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Synthesis of Allenes by Isomerization Reactions

A. Stephen K. Hashmi

1.1

Introduction

Isomerization reactions are associated with a change in either the connectivity (the
constitution) of the molecule or the steric arrangement of atoms or groups in the
molecule. However, no change of the empirical formula is involved. Thus in isomer-
ization reactions leading to allenes, the 1,2-diene substructure that is characteristic
of this class of compounds has to be formed by one of the following reactions
(Scheme 1.1):

(2)

(b)

(d)

Migration of a non-cumulated n-bond into cumulation with a second 7-bond.
The non-cumulated nt-bonds can either be an alkyne (Reaction A) or a conjugat-
ed or isolated diene (Reaction B). If in Reaction A the group X=H this is a pro-
totropic rearrangement; another possibility would be a sigmatropic rearrange-
ment in which X typically is a two- or three-atomic unsaturated moiety. These
two cases are the most important isomerization reactions leading to allenes.
Another priciple that would also fall into this category would be the rearrange-
ment of one allene to another.

Transformation of a ring (a double bond equivalent) to a n-bond by a kind of
intramolecular elimination process (Reaction C) or an electrocyclic ring opening
(Reaction D).

Another option would be the addition of an intramolecular nucleophile to a con-
jugated, alkyne-containing system such as a 1,3-enyne (Reaction E) or a higher
cumulene (Reaction F).

A substitution would only fall into the category of isomerization if it is entirely
intramolecular; both the attacking and the leaving group would need to remain
part of the molecule. This would mean that the formation of the new bond
needs to be a ring closure and the bond cleavage would be a ring opening (Reac-
tion G).
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Scheme 1.1 Different conceivable Reactions A-G forming allenes by isomerization reactions.

This chapter will cover only reactions in which the isomerization to the allene
starts from a stable molecule and not from a reactive intermediate generated in situ
by reactions which are not isomerizations, such as the Doering—Moore—Skattebol
reaction or free carbenes. Metallotropic rearrangements also will not be covered;
many of these reactions can be found in Chapter 9. Furthermore, the allene should
be the final product of the reaction and not only a transient species leading to other
products (see, for example, Chapters 6 and 20).

The last review in this field was published in 1980[1]; this chapter will focus on
the new developments and applications in the past two decades, but also cite impor-
tant key papers from previous work.

The isomers of the simplest allene, 1,2-propadiene 1, are propyne 2 and cyclopro-
pene 3 (Scheme 1.2). Their isomerization engergies have been measured and calcu-
lated [2—4]. Compound 2 is clearly the most stable isomer, 1 lies 2.1k]J higher and 3
about 22.3k]. Hence in principle, if reversible, thermodynamics of an equilibrium
should favor the alkyne. However, several factors can influence this in two ways, i.e.
a change of the relative thermodynamic stability, for example by substituents, or a
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reaction under kinetic control, for example stoichiometric deprotonation followed by
kinetic protonation. For a long time different thermodynamic stability was only de-
duced from the ratio of the products isolated, and apart from obvious cases, where
for example the relief of strain led to a clear preference in the equilibrium, a clear
explanation was not possible. It was only recently that by thorough calculations the
influence of the substituents on the allene was investigated [5]; for example in the
synthetically important allenyl ethers and allenylamines which are thermodynami-
cally more stable than their propargylic counterparts! The substituents are most
important for the synthetic chemist because they define both the starting material
and the class of allenes and thus the reactivity of the latter (see, for example, Chap-
ters 7and 8). Therefore, this chapter is not only ordered by the reaction types but
these are also subdivided by the substituents on the allenic product.

Erel
[kcal/mol] A 223
20 — 3
10 —
== 21
0 — 1 =— =9
2

Scheme 1.2 Isomers of the smallest allene C3H, and their relative energies.

Most of the reactions are either catalytic in a reagent that initiates the isomeriza-
tion, for example a base, or initiated by heating or irradiation, for example in sigma-
tropic rearrangements and electrocyclic ring openings. Only a small number of the
reactions need a stoichiometric amount of a reagent; a typical example would be
stoichiometric deprotonation with an organolithium reagent and a subsequent pro-
tonation.

As we shall see, in most of the examples smaller building blocks are synthesized
by such isomerizations. The high reactivity of the allene is then utilized in further
synthetic steps. However, there are also numerous reactions where complex mole-
cules in later stages of a synthesis are synthesized by isomerizations.
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1.2
Prototropic Rearrangements and Related Reactions of Alkynes

This is, as the numerous references will show, probably the most important method
for the synthesis of allenes by isomerizations (Reaction A in Scheme 1.1). Examples
following a different mechanism but overall delivering analogous products will also
be covered in this section.

1.2.1
Hydrogen Atoms or Alkyl Groups as Substituents

In these reactions, usually an equilibrium mixture, favoring the internal alkyne, is
observed. Thus it is difficult to obtain preparatively useful yields of allenes.

For the thermal isomerization of 2 to 1 [6] on the basis of kinetic data, it was sug-
gested that at least 50% of 1 is formed via cyclopropene 3 as an intermediate [7]
rather than a direct 1,3-H-shift as proposed before [8, 9]. Later theoretical calcula-
tions provided further support for that suggestion [10]. A number of other publica-
tions, some of them with basic catalysts such as sodium hydroxide, deal with this
reaction [11-17]. Furthermore, 2 can be isomerized to 1 by a stoichiometric reacion
with [RuHCI(CO)(PPh;);] and subsequent treatment with NaS,CNMe, [18]. The
1,1-bisdeuterated 2 has also been investigated [19].

The next homologues are 1- and 2-butyne, where similar isomerizations have
been observed [20]; a recent report describes the reaction on a basic, alkali metal-
exchanged zeolite [21]. As an unexpected product, an allene was obtained in reac-
tions with hydrogen and a samarium catalyst [16, 22].

With pentynes 4 or 5, a similar reaction was possible with potassium hydroxide at
175 °C; here, depending on the reaction time and the temperature, between 2 and 13%
of 1,2-pentadiene 6 could be obtained along with the pentynes (Scheme 1.3) [23].

KOH

=/

4 EtOH ./
or - + 4 + 5
é
5

A 6 1-83% 8-97%

Scheme 1.3 2-13%

Of further significance is the fact that no 1,3-pentadiene is formed! This behavior
is similar to that of the butynes, where also no 1,3-butadiene was observed. Further-
more, this is in complete accordance with the proposed mechanism of the potas-
sium 3-aminopropylamide-mediated isomerization of internal alkynes to terminal
alkynes by repetitive alkyne—allene—alkyne isomerizations [24].

One of the papers initiating this field deals with a pentyne isomer, as early as
1888 Faworski [25] reported the isomerization of 3-methylbutyne 7 to 8 (Scheme 1.4)
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[26]. Similar reactions were conducted with ethynylcyclohexane [27, 28] and a ter-
pene-derived alkyne [29].

alcoholic
i potash :
150°C
Scheme 1.4 7 8

The thermal isomerization of higher terminal alkynes also delivered some allene,
from 1-hexyne and 1-heptyne, for example, some 1,2-diene was formed [30]. With an
a,B-unsaturated unit in the alkyne 9, a photochemical isomerization to 10 was suc-
cessful but delivered only a low yield and 11 as a significant side-product [31]. These
reactions tolerate different functional groups; alcohols, ethers or, as in 12, tertiary
amines and nitriles have been used (Scheme 1.5) [32, 33].

W %M

pentane (22%)

27% as
cis/trans-mixture

oM N\
e N powdered KOH
OH K2CO3
| N éi\[ toluene N
N~ reflux
12

13 (68%)

Scheme 1.5

Under basic conditions, obviously only one isomerization step takes place and
thus a terminal alkyne will deliver 1,2-dienes selectively. With internal alkynes, on
the other hand, selectivity can only be achieved when the alkyne is either symmetri-
cal as in 14 [34] (Scheme 1.6) or has a tertiary center on one side as in 16 [35, 36]
(Scheme 1.7). So, unlike potassium 3-aminopropylamide in 1,3-diaminopropane,
where the mt-bonds can migrate over a long distance by a sequence of deprotonations
and reprotonations, here the stoichiometric deprotonation delivers one specific
anion which is then reprotonated (in 16 after transmetalation).

1. nBuLi

_ N\
15

2. H,0 N\

Scheme 1.6 14

7



8

1 Synthesis of Allenes by Isomerization Reactions

1. BuLi I
2. MegSiCl :
X Z °

w
3. F3CCOLH

Scheme 1.7 16 17 (> 27%)

On the other hand, unsymmetrical internal alkynes usually lead to two different
constitutional isomers. In compounds of type 18, selectivity in favor of 20 rather
than 19 is observed (1:20) owing to the hydroxyl groups which might direct the
deprotonation by directing the base to the closer propargylic methylene protons
(Scheme 1.8) [37]. This chelate-like behavior, of course, becomes less significant as
the tether increases; for 21 and 22 the yield is better but the selectivity is reduced to
only 1:5.

R1
R "
18
1. nBuLi/TMEDA
2. Ht
R'= nC4H9
R2 = CH,OH nC4Hg nC4Hg_\_
—e— + — =
—\_\ o
OH
19 ratio 1 : 20 20
¥ 39%
R'= I703H7
R? = (CH,)30H nC3H nCsH
(CH2)3 o . T\
21 OH 22
ratio1:5

Scheme 1.8 Z51%
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1.2.2
Alkenyl or Aryl Groups as Substituents

The preparatively useful examples in this section can be divided into three cate-
gories.

(a) The migrating t-bond moves into conjugation with the neighboring alkene or
arene. Most of these reactions follow this scheme. Here the starting material is an
alkyne separated by one sp® center from the alkene or arene; the prototypes of these
reactions leading to 24 [38, 39] and to 26 [40] have been described (Scheme 1.9).

_ NaOH I
23 24 (80%)
— 9 ——e—
— Lo
Scheme 1.9 25 26 (67%)

The above references, along with a number of others [41, 42], describe some more
examples of substituted substrates. Even with a 1,1-diphenyl substrate 27, a stoichio-
metric metalation followed by protonolyis (or deuterolyis) is necessary to obtain a
good yield [43] (Scheme 1.10).

W, Y w

=—1Bu =<
O 1. nBuli H or D (95% D)
2. MeCO,H
27 or MeCO2D 28 (68%)

Scheme 1.10

It is notable that with substrates such as 29 still only 30 but no 1,3-diene 31,
which would bring the two aromatic rings into conjugation, is formed [44, 45]
(Scheme 1.11).

9
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W W,
KOH O = Q )\
31 ()

29 30 (21%)

Scheme 1.11

Such a behavior cannot always be guaranteed; the heterocycle 32 with a terminal
alkyne and an allene isomerizes both fuctional groups, the benzylic alkyne to an
allene and the benzylic allene to a 1,3-diene, both now in conjugation with the het-
eroarene [46] (Scheme 1.12).

i Al>O3 ;
N N \ A=
(@) . ‘O

Scheme 1.12 32 33 (94%)

In some examples, two alkynes isomerized, leading to cross-conjugated systems
such as 35 [47, 48] (Scheme 1.13).

= e <

Scheme 1.13 34 35 (88%)

The isomerizations have also proven to be very useful in the synthesis of a series
of 1,3-diarylallenes [49-55], even tolerating other functional groups such as aryl chlo-
rides, aryl bromides [56-58] and vinyl bromides [59]. Mixed systems with an alkene
on one side and an arene on the other could also be prepared [41, 60], as well as
products with two olefinic substituents [61] or bisallenes [62-64].

Other functional groups tolerated in these isomerizations are ethers [65], alcohols
[38, 66-69], propargylic trifluoromethyl groups [70], conjugated enones such as 36
[71] and esters [72] (Scheme 1.14).

— Na,CO3 o—

Scheme 1.14 36 37 (100%)
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Still, occasionally the other fuctional groups react as well, for example in 38 under
basic conditions the propargylic alcohol isomerizes to the a,f-unsaturated ketone
[73] (Scheme 1.15), whereas in a closely related substrate from the synthesis of a
subunit of compactin an allylic alcohol remains unchanged [74].

OTHP o} OTHP
4
KO1Bu
\
N
Scheme 1.15 39 (50%)

Substrate 38 also nicely displays the selectivity accompanying the neighboring
alkenes or arenes: whereas with two alkyl chains on an alkyne two products would
be formed, here a selective isomerization to the conjugated allene is observed.

(b) The migrating n-bond is already in conjugation to an alkene and both are
shifted by one carbon atom during the isomerization. This ‘vinylogous’ case is best
explained by the reaction of 40 to 41, where — albeit in low yield due to elimination
processes — even an allylic bromide delivers a vinyl bromide [75] (Scheme 1.16).

>_//{ NaOH >:ﬁ':

Br 40 Bl 41 (8%)

Scheme 1.16 (+ other products)

Similarly, the isomerization can be performed with an allylic ether [65, 76] and
ketones such as 42 (with preservation of the double bond geometry!) [77] have also
been reported to undergo these isomerizations (Scheme 1.17).

=
O — \ ( Z) KZCOS O o — - OAc
2 ONC 43

Scheme 1.17 (E) gives only (E)

Related steps, leading to unusual cross-conjugated systems, were discussed for
the isomerization (E)-enediynes [78].

(c) The migrating n-bond is in conjugation with the neighboring alkene or arene
and moves away. As one can imagine, this is much more difficult to achieve and
therefore only a handfull of examples are found in the literature, usually providing
the allene only as a side-product even in reactions with a stoichiometric amount of
reagent. In the hydrocarbon series [79], 44 was reported to undergo this mode of
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isomerization, along with a reduction, when treated with sodium or potassium [80]

(Scheme 1.18).
@%/ 1.Na/THF Q
_.:'/

2. MeOH
44 45 (up to 20%)

Scheme 1.18

Substrates with carbamate-protected [81, 82] and even free hydroxyl groups [69]
reacted similarly in a deprotonation-reprotonation sequence, the latter even with
retention of the Z-configuration of an alkene such as 46 (Scheme 1.19). The analo-
gous (E)-alkene also delivers only E-product.

OH

S (Z)_ O 1 BuLiTMEDA ¥ _.:/_/
- =/
2. H*
46 47

Scheme 1.19

An unusual approach is the isomerization of a methyl-substituted 1,2,3-buta-
triene to a vinylallene by stoichiometric deprotonation with nBuLi-TMEDA and
reprotonation [83]. With an ether substituent on the butatriene a similar reaction is
possible with KOtBu in DMSO [84], while a phenyl-substituted butatriene reacted
spontaneously in CHCI; [85].

1.2.3
Alkinyl Groups as Substituents

This is a rare case; all the substrates have a skipped diyne structure, automatically
raising the question of which triple bond will isomerize. In the case of the phenyl-
substituted 48 it is the terminal alkyne, delivering the larger conjugated system in
49 [86] (Scheme 1.20).

\ KNH, \

Scheme 1.20 48 49

Other examples reported with a terminal and an internal alkyne as in 50, which
do not like 49 have an additional possibility for conjugation, show that then the ter-
minal alkyne isomerizes [62, 87, 88] (Scheme 1.21).
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\\ NaOEt \

Scheme 1.21 50 51 (74%)

Comparable selectivities have been published for the intramolecular competition
of an ester- and an alkyl-substituted alkyne [89] or a silyl- and an alkyl-substituted
alkyne [90].

When the diyne is already conjugated as in 1,3-pentadiene 52, with 4 equivalents
of nBuLi-TMEDA, an isomerization can also be achieved [91] (Scheme 1.22). The
selectivity of this process is low; starting material and 1,4-pentadiyne are also found.

nBULiTMEDA /

Scheme 1.22 52 53 (20%)

1.2.4
Carbonyl Groups as Substituents

This is a group of substrates which, along with sulfoxides, sulfones, phosphonates
and related acceptors (see Sections 1.2.8 and 1.2.10), gives the most predictable
results. Mild bases can be applied and this has found numerous applications in
organic synthesis.

Most of the substrates for these isomerizations have a tetrahedral carbon with at
least one hydrogen substituent between the carbonyl group and the alkyne. Due to
the comparable high acidity of this C-H bond neighboring the carbonyl group,
already a weak base such as a carbonate, a tertiary amine or aluminum oxide can
deprotonate this position and a subsequent protonation at the other end of the pro-
pargyl/allenyl anion delivers the allene.

Ketones and aldehydes possess the highest a-acidity, many examples being
known. In fact, it is usually very difficult to keep a terminal propargyl ketone from
isomerizing to the allenyl ketone. Thus the oxidation of a homopropargylic alcohol
54, a typical precursor, in most of these cases directly delivers the allenyl ketones 56
rather than the propargyl ketones 55 in high yields [92-109] (Scheme 1.23).

OH O 0O

R : oxidation R /< workup R*&

54 55 56

Scheme 1.23
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In these isomerizations, a base is not necessarily needed; for example, NMR
investigation proved that oxidation under slightly acidic conditions initially indeed
delivers 55, which is stable for more than 1week. During subsequent silica gel chro-
matography, which separates the acid from 55, even with hexane—ethyl acetate on
silica gel complete isomerization to 56 takes place [110]. Subsequently, more such
isomerizations on silica gel were reported [111]. Studies with partially deuterated
substrates prove that only the C-H bonds next to the ketone are broken during the
reaction, the other propargylic C-H bonds remaining intact [112]. If the group R in
56 is strongly electron-withdrawing, even on silica gel a further isomerization to the
alkynyl ketone 57 can be observed as a side reaction [110] (Scheme 1.24).

56 —————~ >\‘%

R

Scheme 1.24 57

Only a distillative work-up from an acidic oxidation reaction, for example, delivers
55, which then has to be isomerized by base to obtain 56 [113]. Similar precautions
for the synthesis of 55 have been reported recently for a chromium-catalyzed oxida-
tion [114]; here again the key is to avoid a base and even a chromatographic work-
up, as already demonstrated for chromium-free Dess—Martin oxidations [110].

The whole situation changes slightly when the substrate contains a disubstituted
alkyne 58 (Scheme 1.25). Then often no or only an incomplete or very slow isomeri-
zation is observed without a base. For example, a methyl substitution of the alkyne
slows the reaction about 300-fold compared with the terminal alkyne [115]. However,
with the base again high yields of the isomerization product 59 are obtained [116—
121]. A substituent o to the carbonyl group seems to have a similar effect [122].

O O

R /< base R14/<>
=—R?

Scheme 1.25 58 59

Among the most impressive applications are the reactions of the silyl- and acyl-
protected diol 60 [123] (Scheme 1.26) and the 12-membered macrocyclic E-config-
ured allylic ether 62 [124] (Scheme 1.27).

O O

Ph 0Si(#Bu)Ph, EtsN Ph /—/<;
)0 = )0 ==
g o OSi(fBu)Ph,

60 61 (>88%)

Scheme 1.26
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Z 2
EtsN o
=
62 O._ OMe 63 O._ OMe
Scheme 1.27 (100%)

The last question still open addresses the alkynyl ketones. The reaction of 64
shows an example with a potential intramolecular competition and here it is possi-
ble to isomerize the propargyl substitutent on the ketone quantitatively without
changing the 1-hexynyl substituent on the other side [125] (Scheme 1.28). From the
publication it is not clear whether the isomerization is really a thermal reaction or
occurs during the workup of the thermolysis reaction, for example by chromatogra-
phy (compare the discussion above [110]).

O O

64 65 (100%)
Scheme 1.28

When alkynyl ketones are synthesized, occasionally an in situ isomerization to
the allene was reported, for example in the propargylic ether 66 [126] (Scheme 1.29).

PhO
PhO 0 N
””” s = X 4>:o
Ph PH
66
Scheme 1.29 67

The latter mode of reaction has even been reported to proceed in presence of sil-
ver(I) ions [127], which is not easy to understand in the context of Marshall’s silver-
catalyzed cycloisomerization of allenyl ketones (see Chapter 15).

An interesting sequence, again overall an isomerization, is the stoichiometric for-
mation of the manganese complexes 68, which, on basic alumina, isomerize to the
allenyl complexes 69; from the latter the allenes 70 can be liberated with cerium(IV)
ammonium nitrate (CAN) in good yields [128] (Scheme 1.30).

15
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R! o]
R2>—/<: - R'R2 R = alkyl,H

(0] (0]
R o Al,Og R ‘>—R3 CAN R )—F@
— \ >:._| >:-
R2

R R ! R2
MeCpIV:In(CO)g MeCpMn(CO),

68 69 70 (up to 92%)
Scheme 1.30

A unique photochemical rearrangement in which an o-alkynylphenol is isomer-
ized to an allenyl ketone has also been reported [129].

The second large class of allenes with carbonyl groups as substituents is deriva-
tives of carboxylic acids. Overall, the same principles as with the aldehydes and
ketones apply, but not as many examples are known, which might originate in part
from the lower acidity of the a-hydrogen atoms of the carbonyl group compared
with aldehydes and ketones.

Still, with ester groups, triethylamine is sufficient to catalyze the isomerization,
as shown with the trityl-protected example 71 [130] (Scheme 1.31).

Ph3CO

Ph3CO
— EtsN N

OEt

Scheme 1.31 71 72 (100%)

Numerous related reactions have been published, some of them using aqueous
potassium carbonate [131-135]. Again 1,3-dienes are not formed; 73 provides — apart
from starting material — only 74 and no 75 [136] (Scheme 1.32).

MeO2C MeOZC MGOQC

COsMe COoMe COoMe
Bu——= NaNHg /:.
OMe Bu OMe no Bu / OMe
(0] (0]

O
73 74 (23%) 75 (-)
Scheme 1.32

Silyl esters have also been transformed successfully [137]; another example
reports the O-acylation of serine with a S-alkynyl carboxylic acid anhydride accompa-
nied by an in situ isomerization of the alkyne to the allene [138].

A number of references cover similar syntheses of allenes with carboxylic acids
[131, 139-142] and amides [143] instead of carboxylic esters as electron-withdrawing
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groups. A further significant example is the ">C-labeled thioester 77 synthesized by
isomerization for an investigation of the inactivation of S-hydroxydecanoyl thioester
dehydrase [144] (Scheme 1.33). Even enyzme-catalzed isomerizations have been
reported; with a hog liver isomerase, $-alkynyl thicesters deliver the corresponding
allenes [144, 145].

Hex—— 130}/_ Pr NaOEt Hex\:.:wC Pr
S /
0 o>/_ S
76 77 (92%)

Scheme 1.33

Again, the isomerization of an a-alkynyl ester to an allene requires stronger
bases, in most known cases sodium amide in liquid ammonia or other strong bases
[128, 147-149]. One further example is the step 78 — 79 from one of the efforts to
synthesize myltaylenol [150] (Scheme 1.34).

79 (64%)

Scheme 1.34

1.2.5
Halogens as Substituents

The isomerization of the smallest alkynes 80 with halogens in a propargylic position
has been described for chlorine [151, 152], bromine [153] and iodine [154] (Scheme
1.35), but often might proceed by an Sy2’-type substitution rather than a prototropic
rearrangement [155-159]. On the other hand, transformations such as 82 — 83 [160]
or 84 — 85 [161] are clearly prototropic (Scheme 1.36). This is also true for pro-
pargylic halides such as 86 with its additional ester group assisting the prototropic
isomerization [162, 163] (Scheme 1.37).

1. LDA
X X
= o—
2. NH,Cl
80 81
X = CI,Br,l

Scheme 1.35
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Br Br _/tBu
— By NaOH =
V. V4
Bu Bu
82 83 (65%)
EtO
CI: o 0: Et  KOH cl jOEt
cl OFt C|>: o
Scheme 1.36 84 85 (67%)
Br. OMe Br. OMe
_ Al,O; —
0 o)
Bu 0 Bi O
86 87 (92%)

Scheme 1.37

An entirely different situation is found in alkynyl halides. Here only examples in
which the rearrangement is supported by carbonyl groups [106, 164] or electron-
withdrawing pentafluorophenyl groups [165] are known. As one example, the selec-
tive reaction of the alkynyl bromide next to the carbonyl group, in the presence of a
second alkynyl bromide with a propargylic C-O sigma bond, is shown (88 — 89)
[164] (Scheme 1.38).

Br Br

// // Br

——Br K2CO3 —e—/
0~ o~

e} O

Scheme 1.38 88 89

A unique reaction is the photochemical rearrangement of 90 to the 1,1-difluoro-
butatriene 91 in an argon matrix at 7 K [166] (Scheme 1.39).

. {:*: h-v |:>:.:.=

193 nm E
7K

Scheme 1.39 90 91
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1.2.6
Oxygen as the Substituent

These allenes are very important for organic synthesis and their use is discussed in
Chapter 8. For their synthesis usually a strong base is needed, typically KOtBu.
There are many examples; most of them cover the isomerization of a propargylic
ether to the corresponding allenyl ether.

The significance of this reaction is reflected by the isomerization of the smallest
representative, propargyl methyl ether, with a number of references from 1968 up to
2000 [167-175].

Further, a large number of examples with simple alkyl substituents [168, 171,
176-184], cyclic alkanes [185], aryl substituents [177, 186-192], olefinic substituents
(78,177, 193-196], deuterated compounds [172], thioether groups [171], ester groups
[197], orthoesters [198, 199], acetals [168, 182, 200-204], silyl-protected alcohols [198,
205-211], aldehydes [212], different heterocycles [213-217], alkyl halides [218, 219]
and aryl halides [192, 220-223] have been reported. A representative example is the
reaction of 92, possessing a free hydroxyl group, an acetal and a propargylic ether, to
93 [224] (Scheme 1.40).

OH
KOBu MEOﬁ\\\ OH
MeO
92 93 (49% after four more steps)

Scheme 1.40

The intramolecular competition of two propargylic alkoxy groups, one on each
side of the alkyne, is interesting. In a series of substrates related to 94 [180], always
the 1,2-disubstituted allene 95 (Scheme 1.41) and not a 1,1,3-trisubstituted allene is
formed (see also [225, 226]). The opposite regioselectivity was described in one pub-
lication (deprotonation with tBulLi, then protonation), but the allenes described there
proved to be labile and quickly converted to other products [227].

EtO KOBu EtO
\%( \: 01
EtO

OEt

Scheme 1.41 94 95 (71%)

Related competitions between a propargylic ether on one side and a propargylic
acetal on the other always delivered the product of an isomerization in the direction
of the ether. Compound 96 with stoichiometric amounts of potassium hexamethyl-
disilazide serves as a recent example [228] (Scheme 1.42); other references describe
the same reactivity [229-231].
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MeO OFt 1. K [N(SiMeg)s ] MeQ_
— ot
OEt o H* EtO
96 97 (88%)
Scheme 1.42

The competition between a propargylic ether and a teriary propargylic amine pro-
vided an allenyl ether rather than an allenylamine [182]. The reaction was also suc-
cessful with propargyl allyl ethers [232]. An additional ester group in the propargylic
position is tolerated [233], and consequently the reaction also works with esters of
propargylic alcohols [234-236]. In the past 4years, several derivatives of carbohy-
drates were converted successfully [217, 237-241]; two examples are the isomeriza-
tions of enantiomerically pure 98 [242] and 100 [217, 243] (Scheme 1.43).

o) KOBu (0]
— \:.:
PhsCO PhsCO
98 99 (85%)
O O O><O
o (0] KO1Bu o O
\\\ O = o O \:.:
¢} o
100 101 (84%)

Scheme 1.43

Due to the basic conditions, the reaction can be accompanied by an elimination,
and then it is only locally (at the propargylic ether) an isomerization; see 102 [195]
(Scheme 1.44) as one of several examples [218, 244, 245].

Br

6'”0 KOBu @IIIO
N \—

Scheme 1.44 102 103 (87%)
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The combination of a silyl-migration from carbon to oxygen and a prototropic
isomerization leads to allenyl silyl ethers [246].

A last and unusual substrate in this section is a propargyl ester of a phosphorus
acid diamide 104 [247] (Scheme 1.45).

’T“V'eg ’T“V'eg
Me,;N—P-0 NaH e ,N—P-0
o o
Scheme 1.45 104 105 (70%)

1.2.7
Nitrogen as the Substituent

The basic principles of the previous section (oxygen substituent) can be transferred
to nitrogen as the substituent. Here most of the examples use either potassium tert-
butylate or a stoichiometric deprotonation with n-butyllithium followed by protona-
tion with methanol.

A number of alkyl-substituted propargylic amines have been isomerized in that way
[186, 191, 248-251], occasionally also providing alkynylamines as side-products. Com-
pound 106 shows a recent example of a selective isomerization [252] (Scheme 1.46).

0 om0

Scheme 1.46 106 107 (39%)

Arylamines with a propargyl group react under the same conditions [191, 253-
256]; in the case of the vinylogous amide 108, potassium hydroxide and a phase-
transfer catalyst are sufficient [257] (Scheme 1.47).

)

N KOH
/ BusNBr /

Scheme 1.47 108 109 (65%)

In heteroaromatic compounds such as 110 [258] (Scheme 1.48), the nitrogen
atom can be part of the aromatic ring [252, 259-262]. The most significant examples
are found in the area of nucleobases and related heterocyclic compounds [263-271];
in 112, for example, an alcohol group is competing with the propargylic nucleobase,
and this alcohol group is probably responsible for the low yield as an isomerization
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N N
@ °N NaOH @ N
N N

AN g—

Scheme 1.48 110 111 (60%)

O O

N N
HN N HN N
):XIJ OH KOBu )i&IJ

Meo,N N7 N

_ -
\on

112 113 (40%)

Scheme 1.49

in this direction will ultimately lead to an enone and products derived from it under
the nucleophilic conditions [272, 273] (Scheme 1.49).

Amides and carbaminates are a further class of substrates [255, 274-278]. Com-
pound 114 shows a substrate with an unprotected hydroxyl group and an aryl iodide
[279] (Scheme 1.50), 116 an aryl iodide and the competition of an amide with an
amine, yielding a 2.5:1 mixture of amide isomers favoring the (Z)-amide configura-
tion depicted in 117 [280] (Scheme 1.51).

OH OH
| |
KO1Bu
N N
o == 0 ==

Scheme 1.50 114 115

| |
< ) NaOH
NMe N NMe
o =7

O ——
_\_N

116 117 (90%)

Scheme 1.51

Propargylated tosylamides also isomerize efficiently [221, 281]. On the other
hand, rare examples are propargylated hydrazines [251], N-propargylated imines
[282], isonitriles (must be N-propargylated) [283], ammonium salts [284] and azides
[285].
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Finally, an ‘inverse’ reaction, the isomerization of an alkynylbenzotriazole 118 to
the corresponding allenyl compound 119, has also been described [286] (Scheme
1.52).

Bu
n=N Bu o—
N— NaOH /
N
118 119 (94%)

Scheme 1.52

1.2.8

Sulfur as the Substituent

As far as propargyl thioethers are concerned, the substrates in this section follow all
the principles discussed for propargyl ethers and propargylamines in the two pre-
ceding sections. For alkyl propargyl thioethers typical bases used are sodium amide
in liquid ammonia, alcoholate or alkali metal hydroxide [178, 186-189, 191, 287—
291], and again some derivatives of carbohydrates have been used successfully [292,
293]. If an ester group is also present in the molecule, the reaction can be accompa-
nied by a hydrolysis to the carboxylate [294].

Among the aryl propargyl thioethers [187, 188, 191, 295-300], the fluorinated 120
is worth mentioning [301, 302] (Scheme 1.53). A few heteroaryl propargyl thioethers
have also been investigated [213, 303-305].

PhS

= NaOEt Ph“:>:.:

F
Scheme 1.53 120 121 (70%)

As known from the ‘Umpolung’ reactions, dithioacetals can be deprotonated effi-
ciently; among others [230, 306], a recent application is 122 [307] (Scheme 1.54).
Even basic aluminum oxide can catalyze these isomerizations. One older example
reports the isomerization of an S-propargyl phosphanesulfide to the allene [308].

PhS PhS Bu
>%Bu NaOMe >:,:/
PhS PhS
Scheme 1.54 122 123 (95%)

The ‘inverse’ isomerization mode, providing allenyl thioethers from alkynyl
thioethers, is also known [309, 310]; for example, 124 is first deprotonated with
n-butyllithium and then protonated with ammonium chloride [311] (Scheme 1.55).
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/[~ 1. nBulLi _/:
PhS——=— Phs/:._
124 2. NH4CI 125 (95%)

Scheme 1.55

With selenium only a handfull of reactions has been published, involving both
propargyl selenoethers [187, 188] and alkynyl selenoethers [312].

The reactions of the corresponding propargyl sulfoxides and sulfones now resem-
ble the chemistry of the other acceptor-substituted derivatives such as ketones and
aldehydes (see Section 1.2.4). Compared with the thioethers, here much milder
bases are sufficient; apart from aluminum oxide, often triethylamine or potassium
carbonate are used. Sometimes even a spontaneous isomerization takes place. The
selective isomerization of one triple bond in the presence of a second triple bond in
126 [313] (Scheme 1.56) or an allyl sulfone in 129 [314] (Scheme 1.57) are just two
examples out of a whole series [178, 304, 313, 315-331]. When, on the other hand,
the in situ oxidation of 126 was carried out in an aprotic solvent, no isomerization at
all was observed.

S Sei
// = oxone/MeOH // =
126 127

oxone/CH,Cl»

SO,

Vi =
128 (> 95%)

Scheme 1.56

SO BusNF SO
:/_ 2 — U4 :/_ \;.:

129 130 (65%)

Scheme 1.57
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1.2.9
Silyl and Stannyl Substituents

The synthesis of such compounds by prototopic rearrangement is rare; most exam-
ples use a stoichiometric deprotonation followed by reprotonation. All reactions use
alkynylsilanes as substrates; there the a-effect might still influence the vinylog posi-
tion, and strong bases such as nBuLi or LDA are needed [332-335]. Often the allene
is only a side product from a reaction where an alkynyl silane is deprotonated and
subjected to other electrophiles [336]. Wherease in earlier examples of a metalation
with nBuli, a subsequent transmetalation to zinc and a final protonolyis only traces
of allene could be observed [337], the reaction of a related substrate 131 with nBulLi,
a transmetalation to titanium and a final protonolysis delivered the allenylsilane 132
[338, 339] (Scheme 1.58). The use of sparteine as a ligand in the synthesis of 132 led
to an ee of 88% in favor of (aR)-132.

1. nBuLi/(-)-spartein (Pr)oN

(Pr)oN
0 o H
O \—=—siMe; 2. CITI(OPr)s 0 ==
H SiMeg
131 3. MeCOzH
(aR)-132
Scheme 1.58 (86%, ee 88%)

Deuteration studies with a silylbutatriene with KOtBu in tBuOD provided evi-
dence for a selective a-deprotonation [340].

For stannanes, there exists one example of a rearrangement (133 — 134) which at
first sight resembles a prototropic rearrangement, but is in fact a radical chain reac-
tion [341] (Scheme 1.59).

AIBN

Ph38n

SnPh3

133 134

Scheme 1.59 SnPhs

Most of the allenes with silyl or stannyl substituents are prepared by the routes
discussed in Chapter 9.
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1.2.10
Phosphorus as the Substituent

The field of allenes bearing phosphorus is dominated by sigmatropic rearrange-
ments (see Section 1.3.1). Nevertheless, some examples of prototropic rearrange-
ments are known.

For propargyl phosphorus compounds, examples with cyclotriphosphazenes 135
[342] (Scheme 1.60), phosphinates 137 [343] (Scheme 1.61) and phosphonates 139

[344] (Scheme 1.62) have been published.

cl cl
Cl~p-N Me Cl~p-N Me
7, N A|203 . w s
N R N
c-P™N —== cl-F7N ==
cl cl
Scheme 1.60 135 136
cl NEL cl
Bu O-R 8 Bu O-R
: \:._
Bu tBu
Bu 137 Bu 138 (950/0)
Scheme 1.61
Et0. ° TBAF  EtO. 2
EtO” > — -
—  1CHy; EtO —
F F nC5H11
Scheme 1.62 139 140 (40%)

The alkynyl thiophosphonate 141 allowed an isomerization with sodium ethoxide
[345] (Scheme 1.63).

S, NaOEt EtO s
Et()’Fu> — EtO’P<_
OEt —e=
Scheme 1.63 141 142 (35%)

If one considers a TMS group to be equivalent to a proton, a recent paper
describes the formation of a phosphanyl-substituted allene by a keto—enol tautomer-
ization-like silyl migration [346].
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1.2.11
Allenes from Prototropic Isomerizations of Alkynes as Reactive Intermediates

As mentioned in the Introduction, this chapter focuses on reactions that deliver
allenes as the product. The principles discussed in Sections 1.2.1-1.2.9, of course,
also allow the synthesis of allenes as reactive intermediates, which due to other func-
tional groups that are present, undergo further reactions in situ. The most impor-
tant examples here are base-catalyzed isomerizations to furans [347, 348] ring trans-
fer reactions of propargylic ethers or amines [216, 349-371] and enyneallene cycliza-
tion reactions starting from propargylic sulfones [372-375] and related substrates
[376, 377]. Details are discussed, for example, in Chapters 16 and 20.

1.3
Sigmatropic Rearrangements

After the prototropic isomerizations, these rearrangements are the second most
important synthetic methodology. In the concerted reactions a highly selective cen-
tral to axial chirality transfer is possible, but this has already been exploited before
the timeframe covered by this review and has been summarized [378].

1.3.1
[2,3] Sigmatropic Rearrangements

1.3.1.1  With Sulfur

Two different types of substrates are used here, propargyl sulfenates and propargyl
sulfinates. In both cases often the propargylic esters are prepared and then con-
verted to the allenes in situ.

An example involving propargyl sulfenates is the reaction of 143 leading to the
vinylallene 144 [379] (Scheme 1.64); related conversions have been reported [380]
and often the propargyl sulfenates are prepared in situ and isomerize at low temper-
atures [381-424].

Ph—S8.
O

Ph—S
= L \:.:Q

Scheme 1.64 143 144

The corresponding propargyl sulfinates behave similarly. Compound 145 [425]
(Scheme 1.65), demonstrating the principle with an interesting alkynyl bromide as
the substrate, is just one of numerous examples [322, 380, 403, 423, 426—443].
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||3h
013\O
Br—— 33 Ph=SQ; :
Br>:
Scheme 1.65 145 146 (71%)

1.3.1.2  With Phosphorus

Propargyl phosphites and derivatives thereof, in addition to phosphinates, are feasi-
ble substrates for this conversion. Here also a reaction is already observed at low
temperatures. The chiral 147 delivers a mixture of diastereomers in about a 1:1 ratio
[444] (Scheme 1.66).

o o
EtO-R \P,,O
6] Et0;>: o
MeO Z»o MeO 1[0
< o<
147 148 (85%)

Scheme 1.66

Other examples cover phosphites [380, 403, 425, 445-477] and phosphinates [375,
392, 396, 423, 425, 462, 464, 471, 478-500], which have become very important in,
for example, the field of enyneallenes (Chapter 20).

1.3.1.3  [2,3]-Wittig Rearrangement
A few isomerizations cover the Wittig rearrangement [501, 502]. Usually, anion-sta-
bilizing groups, for example an imidate such as 149, are used [503] (Scheme 1.67).

N

\re! O OH

O N [ ey
Ph——= Ph

Scheme 1.67 149 150 (55%)

Another recent example is the formation of 152 [504] (Scheme 1.68). However,
the allene unit was formed by a base-catalyzed isomerization afier the [2,3]-Wittig
rearrangement of 151. Only one diastereomer was detected; the configuration of the
allenic unit in 152 was not determined.
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7y

‘o 2 LiITMP Mey(1Bu)SiO
OSi(tBu)Me, OH
e [2,3]
151
Me,(1Bu)SiO
OH
Scheme 1.68 152 (67%)

In this context, albeit not real isomerizations, the [2,3]-Wittig rearrangements
induced by a tin-lithium exchange must also be mentioned. Starting from enantio-
merically pure propargylic alcohols, high ee values for the axial chiral allenes could
be observed as shown for 153 (Scheme 1.69) [505, 506].

SnBug OH
nBuLi / H
p — ;:.
C4H9%<H C4Hg
153 154 (71%, 93% ee)
Scheme 1.69
1.3.2

[3,3]-Sigmatropic Rearrangements

This second class of sigmatropic rearrangements can again be subdivided; here we
find several classical named reactions that, again with propargylic substrates, lead to
allenic products.

1.3.2.1 Cope Rearrangement

There exist early examples of this transformation [507, 508], but due to the sym-
metric structure of the alkene part, only isotope labeling, etc., allowed the exclusion
of a prototropic rearrangement. Furthermore, due to the high reaction temperatures
of 340°C and above, several different products are formed. A low-temperature ver-
sion (77 K) of this reaction via the radical cation has been reported [509]. The chiral-
ity transfer has been studied and a detailed mechanistic investigation has been con-
ducted [510]; typical experiments in that context were the reactions of substrates
such as 155 and 157 (Scheme 1.70).
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ey

155 156
Scheme 1.70 (R,E)-157 (R,E)-158

Thermodynamic and kinetic data for Cope rearrangements leading to allenes
have been measured [511]. For preparatively useful yields the equilibrium can be
shifted to the allene, for example by the classical use of allylic alcohols leading to
carbonyl compounds [512].

1.3.2.2 Claisen Rearrangement

The Claisen rearrangement of propargyl vinyl ethers directly delivers the allene; no
equilibrium is observed. This reaction was also successful with complex substrates;
in order to show this, of numerous examples [375, 513-536], the compounds 159
[537] and 161 [538] are depicted (Scheme 1.71).

N, H N, H
PO jﬁ—fs PRO™ N —®
o N~ A o N
Hile Hhs
CO,-PNB
o PNB | co:
[

159 160

161 162 (100%)

Scheme 1.71
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A remarkable example is the combination of three pericyclic reactions for the syn-
thesis of decalin frameworks with quaternary centers by a tandem oxy-Cope—ene—
Claisen reaction shown in 163 [539] (Scheme 1.72).

O - HO

220°C
X
= Microwaves
163 164 (98%, dr> 98%)
oxy-Cope
rearrangement Claisen
rearrangement
O/—: ene

Mj _reaction //Oj\ OH

In many of the reactions the allenes are only intermediates in such tandem
sequences [540-542] or the starting materials generated in situ [543-545].

Thio- [546] and even iodonio-Claisen rearrangements are known [547].

In arylpropargylamines with two ortho- and a para-substituent, by protonation a
charge-induced sequence of a [3,3]-sigmatropic aza-Claisen rearrangement (with
inversion of the propargyl system to the allene) and a subsequent [1,2]-shift (without
inversion of the allene) can be observed [548]. 1-Propargyloxy-A>-phosphorin deriva-
tives undergo comparable isomerizations; the thermodynamic driving force is the
formation of the phosphane oxide [549]. However, the reaction probably does not fol-
low a concerted mechanism, otherwise after the equivalent of a para-Claisen-rear-
rangement not an allene but an alkyne should be generated from the propargyl reac-
tant.

Scheme 1.72

1.3.2.3 Keteneacetals, Esterenolates and Orthoesters
Reactions proceeding via propargyl keteneacetals such as 165 [550] (Scheme 1.73)
also generate allenes by isomerization reactions.

. @)
L OSlMeS OH

T O - o—
— aqueous
workup
Scheme 1.73 165 166 (53%)

Often these intermediates are generated in situ from orthoesters and propargylic
alcohols [551] or propargyl esters such as 167 (Scheme 1.74) [552].
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HO O
4 LiHMDS o COzH
O _3:0_
MeaS'T< MesSi
167

168 (88%)

dr95 : 5 in favor
of the depicted
Scheme 1.74 diastereomer

Other examples are based on the classical one-pot procedure starting from an

orthoester, a catalytic amount of acid and a propargylic alcohol [553-558]. Estereno-
lates react similarly [559, 560].

1.3.2.4 Esters

The [3,3]-sigmatropic rearrangement of propargyl esters [234, 561] is usually an equi-
librium reaction; for example steric repulsion can help to deliver mainly the allene
[562] and faster reaction kinetics are observed with silver(I) and copper(I) catalysts

[562-571] (see cyclopropane 169 in Scheme 1.75) [572], and recently also rhodium(I)
catalysts [573].

Ag(l) 0

MeOQC MeOQC
170
Scheme 1.75

1.3.2.5 Acetimidates

In analogy with the propargyl esters, propargyl acetimidates can be used, and then
the equilibrium clearly lies on the side of the allene [574, 575]. Often the acetimidate

is a substructure of a heterocycle such as 171 (Scheme 1.76) [576] or related com-
pounds [577, 578].

Ph
o/\Kﬁ
)Q Ph OQ/\O Ph
g N 158°C NI
\—: :o:/ Ph
Scheme 1.76 171

172 (90%)

A thioimidate substructure was reported to react analogously with good yields [579].
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1.3.2.6 Other Substrates

Several other propargylic substrates have successfully undergone [3,3]-sigmatropic
rearrangements. Examples are thiocyanates to isothiocyanates [580], the opposite
conversion [581] and the equilibrium between such species as exemplified by 173
(Scheme 1.77) [582], cyanates to isocyanates [582] and the formation of isoselenocya-
nates [583] and azides [584].

SCN
400°C 7 /
N\ N _
R e— pr— _.j
SCN SCN
173 (36%) 174 (30%)
Scheme 1.77

1.4
Rearrangements of Other Systems with at Least Two 7t-Bonds

These reactions would fall into the category Reaction B in Scheme 1.1. Thermody-
namically such an isomerization should be strongly disfavored and indeed the only
example seems to be the conversion of 175 to 176 under photochemical conditions
[129] (Scheme 1.78). There a significant amount of energy is put into the system
and the aromatization also helps.

176 (0]

Scheme 1.78

1.5
Retro-ene Reactions

While there seem to exist only a few examples for Reaction C in Scheme 1.1[585],
which mostly are photochemical [586-595], these retro-ene reactions can be consid-
ered as the purely intramolecular case of a substitution described in Reaction G.
The thermolysis of 177 delivers 178 by such a retro-ene reaction [596] (Scheme 1.79).
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: O 450°C @

Scheme 1.79 177 178

A C-C bond cleavage instead of C-O bond cleavage in the examples above was
reported for the vacuum pyrolysis of 179 [597] (Scheme 1.80).

OH
600°C OOH

[ ]/
‘s

Scheme 1.80 179 180 (71%)

1.6
Electrocyclic Ring Openings

This is Reaction D in Scheme 1.1. The reaction gives preparatively useful yields of
182 from the substituted 181 [598] (Scheme 1.81). On the other hand, a vinylallene
often is only a transient species [599]. Further references cover the inverse reaction,
the ring closure of the unsubstituted vinylallene [600] and the equilibrium of related
substrates [601-605].

340°C {:<

Scheme 1.81 181 182 (55%)

1.7
Intramolecular Conjugate Additions

Some examples of Reaction E in Scheme 1.1are known. A 1,3-enyne, 183, will deli-
ver the allene 184 [606] (Scheme 1.82). A related reaction of 185 was also successful
[607] (Scheme 1.83).



1.8 Complex Reactions and Rearrangements

KOH

Scheme 1.82
1. nBuLi
(-)-spartein

Bn2N
2. MeOH 2/
Ph
\\ 185 186 (80%)
Ph two diastereomers
Scheme 1.83 ar70:30

It seems that there exist no examples of Reaction F in Scheme 1.1.

1.8
Complex Reactions and Rearrangements

A combination of a deprotonation with an intramolecular Michael addition/isomeri-
zation is found in the conversion of 187 to 188 [608] (Scheme 1.84). The analogous
intramolecular addition to a carbonyl group leads to 190 [609] (Scheme 1.85).

OFt
Y H :

o) - _~__OEt
BusNF
o]

\ OJ\

187 188

Scheme 1.84
EtO,C.,

E0,C. |
N 0 nBusNF OH

Tin

Scheme 1.85 189 190 (87%)
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The migration of a silyl group in 191 instead of a proton is possible with HfCl, or
AlBr; as a catalyst [610] (Scheme 1.86).

SiMej
= (OO
SiMes MesSiCl \
191 A\ 192 (49%)

Scheme 1.86

The combination of a TiCl-catalyzed formation of an iminium salt from 193, a
subsequent [3,3]-sigmatropic rearrangement followed by a return of the cyanaide
provided 194 (Scheme 1.87) [611].

Ph— Ph— @ Ph— CN
® NJ

Ph—\
N TiCl, N N= +CN®
NC—/ > Y > N & &
e ——e— e —
// -CN //
193

194 (49%)

Scheme 1.87

Ethynylcycloheptatriene 195 when treated with acid isomerizes to phenylallene
26 [612] (Scheme 1.88).

H+

195 26 (quantitative)
Scheme 1.88
1.9
Conclusion

Isomerization reactions are an excellent method for the synthesis of allenes.
Depending on the method, numerous functional groups are tolerated, hence these
reactions match the demands of modern synthesis. In the other chapters of this
book we will encounter these reactions again, embedded in a wider chemical con-
text. Not the preparation of the allene but its use in organic synthesis and the bene-
fits of its high reactivity will then be the major focus.
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