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Transition metal catalysed hydroalkoxylation of allenes has received much attention in recent years, and
both the intra- and intermolecular versions have been reported. Gold(r) complexes are among the most
active catalysts for these processes. This critical perspective article will cover the progress in this field,
analysing the intermolecular metal-catalysed reaction of allenes using palladium, iridium, rhodium,
ruthenium, gold and platinum, in the presence of alcohols, water or carboxylic acids, and the mechanistic

implications of these processes depending on the metal used.

Introduction

Allenes are rather unique structures that contain two m-orbitals
perpendicular to each other. Although the structure of allenes
was predicted a long time ago,' they were considered as chemi-
cal curiosities due to the difficulty to distinguish them from the
corresponding alkynes. The development of IR and Raman spec-
troscopy made possible the characterisation of these compounds
and the development of their chemistry. Over 150 natural pro-
ducts contain allenes or cumulenic structures, some of them
showing pharmacological activity (steroids, prostaglandins,
amino acids, nucleosides, efc.). Their industrial potential has
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also been shown, and numerous patents cover the use of allenes
as dyes, drugs, antioxidants, (co)polymers suitable for paints,
fibres, elastomers, printable films and heat- or corrosion-resistant
materials.”

The synthetic utility of allenes is extensive, and chemo-,
regio-, stereo- and positional-selective transformations have been
developed during the past 20 years,® with the reaction of allenes
with nucleophiles being one of the most studied. Among these
transformations, the transition metal-catalysed hydroalkoxylation
reaction of allenes is an atom economic process, which results in
the formal addition of oxygen-based nucleophiles to one of the
carbon—carbon double bonds of the allenic system.

The intramolecular hydroalkoxylation reaction of allenes has
been extensively studied,* and different modes of cyclisation can
be observed upon careful selection of the tether connecting the
allenes with the oxygen nucleophile, the length of the chain or
the metal used. The most common products in these reactions
are 5 and 6 membered rings (furan or pyran type products), but
in the case of B-lactam systems, even 7-membered rings can be
obtained. In the case of dihydrofurans, enantioselective versions
have been reported with Au(r) catalysts and chiral ligands. Some
general examples are shown in Scheme 1.

However, there are fewer examples of the intermolecular
hydroalkoxylation reaction, which will be the focus of this per-
spective article. This reaction has received much attention over
the past few years mainly due to the development of new and
more efficient gold complexes that are able to catalyse this reac-
tion under mild conditions. Although the gold-catalysed version
has given the best results for the formation of allyl ethers, the
use of other metals has enabled the discovery/development of
different reactivities. The most interesting feature of the intermo-
lecular reaction is that each metal allows the formation of differ-
ent products, from allyl or vinyl ethers to acetals, giving this
reaction great potential, and opening the possibilities of new
structures obtained by the use of other transition metals.

3584 | Org. Biomol. Chem., 2012, 10, 3584-3594

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2ob07128b
http://dx.doi.org/10.1039/c2ob07128b
www.rsc.org/obc
http://dx.doi.org/10.1039/c2ob07128b
http://pubs.rsc.org/en/journals/journal/OB
http://pubs.rsc.org/en/journals/journal/OB?issueid=OB010018

Downloaded by Universidade Federal do Maranhao on 16 April 2012
Published on 24 February 2012 on http://pubs.rsc.org | doi:10.1039/C20B07128B

View Online

0.

(0]
n=3
Q BBy ki S

(_

o i
Q Au(III)/Au(I) Au(III)/Au(I) O
= R
R
© =
R
Scheme 1 General examples of intramolecular transition metal-cata-

lysed hydroalkoxylation of allenes.’

The hydroalkoxylation reaction also differs mechanistically
from the much more explored reaction of allenes with nitrogen
nucleophiles,’ and has also been extended to carbon-based
nucleophiles, with the gold-catalysed hydroarylation of allenes
with electron-rich aromatic rings and indoles,” the palladium-
catalysed addition of carbon nucleophiles® and oxindoles to
allenes,” and more recently the platinum catalysed-version to
give bis(indolyl)alkanes. '’

This perspective article will cover the metal-catalysed inter-
molecular reaction of allenes with oxygen nucleophiles, like
alcohols, water and carboxylic acids, in which one or more mol-
ecules of the nucleophile are added to the allenic system, with
no by-products being formed. The reaction with different metals
will be analysed, from the first palladium-catalysed examples to
the new mechanism proposed for the gold-catalysed process, and
the new reactivities encountered when other metals are used. The
peculiarities of each case will be examined taking into account
the advantages and disadvantages of each method, and paying
particular attention to the mechanism involved in the reaction
with each transition metal.

Palladium-catalysed hydroalkoxylation and hydrocarboxylation
of allenes’

Although the hydroalkoxylation reaction has been much
explored in the past 10—15 years, this reaction is not new. The
first report on the palladium-catalysed reaction of dimerization of
allenes in the presence of carboxylic acids, as oxygen-based
nucleophiles, was reported in 1967 by Shier.'? In this reaction a
C—C bond is formed between the two internal carbon atoms of
two allenes and acetate is added to one or the two molecules of
allene. Allyl acetate was also observed in the reaction, from the
attack of acetate to one molecule of the allene (Scheme 2).

AcO X
3

X =0Ac, H

NaOAc, AcOH
50 °C

Scheme 2 First Pd-catalysed reaction of allenes with oxygen-
nucleophiles.

The palladium-catalysed dimerization of allene gas in the
presence of water or alcohols to give allylic alcohols or ethers

Pd,(dba)s-PPhg
a) —e—

Ve
e

Scheme 3 Pd-Catalysed dimerisation of allenes in the presence of
water or alcohols.

H,0, CO,
THF

b) . Pda(dba)yPPhs

ROH
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was reported in 1984 by Inoue.'® They found that the reaction
with water had to be carried out in the presence of CO, atmos-
phere (Scheme 3, a), but the reaction with alcohols occurred in
the absence of CO, (Scheme 3, b).

More than 10 years later, Rutjes applied the hyrdoalkoxylation
of 1-methoxy-1,2-propadiene in the reaction with an alcohol
to form an allylic acetal, as a mixture of two isomers, a
precursor to functionalised dihydropyrans and tetrahydrooxe-
pines (Scheme 4).'%!3

The proposed mechanism for this process involves oxypalla-
dation of the methoxyallene after coordination of the palladium
to the more electron-rich oxygen-substituted double bond,
followed by protonolysis of the resulting vinyl-palladium
intermediate. This concept was also applied in the synthesis of
highly functionalised chiral oxepines from monosacharaides
(Scheme 5).'¢

| Pd(OAC), (5 mol%), |
dppp (5 mol%),

MeO EtsN (1.5 equiv.), =
* =" MeCN, reflux, 3h
Me0,C~ NOH eCN, reflux, 3h - o0, >0 oMe

MeO MeO
\7——': - >_( XN

Pd] RO PdOAcLx
MeO,C OMe

Scheme 4 Application of the Pd-catalysed hydroalkoxylation of
allenes to the synthesis of tetrahydrooxepine precursors.

Pd(OAc), (5 mol%),
QB” dppp (5 mol%), (;)Bn
: BnO EtaN (1.5 equiv.), -
N\‘/\OBH . \ . = /\E/Y\OBn

MeCN, reflux, 3h
OBn OH

H H o

Glycofuranose Oxepines

Scheme 5 Application of the Pd-catalysed hydroalkoxylation of
allenes to the synthesis of monosacharides.

It is also worth mentioning the reaction reported by Yamamoto
et al. of the palladium-benzoic acid catalysed hydroalkoxylation
of internal alkynes to obtain allyl ethers (Scheme 6).'” This reac-
tion is proposed to occur via hydropalladation of the alkyne with
the active catalysts, a palladium-hydride formed from the Pd(0)
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Scheme 6 Mechanism of the Pd-catalysed hydroalkoxylation of
alkynes via allenes. T’
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Scheme 7 Pd-Catalysed hydroalkoxylation of aryl allenes.

and the benzoic acid in the first step of the reaction, and sub-
sequent B-hydrogen elimination (cycle I, Scheme 6), to form an
allene intermediate that is trapped by the palladium-hydride to
give a m-allylpalladium that reacts with the alcohol to form the
product and regenerate the Pd—H species (Cycle 11, Scheme 6).

This concept was further developed by the same group, and a
smooth Pd(0)-PhCOOH catalysed addition of alcohols to aryl
allenes was reported a few years later (Scheme 7).'® Again, they
proposed that the role of the carboxylic acid was the formation
of hydridopalladium species, active catalysts in this reaction (see
catalytic cycle II in Scheme 6).

n-allylpalladium species have also been proposed in the
hydrocarboxylation of allenes to form allyl esters, by taking
advantage of the formation of palladium-hydride species
between the Pd(0) catalysts and the acid employed in the reac-
tion, in this case in a stoichiometric manner (Scheme 8)."?

Ry Pd,(dba)s CHCly R )OL
== + RCOH —————> R)\/\O .
5, dppf, THF, 80 °C 2

(1 — -0OR°,
Ry, Ry = Ar, Bu, PhS Yields = 70-96%

R = Me, Et, Ph, cinnamyl, Boc-L-alanine

Scheme 8 Pd-Catalysed hydrocarboxylation of allenes.

The reaction works well only with aromatic mono allenes with
electron-donating and electron withdrawing groups at the para-
position, and with 1,1-disubstituted aromatic allenes, and hydro-
carboxylation occurs at the less substituted allenic carbon to give
the linear allylic esters. However, when allenes with aliphatic
substituents containing hydrogens in the o position were used,
1,3-butadiene type products were obtained due to B-hydride
elimination from the m-allylpalladium intermediate (Scheme 9).

Again, this reaction works by employing alkynes as starting
materials. They are transformed in situ into the allene deriva-
tives, and then react with the stoichiometric carboxylic acid in
the same manner as the reaction with alcohol described in
Scheme 6.

Pdy(dba)y CHCl j\
== = MeCO,H Ph/\/\o Me
B dppf, THF, 80 °C
(63%)
versus
Ph Pdy(dba)g CHCl

_
MeCO,H PhM

dppf, THF, 80 °C
BR (50%)

=

Scheme 9 Scope of Pd-catalysed hydrocarboxylation of allenes.

n-Allylpalladium species are also involved in the synthesis of
allyl acetates from allenes in the presence of aryl iodides, as
reported by Savic e al. (Scheme 10).2° Under optimised con-
ditions, allenes reacted with aryl iodides in the presence of
AcONa to afford the corresponding allyl acetates in moderate
yields, as mixtures of regioisomers and stereoisomers, by attack
of the aryl-palladium species formed by oxidative addition of
the aryl iodide to the central carbon of the allene, with sub-
sequent attack of acetate onto the terminal carbons of the n-allyl-
palladium intermediate.”'

OMe OMe

BnO
_\:-: Pd(OAc),, PPhs
—————

AcONa, DMSO +
IO\OMe 85-90 °C BuS = OAC  gno

(E/Z: 1.4:1) (27-1;}0) OAc

via:

Scheme 10 Pd-Catalysed synthesis of allyl acetates from allenes.

When the oxygen nucleophile is a phenol, benzoic acid or
benzyl alcohol, containing an iodide substituent in the ortho-
position, the palladium-catalysed reaction with allenes gives
regioselectively functionalised benzofurans, isocumarins, and
benzopyrans depending on the substituent on the allene, as
described by Swamy et al. in 2009. A representative example is
shown in Scheme 11.7

HO,C

EtO,C CO,Et
Me | Me |l
Me: ZCOEEt (1.2 equiv.) Me % Me
Mé H  Pd(OAC), (5 mol%), © o
PPhs, KCOs, 3

CH3CN, 90°C, 12 h

(48%) (32%)

Scheme 11 Pd-Catalysed synthesis of isocoumarines from allenes.
Iridium-catalysed hydrocarboxylation of allenes

Metal-hydrides and m-allyl-metal intermediates have also been
found in the reaction of 1,1-dimethylallene and carboxylic acids
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in the presence of iridium catalysts. However, in this case, a
reversed regioselectivity was observed with the organic acid
being attached to the more substituted carbon of the allenic
system (Scheme 12).-*

v o [Ir(cod)Cl], (1 mol%),

e BIPHEP (2 mol%), O. R
/E-: + )J\ /Y Y

Me HO™ "R Cs,CO4 (2 mol%) Meé Me o
120 mol% 100 mol% DCE (0.1M), 60 °C

Yields = 74-92%
R = aryl, heteroaryl, o.,f-unsaturated, maleic, a-hydroxyacid, a-amino acids

[BIPHEP = 2,2'-Bis(diphenylphosphino)-1,1"-biphenyl]

Scheme 12 Reverse Ir-catalysed hydrocarboxylation of allenes.

The reaction was tested with commercially available 1,1-
dimethylallene (but also worked with other 1,1-substituted
allenes), and worked well with aromatic, heteroaromatic, and
o,B-unsaturated acids, as well as a-hydroxyacids and aminoacids,
without protection of the other functionalities present, giving in all
cases a by-product-free reverse prenylation of the carboxylic acids.

A preliminary mechanistic study, and deuterium labelling
experiments with deuterated benzoic acid, showed the reaction
might proceed, as in the case of the palladium-catalysts, by for-
mation of an iridium-hydride from protonation of the metal with
the carboxylic acid, and hydrometallation to form the allyl—
iridium intermediate. C—O reductive elimination from the more
substituted carbon forms the product and regenerates the catalyst.
When deuteriobenzoic acid (O->H) was used, deuterium incor-
poration into the central carbon of the allenic system was
observed, which is consistent with this mechanism (Scheme 13).
Reaction of the reverse prenyl esters in the same conditions in
the presence of other acids did not give exchange in the carboxy-
late, which suggested that the reaction is not reversible.

o)
LnIrCI HOJJ\R
H
P
Me
ROCO ¢
L,—Ir—OCOR
H H
%\/Me/\ Me
' Me >: -
Ly—lF M
¢’ “OCoR ¢

Scheme 13 Mechanism of the Ir-catalysed prenylation of carboxylic
acids.f

Rhodium-catalysed hydrocarboxylation and hydroalkoxylation
of allenes

Very recently the enantioselective rhodium-catalysed hydrocar-
boxylation of allenes to give branched allylic ester has been
reported by Breit et al.?® The reaction works in a similar way to

+The hydrogens coloured in green in mechanistic schemes indicate the
deuterium position when deuterated alcohols or carboxylic acids were
employed in the reactions.

R
[Rh(COD)ClI], (4.5 mol%) !
o (R,R)-DIOP
R ! (o) (0]
— . DCE, -3 °C, 3
== HO™ "R, R~~~
R Cs,COj, 48 h R
Yields = 62-95%
R = Cy, n-CsH44, Ph(CHy),, TrtO(CH,),, phthalimide, Me, ee = 80-96%

R'=H, Bu

Ry = ph, Ar, cinammyl, pyrrole, furan, {Bu, nBu, allyl
O><O
(R,R)-DIOP = \__k/
PhP—" PPh,

Scheme 14 Enantioselective Rh-catalysed coupling of allenes with
carboxylic acids.

Ry

5 B
n/\fLH
Ho / I64] HOJ\R‘
J
Ry H 0
o~ ~~ 3
[Rh]
[Rh]/H j\ A_, H

2>
/Q/)\ FHIRNEC) Ry fast gS\( H
R H R H

\/ H

R

sow R H

Scheme 15 Proposed mechanism for the Rh-catalysed hydrocarboxy-
lation of terminal allenes.

the palladium- and iridium-catalysed versions mentioned before,
and the carboxylic acid is attached to the most substituted carbon
of the allenic system as in the iridium-catalysed version,
although in the case of rhodium it seems to be more general and
have a better scope (Scheme 14).

(R,R)-DIOP was the best ligand for high enantioselectivities,
and the reaction could be carried out under very mild conditions
(=3 °C, in 1,2-dichloroethane, 48 h) when a catalytic amount of
Cs,CO; was used as additive. The reaction works well for elec-
tron-rich and electron-poor derivatives of benzoic acid, as well
as cinnamic acid and aliphatic (linear and branched) carboxylic
acids, although elevated temperatures are needed in the last case.
As for the scope of the allenes, the reaction works for monosub-
stituted allenes with different functionalities, even with unpro-
tected alcohols. When 1,1-unsymetrically disubstituted allenes
were tested, the corresponding tertiary alcohol was obtained with
high yield and excellent enantioselectivity.

Deuteration experiments were carried out with deuterated
benzoic acid, and deuterium incorporation was observed in the
terminal carbon of the allene. This could be rationalised by for-
mation of a rhodium-hydride, by reaction of the rhodium cata-
lysts with the carboxylic acid as the active species in the
reaction, followed by a fast hydrometallation of the less substi-
tuted double bond of the allene to give a o-vinyl-rhodium that
after B-hydride elimination will give the allene with deuterium
incorporation. This allene can then undergo slower hydrometal-
lation on the more substituted double bond to give the m-allyl-
rhodium complex that after reductive elimination with external

This journal is © The Royal Society of Chemistry 2012
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attack of the carboxylate will give the branched product
(Scheme 15).

In contrast, there is only one example of the rhodium-cata-
lysed intermolecular hydroalkoxylation of allenes.?® The reaction
works with diphenylphosphinyl allenes®’ and different substi-
tuted phenols. By using rhodium and a chiral ligand ((R)-
DTBM-segphos), high enantioselectivities are observed (depend-
ing on the bulkiness of R in the allene), in the first asymmetric
hydroalkoxylation of allenes reported to date (Scheme 16).

The reaction also involves mt-allyl-rhodium intermediates, and
the observation that it works only with phenols underlines their
role in the mechanism. NMR studies of the process using the
complex [Rh(OH)((R)-BINAP)], have shown that the hydroxor-
hodium complex (observable by *'P NMR) is transformed into
the m-phenoxorhodium complex (also observable by *'P NMR),
before formation of the m-allyl rhodium by reaction with the
allene. The phenoxy is then transferred, in this case to the central
carbon of the allene. This regioselectivity is complementary to
that observed with palladium and iridium, where the oxygen-
nucleophile was attached to the terminal carbons of the allenic
system (Scheme 17). An explanation for the enantioselectivity
observed is that protonolysis of the -allyl-rhodium intermediate
takes place from the side opposite to the rhodium.

[Rh(OH)(cod)], (5 mol% Rh), R
R (R)-DTBM-segphos (6 mol%) =
-— + ArOH OAr
Ph,(O)P
Phy(O)P fBuOH, 80 °C, 24 h
R = Me, Et, Bu, Ph Yields = 50-99%
— _ ee =74-97%
Bu OMe
Bu
o O
<o O PQOMe
o & = B
(R)-DTBM-segphos <O ‘ 5 !Blil
0 OMe
i IButBu
OMe
Scheme 16 Rh-Catalysed asymmetric hydroalkoxylation of
diphenylphosphinoallenes.
H

|
-

o}
[Rh]_~>[RNh] (Observable by 3P NMR)
o

™

| [Rh] = Rh((R)-BINAP)

H
AroH 7Y
H,O
[Rh]*
R e R
HG
“__OAr o >:':
Pl Q) { Ph,OF
(Observable by 3'"P NMR)
ArOH
OAr
R ~[Rh]
Ph,(O)P

Scheme 17 NMR-Observable intermediates in the catalytic cycle.

Ruthenium-catalysed hydration of allenes

There is only one example of ruthenium-catalysed intermolecular
reaction of allenes with water and, along with formation of
methyl ketones, dimerization of the allene also occurs.?®
However, in contrast to the palladium-catalysed reactions
reported by Shier and Inoue, the water attacks the central carbon
of the allenic system and then dimerization occurs. The best reac-
tion conditions found were when Ru3(CO);, was used as catalyst
with CF;CO,H as additive in a mixture of iPrOH:H,O under CO
atmosphere. The dimeric y,0-unsaturated ketone was always the
major product (Scheme 18). The reaction gave moderate yields
with mono alkyl allenes, but the yield significantly dropped
when cyclohexylallene was used as the substrate.

Mechanistic studies showed that the dimerization product was
not produced from the reaction of the methylketone formed with
another molecule of allene, but from the reaction of two mol-
ecules of the allene with one molecule of water. Deuteration
studies using D,O showed deuterium incorporation in the
olefinic position of the dimer and the a-positions on the methyl
ketones. These results led to a proposed mechanism involving
ruthenium-hydrides formed from protonation of the Ru(0)
complex. However, no m-allyl-ruthenium intermediates were
proposed in contrast to the palladium or iridium reactions. 1’
Coordination of this ruthenium-hydride to the allene and attack
of one molecule of water to the central carbon forms an enol
complex that can tautomerise to the ketone. Reductive elimin-
ation gives the methyl ketone, and reaction with a second mol-
ecule of allene builds the dimeric v,5-unsaturated ketone
(Scheme 19).

Ru3(CO);2 (2 mol% Ru),
R CF3CO,H (10 mol%)
E'___

“WH > n

PrOH:H,O
z Yields = 17-40% Yields = 8-25%

120 °C, CO (1 atm)
R = Alkyl, (CHy),Ph, (CH,),CN

Scheme 18 Ru-Catalysed hydrative dimerisation of allenes.

H [Fliu] H
T H ==
B Hz0
| Reductive ﬁ E
Elimination H+
H [Ru]H .
4 % — =
R O—H
R R O
s

Reaction with
a second molecule
of allene

Scheme 19 Proposed mechanism for the hydrative dimerisation of
allenes catalysed by Ru(0)/acid.f
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Gold-catalysed hydration and hydroalkoxylation of allenes

The first report of a reaction between allene gas and methanol in
the presence of a gold catalyst dates from 1998 when Teles and
co-workers reported cationic gold(1)-complexes as highly
efficient catalysis for the addition of alcohols to alkynes.?’ The
product obtained was the acetal 2,2-dimethoxypropane, probably
formed by isomerisation of the allene gas to the propyne and
then gold-catalysed reaction with two molecules of methanol in
a normal alkyne hydroalkoxylation process (Scheme 20).

[MegPAul* MeO_ OMe
+ 2 MeOH —————> x viam =—

—e—

Scheme 20 Au-Catalysed reaction of allene gas with methanol.

However, it was ten years later before Widenhoefer reported
the first gold(1)-catalysed regio- and stereoselective intermolecu-
lar hydroalkoxylation of allenes with alcohols to form (F)-alkyl
allylic ethers.’® The reaction was sensitive to the nature of the
ligand and the counterion, and it was found that the gold(1) NHC
complex  (1,3-bis(2,6-diidopropylphenyl)imidazole-2-ylidine)
AuCl in combination with AgOTf in toluene gave the best
results (Scheme 21).

Less substituted carbon
LAuCI (5 mol%)

Ry AgOTF (5 mol%) Ry OR
>:.__.\\R4 + ROH - -
Ry Rs Toluene, 23 °C R, Rs 4

Yields = 40-96%

R = CH(Ph)Et, (CH,),Ph, Cy, CHg, C(O)Et, CH,CH=CH, Ph
R; = Me, Et, CH,(CO,Me),, CO,Et, CH,OBz, CH,CO,Et
R, = H, Me, Et, n-Hexyl

Rz =H, Ph, Me

Rs=H, Me

Scheme 21 First Au-catalysed intermolecular hydroalkoxylation of
allenes reported by Widenhoefer.

The reaction works for mono-, 1,1- and 1,3-disubstituted, tri-
substituted and tetrasubstituted allenes and with a range of
primary and secondary alcohols and phenol. The hydrocarboxy-
lation of 1-methyl-3-phenyl-allene was achieved using propionic
acid as the oxygen-based nucleophile.

In all cases the alcohol was delivered to the less hindered
carbon of the allenic system. Experiments using MeOD led to
formation of the product with exclusive incorporation of deuter-
ium in the central carbon of the allene, suggesting the involve-
ment of gold—vinyl intermediates. Besides, when the reaction
was carried out with an enantiomerically enriched allene, partial
racemization was observed (dependent on the alcohol concen-
tration). This partial racemization was explained via equilibrium
between the n’>-gold coordination to the allene and a gold—o-
allyl cation, with the gold attached to the central carbon of the
allene (Scheme 22). Attack of the alcohol at the less substituted

H, H, Racemization &
R/— —\F{/-\ R/T _\R = Rj R

3 (9 ! ¢ [LAUJ* ! [AuL]

ROH
[LAUJ*

OR H+
Hu..

)\/\m OR

Rs Hi.,

H

G) Hr SN

[AuL]

Scheme 22 Mechanism proposed by Widenhoefer.

carbon via the outer-sphere of the n?-gold complex to form a
vinyl-gold intermediate will be followed by protonation with
retention of configuration, which gives the (E)-alkyl allyl ether.
The gold(r)-catalysed hydration of allenes was also reported by
Widenhoefer et al.,31 using a similar system. In this case, the
toluene had to be replaced by a solvent miscible with water,
like dioxane, for best results. Under these conditions, hydration
of mono-, 1,1-, 1,3-substituted, and trisubstituted allenes was
achieved in moderate yields. In most cases only the product of the
attack of water to the less hindered terminal carbon was obtained.
However, when the substitution in the 1,3-positions was similar,
mixtures of both regioisomers were obtained (Scheme 23).

(NHC)AUCI (5 mol%)

o AGOTH (5mol%) Ry _~_OH [ g {"
"Rs 1>‘\/\ Rg
R, Dioxane, 23 °C R, Rs Rz

Hx0 Yields = 40-70%

Ry = Me, n-pentyl, n-hexyl, CH,(CO,Me),
R, = H, (Ch,)OBz
R3 = H, Ar, (CHp), Ar, n-pentyl, CH,0Bz

Scheme 23  Au-Catalysed hydration of allenes.

At the same time, Yamamoto et al. also reported the gold-cata-
lysed intermolecular hydroalkoxylation of allenes in comparison
with the hydroamination reaction and showed it to proceed
through a completely different mechanism.**** The reaction of
different mono-, 1,1-, and 1,3-substituted allenes with various
alcohols (phenol gave a complex mixture) was reported in the
presence of cationic gold(1)-catalyst ([PhsPAu]"), to occur with
mono addition at the terminal carbon of the allenic system, and
without any chirality transfer, resulting in the formation of
allylic ethers, and suggesting that the alcohol is transferred after
racemization of the allene. This result is in accordance with the
results obtained by Widenhoefer (Scheme 24).

PhgPAUCI (5 mol%)

R AgOTf (5mol%) Ry OR
»— /
—\ + ROH —MM»

R, Rs neat, 30 °C R, Rj

Yields = 13-98%
R = iPr, Me, nBu, Cy, Bn, Allyl
R4 =Ar, Bn, Alkyl
R, = H, Me, n-pentyl
Rz =H, Me, n-pentyl

Scheme 24 Au-Catalysed intermolecular hydroalkoxylation of allenes
reported by Yamamoto.
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Scheme 25 Mechanism proposed by Yamamoto.

Experiments with MeOD, also showed deuterium incorpor-
ation in the central carbon of the allene. The proposed mechanis-
tic cycle is very similar to the one proposed by Widenhoefer,
where the coordination of the allene to the gold and addition of
the alcohol generates the vinyl-gold intermediate. However, in
contrast to the mechanism previously proposed, Yamamoto et al.
describe the addition of the alcohol through the inner-sphere of
the gold-complex. Protonolysis then occurs to produce the allyl
ether and regenerate the catalysts. Formation of the E-allylic
ethers is explained by the free rotation in the intermediate before
the protonolysis (in brackets, Scheme 25).

In this paper the involvement of gold allyl cations, m-allyl
gold and n'-allyl gold species is discussed. However, the exper-
imental evidence seems to be against them, and the classical
vinyl-gold intermediate is preferred to explain the observed
outcome of the reaction.

In 2009 Zhang and co-workers also reported the regio- and
stereoselective hydroalkoxylation of aryl allenes in the presence
of catalytic amounts of Ph;PAuNO; and H,SO,, under solvent
free conditions.*® The reaction works well with primary, second-
ary and tertiary alcohols, with addition always occurring to the
less substituted carbon of the allenic system. Mono aryl allenes
with electron donating and electron withdrawing groups give the
corresponding E-allyl ethers in good yields, and an example of
the reaction of 1,3-disubstituted allene is also reported

(Scheme 26).
A PhsAuNO; (2 mol%),
I o,
\ 4 oM H,S04 (5 mol%) Ar\/\(OR
Ry 4h, 40°C R,
R o H M (solvent free)
1 =H, Me

Yields = 72-99%
R = Me, Et, iPr, Bu, Bn, Cy

Scheme 26
Zhang.

Au-Catalysed hydroalkoxylation of allenes reported by

The Ph3;PAuUNO; catalyst was also used by the same group for
the hydroalkoxylation of alkoxyallenes to give allylic acetals.>
The reaction works at —15 °C in DCE with a slight excess of the

o) PhsAUNO3 (2 mol%) . /K/
P 3 3 ’ /
K= Y~—— + ROH — x/\ o

3h,-15°Ctort

X =MeO, Cl DCE
R = Me, iPr, X-Bn

Yields = 60-99%

Scheme 27 Au-Catalysed hydroalkoxylation of alkoxyallenes to give
acetals.

SR :
[Au] \{ Q

ROH

4%7 (A @‘O\::

[Aul
Scheme 28 Proposed mechanism for the formation of acetals.

allene to drive the alcohol to full conversion. Although the yield
of the acetals depends on their stability during purification, the
addition of small amounts of Etz;N helped the authors to obtain
good yields (Scheme 27).

The reaction works for alkoxyallenes with aromatic groups,
and secondary and benzyl alcohols with electron donating and
electron withdrawing groups. The proposed mechanism is
similar to the ones mentioned before, but in this case the gold
cation coordinates the double bond with the more substituted
electron-rich oxygen to form the n’-gold complex. Then addition
of the alcohol to the chelated double bond forms the vinyl-gold
complex, which after protonolysis gives the corresponding
allylic acetal (Scheme 28).

As mentioned before, this was the only compound observed in
the iridium-catalysed hydrocarboxylation of 1,1-dimethyl allenes
(see Scheme 12), and the results are in accordance with the oxo-
palladation of 1-methoxy-1,2-propadiene (see Scheme 4).
However, this is not the first example where, in a gold catalysed
reaction, the oxygen-based nucleophile attacks to the more sub-
stituted carbon of the allenic system. In 2008, Horino et al.
described the gold-catalysed intermolecular reaction of N-tosyl-
4-vinylidene-2-oxazolidinones with alcohols to give the product
of the addition to the proximal allenic double bond, which
seems to be activated by both the cationic gold complex (formed
by the combination of (PPh;)AuCl and AgSbFy) and the strongly
electron withdrawing tosyl group (Scheme 29).¢

RO
V4 RO |

/_( (PPhg)AUCI (5 mol%)

>
O._NTs "~ AgSbF, (5 mol%) Oy sl & O oNTe

\[( DCM, rt, ROH \ﬂ/ Y

0 O O
(37-68%) (0-21%)

R = Me, Et, Bn, Allyl

Scheme 29 Au-Catalysed reaction of N-tosyl-4-vinylidene-2-oxazoli-
dinones with alcohols.
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The use of an excess of alcohol (5 equivalents) was essential
to improve the regioselectivity towards the addition to the more
substituted carbon of the allenic system. The reaction works for
primary alcohols, and allyl alcohols with alkyl and aryl substitu-
ents in B- and y-positions. The use of sterically bulky secondary
alcohols decreased the yield of the most substituted regioisomer,
favouring the attack to the terminal carbon of the allene, and tri-
substituted alcohols, such as fert-butanol, gave no reaction. The
regioselectivity was also affected by the electronegativity and
steric bulk of the substituent on the nitrogen: changing the tosyl
group for a benzoyl completely reversed the regiochemistry of
addition, and with a benzyl group no reaction was observed.

The authors suggested a catalytic cycle involving coordination
of the gold complex to the central carbon of the allene to give
after attack of the alcohol, a vinyl gold intermediate, which is
supported by deuteration studies in the presence of methanol-d.
Here deuterium was incorporated in the central carbon of the
allenic system after protonolysis (Scheme 30).

ROH RO RO
AUl

.Y HQL‘A“I » H}H

[Aul
o _ N >~ 0_ Ns —> O _Ns ——>0_ NTs

Y Y TRy
! T ! !
Scheme 30 Proposed mechanism for the reverse hydroalkoxylation.

More recently, Maseras et al. have reported a DFT study that
showed an alternative mechanism for the gold(i)-catalysed
hydroalkoxylation of mono allenes, where the attack of the
nucleophile occurs primarily to the more substituted carbon of
the allene, and then a gold-catalysed isomerisation of the kinetic
product gives the less substituted, thermodynamically more
stable allyl ether observed in most of the cases.’” The calcu-
lations were done with the [NHCJ]AuCl, used by Widenhoefer,
1,1-dimethyl allene and methanol as model substrates and the
regiochemical outcome of the reaction was first studied. Coordi-
nation of the catalysts to both double bonds was considered as
well as formation of alkoxygold species, although the last one
was showing to be higher in energy so allene activation via cat-
ionic gold coordination was favoured. The background reaction
in the absence of catalysts was ruled out due to a higher acti-
vation energy of 40.5 kcal mol™", which suggests that the reac-
tion does not occur at room temperature. Different pathways
were calculated for the addition of methanol to the activated
allene, including syn-addition of a methoxygold species to the
double bond, a concerted pathway via a cyclic transition struc-
ture involving a second molecule of methanol, and attack of the
alcohol to the coordinated allene to one or the other double
bond, from the same side as the catalysts (inner-sphere), as pro-
posed by Yamamoto, or from the opposite side (outer-sphere), as
proposed by Widenhoefer.

Calculations showed clearly that the rate-limiting step was the
initial attack of the alcohol on the allene to form the gold o-
alkenyl complex, itself more stable than the starting material. Of
all the possibilities, attack of the alcohol onto the more substi-
tuted terminal carbon from the outer-sphere of the gold-coordi-
nated allene was more favourable, consistent with a
Markovnikov-type addition, where the two methyl groups are
oriented out of the plane of the allyl system in the transition

+2.2 Kcal-mol!
[Au]* [Au]*
>‘:.: Jeor
[+9.1 Kcal~m;%
[Au]
irreversible
-25.1 Kcal-mol!
Me—O\
® H—0—M
OMe | ©
H
. -7.5 Kcal-mol-!
I 223 [Au] ® y ¥
I MeO” “OM
-27.2 Kcal-mol-! e | e
H
I::3=[AU]
[-5.0 Kcal-mol1]F
Scheme 31 DFT-Calculations for the Au-catalysed intermolecular

hydroalkoxylation of allenes.

OMe

[NHC]Au+ %
| MeOH OMe
H ® @ t
’,,[AU] ¥ Au] ’[P\«U]
N ! — .'
MeO\H/(')Me MeO\H/O®Me MeO. _OMe

Scheme 32 Proposed mechanism for the allyl ethers interconversion.

state. Protonation of this intermediate with retention of the
alkene geometry gives the product of the attack of the methanol
to the more substituted end of the allyl system in an irreversible
reaction (Scheme 31).

Although the more thermodynamically stable product from
the attack of the alcohol to the less substituted terminus of the
allene is the one observed experimentally, calculations showed
that this is kinetically less favourable. Therefore a gold-catalysed
regioisomerisation between the two possible allyl ethers was
studied. It was found that attack of the alcohol on either terminal
carbon of the allene was aided by hydrogen-bonding to form a
chair-shaped cyclic intermediate that allows interconversion of
the products, yielding the more stable one. Therefore it is was
concluded that the two products are in equilibrium, and only the
most stable one is observed, explaining all the experimental
results including the example of the reaction of alkoxyallenes
where the allylic acetal is calculated to be energetically more
stable and it is observed as the major product (Scheme 32).

These DFT calculations suggested that the concentration of
the alcohol might be important for the formation of one or the
other regioisomer, which is in agreement with the results
obtained by Horino et al. This concept has been proven more
recently by Lee ef al. in a study where the gold(i)-catalysed iso-
merisation of the tert-allylic ethers to primary allylic ethers was
retarded by excess of alcohol (Scheme 33).®
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PhgPAUNTY, (5 mol%)

DCM, 20 °C

\@OMe

No reaction

8
MeO ’

8
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Scheme 33 Au-Catalysed reaction of tert-allyl ether in the presence
and absence of excess alcohol.

PhgPAUNTY, (5 mol%)

DCM, 20 °C
MeOH (5 equivalents)

It was found that carrying out the reaction with the [NHC]Au"
complex used by Widenhoefer, in the presence of 10 equivalents
of the alcohol, and using DMF as solvent, gave the regioisomers
of the attack of the alcohol to the more substituted carbon of the
allene in regioselectivities of 99 : 1 in most of the cases. These
reaction conditions were complementary to the ones used before
(Scheme 34).

(IPH)AUCI (10 mol%) R 2
Ry AgOTF (10 mol%) !
>::\ RO
R
Ry 3 DMF, 0 °C, 24h
ROH (10 equivalents) Rs

Yields = 20-86%
regioselectivity = 99:1

R = Me, Et, iPr, (CH,),Ph, CH,CH(Ph)(Me), (CH,)CH=CH,, CH,CH=CHPh
Ry =Me

R, = nonyl, Me, (CH,),Ph, Bn

R3 = ((CH,),OTBDS

Scheme 34 Au-Catalysed reverse hydroalkoxylation of allenes.

Despite all the studies on the intermolecular reaction of
allenes with alcohols in the presence of gold complexes, and the
understanding of the factors that influence the regiochemistry of
the addition, the enantioselectivity of the reaction remains an
unsolved challenge. Racemization of the allene occurs in all the
cases studied, so new catalytic systems are needed to avoid this
pathway.

Platinum-catalysed hydroalkoxylation of allenes

There is only one platinum-catalysed example of the reaction of
allenes and alcohols, and in this case instead of mono addition
and formation of allyl ethers, addition of two molecules of
alcohol to the terminal carbon of the allene with complete satur-
ation of the second double bond was observed, to give aliphatic
acetals (Scheme 35).*°

PtCl, (5 mol%)
ROH H\/\(OR

THF, 70 °C, 20 h OR
Yields 30-85%

-

ROH = MeOH, EtOH, BuOH, PHCH,OH, OH(CH,);0H
R' = Cy, n-Hexyl, CH,C(CO,Me),, CH,-phthalimide, Ph, tolyl

Scheme 35 First Pt-catalysed dihydroalkoxylation of allenes.
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Scheme 36 Proposed mechanism involving Pt-carbene intermediates.

The reaction works only for mono-substituted allenes with
different alcohols. The construction of cyclic acetals or alde-
hydes was possible if the reaction was carried out in water.

Preliminary mechanistic studies ruled out the involvement of
allyl ethers and alkynes as intermediates in this reaction. Deu-
teration studies showed total incorporation of two deuterium
atoms, one on the central carbon and the other one in the internal
more substituted carbon of the allene. This suggested a different
mechanism involving activation of the allene by the coordination
of the platinum to the central carbon, like in a zwitterionic plati-
num carbene, and 1,3 addition of the alcohol to the allene to
form a platinum carbene as the key intermediate (Scheme 36).

Conclusions

This perspective article has shown how the use of different cata-
lytic systems has made the reaction of allenes with oxygen
nucleophiles a very versatile reaction in terms of products
obtained and mechanistic implications.

In terms of the structural diversity that the metal-catalysed
hydroalkoxylation of allenes can afford, the following summary
can be made:

- Dimerisation of allenes with attack of one molecule of
alcohol or water has been obtained with palladium and ruthe-
nium catalysts, giving the products of the attack to the terminal
or central carbon of the allene respectively.

- Allyl ethers or esters can be obtained if gold or iridium cata-
lysts are used, and the attack of the oxygen nucleophile to the
most or less substituted carbon of the allenic system will depend
on the catalysts and the conditions employed.

- In rhodium-catalysed reactions the alcohol attacks the central
carbon of the allene resulting in formation of vinyl ethers.
However, the progress is so far limited to the reaction between
diphenilphosphino allenes and phenols.

- Acetals can also be obtained either by palladium or gold-cat-
alysed reaction of alkoxyallenes with alcohols (allyl acetals), or
by platinum catalysed reaction of mono allenes with attack of
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two molecules of alcohol and complete reduction of the second
double bond (aliphatic acetals).

As for the mechanistic implications, different metal complexes
and intermediates have been proposed, from the metal-hydrides
and m-allyl-metal intermediates on the reaction with palladium,
iridium or rhodium with carboxylic acids,*’ vinyl-palladium or
gold intermediates, to zwitterionic platinum-carbenes.

Despite the huge progress in this context over recent years,
important challenges remain. For instance, the only enantioselec-
tive examples of hydroalkoxylation of allenes are the rhodium-
catalysed reactions with diphenylphosphino allenes and phenols,
and the rhodium-catalysed hydrocarboxylation of allenes.
However, none of the other metals have been reported to date to
give enantioselective transformations.

Although it seems that the factors controlling the attack of the
alcohol to the more or less substituted carbon of the allenic system
are now well understood in the case of the gold complexes, other
challenges to face are the generalisation of the reaction where the
alcohol attacks to the central carbon of the allene to give vinyl
alcohols, and the understanding of the features in the metal system
that will give preferentially one isomer versus the others.

Regarding mechanistic studies, although a lot of investigations
are being focussed on the gold catalysed systems, and DFT cal-
culations have shown a clear picture in accordance with the
experimental results, deeper mechanistic studies are needed to
understand the new reactivity obtained with other metals.

Finally, although in this perspective article only reaction of
allenes with oxygen nucleophiles has been covered, other
nucleophiles can give similar reactivities. As mentioned in the
introduction, reaction with nitrogen nucleophiles have already
been studied, but reaction with carbon nucleophiles, which have
a greater potential to give more complex structures, have only
just started to be explored.

Reaction with the metals mentioned in this article or other
metals yet to be explored (like iron, nickel, silver) in the presence
of different nucleophiles will open new avenues for reactivities
not observed so far, and for diverse application in the fields of
organic chemistry and biochemistry.
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