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Thermodynamics of Hydrophobic Interactions: Entropic Recognition of a
Hydrophobic Moiety by Poly(Ethylene Oxide)-Zinc Porphyrin Conjugates
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Abstract: The recognition of 4-alkyl-
pyridines by water-soluble poly(ethyl-
ene oxide)-zinc porphyrin conjugates
was studied with a focus on the ther-
modynamic parameters of binding. Mi-

dTAS’ = TAS’(4-pentylpyridine)—
TAS’(4-methylpyridine) =+11.8 kJ
mol ! at 298 K), thus showing the sig-
nificance of water reorganization
during host-guest interaction. The en-

thalpy—-entropy compensation tempera-
ture of binding of 4-alkylpyridines was
as low as 38 K; only below this temper-
ature could the enthalpic term be a
driving force. The binding affinity was

crocalorimetric studies indicated that
binding of the alkyl group of the guest
in water is driven by the entropic term
(8AH = AH (4-pentylpyridine)—

AH"(4-methylpyridine) =+1.7 kI mol *,

polymers -

Introduction

The binding of various organic ligands to globular proteins
is driven by a number of intermolecular forces, such as hy-
drogen bonding, electrostatic interactions, van der Waals in-
teractions, and desolvation-induced entropic gain. Hydro-
phobic interactions!™? are a combination of van der Waals
interactions (attractive forces between hydrophobic moieties
are stronger than those between a hydrophobic moiety and
water molecules) and desolvation-induced entropic gain (ex-
pelling a number of water molecules by association of two
larger molecules) and are one of the important driving
forces of binding in aqueous solution. In proteins that bind
hydrophobic ligands such as cholesterols® and fatty acids,™”
an effective hydrophobic environment in water is construct-
ed by using amino acids with a hydrophobic side chain, such
as valine, leucine, methionine, and phenylalanine, and the
appropriate secondary and tertiary structures. To construct a
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modulated by the addition of cations
and by varying the degree of polymeri-
zation of poly(ethylene oxide), which
suggests that guest binding is coupled
with polymer conformation.

effect
recep-

hydrophobic binding site in water, we need to prepare a
large receptor to encompass the solvent-accessible guest sur-
face effectively.”) Besides the important roles of hydropho-
bic interactions in binding, water affects the reactivities of a
number of chemical reactions and often alters a reaction
pathway completely. Therefore, sequestration of a molecule
from water in aqueous media is one of the major challenges
in water-based solution chemistry.’!

We previously prepared a zinc porphyrin with eight w-car-
boxyalkyl chains as solubilizing auxiliary groups and report-
ed the thermodynamic binding parameters of various
guests.”! The electrostatic repulsion between the carboxy
groups considerably hinders the binding of hydrophobic
guests. To avoid electrostatic repulsion between charged
groups and to prepare a receptor with a better hydrophobic
binding site, we employed neutral hydrophilic groups, that
is, poly(ethylene oxide) (PEO) groups,” in place of the car-
boxylates: we reported the synthesis and binding properties
of a zinc porphyrin that has four long alkyl chains with PEO
terminals.’? We found that the PEO-zinc porphyrin conju-
gate binds 4-alkylpyridines more tightly than the anionic
zinc porphyrin receptor. Herein, we prepared new water-
soluble zinc porphyrin receptors that have eight alkyl chains
with PEO terminals, and the binding of 4-alkylpyridines and
N-alkylimidazoles was investigated, with the aim of evaluat-
ing the enthalpic and entropic contributions to hydrophobic
interactions in host—guest systems.
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Results and Discussion
Receptor Preparation

PEO-zinc porphyrin conjugate 1a was prepared as shown in
Scheme 1. PEO 10a with an amine group at the terminus
was prepared from poly(ethylene oxide) monomethyl ether
of average molecular weight 750 (8a). Coupling of 10a with
porphyrin octacarboxylic acid 7 gave 11a. Compound 11a
was purified by silica-gel column chromatography and then
gel-permeation chromatography on a Sephadex LH-20
column. The 'H NMR spectrum of 11a in CDCIl; showed
characteristic resonances at —2.59 (inner NH protons) and
8.62 ppm (singlet, p-pyrrole protons). The amide protons ap-
peared at 6.39 ppm, which was assigned by the COSY cross-
peak with the PEO methylene resonance at 3.4 ppm. Com-
pound 11a is soluble in water and most organic solvents.
The UV/Vis spectra of 11a in water and CHCl; showed the
Soret band at 421 and 423 nm, respectively. The peak width
of the Soret band in water is similar to that in CHCIl;, which
implies that no aggregation of the porphyrin moiety of 11a
occurs in water. Zinc complex 1la was prepared by reaction
of 11a with zinc acetate. PEO-zinc porphyrin conjugate 1b
was similarly prepared by using PEO with an average mo-
lecular weight of 2000 (8b). pH titration of an aqueous solu-
tion of 11b (0.1m NaClO,) with HCIO, gave a pK, value of
2.9 for the protonation of the inner imine nitrogen atom.
The structures of 1a and 1b are shown in Scheme 2.

Binding Equilibria in Water

UV/Vis titration of a solution of 1a in 0.1 M aqueous potassi-
um phosphate buffer at pH 7.0 with 4-ethylpyridine at 25°C
caused a decrease in the absorbance at 423 nm and an in-
crease in the absorbance at 436 nm with isosbestic points
(Figure 1). The binding constants for the pyridine and imida-
zole derivatives of 1a and 1b were determined by nonlinear

Abstract in Japanese:
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8b:R=H,n=44 )

9a:R=Ts,n=16

9b:R=Ts,n=44 )
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10a: R=NHy, n=16

10b: R =NH5, n=44

6:R= (CH2)10COOCH3
Je
7-R= (CH2)1oCOOH

11a: R = (CH,)10CONH(CH2CH,0),CH3, n = 16
11b: R = (CH2)1OCONH(CHchzo)nCHs, n=44

R = (CH5)1oCONH(CH,CH,0),CH3
1a:n=16
1b: n=44

Scheme 1. Synthesis of PEO-appended zinc porphyrins 1a and 1b. Re-
agents: a) pyridinium hydrochloride; b) Br(CH,),,COOMe; c) KOH;
d)10a or 10b, HOBt, EDC-HCI; e) TsCl, NaOH; f) NaN;; g) Ph;P;
h) Zn(OAc),. EDC=N-(3-dimethylaminopropyl)-N-ethylcarbodiimide,
HOBt = N-hydroxybenzotriazole.
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Figure 1. UV/Vis titration of 1a with 4-ethylpyridine in potassium phos-
phate buffer at pH 7 and 298 K. 4-Ethylpyridine (7.65 mm, 0—200 uL)
was added to of 1a (3.13 pM, 3 mL), with the decrease in absorbance of
1a due to dilution corrected. Inset: Plot of the absorbance at 423 (de-
crease) and 436 nm (increase) against the volume of 4-ethylpyridine
added.
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Scheme 2. Structures of the receptors.
curve fitting to the absorbance changes at two different 04
wavelengths and are listed in Table 1. ]

-26 -
Table 1. Binding constants and free-energy changes for the complexation T
of pyridine and imidazole derivatives to 1a and 1b in potassium phos- E 287
phate buffer (0.1m) at pH 7 and 25°C. 2 30
Host Guest K& M —~AG"™ [kJmol™] o; N
1la 4-methylpyridine 19000 24.4 < 32
la 4-ethylpyridine 54200 27.0
1a 4-propylpyridine 148000 29.5 -34
1a 4-pentylpyridine 1250000 34.8
1b pyridine 12000 233 -36
1b 4-methylpyridine 38400 26.2 T ! ! ' ' ‘ !

C 0 1 2 3 4 5 6

1b 4-ethylpyridine 103000 28.6 n
1b 4-propylpyridine 302000 313
1b 4—pentylpyridipe. 1210000 34.7 Figure 2. Plot of the free energy of binding of the 4-alkylpyridines to 1a
1b 4-ter t—butyl;)-y1j1d1ne 300000 312 (A) and 1b (@) in potassium phosphate buffer at pH7 and 298 K
1b 4-benzylpyridine 610000 33.0 against the number of carbon atoms () in the guest alkyl group of the
1b N-methylimidazole 234 135 4-alkylpyridines.
1b N-ethylimidazole 303 14.1

[a] Estimated errors=+5%. [b] AG'=—RTInK, T=298 K.

The characteristic feature of the binding constants is that
the free energy of binding, —AG", increased linearly as the
alkyl group in the 4-position of pyridine became longer.!'”
Figure 2 shows the plot of the free energy of binding against
n, in which n is the number of carbon atoms in the alkyl
group of the 4-alkylpyridines. From the slope of the plotted
line, we estimated the free energy of binding per CH, unit.
The value of —~dAG"dn was 2.6 and 2.2 kJmol™' for 1a and

Chem. Asian J. 2007, 2, 1267 -1275

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1b, respectively. Figure 2 shows that 1b binds the pyridyl ni-
trogen atom more tightly than 1a (more negative vertical in-
tercept), whereas 1a binds the alkyl group of the guest more
tightly than 1b (larger slope). The molecular weight of the
PEO fragments clearly affects the hydrophobic recognition
energy of the receptor: the receptor with shorter PEO
chains showed a better recognition of the alkyl group of the
4-alkylpyridines. The shorter PEO chains have less steric
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hindrance, or less exclusion volume, than the longer PEO
chains, and 1la can accommodate the alkyl chain of the
guest more comfortably.

For the binding of the pyridyl nitrogen atom, the peak
maxima of the Soret band of 1a and 1b in the UV/Vis spec-
tra in CH,Cl, were at 425 nm, whereas the peak maxima of
1a and 1b in water were at 428 and 425 nm, respectively. It
is well-known"! that coordination of an oxygen ligand to
zinc porphyrin occurs with a red shift of the Soret band.
Therefore, receptor 1a with shorter PEO chains has water
as an axial ligand of zinc. This explains the weaker binding
of 1a than 1b toward pyridines.

How the balance between the hydrophilic and hydropho-
bic moieties of a receptor molecule impacts the binding
properties is not well-characterized, and the present results
suggest that a large hydrophilic moiety will have a negative
effect on hydrophobic interaction between the receptor and
guest. The values of —dAG"dn for 1a and 1b are both
smaller than that for receptor 2 (—dAG%dn=3.4 kImol ™).
Comparison of the hydrophobic binding between 1a/1b and
2 will be discussed later on the basis of enthalpy and entro-
py changes of binding.

Interestingly the binding constants determined in sodium
phosphate buffer were different from those determined in
potassium phosphate buffer (Table 2). The binding constants

Table 2. Binding constants of pyridines to 1b in sodium and potassium
phosphate buffer (pH 7, 0.1m) at 25°C.

Pyridine Sodium phosphate Potassium phosphate
4-Methylpyridine 49500 38400
4-Ethylpyridine 197000 103000
4-Propylpyridine 650000 320000
4-tert-Butylpyridine 597000 300000
4-Benzylpyridine 773000 610000

for the former were approximately twice those for the latter,
except for 4-methylpyridine and 4-benzylpyridine. Yanagida
et al. reported that PEO binds alkali-metal ions, and the se-
lectivity is similar to that of [18]crown-6.1" Therefore, potas-
sium ions are bound to the PEO chains more tightly, thus in-
ducing conformational changes to alter binding affinity indi-
rectly. Binding experiments except for those shown in
Table 2 were carried out in potassium phosphate buffer to
allow comparison of the data with those previously reported
for receptor 2.

Relative to pyridine derivatives, imidazoles showed much
looser binding to receptor 1b. This may be attributed to the
hydrophilic nature of imidazoles. Recognition of the alkyl
group of the imidazole guest was also ineffective as seen in
the small K(EtImd)/K(MeImd) ratio (Imd=imidazole) and
the AG® value of —0.6 kImol™'. Similar behavior was ob-
served in the binding of 4-(2-hydroxyethyl)pyridine to re-
ceptor 2, which was hindered by the hydroxy group.!’
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Binding Equilibria in Dichloromethane

The binding constants of pyridine derivatives of 1a and 1b
in CH,CI, are listed in Table 3 along with those for receptor
2. First, the binding affinity remained almost the same as

Table 3. Comparison of binding constants K (Mm~') in CH,Cl, at 25°C.

Pyridine 1a 1b 200

Pyridine ol 1210 4190
4-Methylpyridine 670 1400 9080
4-Ethylpyridine 790 1430 11500
4-Propylpyridine 830 1600 10400

[a] Not determined. [b] See reference [9].

the alkyl chains in guest became longer. Hydrophobic inter-
actions would not work for binding in an organic solvent;
the recognition of the alkyl chain was ineffective in di-
chloromethane. Interestingly, the binding constants observed
for receptors 1a/1b were consistently smaller than those ob-
served for 2. The binding affinity increased in the order
1a<1b<2. The lower affinity of receptors 1a/lb can be at-
tributed to steric repulsion due to their alkyl chains or ex-
clusion volume effects of their poly(ethylene oxide) groups.

It may be argued that coordination of the PEO ether
oxygen atoms to zinc is an important factor in binding ther-
modynamics, as several crystal structures of coordination
complexes of ethers and zinc porphyrins have been report-
ed.”¥! The average number of PEO oxygen atoms are 128,
352, and 176 for 1a, 1b, and 2, respectively. If only the coor-
dination of the PEO oxygen atom dictates the binding ther-
modynamics, we would expect the binding affinity to in-
crease in the order 1b <2 <1a. Therefore, PEO oxygen co-
ordination may occur, but it is not the major factor deter-
mining the binding affinity.

Enthalpy and Entropy Changes of Binding in Water

Enthalpy and entropy changes of binding were determined
by microcalorimetric titration of a solution of 1a in potassi-
um phosphate buffer at pH7.0 with 4-alkylpyridines
(Table 4). The titration curves fitted best to a 1:1 binding
model. The binding constants determined from the microca-
lorimetric titration curves were 18700, 145000, and

Table 4. Enthalpy and entropy changes in binding in potassium
phosphate buffer at pH 7.0.

Host  Guest AH’ TAS"! Method
[kImol™] [kJmol™]

la 4-methylpyridine -245+12 -02+14  MCM

1a 4-propylpyridine —233+05 62405  MCM

1a 4-pentylpyridine —228+02  11.6+0.1 mch!

1b 4-methylpyridine —223+0.7 3.8+0.6 van’t Hoff
1b 4-propylpyridine —25.6+0.8 544038 van’t Hoff
1b 4-pentylpyridine —-19.1+1.1 155+1.1 van’t Hoff
1b 4-benzylpyridine —18.5+0.8 14.6+0.8 van’t Hoff
1b N-methylimidazole —6.6+0.1 6.9+0.1 van’t Hoff
1b N-ethylimidazole -3.1+04 11.1+£0.3 van’t Hoff

[a] T=25°C. [b] Microcalorimetric titration.
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1050000M ! for 4-methylpyridine, 4-propylpyridine, and 4-
pentylpyridine, respectively, which are in fairly good agree-
ment with those determined by UV/Vis titration (Table 1).
Although the free-energy difference SAG’=AG"(4-pentyl-
pyridine) —~AG"(4-methylpyridine) is —10 kJmol™', the en-
thalpy difference SAH"=AH’(4-pentylpyridine)—AH"(4-
methylpyridine) is positive and only 1.7 kJmol™; 8TAS’=
TAS"(4-pentylpyridine)— TAS(4-methylpyridine) =

11.8 kImol ' at 298 K. Therefore, the tighter binding of 4-
pentylpyridine relative to 4-methylpyridine can be attributed
to the entropic term. Liu et al.' reported that chiral recog-
nition of camphor by modified cyclodextrins is driven by en-
tropic change. The values of TAS" are plotted against AH’
in Figure 3. The linear correlation shows that the CH,--CH,

15 -
W 10
s
£
=
x
o, 54
[%5]
g

0_

I I T I I 1
-28 -26 -24 -22 -20 -18
L R —
Figure 3. Plot of TAS® against AH’ for the binding of 4-methylpyridine,
4-propylpyridine, and 4-pentylpyridine to la in potassium phosphate
buffer at pH 7 and 298 K. AH" and AS” were determined by microca-
lorimetry.

hydrophobic interaction is characterized by SAH"=0.4 and
TSAS"=3.0 kJ per CH, unit at 298 K. The linear correlation
also shows that there is an enthalpy—entropy compensation
for the recognition of the alkyl groups by 1a. The compen-
sation plot yields a slope of 7.7 and an intercept of
186 kImol~!. The slope corresponds to the compensation
temperature of 38 K: an extremely low compensation tem-
perature was obtained. Only below this temperature could
the enthalpic term be a driving force. Therefore, the entrop-
ic term is dominant at ambient temperature. The low com-
pensation temperature implies that hydrophobic interactions
consist of a number of weak elementary interactions.

The enthalpy and entropy changes of binding to cyclodex-
trins were analyzed by the compensation plot (TAS® versus
AH®) 131817 in which the slope and the vertical intercept are
important parameters. According to Inoue etal. ' the
slope (a) reflects the amount of conformational reorganiza-
tion the host undergoes upon binding. The vertical intercept
(B) is associated with the degree of desolvation upon bind-
ing. Both values of the slope and the intercept are quite
large compared with those previously reported for the bind-
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ing of DNA intercalators to gable-type porphyrins (a=0.74,
£=322kImol ™) as well for cyclodextrin—guest com-
plexes (a=0.9, f=13.0 kI mol™!).+!l Therefore, the pres-
ent binding is associated with a considerable amount of con-
formational change and desolvation.

Enthalpy and entropy changes of hydrophobic interac-
tions have been evaluated by using the phase transfer of al-
kanes and alcohols between water and organic solvents,””
as well as the binding of alcohols and carboxylic acids to cy-
clodextrins.">") Abraham®” reported that the increments
per methylene group for the transfer of alkanes from
hexane to water at 298 K were AG"=3.85, SAH"=2.76,
and TOAS’=—1.09 kJmol™'. These values indicate that hy-
dration of alkanes is unfavorable both enthalpically and en-
tropically, with a larger enthalpic contribution. On the basis
of these data, we can deduce that hydrophobic interaction is
driven by both the enthalpic term and the entropic term, the
former being more important. Enthalpy and entropy
changes of binding of alkanols and carboxylic acids to cyclo-
dextrins were investigated,!'!" and the increase in the alkyl-
chain length of the guest was found to result in a negative
enthalpy change and a negative entropy change. Increments
per methylene group for the binding of alkanols to a-cyclo-
dextrin in water at 298 K were d8AG°=—-3.0, SAH"=-3.8,
and TOAS’=—-0.8 kImol~'. Thus, hydrophobic recognition
of an alkyl group by cyclodextrin is enthalpically driven.
Both of these studies demonstrate that the enthalpic term
plays an important role in hydrophobic interactions. In con-
trast to these results, for the binding to 1a, we showed that
the increment per methylene group of the entropic term is
positive and contributes favorably to binding, whereas that
of the enthalpic term is positive and contributes unfavorably
to binding. In the host—guest systems in water investigated
so far, low-molecular-weight host molecules with a small
number of degrees of conformational freedom were em-
ployed relative to the biological counterpart, protein. In
such host—guest systems, van der Waals interactions may
dominate the binding energetics and lead to the enthalpical-
ly driven binding. In our system as well as in binding by pro-
tein, the degree of conformational freedom is much larger
and the induced fit to the hydrophobic surface of the guest
occurs more extensively. More extensive desolvation of both
host and guest is expected to occur, and this would explain
the large positive entropic gain.

The enthalpy and entropy changes of binding to 1b were
determined by van’t Hoff analysis of the binding constants
determined in the temperature range 15-45°C. A represen-
tative example of the van’t Hoff plot is shown in Figure 4.
The binding constants at each temperature were determined
three to six times to check reproducibility, and the standard
deviations were also estimated. The values of the enthalpy
and entropy changes are listed in Table 4. The binding of
alkyl pyridines to receptor 1b was characterized by a nega-
tive enthalpy change and a positive entropy change. The
tighter binding of 4-pentylpyridine relative to 4-methylpyri-
dine was ascribed to the favorable entropic term, and this
trend is similar to the case of binding to 1a. The values of
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Figure 4. van’t Hoff plot of the binding of 4-propylpyridine to 1b in
potassium phosphate buffer at pH 7.

AH’ and AS° for the binding of 4-benzylpyridine are similar
to those of 4-pentylpyridine. The aromatic moiety is thus
recognized through a similar mechanism as the aliphatic
moiety. Loose binding of imidazoles can be attributed to the
less negative enthalpy changes. The hydrophilic nature of
imidazoles may resist complete dehydration even when
bound in a hydrophobic cavity, and water molecules may
disrupt the van der Waals contact of the nonpolar surfaces
of the host and guest to lead to less favorable enthalpy
changes.

Comparison of Thermodynamic Parameters of Binding
between 1a/1b and 2

Figure 5 shows the plot of AS” against AH" of binding of al-
kylpyridines and alkylimidazoles to 1a, 1b, 2, and 3. The
values of AH’ and AS° for the same guest, 4-propylpyridine,
decreased on going from 2 to 3 to 1 (points d, e, h, and i in
Figure 5). Therefore, there is an enthalpy—entropy compen-
sation in varying the host structure.”!! As shown in Figure 5,
the enthalpy/entropy changes for binding of 4-alkylpyridines
were different between 1a/lb and 2. Binding by 1a/lb is
characterized by positive entropic changes, binding by 2 by
negative entropic changes. The number of alkyl groups thus
has a dramatic impact on the binding mechanism and hydro-
phobic interactions. The less effective recognition of hydro-
phobic groups by 1a/lb relative to 2 as reflected in a less
negative —dAG"/dn value may be attributed to the following
three mechanisms:

1) The binding site of 1 is not hydrated and is stabilized
by the effective intramolecular alkyl-alkyl interactions.
Thus, van der Waals stabilization with guest alkyl chains is
counterbalanced by the loss in intramolecular van der Waals
interactions of the alkyl groups of 1, which results in only a
small enthalpic gain.

2) The larger values of AS® of 1 than those of 2 and 3 indi-
cate that desolvation of the guest and the host occurs more
extensively in 1a/1b. More extensive desolvation than 2 and
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Figure 5. Plot of entropy changes versus enthalpy changes. A\ =1a and al-
kylpyridines, @ =1b and alkylpyridines, benzylpyridine, ll =1b and imi-
dazoles, A =2 and alkylpyridines, O =3 and alkylpyridines; a=1b-pen-
tylpyridine, b=1b-benzylpyridine, c¢=1a—pentylpyridine, d=1a-propyl-
pyridine, e=1b-propylpyridine, f=1b-methylpyridine, g=1a-methyl-
pyridine, h =3-propylpyridine, i=2-propylpyridine, j=3-methylpyridine,
k=2-pyridine, 1 =1b-ethylimidazole, m =1b-methylimidazole.

3 may be attributed to the larger number of alkyl chains in
1a/1b and the neutral PEO group of 1a/lb, respectively.

3) The large exclusion volume of the PEO group may
have negative effects on the construction of a hydrophobic
recognition cavity. The smaller binding constants of 1a/lb
relative those of 2 in dichloromethane can be explained by
greater steric repulsion between receptors la/lb and the
guest.

Figure 5 shows that, for 1b, 2, and 3, both the enthaplic
and the entropic terms favor binding of 4-propylpyridine
over that of 4-methylpyridine or pyridine (JAH" <0, SAS® >
0; point i vs. k, h vs. j, and e vs. f in Figure 5), whereas only
the entropic term favors binding of 4-pentylpyridine over
that of 4-propylpyridine (84H">0, SAS">0; point a vs. e in
Figure 5) for 1b. Therefore, the recognition mechanism of a
short alkyl chain seems to be different from that of a long
alkyl chain. One possible explanation is that the alkyl group
of the guest is bound in a different microscopic environment
according to the alkyl-chain length (Figure 6). Although de-
tails of the hydration of 1b are not clear, we speculate that
water molecules cannot penetrate deep into the binding
pocket, and the 4-propyl group is placed in a nonaquated
region, whereas the terminus of the 4-pentyl group is placed
in an aquated region to expel water molecules upon binding.

Figure 6 shows the structure of the complex between re-
ceptor 1b and 4-pentylpyridine obtained by molecular-dy-
namics simulation with the MM3 force field in vacuo. The
simulation predicts that the alkyl group of 4-alkylpyridine is

Chem. Asian J. 2007, 2, 1267 -1275
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Region (b)
with H,0 intrusion

Region (a)
without H,O intrusion

Porphyrin plane

Figure 6. Molecular-dynamics simulation of the 1b—-4-pentylpyridine com-
plex in vacuo. Atoms of the porphyrin framework and the pyridine core
are shown as shaded circles, and alkyl chains of receptor and guest are as
filled circles.

in van der Waals contact with the alkyl chains in 1b. This
structure supports the idea that extensive desolvation of the
guest occurs upon binding as deduced from the observed
large entropic changes.

Conclusions

The recognition of alkyl groups by induced-fit-type porphy-
rin receptors was evaluated by comparison of the thermody-
namic parameters of binding of 4-alkylpyridines of varying
alkyl-chain length. The free energy of binding of 4-alkylpyri-
dines increased linearly with an increase in the number of
alkyl carbon atoms of the guest for all zinc porphyrins with
eight PEO-alkyl substituents (molecular weight of each
PEO unit=750; 1a), eight PEO-alkyl substituents (molecu-
lar weight of each PEO=2000; 1b), and four PEO-alkyl
substituents (molecular weight of each PEO =2000; 2); the
increment in free energy is 2.6, 2.2, and 3.4 kJmol™" per CH,
unit, respectively. The receptor with shorter PEO chains
showed better recognition of the alkyl groups of the guest.
Therefore, the hydrophobic/hydrophilic balance seems to be
important for receptor design. The microcalorimetric study
of binding by 1la showed that the enthalpy and entropy
changes also vary linearly with increasing alkyl-chain length.
The entropic term becomes more favorable for binding with
increasing alkyl-chain length, thus demonstrating that hydro-
phobic recognition is driven by the entropic term (the
CH,-CH, hydrophobic interaction is characterized by
SAH"=0.4 and TOAS’=3.0kJ per CH, unit at 298 K). The
compensation temperature was as low as 38 K, which im-
plies that the enthalpic term could be a driving force only
below this temperature. The binding constants in sodium
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phosphate buffer were as twice as large as those in potassi-
um phosphate buffer, which demonstrates that cation-in-
duced conformational changes in PEO indirectly modulate
binding affinity.

Experimental Section
Equipment

Microcalorimetric titration was performed with a MicroCal VP-ITC iso-
thermal titration calorimeter. UV/Vis spectra were recorded on a Shi-
madzu Multispec-1500 spectrophotometer.

Molecular-Dynamics Simulations

Molecular-dynamics simulation of the complex between 1b and 4-pentyl-
pyridine was performed in vacuo by using BioMedCAChe Version 5.02
with an MM3 force field and a time step of 0.001 ps at 300 K for 1000 ps,
starting from a conformer of 1b with all-frans extended PEO chains.

Syntheses

4: 2,6-Dimethoxybenzaldehyde (20.00 g, 120.5 mmol) was dissolved in
propionic acid (1.00 L). The solution was heated to 120°C with continu-
ous stirring. Pyrrole (8.40 mL, 121.5 mmol) was slowly added to the
heated solution, and heating was continued at 120°C for 7 h. After the
solution was cooled to room temperature, it was left to stand overnight.
The purple crystalline product was isolated following the literature proce-
dure® to afford 5,10,15,20-tetrakis(2,6-dimethoxyphenyl)porphyrin (4;
2.07 g, 8.04%). '"HNMR (500 MHz, CDCLy): 6=-2.50 (s, 2H; NH), 3.50
(s, 24H; OMe), 6.99 (d, J=8.4 Hz, 8H; phenyl H), 7.69 (t, /=8.4 Hz,
4H; phenyl H), 8.67 ppm (s, 8H; B-pyrrole); MS (FAB): m/z =855 [M +
H]*.

5: Porphyrin 4 (0.33 g, 0.45 mmol) and pyridinium chloride (22.91 g,
0.20 mol) were placed in a 300-mL three-necked round-bottomed flask
under Ar. The mixture was heated under reflux at 220°C for 6 h. After
the reaction mixture was cooled to room temperature, water (500 mL)
and ethyl acetate (200 mL) were added. The organic layer was separated,
washed with HCI (0.1m, 2x150 mL) then saturated aqueous NaHCO;
(2x200 mL), and dried over Na,SO,. Evaporation of the solvent and pu-
rification by column chromatography (SiO,, EtOAc/THF=4:1, 2x) af-
forded 5,10,15,20-tetrakis(2,6-dihydroxyphenyl)porphyrin (5) as a red-
purple solid (0.18 g, 53.4%). '"H NMR (500 MHz, CD;0D): 6=6.82 (d,
J=8.3 Hz, 8H; phenyl H), 7.47 (t, J=8.3 Hz, 4H; phenyl H), 8.84 ppm
(s, 8H; B-pyrrole); MS(FAB): m/z =743 [M+H]*.

6: Porphyrin 5 (0.21 g, 0.28 mmol) and K,CO; (0.84 g, 6.13 mmol) were
dissolved in dry N,N-dimethylformamide (DMF; 6.35 mL) under Ar,
then methyl 11-bromoundecanoate (1.48 mL, 6.13 mmol) was added. The
reaction mixture was heated at 50°C for 3 days. After the solution was
cooled to room temperature, water (200 mL) and ethyl acetate (250 mL)
were added. The organic layer was separated, washed with water (3x
200 mL) then saturated aqueous NaHCO; (3x200 mL), and dried over
Na,SO,. Evaporation of the solvent and purification by column chroma-
tography (SiO,, CHCL;) afforded 5,10,15,20-tetrakis(2,6-bis(10-methoxy-
carbonyldecyloxy)phenyl)porphyrin (6) as a red-purple solid (0.58 g,
86.9%). '"HNMR (500 MHz, CDCL,): 6=-2.59 (s, 2H; NH), 0.63-1.59
(m, 128H; CH,), 2.18-2.321 (m, 16 H; CH,), 3.59-3.73 (m, 40H; CO,Me
and CH,), 6.95 (d, /=84 Hz, 8H; phenyl H), 7.63 (t, J=8.4Hz, 4H;
phenyl H), 8.63 ppm (s, 8H; B-pyrrole); MS (FAB): m/z=2329 [M]*.

7: Porphyrin 6 (0.10 g, 43.79 umol) was dissolved in a solution prepared
by mixing THF (20 mL), methanol (4 mL), and KOH (0.5m, 6 mL) under
Ar. After being stirred at room temperature for 48 h, the solution was
evaporated. HCl (0.5m, 8 mL) was added, followed by ethyl acetate
(15 mL). The organic layer was washed with water (2x25 mL) then satu-
rated aqueous NaCl (2x15 mL) and dried over Na,SO,. Evaporation of
the solvent and purification by gel-permeation chromatography on Se-
phadex LH-20 (CH;OH, 2x) afforded a purple oil of 5,10,15,20-tetrakis-
(2,6-bis(10-carboxydecyloxy)phenyl)porphyrin ~ (7; 58 mg, 60.1%).
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'"HNMR (500 MHz, CD;0D): 6=0.43-1.58 (m, 128 H; CH,), 2.08-2.12
(m, 16H; CH,CO,), 3.80-3.86 (m, 16H; CH,), 7.06 (d, J=8.6 Hz, 8H;
phenyl H), 7.70 (t, J=8.6 Hz, 4H; phenyl H), 8.67 ppm (s, 8H; B-pyr-
role); MS (FAB): m/z=2217 [M]*.

9a: This compound was synthesized according to the reported proce-
dure.”? Sodium hydroxide (10.00g, 0.25 mol) in water (50 mL) and
poly(ethylene glycol)-750 monomethyl ether (8a; 7.50 g, 10.00 mmol) in
THF (50 mL) were placed in a flask, and the mixture was cooled in an
ice bath with stirring. p-Toluenesulfonyl chloride (1.72 g, 9.00 mmol) in
THF (50 mL) was added dropwise to the mixture over 1 h with continu-
ous stirring and cooling of the mixture below 5°C. The solution was
stirred at 0-5°C for a further 3h and then poured into iced water
(200 mL). The mixture was extracted with CHCl; (2x200 mL). The com-
bined organic extracts were washed with water (300 mL2 x ) then saturat-
ed aqueous NaCl (300 mL) and dried over Na,SO,. Upon evaporation of
the solvent, w-O-tosylpoly(ethylene glycol)750 monomethyl ether (9a) of
satisfactory purity was obtained®! (8.32 g, 91.9%). '"HNMR (500 MHz,
CDCl;): 6=2.44 (s, 3H; CHj;), 3.37 (s, 3H; CH;0), 3.57-3.71 (m, 66H;
CH,), 4.15 (t, J=5.0Hz, 2H; CH,), 7.34 (d, J=8.0 Hz, 2H; phenyl H),
7.80 ppm (d, J=8.0 Hz, 2H; phenyl H).

10a: w-Deoxy-w-aminopoly(ethylene glycol)750 monomethyl ether (10a)
was prepared according to the reported procedure®! by using sodium
azide (0.91¢g, 14.00 mmol) and 9a (8.32¢g, 9.00 mmol). Yield: 6.39 g,
92.8%. '"HNMR (500 MHz, D,0): 6=2.84 (t, J=5.0 Hz, 2H; CH,), 3.41
(s, 3H; CH;0), 3.57-3.73 ppm (m, 66 H; CH,).

11a: Amine 10a (0.20 g, 0.27 mmol), HOBt (41 mg, 0.27 mmol), and fi-
nally EDC (51.8 mg, 0.27 mmol) were added to a solution of 7 (62 mg,
28 umol) in CH,Cl, (20 mL) at room temperature under Ar. After 46 h,
the mixture was evaporated and purified by column chromatography
(Si0,, CHCl/MeOH =10:1). Further purification by gel-permeation
chromatography on Sephadex LH-20 (CH;OH, 2x) afforded PEO750-
appended prophyrin 11a as a red-purple oil (204.8 mg, 89.0%). '"H NMR
(500 MHz, CDClLy): 6=-2.59 (s, 2H; inner H), 0.60-1.58 (m, 128H;
CH,), 2.01-2.06 (m, 16H; CH,CONH), 3.31-3.36 (m, 40H; CONHCH,
and OCH;), 3.45-3.75 (m, 512H; OCH,0CH,CH,0), 6.39 (s, 8H;
CONH), 6.94 (d, /J=84Hz, 8H; phenyl H), 7.62 (t, /=8.4Hz, 4H,
phenyl H), 8.62 ppm (s, 8H; B-pyrrole); MS (MALDI-TOF, 3-indole-
acrylic acid): m/z caled for CsoH;6N;,Ou: 7960 [M]*; found: broad
peak at 6500-8600.

la: A solution of 11a (204 mg, 24.90 umol) in CH;OH (10 mL) and
CH,Cl, (10mL) was mixed with saturated Zn(OAc), (21.20 mg) in
CH;OH (2mL), and the mixture was heated under reflux for 3 h in the
dark. The solution was evaporated, and the residue was dissolved in
CHCI;. The CHCI,; layer was washed with deionized water, and the or-
ganic layer was evaporated. The product was further purified by gel-per-
meation chromatography on Sephadex LH-20 (CH;OH, 2x) to afford
PEO750-appended zinc porphyrin 1a as a pink solid (173.3 mg, 87.4%).
"H NMR (500 MHz, CDCl;): 6 =0.60-1.58 (m, 128 H; CH,), 2.00-2.05 (m,
16H; CH,CONH), 3.31-3.36 (m, 40H; CONHCH, and OCH,), 3.45-3.75
(m, 512H; OCH, and OCH,0CH,0), 6.27 (s, 8H; CONH), 6.95 (d, /=
8.4 Hz, 8H; phenyl H), 7.62 (t, J=8.4 Hz, 4H; phenyl H), 8.70 ppm (s,
8H; B-pyrrole).

9b: This compound was synthesized according to the reported proce-
dure.” Sodium hydroxide (8.00 g, 0.2 mol) in water (40 mL) and poly-
(ethylene glycol)2000 monomethyl ether (8b; 5.01 g, 2.5 mmol) in THF
(40 mL) were placed in a flask, and the mixture was cooled in an ice bath
with stirring. p-Toluenesulfonyl chloride (0.65g, 3.41 mmol) in THF
(40 mL) was added dropwise to the mixture over 2 h with continuous stir-
ring and cooling of the mixture below 5°C. The solution was stirred at 0—
5°C for a further 3 h and then poured into iced water (200 mL). The mix-
ture was extracted with CH,Cl, (2x200 mL). The combined organic ex-
tracts were dried over anhydrous Na,SO,. Upon evaporation of the sol-
vent, ®-O-tosylpoly(ethylene glycol)2000 monomethyl ether (9b) was ob-
tained (4.66 g, 86.5% yield). '"H NMR (500 MHz, CDCly): 0=2.46 (s,
3H; CH,), 3.39 (s, 3H; CH;0), 3.56-3.71 (m, 200H; CH,), 4.17 (t, J=
5.0 Hz, 2H; CH,), 7.34 (d, J=8.0 Hz, 2H; phenyl H), 7.80 ppm (d, /=
8.0 Hz, 2H; phenyl H).
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10b: o-Deoxy-w-aminopoly(ethylene glycol)2000 monomethyl ether
(10b) was prepared according to the reported procedure® by using
sodium azide (75mg, 1.15mmol) and 9b (1.66 g, 0.77 mmol). Yield:
1.44 ¢, 99.0%. '"H NMR (500 MHz, [D4]dimethyl sulfoxide ([Ds]DMSO)):
0=2.60 (t, J=5.0Hz, 2H; CH,), 3.20-3.51 ppm (m, 203H; CH;O and
CH,).

11b: Amine 10b (1.01 g, 503 pmol), HOBt (115 mg, 754 umol), and final-
ly EDC (144 mg, 754 umol) were added to a solution of 7 (58 mg,
26.2 ymol) in CH,Cl, (25mL) at room temperature under Ar. After
4 days, the mixture was evaporated and then purified by column chroma-
tography (SiO,, CHCL/MeOH =10:1, 2x). Further purification by gel-
permeation chromatography on Sephadex LH-20 (CH,OH, 2 x ) afforded
PEO-appended porphyrin 11b as a red-purple oil. Yield: 101 mg, 21.6%.
'"H NMR (500 MHz, CDCL;): 6=-2.61 (s, 2H; inner H), 0.62-1.58 (m,
128H; CH,), 2.01-2.06 (m, 16H; CH,CONH), 3.35-4.24 (m, 1448H,
OCH,, CONHCH,, OCH,CH,, and OCHs;), 6.25 (brs, 3H; CONH), 6.92
(d, /=8.0Hz, 8H; phenyl H), 7.60 (t, /J=8.0Hz, 4H; phenyl H),
8.60 ppm (s, 8H; B-pyrrole).

1b: A solution of 11b (30 mg, 1.66 pmol) and Zn(OAc),-saturated meth-
anol (2mL) in CH;0H (10 mL) and CH,Cl, (10 mL) was heated under
reflux for 3 h in the dark. The solution was evaporated, and the residue
was dissolved in CHCl;. The CHCI; layer was washed with deionized
water, and the organic layer was evaporated. The product was further pu-
rified by gel-permeation chromatography on Sephadex LH-20 (CH;OH,
2x) to afford PEO-appended zinc porphyrin 1b as a pink solid. Yield:
30mg, 100%. 'HNMR (500 MHz, CDCL): 6=0.62-1.58 (m, 128H;
CH,), 1.99-2.06 (m, 16H; CH,CONH), 3.354.24 (m, 1448H, OCH,,
CONHCH,, OCH,CH,, and OCH3,), 6.29 (brs, 8H; CONH), 6.93 (d, /=
8.0 Hz, 8H; phenyl H), 7.60 (t, J=8.0 Hz, 4H; phenyl H), 8.68 ppm (s,
8H; B-pyrrole).
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