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Abstract
The first theoretical investigation on NiF2/picolinic acid-catalyzed chemoselective cou-pling−
cyclization of 2-iodobenzamide and malonate was provided by our DFT calculation. First in Ni(I)/
Ni(III) catalytic cycle, NiF2 and PicA are converted to L2Ni(II) complex together with leaving of first 
HF molecule. Then malonate anion is generated from dimethyl malonate after removal of second 
HF molecule. The deprotona-tion of malonate gives enolate as single-electron reductant furnishing 
Ni(I) catalyst in concert modes. Next Ni(I) complex is coordinated with 2-iodobenzamide and 
undergoes oxidative addition providing aryl−Ni(III) intermediate. Subsequently, via trans-
metalation with malonate anion replacing iodine, another Ni(III) species is produced bearing aryl 
and malonyl ligands. Reductive elimination delivered ortho-acylated benzamide intermediate 
and regenerated Ni(I) catalyst. Finally, homophthalimide product is yielded via intramolecular 
nucleophilic acyl substitution. That is base-promoted cyclization followed by methanol elimination 
which is also determined to be rate-limiting.
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Introduction
Among cross-coupling process for construction of carbon framework, C−C bond formation 

catalyzed by Nickel has emerged as powerful strategy in synthetic chemistry [1, 2]. The reactivity 
complements other transition metals owing to versatility and cost advantage of nickel. However, 
many nickel-catalyzed annulations require external reductants. For example, direct C−H activation 
developed in benzamide-derived annulation. Kumon reported Cobalt-catalyzed C−H activation/
annulation of benzamides with fluorine-containing alkynes [3]. Li discovered metal photo redox-
catalyzed C−H activation in regio-selective annulation of allenes [4]. Zhang explored selective 
annulation of benzamides with internal alkynes catalyzed by an electron-deficient rhodium [5]. 
Rana obtained concise synthesis of quinisocaine in primary benzamide as coordinating Directing 
Group (DG) for Ru(II)-catalyzed C−H annulation [6]. There is also cascade coupling-cyclization 
of preactivated aryl halides such as axial-to-axial chirality transfer strategy for atroposelective 
construction of C−N axial chirality [7] and regio-divergent synthesis of methyl ring-fused 
isoquinolinones in base-promoted isomerization of N-allyl amides [8]. The limitation of these 
methods is relying on coordinating DGs [9, 10].

Photocatalysts are commonly required in photochemical annulation. Gong researched Nickel-
catalyzed thermal redox functionalization of C (sp3)−H bonds with carbon electrophiles [11]. Wang 
exploited photo electrochemical Ni-catalyzed cross-coupling of aryl bromides with amine [12] and 
carboacylation/silanoylation of alkenes with unactivated C/Si−H bonds [13]. Zhou summarized 
Iron−Nickel synergistic catalysis for C (sp3)-H and dehydroxymethylative acylation [14]. Then 
1,3-dicarbonyl nucleophiles provide an alternative annulation strategy yet malonate-based variants 
still less explored. Only CuI-catalyzed coupling of 2-bromobenzamides with β-Keto ester were 
developed to assemble substituted homophthalimides [15]. Until chelate compounds of Nickel (II) 
with picolinic acid were discovered, efficient coupling-cyclization was promoted without external 
reductant [16]. Despite nickel’s reactivity toward amide C−N bonds such as con-version of amides 
to esters, alkylation of amide derivatives and activation of C−N bonds using non-precious-metal 
catalysis [17-20], the reductant-free condition and halide discrimination are difficult to overcome.

In this context, a recent breakthrough was NiF2/picolinic acid-catalyzed chemoselective coupling-
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cyclization of 2-iodobenzamide and malonate of Tummatorn group 
[21]. Although 3-sulfonyl α-carboline was constructed, how NiF2 
performs superior enabling fluoride counterion in this transformation 
[22]? What’s the concrete process of Ni(I)/Ni(III) catalytic cycle? 
How picolinic acid and NiF2 are converted into chelating L2Ni(II) 
complex under basic condition? Single-electron oxidation has been 
exploited for transient radical cations as Brønsted acids in allylic C−H 
heteroarylation of enol silyl ethers as well as allylic C−H alkylation in 
photore-dox−Brønsted base hybrid catalysis [23, 24]. So, the step is 
significant involving deprotonation of malonate to enolate furnishing 
Ni(I) species. Since Ting has proposed oxidative addition of aryl 
halides to Ni(I)-bipyridine complex [25], here how the oxidative 
addition to 2-iodobenzamide provided aryl−Ni(III) intermediate?

Computational Details
Structures were optimized at M06-2X/6-31G(d) level with 

GAUSSIAN09 [26]. Among various DFT methods [27], M06-2X 
functional has smaller deviation between experimental and calculated 
value than B3LYP hybrid functional [28, 29]. With 6-31G(d) basis 
set, it can provide best compromise between time consumption 
and energy accuracy. It was also found to give accurate results for 
stepwise (2+2) cycloaddition, enantioselective (4+3) and Diels-Alder 
reaction [30, 31]. Together with good performance on noncovalent 
interaction, it is suitable for this system [32-34]. To obtain Zero-
Point Vibrational Energy (ZPVE), harmonic frequency calculations 
were carried out at M06-2X/6-31G(d) level gaining thermodynamic 
corrections at 373 K and 1 atm in Tetrahydrofuran (THF). At M06-
2X/6-311++G(d,p) level, the solvation-corrected free energies 
were obtained using Integral Equation Formalism Polarizable 
Continuum Model (IEFPCM) [35-39] on M06-2X/6-31G(d)-
optimized geometries. NBO procedure was performed with Natural 
bond orbital (NBO3.1) obtaining lone pair and bond to characterize 
bonding orbital interaction and electronic properties [40-42]. Using 
Multiwfn_3.7_dev package [43].

Results and Discussion
The mechanism was explored for NiF2/picolinic acid-catalyzed 

chemoselective coupling-cyclization of 2-iodobenzamide 1 and 
malonate 2 leading to homophthalimide 3 (Scheme 1). As illustrated 
by Scheme 2, as initial step of proposed Ni(I)/Ni(III) catalytic cycle, 
NiF2 and Picolinic Acid (PicA) are converted into L2Ni(II) complex 
under basic condition together with leaving of one HF molecule. 
Then malonate anion is generated from dimethyl malonate 2 after 

removal of a second HF molecule. In this step, deprotonation of 
malonate gives an enolate that could act as single-electron reductant 
furnishing Ni(I) species A in concert modes. Next via coordination of 
A with 2-iodobenzamide 1, complex B is obtained which undergoes 
oxidative addition providing aryl-Ni(III) intermediate C through two 
steps. Subsequently, Ni(III) species D is produced via trans-metalation 
of C with another malonate anion replacing iodine. Therefore, D 
bears both aryl and malonyl ligands. Reductive elimination from D 
delivered ortho-acylated benzamide intermediate E and regenerated 
A. Finally, from E, intramolecular nucleophilic acyl substitution 
that is base-promoted cyclization followed by methanol elimination 
yielding homophthalimide product 3. Figure 1 listed schematic 
structures of optimized TSs in Scheme 2. Table 1 gave activation 
energy for all steps.

L2Ni(II) complex/Ni(I) species
In initial step of proposed Ni(I)/Ni(III) catalytic cycle, the first 

complex i1 is formed between NiF2 and PicA as starting point of 
step 1 (black dash line of Figure 1). Under basic condition, PicA was 
deprotonated via ts-i12 with the activation energy of 11.0 kcal mol−1 
exothermic slightly by -0.9 kcal mol−1 resulting in i2. The transition 
vector corresponds to breaking of O1···H1, Ni···F1 and concerted 
bonding of H1···F1, Ni···O1 (1.05, 1.83, 1.53, 1.92 Å) (Figure S1a). 
After the leaving of one HF molecule, a L2Ni(II) complex denoted as 
i3 is obtained with two formal Ni-N1 and Ni-O1 coordinated bond.

Binding additional dimethyl malonate 2, i3 turns to be i4 as 
new starting point of step 2 (red dash line of Figure 1). In this step, 
deprotonation of malonate takes place via ts-i45 with increased 
activation energy of 18.8 kcal mol−1 exothermic by -4.2 kcal mol−1 
forming i5. The transition vector includes stretching of Ni···F2, 
C1···H2 and concerted approaching of H2···F2, Ni···C1 (1.9, 1.53, 
1.1, 2.13 Å) (Figure S1b). After removal of a second HF molecule, 
the enolate of 2 is given with negative charge located on C1 readily 
coordinated to Ni. Thus, without HF, i6 is generated involving a third 
coordinated bond Ni-C1, which could furnish Ni(I) complex A and 
malonate anion (2-H) acting as single-electron reductant in following 
process.

Oxidative addition/trans-metalation/reductive elimination/
intramolecular nucleophilic acyl substitution

Next the coordination of A and 2-iodobenzamide 1 with typical 
Ni-N2 makes complex B as new starting point of next two steps 
(blue dash line of Figure 1). Via ts-BC1 in step 3, B undergoes 

Figure 1: Relative Gibbs free energy profile in solvent phase starting from complex i1, i4, B, D, E (Bond lengths of opti-mized TSs in Å).
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oxidative addition, the activation energy is decreased to 4.1 kcal mol−1 
exothermic by -8.7 kcal mol−1 providing C1. The transition vector 
suggests coordination shifting from Ni···N2 to Ni···O2 (2.37, 2.15 
Å). Subsequently from C1 via ts-C12 in step 4, the coordinated site 
of Ni moves to C2 of benzene ring still with weakened Ni-O2. The 
activation energy is 14.7 kcal mol−1 exothermic by -22.8 kcal mol−1 
affording C2. Seen from the transition vector, the atomic motion is 
about closing of Ni···C2, Ni···I and resultant breaking down of C2···I 
(2.72, 2.6, 2.57 Å). Obviously, the aryl-Ni(III) intermediate C2 is 
rather stable with typical single bond Ni-C2 and Ni-I.

Through trans-metalation, the coordinated iodine I is replaced 
by malonate anion 2-H, C2 turns to be Ni(III) species D bearing 
aryl and malonyl ligands as new starting point of step 5 (magenta 
dash line of Figure 1). Then reductive elimination proceeds via ts-
Di7 with decreased activation energy of 9.5 kcal mol−1 continuously 
exothermic by -23.8 kcal mol−1 delivering i7. The transition vector is 
about cleavage of Ni···C2, Ni···C3 and simultaneous linkage of C2···C3 
(1.96, 2.22, 2.0 Å) (Figure S1c). When the typical C2-C3 single bond is 
formed, the Ni(I) catalyst A is also regenerated in i7.

After removal of recovered A, the ortho-acylated benzamide 
intermediate E is produced as new starting point of step 6 (olive 
dash line of Figure 1). From E, the intramolecular nucleophilic acyl 
substitution takes place via ts-Ei8 with activation energy of 24.4 
kcal mol−1 exothermic by -5.2 kcal mol−1 affording i8. The transition 
vector reveals a complicated concert process that is base-promoted 
cyclization followed by methanol elimination. This includes C4···O3, 
N2···H3 breaking down and N2···C4, O3···H3 bonding (1.67, 1.28, 1.73, 
1.22 Å) (Figure S1d). The formation of N2-C4 single bond completes 

novel stable six-membered ring. The methanol molecule is furnished 
through O3-H3 afterwards. Finally, the homophthalimide product 3 
is yielded after leaving of methanol. Comparatively, the nucleophilic 
acyl substitution of step 6 is determined to be rate-limiting for NiF2/
picolinic acid-catalyzed chemoselective coupling-cyclization of 
2-iodobenzamide and malonate leading to homophthalimide.

Conclusions
In summary, the first theoretical investigation was provided by 

our DFT calculation on NiF2/picolinic acid-catalyzed chemoselective 
coupling-cyclization of 2-iodobenzamide and malonate. First, NiF2 
and PicA are converted to L2Ni(II) complex together with leaving of 
one HF molecule as initial step of Ni(I)/Ni(III) catalytic cycle. Then 
malonate anion is generated from dimethyl malonate after removal of 
second HF molecule. The deprotonation of malonate gives enolate as 
single-electron reductant furnishing Ni(I) species catalyst in concert 
modes. Next the Ni(I) complex is coordinated with 2-iodobenzamide 
and undergoes oxidative addition providing aryl-Ni(III) intermediate 
through two steps.

Subsequently, via trans-metalation with malonate anion 
replacing iodine, another Ni(III) species is produced bearing aryl 
and malonyl ligands. Reductive elimination delivered ortho-acylated 
benzamide intermediate and regenerated Ni(I) catalyst. Finally, 
homophthalimide product is yielded via intramolecular nucleophilic 
acyl substitution. That is base-promoted cyclization followed by 
methanol elimination which is determined to be rate-limiting for the 
whole process.

Scheme 1: NiF2/picolinic acid-catalyzed chemoselective coupling-cyclization 
of 2-iodobenzamide 1 and malonate 2 leading to homophthalimide 3.

TS ΔG≠
gas ΔG≠

sol

ts-i12 6.62 11.02

ts-i45 16.95 18.81

ts-BC1 5.83 4.10

ts-C12 14.62 14.70

ts-Di7 6.86 9.48

ts-Ei8 28.79 24.38

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

Scheme 2: Proposed reaction mechanism of NiF2/picolinic acid-catalyzed chemoselective coupling-cyclization of 1 and 2 leading to 3. TS is named according to 
the two intermediates it connects.
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