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Introduction

One-, two-, and three-dimensional porphyrin arrays contin-
ue to attract attention because of their relevance to biologi-
cal systems such as the light-harvesting apparatus in plants,
algae, and bacteria.[1–8] Numerous reports have dealt with

the design, synthesis, and applications of covalently linked
multiporphyrin arrays.[9–14] Nature uses noncovalent interac-
tions to assemble these chromophores; therefore, an increas-
ing amount of research is focused on the synthesis of multi-
porphyrin arrays through self-assembly. The self-assembly of
these arrays relies on coordination[15–24] and/or hydrogen
bonds,[25] and the formed structures can thus be highly dy-
namic. One-dimensional polymeric multiporphyrin assem-
blies, in which the metal in the porphyrin center is used as a
connector, are being investigated in particular. These struc-
tures can be created by combining A–A- and B–B-type
monomers, which can form alternating copolymers of the
form [··A–A····B–B··]1. The monomers generally consist of a
metalloporphyrin capable of accommodating two axial li-
gands (on either face of the porphyrin plane) and an a,w-di-
topic ligand. Several combinations have been investigated,
including those of ruthenium(II) porphyrins with diphos-
phine ligands,[26] phosphorus(V) porphyrins with oxygen li-
gands,[27,28] and manganese ACHTUNGTRENNUNG(III) porphyrins with 4,4’-bipyrid-
yl ligands.[29] Polymers formed from polycyanoalkenes and
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(ERE donor) zinc(II) porphyrins nZn
(ERE donor=4-R-3,5-bis[(E)-methyl]-
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Br; 4Zn: E=OMe, R=H) have been
synthesized in excellent yields. As a
result of the combination of a Lewis
acidic site and eight Lewis basic sites
within one molecule, monomeric mole-
cules of nZn self-assemble to form
one-dimensional porphyrin polymers
[nZn]1 in the solid state, as confirmed
for 1Zn and 3Zn by X-ray crystallogra-
phy. The coordination environment
around the zinc(II) ions in these poly-
mers is octahedral. They are ligated by
four equatorial nitrogen atoms of the

porphyrin and two apical E atoms (E=

N, O) provided by the EBrE donor
groups of adjacent nZn molecules.
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single crystals, but solid-state UV/Vis
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manganese(II)[30–32] or iron ACHTUNGTRENNUNG(III) porphyrins[33] were prepared
by Miller and co-workers. Porphyrin coordination polymers
consisting of A–B-type monomers (thus forming [··A–B··]1
polymers or cyclic oligomers) have also been studied thor-
oughly. For this type of polymers, metalloporphyrins with
covalently attached Lewis bases were used as the monomer-
ic parts. To prevent intramolecular coordination, both the
length and the conformational rigidity of the linker between
the Lewis basic moiety and the Lewis acidic metalloporphyr-
in part play important roles. At the same time, these param-
eters can also be used to optimize intermolecular interac-
tions, thus leading to polymer or ring formation. The con-
nectivity between the monomers may be single or twofold,
depending on the flexibility of the A–B linkage and on
whether the metal in the porphyrin can accommodate one
(Zn,[34–40] Co(O2)

[41]) or two axial ligands (CuII,[42] CoII,[43]

CoIII[44]).
We started a research project about the design and syn-

thesis of multitopic ligand systems, particularly tetrakis(ECE

pincer–metal) metalloporphyrin hybrids (Scheme 1, top).[45]

These hybrids consist of a (metallo)porphyrin core sur-
rounded by four ECE-pincer–metal groups (with ECE

pincer being the monoanionic, potentially tridentate ligand
[2,6-(ECH2)2C6H3]

� (E=NR2, OR, PR2, SR)),
[46] which are

connected via their para positions to the respective meso po-
sitions on the porphyrin. After synthesizing the tetrakis-
(ECE pincer–metal) free-base porphyrin hybrids (Scheme 1,
top; M1=2H), we targeted the corresponding heteromulti-
metallic systems (Scheme 1, top; M1=metal) as our next
synthetic objectives. In this context, the question arose as to
whether the pincer metal would be put in place after metal-
ation of the porphyrin or vice versa. With regard to the
former approach, the introduction of a metal into the cen-
tral porphyrin cavity could give rise to the formation of

Abstract in Dutch: Een viertal zinkporfyrines nZn met elk
vier meso-ERE-donorgroepen (ERE donor=4-R-3,5-
bis[(E)-methyl]fenyl; 1Zn: NBrN-groepen; 2Zn: NHN-groe-
pen; 3Zn: OBrO-groepen; 4Zn: OHO-groepen) is in uitste-
kende opbrengsten gesynthetiseerd. Doordat zij bestaan uit
een unieke combinatie van Lewis-zure en Lewis-basische
groepen, zelf-assembleren deze moleculen tot LLndimensio-
nale, supramoleculaire coçrdinatiepolymeren met de alge-
mene formule [nZn]1, hetgeen werd bewezen door LLnkri-
stal Rçntgenkristallografie aan 1Zn en 3Zn. De zink(II)
ionen in deze polymeren zijn octaNdrisch omringd door zes
liganden; vier equatoriale ligandposities worden ingenomen
door de pyrroolstikstofatomen van de porfyrine, terwijl de
twee apicale posities bezet worden door de O of N atomen
van de donorgroepen. Zinkporfyrines 2Zn en 4Zn vormen
geen LLnkristallen, maar vaste stof UV/Vis metingen wezen
op de vorming van soortgelijke structuren. UV/Vis en 1H
NMR data wijzen er verder op dat de interacties tussen de
1Zn en 2Zn monomeren veel sterker zijn dan de interacties
tussen 3Zn en 4Zn monomeren. Ook duiden zij op een
grote invloed van broomatomen in de nabijheid van de do-
norgroepen in 1Zn en 3Zn op de coçrdinatie-eigenschappen.
Verder is gevonden dat de speciale hexacoçrdinatie alleen
optreedt in de vaste stof en niet zozeer in oplossing. ELn
van de redenen voor de vorming van deze interessante poly-
meren is de overmaat aan Lewis-basische groepen en hun
relatieve, ruimtelijke oriNntatie ten opzichte van de zinkcen-
tra. De gevormde structuren lijken sterk op de in de natuur
aanwezige bacteriochlorofyllaggregaten die lichtenergie van
de zon omzetten in chemische energie. Zoals uit de kristal-
lografische analyse blijkt, hangen enkele belangrijke structu-
rele parameters van de polymeren af van het Lewis basische
donor atoom. Omdat de nZn verbindingen eenvoudig te
modificeren zijn, vormen zij een interessante aanvulling op
eerdere niet-covalent gebonden porfyrinepolymeren.

Scheme 1. General formulae of the multimetallic pincer-porphyrin hy-
brids (top) and the tetrakis(ERE donor) zinc(II) porphyrins (bottom) de-
scribed herein.
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higher-order aggregates between these molecules, as the re-
sulting tetrakis(ERE donor) metalloporphyrins (ERE
donor=4-R-3,5-bis[(E)-methyl]phenyl; E=NMe2, OMe,
SPh, PPh2; R=H, Br) comprise eight Lewis basic and one
or more Lewis acidic sites (depending on the metal); that is,
aggregates of type [··A–B··]1 may be envisioned for these
systems. We therefore decided to investigate the supra-
molecular chemistry of several tetrakis(ERE donor) zinc(II)
porphyrins (Scheme 1, bottom) that bear either nitrogen
(1Zn and 2Zn) or oxygen (3Zn and 4Zn) Lewis basic sites.
Herein we report the synthesis and the solid-state and so-

lution structures of the zinc(II) porphyrins 1Zn–4Zn. To un-
derstand the coordination chemistry of these systems in
more detail, we also analyzed the assembly behavior of a
series of mono- and bidentate Lewis bases with [meso-tetra-
phenylporphyrinato]zinc(II) (ZnTPP).

Results

Synthesis

Multitopic ligands 1–4[45, 47] were treated with Zn-
ACHTUNGTRENNUNG(OAc)2·2H2O in a mixture of CH2Cl2 and MeOH to yield
the corresponding zinc(II) complexes 1Zn–4Zn in essentially
quantitative yields (Scheme 2). During each metalation reac-
tion, a common color change of the reaction mixture was
observed from dark red (free-base compounds 1–4) to light
pink (1Zn–4Zn). UV/Vis spectroscopic monitoring of the re-
action progress showed a change from the four-Q-band
spectrum of the free-base porphyrin to the two-Q-band
spectrum of its zinc(II) complex. Purification of these com-
pounds was performed by layering solutions of CH2Cl2 with
hexane. In this way, 1Zn and 3Zn were isolated as red crys-
talline solids and 2Zn and 4Zn were obtained as purple
solids in essentially quantitative yields.
As it was reported that N,N-dimethylbenzylamine groups

readily react with 1O2,
[48] and given the ability of zinc(II)

porphyrins to act as photosensitizers, caution was taken to
avoid contact of 1, 2, 1Zn, and 2Zn with air and light. The
identity and sample homogeneity of all compounds were
confirmed by 1H and 13C{1H} NMR spectroscopy, mass spec-
trometry, UV/Vis spectroscopy, and elemental analysis (see
Experimental Section).

Crystallography

Single crystals of 1Zn and 3Zn of X-ray quality were ob-
tained by layering solutions of these compounds in dichloro-
methane with hexane. Their molecular structures in the
solid state are depicted in Figure 1, and the crystallographic
details are shown in Table 1. Both structures feature a
zinc(II) porphyrin core, which is tetrasubstituted at its four
meso-positions with 3,5-bis[(dimethylamino)methyl]-4-bro-
mophenyl and 3,5-bis(methoxymethyl)-4-bromophenyl
groups, respectively. In each structure, the zinc atom is locat-
ed at the center of the porphyrin ring with Zn�Npyrrole bond
lengths of 2.050(4)–2.054(4) R. Both structures are centro-

symmetric with the zinc atom as the inversion point. The
porphyrin parts of both 1Zn and 3Zn adopt wav-type non-
planar deformation modes.[49] Two of the meso-phenyl
groups, which are positioned in a trans manner with respect
to the porphyrin core, have a normal position. The other
two meso-phenyl groups are bent quite markedly with re-
spect to the porphyrin plane; the Zn�C1�C2 (1Zn) and Zn�
C3�C4 (3Zn) angles are 170.3(4) and 166.22(19)8, respec-
tively. The torsion angles between the porphyrin planes and
the phenyl groups are 75.9(8) and 57.4(4)8 for 1Zn, and
75.8(2) and 65.8(3)8 for 3Zn.
The crystal structures one level of organization higher

reveal that both compounds self-assemble into one-dimen-
sional coordination polymers of general formula [nZn]1
with highly similar structures, as shown for [1Zn]1 in
Figure 2. In the solid state structure of [1Zn]1, the zinc
atoms are surrounded in an octahedral manner,[50] with four
equatorial pyrrolic nitrogen donor atoms provided by the

Scheme 2. Synthesis of 1Zn–4Zn. a) Zn ACHTUNGTRENNUNG(OAc)2·2H2O, MeOH/CH2Cl2.
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porphyrin and two axial benzylic E ligands (E=NMe2) sup-
plied by the EBrE donor groups of two adjacent zinc(II)
porphyrins.
Two trans-positioned, meso-NBrN donor groups of each

porphyrin take part in the intermolecular interactions be-
tween adjacent 1Zn molecules. These are bent severely out
of plane (see above). Only one CH2NMe2 donor functionali-
ty of these groups participates in bonding to an adjacent

zinc atom. With respect to each other, these donor function-
alities are positioned on opposite sides of the porphyrin
plane (related to each other by the zinc inversion center). In
the crystal structure, the other two NBrN donor groups (not
shown in Figure 2) are mere spectator groups and do not
participate in intermolecular bonding. They do, however, in-
crease the symmetry of the molecules, which makes them
statistically more prone to self-assembly (see below). The

Figure 1. Molecular structures of 1Zn (left) and 3Zn (right) at 50% probability. Hydrogen atoms, solvent molecules, and disordered dimeth ACHTUNGTRENNUNGylamino
groups (1Zn) are omitted for clarity.

Table 1. Crystallographic information.

1Zn 3Zn NBrN–(ZnTPP)2 DMBABr–ZnTPP H2O–ZnTPP DMBA–ZnTPP

Formula C68H80Br4N12Zn C60H56Br4N4O8Zn·
2 ACHTUNGTRENNUNG(CH2Cl2)

C100H75BrN10Zn2 C53H40BrN5Zn C44H30N4OZn C53H41N5Zn

Mr 1450.43[a] 1515.95 1627.35 892.18 696.09 813.28
Space group P1̄ (No. 2) P1̄ (No. 2) P1̄ (No. 2) P1̄ (No. 2) I4/m (No. 87) P1̄ (No. 2)
a [R] 9.932(2) 8.7503(8) 11.0729(4) 11.7041(6) 13.3504(10) 11.4716(9)
b [R] 14.055(4) 12.9441(8) 12.9265(7) 12.0847(10) 13.3504(10) 11.9800(8)
c [R] 14.946(3) 15.1577(10) 14.5903(6) 15.9026(9) 9.6034(10) 16.2244(10)
a [8] 113.188(15) 113.520(5) 74.824(4) 88.440(6) 90 87.676(6)
b [8] 103.561(18) 96.938(8) 72.176(3) 85.168(5) 90 83.657(4)
g [] 99.86(2) 97.479(7) 83.884(4) 68.161(5) 90 69.038(5)
V [R3] 1781.4(8) 1532.4(2) 1918.00(16) 2080.4(2) 1711.6(3) 2069.4(3)
dx [gcm

�3] 1.352[a] 1.643 1.409 1.424 1.351 1.305
Z 1 1 1 2 2 2
m (MoKa) [mm�1] 2.634[a] 3.241 1.205 1.595 0.759 0.637
Crystal size [mm] 0.09U0.12U0.33 0.06U0.07U0.43 0.15U0.20U0.20 0.15U0.15U0.30 0.07U0.19U0.21 0.19U0.25U0.32
Color dark red red red dark red dark red dark red
T [K] 150 150 150 150 150 150
qmin, qmax [8] 1.6, 23.0 1.5, 26.0 1.5, 27.5 1.8, 27.5 2.2, 27.4 1.8, 27.5
Total unique data 21534, 4956 28965, 6013 52932, 8748 57368, 9518 7948, 1050 59100, 9467
Observed (I> 2s(I)) 3911 5396 7559 7625 855 7943
Nref, Npar 4956, 423 6013, 380 8748, 504 9518, 543 1050, 72 9467, 534
R,[b] wR2[c] 0.0516, 0.1397 0.0363, 0.092 0.0404, 0.0980 0.0332, 0.0779 0.0387, 0.0951 0.0325, 0.0786
S 1.08 1.02 1.12 1.04 1.06 1.03
1min, 1max [eR

�3] �1.08, 1.64 �1.50, 1.26 �0.63, 0.86 �0.78, 0.94 �0.34, 0.30 �0.32, 0.37

[a] Disordered solvent contribution not taken into account. [b] R=S jF0�Fc j /SF0. [c] wR2= [Sw ACHTUNGTRENNUNG(F0
2�Fc

2)2/SwF0
2]

1=2 .
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porphyrins are aligned in a parallel manner, thus minimizing
sterically unfavorable interactions between their substitu-
ents. Furthermore, they are displaced from a common axis
to maximize zinc–heteroatom (Zn–N) interactions. Within
the strands, one molecule of 1Zn is repeated infinitely in an
identical orientation and conformation. The axial Zn�N
bond lengths are 2.564(4) R, which is in the expected range
for hexa-N-coordinate zinc(II) meso-tetraphenylporphyrins.
For those hexa-N-coordinated complexes that have been
crystallographically characterized to date, the axial N–zinc
distances are in the range 2.467–2.490 R for pyridine-
type,[51–56] 2.470–2.552 R for aniline-type,[51,52] and 2.473–
2.520 R for amine-type[57,58] Lewis bases.
In [1Zn]1, the phenyl groups connected to the coordinat-

ing N-donor groups are bent out of the porphyrin plane by
9.6(7)8 towards the adjacent zinc porphyrin unit, whereas
the other two meso-phenyl groups adopt a normal position
with respect to the porphyrin ring. The meso-phenyl groups
of the coordinating NBrN donors adopt dihedral angles of
75.9(8)8 with the porphyrin; these angles are 57.4(4)8 for the
noncoordinating NBrN donor groups. The latter value is
rather unusual and points to microenvironmental influ-
ence.[59] Within the polymeric strands, the Zn–Zn distances
are 9.932(3) R, with a distance between the least-squares
planes of two adjacent porphyrins of 6.81(7) R (d in
Figure 2). Hence, the molecules are deviated from a
common axis by 7.23 R. Figure 3 shows the alignment of the
individual polymer chains in the solid state. It reveals that
identical polymer chains run in the same direction through-
out the crystal and that the orientations of all the molecules
are the same.
The three-dimensional features of the crystal structure of

[3Zn]1 are virtually identical to those of [1Zn]1 (Figure 4).
Also in this case, infinite polymer chains are formed through
hexacoordination of zinc; axial Zn�O distances are
2.386(3) R. Within the series of reported zinc(II) porphyrins
with two axial O ligands,[51,52, 60–71] this value is in the expect-
ed range for bis ACHTUNGTRENNUNG(ether) complexes. The Zn�O distances in
bis ACHTUNGTRENNUNG(THF) complexes of ZnTPP derivatives are between
2.371[63] and 2.56 R,[68] and in a zinc(II) porphyrin polymer
the Zn�Obenzylmethylether distances were found to be 2.434 R.[72]

In the case of [3Zn]1, the phenyl groups connected to the
coordinating EBrE donor groups (E=OMe) are bent out of
the porphyrin plane by 13.7(8)8 away from the adjacent

zinc(II) porphyrin unit; this arrangement pulls two adjacent
porphyrin rings closer together. The noncoordinating EBrE
groups again adopt a normal geometry. As in the case of

Figure 3. Stick-style representation of the 3D positioning of individual
[1Zn]1 polymer strands in the crystal, shown along the axis running
through the zinc(II) centers of the central strand.

Figure 2. Two views of the one-dimensional polymer formed by 1Zn, with thermal ellipsoids at 50% probability. Non-Zn-coordinating NBrN donor
groups, solvent molecules, and hydrogen atoms are omitted for clarity. Left: part of the infinite, one-dimensional polymeric strand formed by 1Zn.
Right: view perpendicular to the porphyrin planes with interplanar distance d (see text).

Figure 4. Two views of the one-dimensional polymers formed by 3Zn
with thermal ellipsoids at 50% probability. Nonbonding OBrO donor
groups, solvent molecules, and hydrogen atoms are omitted for clarity.
Top: part of the infinite, one-dimensional polymeric strand formed by
3Zn. Bottom: view perpendicular to the porphyrin planes with interpla-
nar distance d (see text).
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[1Zn]1, the interplanar angles of the coordinating and non-
coordinating OBrO donor groups with respect to the por-
phyrin ring are quite distinct: 65.8(3)8 for the coordinating
groups versus 75.8(2)8 for the noncoordinating groups. The
Zn�Zn distances in the polymer strands in [3Zn]1 are
8.7503(8) R, whereas the distance d between the least-
square planes through the pyrrolic nitrogen atoms of two
juxtaposed porphyrins is 3.47(10) R (Figure 4), which places
the porphyrins 8.03 R from a common axis. Unfortunately,
we were not able to obtain single crystals of 2Zn and 4Zn.
The NMR and UV/Vis spectra, however, suggest the exis-
tence of similar intermolecular interactions as in [1Zn]1 and
[3Zn]1 (see below).
The polymeric solid-state structures formed by self-assem-

bly of 1Zn and 3Zn are rather unusual in that they feature
hexacoordination of the zinc(II) atoms, which usually prefer
pentacoordinate, distorted-square-pyramidal ligand environ-
ments in porphyrins. To investigate whether the hexacoordi-
nation is imposed by the nature of the ERE donor groups
(R=H or Br) or is a consequence of the predisposition of
Lewis basic and acidic moieties within the molecules, we
studied the structural features of coordination complexes of
the various constituents of the tetrakis(ERE donor) zinc(II)
porphyrins. We first set out to crystallize 2-[(dimethylami-
no)methyl]bromobenzene (DMBABr), N,N-dimethylbenzyl-
amine (DMBA), 2-methoxymethylbromobenzene (MBEBr),
and methylbenzylether (MBE) adducts of ZnTPP
(Scheme 3).

Crystallizations were set up by using 8 equivalents of the
respective Lewis base per molecule of ZnTPP, so as to imi-
tate the Lewis acid/Lewis base ratio present in solutions of
1Zn–4Zn. The starting materials were dissolved in CH2Cl2
and the respective solutions were layered with hexane, after
which they were allowed to concentrate slowly by evapora-
tion.

In the case of DMBABr–ZnTPP and DMBA–ZnTPP,
large block-shaped crystals grew in essentially quantitative
yields with respect to ZnTPP. The crystal structures of
DMBABr–ZnTPP and DMBA–ZnTPP have common mo-
lecular features, and the filling of the unit cell is similar
(Table 1). Both compounds crystallize as 1:1 adducts of the
zinc porphyrin and the amine, in which five nitrogen atoms
form a distorted-square-pyramidal ligand environment
around the zinc atom (Figure 5, top). The four pyrrolic ni-
trogen atoms of the porphyrin form the base of the pyramid,
and the apical, fifth ligand position is occupied by the ben-
zylic N5 atom of either the DMBABr or the DMBA ligand.
The zinc atoms are dislocated 0.3344(2) and 0.33158(18) R
from the porphyrin least-squares plane towards the apical
ligand, respectively. In DMBABr–ZnTPP, the Zn�Npyrrole

bond lengths are in the range 2.0566(18)–2.0708(16) R,
whereas in the case of DMBA–ZnTPP, these bond lengths
are in the range 2.0611(13)–2.0695(13) R. The Zn�Napical

bond lengths, at 2.2254(13) and 2.23661(17) R, respectively,
are also comparable. In both cases, the C3�N5 bond is
almost colinear with the N1�Zn�N2 vector, with a dihedral
angle of �14.42(14)8 for DMBABr–ZnTPP and �13.58(12)8
for DMBA–ZnTPP. Although the similarities between both
structures are clear, the steric bulk of the ortho-Br atom
causes a tilt in the phenyl ring of the DMBABr ligand with

Figure 5. Quaternion fit overlay plot (top) of DMBABr–ZnTPP (black)
and DMBA–ZnTPP (gray), in which the hydrogen atoms are omitted for
clarity. The views along the N5�Zn vector of each compound are depict-
ed below without the meso-phenyl rings.

Scheme 3. Model compounds.
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respect to the porphyrin plane by virtue of rotation around
the N5�C3 bond. The Zn�N5�C3�C4 torsion angle is
�172.71(15)8 for DMBABr–ZnTPP compared to
�179.29(13)8 for DMBA–ZnTPP. The angle between the
porphyrin plane and the phenyl ring of the ligand is also in-
fluenced by the bromine atom. For DMBABr–ZnTPP, the
interplanar angle is, at 78.80(9)8, smaller than in the case of
DMBA–ZnTPP, in which it is 81.25(8)8 (Figure 5, bottom).
In spite of numerous attempts, the crystals that formed

from solutions of ZnTPP (1 equiv) and MBE or MBEBr
(each 8 equiv) invariably did not contain MBE or MBEBr,
respectively. When wet solvents were used, H2O–ZnTPP
was formed quantitatively (Figure 6 and Table 1).[73] Appa-

rently, H2O is a better ligand for the central zinc(II) atom
than a benzylic oxygen atom. This is for steric rather than
inherent Lewis basic reasons, as a dialkyloxide is expected
to be a stronger Lewis base than dihydrogenoxide.
In a further experiment, crystals were grown from a mix-

ture of ZnTPP and 4 equivalents of NBrN, in which the
same ratio of NBrN groups and zinc(II) porphyrin building
blocks was present as in 1Zn. The crystals that were formed
quantitatively (with respect to ZnTPP) consisted of NBrN–
(ZnTPP)2 (Figure 7 and Table 1). In this supramolecular as-
sembly, two parallel ZnTPP molecules, the least-squares
planes of which are separated by 10.498(7) R, are connected
by one molecule of NBrN, which functions as a bidentate
bridging group through its two benzylic nitrogen atoms N5
and N5a. The two pentacoordinate zinc atoms are
10.8033(7) R apart, and there is an inversion center at half
this distance, leading to a centrosymmetric system. As with
DMBABr–ZnTPP and DMBA–ZnTPP, the zinc atoms are
displaced from the least-squares planes created by the four
pyrrolic nitrogen atoms of the porphyrin by 0.3548(2) R to-
wards the apical amine ligands. The Zn�N5 and Zn�N5a

distances are 2.263(2) R. The bridging NBrN ligand can ap-
parently adopt two different conformations in the solid
state, and each of them can be rotated by 1808 along the
axis through the two benzylic carbon atoms. Hence, the cen-
tral NBrN unit is fourfold disordered (Figure 7).

Solid-State UV/Vis Spectroscopy

Solid-state UV/Vis spectra were recorded of samples of
1Zn–4Zn (Figure 8). The reference compound {tetrakis ACHTUNGTRENNUNG[3,5-
bis(tert-butyl)phenyl]porphyrinato}zinc(II) (5Zn) showed a
strong absorbance at 430 nm (Soret band), as well as two Q
bands at 549 and 587 nm, the intensity ratio of which was
4.91 (A549/A587). The solid-state spectra of 2Zn and 4Zn are
very similar to those of the crystallographically character-
ized compounds 1Zn and 3Zn. With respect to the spectrum
of 5Zn, the Soret bands of 1Zn–4Zn exhibited a red shift of
4 to 9 nm (Table 2). Both Q bands of each tetrakis(ERE
donor) zinc(II) porphyrin were also shifted bathochromical-
ly relative to the Q bands of 5Zn. Furthermore, the intensity

Figure 7. Molecular structure of NBrN–(ZnTPP)2 with thermal ellipsoids
at 50% probability. Hydrogen atoms are omitted for clarity. Only one
disordered form of the central ligand is shown. Symmetry code: a=1�x,
�y, �z.

Figure 8. Solid-state UV/Vis spectra of 1Zn–4Zn. The peak at around
620 nm for 5Zn (*) corresponds to chlorine impurity in the sample.

Figure 6. Crystal structure of H2O–ZnTPP with thermal ellipsoids at
50% probability. Hydrogen atoms are omitted for clarity. The oxygen
atom has a 50% occupancy on either side of the porphyrin plane. Rele-
vant bond lengths (R) and angles (8): Zn�N 2.035(2), Zn�O 2.369(9);
N1-�Zn�N1a 90.00(10), N1�Zn�N1b 180.0, N1�Zn�O1 90.00.

Chem. Asian J. 2007, 2, 889 – 903 J 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 895

Self-Assembly of meso-Tetrakis(ERE Donor) Zinc(II) Porphyrins



ratio between the two Q bands was lowered to 1.9–2.4
(Table 1), which is indicative of ligand binding to the zinc
centers. A slight bathochromic shift was also observed when
going from 2Zn and 4Zn to 1Zn and 3Zn (from R=H to
R=Br), and when going from 3Zn and 4Zn to 1Zn and 2Zn
(from O coordination to N coordination).

Solution UV/Vis Spectroscopy

Solution UV/Vis spectra of 1Zn–4Zn were recorded at room
temperature in CH2Cl2. The concentrations were varied be-
tween 0.11 and 50 mm. The spectra of 2Zn showed a Q-band
region indicative of pentacoordinate zinc(II) porphyrins
(Figure 9, bottom). The high-energy Q band at l=562 nm
(Q562) is accompanied by a lower-energy band at l=602 nm
(Q602). The intensity ratio (A562/A602) amounts to about two,
which points to coordination of an apical nitrogen atom to
zinc.[74] Throughout the entire concentration range, both the
peak positions and intensities did not change, which indi-
cates a strong association constant (Kass) (Figure 9, bottom).
At high concentrations, the spectra of 1Zn (R=Br) are

very similar to those of 2Zn (R=H), with Q bands at l=

562 and 603 nm (A562/A603=1.9). In this case, however, the
Q-band region does change upon lowering the concentra-
tion. At concentrations less than 7 mm, Q562 clearly started to
broaden and shifted hypsochromically to 553 nm at 0.11 mm.
The intensity of Q603 concomitantly dropped to give a final
intensity ratio (A553/A603) of 3.6 (Figure 9, top). This change
indicates that, at lower concentrations, fewer zinc(II) centers
remain coordinated to the NBrN donor groups, that is, the
intermolecular interactions between molecules of 1Zn are
weaker than those between molecules of 2Zn.
The spectra of 3Zn and 4Zn recorded in the same concen-

tration range did not show evidence for the existence of in-
termolecular interactions; the spectra were indicative of tet-
racoordinate zinc(II) porphyrins. Addition of a large excess
of THF, however, clearly led to the coordination of THF to
the zinc centers as judged by UV/Vis spectroscopy.
To gain further insight into the supramolecular chemistry

of the tetrakis(ERE donor) zinc(II) porphyrins, the stability
constants of simple model combinations of DMBABr,
DMBA, MBEBr, and MBE with ZnTPP were also deter-
mined. To assess the strength of the Zn�N and Zn�O bonds
in these combinations, the Kass values in CH2Cl2 were deter-
mined by means of UV/Vis spectroscopic titrations. Solu-
tions of ZnTPP in CH2Cl2 (�1 mm) were titrated with the
relevant ligand (>100 equiv), and the absorbances at two
wavelengths (422 nm for the tetracoordinate nonligated
ZnTPP and 427 nm for the pentacoordinate ligated com-
plex) were monitored and analyzed with Benesi–Hildebrand
plots (see Experimental Section).[75] For each combination
of ZnTPP and Lewis base, an isosbestic point was observed,
which indicates a single equilibrium between the two spe-
cies, and the binding curves were fitted to a 1:1 model with
excellent results. In the case of the amine ligands, it was
found that the association constants with ZnTPP (Kass

�2100m�1 for DMBA and 1200m�1 for DMBABr) were sig-
nificantly lower than those for pyridine (Kass�7720m�1) or
benzylamine (Kass�12000m�1).[76] In the latter case, the in-
crease in Lewis basicity (as a s donor) when going from pri-
mary to tertiary amine is most probably overruled by the in-
crease in steric bulk around the nitrogen atom in the
DMBA and DMBABr ligands.[77] The benzylic ether func-
tionalities, on the other hand, bind much more weakly to
the zinc atoms in dry CH2Cl2: for MBE, a Kass values of
about 5m�1 was found, and in the case of MBEBr, no associ-
ation constant could be determined.

1H NMR spectroscopy

As the UV/Vis spectra of 1Zn and 2Zn showed aggregation
of the molecules in solution at low concentrations, but could
not provide additional information as to how the oligomeric
or polymeric structures are organized in solution, solutions
of these compounds were investigated by 1H NMR spectros-
copy at various temperatures (Figure 10).
The 1H NMR spectra (300 MHz) of both 1Zn (R=Br)

and 2Zn (R=H) at room temperature consist of broad
peaks for all resonances. The spectrum of 1Zn at 298 K

Figure 9. Concentration dependence of the Q-band region of the UV/Vis
spectra of 1Zn (top) and 2Zn (bottom) in CH2Cl2 at room temperature.
For 1Zn, the arrows indicate the effect of dilution of the sample.

Table 2. Absorption maxima of the solid-state UV/Vis spectra of nZn.

Compound Soret [nm] (Irel) Qvib [nm] (Irel) Q (Irel)

1Zn 439 (1.000) 565 (0.115) 606 (0.060)
2Zn 438 (1.000) 564 (0.126) 604 (0.060)
3Zn 438 (1.000) 560 (0.163) 601 (0.075)
4Zn 434 (1.000) 558 (0.155) 596 (0.065)
5Zn 430 (1.000) 549 (0.134) 587 (0.027)
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shows four broad signals centered around d=8.56 (8H; b-
H), 7.78 (8H; ArH), 3.24 (16H; CH2N), and 1.90 ppm
(48H; N ACHTUNGTRENNUNG(CH3)2) (Figure 10), whereas the spectrum of 2Zn
consists of five broad signals at d=8.61 (8H; b-H), 7.67
(8H; ArH), 7.20 (4H; ArH), 2.92 (16H; CH2N), and
1.74 ppm (48H; N ACHTUNGTRENNUNG(CH3)2). The extent of line broadening
was most pronounced for the signals of the benzylic and di-
methylamino protons, whereas the signals of the b-protons
were broadened the least. In both complexes, the signals of
the benzylic (CH2NMe2) and dimethylamino (CH2N ACHTUNGTRENNUNG(CH3)2)
protons in particular were shifted rather drastically with re-
spect to those of their parent, free-base porphyrins. When
compared to the spectra of 1 and 2, these signals had shifted
to higher field by 0.80 and 0.61 ppm in the former case and
by 0.83 and 0.71 ppm in the latter. Both room-temperature
spectra did not show concentration dependence within the
concentration range 1–15 mm. Addition of an excess of
[D5]pyridine led to a sharpening of all signals with concomi-
tant shifts to normal values for discrete molecular pyridine–
zinc(II) porphyrin assemblies. When solutions of 1Zn and
2Zn were heated to 328 K, all the signals also sharpened,
thus pointing to the dynamic coordination/dissociation of
the molecules in solution (Figure 10).
Next, 1H NMR spectra were recorded at lower tempera-

tures. For reasons of comparison and peak assignment, the
1H NMR spectra of DMBABr–ZnTPP, NBrN–(ZnTPP)2,
and NBrN–ZnTPP were recorded (see Figure 11 and Exper-
imental Section). Upon cooling, the four signals of 1Zn ini-
tially broadened even further, but gradually more peaks
emerged (Figure 10). At 288 K, signals emerged at d=�1.31
and �2.24 ppm, which are ascribed to the benzylic and di-
methylamino protons next to the nitrogen atoms coordinat-
ed to neighboring zinc atoms. The spectrum recorded at
266 K also showed additional peaks in the aromatic and
benzylic regions. Two signals of equal intensity were ob-
served at d=7.05 and 6.55 ppm (ascribed to ArH on an
NBrN donor group coordinated through one amine arm),
and, concomitantly, peaks emerged at d=3.10 and 2.20 ppm.

The latter most probably belong to the benzylic and di-
ACHTUNGTRENNUNGmethylamino protons next to a noncoordinating nitrogen
atom, which are on a benzene ring to which the other amine
arm is coordinated (d=2.94 and 2.00 ppm, respectively for
the corresponding protons in the case of NBrN–ZnTPP;
Figure 11). At 218 K, 1Zn showed splitting of all peaks into
multiplets. Numerous, mutually overlapping aromatic signals
were visible, although they remained quite broad
(Figure 10). In the benzylic region of the spectrum, three
separate signals were present: a broad signal at d�3.71 ppm
(12H) consisting of a few unresolved peaks, a signal at d=
3.01 ppm (2H), and a signal at d=�1.54 ppm (2H); these
signals support the formation of a 1:1 complex of (the nitro-
gen atom of) one molecule of 1Zn with (the zinc atom of)
another molecule of 1Zn. The low-temperature 1H NMR
spectroscopic behavior of 2Zn was found to be similar to
that of 1Zn, but the spectra were more complex. For both
3Zn and 4Zn, the 1H NMR spectra showed sharp peaks for
all resonances at room temperature. These peaks, however,
were slightly shifted to higher field relative to 3 and 4,
which indicates an equilibrium between tetra- and penta-
coordinate zinc(II) porphyrins that strongly prefers the
former. Upon cooling solutions of 3Zn and 4Zn to 211 K,
the peaks broadened and shifted upfield, but no splitting or
fine structure was observed.

Discussion

Hexacoordinate Zinc(II) Centers

Zinc(II) ions incorporated in porphyrin systems generally
prefer a four-coordinate, square-planar or five-coordinate,
distorted-square-pyramidal coordination environment.[78] It
was recognized that octahedrally coordinated zinc(II) por-
phyrins can be formed as well,[51–56,61–71] especially when the

Figure 10. Aromatic and shielded aliphatic regions of the 1H NMR
ACHTUNGTRENNUNGspectra of 1Zn at different temperatures.

Figure 11. 1H NMR chemical shifts of the protons of the nitrogenous
ACHTUNGTRENNUNGligands in DMBABr–ZnTPP, NBrN–(ZnTPP)2, and NBrN–ZnTPP at
213 K in CDCl3.
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porphyrin ligand bears multiple electron-withdrawing
groups.[57,60,79] Hexacoordination at zinc can also be caused
by the presence of an excess of ligand that is not covalently
connected to the zinc(II) porphyrin,[56] for example, solvent.
Recently, it was found that by carefully designing zinc(II)
porphyrin monomers, a three-dimensional coordination po-
lymer could be formed via six-coordinate zinc(II) with two
axial oxygen donors.[72] Compounds 1Zn–4Zn presented
herein all contain eight Lewis basic sites and, in principle,
one Lewis acidic site (the zinc atom). This makes the forma-
tion of supramolecular aggregates through coordination
bonds possible. Their crystal structures indeed show that
1Zn and 3Zn self-aggregate to form one-dimensional infinite
coordination polymer strands, [1Zn]1 and [3Zn]1. Surpris-
ingly, the zinc atoms at the porphyrin centers are not penta-
but hexacoordinate. In the present case, hexacoordination at
zinc is imparted by the unique combination of Lewis basic
and acidic sites within the tetrakis(ERE donor) zinc(II) por-
phyrins (E=NMe2, OMe; R=Br, H) in combination with
their mutual spatial predisposition. In fact, there is an excess
of ligand. Furthermore, the crystal structures of DMBABr–
ZnTPP, DMBA–ZnTPP, and NBrN–(ZnTPP)2 show that the
hexacoordination of zinc is not dictated by the inherent
properties of the N,N-dimethylbenzylamine ligand fragment.
No evidence was found for hexacoordination of the zinc(II)
ions in these model systems in solution.

Influence of Br Atoms

UV/Vis titrations showed that the bromine atoms in
DMBABr and MBEBr significantly lower the coordination
strengths of DMBA and MBE, respectively, toward ZnTPP.
Because the through-bond inductive effects of the bromine
atom are anticipated to be negligible, the intrinsic Lewis ba-
sicity of the benzylic nitrogen atoms in both cases is expect-
ed to be identical. Comparison of the crystal structures of
DMBABr–ZnTPP and DMBA–ZnTPP provides some indi-
cations as to why the DMBA ligand binds much more
strongly to ZnTPP than DMBABr does. In the crystal struc-
tures, the difference in association constant between
DMBABr and DMBA is indicated by the larger tilt of the
DMBABr phenyl ring with respect to the porphyrin plane
(Figure 5). Furthermore, space-filling models show a repul-
sion between the porphyrin macrocycle and the rather large
bromine atom. The effect of the ortho-Br atom in our sys-
tems is comparable to the effect found by Mizutani et al.[76]

They found that the Kass values of PhCH2NH2 and
PhCH2CH2NH2 with ZnTPP are 12000 and 46000m�1, re-
spectively; however, their pKa values are not that different
(9.00 vs. 9.96). A similar steric effect on Kass was observed
for tBuNH2 and nBuNH2; here, the pKa values are very sim-
ilar (11.44 and 11.48), but the Kass values with ZnTPP differ
significantly (14000 and 40000m�1, respectively). The differ-
ence between the coordination strengths of MBEBr and
MBE toward ZnTPP is likely to be caused by the same
steric factor.

The effect of the ortho-bromine atoms on the binding
constants of N,N-dimethylbenzylamine to zinc porphyrin
also seems to have a pronounced effect on the stability of
the coordination polymers formed by 1Zn–4Zn. Dilution
UV/Vis experiments showed a concentration dependence of
the spectra of 1Zn, whereas the spectra of 2Zn remained un-
affected throughout the concentration range investigated.
These observations illustrate nicely the increased stability of
the coordination dimers/oligomers devoid of bromine sub-
stituents on their ERE donor groups.

Self-Assembly

Subtle variations of the structural parameters of Lewis base
substituted zinc(II) tetraphenylporphyrins can lead to com-
pletely different self-assembly behavior. This is illustrated
by a comparison of the structure of [3Zn]1 with the supra-
molecular polymers reported by Lai and co-workers.[72] Al-
though the central metal (Zn) and the number (two) and
nature (ArCH2OMe) of coordinating heteroatoms are iden-
tical, the differences in the positions of the methoxymethyl
groups (ortho in the systems of Lai and co-workers as op-
posed to meta in 3Zn and 4Zn) and the number of phenyl
groups around the porphyrin (two as opposed to four) leads
to an entirely different supramolecular organization in the
solid state. In this respect, a few important conclusions can
be drawn from the crystal structures of [1Zn]1 and [3Zn]1.
First, a change in the benzylic heteroatoms does not result
in a change in the overall mode of self-assembly (one-di-
mensional, cofacial polymers). This change, however, affects
the distance between the Zn and E atoms, which, in turn,
changes several structural parameters such as separation of
the porphyrin planes, slippage of the porphyrin planes from
a common axis, and Zn–Zn distances. Besides variation of
the benzylic heteroatoms, substitution of the meso-phenyl
rings at a position para with respect to the porphyrin ring
may further steer the intricate structural parameters of the
polymers. The mere presence of a Br atom changes the way
in which the N,N-dimethylbenzylamine ligand binds to
ZnTPP (Figure 5). This may also affect the solid-state struc-
tures of 2Zn and 4Zn relative to those of 1Zn and 3Zn.
The combined presence of Lewis acidic and basic sites

within a single molecule leads to the formation of polymers
by 1Zn–4Zn. The spatial predisposition of these Lewis
acidic and basic sites, however, seems to play a crucial role
in determining the structure of the polymers formed. It is
apparent from Figures 2 and 4 that the benzylic heteroatoms
that participate in the assembly process are supplied by two
ERE donor groups, which are positioned trans (at C5 and
C15) with respect to each other on the porphyrin ring. The
coordinating heteroatoms themselves are located on oppo-
site sites of the porphyrin plane. Importantly, both factors
are always guaranteed by the present systems. Because of
this, the way in which two monomers approach each other
during crystallization is always “correct” and statistically fa-
vorable for the formation of the polymers. In other words,
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every molecular encounter leads to a matching situation on
the way to polymer formation.
Whereas the polymeric structures of 1Zn and 3Zn in the

solid state were proved by X-ray crystallography, the solid-
state structures of 2Zn and 4Zn, unfortunately, could not be
solved, despite numerous crystallization attempts. Their
solid-state UV/Vis spectra, however, show substantial simi-
larities to the spectra obtained from 1Zn and 3Zn. The data
obtained from NMR spectroscopy also support the assump-
tion that their structures are comparable.
In considering the formation of the coordination poly-

mers, we propose a step-wise mechanism in which dimers
are first formed and polymerization proceeds through the
interaction of the dimers. Initially, a zinc atom of one mole-
cule has to interact with a peripheral heteroatom, O or N, of
a second molecule. Once this bond is formed, the zinc atom
of the second molecule will bind, now through an intramo-
lecular coordination event, to a
peripheral heteroatom of the
former to form a coordination
dimer (Figure 12).
The association constant of

this dimer, estimated at about
1U109m�1,[80] is much larger
than the sum of the association
constants of the two Zn�N

bonds.[81] The formation of dimers is inferred from the dilu-
tion experiments shown in Figure 9. Even at high dilution
(down to 0.1 mm), the UV/Vis spectra of 1Zn and 2Zn still
show coordination saturation at zinc (pentacoordination).
The strength of one bond between monomers (with Kass of
1200 or 2100m�1, respectively) is not strong enough to ac-
count for this behavior. The high association constants of
these dimers are largely due to the simultaneous binding of
the two sides. It may, however, also contain an extra entrop-
ic term, which takes into account the fact that when one
Zn�N bond breaks, there are still three identical N donor
groups on the same side of the porphyrin available for bond-
ing by virtue of rotation around the intact Zn�N bond.[82]

An increase in dimer concentration results in interactions
between them (Figure 13), which ultimately leads to poly-
mers. One could assume that, at intermediate concentra-
tions, only pentacoordinate Zn centers exist and that, there-

Figure 12. Formation of an nZn dimer in solution through intramolecular coordination. Only the four E donor
sites in each plane are shown.

Figure 13. Proposed mechanisms for oligomerization of nZn dimers in solution, eventually leading to the one-dimensional polymers [nZn]1 in the solid
state.
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fore, the interaction between dimers takes place with a con-
comitant making of interdimer and breaking of intradimer
coordination bonds (Figure 13, right). The final polymer is
then generated by formation of hexacoordinate zinc centers
in the last (crystallization) step only. Alternatively, the rela-
tive stability of the dimers could lead to a one-step oligome-
rization and polymerization event, in which interdimer inter-
actions immediately take place through the formation of
hexacoordinate zinc centers (Figure 13, left).
At higher concentrations, the 1H NMR spectra confirmed

supramolecular aggregation between the nZn molecules.
Broad signals observed at room temperature were split into
several signals at lower temperatures, which suggests the ex-
istence of oligomeric structures. These spectra unfortunately
did not provide a detailed picture of the structures in solu-
tion and of the extent of oligo/polymerization. Preliminary
static and dynamic light scattering (SLS, DLS) measure-
ments performed at high and low concentrations showed
that structures with hydrodynamic radii larger than 10 nm
were not present. These observations corroborate the idea
that dimers are the predominant species at low concentra-
tion, whereas oligomers may be present at higher concentra-
tion. The latter, however, do not have a high degree of oli-
gomerization.

Relevance to Biological Systems

Nature uses cyclic and linear polymeric porphyrin assem-
blies to harvest light energy from the sun. The cyclic struc-
tures of the RC-LH1[6,83] and LH2[4] complexes (RC= reac-
tion center, LH= light-harvesting core), which are used by
certain purple bacteria, have been elucidated by X-ray crys-
tallography. The way in which bacteriochlorophyll (BChl)
molecules self-assemble to form the light-harvesting com-
plexes found in the chlorosomes of green sulfur bacteria,
however, remains a subject of debate in the absence of X-
ray crystallographic evidence. In particular, Tamiaki and co-
workers[8,84–87] and Balaban et al.[7,88–90] have put much effort
in devising (semi-)synthetic mimics of self-assembling BChl
units to investigate the self-as-
sembling structures. Balaban re-
cently made a very convincing
case for a model, in which BChl
monomers are assumed to self-
assemble through intermolecu-
lar interactions between the
central magnesium atom of one
BChl molecule, the ketone
oxygen atom of one of its BChl
neighbors, and the hydroxy
oxygen atom of the other
neighbor (Figure 14, right).[7]

This structural model is
based on the self-assembly be-
havior of the synthetic mimic
6Zn (Figure 14), as evidenced
by X-ray crystallography. Given

the structural and physicochemical similarities between 6Zn
and the molecules nature uses in its chlorosomes, the supra-
molecular structures of the self-assembled chlorosome struc-
tures were believed to resemble closely the crystal structure
of 6Zn (Figure 14).
Even though the zinc(II) porphyrins reported herein do

not closely resemble the natural BChl chromophores on a
molecular level, the supramolecular structures they form in
the solid state are to a large extent structurally analogous to
the self-assembled natural systems suggested by Balaban.
The porphyrin macrocycles are cofacially aligned, the cen-
tral metal atoms are ligated by two axial donor atoms locat-
ed on opposite sides of the neighboring porphyrin rings, and
the interplanar distances of 3.5 and 6.8 R for [3Zn]1 and
[1Zn]1, respectively, are very similar to the interplanar dis-
tances of 3.3–3.5 R proposed for the natural systems. Impor-
tant structural parameters for the functions of the chloro-
somes are the distances between the planes of the tetrapyr-
rolic macrocycles as well as their center-to-center distances.
At the moment, there is a shortage of methods to vary sys-
tematically these key factors in synthetic systems, which
may actually be quite relevant for the investigation of their
importance. Herein, we have shown that some important
structural parameters of simple synthetic porphyrin poly-
mers that structurally resemble the natural systems can be
readily tuned by variation of the Lewis basic heteroatoms at
the porphyrin periphery without disrupting the one-dimen-
sional, cofacial polymeric structure. These factors are proba-
bly also influenced by other variations in the porphyrin sub-
stitution pattern, such as the ERE donor R group (R=H,
Br) in this work.

Conclusions

Tetrakis(ERE donor) zinc(II) porphyrins 1Zn–4Zn have
been synthesized in excellent yields by selective zinc(II) in-
troduction in the corresponding hybrid ligands. As these
zinc(II) porphyrins comprise one Lewis acidic and eight

Figure 14. Proposed structure of the BChl aggregates in chlorosomes on the basis of the self-assembly behavior
of model compound 6Zn. In the depictions of the polymers, other ring substituents are omitted.
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Lewis basic sites, they self-aggregate to form one-dimension-
al polymers in the solid state, as exemplified by the crystal
structures of [1Zn]1 and [3Zn]1. These polymers consist of
cofacially aligned [tetrakis(ERE donor)porphyrinato]zinc-
(II) molecules, which are mutually connected through hexa-
coordinate zinc atoms. On the basis of a combination of so-
lution-phase experiments, we propose that these polymers
are produced through the initial formation of dimers fol-
lowed by dimer polymerization at high concentration. Fur-
thermore, it was concluded from these experiments that, al-
though supramolecular interactions beyond the dimer struc-
ture do exist, the degree of polymerization in solution is
low.
These systems provide an attractive new entry for the

construction of supramolecular multiporphyrin arrays that
are of interest in relation to several biological light-harvest-
ing complexes. Given the modularity of a number of struc-
tural parameters of these porphyrins (benzylic heteroatoms
E, aryl substituent R, and porphyrin metal), they represent
an interesting addition to the limited number of synthetic
porphyrin derivatives capable of forming chlorosome-like
structures. The photophysical properties of such compounds
are currently under investigation.

Experimental Section

General

All reactions were performed under dry nitrogen atmosphere with stan-
dard Schlenk techniques and were shielded from ambient light with alu-
minum foil. CH2Cl2 was distilled from CaH2. MeOH was degassed before
use by bubbling dry N2 through it for at least 20 min. All standard re-
agents were purchased from ACROS Organics and used as received. The
synthesis of compounds 2 and 4 has been published,[45] and the synthesis
of 1 and 3 will be described shortly.[47] DMBABr,[91] MBEBr,[92] and
ZnTPP[93] were prepared according to literature procedures. CDCl3 for
NMR spectroscopy was distilled from CaH2 and stored in the dark. Sam-
ples for 1H and 13C{1H} NMR spectroscopy were dissolved in CDCl3 and
recorded at 300 and 75 MHz, respectively, on a Varian 300 spectrometer
operating at 298 K. Resonances were referenced to residual solvent sig-
nals (dH=7.26 ppm for CHCl3 in CDCl3; dC=77.16 ppm (central peak)
for CDCl3). UV/Vis spectra were recorded on a Cary 50 UV/vis spectro-
photometer, and solid-state UV/Vis spectra were recorded with KBr mix-
tures on a Varian Cary 5 UV/Vis/near-IR spectrophotometer. MALDI-
TOF measurements were performed on an Applied Biosystems Voyager-
DE PRO biospectrometry workstation with 2,5-dihydroxybenzoic acid as
matrix. ESI-MS measurements were performed at the Biomolecular
Mass Spectrometry Group, Bijvoet Centre for Biomolecular Research,
Utrecht University, The Netherlands. Elemental microanalysis was per-
formed by Dornis und Kolbe, Mikroanalytisches Laboratorium, MYll-
heim a/d Ruhr, Germany.

Syntheses

1Zn: A dark-red solution of 1 (103.0 mg, 69.9 mmol) in degassed CH2Cl2
(20 mL) was treated with a saturated solution of ZnACHTUNGTRENNUNG(OAc)2·2H2O in de-
gassed MeOH (5 mL, excess), and the solution was stirred at room tem-
perature for 1 h, during which its color changed from deep red to pink.
UV/Vis analysis showed that by this time the reaction was complete. All
volatiles were subsequently evaporated, and the remaining solid was
stirred in a mixture of CH2Cl2 (20 mL) and degassed H2O (20 mL) for
15 min. The organic layer was isolated, dried (MgSO4), and filtered into a
centrifuge vessel. Hexane (30 mL) was added to the filtrate, and the
purple solution with a green tinge was concentrated to 10 mL and stored

overnight at �30 8C. The resulting purple crystals of [5,10,15,20-tetrakis-
ACHTUNGTRENNUNG(3,5-bis[(dimethylamino)methyl]-4-bromophenyl)porphyrinato]zinc(II)
(2Zn) were isolated by centrifugation and dried in vacuo. Yield: 107.8 mg
(99%). UV/Vis (CH2Cl2): l (log e)=427 (5.65), 562 (4.22), 603 nm (3.81);
1H NMR: d=8.54 (br s, 8H; b-H), 7.75 (br s, 8H; ArH), 3.15 (br s, 16H;
CH2N), 1.81 ppm (br s, 48H; N ACHTUNGTRENNUNG(CH3)2);

13C{1H} NMR: d=150.1, 143.0,
134.4 (br), 131.7, 129.0, 120.5, 63.5 (br), 44.8 ppm (br); MS (ESI): m/z
calcd for C68H81Br4N12Zn: 1451.4775 [M+H]+ ; found: 1451.5000; ele-
mental analysis: calcd (%) for C68H80Br4N12Zn: C 56.31, H 5.56, N 11.59,
Zn 4.51; found: C 56.26, H 5.43, N 11.46, Zn 4.42. Crystals suitable for
X-ray crystallography were grown by slow concentration of a saturated
solution of 1Zn in hexane.

2Zn: Synthesized according to the procedure used for the preparation of
1Zn by using 2 (87.5 mg, 81.7 mmol) and a saturated methanolic solution
of ZnACHTUNGTRENNUNG(OAc)2·2H2O (5 mL, excess) to give [5,10,15,20-tetrakis ACHTUNGTRENNUNG(3,5-bis[(di-
methylamino)methyl]phenyl)porphyrinato]zinc(II) (2Zn) as a purple
solid. Yield: 92.6 mg (quantitative). UV/Vis (CH2Cl2): l (log e)=427
(5.60), 562 (4.26), 603 nm (3.99); 1H NMR: d=8.61 (br s, 8H; b-H), 7.67
(br s, 8H; ArH), 7.20 (br s, 4H; ArH), 2.92 (br s, 16H; CH2N), 1.74 ppm
(br s, 48H; N ACHTUNGTRENNUNG(CH3)2);

13C{1H} NMR: d=150.1, 143.0, 135.7 (br), 134.5
(br), 131.7, 129.0, 120.5, 63.7 (br), 44.9 ppm (br); MS (MALDI-TOF):
m/z calcd for C68H85N12Zn: 1134.89 [M+H]+ ; found: 1134.72; elemental
analysis: calcd (%) for C68H84N12Zn·2H2O: C 69.75, H 7.58, N 14.35;
found: C 69.46, H 6.98, N 14.08.

3Zn: Synthesized according to the procedure used for the preparation of
1Zn by using 3 (79.9 mg, 62.3 mmol) and a saturated methanolic solution
of Zn ACHTUNGTRENNUNG(OAc)2·2H2O (5 mL, excess) to give [5,10,15,20-tetrakis ACHTUNGTRENNUNG(3,5-bis-[me-
thoxymethyl]-4-bromophenyl)porphyrinato]zinc(II) (3Zn) as red crystals.
Yield: 81.9 mg (98%). UV/Vis (CH2Cl2): l (log e)=422 (5.76), 549
(4.28), 588 nm (3.25); 1H NMR: d=8.81 (s, 8H; b-H), 7.97 (s, 8H; ArH),
4.53 (s, 16H; CH2O), 3.25 ppm (s, 24H; OCH3);

13C{1H} NMR: d=150.1,
142.1, 136.0, 133.6, 132.2, 122.5, 120.0, 74.2, 58.7 ppm; MS (MALDI-
TOF): m/z calcd for C60H57Br4N4O8Zn: 1346.008 [M+H]+ ; found:
1346.013; elemental analysis: calcd (%) for C60H56Br4N4O8Zn: C 53.53, H
4.19, N 4.16, Zn 4.86; found: C 53.42, H 4.16, N 4.08, Zn 5.08. Crystals
suitable for X-ray crystallography were grown by slow diffusion of
hexane into a concentrated solution of 3Zn in CH2Cl2.

4Zn: Synthesized according to the procedure used for the preparation of
1Zn by using 4 (90.7 mg, 93.8 mmol) and a saturated methanolic solution
of Zn ACHTUNGTRENNUNG(OAc)2·2H2O (5 mL, excess) to give [5,10,15,20-tetrakis ACHTUNGTRENNUNG(3,5-bis-[me-
thoxymethyl]phenyl)porphyrinato]zinc(II) (4Zn) as a red solid. Yield:
95.5 mg (quantitative). UV/Vis (CH2Cl2): l (log e)=423 (5.77), 552
(4.26), 595 nm (3.25); 1H NMR: d=8.81 (s, 8H; b-H), 7.88 (s, 8H; ArH),
7.54 (s, 4H; ArH), 4.41 (s, 16H; CH2O), 3.24 ppm (s, 24H; OCH3);
13C{1H} NMR: d=150.2, 143.3, 136.4, 133.2, 132.0, 126.1, 120.6, 74.5,
58.1 ppm; MS (MALDI-TOF): m/z calcd for C60H61N4O8Zn: 1028.37
[M+H]+ ; found 1028.39; elemental analysis: calcd (%) for
C60H60N4O8Zn: C 69.93, H 5.87, N 5.44, Zn 6.35; found: C 70.06, H 5.81,
N 5.36, Zn 6.41.

DMBA–ZnTPP: DMBA (32 mg, 240 mmol) and hexanes (3 mL) were
added to a solution of ZnTPP (20 mg, 30 mmol) in CH2Cl2 (3 mL). The
resulting purple solution with a green tinge was allowed to evaporate
slowly to about 2 mL at room temperature (2 days), during which purple
crystals of DMBA–ZnTPP suitable for X-ray structure analysis formed.
Yield: 20 mg (83%). 1H NMR: d=8.89 (s, 8H; b-H), 8.15–8.12 (m, 8H;
TPPArHortho), 7.78–7.73 (m, 12H; TPPArHmeta,para), 6.84 (t,

3JH,H=6.6 Hz,
1H; DMBA ArHpara), 6.75 (t, 3JH,H=6.6 Hz, 2H; DMBA ArHmeta), 5.81
(d, 3JH,H=6.6 Hz, 2H; DMBA ArHortho), �0.62 (s, 2H; CH2N),
�1.40 ppm (s, 6H; N ACHTUNGTRENNUNG(CH3)2); elemental analysis: calcd (%) for
C53H41N5Zn: C 78.27, H 5.08, N 8.61; found: C 78.15, H 5.03, N 8.68.

DMBABr–ZnTPP: Synthesized according to the procedure used for
DMBA–ZnTPP by using ZnTPP (20 mg, 30 mmol) and DMBABr (45 mg,
240 mmol) to give DMBABr–ZnTPP as purple crystals. Yield: 25 mg
(94%). 1H NMR: d=8.91 (s, 8H; b-H), 8.24–8.21 (m, 8H; TPP ArHortho),
7.79–7.74 (m, 12H; TPP ArHmeta,para), 7.16 (d, 3JH,H=6.6 Hz, 1H;
DMBABr ArH3), 6.83–6.81 (m, 2H; DMBABr ArH4,5), 6.25 (br, 1H;
DMBABr ArH6), 0.60 (br s, 2H; CH2N), �0.36 ppm (br s, 6H; N ACHTUNGTRENNUNG(CH3)2);
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elemental analysis: calcd (%) for C53H40BrN5Zn: C 71.35, H 4.52, N 7.85;
found: C 71.28, H 4.58, N 7.93.

NBrN–(ZnTPP)2: Synthesized according to the procedure used for
DMBA–ZnTPP by using ZnTPP (40 mg, 60 mmol) and NBrN (63 mg, 240
mmol) to give NBrN–(ZnTPP)2 as purple crystals. Yield: 44 mg (94%).
1H NMR: d=8.91 (s, 16H; b-H), 8.25–8.22 (m, 16H; TPPArHortho), 7.80–
7.75 (m, 24H; TPP ArHmeta,para), 6.17 (t, 3JH,H=6.6 Hz, 1H; NBrN ArH4),
5.54 (d, 3JH,H=6.6 Hz, 2H; NBrN ArH3,5), �0.27 (br s, 4H; CH2N),
�1.18 ppm (br s, 12H; N ACHTUNGTRENNUNG(CH3)2); elemental analysis: calcd (%) for
C100H75BrN10Zn2: C 73.80, H 4.65, N 8.61; found: C 73.51, H 4.78, N 8.74.

Determination of the 1H NMR Spectroscopic Peak Positions of NBrN–
ZnTPP at 213 K

A solution of ZnTPP (6.8 mg, 10 mmol) and NBrN (22 mg, 80 mmol) in
CDCl3 (500 mL) was cooled to 213 K in an NMR spectrometer. Analysis
of the sample by 1H NMR spectroscopy revealed a mixture of NBrN and
NBrN–ZnTPP, whose peak positions are listed in Figure 11.

Determination of Binding Constants

Solutions containing ZnTPP (�1 mm) and the appropriate amount (200–
1000000 equiv) of Lewis base (DMBABr, DMBA, MBEBr, or MBE) in
CH2Cl2 were prepared. The absorbance at the peak maximum of the re-
sulting complex was monitored as a function of the concentration of
Lewis base. In the plot of (1/DA) against (1/[Lewis base]), the intercept
with the x-axis is �[binding constant].[75,94]

X-ray Crystal-Structure Determination

X-ray data were collected on a Nonius Kappa CCD diffractometer with
rotating anode (MoKa radiation, l=0.71073 R, graphite monochromator).
SADABS[95] was used to correct for absorption. All structures were re-
fined with SHELXL-97.[96] Hydrogen atoms were introduced at calculat-
ed positions and refined by riding on their carrier atoms. The analysis of
the geometry, graphics, and structure validation were done with
PLATON.[97] The structures of [1Zn]1, NBrN–(ZnTPP)2, and DMBABr–
ZnTPP were solved with SHELXS-86.[98] In [1Zn]1, one of the side
chains is conformationally disordered and was refined with a disorder
model. The structure also contains disordered solvent molecules in a sol-
vent-accessible void of 180 R3, which was taken into account by back-
Fourier transformation in the PLATON/SQUEEZE procedure.[97] The
bridging bromophenyl group in NBrN–(ZnTPP)2 is heavily disordered
over the inversion center and was refined with isotropic displacement pa-
rameters. The structures of [3Zn]1, H2O–ZnTPP, and DMBA–ZnTPP
were solved with DIRDIF99.[99] The water molecule in H2O–ZnTPP was
refined with a disorder model. Further crystallographic details are given
in Table 1. CCDC-625325–625330 contain the supplementary crystallo-
graphic data for [1Zn]1, [3Zn]1, NBrN–(ZnTPP)2, DMBABr–ZnTPP,
H2O–ZnTPP, and DMBA–ZnTPP, respectively. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
at http://www.ccdc.cam.ac.uk/data_request/cif.
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