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Abstract. Spirodienone 1, prepared by Adler-Becker oxidation of 4-bromo-2-hydroxymethylphenol,
undergoes [4+2] cycloaddition with various dienophiles (enol ethers, enol estcrs, styrenes, N-
methylvinylacetamide) under thermal conditions (20-160°C). Three sets of experiments have been
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carried out, either with CH,Cl, as solvent or neat with 1, or under tandem Gmuatlﬁﬁ-\’:}ClG&uwﬂGﬁ

conditions with phase-transfer catalysis. Complete regio- and syn diastereofacial selectivities were
obtained but a switch in endo/exo selectivity has been observed between enol ethers and styrenes (endo
addition), enol esters (low selectivity) and an enamide (exo addition). The FMO analysis confirms that
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with orbital cocfficicnts. Except for vinyl acetate, the formation of the major isomer is qualitatively
confirmed at the AM1 level. © 1998 Elsevier Science Lid. All rights reserved.

6-Spiroepoxycyclohexadienones are easily obtained by Adler-Becker oxidation (NalQ,) of salicyl
alcohols'. However, dimerization usually occurs at room temperature, through a selective syn-endo Diels-Alder

reaction which may be suppressed by bulky substituents such as #-Bu at C-2 and C -4* or methoxy at C- 3

fY\OH NalO,
N NalO,

Scheme 1
Some examples of cycloaddition of these dienones have previously been reported and only syn-endo

adducts have been observed with maleic anhydride and some dienes (cyclopentadiene, dimethylfulvene,..)* as
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well as with methyl acetylenedicarboxylate (except in the case of a 4-t-Bu dienone leading to a mixture of syn
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and anti addition).” It is also worthy to note that related compounds such as quinols and quinol acetates exhibit
.. . . . 6 - . . .. 7 .

the same selectivity with dienophiles,’ including simple alkenes in intra’ or intermolecular® processes.

The bicyclo[2,2,2] adducts thus obtained are potentially useful intermediates, after photochemically
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induced oxa-di-m methane rearrangement, toward cyclic natural products such as tricyciopenianoids.

Furthermore, cleavage of the o, epoxyketone moiety should implement a short route to highly functionalized

It thus seems worthwhile to study the reactivity of such dienones toward electron rich (enol ethers, enol
esters, enamides) and neutral (styrenes) dienophiles. The 4-bromo derivative 1 was selected because

dimerization of this material is only observed above 60°C and for possible further transformation of the

bromide substituent (reduction, Pd catalyzed alkylation). The eighi possibie adducts as well as the
corresponding transition structures (TS's) will be subsequently referred to as a or S (depending on the

regiochemistry), N or X (endo or e A (synor
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Results and Discussion

phenol in MeOH at room temperature. Three sets of reaction conditions (A-C) have been studied: the dienone

is used either neat (A) or in CH,Cl, (B), or, according to the method introduced by Singh for the parent
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er conditions (C) (which
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consistently afforded better yields than the use of aqueous methanol). Selected results corresponding to the best
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conditions for each dienophile are reported in Table 1. Cycloadditions were found to proceed with 5 equiv of

transfer catalyzed tandem oxidation-cycloaddition (C) was preferred for enol ethers and styrenes. However,

b=

reactions with trimethylsilyl vinyl ether, 2,3-dihydrofuran and N-methyl vinyl acetamide gave higher yields
under homogeneocus co )

out neat (B).

Table 1. Reaction of dienone 1 with selected dienophiles
Dienophile Conditions* NS aXs Ratio” %°
X=OFEt, Y=H B, 120°C,3 h 2 3 19:1 80
C,rt,24h 2 - - 76
X=0Me, Y=Me B, 120°C, 3 h 4 5 18:1 597
C, 60°C, 48 h 4 - - 52
X=0TMS, Y=H A 1t,9h 6 7 491 82
B, 120°C, 5 h 6 7 2.2:1 64
2,3-dihydrofuran A, 20°C,72h 8 9 3.9:1 68
B, 160°C, 4 h 8 9 291 59
X=Ph, Y=H B, 160°C, 1 h 10 11 541 637
C,rt,24h 10 1 8.8:1 88
X=Ph, Y=Me B, 120°C, 0.3 h 12 13 24:1 76
C,1t,24h 12 - - 54
X=0Ac, Y=H B, 160°C, 1 h 14 15 12 54
C,rt,24h 14 15 1:4 32
X=0COPh, Y=H B, 160°C, 1 h 16 17 111 60
X= N(Me)Ac, Y=H A rt 48h - 18 - 80°
B, 120°C, 03 h - 18 - 73°

? (5 equiv of dienophile): A: 0.25 M 1, CH,Cl;; B: neat;, C: 4-bromo-2-hydroxymethyl phenol,
1.1 equiv NalQ,, 0.2 equiv BTEAC, CHCI/H,O (3/1). > aNS/aXs ratio. ° overall isolated
yield. ¢ 1-3 % of a third isomer is also observed. ¢ an unseparable mixture (1-4%) of 2 other
adducts is also observed.

Examination of the spectral data of adducts 2-18 revealed that only a regioisomers were obtained.

Similar chemical shift ("H and “C) or coupling constant ("H-'H) variations could be pointed out (Table 2).
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However an unambiguous structure determination appeared necessary and this was don

w

17 and 18 by X-Ray crystallography analysis (see experimental section).
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AS°

32.1
30.6
36.9
345
41.7
419
294
37.8
29.6
23.1

/
/

8.0
8.1

92
86
114
9.7
11.5

*JHygsyn  §°C-8
7.8

AS’
-0.16
-0.16
-0.28
-0.12
-0.16
-0.18
-0.19
-0.11
-0.15

6 H-8g
1.80
234
1.80
1.72
2.94
2.49
2.58
1.88
2.50
2.60
2.01

2.50
1.96
232
247
3.10
2.29
2.30
2.65
1.99
2.13
231

Table 2. Characteristic '"H and C NMR data of endo and exo adducts
6 H-8,

2(1

8d

9d
11

12

14
15
17
18

Adduct

case H-6, J H, ¢ and C-6 are considered (see numbering).
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Then, from examination of the '"H and "C NMR spectra of aNS and aXS compounds 16 and 17, three
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larger for 17 (J = 9.5 Hz) compared to 16 (J = 8.3 Hz) At position 8, proton which is syn with respect to the

o

substituent at C-7 is more deshielded in 16 than the corresponding proton in 17. This is in agreement with an
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which may result from anti cycloaddition have been detected in some cases). Interestingly, whereas endo
selectivity is observed for enol ethers and styrenes, as shown earlier for dienes,“*’ the exo pathway is favored
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bromopyrone cycloadditions.' In order to explain the observed selectivities and possibly to provide a rationale

for it, a theoretical study was then carried out.

Computations. Calculations have been performed on four model reactions using styrene, methyl vinyl

ether (MVE), vinyl acetate (VA) and N-methyl vinyl formamide (NMVF) as dienophiles. These models were
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selectivity of enol esters and the high aX§ selectivity of N-methyl vinyl acetamide. The semi-empirical AM1
b

cases.** The simplest approach is probably within the context of frontier molecular orbital (FMO) theory."® The

AMI frontier orbital energies and coefficients for model dienophiles and dienone 1 are reported in Table 3.

coefficients for the LUMO of 1 together with the largest HOMO C-2' coefficient for each dienophile are indeed
consistent with the observed a-regioselectivity. "

With styrene as dienophile, the eight TS's have been located (Table 4). The barrier heights {(29-33
kcal/mol) are probably slightly overevaluated compared to typical values for the Diels-Alder reaction,”

however, AM1 correc
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Table 3. AMI frontier orbital energies and coeflicients for dienone 1 and model dienophiles.

Reactant  Frontier orbital  g(eV) c’ c*
Dienone 1 HOMO 9.9 0.44 -0.52
LUMO -12 0.42 0.49
Styrene HOMO -9.1 0.31 042
LUMO +0.1 0.27 -0.39
MVE* HOMO -9.5 0.48 0.69
LUMO +1.4 0.72 -0.66
VA*® HOMO -99 0.56 0.69
LUMO +0.7 038 -0.42
NMVF* HOMO -9.1 0.34 0.60
LUMO +0.7 0.49 -0.51

“ The val n are for the more stable conformer. ° C2 of

Table 4. Energetics, percentages of adducts and selected geometrical parameters deduced from AM1 TS's for
reaction of 1 with styrene as dienophile.
mo ™ a A OVH ns¢C ~ —~d ~ d me
TS Eo AS¥ % C,—C C—C Q
aNS$ 29.0 (0) 483 887 2283 2021 40116
PNS 304 (1.4) -492 54 2.183 2.087 +0.095
aXs 30.8 (1.9) —495 24 2275 2036  +0.117
BXS 33.2(4.2) —48.7 0.1 2.175 2.107 +0.100
aNA 31.0(2.0) —483 3.1 2.287 2.023 +0.092
ANA 32.6 (3.6) 488 02 2180 2093  +0.070
aXA 33.4(4.4) -47.5 0.1 2282 2.033 +0.088
BX 33.5(45) -48.5 0.0 2.174 2.104 +0.072
“ barrier heights in kcal/mol (relative values in parentheses). ° activation entropies
(cal/K.mol) at 300 K. ¢ percentage of adducts.'* ¢ forming bond lengths (A). © net
charges in e units for styrene (positive values mean electron donation from
styrene to 1 (LUMOgiene control).

From the comparison of barrier heights for each syn TS and the corresponding anti one (for example the
aNS§ and aNA pair may be considered) it appears that the syn value is aiways lower by about 2 kcal/mol, except
in the case of the BXS TS which is lower in energy, compared to the X4 one, by only 0.3 kcal/mol (in this

ase, the phenyl ring is close to the epoxide group). Since an ethylenic hydrogen is close to the epoxide group
ase, the phenyl ring is close to the epoxide group) VY ydrog: P group
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2.482, 2.522 and 2.422 A for aNS, XS and NS TS's respectively. This interaction is probably to some extent
electrostatic since in these three cases, the net charges on this hydrogen is between +0.13 ¢ and +0.15 e

whereas the charge on the epoxide oxygen is about ~0.23 e. All the dienophiles considered here are of the
XYC=CH; type (except one, 2,3-dihydrofuran) and for each of them, the major adduct corresponds to the syn
approach. Thus, an attractive interaction between one ethylenic hydrogen and the epoxide oxygen is again
likely to occur. For this reason, only syn approaches have been considered with the other model reactions.
Similarly, only a TS's were searched for these model reactions.
Me
PV'I&";\ Me G ;—\——/ 0
0 O—Me o—< 0 O—{
— / :/ —— '~ [ / ;::/ NA
E— O _ Vi€
S-CIS s-trans s-lrans,s-Cis S-CIS,5=CIS s-frans,s-trans
(0) (2.00) (0) (1.20) (5.16)
Me_\ O Me_\ 0 //0 /H
N—< N——< H— 0=
—/ H —/ H . N—Me o N—Me
s-trans, s-trans s-trans,s-Cis S-Cis, s-trans 5-Cis, s-Cis
0) (0.15) (0.46) (2.10)

Figure 1. AMI relative energies (kcal/mol) for the most stable conformers of MVE, VA and NMVF.

From AMI1 calculations, two stable conformations are found for MVE (Figure 1). From experimental
data, it has been reported that the lowest conformer is s-cis®'* and that a gauche one lies 1.7 kcal/mol above *™®
The four TS's (aNS,.cis, ANSs.truns, OXSe.cis and aXS;.ans) have been located (Table 5). The aNS,..; TS is the
lowest in agreement with the experimental data but the next TS (aXS....;) is only 0.6 kcal/mol above. This does
not explain the high endo selectivity observed with ethyl vinyl ether and methyl isopropenyl ether as dienophiles
(nearly 100% of a/V§ adduct). However, these gas-phase caicuiations do not take into account the polarity of
the reaction medium which has been shown to influence the endo/exo orientation. ”> Given the calculated dipole
moments, it is expected that the s-trans-MVE (u = 1.75 D) would be more stabilized than the s-cis-MVE (u =
0.87 D) in a polar medium (this may also hold if the reaction is carried out neat with excess MVE). Houk ez
al.® have recently published density functional Becke3LYP calculations on conformational effects in Diels-
Alder reactions. With MVE as dienophile, conformational switches in transition states have been predicted, the

s-trans TS being lower than the corresponding s-cis one. Since the aNS,. s TS is lower than the aXS,.;;., one
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by about 1.8 kcal/mol, this may explain the experimental data for these two dienophiles. In contrast, the
reaction with 2,3-dihydrofuran is obviously better described by the s-cis-MVE. The small difference between

the aXS,..; and aNS..... TS's (0.6 kcal/mol) could be an explanation to the lower selectivity observed in these
experiments (about 80% of aNS adduct). However, this lower selectivity could also originate from the
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structure of 2,3-dihydrofuran (XHC=CHY dienophile): different interactions between the de O atom and

[

poxide
an ethylenic H (endo approach) or an allylic one (exo approach) may influence the balance between these two

approaches.

Dienophile TS Ey* C2-C1*  C5-C2° Q°
MVE aNS;. s 27.8(0) 2.344 1.999 +0.194
NS, trans 28.5 (0.7) 2381 1.996 +0.200
XSs.cis 28.4 {(0.6) 2.391 1.986 +0.209
XSy .trans 30.3 (2.5) 2.410 1.988 +0.213
VA NS, ans. s ci 28.4 (0) 2.266 2,041 +0.129
ONS,.cis, s-c1 30.2 (1.8) 2.249 2.038 +0.102
NS trans, s-trans 33.4 (5.0) 2.300 2.020 +0.133
XS, trans. s-cus 28.8 (0.4) 2.288 2.032 +0.142
AXSscis, s.cis 31.1(2.7) 2271 2.028 +0.117
QXS trans, 5-trans 36.9 (8.5) 2292 2.034 +0.129
NMVF NS, .trams.s-cis 284(1.7) 2.410 1.977 +0.208
QNS irans.s trans 27.4(0.7) 2.503 1.949 +0.238
QXS trans,s-cis 26.7 (0) 2.496 1.957 +0.235
XS, srans.s-trans 28.1 (1.4) 2.617 1.931 +0.273

“barrier heights in kcal/mol (relative values in parentheses). * forming bond lengths (A).
“ net charges in e units for the dienophile.

Three stable conformations were found for VA (F igure 1).** The calculated energy difference between
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conformers.” The six aS TS's have been located (Table 5) and the two lowest TS's correspond to the most
£

stable s-trans,s-cis conformer of VA. The endo s-trans,s-cis TS is more favorable by 0.4 kcal/mol in contrast
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VA, i.e., the next VA conformer. Again, the endo approach is more favorable by about 1 kcal/mol. The TS's

corresponding to the less stable s-trans,s-trans conformer are significantly less favorable.
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four TS's have been located (Table 5). These TS’s correspond to the two energetically lowest NMVF

conformers (s-trans,s-cis and s-trans,s-trans) and are characterized by a high degree of asynchronicity. All
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TS's corresponding to the two-step pathway since the AM1 method does not afford reliable relative energies of

closed-shell (concerted mechanism) and open-shell (two-step mechanism) systems. Recently, Houk ef al
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free energy of activation for the concerted pathway is lower than the value for the two-step pathway by 2.3 to

7 kcal/mol, in excellent agreement with experimental data. From such a study it can be expected that in a
become competitive. Thus, although AMI1 correctly predicts the major adduct (aXS), it is clear that more
sophisticated calculations are required not only to find more reliable relative barrier heights but also to confirm
the cycloaddition mechanism.

Conclusion. Cycioaddition of dienone 1 with the dienophiles tested here occurs with complete regio-
and diastereofacial selectivity. This is in agreement with all reported examples of similar cyclohexadienone
(quinols, quinol acetates,...) as well as substituted cyclopentadiene cycloadditions.”” The regioselectivity has
been successfully analysed within the context of FMO theory. Furthermore, a good understanding of the facial
selectivity was obtained and we suggest that this probably originates in an interaction with the epoxide group.
Paquette et al. highlighted the role of such interactions in a recent study devoted to n-facial selectivity on
dispiro[4.0.4.4]tetradeca-11,13-dienes.”® Moreover, this electrostatic interaction may be the reason why,
despite LUMOg;en. control of the reaction, the preferred approach occurs on the more nucleophilic n-surface in
contradiction to Hehre’s rule.”” Concerning the endo/exo selectivity, our results are much less conclusive
except for styrene. AMi qualitatively predicts the major formation of an endo adduct with MVE and of an exo
one with NMVF but the calculated relative barrier heights (0.6 to 0.7 kcal/mol) between the two processes are
not consistent with the very high selectivity observed in theses cases. The slight preference for exo addition
with VA is also not confirmed with these calculations.

Overall, an analysis based on secondary interactions provides a good understanding of the n-facial

selectivity. The change in endo/exo selectivity observed with this dienone, which seems to parallel the one

observed by Afarinkia in pyrone cycloaddition,'” is more difficult to analyze at this point. Further experiments
and higher level calculations are underway to explore this interesting selectivity change in such inverse electron

demand Diels-Alder cycloadditions.
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Experimeniai section

Meiting points are uncorrected. '"H NMR and C NMR were recorded on a 300 MHz spectrometer,
using CDCl; as solvent with TMS as internal standard. Assignment of ‘H NMR and 3C NMR spectra were
achieved using DEPT (Multiplicity by DEPT: s = C, d =CH, t =CH, q = CHs) and 2D (HETCOR) methods. IR
spectra were recorded on a FT-IR spectrophotometer. Elemental analyses and high resolution MS were
performed by the "Centre de Recherche Pierre Fabre" (Castres, France) and by the "Service Central de
Microanalyse” (CNRS, Lyon). All reactions were run under an inert atmosphere. THF was dried over and
distilled from sodium/benzophenone and CHCl, was distilled from P,0Os. Organic extract mixtures were dried
over anhydrous Na,SO; and filtered and the soivent was then removed under reduced pressure. All separations
were done under flash chromatography (MPLC) conditions on silica gel (25-40 mp) completed, if necessary, by
preparative thin-layer chromatography (TLC) performed on silica gel plates (60GFs4).

X-Ray analyses (2, 4, 16, 17 and 18) were performed by means of a Enraf-Nonius CAD4 diffractometer
with oranhne monochromated MoKa, radiation. The structures were solved by direct methods™® and refined
using least square calculations.*' Positional and anisotropl thermal parameters of all atoms except hydrogen
were refined. Hydrogen atom positions were calculated, an equivalent isotropic thermal parameter was given
for hydrogen atom groups. A Chebychev polynomial with five coefficients was used in the weighting scheme.

The crytallograpic data have been deposited at the Cambridge Crystallographic Data Centre.

Preparation of 7-bromo-1-oxaspiro[2.5]octa-5,7-dien-4-one (1). To a stirred solution of 4-bromo-2-
hydroxymethyl phenol (9 g, 44.3 mmol) in MeOH (200 ml )-obtained from reduction of 5-bromo-2-hydroxy

benzaldehyde (NaBH,, THF, H,0, 0°)-was added a solution of sodium periodate (10.5 g, 49 mmol) in water

nn no A D1 rhee o

(100 mL), at 0°C. The mixture was stirred for 2 h at room temperature and was then filtered and extracted with

CH,Cl,. Flash column chromatography (hexane/EtOAc, 75:25) afforded 1 as yeillow needles (5.9 g, 65%): mp
73-74 °C; IR (CCl,, cm’ ) 1687, 1624, 1610, '"H NMR & 3.23 and 3.32 (2H, ABq, /=8 Hz), 6.20 (1H, d, J =
10.2 Hz), 6.37 (1H, d, J = 2 Hz), 7.20 (1H, dd, J = 10.2 and 2 Hz); "C NMR & 57.9, 59.1, 118.6, 127.2,

138.2, 145.5, 192.6. A satisfactory elemental analysis could not be obtained.

Procedure A: A solution of spiroepoxydienone 1 and dienophile (5 equiv) in CH;Cl, (4 mL/mmol 1) was
stirred at room temperature (20-72 h). Removal of the soivent and excess dienophile in vacuo, was foliowed by
separation by MPLC, using hexane and ethyl acetate (EtOAc) as eluent.

Procedure B: A mixture of spiroepoxydienone 1 and dienophile (3 equiv), was heated in a sealed tube, at 120-
160 °C, for a given period (15 min to 5 hours). Variable trace amounts (< 3%) of the insoluble dimer, formed

ile was then removed in vacuo and the crude residue was

from 1, were filtered Excess dienoph

Procedure C: To a suspension of 4-bromo-2-hydroxymethyl phenol and dienophile (5 equiv) in chloroform (4
mL/mmol 1) containing benzyltriethylammonium chioride (BTEAC, 0.2 equiv) as a phase transfer catalyst
(PTC), was added a solution of NalO; (1.1 equiv) in H,O (1.2 mL/mmol). The reaction mixture was stirred at a
temperature (rt to 80 °C) and for a given period (24 h to 2 days) after which the organic phase was separated
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and the aqueous lay tracted with CH,.Cl,. 1C
over sodium suifate. After removal of the solvent in vacuo, the residue was purified by flash chromatography.
Reaction conditions and results for the Diels-Alder reactions are presented below in the following
abbreviated format: reactants, experimental conditions, purification; yield of adducts in order of elution,
physical state and spectra data of adducts.
S-bromo-endo-7-ethoxy-exo-3-spiroepoxybicyclof2.2.2]oct-5-en-2-one (2) and 5-bromo-exo-7-ethoxy-
2.2]oct-5-en-2-one (3). Procedure B: from 1 (400 mg, 1.98 mmo!} nd ethyl vinyl
4 6%), 3 (23 mg, 4% ) Proceduic
C: from 4-bromo-2-hydroxymethyl phenol (500 mg, 2.46 mmoil); rt, 24 h, PTC ; MPLC; Z (512 mg, 76%).
2 (white solid) : mp 58 °C; IR (CCl, cm™) 1745, 1607, '"HNMR & 1.19 (3H, t, /= 7 Hz), 1.80 (1H, dt, ./ = 14
and 2.7 Hz), 2.50 (1H, ddd, /= 14, 8 and 2.7 Hz), 2.67 (1H, app q, /= 2.5 Hz), 3.05 and 3.15 (2H, ABq, J =
6 Hz), 3.48 (2H, m), 3.77 (1H, dd, /= 6.5 and 2.7 Hz), 4.05 (1H, dtd, /=8, 2.7, 0.8 Hz), 6.32 (1H, ddd, J =
6.5,22,08 Hz). PC 8152 q,32.1t,483d, 52.7t,56.0d,572s,6441 750d, 123.3 s, 1255d, 2023 s.

Annl Malnd £Ae C T ND- ~ AQ 27. T

Aldl. LaiCd 101 80; Fﬁur‘.d: C

1Vl L, 40.5/, 11, 4.ou 8.38; U, 4.75. Crystal data: C, "n

~ ~ ooy . ~

colourless prism, a = 14.311(2), b = 6.628(1), ¢ = 24.320(5 )
space group P 2,/c, Z = 4, D, = 1.59 gem™, F(000) = 1101.23. R = 4.79%, R,, = 3.89% and S = 1.14 for 273
refined parameters and 1568 refined reflexions (such as I>3o(1).

3 (oil): ' HNMR § 1.17 (3H, t, J = 7 Hz, Me), 1.96 (1H, dt, J = 14 and 3 Hz), 2.34 (1H, ddd, J=14,9.2 and 3
Hz) 2.67 (1H, app q,./J=2.5 Hz), 3.02 and 3.25 (2H, ABq,./=6 Hz), 3.43 (1H, m), 3.60 (1H m), 3.69 (1H,

sE=s =r'r T»*+  TF =57 A== e & S S =55 55

dd, J=17.2 and 3.5 Hz), 3.99 (1H, dt, J = 9.2, 3.5 Hz), 6.28 (1H, dd, J= 7.2, 2.5, 0.8 Hz). °C: § 15.2 q, 30.6

A~ A e

t,48.8d,52.31,54.8d,5735,6431,76.1d,1253s, 126.3s,201.1s.

5-bromo-endo-7-methoxy-exo-7-methyl-exo-3-spiroepoxybicyclo[2.2.2}oct-5-en-2-one (4) and S-bromo-
exo-7-methoxy-endo-7-methyl-exo-3-spiroepoxybicyclo{2.2.2]oct-5-en-2-one (5). Procedure B: from 1
(1g, 4.98 mmol), isopropenyl methyl ether; 120 °C, 3 h, neat; MPLC (hexane/EtOAc, 95:5) and TLC, 4 (700

mg, 50%), mixture of 4 and S in a 2:1 ratio ( "H NMR analysis) ((120 mg, 9%). Procedure C: from 4-bromo-2-
hvdroxvmethvyl nhenol (500 mo. 2.46 mmol): 3 h, then 60 °C, 2 rhve PTC, MPLC; 4 (318 mg, 52%). In this

IyMIVUAYIVUIIY L PR L\CVV dig, TU LAV, --. AVAR ANy &2 iis

case, isopropenyl methyl ether was added after 3 h at rt.

4 (white solid); mp 67 °C; IR (CCls, cm’ ) 1746,1610;, 'H NMR & 1.35 (3H, s), 2.08 (2H, d, J = 2 Hz), 2.66
(1H, q, J=2.5 Hz), 3.05 and 3.23 (2H, ABq, /= 6 Hz), 3.19 3H, s5), 3.53 (1H, d, /= 6.7 Hz), 6.34 (1H, dd, J
=6.7 and 2.5 Hz), BC NMR & 23.9 q,3841t,478d,496q, 5231, 5675s,60.14d,78.1s,1233s, 126.4d,

202.5 s. Anal. Caled for C,;H;30:Br: C, 48.37; H, 4.80. Found: C, 48.46; H, 4.79. Crystal data: C;H;3BrO;,

colourless prism, 2 = 11.816(1), b = 7.746(1), ¢ = 12.316(3)A, o = 90, § = 96.22(1),y = 90°, V = 1120.68A°,
““““““““ | et B sEY \*/> I el I N s £ 5
pace group P 2)/c, Z = 4, D. = 1.62 gem™, F(000) = 550.62. R = 6.64%, R, = 5.84% and S = 0.83 for 138

refined parameters and 1970 refined reflexions such as I>3o(I).

5 (mixture with 4): IR (CCL, cm™) 1746,1610; '"H NMR § 1.33 (3H, s), 1.80 (1H, dd, J = 13.6 and 2.7 Hz),

232 (1H, dd, J = 13.6 and 2.7 Hz), 2.69 (1H, q, / = 2.7 Hz), 3.00 and 3.24 (2H, ABq, J = 6), 3.24 (3H, s),

3.47 (1H, d, J=7Hz), 6.32 (1H, dd, /= 7 and 2.7 Hz), "C NMR § 23.6 q,36.91,49.1d,49.8 q, 52.0t, 55.6
5,601d,799s 1258 s, 12594, 2009 s,
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mmol) and trimethylsilylvinyl ether (obtamed from ABCR); rt, 4 days (after 2 days, addition of 1 equiv of
trimethylsilylvinyl ether), MPLC (hexane/EtOAc, 95:5) and TLC, 6 (542 mg, 68%) and 7 (112 mg, 14%).
Procedure B: from 1 (730 mg, 3.61 mmol); 120 °C, 5 h, neat; MPLC and TLC; 6 (502 mg, 44%) and 7 (222
mg, 20%).

6 (white solid): mp 99-100 °C (from ether); IR (CCl,, cm™) 1745, 1608; lH NMR 5 0.1 (9H), 1.72 (1H, dt, J =

12Q an ANV QLIN Y AT /1LY A43d T - 120 Q1 7 QLT VLA LT penen o "l"lﬂ_\ 2 TAMIT AD_.
lJOallUA7I]L},L‘|‘I (i, uuy, v — 10, 0,0I,LYH.L) LU‘I’[I.H PP Y, v 4.1 L), JUI auu.) e il O ﬂ_,l"\.Dq,
1,

=6 Hz), 3.48 (1H, dd, J = 6.6 and 2.9 Hz), 4.37 (1H, dtd, /= 8.1, 2.9 and 0.7 Hz), 6.31 (1H, ddd, /= 6.6,
22 and 0.7 Hz); ®C NMR 8 -0.01,34.51t, 48.1d, 5261, 56.7 s, 59.6 d, 67.7 d, 122.9 s, 125.6 d, 202.5 s.
Anal. Caled for C,H7BrSiO;: C, 45.43; H, 5.40. Found: C, 45.33 ; H, 5.38.

7 (oil): 'H NMR § 0.08 (5H), 1.84 (1H, dt, J = 13.6 and 2.9 Hz), 2.30 (1H, ddd, J = 13.6, 9 and 2.9 Hz),
2.65(1H,app q, /= 2.7 Hz), 2.99 and 3.20 (ZH, ABq, /=6 Hz), 3.35 (1H, dd, /=7 and 3.9 Hz)), 430 (1H,
dt,J=9 and 3.4 Hz), 6.26 (1H, dd, /= 7 and 2.4 Hz); "C NMR § -0.01, 32.7t, 48.7 d, 52.4 t, 57.3 s, 58.6 d,
69.3d, 12595, 125.7d, 201.1 s. Anal. Calcd for Ci,H,7BrSiOs: C, 45.43; H, 5.40. Found: C, 4530 ; H, 5.37.
8-bromo-3-oxa-exo-11-spiroepoxy endo tricyclo[5,2,2,0>°lundec-8-en-10-one (8) and 8-bromo-3-oxa-exo-
11-spiroepoxy exo tricyclo[5,2,2,02‘6]undec—S—en—lO—one (9). Procedure A: from 1 (195 mg, 0.97 mmol) and
2,3-dihydrofuran; rt, 72 h, CH,Cl, (2 mL); MPLC (hexane/EtOAc, 95:5); 8 (142 mg, 54%) and 9 (37 mg,
14%). Procedure B: from 1 (150 mg, 0.74 mmol); 160 °C, 4 h, neat; MPLC; 8 (89 mg, 44%) and 9 (30 mg,
15%).

8: mp 110-111 °C; IR (CCls, ecm™) 1750, 1607; '"H NMR & 1.85 (1H, m), 2.22 (1H, m), 2.81 (1H, t, J=2.6
Hz), 3.04 (1H, d, /=6 Hz), 3.11 (1H, m), 3.17 (1H, d, /= 6 Hz), 3.68 (1H, td, /= 8.9 and 6.5 Hz), 3.80 (1H,
dd, J=6.6 and 3.4 Hz), 4.01 (1H, td, /= 8.2 and 3.4 Hz), 4.43 (1H, dd, /=7.8 and 3.4 Hz), 6.36 (1H, dd, J =
6.6 and 2.6 Hz), ®*C NMR §29.81,41.7t,52.0d, 52.31,56.5d, 56.7 s, 69.5t, 78.7 d, 121.7 5, 126.7 d, 201.7
s. Anal. Calcd for C,;H;;05Br: C, 48.73; H, 4.09. Found: C, 48.83; H, 4.09.

9: mp 108-109 °C; IR (CCly, cm™) 1751, 1601; 'H NMR 8 2.10 (2H, m), 2.76 (1H,t, J = 2.3 Hz), 2.88 (1H, d,
JF= A H2) '70/1/1U mY 04T A T=££H) 2687(1H d4d J=6£Qand 485 H> T 72 (1 ddd T=20 70
J =0 Z), £.745 a0y, 541, G,/ S0 10Z), 5.0/ (i, GG, = 0.7 and 5.2 11Z), 5./8 1 L,u G, J =867, 1.7

and 7.3 Hz), 4.08 (1H, ddd, J=8.9, 7.2, and 4.8 Hz), 4.48 (1H, dd, J = 8.6 and 4.5 Hz), 6.30 (1H, dd, /=69
and 2.3 Hz), "C NMR §28.0t,41.9d,49.81,52.6d,554d,56.65,70.7t,81.25,125.8d, 127.3 5 200.8 .

5-bromo-endo-7-phenyl-exo-3-spiroepoxybicyclo[2.2.2]oct-5-en~2-one (10) and 5-bromo-exe-7-phenyl-
exo-3-spiroepoxybicyclo[2.2.2]oct-5-en-2-one (11). Procedure A: from 1 (218 mg, 1.08 mmol), styrene; rt,
72 h, CH,Cly; MPLC mixture of 10 and 11 in a 7:1 ratio (142 mg, 43 %). Procedure B: from 1 (500 mg, 2.46

mmol); 160°C_ 1 h: MPLC (hexane/EtOAc, 95:5); mixture of 10 and 11 in a 5:1 ratio ('"H NMR analvsis). (476
mmol), 1007C LU (hexar tUAC, P50), mixture of 1V and 11 m a o1 ratio {11 INIVIK anaiysts), (4/0
e L0/ Masonan Beccan £ Lo A e D b denceramnthied cmbhacad 780N ey D AT cmen . 4 DA L DT AADY .
lllg, VI70). ITOLCUUIT L. LU F-U10HIV-L-1IYULUAYIHCUIY] Pllcllul \QUV HIE, £.9/7 HUNUI), 1L, &9 0L T iy, VAP,

mixture of 10 and 11 in a 9:1 ratio (660 mg, 88%).

10 (white solid): mp 86 °C; IR (CCl,, cm™) 1740, 1604; 'H NMR & 2.10 (1H, ddd, J = 13.7, 5.7 and 2.5 Hz),
2.67 (1H, ddd, .= 13.7, 9.8 and 2.5 Hz), 2.87 (1H, q, /= 2.5 Hz), 3.08 and 3.24 (ZH, ABq, /= 6 Hz), 3.44
(1H, dd, J= 6.8 and 2 Hz), 3.50 (1H, ddd, J = 9.8, 5.7 and 2 Hz), 6.34 (1H, dd, /= 6.8 and 2.5 Hz), 7.23 (5H,
m). "CNMR §31¢,41.1d,4994d,52.41,569s,57.5d,12425,1267d,127.2d,127.6d, 128.84d, 142.6 s,
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Found: C, 55.09; H, 4.28.

11 (mixture with 10): "H NMR & 2.29 (1H, ddd, J = 13.7, 6.2 and 2.5 Hz), 2.49 (1H, ddd, /= 13.7, 11.4 and
3.2 Hz), 2.85 (1H, app q, J = 2.5 Hz), 3.14 and 3.30 (2H, ABq, J = 6 Hz), 3,32 (1H, dd, /= 6.9 and 2.5 Hz),
3.37 (1H, m), 6.55 (1H, dd, /= 6.9 and 2.5 Hz), 7.2 (5H, m). "C NMR 529.41t,445d,49.44d,529t, 57.9
d, 5845 12455 ,127.2d,127.8d,128.8d,129.2d, 141.35,2023 s.

S-bromo-exo-7-methyl-endo-7-phenyl-exo-3-spiroepoxybicyclo]2.2.2}oct-5-en-2-one (12) and S5-bromo-

1
=
20

a4l _ B . en [ . e N Ny PRy 1. % 4 Y. A [ PPy, RPN Pasnmamlocuse My Forans 1
enua- I-lllclllyl-w I-pll 1y~ WJ-SPI['UCPUA)’DIL)‘LIU[A vdate A]U ~r-Cl~4=-0NT \l-,} rrottuumIc . uvi: 1

(500 mg, 2.46 mmol); 120 °C, 20 min, MPLC (hexane/EtOAc, 95:5) completed by TLC,; 12 (585 mg, 73%)
and 13, contaminated by 12 (24 mg, 3%). Procedure C : from 4-bromo-2-hydroxymethyl phenol (203 mg, 1
mmol); rt, 24 h; 12 (170 mg, 54%).

12 (oil): IR (CCly, cm™) 1745, 1607, '"H NMR & 1.46 (3H, ) 30 (1H, dd, J = 13.5 and 2.5 Hz), 2.58 (1H,
dd, J=13.5 and 2.5 Hz), 2.77 (1H, g, /= 2.5 Hz), 3.07 an d 1 (2H, ABq,.J = 6 Hz), 3.55 (1H, d, ./ = 7 Hz),

252, - 2.2 8RR L2 5, 4 T L2 1AL V=12,

6.31(1H, dd, /=7 and 2.5 Hz), 7.28 (5H, m). 13CNMR8310q 3781,4335,492d,5231,56.7s,61.34d,
1239 s, 126.1 d, 126.4 d, 128.4 d, 128.5 d, 147.7 s, 202.7 s. HRMS (EI) m/z (M+) caled 318.0255, obsd
318.0253.

13 (oil): '"HNMR & 1.46 (3H, s), 2.07 (1H, dd, J= 13.5 and 2.5 Hz), 2.77 (1H, q, J = 2.5 Hz), 2.82 (1H, dd, J
=13.5 and 2.5 Hz), 3.02 and 3.19 (2H, ABq, J = 6 Hz), 3.57 (1H, d, J = 7 Hz), 6.51 (1H, dd, J= 7 and 2.5

Hz), 7.28 (5H, m)B(‘NMRS 316 q,3691,44.75,498d,5231,567s,61.8d,124.3 s, 126.7d, 1262 d,
12

Cﬂ\

S5-bromo-endo-7-acetoxy-exo-3-spiroepoxybicyclo[2.2.2]oct-5-en-2-one (14) and 5-brome-exo-7-acetoxy-
exo-3-spiroepoxy-bicyclo[2.2.2]oct-5-en-2-one (15). Procedure B: from 1 (520 mg, 2.57 mmol); 160 °C, 1
h; MPLC (hexane/EtOAc, 90:10 to 80:20) and TLC; 1:2 mixture of 14 and 15 according to 'H NMR analysis
(54%). Procedure C: from 4-bromo-2-hydroxymethyl phenol (1 g, 4.92 mmol); rt, 24 h, MPLC gave a 1:4
mixture of 14 and 15 (32%). Careful chromatography allowed isolation of 14 and 18.

14 (white solid): mp 111-112° C; IR (CCl,, cm™) 1754, 1608; 'H NMR & 1.88 (1H, dt, J = 144 and 3 Hz),
ANL LT A\ N L8 1LY 444 T — 1A A Q& and D & 2 DT AILT 4 T =D A T2 2NR 0nd 210 MI1 ADA =
«. U0 {J11, 5, ), £.00 (111, QUq, v 19.4, 0.0 dlil .U 11Z), £./5 (111, §, v 4.0 r1Zj, 5. U06 aii 5.17 \&i1, Ny, v

6 Hz), 3.71 (1H, dd, J = 6.5 and 3 Hz), 5.30 (1H, dt, /= 8.5 and 3 Hz), 6.36 (1H, dd, J= 7 and 3 Hz). °C

NMR §21q,31.8¢,47.9d,52.7t,55.7d,568s,69.1d,124.1s,125.3d,170.05,2005s.
15 (oil): IR (CCls, cm™) 1751, 1607, "H NMR & 1.99 (1H, dt, J = 14 and 2.5 Hz), 2.07 (3H, s), 2.50 (1H, ddd,
J=14,9.7 and 2.5 Hz), 2.75 (1H, q, J = 2.5 Hz), 3.08 and 3.24 (2H, ABq, J = 6 Hz), 3.63 (1H, dd, /=65

and 4 Hz), 5.21 (1H, dt, J=9.7 and 4 Hz), 6.34 (1H, dd, /= 6.5 and 2.5 Hz), "C NMR § 20.9 ¢, 29.6 t, 48.5

A EVE4+ A4 A §T1ae ITNOA 172404 179%66¢ 1707 ¢ 27000 ¢ M (FARHR) /> (A Y caled 286 9918

U, dL.D L, [ S u, J1.1 3, v.u u, 1477, .7 U, 1Lu.v D’ L IV.L Dy, L4VUV. YV O, IV \l SARFR AN IS4 (1VRI1 ] wAIWS LUV.s S,
I AN nt\t\"'l 1 ral D TY¥ ™ T ﬂ A/ nmn. 1T D O | PP ..J: AL N1 Y 2 DO

obsd 286.9 . Anal. Calcd for L11H11U4Dr , 40.UL; 1, 5.80. FOUd: U, 43.Y1, 1, 5.00

5-bromo-endo-7-benzoyloxy-exo-3-spiroepoxybicyclo[2.2.2]oct-5-en-2-one  (16) and S-bromo-exo-7-
benzoyloxy-exo-3-spiroepoxybicyclo[2.2.2]oct-5-en-2-one (17). Procedure B : from 1 (152 mg, 0.75 mmol)
and vinyl benzoate; 160° C, 1 h; MPLC (hexane/EtOAc, 95:5 to 90:10); mixture of 16 and 17 (60%, in a 1:1
ratio by 'H NMR analysis).

445
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16 (white solid): mp 133-134 °C; IR (CCL, cm™) 1752, 1726,1605;, '"H NMR & 2.03 (1H, dt, J = 14.4, 3 Hz),
280(2H m), 3.09 and 3.23 (2H, ABq, J = 6 Hz), 3,86 (1H, dd, J = 6.5 and 3 Hz), 5.57 (IH, dt, 8.3 and 3

d
Hz), 6.45 (1H, dd, J = 6.5 and 2 Hz) ,7.46 (2H, t, J = 7.5 Hz), 7.58 (1H, t, J= 7.5 Hz), 8.0 (2H, d, J = 7.5
Hz), "CNMR 6318t 47.8d, 5261 5554d, 5685, 69.6d, 124.1s,125.2d, 1284 d, 1293 d, 1296 d,
1333 d, 165.3 s, 200.4 s. Anal. Calcd for Ci6H;304Br: C, 55:04; H, 3.75. Found: C, 55.07; H, 3.78. Crystal
data: C;6H13BrO,, colourless prism, a = 6.419(2), b = 7.506, ¢ = 14.888(2)A, o = 84.57(1), B = 81.11(2),y =

3
83.31(2)°, V= 701.714°, space grou

P.1.Z=2 D =185 gom™ F(O00) = 351 33 R=1384% R _=13135%

1, L. gy AI 1.VS Buiil , L\VVV) [ T 20 S | § NIy AN T ST

o]

-

and S = 1.12 for 192 refined parameters and 2575 refined refiexions (such as i=30(I).

17 (white solid): mp 158 °C; IR (CCl,, em™) 1752, 1726, '"HNMR & 2.13 (1H, dt, J = 14.3, 2.8 Hz), 2.60 (1H,
ddd, /=143, 9.5 and 2.8 Hz), 2.80 (1H, q, /= 2.8 Hz), 3.10 and 3.30 (2H, ABq, /=6 Hz),3.74 (1H, dd, /=
7 and 4 Hz), 5.49 (1H, ddd, /= 9.5, 4 and 2.8 Hz), 6.38 (1H, dd, /=7 and 2.8 Hz) ,7.42 (2H, bt, J= 7.5 Hz),
7.54 (1H, bt, J= 7.5 Hz), 7.95 2H, bd, J = 7.5 Hz). BCNMR §303¢t,486d,525¢,546d,57.1s,70.3d,

Rl

124.7 d, 1268 s, 128.4 d, 129.2 d, 129.7 d, 133.4 d, 165.6 s, 200.2 s. MS (FABHR) m’z (MH') calcd

VAQ NNTE L 1A NNLA A1 M1 O ¥ N Do £ NA. LY TE Lhaivnd M A Q0. LT 2 TL£ Necratal
I4Y.UU /3, 008G 247.UV04. Amndl. LdiCa 101 \_,161113U4Dl \/, 2. U‘f, 11, .7 /2. YOUNnd, «, >%.70, 11, 3./0, \/l_ysta.l

data: C3,Hy6Br,0s, colourless prism, a = 8.361(2), b = 30.734(6), ¢ = 11.171(8)A, o = 90(3), B = 90.25(3),y =
90(2)°, V = 2870.33A°%, space group P 2//c, Z = 4, D, = 1.62 gem™, F(000) = 1405.34. R = 7.25%, R, =
5.87% and S = 1.23 for 381 refined parameters and 2047 refined reflexions (such as I>3a(]).

5-bromo-exo-7-(N-methyl-N-acetamido)-exo-3-spiroepoxy-bicyclo[2.2.2]oct-5-en-2-one (18). Procedure
A from 1 (240 mg, 1.19 mmol); N-methvl-N-vmvl acetamide; rt, 2 da CH,Cl; (5 mL), MPLC

....... CLAIIRL, A1

(hexane/EtOAc, 85:15 to 50:50); 18 (284 mg, 80%). Procedure B: from 1 (535 mg, 2.64 mmol); 120 °C, 20
min, MPLC; 18 (578 mg 73%).
18: mp 49°C; IR (CCl,, cm™) 1742,1659,1397, '"H NMR & 1.55 (3H, s), 2.01 (1H, ddd, J = 14, 6, 2.7 Hz),

2.10 (3H, s), 2.31 (1H, ddd, J = 14, 11.5, 2.7 Hz), 2.85 (1H, q, /= 2.7 Hz), 3.14 and 3.32 (2H, ABq, J = 6

13
Hz), 3.36 (1H, dd, J = 7 and 3 Hz), 5.19 (1H, ddd, J = 11.5,6 and 3 Hz), 6.44 (1H, dd, J=7 and 2.7 Hz), C
NMR §22.4q,23.11,32.3q,48.7d,52.2d, 52915554, 58.0, 12445, 1278 d, 171.0' 5, 203.0 s. HRMS
(ED) m/z (M) caled 299.0157, obsd 299.0158. Anal. Caled for CpoHiBrNOy: C, 48.02; H, 4.70; N, 4.67.

Found: C, 48.02; H, 4.68; N, 4.65. Crystal data; C,;H;4BrNO;, colourless prism, a = 20.41(2), b = 6.587(1), ¢
=19.55(4)A, o = 90(5), B = 106.89(2),y = 90(6)°, V = 2514.50A%, space group C 2,/c, Z = 8, D, = 1.59 gem™,
F(000) = 1213.23. R = 7.17%, R = 7.14% and S = 1.17 for 156 refined parameters and 934 refined reflexions
(such as [>30(1).
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