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4,15-Diamino|2.2]paracyclophane as a Starting Material for Pseudo-Geminally
Substituted [2.2]Paracyclophanes!*!
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Diazotization of the title compound 3, followed by treatment
of the formed bis(diazonium ion) with cuprous chloride,
yields the pseudo-geminal dichloride 1. Similarly, 3 is con-
verted into the bis(azide) 5 when sodium azide is used as the
trapping nucleophile. Hypochlorite oxidation of 3 furnishes
the azo compound 4, the first multi-bridged cyclophane with
a bridge consisting only of heteroatoms. Reduction of 4 with
zinc/acetic acid affords the substrate 3 again. Treatment of
4 with bromine/iron powder or iodine monochloride causes
deazotization accompanied by halogen introduction in
pseudo-geminal position (i.e., formation of 2 and 6, respect-
ively). Flash vacuum pyrolysis (450 °C, 0.01 Torr) of 4 pro-
duces the phenanthrene derivatives 13 and 14, while with

tetracyanoethylene (TCNE) the azophane undergoes rapid
cycloaddition at room temperature to give the [2+4] cyclo-
adduct 16. The structures of 1, 2, 4-6, and 16 have been de-
termined by X-ray structural analysis. Molecular packing
patterns are determined by weak hydrogen bonds; a com-
mon packing pattern for cyclophane derivatives is ascribed
to C-H--n interactions. Full bandshape analyses of the
bridge proton signals in the 'H NMR spectra of 1, 2, 6, and of
the difluoro analogue 17 yielded the vicinal H,'H coupling
constants. These reflect the 1:1 equilibrium between the two
skew conformations of the bridges.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

We recently described a straightforward synthesis of 4,15-
diamino[2.2]paracyclophane (3, Scheme 1), a layered com-
pound that may formally be regarded as a “dimer” of anil-
ine in which the two aromatic subunits are fixed in parallel
orientation by the two ethano bridges; we also showed that
3 can be used as a template molecule to carry out topo-
chemical reactions in solution./”! In this paper we report
that the diamine is a useful precursor for the preparation
of other pseudo-geminally substituted cyclophanes, in-
cluding the first multi-bridged cyclophane with a bridge
consisting only of heteroatoms.
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Results and Discussion

Subjection of 3 to standard diazotization conditions (so-
dium nitrite, concd. hydrochloric acid) clearly converted its
two amino groups into diazonium functions, since treat-
ment of the produced intermediate with cuprous chloride
and sodium azide, respectively, produced the dichloride 1
(35%) and the bis(azide) 5 (31%, Scheme 1). The structure
of these two derivatives, the yields of which have not been
optimized, follows from their spectroscopic data (see Exp.
Sect.), especially their 'H and '3*C NMR spectra, which are
similar in their general appearance to the corresponding
spectra of the substrate 3. Furthermore, single-crystal X-
ray structural analyses could be carried out for both deriv-
atives; the results are shown and discussed below.

When 2 was oxidized with sodium hypochlorite in eth-
anol in the presence of base, the azo-bridged cyclophane 4
was produced in 98% yield. This triply bridged compound
is the first representative of a cyclophane with a bridge con-
sisting only of heteroatoms.[*l Again, the structure of the
product follows from its spectral parameters (Exp. Sect.) as
well as an X-ray crystallographic analysis (see below). On
treatment with zinc in acetic acid, 4 was reduced back to
the starting material 3 (76% yield). Exposure of this azo-
phane to the action of bromine in the presence of iron pow-
der in dichloromethane solution resulted in a remarkable
substitution reaction: the nitrogen bridge was lost and the
pseudo-geminal dibromide 2 was produced in good yield
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Scheme 1. 4,15-Diamino[2.2]paracyclophane (3) as a starting mat-
erial for pseudo-geminally substituted [2.2]paracyclophanes

(64%). Dibromo[2.2]cyclophanes have been described sev-
eral times in the literature, but the derivative with the two
halogen atoms in pseudo-geminal position has not been
available so far. However, this isomer is of particular inter-
est, because it should, in principle, allow the preparation
of dimeric organometallic reagents [bis(Grignard reagents),
bis(lithio) derivatives], which could be useful for preparative
purposes and show interesting structural properties. Sim-
ilarly, the diiodide 6 was produced (22%) when 4 was
treated with iodine monochloride in glacial acetic acid.
Again, the structures of 2 and 6 were determined by X-ray
structural analysis, and the results are also discussed below.
As far as the mechanism of the deazotization process is
concerned, we propose that 4 is initially attacked in ipso-
fashion at the heteroatom bridge, providing the 6-complex
8. On expulsion of halide, 8 rearomatizes and is converted
into the diazonium salt 9 (Scheme 2). This, in the last step,
reacts as a typical representative of this class of compounds
and yields the isolated pseudo-geminal dihalide 10. As far
as the production of the diiodide 6 is concerned, it could
also be that 4 and the halogenating reagent iodine mono-
chloride first form a mixed [2.2]paracyclophane derivative,
in which the chlorine substituent would subsequently be re-
placed by iodine. Although we attempted to prepare and
isolate this mixed intermediate (by changing the concentra-
tions of 4 and ICl) these experiments met with failure.
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Scheme 2. Mechanism of nitrogen loss from the azocyclophane 4

The pyrolysis of aliphatic and aromatic azo compounds
has been thoroughly investigated,l®! and since 4 can be re-
garded as a “tied-back” cis-azobenzene we thought it inter-
esting to study its high-temperature pyrolytic behavior. As
it turned out, the compound is very stable and begins to
decompose only at ca. 450 °C, and under these harsh condi-
tions only two defined products, characterized by their
spectroscopic data (see Exp. Sect.), could be isolated from
the pyrolysate, each in trace amounts: 3,6-dimethylphen-
anthrene (13, 1.5%) and its 9,10-dihydro derivative 14

(1.5%, Scheme 3).
g-¢
cH,
:
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Scheme 3. Flash vacuum pyrolysis of the azocyclophane 4

To explain the formation of these aromatic hydrocarbons
we propose that the diradical 11 is generated in an initial,
presumably stepwise, deazotization process. Like [2.2]para-
cyclophane and several of its derivatives,'® this intermediate
could undergo bridge rupture while simultaneously generat-
ing the prerequisite for radical recombination. The double-
benzylic diradical 12 thus produced can stabilize itself either
by a formal intramolecular hydrogen-transfer process, fur-
nishing 13, or by intermolecular hydrogen transfer to give
14. Intermediates such as 12 or reactive species derived
from them could in principle also produce dimeric products.
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We were, however, unable to identify the corresponding
cyclophanes during workup or by mass spectrometric ana-
lysis.

To learn more about the reactivity of 4 we first attempted
to isomerize the azo compound into its chiral isomer 15 in
dichloromethane solution in the presence of catalytic
amounts of AICI/HCI at 0 °C, the process having previ-
ously been carried out successfully for the all-carbon ana-
logue of 15 under the same conditions.”! However, the
starting material was recovered unchanged (Scheme 4).
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Scheme 4. Attempted isomerization of the azophane 4 and its
Diels—Alder cycloaddition

A cycloaddition experiment between 4 and tetracyanoe-
thylene (TCNE) in dichloromethane at room temperature
was successful; on mixing of the two compounds the imme-
diate formation of a deep red color was noted and after a
few minutes the Diels—Alder adduct 16 began to precipit-
ate. The structure of this adduct, produced in 54% yield,
was deduced from its spectroscopic data (see Exp. Sect.) as
well as a crystal structure determination (see below). The
participation of a benzene ring as the diene component in
a [2+4] cycloaddition has been observed several times;®!
however, in none of the previous cases had the addition
process been so fast as for 4.

The Crystal Structures of the New Pseudo-Geminally
Substituted [2.2]Paracyclophanes

The halo derivatives 1, 2, and 6 all crystallize with similar
unit cells in P2,/n, but only the bromo derivative 2 and the
iodo derivative 6 are isostructural; none of the molecules
discussed here possesses imposed crystallographic sym-
metry (Table 1). All three molecules (Figures 1—3) display
general features of [2.2]paracyclophanes, such as the flat-
tened boat configuration of the rings and the lengthened
C—C single bonds in the bridges (1.576—1.589 A). Two ef-
fects of the halogen substituents are: first, as noted for, for
example, the pseudo-para-4,12-dibromo- and -dichloro[2.2]-
paracyclophanes,® to reduce the ring angles (e.g.,
C4—-C3—C8) at the ortho bridgehead carbon atoms to ca.
115°, whereas the corresponding meta angles (e.g.
C5—C6—C7) remain at the typical cyclophane value of ca.
117°; and secondly, to widen the C—C—C angles from the
substituent to the bridge (e.g., C4—C3—C2) to 123—124°,
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presumably by steric interactions with the bridge hydrogen
atoms.['?]

The intramolecular halogen—halogen distances are
Cl---Cl 3.4668(5), Br=+-Br 3.6747(5), and I---1 3.961(2) A. If
these were sterically unfavorable, one would expect some
strain to be noticeable. The short non-bonded distances be-
tween opposite bridgehead carbon atoms are marginally
but consistently greater for the carbon atoms ortho to the
halogen substituents [2.774, 2.760(2) A for 1; 2.776,
2.746(3) A for 2; and 2.782, 2.763(4) A for 6]. Similarly, the
C4---C15 contact increases from 3.166(2) to 3.204(2) and
3.252(4) A in the order Cl, Br, I. Finally, the interplanar
angle between the rings (bridgehead C omitted) increases in
the same order, from 2.3 to 3.8 and 5.1°.

The packing of compound 1 consists of layers with a her-
ringbone pattern (Figure 4). Within each layer, generated
along the 2, screw axis, there are strikingly short and
linear intermolecular contacts from hydrogen atoms to the
centroids (Cg) of the rings (calculated without the bridge-
head atoms): C16—H16--Cg(C4,5,7,8) 2.50 A, 171° and
C2—H2B-Cg(C12,13,15,16) 2.63 A, 166° (throughout this
paper such contacts are quoted for a normalized C—H dis-
tance of 1.08 A).“ ' These contacts may reasonably be clas-
sified as C—H-+-r hydrogen bonds;'? it is, however, surpris-
ing that such short contacts are formed by low-acidity
donors and chlorine-substituted ring acceptors, which
should have a reduced electron density. We have recently
pointed out similar interactions, but with longer H+ 7 dis-
tances (up to 2.9 A), in the layer structures of some
[2.2]paracyclophane esters.!1”]

An examination of the structures of many simple derivat-
ives of [2.2]paracyclophane reveals that a particular com-
bination of two axis lengths — namely one of ca. 7.5 A and
one of ca. 11.5 A — is very common; we shall term this
the “7,11”-structure. A cursory analysis suggests that the
common feature underlying the “7,11”-structure is the her-
ringbone layer (and by implication the C—H-x interac-
tion). The layer dimensions are determined by the size of
the [2.2]paracyclophane framework and not by its substitu-
ents, which are directed, approximately perpendicularly,
away from the layer. The interactions connecting neighbor-
ing layers will in general vary depending on the substitu-
ents, resulting in different three-dimensional packing and
thus different space groups and lengths of the third axis. In
1 the layers are connected through the n glide operator by
weak C10—HI10A---Cll hydrogen bonds (2.89 A, 161°). A
more detailed investigation of these packing effects, in
which we wish to test whether other packing features can
also produce “7,11”-structures in [2.2]paracyclophanes, is
in progress.'31 We have ourselves noted C—H-+O inter-
actions in such layers and have in some cases subjectively
classified them as more important than very long C—H--n
interactions;!!” however, we have already pointed out the
potential inconsistencies inherent in the subjective ranking
of various packing features.!'¥]

The packing of the isostructural compounds 2 and 6 is
illustrated for the iodo derivative 6 in Figures 5 and 6. The
“7,117-type layer is clearly visible in Figure 5; the C—H- 1t
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Table 1. Crystallographic data for compounds 1, 2, 4—6, and 16
1 2 4 5 6 16

Empirical formula C16H14C12 C16H14Br2 C16H14N2 C16H14N6 C|6H14IZ C22H14N6
M, 277.17 366.09 234.29 290.33 460.07 362.39
Habit colorless tablet colorless, irreg. yellow prism colorless plate colorless prism colorless tablet
Cryst. size [mm] 0.27%X0.25X0.08  0.27x0.24%0.22  0.6X0.4X0.4 0.38%0.32x0.08  0.35x0.21x0.18  0.5%0.4X0.2
Crystal system monoclinic monoclinic orthorhombic  orthorhombic monoclinic monoclinic
Space group P2,/n P2,/n P2,2,2, P2,2,2, P2,/n P2/c
Cell constants:
a[A] 7.5506(4) 7.6721(15) 8.020(2) 7.5140(10) 7.662(6) 11.576(2)
b[A] 11.3311(8) 10.7919(14) 9.279(2) 11.4922(16) 11.069(8) 10.211(3)
c[A] 15.0074(11) 16.498(3) 15.292(3) 15.989(2) 17.014(15) 15.053(3)
B 99.141(3) 95.380(9) 90 90 97.75(7) 103.39(2)
VA3 1267.68(15) 1352.0(4) 1138.0(4) 1380.7(3) 1430(2) 767.86(12)
Z 4 4 4 4 4 4
D, [Mg:m™3] 1.452 1.799 1.368 1.397 2.137 1.391
p [mm~1 0.49 6.0 0.08 0.09 44 0.09
F(000) 576 720 496 608 864 752
T[°C] —140 —140 —130 —100 —140 -130
20max [°] 60 60 55 50 60 50
Refl. measured 26112 21509 4153 2742 28762 3212
Refl. independent 3701 3949 1521 1419 4170 3046
Transmissions 0.787—-0.962 0.412—-0.494 no Cofrr. no corr. 0.483—0.604 no Cofrr.
R 0.029 0.024 0.038 0.042 0.023 0.040
Parameters 163 163 163 199 163 253
Restraints 0 0 177 200 0 274
wR (F2, all refl.) 0.094 0.078 0.139 0.075 0.059 0.150
R [F > 4o(F)] 0.032 0.027 0.049 0.039 0.023 0.055
S . 1.07 1.08 1.09 0.85 1.08 1.03
max. Ap [erA 7] 0.44 1.5 0.42 0.17 1.8 0.22

C13

C12

Figure 1. The molecule of compound 1 in the crystal; ellipsoids
represent 50% probability levels; hydrogen radii are arbitrary

interactions are C16—H16---Cg(C4°1,5,7,8) 2.75 A, 155° and
C8—8-H-+Cg(C12,13,15,16) 2.80 A, 160°. Again, the 2; op-
erator is involved, although a slight shift in the molecules
means that the aromatic hydrogen atom HS is a donor, ra-
ther than the bridge hydrogen atom in 1. The bromine de-
rivative 2 has C16—H16---Cg(C4,5,7,8) 2.75 A, 155° and
C8—H8-Cg(C12,13,15,16) 2.58 A (0.22 A shorter than in
6), 164°.

The layers in 2 and 6 are linked by two kinds of interac-
tion to form diagonal layers parallel to [101] (Figure 6).
Again, it is a subjective decision whether the “7,11” layers

570

Figure 2. The molecule of compound 2 in the crystal; ellipsoids
represent 50% probability levels; hydrogen radii are arbitrary

or these diagonal layers are the more “important” packing
feature. Firstly, there is a weak C—H---Hal hydrogen bond
C12—H12-Brl (2.79 A, 158°) or C12—HI12--11 (2.97 A,
150°), generated by the n glide operator, in the region z =
0. Secondly, there are halogen---halogen interactions
[Brl-+Br2 3.8072(5), Br2--Br2 3.6223(6) A or Il-I2
4.026(2), 12---12 3.921(3) A] between molecules related by
inversion, in the region z =~ 1/2. The corresponding
C—Hal--Hal angles [°] are 140, 153; 144 (X2) for 2 and
136, 153; 136 (X2) for 6, corresponding approximately to
the “type I”” classification.[!3]

Eur. J. Org. Chem. 2003, 567—577
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Figure 3. The molecule of compound 6 in the crystal; ellipsoids
represent 50% probability levels; hydrogen radii are arbitrary

Figure 4. The layer structure of compound 1 seen perpendicular to
the ab face; hydrogen bonds are shown as broken lines; there are
two such layers per ¢ axis repeat

Figure 5. The layer structure of compound 6 seen perpendicular to
the ab face; hydrogen bonds are shown as broken lines; there are
two such layers per ¢ axis repeat

The structure of the triply bridged phane 4 (Figure 7)
would be expected to show considerable strain; unfortu-
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Figure 6. The alternative layer structure of compound 6 seen per-
pendicular to [101]; hydrogen bonds and I-I interactions are
shown as broken lines; H atoms not involved in H bonds are omit-
ted for clarity

nately, the structure of its hydrocarbon analogue has only
been published as a conference abstract!!® and no details
are available for comparison. Bond lengths quoted here for
4 have been corrected for libration by use of a rigid-body
model;!'”! values in Figure 7 are uncorrected. The main fea-
ture is the necessarily short diazo bridge, with its N=N
bond of 1.272 A (cf. standard X-ray value of 1.255 Al8)),
associated with a very short non-bonded contact (C4---C15)
of 2.504(4) A (uncorrected); the C—N bond lengths are
1.474 and 1.467 A, also slightly lengthened from the stand-
ard value of 1.431 A. The C—C bridge bond lengths are
1.592 and 1.607 A, rather longer than in [2.2]paracyclo-
phanes. Perhaps unexpectedly, the flattened boat descrip-
tion of the six-membered rings is still a fair approximation
(r.m.s. deviation of four atoms 0.035 /3;, deviations of C3,
C6, Cl11, C14: 0.12, 0.15, 0.15, 0.11 A), but the interplanar
angle is as high as 19.7(1)°. This latter value may be re-
garded as the main manifestation of strain.

Figure 7. The molecule of compound 4 in the crystal; ellipsoids
represent 30% probability levels; hydrogen radii are arbitrary; se-
lected bond lengths [A] and angles [°]: N1—N2 1.268(4), N1-C4
1.470(3), N2—C15 1.463(4), C1—C2 1.588(4), C9—C10 1.603(4);

N2-Ni-C4 1149(2), NI-N2-Cl5 114.9Q2), C4-C3—C8
115.8(3), (C3—-C4-C5 122.53), C5-C6—C7  117.92),
C12—-CI1-Cl6 117.1(2), C13—-Cl4—CI5 116.8(2),
C14—C15-Cl16 122.1(3)
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The three-dimensional packing of 4 shows no easily re-
cognizable features; the molecules are connected by the
three weak hydrogen bonds Cl6—H16-N1 2.55,
C10—H10B-+N1 2.77, and C5—H5-+N2 2.81 A (all gener-
ated through the 2, axis parallel to b, and all of acceptable
linearity). There are no C—H--1t contacts < 3.3 A.

The structure of the bis(azido) derivative 5 is shown in
Figure 8. Its molecular dimensions, some of which are pre-
sented in the caption to Figure 8, may be regarded as nor-
mal for [2.2]paracyclophanes and azide groups. The latter
are essentially coplanar with the rings (deviation 0.32 A for
N3 and 0.14 A for N6). Surprisingly, the compound is not
isostructural with its diisocyanato analogue, although
both (and also a urea derivative reported in ref.[l, despite
the presence of classical hydrogen bonds) crystallize in the
“7,117-pattern. The C—H-+w interactions, however, if such
they are, are very long; C13—H13---Cg(C4,5,7,8) 2.81 A,
161° and C9—H9B--Cg(C12,13,15,16) 3.00 A, 153°. There
are also seven weak C—H-*N contacts (three with H10B as
donor) with H-*N 2.68—2.84 A, three within the layer and
four between layers, but they are far from linear
(120—148°). All these contacts must individually represent
at best a minor stabilizing influence, but their combined
effect could be significant in determining the overall pack-
ing. Figure 9 shows the layer structure viewed from the side,
showing the contacts between layers.

Figure 8. The molecule of compound 5 in the crystal; ellipsoids
represent 30% probability levels; hydrogen radii are arbitrary; se-
lected bond lengths [A] and angles [°]: N1—N2 1.222(2), N2—N3
1.127(4), N4—N5 1.240(4), N5—N6 1.133(4), N1—-C4 1.433(4),
N4-C15 1.4384), Cl1-C2 1.580(5), C9—CI0 1.592(4);
C4—NI—-N2 118.3(3), N1-N2—-N3 171.54), Cl15—N4—-N5
115.9(3), N4—N5—N6 172.4(4)

The structure of compound 16, the Diels—Alder addition
product of 4, is shown in Figure 10. The bridge bond
lengths (see caption to Figure 10) are relaxed from their in-
creased values in 4 towards more normal values, whereas
the bonds involving the new bridge atoms C17 and C18 are
long. The ring C11—16 is still a flattened boat, with C11
and Cl14 lying 0.12 and 0.08 A out of the mean plane of
the other four atoms (r.m.s. deviation 0.02 A). The non-
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Figure 9. The layer structure of compound 5 seen parallel to the a
axis; the layers are thus viewed from the side; weak hydrogen bonds
C—H-N within and between layers are shown as broken lines

bonded distances across the bridges are C4--C15 2.485(3),
C3--:C14 2.766(3), and C6--C11 2.765(3) A.

Figure 10. The molecule of compound 16 in the crystal; ellipsoids
represent 30% probabijlity levels; hydrogen radii are arbitrary; se-
lected bond lengths [A] and angles [°]: N1—=N2 1.258(3), N1-C4
1.456(3), N2—C15 1.458(3), C1-C2 1.565(4), C9—CI10 1.561(3),
C5-C17 1.589(3), Cl17-Cl18 1.602(3), C8—-Cl18 1.591(3);
N2—-N1-C4 116.9(2), N1-N2—-C15 112.3(2)

In view of the size of the newly inserted TCNE moiety,
the “7,11”-packing is no longer to be expected, and indeed
is not observed. However, a layer structure based on the 2,
operator is still formed (Figure 11), and it still involves one
short C—H--m interaction to the wunaltered ring;
C5—H5-+Cg(C12,13,15,16) 2.55 A, 161°. Additionally,
there are three weak C—H--N interactions within the layer
and three adjoining neighboring layers. As in 5, most of
these are far from linear; by far the shortest are
C7—H7-N6 (2.48 A, 127°) within and C10—H10B--N4
(2.58 A, 146°) between the layers. All others have H:N

Eur. J. Org. Chem. 2003, 567—577



Pseudo-Geminally Substituted [2.2]Paracyclophanes

FULL PAPER

in the 2.7-2.8 A range and may be considered to play a
supporting role in the packing.

Figure 11. The layer structure of compound 16 seen perpendicular
to the ab face; weak hydrogen bonds C—H-N are shown as thin
and C—H-r as thick broken lines; there are two such layers per ¢
axis repeat

The 'H NMR Spectra of the Pseudo-Geminal
Dihalo|2.2]paracyclophanes and Conformational Equilibria
in Solution

We have carefully analyzed the '"H NMR spectra of the
homologous series represented by pseudo-geminal difluoro-
(17),I'1 _dichloro- (1), -dibromo- (2), and -diiodo[2.2]para-
cyclophane (6) because the 'H,'H coupling constants in the
CH,CH, bridges contain information about the conforma-
tional equilibrium that exists in solution, as we have shown
previously for a series of 4-monosubstituted [2.2]paracyclo-
phanes.?”l The difluoro compound 17 (Scheme 5) was avail-
able to us from an earlier study.l!l

@
@

17

Scheme 5

The bridge proton spectra of the dihaloparacyclophanes
1, 2, 6, and 17 each comprise one AA'XX' spin system for
the bridge ortho to the halogen atoms and one AA'BB’ spin
system for the remote bridge. These spin systems overlap
slightly for 1 but strongly for 2, while they do not overlap
in the case of 6 and 17. The results of the iterative full
bandshape analysis are given in Table 2 (chemical shifts)
and in Table 3 (coupling constants), and the experimental
and calculated spectra of the bridge protons of 1 are shown
in Figure 12 to demonstrate their appearance and the qual-
ity of the analysis. The relatively large linewidths in the ex-
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perimental spectrum are due to the multitude of unresolved
benzylic coupling constants of magnitudes less than 1 Hz.
For 17, the chemical shifts of the protons of the remote
bridge are quite close, giving rise to a very strongly coupled
AA'BB’ spectrum in which not enough lines are resolved
to define the two vicinal cis couplings. However, these are
not important with regard to the conformational analysis.

Table 2. 'TH NMR chemical shifts of 1, 2, 6, and 17 in CDCl;

17 1 2 6
8(1-Ha) 2.76 2.96 3.03 3.15
5(1-Hs) 3.54 3.74 3.72 3.60
5(5-H) 6.17 6.57 6.79 7.07
8(7-H) 6.38 6.48 6.51 6.55
5(8-H) 6.44 6.54 6.53 6.50
8(9-Ha) 3.051 3.05 3.04 3.04
8(9-Hs) 3.02 2.99 2.98 2.97

[a] Assignments are interchangeable.

Table 3. Spin,spin coupling constants involving 'H in 1, 2, 6, and
17 and involving '°F in 17

17 1 2 6

J(1-Ha,1-Hs) = Jgem —13.6 —-13.6 —13.6 —13.7
J(1-Ha,2-Ha) = J, /4 10.2 10.5 10.5 10.4
J(1-Ha,2-Hs) = J, s 42 41 41 42
J(1-Hs,2-Hs) = J;, [ 9.7 10.1 10.1 9.9
J(5-H,7-H) 1.8 1.8 1.8 1.7
J(5-H,8-H) 0.4 nrll nrbl bl
J(7-H.8-H) 7.8 78 717 17
J(5-H.F) 11.4

J(7-H,F) ~0.9

J(8-H.F) 8.2

Ter 13.8

J(9-Ha9-Hs) = Jyem —134 02 -133 -134 -—134
J(9-Ha,10-Ha) = J,, [ n.d 104 106 103
J(9-Ha,10-Hs) = J,,., 14302 42 41 43
J(9-Hs,10-Hs) = J.,, @ n.d.l 106 107 105

[ In principle, the two J; values in the AA’XX’ or AA’BB’ spin
systems cannot be assigned individually. ! Not resolved. [l Coup-
ling constant not properly defined due to insufficient number of
observed transitions.

The aromatic protons of 17 are part of a complicated
AA'BB'CC'XX’ spin system, due to the existence of con-
siderable through-space "°F,'°F coupling causing magnetic
nonequivalence. To reproduce the 5-H/16-H multiplet at
8 = 6.17 ppm (Figure 13), para-F,H and -H,H couplings of
—0.9 Hz and 0.4 Hz (the latter unresolved), respectively,
were required. The iterative analysis converged on a |Jip|
value of 13.8 Hz, in good agreement with our previous re-
sult of 13.7 Hz obtained from the '3C satellites in the 'H-
decoupled '"F NMR spectrum.??!

In [2.2]paracyclophane (18, R = H) in solution, there is
a degenerate equilibrium between the two skew conforma-
tions 18A and 18B (Scheme 6). These are separated by a
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1/2-H-syn 1/2-H-anti

9/10-H-syn

9”M

AR RS AAavAREa ARARAANRSZY; T
3.8 37 3.6 35 34 33 3.2 3.1 3.0 29
(ppm)

Figure 12. 400 MHz "H NMR spectrum of the bridge proton re-
gion of 1 in CDCl; solution; experimental (top), iteratively fitted
(bottom)

5-H

"T650 645 640 635 630
(ppm)

Figure 13. 400 MHz 'H NMR spectrum of the aromatic region of
17 in CDCl; solution; experimental (top), iteratively fitted (bottom)

low energy barrier (estimated to be 2.5 kJ-mol~! by ab in-
itio MO calculation!?3l) and interconvert rapidly at room
temperature by a twisting movement about the axis joining
the centers of the two aromatic rings. The conformational
equilibrium of 18 becomes biased when a substituent is in-
troduced in the 4-position.[?”! The bias is such as to favor
conformation 18B, in which the syn-C—H bond at the or-
tho-bridge carbon atom C-2 is twisted away from the plane
of the adjacent aromatic ring in order to avoid unfavorable
nonbonding interactions between 2-Hs and the substituent.
At the same time, the anti-C—H bond of the ortho-bridge
carbon atom is twisted towards the aromatic plane. This
was deduced from the decrease in one trans coupling con-
stant, J(1-Ha,2-Hs), and the increase in the other, J(1-Hs,2-
Ha), whereas both cis coupling constants, J(1-Hs,2-Hs) and
J(1-Ha,2-Ha), are more or less unaffected. The rationale
behind this is that the Karplus function describing the de-
pendence of vicinal coupling constants upon the
H—C—C—H dihedral angle o is symmetrical about 0° but
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not about 120°. It had indeed been found that the larger
the spatial requirement of the substituent at C-4, the larger
J(1-Hs,2-Ha) and the smaller J(1-Ha,2-Hs) becomes, indic-
ating the increasing bias of the equilibrium toward 18B. Ex-
treme values — 7.2 Hz and 1.5 Hz, respectively — had been
observed for 18 (R = NO,), compared with the value of 4.1
Hz for 18 (R = H).

.\15

19A

Scheme 6. Equilibria between the twisted conformations 18A and
18B of 4-substituted [2.2]paracyclophanes and between conforma-
tions 19A and 19B of 4,15-disubstituted [2.2]paracyclophanes; un-
favorable nonbonding interactions are indicated by double-
headed arrows

Comparison of aromatic monosubstitution (18) to
pseudo-geminal disubstitution (19) makes it clear that eva-
sion of the unfavorable 2-Hs/4-Hal interaction in 19A by
shifting the equilibrium towards 19B is no longer helpful
because, as the 2-Hs/4-Hal interaction decreases, the ana-
logous 1-Hs/15-H interaction correspondingly increases
(Scheme 6). No alleviation of the nonbonding strain can
hence be expected from a shift of the conformational equi-
librium. Inspection of the vicinal frans coupling constants
in Table 3 shows that these are in fact constant throughout
the halogen series (4.2 = 0.1 Hz) and not affected by the
size of the halogen substituents. Moreover, these coupling
constants have the same value, within experimental error,
as in paracyclophane itself (4.1 Hz). This shows that 19A
and 19B are populated in a 1:1 ratio. The Dreiding molecu-
lar models that we used to represent the conformers under
discussion are not well suited for this purpose because they
are highly strained. It was therefore not immediately obvi-
ous that 19A and 19B are enantiomorphic; only molecular
modeling made this clear beyond doubt. Thus, the experi-
mentally observed coupling constants are indeed those ex-
pected as the consequence of the molecular symmetry, pro-
vided there is no direct electronic influence of the halogen
atoms on the vicinal Jy g.

Experimental Section

General Remarks: The instrumentation used for structure deter-
mination has been described previously.l!? The '*C NMR spectra
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of 1, 2, and 6 were assigned by 2D correlation techniques (HSQC,
HMBC). The '"H NMR spectra of 1, 2, 6 and 17 were analyzed by
the full lineshape method with the program Win-DAISY 4.0
(Bruker-Franzen Analytik, Bremen).*4

4,15-Dichloro|2.2]paracyclophane (1): 4,15-Diamino[2.2]paracyclo-
phane (3, 0.100 g, 0.42mmol) was dissolved in concd. HCI
(10 mL), the solution was cooled to 0 °C with an ice bath whilst
stirring, and sodium nitrite (0.390 g, 5.65 mmol), dissolved in water
(5mL) and cooled to 0 °C, was added dropwise. The diazonium
salt solution produced was added, also at 0 °C, to a solution of
cuprous chloride (0.800 g, 8.08 mmol) in concd. HCI (5 mL). The
resulting mixture was allowed to warm to room temp. and to stand
for 3 h, and was then heated with a water bath at 70 °C for 30 min.
The product mixture was extracted with diethyl ether, and the di-
ethyl ether phase was washed with satd. bicarbonate solution and
brine solution, and dried with anhydrous MgSO,. After solvent
evaporation, the crude product was column-chromatographed on
silica gel with 5% diethyl ether in pentane, providing 1 as a colorless
solid (0.040 g, 35%). Recrystallisation from CHCls/pentane gave
colorless single crystals (m.p. 186 °C, plates) used for X-ray analysis
(see below). '"H NMR: see Tables 2 and 3. '*C NMR (100.6 MHz,
CDCls, int. TMS): 3 = 32.2 (C-1, C-2), 34.7 (C-9, C-10), 131.7 (C-
7, C-12), 133.0 (C-5, C-16), 134.9 (C-4, C-15), 135.3 (C-8, C-13),
136.7 (C-3, C-14), 140.9 (C-6, C-11) ppm. IR (KBr): v = 3444
cm~ 1, 3043, 3014, 2963, 2934, 2853, 1587, 1482, 1435, 1395, 1261,
1111, 1043, 838, 708, 698. UV/Vis (CHC;): Ap.x (log €) = 328 nm
(1.22), 342 (1.18), 358 (1.04, sh). MS (EL 70 eV): m/z (%) = 278
(8), 276 (14) [M™"], 202 (2), 172 (3), 140 (30), 138 (100), 103 (22),
77 (14), 63 (4), 51 (8). HRMS: calcd. 276.047255; found 276.04729.

4,15-Diazido[2.2]paracyclophane (5): 4,15-Diamino[2.2]paracyclo-
phane (3, 0.238 g, 1.0 mmol) was dissolved in hydrochloric acid
[prepared from 0.146 g (4 mmol) of concd. hydrochloric acid and
10 mL of water], and the solution was cooled to —10 °C. A solution
of sodium nitrite (0.276 g, 4 mmol) in water (10 mL) was added
dropwise whilst stirring for 1 h, followed by additional stirring for
1 h. To remove insoluble material, the diazonium salt solution was
filtered and the filtrate was cooled to —5 °C in an ice bath. A
solution of sodium azide (0.260 g, 4 mmol) in water (10 mL) was
added slowly whilst stirring, and after 1 h the formed precipitate
was removed by filtration. The crude product was washed with
water, dried over phosphorus pentoxide, and dissolved in dichloro-
methane (10 mL), and the solution was fractionated by thick layer
chromatography on silica gel with pentane/dichloromethane (5:1,
vIv) to yield 0.091 g (31%) of 5, m.p. 138—139 °C. '"H NMR
(400.1 MHz, CDCl;, int. TMS): &6 = 2.66—2.70 (m, 2 H),
2.94-3.40 (m, 4 H), 3.35-3.40 (m, 2 H), 6.17 (d, J = 1.6 Hz, 2
H), 6.31 (dd, J = 7.7, 1.6 Hz, 2 H), 6.38 (d, J/ = 7.7 Hz, 2 H) ppm.
13C NMR (100.6 MHz, CDCls, int. TMS): § = 30.4, 34.9 (2 X
CH,), 122.9, 129.9, 131.1, 135.6, 138.2, 141.3 (6 X arom. C) ppm.
IR (KBr): v = 3029 cm™!, 2894, 2875, 2853, 2110 (N3). MS (EI,
70 eV): mlz (%) = 290 (70) [M "], 255 (24), 234 (100), 219 (40), 206
(66), 130 (24), 116 (46), 90 (34), 77 (22), 63 (16), 51 (18). C;¢H 4N¢
(290.3): caled. C 66.19, H 4.86, N 28.95; found C 65.79, H 5.05,
N 28.69.

4,15-Azo|2.2]paracyclophane (4): 4,15-Diamino[2.2]paracyclophane
(3, 0.119 g, 0.50 mmol) was added to a solution of potassium hy-
droxide (0.5 g, 9 mmol) in ethanol (95%). The reaction mixture was
cooled to —8 °C, and a freshly prepared aqueous sodium hypo-
chlorite solution (15 mL) was added. After 30 min of stirring at
this temperature, the mixture was poured into 100 mL of ice-cold
water. The product was extracted with dichloromethane, the or-
ganic phases were combined and dried with MgSO,, the solvent

Eur. J. Org. Chem. 2003, 567—577

was removed in vacuo, and the remaining solid was purified by
silica gel chromatography with dichloromethane. Recrystallization
from dichloromethane gave 4 as yellow plates (0.112 g, 96%), m.p.
235 °C. 'H NMR (400.1 MHz, CDCls, int. TMS): § = 2.46—2.50
(m, 2 H), 2.83—-2.89 (m, 2 H), 2.96—3.05 (m, 2 H), 3.09—3.15 (m,
2 H), 5.60 (d, J = 1.7 Hz, 2 H), 631 (d, J = 8.0 Hz, 2 H),
6.35—6.37 (dd, J = 8.0, 1.7 Hz, 2 H) ppm. '3C NMR (100.6 MHz,
CDCls, int. TMS): 8 = 31.1, 35.9 (2 X CH,), 127.3, 129.7, 130.8,
134.1, 140.9, 141.1 (6 X arom. C) ppm. IR (KBr): ¥ = 3041 cm™!,
3029, 2964, 2930, 2891, 2851, 1584. UV/Vis (CH,Cly): Ay (log
€) = 222 nm (1.59), 250 (1.50), 268 (1.22), 280 (1.10), 408 (0.62).
MS (EI, 70 eV): m/z (%) = 234 (100) [M*], 206 (50), 191 (80), 178
(60), 165 (30), 152 (20), 128 (10), 115 (10), 102 (10), 89 (20), 77
(22), 63 (100), 51 (12). C;6H 4N, (234.3): caled. C 82.02, H 6.02,
N 11.95; found C 81.79, H 6.03, N 11.78.

Reduction of 4 to 3: Compound 4 (0.234 g, 1.0 mmol) was added
to a suspension of zinc (0.100 g, 1.53 mmol) in glacial acetic acid
(30 mL), and the mixture was stirred for 1 h at room temp. The
zinc dust was removed by filtration, the solvent was removed in
vacuo, and the remaining residue was purified by silica gel chroma-
tography with ethyl acetate. After solvent evaporation, the crude
diamine 3 was recrystallized from ethanol to yield 0.180 g (76%),
identical in its spectroscopic properties with an authentic sample.

4,15-Dibromo|2.2]paracyclophane (2): Iron powder (0.150 g,
2.77 mmol) was added to a solution of 4,15-azo[2.2]paracyclophane
(4, 0.150 g, 0.64 mmol) in anhydrous CH,Cl, (20 mL), and the re-
action mixture was cooled to 0 °C. A solution of bromine (0.103 g,
1.28 mmol) in anhydrous CH,Cl, (15 mL) was added dropwise with
stirring. The reaction was allowed to continue for 30 min at 0 °C.
The residual iron powder was filtered off and the solvent was evap-
orated. The crude black solid was chromatographed on silica gel
with 5% CH,Cl, in pentane to give 2 (0.150 g, 64%) as a colorless
solid. Recrystallization from CHCls/pentane gave colorless plates
(m.p. 180 °C), used for X-ray analysis (see below). 'H NMR: see
Tables 2 and 3. 3*C NMR (100.6 MHz, CDCls, int. TMS): § =
34.6 (C-1, C-2), 34.7 (C-9, C-10), 125.1 (C-4, C-15), 132.3 (C-7, C-
12), 135.1 (C-8, C-13), 135.7 (C-5, C-16), 138.5 (C-3, C-14), 140.9
(C-6, C-11) ppm. IR (KBr): ¥ = 3442 cm™!, 3068, 3021, 3010,
2958, 2931, 1891, 1582, 1537, 1475, 1466, 1389, 1189, 1034, 950,
903, 866 831, 803, 705, 644. MS (EI, 70 eV): m/z (%) = 368 (18),
366 (30), 364 (16) [M™*], 322 (8), 202 (6), 185 (10), 184 (98), 182
(100), 138 (12), 103 (33), 77 (38), 51 (16), 44 (30). HRMS: calcd.
363.94623; found 363.94455. CsH 4Br; (366.1): caled. C 52.49, H
3.85; found C 52.28, H 3.77.

4,15-Diiodo|2.2]paracyclophane (6): 4,15-Azo[2.2]paracyclophane
(4, 0.200 g, 0.85 mmol) was dissolved in glacial acetic acid (ca.
30 mL) and the mixture was cooled in an ice/water bath whilst stir-
ring. lodine monochloride (0.153 g, 0.939 mmol) was added, the
ice bath was removed, and the stirring was continued at room temp.
for 3 h. The crude mixture was repeatedly extracted with diethyl
ether. The diethyl ether phase was washed with water, saturated
NaHCOj; solution, and brine solution, and dried with MgSO,. The
solvent was evaporated in a rotary evaporator and the residue was
chromatographed on silica gel with 20% CH,Cl, in pentane, giving
rise to 6 as a colorless solid (0.086 g, 22%). Single crystals (plates,
m.p. 239 °C) for X-ray analysis (see below) were obtained by recrys-
tallization from CH,Cl,/pentane. "H NMR: see Tables 2 and 3. 1*C
NMR (100.6 MHz, CDCl;, int. TMS): 6 = 34.7 (C-9, C-10), 38.9
(C-1, C-2), 99.8 (C-4, C-15), 133.4 (C-7, C-12), 133.9 (C-8, C-13),
140.7 (C-6, C-11), 141.8 (C-5, C-16), 142.5 (C-3, C-14) ppm. IR
(KBr): v = 3418 cm™!, 3029, 2954, 2927, 2886, 2850, 1575, 1532,
1467, 1460, 1446, 1430, 1385, 1024, 901, 862, 823, 813, 805, 705,
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656, 639. UV/Vis (acetonitrile): L., (log €) = 228 nm (2.25), 238
(2.18), 250 (1.82). MS (EI, 70 eV): m/z (%) = 460 (16) [M*], 368
(8), 264 (8), 230 (100), 189 (20), 138 (8), 103 (10), 77 (12), 57 (12).
HRMS: calcd. 459.918504; found 459.91783.

Pyrolysis of 4: In a pyrolysis apparatus consisting of a preheating
zone and the actual pyrolysis tube (quartz), compound 4 (0.300 g,
1.28 mmol) was sublimed at 200 °C and 0.01 Torr into the hot zone,
which was maintained at 450 °C. Unfortunately, a large fraction of
the substrate condensed between the two temperature zones. How-
ever, a pyrolysate could be obtained, and was trapped in a liquid
nitrogen cooled trap, its TLC (dichloromethane/pentane, 4:1, v/v)
showing that it consisted of two components, 3,6-dimethylphen-
anthrene (13, 4mg, 1.5%) and 9,10-dihydro-3,6-dimethylphen-
anthrene (14, 4 mg, 1.5%), both known compounds, the structures
of which were determined by NMR and GC/MS analysis. 13: 'H
NMR (400.1 MHz, CDCl;, int. TMS): § = 2.63 (s, 6 H, 2 X CH3,),
7.41 (br. d, J = 8.1 Hz, 2 H), 7.64 (s, 2 H), 7.77 (d, J = 8.1 Hz, 2
H), 8.47 (br. s, 2 H) ppm. 3C NMR (100.6 MHz, CDCl;, int.
TMS): & = 22.1, 122.3, 125.7, 128.1, 128.3, 130.0, 130.4, 135.8. MS
(EL, 70 eV): m/z (%) = 206 (100) [M*], 191 (30), 101 (12), 89 (8),
76 (7) ppm. 14: 'TH NMR (400.1 MHz, CDCls, int. TMS): § = 2.40
(s, 6 H, 2 X CH3), 2.81 (s,4 H, 2 X CH,), 7.04 (br. d, J = 7.6 Hz,
2 H), 7.12 (d, J = 7.6 Hz, 2 H), 7.57 (s, 2 H) ppm. '*C NMR
(100.6 MHz, CDCl;, int. TMS): § = 21.4, 28.8, 124.3, 127.9, 134.4,
134.5, 136.2 ppm; one signal missing due to signal overlap. MS (EI,
70 eV): mlz (%) = 208 (98) [M*], 193 (100), 178 (50), 165 (64), 152
(16), 95 (10), 76 (16).

Diels—Alder Addition of 4: A solution of 4 (0.120 g, 0.51 mmol) in
anhydrous dichloromethane (10 mL) was added to a solution of
tetracyanoethylene (0.065 g, 0.51 mmol) in anhydrous dichlorome-
thane (10 mL). The color of the reaction mixture immediately
changed to red, and after 5 min a precipitate began to form. This
was removed by filtration, washed several times with dichlorome-
thane, and dried over phosphorus pentoxide to give brown crystals
of 16 (100 mg, 54%), m.p. 154—155 °C. 'H NMR (400 MHz, [DgJa-
cetone, int. TMS): & = 2.05-2.18 (m, 1 H), 2.27—-2.45 (m, 1 H),
2.50—2.75 (m, 5 H), 3.10—3.29 (m, 1 H), 4.30—4.50 (dd, J = 7.6,
1.8 Hz, 1 H), 5.50 (d, J = 1.8 Hz, 1 H), 5.65 (d, J = 7.6 Hz, 1 H),
6.50 (d, J = 1.6 Hz, 1 H), 6.89—-6.91 (dd, J = 7.8, 1.6 Hz, 1 H),
7.06 (d, 1 H, 7.8 Hz) ppm. '3C NMR (100 MHz, [DgJacetone, int.
TMS): 6 = 31.5, 32.8, 33.1, 33.2 (4 X CH,»), 45.1, 45.6 (2 X bridge-
heads), 53.0, 55.1 (2 X C(CN),], 113.0, 113.1, 113.2, 113.4 (4 X
CN), 120.2 (=CH), 128.0, 130.3, 130.6, 130.8, 131.5, 132.0, 132.5,
134.9, 142.6 (olefinic and arom. C) ppm. IR (KBr): v = 3087 cm ™!,
3039, 2933, 2865, 2246, 2203 (CN), 1565 (N=N). MS (EI, 70 eV):
mlz (%) = 362 (60) [M*], 258 (100), 205 (20), 190 (30), 164 (42),
102 (28), 71 (20), 53 (10). CH 4Ng (362.39): caled. C 7291, H
3.89, N 23.19; found C 72.75, H 3.92, N 22.96.

X-ray Structure Determinations: Numerical details are presented in
Table 1. Data collection and reduction: crystals were mounted in
inert oil on glass fibers and transferred to the cold gas stream of
the diffractometer (1, 2, 6: Bruker SMART 1000 CCD:; 4, 16: Stoe
STADI-4; 5: Siemens P4, with appropriate low-temperature attach-
ments). Measurements were performed with monochromated Mo-
K, radiation. An absorption correction for compounds 1, 2, and 6
was performed by use of the SADABS program. Structure solution
and refinement: The structures were solved by direct methods and
refined anisotropically against > (G.M. Sheldrick, SHELXL-97,
University of Goéttingen). H atoms were included with a riding
model. For compounds 4 and 5, which by chance crystallize in
chiral space groups, the absolute structure could not be determined
and Friedel opposite reflections were therefore merged. For the
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more weakly diffracting compounds 4, 5, and 16, a system of re-
straints to displacement factor components was employed to im-
prove refinement stability. CCDC-186258 (1), -186259 (2), -186260
(4), -186261 (5), -186262 (6), and -186263 (16) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/conts/retriev-
ing.html [or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.) + 44-
1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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