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The discovery and development of chemical reactions have 
been primarily led by empirical and intuitive investigations, 
in which huge numbers of experiments are often required to 

obtain prospective results, including serendipitous findings1,2. To 
avoid such a high volume of experiments, a technology for predict-
ing the results of chemical reactions would be particularly desirable 
in the realm of methodology development. In this context, a variety 
of strategies have been reported using experimental or chemoinfor-
matic techniques such as high-throughput experimental methods 
or machine learning, enabling the discovery of new reactions or 
catalysts3,4. However, these methods still require large numbers of 
experiments or the collection of data.

Over the years, computational chemistry has become essen-
tial for analysing the structure and properties of molecules5. In 
organic chemistry, quantum chemical calculations play an impor-
tant role in obtaining mechanistic insight into chemical reactions. 
Substantial progress has been made in computational methods, 
as well as in computing power, allowing for deep understand-
ing of chemical reactivities and selectivities, but less progress has 
been made in reaction design or prediction, in which all conceiv-
able reaction pathways starting from the input molecules must be 
considered6–10. In this context, we have developed the artificial force 
induced reaction (AFIR) method, which leverages an artificial force 
on the input molecules to induce molecular transformations dur-
ing the calculations to explore all of the theoretically possible reac-
tion pathways11,12. This method is potentially applicable not only for 
mechanistic studies of known chemical reactions, but also for pre-
dictions of reactions in which the products or pathways are uncer-
tain. As an example of the latter, we recently reported a synthetic 
method for α,α-difluoroglycine derivatives that was discovered 
using computational retrosynthetic disconnection and a subsequent 
search for the reaction pathways to the possible products (which 
included not only the target molecule but also the other possible 

side products) using the AFIR method13,14. The computationally 
proposed multicomponent reaction of amines, difluorocarbene and 
CO2 towards the target compound was then successfully demon-
strated experimentally.

Difluorocarbene—which contains only three atoms, but is poten-
tially reactive towards both nucleophiles and electrophiles due to its 
singlet carbene character—is valuable in synthetic and medicinal 
chemistry for the incorporation of the difluoromethylene group into 
organic compounds to alter their biological properties15. Its small 
size makes it particularly suitable for AFIR calculations, enabling a 
smooth computational process, which inspired us to envision that 
the AFIR method could be leveraged for computational design of 
unexplored reactions with difluorocarbene. Here we demonstrate in 
silico combinatorial screening using the AFIR method, which pre-
dicts multicomponent cycloadditions with difluorocarbene, leading 
to the discovery of diverse N-difluoroalkylative dearomatization 
reactions of pyridines to afford α,α-difluorinated N-heterocyclic 
compounds that have previously been difficult to access.

Results and discussion
In silico reaction screening. We used the AFIR method to explore 
and identify multicomponent reactions with difluorocarbene and 
pairs of fragments that bear unsaturated bonds. The strategy is out-
lined in Fig. 1, and involved four processes that were performed 
sequentially: (1) setting the substrate combinations and calculation 
conditions for the combinatorial searches; (2) a computational reac-
tion simulation of each multicomponent reaction using the single 
component-artificial force induced reaction (SC-AFIR) method, 
which generates the reaction path network—including equilibrium 
structures and transition states for conformational changes, as well 
as bond-forming or -cleaving reactions—by iterative exploration 
of reaction pathways from input molecules and generated equi-
librium structures. The yield of each product is estimated using 
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the rate constant matrix contraction (RCMC) method, which is a 
kinetics-based simulation in the generated reaction path network 
under the designated reaction time and temperature16; (3) evalua-
tion of the calculated results obtained as a reaction path network 
that includes reaction pathways to all possible products with the 
associated computational yields; and (4) implementation of experi-
ments with available substrates having comparable reactivity with 
those used in the combinational search to realize the predicted reac-
tion mode. To achieve the combinatorial screening in a practical 
calculation time, we used formaldehyde, methanimine, ethylene 
and acetylene as representative components bearing C=O, C=N, 
C=C or C≡C bonds, as they are the simplest compounds of these 
types that exhibit the inherent nucleo- or electrophilicity of these 
functionalities, thus enabling more efficient calculations compared 
with using larger compounds alongside these unsaturated bonds.

The calculations to search for the reaction pathways from each 
input component were performed in a pairwise manner with difluo-
rocarbene using the SC-AFIR method at the ωB97X-D/LanL2DZ 
level of theory with the CPCM(THF) solvation model17–20. In each 
calculation, 200 random Cartesian coordinates of the initial struc-
tures were generated automatically to avoid dependence of the cal-
culation results on the initial structure. The theoretically possible 
reaction pathways that could proceed within 1 s were explored 
under kinetics-based navigation by the RCMC method.

After the automatic calculations for all pairs of unsaturated 
bonds with difluorocarbene were performed in the GRRM pro-
gram, the comprehensive reaction path networks—which include 
all possible reaction intermediates, products and reaction path-
ways, as well as each energy diagram—were obtained (Figs. 2 and 
3). At all of the discrete path points along all obtained pathways, 
single-point energy calculations were performed at the ωB97X-D/
Def2-SVP/CPCM(THF) level of theory21. The computational yields 
of all of the predicted products in the reaction path network were 
obtained by simulation of the product propagation from the initial 
components using the RCMC method at reaction temperatures of 
200 K, 300 K and 400 K, and a reaction time of 1 s16. The results indi-
cated that seven reactions can be expected to preferentially form the 
five-membered difluorinated structures A1–7; α,α-difluorinated 
N-heterocycles A1–4 were probably obtained from the formation 
of azomethine ylide by methanimine and difluorocarbene, fol-
lowed by a cycloaddition with the remaining component, whereas 
α,α-difluorinated O-heterocycles A5–7 potentially formed via a 

concerted three-component cycloaddition. The formation of the 
analogous cyclic products B8, E9 and C10 derived from ethylene 
and/or acetylene was also suggested, but their computational yields 
are expected to be low and the pathways to three-membered motifs 
A8–10 were assumed to be the major products in each reaction.

Reaction design and realization. Encouraged by the computa-
tional results that predicted the multicomponent cycloadditions 
with difluorocarbene shown in Figs. 2 and 3, we considered the 
reaction conditions to realize them experimentally. In particular, 
among the ten simulated reactions, four out of the seven reactions 
expected to furnish major products involve imines leading to α,α-
difluorinated N-heterocyclic compounds, which would be valuable 
as drug candidates as fluorinated structures often have an influence 
on the pharmacological activity by improving metabolic stability, 
protein-binding ability and permeability23. Although N-heterocycles 
that bear two fluorine atoms at the β- and γ-positions are preva-
lent in pharmaceuticals such as the DPP-4 (dipeptidyl peptidase) 
inhibitors gosogliptin or gemigliptin (Fig. 4a), the analogous α,α-
difluorinated N-heterocyclic motif has not been used for these 
applications, presumably due to the lack of synthetic methods24–35. 
In this context, we sought to realize the multicomponent reac-
tion of a C=N bond, a C=O bond and a difluorocarbene to afford 
N-α,α-difluorooxazolidines A1 (Fig. 4b). The classical approach to 
prepare the structures is the electrochemical oxidative fluorination 
of organic compounds such as oxazolidines, where unselective fluo-
rination proceeds, leading to perfluorinated products24,25. However, 
despite the substantial progress in methods using difluorocarbene, 
there have been only two reports on the preparation of isolable 
α,α-difluorinated N-heterocycles via multicomponent cycloaddi-
tions with difluorocarbene; these reactions require a stoichiometric 
amount of toxic lead for the reduction of dibromodifluorometh-
ane to generate difluorocarbene, and the substrate scope is quite 
narrow, with only five examples using specific ketimines, ketones 
and fumaronitrile under ultrasonic irradiation36,37. To develop a 
practical multicomponent reaction with a broad substrate scope, 
we chose reaction conditions using less toxic reagents for the gen-
eration of difluorocarbene and explored two substrates that were 
suitable for the predicted reaction mode shown in Fig. 4b. To this 
end, we used 1a and 1b as imine sources (which have been widely 
employed as typical substrates in organic synthesis), and benzal-
dehyde 3a or acetophenone 3b as carbonyl electrophiles (Fig. 4c). 
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Fig. 1 | In silico reaction design with difluorocarbene using the AFIR method. The strategy for computational screening to identify unexplored 
multicomponent reactions of a pair of unsaturated organic compounds with difluorocarbene is shown. Each reaction is simulated computationally by 
quantum chemical calculations using the AFIR method. After all of the reactions are calculated, the results are obtained as a reaction path network, which 
includes the estimated products, each reaction mechanism with the energy barrier (ΔG‡), and the computational yields. The valuable multicomponent 
reactions among these networks are investigated experimentally with available organic substrates to realize the computationally predicted reaction modes.
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Bromo(trimethylsilyl)difluoromethane (Me3SiCF2Br) and tetra-
butylammonium difluorotriphenylsilicate (Ph3SiF2·NBu4)—which 
have been proven to be effective for the multicomponent reaction 
of tert-amines, difluorocarbene and CO2—were used to generate 

difluorocarbene in situ13,14. However, the reactions using 1a and 1b 
did not provide the desired cyclic products when using benzalde-
hyde 3a. To clarify the reason for this failure, we investigated the 
barriers of the desired cycloaddition pathways by optimizing the 
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transition-state geometries using the ωB97X-D functional and the 
Def2-SVP basis set with the CPCM(THF) solvation model, reveal-
ing values of 6.5 kcal mol−1 (1a) and 4.2 kcal mol−1 (1b) for the for-
mation of the iminium ylide. Although these values are relatively 
small, the barrier for the undesired dimerization of two molecules 
of difluorocarbene to generate tetrafluoroethylene is 1 kcal mol–1, 
and this reaction would therefore preferentially take place in the 
presence of these imines38,39. We therefore investigated the barrier of 
ylide formation with other available nitrogen nucleophiles to find a 

suitable substrate. Pyridines 2a and 2b, which bear a more nucleo-
philic nitrogen atom on their structures than those of the imines, 
exhibited low barriers (1.0 and 1.3 kcal mol−1, respectively) that are 
comparable to that of difluorocarbene dimerization. Encouraged 
by these calculations and by previous reports using pyridines and 
difluorocarbene40,41, we conducted the reaction with 2a, which 
resulted in an N-difluoroalkylative cycloaddition that involves the 
dearomatization of the pyridine skeleton to provide the desired fluo-
rinated heterocyclic compound in 70% yield in the crude mixture42. 
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However, despite intensive attempts, the product could not be iso-
lated, presumably due to the elimination of the fluoride assisted by 
the nitrogen atom, which would trigger its further decomposition. 
On the other hand, the reaction with 2b, which bears two electron-
withdrawing ester groups, successfully afforded the isolable product 
4 in 75% isolated yield. Moreover, we could also demonstrate the 
reaction with acetophenone 3b to give the desired product 5, which 
bears a quaternary carbon centre, in 51% yield. These reactions 
provided the products in both endo- and exo forms, with nuclear 
Overhauser effect (NOE) analyses showing that the major compo-
nents in both cases were the endo-products.

Scope of the N-difluoroalkylative dearomative cycloaddition. 
With these promising results in hand, we explored the scope of the 
N-difluoroalkylative dearomative cycloadditions. As demonstrated 
in Table 1, a broad range of aldehydes, ketones and pyridines under-
went the three-component cycloaddition reaction. The reaction of 
aromatic aldehydes including heterocycles proceeded smoothly to 
give the dearomative products in synthetically useful yields (6–11). 
Alkenyl and enolizable aliphatic aldehydes were also employed to 
afford the desired cyclic products (12–16). Even sterically hindered 
pivalaldehyde could react to provide 17. Moreover, a variety of 
ketones that are less electrophilic than aldehydes can also serve as 
the coupling partner for the cycloaddition to deliver the correspond-
ing products bearing quaternary carbon stereocentres (18–21).  
The pyridine scope was also investigated with i-butyraldehyde  

as the coupling partner. A series of bioactive nicotine derivatives 
underwent the cycloaddition, and substrates with a variety of func-
tionalities such as ester, nitro, nitrile, ketone, amide, bromide and 
boronic ester groups are well tolerated (22–35). The cycloadditions 
proceeded preferentially at the less-hindered carbon atom adjacent 
to the nitrogen atom on the pyridine substrates. Notably, the reac-
tion could also be applied on the gram scale to a bioactive com-
pound with a complex scaffold (namely, tocopherol nicotinate) to 
afford dearomatized product 35 in 89% yield.

We further explored the pyridinium ylide-mediated cycloaddi-
tions with other coupling partners (Fig. 5) suggested by the AFIR 
search (Figs. 2 and 3). The reaction of two methanimines and 
difluorocarbene gave fluorinated cyclic product A2 in the simula-
tions. After an investigation to determine suitable reactants and 
their protecting groups, we found that N-Boc-protected imines are 
suitable for the proposed cycloaddition to provide the difluorinated 
products (36–39); the major components were confirmed to be 
endo-isomers as well as the products from aldehydes or ketones via 
NOE analysis of 39. The multicomponent cycloaddition of metha-
nimine, difluorocarbene and ethylene as an alkene source (which 
was predicted to generate cyclic product A3 in the AFIR search) was 
realized using alkenes such as acrylonitrile or methyl methacrylate 
derivatives, affording dihydroindolizine products (40–48) bear-
ing quaternary carbon stereocentres. On the other hand, although 
the kinetics simulation based on the reaction path network pro-
posed that similar cycloadditions with acetylene would proceed to  
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product from pyridine 2a was measured using 19F NMR spectroscopic analysis with benzotrifluoride as the internal standard. bIsolated yields are shown. 
The ratios of endo- to exo-isomers were measured using 1H NMR spectroscopic analysis; Boc, tert-butoxycarbonyl; THF, tetrahydrofuran; NOE, nuclear 
Overhauser effect.
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Table. 1 | Scope of the N-difluoroalkylative dearomatization with aldehydes, ketones and pyridines
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The reactions were performed with 0.30 mmol or 0.50 mmol of pyridine substrates, carbonyl compounds (2 equiv.), Me3SiCF2Br (1.1 equiv.), Ph3SiF2∙NBu4 (1.1 equiv.) and THF at 0 °C for 2 h. Isolated yields 
are given in all cases. The ratios of endo- to exo-isomers were measured using 1H NMR. The regioisomers of 24–32 and 35 were also obtained as minor components, and combined yields are shown. The 
ratios of regioisomers were determined using 1H NMR. The structures of endo-11 and endo-33 were determined by single-crystal X-ray diffraction analysis. aThe reaction was performed with 1,4-diphenyl-2-
butyne-1,4-dione (5 equiv.) at −40 °C for 2 h. Bn, benzyl; Ac, acetyl; B(pin), bis(pinacolato)diboron.
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Fig. 5 | Scope of the N-difluoroalkylative dearomatization with imines, alkenes and alkynes. a, Reaction realization and scope of imines based on the 
AFIR prediction for the reaction of two molecules of methanimine and difluorocarbene. b, Reaction realization and scope of alkenes based on the AFIR 
prediction for the reaction of methanimine, ethylene and difluorocarbene. c, Reaction realization and scope of alkynes based on the AFIR prediction for the 
reaction of methanimine, acetylene, and difluorocarbene. Reactions were performed under the conditions shown in each section. Isolated yields are given 
in all cases. The ratios of endo- to exo-isomers were measured using 1H NMR spectroscopic analysis, and the endo-form of 41 was confirmed using NOE 
analysis. n.d., not detected.
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generate the corresponding cyclic product A4, the competitive 
alkylative difluoromethylation of the C=N bond to give the corre-
sponding linear product B4 was also predicted. The reaction with 
methyl propionate provided both cyclic product 49 and difunction-
alized product 50; 49 would be formed through the predicted cyclo-
addition and subsequent elimination of hydrogen fluoride. Based 
on the fact that the formation of 50 was proposed to occur through 
the deprotonation of the terminal alkyne, we attempted the reac-
tions using a dimethyl or diethyl acetylenedicarboxylate, which bear 
two substituents on the alkyne moiety. Gratifyingly, the reactions 
proceeded smoothly to provide products 51 and 52 in 51% and 68% 
yield, respectively. The solid-state structures of products 40 and 51, 
which are derived from the alkene and alkyne, were determined via 
single-crystal X-ray diffraction analysis. As described above, com-
putational predictions based on an AFIR search are able to provide 
potential reaction modes that can guide the development of the 
diverse N-difluoroalkylative dearomatization.

Cycloadditions toward α,α-difluorinated O-heterocycles. 
Although the computationally predicted cycloaddition via the azo-
methine ylide intermediates resulted in diverse dearomative cyclo-
additions with pyridines, we also considered the application of the 
cycloaddition to give α,α-difluorinated O-heterocyclic compounds 
A5–7 (Figs. 2 and 3). The computational results suggested that the 
multicomponent reactions of two formaldehydes and difluorocar-
bene would proceed via concerted multicomponent cycloadditions 
to form A5 (ΔG‡ = 2.2 kcal mol−1), whereas the energy barriers for 
the similar cycloadditions to generate A6 and A7 were 6.7 kcal mol−1 
and 8.3 kcal mol−1, respectively (Fig. 6). As the energy barrier of the 
dimerization of difluorocarbenes (1 kcal mol−1; Fig. 4c) was lower 
than that of the latter two reactions, we attempted to perform the 
reaction to experimentally provide the structural motif of A5 using 
available carbonyl compounds and difluorocarbene. After intensive 
attempts, however, we unable to obtain the desired difluorinated 
O-heterocycles using representative carbonyl compounds such 
as benzaldehyde or acetone. To further investigate these results, 
we conducted additional calculations to evaluate these barriers 
by optimizing the transition-state geometries using the ωB97X-D 
functional and the Def2-SVP basis set with the CPCM(THF) sol-
vation model. The calculated ΔG‡ values (3a, 19.1 kcal mol−1; 3c, 
13.5 kcal mol−1) were much higher than that for the dimerization of 
difluorocarbene to generate tetrafluoroethylene, which was clearly 
observed in the experiment (see Supplementary Fig. 3 for details). 
This side reaction would thus be problematic in the reaction to form 
the α,α-difluorinated O-heterocyclic motif using the multicompo-
nent cycloadditions at this stage.

Understanding the competitive undesired pathways. With the 
N-difluoroalkylative dearomatization of pyridines using a broad 
scope of coupling partners such as aldehydes, ketones, imines, 
alkenes and alkynes in hand, we further envisioned that the reac-
tion performance could be generally explained by the barriers of the 
desired cycloaddition pathways via the transition states TSII and 
those of competitive side reactions. When the reaction provided the 
desired product in low yield, the pyridine substrates were almost 
completely consumed, and several unidentifiable minor side prod-
ucts were observed. Based on these experimental results and the 
computational finding that the reaction of pyridine and difluoro-
carbene to form the pyridinium ylide I was facile (TSI, 1 kcal mol−1; 
Fig. 4c), the undesired competitive pathways seemed to be derived 
from the unstable intermediate I. To identify possible competitive 
pathways, we systematically explored the reaction pathways using 
the SC-AFIR method with two molecules of I as initial structures 
(Fig. 7a). The exploration was conducted at the same level of the-
ory as the combinatorial screening with the kinetics-based naviga-
tion shown in Figs. 2 and 3, but a shorter reaction time (10–6 s) was  

chosen instead of 1 s as the decomposition pathways would prob-
ably proceed within this time scale. The computation identified 
8,464 pathways with 909 equilibrium structures (see Supplementary 
Figs. 1 and 2 for details). The transition-state geometries cor-
responding to the first steps starting from the initial structures 
among the reaction path network were optimized at the ωB97X-D/
Def2-SVP/CPCM(THF) level of theory. The calculations suggested 
that the pathway for the dimerization to form IIIa via bond for-
mation between one of the difluoromethyl anions and the C2 posi-
tion on the other I was the most facile undesired reaction (TSIIIa, 
ΔG‡ = 3.1 kcal mol−1). Once unstable IIIa forms, further decompo-
sition would provide the other possible undesired side products, 
which is consistent with the experimental result that the reaction of 
pyridine 2a without the coupling partner under the standard condi-
tions shown in Fig. 4b furnished a complex mixture of fluorinated 
side products.

With the possible competitive pathways to the desired cycload-
ditions in hand, we wondered whether the reaction performance 
could be predicted by comparing the energy barriers of the desired 
cycloaddition to form the desired product II with those of the 
undesired pathways. To this end, we evaluated the energy barriers 
by optimizing the transition-state geometries TSIIa–g with the rep-
resentative coupling partners (Fig. 7b). Although the electrophilic 
partners such as benzaldehyde, tert-butyl benzylidenecarbamate, 
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Fig. 6 | Unsuccessful attempt to realize the multicomponent reaction 
to generate α,α-difluorinated O-heterocycles predicted by AFIR. a, The 
energy barriers for the formation of A5–A7 obtained in the calculations 
shown in Figs. 2 and 3. b, Experimental investigations with 3a and 3c, 
and their energy barriers for the cycloaddition obtained by optimizing the 
transition-state geometries at the ωB97X-D/Def2-SVP/CPCM(THF) level 
of theory.
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acrylonitrile and dimethyl acetylenedicarboxylate exhibited lower 
ΔG‡ values for their transition states (TSIIa–d, 0.7–2.2 kcal mol−1) 
than the barrier of the undesired pathway (ΔG‡ = 3.1 kcal mol−1), 
those of the partners ethylene, styrene and diphenylacetylene were 
much higher (TSIIe, 9.1 kcal mol−1; TSIIf, 6.8 kcal mol−1; TSIIg, 
11.8 kcal mol−1). The combinations of the first four reactions suc-
cessfully provided the corresponding products (IIa–d) in experi-
ments, whereas the other four did not, and the coupling partners 
remained after the reaction, except for ethylene due to its gaseous 
character. These results showcase the fact that the performance of 
the cycloaddition can be predicted based on the energy barriers of 
the desired cycloaddition pathway and the competitive pathway that 
was obtained using the AFIR search.

Conclusion
Recent progress in computational methods has enabled us not only 
to gain deep mechanistic insights into chemical reactions, but also 
to predict the reaction pathways that can theoretically occur from 
the input molecules. In this study we showed how to use the AFIR 
method for in silico reaction simulations to develop multicompo-
nent reactions with difluorocarbene, as described below:

	1.	 Multicomponent reactions of difluorocarbene and pairs of 
components with unsaturated bonds were simulated combina-
torially using quantum chemical calculations. The systematic 
exploration of all possible reaction pathways in each reaction 
was performed using the AFIR method.
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	2.	 After obtaining the comprehensive reaction path networks, the 
target reactions were selected from among the numerous reac-
tion pathways based on the reaction mechanism and the compu-
tational yield. In this study, the three-component cycloadditions 
to provide the medicinally important α,α-difluorinated N- or O-
heterocyclic motifs were the target reaction to be developed.

	3.	 To realize the target reaction mode, experimental investigations 
to identify suitable substrates were conducted with the aid of 
calculations, which suggested that pyridine was the key sub-
strate for the formation of the corresponding ylide intermediate.

	4.	 By understanding the competitive unproductive pathways sys-
tematically explored using the AFIR method and comparing 
their energy barriers to those of the desired reaction pathways, 
the reaction performance could generally be predicted, wheth-
er it proceeded or not.

Using this workflow, we developed a diverse N-difluoroalkylative 
dearomatization of pyridines with a broad range of electrophiles, 
including aldehydes, ketones, imines, alkenes and alkynes to pro-
vide α,α-difluorinated N-heterocycles, which are valuable as drug 
candidates but have hitherto been inaccessible via previously 
reported synthetic routes. The combination of reaction simulation 
using the AFIR method with experimental investigation thus repre-
sents a powerful strategy for methodological development.

Methods
Computational methods. All of the calculations were performed with the 
developer version of the GRRM program combined with the Gaussian 16 
program11,22. The reaction pathways were explored using the SC-AFIR method 
with the ωB97X-D functional and LanL2DZ basis set using the Grid=FineGrid 
option17,18. In the SC-AFIR search, the force-induced reaction pathways were 
relaxed using the locally updated planes (LUP) method43,44 (denoted by LUP paths). 
Single-point energy calculations were performed using the ωB97X-D functional 
and Def2-SVP basis set at all discrete path points along all of the LUP paths. All of 
the transition-state optimizations were performed using the ωB97X-D functional 
and the Def2-SVP basis set21. To obtain transition-state geometries, the paths 
were relaxed using the LUP method43,44 until the highest energy point converged 
to the first-order saddle point. The transition states were confirmed to connect 
the reactants and products using intrinsic reaction coordinate calculations. In 
all of the calculations, the solvation of THF was taken into account using the 
CPCM model19,20. The Gibbs free energy values at 300 K and 1 atm were estimated 
by assuming ideal-gas, rigid-rotor and harmonic-vibrational models, in which 
all of the harmonic frequencies smaller than 50 cm−1 were set as 50 cm−1, as 
recommended in the literature45. All of the reaction barriers shown in this paper 
were obtained by optimizing transition-state geometries. The transition states 
were confirmed to connect the reactants and products using intrinsic reaction 
coordinate calculations. See the Supplementary Information for details.

Experimental methods. An oven-dried round-bottom flask was charged with 
Ph3SiF2∙NBu4 (297 mg, 0.55 mmol, 1.1 equiv.) and a pyridine derivative (0.50 mmol, 
1 equiv.). After the addition of THF (5 ml), the reaction mixture was cooled to 0 °C 
(in the reactions with aldehydes, ketones, or imines) or −40 °C (in the reactions 
with alkynes or alkynes), and the coupling partner (aldehydes, ketones or imines 
(1 mmol, 2 equiv.); alkenes or alkynes (2.50 mmol, 5 equiv.)) and Me3SiCF2Br 
(86 μl, 0.55 mmol, 1.1 equiv.) were added. After the resulting mixture was stirred 
at the same temperature for the indicated time, the solvent was evaporated to 
give the crude mixture. The approximate yield of the product was determined 
using 19F NMR spectroscopy with benzotrifluoride as an internal standard. The 
crude mixture was purified by column chromatography on silica gel to afford the 
products. If necessary, GPC purification was performed to provide a pure sample.

Data availability
Crystallographic data are deposited at the Cambridge Crystallographic Data 
Centre under deposition nos. CCDC 2101564 (11), 2101565 (33), 2101566 (40) 
and 2101567 (51). All of the other data supporting the findings of this study are 
available in the main text or Supplementary Information.
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