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ABSTRACT: The Sc(OTf)3-catalyzed diastereoselective [3 +
3] cycloaddition of phthalazinium dicyanomethanides with
cyclopropane 1,1-diesters proceeded smoothly under mild
reaction conditions, affording a variety of 3,4-dihydro-1H-
pyrido[2,1-a]phthalazine derivatives in up to 99% yields with
excellent diastereoselectivities.

The cycloaddition reactions of donor−acceptor cyclo-
propanes (DA cyclopropanes) with various dipoles have

emerged as one of the most important tools for synthesis of a
variety of carbo- and heterocyclic compounds,1 as well as the
total synthesis of many natural products.1d,h,i,k Among various
cycloadditions of DA cyclopropanes, [3 + 3] cycloaddition
constitutes an interesting and important class of reactions,
which provides a rapid access to six-membered cyclic
scaffolds.2−8 Generally, [3 + 3] cycloaddition occurs via a
stepwise reaction of a stable 1,3-dipole with reactive 1,3-dipolar
species generated in situ from DA cyclopropanes in the
presence of Lewis acid catalyst. Since Kerr reported seminal [3
+ 3]-cycloaddition of DA cyclopropanes with nitrones in 2003,2

the search for a stable 1,3-dipole with suitable reactivity for
developing [3 + 3] cycloaddition of DA cyclopropanes has
attracted much attention. However, the scope and type of 1,3-
dipoles used for [3 + 3] cycloaddition of DA cyclopropanes are
still quite limited, although these reactions have been studied
for more than 10 years. Most research has been focused on [3 +
3]-cycloaddition involving nitrones (Scheme 1a), and many
successful examples have been achieved, giving achiral and
chiral 1,2-oxazinane derivatives.3 Until 2008, Charette
expanded the scope of 1,3-dipoles to azomethine imines and
developed [3 + 3] cycloadditions of azomethine imines with
D−A cyclopropanes to afford a hexahydropyridazine scaffold
(Scheme 1b).4 Afterward, in 2013, Tang reported its
enantioselective variant by using a chiral trisoxazoline ligand,
providing the chiral dihydroquinoline derivatives with high
enantioselectivity.5 Most recently, using azides as 1,3-dipoles,
Xu developed a TiCl4-promoted [3 + 3] cycloaddition of
cyclopropane 1,1-diesters for the synthesis of highly function-
alized triazinines, which could be easily converted to bio-
logically important azetidines by simple thermolysis (Scheme
1c).6 To the best of our knowledge, the C−N−C type of
azomethine ylides has never been investigated in the [3 + 3]
cycloaddition of DA cyclopropane. Herein, using phthalazinium
dicyanomethanides9 as a 1,3-dipole, we report Sc(OTf)3-
catalyzed [3 + 3] cycloaddition of cyclopropane 1,1-diesters
for the synthesis of pharmaceutically interesting 3,4-dihydro-

1H-pyrido[2,1-a]phthalazine derivatives with excellent diaster-
eoselectivities (Scheme 1d).10

In our initial investigation, the reaction of cyclopropane 1,1-
diester 2a with phthalazinium dicyanomethanide 1a was chosen
as the model reaction. In the presence of 10 mol % of the Lewis
acid catalyst, the reaction was performed in 1,2-dichloroethane
(DCE) at rt. Various Lewis acids had been screened.
Unfortunately, only a trace of [3 + 3] cycloaddition product
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Scheme 1. Cycloaddition Reactions of Donor−Acceptor
Cyclopropanes with Stable 1,3-Dipoles
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was observed with the use of Lewis acids such as Yb(OTf)3,
Ni(ClO4)2·6H2O, Zn(OTf)2, ZnCl2, Zn(OAc)2, Cu(OTf)2,
and CuOTf. In contrast, AlCl3 displayed moderate catalytic
activity, affording the [3 + 3] cycloaddition product 3aa as a
single diastereomer in 45% yield. To our delight, Sc(OTf)3
showed remarkable catalytic capability. In the presence of 10
mol % of Sc(OTf)3, the reaction of phthalazinium dicyanome-
thanide 1a with cyclopropane 1,1-diester 2a worked efficiently
in DCE at rt for 6 h, giving the [3 + 3] cycloadduct 3aa as a
single diastereomer in 99% yield (entry 2). The product’s
structure has unambiguously been established by NMR spectra
and X-ray crystallography of 3aa (Table 1).11 Strangely,

subsequent investigation of solvent effects indicated that the
halogenated solvents such as dichloromethane (DCM) and
chloroform were detrimental to the reaction, leading to
moderate yields (43% and 47%) (entries 3−4), but other
solvents such as toluene, THF, and methanol afforded the
products in decent yields (81−90%) (entries 5−7). The
catalyst Sc(OTf)3 is quite efficient. Using 5 mol % of the
catalyst loading, the [3 + 3] cycloadduct could be obtained in
88% yield, albeit requiring a longer reaction time (entry 8).
Even by using 1 mol % of catalyst, the product 3aa was still
obtained in 65% yield (entry 9).
Under the optimal reaction conditions (using 10 mol %

Sc(OTf)3 as the catalyst in DCE at rt), we explored the [3 + 3]
cycloaddition reaction of phthalazinium dicyanomethanide 1a
with various cyclopropane 1,1-diesters 2 (Table 2). Good to
excellent yields (85−96%) were acquired using those cyclo-
propane 1,1-diesters containing an electron-donating-group-
substituted aryl (entries 2−8). Substrates bearing fluoro, chloro,
and bromo at the 4-position of the aryl displayed similar
reactivity (entries 11, 14, 16), but substrates bearing fluoro,
chloro, and bromo at the 2- or 3-position of the aryl showed
poor activities and required a higher reaction temperature (40
°C) to furnish the products in moderate yields (entries 9−10,
12−13, 15). Further attempts to improve the yields of halo-aryl
substituted substrates by performing reactions at higher
temperature or with a higher concentration of the substrates
did not work, leading to a messy mixture. It seems that the
steric effect has a significant influence on the reactivity of the
cyclopropane 1,1-diesters. The naphthyl substituted cyclo-

propane 1,1-diester was well tolerated in the [3 + 3] annulation
reaction with phthalazinium dicyanomethanide 1a, providing
the corresponding product 3aq in 94% yield (entry 17).
Displacing the ethyl ester of cyclopropanes with methyl ester
did not influence the reactivity, leading to the corresponding
product 3ar in 86% yield (entry 18).
Next, the scope of the phthalazinium dicyanomethanides was

investigated (Table 3). Phthalazinium dicyanomethanides were
prepared by reaction of phthalazine or phthalazine derivative
with TCNEO.9m,12 For nonsymmetric substituted phthalazines,
since there are two nitrogen atoms, both of which can attack
tetracyanoethylene oxide, two positional isomeric phthalazi-
nium-2-dicyanomethanide derivatives were formed in nearly
quantitative total yield (Table 3). These two isomers could not
be separated by flash column chromatography; thus, the
mixture of two isomeric substrates was used for [3 + 3]
cycloaddition with DA cyclopropane. Fortunately, the mixture
of [3 + 3] cycloaddition products from these two isomeric
substrates could be separated by using flash column
chromatography. The cycloaddition yields were calculated on
the basis of HPLC analysis of two isomeric substrates. Several
phthalazinium dicyanomethanides 1 were examined under
standard reaction conditions. These substrates underwent the
reaction with cyclopropane 1,1-diester 2a to afford the
corresponding products (3ba−3na) as a single diastereoisomer
in moderate to excellent yields (Table 3). The reactions were
tolerant of various phthalazinium dicyanomethanides with
electron-donating or -withdrawing groups. It was observed
that the substitution pattern of substituents on the phthalazine
ring has remarkable influence on the reactivity. 7-Position
substituted phthalazinium dicyanomethanides carried out the
cycloaddition with cyclopropane 1,1-diester 2a to give the [3 +
3] cycloadducts 3fa, 3ha, 3ka, and 3ma in 86−99% yield. In
contrast, other position substituted substrates led to the

Table 1. Screening of the Reaction Conditionsa

entry catalyst solvent t/h yield/%b

1 AlCl3 DCE 12 45
2 Sc(OTf)3 DCE 6 99
3 Sc(OTf)3 DCM 24 43
4 Sc(OTf)3 CHCl3 24 47
5 Sc(OTf)3 toluene 24 90
6 Sc(OTf)3 THF 72 85
7 Sc(OTf)3 MeOH 24 81
8c Sc(OTf)3 DCE 12 88
9d Sc(OTf)3 DCE 24 65

aUnless otherwise stated, reactions of 1a (0.2 mmol), 2a (0.22 mmol),
and the catalyst (0.02 mmol) were carried out in 4 mL of solvent at rt.
bIsolated yield. c5 mol % catalyst was used. d1 mol % catalyst was used.

Table 2. Scope of Cyclopropane 1,1-Diestersa

entry R1 R2 t/°C t/h 3 yield/%b

1 Ph (2a) Et 25 6 3aa 99
2 2-MeC6H4 (2b) Et 25 24 3ab 86
3 3-MeC6H4 (2c) Et 25 24 3ac 92
4 4-MeC6H4 (2d) Et 25 24 3ad 96
5 2,4-Me2C6H3 (2e) Et 25 24 3ae 85
6 4-tBuC6H4 (2f) Et 25 24 3af 91
7 4-OMeC6H4 (2g) Et 25 12 3ag 96
8 4-OEtC6H4 (2h) Et 25 12 3ah 93
9 2-FC6H4 (2i) Et 40 12 3ai 31
10 3-FC6H4 (2j) Et 40 12 3aj 42
11 4-FC6H4 (2k) Et 25 48 3ak 88
12 2-ClC6H4 (2l) Et 40 12 3al 35
13 3-ClC6H4 (2m) Et 40 12 3am 62
14 4-ClC6H4 (2n) Et 25 48 3an 95
15 3-BrC6H4 (2o) Et 40 12 3ao 71
16 4-BrC6H4 (2p) Et 25 48 3ap 97
17 2-naphthyl (2q) Et 25 24 3aq 94
18 Ph (2r) Me 25 24 3ar 86

aReactions of 1a (0.2 mmol), 2 (0.22 mmol), and Sc(OTf)3 (0.02
mmol) were carried out in 4 mL of DCE at room temperature.
bIsolated yields.
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corresponding products in moderate yields. The benzo[g]-
phthalazine-derived dicyanomethanide also worked under the
reaction conditions, affording the product 3na in 96% yield.
The present reaction is quite robust, allowing it to be

performed on the gram scale. As shown in Scheme 2, using 10
mol % of Sc(OTf)3, phthalazinium dicyanomethanide 1a (0.97
g, 5 mmol) reacted with cyclopropane 1,1-diester 2a to give the
[3 + 3] cycloaddtion product 3aa in 92% yield (2.10 g). It
indicated that the reaction could be a practical tool for the
synthesis of 3,4-dihydro-1H-pyrido[2,1-a]phthalazine deriva-
tives. Interestingly, through treatment of the product 3aa with
H2/Pd/C, one of two cyano groups was reduced to an amine,
affording the derivative 4 in 92% yield. On the other hand, by
treatment of 3aa with NaBH4 in methanol at rt for 12 h, one of
two cyano groups was transformed into the MeO group, giving
the product 5 in 63% yield (Scheme 2). To achieve an
asymmetric variant of the present reaction, several chiral
ligands, such as the Pybox ligand, Trost ligand, and N,N′-
dioxide ligands, had been screened (see Supporting Informa-

tion for details). Unfortunately, the catalytic activity of
Sc(OTf)3 was significantly weakened after its complexation
with a chiral ligand. In the presence of the Pybox or Trost
ligand and Sc(OTf)3, the desired product could not be
obtained. Although Sc(OTf)3/N,N′-dioxide can promote this
reaction, a moderate yield and poor enantioselectivity could
only be obtained. In the presence of L5, up to 12% ee was
achieved (Scheme 2).
In summary, we have developed a Sc(OTf)3-catalyzed

diastereoselective [3 + 3] cycloaddition of phthalazinium
dicyanomethanides with DA cyclopropanes, providing access
to 3,4-dihydro-1H-pyrido[2,1-a]phthalazine derivatives in up to
99% yields with excellent diastereoselectivities. A variety of
cyclopropane 1,1-diesters and phthalazinium dicyanometha-
nides are compatible with the mild reaction conditions. This
reaction provides an efficient method for constructing diverse
and complex heterocyclic compounds. Further research on
cycloaddition reactions between two different 1,3-dipoles is in
progress.
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