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Abstract—While in [3.3]metacyclophane (19) the aromatic rings preferentially adopt the syn arrangement, its lower
and higher homologues, i.e. [2.2]-, [3.2]-, [4.2], and [4.3]-metacyclophane (1,6,26 and 30), adopt the anti con-

formation. Substituted [m nlmetacvelonhanes do nat necassarily hehava similarly to the narent hvdrocarbons
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Substltuted compounds exhibiting a different conformation are [3.2Jmetacyclophane-1,11-dione (7) (syn),
[3.3)metacyclophane-2,11-dione (24) and the corresponding bis[propylene thioacetal] (25) (anti), [4.2lmetacyclo-
phane-2,12-dione (27) (syn), and [4.3lmetacyclophane-2,13-dione (31) (syn). Thus, the solution conformation of an

[m n]metacyclophane is sensitive both to chain length {m.n] of the bndges and substitution. The ring inversion
barriers determined by variable temperature '"H NMR decrease with increasing length of the bridges and
qualitatively correlate with the transanular strain present in the pertinent system.

Conformational changes of [2.2]metacyclophane (1) can
be induced by introduction of substituents into the bridge
which increase or decrease the bond angles.'™ In general
the conformation of any derivative of 1 can be deduced
from the respective geometrical behaviour of the cyclo-
hexane chair. This is due to the same sequence of
torsional angles in the ten membered ring of 1 and the
cyclohexane chair responsible for the interdependence of
bond- and torsional angles. This analogy holds true only
for the step-like topology (anti-conformation) of 1.
Derivatives of 1, e.g. 2-5, always adopt the ther-
modynamically most stable anti conformation. Only in
the case of certain intra-anuiarly substituted
metacyclophanes where ring inversion is hindered even
at elevated temperatures both syn- and anti-
diastereoisomers have been isolated.®> Hence, the con-
formational changes observed in derivatives of 1 involve
a change in the interplanar angle, the anti arrangement of
the aromatic rings being preserved. Insertion of methy-
lene groups in the bridge of 1 leads to the homologues
3.21- (8), [3.3]- (19), [4.2)- (26) and 14.3)-metacyclophane
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(30) representing 1soconformers of the flexible ring sys-
tems cyclo-heptane, —octane, and -nonane.

The flexibility of the higher [m.n]metacyclophanes
and the increased intraanular distance compared with the
[2.2]-system should give rise to a lowering of the energy
difference of syn-anti conformers. Hence, introduction
of substituents into the bridges of higher
[m.n]metacyclophanes may influence not only the in-
terplanar angles but may also give rise to a change of the
equilibrium position of syn-anti conformers (cf Fig. 1).

An extraordinary strong conformational dependence
from substitution in 2-substituted [3.2]metacyclophanes
has previously been ovserved by Griffin.® However no

anti - syn transition was renorted. For n 3Imetacyclo-
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phane (19) the syn conformation has been proposed on
the basis of absorption/emission properties (see also
Ref. 8). Thus, the conformation of [m.n.Jmetacyclo-
phanes seems also to be dependent from the length of
the bridges.

In continuation of our previous efforts in the con-
formational analysis of [2.2]metacyclophanes'>*"" we

now wish to report on a systematic conformational study

of the higher members, i.e. [3.2]-, [3.3]-, [4.2]}- and [4.3]-
metacyclophanes. A synthesis for these phanes has been
described recently,'>"

RESULTS AND DISCUSSION

For the assignment of the metacyclophanes 6-31 to the
syn- and anti-conformation three methods were applied
based on a comparison of (i) symmetry, (i) torsional

. angles, and (iii) chemical shifts. While the last method is
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special compounds.

For [3.2]- and [3.3} metacyclophane (6 and 19) an
unambiguous conformational assignment can be made on
basis of the spectral type of their '"H NMR spectra
(method i) recorded at temperatures where intercon-
version is slow on the NMR time scale (6: 253K, 19:
213K). For the syn conformations of 6 (C,) and 19 (C,.)
an AA’BB'CD-spectrum due to the protons of the C;
bridge is to be expected. Inversely, the anti confor-
mations of 6 (C,) and 19 (C,,) possess only three chem-
ically different proton sorts (AA'BB'CC’), the protons
at C-2 being equlvalent From the actual low temperature
'H NMR spectra of the C; bridge of 6 (AA'BB'CC’) and

10 (A 'UDD,CD) the anti- and oyﬂ‘CGfifGrmatiGn can be
assigned unequivocally. The syn conformation for 19 is
in accord with that given in Refs. 7 and 8. The method
outiined wouid aiso be applicabie for the conformational
assignment of [4.3]metacyclophane (30). Unfortunately,
interconversion is too rapid'> on the NMR time scale and
no appropriate spectrum could be obtained.

For compounds 1, 6, 19 and 26 the torsional angles of
the C, and C, bridges could be evaluated by means of
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Fig. 1. Equilibrium between syn- and anti-conformers of an
[m.n.Jmetacyclophane.
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the R-value method®' from the vicinal proton spin
coupling constants (method ii). By this method a clear
decision between syn- and anti-conformers is possible
and, in addition, a more accurate evaluation of the
geometry can be made. The torsional angle of the C,
bridges of 1, 6 and 26 should be 60° (anti) or 0° (syn).
From the 'H NMR spectra the torsional angles were
calculated to be 57° (1),” 57°(6) and 63°(26) (cf Table 1).
Interestingly, the vicinal proton spin coupling constants
for the C, bridge of [3.2}metacyclophane (6) are all very
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similar among themselves. Therefrom we conclude that
torsional motion of the C, bridge is rapid even at low
temperatures, giving rise to the population of different
anti conformers. Hence, the R-value-method vields a
mean value of cos® ¢ with ¢ = 46° (Table 1). For the syn-
and anti-conformation of 19 ¢ should be 60° (syn) or 30°
(anti). The value of 70° (Table 1) clearly reveals the
perferred syn conformation. In contrast to 6, the coup-
ling constants of the C, bridges of 19 are different among
themselves indicating a lower mobility of the C; bridges
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Scheme 1.
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Table 1. "H NMR parameters (8, ppm; J, Hz), R-values, and torsional angles (¢) of the C, and C; bridges of 1, 6,19
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and 26 at 250 MHz
02 bridge
of 8,1 R @
a) 8 K- AA BE . .
1 (CDCIS, 318 K): AABBm, HA 3.05; HB 2. 06; 2.05 57_20
Jap ~119 Ja4 3.4 Jpp 12.25 Jap=lpip 3.8.
! ! . )
6 (CDZCIZ' 253 K): AABBm, HA 3. 05; HB 2.16; 2.03 57.00
JAB -11.8; JAA‘ 3.1; JBB' 12,7, JABI=]A:B3.9.
U i
26 (CDCls, 233 K): AABB m, HA 3.14; HB2.34, 3.02 62.50
JAB -12.5; JAA' 4.9 JBB' 12, 6; JAB'=JA'B 2.9,
C3 bridge
of
6 (CD,Cl,, 253 K): AABE CC'm, H, 2.80;
. . . ] . o
HB2.29, Hcl.94, JAB 13.8; JAC6.3, 1,07 46,0
JACI 6.3; ]BC 7.3 JBC' 6.4 JCC"‘" 13,
19 (CD,CL,, 213 K): AA BB CDm, H, 2.98;
. . . . o 700
HB 2.50; HC 2,17; HD 1.69; JAB 12.8; 6.0 70
JCD -12.5; JAC 5.0; JAD~1.O; JBC~2.O; JBD 13.0.
3

taken from Ref. 9.

in 19. As can be seen from models the mobility of a C;
bridge in 6 or 19 is always greater in the anti con-
formation. From the ¢ value of 19 (at 213 K) the angle
comprising the two benzene planes was estimated to be
30°.

A further criterion in conformational analysis of
cyclophanes is furnished by a consideration of their ring
current.>>*'" This method, though less stringent than
the two used in the foregoing can be applied to most
compounds investigated in this study.

In Table 2 the chemical shifts of Hg and Hc and of the
respective para-positioned extraanular protons H, and
Hp are compiled. Hy and Hy refer to protons of that
benzene ring carrying no substituent in the benzylic
position. Since the chemical shifts of these protons are
less influenced by substituents in the bridge only the
difference 8y, — 811,(A8) was used as a conformational
criterion. In the anti conformation Hp is shielded by the
other benzene ring, while H, is essentially unaffected.
Hence, Ad is negative. As the chain length of the [m.n]-
metacyclophane becomes larger this influence decreases.
Inversely, in the syn conformation, the intra- and
extraanular aromatic protons experience a similar, but
only weak shielding effect from the second benzene ring.
Hence, for a syn conformation of [m.n]metacyclophanes
a small absolute Ad-value is characteristic.

The utility of the method outlined has impressively
been shown in {2.2]- and [3.3]-metacyclophanes where
both syn- and anti-forms could be isolated as dias-
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tereoisomers.®® The shift criterion is further cor-
roborated by compounds 1-5 (A8 =—1.4-—3.2ppm), 6
(Ad=-21ppm), 19 (AS=+0.1ppm), and 26 (Aé=
- 1.5 ppm the conformations of which have been assigned
by methods (i) or (ii) or have been subject to an X-ray
analysis.

For the anti conformations of the [3.2}metacyclo-
phanes 7-18 a value close to that of the parent hydro-
carbon 6 is to be expected. This holds true for all
[3.2)metacyclophanes except for 7. The value of 13
(A8 =—1.0ppm) is rather low but most likely can be
attributed to a small change in the interplanar angle
preserving the global anti conformation in analogy to
2."? Accordingly, from the [3.2]metacyclophanes in-
vestigated only compound 7 preferentially adopts the syn
conformation.

The syn conformation of [3.3Jmetacyclophane (19)
exhibits a Ad-value of +0.1 ppm. This conformation is
likewise found in 20 and 21, even if the interplanar angle
might vary slightly. In the case of 22 and 23 no con-
formation can be assigned on the basis of the As-value.
For these compounds a conformational equilibrium with
appreciable population of syn- and anti-conformers in
solution cannot be excluded. The low temperature spec-
tra of 22 and 23 are not conclusive and the co-existence
of two conformers could not be assessed. For 22 the
lowest temperature of recording (183K) lies too close to
the “coalescence temperature” (193K) of ring in-
version. For 23 complications due to conformers of the
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dithian moieties arise. In contrast to the parent hydro-
carbon 19, compounds 24 and 25 prefer the anti con-
formation.

The As-value of anti-[4.2]metacyclophane (26) is also
found in the derivatives 28 (Ad=—15ppm) and 29
(A8 = 1.7ppm). Thus, the As-value of 27 (~0ppm)
indicates the syn conformation.

As for the [4.3]metacyciophanes investigated the
hydrocarbon 30 preferentially adopts the anti confor-
mation while for the ketone 31 the syn conformation is
most likely.

D. Krois and H. LEHNER

It is remarkable that [3.3}metacyclophane (19) adopts
the syn conformation, in contrast to the behaviour of its
lower and higher homologues 1, 6, 26 and 30. Hence,
appreciable interactions due to the aromatic rings
resembling that of [m.n]paracyclophanes are only pos-
sible in 19. This is reflected in the electronic absorption
spectra shown in Fig. 2. The gradual absorption from
300nm up to 200nm of 19 phenomenologically differs
from that of the homologues 1, 6, 26 and 30 exhibiting
well resolved and structured 'L,-bands. Unfortunately,
the phenomenological differences in electronic absorp-

Table 2. Chemical shifts (8, ppm) of intraanular (Hg, H¢) and para-positioned extraanular (H,, Hp) aromatic protons,
shift differences A8(8y,~6y ) and proposed conformations of the metacyclophanes 1-31. H, and Hp refer to the
protons of the benzene ring of the cyclophane under consideration carrying no substituent in the benzylic position

Compound  Solvent 8 A8 Conformation
I—IA HB HC I.-ID proposed

L a 7.2 4,2 -3.0 anti
2 a 7. 5.9 4.2 7.3 -1.4 anti
3 b 7. 4.3 5.3 7.2 -2.9 anti
4 a 7.2 4.9 5.6 7.6 -2.3 anti
S a 7.1 3.9 6.7 7.5 -3.2 anti
6 a 7.2 5.1 -2.1 anti
7 a 6.9 '7.3 7.5 7.3 +0.4 syn
8 c 7.2 5.1 6.0 7.2 -2.1 anti
9 d 7.3 5.2 5.9 7.5 -2.1 anti
10 d 7.3 5.0 6.1 7.5 -2.3 anti
in a 7.3 5.1 6.8 7.6 -2.2 anti
12 a 7.1 4.5 7.3 7.5 -2.6 anti
13 a 7.2 6.2 5.3 7.2 -1.0 anti
14 b 7.2 5.2 5.7 7.3 -2.0 anti
15 d 7.2 5.1 5.8 7.2 -2,1 anti
16 d 7.2 5.2 55 7.2 -2.0 anti
17 a 7.3 5.0 6.3 7.5 -2.3 anti
18 a 7.2 4.7 6.0 7.4 -2.5 anti
19 a 6.8 6.9 +0.1 syn
20 a 6.5 7.5 7.8 7.2 +1.0 syn
21 a 6.7 6.9 8.4 6.9 +0.2 syn
22 a 7.1 6.5 6.8 7.3 -0.6 ---
23 a 6.8 6.6 7.5 7.0 -0.2 .-
24 a 7.3 5.8 -1.5 anti
25 a 7.1 5.8 -1.3 anti
26 a 7.2 5.7 -1.5 anti
27 a 7.0 7.0 7.1 3 0. syn
28 d 7.0 5.5 .0 -1.5 anti
29 a 7.1 5.4 5 -1 anti
30 a 7.2 6.1 -1.1 anti
31 a 6. 6.9 7.1 7.2 +0.1 syn

Solvents: a, CDC13; b, THF-dS; c, dioxane-d

d. CDCl,— CDSOD (50 %v/v).

3

g~ D0 (20%-v/v);
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Fig. 2. Electronic absorption spectra of [2.2]- (1), [3.2}- (6), [3.3)-
(19), [4.2]- (26) and [4.3)- (30) metacyclophane at room tem-
perature in cyclohexane (1.2x 107> M). At A =310nm all com-
pounds reveal e =0. With the exception of 1 the ordinate scale
for the hydrocarbons is moved by a multiple of

200 1.mol'.cm™".

tion spectra of syn- and anti-im.n] metacyclophanes are
blurred by additional bands in the substituted com-
pounds. Inversely, the electronic absorption spectrum of
19 has been used to establish its syn conformation’
though proper compounds for spectral comparison were
lacking. In this connection it should be mentioned that
the conformation of the dithia-'* and hexathia-'® analo-
gues of 19 has likewise been reported to be syn.

The conformations of the cyclophanes 6-31 clearly
show that their global geometry not only depends on
bridge lengths but also on substituents. The sensitivity
towards substitution in the higher [m.n]metacyclophanes
remarkably contrasts the behaviour of the
[2.2]metacyclophane-system where any substitution in
the bridge never affects the predominance of anti con-
formers. Clearly, as transanular steric compression
decreases with increasing m and n, additional confor-
mation determining factors operative in substituted
compounds should gain more importance. These influences
may either stabilize the conformation of the parent
hydrocarbon or, if counteracting, give rise to a con-
formational change. Since the energy differences be-
tween syn- and anti-conformers in the flexible [3.2]-,
[3.3]-, [4.2)- and [4.3]-metacyclophanes are apparently
low, it is difficult to weigh the individual conformation
governing influences caused by substitution. The solution
of these problems awaits a comparative force-field cal-
culation.

The ring inversion barriers of the homologous [m.n}-
metacyclophanes compiled in Table 3 expectedly
decrease with increasing lengths of the bridges.
Moreover, the spectra obtained below coalescence tem-
petatures reveal .conformational homogeneity. The
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Scheme 3.

values for 6, 7 and 13 are in fair agreement with those
given for 2-substituted [3.2]metacyclophanes.*’” The
order of barriers found ([2.2]>[3.2]1>[4.2]>[3.3]>
[4.3]) qualitatively correlates with the sequence of the
transanular strain present in the ground state of the
pertinent system.'>'® Hence, the transition state exhibits
a larger dependence from m and n than the ground state.

However, the increase of barriers with increasing ring
strain in the ground state found experimentally for 1, 6,
19, 26 and 30 is not self-evident and could not be
predicted. A cyclophane experiencing a larger enhance-
ment of free energy in its ground state than in its
transition state would exhibit a lower barrier. This situa-
tion is found in [2.2](2, 6)pyridinophane which-though
less strained than [2.2](2, 6)pyridinophan-1-ene-possesses
a higher ring inversion barrier.'>* Further examples are
reported in the [2.2]metaparacyclophane-series.”' Like-
wise, the larger barrier reported for [4.1]metacyclophane
(82 kJ mol~")* compared with that for the more strained
[3.1lmetacyclophane (69 kI mol™")*® might reflect this
situation and might not necessarily be due to a “ques-
tionable NMR analysis” as has been stated in Ref. 23.

A closer inspection of Table 3 furthermore reveals a
negligible difference of barriers for anti- (6 and 13) and
syn~(7) [3.2]lmetacyclophanes. This might be accidental
but suggests, in general, that the ground state energy
difference of syn- and anti-conformers of any higher
[m.n}metacyclophane is much lower than that of the
[2.2)-system. The conclusions drawn are compatible with
the observed conformational sensitivity towards sub-
stitution. It is further corroborated by recent findings on
the conformational behaviour of dithia- [3.3]metacyclo-
phanes.'>*
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Table 3. Ring inversion barriers AG¥ (K mol™ at the temperature T(K) of [m.nJmetacyclophanes in deca-
hydronapthalene (1)*, perchlorobutadiene (6°, 7° and 13"}, CD,Cl, (19%, 20°¢ and 30?), and CDCI; (26"

AT o TR
L] e 1 13| | 2 30
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AGh. P 133 L 73 74 76 | 0¥ 56 | 60 €38
| ! ' |
(T) | @) |G @ @ esh e | e | @)

)
b)by variable temperature NMR.
el
d

raken from Ref, 12,

taken from Ref, 13,
)

EXPERIMENTAL

Compounds 6-31 have been prepared as described in Refs. 12
and i3, '"H NMR measurements were taken with 2 Bruker WM
250 instrument (FT mode) using spectrograde dioxane-ds,
methanol-d,, tetrahydrofuran-dg, perchlorobutadiene-benzene-d,
CD,Cl,, CDCIL; and D,0. The concentrations ranged from 5 to
15 mg/m!. Electronic absorption spectra were run with a Cary 15
instrument in spectrograde cyclohexane (tcm quartz cuvettes,
room temp). For the evaluation of coupling constants of the
proton spin systems of the bridges of 1, 6, 19 and 26 (listed in
Table 1) approximale parameters were taken from the actual
spectra and fitted with a LAOCOON 1l computer program.
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