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X-ray Structures of a Phenanthroline-Strapped Porphyrin and Its Dihydrated
Zinc(IT) Complex: Convergent Distal Hydrogen Bonds and
“CH--O” Interactions
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The X-ray structure of a phenanthroline-(phen-)strapped
1,10-diphenylporphyrin 1 has been resolved. From the
structure obtained, it is apparent that in spite of the rigidity
of the strap the porphyrin ring is only slightly distorted, and
that the substituents on the phen moiety define what would
seem to be a hydrophobic pocket. Metallation of the free
base 1 with zinc(Il) acetate yields a metallic complex (1)Zn
with a free axial coordination site. Crystallization of the zinc
complex in the presence of a hindered base (N-

methylimidazole, denoted N-Melm) in organic solvents
affords single crystals of a porphyrinatozinc(Il) species, in
which two water molecules are surprisingly present in the
encumbered (distal) pocket of the phen site. One water
molecule is axially bound to the zinc(II) ion, while the other
is doubly hydrogen-bonded, as an H-bond donor to the
phenanthroline and as an H-bond acceptor to the axial
water ligand.

Introduction

Metalloporphyrins capable of forming hydrogen bonds
(H bonds) have been extensively studied due to their in-
volvement in photosynthetic processes of higher plants,
either as main pigments such as chlorophyll a, or as acces-
sory pigments such as chlorophyll b. Zinc and magnesium
porphyrins and chlorin derivatives constitute the majority
of models studied to date. H-bond formation can occur
either at the periphery of the tetraaza ligand or along the
axis defined by the metal 4p. and 4d.? orbitals, but in either
case is associated with selective assembling processes. These
assembling processes include substrate recognition!! and
axial ligand selection (e.g. CO/O,),”! dimer formation,!
and anchoring to proteins and membranes. >l Water mole-
cules may play a crucial role in bridging H-bond donors
and H-bond acceptors, leading to superstructures;® thus,
H bonding may originate from a water molecule coordi-
nated axially to a metalloporphyrin.

An example of a self-assembling process of a porphyrin
derivative mediated by an axially bound water molecule,
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leading to a dimeric porphyrin—quinone assembly, has re-
cently been described by Fajer.!”! This type of interaction
has been envisaged for decades,® and analysis of several
metalloporphyrin structures, including those of mono-U!
and dihydrated!'%! chlorophyll, has suggested that hydrogen
bonding plays an important role in the anchoring of pig-
ments on proteins. A confirmation of the role of water in
the three-dimensional structure of a peridin-chlorophyll
light-harvesting complex was reported by Hofmann and
Welte.' In this case, a histidine imidazole ring of the pig-
ment, which is stacked with ring II of the chlorophyll, is H-
bonded through a water molecule coordinated at the central
Mg. Coordination of water to the central metal in pigments
may also be involved in the modification and control of the
redox properties of charged radical intermediate species.['”]
Thus, H bonding contributes in various ways to a better
control of electron transfer in natural systems,'* and in
this regard it is important that well-defined hydrated struc-
tures of metalloporphyrins are obtained. In this paper, we
present the structure of a dihydrated zinc porphyrin com-
plex, together with that of the corresponding free base.!'

In a search for controlled architectures combining por-
phyrins and either metal- or H-binding sites, we have de-
scribed the synthesis of a phenanthroline-(phen-)strapped
porphyrin 1.4 The formation of copper and silver mixed-
valence complexes with this heteroditopic ligand has illus-
trated its coordination capabilities.['3] In the course of the
synthesis of a heterodinuclear zinc-copper complex of li-
gand 1, we found that it was possible to crystallize the free
base and the dihydrated zinc(II) complex. The X-ray struc-
tures'® of both are described and compared herein. More-
over, the H-bond network of the two water molecules found
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in the hydrophobic environment of the phenanthroline
pocket in the case of the Zn' porphyrin is discussed.

Results and Discussion

Crystals of the free base 1 were obtained by slow dif-
fusion of hexane and traces of methanol into a concen-
trated (1072 M) solution of the porphyrin in dichlorometh-
ane. The structure depicted in Figure 1 clearly shows that
the tetrapyrrolic macrocycle is only slightly distorted.

Figure 1. Crystallographic view of 1; hydrogen atoms are omitted
for the sake of clarity and only atoms discussed in the text are
labelled; selected bond lengths and angles are discussed in the text

There had previously been some doubt as to the degree
of planarity of the porphyrin ring, as the rate of metallation
of 1 is three orders of magnitude faster than that of regular
tetraphenylporphyrin (TPP).['*] The deviation from planar-
ity shows that the conformation adopted by the (24-atom)
core is saddled with respect to the orientation of the pyrrole
rings and ruffled when considering the meso positions
[maximum deviation from planarity of 0.24 A for the meso-
(C5) and B-carbon atoms (C8)]. The phenyl spacers between
the porphyrin and phenanthroline units are tilted away from
the phen plane (by 41° and 49°), which is in agreement with
previously reported 2,9-diphenylphenanthroline struc-
tures.!!'”l The frozen orientation of the phenyl spacers is ob-
served only in the solid state; '"H-NMR data are consistent
with their free rotation in solution. A tilt of the strap
towards one side of the porphyrin is also seen in the crystal,
while solution 'H-NMR data are consistent with a mirror
plane containing the phen subunit (apparent C,, sym-
metry).l'4 The cleft, or cavity, defined by the two phenyl
spacers should be referred to as the distal pocket, in accord-
ance with standard mono-ansa-porphyrin nomenclature.
The width of this pocket is ca. 11.0 A (C30—C57) above
the porphyrin plane (between the two meso-phenyl groups),
and ca. 6.7 A (C37—C48) near the phenanthroline unit (be-
tween the two phenyl spacers in the 2- and 9-positions of
the phen). A methanol guest molecule resides in the pocket,
held in position by a set of four weak interactions. There
are two hydrogen bonds to the phenanthroline nitrogen
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atoms, with distances of 3.19(2) A between Ol (methanol)
and N42 and 3.21(2) A between Ol and N49. In addition,
two strong “CH-+O” interactions!>3 are present between
Ol and C35—H17 and C56—H28 with H--O distances
(CHO angles) of 2.41(2) A (147.7°) and 2.45(2) A (139.4°),
respectively. As depicted in the unit-cell view (Figure 2),
intermolecular © interactions may be responsible for the
bending of the phen strap. This distortion of the free base
cannot be guest-induced, as might be the case for the cor-
responding zinc(Il)-imidazole complex and for the dihy-
drated porphyrinatozinc(Il) complex (vide infra).

Figure 2. Packing of 1 in the unit cell; additional methanol molecu-
les occupy free spaces defined by the head-to-tail arrangement of 1

A m-stacking interaction at van der Waals distances is
present between two phenyl spacers of neighboring mole-
cules, with maximum and minimum interplanar distances
of 3.611(4) and 3.590(4) A for C34 and C35, respectively,
from the mean plane of the neighboring phenyl spacer. As
depicted in Figure 2, these two particular aromatic rings are
parallel in the solid state, with a dihedral angle of 0.00(9)°
and a centroid—centroid distance of 3.807(5) A. Edge-on
(or T-shaped) 6—n interactions!'”! between the meso and B
positions of one porphyrin unit and the phen nucleus of
another are also observed with, for example, a minimum
distance of 5.03(5) A between C18 and C41 (see Figure 2).
The structure of the free base would appear to be well-
suited for the formation of mixed-valence homobinuclear
complexes, as reported previously.!'’] Moreover, due to the
allowed bending of the phen strap, the inclusion of sub-
strates within the cleft, already observed for monometallic
species,['® should also be possible in a bimetallic complex.

Metallation of the free base with zinc acetate in refluxing
DMF afforded [(1)Zn(H,0),] in 80% yield after purification
by chromatography on alumina (CH,Cl, + traces of pyri-
dine).!"! Crystals of [(1)Zn(H,0),] were obtained by dif-
fusion of hexane into a dilute solution of (1)Zn in dichloro-
methane containing one equivalent of N-methylimidazole

Eur. J. Inorg. Chem. 1999, 1175—1179



Phenanthroline-Strapped Porphyrin and Its Dihydrated Zinc(I1) Complex

FULL PAPER

(N-Melm). Initially, N-Melm was added to complete the
coordination sphere of zinc(Il) on the expected proximal
side of the porphyrinatozinc(Il) species, but subsequent
binding studies revealed a low affinity of N-Melm for the
zinc complex.!'8! Instead, the coordination sphere of the
pentacoordinated zinc(IT) cation is completed by an oxygen
atom of a water molecule, as depicted in Figure 3.

Huilda
Q

H43a
O

Figure 3. Front view and selected atom numbering for
[(1)Zn(H50),]; only the hydrogen atoms involved in the H-bond
network found by Fourier difference techniques are represented;
selected bond lengths and angles are discussed in the text

The conformation of the porphyrin (24-atom) core is
changed from ruffled in the solid state to domed, as would
be expected for the coordination of large metal cations. This
variation of conformation of the (24-atom) core does not
affect the phenanthroline strap, the distance between the
two meso-carbon atoms remaining unchanged. This con-
firms that no conformational restraints are imposed by the
rigid phen strap. The unexpected presence of two water
molecules within the distal pocket merits special comment.

The slightly domed porphyrin ring bears a resemblance
to reported conformations of pentacoordinated zinc por-
phyrin complexes with oxygen donors occupying the fifth
coordination site.[>7-92:90.1222 The coordination sphere
around the zinc(IT) atom is a slightly distorted tetragonal
pyramid. The Zn—0O1 bond [2.09(2) A] is perpendicular to
the (24-atom) core in that the N—Zn—O1 angles for N21
to N24 are 98.58(8), 98.52(8), 98.34(8), and 98.19(8)°,
respectively. While the hydrogen atoms were added to the
ligand using a routine treatment of the data, high resolution
of the structure allowed us to establish the precise locations,
by Fourier difference analysis (see Crystallographic Stu-
dies), of the two hydrogen atoms of the axially bound water
molecule, as well as that remotely bound to the phenanthro-
line moiety. As depicted in Figure 3, the plane containing
the axial water molecule is orthogonal to the phen plane
and is oriented above the unsubstituted C,,,.,—C,,.e50 axis
with an Hla—O1—HI1b angle of 108(3)° and Zn—O1—H]la
and Zn—O1—HI1b angles of 126(2)° and 123(2)°, respec-
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tively. The O1—H1b bond length of 0.92(2)01& is slightly
shorter than the Ol—Hla distance [0.97(2) A] due to the
hydrogen bonding of Hla with O2. The detailed drawing of
the H-bond network given in Figure 4 shows that the
1.69(2) A distance between Hla and O2 corresponds to a
strong H bond, with an oxygen—oxygen distance of
2.621(2) A.

H56a N45
C56 rp 2.90(2) "
239(2)

Hwb 3

1.692) " @
Ol # 265(3)

7

Figure 4. Crystallographic detail of the H-bond (3) and “CH---O”
(4) interactions; the direct environment of the O2 water oxygen
atom is represented; only the parts of the molecules involved in the
binding are depicted; distances are given in A; an additional van
der Waals contact is observed between C44 and C43 and the por-
phyrin plane (C10) with equal distances of 3.40(2) A

The angle of 114(2)° between Hla and the uncoordinated
0O2—Hwb bond, coupled with the precise location of Hwb
at 2.27(3) and 2.21(3) A from the phen nitrogen atoms N42
and N45, respectively, would seem to indicate that there is
a direct interaction between Hla and the uncoordinated
oxygen lone pairs, and that the second hydrogen atom of
the uncoordinated water molecule is disordered in the crys-
tal. This water molecule is fixed in the crystal by means of
four “CH-+O” interactions.>3l Two bonds of this type are
found between the uncoordinated oxygen atom and the two
top-central carbon atoms (C44 and C43) of the neighboring
adjacent phenanthroline backbone, with identical H---O dis-
tances of 2.65(3) A. The other two “CH-+O” interactions
are found between the aromatic ortho protons of the phenyl
spacer and the uncoordinated oxygen atom, with shorter
H---O distances of 2.89(2) and 2.91(2) A. The three hydro-
gen bonds and four “CH-+O” interactions are depicted in
detail in Figure 4.

The packing of the metalloporphyrin in the crystal, as
depicted in Figure 5, shows that additional & interactions
are also present, mainly between the phenanthroline nuclei
and open faces of the porphyrin rings. Each porphyrin unit
resides on the phen strap of the molecule below, thereby
forming Z-shaped stacks (a herringbone arrangement) of
porphyrin units. The stacks are mutually interpenetrated by
a partial overlap of the back of the phen moiety with the
unsubstituted edge of the porphyrin ring in the next stack,
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which allows the formation of the inter-stack “CH---O” in-
teractions described above. As indicated in Figure 5, dis-
tances corresponding to strong aromatic-ring-stacking in-
teractions, as well as edge-on interactions are observed
within and between the zig-zag columns of the porphyrin
units.

Figure 5. Packing of [(1)Zn(H,0),]; the crystal consists of parallel
arrangements of layers made up of zig-zag stacks (along the ---
axis) of [(1)Zn(H,0),] connected by “CH-+O” interactions (identi-
fied by grey circles for the left stack); CH,Cl, molecules are omitted
for the sake of clarity

The presence of these additional intermolecular interac-
tions certainly contributes in making the observed
“CH---O” interactions quite strong (C---O distance: ca. 3.29
A; CHO angle: ca. 124°) compared to the range of strengths
previously reported in the literature.!”*! Indeed, the particu-
lar nature of the C44—C43 bond in the phenanthroline de-
fines the H44 and H43 atoms involved in the “CH--O”
bond as vinylic protons rather than aromatic protons, which
usually exhibit “C--+O” distances in the range 3.55 to 3.65
A, with CHO angles commonly in the range
140—180°.120]

A possible explanation for the high affinity for water
shown by the hindered side of the porphyrin ligand is that
the coordination of water does not induce any major con-
formational changes in the ligand. Indeed, the tilt of the
meso-phenyl substituents on the porphyrin ring in the free
base is very similar to that observed in the dihydrated zinc-
(IT) complex. The measured dihedral angles between the
meso-phenyl groups and the porphyrin plane are 67.86(6)°
and 72.07(8)° in the zinc(II) complex and 66.83(10)° and
71.14(11)° in the free base. Furthermore, the dihedral angle
between the phen subunit and the porphyrin core remains
unchanged during the metallation/hydration process (ca.
61°). Thus, the energetic requirements for accommodating
the two water molecules are minimized. Moreover, the lipo-
philic nature of the solvent (CH,Cl,) in which the crystals
were grown might have been more conducive to O coordi-
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nation of water at the zinc center than to N coordination
of the imidazole.

Conclusion

The structure of a mono-ansa-porphyrin bearing a phen-
anthroline strap maintained at a fixed distance by means of
two phenyl spacers has been resolved, as has that of the
corresponding zinc(IT) complex. The structure of the free
base shows a relatively large cavity within the strap, with a
distance of approximately 6 A between the two coordi-
nation sites. The structure of the zinc complex obtained in
the presence of N-Melm does not show binding of an axial
nitrogen ligand, but two water molecules are found to be
present in the phenanthroline pocket. One water molecule
is axially bound to the zinc atom, while the second com-
pletes the hydrogen-bond “network™ to the phenanthroline
nitrogen atoms. Experiments to determine the affinity of 1
for water in solution and the exchange rate of water are
currently in progress, as are investigations in which the zinc
ion is replaced by a magnesium ion to allow comparison of
the photophysical properties of metalloporphyrin cores in
the presence and absence of coordinated water.

Experimental Section

General: All solvents and reagents used were of commercial analyti-
cal grade. — Ligand 1 was prepared according to ref.l'¥l — TH-
NMR spectra were recorded with a Bruker WP 300 MHz instru-
ment; data were processed using WINNMR software available
from Bruker, with residual non-deuteriated solvent as chemical-
shift reference (CH,Cl, at 6 = 5.29). — UV/Vis spectra were re-
corded with a Hewlett-Packard HP8452A diode-array spectropho-
tometer (2 nm resolution).

[1(Zn)]: To a solution of the free base 1 (50 mg, 6.5:107> mol) in
20 mL of DMF was added Zn(OAc), (100 mg, 45.5-10~° mol) and
the solution was refluxed under argon until the Soret band at
412 nm had disappeared from the UV/Vis spectra of withdrawn
aliquots (ca. 4 h). The resulting mixture was then poured into water
(200 mL). The pink-red precipitate was collected by filtration,
washed with water, and dried by azeotropic distillation with toluene
and ethanol, to afford the pure zinc(II) complex as a red solid
(47 mg, 5.5:1073 mol, 85%); m.p. > 250°C. — 'H NMR (300 MHz,
CD,Cl,): 6 = 10.15 (s, 2 H), 9.28 (d, J = 4.4 Hz, 4 H), 9.01 (d,
J =44Hz 2 H),8.75(d, J = 74 Hz, 2 H), 7.96 (d, J = 8.2 Hz,
2 H), 7.89 (m, 6 H), 7.49 (d, J = 8.2 Hz, 2 H), 7.48 (s, 2 H), 6.62
(d,J =83Hz,4H),6.51(d,J=8.3Hz 4 H). — [1(Zn)] + CH,Cl,
+ 3/2 H,0: Cs5;H3,C1LNgO; sZn (968.2): caled. C 70.86, H 3.86, N
8.70; found C 71.06, H 4.02, N 8.72. — UV/Vis (CH,CL): Apax
[nm] (g [M~'-cm™1]): 284 (28000), 308 (29000), 418 (259000), 546
(11000), 578 (2000). — Positive-ion FAB MS; m/z: calcd. for
[M]*" = [CssH3,N¢Zn]" 852; found 853.

X-ray Crystallographic Study:!'®! Crystals of 1 were obtained by
vapor diffusion of hexane into a CH,Cl,/MeOH (95:5) solution of
the porphyrin. Crystal data for Cs¢Hs4Ng- CH,Cl, - CH;0H:

= 907.91, monoclinic, space group P2/c, a = 17.763(5), b =
16 800(4), ¢ = 15.759(3) A, B = 111.59(2)°, V = 4372(3) A3, Z =
4, peatea. = 1.38 gem 3, p(Cu-K,) = 1.743 mm~!. Data were col-
lected with a Philips PW 1100/16 diffractometer using Cu-K,
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graphite-monochromated radiation (A = 1.5418 A) at —100°C. A
dark-red crystal of dimensions 0.40 X 0.40 X 0.40 mm was used
and a total of 5517 reflections were collected, 3° < 0 < 53° (max 0
limited by cooling device). 4178 reflections with 7 > 3c(/) were used
for the structure determination and refinement. The structure was
solved using direct methods and refined against |Fl. Hydrogen
atoms were introduced as fixed contributors. Empirical absorption
corrections, transmission factors: 0.64, 1.00. For all computations,
the Nonius OpenMoleN package? was used. Final results: Ry =
0.052, wR (F) = 0.08Q, GooF on F: 1.537, maximum residual elec-
tronic density: 0.58 eA 3. Crystals of [(1)Zn(H,0),] were obtained
by slow diffusion of hexane into a dichloromethane solution of
(1)Zn containing one equivalent of N-methylimidazole. — Crystal
structure of [(1)Zn(H,0),]: Cs;H35C1LNgO>Zn, M, = 972.18, red
rectangular plates, monoclinic, space group la, a = 12.355(3), b =
12.658(3), ¢ = 28.639(6) A, B = 89.99(3)°, V = 4479(3) A3, Z =
4. Data were collected at room temperature with a STOE-IPDS
diffractometer using Mo-K,, graphite-monochromated radiation
(n = 0.70910 A). Structure solution and anisotropic refinement
were performed with the SHELXTL package! using 6664 inde-
pendent reflections of the 14456 reflections collected. Hydrogen
atoms were geometrically positioned with all distances X—H being
free to refine, except for those attached to oxygen atoms, which
were located by Fourier difference techniques. Final results: R, =
0.0342 [I > 206(D)], wR> = 0.0865 (all data), GooF on F% 1.342,
maximum residual density: 0.405 eA 3,
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