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Cs-Symmetric Tricyclo[2.2.1.02¢]heptane-3,5,7-triol

Volodymyr Kozel,'® Constantin-Gabriel Daniliuc,® Peer Kirsch,®! and Glinter Haufe*?

Abstract: A straightforward access to a hitherto unknown Cs-
symmetric tricyclic triol both in racemic and enantiopure forms has
been elaborated. Treatment of 7-tert-butoxynorbornadiene with
peroxycarboxylic acids provided mixtures of C;- and Cs-symmetric
3,5,7-triacyloxy-nortricyclenes via transannular r-cyclization and
substitution of the tert-butoxy group. Refluxing in formic acid, the C;-
symmetric esters were converted to the Cs-symmetric formate.
Hydrolysis gave diastereoisomeric triols, which were separated by
recrystallization. Enantiomer resolution via diastereoisomeric tri(O-
methylmandelates) delivered the target triols in gram scale. The pure
enantiomers are useful as core units of dopants for liquid crystals.

Aesthetics and beauty of symmetric molecules or figures
fascinate likewise scientists and artists. The importance of many
symmetric compounds for synthesis design or supramolecular
self-assembly stimulate the ambition of synthetic chemists. Along
these lines the use of Cz-symmetric non-racemic auxiliaries,
reagents, or ligands for metal complexes has encouraged
significantly the field of asymmetric synthesis for many years.™M In
contrast the interest in enantiopure Cs-symmetric organic
compounds increased only in the last two decades.? Among their
application as ligands and organocatalysts in asymmetric
synthesis,®! Cs-symmetric molecules also gained promising role
in material science and molecular recognition.¥! The superior
affinity and selectivity of trivalent ligands in comparison with
mono- or divalent counterparts may play important roles in view
of homotrimeric structures of chaperone proteins® as well as
transmembrane subunits including viral membrane fusion
glycoproteins!® and cytokine receptors.[]

Cs-symmetric molecules (Figures 1 and 2) usually have three
identical elements of chirality located in a plane, which is
perpendicular to the symmetry axis. The properties and
application of these molecules depend on the nature of the core.
The smallest core for Cz-symmetric molecules includes one single
atom, connected to three identical substituents with stereocenters
of the same absolute configuration like compounds 1. Molecules
of such tripodal type usually contain heteroatoms and serve as
ligands in asymmetric catalysis® or as a core for the construction
of tripodal molecules.®! Analogous trisubstituted benzenes!*® or
1,3,5-triazines*Y 2 are widely used in material sciences, e.g. to
construct columnar liquid crystalline phases.
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Whereas the Cs-symmetric molecules 1* and 2* (Figure 1) are
distinguished by presence of stereogenic centers, the so-called
“molecular propellers”™ do not have such centers but possess a
particular kind of atropisomerism. Molecules of this type contain
three identical subunits (the blades) radiating from a central axis
of rotation (propeller axis) and twisted in the same sense. As an
example, the triarylmethane derivative 313l is mentioned, whose
three fixed anthracene (Ant) groups can form inclusion complexes
with Cgo fullerene similarly to calixarenes. Similar molecules
bearing three hydrogen bond donors as substituents can serve as

effective anion-receptors.t4
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Figure 1. Examples of Cs-symmetric molecules.

Several rigid Cs-symmetric polycarbocyclic structures are also
conceivable (Figure 1), e.g. 2,8,9-trisubstituted adamantanes 4 or
3,5,7-trisubstituted nortricyclenes 5, which both are unknown so
far. In contrast, one 2,6,7-trisubstituted bicyclo[2.2.2]octane, the
triol 6 (X = OH), was prepared by Heyns, Rudiger and Paulsen in
racemic form 45 years ago.[*! In 2010 Corey et al. published an
enantioselective synthesis of the analogous Cs-symmetric tertiary
amine quinuclidine (7).1%6!

Here we present the synthesis and characterization of both
enantiomers of the hitherto unknown Cs-symmetric nortricyclene-
3,5,7-triol (5, X = OH) and of the racemic Ci-symmetric
diastereoisomer 8 (Figure 2).

) e OH e OH

HO\A%OH

»

OH OH

C4-symmetric compound 8

Figure 2. Diastereoisomeric nortricyclene-3,5,7-trioles 5 and 8.
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To furnish the Cs-symmetric nortricyclene-3,5,7-triol (5) we
designed the retrosynthesis depicted in (Scheme 1). Epoxidation
of 7-tert-butoxy-norbornadiene (9, R = 'Bu) with mCPBA is known
to give the exo-syn-oxirane 10 selectively.['”] The subsequent ring
opening with carboxylic acids should provide mainly compounds
8 with the Ci-symmetric nortricyclene-3,5,7-triol core by
transannular n-cyclization. Finally, acid-catalyzed isomerization
and deprotection should deliver the target Cs-symmetric product
5.

OH OR OR OR
— o
HOJ% R‘OmA%OR" b ﬁ&
OH
5

8 10 9
Scheme 1. Retrosynthesis of tricyclo[2.2.1.0%¢]heptane-3,5,7-triol (5)

Treatment of 9 (R = 'Bu) with in situ generated performic acid
at 15-20 °C furnished the Ci-symmetric triformate rac-11 directly
and small amount of the Cs-symmetric product rac-12 (Table 1,
entry 1). Noteworthy, even under these mild reaction conditions,
substitution of the tert-butoxy group with formate took place. All
attempts to isolate any intermediate of the reaction were
unsuccessful. In contrast, the reaction of 9 with peroxyacetic acid
(39% solution in acetic acid, Wofasteril®) at 15-20 °C gave two
separable monoacetates rac-13 and rac-14 (67% yield, 1:1 ratio)
with Ci-symmetric triol core (Scheme 2).

The structure of 13 was approved by X-ray crystal structural
analysis!*®l (Figure S2). Compound 14 is an oil and its structure
was confirmed spectroscopically and by saponification.
Compounds rac-13 and rac-14 furnished two different 7-tert-
butyloxy-nortricyclene-3,5-diols rac-15 and rac-16 on treatment
with potassium carbonate in methanol at room temperature. Work
up with 37%wt HCI led to the Ci-symmetric triol rac-8 (R = H) in
both cases (see Supporting Information, SI).

Heating of the 1:1-mixture of compounds rac-13 and rac-14 in
acetic acid at 200 °C in a pressure tube for 3 h provided Ci-
symmetric triacetate rac-17 in 64% yield (from 9) and minor
amounts of rac-18 (Table 1, entry 3).

The selective formation of products with Ci-symmetric core
(rac-11, rac-13, rac-14 and rac-17) agrees with the assumption
that reactions of diene 9 with peroxycarboxylic acids proceed via
the intermediate formation of exo-syn-epoxide 10 (R = 'Bu).
Moreover, we observed that the ratio of Cs-symmetric isomers
rac-12 and rac-18 increased with increasing reaction temperature
and hence they are thermodynamically more stable.

Table 1. Reactions of 7-tert-butoxynorbornadiene (9) with peroxyformic
and peroxyacetic acids to form racemic triesters 11, 12, 17 and 18, respectively.

oy
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0'Bu OC(O)R OC(O)R
§ RC(O)OOH % .
—_—
/ inRC(OJOH R(O)CO OC(O)R  R(O)CO
OC(O)R
9 rac-11, rac-171"8] rac-12, rac-181"8]
Entry R T Cat. Time GC ratio [%] (yield, [%])
[°C] [h] rac-11, rac- rac-12, rac-
17 18
1 H 1520 - 1 80 (36) 2000
2 reflux - 120 25 (1) 75 (32)
3 CHs 200 - 3 95 (64) 5 ()
4 200  HCIO. 4 33 (239 67 (47%)

2 based on rac-17 used as starting material

Here we reach the crucial point of the synthesis of the Cs-
symmetric triol 5, the isomerisation of the Ci-symmetric triol core
to the Cs-symmetric one (Scheme 3). Refluxing (5 days) of the
isomeric triformates rac-11 and rac-12 in formic acid gave a
separable 1:3 mixture of triformates with the Cs-symmetric rac-12
as the major product. The Ci-triformate 11 was calculated
(B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) with ZPE corrected
values) to be about 5 kcal/mol less stable (in the gas phase) than
the Cs-symmetric isomer 12 (see SlI).

The mentioned 1:3 mixture of rac-11 and rac-12 can also be
prepared in a one pot reaction (Sl) of 7-tert-butoxynorbornadiene
(9) with in situ formed performic acid (1:1 molar ratio) at r.t. for 1
h. Traces of remaining peracid were decomposed with liberation
of carbon dioxide by heating at 85 °C for 1 h.*! Finally, after
negative peroxide test, the reaction mixture was refluxed for 5
days.?% The isomerisation of the Ci-symmetric triacetate rac-17
to Cs-symmetric rac-18 in acetic acid needs more forced
conditions (Table 1, entry 4). It occurs within 4 h at 180-200 °C in
a pressure tube in the presence of catalytic amounts of perchloric
or triflic acid giving product ratio rac-17:rac-18 = 1:2 (23% and
47%, isolated yields from Ci-symmetric triacetate rac-17).

The rearrangement, exemplified for triformate rac-11
(Scheme 3), is assumed to start with protonation of one of the
formyloxy groups followed by neighboring group assisted
elimination of formic acid with intermediate formation of the
carbenium-oxonium ion 19.2Y Finally, formic acid attacks ion 19
at one or the other position (pathways a or b) with formation of C-
and Cs-symmetric triformates rac-11 and rac-12, respectively.
Interestingly, the Ci-symmetric triacetate rac-17 as well as
monoacetates rac-13 and rac-14 were converted in refluxing
formic acid to provide the same 1:3 mixture (Table 1, entry 2) of
triformates rac-11 and rac-12. Driving force of this reaction might
be the elimination of the weaker acid after protonation. No
reaction occurred when triformates were refluxed in excess acetic
acid.

O'Bu o'Bu OH
K,CO4
OH OH
MeOH, r.t.
OH

12 N HCI

— " s
r.t.,, 10 min

OAc OH
O'Bu O'Bu rac-13 (33%) rac-15 (99%) rac-8 (97%)
~A
AcOOH 1.AcOH, r.t.,2h
0°C AcOH 2. separation

9 — 10 O'Bu 0'Bu OH

ﬁ% K,CO;4 ﬁ% 12 N HCI j%
AcO OH MeoH, r.t. HO OH rt 10min HO OH

rac-14 (33%) rac-16 (93%) rac-8 (97%)

Scheme 2. Reaction of 7-tert-butoxynorbornadiene (9) with peroxyacetic acid.
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Scheme 3. Neighboring group assisted transesterification. Synthesis of racemic
Cs-symmetric triol rac-5.1¢!

The next goal was the separation of Ci- and Cs-symmetric
products. The isomeric triacetates rac-17 (Figure S3) and rac-18
(Figure S4) as well as the corresponding triformates rac-11 and
rac-12 were separable by column chromatography. The latter
compounds can also be separated by crystallization from diethyl
ether (Cs-symmetric rac-12 is less soluble). The separated Ci-
symmetric triesters rac-11 or rac-17 can be converted to the
corresponding Cs-isomers under the above described conditions.
Finally, there is one more possibility to separate Ci- and Cs-
symmetric products. The triols rac-5 and rac-8 obtained after
saponification of rac-11 and rac-12 were separated taking
advantage of their different solubility in THF. The precipitated Cs-
symmetric triol rac-5 was filtered off from the product mixture and
recrystallized from methanol or THF. The remaining mother liquor
containing a mixture of triols rac-5 and rac-8 was evaporated and
again exposed to isomerization by refluxing with formic acid
(Scheme 3). This process was repeated two times to get the Ca-
symmetric nortricyclene-3,5,7-triol (rac-5) in 45% overall yield
(based on 9) as colorless crystals.

In the triol 5[8 (Figure S1) all OH groups are anti to each other
and all atoms adjacent to the OH-groups are magnetically
equivalent and hence give only one NMR signal. This is also true
for the atoms of the cyclopropane ring. Thus, together with the 4-
CH group, three proton (plus OH) and three carbon signals result.
The triol 5 is readily soluble in water in any ratio, but not
hygroscopic. It is also soluble in alcohols but insoluble in non-
polar organic solvents. Compound rac-5 melts at 208-210 °C
without decomposition and is stable on heating with 2N HCI at
80 °C for 3 h (no change of [a]p?® value of enantiopure 5).
However, refluxing in 4N HCI for 3 h led to decomposition.

Finally, the racemic Cs-symmetric triol rac-5 had to be
resolved to (S,S,S)- and (R,R,R)-enantiomers. Therefore, rac-5
was subjected to Steglich esterification with enantiopure reagents
such as (S)-mandelic acid and its O-protected derivatives
(OTHP,22 OMel®), Whereas the (S,S,S,S,S,S)-trimandelate 20a
was isolated and analysed by X-Ray (Figure 3) the (S,S,S,R,R,R)-
trimandelate 21a as well as its THP-protected form (both not
shown) turned out to be unstable and decomposed during column
chromatography. In contrast, the stable (S,S,S,S,S,S)-tri(O-
methylmandelates) 20b* and (S,S,S,R,R,R) -21b were obtained
by reaction of rac-5 with (S)-2-methoxy-2-phenylacetyl chloride in
the presence of pyridine in acetonitriie and separated
chromatographically (Scheme 4).
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7 O(MPA) OH
6 |\ 2 K>CO3
Me  mpajo MeOH HO
Ph, O 5 4 13

O(MPA) OH
(S.5.5)-5 (97%)

-
R 20b (30%)
-, .
HO cat. DMAP,
pyridine,  (MPA)O HO

OH  CHaCN, K,CO;
——
O(MPA) MeOH OH

rac-5 rt,3h
(MPA)O HO
21b (24 %) (R,R,R)-5 (97%)

MPA = (S)-2-methoxy-2-phenylacetyl-
Scheme 4. Separation of the enantiomers from racemic Cs-symmetric triol 5.

The X-Ray structures of trimandelates!*® show significant
differences in their geometry. In the trimandelate (S,S,S,S,S,S)-
20a hydrogen bonds force the mandelate moiety to adopt a
conformation with phenyl rings directed “upwards” (Figure 3,
Figure S5) resulting in a bowl-like structure. In the tri(O-
methylmandelate) (S,S,S,R,R,R)-21b the phenyl rings are faced
on the protons of the cyclopropane ring (Figure 3, Figure S6).
These conformations are also evident from the upfield shifted *H
NMR signals (in CDCIls) of the nortricyclene protons directed
face-on to the phenyl rings.?® Remarkably, in *H NMR spectra
recorded in toluene-ds the Adrs values became negligible (see
SI).

e :
‘:X'C)\' /'1
w ,\.&;4*/‘”“\ o i i
— /\— <7 A - /
(vm\__ N C20r \ C500
{\)l (=) \« ‘é;w N\ rn': /\/I Pt
[ 02 ol i ot \(‘ N 2
A L ‘\A‘:LH ca ‘\_\
s o TRy
e | Vi N
st _j_-—(?_:l{.

(S.S.S.,S.S,S)-20a (S.S.S.\R,R,R)-21b

Figure 3. X-ray crystallographic structure for (S,S,S,S,S,S)-trimandelate 20a
and (S,S,S,R,R,R)-tri(O-methylmandelate) 21b.1¢!

The separated tri(O-methylmandelates) 20b and 21b were
saponified to give the enantiopure triols (S,S,S)-5 and (R,R,R)-5.
(S)-2-methoxy-2-phenylacetic acid can be washed from
enantiopure triols with unpolar organic solvents and reused.

Triol (S,S,S)-5 was esterified with a p-substituted benzoyl
chloride to yield the enantiopure triester (S,S,S)-22 (Scheme 5).
This type of dopants have an advantageous helical twisting power
(HTP) up to -25 um?, high solubility in conventional liquid
crystalline mixtures and high stability against light.[28

O Ar
OH cat. DMAP, pyridine E/
Q CH4CN, rt, 72 h
HO + >¥Ar —_—
Cl 50% yield Ar o
OH hig
(5,5,5)-5 5 equiv o)

(55,5)22 Ar

Scheme 5. Esterification of triol (S,S,S)-5.2%
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In conclusion, appropriate conditions for selective formation of
Ci- and previously unknown Cs-symmetric nortricyclene-3,5,7-
triols rac-8 and rac-5 were figured out. The elaborated procedures
are straightforward, the used reagents are readily available and
column chromatographic purification was not needed to prepare
the racemic compounds. Finally, the racemic Cs-symmetric triol
rac-5 was resolved to (S,S,S)- and (R,R,R)-enantiomers by
classical separation of diastereomeric tri(O-methylmandelates)
and saponification. From triol (S,S,S)-5 dopants for liquid crystals
were obtained.

Acknowledgements

Financial support from the Merck KGaA (project 29290317-
2010) is gratefully acknowledged.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: chiral resolution « Cs-symmetry « neighbouring group
participation « nortricyclene * transannular cyclization

[1] a) J. K. Whitesell, Chem. Rev. 1989, 89, 1581-1590; b) G. Desimoni, G.
Faita, K. A. Jgrgensen Chem. Rev. 2006, 106, 3561-3651; c) S. G. Zlotin,
S. V. Kochetkov, Russ. Chem. Rev. 2015, 84, 1077-1099.

[2] a) C. Moberg, Angew. Chem. 1998, 110, 261-281; Angew. Chem. Int. Ed.
1998, 37, 248-268; b) J. Zhou, Y. Tang, Chem. Soc. Rev. 2005, 34, 664—
676; c) M. P. Castaldi, S. E. Gibson, M. Rudd, A. J. P. White, Chem. Eur.
J. 2006, 12, 138-148; d) S. E. Gibson, M. P. Castaldi, Angew. Chem. 2006,
118, 4834-4837; Angew. Chem. Int. Ed. 2006, 45, 4718-4720; e) C.
Moberg, Angew. Chem. 2006, 118, 4838—-4840; Angew. Chem. Int. Ed.
2006, 45, 4721-4723; f) C. Moberg, Isr. J. Chem. 2012, 52, 653—-662.

[3] a) M. J. Burk, R. L. Harlow, Angew. Chem. 1990, 102, 1511-1513; Angew.
Chem., Int. Ed. Engl. 1990 29, 1462-1464; b) M. J. Burk, J. E. Feaster, R.
L. Harlow, Tetrahedron: Asymmetry 1991, 2, 569-592; c) K. Kawasaki, S.
Tsumara, T. Katsuki, Synlett 1995, 1245-1246; d) K. Kawasaki, T. Katsuki,
Tetrahedron 1997, 53, 6337-6350; T.-H. Chan, G.-Z. Zheng, 1997, 75,
629-633; e) Y. Kohmura, T. Katsuki, Tetrahedron Lett. 2000, 41, 3941—
3945; f) S. Bellemin-Laponnaz, L. H. Gade, Angew. Chem. 2002, 114,
3623-3625; Angew. Chem. Int. Ed. 2002, 41, 3473-3475; g) G. Bringmann,
R.-M. Pfeifer, C. Rummey, K. Hartner, M. Breuning, J. Org. Chem. 2003,
68, 6859-6863; h) C. Dro, S. Bellemin-Laponnaz, R. Welter, L. H. Gade,
Angew. Chem. 2004, 116, 4579-4582; Angew. Chem. Int. Ed. 2004, 43,
4479-4482; i) T. Fang, D.-M. Du, S.-F. Lu, J. Xu, Org. Lett. 2005, 7, 2081—
2084;j) D.-M. Du, T. Fang, J.-X. Xu, S.-W. Zhang, Org. Lett. 2006, 8, 1327—
1330; k) T. Fang, J.-X. Xu, D.-M. Du, Synlett 2006, 1559-1563; I) G.-Q. Li,
Z.-Y. Yan, Y.-N. Niu, L.-Y. Wu; H.-L. Wei, Y.-M. Liang, Tetrahedron:
Asymmetry 2008, 19, 816-821; m) J. N. Moorthy, S. Saha, Eur. J. Org.
Chem. 2010, 6359-6365; n) C. Min, X. Han, Z. Liao, X. Wu, H.-B. Zhou, C.
Dong, Adv. Synth. Catal. 2011, 353, 2715-2720; o) X. Han, C. Dong, H.-B.
Zhou, Adv. Synth. Catal. 2014, 356, 1275-1280; p) W. Lv, C. Guoa, Z.
Dong, S. Tang, B. Liu, C. Dong, Tetrahedron: Asymmetry, 2016, 27, 670—
674.

[4] a) S.-G. Kim, K.-H. Kim, Y. K. Kim, J. Jung, S. K. Shin, K. H. Ahn, J. Am.
Chem. Soc. 2002, 124, 591-596; b) M. C. Schopohl, C. Siering, O.
Kataeva, S. R. Waldvogel, Angew. Chem. 2003, 115, 2724-2727; Angew.
Chem. Int. Ed. 2003, 42, 2620-2623; c) M. L. Bushey, T.-Q. Nguyen, W.
Zhang, D. Horoszewski, C. Nuckolls, Angew. Chem. 2004, 116, 5562—
5570; Angew. Chem. Int. Ed. 2004, 43, 5446-5453; d) J. van Gestel, A. R.
A. Palmans, B. Titulaer, J. A. J. M. Vekemans, E. W. Meijer, J. Am. Chem.
Soc. 2005, 127, 5490-5494; e) G. Haberhauer, T. Oeser, F. Rominger,
Chem. Eur. J. 2005, 11, 6718-6726; f) J. Chin, C. Walsdorff, B. Stranix, J.
Oh, H. J. Chung, S.-M. Park, K. Kim, Angew. Chem. 1999, 111, 2923-2926;
Angew. Chem. Int. Ed. 1999, 38, 2756-2759; g) S.-G. Kim, K.-H. Kim, Y.
K. Kim, S. K. Shin, K. H. Ahn, J. Am. Chem. Soc. 2003, 125, 13819-13824;
h) E. A. Opsitnick, X. Jiang, A. N. Hollenbeck, D. Lee, Eur. J. Org. Chem.
2012, 708-720, i) G. Hennrich, B. Nieto-Ortega, B. Gomez-Lor, E.
Guitierrez, L. de Vega, E. Cavero, F. J. Ramirez, J. T. L6pez Navarrete, J.
Csado, 2012, 1577-1582; j) F. Pop, C. Melan, I. Danila, M. Linares, D.
Beljonne, D. B. Amabilino, N. Avarvari, Chem. Eur. J. 2014, 20, 17443-
17453.

10.1002/anie.201709279

WILEY-VCH

[5] G. Lamanna, M. Grillaud, C. Macri, O. Chaloin, S. Muller, A. Bianco,
Biomaterials 2014, 35, 7553-7561.

[6] a)H.Li, Y.-J. Guan, A. Szczepanska, A. J. Moreno-Vargas, A. T. Carmona,
I. Robina, G. K. Lewisa, L.-X. Wang, Bioorg. Med. Chem. 2007, 15, 4220—
4228; b) D. M. Eckertand, P. S. Kim, Annu. Rev. Biochem. 2001, 70, 777—
810; c) A. Szczepanska, J. L. Espartero, A. J. Moreno-Vargas, A. T.
Carmona, |. Robina, S. Remmert, C. Parish, J. Org. Chem. 2007, 72, 6776—
6785.

[7]1 S. Fournel, S. Wieckowski, W. Sun, N. Trouche, H. Dumortier, A. Bianco,
O. Chaloin, M. Habib, J.-C. Peter, P. Schneider, B. Vray, R. E. Toes, R.
Offringa, C. J. M. Melief, J. Hoebeke, G. Guichard, Nature Chem. Biol.
2005, 1, 377-382.

[8] a)J.Zhou, Y. Tang, Org. Biomol. Chem. 2004, 2, 429-433; b) P. Etayo, C.
Ayats, M. A. Pericas, Chem. Commun. 2016, 52, 1997-2010; (c) D.
Beaudoin, F. Rominger, M. Mastalerz, Eur. J. Org. Chem. 2016, 4470—
4472.

[9] a) A. Schmitt, B. Chatelet, S. Collin, J.-P. Dutasta, A. Martinez, Chirality
2013, 25, 475-479; b) A. S. Singh, S.-S. Sun, Chem. Rec. 2015, 15, 1021-
1044; c) J. M. Granda, J. Grabowski, J. Jurczak, Org. Lett. 2015, 17, 5882—
5885.

[10] a) G. Hennrich, A. Omenat, |. Asselberghs, S. Foerier, K. Clays, T. Verbiest,
J. L. Serrano, Angew. Chem. 2006, 118, 4310-4313; Angew. Chem. Int.
Ed. 2006, 45, 4203-4206; b) B. Gdmez-Lor, B. Alonso, A. Omenat, J. L.
Serrano, Chem. Commun. 2006, 5012-5014; c) M. H. C. J. van Houtem,
F. Benaskar, C. F. C. Fitié , R. Martin-Rapun, J. A. J. M. Vekemans, E. W.
Meijer. Org. Biomol. Chem. 2012, 10, 5898-5908; d) A. Pradhan, P.
Dechambenoit, H. Bock, F. Durola, J. Org. Chem. 2013, 78, 2266-2274; e)
S. Park, M.-H. Ryu, T. J. Shin, B.-K. Cho, Soft Matter, 2014, 10, 5804—
58009; f) S. Park, B.-K. Cho, Soft Matter 2015, 11, 94-101; g) T. Wéhrle, 1.
Wurzbach, J. Kirres, A. Kostidou, N. Kapernaum, J. Litterscheidt, J. C.
Haenle, P. Staffeld, A. Baro, F. Giesselmann, S. Laschat; Chem. Rev.
2016, 116, 1139-1241. h) J. Buendia, J. Calbo, F. Garcia, J. Arago, P. M.
Viruela, E. Orti, L. Sanchez, Chem. Commun. 2016, 52, 6907-6910; i) J.
Buendia, F. Garcia, B. Yelamos, L. Sanchez, Chem. Commun. 2016, 52,
8830-8833.

[11] @) A. Garcia, B. Insuasty, M. A. Herranz, R. Martinez-Alvarez, N. Martin,
Org. Lett. 2009, 11, 5398-5401; b) ) L.-L. Lai, S.-J. Hsu, H.-C. Hsu, S.-W.
Wang, K.-L. Cheng, C.-J. Chen, T.-H. Wang, H.-F. Hsu, Chem. Eur. J.
2012, 18, 6542-6547.

[12] E. L. Eliel, S. H. Wilen, Stereochemistry of Carbon Compounds, Wiley, New
York, 1994, p. 1156.

[13] @) J. Kobayashi, Y. Domoto, T. Kawashima, Chem. Commun. 2009, 6186—
6188; b) J. Kobayashi, Y. Domoto, T. Kawashima, Chem. Lett. 2010, 39,
134-135.

[14] J. M. Granda, J. Grabowski, J. Jurczak, Org. Lett. 2015, 17, 5882-5885.

[15] K. Heyns, G. Rudiger, H. Paulsen, Chem. Ber. 1972, 105, 1028-1031.

[16] X. Gao, R. P. Singh, E. J. Corey, Org. Lett. 2010, 12, 1812-1814.

[17] F. W. Ng, H. Lin, Q. Tan, S. J. Danishefsky, Tetrahedron Lett. 2002, 43,
545-548.

[18] CCDC 1536599 (rac-5), 1536600 (rac-13), 1536601 (rac-17), 1536602
(rac-18), 1536603 (S,S,S,S,S,S)-20a, 1536604 (S,S,S,R,R,R)-21b contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

[19] J. English Jr., J. D. Gregory, J. Am. Chem. Soc. 1947, 69, 2120-2122.

[20] The isomerisation of the Ci-triformate rac-11 by heating in a pressure tube
may significantly shorten the reaction time (2 h at 170 °C). We suggest this
method only for small quantities because of partial decomposition of formic
acid to water and carbon monoxide causing overpressure. Moreover, the
yield of the Cs-symmeric triformate rac-12 dropped due to partial formation
of diformates.

[21] &) J. L. Dolby, M. J. Schwarz, J. Org. Chem. 1965, 30, 3581-3586; b) O.
Itoh, Y. Ichikawa, H. Katano, K. Ichikawa, Bull. Chem. Soc. Japan 1976,
49, 1353-1358.

[22] O. Parve, M. Aidnik, U. Lille, I. Martin, I. Vallikivi, L. Vares, T. Pehk,
Tetrahedron: Asymmetry 1998, 9, 885-896.

[23] J. B. Jones, M. Dickman, R. C. Lloyd, US 2012/0295329 Al.

[24] Unfortunately, suitable crystals for X-ray structural analysis of compound
20b could not be grown.

[25] a) I. Louzao, J. M. Seco, E. Quifioa, R. Riguera, Chem. Commun. 2010,
46, 7903-7905; b) S. Porto, E. Quifio4, R. Riguera, Tetrahedron 2014, 70,
3276-3283.

[26] P. Kirsch, G. Haufe, V. Kozel, J. Grajewski, WO 2016/198143 A1,
15.12.2016.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

Entry for the Table of Contents (Please choose one layout)
Layout 2:

COMMUNICATION

OBu

OH | HO
- 3
Ay —-
HO\L% ! &OH
OH | OH
(

8595- ©  (RRR)-

Cs-symmetry progresses: The hitherto unknown smallest Cs-symmetric tricyclic triol has been
synthesized in both enantiopure forms. Reactions of 7-tert-butoxynorbornadiene with peroxyacids
lead to Ci-symmetric triesters, which are subsequently isomerized to Cs-symmetric products. Both
reactions are facilitated by transannular neighboring group participation. Classical racemate resolution
provided the enantiomerically pure target compounds, which are suitable for the preparation of
dopants for liquid crystals and might serve as core units for other supramolecular assemblies,
molecular recognition and asymmetric catalysis.
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