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ABSTRACT: N-Heterocycle-assisted C—H activation/annulation reactions have provided new concepts for the construction and
transformation of azacycles. In this work, we disclose a [S+1] annulation reaction using a novel transformable pyridazine directing
group (DG). The DG-transformable reaction mode led to the construction of a new heterocyclic ring accompanied by
transformation of the original pyridazine directing group via a C—H activation/1,4-Rh migration/double bond shift pathway,
affording the skeleton of pyridazino[6,1-b]quinazolines with a good substrate scope under mild conditions. Diverse fused cyclic
compounds can be achieved by derivatization of the product. The asymmetric synthesis of the skeleton was also realized to afford the

enantiomeric products with good stereoselectivity.

he construction and transformation of azacycles are

always hot research topics in organic and pharmaceutical
chemistry.”” The directing group-assisted C—H activation/
annulation strategy has provided new solutions for accessing
diverse azacycles in a straightforward way in recent years.’
Among them, the annulation reactions directed by N-
heterocycles have attracted a great deal of attention from
chemists because of the widespread presence of N-heterocycles
in natural products and drug-related molecules. To date, N-
heterocycles such as pyridine, pyrimidine, and pyrazole have
proved to be outstanding directing groups for the C—H
activation process. They can easily coordinate to the metal
center and form the key cyclic metal complex, which will react
with various coupling partners to afford the desired products.
To the best of our knowledge, most studies on N-heterocycle-
assisted C—H activation reactions are focused on a simple
functionalization mode without transformation of the N-
heterocycle directing group (DG) (Scheme 1a).>** The N-
heterocycle can also act as a reaction unit involved in the
construction of the final new N-heterocycle via an [n+m]
annulation process with the original N-heterocycle maintained.
In these cases, fused N-heterocyclic compounds or quaternary
ammonium salts are mostly obtained (Scheme 1b) 3%
Recently, the Ackermann group® and the Li group’
independently used N-heterocycles as traceless directing
groups. The cyclohexadiene products were afforded via an
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N-heterocycle DG-involved Diels—Alder/retro-Diels—Alder
cascade (Scheme Ic). In this attractive reaction mode that
can realize heterocycle editing, a new ring is constructed
accompanied by transformation of the original N-heterocycle
DG. However, this type of transformation is still limited,
especially for asymmetric construction via a DG-transformable
mode.® Herein, we report a [5+1] annulation reaction’ via a
C—H activation/1,4-Rh migration/double bond shift pathway
using a novel transformable pyridazine directing group, leading
to the construction of pyridazino[6,1-b]quinazolines.'® The
enantioselective synthesis of the skeleton containing a
quaternary carbon stereocenter was also achieved by the use
of a chiral rhodium catalyst.

The racemic [5+1] annulation was explored at the
beginning. Upon optimization of the reaction conditions, the
desired fused heterocyclic product 3aa was isolated in 83%
yield using a chlorinated pyridazine and an alkyl-terminated
1,3-enyne as the substrates in the presence of a rhodium
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Scheme 1. Transformation Modes of N-Heterocycle Type
Directing Groups
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catalyst, AgSbF,, and Cu(OAc),-H,0 at S0 °C in MeOH
(Table 1, entry 1). The optimal conditions were then verified.

Table 1. Optimization of the Reaction Conditions”

@H\@\ | B=—y [CP*RhCI]/AgSbFg .
NN Cu(OAC);H,0, MeOH, 50 °C
1a 2a 3aa

entry changes to the optimal conditions yield (%)
1 no changes 83
2 80 °C 80
3 30 °C 72
4 without Cu(OAc),-H,0 69
S without AgSbFy 66
6 TFE as the solvent 42
7 1,4-dioxane as the solvent 30
8 DCE as the solvent 40
9 Cu(OAc), instead of Cu(OAc),-H,0 80
10 Cu(OTf), instead of Cu(OAc),"H,O 66
11 AgOAc instead of Cu(OAc), H,0 78
12 NaOAc instead of Cu(OAc),-H,0 58

“Reaction conditions: 1a (0.10 mmol), 2a (0.20 mmol), [Cp*RhCL,],
(4 mol %), AgSbF, (16 mol %), and an additive (0.0S mmol) in
MeOH (1.0 mL) at S0 °C for 12 h under air. Isolated yields.

The reaction was not sensitive to temperature. Higher and
lower reaction temperatures gave the product in acceptable
yields (entries 2 and 3, respectively). Neither AgSbF, nor
Cu(OAc),'H,0O was necessary for the reaction. The product
was also isolated in a decreased yield when AgSbF or
Cu(OAc),-H,0 was omitted (entries 4 and 5). A screen of the
solvents revealed MeOH to be the optimal one (entries 6—8).
All of the tested additives with an acetate group were found to
be active, leading to 3aa in moderate to good yields (entries
9—12). The results gave evidence that the acetate group plays
an important role in the C—H activation process of the
catalytic cycle to improve the reaction efficiency.

The substrate scope of pyridazines and 1,3-enynes was then
investigated under the optimal reaction conditions (Scheme
2). Introduction of alkyl, methoxy, ester, trifluoromethyl, or

Scheme 2. Scope of the Racemic [5+1] Annulation
Reaction”

[CP*RhCl,],/AgSbFg
O/ Cu(OAc)z ,0
\L)\ > MeOH, 50 °C air

1 2 3

R'=H, 3aa, 83%
R'=Me, 3ba, 85%
R'=0OMe, 3ca, 64%
R' = n-butyl, 3da, 63%
R' = t-butyl, 3ea, 77%
R'=iPr,  3fa, 86% Cl
R'=Br, 3ga, 71%
R'=Cl, 3ha, 73%
R'=F 3ia, 75%
= CO.Et, 3ja, 77%
R'=CF;  3ka, 60%

R'=Et,  3la, 80%
R'=Me, 3ma, 97%
R'= OCHj, 3na, 52%
R'=CF3, 30a,66%
R'= i-Pr, 3pa,87%
R'=Br,  3qa, 74%

R'=Br, 3ra, 75%

3ta, 56% 3ua, 43% 3va, 41%
R' = OMe, 3sa, 72%

R® = cyclopropyl,

3af, 65%

R® = cyclohexylmethyl,
3ag, 77%

R® = 1-phenethyl,
3ah, 79%

3xa, 59%

R®=n-CsH;,  3ab,78%
R®=n-CgHyy,  3ac, 74%

X
CIu_N. * N

R®=n-CgHys,  3ad, 76% 2N ) Ph

R® = n-C5HqOH, 3ae, 75% NNy _

3ai, 7% 3aj, 70%

“Reaction conditions: 1 (0.10 mmol), 2 (0.20 mmol), [Cp*RhCL,],
(4 mol %), AgSbF, (16 mol %), Cu(OAc),-H,0 (0.0S mmol), and
MeOH (1.0 mL) at S0 °C for 12 h under air. Isolated yields.

halogen groups to the phenyl rings of pyridazines all tolerated
the reaction system, affording the corresponding products in
moderate to good yields (3aa—3sa, 60—97%). Slightly
decreased yields were detected with electron-deficient or
electron-donating groups, which may be due to the electronic
effect of the substituents (3ca, 3ja, 3ka, 3na, and 3sa). The
substrates with other aryl rings such as naphthalene and hetero
rings were also determined to be suitable (3ta, 3wa, and 3xa,
46—59%). The substrates containing OMe or Me groups at the
pyridazine ring also gave the desired products in moderate
yields (3ua and 3va, 43% and 41%). The 1,3-enynes with long
alkyl groups all afforded good results (3ab—3ad, 74—78%).
Notably, the introduction of a hydroxyl group did not affect
the reaction efficiency, with a 75% yield of the corresponding
product isolated (3ae, 75%). The cyclopropyl, cyclohexyl, and
phenyl groups were also used and gave acceptable results
(3af—3ah, 65—79%). The phenyl-terminated 1,3-enyne was
shown to be a substrate that could easily afford the [3+2]
annulation product as the major one instead of the [S+1]
product. This may be due to the different regioselectivity of the
alkyne insertion process for the phenyl-terminated alkyne (3ai
and 3aj, 7% and 70%). However, the reaction system is still
sensitive to the steric effect so that no desired product was
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isolated when the substrate with a 3,5-disubsituted phenyl ring
was used.

To demonstrate the utility of this reaction, the scale-up
synthesis of 3aa was conducted with a slightly decreased
reaction efficiency (Scheme 3, 2 mmol scale, 69%). The

Scheme 3. Scale-up Synthesis and Derivatizations of
Product 3aa“
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“Reaction conditions: (a) LAH, THF; (b) Zn, AcOH, H,0/THF;
(<) Pd/C, H, MeOH; (d) NaBH, AcOH, CH,CN; (e) N-
phenylmaleimide, toluene; (f) RuCly, NalO,, AcOH, MeCN/H,0.

derivatization reactions of 3aa were then carried out. The
selective reduction of 3aa can afford diverse products via
dechlorination or hydrogenation of the specific unit under
different reduction conditions (Scheme 3, 5—8, 60—85%
yield). The Diels—Alder reaction of the diene unit with
maleimide gave the [4+2] product with good diastereoselec-
tivity (Scheme 3, 9, 69%). The oxidation of 3aa delivered a,f-
unsaturated ketone product 10 in 47% yield.

Mechanistic experiments were conducted to gain insight into
the catalytic cycle (Scheme 4). Deuteration of the phenyl C—H
bond of the product was detected when the reaction was
carried out using MeOD as the solvent (Scheme 4a), which
indicated the reversibility of the C—H activation process, and
the process seemed to be not involved in the rate-determining
step in that a low value of 1.6 was achieved by the kinetic
isotope effect experiments (Scheme 4b). The competition
reaction of the substrates with electron-deficient and electron-
donating groups was conducted, giving 3ca from the electron-
rich substrate as the major product (Scheme 4c). To verify the
necessity of the pyridazine ring as the directing group, a similar
pyridine substrate was synthesized and subjected to the
reaction system (Scheme 4d). However, no desired double
bond migration product was detected, and a pyridine
quaternary ammonium salt can be isolated by treatment of
the pyridine substrate with the standard condition followed by
the addition of KPF4. The free NH group also proved to be
necessary for the double bond migration, while the N-Me-
substituted substrate was not applicable.

A plausible mechanism is proposed in Scheme § accordin%
to the results presented above and the literature.”'
Compound 1la reacted with a rhodium catalyst to afford
rhodacycle species A via a reversible C—H activation process.
Intermediate A then underwent alkyne insertion to provide
intermediate B, which can afford a Rh(III) z-allyl species D by
1,4-Rh migration/allyl rearrangement. Intermediate D could
deliver the final product via two pathways. The direct reductive

Scheme 4. Mechanistic Studies
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elimination of intermediate D generates a salt E that can
transfer to 3aa with bases. In an alternative way, intermediate
D can also afford intermediate F by the intramolecular NH
cleavage assisted by the X ligand, leaving the HX as a
byproduct. The subsequent reductive elimination of inter-
mediate F then gave the final product and released a
rhodium(I) catalyst.

By assessing the importance of the chiral skeleton and the
potential of the asymmetric system, we next investigated the
asymmetric [S+1] annulation with Cramer’s chiral rhodium
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catalyst (see the Supporting Information for details).
Enantiomeric pyridazino[6,1-b]quinazoline 4aa was isolated
in 68% yield and 93% ee under the optimal reaction conditions
(Scheme 6). The substrate scope for the asymmetric system

Scheme 6. Scope of the Asymmetric Coupling System”
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— scope of N-phenylpyridazin-3-amines from natural products and

4ia, 65%, 96:8 er, from Zingerone 4ja, 48%, 93:7 dr, from L-Menthol 4ka, 74%, 93.5:6.5 dr, from Estrone

“Reaction conditions: 1 (0.05 mmol), 2 (0.1 mmol), [R-Rh] (4 mol
%), AgSbF (16 mol %), and Cu(OAc),-H,0 (0.5 equiv) in DCE
(1 0 mL) at room temperature for 18 h under air. Isolated yields.
*DCE (2.0 mL).

was then checked and revealed to be decent with moderate to
excellent yield and good enantioselectivity. The absolute
configuration of 4aa was determined by single-crystal X-ray
diffraction analysis (CCDC 2234937). The 1,3-enynes with
different alkyl substitutions all gave the corresponding products
with high ee (4aa—4af, 64—78% vyields, 89—94% ee). The
electron-deficient and electron-rich substituents on the phenyl
ring of pyridazines all afforded good results with reasonable
yields and high ee (4ba—4fa, 28—69% yields, 88—99% ee).
The low efficiency of 4ea may be caused by the obviously
increased steric hindrance of the tert-butyl group. The change
of the chlorine group at the pyridazine ring to a methyl group
had little effect on the reaction (4ga, 69% yield, 94% ee).
However, the reaction efficiency and selectivity were
significantly reduced by the introduction of a methoxy group
(4ha, 40% vyield, 63% ee). Thus, the transmission of the
electronic effect of the substitution at the pyridazine ring may
also affect the stereodetemining intermediate. Some complex
substrates from natural products and pharmaceutical molecules
were also tested. Moderate reaction efficiency (48—74% yields)
and good stereoselectivity were obtained (4ia—4ka).

In conclusion, an annulation reaction was realized for the
enantiomeric synthesis of fused azacycles containing a
quaternary carbon stereocenter. The reaction was conducted
under mild conditions using a novel transformable pyridazine
directing group. A new azacycle was constructed via a [S+1]
annulation process accompanied by the transformation of the
original pyridazine directing group via a double bond migration

process. The derivatization of the product and the late-stage
functionalization of complex substrates demonstrated more
applications of the reaction system.
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