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Abstract: 

Our DFT calculations provide the first theoretical investigation on Cu/Pd-catalyzed domino radical cyclization and C−H 

carbonylation of α-bromocarbonyl. The SET reduction was induced by CuI attacking C−Br of α-bromocarbonyl generating 

CuIIBr followed by intramolecular radical addition generating six-membered ring. The alkenyl bromide was formed 

assisted by CuIIBr together with CuI regeneration. Next, alkenyl PdII was giv-en via oxidative addition of Pd0 to C-Br. 

The five-membered cyclic PdII was obtained via intramolecular C−H activation. Finally, two paths are competitive to 

furnish six-membered acyl PdII via insertion of CO to C-Pd bond. The polycyclic carbonyl-containing quinolin-2(1H)-one 

was yielded via reductive elimination squeezing recovered Pd0 from six-membered ring. CO insertion is determined to be 

rate-limiting. The positive solvation effect is suggested by decreased absolute and activation energies in solution compared 

with in gas. These results are supported by Multiwfn analysis on FMO composition of specific TSs, and MBO value of 

vital bonding, breaking. 
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1.Introduction 

As a fascinating way in organic synthesis, domino reactions are the most 

powerful method to prepare complex polycyclic system with excellent 

chemo-, regio-, and enantioselectivity [1]. This efficient process consists 

of several catalytic bond-forming transformations starting from simple 

substrates [2]. Especially, the pericyclic domino reactions have provided 

concise and straightforward approaches to natural carbocyclic 

frameworks [3]. Many progresses were achieved in past few decades. Che 

reported a facile access to ketones from aldehydes through copper-

catalyzed cascade annulation of unsaturated α-bromocarbonyls with 

enynals [4]. Fu discovered Rh-catalyzed [4 + 2] annulation with 

monodentate structure toward iminopyranes and pyranones by C-H 

annulation [5]. Chen found three-component fusion to pyrazolo[5,1-

a]isoquinolines and N-naphthyl pyrazoles via Rh-catalyzed multiple order 

transformation ofenaminones or Satoh-Miura benzannulation [6,7]. 

Kanganavaree researched Palladium-catalyzed double decarboxylative [3 

+ 2] annulation of naphthalic anhydrides with internal alkynes [8]. 

On the other hand, polycyclic quinolin-2(1H)-ones are ubiquitous 

scaffolds in natural products and pharmaceutical agents exhibiting diverse 

biological activities such as novel insecticidal antibiotics from 

Penicillium sp. FKI-2140 of yaequinolones J1 and J2 [9], the related 

dioxoaporphines of cepharadiones A,B [10] and the melodinus alkaloid 

(+)-meloscine [11]. What’s more, the derivatives can serve as key 

intermediates to produce complex polycyclic heterocycles [12]. In this 

field, domino reactions using alkyne-tethered α-bromocarbonyls are the 

most fascinated approach. For example, Kang developed synthesis of 

quinolin-2-ones and quinoline-2,4-diones through copper-catalyzed 

cyclization [13]. Li group discovered copper-catalyzed domino 

annulation with alkynes to construct 1H-benzo[de]quinolin-2(3H)-ones, 

4H-dibenzo[de,g]quinolin-5(6H)-ones and benzo[de]chromen-2(3H)-

ones  as well as the cyclopenta[de]-quinoline-2,5(1H,3H)-diones via a 

rhodium-catalyzed tandem cyclization and C−H carbonylation [14,15]. 

Xue group realized simultaneous construction of heterocyclic scaffold 

and introduction of acyl group in synthesis of acyl 
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cyclopentaquinolinones and visible light-induced radicalcyclization 

leading to O-heterocycle spiro-fused cyclopentaquinolinones, 

cyclopentaindenes [16,17]. There are also ultrafast construction of 2-

quinolinone-fused γ-lactones and visible-light-promoted tandem 

annulation of N-(o-ethynylaryl) acrylamides with CH2Cl2 [18,19]. 

In recent years, Ying group obtained a series of achievements owing to 

their continued interest in domino carbonylative reaction. The main 

outcomes are Nickel-catalyzed cascade carbonylative synthesis of N-

benzoyl indoles, Nickel-catalyzed carbonylative domino cyclization of 

arylboronic acid pinacol esters, Palladium-catalyzed case of 

perfluoroalkyl, carbonyl-containing 3,4-dihydroquinolin-2(1H)-one and 

polycyclic 3,4-dihydroquinolin-2(1H)-one scaffolds [20-24]. A novel 

breakthrough we are interested in was Cu/Pd-catalyzed domino radical 

cyclization and C−H carbonylation of α-bromocarbonyls [25]. Although 

a variety of polycyclic carbonyl-containing quinolin-2(1H)-one 

derivative were obtained, many problems still puzzled and there was no 

report about detailed mechanistic study explaining the rapid incorporation 

of CO into polycyclic quinolin-2(1H)-one. How active CuI and CuIIBr 

function in SET reduction and intramolecular radical addition? What’s 

the role of active Pd0 in oxidative addition and intramolecular C−H 

activation giving alkenyl PdII intermediate and cyclic PdII complex? Why 

two competitive paths exist in final CO insertion and reductive 

elimination via acyl PdII intermediate to target product? To solve these 

problems in experiment, an in-depth theoretical study was necessary for 

this strategy. 

2 Computational details 

The geometry optimizations were performed at the B3LYP/BSI level with 

the Gaussian 09 package [26,27]. The mixed basis set of LanL2DZ for 

Cu, Pd, Br and 6-31G(d) for other non-metal atoms [28-32] was denoted 

as BSI. Different singlet and multiplet states were clarified with B3LYP 

and ROB3LYP approaches including Becke's three-parameter hybrid 

functional combined with Lee−Yang−Parr correction for correlation 

[33,34]. The nature of each structure was verified by performing harmonic 

vibrational frequency calculations. Intrinsic reaction coordinate (IRC) 

calculations were examined to confirm the right connections among key 

transition-states and corresponding reactants and products. Harmonic 

frequency calculations were carried out at the B3LYP/BSI level to gain 

zero-point vibrational energy (ZPVE) and thermodynamic corrections at 

383 K and 1 atm for each structure in dimethylsulfoxide (DMSO). The 

solvation-corrected free energies were obtained at the B3LYP/6-

311++G(d,p) (LanL2DZ for Cu, Pd, Br) level by using integral equation 

formalism polarizable continuum model (IEFPCM) in Truhlar’s “density” 

solvation model [35-37] on the B3LYP/BSI-optimized geometries.  

As an efficient method of obtaining bond and lone pair of a molecule from 

modern ab initio wave functions, NBO procedure was performed with 

Natural bond orbital (NBO3.1) to characterize electronic properties and 

bonding orbital interactions [38,39]. The wave function analysis was 

provided using Multiwfn_3.7_dev package [40] including research on 

frontier molecular orbital (FMO) and Mayer bond order (MBO). 

3 Results and Discussion 

The mechanism was explored for (Scheme 1). Illustrated by black arrow 

of Scheme 2, the SET reduction was initially induced by active CuI 

species attacking the C−Br bond of α-bromocarbonyl 1 generating radical 

A and CuIIBr species. Then from A, the intramolecular radical addition 

gave another radical B (red arrow). Next, the alkenyl bromide 3 was 

formed via reaction of B with CuIIBr species together with the 

regeneration of active CuI species. Subsequently, via oxidative addition 

of active Pd0 species to 3, the alkenyl PdII intermediate C was produced, 

the intramolecular C−H activation of which took place affording the 

cyclic PdII complex D under the influence of base (blue arrow). Two 

competitive paths A (magenta arrow) and B (green arrow) are expected 

to furnish acyl PdII intermediate E or F via insertion of CO to D. Finally, 

the target product polycyclic quinolin-2(1H)-one 2 was yielded via 

reductive elimination of E or F and Pd0 species was recovered for next 

catalytic cycle. 

The schematic structures of optimized TSs in Scheme 2 were listed by 

Figure 1. The activation energy was shown in Table 1 for all steps. 

Supplementary Table S1, Table S2 provided the relative energies of all 

stationary points. According to experiment, the Gibbs free energies in 

DMSO solution phase are discussed here. 

 

Scheme 1 Cu/Pd-catalyzed domino radical cyclization and C−H carbonylation of α-bromocarbonyl 1 leading to carbonyl-containing quinolin-

2(1H)‑one 2. 
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Scheme 2: Proposed reaction mechanism of Cu/Pd-catalyzed domino radical cyclization and C−H carbonylation of 1 affording 2. TS is named 

according to the two intermediates it connects. 

 

TS ΔG≠
gas ΔG≠

sol 

ts-i12  19.9  8.8  

ts-AB  2.6  6.0  

ts-i34  22.9  9.5  

ts-i5C 2.2  1.6  

ts-Ci6  26.0  25.7  

ts-i7E 41.4  37.6  

ts-Ei9  13.4  14.2  

ts-i8F  48.3  42.9  

ts-Fi10  18.1  17.5  

(a) 

Table 1: The activation energy (in kcal mol−1) of all reactions in gas and solvent 
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(b) 

 

Figure 1: Relative Gibbs free energy profile in solvent phase starting from complex (a) i1, A, i5 (b) i7 (Bond lengths of optimized TSs in Å). 

 

3.1 SET reduction/intramolecular radical addition/CuI regeneration 

Initially with active CuI species, α-bromocarbonyl 1 forms i1 as starting 

point (black dash line of Fig. 1a). The SET reduction was induced by CuI 

attacking C2−Br bond via ts-i12 in step 1 with the activation energy of 

8.8 kcal mol−1 slightly endothermic by 1.0 kcal mol−1 generating i2. The 

transition vector denotes simultaneous cleavage of C2···Br and Cu···Br 

linkage (2.44, 2.54 Å). In i2, one electron is located on C2 in resultant 

radical A together with CuIIBr species. 

Then from A, the intramolecular radical addition proceeds via ts-AB in 

step 2 with activation energy of 6.0 kcal mol−1 affording another radical 

B exothermic by -24.5 kcal mol−1 (red dash line of Fig. 1a). According to 

the transition vector, the reactive C2 is attacking positive alkyne C3 

making triple bond C3≡C4 stretching to double one (2.22, 1.23 Å) (Figure 

S1a). B is more stable than A with the newly closed six membered ring 

and the single electron transferring to C4. 

Next with CuIIBr species, B forms i3 involving relative energy increased 

by 15.2 kcal mol−1 easily to initiate step 3. Thus C4 is attacked as expected 

via ts-i34 with activation energy of 9.5 kcal mol−1 exothermic a little by -

2.8 kcal mol−1 giving intermediate i4. The transition vector describes a 

reverse process with that of ts-i12, that is Cu···Br breaking and C4···Br 

bonding (2.73, 2.35 Å) (Figure S1b). Once typical C4-Br single bond is 

formed, the key alkenyl bromide compound 3 was obtained along with 

the regeneration of active CuI species. 

3.2 Oxidative addition/intramolecular C−H activation 

Subsequently, i5 is located as new starting point of next two steps with 

the removal of CuI and additional Pd0 species to 3 (blue dash line of Fig. 
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1a). The oxidative addition takes place via ts-i5C in step 4 with small 

activation energy of 1.6 kcal mol−1 exothermic huge by -38.0 kcal mol−1 

giving stable alkenyl PdII intermediate C. The transition vector 

corresponds to insertion of active Pd0 to C4-Br single bond that is 

concerted dissociation of C4···Br, bonding of C4···Pd and Pd···Br (2.26, 

2.45, 2.78 Å) (Figure S1c). The oxidation of Pd0 to PdII is quite favorable 

both kinetically and thermodynamically. 

Under the influence of base, intramolecular C5−H1 activation on benzene 

ring is achieved via ts-Ci6 in step 5 with activation energy of 25.7 kcal 

mol−1 exothermic by -16.2 kcal mol−1 affording i6. The activated H1 is 

likely to connect with adjacent Br forming HBr molecule just as the 

description by transition vector, which includes breaking of Pd···Br, 

C5···H1 and the later linkage of Pd···C5, H1···Br. When the typical Pd-

C5 single bond is formed in i6, a new five membered cyclic PdII complex 

D is available after the removal of isolated HBr. 

3.3 CO insertion/reductive elimination 

The following two steps involves participation of CO provided by 

Mo(CO)6. Two paths A and B are feasible to furnish acyl PdII intermediate 

E or F. Path A is initiated from i7 binding CO and D as new starting point 

of next two steps (magenta dash line of Fig. 1b). The insertion of CO to 

D occurs via ts-i7E in step 6 with increased activation energy of 37.6 kcal 

mol−1 exothermic by -3.9 kcal mol−1 delivering E characterized by 

expanded six membered ring. The detailed atomic motion is illustrated 

according to the transition vector about insertion of O≡C6 to C4-Pd single 

bond comparising simultaneous broken of C4···Pd and connection of 

C4···C6, C6···Pd (2.05, 1.75, 2.06 Å) (Figure S1d). 

In step 7, the reductive elimination from E proceeds via ts-Ei9 with 

mediate activation energy of 14.2 kcal mol−1 exothermic by -8.2 kcal 

mol−1 generating complex i9 binding target product polycyclic quinolin-

2(1H)-one 2 and recovered Pd0 species for next catalytic cycle. The 

transition vector corresponds to the extrusion of Pd0 from six membered 

ring, which consists of previous stretching of C5···Pd, C6···Pd and the 

resulting linkage of C5···C6 in detail (2.11, 2.07, 1.98 Å) (Figure S1e). 

The final five membered ring of 2 is closed depending on the formation 

of C5-C6 single bond. 

For alternative path B (green dash line of Fig. 1b), the CO insertion is via 

ts-i8F with activation energy of 42.9 kcal mol−1 exothermic by -10.1 kcal 

mol−1 delivering F. The transition vector reveals insertion of O≡C6 to C5-

Pd involving C5···Pd broken and C5···C6, C6···Pd connection (2.08, 

1.75, 2.03 Å). The next reductive elimination is via ts-Fi10 with 

activation energy of 17.5 kcal mol−1 exothermic by -13.4 kcal mol−1 

intermediate yielding i10. The transition vector suggests Pd0 is squeezed 

between C4, C6 via elongation of C4···Pd, C6···Pd and C4···C6 

connection (2.12, 2.07, 2.01 Å). 

Although the relative energies of stationary points on path B are mostly 

lower than those of counterparts on path A, the barriers are both higher 

for two steps of path B confirming the slightly disadvantage from kinetics. 

Comparatively, CO insertion of step 6 is determined to be rate-limiting 

for the whole process. To highlight the idea of feasibility for changes in 

electron density and not molecular orbital interactions are responsible of 

the reactivity of organic molecules, quantum chemical tool Multiwfn was 

applied to analyze of electron density such as MBO results of bonding 

atoms and contribution of atomic orbital to HOMO of typical TSs (Table 

S3, Figure S2). These results all confirm the above analysis. 

4 Conclusions 

Our DFT calculations provide the first theoretical investigation on Cu/Pd-

catalyzed domino radical cyclization and C−H carbonylation of α-

bromocarbonyl. The SET reduction was initially induced by active CuI 

species attacking C−Br bond of α-bromocarbonyl generating CuIIBr 

species and radical followed by intramolecular radical addition generating 

closed six membered ring. The alkenyl bromide was formed assisted by 

CuIIBr species together with regeneration of active CuI. Next, the alkenyl 

PdII intermediate was given via oxidative addition of active Pd0 species to 

C-Br bond. The five membered cyclic PdII complex was obtained via 

intramolecular C−H activation under the influence of base. Finally, two 

feasible paths are competitive to furnish two six membered acyl PdII 

intermediates via insertion of CO to different C-Pd bond. The target 

product polycyclic carbonyl-containing quinolin-2(1H)-one was yielded 

via reductive elimination squeezing recovered Pd0 from six membered 

ring. CO insertion is determined to be rate-limiting for the whole process. 

The positive solvation effect is suggested by decreased absolute and 

activation energies in DMSO solution compared with in gas. These results 

are supported by Multiwfn analysis on FMO composition of specific TSs, 

and MBO value of vital bonding, breaking. 
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