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ABSTRACT: A C,-symmerical meso-substituted ABCD-type porphyrin, [S-phenyl-10-(2-hydroxynaphthyl)-15-(4-
hydroxyphenyl)porphyrinato]zinc(Il) (1), has been synthesized and characterized. The molecular structure of 1 has been determined
by single-crystal X-ray diffraction analysis. The complex 1 crystallizes in a triclinic system with one pair of enantiomeric molecules per
unit cell. Resolution of the racemic mixture has been achieved by chiral HPLC techniques. In particular, the absolute configurations of
the enantiomers have been assigned from NMR spectroscopic analysis with L-Phe-OMe as the chiral solvating agent (CSA). The
assignments have also been unambiguously confirmed by single-crystal X-ray diffraction analysis. The present results suggest that the
CSA—NMR anisotropy strategy is applicable for the stereochemistry determination of chiral host—guest complexes with multiple
intermolecular interactions. In addition, the multiple intermolecular interactions between the enantiomerically pure porphyrin S-1 and
L-Phe-OMe are proved in the solid state by single-crystal X-ray diffraction analysis.

B INTRODUCTION

Chiral porphyrins are of special interest for stereoselective
molecular recognition systems," as chiral ligands in asymmetric
catalysis,” and as chiral optical probes® due to their rigid
frameworks, versatile substitution at meso/f-positions and co-
ordination with various metals at central cavities, and appropriate
spectral and physicochemical properties associated with their
large aromatic 7z-systems.* Generally, the chirality of a porphyrin
molecule arises from chiral substituents (extrinsic chirality) or
by arrangement of achiral substituents along a chiral axis® or on a
chiral plane” to the tetrapyrrole ring (intrinsic chirality). As for
the typical example of ABCD-porphyrin possessing four different
meso substituents (C, molecular symmetry),® the chirality can be
generated by breaking of the mirror plane. This can simply be
achieved by incorporating a low symmetrical aryl group such
as mono-ortho-substituted phenyl or 1-naphthyl at one meso
site, which introduces a restricted rotation. The resulting
atropisomers are of inherent conformational C,-chirality,
Scheme 1.
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Scheme 1. Two Atropisomers of ABCD-porphyrin with
Restricted Rotation at One of the Meso Sites

Until now, several meso-patterned porphyrins with intrinsic
chirality have been developed by researchers. Ogoshi and co-workers
reported the synthesis and chiral recognition properties of trans-5,15-
bis(2-hydroxyphenyl)® and trans-5,15-bis(2- hydroxynaphthyl)'*"*
substituted pophyrins, and both series have an ABCB-type pattern
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and axial chirality with C, symmetry. Churchill and co-workers
reported a racemic mixture of meso-ABC-metallocorrole with planar
chirality.* It is worth noting that despite the relatively long history of
meso-substituted ABCD-porphyrins," chiral porphyrin with four
distinct meso-substituents still remain extremely rare, limited to the
two examples of Senge et al;'* however, their stereostructures have
not been discussed so far. On the other hand, ABCD-porphyrins offer
valuable platforms for the designed type and arrangement of different
meso-substituents to represent cooperative multiple intermolecular
interactions, which is important for the molecular recognition and
catalytic activity of chiral porphyrins. Thus, we are motivated to
develop novel chiral ABCD-porphyrins with a view to create new
applications in supramolecular chemistry and catalysis. Herein we
report the synthesis of an intrinsic chiral porphyrin with C; symmetry,
namely [S-phenyl-10-(2-hydroxynaphthyl)-15-(4-hydroxyphenyl)-
porphyrinato]zinc(Il) (1). The enantiomers of 1 were separated
successfully, and their absolute stereostructures were assigned on the
basis of NMR spectroscopic analysis with an amino acid ester as the
chiral solvating agent (CSA). The assignments have been proven in
the solid state by single-crystal X-ray diffraction analysis.

B RESULT AND DISCUSSION

Design and Synthesis. The two enantiomers of 1 are shown
in Figure 1. A 2-hydroxynaphthyl group is introduced at one of
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Figure 1. Two enantiomers of 1, the R- and S-configurations are defined
with Cahn—Ingold—Prelog (CIP) priority rules.

the meso positions. The large steric hindrance of the 9-hydrogen
atom and 2-hydroxy group of the naphthyl ring with the two
adjacent porphyrin f-hydrogen atoms eﬁectlvely hinders the free
rotation about the naphthyl-meso carbon bond,"* thus prohibit-
ing atropisomerization. In addition, the 2-hydroxy group can
serve as a hydrogen bonding donor for guest molecule binding.'®
Another potential binding site is the Zn(II) ion, which is a Lewis
acid and can bind Lewis base via coordination bond.*'¢ The
other two opposite meso-sites are substituted by phenyl and 4-
hydroxyphenyl, respectively. The different electron-donating
capacities and polarities between these two groups are crucial
for the chiral discrimination and resolution properties. The two
hydroxyl groups and, in particular, the remaining free meso-position
allow this porphyrin molecule for further modification and as
potential building block for elaborated chiral porphyrin arrays.

The synthesis of 1 is based on a postmodification approach,'”
as shown in Scheme 2. The trans-AB-porphyrin 2 was prepared
by a standard [2 + 2] condensatlon reaction of dipyrromethane
and the respective aldehydes.'® The n-hexadecyloxyl group can
increase the solubility and facilitates the separation of 2 from its
symmetrical byproducts (trans-AA- and BB-porphyrins) by gel
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Scheme 2. Synthesis of 1¢
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“Conditions: (i) Zn(OAc),, CHCL,/EtOH; (ii) NBS, pyridine, CHCl,/
acetone; (jii) 2-methoxy-1-naphthylboronic acid, Pd(PPh,),, K,CO;,
DMF/toluene; (iv) BBr;, CH,CL,

permeation chromatography (GPC). Then 2 was converted to
its zinc complex 3 and subjected to bromination with N-
bromosuccinimide (NBS). The monobrominated species 4 was
isolated and underwent a Suzuki—Miyaura coupling reaction'”
with 2-methoxy-1-naphthylboronic acid. The alkoxy version of a
chiral ABCD-porphyrin § was hydrolyzed by BBr; to convert to
the free-base hydroxy version 6, followed by Zn(II)—metalation
to obtain complex 1. The target compound 1 and the
intermediates 2—6 were characterized by mass, NMR, and
electronic absorption spectroscopies in addition to elemental
analysis (see the Experimental Section for details).

Molecular and Crystal Structure of Racemic 1. The
molecular structure of 1 was also studied by X-ray diffraction
analyses. Suitable crystals of 1 were obtained by slow diffusion of
hexane into a solution of 1 in CHCl;/pyridine (100:1 v/v). As
shown in Figure 2, the complex 1 crystallizes in triclinic system,
nonchiral space group (Pi) with one pair of enantiomeric
molecules per unit cell. The Zn center is five-coordinated by
four pyrrole nitrogen atoms of porphyrin and one pyridine
nitrogen atom, forming a slightly distorted rectangular pyramid
coordination geometry. The bond distance of Zn—N/(pyridine)
(2.139(2) A) is longer than the mean Zn—N(porphyrin) bond
distance (2.073(6) A), both are similar to the correspondin
reported values for other pyridine—Zn—porphyrin systems.”
Because of the axial coordination of pyridine ligand, the Zn center
deviates from the N, mean plane (0.323 A) and points to the axial
pyridine ligand. As expected, the naphthyl ring is almost
perpendicular to the N, mean plane of porphyrin with a dihedral
angle of 82.86°, indicating highly restricted rotational freedom of
the 2-hydroxynaphthyl group due to the large steric hindrance
effects. Notably, another pyridine molecule also binds to the
porphyrin host via hydrogen bonding of N(pyridine)---HO(2-
hydroxynaphthyl), and the pyridine ring is almost parallel to the
porphyrin ring, with a inter-ring distance of 3.290 A, suggesting
some contribution of 7—7 stacking for this host—guest binding.
Furthermore, a one-dimesional (1D) supramolecular double-chain
structure can be observed in the crystal of 1, the linkages include:
(1) hydrogen bondings of O(2-hydroxynaphthyl)---HO(4-
hydroxyphenyl) and N(pyridine)---HO(2-hydroxynaphthyl),
with distances of 1.900(6) and 1.971(6) A, respectively. Here,
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Figure 2. (a) X-ray crystal structure of complex 1 showing the 50% probability thermal ellipsoids for all non-hydrogen atoms. (b) Unit cell of complex 1
shows one pair of enantiomers and 1D double-chain structure. Hydrogen atoms are omitted for clarity.

the hydroxyl of naphthyl serves as hydrogen bonding donor and
acceptor both. (2) m—n stacking interactions of pyridine—
porphyrin and pyridine—pyridine, with inter-ring distances of
3.290 and 4.043 A, respectively. The above observations imply that
the porphyrin 1 can be a chiral receptor with multiple binding sites
and multiform intermolecular interactions.”!

Resolution. Attempts to resolve the alkoxy version of the
chiral ABCD-porphyrin (5) have so far failed even with various
chiral HPLC conditions, probably due to the low polarity and the
lack of hydrogen-bonding donor of this compound. However,
the hydroxy version 1 has been separated into two fractions with
a 1:1 ratio by using a chiral HPLC method, as shown in Figure 3.

20.07
2216
la
.~ 1b
10 15 20 25 30
time/min

Figure 3. Chromatogram of 1 monitored by a UV detector at 410 nm
(i.d. 10 X 250 mm column; 25 °C; 2-propanol/CH,Cl,/hexane (1/50/
50, v/v/v); isocratic flow rate: 2 mL/min).

The two fractions with retention times of 20.07 and 22.16 min
are denoted as 1a and 1b, respectively, which show very weak
circular dichroism (CD) signals,” whereas they possess identical
electronic absorption and NMR spectra, indicating the successful
resolution of enantiomers.

UV-vis Spectrophotometric Titration. To examine the
supramolecular binding capability of the enantiomers 1a and 1b,
UV—vis spectrophotometric titrations with a pair of amino acid
esters (L- and D-Phe-OMe) as the guests were performed at 293 K
in CHCl,, Figures 4a and Sla (Supporting Information). Upon
adding L- and p-Phe-OMe to 1b gradually, their Soret absorptions
underwent bathochromic shift from 415 to 425 nm due to the
formation of complexes 1b-L-Phe-OMe and 1b-D-Phe-OMe,
respectively. Sharp isosbestic point appears at 420 nm for each
titration, which verifies the 1:1 stoichiometry of host to guest and
allows determining the association constants (K,..) by applying a
nonlinear curve-fitting method.”” The K, are evaluated as high
as 2.3 X 10* and 1.4 x 10* M™" for 1b-L.-Phe-OMe and 1b-p-Phe-
OMe, respectively (errors estimated as +5%), however, resulting
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very weak enantioselectivity of 1.6 (Kassoc(lb.L_phe.oMe)/
I<assoc(lb'D-Phe-OMe))'

Absolute Configuration Assignment by NMR Analysis.
The chiral discrimination interactions of the enantiomers of 1
with - and p-Phe-OMe were investigated by 'H NMR
spectroscopy. Upon mixing 1a (or 1b) with L- or p-Phe-OMe
in a 1:1 ratio, the NMR signals of the individual host and guest
disappeared completely, and the signals of the supramolecular
complexes appeared instead as a result of the relatively strong
binding affinity, Figure S2 (Supporting Information). These
spectra show clear enantiomer/diastereoisomer relations as
shown in Figure S3 (Supporting Information). Generally, the
NMR signals of L/D-Phe-OMe markedly shifted upfield due to
the strong shielding effect of porphyrin ring current,”> whereas
most of those of the porphyrin host were only slightly perturbed
by the guest molecule and became well resolved as a result of the
loss of motion freedom induced by the host—guest binding. With
the exception of the hydroxyl proton of the 2-hydroxynaphthyl
group, whose resonances undergo profoundly large downfield
shifts from 5.20 to 6.29 ppm for la-L-Phe-OMe and 1b-L-Phe-
OMe both. This is believed to be due to the formation of OH---
O=C hydrogen bonding with the guest carbonyl group.” By
taking the above X-ray diffraction analysis results into account, a
two-point fixation binding mode can be reasonably proposed as
shown in Figure S, which is connected by Zn---NH, coordination
and OH---O=C hydrogen-bonding interactions. The binding
mode is similar with previous report,” and is also supported by the
preliminary density functional theory (DFT) calculation results,**
as shown in Figures S4 and SS (Supporting Information). The
optimized supramolecular structures are consistent with the
proposed one.

As mentioned above, the CD signals of the enantiomers 1a and
1b are undetectable; this is also the case after the formation of
host—guest complexes with L-Phe-OMe. Thus, their absolute
configuration cannot be deduced through chiroptical protocol.!
On the other hand, because of the anisotropic shielding effects of
chiral guest molecules, the complexation-induced shifts (CISs)
for the "H NMR signals of chiral host molecules are diagnostic
for their configurational correlations.> Particularly in the present
case, due to the two-point fixation of the guest with the host, L-
Phe-OMe is located at certain positions over the porphyrin plane.
Thus, the intensity of the shielding effects for each porphyrin
proton is dependent on the distance and relative orientation to a
specific group of L-Phe-OMe. As depicted in Figure S, the
binding mode suggests that the pyrrole (I) protons (H1 and H2)
should receive relatively strong shielding effects from the benzyl
group of L-Phe-OMe and the pyrrole (II) and pyrrole (II')
protons (H3, H3’, H4 and H4') should be shielded by the ester
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Figure 4. (a) Spectral change upon titration of 1b with L-Phe-OMe in CHCl; at 25 °C. (b) Changes in AAbs at 415 nm for evaluating K. [1b] =2.0 X
10~ M; [L]/[1b] = 0—80.
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Figure 6. Partial '"H NMR titration spectra of 1b with L.-Phe-OMe (0.5
equiv additions) at 293 K in CDCl,.

(methoxyl) group similarly,”® whereas the pyrrole (I') protons
(H1’ and H2') should be less disturbed than other f-protons due Table 1. "H NMR Complexation-Induced Shifts (CIS, A§/ppm)
to the long distances to the guest molecule. Most importantly, of 1a and 1b upon Addition of 2.0 equiv of L-Phe-OMe in CDCI;
one of the two meso-aryl groups (A) should be alternatively at 293 K*
contiguous to the guest molecule, while the other one should be

b

far from the guest molecule. Thus, the different CISs between Al
ortho-protons (Ha, Ha’ and Hb, Hb’) are directly informative for protons 1b la
discriminating A and B meso-aryl groups in the configurational meso-H —0.26 -0.26
correlation model. p-H H1 —-0.15 —0.15

As expected, clear anisotropic CISs have been observed through H2 -0.12 —0.14
'"H NMR titration experiments as shown in Figures 6, S8, and S9 HI —0.06 —-0.06
(Supporting Information). Upon addition of 0.5 equiv of guest, the H2' —0.07 -0.03
signals of free host disappeared completely, indicating the quick H3 —0.11 -0.15
exchange equilibrium compared to the NMR time scale. Gradual H4 -0.10 —0.11
addition of guest induced regular shifts of the signals of complexed H3’ —0.13 —0.11
host until 2.0 equiv of guest was added. The CIS values for selected H4 —0.09 —0.08
protons of the porphyrin hosts are listed in Table 1. For example, phenyl-H Ha —0.04 —0.09
upon titration of 1b with L-Phe-OMe, the resonances of H1 and Ha’ 0.04 0.04
H2 moved upfield by 0.14—0.15 ppm due to the diamagnetic effect Hb and Hb'"® 0.02 0.01

of the phenyl ring of L-Phe-OMe, while those of H1" and H2' only “Signal assignments were made with the help of "H—"H COSY spectra
took place 0.03—0.06 ppm upfield shifts. The NMR signals of the (Figures S8 and S9, Supporting Information). “AS = Syonded host —
other -protons (H3, H3’, H4, and H4') also shifted upfield with Ofree hoste  Unresolved signals.

CIS values of —0.08 to —0.15 ppm. By closely examining the

titration profiles in Figure 6, a fine but substantial splitting of the former is oriented toward the binding side of porphyrin plane, thus
resonance signals for specific phenyl ortho-protons Ha and Ha’ experiencing prominent shielding effects from the guest. The latter
were observed, with CISs of —0.09 and 0.04 ppm, respectively. The points to the vacant side, which seems to be dominated by the
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deshielding effect of the porphyrin ring. The NMR resolution of
Ha and Ha’ also suggests the restricted rotation along the phenyl-
meso carbon bond, which is induced by the enhanced steric
hindrance as a result of the close guest binding. On the contrary,
the signals for the other pair of phenyl ortho-protons Hb and Hb’
are hardly influenced by complexation, with quite small CIS value
(0.01 ppm), and the two protons cannot be distinguished from
each other; however, this observation is in conformity with the
configurational correlation model in Figure S, which assumes Hb
and Hb' are away from the shielding area of the guest. On the basis
of the above discussion, A and B groups can be rationally assigned
to phenyl and 4-hydroxyphenyl, respectively, for 1b, which
corresponds to the R-configuration. Similar analysis has been
conducted for 1a and the L-Phe-OMe system, in which A and B
groups are assigned to 4-hydroxyphenyl and phenyl, respectively,
leading to the S-configuration.

2D NOESY measurements provide additional experimental
evidence for establishing the configurational correlations.
"H—'H NOESY spectra of la'L-Phe-OMe and 1b-L-Phe-OMe
are shown in Figures S10 and S11 (Supporting Information). Strong
nuclear Overhauser effect (NOE) interactions can be observed
between phenyl ortho-protons (Ha and Ha’) and pyrrole protons
(H2 and H3), indicating a close proximity between the mentioned
pyrrole protons with the phenyl protons. This is also true for the
other set of phenyl ortho-protons (Hb and Hb’) and pyrrole
protons (H2' and H3'). The observation is in agreement with the
above CIS analysis.

Stereostructure and Multiple Intermolecular Interac-
tions in the Solid State. The effort to prepare single crystals
from the pure enantiomers 1a and 1b was unsuccessful due to their
poor crystallinities. Fortunately, after the formation of a host—guest
complex with 1-Phe-OMe, suitable crystals of la-L-Phe-OMe for
X-ray analysis were obtained by slow diffusion of hexane into a
chloroform solution. The absolute structure of 1a-L-Phe-OMe in the
solid state was demonstrated by the single-crystal X-ray analysis
results (Figure 7 and Table S1 in the Supporting Information), in

Figure 7. X-ray crystal structure of complex 1a-L-Phe-OMe. The thermal
ellipsoids are scaled to be the 50% probability level.

which the 1a fraction possesses S-configuration, thus confirming the
above assignment by NMR analysis.

The complex la-L-Phe-OMe crystallizes in the monoclinic
system in a chiral space group (P2,) with four molecules per unit
cell. As shown in Figure 7, L-Phe-OMe binds 1a by Zn---NH,
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coordination (2.151(10) A) and OH---O=C hydrogen bonding
(2.163(14) A) interactions. The Zn(II) ion is also five-
coordinated, forming slightly distorted rectangular pyramid
coordination geometry. The Zn center deviates from the N,
mean plane (0.278 A) and points to the L-Phe-OMe side. The
bond distance of Zn—N(Phe) (2.151(10) A) in 1a-L-Phe-OMe is
longer than that of Zn—N(Py) (2.139(2) A) in 1-2Py, indicating
aweakened coordination interaction in the former. The naphthyl
ring is almost vertical to the N, mean plane of 1a (84.59°), which
is in favor of the formation of OH---O==C hydrogen bond with
carbonyl moiety of L-Phe-OMe. In addition, the dihedral angle
between the phenyl ring of L-Phe-OMe and the closest pyrrol
ring of 1a is 15.50°, with an interplane distance of 4.024 A,
suggesting weak 77— interaction in this supramolecular complex.

Bl CONCLUSION

In summary, an intrinsic chiral ABCD-type porphyrin 1 has been
synthesized and resolved successfully. The single-crystal
structure of the racemic mixture of 1 was obtained by X-ray
diffraction analysis. The supramolecular binding of the
enantiomers with L- and p-Phe-OMe has been investigated by
electronic absorption and NMR spectroscopies, which is
believed to be due to the two-point fixation with coordination
and H-bonding interactions. The tight two-point host—guest
binding allows the establishment of configurational correlations
between the amino acid ester guest (L- or D-Phe-OMe) and the
porphyrin host (1a or 1b) by analyzing the CIS values of 'H
NMR spectroscopy. Notably, here the amino acid ester serves as
a chiral solvating agent (CSA), other than a chiral derivatizing
agent (CDA). The absolute configurations of the pure
enantiomers la and 1b were assigned to S- and R-configurations,
respectively, based on NMR spectroscopic analysis with
homochiral Phe-OMe as the chiral solvating agent. The
assignments have been confirmed by single-crystal X-ray
diffraction analysis. The present results suggest that this indirect
CSA-NMR anisotropy methodology is applicable for the study of
stereochemistry with certainty, not only restricted to the
determination of enantiomeric purity.”” Particularly for the
host—guest complexes with multiple intermolecular interactions,
the absolute stereochemistry can be assigned on the basis of the
predictable anisotropic shielding effects caused by the specific
alignment of a chiral solvating agent with an enantiomerically
pure substrate.”® In addition, the multiple intermolecular
interactions between S-1 and L-Phe-OMe are proved in the
solid state by single-crystal X-ray diffraction analysis for the first
time. The discussion in this article is helpful for the future
applications of R- and S-1 in chiral recognition and asymmetrical
catalysis. Furthermore, the enantioselectivity of R- and S-1
toward L/D-Phe-OMe and other chiral substrates is expected to
be improved by structural modification to enhance the difference
of steric repulsion or electron-donating/-accepting capacities
between S- and 15-meso sites. The investigation is currently
underway in this laboratory.

B EXPERIMENTAL SECTION

General Methods. Dichloromethane was freshly distilled from
CaH, under nitrogen. Dipyrromethane,”® n-hexadecyloxyl benzalde-
hyde,*® and 2-methoxy-1-naphthylboronic acid®' were prepared
according to the published procedures. All other reagents and solvents
were used as received. 'H and >C NMR spectra were recorded on a
400 MHz NMR spectrometer in CDCl;, and the chemical shifts were
reported relative to internal SiMe,. MALDI-TOF mass spectra were
measured with dithranol as the matrix. Preparative chiral
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high-performance liquid chromatography (HPLC) was performed at
20 °C and monitored by a UV detector at 410 nm.

X-ray Crystallography. Crystal data and details of data collection
and structure refinement are given in Table 1. Data were collected at
150 K with a Mo Ka sealed tube (1 = 1.5418 A) as light source, usinga
scan mode with an increment of 0.3°. Preliminary unit cell parameters
were obtained from 45 frames. Final unit cell parameters were derived by
global refinements of reflections obtained from integration of all the
frame data. The collected frames were integrated using the preliminary
cell-orientation matrix. The SMART software was used for collecting
frames of data, indexing reflections, and determination of lattice
constants;*> SAINT-PLUS for the integration of intensity of reflections
and scaling;32 SADABS for absorption correction;** and SHELXL for
space group and structure determination, refinements, graphics, and
structure reporting.>* CCDC-902733 and 949447 contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Synthesis of 5-Phenyl-15-(4-(hexadecyloxy)phenyl)-
porphyrin (2). To a CH,Cl, solution (100 mL) containing
n-hexadecyloxyl benzaldehyde (346 mg, 1.00 mmol), benzaldehyde
(106 mg, 1.00 mmol), and dipyrromethane (292 mg, 2.00 mmol) was
added BF;-Et,0 (0.02 mL, 0.16 mmol). The mixture was stirred for 15 h
at room temperature under N, atmosphere. p-Chloranil (984 mg, 4.00 mmol)
was added, and the mixture was stirred for 2 h. The solution containing
the reaction mixture was concentrated and then chromatographed on an
alumina column followed by a silica gel column with CH,Cl, as the
eluent, where the first fraction was collected and evaporated. The
residue was chromatographed by an open GPC column with CHClI; as
the eluent. The second fraction was collected and evaporated. Repeated
chromatography followed by recrystallization from CH,Cl, and
methanol gave pure target compound as a dark purple powder
(89.3 mg, 12.7%). '"H NMR (CDCl,, 400 MHz, 293 K): § 10.341 (s,
2H), 9.424 (d, 4H, ] = 4.8 Hz), 9.154 (d, 2H, ] = 4.8 Hz), 9.109 (d, 2H,
J=4.8 Hz), 8.307 (m, 2H, ] = 4.2 Hz), 8.205 (d, 2H, ] = 8.4 Hz), 7.838
(t, 3H, ] = 4.0 Hz), 7.368 (d, 2H, J = 8.4 Hz), 4.308 (t, 2H, ] = 8.4 Hz),
2.038 (m, 2H), 1.678 (m, 2H), 1.308 (m, 24H), 0.912 (t, 3H, ] = 8.0
Hz), —3.072 (s, 2H). *C NMR (CDCl;, 100 MHz, 293 K): 6 159.1,
147.5,147.2,145.2,141.4,135.9,134.9,133.5,131.5,133.1, 131.0, 127.7,
127.0, 119.2, 118.9, 113.1, 105.2, 68.4, 32.0, 263, 22.7, 14.1. UV—vis
(CHCL): 4,4 (log €) 409 (5.70), 504 (4.35), 539 (3.91), 576 (3.86),
632 nm (3.40). MALDI-TOF-MS: m/z caled for C,gHo,N,O (M)
703.0, found 703.3. Anal. Caled for C,H,N,O: C, 82.01; H, 7.74; N,
7.97. Found: C, 81.79; H, 7.68; N, 7.83.

Synthesis of 5-Phenyl-15-(4-(hexadecyloxy)phenyl)-
porphyrinatozinc Complex (3). To a CHCl;/MeOH (2:1) solution
(80 mL) containing 2 (140.8 mg, 0.20 mmol) was added a MeOH
suspension of Zn(OAc),2H,0 (3504 mg, 0.40 mmol), and the
reaction mixture was stirred for 12 h at room temperature. The solution
containing the reaction mixture was concentrated and then chromato-
graphed on a silica gel column with CHCI; as the eluent, where the
second fraction was collected and evaporated. Repeated chromatog-
raphy followed by recrystallization from CHCI; and methanol gave the
pure target compound as a reddish purple powder (141 mg, 92.0%). 'H
NMR (CDCls, 400 MHz, 293 K): 6 10.307 (s, 2H), 9.432 (d, 4H ] = 4.4
Hz),9.158 (d, 2H, ] = 4.4 Hz), 9.135 (d, 2H, ] = 4.4 Hz), 8.263 (m, 2H),
8.160 (d, 2H, J = 8.4 Hz), 7.801 (m, 3H), 7.326 (d, 2H, ] = 8.4 Hz), 4.290
(t, 2H, ] = 8.0 Hz), 2.019 (m, 2H), 1.658 (m, 2H), 1.281 (m, 24H),
0.885 (d, 3H, ] = 8.0 Hz). 3C NMR (CDCl,, 100 MHz, 293 K): § 158.9,
150.5,150.2, 149.5, 149.4, 142.7, 135.6, 134.6, 132.4, 131.7, 131.6, 126.6,
120.1,119.9, 112.8, 106.1, 68.4, 31.9, 26.3, 22.7, 14.1. UV—vis (CHCl,):
Amax (log €) 409 (5.81), 536 (4.50), 573 nm (3.86). MALDI-TOF-MS:
m/z caled for C,gHs,N,0Zn (M*) 766.3, found 76S.7. Anal. Calcd for
C4sHs,N,OZn: C, 75.23; H, 6.84; N, 7.31. Found: C, 74.86; H, 6.79; N,
7.18.

Synthesis of 5-Bromo-10-phenyl-20-(4-(hexadecyloxy)-
phenyl)porphyrinatozinc Complex (4). NBS (18.2 mg, 1.1 equiv)
and pyridine (0.1 mL) were added to a solution of 3 (76.6 mg,
0.1 mmol) in degassed CHCl; (20 mL), and the mixture was stirred for
10 min under a N, atmosphere at 0 °C in the dark. The solvent was
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evaporated and the residue was subjected to chromatography on a silica-
gel column with CH,Cl,/ Hexane (1:2, v/v) as the eluent. Repeated
chromatography followed by recrystallization from CHCI; and
methanol gave pure target compound as reddish purple crystals
(25.6 mg, 30.3%). '"H NMR (CDCl;, 400 MHz, 293 K): § 10.249 (s,
1H), 9.836 (m, 2H, J = 2.4 Hz), 9.391 (t, 2H, ] = 4.8 Hz), 9.126 (t, 2H,
J = 4.8 Hz), 9.065 (t, 2H, ] = 2.4 Hz), 8.243 (m, 2H), 8.139 (d, 2H, J =
8.4 Hz), 7.821 (m, 3H), 7.338(d, 2H, J = 8.8 Hz), 4.310 (t, 2H, ] = 4.0
Hz), 2.039 (m, 2H), 1.668 (m, 2H), 1.301 (m, 24H), 0.90S (t, 3H, ] =
4.0 Hz); *C NMR (CDCl,, 100 MHz, 293 K): § 159.0, 150.9, 150.8,
150.6,150.4, 150.1, 149.2, 142.3, 135.6, 134.5, 133.2, 133.0, 132.8, 132.7,
132.0, 1319, 127.6, 126.7, 1212, 120.9, 112.8, 106.4, 104.9, 68.4, 32.0,
26.3, 22.7, 14.1; UV-vis (CHCL;): A, (log €) 409 (5.81), 536 (4.50),
573 (3.86). MALDI-TOF-MS: m/z caled for C4Hg;BrN,OZn (M")
845.2, found 845.4. Anal. Calcd for C,H,,BrN,OZn: C, 68.21; H, 6.08;
N, 6.63. Found: C, 68.55; H, 6.18; N, 6.75.

Synthesis of 5-Phenyl-10-(2-methoxynaphthyl)-15-(4-
(hexadecyloxy)phenyl)porphyrinatozinc Complex (5). To a
solution containing compound 4 (42.3 mg, 0.05 mmol) in DMF
(1 mL) and toluene (1 mL) were added K,CO; (55.2 mg, 0.40 mmol),
Pd(PPh;), (21.50 mg, 0.015 mmol), and 2-methoxy-1-naphthylboronic
acid (25.25 mg, 0.125 mmol). The resulting reaction mixture was
refluxed for 20 h under N, and then cooled to room temperature. The
volatiles were removed under reduced pressure. The residue was
chromatographed on a silica gel column (CH,Cl,/hexane = 1:1), where
the second fraction was collected and evaporated to give § as a reddish
purple powder (32.2 mg, 69.8%). '"H NMR (CDCl;, 400 MHz, 293 K):
510246 (s, 1H), 9.392 (d, 2H, ] = 4.4 Hz), 9.126 (d, 2H, ] = 4.4 Hz),
9.075 (d,2H, ] = 4.4 Hz), 8.931 (d, 2H, ] = 4.8 Hz), 8.684 (d, 2H, ] = 4.0
Hz), 8.328 (d, 1H, J = 8.2 Hz), 8.228 (m, 2H), 8.123 (t, 2H, ] = 3.4 Hz),
8.059 (d, 1H, J = 8.0 Hz), 7.745 (m, 4H), 7.315 (d, 2H, ] = 4.0 Hz), 6.941
(t, 1H, ] = 8.2 Hz), 6.761 (d, 1H, J = 8.4 Hz), 4.245 (t, 2H, ] = 8.8 Hz),
3.654 (s, 3H), 1.981 (m, 2H), 1.624 (m, 2H), 1.506 (m, 2H), 1.271 (m,
22H), 0.878 (t, 3H, ] = 8.4 Hz). *C NMR (CDCl,, 100 MHz, 293 K): §
158.8,157.5,150.7,150.6, 150.5, 150.2, 150.1, 149.6, 142.8, 135.5, 134.6,
134.5,132.4, 131.5,131.4, 130.3, 128.5, 127.5, 126.6, 126.5, 123.4, 120.1,
113.6,112.7, 112.6, 106.0, 68.4, 56.9, 32.0,29.8, 26.3,22.7, 14.2; UV—vis
(CHCLy): Ay (log €) 416 (5.73), 542 (4.44), 579 nm (3.66). MALDI-
TOF-MS: m/z calcd for CsgHgN,O0,Zn (M*) 922.5, found 922.2. Anal.
Caled for CoHyN,0,Zn: C, 76.81; H, 6.56; N, 6.07. Found: C, 77.09;
H, 6.69; N, 6.15.

Synthesis of 5-Phenyl-10-(2-hydroxynaphthyl)-15-(4-
hydroxyphenyl)porphyrin (6). A 100 mL round bottomed flask
with a reflux condenser was charged with § (36.84 mg, 0.04 mmol) in
CH,Cl, (10 mL). A 1.0 M BBr; solution in CH,Cl, (1.0 mL) was added
dropwise at 0 °C. After the solution was stirred at room temperature for
1.5 h, water (10 mL) was added to the reaction mixture, and the organic
layer was washed with saturated NaHCOj (aq) (3 X 100 mL) and water
(3 X 100 mL) and dried over Na,SO,. After evaporation, 6 were
obtained as a purple powder (18.36 mg, 80%). 'H NMR (CDCl,, 400
MHz, 293 K): § 10.291 (s, 1H), 9.370 (d, 2H, ] = 7.6 Hz), 9.040 (t, 2H
J=4.8Hz),8.861 (t, 2H, ] = 6.8 Hz), 8.684 (d, 2H, ] = 4.8 Hz), 8.235 (m,
3H), 8.044 (m, 3H), 7.760 (m, 3H), 7.640 (d, 2H, ] = 9.2 Hz), 7.326
(t, 1H, J = 8.4 Hz), 7.254(s, 2H), 7.120 (m, 2H), 6.993 (t, 1H, ] = 8.4
Hz), 6.798 (d, 1H, ] = 8.4 Hz), 5.08 (br, 2H), —2.854 (s, 2H). *C NMR
(CDCl,, 100 MHz, 293 K): § 155.2, 154.3, 141.4, 137.8, 135.9, 135.8,
134.7,134.6,133.9, 132.0, 131.6, 130.9, 128.5, 127.8, 127.7, 126.9, 126.9,
126.9,121.2,119.8, 119.7, 1174, 113.9, 109.0, 106.0. UV—vis (CHCI,):
doa (log €) 415 (5.60), 510 (4.37), 545 (3.79), 583 (3.89), 637 nm
(3.40). MALDI-TOE-MS: m/z caled for C,H,N,0, (M*) 620.7,
found 621.9. Anal. Calcd for C,,H,sN,O,-CH;0H: C, 79.12; H, 4.94;
N, 8.58. Found: C, 79.18; H, 4.67; N, 8.55.

Synthesis of 5-Phenyl-10-(2-hydroxynaphthyl)-15-(4-
hydroxyphenyl)porphyrinatozinc Complex (1). To a CHCl,/
MeOH (2:1) solution (20 mL) containing 6 (46.1 mg, 0.05S mmol) was
added a MeOH suspension of Zn(OAc),-2H,0 (235.0 mg, 0.40 mmol),
and the reaction mixture was stirred for 12 h at room temperature. The
solution containing the reaction mixture was concentrated and then
chromatographed on a silica gel column with CHCI, as a eluent, where
the second fraction was collected and evaporated. Repeated
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chromatography followed by recrystallization from CHCI; and
methanol gave pure target compound as a reddish purple powder
(31.5 mg, 92.0%). '"H NMR (CDCl,;, 400 MHz, 293 K): § 10.352
(s, 1H), 9.462 (d, 2H, ] = 4.8 Hz), 9.151 (d, 2H, ] = 4.8 Hz), 8.972 (d,
2H, ] = 4.6 Hz), 8.784 (d, 2H, ] = 4.8 Hz), 8.265 (m, 3H), 8.096 (t, 3H,
J=8.8Hz),7.792 (t,3H, ] = 8.6 Hz), 7.661 (d, 1H, J = 8.4 Hz), 7.348 (m,
1H), 7.211 (d, 2H, ] = 8.6 Hz), 7.000 (t, 1H, ] = 8.6 Hz), 6.776 (d, 1H,
J = 8.4 Hz), 5.25 (s, 1H), 5.09 (s, 1H); *C NMR (CDCl;, 100 MHz,
293 K): § 154.1,150.9, 150.8, 150.7, 150.5, 149.8, 142.4, 135.7, 134.6, 1332,
132.8, 132.1, 132.0, 131.2, 131.1, 130.6, 128.5, 127.7, 127.6, 126.9, 126.6,
126.5,123.2,117.3,113.6,107.0; UV—vis (CHCL): A, (log ) 415 (5.76),
541 nm (4.67). MALDI-TOE-MS m/z caled for C,,H,N,0,Zn (M)
684.1, found 683.3. Anal. Calcd for C,,H,4N,0,Zn-2CH;0H: C, 70.63; H,
4.58; N, 7.49. Found: C, 70.00; H, 4.19; N, 7.87.
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