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ABSTRACT: The first phosphine-catalyzed highly enan-
tioselective [3 + 3] cycloaddition of Morita—Baylis—
Hillman carbonates with C,N-cyclic azomethine imines is
described. Using a spirocyclic chiral phosphine as the
catalyst, a novel class of pharmaceutically interesting
4,6,7,11b-tetrahydro-1H-pyridazino[6,1-a]iso-quinoline
derivatives were obtained in high yields with good to
excellent diastereoselectivities and extremely excellent
enantioselectivities (98—>99% ee).

N ucleophilic phosphine-catalyzed annulation reaction is one
of the most powerful tools for the synthesis of a wide range
of synthetically useful or biologically important carbocyclic and
heterocyclic compounds' and total synthesis of natural
products.” In the past decade, chiral phosphine-catalyzed
asymmetric annulation reactions have attracted much attention,
and a variety of asymmetric reactions including [2 + 2] 2i3+2)}
[4 + 1],° [4 + 2],° and other annulations’ have been
developed.lg_k Among various annulation reactions, phos-
phine-catalyzed [3 + 3] annulations provide a very useful
alternative tool to the [4 + 2] annulation reactions for the
synthesis of biologically significant six-membered carbocycles
and heterocycles. However, this type of reactions has received
little attention and met with limited success.® Particularly, to the
best of our knowledge, phosphine-catalyzed enantioselective [3
+ 3] cycloaddition has never been achieved.

Nucleophilic phosphine-catalyzed annulations generally pro-
ceed via phosphonium (di)enolate zwitterions, which were
formed through nucleophilic attack of the phosphine catalysts at
activated alkenes, allenes, alkynes, or Morita—Baylis—Hillman
(MBH) carbonates." When this reaction intermediate acts as
three-membered synthon to react with a three-membered
electrophilic coupling partner, the [3 + 3] annulation might
occur. In our previous work (Scheme 1), employing a 1,3-dipole
as the electrophilic coupling partner, we developed the
phosphine-catalyzed [3 + 3] cycloaddition of N,N’-cyclic
azomethine imines and allenoates or 2-butynoate to produce
tetrahydropyrazolopyridazinone derivatives.”*® In these two
reactions, phosphonium (di)enolate zwitterions act as a three-
and two-carbon synthon, and the competing [3 + 3] and [3 + 2]
cycloadditions concurrently proceed, leading to very low
chemoselectivity and poor yields for [3 + 3] cycloadducts. In
order to overcome this problem, the formation of a reaction
intermediate that only functions as a three-carbon synthon will
be quite important for achieving highly selective [3 + 3]
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Scheme 1. Phosphine-Catalyzed [3 + 3] Cycloadditions of
Azomethine Imines
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cycloaddition. Generally, phosphonium enolate zwitterions from
MBH carbonates often work as a three-membered synthon;
therefore, MBH carbonates could be an ideal reaction partner for
[3 + 3] annulation. As a kind of readily accessible substrate, MBH
carbonates have extensively been used in organocatalysis for the
formation of C—C or C—heteroatom bonds.” In particular, in
nucleophilic phosphine catalysis, with phosphonium enolate
zwitterions formed from MBH carbonates as a three-carbon
synthon, a variety of phosghine—catalyzed annulation reactions,
suchas [3+2],"° [3+3],%° [3 +4],"" and [3 + 6] annulations,
have been developed."> On the basis of these reactions, we
pondered that under phosphine catalysis conditions, when MBH
carbonates meet with azomethine imines, phosphine-catalyzed
[3 + 3] annulation will be achieved (Scheme 1). Herein, we
report the first phosphine-catalyzed enantioselective [3 + 3]
cycloaddition of MBH carbonates with C,N-cyclic azomethine
imines to give a novel class of dinitrogen-fused heterocycles
combining the biologically important tetrahydroisoquinoline
core and pyridazine core.

Azomethine imines are a kind of readily accessible and stable
1,3-dipole and have been extensively applied in metal-catalyzed
and organocatalytic 1,3-dipolar cycloadditions."® In our initial
attempt, we first examined the reaction of N,N’-cyclic
azomethine imine (1) with MBH carbonate (5a) in the presence
of various achiral phosphines, but no desired product was
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observed. We then turned our attention to C,N-cyclic
azomethine imines 2—4; 2 has been used in phosphine-catalyzed
[3 + 2] and [4 + 3] cycloadditions with allenoates.**'"!
Unfortunately, no matter which achiral phosphine was employed
as the catalyst, when the reaction of azomethine imine 2 or 3 with
MBH carbonate Sa was carried out in dichloromethane at rt, the
thermal [3 + 2] cycloaddition of azomethme imine 2 with alkene
always controlled the reaction process,'® and the desired
phosphine-catalyzed [3 + 3] cycloadduct was obtained in
<20% vyield. To our delight, using 20 mol % of Me,PPh as the
catalyst, the reaction of azomethine imine 4a with MBH
carbonate Sa proceeded smoothly in dichloromethane at rt for
13 h to give the [3 + 3] cycloadduct 6aa in 84% yield with >20:1
dr. Next, employing several commercially available cyclic chiral
phosphines (P1—P5), we explored the asymmetric reaction
between azomethine imine 4a and MBH carbonate Sa (Table 1).

Table 1. Screening of the Reaction Conditions for
Asymmetric Catalysis®

I\N 2:PG=Bz
_PG 3:PG=Ac

4a:PG=Ts

da+ (20 mol%
F’h " Additive CO,Me
COzMe CH,Cl,

oo COMe

Tsﬁv
? TAEVO
P2 P Ps
OMe P4

entry  Px additive T/°C  t/h  yield (%)° ee (%)°
1 P1 - rt 22 36 6

2 P2 - rt 22 48 0

3 P3 - rt 22 33 0

4 P4 - rt 22 0 -

S Ps - rt 8 49 >99
6 PS 4 AMS rt 8 56 >99
7 P5 4AMS 0 21 62 >99
8 Ps 4 AMS -10 36 79 >99
9 PS5 4 A MS, K,CO, -10 36 81 >99
107 Ps  4AMS,KCO, -10 24 87 >99

“Unless otherwise stated, all reactions were carried out with 4a (0.1
mmol), 5a (0.12 mmol), 4 A MS (100 mg), K,CO; (0.15 mmol), and
catalyst (0.02 mmol) in CH,Cl, (2 mL). “Isolated yield. “Determined
by chiral HPLC analy51s dr is >20:1, determined by "H NMR analysis
of the crude product. 0.2 mmol of Sa was used.

The phosphines (P1—P4) displayed weak catalytic capability for
this [3 + 3] cycloaddition. In the presence of this kind of
phosphines, a racemic or nearly racemic desired product was
obtained in poor yields (entries 1— 4), and an unexpected T's
addition product (7) was also observed.'® Since chiral phosphine
PS has showed good capability in asymmetric organocatalysi-

5,597510¢1 egpecially because its alkyl analogue could catalyze the
asymmetrlc [3 + 2] cycloaddition of azomethine imine with
allenoate,*! PS was tried. Delightfully, the product 6aa was
obtained in 49% yield and >99% ee, (entry S). Since an extremely
excellent ee had been obtained, we then focused on improving
the yield through screening various reaction conditions. Using 4
A MS as the additive, the yield was slightly increased to 56%
(entry 6). Lowering the reaction temperature could effectively

improve the yield, as a result of suppressing the formation of
byproduct 7 (entries 7—8). The use of K,COj, resulted in a slight
increase in yield (entry 9)."” Finally, increasing the loading of
MBH carbonate Sa to 2 equiv led to a satisfactory 87% yield
(entry 10). On the basis of the above-mentioned results, the
optimized conditions are as follows: reaction of 4a with 2 equiv of
Sa in CH,Cl, at —10 °C in the presence of 20 mol % of PS5, 1.5
equiv of K,COj5, and 4 A MS.

Under the optimized reaction conditions, we explored the
substrate scope of MBH carbonates in this asymmetric [3 + 3]
cycloaddition (Table 2). A variety of MBH carbonates bearing

Table 2. Scope of MBH Carbonates in Asymmetric Catalysis®

OBoc
_P5 (20 mol%) _ Ny Ts
_N. /Ts ZAMS, K,CO5 :1 P

<302R2 CH4Clp, -10 °C
6 CO,R?

entry R!Y/R? t/h 6 yield (%) ee (%)°

1 Ph/Me (5a) 24 6aa 87 >99
2 2-FC,H,/Me (5b) 24 6ab 68 >99
3 3-FC¢H,/Me (5¢) 26 6ac 87 >99
4 4-FC4H,/Me (5d) 24 6ad 80 99
s 2-CIC¢H,/Me (Se) 24 6ae 71 >99¢
6 3-CIC,H,/Me (5f) 26 Gaf 85 >99
7 4-CIC¢H,/Me (5g) 24 6ag 80 >99
8 3-BrCeH,/Me (5h) 24 6ah 85 >99
9 4-BrC,H,/Me (5i) 25 6ai 90 99
10 3-NO,CeH,/Me (5§) 2% 6 86 >99
11 4-NO,CH,/Me (5k) 26 6ak 77 99
12 3-CFCeH,/Me (5]) 25 6al 84 >99
13 3-CNC¢H,/Me (5m) 26 6am 93 >99
14 342CICH,/Me (5n) 26  6an 93 98
15 3,52CICH;/Me (50) 25  6ao 95 >99
16 3,4,5-3FC¢H,/Me (5p) 21 6ap 63 >99
17 3-MeCgH,/Me (5q) 26 6ag 88 >99
18 4-MeCgH,/Me (5r) 26 6ar 80 >99
19 3-OMeCg¢H,/Me (5s) 26 6as 72 >99
20 4-OMeC4H,/Me (5t) 26 6at 70 99
21 4iPrCgH,/Me (Su) 26  6au 75 >99
22 2-naphthyl/Me (5v) 26 6av 89 >99
23 2-thienyl/Me (Sw) 30 6aw 61 >99
24 Et/Me (5x) 24 6ax 0 -
25 Ph/Et (Sy) 24 6ay 81 >99
26 Ph/Bn (5z) 24 6az 72 >99

“Unless otherwise stated, all reactions were carried out with 4a (0.1
mmol), § (0.2 mmol), 4 A MS (100 mg), K,CO; (0. 15 mmol), and
catalyst (0.02 mmol) in CH,Cl, (2 mL) at —10 °C. bIsolated yield.
“Determined by chiral HPLC analysis. Unless otherwise stated, dr is
>20:1, determined by 'H NMR analysis of the crude product. dar =
6:1.

different aromatic groups, regardless of the steric and electronic
properties of the substituents on the aromatic ring, underwent
the reaction to give the corresponding products in 63—95% yield
with extremely excellent enantioselectivities (98—>99% ee)
(entries 1—21). Except for the product 6ae from 2-CIC¢H,-
substitued MBH carbonate (Se) (entry S), other products were
obtained in excellent diastereoselectivities (>20:1 dr). Notably,
2-naphthyl- and 2-thienyl-substituted MBH carbonates (Sv and
Sw) also worked efficiently in this reaction, affording the
corresponding products with satisfactory yields and excellent ee
values (entries 22—23). Moreover, varying the ester moiety of
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MBH carbonates could be tolerated, and excellent enantiose-
lectivities were maintained (entries 25—26). Unfortunately, the
alkyl-substituted MBH carbonates are not compatible substrates,
and the desired [3 + 3] cycloadducts could not be obtained under
the current system (entry 24). The absolute configurations of the
[3 + 3] cycloadducts were assigned by X-ray crystallographic
analysis of 6ao and 6ea (see Table 3).18

Table 3. Scope of C,N-Cyclic Imines (4) in Asymmetric
Catalysis”

5 OBoc R'¢ D QL
{jij P Ph)\( P5 (20 mol%) /H Non-S g2
ZN- Come AMS. KOO A\
5a ® CH,Cl,, ~10 °C
6 COMe
entry 4 (R!/R?) t/h 6 }(7;:1;: E;)‘
1 5-Me/4-MeCsHs (4b) 26 6ba 84 >99
2 7-Me/4-MeCeH, (4¢c) 26 6ca 75 >99
3 7-OMe/4-MeCeHs (4d) 21  6da 76 >99
4 7-Cl/4-MeCeHa (4e) 26 6ea 72 >99
S S-Br/4-MeCesHa (4f) 21 6fa 72 >99
6 6-Br/4-MeCsHs (4g) 28 6ga 66 >99
7 7-Br/4-MeCsHs (4h) 25 6ha 71 >99
8 C AN i
5 21 6ia 86 98
9 H/Ph (4§) 26 6ja 70 >99
10 H/4-n-PrCsHa (4Kk) 26 6ka 67 >99
11 H/4-t-BuCsH, (41) 26 6la 74 >99

“Unless otherwise stated, all reactions were carried out with 4 (0.1
mmol), 5a (0.2 mmol), 4 A MS (100 mg), K,CO; (0.15 mmol), and
catalyst (0.02 mmol) in CH,Cl, (2 mL) at —10 °C. YIsolated yleld
“Determined by chiral HPLC analysis. dr is >20:1, determined by 'H
NMR analysis of the crude product.

We then examined the substrate scope of azomethine imines
(Table 3). An array of azomethine imines, irrespective of methyl,
methoxy, and halogen substituents on the aromatic ring, reacted
well with Sa to produce the corresponding products in
reasonable yields with excellent diastereoselectivities and
extremely excellent enantioselectivities (entries 1—7). Con-
densed-ring azomethine imine (4i) was also compatible with
current reaction conditions, affording the tetracyclic product 6ia
in 86% yield and 98% ee (entry 8). The steric bulk of the
substituent at the 4-position of the phenyl ring of arylsulfonyl
protecting group had no significant influence on stereoselectivity,
and the corresponding cycloadducts were obtained in high yields
with uniformly excellent diastereo- and enantioselectivities
(entries 9—11).

It is worth noting that the present catalytic system is quite
robust, allowing the reaction to be performed on the 1 mmol
scale without significant loss of diastereoselectivity, enantiose-
lectivity, and yield. (Scheme 2). The cycloadducts could be
further transformed to other synthetically or biologically useful
heterocyclic compounds (Scheme 2). Treatment of the product
6ca with DIBAL-H in THF at 0 °C for 1 h led to the reduction of
the ester group, giving the alcohol 8 in 75% yield and >99% ee. In
the presence of Pd(Ph;P),, the cycloadduct 6ci bearing a
bromine atom at the aromatic moiety underwent a coupling
reaction to afford chiral biphenyl heterocyclic compound 9 in
66% yield and >99% ee.

In summary, the first phosphine-catalyzed enantioselective [3
+ 3] annulation of C,N-cyclic azomethine imines with MBH
carbonates has been achieved, providing 1,2-dinitrogen-contain-
ing heterocycles in high yields with good to excellent
diastereoselectivities and extremely excellent enantioselectivities.

Scheme 2. Synthetic Transformations of the Cycloadducts

OBoc
(:G _ P5(20mol%) N
st T 4AMS, KCOs
s COzMe CH,Cly, ~10°C, 24 h

4a (0.3 g, 1 mmol) Gaa CO,Me
76% yield, 98% ee

/Ts _ DIBAL-H
THF 0°C,1h
Ph

CO,Me CH,0H
6ca (>99% ee) 75% yleld >99% ee

4-CICgH4B(OH), Me’
Pd(Ph3P)s, Cs;CO3

Butyldi-1-adamantylphosphine

CO:Me ~ DME, 80°C, 14 h

GCI (>99% ee)

cl 66% yield, >99% ee

A variety of MBH carbonates could undergo the reaction with
azomethine imines under mild reaction conditions. Moreover,
the reaction could be scaled up without significant loss of
diastereo- and enantioselectivity and yield. These merits make
the reaction a very valuable method for the synthesis of
biologically important chiral 1,6,7,11b-tetrahydro-4H-
pyridazino[6,1-a]isoquinoline derivatives.
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