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On the basis of its simple implementation and high efficiency
template-directed synthesis is of central importance for the
assembly of macrocyclic structures.!! Milestones of this
discipline, which is situated on the interface between organic
and supramolecular chemistry, include the syntheses of crown
ethers, cryptands, and polyazamacrocycles which have poten-
tial applications in catalysis and electron transfer.’l The
macrocyclization is realized by a condensation or oxidative
coupling reaction, where in particular the ions of alkali metals
and late transition metals, respectively, proved their general
usability.[!

Template-directed syntheses of phosphamacrocycles nor-
mally proceed by 1,2-addition of primary or secondary
phosphanes to vinylic or allylic double bonds, respectively.!
However, examples of ring-closure reactions by alkylation of
cis oriented PH units bound to a transition metal® or by
reactions of bipodal, aliphatic, secondary phosphanes with [3-
carbonyl compounds are also present in the literature.l!
Unfortunately the access to such compounds is severely
restricted by the limited availability of PH functionalized
phosphanes.[!  Macrocycles containing additional donor
atoms (N, O, S) besides the phosphorus fragment were
obtained only in particular cases using high-dilution condi-
tions or condensation reactions; template-directed ring clo-
sure is the exception.!’]

In the context of the synthesis of tridental hybrid ligands
containing a PG,EC,P (E=N, O, S)®° backbone with low-
coordinated phosphorus centers we succeeded in developing
a novel synthetic approach to macrocyclic structures. The
strategy is based on a coupling reaction between two alkali-
metal-fixed, carbanionic centers I (template) and two specif-
ically connected, electrophilic phosphorus centers II (sub-
strate). Twofold P—C bond formation first results in a
metallamacrocycle III (in the form of a phosphamethanide
complex), that is subsequently converted by protonation into
the neutral ring system I'V (Scheme 1). The reaction sequence
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Scheme 1. Concept for the synthesis of macrocycles with phosphorus
donor centers.

I + II—III—IV is supported by two examples: the synthesis
of a) a 2,11-diphospha[3.3]-2,6-pyridinophane and b) a 1,10-
diphospha(2)-2,6-pyridino(2)-1,1’-ferrocenophane  incorpo-
rating a redox active metal center (Fe'/Fe') in the frame-
work.

The equimolar reaction of the bis(methylene)phosphane
compounds 1al'@ (R=SiMe;, R'=Ph) or 1bP(R=R'=
SiMe;) with the lithium salts obtained from the deprotonation
of 2,6-dibenzylpyridine and ferrocene, respectively,'!! yielded
the respective ate complexes that were isolated in the form of
their respective lithium salts 2 and 3 as red crystals
(Scheme 2). Protonation (Et;NHCI/THF) transforms the
ate-complexes 2 and 3 to the respective neutral macrocycles
4 and 5, that were also isolated as crystalline solids
(Scheme 3).1?1 The diazapyridinophane analogues of 4 and 5
are well documented in the literature.['3]

Starting from 4 a mononuclear, cationic complex can be
obtained by reaction with (Cu!OTf), CsH, (OTf = CF;SO;57),
which could be isolated as the yellow, crystalline salt 6-OTf.
Compound 5 reacts with tetracarbonyl nickel under displace-
ment of three molecules of CO to yield the complex 7 as ared,
crystalline solid (Scheme 3).

Figure 1 depicts the molecular structure of the anion
3.04.151 The macrocycle adopts a syn-conformation with a boat/
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Scheme 2. Synthesis of 2 (1a, 2: R=SiMe;, R'=Ph) and 3 (1b, 3:
R'=R=SiMe;); a) 2,6-di(lithiumbenzyl)pyridine, THF —78°C; b) 1,1~
dilithiumferrocene, Et,0/tmeda, —78°C. tmeda= N,N,N’,N’-tetrameth-
yl-1,2-ethanediamine.
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Scheme 3. Syntheses and reactions starting from 4 (2, 4, 6: R=SiMe;, R'=Ph) and 5 (3, 5, 7:
R,R"=SiMe;); reagents: a) Et;NHCI (2 equiv), THF, 0°C; b) (CuOTf),C¢Hs (0.5 equiv), toluene, RT;
€) [Ni(CO),], Et,0,
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boat-arrangement of the phosphorus atoms. The lithium atom
is coordinated in a trigonal-pyramidal geometry by the three
donor atoms. The P—C bond lengths of the phosphanylme-
thanide fragment 3 (P—C 174 pm) correspond to those in
analogously substituted compounds.['®l This is also the case for
the Li—P and Li—N bonds,['”) that do not show any unusual
features. As expected, the macrocyclic ring of the Cu!
complex 6-OTf derived from 4 features the same conforma-
tion as 3 (Figure2). The copper ion, however, forms a
“seesaw” arrangement with the two phosphorus and nitrogen
atoms. Such a coordination geometry with a quasilinear P-Cu-
P (169°) and right-angle N-Cu-N alignment is without
precedent in the chemistry of the copper(i) ion!'>' and
possibly explains the observed fluorescence of the complex
(Aex=400 nm, A =515 nm). Absorption bands in the region
A =400 nm, combined with a shoulder at A =455 nm, are also
observed in polarized UV/Vis single-crystal absorption spec-
tra (polarization parallel to the crystalographic a axis).?! On
polarizing the incident light perpendicularly to the crystallo-
graphic a axis the intensity of the absorption band at 1=

Figure 1. Molecular structure of 3 in the solid state (without H-atoms
and peripheral groups). Selected bond lengths [pm] and angles [°]: Lil-
N1 203.9(4), Li1-P1 236.5(4), Li1-P2 237.8(4), Li1---Fel 397.4(4); P1-
Li1-P2 128.9(2), N1-Li1-P1 84.7(2), N1-Li1-P2 83.3(2).
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400 nm distinctly diminishes and the
shoulder at A =455 nm almost entirely dis-
appears, which indicates the pronounced
anisotropy of the metal-to-ligand charge
transfer (MLCT) transitions. UV/Vis ab-
sorption spectra of single crystals of the free
ligand 4 do not feature any absorption
bands in the range 800-350 nm and only at
A <350 nm display a rise of the absorption
curve that could, however, not be resolved
in more detail (Figure 3).

Also without precedent is the virtually
trigonal-monopyramidal coordination ge-
ometry of the nickel center in the complex
7, where the two phosphorus centers and
the CO ligand occupy the equatorial posi-
tions (P-Ni-CO 121°, 121°, P-Ni-P 116°;
Figure 2). The short P—Ni and the long C—O
bonds (172 vs. 117 pm) conform with an
effective Ni—CO interaction that is also
reflected by the redshift of the CO vibration
(7=1867 cm™1).l21

The {'"H}*'P and {'H}’Li NMR spectra (25°C) confirm the
coordination of the lithium center to two phosphorus atoms
(2: 'P=41.7 ppm, q; 6’Li=4.2 ppm, t, 'J(P,Li)=90 Hz; 3:
0P =118 ppm, q; 6’Li=3.1 ppm, t, J(PLi) =107 Hz) and
consequently the preservation of the ate-complex structure in
solution. Intermolecular Li-exchange reactions which would
lead to a loss of the *P-’Li interaction are not observed
between 25 and 60°C.

F3CSO3~

Experimental Section
Syntheses of 2, 3: A suspension of 2,6-di(lithiumbenzyl)pyridine
(0.80 g, 1.6 mmol) in THF (20 mL) or 1,1’-dilithioferrocene (0.50 g,
1.6 mmol) in Et,O/tmeda (10/1; 20 mL) was added dropwise to a
solution of bismethylenephosphane 1a or 1b (1.0 g 1.6 mmol) in
diethyl ether (20 mL) at —78°C and the mixture stirred for 2 h at this
temperature. Upon storage at —30°C for 2 days the products form as
crystalline solids. Yield 2: 1.72 g (85%) 3: 1.26 g (65%); 3 features a
reversible electron transfer: E¥ =338 mV (233 K).[2

4,5: At0°Casolution of 2 (1.0 g, 0.8 mmol) or 3 (1.0 g, 0.9 mmol)
in THF (20 mL) was added dropwise to a suspension of triethylamine
hydrochloride (0.10 g, 1.8 mmol) in CH,Cl, (30 mL) at 0°C. Under
stirring the reaction solution was allowed to warm to room temper-
ature and then stirred for 2 h. The solvent was removed under
reduced pressure and the residue dissolved in diethyl ether (30 mL) to
precipitate the lithium chloride which was removed by filtration. The
filtrate was concentrated and upon storage at 0°C for 2-3 days the
products crystallize in the form of 4: colorless 5: orange crystals. Yield
4: 0.66¢ (92%) 5: 052 g (71%); {'HP*'P NMR (THEF, 25°C) 6=
37.7(4), 0 =—15.6 ppm (5); MS (16 eV): m/z (%) =894 (9.4) [M]*,
636 (100) [M*—-2,6-dibenzylpyridine] (4); 813 (53) [M]*, 654 (100)
[M—CH(SiMes),]" (5); 5 features a reversible electron transfer: E¥ =
393 mV (298 K).1I

6-OTf: A solution of 4 (0.30 g, 0.34 mmol) in toluene (15 mL) was
added to a suspension of (CuOTf),-CsHy (0.08 g, 0.17 mmol) in
toluene (20 mL) at room temperature under stirring. The solution was
stirred for 2 h whereupon the product precipitates. After recrystal-
lization from acetonitrile 6 was obtained as yellow to green crystals.
Yield: 032 g (85%); {'HPF'P NMR (THF, 25°C): 6 =20.7 ppm; 6
features a reversible electron transfer: E* =970 mV (298 K).[*
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Figure 2. Top: molecular structure of 6 (H atoms and peripheral
groups omitted for clarity). Selected bond lengths [pm] and angles [°]:
Cu1-N1 214.6(6), Cu1-N33 212.5(6), Cul-P1 223.8(2), Cul-P2
223.6(3); N1-Cu1-N33 85.92, N1-Cul-P1 85.6(2), N1-Cul-P2 85.9(2),
N33-Cul1-P1 85.8(2), N33-Cul-P2 86.4(2), P1-Cul1-P2 168.9(1), bot-
tom: molecular structure of one independent molecule of 7 in the solid
state (H atoms and peripheral groups are omitted for clarity). Selected
bond lengths [pm] and angles [*]: Ni1-P1 220.6(1) [220.2(1)], Ni1-P2
221.7(1) [221.1(1)], Ni1-N1 203.1(2) [204.1(2)], Ni1-C1 172.2(3)
[172.6(3)], C1-O1 116.6(4) [116.6(4)], Ni1--Fel 418.9(1) [416.5(1)];
N1-Ni1-P1 81.7(1) [82.3(1)], N1-Ni1-P2 81.6(1) [80.9(1)], N1-Ni1-C1
120.7(1) [121.6(1)], C1-Ni1-P1 121.1(1) [116.0(1)], C1-Ni1-P2 120.8(1)
[124.83(1)], P1-Ni1-P2 115.7(1) [116.7(1)].

7: At —30°C [Ni(CO),] (0.20 g, 1.17 mmol) was added dropwise
to a solution of 5 (0.50 g, 0.61 mmol) in diethyl ether (30 mL) and the
solution was stirred for 12 h at room temperature. The excess of
[Ni(CO),] and the solvent were removed under reduced pressure and
the residue dissolved in a small amount of diethyl ether. At 0°C 7
crystallizes within two days in the form of red crystals. Yield: 0.45 g
(83%). MS (16 eV): miz (%) 872 (10) [M—COJ*, 73 (100) [SiMe];
{'HPF'P NMR (Et,0, 25°C)  =32.4 ppm; 7 =v(CO) =1878.6 cm™; 7
features two reversible electron transfers: EF =—556 and 192 mV
(298 K).122
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Figure 3. a) Fluorescence spectra of 6-OTf and photographs of the
fluorescing compounds, b) polarized single-crystal UV/Vis spectra of 6
(yellow crystal) and, c) the free ligand 4 (white crystal) on polarization
parallel (red spectrum) and perpendicular (blue spectrum) to the

a axis.
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Molecular recognition processes are predicted to become the
basis of all advanced separation techniques. The investigation
of intermolecular interactions in the interphase between a
chromatographic support and a substrate dissolved in a
mobile phase is the crucial condition for understanding
chromatographic separation mechanisms and for the design
of tailored stationary phases. In solution and also in suspen-
sion ligand-receptor interactions can be studied using meth-
ods of high-resolution (HR) NMR spectroscopy, for example
by employing the nuclear Overhauser enhancement (NOE)
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