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a b s t r a c t

The Ni−Al bimetallic catalysis of intramolecular enantioselective and regioselective C−H cyclization of

4-oxoquinazolines with tethered alkenes has been successfully developed. Some new secondary phos-

phine oxides (SPOs) with large steric hindrance (SPO6-11) were designed and successfully synthesized

from readily available chiral amines or amino acids. The developed chiral SPOs as ligands or preligands

demonstrate much higher efficiency in the asymmetric catalytic reactions than the reported traditional

ones. A new class of chiral tricyclic pyrroloquinazolinones were obtained in up to 95% yield and 99% ee.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Quinazolinone ring skeleton widely exists in natural products

and drug molecules. Quinazolinones shows good biological activ-

ities in anti-tumor, antibacterial, anti-inflammatory and antihy-

pertension. Similarly, 4-oxoquinazoline natural products are also

used as privileged motifs in drug research due to their diverse

pharmacological activities (Fig. 1) [1–5]. The synthetic methods

of quinazoline have been reported by many researchers [6–10].

However, there are few reports on the simple synthesis of poly-

cyclic quinazolines, especially chiral ones [11–13]. Recently, some

research groups attempted to develop methods for the synthesis

of tricyclic pyroquinazolone compounds using 4-oxoquinazoline-

tethered alkenes or functional group-substituted alkyl chain [14–

20]. Notably, in 2021, Dong’s group [14] reported a deacylation-

aided C–H alkylative annulation of arenes or heteroarenes, in

which tricyclic pyroquinazolones were provided in moderate yields

(Scheme 1a). Procter [15] disclosed an enantioselective copper-

catalyzed borylative cyclization for the assembly of privileged py-

roquinazolone motifs (Scheme 1b). Very recently, Wu [16], Jin

[17,18], He [19] reported a similar photocatalytic synthesis for

polycyclic pyroquinazolones (Scheme 1c). Though there are many

ways to prepare achiral or racemic products, few enantioselective

synthetic methods could be extended to multifunctionalization of

pyroquinazolone scaffolds [21–23]. Enantiomers often exhibit dif-
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ferent bioactivities [24], and it is undoubtedly important to prepare

these compounds with enantiomeric purity. Therefore, the efficient

synthesis of these known and unknown bioactive compounds ur-

gently requires a new asymmetric protocol to build cyclic pyro-

quinazolone blocks.

Secondary phosphine oxides (SPOs) refer to phosphine oxides

containing one hydrogen on the phosphorus atom [25–31]. Com-

pared with most complex phosphine ligands, they are more sta-

ble in air and moisture and easy to prepare and preserve. In the

presence of alkali, Lewis acid or transition metal, phosphorus can

be P(V)–P(III) tautomerized, in which the stereochemical informa-

tion around the phosphorus can be retained. For being econom-

ical, less toxic and having various coordination modes, Ni [32–

35] and Al [36,37] are widely used in their respective catalytic

reactions. Nakao [38–40] and colleagues reported direct C-H acti-

vation of pyridine compounds catalyzed by Ni-Al bimetallic cata-

lysts with monophosphine ligands or NHC. In the following time,

there are also related reports from other groups [41–45]. Their re-

search showed that the Ni-Al catalytic system has a good acti-

vation effect on the C-H activation at specific potential electron-

deficient sites such as heterocyclic compounds and formamide

groups, which provides a possible way for the asymmetric catalytic

synthesis of chiral heterocyclic and cyclized compounds. In 2013,

Cramer [46] and co-workers discovered that a kind of chiral SPO

can provide good activity and enantioselectivity in Ni-Al bimetal-

lic catalyzed hydrocarbamoylation of alkenes. Recently, Ye’s group
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Fig. 1. Natural products and drug molecules of 4-oxoquinazoline skeleton.

Scheme 1. Selective cyclization of 4-oxoquinazolines with tethered alkenes or func-

tional group-substituted alkyl chain.

[47–50] also conducted corresponding research in this field. In-

tramolecular C-H alkylation is undoubtedly a simple and straight-

forward way for the synthesis of chiral fused 4-oxoquinazoline

derivatives. However, suitable catalytic systems have hardly been

reported so far. Herein, we disclose the development of two new

types of diamine-derived chiral SPO ligands with sterically bulky

groups and their application in Ni-Al bimetallic catalytic cycliza-

tion of 4-oxoquinazolines with tethered alkenes (Scheme 1d).

Initially, we began to explore the model catalytic reaction of

substrates 1ub with traditional SPOs as ligands (Table S1 in Sup-

porting information and Scheme 2, SPO1-5). But the reaction ac-

tivity or enantioselectivity was poor. Therefore, we realized that

modification of the five-membered P-heterocyclic secondary phos-

phine oxides is necessary and the introduction of large steric

substituents into the framework might finely adjust the stere-

ostructure and electrical properties of the ligands and correspond-

ing catalysts. Following this concept, two types of SPOs were de-

signed and successfully synthesized from readily available chiral

amines or amino acids (Scheme 2, SPO6-11) [51–54].

With the developed ligands in hand, we continued to conduct

ligand screening for substrate 1a (Table 1). Taddol-derived SPO1-

2 were found to give the target product 2a in poor yield and ee

value (Table 1, entries 1 and 2). In contrast, with traditional N-

P-N SPO3-4 instead, the yield of 2a was greatly improved, but

the ee value was still not good (Table 1, entries 3-5). Encourag-

Scheme 2. Traditional chiral SPO1-5 and synthesis of new chiral SPO6-11.

Table 1

Conditions optimization.a

Entry [Ni] L T (°C) t (h) 2a (%)b ee (%)c 3a (%)b

1 Ni(cod)2 SPO1 80 12 6 5 0

2 Ni(cod)2 SPO2 80 12 38 27 <5

3 Ni(cod)2 SPO3 80 12 78 7 18

4 Ni(cod)2 SPO4 80 12 82 58 16

5 Ni(cod)2 SPO5 80 12 68 34 22

6 Ni(cod)2 SPO6 80 12 33 72 66

7 Ni(cod)2 SPO7 80 12 12 35 87

8 Ni(cod)2 SPO8 80 12 61 56 36

9 Ni(cod)2 SPO9 80 12 64 4 35

10 Ni(cod)2 SPO10 80 12 86 86 10

11 Ni(cod)2 SPO11 80 12 83 60 14

12d Ni(cod)2 SPO10 80 12 35 5 <5

13 Ni(cod)2 SPO10 r.t. 24 95 95 <5

14 Ni(cod)2 SPO10 r.t. 12 56 97 <5

15 Ni(acac)2 SPO10 r.t. 24 86 94 <5

16 NiCl2 SPO10 r.t. 24 47 96 <5

17 Ni(cod)2 SPO10 0 24 35 97 <5

18e Ni(cod)2 SPO10 r.t. 24 92 93 <5

19f Ni(cod)2 SPO10 r.t. 24 94 97 <5

ɑ Reaction conditions: 1a (0.2 mmol), [Ni] 10 mol%, SPO 10 mol%, AlMe3 40 mol%,

toluene (2 mL), under N2.
b Isolated yield.
c Determined by chiral HPLC.
d AlMe3 40 mmol% was replaced by NaOtBu 50 mol%.
e AlMe3 was replaced by AlEt3.
f [Ni] 5 mol%, dioxane.

ingly, SPO6 provided product 2a with 72% ee, although the yield

was only 33%. An interesting phenomenon was also observed, em-

ploying SPO7 as the ligand, 3a was obtained as the main product

in 87% yield. This implies regioselection can be tuned by appro-

priate steric effect of the ligand. Further investigations were per-
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Scheme 3. Scope of substrates. Standard reaction conditions: 1 (0.2 mmol), dioxane (2.0 mL), 5 mol% Ni(cod)2, 40 mol% AlMe3, 10 mol% SPO10, room temperature, under

N2 for 24 h; a 10 mol% Ni(COD)2, 15 mol% PPh3, 48 h; b 10 mol% Ni(cod)2, 60 h; c 10 mol% Ni(cod)2, 10 mol% SPO6, 15 mol% PPh3, 80 °C, 48 h; d 10 mol% Ni(cod)2, 10 mol%

SPO11, 40 °C, 72 h; e 10 mol% Ni(cod)2, 10 mol% SPO11, 60 °C, 60 h; f 10 mol% Ni(cod)2;
g 10 mol% Ni(cod)2, 10 mol% SPO6, 15 mol% PPh3, 60 °C, 72 h; h 10 mol% Ni(cod)2,

40 °C, 80 h; i 10 mol% Ni(cod)2, 15 mol% PPh3, 80 °C, 48 h; j 10 mol% Ni(cod)2, 80 °C, 48 h.

formed for the prepared SPOs bearing large steric hindrance groups

on the N-branched chain (Table 1, entries 8-11). Luckily enough,

product 2a was given in 86% yield with 86% ee when SPO10 was

used. Through optimization experiments, the optimal reaction con-

ditions of the template reaction were finally determined. The de-

sired product 2a was afforded in 94% yield with 97% ee (Table 1,

entry 19).

Under the above optimized reaction conditions, the reaction

was further extended to a series of substrates with functional

groups at different sites to test the generality (Scheme 3). Sub-

stituent effect of monoalkene-tethered 4-oxoquinazoline was first

investigated. When the substituents were electron donor groups

(2b-2h, 2o), there is less influence on the yield and ee value of

the product. The reactions provided the corresponding products in

71%–95% yields and 86%-99% ee. For the substrates with electron-

withdrawing substituents, such as CF3, F and ester groups (2i-

2m), the reaction activity became poor under the standard con-

ditions. After further optimizing the conditions, acceptable yields

were obtained, and the ee values also remained at a high level. For

some substrates with large π conjugated groups, reaction results

were still good enough under the corresponding conditions to pro-

vide 2n, 2p and 2q in 77%–93% yields and 90%–96% ee. Notably,

when an additional 6-alkenyloxy substituent was introduced into

the skeleton, the enantioselectivity remained excellent (2o) despite

a decrease in reactivity. It is speculated that the additional alkenyl

group might participate in the coordination competition of Ni, re-

sulting in the reduction of catalytic activity.

Next, N-heterocyclic substrate 1r was tested. Unfortunately, the

ee value of the resulting product 2r was only 51%. Further lig-

and screening indicated that SPO6 was slightly better than SPO10,

and the ee value of the product increased to 53%. Using SPO10

as ligand, the reaction of 4-pyrimidinone substrates 1s and 1t

yielded corresponding 2s with 70% ee and racemic 2t. After chang-

ing to SPO11, the enantioselectivity of the reactions was improved

to 80% and 48%, respectively. Subsequently the suitability of sub-

strates tethered with different N-substituted alkene chains (1ua-

1ue) were also investigated. With SPO10 as the ligand, all the

catalytic reactions except that of substrate 1uc achieved satisfac-

tory yields and enantioselectivities. These results demonstrate that

the alkyl group attached to the end of the olefin chain has less

influence on the reaction. However, when phenyl group was di-

rectly linked to the end of olefin, product 2uc was only obtained

with 25% yield and 47% ee under the standard conditions. In the

case of optimized ligand SPO6, 2uc was finally prepared in 87%

yield and 70% ee. Changing the linked phenyl group into benzyl

or phenylpropyl, interestingly, SPO10 in turn afforded product 2ud

or 2ue very well. For substrates 1uf and 1ug with added F atom

on the benzene ring of the alkyl chain, no reaction occurred un-

der the standard reaction conditions. After heating to 80 °C and

adding 15 mol% PPh3, the reaction went well, providing 2uf and

2ug with satisfactory results. Similarly, the activity also decreased

when isobutyl was assembled to the olefin chain. The final ee value

of 2uh obtained at 80 °C was 80%. The configuration of C3 was

successfully identified as S by single-crystal X-ray diffraction of 2q.
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Scheme 4. Extended experiments.

It is also worth noting that the reaction did not proceed as ex-

pected when the benzene ring of the substrate contains halogen

groups such as Cl and Br. After further exploration (Scheme 4a), it

was revealed that the exact reason is that the Cl group became ac-

tive and was preferentially replaced by methyl group from AlMe3
under the catalysis of IPr.SPO. So the corresponding products are

C and D, not B. In order to obtain a product with a larger ring,

substrate E with a longer N-substituted olefin chain was also tried,

but the experimental result were not consistent with our design

(Scheme 4b). An interesting phenomenon was noted that the hy-

drogen of olefin migrated and a five-membered ring product G was

finally generated with almost 100% conversion when achiral ligand

IPr.SPO was used for the catalysis. Replacing IPr.SPO with chiral

SPO10, however, the five-membered ring product G and the six-

membered ring product F coexisted with moderate ee values. This

shows that the structure of the ligand affect the regioselectivity of

the reaction significantly.

To understand the mechanism, the deuterated substrate D-1aa

(88% D) of 1a was prepared from deuterated material (Scheme 5a).

In the complete reaction of D-1aa, 54% of deuterium was trans-

ferred to the terminal carbon of the alkene moiety, and 36% of deu-

terium was added to the intermediate carbon atom of the ene. A

competitive experiment between D-1aa and 1h revealed that there

was no deuterium scrambling distribution. In addition, no signif-

icant kinetic isotope effect was observed in the competitive ex-

periment (KIE=1.0). In order to verify whether SPO has valence

change, 31P NMR of SPO10 was identified (Scheme 5b). It was

found that the chemical shift of 31P NMR changed from 10.59 ppm

to 13.05 ppm after adding AlMe3. This shows that SPO and AlMe3
indeed interact to change the valence state of phosphine, and then

SPO-AlMe2 coordinate with nickel [46]. On the basis of our exper-

imental exploration and references [46,50,55], a possibly plausible

catalytic cycle is presented (Scheme 5c). First, phosphine oxide is

converted into trivalent phosphine under the activation of AlMe3,

which then forms a complex with Ni. Al coordinates with the sp2-

N atom of the substrate to help the location, then Ni carries out

oxidative addition and reductive elimination through the conven-

tional C-H activation steps to generate products. Chiral SPO acts as

a ligand and plays a role in chiral induction.

In summary, we have developed two new types of chiral sec-

ondary phosphine oxides (SPOs) with bulky and adaptable struc-

tures, and their application in the nickel-catalyzed intramolecular

enantioselective C−H cyclization of 4-oxoquinazolines with teth-

ered alkenes. For the first time, a new class of chiral tricyclic

pyrroloquinazolinone compounds were successfully prepared in up

to 95% yield and 99% ee under the mild conditions via the simple

Ni-Al bimetallic catalysis. The introduction of sterically hindered

Scheme 5. Plausible mechanism.

chiral amines prepared from readily available chiral raw materi-

als makes the developed ligands significantly superior to the tra-

ditional SPOs in this asymmetric catalytic reaction. The effective

regulation of enantio- and regioselectivity of the reaction by lig-

and structure was also demonstrated. The development of Ni-SPO-

Al catalytic system and better substrate applicability research are

ongoing.
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