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Abstract: Three isomeric zinc bispor-
phyrins have been prepared by cova-
lently linking together two aminopor-
phyrins with an isophthalic acid deriva-

to map out the stabilities and the stoi-
chiometries of the complexes formed
with 1,4-diazabicyclo[2.2.2]octane
(DABCO) in chloroform. The ortho-

and meta-substituted  bisporphyrins
form 1:1 intramolecular sandwich com-
plexes. The para-substituted bispor-
phyrin cannot adopt the cofacial con-

tive. The porphyrins differ in the sub-
stitution pattern on the meso phenyl
groups, that is, ortho, meta, or para. Ti-
trations carried out by UV-visible and

. assembly - zinc
H NMR spectroscopy have been used

Introduction

Self-assembly can be considered as an algorithm that trans-
lates covalent connectivity into tertiary structure.!"! This ena-
bles the shape and size of the resulting assembly to be speci-
fied by the covalent connectivity between the interacting
centers and by the geometric features of the interactions
used for its construction. While nature uses a plethora of
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formation required for this type of
complex and forms a higher order 2:2

intermolecular assembly, which is
stable over a wide range of DABCO
concentrations.

relatively weak noncovalent interactions within each assem-
bly, our mastery of these interactions is in an early stage of
development. The covalent coordination bonds formed by
transition-metal centers are an attractive and simpler alter-
native for directing the formation of complex structures.
This strategy has evolved into one of the most widely used
for organizing building blocks into supramolecular arrays.
Several strategies have been explored in the use of metal-
ligand interactions as the driving force for the assembly of
supramolecular structures.”’ In particular, the directional
bonding approach, or the “Molecular Library Model” as
coined by Stang,”! has recently allowed the design and prep-
aration of increasingly sophisticated supramolecular assem-
blies of porphyrins.! Hence, porphyrins and metallopor-
phyrins can be exploited in two ways as modules for the
construction of the assembly. Porphyrins can act as donor
building blocks provided that the periphery has ligands that
can suitably coordinate to metal centers. Metalloporphyrins
can act as acceptor building blocks provided that the metal
atom inside the porphyrin core has at least one axial site
available for coordination. Both features can be incorporat-
ed in a metalloporphyrin structure yielding a module capa-
ble of acting simultaneously as a donor and acceptor.”! If
the donor ligand complements the acceptor metal center
and the covalent connectivity between the two sites is ap-
propriate, a particular case of self-assembly can arise, that
is, self-coordination (Figure 1). By using self-coordination
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methodology, it has been possible to construct homo-oligo-
meric complexes of discrete macrocyclic structures!® as well
as linear architectures.”! The covalent connectivity between
the interacting centers and the number of vacant binding
sites on the metal dictate the shape and number of units in-
volved in the resulting assembly. It is known that in these
cases concentration plays a pivotal role in the speciation of
self-assembled structures.

Heteromeric complexes are formed when bidentate li-
gands are used to direct the self-assembly of metallopor-
phyrins. The bidentate ligand 1,4-diazabicyclo[2.2.2]octane
(DABCO) has been used in combination with zinc—porphy-
rin oligomers to form a large number of supramolecular
complexes through axial coordination.”! During our research
aimed at the modular assembly of porphyrin sandwiches as
potential hosts featuring an internal cavity,'”) we became in-
terested in studying how subtle changes in the covalent con-
nectivity of flexible zinc-bisporphyrins would translate into
differences in the tertiary structures (shape and number of
components) of the complexes assembled with DABCO.
Such structures are the starting point for understanding the
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Figure 1. Schematic representation of porphyrins used for the construc-
tion of simple supramolecular complexes. a) Porphyrin with a ligand co-
valently incorporated into its structure acting as donor unit and a zinc—
porphyrin as the acceptor unit. b) Zinc—porphyrin with covalently attach-
ed ligand that binds the zinc. ¢) Complex assembled using a zinc—por-
phyrin as acceptor and a bidentate non-porphyrin ligand.
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behavior of more elaborate assemblies with potential appli-
cations as molecular hosts.

Here, we describe the binding properties of a series of
flexible isomeric zinc bisporphyrins (5a—c) in the presence
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of DABCO. The zinc—porphyrin/DABCO system has been
widely studied by Sanders, Anderson and co-workers."!l A
simple zinc—porphyrin at micromolar concentrations forms a
1:1 complex exclusively with an association constant of
about 10°m~! in organic solvents. At millimolar concentra-
tions and when 0.5 equivalents of DABCO are present, a 1:2
DABCO-porphyrin sandwich complex is formed that opens
up to give the 1:1 complex in the presence of excess
DABCO (Figure 2).

The 1:2 DABCO-porphyrin sandwich motif has been
used to assemble zinc—porphyrin dimers into intermolecular
“ladders”"** or cofacial intramolecular complexes®*®! at mi-
cromolar concentrations. The intermolecular complexes are
stable in the presence of a moderate excess of DABCO, and
the intramolecular ones can resist higher DABCO concen-
trations. Increasing the DABCO concentration finally
breaks down the sandwich complexes yielding open 2:1
complexes (Figure 3).

The series of zinc-bisporphyrins share the same spacer,
but the conformational possibilities differ due to different
substitution patterns in the aminophenyl group of the por-
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Figure 2. Schematic representation of the species involved in the equili-
bria of binding DABCO to a simple zinc—porphyrin. The overall binding
constant K, and the stepwise constants, K, K, and K, are
shown as well as their relationship with K, (the microscopic binding con-
stant), a; (the ligand cooperativity factor), and statistical correction fac-
tors.
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Figure 3. Schematic representation of the possible equilibria involved in the binding of DABCO to a zinc-bisporphyrin. EMs are the effective molarities
for the intramolecular or intermolecular interaction required for cyclization. Overall stability constants (K,; and K,,) and stepwise equilibrium constant
(K1, Ki1=21, and Ky,_,;) are shown and related to K, (microscopic binding constant), EM, a; (cooperativity factor of the ligand), ap (cooperativity factor
of the porphyrin), and statistical correction factors. The statistical correction factor for K,,_,, is larger, because two 2:1 complexes are generated for

every assembly that opens up.
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phyrin unit. We have studied the DABCO-induced self- and
disassembly processes by means of UV-visible and '"H NMR
spectroscopy. The covalent connectivity in one of the bispor-
phyrins is suitable for building a 2:2 multicomponent assem-
bly with DABCO. The other two bisporphyrins tend to form
intramolecular cofacial sandwich complexes with DABCO.
The formation of intramolecular complexes clearly limits
the utility of the last two bisporphyrins in multicomponent
assemblies.

Results and Discussion

Synthesis: The three isomeric aminoporphyrins 1a—c¢ were
prepared according to the literature."”? We note that the
major product in the three condensation reactions used to
prepare the porphyrin skeleton is the tetraalkylporphyrin
H,2. 5-Methoxy-1,3-benzenedicarbonyl dichloride!™! (3) was
prepared in three steps from commercially available dimeth-
yl 5-hydroxyisophthalate. First, the phenol was methylated
by heating to reflux in dimethyl formamide and treating it
with methyl iodide and cesium carbonate. Next, the methyl
esters were hydrolyzed with sodium hydroxide solution fol-
lowed by acidification with hydrochloric acid to furnish the
corresponding diacid. Finally, reaction of the diacid in re-
fluxing thionyl chloride afforded the dichloride 3, which was
recrystallized from hexane. Coupling with aminoporphyrins
la—c was accomplished by dropwise addition of a solution
of 3 in methylene chloride into a solution containing one
equivalent of the porphyrin and excess of triethylamine
(Scheme 1). Column chromatography of the crude products
allowed the recovery of unreacted porphyrin and isolation
of the bisporphyrins 4a—c as purple solids in approximately
40% yield. Metallation was accomplished in almost quanti-
tative yield by using a solution of zinc acetate in CH,Cl,/
MeOH (3:1) giving the zinc bisporphyrins Sa—¢ and the zinc
tetraalkylporphyrin 2.

Model complexes: Before examining the DABCO com-
plexes of the bisporphyrins, we investigated the properties
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of simple systems which cannot assemble into higher order
structures. This was done in order to fully characterize all of
the relevant binding interactions: complexation of mono-
meric porphyrin 2 with DABCO and the monodentate ana-
logue quinuclidine, and complexation of bisporphyrins Sa—¢
with quinuclidine.'*'" The coordination of DABCO to 2
was first probed by UV-visible titration in chloroform
(Figure 4). Under these dilute conditions (porphyrin concen-
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Figure 4. UV-visible titration data for 2 with DABCO showing the Soret
band shift from 420 to 430 nm. Number of equivalents added: 0, 0.5, 1,
1.5,2,2.9,438,9.

tration ~107°m), binding of DABCO results in a shift in the
Soret band from 420 to 430 nm, typical of formation of a 1:1
DABCO-2 complex. Analysis of the binding isotherm with a
1:1 binding model gave a stoichiometric!¥l binding constant
of K;;=18x10°m~". DABCO has two identical binding
sites, so for comparison purposes with, for example, quinu-
clidine, the statistically corrected (microscopic) association
constant should be used. Thus the microscopic association
constant for the reference interaction in chloroform is K, =
K1/2=89x10*m"".

When this system was probed by '"H NMR spectroscopy
(porphyrin concentration ~107>m), free 2, the 1:2 complex,
and the 1:1 complex were observed in slow exchange at low
temperatures (Figure 5). At 240 K in CDCl; in the presence
of less than 0.5 equivalents of DABCO, unbound 2 and
DABCO-2, were observed in
slow exchange. At 0.5 equiva-
lents of DABCO, DABCO-2,
was the major species detected
in the 'HNMR spectrum.
When more than 0.5 equiva-
lents of DABCO were added,
the system moved into fast ex-
change at 240 K. However on
cooling to 220 K, the slow-ex-

R

5a, orto-dimer
5b, meta-dimer
5¢, para-dimer

Scheme 1. a) EtOH, BF;-OEt,/CH,Cl,, RT, 1 h, then dichlorodicyanobenzoquinone (DDQ) 90 min followed by
Et;N and column chromatography; b) SnCl,/dioxane, 70°C; c¢) 5-methoxy-1,3-benzenedicarbonyl chloride (3)/

CH,CL, 0°C to RT; d) Zn(OAc), in CH,CL/MeOH (3:1).
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change spectrum was obtained,
and it was possible to directly
observe the DABCO-2, and
DABCO-2 complexes. As the
DABCO concentration in-
creased, the equilibrium gradu-
ally shifted to favor the
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Figure 5. Selected regions of the '"H NMR spectra recorded during a titra-
tion of 2 with DABCO at different temperatures. ([2]=1x10"m, CDCl,,
300 MHz). Signals labeled 1 and 2 represent the f-pyrrole and the aro-
matic protons, respectively, of free 2; primed numbers indicate the same
signals in the DABCO-2, complex and double primed numbers are used
for those signals in the DABCO-2 complex; signals labeled 3 represent
the methylene protons of DABCO in the DABCO-2, complex; those la-
beled 4 represent the DABCO methylene protons in the a-position with
respect to the nitrogen atom that is bound to the zinc—porphyrin in the
DABCO-2 complex. The small differences in chemical shift observed for
the same proton types in two different spectra are due to the changes in
temperature.

DABCO-2 complex. The signal of the B-pyrrole protons in
the 1:2 sandwich complex was shifted upfield relative to the
corresponding signal in free 2 or in the 1:1 complex. This
was due to the proximity of the two porphyrin n-systems in
the sandwich complex, causing the signal to experience a
large ring-current-induced shift. At low temperatures, the
two ortho and the two meta aromatic protons of the meso
phenyl groups of the DABCO-2, and DABCO-2 complexes
became nonequivalent, and the signals split into two dou-
blets. Similar splitting has often been observed in porphyrin
systems with nonequivalent faces. When ligand exchange be-
comes fast on the NMR timescale, the faces of the porphy-
rin are no longer differentiated, and averaged signals are ob-
served for these protons. The DABCO-2, ternary complex
was characterized by a signal at —5 ppm, corresponding to
the methylene protons of a DABCO molecule bound be-
tween two zinc—porphyrin units”! When more than
0.5 equivalents of DABCO were added, a new signal ap-
peared at —3 ppm, which is indicative of the formation of
the binary complex DABCO-2 and can be assigned to the
methylene protons in the a-position with respect to the ni-
trogen bound to the zinc—porphyrin complex.!"""! The signal
at —3 ppm increased at the expense of that at —5 ppm. Fi-
nally, the signal at —3 ppm broadened as the exchange
became faster. The exchange rates are proportional to the
concentrations of free ligand and DABCO-2 complex, sug-
gesting a bimolecular process in which one molecule of
DABCO displaces another from the zinc atom in a concert-
ed manner.

Chem. Eur. J. 2005, 11, 2196 -2206 www.chemeurj.org
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The association constant for formation of the DABCO-2,
complex K;, was too high to be measured accurately at
NMR concentrations. However, these titrations can be used
to quantify the cooperativity between the two sites of the di-
valent ligand DABCO, a; =4 K,,-1,/K;;, that is the ratio of
the statistically corrected association constants for the step-
wise formation of the DABCO-2, complex (Figure 2).°1 At
303 K, the system was in fast exchange on the NMR time-
scale at all ligand-to-porphyrin ratios. The low-temperature
NMR experiments showed that up to 0.5 equivalents of
DABCO, the DABCO-2, sandwich complex was predomi-
nantly formed, and this then opened up to form the
DABCO-2 complex with excess DABCO. By monitoring the
changes in chemical shift during this second phase of the ti-
tration at 303 K, Ki,—;;=4/a; (Figure 2) could be deter-
mined by simulation analysis of the binding isotherm follow-
ing a procedure described by Anderson.'"'! The value of a;
=0.8+0.2 indicates that there is rather little cooperativity in
the sandwich complex. The system does not show signs of
steric interaction between the meso-aryl substituents on
binding the second zinc—porphyrin unit at the second nitro-
gen atom of DABCO.

We also studied the binding of quinuclidine to 2 and 5a—c¢
in chloroform by spectrophotometric titration. All the bind-
ing constants were calculated by using a multivariate global
factor analysis of the whole series of spectra, and the results
are summarized in Table 1. Titration with 2 showed

Table 1. Macroscopic (K) and microscopic (K°) binding constants for qui-
nuclidine complexes with 2 and Sa—c.

Ky Kii—n K> Ki[ﬂ] KS“’] aP[C]
[10°m™ [10*m~'] [10°m7%] [10°m7'] [10°m7']

2 0.80+£0.20 - - - - -

5a 0.80+040 5.0+25 40+05 4.0+2.0 100+50 04+0.1

5b 1.2+05 38+14 45405 6.0+£25 7.6+£28 08+02
5S¢ 1.5+06 43+15 64+13 754+3.0 8.6+3.0 09+02

[a] K¢=K,1/2. [b] Ks=2Ky1 .. [c] ap=K /4K =KIKE,

simple isosbestic behavior, so the data were analyzed in
terms of two colored species (free 2 and the 1:1 complex).
As expected, the association constant for the quinuclidine-2
complex (8x10*m™!) is practically identical to the value of
K,, measured for the DABCO-2 complex (8.9x10*mM™).
Zinc—porphyrin dimers often aggregate even at the low
concentrations used in UV spectroscopy, but dilution studies
of 5a—c in the concentration range of 10~°-10~"m showed no
evidence of this. The titration of quinuclidine with S¢ gave
clear isosbestic spectra, but the titrations with 5a and Sb
were non-isosbestic. The non-isosbestic behavior therefore
reflects differences in the properties of the 1:1 and 2:1 com-
plexes formed with quinuclidine. The titration data were an-
alyzed by considering three independent colored species
(free, 1:1 and 2:1; see Figure 6). The microscopic value of
the second binding constant (K3) for all three bisporphyrins
is very close to the value of K;; found for 2 (8.9x10*mM™),
but the microscopic value of the first binding constant (KY)
is slightly lower for 5a.' There is no cooperativity for 5b,e
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Figure 6. Schematic representation of the species involved in the equili-
bria of binding quinuclidine to a bisporphyrin. The overall binding con-
stants K;; and K,,, and the stepwise constant K;,_,, are shown and relat-
ed to K, (microscopic binding constant), ap (cooperativity factor), and
statistical correction factors.

Sa-c + @
N

Ki1=2 ap Ky

(ap=1), but the cooperativity factor for 5a is 0.4. Since the
microscopic stability constant observed for the second bind-
ing event is similar to that observed for all of the other com-
plexes, the cooperativity observed for 5a is due to a destabi-
lization of the 1:1 complex. This suggests that there is a
weak intramolecular interaction between the two porphyrins
in free 5a, which is broken up by binding of the first ligand.
The wavelength of the Soret band shows little indication of
this interaction: A,,,=420.0 nm for 5a, 421.5 nm for 5b and
422.0 nm for 5S¢ compared with 421.0 nm for the reference
compound 2. However, there are clear differences in the
bandwidths: 27 nm for Sa compared with 13 nm for 5b, Se,
and 2, which provides some spectroscopic evidence for intra-
molecular porphyrin interactions in free 5a.l'*!

DABCO-induced self-assembly of the zinc bisporphyrins
S5a-c: Addition of incremental amounts of DABCO to solu-
tions of Sa—c in chloroform gave a series of UV-visible spec-
tra with more than one isosbestic phase (Figure 7).
Although the UV-visible titration spectra suggest that the
three zinc bisporphyrins behave quite differently, an in
depth analysis allows us to generalize. In all three cases, the
initial addition of DABCO leads to a shift of the Soret ab-
sorption to approximately 426 nm (425.5, 425.0, 427.0 nm for
5a, 5b, and Sc, respectively, with half bandwidths of 9, 8,
and 11 nm, respectively). This 5 nm red shift of the Soret ab-
sorption is characteristic of a 1:2 DABCO-porphyrin sand-
wich complex.!'”) On addition of more DABCO, the intensity
of the absorption band at 426.0 nm decreased, and a new ab-
sorption band appeared at 431.0 nm for 5a and Sc. As ob-
served for reference compound 2, a Soret absorption at
431.0 nm is typical of a simple 1:1 DABCO-porphyrin com-
plex. Thus, the Soret absorption at 431.0 nm for 5a and 5b
was assigned to a 2:1 DABCO-bisporphyrin complex. In the
titration of 5b, a similar increase in the DABCO concentra-
tion caused only a slight decrease in the absorbance at
426.0 nm, and a band at 431.0 nm was not observed. Initially,
all titrations gave a sharp isosbestic point as the equilibrium
of the formation of the sandwich complex was the main
process. However, for 5a and Sc¢, because the formation and
destruction of the sandwich complex occurs in a similar
ligand concentration regime (see below), the titrations indi-
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Figure 7. UV-visible titration spectra (Soret region) of S5a-c¢ with
DABCO in chloroform at 298 K. The concentration of the bisporphyrin
was maintained constant throughout the titration (1x10°wm). a)S5a.
Number of equivalents of DABCO added per dimer bisporphyrin: 0,
0.12, 0.28, 0.4, 0.6, 1.1, 4, 25, 500, 1000, 2200, 4500, 7000, 12000, 120000.
b) 5b. Number of equivalents of DABCO added per bisporphyrin: 0, 0.2,
0.5, 0.7, 1, 2, 4, 100, 600, 1500, 6500, 25000, 35000, 600000, 1000000.
¢) 5¢. Number of equivalents of DABCO added per dimer bisporphyrin:
0, 0.15, 0.30, 0.5, 0.6, 1.2, 4, 6, 20, 60, 250, 450, 1000, 4000, 120000.

cated a non-isosbestic phase before establishing a new isos-
bestic point, when the equilibrium of the destruction of the
sandwich complex dominated. The destruction process of
the sandwich complex of 5S¢ occurs at a different ligand con-
centration and does not show a new isosbestic point.

Taken together, these results suggest that there are two
consecutive and different two-state equilibria and that it is
valid to analyze these titrations in terms of three colored
states.'*?) However at this stage, it is not possible to assign
the stoichiometry of the sandwich complex, which could be
an intramolecular 1:1 complex or an intermolecular 2:2 as-
sembly.

Figure 8 shows the data for the titrations up to 1000
equivalents of DABCO. The binding isotherm for Sb is a
straight line with an abrupt endpoint after addition of one
equivalent of DABCO, so the stability of this complex is too
high to be measured at this concentration (K>10"m"). No
further changes in the spectrum were observed until about
4000 equivalents of DABCO were added. At this point, de-
struction of the sandwich complex started to occur accompa-
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Figure 8. Spectrometric titration curves for titration of 5a (diamonds), 5b
(circles) and 5c¢ (squares) with DABCO in chloroform following the
change in absorbance at 425 nm.

nied by a small increase in absorption at about 431.0 nm.
The titration curve for the destruction of the sandwich com-
plex was analyzed by curve fitting as a simple two-state
equilibrium, assuming that the concentration of free 5b is
negligible after one equivalent of DABCO has been added.
If we assume that the sandwich complex is 1:1 DABCO-5b,
by determining K;,_,, we can indirectly obtain an estimate
for K, using the thermodynamic cycle shown previously in
Figure 3 (Ky;=Ky/K 1=y =4 K2/K1~y). The cooperativity
factors for DABCO and 5b («; and ap) are unity, so the in-
dividual zinc-nitrogen interactions all have identical values
to K,, (measured in control experiments as 8.9x10*m™). If
we assume that the sandwich complex is the 2:2
(DABCO),(5b), assembly, we can estimate the value of K,,
in the same way. Due to the mathematical complexity of the
model for formation of the intermolecular assembly, K,, was
determined by using SPECFIT (see Experimental Section
for details) to fit the second phase of the titration, consider-
ing all three colored species, free 5b, the 2:2 complex, and
the 2:1 complex, and fixing the value of K, at 4K§1.
Bisporphyrins 5a and Sc¢ show rather different behavior.
Figure 8 shows that the first phase of the titration process
followed a shallower saturation curve that can be analyzed
to provide accurate stability constants for the sandwich com-
plexes. Here, the destruction of the sandwich complexes oc-
curred in a similar ligand concentration regime, and the ab-
sorption at 426.0 nm started to decrease after 25 equivalents
of DABCO had been added to 5a, and after only six equiva-
lents had been added to Sc¢. We could therefore analyze the
full set of titration data in terms of the three colored spe-
cies: free, a 1:1 or 2:2 sandwich complex, and 2:1 open com-
plex (Figure 3). The fitting of the whole series of spectra ob-
tained for the titrations to two different binding models that
differ in the stoichiometry of the intermediate sandwich
complex, 2:2 or 1:1, revealed that the goodness of the fit
cannot be used as the criterion to decide the correct binding
model. Table 2 summarizes the values of the stability con-
stants obtained using the two different models. The mea-
sured values of K,, give some indication of the quality and
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fit of the data analysis: for the titrations of Sa and 5S¢, the
measured values for K, are within the expected range using
the relationship K, =4apK? (3-7x10"M™").

Table 2. Binding constants and effective molarities for complexes formed
between bisporphyrins Sa—¢ and DABCO for two different possible stoi-
chiometries.

Sa 5b Sc

formation of an intramolecular 1:1 sandwich complex

Ky [M77] (4.1+£1)x10" (3.1£1.2)x10"°E (4.5+0.5)x 10"
Ky [M7Y] (35+05)x10" (25+£1)x10°®  (140.1)x107
K-y [M7Y]  1170£330 1244690 4500+ 670

EMy (M) (1.84+ 0.4)x107° (3.0 + 1.4)x1072 (1.3 + 0.3)x107°
formation of an intermolecular 2:2 sandwich assembly

Ky [M77] (454£1.5)x10"°  (3.1£1.2)x10"°F  (3.6+0.5)x 10"
Ky [M7] (1.5+£1)x10% (6.3+£3)x102  (6.5+2)x10"
Kyoo [M7'] 14+£1 (15+1.3)x102 2048

EM,., [M]®) 3.6+2.8 1000 +300 1.04+0.2

[a] Calculated from K, =4a,K>, [b] Calculated from K, =4apK>/K;j—s.
[c] Using the data after one equivalent of DABCO had been added.
[d] Calculated from EMi,, =K, /a;apK? [e] Calculated from EMy.,=
KylalalK?.

As evidenced in Figure 3, the second interaction in the
formation of the 1:1 sandwich complex and the fourth inter-
action in the formation of the 2:2 complex are intramolecu-
lar. Effective molarities (EM) or chelation factors are useful
for quantifying the stabilization due to intramolecular inter-
actions in such self-assembled structures. The values of EM
also give an indication of the amount of binding energy that
could be used for bimolecular catalysis, if it could be direct-
ed into transition state stabilization.”!! The thermodynamic
effective molarity is defined as EMi,m:KH/OLLotpKfn for the
second binding interaction in the 1:1 complex, and EM;..=
KylolaiK? for the fourth binding interaction in the 2:2 as-
sembly.??! The cooperativity factor a,, is only required to ac-
count for the destabilization of the first binding event for
bisporphyrin 5a. In effect, K{ (Table 1) for this zinc-nitro-
gen interaction with quinuclidine is lower than for the
others. The calculated values of EM shown in Table 2 fall
within the previously reported range and do not help to dis-
tinguish between the two possible sandwich complex-
es.[?8.221 The 2:2 assembly involves two bisporphyrins and
so its stability, relative to the free and 2:1 states, depends on
the porphyrin concentration used to carry out the titration.
In contrast, the stability of the 1:1 intramolecular complex
relative to the free and the 2:1 states does not depend on
porphyrin concentration. Although titration experiments at
a given concentration can be fitted to either model equally
well, if the 2:2 assembly is present titrations at different por-
phyrin concentrations should produce quite different behav-
ior. We used the binding constants determined by fitting the
UV-visible data to simulate the behavior at higher and
lower porphyrin concentrations to find the concentration
regime that best distinguishes the two possibilities. Figure 9
shows the simulated population profiles for S5a. The
DABCO concentration at which 50 % of 5a is involved in a
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Figure 9. Simulated speciation profiles for a titration of Sa with DABCO
using the equilibrium constants in Table 2 and assuming two possible
binding models (bold line formation of an intermediate intermolecular
2:2 assembly, dotted line formation of an intermediate intramolecular 1:1
complex, see Figure 3). Each profile has been plotted at a different con-
centration of 5a: a) [Sa]=1x10"m, b) [Sa]=1x10"°m, and c) [Sa]=1x
107*m.

sandwich complex and the other 50% forms the open 2:1
complex is constant (~107>m) for the intramolecular binding
model, but variable in the case of the intermolecular model.
In the intermolecular model, higher concentrations of Sa re-
quire a higher concentration of DABCO to reach the half-
way point. For [Sa]=1x10"m, [Sa]=1x10"°wm, and [5a]
=1x10"*m, the required DABCO concentrations are ap-
proximately 5x 107 M, 1x107>™, and 1x107>m, respectively.

Based on these simulations, we carried out titrations at
millimolar concentrations using 'H NMR spectroscopy. At
room temperature and up to one equivalent of DABCO, the
chemical exchange process between the free bisporphyrins
and the sandwich complexes is slow on the NMR timescale.
A new set of signals corresponding to the complex can be
observed, and the DABCO protons at approximately 6=
—5 ppm are diagnostic of a sandwich complex. For porphy-
rins 5a and Se, the free signals are broadened due to fast ex-
change between the free porphyrin and small amounts of a
ternary sandwich complex (two bisporphyrins binding one
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DABCO molecule). For bisporphyrin 5b (Figure 10), this
broadening is not observed, and we conclude that in this
case, the amount of ternary complex formed is negligible.”"!

Equivalents
of DABCO

L‘« added

f) 30
IO e LT

e) __JJWLW 30

-4 -5
1 2
a) ._.._JLM___JLAJM \\«Lﬂ 0.0

T T T
9 8 7

Figure 10. The aromatic region of '"H NMR spectra of 5b in the presence
of increasing amounts of DABCO showing the progressive formation of
the sandwich complex as a slow exchange process and its destruction as a
fast exchange process. 1 and 2 are B-pyrrole protons of free 5b; primed
numbers indicate B-pyrrole protons in the respective sandwich complex.
The change in chemical shift of the doublet marked with an asterisk after
one equivalent of DABCO was added was used to calculate the percent-
age of porphyrin involved in a sandwich complex (see text). Inset: upfield
region of the "H NMR spectra; 3 indicates the methylene protons of the
DABCO bound in a sandwich complex. The broadening of this signal
due to chemical exchange during the titration is shown.

When one equivalent of DABCO was added, only the sig-
nals of the sandwich complex were observed. As more
DABCO was added, the porphyrin protons assigned to the
sandwich complex gradually shifted, indicating a fast ex-
change equilibrium between the sandwich complex and the
2:1 complex. For 5a and 5b, the signal due to bound
DABCO also broadened through chemical exchange.

Similar behavior was observed for 5¢, but the onset of the
second equilibrium occurred at DABCO concentrations of
less than one equivalent, hinting that a different binding
model was operative for this system.

The changes in chemical shift of selected porphyrin sig-
nals were analyzed in terms of a fast-exchange two-state
equilibrium. We assume that after one equivalent of
DABCO has been added, there is no free porphyrin in so-
lution, and the chemical shifts at this point correspond to
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the sandwich complex. The chemical shifts of the 2:1 com-
plex can be estimated from the spectrum in the presence of
large excess of DABCO or by extrapolation of the binding
curve. Thus, the percentage bisporphyrin present as the
sandwich complex can be calculated using the Equation (1),
in which AJ is the difference between the observed chemical
shift and the chemical shift of the sandwich complex and
Al 1s the difference between the chemical shifts of the
sandwich and 2:1 complexes.

AO
%Psandwich = (W) x 100 (1)

This equation is independent of the binding model, since
the relative stoichiometry of both sandwich complexes is
1:1. At millimolar concentrations of the porphyrin, the simu-
lated speciation profile of the sandwich complex after one
equivalent of DABCO has been added is quite different de-
pending on the stoichiometry assigned to the sandwich com-
plex (Figure 9¢ and 11). Equation (1) was used to determine
the amount of sandwich complex present during the NMR
titrations, and this data is plotted together with simulated
profiles in Figure 11.%

The experimental data agree very well with the simulated
profile for a 1:1 complex in the cases of Sa and Sb. On the
other hand, the experimental data for 5S¢ agree with the spe-
ciation profile of a 2:2 assembly. In this case, we can rule
out the possibility of higher order complexes, such as the 3:3
assembly, by using the UV-visible titration data to predict
the behavior at NMR concentrations (see Figure 11c). We
conclude that DABCO forms simple intramolecular 1:1
complexes with 5a and 5b and an intermolecular 2:2 assem-
bly with Sc. The high effective molarities mean that these
systems are stable even at millimolar concentrations in the
presence of excess DABCO. Figure 12 shows the speciation
diagrams for the titrations of S¢ with DABCO at micromo-
lar and millimolar concentrations. The diagrams show the
DABCO concentration range in which the 2:2 sandwich as-
sembly exists as the major component in solution.

To gain further insight into the structures of the com-
plexes,*! semiempirical molecular modeling was used. No
symmetry constraints were imposed and it was assumed that
no side chains were attached to the bisporphyrins to keep
the size of the calculation amenable. The results show that
5a and 5b can easily achieve conformations that place the
porphyrin units in a cofacial arrangement appropriate for
the formation of a 1:1 intramolecular sandwich complex
with DABCO (Figure 13).

Based on AMI calculations, the formation of DABCO-5b
is 5kImol™' more favorable than the formation of
DABCO-5a, which agrees with the difference of K;; values
for these complexes. We have also modeled the intramolecu-
lar complex DABCO-5¢ (Figure 14). It is 54 kJmol ™' less
stable than DABCO-5b, because a cofacial arrangement of
the porphyrin units can only be achieved by distorting the
planarity of the amide groups. On the other hand, molecular
modeling shows that 5S¢ can form a strain-free 2:2 assembly
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Figure 11. Simulated profiles showing the percentage bisporphyrin pres-
ent as the sandwich complex, a) Sa, b) 5b, and c) 5S¢ (1 x107°m). Dotted
lines correspond to the destruction of a 1:1 sandwich complex, bold lines
to destruction of a 2:2 complex and the dashed line in c) to destruction
of a 3:3 complex. The black circles (@) were calculated from the experi-
mental NMR data (see text).

with DABCO. This complex is 50 kJmol™ per bisporphyrin
more stable than DABCO-5¢. The 2:2 sandwich complex
has a central cavity with four convergent amide N—H bonds,
which augurs well for the use of this system as a molecular
receptor.

The high value of the effective molarity calculated for
(DABCO)»5¢, (1Mm) is indicative of a very good comple-
mentarity in the sandwich architecture, but the key feature
of this system is the very low complementarity for the intra-
molecular complex that dominates in the other two systems.
The high value of the effective molarity also prevents com-
petition between discrete assembly processes and oligomeri-
zation into less well-defined mixtures. These results have
paved the way for the study of the DABCO-induced self-as-
sembly of more complex systems based on trisporphyrins, as
well as recognition studies on the resulting molecular assem-
blies. Both subjects are currently under investigations in our
laboratories.
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Figure 12. Simulated profiles for the titrations of 5S¢ with DABCO using
the equilibrium constants in Table 2 for the exclusive formation of an in-
termolecular 2:2 sandwich assembly. Each profile has been plotted at a
different concentration of 5¢: a) [S¢]=1x10"°m and b) [S¢]=1x10">m.

Figure 13. AM1 optimized structures of DABCO-5a (left) and
DABCO-5b (right).

Figure 14. AM1 optimized structures of DABCO-5¢ (left) and
DABCO,5¢, (right).

Conclusion

We have synthesized three isomeric zinc-bisporphyrins that
differ in the three-dimensional arrangement of the metal
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binding sites and have studied the formation of molecular
assemblies with the bidentate ligand DABCO. Two bispor-
phyrins, 5a and 5b form simple 1:1 intramolecular sandwich
complexes with DABCO, but 5¢ forms a stable 2:2 intermo-
lecular sandwich assembly. The 5a and 5c¢ sandwich com-
plexes open up to form simple 2:1 complexes in the pres-
ence of excess DABCO, but the 5b complex is remarkably
stable and cannot be destroyed even by a large excess of
DABCO. These observations were corroborated by AM1
semiempirical calculations.

The different behavior of these systems could be charac-
terized, because we were able to study the complexation
processes in detail using both UV-visible and '"H NMR spec-
troscopy. By using a single concentration, for example, the
micromolar regime used for UV-visible experiments, it is im-
possible to tell whether the titration data is best described
by the formation of a 1:1 complex or by a higher order 2:2
assembly. The association constants determined with the
UV-visible titrations can be used to simulate the binding iso-
therms of the two possible binding models at millimolar
concentration. At this higher concentration, simple 1:1 com-
plexation and the formation of higher order assemblies can
easily be distinguished, because they lead to a quite differ-
ent behavior when opening to form the 2:1 complex. The
stability of the 2:2 assembly increases significantly with con-
centration, whereas the simple 1:1 complexes are insensitive
to concentration. At millimolar concentrations, the experi-
mental data of the destruction of the sandwich complex fits
very well to the speciation profile simulated using the stabil-
ity constants determined by UV-visible spectroscopy. The
agreement between experimental and simulated destruction
profiles at millimolar concentrations allowed us to distin-
guish the operative binding mode for each bisporphyrin.
The stability of the assembly formed with S¢ and DABCO
over a wide range of concentrations, and the fact that mo-
lecular modeling shows that the self-assembled structure has
a large cavity in which four N—H bonds can converge,
augurs well for potential use in host-guest chemistry.

Experimental Section

General: 'H NMR spectra were recorded on a Bruker AMX-300 and
Bruker AVANCE-300. Electron-spray-ionization high-resolution mass
spectra (ESI MS) were obtained on a Micromass Autospec 3000. Fast-
atom-bombardment mass spectra (FAB MS) were measured on a VG
AutoSpec. UV-visible spectra were measured on a Varian Cary 300 Bio.

Materials: All commercial solvents and chemicals were of reagent grade
quality and were used without further purification except as noted below.
Deuterochloroform and chloroform were deacidified by passing through
a short column of aluminium oxide 90 active, neutral (Merck). Thin-layer
chromatography (TLC) and flash column chromatography were per-
formed with DC-Alufolien Kieselgel 60 F,5, (Merck) and Silicagel Shar-
lab 60, respectively. DABCO and quinuclidine were sublimed prior to
use. Compounds 2 and 1a—c were prepared as described previously.'”

5-Methoxy-1,3-benzenedicarbonyl dichloride (3): Anhydrous cesium car-
bonate (1.6 g, 4.9 mmol) and iodomethane (410 uL, 6.5 mmol) were
added to a solution of commercially available (Aldrich) dimethyl 5-hy-
droxyisophthalate (1 g, 4.75 mmol) in dry dimethyl formamide (10 mL).
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The mixture was heated at 80°C under argon atmosphere for 2 h. After
cooling to room temperature, fert-butyl methyl ether (50 mL) was added
and the solids were filtered through celite. The filtrate was washed with
HCI (1N) and brine, dried over Na,SO,, filtered and concentrated in
vacuo, to give the crude white solid dimethyl ester of 5-methoxy-1,3-ben-
zenedicarboxylic acid®” (750 mg, 70%). '"H NMR (300 MHz, CDCl,): 6
=828 (t,/=12Hz, 1H,),7.75 (d, /=12 Hz, 2H), 3.94 (s, 6H), 3.89 ppm
(s, 3H).

Without any further purification, the crude product (750 mg, 3.3 mmol)
was suspended in an aqueous solution of sodium hydroxide (1N, 20 mL).
The suspension was heated at 70°C under argon atmosphere overnight,
during which time the reaction mixture turned to a clear solution. The
mixture was allowed to reach room temperature and was diluted with
NaOH (1w, 30 mL). The aqueous solution was extracted with ters-butyl
methyl ether (3x20 mL). Concentrated HCI was added to the aqueous
layer to pH~3. The resulting white precipitate was collected by vacuum
filtration and dried in vacuo to give 5-methoxy-1,3-benzenedicarboxylic
acid as a white solid (570 mg, 88%). M.p. 260-268°C; 'HNMR
(300 MHz, CDCL/[Dg]DMSO): 6=8.18 (t, J=14Hz, 1H), 7.61 (d, J
=1.4 Hz, 2H), 3.75 ppm (s, 3H); "C NMR (75 MHz, CDCl;/[D¢]DMSO):
0=167.5, 159.4, 132.5, 123.4, 119.1, 55.6 ppm; IR (KBr): #=3415, 1704,
1464, 1421, 1384, 1279, 1057, 760, 694 cm™".

The crude diacid obtained above (570 mg, 2.9 mmol) was suspended in
thionyl chloride (2 mL, 27.4 mmol), and a catalytic amount of triphenyl-
phosphine was added. The mixture was refluxed under argon until the
solid was completely dissolved (3 h) and evaporated to dryness to give a
solid residue. The residue was dissolved in dry CH,Cl, (S5mL) and the
solvent was evaporated under reduced pressure. This process was repeat-
ed three times. The final solid residue was purified by crystallization
from hexane to yield compound 3 (290 mg, 43%) as white needles.
'HNMR (300 MHz, CDCL): 0=8.46 (t, J=12Hz 1H), 7.89 (d, J
=1.2 Hz, 2H), 3.95 ppm (s, 3H); C NMR (75 MHz, CDClL;): §=165.5,
158.6, 133.7, 124.4, 120.6, 54.5 ppm.

General procedure for the preparation of free-base bisporphyrins 4a—c:
A solution of aminoporphyrin 1 (220 mg, 0.26 mmol), freshly distilled dry
triethylamine (60 uL, 0.4 mmol), and a catalytic amount of 4-(dimethyl-
amino)pyridine (DMAP) in dry CH,Cl, (30 mL) was cooled at 0°C in an
ice-water bath, and diacid 3 (31 mg, 0.13 mmol) was added in one por-
tion. After stirring for 4 h at room temperature under argon atmosphere,
the organic layer was washed with saturated NaHCO; and brine, dried
over Na,SO,, filtered, and concentrated in vacuo to yield a solid residue.
The product was separated from the unreacted porphyrin by flash chro-
matography of the residue on silica gel eluting with CH,CL,:THF (99:1)
to recover first the aminoporphyrin 1 followed by the free-base bispo-
rhyrin 4 as a purple solid.

Free-base bis-porphyrin 4a: Yield 40%; 'H NMR (300 MHz, CDCl,): 0
=8.82 (d, J=5.7Hz, 4H), 8.78 (d, J=5.7Hz, 4H), 8.66 (d, J=4.7 Hz,
4H), 8.49 (d, J=4.7Hz, 4H), 826 (d, /=82, 2H), 8.11 (d, /=72 Hz,
2H), 7.98 (m, 8H), 7.86 (d, /=7.4 Hz, 4H), 7.67 (t, J=82 Hz, 2H), 7.59
(d, J=72Hz, 4H), 749 (d, /=72Hz, 4H), 744 (t, J=82Hz, 2H),
7.37(d, J=7.2 Hz, 4H), 6.99 (s, 2H), 6.02 (s, 1H), 4.66 (s, 2H), 2.96 (t, J
=7.8Hz, 4H), 2.90 (t, J=7.8 Hz, 8H), 1.86 (m, 12H), 1.51 (m, 24H),
1.03 (m, 18H), 1.0 (s, 3H), —2.94 ppm (s, 4H).

Free-base bis-porphyrin 4b: Yield 42%; 'H NMR (300 MHz, CDCl,): 0
=8.86 (s, 8H), 8.83 (s, 8H), 8.32 (s, 2H), 8.1 (m, 16H), 7.5 (m, 19H), 3.8
(s, 3H), 2.95 (t, J=7.5Hz, 4H), 2.88 (t, J=7.5Hz, 8H), 1.85 (m, 12H),
1.51 (m, 24H), 1.02 (m, 18H), —2.75 ppm (s, 4H).

Free-base bis-porphyrin 4¢: Yield 42%; '"H NMR (300 MHz, CDCl,):
=8.89 (s, 8H), 8.87 (s, 8H), 8.35 (s, 2H), 8.29 (d, J=8.2 Hz, 4H), 8.26 (s,
2H), 8.12 (d, J=8.2 Hz, 4H), 8.11 (d, /=7.8 Hz, 12H), 7.84 (s, 2H), 7.55
(d, J=7.8Hz, 12H), 2.94 (t, J=7.5Hz, 12H,), 1.90(m, 12H), 1.52 (m,
24H), 1.02 (t, /=7 Hz, 18H), —2.75 ppm (s, 4H).

General procedure for the preparation of the zinc-bisporphyrins Sa—c:
The free-base bisporphyrin 4 (100 mg, 0.05 mmol) was dissolved in
CH,Cl,/CH;O0H (3:1, 30 mL) and zinc acetate (180 mg, 0.98 mmol) was
added. The reaction mixture was protected from light and stirred at
room temperature for 1 h. After removal of the solvents under reduced
pressure, the product was purified by column chromatography on basic
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alumina eluting with CH,ClL,/CH;OH (99:1). The product was recrystal-
lized from CH,Cl,/CH;OH yielding the zinc-bisporphyrin § as a purple
powder.

Zn-bisporphyrin  5a: Yield 90%; m.p. 260-268°C; 'HNMR
(300 MHz,[Ds]pyridine): 6=9.19 (d, J=4.5 Hz, 8H), 9.10 (s, 2H), 9.01 (d,
J=4.9Hz, 8H), 8.7 (s, 2H), 8.28 (m, 16H), 7.79 (t, J=7.5 Hz, 2H), 7.61
(m, 12H), 7.10 (s, 1H), 5.18 (s, 2H), 2.97 (t, J=7.5Hz, 4H), 2.90 (t, J
=7.5Hz, 8H), 1.85 (m,12H), 1.44 (m, 24H), 1.00 (t, /=7.1 Hz, 6 H), 0.95
(t, J=7.1Hz, 12H), 0.94 ppm (s, 3H); IR (KBr): 7=3416, 2925, 2854,
1639, 1617, 1384, 1079, 799, 621, 476 cm™'; HRMS (ESI): m/z caled for
C,»;H,,,N,,03Zn,Na: 1989.8187; found: 1989.8251.

Zn-bisporphyrin 5b: Yield 93 %; m.p. 245-250°C; 'H NMR (300 MHz,
[Ds]pyridine): 6=11.43 (s, 2H), 9.30 (d, J=4.5Hz 4H), 927 (d, J
=5.0Hz, 4H), 9.24 (d, J=4.5Hz, 4H), 9.20 (d, J=5.0 Hz, 4H), 9.03 (s,
2H), 8.84 (s, 1H), 8.58 (d, /=7.8Hz, 2H), 8.35 (m, 12H), 822 (d, J
=7.8 Hz, 2H), 8.04 (s, 2H), 7.78 (t, J=7.8 Hz, 2H), 7.60 (m, 12H), 3.56
(s, 3H), 2.92 (t, J=7.7 Hz, 4H), 2.88 (t, J=7.7 Hz, 8H), 1.82 (m, 12H),
1.43 (m, 24H), 0.97 (t, J=6.6 Hz 6 H), 0.94 ppm (t, /=6.6 Hz, 12H); IR
(KBr): 7=3415, 2926,1617, 1526, 1384, 1339, 1207, 1000, 797, 720 cm™;
HRMS (ESI): m/z caled for C,;H;»,N;,OsZn,Na: 1989.8187; found:
1989.8273.

Zn-bisporphyrin 5c: Yield 94%; m.p. 295-300°C; 'H NMR (300 MHz,
CDCLy): 0=8.99 (s, 8H), 8.98 (d, /=53 Hz, 4H), 8.96 (d, /J=5.3 Hz,
4H), 8.26 (d, J=8.5 Hz, 4H), 8.19 (s, 2H), 8.12 (d, J=8.2 Hz, 4H), 8.11
(d, J=82Hz, 8H), 7.94 (d, J=8.5Hz, 4H), 7.82 (s, 1H), 7.57 (s, 2H),
7.56 (d, J=8.2 Hz, 4H), 7.53 (d, /=8.2 Hz, 8H), 3.96 (s, 3H), 2.95 (m,
12H), 1.92 (m, 12H), 1.50 (m, 24H), 1.02 ppm (m, 18 H); IR (KBr): ¥
=3409, 2924,1643, 1515, 1446, 1384, 1336, 1205, 1066, 796, 719 cm™;
HRMS (ESI): m/z caled for C;H;»N;;05Zn,Na: 1989.8187; found:
1989.8251.

Titrations and data analysis: 'H NMR and UV-visible titrations were per-
formed by adding solutions containing the ligand to a solution of the zinc
porphyrin in either a 5 mm NMR tube or a 1 cm path cuvette by using
microliter syringes. In both types of titration experiments the zinc—por-
phyrin was present in the guest solution at the same concentration as
that in the NMR tube or cuvette to avoid dilution effects. Deacidified
chloroform and deacidified deuterochloroform were used as solvents for
the UV-visible and '"H NMR titrations, respectively. In general, UV-visi-
ble spectrophotometric titrations were analyzed by fitting the whole
series of spectra at 1 nm intervals by using the software SPECFIT 3.0
from Spectrum Software Associates (PMB 361, 197M Boston Post Road
West, Marlborough, MA 01752, USA), which uses a global system with
expanded factor analysis and Marquardt least-squares minimization to
obtain globally optimized parameters. Titration curves with respect to the
simple binding model were also analyzed by fitting the data to the theo-
retically expected binding curve by using nonlinear curve-fitting pro-
grams developed by one of us (C.A.H.). In these simple cases the two
methods gave similar results, but the first method was more accurate. In
all the cases of the zinc—bis-porphyrins binding to DABCO, multivariate
global factor analysis was the only method used. The reported errors for
the stability constants directly calculated with SPECFIT, or any other fit-
ting program, were estimated as the square root of the sum of the square
of the standard deviations from at least three experimental values of the
binding constants determined in different titration experiments. Errors
for the stability constants and molarity effects computed using the values
determined directly for the stability constants were estimated by error
propagation analysis."!

Computational methods: Semiempirical calculations were carried out at
the restricted Hartree-Fock (RHF) level using the AM1?! method, as
implemented in MOPAC-93 package.”” The geometry of all structures
was optimized and further refined by minimization of the gradient norm
to less than 0.418 kJ A~'deg™' by means of the Eigenvector Following
(EF) routine.”" Side chains were assumed not to be attached to the por-
phyrins in order to keep the size of the calculation approachable.
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