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Abstract 

The first theoretical investigation on HFIP-catalyzed (3+2) annulation of indolyl alcohol, bicyclobutane and trace 

water-promoted C−O bond formation between ketene, alkyl halide was provided by our DFT calculation. At first, 

the reaction is initiated under HFIP dual activation of two substrates via hydrogen bonding. The indumentum ion is 

generated from indolyl alcohol after removal of hydroxyl. Then, the converge with additional ester enolate proceeds 

via two paths. The stepwise sequence contains nucleophilic attack followed by intramolecular Friedel−Crafts 

alkylation and deprotonation yielding tetracyclic Spiro indolenine. The concerted process is (3+2) annulation to 

exocyclic double bond. For the second case, alcohol is initially generated from alkyl halide via SN2 path promoted 

by trace water. Subsequently, α,α-disubstituted ester is formed through nucleophilic attack on ketene in concerted 

mode. Comparatively, (3+2) annulation is rate-limiting for HFIP-catalyzed diastereoselective reaction. SN2 is rate-

limiting for trace water-promoted C−O bond formation. 
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1.Introduction 

As the most compact hydrocarbon ring, bicycle [1.1.0] butane (BCB) has 

gained much attention in synthetic chemistry with central C−C bond 

conferring substantial strain [1]. This strain enables diverse C−C bond 

cleavage involving ring-opening, insertion, annulation and molecular 

rearrangement just like the case of cyclopropane as ubiquitous structural 

motif in cycloaddition [2,3]. Among these, annulation was extensively 

explored since it provided much valuable bridged framework in organic 

synthesis. For instance, Boychik obtained fluor-substituted bicycle [1.1.1] 

pentane (BCP) [4]. Tang reported silver-catalyzed dearomatize [2π+2σ] 

cycloaddition of indole with bicyclobutane to access induline fused 

bicycle [2.1.1] hexane [5]. Hu discovered Lewis’s acid-catalyzed formal 

cycloaddition between silyl enol ether and bicycle [1.1.0] butane [6]. 

Tang gave enantioselective (4 + 3)/thia-(3 + 2) cycloaddition of 

bicyclobutane and examination via divergent synthesis of bridged sulfur 

heterocycle [7]. There was formal [2π+2σ] cycloaddition of para-quinone 

methide with bicycle [1.1.0] butane, 1,3-dipolar cycloaddition of 

bicyclobutane with isagoge to tetracyclic 2-oxa-3-azabicyclo [3.1.1] 

heptane and palladium-catalyzed decarboxylative (4 + 3) cycloaddition to 

2-oxabicyclo [4.1.1] octane [8-10]. 

In this field of related structure [11], BCH is well-known for synthetic 

chemists owing to potential as bio isostere of meta- and para-substituted 

arene. Mykhailiuk demonstrated where to go next in saturated bio 

isosteres of benzene [12]. Levertov explored water-soluble non-classical 

benzene mimetics [13]. Denisenko researched saturated bio isosteres of 

ortho-substituted benzenes [14]. Then they found 2-oxabicyclo [2.1.1] 

hexanes as saturated bio-isosteres of the ortho-substituted phenyl ring 

[15]. This progress improves the pharmacokinetic and physicochemical 

properties of bioactive molecules. BCH is categorized into all-carbon, 

spiro-containing, and heteroatom-substituted frameworks structurally. 

Recently, there emerged enantioselective strategies for all-carbon BCHs 

such as intermolecular [π2+σ2] photocycloaddition reactions of 2(1H)-

quinolones, bicycle [1.1.0] butanes and divergent access to chiral 

compounds from α, β-unsaturated ketones [16,17]. With various utility, 

hexafluoro isopropanol (HFIP) is effective in activating BCB with α-

cyano chalcone or α-halo hydroxamate to access functionalized Spiro 

cyclobutene by Shajahan [18-20]. 

Under this background, many progresses have been made by Biju group. 

They identified indolyl alcohols effectively trapped by nucleophiles in 

generating olefins [21]. They presented Spiro indolenine derivatives as 

key motifs in natural products and pharmaceutical molecules [22]. The 

chiral phosphoric acid catalysis was employed with N-unsubstituted 

indolyl alcohols by Studer’s group [23]. Notably, the latest breakthrough 

was HFIP-promoted (3+2) annulation of BCBs with indolyl alcohols [24] 

and trace water-promoted C−O bond formation between ketene, alkyl 

halide synthesizing α,α-disubstituted ester [25]. Although spiro-BCH was 
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synthesized in highly diastereoselective manner over expected tetracyclic 

indole, how indumentum ion was generated under activation of HFIP? 

Why stepwise nucleophilic attack, intramolecular Friedel−Crafts 

alkylation was competitive with concerted (3+2) annulation? What’s the 

concrete process to afford α,α-disubstituted ester via water-promoted SN2 

and nucleophilic attack? 

2 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 298, 398 K and 1 atm in 

acetonitrile, 1,4-dioxane. 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]. 

3 Results and Discussion 

The mechanism was explored for HFIP-catalyzed (3+2) annulation of 

indolyl alcohol 1 and bicyclobutane 2 leading to tetracyclic Spiro 

indolenine 3 as well as trace water-promoted C−O bond formation 

between ketene 4 and alkyl halide 5 synthesizing α,α-disubstituted ester 6 

(Scheme 1). As illustrated by Scheme 2, the reaction is initiated under 

HFIP activation of 1 and 2 via hydrogen bonding. First, indumentum ion 

A is generated from 1 after removal of hydroxyl. Then, the additional ester 

enolate B may converge via two plausible paths. In stepwise sequence, 

the nucleophilic attack of B on A affords intermediate C, which undergoes 

intramolecular Friedel−Crafts alkylation followed by deprotonation 

yielding spiro product 3. The concerted process is (3+2) annulation of B 

and exocyclic double bond of A. For the second case, initially, alcohol E 

is generated from alkyl halide 5 via SN2 path promoted by trace water. 

Subsequently, α,α-disubstituted ester 6 is formed through nucleophilic 

attack on ketene 4. Figure 1 listed schematic structures of optimized TSs 

in Scheme 2. Table 1 gave activation energy for all steps. 

 

Scheme 1 (a) HFIP-catalyzed (3+2) annulation of indolyl alcohol 1 and bicyclobutane 2 leading to tetracyclic Spiro indolenine 3, (b) trace water-

promoted C−O bond formation between ketene 4 and alkyl halide 5 synthesizing α,α-disubstituted ester 6. 

 

Scheme 2: Proposed reaction mechanism of (a) HFIP-catalyzed (3+2) annulation of 1 and 2 to 3, (b) trace water-promoted C−O bond formation 

between 4 and 5 to 6. TS is named according to the two intermediates it connects. 

3.1 Indumentum ion generation, nucleophilic attack, intramolecular 

F−C alkylation, (3+2) annulation 

Two substrates are both activated by HFIP via hydrogen bonding to 

initiate the reaction. At first, the complex i1 binding 1 and HFIP is formed 

as starting point of step 1, from which indumentum ion A is generated via 

ts-i12 with the activation energy of 22.4 kcal mol−1 endothermic by 7.8 

kcal mol−1 producing i2 (black dash line of Figure 1a). The transition 

vector corresponds to providing of proton H2 by HFIP to hydroxyl O1H1 

of 1 to assemble water molecule as O2···H2···O1H1 along with breaking 

of C1···O1 single bond as well as O1H1···F H bonding (1.49, 1.04, 2.29, 

2.55 Å) (Figure S1a). Once hydroxyl is removed in form of H2O with the 

help of HFIP, the positive in polonium ion A is afforded and reactive to 

converge with bicyclobutane 2. 
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The activation of 2 by HFIP via hydrogen bonding forms ester enolate B, 

the reaction of which with A may via two plausible paths. In stepwise 

sequence, the intermediate i3 binding A and B is taken as new starting 

point of next two steps. The nucleophilic attack of B on A occurs via ts-

i34 with reduced activation energy of 18.8 kcal mol−1 endothermic by 

10.3 kcal mol−1 in step 2 leading to intermediate i4 (red dash line of 

Figure 1a). The transition vector is complicated involving nucleophilic 

addition of C5 to C1 as C5···C1 single bond, and resultant cleavage of 

C5···C6 (2.21, 2.08 Å) (Figure S1b). Without HFIP, i4 turns to be 

complex C ready for the next step. 

Subsequently, C undergoes intramolecular Friedel−Crafts alkylation with 

mediate activation energy of 6.9 kcal mol−1 via ts-Ci5 in step 3 

exothermic by -10.1 kcal mol−1 giving i5 (magenta dash line of Figure 

1a). It is noticable to see the approaching of C2 to C6 from atomic motion 

through simple transition vector denoted as C2···C6 to complete ring 

closure (2.58 Å). Owing to positive electron located on NH, the desired 

neutral spiro-BCH product 3 is readily to be yielded by deprotonation of 

i5. 

Alternatively, the concerted process is also located via ts-i3D with higher 

activation energy of 26.2 kcal mol−1 than that of stepwise case via ts-i34 

yet more exothermic by -17.4 kcal mol−1 leading to D (blue dash line of 

Figure 1a). The transition vector confirms this (3+2) annulation of B with 

exocyclic double bond of A. That not only includes dual bonding of 

C5···C1, C2···C6 but simulate stretching of C1···C2 from double to 

single and C5···C6 breaking down. D is a complex involving HFIP and 

desired spiro-BCH scaffold, from which product 3 is obtained after 

deprotonation. Given excellent disaster selectivity of 3 in experiment, the 

concerted manner is more favorable than stepwise case from 

thermodynamic perspective. Thus (3+2) annulation is determined to be 

rate-limiting for HFIP-catalyzed diastereoselective reaction of indolyl 

alcohol and bicyclobutane to tetracyclic spiroindolenin 

TS ΔG≠
gas ΔG≠

sol 

ts-i12 25.5  22.4  

ts-i34 22.0  18.8  

ts-i3D 28.4  26.2  

ts-Ci5 10.1  6.9  

ts-i67 28.8  23.4  
ts-i86 10.7  12.2 

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

(a) (b) 

(b)  

(c)  

Figure 1: Relative Gibbs free energy profile in solvent phase starting from complex (a) i1, i3, C (b) i6, i8 (Bond lengths of optimized TSs in Å). 

3.2 Trace water-promoted SN2 and concerted nucleophilic attack The metal-free C−O bond formation was also described from reactive 

ketene 4 and alkyl halide 5 mediated by trace water. Initially, 5 and water 
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forms intermediate i6, from which typical SN2 path takes place via ts-i67 

with activation energy of 23.4 kcal mol−1 endothermic by 2.4 kcal mol−1 

affording intermediate i7 in step 1 (black dash line of Figure 1b). From 

the transition vector, water is functioned as separated hydroxyl and 

proton. Cl is replaced by hydroxyl via O2···C4···Cl then combines H as 

HCl molecule via O2···H1···Cl (2.22, 2.67, 1.98, 2.05 Å) (Figure S1c). 

Once C4-O2 single bond is available, alcohol E is generated from i7 after 

removal of HCl. Then additional ketene 4 and E assemble intermediate i8 

as new starting point of step 2. The nucleophilic attack of E on 4 proceeds 

via ts-i86 in concerted mode with reduced activation energy of 12.2 kcal 

mol−1 exothermic huge by -38.1 kcal mol−1 yielding α,α-disubstituted 

ester 6 (red dash line of Figure 1b). The transition vector contains 

hydroxyl breaking via O2···H2, elongation of C1=C2 from double to 

single and concerted linkage of O2···C2, H2···C1 (1.2, 1.41, 1.69, 1.52 

Å) (Figure S1d). The C1 turns to be sp3 hybrid together with formal ester 

bond C2-O2. Comparatively, trace water-promoted SN2 is determined to 

be rate-limiting for metal-free C−O bond formation of ketene and alkyl 

halide. 

4 Conclusions 

In summary, the first theoretical investigation was provided by our DFT 

calculation on HFIP-catalyzed (3+2) annulation of indolyl alcohol, 

bicyclobutane and trace water-promoted C−O bond formation between 

ketene, alkyl halide. For the first case, the reaction is initiated under HFIP 

dual activation of two substrates via hydrogen bonding. The indumentum 

ion is generated from indolyl alcohol after removal of hydroxyl. Then, the 

converge with additional ester enolate proceeds via two plausible paths. 

The stepwise sequence contains nucleophilic attack followed by 

intramolecular Friedel−Crafts alkylation and deprotonation yielding 

product tetracyclic Spiro indolenine. The concerted process is (3+2) 

annulation to exocyclic double bond. For the second case, initially, 

alcohol is generated from alkyl halide via SN2 path promoted by trace 

water. Subsequently, α,α-disubstituted ester is formed through 

nucleophilic attack on ketene in concerted mode. Given excellent 

diastereoselective, the concerted manner is more favorable than stepwise 

case from thermodynamic perspective. Thus (3+2) annulation is 

determined to be rate-limiting for HFIP-catalyzed diastereoselective 

reaction. Comparatively, trace water-promoted SN2 is rate-limiting for 

metal-free C−O bond formation.Electronic Supplementary Material 

Supplementary data available: [Computation information and cartesian 

coordinates of stationary points; Calculated relative energies for the ZPE-

corrected Gibbs free energies (Gags), and Gibbs free energies (Gol) for 

all species in solution phase at 298, 398 K.] 

Species Gags Gol(Chloroform) 

1+hp 0.00 0.00 

i1 -9.10 -1.62 

ts-i12 16.44 20.77 

i2 -0.15 6.19 

1-oh 0.00 0.00 

A 4.67 2.46 

2+hp 0.00 0.00 

B -13.87 -8.90 

1+2+hp-oh 0.00 0.00 

i3 8.35 10.56 

ts-i34 30.39 29.39 

ts-i3D 36.71 36.80 

i4 21.33 20.89 

D -8.02 -6.81 

1+2-oh 0.00 0.00 

C 0.52 3.73 

ts-Ci5 10.60 10.66 

i5 -9.74 -6.37 

1+2-oh-h 0.00 0.00 

3 9.19 6.18 

 Gags Gol(1,4-dioxane) 

5+h2o 0.00 0.00 

i6 -3.90 -1.84 

ts-i67 24.91 21.51 

i7 -1.02 0.52 

5+h2o-hcl 0.00 0.00 

E 6.99 7.61 

5+h2o-hcl+4 0.00 0.00 

i8 2.80 4.98 

ts-i86 13.45 17.20 

Table S1: 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 298, 398 K by M06-2X/6-311++G(d,p)//M06-2X/6-31G(d) method and difference between absolute 

energy. 



J. Surgical Case Reports and Images                                                                                                                                                                                  Copyrights@ Nan Lu, 

Auctores Publishing LLC – Volume 9(3)-304 www.auctoresonline.org  
ISSN: 2690-1897   Page 5 of 7 

(a)  (b) 

(d)  (d) 

Figure S 1: Evolution of bond lengths along the IRC for (a) ts-i12 (b) ts-i34 (c) ts-i67 (d) ts-i86 at M06-2X/6-311++G(d,p) level. 

TS Δ Go
ga’s Gas

ol 

ts-i12 (209i) 25.54 22.39 

ts-i34 (333i) 22.04 18.83 

ts-i3D (272i) 28.36 26.24 

ts-Ci5 (174i) 10.08 6.93 

ts-i67 (562i) 28.81 23.35 

ts-i86 (1721i) 10.65 12.22 

 

Table S2: The activation energy (local barrier) (in kcal mol−1) of all reactions in the gas, solution phase calculated with M06-2X/6-

311++G(d,p)//M06-2X/6-31G(d) method. 

Author contributions: Conceptualization, Nan Lu; Methodology, Nan 

Lu; Software, Nan Lu; Validation, Nan Lu; Formal Analysis, Nan Lu; 

Investigation, Nan Lu; Resources, Nan Lu; Data Curation, Nan Lu; 

Writing-Original Draft Preparation, Nan Lu; Writing-Review & Editing, 

Nan Lu; Visualization, Nan Lu; Supervision, Nan Lu; Project 

Administration, Nan Lu. All authors have read and agreed to the 

published version of the manuscript. 

Funding: This work was supported by Key Laboratory of Agricultural 

Film Application of Ministry of Agriculture and Rural Affairs, P.R. 

China. 

Conflict of interest: The authors declare no conflict of interest. 

References 

1. Priene, V.; Muriel, B.; Waser, J. (2021) Catalytic 

Enantioselective Ring-Opening Reactions of Cyclopropanes. 

Chem. Rev., 121, 227. 

2. Xiao, Y.; Tang, L.; Yang, X.-C.; Wang, N.-Y.; Zhang, J.;( 

2025) et al Catalytic Asymmetric Strategies for 

bicycle[1.1.0]butane Trans-formations: Advances and 

Applications. CCS Chem., 7, 1903. 

3. Boychik, R.; Mykhailiuk, P. K. A (2022) Practical and Scalable 

Approach to Fluor-Substituted Bicycle[1.1.1]pentanes. Agnew. 

Chem., Int. Ed. 61, No. e202205103. 

4. Tang, L.; Xiao, Y.; Wu, F.; Zhou, J.-L.; Xu, T.-T.; Feng, J.-J. 

(2023) Silver-Catalyzed Dearomatize [2π+2σ] Cycloadditions 

of Indoles with Bicyclobutanes: Access to Indolone Fused 

bicycle[2.1.1]hexanes. Agnew. Chem., Int. Ed., 62, No. 

e202310066.  

5. Hu, S.; Pan, Y.; Ni, D.; Deng, L. (2024) Facile Access to 

bicycle[2.1.1]hexanes by Lewis Acid-Catalyzed Formal 

Cycloaddition between Silyl Enol Ethers and 

bicycle[1.1.0]butanes. Nat. Common., 15, 6128. 

6. Tang, L.; Bai, W.; Wang, K.-J.; Wu, F.; Peng (2025), et al 

Lewis Acid-Catalyzed Enantioselective (4 + 3)/Thia-(3 + 2) 

Cycloadditions of Bicyclobutanes and Examinations: Catalyst-

Directed Divergent Synthesis of Bridged Sulfur Heterocycles. 

ACS Catalo. 15, 7877. 

7. Wu, H.; Sun, M.; Zhang, J.; Wang, Z.; Yang, J.; Zhu, (2025) G. 

HFIP Promoted Formal [2π+2σ] Cycloaddition of Para-

Quinone Methides with bicyclol [1.1.0] Butanes: An Approach 

towards Spirocyclic[2.1.1]Hexanes. Org. Chem. Front., 12, 

1951.  

8. Deswal, S.; Das, R. C.; Sarkar, D.; Biju, A. (2025) T. Lewis 

mailto:https://pubs.acs.org/doi/abs/10.1021/acs.chemrev.0c00109
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.chemrev.0c00109
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.chemrev.0c00109
mailto:https://www.chinesechemsoc.org/doi/abs/10.31635/ccschem.025.202505825
mailto:https://www.chinesechemsoc.org/doi/abs/10.31635/ccschem.025.202505825
mailto:https://www.chinesechemsoc.org/doi/abs/10.31635/ccschem.025.202505825
mailto:https://www.chinesechemsoc.org/doi/abs/10.31635/ccschem.025.202505825
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.202205103
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.202205103
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.202205103
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.202310066
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.202310066
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.202310066
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.202310066
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.202310066
mailto:https://www.nature.com/articles/s41467-024-50434-6
mailto:https://www.nature.com/articles/s41467-024-50434-6
mailto:https://www.nature.com/articles/s41467-024-50434-6
mailto:https://www.nature.com/articles/s41467-024-50434-6
mailto:https://pubs.acs.org/doi/abs/10.1021/acscatal.5c02274
mailto:https://pubs.acs.org/doi/abs/10.1021/acscatal.5c02274
mailto:https://pubs.acs.org/doi/abs/10.1021/acscatal.5c02274
mailto:https://pubs.acs.org/doi/abs/10.1021/acscatal.5c02274
mailto:https://pubs.acs.org/doi/abs/10.1021/acscatal.5c02274
mailto:https://pubs.rsc.org/en/content/articlehtml/2025/qo/d4qo02226b
mailto:https://pubs.rsc.org/en/content/articlehtml/2025/qo/d4qo02226b
mailto:https://pubs.rsc.org/en/content/articlehtml/2025/qo/d4qo02226b
mailto:https://pubs.rsc.org/en/content/articlehtml/2025/qo/d4qo02226b
mailto:https://pubs.rsc.org/en/content/articlehtml/2025/qo/d4qo02226b
mailto:https://pubs.acs.org/doi/abs/10.1021/jacsau.4c00839


J. Surgical Case Reports and Images                                                                                                                                                                                  Copyrights@ Nan Lu, 

Auctores Publishing LLC – Volume 9(3)-304 www.auctoresonline.org  
ISSN: 2690-1897   Page 6 of 7 

Acid-Catalyzed 1,3-Dipolar Cycloaddition of Bicyclobutanes 

with Isagoges: Access to Tetracyclic 2-Oxa-3- 

azabicyclic[3.1.1]heptane’s. JACS Au 5, 136. 

9. Gao, X.-Y.; Tang, L.; Zhang, X.; Feng, J.-J. (2024,) Palladium-

Catalyzed Decarboxylative (4 + 3) Cycloadditions of 

Bicyclobutanes with 2-Alkylidenetrimethylene Carbonates for 

the Synthesis of 2-Oxabicyclo [4.1.1]octanes. Chem. Sci. 15, 

13942. 

10. Zhu, S.; Lei, J.; Yang, S.; Zhao, Z.; Liu, N.; Li, S.-W. (2025)  3 

-catalyzed intermolecular formal [8π+2σ] cycloaddition of 

amah heptalene with bicycle[1.1.0]butanes for the synthesis of 

cycloheptatriene-fused 2-azabicyclo[3.1.1]heptane’s. Org. 

Lett., 27, 3831.  

11. Mykhailiuk, P. K. (2019) Saturated bio isosteres of benzene: 

where to go next? Org. Biomol. Chem., 17, 2839.  

12. Levertov, V. V.; Panasyuk, Y.; Pintsch, V. O.; Mykhailiuk, P. 

K. (2020) Water-Soluble Non-Classical Benzene Mimetics. 

Ange. Chem., Int. Ed. 59, 7161. 

13. Denisenko, A.; Garbuz, P.; Shishkina, S. V.; 

2(020)Voloshchuk, N. M.; Mykhailiuk, P. K. Saturated 

Bioisosteres of ortho-Substituted Benzenes. Angew. Chem., 

Int. Ed., 59, 20515.  

14. Denisenko, A.  ; Garbo, P.; Voloshchuk, N. M.; Holota, Y.; 

(2023) et al2- Oxabicyclo[2.1.1]hexanes as saturated bio-

isosteres of the ortho-substituted phenyl ring. Nat. Chem., 15, 

1155. 

15. de Robichon, M.; Kratz, T.; Beyer, F.; Zuber, J.; Merten, C.; 

Bach, T. (2023) Enantioselective Intermolecular [ π 2+ σ 2] 

Photocycloaddition Reactions of 2(1H)-Quinolones and 

Bicyclo[1.1.0]butanes. J. Am. Chem. Soc., 145, 24466.  

16. Jeong, J.; Cao, S.; Kang, H. J.; Yoon, H.; Lee, J.; Shin, S.; Kim, 

D. (2024);. Divergent Enantioselective Access to Diverse 

Chiral Compounds from Bicyclo[1.1.0]butanes and α,β-

Unsaturated Ketones under Catalyst Control. J. Am. Chem. 

Soc., 146, 27830. 

17. Deswal, S.; Das, R. C.; Sarkar, D.; Biju, A (2025). T. 

Simultaneous Activation of Bicyclobutanes and Indolyl 

Alcohols with HFIP: Access to Indole-Fused 

Bicyclo[3.1.1]Heptanes. Angew. Chem., Int. Ed., 64, No. 

e202501655.  

18. Hu, K.; Wu, H.; Sun, M.; Zhang, J.; Wang, Z.; Yang, J.; Zhu, 

G.; Huang, G.-B(2025). HFIP-promoted synthesis of 

bicycle[2.1.1]hexanes through formal [2π+2σ] cycloaddition of 

bicyclo[1.1.0]butanes with α-cyano chalcones. Chem. 

Common’s, 61, 10375.  

19. Shajahan, S.; Deswal, S.; George, M.; Ahmad, M.; Mohanan, 

K.; Werz, D. B.; Biju, (2025) A. T. HFIP-Mediated Spiro-

annulation of Bicycle [1.1.0] butanes with α-Halo 

Hydroxamates: Access to Functionalized Spirocyclobutenes. 

Org. Lett., 27, 8137. 

20. Gelis, C.; Levitre, G.; Merad, J.; Retile, P.; Neuville, L.; 

Masson, G. Highly Diastereo- and Enantioselective Synthesis 

of Cycloheptane[b]Indoles by Chiral-Phosphoric-Acid-

Catalyzed (4 + 3) Cycloaddition. Angew. Chem., Int. Ed., 57, 

12121.  

21. Barisal, J.; Voskressensky, L. G.; Van der Eucken, E. V.( 

2018,)Recent Advances in Spiro cyclization of Indole 

Derivatives. Chem. Soc. Rev. 47, 3831. 

22. Dutta, S.; Daniil, C. G.; Mück-Lichtenfeld, C.(2025) Studer, A. 

Enantioselective Synthesis of Tetrahydro-1H-1,3-

methanocarbazoles by Formal (3 + 3)-Cycloaddition Using 

Bicyclo[1.1.0]butanes. J. Am. Chem. Soc. 147, 4249. 

23. Deswal, S.; Biju, A. T. HFIP-Mediated (3+2) Annulation of 

Bicyclobutanes with Indolyl Alcohols for Diastereoselective 

Access to Tetracyclic Spiro indolenines. Org. Lett. 2026, 28, 4, 

1392–1398. 

24. Dong, Y.-Q.; Weng, S.; Zhang, Y.; Ruan, G.-T (2026) et al. 

Transition-Metal-Free C−O or C−N Bond Formation Reactions 

from α‑Ketosulfonyl Hydrazones with Alkyl Halides or 

Amines. Org. Chem., 91, 4, 1555–1562. 

25. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B. (2010) et al. 

Gaussian 09 (Revision B.01), Gaussian, Inc., Wallingford, CT,  

26. Stephens, P. J.; Devlin, F. J.; Schabowski, C. F.; Frisch, M. J. 

(1994) Ab initio Calculation of Vibrational Absorption and 

Circular Dichroism Spectra Using Density Functional Force 

Fields, J. Phys. Chem., 98, 11623-11627. 

27. Becke, A. D. (1996) Density-functional thermochemistry. IV. 

A new dynamical correlation functional and implications for 

exact-exchange mixing. J. Chem. Phys., 104, 1040-1046. 

28. Lee, C. T.; Yang. T.; Parr, R. G(1988,). Development of the 

Colle-Salvetti correlation-energy formula into a functional of 

the electron density. Phys. Rev. B 37, 785-789. 

29. Li, X.; Kong, X.; Yang, S.; Meng, M.; Zhan, X.; (2019,)et al 

Thiourea-Catalyzed Asymmetric Inverse-Electron-Demand 

Diels-Alder Reaction of Allyl Ketones and Vinyl 1,2-Diketones 

via Dienolate Intermediate, Org. Lett. 21, 1979-1983. 

30. Krensky, E. H.; Houk, K. N.; Harmata, M. Computational 

Analysis of the Stereochemical Outcome in the 

Imidazolidinone-Catalyzed Enantioselective (4 + 3)-

Cycloaddition Reaction, J. Org. Chem. 2015, 80, 744-750. 

31. Lv, H.; Han, F.; Wang, N.; Lu, N.; Song, Z.; Zhang, J.; Miao, 

C (2022). Ionic Liquid Catalyzed C-C Bond Formation for the 

Synthesis of Polysensitized Olefins. Eur. J. Org. Chem., 

e202201222. 

32. Zhuang, H.; Lu, N.; Ji, N.; Han, F.; Miao, C. 

(2021)Bu4NHSO4‐Catalyzed Direct N‐Allylation of Pyrazole 

and its Derivatives with Allylic Alcohols in Water: A Metal‐

free, Recyclable and Sustainable System. Advanced Synthesis 

& Catalysis 363, 5461-5472. 

33. Lu, N.; Liang, H.; Qian, P.; Lan, X.; Miao, C. (2020) 

Theoretical investigation on the mechanism and 

enantioselectivity of organocatalytic asymmetric Potaro 

reactions of anilines and aldehydes. Int. J. Quantum Chem., 

120, e26574.  

34. Tapia, O. (1992) Solvent effect theories: Quantum and classical 

formalisms and their applications in chemistry and 

biochemistry. J. Math. Chem., 10, 139-181. 

35. Tomasi, J.; Persico, M. (1994) Molecular Interactions in 

Solution: An Overview of Methods Based on Continuous 

Distributions of the Solvent. Chem. Rev94, 2027-2094. 

36. Simkin, B. Y.; Shoichet, I. (1995) Quantum Chemical and 

Statistical Theory of Solutions—A Computational Approach, 

Ellis Horwood, London.  

37. Tomasi, J.; Men Nucci, B.; Cammi, R. (2005) Quantum 

Mechanical Continuum Solvation Models. Chem. Rev., 105, 

2999-3093. 

38. Maren ich, A. V.; Cramer, C. J.; Truhlar, D. G(2009). Universal 

Solvation Model Based on Solute Electron Density and on a 

Continuum Model of the Solvent Defined by the Bulk 

Dielectric Constant and Atomic Surface Tensions. J. Phys. 

Chem. B, 113, 6378–6396. 

39. Reed, A. E.; Weinstock, R. B.; (1985) Weinhold, F. Natural 

population analysis. J. Chem. Phys., 83, 735-746. 

40. Reed, A. E.; Curtiss, L. (1988) A.; Weinhold, F. Intermolecular 

interactions from a natural bond orbital donor-acceptor view 

point. Chem. Rev., 88, 899-926. 

41. Foresman, J. B.; Frisch, (1996) A. Exploring Chemistry with 

Electronic Structure Methods, 2nd ed., Gaussian, Inc., 

Pittsburgh. 

42. Lu, T.; Chen, F. Multan: (2012) A multifunctional 

wavefunction analyzer. J. Compute. Chem. 33, 580-592. 

mailto:https://pubs.acs.org/doi/abs/10.1021/jacsau.4c00839
mailto:https://pubs.acs.org/doi/abs/10.1021/jacsau.4c00839
mailto:https://pubs.acs.org/doi/abs/10.1021/jacsau.4c00839
mailto:https://pubs.rsc.org/en/content/articlehtml/2024/sc/d4sc02998d
mailto:https://pubs.rsc.org/en/content/articlehtml/2024/sc/d4sc02998d
mailto:https://pubs.rsc.org/en/content/articlehtml/2024/sc/d4sc02998d
mailto:https://pubs.rsc.org/en/content/articlehtml/2024/sc/d4sc02998d
mailto:https://pubs.rsc.org/en/content/articlehtml/2024/sc/d4sc02998d
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.orglett.5c00489
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.orglett.5c00489
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.orglett.5c00489
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.orglett.5c00489
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.orglett.5c00489
mailto:https://pubs.rsc.org/en/content/articlehtml/2019/ob/c8ob02812e
mailto:https://pubs.rsc.org/en/content/articlehtml/2019/ob/c8ob02812e
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.202000548
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.202000548
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.202000548
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.202004183
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.202004183
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.202004183
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.202004183
mailto:https://www.nature.com/articles/s41557-023-01222-0
mailto:https://www.nature.com/articles/s41557-023-01222-0
mailto:https://www.nature.com/articles/s41557-023-01222-0
mailto:https://www.nature.com/articles/s41557-023-01222-0
mailto:https://pubs.acs.org/doi/abs/10.1021/jacs.3c08404
mailto:https://pubs.acs.org/doi/abs/10.1021/jacs.3c08404
mailto:https://pubs.acs.org/doi/abs/10.1021/jacs.3c08404
mailto:https://pubs.acs.org/doi/abs/10.1021/jacs.3c08404
mailto:https://pubs.acs.org/doi/abs/10.1021/jacs.4c10153
mailto:https://pubs.acs.org/doi/abs/10.1021/jacs.4c10153
mailto:https://pubs.acs.org/doi/abs/10.1021/jacs.4c10153
mailto:https://pubs.acs.org/doi/abs/10.1021/jacs.4c10153
mailto:https://pubs.acs.org/doi/abs/10.1021/jacs.4c10153
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.202501655
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.202501655
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.202501655
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.202501655
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/ange.202501655
mailto:https://pubs.rsc.org/en/content/articlehtml/2025/cc/d5cc01838b
mailto:https://pubs.rsc.org/en/content/articlehtml/2025/cc/d5cc01838b
mailto:https://pubs.rsc.org/en/content/articlehtml/2025/cc/d5cc01838b
mailto:https://pubs.rsc.org/en/content/articlehtml/2025/cc/d5cc01838b
mailto:https://pubs.rsc.org/en/content/articlehtml/2025/cc/d5cc01838b
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.orglett.5c02493
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.orglett.5c02493
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.orglett.5c02493
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.orglett.5c02493
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.orglett.5c02493
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.201807069
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.201807069
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.201807069
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.201807069
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.201807069
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.201807069
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.201807069
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.201807069
mailto:https://pubs.acs.org/doi/abs/10.1021/jacs.4c14276
mailto:https://pubs.acs.org/doi/abs/10.1021/jacs.4c14276
mailto:https://pubs.acs.org/doi/abs/10.1021/jacs.4c14276
mailto:https://pubs.acs.org/doi/abs/10.1021/jacs.4c14276
mailto:https://pubs.acs.org/doi/abs/10.1021/jacs.4c14276
mailto:https://pubs.acs.org/doi/abs/10.1021/jacs.4c14276
mailto:https://pubs.acs.org/doi/abs/10.1021/jacs.4c14276
mailto:https://pubs.acs.org/doi/abs/10.1021/jacs.4c14276
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.joc.5c02200
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.joc.5c02200
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.joc.5c02200
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.joc.5c02200
mailto:https://cir.nii.ac.jp/crid/1370298757422456580
mailto:https://cir.nii.ac.jp/crid/1370298757422456580
mailto:https://pubs.acs.org/doi/pdf/10.1021/j100096a001
mailto:https://pubs.acs.org/doi/pdf/10.1021/j100096a001
mailto:https://pubs.acs.org/doi/pdf/10.1021/j100096a001
mailto:https://pubs.acs.org/doi/pdf/10.1021/j100096a001
mailto:https://lab409chem.ccu.edu.tw/var/file/80/1080/img/1707/B95_Becke_JCP_1996.pdf
mailto:https://lab409chem.ccu.edu.tw/var/file/80/1080/img/1707/B95_Becke_JCP_1996.pdf
mailto:https://lab409chem.ccu.edu.tw/var/file/80/1080/img/1707/B95_Becke_JCP_1996.pdf
mailto:https://journals.aps.org/prb/abstract/10.1103/PhysRevB.37.785
mailto:https://journals.aps.org/prb/abstract/10.1103/PhysRevB.37.785
mailto:https://journals.aps.org/prb/abstract/10.1103/PhysRevB.37.785
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.orglett.9b00035
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.orglett.9b00035
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.orglett.9b00035
mailto:https://pubs.acs.org/doi/abs/10.1021/acs.orglett.9b00035
mailto:https://pubs.acs.org/doi/abs/10.1021/jo501906m
mailto:https://pubs.acs.org/doi/abs/10.1021/jo501906m
mailto:https://pubs.acs.org/doi/abs/10.1021/jo501906m
mailto:https://pubs.acs.org/doi/abs/10.1021/jo501906m
mailto:https://pubs.acs.org/doi/abs/10.1021/jo501906m
mailto:https://pubs.acs.org/doi/abs/10.1021/jo501906m
mailto:https://pubs.acs.org/doi/abs/10.1021/jo501906m
mailto:https://pubs.acs.org/doi/abs/10.1021/jo501906m
mailto:https://advanced.onlinelibrary.wiley.com/doi/abs/10.1002/adsc.202100864
mailto:https://advanced.onlinelibrary.wiley.com/doi/abs/10.1002/adsc.202100864
mailto:https://advanced.onlinelibrary.wiley.com/doi/abs/10.1002/adsc.202100864
mailto:https://advanced.onlinelibrary.wiley.com/doi/abs/10.1002/adsc.202100864
mailto:https://advanced.onlinelibrary.wiley.com/doi/abs/10.1002/adsc.202100864
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/qua.26574
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/qua.26574
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/qua.26574
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/qua.26574
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/qua.26574
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/qua.26574
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/qua.26574
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/qua.26574
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/qua.26574
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/qua.26574
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/qua.26574
mailto:https://cir.nii.ac.jp/crid/1970304959953789249
mailto:https://cir.nii.ac.jp/crid/1970304959953789249
mailto:https://cir.nii.ac.jp/crid/1970304959953789249
mailto:https://pubs.acs.org/doi/full/10.1021/cr9904009
mailto:https://pubs.acs.org/doi/full/10.1021/cr9904009
mailto:https://pubs.acs.org/doi/full/10.1021/cr9904009
mailto:https://pubs.acs.org/doi/abs/10.1021/jp810292n
mailto:https://pubs.acs.org/doi/abs/10.1021/jp810292n
mailto:https://pubs.acs.org/doi/abs/10.1021/jp810292n
mailto:https://pubs.acs.org/doi/abs/10.1021/jp810292n
mailto:https://pubs.acs.org/doi/abs/10.1021/jp810292n
mailto:https://pubs.aip.org/aip/jcp/article-abstract/83/2/735/465073
mailto:https://pubs.aip.org/aip/jcp/article-abstract/83/2/735/465073
mailto:https://pubs.acs.org/doi/pdf/10.1021/cr00088a005
mailto:https://pubs.acs.org/doi/pdf/10.1021/cr00088a005
mailto:https://pubs.acs.org/doi/pdf/10.1021/cr00088a005
mailto:https://www.researchgate.net/profile/James-Foresman/publication/243763573_Exploring_Chemistry_with_Electronic_Structure_Methods/links/57193ece08aed8a339e6ffee/Exploring-Chemistry-with-Electronic-Structure-Methods.pdf
mailto:https://www.researchgate.net/profile/James-Foresman/publication/243763573_Exploring_Chemistry_with_Electronic_Structure_Methods/links/57193ece08aed8a339e6ffee/Exploring-Chemistry-with-Electronic-Structure-Methods.pdf
mailto:https://www.researchgate.net/profile/James-Foresman/publication/243763573_Exploring_Chemistry_with_Electronic_Structure_Methods/links/57193ece08aed8a339e6ffee/Exploring-Chemistry-with-Electronic-Structure-Methods.pdf
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/Jcc.22885
mailto:https://onlinelibrary.wiley.com/doi/abs/10.1002/Jcc.22885


J. Surgical Case Reports and Images                                                                                                                                                                                  Copyrights@ Nan Lu, 

Auctores Publishing LLC – Volume 9(3)-304 www.auctoresonline.org  
ISSN: 2690-1897   Page 7 of 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 This work is licensed under Creative    
   Commons Attribution 4.0 License 
 

 

To Submit Your Article Click Here: Submit Manuscript 

 

DOI:10.31579/2690-1897/304

 

 

 

 

 

 

Ready to submit your research? Choose Auctores and benefit from:  
 

➢ fast, convenient online submission 

➢ rigorous peer review by experienced research in your field  

➢ rapid publication on acceptance  

➢ authors retain copyrights 

➢ unique DOI for all articles 

➢ immediate, unrestricted online access 
 

At Auctores, research is always in progress. 

 

Learn more https://auctoresonline.org/journals/journal-of-surgical-case-reports-

and-images 

file:///C:/C/Users/web/AppData/Local/Adobe/InDesign/Version%2010.0/en_US/Caches/InDesign%20ClipboardScrap1.pdf
https://auctoresonline.org/submit-manuscript?e=77
https://auctoresonline.org/journals/journal-of-surgical-case-reports-and-images
https://auctoresonline.org/journals/journal-of-surgical-case-reports-and-images

