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Abstract: Allenes represent an extremely important class of organic molecules, which, as a
result of their twisted orthogonal m-systems can possess axial chirality. A wide array of
methods for allene synthesis have been reported, such as substitution of propargylic

target allenes including both polar and radical processes. The main focus is upon how
control over the stereospecificity (e.g. syn- or anti-) of the 1,2-elimination process can
enable the synthesis of enantioenriched axially chiral allenes. Recent developments in this
field are presented including both enantiospecific and catalytic asymmetric methods.
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1. INTRODUCTION

Allenes are a fascinating class of organic molecules which
are versatile intermediates in organic synthesis and also have
numerous applications in materials science, catalysis and
medicinal chemistry.l. The unusual reactivity pattern of
allenes stems from the consecutive arrangement of two
orthogonal z-systems. This arrangement also generates a 90°
twist along the axis of the allene which results in axial
chirality. A wide variety of methods have been developed for
the synthesis of allenes, many of which allow control over
absolute stereochemistry. Perhaps the most commonly
employed approaches for allene synthesis involve addition of
organometallic nucleophiles to propargylic electrophiles
(Scheme 1, route a) or the reaction between a propargylic
nucleophile and an electrophile (route b).[! Isomerization of
propargyl substrates is another tactic which is also frequently
employed (route c).[*!

More recently, other efficient routes based on transition
metal mediated coupling reactions between alkynes and
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Scheme 1. General methods for the synthesis of allenes.
LG = leaving group; M = metal (complex).

carbene equivalents (route d) and sigmatropic
rearrangements (route e)! have also been reported.
Numerous elegant examples have been disclosed from all of
these categories and this work has been reviewed extensively
elsewhere.[ The topic of this mini-review is the synthesis of
allenes by 1,2-elimination (route f). In such processes, a
precursor containing a single alkene along with two vicinal
groups (X and Y) is induced to undergo an elimination
process to form the corresponding allene. If a chiral non-
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racemic precursor is employed (R'#R? and R3£R%) then it is
possible for the point chirality of the starting material to be
stereospecifically transferred to axial chirality in the allene
product. This provides an excellent opportunity for the
asymmetric synthesis of allenes, but syn- and anti-
elimination processes result in formation of opposite
enantiomers of the allene product (e.g. 1 vs ent-1).
Controlling the nature of the elimination process is therefore
critical to obtain highly enantioenriched allene products.

This mini-review highlights examples of 1,2-elimination
processes which generate allenes including both polar and
radical processes and covers the period up to January 2019.
The main focus is upon processes which enable the synthesis
of chiral non-racemic allenes, although key examples
involving racemic allenes are also presented.

2.1. Elimination of hydrogen

Synthesis of allenes by elimination of a proton and a leaving
group is a conceptually straightforward process to obtain
allenes 3 (Scheme 2). However, this process is often
complicated by competing elimination of a vinylic proton to
form the corresponding alkynes 4.

" elimination Hg Ha elimination Ha
B WR3 of Ha PUs of Hg RS
>:'4\R2 -~ — R R2 T " = r?
R? (desired) LG (undesired) g1

3 2 4
Scheme 2. Competing pathways for proton elimination

Nevertheless, several efficient methods for the synthesis of
allenes by such elimination methods have been disclosed.]
For example, Brummond and co-workers have reported an
interesting protocol involving kinetic deprotonation of
ketones followed by phosphorylation.®®! The resulting enol
phosphates 6 were converted to disubstituted allenes 7 by
treatment with LDA (Scheme 3). Impressive selectivity was
observed for the desired allene products over alkynes. The
reaction could be used to construct a range of allene products
including macrocycles such as 7c.
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Scheme 3. Synthesis of allenes by elimination of vinyl
phosphates

Several groups have reported facile allene syntheses
involving halide elimination from electron deficient
alkenes.’! For example, Oh and co-workers have reported
that p-halovinyl ketones 8 can undergo elimination under
mildly basic conditions to afford a mixture of allenes 9 and
alkynes 10 (Scheme 4).% The authors carried out a
combined experimental and theoretical study which
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suggested that these reactions do not proceed via simple 1,2-
elimination.*! Instead, it is proposed that enolization of the
vinyl starting material generates allenol 11, which then
undergoes facile elimination to form cumulenol 12. Finally,
isomerization affords alkynyl enol 13 which can undergo
protonation at either the y- or a-position to produce allene or
alkyne products respectively.
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Scheme 4. Synthesis of allenes from B-halovinyl ketones and
proposed mechanism

Uemura and co-workers have reported an asymmetric
synthesis of allenes by selenoxide elimination.!*!
Asymmetric oxidation of vinyl selenide 15 under modified
Sharpless conditions (with dicyclohexyltartrate as a chiral
ligand) afforded enantioenriched selenoxide 16 (Scheme 5a).
The resulting selenoxide then underwent elimination to
provide sulfonylallene 17 in high yield, but with modest
enantioselectivity (up to 71:29 e.r.). Later it was shown that
a selenide bearing a ferrocene derived chiral auxiliary could
undergo highly diastereoselective oxidation with m-CPBA
(Scheme 5b).[*4 In this case selenoxide oxidation delivered
highly enantioenriched allene products 19 in up to
94.5:5.5 e.r. Honda et al. reported that vinyl selenides 20 can
be oxidized with m-CPBA and then undergo enantiospecific
syn-selenoxide elimination to form diastereoisomerically
pure allenes 22 (Scheme 5¢).[*

(a) Enantioselective oxidation then elimination
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Scheme 5. Asymmetric synthesis of allenes by selenoxide
elimination

Frantz and co-workers have reported a new method for the
enantioselective synthesis of disubstituted allenes by
palladium catalyzed B-hydride elimination (Scheme 6).[*]
Two novel phosphoramidite ligands (25 and 25°) were
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developed to facilitate the conversion of E-vinyl triflates to
the corresponding allenes 24 with very high levels of
enantioselectivity. This initial methodology was limited to
the synthesis of disubstituted allenes, but recent work from
the Frantz group using a Pdx(dba)s/P(OR)s system has shown
that a similar approach can also be used to synthesize
racemic tri- and tetra-substituted allenes.[*"!
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Scheme 6. Asymmetric Pd-catalyzed -hydride elimination

The groups of Baudoin and Frantz have both reported Heck-
type processes for the synthesis of racemic allenes. 6l
Baudoin and co-workers found that aryl bromides could be
reacted with alkynes in the presence of Pdy(dba)s; and an
electron rich phosphine ligand 26 (Scheme 7a).l"
Interestingly, the addition of pivalic acid was essential to
achieve high conversion to the allene products. Frantz and
Neff disclosed a coupling of aryl triflates with alkynes under
biphasic reaction conditions with a Pd-BobCat complex — in
this case the water-soluble dba ligand is extracted into the

aqueous phase, preventing deleterious side reactions
(Scheme 7b).128l
(a) Baudoin: alkynyl Heck reaction of aryl bromides
Pd,(dba); (2.5 mol%) =
Ar-Br + Lig. 26 (10 mol%) A P R2 0? Me
Rl— _—
'R2  PivOH (30 mol%) R G{P
Cs,CO3 (1.5 equiv.) 27 \ (0]
PhMe, 120 °C 51-93% yield 26

(b) Frantz: allenylation with aryl triflates
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Scheme 7. Synthesis of allenes via Heck-type processes
Mechanistically, it is proposed that both of these processes
initiate with oxidative addition of Pd(0) to the aryl
electrophile, followed by migratory insertion to generate a
vinyl palladium(ll) species (Scheme 7c). In the presence of
pivalate (Baudoin conditions) it is thought that
intramolecular base-assisted deprotonation occurs to directly
form the allene product. With vinyl triflates, Frantz and co-
workers propose a cationic palladium intermediate is
generated, which undergoes B-hydride elimination followed
by reductive elimination.

2.2. Elimination of phosphorus

1,2-Elimination of oxygen and phosphorus by Wittig or
Horner—Wadsworth-Emmons (HWE) type processes is a
well-documented method for allene synthesis and has been
reviewed previously.[d There are two possibilities for this
type of elimination as the phosphonium (or phosphoester)
can be located at either the vinylic or allylic position
(Scheme 8).

R2R3 elimination elimination
s of vinylic of allylic R2R3
RIS OM  phosphorus WR? phosphorus A ..
_.P-R3 YR ~——— RN UPC
0 s 28 mo rs R

Scheme 8. Synthesis of allenes by elimination of phosphorus

2.2.1 Elimination of vinylic phosphorus

A pioneering example of 1,2-elimination of a vinyl
phosphine oxide was reported by Wang and co-workers
(Scheme 9).1*%1 In this case, lithium halogen exchange of
vinyl iodide 29 followed by reaction with aldehyde 30 at
-78 °C generated lithium alkoxide 31. Upon warming to
room temperature, spontaneous elimination was observed to
form achiral allene 32 in 74% yield.
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Scheme 9. Elimination of a vinyl phosphine oxide

Tomioka and co-workers subsequently extended this process
to a Horner-Wadsworth-Emmons olefination (Scheme
10).2°2 Vinyl phosphate substrates 33 were directly
lithiated with LDA and reacted with aldehydes. Notably, in
this case the intermediate lithium alkoxide did not undergo
spontaneous elimination. It was proposed that this is because
elimination would proceed via an unfavorable strained
oxaphosphatane intermediate 36-Li. Ultimately, isolation of
the B-hydroxy phosphonate intermediates 34 followed by
treatment with KH in the presence of a crown ether afforded
allenes 37 in good vyields. Presumably, formation of
oxaphosphatane 36 becomes favorable with a more reactive,
naked oxyanion. Similar methods have also been reported
for the synthesis of racemic allenes bearing thioethers,??



4 Journal Name, 2019, Vol. 0, No. 0

selenoethers,® vinyl groups,?*l arenes,?! alkynes,?8 and
esters.["]
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Scheme 10. Allene synthesis by Horner—Wadsworth—
Emmons olefination

An interesting application to asymmetric synthesis has been
reported by the Warren group, who showed that vinylic
phosphine oxide 38 could be reacted with chiral lithium
amide 39 and pivaldehyde providing enantioenriched p-
hydroxy phosphonates 40 (Scheme 11).1%8] This reaction was
proposed to take place via an addition elimination
mechanism analogous to the Baylis-Hillman reaction.
Subsequent treatment of intermediate 40 with NaH in DMF
resulted in stereospecific syn-elimination to form the
corresponding allene 41 which was isolated in good vyield
albeit with modest enantioenrichment.
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75.5:24 5 e.r. ~61:39 e.r.
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Scheme 11. Asymmetric synthesis of allenes from vinylic
phosphine oxides

2.2.2 Elimination of allylic phosphorus

Numerous examples have been reported involving the
synthesis of racemic allenes by Wittig or Horner-
Wadsworth-Emmons (HWE) olefination reactions with
ketenes.?’! For example, Sano and co-workers have recently
reported a reaction between phosphonoacetates 44 and in situ
generated ketenes to obtain di-, tri- and tetrasubstituted
allenes 45 (Scheme 12a).*%1 This reaction proceeds by
deprotonation of the phosphonoacetate with
isopropylmagnesium bromide to generate magnesium
enolate 46. Subsequent reaction with a ketene followed by
syn-1,2-elimination then delivers the corresponding allene.
Pinho e Melo and co-workers recently disclosed a one-pot
method for olefination of acid chlorides with tetrazole
containing phosphonium salt 49 (Scheme 12b).3Y This
process requires two equivalents of triethylamine. The first
deprotonates the phosphonium salt to form an ylide and the
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second generates a ketene in situ. A range of tetrazole
substituted allenes 50 were obtained in good vyields and
could be converted to a range of useful heterocyclic
derivatives.

(a) Synthesis of allenes by HWE olefination of ketenes
o 0 i. PrMgBr, THF, 0°C
< 1){rp\—OR
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X i. R
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(b) Synthesis of tetrazole substituted allenes by Wittig reaction

®
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3
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Scheme 12. Synthesis of allenes by HWE and Wittig
olefination

+ 0=~ N, NBn

The first asymmetric Wittig reaction for the synthesis of
chiral non-racemic allenes was reported by Tomdskozi and
Bestmann in 1964 (Scheme 13a).%% In this process, acid
chlorides were reacted with stabilized ylides bearing a chiral
auxiliary (such as menthol derived 51). Diastereomerically
enriched allene products 52 were obtained, but the yield and
diastereoselectivity were not reported. Musierowicz et al.
later developed an asymmetric Horner-Wadsworth-Emmons
approach for the synthesis of allenoates (Scheme 13b).[3l
Chiral at phosphorus reagent 53 was employed in this study,
which could be reacted with ketenes in the presence of NaH
to obtain chiral allenes 54 in up to 59.5:40.5 e.r.

(a): Tomoskozi and Bestmann — asymmetric Wittig reaction

Pr,, iPr,
R + PhgP —_—
ﬁo( s ﬁ)ko Me ey

(0) Me
Me R' H
51 52

(b): Musierowicz et al. — asymmetric HWE reaction
O

NaH
>: —0 s Ph P _CO,Me Ph>:_%\\COZMe
11 CeHg/EL,O  Mé H
53 <10°C 54; 41% yield

59.5:40.5 e.r.
Scheme 13. Early examples of asymmetric allene synthesis
by Wittig and HWE reactions

Fuji, and co-workers have reported a process in which
ketenes (generated in situ by base mediated elimination of
BHT esters 57) were reacted with BINOL derived
phosphonoacetate 55 to afford enantioenriched allenes 56 in
excellent vyields (Scheme 14).31 The levels of
enantioselectivity obtained in this reaction were generally
quite variable, but in some cases highly enantioenriched
allenes could be isolated (for example, compare 56a with
56b). A similar method has also been reported in which
allenes were generated from pheny! esters.[*!



Title of the Article
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89.5:10.5 e.r. 52:48 e.r.
Scheme 14. Asymmetric olefination of ketenes with a
BINOL derived phosphonoacetate

Pinho e Melo et al. have shown that ylide 58, bearing a
10-(phenylsulfonyl)isoborneol auxiliary can be reacted with
in situ generated ketenes to form allenes (Scheme 15).[361 A
series of products bearing various aliphatic substituents
(such as 59a-c) were isolated in high yields and with
complete diastereocontrol. It was also demonstrated that the
products could readily be saponified to the corresponding
carboxylic acids. Allenes of the opposite absolute
configuration could be obtained employing an enantiomeric
isoborneol auxiliary.

Me. Me Me. Me
PPhs o EtN  H H
3 LR, —— o= o
THF, r.t.
O 58 ~SO,Ph 59 O SO,Ph
H
selected [— .
products: Me’ :STOR ipr ’ :STOR zBu/— :S]/OR
59a 59b 59¢ [o)
64% yield 75% yield 77% yield
>95:5d.r. >95:5d.r. >95:5d.r.

Scheme 15. Highly diastereoselective synthesis of allenes by
Wittig olefination

Tang and co-workers have introduced C2-symmetrical
phosphonium salt 60, which was prepared in four steps from
a commerically available diketone (Scheme 16).1 The
corresponding ylide was formed with NaHMDS and was
reacted with ketenes to afford chiral trisubstituted allenes 61
in good to excellent yields. The enantioselectivities obtained
with this method were very high for ethyl substituted allenes
such as 61a and 61b although were significantly lower with
other alkyl substituents (e.g. 61c). The phosphine oxide by-
product 62 formed in this reaction could be isolated and then
efficiently recycled to reform phosphonium salt 60.

Ph o Ph
< Br 1 -,
0 Ph > i. NaHMDS, THF, rt. H, :<R Ph. 7
P = P
RO)K/ ;®j i R RO\(_ 2 ¥ o7 ;j
Ph o=+ -78°C o PhH
60 R? 61 62

selected products:
Me Me
EtO{ :( [BUO{ :( EtO —

61a 80% yield 61b 51% yield 61c 46% yield
90.5:9.5e.r. 96:4 e.r. 80.5:19.5 e.r.

Scheme 16. Synthesis of enantioenriched allenes using a
C2-symmetrical phosphonium salt
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Tang, Zhou and co-workers have developed an efficient
catalytic synthesis of chiral allenes from ketenes (Scheme
17).%8 In this process, a stoichiometric chiral MeO-BIPHEP
derivative 63 was treated with ethyl diazoacetate and
0.5mol% of tetra(p-chlorophenyl)porphyrin iron chloride
(Fe(TCP)CI) followed by the addition of disubstituted
ketenes. Allenes 64 were obtained in high yields and with
excellent levels of enantioselectivity. Mechanistically, it
thought that the reaction is initiated by formation of an iron
carbenoid 65 which then reacts with the chiral bisphosphine
to generate a free ylide 66. Subsequent reaction of 66 with
ketenes generates the enantioenriched allene products.
Control experiments were carried out which revealed that
only one of the two phosphines in chiral bisphosphine 63
undergoes activation.

O i. Fe(TCP)CI (0.5 mol%)
PhMe, r.t R’

PAr,
+ Ny COEt — 5 ==
MeO PAr, hd i R e R T COo,E
O >—.=0

0
¢ OMe R2 —-65°C 64
63 Ar=

selected products:
o- T0I>: PMP>:
\/: COLEt ¢ >: CO,Et CO,Et COzEt

64a; 90% yield 64b; 72% yield 64c; 86% yield 64d; 81% yield
98.5:1.5e.r. 96.5:35er. 98.5:11.5er. 98:2eur.
proposed mechamsm
///COZEt
NZ\ CO,Et MeO PAr,
MeO PAr,
65 COZEt

2 CO Et
R 64 2

Scheme 17. Iron-porphyrin catalyzed asymmetric synthesis
of chiral allenes. TCP = tetra(p-chlorophenyl)porphyrin.

2.3. Elimination of silicon

Synthesis of allenes by elimination of silicon and oxygen via
Peterson-type chemistry has been investigated by several
groups. In a similar manner to the analogous reactions with
vinyl phosphates (Section 2.2), the 1,2-elimination step is
often challenging due to the highly strained nature of the
required cyclic silicate intermediate 69 (Scheme 18).

SR slow
RN SiR3 base /\/ESIRS R1/\; 1IR3 el/mmat/on RN R
""""" X
R2
67 70
Scheme 18. Challenglng ellmlnatlon in Peterson allenylation

However, several useful procedures have been developed
which overcome this challenge. Takeda and co-workers
reported that B-hydroxysilanes 71 could be deprotonated
with n-BuLi in Et,O to generate lithium alkoxides 72 which
were resistant to elimination (Scheme 19a).[% Upon addition
of dimethylformamide (DMF) and warming to 50 °C, smooth
elimination to the desired allenes 73 was observed. It was
proposed that the increase in solvent polarity favours
formation of the required cyclic silicate intermediate.
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Danishefsky et al. found that bis-trimethylsilylvinyl alcohol
74 could be deprotonated with n-BuLi and then treated with
KO'Bu to effect transformation to the corresponding allene
76 (Scheme 19b).1% Mechanistically, a sequence involving
transmetalation, Brook rearrangement and elimination was
proposed to account for this result. The majority of silyl
allenes in this study were not isolated, but were isomerized
directly to the corresponding alkynes. Another possibility is
to convert the alcohol to a better leaving group. For example,
a chlorination-elimination strategy was introduced by Chan
and co-workers,*! and later developed by Tius et al.[*d
enabling the synthesis of allenes 81 in good yields (Scheme
19c).

(a) Increased solvent polarity

SiMe; "BuLi SiMe; DMF
R, OH —— RIA_OL —— N\, g
R X
Et,0 2 50 °C
7 R 0°c 72 R 73
no elimination in Et,0 77-90% yield
(b) Change counterion to potassium
SiMe;  "Buli SiMe, KOBU
Me;Si A _OH ——> MesSie A _OLi ——=  Me,Si” ey _R!
3 3 €351 X
Et,0 THF, 0°C
74 R 0°C 75 R 76; 67% yield
transmetallation l elimination T
SiMe, K
Megsi\/\(OK Brook Me3Si\/\rOSiMe3
77 R 78 R’
(c) Convert alcohol to a better leaving group
SiEts SOCl, SiEts TBAF
Rl - OH — > Rl Cl ——— "\ _R?
celJovridi DMSO, r.t. X
R2 4/pyridine R
79 0°c 80; 75-98 yield 81; 55-90% yield

Scheme 19. Strategies for elimination of a B-silyl group

Larson, McGarvey and co-workers have reported the
extension of the latter strategy to the asymmetric synthesis of
allenes (Scheme 20).1344 Vinyl bromide 82 bearing an
enantiopure silyl group was treated with t-BulLi to effect
lithium-halogen exchange followed by trapping with
benzaldehyde. Allylic alcohol 83 was obtained as a 1:1
mixture of diastereoisomers which could be fully separated
by column chromatography. Isolated 83a was then
quantitatively ~ transformed to  the  corresponding
trifluoroacetate 84. Treatment with tris(dimethylamino)-
sulfonium difluorotrimethylsilicate (TASF) resulted in
elimination to the corresponding allene 85 which was
isolated in 50% vyield. The stereospecificity of the allene
forming step was very low but exhibited a small preference
for an anti-elimination pathway.

i. ‘BuLi, THF, 78 °C RaSII\Me R3S'\[\Me
Me: 'Si ii. PACHO, BF;0Et
j/\Me 30EL

_78°C 83; 47% yield; 1:1d.r.

82
chromatographic

separation
TASF  R,Si TFAA *
Phu____ /1 DMSO \KMS DMAP RSS'\f\Me
P -~ o -—
H Me  anti- Ph™ "OCOCF, Ph™ NOH
85; 50 % yield elimination  g4. 999, yield 83a; >95:5 d.r.

59:41er.
Scheme 20. Asymmetric synthesis of allenes by
anti-elimination of a silyl group
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Ito and co-workers have developed a synthesis of
allenylsilanes by treatment of propargylic disilanes 86 with a
palladium-tert-alkyl isocyanide complex followed by n-BuL.i
(Scheme 21).1%1 The process operates by initial palladium
catalyzed intramolecular  bis-silylation to  generate
four-membered intermediate 89. The Si—O bond was then
cleaved by n-BuLi to generate B-alkoxy silane 90. This
intermediate underwent spontaneous syn-elimination to form
allene 88 with very high enantiospecificity. Only one
asymmetric example was reported, but a series of racemic
allenes were also prepared using this method.

i. Pd(acac), (2 mol%)

PhZSi/SiMeZPh Lig. 87 (8 mol%) Lo
o PhMe, reflux SiMe,Ph B Ng
— "Hex e u
Me Me M
d ii. "BuLi, THF "Hex P
86;98:2e.r. 88; 86% yield
>95% e.s.
Pd-catalyzed T syn-
bis-silylation elimination
. "Bu__
0-SiPh; nBuLi SiPhg
N SiMe,Ph —— - LiO N SiMe,Ph
Me "Hex Me "Hex
89 90

Scheme 21. Synthesis of chiral allenes by bis-silylation of
alkynes followed by syn-elimination

Recently, Garg and Houk et al. disclosed an elegant method
in which silyl triflates 91 were reacted with CsF to generate
strained azacyclic allenes 92 (Scheme 22).1*81 These reactive
intermediates were not isolated, but could be trapped by in
situ cycloaddition to afford a wide range of racemic
polycycles (for example rac-93a-c). Interestingly, when
enantiopure silyl triflate precursors were employed, the
cycloadduct products, such as (+)-93b were obtained with
high levels of enantioenrichment. This implies that the
elimination to form cyclic allenes is a stereospecific process.
Several related processes in which strained cycloallenes are
generated and reacted in situ have also been reported, but a
full discussion of this work is outside the scope of this
mini-review.’]

R3

== 1 3
R Xi; R R" R R
R1
@on s H\ . @ o R
—» —
PN R? PN\)\ PN ‘ )
, SEs CH3CN . R R

selected products:

Me
" @ AN
A ‘_
Me Csz NiyPh Me
CbzN ‘ ‘
i CbzN MeO,C CbzN Me

rac-93a; 77% yield  rac-93b; 56% yield  rac-93c; 95% yield (+)-93b
88:12d.r. >95:5 d.r. >95:5 d.r. 99:1er

Scheme 22. 1,2-Elimination of cyclic silyl triflates

2.3. Elimination of tin

Konoike and Araki have shown that stannyl enone 94 can be
reduced under CBS conditions with very high
enantioselectivity (Scheme 23).18 The resulting secondary
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alcohol was converted to the corresponding acetate 95,
which upon treatment with TBAF underwent enantiospecific
anti-elimination affording allene 96 in 42% vyield and
97:3eur.

o) i. CBS reduction OAc
78% yield, 97:3 e.r. . TBAF H, H
Me Z "Hex —————————> Z "Hex ——> "
SnBus i Ac,0, DMAP SnBus  anti- M "Hex
24 81% yield 95 elimination g6 45 o, yield
973 eur.

Scheme 23. Enantiospecific elimination of a vinyl stannane

Kitching and co-workers have applied a similar method to
the asymmetric synthesis of A%%-pentacosadiene (98), a
natural product isolated from Australian Melolonthine scarab
beetles (Scheme 24a).*1 A similar strategy was also
employed by Rigby et al. involving stereospecific
elimination of vinyl mesylates en route to chiral
bicyclo[4.2.1]nonanes such as 101 (Scheme 24b).[%% Several
other groups have reported related non-stereoselective 1,2-
elimination processes for the synthesis of aryl,bY alkyl 52
silyl, 531 and methylenesilyl®™ substituted allenes.

(a) Asymmetric synthesis of A%'%-pentacosadiene (98)

i. "BusSnH, AIBN, neat

OH
ii. Ac,0, pyridine H
CeHi7" 20 Py CgHy711, .:<
H X H”
Ci4Hag iii. TBAF C1aHzo
97;90:10 e.r. DMSO, reflux 98; 77% yield (from acetate)

86:14 e.r.

(b) Synthesis of enantioenriched bicyclo[4.2.1]nonane (101)

i. "BusSnH, AIBN

OH 90 °C, neat H
i
Ph PR”
X ii. MsCl, Et;N
CHyCly TBSO
99 OTBS (ocyort 100; 33% yield
~94:6 e.r. ~80:20 e.r.

Scheme 24. Applications of enantiospecific vinyl stannane
elimination in synthesis

2.4. Elimination of boron

Pelter et al. reported a bora-Wittig reaction for the synthesis
of racemic allenes involving hydroboration of stannyl
alkynes 102 followed by tin-lithium exchange, reaction with
aldehydes and trifluoroacylation (Scheme 25).5%1 1,2-
Elimination of the B-trifluoroacetoxy borane intermediates
104 occurred simply upon warming to room temperature
which is likely a consequence of the strongly electron
deficient nature of the borane functionality.

i. RoBH ii. MesLi

F4sC
= THF
/SnMea (RO, C'\;l,?s R SnMe; _7goc | g R o>:0 R
R! 4 H>:<BR — - \:.:\ 2
® ii.R%CHO |H  BR, 105 °
102 103 iv. TFAA 104 4-66% yield
-78°Ctor.t.

Scheme 25. Synthesis of allenes by a bora-Wittig reaction

Walsh and co-workers have developed an allenylation of
vinyl boronic esters 106 bearing B-acetoxy or carbonate
groups (Scheme 26).¢1 In the presence of catalytic
[Pd(allyl)CI]. and CyJohnPhos racemic allenes 107 were
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isolated in high vyields. It was proposed that this reaction
proceeds via B-elimination of a cationic m-allyl palladium
intermediate 108. When a chiral non-racemic substrate 106a
was employed, allene 107a produced at low conversion was
enantioenriched (68:32 e.r.), but after the reaction reached
completion, the allene product was found to be racemic. This
suggests that the allenes formed in this process racemize
under the reaction conditions. A similar process has also
been reported involving vinyl stannanes — in this case the
allenes produced were used in situ.57

[Pd(allyl)Cll, (0.5 mol%) G
ox CyJohnPhos (1.5 mol%)  R1 fdln
RH\/\RZ \:.:\ RITNSAR2
B(pin) Cs,C0; R? B(OR),

106 5:1 THF/H,0, 60 °C 107 108

- 0, i
X = Ac, Bz or CO,/Bu 53-92% yield

OAc conditions Ph after 10 min
Ph)ﬁﬁ above NI 107a; 18% vyield; 68:32 e.r.
"Bu .
B(pin) 4\"Bu after 60 min
106a: 80:20 107a 107a; 100% yield; 50:50 e.r.
a; 80:20 e.r.

Scheme 26. Palladium catalyzed 1,2-elimination of vinyl
boronic esters

Aggarwal and co-workers have recently reported an
enantiodivergent strategy for the synthesis of chiral allenes
(Scheme 27).581 In this work, a-seleno alkenyl boronic esters
109 underwent one-carbon homologation with lithiated
carbamates to afford highly enantioenriched B-selenoboronic
esters 110. These intermediates could be oxidized with
m-CPBA to the corresponding selenoxides which underwent
syn-elimination (see TS-syn),¥ forming allenes 111 with
very high levels of enantiospecificity. Alternatively,
methylation of intermediate 110 followed by addition of
sodium bicarbonate enabled stereospecific anti-elimination
affording the opposite enantiomer of the allene products (see
TS-anti). In this way, either enantiomer of an axially chiral
allene could be obtained from a single point-chiral precursor.
The reaction could be used to synthesize di-, tri- and
tetrasubstituted allenes (for example 111a-111c).

m-CPBA
. THF, r.t. @ R4
o L —_— =R
AN AR syn- R2 qqq R
seph Pr2N™ 07 a4 SePh elimination """
¥ T B(pin) | =
B(pin) Et,0, 78 °C 7 anti-
R2 R2 R*R3 . R2 4
then MgBr, elimination —oR
109 MeOH,40°C ~ 110;61-96% yield == “R®
2973 eur. ii. NaHCO4 ent-111
®_0P°. R2 ! selected pai irs of products S
PhSe/o ) @ feNu | selected pairs of products
oy | iPh ' H
= B(pin) A& _B(pin) | H ' H
Z PhSe” b= pupl == PMP
R2 RHR® Opje RIR L H I <7 fPh>: I o7
. anti (P)-111a (M)-111a
TS-syn TS-anti 88% yield 83% yield
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 99:1 eur. 98:2e.r.
Ph Ph>:__,\\PMP§ Me>:._\\\PMP
S d  Me |/  “Me
H h (M)-111¢ : (P-111c
(M)-111b (P)-111b 75% yield 82% yield
76% yield 92% yield 946 er. 89:11 e.r.
97:3e.r. 98:2eur.

Scheme 27. Enantiodivergent synthesis of allenes by syn- or
anti-elimination of vinyl boronic esters
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2.5. Elimination of titanium

Takeda and co-workers have developed an allenylation
process between 1,1-dichloroalkenes 112 and ketones
mediated by a low wvalent titanocene complex
(Scheme 28).15% Mechanistically, it was proposed that this
reaction occurs by reduction of dichloride 112 with two
equivalents of Cp.Ti[P(OEt)s]. leading to titanium
vinylidene 114. This intermediate then reacted with ketones
to generate oxatitanacyclobutanes 115 which finally
underwent 1,2-elimination to form allenes. A range of
tetrasubstituted allenes were synthesized (for example 113a-
113c) in good yields. Related allenylation processes have
also been reported in which titanium vinylidenes (e.g. 114)
are generated by metathesis,®1  carbometalation,®%
a-elimination,®3 and cycloaddition. 54

i. Cp,TI[P(OE)3], (5 equiv.)

R' cCI THF, rt. R! R3
R27 c i © RZ:.:< 4
L, THErt R

112 R® 'R 113

reduction l —Cp,TiCl, elimination T —Cp,Ti=0

R! R! C.pz
V= TiC addition to ketone TI‘O
R2 P2 — R2
34
114 115 R'R
selected products:
P Ph - Ph  Ph

O O

113a; 66% yield Ph 113b; 67% yield Ph 113c; 73% yield
Scheme 28. Cp,Ti[P(OEt)s]. mediated synthesis of allenes
2.6. Elimination of zirconium

A pioneering example involving elimination of vinyl
zirconium intermediates was reported by Knochel and co-
workers (Scheme 29).1%°1 Alkynyl zinc halides 116 were
hydrozirconated with the Schwartz reagent to generate 1,1,-
dimetalloalkenes 117 which could be reacted with aldehydes
to afford racemic allenes 119 via a 1,2-elimination
mechanism. A related process has also been reported with
gallium-containing bimetallics. !

ZnX H  ZrCp,Cl T 2
% Cp,ZrHCI P2 R2CHO Z(O H
1 )= — Fg( — ==
R cHcl, | R ZnX R Rl Y
1 17 118 R? 19

r.t.
27-71% yield

Scheme 29. Synthesis of racemic allenes by a
hydrozirconation-elimination approach

Ready and co-workers have reported that enantiopure
propargylic alcohols 120 could be deprotonated to form the
corresponding zinc or magnesium alkoxides 121 and then
hydrozirconated with the Schwartz reagent with complete
control over regiochemistry (Scheme 30).571 The resulting
vinyl zirconium intermediates 122 then underwent
spontaneous syn-elimination affording allenes 123 with very
high levels of enantiospecificity. A series of enantioenriched
disubstituted allenes (e.g. 123a-123c) were synthesized using
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this methodology in excellent yields and with up to 99:1 e.r.
It is noteworthy that overall this method represents a
nucleophilic addition reaction to a propargylic electrophile
(see Scheme 1, route a) and other related examples involving
stepwise addition-elimination are not discussed in this mini-
review.

syn-

OH base OM  CpyziHCI O elimination |, H
H., —» Hy — = Hu [z — R{rt':<
R N, R™ N, rt R! | Ra

120 R 121 R RZ “H 123

M = ZnCl or MgCl 122
selected products: H
H H Hi___

H*:& Hi__, s ==
Me OPMB Me Ph <\f Ph

123a 123b 123c

70% yield; 99:1 e.r. 70% yield; 98.5:1.5 e.r. 89% yield; 99:1 e.r.

Scheme 30. Enantiospecific synthesis of allenes by 1,2-
elimination of vinyl zirconium intermediates

2.7. Elimination of magnesium

Satoh and co-workers have reported a series of elegant
processes involving alkenylation of magnesium carbenoids.
For example, it was shown that 1-chlorovinyl sulfoxides 124
could undergo magnesium-sulfoxide exchange with EtMgCI
(in the presence of t-BuMgCl as an unusual desiccant) to
form magnesium carbenoids 125 (Scheme 31).1%8
Subsequent addition of lithiated sulfone 126 resulted in
substitution to generate intermediate 127 which underwent
spontaneous 1,2-elimination to afford allene products such as
128a-c. The Satoh group have subsequently expanded this
methodology to the synthesis of racemic allenes substituted
with esters,® unsaturated esters,l’® and vinyl groups.[]
This work has been recently reviewed by Zhang, Xi and co-
workers.["2]

i. 'BuMgClI, THF, -78 °C

R'" ¢l
— ii. EtMgCl, -78 °C R R3
R®  S—p-Tol ==
3 R4 R2 R4
124 i. RR" _7gociort. 128
Li SO,Ph
magnesium- 126
sulfoxide elimination
exchange
1
R'" ¢l 126, substitution R MgCl
—_ Rzi \ R3
2
R? _ MgCl PhO,S2 R
125 127

selected products:
[o \? :<Ph
o C H H
128¢c

[ : < > iPh
(¢] H
128b; 51% yield 54% vyield

128a; 63% yield
Scheme 31. Synthesis of allenes by alkenylation of
magnesium carbenoids

Satoh and co-workers have also reported an asymmetric
synthesis of allenes such as 131 (a sex attractant of the male
bean weevil) relying on magnesium-sulfoxide exchange
(Scheme 32).["%1 Enantioenriched vinyl sulfoxide 129 was
lithiated with LDA and then trapped with an aldehyde to
generate a diastereoisomeric mixture of the corresponding
allylic alcohols. Reaction with Ac,O afforded diastereomeric
acetates 130a and 130b which could be separated by column
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chromatography. Treatment of either 130a or 130b with i-
PrMgCl resulted in magnesium-sulfoxide exchange followed
by anti-elimination to generate enantiomeric allenes (M)-131
or (P)-131 with high levels of enantiospecificity.

i. LDA
09 o 0© OAc 0© OAc
/7® THF, -78 °C é® . )
Tol \u i o Tl N T
- 0 L
CgHy7 K/\COZMe CgH47 COMe CgHy7 CO2Me

129 —78°C, 31% yield  430,. 519 yield 130b; 44% yield
ii. Ac,0 v v
'PrMgCl 'PrMgCl
THF, -78 °C THF, =78 °C
RN S
: CO,Me :
H17Cs 2™ HyrCy H
(M)-131; 95 % yield (P)-131; 91 % yield
91 9eur. 92:8e.r.

Scheme 32. Asymmetric synthesis of allenes by magnesium-
sulfoxide exchange

Wu and co-workers have applied this methodology to a
formal synthesis of the antibiotic (+)-scorodonin (Scheme
33a).["1 In this case, vinyl sulfoxide 132 underwent
magnesium sulfoxide exchange followed by anti-elimination
to afford allene 133 in 80% vyield with high
enantiospecificity. It had previously been reported that this
intermediate could be converted to scorodonin in three steps.
The Wu group have also devised a related approach to
bioactive natural allenes such as 135 via magnesium-iodine
exchange followed by anti-elimination (Scheme 33b).["™) A
similar synthesis of the natural antibiotic (-)-marasin has
been reported from vinyl iodide 136 (Scheme 33c).®
Stereospecific anti-elimination with i-PrMgBr followed by
acid mediated TBS deprotection delivered (-)-marasin in
79% yield and 87.5:125 e.r.

(a) Formal synthesis of (+)-scorodonin by magnesium-sulfoxide exchange

00 OAc ) OTES Cl
3@ 'PrMgBr OTBS
- OH
ol | X —_— '/,,,. // o, //
THF — L
TESO H H 3steps H H

TB -100 °C
SO 133: 80% yield

93.5:6.5e.r.

(b) Asymmetric synthesis of bioactive natural allene 135
OAc

'PrMgBr H
Z Ho__.
H17CSWCOZM9 —  ho”
i THF, -78 °C e
134 135; 89% yield CO2Me

955:45er.

(c) Synthesis of (—)-marasin by magnesium-halogen exchange

N
OAc i. iPrvMgBr \\
: o X H
_ THF, -78 °C .
Z I _— e
Z oTBS . HCI (-ymarasin ‘o
136 MeOH/Et,0, 0 °C 79% yield (2 steps)
87.5:1125 eur.

Scheme 33. Applications of 1,2-elimnation of vinyl
magnesium intermediates in synthesis

2.8 Elimination of lithium

Several non-stereoselective elimination processes involving
reduction with lithium or organolithiums have also been
reported.’” For example, Barluenga et al. have reported that
chlorinated allylic alcohols 137 can be transformed to
racemic allenes by O-methylation followed by reduction
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with lithium powder (Scheme 34a).[®1 More recently,
Ichikawa and co-workers reported a sequence involving
addition of 1-bromo-2,2-difluorovinyllithium to carbonyl
substrates at —100 °C followed by acylation to afford allylic
acetates 140 (Scheme 34b).["® Lithium-halogen exchange
followed by elimination generated 1,1-difluoroallenes 141 in
good to excellent yields. Unlike the corresponding reactions
involving vinyl magnesium intermediates (vide supra) this
chemistry has not been widely applied to asymmetric allene
synthesis.

(a) Synthesis of allenes by reductive 1,2-elimination with lithium metal

i. "BuLi, Et,0
OH 0°C tort. OMe | Lipowder H R!
Me/\)\RW > Me/\)\RW >~ )::<
cl ii. Mel cl THF, 0°C  Me 139 H

137 THF, reflux 138 52-97% yield

(b) Synthesis of 1,1-difluoroallenes
i. F,C=C(Br)Li E Br

0 Et,0,-100 °C >—¥ "BuLi E R
,0, —
R1JLR2 _— F R OAc — 5 >::<
i. Ac,0 R2 hexane,0°C F R?
2 140 141
~100t0 0 °C

80-93% yield 65-90% yield

Scheme 34. Selected examples of non-stereoselective
formation of allenes by 1,2-elimination of organolithiums

2.9. Elimination of zinc

Ichikawa and co-workers have devised an improved method
for the synthesis of 1,1-difluoroallenes (Scheme 35a).[5%
lodine containing allylic acetates 142 were synthesized from
commercially available 1,1,1-trifluoro-2-iodoethane and
were converted to allenes in good to excellent yields by
reduction with zinc powder. The 1,1-difluoroallene products
are useful compounds, which have been employed in the
synthesis of polycyclic aromatic hydrocarbons.! A related
method for the synthesis of trifluoromethyl allenes was
introduced by Yamazaki et al.,[28% and later developed by
Krische and co-workers® (Scheme 35b). In this work,
dibromides 145 were synthesized by an in situ Finkelstein
reaction and then efficiently converted to allenes by
reduction with zinc dust. Lin et al. have reported that
terminal allenes 148 can be obtained in high yields by
reduction of vicinal dihalides 147 with zinc or indium
(Scheme 35¢). [

(a) Zinc mediated formation of 1,1-difluoroallenes
|

F
i. LDA, THF, —93 to -85 °C 1
s s — Zn F R
CF3CH,l 5 F>;¥OAC - . >::<

i -93t0-30 °C R? DMFor F Ry

142 143
THF, rt.
R' “R? then Ac,0 73-87% yield 71-95% yield

(b) Synthesis of trifluoromethyl allenes

Ar Br LiBr Ar Br Zn Ar,
H N >:& —_ —
FsC OMs  puE s00c | Fs© Bri DMF, rt. FyC
144 145 146; 72-86% yield

(c) Reductive formation of terminal allenes mediated by zinc or indium

R’ | ZnorIn R!
_ N

B .
147 B 41 THFH,O, rt.

148; 9-99% yield

Scheme 35. Formation of allenes by reduction with zinc
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Marek and co-workers have reported an asymmetric allene
synthesis involving carbocupration of enantiopure ethynyl
sulfoxide 149 followed by treatment with a zinc carbenoid
(Scheme 36).18¢1 Mechanistically, it is thought that this
process operates by one carbon homologation of 150 to form
allylic zinc species 152 as a mixture of diastereoisomers
which can equilibrate to the thermodynamically preferred
isomer 152a. Syn-elimination then delivered the allene
product in 75% yield with good enantioselectivity. Only one
asymmetric example was reported, but several racemic
allenes were also prepared using this method.

0o BuCu Bu  Cu Bu” “znBu Bu Bu
78@ —_— — .:“\H
ol THF H /S®-O MgBr, H
—70°Ctort. Tol THF, 5°C  151; 75% yield
149 150 82.5:17.5e.r.
homologation \ syn-
elimination
Bu thermodynamic Bu,
BUJZnBu equilibration Bu>_’(ZnBu
H 50 H 520
0@ © 0’ ® ©
152 152a

Scheme 36. Asymmetric synthesis of allenes by one carbon
homologation followed by syn-elimination

2.10. Elimination of palladium

Tanaka and co-workers have developed a synthesis of
allenes in which vicinal bromomesylates 153 were reduced
with diethylzinc in the presence of a catalytic amount of
Pd(PPhs)s (Scheme 37).51 Mechanistically, it was proposed
that this reaction occurs by oxidative elimination to form
n-allyl palladium intermediates 155 or 156, which could
undergo 1,2-elimination to form allenes. The palladium(Il)
by-product was then recycled by reduction with diethylzinc.
A series of terminal allenes were prepared in good yields
(e.g. 154a and 154b). With diastereomerically pure mesylate
153c, allene 154c was isolated in 86% yield as a mixture of
diastereomers, implying that the elimination process is non-
stereospecific.[® Related processes involving nickel,
copper®™ and stoichiometric palladium®y  mediated
reduction have also been reported.

OMs Pd(PPh3), (10 mol%) R
Et,Zn (2 equiv.)

R1 AN RZ ==
Br
153 THF, r.t. 154
oxidative (In Et,Z ©
addition 1,2-elimination L,PdBrOMs = L,Pd
LnF"d*OMS PdL,OMs
N - . <
RV\/\RZ _— RIS R2
Br [Br
,,,,,,,,, 19SS .
selected products: H OMs )
g NHTs ipr : _r
Ph S X, Me \\f’“Me
NHBoc X |[MtsHN  Br MtsHN 154¢ H
154a; 82% yield  154b; 69% yield 153c 86% yield; 53:47 d.r.

Scheme 37. Allene synthesis via palladium mediated
elimination
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2.11. Elimination of carbon

Danheiser and co-workers have developed a method for the
synthesis of racemic allenes involving a thermal
cycloreversion of o-alkylidene-p-lactones (Scheme 38).[°%
Substrates 159 were synthesized by a multi-step route
involving phenylselenylation of p-lactones 157 followed by
oxidation and selenoxide elimination. Upon heating to
>110°C these intermediates underwent decarboxylation to
generate racemic allenes 160 in good to excellent yields.
This method has also been applied to the synthesis of silyl®]
and aryl™® substituted allenes.

LDA
PhSeSePh m-CPBA o /P heat g H
;SePh  —— — ==
THF CH20|2 R2 Y -CO; R2 R3

R® -78°C R®

158 159 160
64-81% yield 93-100% yield

selected products:
H :<H
Cy>: Me

Y Me, Me,
160d; 69% yield

H
Ny Cy>:.: Cy>:.:<Me

160a; 61% yield 160b; 84% yield  160c; 73% yield

Scheme 38. Synthesis of allenes by thermal cycloreversion
of a-alkylidene-p-lactones

Williams and co-workers have reported a synthesis of allenes
from cyclic keto-triflate 161.1° It was demonstrated that a
series of nucleophiles (for example organolithium reagents,
Grignards and enolates) could add to the ketone followed by
spontaneous Grob fragmentation to deliver allenes 162
(Scheme 39a). Moreover, it was also demonstrated that
enantiopure silyl ethers such as 163a could be treated with
TBAF, resulting in C-C fragmentation to form aldehydes,
which were reduced in situ with NaBH. (Scheme 39b).
Isomeric substrates 163a and 163b were cleanly converted to
enantiomeric allenes (P)-164 and (M)-164, thereby
demonstrating that the fragmentation process proceeds via
stereospecific anti-elimination.

(a) Synthesis of allenes by nucleophilic addition followed by Grob fragmentation

Me Me € | Successful nucleophiles:
(0] OTf nucleophile  Nu OT

LlF e
s_s W
THF, 78 °C to r.. H ArMgBr S~ /
/& © TMS

161 162
74-89% yield

———

(b) Extension to enantiospecific elimination

i. TBAF, THF Bn Me ! i. TBAF, THF Me_Bn

Me, Bn o ) ' Bn Me o )
tBso_Z__ott%°Ct™ onll i 1eso otf 0°Cort o]
. . |

ii. NaBH, UH ii. NaBH, UH

163a MeOH  (p)16a 163b MR v)-164

76% yield 74% yield

Scheme 39. Synthesis of allenes by stereospecific Grob
fragmentation

Cramer and Saget have reported a related method in which
cyclic keto-triflates 165 were treated with heteroatom based
nucleophiles resulting in the formation of allenes 166 in
excellent yields (Scheme 40).61 An extensive range of
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products were prepared including esters, carboxylic acids
and amides. The allene products produced in these reactions
were also employed in a series of in situ functionalization
processes.

R'R? R _R?
o OTf  RXH(X=ONR) Rx_o0 |
_ >
Cs,C0; H
R3R3 DMA, r.t. R3R3
165 166; 51-99% yield

selected products: Pr.

Pr Allyl_Alyl
Me. Me HO OT BnHN._O | U Mg Bn
Bno_o || :
| S A
H
H

Me Me Me Me
166a; 51% yield 166b; 99% yield 166¢c; 96% yield  166d; 99% vyield

Scheme 40. Synthesis of allenes by C-C cleavage
2.12. Elimination of radicals

Fensterbank, Malacria and co-workers have reported that f3-
bromosulfoxides 167 can be converted to terminal allenes
168 upon treatment with tris(trimethylsilyl)silane and AIBN
(Scheme 41).°71 1t was proposed that this process operates
via formation of an allylic radical 169, which can undergo
B-elimination to form allene products. Both mono- and
disubstituted allenes could be obtained using this method in
moderate to good yields. The method has also been extended
to synthesis of trifluoromethylallenes. 8

R HSi(SiMes);
1 AIBN R! R
X _ via
R? Br = s
2 27X
SOPh PhMe, reflux R R
168 169 <SOPh
167 53-80% yield
selected products: H o
H H o
== TBDPSO\_):': [ ><:>:.:
PMP ) o
168a (o) 168¢c 168d
56% yield 168b; 57% yield 55% yield 61% yield

Scheme 41. Synthesis of mono- and di-substituted allenes
via elimination of B-sulfoxy radicals

CONCLUSION

This mini-review presents a range of 1,2-elimination methods
for the preparation of allenes involving chemistry from across
the periodic table. Examples of methods targeting mono-, di- tri-
and tetrasubstituted allenes are presented including eliminations
which proceed via both radical and polar mechanisms. By
precisely controlling the nature of the elimination process (syn
or anti) it is often possible to achieve very high levels of control
over the axial chirality of the allene products. Although modern
synthetic methods for allene synthesis are generally dominated
by methods involving propargylic substitution processes, 1,2-
elimination can provide an efficient alternative for allene
synthesis and it is anticipated that this chemistry will have
exciting applications in materials science, catalysis and
medicinal chemistry.
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