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a b s t r a c t

A novel method for carbonylation of tertiary C(sp3)–H bonds in 2-aminophenyl-alkyl methanones with

CO2 has been developed, enabling the synthesis of 2,4-quinolinediones featuring quaternary carbon cen-

tres. Building on this approach, a promising iridium(III) complex involving carbon from CO2 was designed

and synthesized. This complex, exhibiting a high photoluminescent quantum yield, was successfully ap-

plied in organic light-emitting diodes (OLEDs), achieving a high maximum luminance up to 12,010 cd/m²
and a maximum external quantum efficiency (EQE) of 13.95%.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Carbon dioxide (CO2), a well-known greenhouse gas driving

global warming, has garnered significant worldwide attention for

its capture and utilization [1]. In the last decades, chemists have

increasingly focused on harnessing CO2 as an abundant, cost-

effective, renewable and environmentally friendly C1 source for the

organic synthesis [1–23]. Despite its potential, this endeavor faces

significant challenges due to the inherent thermodynamic and ki-

netic stability of CO2. As a result, the development of practical and

efficient strategies for converting CO2 into valuable chemicals, par-

ticularly carbonyl-containing heterocyclic compounds, has become

a prominent focus in contemporary organic synthesis. Encourag-

ingly, the recent progress in the synthesis of carbonyl compounds

with CO2, particularly the carbonylation of C–H bonds, has attained

promising outcomes [24–34]. These advancements further high-

light that the utilization of CO2 is not only safe and environmen-

tally friendly but also exhibits favorable atom economy.

∗ Corresponding authors.

E-mail addresses: hongyang.zhang@polyu.edu.hk (H. Zhang),

wai-yeung.wong@polyu.edu.hk (W.-Y. Wong), zhangzhen1@cdu.edu.cn (Z. Zhang),

dgyu@scu.edu.cn (D.-G. Yu).

The 2,4-quinolinedione framework represents an important

class of carbonyl-containing compounds in medicinal and materi-

als chemistry [35–37]. Numerous investigators have explored syn-

thetic methodologies for these compounds [38–40], including the

notable contributions from the Cheng group (Scheme 1A) [39].

However, most of these methods suffer from complex reaction con-

ditions or inadequate selectivity. Therefore, it is particularly im-

portant to efficiently and selectively synthesize such compounds in

simple systems. Building on our persistent interest in the carbony-

lation of C–H bonds with CO2 [24,25], we sought to investigate

whether CO2 could be employed in the carbonylation of tertiary

C(sp3)–H bonds in 2-aminophenyl-alkyl methanones to synthesize

such compounds (Scheme 1B). In addition, considering the signifi-

cance of organic light-emitting diode (OLED) development and the

widespread application of carbene ligands in OLEDs [41–46], 2,4-

quinolinedione framework is ideally suited for synthesizing rigid,

carbonyl-containing triazole carbene ligands. We aim to make use

of these ligands in the development of organometallic lumines-

cent materials, thereby providing valuable insights into the appli-

cations of carbonylation reactions with CO2. However, this scenario

presents two primary challenges. First, the thermodynamic stabil-

ity and kinetic inertness of CO2 impede efficient transformations,
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Scheme 1. Generation of 2,4-quinolinedione and the application in OLEDs.

Table 1

Screening of the reaction parameters.a

Entry Base (x) Solvent t (h) T (°C) Yieldb (%)

1 LiOtBu (4.5) DMF/o-Xylene (1/1) 24 110 89

2 NaOtBu (4.5) DMF/o-Xylene (1/1) 24 110 81

3 KOtBu (4.5) DMF/o-Xylene (1/1) 24 110 68

4 LiOtBu (4.5) DMF 24 110 48

5 LiOtBu (4.5) o-Xylene 24 110 13

6 LiOtBu (4.5) DMAc/o-Xylene (1/1) 24 110 n.d.

7 LiOtBu (4.5) Diglyme/o-Xylene (1/1) 24 110 46

8 LiOtBu (4.0) DMF/o-Xylene (1/1) 24 110 77

9 LiOtBu (3.0) DMF/o-Xylene (1/1) 24 110 26

10 LiOtBu (4.5) DMF/o-Xylene (1/1) 16 110 80

11 LiOtBu (4.5) DMF/o-Xylene (1/1) 12 110 73

12 LiOtBu (4.5) DMF/o-Xylene (1/1) 24 40 n.d.

13 LiOtBu (4.5) DMF/o-Xylene (1/1) 24 60 n.d.

14 LiOtBu (4.5) DMF/o-Xylene (1/1) 24 80 34

15 LiOtBu (4.5) DMF/o-Xylene (1/1) 24 100 74

16 LiOtBu (4.5) DMF/o-Xylene (1/1) 24 120 98

17 – DMF/o-Xylene (1/1) 24 120 n.d.

18c LiOtBu (4.5) DMF/o-Xylene (1/1) 24 120 n.d.

n.d.=not detected, DMF=N,N-dimethylformamide, DMAc=N,N-dimethylacetamide,

o-Xylene= o-dimethylbenzene, Diglyme=diethylene glycol dimethyl ether.
a Reaction conditions: 1a (0.2mmol), CO2 (1 atm), solvent (2mL), LiOtBu (x

equiv.), T °C, t h.
b Isolated yield.
c Under Ar.

specifically under low-pressure conditions; second, the consider-

able steric hindrance from tertiary C(sp3) centres might consider-

ably obstruct carbonylation of C(sp3)–H bonds using CO2, conse-

quently affecting the overall efficiency of carbonylation reaction.

In light of the observed challenges and our previous

findings, we investigated a reaction using (2-aminophenyl)

(cyclohexyl)methanone 1a as the substrate under 1 atm of CO2

(Table 1). We successfully synthesized the target compound 2a

with a yield of 89% using LiOtBu as the base in a mixture of

dimethylformamide (DMF)/o-xylene via heating at 110 °C for 24h

(Table 1, entry 1) [47]. The use of NaOtBu or KOtBu decreased the

yield of 2a (Table 1, entries 2 and 3). Moreover, using solvents

such as DMF or o-xylene alone resulted in diminished yields of 2a

(Table 1, entries 4 and 5), which might be explained by our earlier

observations that the resultant product tended to disperse in the

less basic o-xylene, mitigating further degradation. Alternative

solvent combinations, such as DMAc/o-xylene or diglyme/o-xylene,

also resulted in lower yields of 2a (Table 1, entries 6 and 7).

Notably, decreasing the amount of LiOtBu from 4.0 equiv. to 3.0

equiv. considerably decreased the product yield. Building upon

prior mechanistic studies [31], LiOtBu appears to fulfill multiple

Scheme 2. Substrate scope. 1 (0.2mmol), CO2 (1 atm), LiOtBu (4.5 equiv.,

0.9mmol), DMF/o-Xylene (2mL, v/v=1/1), 120 °C, 24h. Isolated yields are shown.

functions beyond simple base mediation, including (i) CO2 acti-

vation through chemical fixation and (ii) direct involvement in

intermediate generation. This multifunctional nature consequently

renders the base stoichiometry a critical parameter for reaction

optimization (Table 1, entries 8 and 9). Next, we investigated the

effects of varying the reaction durations and temperatures on

the product yield. Decreasing the reaction duration to 16 or 12h

resulted in a lower yield (Table 1, entries 10 and 11). However,

temperature had a substantial effect: increasing the temperature

markedly increased the product yields (Table 1, entries 12–16),

achieving a remarkable yield of 98% when the temperature was

increased to 120 °C. Finally, both LiOtBu (Table 1, entry 17) and

CO2 (Table 1, entry 18) were confirmed to be essential components

facilitating the reaction’s progression.

With the optimal reaction conditions established, we began in-

vestigating the substrate scope (Scheme 2). First, we examined

substrates with substituents on the aromatic ring at the para po-

sition of the amino group (1b–1l). As shown in Scheme 2, var-

ious functional groups, including electron-donating groups (Me,

OMe and OCF3), halogen groups (F, Cl and Br) and aryl groups

(Ph, 4-MeC6H4, 4-MeOC6H4, and 4-CF3C6H4), did not adversely

affect the reaction. For substrates containing CN groups (1l), a

significant decrease in product yield was observed, demonstrat-

ing the limited compatibility of this reaction system with base-

sensitive functional groups. The yields of the target products were

predominantly >80%. In general, the substrates with electron-rich

groups (1b–1d, 1i, 1j) exhibited higher reactivity than the ones

with electron-poor groups (1f, 1g, 1k), consistent with our previ-

ous findings [31]. Moreover, we investigated the reactivity of sub-

strates with substituents on the aromatic ring at the meta-position

of the amino group (1m–1q). The overall yields for these substrates

slightly decreased, indicating that the position of substituent af-

fected the reactivity. However, the electronic effects at this posi-

tion were not prominently evident. Furthermore, we explored sub-

strates with di-substituents on the phenyl ring (1r, 1s), which also

underwent this transformation, yielding the desired products in

moderate to good yields. In addition to the cyclohexyl-substituted

ketone, the cyclopentyl (1t) and isopropyl substituted ketones (1u)

could also provide the target products in high yields.

To elucidate the reaction mechanism, a series of experiments

were conducted. Initially, the carbonylation reaction was per-

formed using 13CO2 as the carbonyl source (Scheme 3A). The 13C

NMR spectrum confirmed that CO2 is the primary carbonyl source

in this reaction. Notably, when the reaction was conducted under

an inert atmosphere, the target product was not obtained, further

supporting this conclusion (Table 1, entry 18).
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Scheme 3. Control experiments.

Scheme 4. Proposed mechanism of carbonylation of C(sp3)–H bonds with CO2.

Subsequently, the carbonylation reaction was carried out using

triphosgene as the carbonyl source, yielding the target product in

84% yield (Scheme 3B). Since triphosgene can react with aniline to

form an isocyanate intermediate, and based on our previous work

[31], we propose that the isocyanate intermediate plays a key role

in this reaction.

Furthermore, when a secondary amine derivative (1a’) was em-

ployed as the substrate, the yield of the corresponding product

(2a’) significantly dropped to 7% (Scheme 3C). This observation

suggests that the substituent on the nitrogen atom may hinder the

formation of the isocyanate intermediate, thereby preventing the

formation of the desired product.

Based on the experimental results and relevant literature

[24,31], we propose the following reaction mechanism: Initially, in

the presence of CO2 and base, 1 is converted into the isocyanate

intermediate 1–1 or 1–1′ . A 6π-electrocyclization of 1–1 then af-

fords the cyclized intermediate 1–2, which undergoes further rear-

rangement to yield the final product 2 (path a in Scheme 4). Given

that 1–1 and 1–1′ can undergo keto-enol tautomerization, the eno-

late form 1–1′ may also participate in nucleophilic attack on the

isocyanate group (–N=C=O), ultimately leading to the formation

of the target product 2 (Path b in Scheme 4, Fig. S8 in Supporting

information). At the current stage, the dominant reaction pathway

cannot be unequivocally determined from experimental evidence.

Alternatively, the available experimental data do not allow the ex-

clusion of other routes to the final product involving an isocyanate

intermediate.

Notably, when the N-substituted substrate 1a’ was subjected to

the standard reaction conditions, a small amount of product 2a’

was still obtained. This observation suggests that the product may

be formed, at least in part, through alternative minor pathways.

Scheme 5. Gram-scale reaction and derivatization reaction.

Fig. 1. Photophysical properties of fac-TzCOIr, measured in DCM at room tempera-

ture (10−5 mol/L).

Following the establishment of the methodology, we demon-

strated its utility in organic synthesis. First, we conducted a

gram-scale reaction of 1a and obtained the target product 2a

in 91% yield (Scheme 5A). As discussed earlier in the article,

N-heterocyclic carbene (NHC) compounds play a significant role

in the catalysis reaction and the development of luminescent

materials [41,42]. 2,4-Quinolinedione with the spiral-ring structure

possesses the unique dual carbonyl configuration and strong

rigidity. By converting this compound into an NHC ligand and

coordinating it with iridium, it could unlock surprising possi-

bilities for luminescent OLED materials [43,44]. Accordingly, we

successfully synthesized a carbonyl-containing NHC ligand with

the triazole-spiral-ring (L-2a) from 2a, and obtained the associated

Ir(III) complex fac-TzCOIr. The structure of Ir(III) complex was

confirmed by single-crystal X-ray diffraction (Scheme 5B and

Fig. S1 in supporting information).

Subsequently, we investigated the photophysical properties of

fac-TzCOIr by measuring its UV–vis absorption and photolumines-

cence (PL) spectra in solution. The PL spectrum of Ir(III) complex

in CH2Cl2 displays a green emission at 507nm (Fig. 1) and a high

photoluminescent quantum yield (PLQY) of 90% with the Commis-

sion International de I’Eclairage (CIE) coordinates of (0.240, 0.514).

The radiative lifetime, calculated from the observed lifetime di-

vided by PLQY, is 11.6 μs (see Table S1 in Supporting information

for details).

We have also investigated the electrochemical properties of this

Ir(III) complex using cyclic voltammetry and conducted theoreti-
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Scheme 6. Electron cloud distribution of HOMO and LUMO orbital of fac-TzCOIr.

cal calculations to further elucidate its luminescence mechanism

(Scheme 6, Table S2, and Fig. S2 in Supporting information).

The electrochemical curve of the Ir(III) complex clearly showed

that the LUMO energy level had been notably stabilized compared

with some other types of Ir(III) carbene complexes [41–45,48,49].

Furthermore, the analysis of HOMO–LUMO energy levels and their

electron cloud distributions demonstrated that fac-TzCOIr would

undergo a significant MLCT transition during its excitation pro-

cess. In the LUMO, the electron density was observed to be pri-

marily concentrated in the carbonyl fragment. As is well known,

due to the electronegativity of oxygen and the resonance effect,

the carbonyl group acts as a strong electron-withdrawing sub-

stituent, which effectively stabilizes the LUMO energy level. Hence,

the HOMO–LUMO energy gap becomes narrowed, resulting in a

significant redshift in the emission wavelength. Through theoret-

ical calculations, we further analyzed the natural transition or-

bitals (NTOs) of fac-TzCOIr and the electron density distributions

of HOMO/LUMO orbitals in the decarbonylated complex (fac-Ir1).

The results revealed that: (1) the LUMO energy level of fac-Ir1

is significantly higher than that of fac-TzCOIr; (2) in fac-TzCOIr,

electron transfer predominantly occurs between the metal center

and the carbonyl group with its surrounding atoms (Tables S5 and

S6, Fig. S7 in supporting information). These findings provide com-

pelling evidence for the crucial role of the carbonyl ligand in mod-

ulating the luminescent properties of the iridium complex.

To gain deeper mechanistic insights into the photophysical be-

havior of fac-TzCOIr, we measured the temperature-dependent

PL decay spectra from 77K to 297K and recorded the low-

temperature and room-temperature PL profiles. Based on the re-

sult and analysis, the observed room-temperature emission of our

Ir(III) complex appears to originate mainly from the 3MLCT state,

while the observed low-temperature emission of our Ir(III) com-

plex is dominated by the mixed 3LC and 3MLCT states. We think

that as 3MLCT state often has a larger radiative decay rate (kr)

than 3LC, at higher temperatures, thermal energy promotes pop-

ulation of the low-lying 3MLCT state. When the temperature de-

creases, as 3LC states typically exhibit stronger vibronic coupling

and longer lifetimes at low temperatures, cooling causes popula-

tion to "freeze" in the high-lying 3LC state. Overall, the phospho-

rescence of our Ir(III) emitter is contributed by the hybridization

between 3MLCT and 3LC states (please see Fig. S4 in supporting

information for details) [50–52].

The OLED device using fac-TzCOIr as the green dopant emitter

was fabricated and displayed the EL peak at 505nm with CIEx,y

coordinates of (0.24, 0.63). Impressively, it can afford a narrow

full-width at half-maximum (FWHM) of 55nm, which is smaller

than devices based on the commercial emitter Ir(ppy)3 [53–55].

The electroluminescence (EL) emission peak exhibits a narrower

FWHM compared to its solution-phase counterpart, likely due to

restricted molecular motion, homogenized microenvironment, con-

fined exciton population and suppressed non-radiative decay in the

solid state. The device revealed a relatively low turn-on voltage of

Fig. 2. The performance of OLED device based on fac-TzCOIr. (a) OLED device

structure. (b) Electroluminescence spectrum (insert: the photograph of illuminated

device). (c) External quantum efficiency–luminance (EQE–L) curves. (d) Current

density–voltage–luminance (J–V–L) curves.

3.0V at 1 cd/m2, indicating a good charge carrier transport prop-

erty of the Ir(III) complex incorporating carbonyl group ligands. A

maximum luminance as high as 12,010 cd/m2 was achieved and a

moderate current intensity of ca. 8mA/cm2 at 1000 cd/m2 was fur-

nished. In addition, the OLED based on fac-TzCOIr attained a peak

EQE of 13.95% and retained a decent value of 6.71% at 100 cd/m2

(Fig. 2). In terms of current efficiency (CE) and power efficiency

(PE), the remarkable maximum CE and PE up to 46.59 cd/A and

52.24 lm/W were obtained (Fig. 2, Table S3 and Fig. S5 in Support-

ing information for more details). We have also investigated de-

vices with different doping concentrations (6%, 10% and 12%), and

the device results are shown in Fig. S6 (Supporting information).

These findings suggest that such organometallic complex synthe-

sized from CO2 has a promising application potential in optoelec-

tronic materials. Further studies on the other properties of the

complex are currently underway in our group.

In summary, using CO2 as an easily accessible carbonyl source,

we successfully realized the carbonylation of tertiary C(sp3)–H

bonds in 2-aminophenyl-alkyl methanone derivatives to produce

the key 2,4-quinolinediones in moderate to excellent yields. Addi-

tionally, by leveraging the unique structure of 2,4-quinolinedione,

which features a quaternary carbon center, we developed an effi-

cient Ir(III) emitter by incorporating the carbonyl group ligand. The

OLED device based on the facial homoleptic Ir(III) complex deliv-

ered a competent device performance with CIEx,y coordinates of

(0.24, 0.63), towards a green gamut. This work presents valuable

insights into the development of efficient luminescent materials for

OLED applications through the carbonylation of C–H bonds with

CO2.
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