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Abstract: Five racemic dissymmetric
bis(pyridyl) ligands based on 2,8- or
3,9-difunctionalised Troger’s base de-

ular aggregates of rhomboid shape
upon coordination to cis-protected
Pd’* or Pt** ions, as evidenced by ESI

mass spectrometry, NMR spectroscopy
and single-crystal X-ray diffraction. In-
terestingly, these processes were found

rivatives have been synthesised. Only
those derived from a 2,8-difunctional-
ised scaffold were found to undergo se-
lective self-assembly to discrete self-as-
sembled dinuclear metallosupramolec-

Introduction

The formation of stereochemically defined oligonuclear
metallosupramolecular aggregates through stereoselective
self-assembly processes has become an increasingly impor-
tant area of research in recent years.'! In most approaches,
chiral ligands are employed to achieve enantio- or diastereo-
selective assembly, but these processes are non-trivial in pre-
dicting when racemic ligands are used.? If there is any
stereoselection at all there are two different scenarios in
cases in which no new stereogenic elements are formed
during the self-assembly process, for example, in the case of
stereogenic metal centres: either a racemic set of homochi-
ral assemblies is formed in a self-recognition process® or an
achiral heterochiral assembly is obtained in a self-discrimi-
nation process.[‘” However, both of these scenarios have
been observed in only a few cases so far.*
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to be highly diastereoselective leading
to the formation of C,,-symmetric het-
erochiral assemblies in a self-discrimi-
nating manner.

self-assem-

Recently, we were able to demonstrate that a racemic bis-
(nitrile) ligand based on the chiral Troger’s base scaffold un-
dergoes diastereoselective self-assembly to heterochiral ag-
gregates in a self-discriminating manner upon coordination
to [(dppp)Pd(OTf),] or [(dppp)Pt(OTH),] (dppp=1.3-bis(di-
phenylphosphino)propane).”! This behaviour was rather sur-
prising because racemic bis(2,2"-bipyridyl) derivatives of
Troger’s base have been found to undergo stereoselective
self-assembly to homochiral dinuclear helicates upon coordi-
nation to copper(I) or silver(I) ions.’*"® Thus, we wanted
to study this phenomenon further to see whether this was
just an accidental finding or whether it is a more general
phenomenon of these kinds of Troger’s base derived ligands.
Because bis(pyridyl) ligands are well recognised to form de-
fined metallosupramolecular aggregates upon complexation
with square-planar-coordinated palladium(II) or plati-
num(IT) ions as well as other ions,”” we decided to prepare a
series of racemic Troger’s base derived bis(pyridyl) ligands
(Scheme 1) with varying substitution patterns and dimen-
sions and to study their self-assembly to metallosupramolec-
ular rhombs upon coordination to [(dppp)Pd(OTf),] or

[(dppp)Pt(OTL),].

Results and Discussion

Synthesis: Bis(pyridyl) ligand (rac)-1 was prepared from the
previously reported 2,8-diamino derivative (rac)-60 of Tro-
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Scheme 1. Troger’s base derived bis(pyridyl) ligands (rac)-1-5.

ger’'s base by condensation with isonicotinaldehyde
(Scheme 2).
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Scheme 2. Synthesis of Troger’s base derived bis(pyridyl) ligand (rac)-1.

Similarly, ligand (rac)-4 was synthesised by condensation
of isonicotinaldehyde with the 3,9-diamino derivative (rac)-8
of Troger’s base, which was prepared starting from 2-
methyl-3-nitroaniline by condensation with formaldehyde to
synthesise the 3,9-dinitro derivative of Troger’s base (rac)-7
followed by reduction of the nitro functions (Scheme 3).

Ligands (rac)-2® and (rac)-5 were synthesised by Suzuki
cross-coupling reactions of 4-pyridylboronic acid with either
(rac)-2,8-diiodo-4,10-dimethyl-5-11-methano-6 H,12 H-
dibenzo[b.fldiazocine ((rac)-9)! or (rac)-3,9-dibromo-4,10-
dimethyl-5-11-methano-6 H,12 H-dibenzo[b,f]diazocine
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Scheme 3. Synthesis of Troger’s base derived bis(pyridyl) ligand (rac)-4.

((rac)-10),"% respectively (Scheme 4), which can both be
prepared in only one step from the corresponding 3- or 4-
halogenated o-toluidine.

Finally, ligand (rac)-3 with an ethynyl spacer between the
pyridine moieties and the Troger’s base scaffold could be
prepared by applying Sonogashira conditions starting from

NW |
' N [Pd,(dba)sJ*CHCl,
(rac)-9 P(cHex);, K3PO,,
dloxane A

4
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Scheme 4. Synthesis of Troger’s base derived bis(pyridyl) ligands (rac)-2
and (rac)-5.
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(rac)-9 and 4-ethynylpyridine hydrochloride (Scheme 5),
similarly to an already published approach.!'!]
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Scheme 5. Synthesis of Troger’s base derived bis(pyridyl) ligand (rac)-3.

Metal coordination: We then explored the coordination be-
haviour of these bis(pyridyl) ligands towards Pd** and Pt**
ions, which typically prefer a square-planar coordination ge-
ometry with four donor atoms, that already carry a chelating
bis-phosphine ligand and thus offer two cis-configured coor-
dination sites to bind two pyridine ligands. [(dppp)Pd(OTf),]
and [(dppp)Pt(OTY),] were used as the precursor complexes
and were synthesised according to a published procedure.!'
Mixing stoichiometric amounts of the Troger’s base derived
ligands (rac)-1-3 carrying the pyridyl groups at the 2,8-posi-
tions with the cis-configured metal complexes in dichloro-
methane or acetone resulted in the formation of dinuclear
metallosupramolecular rhombs in quantitative yields after
1 hour, as exemplified for ligand (rac)-3 in Scheme 6.

Analysis of the ESI mass spectra of the acetone solutions
of the complexes corroborate the formation of dinuclear ag-
gregates, as exemplified for ligand (rac)-3 in Figure 1. The
platinum complexes gave spectra showing signals that can
be assigned to the expected {[(dppp).Pty(L),J(OTf),_}"*
ions, which are generated by the ESI ion source by stripping
of one, two, or three counterions (Figure 1a). Not unexpect-
ed, in the case of the less stable palladium complexes, a
singly charged 1:1 fragment {[(dppp)Pd(L)](OTH)}* (e.g., m/
z=1120.2 for {[(dppp)Pd(3)](OTf)}* in Figure 1b) was also
detected that has the same m/z ratio as the corresponding
intact doubly charged dinuclear rhombs {[(dppp),Pd,(L),]-
(OTY),}** and thus gives rise to a superpositioned signal.
The ionisation conditions are indeed so mild that a signal of
a doubly charged ion with a formal composition of
{[(dppp)sM,(L),](OTf)s}** could also be detected in most
cases (e.g., m/iz=2389.5 for {[(dppp).Pd,(3),](OTL)s}** in
Figure 1b) that is superimposed by the (stronger) signal of a
singly charged dinuclear complex that still carries three
counterions {[(dppp),Pd,(3),](OTf)s}*.
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Scheme 6. Formation of heterochiral metallosupramolecular rhombs by
the self-assembly of Troger’s base derived bis(pyridyl) ligand (rac)-3 and

[(dppp)Pd(OTH),].

However, these result from ESI typical non-specific ag-
gregation of two dinuclear 2:2 complexes rather than from a
“real” 4:4 complex because they can easily fragment into
two 2:2 complexes but not into any species containing either
three ligands or three metal ions. However, the results of
the DOSY NMR experiments described below provide fur-
ther evidence for the exclusive formation of dinuclear met-
allosupramolecular aggregates.

The "H NMR spectra of the complexes of ligands 1 and 3
each show only one set of sharp significantly shifted signals
(relative to the signals of [(dppp)M(OTTY),] and the free li-
gands) at room temperature, which were confirmed as be-
longing to a single species by 2D NMR techniques. Figures 2
and 3 show the "H NMR spectra obtained for the palladium
and platinum complexes of ligands (rac)-1 and (rac)-3.

The formation of dinuclear metallosupramolecular aggre-
gates is further strengthened by the interpretation of the
P NMR spectra of the Pd*" and Pt** species because the
complexes of ligands 1 and 3 show significantly shifted
'P NMR signals, that is, singlets at 0=7.0 ppm for
[(dppp),Pd,(1),](OTf), and at O6=-147ppm for
[(dppp),Pt»(1),](OTYf),, whereas the precursor coordination
compounds show signals at 6=17.8 and —11.5 ppm, respec-
tively. Furthermore, the 'Jy_p coupling constants in the case
of the Pt" complexes provide additional proof because it de-
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Self-Assembly of Dinuclear Heterochiral Rhombs
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Figure 1. ESI mass spectra (positive mode) of 300 pum acetone solutions of
1:1 mixtures of a) (rac)-3 and [(dppp)Pt(OTf),] and b) (rac)-3 and
[(dppp)Pd(OTT),]. The insets show the experimental and calculated iso-
tope patterns (calculated on the basis of natural isotope abundances).
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Figure 2. '"H NMR spectra (500.1 MHz, in CD,Cl, at 298 K) of a) (rac)-1
+ [(dppp)Pd(OTY),] (1:1), b) (rac)-1 and c) (rac)-1 + [(dppp)Pt(OTf),]
(1:1).

Chem. Eur. J. 2010, 16, 2418 -2426

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

number and size of different aggregates possibly formed in
these processes.'”) As shown representatively for the com-
plexes of 1 in Figure 4, these spectra clearly show that in all
cases only one species is present in solution, which is in
total agreement with the results obtained from the other
NMR spectroscopic and ESI-MS analyses.

Furthermore, we calculated the hydrodynamic radii of
these aggregates from the measured diffusion coefficients by
employing the Stokes—FEinstein equation and correcting the
values following the approach of Macchioni et al.’*! because
of the non-spherical, more toroidal shape of our aggregates.
These values were found to be in good agreement with
those obtained from molecular modelling studies (MM2
force field) and are additional proof that only dinuclear
metallosupramolecular rhombs [(dppp),M,(L),](OTf), are
formed in solution (Table 1).

Interestingly, the *C NMR spectra of the dinuclear metal-
losupramolecular palladium and platinum complexes of
ligand (rac)-1 recorded at room temperature are more com-
plicated than we expected compared with the simple 'H and
P NMR spectra: relative to these we observed almost
twice the number of signals in this case. This phenomenon
does not occur with ligand (rac)-3 even upon cooling. How-
ever, a splitting of the signals of the complexes of (rac)-1
was also observed for the protons at lower temperatures. In
principle, there could be three reasons for this: 1) a fast
ligand exchange leading to diastereomeric complexes, 2) the
presence of cis/trans-configured isomers of the iminic C=N
double bond, or 3) an intramolecular rotation of the C—N
single bond. The first possibility is highly unlikely because
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Figure 4. 2D-DOSY NMR spectra (500.1 MHz in CD,Cl, at 298 K) of 1:1
mixtures of a) [(dppp)Pd(OTf),] and (rac)-1 and b) [(dppp)Pt(OTf),] and
(rac)-1.

Table 1. Comparison of the experimental and calculated radii of the di-
nuclear metallosupramolecular rhombs.

Luea(min)

Teaeq (MaX)
Complex Texp Tcalea (MAX.) Tcalea (MN.)
[nm][a] [nm][h] [nm][h]
[(dppp),Pd,(1),](OTf), 1.18 1.49 0.99
[(dppp),Pt,(1),](OTE), 1.15 1.49 0.99
[(dppp),Pd,(2),](OTf), 1.03 1.33 0.81
[(dppp),Pt,(2),](OTE), 1.07 1.33 0.81
[(dppp),Pd,(3),](OTf), 1.22 1.50 1.04
[(dppp),Pt:(3),](OTf), 1.10 1.50 1.04

[a] Calculated from the measured diffusion constants by applying the
Stokes-Einstein equation and correcting these values according to the
approach of Macchioni etal.'™ as a result of their toroidal shape.
[b] The radii rqq(max.) and req(min.) calculated for the long and the
short diagonal of the rhomboid assembly’s structure obtained by molecu-
lar modelling, respectively (MM2 force field, calculated without counter-
ions).

this would demand an intermolecular process involving the
breaking and formation of two metal—-ligand bonds. In this
case one would expect a big difference between the palladi-
um and the platinum complexes due to the difference in
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bond strength. This, however, is not observed, which sug-
gests that the reason should be an intramolecular process.
The second possibility would be possible from this point of
view, however, molecular modelling studies suggest that first
the energy barrier for this isomerisation process would be
far too high and secondly that the cis isomer is not suffi-
ciently well preorganised to allow the formation of discrete
dinuclear complexes. Further proof for this assumption is
the fact that we were not able to detect cis/trans isomerisa-
tion in the free ligand. The rotation around the C—N single
bond, however, should be a very fast process in the free
ligand. However, within the dinuclear assembly the rotation
is definitely slower because it can only occur in a concerted
manner within the metallamacrocycle leading to different
conformers. This is still fast at room temperature on the 'H
and the *'P NMR timescale, but too slow on the C NMR
timescale.

Similar observations were made for the complexes of
ligand (rac)-2, however, in this case the 'H and the *'P NMR
spectra also show signal splitting at room temperature.
Again this can be explained by a concerted intramolecular
rotation around the aryl-heteroaryl bonds within the li-
gands, which leads to different rotamers. This process is slow
even at room temperature because the groups that have to
rotate in a concerted manner are even larger in this case
than in the assemblies of ligand (rac)-1.

Thus, the NMR analyses strongly indicate the highly dia-
stereoselective formation of dinuclear metallosupramolecu-
lar rhombs. However, the spectra recorded so far do not
allow the two possible stereoisomers, namely the racemic
C,-symmetric homochiral assembly and the achiral C,,-sym-
metric heterochiral assembly, to be distinguished because
the symmetry of the spectra only proves that the assemblies
have to be at least C,-symmetric. Thus, we performed addi-
tional experiments with a europium tris[3-
heptafluoropropyl(hydroxy)methylene-(+)-camphorate] as a
chiral shift reagent and a solution of [(dppp),Pt,(3),](OTf),.
However, no splitting of the signals could be observed in
either the 'H or *’P NMR spectra even upon addition of a
larger excess of the chiral shift reagent. Instead we obtained
almost unchanged spectra showing only one set of signals
for our assembly. This is a good indication that the achiral
heterochiral assembly is formed rather than a racemic mix-
ture of homochiral assemblies.

Fortunately we were able to grow crystals of three of the
dinuclear metal coordination compounds by slow diffusion
of diethyl ether into dichloromethane solutions that were
suitable for X-ray single crystal structure analysis. These
provide the final proof that our metallosupramolecular ag-
gregates formed from ligands 1-3 are indeed heterochiral as-
semblies [(dppp),M,{(55,115)-LH{(5R,11R)-L}](OTf), (M=
Pd, Pt), as shown in Figures 5 and 6 for the examples of the
palladium and platinum complexes of ligands 2 and 3, re-
spectively.

Clearly it is an inherent property of the 2,8-disubstituted
Troger’s base scaffold to induce the diastereoselective for-
mation of heterochiral dinuclear assemblies with [(dppp)M-

Chem. Eur. J. 201., 7, 2418 -2426
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Figure 5. ORTEP plot of the molecular rhomb [(dppp).Pd,{(5S5,115)-2}-
{(5R,11R)-2}](OTf), (30% probability of the thermal ellipsoids): a) top
view; b) side view. Hydrogen atoms, counterions and solvent molecules
have been omitted for clarity. Colour code: grey: carbon; blue: nitrogen;
purple: phosphorus; grey-blue: palladium.
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Figure 6. ORTEP plot of the molecular thomb [(dppp),Pt,{(5S,115)-3}-
{(5R,11R)-3}](OTf), (30% probability of the thermal ellipsoids): a) top
view; b) side view. Hydrogen atoms, counterions and solvent molecules
have been omitted for clarity. Colour code: grey: carbon; blue: nitrogen;
purple: phosphorus; grey-blue: platinum.

(OTf),] (M =Pd, Pt) when racemic ligands are used. Howev-
er, a subtle change in the structure of this kind of ligand, for
example, changing the substitution pattern from 2,8 to 3,9,
changes the situation completely, as we discovered when we
examined the self-assembly of ligands (rac)-4 and (rac)-5
with [(dppp)M(OTY),] (M=Pd, Pt). In these cases the ESI
mass spectra reveal that the self-assembly processes are not
selective (even with regard to the stoichiometry of the as-
semblies): although signals of the singly, doubly and triply
charged cationic {[(dppp),M,(L),](OTf),_,}*t (M=Pd, Pt;
L=4, 5) could be observed a lot of signals were detected
that could not be assigned to discrete dinuclear complexes.
This is also corroborated by the NMR spectroscopic meas-
urements because the spectra clearly demonstrate that a
mixture of aggregates is formed when we examined the co-
ordination behaviour of (rac)-4 or (rac)-5 towards

Chem. Eur. J. 2010, 16, 2418 -2426
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[(dppp)M(OTTY),] (M=Pd, Pt). This is due to the fact that
the 3,9-substitution pattern causes a slightly wider opening
angle of the V-shaped structure of the ligand compared with
the 2,8-disubstituted isomer, as can be seen from the X-ray
crystal structure analyses of ligands (rac)-2 and (rac)-5
(Figure 7). Although the difference is not really big, it is
clearly large enough to cause a substantial difference in the
degree of preorganisation of the ligands with regard to the
stereoselective formation of dinuclear rhombs.

Figure 7. ORTEP plot of ligands (rac)-2 and (rac)-5. The angles were
measured between the two pyridyl nitrogen atoms and the central meth-
ylene carbon atom of the Troger’s base scaffold (30 % probability of the
thermal ellipsoids; only one of the enantiomers is shown in each case.
Hydrogen atoms, counterions and solvent molecules have been omitted
for clarity. Colour code: grey: carbon; blue: nitrogen.).

Conclusion

We have synthesised five racemic bis(4-pyridyl) ligands
(rac)-1-5 with both flexible or rigid spacer units and investi-
gated their coordination behaviour towards cis-protected
Stang-type Pd** or Pt** precursor complexes [(dppp)M-
(OTf),] (M=Pd, Pt). In ligands (rac)-4 and (rac)-5 the 3,9-
substitution pattern of the Troger’s base core clearly causes
an unfavourable preorganisation of the ligand structure,
which leads to non-selective self-assembly processes. Chang-
ing to a 2,8-substitution pattern in ligands (rac)-1-3, howev-
er, leads to well-defined dinuclear assemblies regardless of
the increasing size of the ligands and the use of different
spacer groups. These aggregates are not only formed selec-
tively with regard to their stoichiometry but also in terms of
their stereoselectivity because they exclusively form achiral
heterochiral dinuclear metallosupramolecular rhombs in a
diastereoselective self-discrimination process that so far has
been a rather rare phenomenon.

We are currently investigating the molecular recognition
behaviour of these self-assembled aggregates with suitable
guest molecules or ions and also trying to prepare the li-
gands in enantiomerically pure forms to study their self-as-
sembly.
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Experimental Section

General: All reactions except the synthesis of (rac)-7 were performed
under an argon atmosphere using standard Schlenk techniques and oven-
dried glassware. TLC was performed on aluminium TLC plates (silica gel
60 F,s4) with detection by UV light (254 and 366 nm). The products were
purified by column chromatography on silica gel 60 (70-230 mesh). NMR
spectra were recorded on a Bruker DRX 500 spectrometer. 'H and
3C NMR spectra were recorded at 298 K at 500.1 and 125.8 MHz, respec-
tively. *'P NMR spectra were recorded at 298 K at 162.0 MHz. '"H NMR
chemical shifts are reported on the d scale (ppm) relative to residual
non-deuteriated solvent as the internal standard. “"C NMR chemical
shifts are reported on the d scale (ppm) relative to deuteriated solvent as
internal standard. *'P NMR chemical shifts are reported on the §-scale
(ppm) relative to 85% H;PO, as the external standard. Signals were as-
signed on the basis of 'H, *C, HMQC and HMBC NMR experiments.
El-mass spectra were taken on an A.E.I. MS-50 (EI; HiRes-EI). ESI-
mass spectra were recorded on a Bruker APEX IV FT mass spectrome-
ter. Elemental analyses were carried out with a Heraeus Vario EL. Melt-
ing points were measured with a hot-stage microscope SM-Lux from
Leitz and are not corrected. Molecular mechanics studies (MM2 force
field) were carried out with the CAChe 5.0 program.!'!

Solvents were dried, distilled and stored under argon according to stan-
dard procedures whenever necessary. All chemicals were used as received
from commercial sources. (rac)-2,8-Diamino-4,10-dimethyl-5,11-methano-
6H,12H-dibenzo[b,f]diazocine ((rac)-6),*¢ (rac)-2,8-diiodo-4,10-dimethyl-
5,11-methano-6H,12 H-dibenzo[b.f]diazocine ((rac)-9)""! and (rac)-3,9-di-
bromo-4,10-dimethyl-5,11-methano-6H,12H-dibenzo[b.f]diazocine ((rac)-
10)!""! were prepared according to published procedures.
(rac)-2,8-Bis(4-pyridylmethyleneamino)-4,10-dimethyl-5,11-methano-
6H,12H-dibenzo[b.f][1,5]diazocine ((rac)-1): Diazocine (rac)-6 (150 mg,
0.54 mmol) was dissolved in methanol (6 mL) ((rac)-6 has to be com-
pletely dissolved, if not, more methanol has to be added). 4-Pyridylcar-
baldehyde (115 mg, 1.07 mmol, 2 equiv) was added and the resulting yel-
lowish solution was stirred at RT for 22 h. After around 6 h a pale-yellow
solid began to precipitate. The precipitate was filtered off, washed with
small amounts of cold methanol and dried in vacuo. Yield: 179 mg
(0.39 mmol, 72%); m.p. 189-191°C; "H NMR (500.1 MHz, CD,CL,): 6 =
2.46 (s, 6H; CH;), 4.06 (d, 2J=—16.9 Hz, 2H; 6-Hendo, 12-Hendo), 4.36
(s, 2H; 13-H), 4.64 (d, 2J=—-16.9 Hz, 2H; 6-Hexo, 12-Hexo), 6.75 (d,
‘J13=1.9 Hz, 2H; 1-H, 7-H), 7.04 (d, *J,3=1.9 Hz, 2H; 3-H, 9-H), 7.69
(dd, *Jyopy 1i3py =44 Hz, “Jyop, yoe,=1.5Hz, 4H; 2-Hp,, 2"-H,,), 8.41 (s,
2H; N=CH), 8.69 (dd, *Jypy nsey =44 Hz, “Jyy3p, u3py=1.6 Hz, 4H; 3-
H,,, 3-Hp,) ppm; "CNMR (125.8 MHz, CD,CL): 6=17.3 (CH;), 55.6
(C-6, C-12), 68.1 (C-13), 117.3 (C-1, C-7), 122.2 (C-3, C-9), 122.4 (C-3p,,
C-3'py), 129.3 (C-14, C-16), 134.5 (C-4, C-10), 143.3 (C-2p, C-2'py), 145.7
(C-15, C-17), 146.7 (C-2, C-8), 150.9 (C-3p,, C-3p,), 157.0 (N=CH) ppm;
MS (EI): m/z (%): 458.2 (100) [CyHyN¢]*; HRMS (EI): caled for
[CpoH,sNg] ™: 457.2135, found: 457.2144; elemental analysis calcd (%) for
CyoHyNg: C 75.96, H 5.71, N 18.33; found: C 75.66, H 5.98, N 17.98.
(rac)-2,8-Bis(4-pyridyl)-4,10-dimethyl-5,11-methano-6 H,12H-dibenzo-
[bf1[1,5]diazocine ((rac)-2): 1,4-Dioxane (SmL) and water (1.4 mL)
were added to K;PO, (760 mg, 3.59 mmol, 6 equiv), (rac)-2,8-diiodo-4,10-
dimethyl-5,11-methano-6 H,12 H-dibenzo[b,f]diazocine ((rac)-9,
300 mg,0.60 mmol), [Pd,(dba);]-CHCl; (13 mg, 12.0 umol, 4 mol % Pd), 4-
pyridylboronic acid pinacol ester (270 mg, 1.32 mmol, 2.2 equiv) and tris(-
cyclohexyl)phosphine (8 mg, 28 umol, 4.8 mol % ). The resulting mixture
was degassed and then heated at reflux for 18 h. CH,Cl, was added and
the mixture was washed twice with sat. aq. Na,CO;. The aqueous layers
were extracted twice with CH,Cl, (20 mL) and the combined organic
layers were dried over Na,SO,. The crude product was purified by
column chromatography on silica gel (eluent: toluene/THF (1:1) + 5%
EtN, R;=0.25) to give the desired product as a yellow solid. Yield:
177 mg (0.44 mmol, 73%); m.p. 187-189°C; 'HNMR (500.1 MHz,
CD,CL): 0=2.50 (s, 6H; CH,), 4.12 (d, 2/ =—17.0 Hz, 2H; 6-Hendo, 12-
Hendo), 439 (s, 2H; 13-H), 4.68 (d, 2’=—17.0 Hz, 2H; 6-Hexo, 12-
Hexo), 7.10 (d, *J,3=1.6 Hz, 2H; 1-H, 7-H), 7.38 (d, *J,3=1.6 Hz, 2H; 3-
H, 9-H), 7.42 (dd, 100y 1130, =4.6 Hz, *Jyy 20y 1100y =1.7 Hz, 4H; 3-H,,, 3'-
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Hp,), 8.55 (dd, Jyapy spy=4.6 Hz, Jyyspy nspy=1.7Hz, 4H; 2-H,,, 2'-
Hp,) ppm; "C NMR (125.8 MHz, CD,CL,): 6=17.4 (CH;), 55.6 (C-6, C-
12), 68.0 (C-13), 121.5 (C-3p,, C-3'p), 123.3 (C-1, C-7), 127.9 (C-3, C-9),
129.1 (C-14, C-16), 133.6 (C-2, C-8), 134.2 (C-4, C-10), 147.5 (C-15, C-
17), 148.1 (C-4p,, C-4'p,), 150.4 (C-2p,, C-2'py) ppm; MS (EI): m/z (%):
404.2 (100) [CyH,N,]*; HRMS (EI): caled for [C,;HyN,]*: 403.1917,
found: 403.1926; elemental analysis caled (%) for
C,;H,N,2THF-'/,C;H;CH;',H,0: C 76.58, H 7.51, N 9.28; found: C
76.76, H 7.54, N 9.18.
(rac)-2,8-Bis(4-pyridylethynyl)-4,10-dimethyl-5,11-methano-6H,12H-
dibenzo[b.f1[1,5]diazocine ((rac)-3): THF (10 mL) and diisopropylamine
(170 mg, 1.67 mmol, 2.4 equiv) were added to (rac)-2,8-diiodo-4,10-di-
methyl-5,11-methano-6 H,12 H-dibenzo[b,f]diazocine  ((rac)-9; 350 mg,
0.70 mmol), Cul (5 mg, 27.9 pmol, 4 mol %), [Pd,(dba),]-CHCI; (22 mg,
20.9 umol, 6 mol% Pd), 4-ethynylpyridine hydrochloride (213 mg,
1.53 mmol, 2.2 equiv) and dppf (23 mg, 41.8 umol). The resulting mixture
was stirred at 60°C for 16 h. Sat. aq. NaCl and CH,Cl, were added. The
mixture was filtered over Celite and the residue was washed with
CH,Cl,. The filtrate was washed with sat. ag. NaHCO; and the organic
layer was dried over Na,SO,. The crude product was purified by column
chromatography (toluene/THF (4:1) + 5% Et;N, R;=0.40) to give a yel-
lowish solid. Yield: 225 mg (0.50 mmol, 73 %); m.p. 204-206°C; '"H NMR
(500.1 MHz, CD,CL): §=2.41 (s, 6H; CHj;), 4.02 (d, /=-16.9 Hz, 2H;
6-Hendo, 12-Hendo), 4.32 (s, 2H; 13-H), 4.59 (d, 2J=—16.9 Hz, 2H; 6-
Hexo, 12-Hexo), 7.02 (d, *J,3=1.1Hz, 2H; 1-H, 7-H), 7.28 (d, ;3=
1.1 Hz, 2H; 3-H, 9-H), 7.32 (dd, *Jypy 13py =44 Hz, Jyy2py 1opy=1.6 Hz,
4H; 3-Hp,, 3'-Hpy), 8.54 (dd, *Jy12py 1130y =4.4 Hz, *Jy13py 3py=1.6 Hz, 4H;
2-Hp,, 2’-Hp,) ppm; "CNMR (125.8 MHz, CD,CL): 6=17.1 (CH3), 55.2
(C-6, C-12), 67.7 (C-13), 86.2 (C=C-CsH N), 942 (C=C-CH,N), 117.1
(C-14, C-16), 125.6 (C-3p, C-3’p), 1284 (C-1, C-7), 128.8 (C-2, C-8),
131.7 (C-1py, C-1'py), 132.7 (C-3, C-9), 133.9 (C-4, C-10), 147.7 (C-15, C-
17), 150.1 (C-3p,, C-3p,) ppm; MS (EI): m/z (%): 452.2 (100) [C5HuN,] ™
HRMS (EI): caled for [C5HpyN,] 12 452.1995; found: 452.1996; elemental
analysis caled (%) for CyH,,N,'/sTHF-!5CsH;CH;: C 82.15, H 5.65, N
11.54; found: C 82.28, H 5.64, N 11.55.
(rac)-3,9-Bis(4-pyridylmethyleneamino)4,10-dimethyl-5,11-methano-
6H,12H-dibenzo[b.f]1[1,5]diazocine ((rac)-4): Diazocine (rac)-8 (150 mg,
0.54 mmol) was dissolved in methanol (6 mL) and Et;N (ca. 8 mL)
((rac)-8 has to be completely dissolved, if not, more Et;N has to be
added). 4-Pyridincarbaldehyde (115 mg, 1.07 mmol, 2 equiv) was added
and the resulting yellowish solution was stirred at RT for 22 h. The solu-
tion was then concentrated until a yellow precipitate appeared. The flask
was stored at —20°C for 14 h and the precipitate was filtered off, washed
with small amounts of cold methanol and dried in vacuo. Yield: 179 mg
(0.39 mmol, 72%); m.p. 156-159°C; '"H NMR (500.1 MHz, CD,CL,): 6=
2.45 (s, 6H; CH;), 4.04 (d, 2/ =—17.0 Hz, 2H; 6-Hendo, 12-Hendo), 4.38
(s, 2H; 13-H), 4.64 (d, 2/=-17.0 Hz, 2H; 6-Hexo, 12-Hexo), 6.70 (d,
J,,=82Hz, 2H; 2-H, 8-H), 6.83 (d, *J,,=8.2 Hz, 2H; 1-H, 7-H), 7.76
(dd, *Jyopy ri3py =44 Hz, *Jyyop, yoe,=1.5Hz, 4H; 3-Hp,, 3'-Hp,), 8.34 (s,
2H; N=CH), 8.72 (dd, *Jyp, p3py=4.4 Hz, *Jyy3p, i3p,=1.5 Hz, 4H; 2-
H,, 2-Hp,) ppm; "CNMR (125.8 MHz, CD,Cl,) 6 = 12.1 (CH,), 55.7
(C-6, C-12), 68.0 (C-13), 113.5 (C-2, C-8), 122.5 (C-3p,, C-3'py), 125.1 (C-1,
C-7), 126.9 (C-14, C-16), 127.8 (C-4, C-10), 143.4 (C-1;,, C-1’p,), 147.0 (C-
15, C-17), 149.7 (C-3, C-9), 150.9 (C-3p,, C-3'p,), 157.3 (N=CH) ppm; MS
(EI): miz (%): 4582 (100) [CxHyN¢]*; HRMS (EI): caled for
[CooH,5Ng]*: 457.2135; found: 457.2134; elemental analysis caled (%) for
CyoHy6Ng: C 75.96, H 5.71, N 18.33; found: C 76.20, H 6.03, N 18.12.
(rac)-3,9-Bis(4-pyridyl)-4,10-dimethyl-5,11-methano-6H,12H-dibenzo-
[b.f1[1,5]diazocine ((rac)-5): 1,4-Dioxane (6 mL) and aq. K;PO, (1.7 mL,
1.27m, 934 mg, 4.41 mmol, 6 equiv) were added to (rac)-3,9-dibromo-
4,10-dimethyl-5,11-methano-6 H,12 H-dibenzo[b.f]diazocine ((rac)-10;
300 mg, 0.73 mmol), [Pd,(dba);]-CHCl; (16 mg, 14.7 umol, 4 mol % Pd),
4-pyridylboronic acid pinacol ester (332 mg, 1.618 mmol, 2.2 equiv) and
tris(cyclohexyl)phosphine (10 mg, 35 pmol, 4.8 mol % ). The resulting mix-
ture was heated at reflux for 18 h. CH,Cl, was added and the mixture
was washed twice with sat. aq. Na,COj;. The aqueous layers were extract-
ed twice with CH,Cl, and the combined organic layers were dried over
Na,SO,. The crude product was purified by column chromatography on
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silica gel (eluent: toluene/THF (1:1) + 5% EN, R;=0.45). Yield:
293 mg (0.72 mmol, 99%); m.p. >210°C; '"H NMR (500.1 MHz, CD,Cl,)
0=2.34 (s, 6H; CH;), 4.10 (d, 2J=-17.0 Hz, 2H; 6-Hendo, 12-Hendo),
4.38 (s, 2H; 13-H), 4.68 (d, 2/=-17.0 Hz, 2H; 6-Hexo, 12-Hexo), 6.94
(m, 4H; 1-H, 2-H, 7-H, 8-H), 7.25 (m, 4H; 3-Hp,, 3-Hp,), 8.61 (m, 4H; 2-
Hp,, 2’-Hp,) ppm; "CNMR (125.8 MHz, CD,CL) 6 = 14.9 (CH,), 55.7
(C-6, C-12), 68.1 (C-13), 124.7 (C-3p,, C-3'p,), 124.8 (C-1, C-7)*, 125.0 (C-
2, C-8)*, 128.6 (C-14, C-16), 130.8 (C-4, C-10), 139.4 (C-3, C-9), 147.0 (C-
15, C-17), 149.9 (C-2p,, C-2',), 150.1 (C-4p,, C-4'py) ppm (* assignments
may be interchanged); MS (EI): m/z (%): 4042 (100) [C,HN,]*;
HRMS (EI): caled for [C,;HpN,]*: 403.1917; found: 403.1927; elemental
analysis caled (%) for C,H,N,',THF-'/,H,0: C 7881, H 632, N
13.01;found: C 78.71, H 6.08, N 13.33.
(rac)-4,10-Dimethyl-3,9-dinitro-5,11-methano-6 H,12H-dibenzo[ b.f]-
[1,5]diazocine ((rac)-7): 2-Methyl-3-nitroaniline (5g, 32.86 mmol) and
paraformaldehyde (2.07 g, 69.01 mmol, 2.1 equiv) were dissolved in tri-
fluoroacetic acid (65mL) to form a black-coloured reaction mixture,
which was stirred for 48 h and poured into H,O (200 mL) to yield an in-
tensely yellow precipitate. Aq. NaOH (6N) was added to this suspension
(pH9). The precipitate was filtered off and suspended in acetone
(120 mL) at reflux for 20 min. The mixture was cooled, stored at —20°C
for 16 h and the yellow product was removed by filtration. Yield: 4.87 g
(14.31 mmol, 87%); m.p. >300°C; 'HNMR (500.1 MHz, [D¢]DMSO):
0=2.50 (s, 6H; CHj), 4.14 (d, >J=—17.8 Hz, 2H; 6-Hendo, 12-Hendo),
4.34 (s, 2H; 13-H), 4.65 (d, 2J=—17.8 Hz, 2H; 6-Hexo, 12-Hexo), 7.10 (d,
’J,,=8.4Hz, 2H; 1-H, 7-H), 7.58 (d, *J,,=8.4 Hz, 2H; 2-H, 8-H) ppm;
BC NMR (125.8 MHz, [Dg]DMSO): 6 =12.9 (CH3), 54.7 (C-6, C-12), 66.2
(C-13), 119.0 (C-2, C-8), 125.6 (C-4, C-10), 127.6 (C-14, C-16), 133.8 (C-1,
C-7), 147.0 (C-15, C-17), 149.2 (C-3, C-9) ppm; MS (EI): m/z (%): 340.1
(100) [C;;HN,O,]*"; HRMS (EI): caled for [C;HsN,O,]"": 340.1165,
found: 340.1172; elemental analysis calcd (%) for C;H;(N,O,: C 59.99,
H 4.74, N 16.46; found C 60.02, H 4.88, N 16.36.
(rac)-3,9-Diamino-4,10-dimethyl-5,11-methano-6 H,12H-dibenzo[ b.f]-
[1,5]diazocine ((rac)-8): Diazocine (rac)-7 (2.10 g, 6.20 mmol) and iron
powder (4.64 g, 83.1 mmol, 13.5 equiv) were suspended in acetic acid
(94 mL) and ethanol (100 mL). The reaction mixture was heated at
reflux for 12 h and then poured into water. Excess iron was filtered off
and the aqueous layer extracted with dichloromethane (5x75 mL). The
combined organic layers were washed with sat. ag. NaHCO; and dried
over Na,SO,. The crude product was pure according to NMR-spectro-
scopic analysis. Yield: 1.64g (5.84 mmol, 95%), m.p. 141-143°C;
'"HNMR (500.1 MHz, [Dg]DMSO): ¢ 2.05 (s, 6H; CH;), 3.67 (d, /=
—16.5Hz, 2H; 6-Hendo, 12-Hendo), 4.13 (s, 2H; 13-H), 4.36 (d, /=
—16.5Hz, 2H; 6-Hexo, 12-Hexo), 4.59 (s, 4H; NH,), 6.32 (d, *J;,=
82Hz, 2H; 2-H, 8-H), 645 (d, J,,=82Hz, 2H; 1-H, 7-H) ppm;
C NMR (125.8 MHz, [Dg]DMSO): 6 10.8 (CH;), 54.9 (C-6, C-12), 67.3
(C-13), 110.5 (C-2, C-8), 114.8 (C-4, C-10), 115.8 (C-14, C-16), 123.9 (C-1,
C-7), 145.5 (C-15, C-17), 146.1 (C-3, C-9) ppm; MS (EI): m/z (%): 280.2
(100) [CzH5oN,]*"; HRMS (EI): caled for [C;H,(N,]*": 280.1682; found:
280.1686; elemental analysis calcd (%) for C;;H,(N,-1.5C,H;OH: C 70.78,
H 7.78, N 18.01; found: C 70.55, H 7.39, N 17.88.

Preparation and characterisation of the metal complexes: Equimolar
amounts of the ligands (rac)-1, (rac)-2, (rac)-3, (rac)-4 or (rac)-5 and
[(dppp)Pd(OT¥),] or [(dppp)Pt(OTf),] were dissolved in CD,Cl, and ana-
lysed by NMR spectroscopic methods. Acetone-diluted solutions of the
complexes were analysed by ESI-MS methods afterwards. Exemplary an-
alytical data are listed here for the dinuclear assemblies of ligand (rac)-3.
The spectra of all the other assemblies can be found in the Supporting In-
formation.

[(dppp),Pd,{(55,115)-3}{(5R,11R)-3}1(OTf),: 'HNMR  (500.1 MHz,
CD,Cl,): =225 (m, 4H; PCH,CH,CH,P), 2.33 (s, 12H; CH,;), 3.17 (m,
8H; PCH,CH,CH,P), 3.92 (d, ¥/=—16.6 Hz, 4H; 6-Hendo, 12-Hendo),
426 (s, 4H; 13-H), 4.51 (d, 2J=—16.6 Hz, 4H; 6-Hexo, 12-Hexo), 6.90 (s,
4H; 1-H, 7-H), 6.96 (d, *Jyopy nspy=5.8 Hz, 8H; 2-Hp,, 2"-Hy,), 7.16 (s,
4H; 3-H, 9-H), 7.37 (m, 24H; Hypppnenyn)s 7-65 (m, 16H; Hyppponenyy)»
877 (d, *Juopynswy=>58Hz, 8H; 3-Hp, 3-Hp)ppm; “CNMR
(125.8 MHz, CD,ClL): 6=17.0 (CH;), 18.0 (PCH,CH,CH,P), 21.7
(PCH,CH,CH,P), 55.0 (C-6, C-12), 67.6 (C-13), 85.1 (C=C-CsH,N), 99.0
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(C=C-CsH\N), 116.3 (C-14, C-16), 121.6 (CF;), 125.6 (Cyppp), 127.8 (C-
3py, C-3'py), 128.8 (Cyppp), 129.0 (C-2, C-8), 129.9 (C-1, C-7), 132.6 (Cyppp)>
133.3 (C-3, C-9), 133.5 (Cypypp), 134.0 (C-4, C-10), 1349 (C-4p,, C-4'py),
1485 (C-15, C-17), 1502 (C-2p, C-2’p,) ppm; P NMR (162.0 MHz,
CD,Cly): 6=7.0ppm; MS (pos. ESI, acetone): m/z (%): 697.2
{[(dppp):Pd,{(5S.115)-3{(SR.11R)-3}](OTH}**, 11202 {[(dppp).Pd,-
{(5S,118)-3){(5R,11R)-3}](OTf),}**,  2389.4  {[(dppp),Pd,{(5S,115)-3}-
{(5R,11R)-3}](OTf);}*.

[(dppp),Pt,{(55,115)-3H{(SR,11R)-3}](OTf),: 'HNMR  (500.1 MHz,
CD,Cl,): 6=2.24 (m, 4H; PCH,CH,CH,P), 2.33 (s, 12H; CH;), 3.27 (m,
8H; PCH,CH,CH,P), 3.92 (d, J=-16.8 Hz, 4H; 6-Hendo, 12-Hendo),
427 (s, 4H; 13-H), 4.52 (d, %/ = —16.8 Hz, 4H; 6-Hexo, 12-Hexo), 6.91 (s,
4H; 1-H, 7-H), 6.99 (d, *Jypy ey =5.6 Hz, 8H; 2-Hp,, 2"-Hyy), 7.18 (s,
4H; 3-H, 9-H), 7.39 (m, 24H; Hyppphenyy)s 7-67 (m, 16H; Hopppenenyn)s
880 (d, *Juspymuspy=56Hz, 8H; 3-Hp, 3-Hp)ppm; “CNMR
(1258 MHz, CD,ClL): 6=17.0 (CH;), 18.0 (PCH,CH,CH,P), 21.6
(PCH,CH,CH,P), 55.0 (C-6, C-12), 67.6 (C-13), 85.0 (C=C-CsH,N), 99.8
(C=C-CsH\N), 116.2 (C-14, C-16), 121.6 (CF;), 124.9 (Cyppp), 128.3 (C-
2p,, C-2'py), 128.8 (C-1, C-7), 129.1 (C-2, C-8), 129.8 (Cyppp)> 132.7 (Cyppp)
133.4 (C-3, C-9), 133.5 (Cyppp), 134.0 (C-4, C-10), 1355 (C-4p,, C-4'py),
1487 (C-15, C-17), 1502 (C-3p, C-3p,) ppm; *'PNMR (162.0 MHz,
CD,CL,): 0=-14.7 (Jp_p=3059 Hz) ppm; MS (pos. ESI, acetone): m/z
(%): 7562  {[(dppp).Pt,{(55,118)-3}{(5R,11R)-3}](OTH)}**,  1208.8
{[(dppp):Pt((5S,118)-3}{(SR,11R)-3}](OTE),P*,  2566.6  {[(dppp),Pt-
{(55,118)-3}{(5R,11R)-3}](OTf)3}*.

X-ray structure determination: The single-crystal X-ray diffraction stud-
ies were carried out on a Nonius Kappa CCD ([(dppp),Pd,{(5S,115)-2}-
{(5R,11R)-2}](OTt),, [(dppp).Pto{(55,115)-2}{(5R,11R)-2}](OTf),) or a
STOE IPDS 2T ((rac)-2, (rac)-5, [(dppp),Pt,{(55,115)-3}{(5R,11R)-3}]-
(OTY),) diffractometer at 123(2) K using Moy, radiation (1=0.71073 A).
Direct methods (SHELXS-97) were used to solve the structures. All non-
hydrogen atoms were refined anisotropically using full-matrix least-
squares refinement on F* (SHELXS-97).*! The supplementary crystallo-
graphic data for this paper can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Crystal data for (rac)-2: Crystal dimensions 0.50 x 0.50 x 0.10 mm, triangu-
lar colourless plate, C,;H,N,, M =404.50, orthorhombic, space group
Pna2l, a=10.0194(6), b=102711(9), ¢=20.7129(16) A, a=90, =90,
y=90°, V=2131.6(3) A*, Z=4, p=1.260 gcm >, u=0.076 mm™", F(000) =
856, 14859 reflections (26,,,,=29.16°) measured (2952 unique, R;,,=
0.0735, completeness=99.9%), R (I>20(1))=0.0375, wR, (all data)=
0.0730. GOF=0.773 for 283 parameters and 1 restraint, largest diff. peak
and hole 0.175/—0.192 e A=, CCDC-710926 contains the supplementary
crystallographic data for this compound.

Crystal data for (rac)-5: Crystal dimensions 0.261 x0.092 x 0.04 mm, col-
ourless rods, C,;H,N,, M=404.50, monoclinic, space group P2l/a, a=
11.0527(10), b=13.5732(19), c=13.6944(16) A, a =90, B=92.317(8), y =
90°, V=2052.8(4) A, Z=4, p=1309 gcm=>, u=0.080 mm, F(000)=
856, 8901 reflections (20,,,,=29.17°) measured (5343 unique, R;,,=
0.1460, completeness=96.4%), R (I>20(1))=0.0596, wR, (all data)=
0.1195. GOF=0.674 for 282 parameters and 0 restraints, largest diff.
peak and hole 0.211/—0.217 e A=%. CCDC-710927 contains the supple-
mentary crystallographic data for this compound.

Crystal data for [(dppp),Pd,{(5S5,115)-2H{(5R,11R)-2}](OTf),: Crystal di-
mensions 0.30x0.20x0.13 mm, colourless blocks,
C,H,oF1,NsO,P,Pd,S,, M =2443.01, triclinic, space group PI, a=
11.749(2), b=15.659(4), c=19.147(3) A, a=89.271(12), f=76.720(11),
y=80.639(9)°, V=3381.6(12) A%, Z=1, p=1.169 gcm >, ©u=0.419 mm!,
F(000)=1218, 29003 reflections (20, =27.39°) measured (11964 unique,
R;,,=0.0862, completeness=77.9), R (I>20(1))=0.1097, wR, (all data)=
0.3066. GOF=0.945 for 694 parameters and 21 restraints, largest diff.
peak and hole 2.145/—0.741 e A, CCDC-707803 contains the supple-
mentary crystallographic data for this compound.

Crystal data for [(dppp),Pt,{(5S,115)-2{(5R,11R)-2}](OTf),: Crystal di-
mensions 0.38x0.36x0.19 mm, colourless irregular plate-like crystals,
C,,H oF,NsO,P,Pt,S,, M =2620.30, triclinic, space group PI, a=
12.7155(15), b=14.013(2), c=17.835(3) A, a=110.509(6), #="99.650(10),
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y=94.797(10)°, V=2899.4(7) A3, Z=1, p=1.501 gem3, u=2.617 mm~},
F(000)=1312, 20488 reflections (26,,,, =26.00°) measured (10065 unique,
R;,,=0.0793, completeness=88.3%), R (I>20(l))=0.0853, wR, (all
data) =0.2493. GOF=1.001 for 472 parameters and 295 restraints, largest
diff. peak and hole 1.493/—1.795 e A=3. CCDC-746806 contains the sup-
plementary crystallographic data for this compound.

Crystal data for [(dppp),Pt,{(55,115)-3H{(5R,11R)-3}](OTf),: Crystal di-
mensions 0.50x%0.075 x0.02 mm, light-yellowish needles,
Cip0H 0oF12N3O1,P,Pd,S,, M =2716.38, monoclinic, space group P21/n, a=
11.2944(8), b=45.938(3), c=12.9801(8) A, a=90, f=94.411(5), y=90°,
V=6714.7(8) A%, Z=2, p=1344 gem™, u=2263 mm™', F(000)=2720,
49334 reflections (20,,,,=26.85°) measured (14269 unique, R;,=0.1086,
completeness=98.9%), R (I>20(I))=0.0579, wR, (all data)=0.1573.
GOF=0.647 for 588 parameters and 54 restraints, largest diff. peak and
hole 0.680/—1.282 ¢ A, CCDC-707804 contains the supplementary crys-
tallographic data for this compound.
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