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Switchable Reactivity of Homopropargylic Alcohols Towards -
Arylated Ketones and -Arylated Tetrahydrofurans in HFIP
Claire Miesch,a Ewelina Krolicka,a Robert J. Mayer*b and David Lebœuf*a

A divergent synthetic strategy to access -arylated ketones and -arylated tetrahydrofurans from readily available 
homopropargylic alcohols and arene nucleophiles is reported. This method expands the accessible chemical space of -
arylated ketones via a unique triflic acid-catalyzed hydroalkoxylation/ring-opening arylation sequence proceeding through 
a 2,3-dihydrofuran intermediate, enabled by the properties of 1,1,1,3,3,3-hexafluoroisopropan-2-ol (HFIP) as solvent. This 
protocol provides a solution for preparing -arylated ketones incorporating sterically hindered arenes, while displaying 
compatibility with synthetically relevant functionalities to deliver linear and branched -arylated ketones, including both 
aliphatic and aromatic variants. Switching the reaction pathway by employing p-cymene as a hydride donor promotes a 
reductive hydroalkoxylation, affording -arylated tetrahydrofurans with high efficiency. Mechanistic studies supported by 
DFT computations reveal a complex catalytic reaction network in which multiple pathways converge to the observed 
products.

Introduction
Aryl-substituted aliphatic ketones are prevalent structural 
motifs in natural products, pharmaceuticals, materials, and 
agrochemicals. However, their utility goes beyond those 
applications as ketones represent pivotal functional groups in 
organic synthesis to install a large range of relevant 
functionalities into target molecules via their electrophilic ipso 
carbon and acidic -CH bonds, including amines, alcohols, 
alkenes, and esters, among others.1,2 While manifold - and -
arylations of ketones have been developed,3-8 -arylation 
processes are largely underdeveloped because of the inherent 
difficulty in controlling their regioselectivity. In the past years, 
various disconnection strategies have emerged to address this 
issue, including elegant transition metal-catalyzed CC cleavage 
of cyclobutanols,9-13 cross-coupling reactions,14-22 
isomerization-based processes,23-27 and CH activation (Scheme 
1).28-30 Despite these advances, the synthesis of -arylated 
ketones incorporating sterically hindered arenes has still rarely 
been tackled.12 Besides, the reaction design of these methods 
rarely provides access to both linear and branched -arylated 
ketones, while only delivering either aliphatic or aromatic 
ketones, for which synthetically useful electron-deficient aryl 
substitution patterns are underrepresented. Moreover, 
practical considerations for such protocols include the cost of 
transition-metal catalysts/ligands/additives used, their atom 
economy, and the removal of any trace metals for 
pharmaceutical applications. Therefore, metal-free and atom-
economic access to distinct -arylated ketone architectures that 
are not readily attainable by existing disconnections would 
unlock underexplored chemical space.

Here, we envisioned a conceptually distinct approach to prior 
work, featuring readily available homopropargylic alcohols and 
non-pre-activated arenes as precursors. Specifically, our design 
plan starts with the intramolecular hydroalkoxylation of the 
alkyne to form a 2,3-dihydrofuran intermediate, which would 
then undergo a regioselective ring-opening intermolecular 
arylation with a sterically congested aryl CH partner at the 
most accessible site to selectively afford the target -arylated 
ketones. In this strategy, the alcohol functionality plays two 
roles, acting as both an oxygen source to introduce the ketone 
into the final product and an electrophile to install the arene 
group. However, two potential pitfalls were identified: (i) the 
hydroalkoxylation of highly electronically deactivated alkynes, 
which were part of our coveted substrates, has rarely been 
observed, e.g., with gold catalysts,31,32 and (ii) the ring-opening 
arylation of 2,3-dihydrofurans has only been described for -
activated substrates.33 On the basis of our recent studies on the 
reactivity of deactivated alkynes/epoxides and aliphatic 
alcohols,34-36 we hypothesized that employing 1,1,1,3,3,3-
hexafluoroisopropan-2-ol (HFIP)37-43 as a solvent in combination 
with a Brønsted acid may address those issues. HFIP would fulfill 
a dual role, amplifying, through its strong H-bond donating 
ability,44,45 both the acidity of the catalyst to leverage the initial 
hydroalkoxylation step by protonation of the alkyne34 and the 
electrophilicity of the 2,3-dihydrofuran intermediate to execute 
the ring-opening arylation with arene nucleophiles.35

a.Laboratoire d’Innovation Moléculaire et Applications (LIMA) CNRS UMR 7042, 
Université de Strasbourg, Université de Haute-Alsace, 25 rue Becquerel, 67000 
Strasbourg, France.

b.Technical University of Munich, School of Natural Sciences, Department Chemie, 
85748 Garching, Germany.
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OR
H transfer

amenable to sterically hindered Ar and EWG-Ar

Scheme 1 Synthetic approaches for the synthesis of -arylated ketones and 
divergent synthesis of substituted tetrahydrofurans from homopropargylic 
alcohols.

Herein, we report an operationally simple and atom-economic 
protocol to grant straightforward access to -arylated ketones 
from readily available homopropargylic alcohols and arenes, 
relying on a Brønsted acid-catalyzed reaction sequence in HFIP. 
The transformation enables the regioselective and 
stereospecific introduction of sterically hindered arenes and is 
compatible with alkynes bearing both electron-deficient and 
electron-rich aryl as well as alkyl substituents, while providing 
access to linear, - and -branched ketones. Further, the use of 
inexpensive p-cymene as a biosourced H-donor46 redirects the 
reaction pathway, providing direct access to α-arylated 
tetrahydrofurans, including polysubstituted ones that 
incorporate electron-deficient aryl groups. This unprecedented 
approach thereby offers a versatile platform for the divergent 
synthesis of compounds of interest. Further mechanistic 

experiments and DFT computations revealed a complex 
catalytic reaction network involved in product formation.

Results and discussion
The initial optimization was performed on homopropargylic 
alcohol 1a, employing mesitylene as an arene nucleophile 
(Table 1). After surveying various conditions, the highest yield 
for the target product 2 (90%) was obtained by conducting the 
reaction in HFIP (0.4 M) at 60 °C in the presence of 10 mol% of 
TfOH and an excess of mesitylene (5.0 equiv.) (Entry 1). 
Additional solvents were tested, but none delivered 2 with a 
yield exceeding 5% (Entries 2-7). In most cases, only the 
decomposition of 1a was observed (Entries 2-5), underpinning 
the central role of HFIP in enabling the desired reactivity by 
presumably stabilizing reaction intermediates (see Table S1 in 
the Supporting Information for an optimization table with 
further information on the reaction outcome). In the same vein, 
replacing TfOH with other Lewis and Brønsted acids did not 
improve the yield of the reaction (Entries 8-18). The influence 
of other parameters, such as concentration, temperature, and 
the amount of mesitylene, was also examined, but did not lead 
to further improvement (Entries 19-23). Gratifyingly, we did not 
observe any significant decrease in yield by scaling up the 
reaction (5.0 mmol), as 2 was isolated in 85% yield (1.3 g).

Table 1 Optimization studies for the formation of -arylated ketone 2.

HFIP (0.4 M), 60 °C, 24 h

Mesitylene (5.0 equiv)
TfOH (10 mol%)

O2N

OH

O2N

O

21a

Entry Variation from standard conditions[a] Yield[b] (%)

1 none 90[c]

2 1,2-DCE instead of HFIP traces

3 1,4-dioxane instead of HFIP traces

4 Toluene instead of HFIP traces

5 MeNO2 instead of HFIP traces

6 iPrOH instead of HFIP NR

7 TFE instead of HFIP 5

8 HCl (37% aq.) instead of TfOH traces

9 H2SO4 instead of TfOH 82

10 pTsOH·H2O instead of TfOH 22

11 CSA instead of TfOH NR

12 HNTf2 instead of TfOH 50

13 Cu(OTf)2 instead of TfOH 60

14 Bi(OTf)3 instead of TfOH 78

15 Sc(OTf)3 instead of TfOH 18

16 Yb(OTf)3 instead of TfOH NR

17 Al(OTf)3 instead of TfOH 40

18 Ca(NTf2)2/nBu4NPF6 instead of TfOH traces

19 0.2 M instead of 0.4 M 77%

20 0.6 M instead of 0.4 M 76%

21 80 °C instead of 60 °C 89%[c]

22 3.0 equiv. mesitylene instead of 5.0 equiv. 82%

23 1.0 equiv. mesitylene instead of 5.0 equiv. 30%

[a] Standard reaction conditions: homopropargylic alcohol 1a (0.2 mmol, 1.0 equiv) and 
mesitylene (1.0 mmol, 5.0 equiv) in the presence of TfOH (10 mol%) in HFIP (0.4 M) at 60 
°C for 24 h in a sealed pressure tube. [b] NMR yield using 1,3,5-trimethoxybenzene as an 
external standard. [c] Isolated yield.
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With the established conditions in hand, the scope of the 
transformation was initially investigated with various sterically 
hindered arene nucleophiles (Scheme 2). As with mesitylene, 
the reaction with 1,3,5-triethylbenzene afforded the 
corresponding -arylated ketone 3 in 66% yield. Yet, for highly 
electron-rich 1,3,5-trimethoxybenzene, a prolonged reaction 
time (120 h) at 110 °C was required to obtain product 4 in 69% 
yield. This result might be attributed to the formation of an off-
cycle species resulting from the protonation of the electron-rich 
arene in those highly acidic conditions,47 a possible deactivation 
pathway for the reaction. We then evaluated the reactivity of 
various tri- and tetrasubstituted arenes decorated with an array 
of functional groups such as fluoride, bromide, methoxy, free 
OH, and phenyl. In our standard conditions, they provided a 
streamlined access to a variety of -arylated ketones in 30-97% 
yields (5-17). Of note, 1,3,5-trisubstituted arenes reacted with 
1a to form two regioisomers, which were separated by 
preparative thin-layer chromatography (TLC) (6-9, 30-88% 
combined yields). However, this issue was circumvented by 
introducing a bulkier substituent such as tert-butyl (10, 78%). 
The reaction was notably compatible with 1,1,4,4,6-
pentamethyl-1,2,3,4-tetrahydronaphthalene, which is a key 
fragment of bexarotene (an antineoplastic agent), producing 
the corresponding compound 11 in 54% yield. Remarkably, 
product 2 could be re-engaged in the transformation as 
nucleophile to provide compound 17 in 68% yield. 
Pentasubstituted arenes were also compatible with the 
reaction to deliver, for instance, 18 in 78% yield. Lastly, we 
demonstrated that durene could undergo the reaction twice to 
afford -arylated diketone 19 in 50% yield.

Next, we examined the effect of the alkyne substitution pattern 
on the reactivity, using mesitylene as a model arene 
nucleophile. Highly electronically deactivated alkynes bearing 
synthetically useful electron-withdrawing groups (halide, CF3, 
sulfonamide, SO2Me, CN, SCF3, ketone, ester, OCF3, and amide 
groups) afforded the corresponding -arylated ketones in yields 
ranging from 38 to 95% (20-35), regardless of their position on 
the aryl ring (ortho, meta, and para). In the case of moderately 
electron-deficient and electron-rich aryl groups, such as 4-
halophenyl, Ph, pTol, and naphthalen-2-yl, the reaction also 
proceeded smoothly to provide the target compounds in 45-
73% (36-40). Importantly, the reaction was not limited to the 
preparation of linear -arylated ketones but could also be 
extended to that of - and -branched ketones, producing 41 
and 42 in 70 and 65% yields, respectively. Further, we 
demonstrated the stereospecificity of the transformation by 
using cis-configured diastereoisomer 1y, which exclusively led 
to trans-configured product 43 (61%) via stereoinversion. Here, 
the relative configuration of 43 was ascertained by NOESY NMR 
spectroscopy (see Supporting Information). Lastly, we tested 
the compatibility of our protocol with alkyl-substituted alkynes, 
which afforded aliphatic ketones 44-48 in 41-71% yields. Of 
note, in the case of chloro-substituted alkyl, increasing the 
temperature to 80 °C led to the additional substitution of 
chloride by mesitylene to deliver -diarylated ketone 48 in 82% 
yield. When using a strong electron-rich aryl alkyne, target 

product 49 was not observed, with the reaction forming -
hydroxy ketone, indicating that the 2,3-dihydrofuran 
intermediate is likely not sufficiently electrophilic to undergo 
ring-opening arylation with mesitylene. Bulkier arenes such as 
1,3,5-triisopropylbenzene only led to side reactions. In the case 
of 2-phenylindole, no reaction took place, and substrate 1a 
remained intact. In the reaction conditions, the indole is likely 
protonated and, in contrast to 1,3,5-trimethoxybenzene, no 
turnover occurred. The same applied to thiophene. Di-/mono-
substituted arenes such as p-xylene and anisole were less 
effective, providing -arylated ketones in low yields (<15%, 52 
and 53) along with several unidentified by-products. In the case 
of anisole, our hypothesis is that the reaction is directly 
correlated to the steric hindrance displayed by the arene 
nucleophile, as we observed the formation of tetrahydrofuran 
53’, resulting from the addition at the C2 position of the 
putative 2,3-dihydrofuran intermediate. This compound is likely 
to re-react under our acidic conditions.

To follow up on our steric effect assumption, we hypothesized 
that revising the arene substitution pattern of the aryl alkyne 
moiety by increasing the steric hindrance at the o-positions 
would impede nucleophilic addition at the C2 position of the 
putative 2,3-dihydrofuran intermediate. The reaction was first 
tested using 2,6-disubstituted aryl substrate 1af with 
mesitylene, which afforded 54 in nearly quantitative yield 
(95%). To our delight, -arylated ketones 55-57 were now 
exclusively obtained in 61-85% yields, using p-xylene, toluene, 
and anisole as nucleophiles. The reaction also proved 
compatible with naturally occurring thymol (58, 63%).

At this point, we envisioned three mechanistic pathways to 
account for the formation of -arylated ketones (Scheme 3A). 
They are expected to proceed through different reaction 
intermediates such as a 2,3-dihydrofuran via hydroalkoxylation 
- our initial hypothesis - (path A), a -hydroxy ketone via 
hydration (path B), and a cyclopropyl ketone via dehydration 
(path C),47,48 all intermediates possibly interconverting with 
each other.

To gain insights into the reaction mechanism, notably the 
inferred involvement of a 2,3-dihydrofuran intermediate, we 
analyzed the crude mixture of the model reaction by 1H NMR 
spectroscopy, quenching it after a reaction time of 1 h through 
the addition of a saturated solution of NaHCO3 (Scheme 3B). 
Here, in addition to 1a and 2, ketones 59 (an expected 
intermediate of path B) and 60 were formed. When both 59 and 
60 were subjected to standard reaction conditions in the 
presence of mesitylene, the target product 2 was obtained in 
nearly quantitative yield (95%), indicating that the 
transformation proceeds via a convergent mechanistic pathway 
possibly involving these intermediates.
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57 (R = OMe, 61%, p/o 1.5:1)[a]

Cl
R

Extended scope

OPMP

NO2

53'

Scheme 2. Scope of -arylated ketones. [a] 80 °C, 24 h. [b] 110 °C, 120 h. [c] 110 °C, 24 h. [d] Regioisomers separable by preparative TLC. [e] 80 °C, 72 h. [f] 60 °C, 24 h. [g] NMR yield 
using 1,3,5-trimethoxybenzene as an external standard. [h] 80 °C, 48 h. [i] 80 °C, 4 h. PMP = 4-methoxyphenyl.
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O2N

OH (5.0 equiv.)
TfOH (10 mol%)

1a

HFIP (0.4 M), 60 °C, 1 h
O2N

O

2 (10%)

+

B. Reaction monitoring

O2N

O
OH

59 (12%)
O2N

O
O

60 (7%) NO2

+

C. Control experiments

O2N

61

OH
X

O2N
62 (-)

TfOH (10 mol%)

HFIP (0.4 M)
60 °C, 24 h O2N

64 (10%)

O

O2N
63

standard conditions

standard
conditions

2 (95%)

O2N

O

65

O2N

O

66

standard conditions

O2N

O

2 (85%)

standard conditions

O2N

O

2 (90%)

- H2O

H+

ArH

R

OH

R

O

R

O
Ar

R

OH+

hydroalkoxylation
(path A)

H+

H2O

hydration
(path B)

R

O
OH

- H+

A. Plausible reaction pathways

- H+

- H+

H+

ArH

- H+

H+

H2O
- H+

H+

ArH

- H+

H+

H2O - H+

R
H+

dehydration
(path C)

- H+

H2O
standard

conditions

2 (95%)

 
Scheme 3 Control experiments regarding the mechanism of formation of -arylated ketones.

Next, we examined if the presence of the alkyne moiety was a 
prerequisite for the reaction since a direct arylation of the 
alcohol could be envisioned based on our previous report on the 
FriedelCrafts arylation of primary aliphatic alcohols in HFIP 
(Scheme 3C).35 However, alcohol 61 without the alkyne motif 
did not undergo the reaction. Since the hydration of alkynes to 
yield the corresponding ketones is well-established in acidic 
medium,49-52 compound 63, in which the alcohol functionality 
was absent, was also engaged in our standard conditions 
without mesitylene, providing ketone 64 in low yield (10%). 
Altogether, these results indicate that both functionalities are 
likely to act in synergy to provide 2, corroborating our initial 
design proposal.

Although in situ monitoring of the reaction mixture by 1H NMR 
did not directly detect the postulated 2,3-dihydrofuran 
intermediate (path A), we assume that such a species is prone 
to react with any nucleophile present in the reaction medium. 
The same could be expected for a cyclopropyl aryl ketone 
intermediate (path C). Separately synthesized 2,3-dihydrofuran 
65 and cyclopropyl aryl ketone 66, subjected to the standard 
reaction conditions, delivered 2 in 85 and 90% yields, 
respectively (Scheme 3C), indicating the plausibility of both 

pathways, but preventing us from reaching a definitive 
conclusion at this point.

However, experimental support for our reaction design came 
serendipitously when we re-analyzed the reaction with 1,3,5-
triisopropylbenzene as an arene nucleophile, yielding 
tetrahydrofuran 67 in 22% (Equation 1). This product likely 
arose from the reduction of 2,3-dihydrofuran intermediate 65, 
1,3,5-triisopropylbenzene serving as a H-donor in a reductive 
hydroalkoxylation process.53,54

(5.0 equiv.)
TfOH (10 mol%)

HFIP (0.4 M)
60 °C, 24 h 67 (22%)

O2N

O

O2N

OH

1a

(1)

To elucidate the dominant reaction pathway leading to product 
formation, we performed quantum-chemical calculations to 
probe various potentially competing mechanisms (Scheme 4). 
The observed side products and control experiments guided our 
choice of investigated pathways (see Scheme 3). For each 
intermediate, we examined alternative routes by identifying the 
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OH
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Ar

H2O

Ar

O

Ar

Ar

OH2
+

Ar
OH

H

Ar

OH

H

Ar

O

A

A-H+

B

C

E

Ar

OH2

F-H+ G
Ar

OH

F

H(Z)-H+
Ar

OH
OH

H(Z) I

J-H+ K

L-H+
Ar

O
H

L

Ar

OH
H

M(Z)-H+
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I-H+

H

Ar

N-H+

N

+9.9 kJ mol–1

+81.2 kJ mol–1
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–83.8 kJ mol–1

–58.9 kJ mol–1

–93.5 kJ mol–1

–79.1 kJ mol–1 –95.1 kJ mol–1 –130.5 kJ mol–1

–139.9 kJ mol–1

–35.9 kJ mol–1

+2.1 kJ mol–1
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O+H

G-H+
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Ar

OH

Mes
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Ar

H2O

H+ H+ H+ H2O

H+ H+

H2O

H+
H+
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Mes

H+ H+
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H+ TS8: –15.9 kJ mol–1TS5: +34.8 kJ mol–1
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most favorable pathway
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–144

A-H+
+10

E
+81

F-H+
+35
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G
–81

G-H+
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L
–144

∆G‡ = 88

∆G‡ = 124

Start
+5

∆G / kJ mol–1

∆G‡ = 64

H2O

H2O

no
barrier

no barrier

no TS

TS7: –45.8 kJ mol–1

TS7
–46

+102

TS1: +101.6 kJ mol–1

TS2
+92

∆G‡ = 102

TS2: +92.1 kJ mol–1

A. Computationally investigated reaction network

B. Gibbs energy profile for compeeting mechanisms

OAr
J

–99.5 kJ mol–1

TS6: +4.8 kJ mol–1

H+ H+

J
–100

HH
O

H

–77

TS3

TS1

M-H+

TS6

TS5
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+

Ar

O+H

Mes

Ar

H2O

Ar
O Mes

Ar

O
OH2

+

MesO
H

Ar

O
H

Ar OH2

Ar

OH

Mes+
+ TfOH

Ar

O
H

O
H

Ar
O O

HH

Ar
O O

H
H

H2O

IHA-I

IHA-II

–68.8 kJ mol–1

–68.2 kJ mol–1

TS9:
–76.1

kJ mol–1

Ar
O O

H
H

IHA-II

–68 TS9
–76IHA-I

–69

∆G‡ = 63

Scheme 4 Computational analysis of the mechanistic pathways leading to product L starting through the TfOH-catalyzed reaction of A with mesitylene at the 
SMD(HFIP)/PWPB95-D4/def2-TZVPP//SMD(HFIP)/ωB97XD/def2-SVP level (the counterion for balancing protonated species is TfO–; species were modeled as free 
species, not as ion pairs). (A) Reaction network with Gibbs energies for ground and transition states, and (B) Gibbs energy profile for the main pathways.

most reactive sites and the potential availability of water as a 
nucleophile (according to Karl Fischer titration, the employed 
HFIP contained 0.03% water, ca. 0.02 M) and TfOH as a proton 
source. All species were first subjected to a conformational 
search using Grimme’s GFN2-xTB method.55 The resulting 
geometries were then optimized at the SMD(HFIP)/ωB97-
XD/def2-SVP and refined with single-point energies at the 
PWPB95-D4/def2-TZVPP levels,56-58 adopting a previously 
employed protocol.36

The alcohol moiety represents the most basic site for 
protonation of 1a (= A). Consistent with our experimental 
findings (Scheme 3C), direct nucleophilic substitution of water 
in A-H+ by mesitylene to give the intermediate N-H+ is kinetically 
disfavored (∆G‡ = +133.1 kJ mol–1). Instead, a viable route to 
product 2 (= L) that initiates with the protonation to A-H+ 
proceeds via dehydration to form the cyclopropylidene cation 
E, followed by water addition (F–H⁺), tautomerization to G, and 
intermolecular nucleophilic attack of mesitylene on the 
cyclopropyl aryl ketone G–H⁺. The highest energy span in this 

sequence corresponds to the generation of cation E (+101.6 kJ 
mol⁻¹).59

The alkyne moiety is significantly less basic than the alcohol: the 
Gibbs energy for the protonation of A to give vinyl cations B and 
C is by 70.0 and 94.6 kJ mol⁻¹, respectively, less favorable than 
to yield A-H+, equivalent to roughly 12 and 17 pKₐ units. We thus 
focused on possible sequences that emerge after formation of 
the more accessible intermediates B and E (unlike C), for which 
two main routes to product L emerge. 

(I) Cyclization/ring-opening sequence (red pathway in Scheme 
4): A barrierless intramolecular cyclization of B yields the aryl-
dihydrofuranyl cation J–H⁺. Ring-opening by mesitylene then 
proceeds with a barrier of +93.7 kJ mol⁻¹ to intermediate M(Z)-
H+, furnishing product L after proton transfer and 
tautomerization.

(II) Water trapping/cyclization/ring opening (blue pathway in 
Scheme 4): In the presence of sufficient amounts of water, B can 
undergo a nucleophilic attack by water to intermediate H(Z)-H+ 

Page 6 of 12Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 4
:4

6:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6SC03645G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc03645g


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

and tautomerize to ketone 43 (= I), which was observed 
experimentally. Protonation of the primary alcohol of I is highly 
favorable, triggering intramolecular attack on the carbonyl to 
form the cyclic oxonium ion K. Opening of K by mesitylene to 
afford the product scaffold proceeds through a barrier of +124 
kJ mol⁻¹. Whereas the barrier for this last step corresponds to 
the highest barrier of the sequence, the barriers for the steps 
leading to K are lower than those of pathway (I).

Depending on the availability of water, the computed Gibbs 
energy profile does not conclusively favor either the blue or red 
route; instead, it suggests a catalytic reaction network 
converging on the thermodynamically most stable product 
through multiple pathways, each preferentially occurring under 
different reaction conditions. Both H–H⁺ and J–H⁺ are formed 
from B without a barrier, and, owing to the significant barriers 
for the reverse reaction (129 and 154 kJ mol¹, respectively), 
these steps are effectively irreversible. In water-free conditions, 
intramolecular cyclization with the terminal alcohol moiety is 
expected to dominate and to select the red pathway, whose 
largest energetic span is 94 kJ mol⁻¹. As a byproduct, 44 may 
form at this step due to trapping of B with A, yet we did not 
computationally consider this as a main pathway, as the 
effective molarity would likely favor the intramolecular 
cyclization. In the presence of water, however, the blue 
pathway is expected to prevail: even if B is not trapped directly, 
J–H⁺ is more readily opened by water than by mesitylene (∆G‡ 
= 64 vs. 94 kJ mol⁻¹), funneling flux into I–H⁺ and onward 
through the blue sequence. Because the blue route’s overall 
energetic span (+124 kJ mol⁻¹) exceeds that of the red route, 
increasing water content should proportionally slow the net 
conversion to product.

To our delight, those scenarios were confirmed experimentally. 
When drying the HFIP with 3Å molecular sieves, we exclusively 
observed the formation of product 2 by in situ 1H NMR, while 
ketones 59 and 60 were not detected. Yet, the addition of 5.0 
equiv. of water to the reaction medium mostly precluded the 
formation of the target product 2 (yield  10%), and instead led 
to the formation of ketone 59 (35%) as a major product 
(Equation 2). Under the preparative conditions employed in this 
study, the water content of the HFIP employed corresponds to 
approximately 0.1 equiv. (0.02 M water, see above), which is 
too little to slow the reaction down to the extent seen with 5.0 
equiv.

Finally, we performed reactions with various amounts of water 
to evaluate how it affects the reactivity. We found that 0.5 and 
1.0 equiv. had no impact on the reactivity, with NMR yields 
>95% for 2 after 24 h. The addition of 2.0 equiv. resulted, 
however, in a significant decrease in the reaction rate, yielding 
2 in only 46% after 24 h. Those results clearly show that water 
is a parameter not to be overlooked when studying reactions in 
HFIP.

O2N

OH
(5.0 equiv.)

TfOH (10 mol%)
H2O (5 equiv)

1a

HFIP (0.4 M), 60 °C, 24 h
O2N

O

2 (10%)

+

O2N

O
OH

59 (35%)

O2N

O
O

60 (14%) NO2

+

+

O2N

O
O

59' (16%)

O

NO2

(2)

Based on the mechanistic insights obtained, we came to realize 
that this mechanistic scenario offers further synthetic 
opportunities as 5-aryl-4-pentyn-1-ol derivatives should deliver 
-arylated ketones, as a 5-exo-dig pathway should be favored 
over a 6-endo-dig one under acid catalysis. To test this 
hypothesis, we prepared substrate 68, which gratifyingly led to 
the formation of 69 as a major product (62%) along with minor 
amounts of -arylated ketone 70 (18%) (Equation 3).

O2N

O2N

OH

O

O2N

O

(5.0 equiv.)
TfOH (10 mol%)

HFIP (0.4 M), 60 °C, 24 h
68

69 (62%)
+

70 (18%)

(3)

Intrigued by the switchable reactivity observed with 1,3,5-
triisopropylbenzene (Equation 1), we turned our attention to 
the formation of -arylated tetrahydrofurans, a structural motif 
found in several bioactive compounds.60-62 A general method to 
access such scaffolds would give an additional benefit to our 
strategy by enabling divergent synthesis towards frameworks of 
interest from simple materials. Regarding aryl groups, electron-
withdrawing substituents remain underexplored, prompting us 
to focus on this synthetic aspect. Currently, common strategies 
to access -arylated tetrahydrofurans embedding electron-
deficient aryl groups include -arylation of tetrahydrofurans,63-

67 reduction of furans,68,69 and hydroarylation of 2,3-
dihydrofurans,70,71 in which the 5-membered ring is already pre-
constructed. However, when polysubstituted tetrahydrofurans 
are targeted, pre-installation of additional functional groups 
can be difficult, limiting the generality of those approaches. 
With respect to our preliminary findings, the reductive 
hydroalkoxylation of arylacetylenes has previously been 
described in the literature, using trimethylsilyl 
trifluoromethanesulfonate as a promoter (2.0 equiv.) in the 
presence of triethylsilane as hydride donor;72 however, the 
reaction proved incompatible with aryl incorporating strong 
electron-withdrawing groups such as nitro.

Our search for the optimized conditions for accessing -
arylated tetrahydrofuran 67 led us to evaluate a large range of 
hydride donors (Table 2, Entries 1-7). Our screening revealed 
that the highest yield (98%) was obtained when p-cymene, 
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Table 2 Optimization studies for the formation of -arylated tetrahydrofuran 67.

HFIP (0.4 M), 60 °C, 24 h

p-cymene (3.0 equiv)
TfOH (10 mol%)

O2N

OH

O2N
1a 67

O

Entry Variation from standard conditions[a] Yield[b] (%)

1 none 98[c]

2 cumene instead of p-cymene 38

3 1,4-diethylbenzene instead of p-cymene 32

4 1,4-cyclohexadiene instead of p-cymene 35

5 -terpinene instead of p-cymene 10

6 triethylsilane instead of p-cymene -

7 pinacolborane instead of p-cymene 20

8 Hantzsch ester instead of p-cymene NR

9 MeNO2 instead of HFIP 16

10 1,2-DCE instead of HFIP traces

11 Toluene instead of HFIP traces

12 iPrOH instead of HFIP NR

13 TFE instead of HFIP 18

14 5.0 equiv. p-cymene instead of 3.0 equiv. 68%

15 1.0 equiv. p-cymene instead of 3.0 equiv. 65%

[a] Standard reaction conditions: homopropargylic alcohol 1a (0.2 mmol, 1.0 equiv) and 
p-cymene (0.6 mmol, 3.0 equiv) in the presence of TfOH (10 mol%) in HFIP (0.4 M) at 60 
°C for 24 h in a sealed pressure tube. [b] NMR yield using 1,3,5-trimethoxybenzene as an 
external standard. [c] Isolated yield.

which has a nucleophilicity parameter of 2.8 according to the 
Mayr database,73 was used in HFIP with catalytic amounts of 
TfOH. Here, the key to the reaction's success is the moderate 

hydricity of p-cymene, so that the hydroalcoxylation step occurs 
before the reduction. When the reactivity was not matched, 
such as with triethylsilane, the target product 67 was not 
formed, and only the reduced alkyne was detected. As observed 
with the synthesis of -arylated ketones, employing HFIP as a 
solvent is crucial, as other solvents failed to produce 67 in a 
satisfactory yield (Entries 8-12). Additionally, the reaction was 
achieved on a larger scale (5.0 mmol) to deliver 67 in 80% yield 
(0.77 g).

We then examined the scope of this reaction. Electronically 
deactivated alkynes adorned with privileged synthetic 
functionalities afforded the corresponding -arylated 
tetrahydrofurans in yields ranging from 33 to 90% (71-85) 
(Scheme 5). The transformation also proved compatible with 
the formation of polysubstituted tetrahydrofurans (87-90, 44-
96%). Remarkably, in the case of octahydrobenzofuran 90, 
whose structure was ascertained by NOESY NMR spectroscopy, 
the reaction operates under complete diastereocontrol. Not 
surprisingly, using a substrate hindered at both ortho-positions 
precluded the desired reactivity. By analogy to the arylation 
protocol described above, 5-aryl-4-pentyn-1-ols were also 
compatible with this transformation, affording tetrahydrofuran 
product 91 in 83% yield. In contrast, in the case of electron-
neutral and -rich arenes (R1 = Ph, pTol, and PMP), we only 
obtained -hydroxy ketones, which proved not competent 
intermediates to afford the target -arylated tetrahydrofurans 
(see Scheme 6A).

F3C

CF3

71 (89%)

S

72 (72%)

R NO2

83 (81%)

CF3

84 (65%)

O2N Me

85 (96%)

O2N

87 (61%, dr 1:1)

73 (R = SO2NHMe, 57%)
74 (R = SO2Me, 51%)
75 (R = CN, 60%)
76 (R = CF3, 58%)
77 (R = Ac, 42%)
78 (R = CO2Me, 57%)
79 (R = CONH2, 35%)
80 (R = CONHMe, 33%)

N
O

O O

81 (45%)

N
OMe

Me
O

O O

O

O
Me

O O

O O

82 (55%)

N

O

O

O

O2N

88 (96%, dr 1:1)

O
Me

O2N

89 (98%)

O

Me

Me

O2N

O2NOH
p-cymene

(3.0 equiv.)
TfOH (10 mol%)

HFIP (0.4 M)
60 °C, 24 h

63 91 (83%)

O

O

O2N

90 (44%)

Cl

86 (-)

OCl

R2

OH

R3R1

1

p-cymene (3.0 equiv.)
TfOH (10 mol%)

HFIP (0.2-0.6 M)
40-80 °C, 24-72 h

O

R1
R2

R3

from 4-pentyn-1-ol

Scheme 5 Scope of -arylated tetrahydrofurans.
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Next, we conducted several experiments to provide some 
insight into the reaction mechanism of the reductive 
hydroalcoxylation of homopropargylic alcohols (Scheme 6). We 
commenced by evaluating the reactivity of several potential 
intermediates, such as 2,3-dihydrofuran 65, -hydroxy ketone 
59, and homoallylic alcohol 92, in our standard conditions. Here, 
only the reaction with 65 led to the formation of -arylated 
tetrahydrofuran 67 in 90% yield, suggesting its intermediacy in 
the reaction. Then, to assess the origin of hydrogens at the C2 
and C3 positions of 67, we performed reactions with deuterated 
HFIP and p-cymene. HFIP-D1 efficiently incorporated deuterium 
into product 67a-D (100%D) at C3, which is consistent with the 
initial protonation proposed for the formation of -arylated 
ketones (see Scheme 5). This result might be explained by a fast 
proton exchange between TfOH and HFIP.74 In the case of p-
cymene-D, deuterium was nearly fully introduced at C2 to yield 
67b-D (90%D), indicating that p-cymene acts as a hydride donor 
via its methine group. This finding was confirmed by performing 
the reaction with an excess of alcohol 1a (2.0 equiv.), which led 
to the complete consumption of p-cymene to generate indane 
93 (95%). This product likely arose from the reaction between a 
p-cumyl cation and p-isopropenyltoluene, as previously 
observed in studies on H-transfer involving p-cymene.75

Experiments provide evidence that species 67 is formed via 
nucleophilic hydride transfer to the intermediate K. We 
therefore also evaluated this possibility using quantum-
chemical calculations (Scheme 7). The hydride transfer of p-
cymene to K is computed to proceed through a barrier of +75.9 
kJ mol–1, which is significantly lower than the barrier for the 
addition as a carbon-nucleophile (+124 kJ mol–1 in the case of 
mesitylene, cf. Scheme 4). However, the formation of the 
tetrahydrofuran 67 alongside the corresponding tertiary 
carbenium ion is computed to be endergonic with a reaction 
energy of ∆G0 = +40.0 kJ mol–1 and thus reversible. Considering 
the formation of indane 93 as the final reaction product, the 
reaction becomes more favourable with an energy of ∆G0 = 
+13.1 kJ mol–1; this value is further reduced to ∆G0 = –2.4 kJ mol–
1 when explicit solvation of both TfO– and TfOH by one molecule 
of HFIP is considered. Given the experimental findings that 93 is 
the sole product, the computations likely overestimate the 
reaction energy, presumably due to insufficient description of 
specific solute-solvent interactions, yet support that hydride 
transfer to an oxocarbenium ion is a kinetically viable pathway. 
Notably, when the thermochemistry for the reduction of K by p-
cymene is evaluated with a p-OMe instead of a p-NO2 group in 
the computations, the reaction becomes highly endergonic 
(+115.4 kJ mol–1), providing an explanation for the necessity of 
acceptor-substituents for forming tetrahydrofurans.

O2N

OH
p-cymene (3.0 equiv.)

TfOH (10 mol%)

HFIP-D1, 60 °C, 24 h

O2N

O

D H

H

+

O2N

O

H D

H

67a-D (87%, 1:1)

(3.0 equiv.)
TfOH (10 mol%)

HFIP, 60 °C, 24 h O2N

O
D

90%

O2N

O
p-cymene (3.0 equiv.)

TfOH (10 mol%)

HFIP, 60 °C, 6 h O2N

O

67 (90% NMR yield)

+

93 (95%)

O2N

OH
p-cymene (3.0 equiv.)

TfOH (10 mol%)

HFIP, 60 °C, 24 h
X

1a

O2N

OH

1a 67b-D (90%)

D

65

59

A. Control experiments

B. Deuterium labelling experiments

O2N

O

67

O2N

OH
p-cymene (3.0 equiv.)

TfOH (10 mol%)

HFIP, 60 °C, 24 h
X

92

O2N

O

67

O

C. Additional experiment

O2N

OH
p-cymene (0.5 equiv.)

TfOH (10 mol%)

HFIP, 60 °C, 24 h
1a

O2N

O

67 (98% NMR yield)

+

Scheme 6 Mechanistic experiments regarding the formation of -arylated 
tetrahydrofurans.
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+76
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+40

+13

–2a

+124
TS8

Ar O
Ar’ H
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O

H
Ar’

Ar
O

H
2 × 2 × TfOH

Ar
O

K

Start

TfO–

p-cymene

C-Attack:
cf. Scheme 5

with mesitylene

H

x 2

93

R

62

Scheme 7 Computational analysis of hydride transfer from p-cymene + K. The 
overall reaction energy for the formation of indane 93 is calculated relative to 2 x 
(K, TfO–, p-cymene) as the reactants. a Considering the explicit solvation of TfO– 
and TfOH by HFIP.

Conclusions
In summary, we devised a strategy to provide modular access 
to -arylated ketones and -arylated tetrahydrofurans from 
readily available homopropargylic alcohols and arenes. This 
method relies on a hydroalkoxylation/ring-opening arylation 
(hydride transfer) sequence, in which the combination of TfOH 
and HFIP is crucial for achieving the desired transformation. This 
approach enables the preparation of both linear and branched 
-arylated ketones incorporating sterically hindered arenes, 
while being compatible with alkyl- and aryl-substituted alkynes 
bearing an array of synthetically useful functionalities. Its 
simplicity, scalability, and atom economy further highlight the 
synthetic utility of this protocol. Further, using p-cymene as a 
hydride donor promotes access to a series of -arylated 
tetrahydrofurans, including polysubstituted ones, which embed 
a large range of synthetically relevant functional groups, while 
bypassing the use of more expensive hydride donor sources 
such as silanes, boranes, or Hantzsch esters. Finally, a 
combination of mechanistic experiments and DFT calculations 
revealed the most likely reaction pathways that account for the 
observed reactivity. We anticipate that the method described 
will provide an entry point for utilizing the reactivity of aliphatic 
alcohols towards applications in the fine chemicals industry, 
with the ability to functionalize new CO bonds.
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