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A family of closely related zinc porphyrin—pyridine complexes were used to examine the influence of
linker preorganization on supramolecular effective molarities for formation of intramolecular H-bonds.
Each pyridine ligand was equipped with a side-chain containing two H-bond acceptors, one on the end
of the chain (terminal) and one in the middle of the chain (linker). These H-bond acceptors make intra-
molecular interactions with phenol H-bond donors on the porphyrin periphery. Two different H-bonding
acceptors were used as linker groups in order to construct frameworks with significantly different degrees
of preorganization: ester linkers populate the H-bonded state 60-70% of the time, whereas amide linkers
populate the H-bonded state 90-100% of the time. Thus the amide linkers provide a significantly more
preorganised ligand framework than the ester linkers. Effective molarities (EM) for intramolecular H-bonds
between the terminal H-bond acceptor groups on the ligands (esters and amides) and the porphyrin
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phenol groups were quantified using 32 chemical double mutant cycles. The values of EM for interactions
with the terminal H-bond acceptors are independent of the nature of the linker H-bond acceptor (weakly
bonded ester or strongly bonded amide), which indicates that preorganization of the linker has no effect
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Introduction

Multivalency or chelate cooperativity is a key strategy in design-
ing ligands with high specificity and affinity."™ This principle
has been applied in the self-assembly of functional nano-
systems, material science and new toxin therapies.””” However,
a quantitative understanding of the thermodynamic contri-
butions of individual interactions within a multivalent system
is still problematic. One important question that needs to be
addressed is will the strength of any individual functional
group interaction depend on the overall stability of the multi-
valent complex in which it is found? Whether the free energy
contribution of an intramolecular interaction changes signifi-
cantly between a weakly bound and a strongly bound complex
influences how transferrable interactions are from one system to
another, and thus the rational design of supramolecular
systems. In order to answer this question, we have designed a
series of zinc porphyrin-pyridine complexes to investigate the
relationship between ligand preorganization in a supramolecular
complex and chelate cooperativity. By comparing the free energy
contributions of the same H-bond to the overall stabilities of
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on chelate cooperativity in these systems.

different complexes, we show that there are no structural tigh-
tening effects and that the strength of an intramolecular inter-
action is independent of ligand preorganization.®

Approach

Cooperativity between multiple interaction sites renders the
overall stability of a supramolecular system different from the
sum of the individual interactions in isolation.”"® The key para-
meter used for quantifying chelate cooperativity is effective
molarity (EM). EM defines the concentration at which intermo-
lecular interactions, which result in oligomerization, start to
compete with intramolecular interactions."*"* Fig. 1 illustrates
how EM values can be measured for the formation of intra-
molecular H-bonds in synthetic zinc porphyrin-pyridine com-
plexes. We consider that the formation of a zinc porphyrin—
pyridine complex, as shown in Fig. 1b, goes through two steps:
first formation of a zinc-pyridine coordination bond with
association constant K,, and then formation of an intramole-
cular H-bond with equilibrium constant K;.fEM, where K¢ is
the association constant for formation of the corresponding
intermolecular interaction (Fig. 1a). Strictly, the H-bond in
Fig. 1b is an intermolecular interaction, but considering that it
governs the second step of the process, we will refer to this
interaction as intramolecular here. Through comparison
between the intramolecular and intermolecular association
constants for H-bond formation, the value of effective molarity
(EM) can be determined experimentally.
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(a) Kyet is the association constant for formation of an intermolecular H-bond. (b) Stepwise equilibria in the formation of a porphyrin—pyridine

complex containing an intramolecular H-bond. Kj is the intermolecular association constant for formation of the zinc—nitrogen interaction. K,e(EM
is the equilibrium constant for formation of the intramolecular H-bond, and EM is the effective molarity for the intramolecular interaction.

In order to measure the intramolecular equilibrium con-
stant K.;EM, a chemical double mutant cycle (DMC) can be
used to dissect out the free energy contribution of individual
intramolecular interactions as shown in Fig. 2.'*" In prin-
ciple, comparison of the free energies of formation of com-
plexes A and B measures the H-bond interaction between the
porphyrin phenol group and the ligand carbonyl group. However,
the difference between the stabilities of complexes A and B also
includes a contribution from secondary interactions between the
carbonyl H-bond acceptor and the porphyrin core. These second-
ary interactions can be directly measured by comparing the free
energies of formation of non-H-bonding complexes C and D.
Thus, the free energy contribution due to the intramolecular
H-bond can be quantified using eqn (1). Using this approach and
assuming that free energy contributions are additive, all second-
ary interactions cancel in a pairwise manner.'*¢

AAG’ = AG, — AGy — AGg, + AGy, (1)

In any complex held together by multiple weak interactions,
the bound state is a mixture of partially bound states, where
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Fig. 2 Chemical double mutant cycle (DMC) for measurement of the
free energy contribution of an intramolecular H-bond to the stability of
complex A.
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not all of the interactions are fully populated.'”'® For example,
the bound state in Fig. 1b is a population weighted average of
the fully bound state, where both the H-bond and zinc-nitro-
gen interaction are formed, and the partially bound state,
where only the zinc-nitrogen interaction is formed. The fully
bound state will only dominate when K..¢EM > 1. Thus the
value of AAG®° measured by the DMC reflects a population-
weighted average of the partially and fully bound states and
the value of EM is given by eqn (2). When K,;EM < 1, the
intramolecular H-bond is not formed and AAG® is zero.

AAG® = —RT In(1 + KEM) (2)

For complexes that can make two H-bonds, there are four
possible bound states. Fig. 3 shows a complex where the por-
phyrin phenol groups can form a H-bond with a terminal car-
bonyl group (red) and with a linker carbonyl group (blue).

X=NEt or O
R =OEt or NEt,

Fig. 3 Structure of a zinc porphyrin—pyridine ligand complex that can
make two H-bonds. There are four different bound states with popu-
lations that depend on the strengths of the H-bonds that the porphyrin
phenol groups make with the terminal carbonyl group (red) and with the
linker carbonyl group (blue).

This journal is © The Royal Society of Chemistry 2015
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When X = O, the terminal carbonyl group on the ligand is con-
nected by an ester linker, which makes a weak H-bond (f =
5.3). When X = NEt, the terminal carbonyl group is connected
by an amide linker, which makes a strong H-bond (f = 8.5)."°
The strong H-bond formed with the amide linker will be
highly populated compared with the ester linker, and the con-
sequent preorganization of the amide ligand (X = NEt) might
be expected to enhance the free energy contribution due to the
H-bond formed with the terminal carbonyl group. In other
words, the population of the blue H-bond in Fig. 3 may influ-
ence the population of the red H-bond. In this paper, we
quantify the effect of linker preorganization on the EM for for-
mation of H-bonds with the terminal carbonyl group by com-
paring families of ligands with amide and ester linkers.

Results and discussion

Fig. 4 shows the structures of porphyrin receptors used in this
work. Porphyrins Pla-P4a have peripheral phenol H-bond
donor groups at different locations, and P1b-P4b are the
corresponding non-H-bonding controls with methoxy groups.
The two ligand families with ester linkers (L5 and L6) and
amide linkers (L11 and L12) are shown in Fig. 5. The ligands
are equipped with two different terminal H-bond acceptor
groups, amide (Le) and ester (Lf). Control ligands with only
the linker H-bond acceptors (Lb) and with no H-bond accep-
tors (Lc) are also shown.

Synthesis

All ligands in the Le series are commercially available. The syn-
thesis of the porphyrin receptors and the ligands with ester
linkers (L5 and L6) was published previously."®*° The ligands
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Fig. 4 Porphyrin receptors that can make H-bonds (Pla—P4a) and that
cannot (P1b—P4b).
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Fig. 5 Ligands equipped with different combinations of ester and
amide H-bond acceptors and the control ligands (the numbering
scheme is used to maintain consistency with previous publications).

with amide linkers (L11 and L12) were prepared by converting
the corresponding pyridine carboxylic acid to the acid chloride
and coupling with the appropriate amine (Scheme 1). Amines
2 and 4 were prepared based on literature procedures.”*
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Binding studies

The association constants for formation of the 48 complexes
between the 8 porphyrins and the 6 ligands (L11 and L12)
were measured using UV/vis absorption and fluorescence titra-
tions in both toluene and TCE (see Experimental section for
details). All titration data fit well to a 1:1 binding isotherm
apart from complex P4a-L12f in toluene, and the results are
reported in Tables 1 and 2 for toluene and TCE respectively.
Association constants for the complexes formed with the Lc,
L5 and L6 ligand families in toluene and TCE have been
reported previously."**°

The association constants in Tables 1 and 2 span six orders
of magnitude from 10> to 10° M™", depending on the H-bond
acceptors, the solvent and geometrical complementarity. Fig. 6
compares the association constants measured for isomeric
zinc porphyrin-ligand complexes in toluene (black) and in
TCE (gray): the terminal amide ligands with ester linkers (L5e
and L6e) and the terminal ester ligands with amide linkers
(L11f and L12f) have practically identical association constants

View Article Online
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in both solvents. This suggests that the H-bonding interactions
in these complexes make similar free energy contributions
regardless of whether they are located in the linker or terminal
sites on the ligands.

DMC analysis of intramolecular H-bonds

The association constant data in Tables 1 and 2 are illustrated
graphically in Fig. 7. The results are colour coded according to
the role of the complex in the DMC. Complexes in blue, which
can make both linker and terminal H-bonds, are generally
more stable than the complexes in yellow, which can only
make the linker H-bond, and the complexes in green and red,
which cannot make any H-bonds.

The free energy contributions of the linker H-bonds for the
Lb series of ligands were determined using the DMC shown in
Fig. 8. The results are listed in Tables 3 and 4 for toluene and
TCE respectively. In toluene, 13 of 16 complexes make detect-
able intramolecular H-bonds. In TCE, 12 of 16 complexes

Table 1 Association constants (K/M™) for the formation of 1:1 porphyrin—ligand complexes in toluene at 298 K (with percentage errors in

brackets)

Porphyrin
Ligand Pla P2a P3a P4a P1b P2b P3b P4b
L5b 2.0 x 10" (40%) 3.1 x 10" (60%) 5.2 x 10 (20%)" 9.2 x 10% (10%) 6.9 x 10% (30%) 5.2 x 10° (20%) 9.1 x 10° (30%) 8.8 x 10° (20%)
L6b 2.8x10* (20%) 4.9 x 10* (40%) 1.2 x10° (30%) 7.5x 10 (30%) 4.7 x 10 (30%) 2.8 x 10° (20%) 6.0 x 10° (20%) 5.3 x 10* (30%)
L5f 1.7 x 10* (10%) 2.0 x 10" (10%) 3.8 x 10" (5%) 9.4 x 10° (7%) 6.2 x 10° (20%) 4.6 x 10° (10%) 8.5 x 10° (4%) 7.7 x 10> (5%)
Lof 5.2 x 10* (20%) 5.8x 10" (7%) 1.0 x 10° (10%) 1.0 x 10* (4%) 6.3 x 10° (10%) 3.5 x 10° (20%) 5.6 x 10 (5%) 7.3 x 10’ (7%)
L5e 2.4 x10° (3 0%) 2.2 x10° (1 0%) 7.2x10° (3 0%] 2.5x10* (4%) 6.2 x 10° (30%) 4.0 x 10° (8%) 8.0 x 10° (20%) 6.9 x 10* (1%)
Lé6e 4.2 x10° (20%)" 4.2 x 10° (20%)” 2.5 x 107 (40%)” 1.7 x 10° (10%) 7.3 x 10° (30%) 5.2 x 10° (20%) 9.0 x 10° (7%) 1.2 x 10" (20%)
L11b 2.6 x10° (10%) 2.2x10° (2%) 8.0 x 10° (20%) 2.1 x 10" (10%) 1.3 x 10" (5%) 9.0 x10°(3%) 1.6 x 10" (3%) 1.4 x 10" (5%)
L12b 2.3 x10°(9%) 4.0 x10°(20%) 3.3x10” (2%)* 5.1x10%(8%) 1.4x10*(7%) 9.2x10°(2%) 1.8x10"*(6%) 1.8x 10" (4%)
L11f 8.4 x10"(20%) 2.0x10° (4%) 6.9x10° (10%] 1.4 x 10* (30%) 7.8 x 10° (10%) 5.9 x 10° (5%) 7.9 x 10° (6%) 1.0 x 10* (5%)
L12f 1.2 x10°(20%) 2.7 x 10°(10%) 1.5 x 107 (40%)” © 1.1x10* (1%) 8.1x10°(3%) 1.7x10" (4%) 1.7 x 10" (5%)
Llle 5.0 x10° (10%) 6.7x10° (4%) 1.3 x10°(5%) 6.3 x10"(6%) 3.4x10° (3%) 4.1x10°(4%) 7.9x10°(3%) 7.6 %10’ (7%)
L12e 1.2 x10%(10%)* 1.4 x 10° (30%)" 2.6 x 10° (8%)* 7.1x10°(6%) 1.4 x10*(6%) 7.6x10%(4%) 1.9x10*(3%) 1.9x10* (2%)

“Measured by manual displacement fluorescence titration. Measured by automated fluorescence titration. “ The titration data did not fit to a
?The association constants measured in this work differ slightly from the previously

1:1 binding isotherm, see appendix I for the UV/vis spectra.
published data.>®?*

Table 2 Association constants (K/M™) for the formation of 1:

1 porphyrin—ligand complexes in TCE at 298 K (with percentage errors in brackets)

Porphyrin

Ligand Pla P2a P3a P4a P1b P2b P3b P4b

L5b 7.6 X 10° (40%) 6.1 x 10° (30%) 7.4 X 10° (30%) 2.0 x 10° (30%) 1.9 x 10% (30%) 1.4 x 10° (30%) 1.9 x 10° (30%) 1.6 x 10° (30%)
L6b 7.6 x 10° (50%) 4.6 x 10° (50%) 8.3 x 10° (50%) 7.5 x 10> (40%) 8.1 x 10> (20%) 5.7 x 10> (10%) 7.2 x 10> (20%) 6.5 x 10> (20%)
L5f 6.8 x10% (10%) 4.8 x10° (2%) 4.9x10%(10%) 1.8x10° (5%) 1.6 x10° (40%) 1.3 x 10° (10%) 1.7 x 10° (10%) 1.7 x 10° (1%)
L6f 1.3x10* (5%) 9.8x10°(9%) 1.0 x 10" (20%) 1.2x10° (5%) 1.0 x 10° (20%) 6.7 x 10” (10%) 8.9 x 10> (20%) 9.1 x 107 (10%)
L5e 3.0 x 10" (30%) 2.2x10" (9%) 2.1 x10* (5%) 4.0x10°(8%) 1.6 x 10 (20%) 1.2 x 10° (20%) 1.6 x 10° (20%) 1.4 x 10° (7%)
Lée 2.0 x10° (10%) 1.1 x10° (9%) 1.4 X 10° (10%) 4.4 x 10° (10%) 1.1 x 10° (40%) 7.9 x 10> (10%) 8.7 x 10> (3%) 8.9 x 10” (4%)
L1lb  3.7x10"(10%) 4.3x10"(5%) 7.8x10"(4%) 2.5x10° (10%) 2.3 x10°(20%) 2.1x10° (4%) 2.4 x10°(4%) 2.2 x 10° (5%)
L12b  1.8x10° (10%) 3.0x10° (7%) 1.6 x 10° (10%) 2.1 x 10° (10%) 1.9 x 10° (4%) 1.4 x 10° (10%) 1.6 x 10° (10%) 1.6 x 10° (20%)
L11f 2.4 x10"(8%) 2.8x10"(7%) 3.3x10"(9%) 2.5x10° (10%) 2.6 x10° (2%) 2.0 x 10° (10%) 2.4 x 10° (8%) 2.2 x 10° (5%)
L12f 9.1 x10" (40%) 9.3x10% (1%) 1.8x10°(4%) 2.3x10°(1%) 1.4x10°(3%) 1.0x10°(3%) 1.1x10°(4%) 1.2 x10° (6%)
Llle  4.5x10"(30%) 5.6x10"(3%) 3.3x10"(1%) 3.9x10°(5%) 1.2x10°(20%) 1.0x10°(9%) 1.0x10°(9%) 1.4 x 10° (8%)
L12e 8.2 x10°(8%) 8.1x10° (10%) 9.7 x 10° (20%) 8.0 x 10° (10%) 1.3 x 10° (10%) 7.9 x 10* (7%) 9.4 x 10> (4%) 1.1 x 10° (5%)

4984 | Org. Biomol. Chem., 2015, 13, 4981-4992
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Fig. 6 Comparison of the association constants measured for isomeric
zinc porphyrin—ligand complexes in toluene (black) and in TCE (gray):
L5e and L6e are terminal amide ligands with ester linkers, and L11f and
L12f are terminal ester ligands with amide linkers. The line corresponds
to log K(L5e/L6e) = log K(L11f/L12f) (rmsd = 0.2).

make detectable H-bonds. On average, the linker amide
H-bonds are 5 k] mol™" stronger than the linker ester H-bonds.

The free energy contributions due to the terminal H-bonds
for the Le and Lf ligand series were determined using the
DMC shown in Fig. 9. The results are listed in Tables 5 and 6
for toluene and TCE respectively. For the Lf ligands, most
systems do not form detectable H-bonds with the terminal
ester groups. For the Le ligands, all of the complexes make
detectable amide-phenol H-bonds in toluene, and 14 of 16
complexes make detectable amide-phenol H-bonds in TCE.

One assumption of the DMC methodology is that the free
energy contributions from individual interactions are additive.
Fig. 10 compares the total free energy contribution due to
H-bonding interactions in complexes of one-armed ligands
with complexes of the corresponding two-armed ligands. If
free energy contributions are additive in these systems, the
free energy contribution measured for two H-bonds (AAG°(2))
should be double of the contribution due to one H-bond
(AAG°(1)). Fig. 10 shows that it is indeed the case in all of the
systems studied here, confirming the validity of the additivity
assumption.

Effective molarities for intramolecular H-bonds

In order to convert the values of AAG® into effective molarities
(EM), the association constants for formation of the corres-
ponding intermolecular interactions (K,.¢) were measured by
"H NMR titrations using the compounds shown in Fig. 11.>* In
all cases, the data fit well to a 1:1 binding isotherm. The
results are listed in Table 7 and compared with values esti-
mated using literature H-bond parameters and eqn (3) (Kcaic)-
There is a good agreement between the experimental and cal-
culated values."’

—RT In Kegie = —(a — ag)(f — fs) + 6 k] mol * (3)

This journal is © The Royal Society of Chemistry 2015
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(c) Schematic representation of the chemical double mutant cycle used
to extract information on the magnitude of the intramolecular
H-bonding interaction between H-bond acceptor A and H-bond donor
D in complexes formed between a zinc porphyrin (P) and a pyridine
ligand (L).
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_1)

where a and g are the H-bond parameters for the H-bond
donor and acceptor, and ag and fs are the H-bond parameters
for the solvent.

As illustrated in Fig. 3, complexes held together by multiple
non-covalent interactions are mixtures of partially and fully
bound states. Thus the association constant measured experi-
mentally, K,ps, is the sum of the association constants of all
possible bound states (eqn (4)).

Kohs :ﬂ<0 (4)
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R = OEt or NEt,

Fig. 8 Chemical double mutant cycle (DMC) for measurement of the
free energy contribution of H-bonds formed with the linker carbonyl
group (blue) to the stability of a porphyrin—ligand complex.

Table 3 Free energy contributions from linker amide-phenol and linker
ester-phenol H-bonds (AAG°/kJ mol™) determined using the DMC in
Fig. 8 at 298 K in toluene?

Linker Amide Ester

Ligand L11b L12b L5b Lob

Porphyrin Pla -8 -13 -3 -5
P2a -7 —-14 -3 —6
P3a -10 -19 —4? -7
P4a —il -2 0’ =il

“ Average error over the data set is +1 kJ mol™". Entries for complexes
that do not make detectable H-bonds are italicized. ” The association
constants measured in this work differ slightly from the previously
published data, and the values of AAG® for these complexes
correspondingly differ within 1 kJ mol™~*.>

Table 4 Free energy contributions from linker amide-phenol and linker
ester-phenol H-bonds (AAG°/kJ mol™) determined using the DMC in
Fig. 8 at 298 K in TCE?

Linker Amide Ester

Ligand L11b L12b L5b L6b

Porphyrin Pla -6 -11 -2 -5
P2a -6 —-12 -2 -4
P3a -8 -17 -3 —6
P4a 0 = 0 0

“ Average error over the data set is +1 k] mol™". Entries for complexes
that do not make detectable H-bonds are italicized.
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X =0 or NEt
R = OEt or NEt,

Fig. 9 Chemical double mutant cycle (DMC) for measurement of the
free energy contribution of H-bonds formed with the terminal carbonyl
group (red) to the stability of a porphyrin—ligand complex.

where K| is the association constant for formation of only the
intermolecular zinc-nitrogen coordination bond, and f is
given by eqn (5).

N N
f=1 +Z o:K;EM; + Z o KEEMIKEM; + - - + 6j..x H K:EM;
i ij i

(5)

where K; are the association constants for formation of the
corresponding intermolecular H-bonds (i.e. Kf), EM; are the
effective molarities for formation of intramolecular H-bonds,
and o; are statistical factors that account for the degeneracies
of the bound states (see ESIT for details of the equations used
for different complexes).

The zinc-nitrogen coordination bonds are not identical in
all of the complexes, but differences in K, cancel out in the
DMC, so that the value of AAG° can be related to the values of
K; and EM; by eqn (6).

e—AAGe/RT :fAfD

Sefc

where the values of fj, f3, fc and fp, are given by eqn (5).

Values of EM; were determined by solving eqn (5) and (6)
using the values of AAG® in Tables 3-6 and the values of K; in
Table 7. The results are reported in Tables 8 and 9. The values
of EM for formation of intramolecular H-bonds span two
orders of magnitude from 7 mM to 460 mM.

Fig. 12 compares values of EM measured in TCE with the
corresponding values measured in toluene for both terminal
H-bonds (red) and linker H-bonds (blue). There is good agree-
ment between the values measured in the two different sol-
vents, which indicates that EM is independent of solvent. This

(6)
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Table 5 Free energy contributions from terminal amide-phenol and ester-phenol H-bonds (AAG°/kJ mol™) determined using the DMC in Fig. 9 at
298 K in toluene?

Linker Amide Ester
Ester Amide Ester Amide
Terminal L11f L12f Lile L12e L5f L6f L5e L6e
Porphyrin Pla 2 il -5 -10 0 -1 -6’ 11
P2a -1 il -5 -9 i 0 -6 -10
P3a =1 2 -3 -5 1 0 -7 —12
P4a 0 ¢ -4 -6 0 0 —3b -6

“ Average error over the data set is +1 kJ mol™". Entries for complexes that do not make detectable H-bonds are italicized. ” The association
constants measured in this work differ slightly from the previously published data, and the values of AAG® for these complexes correspondingly
differ by 1-2 kJ mol™".%°  The titration data did not fit to a 1: 1 binding isotherm (see ESI).

Table 6 Free energy contributions from terminal amide-phenol and ester-phenol H-bonds (AAG°/kJ mol™*) determined using the DMC in Fig. 9 at
298 K in TCE?

Linker Amide Ester
Ester Amide Ester Amide
Terminal L11f L12f Lile L12e L5f Lo6f L5e L6e
Porphyrin Pla 1 1 -2 -5 0 -1 -4 -7
P2a 1 2 -2 -4 0 -1 -4 -7
P3a 2 5 0 0 1 0 -3 —7
P4a 0 -1 -2 —4 0 0 -2 -4

“ Average error over the data set is +1 k] mol™". Entries for complexes that do not make detectable H-bonds are italicized.

A, e A

1 2 3

15 4 Fig. 11 Compounds used to quantify intermolecular H-bonding
interactions.

-AAG®(2) / k) molt 10 1
Table 7 Association constants (M™?) for the formation of intermolecu-

plE lar H-bonded complexes measured by *H NMR titrations in d,-TCE and
1 dg-toluene at 298 K (K,¢f) and estimated using eqn (3) (Kcaic)

5 10 Solvent Complex a p as Ps Keet Keale
-AAGO(1) / k) molt ——
( ) / TCE 56 3.8 5.3 2.0 1.3 2+1 2
TCE 57 3.8 8.5 2.0 1.3 22+3 16
Toluene 56 3.8 5.3 1.0 2.2 3+1 3
.10 Toluene 57 3.8 8.5 1.0 2.2 86 + 20 110

Fig. 10 Total free energy contribution due to intramolecular H-bonds

for ligands with two identical side arms, AAG®(2), compared with data ;¢ . gistent with previous observations and indicates that the
for the corresponding one-armed ligands, AG°(1). Data for linker

H-bonds in toluene are dark blue, and pale blue in TCE. Data for term- %’naj.or .lnﬂuence of Solver‘lt l.n.these. System.s 1s to Change the
inal H-bonds in toluene are red, and pink in TCE. The line corresponds  1ntrinsic strength of the individual interactions through com-
to AAG®(2) = 2AAG°(1) (rmsd = 0.9 kJ mol ™). petition for individual binding sites.>*
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Table 8 Effective molarities (EM mM™) for linker H-bonds measured at 298 K?

Solvent Toluene TCE

Linker Amide Ester Amide Ester

Ligand L11b L12b L5b L6b L11b L12b L5b L6b

Porphyrin Pla 58 47 170 170 100 100 180 240
P2a 45 54 250 230 100 120 130 140
P3a 130 140 360° 310 310 380 290 310
P4a c 2 c c c c c c

“ Average errors over the data set are +50%. ” The association constants measured in this work differ slightly from the previously published data,
and the values of EM for these complexes correspondingly differ slightly.>” ¢ No interaction detected.

Table 9 Effective molarities (EM/mM) for terminal amide-phenol H-bonds measured at 298 K?

Solvent Toluene TCE
Linker Amide Ester Amide Ester
Amide Amide Amide Amide

H-bond acceptor ligand Lile L12e L5e Lée Lile L12e L5e Lée

Porphyrin Pla 35 53 54° 51 29 48 59 74
P2a 31 47 38 36 34 37 49 60
P3a 13 15 72? 72 ¢ ¢ 42 64
P4a 15 11 7° 8 16 18 15 13

“ Average errors over the data set are +50%. ” The association constants measured in this work differ slightly from the previously published data,

and the values of EM for these complexes correspondingly differ slightly.

log EM(TCE) / M

-3 T T d
-3 -2 -1 0

log EM(toluene) /M — g

Fig. 12 Comparison of effective molarities (EM) for formation of intra-
molecular H-bonds measured in TCE with the corresponding values
measured in toluene. Data for terminal H-bonds (Le) are shown in red
and linker H-bonds (Lb) in blue. The line corresponds to log EM(TCE) =
log EM(toluene) (rmsd = 0.2).

For the one armed ligands, the occupancy of the
linker H-bond is given by the population of the fully
bound state in the complexes formed with ligands L5b and
L11b (eqn (7)).

4988 | Org. Biomol. Chem., 2015, 13, 4981-4992

20 ¢

No interaction detected.

logEM(ester linker) / M

-2

-3 T T 1
-3 -2 -1 0

logEM(amide linker) / Mt ——m

Fig. 13 Comparison of effective molarities (EM) measured for for-
mation of terminal phenol-amide H-bonds using ligands with an ester
linker, log EM(ester linker), with the corresponding values measured for
ligands with an amide linker, log EM(amide linker). The line corresponds
to log EM(ester linker) = log EM(amide linker) (rmsd = 0.3).

4K ofEM
OCCupanCy(l) = m
re:

7)

For the two armed ligands, the occupancy of the linker
H-bond can be estimated based on the populations of fully
and partially bound states in the complexes formed with

This journal is © The Royal Society of Chemistry 2015
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Table 10 Occupancy of the linker H-bond (%)

Solvent Toluene TCE

Linker Amide Ester Amide Ester

Ligand L11b L12b L5b L6b L11b L12b L5b L6b

Porphyrin Pla 95 93 67 63 90 87 58 61
P2a 94 93 75 69 90 89 52 49
P3a 98 97 81 81 96 96 70 67
P4a a 37 a a a a a a

“No interaction detected.

ligands L6b and L12b. The probability that the linker H-bond
is occupied is given by the sum of the population of the fully
bound state and half of the population of the state where only
one of the two H-bonds is made (eqn (8)).

 0.5(8KrefEM) + 12(K efEM)’
1 + 8K efEM + 12(KfEM)*

Occupancy(2) (8)

With the exception of the P4 complexes, where geometric
mismatch precludes H-bonding, on average the amide linker
H-bonds are 95% and 91% occupied in toluene and TCE
respectively, whereas the ester linker H-bonds are 73% and
60% bound in toluene and TCE (Table 10). This implies that
the amide linker imposes a significantly greater conformation-
al restriction than an ester linker. Fig. 13 compares the values
of EM measured for formation of terminal phenol-amide
H-bonds using ligands with an ester linker (L5e and L6e) with
the corresponding values measured for ligands with an amide
linker (L11e and L12e). The values of EM are in good agree-
ment in most cases, which indicates that the preorganization
of the linker has no effect on chelate cooperativity for the for-
mation of intramolecular H-bonds in these systems. There are
two outliers in Fig. 13, and these correspond to the P3a-L11e/
L12e and P3a-L5e/L6e complexes in toluene. In these systems,
the EM for the amide linker is five times smaller than the
value for the ester linker. In this case, it appears that the for-
mation of the first H-bond with the amide linker prevents the
terminal amide group from achieving an optimal geometry for
formation of the second H-bond.

Conclusion

We have use a series of zinc porphyrin-pyridine complexes to
investigate the influence of overall stability on chelate coopera-
tivity for formation of intramolecular H-bonds. Two ligand
families with different combinations of amide and ester
H-bond acceptors located at different positions on the ligand
framework were used to investigate the effects of preorganiza-
tion of the ligand. The interactions of these ligands with eight
different zinc porphyrins were studied in both toluene and
TCE using UV/Vis absorption and fluorescence titrations.
Thirty-two different DMCs were constructed to dissect out the

This journal is © The Royal Society of Chemistry 2015

free energy contributions of the intramolecular H-bonds and
to determine the corresponding values of EM. Two different
types of H-bond were measured: interactions with H-bond
acceptors located on the end of the ligand side arms (terminal
H-bonds), and interactions with H-bond acceptors located in
the middle of the ligand side arms (linker H-bonds). Linker
ester groups populate the H-bonded state 60-70% of the time,
whereas amide linker groups populate the H-bonded state
90-100% of the time. Thus the amide linkers provide a signifi-
cantly more preorganised ligand framework than the ester
linkers. Nevertheless, the values of EM for the terminal
H-bonds are very similar for both types of linker. The results
suggest that preorganization of linker has no effect on chelate
cooperativity in these systems.

Experimental section
Synthesis

Compound 3 A solution of p-toluene sulphonyl chloride
(3.66 g, 19.2 mmol) in dichloromethane (10 ml) was added to
a solution of N,N-diethyl-2-hydroxy-acetamide (2.00 ml,
15.4 mmol) in dichloromethane (10 ml) protected under a
nitrogen atmosphere, and the mixture was cooled to 0 °C. Tri-
ethylamine (3.22 ml, 23.1 mmol) was added dropwise, and the
solution was stirred for 18 hours at room temperature. The
reaction mixture was washed with brine (2 x 20 ml), and dried
with magnesium sulphate. The solvent was removed on a
rotary evaporator, and the crude product was purified by
column chromatography on silica eluting with a mixture of
hexane and ethyl acetate. The product was isolated as a colour-
less oil (3.95 g, 90%). 'H NMR (250 MHz, CDCl,): & = 7.71 (d,
2H, ] = 8), 7.24 (d, 2H, J = 8), 4.54 (s, 2H), 3.26-2.98 (m, 4H),
2.32 (s, 3H), 1.11-0.99 (m, 6H).

Ligand L11b. Oxalyl chloride (2.70 ml, 31.0 mmol) and
DMF (20 pl) were added to 3-(3-pyridinyl)propanoic acid
(1.00 g, 6.62 mmol) in dichloromethane (100 ml) protected by
a nitrogen atmosphere. The reaction mixture was stirred for
2 hours, the solvent was removed on a rotary evaporator, and
the residue was redissolved in dichloromethane (80 ml). The
solution was cooled to 0 °C in a flask protected by a nitrogen
atmosphere and a CaCl, drying tube, then diethylamine
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(1.13 ml, 13.2 mmol) and pyridine (1.61 ml, 19.2 mmol) were
added in small portions with stirring. After 24 hours, the reac-
tion mixture was washed with aqueous sodium hydrogen car-
bonate (10% w/v) (2 x 100 ml), brine (50 ml) and dried with
sodium sulphate. The solvent was removed on a rotary evapor-
ator, and the residue was purified by column chromatography
on silica eluting with a mixture of ethyl acetate and hexane.
The product was isolated as a clear oil (0.60 g, 44%). "H NMR
(250 MHz, CDCl,): 6y = 8.50 (s, 1H), 8.46 (d, 1H, ] = 5), 7.58 (d,
1H, J = 8), 7.22 (dd, 1H, J = 5, ] = 8), 3.38 (q, 2H, J = 7), 3.24 (q,
2H, ] = 7), 3.02 (t, 2H, J = 7), 2.60 (t, 2H, J = 7), 1.11 (t, 6H, ] =
7); C NMR (101 MHz, CDCl,):5¢ = 170.5, 149.9, 147.6, 136.9,
136.2, 123.3, 41.9, 40.3, 34.4, 28.6, 14.3, 13.1; HRMS (ES+):
caled for C;,H;oN,0: 207.1497; found 207.1499; FT-IR (thin
film): vma/em™ 2975, 2930, 1628, 1465, 1424, 1220, 1145,
1119, 1030, 1000.

Ligand L12b. Oxalyl chloride (0.91 ml, 10.8 mmol) and
DMF (20 pl) were added to 3,5-pyridinedipropanoic acid
(0.24 g, 1.08 mmol) in dichloromethane (100 ml) protected by
a nitrogen atmosphere at 0 °C. The reaction mixture was
stirred for 3 hours, the solvent was removed on a rotary evapor-
ator, and the residue was redissolved in dichloromethane
(80 ml). The solution was cooled to 0 °C in a flask protected by
a nitrogen atmosphere and a CaCl, drying tube, and diethyl-
amine (0.40 ml, 4.30 mmol) and triethylamine (0.90 ml,
6.46 mmol) were added in small portions with stirring. After
24 hours, the reaction mixture was washed with aqueous
sodium hydrogen carbonate (10% w/v) (2 x 20 ml), brine
(20 ml) and dried with sodium sulphate. The solvent was
removed on a rotary evaporator, and the residue was purified
by column chromatography on silica eluting with a mixture of
ethyl acetate and hexane. The product was isolated as a clear
oil (0.17 g, 46%). "H NMR (250 MHz, CDCl,): 6y = 8.30 (s, 2H),
7.41 (s, 1H), 3.35 (q, 4H, J = 7), 3.22 (q, 4H, J = 7) 2.95 (t, 4H,
J=17),2.57 (t, 4H, J = 8), 1.09 (t, 6H, J = 7), 1.08 (t, 6H, J = 7);
BC NMR (63 MHz, CDCl;): 6c = 170.5, 147.6, 136.6, 136.3,
41.9, 40.3, 34.4, 28.4, 14.3 13.1; HRMS (ES+): caled for
C1oH3,N;0,: 334.2495; found 334.2479; FT-IR (thin film): v/
em™! 2974, 2922, 1624, 1426, 1388, 1263, 1216, 1135, 720.

Ligand L11f. Ethylamine (14.0 ml, 28.0 mmol) was dis-
solved in dry acetonitrile (25 ml) and the solution was cooled
to 0 °C. Ethyl 2-bromoacetate (0.78 ml, 7.00 mmol) was added
to the vigorously stirred reaction mixture. The reaction mixture
was allowed to warm up to room temperature and stirred for
an additional four hours. The solvent was removed on a rotary
evaporator to afford amine 2 as a slightly yellow oil.

Oxalyl chloride (2.80 ml, 33.0 mmol) and dimethyl-
formamide (10 pl) were added slowly to a solution of 3-pyridyl-
propionic acid (1.00 g, 6.60 mmol) in dichloromethane
(100 ml) in a flask protected by a nitrogen atmosphere and
cooled to 0 °C. The reaction mixture was stirred for two hours
at room temperature. The solvent was removed on a rotary
evaporator, and the residue was redissolved in dichloro-
methane (100 ml). The freshly prepared amine 2 (0.92 g,
7.00 mmol) was added in small portions and then triethyl-
amine (2.00 ml, 19.8 mmol) was added dropwise. The solution
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was allowed to stir for 18 hours at room temperature. After
dilution with dichloromethane (20 ml), the solution was
washed with aqueous sodium hydrogen carbonate (10% w/v)
(1 x 40 ml), brine (1 x 40 ml) and dried with magnesium sul-
phate. The solvent was removed on a rotary evaporator, and
the crude product was purified on silica eluting with a mixture
of hexane and ethyl acetate. The product was isolated as yellow
oil (1.20 g, 69%). "H NMR (250 MHz, CDCl;): 6y = 8.45 (s, 1H),
8.43-8.39 (m, 1H), 7.56-7.50 (m, 1H), 7.20-7.15 (m, 1H),
4.18-4.12 (m, 2H), 4.01 (s, 1.5H), 3.92 (s, 0.5H), 3.44 (q, 0.5H,
J =7 Hz), 3.36 (q, 1.5H, J = 7 Hz), 2.99-2.93 (m, 2H), 2.67 (t,
1.5H, J = 8 Hz), 2.51 (t, 0.5H, ] = 8 Hz), 1.24 (t, 2.3H, J = 7 Hz),
1.10 (t, 2.3H, J = 7 Hz), 1.06 (t, 0.7H, J = 7 Hz); *C NMR
(126 MHz, CDCly): 6c = 171.6 (171.4), 169.4 (169.2), 149.7,
147.5, 136.6, 136.1, 123.3, (61.6) 61.1, (49.2) 47.2, 43.5 (42.3),
(34.4) 33.9, 28.2, 14.1, 13.7 (12.5); HRMS (ES+): caled for
C14H,;N,05: 265.1552; found 265.1553; FT-IR (thin film): vpq/
em™t 2977, 2941, 1743, 1641, 1448, 1423, 1193, 1124, 1030,
746, 662.

Ligands Lile. Ethylamine (14.0 ml, 28.0 mmol) was dis-
solved in dry acetonitrile (25 ml) and the solution was cooled
to 0 °C. N,N-Diethyl-2[(4-methylbenzenesulphonyl)-oxyJaceta-
mide 3 (2.00 g, 7.00 mmol) was added to the vigorously stirred
reaction mixture. The reaction mixture was allowed to warm up
to room temperature and was stirred for additional four hours.
The solvent was removed on a rotary evaporator to afford the
amine 4 as a slightly yellow oil.

Oxalyl chloride (2.80 ml, 33.0 mmol) and dimethyl-form-
amide (10 pl) were added slowly to a solution of 3-pyridyl-pro-
pionic acid (1.00 g, 6.60 mmol) in dichloromethane (100 ml)
in a flask protected by a nitrogen atmosphere and cooled to
0 °C. The mixture was stirred for two hours at room tempera-
ture. The solvent was removed on a rotary evaporator, and the
residue was redissolved in dichloromethane (100 ml). The
freshly prepared amine 4 (1.11 g, 7 mmol) was added in small
portions, and then triethylamine (2.0 ml, 19.8 mmol) was
added dropwise. The solution was allowed to stir 18 hours at
room temperature. After dilution with dichloromethane
(20 ml), the solution was washed with aqueous sodium hydro-
gen carbonate (10% w/v) (1 x 40 ml), brine (1 x 40 ml) and
dried with magnesium sulphate. The solvent was removed on
a rotary evaporator, and the crude product was purified on
silica eluting with a mixture of ethyl acetate, methanol and
acetic acid. The product was isolated as a yellow oil (1.35 g,
70%). 'H NMR (250 MHz, CDCl,): 8y = 8.47 (s, 1H), 8.44-8.38
(m, 1H), 7.67-7.62 (m, 1H), 7.29-7.24 (m, 1H), 4.10 (s, 1.7H),
3.97 (s, 0.3H), 3.46-3.23 (m, 6H), 2.99 (t, 2H, J = 8 Hz), 2.69 (t,
1.7H, J = 8 Hz), 2.47 (t, 0.3H, J = 8 Hz), 1.24-1.15 (m, 3H),
1.13-1.02 (m, 6H); *C NMR (101 MHz, CDCl;): §¢c = 171.7,
167.3, 148.3 (148.1), 146.0 (145.8), 137.6, 137.5, 123.9, (48.6)
46.3, 43.5 (42.6), 41.4 (41.2), (40.9) 40.7, (34.2) 33.9, 28.2, (14.4)
14.1, 13.61 (13.0), 12.9 (12.6); HRMS (ES+): caled for
C16H,6N;0,: 292.2025; found 292.2018; FT-IR (thin film): vpqy/
em™ 2975, 2932, 1716, 1635, 1457, 1426, 1263, 1221, 1123.

Ligand L12f. Ethylamine (14.0 ml, 28.0 mmol) was dis-
solved in dry acetonitrile (25 ml) and the solution was cooled

This journal is © The Royal Society of Chemistry 2015
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to 0 °C. Ethyl 2-bromoacetate (0.78 ml, 7.00 mmol) was added
to the vigorously stirred reaction mixture. This reaction
mixture was allowed to warm up to room temperature and
stirred for additional four hours. The solvent was removed on
a rotary evaporator to afford the amine 2 as a slightly yellow
oil.

Oxalyl chloride (2.80 ml, 33.0 mmol) and dimethyl-forma-
mide (20 pl) were added slowly to a solution of diacid (0.74 g,
3.30 mmol) in dichloromethane (100 ml) in a flask protected
by a nitrogen atmosphere and cooled at 0 °C. The mixture was
stirred for two hours at room temperature. The solvent was
removed on a rotary evaporator, and the residue was redis-
solved in dichloromethane (100 ml). The freshly prepared
amine 2 (0.92 g, 7.00 mmol) was added in small portions and
then triethylamine (1.3 ml, 12.9 mmol) was added dropwise.
The solution was allowed to stir 18 hours at room temperature.
After dilution with dichloromethane (20 ml), the solution was
washed with aqueous sodium hydrogen carbonate (10% w/v)
(1 x 40 mL), brine (1 x 40 ml) and dried with magnesium sul-
phate. The solvent was removed on a rotary evaporator, and
the crude product was purified on silica eluting with a mixture
of ethyl acetate, methanol and acetic acid. The product was
isolated as a yellow oil, (1.01 g, 68%). '"H NMR (400 MHz,
CDCl): 6y = 8.21-8.14 (m, 2H), 7.35-7.26 (m, 1H), 4.10-3.99
(m, 4H), 3.91 (s, 3H), 3.86 (s, 1H), 3.36-3.21 (m, 4H), 2.90-2.76
(m, 4H), 2.62-2.52 (m, 3H), 2.45-2.33 (m, 1H), 1.13 (t, 6H, ] = 7
Hz), 1.01 (t, 4.5H, J = 7 Hz), 0.95 (t, 1.5H, J = 7 Hz); *C NMR
171.6 (171.4), 169.3, 147.5, 136.3, 136.1, (61.5) 60.9, (49.2) 47.2,
(43.5) 42.2, (34.1) 33.8, 27.9 (27.9), 14.0, 13.7 (12.5); HRMS
(ES+): caled for Cy3H36N30¢: 450.2604; found 450.2606; FT-IR
(thin film): vpa/em™ 2979, 2936, 1745, 1646, 1446, 1197,
1125, 1030.

Ligand L12e. Ethylamine (14.0 ml, 28.0 mmol) was dis-
solved in dry acetonitrile (25 ml) and the solution was cooled
to 0 °C. N,N-Diethyl-2[(4-methylbenzenesulphonyl)-oxyJaceta-
mide 3 (2.00 g, 7.00 mmol) was added to vigorously stirred
reaction mixture. The reaction mixture was allowed to warm up
to room temperature and was stirred for additional 4 hours.
The solvent was removed on a rotary evaporator to afford the
amine 4 as a slightly yellow oil.

Oxalyl chloride (2.8 ml, 33 mmol) and dimethylformamide
(20 pl) were added slowly to the diacid (0.74 mg, 3.3 mmol) in
dichloromethane (100 ml) in a flask protected by a nitrogen
atmosphere and cooled at 0 °C. The mixture was stirred for
2 hours at room temperature. The solvent was removed on a
rotary evaporator, and the residue was redissolved in dichloro-
methane (100 ml). The freshly prepared amine 4 (1.11 g,
7.00 mmol) was added in small portions and then triethyl-
amine (1.30 ml, 12.9 mmol) was added dropwise. The solution
was allowed to stir 18 hours at room temperature. After
dilution with dichloromethane (20 ml), the solution was
washed with aqueous sodium hydrogen carbonate (10% w/v)
(1 x 40 ml), brine (1 x 40 ml) and dried with magnesium sul-
phate. The solvent was removed on a rotary evaporator, and
the crude product was purified first on silica eluting with a
mixture of ethyl acetate, methanol and acetic acid and then by
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a reverse phase C18 column eluting with a mixture of metha-
nol and water. The product was isolated as a yellow oil, (0.4 g,
24%). "H NMR (400 MHz, CDCl;): 8.34-8.27 (m, 2H), 7.44-7.37
(m, 1H), 4.12 (s, 3.3H), 3.98 (s, 0.7H), 3.50-3.20 (m, 12H),
3.02-2.90 (m, 4H), 2.74-2.64 (m, 3.3H), 2.50-2.42 (m, 0.7H),
1.27-1.18 (m, 6H), 1.17-1.07 (m, 12H); **C NMR (172.0) 171.7,
167.2 (166.5), 147.5, 136.6, 136.3, (48.6) 46.2, 43.4 (42.5), 41.4
(41.2), (40.9) 40.6, (34.4) 34.1, 28.2, 14.2, 13.7, 13.0; HRMS
(ES+): caled for C,,H,N5O4: 504.3550; found 504.3564; FT-IR
(thin film): vma/em™" 2974, 2933, 1645, 1450, 1382, 1263.

Automated UV/vis absorption titrations

UV/vis titrations were carried out using a BMG FLUOstar
Omega plate reader equipped with a UV/v is detector and equi-
librated at 298 K. A 5 ml solution of porphyrin was prepared at
known concentration (1-5 pM) in spectroscopic grade solvent.
A 10 ml solution of ligand was prepared at known concen-
tration (8-40 000 pM) using spectroscopic grade solvent. 150 pl
of the porphyrin solution was added to a well of a Hellma
quartz microplate, and the absorbance at five wavelengths was
recorded. Aliquots of the ligand solution (3, 6 or 10 ul) were
successively added to the well, and the absorbance was
recorded after each addition. Changes in absorbance were fit
to a 1:1 binding isotherm in Microsoft Excel to obtain the
association constant. Each titration was repeated at least three
times, and the experimental error is quoted as twice the stan-
dard deviation at a precision of one significant figure.

Automated fluorescence titrations

Fluorescence titrations were carried out at 298 K using the
BMG FLUOstar Omega plate reader equilibrated. A 10 ml solu-
tion of porphyrin was prepared at known concentration (0.1-1
uM) in spectroscopic grade solvent. A 10 ml solution of ligand
was prepared at known concentration (5-63 pM) using spectro-
scopic grade solvent. 150 pl of the porphyrin solution was
added to each of 12 wells of a Hellma quartz microplate.
Different volumes of ligand solution (0-150 pl) were added to
each well and solvent was added to give a total volume of 300
pl. The excitation wavelength was set at 420 or 430 nm, and
the fluorescence emission was measured at four wavelengths
(590, 600, 620 and 650 nm) for each well. Changes in fluo-
rescence emission were fit to a 1:1 binding isotherm in Micro-
soft Excel to obtain the association constant. Each titration
was repeated at least three times, and the experimental error is
quoted as twice the standard deviation at a precision of one
significant figure.

Fluorescence displacement titrations

Fluorescence displacement titrations were carried out at 298 K
using a Hitachi F-4500 fluorescence spectrophoto-meter.
A 20 ml solution of ligand Q (Fig. 14) at known concentration
(about 10 mM) was prepared using spectroscopic grade
solvent. A 10 ml solution of porphyrin was prepared at known
concentration (about 0.5 pM) by dissolving the porphyrin in
the Q stock solution. A 2 ml stock solution of ligand L was pre-
pared at known concentration (about 1 pM) by dissolving L in
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Table 11 Association constants (M™) for the formation of zinc por-
phyrin-Q complexes measured by UV/vis absorption titrations at 298 K
in toluene (Kg)

Porphyrin Ko/10* M~
Pla 3.3x1

P2a 3.1+0.1
P3a 2.3+0.6
Pda 1.6 +0.2

N, ) O 0
N:]i:E:N
Q
) o

Fig. 14 Ligand Q used in fluorescence displacement titrations.

the porphyrin-Q stock solution, so that the concentration of
the porphyrin and Q remained constant throughout the titra-
tion. 2 ml of the porphyrin-Q stock solution was loaded into a
1 cm path length fluorescence cuvette, and the fluorescence
emission spectrum was recorded between 500 and 750 nm
exciting at 427 nm. Aliquots of the L stock solution were added
successively to the cuvette, and the emission spectrum was
recorded after each addition. Microsoft Excel was used to fit
the fluorescence emission intensity at fixed wavelengths to a
1:1 binding isotherm with a linear correction to allow for
non-specific effects. This gave the apparent association con-
stant, K,,p, which was used to determine the association con-
stant for formation of the porphyrin-ligand complex using
eqn (9) and Kq from Table 11. Each titration was repeated at
least three times, and the experimental error is quoted as
twice the standard deviation at a precision of one significant
figure.

Ky,

Kapp = —————
P14+ Ko[Q]
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