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A Brønsted Acid-Base Approach for the Net Monoselective C–F 
Substitution of (Trifluoromethyl)alkanes
Nicholas J. Coradi and Jeffrey S. Bandar*

We disclose a method for the net coupling of nucleophiles with a single C–F bond of unactivated (trifluoromethyl)alkanes. 
The process occurs via an initial base-promoted dehydrofluorination/defluorinative nucleophilic addition cascade to 
generate vinylfluoride intermediates that undergo a rapid hydrofluorination second step to yield gem-difluorinated 
products. Thus, the aliphatic-CF3 group of commercial building blocks and complex medicinal compounds can now be 
transformed into numerous classes of valuable ,-difluoro(thio)ether substructures in an efficient and modular manner.

Introduction
Selective C–F functionalization of multifluorinated 

compounds is a powerful synthetic strategy for the preparation 
of precisely fluorinated products.1 An especially useful 
application of this concept is the substitution of a single fluorine 
of trifluoromethyl (–CF3) groups to access gem-difluorinated 
motifs (Figure 1).2,3 Such transformations not only require initial 
activation of a strong C–F bond but also must not functionalize 
the relatively weaker C–F bonds of the gem-difluorinated 
products.4 These challenges typically preclude monoselective –
CF3 functionalization via C–F insertion or fluoride abstraction 
mechanistic strategies.5-7 Nonetheless, substantial recent effort 
has led to general solutions for monoselective functionalization 
of -system-adjacent –CF3 groups, where the appended 
functionality can be reduced or substituted (e.g., SN2’) to initiate 
selective C–F removal (Figure 1).2,8-10 The Young Group has also 
established a frustrated Lewis pair approach to selectively 
activate aryl- and heteroatom-adjacent trifluoromethyl 
groups.11 However, there remains no method for the 
monoselective C–F coupling of simple (trifluoromethyl)alkanes, 
which is likely a consequence of the increased C–F bond 
strengths combined with the absence of adjacent 
functionality.12 We herein describe a simple protocol for the net 
C–F substitution of (trifluoromethyl)alkanes that extends the 
synthetic advantages of defluorofunctionalization methodology 
to this important substrate class.

A method to substitute a single fluorine on an alkyl–CF3 group 
would introduce a variety of useful synthetic capabilities. First, 
numerous building-block (trifluoromethyl)alkanes are commercially 
available and could be used as attractive precursors to difluorinated 
compounds.13,14 This would offer a more modular and streamlined 
approach to gem-difluorinated substructures over existing multistep 
sequences that typically rely on difficult deoxyfluorination 

procedures.3,15 Second, because –CF3 groups are inert to most 
chemical reagents, they could be carried through multistep 
syntheses and later transformed into gem-difluorinated 
derivatives.16 Third, -alkyl(trifluoromethyl) substructures are 
frequently featured in complex compounds used in medicinal, 
materials, and agrochemical research due to the uniquely beneficial 
properties of multifluorinated alkyl groups.17 Diversification of the –
CF3 group in these contexts would enable the rapid study of gem-
difluoroalkyl analogs for potentially improved function. Thus, we 
were motivated to develop a C–F functionalization protocol to realize 
these myriad opportunities.

Figure 1. Motivation for a C–F substitution method of 
(trifluoromethyl)alkanes. NuH = Pronucleophile.

We reasoned the electron-withdrawing nature of a –CF3 group 
could be leveraged for the reactivity of an adjacent α-C–H bond such 
that C–F substitution could be achieved via a base-promoted 
dehydrofluorination/nucleophilic hydrofunctionalization cascade 
(Figure 2a).12 The initial elimination step is inspired by two reports of 
unactivated (trifluoromethyl)alkane dehydrofluorination, as initially 
documented in 2004 via a KO-t-Bu-promoted elimination of 6,6,6-
triflurohexanoic acid to the corresponding gem-difluoroalkene.18 
Next, the electrophilicity of unactivated gem-difluoroalkenes (e.g., 
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not Michael acceptor or styrene derivatives) is evidenced by prior 
studies on intermolecular alkyllithium and intramolecular alkoxide 
addition-elimination reactions that generate vinyl fluoride 
products.19,20 These literature precedents, while limited, suggested 
an opportunity for C–F substitution directly from unactivated 
(trifluoromethyl)alkanes.12,21 This reactivity could thus enable the 
use of alkyl–CF3 groups as synthons and would also complement 
radical-based thiol and phenol addition methods of independently 
prepared gem-difluoroalkenes.20a,22

Figure 2. Method design for a net C–F coupling reaction of 
(trifluoromethyl)alkanes and alcohols.

Our initial efforts to promote tandem dehydrofluorination and 
fluorine-retentive nucleophilic addition (using alcohols, thiols, and 
amines) led to over-reactivity, yielding α-substituted vinyl fluorides 
exclusively (Figure 2a).23,24 Nonetheless, we were encouraged by the 
fact that dehydrofluorination and intermolecular addition of 
common nucleophiles to an unactivated (trifluoromethyl)alkane 
occurs readily. We then realized that development of a regioselective 
hydrofluorination protocol for α-substituted fluoroalkenes could 
afford the desired α,α-difluorosubstituted target.25 We thus revised 
our approach toward C–F substitution to a simple two-step 
substitution/hydrofluorination sequence.

 We selected alcohols as coupling partners to develop this C–F 
substitution method due to the value of α,α-difluoroethers and the 
current limitations associated with their preparation (Figure 2b).26 
These substructures are prominently featured in molecules used for 
medicinal, veterinary, agrochemical, battery, and electronic 
materials applications.27 For example, the strong stereoelectronic 
conformational effects of α,α-difluoroethers regulate optical and 
physical properties that are critical for liquid crystal display (LCD) 
technology.28 Difluoromethylene units are also commonly 
incorporated in bioactive compounds to increase lipophilicity and 
oxidative/metabolic stability, as well as to electronically modulate 
the properties of nearby functional groups.17,29 The most practiced 

route to α,α-difluoroethers is a three-step acid 
coupling/thionation/fluorination sequence, a process that is difficult 
to scale and can be incompatible with medicinally relevant functional 
groups.30 Alternative recent approaches, such as the use of AgF for 
the fluorination of thionoesters or the hydrofunctionalization of 
gem-difluoroalkenes, can display a broader functional group 
tolerance.15b,22 Selective alcohol coupling with 
(trifluoromethyl)alkanes could address important remaining 
limitations and unlock the unique capabilities of –CF3 
defluorofunctionalization methodology. Furthermore, successful 
implementation of this strategy could be the foundation for a 
generalized alkyl–CF3 C–F substitution platform.

Results and Discussion
We began this method development by studying the base-

promoted cascade reaction between (trifluoromethyl)alkane 1 and 
2-ethylhexan-1-ol (2) to form fluorovinyl ether 3 (Figure 3a). First, we 
found that use of 3 eq of KO-t-Bu or bis(trimethylsilyl)amide 
(K/NaHMDS) in DMF promotes high-yielding product formation at 
room temperature (rt).31 Weaker bases (e.g., KOMe) and those with 
lithium countercations (e.g., LiHMDS) do not promote the initial 
dehydrofluorination step. With KHMDS as a representative base, the 
yield of fluorovinyl ether 3 decreases in less polar solvents or when 
less base or alcohol is used. While the initial experiments were 
conducted with solid KHMDS base, the use of inexpensive and 
convenient KHMDS solution (in THF) also promotes the reaction in 
high yield, including when conducted under ambient atmosphere.

Figure 3. Investigations of the two key steps to achieve net C–F 
substitution. Yields determined by 19F NMR spectroscopy. a Other 
entries use solid base reagents. b PhMe as solvent.

The potential for regioselective hydrofluorination of fluorovinyl 
ether 3 was assessed using crude material obtained from the 
reaction shown in Figure 3a. Of the common commercial HF sources, 
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Olah’s reagent (Pyr·HF) and DMPU·HF promote hydrofluorination to 
form α,α-difluoroether 4 (75% and 95% yield, respectively), while 
less reactive HF reagents (e.g., NEt3·3HF and HBF4) are ineffective 
(Figure 3b).32 Despite their good yields, we were concerned about 
the practicality of this protocol given that Olah’s reagent and 
DMPU·HF readily etch glass and evolve HF fumes.33 We therefore 
sought to find conditions that employ NEt3·3HF, which can be more 
easily handled and measured as it does not etch glass or produce 
substantial HF vapors at rt.34 We reasoned the poor 
hydrofluorination reactivity of NEt3·3HF is due to its lower acidity and 
the corresponding difficulty of vinyl ether protonation. Paquin 
addressed a similar challenge for terminal alkene hydrofluorination 
via use of methanesulfonic acid (MsOH) as a coacid in conjunction 
with NEt3·3HF.35 In the case of fluorovinyl ether 3, use of MsOH (pKa 
= 1.6 in DMSO)36 with NEt3·3HF increases the hydrofluorination yield 
to 83%, but with substantial side-product formation. We speculated 

that a less acidic coacid could prevent undesired reactivity and found 
that trifluoroacetic acid (TFA, pKa = 3.5 in DMSO)36 with NEt3·3HF 
affords 99% yield of 4 in PhMe. Beyond practical advantages, the dual 
acid approach is useful as it allows the coacid strength to be adjusted 
to improve hydrofluorination when other pronucleophile classes are 
used (vide infra).

We next implemented the conditions identified in Figure 3 for a 
simplified C–F substitution protocol with a substrate scope shown in 
Chart 1. During the optimization studies, we observed that addition 
of base to (trifluoromethyl)alkanes and alcohols in DMF is 
exothermic.37 To address this, preparative scale reactions were 
cooled to 0 °C prior to base addition and then warmed and 
monitored (by TLC) until full conversion was reached. This protocol 
employs a solvent switch between the two steps, although we note 
that the entire procedure is often complete in 6 h and can be 
conducted in a one-pot manner.38 Although KO-t-Bu and KHMDS 

Chart 1. Substrate Scope for (Trifluoromethyl)alkane C–F Substitution with Alcohols.a

a Isolated yields of 0.5 mmol scale reactions; the reaction progress for Step 1 was monitored by TLC with times varying from 1-24 h. The use of racemic alcohol 
2 results in a 1:1 dr for products that have multiple stereocenters (e.g., 19, 22, 26 and 27). b An additional 2 eq of each acid used if an amine is present in the 
compound. c 1 eq of alcohol and 2.5 eq of base used. d KO-t-Bu used as base with DMA as solvent. e NaHMDS used as base. f 4 eq of base used at 50 °C.
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bases can both promote the initial step (Figure 3a), we found that 
KHMDS generally promotes full conversion of primary 
(trifluoromethyl)alkanes (Condition A) while KO-t-Bu is more 
effective for secondary substrates (Condition B).39 We found the α,α-
difluoroether products to be readily isolable and stable during 
storage, although we note previous studies have described variants 
that are prone towards hydrolysis.15b

Chart 1a shows example alcohols that undergo C–F coupling 
with model (trifluoromethyl)alkane 1. Primary and secondary 
alcohols (5-10) provide α,α-difluoroethers in good yield, 
including those with oxetane (6) and azetidine (14) heterocycles 
that are prone to ring-opening under acidic conditions.40 
Perphenazine (16) and other hydroxyl-bearing drug fragments 
(12, 15) also couple in moderate to good yield. In addition to 
tertiary-amine-bearing alcohols (14, 15), unprotected primary 
amines (13) are tolerated with exclusive O-coupling selectivity. 
Exclusive chemoselectivity for –CF3 defluorofunctionalization is 
observed in the presence of a secondary alkyl fluoride (12). 
Under the standard conditions, tertiary alcohols can form vinyl 
ethers although the hydrofluorination step is low yielding.

Chart 1b demonstrates this protocol on commercially 
available (trifluoromethyl)alkane building blocks and their 
derivatives using 2-ethylhexan-1-ol (2) as the nucleophile. 
Substrates bearing diversifiable functionality such as aryl 
halides (19, 23), secondary amines (23), ketals (20), or alkenes 
(27) are well tolerated. The ability to activate secondary –CF3 
groups allows for the functionalization of medicinally-relevant 
trifluoromethylated cyclohexanes (20, 21) and piperidines (22). 
This protocol also tolerates amide groups (24, 25) that would 
react under traditional deoxyfluorination sequences.15 
(Trifluoromethyl)alkyl-appended drugs, such as fluoxetine (26) 
and quinine (27) derivatives, provide moderate C–F substitution 
yields. Moreover, fluoxetine derivative 26 demonstrates this 
protocol’s chemoselectivity for alkyl–CF3 functionalization in 
contrast to many recently developed methods for Ar–CF3 
activation.8

 Chart 1a and b collectively demonstrate that this method 
tolerates diverse functionality despite the use of relatively 
strong bases and acids. This led us to further investigate the 
compatibility of groups that are known to be acid-sensitive, as 
shown in Chart 1c. The acidic hydrofluorination step is 
chemoselective for the fluorovinyl ether intermediate over 
other olefins (27, 29). Despite the use of excess TFA, ketals (20, 
30) and Boc-protected amines (31, 32) remain intact.41 We also 
note that an SNAr-prone 2-substituted quinoline (28) gives good 
C–F coupling yield with only a minor amount of SNAr observed 
during fluorovinyl ether formation, indicating tolerance for 
certain base-sensitive groups.42

We next sought to engage phenols in this coupling reaction given 
that the α,α-difluoroalkyl aryl ether linkage is valued in LCD 
chemistry and represents an alkylated derivative of medicinally-
relevant Ar–OCF3/CF2H substituents.26 The addition of 18-crown-6 to 
Conditions A enables high-yielding aryl fluorovinyl ether formation, 
while the use of the stronger acid MsOH over TFA is needed to 
promote subsequent hydrofluorination.43 Figure 4a shows examples 
of C–F substitution on a carbazole-based (trifluoromethyl)alkane 
with electron-rich phenols (33, 34), the Vitamin E compound α-
tocopherol (35), and the secondary-amide-bearing drug paracetamol 
(36). This procedure is also applicable to -aryl (37) and free amine-
containing (38) (trifluoromethyl)alkanes. The generality of this C–F 
substitution protocol was further evaluated with thiol coupling 
partners. The use of the phenol coupling basic conditions enables 

formation of fluorovinyl alkylthioethers in good yields. However, due 
to the lower basicity of vinyl thioethers over vinyl ethers, we found 
that hydrofluorination requires the use of pyr·HF with CuCl as a Lewis 
acid additive.44 Figure 4b illustrates alkylthiol C–F coupling products 
that form in moderate to good yields (39-41). Collectively, the 
pronucleophile expansion in Figure 4 provides an alkyl–CF3 coupling 
route that complements radical-based hydrothiolation and -
phenolation reactions of gem-difluoroalkenes.45 The reactions 
shown in Figure 4 are low yielding for electron-deficient phenols and 
thiophenols. We also note that arylamines and diarylphosphines 
undergo the first step of this method but do not undergo successful 
hydrofluorination under the optimized conditions; this information 
is described in the Supplementary Information. 

Figure 4. Value and demonstration of the use of phenols and thiols 
for (trifluoromethyl)alkane C–F coupling. Isolated yields reported. a 
Excess (~8 eq) acid used. b Used hydrofluorination conditions shown 
in Figure 4b. c Yield determined in crude reaction material by 19F NMR 
spectroscopy.

This C–F coupling method could be particularly useful when 
applied to the derivatization of aryl trifluoroethoxy substituents 
(ArOCH2CF3) that are commonly incorporated in medicinal 
compounds (Figure 5).46 Access to difluorinated derivatives 
(ArOCH2CF2–R) can be prohibitively difficult as this often requires the 
independent synthesis of each difluoroalkyl coupling partner (e.g., 
HOCH2CF2–R) and its successful attachment to the arene.47 In this 
regard, direct ArOCH2CF3 C–F diversification could substantially 
streamline difluoroalkyl analog study. Such a C–F substitution 
method must overcome several potential competing side reactions 
that are unique compared to the (trifluoromethyl)alkanes in Chart 1. 
This includes the potential for nucleophilic substitution of the aryloxy 
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group over fluoride elimination, as well as the requirement of 
regioselective hydrofluorination of the 1,2-vinyldiether intermediate 
(Figure 5a).48

Despite these potential challenges, we found that subjection of 
1-bromo-4-(2,2,2-trifluoroethoxy)benzene (42) to Condition A 
affords the desired vinyldiether 43 in 77% yield (Figure 5b). 
Hydrofluorination of 43 with TFA as the co-acid gives poor yield of 44 
(25%), while use of MsOH provides 44 in 72% yield as a single 
regioisomer. The regioselective hydrofluorination of the 1,2-
vinyldiether intermediate 43 is likely due to the initial protonation 
being guided by the greater donating ability of the alkylether 
substituent. This protocol was then implemented on complex 
pharmaceuticals and drug-like compounds (Figure 5c).49 A small 
library of lansoprazole sulfide difluoroalkyl analogs is shown through 
the coupling of i-PrOH (46), cyclobutanol (47), and methanol-d3 (48). 
C–F substitution of (+/-)-suvecaltamide with i-PrOH (49) is notable as 
such products are inaccessible through late stage deoxyfluorination 
given the incompatibility of the amide group.15 Likewise, silodosin, 
which contains unprotected alcohol, amine, and amide groups, 
undergoes selective C–F coupling (50) to illustrate this method’s 
broad potential for late-stage diversification.

Figure 5. Utility, challenges, and demonstrations of C–F coupling of 
(2,2,2-trifluoroethoxy)aryl substructures. a ROH = 2-ethylhexan-1-ol; 
yields determined by 19F NMR spectroscopy. b MsOH used instead of 
TFA in Step 2.

Conclusions
In summary, (trifluoromethyl)alkanes are sufficiently reactive 

under basic conditions to generate functionalized fluorovinyl 
(thio)ether intermediates that undergo hydrofluorination to achieve 
net C–F substitution. This allows common (trifluoromethyl)alkane 
building blocks to serve as ideal retrons to functionalized gem-
difluorinated units and provides new –CF3 diversification 
opportunities for complex molecules. More broadly, we anticipate 
the versatility of the fluoroalkene intermediates will provide 
additional opportunities for selective C–F functionalization 
sequences of (trifluoromethyl)alkanes.
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