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Abstract: Highly efficient metal-free
reductive coupling reactions of alde-
hydes and ketones with a range of nu-
cleophiles in the presence of triflic acid
(1-5 mol %) as the catalyst are present-
ed. The reactions can be performed at
ambient temperature without exclusion

rical and unsymmetrical ethers were
obtained by this method in high yields
and short reaction times. For the first
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time, the influence of additional func-
tionalization has been studied. Further-
more, the formation of thioethers from
ketones (by addition of unmodified
thiols) and of sulfonamides from either
aldehydes or ketones has been ach-
ieved under catalytic conditions.

of moisture or air. A range of symmet-

Introduction

The reduction of carbonyl compounds with organosilanes
usually leads directly to the corresponding alcohols or silyl
ethers.! However, the combination of reduction and subse-
quent coupling with a nucleophile allows for the synthesis of
a variety of functionalized compounds directly from carbon-
yl compounds in a one-step procedure (Scheme 1).?
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Scheme 1. General scheme for reductive couplings of carbonyl com-
pounds with nucleophiles.

The most prominent example of direct carbonyl com-
pound transformations of this kind is reductive etherifica-
tion, but this has found only limited applications in, for ex-
ample, the synthesis of natural products.”!

This methodology circumvents major problems of classical
etherification methods such as the Williamson ether synthe-
sis (the formation of side products through elimination and
high amounts of waste, for example). Furthermore, the in-
troduction of a leaving group after the reduction step is ren-
dered unnecessary. Additionally, the major byproducts of re-
ductive etherifications with organosilanes are nontoxic and
environmentally friendly disiloxanes or silanols.

[a] Dipl.-Chem. B. A. Gellert, Dipl.-Chem. N. Kahlcke,
Dipl.-Chem. M. Feurer, Dr. S. Roth
Organisch-Chemisches Institut
Ruprecht-Karls-Universitat Heidelberg
Im Neuenheimer Feld 270; 69120 Heidelberg (Germany)
Fax: (+49)6221-544205
E-mail: stefanie.roth@oci.uni-heidelberg.de

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201101819.

Chem. Eur. J. 2011, 17, 12203 -12209

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Most of the procedures developed for the reductive cou-
pling of carbonyl compounds, dating back to the 1970s, fur-
nish symmetrical ethers. Originally, Doyle and co-workers
reported that reductive coupling requires large excesses of
strong Brgnsted acids such as trifluoroacetic acid."! In 1987
Olah reported on the first catalytic procedure to employ
TMSOTS or TMSI as the catalyst.”! Later reports showed
that a wide range of metal salts—such as BiBr;®! or metal
triflates’—were also able to activate silanes in a catalytic
fashion.”! Recently, Yadav and co-workers improved Olah’s
procedure by substitution of the catalyst by molecular
iodine, which presumably forms the catalytically active spe-
cies in situ.”

The synthesis of unsymmetrical ethers from carbonyl
compounds and silyl ethers has also been achieved in the
presence of a variety of Lewis acid catalysts.'"”) However,
the more direct approach for the synthesis of unsymmetrical
ethers from carbonyl compounds and unprotected alcohols
with the aid of catalytic methods has been only little investi-
gated and has so far only been achieved by employment
either of large amounts of BiCl"! (>20 mol%) or of cata-
lytic amounts of FeCl,."? None of the described methods
has included study of the impact of additional functionaliza-
tion of the alcohol coupling partner™ or attempts to intro-
duce nucleophiles based on different heteroatoms. However,
there have been a limited number of reports on the use of
stoichiometric reagents for reductive amidation™ or for thi-
oether™ formation.

It is noteworthy that the practicabilities of the described
methods are often hampered by the requirement for anhy-
drous conditions, mainly due to the sensitivity of the catalyt-
ically active species (formed in situ) towards hydrolysis.

Here we wish to report on a general metal-free method
for the direct reductive synthesis of symmetrical ethers, un-
symmetrical ethers, thioethers and amides from carbonyl
compounds through the use of organosilanes, each per-
formed under one set of reaction conditions with triflic acid
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(1-5 mol %) as the catalyst and capable of being carried out
in an open flask without any exclusion of moisture or air.

Results and Discussion

Initial experiments and optimization studies: We began our
investigations with the development of a robust and mois-
ture-tolerant catalytic system for the reductive homocou-
pling of carbonyl compounds. We chose benzaldehyde (1,
Table 1) as substrate and triethylsilane as a reducing agent.
Initially we studied the potential for application of cerium-
based Lewis acids. We assumed that the unique oxophilici-
ties and moisture stabilities of these lanthanide salts would
make them suitable catalysts for the desired transforma-
tions."! To promote the reactivities of the cerium salts fur-
ther, we chose nitromethane as solvent.['”]

Out of a range of different cerium(III) salts, cerium(III)
perchlorate hexahydrate™ (5mol%) catalysed the reduc-
tive etherification of benzaldehyde (1) to dibenzyl ether (2)
with triethylsilane in short reaction times and high yields
(Table 1, entry 4). Interestingly, cerium(II) triflate™ was
less efficient (Table 1, entry2), whereas CeCL™ showed
only very low activity (Table 1, entry 3). To our surprise, use
of the same amounts of triflic acid or perchloric acid even
shortened the reaction time (Table 1, entries 6,7).2'? In
acetonitrile in place of nitromethane, conversion was incom-
plete and reduction to the alcohol dominated over ether for-
mation (Table 1, entry 12). The reactions also proceeded in
halogenated solvents, albeit with lower selectivities than in

Table 1. Optimization studies of reaction conditions.

Cat.,
x equiv Et3SiH,

X equiv Etgolr, | NN
CH3;NO, (05M), Ph™ O
RT 2

2 P o
1

Ph

Catalyst ([mol %]) Equiv Et;SiH Reaction Yield
time [% ]!
1 no catalyst 2 16h vl
2 Ce(OTf); (5) 2 90 min 99
3 CeCl; (10) 2 >24h Ll
4 Ce(ClO,)y6H,0 (5) 2 15 min 99
5 H,PO, (5) 2 >72h 3
6 HCIO, (5) 2 2 min 99
7 TfOH (5) 2 2 min 99
8 TfOH (1) 2 3 min 99
9 TfOH (0.1) 2 3.5h 99
10  TfOH (0.01) 2 >36h L
11 TfOH (1) 1.1 >1 min 99kl
12 TfOH (5) 2 3h 17 (83)1
13 TfOH (5) 2 2 min 84 (16)tl

[a] Isolated yields after column chromatography; yields in parentheses
refer to benzyl alcohol. [b] No conversion according to 'H NMR spec-
troscopy. [c] CeCl; was dried in vacuo at 140°C prior to use. The reaction
was performed at 45°C and was incomplete. The yield was not deter-
mined. [d] Incomplete conversion; yield not determined. [e] The reaction
was performed at a 1M concentration. [f] The reaction was performed in
acetonitrile and was stopped after 80% conversion; yields were deter-
mined by '"H NMR spectroscopy. [g] The reaction was performed in di-
chloromethane; yields were determined by ‘H NMR spectroscopy.
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nitromethane (Table 1, entry 13). As expected, there was
hardly any conversion with phosphoric acid (Table 1,
entry5) and no conversion in the absence of catalyst
(Table 1, entry 1).

Because of its easier and safer handling we chose triflic
acid as catalyst and focused on further optimizations of the
reaction conditions. Lowering the catalyst loading to
1 mol% had no effect on reaction time or yield (Table 1,
entry 8). It was even possible to use as little as 0.1 mol %
triflic acid to achieve complete consumption of benzalde-
hyde (1) in reasonable reaction times (Table 1, entry 9), but
a further reduction to 0.01 mol % led to incomplete conver-
sion even after a 36 h reaction time (Table 1, entry 10). The
amount of triethylsilane could be decreased to 1.1 equiv
with 1 mol% of triflic acid at an optimal concentration of
1™ (Table 1, entry 11).

Synthesis of symmetrical ethers: With the optimized set of
conditions to hand, we next turned our attention to the sub-
strate scope of the reaction.

Firstly, we studied different aldehydes (Table 2). Like ben-
zaldehyde (1), electron-deficient aromatic aldehydes could
be transformed into their corresponding ethers in high
yields (Table 2, entries 1-3). We noted that along with nitro-
substituted ethers the corresponding alcohols were formed
as side products (Table?2, entry1). Aliphatic aldehydes
could be applied successfully, leading to the ethers 10 and
12 in high yields (Table 2, entries 4 and 5).!

We also investigated the reactivities of different ketones
(Table 2, entries 6-12). Surprisingly, electron-rich aromatic
ketones such as acetophenone (13) showed almost no reac-
tivity under the optimized reaction conditions (Table 2,
entry 6).” Electron-deficient aromatic ketones, however,
could be successfully transformed into the corresponding
ethers, accompanied by alcohol byproducts as previously ob-
served for electron-deficient aromatic aldehydes (Table 2,
entries 7 and 8). The diastereomeric ratios of the formed
symmetrical ethers strongly depend on the positions of the
substituents on their aromatic rings, with the highest ratio of
4:1 being obtained with an ortho-substituted acetophenone
(Table 2, entry 8). A range of aliphatic ketones underwent
selective reductive etherification to furnish the correspond-
ing ethers in high yields without the formation of any side
products (Table 2, entries 9-12). Interestingly, the reductive
etherification of octan-3-one (20) led to the corresponding
ether 21 with a high diastereoselectivity of 10:1. We assume
that this might be due to a hydrophobic effect of the lipo-
philic starting material in nitromethane, leading to an in-
crease in the steric bulk of the aliphatic side chains caused
by back-folding.

Alcohols as nucleophiles: After having established a general
procedure for the direct reductive synthesis of symmetrical
ethers from carbonyl compounds, we turned our attention to
the synthesis of unsymmetrical ethers from carbonyl com-
pounds and alcohols.

Chem. Eur. J. 2011, 17, 12203 12209
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Table 2. Reductive etherification of aldehydes and ketones.
1 mol% TfOH, ) )

R 1.1 equiv Et;SiH, i i
1. equlv Elgelng

A CHNO, RT 05

R N0 R'""SO7TR!

Reaction Yield
time [% ]

NO,
o 4 2min
2
(6]
5 6 2min 99
Br
2
Br. \O Br. o )
3 7 8 2min 85
2

/\/\/j‘o
2 10 3h 77

5 1 12 <1min. 99
2
6 ©/LO 13 - >24h -

70 (13)1

Substrate Product

78 (22)

O 15 20min

77 (10)!
2
9 Ph/\/KO 18 h/\)%o 19 90min 901

10 N\:\L 20 </wj>o 21 15min 779
0]
2
QSO <E>}f 23 25min 83
12 Ayo 24 <£b}° 25 Smin 940

[a] Isolated yields after column chromatography; yields in parentheses
refer to the corresponding alcohols. [b] Mixture (1:1) of diastereoisomers.
[c] Mixture (4:1) of diastereoisomers. [d] Mixture (2:1) of diastereoiso-
mers. [e] Mixture (10:1) of diastereoisomers.

22

In an initial experiment we were able to show that the ad-
dition of a simple aliphatic alcohol such as ethanol
(1.3 equiv) to the reaction medium led to almost exclusive
formation of the unsymmetrical ether 26 (Scheme 2) without
any need for further changes in the reaction conditions.

Although the reaction time was around two orders of
magnitude longer than for the formation of dibenzyl ether

1 mol% TfOH,
o) 1.1 equiv Et;SiH, o™

N i b el L

@ ’ OH  THZNO,, RT,

1 5h,97 % 26

Scheme 2. Synthesis of the unsymmetrical ether 26.
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Table 3. Reductive etherification of aldehydes and ketones with
alcohols.!

1 mol% TfOH,

2 . . 2 5
i . )<R4 1.1 equiv Et3SiH, i )R<R4
R X0 HO™ R3 CH3NO,, RT R0 R

Substrate Product Reaction  Yield
time [h] [% ]!
o™
1 27 28 16 55
O,N
(0]
2 27 29 16 63 (37)
O,N

O
3 1 ©/\ /\(\/)/5\ 30 35 73
O
©/\ /\O 31 16 84

4 1

5001 g OJ\ 2 1.8 73
6 1 g OJV\@ 3 15 80
7 1 ©/\oj\© 34 15 72
8 1 ©/\ o> 335 72 68
9 139 @ o™ 36 7 12
10 189 ©/\)\ o™ Ry AT 58

OW
11 389 O/ 5 9 7 43

12 389 OOY\/Q 40 2 154

[a] 1.3 equiv of the alcohols were used. [b] Isolated yields after column
chromatography; yield in parentheses refers to the corresponding alco-
hol. [c] TFOH (3 mol%) was used. [d] Obtained as an inseparable mix-
ture with dicyclohexyl ether.

(2) under the same reaction conditions, the predominant re-
action product was the unsymmetrical ether 26, with only
traces of dibenzyl ether (2) being formed. The reason for
the prolonged reaction time remains unclear. The benzalde-
hyde (1) was only completely consumed after 5 h, however,
with only small traces of homoether being formed during
the whole course of the reaction, so it seems unlikely that
26 is formed by transetherification of 2 with ethanol.

We examined the reductive couplings of a variety of car-
bonyl compounds with a range of alcohols (Table 3). Cou-
plings of primary aliphatic alcohols and aldehydes generally
led to the corresponding ethers with high selectivities and
good yields (Table 3, entries 1-4). Use of the less nucleophil-
ic benzyl alcohol led to the formation of considerable
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amounts of side products such as alcohols or homocoupling
products, but the unsymmetrical ether 29 remained the
major product (Table 3, entry 2). Secondary alcohols gave
the unsymmetrical ethers as the sole products (Table 3, en-
tries 5-7), even when benzylic alcohols were employed
(Table 3, entry 7). Much to our delight, even tert-butanol
could be applied as a nucleophile, giving the benzylic ether
35 in 68% yield with a prolonged reaction time (Table 3,
entry 8). Ketones generally required longer reaction times
than aldehydes, together with higher catalyst loadings
(3 mol%, Table 3, entries 9-12). However, even acetophe-
none (13) could now be used as a substrate for the first
time, leading to the corresponding ethyl ether 36, albeit in a
low yield of 12 % (Table 3, entry 9).

Primary aliphatic alcohols and ketones generally fur-
nished the corresponding ethers in moderate to good yields
(Table 3, entries 9-11). When secondary alcohols were ap-
plied, however, the reactions were dominated by homocou-
pling and the unsymmetrical ethers were only obtained as
side products in low yields (Table 3, entry 12).

We also studied the application of the reaction conditions
to the intramolecular reaction of a hydroxy ketone (41,
Scheme 3). Similar, but stoichiometric, approaches had pre-
viously been used by Nicolaou in the total synthesis of bre-
vetoxin B® and by Carren~o in the total syntheses of
(+)-isolaurepan®! or (—)-centrolobin.*

1 mol% TfOH,

(0] 1.1 equiv Et3SiH, /O
M _~_oH T RT, o
) 4
» 24 h, 80 % (NMR yield) 2

Scheme 3. Intramolecular reductive etherification of 5-hydroxypentan-2-
one (41).

Pleasingly, 2-methyltetrahydrofuran (42) could be ob-
tained in 80% yield (NMR) from 5-hydroxypentan-2-one
(41), even in deuterated dichloromethane as reaction
medium. Subsequent studies revealed that the reaction in ni-
tromethane proceeded in much shorter reaction times of
less than five minutes. Further investigations into intramo-
lecular applications of the developed method are currently
underway.

We next investigated the influence of additional function-
alization of the alcohols (Table 4). Double or triple bonds
were not tolerated in cases of reductive homocoupling of
carbonyl compounds because they gave rise to Prins-like re-
action products. Pleasingly, distal double or triple bonds in
the corresponding alcohols gave the corresponding unsym-
metrical ethers in good yields (Table 4, entries 1-3). Even
propargyl alcohol could be employed, although due to its
lower nucleophilicity a larger excess had to be used and an
equal amount of homocoupling product was obtained
(Table 4, entry 4). Use of allylic alcohols, however, did not
lead to product formation in any case. We assume that the
allylic ethers are formed initially, but are too sensitive to-
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Table 4. Reductive etherification of carbonyl compounds with functional-
ized alcohols.”!

1 mol% TfOH,

R? ) ) R2
~p3 1.1equiv EtzSiH,
RVgO T HOT R GHNG, RT R1J\O/\R3

Reaction  Yield
time [h]  [%]"

OW
1 1 ©/\ 43 24 88

O
2 1 @AN\\\ 4“4 26 75

OW
45 3 64

22 (23)

Substrate  Product

O\/\/\
448 24 51

OEt

7 1 gom 9 6 84
OH

8 1 @ow 50 16 88

OAO/\M;\NHBZ 51 22 24

[a] 1.3 equiv of the alcohols were used. [b] Isolated yields after column
chromatography; yield in parentheses refers to the corresponding homo-
coupling product.

9 1

wards the reaction conditions to withstand further transfor-
mations (data not shown).

Other functional groups, including esters or carboxylic
acids, were tolerated without exception (Table 4, entries 7
and 8). The selective formation of 49 (Table 4, entry 7) is
noteworthy, because esters are prone to reduction under hy-
drosilylation conditions.”) The benzamide 51 (Table 4,
entry 9), however, was only obtained in a low yield, even
after a prolonged reaction time. Later we were able to show
that tosyl-protected amides were tolerated much better
under the given reaction conditions (vide infra).

Further investigations into the tolerance of functional
groups under the optimized reaction conditions are current-
ly in progress.

Reactions with thiols and amides: We next turned our atten-
tion to nucleophiles based on sulfur (Table 5). This has pre-
viously only been studied with employment of stoichiomet-
ric procedures,® such as for the synthesis of dithioe-
thers.['*"!

When ethanethiol was added to a reaction mixture con-
taining benzaldehyde (1), considerable amounts of the cor-
responding thioacetal were formed (Table 5, entry 1). The
thioacetal formation could not be suppressed through any
changes in reaction conditions, such as increased catalyst

Chem. Eur. J. 2011, 17, 12203 12209
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Table 5. Reductive coupling of aldehydes and ketones with thiols.
1 mol% TfOH,

R? R* 4.1 equiv Et,SiH R2 R*
—_—
RVKO * HS/I\R3 CH3NO,, RT R1J\S/LR3
Substrate Product Reaction Yield
time [%]&
s
11 52 30min 74 (13)
s
2 27 /@As/\ 53 30min 93
O,N
s
3 4 /\/\)\8/\ 54  30min 99
4 1 EjA SJ\ 55 1h 22 (23)
5 13 @ s> 56 4h 64
6 13 ©/L SJ\ 57 30min 87
S\/
7 38 O/ 58 1h 74
8 18 ©/\)\s/\ 59  3h 63
9 24 Ab/s\/ 60  36h 67"

[a] Isolated yields after column chromatography, yields in parentheses
refer to the corresponding thioacetals. [b]d.r.>95:5, determined by
'"H NMR spectroscopy.

loading, decreased concentration or increased amount of
triethylsilane. The thioacetals were also the sole products
when other aldehydes were used (Table 5, entries 2 and 3).
With 2-thiopropane a similar result was achieved (Table 5,
entry 4).

Pleasingly, ketones were selectively transformed into the
corresponding thioethers (Table 5, entries 5-9). Notably, the
reductive coupling of acetophenone (13) and 2-thiopropane
led to the tetrasubstituted thioether 57 in a high yield of
87 % (Table 5, entry 6). With norbornan-2-one (24) as the
substrate the reaction was slower than with other ketones
but the thioether 60 was obtained as a single diastereoiso-
mer in 67% yield as confirmed by '"H NMR spectroscopy
(Table 5, entry 9).

In a next step, we investigated the application of nitrogen-
based nucleophiles (Table 6).M%

We started this investigation with a range of different
amides as nucleophiles, because they display high enough
nucleophilicities but low enough basicities not to interfere
with the acidic reaction conditions. Whereas acetamide in-
hibited any reaction with benzaldehyde (1) under standard
conditions (Table 6, entry 1), the use of a slight excess of to-
sylamide led to the corresponding sulfonamide 62 in 80 %
yield (Table 6, entry 2). Based on this initial result, a range
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Table 6. Reductive amidation of aldehydes and ketones.["!

5 mol% TfOH,

2
R2 3 1.1 equiv Et;SiH R
R .1 equiv Et3Si J\ 3
AT HN CHZNO,, RT rRIONR
R! 0 3Nz y
Substrate Product Reaction Yield
time [%]®!
NHAc
1 g 61  24h -
NHTos
2 1 g 62 30 min 80
NN .
3 4 NHTos 63 15 min!® 51
NHTos .
4 11 O/\ 64 30 min 76
NHMes
St 11 O/\ 65 30 min 55
6 13 ©/L NHTos 66 16h 87
79 13 ©)\ NHMes 67 72h 83
NHTos
8 38 O 68  <5min 24

[a] 1.5 equiv of p-toluenesulfonamide were used. [b] Isolated yields after
column chromatography. [c] Extensively dried p-toluenesulfonamide was
used. [d] 2 equiv of methanesulfonamide were used.

of aldehydes could be transformed into the corresponding
sulfonamides in good yields by application of the same reac-
tion conditions (Table 6, entries 3 and 4). Methanesulfona-
mide could also be employed as a nucleophile, albeit with
slightly lower yields than in the reactions with tosylamide
(Table 6, entry 5). Ketones also reacted with the sulfona-
mides to afford the corresponding amides in good yields
(Table 6, entries 6-8). Acetophenone (13) could be reduc-
tively coupled successfully, giving the corresponding tosyla-
mide 66 in a yield of 87 % (Table 6, entry 6) and the metha-
nesulfonamide 67 in a yield of 81 % after a prolonged reac-
tion time (Table 6, entry 7).

In all cases, small amounts of symmetrical ethers or alco-
hols were formed as side-products (1-10 % ). However, these
could easily be removed by column chromatography, giving
the desired sulfonamides in their analytically pure states
(Table 6, entries 2-8). When commercially available p-tolue-
nesulfonamide was thoroughly dried in vacuum prior to use,
reaction times were significantly shortened and yields were
higher (Table 6, entries 3 and 8). When 4 was treated with
moist sulfonamide, for example, the reaction time was dou-
bled and 63 was obtained only in a low yield of 31 %.

Mechanistic proposal: On the basis of mechanistic proposals
by Doyle!* and Olah,”! we believe that in an initial step
TESOTY is formed as the active catalyst from triflic acid,
triethylsilane and the carbonyl substrate (Scheme 4).

The catalyst generated in situ then activates the carbonyl
compound for a nucleophilic attack. Proton transfer and re-
duction gives the coupled product and silanol byproduct.

— 12207
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® H H Et,SiH
(o] o’ o Q OH
L= I G G B by
R R' R R' R'®R' R R'
TESOTf

Scheme 4. Proposed generation of the active catalyst.
The catalyst is regenerated and the catalytic cycle is closed.
A proposed catalytic cycle of a general reductive coupling

reaction is given in Scheme 5. Detailed investigations into
the mechanism are currently in progress.

0}
.
TESOTf \

+ TESOH

®
H oTES ® _TES _TES
; o™ eom
R -
R N“e R)\R' R)(D\R'
oTf
\ OTES /\
NuH
®
R/,}\NUH
R o
oTf

Scheme 5. Proposed simplified catalytic cycle based on TESOTT as active
catalyst.

Conclusion

Reductive coupling of carbonyl compounds with nucleo-
philes has the potential to be a powerful tool for the synthe-
sis of a range of functionalized compounds directly from al-
dehydes or ketones. We have been able to demonstrate here
that a simple Brgnsted acid such as triflic acid could be used
as a general efficient catalyst for reductive couplings of car-
bonyl compounds with oxygen-, sulfur- and nitrogen-based
nucleophiles under the same set of reaction conditions. The
reaction can be performed in open air and at ambient tem-
perature.

For the first time, a wide range of alcohols as coupling
partners both for aldehydes and for ketones has been stud-
ied. The corresponding ethers were formed in good to excel-
lent yields when aldehydes were treated variously with pri-
mary, secondary or even tertiary alcohols, such as fert-butyl
alcohol. Ketones could be successfully coupled with primary
alcohols, but when secondary alcohols were employed the
yields were considerably lower. The influence of additional
functionalization of the alcohols was also studied, revealing
that the reaction conditions are compatible with the pres-
ence of distal double and triple bonds, as well as of carbox-
ylic acids, esters and amides.

When thiols were applied as nucleophiles, it could be
shown that aldehydes predominantly formed stable thioace-
tals. Ketones, however, formed the desired thioethers in
high yields with either primary or secondary thiols. For the

www.chemeurj.org
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first time, an efficient catalytic system for successful reduc-
tive couplings of ketones with thiols to yield substituted thi-
oethers in good yields has been established.

Subsequently, nitrogen-based nucleophiles were also stud-
ied. It was demonstrated that sulfonamides could be success-
fully introduced as coupling partners for aldehydes and ke-
tones without major changes in reaction conditions to give
the corresponding substituted sulfonamides in good yields.

Overall, a general, efficient metal-free method for reduc-
tive couplings of aldehydes and ketones with a wide range
of nucleophiles, based on triflic acid (1-5 mol%) together
with triethylsilane as reducing agent to form a widely appli-
cable reductive coupling procedure, has been developed.
The reaction only produces either nontoxic hexaethyldisilox-
ane or triethylsilanol as byproducts and does not require
any form of activation, neither of the carbonyl compound
nor of the nucleophile prior to reaction. This, in our opinion,
emphasizes the usefulness of the reaction by minimizing
synthetic effort and producing significantly reduced amounts
of environmentally hazardous waste.

Experimental Section

Only representative procedures and products are shown below. Full ana-
lytical data for all new compounds can be found in the Supporting Infor-
mation.

Representative procedure for the reductive coupling of aldehydes and
ketones to afford symmetrical ethers

Dibenzyl ether (2): Triethylsilane (0.55 mmol, 1.1 equiv, 50 uL) and tri-
fluoromethanesulfonic acid (1 mol%, 5 pmol, 5 pL, as a 1M stock solu-
tion in nitromethane) were added at ambient temperature to a solution
of benzaldehyde (1, 0.50 mmol, 1.0 equiv, 50 uL) in nitromethane
(0.5 mL) or dichloromethane. The reaction mixture was stirred for 1 min
and directly transferred to a column of silica gel (containing a small layer
of silica-supported sodium hydrogen carbonate to remove traces of acid).
The crude product was purified by column chromatography with a mix-
ture of petroleum ether and ethyl acetate (100:1 to 3:2) as eluent to give
2 (49 mg, 99%) as a colourless oil. '"H NMR (300 MHz, CDCl,): 6 =4.61
(s, 4H; CH,), 7.31-7.45 ppm (m, 10H; Ar); ®C NMR (75 MHz, CDCl,):
0=72.1 (CH,), 127.6, 127.7, 128.4, 138.3 ppm (Ar).”!

Representative procedure for the reductive coupling of aldehydes and
ketones with alcohols

(Ethoxymethyl)benzene (26): Ethanol (0.325 mmol, 1.3 equiv, 19 pL),
triethylsilane (0.275 mmol, 1.1 equiv, 44 uL) and trifluoromethanesulfonic
acid (1 mol%, 2.5 umol, 5 pL, as a 0.5M stock solution in nitromethane)
were added at ambient temperature to a solution of benzaldehyde (1,
0.250 mmol, 1.0 equiv, 25 uL) in nitromethane (0.5 mL). The reaction
mixture was stirred for 16 h and directly transferred to a column of silica
gel (containing a small layer of silica-supported sodium hydrogen carbon-
ate to remove traces of acid). The crude product was purified by column
chromatography with a mixture of petroleum ether and ethyl acetate
(100:0 to 5:1) as eluent to give 26 (32 mg, 97%) as a colourless oil.
'"H NMR (300 MHz, CD,CL,): §=1.23 (t, */=7.0 Hz, 3H; CH,), 3.45 (q,
3]=7.0 Hz, 2H; CH,CH,), 4.49 (s, 2H; CH,Ph), 7.23-7.41 ppm (m, 5H;
Ar); "CNMR (75 MHz, CD,CL,): 6=15.0 (CH;), 66.1 (CH,CH,), 72.9
(CH,Ph), 127.7, 128.0, 128.6, 139.4 ppm (Ar).1*!

Representative procedure for the reductive coupling of ketones with
thiols

Ethyl(1-phenylethyl)sulfane (56): Ethanethiol (1.3 mmol, 1.3 equiv,
96 pL), triethylsilane (1.1 mmol, 1.1 equiv, 176 uL) and trifluoromethane-
sulfonic acid (1 mol %, 10 pmol, 10 pL, as a 1M stock solution in nitrome-
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thane) were added at ambient temperature to a solution of acetophenone
(13, 1.0 mmol, 1.0 equiv, 117 pL) in nitromethane (1 mL). The reaction
mixture was stirred for 4 h and directly transferred to a column of silica
gel (containing a small layer of silica-supported sodium hydrogen carbon-
ate to remove traces of acid). The crude product was purified by column
chromatography with a mixture of petroleum ether and ethyl acetate
(100:0 to 10:1) as eluent to give 56 (97 mg, 59 %) as a volatile, colourless
oil. '"H NMR (300 MHz, CDCl;): 6=1.20 (t, *J=7.4 Hz, 3H; SCH,CH,),
1.61 (d, ¥=7.1Hz, 3H; PhCH(SEt)CH;), 2.37 (q, J=74Hz, 2H;
SCH,CH,), 4.01 (q, *J=7.1 Hz, 1H; PhCH(SEt)CH;), 7.21-7.41 ppm (m,
5H; Ar); "C NMR (75 MHz, CDCL,): 6 =14.4 (SCH,CHj,), 22.5 (PhCH-
(SEt)CH3) 25.2 (SCH,CH;), 43.7 (PhCH(SEt)CH;), 126.9, 127.2, 1284,
144.1 ppm (Ar).!

Representative procedure for the reductive coupling of aldehydes and
ketones with sulfonamides

N-Benzyl-4-methylbenzenesulfonamide  (62):  p-Toluenesulfonamide
(1.5 mmol, 1.5 equiv, 257 mg), triethylsilane (1.1 mmol, 1.1 equiv, 176 pL)
and trifluoromethanesulfonic acid (5 mol%, 50 umol, 50 uL, as a 1m
stock solution in nitromethane) were added at ambient temperature to a
solution of benzaldehyde (1, 1.0 mmol, 1.0 equiv, 101 pL) in nitromethane
(1 mL). The reaction mixture was stirred for 30 min and directly trans-
ferred to a column of silica gel (containing a small layer of silica-support-
ed sodium hydrogen carbonate to remove traces of acid). The crude
product was purified by column chromatography with a mixture of petro-
leum ether and ethyl acetate (100:0 to 5:1) as eluent to give 62 (209 mg,
80%) as a colourless solid. '"H NMR (300 MHz, CDCl,): 6=2.45 (s, 3H;
CH,), 4.12 (d, *J=6.2 Hz, 2H; CH,), 4.87 (brm, 1H; NH), 7.15-7.32 (m,
7H; Ph, SO,PhMe), 7.77 ppm (d, *J=8.1 Hz, 2H; SO,PhMe); *C NMR
(75MHz): 6=21.5 (CHj;), 47.2 (CH,), 127.1, 127.8, 127.8, 128.6, 129.7,
136.3, 136.9, 143.5 ppm (Ar).?"
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