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Abstract: Oxidative homocoupling of R-(-)-carvone 4, R-(-)-hydrocarvone 21, IR, 5R-(+)-pinocarvone
25 and other monoterpenic ketones leads to the respective Cp-symmetric dimers 6, 20 and 26 in most
cases as single diastereoisomers. Subsequent reactions of dimeric compounds were investigated in detail.
Other monoterpenes (menthone, pulegone) undergo homocoupling in fow yieids and poor
diastereosclectivity. © 1999 Elsevier Science Ltd. All rights reserved.

The importance of chelation provided by molecules with C symmetry is well recognized! and compounds such
as binaphthol? or hydrobenzoin? and their derivatives are popular chiral auxiliaries in asymmetric synthesis. A
viable approach to enantiopure compounds with C> symmetry is the dimerization of suitable optically active
natural products. For example, molecules such as 1* and 23 obtained from dimerizations of camphor are C>

symmetric and can function as, or can be transformed into, effective ligands.
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The lack of popularity of these molecules in asymmetric synthesis is probably due to the poor diastereoselectivity
of the dimerization or of other steps in their preparation. Our interest in this area was to provide new enantiopure
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We were intrigued by the idea of devising a ligand featuring the elements of central chirality” (due to the
presence of asymmetric carbons) together with elements of axial chirality (due to the geometry of the whole
molecule) and of devising a method for the synthesis of aromatic atropoisomeric diols (e.g. binaphthol) by
converting the central chirality of appropriate dimers into the axial chirality of biphenols.8 For this latter reason

we chosed to dimerise carvone 4 because its dimer 6 may sunnoged to aromatize into dicarvacrol 7 with the
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The molecule 7 should possess all the favourable requirements for configuration stabilityl© and high
efficiency in chiral transfer.!l We report here our efforts along these lines, describing the synthesis and

transformations of the dimer of ¢

l./

ne 6 and a few other related monoterpene dimers.
Results and Discussion

Dicarvone. The oxidative dimerization of the enolate ion of R-(~)-carvone 4 into dicarvone 6 was reported
several years ago,1? without specifying the number of diastereoisomers produced. In our hands the anion of
carvone 4 generated by LDA in THF and treated with anhydrous FeCl; in DMF affords a crude reaction mixture
consisting uniquely of dicarvone 6 and unreacted carvone 4 (Eq 4).
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The reaction is remarkably clean. Dicarvone 6 crystallizes from MeOH in 60% yield (95% based on recovered
starting material) as long colorless needles leaving the unreacted carvone 4 in solution.

The X-ray structure of 6 (Figure 1) shows that the C1-Cl1 junction is equatorial and that the carvone
rings are encompassed in planes which are mutually orthogonal. Therefore the dihedral angle H1-C1-Ci11-HI1

should be close to 90°. The configuration of the asymmetric carbons of the carvone and the steric hindrance of the
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Careful inspection of the 'H NMR spectrum of 6 suggests that the rotameric preference and the helicity
are conserved in the solution phase. The methine protons H1 and H11 at the junction resonate as a doublet at
2.50 ppm, while the methine protons H6 and H16 geminal to the isopropenyl unit are represented by a triplet of
doublets at 3.50 ppm. The relevant vicinal constant J, ¢ = 12.0 Hz indicates that protons H1 and H11 are axially
oriented, so that the junction is equatorial also in solution. Discarding the couplings with other protons, H1,
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Hi1, H6 and H16 constitute an AA'XX' system where HI and H11 are chemically equivalent but magneticaily
non-equivalent protons. Therefore the constant J; 1; should appear, provided that it exceeds a threshold that can
be put at 0.5 Hz. The coupling between H1 and H11 should also split the 13C side-bands of the 'H resonance at
2.50 ppm. In neither case was coupling observed, which puts its value at the bottom of the Karplus curve and the
dihedral H1-C1-C11-H11 angle at about 90°. The selectivity of the transformation from central to axial chirality
also requires that the interconversion barrier between the rotamers of dicarvone 6 will occur with a sufficient
energy to resist the reaction conditions. No line broadening was observed in the TH NMR spectra of 6 recorded

oM. 3
at temperatures as low as =70 °C; this fact is however not significant, as it may be attributed either to a low
interconversion energy or to the exclusive presence of a single rotamer. An answer can be found only by

theoretical estimates: molecular mechanics calculations with the PM3 procedure!3 give about 30 kJ mol-! for the
interconversion among the three possible atropoisomers of 6, in agreement with the reported low energy fi

atropoisomerization around an sp3-sp3 hybridized bond.”

Figure 1. X-ray auuuu ¢ represent
representation; b: "wire frarme" 1epxesemal

The transformation of dicarvone 6 into dicarvacrol 7 (Eq 5) occurs via an aromatization process which is
a double bond migration from the external isopropenyl group to the cyclohexenyl ring. The aromatization of the

two rings will not occur synchronously, but will likely proceed through the intermediate carvone-carvacrol 8,
where one substructure is aromatized and the other preserves the stereogenic centers of carvone. The

atropoisomerization around a sp3-sp? bond is generally higher, and in fact PM3 analysis reveals the presence of
two ground-state rotamers of 8 with an interconversion barrier of ca. 100 kJ mol-!, Finally, the PM3 analysis

confirms that dicarvacrol 7 is most resistant to atropoisomerization: the calculated energy barrier for the rotation
around the sp2-sp? bond is ca. 120 kJ mol-1.

The possibility of hydrogen bonding in 8 and 7 was not taken into account in the molecular mechanics
computations and therefore the energies for the corresponding atropoisomerization processes may be somewhat
higher. The critical point for converting the central chirality of 6 into the axial chirality of 7 is the low energy
barrier for atropoisomerization of dicarvone 6 where no hydrogen bonding is possible. It is then evident that the
synthetic method performing the conversion from dicarvone 6 into dicarvacrol 7 must be carried out at 2
reasonably low temperature.
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In order to determine the mildest conditions, we have tested many different reaction procedures. At the
outset, acidic conditions (either with Lewis acids such as BF1-OEt; and AgBF, or with Brinsted acids such a
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to carvacrol 5.9¢ However, these same procedures apphed to dicarvone 6 yielded 1,4,6,9-tetramethylpyrene 9.
The structure of 9 was assigned on the basis of mass spectrometry (M* at 258 m/z) and NMR spectroscopy (see
Experimental Section). The formation of pyrene 9 may derive from the attack of the carbocation generated by the

acid with the isopropenyl residue, followed by water elimination and spontaneous oxidation in the air (Eq 6).
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With I, in refluxing benzene dicarvone 6 is converted into pyrene 9 as the major product and to the new
chromene derivative 10 (Eq 7). The structure of 10 was determined by mass spectrometry (M*+ at 294 m/z) and
by !H and 13C NMR data.

The PM3 analysis of compound 10 shows that the pyrane rings are not planar and that the aromatc rings
are not coplanar. The compound therefore exists in the form of the enantiomers P-10 and M-10 (Eq 8)

However, the energy for the interconversion between the two enantiomers is so low (PM3 calculations give an
energy barrier of about 2 kJ mol~!) that we could not detect any evidence of achronicity of the geminal methyls of
the pyran ring in the 1H NMR spectrum even at the lowest experimentally possible temperature (70 °C).

=

One of the most popular methods for the conversion of cyclohexenones into phenols involves the
oxidation with dichlorodicyanoquinone (DDQ).14 However, dicarvone 6 did not react with DDQ even after
refluxing in benzene for a few days. Also the utilization of metal catalysts!S such as RuCly(PPh3); or
RhCl3-3H;0,9¢¢ known to aromatize carvone 4, proved ineffective with dicarvone 6.



Although the reaction with palladium on carbon represents one of the most efficient conversions of
carvone 4 into carvacrol 5,9%% it necessitates high temperatures and for this reason this reaction was considered
in a later step. When neat dicarvone 6 was heated at 200 °C in a sealed Pyrex test tube in the presence of 10%

Pd/C, a complex mixture was obtained. The components were separated and identified (Eq 9).
Pd/C o = =
7 (10% 20% 10 (10%
©
1(5%) 12 (10%)

One of the products was the desired dicarvacrol 7, while the other products were identified as pyrene 9, ether 10
and the two furans 11 and 12. The yield of 7 was disappointingly low and could not be improved by changing
the reaction conditions. The number of signals in the 'H and 13C NMR Spf:Ct!‘d of 7 clearly establishes the C»

symmetry of the molecule. On the other hand, the isopropyl methyls appear in the 'H NMR spectrum as partially
overlapping doublets at 1.10 and 1.07 ppm, and they also give rise to distinct 13C NMR s:gnals at 24.88 and

stability of the stereogenic atropoisomerism of 7, The thermal stability on the NMR timescale is consistent with
the calculated PM3 barrier for the rotation around the sp2-sp? bond. The structure was unequivocally determined
by X-ray analysis on crystals grown in methanol. Figure 2 shows the ORTEP representation.

cs
‘igure 2. ORTEP representation of the X-ray structure of dicarvacrol 7.
The crystal lattice is P (centric) with a center of symmetry. In other words, the crystals are formed by

molecules of opposite chirality, crystallized from a racemic mixture. Indeed the optical rotation of the product
showed a very low value ([0]p?3 = +8-10 (c = 0.8)) suggesting a small enantiomeric excess, if any. Thus, it
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appears that the conve ectivity.

Compounds 9 and 10 have just been described. The structures of 11 and 12 were deduced from mass
spectrometry and NMR spectroscopy data (see Experimental Section). The geometry of compound 12,
minimized with the PM3 procedure, highlights the non-planarity of the dibenzofuran ring, so that the molecule
exists as two enantiomers. As in the case of molecule 10, but differently from dicarvacrol 7, the low calculated
energy barrier for interconversion (2 kJ mol-!) prevents the observation of diastereotopic methyls in the
isopropyl groups.

The formation of products 11 and 12 may be rationalized by the formation of carvone-carvacrol 8 and it

elevant hint for its interm ,dla_y; As described in Eq 10, the hemiacetal 13 may be postulated to form by a

nuclcophﬂ intramolecular

tautomeric isomerization to 12.
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We thus turned to the reaction sequence entailing deprotonation, quenching with iodine and elimination of
HI with bases. In dicarvone 6 deprotonation may occur at the o, positions or at the v,y positions to the
carbonyl groups.1¢ The v,Y deprotonation appears sterically less hindered and the conjugated base is also
thermodynamically more stable because of the wider mesomeric resonance. In agreement with this assumption,

the deprotonation actually occurred at the 7,y positions, but the subsequent treatment with iodine did not afford
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uic b)\pb\.thu aidoag acrivaive 14, Rnaacr, a compouna was iormmea quantitativey wiin a moieusar weigant (irom
y e . ’\(\f 1 L ~ 21, 1y lg ai ! n . A 1 .-

mass spectrometry: ™ at Z2¥0 m/z) smalier by Z daiton than that oI dicarvacrol /. 1nhe exact structure 15 was

determined by 'H and !3C and especially by NOEDS NMR spectroscopy. The resonance at 6.56 ppm belongs to
the endocylic vinyl H4, Dipolar correlations were found between this resonance and a resonance at 2.79 ppm, to
be attributed to HS. In turn this latter resonance correlates with a resonance at 2.67 (H6) and this latter with a
resonance at 2.96 (H1). Compound 15 may be postulated to form vig an oxidative coupling between the v,y

positions of dicarvone 6 mediated by iodine (Eq 11).
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Compound 15 is a chiral enantiopure molecule with C2 symmetry which may be used to prepare ligands or
catalysts for asymmetric synthesis.
The reaction of dicarvone 6 with two equivalents of Br, leads to the clean production of the tetrabromo

derivative 16. From the addition of more than two equivalents of Br, an intractable mixture of diastereoisomers

13 1 D42 u UL 1% U1 WUl =1L U10LAL

was obtained.
Br _
_\Br
i H Br
s ¢/ I
Lt al Br
: Br
Br
16

The structure and the stereochemistry of compound 16 was determined by !H NMR spectroscopy. The
aliphatic resonance at 4.78 ppm is easily attributed the the methine proton geminal to the bromine. This proton is
weakly coupled (3.0 Hz) with the two vicinal methylenic protons resonating at 3.01 and 2.13 ppm. This fact
would uggcst the axial orientation for both bromine atoms, so that both of them possess at least one hydrogcn

i i he reaction with --BuOK reverts 16 back to
material 6, while with other bases (+-BuLi, LDA) complex mixtures of products formed.

The analysis of the results so far described leads to the conclusion that many reactions result from the
interactions of the isopropenyl double bond with the carbonyl group of the adjacent carvone ring. This reactivity
may be suppressed by converting the carbonyl group into the silyl enol ether. The consequent greater ring
unsaturation should also favor the tendancy towards aromatization. The reaction of dicarvone 6 with several
silylating agents in the presence of amines (EtsN, DBU)!7 leads to the formation of mono and disilyl enolethers
(Eq 12).

} \TAg __j\ 17 (12)
|
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CH,Clp, A P OTMS

The poor stability of the silyl enol ethers 17 and 18 prevented their isolation, so that their structure was
uely from the analysis of the NMR spectroscopic data. The spectroscopic data are consistent with
bstraction of the oi-proton at the junction. The 'H NMR spec
resonances at 5.65 and 5.12 ppm, with a mutual J = 10 Hz, and two endocyclic aliphatic resonances at 2.56 and
2.2 ppm, with unitary intensity ratios. The system derived from & deprotonation would give rise to one vinyl and

three aliphatic endocylic resonances. Compounds 17 and 18 are very sensitive to moisture and readily revert
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back to the starting material. None of the many attempts to aromatize 17 and 18 was successful. In the reactions
with metals (Pd on C, RhCls) and oxidants (DDQ) only pyrene 9 could be detected, beside variable amounts of
starting dicarvone 6.

Dihydrocarvone. As protection of the carbony! for suppressing reactivity between the oxygen of one ring and
the isopropylene of the other proved inefficient, we tried reduction of the isopropenyl double bond.
Hydrogcnatlon with Pd on C did not succeed to produce 20, as only the reduction of the endocychc olefin was
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The use of a homogeneous catalyst for the chemoselective reduction of the exocyclic double bond!® gave rise
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inspection of the X-ray structure (see Figure 1).
As an alternative we tried to dimerize dihydrocarvone 21, readly prepared from carvone 4 by established
procedures (Eq 14).18

1.LDA , THF,-78 °C

Ho, Rh(PPhg)aCl ("XY" 2 FeCls DMF, t y ) other
4 Y + 21 *  diastereoisomers (14)
benzene N 0
' (30%) (30%) (10%)
21

The reaction of 21 with LDA and the coupling with FeCls turned out to be less efficient than with carvone 4,
both in conversion and in selectivity. The 1H NMR spectrum of the crude reaction mixture showed the presence
of product 20 together with other diastereoisomers of the dimer. This result may be attributed to the diminished

rigidity of dihydrocarvone 21 with respect to carvone 4. Isolation of the desired dimer 20 with C; symmetry
was obtained by column chromatography, with a total yield of ca. 30%. As in the case of dimer 6, the relevant
| T PR, L - R L ULy, Y L AAAAAAAAAAAAAA YT — £ LI\ ¢

Liiat gl v = U.L11L) 1>

coupling constant between the proton at the junction and
indicative of their mutual axial orientation, so that the ¢,0' junction is also cquatﬁﬁm.

The oxidative reaction of 20 with iodine or DDQ again did not lead to any product. On the other hand, Pd
on C generated the product 24 in a good yield (Eq 15). The assignment of structure 24 rests on the analysis by
mass spectrometry (M* at 284 m/z) and NMR spectroscopy. In the 'H NMR spectrum, an isolated AB system is
found at about 7.00 ppm, indicative of vicinal aromatic or vinylic protons, spectroscopically isolated from the
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remaining protons. In the aliphatic region, one singlet at 2.47 ppm integrating for 3H is attributed to the methyl
at the aromatic ring, while 5 doublets between 1.4 and 0.8 ppm are assigned to the diastereotopic isopropyl
methyls and to the methyl at the cyclohexyl ring. Compound 24 may be thought to derive from the intermediate
22, obtained from 20 via a disproportionation process catalyzed by Pd. The dehydration in 23 occurs with the
hydrogen at the junction, with formation of the benzofuran skeleton of 24.
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Dipinocarvone. Pinocarvone 25 is (as the trivial name suggests) the polycyclic isomer of carvone 4. It can be
transformed into carvacrol 5 by the action of acids or radicals.19 In the context of the present work it was utilized

for two reasons: pinocarvone 25 does not possess the isopropenyl function and associated reactivity, and also
lacks a position which may undergo y deprotonation.

Pinocarvone 25 is readily obtained in high yield nglet oxygenation of a-pinene.20 As with carvone

reoisomer 26 in ca. 60% vield
reo1somer 26 1n ca. oV
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(Eq 16). The identity of compound 26 was determined
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Figure 3. Representation of the X-ray structure of
dininocarvone 26 with hvdrnaﬂn atoms omitted
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Deprotonation of 26 with +-BuOK and quenching with I, lead to the formation mixture of Z and E stereoisomers
27 in a kinetic 2.5:1 ratio (Eq 17). The most revealing feature of the 'H NMR spectrum of the kinetic mixture is
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the presence of two triplets at 2.99 and 4.59 ppm, assigned to the bridghead protons vicinal to the double-bond
junction. The low-field signal is assigned to the E diastereoisomer, by virtue of the strong deshielding caused by
the neighbouring carbonyl group.
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Upon standing in light in the presence of iodine, compound Z-27 is converted into £-27. The conversion into E-
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The ring opening reaction of 27 to 7 was attempted under the various conditions that are known to convert
pinocarvone into carvacrol (AcOH, BF3-OEt,, CF3COOH, H;SO4, HSnBus),!9 but with no successful results.

Other di-monoterpenes: Dimenthone, Dipulegone, Dicamphor. The oxidative coupling reaction was
tested with other readily available terpenes, in order to examine a wider range of natural substances containing the
carbonyl function. The results are summarized in Table 1.

Table 1. Conversion, number of diastereoisomers, diastereomeric ratio and yields in the oxidative coupling of some monoterpenes.

# Monoterpene Conversion Number of Main or Yield
Diastereoisomers exclusive
(Diastereomeric ratio) diastereoisomer
1 Carvone 60% 1 6 60%
2 Diiydrocarvone 70% 3 20 30%
(9:05:0.5)

3 Pinocarvone 30% 1 26 30%

4 Menthone <5% not determined not determined not isclated
5 Pulegone <5% 1 not determined not isolated
6 Camphor (see ref 4) 60% 3 not reported not reported
7 Dibromocamphor <5% i not determnined not isolated

F

dibromocamphor are very poo

mixture of diastereoisomers.4
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Conclusions. The work performed so far has lead to the synthesis, from inexpensive and readly available
natural products, of new molecules with C; symmetry, which are promising precursors for the preparation of
ligands of interest in asymmetric synthesis. The most ambitious target described in the Introduction, i.e. the
stereoselective conversion of di-monoterpenes with central chirality into dicarvacrol 6 with axial chirality only,

was not achieved. Nevertheless, some useful considerations emerge from the present study: (i) the aromatization

i d requires conditions too harsh for nreserving chiralitv: (i) a number of reactinne

arvone airficult, ang requires conditions {00 harsn 1or preserving catraiity; (i) a numober of reactions

man anane hattwaan tha hudmavey Ar rashAanol Finmartinne nn Ann mno and tha sonmramans] aenizem An tha wdin mnt vl
can oCcur oetween ine nyaroxy or caro 1 TUnClions On ONC Tig ana wic iIsopropenyi sluup On i€ aqjacent ring,

anksnr

-t
}
3
n

The reactions were carried out using standard techniques under nitrogen, the glassware was flame-dried and cooled under
nitrogen. Commercial high purity reagents were empioyed without further purification. Tetrahydrofuran and benzene were dried over
potassium and benzophenone, diiennmnvl amine, dimethylformamide and dichloromethane were dried over calcium hydride and distilled
bcfore use. The progress of the reactions was momtored by TLC or 1H NMR spectroscopy. Flash chromaxography was performed
with 230-400 mesh silica-gel Merk 60 with standard tecniques.2! Melting points are uncorrected. 'H NMR and 13C NMR spectra
were recorded on a Bruker AC200 spectrometer and on a Varian Unity 400 spectrometer. The NOE spectra were obtained in the
differential mode (NOEDS)22 on a Varian Unity 400 spectrometer. The lines of the selected multiplet were 0.05 s cyclically saturated
for a total time of 10 s with the proper attenuation of the decouplmg power. Mass spectra were recorded with a Hewlett-Packard 5890-
11 apparaius. IR specira were collecicd on a BIG-RAD FT5-40 speciromeier. Optical roiations were measured on a Perkin Eimer 638
polarimeter. X-Ray diffraction data were collected on a Philips PW1100 instrument. The structure was solved by SHELX 86 program
and refined by block full matrix least squares using the SHELX 76 program. The H atoms were located on a DF map and isotropically
refined.

(P)-(4R,5R)-5-1sopropenyl-4-((1R,6R)-6-isopropenyl-3-methyl-2-0x0-3-cyclohexenyl)-2-methyi-1-
cyciohexen-3-one (Dicarvone 6). A soiution of n-Buli in hexanes (2.5 M, 4.8 mL. 12 mmol) was added to a solution of
diisopropylamine (1.57 mL,, 12 mmol) in dry THF (10 mL) at —~78 °C. The resulting slurry was strirred for 15 min and 4 (1.57 mL,,

10 mmol) was added at the same temperaturce. The pale yellow mixture was stirred 30 min and a solution of anhydrous FeCl3 (178 g,
11 mmol) in dry DMF (100 mL) was added at —78 °C. The dark slurry was stirred at =78 °C for 2 h and at 1 for 12 h. HCI (IM, 10

ml Y wac added and the colution wag extracted with nentane (Ix20 mI Y wached with IM HCHIO mI Y HAN (10 mI Y hrine (10 mI )

mL) was added and the solution was extracted with pentane (3x20 mL), washed with IM HCH{10 mL), H20 (10 mL), brine {10 mL)
and dried over NazSQj4. The volatile materials were};vapormed and the viscous residue was recrystallized from MeOH to obtain 950
mg (60% yield) of colorless needles: M.p. 107 °C; [a]025 = —64.5 (McOH, ¢ 2.1); 'H NMR (400 MHz, CD2Cl). 6 6.67 (2H. m),
4.85 (2H, m), 4.77 (2H, m), 3.42 (2H, td. J = 12.0,4.7 Hz). 2.36 (2H, d. J = 12.0 Hz), 2.36 (2H, m), 2.25 (2H, m), 1.69 (6H, m),
1.63 (6H. s): 13C NMR (100 MHz, CD>Cl»), § 200.37, 146.65, 143.05, 135.89, 114.27, 49.95. 48.70, 31.93, 19.45. 16.10; IR
(KBr), v 3072, 2977, 2917, 2858, 1661, 1448, 1382, 1154, 1066, 893, 513 cm™1,

X-ray data. CogHo¢02; mw 298.43; crystal size: 0.3, 0.3, 0.6 mm; crystal system: orthorombic; space group P21212; NQ19; a =
12.372(2), b = 11.132(2), ¢ = 13. 205(2) A. V= 1818.6(5) A3 z=4, Dc = 1.09 g/cm5 ,u 4.65 mm—1; A = 1.54180 A: number of

Py | ae i a0 [ o WY . SR RS I ', B SR S

Tt:llﬁ(.ll()"b measurca IDUU, IIUIHDLI' Ul It,ll(_LllUllh umqut: 1401 llUllIUCl Ul p..u..uuclub R:llllCU JU) xnc [mdl LOI'IVCﬂllUHdl R ldLl()[ lUl

the 1481 considered observed reflections [F240(F)] was 0.059 [Ry = 0.059; w = 1/(c2(F)+0.013749F2)].

Reaction of 6 with :ulfuric acid. A dispersion of finely powdered 6 (200 mg, 0.66 mmol) in aqueous H3S04 (50% in wt., 1 mL)
was bluxcu dl OU \, lUl l ll l lIC uu)uuu: Was \luCllLllCu Wllll a adtux‘ucu “nuuuu Ul ndn\.u_«; \I.U "lL}; uic uqut:UUb ldybl was CAUHCI-U(‘I
with EtoO (3x15 mL) and the combined organic layers were dried over MgSOy4. The volatile materials were evaporated and the solid
residue was purified by flash chromatography (eluant hexanes). Eluate 1: 1,4,6 9-tetramethylpyrene 9, 100 mg (59% yield) of

colorless needless: M.p. 184-186 °C; 1H NMR (200 MHz, CDCl3): 68 15(2H,d.J=79Hz),802(2H,5),786(2H.d.J=79

N7 LI oy DYON 7L LT LN 13/‘ NINAR &N RALT. AT .\, 117 DA 121 N4 1290 £N 170 €5 177 £& 1A MYy 197 AL
nu. 4,77 10 1, §), £.YU (U 11, §), C INIVIRK (DU VINZ, A3 )l LIL.7%, 1J1.4%, 147,00, 147,00, 241,00, 1L%.LU, 14051,
0.36, 20.42, 19.96; IR (KBr): v"40'¥6 ”963 2921, 2852, 1613 1515 1465, 1433, 866 813 cm—1, MS (70 eV): m/z 258, 243,

Reaction of 6 with iodine. A solution of 6 (200 mg, 0.66 mmol) and I; (340 mg, 1.33 mmol) in dry benzene (10 mL) was refluxed
for 12 h. The mixture was quenched with a saturated solution of Nap520g (10 mL), extracted with Et2O (3x15 mL) and dried over
Na2S0O4. The volatile materials were evaporated and the solid residue was purified by flash-chromatography (eluant 5% CHCl7 in
hexanes). Eluate 1: 3,5,5,8,10,10-hexamethyl-5,10-dihydrocumeno(5,4,3-cde]chromene 10, 20 mg (10% yield) of colorless oil: 1331

NMB 00 MUy NI 870U dd T=77 05 H) 6600 H d F=7THN 223 (6H d 7=05H;\ 16(12 H ¢ 13C
INIVIR (LU IVIDLZ, \,U\.l_’} O 71U & L, UU, U T (.7, Ved TRLJ, UUT \& X1, Uy J = 7.0 TILJy &b \U 11, By J = Ve 1), AU (L& &1, Oy ~

NMR (CDCl3, 50 MHz): & 148.18, 134.56, 130.32, 124.63, 114.21, 113.28, 77.50, 29.70, 27.80, 15.24; IR (film): v 3053, 2985,
2920, 2854, 1579, 1401, 1289, 1149, 1111, 935, 806, 657 cm~1. Anal. Calcd for CpH2207: C, 81.60; H, 7.53. Found; C, 81.98;
H, 7.53. Eluate 2: 1,4,6,9-tetramethylpyrene 9, 130 mg (84% yield).

Reaction of 6with Pd/C at 200 °C. Finely powdered 6 (100 mg, 0.33 mmol) and 10% Pd on charcoal (10 mg) into a screw-capped
Pyrex test tube was purged with nitrogen, sealed and heated in a sand bath at 200 °C for 12 h. The mixture was cooled and purified by
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flash-chromatography (eluant CHzClz/hexanes in gradient from pure hexanes to 1 : 1 mixture), Eluate 1: 1,9-diisopropyl-4,6-

Al athuldibhanaalfbh 1fiean 1% 10 s (10 iald) af enlarlace nile ILT NMDR 9200 MU, STWM. VK TAL MU 4 7 =9 ¥ LI\ T
GIMCUlYIQIOCNZO| U 4 j1ufall 14, 1V Mg (1v % yi€iG) O1 CO101I€88 Oill "I INIVIN («UV WVIIZ, VIALI3 ). O 1.0\« 1, G, 4 = 0.1 1Z), /.21

(2H,d,J = 8.1 Hz), 3.82 (2 H, hept, J = 6.9 Hz), 2.58 (6 H, 5). 1.14 (12 H, d, J = 6.9 Hz); 13C NMR (50 MHz, CDCh): &
155.00, 141.84, 127.60, 122.00, 119.30, 119.00, 31.34, 24.71, 15.04; IR (film): v 3052, 3027, 2961, 2925, 2869, 1502, 1457,

1387, 1374, 998, 812 cm~1. MS (70 eV): m/z 280, 265, 251, 237. 209, 197, 178, 165, 139, 125, 111, 89, 76. 51. Anal. Calcd for
CagHaaOr. C, 85.67: H, 8,63, Found: C, 85.96; H, 8.87. Eluate 2: l-isopropenvl.9.isonronvl-4 6-dimethvidibenzolb dlfuran 11 §

~, 0207, 1, 3,02, TN G270, 1, 8.0/7. DUaC 4. AUpIOP Y e EIASR AT Rr F AT T A TR IR § ASE UV RRRAS [ ke JANRARSE A Ay o

mg (5% yield) of colorless oil: 'H NMR (200 MHz, CDCl3): § 7.29-6.98 (4 H, m), 5.23 (1 H, m), 5.09 (1 H, m). 4.09 (1 H, hept,
J =69 Hz), 2.60 (3 H, 5), 2.58 3 H,5), 2.15 3 H, m), 1.35 3 H,d, /=69 Hz), L1l 3 H,d,J = 6.9 Hz); 13C NMR (50 MHz,

CDCli3): & 154.89, 154.80, 148.21, 143.08, 137.55, 128.03, 127.07, 123.10, 121.59, 121.30, 120.29, 119.35, 118.60, 114.07,
25.52, 25.04, 23.18, 15.14, 14.99; IR (film): v 3077, 3026, 2957, 2922, 2865, 1638, 1566, 1503, 1370, 1255, 1204, 999, 897,
814 cm~1. Anal. Calcd for C0H220: C, 86.29; H, 7.97. Found: C, 85.99; H, 7.85. Eluate 3: 1,4,6,9-tetramethylpyrene 9, 20 mg

(20% yield). Eluate 4: 3,5,5,8,10,10-hexamethyl-3,10-dihydrocumeno[5 4,3-cde]chromene 10, 10 mg (10% yleld) of colorless oil: 1H

NMR (200 MHz, CDCI3): O/Ui(ZH d,J=7.7Hz).669 (2H,d,J=77Hz),223 (6 H,b), 1.6 (12 H, s); ”LNMR(SUMHZ
CDCl): 8 148,18 13456, 13032 12483, 11421 11328 77.50, 27.80, 15.24; IR (film): v 148,18, 134,56, 130.32, 124.63,

125,200, 229.24,

114 21 113.28, 77.50, 29.70, 27.80, 15.24 cm‘l Eluate : 2-(2-hydroxy-6-isopropyl-3-methylphenyl)-3- 1sopmpyl-6-methylphcnol
7,23 10 mg (10% yield) of colorless needless: M.p. 150-152 °C; 1H NMR (200 MHz, CDCl3): 8 7.21 (2 H. d. J = 7.9 Hz), 6.94 @

H,d.J = 7.9 Hz), 4.67 (2 H, s), 247 (2 H, hept, J = 6.8 Hz), 2.26 (6 H, 5), 1.1 (6 H, d, J = 6.8 Hz), 1.07 (6 H. d, J = 6.8 Hz); }3C
NMR (50 MHz, CDCI3): 8§ 151.70, 147.47, 131.77, 121.84, 117.63, 117.53, 30.27, 24.88, 23.54, 15.91; IR (KBr): v 3514, 3498,

(A EANR LY 4, LAALL 122 142.0%, S LTS, VLAY .00, £2,0% 20,72, 5N (N2 V OO0

3471, 3046, 3022, 2959, 2923, 2867, 1573, 1453, 1401, 121433, 1114, 1022, 814 cm—l.
X-ray data for 7. C20H2602: mw 298.43; crystal size: 0.2, 0.6, 0.6 mm; crystal system: orthorombic; space group Pbna N2 60;
a=16807(2). b =26634(2).c = 11.801(1) A: V = 5282(1) A3,Z2=12,D. = 1.13 g/om3; g = 0.38 mm~—1; A = 0.71070 A: number

Af raflactinng mancnrad AN anmhbar Af raflantinne a £NE. mhae Af macomarans safinad N0 Tha Final Anme amelama 1 D Fnsoc
O [eLECUONS MEAsurcad ULUG; NUMoET 01 rELCCions uulquu GLU0; NUMOCT O paramceicis reiinca 298, The final conveniional R facior

for the 1481 considered observed reflections [F240(F)] was 0.072 [Ry,, = 0.075, w = I/(c-(F )+0. ()0”24017")]

(I1R,2R,6R,7R)-11,12-Diisopropenyl-4,9-dimethyltricyclo[5.3.1. 12:6]dodeca-3,9-diene- 5,8-dione (15). To a

suspension of -BuQOK (l 12me. 10 rnrnnl\ n dr\r THF {{ mL)at 0 °C was added dropwise a solution of € (150 mg. 0.5 mmol) in
uspension ol 119 iz mg, GGCO CIopw & SC:Uon O ¢ (10U mg. V.O mmoi) in

dry THF (3 mL). The soluuon was stirred al the same temperature for 30 min. was cooled to —78 °C and a solution of I3 (257 mg. 1
mmot) in dry THF (3 mL) was added dropwise. The system was left to recach rt within 2 h. The solution was quenched with saturated
Na>S20s (10 mL), extracted with Et20 (3x15 mL) and the combined organic layers were dried over NazS0O4. The volatile materials
were removed by evaporation and the residue was recrystallized from n-hexane to obtain 140 mg (95% yield) of colorless prisms: M.p.
256 °C; 'H NMR (400 MHz, CDCl3): § 6.56 (2 H, d, J = 6.4 Hz), 4.85 (2 H, m). 4.5 2 H, m).2.96 (2 H.m), 2.79 2 H, d. J =
6.4 Hz), 2.67 (2 H, m), 1.82 (6 H. d. J = 1.6 Hz), 1.61 (6 H, m); I13C NMR (50 MHz, CDCl3): § 198.27, 144.45. 140.97. 140. 53

1A AN A= EA 41 0™ A=A AL NE

L1129, &4/.00, 1.8/, 33.L3, L1.YD, i
MS (70 eV). m/z 296, 281, 253, 239,
8.16. Found: C. 80.99; H. 8.23.

g g1, TN /M < INQ T ADTN

.

NN oo~ Aoz ar on

51: IR (KBr): v 3081, 2970, 2936, 2922, 2887, 1665. 1442, 1385, 1351, 1085, 892 cm~—L.
225, 199, 188, 159, 148, 128. 107. 91, 77, 55. Anal. Calcd for CopH2405: C, 81.04;: H,

KR\ 6-isonropnenvl.l 4 dibromo-3-meth
4,6R prups RCLa

(1R,
dibromo-2-methylcyclohexan-3-one (16). A S0 lutl()n of Bra (0.2 mL, 4 O mmol) in CCly (10 m d
solution of 6 (600 mg, 2.0 mmol) in CCly (5 mL). The mixture was stirred 20 min, the volatile matenals were rem
oli

PRy P L A e Aral o ales o At AN AL Al

and the u.bluuL was purified by flash chromatography (eluant hexane) to obtain 900 mg (73% yield) of colorless soli
°C, [a]D" = +108.6 (CH2Cla. ¢ 2.0); 'H NMR (400 MHz. CDCI3): & 4.95 (2 H, bs). 4.86 (2 H. bs), 4.78 (2 H. l
362(2H,d.J =118, 3.0 Hz). 349 (2H,d,J=118Hz),302(2H,1d./=11.8.30Hz),2.13(2H,dt. /=118 an
2.05 (6 H. s). 1.70 (6 H. s); 13C NMR (50 MHz, CDCl3): 8 200.20. 144.14, 114.95, 63.87, 58 16, 44.74 (two C). 36.

1427 INLY N2 o= A1 Moy '!a Q=.
1455, 1VUO1, YUD (I . Alldl. \,dlbu lUl \.20“"6‘_’71’14 8.8/,

avvidl.l 3.
eX¥:)=2,4

m&gg

-

T A4 T .
, 4.24. Found:

a!

-~
k™Y

-.bu

e

R)-4-((1R,6R)-2-(Trimethylsililoxy)-6-isopropenyl-3-methyl-2,4-cyclohexadienyl)-5- lsopropenvl -2-
methyl-1- cyc!ehexen-‘-nm {(17). To a solution of 6 (150 mg, 0.5 mmol) and EsN (0.21 mL, 1.5 mmol) in dry CHACl; (1

mL) TMSOTTf (0.28 mL, 1.5 mmol) was added dropwisc at O °C. After 2 h the volanle materials were removed and a small amount
was dissolved in CDCl3. 1H NMR (200 MHz, CDCl3): § 5.83 (1 H, dd. J = 9.3, 3.0 Hz). 5.45 (1 H., bs), 5.12 (1 H. d.J = 9.3 Hz),

490 (1 H, bs), 4.83 (1 H, bs). 4.73 (1 H, bs), 4.70 (1 H. bs), 3.10-2.15 (6 H, multiplets), 1.8-1.6 (12 H, 4 singlets), 0.15 (9 H. s).
Any effort to purify the compound led to the recovery of 6.

(55,6R)-1-(Trimethylsililoxy)-6-((1K,68 ) -(trimethylsiiiioxy)-6-isopropenyi-i,3-dimethyi-2,4-
cyclohexadienyl)-5-isopropenyl-2,6-dimethyl-1,3-cyclohexadiene (18). To a sgluuon of 6 (150 mg. 0.5 mmol) and
DBU (0.224 mL, 1.5 mmol) in dry CH2Cl3 (1 L) TMSCl (0.19 mL, 1.5 mmo! was added dropwise) at 0 °C The mixture was
refluxed for 12 h, the

ere removed and a small amount was dissolved in CDC!3 1H NMR (200 MHz, CDC13) S
1

nan :nrr\ A Q2 M LT A-rc Fio 35 & SN YN £N N 1N 7A LY TataFneal on_1 £n
U.U, O.U Nz}, 4.05 (< N, ), 4.70 \A’- n, Db) L VU-4.1U (& 11, mu;uplcta), l LOU- LV

rt to purify the compound led to the recovery of 6.

(P)-(4R,5R)-5-1sopropyl-4-[(1R,6R)-6-isopropyi-3- methyi 2-0x0-3-cyciohexenyij-2-methyi-i-cyciohexen-3-
one (20). To a solution of diisopropylamine (1,57 mL, 12 mmol) in dry THF (10 mL) a solution of n-BuLi in hexanes (2.5 M,
4.8 mL, 12 mmol) was added at —78 °C. The slurry was strirred 15 min and 2119 (1.57 mL, 10 mmol) was added at the same

temperature. The mixture was stirred 30 min and a solution of anhydrous FeCl3 (1.78 g, 11 mmol) in dry DMF (100 mL) was added

at =78 °C. The dark slurry was stirred at —78 °C for 2handatrtfor 12 h HCI (IM 10 mL \ was added and the solution was pvtr'u‘tnd
at —78 °C. The dark STy wWas stirmed at a4 ang Vi, m ang g soauud
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with pentane (3x20 mL), washed with 1M HCI (10 mL), H>O (10 mL), brine (10 mL) and dried over NaSOy4. The volatile materials

were evanorated and the viscous residue was porified by ﬂ:\eh.rhmmatnarnnhv {eluant 5% AcQFE:! in hexanes) to obiain 110 mg ( (€38 4

GAZERR L Lt nt VASLURES SUSRENC WAS Uil O adUpiayt ALt 00 SSURTELE S5 srwnisatve/ T el A

yield) of colorless oil: [@]p22 = +26.0 (CHCl3, ¢ 2.0); 'H NMR (200 MHz, CDCl3): & 6.63 (2 H, m), 2.80 (2 H, m), 2. 40-2.05 (]
H, multiplets), 1.75 (6 H, s), 1.73 (2 H, m), 0.92 (6 H. d, J = 6.8 Hz), 0.84 (6 H, d. J = 6.8 Hz); 13C NMR (50 MHz, CDCl3): §

201.16, 142,34, 135.30, 49.50, 43.26, 27.97, 24.87, 21.30, 17.93, 16.15; IR (film): v 2955, 2924, 1664, 1464, 1451, 1367 cm~1.
Anal. Calcd for CygH2p09: C, 79.42; H, 10.00. Found: C, 79.80: H, 10.23,

L0 2T L2030 2- &, T2, IUVLRJ, Uk 7.0, 11, IV

(15)-1,8-Diisopropyl-4,5- methyl -1,2,3,4- tetrahydrodlbenzo[b,d]furan (24) Finely powdercd 20 (50 mg, 0 16

Dyuraw tact

lluuUl) and }% P’\'A Oft \,}'w\,ucu \uJ ul;] ul a m,lcw-\,apw.l ryrcx wose tubc were pul gcu Wllll luuugcu. MIGU dllu IK;aLEu ul a MIU uam
at 200 °C for 12 h. The mixture was cooled and purified by flash chromatography (eluant hexane) to obtain 20 mg (45% yield) of
colorless oil: 1H NMR (200 MHz, CDCl3): 8 7.10-6.95 (2 H, multiplets), 3.45 (1 H, hept, J = 6.8 Hz), 3.06-2.90 (2 H,
muitipiets), 247 (3 H, s), 2.3-1.4 (5 H, muliipiets), i.38 (3 H, d, / = 6.8 Hz), 1.21 3 H, d, J = 6.8 Hz), 1.05 (3 H. d, J = 6.8 Hz),
093 (3 H,d,J=6.8 Hz), 0.83 (3 H, d,J = 6.8 Hz); IR (film): v 3052, 3024, 2959, 2928, 2870, 1733, 1505, 1457, 1384, 1273,

977, 809 cm~1. MS (70 eV): m/z 284, 241, 211, 197, 183, 165, 141, 128, 105, 91, 69, 55. Anal, Calcd for CogH2380: C, 84 .45;
H, 9.92. Found: C, 84.77; H, 10.01.

(15,55)-6,6-Dimethyl-2-methylenebicyclo[3.1.1]heptan-3-one (25). A solution of a-pinene (46 mL. 294 mmol),
acctic anhydryde (29 mL, 303 mmol), pyridine (12 mL, 147 mmol), DMAP (716 mg, 6 mmol) and tetraphenylporphynn (21 mg,
0.034 mmol) in CHCl> (270 mL) was irradiated with a halogen lamp (500 Watt) for 2 h under O, bubbling. The mixture was
dilvited in CHCl; (270 mL), washed in sequence with saturated aqueous NaHCO3 (2 x 200 mL), 1 M HCl1 (2 x 100 mL), saturated
aqueous CuSQO4 (100 mL), brine (200 mL), and dried over Na»SOy4. The volatile materials were removed by suction and the residue

was distilled under reduced pressure with a 10 cm Vigreux to afford 41.9 g (95% yield) of a colorless oil: B.p. 80 °C at 0.1 Torr;

fv1~22 = LAY (naat): LI NMR 200 MH> DI & 505 /1 W A J = TAHY ST T A J =16 W\ ’) Qn_om 1 I
[HL 3] = 04 8a1), Tr1 NIV LUV and, via3 sl O 5,00 (i 1, = 1.0 nZj, JuU I, G, = a0 i), L.0u-L0u O oo,

multiplets), 2.46 (1H, m), 2.20 (1H, m), 1.36 (3 H, s), 1.28 (1 H, m), 0.80 (3 H. s); 13C NMR (50 MHz, CDCl3): § 200.04,
149.04, 117.42, 48.22, 42.47, 40.77, 38.52, 32.40, 25.96, 21.53; IR (KBr): v 3027, 2967, 2927. 1706, 1624. 1463, 1409. 1369,
1328, 1283, 1263, 889, 860 cm—1.

(15,4R,5R)-4,4'-Bi(6,6-dimethyl-2-methylenebicyclo{3.1.1]1heptan-3-one) (26). To a solution of diisopropylamine
(1.57 mL, 12 mmol) in dry THF (10 mL) at —-78 °C was added a solution of n-BuLi in hexanes (2.5 M, 4.8 mL. 12 mmol). The

qlay gtrierad 18 min and 2€ (1 87 m] 10N memall wne addad at tha cama tamnarntiien Ths mivinre wae ctirrad 2N e and
muu_y was SUuTea 15 min ang 25 Q.7 ML, 1V uuuul; wdad duulu at ik samc luupclcllulc 10¢ MIXIUre was Sufred Svu mif and a

solution of anhydrous FeCl3 (1.78 g, 11 mmol) in dry DMF (100 mL) was added at —78 °C. The dark slurry was stirred at ~78 °C for
2hand at rt for 12 h. HCI (IM, 10 mL.) was added and the solution was extracted with pentane (3x20 mL), washed with 1M HCI (10
mL), H>O (10 mL), brine (10 mL) and dried over Na3$S04. The volatile materials were evaporated and the viscous residue was
rF'r‘I‘VQM"!IFd from MeQOH to aobtain 150 mg (10% vneld\ of colorless needles; M,p. 270 °C (dec.); faIn® = +175.2 (("H("h c=23);

SAZE0 12 AR Q0 LI O CRIVIICE JICLLICS, Y ANy L

1H NMR (200 MHz, CDCl3): 8 5.99 (2 H,d, 7 = 1.7 Hz), 5.02 (2 H. d,J = 1.7 Hz). 3.54 (2 H, bs). 2.71 (2 H. t. J = 6.0 Hz), 2.54
(2 H. dt, J = 10.6, 60HL) 208(2H t./ = 6.0 Hz), 1.33 (6 H, s), 1.32 (2H d./J = 10.6 Hz), 0.85 (6 H, s): 13C NMR (50 MHz,

P N oo e

CDCli3): 8 201.70, 148.88, 117.87, 51.58, 47.75, 41.80, 41.55, 29.71, 26.03, 21.00; IR (KBr): v 3096, 2976. 2933, 2882, 1701,
1615, 1398, 1282, 1104, 1063, 1021, 954, 835 cm~—!. Anal. Calcd for CagH2602: C, 80.50; H, 8.78. Found: C. 80.53; H. 8.91.
X-ray data. CogH2607; mw 298.43; crystal size: 0.2, 0.4, 0.4 mm; crystal system: orthorombic: space group P2;2;21 NQ19; a =

13.486(2), b = 14.213(2). ¢ = 8.912(1) A, V = 1708.2(4) A3,7=4, D¢ = 1.16 g/em3; y = 0.40 mm—1; A = 0.71070 A: number of
reflections measured 2374; number of reflections unique 2013; number of paramelcrs refined 303, The final conventional R factor for

PR PRE R . DRSS, w n nnenga 2

me 1‘901 LU"blUCl'CU UDbCIVCU renecuons [F"‘#()\l“ )] was U UJU U‘w U U)O, = 1/\0"\[‘ )+U WIYoar = )j

(E)-(18,5R)-4,4'-Dehydro-4,4'-bi(6,6-dimethyl-2-methylenebicyclo[3.1.1]Jheptan-3-one) (27). To suspension of
-BuOK (45 mg, 0.4 mmol) in dry THF (I mL) at 0 °C was added dropwise a solution of 26 (60 mg, 0.2 mmol) in dry THF (1
mL). The solution was stirred at the same temperature for 30 min, then cooled t0 —78 °C and a solution of Iq (102 mg, 0.4 mmnh in

dry THF (1 mL) was added dropwise. The systcm was left to reach rt within 2 h. The solution was quenched wnh saturated Na>$->0s
(10 mL), extracted with EtpO (3x15 mL) and the combined organic layers were dried over Na$SOy4. The volatile materials were
removed by evaporation and a small amount was dissolved in CDCl3 Z-27. IH NMR (200 MHz, CDCl3): § 603 (2 H,d.J = 1.4
Hz), 5.13 (2 H, bs), 2.99 (2 H, 1. J = 6.3 Hz), 2.90-2.65 (4 H, multiplets), 1.46 (6 H. s), 1.40 (2 H, m), 0.97 (6 H. s).

The mixture of isomers was dxssolved in CHCI3 (10 mL), 12 (5 mg) was added and the mixture was xrradlated with an halogen lamp
(100 Wan) for 2 h. The iodine was dcslroycd with saturated NagSaO5 (2 mL), the organic layer was washed with water (5 mL),
Mluldlcu Ullllc \J "IL} dl” LIIICU UVCX J‘ldz-)U“ llIC VUldlllC IlldlCl lalb WCIC lClllUVCu Uy cvapulauuu auu lllb u;)lduc was lecln’)ullhl.&d}
from n-hexane to obtain 55 mg (95% yield) of colorless prisms E-27: M.p. 112 °C; [a]p22 = —210.0 (CHCl3. ¢ = 0.8); 1H NMR
(200 MHz, CDCl3): 8 595 (2 H,d,J= 1.6 Hz), 5.11 2 H,d, J = 1.6 Hz),4.59 (2H,t,J = 64 Hz), 281 (2 H.t.J = 6.4 Hz), 2.80
(2H,dt, J = 9.6, 6.4 Hz), 1.45 (6 H, 5), 1.41 (2 H, d,J = 9.6 Hz), 0.77 (6 H, s); 13C NMR (50 MHz, CDCl3): § 186.44, 150.12,
144.84, 117.82, 48.40, 45.02, 31.66, 29.69, 26.20, 22.82; IR (KBr): v 2956, 2927, 1674, 1617, 1083, 1018 cm~1; MS (70 eV):
mfz 253, 225, 221, 197, 173, 159, 145, 128, 115, 91, 77, 65, 65, 53. Anal. Calcd for C20H2402: C, 81 .04; H. 8. 16 Found: C,

81.01; H, 8.01.
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