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Synthesis of Axially Chiral 4,4'-Bipyridines and Their Remarkably Selective
Self-Assembly into Chiral Metallo-Supramolecular Squares

Alexander Rang,'"! Marianne Engeser,"” Norbert M. Maier,'! Martin Nieger,

[d]

Wolfgang Lindner,”! and Christoph A. Schalley*!"!

4,4-Bipyridine is an extraordinarily versatile key inter-
mediate: It is a precursor to the herbicide paraquat, a
useful building block in liquid crystals™ as well as in supra-
molecular chemistry® and used in many other applications.
In marked contrast to the large number of known atropiso-
meric biphenyls, surprisingly no axially chiral 4,4’-bipyri-
dines are available in the literature except for a few biquino-
line compounds,¥! although chirality plays a crucial role in
these fields. Recently, we used racemic disubstituted dissym-
metrical ligands™ in the self-assembly of dendritic Stang-
type? metallo-supramolecular squares. Mass spectrome-
try™®! clearly ruled out the formation of assemblies other
than squares, but the '"H NMR spectra showed strong signal
overlap from multiple slowly interconverting isomers
formed in these dynamic combinatorial libraries.”’ Enantio-
pure axially chiral ligands decrease the number of possible
isomers to only ten (see below), thus generating interesting
chiral® assemblies,”” while at the same time facilitating the
analysis.

A convenient two-step synthesis for axially chiral 4,4’-bi-
pyridines starts from commercial lutidine, which is convert-
ed on multi-gram scale into 3,3'.5,5'-tetramethyl-4,4"-bipyri-
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dine 1 (Scheme 1) by a procedure developed by Rebek
et al.'% Two routes to modify one methyl group at each pyri-
dine ring yield axially chiral 4,4'-bipyridines: a) Oxidation of
the methyl groups with potassium permanganate yields a
mixture of the mono-, the achiral di-, the chiral di- (rac-2),
the tri-, and the tetraacid. Due to mixture formation, the
overall yield of rac-2 is certainly not very satisfying. GCMS
analysis of the corresponding esters revealed the chiral and
achiral diesters to be formed in the statistical 2:1 ratio. The
desired axially chiral bis-amide rac-3 can be purified by
column chromatography. b) More elegantly, selective depro-
tonation of two methyl groups with four equivalents of lithi-
um tetramethylpiperidine!""! (Li-TMP) and quenching with
gaseous carbon dioxide yields only the monoacid and the
chiral diacid rac-4. Since deprotonation of one methyl group
disfavors the deprotonation of the second methyl group at
the same pyridine ring, neither the achiral diacid, nor the
tri- and tetraacids are obtained by this procedure. The con-
version into the desired axially chiral bis-amides rac-5 and
rac-6 is achieved by standard amide coupling with PyBOP!'?
and Hiinig’s base (Scheme 1).

Chromatography on a home-made immobilized Chiracel
OD stationary phasel” affords enantiomer separation of
racemic 3, 5, and 6 with>92% ee (Supporting Information).
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Scheme 1. Two routes to racemic, axially chiral 4,4"-bipyridines 3, 5, and 6
starting from 3,5-lutidine (only (aS)-enantiomers shown).
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CD spectroscopy of the resulting pairs of enantiomers
showed the appropriate mirror-inverted CD spectra. Tetra-
substituted bipyridyl compounds 3 and 5 are reasonably
stable against racemization. After 70 h in methanol at 50°C,
only a minor decay of the CD signal of (aR)- or (aS)-3 is ob-
served. Bipyridine 5 racemizes somewhat more easily: After
26 h at 50°C, racemization is observed in detectable
amounts. We suggest the higher barrier for racemization of
3 to be caused by the flexibility-reducing conjugation of the
amide carbonyl groups to the pyridyl rings.

Both types of ligands form chiral assemblies, when a pure
enantiomer is mixed with equimolar amounts of [(dppp)Pd-
(OTT¥),] [a] and [(dppp)Pt(OTT),] [b] (Scheme 2).* Not un-

Ph:;.m,iPh

Ph™ M. ~Ph

CF,S0; 0,SCFs
[a]M = Pd
[b] M = Pt
+ RT, quant.

acetone,
—

R R

8 CF,SO°
7alb M = Pd/Pt, R = CH,
8alb M = Pd/Pt, R = CO-NH-C15Has
9a/b M = Pd/Pt, R = CHy,-CO-NH-C5Has

1R =CHs

3 R = CO-NH-C1oHas

5 R = CH,-CO-NH-C,Hps
Scheme 2. Square formation through self-assembly of [(dppp)M(OTY),]
(M =Pd [a] or Pt [b]) and 1 as well as axially chiral 4,4"-bipyridines 3, 5,
and 6 (only one enantiomer shown).

expectedly, the changes in the resulting CD spectra
(Figure 1 and Supporting Information) and the differences
between Pd (black lines) and Pt compounds (gray lines) are

8a (black) and 8b (gray)

220 260 280 nm

Ellipticity, m®
o

9a (black) and 9b (gray)

ey
o

Ellipticity, m®
o

Figure 1. CD spectra of 8a,b (top, 1 mm, methanol, 6:10°m) and 9a,b
(bottom, 10 mm, methanol, 6:10m).
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small, because the chiral information in the ligands’ bipyrid-
yl backbone is not changed much by the self-assembly pro-
cess.

Electrospray mass spectrometry of 7a,b-9a,b clearly
rules out the formation of assemblies other than squares:
Doubly (for 8a,b) and triply (for 7a,b and 9a,b) positively
charged complexes are formed by losses of triflate counter-
ions (Figure 2). Elemental compositions of the resulting as-
semblies are confirmed by exact masses and high-resolution
isotope patterns. For the Pd and Pt compounds, some typi-
cally observed™®l fragmentation occurs.

a)8a 2] o]
- 1881.1 Da “‘I
o1 [4:4:6]2*
1273.5 Da 2699.0 Da\ caled
| I l o [
b)8b |1:1:17"* a6t [7°
1363.6 Da 2876.2 Da JA‘MMMMM
(211 cakd
1970.1 Da MM
i " 1
)9 |[1:4:4" 445 T
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/[1:2:1]1+ \Ca\cd
[1937.1 Da |“
L |
dysb |[1:1:1]" [4:4:5°* ol
13916 Da  1905.4 Da
s \J““M
[1.21]_'_ calcd
I 1/ 2026.2 Da meh.

" 1500 ' 2000 2500  m/z
Figure 2. ESI-FTICR-MS spectra of 8a,b and 9a,b (all: acetone, 410%™,
labels represent the composition as [metal:ligand:OTf]"*); insets: experi-

mental and calculated isotope patterns. For 8a,b, the [4:4:6]** ion over-
laps with fragment signals ([2:2:3]%; <10% intensity).

For an understanding of the NMR spectra of 7a,b-9a,b,
it is helpful to consider the following points: a) In contrast
to 4,4'-bipyridine, its tetrasubstituted derivatives 1-6 have
much larger torsional angles around the aryl-aryl bond. For
example, this angle is —83° and 94° in two independent mol-
ecules in the unit cell of the solid-state structure of 1
(Figure 3, left)."! b) Upon coordination to the metal cor-
ners, the pyridine rings usually!'” prefer an orientation per-
pendicular to the square’s M-M-M-M plane and are stacked
with neighboring dppp phenyl groups. This arrangement is
not feasible here: If one pyridine were perpendicular, the
other one would need to be coplanar with the square plane.
Molecular modeling!"® suggests that the pyridines adopt a
compromise in a tilted conformation with an angle of about
40-50° relative to the square plane (Figure 3, right). ¢) The
bipyridines can thus adopt four different conformations by
rotation around the metal-metal axis in about 90° steps. d)
Based on earlier experiences with similar, racemic com-
pounds,”! the neighboring dppp phenyl groups make the ro-
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Figure 3. Left: X-ray single crystal structure of 1 (one of the two inde- * .
14 ’ ’ . . P l - P P ] P P | F:
pendent molecules)." The C3-C4-C4'-C3' dihedral angle is —83.3(2)° ] i |
P P P P P P

and 93.8(2)°, respectively. Right: MM2 geometry-optimized structure of
[(dppp)Pd(1),]**.") The coordinated pyridine rings adopt a tilted geome-
try. Arrow: The dppp phenyl ring hinders bipyridine rotation.

tation of bipyridines around the M-M axis slow on the
NMR time scale.

Taking these considerations into account, the self-assem-
bly of 7a,b can potentially give rise to six conformers I-VI
(Scheme 3). The latter five conformations can be obtained
from I by rotating one ligand (II, shown gray in Scheme 3),
two adjacent ligands (III), two opposing ligands (IV), three
(V), and all four ligands (VI) by 90° around the M-M axis.
Two aspects should be noted: a) Rotation of one ligand
around 180° yields the same conformer due to the ligand
symmetry. b) Conformers I and VI as well as II and V are
pairs of enantiomers. In conformers II-V, the pyridine rings
marked with double arrows in Scheme 3 are tilted towards
each other. This generates steric repulsion between two
ortho-hydrogen atoms of adjacent pyridines (Scheme 4, inset
right). In I and VI, no such repulsion occurs, because one of
the two adjacent pyridines at each corner is tilted outwards,
the second one inwards (Scheme 4, inset left). These two en-
antiomeric conformations should thus be energetically fa-
vored and are expected to be the major, if not exclusive,

Scheme 3. Self-assembly of [(dppp)M(OTY),] (M=Pd or Pt) and 1 can
result in the formation of six conformers I to VI. The ligands’ methyl
groups are either above (thick) or below (dotted) the plane through the
four metal atoms. Gray ligands are rotated by 90° around the M-M axis.
Black arrows indicate steric repulsion between the ortho-hydrogen atoms
of pyridine rings (also, see inset in Scheme 4).

products of the self-assembly process. Indeed, exactly two
signals for the ortho-hydrogen atoms and two signals for the
methyl groups are observed in the 'HNMR spectrum of
7a,b in [Dg]acetone (Figure 4a). The ortho-hydrogens and
methyl groups pointing towards the cavity feel the anisotro-
py of the second pyridine ring coordinated to the same
corner. They are therefore shifted upfield with respect to
those pointing away from the cavity (Ac=0.4 ppm for the
ortho-H atoms and Ac=0.3 ppm for the CH; groups). All
phosphorus nuclei are symmetry-equivalent and thus only
one sharp signal is seen in the *P NMR spectrum. In
[D,]DMF, broadened signals are observed in the 'H and
3P NMR spectra at room temperature (Figure 4b). Below a
coalescence temperature of 308 K at 500 MHz, the ligands’
signals split into a pattern analogous to that observed in
[Dg]acetone. This behavior is indicative of the inter-conver-
sion of conformations I and VI which shows some solvent-
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Scheme 4. Self-assembly of [(dppp)M(OTY),] (M=Pd, Pt) and enantiomerically pure, axially chiral[4,4']-bipyridines can result in the formation of ten
conformers I to X. Ligand amides are either above (black A) or below (gray A) the square plane; methyl groups are indicated by solid (above) and
dashed lines (below the plane). P atoms, which are chemically non-equivalent, are labeled with indices. Curved arrows indicate NMR coupling between
non-equivalent P atoms. Inset: Steric repulsion between pyridine otho-hydrogen atoms (right) can be avoided (left).
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vy provides the expected number

of NMR signals and the ex-
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b)7a 'H 3P 44 111 Mixtures of these ten, slowly
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NMR spectra. However, this is
interestingly not the case. In
the *'P NMR spectrum of 8a in
[D¢]acetone, four doublets are

17.5 ' 125 ppm
P2 1
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o7 1o -ppm observed in an exact 1:1:1:1 in-

Figure 4. a) 'H and *'P NMR spectra of 7a in [Dg]acetone at room temperature. b) Aromatic region of variable
temperature 'H NMR spectra of 7a in [D,]DMF. c) and d) Partial 'H and *'P NMR spectra of 8a and 8b, re-
spectively in [Dg]acetone at room temperature. Asterisks indicate solvent peaks.

dependence and is faster in DMF than in acetone. In agree-
ment with previous data,”! these results confirm both the
operation of slow exchange processes and the importance of
avoiding the pyridine ortho-hydrogen repulsion.

Symmetry considerations for 8a,b and 9a,b are even
more complex, but can be based on the same considerations
(Scheme 4). Self-assembly of [(dppp)M(OTf),] with one
pure enantiomer of 3 or 5 may result in the formation of up
to ten conformers, already excluding those which suffer from
steric repulsion between pyridine ortho-hydrogen atoms. In
conformation I, all eight amide groups are pointing towards
the cavity. Ligand rotations by 180° rather than 90° due to
the lower ligand symmetry yields five additional conformers,
II-VI, in analogy to those discussed for 7a,b (Scheme 3).
Conformer VII is obtained from I by rotation of all ligands
by 90°. From VII, conformations VIII-X can again be gener-
ated by 180° rotations of the appropriate ligands. Any pro-
cess, which involves a 90° ligand rotation of less than all
four ligands would unavoidably lead to steric repulsion of
pyridine ortho-H atoms. Based on the NMR results obtained
for 7a,b, they are expected not to be formed in the assem-
bly process and thus are not listed here. The resulting sym-

Table 1. Symmetry considerations for conformers I-X and the resulting
symmetry reductions in their 'H and *'P NMR spectra.

Conformer Symmetry Sets of signals Signals
(1H NMR)! (31P NMR)®!

1 D, 1 1s

I G, 4 4d

I G, 4 2d&1s
v D, 2 2d

v C, 4 4d

VI D, 1 1s

VII C, 2 2d

VI C, 8 8d

X C, 4 2d&1s
X D, 2 2s

[a] Some of these signals may overlap. [b] s=singlet, d=doublet; cou-
pling due to chemically nonequivalent *'P atoms.
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tegration ratio, two sharp, two
somewhat broadened (Fig-
ure 4c, right). From this result,
we can draw three important
conclusions: a) Exchange pro-
cesses are still slow on the NMR time scale under the condi-
tions applied here; otherwise, only one singlet would be ob-
served. b) Only one conformer is formed exclusively."”! Mix-
tures of conformers unlikely result in an exact 1:1:1:1 ratio
of doublets. ¢) Only conformers II and V agree with the cou-
pling pattern observed in the *'P NMR spectrum. In the cor-
responding 'H NMR spectrum, the reduction to a C, sym-
metry can be seen as well. Four signals are found for one of
the two nonequivalent pyridine ortho-hydrogen atoms
(arrows in Figure 4c). Similarly, four methyl signals are seen
(not shown). The same situation is observed for the Pt ana-
logue 8b: The patterns are very similar and only differ from
the NMR results obtained for 8a in that minor peak shifts
occur and two doublets coincide in the *'P NMR spectrum
(Figure 4d).0'¥

It is impossible to safely deduce from the spectroscopic
data alone, which of the two remaining conformers, that is
IT or V, is preferred. However, two structure-based argu-
ments derived from simple molecular modeling calculations
may be helpful for a tentative assignment: a) Stacking be-
tween each pyridine ring and one phenyl group from the
dppp ligands is known to stabilize the squares.'”) The amide
groups obstruct this favorable interaction more severely
than the methyl groups. Consequently, we expect the amide
groups to be energetically favored when pointing towards
the square cavity. b) However, it is unlikely that the cavity
of the square-type assembly can accommodate all amide
groups. In order to relieve some of the strain, one ligand
may turn outwards—thus optimizing the overall free energy
of the assembly. Although somewhat speculative, the combi-
nation of these two arguments leads to the suggestion that
conformer II is formed preferentially in the case of 8a,b.

In conclusion, an effective two-step synthesis for axially
chiral 4,4-bipyridines was developed, which provides easy
access to a long neglected class of chiral building blocks that
are not only highly useful for supramolecular chemistry. As
shown by a combination of CD spectroscopy and HPLC
traces, a separation of the enantiomers is possible with the

Chem. Eur. J. 2008, 14, 38553859
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appropriate chiral stationary phase. Two different classes of
these bipyridines have been prepared: One offers rigidity
due to carbonyl group conjugation with the pyridine mn-
system, the other is more flexible due to the CH, spacer be-
tween the carbonyl and the pyridine ring. The enantiomers
obtained in more than 92% ee were quite stable in solution
at room temperature and were successfully used in self-as-
sembly reactions. Particularly remarkable is the strongly
preferred formation of only one out of ten possible confor-
mations, which can be deduced by a careful analysis of the
'H and *P NMR spectra. Currently, we attempt to resolve
the racemates of chiral diacids 2 and 4 by crystallization
with chiral amines. When larger amounts of enantiopure di-
acids will become available, these chiral bipyridines will
offer a versatile platform for further functionalization
through ester or amide bond formation or the reduction of
the acids to the corresponding aldehydes and alcohols.
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