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Abstract—The transformations of—-thujopsene in liquid (HSGF-SO,FCI) and over solid (TiQ’SO?{)
superacids, as well as by the action of peroxy acids, were studied. New tricyclic hydrocarbons were isolated.
The experimental results were compared with the data of computer analysis of the most probable transforma-
tion pathways using molecular-mechanics and quantum-chemical methods.

The structure of thujopsené)(was determined in A possible mechanism of formation of compounds
the early 1960s. In its tricyclic molecule the cyclo-II -1V from olefin| is shown in Scheme 1. According
propane ring is conjugated with the double bond, sto this scheme, no profound skeletal rearrangements
that protonation of the molecule could give rise toof | occurs under the given conditions. Protonation of
cyclopropylcarbinyl cations whose further transformathujopsene I{) gives a-cyclopropylcarbinyl cationA
tions could lead to various polycyclic structures.which reacts with nucleophile present in the reaction
Thujopsene I() attracted attention of a large numbermixture (methanol) to afford either ethér or initial
of organic chemists; its acid-catalyzed transformationgsompound|. The formation of a small amount of
were extensively studied in both aqueous [1] and norether Il may be explained by the rearrangement
aqueous [2, 3] solutions of common acids. sequenceA —~B —~ C. The transformations of ethers

In the present work we examined rearrangements of andlll over activated silica gel can be interpreted
thujopsene 1) in liquid superacid (HSQF-SO,FCI) in terms of the rearrangement sequendes-D —E
and over solid superacid (T#BCO;). Dissolution of (etherll) andC ~B-—~A —~D—~E (etherlll ), fol-

I in a HSOF-SO,FCI mixture (molar ratio HS@F:1  lowed by quenching with methanol.
~13:1, SQFCI:HSOF 4:1 by volume;-115C)  \when compound was dissolved in the system
with subsequent quenching of the acid solution withyso,F SO,FCI at -60°C, the subsequent quenching

methanoldiethyl ether gave a mixture of products yith methanotdiethyl ether gave a mixture containing
which contained initial hydrocarboin (6%, according mainly (IR,2S,6R,79)-1,2,7,9-tetramethyltricyclo-
to the GLC data), 4-methoxy-4,7,11,11-tetramethyltri- 6o P
cyclo[5.4.0.6-3undecane I() (82%), and 4-methoxy- [5.2.2.6Jundec-8-ene \() (31%) and (5758599-

: 2,2,7,9-tetramethyltricyclo[6.2.1:6undec-5-ene \(I)
4,7,11,11-tetramethylbicyclo[5.4.0Jundec-1-erd )X
(11%). Chromatographic separation of the mixture of19%) (Scheme 2). Pure hydrocarbonsandvl were
a column charged with AD, gave alkenel and |_solated by successive chrome})tographlc separations
a mixture of etherdl andlll” at a ratio of 6:1. When first on Al;Ogand then on Sig-20% AgNG;.
mixture 11 /lll was passed through a column charged Possible paths of carbocationic rearrangements of
with silica gel, ethetl was completely converted into thujopsend to compounds/ andVI were simulated
initial thujopsene, whereas compound remained using ICAR program [4] and modified selection rules
intact. A similar result was obtained on storage of thsee Experimental). The results of calculations showed
same mixture. However, passing of mixtule/lll that the shortest paths to compouvidare nine-step
through a layer of freshly calcined (14D, 3 h) silica rearrangements. The most acceptable of the four paths
gel caused decomposition of the two ethers, and this shown in Scheme 3. Its acceptability was estimated
major product was pseudowiddren¥ | (65%, GLC). by the ascent value (i.e., the diﬁerermAH? between
By column chromatography on silica gel impregnatedhe least and most stable ions formed along the overall
with 20% of AgNG; we isolated pure compouriy . path, kcal/mol) and by the highest activation barrier.
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Scheme 1.
13
oy H 3
Silica gel 6 7 83 4
0. 1 13
16 il 2 /3
OCHj4 FART
11 v
Activated
CH;0H || gilica gel gt
13 - <
3 (R HSO3F, —115°C ~CH,
9 7 | - . . ——
1o, M1, lls -—_— -— +
12 CH;0H /
14 5%
I E

CH;0H &~ 12
- 10
Activated 11~ 16

silica gel 5 3 OCH;
1

anti syn
H H™>{3
12

11
+ >
8 10,
15 3
9

(1) HSO4F, —60°C
(2) CH,0H

5
14
T

A\ VI

As follows from the data given in Scheme 3, the valug8]. Molecules VIl in crystal form infinite chains
of AAH? attains 12 kcal/mol, and the maximal barrieralong the ¢ axis via hydrogen bonds 'oH---O?
is equal to 15 (MM2) or 20 kcal/mol (21G). [H---0%1.90(3), G---0? 2.757A, ZO'HO? 177(2Y].

The structure of compountf was established by The G—H hydroxy group is involved in intramole-
'H and **C NMR spectroscopy, including two-dimen- cular hydrogen bond &-H---O" with the following
sional techniques. Also, olefiv was hydroxylated parameters: H-O' 1.90(2), G.--O' 2.500(2) A,
with OsQ, according to the procedure reported in [5].ZO*HO! 127 (2y.

The product was ®,256R,758599-1,2,7,9-tetra- |t should be noted that from optically active olefin
methyltricyclo[5.2.2.6%undecane-8,9-diol (I1) v/ [¢)2 = _13.3 (CHCL, ¢ = 14.07), we obtained
whose structure (as racemate) was proved by X-raycemic diolVIl . This indicates partial racemization
analysis (see figure). The bond lengths in moleculgy,ring the transformatiom —~G, presumably as

VIl “approach standard values [6]. The bicyclo[2.2.2];, reqyit of conformational transitio<=D’ shown
octane fragment adopts @wist conformation: the i, scheme 4.

torsion angles &2¢c8C’, c’'cc®c?, and ¢ctoctic’ _
are, respectively, 11.3(2), 19.1(2), and 13.3(2p For compounavil, 70—9-step paths were simulated
keeping with the Cambridge Structural Database [7]ahd analyzed. ThaAH¢ values for the shortest paths
an analogous conformation was found for the 2-piperixceeded 20 kcal/mol, whereas amor@-8tep paths
dinotricyclo[5.2.2.6%undecan-9-one molecule [8]. the better was that presented in Scheme 5. It is charac-

The five-membered ring has*d ,-twist conformation terized by aAAH? value of 16.7 kcal/mol (MM2),
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Scheme 3.
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and the highest activation barrier was estimated giropylcarbinyl ionA into homoallyl ionD. The key

21 kcal/mol. Both rearrangements do not occur astage in the formation of compoundé (Scheme 3)

temperatures below-60°C, presumably because of and VI (Scheme 5) is ring contraction in iob.

high activation barriers. Scheme 3 shows contraction of the six-membered ring
Analysis of Schemes 1, 3, and 5, as well as ofn D to give spiro[5.7]Jundecenyl catiofr whose

published data, shows that all transformations ofurther transformations lead to io® as precursor

alkene | begin with the rearrangement ef-cyclo- of V. The carbon skeleton of is structurally related
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Scheme 5.
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to the natural terpene cyclobasanendll(). The ionK as a precursor of final alkend. Compounadvi
formation of alkeneVI involves contraction of the is structurally similar to isolongifolenelX).
seven-membered ring D to give spiro[6.6]Jundecenyl Reactions of terpenes with solid superacids almost
cationH whose carbon skeleton is structurally similarwere not studied previously [10]. For compouhd

to that of natural chamigrenes (Scheme 5). Transamnly the transformations over synthetic zeolites in
nular interaction in ionH leads to tricyclic cation), the presence of water were reported [11]. According
and subsequent rearrangements of the latter yield [11], the main product was widdrol; also, pseudo-
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Structure of the molecule of &236R,738398)-1,2,7,9-tetramethyoltricyclo[5.2.22.ﬁundecane-8,9-diol\(lI ); the given
bond lengths were determined with an accuracy of 00023 A.
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Scheme 6.

widdrene (V) and a-chamigrene XI) were obtained L which is absent in Schemes 3 and 5. In this case
in smaller amounts. The conversion of the initialthe protonation of olefinV occurs at the &-C* bond
hydrocarbon was as low as 33%, and the reactiorather than at the &-C® bond, and ionE is not
conditions were fairly drastic (10C€, 100 h and formed. According to the calculations, the heats of
more). We examined transformations of alkénaver formation of ionsE andL are almost equal; therefore,
the solid superacid TigSCO;~ in CH,Cl, at 20°C. their formatin is controlled by steric factors.

After 20 min, the mixture contained no initial olefin We thought it reasonable to compare the behaviors
and the products wer@-chamigrene X) (37%), of thujopsene || in liquid superacid and over solid

a-chamigrene XI) (30%), and pseudowiddrendV()  superacid with the results of transformation of the
(25%) (Scheme 6). We succeeded in isolating purgorresponding epoxy derivative. In other words, we
hydrocarbonsIV, X, and XI by chromatographic tried to elucidate the effect of the mode of generation
separation of the reaction mixture on silica gel conof cationic center on the results of tranformations.
taining 20% of AgNQ. The formation of chamigrenes we found almost no published data on the synthesis
X andXl can be interpreted in terms of the following and reactions of epoxy derivatives of thujopsehe (

transformation sequenceé:~=A —~D—~H—~X + XI;  Nomura et al. [12] described transformations of
pseudowiddrenelY/) is likely to be formed as a result epoxy derivatives ofl over acid-treated synthetic
of the sequencd ~A—~D ~E—~IV. zeolites; however, no reference to preparation of the

We also examined the behavior of alkdiein the initial epoxy compound was given. We brought alkene
system HSQF-SO,FCI at -60°C. The major prod- | into reaction with monoperoxyphthalic acid follow-
uct of this reaction was 2,2,3,7-tetramethyltricyclo-ing the procedure reported in [13], but instead of
[5.2.2.0"%undec-3-ene Xl ) (Scheme 7). Compound the expected epoxy derivative$lll we obtained
XII' can be formed fromV through intermediate ion a mixture of isomeric thujopsanonedV and XV

Scheme 7.
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Scheme 8.

at a ratio of 7:1 (GLC). Pure compounddV and In this case ion€) andR do not rearrange into homo-
XV were isolated by column chromatography on silicallyl ions S and T (like ion A is converted intaD).
gel. We also tried to oxidize thujopsené) (with  On the other hand, ionS andT are more stable than
peroxyacetic andm-chloroperoxybenzoic acids, but O and P (Scheme 10). These data count in favor of
the result was the same as above: a mixture of ketonéise concerted mechanism of formation of ketoXd¢
XIV and XV was obtained. Presumably, the primaryandXV. Compounds<IV andXV undergo rearrange-
oxidation products, epoxy derivativedll , are quite ment neither in liquid superacid (HSP-SO,FCI at
unstable. They readily undergo protonation and sub-115C or-60°C) nor over solid catalysts (T¥ISC;,
sequent cleavage (by a concerted mechanism) to forhB-2 zeolite, askanitebentonite clay at 2TT).
ketonesXIV and XV (Scheme 8). A nonconcerted According to published data, acid-catalyzed trans-
mechanism according to Scheme 9 is also possibléormations of olefinl [1-3] and epoxy derivatives

Scheme 10.
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Scheme 11.
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Xl [12] lead to different products. However, theH NMR spectra of compound¥ [16], XII [3], and
reactions were carried out under different conditionsXVIlI [17] were reported previously; however, only
therefore, it is difficult to elucidate the role of the a part of chemical shifts was given, and they were
mode of generation of carbocationic center on thsimilar to those obtained by us. The and*C NMR
rearrangement pathway. Isofar as we failed to isolatspectra ofX and XI were reported in [18] and [19],
compoundsXIll , it was impossible to compare their respectively, but the signals were not assigned: the
behavior with the reactivity of olefin toward liquid chemical shifts were also consistent with our data.
and solid superacids. Instead, we examined trandhe H and °C NMR spectra ofXIV and XVIII
formations of sesquiterpene-cedrene XVI) (which  were similar to the spectra reported in [20] and [17],
is isomeric tol) and its epoxy derivative&XVIl . The respectively. Table 1 contains tHéC NMR spectra
transformation ofXVI in the system HSEF-SO,FCI  of compoundd-VI, X-XII, XIV, andXVII .

was studied by us previously [14] (Scheme 11). Stable \ye fajled to observe the cyclopropane-C bond
epoxy derivativeXVIl was synthesized fronXVl  in the two-dimensional 2D-INADEQUATE spectrum
by the standard procedure [13]. CompouXiilll in ¢ | pecause of unfavorable selection with respect to
liquid superacids (in HSE@-SOFCI at -117 to 13 - 550, the @—C! bond was not found because
-10°C and in HSQF at 20-70°C) gives rise to only 4 'gimilar chemical shifts of the corresponding atoms.
one product, cc_edrar_lone(‘(/lll ) (Scheme 12). We can The presence of the }SC bond was proved by
conclude that in this case the mode of generation Qo | RJMD spectrum with decoupling from thé“gi,
cationic center exerts the determining effect on th‘?’nethyl protons & 0.39 ppm): apart from the expected
direction of acid-catalyzed rearrangements. signals of G% C'% and G we observed a weak

solid acid catalysts; no isomerization X%l occurred gpectra in combination with the two-dimensional

even on boiling in formic acid (see Experimental).13~ 1 i
Epoxy derivative XVIl over various solid catalysts C—"H COSY spectrum proved the presence of cyclo

(TIO,/SC;, ZrO,/SC;, p-zeolite, askanitebentonite  PrOPaNe NG in the molecule. ,
clay at 20C) gives rise to keton&VIIl as the sole ~ The “C—C correlation spectrum oV did not
product. We previously found that conformationallydisplay the €=C° double bond and also '6C?,
labile 6,7- and 2,3-epoxy derivatives afhumulene C!'-C° and C-C® bonds. However, signals from
in liquid superacids at low temperature and over soliin olefinic proton in théH NMR spectrum and from
catalysts at room temperature [15] give rise to quitesp?-carbon atoms in th&’C NMR spectrum confirmed
different products. This may be due to conformationathe presence of a double bond, and the other bonds
control of the reaction. Presumably, rigid structurewere detected using the LRIMD spectra with decoupl-
of epoxy derivative XVIl makes it insensitive t0 ing from 8-H ¢ 5.44 ppm) and 168H (5 1.61 ppm).
the nature of acid medium. The orientations of the &H and G—C'®H, bonds
The structure of all newly synthesized compoundsvere assigned by analogy with the X-ray diffraction
was proved by'H and 3C NMR spectroscopy. The data obtained for diolVIl .
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The 2D-INADEQUATE spectrum ofVl showed with diethyl ether (5:2, by volume) was used as

no CE=C6, Cl_CZ, and d_CB bonds. However, the guencher. Titanium oxide sulfate (Tiﬁd‘) was
other bonds imply only one mode of binding of thePrepared by the procedure reported in [22]. In addi-
cl, 2, and € atoms. In addition, the LRIMD spectra tion, ZrO,/SC;~ [15], wide-pore HB-2B-zeolite [23],
recorded with decoupling from the 5-H olefinic protonand askanitebentonite clay [22] were used as acid
(8 5.26 ppm) and €H, methyl protons & 0.87 ppm) Catalysts. {)-Thujopsene, dl5g, = -109.2 (CHC4,

_ el 20 _
indicated the presence of'€C® and C—C? bonds, g; ?b%saeﬁgdpgrghgigge?%rﬁ]5|§|0ukél.—|8iil%/ll(?csHp%c’-
respectively. _ . trum of I, 8, ppm @, Hz): 0.61 s (¢*H,), 0.66 d.d

Ketone XIV showed in the'H NMR spectrum (2-H,3,5=9,J,,=5),0.70d.d (3H, J=5,J, 5=

W-coupling between 6-§ and 4-H; this means that 5y 1 17°s (¢%,), 1.12 s (G%H,), 1.20 d.d.d (3-H,

the 4-H proton occupies equatorial position. J=09,5J,:=12), 1.40 m and 1.78 m (2H, 6-H),
1.80 br.s (G?Hy); 1.09 m (1H), 1.23 d.d.d (1H) =
EXPERIMENTAL 13, 13, 4), 1.451.39 m (2H), 1.76 m (2H) (8-H, 9-H,

10-H), 499 d.m (5-H,J. s = 7).
The *H and 3C NMR spectra were recorded on O-H), 4.99 dm (5-H.Js6 = 7)

a Bruker AM-400 spectrometer (400.13 MHz fi X-ray analysis of a single crystal of didfll was
and 100.61 MHz forC) using CDC} or CDCl— performed on a Syntex Rdiffractometer (CK, ir-

CCl, (1:1) as solvent and chloroform S‘ign(,ilsradiation, graphite  monochromator). Crystal habit

(85 7.24 ppm,5. 76.90 ppm) as reference. The signal-4* 0-7x1.0 mn?, Cy5H,60,, M 238.36, tetragonal

were assigned on the basis t#-H coupling con- SYNgony; unit cell parameterst = b = 16.534(4),

- R- \/ — 33 7 — 1@ Z
stants in the double resonance spectra. The carbgn_ 19.886(5)A; V = 5436(2) A%, Z = 16; dgqc =

A )
signals were assigned using selective and offi:169 glcm w = 58 mm™; space groufhd,/o. Intens-
resonance decoupling from protons, differentialti€s of 2525 independent reflections were measured

spectra modulated by long-rangeC-H coupling 2y ©/2@-scanning to & < 1407 corrections for
(LRIMD, the conditions were optimized fak. |, = absorption were introduced empirically (transmission

. . 0.323-0.448). The structure was solved by the direct
10 Hz), and two-dimensionat’C-'H heteronuclear - ) ;
correlation spectra (COSYl,JC’H - 134 Hz). The method using SHELXS-86 program and was refined

: by the least-squares procedure in full-matrix aniso-
structure of compoundd, V, andVI was established : PRI :
. ORI ! tropic approximation (for hydrogen atoms) usin

on the basis of two-dimensiondfC-3C correlation pic app ( yarog ) 9

SHELXL-93 program; iR, = 0.1195,S = 1.09
spectra (two-quantum coherence, 2D-INADEQUATE, 55q parametgrs)gfor all rezﬂectionsR(: 0.0445 for
the conditions were optimized fd3c, c = 35 Hz). 2098 reflections withF > 4c). The positions of
The reaction mixtures were analyzed by GLC omydrogen atoms were determined from geometric
a Biokhrom-1 chromatograph using the followingconsiderations. The coordinates of non-hydrogen

columns: (1) 53008 0.26-mm glass capillary column, atoms are listed in Table 2. As follows from the space
stationary phase XE-60; (2) 13000.22-mm quartz dgroup found, diolVII is a racemate.

capillary column, stationary phase SE-54; and \,qified selection criteria [24] were used to reduce

(3) 20000<0.27-mm quartz capillary column, sta- the number of cationic intermediates

. ) generated by
tionary phase VS-30 (an analog of SE-30); flameycar program [4]. These criteria were modified
ionization detector, carrier gas helium. The product§

.~ foward mitigation of inhibitions: the formation of
were separated by column chromatography on silic

?ertiary cyclobutyl cations and 1,3-hydride shifts in
gel 40-100 um (Czechia), silica gel impregnated with ' )
20% of AgNQ, and aluminum oxide (Brockmann the norbornane fragment were allowed. The gas-phase

- . heats of formationAH? (kcal/mol) were calculated by
activity grade Il). The elemental compositions werey,o Mv2 molecular-mechanics method using Muller's

determined from the high-resolution mass Spectrgsrameters [25]; bridgehead carbocations were cal-
which were run ona Finnigan MAT 8200 instrument. - ,|ated by the MMX method [26]. Scheme 3 gives
The specific rotations were measured on a Polamat fi5q the results of RHF/3-21G//3-21G calculations by
spectropolarimeter. GAMESS program [27]. The activation barriens™
Twice distilled fluorosulfonic acid HSgF, bp 158 were estimated by the procedure described in [28];
161°C, and SbE, bp 141143C, were used; SEFCl  the barriers t@-fragmentation and the reverse process
was purified by passing through sulfuric acid. Thewere estimated on the assumption that the transition
reaction mixtures were prepared and quenched by trstate is similar to the transition state in the Wagner
procedures described in [21]; A mixture of methanolMeerwein rearrangement. The values aG” for
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Table 1. 3C NMR spectra of compounds-VI, X-XII, XIV, and XVII

Atom Chemical shiftsds, ppm

no. 2 b I b Ivb Vb vIb
1 3491 s 33.22 s 153.81 s 44.86 s 42.89 s 55.41 s
2 11.30 t 9.23 t 117.38 d 31.02 t 49.80 s 30.84 s
3 22.28 d 26.37 d 35.94 t 122.09 d 38.13 t 33.86 t
4 135.21 s 7121 s 77.17 s 134.19 s 24.13 t 23.05 t
5 114.51 d 31.73 t 38.86 t 36.08 t 32.14 t 113.63 d
6 41.23 t 33.67 t 32.56 t 29.87 t 59.46 d 150.76 s
7 31.45 s 31.68 s 39.64 s 144.13 s 37.83 s 43.32 d
8 36.59 t 35.74 t 41.36 t 11953 s 130.25 d 48.46 d
9 19.62 t 18.40 t 18.61 t 21.66 t 14452 s 36.78 d
10 40.42 t 40.43 t 40.13 t 32.50 t 31.71 t 39.25 t
11 33.88 s 33.11 s 36.61 s 34.16 s 34.31 t 31.29 t
12 23.56 q 26.97 q 23.03 q 23.50 q 17.58 q 24.0C q
13 28.67 q 28.97 q 27.34 q 24.52 q 24.77 q 26.88 q
14 29.14 q 28.92 q 32.86' q 24.2% q 23.56 q 19.66 q
15 26.88 q 26.65 q 31.65 q 24.08 q 19.65 q 22.27 q
16 48.68 q 48.78 q

Atom Chemical shiftsds, ppm

no. xa X|2 XII @ XV 2 XVl b
1 29.02 t 140.16 s 52.84 s 33.74 s 53.58 d
2 120.04 d 122.94 d 37.82 s 6.50 t 42.89 s
3 132.48 s 23.04 t 139.38 s 23.31 d 60.84 d
4 27.94 t 32.96 t 120.27 d 40.03 d 24.84 t
5 26.00 t 36.07 s 23.48 t 213.04 s 35.67 t
6 44.75 s 40.60 s 46.41 d 52.34 t 41.36 d
7 37.30 s 28.95 t 45.70 s 37.76 s 51.86 s
8 37.11 t 122,55 d 38.27 t 38.52 t 35.76 t
9 23.84 t 133.62 s 31.94' t 19.24 t 58.09 d
10 32.26 t 29.15 t 29.37 t 40.31 t 60.79 s
11 148.62 s 30.69 t 35.24 t 32.69 s 36.62 t
12 23.34 q 23.58 q 22.40 q 17.04 q 29.91 q
13 23.18 q 2358 q 26.16 q 28.34 q 27.32 q
14 25.12 q 25.2& q 19.23 q 29.50 q 15.37 q
15 110.85 t 23.49 q 18.89 q 27.03 q 23.53 q

2 In CCl,~CDCl, (1:1).

® In CDCl,.

“k Alternative assignment is possible.

1,3-hydride shifts in the norbornane fragment weréd.4 g of thujopsenel) in 0.5 ml of CHCIl,. The

calculated using the data of Sorensen [29] with correanixture was quenched with 60 ml of methardikthyl

tion for the absence of degeneracy according to thether. We isolated 0.43 g of a crude product which

Marcus equation. contained (according to the GLC data) 6% of initial
Transformations of (-)-thujopsene (1) in thujopsenel(), 82% of etherl and 11% of ethefll .

HSO3F-SO,FCI at -115°C. To a solution of 2.61 g The crude product was subjected to column chromato-

of HSG,F in 6.0 ml of SQFCI we added at115°C  graphy on A)O; (eluent hexane) to isolate 0.01 g

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 37 No. 3 2001
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of I and 0.4 g of a mixture of etherd andlll at

371

Table 2. Coordinates X10% and equivalent isotropic

a ratio of 6:1 tH NMR). temperature factorsA€x 10°) of non-hydrogen atoms in
4-Methoxy-4,7,11,11-tetramethyltricyclo- molecule VII
[5.4.0.0"%undecane (I1). *H NMR spectrumg, ppm
(3, Hz): 0.28 d (2H, 2-HJ, ; = 8), 0.39 s (G, Alom| Xa ylb de Ueq
0.55 m (6-H), 0.86 s (EH;), 0.90 s (C°Hy), 090t 1 | 0 @ | 7080(1) 264(1) | 32(1)
(3-H, J =8), 0.98 d.m (8-Hy Jgeqgsax = 13). 2 | 2002(1) | 7788(1) | -139(1)| 35(1)
1.01 d.dd (10-H, Jipax10eq = 13, Jigaxoax = 13, c® | 3919(1) | 7810(1) | -230(1) | 53(1)
Joaxseq=4) 1125 (EHy), 1.17 m (BH), 118 m  C' | 4049(2) | 8299(2) | -872(1) | 62(1)
(2H, 5-H), 1.29 d.m (10-§, J = 13), 1.31 d.m ge 32%8 ;ggigg —12338 ggg;
(9-Heq Joeqoax = 13), 142 d.dd (8-f, J = 13, c’ 2237(1) | 6953(1) | -1024(1) | 33(1)
‘]8-ax,9-ax = 13, ‘]8-ax,9-eq = 4), 162 ddddd (9'(1;)‘, C8 2798 (1) 6261 (1) —810 (1) 30(1)
J= 13, 13, 13"]9-ax,8-eq = 3.5,J9_ax' 10eq = 35), 3.04 s C9 2885 (1) 6225 (1) 32 (1) 32 (1)
(OCHy). cl0 | 1699(1) | 7108(1) | 156(1) | 43(1)
Ether mixturell /lll , 0.065 g, was passed through C1 | 1481(1) | 6930(1) | -580(1) | 44(1)
a column charged with 2.7 g of activated silica gel c'2 | 2820(2) | 7103(1) | 1015(1)| 49(1)
(calcined for 3 h at 14@). Using hexane as eluent, C3¥ | 2756(2) | 8600(1) 186(1) | 57(1)
we isolated 0.046 g of a mixture containirg5% of c | 2009(2) | 6880(1) | -1766(1) | 50(1)
alkenelV. Subsequent chromatography on silica gel C'° | 3702(1) | 5892(1) 183(1) | 51(1)
containing 20% of AgNQgave 0.024 g ofV . ot 2511(1) | 5487(1) | -1023(1) | 44(1)
1,4,11,11-Tetramethylbicyclo[5.4.0Jundeca-3,7- O | 2300(1) | 5639(1) | 215(1) | 46(1)

diene (IV). *H NMR spectrump, ppm @, Hz): 0.85 s
(C'Hg, C™Hy), 0.93 s (C*Hy), 1.10 d.d.d.d (10-K},

JlOeq, 10ax — 13' JlOeq,Q’-ax = 6'5’ JlOeq,Q’-eq = 2'5'

Joeqs = 1), 1.58 br.s (€H,), 1.64 d.d.d (10-H,

J =13, Jjpaxoax = 11, Jipaxoeq = 6-5), 1.90
d.d.d.d.d (3Heg Jgeeqocax = 18,3 = 6.5,Jg.0q 5 = 4.5,

J = 25,5646 = 1.5), 2.00 br.d.d (2-HJ, , = 15,

J,,3 = 75), 217 d.d.gd.d (H, J = 15,1, 5 = 6,

Jo13= 2,35 5= 2,3y 5=2),2.23 br.d.m (5-HJs 5 =

15), 1.962.28 m (3-H, 6-H, 9-H_), 2.40 d.d.d.d.d
(6-H, Jg.6 = 13,355 = 12,J5 5= 4.5, =15,J5 g =

0.5), 5.26 d.d.q.t (3-HJ = 7.5, 6,J3 13= 1.5,J3 5 =

1.5), 5.32 d.d.d.d (8-HJ) = 4.5, J3 9.0 = 3,J = 1,

J = 0.5).

On storage or on passing through a column charge%ioz—

with nonactivated silica gel, mixturg/lll was con-
verted into a mixture of olefin and etherlll , i.e.,

12.5, Jg ax 9-ax = 12.5, 3545 9.eq = 4)» 1.66 m (6H),
1.70 m (9-H), 1.73 m (8H), 1.92 d.d.d (3-HJ; 5
135,31, =9, 335 = 1.2), 244 d.d.q (3H, J
13.5,J3, = 6, J = 1), 3.16 s (OCH), 5.47 d.d
(2-H, J = 9, 6).

Transformations of thujopsene (I) in HSO;F-
SO,FCI at -60°C. To a solution of 6.1 g of HS¢F
in 14 ml of SQFCI we added at60°C 0.64 g of
compoundl in 0.5 ml of CH,Cl,. The mixture was
guenched by adding 100 ml of methandikethyl
ether. We isolated 0.58 g of a crude product which
contained (GLC) 31% of compound, 19% of VI,
and 18% of methyl ether. By repeated chromato-
graphic separations on AD; (eluent hexane) and
20% AgNG,; (eluent hexane) we isolated 0.058 g
of compoundV and 0.035 g ofVI.

(1R,2S,6R,7S)-1,2,7,9-Tetramethyltricyclo-

the latter is stable under these conditions. Mixture{5-2-2-02’6]Ulr‘CleC'f-:’*'ene (V).[o]39y = ~13.3 (CHC,
I/lIl, 0.022 g, was subjected to column chromatogC =14.07).”"H NMR spectrumg, ppm {, Hz): 0.92 d

raphy on ALO; (eluent hexane) to isolate 0.016 g of
thujopsene 1) and 0.003 g of ethetll .

4-Methoxy-4,7,11,11-tetramethylbicyclo[5.4.0]-
undec-1-ene (Ill). '*H NMR spectrump, ppm (, Hz):

1.05 s and 1.06 s (’3@43, C®H,), 1.11 d (C%H,,
Jps=1), 1.16 s (CHy), 1.18 m (8-H), 1.21 m

(5-H), 1.23 m (10-4,), 1.40 m (10-H), 1.41 m
(6-H), 1.44 m (9-H), 1.46 d.d.d (84 Jgaxseq =

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 37

(C*®H,, J= 1), 0.97 m (10-H), 0.97 s (¢H,), 1.01 m
(5-H), 1.01 s (¢?H,), 1.03 m (3-H), 1.10 d.d.d (11-H,
Jip 1y = 12,331 10= 12, 344 49 = 3), 1.20 d.d (6-H,
Jo.5 = 10, Jg 5 = 7.5), 1.24'm (3H, 11-H), 1.28 m
(4-H), 1.43 m (4H), 1.61 d.d.d (16H, J;q 10 = 13,
g1y =9,3=3),1.70 d (CHj, Jy5 = 2), 1.76 m
(5-H), 5.44 br.s (8-H).
(1S,7S,8S,95)-2,2,7,9-Tetramethyltricyclo-
[6.2.1.0"undec-5-ene (VI).[a]23, = +35.32 (CHC},

No. 3 2001
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c= 12.06).1H NMR spectrump, ppm (, Hz): 0.87 s
and 0.96 s (€H;, C'*H,), 0.93 d (C'Hg, Jyy 7= 7),
0.95 d (C°H3, Jis¢ = 7), 1.10 d.d éxo10-H,
Jexolo,endolo = 12, JexolO,endoQ = 5)1 1.15 d.d.d.d
(Syn'll'H’ sznll,anti—ll = 10, ‘]synll,endolo = 2.5,
Jsyn11,8= 1.5, dgyn11,endoo = 1.5), 1.20 d.d.d.d (3-K,

‘]3-eq, 3ax ~ 13' ‘]3-eq, dax — 5’ ‘]3-eq, 4-eq = 3’ ‘]3-eq,5 = 1)’

1.34 d.d.d.d gnti-11-H, J = 10, Ji11 ender = 2

Jantirrs = 1.5, Jangiars = 0.5), 1.45 d.d.d (3-K,

J'= 13, oy gax = 11, Jsayseeq = 7). 1.47 d.d.d
(endo10-H, J = 12, Jndot0.endos = 8 J = 2.5),

1.55 d.d.d (8-H,J = 1.5,3 = 1.5, Jg ongo7 = 0.5),

1.63 d.q.d.d¢ndo9-H, J = 8, 7, 5, 1.5), 1.98 m (2H,
4-H), 2.11 q.d.d.d.dgnde7-H, I = 7, 2, Jengo7.5 = 2,

Jendo7.4 = 2, J = 0.5), 5.26 t.d.d.d (5-HJs 4 = 3.5,

J=2, 1, 05).

YAROVAYA et al.

Jseqamax = 4.5, Js.0q 4204 = 2 Js.0q 120q = 2), 1.97 br.d
(1-H, 3 1 = 18), 2.07 br.d (10-b, Jipeq 10ax = 13).
2.11 m (I-H), 2.23 d.d.d.d.d (10-), J = 13, 13,
Ji0ax9eq = 6, J10ax 15 = 2, Jipax1s = 1), 450 dd
(15-H, Jig 15 = 2, J = 1), 4.85 d.d (15-H] = 2, 2),
5.26 d.m (2-H,J,, = 5).
1,5,5,9-Tetramethylspiro[5.5]undeca-1,8-diene
(XI). *H NMR spectrumg, ppm ¢, Hz): 0.84 s and
0.89 s (C%Hg, C'*Hy), 1.19 d.d.d.d (4-Hly Jpeqaax =
135,34 cq 5:ax = 61 dyeqareq = 4 Jreg2 = 1), 1.64 m
(C?H,, C™H,;, J = 1.5-2.5), 1.68 d.d.d (11-K,
Ji1ax 11eq = 12.5, 1105 100ax = 12.5,d11 ax 1069 = 6):
1.571.77 m (4-H, 10-H), 1.85 br.d.d (7H,,,
Jax7oeq = 18, Jiax s = 5) 1.88:2.01 m (3-H, 10-H,

11-H,g), 2.11 d.d.q.t (PHeg J = 18, Jyiqs = 2.5,

Diol VIl was synthesized by reaction of 0.062 gJ;.¢q15 = 2.5, J7.¢q10 = 2.5), 5.29 t.q (2-HJ; 5 =

of alkeneV with 0.08 g of OsQ in diethyl ether,

following the procedure reported in [4]. Subsequeng8
chromatography on a column charged with silica gel ™

(gradient elution with hexandiethyl ether, 10 to
30% of the latter) gave 0.045 g of diafll with
mp 145-147C.

Isomerization of alkene | over TiOzlsof(. Tita-

3.5,J, 1, = 1.5), 5.43 d.q.t (8-HJ =5, Jg 15 = 1.5,
10 = 1.5).

Transformations of alkene IV in the system
HSO;F-SO,FCI. To a solution of 0.52 g of HS(F
in 1.20 ml of SQFCI| we added at60°C a solution
of 0.025 g of alkendV in 0.2 ml of CHCI,, and
the mixture was poured into 5 ml of methandiethyl

nium oxide sulfate, 0.1 g, was calcined for 3 h algther, According to the GLC data, the crude product

a solution of 0.1 g of alkené¢ in 1 ml of CHCl,

by column chromatography on Sj&20% AgNG;

were added in succession. The mixture was Sti"e(jeluent hexane).

for 30 min at 20C, diluted with diethyl ether, and
filtered. The filtrate was evaporated to leave 0.1 ¢
of a crude product which was subjected to colum

2,2,3,7-Tetramethyltricyclo[5.2.2.8:undec-3-

ene (. 'H NMR spectrumg, ppm (, Hz): 0.85 s

chromatography on AD, (eluent hexane) to obtain and 1.00 s (&H,, C'*H,), 0.97 s (C°Hy), 1.16 m
0.089 g of a mixture containing (GLC), 37% of dieneand 1.61 m (2H, 9-H or 10-H), 1.27 d.d.d £ 12, 9,

X, 30% of dieneXl, and 25% of olefinlV. Subse-
quent column chromatography on SiQ0% AgNG,
(gradient elution with hexaneliethyl ether, 0.3 to
1% of the latter) gave 0.024 g of dieng [a]23, =
-20.06 (CHC}, ¢ = 3.5); 0.019 g of dieneXI,
[a]23, = —46.9 (CHC}, ¢ = 11.0); and 0.016 g of
compound 1V, [a]25, = +69.3 (CHC}, ¢ = 4.0);
overall yield 89%.
3,7,7-Trimethyl-11-methylenespiro[5.5]undec-
2-ene (X).'H NMR spectrump, ppm @, Hz): 0.82 s
and 0.88 s (&H; C'H,), 1.16 d.d.d.d (8-,
‘]8-eq, 8-ax — 13' ‘]8-eq, 9-ax — 4’ ‘]8-eq, 9-eq = 3’ ‘]8-eq, 10-eq =
2), 1.47 d.d.d (5-B, Jsaxseq = 13, Js.ax 2ax = 13,
J5.ax 4eq = 5-5), 1.54 d.d.d.d.d (9-f, Jg.ax 9eq = 13,
9-ax, 8-ax = 131 ‘]9-ax,10-ax = 131 9-ax, 8-eq = J
Jo.ax 10eq= 4), 1.56 br.s (€Hs), 1.54-1.79 m (4-H,,,
4'-Heq 9-Hgg, 1.77 d.d.d (8-H, J = 13, 13,
Jgaxoeq = 4.5), 1.93 d.d.d.d (5-F, J = 13,

5.5) and 1.69 m (10-H or 9-H), 1.40 m (2H, 8-H or
11-H), 1.21 m and 1.54 m (2H, 11-H or 8-H),
1.36 br.d.d (6-H,J55 = 10, Jg 5 = 8), 1.65 d.d.d
(CYM3, dps 5= 25,314 4= 2, Jy4 5 = 2), 1.70 d.d.q.d
(5-H, J5 5 = 18,3 = 10, 2.5,J; 4, = 2), 1.88 d.d.d.q
(5-H,J =18, 8,J5. 4= 4.5,1=2), 5.21 d.d.q (4-H,
J =45, 2, 2).

Reaction of alkene | with monoperoxyphthalic
acid. Thujopsene 1), 0.2 g (0.001 mol), was added
to 2.7 ml of a solution of monoperoxyphthalic acid
(0.0012 mol) in ether. The mixture was kept for
5 days at 8C and washed with a 5% solution of
NaOH and with water. The ether solution was dried
over anhydrous sodium sulfate. According to the GLC
data, the crude product, 0.25 g, contained ketones
XIV andXV at a ratio of 7:1. By column chromatog-
raphy on silica gel (gradient elution with hexaue
ethyl ether, 0.5 to 3% of the latter) we isolated
0.095 g of ketonXIV , mp 44C (published data [30]:
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mp 45-46°C), and 0.048 g of ketonXV, mp 64C
(published data [30]: mp 6B8°C).

4,7,11,11-Tetramethyltricyclo[5.4.0.&%undecan-
5-one (XIV). 'H NMR spectrum,s, ppm {, Hz):
0.39 d (2H, 2-H,J, 5 = 8), 0.53 s (C*Hy), 1.01 s
(C'®H,), 1.03 d (C?Hg, Jjp 4 = 7), 1.05 s (E%Hy),
1.19 m (8-H,, 10-H,), 1.20'td (3-HJ=8,3; ,= 6),
1.30 d.d.d.d (8-, J.eqeax = 13-5, Jgeqoax = 3-5,
Jseqoeq = 3 Jgeqioeq = 2), 1.40 d.d.d.d (10-f,
JlOeq, 10ax — 13'51Jloeq, 9-ax — 3'5’ JlOeq, 9-eq = 3’ J=
2),1.44 d.d.d.d (9-H; Jgeqo-ax = 13.5,dg.cq10ax = 4
J=3,3),1.58 d.d (6-; Js.eqeax = 165,904 404 =
1.5), 1.68 d.d.d.d.d (9§} J = 13.5,J5 gax = 13.5,
Joax 10ax = 13.5,J = 3.5, 3.5), 1.98 d (6-, J =
16.5), 2.48 q.d.d (4, J = 7, 6, 1.5).

Reaction of a-cedrene (XVI) with monoperoxy-

phthalic acid. Alkene XVI, 0.3 g (0.0015 mol), was
added to 3.4 ml of a solution of monoperoxyphthalic
acid (0.0022 mol) in ether. The mixture was kept for

4 days at 3C and was treated as described above for2.
oxidation of compound. We isolated 0.28 g of epoxy

derivative XVII .
9B,10B3-Epoxy-2,2,6,10-tetramethyltricyclo-
[5.3.1.0"Jundecane (XVII). Yield 89%. (]2, =
~80.2 (CHCL, ¢ = 8.7). *H NMR spectrum,5, ppm
(J, Hz): 0.76 d (C™H,, Jyu 6= 7), 0.95 s (EH,),
1.14 s (C°Hg), 1.20 d.d.d &nti-11-H, Jyi11 syn11 =

12' ‘]anti-ll,l = 4’ Janti—11,8eq = 2-5)' 1.24d.d.dd (5-H,

J5.5=12,J5 4= 6,35 4 = 6,35 5= 6), 1.36 s (C°Hy),
1.37 d.d.d.d (4-H), ,=12,=6,3,3=6,J, 5 = 6),
1.54 d.d.d (8-Hy Jpeqsax = 15 Jgeqo = 4.5, J =
2.5), 1.55 m (4H), 1.57 q.d.d (6-HJ =7, 6,J 5 =
6), 1.63 br.d.d €nde3-H, Jengos 4 = 9, Jendos 4 = 6),
1.74 d 6yn11-H,J = 12), 1.76 d.d.d.d (&H, J = 12,
6, 6,J5 4 = 1.5), 1.81 br.d (1-HJ = 4), 1.88 d (8-H,
J = 15), 2.95 d.d (9-HJ = 4.5, J, = 1).
Isomerization of epoxy derivative XVII over
TiO,/SO;. To 0.05 g of TiQ/SC in 1 ml of

CH,CI, we added a solution of 0.05 g of compound
XVII in 1 ml of CH,CI,, and the mixture was stirred
for 15 min at room temperature. After appropriate
treatment, we isolated 0.05 g of a crude product con-
taining 95% (GLC) of keton&VIIl . The product was

purified by column chromatography on /.. Yield

0.043 g (86%). Following a similar procedure, ketone

XVIII  was synthesized from compounVIl in the

presence of HB-Z2B-zeolite, askanitebentonite clay,

and solid superacid ZrI50; .

Reaction of compound XVII with the system
HSO;F-SO,FCI. To a solution of 0.25 g of HS(F

373

in 1.2 ml of SQFCI we addded at117C 0.02 g of
compoundXVIl in 0.2 ml of CHCl,. The mixture
was poured into 4 ml of methanaliethyl ether.
According to the GLC data, the product, 0.015 g, was
ketone XVIIl . The same product was obtained from
epoxy derivativeXVIl when the reaction was carried
out at-75,-40, and-10°C, as well as with the system
5% SbE-HSO;F at 20 and 5@C.

The authors are grateful to the Russian Foundation
for Basic Research (project no. 96-07-89 187) for pro-
viding access to the Cambridge Structural Database.
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