FULL PAPER

Diastereomers Composed of Two Planar-Chiral Subunits:
Bis(]2.2]paracyclophan-4-yl)methane and Analogues

Ludger Ernst*?l and Lars Wittkowskil?!

Dedicated to Professor Wolfgang Liittke on the occasion of his 80th birthday

Keywords: Planar chirality / Cyclophanes / Configuration determination / NMR spectroscopy / Diastereomers

A series of compounds Q,Z was prepared, where Q = [2.2]-
paracyclophan-4-yl and Z = C(=0O) (4), CH, (5), SiMe, (6), S
(7), P(=0)OMe (8), and C(=0)C(=0O) (9). Because of the
planar chirality of Q, these compounds occur as meso- (m)
and chiral (c) diastereomers, which were formed in equal
amounts. They were separated in the cases of 4-7 and
enriched in the case of 9 (diastereomeric ratio ca. 7:3).
Compound 8 possesses a pseudoasymmetric phosphorus
centre and occurs as one chiral (8c¢) and two meso
diastereomers (8m;, 8m,), all three of which were isolated

separately. The configurations of 5m/5c, 6m/6¢c, and 8c were
directly determined by NMR spectroscopy, that of 4m/4c
indirectly by reducing the separated compounds to 5m and
5¢, respectively, and that of 7m by X-ray diffraction. The
favoured conformations of 4-8 were studied by molecular
mechanics computations by using the MM3(94) program. An
attempt was made to rationalize some chemical shift
differences between diastereomers on the basis of the
conformers predicted.

Introduction

The possible elements of chirality are centres, axes and
planes of chirality. If a diastereomer contains two consti-
tutionally equal elements of chirality, C, it is either chiral,
when the sense of chirality of the two elements is equal
(CrCr or CsCsy), or it possesses the optically inactive, sym-
metrical meso configuration, when the two elements are of
opposite chirality and thus cancel (CrCs). By far the most
common diastereomers with two constitutionally equal ele-
ments of chirality are those with two chirality centres, the
tartaric acids being the classical case. Already in 1853, Past-
eur converted (+)-tartaric acid into (*)-tartaric acid (“ra-
cemic acid”) and meso-tartaric acid by heating.['! Later, Le
Bel and van’t Hoff explained the optical inactivity of meso-
tartaric acid by intramolecular cancellation.?! Dia-
stereomers with two constitutionally equal chirality axes
have also been known for a long time. Suitably substituted
terphenyls are representative examples, which were first pre-
pared by Adams et al. in 1930.53! These can occur as cis
(chiral) and trans (meso) atropisomers or vice versa. We are
interested in the third group, viz. in diastereomers contain-
ing two constitutionally equal groups of planar chirality.
Among molecules with planar chirality, the cyclophanes are
the most important and two constitutionally equal
planes of chirality (“CEPC”) can be present either in the
same cyclophane unit or in two separate such units. A sim-
ple example of the first possibility is given by the pseudo-
ortho and pseudo-para stereoisomers of 4,12-dibromo[2.2]-
paracyclophane: ! the pseudo-ortho isomer contains two
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CEPCs of equal configuration!® (S,S isomer shown in 1,
Scheme 1) whereas they are of the opposite configuration
in the pseudo-para isomer (R,S, 2) which is therefore achi-
ral. More complex cases are the diastereomeric
[2.2](1,5)naphthalenophanes!” or the recent cyclobis(para-
quat-1,5-naphthalene) tetracations.!® Examples with two
CEPCs present in separate cyclophane units could have two
chiral cyclophanyl groups, e.g. [2.2]paracyclophan-4-yl (ab-
breviated as Q), attached to a common framework Z in a
symmetrical fashion. We are interested in this class of com-
pounds Q,Z, and particularly in the different NMR spectra
of chiral (QR,Z/Q5,Z) and meso (QRZQS) diastereomers
(Scheme 2) and the reasons for these differences.

0O pE

1 2

Br

Scheme 1. Two constitutionally equal planes of chirality within the
same paracyclophane unit, of the same (1) or the opposite (2) sense
of chirality

The simplest molecule comprising two [2.2]paracyclo-
phanyl groups is the “dimer” Q,, bi([2.2]paracyclophan-4-
yl) (3), which has been prepared by Ku$.* No information
as to its diastereomeric uniformity or configuration was
given originally. Very recently, an X-ray diffraction study
showed[®®! that the crystals isolated contained the meso dia-
stereomer but it is not clear whether the chiral diastereomer
was also formed in the synthesis. Our numerous attempts
to repeat the synthesis of 3 in order to investigate its NMR
properties more closely were unsuccessful. Instead, we ad-
dressed our attention to the series of molecules 4—9, in
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chiral meso

Scheme 2. Chiral and meso diastereomers of Q,Z-type compounds
(Q = [2.2]paracyclophan-4-yl; Z = central atom or group); the
(S,S) enantiomer is shown for the chiral diastereomer

which two [2.2]paracyclophan-4-yl moieties are attached to
a common group [CO, CH,, SiMe,, P(=0)OMe, COCO]
or atom (S), see Scheme 3.
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CH,

SiMe,

S
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Scheme 3

Results and Discussion

Synthesis, Separation, and Assignment of the
Diastereomers

An overview of the procedures used to prepare the de-
sired products 4—9 is given in Scheme 4.

Bis([2.2]paracyclophan-4-yl) ketone (4) was obtained in
79% vyield by Friedel—Crafts acylation of [2.2]paracyclo-
phane (10) with its carboxylic acid chloride 11.1'1] The
NMR spectra of the raw product showed that a 1:1 mixture
of the meso (4m) and chiral (4c) diastereomers had been
formed; these isomers were separated by TLC. Due to the
lack of suitable indicator groups, the configurational assign-
ment of the diastereomers by NMR is not feasible at this
stage. The diastereomeric ketones were separately reduced
with LiAlH4/AICl; in quantitative yield to the correspond-
ing methanes 5m and 5S¢, respectively. A large excess of Li-
AlH, was necessary to avoid formation of the alcohols. The
stereoisomeric hydrocarbons are easily identified by 'H
NMR (Figure 1): In 5S¢, the two paracyclophanyl groups
are homochiral, and hence the molecule possesses a C, axis
which passes through the central CH, group and causes
chemical equivalence of its hydrogen atoms. These give rise
to a singlet at 6 = 3.58. In the meso compound 5m, the two
C—H bonds of the central CH, group lie in the plane of
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Scheme 4. Synthesis of 4—9

symmetry which transforms the heterochiral paracyclo-
phanyl groups into each other. The hydrogen atoms them-
selves, however, are not related by symmetry and give an
AX spectrum (6 = 3.85, 3.27; IJI = 15.9 Hz) with surpris-
ingly different chemical shifts, which are nearly equidistant
to high and low frequencies from the chemical shift of Sc.
The configurational assignment of hydrocarbons 5¢ and 5Sm
also clarifies the configuration of the precursor ketones 4¢
and 4m because the paracyclophanyl groups cannot racem-
ize under the conditions applied in reducing 4 to 5. More-
over, the separation of the diastereomers at the ketone stage
is advantageous, because the hydrocarbons Sm and 5¢ show
very similar chromatographic behaviour whereas the ke-
tones differ substantially. On the other hand, the ketones
show little difference in solubility and have similar melting
points (dc: 221°C; 4m: 230°C), whereas the meso hydro-
carbon is better soluble in CH,Cl, or CHCI; than its chiral
counterpart. The melting points of the hydrocarbons also
differ more than those of the ketones (5¢: 272°C; Sm:
228°C).

The remaining products Q,Z, 6—9, were all prepared
from 4-bromo[2.2]paracyclophane (12). While 12 is a well-
known compound,B! carefully controlled conditions in the
bromination of 10 (see Experimental Section) allowed us to
obtain an improved yield of 99% and a product of 98%
purity, which was deemed sufficient for 12 serving as a
starting material. Bromo compound 12 was lithiated with
tert-butyllithium at —78°C in tetrahydrofuran and the lithio
derivative 13 was quenched with dichlorodimethylsilane,
sulfur dichloride, phosphoryl chloride/MeOH, and oxalyl
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Figure 1. Aliphatic region of the 400-MHz 'H-NMR spectra of
the chiral (5¢, top) and the meso (5Sm, bottom) diastereomer of
bis([2.2]paracyclophan-4-yl)methane

chloride to furnish the products Q,SiMe, (6), Q.S (7),
Q,P(=0)OMe (8), and QC(=0)C(=0)Q (9), respectively.
In the raw product, the diastereomers of 6 (6¢ and 6m) are
present in equal amounts. They are separated by fractional
crystallization and can be assigned by '3C NMR or, in anal-
ogy to 5¢/5Sm, by 'H NMR by means of the respective
chemical equivalence (6¢: 6c = 1.09; 6y = 0.79) and non-
equivalence (6m: 6c = 1.86, 0.56; &y = 0.79, 0.57) of the
methyl signals. In contrast to the hydrocarbons 5, the meso
diastereomer is the less soluble of the silanes 6 and has the
higher melting point (6m: 254°C; 6¢: 180°C).

As in the case of the ketones 4, no NMR-active “handle”
is present in the sulfides 7 to assign the diastereomers,
which are formed in equal proportions according to analyti-
cal HPLC. However, crystals suitable for X-ray diffraction
were obtained of the better soluble sulfide, which turned
out to have the meso configuration. 2l

The reaction of 13 with POCI; results only in a twofold
replacement of chlorine by Q, probably because of the steric
strain that would result from the formation of P(=0)Qs.
After workup with methanol, three stereoisomeric products
PQ,(=0)OMe can be isolated, viz. a (racemic) chiral prod-
uct, PQ%,(=0)OMe/PQ%,(=0)OMe (8¢), and two different
products of a meso configuration, PQ*QS(=0)OMe (8m;,
and 8m,). Being connected to four different ligands, the
phosphorus atom in 8m; and 8m, is stereogenic yet only
“pseudoasymmetric” because the ligands QX and Q° are
enantiomorphic (Scheme 5). The stereochemical situation
in 8 is therefore analogous to the textbook example of 2,3,4-
trihydroxyglutaric acid,™® only with planar instead of cen-
tral chirality of the enantiomorphic ligands.

The chiral diastercomer, 8¢, can be distinguished from
the meso diastereomers because its two homomorphic li-
gands Q are diastereotopic and thus give rise to 32 3C-
NMR signals for the paracyclophane moieties. Each meso
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Scheme 5. Configurations of the diastereomers of 8; the (S,S) enan-
tiomer is shown for the chiral diastereomer 8¢; the two meso diaste-
reomers are 8m, and 8mg with () and (s) configuration, respectively,
of the pseudoasymmetric phosphorus atom

diastereomer, on the other hand, shows only 16 paracyclo-
phane lines in the '3C-NMR spectrum as a consequence of
the intramolecular plane of symmetry. Unfortunately, the
NMR spectra do not allow the individual assignment of the
r and s configuration of the phosphorus centre to 8m; and
8m,. Single crystals suitable for X-ray diffraction were not
obtained either, so the absolute configurations of 8m; and
8m, must be left open.

The 3'P-NMR spectrum of the raw product showed that
the formation of 8 was not diastereoselective: 8¢, 8m; and
8m, had been formed in the statistical ratio of 2:1:1. The
separation of the diastereomers was achieved by column
chromatography which gave a mixed fraction of 8¢ and 8m,
and a second fraction of pure 8m, (m.p. 196°C). Fractional
crystallization from MeOH of the mixed fraction furnished
less soluble 8¢ (m.p. 254°C) and better soluble 8m; (m.p.
218°C).

“Paracyclophanil” (9), a known compound,!'” was syn-
thesized by Friedel—Crafts acylation of paracyclophane
with Q(C=0)COCI (14),['" but the reaction gave only 22%
of 9m/9¢ in addition to the main product 4m/dc (65%),
which results from decarbonylation of the acid chloride be-
fore it reacts. Alternatively, 9m/9¢ was prepared in some-
what higher yield (31%) from 13 and oxalyl chloride. The
NMR spectra of the raw products were too complex to
judge the diastercoselectivities of the preparations, but in
view of the other results, diastereoselectivity would not be
expected. The diastereomers 9m and 9c¢ are difficult to sep-
arate. We could enrich one diastereomer by TLC to a ratio
of 7:3. The absence of suitable NMR indicator groups and
the lack of a pure crystalline product prevented the dia-
stereomeric assignment of the 9m/9c¢ mixture. The smallness
of the differences between the properties of 9m and 9c is
certainly due to the increased distance between the chiral
subunits in 9 relative to 4—8. No further attempts were
undertaken to characterize 9 and the remaining discussion
is limited to 4—8.

Conformational Analysis of the Diastereomers of 4—8

The preferred conformations of the diastereomers of 4—8
were studied using Allinger’s program MM?3(94).113] The
most significant internal coordinates describing the confor-
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mations of the Q,Z molecules are the torsional angles about
the two Q—Z bonds. We define ®; as the torsional angle
C5—C4—Z—C4' and O, as C4—Z—C4'—C5'. The 0,0,
combinations corresponding to minima of the confor-
mational energy were searched by using both the stochastic
search method according to Saunders,l'* which is im-
plemented in MM3(94), and the dihedral driver method. In
the latter approach, ®,; and ®, were incremented indepen-
dently from —180° to +180° in steps of 10°. For the meso
compounds the energy surface E(®;,0,) is symmetrical

with respect to the line ®, = —0,, i.e. for each confor-
mation with ®; = x, ®, = y there exists an enantiomeric
conformation with ®; = —y, ®, = —x. For the chiral com-

pounds the energy surface is symmetrical with respect to
the line ®; = ®, and each conformation with ®; = x, ®, =
y is accompanied by an identical conformation with @, =
¥, ®, = x and, of course, the conformations of the (S,S)
isomers with ®; = x, ®, = y are isoenergetic to those of
the (R,R) isomers with ®; = —x, ®, = —y and ®; = —y,
®, = —x.

Table 1 gives the ®,/®, coordinates and the relative steric
energies E  of the lowest energy (Ey = 0) and the second
lowest energy conformations of the diastereomers of 4—8.
When the coordinates are visualized graphically (Figure 2)
one recognizes that the energy minima are confined to a few
relatively narrow ©,/0, regions. The MM3 computations
predict that the lowest energy conformation for all meso
compounds lies in region A (Figure 2a) with torsional coor-
dinates @; = 37%£27°, ®, = —131£19°. The second lowest
minima lie in region B (®; = —1515°, ®, = —69+20°) for
the compounds which have only lone pairs or hydrogen
atoms as ligand of the central atom Z (7m, 5m) or in which
Z is sp>-hybridized (4m). Carbon or oxygen ligands on an
sp>-Z centre (6m, 8m,, 8m'*)) shift the second lowest
energy minimum to region C (®;, = —105t5°, ®, =
—110£5°). However, while the second lowest energy mi-
nima are predicted to be substantially less stable (AE =
1.7—5.1 kcal mol™!) than the lowest energy minima for 4m,
5m, 8m,, 8m,, they are of comparable stability (AE =
0.4—0.7 kcal mol™") for 6m and 7m.

For the chiral diastereomers of 4—8, MM3 predicts that
all compounds possess their lowest-energy conformational
minimum in region D (Figure 2b) in which ®; and ©®, have
similar values [®; = 149%£19°, ®, = 135£15° The (S,S)
diastereomers were computed]. These conformers thus lie
close to the symmetry line and not far from their counter-
parts with ®; and ©, interchanged. The second minimum
energy region E is characterized by torsional angles ®; =
60£20°, ®, = 35%15°, also close to a symmetrical arrange-
ment. Only for compound 4c¢ is conformer E estimated to
be of much higher energy than D (AE = 5.2 kcal mol ™).
In the other chiral diastereomers conformer E is of the
same energy as D (7c¢) or is only slightly less stable (5c, 6c,
8c; AE = 0.4—0.9 kcal mol™!). The computed energy min-
ima are relatively shallow, i. e. the conformers are not very
well defined and are expected to undergo rather large tor-
sional motions. For instance, the calculations for (S,S)-4¢
indicate that the energy of the minimum conformation with
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Table 1. Conformational energies E;; computed by MM3(94) for
the lowest and second lowest energy minima of the meso and chiral
diastereomers of 4—8[¢l

Compound ©,[°] ©,[] E [kcal mol™!] Type of conformation®
4m 10 —131 0.0 A
=20 —68 5.1 B
5m 40 —112 0.0 A
-10 -89 1.7 B
6m 64 —140 0.0 A
—-110 —110 04 C
Tm 20 —140 0.0 A
-10 —49 0.7 B
8m, 29 —=150 0.0 A
—-110 —105 2.8 C
8mg 62 —140 0.0 A
—100 —114 49 C
4c 150 143 0.0 D
80 20 5.2 E
5¢ 130 120 0.0 D
53 30 0.9 E
6¢c 160 140 0.0 D
52 30 0.6 E
Tc 167 150 0.0 D
40 30 0.0 E
8c 160 121 0.0 D
64 50 0.4 E

[ In the meso compounds @, and @, refer to the C4—Z bond of
the (S)- and (R)-paracyclophane moiety, respectively. In the chiral
compounds @, and @, are equivalent. The values given are for the
(S,S) diastereomers. — ] Type of conformation as defined by re-
gions A—E in Figure 2.

®, = 150°, ®, = 143° is raised by only 0.3 kcal/mol when
®, is changed by £10° (the optimum value of ®, is changed
concurrently by ca. 3.5°).

For some of the diastereomers, X-ray structure analyses
have been carried out!"? (see ref.!'® for 6¢/6m) and it is of
interest to note that, apart from 6¢, the energy minimum in
the solid state (symbol * in Figures 2a and 2b) in all cases
corresponds to the lowest or second lowest energy confor-
mation computed by MM3 (for the gas phase).

NMR Spectra of the Diastereomers of Compounds
4-8

The 'H- and '3C-NMR spectra of the aromatic parts of
the diastereomers of 4—8 could be assigned by standard
techniques (H,H-COSY, CH-HETCOR, CH-COLOC
and, in part, 'H{'H}-NOE difference spectra). The same
was true for the '3C spectra of the cyclophane bridges. The
'H spectra of the bridges could be analysed fully in some
cases (C1—C2 bridges in 4m, 5m, 5¢, 6m, 7m, 7¢, C9—C10
bridge in 4m) but not in the remaining ones because there
was too much overlap and second-order character in the
one-dimensional spectra at the available measuring fre-
quency of 400 MHz. When the analysis was possible, the
results bore great resemblance to those obtained previously
for a series of other simple 4-monosubstituted [2.2]paracy-
clophanes!'”! and need not be discussed again. The main
interest in the NMR data lies in the chemical shift differ-
ences between the chiral and the meso diastereomers. Table

Eur. J. Org. Chem. 1999, 1653—1663
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Figure 2. Lowest (circles) and second lowest (squares) energy mi-
nima and associated torsional angles ®;, ®, for 4—8 as computed
by MM3(94): a) meso diastereomers; b) chiral diastereomers (.S,S);
minimum energy regions are labelled A—E and are only indicated
on one side of the symmetry line; an asterisk indicates the preferred
conformation found in the solid state

2 contains the largest 'H- and '3C-shift differences between
corresponding nuclei in the pairs of diastereomers 4—7
(meso minus chiral), in the two meso diastereomers of 8 and
between the diastereotopic ligands of the chiral dia-
stercomer 8c. Generally, these shift differences are rather
small: less than 0.5 ppm in the 'H and less than 1.9 ppm in
the 13C NMR spectra. Only a minor part of the '3C shift
differences is probably due to effects of the magnetic aniso-
tropies of the Z or the paracyclophanyl groups;!'8! the
major part is expected to be caused by the different steric
interactions in the preferred conformations of the dia-
stereomers. A detailed interpretation is hampered by the
smallness of the effects.

We attempted a qualitative interpretation of the three '*C
chemical shifts of the SiCH5; groups in 6m (6 = 1.86 and

Eur. J. Org. Chem. 1999, 1653—1663

D E

Figure 3. View of the conformers corresponding to the minimum
energy regions A—C (meso diastereomers) and D—E (chiral diaste-
reomers); the geometries were produced by taking a meso- and a
chiral Q,Z model with [2.2]paracyclophane moieties of D,, symme-
try and setting the torsional angles ®; and ®, to the following
values: A: 37°/—131° B: —15°/—69°; C: —105°/—110°; D: 149°/
135°; E: 60°/35°; the hydrogen atoms are omitted for clarity; the
small ligands to the central atom are included to make recognition
of the orientation of the molecules easier; these ligands represent
hydrogen atoms, lone pairs, methyl groups or oxygen-containing
ligands or the bisector of their angle with the central atom may
indicate the direction of the C=0 double bond in the ketones; the
meso diastereomers A—C are plotted with the (S)-paracyclophanyl
unit on the left-hand side

0.56) and 6¢ (& = 1.09) making use of the assumed linear
dependence of v effects upon torsional angles.['”] We con-
sidered conformers A and C for 6m and D and E for 6¢
as computed with MM3. Taking the four torsional angles
between the SiCH; carbon atoms and the hydrogen-bearing
ortho-carbon atoms C5 and C5', H;C—Si—C4—C5 and
H;C—Si—C4'—C5’, respectively, assuming decreasing
shielding with increasing torsional angles, and weighting
the conformers according to their computed steric energies,
one expects the equivalent methyl carbon nuclei of 6c¢ to
possess a chemical shift in between those of the two methyl
carbon atoms of 6m as found experimentally. According to
this treatment, the (pro-R)-CH; carbon nucleus in 6m
should be shielded relative to its (pro-S) counterpart. This
relative shielding can be traced back to the close contact of
the (pro-R)-methyl carbon atom in conformer A with the
C5—H fragment of the (R)-paracyclophanyl ligand and a
somewhat larger distance from the analogous fragment in
the (S) ligand. The shielding of the SiCH; carbon atoms in
6¢ relative to that of (pro-S)-CH; in 6m may be explained
by contacts in conformer D of one methyl group with the
C5—H fragment of one paracyclophanyl ligand and of the
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Table 2. Differences in chemical shifts [ppm] or coupling constants [Hz] within pairs of diastereomers

Nucleus Shift difference Nucleus Shift difference Nucleus Shift difference
d(4m) — d(4c) d(5m) — d(5¢) d(6m) — 5(6c¢)
1-H, +0.30 CH,(a)lal +0.27 2-H, +0.22
2-H, +0.46 CH,(b) —0.31 15-H +0.18
5-H —0.44 other H =10.13I SiMe, (b)) —0.22
other H = 10.16l other H = 10.12I
C-4 —0.98 all C = 10.36| C4 —0.65
C-5 +0.50 SiMes(a)! +0.77
C-6 —0.50 SiMe,(b) —0.53
other C = 10.38 other C = 10.391
3(7m) — 3(7c) 3(8m,) — 6(8m,) 5(8¢c) — 8(8¢)I
all H =10.13| 15-H +0.40 C-3 +1.07
C-3 —1.01 other H =10.15I C4 —1.85
C-4 —0.81 C-2 —0.80 C-14 +0.67
C-5 —0.76 POCH; —0.41 C-15 +1.07
other C = 10.42| other C = 10.26l other C = 10.46l
P -3.19
Jpx(8m;) — Jpx(8m,) Jpc(8¢) — Jpc(8c')
POCH,; —-1.2 C-3 +3.0
C-3 +2.0 C+4 -2.0
C-5 24 C-5 —4.2
other C = 10.9I C-6 -1.9
other C = 11.21

[al Less shielded methylene proton. — [®! More highly shielded SiMe protons. — [l Less shielded SiMe carbon atom. —[9 Difference

between the diastereotopic paracyclophanyl groups in 8c

other methyl group with the analogous fragment of the
other ligand. The (pro-S)-methyl group in 6ém experiences
an arrangement leading to substantial shielding only with
the C5—H fragment of the (S)-paracyclophanyl ligand in
conformer C. But its importance is diminished by the low
population calculated for this conformer. In accordance
with the preceding discussion we assign, with due reser-
vation, dc = 1.86 and 0.56 — and from the C,H-HETCOR
spectrum also 8y = 0.79 and 0.57 — to the (pro-S)- and
(pro-R)-SiCHj3 groups, respectively.

Other '3C chemical shift differences within the pairs of
diastereomers are difficult to interpret. It is evident, how-
ever, that the nuclei affected most are C-4, the connection
point of the ligand to the central atom Z, and carbon nuclei
in the vicinity of C-4. Generally speaking, the shift changes
of C-4 and its neighbours may be supposed to reflect
mainly the different steric situation that is created when the
configuration of one paracyclophanyl group is inverted. It
is also noteworthy that the chemical shifts of C-4 and C-4'
in the two diastereotopic paracyclophanyl ligands of 8¢ dif-
fer distinctly more (IA31 = 1.85) than any of the shifts of
analogous carbon atoms in the pairs of diastereomers. Fi-
nally, we note the distinct 3!P chemical shifts of the three
diastereomers of 8 and also some differences in Jpc coup-
ling constants involving carbon atoms in the vicinity of C-
4. The larger and smaller magnitudes of Jpc3 and Jpc.s,
respectively, in 8m; relative to 8m, indicate the influence
upon these geminal couplings of the orientation of the li-
gands (=0, —OCH3) bound to the central phosphorus
atom. This may be compared with the well-known depen-
dence of 2Jp¢ couplings on the phosphorus lone pair orien-
tation in compounds containing trivalent phosphorus. "
Even larger differences are observed for these coupling con-
stants between the diastereotopic phane ligands in 8c.
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The largest 'H chemical shift differences between dia-
stereomers are observed for protons 1-Hg, 2-H,, 5-H in 4m/
4c and for the central methylene group in Sm/5¢c. As the
differences in 4m/4c are larger than in all other pairs of
compounds it is tempting to attribute them to the effects of
the carbonyl group. Inspection of the calculated conformers
with the aid of Dreiding models and consideration of the
magnetic anisotropy of the C=0 group as discussed by Ka-
rabatsos et al.[>!) suggest — in a very qualitative manner —
that 5-H should be shielded in 4m (averaged over the two
possible conformers A) relative to 4¢ (conformer D) and
suggest the opposite for 1-H, and 2-H,. This is indeed what
we found experimentally (Table 2). We also tried to ration-
alize the relative chemical shifts of the methylene protons in
5m and 5c by applying the ring current model of aromatic
systems.[??l For this purpose, Cartesian coordinates were
calculated with HYPERCHEM?*! for Sm and 5S¢ assuming
local D, symmetry for all [2.2]paracyclophane fragments
to keep the problem relatively simple. Conformers A and B
of Sm and D and E of 5¢ were created by setting the tor-
sional angles ®; and ®, to the values predicted by MM3.
The best planes were then calculated ¥ for the non-bridge-
head carbon atoms of all aromatic rings. For each con-
former the distances d of the methylene protons from the
centres of the four aromatic rings were computed together
with the vertical displacements z of these protons from the
best planes mentioned. The values of d and z furnished p,
the component of d in the aromatic plane. Both z and p
were expressed in units of benzene ring radii (139 pm). The
combined contributions of the ring currents of the four aro-
matic rings in each conformer were obtained by adding the
individual current shieldings from the tables of Johnson and
Bovey!?*! and of Haigh and Mallion*®! (assuming the latter
authors’ parameter ¢ to be 0°). Disappointingly, however,
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neither the Johnson—Bovey nor the Haigh—Mallion ap-
proach resulted in relative chemical shifts of the methylene
protons that were comparable with the experimental find-
ings. When the methylene proton chemical shifts are refer-
enced to the the CH, signal of 5S¢, the experimental shifts
are 8, = +0.27 (H, in Sm), £0.00 (5¢), —0.31 (H in Sm)
while the estimated ring current effects lead to o, =
+0.013 (pro-R-H in 5m), +0.000 (5¢), —0.049 (pro-S-H in
5m) [Johnson—Bovey tables] and, respectively, §,.; = £0.000
(5¢), —0.016 (pro-S-H in 5m), —0.035 (pro-R-H in S5m)
[Haigh—Mallion tables]. Several explanations for these dis-
crepancies offer themselves. Either ring current effects are
not the determining factor of the relative methylene proton
chemical shifts and these are rather governed by other, e.g.
steric, effects or the preferred conformations of Sm and/or
5¢ are not those predicted by the force-field calculations
or the simplifying assumptions made in estimating the ring
current effects (D5}, symmetry of the paracyclophane frag-
ments, i.e. neglecting torsions of the benzene rings about
the normals through their centres) are severe enough to
falsify the results of the calculations.

Conclusion

We have synthesized a series of molecules possessing two
planar chiral [2.2]paracyclophane ligands connected to a
central atom or group. These molecules are formed unselec-
tively as meso and chiral diastereomers. With one exception,
the properties of the diastereomers are different enough to
allow separation by crystallization or chromatography. As-
signment of the configurations was achieved mainly, di-
rectly or indirectly, from the symmetry of the NMR spectra
of the central groups. The relatively small 'H-NMR chemi-
cal shift differences between the diastereomers could not
be rationalized by considering the expected aromatic ring-
current effects in the preferred conformations predicted by
MM3. Only a few larger shift differences between some pro-
tons of the diastereomeric ketones seem to be correlated
with the favoured orientations of these nuclei with respect
to the carbonyl group.

Experimental Section

General Remarks: [2.2]Paracyclophane was obtained from Com-
elec, La-Chaux-de-Fonds, Switzerland. The ferz-butyllithium solu-
tions were analysed quantitatively by double titration according to
Gilman. 7 — Melting points are not corrected. — Elemental analy-
ses: Institute of Pharmaceutical Chemistry and Institute of Inor-
ganic and Analytical Chemistry of the Technical University of
Braunschweig. — EI MS: Finnigan MAT 8430, 70 eV. High-resolu-
tion mass determinations by peak matching, resolution: 10000. —
UV/Vis: Hewlett-Packard 8452 diode array spectrometer. — IR:
Nicolet 320 FT-IR spectrometer (KBr pellets). — NMR (ca.
296 K): Bruker AM-400 at 400.1 MHz ('H) and 100.6 MHz ('3C),
Bruker AC-200 at 81.0 MHz (3'P), solvent CDCl;. Chemical shift
referencing: internal TMS ('H), CDCl; (13C, § = 77.05), & =
40.480716 (*'P). The latter value was determined for ext. H;PO, in
CDCl; with 0.05% TMS (v/v). Multiplicities given with the '3C
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spectra refer to splittings that would be caused by 'J(C,H) coupling
and were determined by DEPT-135 experiments.!?%3 Other assign-
ment techniques used: NOE difference spectra: >3] saturation times
6 s, irradiation power levels 40—42 dB below 0.2 W (nominal), ir-
radiation either at a single frequency or at multiple frequencies per
multiplet,?% depending on the selectivity required. H,H-
COSY 284 experiments and variant optimized for small long-range
couplings (COSY-LR):[?% relaxation delay 0.4—0.8 s, delay for the
evolution of small couplings 80 ms. C,H-HETCOR:P?*1 with sup-
pression of H,H coupling in Fy,*! relaxation delay 0.4 s, polariz-
ation transfer and refocussing delays both 3.23 ms for the aromatic
carbon atoms, 3.45—4.00 ms and 1.72—2.00 ms respectively, for the
aliphatic carbon atoms. C,H-COLOC:[?%¢l relaxation delay 0.8 s,
polarization transfer and refocussing delay 30 and 37.5 ms, respec-
tively. For all 2D experiments digital resolutions were chosen to be
good enough to permit the separation of close chemical shifts in
both dimensions. Iterative analyses of spin systems were carried out
with LCN387B% on a personal computer. A number of relative
signs of Jpc and Jpy coupling constants was deduced from the
shape of the cross-peaks®! in the C,H-HETCOR or C,H-COLOC
spectra of the diastereomers of 8. — Molecular mechanics compu-
tations were carried out with a Silicon Graphics Indigo2 machine
using Allinger’s program MM3(94).113 The input files were gener-
ated with the Spartan 4.0 software from Wavefunction, Inc. Param-
eters not contained explicitly in MM3(94) were approximated by
the automatic parameter estimation module provided with this pro-
gram. This concerned the sulfur- and phosphorus-containing mol-
ecules 7 and 8.

meso- and Chiral Bis(|2.2]paracyclophan-4-yl)methanone (4m/4c): In
a Schlenk flask under N, [2.2]paracyclophane (10; 400 mg,
1.92 mmol) and [2.2]paracyclophane-4-carbonyl chloride!'' (11;
650 mg, 2.4 mmol) were dissolved in CH,Cl, (40 mL) and cooled
to —10°C. Finely ground AICl; (320 mg, 2.4 mmol) was added in
small portions while the solution turned dark red. The reaction was
completed without cooling overnight. Hydrolysis with ice water
(20 mL), extraction with CH,Cl,, drying of the organic phase with
MgSO,, and removal of the solvent in vacuo gave a mixture of 4m/
4c¢ and [2.2]paracyclophane. By dry column flash chromatography
10 was first eluted with petroleum ether and then 4m/4c with petro-
leum ether/CH,Cl, (1:1). Yield 669 mg (79%), diastereomer ratio
1:1 according to the '"H-NMR spectrum. The diastereomers can
be separated by TLC (SiO,; petroleum ether/CH,Cl,, 1:1) and are
recrystallized from CH,Cl,/2-propanol. Their configurations are
determined by 'H NMR after converting them to 5Sm and Sc,
respectively.

meso Diastereomer 4m: M.p. 230°C. — UV/Vis (CH3;CN): L. (Ig
€) = 206 nm, sh (4.69), 210 sh (4.67), 218 sh (4.58), 244 sh (4.01),
296 (3.89)— IR (KBr): ¥ = 2926 cm™! (s), 2851 (m), 1645 (vs),
1269 (m), 807 (m). — '"H NMR (CDCl;): § = 6.67 (dd, 15-H), 6.61
(dd, 7-H), 6.53 (dd, 13-H), 6.499 (d, 8-H), 6.496 (dd, 12-H), 6.30
(d, 5-H), 6.23 (dd, 16-H), 3.54 (ddd, 2-Hy), 3.31 (ddd, 1-Hy), 3.10
(ddd, 1-H,), 3.06 (m., 9-H,), 3.02 (m, 10-Hy), 2.91 (m,, 10-H,),
2.83 (m,, 2-H,), 2.79 (m,, 9-Hy); Js; = 2.0Hz, J;5 = 7.7, J1213 =
7.8, Ji2.16 = 2.0, J1315 = 2.0, Jis16 = 7.9, Jia1s = —12.7, J1ana =
10.3, Jya05 = 1.8, Jis00 = 6.0, Ji505 = 10.3, Joans = —12.7, Jou 05 =
—13.2, Joa10a = 10.6, Joa10s = 3.0, Jos10a = 5.3, Jos10s = 10.6,
Jioa0s = —13.3. — 13C NMR (CDCly): § = 197.49 (s, C-17),
141.78 (s, C-3), 140.02 (s, C-14), 139.15 (s, C-11), 139.09 (s, C-6),
138.20 (s, C-4), 135.84 (d, C-7), 135.69 (d, C-8), 134.75 (d, C-5),
132.68 (d, C-13), 132.51 (d, C-16), 132.44 (d, C-12), 130.98 (d, C-
15), 35.52 (t, C-2), 35.48 (t, C-1), 35.09 (t, C-10), 34.91 (t, C-9). —
MS (70 eV); mi/z (%): 442 (100) [M '], 338 (41), 233 (30), 219 (23),
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191 (18), 104 (20). — C33H30 (442.6): caled. C 89.55, H 6.83;
found C 89.37, H 6.97.

Chiral Diastereomer 4c: M.p. 221°C. — UV/Vis (CH3CN): Ajax
(Ig €) = 204 nm, sh (4.69), 210 sh (4.65), 220 sh (4.56), 242 sh
(4.05), 294 (3.89). — IR (KBr): ¥ = 2927 cm™! (s), 2851 (m), 1652
(vs), 1262 (m), 803 (m). — 'H NMR (CDCl5): § = 6.74 (d, 5-H),
6.65 (dd, 7-H), 6.61 (d, 15-H), 6.49 (m,, 2 H, 12-H, 13-H), 6.47 (d,
8-H), 6.35 (d, 16-H), 3.12 (m., 9-H,), 3.08 (m, 2-Hy), 3.09 (m,, 10-
H,), 3.01 (m,, 2 H, 1-H,, 1-Hy), 2.96 (m., 10-H,), 2.91 (m, 9-Hy),
2.67 (ddd, 2-H,); Js; = 2.0 Hz, J; 3 = 7.8 (assumed value for the
purpose of analysis), Ji2.13 = 7.8, J1216 = 2.1, J1315 = 2.1, Jis.16 =
8.0. — BC NMR (CDCl3): 8 = 197.11 (s, C-17), 141.58 (s, C-3),
139.68 (s, C-14), 139.59 (s, C-6), 139.25 (s, C-11), 139.18 (s, C-4),
135.84 (d, C-7), 135.50 (d, C-8), 134.25 (d, C-5), 132.59 (d, C-13),
132.49 (d, C-12), 132.40 (d, C-16), 131.14 (d, C-15), 35.59 (t, 2 C,
C-1, C-2), 35.19 (t, C-10), 35.03 (t, C-9). — MS (70 eV); m/z (%):
442 (100) [M™*], 337 (40), 233 (40), 219 (38), 191 (28), 104 (32). —
C33H300 (442.6): caled. C 89.55, H 6.83; found C 89.49, H 6.76.

meso-Bis(|2.2]paracyclophan-4-yl)methane (5m): According to the
general procedure of ref.??, LiAIH, (15 mg, 0.40 mmol), finely
ground AICl; (105.5mg, 0.79 mmol) and diethyl ether (25 mL,
absolute) were stirred at room temp. and 4m (100 mg, 0.23 mmol)
was added. The mixture was refluxed for 1 h. Excess LiAIH, was
destroyed by adding ethyl acetate and the mixture poured into di-
lute H,SO,. Extraction with CH,Cl,, drying of the organic phase
with MgSOy,, and distilling off the solvents furnished the raw prod-
uct which was freed from impurities by dry column flash chroma-
tography (SiO,; petroleum ether/CH,Cl,, 1:1). Recrystallization
from CH,Cl,/2-propanol (slow diffusion method) gave 96 mg (99%)
of Sm, m.p. 228°C. The solubility of Sm in CH,Cl, or CHCI; was
better than that of 5¢. — UV (CH3;CN): A, (Ig €) = 210 nm, sh
(4.50), 228 sh (4.56), 242 sh (4.01). — IR (KBr): ¥ = 2923 cm™!
(s), 2849 (m), 1592 (w), 1411 (w), 797 (w), 716 (m). — 'H NMR
(CDCly): 6 = 6.85 (dd, 15-H), 6.53 (dd, 12-H), 6.46 (dd, 13-H),
6.40 (dd, 7-H), 6.36 (“d”, 2 H, 8-H, 16-H), 5.94 (d, 5-H), 3.85 (d,
17-H), 3.27 (d, 17-H), 3.18 (ddd, 2-Hy), 3.12 (m, 1-H,), 3.07 (m,,
1-Hy), 3.05-2.97 (m, 3 H, 9-H,, 10-H,, 10-Hy), 2.85 (m., 9-H,),
2.71 (ddd, 2-H,); Js; = 1.8 Hz, J;5 = 7.7, J1245 = 7.8, J1216 =
1.9, Jiz1s = 1.9, Jis16 = 7.9, Ji7a7 = —15.9, Jiaqs = —13.3,
Jiaza = 10.8, Jia0s = 2.0, Ji500 = 6.1, Ji505 = 10.3, Jp,0s = —13.6.
— BC NMR (CDCly): § = 139.67 (s, C-6), 139.63 (s, C-4), 139.55
(s, C-11), 139.34 (s, C-14), 137.98 (s, C-3), 135.06 (d, C-5), 134.61
(d, C-8), 133.28 (d, C-12), 133.24 (d, C-13), 132.12 (d, C-16), 130.51
(d, C-7), 128.11 (d, C-15), 38.83 (t, C-17), 35.28 (t, C-10), 35.00 (t,
C-9), 34.21 (t, C-1), 33.51 (t, C-2). — MS (70 ¢eV); m/z (%): 428
(100) [M™], 323 (72), 309 (45), 219 (44), 205 (92), 191 (45), 104
(18). — Ci33Hs, (428.6): caled. C 92.47, H 7.53; found C 92.68,
H 7.47.

Chiral Bis(|2.2]paracyclophan-4-yl)methane (Sc): Prepared from 4¢
(100 mg, 0.23 mmol) in the same way as the diastereomer. Yield
96 mg (99%), m.p. 272°C. — UV (CH3CN): Ap.x (Ig €) = 212 nm,
sh (4.47), 228 sh (4.55), 240 sh (4.08). — IR (KBr): v = 2927 cm ™!
(s), 2850 (m), 1588 (w), 1412 (w), 796 (w), 722 (m). — 'H NMR
(CDCly): 6 = 6.88 (dd, 15-H), 6.55 (dd, 12-H), 6.49 (dd, 13-H),
6.43 (dd, 16-H), 6.39 (dd, 7-H), 6.37 (d, 8-H), 6.01 (d, 5-H), 3.58
(s, 2 H, 17-H, 17-H"), 3.31 (ddd, 2-Hy), 3.17 (m,, 1-H,), 3.09 (ddd,
1-Hy), 3.01 (m., 3 H, 9-H,, 10-H,, 10-H,), 2.85 (m,, 9-Hj), 2.75
(ddd, 2-H,); Js; = 1.8 Hz, J;5 = 7.7, Ji213 = 1.8, Ji216 = 2.0,
Ji3as = 2.0, Jis16 = 7.9, J1a1s = —13.3, J1a0a = 10.6, J1,05 = 1.9,
Jis2a = 6.5, Jisos = 10.1, Jpu0s = —13.6. — 3C NMR (CDCls):
& = 139.81 (s, C-4), 139.59 (s, C-11), 139.57 (s, C-6), 139.44 (s, C-
14), 138.18 (s, C-3), 135.28 (d, C-5), 134.90 (d, C-8), 133.37 (d, C-
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12), 133.26 (d, C-13), 131.98 (d, C-16), 130.39 (d, C-7), 128.23 (d,
C-15), 38.99 (t, C-17), 35.36 (t, C-10), 35.01 (t, C-9), 34.36 (t, C-
1), 33.87 (t, C-2). — MS (70 eV); m/=z (%): 428 (100) [M*], 323 (75).
309 (45), 219 (46), 205 (94), 191 (48), 104 (22). — Cs;Hs, (428.6):
caled. C 92.47, H 7.53; found C 92.39, H 7.53.

4-Bromo|2.2]paracyclophane (12):5) In a 100-mL three-necked flask
2 mL of a solution of Br, (1.59 g, 9.9 mmol) in CCl, (15 mL) was
added to iron powder (12 mg, 0.2 mmol) and stirred for 15 min at
room temp. The suspension was diluted with CH,Cl, (45 mL) and
10 (2.00 g, 9.6 mmol) was added. When 10 had dissolved the re-
maining Br, solution was slowly added dropwise and the mixture
was stirred for 2 h. The dark-red reaction mixture was then washed
twice with a saturated aqueous NaHSO; solution. This decolour-
ized the organic phase which was separated and dried with anhy-
drous MgSO,4. Removal of the solvent and sublimation of the resi-
due at 130°C/0.7 Torr yielded 2.74 g (99%) of 12 as a colourless
solid, m.p. 134°C (ref.1 136—138°C; 82%). The 'H- and 3*C-NMR
spectra agree well with those of ref.l!”l Analytical HPLC (RP-18,
MeOH/H,0, 90:10) showed a total of 2% impurities to be present,
viz. 2,55110, and 1.5 The former two impurities could be removed
by TLC (eluent: n-hexane/CH,Cl, mixtures), the latter by zone sub-
limation. This was considered unnecessary for using 12 as a start-
ing material.

Preparation of a Solution of 4-Lithio[2.2]paracyclophane (13): To
absolute THF (7 mL) at —78°C in a dry Schlenk flask under N,
tert-butyllithium (2.03mL of a 1.37wm solution in pentane,
2.79 mmol) was added through a septum. Then, a solution of 12
(500 mg, 1.74 mmol) in abs. THF (3 mL) was added dropwise with
stirring over a period of 15 min. Stirring was continued for 2 h at
—78°C while the colour of the solution changed from yellow to
gold. This solution was used in the preparation of 6—9 as de-
scribed below.

meso- and Chiral Dimethylbis(]2.2]paracyclophan-4-yl)silane (6m/
6¢): To a solution of 13 in THE, prepared from 12 (500 mg,
1.74 mmol) as described above, dichlorodimethylsilane (80.9 mg,
0.63 mmol, distilled from CaH,) was added at —78°C and the solu-
tion was left overnight to reach room temp. The colourless, slightly
turbid solution was mixed with water (5 mL) and stirred for 10 min.
The solution was extracted with CH,Cl,, the organic phase dried
with anhydrous MgSO,, and the solvent removed in vacuo. The
raw product was purified by flash column chromatography (SiO»;
n-hexane/CH,Cl,, 10:1). Yield 212mg (72%) of a 1:1 dia-
stereomeric mixture (6m/6¢c). The diastereomers could be dis-
tinguished by analytical HPLC (RP-18; CH3CN/H,0, 90:10). To
separate the diastereomers by fractional crystallization the mixture
was dissolved in CH,Cl, and an equal volume of 2-propanol was
added. At 70°C enough CH,Cl, was distilled off to cause the solu-
tion to become cloudy. CH,Cl, was then added to just dissolve
the solid formed and the solution was kept in the refrigerator for
crystallization. Repetition of the procedure with the solid and the
mother liquor furnished four fractions. The meso diastereomer was
obtained from the least soluble and the chiral pair of enantiomers
from the most soluble fraction. Colourless single crystals for X-ray
diffraction were obtained by recrystallising from CH,Cl,/2-propa-
nol (6m) and from n-hexane (6¢), respectively.

meso Diastereomer 6m: M.p. 254°C, less soluble in CHCI; or
CH,Cl,. — UV/Vis (CH3CN): L.« (Ig €) = 210 nm, sh (4.56), 230
(4.50), 256 sh (3.86). — IR (KBr): v = 2924 cm™! (s), 2850 (m),
1499 (w), 1245 (m), 806 (s), 726 (m). — 'H NMR (CDCl5): & =
6.77 (d, 5-H), 6.55 (dd, 12-H), 6.52 (dd, 13-H), 6.42 (dd, 7-H), 6.33
(d, 8-H), 6.26 (dd, 16-H), 6.19 (dd, 15-H), 3.19 (m, 9-H,), 3.16 (m,
10-Hy), 3.07 (m, 2-Hy), 3.01 (m, 2-H,), 2.97 (m, 10-H,), 2.94 (m, 9-
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Hy), 2.89 (m, 1-H,), 2.71 (ddd, 1-Hy), 0.79 (s, 3 H, 17-H), 0.57 (s,
3H, 17-H'); Js; = 1.9Hz, J;5 = 7.7, J1213 = 7.7, Ji2.16 = 2.0,
Jizas = 1.9, Jisie = 7.9, Jiags = —13.1, Jiapa = 108, Jians =
3.3, Jisoa = 44, Jisos = 10.5, J5, 55 = —13.2; NOE measurements
(saturated signal — enhanced signal): 5-H — 1-H, 16-H, 17-H, 17-
H’; 17-H — 1-H,, 2-H,, 5-H, 15-H; 17-H’ — 5-H, (15-H, weak).
— IBC NMR (CDCls): 8 = 146.56 (s, C-3), 139.61 (s, C-11), 139.22
(s, C-14), 138.23 (s, C-6), 137.76 (d, C-5), 137.22 (s, C-4), 134.60
(d, C-7), 134.17 (d, C-8), 133.26 (d, C-15), 132.63 (d, C-16), 132.24
(d, C-12, C-13), 36.21 (t, C-2), 35.49 (t, C-9), 3543 (t, C-1, C-10),
1.86 (q, C-17), 0.56 (t, C-17"). — MS (70 eV); m/z (%): 472 (100)
[M*], 457 (68), 368 (40), 353 (85), 263 (37), 249 (48), 191 (58), 104
(60). — X-ray structural analysis: ref.!') — C3,H34Si (472.7): caled.
C 86.38, H 7.68; found C 85.83, H 7.61.

Chiral Diastereomer 6¢: M.p. 180°C, better soluble in CH,Cl, or
CHCl3. — UV/Vis (CH3;CN): Ay (Ig €) = 208 nm, sh (4.40), 228
(4.31), 250 sh (3.76). — IR (KBr): ¥ = 2922 cm™!' (s), 2850 (m),
1410 (w), 1245 (s), 1095 (m), 984 (m), 808 (s), 722 (s). — 'H NMR
(CDCly): 6 = 6.80 (d, 5-H), 6.52 (dd, 12-H), 6.49 (dd, 13-H), 6.40
(dd, 7-H), 6.29 (d, 8-H), 6.25 (dd, 16-H), 6.01 (dd, 15-H), 3.15, 3.13
(m, 2 H, 9-H,, 10-Hy), 2.99, 2.97 (m, 2 H, 10-H,, 9-Hj), 2.83 (m,
1-H,), 2.79 (m, 2-H,), 2.77, 2.74 (m, 2 H, 1-H,, 2-H,), 0.79 (s, 6 H,
17-H), assignments of the 1- and 2-H signals are not final; Js; =
1.9Hz, J;5 = 7.6, J1213 = 7.7, Ji2.16 = 2.0, Ji315 = 2.0, Ji516 =
7.9; NOE measurements: (saturated signal — enhanced signal): 5-
H — 9-H,, 16-H, 17-H; 17-H — 5-H, 15-H. — '3C NMR (CDCl,):
8 = 146.34 (s, C-3), 139.49 (s, C-11), 139.29 (s, C-14), 137.87 (s, C-
4), 137.84 (s, C-6), 137.59 (d, C-5), 134.50 (d, C-7), 134.09 (d, C-
8), 133.11 (d, C-15), 132.60 (d, C-16), 132.33 (d, C-13), 132.20 (d,
C-12), 35.95 (t, C-2), 35.62 (t, C-1), 35.45 (t, C-9, C-10), 1.09 (q, 2
C, C-17). — MS (70 eV); mlz (%): 472 (100) [M™*], 457 (57), 368
(40), 353 (91), 263 (44), 249 (60), 191 (64), 104 (65). — X-ray struc-
tural analysis: ref.['®) — C3,H34Si (472.7): caled. C 86.38, H 7.68;
found C 85.72, H 7.57.

meso and Chiral Bis([2.2]paracyclophan-4-yl) Sulfide (7m/7c): To a
solution of 13 in THF, prepared from 12 (1.00 g, 3.48 mmol) as
described above, sulfur dichloride (143.4 mg, 1.39 mmol, distilled
from PCl;, b.p. 58°C) was added at —78°C and the solution was
left overnight to reach room temp. The greyish suspension was
mixed with water (5 mL) and stirred for 10 min. The solvent was
removed in vacuo, the remaining solid dissolved in CH,Cl, and
adsorbed on silica gel. Flash column chromatography (SiO,; n-hex-
ane/CH,Cl,, 5:1) furnished a 1:1 mixture of the diastereomers 7m/
7c¢ containing ca. 5% of disulfides as side products, yield 278 mg,
45%. To separate the stereoisomers, four fractions were prepared
as described for 6m/6¢c. The solvent was removed from the most
soluble fraction and the residue recrystallized from boiling 2-pro-
panol. The resulting solid consisted of sulfide and the disulfides
whereas the supernatant was free of disulfides. The solvent of this
supernatant was distilled off in vacuo and the remaing solid recrys-
tallized again from 2-propanol. This gave colourless fibrous single
crystals suitable for X-ray structure determination, according to
which the better soluble sulfide is the meso diastereomer 7m.[1?]
The least soluble sulfide fraction was dissolved in CH,Cl, and the
chiral diastereomer 7¢ was precipitated as a colourless solid by cau-
tious addition of an upper layer of 2-propanol.

meso Diastereomer 7m: M.p. 220°C, better soluble in CH,Cl, or
CHCl;. — UV/Vis (CH3CN): Apax (Ig €) = 222 nm, sh (4.44), 242
sh (4.11), 254 sh (3.90). — IR (KBr): v = 2926 cm™! (s), 2849 (m),
1581 (w), 848 (w), 718 (m). — '"H NMR (CDCl;): & = 7.09 (dd,
15-H), 6.51 (dd, 12-H), 6.46 (dd, 13-H), 6.44 (dd, 7-H), 6.41 (d, 8-
H), 6.27 (dd, 16-H), 6.21 (d, 5-H), 3.33 (ddd, 2-H,), 3.25 (ddd, 1-
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H,), 3.03 (ddd, 1-H,), 3.06—2.94 (m, 3 H, 9-H,, 10-H, H,), 2.82
(me, 9-Hy), 2.70 (ddd, 2-H,); J5; = 1.9 Hz, J15 = 7.7, Ji215 = 7.8,
Jinne = 2.0, Jisas = 2.0, Jysa6 = 7.8, Jrans = —13.1, Jiaza = 10.6,
Jians = 2.1, Jigoa = 5.8, Jigas = 10.2, Jogps = —13.5. — 13C NMR
(CDCLy): & = 140.61 (s, C-6), 140.19 (s, C-3), 139.47 (s, C-14),
139.21 (s, C-11), 135.99 (s, C-4), 135.57 (d, C-5), 134.91 (d, C-8),
133.26 (d, C-13), 132.76 (d, C-12), 132.04 (d, C-16), 131.45 (d, C-
7), 128.96 (d, C-15), 35.32 (t, C-10), 34.98 (t, C-9), 34.31 (t, C-2),
33.79 (t, C-1). — MS (70 eV); m/z (%): 446 (100) [M*], 342 (52),
328 (62), 237 (35), 223 (63), 104 (20). — C3,Hj,S (446.7): caled. C
86.05, H 6.77, S 7.18; found C 85.45, H 6.74, S 7.40.

Chiral Diastereomer 7c: M.p. 271°C, less soluble in CH,Cl, or
CHCl;. — UV/Vis (CH3CN): Apax (Ig €) = 226 nm, sh (4.45), 242
sh (4.12), 254 sh (3.93). — IR (KBr): v = 2926 cm ™! (s), 2852 (m),
1581 (w), 849 (w), 717 (m). — '"H NMR (CDCl5): 6 = 7.11 (dd,
15-H), 6.53 (dd, 12-H), 6.47 (dd, 13-H), 6.43 (dd, 7-H), 6.40 (d, 16-
H), 6.39 (dd, 8-H), 6.32 (d, 5-H), 3.27 (ddd, 2-H), 3.23 (m,, 1-Hy),
3.04 (m, 1-H,), 3.04—2.98 (m, 3 H, 9-H,, 10-H,,H,), 2.85 (m,, 9-
Hy), 2.65 (ddd, 2-H,); Js7 = 1.9 Hz, J;5 = 7.7, J1213 = 7.8, J12.16 =
1.9, Ji315 = 1.9, Jis516 = 7.8, Jia1s = —13.1, J1a0a = 10.5, J1u05 =
2.2, Jis00 = 6.2, Jis2s = 10.1, Jpy 0 = —13.4. — BC NMR (CDCl,):
§ = 141.20 (s, C-3), 140.39 (s, C-6), 139.58 (s, C-14), 139.23 (s, C-
11), 136.80 (s, C-4), 136.33 (d, C-5), 135.33 (d, C-8), 133.26 (d, C-
13), 132.87 (d, C-12), 132.03 (d, C-16), 131.66 (d, C-7) 129.16 (d,
C-15), 35.39 (t, C-10), 34.92 (t, C-9), 34.51 (t, C-2), 33.87 (t, C-1).
— MS (70 eV); m/z (%): 446 (100) [M*], 342 (52), 328 (64), 237
(34), 223 (64), 104 (18). — C3,H;30S (446.7): caled. C 86.05, H 6.77,
S 7.18; found C 85.69, H 6.75, S 7.34. — HR MS: calcd. 446.2068;
found 446.206%0.001.

meso,-, meso,- and Chiral Bis(]2.2]paracyclophan-4-yl)phosphinic
Acid Methyl Ester (8m,/8m,/8c): To a solution of 13 in THF, pre-
pared from 12 (700 mg, 2.44 mmol) as described above, POCI;
(134.5 mg, 0.88 mmol, freshly distilled) was added at —78°C and
the solution was left overnight to reach room temp. The black-
violet reaction mixture was quenched with CH;OH and turned yel-
low. The solvent was completely removed in vacuo and the residue
dissolved in CH,Cl, and adsorbed on silica gel. [2.2]Paracyclo-
phane was eluted by dry column flash chromatography (eluent:
CH,Cl,). The desired product was isolated from the column by
elution with acetone/CH,Cl, (1:20), yield 284 mg (66%). As ex-
pected, the 3'P-NMR spectrum contained three signals and the
preparation did not show any diastereoselectivity. Flash column
chromatography (SiO,; acetone/CH,Cl,, 1:20) gave, as the first
fraction, a mixture of a meso diasteromer (8m,) and the chiral pair
of enantiomers (8¢). The second fraction contained only the other
meso diastereomer (8my). The separation of 8m; and 8c was
achieved by twofold recrystallization from boiling CH;OH in which
8m,; was better soluble than 8c. Single crystals suitable for X-ray
structural analysis were not obtained.

meso Diastereomer 8m;: M.p. 218°C. —UV/Vis (CH3CN): Apax
(Ig &) = 226 nm, sh (4.44), 242 sh (4.08), 262 sh (3.78). — IR (KBr):
¥ =2927 cm™! (s), 2852 (m), 1636 (w), 1219 (m), 1032 (s), 723 (m),
587 (s), 508 (m). — 'H NMR: § = 7.03 (dd, 5-H), 6.57 (dddd, 7-
H), 6.54 (m., 2 H, 12-H, 13-H), 6.47 (dd, 15-H), 6.44 (dd, 8-H),
6.29 (dd, 16-H), 3.86 (d, 3 H, OMe), 3.70 (m,, 2-Hy), 3.26—3.16
(m, 2 H, 9-H,, 10-Hy), 3.03—2.93 (m, 5 H, 1-H,, 1-H,, 2-H,, 9-H,,
10-H,); Js7 = 1.9Hz, J;5 = 7.7, J79, = 0.9, Jps = 13.6, Jp; =
0.9, Jps = 5.1, Jpome = 109, Jio43 = 7.9, J1a45 + Ji315 = 2.3,
Jizge = 1.9, Jis16 = 8.0. — 13C NMR: § = 144.08 (s, Jpc =
10.6 Hz, C-3), 139.96 (s, Jpc = 12.8 Hz, C-6), 139.64 (s, C-14),
139.29 (s, C-11), 137.01 (d, Jpc = —3.2 Hz, C-7), 136.11 (d, Jpc =
14.2 Hz, C-8), 135.58 (d, Jpc = 9.1 Hz, C-5), 133.43 (d, C-15),
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132.43 (d, C-16), 132.28 (d, C-13), 132.16 (d, C-12), 129.84 (s,
Jpc = 135.8 Hz, C-4), 50.96 (q, Jpc = —6.1 Hz, OMe), 35.29 (t,
Upcl = 1.2Hz, C-1), 35.25 (t, lJpcl = 0.5Hz, C-10), 35.24 (1,
lJpcl = 0.5 Hz, C-9), 34.94 (1, Jpc = 3.0 Hz, C-2). — 3P NMR:
§ = 33.0. — MS (70 eV); miz (%): 492 (100) [M*], 388 (29), 283
(16), 205 (16), 104 (12). — C33H3;0,P (492.6): caled. C 80.46, H
6.75; found C 80.65, H 6.85.

meso Diastereomer 8m,: M.p. 196°C. — UV/Vis (CH3CN): Apax
(Ig €) = 226 nm, sh (4.39), 244 sh (4.02), 264 sh (3.74). — IR (KBr):
vV = 2926 cm™! (s), 2852 (m), 1456 (w), 1220 (s), 1029 (s), 723 (m),
586 (s), 507 (s). — '"H NMR: § = 7.13 (dd, 5-H), 6.59 (dddd, 7-H),
6.55 (m,, 13-H), 6.53 (m,, 12-H), 6.51 (dd, 8-H), 6.14 (m,, 16-H),
6.07 (m,, 15-H), 3.81 (d, 3 H, OMe), 3.75 (m,, 2-Hy), 3.18 (m,, 9-
H,), 3.12 (m., 10-Hy), 3.00 (m., 4 H, 2-H,, 1-H,, 9-H,, 1-H,), 2.95
(m,, 10-H,); Js7 = 1.9Hz, J;5 = 7.7, J79,. = 0.9, Jps = 14.8, Jp; =
0.9, Jps = 5.0, Jpome = 10.9. — 3C NMR: § = 144.10 (s, Jpc =
8.6 Hz, C-3), 139.86 (s, Jpc = 13.7Hz, C-6), 139.38 (s, C-14),
139.28 (s, C-11), 136.92 (d, Jpc = —3.2 Hz, C-7), 136.21 (d, Jpc =
13.9 Hz, C-8), 135.84 (d, Jpc = 11.5Hz, C-5), 133.21 (d, C-15),
132.63 (d, C-16), 132.16 (d, C-13), 132.13 (d, C-12), 129.60 (s,
Jpc = 135.2 Hz, C-4), 51.37 (q, Jpc = —6.7 Hz, OMe), 35.74 (t,
Jpc = 2.3 Hz, C-2), 35.52 (t, IJpcl = 1.2 Hz, C-1), 35.22 (t, |Jpc!
= 1 Hz, C-10), 35.21 (t, Jpc = 1 Hz, C-9). — 3'P NMR: § = 36.2.
— MS (70 eV); mlz (%): 492 (100) [M™*], 388 (28), 283 (20), 205
(19), 104 (12). — C33H330,P (492.6): calcd. C 80.46, H 6.75; found
C 80.53, H 6.62.

Chiral Diastereomer 8c: M.p. 254°C. — UV/Vis (CH3CN): Apax
(Ig €) = 228 nm, sh (4.44), 248 sh (3.95), 264 sh (3.75). — IR (KBr):
vV = 2926 cm~! (s), 2852 (m), 1436 (w), 1220 (s), 1022 (s), 722 (s),
589 (s), 507 (s). — '"H NMR: & = 6.97 (dd, 5-H), 6.78 (dd, 15-H),
6.62 (m, 7-H), 6.60 (m,, 5'-H), 6.59 (dd, 13-H), 6.55 (dd, 12-H),
6.52 (m,, 8-H), 6.51 (dd, 13'-H), 6.49 (dd, 12'-H), 6.46 (m,, 7'-H),
6.42 (dd, 15'-H), 6.41 (dd, 16-H), 6.36 (dd, 8'-H), 6.13 (dd, 16'-H),
4.04 (d, 3 H, OMe), 3.98 (m,, 2-Hy), 3.60 (m,, 2'-Hy), 3.43 (m,, 1-
Hy), 3.22 (m., 10-Hy), 3.22 (m,, 9-H,), 3.21 (m., 1'-H,), 3.10 (m,,
1-H,), 3.07 (m., 10’-Hy), 3.07 (m., 9'-H,), 3.02 (m., 10-H,), 3.02
(m, 9-Hy), 2.98 (m,, 1'-Hy), 2.92 (m, 2-H,), 2.90 (m,, 10'-H,), 2.88
(m,, 2'-H,), 2.82 (m,, 9'-Hy); Js; = 1.9Hz, Js 7 = 20Hz, J; 5 =
7.7, Jps = 12.9, Jpg = 4.9, Jpome = 10.7, J1213 = 8.0, Jio 13 =
7.9, Ji216 = 1.9, Jiz1e = 1.9, Ji315 = 1.9, Jizas = 1.9, Jis16 =
79, Jisie = 7.9. — 13C NMR: § = 144.70 (s, Jpc = 11.4 Hz, C-
3), 143.63 (s, Jpc = 8.4 Hz, C-3"), 140.18 (s, C-14), 139.51 (s, Jpc =
12.2 Hz, C-6), 139.51 (s, C-14"), 139.22 (s, C-11"), 139.18 (s, Jpc =
14.1 Hz, C-6"), 139.17 (s, C-11), 137.03 (d, Jpc = —3.4 Hz, C-7),
136.57 (d, Jpc = —3.2 Hz, C-7'), 136.27 (d, Jpc = 14.9 Hz, C-8),
13592 (d, Jpc = 13.7 Hz, C-8'), 135.24 (d, Jpc = 12.2 Hz, C-5'),
135.10 (d, Jpc = 8.0 Hz, C-5), 134.07 (d, C-15), 133.00 (d, C-15"),
132.46 (d, C-16"), 132.41 (d, C-16), 132.39 (d, 2 C, C-12,13), 132.32
(d, C-13"), 132.03 (d, C-12"), 131.16 (s, Jpc = 137.1 Hz, C-4'),
129.31 (s, Jpc = 135.1 Hz, C-4), 51.53 (q, Jpc = —6.3 Hz, OMe),
35.79 (t, lJpcl = 1.3 Hz, C-1), 35.38 (t, IJpcl = 1.2 Hz, C-1"), 35.34
(t, IJpcl = 0.5 Hz, C-10), 35.31 (t, IJpcl = 0.5 Hz, C-9), 35.20 (t,
Jpc = 2.8Hz, C-2), 35.14 (t, IJpcl = 0.5 Hz, C-10"), 35.01 (t,
IJpcl = 0.6 Hz, C-9), 34.90 (t, Jpc = 3.1 Hz, C-2"). — 3P NMR:
& = 35.1. — MS (70 eV); m/z (%): 492 (100) [M*], 388 (30), 283
(22), 205 (23), 104 (21). — C33H330,P (492.6): caled. C 80.46, H
6.75; found C 80.54, H 6.75.

meso- and Chiral 1,2-Bis(|2.2]paracyclophan-4-yl)-1,2-ethanedione
(9m/9c). — a) By Acylation of 10: In a Schlenk flask under N, 10
(387mg, 1.86mmol) and 2-oxo-2-([2.2]paracyclophan-4-yl)e-
thanoyl chloride (14;1''1 693 mg, 2.32 mmol) were dissolved in abs.
CH,Cl, (40 mL) and the solution was cooled to —10°C. Finely
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ground AICl; (309 mg, 2.32 mmol) was added in small portions
while the solution turned dark red. The reaction was completed
without cooling overnight. Hydrolysis with ice/water (10 mL), ex-
traction with CH,Cl,, drying of the organic phase with MgSO, and
removal of the solvent in vacuo gave a mixture of 4m/4c, 9m/9c,
and 10. By dry column flash chromatography 10 was first eluted
with petroleum ether followed by the fraction containing 4m/4c and
9m/9¢ with petroleum ether/CH,Cl, (1:1). TLC (SiO,; petroleum
ether/CH,Cl,, 1:1) furnished 4m/4c (535 mg, 65%) and 9m/9c
(195 mg, 22%).

b) From 13: To a solution of 13 in THF, prepared from 12 (500 mg,
1.74 mmol) as described above, oxalyl chloride (88.5mg,
0.70 mmol, freshly distilled) was added at —78°C. The solution
turned dark red immediately and was left overnight to reach room
temp. Workup as under a) gave 101 mg (31%) of the 1:1 dia-
stereomeric mixture 9m/9c.

Diastereomers 9m/9¢ could not be separated by recrystallization
from 2-propanol. Attempts of sublimation (150°C, 0.7 Torr) led to
decomposition of the product. Enrichment of one diastereomer was
achieved by TLC (SiO»; petroleum ether/CH,Cl,, 1:1): Removal of
the upper 15% of the zone resulted in a diastereomeric ratio of ca.
7:3 (assignment unknown), m.p. 203°C (ref.['% 198—215°C). — 'H
NMR (CDCl): 8 = 6.93 (d, 0.7 H), 6.79—6.45 (m, 5.6 H), 6.33
(dd, 0.7 H), 4.28 (m,, 0.3 H), 4.11 (ddd, 0.7 H), 3.35—-2.80 (m, 7
H). — 3C NMR (CDCls): major diastereomer: & = 195.96 (s),
145.38 (s), 140.05 (s), 139.90 (s), 139.23 (s), 138.20 (d), 136.88 (d),
136.07 (d), 133.60 (s), 132.85 (d), 132.80 (d), 132.50 (d), 132.03 (d),
35.65 (t), 35.09 (t), 34.98 (t), 34.87 (t); minor diastereomer: & =
196.15 (s), 143.73 (s), 139.18 (s), 138.15 (d), 137.08 (d), 136.92 (d),
132.77 (d), 132.77 (d), 132.66 (d), 35.75 (t), 35.15 (t), 34.95 (1),
34.74 (t); not all signals of the minor diastereomer were detected
in the mixture.

Note added in proof (May 5, 1999):

Popova et al.’3! have recently described the meso diastereomers
of Q,GeMe, and Q,SnMe, and the chiral diastereomer of
Q,GeMe, (Q = [2.2]paracyclophan-4-yl). The NMR data of these
compounds were reported mostly without specific assignments.
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