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Abstract: meso-Tetrakis(2-hydroxy-4-
nonylphenyl)porphyrin (1), which was
prepared as a host molecule for ubiq-
uinone analogues, comprises four atro-
pisomers, aaaa, aaab, aabb, and abab,
in a statistical ratio of 1:4:2:1, respec-
tively. The atropisomerization is due to
internal rotation about the C(aryl) ±
C(porphyrin) bonds and is observed
even at room temperature. A rate con-
stant for the rotation was determined
(k� 1.73� 10ÿ5 sÿ1 in CHCl3 at 25 8C).
UV/visible spectrophotometric titration
of tetramethoxy-p-benzoquinone (3)
against 1aaaa or 1aaab in CHCl3 at 25 8C
showed 1:1 complexation with associa-
tion constants of (9.4� 0.1)� 103 and
(3.5� 0.1)� 102 mÿ1, respectively. Upon

addition of 3 to a solution of 1 in CDCl3,
the proportion of 1aaaa in the atropiso-
meric mixture increased and that of the
other three isomers decreased over
500 h. At equilibrium the proportion of
1aaaa reached 78 % in the presence of 3
(3 equiv); this showed that atropisome-
rization is induced by complexation with
3. An atropisomeric shift to 1aaaa was
also observed upon addition of 2,3-
dimethoxy-p-benzoquinone (4); howev-
er, the proportion of 1aaaa was only 30 %
at equilibrium, since the difference in

binding affinities between 1aaaa ± 4 and
1aaab ± 4 complexes is relatively small
compared with that between 1aaaa ± 3
and 1aaab ± 3 complexes. Nickel and zinc
porphyrins, 1 ´ Ni and 1 ´ Zn, also showed
induced-fit interaction with 3. The atro-
pisomeric shift to 1aaaa ´ Ni upon addi-
tion of 3 was completed within 1 h,
whereas guest-induced atropisomeriza-
tion in 1 ´ Zn was much slower than in
free base 1. The observed changes in the
relative amounts of the four atropisom-
ers are identical with the simulated
changes calculated from multiple equi-
librium systems by use of kinetic and
thermodynamic parameters. This system
is a suitable model for induced-fit mo-
lecular recognition in flexible enzymes.

Keywords: atropisomerism ´ molec-
ular recognition ´ porphyrinoids ´
quinones

Introduction

Over the last two decades a number of chemists have
investigated synthetic host ± guest systems in order to clarify
the behavior of specific protein ± ligand binding in biological
systems. These model studies have indicated that host
molecules with rigid, preorganized structures have good
affinity and specificity for guest molecules, owing to the
minimal entropy loss of the host molecule upon binding

(Scheme 1a).[1] However, structural changes in biological
receptors and/or substrates are often required for signal
transfer to an active site in proteins, or to initiate catalytic
reactions in enzymes. Koshland has suggested that in flexible
enzymes the conformational changes induced by substrate
binding play an important role in the proper alignment of
catalytic active sites with the substrate.[2] This concept was
supported by X-ray crystallographic analysis of enzymes,
which indicated that internal rotation about a specific bond in
the protein molecule took place upon binding between
protein and ligand.[3] Thus it is particularly important to
evaluate the guest-induced structural changes in flexible
biomolecules by use of a variety of artificial receptors
(Scheme 1b).[4]

As an example of a new host ± guest system capable of
induced-fit molecular recognition, we have focused on the
atropisomerization of meso-tetrakis(2-hydroxy-4-nonylphe-
nyl)porphyrin (1) as a host molecule for ubiquinone ana-
logues.[5] In this host, atropisomeric interconversion results
from internal rotation about four C(aryl) ± C(porphyrin)
bonds, even at room temperature.[6, 7] Consequently, four
atropisomers, 1aaaa , 1aaab, 1aabb, and 1abab, are formed in the
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Scheme 1. a) Preorganization and b) postorganization mech-
anisms in host ± guest complexation.

statistical ratio of 1:4:2:1 at equilibrium, where a

and b represent the location of the ortho-substitu-
ent above and below the plane of the porphyrin
ring, respectively (Scheme 2).[7] Previously, por-
phyrin 1 had not been regarded as a suitable host
molecule for quinone derivatives, because of its

flexible framework. However, we found a dynamic recogni-
tion event between 1 and tetramethoxy-p-benzoquinone (3),
in which the equilibrium of the four atropisomers of
porphyrin 1 was shifted to the 1aaaa isomer as shown in
Scheme 2.[6] In 1980, Elliot and Lindsey separately reported
the atropisomerization of meso-tetrakis(2-aminophenyl)por-
phyrin on silica gel. This substrate converted a mixture of
atropisomers to the aaaa-isomer in 60 ± 70 % yield.[8±10] To
our knowledge, the present system is the first example of
atropisomeric interconversion to the aaaa-isomer by in-
duced-fit molecular recognition in homogeneous solution.[6, 11]

Here, we wish to report the dynamic process of molecular
recognition between 1 or its metal complexes and ubiquinone
derivatives. The atropisomerization of host porphyrin induced
by the quinone molecule can be completely described with
two parameters, a rate constant for internal rotation and an
association constant between host and guest. This system is
potentially a useful model for investigating quantitatively the
rearrangement (post-organization) of the host molecule
consequent upon host ± guest pairing as shown in Scheme 1b.

Results and Discussion

Host molecule : The synthetic route to porphyrin 1 is shown in
Scheme 3. To increase the solubility of 1 in organic solvents,

Abstract in Japanese:

Scheme 2. The atropisomeric interconversion of porphyrin 1 and the mechanism of the
shift in equilibrium to 1aaaa upon addition of quinone 3.
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Scheme 3. Synthesis of porphyrin 1 from 3-bromoanisole; reagents and
conditions: a) n-C9H19MgBr, NiCl2(dppp); b) Cl2CHOCH3, TiCl4;
c) pyrrole, BF3 ´ OEt2; d) 2,3-dichloro-5,6-dicyano-1,4-benzoquinone;
e) BBr3.

four long alkyl chains were substituted at the para-position of
the aryl groups by a cross-coupling reaction in the presence of
[1,3-bis(diphenylphosphino)propane]nickel(ii) dichloride as a
catalyst.[12] Condensation of pyrrole with 2-methoxy-4-non-
ylbenzaldehyde, followed by deprotection of the four methyl
groups by BBr3, led to a mixture of the four atropisomers of 1.
Atropisomerization of 1 occurred rapidly through rotation
about the C(aryl) ± C(porphyrin) bonds and the relative
amounts of the four atropisomers, 1aaaa (10.5 %), 1aaab

(54.0 %), 1aabb (24.0 %), and 1abab (11.5 %), were determined
by analytical HPLC (Figure 1). Although pure atropisomers

Figure 1. HPLC analysis of a mixture of atropisomers 1 at equilibrium.
YMC-packed column AQ-312 (reversed phase); eluent, MeOH/iso-
PrOH� 65:35 ± 20:80 (1 mL minÿ1), monitored by UV/vis spectroscopy
(420 nm). The relative amounts of the four atropisomers and the respective
retention times are as follows: 1aaaa , 10.5 % (24.8 min); 1aaab, 54.0 %
(12.6 min); 1aabb, 24.0 % (10.0 min); 1abab, 11.6% (7.95 min).

could not be isolated at room temperature, the most polar
isomer, 1aaaa , was isolated by preparative TLC at 4 8C. The
rate of isomerization of 1aaaa to the other isomers through
rotation of the aryl ring is depicted in Figure 2. The decay of
1aaaa followed first-order kinetics. The rate constant for
rotation about one C(aryl) ± C(porphyrin) bond was deter-
mined from least-squares fitting; k� (1.73� 0.04)� 10ÿ5 sÿ1 in
CHCl3 at 25 8C.[13]

Figure 2. Kinetics of atropisomerization from 1aaaa to the other three
isomers in CHCl3 at 25 8C, monitored by HPLC. 1aaaa (*), 1aaab (~), 1aabb

(�), 1abab (&).

Intermolecular interaction between porphyrin 1 and quinone :
Titrimetric measurement by UV/visible absorption spectro-
scopy demonstrated simple 1:1 complexation between 1aaaa

and 3 or 1aaab and 3 with several isosbestic points. The
interaction features in the porphyrin ± quinone complex were
also monitored by 1H NMR spectroscopy. Addition of 3
(4 equiv) to a solution of 1aaaa or 1aaab in CDCl3 resulted in a
1.7 ± 1.9 ppm downfield shift of the signal from the OH
protons, owing to hydrogen bonding, whereas the signal from
the MeO protons in 3 shifted upfield slightly (ca. ÿ0.16 ppm),
owing to the diamagnetic ring current of the aromatic host 1.
These results are consistent with previous data on the binding
between meso-aaaa-tetrakis(2-hydroxy-1-naphthyl)porphyr-
in (2) and 3.[5] It is clear that hosts 1aaaa and 1aaab form cofacial
complexes with 3 through hydrogen bonding.

The association constants and thermodynamic parameters
for the porphyrin ± quinone complexes are shown in Table 1.
The host porphyrins 1aaaa and 1aaab have four and three OH

groups available for hydrogen bonding, respectively, and
guests 3 and 2,3-dimethoxy-p-benzoquinone (4) can form at
most four and three hydrogen bonds with host porphyrins,
respectively, as shown in Scheme 4. Consequently, in the

Table 1. Association constants and thermodynamic parameters for 1 ± 3
and 1 ± 4 complexes in CHCl3 at 25 8C.[a]

Tetramethoxy-p-benzoquinone (3)
1aaaa 1aaab

Ka [mÿ1] (9.4� 0.1)� 103 (3.5� 0.1)� 102

DG8 [kcal molÿ1] ÿ 5.4� 0.1 ÿ 3.5� 0.1
DH8 [kcal molÿ1] ÿ 10.6� 0.3 ÿ 9.0� 0.3
TDS8 [kcal molÿ1] ÿ 5.2� 0.3 ÿ 5.5� 0.3

2,3-dimethoxy-p-benzoquinone (4)
1aaaa 1aaab

Ka [mÿ1] (6.7� 0.1)� 103 (1.8� 0.1)� 102

DG8 [kcal molÿ1] ÿ 3.9� 0.1 ÿ 3.1� 0.1
DH8 [kcal molÿ1] ÿ 9.1� 0.2 ÿ 8.0� 0.1
TDS8 [kcal molÿ1] ÿ 5.2� 0.2 ÿ 4.9� 0.1

[a] Association constants were determined from UV/vis titrimetric meas-
urements. Thermodynamic parameters were calculated from van�t Hoff
plots in the range 4 ± 35 8C.
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Scheme 4. Modes of interaction between porphyrin 1 and quinones 3 and
4.

complexation of 1aaaa with 3, large negative free energy and
enthalpy changes were observed with a large association
constant of Ka(1aaaa±3)� (9.4� 0.1)� 103 mÿ1 in CHCl3 at 25 8C,
indicating the formation of multiple hydrogen bonds.[14] In
contrast, the binding affinities of 1aaaa ± 4, 1aaab ± 3 and 1aaab ± 4
are smaller than for the 1aaaa ± 3 complex, because the number
of interaction sites is less. Therefore, the ratio of the two
association constants Ka(1aaaa±3) and Ka(1aaab±3) is larger than that
of Ka(1aaaa±4) and Ka(1aaab±4) ; Ka(1aaaa±3)/Ka(1aaab±3)� 26.9 and Ka(1

aaaa±4)/Ka(1aaab±4)� 3.7. It is noteworthy that the binding behavior
depends strictly on the number of hydrogen-bonded sites.[15]

Induced-fit molecular recognition between 1 and quinone :
The atropisomeric interconversion initiated by addition of 3
to 1 was monitored by IR and 1H NMR spectroscopy. In the
presence of 3.2 equivalents of 3, the IR spectrum of 1 showed
OH bands at 3552 cmÿ1, attributable to a free OH stretching
vibration, and at 3464 cmÿ1, assignable to a hydrogen-bonded
OH vibration, as shown in Figure 3. After addition of 3, the
intensity of the latter band increased and that of the former
decreased, suggesting that the hydrogen-bonded 1 ± 3 com-
plex gradually forms in the solution.

Figure 4 shows the 1H NMR spectrum of 1 in CDCl3 in the
absence and presence of 3. Signals from one of the phenyl
protons (Ho) appeared at d� 7.62 ± 7.97 and, in the absence of
3, were not assignable to any atropisomer (Figure 4-Ia). Upon
addition of a slight excess of 3 to a solution of 1, six doublet
signals assignable to the Ho protons appeared separately
(Figure 4-Ib). One of these doublets gradually increased and
other five decreased in intensity over a period of several days
(Figure 4-Ic and d). At equilibrium, the strongest doublet
peak remaining is identical to that obtained from a mixture of
the isolated 1aaaa and 3 (Figure 4-Ie). In the region of the two
meta-phenyl protons at d� 7.06 ± 7.23 (Hm and Hm'), one

Figure 3. Time-dependent changes in the transmittance T in the IR
spectrum of the OH bands of porphyrin 1 in the presence of quinone 3.
t� 0.05, 4.1, 9.1, 15.1, 21.3, 32.1, 84.3, 145.1 h after the addition of 3. [1]�
1.0 mm, [3]� 3.2 mm in CDCl3 at 298 K.

doublet ± doublet and one doublet signal were observed at
equilibrium. These peaks are also assignable to 1aaaa protons
upon complexation with 3. OH signals from 1 are shown in
Figure 4-II. Although OH protons gave one broad resonance
peak, the addition of 3 resulted in peak splitting, attributable
to each atropisomer (Figure 4-IIb).[16] Only one signal in-
creased in intensity with time. The sharp signal observed at
d� 6.62, is also assignable to OH protons from 1aaaa . The
spectra of the NH protons from the pyrrole residues in 1 also
revealed the same behavior as described above (Figure 4-III).
Furthermore, we confirmed that each proton signal assigned
to 1aaab after addition of 3 is consistent with the spectrum
obtained from a mixture of isolated 1aaab and 3. Unlike the
other three atropisomers, this complex exhibits three different
sets of resonances for the meso aryl protons and OH protons,
owing to the lower symmetry of 1aaab.[17]

The changes in the relative amounts of each atropisomer in
the presence of 3 are illustrated in Figure 5. Upon addition of
3 (3 equiv) to a solution of 1 in CDCl3 at 25 8C, the proportion
of 1aaaa , which is a measure of the total amount of free and
complexed host,[18] increased from 11 % to 78 %. In contrast,
the proportion of 1aaab reached a peak of approximately 60 %
after 8 hours and then decreased to 17 % thereafter. The
proportions of the other two isomers, 1aabb and 1abab, gradually
decreased with the increase of 1aaaa . These results clearly
demonstrate the dynamic process of induced-fit molecular
recognition between the flexible host 1 and guest molecule 3.

Figure 6a shows the temperature-dependent interconver-
sion to 1aaaa . At 43 8C, the addition of 1 equivalent of 3 to the
porphyrin solution induced rapid atropisomerization to 1aaaa ;
however, the proportion at equilibrium was only 39 %. The
total amount of 1aaaa at equilibrium increased with decreasing
temperature. Furthermore, the interconversion of 1aaaa also
depended on the concentration of quinone as shown in
Figure 6b. The proportion of 1aaaa at equilibrium increased
with increasing concentration of 3. At 25 8C the addition of
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Figure 5. Kinetics of formation and decay of the four atropisomers of 1
upon addition of 3 in CDCl3 at 25 8C; 1aaaa (*), 1aaab

~, 1aabb (�), 1abab &.
[1]� 2.4mm, [3]� 7.2mm.

0.5, 1, and 5 equivalents of 3 yielded 36 %, 58 % and 80 % of
1aaaa , respectively, at equilibrium in CDCl3.

Comparisons of the relative amounts of the four atro-
pisomers at equilibrium in the presence of 3 or 4 are shown in
Figure 7. Addition of 4 to the porphyrin solution also changed
the proportions of each isomer, but the drastic enhancement
of the total amount of 1aaaa obtained with a mixture of 1 and 3
was not observed. These sharp differences are reflected in the
binding affinities for the 1aaaa ± quinone and 1aaab ± quinone
complexes. Thus, the total amount of 1aaaa at equilibrium is
clearly controlled by the thermodynamic stability of the 1 ±
quinone complex.

Figure 6. Comparison of the relative amounts of 1aaaa on addition of 3 in
CDCl3; a) at 43 8C (~), at 23 8C (&) and at 9 8C (*), [1]� [3]� 2.4 mm ; b) at
25 8C and [1]� 2.4 mm, [3]� 24mm (~), [3]� 7.2 mm (&) and [3]� 2.4 mm
(*).

Figure 7. Comparison of the relative amounts of atropisomers 1aaaa , 1aaab,
1aabb, and 1abab on addition of 3 or 4 after reaching equilibrium at 25 8C in
CDCl3. [1]� [3]� [4]� 2.4mm.

Figure 4. 1H NMR spectra (500 MHz) of a mixture of 1 and 3 in CDCl3 at 25 8C. (I) Protons attached to phenyl in 1, (II) OH protons and (III) inner NH
protons; a) before addition of 3, b) 0.4 h, c) 23 h, and d) 479 h after addition of 3 ; [1]� 2.4mm, [3]� 7.2mm ; e) 1H NMR spectrum of a mixture of isolated 1aaaa

and 3.
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Mechanism of induced-fit molecular recognition : A plausible
mechanism for the guest-induced structural changes in the
host 1 is shown in Scheme 5. Since the relative amounts of the
four atropisomers of 1 in the absence of quinone are close to
the statistical ratio (1aaaa :1aaab :1aabb :1abab� 1:4:2:1), each
kinetic process for atropisomeric interconversion is defined
by k, 2k, or 4k (Scheme 5), where k represents the rate

Scheme 5. Proposed mechanism of induced-fit molecular recognition
between porphyrin 1 and tetramethoxy-p-benzoquinone 3.

constant for internal rotation about one C(aryl) ± C(porphyr-
in) bond. Assuming that the affinities of 1aabb ± quinone and
1abab ± quinone pairs are negligibly small, the kinetic and
equilibrium equations which represent the induced-fitting
process are defined in Equations (1) ± (6), where Q is quinone,

d([1aaaa]� [1aaaa ± Q])/dt�ÿ4k [1aaaa]� k [1aaab] (1)

d([1aaab]� [1aaab ± Q])/dt� 4k ([1aaaa]ÿ [1aaab]� [1aabb]�[1abab]) (2)

d([1aabb])/dt�ÿ4k [1aabb]� 2k [1aaab] (3)

d([1abab])/dt�ÿ4k [1abab]�k [1aaab] (4)

Ka(1aaaa±Q)� [1aaaa ± Q]/([1aaaa][Q]) (5)

Ka(1aaab±Q)� [1aaab ± Q]/([1aaab][Q]) (6)

and [1aaaa ± Q] and [1aaab ± Q] represent the concentration of
1aaaa ± Q and 1aaab ± Q complexes, respectively. The dynamic
process derived from the computer-generated curves based on
Equations (1) ± (6) with several parameters, k, Ka , and initial
proportions of each isomer, is consistent with the observed
data, as shown in Figures 8 and 9.[19] Thus, these results
demonstrate that induced-fit molecular recognition occurs
through the combination of multiple equilibria associated
with host ± guest complexation and internal rotation.

Figure 8. Experimental and simulated results for the atropisomerization of
1 upon addition of 3. The lines represent the simulation curves calculated
from Equations (1) ± (6). [1]� 2.4 mm, [3]� 7.2 mm in CDCl3 at 25 8C. 1aaaa

(*), 1aaab (~), 1aabb (� ), 1abab (&).

Figure 9. Experimental and simulated results for the atropisomerization of
1 upon addition of 4. The lines represent the simulation curves calculated
from Equations (1) ± (6). [1]� 2.4 mm, [4]� 7.2 mm in CDCl3 at 25 8C. 1aaaa

(*), 1aaab (~), 1aabb (� ), 1abab (&).

Interaction between metalloporphyrin and quinone : To
investigate the effect of internal rotation on the induced
fitting, molecular recognition behavior, we selected two
metalloporphyrin derivatives of 1. The rate constants of
internal rotation about one C(aryl) ± C(porphyrin) bond for
the nickel and zinc complexes 1 ´ Ni and 1 ´ Zn were deter-
mined by NMR spectroscopy and HPLC analysis, respective-
ly. Atropisomerization of 1 ´ Zn is slower than that of free base
1. Decay of 1aaaa ´ Zn was monitored by analytical HPLC and
took place with a rate constant of (6.9� 0.4)� 10ÿ7 sÿ1 at
25 8C. In contrast, the internal rotation about the C(aryl) ±
C(porphyrin) bond in 1 ´ Ni was too fast for analysis of the rate
of atropisomerization by the same method, so the rate
constant for 1 ´ Ni was estimated to be >1� 10ÿ3 sÿ1 by
variable-temperature NMR spectroscopy. These results indi-
cate that the atropisomerization of 1 ´ Ni occurs more rapidly
than that of free base 1 and the slowest rate is found for 1 ´ Zn ;
thus the internal rotation depends on the metal substituent in
the center of the porphyrin core. According to X-ray
crystallographic analysis for several metalloporphyrins, the
porphyrin core, which contains four pyrrole nitrogen atoms, is
planar for the zinc complex, whereas nickel porphyrin adopts
a puckered conformation.[20, 21] If the atropisomerization due
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to internal rotation about porphyrin ± aryl bonds proceeds
through the nonplanar, puckered conformation as a reaction
intermediate, the rotational energy barrier for 1 ´ Ni should be
smaller than that for 1 ´ Zn. The dependence of the internal
rotation on the metal observed here is consistent with
previous work reported by Whitten and Freitag.[22]

The affinities of 1 ´ Zn and 1 ´ Ni for 3 are shown in Table 2.
Association constants of 1aaaa ´ Zn and 1aaab ´ Zn complexes
with 3 were determined by UV/visible titrimetric analysis of
the isolated atropisomers. In the case of 1 ´ Ni, we estimated
the association constants from the peak areas for each
atropisomer and quinone in the 1H NMR spectrum. The
association constants of 1aaaa ´ Zn and 1aaaa ´ Ni complexes
with 3 are larger than those for 1aaab ´ Zn and 1aaab ´ Ni
respectively, but are slightly smaller than that for free base
1aaaa with 3.

The changes in the relative amounts of each atropisomer of
1 ´ Ni and 1 ´ Zn in the presence of 3 were also monitored by 1H
NMR spectroscopy and the results are plotted in Figure 10.

Figure 10. Changes in the relative amounts of atropisomers 1aaaa ´ Ni (&),
1aaaa (*), and 1aaaa ´ Zn (~) with time, upon addition of 3 in CDCl3 at 25 8C.
[1 ´ Ni]� [1]� [1 ´ Zn]� 2.4mm, [3]� 7.2mm.

Surprisingly, the increase of 1aaaa ´ Ni was extremely rapid and
the proportion of the aaaa-atropisomer reached 60 % within
10 min after the addition of 3 to a solution of 1 ´ Ni in CDCl3.
In contrast, the atropisomerization of 1 ´ Zn was quite slow
compared with that of free base 1 or 1 ´ Ni. These sharp
differences demonstrate that the atropisomerization induced

by quinone is governed by the rate of rotation about the
C(aryl) ± C(porphyrin) bonds.

Although the rate constant for internal rotation and the two
association constants, Ka(1aaaa´Ni±3) and Ka(1aaab´Ni±3) , cannot be
completely determined for 1 ´ Ni complexes by the direct
methods employed for free base 1 because of difficulties
inherent in isolating each atropisomer, least-squares optimi-
zation of the experimental data with the damped Gauss-
Newton algorithm leads to these parameters. The four curves
calculated from Equations (1) ± (4) (Figure 11) fit the data

Figure 11. Comparisons of best fits to Equations (1) ± (4) with experimen-
tal data for the atropisomerization of 1 ´ Ni upon addition of 3. [1 ´ Ni]�
2.4mm, [3]� 7.2 mm in CDCl3 at 25 8C. 1aaaa ´ Ni (*), 1aaab ´ Ni (~), 1aabb ´ Ni
(� ), 1abab ´ Ni (&). Initial isomer contents are 12.5, 50.0, 25.0, and 12.5 %,
respectively.

well and give the following kinetic and thermodynamic
parameters: k� (4.9� 0.2)� 10ÿ3 sÿ1, Ka(1aaaa´Ni±3)� (2.3�
0.1)� 103 mÿ1 and Ka(1aaab´Ni±3)� (1.2� 0.1)� 102 mÿ1. The asso-
ciation constants obtained from the fitting are consistent with
those estimated from 1H NMR spectroscopy (Table 2). The
agreement between the observed data and the curve fitting
indicates that the atropisomerization of 1 ´ Ni in the presence
of 3 follows the route described in Scheme 5, and the rapid
isomerization to 1aaaa ´ Ni derives from the large rate constant
for internal rotation in nickel porphyrin. However, the
proportion of 1aaaa ´ Ni at equilibrium is only 60 %, suggesting
that the ratio of association constants K(1aaaa´Ni±3) and K(1aaab´Ni±3)

is relatively small compared with that in free base 1; Ka(1aaaa´Ni±3)/
Ka(1aaab´Ni±3)� 19.2, whereas Ka(1aaaa±3) and Ka(1aaab±3)� 26.9.

Conclusions

These results indicate that the atropisomerization of porphyr-
in to the aaaa-form is induced by binding of the guest
molecule to the host porphyrin through hydrogen bonds.
Simulation of the dynamic process based on the multiple
equilibrium system in Scheme 5 with the kinetic and thermo-
dynamic parameters k and Ka is consistent with the observed
data. It supports the view that: a) the driving force for
induced-fitting behavior is the difference between Ka(1aaaa±Q)

and Ka(1aaab±Q) and b) the rate of conversion to the aaaa-form

Table 2. Association constants Ka of porphyrins for quinone 3 at 25 8C in
CHCl3.

Ka [mÿ1]
aaaa-isomer aaab-isomer

free base 1[a] (9.4� 0.1)� 103 (3.5� 0.1)� 102

zinc complex 1 ´ Zn[a] (3.2� 0.1)� 103 (1.6� 0.1)� 102

nickel complex 1 ´ Ni[b] (2.7� 0.6)� 103 (1.6� 0.4)� 102

[a] Determined by UV/vis titration. [b] Determined by 1H NMR analysis;
assuming that the complex formations of 1aabb ± 3 and 1abab ± 3 are
negligible, the concentrations of 1 and 1 ± 3 are estimated from comparison
of each isomer�s peak area in OH protons.
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is dominated by the inherent rate of internal rotation about
C(aryl) ± C(porphyrin) bonds.

It is known that the ligand-induced internal rotation about a
chemical bond in an enzyme framework is quite an important
factor in the rearrangement of interaction sites upon ligand
binding, as shown in Scheme 1b. This may be the initiation
step in enzymatic reactions and/or signal transformation. In
the present study, we have demonstrated the existence of a
dynamic molecular recognition process upon binding between
host and guest molecules, with internal rotation about a C ± C
bond. In this system, induced-fit molecular recognition can be
quantitatively analyzed using kinetic and thermodynamic
parameters. This analysis helps our understanding of the
rearrangement of functional groups resulting from binding
between an enzyme and ligand.

Experimental Section

Instrumentation : 1H and 13C NMR spectra were obtained by means of
JEOL A-500, GX-400 or FX-90Q spectrometers and chemical shifts were
reported relative to residual CHCl3 at d� 7.24. Mass spectra were measured
in FAB mode with a JEOL JMS-SX102A spectrometer. UV/visible spectra
were recorded on a Hitachi U-3410 spectrophotometer or a Hewlett ±
Packard 8452A diode array spectrophotometer with a cell compartment
kept at constant temperature. IR spectra were measured with a Perkin ±
Elmer 2000 FT-IR spectrometer.

Materials : Analytical TLC was performed on precoated silica gel Merck
60F254 . [D]Chloroform was purchased from Aldrich and used without
further purification. The chloroform used for recording the UV/visible
spectra was Aldrich ACS HPLC grade and contained 2-methyl-2-butene as
a stabilizer.[14] Quinones 3 and 4 were prepared as described previous-
ly.[23, 24]

3-Nonylanisole (5): A solution of n-nonylmagnesium bromide (ca.
0.09 mol) in Et2O (100 mL) was added dropwise to a solution of 3-
bromoanisole (10 mL, 0.079 mol) and 1,3-bis(diphenylphosphino)propane
nickel(ii) chloride (214 mg, 0.395 mmol) in anhydrous Et2O (20 mL) under
N2 at 0 8C. The reaction mixture was refluxed for 6 h and stirred at room
temperature for 12 h. After the reaction had been quenched with 1n HCl
(480 mL) at 0 8C, the organic layer was separated and the aqueous layer was
extracted with Et2O. The combined organic layer was washed sequentially
with H2O, saturated NaHCO3(aq) solution, and H2O. The solution was then
dried over anhydrous MgSO4. After removal of the solvent, the yellow
residue was purified by distillation under reduced pressure (0.15 mm Hg,
107 ± 115 8C) to afford 15.9 g (67.7 mmol, 86%) of 5. 1H NMR (90 MHz,
CDCl3): d� 0.90 (t, J� 6 Hz, 3 H), 1.0 ± 2.8 (m, 14H), 2.63 (t, J� 7 Hz), 3.80
(s, 3 H), 6.6 ± 7.3 (m, 4 H).

2-Methoxy-4-nonylbenzaldehyde (6): A solution of dichloromethyl methyl
ether (5.0 mL, 55 mmol) in anhydrous CH2Cl2 (150 mL) was added
dropwise over 6 h to a solution of 5 (4.64 g, 19.8 mmol) and TiCl4

(8.7 mL, 79 mmol) in anhydrous CH2Cl2 at ÿ78 8C. After reaching room
temperature, the reaction mixture was poured into ice-cold water and the
organic layer was separated. The aqueous layer was extracted with CH2Cl2,
and the combined organic layer was washed with H2O, saturated
NaHCO3(aq) solution, and saturated NaCl(aq) solution. The product was
dried over anhydrous MgSO4, filtered, and concentrated under reduced
pressure. The remaining yellow liquid was purified by column chromatog-
raphy on silica gel (hexane:benzene� 2:1) to afford 2.06 g (7.85 mmol,
40%) of 6. 1H NMR (90 MHz, CDCl3): d� 0.90 (t, J� 6 Hz, 3H), 1.3 ± 1.7
(m, 14H), 2.67 (t, J� 7 Hz), 3.93 (s, 3 H), 6.86 (d, J� 7 Hz, 1 H), 6.89 (s,
1H), 7.73 (d, J� 7 Hz, 1H), 10.40 (s, 1 H).

meso-Tetrakis(2-methoxy-4-nonylphenyl)porphyrin (7): Pyrrole (530 mL,
0.77 mmol), boron trifluoride diethyl etherate (310 mL, 2.5 mmol), and
anhydrous ethanol (5.8 mL) were added successively to a solution of 6
(2.02 g, 0.77 mmol) in anhydrous toluene (770 mL) at room temperature.
After the reaction mixture had been stirred at room temperature for 2.5 h,
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (1.73 g, 7.63 mmol) was added

and the mixture was stirred at room temperature for 2 h. The solution was
then neutralized by addition of triethylamine (360 mL, 2.6 mmol). After
removal of the solvent under reduced pressure, the crude product was
purified by column chromatography on basic alumina (toluene) to afford
751 mg (0.606 mmol, 32 %) of an atropisomeric mixture of 7. TLC: Rf

(hexane:ethyl acetate� 5:1)� 0.21, 0.42, 0.56 and 0.64. 1H NMR spectro-
scopy of a mixture of the four atropisomers (400 MHz, CDCl3): d�ÿ2.63
(br s, 2H), 0.92 (t, J� 7.0 Hz, 12 H), 1.26 ± 1.58 (m, 48 H), 1.90 (quintet, J�
7.6 Hz, 8H), 2.92 (t, J� 7.8 Hz, 8 H), 3.52, 3.55 and 3.58 (s, total 12 H), 7.1 ±
7.2 (m, 8 H), 7.81, 7.82, 7.86 and 7.91 (d, J� 7.2, 7.3, 7.3 and 7.5 Hz,
respectively, total 4 H), 8.72 (m, 8H).

meso-Tetrakis(2-hydroxy-4-nonylphenyl)porphyrin (1): The atropisomeric
mixture of 7 (0.78 g, 0.63 mmol) was dissolved in anhydrous CH2Cl2

(40 mL) and the solution was cooled to 0 8C under N2. A solution of
BBr3 (0.1m, 6.3 mL) in CH2Cl2 was added dropwise, and the reaction
mixture was stirred at 0 8C for 3 h and then at room temperature for 16 h.
The reaction was quenched by addition of ice-cold water at 0 8C and the
organic layer was separated. The aqueous layer was extracted with CH2Cl2

and the combined organic layer was washed with H2O, saturated
NaHCO3(aq) and saturated NaCl(aq) solutions. After drying over anhy-
drous Na2SO4, the solution was filtered, and concentrated under reduced
pressure to give a crude, purple product. The residue was purified by
column chromatography on silica gel (hexane:ethyl acetate� 4:1) to afford
700 mg (0.587 mmol, 94%) of an atropisomeric mixture of 8. TLC:
Rf(hexane-ethyl acetate� 4:1)� 0.11 for 1aaaa , 0.52 for 1aaab and 0.73 for
1aabb and 1abab. 1H NMR spectroscopy of a mixture of the four atropisomers
(400 MHz, CDCl3): d�ÿ2.75 (s, 2H), 0.92 (t, J� 6.9 Hz, 12H), 1.25-1.58
(m, 48H), 1.90 (m, 8H), 2.90 (t, J� 7.7 Hz, 8 H), 4.84 (br s, 4H), 7.14 ± 7.17
(m, 8H), 7.81 ± 7.85 (m, 4H), 8.91 (s, 8H); 13C NMR spectroscopy of a
mixture of the four atropisomers (125 MHz, CDCl3):[25, 26] d� 14.16, 22.76,
29.44, 29.55, 29.67, 29.68, 30.09, 31.34, 31.98, 36.08, 113.56 ± 113.69, 115.22 ±
115.34, 119.89 ± 119.96, 124.64 ± 124.57, 134.75 ± 134.91, 146.00 ± 146.06,
155.14 ± 155.22; MS-FAB� : m/z� 1183 [M��1]; HRMS-FAB� : calcd for
C80H102N4O4 [M�] 1182.7901, found 1182.7930.

Isolation of 1aaaa and 1aaab : The atropisomeric mixture of 1 (ca. 5 mg) was
dissolved in CHCl3, placed on a TLC plate and developed with hexane/
ethyl acetate (3:1) as the eluent at 4 8C over 20 min. The aaaa-
atropisomer, 1aaaa , which was the most polar isomer, was easily separated
from the other three atropisomers. The fractions corresponding to 1aaaa

were combined and eluted with ethyl acetate. The eluent was evaporated
immediately over an ice-bath under reduced pressure. The isomer 1aaab was
obtained using the same procedure. The purities of the isolated isomers
were determined by reversed-phase HPLC to be 95 % and 90%,
respectively. 1H NMR spectroscopy of 1aaaa in the presence of 3
(500 MHz, CDCl3): d�ÿ3.075 (s, 2H), 0.918 (t, J� 7.1 Hz, 12 H), 1.216 ±
1.583 (m, 8 H), 1.879 ± 1.940 (m, 8H), 2.903 (t, J� 7.7 Hz, 8H), 6.644 (s, 4H),
7.072 (dd, J� 1.7 Hz, 7.4 Hz, 4 H), 7.219 (d, J� 1.7 Hz, 4 H), 7.720 (d, J�
7.4 Hz, 4H), 8.904 (s, 8 H); 1H NMR spectroscopy of 1aaab in the presence of
3 (500 MHz, CDCl3): d�ÿ3.02 (s, 2H), 0.92 (t, J� 7.2 Hz, 12H), 1.2 ± 1.6
(m, 8H), 1.83 ± 1.97 (m, 8 H), 2.91 (t, J� 7.5 Hz, 8 H), 4.78 (s, 1 H), 6.35 (s,
1H), 6.48 (s, 2H), 7.05 (dd, J� 1.7 Hz, 7.6 Hz, 1H), 7.11 (dd, J� 1.7 Hz,
7.7 Hz, 2 H), 7.16 (m, 1H), 7.18 (dd, J� 1.7 Hz, 7.6 Hz, 1H), 7.20 ± 7.22 (m,
3H), 7.61 (d, J� 7.6 Hz, 1 H), 7.86 (d, J� 7.6 Hz, 2 H), 7.98 (d, J� 7.6 Hz,
1H), 8.88-8.94 (m, 8 H).

meso-Tetrakis(2-hydroxy-4-nonylphenyl)porphyrin zinc(iiii) complex (1 ´
Zn): A solution of Zn(OAc)2 ´ 2H2O (28 mg, 0.13 mmol) in MeOH
(3 mL) was added to a solution of 1 (91 mg, 0.077 mmol) in CHCl3

(14 mL). The mixture was refluxed for 20 min, cooled to room temperature,
and poured into H2O. The organic layer was separated and the aqueous
layer was extracted with Et2O. The combined organic layer was washed
with H2O and dried over anhydrous Na2SO4. The solution was filtered and
concentrated under reduced pressure to give 95.5 mg (quant) of 1 ´ Zn. 1H
NMR spectroscopy of a mixture of the four atropisomers (500 MHz,
CDCl3): d� 0.923 (t, J� 6.7 Hz, 12H), 1.27 ± 1.59 (m, 48 H), 1.83 ± 1.95 (m,
8H), 2.80 ± 2.94 (m, 8H), 4.36, 4.62, 4.67, 4.76, 4.81 and 4.85 (br s, total 4H),
6.65 ± 7.16 (m, 8 H), 7.72-7.86 (a mixture of doublets, 4H), 8.76 ± 8.97 (a
mixture of ABq and singlet, 8H); 13C NMR spectroscopy of a mixture of
the four atropisomers (125 MHz, CDCl3):[26] d� 14.176, 22.776, 29.47, 29.63,
29.70, 29.72, 31.35, 32.01, 32.01, 113.68 ± 114.41, 114.76 ± 114.98, 119.74 ±
119.80, 124.97 ± 125.31, 132.14 ± 132.42, 134.64 ± 134.88, 145.42 ± 145.65,
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150.39 ± 150.88, 154.39 ± 154.80; MS-FAB� : 1245 [M�]; HRMS-FAB� : calcd
for C80H100N4O4

64Zn [M�] 1244.7036, found 1244.6968.

meso-Tetrakis(2-hydroxy-4-nonylphenyl)porphyrin nickel(II) complex (1 ´
Ni): A solution of Ni(OAc)2 ´ 4 H2O (48 mg, 0.19 mmol) in MeOH (4 mL)
was added to a solution of 1 (90 mg, 0.076 mmol) in CHCl3 (20 mL). The
mixture was refluxed for 45 min, cooled to room temperature, and poured
into H2O. The organic layer was separated and the aqueous layer was
extracted with Et2O. The combined organic layer was washed with H2O and
dried over anhydrous Na2SO4. The solution was filtered and concentrated
under reduced pressure to give 90 mg (0.073 mmol, 92 %) of 1 ´ Ni. 1H
NMR spectroscopy of a mixture of the four atropisomers (500 MHz,
CDCl3): d� 0.906 (t, J� 7.0 Hz, 12 H), 1.26 ± 1.64 (m, 48 H), 1.81 ± 1.89 (m,
8H), 2.83 ± 2.86 (m, 8H), 4.72, 4.73, 4.74, 4.75, 4.77, 4.77 (s, total 4H), 7.07 ±
7.13 (m, 8 H), 7.64 ± 7.68 (a mixture of doublets, total 4 H), 8.81 (s, 8 H); 13C
NMR spectroscopy of a mixture of the four atropisomers (125 MHz,
CDCl3):[26] d� 14.18, 22.78, 29.47, 29.64, 29.70, 29.72, 31.35, 32.01, 36.08,
113.56 ± 113.98, 114.07 ± 114.95, 119.71 ± 119.82, 124.91 ± 125.36, 132.06 ±
132.46, 134.51 ± 134.87, 145.19 ± 145.62, 150.24 ± 150.85, 153.38 ± 154.75;
MS-FAB� : 1239 [M�]; HRMS-FAB� : calcd for C80H100N4O4

58Ni [M�]
1238.7098, found 1238.7114.

Binding studies : All UV/visible binding studies were carried out on a
Hewlett ± Packard 8452A diode array spectrophotometer with CHCl3

containing 2-methyl-2-butene as a stabilizer. Initially, a porphyrin solution
(2.0 mL, [porphyrin]� 10ÿ5 ± 10ÿ4m) was poured into a 1 cm quartz cell.
The UV/visible spectrum of the pure host solution was recorded, and some
of the stock quinone solution (e.g. 10 mL) was transferred into the cell with
a syringe. The spectrum was recorded and the process was repeated until
the desired guest-to-host ratio was obtained. The parameters from the
changes in monitored absorbance were calculated using a nonlinear curve-
fitting procedure based on the damped Gauss ± Newton method.

Determination of the relative amounts of each atropisomer : All NMR
spectroscopy studies were carried out on a JEOL A-500 NMR spectrom-
eter using CDCl3 without further purification. A solution of porphyrin and
quinone was placed in a 5 mm NMR spectroscopy tube under Ar and
sealed. The tube was maintained in a bath held at constant temperature (�
1 8C) and measurements were taken at regular time intervals.
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