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Abstract - The synthesis of the 8,11-dihalo[5]metacyclophanes 1b-1d
(halogen = chlorine or bromine) from 1,2-dimethylenecycloheptane (2) is
described. Spin saturation transfer and line shape analysis of the tempe-
rature dependent "H NMR spectra showed lb-1d to occur in two conformations
A (85-89%) and B (15-11%, respectively). The conformation of the pentame-
thylene bridge was fully analyzed from vicinal proton coupling constants
which cobey the Karplus relation inspite of severe distortions of the carbon
valence angles. The thermodynamic parameters of the ground and transition
state were determined for the equilibrium between the conformers A and B
and are discussed in terms of steric interactions in these highly strained

molecules.

INTRODUCTION

Investigations on short-bridged [n]meta-
and [n]paracyclophanes are intriguing for many
reasons, In the first place, the extremely high
strain of such molecules makes their synthesis
by conventional approaches such as ring clo-
sure reaction impossible, so that alternative
synthetic strategies have to be developed. In-
deed, the shortest known members of both series,
i.e., [S]metacyclophane (L&)l and [6]paracyclo-
phanez_5 and their derivatives have been ob-
tained by novel and specific pathways in which,
with one exception,2 the bridge was in position
before the aromatic ring was formed. A second
interesting aspect of such compounds resides
in their stereochemistry. The influence of
strain on the bending of the benzene rings and
on the conformation of the oligomethylene brid-
ges has been shown to lead to rather unusual

features. 1£.44,5a

Finally, the consequences
of strain and of the unusual geometries on the
chemical reactivity are beginning to receive

attention. la,c,d.3,5p

In preliminary studies, we have deduced

from physical and chemical properties as well
as from MNDO calculations, that ‘1.2.15 indeed a
rather strained molecule. The crystal struc-
ture determination of 1b,'% the 8,11-dichloro
derivative of ‘1_3, has recently confirmed the
highly non-planar gecmetry of its benzene
ring. This ring is boat-shaped with a bending
angle at the bow of 26.8° and at the stern of
12°; the benzylic bonds are bent out of plane
by 48° in the opposite direction. The penta-
methylene bridge showes widened C-C-C- angles
and adopts a puckered conformation A (Fig. 1).
In solution, however, a temperature dependent
1l-l—NMR spectrum was obserxved for 12 which was
interpreted in terms of two conformations A

and B (Fig. 1) of comparable energy.le

In order to gain insight into the factors
responsible for these phenomena, and in parti-
cular to understand the influence of the sub-
stituent at C(11), we decided to synthesize
also some bromine analogues of 1b, In this
paper, we present details on the syntheses of

la, and of the new compounds 11-bromc-8-
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-chloro[5]metacyclophane (lc) and 8,11-di-
bromo[5]metacyclophane (14}, and a conforma-
tional analysis of their pentamethylene
bridges.

SYNTHESIS OF 8,11-DIHALO[S5]METACYCLOPHANES
(1b-d)

Following the accidental discovery of _1‘2.

and inspired by a rationalization of its

formation, ® we have developed a systematic

synthesis of lﬁb

lbld (Scheme 1) .
~~

and, in particular, of
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In all cases, 1,2-dimethylenecycloheptane
(2')6 served as a starting materxial., By addi-
tion of dichlorocarbene, .% was converted to
3a which by flow pyro].ysisld or, preferen-
tially, by flash vacuum thermolysis (FVT)

was rearranged to f.f.‘ A second dichlorocar-
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bene addition to 4a yielded the tetrachloro-
propellane ‘_S‘a. Partial reduction of 3a with
triphenyltin hydride followed by elimination
of hydrogen chloride with potassium t-
-butoxide in dimethylsulfoxide gave l&lb
This mode of elimination was not applicable
to 5a, but aromatization of 3a was achieved
with silver perchlorate and 2,6-lut:i.dj.ne7
in tetrahydrofuran at room temperature and

gave B& in 70% yield.

cl
ci
ccl, o b
c
X X
ci c
PRSnH
X=Ci -

>

gciQ

@THF

1b X:C!
1c. X «Br

A Br
Br —>€—
r
4b

g

g

Br Br

Sc
AgCIQ, THF

e,

For the synthesis of .l.‘.:..’ the same stra-

tegy could be followed as for }.1_)_ with the

)

obvious difference that dibromocarbene was
added to 4a; 5b was isolated in 60% yield
(Scheme 1). Treatment of 3b with silver
perchlorate and 2,6-1lutidine in tetrahydro-
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furan at room temperature afforded lgwhich,
after column chromatography, was isolated in
40% yield. The rate of formation of ic was
comparable to that of }2 (ca. 20 h), pre~
sumably because the silver ion induced eli-
mination of hydrogen chloride in the five-
-membered ring is the rate-determining step
in both cases. The reason for the drop in
yield (ib: 70%; lc: 40%) 1s less obvious;
lower yields were also observed in the forma-
tion of 15(403, vide infra)and thus must be
related to the aromatization step, which appa-
rently gives more byproducts when bromide ion

is the leaving group.

The synthesis of }gwas achieved, in prin-
ciple, via the same synthetic approach,
although for a trivial practical reason, the
experimental execution was in part different
(Scheme 2). The practical difficulty we en-
countered was that after the 1,2-addition of
dibromocarbene to _g, which affords }2_)_', the
envisaged thermal vinylcyclopropyl rearrange-
ment of 3b to illdid not succeed under a varie-
ty of conditions; only dark polymers were ob-
tained, and their formation was accompanied
by the evolution of hydrogen bromide. Probably,

4b was not stable under the reaction conditions.
A

Fortunately, we discovered an alternative
approach to the desired 5c. Under the condi-
tions of Ma.kosza,7 the addition of dibromo-
carbene to 2 affordedég directly in 14%
yield; the double 1,2~adduct § was expec-
tedly the main product (56% yield)., It is
highly probable that the formation of 3¢,
proceeds by a 1,4-addition of dibromocar-
bene to 2, yielding ib.' which adds a second
dibromocarbene to give 35_ Such 1,4-addi-
tions of carbenes to dienes are extremely
rare; the only precedent has recently been
observed in the analogous addition of di-
chlorocarbene to 2, which gave 0.6% ig:e
We are presently engaged in a systematic
investigation of 1,4-additions of carbenes
and therefore wish to postpone a more de-
tailed discussion on this matter; it should
be pointed out, however, that the forma-
tion of 14% of 3¢ requires the formation
of at least 14% 4b from 2, which is an ex-
tremely high yield for a hitherto nearly

non-existent type of reaction.

Low as the yield of 14% é_g may appear
from a preparative point of view, it opens
at present the only access to ‘1'9- This com-
pound was formed in analogy to the other di-
halo[5]metacyclophanes by treatment of S¢
with silver perchlorate and 2,6-lutidine in
tetrahydrofuran, The reaction was more rapid
(4 h at room temperature) than that of 5aand
Sb (both 20h at room temperature); again,
this can be explained by assuming that the
elimination of the first mole of hydrogen
halide is the rate determining step for the
overall reaction, as hydrogen bromide (3&)
is expected to be eliminated faster than
hydrogen chloride {5a, Sb).

The structural identification of “1}'_)., }_g_
and }‘gﬁis based on their spectral properties,
in particular on the characteristic 1H-NMR
spectra, which will be discussed in detail
in the next section. The 1H—NHR spectra of
the three compounds are very similar, which
is important because the structure of 'y‘:’has
been confirmed by X-ray crystal structure
determinat:ion.lf The UV spectra reflect the
strain in the aromatic ring by showing a
bathochromic shift in comparison with the
corresponding dihalo-m-xylenes (Table 1).

CONFORMATIONAL ANALYSIS OF THE PENTA-

METHYLENE BRIDGES OF 1b-d
Lo ard

According to the X-ray crystal structure
determi.nat:i.on,lf Bg' has a boat-shaped benzene
ring (see Introduction) and a quasi-crown
conformation of the eight-membered ring
which is formed by the pentamethylex;e bridge
and the three bow atoms of the aromatic
ring (Fig. 1, A); the molecule has Cj symme-
try. At low temperature (below 263K), the
1H-NMR spectra of 33 and those of the main
conformer A of }2;1‘ are very similar (Fig.2)
and also exhibit Cg symmetry, which is also
reflected in the 13C-NMR spectra. In con-
trast to la, the 1H—NMR spectra of 1b-d re-

ot oot
veal the presence of a second conformer B
(Fig. 1) in minor quantities. That A and B
are indeed two conformers of the same com-
pound was established by the observation of
coalescence at 398K for &,ld but more con-
vincingly and accurately by spin saturation

1
transfer.
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Table 1. UV Spectra of [S]metacyclophanes (1) and

the corxresponding m-xylenes 2

Compound Amax (log €) 2-X-5-Y-m~-xylene Xm (log €)
(nm] (nm]
b e
}2:— 306.5 (?) X =Y =B 272,5 (2.47)
268,5 (2.39)
265 (2.52)
1 332 (2.30) x=y=af 277 (2.16, sh)
272 (3.70) 270 (2.31)
238 (4.20) 262 (2,26, sh)
18 330 (2.30 x =Br ¥ =c1t
277 (3.5) 270 (2.84, sh)
270 (3.6) 259.5 (2.88)
182 336 (2.30) X =¥ =Bt 277 (2.17, sh)
286 (3.50) 268 (2.43)
243 (3.9) 226 (4.1)
2 1n cyclohexane, b Ref}a, £ Ref.ld, Q This work,
€ pet. 7, L pes. 19,

The chemical shifts and coupling constants
of the protons in the major conformer A could
be assigned unambiguously by decoupling expe-
riments and spectrum simulation (Table 2).

3 and toluene-
ge. While some chemical shift values showed a
strong solvent dependance, the coupling con-

Compound 1b was measured in CDCl
Lo

stants are completely identical. Apparently,

specific solvation occurs but does not in-

fluence the conformation of the highly strained

and rigid pentamethylene bridge. As all chemi-
cal shifts are shifted to higher field in
toluene-g_e, one may assume that the aromatic
solvent is preferentially oriented parallel

to the plane roughly defined by the benzene
ring and the pentamethylene bridge, thereby
"sandwiching” ‘1‘9\' It is noteworthy that the
upfield shifts are clearly larger for the

five "upper” hydrogens H (X, 1} compared to
five "lower" hydrogens H(X,2) (x = 1,2,3),
and furthermore larger for H(1.1) and H(2.1)
than for H(3.1). This may be explained by
specific orientation of toluene somewhat
closer to the benzene ring of Ql'gvand on the
top of the pentamethylene bridge (Fig.1),
opposite to Cl(11), Probably (electronic} in-
teractions between the aromatic rings of the
solvent and of va as well as steric repulsion
of the solvent by Cl(11) are responsible for

this orientation of the solvent.

A comparison between la and 1lb in CDCl
~— -~ 3
reveals that H(1.2) (A = 0.82 ppm) and
H(3.2) (46 = 0.7 ppm) experience a strong
downfield shift in -.1.9- The chemical shifts
of these protons in t:oluene-ge
cally the same for le_,l._g and 1b, so that one

may conclude that this downfield shift is

are practi-

typical for all three [5]metacyclophanes
bearing a halogen substituents at C(11), It
is probably caused by the short distance
between halogen and protons; e.qg. for }.2‘:.,
this distance is shorter [H(1.2) - Cl(11):
2.67 8; H(3.2) - C1(11): 2.62 &, respective-
Table 3] than the sum of the

Waals radii of H and Cl (r(H...Cl) =

ly; cf.
van der
3.55 ®).

Inspection of Table 2 also reveals that
both chemical shifts and coupling constants
are extremely similar for L!e:g Consequently
both the conformations of the pentamethylene
bridged and the nonbonded interactions to
Cl1(11) and Br(11) are practically the same.

Next we turn to a discussion of the minox
conformer B of 1b-d, respectively. The cor-
~—
respondence of its protons signals with those
of conformexr A was derived from spin satu-
ration transfer. The chemical shifts of H(1.1
and H(2.1) in B were difficult to assign
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Fig. 1. Pluto drawing and numbering of the conformations A and B of 1b (X = Y = Cl), }g (X = Br,
Y = Cl) and 14 (X = ¥ = Br). The drawings are taken from MNDO-calculations on }_gle.
(Note that the numbering of the hydrogen atoms is different from that used in ref. ley

1 a
Table 2. "H-NMR Data of conformer A of la-d—

12 w
H(1.1) 2,54 2,47
H(1.2) 2.85 3.67
H(2.1) 0.25 0.46
H(2.2) 1.92 1.99
H(3.1) 1.67 1.40
H(3.2) 1.33 2.03
H(1.1)H(1.2) 12.5 12.8
H(1.1)H(2.2) 3.3 3.2
H(1.1)H(2.1) 3.3 3.2
H(1.2)H(2.2) 3.0 3.1
H(1.2)H(2.1) 12.3 12.7
H(2.2)H(2.1) 14.4 14.7
H(2,2)H(3.1) 7.7 8.0
H(2.2)H(3.2) 4 g
H{2.1)H(3.1) 11 a
H(2.1)H(3.2) 10.6 10.7
H(3.1)H(3.2) 16.2 16.9

6 {ppm]
1.85 1.93 1.94
3.39 3.40 3.38
0.04 -0.02 0.02
1.48 1.46 1.47
0.97 1.00 1.01
1.82 1.97 1.96

J[Hz])
12.8 12.6 12,7
3.2 3.1 3.5
3.2 3.1 3.8
3.1 3.2 3.0
12,7 12.6 12.5
14.7 14,7 14.8
8.0 8.6 7.7
4a 4 4a
d a 4
10.7 10,7 10.5
16.9 16 16.8

2 Spectra measured at 250 MHz and 226K; accuracy estimated to be ca. 0.4 Hz;
for numbering, see Fig.l; because of the Cg symmetry, the data for H(4.1),
H(4.2), H(5.1) and H(5.2) are identical to those of H(2.1), H(2.2), H(1.1)

and H(1,2), respectively; b
resolved.

cocly; £

Toluene-dg; —

Too small to be

§[ppm] of aryl protons; 12 6.45; 1c 6.35; 1d 6.45.

accurately because they were concealed by the
signal of H(2.2) of A, but they could be de-
termined by subtracting the spin saturation
spectra for these protons from the normal spec-
tra {at 226 K). In this way, all 1I:I-NMR para-
meters of 1b-d could be assigned with confi-
P
dence (Table 4).

As pointed out in our preliminary communica-
tionle, some spectacular differences are ob-
served between the spectra of conformers A and

B for }B‘; this trend is now confirmed for l&_

and lg.. In going from A to B, the largest
shift (A6 = -2.29 ppm for 1b) is observed
for H(3.1) which moves from a normal (or
slightly unshielded) position into the shiel-
ding cone of the benzene ring; this, inci-
dentally, illustrates that the aromaticity
of this ring is essentially intact, in accor-
dance with X-ray data.lf To a lesser degree,
for }}3‘11(1.1) (A8 = -0.29 ppm) and H(3.2) (&6 =
-1.17 ppm) are shifted upfield; for the latter
proton, not only shielding by the benzene ring

is involved, but also a certain release of
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Fig.2: 'H NMR spectra of la-d 2
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2 Measured at 250 MHz and 226K; 1a in CDCl

; 1b-d in toluene-d
~~ 37 AR <8
Solvent signals are marked by X; water by 4;

impurity in 1b by o.
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Table 3. Nonbonded distances of hydrogen atoms to Cl(11) in ib

hydrogen
conformer A-a—

H(1.1) 3.97
H(1.2) 2.67
H(2.1) 4,25
H(2.2) 4,25
H(3.1) 4.12
H(3.2) 2.62

From X-ray structurelf.

am, c (8]

Conformer k?- conformer B13

4.28 4.32
2.92 3.11
4.65 4.52
4.55 3.09
4,47 4.84
2,77 4.36

le

b From MNDO-calculations .

1 a
Table 4. H-NMR Data of conformer B of M—-
1 ie 19
§ [ppm)
H(1.1) 1,56 1.56 1,56
H(1.2) 3.18 3.17 3.16
H(2.1) 1.48 1,54 1,54
H(2.2) 2,31 2.41 2,40
H(3.1) -1.32 -1.30 -1.30
H(3.2) 0.65 0.66 0.66
J[uz]

H(1.1)H(1.2) 12.8 12.8 12.8
H(1.,1)H(2.2) 7.0 7.0 7.0
H(1.1)H(2.1) 7.0 7.0 7.0
H(1,2)H(2.2) 10.3 9.5 9.5
H(1.2)H(2.1) b b b
H(2.2)H(2.1) 10.4 10.4 10.4
H(2.2)H(3.1) b b b
H(2.2)H(3.2) 7.7 8.0 7.7
H(2,1)H(3.1) 9.3 9.3 9.5
H(2.1)H(3.2) b b b
H(3.1)H(3.2) 15.9 15.9 15.9

2 Spectra measured at 250 MHz

and 226K in toluene-dg; accuracy

estimated to be ca. 0.4 Hz; for numbering, see Fig. 1; because
of the Cg symmetry, the data for H(4.1), H(4.2), H(5.1) and

H(5.2) are identical to those
H(1.2), respectively; b
The aromatic protons were not

of H(2.1), H(2.2), H(1.1) and

Too small to be resolved.

observable; they probably

coincide with those of conformer A.

of steric compression, as the nonbonded dis-
stance to Cl(11) is removed (see Table 3; in A:
H(3.2) - cl(11) 2,77 &; in B: H(3.2) - Cl(11)
4,36 R). on the other hand, for H(2.1) (A6
(A6
field shift is observed; both move into a less

+1.44 ppm) and H(2.2) +0.83 ppm) a down-
shielded position in conformer B, although for
H(2,2), an increase of compression against
Cl(11) (in A H(2.2) - cl(11):4.55 K; inB
H(2.2) - cl(11):3.09 ¥) may play a role too.
As already noted for conformer A, the chemi-
cal shifts and coupling constants are practi-
cally identical for .1-9:.2’ so that the confor-
mation of the bridge is also practically the

same in B,

Finally, the data of
that for both conformers of 22‘, there is a
very good fit for a Karplus equat.:l.on12 be-
tween coupling constants 3J(HH) and the
dihedral angles @ of the bridge. For con-
former A, the NMR-data were fitted by re-
gression analysis to those of the X-ray
structure detemination,lf resulting in the
equation 30m) = 6.2 (+ 0.3) - 0.4 (+ 0.6)-
cos 0 + 5.5 (+ 0.7)'c052 O, Similarly, ex-
perimental couplings of conformers A and B,

on fitting to the data of the MNDO calcula-

Table 2 and 4 reveal
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tions,® yield the relation >J(EH) = 5.5 (+ 0.6)

- 0.3 (+ 0.6)-cos 6 + 5.6 (+ 0,1).cos’ ©.
Both equations lead to practically the same

curve which falls into the normal range of

Karplus curves. The considerable differences in

c-C-C bond angles (at C(1) : 104.7(2)%; at ¢(2):

1f
121.9(2)0, at C(3): 122.2(2)° } thus have
1ittle influence on 3J(HH).

THE EQUILIBRIUM BETWEEN CONFORMERS A AND B

OF =

As pointed out above, 12 occurs exclusive-

ly in conformation A within the limits of de-
tection of 1H—NMR spectroscopy, while 1b-d

consist of two conformers A and B which are in

a dynamic equilibrium, as evidenced by coales-

cencele and by spin saturation transfer. The
position of this equilibrium could be deter-
mined in the temperature range of 223 - 263 K
from the 1H-NHR integral ratios (Table 5);
within experimental accuracy, the equilibria
for 12:2 were found to be temperature in-

dependent.

At higher temperatures, the equilibrium
ratios could not be deduced directly from
the NMR spectra because of line broadening
due to coalescence. Somewhat disturbing was

the observation that after coalescence, the

coalesced chemical shifts for some of the pro-

tons (H(1.1), H(1.2) and H(2.2)) were not at
the positions calculated with the assumption
that the position of the equilibrium was con-
stant also at higher temperatures; the devia-
tions were A6 = 0,01 ~ 0,02 ppm. Most of the

other protons had coalesced chemical shifts

exactly at the calculated positions. A similar

problem arose when the high temperature spec-
tra (T > 296 K) were calculated by total line
shape analysisl3. Although the line shapes
for H(1.1), H(1,2), H(2.2) and H(3.1)

could be perfectly reproduced only with the
assumption of a temperature independent ratio
of A and B, the positions of H(1.1), H(1,2),
and H(2.2) (T = 296 K : § = 1,81, 3,26 and
1.59 ppm, respectively) did not coincide with
the experimental ones (T = 296 X : 6§ = 1,89,
3.38 and 1.69 ppm, respectively). We have

considered two possible explanations for

‘these deviations. The first one, temperature

dependant conformational changes at higher
temperatures, can be excluded because they
would affect coupling constants and hence
also line shapes. This was not observed, but

it should be kept in mind that very minor

-conformational changes may not always be

detectable by this criterium. The second
plausible cause for chemical shift devia-
tions are changes in solvation occurring at
higher temperatures. Experimental support
for this rationalisation was obtained by
measuring the temperature dependance of the
1H-NMR spectra in another solvent, i.e.

CDC13, instead of toluene-d.. Again, total

line shape analysis showed gome deviations
between calculated and experimental chemical
shifts above 296 K; still, an excellent fit
of the line shapes was achieved, but only

if it was assumed that the position of the
equilibrium remained unchanged. The magni-
tude of the deviations was, however, smaller
in C0013 than in tolueneige;
ted if changes in solvation are responsible,

this is expec-

because the asymmetry of CDCl3 in shape and
in magnetic susceptibility is smaller than
that of toluene. We therefore feel confident
that the position of the equilibrium between
conformers A and B is indeed temperature
independent in the total investigated range
from 223 to 353 K.

Table 5. Equilibrium ratios and thermodynamic parameters for
conformers A and B of‘L at 223 - 353 k2

Compound mole fraction
A B

Pyl 0.85 0.15

pe-1 0.89 0.11

lg 0.88 0.12

a

AA H(A,B)
[kcal.mol™

A S(A,B)

1 1

] [cal.mol_1 degree”

Determined from 1H-NMR integral ratios for the range 223 - 263 K

and from total line shape analyses for the range 223 - 353 K (see

text).
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From the (temperature independent) equi-
librium ratios of Table 5, one can deduce the
thermodynamic equilibrium parameters AAH(A,B) =
0 kcal.mol™! and 8as(a,B) = -2 (1b)) to
-4 (lc,1d) cal.mol-l'deqree_l. For }3, this
result is within the limits of accuracy in
agreement with previously determined values
(AMB(A,B) = 0.7 kcal.mol™ ', AAS(A,B) =

1) 'le but the new values

~0.5 cal.mol_l‘degree_
are much more reliable because they were de-
termined by a more accurate method and over

a large temperature range. For all three the
compounds it thus appears that both confor-
mers have the same enthalpy of formation and
that the higher stability of conformer A is
due only to a more favourable entropy; pre-
sumably, the pentamethylene chain in B is

more rigid, It is interesting that the (near)
equality of AAH(A,B) for & was gquite reliably
reproduced by the MNDO calculations (AAH(A,B) =

0.4 kcal.m.ol-l).le

The total line shape analysis also afforded
the rate constants for the equilibrium A Z B of
1b-d, and from the Arrhenius plots (Fig. 3}, the

activation parameters were derived (Table 6).

Fig.3. Arrhenius plots for the equilibria
AlB for 1b-4 &

Ink

45 40 35 30 1/T(.‘D'3)

2 ¥ was obtained by total line shape analysis.
1b: & (corr.coeff£.0.9997); 1c: B (corr.coeff.
0.9989; 1d: @ (corr.coeff.0.9996).

The experimental activation enthalpy of 1b
(1:\!!:F = 11.6 kcal.mol_l) is much smaller than
the one which was previously tentatively cal-
culated by the MNDO method (aE¥ =

19.0 kcal.mol_l) .

le However, for reasons of
economy, the calculations were rather crudein
the sense that only a few points on the tra-
jectory were calculated and, which is pro-
bably more serious, Cg symmetry was imposed
on the molecule throughout the conformational
change; apparently, these assumptions were

not in line with reality.

DISCUSSION

As the pentamethylene bridges of 1 form
part of an eight-membered ring, it seems
attractive to discuss the conformations of
A and B against the background of the con-
formational analysis of other eight-membered
ring systems, which have received conside-
rable attention in the llterature.m However,
it turns out that it is not easy to find an
adequate model for A and B, Taking a Ké&kulé
structure of a [5]metacyclophane (1) as a
starting point, hl' may be regarded as a deri-
vative of a (3-methylene-)trans-cyclooctene;
this analogy is, however, not satisfactory
simply because trans-cyclooctene has a twist
confonmat:ion15 in contrast to the C; geometry
of A and B. Disregarding the unsaturation
present in A and B, the chair-chair (A) and
the boat-chair (B) conformations of cyclo-
octane come to mind as reasonable models. In
view of the subtle balance between these two
conformations in cyclooctane itself“, it is
not to be expected that a simple qualitative
analysis will be meaningful. According to the
X-ray structure of &lf and to MNDO calcula-
tions (_}2' and '&)’) le' A has a more or less
staggered conformation, whereas B (only MNDO

availablele) shows considerable eclipsing of

Table 6. Activation parameters for the conversion of conformer A

into conformer B of 1lb-d
Ll

ac¥
{kcal.mol™ 1]
13,2

13.4
13.4

* EkE

At T = 296 K.

au¥- as¥
-1 - -
{kcal.mol ) [cal.mol 1'degree 1]
11.6 -5.5
12.3 -3.6
12.2 -3.9
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the bridge., We feel that it is largely due to
this difference that in the unsubstituted
parent compound Ls we find a clear preference
of A over B. The experimental result that B
is not observed at all can be rationalized
by the following estimate. We assume for La
AAH(A,B) = 1.2 kcal.lnol-1 (the value derived
from the MNDO calculationle) and for AAS(A,B)
= =3 cal.rnol“l°degree_1 (mean value of 1b
and 1c); this leads to a ratio A:B = 97:3
(296 X) which 1is about the detection limit of
lu NMR spectroscopy. Simple intuition, and
inspection of the nonbonding interactions 1in
models of conformer A of 1b suggest that the
replacement of H(11) (132 by C1(11) (‘\12') will
decrease the stability of A relative to B,
particularly because of the strong nonbon-
ding interaction between H(3.2) and Cl(11)
(Fig. 1 and Table 3; 5(3.2)-c1(11):2.7262;
sum of the Van der Waals radii:3.55 a° )°*
The MNDO calculations correctly predicted
this trend by yielding a smaller AAH(A,B) =
0.4 kcal.mol—1 for ie'which is close to the
experimental value of AAH(A,B) = 0 kcal.mol-l.

However, the situation is not quite so
simple. In the first place, the trend for
AAH(A,B) does not continue when replacing
Cl(11) in ia by the even larger Br(l1l) in i&
and lg: Furthermore, a closer inspection of
Table 3 reveals that while the nonbonding
interaction between KE(3.2) and Cl(11) is pro-
bably the most serious one in A and is com-
pletely relieved on going to B, there are
other nonbonding interactions which are near-
ly as severe (H(1.2)-Cl{11) is 2.92 & in A
and 3,11 b4 in B, respectively) or, on the
contrary, are introduced in B and are in fact
quite unfavourable: H(2,2)-Cl(11) is 3.09 b4
in B! ; the latter is even more important
because actually two hydrogens (H{2.2) and
H(4.2)) are involved. With increasing size
of the substituent at C(11), this effect is
expected to destabilize B and to counteract
the relief of strain obtained by removing
H(3,2). It should be pointed out, however,
that the differences in interactions, impor-
tant as they are for the enthalpy of 1, do
not appear to have a strong influence on the
conformation of the bridge as such. This is
evidenced by the great similarity of the
1H NMR spectra; in view of the rich detail of

these spectra, this evidence is particularly
compelling.

wWhen replacing chlorine glg) by bromine
("l‘s,w the steric effect levels off. This
is at first sight unexpected, because bromine
has a larger Van der Waals radius.l6 However,
conformational size is apparently not a con-
stant entity, but depends on the direction
and on the polarisability of the group. Both
in the conformational preferences of halogen-
-substituted cyclohexanes17 and in the rota-
tional barriers of halogen-substituted etha-
nes,18 increasing interactions are observed
in going from fluorine to chlorine, but the
increment becomes smaller from chlorine to
bromine and is more or less absent from bro-
mine to iodine, It appears as if the heavier
halogens have a pear-shaped rather than a
symmetrical radial arrangement of their elec-
tron clouds; they will also yield to steric
compression more readily because they are

more polarisable.

A more detalled knowledge of the gecme-
tries of ..Li and b.i. is required to explain the
slight reversal in stability in favour of
conformer A in lg_and lg: One factor may be
the more asymmetric shape and higher polari-
sability of Br(11). On the other hand, it is
important to point out that 11-t-butyl-8-
-chloro[S}metacyclophane is}g has the much
bulkier t-butyl group in position 11; never-
theless, only conformation A is observed.
Preliminary MNDO calculations10 suggest that
in ls, nonbonded interactions are practically
identical for A and B, so that the differences
in gtability are caused by the inherent con-
formational energies of the bridges. In fact,
AM (A,B) is calculated to be approximately
1 kcal.mol™! in favour of a which, by a simi-
lar estimate as presented for 12# would ex-
plain why conformer B escapes detection by

lH NMR spectroscopy.

Cl 1e
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The activation parameters (Table 6) for
the inversion from the "chair-chair" confor-
mation A to the "boat-chair" conformation B
are slightly higher than those for the chair-
~-boat barrier in cyclohexane (AH* = 10.8
kcal.mol_l)zo, but considerably higher than
those for cyclooctane (AH* = 7.4 kcal.mol_l)zx.
Undoubtedly, the strain in the pentamethylene
bridge removes many degrees of freedom which
are available in the more flexible cyclooc-
tane ring and permit the latter to find a
lower energy pathway. The barrier depends
only slightly on the nature of the halogen
substituent at C(11). In view of the uncer-
tainties which remain in the conformational
analysis of A and B, it would be premature
to comment on the experimental result that
the activation enthalpies for the conversion
A < B (Table 6) is slightly higher for 1c and
12: It is, however, of interest that the
slightly negative activation entropies are of
the same order of magnitude as the reaction
entropies, especially for lg and lgf Apparent-
ly, the higher rigidity of conformer B is lar-

gely realized already in the transition state,

CONCLUSION

The three 8,11-dihalo[5]metacyclophanes
}2, .1..?. and ‘_l“b_ occur in two conformers A and
B. A detailed analysis of thelr IH NMR spec-
tra defined the conformations of the penta-
methylene bridged of A and B which were found
to be practically identical for the three
compounds and are in good agreement with MNDO
calculations, The chair-chair type conformer
A is slightly more stable than the chair-boat
conformer B, This is mainly due to lesser
torsional strain in A, but transannular non-
bonding interactions, which vary with the sub-
stituent at C(11), and entropy effects deter-
mine the exact position of the dynamic equi-
librium between A and B in a subtle interplay.

EXPERIMENTAL

lH NMR spectra were recorded on a Bruker
WH-250 spectrometer at a frequency of 250 MHz,
unless otherwise stated, The spectrometer was
field frequency locked on the deuterium reso-
nance of the solvent (either toluene-dg or
CDC1l3) . The sample temperature was regulated
with a Bruker B-VT 1000 temperature control
unit. It was checked in the probehead with a
copper constantane thermocouple, If necessary,
a Lorentz Gauss transformation was carried

out before Fourier transformation, yielding
Gaussian enhanced spectra, All spectra were
analyzed by standard iterative simulation
techniques using the LAOCOON III like PANIC
program (Bruker), Total line shape analysis
was performed on a Cyber computer using the
DNMR program, developed by G. Binsch!ls 3
The program was placed at our disposal by the
NMR program Library, Daresbury Laboratory.
All products were analyzed by GCMS, using a
Finnigan-4000 mass spectrometer; exact mass
neasurement was performed with a Varian CH-5
DF mass spectrometer at an lonization poten-
tial of 70 eV.

Ultra violet spectra were recorded on a
Cary 114 spectrophotometer. Al)l melting
points are uncorrected.

Micro analysis were performed by the
Instituut voor Tcegepaste Chemie TNO, Zeist,
The Netherlands, under the supervision of
Mr. G.J. Rotscheid.

9,9,11,1l-Tetzachloxotxicyclolﬁ.3.1.01'7lpn-
decane (Sa) and 11,11-dibromo-9,9-dichloro-
tricyclof5.3.1.01.7]undecane (5b)

To a mixture of 9,9-dichloro(5.3.0}dec-1(7)-~
-enel® (4a, 6.2 g, 0.03 mol), CHC13 or CHBrj,
respectively, (0.24 mol), cetyltrimethylam-
monium bromide (0.68 g, 1.9 mmol) and two
drops of ethanol, a solution of NaCH (9.6 g,
0.24 mol in water (10 ml) was added within

15 min. under vigorous stirring. The stirring
was continued for 18 h at room temperature
and 2 h at 45°C. After cooling to room tempe-
rature, water (200 ml) was added, the layers
were separated and the aqueous layer was ex-
tracted twice with CHpClj;. The combined or-
ganic layers were washed with water, dilute
HCL (IN) and brine, dried (MgsO4) and concen-
trated under reduced pressure. The residue
was a pale yellow solid and was purified by
recrystallization from ethanol.

2a: yield 6.86 g (0.024 mol, 80%) after re-
crystallization; m.p. = 117°C. lH NMR (90 MHz,
CDCl3): 6 3.26, 3.14 (AB system, JaB = 16 Hz,
4H), 2.20-1.20 (m, 10H). Mass spectrum m/z
(rel. intensity): 286(9) [5a]*" with isotope
pattern, 232(100). HRMS Calc. [C11H1435Cl4]+':
285.9849. Found: 285.9839.

5b: yield 7.1 g (0.019 mol, 62%) after recry-
stallization; m.p. = 117°C. 1H NMR (90 MHz,
CDCl3): 6 3.22 (bs, 4H), 2.3-1.7 (m, 10H).
Mass spectrum m/z (rel. intensity): 374(15.8),
376(46), 378(40), 380(12.1)[Sh]*" with iso-
tope pattern, 320(100). HRMS cCalc.
(C11H147%8r535C1,) : 376.9456. Found: 376.9416.
Found: C,35.50; H,3.80; Br,41.70; C1,19.00.
Cy11H14Br2Cly; (M = 376.96) requires: C,35.05;
H,3.74; Br,42.40; C1,18.81,

9,9,11,11-Tetrabramotricyclo[5.3.1.0! 7 Jun-
decane (ES)

To a mixture of 1,2-dimethylenecyclohep-
tane® 2, 3.66 g, 0.03 mol), CHBr3 (0.24 mol),
trimethylammonium bromide (0.68 g, 1.9 mmol)
and two drops of ethanol, a solution of NaOH
9.6 g, 0.24 mol) in water (10 ml) was added
within 15 min. under vigorous stirring. The
stirring was continued for 18h. at room tem-
perature and 2 h. at 45°C. After cooling to
room temperature, water (200 ml) was added,
the layers were separated and the aqueous
layer was extracted twice with CHyClz. The
combined organic layers were washed with
water, dilute HC1l (IN) and brine, dried
(ugsod) and concentrated under reduced pres-
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sure, The residue was a viscous oil. Compound
5S¢ was obtained from the residue by fractional
crystallization from acetone at -20"C. The mother
liquor was evaporated to dryness; the residue
consisted of practically pure 2,2,5,5-tetra-
bromodispiro{2,0,2,5]undecane (8) , which was
recrystallized from methanol.
Sc: yield 1,94 g (4.2 mmol, 14%); m.p. = 118° C.
H NMR (90 MHz, CDCl3): 6 3.51 (s, 4H), 1.6-2.3
(m, 10H) m/z (rel. intensity); 462(4.6),
464(18.3), 466(28.7), 468(16.5), 470(4.1).
[zs]*' with isotope pattern, 305(100). HRMS.
Calc. (CyyH,,798r38%Br): 463.7812. Found:
463,7811. Found C,28.47; H,3.07; Br,68.86.
Cy1iHy4Brg (M = 465.87) requires: C,28.36;
H,3.03; Br,68.61.
gkymm780gusema 56%); m.p. = 124%.
H NMR (90 MHz, CDCl3): &8 1.6-2.2 (m, 10H),
1.56-1.40 (AB_system, Jpg = 14 Hz, 4H). HRMS
Calc. (CiyHyq7%Br,8lBry): 465.7785. Found:
465.7788.

8,11-Dihalo[5]metacyclophanes (1b,c,d); general
procedure

To a mixture of AgClOg4 (1.24 g, 6 mmol), 2,6
lutidine (0.37 g, 3.4 mmol) in dry THF (6 ml),
a solution of 5a, Sb or 5c (1.5 mmol, respec-
tively in dry THF (3 ml) was added in 5 min,
under stirring. After stirring for several
hours (3a,3b : 20 h.; %¢: 4 h.) at room tem-
perature, t.he reaction mixture was filtered
of through a glass filter. The filtrate was
evaporated and the residue was purified by
column chromatography (silicagel, n-pentane) 8
1p: yteld 0.22 g (1.05 mmol, 70%); m.p. = 4f
Mass spectrum m/z (rel. intensity); 214(34): €;
[1b]**, 179(100), HRMS. Calc. (c1151235c12)*'
214.0316. Found: 214.0322,

Lgo yield 0.15 g (0.6 mmol, 40%); m.p. = 25 -
30 C, waxy solid. Mass spectrum m/z (rel in-
tensity): 258(41), 260(82), 262(22.4) [Lg_]*'
with isotope pattern, 144(100) . HRMS. Calc.
(Cy1H12798r35c1)*": 257.9811. Found: 257.9807.
14: yield 0.18 g (0.6 mmol, 40%); m.p. = 37°c,
Mass spectrum m/z (rel. {intensity): 302(1),
304(2), 306(0.6) [1d]+' with isotope pattern,
129(100), HRMS. calc. (Cy1Hy279Brp)*": 301.9316.
Found: 301.9331.
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