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Abstract: The efficient tandem rhodium-catalysed
1,4-addition/cyclisation of 1,1’-alkenes using arylzinc
chlorides is described. The simple one-step synthesis
of substituted cyclopentanone and cyclohexanone de-
rivatives is performed from acyclic precursors using
relatively low catalyst loadings under mild condi-

tions. A new quaternary carbon centre is created
during the cyclisation step.
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Introduction

The possibility of combining two or more transforma-
tions in a single one-pot reaction has always been of
great interest in organic synthesis.[1] Tandem reactions
including catalytic processes have become an impor-
tant methodology for the formation of new chemical
bonds in a very efficient way.[2] In recent years, con-
siderable efforts have been made to use a conjugate
addition as the initial step of tandem processes.[3] Stoi-
chiometric reactions involving organolithium addition
to a,b-unsaturated ketones or esters have been widely
used and their association with subsequent intramo-
lecular cyclisation reactions allowed the formation of
cyclic products in high yields and good stereoselectiv-
ity.[4] Metal-catalysed 1,4-additions have also been
used in tandem reactions and combined with different
transformations such as electrophilic trapping[5,6] in-
cluding halogenation,[7] aldol reactions,[8] cyclopropa-
nation,[9] and cyclisation reactions.[10] Conjugate addi-
tion reactions allow the addition of different organo-
metallic sources (organoboron, organozinc, organosi-
lane, organoindium, organotitanium, organobis-
muth,…) using different catalytic species based on
rhodium, copper, or palladium and chiral ligands.[11]

In the past decade particular attention has been fo-
cussed on the rhodium-catalysed 1,4-addition of orga-
noboron derivatives,[11c–e,g,h] and in previous studies,
we and others have shown that this reaction can be
applied to less reactive substrates such as 1,1’-alkenes,
which allows the preparation of 2-alkylsuccinates or

a- and b-amino acid compounds[5,6b] and that water
can be used as the reaction solvent.[12]

Among the organometallic species used in 1,4-addi-
tion reactions, arylzinc chloride derivatives have been
relatively rarely employed.[13] However, they present
the advantages of an easy preparation from the corre-
sponding aryl halide compound and, thus, access to a
wide range of substituted aryl fragments suitable for
1,4-addition reaction. They also possess improved ac-
tivity in the transmetallation step compared to aryl-
boronic acids in rhodium-catalysed conjugate addi-
tion, which allows room temperature reaction condi-
tions. Indeed, in the 1,4-addition of phenylzinc chlo-
ride 1a to dimethyl itaconate 2 using 1 mol% of [Rh-
ACHTUNGTRENNUNG(COD)Cl]2, a complete conversion is obtained after
stirring for 2 h at room temperature compared with a
reaction temperature of 100 8C with phenylboronic
acid (Scheme 1). However, in the addition of phenyl-
zinc chloride the 1,4-addition product 3 was isolated
in only 69% yield alongside the cyclic compound 4
which was isolated as a minor product in 10% yield.
The formation of the cyclopentanone 4 was obtained
via a consecutive double 1,4-addition/cyclisation pro-
cess of dimethyl itaconate 2.
Interestingly, the introduction of chlorotrimethylsi-

lane (1.5 equivalents) in the reaction mixture sup-
presses the second conjugate addition by forming a
more stable enolate than the initial zinc enolate.
Thus, side reactions and complex crude reaction mix-
tures are avoided and the corresponding 1,4-addition
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product 3 was obtained in 94% yield after purifica-
tion.
The formation of the highly-functionalised cyclo-

pentanone derivative 4 led us to believe that the 1,4-
addition of organometallic derivatives to 1,1’-alkenes
could be followed with an intramolecular cyclisation
of the intermediate enolate to a terminal ester group
in a one-pot process. The construction of quaternary
stereocentres within the framework of a complex or-
ganic molecule remains a significant challenge for or-
ganic chemistry.[14] The tandem transformation shown
in Scheme 2 leads to the formation of cyclic ketones
and a new quaternary carbon centre is created during
the cyclisation step.
This type of tandem 1,4-addition/cyclisation reac-

tions are known in the literature but involve the use
of alkylzinc or boronic acid derivatives as nucleo-
philes and the subsequent cyclisation occurred via the
reaction of the intermediate enolate with an aldehyde
or a ketone, or addition to another enone fragment.[10]

The conjugate addition of an alkylzinc reagent fol-
lowed by cyclisation reaction onto an ester group has
been reported but in a two-step synthesis including
the introduction of new reagents.[15]

For that purpose we considered the design of 1,1’-
alkene substrates presenting an ester group at the end
of an elongated alkyl chain allowing an intramolecu-
lar cyclisation of the intermediate enolate prepared in
situ by the 1,4-addition of an aryl organometallic frag-
ment.

Results and Discussion

Synthesis of 1,1’-Alkene Substrates

Two methods were investigated for the preparation of
1,1’-alkenes possessing an extended alkyl chain with a
terminal ester group. Method A, which involves a
four-step process, was chosen for its versatility con-
cerning the variation of the nature of the ester group
(R) on the acrylate side of the 1,1’-alkene
(Scheme 3).[16] Alternatively, method B offered a
simple two-step synthesis and an easy tuning of the
length of the alkyl chain and the nature of the termi-
nal ester (OR’) (Scheme 4).[17]

Scheme 1. 1,4-Addition of phenylzinc chloride 1a to dimethyl itaconate 2 without chlorotrimethylsilane.

Scheme 2. Tandem 1,4-addition/intramolecular cyclisation of
aryl organometallic to 1,1’-alkenes.

Scheme 3. General procedure for the synthesis of 1,1’-al-
kenes 8–13 following the method A.
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The monoester or monoamide 5 was prepared
either from the corresponding diacid or the cyclic an-
hydride and was then coupled with MeldrumMs acid in
the presence of dicyclohexylcarbodiimide (DCC) and
4-dimethylaminopyridine (DMAP) in dichlorome-
thane. The resulting ketone 6 was reduced with
sodium borohydride in dichloromethane to give com-
pound 7 and finally the methylenation reaction using
EschenmoserMs salt afforded the corresponding 1,1’-al-
kenes (8 to 13), after purification, in good yields over
the four steps.
The 1,1’-alkenes 17–21 were prepared following a

literature procedure in a one-pot two-step reaction
starting from trimethyl phosphonoacetate 14.[17]

Unless commercially available, bromo ester com-
pounds 15 were prepared by esterification of the cor-
responding carboxylic acid using standard methods.[18]

Deprotonation with sodium hydride in N,N-dimethyl-
formamide followed by the addition of the desired
bromo compound led to the formation of the inter-

mediate 16 after 16 h heating at 100 8C. The methyl-
enation step was performed by addition of potassium
carbonate and paraformaldehyde to the crude mixture
and a further six hours heating at 100 8C afforded the
corresponding 1,1’-alkene derivatives 17–21 in modest
yields after purification (Scheme 4).

Tandem 1,4-Addition/Cyclisation Reactions

Our initial studies examined the preparation of cyclo-
pentanone 23a from the 1,1’-alkene 9 using different
conditions (A–C) as described in Table 1. The addi-
tion of phenylboronic acid using conditions A result-
ed in complete conversion to the 1,4-addition/proto-
nation product, none of the desired cyclopentanone
23a was obtained (Table 1, Entry 1). This result indi-
cates that protonation of the intermediate enolate is
faster than cyclisation onto the ester when water is
present in excess (co-solvent). Performing the reac-

Scheme 4. General procedure for the synthesis of 1,1’-alkenes 17–21 following the method B.

Table 1. Comparison of different protocols for tandem 1,4-addition/cyclisation.

Entry Organometallic Conditions[a] Time [h] Conversion[b] [%]
1,4-Addition/protonation 1,4-Addition/cyclisation

1 PhB(OH)2 A 20 100 0
2 PhB(OH)2 B 20 48 52
3 PhZnCl C 18 0 100
4 PhZnCl C 0.15 13 57
5 PhZnCl C 0.5 18 57
6 PhZnCl C 1 12 73
7 PhZnCl C 2 12 77

[a] Reaction conditions: A [Rh ACHTUNGTRENNUNG(COD)2] ACHTUNGTRENNUNG[SbF6] (4 mol%), THF/H2O (10/1), 80 8C; B [Rh ACHTUNGTRENNUNG(COD)2] ACHTUNGTRENNUNG[SbF6] (4 mol%), KOH (8
mol%), THF, 80 8C; C [Rh ACHTUNGTRENNUNG(COD)Cl]2 (1 mol%), TMSCl, THF, room temperature.

[b] Determined by 1H NMR.
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tion in the absence of water results in low conversions
as the catalyst is unable to turnover. However, the ad-
dition of potassium hydroxide restores the activity of
the catalyst (conditions B) and results in complete
conversion to a mixture of the 1,4-addition/protona-
tion product and the desired cyclopentanone 23a
(Table 1, Entry 2). In this case, the 1,4-addition/proto-
nation product is likely to arise by a competitive pro-
tonation of the intermediate enolate with boric acid
(the side product from transmetallation with boronic
acids). Using conditions C (previously described in
Scheme 2 for the addition of phenylzinc chloride 1a
to dimethyl itaconate), a complete conversion into
the cyclopentanone 23a was obtained after 18 h stir-
ring at room temperature (Table 1, Entry 3). No 1,4-
addition/protonation product or double 1,4-addition
product was observed in the crude reaction mixture
indicating that all the intermediate enolate had been
consumed in the intramolecular cyclisation process.
In a separate experiment, the addition of phenyl-

zinc chloride 1a to 1,1’-alkene 9 using conditions C
was repeated to follow the product distribution as a
function of time. Remarkably, after quenching an ali-
quot at eight minutes the conversion was 70% and
the major product was the cyclopentanone 23a
(Table 1, entry 4). Over the following two hours the

reaction proceeds to 90% conversion with a consis-
tent amount of the 1,4-addition/protonation product
appearing upon quenching (Table 1, entries 5–7).
The formation of the cyclopentanone 23a by the

1,4-addition of phenylboronic acid (Table 1, entry 2)
suggests that the intramolecular cyclisation can occur
via the intermediate rhodium enolate species I
(Scheme 5). This is further supported by the observa-
tion that treating a phenyl-rhodium complex (formed
by the addition of phenyllithium to [Rh ACHTUNGTRENNUNG(COD)Cl]2)
with one equivalent of 1,1’-alkene 9 in anhydrous
THF furnishes the cyclopentanone 23a as the exclu-
sive product. In the 1,4-addition of phenylzinc chlo-
ride 1a, the intramolecular cyclisation could occur
rapidly via the intermediate rhodium enolate species I
or the zinc enolate species II (M=ZnCl), formed by
a subsequent transmetallation (Scheme 5). In the ab-
sence of chlorotrimethylsilane, the cyclopentanone
23a is observed as the major product but the isolated
yields are lower and the 1H NMR of the reaction sug-
gests the formation of side-products. The trapping of
either I or II (prior to cyclisation) with chlorotrime-
thylsilane affords the enolsilane III, and the kinetic
experiments suggest that the cyclisation of this species
is much slower (observed in 1H NMR). Nevertheless,
the reactions proceed to complete conversion. It is
possible the presence of zinc chloride in the reaction
media facilitates the cyclization of III by Lewis acid
activation of the carbonyl function of the terminal
ester group.

Formation of Different Ring Sizes

The tandem 1,4-addition/cyclisation of phenyl zinc
chloride 1a was then applied to 1,1’-alkenes present-
ing the same terminal methyl ester group but possess-
ing different alkyl chain lengths allowing the potential
formation of cyclic ketones with 4-, 5-, 6-, or 7-mem-
bered rings, respectively (Table 2).

Scheme 5. Possible modes of cyclisation.

Table 2. Formation of different ring sizes.[a]

Entry 1,1’-Alkene n Conversion[b] [%]
1,4-Addition/protonation 1,4-Addition/cyclisation

1 8 0 100 (22a, 93[c]) 0
2 9 1 0 100 (23a, 77[c])
3 12 2 0 100 (24a, 87[c])
4 21 3 100 (25a, 90[c]) 0

[a] Reaction conditions: C [Rh ACHTUNGTRENNUNG(COD)Cl]2 (1 mol%), TMSCl, THF, room temperature.
[b] Determined by 1H NMR.
[c] Isolated yield.
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No cyclic product formation was observed during
the reaction using the 1,1’-alkene 8 (Table 2, entry 1).
It appears that the formation of 4-membered ring
(n=0) was not possible even by heating the reaction
mixture or tuning its concentration, and in each case
only the 1,4-addition/protonation product 22a was ob-
tained and isolated in 93% yield. Applying the same
reaction conditions to 1,1’-alkene 12, a complete con-
version to cyclohexanone 24a (n=2) was observed
without any traces of the 1,4-addition/protonation
product (Table 2, entry 3). Thus, the formation of 6-
membered rings can be performed in good yield
(87%) and in the same range of activity as for 5-
membered ring synthesis (Table 2, entry 2). Using the
1,1’-alkene 21, no 7-membered ring formation was ob-
served despite the complete conversion of the sub-
strate (Table 2, entry 4). The tuning of the reaction
conditions did not improve the selectivity and the 1,4-
addition/protonation product 23a was obtained in
90% yield after column chromatography.

Cyclopentanone and Cyclohexanone Synthesis

The rhodium-catalysed addition of phenylzinc chlo-
ride 1a to the 1,1’-alkenes 9 and 12 allows the prepa-
ration of substituted cyclopentanone 23a and cyclo-
hexanone 24a in high yield (Table 2, entries 2 and 3).
Two analogues 10 and 13 presenting a bulky ester
group on the acrylate side of the substrate were pre-
pared following the procedure A (Scheme 3) and
were submitted to the standard reaction conditions of
the tandem 1,4-addition/cyclisation reaction
(Scheme 6).
In both cases the presence of a tert-butyl group on

the acrylate ester of the substrate did not hinder
either the 1,4-addition or the cyclisation step. Indeed,
the addition of phenylzinc chloride 1a followed by the
intramolecular cyclisation of the intermediate enolate
reached completion and the corresponding cyclopen-
tanone 26a and cyclohexanone 27a were obtained in
87% and 89% yield, respectively.

To demonstrate the scope of the process, a variety
of arylzinc chloride derivatives were prepared from
their corresponding aryl halides (or directed lithia-
tion) and these organozinc chloride compounds were
then used in the tandem 1,4-addition/cyclisation reac-
tion on 1,1’-alkenes presenting at the same time a
methyl or a tert-butyl group as their acrylate ester,
and possessing different alkyl chain lengths to obtain
5- and 6-membered ring ketones (Table 3).
With either the methyl or the tert-butyl ester group,

a range of cyclopentanones with different aryl groups
was obtained in high yields after purification (n=1,
75% to 92% yield). The formation of substituted cy-
clohexanones occurred in the same range of activity
and in good yields (n=2, 62% to 93% yield). A high
level of steric tolerance is apparent in the reaction as
evidenced by the efficient 1,4-addition/cyclisation
with the ortho-disubstituted arylzinc reagent 1f
(Table 3, entry 6, product 23f). Thus, a useful variety
of substituted cyclopentanone and cyclohexanone
products was prepared under mild conditions in high
yield by changing the nature of the aromatic group of
the arylzinc chloride nucleophiles.

Effect of the Nature of the Terminal Ester Group

Finally we investigated the versatility of our catalytic
1,4-addition/cyclisation procedure by using a variety
of 1,1’-alkenes with different terminal ester/amide
groups (compounds 9, 17–20, Scheme 4; compound
11, Scheme 3). Thus, the efficiency of the intramolecu-
lar cyclisation of the intermediate enolate would be
tested. The substrates were employed in the standard
reaction conditions using phenyl zinc chloride 1a as
the organometallic nucleophile (Table 4).
Interestingly, the presence of a benzyl group on the

terminal ester did not hinder the cyclisation step and
a complete conversion into the cyclopentanone 23a
was observed after 18 h at room temperature using
the 1,1’-alkene 20 (Table 4, entry 1). A similar obser-
vation was made with an ethoxy fragment as leaving
group, the cyclopentanone 23a was isolated in 87%
yield with no 1,4-addition product being observed in
the reaction mixture (Table 4, entry 3). Moving from
ethyl to isopropyl, the conversion was complete but a
mixture of 1,4-addition product 28 and cyclopenta-
none 23a was observed, with the cyclisation product
observed as the major product (80%) (Table 4,
entry 4). However, this ratio was reversed by the use
of a terminal tert-butyl group (Table 4, entry 5).
Indeed, 10% conversion into the cyclopentanone 23a
was observed and 1,4-addition product 29 was ob-
tained in 88% yield after purification. Finally, the cy-
clisation reaction was completely shut down by the in-
troduction of an amide group at the end of the alkyl
chain. In this case, the corresponding 1,4-addition

Scheme 6. Tandem 1,4-addition/cyclisation reaction of tert-
butyl acrylate ester 1,1’-alkene 10 and 13.
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product 30 was isolated in 90% yield after chroma-
tography (Table 4, entry 6).

Conclusions

The above results show that aryl zinc chloride deriva-
tives are useful reagents for the tandem rhodium-cat-
alysed 1,4-addition/cyclisation reaction of 1,1’-alkenes
presenting an extended alkyl chain with a terminal
ester group. This transformation leads to the facile
preparation of substituted cyclopentanones and cyclo-
hexanones with adjacent quaternary carbon centres
under mild conditions and in high yields from acyclic
precursors. The high reactivity of the system allows
the use of bulky aryl nucleophiles and the cyclisation
step can occur on different ester group such as
methyl, ethyl or benzyl. The selectivity of the tandem

reaction can be tuned by employing a terminal amide
function on the alkyl chain of the 1,1’-alkene, which
inhibits any cyclisation and leads exclusively to the
1,4-addition product.
Studies on the application of this tandem 1,4-addi-

tion/cyclisation of aryl zinc chlorides in total synthesis
are currently under investigation, as is its potential
transposition into an asymmetric process by the mean
of chiral catalyst or chiral auxiliaries.

Experimental Section

General Remarks

All reactions were performed under nitrogen atmosphere in
pre-dried glassware. All solvents were purified by passing
through a neutral alumina column under argon (Pure-SolvTM

Table 3. Synthesis of substituted cyclopentanones and cyclohexanones.[a]

Entry Alkene ArZnCl[b] Cyclic Products n R Products (Yield) [%]

1

9 1 Me 23a (77)
10 t-Bu 26a (87)
12 2 Me 24a (87)
13 t-Bu 27a (89)

2

9 1 Me 23b (90)
10 t-Bu 26b (82)
12 2 Me 24b (74)
13 t-Bu 27b (62)

3

9 1 Me 23c (87)
10 t-Bu 26c (82)
12 2 Me 24c (93)
13 t-Bu 27c (63)

4

9 1 Me 23d (92)
10 t-Bu 26d (89)

5

9 1 Me 23e (85)
10 t-Bu 26e (79)

6 9 1 Me 23f (75)

[a] Reaction conditions: alkene (0.5 mmol), [RhACHTUNGTRENNUNG(COD)Cl]2 (1 mol%), arylzinc chloride (0.75 mmol), chlorotrimethylsilane
(0.75 mmol), tetrahydrofuran (1 mL), 18 h, room temperature.

[b] Prepared from the corresponding aryl halide or in the case of 1f by directed lithiation (see Experimental Section).
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by Innovative Technology). All chemicals were purchased
from Fisher Scientific (Acros), Lancaster or Aldrich and
used as received. [Rh ACHTUNGTRENNUNG(COD)Cl]2 was synthesised following
the literature procedure.[19] Flash chromatography was car-
ried out using Fisher silica 60 A (35–70 micron). TLC was
performed using AlugramQ silica G/UV254 coated plates.
Mass spectra were carried out by the EPSRC mass spec-
trometry service, Swansea. 1H NMR spectra were recorded
in CDCl3 on a Bruker AM 300 instrument at 300 MHz.
Chemical shifts are reported in ppm using residual CHCl3 as
an internal reference. Coupling constants are measured in
Hertz. 13C NMR spectra were recorded in CDCl3 on the
same instrument at 75 MHz. The bromo ester compounds 15
were prepared following standard esterification protocols
from the literature.[17] Characterisation data of all the prod-
ucts are reported in the Supporting Information.

General Procedure for the Preparation of Arylzinc
Chloride Derivatives (1a–e)

t-BuLi (20.0 mL, 30.0 mmol; 1.5M solution in pentane) was
added dropwise to a solution of aryl bromide or iodide
(15 mmol) in tetrahydrofuran (20 mL) at �78 8C. The reac-
tion mixture was stirred for 30 min at �78 8C, and then for
15 min at room temperature. The aryllithium solution was
then added to a dry solution of ZnCl2 (31.5 mL, 15.75 mmol;
0.5M solution in THF) at 0 8C and the resulting solution
was stirred for 30 min at this temperature before removing
the ice bath and the stirring was continued for 1 h at room
temperature. The pale yellow solution was concentrated
under vacuum to reach a final volume of 30 mL to afford
a 0.5M solution of arylzinc chloride in tetrahydrofuran
(1a–e).

Procedure for the Preparation of 2,6-
Dimethoxybenzylzinc Chloride (1f)

n-BuLi (3.13 mL, 5.0 mmol; 1.6M solution in hexane) was
added dropwise to a solution of 1,3-dimethoxybenzene

(0.69 g, 5 mmol) in tetrahydrofuran (12 mL) at 0 8C. The re-
action mixture was stirred for 30 min at 0 8C, and then for
3.5 h at room temperature. The aryllithium solution was
then added to a dry solution of ZnCl2 (10.5 mL, 5.25 mmol;
0.5M solution in THF) at 0 8C and the resulting solution
was stirred for 30 min at this temperature before removing
the ice bath and the stirring was continued for 1 h at room
temperature. The pale yellow solution was concentrated
under vacuum to reach a final volume of 10 mL to afford a
0.5M solution of 2,6-dimethoxybenzylzinc chloride in tetra-
hydrofuran (1f).

General Procedure for the Preparation of 1,1’-
Alkenes

Method A, alkenes 8–13:[15] Cyclic anhydride (dihydrofuran-
2,5-dione or dihydro-3H-pyran-2,6-dione) was stirred over-
night at room temperature either in methanol or in a solu-
tion of pyrrolidine (1 equiv.) in acetonitrile to afford the cor-
responding ester or amide, respectively, in quantitative con-
version after evaporation to dryness. The resulting solid was
then added to a mixture of dicyclohexylcarbodiimide (DCC)
(1.1 equivs.) and 4-dimethylaminopyridine (DMAP)
(1.6 equivs.) in dichloromethane at 0 8C and stirred over-
night at room temperature. To ensure the complete removal
of all the dicyclohexylurea (DCU) the reaction mixture was
concentrated under vacuum, the resulting product was treat-
ed with an ethyl acetate/petroleum ether mixture (1/1) and
filtrated. The filtrate was washed twice with a 10% KHSO4

aqueous solution and brine, dried over MgSO4 and evapo-
rated to dryness to afford a yellow solid, which was used in
the next step without any further purification. To a solution
of glacial acetic acid (10 equivs.) in dichloromethane at 0 8C
were added the resulting yellow solid followed by sodium
borohydride (2.5 equivs.) portionwise over 1 hour. The mix-
ture was allowed to warm up to room temperature and stir-
red overnight. The resulting mixture was extracted twice
with brine and twice with water, dried over MgSO4 and con-
centrated under vacuum to afford a yellow solid used as it is

Table 4. Effect of the nature of the terminal ester group in the tandem 1,4-addition/cyclisation reaction.[a]

Entry 1,1’-Alkene X Conversion[b] [%]
1,4-Addition/protonation 1,4-Addition/cyclisation

1 20 OBn 0 100 (23a, 83[c])
2 9 OMe 0 100 (23a, 77[c])
3 17 OEt 0 100 (23a, 87[c])
4 18 O-i-Pr 20 (28[d]) 80
5 19 O-t-Bu 90 (29, 88[c]) 10
6 11 pyrrolidine 100 (30, 90[c]) 0

[a] Reaction conditions: alkene (0.5 mmol), [Rh ACHTUNGTRENNUNG(COD)Cl]2 (1 mol%), phenylzinc chloride (0.75 mmol), chlorotrimethylsilane
(0.75 mmol), tetrahydrofuran (1 mL), 18 h, room temperature.

[b] Determined by 1H NMR.
[c] Isolated Yield.
[d] The 1,4-addition product 28 cannot be separated from the cyclopentanone 23a by chromatography.
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for the next step. This solid was refluxed overnight with di-
methylmethyleneimmonium iodide (EschenmoserMs salt)
(2.5 equivs.) in the required alcohol. After cooling down
evaporation afforded a residue, which was dissolved in ethyl
acetate and washed with a saturated NaHCO3 aqueous solu-
tion, followed with a 10% KHSO4 aqueous solution and
brine. Drying over MgSO4 and concentration under vacuum
afforded the crude mixture which was purified by flash
column chromatography over silica gel using ethyl acetate/
petroleum ether as elution mixture (1/20 except where
specified) to give the desired 1,1’-alkene as a colourless oil.
Method B, alkenes 17–21:[16] To a solution of sodium hy-

dride (60% in mineral oil, 1.3 equivs.) in N,N-dimethylfor-
mamide (5 mL per mmol of phosphonoacetate) was slowly
added trimethyl phosphonoacetate (1 equiv.) at room tem-
perature. The mixture was stirred for 30 min at this tempera-
ture before the addition of the bromo ester (1.3 equivs.).
After 30 min stirring at room temperature, the mixture was
heated at 100 8C for 16 h. After cooling down to room tem-
perature, potassium carbonate (3 equivs.) and paraformalde-
hyde (2 equivs.) were added and the mixture was heated at
100 8C for 6 h. After cooling down to room temperature, the
mixture was quenched with brine and extracted with ethyl
acetate. The layers were separated and the aqueous layer
was extracted twice with ethyl acetate. The combined organ-
ic layers were washed three times with water, then with
brine, dried over MgSO4, filtered and evaporated to dryness.
The crude was purified by silica gel chromatography using
ethyl acetate/petroleum ether (1/20) as eluent.

General Procedures for the Tandem 1,4-Addition/
Cyclisation Reaction

Conditions A: The 1,1’-alkene (0.5 mmol, 1 equiv.) and phe-
nylboronic acid (2.0 mmol, 4 equivs.) were added to a solu-
tion of [Rh ACHTUNGTRENNUNG(COD)2]ACHTUNGTRENNUNG[SbF6] (11.1 mg, 4 mol%) in a mixture
of tetrahydrofuran (2 mL) and water (0.2 mL). The resulting
solution was stirred for 20 h at 80 8C. After cooling down to
room temperature brine was added and the solution was ex-
tracted twice with ethyl acetate. The combined organic
layers were washed with water, dried over MgSO4, filtered,
and concentrated under vacuum. The crude mixture was
then purified by silica gel chromatography using ethyl ace-
tate/petroleum ether (1/10) as eluent to afford the 1,4-addi-
tion product or the corresponding cyclic product.
Conditions B: The 1,1’-alkene (0.5 mmol, 1 equiv.) and

phenylboronic acid (2.0 mmol, 4 equivs.) were added to a so-
lution of potassium hydroxide (22.4 mg, 8 mol%) and [Rh-
ACHTUNGTRENNUNG(COD)2] ACHTUNGTRENNUNG[SbF6] (11.1 mg, 4 mol%) in tetrahydrofuran
(2 mL). The resulting solution was stirred for 20 h at 80 8C.
After cooling down to room temperature brine was added
and the solution was extracted twice with ethyl acetate. The
combined organic layers were washed with water, dried over
MgSO4, filtered, and concentrated under vacuum. The crude
mixture was then purified by silica gel chromatography
using ethyl acetate/petroleum ether (1/10) as eluent to
afford the 1,4-addition product or the corresponding cyclic
product.
Conditions C: To a solution of [RhCl ACHTUNGTRENNUNG(COD)]2 (2.5 mg, 1

mol%), 1,1’-alkene (0.5 mmol, 1 equiv.), chlorotrimethylsi-
lane (0.095 mL, 0.75 mmol, 1.5 equivs.) in tetrahydrofuran
(1 mL) was added the arylzinc chloride solution (1.5 mL,

0.75 mmol, 0.5M in tetrahydrofuran, 1.5 equiv) at room tem-
perature. The reaction mixture was stirred overnight (18 h)
at room temperature. The reaction was quenched with
brine, extracted twice with ethyl acetate and the combined
organic layers were washed with water, dried over MgSO4,
filtered, and concentrated under vacuum. The crude mixture
was then purified by silica gel chromatography using ethyl
acetate/petroleum ether (1/10) as eluent to afford the 1,4-ad-
dition product or the corresponding cyclic product.
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