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Abstract 

A new, efficient, catalytic difluorocarbenation of olefins to give 1,1-difluorocyclopropanes is presented. The 

catalyst, an organobismuth complex, uses TMSCF3 as a stoichiometric difluorocarbene source. We 

demonstrate both the viability and robustness of this reaction over a wide range of alkenes and alkynes, 

including electron-poor alkenes, to generate the corresponding 1,1-difluorocyclopropanes and 1,1-

difluorocyclopropenes. Ease of catalyst recovery from the reaction mixture is another attractive feature of 

this method. In depth experimental and theoretical studies showed that the key difluorocarbene-generating 

step proceeds through a bismuth non-redox synchronous mechanism generating a highly reactive free CF2 

in an endergonic pre-equilibrium. It is the reversibility when generating the difluorocarbene that accounts 

for the high selectivity, while minimizing CF2-recombination side-reactions. 

Introduction  

Fluorine in organic molecules imparts unique properties such as increased lipophilicity, metabolic stability, 

and permeability resulting in enhanced biologic activity1, 2 essential to pharmaceuticals3 and 

agrochemicals4. 1,1-Difluorocyclopropanes5, 6 are an important subclass of organofluorine compounds  

prepared upon difluorocarbenation (1,1-difluorocyclopropanation) of olefins (Figure 1-A) where the 

cyclopropane rings show enhanced reactivity,5, 6 giving rise to a variety of applications.7, 8  

Difluorocarbenation is a [2+1] cycloaddition that utilizes singlet difluorocarbene,9 a highly reactive species, 

intrinsically electrophilic due to an empty p-orbital. It is typically generated (see references 10, 11 for a more 

detailed overview) by employing either: 1) trifluoromethyl heavy metal complexes LxM-CF3
 (e.g. M = Hg,12, 

13 Cd,14 Sn;15 2) 2,2-difluorocarboxylates;16, 17, 18 or more recently, 3) silicon based reagents like TMS-CF3
19 

and TMS-CF2Br.20 However, each of these methods has disadvantages (e.g. use of toxic heavy metals, 

high cost, etc.), but all have in common an inability to maintain low CF2 concentrations. As a consequence, 

excess reagent (usually 2-7 equiv.) is required due to CF2-recombination leading to the associated 

generation of toxic higher perfluoroalkenes.11 The lack of control of CF2 concentration in the CF3
-
 sources 

is due to promoters/activators acting via salt metathesis with NaI or TBAT yielding high concentration of the 

transient CF3
- anionoid followed by α-F-elimination.11 Thermolysis of difluorocarboxylate reagents face 

similar CF2-concentration issues.17 Moreover, these problems are typically exacerbated in the case of 

electron-poor alkenes that are less efficient CF2 trapping agents. 

Atom-transfer radical polymerization (ATRP)21, 22, 23 also produces highly reactive species (radicals) and 

suggests an excellent solution in that it involves an equilibrium with a heavily favored closed-shell dormant 
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species. As a result, the concentration of free radicals is kept extremely low and undesired radical 

recombination or disproportionation is avoided. Extending this approach to the domain of well-defined 

closed shell chemistry, we envisioned that an endergonic and reversible pre-equilibrium process (Figure 

1-B) could be used to control CF2 concentrations. Notably, Seyferth has described a reversible formation 

of dichlorocarbene from PhHgCCl2Br.24 Moreover, in principle the difluorocarbene reversible generation 

was further demonstrated by Eujen and Hoge who showed that when generated at low temperatures from 

Cd(CF3)2, CF2 can readily insert into Sn-X bonds (X = Cl, F).14 However, it should also be noted that 

Cd(CF3)2 is also an excellent CF3
- source capable of directly alkylating SnBr4.25 

Bismuth-based reagents are an attractive alternative to heavy main group counterparts due to a benign and 

environmentally friendly nature.26 With regard to organofluorination, Kirii has reported that Bi(CF3)3
27 can 

induce alkene difluorocarbenation,28 albeit after activation with aluminum trichloride. More specific to our 

interests is hypervalent bonding, a privileged approach to activate specific groups, typically accomplished 

through a pendant arm in complexes with multidentate ligands activating the substituent located trans to 

the hypervalent bond.29 We hypothesized that hypervalent four-coordinate organobismuth complexes 

would fit this arrangement as in the 5,6,7,12-tetrahydrodibenz[c,f][1,5]azabismocine 1 (Figure 1-A). 

Bismuth complex 1 exhibits a distorted seesaw geometry, first synthesized by Akiba30 and further developed 

by Shimada and Tanaka,31 that was anticipated to assist in releasing CF2 from 1-CF3. Such organobismuth 

complexes with multidentate ligands are resistant to dismutation, an undesirable substituent scrambling 

process.32 Related hypervalent multidentate organobismuth complexes, however operating through BiIII/BiV 

redox processes, were recently employed by Cornella in fluorination,33 and by Ball in arylation reactions34. 
35 Finally, Pd-catalyzed difluorocarbene transfer reactions are reported to furnish fluoroalkylated arenes,36 

but only one system utilizing a cobalt porphyrin catalyst has been claimed to catalytically transfer CF2; 

however, the system needs a high TMSCF3 excess (8 eq.) and NaI activation, yields are low (max. 40%) 

and, curiously, the authors showed the difluorocarbenation only for a single substrate (n-butyl acrylate), 

which raises doubts on the generality of the approach37. 

We present below a highly efficient catalytic process (see Figure 1-A) that combines a robust, nontoxic 

trifluoromethyl bismuth catalyst 1-CF3 with mild and readily available TMSCF3, used for catalyst 

regeneration. The ensuing reaction is highly atom-efficient stemming from an endergonic, but still feasible, 

reversible process producing free CF2 in minute quantities, and thus overcoming the common atom 

economy disadvantages associated with many of difluorocarbenation methods described above. Our 

process provides a recyclable system capable of efficiently converting a wide range of alkene substrates 

into 1,1-difluorocyclopropanes. 
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Figure 1. Development of organobismuth-catalyzed olefin difluorocarbenation. (A) Common stoichiometric 

difluorocarbene sources and the newly developed catalytic Bi-system 12-CF3-6-tBu-5,6,7,12-

tetrahydrodibenz[c,f][1,5]azabismocine (1-CF3). Note: TBAT (tetrabutylammonium difluorotriphenyl-silicate), TBAB 

(tetrabutylammonium bromide), TFDA (trimethylsilyl fluorosulfonyldifluoroacetate). (B) The origin of the selectivity: 

equilibrium between dormant and active states in ATRP and in the presented system. 

Results and Discussion 

Synthesis of organobismuth catalyst 1-CF3. 

Bismuth bromide complex 1-Br31 was treated with CsF and TMSCF3 providing trifluoromethyl 

bismuth complex 1-CF3 in 80% yield (see Figure 2-A). The isolated complex is air and moisture stable but 

decomposes slowly on silica gel. Its structure was confirmed by NMR spectroscopy and elemental analysis. 

Notably, 1H NMR spectroscopy showed a characteristic downfield doublet for the aromatic protons in ortho 

position to bismuth at 8.22 ppm and second order doublets for the diastereotopic protons in the benzylic 

position at 4.24 ppm and 3.87 ppm. 19F NMR spectroscopy showed a singlet at 38.8 ppm, closely matching 

Bi(CF3)3 (singlet, δF = -33.4 ppm).27 The structure of 1-CF3 was resolved by single-crystal X-ray 

crystallography and key structural parameters are presented in Figure 2-A. The Bi-N bond length, 2.691(4) 

Å, falls within the 2.568(3) to 2.896(5) Å range of hypervalent bond lengths previously reported for 

complexes of 1 by Tanaka and Shimada,31 indicating the preserved hypervalent character of 1-CF3. 

Reactivity of 1-CF3. 

To test the envisioned ‘lability’ of the CF3 substituent, we heated 1-CF3 in solution and observed 

slow conversion to 1-F (singlet, δF = -188.70 ppm31), suggesting indeed the loss of difluorocarbene, CF2 

(Figure 2-B). Heating 1-CF3 at 120 °C for 144h in the presence of the CF2 acceptor, trans-stilbene, trans-
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2a, led to formation of a 1,1-difluorocyclopropane (3a, 25% yield, Figure 2-C (run 1), diagnostic triplet at -

134 ppm in the 19F NMR spectrum for the major trans isomer). When 1-CF3 is used in catalytic amounts 

(10%) along with 1.1 equivalents of TMSCF3, product 3a is formed in ≥ 50% yield based on 19F NMR 

spectroscopy (Figure 2-C), in both non-polar and polar solvents (run 2 and 3, for dedicated solvent study 

see SI). Additionally, the formation of by-product TMSF (singlet, δF = -157.1 ppm) and traces of CF3H 

(doublet, δF = -81.5 ppm) originating from hydrolysis with residual water were observed by 19F NMR 

spectroscopy.11 Potentially explosive tetrafluoroethylene and highly toxic higher perfluoroalkenes, common 

side products in NaI-mediated and Si-induced anionic chain difluorocarbenations, were not observed.11 

Interestingly, the catalytic reaction is much faster and reaches higher yields than the stoichiometric reaction 

(Figure 2-C), an effect that will be explained later. 1-F or 1-CF3 can be used as pre-catalyst with virtually 

identical results (run 4). No reactivity was observed in the absence of 1-CF3 or 1-F (run 5). BiF3, a simpler 

inorganic analog of 1-F, is catalytically inactive (run 6). 

 

Figure 2. Development of organobismuth-catalyzed olefin difluorocarbenation. (A) Common stoichiometric 

difluorocarbene sources and the newly developed catalytic Bi-system 12-CF3-6-tBu-5,6,7,12-

tetrahydrodibenz[c,f][1,5]azabismocine (1-CF3). Note: TBAT (tetrabutylammonium difluorotriphenyl-silicate), TBAB 

(tetrabutylammonium bromide), TFDA (trimethylsilyl fluorosulfonyldifluoroacetate). (B) The origin of the selectivity: 

equilibrium between dormant and active states in ATRP and in the presented system. (C) Synthesis and X-ray structure 

of 1-CF3. C atoms grey, F atoms yellow, N atom blue, Bi atom purple. H atoms removed for clarity. Thermal ellipsoids 

at 30%. Metric parameters in Å or °. (D) Loss of CF2 from 1-CF3, (E) Stoichiometric and catalytic difluorocarbenation of 

trans-stilbene trans-2a with 1-CF3.  

Optimization, scope and recyclability of the catalytic reaction. 

Toluene was selected as solvent for the substrate screening due to the ease of isolation of the catalyst from 

the reaction mixture. Improved and more consistent yields are observed when the amount of TMSCF3 is 

increased to 1.2 equivalents, likely due to scavenging of residual water.11 The 1-CF3 based catalytic system 

proved to be both robust and efficient as demonstrated by synthesis of monosubstituted (3b), disubstituted 
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(3a, 3c-j, 3l-n, 3q-r), trisubstituted (3s), bicyclic (3l, 3m, 3s) 1,1-difluorocyclopropanes and disubstituted 

(3o) and monosubstituted (3p) 1,1-difluorocyclopropenes (Figure 3-A). Electron-deficient alkenes are in 

general challenging substrates for difluorocarbenations due to an electrophilic nature of the reaction. In our 

reaction, the overall yields of electron-poor substrates were not affected; however, the reaction rates were 

significantly reduced, e.g. electron-rich product 3g formed ~4 times faster than electron-poor product 3e 

(vide infra, Hammett study). Notably, the most reactive substrate was oct-1-ene 2k which was fully 

converted after 18h and the least reactive (the most electron-deficient) substrate was ethyl-cinnamate 2n, 

which afforded 95% yield of 3n after 5 days.  

Functional groups like ethers, chlorines, trifluoromethyl groups, and esters were well tolerated, providing 

82-99% isolated yields. For ease of isolation, the reactions affording volatile products 3k, 3l, 3m, 3q, 3r and 

3s were run in THF. However, the isolated yields were lower (22-77%), despite quantitative 19F NMR yields 

based on C6H5F used as an internal standard (see SI). 

The reaction proved to be stereospecific, preserving the configuration of the starting trans-β-methylstyrenes 

(products 3i, 3j and 3n) and cis- and trans-oct-4-ene (products 3q and 3r, respectively). Only cis- and trans-

stilbene, afforded virtually the same mixture of cis and trans-stereoisomers (3a) in 1:10 ratio, respectively. 

A similar observation was reported by Guo-Zhen for reaction with difluorocarbene generated from the 

Seyferth reagent (PhHgCF3),38 which was attributed to a radical rearrangement process. In addition, a 

rearrangement through proposed diradical intermediate was observed in structurally related 1,1-difluoro-

vinylcyclopropanes.39  

Moreover, we were able to recover 45-96% of 1-CF3 from the reaction mixture along with traces of 1-F. For 

more polar products (3d, 3e, 3g, 3j, 3n), less 1-CF3 was recovered, likely due to an increased solubility of 

1-CF3 in the n-hexane/product mixture. In a consecutive three-run experiment under optimized reaction 

conditions with catalyst isolation (Figure 3-B); good yields (70-84%) and catalyst recovery (91-97%) were 

observed for cis-cyclooctene 2l. 
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Figure 3. Synthetic utility. (A) Reaction scope. (B) Catalyst recovery over three runs. 

Mechanistic Studies. 

Several pathways for the CF2 transfer were considered. High yields, lack of oligomeric or polymeric 

side products in difluorocarbenation of styrene (3c, vide supra), stereoselectivity (reaction scope, vide 

supra) and insensitivity to addition of the radical trap BHT (see SI) speak strongly against a radical 

mechanism, as described by Wu in a related system.40 The reaction conditions (i.e. high temperature and 

long reaction times) and reagent stoichiometry (1.2-fold excess) are distinctively different from NaI-

promoted or silicon-induced anionic chain mechanism, recently deconvoluted by Lloyd-Jones,11 operating 

through trifluoromethyl anionoid forming difluorocarbene by an α-elimination process. Moreover, in a 

competitive experiment with 4-fluorobenzaldehyde 4, selective reaction with the alkene 2h is observed. 

Lloyd-Jones observed an elevated amount of the corresponding alcohol 5 indicating a reaction with free 

trifluoromethyl anionoid (Figure 4-A). 

Exclusion of the aforementioned reaction pathways leaves three possible options: reversible or irreversible 

CF2 generation, followed by CF2 addition (Figure 4-B a. and b., respectively), or difluorocarbene transfer 

in a single step mechanism operational in CH2 transfers of metal carbenoids41 (Figure 4-B c.).  

 

Figure 4. Investigation of CF2 formation step.  (A) Competition experiment with 4-fluoro-α-methyl-styrene/4-

fluorobenzaldehyde. (B) Possible difluorocarbenation pathways. 

a. DFT study. 

To better understand the mechanism, we performed DFT studies on the TPSSh/TZ(PCM)// 

TPSSh/DZ level of theory. 1-CF3 has an asymmetric CF3 unit, as evidenced by three different C-F bond 

lengths. One Bi-C-F angle deviates significantly from the tetrahedral angle of 109.5°. Asymmetry is well 

reproduced in the calculations (see Figure 5-B).  
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Figure 5. DFT Study. (A) Potential energy surface for the formation of 1-F(CF2) (black traces) and the 

difluorocarbenation pathways via 1-F(CF2) (burgundy traces) and free CF2 (blue traces) for two archetypical alkenes: 

ethene (C2H4) and trans-2-butene (C4H8) Gibbs free energies, T = 393K. Only ethene DFC TS structures shown for 

simplicity. (B) Key metric parameters for 1-CF3 and 1-F (crystal structure vs. DFT values). (C) Key metric parameters 

for the TS for difluorocarbenation of ethene via the free carbene pathway and the 1-F(CF2) pathway. (D) HOMO (-6.07 
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eV) and LUMO (-1.40 eV) of 1-F(CF2), showing significant delocalization over the Bi-F and CF2 fragments. Isovalue 

0.03. (E) Trends in Bond dissociation enthalpies (BDH) and the relative stabilization of 1-F over 1-CF3. (F) α-F 

elimination TS lowering from Bi(CF3)3 to 1-CF3. 

1-CF3 can, via an energetically relatively low lying α-F elimination transition state (TS[1-F(CF2)], ΔG‡
393K = 

29.7 kcal/mol, see Figure 5-A) with minimal charge separation (qCF2 = 0.112 e-), form 1-F(CF2). This barrier 

is significantly lower than the 34.2 kcal/mol predicted for α-F elimination from Bi(CF3)3. HOMO and LUMO 

of 1-F(CF2) are delocalized over the 1-F and CF2 fragment (see Figure 5-D). Wiberg bond indices (WBI) 

for the Bi-CCF2 (0.104) and the C-FBiF bond (0.212) indicate some interaction of 1-F with the carbene 

fragment. Additionally, the Bi-F bond (WBI: 0.307 vs 0.420 in 1-F) is not yet fully formed. Nonetheless, CF2 

is only weakly bound and the calculated bond dissociation energy of CF2 in 1-F(CF2) is only 3.2 kcal/mol.  

Re-insertion of CF2 into the Bi-F bond of 1-F has a very low barrier (2.2 kcal/mol) from 1-F(CF2). Release 

of CF2 from 1-F(CF2) is exergonic (-7.1 kcal/mol). Overall, formation of 1-F and free CF2 carbene is 

reversible (re-insertion barrier 9.3 kcal/mol) and endergonic by 20.4 kcal/mol. The concentration of free 

carbene in reactions catalyzed by 1-CF3 should always be vanishingly small, making the formation of larger 

amounts of tetrafluoroethylene, cyclo-C3F6 or higher perfluoroalkenes as side products unlikely.  

Difluorocarbenation barriers from CF2 and 1-F(CF2) were analyzed for two archetypical alkenes: ethene 

and trans-2-butene and can proceed via two different pathways, with participation of 1-F or without via a 

free carbene pathway. More electron-rich alkenes like trans-2-butene show lower activation barriers via 

both pathways. The 1-F(CF2) pathway offers some enthalpic stabilization (≈ -2.5 kcal/mol). However, the 

entropy contribution in the TS[1-F(CF2)-alkene] stemming from the 2→1 particle penalty forming the TS 

from alkene and 1-F(CF2), outweighs this stabilization. In the free CF2 pathway this penalty is compensated 

for by the dissociation of 1-F (i.e. 1-CF3 + alkene vs 1-F + TS[CF2-alkene]). Overall, difluorocarbenation 

barriers via the preferred free CF2 pathway amount to 11-14 kcal/mol from free CF2 and to 31-35 kcal/mol 

when the 1-CF3/(1F + free CF2) equilibrium is accounted for. The latter agrees nicely with the experiments, 

which require prolonged heating at high temperatures.  

Difluorocarbenation TS (TS[1F(CF2)-C2H4] and TS[CF2-C2H4]) geometries via both pathways are very 

early, as evidenced by the long CCF2-Cethene distances (>1.88 Å) and only slightly elongated C=C bond 

length (1.38 Å), both with and without the presence of 1-F (see Figure 5-A and C). The C-BiBiF distance is 

only slightly elongated in the TS compared to 1-F(CF2). Both pathways involve minimal charge separation 

(qCF2(ethene) = 0.076 e-). The free carbene pathway prevails for 1-CF3. Nonetheless, the α-F elimination 

TS[1F(CF2)] to form 1-F(CF2) is energetically and geometrically late, while the difluorocarbenation 

TS[1F(CF2)-C2H4] is energetically and geometrically early. Therefore, stabilizing 1-F(CF2) via variation of 

the ligand framework should lower both the elimination TS as well as the difluorocarbenation TS according 

to the Hammond postulate and could eventually lower the Bi-stabilized pathway below the free carbene 

one.42  

For trans-2-butene, the α-F elimination TS[1F(CF2)] and the difluorocarbenation TS[1F(CF2)-C4H8] have 

nearly identical Gibbs free energies (with 1.4 kcal/mol). Whether the difluorocarbenation is zero order with 

respect to the reactant thus depends on the substrate. For more electron rich substrates, CF2 elimination 

could become rate limiting while for less electron rich substrates difluorocarbenation should be rate limiting. 

The barrier is then composed of two parts, a pre-equilibrium leading to free carbene and the actual 

difluorocarbenation barrier. Therefore, DFT supports the reversible two-step difluorocarbenation (Figure 4-

B a.). 

b. Understanding the ease of CF2 generation from 1-CF3 

As mentioned in the introduction, we assumed at the onset of this project that the hypervalent 

framework of 1-CF3 would weaken the Bi-CF3 bond in comparison to Bi(CF3)3, thus enabling easier CF2 
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release. While the bond order of the Bi-C bond in 1-CF3 is indeed lower than in Bi(CF3)3 (0.694 vs 0.800 as 

judged by the WBI), consistent with a 3c-4e bonding model,29 the Bi-CCF3 bond in 1-CF3 is actually much 

stronger (homolytic bond dissociation enthalpy, BDH, 55.0 vs 46.5 kcal/mol, ΔBDH = 8.5 kcal/mol, Figure 5-

E). Similarly, the Bi-F BDH increases from 96.8 to 111.6 kcal/mol, ΔBDH = 14.8 kcal/mol. However, as 

envisioned, the CNC framework decreases the endergonicity of the CF2 release from 26.3 to 20.4 kcal/mol 

at 393K. This can be understood as a result of stabilizing the Bi-F bond relative to the Bi-CF3 bond. More 

importantly, as mentioned earlier, the α-F elimination TS is late, both in Bi(CF3)3 as well as in 1-CF3 and 

stabilizing the product (1-F over Bi(CF3)2-F) therefore lowers the TS to a similar degree (Hammond 

postulate, see also Figure 5-F). The ease of CF2 generation, at least in the present case, can therefore be 

fully attributed to a selective stabilization of the α-F elimination product 1-F, not to an inherent destabilization 

of 1-CF3.   

c. Mechanistic experiments 

To support the reversible CF2 generation and to unambiguously demonstrate that 1-CF3 is not formed by 

CF3 transmetalation, we selected difluoromethylene phosphobetaine 618 containing a difluorocarbene 

fragment and not a CF3 moiety. Indeed, heating of 1-F in presence of 6 afforded 1-CF3 in 88% isolated yield 

(Figure 6-A). In addition, we decided to compare kinetic profiles of the stoichiometric reaction of 1-CF3 with 

p-methoxy-α-methylstyrene 2g in the presence and absence of 1-F (Figure 6-B). 1-F addition slows the 

reaction significantly, indicating that 1-F retards the reversible preequilibrium CF2 formation, corroborating 

the experiment above. This is also consistent with our earlier observation that the CF2 transfer occurred 

faster under catalytic compared to stoichiometric conditions (Figure 2-B and C), since in the former 1-F is 

removed from the equilibrium accelerating the addition (Le Chatelier’s principle).  

Next, we decided to study the catalyst regeneration through trifluoromethylation of 1-F in the model reaction 

shown in Figure 6-C. Transmetalation from silicon to bismuth was previously reported,43 and is fast. 1-F, 

when treated with TMSCF3 reached 83% isolated yield of 1-CF3 even at ambient temperature after 4d  

The insensitivity to solvent variation and the DFT study are indicative of a concerted mechanism rather than 

an ionic one. To support this, a Hammett study was conducted (Figure 6-D). We selected para-substituted 

α-methylstyrenes (2d, 2e, 2f, 2g and 2h) with the parent α-methylstyrene 2c serving as reference and used 

the ratio of products instead of the relative rates kx/kH due to the irreversibility of the reaction. A good fit with 

σ+ rather than with σ values was observed, with the ρ value to be -0.47. This is close to values obtained for 

difluorocarbene additions generated from TMSCF3 (TBAT, rt, ρ = -0.64, plotted against σ+) and 

difluoromethylene phosphobetaine 6 (65 °C, ρ = -0.57, plotted against σ+).11 Corroborating the DFT results, 

the Hammett study thus indicates a relatively small charge separation in the TS of the rate determining 

step, consistent with the difluorocarbene addition mechanism. 

Catalytic Cycle. 

In summary, we propose a reaction mechanism where 1-CF3 reversibly forms difluorocarbene and 

1-F. Free difluorocarbene reacts with alkenes yielding 1,1-difluorocyclopropane products and 1-F. 1-F is 

then trifluoromethylated by TMSCF3 producing TMSF and regenerating 1-CF3 through a pentacoordinated 

silicon intermediate44, thus completing the catalytic cycle (Figure 6-E). The catalyst acts as controlled CF2 

reservoir effectively keeping the concentration of free CF2 exceedingly low, eliminating the formation of 

potentially explosive tetrafluoroethylene, or highly toxic perfluoroalkenes by bimolecular pathways. The 

stabilizing role of pre-equilibria in the chemistry of highly reactive intermediates, e.g. radicals, has for 

example also been noted for ATRP polymerization, but also for well-defined closed-shell species, e.g. in 

hydrodefluorination using highly reactive Cp2Ti-H.45 

 



11 
 

  

Figure 6. (A) Difluorocarbenation of 1-F with difluoromethylene phosphobetaine 6. (B) Kinetic profiles for 

difluorocarbenation with (red trace) addition of 1-F and without (blue). (C) Transmetallation of 1-F. (D) Hammett study 

of para-substituted α-methylstyrenes. R = CF3, Cl, H, Me, OMe, F. (E) Proposed catalytic cycle. 

Conclusion 

Hypervalent trifluoromethyl bismuth complex 1-CF3 catalyzes the formation of 1,1-difluorocyclopropanes 

with excellent efficiency, promising improved synthetic access to medicinally relevant targets. Additional 

advantages of our system include TMSCF3 as the stoichiometric source of difluorocarbene, high 

recyclability of the catalyst, stereospecificity, and overall robustness. Experiments and DFT studies indicate 

a reversible formation of difluorocarbene where 1-CF3 acts catalytically to release small quantities of the 

highly reactive CF2 species, thus explaining the high efficiency. Finally, we argue that the data support our 

assertion that CF2 is the actual species that reacts with alkene substrates. We are currently exploring the 
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effects of ligand variation on the 1-CF3/CF2 equilibrium, in efforts to lower the reaction temperature and 

reduce the reaction times. 

Methods 

Representative procedure for alkene difluorocarbenation. 

Under nitrogen atmosphere, 1-CF3 (0.262g, 0.5mmol) was suspended in 2.5ml toluene. To this suspension 

was added fluorobenzene (0.471ml 5mmol) as internal standard, and then trans-stilbene trans-2a (0.901g, 

5 mmol). Lastly, TMS-CF3 (0.812ml, 5.5 mmol) was added to the Schlenk bomb. The reaction was heated 

to 120 °C until the disappearance of starting material was observed by 1H NMR spectroscopy, about 40 

hours. The reaction was cooled to room temperature, solvent was removed in vacuo, and the product trans-

1,1-difluoro-2,3-diphenylcyclopropane, 3a, was extracted with hexanes and filtered to afford 1.08g 

(94%) 3a, with 0.229g (87% mass recovery) of the 1-CF3 catalyst. 

DFT study. 

All geometries were fully optimized by using the Gaussian 16 software package46 in combination with an 

external optimizer (PQS, OPTIMIZE routine of Baker47-48) and the BOpt software package.49 Following the 

protocol proposed in ref. 50, all relevant minima and transition states were fully optimized at the TPSSh 

level51 of theory employing correlation-consistent polarized valence double-ζ Dunning (DZ) basis sets with 

cc-pVDZ quality52, 53 from the basis set exchange library,54 using a small core pseudo-potential on Bi. The 

density fitting approximation (Resolution of Identity, RI)55, 56, 57, 58 was used at the optimization stage and for 

single-point energy corrections. All calculations were performed at the standard Gaussian16 SCF 

convergence using an ultrafine grid [Scf=Tight and Int(Grid=ultrafine)]. The nature of each stationary point 

was checked with an analytical second-derivative calculation (no imaginary frequency for minima, exactly 

one imaginary frequency for transition states, corresponding to the reaction coordinate). The accuracy of 

the TS was confirmed with IRC scans. Transition states were located using a suitable guess and the Berny 

algorithm (Opt=TS)59 or a relaxed potential energy scan to arrive at a suitable transition-state guess, 

followed by full optimization. 

Final single-point energies were calculated at the TPSSh level of theory60 employing triple-ζ Dunning (TZ) 

basis sets (cc-pVTZ quality).52 Grimme dispersion corrections without damping (keyword -zero) were added 

at this stage using the standalone dftd3 program.61, 62 Solvent effects (toluene, ε = 2.3741) were included 

with the polarizable continuum model approach (PCM).63 Enthalpies and Gibbs free energies were then 

obtained from TZ single-point energies and thermal corrections from the TPSSh/cc-pVDZ-(PP) vibrational 

analyses; entropy corrections were scaled by a factor of 0.67 to account for decreased entropy in the 

condensed phase.64, 65, 66 NBO 3.1 was used for NBO analysis.67 Optimization in solvent and inclusion of 

dispersion corrections (via B97D functional) was tested and found to give essentially identical results.  
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