ¼ �90:2 (c 0.6, CH2Cl2).
(RRh,RC)-Isomer: 1H NMR (300 MHz, CD2Cl2, �25 �C): d = 6.36 (d,

3JHH = 16.4, 1H, CNCHCHPh), 5.77 (d, 1H, CNCHCHPh), 3.47, 3.23
(2 �m, 3H, Hc, Hg, Ht), 1.48 (pt, 3JPH = 3.0 Hz, 15H, C5Me5), 1.16
(dd, 3JPH = 15.1, 4JPH = 6.4 Hz, 3H, Me). 31P NMR (121.50 MHz,
CD2Cl2, �25 �C): d = 74.25 (m, P1), 62.16 (dd, 1JRhP2 = 123.3,
2JP2P1 = 28.2 Hz, P2).

4.3.4. Compound 10 (yield: 93%)
(SRh,RC)-Isomer: 1H NMR (300 MHz, CD2Cl2, rt): d = 7.9–7.2 (m,

20H, Ph), 6.16 (pt, 3JHH = 3.8 Hz, 1H, CNC@CH), 3.38 (ptddd,
2JPH = 53.25, 3JPH = 14.5, 2JHH = 14.5, 3JHH = 5.1, 4JHH = 2.0 Hz, 1H,
Hc), 3.01 (m, 1H, Hg), 2.43 (ptpt, 2JPH = 15.4, 3JPH = 5.6, 2JHH = 15.4,
3JHH = 5.6, 1H, Ht), 2.19, 1.65, 1.56 (3 �m, 8H, cyclohexyl ring pro-
tons), 1.53 (pt, 3JPH = 3.3 Hz, 15H, C5Me5), 1.32 (dd, 3JPH = 13.3,
4JPH = 6.1 Hz, 3H, Me). 13C NMR (100.62 MHz, CD2Cl2, rt):
d = 156.89 (s, CNC@CH), 135–120 (Ph), 129.57 (d, 2JRhC = 5.8 Hz,
CNC@CH), 109.32 (s, CNC@CH), 107.55 (ptd, 1JRhC = 5.3,
2JPC = 1.8 Hz, C5Me5), 32.67 (dd, 1JPC = 33.6, 2JPC = 15.9 Hz, Ctc),
32.46 (dd, 1JPC = 31.6, 2JPC = 9.9 Hz, CMe), 26.71, 25.42, 20.92,
20.12 (4 � s, 4C, cyclohexyl ring carbons), 15.42 (dd, 2JPC = 18.1,
3JPC = 5.8 Hz, Me), 9.53 (s, C5Me5). 31P NMR (121.50 MHz, CD2Cl2,
rt): d = 74.94 (dd, 1JRhP1 = 121.8, 2JP2P1 = 35.6 Hz, P1), 45.72 (dd,
1JRhP2 = 126.2 Hz, P2). IR (KBr pellets, cm�1): m(CN) 2242s, m(SbF6)
658vs. Anal. Calcd for C44H50F12NP2RhSb2: C, 42.99; H, 4.10; N,
1.14. Found: C, 43.15; H, 4.34; N, 1.15. ½a�27

D ¼ �28:9 (c 0.5, CH2Cl2).
(RRh,RC)-Isomer: 1H NMR (300 MHz, CD2Cl2, �25 �C): d = 6.19

(m, CNC@CH), 3.42, 3.18 (2 �m, 3H, Hc, Hg, Ht), 2.11, 1.55
(2 �m, 8H, cyclohexyl ring protons), 1.48 (pt, 3JPH = 3.6 Hz, 15H,
C5Me5), 1.22 (dd, 3JPH = 15.4, 4JPH = 7.65 Hz, 3H, Me). 31P NMR
(121.50 MHz, CD2Cl2, �25 �C): d = 74.43 (m, P1), 62.29 (dd,
1JRhP2 = 123.3, 2JP2P1 = 28.2 Hz, P2).

4.3.5. Compound 11 (yield: 90%)
(SIr,RC)-Isomer: 1H NMR (400 MHz, CD2Cl2, rt): d = 7.9–7.3 (m,

20H, Ph), 6.21 (d, 3JHH = 12.1 Hz, 1H, CNCHCHH), 5.75 (d,
3JHH = 17.9 Hz, 1H, CNCHCHH), 5.54 (dd, 1H, CNCHCHH), 3.36
(dddd, 2JPH = 49.0, 3JPH = 16.1, 2JHH = 11.5, 3JHH = 4.9, Hz, 1H, Hc),
3.01 (m, 1H, Hg), 2.42 (m, 1H, Ht), 1.59 (pt, 3JPH = 2.4 Hz, 15H,
C5Me5), 1.36 (ddd, 3JPH = 14.6, 4JPH = 6.6, 3JHH = 1.1 Hz, 3H, Me).
13C NMR (100.62 MHz, CD2Cl2, rt): d = 146.72(s, CNCHCHH), 134–
119 (Ph), 121.68 (s, CNCHCHH), 103.76 (s, CNCHCHH), 101.86 (pt,
2JPC = 1.5 Hz, C5Me5), 32.98 (dd, 1JPC = 40.45, 2JPC = 11.6 Hz, Ctc),
32.33 (dd, 1JPC = 37.4, 2JPC = 6.7 Hz, CMe), 14.11 (dd, 2JPC = 17.15,
3JPC = 4.3 Hz, Me), 8.51 (s, C5Me5). 31P NMR (161.96 MHz, CD2Cl2,
rt): d = 40.99 (d, 2JP2P1 = 11.9 Hz, P1), 15.64 (d, P2). IR (KBr pellets,
cm�1): m(CN) 2264s, m(SbF6) 658vs. Anal. Calcd for
C40H44IrF12NP2Sb2: C, 38.00; H, 3.51; N, 1.11. Found: C, 38.13; H,
3.50; N, 1.15. ½a�26

D ¼ �46:3 (c 0.6, CH2Cl2).
(RIr,RC)-Isomer: 1H NMR (400 MHz, CD2Cl2, �25 �C): d = 6.04 (d,

3JHH = 12.1 Hz, 1H, CNCHCHH), 5.55 (m, 1H, CNCHCHH), 5.27 (d,
3JHH = 17.9 Hz, 1H, CNCHCHH), 3.47, 3.24 (2 �m, 3H, Hc, Hg, Ht),
1.50 (pt, 3JPH = 2.2 Hz, 15H, C5Me5), 1.06 (dd, 3JPH = 15.4,
4JPH = 7.3 Hz, 3H, Me). 31P NMR (161.96 MHz, CD2Cl2, �25 �C):
d = 44.07 (br s, P1), 31.35 (br s, P2).

4.3.6. Compound 13 (yield: 93%)
(SIr,RC)-Isomer: 1H NMR (500 MHz, CD2Cl2, rt): d = 7.9–7.3 (m,

20H, Ph), 6.63 (dt, 3JHH = 10.8, 3JHH = 7.8 Hz, 1H, CNCHCH(CH2CH3)),
5.10 (d, 1H, CNCHCH(CH2CH3)), 3.41 (dddd, 2JPH = 48.9, 3JPH = 15.9,
2JHH = 11.2, 3JHH = 4.9 Hz, 1H, Hc), 3.99 (m, 1H, Hg), 2.43 (ptpt,
2JPH = 15.4, 3JPH = 5.6, 2JHH = 15.4, 3JHH = 5.6, 1H, Ht), 1.74 (m, 2H,
CNCHCH(CH2CH3)), 1.61 (pt, 3JPH = 2.2 Hz, 15H, C5Me5), 1.37 (dd,
3JPH = 14.3, 4JPH = 6.5, Hz, 3H, Me), 0.92 (t, 3JHH = 7.6 Hz,
CNCHCH(CH2CH3)). 13C NMR (75.47 MHz, CD2Cl2, rt): d = 166.51
(s, CNCHCH(CH2CH3)), 134–119 (Ph), 121.08 (s, CNCHCH(CH2CH3)),
101.85 (pt, 2JPC = 1.8 Hz, C5Me5), 95.13 (s, CNCHCH(CH2CH3)), 32.08
(dd, 1JPC = 40.3, 2JPC = 11.8 Hz, Ctc), 32.46 (dd, 1JPC = 37.7,
2JPC = 7.5 Hz, CMe), 26.68 (s, CNCHCH(CH2CH3)), 14.15 (dd,
2JPC = 17.5, 3JPC = 4.4 Hz, Me), 12.37 (s, CNCHCH(CH2CH3)), 8.58 (s,
C5Me5). 31P NMR (161.96 MHz, CD2Cl2, �25 �C): d = 40.69 (d,
2JP2P1 = 11.9 Hz, P1), 15.70 (d, P2). IR (KBr pellets, cm�1): m(CN)
2252s, m(SbF6) 658vs. Anal. Calcd for C42H48F12IrNP2Sb2: C, 39.03;
H, 3.74; N, 1.08. Found: C, 39.20; H, 3.87; N, 1.17. ½a�25

D ¼ �48:9
(c 0.6, CH2Cl2).

(RIr,RC)-Isomer: 1H NMR (400 MHz, CD2Cl2, �25 �C): d = 6.49 (dt,
3JHH = 11.0, 3JHH = 7.7 Hz, 1H, CNCHCH(CH2CH3)), 5.12 (d, 1H,
CNCHCH(CH2CH3)), 3.49, 3.23 (2 �m, 3H, Hc Hg Ht), 1.50 (pt,
2JPH = 2.0 Hz, 15H, C5Me5), 1.41 (m, 1H, CNCHCH(CH2CH3)), 1.08
(dd, 3JPH = 15.9, 4JPH = 7.1 Hz, 3H, Me), 0.66 (t, 3JHH = 7.5 Hz,
CNCHCH(CH2CH3)). 31P NMR (161.96 MHz, CD2Cl2, �25 �C):
d = 44.67 (br s, P1), 31.53 (br s, P2).
4.3.7. Compound 14 (yield: 90.5%)
(SIr,RC)-Isomer: 1H NMR (300 MHz, CD2Cl2, rt): d = 7.9–7.3 (m,

25H, Ph), 6.76 (d, 3JHH = 16.7, 1H, CNCHCHPh), 5.82 (d, 1H,
CNCHCHPh), 3.41 (dddd, 2JPH = 48.8, 3JPH = 15.8, 2JHH = 11.4,
3JHH = 4.9 Hz, 1H, Hc), 3.07 (m, 1H, Hg), 2.42 (m, 1H, Ht), 1.61 (pt,
3JPH = 2.4 Hz, 15H, C5Me5), 1.37 (ddd, 3JPH = 14.3, 4JPH = 6.4,
3JHH = 1.1 Hz, 3H, Me). 13C NMR (100.62 MHz, CD2Cl2, rt):
d = 158.69 (s, CNCHCHPh), 134–119 (Ph), 123.52 (s, CNCHCHPh),
101.755 (pt, 2JPC = 1.8 Hz, C5Me5), 90.86 (s, CNCHCHPh), 33.09
(dd, 1JPC = 39.5, 2JPC = 12.0 Hz, Ctc), 32.40 (dd, 1JPC = 37.1,
2JPC = 7.3 Hz, CMe), 14.13 (dd, 2JPC = 17.25, 3JPC = 4.4 Hz, Me), 8.53
(s, C5Me5). 31P NMR (121.50 MHz, CD2Cl2, rt): d = 40.99 (d,
2JP2P1 = 11.3 Hz, P1), 15.61 (d, P2). IR (KBr pellets, cm�1): m(CN)
2250s, m(SbF6) 658vs. Anal. Calcd for C46H48F12IrNP2Sb2: C,
41.215; H, 3.61; N, 1.04. Found: C, 41.39; H, 3.63; N, 1.10.
½a�26

D ¼ �90:1 (c 0.6, CH2Cl2).
(RIr,RC)-Isomer: 1H NMR (400 MHz, CD2Cl2, �25 �C): d = 6.07 (d,

3JHH = 16.7, 1H, CNCHCHPh), 5.93 (d, 1H, CNCHCHPh), 3.54, 3.24
(2 �m, 3H, Hc, Hg, Ht), 1.51 (pt, 3JPH = 2.2 Hz, 15H, C5Me5), 1.03
(dd, 3JPH = 15.7, 4JPH = 7.0 Hz, 3H, Me). 31P NMR (161.96 MHz,
CD2Cl2, �25 �C): d = 45.16 (br s, P1), 32.08 (br s, P2).
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4.3.8. Compound 15 (yield: 93,5%)
(SIr,RC)-Isomer: 1H NMR (400 MHz, CD2Cl2, rt): d = 7.9–7.2 (m,

20H, Ph), 6.07 (m, 1H, CNC@CH), 3.41 (dddd, 2JPH = 48.9,
3JPH = 16.0, 2JHH = 11.3, 3JHH = 4.9 Hz, 1H, Hc), 3.00 (m, 1H, Hg),
2.405 (m, 1H, Ht), 2.25, 1.61, 1.55 (3 �m, 8H, cyclohexyl ring pro-
tons), 1.59 (pt, 3JPH = 3.35 Hz, 15H, C5Me5), 1.37 (ddd, 3JPH = 14.5,
4JPH = 6.45, JHH = 1.0 Hz, 3H, Me). 13C NMR (100.62 MHz, CD2Cl2,
rt): d = 157.58 (s, CNC@CH), 134–119 (Ph), 124.405 (s, CNC@CH),
108.54 (s, CNC@CH), 101.65 (pt, 2JPC = 1.8 Hz, C5Me5), 33.09 (dd,
1JPC = 40.0, 2JPC = 12.0 Hz, Ctc), 32.37 (dd, 1JPC = 37.4, 2JPC = 7.0 Hz,
CMe), 26.35, 25.12, 20.54, 19.69 (4 � s, 4C, cyclohexyl ring carbons),
14.19 (dd, 2JPC = 17.5, 3JPC = 4.7 Hz, Me), 8.51 (s, C5Me5). 31P NMR
(161.96 MHz, : C, 40.08; H, 3.82; N, 1.06. Found: C, 40.16; H,
3.81; N, 1.01. ½a�26

D ¼ �48:0 (c 0.7, CH2Cl2).
(RIr,RC)-Isomer: CD2Cl2, rt: d = 41.11 (d, 2JP2P1 = 10.9 Hz, P1),

15.60 (d, P2). IR (KBr pellets, cm�1): m(CN) 2244s, m(SbF6) 658vs.
Anal. Calcd for C44H50F12IrNP2Sb2

1H NMR (400 MHz, CD2Cl2,
�25 �C): d = 5.99 (pt, 3JHH = 4.0 Hz, 1H, CNC@CH), 3.52, 3.19
(2 �m, 3H, Hc, Hg, Ht), 2.20, 2.13, 1.43, 1.38 (4 �m, 8H, cyclohexyl
ring protons), 1.49 (br s, 15H, C5Me5), 1.01 (dd, 3JPH = 15.7,
4JPH = 7.3, Hz, 3H, Me). 31P NMR (161.96 MHz, CD2Cl2, �25 �C):
d = 45.19 (br s, P1), 32.14 (br s, P2).

4.4. Stoichiometric reactions

To 4 mL of a ca. 7.5 � 10�2 mol L�1 solution of the correspond-
ing (SM,RC)-[(g5-C5Me5)M{(R)-Prophos}(a,b-unsaturated nitri-
le)](SbF6)2 compound, five equivalents of the appropriate nitrone
was added. The solution was stirred for 3 h (room temperature),
15 h (0 �C), or 24 h (–25 �C), respectively, at the corresponding
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 (3 � 5 mL). The resulting solution was evaporated to dryness
and the colourless oil that was obtained was analyzed and charac-
terized by NMR and HPLC techniques in quantitative yield.

4.5. Recycling experiments

To the corresponding enantiopure (SM,RC)-[(g5-C5Me5)M{(R)-
Prophos)}(methacrylonitrile)](SbF6)2 complex (0.084 mmol), in
CH2Cl2 (4 mL), 2,3,4,5-tetrahydropyridine N-oxide 4d (41.6 mg,
0.420 mmol) was added. The resulting solution was stirred for
15 h, at 0 �C and was then vacuum-evaporated to dryness. The res-
idue was washed with an Et2O/CH2Cl2, 9/1, v/v mixture
(10 � 7 mL) to eliminate the excess of nitrone. To the remaining
solid, dissolved in CH2Cl2 (4 mL), methacrylonitrile (141.0 lL,
1.682 mmol) was added. After stirring for 4 h at 0 �C, the solution
was concentrated under reduced pressure to dryness. The residue
was extracted with an Et2O/CH2Cl2, 9/1, v/v mixture (10 � 7 mL)
and the solution was concentrated under vacuum to dryness. Yield
and enantiomeric purity of this solid were determined by the usual
methods. The residue of the extraction, which consisted of 7a/7b or
12a/12b mixtures, was dissolved in CH2Cl2 (4 mL) and the solution
was stirred for 1 h at room temperature (7a/7b) or heated for 1 h at
40 �C (12a/12b) to complete epimerization to 7a or 12a. The addi-
tion of 2,3,4,5-tetrahydropyridine N-oxide (41.6 mg, 0.420 mmol)
to this solution initiated the next catalytic run.

4.6. X-ray Structure Analyses of compounds 8a, 11a, 5db and
5ec

Single crystals of these compounds were mounted on a glass
fibre and intensity data were collected at low temperature
(100(2) K for 8a, 5db and 5ec; 173(2) K for 11a) on a CCD Bruker
SMART APEX diffractometer with graphite-monochromated Mo
Ka radiation (k = 0.71073 Å) using x rotations (0.3�). Instrument
and crystal stability were evaluated by measuring equivalent
reflections at different times; no significant decay was observed.

4.6.1. Crystal data for 8a (from 4884 reflections, 2.2� < h < 26.9�)
C42H48F12NP2RhSb2�CH2Cl2, monoclinic, space group P21;

a = 12.2984(13), b = 13.4783(15), c = 14.3701(16) Å, b = 93.910(2)�,
V = 2376.5(5) Å3, Z = 2, Dc = 1.800 Mg m�3, l(Mo Ka) = 1.731 mm�1;
crystal size 0.165 � 0.087 � 0.081 mm; max 2h = 54.1�; 15159 mea-
sured reflections, 7492 unique (Rint = 0.0299). Conventional final
agreement factors12 were: R1 = 0.0475 (for 6905 reflections with
F2 > 4r(F2)), xR2 = 0.1138 and S = 1.047 for all independent
reflections.

4.6.2. Crystal data for 11a (from 9089 reflections,
2.2� < h < 27.2�)

C40H44F12IrNP2Sb2�CH2Cl2, triclinic, space group P1;
a = 13.3692(17), b = 13.5280(17), c = 13.5946(17) Å, a = 92.377(2),
b = 93.601(2), c = 105.838(2)�, V = 2356.3(5) Å3, Z = 2, Dc =
1.902 Mg m�3, l(Mo Ka) = 4.215 mm�1; crystal size 0.27 � 0.19�
0.06 mm; max 2h = 56.0�; 29039 measured reflections, 20997 unique
(Rint = 0.0282). Agreement factors:12 R1 = 0.0650 (for 18643 reflec-
tions with F2 > 4r(F2)), xR2 = 0.1684 and S = 1.022 for all reflections.

4.6.3. Crystal data for 5db (from 2584 reflections,
2.4� < h < 26.9�)

C9H14N2O, triclinic, space group P�1; a = 6.4996(6), b = 8.2657(8),
c = 9.4090(9) Å, a = 113.980(2), b = 90.386(2), c = 101.823(2)�,
V = 449.76(7) Å3, Z = 2, Dc = 1.227 Mg m�3, l(Mo-Ka) = 0.082
mm�1; crystal size 0.244 � 0.179 � 0.124 mm; max 2h = 53.8�;
5317 measured reflections, 1942 unique (Rint = 0.0172). Agreement
factors:12 R1 = 0.0387 (for 1942 reflections with F2 > 4r(F2)),
xR2 = 0.1005 and S = 1.048 for all reflections.

4.6.4. Crystal data for 5ec (from 2606 reflections,
2.4� < h < 26.8�)

C14H16N2O, monoclinic, space group P21/c; a = 9.5760(10),
b = 16.8999(17), c = 7.3904(7) Å, b = 95.843(2)�, V = 1189.8(2) Å3,
Z = 4, Dc = 1.274 Mg m�3, l(Mo Ka) = 0.082 mm�1; crystal size
0.277 � 0.224 � 0.199 mm; max 2h = 53.9�; 7450 measured reflec-
tions, 2580 unique (Rint = 0.0220). Agreement factors:12 R1 = 0.0467
(for 2307 reflections with F2 > 4r(F2)), xR2 = 0.1187 and S = 1.053
for all reflections.

Data were integrated with Bruker SAINT-PLUS software.13

Absorption corrections were applied for 8a, 11a and 5ec by using
SADABS program.14 Structures were solved by direct methods and
were completed by subsequent difference Fourier techniques.
Refinement on F2 was carried out for all structures by full-matrix
least-squares (SHELXL-97).12 One or two independent dichlorometh-
ane solvent molecules were found in the crystal structures of 8a
and 11a, respectively. A SbF6 anion was observed to be disordered
in 8a and was included in the refinement as two moieties with
complementary occupancy factors. In all structures, all non-hydro-
gen atoms were refined with anisotropic displacement parameters.
For 8a and 11a, hydrogen atoms were included in calculated posi-
tions and were refined with riding positional and thermal param-
eters. In the case of 5db and 5ec, hydrogens were included in the
model from the residual density maps and were refined as free iso-
tropic atoms. The absolute configuration for 8a and 11a com-
pounds was determined on the basis of the previously known
internal reference of the Prophos ligand and this assignment was
confirmed using the Flack parameter15 [�0.04(3) in 8a, and
0.051(5) in 11a].

Crystallographic data for the structural analysis have been
deposited with the Cambridge Crystallographic Data Centre,
CCDC-686244–686247 for compounds 8a, 11a, 5db and 5ec.
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