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bstract
A procedure for obtaining increased selectivity in a diastereoselective double ring-closing metathesis reaction is presented. The key to success
as design of a substrate, which directed the reaction mechanism through a selective pathway and use of a suitable catalyst combination to achieve

he desired balance between reactivity and selectivity.
2006 Elsevier B.V. All rights reserved.

g
(

r
t
a
m
t
t
f
t
a
o
a
o
a
s

2

2

eywords: Diastereoselectivity; Ring-closing metathesis; Catalyst

. Introduction

In the past two decades the ring-closing metathesis (RCM)
eaction of alkenes has evolved to become a major tool for
ynthetic organic chemists and has successfully been applied
o the synthesis of heterocyclic, carbocyclic and macrocyclic

olecules [1]. Additionally, the use of multiple or cascade RCM
eactions can be exploited to provide various bicyclic systems
2–5] from acyclic precursors in a single step. We recently used
his strategy in an efficient synthesis of the NK1 receptor antag-
nist (1), in which the key step is the diastereoselective double
CM reaction of tetraene (2), to afford (3a) as the major product

n 70% ds (Scheme 1) [6].
Although this synthesis offered significant advantages over

ther routes to the target [7] the modest selectivity in the key step
owered the overall yield and we sought a method to improve this
ransformation. Extensive mechanistic studies had indicated that
he reaction proceeded via the intermediacy of four monocyclic
ntermediates (4a), (4b), (5a) and (5b) (Fig. 1). The relative ratio
f these intermediates was shown to be catalyst dependant, as
as their subsequent conversions to spirocycles [8]. As such,

he use of different catalysts led to differing stereochemical out-

omes, with first generation type catalysts such as the recently
ublished (6) [9] giving 68% selectivity for the desired product
3a), whereas second generation type catalysts such as (7) [10]
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ave a near non-selective reaction, with a small preference for
3b).

With all catalysts tested to date [11], the major pathway for
eaction of (2) is the initial formation of an equimolar mixture of
he two five membered rings (4a) and (4b)—path A (Scheme 2),
nd subsequent reaction of these isolated compounds gave a
ixture of spirocycles resulting from some inversion at the qua-

ernary centre. The minor pathway leading to the formation of
he six membered rings—path B, gave high selectivity for the
ormation of (5a) over (5b) when using (6), but a near 1:1 mix-
ure when using (7). Clean conversion of (5a) and (5b) to (3a)
nd (3b), respectively was observed with all catalysts. Based
n these observations it was proposed that if a method were
vailable to direct the reaction through path B, a more selective
utcome might be obtained. In this paper we describe the scope
nd limitations of such an approach to achieve an improved
electivity for the formation of (3a).

. Experimental

.1. General

Melting points were measured on a Bibby SMP3 melting
oint apparatus and are uncorrected. Optical rotations were mea-
ured on a Perkin-Elmer 341 polarimeter at the sodium D-line.

H and 13C NMR spectra were recorded on Bruker DRX400
nstrument using an internal deuterium lock at ambient probe
emperature. Mass spectrometry was performed on a Hewlett
ackard Series 1100 MSD. Accurate mass determinations were

mailto:debra_wallace@merck.com
dx.doi.org/10.1016/j.molcata.2006.02.072


D.J. Wallace / Journal of Molecular Catal

Scheme 1.
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Fig. 1. Metathesis intermediates and catalysts.

un on a Waters/Micromass LCT Time of Flight mass spectrome-
er using positive ion electrospray ionisation. High performance
iquid chromatography (HPLC) analysis were performed on an
gilent 1100 series machine with a Zorbax Eclipse XDB-C8
.6 mm × 250 mm column with acetonitrile and 0.1% H3PO4 as
luant.

Reactions were carried out under a nitrogen atmosphere
nless otherwise stated. Chemicals and solvents were obtained
rom commercial sources and were used as received. The term
rine refers to a saturated aqueous solution of sodium chloride.
hin layer chromatography was performed on Merck KGaA
ilica gel 60F254 glass precoated plates (250 �m thickness) and
isualized by shortwave light or anisaldehyde dip.

Catalyst (6) was purchased from Strem Chemical company
nd catalyst (7) from Aldrich Chemical company.

The synthesis and characterisation of compounds (2), (3a),
3b), (4a), (4b), (5a), (5b), (12) and (16) have been reported pre-

iously [6,8]. Crotyl bromide was purchased as a 85:15 trans:cis
atio, and these isomers were inseparable in compounds (8),
10a) and (10b) which are characterised by 1H NMR and LCMS
nly.

Scheme 2.
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.2. Preparation of tertiary alcohol (14)

.2.1. N-Allyl-[(1S)-2-hydroxy-1-phenyl-2-vinylbut-3-en-1-
l]-4-methylbenzenesulfonamide (14)

To a solution of methyl ester (12) (1.91 g, 5.99 mmol)
n acetonitrile (40.0 mL) at room temperature was added

2CO3 (1.65 g, 12.0 mmol) followed by allyl bromide (1.0 mL,
2.0 mmol). The mixture was warmed to 40 ◦C and stirred for
6 h at which stage HPLC analysis indicated >95% conversion.
he solids were removed by filtration and acetonitrile removed
nder vacuum. The resulting oil was partitioned between ethyl
cetate (40 mL) and water (40 mL) and the organic layer concen-
rated to give (13), which was used without further purification
n the next reaction.

Anhydrous cerium chloride (7.38 g, 29.9 mmol) was heated to
50 ◦C under high vacuum with stirring for 2 h and then cooled
nder a stream of nitrogen. THF (50 mL) was added at room
emperature and the slurry stirred overnight. A solution of the
rude methyl ester (13) in THF (10 mL) was added and the slurry
ooled to 0 ◦C and vinylmagnesium bromide (20.0 mL, 1.0 M in
HF, 20.0 mmol) added. After 1 h the reaction was quenched
y addition of aqueous citric acid (50 mL, 1.0 M) and extracted
ith MeOtBu (50 mL). The organic layer was washed with brine

50 mL) and concentrated in vacuo. The crude oil was purified by
ash column chromatography (10:90 EtOAc:hexanes increasing

o 30:70 EtOAc:hexanes) to afford the tertiary alcohol (14) as a
iscous oil, 982 mg, 43% over two steps.

Rotation �D = +40.7, c = 0.3, CH2Cl2: 1H (400 MHz, CDCl3)
7.57 (d, J = 8.0 Hz, 2H), 7.45 (d, J = 6.8 Hz, 2H), 7.21 (m,

H), 7.17 (d, J = 8.0 Hz, 2H), 6.26 (dd, J = 17.2, 10.8 Hz,
H), 5.85 (dd, J = 17.2, 10.8 Hz, 1H), 5.68 (m, 1H), 5.42 (d,
= 16.8 Hz, 1H), 5.30 (d, J = 16.8 Hz, 1H), 5.24 (d, J = 17.2 Hz,
H), 5.15–5.03 (m, 4H), 4.05 (dd, J = 16.8, 6.8 Hz, 1H), 3.98 (dd,
= 16.8, 5.6 Hz, 1H), 2.39 (s, 3H): 13C (100.6 MHz, CDCl3) �
43.2, 141.8, 140.3, 137.3, 136.4, 135.8, 130.9, 129.2, 128.0,
27.95, 127.93, 117.3, 114.9, 114.1, 79.9, 67.3, 49.0, 21.4:
CMS 406.2 (M + Na) 100%, 366 (MH+ − H2O) 50%, 212,
0%: HRMS (C22H26NO3S) (MH+) requires 384.1633, found
84.1629.

.3. Ring closing metathesis of (14)

To a stirred solution of triene (14) (520 mg, 1.36 mmol)
n CH2Cl2 (15 mL) under a nitrogen atmosphere was added
atalyst (6) (45 mg, 0.050 mmol). The mixture was stirred at
oom temperature for 16 h and then concentrated in vacuo. The
rude mixture was purified by flash column chromatography
30:70 EtOAc:hexanes) to afford (15a) 115 mg (24%) and (15b)
230 mg, 48%).

(2S,3S)-1-[(4-Methylphenyl)sulfonyl]-2-phenyl-3-vinyl-1,2,
,6-tetrahydropyridin-3-ol (15a): MP = 148–150 ◦C: Rotation
D = −67.5, c = 0.16, CH2Cl2: 1H (400 MHz, CDCl3) � 7.38

d, J = 8.4 Hz, 2H), 7.28–7.23 (m, 5H), 7.16 (d, J = 8.4 Hz, 2H),

.11 (dd, J = 16.8, 10.4 Hz, 1H), 5.95 (ddd, J = 10.4, 3.6, 2.8 Hz,
H), 5.75 (ddd, J = 10.4, 2.4, 1.2 Hz, 1H), 5.32 (dd, J = 16.8,
.8 Hz, 1H), 5.20 (dd, J = 10.4, 0.8 Hz, 1H), 5.17 (s, 1H), 4.16
ddd, J = 17.6, 3.6, 2.4 Hz, 1H), 3.61 (app dt, J = 17.6, 2.4 Hz,
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H), 2.33 (s, 3H): 13C (100.6 MHz, CDCl3) � 143.0, 141.0,
36.1, 131.2, 129.6, 129.2, 129.1, 128.6, 128.3, 127.4, 123.0,
14.8, 72.4, 63.3, 41.9, 21.4: LCMS 378.3 (M + Na) 70%, 338
MH+ − H2O) 100%: HRMS (C20H22NO3S) (MH+) requires
56.1320, found 356.1334.

(2S,3R)-1-[(4-Methylphenyl)sulfonyl]-2-phenyl-3-vinyl-
,2,3,6-tetrahydropyridin-3-ol (15b): MP = 126–127 ◦C:
otation �D = −49.6, c = 0.26, CH2Cl2: 1H (400 MHz, CDCl3)
7.44 (d, J = 8.2 Hz, 2H), 7.19–7.14 (m, 5H), 7.06 (d,

= 8.2 Hz, 2H), 6.06 (s, 2H), 5.51 (dd, J = 17.2, 10.4 Hz,
H), 5.42 (dd, J = 10.4, 1.6 Hz, 1H), 5.14 (s, 1H), 5.05 (dd,
= 10.4, 1.6 Hz, 1H), 4.23 (dd, J = 17.7, 2.4 Hz, 1H), 3.56 (d,
= 17.8 Hz, 1H), 2.59 (s, 1H), 2.33 (s, 3H): 13C (100.6 MHz,
DCl3) � 143.2, 138.3, 135.7, 130.5, 129.6, 129.2, 129.1,
28.3, 128.0, 127.5, 126.4, 115.8, 70.9, 66.4, 41.7, 21.4:
CMS 378.3 (M + Na) 30%, 338 (MH+ − H2O) 100%:
RMS (C20H22NO3S) (MH+) requires 356.1230, found 356.
322.

.4. Preparation of (11a), (11b), (10a), (10b)

(2S,3S)-3-[(3-Methylbut-2-en-1-yl)oxy]-1-[(4-methylphe-
yl)sulfonyl]-2-phenyl-3-vinyl-1,2,3,6-tetrahydropyridine
11a): To a stirred, cooled (5 ◦C) solution of (15a) (31.1 mg,
.087 mmol) in THF (0.5 mL) and DMPU (0.5 mL) was added
-bromo-2-methyl-2-butene (50 �L, 0.43 mol), followed by
odium hydride (17.3 mg, 60 wt.%, 0.43 mmol). The mixture
as stirred at the same temperature for 4 h and then quenched
y dropwise addition of water (10 mL), and extracted with
thyl acetate (10 mL). The organic layer was washed with water
10 mL) and brine (10 mL) and concentrated in vacuo to afford
n oil which was purified by flash column chromatography
20:80 EtOAc:hexanes) to give (11a) (27.0 mg, 73%) as a
olourless oil.

Rotation �D = −36.3, c = 0.54, CH2Cl2: 1H (400 MHz,
DCl3) � 7.45 (d, J = 8.2 Hz, 2H), 7.42 (d, J = 7.6 Hz, 2H),
.20 (m, 3H), 7.09 (d, J = 8.2 Hz, 2H), 7.06 (d, J = 8.2 Hz, 2H),
.10 (dd, J = 17.6, 11.1 Hz, 1H), 5.94 (dd, J = 10.4, 0.4 Hz, 1H),
.83 (ddd, J = 10.4, 4.0, 2.4 Hz, 1H), 5.45 (s, 1H), 5.37 (dd,
= 17.6, 0.8 Hz, 1H), 5.33 (dd, J = 11.1, 0.8 Hz, 1H), 4.89 (app t
eptet, J = 7.2, 1.2 Hz, 1H), 4.00 (ddd, J = 17.4, 4.0, 2.4 Hz, 1H),
.90 (dd, J = 10.8, 7.2 Hz, 1H), 3.59 (dd, J = 10.8, 7.2 Hz, 1H),
.40 (app dt, J = 17.4, 2.4 Hz, 1H), 2.34 (s, 3H), 1.59 (s, 3H),
.32 (s, 3H): 13C (100.6 MHz, CDCl3) � 143.0, 139.1, 136.4,
36.2, 135.7, 129.9, 129.8, 129.1, 127.9, 127.7, 127.4, 122.4,
20.9, 116.8, 76.9, 60.6, 59.4, 41.4, 25.7, 21.4, 17.6: LCMS
46.3 (M + Na) 100%, 338, 35%: HRMS (C25H30NO3S) (MH+)
equires 424.1946, found 424.1940.

(2S,3R)-3-[(3-Methylbut-2-en-1-yl)oxy]-1-[(4-methylphe-
yl)sulfonyl]-2-phenyl-3-vinyl-1,2,3,6-tetrahydropyridine
11b): In a similar manner (15b) (30.0 mg, 0.084 mmol) was
onverted to (11b) as an off white solid (25 mg, 69%).

MP = 76–77 ◦C (hexanes): Rotation �D = −29.4, c = 0.36,

H2Cl2: 1H (400 MHz, CDCl3) � 7.67 (d, J = 8.2 Hz, 2H),
.22–7.21 (m, 5H), 7.12 (d, J = 8.2 Hz, 2H), 6.19 (dt, J = 10.2 Hz,
.2 Hz, 1H), 6.14 (br d, J = 10.2 Hz, 1H), 5.50 (dd, J = 17.6,
0.8 Hz, 1H), 5.30 (s, 1H), 5.22 (dd, J = 17.6, 0.8 Hz, 1H), 5.19

i
o
b
o
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m, 1H), 5.11 (dd, J = 10.8, 0.8 Hz, 1H), 4.02 (ddd, J = 18.4, 3.6,
.8 Hz, 1H), 3.89 (dd, J = 10.8, 7.2 Hz, 1H), 3.83 (dd, J = 10.8,
.4 Hz, 1H), 3.73 (app dt, J = 18.4, 2.0 Hz, 1H), 2.37 (s, 3H), 1.76
s, 3H), 1.61 (s, 3H): 13C (100.6 MHz, CDCl3) � 142.5, 138.2,
37.6, 136.9, 135.1, 129.1, 129.0, 128.7, 128.1, 127.8, 127.6,
26.6, 122.1, 116.7, 75.1, 64.1, 60.0, 41.8, 25.8, 21.5, 18.1:
CMS 446.3 (M + Na) 100%, 338, 50%: HRMS (C25H30NO3S)

MH+) requires 424.1946, found 424.1931.
(2S,3S)-3-[(2E)-But-2-en-1-yloxy]-1-[(4-methylphenyl)sul-

onyl]-2-phenyl-3-vinyl-1,2,3,6-tetrahydropyridine (10a): In a
imilar manner (15a) (12.0 mg) was converted to (10a) (9.5 mg,
7%) using crotyl bromide in place of 4-bromo-2-methyl-2-
utene. The product was obtained as a ca 80:20 mixture of
,Z-double bond isomers.

1H (400 MHz, CDCl3) � 7.42 (d, J = 8.0 Hz, 2H), 7.37 (dd,
= 7.6, 1.6 Hz, 2H), 7.19 (m, 3H), 7.07 (d, J = 8.0 Hz, 2H), 6.06

dd, J = 17.2, 10.4 Hz, 1H), 5.93 (m, 1H), 5.85 (ddd, J = 10.4,
.4, 2.4 Hz, 1H), 5.11 (m, 1H), 3.98 (ddd, J = 17.6, 3.6, 2.0 Hz,
H), 3.90 (ddt, J = 11.2, 6.0, 1.2 Hz, 1H), 3.57 (ddt, J = 11.2,
.6, 1.2 Hz, 1H), 3.42 (app dt, J = 17.2, 2.0 Hz, 1H), 2.34 (s, 3H),
.53 (dd, J = 5.2, 1.6 Hz, 3H): LCMS 432.2 (M + Na) 100%, 338,
0%: HRMS (C24H28NO3S) (MH+) requires 410.1790, found
10.1783.

(2S,3R)-3-[(2E)-But-2-en-1-yloxy]-1-[(4-methylphenyl)sul-
onyl]-2-phenyl-3-vinyl-1,2,3,6-tetrahydropyridine (10b): In

similar manner (15b) (30.4 mg) was converted to (10b)
28.2 mg, 81%), the product was obtained as a ca. 80:20
ixture of E,Z-double bond isomers.

1H (400 MHz, CDCl3) � 7.68 (d, J = 8.0 Hz, 2H), 7.21 (m,
H), 7.12 (d, J = 8.0 Hz, 2H), 6.18 (m, 1H), 6.10 (m, 1H),
.69–5.61 (m, 1H), 5.49–5.41 (m, 2H), 5.30 (s, 1H), 5.19
d, J = 17.6 Hz, 1H), 5.11 (d, J = 11.2 Hz, 1H), 4.00 (app dt,
= 15.6 Hz, 1H), 3.30 (m, 2H), 3.72 (app dt, J = 18.0, 2.4 Hz,
H), 2.27 (s, 3H), 1.73 (dd, J = 6.4, 1.2 Hz, 3H): 13C (100.6 MHz,
DCl3) � 142.6, 138.1, 137.4, 136.9, 129.1, 129.0, 128.7,
28.4, 128.1, 128.0, 127.7, 127.6, 126.4, 116.8, 75.2, 64.1,
3.9, 41.7, 21.5, 17.8. LCMS 432.2 (M + Na) 100%, 338, 40%:
RMS (C24H28NO3S) (MH+) requires 410.1790, found 410.
791.

.5. Preparation of (8) and (9)

N-Allyl-N-{[(1S)-2-[(2E)-but-2-en-1-yloxy]-1-phenyl-2-vi-
ylbut-3-en-1-yl]}-4-methylbenzenesulfonamide (8): To a
tirred, cooled (0 ◦C) solution of alcohol (14) (297 mg,
.775 mmol) in THF (4.5 mL) and DMPU (1.5 mL) was added
rotyl bromide (0.62 mL, 6.20 mmol) followed by sodium
ydride (124.0 mg, 60 wt.% in mineral oil, 3.10 mmol). The
ixture was stirred at the same temperature for 4 h and

hen quenched by dropwise addition of water (20.0 mL) and
xtracted with IPAc (20.0 mL). The organic layer was washed
ith water (20.0 mL) and brine (20 mL) and concentrated in
acuo. Purification by flash column chromatography (hexanes

ncreasing to 10:90 EtOAc:hexanes) afforded (8) as a colourless
il (115.0 mg, 34%) as a ca. 60:40 mixutre of E,Z-double
ond isomers and identity was confirmed by 1H and LCMS
nly.
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1H (400 MHz, CDCl3) � 7.58–7.45 (m, 4H), 7.23–7.21 (m,
3H), 7.13 (d, J = 8.4 Hz, 2H), 6.12 (dd, J = 17.2, 11.2 Hz, 1H),
5.78–5.53 (m, 4H), 5.43–5.33 (m, 2H), 5.21–5.14 (m, 2H), 5.09
(s, 1H), 4.98 (d, J = 17.2 Hz, 1H), 4.87 (d, J = 10.4 Hz, 1H),4.28
(ddd, J = 16.4, 6.0, 4.4 Hz, 1H), 4.07–4.04 (m, 1H), 3.82–3.78
(m, 2H) 2.36 (s, 3H), 1.73 (d, J = 6.4 Hz, 3H); LCMS 474.2.3
(M + Na) 100%, 366 50%: HRMS (C26H32NO3SNa) (M + Na)
requires 460.1922, found 460.1931.

4-Methyl-N-{[(1S)-2-[(3-methylbut-2-en-1-yl)oxy]-1-phe-
nyl-2-vinylbut-3-en-1-yl]}-benzenesulfonamide (17): To a
stirred, cooled (0 ◦C) solution of alcohol (16) (195 mg,
0.568 mmol) in THF (3.0 mL) and DMPU (1.0 mL) was added
sodium hydride (136 mg, 60 wt.%, 3.41 mmol) followed by 4-
bromo-2-methyl-2-butene (67 �L, 0.625 mmol) and the mixture
stirred at the same temperature until HPLC analysis indicated
10% residual starting material. The reaction was quenched by
dropwise addition of water (5.0 mL) and extracted with IPAc
(10 mL). The organic layer was washed with water (10 mL),
and brine and concentrated in vacuo. The crude oil was purified
by flash column chromatography (10:90 EtOAc:hexanes) to
afford (17) as an off white solid (93 mg, 40%).

Rotation �D = +56.0, c = 0.18, CH2Cl2: 1H (400 MHz,
CDCl3) � 7.42 (d, J = 8.0 Hz, 2H), 7.14–7.08 (m, 5H), 7.01
(d, J = 8.0 Hz, 2H), 5.85 (dd, J = 17.6, 10.8, 1H), 5.70 (d,
J = 6.8 Hz, 1H), 5.50 (dd, J = 17.6, 10.8 Hz, 1H), 5.36 (dd,
J = 10.8, 1.2 Hz, 1H), 5.27 (dd, J = 8.8, 1.2 Hz, 1H), 5.24–5.22
(m, 2H), 5.19 (dd, J = 17.6, 1.6 Hz, 1H), 4.26 (d, J = 6.8 Hz,
1H), 3.78 (dd, J = 11.6, 4.8 Hz, 1H), 3.72 (dd, J = 11.6, 4.8 Hz,
1H), 2.31 (s, 3H), 1.74 (s, 3H), 1.58 (s, 3H): 13C (100.6 MHz,
CDCl3) � 142.5, 137.6, 136.9, 135.9, 135.5, 135.2, 129.3, 128.9,
127.3, 127.2, 127.1, 124.1, 119.1, 118.9, 82.3, 64.9, 61.0, 25.7,
21.4, 18.1: LCMS 434.2 (M + Na) 100%, 326 (90%). HRMS
(C24H30NO3S) (M + H) requires 412.1945, found 412.1946.

N-Allyl-4-methyl-N{[(1S)-2-[(3-methylbut-2-en-1-yl)oxy]-
1-phenyl-2-vinylbut-3-en-1-yl]}-4-methylbenzenesulfonamide
(9):

From alcohol (14): To a stirred, cooled (0 ◦C) solution
of alcohol (14) (75.0 mg, 0.196 mmol) in THF (2.0 mL)
and DMPU (1.0 mL) was added sodium hydride (23.0 mg,
60 wt.%, 0.587 mmol) and 4-bromo-2-methyl-2-butene (83 �L,
0.784 mmol). The mixture was allowed to warm to room temper-
ature and stirred for 16 h. The mixture was quenched by dropwise
addition of water (10.0 mL) and extracted with IPAc (10.0 mL).
The organic layer was washed with water (10.0 mL) and brine
(10 mL) and concentrated in vacuo. Purification by flash col-
umn chromatography (10:90 EtOAc:hexanes) afforded (9) as a
colourless oil (15.0 mg, 17%).

From triene (17): To a stirred, cooled solution of triene (17)
(80.0 mg, 0.195 mmol) in THF (1.0 mL) and DMPU (1.0 mL)
was added allyl bromide (67.0 �L, 0.778 mmol), followed by
NaH (31.0 mg, 60 wt.%, 0.778 mmol) and the mixture allowed to
warm to room temperature and stirred for 16 h. The mixture was
quenched by dropwise addition of water (10.0 mL) and extracted
with IPAc (10.0 mL). The organic layer was washed with water
(10.0 mL) and brine (10 mL) and concentrated in vacuo. Purifi-
cation by flash column chromatography (10:90 EtOAc:hexanes)
afforded (9) as a colourless oil (41.5 mg, 47%).
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Rotation �D = +23.9, c = 0.18, CH2Cl2: 1H (400 MHz,
DCl3) � 7.60 (d, J = 8.0 Hz, 2H), 7.57–7.55 (m, 2H), 7.25–7.22

m, 3H), 7.14 (d, J = 8.0 Hz, 2H), 6.14 (dd, J = 17.2, 11.2 Hz,
H), 5.70 (dd J = 17.2, 11.6 Hz, 1H), 5.60 (m, 1H), 5.42–5.36
m, 3H), 5.20 (s, 1H), 5.17 (dd, J = 7.6, 1.2 Hz, 1H), 5.08 (s, 1H),
.97 (dd, J = 17.2, 1.2 Hz, 1H), 4.87 (dd, J = 10.4, 1.6 Hz, 1H),
.17 (dd, J = 16.4, 5.2 Hz, 1H), 4.03 (dd, J = 16.4, 6.4 Hz, 1H),
.90 (dd, J = 11.6, 6.8 Hz, 1H), 3.84 (dd, J = 11.6, 6.8 Hz, 1H),
.38 (s, 3H), 1.77 (s, 3H), 1.62 (s, 3H): 13C (100.6 MHz, CDCl3)
142.7, 138.0, 137.1, 137.0, 136.5, 135.1, 131.2, 128.9, 128.8,
28.1, 127.8, 127.6, 121.7, 118.5, 118.0, 115.7, 85.7, 67.4, 61.3,
9.1, 25.7, 21.4, 18.1: LCMS 474.2.3 (M + Na) 100%, 366, 50%:
RMS (C27H33NO3SNa) (M + Na) requires 474.2079, found
74.2086.

.6. Double RCM reactions

.6.1. RCM of (8)
To a solution of (8) in CH2Cl2 under a nitrogen atmosphere

as added catalyst (6) or (7) (5 mol%) and the progress of
he reaction monitored by HPLC. In the case of catalyst (6)

further 5 mol% was added to allow the reaction to reach
ompletion. The relative ratios of intermediates and product are
iven in Scheme 7, the products were not isolated.

.6.2. RCM of (9)
To a stirred, cooled (0 ◦C) solution of (9) (12.2 mg,

.027 mmol) in CH2Cl2 (1.0 mL) under a nitrogen atmosphere
as added catalyst (6) (0.9 mg, 0.0014 mmol, 5 mol%) and the
rogress of the reaction monitored by HPLC. When all starting
aterial had been consumed most of the solvent was removed

y nitrogen sweep and the reaction cooled to −78 ◦C. Butene
as condensed into the flask (ca. 0.5 mL), catalyst (7) (1.2 mg,
mol%) added, and the reaction stirred at 3 ◦C for 24 h, a

urther 1.2 mg of catalyst (7) was added and stirring continued
or an additional 24 h at the same temperature. At this time 95%
onversion of intermediates to a 84:16 mixture of (3a):(3b)
as observed by HPLC analysis. The known products were not

solated.

. Results and discussion

We propose that the rate determining step for the formation
f the mono-cyclic intermediates is the intermolecular reaction
f the catalyst with one of the allyl groups, with the subsequent
ntramolecular cyclisation being fast [12]. As such the prepon-
erance of path A is due to a non-obvious preference for the
atalyst to react at the oxygen bound allyl group, rather than
kinetic preference for the formation of five membered rings

er se, and hence it might be possible to overcome this pref-
rence by catalyst or substrate design. As a thorough catalyst
creen had already been undertaken attention turned to substrate

esign. Derivatives of (2) in which initial catalyst interaction at
he oxygen-allyl group was rendered unfavorable, for example,
y incorporation of a blocking group in this position, should
irect initiation to the next most accessible position, i.e. the
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hol (16) was treated with sodium hydride, followed by 1 equiv.
of 4-bromo-2-methyl-2-butene, which gave preferential reaction
at the oxygen anion to afford (17) in modest yield. Triene (17)
Scheme 3.

itrogen-allyl group and the reaction would proceed through
ath B (Scheme 3). For this strategy to be effective three criteria
ust be met; firstly, the reaction could be directed through initial

ormation of the six membered rings; secondly, high selectivity
or the desired six membered ring would still be obtained with
hese modified substrates; thirdly, these new six membered rings
ould cyclise with retention of stereochemistry.
The O-crotyl (8) and O-isopentyl (9) derivatives of (2) were

onsidered as suitable substrates to test this hypothesis. Prior
o undertaking the synthesis and double ring closing metathe-
is reaction of these substrates genuine samples of the putative
ew intermediates (10a), (10b), (11a), (11b) were prepared. In
ddition to aiding reaction analysis [13] this would allow for
evelopment of conditions to effect conversion of the proposed
ntermediates to (3a) or (3b) with retention of stereochemistry.
hese compounds were prepared in a straightforward manner as
utlined in Scheme 4. Hence, allylation of the N-tosyl methyl
ster (12) with allyl bromide and potassium carbonate in ace-
onitrile afforded the crude N-allyl amino ester (13). This was
onverted without further purification to the tertiary alcohol (14)
n modest yield. The previously described non-selective RCM
eaction [8] of this triene was used to advantage to afford samples
f both (15a) and (15b) which were separable by chromatogra-
hy and subsequent reaction of the alcohols with crotyl bromide
r 4-bromo-2-metyl-2-butene in the presence of sodium hydride
fforded the expected intermediates (10) and (11) for the pro-
osed double RCM reaction.

With compounds (10) and (11) in hand their conversion to
3) was addressed (Scheme 5). Gratifyingly, treatment of (10a)

ith either catalyst (6) or (7) gave exclusively (3a), and like-
ise (3b) was formed as the only product from (10b), indicating
irect cyclisation with retention of stereochemistry is the only

cheme 4. Reagents and conditions: (a) K2CO3, MeCN, allyl bromide, RT, 16 h:
b) CeCl3, THF, vinylmagnesium bromide, 0 ◦C, 1 h: (c) catalyst (6), CH2Cl2,
T, 2 h: (d) NaH, THF, DMPU, crotyl bromide or 4-bromo-2-methyl-2-butene.

w

S
b
(

Scheme 5.

echanistic pathway operating in this reaction, and mirroring
he reactions seen in the allyl series [8]. The more sterically hin-
ered (11a) and (11b) did not react with either catalyst under
nitrogen atmosphere, however after activation with ethylene,

atalyst (7) allowed for 50% conversion of (11a) to (3a) and
11b) to (3b) [14]. More encouragingly, carrying out this trans-
ormation in butene as solvent gave full conversion of either
11a) or (11b) to a single spirocycle. This reaction proceeded
ia the intermediacy of the crotyl species (10a or 10b) result-
ng from an initial cross metathesis reaction with the solvent
15] and offers an efficient “in situ” method for activation of the
indered isopentenyl group. Neither the ethylene or butene acti-
ation proceedure was sufficient to allow catalyst (6) to be used
ith (11). Based on these results, formation of spirocyclic com-
ounds from (10) or (11) is expected to proceed with retention
f stereochemistry, but in the case of (11) a second generation
atalyst and additional activation will be required.

With confirmation that any six membered ring intermedi-
tes would cyclise with retention of stereochemistry, attention
urned to preparation of the desired tetraenes (Scheme 6). Alco-
ol (14) could be converted to (8) or (9), however yields in these
eactions were low, possibly due to competing reactions of the
xygen anion. A more efficient route to generate useful amounts
f material was found to be sequential alkylations of alcohol
16) – an intermediate in the original route to (1). Hence, alco-
as then converted to (9) in a straightforward manner. Although

cheme 6. Reagents and conditions: (a) NaH, DMPU, 0 ◦C, crotyl bromide or 4-
romo-2-methyl-2-butene; (b) NaH, DMPU, 0 ◦C, 4-bromo-2-methyl-2-butene;
c) NaH, DMPU, RT, allyl bromide.
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ields for the formation of (8) and (9) were less than optimum
ufficient material was obtained to study the double RCM reac-
ion.

Treatment of a dichloromethane solution of (8) with catalyst
6) gave >95% conversion to a 77:23 ratio of (3a):(3b) after 16 h
Scheme 7). While this represents an improved selectivity com-
ared to the original substrate (2) (68:32 with catalyst (6)) the
ncrease was less significant than hoped for and the distribution
f intermediates was examined. The use of the crotyl as a “block-
ng group” was found to be moderately effective with 93% of the
eaction proceeding through path B, however the diastereoselec-
ion achieved within path B was less than that obtained in the
llyl case with a 78:22 mixture of (10a) and (10b) being formed
cf. (2) affords (5a):(5b) = 90:10 with (6)). Coupled with the
eakage to path A this distribution of intermediates accounts for
he final stereochemical outcome of the reaction. As expected,
reatment of (8) with catalyst (7) also gave good conversion to
roducts, in a near identical ratio to that obtained from treatment
f (2) with second-generation catalysts i.e. a slight preference
or (3b). With the more reactive catalyst the blocking effect of
he crotyl group was less effective (60% reaction through path
) and more significantly, as already shown when using second
eneration catalysts both path A and B are non-selective, leading
o a near 1:1 mixture of (3a):(3b).

While the increase in diastereoselectivity for reaction of (8)
as not as significant as hoped, the ability to direct the course of

he reaction through path B had been demonstrated and reactions
f (9) were explored. The isopentenyl group would be expected
o completely block path A, and as subtle differences on the
xygen substituent (allyl versus crotyl) can have a significant
ffect on diastereoselectivity within path B an improved selec-
ivity might still be obtained. Indeed reaction of (9) with catalyst
6) gave an 86:14 mixture of (11a) and (11b) with no five mem-
ered rings detectable, however as already demonstrated this
atalyst was not reactive enough to convert these compound to
he desired spirocycles. Reaction of (9) promoted by catalyst (7)
ave about 50% conversion to spirocyclic products [16], with the
eaction proceeding almost entirely through path B, but in line
ith results from (2) and (8), there is little diastereoselectivity

Scheme 8).
A solution to the problem was finally obtained by sequen-

ially exploiting the selectivity that could be obtained with

atalyst (6) and the reactivity of catalyst (7). Tetraene (9) was
llowed to react with 5 mol% of catalyst (6) at 0 ◦C, which gave
omplete conversion to the two six membered rings (11a) and
11b) in an 84:16 ratio within 2 h, at which time solvent was

i
t
t
g

Scheme 9.

emoved by nitrogen purge and replaced with butene. Catalyst
7) (10 mol%) was then added to the reaction mixture, allow-
ng for the second cyclisation to take place via initial cross

etathesis of the isopropenyl group with the solvent. The reac-
ion proceeded to >95% conversion, and a final ratio of 84:16
3a):(3b) was obtained, representing the best selectivity obtained
o date for this transformation (Scheme 9). In line with results
rom cyclisations of isolated (11a) and (11b), no conversion of
he intermediate mixture was seen in the absence of catalyst
ctivation, and ethylene activation of (7) was only moderately
ffective, giving 50% conversion to spirocycles.

. Conclusions

In conclusion, we have shown the course of a double RCM
eaction can be diverted through a previously minor, but more
elective pathway, to allow for higher selectivity to be obtained.
ncorporation of blocking groups on the oxygen allyl group
ed to the reaction proceeding through initial formation of the
ix membered ring, with the selectivity depending on both the
ature of the blocking group and the catalyst used. Judicious use
f two catalysts allowed for the highest selectivity to be realized

n the initial step, with a more reactive catalyst giving conversion
o the desired spirocyclic product. While for practical purposes
he extra synthetic steps required to differentiate the two allyl
roups would make this a less attractive option that the original
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yclisation of (2) this study provides valuable insight into how
ontrolling the order of ring closing events [17] can have a
rofound effect on the stereochemical outcome of the reaction.
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