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ABSTRACT: Chiral P-spiro triaminoiminophosphorane (1) was developed to
promote the highly regio-, diastereo-, and enantioselective 1,6- and 1,8-additions of
azlactones (2·H) to dienyl and trienyl N-acylpyrroles (3 and 4). DFT calculations
enabled us to gain deep insight into the whole reaction mechanism as well as the
origin of the high regio- and stereoselectivities. The present reaction consists of three
steps: (1) formation of the phosphonium-enolate ion-pair complex by deprotonation
of 2·H with 1, (2) C−C bond formation of 2 with 3 and 4, and (3) protonation of
the resulting enolate anion. The C−C bond formation is irreversible, and the rate-
and stereodetermining step. The Cα-protonation preferentially proceeds rather than
the thermodynamically and kinetically disfavored O- and Cγ-protonation,
respectively. The high regio- and enantioselectivities are mainly attributed to the
steric and electronic features of 1·H and 3/4. The hydrogen bonds (NH−O and
CH−O) and the attractive CH−π interaction between 1·H and 2 and 3 play a key
role in achieving high stereocontrol. The high regioselectivity is mainly controlled by
the structural distortion of 1·H and the disruption of the π-conjugated system of 3 (1,4-system) and 4 (1,4- and 1,6-systems).

■ INTRODUCTION

In contrast to the profound understanding of the conjugate
addition of carbon nucleophiles such as enolates to α,β-
unsaturated carbonyl compounds (Michael reaction),1 details
of a similar conjugate addition to vinylogous acceptors are
unclear owing to the lack of studies.2 This is because the
vinylogous electrophiles have two comparably reactive sites at
β- and δ-positions to a carbonyl moiety, and their selection in a
carbon−carbon bond-forming event is generally difficult.3 Most
of the reported examples use substrates having steric or
electronic bias for ensuring regioselectivity, and catalyst-
controlled regioselective reactions, particularly the 1,6-addition
to α,β,γ,δ-unsaturated systems, are scarcely reported.4−8 Some
of the present authors have recently reported a highly regio-,
diastereo-, and enantioselective 1,6-addition controlled by a
catalytic amount of chiral P-spiro triaminoiminophosphorane
(1), in which oxazol-5-(4H)-one (2·H), i.e., azlactone, and δ-
alkyl dienyl N-acylpyrroles (3) were used as the nucleophile
and the electrophile, respectively (Scheme 1).9 Furthermore,
the same catalyst system was found to be highly effective for
1,8-addition of 2·H to trienyl N-acylpyrroles (4).9,10 As the
reactive sites of extended Michael acceptors 3 and 4 have
similar stereoelectronic properties, the observed complete

regioselectivity is facilitated by the core structure and the
hydrogen-bonding ability of aminophosphonium cation 1·
H.11−14 On the other hand, the structures of α-amino acid-
derived alkyl substituents (R) on the diazaphosphacycles of 1·H
were found to have a considerable impact on the diastereo- and
enantioselectivities in the 1,6-selective reaction, and the isobutyl
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Scheme 1. Regio-, Diastereo-, and Enantioselective 1,6- and
1,8-Addition of Azlactones to Dienyl and Trienyl N-
Acylpyrroles

Article

pubs.acs.org/joc

© 2016 American Chemical Society 541 DOI: 10.1021/acs.joc.6b02572
J. Org. Chem. 2017, 82, 541−548

pubs.acs.org/joc
http://dx.doi.org/10.1021/acs.joc.6b02572


group was identified to be an optimal substituent.14 The
aromatic substituent (Ar1) at the 2-position of 2·H also affects
the stereochemical outcome of product 5. Introduction of the
2,6-dimethoxyphenyl group was finally singled out to afford
nearly ideal stereoselectivity.15 These experimental results have
qualitatively indicated the importance of the entire structure of
1·H. However, quantitative evaluation of the effect of each
parameter on the selectivities has not been carried out so far.
We describe herein our efforts to gain deep insight into the
origin of the high selectivities in the 1-catalyzed 1,6- and 1,8-
additions of 2·H to 3 and 4 through DFT calculations.

■ COMPUTATIONAL METHODS
To elucidate the catalytic function of 1, the reaction mechanism was
investigated in detail using a simplified chemical model (Scheme 2a).

In the simplified chemical model, the R and Ar substituents in 1 were
exchanged with Me groups and the R1 and Ar1 substituents in 2·H
were removed (by exchanging with H atoms) to reduce computational
cost. Focusing on the regio- and stereoselectivity determining C−C
bond formation in the 1,6-addition system, diastereomeric transition
state (TS) models were compared using a realistic chemical model to
clarify the major factor contributing to the asymmetric induction
(Scheme 2b). On the basis of the most stable and promising TS
structure, the realistic TS models for 1,4-, 1,6-, and 1,8-additions were
also addressed to investigate the origin of the high 1,8-selectivity. All
calculations were performed with the Gaussian 09 package.16

Geometries in the simplified chemical model were fully optimized
and characterized by frequency calculation at the B3LYP/6-31G*
level.17 Solvation exerts little influence on the energy profile because of
the intramolecular chemical transformations (C−C bond formation
and protonation) in the unimolecular ion-pair system.18 For the
inclusion of dispersion correction in the realistic chemical model,
single-point energy calculations of the optimized structures were
conducted at the B3LYP-D3/6-31+G** level.19 To evaluate more
reliable relative Gibbs energies, zero-point energy corrections and
thermal and entropic corrections calculated at the B3LYP/6-31G*
level were added to the electronic energy calculated at the B3LYP-D3/
6-31+G** level. The molecular structures were depicted using the
CYLview v1.0.561 β.20

■ RESULTS AND DISCUSSION
As a preliminary study, the reaction mechanism in the 1,6-
addition system was explored using the simplified chemical
model (Figures 1 and 2). The experimentally observed linear
relationship between the enantiomeric excess of 1 and that of
the 1,6-adduct suggests that 1·H captures and activates 2 and 3
in a monomeric fashion (Experimental Section; Figure S1 in
the Supporting Information). At the first step of the present
reaction, phosphonium-enolate ion-pair complexes would be
formed in equilibrium. P-Spiro iminophosphorane (Cat)
abstracts the proton at the C4 position in azlactone (AZ·H)
to form ion-pair complex CP1 through two-point hydrogen-

bonding interaction between the two NH residues in
protonated iminophosphorane Cat·H and the oxygen atom in
enolate anion AZ. The introduction of N-acylpyrrole (AC)
results in loss of the enolate coordination with one of the NH
residues in Cat·H to further form complex CP2. In CP2, the
phosphonium moiety (e.g., HN-P-NH) enables bridging
between AC and AZ. At the next step, the C−C bond
formation proceeds through TS1, which is the highest in energy
and thus regarded as the rate- and stereodetermining step.
Recently, Simoń and Paton elucidated a related reaction
mechanism for the asymmetric nucleophilic addition of
nitroalkanes and phosphites to aldehydes catalyzed by P-spiro
iminophosphorane 1 in their ONIOM QM/MM study.21 At
the final protonation step, there are three possible pathways,
namely, O-protonation and C-protonation at the Cα and Cγ

positions of the resulting enolate anion in CP3. The O-
protonation is kinetically favored because of the lowest TS2a
but affords the thermodynamically less stable O-protonated
product (CP4a). In contrast, the thermodynamically more
stable C-protonated products are obtained, albeit with their
higher energy barriers. Whereas the Cγ-protonated products
(CP4d and CP4e) are thermodynamically more stable than the
Cα-protonated products (CP4b and CP4c), the Cγ-protonation
(TS2d and TS2e) is energetically less favored than the Cα-
protonation (TS2b and TS2c). Both TS2d and TS2e are, in
particular, located at the higher energy level of TS1. Two
scenarios (shown in red and blue) are observed in Cα- and Cγ-
protonation, depending on which of the two NH residues of
the phosphonium moiety protonate the resulting enolate anion.
In the most facile Cα-protonation, TS2b connects from CP3′
generated through the rotation of the azlactone fragment of
CP3 (e.g., Cγ−Cδ bond rotation) with a small energy loss (ca. 5
kcal/mol activation barrier, TS3−3′).

22 TS2c directly connected
from CP3 is less stable than TS2b due to loss of the strong
hydrogen bond between the positively charged NH residue of
Cat·H and the negatively charged oxygen atom of the resulting
enolate anion. In the energetically unfavorable Cγ-protonation,
both TS2d and TS2e are considerably destabilized by the
mismatched position between Cγ and the carbonyl oxygen
atoms on the two NH residues of Cat·H. These computational
results using the simplified model indicate that (1) the C−C
bond formation (TS1) is irreversible at the rate- and
stereodetermining step and (2) Cα-protonation (TS2b and
TS2c) is thermodynamically and kinetically more favorable
than O-protonation (TS2a) and Cγ-protonation (TS2d and
TS2e), respectively.18 To gain deep insight into the high regio-
and stereoselectivities, therefore, the diastereomeric TS
structures were investigated using the realistic model based
on TS1.
To identify the notable features of phosphonium ion 1·H as

the stereocontroller, the electrostatic potentials were computed
(Figure 3). Four Ph groups (A and B rings) create a
considerably narrow and rigid chiral space (shown by dotted
purple circle). The two NH residues are not in plane (H−N−
N−H dihedral angle: 103°) and are most positively charged to
act as acidic sites. Therefore, 1·H is predicted to tightly capture
both substrates on the NH residues and precisely control the
regio- and stereochemical outcome through the steric
interaction with four Ph groups.
To identify the major factor contributing to the asymmetric

induction in the 1,6-addition of 2·H to 3 catalyzed by 1, four
diastereomeric TS structures corresponding to the facial
selection of 2 and 3 [leading to major and minor enantiomers

Scheme 2. Chemical Models
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(TS3rs and TS3sr) and minor diastereomers (TS3ss and
TS3rr)] were compared (Figure 4). Whereas TS3rs leading to
the major enantiomer is the most stable among the four
diastereomeric TSs, TS3sr leading to the minor enantiomer is
3.9 kcal/mol less stable than TS3rs. Diastereomeric TS3ss and
TS3rr are 2.4 and 4.7 kcal/mol less stable than TS3rs.23 These
computational results are qualitatively consistent with the
experimental results. In all the diastereomeric TSs, both enolate
anion 2 and 3 are oriented almost perpendicular to the two Ph
groups of 1·H (A rings in Figure 3) due to the spatial
requirement of the narrow space. The dihedral angles of H−
N−N−H in the phosphonium center of 1·H range from 76° to
85° to readily incorporate 2 and 3 in a manner suitable for
facilitating 1,6-fashion. Both 2 and 3 fit the chiral space well in
the most stable TS3rs (Figure 4a).
Therefore, two main NH−O hydrogen bonds are formed

between the NH residues of 1·H and the negatively charged
oxygen atoms of 2 and 3 (1.845 and 1.740 Å, respectively) in

TS3rs. It should be noted that a CH−π interaction (3.033 Å)24

and a CH−O hydrogen bond (2.354 Å) exist on the A and B
rings of 1·H in addition to the main NH−O hydrogen bonds
(shown in red, Figure 4a). The introduction of electron-
withdrawing F atom on the Ph group of 1 increases the acidity
of the CH group to strengthen the CH−O hydrogen bonds and
further stabilize TS3rs. This is consistent with the exper-
imentally observed substituent effects of 1.9 These rational
hydrogen bonding networks and the additional attractive
dispersion interaction result in the stability of TS3rs being
higher than those of the other diastereomeric TSs. In contrast,
unfavorable steric interactions of the 2,6-(MeO)2C6H3 group of
2 and the pyrrole ring of 3 with the B rings of 1·H weaken the
main NH−O hydrogen bonds (1.872 and 1.776 Å), thereby
destabilizing TS3sr (shown by curved purple line, Figure 4b).
The significant steric repulsion between the B ring and the i-Bu
group of 1·H and the Bn and 2,6-(MeO)2C6H3 groups of 2
reduces the main NH−O hydrogen bonding interactions

Figure 1. Gibbs energy profile of 1,6-addition of AZ·H to AC catalyzed by Cat. Relative electronic energies are in parentheses (kcal/mol).
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(1.852 and 1.745 Å) and thus destabilizes TS3rr (shown by
curved purple line, Figure 4d). Computational results suggest
that TS3sr and TS3rr become more destabilized with
increasing bulkiness of the alkyl substituent (R) in 1 and the
aryl substituent (Ar1) in 2. This is qualitatively consistent with
the experimentally observed tendency of the substituent effects
of 1 and 2.9 In a manner similar to that of TS3rs, both 2 and 3
are well-oriented in the chiral space in TS3ss without any
significant unfavorable steric interactions (Figure 4c). Although
the main NH−O hydrogen bonds efficiently form, there are no
additional and notable CH−π and CH−O interactions in
TS3ss.25 These computational results indicate that the
attractive interactions between 1·H and 2 and 3 are the
fundamental factors that determine the stability of the
diastereomeric TSs
To elucidate the origin of the high 1,6-selectivity,

diastereomeric TSs in the 1,4-addition of 2·H to 3 (TS4)
were explored and compared with those of TS3. Four
diastereomeric TSs in the 1,4-addition (TS4rs, TS4sr, TS4rr,
and TS4ss)26 are located at energy levels higher than that of

Figure 2. 3D structures of the ion-pair complex (CP1), the C−C bond formation (TS1), the Cγ-Cδ bond rotation (TS3−3′), and the O-/C-
protonation (TS2a, TS2b, TS2c, TS2d, and TS2e). Relative Gibbs free energies are shown in parentheses (kcal/mol). Bond lengths are shown in Å.

Figure 3. Front and bottom views of 3D structure and electrostatic
potentials of protonated P-spiro phosphorene 1·H.
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TS3 in agreement with the experimentally observed high 1,6-
selectivity. In contrast to TS3, the most stable TS among the
four diastereomeric TSs is TS4ss, in which the facial selectivity
of 2 is reversed relative to that of the most stable TS3rs (Figure
5). The difference in the electrophilic carbon center of 3 (e.g.,
Cβ) induces significant structural changes, in particular, the
relative orientation of 3, in the diastereomeric TSs albeit
retaining the strong main NH−O hydrogen bonds whose
lengths range from ca. 1.7−1.9 Å (Figure S4 in the Supporting
Information). No steric repulsion is noted between 1·H and 2
and 3 in TS4ss. In comparison with TS3ss, the N-acyl group is
close to the phosphonium center of 1·H to form the CH−O
hydrogen bond (2.171 Å), thereby stabilizing TS4ss. The two
NH residues of 1·H forming the NH−O hydrogen bonds are
considerably distorted in TS4ss (H−N−N−H dihedral angle:
55°) relative to the optimized 1·H structure (H−N−N−H
dihedral angle: 103°).

To identify the main factor in controlling regio- and
stereoselectivities, the distortion/interaction analysis27 of
diastereomeric TSs was carried out (Table 1). The high

stereoselectivity (TS3rs vs TS3sr, TS3ss, and TS3rr) is mainly
due to the interaction energy difference between 1·H and 2 and
3 (ΔINT). Whereas ΔINT has a large impact on the relative
stability of diastereomeric TS3 structures, the distortion energy
difference (ΔDEFcat and ΔDEFsub) exerts little influence. This
is attributed to the notable structural features that 1·H has the
rigid chiral space (Figure 3) and 2 and 3 have highly conjugated
structures. In contrast to stereoselectivity control, ΔDEFsub
preferentially contributes to the high 1,6-selectivity (TS3rs vs
TS4ss). The 1,4-addition disrupts the π-conjugated system
between CC and CO bonds in 3, inducing significantly
large ΔDEFsub in TS4ss.
We further addressed the high regioselectivity in the 1,8-

addition of 2·H to 4 catalyzed by 1. Diastereomeric TS
structures related to the 1,8- (TS5), 1,6- (TS6), and 1,4-
addition (TS7) were explored based on the realistic model
study of the 1,6-addition system (Figure 6). As a preliminary
study, the diastereomeric TSs, including all s-trans, s-trans/s-cis,
and all s-cis conformers of 4, were explored using the simplified
chemical model (Figure S5 in the Supporting Information). On
the basis of the most stable TS, including all s-trans conformer
of 4, the relative energies of the most stable diastereomeric TSs
for 1,8- (TS5rs), 1,6- (TS6rs), and 1,4-addition (TS7ss) were
compared. TS5rs is the most stable TS, in good agreement with
the preference for the 1,8-addition observed in the experimental
results. As expected from the experimental results leading to the
same absolute structure of the major enantiomer in both 1,8-
and 1,6-addition systems, a similar structural tendency is found
in both TS5 and TS6. Both 2 and 4 fit the chiral space well with
additional CH−π and CH−O interactions in TS5rs and TS6rs,
respectively (Figures 6a and b). Diastereomeric TS7 structures
have structural properties similar to that of TS4, and TS7ss is
the most stable (Figure 6c). The distortion/interaction analysis

Figure 4. Front and bottom views of 3D structures and the relative
Gibbs free energies of (a) TS3rs, (b) TS3sr, (c) TS3ss, and (d)
TS3rr.

Figure 5. Front and bottom views of 3D structure of TS4ss. The
relative Gibbs free energy of TS4ss to TS3rs is shown in parentheses.

Table 1. Distortion/Interaction Analysis of TS3rs, TS3sr,
TS3ss, TS3rr, and TS4ss
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indicates that distortion energy differences (ΔDEFcat, ΔDEFsub)
significantly contribute to the relative stability of the
diastereomeric TSs (Figure 7). The large ΔDEFsub of TS6rs
and TS7ss in particular are attributed to distortion destabiliza-
tion through the disruption of the π-conjugated system
between CC and CO bonds. On the other hand, ΔDEFcat
of TS6rs and TS7ss makes a non-negligible contribution to the
relative stability of the diastereomeric TSs. The two NH
residues of 1·H forming the NH−O hydrogen bonds are
considerably distorted from the optimized 1·H structure (H−
N−N−H dihedral angle: 103°) in the order of TS7ss (56°) >
TS6rs (76°) > TS5rs (100°). The dihedral angle between the
two NH residues depends on the distance between the two
oxygen atoms of 2 and 4. In TS5rs, the relative orientation of 2
and 4 is suitable for the optimized location of the two NH
residues of 1·H.

■ CONCLUSION

DFT calculations of the asymmetric 1,6- and 1,8-additions of 2·
H to 3 and 4 catalyzed by 1 were carried out to elucidate the
whole reaction mechanism as well as the origin of the high
regio- and stereocontrolling ability of 1. The rate- and
stereodetermining C−C bond formation (TS1) proceeds
through the formation of phosphonium-enolate ion-pair
complexes (CP1, and CP2). The Cα-protonation of the
resulting enolate anion (TS2b and TS2c) is energetically
favored over the Cγ-protonation (TS2d and TS2e) involving a
high energy barrier and the reversible O-protonation (TS2a).
The Cα-protonated product is eventually obtained along with
the regeneration of 1. The high regio- and enantioselectivities
in the 1,6-addition system are attributed to the notable steric
and electronic features of 1·H and 3. The hydrogen bonds
(NH−O and CH−O) and the attractive CH−π interaction
between 1·H and 2 and 3 play a crucial role in achieving high
stereocontrol. There exist rational catalyst−substrate inter-
action networks with no unfavorable steric interactions in
TS3rs, leading to the major enantiomer. Steric repulsion
together with the narrow and rigid chiral space constructed by
the four Ph groups of 1·H decreases the NH−O hydrogen-
bonding interaction and destabilizes other diastereomeric TSs,
leading to the minor enantiomer and diastereomer. On the
other hand, the distortion energy difference of 3 mainly
contributes to the high regiocontrol. The large distortion of 3
in TS4ss (1,4-addition) originates in the disruption of the π-
conjugated system. In a manner similar to that of the 1,6-
addition system, the catalyst-substrate interaction networks are
a fundamental factor in controlling stereoselectivity in the 1,8-
addition system. The high 1,8-selectivity is achieved by the
destabilization of TS6rs (1,6-addition) and TS7ss (1,4-
addition), consisting of the structurally and electronically
distorted 1·H and 4, respectively. These computational results
provide deep insight into the high regio- and stereocontrolling
ability of the precisely designed 1.

■ EXPERIMENTAL SECTION
General Information. All physical data regarding to the following

reactions (preparation of iminophosphorane 1a and 1,6-adduct 5a)
were collected by the same instruments as in our previous paper.9

Procedure for Preparation of Iminophosphorane 1a (−1∼
>99% ee). An appropriate ratio mixture of chiral tetraaminophos-
phonium chlorides (P,S)-1a·HCl and (M,R)-1a·HCl was placed into a
sample tube, and the mixture was dissolved into methanol. The
methanolic solution was passed through a column of ion-exchange
resin (Amberlyst A-26 OH form) to afford a solution of
iminophosphorane 1a (−1∼ >99% ee). The resulting solution was
concentrated by rotary evaporation, and residual solid was washed with

Figure 6. Front views of 3D structures and the relative Gibbs free
energies of (a) TS5rs, (b) TS6rs, and (c) TS7ss.

Figure 7. Distortion/interaction analysis of TS5rs, TS6rs, and TS7ss.
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deionized water on a funnel. The solid thus obtained was dried under
reduced pressure to afford the iminophosphorane 1a as a white solid.
Enantiomeric excess of iminophosphorane 1a was checked as follows.
A mixture of iminophosphorane 1a (−1∼ >99% ee) and chiral
phosphoric acid (R)-CPA was dissolved into CDCl3. Enantiomeric
excess of 1a was determined by the integration ratio of diastereomeric
phosphonium salts in 31P NMR (see the Supporting Information).
Experimental Procedure for Investigating Correlation

between the Enantiomeric Excess of Catalyst 1a and that of
the 1,6-Adduct 5a. Azlactone 2a·H (25.13 mg, 0.10 mmol) and
dienylacylpyrrole 3a (17.73 mg, 0.11 mmol) was dissolved into
toluene (1.0 mL) under Ar atmosphere. Chiral iminophosphorane 1a
(3.40 mg, 5.0 μmol) was added portionwise at 0 °C, and the resulting
reaction mixture was stirred for 3 h. The reaction was quenched by the
addition of a solution of trifluoroacetic acid in toluene (0.5 M, 50.0
μL), and all volatiles were removed under reduced pressure to give a
crude residue. The diastereomeric ratio of 5a was determined by 1H
NMR analysis (400 MHz). Subsequent purification by column
chromatography on silica gel (H/EA = 1/1 as eluent) gave the
adducts in >99% yield as a mixture of isomers. The enantiomeric
excess of 1,6-adduct 5a was determined by HPLC analysis (see the
Supporting Information).
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Chem. Soc. Rev. 2010, 39, 4080. (b) Biju, A. T. ChemCatChem 2011, 3,
1847. (c) Silva, E. M. P.; Silva, A. M. S. Synthesis 2012, 44, 3109.
(d) Lear, M. J.; Hayashi, Y. ChemCatChem 2013, 5, 3499.
(3) Fuson, R. C. Chem. Rev. 1935, 16, 1.
(4) For recent, selected examples of asymmetric 1,4-additions to
electron-deficient dienes, see: (a) Agostinho, M.; Kobayashi, S. J. Am.
Chem. Soc. 2008, 130, 2430. (b) Trost, B. M.; Hitce, J. J. Am. Chem.
Soc. 2009, 131, 4572. (c) Shepherd, N. E.; Tanabe, H.; Xu, Y.;
Matsunaga, S.; Shibasaki, M. J. Am. Chem. Soc. 2010, 132, 3666.

(d) Huang, H.; Jin, Z.; Zhu, K.; Liang, X.; Ye, J. Angew. Chem., Int. Ed.
2011, 50, 3232. (e) Gremaud, L.; Alexakis, A. Angew. Chem., Int. Ed.
2012, 51, 794. (f) Hayashi, Y.; Okamura, D.; Umemiya, S.; Uchimaru,
T. ChemCatChem 2012, 4, 959.
(5) For selected examples of chiral transition-metal complex-
catalyzed enantioselective 1,6-additions of carbanionic nucleophiles
to α,β,γ,δ-unsaturated systems, see: (a) Hayashi, T.; Yamamoto, S.;
Tokunaga, N. Angew. Chem., Int. Ed. 2005, 44, 4224. (b) Nishimura,
T.; Yasuhara, Y.; Hayashi, T. Angew. Chem., Int. Ed. 2006, 45, 5164.
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