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Carbocupration/Zinc Carbenoid Homologation and pB-Elimination Reactions for
a New Synthesis of Allenes — Application to the Enantioselective Synthesis of
Chiral Allenes by Deracemization of sp>-Organometallic Derivatives

Jos P. Varghese,?! Irena Zouev,'?! Lionel Aufauvre,® Paul Knochel,'” and Ilan Marek*!?!
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A new and straightforward carbocupration/zinc homologa-
tion/B-elimination reaction sequence allows the one-pot syn-
thesis of polysubstituted allenes from acetylenic sulfoxides in
excellent isolated chemical yields. Secondary zinc carbeno-
ids were used for the homologation reaction, and so a new
synthesis of 1,1-diiodoalkanes is described. This methodo-

logy also allows the synthesis of chiral allenes through ther-
modynamic equilibration of secondary organometallic deriv-
atives.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2002)

1. Introduction

Allenes are an important class of molecules with high
chemical reactivity, due to their cumulated double bonds.!"
The most popular method for their preparation is the treat-
ment of propargylic derivatives with organocopper re-
agents.”] Since the first report, by Crabbe et al.,[®! many
authors have used modified organocopper reagents, with
stoichiometric or catalytic amounts of copper salt. The pro-
pargylic substrate itself varies from ethers and epoxides to
various esters of greater or lesser reactivity.[l Matters con-
cerning the mechanism and the stereochemistry of this sub-
stitution reaction have been elucidated by the use of chiral
propargylic esters.’] In this case, an overall anti process be-
tween the nucleophile and the leaving group, through a
Cu'" intermediate, was postulated.[!) On the other hand,
when the reaction is performed on chiral propargylic ethers
rather than esters, the stereochemical outcome is dependant
on the experimental conditions:!”1 (1) with the use of a stoi-
chiometric amount of organocopper reagent, the reaction
proceeds by carbometalation across the alkyne, followed by
anti B-elimination,® while (2) with the use of a catalytic
amount of copper salt in the presence of alkylmagnesium
halide, the reaction also proceeds by carbometallation, but
this is then followed by either syn or anti B-elimination ac-
cording to the nature of the Grignard reagent halide,
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BuMgCl promoting the syn elimination whereas BuMgBr
and BuMgl promote an anti elimination (Scheme 1).°!

ifRY = Me IfR' = Tos
R JBu RMgCl/5%CuBr .. . _.Bu R,CuLi/En,0 R H
ez e H—T"' N
H>: " OR! or H Bu
ifR'=Me
RMgBr / 5% CuBr

Scheme 1. Stereochemical outcome of the carbometalation of pro-
pargylic derivatives

The stereochemistry therefore depends on the organo-
metallic reagents, on the solvent, and on the type of leaving
group used. In many cases, however, allenes are contamin-
ated by the presence of alkynyl isomers resulting from direct
SN2 processes (particularly for the preparation of mono-
and 1,1-disubstituted propadienes).l'% Several factors influ-
ence this distribution and as a consequence, tedious separa-
tions are required.[!!]

We therefore wished to develop an alternative and gen-
eral approach that would avoid the formation of these iso-
meric alkynes in the reaction mixture. We have recently re-
ported preliminary studies!'?! based on the use of a totally
different concept, and we would like to describe our results
in full here with an application to the synthesis of chiral all-
enes.

II. Results and Discussion

It is well known that monoalkylcopper reagents 1 react
with a,B-acetylenic sulfoxides 2 in a highly stereoselective
manner to produce excellent yields of B-B’ alkylated o,f-
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ethylenic sulfoxides 3 (Scheme 2, path A).['3] The product
of cis addition of R* and Cu to the triple bond was formed
exclusively, and the addition took place even with terminal
acetylenic sulfoxides (R! = H).['3

Path A

0 R} Cu
R*Cu + R'—==—§R? —L1E p = )
1 2 R' 5 SOR
Path B
1ZnCH,I 1
R.__ Cu 4 R \___(*ZnR
COOR or COOR
6 Zn(CH,1), .
5 7aR" =1from 4
7b R' = CH,! from 5
h
PhCOMe 3O~ 0
——— M@‘X( 8
R

Scheme 2. Carbocupration of alkynyl sulfoxide and zinc homologa-
tion of vinylcopper

On the other hand, zinc carbenoids!'¥ such as (iodome-
thyl)zinc iodide (4)1'>! or bis(iodomethyl)zinc (5),1'°! princip-
ally used for cyclopropanation reactions,!!”! have recently
found new applications for homologation of organocopper
derivatives and provide new zinc-copper species.l'! When
applied to vinylcopper derivatives such as 6, the corres-
ponding allylic zinc compounds 7a and 7b were quantitat-
ively formed and efficiently trapped with carbonyl derivat-
ives to produce o-methylene-y-butyrolactones 8 with excel-
lent stereoselectivities (Scheme 2, path B).!!]

We therefore reasoned that (1) carbocupration of alkynyl
sulfoxides 2 by use of an organocopper reagent (generated
by the addition of 1 equiv. of RMgBr to 1 equiv. of CuBr
in THF) according to path A in Scheme 2, followed by (2)
zinc homologation of the resulting vinylcopper compound
3 with the primary zinc sp3-carbenoid 5 (prepared by treat-
ment of Et,Zn with CH,I, in THF) should result in the
formation of the allylzinc derivative 9, and (3) a spontan-
eous syn B-elimination® should give the corresponding al-
lene in a one-pot operation as shown in Scheme 3.

o , Zn(CH,I),
7 THF R Cu 5
R’Cu + R'—=—§-R? >
; 5 R’ S(O)R?
3
2aR! =Hex
2bR'=Bu  R?=Tol
2cR'=H
R} 7nR R}
=&/ e —
Rl}‘é’; O)Rz Rl>:

9 R=CH,l from 5

Scheme 3. General scheme for the carbocupration/zinc homologa-
tion/P-elimination sequence
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We indeed found that this combined three-step reaction
afforded mono- and 1,1-disubstituted propadienes in excel-
lent isolated yields as described in Scheme 3 and Table 1.

Table 1. Synthesis of 1,1-disubstituted allenes

Entry R! R} allenes Yield
(%)[3]
1 Hex Me Hex 75
2a >—:.=
Me 10
2 Hex Bu Hex 80
2 >=.:
2 Bu 11
3 Hex iPr Hex 65
2a ==
P 12
4 Hex Bu Hex 50
2a o=
Bu 13
5 Hex Ph Hex 95
b P
P 14
6 Bu Oct Bu 80
2b o=
Oct 15
7 H Ph Ph 85
zc [ P
H 16

[al Based on pure isolated products.

The scope of this reaction is broad, since primary (Me,
Bu, and Oct; Entries 1, 2, and 6), secondary (Entry 3), and
even tertiary alkyl groups (Entry 4) all added cleanly to
alkynyl sulfoxides 2a and 2b to afford the corresponding
vinylcopper species and then to the allene through the
homologation/B-elimination sequence. Although the yield
decreases slightly, as would be expected, with the degree of
substitution on the alkylcopper compound (compare Ent-
ries 1, 2, and 6 to 3 and 4),?!l the reaction proceeded
smoothly in all cases. Even arylcopper adds cleanly to both
the octynyl and the ethynyl sulfoxides (2a and 2¢, respect-
ively) to give the corresponding allenes in excellent yields
(Table 1, Entries 5 and 7). The exact nature of the allylic
intermediate 9 is not known, but it can be viewed as a
mixed zinc-copper cluster.

It is interesting to note that although the methyl and the
phenyl carbocupration reactions are known to be very slug-
gish reactions,?!1 the slight activation generated by the sul-
foxide moiety allows the reaction to proceed.

The recently reported iodine/magnesium exchange reac-
tion for the preparation of functionalized magnesium re-
agents?? also enhances the scope of the synthesis of 1,1-
disubstituted propadiene. Indeed, treatment of ethyl 4-iodo-
benzoate with iPrMgBr gave the corresponding func-
tionalized arylmagnesium halide 17MgBr (Scheme 4). The
organocopper compound 17Cu was produced through a
transmetalation reaction with copper salt, and added to the
alkynyl sulfoxide 2a as described in Scheme 4. This is the
first example of a carbocupration reaction between an al-
kyne and a functionalized aryl derivative and it occurred
quantitatively.[>’] Addition of 2a to the functionalized or-
ganocopper reagent 17Cu at room temperature, followed by
the homologation/B-elimination reaction, then gave the ex-
pected allene 18 in 85% isolated yield (based on the starting
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Scheme 4. Preparation of functionalized allenes

4-ethyl iodobenzoate after five consecutive steps, Scheme 4).

When the carbocupration of 2b with an octylcopper re-
agent was followed by the homologation reaction with
(iodomethyl)zinc iodide (4) instead of the bis(iodomethyl)z-
inc (5) and then B-elimination, the yield of 15 was lower
(70%).

Several different heterosubstituted alkynes, such as alky-
nyl sulfone 19,24 alkynyl sulfide 20, and alkynylphos-
phonate 21,2 were tested in this sequence. In all cases the
carbocupration reaction with an octylcopper reagent gave
the expected vinylcopper derivatives 22—24, but only the
alkynyl sulfone gave the corresponding allene 15 (Scheme 5)
on treatment with the zinc carbenoid 5.

Zn(CH,1),
Bu—=XR + OctCu Oty

B XR
19 XR = SO,Tol 2224

20 XR = SPh
21 XR = P(O)OEt,

Ot gaR___ Oty _ 15

Bu Q((R Bu 89%

Only when XR = SO,Tol

Scheme 5. Allene synthesis from alkynyl sulfones

The homologation step with the carbenoid has to be per-
formed between 0 °C and room temperature in order to
provide spontaneous B-elimination. At lower temperature,
the more reactive allylic organometallic derivative 9
(Scheme 3) underwent a second homologation reaction (in-
tra- or intermolecularly) to give the homoallylzinc com-
pound 25 in good yield (the homoallylzinc derivative 25 is
much less reactive than the parent allylzinc compound 9).
The presence of this organometallic derivative was con-
firmed by the isolation of 26 after treatment with MeOD.

We then turned our attention to the synthesis of 1,3-di-
and 1,1,3-trisubstituted propadienes.?”! In this context, it
was necessary to perform the homologation reaction with a
secondary zinc carbenoid. Their uses in organic synthesis,
however, are mainly limited!?®! to their in situ preparation
for cyclopropanation reactions.”! Moreover, secondary
carbenoid derivatives are generally prepared from geminal
dihaloalkanes by metal/halogen exchange and more specif-
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Scheme 6. Double homologation reaction

ically from 1,1-diiodoalkanes, since they are far more react-
ive than the other halogens (Scheme 7).% Unfortunately,
1,1-diiodoalkanes are also more difficult to prepare because
of this high C—1I bond reactivity. Indeed, few methods have
been reported for their preparation,*!1 and to date the more
versatile approach is based on alkylation of diiodomethylli-
thium or diiodomethylsodium with reactive electrophiles.[*?!
The major drawback of this strategy is that these reactants
are unstable at temperatures above —95 °C, which precludes
preparation on a large scale.

ZnR I
R

s R
I I

LiCHL, + R-X

Scheme 7. Preparation of secondary carbenoids

Preparation of Geminal Dihaloalkane Derivatives

We thus needed a more general approach for the prepara-
tion of 1,1-diiodoalkanes, allowing access to a large variety
of carbon skeletons on multigram scales. For this purpose,
we investigated the iodolysis of dimetalated sp?-alkanes!33]
and — more specifically — the iodolysis of 1,1-dialuminioal-
kanes.’¥ Although they are readily accessible by double hy-
droalumination of 1-alkynes with DIBAL-H,4 the use of
a hydroaluminating reagent without a transferable alkyl
group, such as dichloroaluminium hydride (HAICI,),13!
turned out to be the most successful. This reagent was eas-
ily obtained by mixing aluminium chloride with lithium
aluminium hydridel®® as described in Scheme 8 and Table 2.

3AICL + LialH, -E29 4 AICLH ¢ LiCl
2 equiv. HAIC], R AlCL, L 2equiv. g I
) 2 N
Toluene AICL THF <I
90°c >95%

Scheme 8. Double hydroalumination reaction of alkynes

The LiCl formed during the preparation of HAICI, is not
troublesome for the following step and no separation was
required. The double hydroalumination of various alkynes
with HAICI, occurs in very high yields (> 95%) even on a
large scale (except for Entry 3, Table 2). Moreover, the addi-
tion of 2 equiv. of I, at 0 °C results in the formation of 1,1-
diiodoalkane derivatives 27—32 as described in Scheme 8
and Table 2. In the experiments described in Entries 1, 2,
and 6 the yields of 1,l-diiodoalkanes are good. For the
double hydroalumination of tert-butylacetylene (Entry 3)
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Table 2. Synthesis of 1,1-diiodoalkanes

Entry R Products Yield

)

1 Hexyl Hex I 81
27 1

2 Octyl Oct, I 75
28 !

3 terBu X—<I 52
29 !

4 Ph Ph :I 50
30 !

5 PhCH, I 46
Ph/\)\l

31
6 PhCH,CH

I
2
32 1

[al Based on pure isolated products.

the yield is lower since it was difficult to obtain the corres-
ponding bis[1,1-(dichloroaluminio)]-3,3-dimethylbutane in
good yield (the starting material is very volatile). The pres-
ence of an electron-withdrawing substituent on the triple
bond, as in phenylacetylene (Entry 4), increases the acidity
of the acetylenic hydrogen atom and hence results in in-
creased metalation during the double hydroalumination.
Thus, treatment of phenylacetylene with 2 mol-equiv. of
HAICI, in toluene produces the expected product but a pos-
sible metalation of the triple bond could impair the yield of
the bis(alane) (Entry 4). In a similar way, when the reaction
is performed on 3-phenyl-1-propyne (Entry 5) the presence
of acidic benzylic and propargylic hydrogen atoms de-
creases the yield. Moreover, the hydrolysis of the reaction
mixture is also a crucial step and needs to be done at 0 °C.
Indeed, after iodinolysis, 2 equiv. of the strong Lewis acid
TAICI, are present in the reaction and can affect the chem-
ical yield.B?”]

Synthesis of 1,3-Di- and 1,1,3-Trisubstituted Propadiene
Derivatives

Once this new route to a large quantity of 1,2-diiodoalk-
anes was resolved, we came back to the preparation of 1,3-
di- and 1,1,3-trisubstituted propadiene derivatives by our
methodology. As discussed previously, it was necessary to
perform the homologation reaction with a secondary zinc
carbenoid. However, as their uses in organic synthesis had
always been limited to their in situ preparation, we designed
our strategy in such a way that, as soon as the secondary
zinc carbenoid had been formed in the reaction mixture, it
would react with the vinylcopper compound 3.

Indeed, after the carbocupration of 2a or 2b, dibutylzinc
(prepared by treatment of 2 equiv. of nBuLi with ZnBr,)
was added to the reaction mixture first, followed by the 1,1-
diiodoalkane 27 or 30 at room temperature as described
in Scheme 9. The expected 1,3-di- and 1,1,3-trisubstituted
allenes were formed in excellent yields within 30 min, as re-
ported in Table 3.
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Scheme 9. General scheme for the carbocupration/secondary zinc
homologation/B-elimination sequence

Table 3. Synthesis of 1,3-di- and 1,1,3-trisubstituted allenes

Entry R! R’ R? allenes Yie}c%
)"
1 Hex Et CH,Ph Hex Ph 90
2a >:.J
Et
35
2 Hex Ph CH,Ph Hex __/—Ph 84
2 o=
2 PH
36
3 Hex Bu CH,Ph Hex __/—Ph 85
za F.—
Bu
37
4 Bu Et CH,;Ph Bu Ph 80
2,, S
Et
38
5 2Hc Et CH,Ph Et, —. =/—“Ph 82
39
6 H Oct Bu Oct, —. ____/Bu 85
2¢
40

[2l Based on pure isolated products.

A plausible mechanism for this reaction can be described
as follows: the secondary carbenoid 33 formed in situ (gen-
erated by the reaction between Bu,Zn, 2 LiBr, and 30)3®]
reacted with the vinylcopper compound 3 to give the homo-
logated product 34 as an unstable intermediate, which un-
derwent an instantaneous f-elimination to furnish the cor-
responding allenes 35—40 (see Table3) in excellent
yields.['?]

Enantioselective Synthesis of Allenes

Finally, we wanted to use this new approach for the
asymmetric synthesis of allenes. In this case, the critical step
is the equilibration of the sp?-allylic organometallic com-
pound 34 before the B-elimination reaction (see Scheme 10).
Intramolecular chelation between the zinc organometallic
compound and a heteroatom of 34 is thus necessary. An
anti relationship between the tolyl and the alkyl groups,
through a thermodynamic equilibration**! (or deracemiz-
ation if related to an existing chiral center), should therefore
be expected. Van der Kerk et al.[*%! established that dial-
kylzinc reagents bearing heteroatoms at the y position, such
as Zn[(CH,);ZR], with Z = N, O, S are chelated, mono-
meric species in benzene solution, and display a spiro struc-
ture with N coordinating better than O, and O better than
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S. If so, then the presence of a double bond in 34 should
not change this intramolecular chelation (Scheme 10). The
preparation of our starting material, chiral ethynyl p-tolyl
sulfoxide (2¢), was performed by sulfinylation of the com-
mercially available 1-(trimethylsilyl)acetylene with (R)-men-
thyl sulfinate, by the previously reported method.[*!]

1
= O\\S_.v‘\" BuC Bu Cu HBu—
et + BuCu Dol —1
2¢c \Tol H §:O 2) Bu,Zn, 2 MgBr,
3 0-5°C
R Tol
® ¢ 30 min
Bu ]¥3u syn
Bu>_{“2 u Bu>_<'— ZnBu | elimination Bu___ Bu
H - S= H Szl
l 41
659
34 Tol Tol e
Racemic sp® secondary T;E&?Zﬁfgc ®)
organometallic Enantioenriched secondary

organometallic

Scheme 10. Enantioselective synthesis of dibutylallenes

When chiral sulfoxide 2¢ of (R) configuration was treated
with BuCu-MgBr,, followed by our standard zinc homo-
logation/B-elimination  conditions (as described in
Scheme 9) optically active dibutylallene 41 of (R) configura-
tion was obtained in good yield and in 51% enantiomeric
excess. The enantiomeric excess of the dibutylallene was de-
termined by gas chromatography analysis with a cyclodex-
trin-B stationary phase.*?l The absolute configuration of
the starting material and of the final allene implies that the
intermediate allylic zinc derivative 34 undergoes an epi-
merization into the most stable intermediate in which the
tolyl and the butyl groups are indeed anti to each other,
followed by a syn B-elimination as described in Scheme 10.
When the same reaction was performed between 5 and 10
°C (instead of at room temperature) the enantiomeric excess
increased slightly, to 58% in comparable yield. After several
experiments, we found that the best enantiomeric excess (ee
65% and 75% yield) was obtained when the zinc carbenoid
was prepared by treatment of the 1,1-diiodoalkane with
Bu,Zn, 2 MgBr, (by treatment of ZnBr, with 2 equiv. of
BuMgBr) and when the reaction mixture was stirred be-
tween 0 and 5 °C for 30 min as described in Scheme 10.

This effect of the magnesium salt on the enantioselectiv-
ity of the reaction indicates that further investigations are
needed to elucidate the mechanism of this reaction com-
pletely. As mentioned before, the exact nature of the allylic
intermediate 34 is unknown and could be regarded as a
mixed cluster (zinc-copper- or magnesium-type). However,
as the reaction is a relatively fast process (maximum 30 min
at 5 °C), the possible racemization of the chiral allene by a
reversible single-electron-transfer process mediated by the
organocopper compound, cuprates or by Cu®, does not play
an important role in this reaction.*3! Indeed, on the prin-
ciple that a good ligand to copper might avoid the forma-
tion of Cu® by decomposition of the organocopper species
and therefore the racemization process, the same reaction
was performed with a complexed copper salt such as a tri-
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ethyl phosphite complexed copper salt.[”? No improvement
in the enantioselectivity was observed (ee 60%, but in a
lower yield of 50%).

Conclusion

The formation of several polysubstituted allenes from
acetylenic sulfoxides and sulfones can be achieved in an
easy and straightforward way. This sequence involves car-
bocupration followed by a zinc carbenoid homologation
and finally by a syn B-elimination reaction. This strategy
also allowed the preparation of functionalized allenes in a
one-pot procedure. The separation of the final allene is very
easy in all cases, since no isomeric alkynes can be formed
as nonpolar products.

A new synthesis of 1,1-diiodoalkanes by a double hydro-
alumination reaction of terminal alkynes is also reported,
and allows the syntheses of secondary carbenoids and thus
of 1,3-di- and 1,1,3-trisubstituted allenes. Finally, a thermo-
dynamic equilibration (or deracemization) of secondary or-
ganometallic derivatives before the syn B-elimination opens
a new route to chiral 1,3-disubstituted allenes.

Experimental Section

General: Experiments involving organometallic compounds were
carried out under a positive pressure of dry argon. All glassware
was oven-dried at 150 °C overnight and assembled quickly while
hot under a stream of argon. Liquid nitrogen was used as a cryo-
genic fluid and all indicated temperatures, unless otherwise stated,
refer to internal values. Diethyl ether and THF were distilled from
sodium benzophenone ketyl. Diethylzinc (1 M solution in hexane),
n-butyllithium (1.6 ™M solution in hexane), diiodomethane, zinc
bromide, and copper(i) bromide were purchased from Aldrich
Chemical Co Inc. Grignard reagents were prepared and titrated
before use. ZnBr, was melted under a stream of argon and handled
as a 1 M solution in diethyl ether. Organolithium reagents were
titrated with 2-butanol (1 M in toluene) with 1,10-phenanthroline
as indicator. NMR spectra were recorded with Bruker AC 400 or
Bruker AC 200 machines in CDCl;. Chemical shifts are reported
in parts per million (ppm) relative to tetramethylsilane (TMS) as an
internal standard (0.1%) in '"H NMR spectra. In '3C NMR spectra,
CDCl; (6 = 77.2 ppm) was used as a reference.

General Procedure for the Synthesis of 1,1-Disubstituted Allenes: A
solution of alkynyl sulfoxide (2 mmol) in 3 mL of THF was added
at —70 °C to a suspension of organocopper compound (2 mmol
Grignard reagent + 2 mmol CuBr) in 9 mL of THF and the mix-
ture was kept at that temperature for 30 min. It was then allowed to
warm to 20 °C over 30 min. Meanwhile, diiodomethane (0.97 mL,
12 mmol) was added at —50 °C to a stirred solution of diethylzinc
(0.75 ™ in hexane, 6 mmol) in 8 mL of THF. It was then allowed
to warm to 0 °C over 30 min and kept at that temperature for 15
min. The zinc carbenoid solution was then again cooled to —50
°C, transferred by cannula to the vinylcopper solution, and kept at
20 °C for 5 min. The reaction mixture was then stirred for another
10 min at 25 °C and then quenched with 2:1 aqueous NH,Cl/
NH4OH solution. After conventional diethyl ether workup, the
crude product was purified by filtering through silica gel with hex-
ane as eluent.
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General Procedure for the Synthesis of 1,3-Di- and 1,1,3-Trisubsti-
tuted Allenes: A solution of alkynyl sulfoxide (2 mmol) in 3 mL of
THF was added at —70 °C to a suspension of organocopper com-
pound (2 mmol Grignard reagent + 2 mmol CuBr) in 9 mL of
THF and the mixture was kept at that temperature for 30 min. It
was then allowed to warm to 20 °C over 30 min. Meanwhile, n-
butyllithium (1.5 M in hexane, 8 mmol) was added at —40 °C to a
stirred solution of zinc bromide (0.91 g, 4 mmol) in § mL of THE.
It was then kept at 0 °C for 30 min and for another 30 min at 25
°C. The dibutylzinc solution was then added to the vinylcopper
solution by syringe and stirred for 5 min. Next, a solution of 1,1-
diidophenylethane in 8 mL of THF was added dropwise over 10
min. The reaction mixture was then stirred for another 30 min at
25 °C and was then quenched with 2:1 aqueous NH,CI/NH,OH
solution. After conventional diethyl ether workup, the crude prod-
uct was purified by filtering through silica gel with hexane as elu-
ent.

3-Methyl-1,2-nonadiene (10):1*4 Colorless liquid. Isolated yield 75%
(200 mg). "H NMR: & = 0.83 (t, J = 6.5 Hz, 3 H), 1.238—1.42 (m,
8 H), 1.64 (t, J = 3 Hz, 3 H), 1.87—1.95 (m, 2 H), 4.53—4.59 (m,
2 H) ppm. 3C NMR: § = 14.05, 18.67, 22.68, 27.44, 29, 31.79,
33.56, 73.65, 98.41, 206.29 ppm. C;oH s (138.24): caled. C 86.87,
H 13.12; found C 86.91, H 13.10.

3-Butyl-1,2-nonadiene (11): Colorless liquid. Isolated yield 80%.
(290 mg). '"H NMR: & = 0.83 (m,6 H), 1.26—1.43 (m, 12 H),
1.87—1.9 (m, 4 H), 4.58—4.64 (m, 2 H) ppm. '3C NMR: § = 13.92,
14.04, 22.48, 22.7, 27.58, 29.1, 29.81, 31.82, 31.9, 32.21, 75.09,
103.26, 205.84 ppm. Cj3H,, (180.32): caled. C 86.58 H, 13.41;
found C 86.52 H, 13.47.

3-(Isopropyl)-1,2-nonadiene (12): Colorless liquid. Isolated yield
65%. (215mg). '"H NMR: & = 0.83 (t, J = 6.4 Hz, 3 H) 0.98 (d,
J = 69Hz, 6 H), 1.24—1.42 (m, 8 H), 1.86—1.95 (m, 2 H),
1.96—2.21 (m, 1 H), 4.63—4.68 (m, 2 H) ppm. '3C NMR: § =
14.08, 21.64, 22.73, 27.81, 29.21, 29.79, 30.38, 30.46, 31.87, 76.46,
109.77, 204.88 ppm.

3-tert-Butyl-1,2-nonadiene (13): Colorless liquid. Isolated yield.
50%. (180 mg). '"H NMR: & = 0.83 (t, J = 6.13 Hz, 3 H), 1.02 (s,
9 H), 1.24—1.41 (m, 8 H), 1.85—1.9 (m, 2 H), 4.61-4.67 (m,2 H)
ppm. 3C NMR: § = 14.09, 22.73, 26.59, 27.58, 28.29, 29.08, 29.28,
31.9, 76.8, 112.65, 204.66 ppm.

3-Phenyl-1,2-nonadiene (14):1*3 Colorless liquid. Isolated yield 95%.
(380 mg). 'H NMR: & = 0.86 (t, J = 6.5 Hz, 3 H), 1.26—1.59 (m,
8 H), 2.38—2.45 (m, 2 H), 5.05 (t, J = 3.3 Hz, 2 H), 7.19—7.43 (m,
5 H) ppm. '*C NMR: § = 14.08, 22.71, 27.89, 29.16, 29.55, 31.78,
77.9, 105.12, 125.99, 126.48, 128.29, 136.56, 208.69 ppm. C;sH»q
(200.31): caled. C 89.93 H, 10.06; found C 89.87 H, 10.14.

3-Butyl-1,2-undecadiene (15): Colorless liquid. Isolated yield 80%.
(330 mg). '"H NMR: § = 0.83 —0.92(m, 6 H), 1.24—1.43 (m, 16
H), 1.87—1.92 (m, 4 H), 4.59—4.64 (m, 2 H) ppm. 3C NMR: § =
13.82, 13.96, 22.31, 22.55, 27.47, 29.19, 29.27, 29.36, 29.58, 29.67,
31.78, 32.06, 74.96, 103.23, 205.67 ppm. C;sH,g (208.37): caled. C
86.45, H 13.54; found C 86.62, H 13.48.

1-Phenylpropadiene (16):4%1 Colorless oil. Isolated yield 85%.
(200 mg). '"H NMR: & = 5.12 (d, J = 6.8 Hz, 2 H), 6.12 (1, J =
6.8 Hz, 1 H), 7.14—7.35 (m, 5 H) ppm.

Ethyl 4-(1-Hexylpropa-1,2-dienyl)benzoate (18): Colorless oil. Isol-
ated yield 85%. (465 mg). '"H NMR: & = 0.83 (t, J = 6.4 Hz, 3 H),
1.24—1.52 (m, 11 H), 2.36—2.41 (m, 2 H), 4.28 (q, J = 7 Hz, 2 H),
5.07 (t, J = 3.2Hz, 3 H), 7.34 (d, J = 8.4Hz, 2 H), 7.94d, J =
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831 Hz, 2 H) ppm. °C NMR: & = 13.93, 14.21, 22.53, 27.69,
28.94, 29.22, 31.58, 60.63, 78.35, 104.75, 125.65, 128.14, 129.46,
141.34, 166.31, 209.25 ppm. C,sH,,0, (272.37): caled. C 79.36 H,
8.88; found C 79.86 H, 9.21.

4-Ethyl-1-phenyl-2,3-decadiene (35): Colorless oil. Isolated yield
90%. (435mg). '"H NMR: § = 0.84 (t, J = 6.4 Hz, 3 H), 0.93 (t,
J =174Hz, 3 H), 1.26—1.38 (m, 8 H), 1.85—1.98 (m, 4 H), 3.298
(d, J = 6.9Hz, 2 H), 5.2—5.3 (m, 1 H), 7.14-7.32 (m, 5 H) ppm.
13C NMR: § = 12.37, 14.09, 22.67, 25.72, 27.75, 29.07, 31.84,
32.77, 36.55, 91.78, 106.73, 125.88, 128.22, 128.56, 141.11,
201.22 ppm. C;gHys (242.39): caled. C 89.18 H, 10.81; found C
89.24 H, 10.63.

1,4-Diphenyl-2,3-decadiene (36): Colorless oil. Isolated yield 84%.
(490 mg). '"H NMR: 8§ = 0.97 (t, J = 6.3 Hz, 3 H), 1.38—1.68 (m,
6 H), 2.4—2.56 (m, 4 H), 3.54 (d, J = 7.1 Hz, 2 H), 5.73—5.79 (m,
1 H), 7.16—7.52 (m, 10 H) ppm. 3C NMR: § = 14.07, 22.62, 27.98,
29.1, 30.09, 31.75, 35.93, 93.66, 106.33, 126.02, 126.11, 126.44,
128.24, 128.36, 128.51, 129.74, 137.27, 140.43, 204.44 ppm.

4-Butyl-1-phenyl-2,3-decadiene (37): Colorless oil. Isolated yield
85%. (455 mg). '"H NMR: § = 0.94 (t, J = 6.85 Hz, 3 H), 1.36—1.51
(m, 12 H), 1.96—-1.99 (m, 4 H), 3.37 (d, J = 69Hz, 2 H),
5.25-5.35 (m, 1 H), 7.22—7.39 (m, 5 H) ppm. 3C NMR: § =
13.96, 14.07, 22.42, 22.65, 27.72, 29.07, 29.95, 31.83, 32.46, 32.75,
36.49, 91.07, 104.84, 125.87, 128.19, 128.53, 141.11, 201.52 ppm.
CyoH3p (270.44): caled. C 88.81 H, 11.18; found C 88.76 H, 11.21.

4-Ethyl-1-phenyl-2,3-octadiene (38): Colorless oil. Isolated yield
80%. (345mg). '"H NMR: & = 0.84 (t, J = 6.9 Hz, 3 H), 0.93 (t,
J = 7.4Hz, 3 H), 1.25—1.44 (m, 4 H), 1.85—1.96 (m, 4 H), 3.298
(d, J = 7THz, 2 H), 52—5.3 (m, 1 H), 7.14—7.32 (m, 5 H) ppm.
13C NMR: § = 12.37, 13.98, 22.42, 25.69, 29.95, 32.43, 36.55,
91.71, 106.73, 125.88, 128.22, 128.58, 141.14, 201.19 ppm.

1-Phenyl-2,3-pentadiene (39):471 Colorless oil. Isolated yield 82%.
(260 mg). '"H NMR: & = 0.99 (t, J/ = 7.4 Hz, 3 H), 2.07—1.92 (m,
2 H), 332 (dd, J = 28, 6.9 Hz, 2 H), 5.15-5.32 (m, 2 H),
7.15-7.33 (m, 5 H) ppm.

5,6-Pentadecadiene (40):*81 Colorless oil. Isolated yield 85%.
(355 mg). '"H NMR: § = 0.83 (t, / = 7 Hz, 3 H), 088 (t, J = 7 Hz,
3 H), 1.2—1.39 (m, 16 H), 1.93—2.03 (m, 4 H), 4.99—5.06 (dt, J =
4.6, 9.4 Hz, 2 H) ppm. 3C NMR: § = 13.89, 14.03, 22.16, 22.51,
28.29, 28.72, 29.03, 29.11, 29.58, 29.67, 31.09, 31.59, 74.45, 90.90),
203.86 ppm.

Double Homologated Product 26: Colorless oil. Isolated yield 80%.
(780 mg). '"H NMR: § = 0.64 (t, J = 7.2 Hz, 2 H), 0.79 (t, J =
6.6HZ, 3 Hz), 0.88 (t, J = 6.9Hz, 3 H), 1.19-1.48 (m, 16HO,
2-2.6 (m, 6 H), 2.29 (s, 3 H), 7.19 (d, J = 7.9 Hz, 2 H), 7.32 (D,
J =7.9HZ, 2 H) ppm. 3C NMR: § = 13.70, 13.84, 14.9 (t), 16.95,
17.02, 21.03, 22.44, 22.64, 27.94, 28.99, 29.21, 29.66, 31.32, 31.48,
31.61, 32.40, 124.22, 129.34, 139.84, 140.63, 140.82, 150.39 ppm.

General Procedure for the Synthesis of 1,1-Diiodoalkanes: An ether-
eal solution of LiAIH, (1.09 M, 1.51 mL, 1.65 mmol, 0.55 equiv.)
was added at room temperature to a suspension of aluminium
chloride (0.66 g, 4.95 mmol, 1.65 equiv.) in 3 mL of pentane and
7.5mL of diethyl ether. After the mixture had been stirred for
5 min, the solvents were removed at room temperature under va-
cuum (20 Torr) through CaCl, to give a white suspension of LiCl
and HAIC]I, (6.6 mmol, 2.2 equiv.). Toluene (6 mL) was then added,
followed by 1-alkyne (3 mmol, 1 equiv.). The reaction mixture was
heated at 90 °C for 3 h to give the bis-1,1-(dichloroaluminio)alkane.
After the mixture had been cooled to 0 °C, THF (20 mL) was ad-
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ded and a solution of iodine (1.675 g, 6.6 mmol, 2.2 equiv.) in cold
THF (20 mL) was then added. The reaction mixture was warmed
to room temperature and stirred for 15 min and was then trans-
ferred into a cold solution (0 °C) of aqueous HCI (1 m, 100 mL).
After the mixture had been stirred for 5 min, the aqueous layer was
extracted with diethyl ether, and the collected organic phases were
washed with aq. Na,S,03 and saturated brine and then dried with
MgSO,. After filtration and evaporation of the solvents, the residue
was chromatographed on silica gel.

1,1-Diiodooctane (27):19 Isolated yield 81%. (890 mg). 'H NMR:
§ = 0.86 (1, J = 5.5 Hz, 3 H), 1.26 (m, 10 H), 2.33 (q, J = 7.2 Hz),
2 H), 5.09 (t, J = 6.5 Hz, 1 H) ppm.

1,1-Diiododecane (28): Isolated yield 75%. (885 mg). '"H NMR: § =
0.86 (t, J = 5.5Hz, 3 H), 1.26 (m, 10 H), 2.33 (q, / = 7.2 Hz),
2 H), 5.09 (t, J = 6.5 Hz, 1 H) ppm.

1,1-Diiodo-3,3-dimethylbutane ~ (29):5%  Isolated yields 52%.
(525mg). "H NMR: & = 0.96 (s, 9 H), 2.92 (d, J = 6.4 Hz, 2 H),
5.17 (t, J = 6.4 Hz, 1 H) ppm.

1,1-Diiodo-2-phenylethane (30):°! Isolated yields 50%. (540 mg).
IHNMR: 8 = 3.7 (d, J = 7.4 Hz, 2 H), 5.08 (t, J = 7.4 Hz, 1 H),
7.2—7.35 (m, 5 H) ppm.

1,1-Diiodo-3-phenylpropane (31):1*°! Isolated yields 46%. (515 mg).
TH NMR: § = 2.12 (q, J = 7.0 Hz, 2 H), 2.69 (t, J = 5.8 Hz, 1 H),
498 (t, J = 5.8 Hz, 1 H), 7.17—-7.35 (m, 5 H) ppm.

1,1-Diiodo-4-phenylbutane (32): Isolated yields 75%. (870 mg). 'H
NMR: § = 1.76 (m, 2 H), 2.39 (dt, J = 6.6 Hz, 8.37 Hz, 2 H), 2.66
(t, J = 7.7Hz, 2 H), 5.09 (t, J = 6.4Hz, | H), 7.15-7.29 (m, 5
H) ppm.

Enantioselective Synthesis of 5,6-Undecadiene 41:°3 A solution of
chiral ethynyl sulfoxide*'! (2 mmol) in THF (3 mL) was added at
—70 °C to a suspension of organocopper compound (2 mmol Grig-
nard reagent + 2 mmol CuBr) in 9 mL of THF and the mixture
was kept at that temperature for 30 min. It was then warmed to
20 °C over 30 min. Meanwhile, n-butylmagnesium bromide
(1 M solution in Et,O, 8 mmol, 8 mL) was added at —40 °C to a
stirred solution of zinc bromide (0.91 g, 4 mmol) in 8 mL of THF.
It was then kept at 0 °C for 30 min and for another 30 min at 25
°C. The dibutylzinc solution was then added to the vinylcopper
solution by syringe and the mixture was stirred for 5 min. A solu-
tion of 1,1-diiodopentane in THF (8 mL) was then added dropwise
at 0 °C over 10 min. The reaction mixture was then stirred for
another 30 min between 0 and 5 °C and then quenched with 2:1
aqueous NH4,CI/NH,4OH solution. After conventional diethyl ether
workup, the crude product was purified by filtering through silica
gel with hexane as eluent. Dibutylallene was obtained in 75% isol-
ated yield and in 65% enantiomeric excess.*?! [a]5 = —44.2 (¢ =
1.25, HCCI;).52 TH NMR: § = 1.0 (t, J/ = 8 Hz, 6 H), 1.44—1.6
(m, 8 H), 2 (t, J = 10 Hz, 4 H), 5.2 (m, J = 10 Hz, 2 H) ppm. 13C
NMR: § = 13.9, 22.2, 28.8, 31.5, 90.8, 204 ppm. IR 1370, 1450,
1960, 2980 ppm.
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