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Air- and water-stable Lewis acids: synthesis and reactivity of  

P-trifluoromethyl electrophilic phosphonium cations 

 

V. Fasano,[a,b] J. H. W. LaFortune,[b] J. M. Bayne,[b] M. J. Ingleson*[a] and D. W. Stephan*[b]  

A new class of electrophilic phosphonium cations (EPCs) 

containing a -CF3 group attached to the phosphorus (V) center is 

readily accessible in high yields, via a scalable process. These 

species are stable to air, water, alcohol and strong Brønsted acid, 

even at raised temperatures. Thus, P-CF3 EPCs are more robust 

than previously reported EPCs containing P-X moieties (X = F, Cl, 

OR), and despite their reduced Lewis acidity they function as Lewis 

acid catalysts without requiring anhydrous reaction conditions. 

Since the first report on metal-free reversible dihydrogen 

activation,1 frustrated Lewis pair (FLP) chemistry has gained 

attention from the chemical community due to the potential 

for applications in important transformations (e.g. reductions). 

This strategy, exploiting the combined action of sterically 

encumbered Lewis acids and Lewis bases has been used to 

activate a variety of small molecules (e.g. H2, R3SiH, CO2).2 

Most typically, the Lewis acids employed are 

tri(fluoroaryl)boranes (and derivatives), although other 

elements have been reported as the locus of the electrophilic 

character (e.g. Al, Si, Ga, C),3 including phosphorus. While 

Wittig reagents4 are perhaps the most notable example of P 

(V) Lewis acids, in the past decade other examples of 

phosphorus-based electrophiles have been reported.5 In 2013 

the synthesis and the catalytic applications of a new class of P 

(V) Lewis acids was reported.6 The first example of such 

electrophilic phosphonium cations (EPCs) [(C6F5)3PF]+ (Scheme 

1, A) was employed as a catalyst in a variety of transformations 

including hydrodefluorination,6 dehydrocoupling,7 

hydrosilylation of unsaturated compounds,8 

hydrodeoxygenation of ketones,9 amides,10 and phosphine-

oxides,11 FLP-hydrogenations,12 Friedel-Crafts arylations of 

fluoro-alkanes13 and hydroarylation of alkynes.14 

 

Scheme 1. Examples of EPCs and their relative stability.  

The Lewis acidity of [(C6F5)3PF]
+
 is derived from the 

energetically low-lying σ* orbital oriented opposite to the 

polar P–F bond. While the fluorine atom and the C6F5 ring(s) 

boost the Lewis acidity of EPCs, the presence of the P-F moiety 

results in limited stability, particularly with respect to water 

and alcohols. This limitation has prompted the search for more 

robust EPCs. In FLP chemistry, a number of different 

approaches have been pursued to provide water and alcohol 

compatibility, for example, the utility of Sn cations or less 

Lewis acidic boranes have been explored.
3b, 15

 However, to 

date air and water stable EPCs that are still active for σ-bond 

activation remains an open problem. One approach that has 

mimicked efforts to enhance the chemical robustness of 

electrophilic boranes, has been the replacement of C6F5 with 

C6Cl5 rings.
16

 While this increases the steric bulk around the 

Lewis acidic phosphorus center, the P-F bond remains prone to 

hydrolysis (Scheme 1, B).
17

 An alternative strategy has been 

the replacement of fluoride with aryloxy groups. With 

[(C6F5)3POPh]
+
 for example this achieved a modest increase in 

stability to ROH, although these species degrade in CH2Cl2 

solution on exposure to atmospheric moisture after 1.5 h 

(Scheme 1, C).
18

 In a related effort, the 1,2-diphosphonium 

dication [(C10H6)(Ph2P)2]
2+

 was shown to be stable for 24 h to 

air in the solid state, although rapid hydrolysis occurred in 

non-purified (wet) solvents (Scheme 1, D).
19  
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While the above data illustrate that enhanced water 

tolerance of EPCs requires replacement of the P-halogen bond, 

high electronegativity of the substituent is essential to produce 

a low energy σ* orbital required for strong Lewis acidity. Thus 

the synthesis of CF3 (electronegativity: 3.5)
20

 derived 

phosphonium cations was targeted. Synthetic protocols to this 

new class of EPCs are presented herein. Despite a modest 

reduction in Lewis acidity, these species are shown to be 

effective in a variety of Lewis acid catalysis while exhibiting a 

significant increase in tolerance to ROH relative to other EPCs. 

To the best of our knowledge, [Ph3PCF3]
+
, [1]

+
 is the only 

known example of a P-CF3 EPC. Umemoto and co-workers
21

 

synthesized this species in-situ via direct electrophilic 

trifluoromethylation of Ph3P using a highly reactive 

trifluoromethylsulfonium cation. In our hands, all efforts to 

prepare [1]
+ (and related P-CF3 EPCs) by use of Umemoto’s or 

Togni’s reagents,22 by radical trifluoromethylation or by 

nucleophilic reactions of [R3P-X] with CF3-anions, failed. 

Seeking an alternative strategy, installation of the CF3-group 

prior to quaternization of the phosphine was undertaken. 

Using the method of Caffyn and co-workers,23 Ph2PCF3 was 

synthesized in high yield from Ph2POPh and Me3SiCF3 in the 

presence of half an equivalent of CsF. Subsequent 

quaternization of phosphorus was achieved via reaction with 

MeOTf or a Pd(0)-catalyzed reaction with PhOTf yielding 

[Ph2PCF3(Me)][OTf] ([2][OTf]) and [Ph3PCF3][OTf] ([1][OTf]) in 

high yield, respectively (Scheme 2). Subsequent treatment of 

[1][OTf] with [K][B(C6F5)4] afforded [1][BArF] via anion 

metathesis. 

 

Scheme 2. Synthesis of [1][OTf], [2][OTf] and [1][BArF].  

Single crystals of each of these salts, [1][OTf], [2][OTf] 

and [2][BArF] were obtained and characterized by X-Ray 

diffraction studies (Figure 1) confirming the formulation. This 

revealed no significant contacts between the cations and 

anions in each case. Replacement of the methyl group of [2]
+
 

with a phenyl ring in [1]
+
 resulted in an increase of the steric 

environment around the phosphorus centre, with [1]
+
 

assuming a more propeller-like shape (lowest torsion angles – 

involving the F3C-P-C-CH- fragment – were -105° and -113° for 

[2][OTf] and [1][OTf], respectively).  

 
Figure 1. POV-ray depictions of the cations of (a) [1]

+ and (b) [2]
+; H atoms and anions 

are omitted for clarity. C: black, P: orange, F: pink. (c) LUMO of [1]
+, (d) LUMO of [2]

+ 

(isovalues at 0.04). 

 These salts could be stored as solids under ambient 

conditions for months with no observable degradation. 

Moreover, even in non-purified solvents at temperatures up to 

100
o
C, or in the presence of excess water, alcohol, phenol / 

aniline combinations, or stoichiometric HCl, no degradation 

was evident by 
1
H, 

31
P or 

19
F NMR spectroscopy. However, in 

the presence of water and base (e.g. aniline), rapid formation 

of Ph3PO and HCF3 resulted. Apart from this reactivity, the 

resistance to strong Brønsted acids is notable as boranes 

utilized in FLP chemistry either bind these Lewis bases or 

degrade via protodeboronation under acidic conditions.
24

  

DFT calculations at the M06-2X/6-311G(d,p) level with 

DCM solvation (by polarizable continuum model) were used to 

probe the Lewis acidity of these salts. The optimized structures 

showed the lower torsion angles for the aryl rings in [2]
+ 

(-

118°) in comparison to [1]
+
 (-126°) consistent with the 

increased steric congestion in [1]
+
 prompting the increased 

torsion angle and reduced conjugation of the phenyl rings with 

the σ* orbital. The hydride ion affinity (HIA) of [1]
+
 and [2]

+
 

(relative to BEt3) was computed at the same level of theory. 

HIA values of -19.2 and -19.5 kcal mol
-1 

were obtained for [1]
+
 

and [2]
+
, respectively. These values are notably larger than 

that found for the catalytically active borane BPh3 (HIA = -10.5 

kcal mol
-1

).
25

 The LUMO of each of these cations is mainly 

comprised of the σ* orbital of the P-CF3 fragment, although 

the LUMO of [2]
+
 has a greater contribution on the phenyl 

rings in comparison to [1]
+
 due to the lower torsion angle in 

the former (Figure 1(c), (d)).  

To further probe the effect of conjugation between the 

σ* orbital and aryl substituent(s), computations for the EPC in 

which two of the phenyl rings are linked, [(C12H8)PPh(CF3)]
+
 

[3]
+
 (Figure 2)  were also performed. The reduced torsion angle 

for the biphenyl fragment (-70°), led to more delocalization of 

the LUMO onto the biphenyl fragment and reduced 

contribution with the isolated phenyl ring where the torsion 

angle increases to -147°. This also results in a reduced HIA on P 

for [3]
+ compared to [1]

+
 (-17.9 and -19.5 kcal mol-1, 

respectively). 
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Figure 2. LUMO orbital for [3] (isovalues at 0.04). 

The computations of the Lewis acidity of [1]
+
 and [2]

+ 

prompted experiments targeting their use as Lewis acid 

catalysts. EPCs have been shown to effect catalytic 

hydrodefluorination.
6
 Thus the EPC salts were evaluated in the 

reaction of 1-fluoroadamantane with Et3SiH. While modest 

hydrodefluorination was observed at 60 °C, using [1][OTf] or 

[1][BArF] the conversions were improved at 100 °C with the 

latter giving excellent reactivity after 18 h (Scheme 3, A). Most 

notably, repeating the reaction under ambient conditions with 

un-purified solvent / reactants resulted only in a small 

diminishing of the conversion. 

 
Scheme 3. Transformations catalysed by [1]. In brackets the conversion under ambient 

conditions in unpurified solvent.  For A, the conversions are based on 19F-NMR spectra 

using fluorobenzene as standard. For B-D, the conversions are based on 1H-NMR using 

mesitylene as standard. For aldehyde / ketone reductions, the product further reacted 

losing siloxane, as previously reported.9 

Similarly, investigation of the dehydrocoupling of silanes 

and alcohols was probed (Scheme 3, B). Combination of phenol 

and Et2SiH2, in the presence of 5 mol% [2][OTf] as catalyst 

showed limited reactivity (19% conversion), whereas [1][OTf] 

and [1][BArF] afforded PhOSi(H)Et2 in high yield. Once again, 

repeating the reaction under ambient conditions with 

unpurified solvent / alcohols had minor effect on the catalyst 

performance. When BnOH was used as alcohol and Et2SiH2 as 

silane in the presence of 5 mol% [2][OTf] as catalyst at 20 °C or 

at elevated temperatures no reaction was observed. However, 

using [1][OTf] or [1][BArF] as the catalyst, dehydro-coupling of 

silane and benzyl-alcohol at 60 °C proceeded affording 

BnOSi(H)Et2 in 90% yield. Treatment of benzaldehyde with 1.2 

equivalents of PhMe2SiH in the presence of a catalytic amount 

of either [1][OTf] or [1][BArF] at 60 °C led to good reduction of 

the carbonyl affording Bn2O and (PhMe2Si)2O (Scheme 3, C).  

Analogously, benzophenone or acetophenone were both 

reduced at 100 °C with [1][BArF] as the catalyst in the 

presence of 2.2 equivalents of PhMe2SiH leading to a mixture 

of silyl-ether and the deoxygenated product alkane (Scheme 3, 

C). In contrast, the catalyst [1][OTf] proved inactive under 

these conditions, although reductive de-arylation of [1]
+
 did 

generate Ph2PCF3 and PhOTf. The superior catalytic activity of 

[1][BArF] is thus attributed to the more weakly nucleophilic 

anion. Also in those cases, repeating the reactions under 

ambient conditions in non-purified solvents resulted in good 

reduction of the carbonyls despite the competitive 

dehydrosilylation of water.3b, 26 

Treatment of N-benzylidene aniline with 1.2 equivalents 

of PhMe2SiH in the presence of a catalytic amount of [1][BArF] 

at 100 °C gave full imine reduction leading mainly to the 

corresponding hydrosilylated product (Scheme 3, D) and 

similar conversion again was observed when the reaction was 

performed under ambient conditions. Under non-anhydrous 

conditions, Brønsted acid catalysis has been observed. For 

example, CF3CO2H has been shown to activate silanes.27 

However, the low Lewis acidity of the P-CF3 EPCs towards H2O 

disfavours this possibility and the reactivity observed is more 

consistent with EPC activation of silane. This was supported by 

H/D scrambling being observed using freshly distilled 

Ph2MeSiH and Et3SiD in anhydrous DCM, under inert 

atmosphere, in the presence of 5 mol % of [1][OTf]. 

Recently, EPCs were also shown to initiate the 

Mukaiyama aldol addition reaction28 under strictly anhydrous, 

but otherwise mild conditions.  Indeed, use of 5 mol% of the 

salts of [1]
+ and [2]

+ proved effective in initiating the aldol 

reaction of 2-naphthaldehyde and 1-methoxy-2-methyl-1-

trimethylsiloxypropene in CDCl3, affording quantitative yields 

of the addition product after 24 h at room temperature 

(Scheme 4).  

 

Scheme 4. Mukaiyama aldol reaction with [2][OTf], [1][OTf] and [1][BArF]. 

 In summary, the first example of an air and water-stable 

EPC catalyst has been reported.
29

 This new class of catalyst is 

based on the inclusion of a more robust CF3 substituent as the 

essential highly electronegative component of the EPC. This 

class of catalyst has shown high tolerance to ROH, including 

water, allowing them to be stored under ambient conditions 

and to be used without rigorous exclusion of water from the 

reaction mixture. Experimental and computational evidence 

demonstrate that the P-CF3 cation decorated with three phenyl 

rings is sufficiently Lewis acidic to be a useful Lewis acid 

catalyst, with an inert anion helping to insure no 

decomposition at high temperature. While this new class of 
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EPCs have a lower catalytic activity compared to that of 

previous EPCs, [1]
+
 represents a balance between air- and 

water-stability and catalytic activity. Furthermore, compound 

[1][BArF] is readily accessible not requiring strong oxidants 

(XeF2) or highly sensitive silylium cations [Et3Si][BArF] as 

reported for the more reactive fluorophosphonium EPCs.
[5]

 On 

the basis of this work, the generation of other readily 

accessible, water-stable EPCs is under investigation.  
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