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ABSTRACT

The first example of a highly enantioselective and scalable formal diaza�ene reaction between N-monosubstituted hydrazones and
enones catalyzed by a simple chiral primary-second diamine salt has been developed. The catalytic process provides a highly practical and
stereoselective synthetic method for chiral hydropyridazines.

The chemistry of hydropyridazine derivatives has been
extensively studied reflecting their wide range of pharma-
cological activities, performing as anti-inflammatory
and cardiovascular agents, antidepressants, and GABA
antagonists.1 Tetrahydropyridazine derived molecules
levosimendan and pimobendanwere used as an ionotropic
agent and cardiotonic vasodilator, respectively. 1,4-
Dihydropyridazine derivatives acted as vasodilators, cor-
onary therapeutic agents, and spasmolytic agents, parti-
cularly when the substituent at C4 was aromatic.2 Despite
this, only limited asymmetric methodologies have been

realized for the synthesis of hydropyridazines.3,4 Moti-
vated by the variable and significant biological activities
observed in tetrahydropyridazines and 1,4-dihydropyrida-
zines, we envisioned that the hydropyridazine skeleton

Figure 1. Design approaches for chiral hydropyridazines.
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could be constructed through sequential base-catalytic
asymmetric conjugate reactions between enones and
N-monosubstituted hydrazones using an umpolung
strategy,5 intramolecular aminal formation, and subse-
quent dehydration inonepot (Figure1),which could enrich
asymmetric access to this type of chiral diaza-heterocycle.6

Hydrazones, which show very diverse reactivity, can be
used as formyl anion equivalents in organic synthesis,
where they participate in nucleophile�electrophile interac-
tions.7 Conventionally, N,N-dialkylhydrazones were ap-
plied in the total synthesis of natural products as practical
chiral auxiliary reagents8 and have been reported as useful
ligands and catalysts9 in asymmetric reactions. Besides,
differing from the reactions where they acted as electro-
philes,10 conjugate additions where N,N-dialkylhydrazones
were used as nucleophiles have been realized recently.11�13

In comparison, asymmetric conjugate addition of
N-monosubstituted hydrazones in organocatalysis still

remains problematic and challenging due to the competi-
tive aza-Michael addition14 and carbo-Michael addition15

(formal diaza-ene reaction). The site selectivity was depen-
dent on the N-monosubstituted hydrazones used in each
organocatalytic reaction.
Herein, our ongoing interest was extended to an efficient

and highly enantioselective formal diaza�ene reaction be-
tween N-monosubstituted hydrazones with broad substrate
variables and enones, avoiding a competitive reversible16

aza-Michael reaction simultaneously, which have not been
reported to the best of our knowledge.

We initiated our studies by exploring the nucleophilic
character of N-monosubstituted hydrazones 4. Choosing
the model reaction between compounds 3a and 4a, we
focused our studies on a series of achiral amines with

Table 1. Reaction Optimizationa

entry cat. 4a/4b

T

(�C)
time

(h)

yield

(%)b 5/50
ee of

5/50(%)c

1 1a�1e 4a rt 24 44�58d <1/99 n.d./0

2 2a 4a rt 24 96 3/97 n.d./0

3 2b 4a rt 24 97 <1/99 n.d./0

4 2c 4a rt 24 96 40/60 90/0

5 2c 4a rt 3 96 7/93 89/0

6e 2c 4a rt 24 95 38/62 90/0

7f 2c 4a rt 24 95 42/58 90/0

8g 2c 4a rt 48 94 93/7 96/n.d.

9 2c 4a rt 72 95 80/20 90/0

10 2c 4a 0 72 94 27/73 92/0

11 2c 4a �40 72 90 2/98 n.d./0

12h 2c 4b rt 72 94 >99/1 90/n.d.

aReaction conditions: 0.20 mmol of 3a, 0.30 mmol of 4a, catalyst
(10mol%), and acid (20mol%)were stirred inCPME (C=0.5M) at rt.
bYield was determined after chromatography. cEnantiomeric excess
was determined by chiral HPLC. dYields for catalysts 1a�1e are 44%,
55%, 58%, 51%, 58% respectively. e 10 mol % acid. f 30 mol % acid.
g 160mol%acid. h 20mol%catalyst and 40mol%acid. The ratio of the
two products was determined by 1H NMR of the crude reaction and
confirmed by chiral HPLC. All products’ dr were >20/1. CPME =
Cyclopentyl methyl ether.
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variouspKa values.Only the aza-Michael additionproduct
was detected when the reaction was catalyzed by 1a�1e’s
o-fluorobenzoic acid (OFBA) saltwith a 44% to58%yield
(Table 1, entry 1). Next, we turned our attention to bifunc-
tional chiral diamine catalysts. Using 9-amino(9-deoxy)-
epi-quinine’s OFBA salt as the catalyst, the aza-Michael
product was detected with a 96% yield while 3% trace
formal diaza-ene reaction product was detected (entry 2).
To our delight, 40% of the desired product with 90% ee
was observed catalyzed by diamine 2cderived froma chiral
amino acid17 in the presence of OFBA after stirring for
24 h (entry 4), while only a racemic aza-Michael addition
product was detected catalyzed by 2b (entry 3). With these
distinct results in hand, we attempted to study the compe-
titive reaction between aza/carba-Michael additions. The
aza-Michael reaction completed in 3 h catalyzed by 2cwith
7% of the formal diaza�ene reaction product (entry 5).
After testing the amount of the acidic additives, it was
found that the resultswere basically the same (entries 6�7).
Considering the reversible aza-Michael reaction step, the
reaction time was extended to 72 h and the ratio of the two
products was raised to 80/20 (entry 9). Moreover, when
160 mol % of OFBA was added, the reaction was com-
pleted in 48 h and 93% of the formal diaza�ene reaction
product was obtained with 96% ee (entry 8). Lowering the
reaction temperature could selectively synthesize the aza-
Michael product but with poor enantioselectivity (entries
10�11). On the other hand, only the formal diaza�ene
reaction product was observed using monosubstituted
N-aryl hydrazone 4bwith a 94% yield and 90% eewithout
the aza-Michael reaction product (entry 12).

As shown in Scheme 1 (top), the ratio of aza-Michael/
carba-Michael reaction products slowly changed from
93/7 to 1/>99 along with extending the reaction time
(for details, see Supporting Information (SI)). To prove
the validity of the proposed reaction process, control ex-
periments were carried out (Scheme 1, bottom). Full
conversion of the carba-Michael reaction product with
83% ee was obtained when racemic aza-Michael product
5b0 was used as the only substrate catalyzed by 2c and
starting materials 3a and 4bwere detected in the process of
the reaction. The enantioselectivity was raised to 93% by
adding 2 equiv of cyclohex-2-enone.
After the optimal conditions had been established, the

substrate scopewas investigated.As summarized inScheme2,
electron-withdrawing aromatic aldehyde related mono-
substituted N-alkyl hydrazones were found to be tolerant
of the reaction, affording the products 5a to 5f with ex-
cellent yields and 91�96% ee. 2-Hydrazinylethanol, iso-
propylhydrazine, and benzylhydrazine related hydrazones
were also tested, leading to the products (5g to 5i) with
excellent enantioselectivities. Less than 5% of conversion
was detected when N,N-dialkylhydrazones were used as
the substrate (5j). When the reaction between monosub-
stituted N-aryl hydrazone 4b and cyclic enones was eval-
uated, the formal diaza�ene reactionproductwas detected
when cyclohex-2-enone was employed with a 94% yield
and 90% ee (5k).

After this, we attempted to synthesize 1,4-dihydropyi-
dazines.As summarized in Scheme 3, enoneswith different
electron-withdrawing and -donating substituents at ortho,
meta, and para positions on the aromatic ring were found
to be tolerant of the reaction, affording a 76�99% yield
and 92�94% ee (6a�6i). Interestingly, bridged-ring com-
pound 6f was synthesized through the following oxa-
Michael addition to the iminium intermediate in 90%yield
with 91% ee. Extending the length of the alkyl chain in the

Scheme 1. Competitive Aza-Michael and Carba-Michael
Reactions and Control Experiments

Scheme 2. Asymmetric Enantioselective Reaction of N-Mono-
substituted Hydrazones To Synthesize Bicycle 1,4,5,6-Tetrahy-
dropyridazinesa

aReaction conditions: 0.20 mmol of 3, 0.30 mmol of 4, catalyst 2c
(10 mol%), and o-F-PhCO2H (160 mol%) were stirred in CPME (C=
0.5M) at rt for 48 h. b 2c (20mol%) and o-F-PhCO2H (40mol%). cFor
72 h. Yields refer to isolated yields. The ee value was determined by
chiral HPLC analysis.
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R0 position of ketone lowered the reactivity, and 88% ee
was obtained (6j). The reaction proceeded satisfactorily in
all cases of alkyl enones with various chain lengths,
furnishing adducts 6k�6m in good yields and 90�95%
ee. In further exploration, different types of hydrazones
were tested. The ethyl ester groupwas changed intomethyl
and isopropyl ester, with 92% and 85% ee obtained
respectively (6n and 6o). When a weaker electron-
withdrawing moiety (benzyl and Weinreb amide) was
introduced to the substrate, the reactivity decreased. After
a slight modification of the reaction parameters, including
increasing the catalyst dosage and adding a small amount
of deionized water, the yield and enantioselectivity of
products 6p and 6q reached a satisfactory level. We then
investigated the effect of the electronic properties of theN-
aryl group. Electron-donating, neutral, and electron-with-
drawing aromatic substituted hydrazones afforded the
adducts in moderate to good yields with good enantios-
electivities (6r to 6u). The reaction hardly proceeded when
N-alkyl substituted hydrazone was employed (6v). We are
committed to exploring the nature of N-monosubstituted
hydrazones in asymmetric organocatalytic reactions in the
future.

Finally,we tried todemonstrate the synthetic transforma-
tions of these products (Scheme 4). 1,4-Dihydropyridazine
6a was successfully converted to 1,4,5,6-tetrahydropyrida-
zine 7awith>20/1 dr by reduction withNaCNBH3 at 0 �C
in the presence of AcOH. 6a was hydrolyzed to form a
carbonyl group in situ and immediately transformed into
thiosemicarbazide related hydrazone 7b by refluxing in
MeOH/AcOH overnight. 7b was obtained in 85% yield
via single-crystal X-ray analysis, and the result revealed the
configuration to be R (for details see SI). Multisubstituted
pyrroles 7c and 7d were successfully synthesized in good
yield (for X-ray analysis details see SI) utilizing carbonyl-
hydrazone compounds as starting materials. Besides,
gram-scale (0.9�2.15 g) synthesis of products 5a, 5b, and
6a were realized in high yields and 91�96% enantioselec-
tivities (see SI).
In summary, we have disclosed the first example of a

highly enantioselective and scalable formal diaza�ene
reaction between N-monosubstituted hydrazones and en-
ones with broad substrate variables catalyzed by a primary-
seconddiamine salt, affording enantioenrichedproductswith
excellent results (up to 98% yield and 99% ee). The catalytic
process provides a highly practical synthetic method for
bicycle 1,4,5,6-tetrahydropyridazines, 1,4-dihydropyida-
zines, which would be interesting in the search for diaza-
heterocyclic compounds for novel therapeutic agents.
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Scheme 3. Asymmetric Enantioselective Reaction of N-Mono-
substitutedHydrazones To Synthesize 1,4-Dihydropyridazinesa

aReaction conditions: 0.20 mmol of 3a, 0.30 mmol of 4a, catalyst 2c
(20 mol %), and o-F-PhCO2H (40 mol %) were stirred in CPME (C =
0.5M) at rt for 72 h. b 0.60 mmol of 3, 0.20 mmol of 4a. c 50 �C for 72 h.
d CPME/DCM = 1/1 (C = 0.5 M). e 2c (30 mol %) and o-F-PhCO2H
(60 mol %), with additional 15 μL of H2O. Yields refer to isolated
yields. The ee value was determined by chiral HPLC analysis. PMP=
o-CH3O�C6H4.

Scheme 4. Transformations of the FormalDiaza�EneReaction
Products
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