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Abstract: A highly efficient Cu(ll)-catalyzed enantioselective
inverse-electron-demand aza-Diels-Alder reaction of in situ formed
azoalkenes with enol ethers is reported. This methodology provides
a facile entry to biologically important and enantioenriched
tetrahydropyridazine derivates in generally good yield (up to 95%
yield) with good to excellent enantioselectivity (up to 94% ee).

The catalytic asymmetric inverse-electron-demand Diels-
Alder (IEDDA) reaction has been demonstrated to be one of the
most efficient and atom-economic methods for the synthesis of
optical
heterocyclic frameworks.! Its versatility and importance in the

pure six-membered functionalized carbocyclic and

synthesis of numerous nature products led to an ever-
increasing interest to discover new catalytic strategies and
substrates for this reaction. In particular, since the pioneering
studies? of Kobayashi and co-works, who reported the first
catalytic asymmetric IEDDA reactions using vinyl ethers as 2mn-
participation cyclopentadiene as 4m-participation,
considerable advances have been achieved by several research

and

groups. Both Lewis acid catalysis® and organocatalysis* have
been successfully applied to promote asymmetric IEDDA
reactions. Variant chiral pepiridine-, pyran- and cyclohexane
derivates were achieved through those well-established
strategies. However, examples of asymmetric IEDDA reaction to
afford multi-heteroatom containing and biologically important
heterocycles still date®. Undoubtedly,
development of catalytic asymmetric IEDDA reaction that

are scarce to
utilized novel diene-dienophile combinations is particularly an
appealing and challenging task.
Tetrahydropyridazine®, as an important
heterocycles family, constitutes the key
multitudinous nature products and pharmaceuticals. In decades,

member of
structure of

the ever-growing interests in tetrahydropyridazines motifs led
to impressive advances in the field of synthesis. Lots of efficient
methods to synthesize these privileged structure have been
developed. Among them, inverse
electron-demand aza-Diels-Alder reaction of in situ formed

the newly discovered

azoalkenes with dienophiles is arguably one of the most
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powerful and atom-/step-economic approaches. Azoalkenes
(1,2-diaza-1,3-dienes)” can be mildly generated by base-
treatment of a-halogeno hydrozone, which have attracted gre: t
attentions as to be efficient intermediates to construct plenty
of multi-nitrogen-containing hetercycles. In recent years, i
range of transformations have been established using
azoalkenes as suitable chemical handles. However, this field 1. .,
still met with some tough issues. In particular, catalyt .
asymmetric annulation for the synthesis of enantioenriche"
heterocycles represents the most formidable challenging.® Ver
recently, our research group developed the first catalyt ~
asymmetric IEDDA reaction between azoalkenes and indole
using Cu(l)/'Bu-Phosferrox complex which delivers [2,3]-fuse '
indoline-tetrahydropyidazine heterocycles with high chemic?’
yield, exclusive regioselectivity and excellent enantioselectivit -
(Scheme 1).82 We envisioned that this chiral Cu(l)/Phosferrox
complex could be applied to promote IEDDA reaction -r
azoalkenes with enol ethers as efficient dienophiles to affora
biologically useful enantioenriched tetrahydro-pyradazines
bearing an N, O-acetal stereocenter.® We report these results i .
this communication.
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Scheme 1. Catalytic Asymmetric Inverse Electron-Demand aza-Diels-
Alder Reaction (IEDDA) of Azoalkene with Indoles (Previous work) anc
Enol Ethers (This work).
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Table 1. Optimization of the Reaction Condition?

Os_Ph Oy Ph
Y \‘/ IMJ/L (10 mol %) Y
NH 4 5 .

N_..O
N‘ W Na,CO3, solvent /’\Lj j<
oL o
1a 2a 3aa

03 o
v R'LER'=iPr R2=Ph 3<

L2:R"=Ph, R?=Ph
Fe "PR?% R1= 22
L3: R' = PhCH,, R? = Ph

PPh,
L4: R' = t-Bu, R2 = Ph

(S,Sp)-Phosferrox L5: (S)-Phox

Entry M] L Solvent T (°C) Time (h) yield (%)b ee (%)°
1 - - DCM rt 24 85 -
2 CuBF, L1 DCM rt 12 58 56
3 Cu(OTf), L1 DCM rt 12 54 60
4 Cu(OTf), L2 DCM rt 12 78 5
5 Cu(OTf), L3 DCM rt 12 71 67
6 Cu(OTf), L4 DCM rt 12 92 80
7 Cu(OTf), L5 DCM rt 12 66 17
8 Cu(OTf), L4 Ether rt 18 trace n.d
9 Cu(OTf), L4 PhMe rt 18 23 8
10 Cu(OTf), L4 MeCN rt 12 58 51
11  Cu(OTf), L4 THF rt 18 28 41
12 Cu(OTf), L4 DCM -20 18 83 94
13" Cu(OTf), L4 DCM -20 30 77 82

@ All reactions were carried out with 0.2 mmol of 1a and 0.5 mmol of 2a
in 2.0 mL of solvent. CuBF, = Cu(MeCN),BF,. © Isolated yield. ° Ee was
determined by HPLC analysis. 5 mol % catalyst was used.

The initial investigation was performed on an uncatalyzed
IEDDA reaction of a-chloro N-benzoyl hydrazone 1a and 5
eqiuvalents of tert-butyl vinyl ether 2a in the present of 2
eqiuvalents of Na,COs. The transformation proceeded readily
affording tetrahydropyridazines 3aa in 85% vyield (Table 1,
entryl). The existence of strong background reaction has been
the obstacle for developing asymmetric version of this
transformation. Our previous work have demonstrated that the
Cu(l)/Phosferrox complex effectively promoted catalytic aza-
Diels-Alder and cross 1,3-dipolar cycloaddition reaction with
high catalytic activity and excellent stereoselectivity control.
Encouraged by those results and further examine the
performance of this catalytic system, the model reaction was
carried out with 10% mol of Cu(MeCN)4BF4/L1 (1:1 ratio) as the
catalyst in DCM at room temperature, which affording the
desired product 3aa in 58% yield and 56% ee (Table 1, entry 2).
Switching the copper salts from Cu(l) to Cu(ll) slightly improved
the enatioselectivity (Table 1, entry 3). Inspired by this
preliminary study, we further tested other commonly-used
chiral P, N-ligands (Table 1, entry 4-7). To our delight, (S,S,)-'Bu-
Phosferrox (L4) exhibited the highest asymmetric induction

among them, delivering the compound 3aa in 92% yield with 80%

ee. Subsequent studies on solvent in the presence of
Cu(OTf),/L4 revealed dicloromethan to be optimal (Table 1,
entry 5 versus entry 6-10), which disclosed a significant solvent
effect for the cycloaddition both in reaction activity and
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stereoselectivity control. Reduce the reaction temperatu: :
from room temperature to -20 °C led to an improvement in th .
enantioselectivity without noticeable decrease in the chemic
yield (entry 12). The catalyst Cu(ll)/L4 is quite efficient. Whe 1~
mol % of the catalyst loading was employed, the desire !
cycloadduct could be isolated in 77% yield with 82% ee, albeit
required a longer reaction time (entry13).

Table 2. Substrate Scope of Catalytic Asymmetric IEDDA Reaction of
Various Hydrazones 1 with tert-Butyl Vinyl Ether 2a?

Os_Ph
\P Cu(ll)y/L4 (10 mol %) Y
NH 4+ o N/N «0

N ‘r Na,CO3 (2 equiv) U j<
R)\/C' DCM, -20 °C R

Os_-Ph
Y

1 2a 3
Entry 1 R 3 yield (%)b ee (%7

1 1a Ph 3aa 83 94
2 1b p-MeO-CgH,4 3ba 83 92
3 1c p-Me-CgH,4 3ca 90 94
4 1d m-Me-CgHy 3da 71 87
5 1e o-Me-CgHy 3ea 82 90
6 1f p-Br-CeH,4 3fa 92 92
7 19 p-Cl-CgH4 3ga 92 93
8 1h m-Cl-CgHy4 3ha 78 72
9 1i 0-Cl-CgH, 3ia 90 94
10 1j 1-Nap 3ja 85 86
1 1k 2-Nap 3ka 88 84

OY Ph OY Ph

NeNH N wO"Bu
2 1 /k(m /U 3a 62 gace

Ph Ph Y
cl cl

@ All reactions were carried out with 0.2 mmol of 1 and 0.5 mmol of 2~
2.0 mL CH,Cl,. ? Isolated yield. ¢ Determined by HPLC analysis. 9 >zu.
dr was determined by the crude '"H NMR. € The reaction was performed
at -40 °C.

With optimized reaction conditions in hand, we set out 1 ,
extend this methodology with respect both to a-chloro I\
benzoyl hydrozone (1) and enol ethers (2). Firstly, w .
investigated a series of a-chloro N-benzoyl hydrazones bearir
different substitutes at the benzene rings. As shown in Table ©
under the optimized conditions, the reaction shows goor'
tolerance towards substitution pattern (para-, meta-, othor \
and electronic property (electron-rich, -deficient, and -neutral)
of aromatic substitutes, and various chiral tetrahydropyro: az-
ines were synthesized in generally high yields (entry 1-9, 71-9. ~
yield) with good to excellent enantioselectivities (72-94% ee’
Additionally, 1- and 2-naphthyl-subsituted N-benzo:’
hydrazone 1j and 1k also proceeded well, affording th-
corresponding cycloadducts 3ja and 3ka in good yields with high
enantioselectivities (entry 10-11). Remarkably, when the a.,c -
dichlorohydrazone 1l were employed as the precursor of
azoalkene, the IEDDA reaction was completed in 18 h at -40 °..
delivering the corresponding 3la bearing two discontinuous

This journal is © The Royal Society of Chemistry 20xx
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stereogenic centers in slightly lower vyield with exclusive
diastereoselectivity (>20:1) and 83% ee (entry 12). The relative
configuration of 3la was determined through NOESY (see ESI for
more details).

Os_Ph Os_Ph
Y

N+ NH . WOR Cu(ll)/L4 (10 mol %) NN <OR
A Na,COj4 (2 equiv) ‘
Ph 2 DCM, -20 °C Ph
1a - 3
OYPh Os_Ph OYPh
N N
/,\LNJ,\\OEt /'\LNJ\\O Pr /'\LNJ\\O Bu
Ph Ph Ph
3ab 3ac 3ad

88% yield, 90% ee 94% yield, 90% ee 95% vyield, 88% ee

o
AA

2] .,

Os_Ph Ox_Ph I
‘S0 6%

b X
fj,\\owmc' )N;NJ»OB _ A N

| | = S
Ph p-Br-CeHj ke e
3ae 3fb N

93% yield, 90% ee 95% yield, 90% ee

Scheme 2: Scope of enol ethers for the Cu(ll)/L4-catalyzed asymmetric
IEDDA reaction of hydrazones 1a.

Encouraged by the results of a-chloro N-benzoyl
hydrazones with bulky and branched tert-butyl vinyl ether 2a,
we then investigated the IEDDA reactions with an array of enol
ethers bearing linear alkyl groups as the dienophiles (Scheme 2).
The tested enol ethers proved to be efficient reaction partners
delivering the desired cycloadducts in high yields (88-95% yield)
with excellent enantioselectivities (88-90% ee). The absolute
configuration of the adduct 3fb was unequivocally determined
to be R by the X-ray crystal structure analysis.
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Scheme 3. Proposed mechanism and transition state for Cu(ll)-catalyzed
asymmetric IEDDA reaction of azoalkenes with enols.
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A plausible mechanism for this annulation was shown
Scheme 3. We postulate that the reaction proceeds I,
formation of azoalkene in situ under base condition, whic
coordinates with chiral catalyst | to generate intermediate 7. ~
then undergoes a stereo-controlled IEDDA reaction with end!
ether 2b to form the species B via tranisiton state shown in
Scheme 3. The back side of azoalkene is occupied by the bull ¢
tert-butyl group of the chiral ligand, which forces the enol ether
to approach from the front side. Subsequently, species 3
releases the desired product 3ab and then regenerates the
catalyst.

To probe this synthetic potential, we carried out thc
reaction of a.-chloro N-benzoyl hydrazone 1a with enol ether 7 .
on a gram scale, the tetrapyridazine 3ae was isolated in hig’
yield without any loss in enantioselectivity (scheme 4*
Reduction of C=N bond in optically active 3ae by direc*
hydrogenation with catalytic amount of Pd/C furnis' '
compound 4ae in good yield with excellent diastereoselective
manner.

(0] Ph
Cu(ll)/L4 (10 mol %) N~V O(CH2)C
1a + 2e |
Na,COj3 (2 equiv) Ph
1.37 g 1.06 g DCM, -20 °Cc
(5mmol) (10 mmol) 3ae

92% vyield, 90% ee

Y N
N HNT N
\ )\J
! Ph
Ph

4ae, 95% yield
3ae, 90% ee 90% ee, > 20:1 d.r

O(CH,),Cl

WO(CHa),Cl Pd/C, Hp

MeOH, rt

Scheme 4. Scale-up of Catalytic Asymmetric azo-Diels-Alder Reactior
and Synthetic Transformations of the Cycloadduct 3ae

In summary, We have successfully disclosed a hig. "
efficient Cu(ll)/'Bu-Phosferrox complex catalyzed enantio-
selective IEDDA reaction of enol ethers with in situ formed
azoalkenes . This newly developed methodology provides ¢
alternative access to chiral tetrapyridazines bearing a N,( -
acetal stereocenter in high vyields with good to exceller.
enantioselectivities. Further applications of this protocol
synthetic chemistry are ongoing in this laboratory.

Acknowledgements

We are grateful for the financial support from 973 Prograt.
(2011CB808600), NSFC (21172176, 21372180), HPNSF (ZRZ0273), ~1d
the Fundamental Research Funds for the Central Universities.

Notes and references

“College of Chemistry and Molecular Sciences, Wuhan University, Wuhc .
430072, China. E-mail: ciwang@whu.edu.cn

bState Key Laboratory of Elemento-organic Chemistry, Nankai University.
Tianjin, China 300071, China

1 Electronic supplementary information (ESI) available: Experiment.
section. CCDC 1416442. For ESI and crystallographic data in CIF or othe~
electronic format see DOI: 10.1039/c0cc00000x

J. Name., 2013, 00, 1-3 | 3



HEEs «ChemEommi:l sk

COMMUNICATION Journal Name

1. For selected reviews of Inverse electron demand Diels—Alder reactions,
see: (a) X.-X. Jiang, R. Wang, Chem. Rev., 2013, 113, 5515; (b) A.-C.
Knall, C. Slugovc, Chem. Soc. Rev., 2013, 42, 5131; (c) R. A. A. Foster,
M. C. Willis, Chem. Soc. Rev., 2013, 42, 63.

2. H.Ishitani, S. Kobayashi, Tetrahedron Lett, 1996, 37, 7357.

3. (a)Y.Zhu, M. Xie, S. Dong, X. Zhao, L. Lin, X. Liu, X. Feng, Chem.-Eur.
J.,2011,17, 8202; (b) M. Xie, X. Liu, Y. Zhu, X. Zhao, Y. Xia, L. Lin, X.
Feng, Chem.-Eur. J., 2011, 17, 13800; (c) J. Hong, D. L. Boger, J. Am.
Chem. Soc., 1998, 120, 1218. (d) M. J. Schnermann, D. L. Boger, J. Am.
Chem. Soc., 2005, 127, 15704. (e) J. Esquivias, R. Gomez Arrayas, J. C.
Carretero, J. Am. Chem. Soc., 2007, 129, 1480 .

4. (a) X. Jiang, X. Shi, S. Wang, T. Sun, Y. Cao, Wang, R. Angew. Chem.
Int. Ed., 2012, 51, 2084; (b) X. Jiang, L. Wang, M. Kai, L. Zhu, X. Yao,
R. Wang, Chem.-Eur. J., 2012, 18, 11465. (c) J. L. Li, T. R. Kang, S. L.
Zhou, R. Li, L. Wu, Y. C. Chen, Angew. Chem. Int. Ed. 2010, 49, 6418;
(d) B. Han, Z. Q. He, J. L. Li, R. Li, K. Jiang, T. Y. Liu, Y. C. Chen,
Angew. Chem. Int. Ed., 2009, 48, 5474; (e) J.-L. Li, S.-L. Zhou, P.-Q. Chen,
L. Dong, T.-Y. Liu, Y.-C. Chen, Chem. Sci., 2012, 3, 1879; (f) G.
Dagousset, J. Zhu, G. Masson, J. Am. Chem. Soc., 2011, 133, 14804; (g)
L. He, M. Bekkaye, P. Retailleau, G. Masson, Org. Lett., 2012, 14, 3158.

5. (a) M. S. South, T. L. Jakuboski, M. D. Westmeyer, D. R. Dukesherer, J.
Org. Chem., 1996, 61, 8921; (b) F. Palacios, D. Aparicio, Y. Lopez, J. M.
de Los Santos, C. Alonso, Eur. J. Org. Chem., 2005, 1142; (c) S. M. M.
Lopes, A. F. Brigas, F. Palacios, A. Lemos, T. M. V. D. Pinho ¢ Melo,
Eur. J. Org. Chem.,2012,2152.

6. (a) L. Zhang, M. A. Williams, D. B. Mendel, P. A. Escarpe. X. Chen, K.
Wang, B. J. Graves, G. Lawton, C. U. Kim, Bioorg. Med. Chem. Lett. 1999,
9, 1751; (b) U. Grife, R. Schlegel, M. Ritzau, W. Thn, K. Dornberger, C.
Stengel, W. F. Fleck, W. Gutsche, A. Hértl, E. F. Paulus, J. Antibiot., 1995,
48, 119; (c) D. W. Combs, K. Reese, A. Phillips, J. Med. Chem., 1995, 38,
4878.

7. For reviews on azoalkene (1,2-diaza-1,3-butadiene), see: (a) O. A.
Attanasi, L. D. Crescentini, P. Filippone, F. Mantellini, S. Santeusanio,
ARKIVOC 2002, 274; (b) O. A. Attanasi, L. D. Crescentini, G. Favi, P.
Filippone, F. Mantellini, F. R. Perrulli, S. Santeusanio, Eur. J. Org. Chem.,
2009, 3109.

8. (a) M.-C. Tong, X. Chen, J. Li, R. Huang, H.-Y. Tao, C.-J. Wang, Angew.
Chem. Int. Ed., 2014, 53, 4680; (b) J. Li, R. Huang, Y.-K. Xing, G. F. Qiu,
H.-Y. Tao, C.-J. Wang, J. Am. Chem. Soc., 2015, 137, 10124; (c) Guo. C,
Sahoo. B, Daniliuc. C, G. Glorius. F. J. Am. Chem. Soc. 2014, 136, 17402
(d) J.-R. Chen, W.-R. Dong, M. Candy, F.-F. Pan, M. Jorres, C. Bolm, J.
Am. Chem. Soc.,2012,134, 6924; (e) S. Gao, J.-R. Chen, X.-Q. Hu, H.-G.
Cheng, L.-Q. Lu, W.-J Xiao. Adv. Synth.Catal. 2013, 355, 3539.

9. For selected examples on catalytic asymmetric acetalizations, see: (a) G.-
L. Li, F. R. Fronczek, J. C. Antilla, J. Am. Chem. Soc., 2008, 130, 12216;
(b) X. Cheng, S. Vellalath, R. Goddard, B. List, J. Am. Chem. Soc., 2008,
130, 15786; (c) B. List, Nature, 2012, 483, 315.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




