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,6-tetrahydropyridazines and
pyridazines via transition-metal-free (4 + 2)
cycloaddition of alkoxyallenes with 1,2-diaza-1,3-
dienes†

Qi Wu,‡a Pan-Lin Shao ‡*ab and Yun He *a

We developed an economical and practical protocol for the synthesis of 1,4,5,6-tetrahydropyridazines. A

diverse range of alkoxyallenes and 1,2-diaza-1,3-dienes undergo (4 + 2) cycloaddition to generate the

desired products in excellent yields. The high efficiency, wide substrate scope and good functional group

tolerance of this process, coupled with operational simplicity, render the method synthetically attractive.

The utility of the cycloaddition is also demonstrated by the preparation of various pyridazines from

1,4,5,6-tetrahydropyridazines.
For several years, we have been developing themethodologies of
cumulative dienes1 for the synthesis of heterocyclic
compounds.2 In the past few decades, allenes have attracted
signicant attention in organic synthesis.3 By virtue of their
reactive and cumulative double bonds, allenes are widely used
as valuable C3-feedstocks.4 Functional groups at the double
bonds of allene moieties strongly inuence the reactivities, and
thus allow site- and regioselective transformations. For example
allenoates, bearing electron-withdrawing substituents (carbox-
ylic ester groups) at the allene moieties, lead to preferred reac-
tions with nucleophiles attacked on the central carbon, and
have been thoroughly studied.5 Nevertheless, investigations of
alkoxyallenes are still limited.6 As special enol ethers, alkox-
yallenes were frequently employed as strong nucleophiles via
deprotonations and metalations.7 Moreover, the electronic bias
imposed by the alkoxyl groups makes them unique dienophiles;
the electron-decient or electron-rich double bonds could
engage in cycloadditions.

Recently, Goeke8 and Luo9 et al. developed (4 + 2) annulation
of alkoxyallenes with cyclopentadienes and b,g-unsaturated a-
keto esters, respectively (Scheme 1). These established methods
employed expensive heavy metals (Au, In), which maybe
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resulting in the contamination of medicinal products. Accord-
ingly, there is a clear demand for the development of transition-
metal-free protocols with high efficiency, operational simplicity,
atom economy and general applicability.

In 2015, Favi et al. developed (4 + 2) cycloaddition of alkox-
yallene with a-halohydrazones (precursors of 1,2-diaza-1,3-
dienes), but in which only methoxyallene could be employed
as the dienophile (Scheme 2a).10 The approach allows access to
1,4,5,6-tetrahydropyridazines, which are versatile building
blocks and prevalent in a large number of pharmacologically
active molecules.11 However, the cyclization suffered from
moderate conversion and narrow substrates scope, required
long reaction time (up to 7 days) and high stoichiometric ratio
of reactants (methoxyallene/Na2CO3/a-halohydrazone ¼
7 : 5 : 1).

Currently, there is an increased drive to nd new ways to
maximize synthetic efficiency and minimize waste in chemical
and pharmaceutical industries.12 As part of our group's
Scheme 1 Transition-metal-catalyzed (4 + 2) cycloadditions of
alkoxyallenes.
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Scheme 2 (4 + 2) cycloadditions of alkoxyallenes with 1,2-diaza-1,3-
dienes.
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continuous interest in cumulene chemistry and transition-
metal-free synthesis,13 the (4 + 2) annulation of alkoxyallene
with 1,2-diaza-1,3-dienes was thus systematically reinvestigated,
and in this context, we demonstrate that the cyclization can
proceed with a broad range of substrates, producing a wide
variety of 1,4,5,6-tetrahydropyridazines in high efficiency.
Besides, it was found that these adducts could further convert
into pyridazines (Scheme 2b).
Table 1 Screening of reaction conditionsa

Entry R 2 X Base

1 Bz 2a 4.0 Na2CO3

2 Bz 2a 4.0 Na2CO3

3 Bz 2a 4.0 Na2CO3

4 Bz 2a 4.0 Na2CO3

5 Bz 2a 4.0 TEA
6 Bz 2a 4.0 DIPEA
7 Bz 2a 4.0 K2CO3

8 Bz 2a 4.0 KOAc
9 Bz 2a 4.0 K2HPO4

10 Bz 2a 4.0 K2HPO4

11 Bz 2a 4.0 K2HPO4

12 Cbz 2b 4.0 K2HPO4

13 Ac 2c 4.0 K2HPO4

14 Boc 2d 4.0 K2HPO4

15 Cbz 2b 2.0 K2HPO4

16 Cbz 2b 1.0 K2HPO4

a Reaction conditions: 1a (X equiv.), 2 (0.2 mmol), base (2.0 equiv., 0.4 m
reaction.

21508 | RSC Adv., 2019, 9, 21507–21512
The investigations began with assaying the (4 + 2) cycload-
dition between benzyloxyallene 1a and a-halohydrazone 2a, as
shown in Table 1. A survey of solvents identied toluene as the
most suitable media (entries 1–4). Protic solvent (MeOH) did
not promote the reaction. Several bases were screened to eval-
uate their ability to promote the cyclization at ambient
temperature (entries 4–9). Trace cycloadduct was generated by
using organic base [TEA, DIPEA] (entries 5 and 6), whereas
inorganic base [K2CO3, KOAc] afforded the desired product in
good yields (entries 7–8). K2HPO4 was found to be most efficient
and afforded predominantly the desired 1,4,5,6-tetrahydropyr-
idazine 3aa in 94% yield at room temperature for 72 h (entry 9).
Then, in order to speed up the cycloaddition, changes of
temperature was made (entries 10 and 11). To our delight,
a breakthrough was achieved. Raising the reaction temperature
to 40 �C beneted the reaction rate dramatically and the full
conversion was reached in only 16 h (entry 10). To our surprise,
when the temperature was increased to 50 �C, the yield of 3aa
decreased to 45% (entry 11). The negative impact on the yield
may blame the low stability of 1a at higher temperature.
Besides, a-halohydrazones 2 bearing different protecting
groups [Cbz, Ac, Boc] were all suitable substrates, producing the
corresponding products in uniformly high yields, and the yield
is slightly higher when 2b was employed (entries 12–14).
Meanwhile, we also investigated the effect of the stoichiometric
ratio of 1a/2b (entries 15 and 16).

Aer extensive experimentation to reduce the amount of a-
halohydrazone 2b, we identied the following optimal protocol:
reaction of 1a and 2b with a stoichiometric ratio of 2.0 : 1.0 in
the presence of K2HPO4 (2.0 equiv.) in toluene at 40 �C for 16 h
Solvent Temp. (�C) Time (h) Yieldb (%)

MeOH RT 72 NR
DCM RT 72 87
CHCl3 RT 72 89
Toluene RT 72 90
Toluene RT 72 <5
Toluene RT 72 <5
Toluene RT 72 72
Toluene RT 72 80
Toluene RT 72 94
Toluene 40 16 92
Toluene 50 16 45
Toluene 40 16 94
Toluene 40 16 68
Toluene 40 16 90
Toluene 40 16 94
Toluene 40 16 89

mol), solvent (2 mL). b Yield was that of the isolated product. NR: no

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Determining the structure of 3aa.
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(benzyloxyallene/K2HPO4/a-halohydrazone ¼ 2 : 2 : 1). It is also
worth mentioning that all the reactions were conducted open to
air with no need for exclusion of air or moisture.

The structure of 3aa (CCDC 1904934) was unambiguously
assigned by single crystal X-ray diffraction analysis (Fig. 1). The
structure of 3 were assigned by analog.14

Having identied the optimized reaction conditions, the
substrate scope of the cyclization was studied, and a variety of
1,4,5,6-tetrahydropyridazines 3 were synthesized in decent
yields (Table 2). From a practical perspective, gram scale reac-
tion was performed, 3ab was obtained without erosion of the
Table 2 Substrate scope with respect to a-halohydrazone 2a,b

a Reactions were performed with 1a (0.4 mmol), 2 (0.2 mmol), K2HPO4
(0.4 mmol) in toluene (2.0 mL) at 40 �C for 16 h. b Yield was that of the
isolated product. See ESI for details.

This journal is © The Royal Society of Chemistry 2019
yield, as shown in the parenthesis. We investigated the elec-
tronic effects of different aryl groups at the para positions of 1,2-
diaza-1,3-dienes. All the a-halohydrazone 2 could well tolerate
the existence of electron-neutral, electron-rich or electron-poor
phenyl rings, and furnished the products 3ac–3am in uniformly
excellent yields. In addition, we also demonstrated that the
position of substituents at the meta positions of phenyl groups
did not affect the reaction. However, when the substituents
(MeO, Cl) were introduced at the ortho positions of the aromatic
rings, the yields were decreased dramatically, maybe due to the
steric hindrance on the aromatic rings (3ap–3aq). Besides, on
replacement of the phenyl groups with a-naphthyl, b-naphthyl
and 5-benzo[d][1,3]dioxolyl group, respectively, the reactions
could still undergo smoothly, affording the desired 1,4,5,6-tet-
rahydropyridazines (3ar–3at) in high yields. In contrast, a-hal-
ohydrazone bearing 2-furanyl or 2-thiophenyl group showed
lower reactivity for the cycloaddition, tended to give the cycli-
zation product in diminished yields (3au–3av).

We next explored the possibility that the alkoxyallenes can
bear other substituents, such as methyl (1b), cyclohexyl (1c),
phenyl (1d) and cinnamyl (1e) groups. In fact, these alkox-
yallenes proved to be compatible with the reaction conditions
and led to smooth cyclization with a-halohydrazone 2b in good
to excellent yields (Table 3). More interestingly, we also noticed
that a similarly excellent yield was obtained when the reaction
was conducted with racemic 3-methyl-substituted benzylox-
yallene (1f).15 Unfortunately, despite vigorous efforts, a qualied
single crystal of 3 for X-ray crystallographic analysis could not
be obtained to determine the relative conguration. Systematic
experimentation of the annulation of 3-substituted alkox-
yallenes is ongoing.

To further underscore the synthetic utility of the current
method, we next sought to examine its application to nitrogen-
substituted allenes,16 with the goal to provide a versatile
approach for drug leads. As expected, the same reaction
conditions could be utilized for the cycloaddition of allenamine
(1g) and allenamide (1h) with a-halohydrazone 2b, respectively,
providing the corresponding cycloadducts in excellent yields,
albeit allenamide (1i) afforded a lower yield, maybe due to the
strong electron-withdrawing effect of the phthalimido substit-
uent (Table 4).

A possible mechanism for this cyclization was presented in
Scheme 3. The 1,2-diaza-1,3-dienes is supposed to be produced
Table 3 Substrate scope with respect to allene 1a,b

a Reactions were performed with 1 (0.4 mmol), 2b (0.2 mmol), K2HPO4
(0.4 mmol) in toluene (2.0 mL) at 40 �C for 16 h. b Yield was that of the
isolated product. See ESI for details.

RSC Adv., 2019, 9, 21507–21512 | 21509
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Table 4 Substrate scope with respect to nitrogen-substituted
allenesa,b

a Reactions were performed with 1 (0.4 mmol), 2b(0.2 mmol), K2HPO4
(0.4 mmol) in toluene (2.0 mL) at 40 �C for 16 h. b Yield was that of
the isolated product. See ESI for details.

Table 5 Synthesis of pyridazinesa,b

a 3 (0.24 mmol), THF (10 mL), 1 M HCl (0.15 mL), at room temperature
for 12 h. b Yield was that of the isolated product. See ESI for details.
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in situ from 1,4-elimination of a-halohydrazones 2 under basic
condition, and then intercepted by benzyloxyallene 1 to
undergo inverse electron-demand aza-Diels–Alder reaction via
transition state TS which nally results in the formation of 3.

The high efficiency, wide substrate scope, good functional
group tolerance of the above-mentioned processes, coupled
with operational simplicity, make the cycloaddition an attrac-
tive method for the synthesis of 1,4,5,6-tetrahydropyridazines.
Moreover, we found that the cycloadduct 3ab could be readily
transformed into pyridazine 4ab by reduction in 60% yield or by
hydrolysis in 86% yield. Furthermore, the hydrolysis in acidic
condition (1 M HCl) proved to be an outstanding synthetic
approach to pyridazines, since it was easily performed and
provided the desired product in a transition-metal-free, efficient
and economical manner, as shown in Scheme 4.

It should be stressed in particular that the pyridazine skel-
etons are privileged structure moieties in many biologically
active natural products, organocatalysts, ligands and synthetic
materials.17 In order to explore the small heterocycles of phar-
maceutical interest, we became interested in developing the
hydrolysis method. When the cycloadducts 1,4,5,6-tetrahy-
dropyridazines 3 were treated with hydrochloric acid at room
temperature, a series of pyridazines were successfully delivered
Scheme 3 Proposed mechanism for the transition-metal-free (4 + 2)
cycloaddition of alkoxyallenes with 1,2-diaza-1,3-dienes.

Scheme 4 Synthesis of pyridazine. See the ESI† for details.

21510 | RSC Adv., 2019, 9, 21507–21512
in good to excellent yield, regardless of the nature and the
positions of the aryl substituent. In contrast, the desired
compounds 4ae and 4ai were afforded in moderate yields, due
to the susceptibility of amide (–NHAc) and ester (–CO2Me)
groups to hydrolysis in the acidic condition (Table 5). What's
more, pyridazine 4ab could be prepared likewise using 3gb, 3hb
and 3ib as starting materials despite that 3gb underwent slower
hydrolysis even employing higher concentration of HCl (3 M).
Conclusions

In summary, we have introduced a straightforward transition-
metal-free method to synthesize 1,4,5,6-tetrahydropyridazines
from alkoxyallenes and a-halohydrazones. This transformation
proceeds with lower stoichiometric ratio of reactants in shorter
reaction time, and produces a dramatic increase in yield and
substrate scope, compared with the existing methods. The
utility of the cycloaddition is demonstrated by the preparation
of various pyridazines from the cycloadducts. As such, it is more
applicable to the pharmaceutically promising 1,4,5,6-tetrahy-
dropyridazines and pyridazines, specically with respect to
substitution pattern and functional group compatibility.
Further studies to expand the application in drug synthesis are
in progress.
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6, 3349; (d) L. A. Schwartz, M. Holmes, G. A. Brito,
T. P. Gonçalves, J. Richardson, J. C. Ruble, K.-W. Huang
and M. J. Krische, J. Am. Chem. Soc., 2019, 141, 2087; (e)
M. Holmes, K. D. Nguyen, L. A. Schwartz, T. Luong and
M. J. Krische, J. Am. Chem. Soc., 2017, 139, 8114; (f) J. Liu,
Q. Liu, R. Franke, R. Jackstell and M. Beller, J. Am. Chem.
Soc., 2015, 137, 8556; (g) L.-Y. Mei, Y. Wei, X.-Y. Tang and
M. Shi, J. Am. Chem. Soc., 2015, 137, 8131; (h) Y. Jiang,
A. B. Diagne, R. J. Thomson and S. E. Schaus, J. Am. Chem.
Soc., 2017, 139, 1998; (i) W. Zhao and J. Montgomery, J.
Am. Chem. Soc., 2016, 138, 9763; (j) W. Yao, X. Dou and
Y. Lu, J. Am. Chem. Soc., 2015, 137, 54; (k) H. Wu,
F. Haeffner and A. H. Hoveyda, J. Am. Chem. Soc., 2014,
136, 3780.

5 (a) B. J. Cowen and S. J. Miller, Chem. Soc. Rev., 2009, 38,
3102; (b) N. Krause and C. Winter, Chem. Rev., 2011, 111,
1994.

6 For selected reviews on alkoxyallene, see: (a) R. Zimmer and
H.-U. Reissig, Chem. Soc. Rev., 2014, 43, 2888; (b)
M. Brasholz, H.-U. Reissig and R. Zimmer, Acc. Chem. Res.,
2009, 42, 45; (c) M. A. Tius, Chem. Soc. Rev., 2014, 43, 2979;
(d) H.-U. Reissig and R. Zimmer, Synthesis, 2017, 49, 3291.
This journal is © The Royal Society of Chemistry 2019
7 For recent studies on alkoxyallene, see: (a) H. Zhou, Z. Wei,
J. Zhang, H. Yang, C. Xia and G. Jiang, Angew. Chem., Int.
Ed., 2017, 56, 1077; (b) B. M. Trost, J. Xie and J. D. Sieber,
J. Am. Chem. Soc., 2011, 133, 20611; (c) H. Kim, W. Lim,
D. Im, D. G. Kim and Y. H. Rhee, Angew. Chem., Int. Ed.,
2012, 51, 12055; (d) W. Lim, J. Kim and Y. H. Rhee, J. Am.
Chem. Soc., 2014, 136, 13618; (e) Z. Wang, C. Nicolini,
C. Hervieu, Y.-F. Wong, G. Zanoni and L. Zhang, J. Am.
Chem. Soc., 2017, 139, 16064; (f) J. Zhang, L. Zhu, K. Shen,
H. Yang, X.-C. Hang and G. Jiang, Chem. Sci., 2019, 10,
1070; (g) N. W. Mszar, F. Haeffner and A. H. Hoveyda, J.
Am. Chem. Soc., 2014, 136, 3362; (h) Y. Tani, T. Fujihara,
J. Terao and Y. Tsuji, J. Am. Chem. Soc., 2014, 136, 17706;
(i) T. H. Meyer, J. C. A. Oliveira, S. C. Sau, N. W. J. Angand
and L. Ackermann, ACS Catal., 2018, 8, 9140; (j)
R. Kuppusamy, R. Santhoshkumar, R. Boobalan, H.-R. Wu
and C.-H. Cheng, ACS Catal., 2018, 8, 1880.

8 G. Wang, Y. Zou, Z. Li, Q. Wang and A. Goeke, Adv. Synth.
Catal., 2011, 353, 550.

9 S. Li, J. Lv and S. Luo, Org. Chem. Front., 2018, 5, 1787.
10 O. A. Attanasi, G. Favi, F. Mantellini, S. Mantenuto,

G. Moscatelli and S. Nicolini, Synlett, 2015, 26, 193.
11 (a) S. M. M. Lopes, A. L. Cardoso, A. Lemos and

T. M. V. D. Pinho e Melo, Chem. Rev., 2018, 118, 11324; (b)
A. M. Shelke and G. Suryavanshi, Org. Lett., 2016, 18, 3968;
(c) P. J. Rybczynski, D. W. Combs, K. Jacobs, R. P. Shank
and B. Dubinsky, J. Med. Chem., 1999, 42, 2403; (d)
H. Huo, R. A and Y. Gong, J. Org. Chem., 2019, 84, 2093; (e)
X. Zhong, J. Lv and S. Luo, Org. Lett., 2015, 17, 1561; (f)
S. M. M. Lopes, A. F. Brigas, F. Palacios, A. Lemos and
T. M. V. D. P. e Melo, Eur. J. Org. Chem., 2012, 2152.

12 Y. Hayashi, Chem. Sci., 2016, 7, 866.
13 (a) P.-L. Shao, Z.-R. Li, Z.-P. Wang, M.-H. Zhou, Q. Wu, P. Hu

and Y. He, J. Org. Chem., 2017, 82, 10680; (b) Z.-P. Wang,
Y. He and P.-L. Shao, Org. Biomol. Chem., 2018, 16, 5422.

14 CCDC 1904934 (3aa) contain the crystallographic data for
this paper. Selected data are also included in the ESI.†

15 (a) T. Pecchioli, F. Cardona, H.-U. Reissig, R. Zimmer and
A. Goti, J. Org. Chem., 2017, 82, 5835; (b) A. Hausherr and
H.-U. Reissig, Synthesis, 2018, 50, 2546.

16 (a) T. Lu, Z. Lu, Z.-X. Ma, Y. Zhang and R. P. Hsung, Chem.
Rev., 2013, 113, 4862; (b) R. Blieck, R. A. A. Abdine,
M. Taillefer and F. Monnier, Org. Lett., 2018, 20, 2232; (c)
L. Perego, R. Blieck, A. Groué, F. Monnier, M. Taillefer,
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