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An efficient Au(l) catalytic system is described for the asymmetric domino cyclization/functionalization
reactions of functionalized 1,6-enynes in the presence of an external nucleophile. The use of (R)-4-MeO-
3,5-(t-Bu),-MeOBIHEP ligand associated with gold led to clean rearrangements implying the formal
addition of an oxygen or carbon nucleophile to an alkene followed by a cyclization process. The enan-
tiomeric excesses were highly dependant on the substrate/nucleophile combination. Very good enan-

tiomeric excesses up to 98% were obtained in the case of substrates bearing larger groups (hindered
diesters and disulfones) and in the case of hindered carbon nucleophiles.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Metal-catalyzed cycloisomerization reactions of 1,n-enynes have
appeared as conceptually and chemically highly attractive processes
as they contribute to the concept of atom economy and offer the
opportunity to develop new reactions.! The recent emergence of
interest associated with the studies involving carbophilic Lewis
acids, such as gold or platinum opened the way to the development
of families of highly active and selective catalysts presenting
a unique reactivity.>> A wide variety of carbo- and heterocycles
presenting a high degree of structural complexity can be formed
using those new catalytic systems. The development of enantiose-
lective variants of these transformations are still rare,* probably
because of a highly substrate-dependency encountered with these
systems. Among the numerous 1,n-enynes cycloisomerization
transformations, we> and others® have been interested in domino
processes implying an external nucleophile (oxygen, amino or aro-
matic derivative) and leading to functionalized cyclic cyclopentenes
(Scheme 1). The first enantioselective versions have been described,
respectively, in the presence of platinum and gold for the alkox-
yeyclization reactions in 20047 and 20052 We expanded these
methodologies for the hydroarylation/cyclization domino process
and obtained high enantiomeric excesses in the presence of two
systems: one based on Pt(Il) catalyst associated with a mono-
phosphane (Ph—Binepine ligand)® and one based on a dinuclear gold
complex associated with the atropisomeric 4-MeO-3,5-(t-Bu);-
MeOBIPHEP ligand.!® Other groups have recently described chiral
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Scheme 1. Domino cyclization/functionalization reactions implying oxygen, amino
and carbon nucleophiles.

gold-based systems for domino processes, such as phenoxycycliza-
tion, intramolecular hydroarylation/cyclization reactions or 1,3-di-
polar cycloaddition, for example.!! In this paper, we wish to disclose
a comprehensive study on gold-catalyzed enantioselective domino
nucleophile addition/cyclization reactions putting the stress on the
scope and limitations of such systems.

2. Results and discussion

In order to find the optimized catalytic system, enyne 1a as the
substrate and N-methylindole as the nucleophile were reacted in
the presence of various cationic bimetallic gold complexes formed
from L+(AuCl); and 2 equiv of halide scavenging agents (Table 1).
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We selected various ligands L+ including atropisomeric ligands,
such as MeOBIPHEP (A, D), BINAP (B) and SEGPHOS (C) ligands and
other chiral ones presenting different chirality properties, such as
chiral spiro ligands SDP (E, F), PhanePhos (G, H) and DuPhos (I, J)
ligands (Scheme 2). We prepared the bimetallic gold complexes
starting from (tht)AuCl according to reported procedures.®12

Table 1
Optimization of the catalytic system for the hydroarylation/cyclization reaction

R ®
. Y4

L*(AuCl); 3 mol %

E/~ZPh pmen— S\ AgXEmol%  E ~xpy
E><::\ * \Q solvent E
E = CO,Me 3 equiv. T 2a
1a
Entry L+ AgX Solvent T [°C] t [h] Yield [%] ee [%]°
1 A AgSbFg Ether rt 03 96 26 (+)
2 A AgOBz Ether rt 240 0 /
3 A AgOTf Ether rt 20 96 46 (+)
4 A AgNTf, Ether rt 0.3 91 45 (+)
5 A AgOTf CH,Cl, It 48 91 48 (+)
6 A AgNTf, CH,Cl, rt 0.2 89 43 (+)
7 A AgOTf Ether 0 24 71 54 (+)
8 A AgNTf, Ether 0 21 84 58 (+)
9 A AgNTf, Ether -10 15 76 56 (+)
10 A AgNTf, Ether -20 15 39 55 (+)
11 B AgOTf Ether 0 36 46 12 (+)
12 B AgNTf,  Ether 0 24 99 20 (+)
13 C AgOTf Ether rt 20 58 47 (+)
14 D AgOTf Ether 0 2 91 80 (+)
15 D AgNTf,  Ether 0 24 90 71 (+)
16 D AgOTf Ether rt 48 99 83 (+)
17 D AgOTf CHCl, rt 48 96 63 (+)
18 E AgOTf Ether rt 48 65 20 (+)
19 F AgOTf Ether rt 48 61 18 (-)
20 G AgOTf Ether rt 48 43 7(-)
21 H AgOTf Ether rt 48 41 20 (+)
22 | AgOTf Ether rt 48 43 70)
23 ] AgOTf Ether It 48 64 2())

4 A=(R)-MeOBIPHEP, B=(R)-BINAP, C=(R)-DTBM-SEGPHOS, D=(R)-4-MeO-3,5-(t-
Bu),-MeOBIPHEP, E=(R)-SDP, F=(R)-Xylyl-SDP, G=(S)-PhanePhos, H=(S)-Xylyl-
PhanePhos, I=(R,R)-Me-DuPhos, J=(R,R)-EtDuPhos.

b Determined by HPLC analysis OD-H, hexane/i-PrOH 98/2, 1 mL/min.

0 S
PPh, o PAr,
PPh, o O PAr,
0 g
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Scheme 2. Chiral ligands.

The use of (R)-MeOBIPHEP-(AuCl),'? associated with silver salt
AgSbFg in ether has allowed the formation of the desired product
2a in excellent yield and 26% ee (Table 1, entry 1). The influence of
silver salts was investigated (Table 1, entries 2—4), silver triflate and
silver bis(trifluoromethanesulfonyl)imidate giving the best results.

Table 2
Asymmetric hydroarylation/cyclization in the presence of electron-rich aromatic
rings

_ L*(AuCl); (3 mol%) H y.H
E AgOTf (6 mol% ;

E — ether, rt, 15-20 h E

L* = (R)-4-MeO-3,5-(t-Bu),MeOBIPHEP

1a E = CO,Me; 1b E = CO,i-Pr; 1c E = CO2Bn

2 E =SO0,Ph
Entry Product Yield? [%] ee " [%]
1 OMe 3a 92 72 (-)
MeO OMe
H
MeOZC><:/\L\?;
Me0,C
2 OMe 4 85 94 (-)
MeO OMe
H
Ph023>£:
PhO,S
3 OMe 5 86 98 (-)
OMe
H
PhOQS><:\?3:
PhO,S
4 oMe 6 85 94 (-)
Br
MeO OMe
H
PhO,S Ph
PhO,S
5 7 99 82 ()
MeN
Ph
H
BnO,C Ph
BnO,C
95 (-)

6 8 99
MeN
Ph—
H
i-PrO,C Ph
-PrO,C

2 Isolated yield.
b Determined by HPLC analysis.

The use of dichloromethane instead of ether did not improve the
enantioselectivity (Table 1, entries 5 and 6). As the reaction time
was generally short, we decided to compare the efficiency of the
domino process at lower temperature. Indeed the reactivity was
still observed at 0 °C, —10 °C and even —20 °C, unfortunately the
influence on the ee was moderate (Table 1, entries 7—10). The use of
BINAP (B)™ induced a marked decrease of the observed ee (Table 1,
entries 11—-12). The outcome of the reaction was positively influ-
enced by hindered MeOBIPHEP or SEGPHOS analogous ligands (D,
C), which previously showed very interesting activities in gold-
catalyzed asymmetric reactions.*'>!* The analogue of SEGPHOS
ligand C did not lead to better results compared to MeOBIPHEP li-
gand A (Table 1, entry 13 compared to 3). The use of 4-MeO-3,5-(t-
Bu),-MeOBIPHEP ligand D afforded a consistent gap of the ee as the
desired arylated product 2a was isolated in 80% ee (Table 1, entry
14). We tried to optimize the conditions by changing the temper-
ature, the silver salts or the solvent. The best result was obtained in
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the presence of 3 mol % of (R)-D(AuCl), 6 mol % of AgOTf in ether at
room temperature (Table 1, entry 16). We therefore tested the ef-
ficiency of other chiral skeletons under the optimized conditions.
The SDP ligands E, F and PhanePhos ligands G, H did not induce
good levels of enantioselectivities (Table 1, entries 18 and 19, re-
spectively, 20 and 21). One may notice the influence of the sub-
stitution of the aryl groups on the phosphine in both cases as the
sense of enantioselectivity is reversed for ligands bearing xylyl
groups (F and H, respectively) The bis gold complex derived from
(R,R)-Me-Duphos ligand I, which was recently evaluated in the
hydrogenation of C—=0 and C=N bonds,"® was engaged in the
domino process, but disappointing results were obtained either
with Me- or Et-substituted ligand (Table 1, entries 22 and 23). The
best catalytic system was therefore found to be (R)-4-MeO-3,5-(t-
Bu),-MeOBIPHEP(AuCl); (ligand D). It’s also noteworthy that en-
couraging results were also obtained in the presence of the parent
complex (R)-MeOBIPHEP-(AuCl); (ligand A).

We also screened carbon nucleophiles and treated them with
various 1,6-enynes in the presence of the optimized system
(Table 2). A good reactivity was observed in all cases as the isolated
yields were between 85% and 99%. The enantioselectivities were
more dependent on the substrates. For the addition of 1,3,5-tri-
methoxybenzene (Table 2, entries 1 and 2), the best result was
obtained for the disulfone tethered substrate as 94% ee was
reached compared to 72% for enyne 1a. The excellent enantiose-
lectivity in the case of substrate 2 (E=SO,Ph) was confirmed by
engaging 1,3-dimethoxybenzene and 4-bromo-1,3,5-trimethox-
ybenzene (Table 2, entries 3, 4). The arylated derivatives 5 and 6
were obtained in 98% and 94% ee, respectively.

A similar trend was observed when treating hindered diesters,
such as benzyl 1b or iso-propyl 1c substituted diesters with hin-
dered 1-methyl-2-phenylindole as nucleophile (Table 2, entries 5
and 6). The corresponding arylated cyclized adducts 7 and 8 were
obtained in good to excellent enantiomeric excesses, 82% and 95%,
respectively. For selected substrates we compared the activity of
catalysts derived from MeOBIPHEP ligands A and D (Table 3).

Through the examples depicted in Table 3, we highlighted the
strong dependence of the chiral ligands. When replacing MeOBI-
PHEP ligand A by 4-MeO-3,5-(t-Bu),-MeOBIPHEP D, the enantio-
meric excesses increased, the gap being always over 30 units for ee.
In the case of enynes 1a, 1b and 1c, good activities were observed
for both chiral catalytic systems (Table 3, entries 1-3). The best ee
was observed in the case of the iso-propyl-substituted diester 1b
with 1-methylindole, compound 11 being obtained in 94% yield and
95% ee (Table 3, entry 2). The challenging case of oxygen-tethered
1,6-enyne was then evaluated. The additions of 1-methylindole, 1-
methyl-2-phenylindole or free indole led to the formation of the
desired products 13—16 in low enantiomeric excesses in the pres-
ence of (R)-A(AuCl), catalyst (Table 3, entries 4—7). Encouraging
results were obtained in the presence of (R)-D(AuCl), chiral cata-
lysts, especially for 1-methyl-2-phenylindole and 1,3,5-trimethox-
ybenzene as nucleophiles. Functionalized heterocycles 14 and 16
were isolated in good yields and enantiomeric excesses around 60%
(Table 3, entries 5 and 7). These results may be explained by the
conjunction of the use of a hindered chiral ligand (D) and a hin-
dered nucleophile, as the substrate offers a poor intrinsic steric
congestion.

The intramolecular version of the asymmetric hydroarylation/
cyclization reaction afforded high enantiomeric excesses in the case
of a prenyl side chain (substrates 17a,b, Scheme 3). The tricyclic
adducts 18a and 18b were, respectively, isolated in excellent yields
and in ee>90%. A disappointing result was obtained for cinnamyl
substituted 1,6-enyne 1a, despite the fact the desired adduct 20 was
prepared in 86% yield.

We then turned our attention towards the addition of oxygen
nucleophiles. We selected carbon tethered enynes 1a, 1b and 1d

Table 3
Comparison of the enantioselectivity for the hydroarylation/cyclization in the
presence of (R)-A(AuCl), and (R)-D(AuCl), complexes

P L*(AuCl), (3 mol%) oY
S~F" R AgOTf (6 mol%) 3
z + Ar-H —— 7 R
= ether, rt, 1-15 h

L* = (R)-4-MeO-3,5-(t-Bu),MeOBIPHEP
1aZ = C(CO,Me),, R = Ph; 1b Z = C(CO,i-Pr),, R = Ph; 1¢ Z = C(CO,Bn),, R = Ph
97 =0, R=34-(0CH,0)CqH;

Entry Product Complex Complex
(R)-A(AuCl), (R)-D(AuCl),
Yield,? ee® [%] Yield,? ee® [%]
1 10 65, 51 (+) 99, 81 (+)
MeN
X
H
BnO,C Ph
BnO,C
2 11 79,40 (+) 94, 95 (+)
MeN
N
H
iPrO,C Ph
i-PrO,C
3¢ — 12 68,29 (—) 84,80 (—)
HN_ _~
MeO,C Ph
MeO,C
4 13 89,13 (-) 99, 53 (—)
MeN O
X
H
T
o]
o—/
5 14 29,14 (-) 88,61 (—)
MeN O
Ph,
H
T
o]
o—/
6 15 98,5 (-) 97,36 (—)
HN O
N
H
T
o)
o—/
7 16 96,6 (—) 96, 59 (—)

O.

o—/

¢ Isolated yield.
b Determined by HPLC analysis.
€ C2 isomer isolated from C2/C3 mixture (86/14).

bearing increasing hindered ester groups (CO;Me, CO2i-Pr and
COyt-Bu) and studied the influence of both chiral complexes de-
rived from MeOBIPHEP A and 4-MeO-3,5-(t-Bu),-MeOBIPHEP D
ligands (Scheme 4). As anticipated, the same trend as previously
observed in the case of electron-rich aromatic rings nucleophiles
was demonstrated. Quite surprisingly, the addition of water to
enyne 1a led to the formation of the alcohol 21a in 54% and 58%
enantiomeric excesses with the MeOBIPHEP A and D derived cat-
alytic systems. Lower enantiomeric excesses were observed when
1,6-enynes 1b (R=i-Bu) and 1d (R=t-Bu) were engaged in the
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L*(AuCl), (3 mol%)
MeO,C, Z AgOTf (6 mol%)  MeO,C
St
MeO,C — R ether, rt, 12 h MeO,C
18a R=H, 99 %, 93 % ee (+
17aR=H
17b R = OMe 18b R = OMe, 44 %, 92%99 (+)
MeO,C A ~pn L*(AuCl); (3 mol%) H
AgOTf (6 mol%) MeO,C .’O
— —_—
MeO,C — ether, rt, 12 h MeO,C
19 20, 86%, 16 % ee ()

L* = (R)-4-MeO-3,5-(t-Bu),;MeOBIPHEP

Scheme 3. Intramolecular hydroarylation/cyclization in the presence of (R)-D(AuCl),
catalyst.

L*(AuCl),

3 mol%
ROL ~F AOTE® mol%)  RO,C
_—
RO,C dioxane/H,O 6/1 ROLC
Mto45°C,35hto25d RO2

1a-b, 1d 71-99% yield
H
MeO, ><:E\ -PrO,C t-BuO,C ><:E\
MeO,C i-Pro,C +-BuO,C
21b
(R-A(AUCl); 54 % ee () 29 % ee () 32% ee (-)
(R-D(AUCI); 58 % ee () 84 % ee () 89 % ee ()
Scheme 4.

presence of (R)-A(AuCl); catalyst (ee around 30%). Gratifyingly
a good substrate/catalyst matching operates when performing the
reaction in the presence of (R)-D(AuCl); catalyst. The alcohols 21b
and 21d were isolated in, respectively, 84% and 89% ee.

We evaluated the activity of (R)-D(AuCl); chiral catalyst towards
other 1,6-enynes in both hydroxy- and methoxycyclization re-
actions (Table 4). Moderate enantiomeric excesses were obtained in
the case of enynes 22 and 23 (Table 4, entries 1 and 2). Once again
a higher ee was observed in the case of the hindered disulfone
substrate 23.

The nitrogen- and oxygen-tethered 1,6-enynes were reacted in
the presence of water or methanol as nucleophiles, but either ra-
cemic derivatives or low enantiomeric excesses were obtained
(Table 4, entries 3, 5—7). The influence of the nucleophilic partner
in the domino process was further demonstrated by conducting the
methoxycyclization of enyne 1a (Table 4, entry 4). Whereas
the indole-substituted adduct 2a was obtained in 83% ee (Table 1),
the methoxycyclization reaction afforded the desired ether 29 in
11% ee

Finally, a comparison was performed in the case of already
studied enynes 22 and 33 (Scheme 5). The results proved that
higher enantioselectivity may be obtained in the presence of 4-
MeO-3,5-(t-Bu);-MeOBIPHEP ligand compared to Tol-BINAP ligand,
but this observation was limited to the dimethylmalonate substrate
22. The ether 34 was isolated in 44% ee compared to 2% in the
presence of Tol-BINAP(AuCl), catalyst. Unexpectively, a lower ee
was obtained for the methoxycyclization of phenyl-substituted
enyne 33.

3. Conclusion

We have therefore shown that the asymmetric gold-catalyzed
domino cyclization/functionalization reactions of 1,6-enynes in the
presence of an external nucleophile ring leads to carbo- and het-
erocycles in good to excellent yields and enantiomeric excesses
when electron-rich aromatic rings are engaged. A comparison of
the activity of two MeOBIPHEP-derived catalysts for various enyne/
nucleophile combinations highlighted the general higher efficiency

Table 4
Asymmetric hydroxy- and methoxycyclization reactions of 1,6-enynes
R2 OR3
L*(AuCl), (3 mol%) H 1.R?
/\/LW AgOTf (6 mol%) R
z 4
N — dioxane/H,0 (6/1)
- or MeOH
1a, 9, 22-25 rt or 45;C, 20-120h

L* = (R)-4-MeO-3,5-(t-Bu),MeOBIPHEP
R'=R? = Me: 22 Z = C(CO,Me), 23 Z = C(SO,Ph), 24 Z= NTs
R'=Ph,R2=H:25Z = NTs

Entry  Product Solvent Yield® [%]  eeP[%]
1 26  Dioxane/H,0 99 46 (—)
MeO,C. ><i<
MeO,C
2 27 Dioxane/H,0 99 68 (—)
Ph028><i<
PhO,S
3¢ OH 28 Dioxane/H,O0 64 0(/)
Tst
4 29  MeOH 99 11 (=)
MeOQC><£\
MeO,C
5¢ 30 Dioxane/H,0 46 23 (-)
(rph
TsN
6 OMe 31 MeOH 84 0())
H
0,
° )
o
7 OH 32 Dioxane/H,0 54 38 (-)
H
o
° )
o
2 Isolated yield.
b Determined by HPLC analysis.
€ 45°C.
*(AuCl),
_ 2 or 3 mol% H OMe
E AgOTf (1.60r6 mol%)  E
_—
E ——R MeOH, 1t, 48 h E xR
22E=CO,Me,R=H 53-71% yield
33 E=S8S0O,Ph, R=Ph
OMe OMe
H H
MeO,C PhO,S
Ph
MeO,C PhO,S X
34 35
(R)-ToIBINAP(AUCI), [8] 2% ee (-) 94 % ee ()
(R)-D(AuCl), 44 % ee (-) 78 % ee ()

Scheme 5. Comparison of Au catalysts in the methoxycyclization reaction.

of the 4-MeO-3,5-(t-Bu);-MeOBIPHEP ligand, but also a strong
dependency of both the intrinsic hindrance generated by the enyne
and the nucleophile. The addition of oxygen nucleophiles, such as
water and methanol could be challenged, the best enantiomeric
excesses being obtained for the hydroxycyclization reaction of a di-
tert-butyl-ester-tethered enyne. All the collected results therefore
tend to show that increasing the steric hindrance of both the
phosphane-metal fragment and the enyne substrate favourably
influences the chiral recognition. The use of various nucleophilic
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partners (excess of aromatic rings or polar alcohols as solvents or
co-solvents) has also an influence on the enantioselectivity that
cannot be rigorously quantified. Such mechanistic issues would
need to be challenged by theoretical studies involving solvent ef-
fects. Further studies will be dedicated to the still challenging
enantioselective construction of heterocyclic units from oxygen- or
nitrogen-tethered enynes, whose skeleton could be integrated in
pharmaceutically active compounds.

4. Experimental
4.1. General

(tht)AuCl was prepared from HAuCls according to known pro-
cedure'® and was used for the synthesis of bimetallic catalysts. All
manipulations were carried out under argon. 'H NMR, 13C NMR and
31p NMR were recorded on a Bruker AV 300 instrument. All signals
were expressed as parts per miilion () and internally referenced to
residual protio solvent signals. Coupling constants (J) are reported
in hertz and refer to apparent peak multiplicities. Mass spectrom-
etry analyses (direct introduction by chemical ionization with
ammoniac or electrospray) were performed at the Ecole Nationale
Supérieure de Chimie de Paris, Chimie ParisTech. High resolution
mass spectra were performed at the University Pierre et Marie
Curie in Paris. Enynes 1a—d, 2, 9, 17a,b, 19 and 22—-25 were pre-
pared according to published procedures.> "6f-h8 1 13c NMR and
mass spectroscopy data for compounds 2a—3a 102 4—g>f10a
10-16,°"103 18a b, 20,5" 21a," 26-325¢16cd and 34, 35% were
described elsewhere.

Gold complexes derived from (R)-SDP E and (R)-Xylyl-SDP F li-
gands. (R)-E(AuCl),: "H NMR (300 MHz, CDCl3) § 7.54—7.49 (m, 4H),
7.42—7.29 (m, 12H), 7.10—6.99 (m, 8H), 7.91—7.86 (m, 2H), 3.19—3.13
(m, 2H), 2.95—2.90 (m, 2H), 2.48—2.41 (m, 2H), 2.16—2.08 (m, 2H).
13C NMR (75 MHz, CDCl3) 6 153.1, 153.0, 147.3, 147.2, 136.0, 135.3,
135.1,133.3,133.1,132.3,131.7,131.4,131.2,129.2,129.0, 128.9, 128.7,
128.5,128.3,127.9,123.0,122.3, 64.7, 39.7, 30.6. >'P NMR (121 MHz,
CDCls) 6 21.1. (R)-F(AuCl),: 'H NMR (300 MHz, CDCl3) 6 7.53—7.50
(m, 2H), 743 (t, J=7.5 Hz, 2H), 7.08 (s, 2H), 6.99 (s, 2H), 6.84 (d,
J=13.5 Hz, 4H), 6.62 (d, J=13.2 Hz, 4H), 3.18-3.07 (m, 2H),
2.99-2.82 (m, 2H), 2.56—2.40 (m, 2H), 2.25 (s, 12H), 2.19 (s, 2H),
2.07—1.97 (m, 4H). 13C NMR (75 MHz, CDCl3) 6 147.1, 147.0, 138.5,
138.3, 138.2, 138.0, 135.7, 133.8, 133.1, 132.9, 1324, 131.0, 130.9,
130.6, 128.5, 128.1, 127.7, 123.5, 64.7, 39.8, 39.5, 30.6, 214, 21.3. 3'p
NMR (121 MHz, CDCl3) § 21.8.

Gold complexes derived from (S)-PhanePhos G and (S)-Xylyl-
PhanePhos H ligands. (S)-G(AuCl),: 'H NMR (300 MHz, CDCl3)
67.69—7.62 (m, 10H), 7.49—7.18 (m, 12H), 6.80—6.68 (m, 4H), 3.80 (s,
2H), 3.40 (t, J=12.2 Hz, 2H), 3.09 (t, J=11.6 Hz, 2H), 2.83—2.73 (m,
2H). 13C NMR (75 MHz, CDCls) ¢ 144.5, 144.3, 140.4, 137.2, 135.9,
135.7,134.8,133.6, 133.4, 131.5, 129.9, 129.7, 128.9, 128.8, 34.6, 34.1.
31p NMR (121 MHz, CDCl3) 6 31.2. (S)-H(AuCl);: 'H NMR (300 MHz,
CDCl3) 6 7.28—7.18 (m, 6H), 7.09—7.00 (m, 6H),6.80—6.67 (m, 4H),
3.88—3.78 (m, 2H), 3.35 (t, J=12 Hz, 2H), 3.07 (t, J=12 Hz, 2H),
3.82—3.70 (m, 2H), 2.45 (s, 6H), 2.20 (s, 6H). 13C NMR (75 MHz,
CDCl3) 6 143.5, 143.4, 139.3, 139.1, 138.4, 138.2, 137.4, 137.3, 135.9,
134.7,134.1,134.0,133.7,133.6,132.3, 132.1, 131.9, 131.4, 130.5, 130.3,
130.1, 126.6, 126.5, 125.8, 125.7, 33.6, 33.0, 20.8, 20.3. 3P NMR
(121 MHz, CDCl3) 6 31.5.

Gold complex derived from (R,R)-EtDuPhos J: (R,R)-J(AuCl),. 'H
NMR (300 MHz, CDCl3) 6 7.78—7.70 (m, 2H), 7.66—7.61 (m, 2H), 3.37
(q, J=1.3 Hz, 2H), 2.80—2.74 (m, 2H), 2.61—2.42 (m, 2H), 2.39-2.11
(m, 2H), 1.86—1.75 (m, 8H), 0.96—0.88 (m, 12H). *C NMR (75 MHz,
CDCl3) 6 134.9,134.8,132.5,132.2,131.2, 44.9, 44.7, 44.5, 42.8, 42.6,
42.3,33.0, 31.7, 31.6, 28.7, 28.3, 14.1,12.7, 12.6. 3'P NMR (121 MHz,
CDCl3) 6 39.9.

4.2. General procedure for the hydroarylation/cyclization,
hydroxy- and methoxycyclization reactions

A mixture of (R)-4-MeO-3,5-(t-Bu),-MeOBIPHEP(AuCl);
(3 mol %) and AgOTf (6 mol %) in distilled diethyl ether (1072 M)
was stirred under argon atmosphere at room temperature for
30 min. The aromatic nucleophile (3 equiv) was then added and the
mixture was stirred for 5 min. Enyne (1 equiv) was finally added
and the mixture was stirred until completion of the reaction. The
mixture was then filtered through a short pad of silica to eliminate
the catalyst (EtOAc) and the solvents were evaporated under re-
duced pressure. The crude product was purified by silica gel flash
chromatography (petroleum ether/ethyl acetate, 90/10 to 70/30 v/
v) if necessary.

A mixture of (R)-4-MeO-3,5-(t-Bu),-MeOBIPHEP(AuCl),
(3 mol %) and AgOTf (6 mol %) in degassed aqueous dioxane (14% v/
v water) (1072 M) or degassed methanol (10~2 M) was stirred under
argon atmosphere at room temperature for 30 min. Enyne (1 equiv)
was added and the mixture was stirred until completion of the
reaction. The mixture was then filtered through a short pad of silica
to eliminate the catalyst (EtOAc) and the solvents were evaporated
under reduced pressure. The crude product was purified by silica
gel flash chromatography (petroleum ether/ethyl acetate, 90/10 to
70/30 v/v) if necessary.

4.2.1. Di(tert-butyl) 2-(3-phenylprop-2-enyl)-2-(prop-2-ynyl) malo-
nate 1d. 'H NMR (CDCls, 300 MHz; 6 ppm): 1.46 (s, 18H), 2.04 (t,
J=2.7Hz,1H), 2.74 (d, J=2.7 Hz, 2H), 2.87 (dd, ]=7.6, 1.2 Hz, 2H), 6.04
(dt, J=15.7, 7.6 Hz, 1H), 6.51 (d, J=15.7 Hz, 1H), 7.20—7.35 (m, 5H).
13¢ (cDCls, 75 MHz; 6 ppm): 22.8, 27.9 (6C), 35.6, 57.6, 71.2, 79.3,
81.7 (2C), 123.8,126.2 (2C), 127.3,128.5 (2C), 134.1, 137.2, 168.9 (2C).
MS-CI (NH3): m/z 393.4 [M+Na]*, 371.3 [M+H]|*. ESI-HRMS cal-
culated for Cy3H3104: 371.2222. Observed: 371.2221.

4.2.2. 3-((R)-Benzo[d][1,3]dioxol-5-yI((R)-4-methylenetetrahy-dro-
furan-3-yl)methyl)-1H-indole 15. [o]p:s —17.3 (¢ 0.72, CHCl3) for
ee=36%. HPLC (Chiralcel OD-H, hexane/propan-2-ol (90/10),
1.0 mL/min, A=215 nm): tg 36.0 and 48.0 min, ee 36%.

4.2.3. Dimethyl 4-phenyl-3a,4-dihydro-1H-cyclopenta[b]na-phtha-
lene-2,2(3H)-dicarboxylate 20. [a]p» +34.2 (¢ 112, CHCl3) for
ee=16%. HPLC (Chiralcel OD-H, hexane/propan-2-ol (99/1), 1.0 mL/
min, /=215 nm): tg 15.1 and 22.0 min, ee 16%.

4.2.4. Dimethyl4-(1-hydroxyphenylmethyl)-3-methylenecyclo pen-
tane-1,1-dicarboxylate 21a. [o]p2 —44 (c 1.14, CHCl3) for 58% ee.
HPLC Chiralcel OD-H (n-hexane/2-propanol: 90/10, 1.0 mL/min,
A=215 nm): tg 18.8 and 25.2 min, ee 58%.

4.2.5. Di-iso-propyl4-(1-hydroxyphenylmethyl)-3-methylene cyclo-
pentane-1,1-dicarboxylate 21b. 'H NMR (300 MHz, CDCl3) ¢ 1.17 (t,
J=6.0 Hz, 6H), 1.21 (dd, J=6.3, 2.7 Hz, 6H), 2.16—2.29 (m, 3H), 2.94
(d, J=1.5 Hz, 2H), 3.05 (s, 1H), 4.88 (q, J=2.4 Hz, 1H), 4.96—5.07
(m, 3H), 511 (g, J=2.4 Hz, 1H), 7.22—7.38 (m, 5H). *C NMR
(75 MHz, CDCl3) 6 21.4 (2C), 21.5 (2C), 33.4, 41.9, 49.7, 58.3, 68.7,
68.9, 73.9, 108.0, 125.8 (2C), 127.2, 128.2 (2C), 142.5, 149.2, 1711,
1713. CI-MS (NH3) (m/z): 378 [M+NH4]*, 361 [M+H]*, 343
[M+H—H,0]*. [a]pz —52.7 (c 0.99, CHCl3) for 84% ee. HPLC
Chiralcel OD-H (n-hexane/2-propanol: 90/10, 1.0 mL/min,
A=215 nm): tg 16.8 and 20.5 min, ee 84%.

4.2.6. Di-tert-butyl-(1-hydroxyphenylmethyl)-3-methylene  cyclo-
pentane-1,1-dicarboxylate 21d. 'H NMR (300 MHz, CDCl3) 6 1.40 (s,
9H), 143 (s, 9H), 2.04—2.23 (m, 3H), 2.87 (d, J=1.5 Hz, 2H),
3.00—3.08 (sl,1H), 4.86 (q,J=2.1 Hz, 1H), 4.96 (d, J=4.2 Hz, 1H), 5.09
(q,J=2.1 Hz, 1H), 7.21-7.38 (m, 5H). >*C NMR (75 MHz, CDCl3) 6 27.7
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(3C),27.8(3C), 33.2,41.9,49.7,59.4, 73.8, 81.1, 81.4,107.7,125.8 (2C),
1271, 128.2 (2C), 142.7, 149.4, 170.8, 171.1. CI-MS (NH3) (m/z): 389
[M+H]", 371 [M+H—-H0]", 350 [M+NH4—C4Hg]". [a¢]p —61.9 (c 1,
CHCl3) for 89% ee. HPLC Chiralcel OD-H (n-hexane/2-propanol: 90/
10, 1.0 mL/min, A=215 nm): tg 21.5 and 26.6 min, ee 89%.

4.2.7. Dimethyl 4-(1-hydroxymethylethyl)-3-methylenecyclo pen-
tane-1,1-dicarboxylate 26. [a]p:2 —38.0 (c 0.16, CHCl3) for 46% ee.
HPLC Chiralcel OD-H (n-hexane/2-propanol: 98/2, 1.0 mL/min,
A=215 nm): tg 18.0 and 19.9 min, ee 46%.

4.2.8. 1,1-Bis(phenylsulfonyl)-4-(1-hydroxymethylethyl)-3-methyl-
enecyclopentane 27. [a]p22 —30.8 (c 0.81, CHCl3) for 68% ee. HPLC
Chiralpak AS-H (n-hexane/2-propanol: 90/10, 1.0 mL/min,
A=215 nm): tg 61.9 and 71.2 min, ee 68%.

4.2.9. 3-[1-Hydroxymethylethyl]-4-methylene-N-tosylpyrrolidine
28. HPLC Chiralcel OD-H (n-hexane/2-propanol: 95/5, 1.0 mL/min,
A=215 nm): tg 21.4 and 25.6 min, ee 0%.

4.2.10. Dimethyl 4-(1-methoxyphenylmethyl)-3-methylenecyclo
pentane-1,1-dicarboxylate 29. [a]p2 —17.2 (¢ 0.78, CHCl3) for 11% ee.
HPLC Chiralcel OD (n-hexane/2-propanol: 99/1, 1.0 mL/min,
A=215 nm): tg 16.5 and 17.8 min, ee 11%.

4.2.11. 3-[1-Hydroxyphenylmethyl]-4-methylene-N-tosylpyrrolidine
30. [a]p22 —23.3 (¢ 0.67, CHCl3) for 23% ee. HPLC Chiralpak AS-H (n-
hexane/2-propanol: 90/10, 1.0 mL/min, A=215 nm): tg 42.7 and
48.3 min, ee 23%.

4.2.12. 4-[1-Methoxy-(3,4-methylenedioxy)phenylmethyl]-3-methyl-
enetetrahydrofurane 31. HPLC Chiralpak AS-H (n-hexane/2-prop-
anol: 95/5, 1.0 mL/min, A=215 nm): tg 9.2 and 9.9 min, ee 0%.

4.2.13. 4-[1-Hydroxy-(3,4-methylenedioxy )phenylmethyl]-3-methyl-
enetetrahydrofurane 32. [a]p2 —13.6 (c 0.66, CHCl3) for 38% ee.
HPLC Chiralpak AS-H (n-hexane/2-propanol: 98/2, 1.0 mL/min,
A=215 nm): tg 49.8 and 63.4 min, ee 38%.

4.2.14. Dimethyl 4-(1-methoxymethylethyl)-3-methylenecyclo pen-
tane-1,1-dicarboxylate 34. [a]p=» —2.0 (c 0.65, CHCl3) for 44% ee.
HPLC Chiralcel O] (n-hexane/2-propanol: 99/1, 1.0 mL/min,
A=215 nm): tg 16.5 and 18.4 min, ee 44%.

4.2.15. (Z)-(3-Benzylidene-4-(2-methoxypropan-2-yl)cyclopen tane-
disulfonyl)dibenzene 35. [o]p2 —218.1 (¢ 1.05, CHCl3) for 78% ee.
HPLC Chiralpak AS-H (n-hexane/2-propanol: 90/10, 1.0 mL/min,
A=215 nm): tg 22.9 and 29.9 min, ee 78%.

Acknowledgements

This work was supported by the Centre National de la
Recherche Scientifique and the Ministere de I'Education et de la
Recherche. C.-M.C. is grateful to the Ministére de I'Education et de
la Recherche for a grant (2006—2009). A.P. is grateful to National
Research Agency (ANR-09-]JCJC-0078) for a grant (2009—2012).
The authors thank Dr. M. Scalone (Hoffmann-La Roche) and Pr. Q.-
L. Zhou (Nankai University) for generous gifts of, respectively,
MeOBIPHEP, 4-MeO-3,5-(t-Bu),-MeOBIPHEP, SDP and Xylyl-SDP
ligands. Johnson-Matthey is acknowledged for a generous loan of
HAuCly.

References and notes

1. For selected reviews on metal-catalyzed cycloisomerization reactions: (a) Bel-
mont, P.; Parker, E. Eur. J. Org. Chem. 2009, 35, 6075; (b) Jimenez-Nunez, E.;

10.

1.

A. Pradal et al. / Tetrahedron 67 (2011) 4371—4377

Echavarren, A. M. Chem. Rev. 2008, 108, 3326; (c) Michelet, V.; Toullec, P. Y.;
Genét, J.-P. Angew. Chem., Int. Ed. 2008, 47, 4268; (d) Zhang, L.; Sun, ].; Kozmin,
S. A. Adv. Synth. Catal. 2006, 348, 2271; (e) Nevado, C.; Echavarren, A. M. Syn-
thesis 2005, 167; (f) Fairlamb, L. J. S. Angew. Chem., Int. Ed. 2004, 43, 1048; (g)
Buisine, O.; Aubert, C.; Malacria, M. Chem. Rev. 2002, 102, 813; (h) Trost, B. M.;
Krische, M. ]. Synlett 1998, 1.

. (a) Lloyd-Jones, G. C. Org. Biomol. Chem. 2003, 1, 215; (b) Chianese, A. R.; Lee, S.

J.; Gagné, M. R. Angew. Chem., Int. Ed. 2007, 46, 4042; (c) Firstner, A.; Davies, P.
W. Angew. Chem., Int. Ed. 2007, 46, 3410; (d) Lee, S. I.; Chatani, N. Chem. Com-
mun. 2009, 371; (e) Toullec, P. Y.; Michelet, V. Top. Curr. Chem. 2011, , doi:10.
1007/128_2010_116

. For representative examples and seminal references on gold catalysis, see: (a)

Hashmi, A. S. K. Angew. Chem., Int. Ed. 2010, 49, 5232; (b) Hashmi, A. S. K;;
Biihrle, M. Aldrichimica Acta 2010, 43, 27; (c) Shapiro, N. D.; Toste, F. D. Synlett
2010, 675; (d) Das, A.; Abu Sohel, S. M.; Liu, R.-S. Org. Biomol. Chem. 2010, 8,
860; (e) Abu Sohel, S. M.; Liu, R.-S. Chem. Soc. Rev. 2009, 38, 2269; (f) Firstner,
A. Chem. Soc. Rev. 2009, 38, 3208; (g) Arcadi, A. Chem. Rev. 2008, 108, 3266; (h)
Patil, N. T.; Yamamoto, Y. Chem. Rev. 2008, 108, 3395; (i) Li, Z.; Brouwer, C.; He,
C. Chem. Rev. 2008, 108, 3239; (j) Shen, H. C. Tetrahedron 2008, 64, 3885; (k)
Skouta, R.; Li, C.-]. Tetrahedron 2008, 64, 4917; (1) Hashmi, A. S. K.; Rudolph, M.
Chem. Soc. Rev. 2008, 37, 1766; (m) Muzart, ]. Tetrahedron 2008, 64, 5815; (n)
Gorin, D. J.; Sherry, B. D.; Toste, F. D. Chem. Rev. 2008, 108, 3351; (o) Hashmi, A.
S. K. Chem. Rev. 2007, 107, 3180; (p) Gorin, D. ].; Toste, F. D. Nature 2007, 446,
395; (q) Hashmi, A. S. K.; Hutchings, G. ]J. Angew. Chem., Int. Ed. 2006, 45, 7896;
(r) Jimenez-Nunez, E.; Echavarren, A. M. Chem. Commun. 2007, 333; (s) Ma, S.;
Yu, S.; Gu, Z. Angew. Chem., Int. Ed. 2006, 45, 200; (t) Hashmi, A. S. K. Angew.
Chem., Int. Ed. 2005, 44, 6090; (u) Hoffmann-Roder, A.; Krause, N. Org. Biomol.
Chem. 2005, 23, 387.

. For recent reviews on asymmetric gold catalysis, see: (a) Bongers, N.; Krause, N.

Angew. Chem., Int. Ed. 2008, 47, 2178 and references cited therein; (b) Wi-
denhoefer, R. A. Chem.—Eur. J. 2008, 5382; (c) Sengupta, S.; Shi, X. Chem-
CatChem 2010, 2, 609; (d) Pradal, A.; Toullec, P. Y.; Michelet, V. Synthesis 2011, ,
doi:10.1055/s-0030-1258465

. (a) Toullec, P. Y.; Blarre, T.; Michelet, V. Org. Lett. 2009, 11, 2888; (b) Leseurre,

L.; Chao, C.-M.; Seki, T.; Genin, E.; Toullec, P. Y.; Genét, ]J.-P.; Michelet, V.
Tetrahedron 2009, 65, 1911; (c) Chao, C.-M.; Toullec, P. Y.; Michelet, V. Tet-
rahedron Lett. 2009, 50, 3719; (d) Leseurre, L.; Toullec, P. Y.; Genét, J.-P;
Michelet, V. Org. Lett. 2007, 9, 4049; (e) Genin, E.; Leseurre, L.; Toullec, P. Y.;
Genet, J.-P.; Michelet, V. Synlett 2007, 1780; (f) Toullec, P. Y.; Genin, E.; Le-
seurre, L.; Genét, ].-P.; Michelet, V. Angew. Chem., Int. Ed. 2006, 45, 7427; (g)
Nevado, C.; Charruault, L.; Michelet, V.; Nieto-Oberhuber, C.; Munoz, M. P,;
Méndez, M.; Rager, M.-N.; Genét, J.-P.; Echavarren, A. M. Eur. J. Org. Chem.
2003, 706; (h) Charruault, L.; Michelet, V.; Genét, J.-P. Tetrahedron Lett. 2002,
43, 4757.

. (a) Nevado, C.; Cardenas, D. J.; Echavarren, A. M. Chem.—Eur. J. 2003, 9, 2627,

(b) Martin-Matute, B.; Nevado, C.; Cardenas, D. J.; Echavarren, A. M. J. Am. Chem.
Soc. 2003, 125, 5757; (c) Méndez, M.; Munoz, M. P.; Nevado, C.; Cardenas, D. J.;
Echavarren, A. M. J. Am. Chem. Soc. 2001, 123, 10511; (d) Méndez, M.; Munoz, M.
P.; Echavarren, A. M. J. Am. Chem. Soc. 2000, 122, 11549; (e) Nishizawa, M.;
Yadav, V. K.; Skwarczynski, M.; Takao, H.; Imagawa, H.; Sugihara, T. Org. Lett.
2003, 5,1609; (f) Nishizawa, M.; Imagawa, H. J. Synth. Org. Chem. Japan 2006, 64,
744; (g) Faller, J. W.; Fontaine, P. P. J. Organomet. Chem. 2006, 691, 1912; (h)
Nieto-Oberhuber, C.; Lopez, S.; Echavarren, A. M. J. Am. Chem. Soc. 2005, 127,
6178; (i) Nieto-Oberhuber, C.; Munoz, M. P.; Nevado, C.; Cardenas, D. J.; Echa-
varren, A. M. Angew. Chem., Int. Ed. 2004, 43, 2402; (j) Mézailles, N.; Ricard, L.;
Gagosz, F. Org. Lett. 2005, 7, 4133; (k) Nieto-Oberhuber, C.; Munoz, M. P.; Lopez,
S.; Jimenez-Nunez, E.; Nevado, C.; Herrero-Gomez, E.; Raducan, M.; Echavarren,
A. M. Chem.—Eur. J. 2006, 12, 1677; (l) Buzas, A. K.; Istrate, F. M.; Gagosz, F.
Angew. Chem., Int. Ed. 2007, 46, 1141; (m) Bohringer, S.; Gagosz, F. Adv. Synth.
Catal. 2008, 350, 2617; (n) Fiirstner, A.; Morency, L. Angew. Chem., Int. Ed. 2008,
47, 5030; (o) Li, G.; Liu, Y. J. Org. Chem. 2010, 75, 2903; (p) Pérez-Galan, P.;
Martin, N. J. A.; Campana, A. G.; Cardenas, D. ].; Echavarren, A. M. Chem.—Asian
J. 2011, 6, 482.

. (a) Charruault, L.; Michelet, V.; Taras, R.; Gladiali, S.; Genét, ].-P. Chem. Commun.

2004, 850; (b) Michelet, V.; Charruault, L.; Gladiali, S.; Genét, J.-P. Pure Appl.
Chem. 2006, 78, 397.

. Munoz, M. P.; Adrio, ].; Carretero, ]. C.; Echavarren, A. M. Organometallics 2005,

24,1293.

. (a) Gladiali, S.; Toullec, P. Y.; Genét, ].-P.; Michelet, V. In Electronic Encyclopedia

of Reagents for Organic Synthesis; Paquette, L., Fuchs, P., Crich, D., Wipf, P, Eds.;
John Wiley & Sons: 2011, doi:10.1002/047084289X.rn01271; (b) Gladiali, S;
Alberico, E. Phosphepines In. Trivalent Phosphorus Compounds in Asymmetric
Catalysis: Synthesis and Applications; Borner, A., Ed.; Wiley-VCH: Weinheim,
2008; Vol 2, pp 177—-206.

(a) Chao, C.-M.; Vitale, M.; Toullec, P. Y.; Genét, J.-P.; Michelet, V. Chem.—Eur. J.
2009, 15, 1319; (b) Chao, C.-M.; Genin, E.; Toullec, P. Y.; Genét, J.-P.; Michelet, V.
J. Organomet. Chem. 2009, 694, 538; (c) Toullec, P. Y.; Chao, C.-M.; Chen, Q.;
Genét, J.-P.; Michelet, V. Adv. Synth. Catal. 2008, 250, 2401.

(a) Sethofer, S. G.; Meyer, T.; Toste, F. D. J. Am. Chem. Soc. 2010, 132, 8276; (b)
Liu, F; Qian, D.; Li, L; Zhao, X.; Zhang, ]J. Angew. Chem., Int. Ed. 2010, 49,
6669; (c) Liu, F; Yu, Y.; Zhang, ]. Angew. Chem., Int. Ed. 2009, 48, 5505; (d)
Chao, C.-M.; Beltrami, D.; Toullec, P. Y.; Michelet, V. Chem. Commun. 2009,
6988; (e) Martinez, A.; Garcia-Garcia, P.; Ferndndez-Rodriguez, M. A.;
Rodriguez, F.; Sanz, R. Angew. Chem., Int. Ed. 2010, 49, 4633; (f) Matsumoto,
Y.; Selim, K. B.; Nakanishi, H.; Yamada, K.-I.; Yamamoto, Y.; Tomioka, K.
Tetrahedron Lett. 2010, 51, 404.



12.

13.
14.

A. Pradal et al. / Tetrahedron 67 (2011) 43714377 4377

(a) Liu, C.; Widenhoefer, R. A. Org. Lett. 2007, 9, 1935; (b) Zhang, Z.; Wi- Toste, F. D. J. Am. Chem. Soc. 2007, 129, 12402; (c) Johansson, M. J.;
denhoefer, R. A. Angew. Chem., Int. Ed. 2007, 46, 283; (c) Zhang, Z.; Bender, C. F.; Gorin, D. ].; Staben, S. T.; Toste, F. D. J. Am. Chem. Soc. 2005, 127,
Widenhoefer, R. A. Org. Lett. 2007, 9, 2887. 18002.

Pawlowski, V.; Kunkely, H.; Vogler, A. Inorg. Chim. Acta 2004, 357, 1309. 15. Gonzales-Arellano, C.; Corma, A.; Iglesias, M.; Sanchez, F. Chem. Commun. 2005,
(a) Lalonde, R. L.; Wang, Z. ]J.; Mba, M.; Lackner, A. D.; Toste, F. D. 3451.

Angew. Chem., Int. Ed. 2010, 49, 598; (b) Luzung, M. R.; Mauleon, P.; 16. Usoén, R.; Laguna, A. Inorg. Synth. 1989, 26, 322.



	 Asymmetric Au-catalyzed domino cyclization/nucleophile addition reactions of enynes in the presence of water, methanol and  ...
	1 Introduction
	2 Results and discussion
	3 Conclusion
	4 Experimental
	4.1 General
	4.2 General procedure for the hydroarylation/cyclization, hydroxy- and methoxycyclization reactions
	4.2.1 Di(tert-butyl) 2-(3-phenylprop-2-enyl)-2-(prop-2-ynyl) malonate 1d
	4.2.2 3-((R)-Benzo[d][1,3]dioxol-5-yl((R)-4-methylenetetrahy-drofuran-3-yl)methyl)-1H-indole 15
	4.2.3 Dimethyl 4-phenyl-3a,4-dihydro-1H-cyclopenta[b]na-phthalene-2,2(3H)-dicarboxylate 20
	4.2.4 Dimethyl4-(1-hydroxyphenylmethyl)-3-methylenecyclo pentane-1,1-dicarboxylate 21a
	4.2.5 Di-iso-propyl4-(1-hydroxyphenylmethyl)-3-methylene cyclopentane-1,1-dicarboxylate 21b
	4.2.6 Di-tert-butyl-(1-hydroxyphenylmethyl)-3-methylene cyclopentane-1,1-dicarboxylate 21d
	4.2.7 Dimethyl 4-(1-hydroxymethylethyl)-3-methylenecyclo pentane-1,1-dicarboxylate 26
	4.2.8 1,1-Bis(phenylsulfonyl)-4-(1-hydroxymethylethyl)-3-methylenecyclopentane 27
	4.2.9 3-[1-Hydroxymethylethyl]-4-methylene-N-tosylpyrrolidine 28
	4.2.10 Dimethyl 4-(1-methoxyphenylmethyl)-3-methylenecyclo pentane-1,1-dicarboxylate 29
	4.2.11 3-[1-Hydroxyphenylmethyl]-4-methylene-N-tosylpyrrolidine 30
	4.2.12 4-[1-Methoxy-(3,4-methylenedioxy)phenylmethyl]-3-methylenetetrahydrofurane 31
	4.2.13 4-[1-Hydroxy-(3,4-methylenedioxy)phenylmethyl]-3-methylenetetrahydrofurane 32
	4.2.14 Dimethyl 4-(1-methoxymethylethyl)-3-methylenecyclo pentane-1,1-dicarboxylate 34
	4.2.15 (Z)-(3-Benzylidene-4-(2-methoxypropan-2-yl)cyclopen tanedisulfonyl)dibenzene 35


	 Acknowledgements
	 References and notes


