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Introduction
As privileged member of pharmaceutical and bioactive molecules, oxa/azaspiro[2.4]-

heptanes are significant spirocyclic skeletons. Therefore, the synthetic method was attractive 
in organic synthesis [1,2]. In the aspect of cyclopropanation based on π-allylpalladium 
chemistry, much progress has been achieved in recent years. Hou contributed to 
enantioselective cyclopropanation of nitriles with mono substituted allyl carbonates 
enabled by N-heterocyclic carbene ligand [3]. Liu employed asymmetric decarboxylative 
[3 + 2] cycloaddition for diastereo- and enantioselective synthesis of spiro[2.4]heptanes 
applicable for electron-deficient olefins, isocyanates, and aldehydes [4]. Trost reported Pd-

2389

Abstract

The mechanism is investigated for Pd(0)-catalyzed spirocyclopropanation of π-allylpalladium 1,4-dipole 
with gem-difluoroalkene and 1,4-addition-induced dearomatization of 5-alkenylthiazolone with 
2-bromomalonate. The π-allylpalladium 1,4-zwitterionic species was afforded by oxidative addition 
and rate-limiting decarboxylation. Then nucleophilic addition of anionic oxygen to gem-difluorinated 
carbon generated zwitterionic intermediate with dual Pd-π coordination. The intramolecular 
spirocyclization underwent through attack of anionic carbon to central carbon of π-allylpalladium giving 
palladacyclobutane, the reductive elimination of which yielded oxa/azaspiro [2.4]-heptane and Pd(0). The 
carbonyl of 5-alkenylthiazolone was activated by quaternary ammonium with enhanced electrophilicity 
of C-C double bond, which was attacked by carbanion of deprotonated bromomalonate in Michael 
1,4-addition forming aromatized enolate. Subsequently, the rate-limiting intramolecular SN2 nucleophilic 
substitution took place affording dearomatized ring closure product spirocyclopropylthiazole. 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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catalyzed spirocyclopropanation of acyclic allyl alcohol esters with 
nitroalkenes as Michael receptors [5]. The gem-difluoroalkenes 
are powerful substrates as vital fluorine sources in many [3 + 2] 
and [4 + 2] annulations [6-9]. The palladium-catalyzed formal 
[3 + 2] cycloaddition could deliver chiral 2,2-difluoro-3-aryl-
4-vinyltetrahydrofurans with vinyl epoxides and vinylethylene 
carbonates (VECs) as π-allylpalladium precursors [10]. 

The conformational rigidity and intrinsic complexity of 
spirocyclic compounds provide advantages for them in drug 
discovery and pharmaceuticals [11-13], among which the 
spirocyclopropane and thiazole are privileged and attractive 
skeletons as biologically active natural products [14,15]. Owing to 
the ability of linking receptors or enzymes, they often function in 
fields of pharmacophores such as chiral 4-acyloxythiazole obtained 
from bifunctional squaramide-catalysed asymmetric michael/
hemiketalization/retro-aldol reaction of unsaturated thiazolones 
with α-nitroketones [16] and novel pyridine-thiazolidinone as 
anticancer agents [17]. In fruitful area of adding functional diversity, 
the fused thiazole derivatives are mostly focused on with strong 
driving force of aromatization. Yang reported organocatalytic 
inverse-electron-demand Diels–Alder reaction between β,γ-
unsaturated carbonyl compounds and 5-alkenyl thiazolones [18]. 
However, dearomatized spirothiazole products are relatively 
difficult to obtain. Only Mei developed asymmetric [3 + 2] annulation 
of isatin-derived MBH carbonates and 5-alkenylthiazol-4(5H)-ones 
with catalyst-controlled switchable diastereoselectivity [19]. With 
readily available C1 synthons, bromomalonate is attractive and 
exhibiting good nucleophilicity in construction of cyclopropanes 
under basic condition [20].

Beller realized gem-fluorinated spirocycle via palladium-
catalyzed cascade reaction of gem-difluoroallyl ammonium salt 
with o-halophenol including SN2’ substitution, Heck reaction, 
C-H activation, reductive elimination or alkyne insertion [21]. 
In this context, a breakthrough was Xu’s palladium-catalyzed 
spirocyclopropanation of gem-difluoroalkene with π-allylpalladium 
1,4-dipole [22]. In addition, great progress appeared for 
spirocyclization reaction between bromomalonate and benzofuran-
derived azadiene/oxadiene or pyrazole-derived oxadiene [23,24]. 
After this, the reactivity of 5-alkenylthiazolone was explored under 
basic condition to prepare spirocyclopropane [25]. Although 
skeletons of oxa/azaspiro[2.4]-heptane were obtained with various 
functional group, many problems still puzzled and there was no 
report about detailed mechanistic study explaining Pd(0)-catalyzed 
spirocyclopropanation. How the vital π-allylpalladium zwitterionic 
intermediate is formed via nucleophilic addition? How Pd(0) 
species influence the decarboxylation of methylidenetrimethylene 
carbonate? What is the process for Michael 1, 4-addition induced 
dearomatization strategy? How the excellent diastereoselectivity 
is controlled for spirocyclopropylthiazole product bearing two 
consecutive quaternary centers? To solve these questions in 

experiment, an in-depth theoretical study was necessary for 
this strategy focusing on the competition competition between 
spirocyclopropanation and β-F elimination. 

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 Pd and 6-31G(d) for 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 [33-39]. 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 333, 323K and 1 atm for each structure in THF, acetonitrile. The 
solvation-corrected free energies were obtained at the B3LYP/6-
311++G(d,p) (LanL2DZ for Pd) level by using integral equation 
formalism polarizable continuum model (IEFPCM) in Truhlar’s 
“density” solvation model [40-42] on the B3LYP/BSI-optimized 
geometries. 

As an efficient method 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 [43,44]. 
The wave function analysis was provided using Multiwfn_3.7_dev 
package [45] including research on Frontier Molecular Orbital 
(FMO) and Mayer Bond Order (MBO).

Results and Discussion
The mechanism was explored for Pd(0)-catalyzed 

spirocyclopropanation of π-allylpalladium 1,4-dipole 1 with 
gem-difluoroalkene 2 leading to gem-difluorinated oxa/
azaspiro[2.4]-heptane 3 and 1,4-addition-induced dearomatization 
of 5-alkenylthiazolone 5 with 2-bromomalonate 6 giving 
spirocyclopropylthiazole 7 (Figure 1). On one hand, illustrated 
by black arrow of Figure 2a, initially the π-allylpalladium 
1,4-zwitterionic species was given by oxidative addition of 1 to 
Pd(0) and decarboxylation. Then via nucleophilic addition, the 
electrophilic gem-difluorinated carbon atom of 2 was attacked 
by anionic oxygen forming zwitterionic intermediate B, which 
underwent intramolecular spirocyclization through the attack 
of anionic carbon to central carbon of π-allylpalladium giving 
palladacyclobutane C with five-membered ring. The product 3 
was finally obtained with three-membered ring via reductive 
elimination of C as well as the regenerated Pd(0) species. Added 
by HF, the competitive β-F elimination also existed from 2 yielding 
trifluoromethyl 4 as by-product (blue arrow of Figure 2a). 
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Figure 1: (a) Pd(0)-catalyzed spirocyclopropanation of 
π-allylpalladium 1,4-dipole 1 with gem-difluoroalkene 

2 leading to gem-difluorinated oxa/azaspiro[2.4]-
heptane 3, (b) 1,4-addition-induced dearomatization of 
5-alkenylthiazolone 5 with 2-bromomalonate 6 giving 

spirocyclopropylthiazole 7.

Figure 1: Proposed reaction mechanism of (a) Pd(0)-
catalyzed spirocyclopropanation of 1 with 2 leading 
to 3, (b) 1,4-addition-induced dearomatization of 5 
with 6 giving 7. TS is named according to the two 

intermediates it connects.

On the other hand (black arrow of Figure 2b), carbanion was 
furnished for deprotonated bromomalonate 6. In the meantime, the 
carbonyl of 5 was activated by quaternary ammonium Me4N+ with 
enhanced electrophilicity of C-C double bond, which was attacked 
by carbanion in Michael 1,4-addition forming aromatized enolate 
intermediate D after removal of Me4N+. Then an intramolecular 
SN2 nucleophilic substitution took place affording dearomatized 
ring closure product 7 followed by the release of Br-. The schematic 
structures of optimized TSs in Figure 2 were listed by Figure 3. The 
activation energy was shown in Table 1 for all steps. Supplementary 
Table 2, Table 3 provided the relative energies of all stationary 
points. According to experiment, the Gibbs free energies in THF, 
acetonitrile solution phase are discussed here.

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

TS ΔG≠gas ΔG≠sol

ts-i12-1 31.2 24.8

ts-i12-2 16.5 12.1

ts-i3B 18.8 17.5

ts-BC 27.0 20.8

ts-Ci4 17.1 14.8

ts-i54 35.8 28.5

ts-in12 8.1 6.7

ts-Din3 9.6 8.5

Table 2: Calculated relative energies (all in kcal mol-1, 
relative to isolated species) for the ZPE-corrected Gibbs 
free energies (ΔGgas), Gibbs free energies for all species 
in solution phase (ΔGsol) at 333, 323K by B3LYP/6-
311++G(d,p)//B3LYP/6-31G(d) method and difference 
between absolute energy.

Species ΔGgas ΔGsol(THF)

1+pd0 0.00 0.00

i1 -136.13 -132.59

ts-i12-1 -104.93 -107.79

i2-0 -127.45 -124.66

ts-i12-2 -110.94 -112.56

i2 -137.10 -138.69

1+pd0-co2 0.00 0.00

A -75.77 -73.26

1+pd0-co2+2 0.00 0.00

i3 -255.51 -264.25

ts-i3B -236.70 -246.72

B -261.74 -267.55

ts-BC -234.73 -246.79

C -287.38 -290.35

ts-Ci4 -270.29 -275.58

i4 -293.39 -287.15

1-co2+2 0.00 0.00

3 -34.45 -40.57

hf+2 0.00 0.00
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i5 -0.27 -2.25

ts-i54 35.49 26.23

4 -24.35 -30.99

Species ΔGgas ΔGsol(MeCN)

5+6-h+nme4 0.00 0.00

in1 -19.06 -22.54

ts-in12 -10.98 -15.81

in2 -29.35 -36.70

5+6-h 0.00 0.00

D -15.37 -19.92

ts-Din3 -5.77 -11.44

in3 -28.51 -38.06

5+6-h-br 0.00 0.00

7 -4.81 -9.66

Table 3: The activation energy (local barrier) (in kcal mol−1) 
of all reactions in the gas, solution phase calculated with 
B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) method.

TS ΔG≠gas ΔG≠sol

ts-i12-1 (302i) 31.2 24.8

ts-i12-2 (188i) 16.5 12.1

ts-i3B (312i) 18.8 17.5

ts-BC (209i) 27.0 20.8

ts-Ci4 (134i) 17.1 14.8

ts-i54 (1703i) 35.8 28.5

ts-in12 (194i) 8.1 6.7

ts-Din3 (251i) 9.6 8.5

Figure 3: Relative Gibbs free energy profile in solvent phase starting from complex (a) i1, i3, i5 (b) in1, D (Bond 
lengths of optimized TSs in Å).

Oxidative addition, decarboxylation

Initially the oxidative addition of 1 to Pd(0) gives a stable 
complex denoted as i1, which is characterized by the coordination 
of methylene π electron to Pd with Pd-C3 and Pd-C4 bond. The 
following decarboxylation requires two steps. First C1-O2 is 
cleavaged via ts-i12-1 as step 1 with the activation energy of 

24.8kcal mol−1 relative to the starting point i1 endothermic by 
7.9kcal mol−1 (black dash line of Figure 3a). The transition vector 
not only includes the dissocation of C1···O2 but the coordinated 
shifting from Pd-C3 to Pd-C1 with Pd-C4 still bonded (2.33, 2.24, 
2.23Å) (Figure 4a). There are strong Pd-C1 single bond and weak 
Pd-C3 in resultant i2-0.
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(a)
Figure 4(a): Evolution of bond lengths along the IRC for 

(a) ts-i12-1 

In step 2, decarboxylation is completed via the disrupture of 
O1-C2 bond via ts-i12-2 with activation energy of 12.1kcal mol−1 
exothermic by -6.1kcal mol−1 leading to i2. The transition vector 
corresponds to the approaching of Pd to O1 and the resulting 
elongation of O1···C2 (2.25, 1.57Å) (Figure 4b). Besides formal CO2 
molecule, the π-allylpalladium 1,4-zwitterionic species is located as 
stable five-membered ring with Pd-C1 and Pd-O1 single bond. It is 
rational for positive Pd linked with negative O1, which is relation 
flexible in following process.

(b)
Figure 4(b): Evolution of bond lengths along the IRC for 

(b) ts-i12-2  

Nucleophilic addition, intramolecular spirocyclization, 
reductive elimination

After the removal of CO2 from i2, the addition of 2 forms 
complex i3 as starting point of the following three steps (red dash 
line of Figure 3a). The nucleophilic addition takes place via ts-i3B in 
step 3 with activation energy of 17.5kcal mol−1 forming zwitterionic 
intermediate B exothermic by -3.3kcal mol−1. The transition vector 
suggests the atomic motion composed of O1 leaving from Pd and 
closing to C5 in the meantime as well as laggered stretching of 
C5-C6 from double to single (2.10, 1.89, 1.39Å) (Figure 4c). This 

is according to the attack from anionic oxygen O1 to electrophilic 
gem-difluorinated carbon atom C5 prompted by Pd(0) readily 
accessible. As remarkable activation, Pd-π coordination exists both 
from methylidenetrimethylene C1-C3-C4 of 1 and benzene ring of 2.

(c)
Figure 4(c): Evolution of bond lengths along the IRC for 

(c) ts-i3B   

Afterward, B undergoes intramolecular spirocyclization via ts-
BC with activation energy of 20.8kcal mol−1 in step 4 continuously 
exothermic by -26.1kcal mol−1 generating key palladacyclobutane 
C with five-membered ring. Here the ring closing is achieced 
through attack of anionic carbon C6 to central positive carbon C3 
of π-allylpalladium. The transition vector is about C6···C3 bonding 
and C6-C7 elonation from double bond to single (Figure 4d).

(d)
Figure 4(d): Evolution of bond lengths along the IRC for 

(d) ts-BC   

At last, the reductive elimination of C proceeds via ts-Ci4 with 
activation energy of 14.8kcal mol−1 exothermic by -22.9kcal mol−1 as 
step 5 producing i4, which is the complex binding desired product 
3 and the regenerated Pd(0) species. Once Pd(0) is squeezed from 
palladacyclobutane, three-membered ring of cyclopropane is 
finally obtained with C1-C4 bond. This can be illustrated in detail 
by the transition vector, which includes simultaneous extension of 
Pd···C1, Pd···C4 and concerted closing of C1···C4 (2.25, 2.25, 1.72Å) 
(Figure 4e).



Res Dev Material Sci          Copyright © Nan Lu

RDMS.000988. 20(3).2024 2394

(e)
Figure 4(e): Evolution of bond lengths along the IRC for 

(e) ts-Ci4   

Ultimately, the first step of decarboxylation is determined to 
be rate-limiting for Pd(0)-catalyzed spirocyclopropanation. The 
mediate barrier and heat release confirm this favorable strategy 
under the assistance of Pd(0) especially considering the experiment 
temperature of 60 °C. 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 4, Figure 5). These results all 
confirm the above analysis.

Table 4: Mayer bond order (MBO) of typical TSs.

Pd···C3 Pd···C1 C1···O2

ts-i12-1 0.33 0.58 0.17

Pd···C1 Pd···O1 O1···C2

ts-i12-2 0.90 0.33 0.35

Pd···O1 O1···C5 C5···C6

ts-i3B 0.51 0.39 1.37

C6···C3 C6···C7

ts-BC 0.34 1.35

Pd···C1 Pd···C4 C1···C4

ts-Ci4 0.41 0.41 0.66

F1···H1 H1···C6 F1···C5 C5···C6

ts-i54 0.34 0.40 0.39 1.25

C1···C2 C2···C3 C3···C4

ts-in12 0.30 1.39 1.15

C3···C4 C3···C1 C1···Br

ts-Din3 1.13 0.38 0.49

Figure 5: Highest Occupied Molecular Orbital (HOMO) of typical TSs. Different colors are used to identify the phase 
of the wave functions.
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β-F elimination, Michael 1,4-addition, intramolecular 
SN2 nucleophilic substitution

To investigate the competitive β-F elimination, the attack of F− 
released from specific structure of B was modeled by an additional 
HF to 2 located as initial i5 (blue dash line of Figure 3a). The 
alkylation occurs via ts-i54 yielding trifluoromethyl 4 as by-product. 
The activation energy of this competitive step 6 is 28.5kcal mol−1 
exothermic by -28.7kcal mol−1 relative to i5. Seen from the detailed 
motion demonstrated by its transition vector, the split of HF gives 
H1, F1 atom bonded to C6, C5 separately accompanied by C5-C6 
double bond extending to single (1.23, 1.39, 1.85, 1.41Å) (Figure 
4f). Although β-F elimination is available in thermodynamics, the 
higher barrier without Pd(0) verifies its disadvantage compared 
with the above major spirocyclopropanation. This outcome agrees 
well with the side reaction of β-F elimination and Pd(0) function in 
experiment.

(f)
Figure 4(f): Evolution of bond lengths along the IRC for 

(f) ts-i54   

(g)
Figure 4(g): Evolution of bond lengths along the IRC for 

(g) ts-in12   

On the other, for another spirocyclopropanation of 5 with 6 , 
the real functioned cation of catalyst was selected as quaternary 

ammonium Me4N+ and the simple deprotonation of 6 by inorganic 
base was not considered here. The initial complex in1 was located 
between carbanion furnished from 6 and 5 activated by Me4N+, 
from which Michael 1,4-addition took place via ts-in12 in step 
1 with a barrier of 6.7kcal mol−1 exothermic by -14.2kcal mol−1 
delivering in2 (black dash line of Figure 3b). The electrophilicity 
of C2-C3 double bond was enhanced as a result of carbonyl O2 
activated by Me4N+ for 5, which was easily attacked by carbanion 
C1 of 6. The transition vector corresponds to obvious nucleophilic 
linkage from C1 to C2, cooperated C2-C3 stretching from double 
to single and strengthened C3-C4 (2.29, 1.38, 1.44Å) (Figure 4g). 
Much negative charge concentrated on O2 makes in2 rather stable 
bonded to Me4N+. 

Subsequently, the negative charge shifting from carbonyl 
O2 to C3 increased the nucleophilicity of C3 while weakened 
the electrostatic interaction with Me4N+ in the meantime. With 
the removal of Me4N+, the optimized structure D was taken as 
new starting point of step 2 (red dash line of Figure 3b). This 
intramolecular SN2 nucleophilic substitution was also easy via 
ts-Din3 with activation energy of 8.5kcal mol−1 by exothermic 
-18.1kcal mol−1 affording in3, from which the dearomatized 
ring closure product 7 was obtained after the release of Br-. The 
transition vector is typical corresponding to obvious nucleophilic 
attack from C3 to C1, concerted leaving of Br from C1 (2.1, 2.4Å) and 
recovered C3-C4 to single (Figure 4h). Evidently intramolecular SN2 
nucleophilic substitution is rate-limiting for spirocyclopropanation 
of 5-alkenylthiazolone more favorable than that of π-allylpalladium 
1,4-dipole from kinetics. 

(h)
Figure 4(h): Evolution of bond lengths along the IRC for 

(h) ts-Din3 at B3LYP/6-311++G(d,p) level.  

Conclusion
Our DFT calculations provide the first theoretical investigation 

on Pd(0)-catalyzed spirocyclopropanation of π-allylpalladium 
1,4-dipole with gem-difluoroalkene and 1,4-addition-induced 
dearomatization of 5-alkenylthiazolone with 2-bromomalonate. 
On one hand, the π-allylpalladium 1,4-zwitterionic species was 
afforded as stable five-membered ring by oxidative addition of 
methylidenetrimethylene carbonate to Pd(0) and rate-limiting 
decarboxylation. Then via nucleophilic addition, the electrophilic 
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gem-difluorinated carbon was attacked by anionic oxygen 
forming zwitterionic intermediate with dual Pd-π coordination. 
The intramolecular spirocyclization undergoes through attack 
of anionic carbon to central carbon of π-allylpalladium giving 
palladacyclobutane, of which the reductive elimination releases 
oxa/azaspiro[2.4]-heptane and regenerates Pd(0). The major 
Pd(0)-catalyzed spirocyclopropanation is prior to competitive β-F 
elimination. 

On the other hand, carbanion was furnished for deprotonated 
bromomalonate. In the meantime, carbonyl of 5-alkenylthiazolone 
was activated by quaternary ammonium Me4N+ with enhanced 
electrophilicity of C-C double bond, which was attacked by 
carbanion in Michael 1,4-addition forming aromatized enolate 
intermediate after removal of Me4N+. Subsequently, the rate-limiting 
intramolecular SN2 nucleophilic substitution took place affording 
dearomatized ring closure product spirocyclopropylthiazole and 
the release of Br-. The spirocyclopropanation of 5-alkenylthiazolone 
is more favorable than that of π-allylpalladium 1,4-dipole from 
kinetics. 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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