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Abstract—The preparation of optically active (S)-(+)-4-(2-propenyl)[2.2]paracyclophane 1b is described. Cycloaddition reactions
of this diene with N-phenylmaleimide 2 and maleic anhydride 5 were carried out under high pressure conditions. The cycloadducts
were converted into optically active heterohelicenophanes. A systematic 'H and '3C NMR spectroscopic analysis of the reaction

products is also presented.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

We have previously described' the development of a
convergent strategy for the regiospecific construction of
[2.2]paracyclophanes containing condensed aromatic
subunits. This is an interesting class of compounds
from the point of view of their optical and electronic
properties and their potential applications as new mate-
rials and chiral ligands for asymmetric catalysis®>. Our
two-step approach was based on the Diels—Alder
cycloaddition of (S)-(+)-4-ethenyl[2.2]paracyclophane
1a (Fig. 1), a diene that is ecasily accessible from the
precursor (S)-(+)-4-acetyl[2.2]paracyclophane.?

Herein we present the synthesis of two optically active
heterohelicenophanes containing a heterocyclic aro-
matic subunit and a methyl group in the A ring of the
subunit. The presence of the methyl group in a peri-like
position with the methylene of the ethane bridge is
interesting; it exerts steric hindrance and should
increase the distortion of the subunit thus affecting the
electronic and optical properties. We report the prepa-
ration of (S)-(+)-4-(2-propenyl)[2.2]paracyclophane 1b
(Fig. 1) and its use for synthesizing heteroheli-
cenophanes. We also present a systematic 'H and '*C
NMR spectroscopic investigation of the cycloadducts
and of the heterohelicenophanes from the point of view
of structural and stereochemical assignments.
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Figure 1.

2. Results and discussion

(S)-(+)-4-(2-Propenyl)[2.2]paracyclophane 1b was pre-
pared according to a previously reported procedure for
the racemic form;* however, the dehydration of the
carbinol was carried out by treating it with PBr; in
CH,CI, and then with LiBr and Li,CO; instead of with
HCI.? The diene was also characterized by extensive
NMR and GC-MS analyses.

The preferred conformation for diene 1b is depicted in
Figure 2 and is supported by NOE measurements.
Indeed the largest NOE (3.6%) was observed between
the C(2') olefinic protons (5.14 and 5.19 ppm) and H(5)
(6.41 ppm), while the NOE between CH, and H(5) was
only 1.6%. The 2-propenyl side chain and the benzene
ring are not coplanar because of the repulsive non-
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Figure 2. Minimised energy conformation of diene 1b; the
arrows indicate the relevant NOEs observed.

bonded steric interaction between the methyl group and
the ethane bridge methylene of the cyclophane moiety.*
This deviation tends to decrease the resonance between
the olefinic and the aromatic m electrons thereby
decreasing the activating effect of the electron-donating
methyl group in a normal demand Diels—Alder reac-
tion.> This deviation from planarity has already been
shown to affect the [2+2] cycloaddition reaction with
TCNE.*

When diene 1b interacted with N-phenylmaleimide 2 at
atmospheric pressure, no reaction occurred, although a
variety of conditions were tested. The Diels—Alder reac-
tion occurred only under high pressure conditions® (7
kbar) and gave anti- (with respect to the unsubstituted

arene ring) endo diastereoselectively to cycloadduct (+)-
3 in high yield (80%) (Table 1). This was then converted
in 78% yield into the corresponding aromatic com-
pound (R)-(+)-4 (Fig. 3) by DDQ treatment in toluene.

Table 1. Reaction conditions for the Diels—Alder cycload-
dition of (S)-(+)-4-(2-propenyl)[2.2]paracyclophane 1b with
dienophiles 2 and 5

Reactants Conditions Product Yield® (%)
(ratio)
1b-2 (1:2) Toluene, rfx, 24 h - -
1b-2 (1:2) 7 kbar, CH,- 3 80
Cl, rt, 24 h
1b-5 (1:1.2) Toluene, rfx, 24 h - -
1b-5 (1:1.2) 7 kbar, CH,- 6 67

Cl,, 50°C, 24 h

2 Isolated yield.

The Diels—Alder cycloaddition between 1b and maleic
anhydride 5 also occurred only under high pressure
conditions (Table 1) and afforded anti-endo
diastereoselectively cycloadduct (+)-6 in good yield
(67%). DDQ oxidation of (+)-6 gave the aromatic
compound (R)-(+)-7 in 55% yield.

The strong preference for anti diastereoselectivity in the
cycloadditions of dienophiles 2 and 5 may be ascribed
to the steric hindrance of the unsubstituted arene ring.
The severe non-bonded interactions between the arene
ring and the dienophile strongly destabilize the transi-
tion state for syn-addition, thus favouring that of anti-
addition.>” The preferred endo-diastereoselectivity may
be due to secondary orbital interactions®® and high
pressure.®
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3. Structural analysis

The structures of the reaction products were assigned
by analysis of '"H and '*C NMR spectra. Proton and
carbon shift assignments follow from the examination
of 'H-'H and 'H-'3C connectivities (COSY spectra)
and from the observed 'H-{'H} NOEs; quaternary
carbons were assigned by 2D long-range hetero-corre-
lated experiments.” Prefixes o- and B- have arbitrarily
been used to distinguish methylene hydrogen atoms; the
B-prefix indicates a hydrogen atom facing the unsubsti-
tuted arene ring.

3.1. Cycloadducts 3 and 6

The stereochemical relationships of H(3a), H(15a) and
H(15b) of cycloadducts 3 and 6, were inferred from a
series of selective NOE experiments (Fig. 4). Irradiation
of the resonance due to H(4y) in compounds 3 and 6
resulted in signal enhancements of the resonances
attributed to H(3a), H(15a), H(4,) and H(10) signals,
suggesting a boat conformation of ring A and then a cis
spatial relationship between H(3a), H(15a) and H(15b).

This stereochemical assignment is confirmed by the
interproton coupling constant value (J,,;5,=9.4 Hz)
measured for 6. Furthermore, the NOEs observed
between H(4y) and H(10), H(10) and H(15a) indicated
that H(15a), H(3a) and H(15b) point toward the unsub-
stituted arene ring of the paracyclophane unit (Fig. 4),
confirming a totally anti-endo diastereoselectivity in the
cycloaddition reactions.

Further support for the structure assignment was also

given by the NOEs observed on H(4,), Hy(7), and H(10)
upon selective irradiation of C(5) methyl protons, as

(S,3aS,15aR,15bR)-(+)-3

well as by the NOEs observed between H(16) and
H(17), H(17) and H(19), H(10) and H(11), H(8) and
H(10) for compounds 3 and 6. Furthermore NOEs were
observed between H(14) and H(16), H(16) and H(18)
for 3.

3.2. Compounds 4 and 7

The structural determination was based on the outcome
of the reaction used to prepare them and on extensive
NMR investigations. Support for the structure assign-
ment was also given by the NOE observed between
C(5) methyl protons and H(7) for both compounds, as
well as the NOEs observed on the resonances of H(8)
and H(11) upon irradiation of the resonance attributed
to H(10) for 7. Confirmation of the structure assign-
ment to 4 and 7 was also given by the deshielding of
H(4) (7.78 and 7.75 ppm for 4 and 7, respectively) and
H(14) (4.56 and 4.45 ppm for 4 and 7, respectively) due
to the anisotropy effect of the C(3) and C(1) carbonyl
functions in both compounds.

4. Conclusions

Diene 1b has been prepared in enantiopure form and
has been characterized. It has been used to synthesize
two optically active helical cyclophanes containing hete-
rocyclic five-membered rings in the aromatic condensed
subunit by a two-step approach based on the Diels—
Alder reaction. Due to the low reactivity of the diene 1b
the cycloadditions had to be promoted by high pres-
sure. The comparison of the specific rotation values
between 3 and 4 and the corresponding unmethylated
compounds previously prepared,!c points out an effect
of the methyl group on this property.

(S,3aS,15aR, 15bR)-(+)-6

Figure 4. Minimised energy conformations of compounds 3 and 6; the arrows indicate observed NOEs.



2778 L. Minuti et al. / Tetrahedron: Asymmetry 14 (2003) 2775-2779

5. Experimental
5.1. General

Melting points (uncorrected): Biichi melting point
apparatus. IR: Perkin—Elmer Paragon 500 FT-IR in
CHCI;. NMR: Varian Associates VXR-400 in CDCl;,
TMS as int. reference. 'H and '*C shift assignments are
based on COSY, 'H-{'"H}NOE and HETCOR experi-
ments; quaternary carbon atoms were assigned by 2D
long-range hetero-correlated experiments. Superscript
‘a’ indicates that the carbon shifts may be interchanged.
MS: Hewlett-Packard 5970 at 70 eV. GC: Hewlett—
Packard 6890 chromatograph. Optical rotations: Jasco
DIP-360 polarimeter at 25°C. Absorption chromatogra-
phy was carried out on Riedel-de Haén silica gel (32-63
pum; 230-400 mesh ASTM). Analytical HPLC was done
on a Hewlett-Packard 1100 instrument (column: Supel-
cosil LC-PAH, 5 pum, 150x4.6 mm; mobile phase
CH;CN/H,O 6:4; flow rate: 1 mL/min; detection: UV
at 254 nm).

5.2. (S)-(+)-4-(2-Propenyl)[2.2]paracyclophane 1b

This diene was prepared according to a previous proce-
dure reported for the racemic compound,® but the
dehydration of the precursor carbinol was carried out
according to the procedure® described for diene 1a; mp
85-86°C (EtOAc); [x]p=+167 (¢ 0.88, CHCly). 'H
NMR 6 2.07 (br s, 3H, CH;), 2.94-3.06 (m, 7H, H-1,
H,-2, H-9, H.-10), 3.37 (m, 1H, H-9), 5.14 (d, 1H,
J=2.3 Hz, H-2"), 5.19 (d, 1H, J=2.3 Hz, H-2), 6.36
(dd, 1H, J=7.8, 1.8 Hz, H-16), 6.37 (dd, 1H, J=7.6,
1.7 Hz, H-7), 6.41 (d, 1H, J=1.7 Hz, H-5), 6.42 (d, 1H,
J=7.6 Hz, H-8), 6.55 (dd, 1H, J=7.8, 1.8 Hz, H-13),
6.59 (dd, 1H, J=17.8, 1.8 Hz, H-12), 6.64 (d, 1H,
J=17.8, 1.8 Hz, H-15); *C NMR ¢ 23.9 (CH,), 344,
35.2, 35.3, 354 (C-1, C-2, C-9, C-10), 115.3 (C-2),
130.1 (C-15), 130.6 (C-5), 132.1 (C-7), 132.2 (C-16),
132.3 (C-13), 1329 (C-12), 1354 (C-8), 136.8, 139.2,
139.3, 139.7 (C-14, C-3, C-6, C-11), 143.0 (C-4), 1454
(C-1). MS m/e (rel. int.) 51 (3), 63 (2), 78 (7), 91 (3),
105 (18), 115 (9), 129 (62), 143 (100, base), 189 (2), 202
(2), 215 (2), 248 (M*, 26).

5.3. Diels—Alder reaction of (5)-(+)-4-(2-propenyl)|2.2]-
paracyclophane 1b with N-phenylmaleimide 2

A solution of N-phenylmaleimide 2 (0.536 g, 3.1 mmol)
in CH,Cl, (6 mL) was added to a solution of diene
(S)-(+)-1b (0.385 g, 1.55 mmol) in CH,Cl, (4 mL). The
whole mixture was placed into a 15 mL Teflon ampoule
and CH,CI, was added until the ampoule was com-
pletely filled. The ampoule was closed and kept under 7
kbar pressure for 24 h at room temperature. After
depressurizing, the solvent was removed in vacuo and
the crude residue was purified by column chromatogra-
phy on silica gel. Elution with 4:1 hexane—ethylacetate
afforded (+)-3 as white crystals (0.522 g, 80%); mp
182°C (dec.) (EtOAc); [¢]p=+367 (¢ 1.22, CHCly); IR:
1709 (s, C=0) cm™!; '"H NMR 4 1.79 (dd, 1H, J=13.7,
5.6 Hz, H-4p), 2.01 (s, 3H, CHs), 2.32 (m, 1H, H-15a),
249 (m, 1H, H-7), 2.62 (m, 1H, H-14), 2.64 (m, 1H,

H-8), 2.68 (m, 1H, H-14), 2.78 (dd, 1H, J=13.7, 2.0
Hz, H-4,), 3.0 (m, 1H, H-13), 3.09 (m, 1H, H-13), 3.10
(m, 1H, H-8), 3.16 (dd, 1H, J=2.0, 5.6 Hz, H-3a), 3.17
(m, 1H, H-7), 3.18 (m, 1H, H-15b), 5.29 (d, 1H, J=6.7
Hz, H-17), 5.51 (d, 1H, J=6.7 Hz, H-16), 6.47 (dd, 1H,
J=17.8, 1.8 Hz, H-10), 6.83 (dd, 1H, J=7.8, 1.9 Hz,
H-11), 6.85 (dd, 1H, J=7.9, 1.9 Hz, H-18), 6.91 (dd,
1H, J=7.9, 1.8 Hz, H-19) 6.97 (m, 2H, H-2', H-6"), 7.27
(m, 1H, H-4"), 7.34 (m, 2H, H-3', H-5'); '*C NMR §
21.9 (CH,), 33.4 (C-14), 34.2 (C-13), 34.9 (C-8), 35.1
(C-4), 37.3 (C-15b), 37.9 (C-7), 42.9 (C-3a), 50.9 (C-
15a), 125.4 (C-5), 126.6 (C-2', C-6"), 128.1 (C-11), 128.4
(C-4), 129.1 (C-3', C-5), 130.2 (C-16), 130.5 (C-19),
130.8 (C-10), 131.2 (C-17), 131.7 (C-6), 132.1 (C-1),
132.4 (C-18), 135.0 (C-5a), 138.4 (C-12), 139.5 (C-9),
140.7 (C-15), 174.9 (C-1), 177.9 (C-3). Anal. calcd for:
C,0H,,NO,: C, 82.63; H, 6.46; N, 3.32. Found: C,
82.41; H, 6.48; N, 3.32%.

5.4. Preparation of (R)-(+)-4

A toluene (6 mL) solution of cycloadduct (+)-3 (0.25 g,
0.59 mmol) was treated with DDQ (0.978 g, 4.31 mmol)
under reflux for 4 h. After usual work up the crude
residue was chromatographed on column and elution
with 9:1 hexane-cthylacetate gave 0.195 g (78%) of
compound (+)-4 as yellow crystals; mp 191-192°C
(EtOAc); [a¢]lp=+536 (¢ 1.05, CHCIl); IR: 1712 (s,
C=0) cm™!; 'TH NMR ¢ 2.72 (m, 1H, H-8), 2.90 (m, 1H,
H-13), 2.94 (br s, 3H, CH;), 3.02 (m, 1H, H-13), 3.10
(m, 1H, H-7), 3.20 (m, 1H, H-8), 3.28 (m, 1H, H-14),
4.05 (m, 1H, H-7), 4.56 (m, 1H, H-14), 5.63 (dd, 1H,
J=728, 1.3 Hz, H-10), 5.78 (dd, 1H, J=7.8, 1.3 Hz,
H-11), 6.65 (dd, 1H, J=7.8, 1.3 Hz, H-18), 6.70 (dd,
1H, /=728, 1.3 Hz, H-19), 691 (d, 1H, J=7.4 Hz,
H-17), 6.95 (d, 1H, J=7.4 Hz, H-16), 7.44 (m, 1H,
H-4), 7.54 (m, 2H, H-2', H-¢"), 7.56 (m, 2H, H-3’,
H-5), 7.78 (br s, 1H, H-4); 3C NMR ¢ 25.3 (CH,),
35.3 (C-13), 35.7 (C-8), 38.0 (C-14), 39.6 (C-7), 122.4
(C-4), 125.2 (C-15b), 127.0 (C-2', C-6"), 128.0 (C-4),
129.3 (C-3, C-5), 129.5 (C-11), 129.9 (C-10), 131.0
(C-19), 131.3 (C-3a), 132.0 (C-15a), 132.1 (C-18), 132.4
(C-1"), 1359 (C-16), 137.0 (C-6), 137.4 (C-17), 138.4
(C-9), 139.0 (C-15), 139.8 (C-12), 139.9, 143.0 (C-5a,
C-5), 168.0, 168.2 (C-1, C-3). Anal. caled for:
C,0H,3NO,: C, 83.43; H, 5.55; N, 3.55. Found: C,
83.52; H, 5.54; N, 3.32%.

5.5. Diels—Alder reaction of (5)-(+)-4-(2-propenyl)[2.2]-
paracyclophane 1b with maleic anhydride 5

The reaction was carried out by following the proce-
dure reported above (see Table 1 for the ratio of the
reagents). After usual work up the crude product was
chromatographed on column (elution: 7:3 hexane—ethyl-
acetate) to afford 0.36 g (67%) of (+)-6 as white crys-
tals; mp 176-177°C (CH,Cl,/hexane); [o]p=+109 (c
0.37, CHCI,); IR: 1779 (s, C=0) cm~!; 'TH NMR 4§ 1.79
(dd, 1H, J=14.0, 6.0 Hz, H-4), 2.02 (br d, 3H, J=2.7
Hz, CH,), 2.27 (m, 1H, H-15a), 2.46 (m, 1H, H-7),
2.52-2.70 (m, 2H, H.-14), 2.63 (m, 1H, H-8), 2.72 (dd,
1H, J=14.0, 2.1 Hz, H-4), 3.02-3.09 (m, 2H, H-13),
3.10 (m, 1H, H-8), 3.17 (m, 1H, H-7), 3.21 (dd, 1H,
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J=9.4-5.5 Hz, H-15b), 3.31 (ddd, 1H, J=94, 6.0, 2.1
Hz, H-3a), 5.32 (d, 1H, J=6.5 Hz, H-17), 5.54 (d, 1H,
J=6.5 Hz, H-16), 6.43 (dd, 1H, J=7.8, 1.9 Hz, H-10),
6.79 (dd, 1H, J=17.8, 1.9 Hz, H-11), 6.85 (dd, 1H,
J=179, 1.9 Hz, H-18), 6.92 (dd, 1H, /=79, 1.9 Hz,
H-19); 1*C NMR 6 21.8 (CHy), 33.1 (C-14), 34.1 (C-13),
347, 349 (C-4, C-8), 37.6 (C-3a), 37.8 (C-7), 43.1
(C-15b), 50.1 (C-15a), 125.6 (C-5), 128.1 (C-11), 130.6,
130.7, 130.8 (C-10, C-16, C-19), 131.4 (C-17), 132.0
(C-6), 132.5 (C-18), 135.4 (C-5a), 138.3 (C-12), 139.3,
139.6 (C-9, C-15), 169.5 (C-1), 173.4 (C-3). Anal. calcd
for: C,;H,,05: C, 79.74; H, 6.40. Found: C, 80.05; H,
6.36%.

5.6. Preparation of (R)-(+)-7

Compound (+)-6 was treated with DDQ according to
the above reported procedure (see Table 1 for the ratio
of the reagents). Usual work up afforded compound
(+)-7 (55%) purified by column chromatography (elu-
tion with 4:1 hexane/ethylacetate); mp 254-255°C
(CH,Cl,/hexane); [o]p=+364 (¢ 0.57, CHCl,); IR: 1769
(s, C=0)cm™!; '"H NMR ¢ 2.71 (m, 1H, H-8), 2.89 (m,
1H, H-13), 2.95 (br s, 3H, CH,), 3.06 (m, 1H, H-13),
3.13 (m, 1H, H-7), 3.24 (m, 1H, H-8), 3.28 (m, 1H,
H-14), 4.05 (m, 1H, H-7), 4.54 (m, 1H, H-14), 5.57 (dd,
1H, J=7.9, 1.3 Hz, H-10), 5.66 (dd, 1H, /=7.9, 1.3 Hz,
H-11), 6.62 (br s, 2H, H-18, H-19), 7.01 (br s, 2H,
H-16, H-17), 7.75 (br s, 1H, H-4); 3C NMR 6 25.5
(CHs3), 35.1, 35.6 (C-8, C-13), 37.5 (C-14), 39.4 (C-7),
123.0 (C-4), 125.1 (C-15b), 129.6 (C-11), 129.8 (C-10),
130.8* (C-3a), 131.3 (C-19), 132.1 (C-18), 132.2* (C-
15a), 136.6 (C-16), 137.7 (C-6), 138.3 (C-17), 138.4
(C-9), 139.0 (C-15), 139.6 (C-12), 140.3 (C-5a), 145.3
(C-5), 163.0, 164.1 (C-1, C-3). Anal. calcd for:
C,;H,;O05: C, 80.68; H, 5.30. Found: C, 80.60; H,
5.31%.
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