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ABSTRACT

An unprecedented regioselective and anti stereoselective asymmetric ring opening of 1,3-cyclopentadiene-heterodienophile cycloadducts,
including also 2,3-diazabicyclo[2.2.1]heptenes, with hard alkylmetals and copper −phosphoramidite catalysts, is reported. The induced ring
opening, in conjunction with C −C bond formation, gives a catalytic and practical access to new heterofunctionalized cyclopentenes in an
enantioenriched form (up to 86% ee).

Development of new methodologies for the preparation of
nonracemic chiral compounds by means of asymmetric
catalysis is of fundamental importance in synthetic organic
chemistry. Catalytic asymmetric transformations are espe-
cially valuable when the starting materials are easily acces-
sible and of low cost. For example, 3-aza-2-oxabicyclo-
[2.2.1]hept-5-enes1a,b and 2,3-diazabicyclo[2.2.1]hept-5-
enes2a-c (Figure 1) can be obtained in multigram amounts,

in a very simple way, from the hetero Diels-Alder reaction
between cyclopentadiene with transient acylnitroso species

and azodicarboxylates, respectively.1,2 Acylnitroso-derived
Diels-Alder 1a,b possess several potential electrophilic sites3

but are most commonly elaborated through cleavage of the
N-O bond to form 1,4-aminocyclopentenols.4 A less com-
mon approach involves the cleavage of the C-O bond to
give hydroxamic acid, which is an important functionality
found in a variety of biologically active compounds.5

Symmetrical bi- and polycyclic hydrazines2a-c have
been known for a long time,2 though there are very few
reports on their ring-opening reactions. Quite recently, a new
anti stereoselective palladium-catalyzed hydrazido arylation
of cyclic hydrazide to give novel hydrazino cyclopentenes,
albeit in racemic form, has been reported by Kaufmann et
al.6 Although, palladium-catalyzed asymmetric hydroaryla-
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Figure 1. 2,3-Heteronorbornenes1 and2 used as starting material
for asymmetric carbon-carbon bond formations.
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tions of norbornene are well documented,7 and huge efforts
have been devoted to the development of highly efficient
catalytic and enantioselective desymmetrization of 7-hetero-
atom-norbornene derivatives,8 no enantioselective addition
of carbon nucleophiles to norbornenes containing multiple
heteroatoms such as1 and2 has been described.9

In our continuing interest in the development of new ring-
opening reactions of heterocyclic rings to give synthetically
useful enantiomerically enriched building blocks,10 we have
now found that readily available heteronorbornenes1 and2
can be opened with hard alkylmetals in the presence of
catalytic amounts of copper-phosphoramidite ligands.11

In a preliminary experiment, the addition of Me2Zn (2.0
equiv) to cycloadduct1a in the presence of a catalytic amount
of Cu(OTf)2 (1.5 mol %) and phosphoramidite (R,R,R)-3a
(3.0 mol %) afforded thetrans-1,2-hydroxamic acid4b
cleanly withcomplete regioselectiVity and anti stereoselec-
tiVity (Table 1, entry 1).

The copper-phosphoramidite catalyst efficiently promotes
the addition of the organometallic reagent on the double
bond, with cleavage of the C-O bond accompanied by allylic
rearrangement (path a, Scheme 1).12 When the reaction was
performed with Et2Zn (0.55 equiv) in accordance with a
kinetic resolution protocol, it was possible to obtain4awith
a 44% ee at 45% conversion (Table 1, entry 2). A slighty

better enantioselectivity (56% ee at 52% conversion) was
obtained with the use of Me2Zn (entry 3). When the kinetic
resolution reaction was carried out with diastereoisomeric
ligand (R,S,S)-3b,11a a very low enantioselectivity was
obtained (Table 1, entry 4). Similar results were obtained
with compound1b containing an easily removable carbo-
benzyloxy (Cbz) protecting group on the nitrogen (Table 1,
entries 5-8).

On the basis of the encouraging results obtained with
racemic acyl nitrosoderived cycloadduct1a,b, initial experi-
ments devoted to a challenging desymmetrization reaction
of symmetrical bicyclic hydrazines2 were focused on the
use of dialkylzincs as the organometallic reagent. Unfortu-
nately, the copper phosphoramidite-catalyzed reaction of
dicarboxyethyl bicyclic hydrazine2a with dialkylzinc re-
agents proved to be unsuccessful.

The more rigid, tri- or tetracyclic Diels-Alder adducts
2b and 2c of 1,3-cyclopentadiene with the cis-configured
dienophiles derived from 4-phenyl-1,2,4-triazolin-3,5-dione
and 2,3-phthalazine-1,4-dione, respectively, proved to be
more reactive (Scheme 2). With these substrates, the reaction
of Et2Zn in the presence of the copper-phosphoramidite
catalyst3aafforded the corresponding trans-3,4-disubstituted
hydrazino cyclopentene derivatives7a and 7c, albeit with
low yields and in almost racemic form (Table 2, entries 1
and 2). A low enantioselectivity (18%) was also obtained
with Bu2Zn (Table 2, entry 3).
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Table 1. Regio- and Stereoselective Addition of Dialkylzinc
Reagents to (()-3-Aza-2-oxabicyclo[2.2.1]hept-5-enes1a,ba

entry substrate R2 (equiv) time (conversion (%))b ee (%)c

1 1a Me (2.0) 3 h (>96)
2 1a Et (0.55) 8 h (45) 44
3 1a Me (0.60) 3 h (52) 56
4d 1a Et (0.55) 5 h (20) 8
5 1b Me (0.60) 2 h (46) 58
6 1b Et (0.60) 3 h (48) 53
7d 1b Et (0.60) 3 h (42) 30
8 1b Bu (0.60) 4 h (49) 37

a Reactions carried out with chiral ligand (R,R,R)-3a. For the typical
procedure, see Supporting Information.b Determined by1H NMR of the
crude product.c Determined on adducts4 by HPLC on a Daicel Chiralcel
OD-H column. For the determination of the absolute configuration of the
major enantiomer, see Supporting Information.d Reaction carried out with
diastereoisomeric ligand (R,S,S)-3b.

Scheme 1. Regio- and Stereoselective Addition of Dialkylzinc
Reagents to 3-Aza-2-oxabicyclo[2.2.1]hept-5-enes
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Therefore, we decided to change the primary organo-
metallic reagent from the poorly reactive dialkylzinc reagents
to the more reactive organoaluminum reagents.

The copper-catalyzed conjugate addition of organoalumi-
num reagents toR,â-unsaturated carbonyl compounds is a
well-established, simple procedure for the transfer of hy-
drocarbon substituents.13 However, only a few examples of
enantioselective additions using trialkylaluminum reagents
have been reported, and bicyclic hydrazines have never been
considered as substrates for this reaction.14 To our delight,
with the use of trialkylaluminum, the corresponding opening
products 7 were obtained with high yields and good
enantioselectivities (Table 2, entries 4-7).15 In most cases,
it was possible to obtain adducts7a-g in a pure state after
a simple washing of the crude mixtures with hexanes to get
rid of the chiral ligand. This reaction can be considered a

new asymmetric formal hydrazido alkylation of cyclopen-
tadiene.16

Very interestingly, in the desymmetrization reaction of
diazabicyclic compounds2b and2c, the sense of chirality
of the amine part of the phosphoramidite proved to exhibit
a major influence on the stereochemical outcome of the
reaction. In fact, diastereoisomeric phosphoramidite ligand
(R,S,S)-3bafforded the opposite enantiomer of adduct7d
(64% ee, entry 8) with respect to ligand (R,R,R)-3a.17 It
should be noted that this is an important exception to the
normal trend in which it is the binaphthol unit of the chiral
phosphoramidite ligand that imposes the absolute stereo-
chemistry of the conjugate adduct.11,14a

The nice results obtained with diazabicycloheptenes2b,c
seem to indicate an evident dependence of the enantio-
selectivity on the nature of the aluminum organyl.18 The best
enantioselectivities were obtained with Me3Al, and by the
use of the more sterically demanding (i-Bu)3Al, a reversal
of the facial selectivity was even observed (Table 2, entry
10). These facts support the notion that the structure of the
active catalyst incorporates an AlR3-dependent substrate
binding pocket.19

The present findings represent an unprecedented asym-
metric ring opening of norbornenes containing multiple
heteroatoms with hard alkylmetals. The induced ring opening,
in conjunction with C-C bond formation, gives for the first
time a catalytic and practical access to hetero-functionalized
alkyl cyclopentenes in an enantioenriched form.
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Scheme 2. Enantioselective Desymmetrization of Polycyclic
Hydrazines2b,c with Organometallic Reagents

Table 2. Desymmetrization of Polycyclic Hydrazines2b,c with
Organometallic Reagents (R2-M)a

no. substrate R2-M time (h) conversion (%)b ee (%)c

1 2b Et2Zn 24 38 3
2 2c Et2Zn 6 22 0
3 2c Bu2Zn 6 34 18
4 2b Et3Al 4 >98 66(+)
5 2b Me3Al 1 >98 80(+)
6 2c Et3Al 4 94 78(+)
7 2c Me3Al 4 >98 86(+)
8d 2c Me3Al 4 >98 64(-)
9e 2c (n-Pr)3Al 20 >98 54(+)

10e 2c (i-Bu)3Al 20 95 14(-)

a Reactions entirely carried out at 0°C with chiral ligand (R,R,R)-3a.20

For the general procedure, see Supporting Information.b Determined by
1H NMR of the crude mixture.c Determined by HPLC on a Daicel
Chiralpack AD-H. Sign of optical rotation reported in parantheses.d Reac-
tion carried out with diastereoisomeric ligand (R,S,S)-3b. e Reaction carried
out at up to room temperature.
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