
1 
 

Synthesis and properties of allylic, benzylic, propargylic and allenylic oxonium ions 1 

Hau Sun Sam Chan,1 Yingzi Li,2 Jack L. Sutro,1 Daniel Brown,1 Robert S. Paton,2* and Jonathan W. 2 
Burton1* 3 

1 Chemistry Research Laboratory, Department of Chemistry, University of Oxford, 12 Mansfield 4 
Road, Oxford, OX1 3TA, UK. 5 
2 Department of Chemistry, Colorado State University, 1301 Center Ave, Ft. Collins, CO 80523-1872, 6 
USA. 7 
 8 
E-mail:  robert.paton@colostate.edu; homepage: https://patonlab.com 9 

jonathan.burton@chem.ox.ac.uk; homepage: http://burton.web.ox.ac.uk 10 
 11 

Abstract: Despite numerous studies of trialkyloxonium ions in the literature, investigations into the 12 
chemistry of allylic, benzylic, propargylic and allenylic oxonium ions are rare. Existing reports on 13 
well-characterised allylic and benzylic oxonium ions invariably construct these species based on 14 
constrained tricyclic oxatriquinane/oxatriquinacene scaffolds, with only limited studies reported on 15 
unconstrained benzylic oxonium ions.  Herein we report an investigation on a collection of allylic, 16 
benzylic and hitherto unknown propargylic and allenylic oxonium ions prepared on unconstrained 17 
scaffolds by a general, modular and unified strategy. Permutation of the substitution pattern of these 18 
oxonium ions allowed the extension of the strategy for the syntheses of various doubly-substituted 19 
oxonium ions. Most of these oxonium ions could be characterised at room temperature by NMR, and 20 
a series of unexpected reactions and chemical behaviour pertinent to these species are briefly 21 
described. 22 

Introduction 23 
The first trialkyloxonium ion Me3O+BF4- 1 was reported by Meerwein and co-workers in 1937.1 Over 24 
the years, increasingly sophisticated members of this class of compound have been disclosed. 25 
Selected examples include: substituted tetrahydrofuranyl and bicyclic oxonium ions 2, 3 by Gargiulo 26 
and Tarbell,2 three to five membered cyclic oxonium ions 4-6 by Lambert and Johnson,3 and six 27 
membered cyclic oxonium ions 7 by Klages, Gordon and Jung.4 Meerwein and co-workers have also 28 
reported the synthesis of the oxonium ions 6 and 7.5 The C-silylated oxonium ion 8 and 29 
1-oxoniaadamantane 9 were reported by Olah and co-workers,6,7 1-oxoniabicyclo[2.2.2]octane 10 by 30 
Klages, Jung and Wagner,8 and the bisoxonium ion 11 by Smith, Schultz and Newmark.9 More 31 
recently, a series of oxatriquinanes 12–14 and their functionalised analogues were prepared by Mascal 32 
and co-workers,10-13 and also by Suzuki and Muratake.14 The latest addition to the series was a family 33 
of biosynthetically relevant trialkyloxonium ions 15 and 16 from our own group (Figure 1a).15  The 34 
corresponding triaryloxonium ions, which are considerably more stable than trialkyloxonium ions, 35 
were first reported in 1957 with the synthesis of triphenyloxonium tetrafluoroborate 1916, 17 and have 36 
recently been exploited by us18 and others19 as mild precursors (20) for the synthesis of o-arynes20, 21 37 
and in the synthesis of a helically chiral oxonium ion bearing a stereogenic oxygen atom 21.22   38 
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Trialkyl oxonium ions bearing allylic, benzylic, propargylic and allenylic substituents are rare with 39 
only five well-characterized examples 14e, 14j, 14n, 17 and 18 having allylic or benzylic substituents 40 
prepared on constrained oxatriquinane and oxatriquinacene skeletons that confer unusual stability on 41 
these species.10, 14 Oxatriquinacene 18 was reported as a triply bis-allylic oxonium ion, however, the 42 
constrained nature of its scaffold precludes considerable overlap between the vacant σ*C–O+ orbitals 43 
with the πC=C orbitals of the olefins; thus the constitutionally allylic positions are not necessarily 44 
stereoelectronically allylic.23-25 Although both benzylic and allylic oxonium ions have been proposed 45 
as reaction intermediates,26-30 literature reports of such oxonium ions on unconstrained scaffolds are 46 
limited and lack extensive characterisation (see Supplementary Information page S2 for examples).31-47 
33 For example, the benzylic oxonium ion 22 reported by Olah, was formed at –90 °C in SbF5-SO2ClF 48 
solution and characterised by 1H NMR, and was found to be highly thermally unstable, decomposing 49 
into anisole and polymeric material above −70 °C.33 Herein we report the preparation and description 50 
of the behaviour of a series of unconstrained allylic, benzylic, and hitherto unknown propargylic and 51 
allenylic oxonium ions as evidenced by comprehensive NMR spectroscopic characterization 52 
supported by DFT calculations, with the aim of elucidating the chemistry of these species without the 53 
constraints imparted by the oxatriquinane and oxatriquinacene skeletons (Figure 1b). 54 

Results and discussion 55 
Synthesis and characterization of the oxonium ions  56 
Our strategy for the preparation of the various unsaturated oxonium ions builds on our previous 57 
work15, 34 and was to promote substitution of a halide leaving group by an ether oxygen atom using a 58 
silver(I) salt that has a non-nucleophilic counter anion. In practice, the oxonium ions 24 were 59 
synthesized by halide abstraction from the corresponding bromides or chlorides 23 (see 60 
Supplementary Information, page S5 and from page S6 onwards for detailed procedures for the 61 
preparation of the cyclisation substrates) by mixing with AgSbF6 or AgAl(pftb)4‧CH2Cl2 [pftb = 62 
tetrakis(perfluoro-tert-butoxy)aluminate]35 in CD2Cl2 in a J. Young NMR tube and allowing the 63 
precipitated silver(I) halide to settle before acquisition of NMR data (Figure 2b). The temperatures 64 
at which halide abstraction was performed for the generation of the oxonium ions were identical to 65 
that of their NMR acquisition temperatures unless otherwise specified (Figure 2c-e).  Using this 66 
methodology, we prepared [3.3.0] and [4.3.0]-bicyclic benzylic, allylic, propargylic and allenylic 67 
oxonium ions carrying substituents ranging from phenyl, vinyl and ethynyl groups to enoates, enynes 68 
and carboxy allenes. All of these oxonium ions were readily formed as the major species which were 69 
subsequently characterised by NMR spectroscopy between –20 and +20 °C.   70 
Characterization of the oxonium ions began with analysis of the NMR spectroscopic data of the 71 
monosubstituted series 24a•SbF6 and 24b–24j•Al(pftb)4 (Figure 2c-e). The protons attached to the 72 
carbon atoms adjacent to the trivalent oxygen (the α-protons), resonate within the range of 4.0–5.9 73 
ppm in the corresponding 1H NMR spectra, with the methylene protons generally resonating at lower 74 
chemical shift compared with the methine protons, in keeping with literature data (Figure 2a).7, 10, 14 75 
In the 13C NMR spectra the oxonium ion α-carbons resonate in the range of 79.7–108.0 ppm, and 76 
follow the same trend. Evidence to support the trivalency of the oxonium ion oxygen atom in these 77 
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species was provided by 1H-13C HMBC correlations between the oxonium ion α-protons and 78 
α-carbons. Using oxonium ion 24c•Al(pftb)4 as an example (Figure 2c), 1H-13C HMBC correlations 79 
were observed between the blue protons and the green and orange carbons simultaneously, which is 80 
only possible if the oxonium ion oxygen is trivalent (see Supplementary Data, pages 125–267 for the 81 
NMR spectra of all the reported oxonium ions). The same pattern was also observed for oxonium ion 82 
24f•Al(pftb)4 (Figure 2d). For oxonium ions such as (Z)-24h•Al(pftb)4 (Figure 2e) in which its 1H-83 
13C HMBC correlations were too weak to be observed (see Supplementary Data, page 172), trivalency 84 
was inferred by analogy with the closely related oxonium ions reported herein. With all the oxonium 85 
ions reported in this study, the oxygen atom is a stereogenic centre; however, given that the barrier to 86 
pyramidal inversion at oxygen in trialkyloxonium ions is less than 10 kcal/mol,3 we sought to 87 
determine whether cis or trans ring fusion was favoured for the oxonium ions shown in Figure 2 88 
using DFT calculations and, where appropriate, 1H NMR nOe experiments. DFT calculations on the 89 
pare 24a, 24b, and 24c (anion excluded) indicated that the trans-fused [3.3.0]-bicyclic oxonium ions 90 
are not energy minima: on geometry optimisation they spontaneously undergo inversion at oxygen to 91 
yield the cis-fused [3.3.0]-bicyclic structures (see Supplementary Information pages S90–S91). On 92 
this basis, the [3.3.0]-bicyclic oxonium ions were assigned with a cis ring fusion. The overall relative 93 
configurations of the cis-fused [3.3.0]-bicyclic oxonium ions were established by comparison of their 94 
1H and 13C NMR chemical shifts to those simulated by DFT calculations for the two possible cis-95 
fused [3.3.0]-bicyclic diastereomers, as the observed 1H NMR NOESY correlations of these oxonium 96 
ions did not allow unambiguous assignment of relative configuration (see Supplementary Information 97 
pages S94–S104). The ring fusion of the [4.3.0]-bicyclic oxonium ions was assigned as trans on the 98 
basis of DFT calculations and 1H NMR nOe experiments. DFT calculations indicated that for the 99 
[4.3.0]-bicyclic oxonium ions the trans-fused diastereomeric conformer is universally lower in energy 100 
than the cis-fused one (1.4–1.9 kcal/mol) as in the parent hydrindane below 200 °C (see 101 
Supplementary Information S90-S92).36 Again the relative configurations of the [4.3.0]-bicyclic 102 
oxonium ions were assigned by comparison of their 1H and 13C NMR chemical shifts to those 103 
simulated by DFT calculations for the two possible trans-fused [4.3.0]-bicyclic oxonium ion 104 
diastereomers (see Supplementary Information pages S105–S108); for oxonium ion 24f•Al(pftb)4 the 105 
assignment of the relative configuration was supported by 1H NMR nOe analysis (see Supplementary 106 
Data page 155).  107 

A host of oxonium ions bearing adjacent unsaturation at two positions 24k–24v•Al(pftb)4 (Figure 3) 108 
were also readily prepared through silver-mediated halide abstraction from the corresponding mono-109 
cyclic precursors. As with the oxonium ions 24a•SbF6 and 24b–24j•Al(pftb)4, the oxonium ions 24k–110 
24v•Al(pftb)4 were formed as the major solution species on treatment of the corresponding alkyl 111 
halide with AgAl(pftb)4‧CH2Cl2. With these oxonium ions, the oxonium ion α-protons resonate within 112 
the range of 4.4–5.9 ppm and the oxonium ion α-carbons resonate in the range of 80.8–125.4 ppm in 113 
their 1H and 13C NMR spectra respectively, largely in keeping with the monosubstituted series. 114 
Evidence to support the trivalency of the oxonium ion oxygen was again provided by 1H-13C HMBC 115 
correlations between the oxonium α-protons and α-carbons. Using oxonium ion 24r•Al(pftb)4 as an 116 
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example, 1H-13C HMBC correlations were observed between the blue protons and the green and red  117 
carbons simultaneously, which is only possible if the oxonium ion oxygen is trivalent. In addition, 118 
the 1H-13C HMBC correlation between the green proton and the blue carbon was also observed. The 119 
same pattern of correlation was also found for oxonium ion 24p•Al(pftb)4 (Figure 3a–b, see 120 
Supplementary Data for other disubstituted oxonium ions). Species with weak 1H-13C HMBC 121 
correlations, such as 24v’•Al(pftb)4, were characterised by analogy with closely related oxonium ions. 122 
The relative configurations of several members of the disubstituted oxonium ions 24l•Al(pftb)4, 123 
24m•Al(pftb)4, 24n•Al(pftb)4, 24p•Al(pftb)4, 24q•Al(pftb)4 and 24r•Al(pftb)4 were elucidated by 1H-124 
1H NOESY correlations, with the relative configurations of the remaining members assigned by 125 
analogy.  Disubstitution of the oxonium ions enabled further expansion of the scope of the oxonium 126 
ions, rendering the synthesis of enal oxonium ions 24q•Al(pftb)4 and p-methoxybenzyl oxonium ions 127 
24p•Al(pftb)4 and 24v•Al(pftb)4 possible. The syntheses of the corresponding monosubstituted enal 128 
and p-methoxybenzyl oxonium ions were plagued by poor solubility of the enal oxonium ion, and 129 
poor stability of the halide precursor of p-methoxybenzyl oxonium ion. 130 

Properties of the oxonium ions: Stereochemical behaviour 131 
The oxonium ions 24 were formed from diastereomeric mixtures of halides 23. However, NMR 132 
analysis of the twenty-two synthesised oxonium ions (Figure 2 and Figure 3), showed that thirteen 133 
of the oxonium ions were predominantly single diastereomers.  This observation may result from an 134 
oxonium ion-carbenium ion equilibrium,12 in which the C–O+ bonds of the oxonium ions 24 would 135 
be labile and thus allow conversion of one diastereomer into another. Alternatively, selective 136 
decomposition of one diastereomer into NMR-silent species (e.g. by polymerization and precipitation) 137 
would also be in keeping with predominantly single diastereomers being observed. To distinguish 138 
these two possibilities, the oxonium ions 24m•SbF6 and 24m’•SbF6 were generated with AgSbF6 at 139 
−20 °C and were characterized as a 2.2 : 1 diastereomeric mixture by 1H NMR at –20 °C followed by 140 
incubation of the NMR sample in the spectrometer at 0 °C which lead to equilibration into a single 141 
diastereomer over 30 minutes (Figure 4).  Quantitative NMR (QUANTAS)37 experiments indicated 142 
that selective decomposition of one diastereomer of 24m/24m’•SbF6 was not occurring but rather that 143 
24m’•SbF6 was being converted into 24m•SbF6 most likely via an oxonium ion-carbenium ion 144 
equilibrium.  This was evident from the observation that the total integral of the highlighted methylene 145 
protons of 24m•SbF6 (purple) and 24m’•SbF6 (orange) remained constant over 30 minutes, and the 146 
decay of the integral of 24m’•SbF6 was accompanied by the simultaneous growth of the integral of 147 
24m•SbF6 (Figure 4b).  Three plausible pathways for the oxonium ion-carbenium ion equilibrium of 148 
oxonium ions 24 by heterolysis of C–O+ bonds are shown in Figure 4c two of which, pathways b and 149 
c, can lead to stereochemical inversion.  From the reported literature values of gas phase hydride 150 
affinity of carbenium ions (Figure 4d),38-40 C–O+ bond heterolysis by pathway c is predicted to be 151 
the most likely (most stable tertiary carbenium ion) for the interconversion of doubly substituted 152 
oxonium ions, followed by pathway b.  DFT calculations indicated that formation of an allylic 153 
carbenium ion, pathway b, is reasonable with a barrier of 21–22 kcal/mol for 24m (19–21 kcal/mol 154 
for 24m’), which compares favourably with the measured barrier (19.3 kcal/mol, see Supplementary 155 
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Information pages S86 and S109).  For pathway c with 24m, the benzylic carbenium ion is calculated 156 
to be the most stable intermediate; however, the barrier for ring opening to give the benzylic 157 
carbenium ion 27m is higher than to form the allylic carbenium ion 26m hence for oxonium ions 158 
24m/24m’•SbF6 equilibration most likely proceeds via pathway b. For the monosubstituted oxonium 159 
ions (Figure 2) it is likely that the interconversion of the diastereomeric oxonium ions occurs via 160 
pathway b as pathway c would result in a higher energy secondary carbenium ion; DFT calculations 161 
indicated that formation of a primary carbenium ion 25 is energetically extremely unfavourable and 162 
unavailable for all of oxonium ions 24. 163 

An extreme case of equilibration of diastereomeric oxonium ions is illustrated by the p-164 
methoxybenzylpropargyl oxonium ion 24v/24v’•Al(pftb)4. With a highly cation stabilising 165 
substituent (p-methoxyphenyl, Hammett substituent constant s = –0.27)41 at the transannular (red) 166 
position, this oxonium ion was found to be fluxional by NMR even at −40 °C (Figure 5a-c) as 167 
evidenced by the presence of exchange cross-peaks (red off-diagonal peaks; blue off-diagonal peaks 168 
are nOe’s) in the 1H NMR NOESY spectrum of 24v/24v’•Al(pftb)4.  The proton resonances of the 169 
blue and green protons on the oxonium ion scaffold of 24v/24v’•Al(pftb)4, the purple and magenta 170 
protons on the aromatic ring, and the grey acetylenic proton of the two diastereomers were undergoing 171 
exchange. By comparison the benzylpropargyl oxonium ion 24s/24s’•Al(pftb)4 which has a less 172 
electron donating phenyl group (s = 0), did not appear fluxional by NMR even at 0 °C, as shown by 173 
the absence of exchange cross-peaks of the corresponding blue, green, purple, magenta and grey 174 
protons in the 1H NMR NOESY spectrum (Figure 5d).  Considering the gas phase hydride affinities 175 
of the incipient carbenium ions, it is unlikely for an oxonium ion-carbenium in equilibrium to be 176 
established through pathway b in 24v/24v’•Al(pftb)4 as the incipient secondary propargyl carbenium 177 
is expected to be significantly higher in energy compared with the tertiary p-methoxybenzyl 178 
carbenium ion. Therefore, the fluxionality observed likely arises through pathway c between the 179 
oxonium ion pairs 24v/ent-24v’•Al(pftb)4 and ent-24v/24v’•Al(pftb)4, with 27v/ent-27v•Al(pftb)4 as 180 
proposed intermediates. This proposal was supported by DFT calculations with the barrier to p-181 
methoxybenzyl carbenium ion formation calculated to be 16-17 kcal/mol (see Supplementary 182 
Information page S110). Furthermore, the benzylic system 24s/24s’•Al(pftb)4 was not found to be 183 
fluxional by NMR at 0 °C despite possessing the same secondary propargyl carbenium ion 184 
intermediate if pathway b were operative. The observed diastereomeric ratio of the oxonium ions 185 
24v/24v’•Al(pftb)4 (1.7-1.8:1, at −40 °C) reflects the relative thermodynamic stability of the two 186 
diastereomers. The variation in line shape of the 1H NMR resonances for 24v/ent-24v’•Al(pftb)4 with 187 
respect to changing temperature is due to chemical exchange not decomposition, as evidenced by the 188 
reversible behaviour of the 1H NMR resonances between 246K (−27 °C) and 298K (25 °C) (Figure 189 
5b).  190 

The proposed O-methylated p-quinone methide cations 27v/ent-27v•Al(pftb)4 could be trapped with 191 
a series of nucleophiles to provide oxocanes 28-33. Initially we found the trapping reactions of 192 
27v/ent-27v•Al(pftb)4 by nucleophiles such as furans, allylsilanes and silyl ketene acetals to be highly 193 
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irreproducible.  We attributed the capricious nature of these quenching reactions to the formation of 194 
Brønsted or Lewis acidic cations under the reaction conditions which decomposed the substrates 195 
and/or products.  Hence, a trapping agent that was compatible with the electrophilic oxonium ion was 196 
required. Cycloheptatriene, being a non-basic hydride donor, was selected for this purpose due to the 197 
very low hydride affinity (201 kcal/mol) of the tropylium cation.40, 42 Treatment of a filtered CD2Cl2 198 
solution of oxonium ions 24v/24v’•Al(pftb)4 at −20 °C with 1.1 eq. of cycloheptatriene followed by 199 
NMR monitoring showed that the oxonium ions 24v/24v’•Al(pftb)4 were virtually unreactive towards 200 
cycloheptatriene at −20 °C, but were rapidly reduced to 28/28’ at room temperature in 30 minutes. 201 
The reduction product 28/28’ was isolated as a 1.7:1 diastereomeric mixture in 42% yield (Figure 202 
5e). Cycloheptatriene was therefore employed as a cation scavenger in the reaction between unfiltered 203 
24v/24v’•Al(pftb)4 and silyl ketene acetal in CH2Cl2, in which the desired oxocane products 29 and 204 
29’ were obtained in 81% total yield in 1.6:1 diastereomeric ratio. Reaction with other types of π-205 
nucleophiles such as methallyltrimethylsilane, furan, 2-methylfuran and N-methyl pyrrole provided 206 
the corresponding adducts 30-33, respectively (Figure 5f); see Supplementary Information page S70 207 
onwards for more examples of oxonium ion quenching with various nucleophiles. 208 

The oxonium ions 24q•Al(pftb)4 and 24r•Al(pftb)4 that were generated as single diastereomers most 209 
likely also underwent stereochemical equilibration via path c as with oxonium 24v•Al(pftb)4. 210 
Although the incipient tertiary benzyl cations in 24q•Al(pftb)4 and 24r•Al(pftb)4 were expected to 211 
have a higher hydride affinity compared to the p-methoxybenzyl cation in 24v•Al(pftb)4, the 212 
equilibration most likely was driven by the tendency to put the sterically more demanding enoate and 213 
enal groups pseudoequatorial.43 This may also explain the tendency for disubstituted propargyl 214 
oxonium ions 24s-u•Al(pftb)4 to be generated as a mixture of diastereomers due to the small size of 215 
the propargyl group. 216 

For the monosubstituted propargyl and enoate oxonium ions 24c•Al(pftb)4 and 24d•Al(pftb)4, 217 
although they were both found to resolve to a single diastereomer by prolonged incubation at 40 °C, 218 
or simply by leaving the sample at room temperature for several days for 24c•Al(pftb)4, 219 
decomposition of the oxonium ions was evident. This was suggested by the darkening of the sample, 220 
and a gradual reduction of their 1H NMR signal intensity along with the appearance of broad 221 
resonances. The higher temperature required for these oxonium ions to undergo equilibration could 222 
be attributed to the requirement for the formation of incipient carbenium ions that have relatively high 223 
gas phase hydride affinities. 224 

Properties of the oxonium ions: Rearrangement reactions 225 
Although it was possible to acquire most of the NMR spectroscopic data of the monosubstituted 226 
oxonium ions 24a•SbF6 and 24b-24j•Al(pftb)4 at 298 K in CD2Cl2, some of the oxonium ions were 227 
unstable at this temperature.  Notably, oxonium ion 24f•Al(pftb)4 was found to undergo 228 
rearrangement into oxocarbenium ion 35•Al(pftb)4 at temperatures above −20 °C (Figure 6).44, 45  The 229 
oxocarbenium ion 35•Al(pftb)4 was characterised by NMR spectroscopy, with the 13C NMR chemical 230 
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shift of the orange oxocarbenium ion carbon resonating at 245.4 ppm within the 240-250 ppm range 231 
known for oxocarbenium ions.15, 46, 47 In addition, 1H-13C HMBC correlations between said carbon 232 
and the blue, brown, magenta, cyan and grey protons were observed.  The formation of oxocarbenium 233 
ion 35•Al(pftb)4 from oxonium ion 24f•Al(pftb)4 suggests that oxonium ion-carbenium ion 234 
equilibrium by path b is accessible for this oxonium ion with the carbenium ion 26f•Al(pftb)4 235 
undergoing reduction by an intramolecular hydride transfer pathway through the transition state 236 
34•Al(pftb)4 to provide the oxocarbenium ion 35•Al(pftb)4.48-53  The corresponding deuterated 237 
oxonium ion 24f-d•Al(pftb)4 gave the oxocarbenium ion 35-d•Al(pftb)4 with deuterium at the 238 
benzylic position in keeping with the mechanism proposed above (Figure 6b).  The resulting 239 
oxocarbenium ions 35•Al(pftb)4 and 35-d•Al(pftb)4 were derivatised into ketones 36/36-d with 240 
tetrabutylammonium bromide and tetrahydrofurans 37/37-d with cycloheptatriene.  To further 241 
elucidate the mechanism of this rearrangement reaction, the hydride transfer of oxonium ion 242 
24f•Al(pftb)4 and the deuteride transfer of its deuterated analogue 24f-d•Al(pftb)4 were monitored by 243 
NMR spectroscopy at 10 °C in CD2Cl2. Both hydride and deuteride transfer reactions were found to 244 
be first-order with respect to the oxonium ions 24f•Al(pftb)4 and 24f-d•Al(pftb)4 respectively as 245 
expected with a modest kinetic isotope effect kH/kD = 1.48 ± 0.08 being measured from separate 246 
experiments suggesting that the C−H cleavage event is rate determining (see Supplementary 247 
Information page S88).54 DFT calculations support this interpretation.  The calculated transition state 248 
for the hydride transfer is chair-shaped with a C–H–C bond angle of 140° along the transferring axis 249 
(see Supplementary Information pages S110-S111).  Consistent with an exothermic/exergonic step in 250 
forming the oxocarbenium ion 35, H-transfer is highly asynchronous with a breaking C–H distance 251 
of 1.17 Å and a forming distance of 1.71 Å.  These two factors result in a relatively small primary 252 
kinetic isotope effect calculated to be kH/kD = 1.85 in qualitative agreement with experiment (see 253 
reference 40 pages 425-428).  254 

The propargylallyl oxonium ions 24o•Al(pftb)4 underwent rearrangement to provide the conjugated 255 
oxocarbenium ion 40•Al(pftb)4 via the proposed mechanism shown below which we have termed a 256 
Friedel-Crafts pinacol reaction, akin to the Prins-pinacol reaction (Figure 7a).55, 56 It was possible to 257 
briefly observe the propargylallyl oxonium ion 24o•Al(pftb)4 by NMR spectroscopy at room 258 
temperature immediately after its generation, and its conversion to the oxocarbenium ion 40•Al(pftb)4 259 
was monitored over time. Performing the halide abstraction at −10 °C followed by NMR data 260 
acquisition at the same temperature allowed observation of the propargylallyl oxonium ion 261 
24o•Al(pftb)4 along with the proposed intermediate oxocarbenium ion 39•Al(pftb)4 in 2.4:1 ratio, 262 
providing another piece of evidence for the proposed mechanism leading to the formation of 263 
40•Al(pftb)4 (see Supplementary Information pages S54-S55 for the spectroscopic assignments of 264 
39•Al(pftb)4 and 40•Al(pftb)4). On the other hand, the propargylbenzyl oxonium ion 24w•Al(pftb)4 265 
was not observed at room temperature and the oxocarbenium ion 42•Al(pftb)4 was the only species 266 
observed immediately after halide abstraction of the precursor 23w (Figure 7b). It was subsequently 267 
found that resonances in keeping with the formation oxonium ion 24w•Al(pftb)4 could be observed 268 
by 1H NMR at -40 °C but readily decayed with concomitant increase in the intensity of the resonances 269 
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of  oxocarbenium ion 42w•Al(pftb)4 (see Supplementary Information page S55 for the spectroscopic 270 
assignment of 42•Al(pftb)4 and pages S67-S68 for the conversion of 24w•Al(pftb)4 into 271 
42w•Al(pftb)4)). Reaction of the oxocarbenium ion 42•Al(pftb)4 with tetrabutylammonium bromide 272 
(open to air) surprisingly gave fulvenes 43 as the only identifiable product in 28% yield, presumably 273 
via an isomerisation-oxidation pathway (Figure 7c). The Friedel-Crafts pinacol reaction is not limited 274 
to the propargylallyl and propargylbenzyl oxonium ions 24o•Al(pftb)4 and 24w•Al(pftb)4. The 275 
allylbenzyl oxonium ion 24n•Al(pftb)4 was also found to undergo such rearrangement upon warming 276 
from −40 °C to room temperature (Figure 7d).This provided the oxocarbenium ions 46•Al(pftb)4 as 277 
a mixture of diastereomers and subsequent reaction of this species with tetrabutylammonium bromide 278 
gave the cyclopentanes 47 in 64% yield (see Supplementary Information page S55-S56 for the 279 
spectroscopic assignment of 46•Al(pftb)4). DFT calculations supported the proposed Friedel-Crafts 280 
pinacol rearrangement mechanism from oxonium ions 24o, 24w and 24n via the corresponding 281 
carbenium ions 26o, 26w and 26n (see Supplementary Information pages S111-S113).  Interestingly, 282 
the formation of the oxocarbenium ions 39, 42 and 46 from the corresponding carbenium ions is 283 
calculated to occur in a single elementary step.  However, this process is highly asynchronous: C–C 284 
formation begins to occur in each TS, while 1,2-migration does not begin to occur until later along 285 
the Intrinsic Reaction Coordinate (IRC). This concerted, asynchronous mechanism avoids the 286 
intermediacy of a high-energy linear or secondary carbocation.  287 

Substitution of the propargyl and allyl groups in the oxonium ions 24o and 24n with a phenyl group 288 
gave rise to benzylallyl and bisbenzyl oxonium ions 24m and 24l. Although these two oxonium ions 289 
could be spectroscopically captured and characterised at lower temperatures (with SbF6– as 290 
counteranion: –20 °C for 24m and –30 °C for 24l; with Al(pftb)4– as counteranion: 0 °C for 24m and 291 
–20 °C for 24l), they were found to undergo efficient intramolecular Friedel-Crafts alkylation at room 292 
temperature with SbF6– as their counteranion. This is followed by opening of the tetrahydrofuran rings 293 
to provide the compounds 52 and 53, which could be neutralised by Et3N to provide the substituted 294 
dihydronaphthalenes 54 and 55 in 61% and 68% yields, respectively. (Extended Data Figure 1). 295 

However, generation of the benzylallyl oxonium ion 24m•Al(pftb)4 with AgAl(pftb)4‧CH2Cl2 at room 296 
temperature did not result in efficient Friedel-Crafts reactivity. The oxonium ion 24m•Al(pftb)4 was 297 
found to be persistent for ~30 minutes before signatures of Friedel-Crafts reaction began to appear in 298 
its 1H NMR spectrum with further decomposition of the oxonium ion 24m•Al(pftb)4 into 299 
uncharacterisable species also observed. The difference in behaviour of the oxonium ion 24m with 300 
different counteranions may relate to how readily the Wheland intermediate undergoes 301 
rearomatisation after attack of the aryl ring onto the allylic cation in 26m and benzylic cation in 26l 302 
(the pKa of an arenium ion is estimated to be −24.3)57 which drives the reaction forward, therefore 303 
outcompeting potential decomposition pathways.  304 

The oxonium ion 24l•Al(pftb)4 that was generated with AgAl(pftb)4‧CH2Cl2 at 0 °C and then warmed 305 
to room temperature gave rise to a 1,4-aryl transfer reaction (Extended Data Figure 2). The 306 
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oxocarbenium ion 59•Al(pftb)4 generated from the 1,4-aryl transfer reaction was characterized by 307 
NMR spectroscopy and was found to bear similar spectroscopic features with respect to 308 
oxocarbenium ion 35•Al(pftb)4 (see Supplementary Information page S53).  The oxocarbenium ion 309 
59•Al(pftb)4 could be trapped by tetrabutylammonium bromide after filtration to give the ketone 60 310 
in 21% yield, along with a Friedel-Crafts product 61 which was isolated in 42% yield as a mixture of 311 
diastereomers (d.r. ~ 4:1). The generation of the Friedel-Crafts product 61 as a major product was not 312 
obvious from inspection of the 1H and 13C NMR spectrum of oxocarbenium ion 59•Al(pftb)4; however, 313 
broad resonances were present in the 1H NMR spectrum of oxocarbenium ion 59•Al(pftb)4, which 314 
may indicate that 59•Al(pftb)4 is in equilibrium with other species such as the carbenium ions 315 
57•Al(pftb)4 or 58•Al(pftb)4. The quenching of the carbenium ions 57•Al(pftb)4 and 58•Al(pftb)4 316 
leads to aromatisation and therefore generates the observed Friedel-Crafts product 61. The competing 317 
ipso and ortho-Friedel Crafts processes were investigated computationally.  With the oxonium ion 318 
24l the transition states for ipso- and ortho- substitution (26l to 56 and 26l to 57) differ by ca. 1 319 
kcal/mol with the pathway for ipso-substitution being lower in energy and directly giving the 320 
oxocarbenium ion 59 with the depicted phenonium ion 56 (56•Al(pftb)4 in Extended Data Figure 2) 321 
being a transition state not an intermediate.  By contrast with the oxonium ion 24m ortho-substitution 322 
is favoured over ipso-substitution by 2 kcal/mol.  Although the reaction pathways were readily 323 
mapped out using DFT calculations, the differing counterion dependent reaction outcomes are not 324 
readily explained (see Supplementary Information pages S113-S114).  325 

Lastly, during the investigation of the synthesis of the parent allenylic oxonium ion 24x•Al(pftb)4, it 326 
was found that the observed product was the vinyl oxonium ion 62•Al(pftb)4 (Figure 8). Presumably, 327 
vinyl oxonium ion 62•Al(pftb)4 was generated from the attack of the ether oxygen at the allene central 328 
carbon, either directly or through oxonium-carbenium ion equilibrium with carbenium ion 329 
26x•Al(pftb)4. The generation of the vinyl oxonium ion 62•Al(pftb)4 was most likely driven by the 330 
formation of a conjugated buta-1,3-diene unit. To the best of our knowledge, this constitutes the first 331 
example of a vinyl oxonium ion to be characterized by NMR spectroscopy (see Supplementary 332 
Information pages S116 for comparison between computed and calculated 1H and 13 C NMR chemical 333 
shifts). 334 

Conclusion 335 
This paper outlines the synthesis and characterisation of twenty-two allylic, benzylic, propargylic and 336 
allenylic oxonium ions. Their synthesis enabled investigation of the fundamental properties of these 337 
oxonium ions, namely their stereochemical/conformational behaviour, tendency to undergo 338 
rearrangement reactions, and reactivity towards nucleophiles. These discoveries set the stage for 339 
further development of oxonium ion-based transformations. 340 
 341 
Methods 342 
The oxonium ions 24 were generated from their halide precursors 23 (1.0 eq.) and 343 
AgAl(pftb)4‧CH2Cl2 (or AgSbF6) (1.1 eq.) in dry CD2Cl2 (0.7 mL) in a flame dried Young’s NMR 344 
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tube at their respective generation temperatures (see Figures 2 and 3, and Supplementary Information, 345 
pages S38 to S51). The halide precursor 23 (1.0 eq.) was quickly weighed out directly into the flame-346 
dried Young’s NMR tube, followed by the addition of dry CD2Cl2 (0.3 mL). The cap of the Young’s 347 
NMR tube was closed, and the solution was mixed thoroughly by vigorous shaking, and the solution 348 
was incubated at the respective generation temperatures. The silver salt (AgAl(pftb)4‧CH2Cl2 or 349 
AgSbF6) (1.1 eq.) was weighed out separately in a flame dried round bottom flask in a nitrogen-filled 350 
glove bag and dissolved in dry CD2Cl2 (0.4 mL) at room temperature. The room temperature solution 351 
of the silver salt was rapidly injected into the solution of the halide precursor 23 through the opening 352 
of the Young’s NMR tube (not the opening of the cap). The cap of the Young’s NMR tube was then 353 
closed, and the reaction mixture was thoroughly mixed by vigorous shaking. The silver halide 354 
precipitate generated upon the formation of monosubstituted oxonium ions 24 was allowed to settle 355 
at the bottom of the Young’s NMR tube at their generation temperatures. The monosubstituted 356 
oxonium ions 24 were then observed by NMR spectroscopy at their respective acquisition 357 
temperatures. 358 

 359 
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 388 

Figure 1. Literature examples of trialkyl and (tri)aryloxonium ions and oxonium ions from this study. a) A brief 389 
overview of reported trialkyloxonium ions1-15 and some (tri)aryloxonium ions16-18,22,33. Please consult respective 390 
publications for the case-specific ion-pairings of oxonium ions 14a–14q. b) Examples of oxonium ions described in this 391 
work. Tf = triflate = SO2CF3; pftb = perfluoro-tert-butoxy = (CF3)3CO. 392 
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 393 

Figure 2. Synthesis and NMR characterisation/comparison of oxonium ions bearing an unsaturated substituent. a) 394 
1H and 13C NMR data of literature oxonium ions: 8, benzylic oxonium ion 14j and allylic oxonium ion 17. b) Generation 395 
of oxonium ions 24 from 23 via halide abstraction for NMR analysis. Reagents and conditions: 1.1 eq. AgAl(pftb)4‧CH2Cl2 396 
or 1.1 eq. AgSbF6, CD2Cl2, refer to c–e) for reaction and characterization temperature, which are identical unless otherwise 397 
specified. c) and d) Representative examples showcasing the characterization of monosubstituted oxonium ions 398 
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24c•Al(pftb)4 and 24f•Al(pftb)4 by 1H, 13C and 1H-13C HMBC (Heteronuclear Multiple Bond Correlation) NMR 399 
spectroscopy. e) Examples of monosubstituted oxonium ions with their 1H and 13C NMR spectroscopic data. Their 400 
corresponding 1H-13C HMBC correlation data, presented in the form as in c–d) can be found in the SI. *Initially generated 401 
as a mixture of diastereomers, single diastereomer of 24c•Al(pftb)4 obtained slowly at room temperature or more rapidly 402 
by incubation at 40 °C (338K). For 24d•Al(pftb)4, single diastereomer obtained only after incubation at 40 °C (338K). 403 
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Figure 3. NMR characterisation of oxonium ions bearing unsaturation at two positions. a–b) Representative 405 
examples showcasing the characterization of disubstituted oxonium ions 24r•Al(pftb)4 and 24p•Al(pftb)4 by 1H, 13C and 406 
1H-13C HMBC (Heteronuclear Multiple Bond Correlation) NMR spectroscopy. c) Examples of disubstituted oxonium 407 
ions with their 1H and 13C NMR spectroscopic data. Their corresponding 1H-13C HMBC correlation data, presented in the 408 
form as in a–b) can be found in the SI. *Generated at 253K. #Oxonium ion 24o•Al(pftb)4 was generated as a ca. 2.4:1 409 
mixture with oxocarbenium ion 52•Al(pftb)4 (see below). 410 

 411 
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 412 

Figure 4. Oxonium ion equilibration. a) Generation of a mixture of 24m•SbF6 and 24m’•SbF6 from 23m at −20 °C, 413 
followed by equilibration to 24m•SbF6 at 0 °C (See full NMR characterization of 24m•SbF6 in the SI, full characterization 414 
of 24m’•SbF6 was not attempted due to its low initial concentration and facile conversion into 24m•SbF6. The 415 
identification of 24m’•SbF6 was by NMR spectroscopic comparison with oxonium ions 24m•SbF6 and 24s’–416 
24u’•Al(pftb)4). b) NMR monitoring of the conversion of 24m’•SbF6 to 24m•SbF6 at 0 °C. c) Three pathways for oxonium 417 
ion-carbenium ion equilibrium. d) Gas phase hydride affinities of incipient carbenium ion 25, 26 and 27. 418 
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 419 

Figure 5. Characterisation and reactivity of oxonium ion 24v•Al(pftb)4 showing fluxionality by NMR. a) Proposed 420 
mechanism for the observed exchange between 24v•Al(pftb)4 and ent-24v’•Al(pftb)4. b) Reversible temperature 421 
dependence of chemical exchange between 246 K (−27 °C) and 298 K (25 °C). The 1H NMR spectrum of 24v•Al(pftb)4 422 
at 233 K (−40 °C) is displayed with the signals of interest highlighted. c) Excerpts of the 1H-1H NOESY spectrum of 423 
24v•Al(pftb)4 at 233 K (−40 °C), showing exchange cross-peaks (red in colour, intense and same phase as the diagonal). 424 
d) Excerpts of the 1H-1H NOESY spectrum of 24s•Al(pftb)4 at 273 K (0 °C), showing the absence of exchange cross-425 
peaks. e) Reaction of the oxonium ions 24v•Al(pftb)4 and 24v’•Al(pftb)4 with cycloheptatriene and silyl ketene acetal. 426 
Reagents and conditions: 1.1 eq. cycloheptatriene (or 2.0 eq. silyl ketene acetal and 1.1 eq. cycloheptatriene), CD2Cl2, 427 
−20 °C to r.t., reaction progress monitored by 1H NMR spectroscopy or TLC analysis. f) Products of the reactions between 428 
oxonium ions 24v•Al(pftb)4 and 24v’•Al(pftb)4 with methallyltrimethylsilane, furan, 2-methylfuran, and N-methylpyrrole. 429 
Please refer to Supplementary Information for experimental conditions and stereochemical assignments.  r.t. = room 430 
temperature; TLC = thin layer chromatography; TMS = trimethylsilyl = (CH3)3Si. 431 
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 432 

Figure 6. Rearrangement of a benzylic oxonium ion. a) Proposed mechanism for the formation of 35•Al(pftb)4 from 433 
24f•Al(pftb)4. 1H, 13C NMR and 1H-13C HMBC (Heteronuclear Multiple-Bond Correlation) NMR data of 35•Al(pftb)4 434 
are provided to support its structural assignment.  b) Conversion of 24f•Al(pftb)4 and 24f-d•Al(pftb)4 to 35•Al(pftb)4 and 435 
35-d•Al(pftb)4 and their derivatization into 36/37 and 36-d/37-d. Reagents and conditions: 1) 10 °C, CD2Cl2, 9 hrs, refer 436 
to figure for NMR yields. 2) Filter off AgCl(s) precipitate at r.t., then add 5.0 eq. Tetrabutylammonium bromide (TBAB), 437 
CD2Cl2, r.t., refer to figure for isolated yields. 3) 1.1 eq. cycloheptatriene, CD2Cl2, r.t., refer to figure for isolated yields. 438 
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 439 

Figure 7. Rearrangement of propargylic oxonium ions.  a) Formation of oxocarbenium ion 39•Al(pftb)4 from 23o via 440 
the Friedel-Crafts pinacol reaction. Reagents and conditions: 1) 1.1 eq. AgAl(pftb)4‧CH2Cl2, CD2Cl2, −10 °C, overnight 441 
(NMR acquisition), then r.t. 2) 1.1 eq. AgAl(pftb)4‧CH2Cl2, CD2Cl2, r.t., 1 hr. b) Formation of oxocarbenium ion 442 
42•Al(pftb)4 from 23w via the Friedel-Crafts pinacol reaction. Reagents and conditions: 1) 1.1 eq. AgAl(pftb)4‧CH2Cl2, 443 
CD2Cl2, r.t. 2) 5.0 eq. tetrabutylammonium bromide (TBAB), air, CD2Cl2, r.t. 28%, E:Z = 1:1. c) A proposed mechanism 444 
for the formation of 43 from 42•Al(pftb)4. d) Formation of oxocarbenium ion 46•Al(pftb)4 from 23n via the Friedel-Crafts 445 
pinacol reaction. Reagents and condition: 1) 1.1 eq. AgAl(pftb)4‧CH2Cl2, CD2Cl2, −40 °C, overnight (NMR acquisition), 446 
then r.t. 2) Filter off AgCl(s), 5.0 eq TBAB, CD2Cl2, r.t. 64% over 2 steps, d.r. = 1:1.  O.N. = overnight; nOe = nuclear 447 
Overhauser effect; d.r. = diastereomeric ratio. 448 
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 449 

Figure 8. Generation of vinyl oxonium ion 62•Al(pftb)4 from 23x. Reagents and conditions: 1.1 eq. AgAl(pftb)4‧CH2Cl2, 450 
CD2Cl2, mixing of reagents at −20 °C, then warmed to above −20 °C for the generation of 62•Al(pftb)4. 1H, 13C NMR and 451 
1H-13C HMBC (Heteronuclear Multiple-Bond Correlation) NMR data of 62•Al(pftb)4 are provided to support its structural 452 
assignment. 453 
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 456 

 457 
Extended Data Figure 1. Formation of Friedel-Crafts products 54 and 55 from oxonium ions 24m•SbF6 and 458 
24l•SbF6. Reagents and conditions: For 24m•SbF6: 1) CD2Cl2, r.t., 1.5 hrs. 2) 2.0 eq. Et3N, CD2Cl2, r.t., 61% over 2 steps. 459 
For 24l•Al(pftb)4: 1) CD2Cl2, −10 °C to r.t., 2 hrs. 2) 2.0 eq. Et3N, CD2Cl2, r.t. 68% over 2 steps. 460 
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 462 

 463 
Extended Data Figure 2. Formation of 1,4-aryl transfer product 60 from oxonium ion 24l•Al(pftb)4. Reagents and 464 
conditions: 1) CD2Cl2, 0 °C to r.t., 30 minutes. 2) Filter, then 5.0 eq. Tetrabutylammonium bromide, CD2Cl2, r.t. 60: 21% 465 
over 2 steps, 61: 42% over 2 steps (d.r. ~ 4:1). 466 
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