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Abstract: Transition metal catalysis has revolutionized modern synthetic chemistry for its diverse
modes of coordination reactivity. However, this versatility in reactivity is also the predominant
cause of catalyst deactivation, a persisting issue that can significantly compromise its synthetic
value. Homeostatic catalysis, a catalytic process that can sustain its productive catalytic cycle even
when chemically disturbed, is proposed herein as an effective tactic to address the challenge. In
particular, a cobalt homeostatic catalysis process has been developed for water-tolerant coupling
of enaminones and oxadiazolones to quinazolinones. Dynamic covalent bonding serves as a
mechanistic handle for preferred buffering of water onto enaminone and reverse exchange back
by released secondary amine, thus securing reversible entry into cobalt dormant and active states
for productive catalysis. Through this homeostatic catalysis mode, a broad structural scope has
been achieved for quinazolinones, enabling further elaboration into distinct pharmaceutically
active agents.
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Introduction

Transition metal catalysis has revolutionized the practice of modern synthetic chemistry, with
significant impact in both academia and industrial settings.”* A hallmark of this important class of
chemical processes is the diverse modes of reactivity enabled by metal-ligand interactions.” This
translates to the ability to synthesize a broad range of structurally distinct chemicals through the
execution of on-target catalytic cycles. However, this supposedly appealing feature of reactivity
diversity can also, inadvertently, result in the exit of originally catalytically active species to an
undesired off-target reaction course and lead to off-loop catalyst dormancy or deactivation.
Indeed, off-loop catalyst dormancy and deactivation are two frequently encountered issues in
catalysis and can cause a tremendous loss of catalytic efficiency in catalytic process development
if not properly addressed.”’ Herein we report the development of a homeostatic catalysis approach
to combat these off-loop challenges. Homeostasis is a Nature's way of self-regulation that allows
a biological system to maintain functional activity even in a hostile external environment.”® One
mechanism to achieve such a highly effective performance is through the localization of a dynamic
and reversible chemical equilibrium process on a dedicated response unit so that no unintended,
irreversible damage is inflicted upon the whole system. The homeostatic catalysis concept
described herein recapitulates these mechanistic features and refers to a catalytic process that can
sustain its productive catalytic cycle even when chemically disturbed. In particular, cobalt
homeostatic catalysis permits the water-tolerant coupling of enaminones and oxadiazolones to
guinazolinones. The adventitious inclusion of water into a catalytic system is practically unavoidable,
given its ubiquitous presence in solvents, and has proven to be a major cause of catalyst
deactivation in many different scenarios (Scheme 1a). For example, in heterogeneous catalysis,
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water can directly adsorb to the catalyst surface and block the active site " or induce activity -

1
)

abolishing catalyst oxidation and sintering (Fischer-Tropsch catalyst):” in homogeneous catalysis,



hydrolytic ligand degradation and hydrolytic coordinate bond breakage (Ziegler-Natta catalyst,
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first- and second-generation Grubbs catalysts) can both elicit the loss of catalytic activity.
our catalytic system (Scheme 1b), the highly labile C.-N bond of enaminone (bearing a secondary
amino group, either alone or when coordinated to cobalt) serves as the preferred buffering
reactive site for water through dynamic covalent bonding-based nucleophilic exchange. This
water-receptive reaction affords, initially, an off-loop, dormant cobalt enolate chelate of S-keto
aldehyde and releases a secondary amine. However, the dynamic covalent bonding nature of the
substitution enables the reversion of the reaction and the exchange back of hydroxyl group by the
secondary amine, thus allowing its efficient on-loop re-entry back into the productive catalytic
cycle. The expedient, precision dynamic covalent bonding exchange process provides a
homeostatic catalysis mechanistic basis for preventing water from reacting elsewhere and exerting
a deleterious, or even deactivating effect on the catalytic cycle.

Scheme 1. Effect of water on catalysts. (a) Deactivation of heterogeneous and homogeneous
catalysts by water as reported previously. (b) Homeostatic catalysis concept proposed herein, as
illustrated by dynamic covalent bonding-enabled receptive buffering of water and reverse

exchange back in cobalt-catalyzed transformation of enaminones, eliminating the otherwise
deleterious effect of water.
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Enaminones are an important class of synthetic building blocks with intriguing both ambident
eletrophilicity of enones (C, and carbonyl C) and ambident nucleophilicity of enamines (N and

Cp).""" These versatile synthons have been used for transition-metal-catalyzed, directed C-H bond
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functionalization and cyclization reactions. ™ The cyclization reactions reported thus far are

restricted to C-C bond formation at the Cs(dominant site, through its nucleophilicity) and C, (minor
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site, through C-H bond activation).” Herein an intriguing mode of C-N bond formation at the

carbony! C site has been identified in coupling with oxadiazolones,” accompanied by a unique Cj-
carbonyl C bond cleavage. The quinazolinone skeleton generated hereof has proven their
privileged pharmacore role in an extensive spectrum of disease settings.”” They have been
harnessed as anti-bacterial, anti-fungal, anti-HIV, anti-malaria, anti-diabetes (ghrelin receptor

antagonist), anticonvulsant, anti-inflammatory, anti-cancer (tyrosine kinase inhibitor), and

24-32

analgesic agents.” ™ Although a variety of methods have been invented for the construction of

this molecular scaffold, requirement of multiple steps for functional group installation, reliance on
rare metal catalysts, and restriction in substrate scope enormously limited their synthetic utility
(Scheme 2).** The combination of a base metal cobalt catalyst with conveniently accessible and
bench-stable enaminones and oxadiazolones will revamp the synthetic logic of the field.

Scheme 2. Synthetic strategies for the construction of quinazolinone skeleton.
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Results and Discussion

The investigation starts with the coupling reaction between (£)-3-dimethylamino-1-
phenylprop-2-en-1-one (la) and 3-phenyl-1,24-oxadiazol-5(4H)-one (2a) employing
[CoCp*(CO)I;] (10 mol %) as the catalyst precursor. Initial addition of 20 mol % (0.2 equiv) of AgSbFs
in 2,2,2-triffluoroethanol (TFE) as a hypothetical iodide abstraction reagent gives a 20% yield of 2-
phenylquinazolin-4(34)-one (3aa, with structure unambiguously confirmed by single-crystal X-
ray crystallography) at 110 °C under acidic condition (1.0 equiv HOAc). Alteration to a hypothetical
ligand exchange reagent AgOAc (0.2 equiv) slightly lowers the yield to 16%. An increase of the
total quantity of AgSbFs or AgOAc to 0.4 equiv raises the yield to over 30% level (AgSbFs, 38%;
AgOAc, 31%; AgSbFs/AgOAc, 32%). Switch to a basic condition is detrimental to the reaction
(LIOAC/AgSbFs, 27%; CsOAc/AgSbFs, 14%). With this basic screening results, the assessment of
reaction conditions is then centered on the HOAc/AgSbFs combination. An elevation of the HOAc
quantity to 2.0 equiv is not beneficial (34%). Instead, the yield is boosted to 49% when AgSbFs is
varied to 1.0 equiv. A further change of the AgSbFs quantity to 2.0 equiv diminishes the yield to
38%. An alternative optimization on the HOAc side shows a surge of the yield to 54% and 62%
(optimum) at a quantity of 0.5 and 0.2 equiv, respectively. A control experiment demonstrates the
indispensability of HOAc for the transformation (AgSbFs alone, 19%). Deviation of the temperature
from 110 °C exerts a negative impact on the reaction outcome (80 °C, 15%; 100 °C, 54%; 120 °C,
55%).

With the optimized reaction conditions (abbreviated hereafter as Co, Ag, H, TFE, 110 °C, 20 h)
acquired, the substrate scope is next surveyed (Table 1). The enaminone scope is first evaluated
by reacting with 2a. For the para substitution on the phenyl ring of 1a, both electron-donating
and electron-withdrawing groups are compatible. Enaminones bearing both alkyl and cycloalkyl

substituents display an essentially identical reactivity as the parent 1la (1b, Me, 60%; 1c, Et, 62%; 1d,



Pr, 61%; 1e, cyclohexyl, 63%). The fluoro substituent (1f) suppresses the reactivity to a 40% yield.
The ortho substitution also allows the reaction to progress to a certain extent (1g, F, 35%). For the
metasubstitution, a single regioisomer, with cyclization occurring at the less sterically hindered site,
is identified. A reduction in the reactivity is observed as compared to the para substitution (1h, Me,
56%; 1], F, 38%). The electron-donating methoxy substituent (1i, 42%) also provides a competent
substrate. The meta, para disubstitution (1k, m-Me-p-Me, 54%) manifests the reactivity-
attenuating effect of meta substitution.

Table 1. Substrate scope of enaminones.™

on [CoCp*(CO)I,] (10 mol %) (Co) o
O)‘WI\ o=( N AgSFs (1.0 equiv) (Aa) R
NMe, HOACc (0.2 equiv) (H) Z N/)\©

TFE, 110 °C, 20 h

1a-1k 3aa-3ka
0 R'" O o o]
R1
NH NH NH NH
—

R N)\© N/)\© N/)\© N/)\©
3ba: R = Me, 60% 3ga:R' = F, 35% 3ha: R' = Me, 56% 3ka: 54%
3ca:R'= Et, 62% 3ia: R' = OMe, 42%
3da: R' = 'Pr, 61% 3ja: R'=F, 38%

3ea: R' = cyclohexyl, 63%
3fa: R'=F, 40%

CCDC 2123836
3aa: R'=H, 62%

“Reaction conditions: 1a-1k (0.24 mmol, 1.2 equiv), 2a (0.2 mmol, 1.0 equiv), TFE (2.0 mL), under nitrogen.

Isolated yields.

The oxadiazolone scope Is then examined by coupling with la (Table 2). The reaction can
proceed effectively across a broad span of structurally disparate substitution patterns. For the para
substitution of 2a, both electron-rich (2b, Me, 55%; 2¢, Pr, 55%; 2d, 4-ethylcyclohexyl, 55%; 2e, OMe,
52%) and electron-poor (2f, F, 40%) substrates are capable of reacting smoothly, with electron-rich
ones being higher-yielding. For the ortho substitution, the reactivity also shows group-dependent
behavior, albeit in a different manner: methyl group (2g, 45%) imparts a lesser reactivity than the
methoxy group (2h, 59%): the halide series witnesses a spike in reactivity for the bromo group (2i,

F, 48%; 2j, Cl, 48%; 2k, Br, 60%; 2|, |, 52%). For the meta substitution, the methyl analog (2m, 51%) is



inferior to the ethyl analog (2n, 57%) in product yield but indistinguishable from the methoxy
counterpart (20, 51%). The fluoro group (2p, 38%), similar to the case in the para substitution,
retards the reaction. Disubstitution (2q, m-Me-p-Me, 51%; 2r, m-OMe-m-0OMe, 43%; 2s, m-Me-
o-F, 49%:; 2t, p-Me-o0-Cl, 52%) poses no hurdle for the transformation and can even promote the
reaction in certain circumstance (2u, o-Cl-o-Cl, 73%). With the complete replacement of phenyl
group with a bulky 1-naphthyl group (2v, 32%), the yield falls almost to the half level. Significantly,
diversification to the non-aromatic alkyl and alkenyl moieties retains the reactivity. The plain alky!
chain (2w, Me, 72%; 2x, pentyl, 64%) affords a high-yielding substrate and additional linkage to an
aromatic ring at the chain end is disadvantageous (2y, 4-methylbenzyl, 40%; 2z, 2-phenylethyl,
44%). The yield also varies for the alkenyl substitution depending on the exact structure (2a’, 1-
cyclohexenyl, 60%; 2b’, styryl, 37%).

Table 2. Substrate scope of oxadiazolones.™™

o
o) O-n
O=< \ Co,Ag, H NH
| N Yk e moccoon AN
NMe, Z TFE, 110 °C, 20 h N RS
=
1a 2b-2z, 2a', 2b' 3ab-3az, 3aa’, 3ab’

0 o o) 0o 0
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RZ
RZ
3ab: R? = Me, 55% 3ag: R? = Me, 45% 3am: R? = Me, 51% 3aq: 51% 3ar:43% O
3ac: R2 = 'Pr, 55% 3ah: R% = OMe, 59% 3an: R?=Et, 57%
3ad: R = ethylcyclohexyl, 55% 3ai: R2=F, 48% 3a0: R?=OMe, 51%
3ae: R2= OMe, 52% 3aj: R2=Cl, 48% 3ap: R2=F, 38%
3af: R2=F, 40% 3ak: R? = Br, 60%
3al: R2=1,52%
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3ax: 64% 3ay: 40% 3az: 44% 3aa": 60% 3ab": 37%

“Reaction conditions: 1a (0.24 mmol, 1.2 equiv), 2a-2z, 2a’, 2b’ (0.2 mmol, 1.0 equiv), TFE (2.0 mL), under

nitrogen. “Isolated yields.



With the substrate scope inspected, a comprehensive series of experiments are performed to
understand the reaction mechanism. An initial hint at the unusual nature of the catalytic process
comes from an attempt at the isolation of catalytic intermediate (Scheme 3). A cobalt complex can
indeed be isolated in catalysis involving 1a and 2a, albeit in small quantity (12% yield, calculated in
reference to 2a), under the modified condition of 0.7 equiv [CoCp*(CO)I,] and 60 °C reaction
temperature. The structure of the complex is unambiguously determined to be a deprotonated
(9-3-hydroxy-1-phenylprop-2-en-1-one (la-OH) chelate (1a-O-Co-I) of cobalt by single-
crystal X-ray crystallography on an identical green complex prepared in large quantity by reacting
la with [CoCp*(CO)l,] under either acidic or basic condition. Alternatively, 1la-O-Co-| can be
synthesized by direct deprotonated coordination of 1a-OH with [CoCp*(CO)Ll,]. It should be noted
that while 1a-OH is extremely unstable and prone to decomposition at room temperature (rt) or
on column, 1a-O-Co-I can readily undergo column chromatography purification. The evaluation
of the reactivity of this apparently water-nucleophilic-substitution-derived cobalt complex toward
2a, under catalysis-relevant condition, reveals no detectable product. Interestingly, an extra
addition of HNPh, (in replacement of HNMe, because of the volatility issue), the hypothetical
originally substitution-released by-product, revives the reaction to a 65% 3aa yield. These results
are consistent with the dynamic covalent bonding-enabled both formation of [1a-O-Co]" as the

off-loop dormant species and its re-entry back into the catalytic cycle.



Scheme 3. Isolation of a dormant cobalt species and demonstration of its ability to re-gain
reactivity.
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The existence of a dynamic covalent bonding exchange process is further validated by the
following set of experiments (Scheme 4): forward hydrolytic generation of the by-product HNPh;
(as a surrogate for the quantification of 1a-OH yield), without the involvement of cobalt, from (£)-
3-diphenylamino-1-phenylprop-2-en-1-one (1la-NPh,, used instead of la because of the
purification issue arising from the instability of 1a-OH and volatility of HNMe,), reverse substitution
reaction of either 1a-OH (at rt or during the course of heating to 110 °C) or 1a-O-Co-I (at 110

°C) with HNPh;, to afford 1a-NPh,.



Scheme 4. Stoichiometric reactions showing the existence of a dynamic covalent bonding
exchange process.
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The structure of the catalytically active species from the reverse reaction of [1a-O-Co]" with
HNMe; is speculated to be C-H bond-activated complex [1a™-Co]’", as supported by the following
lines of evidence (Scheme 5): the ability of 1a fully deuterated at the phenyl ring (1a-Ds) to undergo
D/H exchange (1a-Ds-D/H), the reactive production of D/H-exchanged la-Ds-O-Co-I-D/H and
1a-Ds-D/H under basic condition. The reverse reaction of 1a-OH at 110 °C with HNMe; can not
proceed directly because of the instability of 1a-OH at this temperature, as manifested by the
requirement of cobalt for mediating the forward-reverse exchange reaction between la and
HNPh,. This exchange reaction carried out in the 1a-Ds form witnesses a significant extent of D/H

exchange, as informed by 1a-Ds-NPh,-D/H, again suggesting the participation of [1a™-Co] .



Scheme 5. D/H exchange experiments informing the structure of a catalytically active cobalt
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The dormant nature of [la-O-Co]  and its relevance to productive catalysis ([1a™'-Co]’

delivered in the first round of catalysis by [1a-O-Co] /HNMe;, slightly released from spontaneous

hydrolysis of 1a) is verified by the catalytic competency of 1a-O-Co-l (Scheme 6). Further

reinforcing the dormancy hypothesis is the ability of 1a-OH to participate in a catalytic reaction

with 2a only through the assistance of a secondary amine (e.g., HNEt;, HNPh,). The role of

secondary amine simply as a base is excluded by the failure of NEts, which is substitutionally inert

toward 1a-OH, to promote the reaction. As an extra variant of catalysis, the engagement of HNEt,

enables the reformulation of original reaction to the 1a-OH, 1a-O-Co-| format.



Scheme 6. Catalytic reactions highlighting the switching of cobalt species between the dormant
and active states.
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Collectively, the above mechanistic insight advocates proposal of the following dynamic
covalent bonding exchange process (Scheme 7). equilibrium between la (£-configuration) and
1a-OH (Z-configuration, decomposed at 110 °C without coordination with cobalt) (reverse
reaction favored, forward reaction at 110 °C, reverse reaction at lower than 110 °C), irreversible
deprotonated coordination of 1a-OH with cobalt complex to [1a-O-Co]’, isomerization of [1a-
O-Co] to the aldehyde form [1a-O-Co-iso]”" (the absence of internal hydrogen bonding might
favor the aldehyde form upon protonation), substitution of [la-O-Co-iso]” by HNMe, to a
carbonyl- and vinyl-coordinated cobalt complex [1a-Co]’", substitution of [1la-Co]”" by H.O to
[1a-O-Co]’, equilibrium between [la-Co]”" and [la™-Co]’, equilibrium between la/cobalt

complex and [1a™-Co]  (reverse reaction favored).



Scheme 7. The proposed dynamic covalent bonding exchange process.
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The C-N bond-forming process is interrogated by using °N (N4)-labeled 2a (2a-"N) as a
replacement substrate for 2a in the catalytic reaction with 1a (Scheme 8). An exclusive N labeling
at N1 (3aa-""N) without the scrambling of N atom, is observed. The C-C bond-cleavage process
Is investigated by the identification of by-products. However, no by-product can be initially
spotted in the reaction mixture of 1a and 2a. Satisfactorily, employment of C.-methylated la (1a-
Me) confirms acetone as one by-product; alteration of 1a to 1a-NPh, reveals HNPh, as another

by-product.



Scheme 8. N isotope labeling and by-product analysis experiments revealing the bond formation
and cleavage processes.
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Taken together, the homeostatic catalysis system reported herein is proposed to operate
through the following reaction course (Scheme 9): abstraction of iodide from [CoCp*(CO)l,] by
AgSbFs to form [CoCp=*]"" (1), 1a hydrolysis generation of 1a-OH and coordination with | to afford
[1a-O-Co]’ (II), or alternatively, coordination of | with 1a to furnish [1a™'-Co]’ (Ill), dynamic covalent
bonding equilibrium conversion between Il and lll, coordination of lll with 2a to produce IV,
decarboxylative 1,1-migratory insertion to provide V, proto-demetalation to give VI,

intramolecular N-C bond cyclization and C-C bond cleavage to deliver 3aa.



With the homeostatic catalysis products

diproqualone (9).

Scheme 9. The proposed catalytic cycle.

2 Agl +CO

*12+
[CoCp*] Vi
1
H* H*
1a + H,0
HNMe, + H*
.
NMe, |
.
+ =
NMe, | HNMe, cor !
= cé p
+H,0 oo No
—_—
o -~ I %Z .Co c
o + HNMe, P
Cp -H,0 Ph” SNH
m n v
"
NMe, |
2a Z CO,
-0
KLClo-Cp*
6o
Ph—s L
— =z

38,43

(0]
[CoCp*(CO)l,] A e, ,
2 Ag*
N
M
PR NH,

(0]

QL

—

N)\©
3aa

created herein, structural diversification and
pharmaceutical agent manufacturing can be envisioned (Scheme 10). Indeed, ruthenium-
catalyzed C-H bond activation in 3aa enables its coupling with 4 to yield 5.” Starting from 3aw,
schizocommunin (6), a fungal alkaloid that is cytotoxic against murine lymphoma cells by activating
aryl hydrocarbon receptor gene battery, can be constructed by exploiting the nucleophilicity of
methyl substituent.** This nucleophilicity of methyl group also allows the use of 3aw in a three-
step assembly of 7, a potent promoter of p53 activity in rhabdomyosarcoma.”* The methy! group
can be rendered electrophilic by bromination for synthetic access to 8, an inhibitor of tubulin
assembly that shows anti-proliferative activity against HT29 cell line.”” Another nucleophilic site on

3aw, N3, can be harnessed for the synthesis of an anti-inflammatory and analgesic drug,



Scheme 10. Structural diversification of quinazolinones into pharmaceutically active agents.
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Conclusions

In conclusion, a cobalt homeostatic catalysis system has been developed for the coupling of
enaminones and oxadiazolones to quinazolinones. The adventitious water-tolerant homeostasis
has been demonstrated to operate through a dynamic covalent bonding-based mechanism:
preferred C-N bond reactivity in enaminone toward water allows protected entry of cobalt species
INnto a catalytically dormant state, and reverse exchange back by released HNEt, revives the
dormant cobalt species to the catalytically active state. The conceptual proposal of such a
homeostatic process can serve as an illustrative example of how the external hostile environment
In catalysis can be reconciled in a productive way. With this efficient catalysis, a broad substrate
scope is achieved and the quinazolinones produced thereof can serve as the starting point for

further structural elaboration into diverse pharmaceutically active derivatives.
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