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Hydrogen-Bonding Clusters Leading to Formation of
Supramolecular Dimers of Metalloporphyrin Receptors:
Modulation of Lewis Acidity by w—nx Interactions
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Abstract: Two remarkable crystal structures are reported of a cyclic receptor 1,
containing two metalloporphyrin units. The overall crystal structure of 1 provides the

first direct evidence that m-stacking between two metalloporphyrins reduces the
Lewis acidity of the metal ion and thereby dramatically reduces the affinity of zinc for
external ligands; this effect was previously suggested indirectly by solution state
binding studies. In addition, crystallising 1 from a different combination of solvents
and the ability of 1 to distort its structure leads to the remarkable observation of a
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supramolecular dimer of inter-penetrating macrocycles, 4, held together by clusters

of hydrogen-bonded methanol molecules.

Introduction

We report here on two remarkable crystal structures of the
macrocyclic receptor 1 which was prepared as part of our
larger study of porphyrin-accelerated Diels—Alder reac-
tions.['! We hope that by correlating the solid-state geometries
revealed by X-ray crystal structures with solution-state kinetic
and binding properties we will be able to construct a complete
structure — activity relationship. However, unexpected bonus-
es from the structure determinations described here are the
observations of a) reduction in the affinity of zinc porphyrins
for external ligands due to mw—m interaction, leading in this
symmetrical macrocyclic receptor to methanol binding by
only one of the two porphyrin moieties and b) a dimer of
macrocycles held together by clusters of hydrogen-bonded
methanol molecules.

Results and Discussion

Macrocycle 1 was synthesised as shown in Scheme 1.2
Coupling the porphyrin monomer 2 to terephthaloyl chloride
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yielded the linear species 3; deprotection and Glaser cyclisa-
tion gave 1 in overall yield of 16 %. Small crystals of 1 were
grown separately from a toluene/methanol mixture and from
a dichloromethane/hexane/methanol mixture, and the struc-
tures were determined at station 9.8 on the synchrotron
source at Daresbury (UK).

Macrocycle 1 (Figure 1) crystallises from a toluene/meth-
anol mixture in the triclinic P1 space group. The two
porphyrin units in 1 are slightly domedP! and are rotated by
30.0° with respect to each other (see Figure 1 top, left side).
This rotation is likely to be facilitated, or required, by the
relatively long diester chain linkage in 1. The Zn—Zn distance
in 11is 12.045(2) A. Only one of the two porphyrin units in 1
binds a methanol molecule. The intermolecular Zn—O bond
length between the coordinating methanol molecule and the
zinc atom in 1 is 2.18(4) A (Figure 1). The zinc atom lies at a
mean distance of 0.22(1) A, above the N, plane (which is
nearly coplanar, maximum deviation 0.002 A) towards the
oxygen atom. One more molecule of methanol is found in the
cavity of 1 and is hydrogen-bonded to the zinc-coordinated
methanol. The O+ O distance of 2.68(1) A, and the O ---H
distance between these two MeOH molecules are in the range
typical for hydrogen bonding of the O—H:-- O type.l* 3 For
the non-coordinated porphyrin unit we detect, within exper-
imental error, no displacement of the zinc atom from the N,
plane. In addition, two molecules of toluene are trapped, one
outside the cavity (filling some of the space between the
various macrocycles in the crystal) and one inside the cavity
(Figure 1).167

Two enantiomeric receptors (due to twisting,®! see above
and Figures 1 and 2) are found in the unit cell of 1 and are
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Scheme 1. Synthetic route to macrocycle 1.

related to each other by inversion symmetry, forming an
achiral crystal. One of the hexyl substituents on one of the
porphyrin units (not shown) in 1 penetrates the cavity of an
adjacent cyclic receptor (in the unit cell), while the other
hexyl chains are accommodated in the gaps between the
columns that run along the a axis in the unit cell (Figure 2).
The porphyrin units in 1 do not penetrate the cavity of an
adjacent receptor in the unit cell but their close proximity
might account for the rotation, about the meso carbon axis, of
the uncoordinated porphyrin unit in 1 (see Figures 1 and 2),
creating a dihedral angle between the two N, planes of
17.9(1)°.

The overall crystal structure is composed of infinite
columns which run along the a axis of the unit cell, in which
each of the uncoordinated zinc porphyrin units forms an
attractive m—m interaction with an adjacent receptor (see
Figure 2 and Figure 3). Strong attractive interactions between
the two porphyrin units lead to aggregation in solution.l’ Both
in solution and crystals the two porphyrins generally adopt a
cofacial arrangement with their centres offset.['® This geom-
etry may be summarised as follows: 1) The &t systems of two
neighbouring porphyrins are parallel, with an interplanar
separation of 3.4—3.6 A; 2) the m-stacked porphyrins are not
rotated relative to one another, that is, their nitrogen —nitro-
gen axes are parallel; 3) one porphyrin is offset relative to the
other by 3—4 A along the nitrogen — nitrogen axis.['] Figures 2
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and 3 show the m-stacking rela-
tionships found in the crystal of
1; the distance between the two
N, planes of the two m-m
interacting porphyrin units is
3.46(1) A2l and the relative
orientation and offset are as
expected for a strong attractive
interaction.['% 2] The fact that
methanol is coordinated in 1 to
only the zinc porphyrin unit
which is not involved in m—x
interaction, (see Figure 2), pro-
vides the first direct evidence
that s stacking between two
metalloporphyrins reduces the
Lewis acidity of the metal ion
and therefore dramatically re-
duces the affinity of zinc for
external ligands, as was previ-
ously suggested from binding
studies in solution.l'® This re-
duction in Lewis acidity could
be the result of a weak electro-
static interaction between the
positive charge on the Zn
atom,™™ in one porphyrin unit,
and the & electrons in the other
porphyrin unit.l''s 41 This effect
could account for the observa-
tion that one MeOH molecule
found in the cavity of 1 prefers
to form an intermolecular hy-
drogen bond with the Zn-coordinated MeOH molecule rather
than to coordinate to the ’free’ zinc atom in the porphyrin unit
that is involved in the - interaction. In effect, this crystal
structure appears to be the result of a competition between
Zn-MeOH coordination and st— interaction. For compar-
ison, in the X-ray structure of complex 4 (see below and
Figure 5), for which no m-m-interactions were found between
porphyrin units of different complexes (see below and
Figure 7), molecules of methanol are bound to both zinc
atoms in both macrocycles 1a and 1b (Figure 4), that together
form the complex 4.

Macrocycle 1 crystallises from dichloromethane/hexane/
methanol mixture in the orthorhombic P2,2,2, space group,
and in two closely related but not identical structural forms,
1a and 1b (see Figure 4), which together form the inter-
penetrated supramolecular dimer complex 4 (Figure 5). In
both 1a and 1b one of the porphyrin units has a qualitatively
planar structure, while the second porphyrin unit has a
distorted saddle structure.®! The two porphyrin moieties in 1a
and 1b are rotated by 5.0° and 10.8° with respect to each other
(see Figure 4 top, left side and right side, respectively) and are
translated with respect to each other, due to a significant
bending of the butadiyne linkage (see Figure 4 top and
Figure 5 top). This molecular distortion results from a
remarkable interpenetration of the pair of macrocycles to
form complex 4, which is stabilised by two hydrogen bonding

1. TBAF/CH,Cl,

2. CuCl, TMEDA,
CH20|2
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Figure 1. The molecular structure of 1, side views (bottom and top left) and top view (top right). The coordinating MeOH molecule is shown together with
the hydrogen bonded MeOH molecule and the trapped toluene molecule which are found in the cavity of 1. The hexyl chains and the toluene molecule

trapped outside the cavity have been omitted for clarity.

Figure 2. The relative arrangement of macrocycles 1 in the unit cell clearly
showing the m-m interactions between the porphyrins (drawn in a
perpendicular orientation with respect to the paper plane) in the columns
that run along the a axis. The alkyl substituents on the porphyrins, the
hydrogen atoms and the toluene molecules trapped outside the cavity of
macrocycle 1 have been omitted for clarity.

arrays (see Figures 5 and 6) that connect the two macrocycles
(1a and 1b). This translation is likely to be facilitated by the
relatively long diester linkage in 1. The Zn—Z7n distances in 1a
and 1b are 11.808(3) A and 11.898(3) A, respectively, and are
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Figure 3. Side view of the m—m-interacting porphyrin pairs (in Figure 2),
showing their relative orientation and offset. The alkyl substituents on the
porphyrins and hydrogen atoms have been omitted for clarity.

similar to that found in 1, 12.045(2) A (Figure 1).19) The
intermolecular Zn—O bond lengths between the coordinating
methanol molecules and the zinc atoms Znl, Zn2, Zn3 and
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Figure 4. The molecular structure of the two structural forms of 1 (1a and 1b; bottom: side view and top: top view) which together form the complex 4
(Figure 5). The coordinating MeOH molecules are also shown together with the hydrogen-bonded MeOH molecules which are found in the cavity of
macrocycles 1a and 1b. The hexyl chains have been omitted for clarity. Macrocycle 1b is drawn as shown in the complex 4 (Figure 5 bottom), while 1a is
rotated twice by 90° in two perpendicular motions, with respect to the way it is drawn in complex 4 (Figure 5 bottom).

Zn4 (Figure 4) are 220(2) A, 220(2) A, 220(2) A and
2.22(2) A, respectively. The zinc atoms Znl, Zn2, Zn3 and
Zn4 (Figure 4) lie at a mean distance of 0.23(1) A, 0.21(1) A,
0.22(1) A and 0.22(1) A, respectively, above the N, plane
(which are nearly coplanar, maximum deviation 0.058 A (left
ring in 1a), 0.018 A (right ring in 1a), 0.019 A (left ring in 1b)
and 0.057 A (right ring in 1b)) towards the oxygen atom. The
intermolecular Zn—O bonds lengths and the location of the
Zn atom above the porphyrins N, planes in 4 are similar to
those found in 1. Macrocycles 1a and 1b differ in their
structure also in the dihedral angles between the two N,
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planes (in each of these receptors), having angle values of
16.8(5)° and 20.9(5)°, respectively.

The formation of complex 4 in the solid state is facilitated
by the flexibility of the framework, demonstrated by the
marked deviation from twofold symmetry (in 1a and 1b)
clearly seen in the relative orientations and translations of the
porphyrin units in Figures 4 and 5. Complex 4 (Figure 5)
consists of two interpenetrating cyclic metalloporphyrin
receptors and seven hydrogen bonded methanol molecules,
of which four are coordinated to the zinc porphyrins. Two of
the hexyl substituents (not shown) on each of the two inner

0947-6539/00/0612-2115 $ 17.50+.50/0 2115



FULL PAPER

J. K. M. Sanders et al.

Figure 5. Side view (bottom) and top view (top) of the molecular structure
of complex 4. The alkyl substituents on the porphyrins and the hydrogen
atoms have been omitted for clarity. pl, p2, p3 and p4 are symbols
corresponding to the four porphyrin units in complex 4.

Figure 6. The two homodromic hydrogen-bonded arrays found in 4. The four MeOH array (left) and the three
MeOH array (right) lie in the space between porphyrins p1l and p3 and porphyrins p2 and p4, respectively (see
Figure 5 top). The oxygen-—oxygen distances are: O1—-02 2.58(2), 02—03 2.66(2), O3—04 2.70(2), 04—0O1
2.89(3), 05-06 3.20(3), 06—07 2.77(3), and O7—05 2.82(3) A. The oxygen atoms that are bound to the Zn-

porphyrin units in complex 4 are: O1, O3, OS5, and O7.

2116 ——
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’planar’ porphyrin units, p2 and p3 (Figure 5), in complex 4
penetrate the cavity of the adjacent macrocycle (in the
complex). Both 1a and 1b are chiral (due to bending and
twisting,®l see above and Figures 4 top and 5 top) and together
form the supramolecular chiral complex 4, which crystallises
as a chiral crystal in the P2,2,2, space group.['’]

Hydrogen bonding clearly provides the driving force for the
formation of complex 4. Both 1a and 1b bind two methanol
molecules intermolecularly (to the zinc porphyrin), one inside
and one outside the cavity. These, in addition to the three
other methanol molecules found in the complex, form two
hydrogen-bonded arrays of four and three MeOH molecules
in the space between porphyrins pl and p3 and porphyrins p2
and p4, respectively (see Figure 5), and which hold the two
macrocycles together. The O---H and O --- O distances in the
two hydrogen-bonded arrays in Figure 6 are in the range
known for hydrogen bonding of the O—H --- O type.[* 18 I The
two hydrogen-bonded arrays (Figure 6) are oriented in a
homodromic manner, in which all the hydrogen bonds have
the same circular direction. This orientation, which has also
been found in other crystal structures,?! is calculated to be
lower in energy than the antidromic arrangement.?!l The
higher relative rotation of the two porphyrins in 1b (com-
pared with 1a) with respect to each other, see above, and the
dihedral angle between the N, planes in porphyrins p2 and p3,
2.3(5)°, imposes a smaller free space between porphyrins p2
and p4 than in the case of porphyrins p1 and p3 (see Figure 5
top). This is reflected in a shorter Zn—Zn distance between
porphyrins p2 and p4 versus porphyrins p1 and P3, 6.334(3) A
versus 6.973(3) A, respectively. This might account for the
observation that there are four methanol molecules in the
space between porphyrins pl and p3 while there are only
three between porphyrins p2 and p4. The thermodynamic
strength of a hydrogen bond is extremely variable, and for
neutral molecules it normally lies in the range of 2-
5 kcalmol .21 The two hydrogen-bonded arrays (Figures 5
and 6) are likely to be the dominant factor controlling the
formation of complex 4. We
have previously detected clus-
ters of hydrogen-bonded alco-
hols in the cavities of capped
porphyrins in solution but not in
crystals.??l Tt is well known that
the stronger hydrogen-bond
motifs found in organic systems
can be used to direct the syn-
thesis of supramolecular com-
plexes, for example in crystal
engineering.>? It is also
known that hydrogen bonds be-
tween solvent and solute mole-
cules facilitate the retention of
organic solvents in crystals.?’]

The two planar porphyrins p2
and p3 in complex 4 (see
Figure 5) are almost parallel,
with interplanar separation of
3.5 AP and are just slightly
rotated (1.2°) relative to one
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another, as expected for ;t— interaction between porphyrins
(see above).l1% 12.27l However, porphyrins p2 and p3 are 7.5 A
offset relative to one another, mainly along the meso carbons
axis. This offset is expected to significantly reduce the
favourable m—m interaction between the two porphyrin
units,''?l p2 and p3. Therefore, the possible weak m—m
interaction between porphyrins p2 and p3 (if it exists at all,
given the geometrical relationship) is not expected to stabilise
the complex significantly. The formation of complex 4 is likely
to be driven by the seven hydrogen bonds (see Figures 5 and
6) which give a maximum of less than about 20 -35 kcalmol~!
of stability to the complex. However, as complex 4 consists of
some nine molecules the entropic penalty for its assembly in
solution will be very large: the equilibrium constant for
dimerization will therefore be too small to observe exper-
imentally in solution at accessible concentrations but is clearly
enough to control the mode of crystallisation.

The overall crystal structure of complex 4 is composed of
layers of inter-penetrating dimers of cyclic zinc-porphyrin
receptors parallel to the plane defined by the a and ¢ axes of
the unit cell. These layers reveal that each complex is
surrounded by another six dimeric complexes and that there
are no m— 7 interactions between porphyrin units of different
complexes, so each complex is an ’autonomic’ unit (Figure 7).
As the crystal of complex 4 is chiral, a side view of these layers
show ’spiral columns’ that have the same directionality. Large
channels run between the layers throughout the crystal
parallel to the a axis, which accommodate most of the hexyl
substituents on the porphyrin units.

By comparison with conventional small molecule crystal-
lography, the R factors associated with structures 1 and 4 are

rather large. This is hardly surprising: the large unit cell and
lack of heavy atoms ensure that the X-ray scattering power of
the crystals will be very low,! while the four solubilising
hexyl chains per porphyrin unit tend to be disordered;
furthermore, solvent molecules are often included within
and between molecules in the lattice. In general therefore, we
have needed recourse to synchrotron sources of X-rays. It is
important to note that although the large R factors associated
with this kind of system inevitably limit the precision with
which one can determine bond lengths and angles, they do not
detract from our ability to draw conclusions about intermo-
lecular interactions or large scale molecular distortions.

Conclusion

The results presented here show that macrocycle 1 is rather
flexible and able to respond to weak interactions and ligands
by distorting the porphyrin framework and by torsion around
the butadiyne linkage. The efficiency of 1 in accelerating the
recently studied Diels — Alder reaction!'®! will be tested as part
of a structure—activity relationships study for a series of
different but closely related macrocycles that are now being
prepared in our laboratory. The overall crystal structure of 1
gives the first direct evidence that s stacking between two
metalloporphyrins reduces the Lewis acidity of the metal ion
and therefore dramatically reducing the affinity of zinc for
external ligands, as was previously suggested from binding
studies.'® In addition, crystallising 1 from a different
combination of solvents and the ability of 1 to distort its
structure (as seen in 1la and 1b) leads to the remarkable

Figure 7. The relative arrangement of the dimeric complexes 4 in the crystal layers, parallel to the plane defined by the a and ¢ axes of the unit cell. The alkyl
substituents on the porphyrins and the hydrogen atoms have been omitted for clarity.
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observation of a supramolecular dimer of inter-penetrating
metalloporphyrin macrocycles, 4, held together by clusters of
hydrogen-bonded methanol molecules.

Experimental Section

General: 'H NMR spectra (250 MHz) were recorded on Bruker AC-250
spectrometers. *C NMR spectra were obtained on a Bruker AC-250
operating at 62.5 MHz. All NMR measurements were carried out at room
temperature in deuterochloroform. MALDI-TOF mass spectra were
recorded on a Kratos Analytical Ltd, Kompact MALDI IV mass
spectrometer. A nitrogen laser (337 nm, 85 kW peak laser power, 3 ns
pulse width) was used to desorb the sample ions, and the instrument was
operated in linear time of flight mode with an accelerating potential of
20kV. Results from 50 laser shots were signal averaged to give one
spectrum. An aliquot (1 uL) of a saturated solution of the matrix (sinapinic
acid) was deposited on the sample plate surface. Before the matrix
completely dried, a small volume (1 pL) of analytes (dissolved in dichloro-
methane/chloroform at 1 mgmL~') was layered on the top of the matrix
and allowed to air-dry.

Spectroscopic data for 1: Receptor 1 was prepared from monomer 2
according to the general procedurel? with an overall yield of 16 %. 'H NMR
(250 MHz, CDCl;): 6 =0.75-0.82 (m, 24 H; hexyl Me), 1.13-1.42 (m, 32 H;
hexyl CH,), 1.51-1.66 (m, 16 H; hexyl CH, ), 1.97 (m, 16 H; hexyl CH,),
2.27-2.34 (m, 24 H; ring Me), 3.75 (m, 16 H; CH,-Por), 5.51 (s, 4H; benzyl
CH,), 7.55 (s, 2H; aryl-H), 7.63-7.88 (m, 12H; aryl-H), 8.19 (m, 2H; aryl-
H), 8.37 (d, *J(H, H) =73 Hz, 2H; aryl-H) 9.88 (s, 4 H; meso-H); 3C NMR
(62.5 MHz, CDCl;, APT): 6 =13.95, 15.17, 15.56 (Me), 22.59, 26.57, 29.86,
31.79, 33.15 (hexyl CH,), 67.67 (benzyl CH,), 74.46, 83.26 (C=C), 97.16
(meso), 116.90, 118.07, 120.88, 133.69, 134.54, 137.11, 137.33, 143.23, 143.35,
144.42, 144.72, 146.10, 146.12, 147.12, 147.32 (quaternary pyrrole and aryl
carbons), 127.05, 127.32, 128.45, 129.42( x 3), 133.26, 133.47, 139.74 (aryl-H),
165.75 (ester C=0); MALDI-TOF MS (C;3H;,N3O,Zn,) calculated:
2073.114, found: 2073.1.

X-ray crystallography: After much effort, only small crystals of 1 and 4
could be grown. These proved to be weakly diffracting with a laboratory
X-ray source. In order to determine the structure it was necessary to exploit
the high intensity of a synchrotron radiation source. Data were collected at
the Daresbury SRS (UK), Station 9.8 3 using a Bruker AXS Smart CCD
area-detector diffractometer, in narrow frame mode. Intensities were
integrated®!! from several series of exposures. For 1 each exposure covered
0.3%in w, with an exposure time of 1 s and the total data set was more than a
hemisphere. For 4 each exposure covered 0.2° in w, with an exposure time
of 10s and the total data set was more than a quadrant. Data were
corrected for absorption and incident beam decay.’?l The unit cell
parameters were refined using LSCELL.

Even using a synchrotron radiation source, these crystals were found to be
weakly diffracting because of extensive disorder of the n-hexyl chains. This
resulted in relatively high R1 values. Experience with this type of
structurel* ! has shown that the particular refinement stratagem em-
ployed to model the chains depends on the degree of disorder and the
quality of the diffraction data.

In both structures it was possible to locate two separate conformations for
many of the n-hexyl chains. The relative occupancy of the two conforma-
tions was determined by first fixing the temperature factors of the atoms
concerned to some reasonable value. Their site occupancy values were then
refined, with common values for the atoms within one conformation, but
constrained such that the sum between the two conformations was equal to
1. The occupancy of the chains was then fixed at those values and the
carbon atoms allowed to refine with isotropic temperature factors. For the
structure 4 the data was particularly weak and the disorder severe. In this
case, carbon atoms at the same position in each chain were refined with
common isotropic temperature factors. The data collected from the crystal
of 1 was of slightly better quality and it was possible to allow the isotropic
temperature factors of the atoms in the chains to refine independently.
For all the n-hexyl chains, it was necessary to impose some restraints on the
1,2 and 1,3 C—C bond lengths in order to produce groups with a sensible
geometry. The two toluene molecules located in the structure 1 were both
disordered. One molecule was disordered about an inversion center. The
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second was modelled over two overlapping sites, with occupancies of 0.6
and 0.4 respectively. Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-119695 (for 1) and CCDC-116960 (for 4). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (+44) 1223 336-033; e-mail: deposit@
ccde.cam.ac.uk).

Crystal data for 1: C,45H;,6NgO¢Zn,, M,=2275.69, crystal dimensions
0.24 x 0.18 x 0.10 mm, triclinic, space group P1 (no. 2) a=18.8040(10), b =
18.8570(10), ¢=20.6530(10) A a=92.560(10), B=115.680(10), y=
104.280(10)°, V=6299.0(6) A3, Z=2, peuea=1200Mgm=3, u=
0.440 mm~", 0, =29.49°, Moy,, A=0.6884 A, T=150(2) K. A total of
60337 measured reflections of which 32382 were independent [R(int) =
0.0615]. Final residuals (32382 included reflections, 1381 parameters)
R1[I>20(1)]=0.0922, wR2=0.2197, S§=1.090, w=1[c*F2+
(0.0835 P)>+12.875 P] where P=(F2+2F?)/3)). Largest peak and hole
in the difference map —1.067 and — 0.649 e A=3, respectively. The structure
was solved by direct methods using SIR-921] and refined with SHELXL-
97.137)

Crystal data for complex 4: C,3;50H,,(N3O;5Zn,, M,=2185.55, crystal
dimensions 0.10 x 0.06 x 0.04 mm. Orthorhombic, space group P2,2,2,(no.
19) a=19.2330(10), b = 33.403(2), c =37.607(2) A, V=24160(2) A3, Z=38,
Peated = 1.202 Mgm3, 4 = 0.457 mm~', 20max = 45.2°, synchrotron radiation
2=0.6887 A, T=150(2) K. A total of 52108 measured reflections of which
34001 were independent [R,, = 0.0742]. Final residuals (34001 included
reflections; 1229 parameters) R1[/>20(/)]=0.1673, wR2=0.3872, S=
1.160, (w=1/[c’F2+ (0.161 P)>+223.264 P] where P=(F2+2F?)/3)).
Largest peak and hole in the difference map 1.654 and —1.164 e A3,
respectively. The structure was solved by direct methods using SIR-9203¢]
and refined with SHELXL-97. 7]
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