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Abstract: The new dienes 4a-d, 7 and 11 reacted in good yields
with acyclic dienophiles like methyl acrylate and diethyl fumarate
in the tandem process Diels-Alder reaction/Ireland-Claisen rear-
rangement. Analysis of the relative configuration of products 5, 6,
8-10 and 12 indicated that preference for the chair or boat transition
state of the Ireland-Claisen rearrangement is strongly influenced by
the relative configuration of the substituents of the cyclohexene
ring.
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Combining two or more reactions into one synthetic oper-
ation has become a popular higher order strategy with the
goal to reduce the length of the synthesis of a specific tar-
get molecule.! Beautiful applications of this strategy to
the synthesis of complex molecules have been reported.?
Some of the reported syntheses were motivated simulta-
neously by the idea to decrease the number of steps as by
the intention to imitate the biosynthesis by a biomimetic
process.® Impressive advances in our understanding of
mechanism and in the number of reactions and reaction
conditions available have in recent years allowed to de-
velop numerous examples of these reaction sequences
combining several mechanistically distinct steps into one
synthetic operation. Such reaction sequences have been
designated as '"domino",!¢ "tandem",!s!*" "cascade",*
"serial" and "sequential"'® processes, juste to name a few.

Combining two well-known stereoselective reactions like
the Diels-Alder reaction and sigmatropic rearrangements
should create an attractive synthetic process.” There are
different reasons for the attractiveness of such processes.
The sequence belongs to the class of heterogenerative
coupled transformations,'® as the first bond-forming
reaction sets the stage for the next event generating new
functionalities which were not present in the starting ma-
terials. Heterogenerative processes can be used with at
least comparable if not greater advantage in synthesis than
their homogenerative counterparts.'® Unusual substitution
pattern of six-membered rings can be obtained directly.5*6
Choosing a sigmatropic rearrangement which will create

an additional C-C bond, a total of 3 C-C bonds will be
formed in such a process. Not only the relative configura-
tion in the six-membered ring but also at the exocyclic
chiral centre will be controlled by the configuration at the
double bond and by the geometry of the transition state for
the sigmatropic rearrangement.

Our first trials to realise this synthetic strategy were based
on the use of N-butadienyl-N-alkyl N,O-trimethylsilyl
ketene acetals 1 (Scheme 1).” The sequence leading to bi-
cyclic product 2 was a Diels-Alder reaction/acylation pro-
cess. It is well-known that the temperatures needed for the
sigmatropic rearrangements of O-Allyl O,O-trimethylsi-
lyl ketene acetals is much lower than those for the corre-
sponding N, O-silyl ketene acetals.?
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Scheme 1 Reaction conditions: i) THF, -78 °C — rt, MeOH

We have recently developed a method to obtain the O-
butadienyl O,O-trialkylsilyl ketene acetals 4a-d in good
yields and with excellent diastereoselectivities in two
steps (Scheme 2).° The ketene acetals 4a-d reacted readily
with cyclic dienophiles like N-phenyl maleimide.® In this
letter we report an extension of this strategy to the reaction
of our O-butadienyl O,0-tert-butyldimethylsilyl ketene
acetals 4 with acyclic dienophiles.

As butadienes 4 are not very reactive in Diels-Alder reac-
tions we tried to promote the reaction sequence using high
pressure.'” Treating dienes 4b, 4¢ with tert-butyl acrylate
in the presence or in the absence of radical inhibitors like
2,6-di-tert-butyl-p-cresol only lead to polymerisation.
However, reaction of methyl acrylate with butadiene 4b in
dichloromethane at 40 °C under 12 kbar pressure allowed
to isolate the products 5a-d in good yield (Scheme 3). The



four diastereomeric products of this reaction were isolated
in 61% overall yield as methyl esters 5a-d after hydrolysis
with fluorosilicic acid according to DeShong,!" and ester-
ification with trimethylsilyl diazomethane. The facial se-
lectivity of the reaction was 1.9:1 (endo : exo) and the
diastereoselectivity for the Ireland-Claisen reaction was
39:1 for the endo-product (5a :5b) and 1.3:1 for the exo-
product (S¢ :5d).
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Scheme 2 Reagents: i) KOt-Bu, THF, -78 °C, then R'R*CHCOC],
THF, -78 °C — -50 °C; ii) LIHMDS, TBDMSC], THF, 2-MeTHF,
HMPA, -115 °C, 1.5h
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Scheme 3 Reagents: i) CH,Cl,, 40 °C, 12 kbar, 3h; ii) H,SiFg, DME,
r.t.; iii) Me;SiCHN,, THF/MeOH (10:4), tt, 1h, 61%

Thermal reaction of diene 4d was achieved using a large
excess of methyl acrylate and heating to 140 °C for 3h.
Using the same procedure as for the high pressure reaction
the products 6a-c were isolated as their methyl ester in
60% yield (Table 1). The endo-exo selectivity was slightly
lower than for the high pressure reaction namely 1.1:1
(endo : exo). For the endo-product only one single dia-
stereoisomer 6a could be identified, whereas the exo-
product was a mixture of 8:1 (6b :6¢) of the two diastere-
oisomers. Using the more reactive diene 7 the reaction
temperature could be lowered to 120 °C. Unfortunately,

the product did not resist to the standard sequence of
transformations to the methyl ester. Under these condi-
tions the allylic trimethylsilyl ether was eliminated. With-
out any optimisation the products 8a-c of the sequence
Diels-Alder reaction/Claisen-Ireland rearrangement were
purified as their fert-butyldimethylsilyl ester by flash-
chromatography. The yield was low (17%), because of de-
composition of the product on silica gel. The facial selec-
tivity for the Diels-Alder reaction was considerably
higher 5.2:1 (endo : exo). Surprisingly, the diastereoselec-
tivity of the Ireland-Claisen rearrangement was low for
the endo-product 1.9:1 (8a :8b). For the exo-product 8¢
we were unable to determine the relative configuration
and the diastereoisomeric ratio could only be guessed (=
2.5:1).

Using the more reactive dienophile diethyl fumarate the
temperature for the sequence Diels-Alder reaction/Ire-
land-Claisen rearrangement could be lowered to 125 °C.
The products were isolated as their methyl esters 9, 10 and
12 in 40 to 64% yield (Table 1). The facial selectivity for
the Diels-Alder reaction is in all cases about 1.5:1 (endo :
exo). The diastereoselectivity of the Ireland-Claisen rear-
rangement is high for the endo-products and much lower
for the exo-products.

The attribution of the relative configuration is based on
extensive 1D- and 2D-'"H NMR measurements. The cou-
pling constants of the protons on the cyclohexene ring are
in good agreement with a half-chair conformation. In the
case of the products obtained using methyl acrylate as di-
enophile the acetic acid side-chain prefers the pseudo
equatorial position. In this conformation the proton at the
ring carbon bearing the acetic acid side chain is preferen-
tially in a pseudo axial position, which leads to character-
istic coupling constants with its immediate neighbours.
The conformation of the methyl ester is pseudo axial for
the product of the endo Diels-Alder reaction and pseudo
equatorial for the product of the exo Diels-Alder reaction.
In the case of the products obtained from diethyl fumarate
the results of the 'H NMR measurements are in accor-
dance with a half-chair conformation where the two ester
functions are in a pseudo equatorial conformation. The
acetic acid side-chain is therefore in a pseudo axial posi-
tion for the products of the endo-selective Diels-Alder re-
action and in a pseudo equatorial position for the products
of the exo-selective Diels-Alder reaction. The attribution
of the relative configuration of the exocyclic chiral centre
was more difficult. Our attribution is based on the X-ray
structure obtained for the product of the reaction of N-
phenyl maleimide and diene 4d.° The coupling constant
between the exocyclic chiral centre and the ring carbon
bearing the acetic acid side-chain for this product was 8.9
Hz. For the endo Diels-Alder products 6a and 10a and for
the exo-Diels-Alder products 6b and 10b large coupling
constants between the proton at the exocyclic chiral centre
and the adjacent ring proton (between 7.6 and 9.6 Hz)
were observed, whereas the diastereoisomeric products 6¢
and 10c showed small coupling constants (between 3.7
and 5.4 Hz). Molecular mechanics calculations using the



Table 1: Tandem reactions using methyl acrylate and dicthyl fumarate as dienophiles

Entry Diene Endo - Product(s) Exo - Product(s) Yield [%]
) (Diastereomeric Ratio}
TBOMS
thu\/t CO,CHg - CO2CH3 ~CO2CH;
1" HaCO K/O, H3CO c\/© H3CO. 60%
Z sv2 7 ez H a2 6a:6b:6¢
- NPrth NPhth NPhh o (10:8:1)
ad
TBOMS
HaCG 2 CO2CHy CO,CH, LCOOCH;
2‘ TMSO-, TMSO-, TBDMSOZK(@ 17%
7~ T8OMSO,0—4 ~ TBOMSO, 8a:8b:8¢™°
™M CH; ga CH; gb CH; 8¢ (17:9:5)
7
CO,CHs CO2CHg
C\/tm o C\/O/ K/@\
H3CO. H3CO
d  HiC_z 3C0O; i 3C0O;
3 3 (-: .\ CO,CHg CO,CHs ;}H CO,CHs CO,CHs 64%
P ? 9a HsCO, [ ? 9c HyGO. 9a:9b:9¢:9d
x “COLCHs 2 CO,CHs (21:1:9:5)
@ CHy  gn CHy  oq
‘vn"cchZHS
L X
: CO,C,H H4CO,
K PhthN__~ C\/@, 2C:Hs 3C0, > CO,CHs 0%
HyCO, NPhth )
z M “CO,CHs 108 wC02CHs — 100:10b:10c
NPhth H.CO (28:14:5)
> 10a V- CO,C,Hs
4d NPhth 10¢
CO,CHs +CO2CH5
c\/tm e C\:O/ C\ji)\
d  HC_ 2z HaCOG, " CO.CHg H3CO, o
s L, ’ CO,Catts L ot 1-C0CaHs 63%
Z o . 12 HecO 12a:12b:12¢
\ 32 “CO,CHg a2 CO,CoHg (15.1:614)

1 CHy 12b

CHy  12d

a
The cycloadditions of the examples 1 and 2 were performed heating an excess methyl acrylate together with the diene at 120-140°C (1h-3h). b The product of the

was

q

c
directly isolated without hydrolysis nor esterification. ~ The relative configuration was sttributed in analogy to the cycloadducts 5 and 6. d The cycloadducts of the examples 3 to 5§ were

obtained reacting 2.3 eq. of diethyl fx with the

ding diene at 125°C for 3h.

MM’ programme indicated that the products of the tandem
reaction should prefer one conformation. The substituents
at the exocyclic centre try to avoid steric interactions with
the vinylic proton in the cyclohexene ring. This conforma-
tional bias allows to tentatively assign the relative config-
uration at the exocyclic chiral centre. The dihedral angle
between the proton at the exocyclic chiral carbon centre
and the proton at the ring carbon bearing the acetic acid
side chain is predicted to be near to 180° (anti periplanar)
for the products obtained via a boat transition state. How-
ever for the products obtained via a chair transition state
the dihedral angle should be near to 60° (synclinal). We
used this argument for the attribution of the relative con-
figuration.

As a consequence of this attribution, the Ireland-Claisen
rearrangement is highly selective for a boat transition state
of the cyclohexene rings obtained via endo Diels-Alder

reaction. In contrast, rearrangement of the cyclohexenes
obtained via exo Diels-Alder reaction was considerably
less, in most cases even almost unselective. The prefer-
ence for the boat respectively chair transition state for the
Ireland-Claisen rearrangement has been studied.’%!2
However, the fact that the relative configuration of the
other substituents at the cyclohexene ring greatly influ-
ences the diastereoselectivity of the rearrangement has not
been generally recognised so far. The diastereoselectivity
of the Ireland-Claisen rearrangement in acyclic cases is
mainly in favour of the chair transition state. We attribute
the shift of the diastereoselectivity to the boat transition
state in the case of the endo adducts to the steric hinder-
ance of the OTBDMS group with the ring during the tran-
sition state (Figure 1). We assume that the cylcohexene
ring is in a clear half-chair conformation. This half-chair
conformation is in agreement with the result of an X-ray
structure determination of a Diels-Alder adduct and with



our MM™calculations. For the exo adducts the conforma-
tion of the cyclohexene ring has to be different during the
transition state. The flattening of the cyclohexene ring
should help to avoid the steric interactions which we in-
voked for the endo adducts and this should lead to a re-
duced selectivity.
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Figure 1 Chair and boat transition states for the Ireland-Claisen
rearrangement.

In conclusion we have developed an efficient route for the
conversion of the dienes 4a-d into substituted cyclo-
hexenes via the sequence Diels-Alder reaction/Claisen-
Ireland rearrangement followed by a two-step procedure
to obtain the methyl esters. The conversion occurs in good
overall yields over the four synthetic steps and with good
diastereoselectivities for the endo Diels-Alder product.
This transformation allows to control not only the chiral
centres in the cyclohexene ring but also the relative con-
figuration at the exocyclic centre. This protocol should be
applicable in natural product synthesis.

Preparation of compounds 5a-d: A solution of 4b
(933.3 mg, 3.88 mmol) and methyl acrylate (727.6 mg,
8.45 mmol) in CH,Cl, (5 ml) was heated at 40 °C under 12
kbar in a sealed teflon tube. The solvent was removed in
vacuo and to the crude material dissolved in DME (8 ml)
H,SiF, 25% in H,O (0.5 ml, 1 mmol) was added at r.t. Af-
ter stirring for 0.5 h the solvent was removed in vacuo and
DME (2 x 20 ml) was added and then removed in vacuo
to dry the reaction mixture by azeotropic destillation.To
the colourless oil dissolved in THF/MeOH (20 ml/ 4ml) a
2M solution of trimethylsilyl diazomethane (2 ml, 4
mmol) was added. After stirring for 1 h the excess trime-
thylsilyl diazomethane was destroyed by dropwise addi-
tion of acetic acid. Removal of the solvent in vacuo and
flash column chromatography (EtOAc / hexane = 1:4) af-
forded 538 mg (61%) of the mixture of diastereoisomers.
Selected data for 5: Mixture of diastereoisomers 5a-d: IR:
3029, 2952, 2869, 1736, 1451, 1435, 1258, 1199, 1168;
MS (DCI, NH;) m/z 226 (4, M*), 166 (53), 107 (41), 79
(100); Anal. calcd. for C;,H,30,: C 63.42, H 7.98; found:
C 63.39, H 7.96. 5a: '"H NMR (400 MHz, CDCl,): 5.76
(dtd,3J =10.2 Hz, J = 2.2 Hz, J = 1.2 Hz, 1H, H-2); 5.58
(dtd,*J =10.0 Hz, J = 1.4 Hz, J = 0.8 Hz, 1H, H-3); 3.62
(2s, 6H, H,C1.2, H,C4.1"); 3.05-2.97 (m, 1H, H-1); 2.45-
2.30 (m, 2H, H-4, H-4.1); 2.00 (ddt,’J =133 Hz, J=6.2
Hz, J=2.9 Hz, 1H, H,-6); 1.71-1.58 (m, 2H, H,-6, H,-
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C5); 1.47 (dddd,?J =13.4 Hz, J = 11.6 Hz, J = 8.4 Hz,
3J=3.1 Hz, 1H, H,-5); 1.06 (¢, *J = 6.8 Hz, 3H, H,C4.2);
13C NMR (100 MHz, CDCl;): 176.0, 174.0, 131.9, 125.2,
51.6,51.3,43.7,39.9,37.5,23.4,22.3,13.6. 5b: *C NMR
(100 MHz, CDCly): 130.6, 125.6, 43.3, 39.5, 37.4, 24.3,
23.2,13.8. 5¢: '"H NMR (400 MHz, CDCl,): 5.76 (m, 1H,
H-C(2)); 5.55 (ddd, J=25 Hz, J=1.2 Hz, 1H, H-3);
3.63, 3.61 (25, 6H, H;C1.2, H;C4.1"); 3.05-2.97 (m, 1H,
H-1); 2.45-2.30 (m, 2H, H-4, H-4.1); 1.95 (m, 1H, H-6);
1.79-1.72 (m, 1H, H-5); 1.71-1.58 (m, 1H, H-6); 1.30 (44,
2] = 3] =3J=12.8 Hz, 3J=2.7 Hz, 1H, H,-5), 1.06 (s,
3J =7.0 Hz, 3H, H;C4.2); 1*C NMR (100 MHz, CDCl,):
175.7, 1745, 131.3, 125.7, 51.7, 51.4, 43.5, 41.5, 37.8,
24.9, 24.3, 13.2. 5d: 'H NMR (400 MHz, CDCl;): 5.76
(m, 1H, H-2); 5.69 (dm, 3J = 10.3 Hz, 1H, H-3); 3.62 (2s,
6H, H;C1.2, Hy,C4.1"); 3.05-2.97 (m, 1H, H-1); 2.45-2.30
(m, 2H, H-4), H-4.1); 1.95 (m, 1H, H-6); 1.79-1.72 (m,
1H, H-5); 1.71-1.58 (m, 1H, H-6); 1.28 (qd, % = 3J =
3J=12.7 Hz,3J =3.1 Hz, 1H, H,-5); 1.09 (¢, *J = 6.8 Hz,
3H, H,C4.2); 3C NMR (100 MHz, CDCL,): 175.8, 174.1,
130.2, 125.9, 51.7-51.4, 43.8, 40.2, 37.9, 25.8, 24.8, 13.5.

Typical procedure for the synthesis 9a-d: The mixture
of diethyl fumarate (481.1mg, 2.80mmol) and diene 4b
(269.7 mg, 1.12 mmol) was stirred at 125 °C for 3h. DME
(5 ml) and H,SiF¢ 25% in H,0 (0.2 ml, 0.4 mmol) was
added and the solution stirred for 0.5 h. Two times 25 ml
of DME were added and removed in vacuo. The oily res-
idue was dissolved in THF/MeOH (10 ml/4 ml) and a 2M
solution of trimethylsilyl diazomethane (1.0 ml, 2.0
mmol) was added and the solution stirred for 1 h. Remov-
al of the solvent in vacuo and flash column chromatogra-
phy (CH,Cl, / Et,O / hexane = 7:1:6) afforded 225.8 mg
(64%) of the mixture of the diastereoisomers. Selected
data for 9: Mixture of diastereoisomers 9a-d: IR : 2982,
2954, 2908, 1734, 1196, 1166; MS (DCI, NH,): m/z 330
(12), 314 (15), 313 (100), 267 (54), HR-MS (DCI, isobu-
tane): m/z calc. for C,H,5s0¢: 313.1646, found: 313.1652;
Anal. caled. for C,(H,,04 C 61.52, H 7.74; found: C
61.63,H 7.85.9a: 'H NMR (400 MHz, CDCl,): 5.80 (ddd,
3] =10.2 Hz, *J =3.8 Hz, ¥/ = 1.9 Hz, 1H, H-3); 5.62 (dt,
3J=10.2 Hz, %J = 4/=2.7 Hz, 1H, H-4); 4.12 (g,
3/=3J=17.1 Hz, 4H, H,C1.2, H,C2.2); 3.64 (s, 3H,
H,C5.1"); 3.49 (ddt,>J =6.0Hz,3) =3.7Hz,*J = =23
Hz, 1H, H-2); 3.00 (ddd, *J = 8.4 Hz,%J = 6.1 Hz,3J =39
Hz, 1H, H-1); 2.47-2.37 (m, 2H, H-5, H-5.1); 1.90 (ddd,
3J=13.7 Hz, 3J =84 Hz, 3J=5.3 Hz, 1H, H-6,); 1.82
(ddd, *J = 13.6 Hz, 37 =5.9 Hz, 3J =4.0 Hz, 1H, H-6,);
1.23 (t, 3/=3J=17.1 Hz, 3H, H,C1.3, H;C2.3); 1.14 (d,
3] = 6.7 Hz, 3H, H,C5.2). *C NMR (100 MHz, CDCl,):
175.8, 174.0, 1724, 130.6, 124.4, 60.9, 51.5, 43.4, 42.7,
38.5, 35.5, 254, 144, 14.1. 9¢: 'H NMR (400 MHz,
CDCly): 5.76 (dt,*J = 10.2 Hz, 3J = *J = 2.3 Hz, 1H, H-3);
5.68 (ddt,*J =102 Hz,3J =2.7Hz,*J =%/ = 1.3 Hz, 1H,
H-4)); 4.18-4.07 (m, H,C1.2, H,C2.2); 3.64 (s, 3H,
H,C5.1"); 3.44 (dm, *J =10.7 Hz, 1H, H-2); 2.88 (ddd,
3J=13.1 Hz, 37=10.7 Hz, 3J=2.9 Hz 1H, H-1); 2.62-
2.57 (m, 1H, H-5); 2.47-2.37 (m, 1H, H-5.1); 2.02 (dm,*J
=~ 12.6 Hz, 1H, H-6,); 1.43 (¢,%J =3J =3/ =12.8 Hz, 1H,



H-6,); 1.22(1,3] =3J = 7.1 Hz, 3H, H,C1.3,H,C2.3); 1.11
(d, 3J=7.1 Hz, 3H, H;C5.2). 3C NMR (100 MHz,
CDCly): 175.5, 1744, 172.7, 129.7, 125.0, 60.7, 51.6,
44.3,43.1,42.0, 38.3, 294, 14.1, 13.2. 9d: 'H NMR (400
MHz, CDCl,): =5.76 (dm, 3J = 10.1 Hz, 1H, H-3); 5.55
(dm, 37=10.3 Hz, 1H, H-4); 4.18-4.07 (m, H,C1.2,
H,C2.2); 3.66 (s, 3H, H,C5.1"); 3.43 (dm, *J =10.2 Hz,
1H, H-2); 2.86 (ddd,*J =13.1 Hz, 3/ =104 Hz, > J =29
Hz 1H, H-1); 2.62-2.57 (m, 1H, H-5); 2.47-2.37 (m, 1H,
H-5.1); =2.02 (dm,3J = 12.8 Hz, 1H, H-6;); 1.38 (¢,3J = 3J
= 3J=12.5 Hz, 1H, H-6,); 1.23 (¢, */ =3/ =7.1 Hz, 3H,
H,C1.3, HyC2.3); 1.09 (d, 3J = 7.7 Hz, 3H, H,C5.2). °C
NMR (100 MHz, CDCl;): 1754, 174.5, 172.6, 130.7,
124.8, 60.7, 51.6,44.3,43.5,41.9, 38.2, 28.1, 14.0, 13.1.
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