FULL PAPER

DOI: 10.1002/ejic.200600986

Helical Transition-Metal Complexes of Constrained 2,2'-Bidipyrrins
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Nickel(Il), palladium(Il), zinc(II) and copper(Il) complexes of
new constrained 2,2’-bidipyrrin ligands (H,BDP) with a pe-
ripheral eight-membered ring were prepared and examined
with respect to coordination modes and conformation. Ni'
and Pd" ions form mononuclear complexes with a distorted
square-planar N, coordination, which was determined for
the palladium derivative by single-crystal X-ray diffraction.

Zn" ions lead to the formation of dinuclear M,L, helicates,
and for Cu' ions both coordination modes are realized. X-ray
crystallographic analyses reveal short M---M distances for the
dinuclear helicates of Cu! and Zn" bidipyrrins and individu-
ally distinct packing patterns for both in the solid state.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

For a long time the coordination chemistry of open-
chain tetrapyrroles was limited to bioinspired studies on the
metal-binding capabilities of biliverdin-IXa (BV) and
closely related model ligands.'! Naturally occurring heme
degradation processes®! and the unexpected lability of Fe—
BV complexesl®! have been the major driving forces for this
research, and many questions have remained unanswered
until today. Open-chain tetrapyrroles with a non-natural
backbone, on the other hand, have been prepared mainly
as precursors for different template-directed macrocycliza-
tions to porphyrinoids.* Signs of a stand-alone coordina-
tion chemistry of such ligands hardly appeared in the litera-
ture prior to 1990.53!

The interest in open-chain tetrapyrroles as multifunc-
tional chelate ligands started in 1996 with Mizutani’s work
on the chiral recognition of amino acids by helical Zn-BV
derivatives.l®! In 1998 two groups reported, independently,
that open-chain oligopyrroles are useful templates for the
construction of supramolecular coordination assemblies,”)
including earlier findings on similar dinuclear species.[¥l A
very elegant approach along this line was reported by
Thompson et al., who introduced chiral carboxylic ester
side chains in order to investigate stereoselective helix for-
mation triggered by metal insertion.[”) The first bioinor-
ganic use of linear tetrapyrroles besides heme degradation
studies was reported in 2001.['% It could be demonstrated
that a dimeric manganese(III) complex of BV-IXa-dimethyl
ester catalyzes the decomposition of hyperoxide, and that
therefore this complex should be addressed as a functional
SOD model. However, reports on investigations of possible
medical applications have not yet appeared.

[a] Fachbereich Chemie, Philipps-Universitdt Marburg,
Hans-Meerwein-Stra3e, 35032 Marburg, Germany
Fax: +49-6421-282-5653
E-mail: Martin.Broering@chemie.uni-marburg.de
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A tetrapyrrolic system with a particularly simple archi-
tecture is found in the non-natural 2,2'-bidipyrrin,[’>!!]
which is constituted of two directly linked dipyrrin units,
and which can in principle rotate around this central pyr-
role—pyrrole link. 2,2’-Bidipyrrins have been shown in re-
cent years to support a multitude of different coordination
modes (Figure 1).l'21 Because of the robustness of methyl-
terminated 2,2’-bidipyrrins and their straightforward prep-
aration in large amounts, these ligands would be an ideal
candidate for a reference system of the natural BV-IXa and
especially of the hitherto almost elusive iron complexes
thereof.['3] Unfortunately, however, and similar to other
natural and non-natural open-chain tetrapyrroles, 2,2'-bidi-
pyrrins do not form sufficiently stable iron chelates.

terminal
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Figure 1. Nomenclature and selected coordination compounds
with different binding modes (A-F) of 2,2'-bidipyrrins (alkyl sub-
stituents and CO coligands on Rh, Ir and Ru omitted).
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2,2'-Bidipyrrins typically reside in an anti conformation
in the solid state and in solution,!''>!1141 and we expected
that, enforcing a syn- (or syn-gauche-) conformation as
shown on the right in Figure 2, the formation of 1:1 chelate
complexes of type A with kinetically labile ions should be
favoured. We report here on the synthesis of such confor-
mationally restricted 2,2'-bidipyrrins 1 and 2 and their co-
ordination behaviour to 3d transition metals.

Figure 2. Conformational preferences of unrestrained and re-
strained 2,2'-bidipyrrins.

Results and Discussion

The synthesis of the new 2,2’-bidipyrrin ligands 1 and 2
is illustrated in Scheme 1. We have chosen an eight-mem-
bered ring as an intermediately severe constraint for our
purpose. A bis(indole)-based N, ligand with an identical
restraint was prepared and studied before in the field of
anion sensing,['> and a maximum bis(indole) torsion angle
of 65° was estimated for this compound. This estimate fits
well for our intention to produce a 2,2'-bidipyrrin with a
restriction to the syn- and/or syn-gauche conformation.

1. NaOH
2.A
\ ] L \E g )
Et0,C H H CO.Et H H R
3 4(R'=H)
DMF, POCI3<
5 (R' = CHO)
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S
N ,HC|O4
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1% 2 HCIO, (R = Me)
2 x 2 HCIO, (R = EY)

Scheme 1. Preparation of restrained 2,2’-bidipyrrins 1 and 2 as bis-
(hydroperchlorate) salts.

The new ligands 1 and 2 were obtained analogously to
simpler 2,2'-bidipyrrins recently described.['!®!dl Dialde-
hyde 5 was prepared from the recently communicated di-
ester 3% by a saponification-decarboxylation-formylation
sequence. The electron-rich bipyrrole 4 proved to be ex-
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tremely sensitive to light and air, and was therefore used
directly in the Vilsmeyer formylation to yield 5 as a yellow
powder in an overall yield of 72%. The acid-promoted
double condensation of 5 with 2 equiv. of a 5-unsubstituted
pyrrole (either 6 or 7) was carried out at 60 °C in methanol
solution. Perchloric acid was found to be the agent of
choice, as the protonated products 1:2 HCIO4 and 2-2
HCIO, directly crystallize from the hot reaction mixture.
The yields of 50 and 48%, however, are significantly lower
compared to the almost quantitative formation of nonhin-
dered 2,2’-bidipyrrins.

The formation of the desired tetrapyrroles 1 and 2 is
indicated mass spectrometrically by the signals for the [M
+ 1]* ions at m/z 481 and 537, respectively. Combustion
analyses in combination with thermogravimetric investi-
gations point to the presence of hydrates, that is
[1-2HC1O4-H,0] and [2:2HCl1O,4:3H,0]. Further characteri-
zation was performed by 'H and '3C NMR spectroscopy.
Proton NMR spectra of [1:2HCIO4H,0] and [2-2HCIO,-
3H,0] show broad singlets for two types of NH protons at
12.23 and 11.47 (1) or 11.17 and 10.55 ppm (2) in addition
to a sharp resonance line for the meso H atoms at 7.06 (1)
or 7.25 ppm (2). The singlet for the terminal methyl groups
is found at 2.76 (1) and 2.73 ppm (2), and the C4-bridge
leads to broadened multiplets for the benzylic and homo-
benzylic methylene protons at 6 = 2.7 and 1.8 ppm, respec-
tively (Figure 3).
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Figure 3. UV/Vis spectra (CH,Cl,) of free base 1 and octaethyldi-
methyl-2,2'-bidipyrrin 8.111d]

While the data discussed above give no direct hint to a
special conformation of the new tetrapyrroles, the restricted
rotation of 1 and 2 is well documented in the optical spec-
tra. Figure 3 shows the UV/Vis absorption spectra of re-
strained 1 and of the unrestrained 2,2'-bidipyrrin 8.111dI
Compared to octaethyldimethyl-2,2'-bidipyrrin 8 the op-
tical transitions of 1 are significantly broader and largely
equal in intensity, but very similar with respect to the ab-
sorption maxima. A possible interpretation of this spectral
pattern is that the presence of the eight-membered ring in
1 prevents a single minimum conformation for the tetrapyr-
role in solution. Instead, a number of energetically similar
syn-gauche conformations exist and slowly interconvert into
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each other. The observed line-broadening for the C4-bridge
methylene proton signals in the '"H NMR spectra of 1 and
2 as well as the relatively high solubility of the new tetrapyr-
roles provide additional support for this thesis. An attempt
to investigate this issue further by variable temperature
NMR spectroscopy on 1 failed, however, because of se-
verely overlapping resonances in the aliphatic region.

Metal coordination was studied using divalent metal ace-
tates and excess base (sodium acetate, ammonia or sodium
methoxide) in methanolic solution. Only zinc(Il), cop-
per(IT), nickel(IT) and palladium(II) yielded isolable com-
plexes with 1 or 2 while no binding was observed for
iron(IT), manganese(Il) and vanadyl(IV), and only decom-
position products were detected after treatment with co-
balt(IT) acetate. The successful attempts are summarized in
Scheme 2.

9 (M = Ni)
10 (M = Pd)

1(R=Me) M{OAc);, base 12 (M = Cu)

2 (R =EH

Me 13
Et|11

Scheme 2. Formation of nickel(II), palladium(11), zinc(II) and cop-
per(IT) chelates 9-13 from rotationally restricted 2,2'-bidipyrrins 1
and 2.

The formation of nickel and palladium chelates 9 and 10
is easily monitored by an immediate colour change from
dark green to brownish green and red, respectively, upon
addition of metal acetate and sodium acetate to a solution
of 1. Isolation can be effected in good yields after chroma-
tographic workup and recrystallization. As expected, the
new complexes are of type A with a distorted square-planar
arrangement of the N donors and therefore analogous to
known nonbridged nickel- and palladium-2,2’-bidipyrrins
of, for example, 8.1'2¢12d] Results from high-resolution mass
spectrometry, NMR spectroscopy and UV/Vis measure-
ments further support the assignments. In particular, the
small high-field shift for the terminal methyl proton reso-
nances at 2.44 (9) and 2.57 ppm (10) is a good indication
for the strain, which is typically present at this position in
helical dimethyl-2,2’-bidipyrrins of type A. In addition, the
resonances of the meso protons are also detected high-field
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shifted at 6.24 (9) and 6.40 ppm (10). Unlike for the proton-
ated 1 and 2, the signals for the methylene protons of the
C, bridge show sharp absorptions and indicate a rigid con-
formation of the eight-membered ring. The optical spectra
of the nickel and palladium chelates 9 and 10 show two
major absorptions at 430/530 or 430/520 nm, respectively,
and are almost indistinguishable from those of their unre-
strained analogues with ligand 8 (Figure 4).[12¢12d]

Figure 4. Molecular structure of 10. Ellipsoids are set at 50 % prob-
ability (hydrogen atoms omitted for clarity).

A detailed picture of the coordination and the degree of
molecular distortion was derived from X-ray crystallo-
graphic work performed on the palladium derivative 10.
Suitable crystals were obtained by slow evaporation of a
solution of 10 in dichloromethane/n-hexane. The com-
pound crystallizes monoclinically in the space group P2,/n
and forms green metallic plates. The molecular structure of
10 is given in Figure 4. Table 1 summarizes selected angles
and distances.

The palladium(II) ion is coordinated to the four nitrogen
donors of the 2,2'-bidipyrrin in a distorted square-planar
fashion with Pd-N distances of 1.963(2)-2.071(2) A. The
in-plane distortion is mainly due to the presence of the bi-
pyrrolic subunit, which allows an N2-Pd—N3 angle of only
78.32(9)°. More interestingly, the out-of-plane distortion
caused by the close proximity of the terminal methyl groups
C1 and C20 can be analyzed using different torsion angles.
Values relevant for comparison are the torsion angles N2—
C9-C10-N3, C8-C9-C10-Cl1 and C2-C10-C11-C19,
which are found to be 11.8(3), 27.3(6) and 21.4(1)°, respec-
tively, in 10. These angles are reduced by 4.7, 7.3 and 6.3°
with respect to the unconstrained Pd™ chelate from ligand
8 and, in combination with the shorter C1-C20 distance of
3.217(4) A (3.473 A for Pd-8), a slight planarization of 10
becomes visible. The differences between the solid-state
structures of 10 and the literature precedent, however, are
quite small. In both cases the distances between the ter-
minal methyl groups clearly undercut the sum of the
van der Waals distances and prove the strained situation at
these positions. The annelated eight-membered ring of 10
itself resides in a twist conformation, and no disorder is
found in the crystal at this position (Figure 5).

The preparation of the zinc chelate 11 is straightforward.
The action of sodium methoxide and excess zinc acetate on
1663
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Table 1. Selected structural data for 10, 11 and 13.[2

Compound 10 11 13

Pd Zn-Tal® Zn-IbtP! Zn-ITal®! Zn-1Ibl®! Cu-Ial®! Cu-Ib! Cu-I1t"!
NI-M 2.060(2) 20043)  2.00203) 20093) 201703 2.005(6) 1971(5)  1.983(6)
N2-M 1.963(2) 19953)  2.001(3) 1.9873)  1.992(3) 1.947(5) 1.9426)  1.939(6)
N3-M 1.964(2) 19743)  1.986(3) 19923)  1.992(3) 1.951(6) 1.938(5)  1.969(5)
N4-M 2.071(2) 2.0304)  2.024(3) 20013)  1.988(3) 1.996(6) 2.001(6)  1.999(6)
C5-C6 1.382(4) 1373(5)  1.365(5) 13748)  1.372(4) 1.394(13) 1.366(13)  1.374(13)
C6-C7 1.397(4) 1.389(6)  1.395(5) 1.3949)  1.386(4) 1.394(11) 1.400(12)  1.400(12)
Clo-Cl1 1.458(4) 1.443(6)  1.446(6) 1.4396)  1.441(6) 1.457(11) 1433(11)  1.436(11)
Cl4-Cl5 1.400(4) 1435(8)  1.398(6) 1.401(6)  1.388(7) 1.401(11) 1383(11)  1.385(11)
C15-C16 1.382(4) 1356(8)  1.378(6) 1361(6)  1.357(8) 1.375(11) 1362(11)  1.378(11)
C9-C21 1.500(4) 1.508(7)  1.512(6) 1.485(19)  1.511(6) 1.503(13) 1.50(5) 1.489(13)
C21-C22 1.517(4) 15179)  1.488(10) 1496(12)  1.523(8) 1.5002) 1.50(5) 1.528(13)
C22-C23 1.533(4) 1.498(12)  1.541(16) 1.500(13)  1.508(10) 1.44(3) 1.51(4) 1.516(14)
C23-C24 1.512(4) 1.497(13)  1.363(14) 1.467(11)  1.481(11) 1.499(19) 1.378(18)  1.504(14)
C24-C12 1.508(4) 1483(11)  1.498(7) 15618)  1.519(8) 1.512(11) 1.508(13)  1.512(10)
MM’ - 3.4427(7) 3.3579(7) 3.0629(13) 3.0123(13)
A(1,2,6) 0.5386(2) 0.1942(4) 0.2450(4) 0.1306(4) 0.1119(4) 0.0929(9) 0.0622(9) 0.0363(9)
AG3,4,15) 0.4796(2) 0.1519(4)  0.1385(4)  0.1055(4)  0.1253(4) 0.0167(9) 0.046009)  0.0252(9)
N1-M-N2 88.78(9) 93.50(12) 94.11(12) 95.19(13) 93.50(12) 94.1(2) 93.8(2) 92.3(2)
N1-M-N3 164.93(9) 118.83(12) 117.14(13) 106.76(12) 114.25(12) 104.5(3) 101.1(2) 104.5(2)
NI1-M-N4 104.52(8) 122.13(12)  119.97(14)  119.18(13)  121.63(13) 122.7(2) 127.53)  125.9(2)
N2-M-N3 78.32(9) 127.47(12) 129.75(13) 130.24(13) 131.78(14) 144.4(3) 141.2(3) 143.7(3)
N2-M-N4 164.54(9) 102.72(13)  10331(13)  113.39(12)  104.87(15) 102.6(2) 105.63)  102.5(3)
N3-M-N4 89.41(3) 93.80(13)  94.10(15)  94.11(11)  93.39(15) 92.7(2) 93.4(2) 93.3(2)
C5-C6-C7 127.502) 1205@)  129.5(4) 130.4(4)  129.203) 128.6(7) 130.5(7)  127.4(7)
C14-C15-C16 127.8(2) 1202(4)  131.0(5) 1288(4)  129.6(4) 127.8(7) 120.1(7)  128.8(7)
C9-C21-C22 114.3(2) 113.7@4) 115305 118.9(6)  111.9(4) 113.1(10) 129(4) 116.4(8)
C21-C22-C23 112.82) 11696)  118.7(7) 1188(7)  114.5(5) 117.7(15) 132(4) 117.2(8)
C22-C23-C24 112.92) 12398)  113.209) 117.6(6)  118.2(7) 120.6(14) 124(2) 118.9(9)
C23-C24C12 114.1Q2) 119.9(6)  124.9(7) 1143G5)  117.2(5) 121.1(10) 117.2(11)  117.48)
N2-CI0-C11-N3  11.83) 41.3(6) 39.9(5) 38.4(6) 37.9(6) 38.4(12) 40.0(12)  41.1(10)
C9-C10-C11-C12  27.3(6) 52.4(8) 51.07) 47.1(8) 48.0(8) 51.5(14) 549(16)  53.4(13)
C21-C22-C23-C24  131.1Q2) 633(10)  75.6(11) 644(11)  57.6(7) 720) 51(5) 74.5(13)

[a] Unified numbering scheme used for all compounds, see Figure 5. [b] I and II correspond to crystallographically distinct helicates, a
and b determine the respective BDP in each dimer. [c] Out-of-plane distance of the metal ion from the N1-N2-C6 or N3-N4-C15 plane.

C22 C23

Figure 5. Unified numbering scheme used for the complexes and/
or single-strand fragments of 10, 11 and 13 in Figures 4, 6, 7, 9 and
10, and in Table 1.

ligand 2 in methanolic solution results in an immediate col-
our change from dark to light green. Because of the high
solubility of the product 11 in most organic solvents the
new complex can conveniently be isolated from this mixture
by repeated pentane extraction, and forms green plates after
crystallization. The results from mass spectrometry clearly
point to the formation of a dinuclear zinc complex of type
C with a complicated isotope pattern around m/z 1200. Pro-
ton NMR shows the formation of a symmetric compound,
1664
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in which the terminal methyl proton signal is strongly
shifted to high field with respect to 2 and can be observed
as a singlet at 6 = 1.66 ppm. The signal for the meso pro-
tons, however, appears at 6 = 6.95 ppm without any signifi-
cant shift (Figure 6).

For further characterization an X-ray crystallographic
analysis was performed on 11. Suitable green plates were
obtained by slow evaporation of a solution of 11 in dichlo-
romethane/n-hexane (1:3). Complex 11 crystallizes in the
triclinic space group PI. Two independent molecules I and
IT and their respective enantiomers are found in the unit
cell. Multiple disorder was found for the orientation of nine
ethyl substituents, which had to be refined with restraints.
In addition, three of the four C, bridges are found to be
strongly disordered and were refined assuming two confor-
mations with occupancy factors for the atoms of concern
of 0.5. Only data of molecule I will be discussed. Data for
molecule II, however, are presented in Table 1 for compari-
son. The molecular structure of 11-1I is depicted in Figure 6.
For the numbering scheme, see Figure 5.

The molecular structure of 11 shows a dinuclear double-
stranded helicate with the zinc ions embedded in four N
donor centres with a distorted tetrahedral geometry. Each
zinc ion is coordinated to two N donor atoms of each 2,2'-

Eur. J. Inorg. Chem. 2007, 1661-1670
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Figure 6. Molecular structure of 11. Left side: P enantiomer of molecule I (carbon atoms as capped sticks and hydrogen atoms omitted
for clarity); right side: view of the coordination environments of the zinc ions (alkyl substituents and hydrogen atoms removed). Ellipsoids

are set at 40% probability.

bidipyrrin ligand. To allow the binding of two zinc centres
to the same ligand the tetrapyrrole has to rotate around the
central pyrrole—pyrrole bond C10-C11. The torsion at this
position is, however, restricted to 41.3(6)/39.9(5) and
52.4(8)/51.0(7)° [N2-C10-C11-N3 and C9-C10-C11-C12
for the two strands of molecule I, respectively] by the annel-
ated-eight membered ring, so that the ligand resides in the
syn-gauche conformation with compressed ZnN, units. In
the literature precedent of a nonrestrained dinuclear bidi-
pyrrinato-helicate of zinc!’" respective torsion angles are as
large as 112.3 and 108.8° and indicate an anti-gauche con-
formation of the tetrapyrrole. The compression of the tetra-
hedral binding environment of the zinc ions in 11 can best
be viewed by the dihedral angles between N1-Zn-N2 and
N3-Zn-N4 planes, which should be 90° for a tetrahedron
but range from 75.8 to 80.9° for 11. The unrestrained ana-

P-helical pillar
(view through a axis)
o &
L%X molecule | P-helical pillars
TN
molecule 1l
(j‘%i« molecule |
. O
maolecule 11

logue, on the other hand, shows an enlarged dihedral angle
of 102.0°. The Zn-N distances of 11 [1.974(3)-2.030(4) A]
and the literature precedent (1.982-1.996 A) do not differ
much, but the zinc---zinc distance of 11 shrinks dramatically
from 4.891 A to 3.443 A as a result of the backbone con-
straint. It should be noticed that the eight-membered rings
do not form a single low-energy conformer but are found
to reside either in a twist or boat conformation.!”]

The helicates of 11 arrange in pillars, which propagate
along the crystallographic b axis (Figure 7). Next neigh-
bours within these pillars are always of a different structure
(i.e., molecule I next to molecule I and vice versa), and are
alternately 10.116 and 10.149 A apart from each other.
With respect to the stereochemistry of the helicates, it is
remarkable that only one enantiomeric form is contained in
each chain, thus forming chiral M- or P-helical pillars. Heli-

Packing of pillars
(view through b axis)

M-helical pillars

P-helical pillars M-helical pillars

Figure 7. Packing of 11 in the crystal. Left side: P-helical pillar formed by the alternating arrangement of P-helical isomers of molecules
I (bright) and II (dark). Right side: view along the pillars propagating in the crystallographic b axis (P-helices dark, M-helices bright).
The ellipsoids are set at 40% probability. Alkyl side chains and hydrogen atoms removed for clarity.
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cal pillars with both senses are then densely packed in the
crystal as shown on the right in Figure 7.

Copper complexes of 2,2'-bidipyrrins usually form either
in the type A or the type C structure, depending on the
reaction conditions.[!!%12¢] Tn this case, the outcome of the
reaction of 1 and copper acetate depends critically on the
choice of the added base. If concentrated ammonia is added
to a mixture of 1 and excess copper(II) acetate in methanol,
only the immediate formation of a brownish-red mono-
meric species 12 of type A is observed. Using sodium meth-
oxide results in a mixture of 12 and some green dimeric
species 13 of type C, which becomes the major component
if only sodium acetate is added to absorb the released pro-
tons. In either case, however, the separation and isolation
of 12 and 13 is quite simple because of their large differ-
ences in solubility. Monomeric 12 tends to crystallize al-
most quantitatively from methanolic solutions (up to 65%
yield), while 13 is soluble even in cold pentane and can thus
be conveniently extracted from the reaction mixtures and
isolated in up to 54 % yield. The compositions of both com-
pounds were confirmed by combustion analysis and mass
spectrometry.

EPR spectroscopy shows the expected signal for 12 in
dichloromethane solution at ambient temperature with gj,
= 2.096 and a quartet with Ac, = 82.1 G. This spectrum is

100000

800004 - - -- 12 (monomeric)

I\ —— 13 (dimeric)

60000

40000

&/ mol 'dm3em”

20000

300 400 500 600 700
A/ nm

Figure 8. UV/Vis spectra (CH,Cl,, 293 K) of monomeric and di-
meric copper(Il) chelates 12 and 13.

identical to the one described before for the copper chelate
of the unrestrained ligand 8.'2°1 Complex 13, on the other
hand, is EPR-silent under these conditions. As no well-re-
solved '"H NMR spectrum was observed, we conclude that
the Cu'! atoms of 13 are weakly antiferromagnetically cou-
pled. The UV/Vis spectra of 12 and 13 are shown in Fig-
ure 8. Both are clearly governed by the n—n* transitions of
their 2,2’-bidipyrrin ligands, which obviously change with
different conformations.

An X-ray crystallographic analysis shows that 13 resides
in the assumed bishelical structure. The complex crys-
tallized by slow evaporation of a solution of 13 in dichloro-
methane/pentane as a solvate 13-'/3CsH;, in the ortho-
rhombic system, space group Pbcn. Two independent mole-
cules I and II and their respective enantiomers are found in
the unit cell. Crystallographically molecule 11 as well as the
solvent are situated on inversion centres, which explains the
formula of the solvate. The eight-membered rings of mole-
cule I and the solvent are disordered. Because of the sever-
ity of the disorder the solvent molecule was treated with the
SQUEEZE command in Platon. The disorder of the eight-
membered rings of molecule I is very severe, and the most
disordered methylene groups had to be refined in two posi-
tions with occupancy factors of 0.5 (C22, C23) and 0.8422/
0.1578 (C53, C54) and with additional restraints. Only the
molecular parameters of molecule II (Figure 9) will be dis-
cussed further. Data for both molecules are presented in
Table 1.

As for the zinc complex 11 shown above, the copper
atoms of 13 are coordinated to both tetrapyrrole strands,
which reside in a syn-gauche conformation with N2-C10-
C11-N3 and C9-C10-C11-CI12 torsion angles of 41.1(10)
and 53.4(13)°, respectively, in order to accommodate two
transition-metal ions. The copper N4 coordination is again
that of a compressed tetrahedron, which shows Cu-N bond
lengths of 1.939(6)-1.999(6) A and angles between the N1—
Cu-N2 and N3-Cu-N4 planes of 65.18°, even smaller than
those seen in 11. The two copper(Il) ions are located only
3.0123(13) A apart from each other, so that a noticeable
antiferromagnetic exchange interaction can be expected.
This finding is in agreement with the EPR-silent character
of 13.

Figure 9. Molecular structure of 13. Left side: P enantiomer of molecule II (carbon atoms as capped sticks and hydrogen atoms omitted
for clarity); right side: view of the coordination environments of the copper ions (alkyl substituents and hydrogen atoms removed).

Ellipsoids are set at 40% probability.
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P-helical pillar
(view through b axis)

maolecule 11

molecule |

molecule |

molecule Il

Unit cell with solvent channel
(view through ¢ axis)

Figure 10. Packing of 13 in the crystal. Left side: P-helical pillar formed by P-helical isomers of molecule I (bright) and II (dark). Alkyl
side chains and hydrogen atoms are removed for clarity. Right side: View down the solvent channel along the crystallographic ¢ axis of
the unit cell of 13 (solvent removed). The ellipsoids are set at 40% probability. Hydrogen atoms were removed for clarity.

The similarity between the solid-state structures of 11
and 13 comprises even the formation of enantiopure helical
pillars from 1D strands of individual molecules, which are
found along the crystallographic « axis in the crystal of 13.
The molecules are arranged in alternating distances of 9.628
and 11.124 A (Figure 10). The obvious deviations of the
packing pattern, however, originate from the differing se-
quences of molecules I and II within these strands, which
are [ -II-T-Tfor11butl —IT-1I-1-1-1I for 13.
This nonalternating mode of the latter opens inner channels
along the ¢ axis (right in Figure 10), which are filled with
disordered solvent molecules in order to stabilize the crystal
lattice.

Conclusions

In summary, we have prepared the first examples of con-
formationally restricted 2,2'-bidipyrrins 1 and 2 and de-
scribed syntheses, spectroscopic properties and structural
investigations for several transition-metal complexes of type
A and type C. Concerning the coordination modes and
binding abilities for different transition-metal ions, the con-
strained 2,2'-bidipyrrins 1 and 2 are amazingly similar to
the unconstrained ones like 8, although conformative differ-
ences in the molecular fine-tune have been shown by the
crystallographic analyses. The aim of stabilizing labile ions
in the 2,2’-bidipyrrin environment could not be achieved by
this approach. However, structural information on dinu-
clear copper chelates of tetrapyrrolic ligands was obtained
for the first time, and the unexpected finding of enantiopure
1D helical pillars for dinuclear complexes with short MM
distances points to further investigations into the use of
such restricted ligands for anisotropic materials, metal-or-
ganic frameworks (MOFs) and the like.
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Experimental Section

General: All reagents and solvents were purchased from commer-
cial sources and used as received. Bipyrrole diester 3,11l trimeth-
ylpyrrole 6!'8! and diethylmethylpyrrole 7'%! were prepared as pre-
viously reported. NMR spectra were obtained with a Bruker AMX
400 spectrometer in the solvents indicated below. EPR spectra were
measured with a Bruker ESP 300 instrument at X-band. Mass spec-
tra were recorded with a Finnigan 90 MAT or a Micromass Au-
toSpec instrument. m/z values are given for the most abundant iso-
topes only. UV/Vis spectra were measured with a Hitachi U-3200
in the range 300-800 nm. Melting points were determined by DTA
with a Thermoanalyzer DuPont 9000. For X-ray crystallographic
measurements a Bruker Smart Apex with D8 goniometer was used.

CCDC-271753 to -271755 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.ccde.cam.ac.uk/data_request/cif.request/cif.

Synthesis of 3,3'-(1,4-Butanediyl)-4,4'-diethyl-2,2’-bipyrrole-5,5"-di-
carbaldehyde (5): The bipyrrole diester 3 (6.95 g, 18.0 mmol) and
sodium hydroxide (1.45 g, 36.0 mmol) were mixed with ethylene
glycol (120 mL) and heated to reflux with good stirring and under
strict exclusion of dioxygen and light for 2 h. Upon cooling in ice,
a yellow, light-sensitive solid started to form. Degassed ice water
(90 mL) was added dropwise at this temperature, and the solid was
filtered, washed with additional water, and dried in the dark in high
vacuo. The material was then dissolved in DMF (100 mL) with
exclusion of air and moisture and cooled to 0 °C. At this tempera-
ture phosphoryl chloride (3.80 mL, 41.0 mmol) was added drop-
wise. Ten minutes after the addition, cooling was stopped and the
mixture stirred at ambient temperature for another 2 h. The mix-
ture was poured into water (400 mL) in an open flask, and a solu-
tion of sodium hydroxide in water (30%) was added, until a solid
formed. This solid was filtered, washed carefully with water and
dried in high vacuo to yield the title compound as a yellow powder.
Yield 3.86 g (82%). M.p. 130°C. 'H NMR (400 MHz, CDCl;,
25°C): 0 =1.22 (t, 6 H, J = 7.3 Hz, CH;CH,pyr), 1.81 (br. s, 4 H,
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CH,CH,pyr), 2.75-2.70 (m, 8 H, CH,CH,pyr and CH;CH,pyr),
9.65 (br. s, 2 H, CHO), 11.56 (br. s, 2 H, NH) ppm. *C{'H} NMR
(100 MHz, CDCl;, 25°C): 6 = 17.0, 17.1, 21.9, 26.5, 124.4, 129.3,
130.0, 138.9, 177.4 ppm. HRMS (ESI) calcd. for C;gH,,N,O5:
298.1681; obsd. 298.1672, A = 0.9 mmu. C;gH»,N-,O, (298.38):
calcd. C 72.46, H 7.43, N 9.39; found C 72.39, H 7.26, N 9.45.

Synthesis of 3,3'-(1,4-Butanediyl)-4,4'-diethyl-8,8',9,9',10,10'-hexa-
methyl-2,2'-bidipyrrin (1) as Bis(hydroperchlorate): A suspension of
5 (100 mg, 0.33 mmol) and 2,3,4-trimethylpyrrole (6) (80 mg,
0.74 mmol) in methanol (5 mL) was heated to 60 °C. At this tem-
perature perchloric acid (1 mL of a 70% solution in water) was
added at once and heating was discontinued. The colour of the
mixture changed immediately to dark green. The product crys-
tallized upon cooling in ice as a dark solid, which was filtered,
washed with small portions of ice-cold methanol, and dried in
vacuo to yield a green solid. Yield 123 mg (50%). M.p. 151 °C
(dec.). 'TH NMR (400 MHz, CDCl;, 25°C): 6 = 1.19 (t, 6 H, J =
7.3 Hz, CH;CH,pyr), 1.80 (m, 4 H, CH,CH,pyr), 2.00, 2.25 (2Xs,
12 H, 2XCH;pyr), 2.58-2.73 (m, 8 H, CH,CH,pyr and
CH;CH,pyr), 2.76 (s, 6 H, term-CHs), 7.06 (s, 2 H, meso-H), 11.47
(br. s, 2 H, NH), 12.23 (br. s, 2 H, NH) ppm. *C{'H} NMR
(100 MHz, CDCl3, 25°C): 6 = 9.2, 10.4, 14.0, 16.2, 18.2, 22.6, 26.1,
118.9, 127.7, 128.9, 129.6, 131.7, 137.1, 143.5, 144.9, 161.7 ppm.
MS (FAB): 481 [M — (HCLOg)]". UV/Vis (CH,CL): Amax (&
Lmol'em™) = 330 (23000), 435 (27000), 565 (36000)nm.
C3,H4,CLN,Og3H,0 (735.649): caled. C 52.25, H 6.58, N 7.62;
found C 52.39, H 6.56, N 7.85.

Synthesis of 3,3'-(1,4-Butanediyl)-4,4',8,8',9,9'-hexaethyl-10,10’-di-
methyl-2,2’-bidipyrrin (2) as Bis(hydroperchlorate): Complex 2 was
prepared from 3 (100 mg, 0.33 mmol) and 3,4-diethyl-2-methylpyr-
role (7) (100 mg, 0.74 mmol) as described above for 1 and yielded
a brown-violet powder. Yield 128 mg (48%). M.p. 236 °C (dec.).
'"H NMR (400 MHz, CD,Cl,, 25°C): 6 = 1.17, 1.25, 1.27 (6 X t, 18
H, J = 7.3 Hz, CH;CH,pyr), 1.86 (m, 4 H, CH,CH,pyr), 2.54 (q,
4 H, J = 7.3 Hz, CH3CH,pyr), 2.68-2.82 (m, 12 H, CH,CH,pyr
and CH;CH.pyr), 2.73 (s, 6 H, term-CH3), 7.25 (s, 2 H, meso-H),
10.55 (br. s, 2 H, NH), 11.17 (br. s, 2 H, NH) ppm. 3C{'H} NMR
(100 MHz, CD,Cl,, 25°C): 6 = 13.7, 14.4, 15.9, 16.6, 17.0, 17.4,
18.4, 22.6, 26.2, 119.2, 129.3, 130.4, 131.3, 133.8, 137.2, 14528,
150.4, 162.5 ppm. MS (FAB): 537 [M - (HCIL,O¢)]*. UV/Vis
(CH,CLy): Amax (6, Lmol'em™) = 330 (24000), 430 (27000), 565
(37000) nm. C36H5oC1,N4O5-H,0 (755.725): caled. C 57.22, H 6.94,
N 7.41; found C 57.35, H 6.66, N 7.42.

Synthesis of 3,3'-(1,4-Butanediyl)-4,4'-diethyl-8,8',9,9',10,10'-hexa-
methyl-2,2'-bidipyrrinatonickel(II) (9): A solution of nickel acetate
tetrahydrate (50 mg, 0.20 mmol) in methanol (3 mL) was added to
a suspension of 1 (100 mg, 0.15mmol) and sodium acetate
(100 mg, 1.21 mmol) in methanol (10 mL) and the resulting mix-
ture was stirred for 30 min at ambient temperature. The solvent
was removed in vacuo, and the residue was purified by silica
chromatography with dichloromethane/n-hexane (1:1). The green-
ish-brown fraction was collected and the solvent was removed to
yield 9 as a violet solid. Yield 44 mg (54%). M.p. 239 °C. '"H NMR
(400 MHz, C¢Dg, 25 °C): 0 = 1.10 (t, 6 H, J = 7.3 Hz, CH;CH,pyr),
1.39 (s, 6 H, CH;spyr), 1.58-1.54 (m, 2 H, CH,CH,pyr), 1.66 (s, 6
H, CH;pyr), 1.85-1.75 (m, 2 H, CH,CH,pyr), 2.20-2.52 (m, 8 H,
CH,CH,pyr and CH;CH,pyr), 2.44 (s, 6 H, term-CH3), 6.24 (s, 2
H, meso-H) ppm. 3C{'H} NMR (100 MHz, C4Dj, 25 °C): § = 9.3,
9.7, 16.3, 17.9, 18.4, 25.2, 26.6, 120.2, 125.1, 126.2, 133.8, 138.8,
140.8, 141.9, 152.1, 168.4ppm. HRMS (ESI) caled. for
C3,H3gNyNi: 536.24498; obsd. 536.24629, A = 1.31 mmu. UV/Vis
(CH,CLy): Amax (6, Lmoltem™) = 350 (20000), 430 (81000), 530
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(18000), 610sh (12000) nm. Cs,H3N,Ni (537.364): caled. C 71.52,
H 7.13, N 10.43; found C 71.13, H 6.96, N 10.09.

Synthesis of 3,3’-(1,4-Butanediyl)-4,4'-diethyl-8,8',9,9',10,10’-hexa-
methyl-2,2’-bidipyrrinatopalladium(I) (10): A solution of palla-
dium acetate (59 mg, 0.26 mmol) in methanol (5 mL) was added to
a suspension of 1 (180mg, 0.26 mmol) and sodium acetate
(100 mg, 1.21 mmol) in methanol (10 mL) and the resulting mix-
ture was stirred for 30 min at ambient temperature. The solvent
was removed in vacuo, and the residue was purified by radial
chromatography on silica with dichloromethane/n-hexane (1:1).
The deep red fraction was collected, the solvent was removed and
the residue was recrystallized from dichloromethane/n-hexane (1:2)
to yield 10 as brownish-red crystals. Yield 94.0 mg (62%). M.p.
202 °C. '"H NMR (400 MHz, C¢Dg, 25°C): 6 = 1.12 (t, 6 H, J =
7.3 Hz, CH;CH,pyr), 1.52 (s, 6 H, CH;pyr), 1.71-1.75 (m, 2 H,
CH,CH,pyr), 1.77 (s, 6 H, CH;pyr), 1.81-1.86 (m, 2 H,
CH,CH,pyr), 2.35-2.41 (m, 6 H, CH,CH,pyr and CH;CH,pyr),
2.54-2.61 (m, 2 H, CH,CH.,pyr), 2.57 (s, 6 H, term-CH3), 6.40 (s,
2 H, meso-H) ppm. BC{'H} NMR (100 MHz, C¢D, 25°C): 6 =
9.6, 9.9, 16.8, 17.0, 18.1, 22.7, 27.6, 120.6, 124.8, 126.8, 132.4,
138.1, 138.2, 142.0, 151.6, 165.4 ppm. HRMS (ESI) calcd. for
C3,H3gN4Pd: 584.21311; obsd. 584.21205, A = 1.06 mmu. UV/Vis
(CH,CL): Apax (6, Lmol'em™) = 430 (82000), 520 (32000), 770
(11000) nm. C3,H3gN4Pd (585.09): caled. C 65.69, H 6.55, N 9.58;
found C 65.42, H 6.41, N 9.37.

Crystallographic Data for 10: C3,H3sN4Pd, green plates obtained
by slow concentration of a CH,Cl,/n-hexane solution, crystal size:
0.40X0.40 X 0.30 mm, monoclinic, space group P2,/n, a =
8.8497(10), b = 24.160(3), ¢ = 12.8685(14) A, = 98.421(2)°, V =
2721.7(5) A3, peatea. = 1.428 gem 3, Z = 4, 20, = 50°, Mo-K,
radiation, 4 = 0.71073 A, scan mode: w-scans, T = 193(2) K, 31431
measured, 4798 independent reflections, 4620 reflections observed
for I > 2a(I), u = 0.710 mm™!, solved by Patterson method, refined
with full-matrix least-squares on F2[2°]) 342 parameters, H atoms
refined with isotropic temperature factors. R = 0.0340, wR =
0.0821, residual electron density p = 0.730/-0.313 e A3.

Bis|3,3'-(1,4-butanediyl)-4,4',8,8',9,9'-hexaethyl-10,10-dimethyl-
2,2'-bidipyrrinatozinc(II)] (11): A suspension of 2:2HCIO, (85.0 mg,
0.11 mmol) and sodium methoxide (54 mg, 1.0 mmol) in methanol
(5 mL) is stirred for 5 min. Zinc acetate hydrate (39 mg, 0.18 mmol)
is then added at once, and the solution turns to dark green. After
30 min at ambient temperature the solvent is removed in vacuo,
and the dark residue is extracted into pentane. The product is puri-
fied by alumina chromatography (basic alumina I) with dichloro-
methane/n-hexane (1:1), and the intense green main fraction is col-
lected. Crystallization from dichloromethane/n-hexane (1:3) yields
11 as bronze-coloured plates. Yield 55.0 mg (84%). 'H NMR
(400 MHz, C¢Dg, 25°C): 6 =0.96 (t, 12 H, J = 7.4 Hz,
CH;CH,pyr), 1.22 (t, 12 H, J = 7.4 Hz, CH;CH,pyr), 1.24 (t, 12
H, J = 7.3 Hz, CH;CH,pyr), 1.32-1.40 (m, 16 H, CH,CH,pyr and
CH,CH,pyr), 1.66 (s, 12 H, term-CHj3), 2.10-2.31 (m, 8 H,
CH;CH,pyr), 2.51-2.61 (m, 16 H, CH;CH,pyr), 6.95 (s, 4 H, meso-
H) ppm. BC{'H} NMR (100 MHz, C¢Ds, 25 °C): 6 = 14.3, 14.4,
15.7, 17.9, 18.5, 23.0 29.8, 30.1, 32.3, 120.3, 130.0, 137.8, 141.2,
143.5, 150.9, 159.7 ppm; the signals four two C(sp?) atoms are
probably hidden underneath the solvent signal. HRMS (ESI) calcd.
for C1,HgoNgZn,: 1196.60275; obsd. 1196.60215, A = 0.60 mmu.
UV/Vis (CH,Cl,): Amax (6, Lmol-tecm~!') = 360 (52000), 475
(138000), 620 (48000) nm. C7,Hy,NgZn, (1200.33): caled. C 72.04,
H 7.73, N 9.34; found C 71.72, H 7.39, N 9.05.

Crystallographic Data for 11: C;,H¢,NgZn,, green plates obtained
by slow concentration of a CH,Cl,/n-hexane solution, crystal size:
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0.20 X 0.18 X 0.17 mm, triclinic, space group PI, a = 14.0038(16),
b = 20.206(2), ¢ = 24.556(3) A, a = 72.719(2), f = 84.446(2), y =
78.961(2)°, V = 6505.9(13) A3, peated. = 1.225 gem 3, Z = 4, 20,0x
= 56.532°, Mo-K,, radiation, 2 = 0.71073 A, scan mode: w-scans, T
= 153(2) K, 45469 measured, 22898 independent reflections, 17802
reflections observed for I > 2a(I), 1 = 0.785 mm™', solved by Pat-
terson method, refined with full-matrix least-squares on F2[20],
1638 parameters and 107 restraints, H atoms refined with isotropic
temperature factors. R = 0.0607, wR = 0.1783, residual electron
density p = 0.969/-0.641 ¢ A 3.

3,3'-(1,4-Butanediyl)-4,4’-diethyl-8,8',9,9',10,10’-hexamethyl-2,2'-
bidipyrrinatocopper(Il) (12): A suspension of 1:2HCIO,4 (50 mg,
0.07 mmol) in methanol (4 mL) was treated with a solution of cop-
per acetate hydrate (20.0 mg, 0.10 mmol) in ammonia (1 mL of a
conc. solution in water) at once. The colour immediately changed
from dark green to brown. After 5 min the precipitated product
was filtered off and washed with methanol. The solid was extracted
with dichloromethane, again filtered, and the solution evaporated
in vacuo to leave the title compound as a brown solid. Yield
25.0 mg (65%). M.p. 150 °C. EPR (293 K, CH,Cl,): gisc = 2.096,
Acy = 82.1 G. MS (FAB): 541 (M*). UV/Vis (CH,CL): Anax (&
Lmol'em™1) = 405 (57000), 495 (76000) nm. C3,H335CuN,
(542.217): caled. C 70.88, H 7.06, N 10.33; found C 70.88, H 7.20,
N 10.51.

Bis|3,3'-(1,4-butanediyl)-4,4'-diethyl-8,8',9,9',10,10'-hexamethyl-
2,2'-bidipyrrinatocopper(II)] (13): A suspension of 1-:2HCIO,
(50 mg, 0.07 mmol) and sodium acetate (40.0 mg, 0.48 mmol) in
methanol (4 mL) was treated with a solution of copper acetate hy-
drate (20.0 mg, 0.10 mmol). The mixture turned brown, then dark
green after 1 min of stirring. After 1 h at ambient temperature the
solvent was removed in vacuo and the residue was extracted with
pentane. Evaporation of the solvent yielded the title compound as
a dark green powder. Yield 20.0 mg (54%). M.p. 108 °C (dec.).
HRMS (ESI) caled. for Cq4H74Cu,sNg: 1082.47846; obsd.
1082.47874, A = 0.28 mmu. UV/Vis (CH,Cly): Apnax (&,
Lmol'em™) = 410 (94000), 630 (29000) nm. C44H;6sCu,Ng
(1084.434): caled. C 70.88, H 7.06, N 10.33; found C 70.55, H 6.87,
N 10.01.

Crystallographic Data for 13: C44,H;4NgCu,, red cubes obtained by
slow concentration of a CH,Cl,/pentane solution, crystal size:
0.27%0.17X0.15 mm, orthorhombic, space group Phcn, a =
30.3691(19), b = 25.1323(16), ¢ = 22.6084(14)A, V =
17255.8(19) A3, peaiea. = 1.251 gem 3, Z = 8, 26,,,, = 56.488°, Mo-
K, radiation, 1 = 0.71073 A, scan mode: w-scans, T = 173(2) K,
243067 measured, 15182 independent reflections, 12807 reflections
observed for I > 2a(I), u = 0.786 mm !, solved by direct methods,
refined with full-matrix least-squares on F2[2%l, 1061 parameters
and 74 restraints, H atoms refined with isotropic temperature fac-
tors. R =0.1130, wR = 0.2517, residual electron density p = 1.111/-
0.642e A,
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