fﬂf}gﬂﬂ, View Article Online

Green
Chemistry

Accepted Manuscript

View Journal

[

This article can be cited before page numbers have been issued, to do this please use: R. Arias-Ugarte
and T. W. Hudnall, Green Chem., 2017, DOI: 10.1039/C6GC03629E.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Green
Chemistry

sustainable future

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
author guidelines.

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the ethical guidelines, outlined
in our author and reviewer resource centre, still apply. In no
event shall the Royal Society of Chemistry be held responsible

for any errors or omissions in this Accepted Manuscript or any
consequences arising from the use of any information it contains.

ROYAL SOCIETY
&cnwsmv ‘55‘ iy

ROYAL SOCIETY .
OF CHEMISTRY rsc.li/green-chem


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c6gc03629e
http://pubs.rsc.org/en/journals/journal/GC
http://crossmark.crossref.org/dialog/?doi=10.1039/C6GC03629E&domain=pdf&date_stamp=2017-03-30

Page 1 of 9

Published on 30 March 2017. Downloaded by University of Newcastle on 31/03/2017 15:10:05.

Green Chemistry

Green:Chemistry:

»

R GHENIBTRY
DOI: 104089JE6GC03629E

Antimony(V) Catalyzed Acetalisation of Aldehydes: An Efficient,
Solvent-Free, and Recyclable Process

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Renzo Arias Ugarte and Todd W. Hudnall*

A highly selective, solvent-free process for the acetalisation of aldehydes was achieved by the use of a readily accessible

and antimony(V) catalyst which we previously prepared in our lab as a tetraarylstibonium triflate salt ([1][OTf]). High yields

www.rsc.org/

of the acetals were achieved in the presence of stoichimetric amounts of either triethoxymethane or triethoxysilane. It

was found that triethoxymethane reactions required longer time to reach completion when compared to triethoxysilane

reactions which were completed upon mixing of the reagents. The products can be easily separated from the catalyst by

distillation which enabled further use of [1][OTf] in additional calytic reactions (up to 6 cycles). Moreover, the stibonium

[1]* also catalyzed the deprotection of the acetals into their corresponding aldehydes using only water as a solvent.

Introduction

Acetalisation serves as the principal methodology for the
protection of carbonyl groups! that enables access to novel
compounds and materials with important synthetic
applications.2 Acetals are also used as flavouring agents and as
aroma enhancers in cosmetic and food products.3 More
recently, acetals have been utilized as diesel additives to
increase fuel efficiency and as anti-freezing additives for
biodiesel fuels.#> Traditionally, the acetalisation of carbonyl
moieties has been performed using alcohols in organic
solvents, and often necessitate the inclusion of orthoesters
such as trimethoxymethane (TMM) or triethoxymethane
(TEM) as water scavengers.® Additionally, these reactions are
often catalysed by strong mineral and hydrohalic acids such
like H2SOa4, H3PO4,” or HCI.2 However, there have been few
reports of environmentally friendly methods for the
acetalisation reaction disclosed recently to overcome these
disadvantages.? Some examples rely on the use of transition
metal Lewis acids such as: [Cul[BF4];,° Fe(OTs)s?
Fe(BF4)2.6H,0),'2 and RuCls;*3 or metal organic frameworks
(MOFs) containing thiourea derivatives,'* acidic functional
groups,®> and copper hydroxysulfates.® Similarly, zeolites;” or
simple functionalised silica derivatives such as HBF4-SiO,,8
HClO4-Si0,,1° and bis(perfluorooctane)sulfonylimide supported
on fluorous silica.2® lonic liquids derived from imidazolium
salts,?! PEGigoo(DA)-polyethylenglycol ionic liquid systems.??
Other systems that employ Bronsted acids using N-
chlorosuccinimide and urea or [nBusN][Br3] have also been
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explored.23.24

These methods have been effectively used in homo- and
heterogeneous systems with high efficiency; however, the use
of excess reagents (alcohols or orthoesters), result in
environmentally deleterious processes due to excessive
organic waste. Motivated by this challenge, researchers have
optimized reaction conditions by reducing the
alcohol:orthoester ratio. Indeed several reactions can be
performed in the presence of pure alcohol or orthoester;*
17,19,21-23,2526 however, a large excess of these reagents and
higher catalyst loadings are required. Additionally, exhaustive
reaction work up, or harsh reaction conditions such as high
temperature and pressures are necessary.

In line with these discoveries the use of Lewis acid catalysts
has also been reported.?7-32 Specifically, Lewis acid catalysts
that are stable to water and air, are easy to handle and
recycle, and which are atom economic are highly desirable for
environmental reasons.33 To date, most Lewis acid catalysts
employed are corrosive transition metal, or main group halides
such as WClg,27 InCl3,28 Gals.2® More recently, the triflate salts
Bi(OTf)3.4H,0,3° Yb(Otf)3,3! and In(OTf)3/Mn0,32 have shown
enhanced activity with low catalyst loadings, but suffer from a
larger excess of alcohol and orthoester requirement. In
contrast, Al(OTf)33* displays exceptional activity and atom
economy (low alcohol/orthoester requirement) for the
acetalisation of carbonyl compounds; however, it is unknown
if deprotection of acetals is possible with this catalyst. Indeed,
catalysts which function to both protect and deprotect
carbonyl moieties are fundamentally more valuable.18-20, 28, 31
For this reason, we believe new catalysts systems that are
highly active, atom economic, and stable toward air and
moisture must be developed to make a large environmental
impact in this arena.

Herein we report that the tetraarylstibonium salt, 1-
diphenylphosphinonaphthyl-8-triphenylstibonium triflate
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([1][OTf], Figure 1), which was developed by our group,3s
serves as an air and water stable Lewis acid catalyst for the
acetalisation of aliphatic and aromatic aldehydes. This catalyst
is highly active at low loadings (0.1 mol%) and effectively
protects the aldehydes in the presence of stoichiometric
triethoxymethane (TEM) or triethyoxysilane (TES). These
reactions are carried out in the absence of organic solvents,
obviating the need for tedious aqueous workup, and reducing
the creation of waste by-products. Moreover, the stibonium
catalyst can be recycled with negligible loss of efficacy (over 6
cycles). Interestingly, reactions conducted using TES were
markedly faster than those with TEM which may be associated
with the increased oxophilicity of silicon versus carbon.

D
Ph,P SbPh; ©

oTf

[1][OTf]

Figure 1. 1-diphenylphosphinonaphthyl-8-triphenylstibonium triflate  ([1][OTf])

prepared by our lab.

In addition to catalysing the acetalisation of aldehydes, we
also show that [1][OTf] is a potent catalyst for the
deprotection of the carbonyl group. From an environmental
point of view, [1][OTf] reverses the acetalisation reaction in
water, eliminating the need for organic solvents and reducing
waste streams.

Results and Discussion

We recently reported the synthesis and Lewis acidic properties
of the stibonium salt [1][OTf], and evaluated it’s potential
utility in the catalytic transformation of aldehydes into a-B
unsaturated aldehydes, 1,3,5-trioxanes, and symmetric
ethers.3> We demonstrated that aldehydes are catalytically
transformed into symmetric ethers by a reductive coupling
mechanism in the presence of triethylsilane as a reducing
agent, Scheme 1A. During these studies, we were excited to
discover that the use of the more sterically encumbered silane,
triethoxysilane (TES), afforded diethoxy acetals under identical

o R
\ RT P
2 )’ + EtSiH 07, (E4Si0 (A
miot
5mol%
Et
/
: S
& + (OEY;SiH R o Et (B)
[1][OTf]
5mol%

Scheme 1. Two orthogonal reactions with aldehydes that are catalyzed by [1]*: A)
etherification using triethylsilane, and B) acetalisation using triethoxysilane.
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experimental conditions (CDClz or dichloromethane. .as,@
solvent, 5 mol% of [1][OTf]), Scheme 1B.DOI: 10.1039/C6GC0O3629E

We then optimized the reaction, and found that the
catalyst loading could be reduced 0.1mol % of [1][OTf], and
acetalisation proceeded in the absence of any organic solvent
with 100% conversion, and 100% selectivity. Moreover, these
reactions are extremely rapid, and 100% conversion is
achieved essentially on mixing as detected by 'H and 13C NMR
(Table 1 entries 1-7, 9-12, and 15-17). The substrate scope
included several aliphatic and aromatic aldehydes, all with high
conversion.

Table 1. Substrate scope for the acetalisation of aldehydes using TES and [1][OTf]?

o _RT OEt
ot OESH oy ~ort
R 0.1 mol% R
Entry aldehyde (R) Time acetal Selectivity Yield®(¢)%
(h) (%)
1 -CH2CH3 0.16 (A1) 95* 96(100)
2 -(CH2),CHs 0.16 (A2) 95* 76(100)
3 Ph 0.16 (A3) 100 99(100)
4 -CH2Ph 0.16 (A4) 100 98(100)
0 RT OEt
+ .
< J (OE);SH (13101 ) )\oa
0.1 mol%
Entry aldehyde (R) Time acetal Selectivity Yield®(¢)%
(h) (%)
5 cyclohexyl 0.16 (As) 100 76(100)
6 Ph 0.16 (As) 100 31(100)
7 CoFs 0.16 (A7) 100 71(100)
8 2-BrCeHa 1 (As) 100 97(100)
9 3-BrCeHa 0.16 (A9) 100 97(100)
10 3-FCeHa 0.16 (A1) 100 96(100)
11 4-CF3CeHa 0.16 (A1) 100 98(100)
12 4-NO,CéH4 0.16 (A12)° 100 94(100)
13 4-OMeCeHa 1 (A13) 100 66(100)
14 4-MeCsHa 15 (Aa) 100 76(100)
< (l) RT ] OEt
+ (OEt);SiH
T) T momn T O®
R 0.1 mol%
Entry aldehyde (R) Time acetal Selectivity Yield®(%)%
(h) (%)
15 Me 0.16 (As) 100 78(100)
16 Et 0.16 (Ass) 100 75(100)
17 Ph 0.16 (A7) 100 93(100)

(a) Reactions conditions: 0.1 mol% [1][OTf], room temperature. (b) Isolated
yields, (c) yields by *H NMR are shown in parenthesis, and (d) Excess TES was
used 2mmol instead of 1 mmol. (*) traces 1,3,5-trioxane was observed.

For aromatic aldehydes substituted at the ortho- or para-
position with electron-donating groups we observed longer

This journal is © The Royal Society of Chemistry 20xx
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reaction times (Table 1, entries 8, 13, and 14) analogous to
other reports.10 24 31 For example, the synthesis of 4-(CHs)-
CgH4-CH(OEL); (A14) took 90 minutes with a TES:aldehyde ratio
of 1:1. Despite this longer reaction time, we still observed
nearly 50 % conversion to the acetal upon mixing (see Figure
2). We hypothesize that the introduction of electron donating
substitutents in conjugation with the acyl carbon of the
aldehyde effectively reduces the electrophilicity of the
carbonyl group, hampering nucleophilic attack of an ethoxide
that is furnished by the silane (vide infra).10- 2431 Despite these
longer reaction times, the catalytic activity of [1][OTf] in these
acetalisations is superb when compared to other systems
reported owing to: lower catalyst loading, stoichiometric
amount of silane, absence of organic solvent, easy purification,
and catalyst recovery/recyclability. Indeed, the majority of the
acetals are volatile compounds with low boiling points and can
be separated from the catalyst by simple distillation.
Additionally, our method reduces organic waste production as
highly pure alcohols are not needed as a reagent in these
reactions as opposed to systems that utilize alcohols to

increase reaction efficiency while lowering reaction times.20 30.
34

0 o 21
RT N
H . 6 O
+ (OESH [oore” .
Me 0.1 mol% nge 6
*) (TES) (A1q)
, 56 TES 4
N TES b
* L 3 2|“ s
L t = 5min IJ
j . AL l

‘M | t=30min | ;“

R A wl LA

A \M A t= 60 min | Jl

N
5,6 E 1
3 8
HJ)J/ l t =90 min
W
180 160 140 120 100 80 60 40 20

Figure 2: Stacked 3C NMR spectra from time = 5 min. (top) to 90 min. (bottom),
showing the conversion of 4-methylbenzaldehyde (denoted with *) into 4-
methylbenzaldehydediethylacetal (A;4) catalysed by [1]* in the presence of TES .

Even though electron-donating groups resulted in longer
reaction times, in a 1:1 ratio (triethoxysilane:aldehyde) the
reaction always reached 100% conversion. However, we found
that by increasing the TES:aldehyde ratio, we could speed up
the reaction time (Table 2). For example, when 4-
methylbenzaldehyde was treated with 2 molar equivalents of
TES in the presence of 0.2 mol% of [1][OTf], acetal Ais was
obtained quantitatively in 15 minutes (Table 2, entry 1).

We hypothesize that the addition of excess TES improved
the reaction times by serving as a solvent for the reaction, and

This journal is © The Royal Society of Chemistry 20xx
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providing a more homogeneous environment. |nterestingly.
when 0.5 molar equivalents of TES were RS&d(TaBIE2CEREYS)
the observed reaction time was also decreased (5 minutes),
however, only 37% of the aldehyde was converted to acetal
Ai1s. Although this reaction was quite rapid, the residual
aldehyde increased the difficulty in purifying the desired acetal
from the reaction mixture.

Table 2: Effect of TES:aldehyde ratio for the formation of A4

Entry [1][OTf] TES aldehyde Time % conversion®@
mol % mmol mmol (min)
1 0.2 2 1 15 100
2 0.2 1 1 90 100
3 0.2 0.5 1 5 37

Reaction conditions: 0.2 mol % [1][OTf], 4-CH3-CsHs-CHO, TES, RT. (a) By H NMR.

During the course of these reactions, we have observed the
formation of a new silicon-containing species at -67ppm by 2°Si
NMR spectroscopy. While we hypothesize that this compound
is the silicon analogue of ethylformate (vide infra), we have
been unable to isolate this compound to confirm its identity
despite our best efforts. Indeed, this species appears to be
unstable even in solution as we have observed the conversion
of this compound into another silicon-containing molecule
with a 29Si chemical shift of -76 ppm over the course of these
reactions. Fortunately, these silicon-containing compounds to
not appear to impede the production of the desired acetals,
and are easily separated from the product. For acetals with
low boiling points, the products were removed by simple
distillation, for non-volatile acetals, these silicon by-products
were removed using silica gel column chromatography (eluent:
DCM).

One of the major disadvantages for preparing acetals from
alcohols and aldehydes is the presence of water generated in
the reaction, which as has been shown to inhibit the reaction
by Sedran and co-workers.17 In our case, the use of the silicon
orthoester precludes the generation of water in our
acetalisation reactions. Typically, water can enhance the
hydrolysis of acetals back to their corresponding aldehyde or
ketone in the presence of a Lewis acid catalyst.18-20, 2831 For
this reason, we questioned if [1][OTf] could catalyse the
deprotection of the diethylacetals prepared in this study.
Gratifyingly, we found that the acetals are efficiently
hydrolysed to their corresponding aldehydes with the release
two equivalents of ethanol in the presence of 0.1 mol% of
[1][OTf] (Scheme 2).

OEt H,0 <|)
R OEt A R) + 2 EtOH
[11[OTf]
0.1 mol%

Scheme 2. Stibonium-catalysed deprotection of acetals using water as a solvent.

To illustrate this reaction, Figure 3 depicts 13C NMR spectra
of the reaction of acetal Ag, derived from 2-
bromobenzaldehyde, with water and 0.1 mol % [1][OTf] in

J. Name., 2013, 00, 1-3 | 3
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CDCls. After 30 minutes at 70°C, we observed the conversion
of Ag into the corresponding aldehyde and ethanol in a 1:2
ratio (confirmed by 'H NMR spectroscopy, Figure 4). As a
control experiment, when the same reaction was carried out in
the absence of the catalyst, we did not observe the formation
of the aldehyde or ethanol.

OEt H,0 <|J
OEt AN + 2 EtOH
[1][OTH]
Br 0.1 mol% Br
Ag *) (ET)
(A,)
t=0 min J I

i 230 min “

190 170 150 130 110 90 70 50 30 10

Figure 3: Stacked 3C NMR spectra at time = 0 min (top) and 30 min. (bottom) that
show the deprotection of 2-bromobenzaldehyde diethylacetal (Ag) to afford 2-
bromobenzaldehyde (denoted by *) and ethanol in the presence of 0.1 mol% [1]* and
water, at 70°C.

1
. 1
o
5 4 3
7 g Br .
2
5-8
t=0min g4, | i
a

(o]
"
Xl
5 Br

g @ -

‘ t=30 min I LL_
10 9 8 7 6 5
i el

1 122

Figure 4: Stacked 'H NMR spectra at time = 0 min (top) and 30 min. (bottom) that show
the deprotection of 2-bromobenzaldehyde diethylacetal (Ag) to afford 2-
bromobenzaldehyde and 2 equivalents of ethanol (integrations provided) in the
presence of 0.1 mol% [1]* and water, at 70°C.

These experiments demonstrate that stibonium cation [1]*
serves as a catalyst for a new, efficient and environmentally
more attractive methodology for the acetalisation of
aldehydes. These reactions are also much faster than standard
approaches, and provide clean, selective conversion to the
desired acetals. In all cases no aldehyde-derived intermediates

4| J. Name., 2012, 00, 1-3
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were observed in these reactions, and only \Qne,silisQns
containing intermediate was observed JQ6703pH/(OSCNIVIRL.
While we suspect that this compound may be the silicon
analogue of ethylformate of the formula (H(Si=O)OEt), we
were unable to isolate this compound as it rapidly decomposes
to another species with a 2°Si resonance at -76 ppm.
Additionally, this new compound also degrades into a variety
of silicon-containing polymeric materials. Fortunately, these
polymeric species are highly insoluble in the reaction mixture
and are non-volatile, which facilitated the isolation of the
desired acetals.

Mechanistic Considerations

In order to determine the key species in the solution and to
elucidate the mechanism for acetalisation, triethoxymethane
(TEM) was used as a triethoxysilane surrogate. Gratifyingly,
under identical reaction conditions to those described with the
silane, we were able to observe and isolate ethyl formate
(H(C=0)OEt), which was generated as a byproduct of the
reaction of 4-methylbenzaldehyde with TEM (Figure 5, Entry
14, Table 3). In addition to providing mechanistic insight into
these reactions, this result demonstrated that TEM serves as
an atom-economical and inexpensive reagent that is suitable
for the protection of aldehydes.

o) o1
| RT oy
o~ . 6 3 O/\ o
OEt);CH
Me 0.1mol% Me™
) (TEM) (A1q) (EF)
t=10 min. %
TEM
*. | 2 | ﬂ . l \/1 l
5.6 1
1
t =90 min. 3
i 74 Er 8 ler
| I
180 160 I 140 120 ‘IIDD 80 60 ' 40 20
1
H NMR o] i
3 3 HJLO/\ 1 2
(EF)
CDCI3
| |
T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 75 7.0 65 6.0 55 5.0 45 4.0 35 3.0 25 2.0 15 1.0 ppin
e Al B

Figure 5. Stacked NMR spectra (*3C at time = 10 min (top), time = 90 minutes (middle),
and 'H NMR of ethylformate produced in the reaction (bottom)) that show the
conversion of 4-methylbenzaldehyde into 4-methylbenzaldehydediethylacetal (Ais)
when treated with TEM in the presence of 0.1 mol% of [1]*.

As we have previously reported, we believe that the
electron deficient stibonium centre in cation 1* serves as a
potent Lewis acid that can activate aldehydes toward
nucleophilic attack as shown in Scheme 3(a). This [Sb*]--
aldehyde interaction was calculated to be thermodynamically
favoured by 6.2 kcal.3> Upon activation, we believe that the

This journal is © The Royal Society of Chemistry 20xx
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orthoester TES or TEM then engages the aldehyde to afford a
cyclobutane transition state as shown in Scheme 3(b) where
the silicon or carbon of the orthoester is coordinated to the
oxygen atom of the aldehyde, while simultaneously delivering
one ethoxide to the acyl carbon. We hypothesize this
transition state as the more electropositive silicon atom in TES
would more readily coordinate the oxygen atom of the
aldehyde when compared to TEM, thus resulting in more facile
reactions when the silane is employed. The rapid delivery of a
second equivalent of ethoxide concomitant with cleavage of
the former C=0 bond as shown in Scheme 3(c) releasing the
desired acetal (A) along with a stibonium-coordinated formate
species which liberates the free formate 3(d). Although we
have not been able to isolate the purported silyl derivative of
ethylformate, we believe that these species are not stable and
undergo rapid polymerization giving insoluble materials.

© g
“ISb]-.._ LH
e
. —— Et
[sb], { o o
0\ 1 Bt (k
(b) H \- oEt]
Ry | R
) \
f oFt

\ |
(OEt);EH | *ISb]-0”=°H

E=CorSi

|
@ /
N Et
Ry o
\) [Sb]* £ | @
o o H

Isolated for
E=C
Rq

Scheme 3. Proposed catalytic cycle for the acetalisation of aldehydes with the
elimination of ethyl-formate esters using stibonium cation [1]* and TES or TEM.

The ability of one equivalent of the orthoester to deliver
both alkoxy groups to the aldehyde with the elimination of
only ethylformate is significant in terms of efficiency and waste
reduction. Despite longer reaction times when compared to
the reactions involving triethoxysilane as the ethoxide source
(see Table 3), we were able to efficiently obtain the desired
acetals by simple distillation under solvent-free conditions
with the one exception being 4-nitrobenzaldehyde which was
not soluble in TEM and required 0.5 mL of chloroform to be
added. Additionally, we have been able to isolate the novel
compound, 1-(diethoxymethyl)-2,3,4,5,6-pentafluorobenzene
(see Entry 7 Table 3) using this green methodology.

Catalyst Efficiency

As we have demonstrated previously, the stibonium cation [1]*
behaves as a potent Lewis acid catalyst and requires very low
loading (0.1 mol %). Due to the stability of [1]* toward water
and oxygen, we were able to recycle our stibonium salt and
able to recycle the catalyst for up to six cycles using 2-
ethylbutanal as a model substrate (Figure S55 in the ESI for full
discussion). However, we notice a sharp decrease in activity on
cycle six, and noticed an increase in the reaction. Indeed, on

This journal is © The Royal Society of Chemistry 20xx
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mixing only 50% conversion was observed, hgwever, othe
reaction was still completed in two houP&ISitil3P /£ preéviaas
observations, aliphatic aldehydes were shown to react faster

than aromatics.

Table 3: Aldehydes to acetal in the presence of triethoxymethane (TEM)?

j + (OEt)sCH RT =
i 7 ot OFt
0.1 mol%
Entry  aldehyde (R) Time acetal Yield®<%
(h)
1 -CH2CH3 2 (A1) 4(100)82
2 -(CH2)7CHs 2 (A2) 4(100)76
3 Ph 2 (As) (100)95
4 -CHzPh 12 (Aa) (100)94
J0 RT OEt
Rt (OEt);CH - R OEt
0.1 mol%
Entry  aldehyde (R) Time acetal Yield®<%
(h)
5 cyclohexyl 12 (As) (100)70
6 Ph 24 (As) (100)60
7 CoFs 12 (A7) (100)70
8 2-BrCeHa 12 (As) (100)96
9 3-BrCeHa 12 (Ao) (100)98
10 3-FCoHa 12 (A10) (100)70
11 4-CF3CeHa 12 (A11) (100)98
12 4-NOCgHa® 12 (A12) (100)98
13 4-OMeCeHa 24 (A1) (100)75
14 4-MeCsHa 12 (Aa) (100)73
o RT OEt
R\H + (OEt);CH HMI10T1] OEt
R 0.1 mol% R
Entry  aldehyde (R) Time acetal Yieldd(®)%
(h)
15 Me 0.16 (Aas) (100)78
16 Et 01.6 (Aas) (100)75
17 Ph 0.16 (A17) (100)93

(a) Reaction conditions: [1][OTf] 0.1 mol%, room temperature, (b) yield based
on 'H NMR (shown in parenthesis), (c) Isolated yields after purification, (d) 95%
selectivity observed with 5% of 1,3,5 trioxane formed, and (e) 0.5 mL of CDCls
was used to dissolve the aldehyde and the reaction was heated to 70 °C.

Experimental

General Considerations

Unless otherwise noted, these procedures were all carried out
using typical Schlenk techniques under an atmosphere of

J. Name., 2013, 00, 1-3 | 5
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nitrogen or in a nitrogen-filled glove box. Solvents were dried
and degassed by an Innovative Technology solvent purification
system and stored over a 3 A molecular sieves in a nitrogen-
filled glove box. Dichloromethane and hexanes were dried
under nitrogen over CaH and Na/K, respectively and distilled
prior to use. Aldehydes with 95 to 98% purity have been
purchased either from Sigma Aldrich or Alfa Aesar and were
used as received. [1][OTf] as synthetized according to previous
report.3> Melting points were recorded on a Mel-Temp
apparatus in sealed capillary tubes and are uncorrected. All
reagents were used as received. NMR spectra were recorded
on Bruker Avance 400 MHz/52mm spectrometer. Chemical
shifts (8) are given in ppm and are referenced to the residual
solvent CDCl3 (which was used to characterize all compounds
after isolation): H: 7.26 ppm; 13C:, 77.0 ppm. All column
chromatography was performed using small columns (5 x 60
mm) with silica gel (Aldrich), 700-230 mesh, 60 A, and pore
volume of 0.75 cm3/g as the stationary phase. Elemental
analyses were performed at Midwest Microlabs, LLC
(Indianapolis, IN).

Methodology using triethoxysilane

In a NMR tube 0.1 mol % of the [1][OTF] was added followed
by 1 mmol the triethoxysilane (TES), which was added drop
wise directly to the catalyst to ensure complete dissolution.
After that, 1 mmol of the corresponding aldehyde was added
drop wise to this mixture which was then monitored by 3C
NMR spectroscopy as a neat liquid. After a period of time
ranging from 5 to 90 min we confirmed that all the aldehyde
had been consumed, and then the solution was transferred to
a 10ml round bottom flask followed by distillation of the
product under reduced pressure (300 mTorr). Low boiling
point products were obtained as pure compounds via
distillation, however higher boiling point materials purified,
first by distillation to remove volatiles (traces of unreactive
triethoxysilane or aldehyde), and then the residue in the flask
was immediately passed through a small plug of silica gel using
dichloromethane as the eluent to remove silicon-containing
byproducts. The solution was then concentrated under
vacuum to get colourless oils in very good yields. The isolated
products were then characterized by NMR spectroscopy in
CDCls.

Methodology using triethoxymethane

Analogous to the previous methodology, 0.1 mol % of [1][OTf]
was added to an NMR tube followed by 1 mmol of
triethoxymethane and then 1 mmol of the corresponding
aldehyde. The mixture was left to stand for 12 hours to reach
completion (monitored by 13C NMR spectroscopy as a neat
liquid). After that time the solution was transferred to a 10 ml
round bottom flask and distilled under reduced pressure to
remove the final product and ethyl formate from the catalyst.
Ethyl formate was then evaporated under a flow of nitrogen
for 5 minutes. For higher boiling point acetals, all volatile
components (including ethyl formate) were removed by
distillation to give the product as a pure compound. The
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isolated products were then
spectroscopy in CDCls.

characterized;., by NIMIB
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Recycling of catalyst study

In an NMR tube 0.1mol % of [1][OTf] was added initially, and
then 1 mol triethoxysilane (TES) was added dropwise directly
to the stibonium salt to ensure complete dissolution. Next, 100
mg (1 mmol) of 2-ethylbutanal was added dropwise over this
mixture which was then agitated and monitored by 13C NMR
spectroscopy. After 1h we confirmed that all the aldehyde was
consumed, and the reaction was purified according to the
main text in the manuscript. The resulting compound was then
characterized by 3C NMR in CDCl;, and was labeled Run 1
(Figure S55, ESI). The residue containing the catalyst after
distillation of the acetal was then recycled by adding more
reagents (TES and aldehyde). We found that the acetalisation
could be performed 5 times without a noticeable drop in
activity of the catalyst (Figure S55, ESI).

Spectral Data of Compounds

Butyraldehyde diethylacetal (A;): 'H NMR (400 MHz)
(CDCls): & 0.87-0.91(t, 3H, Me, J = 7.2MHZ); 1.15-1.18(t, 6H,
Me, J = 7.2MHZ); 1.32-1.38,1.53-1.58(m, 4H, CH,); 3.41-3.49,
3.56-3.64(m, 4H, CH,0); 4.44-4.47(t, 1H, CHO, J = 5.6 MHZ);
13C NMR (100.61 MHZ) (CDCls): & 13.75(Me,); 15.15(Me);
17.91, 35.58(CH,); 60.64(CH,-0); 102.63(CH).

Decanal diethylacetal (A;): 'H NMR (400 MHz) (CDCls): 8.
0.84-0.87(t, 3H, Me, J = 6.8 MHZ); 1.16-1.19(t, 6H, Me-CH20, J
= 7.2 MHZ); 1.24-1.40(s, 16H, CH,); 3.44-3.50, 3.57-3.63(m, 4H,
CH2-0); 4.43-4.46(t, 1H, CH, J = 6.0 MHZ). 13C NMR (100.61
MHZ) (CDCls): & 14.03(Me-CH2); 15.30(Me-CH,0); 22.63,
24.73, 29.27, 29.46, 29.50, 29.55, 31.86, 33.58(CH2);
60.75(CH2-0); 102.96(CH).

4-methylbenzaldehyde diethylacetal (As): 'H NMR (400
MHz) (CDCls): 8.1.15-1.19(t, 6H, Me. J = 6.80 MHZ); 2.92-
2.93(d, 2H, CH,-Ph, J = 5.6 MHZ); 3.41-3.49, 3.62-3.71(m, 4H,
CH,-0); 4.61-4.64(t, 1H, CH-O, J = 5.6 MHZ); 7.20-7.28(m, 5H,
CH-Ph). 13C NMR (100.61 MHZ) (CDCls): &. 15.21(Me);
40.86(CH2-Ph); 61.83(CH2-0O); 103.84(CH); 126.22, 128.16,
129.54(CH-Ph); 137.33(C-Ph).

3-phenylpropionaldehyde diethylacetal (As): *H NMR (400
MHz) (CDCls): 8.1.23-1.27(t, 6H, Me, J = 7.2 MHZ); 1.96-2.01(m,
2H, CH»-(CHO)); 2.71-2.75(m, 2H, CH2-(Ph)); 3.52-3.71(m, 4H,
CH2-0); 4.51-4.54(t, 1H, CH-0); 7.21-7.31(m, 5H, CH-Ph). 13C
NMR (100.61 MHZ) (CDCls): 8. 15.34(Me); 30.98, 35.07(CH2);
60.99(CH2-0); 102.18(CH-0); 125.77, 128.32, 128.37(CH-Ph);
141.76(C-Ph).

Isobutyraldehyde diethylacetal (As): 'H NMR (400 MHz)
(CDCls): & 0.84-0.86(d, 6H, Me, J = 6.8 MHZ); 1.12-1.16(t, 6H,
Me-CH20, J = 7.2 MHZ); 1.78-1.83(m, 1H, CH-Me); 3.41-3.45,
3.54-3.61(m, 4H, CH2); 4.01-4.03(d, 1H, CH-O). 13C NMR
(100.61 MHZ) (CDCls): & 15.17(Me-CH20); 17.59(Me-CH);
31.30(CH-Me); 61.71(CH2); 107.66(CH-0).

Butyraldehyde 2-ethyl diethylacetal (Ag): 'H NMR (400
MHz) (CDCls): & 0.85-0.88(t, 6H, Me-CH, J =7.2 MHZ); 1.17-
1.20(t, 6H, Me-CH,0, J = 7.2 MHZ); 1.28-1.36, 1.46-1.51(m, 5H,
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CH,CH,); 3.45-3.49, 3.62-3.66(m, 4H, CH.0); 4.28-4.30(d, 1H,
CHO, J = 6.0 MH2). 13C NMR (100.61 MHZ) (CDCl3): &
11.00(Me-(CH,CH)); 15.29(Me-(CH-0)); 20.77(CH,-CH);
43.56(CH-CH,); 61.98(CH,-0); 105.26(CH-O).

2,2-dipheylacetaldehyde diethylacetal (A;): 'H NMR (400
MHz) (CDCls): 8.1.13-1.16(t, 6H, Me, J = 7.2 MHZ); 3.50-3.54,
3.70-3.74(m, 4H, CH2); 4.32-4.34(d, 1H, CH-Ph, J = 7.6 MHZ);
5.15-5.17(d, 1H, CH-O, J = 7.6 MHZ); 7.23-7.44(m, 10H, CH-Ph).
13C NMR (100.61 MHZ) (CDCls): 8. 14.97(Me-CH20); 55.29(CH-
Ph); 62.33(CH2); 104.72(CH-0); 126.13, 128.03, 128.83,
129.03(CH-Ph); 141.29(C-Ph).

Cyclohexanecarboxaldehyde diethylacetal (As): 'H NMR
(400 MHz) (CDCl3): §.0.91-1.5, 1.51-1.80(m, 11H, CH; and CH);
1.17-1.20(t, 6H, Me, J = 7.2 MHZ); 3.43-3.50, 3.59-3.67(m, 4H,
CH,-0); 4.09-4.11(d, 1H, CH-0O, J = 7.2 MHZ). 13C NMR (100.61
MHZ) (CDCls): &. 15.28(Me); 25.80, 26.43, 28.19(CH,);
40.79(CH-Cyclohex); 61.59(CH,-0); 106.77(CH-0).

Benzaldehyde diethylacetal (Ag): 'H NMR (400 MHz)
(CDCl3): & 1.23-1.27(t, 6H, Me, J = 7.2MHZ); 3.53-3.65(m, 4H,
CH,0); 5.52(s, 1H, CHO); 7.31-7.38, 7.48-7.50(m, 5H, Ph). 13C
NMR (100.61 MHZ) (CDCls): & 15.12(Me); 60.91(CH,);
101.48(CHO); 126.57, 128.07, 128.18(CH-Ph); 139.05(C-Ph).

2,3,4,5,6-pentafluorobenzaldehyde diethylacetal (Ajo): 'H
NMR (400 MHz) (CDCls): 8.1.22-1.26(t, 6H, Me, J = 7.2 MHZ);
3.55-3.59, 3.74-3.78(m, 4H, CH.); 5.70(s, 1H, CH). 13C NMR
(100.61 MHZ) (CDCl3): & 14.90(Me); 63.70(CH,); 96.52(CH);
113.22, 136.26, 138.77, 143.53, 146.06(C-F). 19
NMR(376.4983 MHz) : 3. -162.09, -154.28, -142.62. Elemental
analysis calculated (%) for C11H11FsO5: C. 48.90, H 4.10. Found:
C. 48.66, H. 4.09.

2-bromobenzaldehydediethylacetal (Ai1): 'H NMR (400
MHz) (CDCl3): & 1.23-1.27(t, 6H, Me, J = 7.2 MHZ); 3.54-3.71(m,
4H, CH,); 5.27(s, 1H, CHO); 7.14-7.16, 7.30-7.34, 7.52(m, 4H,).
13C NMR (100.61 MHZ) (CDCl3): &

3-bromobenzaldehyde diethylacetal (Ai2): 'H NMR (400
MHz) (CDCl3): §.1.24-1.27(t, 6H, Me, J = 6.8 MHZ); 3.55-3.67(m,
4H, CH2); 5.48(s, 1H, CH); 7.22-7.26, 7.40-7.45, 7.65-7.66(m,
4H, CH-Ph). 13C NMR (100.61 MHZ) (CDCls): &. 15.09(Me);
61.03(CH,); 100.47(CH); 122.35(C-Br); 125.28, 129.72, 129.79,
131.28(CH-Ph); 141.42(C-CHO).

3-fluorobenzaldehyde diethylacetal (A;3): 'H NMR (400
MHz) (CDCl3): §. 1.22-1.26(t, 6H, Me, J = 7.2 MHZ); 3.52-
3.64(m, 4H, CH2); 5.50(s, 1H, CH); 6.97-7.02, 7.19-7.35(m, 4H,

CHPh). 13C NMR (100.61 MHZ) (CDCls): &. 15.09(Me);
61.01(CH2); 100.58(CH); 113.57-113.79, 114.95-115.16,
122.27, 129.67(CH-Ph); 141.82(C-CHO); 164.04(C-F). 19F

NMR(376.4983 MHz) : 8. -113.36

4-trifluorobenzaldehyde diethylacetal (A14): 'H NMR (400
MHz) (CDCl3): 5.1.22-1.26(t, 6H, Me, J = 7.2 MHZ); 3.52-3.63(m,
4H, CH2); 5.54(s, 1H, CH-0); 7.60-7.62(m, 4H, CH-Ph). 13C NMR
(100.61 MHZ) (CDCl3): 8.15.11(Me); 61.15(CH,); 100.65(CH-O);
125.09(C-F); 125.14, 127.08(CH-Ph); 129.50(C-CF3), 143.13(C-
CHO). 19F NMR(376.4983 MHz) : §. -62.58

4-nitrobenzaldehyde diethylacetal (Ais): 'H NMR (400
MHz) (CDCl3): 8.1.22-1.26(t, 6H, Me, J = 7.2 MHZ); 3.54-3.61(m,
4H, CH3); 5.57(s, 1H, CH); 7.65-7.67(d, 2H, CH-Ph, J = 8.8 MHZ);
8.19-8.21(d, 2H, CH-Ph, 8.8). 13C NMR (100.61 MHZ) (CDCls): &
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15.02(Me); 61.22(CH,); 100.06(CH); 123.27, 127.62(CH:Ph)
146.08(C-CHO); 147.80(C-NO>). DOI: 10.1039/C6GC03629E

4-methoxybenzaldehydediethylacetal (A): *H NMR (400
MHz) (CDCls): & 1.20-1.24(t, 6H, Hy, J = 7.2 MHZ); 3.49-
3.53;3.58-3.62(m, 4H, H); 3.78(s, 3H, H8); 5.45(s, 1H, Hs);
6.86-6.88(d, 2H, Hs, J = 8.8MHZ); 7.37-7.40(d, 2H, He, J = 8.4
MHZ). 13C NMR (100.61 MHZ) (CDCls): & 15.07(Me);
55.07(MeO); 60.73(CH,0); 101.29(CH); 113.36, 127.72(CH-Ph);
131.35(C-CH); 159.45(C-OMe).

4-methylbenzaldehyde diethylacetal (A;7): 'H NMR (400
MHz) (CDCls): §.1.25-1.29(t, 6H, Me-(CH,0), J = 7.2 MHZ);
2.38(s, 3H, Me); 3.54-3.67(m, 4H, CH2); 5.52(s, 1H, CH-O);
7.19-7.21(d, 2H, CH-Ph, J = 7.6 MHZ); 7.39-7.41(d, 2H, CH-Ph, J
= 7.6 MHZ).  13C NMR (100.61 MHZ) (CDCls): 8. 15.13(Me-
CH,0); 21.09(Me-Ph); 60.84(CH,); 101.52(CH-0); 126.49,
128.75(CH-Ph); 136.15(C-CHO); 137.85(C-Me).

Conclusions

We have developed a new, efficient and environmentally-
benign process for the acetalisation of a variety of aldehydes
that is catalysed by the potent Lewis acidic stibonium cation
[1][OTf]. The speed of the reactions were found to increase
from aromatic to aliphatic derivatives, and longer reaction
times were observed when for electron-withdrawing groups
were incorporated into the aldehyde. The wuse of
triethoxysilane as an ethoxide source resulted in rapid reaction
times when compared to triethoxymethane. The easy to
handle nature, stability, and lower loading (0.1mol %) of
[1][OTf] provides an elegant, rapid, and green method for
protecting aldehydes. Additionally, the requirement of only a
stoichiometric quantity of alkoxide source (i.e.: 1:1 ratio
aldehyde triethoxy derivative) as opposed to excess alcohol,
acid, or other alkoxide source offers synthetic chemists with a
superior method for protecting aldehydes. Further studies and
calculations are underway in an effort to fully elucidate the
mechanism involved in these transformations, however our
previous studies suggest the key success of these reactions is
rooted in the potent Lewis acidity of the stibonium centre.35
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