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Abstract: The synthesis and characteri-
zation of all diastereomers of a linear
symmetrically fused tris-Troger’s base
analogue are described. The diastereo-
mers are unambiguously assigned as
syn—anti 1a, anti-anti 1b, and syn-syn
1c isomers, by using X-ray diffraction
analysis and NMR spectroscopy. For
the first time, the anti-anti and the
syn-syn diastereomers of a linear sym-

aromatic cleft, whereas in isomer 1¢
disordered solvent molecules are trap-
ped in the extended aromatic cleft.
Furthermore, in the solid state, isomer
1c forms infinite open channels along
one of the crystallographic axes and
perpendicular to this axis there are in-
finitely extending “wedged-ravines”.
Importantly, each of the diastereomers
1a-c is resistant to inversion at the ste-

reogenic nitrogen atoms under strongly
and weakly acidic conditions in the
range from room temperature (RT) to
95°C. This observed configurational
stability at the stereogenic nitrogens of
la—c is unique for analogues of Tro-
ger’s base in general to date. Finally,
the ratio of cleft compounds 1a and 1¢
significantly increased relative to cavity
compound 1b when ammonium chlo-

metrically fused tris-Troger’s base ana-
logue have been synthesized. Mole-
cules 1a and 1c are new cleft com-
pounds and analysis of compound 1la
in the solid state shows inclusion of
one molecule of CH,Cl, in the larger

diffraction

Introduction

Molecular recognition phenomena are central to virtually all
life processes and the development of artificial receptors is
one means of gaining a deeper understanding of host—guest
interactions. Particularly challenging is the understanding of
the recognition processes of relatively unfunctionalized mol-
ecules. Such processes take place on concave surfaces and
involve mainly nondirectional solvophobic effects!! and van
der Waals interactions.”! Tf the surface is aromatic, addition-
al interactions, such as aromatic stackingm and cation— in-
teractions™” between the surface of the receptor and the
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ride was used as an additive in the Tro-
ger’s base condensation to la—c sug-
gesting a templating effect of the am-
monium ion.

cleft com-

ligand, are feasible. Synthetic molecules with extended con-
cave aromatic surfaces are generally called molecular cleft
compounds and are often referred to as tweezers or clips de-
pending on whether a guest is bound at the tip of the cleft
(tweezer) or deeper inside (clip).”! Achiral molecular tweez-
ers and clips have been constructed by Whitlock,'®* Zimmer-
mann,® Nolte,” Klirner,>%1 and Fukazawal® and their
respective co-workers. Notably, there are very few chiral
molecular cleft compounds, however, some based on
Kagan’s ether have been synthesized by Harmata.”! In the
quest for chiral molecular cleft compounds, attention has
been drawn to the C,-symmetric Troger’s base, 2,8-dimethyl-
6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine (see Fig-
ure 1), which owes its chirality to the presence of two con-
figurationally stable stereogenic nitrogen atoms.® This syn-
thetic molecule possesses a relatively rigid chiral concave ar-
omatic surface, making it a good structural motif as a syn-
thetic receptor for relatively unfunctionalized molecules.
The Troger’s base motif has mainly been used as a scaffold
to anchor recognition elements in synthetic receptors for
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Figure 1. Structure of Troger’s base and the possible extended-regioisom-
ers of fused tris-Troger’s base analogues.

functionalized molecules.”) However, Wilcox and co-workers
pioneered the incorporation of the Troger’s base framework
in chiral molecular cleft compounds by fusing the methano-
diazocine core of one Troger’s base unit with two bicyclic ar-
omatic building blocks to attempt to find analogues of Tro-
ger’s base that could act as receptors for unfunctionalized
molecules using the concave aromatic surface.'’l The first
molecule containing two fused Troger’s base analogues was
first synthesized by Pardo etall''™ and later by Kral
et al."™ Those groundbreaking publications were followed
up by Krél et al.'"*'? and Pardo et al.,'**9 and somewhat
later by us!™® in the synthesis of fused tris-Troger’s base an-
alogues.

Generally there are three possible regioisomers of fused
tris-Troger’s base analogues, the nonsymmetric, the nonlin-
ear-symmetric, and the linear-symmetric regioisomers (see
Figure 1).1

In addition, for each of these regioisomers there are three
different possible diastereomers, syn—anti, anti—anti, and
syn—syn."***! Those diastereomers are shown in Scheme 1,
compounds la-c¢, for a linear-symmetric regioisomer of a
fused tris-Troger’s base analogue. However, it is only the
syn-syn diastereomer of fused tris-Troger’s base analogues
and to a lesser extent the syn—anti diastereomer that pos-
sesses an extended cleft; the anti—anti just possesses two
cavities. To date it is only for the nonlinear-symmetric regio-
isomer of the fused tris-Troger’s base analogue synthesized
by Pardo et al., that the syn—syn diastereomer has been iso-
lated and unambiguously characterized, thus constituting
the only fused tris-Troger’s base to date possessing an ex-
tended aromatic chiral cleft."¥ To make cleft molecules
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Scheme 1. The synthesis route to linear symmetrically fused tris-Troger’s
base analogues la-c. a) Aqueous HBr (48% v/v), AcOH (glacial),
NaNO,, 85°C; b) SnCl,, EtOH, 70°C; c) paraformaldehyde, TFA (conc.),
—10°C; d) nBuLi, THF, TsN;, —78°C; ¢) NaBH,, THF, RT; f) parafor-
maldehyde, TFA (conc.), —10°C.

more extended, having tubular-shape based on higher gener-
ations of fused Troger’s base analogues, it is necessary to
use the syn—syn diastereomer of a linear-symmetric regioiso-
mer of a fused tris-Troger base analogue as a building block
and not the syn-syn diastereomer of a nonsymmetric or a
nonlinear-symmetric regioisomer as revealed by molecular
modelling.' Tubular structures are important in the synthe-
sis of organic nanotubes for applications such as in the fields
of electronic devices, catalysis, and transport.m

We now want to report on the first synthesis, isolation,
and characterization of all three diastereomers of a linear
symmetrically fused tris-Troger’s base analogue, syn—anti
(1a), anti-anti (1b), and syn-syn (1c¢) (Scheme 1), together
with their solid-state structures and their unexpected config-
urational stability under acidic conditions.['!*

Results and Discussion

Synthesis of compounds 1a—c: We have recently published a
desymmetrization route to fused Troger’s base analogues
that allows the extension of the synthesis of fused tris-Tro-
ger’s base analogues to higher generations."” In that work
we reported the synthesis, isolation, and characterization of
the first anti-anti diastereomer of a fused tris-Troger’s base
analogue as a nonlinear-symmetric regioisomer.'?**] The
synthesis of the linear symmetrically fused tris-Troger’s base
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analogues la—c in the present study is based on the same
desymmetrization concept. The synthesis route to la—c is
shown in Scheme 1 and starts from commercially available
5-chloro-2-methyl-4-nitroaniline (2) that is converted to 2-
bromo-4-chloro-5-nitrotoluene (3)?” through diazotation in
HBr.

The nitro group in compound 3 was reduced by SnCl, to
give 4-bromo-2-chloro-5-methylaniline (4). The aniline 4
was one of the key components. The chlorine atom in ani-
line 4 is positioned in the benzene ring to: 1) allow the for-
mation of only one regioisomer in the two Troger’s base
condensations to follow,'”l 2) together with the bromine
atom to increase the electronic density of compound 1, thus
facilitating the X-ray diffraction analysis, and 3) together
with the methyl group of aniline 4 to increase the solubility
of compound 1 in organic solvents. Thus, condensation of
aniline 4 under the conditions we developed for the synthe-
sis of halogenated Troger’s base analogues, paraformalde-
hyde in TFA at —10°C,” afforded the linear C,-symmetric
Troger’s base dibromo analogue 5 as the only regioisomer.
This compound was desymmetrized by applying our publish-
ed conditions!™™ by subjecting it to a single bromine ex-
change followed by quenching with TsN;. The resulting 2-
azido-8-bromo Troger’s base analogue 6 was reduced by
NaBH, yielding the 2-amino-8-bromo Troger’s base ana-
logue 7. Reaction of compound 7 with paraformaldehyde in
concentrated TFA afforded the linear symmetrically fused
tris-Troger’s base analogue 1 as the only regioisomer in a
diastereomeric ratio of 53:34:13 (1a:1b:1¢) when the TFA
was added at —10°C. This ratio was only affected to a minor
extent by adding the TFA at 0 and 10°C (Table 1), whereas

Table 1. The product distribution of isomers 1a—c¢ under different reac-
tion conditions."!

Temperature during TFA addition [°C]/addi-

Product ratio

tive 1a:1b:1c
—10/none 53:34:13
0/none 52:34:14
10/none 50:34:16

—10/NH,CI (10 equiv) 60:19:21

[a] Standard conditions. To compound 7 (430 mg, 1.04 mmol), parafor-
maldehyde (80 mg, 2.7 mmol), and additive at —10, 0, or 10°C was added
TFA (3 mL) over 20 min. The reaction was left at addition temperature
for 40 min and was then left at room temperature for 72 h. [b] As deter-
mined by 'H NMR spectroscopy on the crude product mixture.

the yield decreased a little.?? Interestingly, conducting the
reaction at —10°C in the presence of 10 equivalents of
NH,CI led to an increase in the ratio of the diastereomers
containing a cleft, 1a and 1¢, compared to the cavity com-
pound 1b, with no decrease in total yield, suggesting a tem-
plating effect of the ammonium ion (Table 1). After removal
of the TFA in vacuo and addition of aqueous NH;, the re-
sulting aqueous phase was extracted first with CH,Cl, fol-
lowed by CC, giving separately the syn—anti diastereomer 1a
and the syn-syn diastereomer lc. These compounds were
further purified by using reprecipitations (1a) and prepara-
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tive TLC (1¢). The remaining aqueous phase was then ex-
tracted with CHCl; giving the anti—anti diastereomer 1b.

In principle the compounds 1a—¢ could be used to synthe-
size extended analogues by repeating the desymmetrization
methodology described above.

Structure elucidation and solid-state structure of compounds
1a and 1c: Each of the diastereomers la (C,-symmetric),
1b (C,-symmetric), and 1¢ (C,-symmetric) could easily be
assigned to fused tris-Troger’s base analogues by NMR spec-
troscopy and high-resolution mass spectrometry, and in ad-
dition, the presence of chloro and methyl substituents as
blocking units in the starting mono-Troger’s base compound
7, ensured that diastereomers 1a—c are uniquely linear-sym-
metric regioisomers. Furthermore, the diastereomer 1a must
be syn—anti because that is the only C;-symmetric diastereo-
mer of the linear-symmetric tris-Trogers base analogues 1
and its ®C NMR spectrum contains resonances for all the 37
carbon atoms in the molecule. The "C NMR spectrum of
diastereomers 1b and 1ec, respectively, both C,-symmetric
diastereomers, contains 19 resonances as expected, and both
1b and 1c¢ could either be the anti—anti or the syn-syn dia-
stereomer. Due to the inherent lack of correlating protons
between the different Troger’s base units in diastereomers
1b and 1c¢ (as well as in 1a), NMR spectroscopy could not
directly be used in the assignment of diastereomers. Instead,
X-ray diffraction analysis of diastereomer 1le¢ was per-
formed.

Crystals suitable for X-ray diffraction analysis of diaste-
reomer 1c¢ were obtained by carefully adding Et,O (0.5 mL)
to a solution of compound 1¢ in CDCl; (1 mL) to obtain
two layers. The Et,O layer was allowed to slowly diffuse
into the CDCl; layer and the resulting mixture of solvents
was allowed to slowly evaporate resulting in small colorless
needles of diastereomer lc¢ belonging to the monoclinic
space group P2/n. The X-ray diffraction analysis unambigu-
ously allowed us to assign compound 1c as the syn-syn dia-
stereomer (Figure 2). In the center of the aromatic cavity as
defined by the aromatic planes A, B, C, and D, disordered
solvent molecule(s) is(are) situated as indicated by the pres-
ence of residual electron density after all atoms were locat-
ed in the Fourier map. The size of the cavity is 8.48(1),
8.59(1), and 9.03(1) A as defined by the distances between
the center of the planes A and C, B and D, and A and D, re-
spectively. The intramolecular dihedral angles between the
planes A and B, B and C, and C and D, constituting the
cavity, are 105+2, 112+2, and 114 £2°, respectively. Those
values significantly deviate from the intramolecular dihedral
angles of rac-Troger’s base itself, 93 and 97°, respectively,
for each of the two crystallographically independent mole-
cules.”

The intermolecular aggregation of diastereomer 1c¢ in the
solid state is depicted in a view along the crystallographic b
axis as shown in Figure 3. The unit cell consists of four mol-
ecules related to each other by symmetry. Each 1¢ isomer is
perfectly aligned to another edge-to-edge, with a distance
between the chlorines and benzylic amine carbons of 3.9-
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Figure 2. DIAMOND® drawing with atomic numbering of 1¢-C;. Disor-
dered solvent molecule(s) (tentatively labeled C101-C103 and also Cs) is
(are) captured in the aromatic cavity. Hydrogen atoms are omitted and
thermal ellipsoids are shown at 30 % probability.

Figure 3. DIAMOND® packing diagram of the unit cell of isomer 1¢-C;.
View along the crystallographic b axis showing the extended open chan-
nels comprising the cavity of isomer 1¢ in which disordered solvent mole-
cules (C;) are residing. Perpendicular to the b axis are infinite “wedged-
ravines” built up by walls of edge-to-edge aggregated aromatic surfaces
B and C, respectively. Hydrogen atoms are omitted and non-hydrogen
atoms are shown isotropically.

40 A (CL16-C12, CL10--C18, CL22--C6, and CL4-C24),
suggesting weak hydrogen bonds®! consisting of four C—
Cl--H-CH(N)Ph interactions, as one component responsible
for the observed alignment of diastereomer 1c in the solid
state. This results in infinite open-channels along the crystal-
lographic b axis constituting the cleft of diastereomer 1e.
The cleft contains one or more disordered solvent mole-
cules. Moreover, two such channels are pair-wise aligned to
each other with the openings towards each other in such a
way that one tip of one cleft-channel is partly inside the
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opening of the other cleft-channel cleft and vice-versa, the
full penetration being hampered by the presence of solvent
molecule(s), a situation previously observed for a chiral
tweezer molecule based on Kagan’s ether.™ In the plane
perpendicular to the b axis “wedged-ravines” are formed
that infinitely extend along the crystallographic b axis as
well as in the perpendicular plane (see Figure 3). Each
“wedged-ravine” consists of two types of parallel aromatic
wall. One is defined by the exo part of the aromatic plane C
of diastereomer 1e¢, which has an almost perfect m-overlap
with aromatic plane C in a neighboring 1c¢ diastereomer at a
distance of 3.9 A. The other is defined by the exo part of the
aromatic plane B of diastereomer 1¢, which, in this case, has
the m system considerably displaced in parallel from the aro-
matic plane B in a neighboring diastereomer 1¢ to interact
with each other by m-stacking. The distance between the
two parallel walls is still 3.9 A, probably indicating van der
Waals interactions.

The assignment of 1a to the syn—anti diastereomer based
on “C NMR spectroscopy above was confirmed by an X-ray
diffraction analysis of crystals of diastereomer 1a obtained
directly from one of the fractions from CC containing dia-
stereomer 1a, that was allowed to slowly evaporate resulting
in small colorless needles of compound 1a belonging to the
triclinic space group P1 (Figure 4). One molecule of CH,Cl,
is stacked in the extended aromatic cavity as defined by the

Figure 4. DIAMONDP! drawing with atomic numbering of isomer
1a-2 CH,Cl,. One molecule of CH,Cl, (labeled CL5-C31-CL6) is captured
in the larger cavity as defined by aromatic planes A, B, and C. Hydrogen
atoms and one molecule of intermolecular CH,Cl, are omitted. Thermal
ellipsoids are shown at 30 % probability.
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aromatic planes A, B, and C in such a way that the CI-C-Cl
plane is situated more or less at van der Waals distances to
the two parallel aromatic planes A and C, 4.12(1) and
3.51(1) A, respectively. In addition the two hydrogen atoms
of CH,(l, are pointing towards the central aromatic moiety,
B, in the extended cavity, placing the carbon of CH,CI, at a
3.54(1) A distance to plane B, suggesting two weak CH-aro-
matic interactions. The intramolecular dihedral angle be-
tween the planes A and B, B and C, and C and D, constitut-
ing the cavity, are 101+2, 101+2, and 102+2° Those
values deviate from the intramolecular dihedral angle of
rac-Troger’s base itself (see above) but are smaller than in
diastereomer 1c indicating a smaller intermolecular interac-
tion in the syn—anti 1a than in the syn-syn 1c¢ diastereomer.
The size of the extended aromatic cavity is 7.58(1) A as de-
fined by the distance between the planes A and C.

The intermolecular aggregation of diastereomer 1a in the
solid state is depicted in a view along the crystallographic a
axis as shown in Figure 5. The unit cell consists of two mole-

Figure 5. DIAMOND® packing diagram of the unit cell of isomer
1a-2 CH,Cl,. The two symmetry-related molecules have partly overlap-
ping aromatic systems B at van der Waals distance. Two molecules of
CH,CI, reside in the unit cell in different positions, one inside the extend-
ed aromatic cavity of isomer 1a and one outside, close to aromatic ring
D. Hydrogen atoms are omitted and all atoms are shown isotropically.

cules related to each other by a crystallographic inversion
center in such a way that the aromatic plane B of diastereo-
mer 1a in one molecule is partly overlapping with plane B
of a symmetry-related diastereomer 1a at a van der Waals
distance of 3.85(2) A. In addition to the one molecule of
CH,(I, stacked in the cavity of diastereomer 1a, another
one is situated between each set of symmetry-related mole-
cules in the vicinity of aromatic ring D.

Structure elucidation of compound 1b: Despite extensive ef-
forts to grow crystals of compound 1b, none suitable for X-
ray diffraction analysis were obtained. Based on exclusion,
the third remaining diastereomer, the anti—anti, must be 1b.
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This could now be unambiguously confirmed by NMR spec-
troscopy based on the correlation between the assigned
structures of diastereomers 1a and 1le¢, being the syn—anti
and syn—syn isomer, respectively, according to the X-ray dif-
fraction analysis and their corresponding NMR data as out-
lined below.

Full assignment of NMR chemical shifts was made for
compounds 1a, 1b, and 1c using the same strategy as in pre-
vious work on fused tris-Trogers base analogues (see Experi-
mental Section).l'”*?) However, it was not possible to use
NOE interactions or homoallylic couplings to ascertain the
stereochemistry in these linear symmetrically fused tris-Tro-
gers base analogues, as has been the case with nonlinear
symmetrically fused tris-Trogers base analogues. Instead, we
applied previous observations that the difference in chemi-
cal shift between exo and endo protons in the benzylic meth-
ylenes increases due to anisotropy when changing from the
anti to the syn isomer.'') The difference in chemical shifts
between exo and endo protons at C-24, C-6, and C-21 of dia-
stereomer 1a (See Scheme 1 for the numbering of atoms),
that comprise one half of the syn—anti diastereomer 1a,
overlap with the corresponding NMR data from the syn—syn
diastereomer 1e¢, whereas the difference in chemical shifts
between exo and endo protons at C-12, C-18, and C-9, the
other half of diastereomer 1a, exactly matches the corre-
sponding NMR data from diastereomer 1b (Table 2). Thus,

Table 2. Difference in chemical shifts between exo and endo protons at
C-24/12, C-6/18 and C-21/9 for compounds 1a, 1b, and 1cld

Compd Proton Oexo—Oendo Compd Proton 0exo—Oendo
[ppm] [ppm]
1a H-24 0.26 1c H-24/12 0.31
1a H-6 0.27 1c H-6/18 0.27
1a H-21 0.52 1c H-21/9 0.61
1a H-12 0.19 1b H-24/12 0.20
1a H-18 0.08 1b H-6/18 0.10
1a H-9 0.39 1b H-21/9 0.34

[a] For the numbering of atoms see Scheme 1.

we have completed the assignment of the NMR shifts for
diastereomer la vis-a-vis stereochemistry as well. Assign-
ments of individual protons at C-25, C-26, and C-27 were
readily made from the COSY spectra showing W-coupling
to endo protons, such as the coupling between H-25a and H-
9 endo and between H-25b and H-21 endo.

Isomerization studies of compounds la-c: We performed
isomerization studies to determine the relative stability of
the different diastereomers 1a—c. Troger’s base is configura-
tionally stable at the stereogenic nitrogen atoms under
strongly acidic conditions but not under weakly acidic condi-
tions.' Thus, optically pure Troger’s base has been shown
to racemize in 0.1m aqueous HCIl within minutes at room
temperature.'®*<l Pardo isomerized the anti diastereomer of
a nonlinear symmetrically fused bis-Troger’s base analogue

Chem. Eur. J. 2006, 12, 26922701
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to a 1:1 mixture of the anti and syn diastereomers in weak
ethanolic HCI at 80°C after 24 h!"'! but neither the anti nor
the syn diasteromer isomerized in TFA after 48-72h at
room temperature.'”! Pardo also applied weak ethanolic
HCI at 80°C to the syn—anti diastereomer of a nonlinear
symmetrically fused tris-Troger’s base 2-methyl-14-nitro-an-
alogue. It isomerized to a 1:2:2:2 mixture of the anti-anti,
anti-syn, syn—anti, syn-syn diastereomers after 36 h.'2d
Under nonspecified acidic conditions, Kral could convert
each of all the three possible diastereomers, syn—anti, anti—
anti, and syn—syn, of a nonlinear symmetrically fused tris-
Trogers base 2,14-dimethoxy-analogue to a mixture contain-
ing the starting diastereomer but also the two others.'?”! Fi-
nally, we subjected the syn—anti and the anti—anti diastereo-
mers of a nonlinear symmetrically fused tris-Troger’s base
2,14-dibromo-analogue to TFA at room temperature for sev-
eral days. In the former case, a 4:1 mixture of syn—anti and
anti-anti resulted and in the latter case no isomerization
took place.['4]

Isomerization studies were conducted using various acidic
conditions and temperatures. Each compound 1a-c was dis-
solved in concentrated TFA as well as in CHCIL,/EtOH (2:1)
the latter containing various amounts of 4m HCI in dioxane,
resulting in solutions that were 3, 0.8, and 0.01m in HCIL
The solutions were stirred at 25, 60, and 95°C. As can be
seen from Table 3, the compounds 1a—c in general are quite
surprisingly very stable to isomerization even under forcing
reaction conditions. The syn—anti isomer does not isomerize
at all, not even after 144 h at 95°C. The anti-anti isomer 1b
isomerizes first at 95°C but to a small extent: 4 and 10% of

Table 3. Isomerization of 1a—c under different acidic conditions.®!

Acid T Time Isomer 1a Isomer 1b Isomer 1¢
[°C] [h] product product product
ratiol!) ratiolf ratiol!)
la:1b:1c la:1b:1c la:1b:1c
TFAL 25 72 100:0:0 0:100:0 0:0:100
3M HCIE 25 72 100:0:0 0:100:0 0:3:97
0.8m HCIY 25 72 100:0:0 0:100:0 0:0:100
0.01m HCI! 25 72 100:0:0 0:100:0 0:2:98
TFAL 60 72 100:0:0 0:100:0 0:0:100
3M HCIE 60 72 100:0:0 0:100:0 0:2:98
0.8m HCIY 60 72 100:0:0 0:100:0 0:0:100
0.01m HCI 60 72 100:0:0 0:100:0 0:2:98
TFA! 60 144 100:0:0 0:100:0 0:0:100
3M HCIE 60 144 100:0:0 0:100:0 0:2:98
0.8m HCIY 60 144 100:0:0 0:100:0 0:2:98
0.01m HCI 60 144 100:0:0 0:100:0 0:2:98
TFA! 95 144 100:0:0 0:100:0 0:0:100
3m HCIE 95 144 100:0:0 4:96:0 3:2:95
0.8m HCI 95 144 100:0:0 10:90:0 0:2:98
0.01m HCI 95 144 100:0:0 0:100:0 0:0:100

[a] In each experiment, the tris-Troger’s base (5.0 mg, 5.8 pmol) was
added to 1.5 mL (in experiment d, 1.87 mL) of the acidic solutions and
stirred in sealed tubes. [b] Concentrated TFA. [c] Solution of 4m HCI in
dioxane (7.5 mL, 30 mmol) and CHCI/EtOH (2:1, 2.5 mL). [d] Solution
of 4m HCI in dioxane (370 uL, 1.48 mmol) and CHCI/EtOH (2:1,
1.5mL). [e] Solution of 4m HCI in dioxane (25puL, 0.10 mmol) and
CHCI/EtOH (2:1, 9.975 mL). [f] The error of the ratios of products as
determined by integrating "H NMR resonances is estimated to 2%.
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the syn—anti isomer is formed in 3 and 0.8 HCI after 144 h,
but no isomerization is observed neither in 0.01m HCI nor
in concentrated TFA. In general, the syn—syn isomer 1c¢ iso-
merizes in the HCI solutions at all investigated tempera-
tures, however only less than 3% of the anti-anti isomer 1b
is obtained after 72 or 144 h. In one case in 3M HCI at 95°C,
2% of the syn—anti isomer 1a was detected in addition to
isomer 1b. In concentrated TFA we detected no isomeriza-
tion of 1c at all. Based on this study the syn—anti isomer 1a
was slightly more stable than the anti-anti 1b isomer, that
was slightly more stable than the syn—syn isomer 1¢. Howev-
er, care must be exercised since the degree of isomerization
was very low. More importantly, the observed acidic stability
to nitrogen inversion of the fused tris-Troger'base analogues
1a—c is unique for Troger’s base analogues to date.

Molecular mechanics calculations show that the syn-syn
diastereomer 1e¢ is slightly lower in energy, 2—4 kJmol ™',
than both the syn—anti 1a and the anti—anti 1b isomer. The
different diastereomers should, according to their different
spatial orientation, be expected to have rather different di-
polar moments. It has been noted that for two different non-
linear symmetrically fused bis-Troger’s base analogues, a
rather subtle change in the polarity of the substituents in the
external ring determines whether the anti or syn isomer will
be the most stable,''® supporting the results from the calcu-
lations that the difference in energy between the diastereo-
mers in fused Trogers’ base systems is small and might be a
result of the different positioning of different functionalized
units in 1a—c. Other important factors that might influence
the relative stability of the diastereomers are the choice of
solvent (polarity) and the counterion (template effect) of
the acid employed.

We believe that the reason why compounds la—c are
almost inert to isomerization, compared to the ease with
which Troger’s base itself racemizes, is not due to the three-
dimensional orientations of isomers 1a—c, providing locally,
sterically hindered environments compared to Troger’s base
itself, but due to the presence of substituents in the ortho-
positions of the aromatic rings fused to the nonaromatic di-
azocine rings in isomers 1a—c, that hampers the outside rota-
tion of the intermediate methyl immonium moiety of the di-
azocine ring, formed after initial protonation of Troger’s
base, that is necessary for inverting the absolute configura-
tion of the stereogenic nitrogens in isomers 1a—¢c.l**?” This
conclusion is further supported by the fact that the diaste-
reomers of nonlinear symmetrically fused bis- and tris-Tro-
ger’s base analogues, inherently possessing substituents in
the ortho-positions, are also more stable to isomerization
compared to the facile racemization of Troger’s base itself
as described above.

Conclusion
For the first time, the anti—anti 1a and the syn—syn 1c diaste-

reomers of a linear symmetrically fused Troger’s base ana-
logue have been isolated, synthesized, and characterized.
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The synthesis methodology developed, based on the use of
blocked positions on the aromatic ring and desymmetriza-
tion of intermediate C,-symmetric Troger’s base analogues,
will also enable the efficient syntheses of higher generations
of linear symmetrically fused Troger’s base analogues. The
use of NH,Cl as an additive in the Troger’s base condensa-
tion to diastereomers la—c significantly increased the ratio
of the cleft compounds 1a and 1c¢ obtained relative to cavity
compound 1b. The clefts of the syn—anti 1a and the syn-syn
1c isomers host solvent molecules in the solid state, as re-
vealed by X-ray diffraction analysis. Uniquely for Troger’s
base compounds, the isomers tend not to invert at the ste-
reogenic nitrogens under various acidic conditions and tem-
peratures, most probably due to the presence of the block-
ing groups on the aromatic rings in the Troger’s base
system, hampering the inversion of configuration. Further
studies of the compounds 1a—c will include their host—guest
properties, detailed mechanistic explanations of their reluc-
tance to isomerize, the effect of addition of templates in
their synthesis, as well as their use in the synthesis of higher
generations of linear symmetrically fused Troger’s base ana-
logues.

Experimental Section

General methods: The lithiations were performed in oven-dried glass-
ware under argon by using syringe-septum cap techniques. TLC analyses
(Merck 60 F,s, sheets) were visualized under UV light (254 nm). Column
chromatography (CC) was performed on silica gel (Matrex 0.063—
0.200 nm), &¥: 3-5 cm, H: 10-20 cm, and fraction size: 20-30 mL. Samples
with low solubility in the eluent were dissolved in CH,Cl, or CHCl,,
evaporated onto silica, and put on the column as dry powders. Prepara-
tive TLC equipment was purchased from Uniplate (silica gel GF, 20x
20 cm, 1000 pm). NMR spectra were recorded on a Bruker DRX500
NMR spectrometer at a sample temperature of 300 K, and on Bruker
DRX400 or ARX300 NMR spectrometers at a sample temperature of
293 K. Recording of "*C spectra for isomer 1¢ was performed at elevated
temperature, 310 K, in order to improve line shape for resonances from
the inner aromatic ring. Chemical shifts, J, are reported relative to a
shift-scale calibrated with NMR solvent peaks; CDCl; (7.26 and
7723 ppm for 'H and “"CNMR respectively), [D,JMeOH (3.31 and
49.15 ppm for 'H and “C NMR respectively). NMR spectra recording
and evaluation of isomers 1a, 1b, and 1c¢ included the use of COSY,
HMQC, and HMBC performed with gradient selection, and phase-sensi-
tive NOESY experiments. The HMQC was optimized for J¢y=145 Hz
and the HMBC was optimized for "J.i=10 Hz. The NOESY experiment
was performed with a mixing-time of 1s. Scheme 1 shows the numbering
of structures and atoms. The ratios between the products yielded in the
isomerization studies were determined by integrating the proton resonan-
ces in the '"H NMR spectrum after base-line correction. The error in the
integration was estimated at 2%. Melting points were determined in ca-
pillary tubes and corrected by using standard substances. Elemental anal-
yses were performed either after CC, preparative TLC, or recrystalliza-
tion.

Materials: All chemicals were used as received from commercial sources
without further purification except for THF that was distilled under
argon from sodium benzophenone ketyl and stored over 4 A molecular
sieves. n-Butyllithium (nBuLi) was titrated prior to use according to the
literature.” Tosylazide was prepared according a published procedure.”!
5-Chloro-2-methyl-4-nitroaniline (2) was available from Aldrich in tech-
nical quality (containing approximately 60 % water).
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2-Bromo-4-chloro-5-nitrotoluene (3):*) Aqueous HBr (48% v/v, 7.7 mL)
was added to a stirred mixture of 5-chloro-2-methyl-4-nitroaniline (2)
(5.30 g, technical) and glacial acetic acid (105 mL). NaNO, (1.96 g,
28.4 mmol) was added in small portions over 1 h. The reaction mixture
was heated to 85°C until no more gas evolved (1.5h) and was then
placed in an ice-bath followed by the addition of H,O (100 mL) that re-
sulted in the formation of a precipitate. The solid was filtered off and re-
crystallized from ethanol (99.5 %) resulting in a white solid of compound
3 (4.46 g, 17.8 mmol). R;=0.26 (toluene/n-heptane (1:4)); m.p. 64-65°C;
'"HNMR (300 MHz, CDCly): 6=7.80 (s, 1H), 7.76 (s, 1H), 2.46 ppm (s,
3H); "CNMR (100 MHz, CDCLy): 6=146.5, 138.7, 135.1, 129.9, 127.1,
125.3, 22.6 ppm; IR (KBr): #=1364, 1340 cm™ (NO,); HRMS (EI+):
caled for C;HsNO,BrCl: 248.9192; found: 248.9222; elemental analysis
caled (%) for C;HsNO,BrCl (250.5): C 33.57, H 2.01, N 5.59; found: C
33.64, H 1.96, N, 5.65.

4-Bromo-2-chloro-5-methylaniline (4): A suspension of compound 3
(2.93 g, 11.7 mmol), SnCl, anhydrous (11.0 g, 58.0 mmol), and ethanol
(99.5%, 25 mL) was heated at 70°C under argon. After 1 h, the reaction
mixture was allowed to cool to room temperature. The solution was
cooled on an ice bath and was then made alkaline (pH 8-10) by the addi-
tion of aqueous NaOH (1m). The resulting slurry was extracted with
EtOAc (4x30mL). The combined organic layers were washed with
brine, treated with charcoal, and filtered. The resulting colorless solution
was dried over Na,SO,, filtered, and evaporated in vacuo, giving a color-
less solid of compound 4 in 86% yield (2.32¢g, 10.1 mmol). R;=0.1
(EtOAc/n-heptane  (5:95)); m.p. 77.5-78.3°C; 'HNMR (300 MHz,
CDCL): 6=7.39 (s, 1H), 6.65 (s, 1H), 3.98 (s, 2H), 2.28 ppm (s, 3H);
BCNMR (100 MHz, CDCly): 6 =142.2, 137.4, 132.1, 117.6, 117.4, 112.2,
22.6 ppm; IR (KBr): #=3465, 3377 cm™' (NH,); HRMS (EI+): calcd for
C;H;NBrCl: 218.9450; found: 218.9455.
4-Bromo-2-chloro-5-methylaniline-HCl (4-HCl): Aniline 4 (166 mg,
0.663 mmol) was dissolved in chloroform (2 mL) and HCI in dioxane
(4m, 500 pL, 3.00 mmol) was added swiftly resulting in a white precipi-
tate. The mixture was stirred for 20 min and then it was filtered to leave
a white solid. The solid was dissolved in dry MeOH (0.5 mL) and precipi-
tated with the addition of Et,O (7 mL) leaving small, colorless needles of
compound 4-HCl (153 mg, 0.595 mmol). M.p. 77.5-78.3°C; elemental
analysis caled (%) for C;H{NBrCl, (255.5): C 32.72, H 3.14, N 545;
found: C 32.72, H 3.08, N 5.40.
2,8-Dibromo-4,10-dichloro-1,7-dimethyl-6 H,12 H-5,11-methanodibenzo-
[bf1[1,5]diazocine (5): To a mixture of compound 4 (1.62 g, 7.35 mmol)
and paraformaldehyde (451 mg, 15.0 mmol) cooled to —15°C was added
dropwise TFA (15 mL) over 20 min. The reaction mixture was stirred for
26 h in the dark at room temperature. TFA was then removed in vacuo
giving a brown oil. The oil was treated first with H,O (7 mL) giving a
pink, gummy solid and then with aqueous NH; (28 %, 10 mL). The mix-
ture was extracted with CH,Cl, (3x60 mL). The combined organic layers
were dried over MgSO,, filtered, and evaporated in vacuo to leave 1.79 g
of a pale orange solid. Purification by recrystallization from EtOAc re-
sulted in small, white crystals of compound 5 in 80% yield (1.41¢g,
2.96 mmol). R;=0.22 (toluene/CH,Cl, (1:2)); m.p. 261-262°C; 'H NMR
(400 MHz, CDCly): 6="17.52 (s, 2H), 4.46 (d, J=17.8 Hz, 2H; H-6x and
H-12x), 427 (d, J=17.8Hz, 2H; H-6n and H-12n), 425 (s, 2H),
219 ppm (s, 6H); "CNMR (100 MHz, CDCL): 6=143.0 (2C), 134.2
(20), 131.6 (2C), 130.0 (2C), 1275 (2C), 120.5 (2C), 66.1 (1C), 54.6
(2C), 17.8 ppm (2C); HRMS (EI+): caled for C;H;,Br,CLLN,: 473.8901;
found: 473.8901; elemental analysis calcd (%) for C;;H,;,N,Br,Cl, (477.0):
C 42.80, H 2.96, N 5.87; found: C 43.13, H 3.00, N 6.23.
2-Azido-8-bromo-4,10-dichloro-1,7-dimethyl-6 H,12 H-5,11-methano-
dibenzo[b.f][1,5]diazocine (6): To a stirred solution of compound 5
(416 mg, 0.872 mmol) in anhydrous THF (30 mL) at —78°C was added
dropwise 2.28 M nBuLi in hexane (415 pL, 0.946 mmol) over 3 min giving
a dark red solution. After 5min, tosylazide (200 uL, 1.30 mmol) was
added dropwise over 30s and then the reaction mixture was allowed to
reach room temperature. After 18 h the reaction was quenched by the
addition of water (10 mL). The layers were separated and the aqueous
phase was further extracted with CH,Cl, (3x20 mL). The combined or-
ganic layers were dried over MgSO,, filtered, and evaporated in vacuo
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leaving a thick, brown oil. CC on the crude product (n-heptane/CH,Cl,-
(5:95)) gave 81% yield of compound 6 (224 mg, 0.510 mmol) as a pale-
yellow solid. R;=0.23 (n-heptane/CH,CL,(5:95)); 'HNMR (400 MHz,
CDClLy): 0=17.52 (s, 1H), 7.09 (s, 1H), 4.46 (d, J=17.6 Hz, 1H; H-6x),
4.41 (d, J=17.6 Hz, 1H; H-12x), 4.26 (d, /J=17.2 Hz, 1H; H-6n), 4.25 (s,
2H; H-13), 423 (d, /=184 Hz, 1H; H-12n), 2.19 (s, 3H), 1.97 ppm (s,
3H); "CNMR (100 MHz, CDCly): 6=143.11, 140.47, 135.10, 134.26,
131.61, 130.18, 130.13, 127.66, 127.57, 126.12, 120.49, 117.99, 66.32, 54.86,
54.11, 17.78, 11.95 ppm; HRMS (FAB+): caled for C;;H;BrCl,N;:
436.9810; found: 436.9811.
2-Amino-8-bromo-4,10-dichloro-1,7-dimethyl-6 H,12 H-5,11-methano-
dibenzo[b.f][1,5]diazocine (7): To a solution of compound 7 (487 mg,
1.11 mmol) in anhydrous THF (40 mL) was added NaBH, (210 mg,
6.99 mmol) in small portions at room temperature. The mixture was
heated to reflux and MeOH (1.1 mL) was added dropwise over 50 min.
After refluxing for 4 h, the reaction mixture was allowed to come to
room temperature. Concentrated HCI (37 %, 2 mL) was added giving a
white precipitate. The reaction mixture was made alkaline (pH 10) by
using aqueous NaOH (10m) at 0°C. H,O (10 mL) was added. The layers
were separated and the aqueous layer was extracted with EtOAc. The
combined organic layers were dried over MgSO,, filtered, and evaporat-
ed in vacuo to give 510 mg of a yellow solid. CC (EtOAc/n-heptane
(15:85) gave a white solid of compound 7 in 93% yield (430 mg,
1.04 mmol). R;=021 (EtOAc/n-heptane (15:85)); m.p. 190-192°C;
"H NMR (400 MHz, CDCLy): 6=7.51 (s, 1H), 6.70 (s, 1H), 4.17-4.50 (m,
6H), 3.50 (s, 2H), 2.18 (s, 3H), 1.90 ppm (s, 3H); *C NMR (100 MHz,
CDCLy): 6=143.4. 141.9, 134.9, 1342, 131.3, 130.6, 128.7, 127.4, 127.1,
120.2, 118.1, 115.4, 66.4, 55.0, 54.3, 17.8, 11.5 ppm; IR (KBr): 7=23456,
3352cm ™' (NH,); HRMS (FAB+): caled for C;;H;,BrCL,N;: 410.9905;
found: 410.9907.
2-Amino-8-bromo-4,10-dichloro-1,7-dimethyl-6 H,12 H-5,11-methano-
dibenzo[b.f][1,5]diazocine-HCI (7-HCI): Compound 7 (50 mg, 0.12 mmol)
was dissolved in the smallest amount possible of CH,Cl, (4 mL) and HCI
in dioxane (4M, 500 uL, 2 mmol) was added swiftly resulting in a white
precipitate. The solid was filtered and dissolved in the smallest amount
possible of MeOH (1 mL) and then Et,0 (8 mL) was added resulting in
a precipitate. The mixture was filtered, washed with cold Et,O, and dried
to give a white solid of 7-HCI (43 mg, 0.096 mmol). Elemental analysis
caled (%) for C;;H;BrCl3N; (449.6): C 45.41, H 3.81, N 9.35; found: C
45.36, H 3.74, N 9.27.
2,14-Dibromo-4,10,16,22-tetrachloro-1,7,13,19-tetramethyl-9 H,21 H-8,20-
methanobis(6 H,12 H-5,11-methanodibenzo[b.f][1,5]diazocine)[b-2,3;f-
8,9'1[1,5]diazocine (1): To a mixture of compound 7 (430 mg, 1.04 mmol)
and paraformaldehyde (80 mg, 2.7 mmol) at —10°C, TFA (3 mL) was
added dropwise over 20 min. After the addition of TFA, the reaction
mixture was allowed to come to room temperature and the resulting so-
lution was stirred in the dark for 72 h. TFA was removed in vacuo, result-
ing in a brown oil. H,O (5 mL) was added to this oil followed by saturat-
ed aqueous NHj; (28 %, 4 mL), resulting in a pink gummy solid. The reac-
tion mixture was first extracted with CH,Cl, (2x10 mL), and then with
CHCI; (3x5 mL). The combined CHCI; layers were dried over MgSO,,
filtered, and evaporated under reduced-pressure to give compound 1b as
a white solid in 13 % yield (64 mg, 0.074 mmol). The same procedure was
followed with the combined CH,Cl, layers, giving a pale yellow solid. CC
(EtOAC/CH,CI, (5:95)) gave compounds 1a and 1c¢ as separate fractions,
and a mixed fraction of compounds 1a, 1b, and 1¢ (66 mg, 0.076 mmol).
The combined fractions containing each of compounds 1a and 1¢, respec-
tively, were evaporated to dryness in vacuo. The mixed fraction was not
further purified due to its low solubility in the eluent. Compound 1a was
reprecipitated by dissolving it in the smallest amount possible of CHCI;
followed by addition of Et,O giving pure compound 1a as a white solid
in 32% yield (157 mg, 0.182 mmol). Compound 1¢ was further purified
twice by preparative TLC (EtOAc/CHCI, (15:85)) giving pure compound
1c as a white solid in 8 % yield (28 mg, 0.032 mmol).

Compound 1a: R;=0.33 (EtOAc/CH,C, (5:95)); m.p.>400°C (darkened
at about 250°C); 'HNMR (500 MHz, CDCLy): 6=7.51 (s, 1H; H-15),
7.49 (s, 1H; H-3), 4.46 (d, /=17 Hz, 1H; H-6x), 4.44 (d, /=17 Hz, 1H;
H-21x), 4.40 (d, /=17 Hz, 2H; H-12x/H-24x), 4.36 (d, /=17 Hz, 1H; H-
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18x), 4.32 (d, /=18 Hz, 1H; H-9x), 429 (d, /=13 Hz, 1H; H-25b), 4.28
(d, J=18 Hz, 1H; H-18n), 4.24 (d, J=13 Hz, 1H; H-25a), 421 (d, J=
17 Hz, 1H; H-12n), 4.20 (d, /=17 Hz, 1H; H-6n), 4.19 (d, /=13 Hz, 1H;
H-26a), 4.17 (d, /=14 Hz, 1H; H-27a), 4.14 (d, /=17 Hz, 1H; H-24n),
412 (d, J=14 Hz, 1H; H-27b), 4.10 (d, J=13 Hz, 1H; H-26b), 3.93 (d,
J=17 Hz, 1H; H-9n), 3.92 (d, /=18 Hz, 1H; H-21n), 2.21 (s, 3H; Me-7),
220 (s, 3H; Me-19), 2.17 (s, 3H; Me-13), 2.14 ppm (s, 3H; Me-1);
BCNMR (125 MHz, CDCly): 6=143.75 (C-19a), 143.66 (C-7a), 143.38
(C-16a), 143.24 (C-4a), 139.79 (C-22a), 139.59 (C-10a), 134.17 (C-13),
134.04 (C-1), 131.53 (C-3), 131.51 (C-15), 130.38 (C-12a), 130.35 (C-24a),
129.36 (C-19), 129.31 (C-7), 127.57 (C-16), 127.50 (C-4), 127.50 (C-6a),
127.41 (C-18a), 125.72 (C-10), 125.35 (C-22), 125.22 (C-21a), 124.88 (C-
9a), 120.43 (C-2), 120.37 (C-14), 66.61 (C-26), 66.56 (C-25), 66.30 (C-27),
55.03 (C-21), 54.78 (C-9), 54.74 (C-24), 54.74 (C-12), 54.19 (C-6), 54.02
(C-18), 17.73 (Me-13), 17.71 (Me-1), 11.98 (Me-7), 11.81 ppm (Me-19);
HRMS (FAB +): calcd for Cy;H3,Br,C,Ng: 857.9809; found: 857.9790; el-
emental analysis calcd (%) for C;;H;,Br,CI,N; (862.3): C 51.54, H 3.74, N
9.75; found: C 51.62, H 3.67, N 9.66.

Compound 1b: R;=0.23 (EtOAc/CH,Cl, (5:95)); m.p.>400°C (darkened
at about 250°C); '"HNMR (500 MHz, CDCl;): §=7.52 (s, 2H; H-3/15),
443 (d, J=17 Hz, 2H; H-12x/24x), 4.40 (d, J=17 Hz, 2H; H-6x/18x),
4.37 (d, J=18 Hz, 2H; H-9x/21x), 4.30 (d, /=17 Hz, 2H; H-6n/18n), 4.24
(d, /=17 Hz, 2H; H-12n/24n), 4.22 (d, /=13 Hz, 2H; H-25a/27a), 4.19
(d, J=13 Hz, 2H; H-25b/27b), 4.09 (s, 2H; H-26), 4.03 (d, J=18 Hz, 2H;
H-9n/21n), 2.22 (s, 6H; Me-7/Me-19), 2.18 ppm (s, 6H; Me-1/Me-13);
BCNMR (125 MHz, CDCLy): 6=143.74 (C-7a/19a), 143.46 (C-4a/16a),
139.76 (C-10a/22a), 134.18 (C-1/13), 131.51 (C-3/15), 130.38 (C-12a/24a),
129.24 (C-7/19), 127.59 (C-4/16), 127.46 (C-6a/18a), 125.43 (C-10/22),
125.08 (C-9a/21a), 120.36 (C-2/14), 66.37 (C-26), 66.31 (C-25/27), 54.97
(C-9/21), 54.77 (C-12/24), 54.08 (C-6/18), 17.75 (Me-1/Me-13), 11.84 ppm
(Me-7/Me-19); HRMS (FAB+): caled for Ci;H;,Br,CuN4: 857.9809;
found: 857.9809.

Compound 1c¢: R;=0.20 (EtOAc/CH,Cl, (5:95)); m.p.>400°C (darkened
at about 250°C); '"HNMR (500 MHz, CDCly): 6=7.50 (s, 2H; H-3/15),
4.47 (d, J=17 Hz, 2H; H-6x/18x), 4.45 (d, J=17 Hz, 2H; H-9x/21x), 4.39
(d, J=17 Hz, 2H; H-12x/24x), 425 (d, /=12 Hz, 2H; H-25b/27b), 4.20
(d, J=12 Hz, 2H; H-25a/27a), 4.19 (d, /=17 Hz, 2H; H-6n/18n), 4.18 (s,
2H; H-26), 4.08 (d, /=17 Hz, 2H; H-12n/24n), 3.84 (d, /=17 Hz, 2H; H-
9n/21n), 2.21 (s, 2H; Me-7/Me-19), 2.08 ppm (s, 2H, Me-1/Me-13);
BCNMR (125 MHz, CDCls, 310 K): 6=143.59 (C-7a/19a), 143.39 (C-4a/
16a), 139.92 (C-10a/22a), 134.22 (C-1/13), 131.57 (C-3/15), 130.21 (C-12a/
24a), 129.69 (C-7/19), 127.76 (C-4/16), 127.32 (C-6a/18a), 125.42 (C-10/
22), 125.39 (C-9a/21a), 120.51 (C-2/14), 66.78 (C-26), 66.55 (C-25/27),
54.74(C-9/21), 54.68 (C-12/24), 54.18 (C-6/18), 17.74 (Me-1/Me-13),
11.93 ppm (Me-7/Me-19); HRMS (FAB+): caled for Cs;H;,Br,C,Ng:
857.9809; found: 857.9812.

Isomerizations

General Procedure 1: The isomers, syn—anti 1a, anti-anti 1b, and syn-syn
1c (5mg, 5.8 umol) were dissolved in TFA (1 mL) in three separate
flasks and the flasks were sealed. The resulting solutions were stirred for
72 or 144 h. To each reaction mixture was added water (2 mL) and the
resulting mixture was then made alkaline by the addition of saturated
aqueous NH; (28 %). The mixture was extracted with CHCl; (3x5 mL)
and the combined organic layers were washed with water, dried over
MgSO,, filtered, and evaporated.

Condition 1A: 72h at RT. No isomerization occurred for any of the
three isomers.

Condition 1B: 72 h at 60°C. No isomerization occurred for any of the
three isomers.

Condition 1C: 144 h at 60°C. No isomerization occurred in any of the
three isomers.

Condition 1D: 144 h at 95°C. No isomerization occurred in any of the
three isomers.

General Procedure 2: The isomers, syn—anti 1a, anti-anti 1b, and syn-syn
1c (5mg, 5.8 umol) were dissolved in TFA (1 mL) in three separate
flasks and the flasks were sealed. The solutions were stirred for 72 or
144 h. To each reaction mixture was added water (2 mL) and the result-
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ing mixture was then made alkaline by saturated aqueous NH; (28 %).
The mixture was extracted with CHCI; and the combined organic layers
were washed with water, dried over MgSO,, filtered, and evaporated.

Condition 2A: 3m HCI, 72 h at room temperature. Isomers 1a and 1b
did not isomerize. Isomer 1¢ gave a mixture of 1¢ and 1b in a 97:3 ratio.

Condition 2B: 0.8m HCI, 72 h at RT. No isomerization occurred for any
of the three isomers.

Condition 2C: 0.01mM HCI, 72 h at room temperature. Isomers 1a and 1b
did not isomerize. Isomer 1¢ gave a mixture of 1¢ and 1b in a 98:2 ratio.

Condition 2D: 3m HCI, 72 h at 60°C. Isomers 1a and 1b did not isomer-
ize. Isomer 1¢ gave a mixture of 1¢ and 1b in a 98:2 ratio.

Condition 2E: 0.8m HCI, 72 h at 60°C. No isomerization occurred for
any of the three isomers.

Condition 2F: 0.01m HCI, 72 h at 60°C. Isomers 1a and 1b did not iso-
merize. Isomer 1¢ gave a mixture of 1¢ and 1b in a 98:2 ratio.

Condition 2G: 3m HCI, 144 h at 60°C. Isomers 1a and 1b did not isomer-
ize. Isomer 1¢ gave a mixture of 1¢ and 1b in a 98:2 ratio.

Condition 2H: 0.8Mm HCI, 144 h at 60°C. Isomers 1a and 1b did not iso-
merize. Isomer 1¢ gave a mixture of 1¢ and 1b in a 98:2 ratio.

Condition 2I: 0.01m HCI, 144 h at 60°C. Isomers 1a and 1b did not iso-
merize. Isomer 1¢ gave a mixture of 1¢ and 1b in a 98:2 ratio.

Condition 2J: 3m HCI, 144 h at 95°C. Isomer 1a did not isomerize.
Isomer 1b gave a mixture of 1b and 1a in a 96:4 ratio. Isomer 1c¢ gave a
mixture of 1¢, 1a, and 1b in a 95:3:2 ratio.

Condition 2K: 0.8m HCI, 144 h at 95°C. Isomer 1a did not isomerize.
Isomer 1b gave a mixture of 1b and 1a in a 90:10 ratio. Isomer 1c¢ gave
a mixture of 1¢ and 1b in a 98:2 ratio.

Condition 2L: 0.01m HCI, 144 h at 95°C. No isomerization occurred for
any of the three isomers.

Preparation of the HCI solutions: The 3m HCI solution was prepared
from 4m HCI in dioxane (7.5mL, 30 mmol) and CHCIL/EtOH (2:1,
2.5mL). The 0.8m HCI solution was prepared from 4m HCI in dioxane
(370 uL, 1.48 mmol) and CHCIL,/EtOH (2:1, 1.5 mL). The 0.01m HCI so-
lution was prepared from 4m HCI in dioxane (25 pL, 0.10 mmol) and
CHCIL/EtOH (2:1, 9.975 mL).

Molecular modeling: The molecular modeling of the fused hepta-Troger’s
base analogues was performed by using the program MacroModel Ver-
sion 8.5 and the energy was minimized by using the MM3* force-
field.” 3! The calculations of the relative energies of isomers 1a:1b:1¢
were carried out by using both MM3* and MMFFsP* force-fields in
vacuo and with the built-in solvation model for water.

X-ray diffraction analysis: Crystal data and details about data collection
are given in Table 4. The intensity data sets for compounds 1a-2 CH,Cl,
and 1¢-C; (the disordered solvent molecules are tentatively labeled C;)
were collected at 293 K with a Bruker SMART 1000 CCD system!®! by
using w-scans and synchrotron radiation at MAXLAB II, Lund, Sweden
(4=0.89742 A for 1a-2CH,Cl, and 0.910 A for 1¢-C;).? CCD data were
extracted and integrated by using Twinsolve.” Both structures were
solved by direct methods and refined by full-matrix least-squares calcula-
tions on F* by using SHELXTL Version 5.1.°¢ For 1a.2 CH,Cl,, non-hy-
drogen atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were constrained to parent sites, by using a riding
model. The highest residual electron density is situated close to CL7 in
the dichloromethane molecule (omitted in Figure 4). The crystals of
1c:C; were weak scatterers also by using synchrotron irradiation giving
rise to poor data and a high value of R,,.*”) Thus, only the halogen atoms
were refined anisotropically. In the cavity formed by the molecules there
was residual electron density probably due to the presence of disordered
solvent molecules. No chemically sensible structure of this molecule
could be obtained and it was modeled by using three isotropic carbon
atoms (C101-103, also labeled C;). The highest residual electron density
is close to atom C1B. The poor quality of the 1¢-C; structure precludes
any detailed conclusions on the quantitative aspects of the structure, but
the data unambiguously proves the molecular structure of isomer 1¢ to
be the syn—syn diastereomer, as well as the qualitative aspects about its
aggregation and inclusion properties in the solid state as outlined above.
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Table 4. Crystal data for compounds 1a-2 CH,Cl, and 1¢:C;.

1a-2CH,Cl, 1cCs
chemical formula Cy,H;,Br,CI,NgCH,Cl, C3H;,Br,ClN4Cs
M, [gmol™] 1032.16 898.34
crystal system triclinic monoclinic
space group P1 P2in
a[A] 9.2983(19) 21.022(4)
b[A] 12.921(3) 9.0223(18)
c[A] 17.529(4) 25.161(5)
al’] 99.07(3) 90
Bl°] 92.64(3) 113.08(3)
y[°] 90.23(3) 90
V[A?] 2077.3(7) 4390.2(15)
zZ 2 4
Peaica [gem 7] 1.650 1.359
u[mm™] 2.504 2.124
6 range 1.49-31.98 2.25-32.63
collected reflections 8579 13413
unique reflections 6409 (R;,,=0.2517) 7082

(R;,y=0.3187)

no of parameters 497 237
R(F), wR(F?)™ 0.1173, 0.3694 0.2924, 0.5024
(I>20(1))
wR(F?) (all data) 0.3849 0.5405
Stel 1.798 1.676
residual e-density[eA™%]  2.038 1.609

(a] R=%(|F|=|F)/Z | F, .
[Ew(|Fy|—| F)*(m—n)]"™.

[b] wR=[Sw(|F,|—|F/S|F |72 [c] S=

CCDC 284529 (1a) and 284530 (1¢) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.
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