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A new method has been established for formation of ethers from aldehydes and alcohols — a net reductive
etherification. Reactions of these entities with phosphines in the presence of acid enable formation of a-
(alkoxyalkyl)phosphonium salts, which, upon hydrolysis, result in formation of ether products in isolated
yields of 63-92%. Formation and hydrolysis of the a-(alkoxyalkyl)phosphonium salts were done in an
efficient telescoped two-step, one-pot process that does not require inert atmosphere conditions.
Formation of the key phosphonium salt intermediates was found to occur in preference to acetal
formation and is proposed based on both experimental and computational evidence to involve
interception of oxocarbenium ions formed by reaction of the aldehyde, alcohol and acid by phosphine.

This method represents the first instance in which net reductive etherifications have been achieved
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Accepted 26th February 2025 without the requirement for use of hydrides or hydrogen as reductants, and exhibits excellent functional

group tolerance, thus enabling facile hydride-free synthesis of ethers. These are amongst the most
DOI: 10.1039/d4sc06203e important functional groups in organic synthesis. The new etherification method also enables deuteride-

rsc.li/chemical-science free synthesis of deuterated ethers.

analogy with the reductive amination strategy, combination of

Introduction . :
an alcohol (5) with a carbonyl compound (1) to yield an O-

Ethers are among the most ubiquitous of pharmacophores in
pharmaceutical molecules' and, consequently, establishing
sustainable routes to their syntheses is of the utmost impor-
tance. Of the various classical methods for synthesising dialkyl
or alkyl aryl ethers,> Williamson etherifications are by far the
most widely used for ether formation in industrial pharma-
ceutical synthetic processes. In general, these are known to have
poor functional group tolerance, and hence it has often been
necessary to conduct ether syntheses in the early stages of
a synthetic route to a drug.?

By comparison, for amines, the strategy of reductive ami-
nation of carbonyl compounds (1) is a key enabling process in
organonitrogen chemistry to achieve controlled net alkylation
(e.g., selective formation of tertiary amines (4) from secondary
amines (2); see Scheme 1).* It is fundamentally efficient and
simple as it involves formation of an imine or iminium ion (3;
see Scheme 1), followed by facile reduction of the C=N bond. By
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alkyloxocarbenium ion (6") (see Scheme 1 for compound
structures) followed by formal hydride reduction of the cationic
[C=0-R*]" moiety appears to afford a very direct means of
forming ethers (7).>° This is attractive because both alcohols
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Scheme 1 Diverse behaviour of carbonyl compounds (1): stable imi-
nium ion 3 leads to amination but transient oxocarbenium ion 6* gives
acetal 8.
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and aldehydes are naturally abundant,” can be sustainably
derived from biomass,”® and are generally readily available.®®
However, as a consequence of the higher electronegativity of O,
alcohols are far less reactive than amines as nucleophiles, and
hence formation of oxocarbenium ion 6' from alcohol 5 and
carbonyl compound 1 requires the presence of a strong acid to
catalyse and drive the reaction, and even then only miniscule
concentrations of 6" are present at one time in such reactions.
Consequently, efficient in situ reduction of O-alkylox-
ocarbenium ions (6') cannot easily be achieved with common
hydride donor reducing agents because these reagents would be
quenched in the presence of strong acid. Hence, in practice,
formation of an acetal or ketal (8) is observed in reactions of this
type Scheme 1.*°

Recognising the above limitation, we decided to pursue an
entirely different strategy for net reductive etherification
(Scheme 2a) involving, first, capture of the oxocarbenium ion
with a suitable sacrificial nucleophile Nu to form an interme-
diate [6-Nu] and, second, release of the desired ether (7) upon
controlled decomposition of [6-Nu], without the need to employ
a hydride reducing agent. We considered that a weakly-basic
nucleophile such as a phosphine (R3P; 9)" could efficiently
compete with alcohol 5 to react with O-alkyloxocarbenium ion
even under acidic conditions to form a relatively stable phos-
phonium species, 10,"> which, upon hydrolytic work-up, could
give ethers (7) by selective cleavage of the P-(a-alkoxyalkyl) group
from phosphorus, as shown in Scheme 2b (see further details
on phosphonium salt hydrolysis below).** Thus, we decided to
investigate the formation and hydrolysis of (a-alkoxyalkyl)
phosphonium salts (10), and, as will be described below, ulti-
mately developed a direct one-pot method for formation of
ethers (7) from alcohols (5) and aldehydes (1; Scheme 2b).

Although direct reductive etherification cannot be achieved
in the same manner that reductive amination can, alternative
approaches have been developed to achieve net reductive
etherification using alcohols (5) and carbonyl compounds (1) as
the starting materials, as shown in the examples in Scheme 3."*
All of the existing reductive approaches for synthesising ethers
require the use of hydride reagents or H, gas in combination

(a) General oxocarbenium interception-cleavage concept

o , R%OH, H® ., OR3| cleavage
J\ P >
R'” “R2 interception R'" R? of
"6-Nu"
(b) Implementation in this work
® 9
o OTf  roe
M N T» Aok
Ar H TfOH
1 R—OH (5) 10 R3PO (11) 7

Scheme 2 Novel strategy: (a) sacrificial nucleophile, Nu, enables
oxocarbenium ion interception to generate stable intermediate, 6-Nu,
followed by release of desired ether 7; (b) phosphine-mediated one-
pot hydrolytic etherification of aromatic aldehydes reported herein.

6992 | Chem. Sci, 2025, 16, 6991-7003

View Article Online

Edge Article
(a) Rosati and co-workers (2019):
| + PR Yb(OTH)3 (3 mol%) o~
R'CHO 2 > 1 2
HO™ 'R Et,SiH R (¢} R
CH,Cl,, Reflux
(b) Yi and co-workers (2015):
@ (3 mol%)
\ Ru BF
Ho\Cl “PCys 4
R'CHO + Ho ™ R2 > 17T N0 R2
H,, Toluene/H,0O
110 °C,12-16 h
(c) Seidel and co-workers (2017):
S (5 mol%)
RICHO Ar\N N/Ar
H H
+ > 17NN R2
. HCI, TMDS RBOR
HO” "R? CH,Cl,, 20 °C
3 A Molecular Sieves
(d) Beller and co-workers (2022):
Co0,(CO)g (2 mol%)
ATCHO + iy ~gi — 2ugPO (6 mol%) NN
r 1 >
HO™ R 40 barcOM, (1:1) AT O R
120 °C

Scheme 3 Selected examples of recent reductive etherification
strategies.

with a catalyst, as exemplified by the representatives shown in
Scheme 3. The new hydride-free etherification methodology
described herein, based around our novel oxocarbenium ion
interception strategy, is thus completely distinct from the
existing methods. Due to the unique manner in which ether
formation is achieved in this chemistry, the proposed method
has the capacity to become a highly used complementary tool to
existing reductive etherifications*** and to standard ether-
ification and protection approaches,’®?* in particular as it
exhibits excellent functional group tolerance that is distinct
from other etherification methods - for example, tolerating the
presence of alkenes, alkynes, nitriles, ketones, amides, carbox-
ylic acids, and aryl halides that may be unstable to the condi-
tions employed in reductive etherification methodologies
involving transition metal catalysis and H, gas as the reductant
(vide infra).

Results and discussion
Optimisation of (a-alkoxyalkyl)phosphonium salt formation

Our initial investigations in this project were focused on
determining whether (a-alkoxyalkyl)phosphonium salts (10)
could be formed in reactions involving an aldehyde (1),
a phosphine (9) and an alcohol (5) under acidic conditions. The
experiments undertaken showed that (a-alkoxyalkyl)phospho-
nium salts were indeed formed in high yields in such reactions,
thereby demonstrating that phosphines do possess the capacity

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to function to capture transiently formed oxocarbenium ions in
the manner outlined in Scheme 2 above, thereby directing the
reaction away from acetal formation.**** Reaction of aldehyde
1a + Ph;P (9a) + cyclohexanol (5a) in toluene solvent at room
temperature, and in the presence of TfOH, led to a 98% isolated
yield of crystalline (a-alkoxyalkyl)phosphonium salt 10A
(Scheme 4). The X-ray crystal structure of this entity in Scheme 4
clearly shows the connectivity within the a-alkoxyalkyl moiety
that gets released as the ether product upon hydrolysis of 10A.
The other characterisation data recorded for this compound is
also consistent with the structure of 10A. Similarly, treatment of
tris(p-chlorophenyl)phosphine (9b) with 1a in isopropanol (5b)
under similar conditions led to quantitative formation of (a-
alkoxyalkyl)phosphonium triflate salt 10B (Scheme 4). The
structure of this was again verified spectroscopically, and an X-
ray crystal structure of 10B is shown in Scheme 4. Treatment of
aldehyde 1a and phosphine 9a with TfOH in ethanol (5¢) also
led to quantitative formation of (a-ethoxybenzyl)phosphonium
salt 10C (Scheme 4). Crystalline material was not obtained in
this instance, but the *'P, 'H and *C NMR spectral data
recorded of the isolated product were consistent with the
structure of 10C.

Having established that (a-alkoxyalkyl)phosphonium salt
formation was possible (in principle by interception of an oxo-
carbenium ion), and indeed apparently highly favourable, our

o
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9a HO _ PhsP
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TfOH, Toluene Ph)\o 98%
Room Temp.
S
Arsp @ 5b )\ ® TfO
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10A 10B

Scheme 4 Direct formation of (a-alkoxyalkyl)phosphonium salts
10A-10C. X-ray crystal structures of 10A and 10B are also shown. In
each of these, the aromatic aldehyde core fragment (blue) and
aliphatic alcohol fragment (green) are linked by an oxygen O(1), red, to
form an ether-like moiety which is released upon hydrolytic cleavage
of the P-C(1) bond.? Ar = p-ClCgH4 (p-chlorophenyl).
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next focus was to establish a general set of reaction conditions
that could be applied to produce high yields of (a-alkoxyalkyl)
phosphonium salts derived from a wide range of alcohol and
aldehyde starting materials. We elected to employ aromatic
aldehyde 1b, primary alcohol 5d and phosphine 9a in our
optimisation experiments (with acid also being present), and
thus aimed for formation of (a-alkoxyalkyl)phosphonium salt
10D (Scheme 5), and conducted a series of experiments
involving variation of reaction solvent, temperature and time, as
well as variation in the reaction mixture concentration and in
the relative amounts of each of the reagents employed.*

In the absence of alcohol, mixing of aldehyde 1b, phosphine
9a and TfOH at 20 °C resulted in the formation of (a-hydrox-
yalkyl)phosphonium salt 12D in 84% NMR spectral yield after 4
hours (see Scheme 5a; dp = ca. 21 ppm).>* This was entirely
consistent with the observations of Masarwa and co-workers®
for reactions of phosphines with aldehydes in the presence of
acid, which also resulted in formation of a species that was
identified as an (a-hydroxyalkyl)phosphonium salt (ép = ca. 23
ppm) by those authors.> Upon addition of alcohol 5d to the
above reaction mixture, (a-alkoxyalkyl)phosphonium 10D

(a) Formation of (a-hydroxyalkyl)phosphonium salt 12D:

0 C)
| PhsP (9a) PhgP @ow
TfOH
OH
cl cl
1b 12D, 84%

(b) Competitive formation of 12D and (a-alkoxyalkyl)phosphonium salt
10D via a process involving initial formation of 12D (delayed
addition of alcohol 5d): ®

S
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(c) Preferential formation of 12D over 10D (after 30 min.) via a
process in which alcohol 5d is present from the outset:

®
PP 0Tt 4op
O/\/Ph 77% P
Ph
§ HO
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5d
—> +
PhgP, TfOH ®
cl . PhsP~ ©,
1b Tquene,.45 C 3 OTf 12D
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Scheme 5 Model reactions employed for optimisation of (a-alkox-
yalkyl)phosphonium salt formation. ?Minor variations in the 6p values
for these compounds were observed between experiments;2¢ °3!p
NMR spectral yield; the mass balance in this experiment was
accounted for by [PhzPH]OTf.
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became the major species present (NMR spectral yield of 90%
recorded after 24 hours - see Scheme 5b; dp = ca. 22 ppm for
10D), with only a small quantity of (a-hydroxyalkyl)phospho-
nium salt 12D remaining. However, in experiments in which
alcohol 5d was added at the outset along with the aldehyde,
Ph;P and TfOH, («-alkoxyalkyl)phosphonium salt 10D was
observed to be the major species present in the reaction mixture
even at the early stages of the reaction, with only minor quan-
tities of (a-hydroxyalkyl)phosphonium salt 12D also being
present (see Scheme 5c; similar results were also obtained using
MeCN solvent).”” This indicates that 12D need not necessarily
be an intermediate on the pathway to 10D. Indeed, for reasons
discussed below (see details on mechanistic investigations), we
consider it highly unlikely that formation of (u«-alkoxyalkyl)
phosphonium salts such as 10D occur via processes in which (a-
hydroxyalkyl)phosphonium salts (12) are involved as interme-
diates; instead, (a-alkoxyalkyl)phosphonium salts and (o-
hydroxyalkyl)phosphonium salts form in competition with each
other, with (a-hydroxyalkyl)phosphonium salt formation being
reversible, and formation of (a-alkoxyalkyl)phosphonium salts
generally predominating.

Formation of 10D was found to be effective in a variety of
solvents,?® but in all cases, a reasonable excess of alcohol 5d was
required for high yields of («-alkoxyalkyl)phosphonium salt to
be achieved (1.8 to 2 equivalents relative to aldehyde).>® Ulti-
mately, we settled on conducting our reactions in MeCN (for
reasons that will be detailed below) at 45 °C using a moderate
excess of the alcohol reactant. This allowed us to synthesise
various (a-alkoxyalkyl)phosphonium salts and hence ethers in
high yields (vide infra). In addition, in our optimisation studies,
we also observed that good, albeit lower, conversion to 10D can
be achieved using 1.2 equivalents of alcohol (77% *'P NMR
spectral yield), or if 1.0 equivalent of alcohol and 1.5 equivalents
of aldehyde are used, a 75% *'P NMR spectral yield can be
obtained.”

Optimisation of (a-alkoxyalkyl)phosphonium salt hydrolysis

Next, we focused our attention on development of reaction
conditions for ether formation by in situ hydrolysis of (a-
alkoxyalkyl)phosphonium salt 10 (without isolation of the
phosphonium salt) that had been formed using the approach
described above. Phosphonium salt hydrolysis is a well-
established process, but has only been studied in detail for
phosphonium salts containing simple P-alkyl and P-aryl
groups.” Hydrolytic cleavage of a P-(alkoxyalkyl) group from
a phosphonium salt appears never to have been reported or
attempted. However, it was anticipated that the P-(alkoxybenzyl)
group of the (a-alkoxyalkyl)phosphonium salts synthesised in
this project would be cleaved from phosphorus selectively due
to the preference typically exhibited in phosphonium salt
hydrolyses for cleavage of benzylic P-C bonds (over P-aryl or
simple P-alkyl groups).”® For example, we have successfully
employed such a P-quaternisation-hydrolysis strategy in the
preparation of otherwise inaccessible ferrocene-derived struc-
tures.” In addition, hydrolysis of phosphonium ylides derived
from (o-(alkylthio)alkyl)phosphonium salts was reported by
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Scheme 6 Successful hydrolytic cleavage of 10D provides a model
reaction for optimisation of (a-alkoxyalkyllphosphonium salt
hydrolysis.

Masarwa and co-workers as we neared completion of the
research reported herein, leading to formation of thioethers.*>*"

We observed that under hydrolytic conditions in the maority
of solvents tested, (a-alkoxyalkyl)phosphonium salts 10 do
furnish the expected ether (e.g., 13a; see Scheme 6), in relatively
low amounts, but also undergo a reverse reaction leading to the
re-formation of aldehyde 1, phosphine 9 and alcohol 5, i.e., the
starting materials form the first step of the reaction. This is
consistent with previous observations on hydrolysis of o-
alkoxyphosphonium salts (formed by reactions of phosphines
with acetals) to form aldehydes.’® However, we found that if
hydrolysis of 10D (and, subsequently, other salts 10) is carried
out in polar MeCN or alcohol as solvent, predominant forma-
tion of ether 13a and phosphine oxide 11a is observed, as per
the process envisaged in Scheme 2b above.

Since MeCN could be used as the solvent both for the (a-
alkoxyalkyl)phosphonium salt formation and for the hydrolysis
reaction to form the ether product, we ultimately settled on
a one-pot process in which the two reactions were telescoped,
and applied this for the synthesis of an array of ethers con-
taining a variety of different functional groups (see Fig. 1
below). It was also possible to conduct telescoped one-pot
processes using alcohol solvents, but we only applied this
approach when the ether derivatives of the alcohol in question
were sought.

Elaboration of substrate scope

Having established a general approach for the construction of
ethers through the hydrolytic etherification method discussed
above, we undertook an investigation into whether this meth-
odology could be applied successfully across a broad range of
alcohol and aldehyde starting materials. For most reactions, the
general conditions employed involved using aldehyde (1.0
equivalent), phosphine (1.1 equivalents), TfOH (1.2 equivalents)
and alcohol (1.8 equivalents) for 12 h at 45 °C for (a-alkoxyalkyl)
phosphonium salt formation, followed by treatment of this salt
with NaOH (2.8 equivalents) for 1.5 h at 20 °C. These conditions
were employed across the whole range of target ethers 13a-h,
14a-p, and 15-27 (unless stated otherwise) and were not opti-
mised for individual substrates. A notable variation of the
general conditions was that use of easily handled tertiary
phosphonium salt [Ph;PH]OTf as the dual source of TfOH and
Ph;P (9a)*> allowed comparable yields to be obtained (see
Section 10 of the ESIf). In addition, it was shown that MsOH

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Substrate scope for hydrolytic etherification reactions of aromatic aldehydes and alcohols (isolated yields are shown).

could be used in place of TfOH in our etherification reactions,
enabling formation of an (a-alkoxyalkyl)phosphonium salt and
hence ether 13a in an 89% isolated yield from a reaction
involving Ph;P, alcohol 5d and aldehyde 1b (compared with
91% using TfOH see Fig. 1) - see details in Section 9 of the ESL.{

The results of our substrate scope elaboration are summar-
ised in Fig. 1. The methodology was applied successfully to
synthesis of ethers derived from various aliphatic primary
alcohols containing different functional groups in their struc-
tures (13a-f, 14a-m, 15-21; Fig. 1), giving isolated yields ranging
from 63-92%. The ethers derived from 2-phenylethan-1-ol (13a-
f) and methanol (19) were prepared in excellent yields, 75-92%.
In most cases, syntheses of ethers derived from benzyl alcohol
gave high yields (63-83%; products 14a-m). As the preparation
of each individual ether was not optimised, in certain cases
(e.g., 14b, 14m), the lower yields observed could arise due to
hydrolytic instability of certain functional groups. The meth-
odology was shown to be applicable on gram scale through the
synthesis of 13b in a 92% yield. Reactions producing ethers 15—

© 2025 The Author(s). Published by the Royal Society of Chemistry

17 derived from alcohols that also contain unsaturated func-
tional groups in their structure (alkenes/alkynes) work quite
well (vields 73-79%) despite the possibility of side-reactions
involving phosphine quaternisation with these reactive alco-
hols under the reaction conditions used (i.e., since acid is
present). Successful preparation of the ester-containing ether
14j in 75% yield is attributable to selective base hydrolysis of
phosphonium moiety of the precursor («-alkoxyalkyl)phospho-
nium salt in preference to hydrolysis of the ester group of that
species. Another important highlight of the hydrolytic method
is that etherification of an aldehyde can be achieved chemo-
selectively even in the presence of a ketone, as demonstrated in
the synthesis of ketone-containing ether 14k. This sets it apart
from known reductive etherification protocols, (see Scheme 3
for comparison). Furthermore, the facile etherification of
carboxylate-substituted aldehyde leading to ether 141 under-
scores the synthetically orthogonal nature of phosphorus-
assisted hydrolytic etherification. We believe that the predom-
inant unwanted process that competes with ether formation in

Chem. Sci., 2025, 16, 6991-7003 | 6995
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these reactions (which may thus lead to reductions in yields) in
most cases is the base-assisted reversal of the (ax-alkoxyalkyl)
phosphonium salt intermediates (10) to starting materials
(phosphine + aldehyde + alcohol) under the conditions used for
(a-alkoxyalkyl)phosphonium salt hydrolysis (Scheme 6), as
exemplified in the ESI, Section 11.f

Moving to ether derivatives of secondary alcohols, high
yields were obtained in most cases (between 78% and 89% for
ethers 22-25 and 27) in perfect agreement with quantitative
formation of the (a-alkoxyalkyl)phosphonium salt intermedi-
ates (10) that function as precursors to these ethers, as dis-
cussed above (Scheme 4). This includes high yielding
preparations and isolations of ether derivatives of menthol and
cholesterol (25 and 27). Conversely, the methodology was found
to be ineffective if phenols or tertiary alcohols were employed as
the R-OH reactant.*® This lack of reactivity towards phenols,
however, was exploited to selectively benzylate the secondary
aliphatic alcohol group of estradiol in preference to the phenol
hydroxy group, leading to isolation of ether 26 in a 67% yield.
Such chemoselectivity could not be achieved with many existing
methods for synthesis of ethers; for example, any attempt to
benzylate an aliphatic alcohol in the presence of an unprotected
phenol using Williamson etherification conditions would lead
to competitive benzylation of both hydroxy groups.

A particularly striking result was the formation of ether 21
starting from aldehyde 1b and alkyl halide-containing alcohol
5e (Scheme 7). The fact that the new hydrolytic etherification
methodology is tolerant of alkyl chlorides can be exploited to
enable further functionalisation of the product subsequent to
the etherification step, as was demonstrated through the
formation of ester-containing ether 28 (which would be a major
challenge using some existing methodologies) from 21 by
nucleophilic substitution of the alkyl chloride by acetate in
a 70% NMR spectral yield (Scheme 7).

Selective incorporation of deuterium into ether products

Since ether formation in the methodology described above
involves simple hydrolysis of (a-alkoxyalkyl)phosphonium salts
using aqueous NaOH, we identified that if a NaOD solution in
D,0O were used in place of aqueous NaOH, the possibility existed
to effect (a-alkoxyalkyl)phosphonium salt deuterolysis and thus
achieve selective deuterium incorporation into our ether

Ph;P (9a
i T3fOI(-| ' ene® Com
ArJ\H *HOT e ————
MeCN Ar (0] Cl
1b 5e
10E
lNaOH
)Ok (MeN)OAC PPN
-
A N0 "0 MeCN Ar (6] Cl
28,70% @ 6 hrs, 50 °C 21

Scheme 7 Derivatisation of 21 with (Me4N)OAc to give 28, highlighting
the ability of the protocol to enable late stage functionalisation.? *H
NMR spectral yield.
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14n, 80%
0" ph  67% dideuterated
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Fig. 2 Selectively-deuterated ether products synthesised by using
NaOD-mediated deuterolysis of (a-alkoxyalkyl)phosphonium salts as
the second step of the etherification protocol. Minor quantities of non-
deuterated product (=4%) were also formed.

products. We thus synthesised three representative (o-alkox-
yalkyl)phosphonium salts via our standard protocol, and sub-
jected each phosphonium salt to deuterolysis using NaOD in
D,0. As anticipated, this did indeed result in formation of ether
products in high yields with selective deuterium incorporation
in the benzylic position (see Fig. 2). In each case, the major
product was the dideuterated ether (constituting 64-74% of the
ether product), with almost all of the remainder (23-32%) being
monodeuterated ether, and a small portion being non-
deuterated. Details on the mechanism of this reaction are
given later in this article. The hydrogen atoms that are
competitively installed instead of deuterium in the mono-
deuterated and non-deuterated products are likely to originate
primarily from HDO formed through NaOD-mediated depro-
tonation of the (a-alkoxyalkyl)phosphonium salt intermediates
of these reactions. This method enables deuterium incorpora-
tion to be achieved during the ether-forming step, thus obvi-
ating the need for prior preparation of deuterated precursors,
and does not require the use of deuteride reagents.

Ether formation using silyl ethers as starting materials

Further to the results described above, it was also observed that
trimethylsilyl and triethylsilyl ethers (TMS and TES ethers)
could fulfil the role played by the alcohol reactant in the above
reactions.** Using silyl ethers as alcohol surrogates but other-
wise maintaining the same reaction conditions used for the
reactions discussed above, the methodology was found to be
effective in the formation of benzyl ethers containing as the
second oxygen-substituent non-benzylic primary alkyl groups
(compounds 13i, 13j, 34 in Fig. 3), secondary alkyl groups (31,
33) and benzyl groups (140, 14p, 32).

It is envisaged that this transformation could be utilised as
amethod of choice should a direct and efficient way of replacing
a silyl ether group with a benzyl protecting group be sought. If
conducting this protecting group swap using classical meth-
odologies, extra steps and purifications would be required to
deliver the benzylated product.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Substrate scope for hydrolytic etherification reactions of
aromatic aldehydes with (a) trimethylsilyl ethers, and (b) with trie-
thylsilyl ethers (isolated yields are shown).

Summary on substrate scope of hydrolytic etherification
methodologies

The hydrolytic etherification methodologies developed in the
project (starting from both alcohols and silyl ethers) described
herein have proved to be applicable to a variety of aromatic
aldehydes, enabling formation of ethers derived from benzal-
dehyde and 2-naphthaldehyde (ethers 13d, 14a, 14g, 25, 32;
Fig. 1), from various para-halogen substituted benzaldehydes
(ethers 13a-b, 13g-i, 140, 15-18, 20-24, 26, 27 and 31), from
meta-substituted benzaldehydes (ethers 13e, 13j, 14d-e, 14p,
33), from ortho-substituted benzaldehydes (ethers 13f and 14f),
from benzaldehydes with mesomeric electron-withdrawing
para-substituents (ethers 14b, 14c, 14j-m), and from alde-
hydes containing heteroaromatic groups (ethers 14h-i, 14n, 19,
34). (o-Alkoxyalkyl)phosphonium salts can be formed from
aliphatic aldehydes - however, selective cleavage of the alkox-
yalkyl group from phosphorus as an ether requires the devel-
opment of separate methodology. Our research group is
currently pursuing several approaches to achieve this.

Across the aldehyde and alcohol substrates used in
construction of ethers, it is clear that the new hydrolytic
methodology is tolerant of aryl halide functional groups, het-
eroaryl groups (i.e., benzothiophen-2-yl (19), benzothiophen-3-
yl (14n), thiophen-2-yl (14h), fur-2-yl (14i) and pyridyl (33)
groups), alkenes (16, 17, 27) and alkynes (15). This set of func-
tional groups includes examples that would be sensitive to
catalytic hydrogenation approaches (or other reductive
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conditions) and hence ethers containing these functional
groups would not be accessible using many existing method-
ologies for ether synthesis - e.g., compounds analogous to 16,
17 and 27 (alkene-containing), 15 (alkyne-containing), 14k
(ketone-containing), 14b (nitrile-containing), 14m (amide-
containing) and 14j (ester-containing).

The hydrolytic etherification methodology described herein
is thus applicable for the synthesis of benzyl ethers (and
analogues thereof) containing a wide range of functional
groups. We have demonstrated that the new methodology is
applicable for formation of benzyl ethers containing functional
groups that are sensitive to reduction and hydrolysis, and hence
this approach will prove very useful as a means of introducing
benzyl protecting groups into compounds containing reduc-
tively or hydrolytically unstable functional groups. In addition,
the syntheses discussed above were carried out open to the
ambient atmosphere, as these reactions do not require inert
atmosphere conditions.

Mechanistic experiments - (a-alkoxyalkyl)phosphonium salt
formation

We focus first on the mechanism for (a-alkoxyalkyl)phospho-
nium salt formation; discussion is included below on the
mechanism for the hydrolysis of these species (i.e., of the ether
forming step). As indicated above, our strategy in development
of the hydrolytic etherification methodology described herein
revolved around the transient generation of O-alkylox-
ocarbenium ion intermediates (species 6" in Scheme 1, above)
from reactions of alcohols with aldehydes in the presence of
acid, and interception of these intermediates with phosphines
in order to form (a-alkoxyalkyl)phosphonium salts (10) that
could then be hydrolysed to form ethers (7). If O-alkylox-
ocarbenium ions (6") are indeed involved as intermediates, then
interception by phosphines (such as Ph;P (9a)) of independently
generated O-alkyloxocarbenium ions (formed through alterna-
tive means to those used for the reactions discussed above)
should be possible. In principle, O-alkyloxocarbenium salts 6a
can be generated as a transient intermediate by treatment of
dimethylacetal 8a with an acid (Scheme 8), and thus we
undertook the reaction of 8a with tertiary phosphonium salt 35
([Ph3PH]OTY), which functions as an acid to protonate 8a and
also results in generation of Ph;P to act as a nucleophile
towards the putative O-alkyloxocarbenium species (6a, with
triflate as the counter-anion in this case).

Under our experimental conditions (with MeCN as solvent), it
was observed that the reaction of acetal 8a with 35 ([Ph;PH]OTY)
did indeed result in the formation of (a-alkoxyalkyl)phosphonium
salt 10F (Scheme 8a). A similar experiment (conducted in the
absence of solvent) has been reported previously by McNulty and
co-workers, who found that (o-alkoxyalkyl)phosphonium salt 10G
was formed if tertiary phosphonium salt 36 ([Et;PH|Br) was used
instead of 35 (Scheme 8b).** Since McNulty and co-workers did
also observe that treatment of 8a with tertiary phosphonium salt
37 ([Ph3PH]Br) led to formation of quaternary phosphonium salt
38 ([MePh;P|Br) as the major product (Scheme 8c),'* we were
careful to establish conclusively that no formation of
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Scheme 8 Reactions of acetal 8a with salts [PhzPHIX enable inde-
pendent generation of O-alkoxycarbenium ion 6a, and hence enable
testing of whether such species can be intercepted by phosphines to
give (a-alkoxyalkyl)phosphonum species 10. (a) Reaction of acetal 8a +
[PhzPH]OTf (35) in MeCN to give 10F; (b) solvent-free reaction of 8a +
[EtsPHIBr (36) to give 10G; (c) solvent-free reaction of 8a + [PhzPH]Br
(37) to give [MePhsP]Br (38).

phosphonium salt [MePh;PJOTf (i.e., 38 with triflate rather than
bromide as counter-anion) had occurred in our experiments
involving combination of acetal 8a with 35 ([Ph;PH]|OTY) (see
Scheme 8a). A sample of the reaction mixture from this experi-
ment was spiked with [MePh;P]OTf, and NMR spectroscopic
analysis of this sample showed that new signals characteristic of
[MePh;P]OTf had appeared in both the 'H and *'P NMR spectra in
addition to the signals of 10F, indicating that no [MePh;P]OTf had
been present in the reaction mixture prior to spiking.>®

The result of the experiment described in Scheme 8a
demonstrates that if O-alkyloxocarbenium ions (e.g., 6a) are
formed in the experiments described above, then they can be
intercepted by Ph;P to form (a-alkoxyalkyl)phosphonium salts
10, i.e., O-alkyloxocarbenium ions are plausible intermediates
in our reactions.

We also conducted a control experiment involving delayed
addition of PhzP (9a) to a mixture of alcohol 5d, aldehyde 1b and
TfOH (i.e., a similar experiment to that represented in Scheme 5
above, but with delayed addition of Ph;P). While this did result in
formation of (a-alkoxyalkyl)phosphonium salt 10D, the amount of
this species formed (54% NMR spectral yield) was diminished in
comparison to reactions conducted under our standard condi-
tions. We attribute this to the occurrence of side-reactions
involving the reactive O-alkyloxocarbenium ion intermediate. In
order to verify the importance of acid and phosphine to the
reaction outcome, separate experiments were undertaken in which
phosphine and acid, respectively, were omitted from the reaction
mixture. In both cases, no (a-alkoxyalkyl)phosphonium salt (10)
was formed and thus, as expected, no ether formation occurred.

Computational investigations

We also conducted quantum chemical calculations to derive
further insight into the mechanism of the reaction, focusing on
the formation of (a-alkoxyalkyl)phosphonium salt 10F from
benzaldehyde, methanol and [Ph;PH]OTf as a representative
example. Four mechanistic variants were investigated, each of

6998 | Chem. Sci, 2025, 16, 6991-7003

View Article Online

Edge Article

Mechanisms involving hemiacetal intermediates (39)
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Scheme 9 Possible mechanism(s) for formation of (e-alkoxyalkyl)
phosphonium salt 10F via hemiacetal 39. Gibbs energy values shown
(in kcal mol™, at 298.15 K) are relative to the Gibbs energy of the
starting materials, and were calculated at the wb97XD/def2-TZV/
PCM(CH3CN)//wb97XD/6-31G(d,p)/PCM(CH3CN) level of theory.

which involves multiple elementary steps - these are shown in
Schemes 9 and 10 below. The Gibbs energies (at 298.15 K) of key
species involved in each mechanism (i.e., high energy inter-
mediates and/or transition states) were calculated at the
»wb97XD/def2TZV/PCM(CH3CN)//wb97XD/6-31G(d,p)/
PCM(CH3CN) level of theory.

Two of the mechanisms investigated (shown in Scheme 9)
involved formation of hemiacetal 39 from aldehyde 1 + MeOH
followed by protonation of 39 to form intermediate 40. The
mechanistic possibility shown in Scheme 9a involves associa-
tive Sny2-type displacement occurs of H,O from monocationic
intermediate 40 by Ph;P to form phosphonium salt 10F. The
Gibbs energy of activation for this associative process was found
to be relatively high, with the Gibbs energy of the highest
transition state along the reaction pathway (41*) being
22.4 kcal mol ' higher in Gibbs energy than the starting
materials (Scheme 9a). This is presumably due to the sterically
crowded nature of TS 41%,

In the second of the mechanistic possibilities involving
formation of hemiacetal 39 and ionic intermediate 40, disso-
ciation of H,O from 40 results in the formation of oxocarbe-
nium ion 6a (14.7 keal mol~" higher in Gibbs energy than the
starting materials), which then undergoes nucleophilic attack
by Ph;P to form phosphonium salt 10F (Scheme 9b). The only
transition state that could be located on the reaction potential
energy surface for the combination of Ph;P + 6a was identical to
TS 41* from Scheme 9a, 22.4 kcal mol * higher in Gibbs energy
than the starting materials. However, there exists a distinct
possibility that combination of Ph;P + 6a occurs via a lower
energy TS in which there is minimal association of the oxo-
carbenium ion with H,O. The combination of Ph;P + 6a may

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 10 Possible mechanism(s) for formation of (a-alkoxyalkyl)
phosphonium salt 10F via (a-hydroxyalkyl)phosphonium salt 12F.
Gibbs energy values shown (in kcal mol™?, at 298.15 K) are relative to
the Gibbs energy of the starting materials, and were calculated at the
wb97XD/def2-TZV/PCM(CH3CN)//wb97XD/6-31G(d,p)/PCM(CH3CN)
level of theory.

even be essentially barrierless. Thus, we contend that the true
AG* for the dissociative mechanism shown in Scheme 9b lies
between 14.7 keal mol " (the Gibbs energy of the oxocarbenium
ion + Ph,P (+ the triflate counter-anion)) and 22.4 keal mol ™"
(the Gibbs energy of TS 41%), with the latter barrier representing
the upper limit for the Gibbs energy cost of a mechanism
occurring via hemiacetal intermediate 39.

As was indicated above, (a-hydroxyalkyl)phosphonium salts
were observed spectroscopically to be present in our reaction
mixtures. In addition, several precedents exist in which phos-
phonium salts (e.g., (diarylmethyl)phosphonium salts and (a-
alkylthioalkyl)phosphonium salts) were proposed to have been
formed through mechanisms that involved (o-hydroxyalkyl)
phosphonium salts as intermediates.”>***° Certain of these
mechanistic proposals were elaborated further, suggesting the
possible involvement of dicationic intermediates such as 43
(formed from (a-hydroxyalkyl)phosphonium salts; see Scheme
10a).>>* Prompted by these precedents, we considered further
dissociative and associative mechanistic possibilities for (o-
alkoxyalkyl)phosphonium salt formation in the presence of
excess TfOH involving (a-hydroxyalkyl)phosphonium salts such
as 12F as intermediates.

The first of these involved generation of (a-hydroxyalkyl)
phosphonium salt 12F, which our calculations indicate should

© 2025 The Author(s). Published by the Royal Society of Chemistry
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occur spontaneously (see Scheme 10a). This is consistent with
our experimental observations (vide supra). Protonation of 12F
to form dicationic intermediate 42 followed by dissociation of
H,O0 to give dication 43, and reaction of 43 with MeOH leads to
formation of phosphonium salt 10F (Scheme 10a). Our calcu-
lations on this mechanism showed that the Gibbs energy cost
associated with formation of dicationic entity 43 was prohibi-
tively high, at +36.1 kcal mol™ ", indicating that this interme-
diate is energetically inaccessible at the temperatures employed
for the reactions reported above.

The second possible associative mechanism investigated in
which salt 12F functions as an intermediate involves Sy2-type
displacement of triflate from intermediate 44 by MeOH.
Although the calculated Gibbs energy barrier for this reaction,
at 26.4 kecal mol ' (relative to starting materials; see Scheme
10b), is substantially lower than the Gibbs energy required for
formation of dication 43, it nonetheless represents an unfea-
sibly high barrier for (a-alkoxyalkyl)phosphonium salt forma-
tion. It can thus be concluded that the two variants of the
mechanism involving (a-hydroxyalkyl)phosphonium salt as an
intermediate cannot operate at the temperatures at which our
reactions were conducted.

Proposed mechanism for (o-alkoxyalkyl)phosphonium salt
formation

In addition to the computational data discussed above, there
are other important factors indicating that (a-alkoxyalkyl)
phosphonium salt formation through mechanisms involving
(e-hydroxyalkyl)phosphonium salts as intermediates (i.e.,
Mechanism 2 in Scheme 10) are likely not to be feasible. Firstly,
in experiments in which aldehyde 1b, alcohol 5d, Ph;P (9a) and
TfOH are combined (i.e., in which the alcohol is present from
the outset), (a-alkoxyalkyl)phosphonium salt 10D is formed in
preference to (a-hydroxyalkyl)phosphonium salt 12D even early
on in the reactions (see Scheme 5c¢ and associated discussion
above).”” Secondly, relatively facile reversal of (a-alkoxyalkyl)
phosphonium salts (10) to starting materials (aldehyde, alcohol
and phosphine) under basic conditions was observed in most
solvents (i.e., solvents other than MeCN or alcohols see Scheme
6 and associated discussion), and was also observed for (a-
alkoxyalkyl)phosphonium salts with electron-rich a-aryl groups
even in MeCN. In accordance with the principle of microscopic
reversibility, the reverse reaction should follow the same
mechanistic steps as the forward reaction but in reverse order.
While dissociative breakdown of 10 to form 6" (Scheme 9a) is
conceivable, dissociation of 10 to give a high-energy dictation 43
in the absence of acid is not.

Our mechanistic experiments show that O-alkylox-
ocarbenium ions are plausible intermediates in our (o-alkox-
yalkyl)phosphonium salt forming reactions. Our computational
investigations show that a mechanism involving interception of
an oxocarbenium ion intermediate by Ph;P (Scheme 9b) is
energetically feasible, with a closely related associative process
involving displacement of H,O from hemiacetal-derived inter-
mediate 40 (Scheme 9a) being a plausible alternative. Other
mechanistic possibilities were shown to require the formation
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of intermediates and/or transition states with unfeasibly high
Gibbs energies.

Based on the accumulated evidence from our mechanistic
experiments and computational studies, we propose that in our
hydrolytic etherification reaction sequence, formation of (o-
alkoxyalkyl)phosphonium salt 10 occurs by a pathway involving,
initially, hemiacetal (e.g., 39) and, subsequently, an interme-
diate such as 40 and then O-alkyloxocarbenium ion (e.g., 6a) as
transient intermediates, as shown in Scheme 9b for the repre-
sentative example involving the combination of benzaldehyde,
MeOH and Ph;P. While direct substitution of 40 by Ph;P is
plausible (i.e., with no involvement of 6a), we note that the
mechanistic experiment detailed in Scheme 8a must involve
formation of 6a in order for (a-alkoxyalkyl)phosphonium salt
10F to be produced, whereas the involvement of 40 is not
required. Formation of (a-hydroxyalkyl)phosphonium salts
such as 12F clearly does occur during these reactions, but this is
a reversible process, and these species are not involved as
intermediates on the reaction pathway. Analogous mechanisms
have been proposed previously for reactions of arenes with
aldehydes and phosphines in the presence of acid to form
(diarylmethyl)phosphonium salts; these proposals involved
protonation of the aldehyde to form oxocarbenium ion, reaction
of this with a weakly nucleophilic arene to form diary-
lcarbenium ion intermediates that then undergo further reac-
tions with phosphines.*?**

As an aside, it is possible, and perhaps likely, that several
reactions reported in the literature that are proposed to involve
(e-hydroxyalkyl)phosphonium salts as intermediates on path-
ways to other compounds may not occur by the originally
proposed mechanisms. Instead, the reactions in these reports
may well occur via much more energetically accessible oxo-
carbenium ions derived from aldehydes that (along with phos-
phine) are in equilibrium with the (o-hydroxyalkyl)
phosphonium salt. These oxocarbenium ions may be inter-
cepted by weak nucleophiles such as thiols,** arenes,*?3%%*
amides, carbamates or imides®° to generate reactive entities
that, subsequently, are trapped by phosphine.

Mechanism of (a-alkoxyalkyl)phosphonium salt hydrolysis

Finally, turning to the mechanism of («-alkoxyalkyl)phospho-
nium salt hydrolysis, we consider that this process is likely to
take place via the formation of an ylide (47; see Scheme 11a)
followed by addition of water to this ylide. This mechanistic
pathway has been established for hydrolysis and alcoholysis of
ylides and reported previously.”**? It is also consistent with
incorporation of two deuterium atoms into the benzylic posi-
tions of ethers 13g, 13h and 14n as the major products in the
experiments described above (see Fig. 2 above) in which the (a-
alkoxyalkyl)phosphonium salt precursors of 13g, 13h and 14n
were subjected to deuterolysis using a solution of NaOD in
excess D,0 (see example in Scheme 11b, involving formation of
ether 13g from (a-alkoxyalkyl)phosphonium salt 10D). We
believe that (a-alkoxyalkyl)phosphonium salt deuterolysis
proceeds via formation of an ylide (i.e., through deprotonation
by DO™), which then undergoes an addition of D,O to give
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Scheme 11 (a) Proposed general mechanism for the hydrolysis of (a.-
alkoxyalkyl)phosphonium salts (10) via ylide formation. (b) Proposed
mechanistic pathway for the formation of 13g, with double deuteration
of the benzylic position.

a phosphorane, and that this, in turn, eliminates the phosphine
oxide by-product 11a (Ph;PO), leading to incorporation of two
deuterium atoms into the structure of the ether product (see
Scheme 11b). The presence of HDO in these reactions (arising
from deuteroxide-mediated deprotonation of (a-alkoxyalkyl)
phosphonium salts) leads to the formation of monodeuterated
ethers as minor products in these reactions (see Fig. 2 and
associated discussion above).

Conclusion

We have developed an alternative strategy to access ethers
starting from readily available alcohol and aldehyde starting
materials that involves “interception” of oxocarbenium ions
using phosphines as “sacrificial” nucleophiles (i.e., introducing
a reaction that can out-compete acetal formation). This results
in the formation of phosphonium salts that can be controllably
decomposed to release ether products by hydrolysis. Thus, net
reductive etherifications are achieved without hydrogen or
hydride donors as reductants. It has never previously been
possible to synthesise ethers directly from carbonyl compounds
and alcohols without the need for a direct hydride donor. This
makes the proposed two-stage one-pot reductive hydrolytic
etherification reported herein an entirely new means of
accessing these important structures.

The key phosphonium salt intermediates (10) involved in
this etherification methodology have been shown by NMR
spectroscopy to be produced essentially quantitatively in the
reactions of aromatic aldehydes with phosphines and alcohols

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in the presence of acid. The structures of the phosphonium salt
intermediates isolated from representative exemplar reactions
have been unequivocally confirmed by X-ray diffractometric
analysis. As expected, they comprise of a phosphonium cation
in which the former carbon centre of the carbonyl is linked to
the oxygen of the alcohol and to the P-centre. Under hydrolytic
conditions, this species releases the ether moiety and a phos-
phine oxide, leading to an efficient etherification method that is
applicable for many primary and secondary alcohols (43
examples) in high yields using general reaction conditions. The
new approach is characterised by mild conditions, high to
excellent yields and unexpected selectivity, allowing, for
example, selective benzylation of a secondary alcohol even in
the presence of a phenol group elsewhere in the structures of
the reactant molecules. The results of mechanistic and
computational investigations on the hydrolytic etherification
reactions are consistent with the occurrence of the oxocarbe-
nium ion interception process envisaged to occur in the design
of the synthetic methodology or a closely related associative
variant thereof.

Data availability

The data supporting this article (synthetic details, experimental
methods, characterisation data including copies of NMR
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