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Abstract: Epoxidation of bullvalene (1)
with a neutralized solution of Oxone
gave racemic trisepoxide rac-6 in 93 %
isolated yield. Its structure was exam-
ined by X-ray crystallography. The two
enantiomers of 6 were separated by
preparative HPLC and exhibited spe-
cific rotations of [a]5=4160, [a]3s=
4567 (¢=0.946, CHCl,) for the firstly
eluted and [a]5=-157, [a]2=—554
(c=0.986, CHCl;) for the secondly
eluted enantiomer of 6. The geometry
of (4)-6 and the absolute configuration
of (—)-6 were determined by X-ray
crystal structure analysis and anoma-
lous diffraction, respectively. According
to this, (-)-6 possesses
(3R,5S,7S9R,11R,13S5)- and (+)-6 has
(3S5,5R,7R,95,11S,13R)-configuration.

Upon treatment with BF;Et,0 at
—78°C, trisepoxide rac-6 rearranges
with retention of the skeletal three-
membered carbocycle to give the cage
trisether rac-8, as proved by X-ray
crystal structure analysis, in virtually
quantitative yield. Enantiomers of rac-
8 were separated by preparative HPLC
and exhibited specific rotations of
[a]Z=+49, [a]Z,=+170 (c=1.01,
CHCL,) (firstly eluting) and [a]3 = —46,
[a]2s=—-160 (c=1.02, CHCl;) (sec-
ondly eluting enantiomer). The abso-
lute configuration of (—)-8 was deter-

Keywords: bullvalene - chirality -
epoxidation - rearrangement - small
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mined by anomalous diffraction to
be (1R3R,7RIR,11R,13R). DFT com-
putations at the TD-B3LYP/6-
314G(d,p)//B3LYP/6-31+G(d) level of
theory for (3R,5S,7S,9R,11R,135)-6 and
(1R3R,7R9R,11R,13R)-8 predicted
specific rotations of —206.7 and —83.4,
respectively. Acid-catalyzed isomeriza-
tion of the enantiomerically pure (+)-6
proceeded without racemization to
give exclusively (—)-8, and (—)-6 pro-
vided only (+4)-8. Thus, this isomeriza-
tion occurs with ring opening of the
three C—O bonds in the epoxide moiet-
ies in the a-position relative to the
three-membered carbocycle rather
than in the 3-position.
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Introduction

The synthesis and chemistry of strained polycyclic aliphatic
molecules still deserve considerable interest, and continue
to be a challenging objective to organic chemists to probe
different concepts of structure and reactivity.'! Among such
structures, the chiral cage-like molecules constitute interest-
ing test cases for the ever advancing theoretical models that
computations of chiroptical properties can be based upon.”!
The tricyclic bullvalene 1, “a compound of 1209600 differ-
ent faces” .l is a particularly attractive starting material for
the construction of such molecules. Thus, threefold dihalocy-
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Scheme 1. Propeller-shaped chiral molecules derived from bullvalene
151 and from trioxatrishomobarrelene (4).!! a) m-chloroperbenzoic acid
(MCPBA), KHCO;, CH,Cl,, 0—20°C, 24 h; b) acidic ion-exchange resin
Amberlyst 15 or BF;-Et,0, CH,Cl,, 20°C.

clopropanation and threefold methylenation® of bullva-
lene 1 generate rigid C;-symmetrical propeller-shaped heli-
cal molecules 2 which can be left- or right-handed
(Scheme 1).57

Among the propeller-like bullvalene derivatives 2, only
the hydrocarbon trishomobullvalene 2¢ has been studied
thoroughly with respect to its structure!® and chemistry oc-
curring at the unique bridgehead position.”) Chiroptical
properties of such bridgehead derivatives of 2¢ including
the bridgehead cation and the hydrocarbon itself as well as
bridgehead derivatives of trishomobarrelene 4c¢ have also
been elucidated.'” Trioxatrishomobarrelene 4d, the trisep-
oxide of barrelene 3, which has also previously been pre-
pared, is an achiral molecule just like the hydrocarbon 4c,
but the rearrangement product of 4d, Ds-trioxatrishomocu-
bane 5d, is chiral.'"]

The previously unknown bullvalene trisepoxide 2d fea-
tures an intriguing property in that it is chiral itself and
would be able to rearrange stereoselectively to the chiral
truncated trioxatrishomocubane 8.['”

Results and Discussion

Earlier attempts to epoxidize bullvalene with buffered m-
chloroperbenzoic acid, as successfully applied for the epoxi-
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dation of barrelene 3,' and even with the milder N-ben-
zoylpercarbamidic acid (PhCN, H,0,), which had successful-
ly been used for the epoxidation of benzvalene," only led
to decomposition or at best to the rearrangement product
rac-8. Apparently, bullvalene trisepoxide rac-6 is even more
sensitive towards acid than barrelene trisepoxide 4d. Even-
tually, the racemic trisepoxide rac-6 was obtained in virtual-
ly quantitative yield by treatment of 1 with a buffered so-
lution of Oxone in a mixture of acetone, dichloromethane
and water. Due to its rather good solubility in water it was
isolated in only 93 % yield (Scheme 2).
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Scheme 2. Preparation of racemic bullvalene trisepoxide rac-6. a) Oxone,
NaHCO;, CH,Cl,/acetone/H,0, 0—20°C, 3 h; b) dimethyldioxirane, ace-
tone, —78 —20°C, 1.5 h.

Upon treatment of 1 with a 0.1m solution of dimethyl-
dioxirane in acetonel"* at —78 to 20°C, completely pure tris-
epoxide rac-6 was obtained in 95 % yield.

It is remarkable that the trisepoxide rac-6 was formed as
a sole product, and that none of a bisepoxide, isomeric to
the one leading to rac-6, could even be detected in the final
reaction mixture. Among the three possible directions for
attack of the oxidant dimethyldioxirane!™ in the initially
formed monoepoxide 7, the trajectory designated A appears
to be less preferable because of the interfering two hydro-
gen atoms on the already formed oxirane ring. The observed
complete preference for direction C among the other two
trajectories must be due to an electronic through-space acti-
vation of the corresponding double bond by the oxygen of
the already formed oxirane, as has also been observed,
albeit to a lesser extent, in the epoxidation of barrelene
3.[11,15]

As the trisepoxide rac-6 formed beautifully looking crys-
tals, an attempt was made to carry out an X-ray crystal
structure analysis. However, the crystals turned out to be
disordered in that the three epoxy oxygens of each molecule
in the crystal appeared in both possible positions, corre-
sponding to a superposition of the two enantiomers
(BR,5S,7S9R,11R13S)-6 and  (3S,5R,7R,95,115,13R)-6!""
(Figure 1). Interestingly, this disorder was observed even at
40 K. Further cooling of the crystal by using a Helix open-
helium low-temperature device led to fracture of the crystal,
probably due to a phase transition. The carbon atoms dis-
closed rather large thermal parameters. The molecules in
the crystal, due to the disorder, occupied special positions
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(3R,55,78,9R,11R,138)-6  (3S,5R,7R,9S.118,13R)-6

Figure 1. Structure of rac-4,8,12-trioxahexacyclo[4.4.3.0*°0720*1%0!"%]tride-
cane (trisepoxide rac-6) in the crystal.l'’

on a mirror plane, however, each enantiomer adopted local
C; symmetry.

The enantiomers of rac-6 were eventually separated by
preparative HPLC. The firstly eluting (+)-enantiomer had
[a]5=+160 and [a]2,=+567 (c=0.946, CHCl,); the
second had [a]Z=—157 and [a]%, = —554 (c=0.986, CHCL,).
Thus, the specific rotations of the trisepoxides 6 significantly
exceed that of the corresponding hydrocarbon trishomobull-
valene 2¢ ([a]¥=117 in CCL!"™), yet it is much lower than
that of the bridgehead carbocation of 2¢ with [a]3 = —2473
in CH,CL."%! Single crystals of the enantiomerically pure
(+)-6 and (—)-6 were also subjected to X-ray structure anal-
ysis. In contrast to the racemic compound rac-6, no disorder-
ing was observed in this case, and the molecule displayed
almost ideal C; symmetry. The skeletal cyclopropane and
each of the adjacent oxirane rings adopt a rigidly fixed
gauche (synclinal) conformation, which is similar to that of
the predominant conformer of bicyclopropyl in the gas
phase!™® with an average torsional angle HCCH of 29(1)°.
The cyclopropane C—C bonds in (+)-6 [av. 1.520(1) A] are
slightly longer than those in unsubstituted cyclopropane
[1.499(1) A in the crystal™ or 1.509(3) A in the gas
phase®] as well as in hexahydrobullvalene [1.496(7) A in
the gas phase®], but shorter than those in bullvalene
[1.5352(2) A].

The C,,—C,» bonds between the cyclopropane and the ox-
irane moieties [1.494(1) A] are significantly shorter than
C,~C,y single bonds (1.536 A®) and very close to those
values found for the central bond in bicyclopropyl
[1.4924(4) vs 1.487(3) Al]. The two O—C bonds in the
oxirane rings are systematically non-equivalent, but the ex-
perimental values, within the error limits, are essentially the
same [1.461(1) vs 1.454(1) A]. All these bond length alterna-
tions are mostly due to changes of hybridization and incor-
poration in a polycyclic skeleton® rather than to some sort
of conjugation between the cyclopropane and oxirane frag-
ments (compare, however, ref. [24]). In the crystal, the mole-
cules of (+)-6 are linked with each other in a three-dimen-
sional network by a number of weak C-H--O interactions,
the shortest one O(4)-+H(2) being 2.31(1) A.

ADb initio computations at a reasonably high level of
theory  (TD-B3LYP/6-314+-G(d,p)//B3LYP/6-31+G(d),="
see Computational studies in the Experimental Section) de-
termined the (3R,5S,75,9R,11R,13S)-configuration for the
enantiomer with negative specific rotations of [a]Z =—206.7
in the gas phase. This prediction has been unequivocally
proved by X-ray crystal structure analysis applying Cuy, ra-
diation®! which, according to the small but significant
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anomalous diffraction originating from the oxygen atoms,
did reveal the absolute (3R,5S,7S,9R,11R,13S)-configuration
for this enantiomer (Figure 2). This means at the same time
that the (+4)-enantiomer possesses (355R,7R,98,11S,13R)-
configuration. The two sets of geometrical parameters deter-
mined for (+)-6 with Moy, radiation and (—)-6 with Cug,
radiation are very close to one another (Figure 2).
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Figure 2. Structure and absolute configuration of (+)- and (—)-4,8,12-tri-
oxahexacyclo[4.4.3.0*°07°0%!°0"" ]tridecanes [(+)-(3S,5R,7R,95,115,13R)-6
and (—)-(3R,5S,75,9R,11R,135)-6] as well as structure and absolute con-
figuration of rac- and (—)-2,8,12-trioxahexacyclo[8.3.0.0*°0*°0>0""]tride-
cane [rac-8 and (1R3R,7R9R,11R,13R)-8] in the crystal.'" Bond lengths
[A] represent mean values based on assumed C; symmetry; thermal ellip-
soids are shown at 50 % probability level.

Upon treatment with boron trifluoride etherate at —78°C,
trisepoxide rac-6 rearranged with retention of the skeletal
three-membered carbocycle to give the hexacyclic trisether
rac-8 in virtually quantitative yield (Scheme 3).

o O
0225 ' &c’
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(-16

(+)-6
rac-6

s 98%1 aorb s
s 1o o s
80 ) 1 + s (o]
7 53 s s
0 oY
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[
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Scheme 3. Rearrangement of bullvalene trisepoxide rac-6 to the cage tris-
ether rac-8 and its possible stereochemistry. a) BF;-Et,O, CH,Cl,, —78°C,
15 min; b) MgSO,, CH,Cl,, 20°C, 15 min.
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However, the same quantitative rearrangement to rac-8
was observed upon simply stirring a solution of rac-6 in di-
chloromethane with anhydrous magnesium sulfate at ambi-
ent temperature for 15 min. This was accidentally found
when anhydrous magnesium instead of sodium sulfate was
used to dry the organic extracts in a repeated preparation of
rac-6.

An X-ray crystal structure analysis of the trisether rac-8
(Figure 2) disclosed almost ideal C; symmetry for this mole-
cule. The three cyclopropane C—C bonds [1.512(1) A] are
exactly of the same length as the three C—C bonds adjacent
to the cyclopropane [1.512(2) A], that is, while the cyclopro-
pane bonds are slightly lengthened as compared to the
normal length in cyclopropane [1.499(1) A in the crystall"”)
or 1.509(3) A in the gas phase™], the ones adjacent to the
cyclopropane are essentially shorter than the bonds C3—C9,
C7—C11 and C1—C13 [1.553(1) A]. The latter are closer to
the normal C,,~C,, bond length (1.536 AP”) which is exact-
ly the same as the three C—C bonds adjacent to the unique
bridgehead [1.536(2) A]. In the crystal, molecules are linked
with each other by weak cyclopropane C-H:--O contacts; the
distances H--O (2.50-2.60 A) are well in the standard range
for similar contacts.

These enantiomeric trisethers 871 were separated by
preparative HPLC and exhibited specific rotations of [a]5 =
+49 and [a ]365—+l70 (c=1.01, CHCL,) for the firstly as
well as [a]5=-46 and [a]5;=-160 (c=1.02, CHCl;) for
the secondly eluted enantiomer. The ab initio computed
(see Computational studies) specific rotation for the tris-
ether (1R3R,7R,9R,11R,13R)-8 was [a]5 =—83.4, and X-ray
crystal structure analysis applying Cuy, radiation® did
reveal this absolute configuration for the enantiomer (—)-8
(Figure 2, one of the three independent molecules has been
shown). Thus, this computation for the gas phase predicts
the sign of the rotation of the compound correctly, but
somewhat overestimates the absolute value. The two sets of
geometrical parameters determined for rac-8 with Moy, ra-
diation and (—)-8 with Cuy, radiation differ from one anoth-
er insignificantly (Figure 2), in spite of their different crystal
systems (triclinic and orthorhombic, respectively).

At first glance, the rearrangement of (—)-6 or (+)-6 may
each produce a pair of enantiomers (—)-8 and (+)-8
(Scheme 4).

While opening of the three C—O bonds in the epoxide
moieties adjacent to the skeletal three-membered ring in
(=)-6 and (4)-6 (c-opening)®* ¥ would yield (+)-8 and
(—)-8, respectively, opening of the C—O bonds in the B-posi-
tion®* ™ of the cyclopropane core in (—)-6 and (4+)-6 (B-
opening) would give (—)-8 and (+)-8, respectively. Taking
into account that the Lewis acid, for example, boron trifluor-
ide, activates one epoxide moiety in such a way that it will
be attacked in a nucleophilic fashion by the appropriately
oriented neighboring oxirane oxygen atom, the carbon atom
in the a-position of the skeletal cyclopropyl group ought to
be more prone to be attacked, as cyclopropyl substituents
are well known to stabilize an adjacent positive charge effi-
ciently.?" If this concept was correct, the rearrangement
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Scheme 4. Stereochemical aspects of the rearrangement of enantiomeric
bullvalene trisepoxides 6 to the hexacyclic cage trisethers 8.

should be stereospecific and produce (—)-8 only from (+)-6
as well as (4)-8 from (—)-6, respectively. In fact, the enan-
tiomerically pure (4)-6 isomerized without racemization to
give exclusively (—)-8, and (—)-6 produced only (+)-8 (a
very small fraction of an unidentified impurity with tz=
40 min was detected in both cases). Thus, according to the
assignment of the absolute configuration based on computa-
tions and on anomalous diffraction, (—)-8 was formed exclu-
sively from (+)-6 and (4)-8 from (—)-6. This can only occur
with ring opening of the three C—O bonds in the epoxide
moieties in the o-position to the skeletal three-membered
carbocycle (Scheme 4).

Experimental Section

General aspects: Starting materials: bullvalene (tricyclo[3.3.2.0**]deca-
3,6,9-triene) (1) and a solution of dimethyldioxirane!™*!) were prepared
according to previously published procedures. All operations in anhy-
drous solvents were performed under an argon atmosphere in flame-
dried glassware. Dichloromethane was dried by distillation from P,O.
All other chemicals were used as commercially available. Organic ex-
tracts were dried over Na,SO,. IR spectra were recorded on a Bruker
IFS 66 (FT-IR) spectrophotometer as KBr pellets. 'H and *C NMR spec-
tra were recorded on a Bruker AM 250 (250 MHz for 'H and 62.9 MHz
for ®C NMR) instrument in CDCl,. Multiplicities were determined by
DEPT (distortionless enhancement by polarization transfer), chemical
shifts refer to dpys=0.00 according to the chemical shifts of residual
CHCI; signals. Mass spectra (EI, 70 eV) were measured with a Finnigan
MAT 95 spectrometer. Chiral HPLC analyses were performed on a
JASCO PU-986 chromatograph equipped with both a refractive index
(JASCO RI-2031) and a polarimetric (JASCO OR-990) detector, using a
25x%0.46 cm column with Chiralcel OD, hexane/2-propanol (90:10 v/v),
0.5 mLmin'; preparative separations of enantiomers were performed on
the same instrument using a 25x2.0cm column with Chiralcel OD,
hexane/2-propanol, 9.0 mLmin~'. Optical rotations were measured on a
JASCO P-1030 digital polarimeter in a 2 cm cell. Melting points were de-
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termined on a Biichi 510 capillary melting point apparatus, values are un-
corrected.

4,8,12-Trioxahexacyclo[4.4.3.0°°0"°0>"°0"*]tridecane (bullvalene trisep-
oxide, rac-6): a) To a vigorously stirred solution of bullvalene (1)
(1.20 g, 9.22 mmol) in a mixture of acetone (35 mL) and dichloromethane
(20mL) was added a neutralized solution of Oxone [prepared from
2KHSO;KHSO,K,SO, (Oxone, 2829 g, 92.0 mmol SOs*"), NaHCO,
(11.59 g, 138.0 mmol) in H,O (150 mL)]* at 0°C over a period of
10 min. After stirring at ambient temp. for an additional 3 h, the reaction
mixture was diluted with water (80 mL) and extracted with CH,Cl, (3x
50 mL). The combined organic extracts were dried and concentrated
under reduced pressure (20 Torr) at 30°C to give essentially pure bullva-
lene trisepoxide rac-6 (1.53 g, 93%). An analytical sample was obtained
by recrystallization from hexane/CH,Cl, and had m.p. 237°C (decomp.).
'"H NMR (250 MHz, CDCL,): =3.49 (q, J=6.8 Hz, 1H; CH), 3.39-3.35
(m, 3H; 30CH), 3.04 (dd, /=4.8, 6.8 Hz, 3H; 30CH), 1.74 ppm (p, /=
2.0 Hz, 3H; ¢Pr-H); "C NMR (62.9 MHz, CDCl;): 6=53.5 (3CH), 51.0
(3CH), 30.7 (CH), 18.9 ppm (3CH); MS (EI): m/z (%): 178 (18) [M]*,
169 (16), 131 (25), 121 (26), 103 (96), 91 (60), 81 (100), 77 (64); HRMS:
m/z: caled for C,jH;(O5: 178.0629; found: 178.0629. The structure of rac-
6 was also confirmed by X-ray crystal structure analysis. HPLC analysis
proved it to be a 1:1 mixture of two enantiomers with ;=45 and 60 min,
respectively, and they were separated by preparative HPLC. The firstly
eluted enantiomer had m.p. 245-246°C (decomp.), [a]3=+160 and
[a]2,=4567 (c=0.946, CHCL); the second one had m.p. 244-245°C
(decomp.), [a]5=—157 and [a]Z,=—554 (c=0.986, CHCL,). The struc-
tures of (+)-(3S,5R,7R9S,1185,13R)- and (—)-(3R,5S,7S,9R,11R,135)-
4,8,12-trioxahexacyclo-[4.4.3.0°°0"°0*1°0"*|tridecanes [(+)-6 and (—)-6]
as well as the absolute configuration of (—)-6 were also proved by an X-
ray crystal structure analysis applying Cuy, radiation in the latter case.

b) To a vigorously stirred solution of dimethyldioxirane (ca. 6 mmol,
60 mL of a ca. 0.1Mm solution in acetone) was added in one portion bullva-
lene 1 (156 mg, 1.2 mmol) at —78°C. The reaction mixture was allowed
to warm up to ambient temperature over a period of 0.5 h, stirred at this
temperature for an additional 1 h, and concentrated under reduced pres-
sure. The residue was taken up with dichloromethane (40 mL), the so-
lution was dried and concentrated again to give essentially pure bullva-
lene trisepoxide rac-6 (203 mg, 95%).

2,8,12-Trioxahexacyclo[8.3.0.0°*°0*0°*0" " |tridecane (rac-8): a) To a stir-
red solution of bullvalene trisepoxide (rac-6) (150 mg, 0.84 mmol) in an-
hydrous dichloromethane (5 mL) were added at —78°C under argon two
drops of boron trifluoride etherate. After stirring at this temperature for
an additional 15 min, the still cold mixture was poured into a vigorously
stirred aqueous saturated NaHCOj; solution (20 mL). The aqueous layer
was extracted with CH,Cl, (3x10mL), the combined organic extracts
were dried and concentrated under reduced pressure to give rac-8
(147 mg, 98 %) as a colorless powder in essentially pure form. An analyti-
cal sample was obtained by recrystallization from CH,Cl,/hexane. M.p.
298-299°C (decomp.); 'HNMR (250 MHz, CDCL): 6 =4.54-4.44 (m,
6H; 60CH), 3.08 (q, /=7.3 Hz, 1H; CH), 1.69 ppm (p, /=1.9 Hz, 3H;
cPr-H); "*CNMR (62.9 MHz, CDCl;): =774 (3CH), 67.3 (3CH), 47.5
(CH), 13.1 ppm (3CH); IR (KBr): 7=3055, 2995, 2973, 1358, 1095, 1060,
1024, 937, 859, 840 cm™'; MS (EI): m/z (%): 178 (92) [M]*, 149 (50), 131
(28), 121 (25), 103 (18), 91 (22), 81 (100), 77 (24); HRMS: calcd for
C,H,(0;: 178.0629; found: 178.0629. HPLC analysis proved it to be a 1:1
mixture of two enantiomers with f; =27 and 32 min, respectively, and
they were separated by preparative HPLC. The firstly eluted enantiomer
(15,35,75,95,115,135)-8 had m.p. 287-289°C (decomp.), [a]5=+49 and
[a]2,=4+170 (c=1.01, CHCl,); the second one (1R3R,7R9R,11R,13R)-8
had m.p. 285-287°C (decomp.), [a]5=-46 and [a]3;=-160 (c=1.02,
CHCl;). Isomerization of the enantiomerically pure (+)-6 proceeded

b) A solution of rac-6 (499 mg, 2.8 mmol) in CH,Cl, (40 mL) was vigo-
rously stirred with anhydrous MgSO,, filtered and concentrated under re-
duced pressure to give 489 mg (98 %) of rac-8.

Computational studies: Geometries were optimized by using density
functional theory (DFT) employing Becke’s three-parameter functional
with the Lee-Yang-Parr correlation functional (B3 LYP)?"" utilizing the
6-314+G(d) basis set?®¥"! as implemented in Gaussian 98.%° All optimized
structures were characterized as minima by computing analytical second
energy derivatives.*®!

The root mean square (RMS) deviation of the computed geometries
from the experimental ones for the C—C and C—O bond lengths were
0.009(0) and 0.008(5) A for (—)-6 and (—)-8, respectively. The maximum
deviations were 0.010(4) and 0.012(0) A, respectively. Hence, the comput-
ed and experimentally determined geometries are in good agreement.
The optical rotations were computed via the sum-over-states method
from the circular dichroism data:

OIﬂ\n (njm|0)
3nhI Z

a) —w?

where # and m are the electric dipole and magnetic dipole operators, re-
spectively; the summation runs over all excitations and f is the trace of
the frequency-dependent electric—dipole magnetic—dipole polarizability
tensor.*”!

Only the single excitations of the valence electrons were computed at the
time-dependent (TD) DFT level of theory by using the B3LYP functional
at the respective optimized geometries with the 6-31+G(d,p) basis
setP®¥ as implemented in Gaussian 03. The ORs thus obtained apply to
the gas phase while the experimental ORs are measured in solution. In
general computations of the gas-phase overshoot the solvated values!*!
due to interactions with the solvent, sometimes considerably so. Current-
ly the solvent cannot be taken into account explicitly, but for non-inter-
acting or weakly interacting solvents (i.e., van der Waals and small dipole
interactions only) the gas phase computations are a decent approxima-
tion.
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