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ABSTRACT: By employing a MOF-templated method, we have developed a highly dipersed and ultralow loading cobalt
nanocatalyst, which has been applied in the oxidative functionalization of easily available cyclic amines with 2-aminoarylmethanols
to ring-fused quinazolinones, the core structures of numerous valuable products. The developed catalytic transformation proceeds
with the merits of broad substrate scope, good functional group tolerance and chemoselectivity, high step- and atom-efficiency, use
of natural abundant Co/O, system, which offers a practical way for the preparation of quinazolinones with structural diversity. The
work presented has built an important basis for direct conversion of cyclic amine motifs into functional frameworks.
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Cyclic amines represent a class of bulk chemical raw
materials, and the related structural units extensively exist in
numerous natural products, bioactive molecules,
pharmaceuticals, agrochemicals, and functional materials.
Consequently, the development of new strategies for direct
transformation of cyclic amine motifs into functionalized
frameworks is of significant importance,' as it offers the
potential to lead to the discovery of new products with original
biological and physical properties. Over the past decade,
considerable attention has been directed towards the full
dehydrogenation of cyclic amines into N-heteroarenes by
developing alternative catalyst systems.” However, the
creation of functionalized N-heteroarenes, by utilizing the
initially dehydrogenated cyclic amines as the coupling agents
for the next step of a given sequence, remains a new subject to
be explored. Ideally, such a strategy would benefit from
streamline synthesis of functional products that need multistep
synthetic procedures with the conventional routes.

Ring-fused quinazolinones constitute the core structures of
many natural alkaloids and manmade compounds that exhibit
interesting biological and therapeutic activities,” such as
anti-depressant (Scheme 1, a),4a antithrombotic activity (b),4b
anti-inflammatory (c),* anticancer (@)™ and
radical-scavenging (e) ones.* Furthermore, quinazolinones are
characteristic of multiple sites with high affinity, which
contribute to the development of medicinally relevant
produc'[s.5 In general, quinazolinones are prepared via the
cyclocondensation of anthranilamides with aldehydes or its
its surroga‘[es.6 In addition, a number of new approaches have
also been nicely explored to access the related scaffolds in
recent years. Representative examples mainly involve
carbonylative annulation reactions,” the initial C-N bond
formation of 2-halobenzoic acid followed by intramolecular
cyclocondensation,®  the  oxidative  cyclization  of
anthranilamide derivatives,’ the oxidation of indoles followed
by ring-expansion process,'’ and the radical-induced cascade
reactions. Despite the significant utility of these
achievements, most of them suffer from one or more
drawbacks such as the use of less environmentally benign

oxidants and coupling agents, multistep procedures to access
reactants and difficult catalyst reusability. Hence, the
exploration of new methods for straightforward synthesis of
ring-fused quinazolinones from easily available reagents with
recyclable catalysts, preferably earth-abundant metals, still
remains a highly demanding goal.

Rutaecarpine (b)
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Scheme 1. Representative Quinazolinone Alkaloids

As a part of our sustained efforts towards the construction of
N-heterocycles by hydrogen transfer'” and
dehydrogenation-mediated coupling strategies,” we were
inspired to develop a new protocol for the synthesis of
ring-fused quinazolinones 3 from easily available cyclic
amines 1 with the electron-rich 2-aminoarylmethanols 2. As
illustrated in Scheme 2, the first dehydrogenation of 1 forms
imine 1°, and the amino group of 2 would be able to undergo
nucleophilic addition to 1’ and form aminal 3-1. Then,
product 3 is afforded via the intramolecular oxidative coupling
of 3-1. However, it is important to note that the second
dehydrogenation of 1° to the non-coupling N-heteroarene 1’
is a thermodynamically favorable process. So, to achieve
chemo-selective synthesis of product 3, there should be a
compatible system to ensure that the dehydrogenation rate of 1
is slow enough, thus favoring the capture of 1’ by amine 2.
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Scheme 2. Envisioned New Strategy

The aforementioned information led us to envisage that the
development of a low-loading heterogeneous catalyst would
offer a key to address the existing issue. As such a catalyst is
different from the homogeneous ones, it exhibits low
dehydrogenation efficiency due to the low density of catalytic
sites and the occurrence of reactions on the solid surface. In
recent years, the metal nanomaterials supported on
nitrogen-doped carbon by utilizing metal-organic frameworks
(MOFs) as the sacrificial templates have attracted much
attention.'* This unique route benefits from the high specific
surface area, tunable pore volumes and active sites of the
resulting materials, which make them as single-site catalysts
presenting specific activity.15 Moreover, the earth-abundant
cobalt has been utilized to develop heterogeneous catalysts,
which show impressive catalytic performance toward the
well-known hydrogenation and dehydrogenation processes.'®
However, their applications in the development of novel and
challenging organic transformations remain scarcely explored.
Herein, we report the preparation and characterization of a
new cobalt nanocatalyst supported on N-doped carbon via a
MOF-templated method, and desribed, for the first time, its
utility in  straightforward synthesis of ring-fused
quinazolinones from cyclic amines and 2-aminoarylmethanols.

Typically, the cobalt heterogeneous catalyst was prepared
by direct pyrolysis of MOF templates.” Initially, the
UiO-66-NH, MOFs were assembled in DMF from ZrCl, and
organic linker 2-aminoterephthalic acid (H,BDC-NH,), then
the metal precursor Co(NO;),*6H,0O and ligand
1,4-diazabicyclo[2.2.2]octane (DABCO) were introduced into
the MOFs via an in situ impregnating method. The
uncombined amine group and DABCO as anchoring sites
coordinated with the Co ion to prevent cobalt from the
aggregation during the pyrolysis process. Finally, the resulting
composites were pyrolyzed under argon flow at 800 °C for 3
h, which afforded the cobalt nanoparticles supported on the
nitrogen-doped carbon (denoted as Co-ZrO,/N-C, for more
details see the Supporting Information (SI).

The XRD pattern of the Co-ZrO,/N-C (Figure S1 in the SI)
just displays characteristic peaks of cubic and monoclinic
Zr0,, and no other peaks ascribing to the cobalt metal or its
related compounds were observed, which indicates that the
cobalt species are highly dispersed or amorphous. The N,
adsorption—desorption isotherms of Co-ZrO,/N-C exhibits a
typical I isotherm (Figure S2), suggesting the existence of
micro-mesoporous structure. Moreover, the BET specific
surface area is shown to be 436 m’g’. The corresponding
distribution of the pore diameters is in the range from 0.5-3.5
nm (Figure S2), the dominant pore size is centered at 0.6-0.8
nm (micropore) and 2.5-2.7 nm (mesopore), this unique
micro-mesoporous structure makes for overcoming the mass
transfer resistance and favors the substrate diffusion.

Further structural characterization was investigated by
means of TEM, HRTEM and EDS analyses. The TEM image
(Figure 1la) as well as HRTEM (Figure S3a-3c, SI)
demonstrates the existence of two different crystal phases of
Zr nanoparticles, but fails to show individual Co clusters,
suggesting that the cobalt nanoparticles are uniformly
dispersed, which is in good agreement with the XRD results.
Furthermore, as shown in STEM image (Figure 1b) and
corresponding elemental mapping results (Figure Ic-1d,
Figure S4), the signals of Co, Zr, N, C, O are highly
overlapped and interconnected with each other, and the Co
nanoparticles are embedded in the N-doped carbon matrix,
which are the results of utilizing MOF-templated method that
leads to no cobalt agglomeration during pyrolysis process.

lmfao]c cecro

50nm
Figure 1. (a) TEM images of Co-ZrO,/N-C. (b) STEM image of

Co-ZrOy/N-C. (c,d) EDS elemental maps of combined image, Zr,
Co, N, C.

17000

N1s Raw
— Sum
16500 - pyridinic N
— pyrrolic N
¢y 16000 - — N-oxide
-
%)
215500
S
o
15000 |-
14500
14000 1 1 1 1 1 1 1 1

392 394 396 398 400 402 404 406 408

Binding energy/ eV
Figure 2. N1s XPS spectra of Co-ZrO,/N-C.

X-ray photoelectron spectroscopy (XPS) was subsequently
performed to study the surface chemistry of Co-ZrO,/N-C.
The element contents on the surface are as follows: Co (0.45
wt%), Zr (37.6 wt%), N (2.65 wt%), O (22.5 wt%) and C
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(36.8 wt%). Meanwhile, an ultralow loading of Co was
determined by ICP-AES (0.32 wt%). The N 1s spectrum
(Figure 2) could be deconvoluted into three peaks with
pyridinic N (398.4 eV), pyrrolic N (400.7 eV) and N-oxide
species (403 eV).""™ The pyridinic N and pyrrolic N
contribute to coordination with Co. Similarly, the Zr 3d
spectrum (Figure S5b in SI) shows two evident peaks at
181.92 and 184.28 ev, which are the signals of ZrOz.m1 The
ultralow concentration of Co results in a very weak peak in Co
2p spectrum (Figure S5c¢) with binding energy of 781.9 ev,
which is assigned to the Co-N, species.'

With the prepared, we chose the
dehydrogenative cross-coupling of
1,2,3,4-tetrahydroisoquinoline 1a with 2-aminobenzyl alcohol
2a as a model reaction to determine an efficient reaction
system. The effects of catalysts, acidic additives, solvents, and
temperatures were screened (see Table S1 in the SI). An
optimal yield (80%) of product 3aa was acquired at 120 °C in
the presence of 1.95 mol% of cobalt catalyst and molecular O,
by using 4-nitrobenzoic acid as the additive in p-xylene
(standard conditions). Further, we evaluated the performance
of a series of other homogeneous and heterogeneous catalysts,
including the cobalt ones (entries 1-8 and 10-15). The results
indicated that the use of Co-ZrO,/N-C (entry 9) is the most
suitable choice for the reaction.
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Scheme 3. Variation of 2-Aminoarylmethanols

Next, we examined the generality of the synthetic protocol
under the optimal conditions. First, the reactions of
tetrahydroisoquinoline la with a series of
2-aminoarylmethanols 2 (for structures, see Scheme S1 in SI)
were conducted. As shown in Scheme 3, all the reactions
proceeded smoothly and furnished desired products in
moderate to high yields upon isolation (see 3aa-3an). The
substituents on aryl ring of substrates 2 slightly effect the
product formation. Specially, the electron-donating groups
enable to afford relatively higher yields (3ab and 3ad) than
those of strong electron-withdrawing ones (3aj and 3ak). This

phenomenon is attributed to the electron-rich substituents
enhance the -NH, nucleophilicity of reactants 2, thus favoring
the coupling step (Scheme 2, from 2 to 3-1). Interestingly, the
2-aminoheteroarylmethanols (21-2n) were also amenable to the
transformation, affording the desired products in moderate to
high yields (3al-3an).
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Scheme 4. Both Variations of Two Coupling Partners

Subsequently, we turned our attention to the variation of
both coupling partners. As illustrated in Scheme 4, all the
reactants underwent smooth dehydrogenative coupling
reactions to give the desired products in moderate to good
yields. It was found that the cyclic amines have the same
substituent effect as 2-aminoarylmethanols 2. The
tetrahydroisoquinolines 1 with electron-donating groups gave
higher product yields (3ba, 3bd and 3bm) than those of
electron-deficient ones (3ea and 3hd), which is rationalized as
the electron-rich substituents enhance the nucleophilicity of
cyclic amines, thus favoring the intramolecular coupling
process (Scheme 2, from 3-1 to 3). Pleasingly, among all the
examples tested, we did not observe any by-products arising
from the cross-coupling of the amino groups (-NH, and -NH)
with halogenated substrates (i.e. 2g-2i, 1e-1g), indicating that
the synthetic protocol proceeds in a chemoselective manner.
Moreover, the indole-fused cyclic amine 1i also reacted with
2-aminobenzyl alcohol 2d, giving rise to the methylated
rutaecarpine product 3id in 31% yield. Interestingly, the more
challenging cyclic amines, such as 4-methylpiperidine (1j),
azepane (1k) and pyrrolidine (11), also could be transformed
in combination with 2d into the ring-size-tunable products in
moderate yields (3jd-3kd). Noteworthy, a variety of
functional groups (i.e. -Me, -OMe, -OH, -CF;, -NO,, -NH,, -F,
-Cl and -Br) are well tolerated in the reaction (Scheme 3 and

3
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4), which offers the potential for fabricating complex
quinazolinone scaffolds via further chemical transformations.

To examine the reusability of the developed catalyst, five
more recyclings were conducted with the model reaction. As
shown in Figure S6 (see the SI), we observed a decline of the
reaction conversion. Then, after 5 recycling runs, the Co
content of catalyst was determined by ICP-AES (0.2 wt%). As
shown in Figure S4i, the cobalt elemental mapping of reused
catalyst presents relatively weaker signal than the fresh one.
So, the decline of catalytic activity is rationalized as the loss of
active cobalt species, which results from mechanical
abrasion-induced exfoliation during reaction process. The acid
leaching experiment (Table S1, entry 22) only resulted in
slight loss of catalytic activity. Further, we performed the
poisoning experiment,’”” and the addition of KSCN to the
model reaction led to a significant decrease of catalyst
efficiency (Figure S7). These results in combination with the
Co 2p XPS spectrum (Figure S5c¢) support that the highly
dispersed Co-N; species serve as the catalytic active sites.

To gain insights into the reaction mechanism, several
control experiments were carried out (Scheme 5). First, the
model reaction was interrupted after 2 h to analyze the product
system. Compound 3aa, dihydroisoquinoline 1a’ and aminal
3aa-1 were detected in 25%, 35%, 11% yields, respectively
(eq.1). Moreover, from the time-concentration profile of the
model reaction (Figure S8), aminal 3aa-1 was observed in the
whole reaction process and completely consumed after 16
hours. In good agreement with the envisaged protocol
(Scheme 2), imine 1la’ was able to couple with 2a or
2-aminobenzaldehyde 2a’ to afford 3aa in high yield (eq. 2).
Meanwhile, tetrahydroisoquinoline 1a also reacted with 2a’ to
give 3aa in 84% yield (eq. 3). Treating compound 3aa-1 under
the standard conditions generated product 3aa in amost
quantitative yield (eq. 4). These results show that 1a’, 2a’ and
3aa-1 are the reaction intermediates.

standard 333, 25% N
©© + 2a _conditions_ +
NH T on (eq.1)

3aa- 1,1 %
1a 35%
selonlons
+ or conditions
=N NH ————— 3aa, 80% or 78% (eq.2)
1a' 2a 2 20 NH2
””””””””””””” No  sandad
conditions
1a 22" 2
@\AN standard
N conditions 3aa, 97% (eq.4)
H
3aa-1

Scheme 5. The Control Experiments

On the basis of the above findings, the possible reaction
pathways are depicted in Scheme 6. The cobalt
nanocatalyst-induced dehydrogenation of cyclic amine 1
initially forms imine 1°, which is then trapped by
2-arylaminomethanol 2 or the dehydrogenated aldehyde 2’ to
give intermediate A via further intramolecular condensation
under the assistance of acid. The interaction of A with
[Co-N,H;] species would generate aminals 3-1 (path a).
Alternatively, the condensation of cyclic amine 1 with
aldehyde 2’ followed by intramolecular nucleophilic addition

also gives aminals 3-1 (path b). Finally, the oxidation of 3-1
would yield the desired product 3.

ECO— D 00,
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path b fo [Co-Ny], 02\
\ A !
e s [Co-N,, O, o
PR 2' NH2 R
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Scheme 6. Possible Pathways on Formatlon of Product 3

In summary, by employing a MOF-templated method, we
have developed a highly dipersed and ultralow loading new
cobalt nanocatalyst, which has been applied in the first
oxidative functionalization of easily available cyclic amines
with 2-aminoarylmethanols to ring-fused quinazolinones, the
core structures of numerous valuable products. The developed
catalytic transformation features broad substrate scope,
excellent functional tolerance and chemoselectivity, high step-
and atom-efficiency, use of recyclable earth-abundant cobalt
catalyst and molecular O, as a green oxidant, which offers a
practical way for the preparation of quinazolinones with
structural diversity. Further applications of the developed
nanocobalt to functionalize other inert feedstocks and creation
of novel N-heterocyclic systems are currently underway.
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