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Organic acids such as PTS efficiently catalyze direct nucleo-
philic substitutions of the hydroxy groups of propargylic
alcohols with a large variety of carbon- and heteroatom-cen-
tered nucleophiles. Reactions can be conducted under mild

conditions and in air without the need for dried solvents. Re-
actions on multigram scales are also possible.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Substitution of a hydroxy group in an alcohol by a nu-
cleophile usually requires the transformation of the hydroxy
group into a good leaving group,!'! and the development of
new methods for the direct substitution of alcohols is one
of the most challenging goals in organic chemistry. In par-
ticular, propargylic substitution of hydroxy groups by nu-
cleophiles is a powerful reaction, as the products obtained
in these processes are highly interesting building blocks that
have been widely used in complex natural product synthesis.
The extensive work developed by Nicholas in this area is
particularly noteworthy.”! However, the fundamental draw-
back of this and other recent related methodologies is that
these processes require the use of stoichiometric amounts
of cobalt or chromium complexes.’] Very recently, a few
catalytic methodologies for the direct substitution of hy-
droxy groups of propargylic alcohols™ in the presence of
ruthenium®! or rhenium(®” catalysts have been reported.
The major limitation of these processes is that the metallic
catalysts employed are expensive and/or not easily available.
Furthermore, the reaction is generally limited to terminal
and/or secondary propargylic alcohols in the case of the
ruthenium catalysts!®! and to internal alkynes in the case of
rhenium catalysts. So far, no general method for catalytic
propargylic substitution has been reported (Scheme 1).
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Scheme 1. Direct propargylic substitution of alkynols.

Results and Discussion

Firmly convinced by the potential of this reaction in or-
ganic synthesis, we initiated a project directed towards the
identification of new catalysts for the direct propargylic
substitution of propargylic alcohols. We thus report here
that simple organic acids such as p-toluenesulfonic acid
monohydrate (PTS) are efficient catalysts of propargylic
substitutions with a large variety of heteroatom- and car-
bon-centered nucleophiles.

Our studies started with the model reaction between alk-
ynol 1a and ethanol as nucleophile (3 equiv.), with screen-
ing of various catalyst systems and use of acetonitrile as
solvent at reflux in all cases. Taking advantage of our ex-
perience in the use of dioxomolybdenum complexes as cata-
lysts®! and in view of the similarities of these complexes
with the rhenium catalyst used by Toste in related propar-
gylic substitutions,™® we firstly attempted the reaction in the
presence of 5 mol-% of dichlorodioxomolybdenum com-
plexes (Table 1, Entries 1 and 2). Gratifyingly, the reaction
proceeded to completion in 1 h, affording the desired ether
2a in quantitative yield. To check the effectiveness of the
catalyst, we ran the reaction in the absence of catalyst, but
no formation of compound 2a was observed after 24 h and
the starting material was recovered unchanged (Table 1, En-
try 3). These positive findings tempted us to try the catalytic
reaction with other Lewis acids such as InCl;, AICl;, and
CeCl; (5 mol-%) (Table 1, Entries 4-6). In the first case we
found complete conversion into the ether 2a in 1 h. With
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use of 5 mol-% of AICl; the reaction had, after 24 h, given
a mixture of ether 2a and starting material 1a (80:20 ratio
determined by 'H NMR analysis of the crude product of
the reaction; Table 1, Entry 5). With CeCl;-7H,0, after 36 h
the reaction had produced 34 % of 2a and 12% of the corre-

Table 1. Catalyst screening for ethyl etherification.[?!

OH OEt
EtOH (3 equiv.)
O A MeCN, 80 °C O N
O cat. (5 mol-%) O
1a 2a
0
Entry Catalyst ¢ [h] 1“01_/“ catd- o/ pqlb)
yst

1 MoO,Cl,(dmf), 1 5 >95
2 MoO,Cl,(dmso), 1 5 >95
3 - 24 - 0
4 InCl; 1 5 >95
5 AlCl, 24 S5 80
6 CeCly*7H,0 36 5 34
7 PTS 1 S >95
8 PTS 4 ) >95lel
9 CSA 1 ) >95
10 HCI, IM 4 10 >95

[a] Reaction conditions: MeCN, 80 °C, EtOH (3 equiv.). [b] Yields
were determined by '"H NMR or GC-MS analysis of the crude
reaction mixture. [c] Run at room temp.

sponding oxidized ketone, along with 53% of the starting
alkynol 1a (Table 1, Entry 6). All these encouraging results
led us to consider the possibility of using simple organic
acids as catalysts. Evidently, if this process proceeded it
would be a significant advance as it would avoid the use of
potentially toxic metallic species. To our delight, when we
performed the above reaction in the presence of PTS (p-
toluenesulfonic acid monohydrate) or CSA (camphorsul-
fonic acid) (5 mol-%) as catalysts, the reactions cleanly af-
forded the propargylic ether 2a in short times and in essen-
tially quantitative yields (Table 1, Entries 7-9). Moreover,
dilute HCI (10 mol-%) also catalyzes this transformation
(Table 1, Entry 10). It should be remarked that, in these
cases, the reaction is tolerant of air and moisture and so
can be conducted in an open flask and with direct use of
solvent without any previous drying treatment.

In order to check the scope of this process, we performed
a set of experiments with several propargylic alcohols 1 and
different heteroatom-centered nucleophiles, such as
alcohols, thiols, amines, and amides in the presence of PTS
(5 mol-%) as catalyst (Table 2).['% Starting from alkynols
la—c, each containing an internal alkyne group, the reac-
tions gave the expected substitution compounds 2 in high
yields and short reaction times (ca. 1 h). We have applied
this methodology to the synthesis of propargylic ethers (En-
tries 1-3, 6-10 and 12-14), thioethers (Entries 4 and 15),

Table 2. Propargylic substitution of alkynols 1 with heteroatom nucleophiles.*]

4
OH e XR
R1 _— - R1
Rﬁ\ MeCN, 80 °C Rﬁ\
R® PTS (5 mol-%) R®
1 2
Entry Alkynol R! R? R? R*XH Product Yield (%)™
1 la Ph H Ph EtOH 2a 80
2 PhCH,OH 2b 76
3 CH,=CHCH,OH 2¢ 74
4 CH;(CH,);;SH 2d 80
5 PhSOQNHz 2e 67
6 1b 3-MeOCgH, H Ph MeOH 2f 75
7 CH,=CHCH,OH 2¢ 78
8 MeOCH,CH,OH 2h 76
9 (-)menthol 2i 60(c!
10 CH=CCH,OH 2j 72
1 4-NO,C H,NH, 2k 73
12 1c Ph H Bu EtOH 21 81
13 CH,=CHCH,OH 2m 75
14 CICH,CH,OH n 63
15 CHs(CH,),,SH 20 83
16 PhSO,NH, 2p 66
17 1d Ph H H EtOH 2q 581l
18 CHs(CH,),,SH 2r 521
19 le 2-naphthyl H H MeOH 2s 75l¢l
20 1f Ph Me Ph EtOH 2t 9lf
21 1g Me Me Ph EtOH 2u 86
2 CHs(CH,),,SH 2 70
23 1h Ph Ph Ph EtOH 2w 7511l

[a] General reaction conditions: 3 equiv. of nucleophile in MeCN at reflux for 1 hour. [b] Isolated yields after chromatography based on
starting alkynol 1. [c] Obtained as a ca. 2:1 mixture of diasterecoisomers. [d] 24 h were required for complete conversions. Small amounts
(<15%) of bis(1-phenylprop-2-ynyl) ether and cinnamaldehyde were also isolated. [e] 4 h were required for complete conversion. Small
amounts (<10%) of bis[1-(2-naphthyl)prop-2-ynyl] ether were also isolated. [f] Run at room temp. [g] A 10% yield of B-phenylchalcone

was also isolated.
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amines (Entry 11), and amides (Entries 5 and 16). To our
delight, the reactions also proceeded effectively with ter-
minal alkynols (1d, 1e), though significantly longer reaction
times (4-24 hours) were required for complete conversions.
This methodology is not limited to secondary benzylic sub-
strates, as shown by the reactions between tertiary alcohols
1f or 1g and ethanol or dodecanethiol (Entries 20-22).
Interestingly, the reactivity of highly activated tertiary alkyn-
ols such as 1h is complicated by the competing Meyer—
Schuster rearrangement!'!l and isolation of ether 2w re-
quired strict control of the temperature (RT), the reaction
time (30 min), and neutralization prior to the purification
step (Entry 23).'2l Moreover, when the starting material
was enantiomerically enriched propargylic alcohol 1la
(94% ee)'3] the corresponding ethyl ether 2a was obtained
in a racemic form. All these results seem to indicate that
the reaction proceeds through the formation of a stabilized
carbonium intermediate.['#!

The reactions described above for the metal-free catalytic
synthesis of heteroatom-substituted propargylic compounds
undoubtedly represent a significant achievement as they
provide a competitive method to the known strategies for
the synthesis of these kinds of compounds. From the point
of view of organic synthesis, however, a major challenge is
the creation of new carbon—carbon bonds. With this idea in
mind, we turned our attention to the achievement of direct
propargylic substitution of hydroxy groups with carbon-
centered nucleophiles. We first tried allyltrimethylsilane as
nucleophile and were pleased to find that the reaction took
place efficiently, affording the corresponding 1,5-enynes 3
in good yields (Scheme 2). This catalytic reaction provides

OH _~_-TMS (3 equiv.) =
]
R )\ , MeCN, 80 °C RN
R PTS (5 mol-%) R3
1a R'=Ph, R®=Ph 3a (80%)
1b R'= 3-MeOCgH,, R®= Ph 3b (78%)

Scheme 2. Propargylation of alkynols 1 with allyltrimethylsilane.

OH
ArH (1.5 equiv.
R! \\ ( quiv.)
R3 PTS (5 mol-%)
1 MeCN, 80 °C

a R'=Ph, R¥= Ph
b R'=3-MeOCgH,, R®= Ph
¢ R'=Ph,R¥=Bu
d R'=Ph R3=H

an attractive alternative for the construction of sp>~sp? car-
bon-carbon bonds without use of any metallic catalyst.

We then examined the propargylation of alkynols 1 with
aromatic and heteroaromatic compounds. We were pleased
to find that the presence of 5 mol% of PTS efficiently cata-
lyzed the aromatic propargylation (Scheme 3). The reaction
proceeded efficiently with electron-rich arenes such as 1,3,5-
trimethoxybenzene, affording compounds 4. Propargylation
of phenol took place without observation of any O-alkyl-
ation competitive process and through the para position,!3)
giving rise to p-substituted phenols 5. Heteroaromatic com-
pounds such as furan and N-methylindole could also be
propargylated with complete regioselectivity through the
use of this catalytic system to provide functionalized hetero-
cycles 6-7.

Finally, in order to check whether this simple experimen-
tal approach could be applied to multigram synthesis, 6.8 g
of 2f (80% isolated yield) were easily prepared in one batch
from 8.1 g (34 mmol) of alkynol 1b.l'®) This experiment
demonstrates that the method is also of interest for the
preparation of at least moderate amounts of these interest-
ing compounds in a practicable manner.

Conclusions

In summary, we have found that simple organic acids cat-
alyze the direct propargylic substitution of hydroxy groups
by a range of heteroatom- and carbon-centered nucleo-
philes.l'”! The reaction is tolerant of air and moisture and
gives water as the only byproduct. This metal-free strategy
represents a clean, environmentally friendly, and syntheti-
cally competitive alternative to the already established use
of metal complexes. We have also demonstrated that this
method is amenable to large scale synthesis. As the reaction
implies the use of very simple starting materials and cata-
lysts, and since the products obtained are of great interest,
this methodology may be expected to find wide application
in organic synthesis.'® Current studies are being directed
to investigation of the reaction’s scope, mechanism, limita-

f OMe OH
MeO OMe
R 1
X, RUIN,
4a (75%) R
4b (62%) 5a (66%)
< 4d (53%) 5d (55%)
- NMe
NPAS P
R ™ 1
S R Y
R3 AN R3
6b (76%) 7c (71%)
\_ 7d (50%)

Scheme 3. Propargylation of alkynols 1 with aromatic and heteroaromatic compounds.
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tions, and applicability to the synthesis of some natural
products, together with the development of an asymmetric
version.

Experimental Section

General Procedure for PTS-Catalyzed Nucleophilic Substitutions of
Alkynols 1: A flask was charged with alkynol 1 (1 mmol), MeCN
(analytical grade, 5 mL) and the nucleophile (3 mmol for hetero-
atom nucleophiles and allyltrimethylsilane and 1.5 mmol for aro-
matics). PTS (5 mol-%) was added and the flask was heated at
80 °C. Reaction mixtures were maintained at reflux until comple-
tion as judged by TLC or GC-MS analysis of the mixture. The
solvent was removed under reduced pressure and the residue was
then purified by column chromatography (silica gel; hexane/ethyl
acetate), affording the corresponding product.

Supporting Information (for details see the footnote on the first
page of this article): Experimental procedures and spectroscopic
data for all compounds and copies of the NMR spectra of the
crude product obtained from the multigram reaction between 1b
and methanol.
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