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Abstract — A facile and derivatization-free method for determining the absolute
configurations of a chiral carboxylic acid was developed by a supramolecular
exciton-coupled circular dichroism (ECCD) protocol using the amide-linked
bis(zinc porphyrin) BP2 as a hydrogen-bonding host molecule. Using a proposed
working model, the stereochemistry of various carboxylic acids and N-protected

amino acids can be determined nonempirically.

INTRODUCTION

Optically active carboxylic acids are used a lot in medicinal chemistry, agricultural chemistry, and natural
product syntheses to make useful chiral synthons.! Continuous effort has been made to develop an
asymmetric synthesis of carboxylic acids. Therefore, determining the absolute configuration of carboxylic
acids is critical.?> Although there are several methods for determining the absolute configuration of chiral
carboxylic acids, the majority of these methods require time-consuming carboxylic acid derivatization
steps before analysis.>> Thus, the search for a rapid and derivatization-free method has attracted the
attention of a large number of researchers.

Supramolecular chirogenesis using a stereodynamic circular dichroic (CD)-sensitive host molecule has
gained significant attention as a derivatization-free method for the stereochemical assignment of the chiral
guest molecule. Several elaborated host molecules, developed by Setsune,®® Kleij,®® and Kondo,* can be
used to determine the absolute configuration of chiral carboxylic acids. By these methods, in situ-formed
chiral supramolecular complexes afford characteristic induced CD spectra; thus, the stereochemistry of
the chiral carboxylic acids can be empirically deduced. Although the induced CD spectra are sensitive to

the chirality of the supramolecular complexes, directly correlating with the absolute stereochemistry of
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the carboxylic acids is difficult. The exciton-coupled CD (ECCD) method, which uses the sign of
bisignate CD spectra to directly reflect the spatial arrangement of an analyte’s the chromophores, can be
used to determine the absolute configuration of a chiral molecule.” Combining the host—guest
complexation strategy with the ECCD method allows for the stereochemical assignment of chiral guest
molecules without derivatization. To our knowledge, only nonempirical and derivatization-free methods
for determining the absolute configuration of carboxylic acids are known: Anslyn’s® CD-active copper
complex system and Jang’s” porphyrin-based molecular tweezer system. Therefore, the development of a
rapid, nonempirical, and derivatization-free supramolecular ECCD method for chiral carboxylic acids is

important.
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Figure 1. The host molecule’s structure and a conceptual diagram of the complexation of (a) ester-linked
bis(zinc porphyrin) BP1 with monoalcohols or epoxides, and (b) amide-linked bis(zinc porphyrin) BP2
with carboxylic acids
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Recently, we described ester-linked bis(zinc porphyrin) BP1 as a useful host molecule for the absolute

102 epoxides,'® and cyanohydrins, '

configurational assignment of chiral compounds, such as alcohols,
using the supramolecular ECCD method. The ECCD method employs the bidentate host system BP1 as a
CD-sensitive chirality probe due to its V-shaped structural motif. The double coordination of both oxygen
lone pairs of the guest molecular to the two central zinc ions effectively increases the binding affinity of
splayed cofacial BP1 for monoalcohols and epoxides (Figure 1a). By employing this splayed cofacial
host system strategy, we synthesized the novel amide-linked bis(zinc porphyrin) BP2 as a
hydrogen-bonding and coordination host molecule for carboxylic acids (Figure 1b). On the basis of a
supramolecular ECCD protocol, we report a rapid, microscale, and nonempirical assignment for the
absolute configuration of optically active carboxylic acids without chemical derivatization or additives.

Additionally, a simple working model is proposed, that enables the nonempirical prediction of carboxylic

acids and N-protected amino acids’ chirality.

RESULTS AND DISCUSSION

To begin, we used ester-linked bis(zinc porphyrin) BP1 to determine the absolute stereochemistry of a
chiral carboxylic acid. Unfortunately, we observed only a trace of the ECCD spectra, and thus were
unable to determine the carboxylic acid’s absolute stereochemistry (Figure 2a). The low sensitivity of
BP1 is most likely due to its weak binding to carboxylic acid groups. To optimize binding, we focused on
host—guest interactions via hydrogen bonding. As a result, we designed an amide-linked zinc porphyrin
dimer BP2 as a novel host molecule with hydrogen-bonding and coordination sites (Figure 1b).

As illustrated in Scheme 1, the amide-linked bis(zinc porphyrin) BP2 is synthesized. Both the carboxylic
acid and the amine parts of Zn-6 and Zn-8 were synthesized from 2H-4.!% The carboxylic acid Zn-6 was
synthesized by the Negishi coupling of 2H-4 and the ester hydrolysis of Zn-5. The Pd-catalyzed
cyanation!! of 2H-4 and the subsequent reduction of Zn-7 with DIBAL resulted in the formation of
(aminomethyl)porphyrin Zn-8. An amide coupling of each component, Zn-6 and Zn-8, with
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) afforded BP2 with a 35% overall
isolated yield based on starting bromoporphyrin 2H-4.

"H-NMR and UV-Vis spectroscopy were used to determine the porphyrin rings’ cofacial arrangement in
BP2. The proton signals of the B-pyrrolic positions of the porphyrin units exhibited significant upfield
shifts in the NMR spectrum of BP2, when compared to their monomeric counterparts, Zn-5 and Zn-8
derivative (Figure S1, SI). The UV-Vis analysis (Figure S2, SI), the absorption spectrum of BP2 in
hexane at 25 °C showed that the Soret band was broadened with a shoulder at a wavelength (422 nm)
longer than the absorption maximum (411 nm). They are quite similar to the way BP1 behaves in the

spectrum. This supports the cofacial disposition of rings in BP2.'%%!12
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Scheme 1. Synthesis of the amide-linked host molecule BP2 and its derivative NMe-BP2

The splayed cofacial BP2 led us to suspect that BP2 would be used as a CD-sensitive host molecule for
chiral carboxylic acids. With the amide-linked BP2 as a CD-sensitive chirality probe, the ECCD spectrum
of the host molecule (2.0 x 10°° M) was measured in the presence of 100 equiv of (S)-2-phenylpropionic
acid (S)-3a in 5% CH2Cl2/n-hexane at 25 °C. As expected, amide-linked BP2 provided a clear and intense
bisignate CD spectrum (Figure 2b).

Then, we focused on the binding between carboxylic acids and BP2. The Job’s continuous variation
method'® was used to determine the supramolecular complex’s host-guest stoichiometry. The plot of
UV-Vis spectral changes at 411 nm of these samples versus the mole fraction of BP2 showed a peak at
0.5 (Figure S3, SI). These results indicated that BP2 and carboxylic acid 3a formed a 1:1 host—guest
complex. Through a nonlinear least-square analysis' of the absorbance of the Soret bond based on a 1:1
stoichiometry, the association constant (Kassoc) for the supramolecular complex of amide-linked BP2 with
carboxylic acid 3a was determined to be 1.12 x 10* M™!, (Figure S4 and Figure S5, SI). The value of
Kassoc Was more than seven times greater than that of Kassoc for the complex of BP1 with 3a (1.44 x 10°
M), which indicated that amide-linked BP2 binds with carboxylic acids more strongly than ester-linked
BP1.
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Figure 2. ECCD spectra of (a) ester-linked BP1 and (b) amide-linked BP2 (c) N-Me amide-linked
NMe-BP2 (2.0 x 107° M) in 5% CH,Cly/n-hexane at 25 °C in the presence of chiral carboxylic acid 3a
(100 equiv)

The binding structure of a supramolecular complex of BP2 and carboxylic acid was then revealed using
NMR. In the absence of the host molecule, the NMR signals of methine (H*) and methyl protons (HP) in
3a were observed at 3.76 and 1.50 ppm, respectively (Figure 3a). These signals shifted upfield when the
zincated porphyrin Zn-9, a monomeric counterpart of BP2, was added (Figure 3b). When BP2 was added,
the signals of 3a, H?, and H®, were shifted upfield more than when Zn-9 was added (Figure 3c). Because
of the strong ring current from the two porphyrin rings, carboxylic acids would be captured in the cleft
between the two porphyrin rings of BP2, which would be in a more shielded area than in those of Zn-9.

Additionally, to establish the hydrogen bonding between BP2 and carboxylic acids, the BP2 analog
NMe-BP2 lacking an NH group as a hydrogen-bonding donor was prepared via the alkylation of the NH
group of BP2 using Mel and NaH. The ECCD spectrum of Me-BP2 was measured in the presence of 100
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Figure 3. '"H NMR spectra of (a) carboxylic acid 3a in the presence of (b) monomeric zincated porphyirn
Zn-9 and (c) BP2 (CD:Cl, 25 °C)

equiv of (S)-3a. NMe-BP2 yielded a multisignate CD spectrum (Figure 2c¢). The Kassoc for the
supramolecular complex of NMe-BP2 with carboxylic acid 3a (1.87 x 10° M) was smaller than the
Kassoc for the complex of BP2 with 3a (Figure S6, SI). As a result, the hydrogen bond would be involved
in the supramolecular complexation of BP2 and carboxylic acids. Thus, BP2 would most likely bind to
carboxylic acids in a bidentate-binding mode comprised of the hydrogen bond and the coordination bond.

This complex of BP2 and carboxylic acids provided us with insights into assigning the stereochemistry of
carboxylic acids. Figure 4 shows a working model for determining the absolute configuration of a chiral
monocarboxylic acid to the observed ECCD spectra complexed with BP2 in a bidentate-binding mode. A
Newman-like projection of (R)-carboxylic acid bearing large (L), medium (M), and small (S) groups at
the chiral carbon is represented in Figure 4a with the oxygen atom of the OH group in front and the chiral
carbon in the back. In this working model, the lone pairs of the OH group are oriented gauche to the
carbonyl C=0O bond for the binding with BP2. With this orientation of the carboxyl group, three
conformers, (R)-acid-i, (R)-acid-ii, and (R)-acid-iii, can be drawn (Figure 4b). When BP2 approaches the
carbonyl group of (R)-acid from the lowest side of steric repulsion between BP2 and acid, (R)-acid-i and
(R)-acid-ii have significant steric repulsion between the L group and the porphyrin ring of BP2. Therefore,
the most favorable conformer for binding is (R)-acid-iii, whose L group is positioned in the least crowded

area, opposite to the location of the binding site, and whose M group interacts with the porphyrin P1 ring,
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elevating the porphyrin ring P1 above the P2. As a result, P1 has a clockwise helicity relative to P2,

resulting in a positive ECCD spectrum. !>

(a) H @ ©H (C) 1st

1
dioke = (Do
o — M)
a9 "
O
] 9
(R)-acid d 2nd
positive ECCD

(b) N

Z . (R)-acid H

H : :
0 : (O !
M0 T4 Sl N
Zn &( ao # @ o : ", o \’ﬁL :
BP2 . ° p . % R a0 ‘y :
n n n n ! H !
H Lop2 N P1 |
o " clockwise _ !
BP2 O (R)-acid-i BP2 O (R)-acid-i BP2 D (R)-acid-ii

Figure 4. (a) Newman-like projection of (R)-acid. (b) Complexation of BP2 with chiral carboxylic acids,
as well as a proposed working model for assigning the absolute configuration of the chiral guest
molecules. (¢) ECCD spectrum predicted using the proposed working model.
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The predicted ECCD spectra of BP2 complexed with carboxylic acid 3a, whose substituents of Ph, Me,
and H groups on the chiral carbon adopt the L, M, and S groups, respectively, were successfully applied
using this working model (Figuer 5). The complexation of BP2 with (R)-3a in 5% CH:Clo/n-hexane at
25 °C yielded a clear bisignate positive ECCD spectrum in the Soret band, which was consistent with the
working model of a steric repulsion between the Me group and the porphyrin P1 ring, which induced the
clockwise helicity of P1 relative to P2. The complexation with the carboxylic acid’s antipode, (S5)-3a,

resulted in a negative ECCD spectrum based on the counterclockwise helicity of the P2 to P1 rings.

Table 1. ECCD data for chiral carboxylic acids 3 with BP2[?!

Entry Carboxylic acids™! 3 Predicted 1st A [nm] (Ag) A
sign 2nd A [nm] (Ag)
1 (M) Me (R)-3a pos 430 (+80) +139
(L) PRy O 419 (—59)
0
2 M) e (S-3a  neg 430 (~90) ~155
(L) Ph N O 418 (+65)
0
3 M) (R)-3b  pos 431 (+68) +121
) Phj\y(OH 419 (-53)
o)
4 M~ (S-3b  neg 430 (-67) -121
L PN O 420 (+54)
0
5 (M) OMe (R)-3¢  pos 428 (+91) +157
(L) Ph/'\fofOH 413 (-66)
6 (M) QMe (8)-3c¢ neg 428 (—90) -166
(L) Ph/\roro“ 413 (+76)
7 (M) Me (R)-3d pos 435 (+14) +34
NeSR: 426 (-20)
8 (M) Me (S)-3d neg 435 (—12) —40

oA OH 426 (+28)

[a] All CD measurements were performed with 2.0 uM of BP2 in 5% CH:Clz/n-hexane at 25 °C; 100
equiv of carboxylic acid 3 was used. [b] All substrates were >99% ee. [c] The letters (L) and (M) denote
sterically larger and medium groups, respectively; the M and L groups are assigned based on their
conformational energies, or 4 value (Figures S7-10, SI). [d] 4 = Ae1st— Aéona.
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The scope of surpramolecular chirogenesis was investigated using BP2 and a variety of chiral carboxylic
acids as CD-sensitive host molecules. As shown in Table 1, all the carboxylic acids examined upon
complexation with BP2 exhibited the corresponding ECCD signals with acceptable amplitudes in 5%
CHxCly/n-hexane at 25 °C. In all cases, the observed ECCD couplet of the complexes of BP2 and
carboxylic acids agreed with the predicted ECCD sign based on the bidentate-binding mode in Figure 4
and Figure 5. In this system, the difference in steric bulk of the Ph and alkyl groups in 3a and 3b could be
clearly distinguished (Table 1, entries 1-4, and Figures S7-S8, SI). The presence of an ether functional
group such as the MeO group in 3¢, which could coordinate with zinc porphyrin, did not disturb the
analysis (Table 1, entries 5 and 6, and Figure S9, SI). Also, a large 6-methoxy-2-naphthyl group in 3d
was used for chiral sensing (Table 1, entries 7 and 8, and Figure S10, SI).

To further demonstrate the utility of this chiroptical protocol, the correlation between the amplitude of the
ECCD signal (4 = Aeusy — Aeeng)) and the ee of carboxylic acid 3a was examined. The measurements
were performed using 100 equiv of (R)-3a (99% ee) ~ (S)-3a (99% ee) in 5% CH:Cly/n-hexane at 25 °C
(Figure 6a). As expected, an excellent linear relationship was obtained between the ECCD amplitude and
the % ee of carboxylic acid 3a, with linear regression yielding a correlation coefficient of 0.998 (Figure

6b).
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Figure 6. (a) ECCD spectra of BP2 (2.0 x 10°® M) complexed with 3a (100 equiv) at different
enantiomeric excesses (ECCD spectra were recorded in 5% CH>Clo/n-hexane at 25 °C). (b) Plot of ECCD
amplitude (4 = A&430 nm) — Ag@19 nm)) versus % ee of (R)-3a in complex with BP2.

We then focused on N-protected amino acid derivatives. BP2 was capable of binding N-Boc-protected
amino acid (R)-10a under the same conditions, yielding the expected negative ECCD spectrum based on

the binding mode explained (Table 2, entry 1, and Figure S11, SI). Whereas the positive signal can be
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observed for enantiomer (S)-10a (Table 2, entry 2, and Figure S11, SI). Thus, the BP2 host system also
works well for N-protected amino acid derivatives. Upon complexation with BP2, N-Boc-protected amino
acids 10b and 10c¢ resulted in the corresponding bisignate ECCD spectra, which could also be rationalized
in terms of the binding model proposed (Table 2, entries 3—6, and Figures S12—S13, SI). Not only are
N-Boc-protected amino acids compatible with the BP2 host system, but also with N-Cbz-protected amino
acids, such as N-Cbz-phenylalanine 10d (Table 2, entries 7 and 8, and Figure S14, SI).

Table 2. ECCD data for chiral N-protected amino acids 10 with BP2[®

Entry  N-Protected amino acids!™! 10 Predicted  Ist A [nm] (Ag) Al
sign 2nd A [nm] (Ag)
1 Ph (M) (R)-10a neg 426 (—165) —269
Boc.,  A_OH
OoN T 415 (+104)
2 Phe (M) (S)-10a  pos 426 (+155) +240
Boc. OH —
ooN T 415 (—85)
3 O (M) (R)-10b neg 428 (—583) =995
Y 417 (+412)
Boc\N A-OH
(L) H o
4 ) (5)-10b  pos 428 (+624) +1051
426 (—427)
Boc\N OH
L H 5
5 ~ M (R)-10c neg 428 (—372) —632
Boc. A_OH +
O ”/\g« 415 (+260)
6 I((M) (S)-10¢  pos 428 (+353) +588
Boc< OH _
N X 417 (—235)
7 Phy M) (R)-10d neg 429 (=77) —136
Cbz. A __OH
0 H’\g’ 413 (+59)
8 Phﬁ) (S)-10d pos 430 (+85) +150
Cbz. OH
L H J 412 (—65)

[a] All CD measurements were performed with 2.0 uM of BP2 in 5% CH:Clz/n-hexane at 25 °C; 100
equiv of N-protected amino acid 10 was used. [b] All substrates were >99% ee. [c] The letters (L) and
(M) denote sterically larger and medium groups, respectively; the M and L groups are assigned based on
the length of the substituents (Figures S11-14, SI). [d] 4 = Aeist— Aéand.
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CONCLUSION

In summary, we have developed a simple and derivatization-free method for determining the absolute
configurations of chiral monocarboxylic acids by the supramolecular ECCD method using the new
amide-linked bis(zinc porphyrin) BP2 as a hydrogen-bonding host molecule. BP2 is easily synthesized
through the amide coupling of acid and amine counterparts. Both of these compounds can be synthesized
using readily available synthetic intermediates, such as a bromoporphyrin derivative. At the same time,
UV-Vis and NMR spectroscopy revealed that the chiral carboxylic acid was incorporated between two
porphyrin rings to form a 1:1 host—guest complex that reflects the carboxylic acid’s stereochemistry. CD
studies on the structural analog of BP2 showed that the bisignate ECCD output required the zinc
porphyrin core and the amide functionality’s NH group. From observed ECCD spectra, we propose a
simple working model for nonempirically predicting the stereochemistry of various monocarboxylic acids
and N-protected amino acids. We are currently investigating the possibility of expanding the current

method to include more functional groups.

EXPERIMENTAL

The 'H and '*C NMR spectra were recorded at RT using perdeuterated solvents as internal standards on a
JEOL JNM ECZ-500, a JEOL JNM ECS-400, and a JEOL JNM AL-300 spectrometer. The chemical
shifts of the 'H- and '*C-NMR spectra are given in ppm relative to the residual protonated solvent and
solvent CHCI; (8 = 7.24) for 'TH-NMR and relative to the central resonance of CDCl; (§ = 77.0) for *C
NMR. F-NMR spectra were recorded at RT on a JEOL JNM ECZ-500, and a JEOL JNM ECS-400
spectrometer using benzotrifluoride as an external standard. The chemical shift values are expressed as o
values (ppm) and the couple constant values (J) are given in Hertz (Hz). The following abbreviations
were used for signal multiplicities: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; and br, broad.
UV-visible spectra were recorded on a JASCO V-660 dual-beam grating spectrophotometer with a 1 cm
cell. IR spectra were recorded on a JASCO FT/IR-4100 spectrophotometer. The JEOL JMS-700
spectrometer was used to collect the mass spectroscopic data. Optical rotations were measured on the
JASCO P-1020 polarimeter. The CD spectra were recorded on a JASCO J-820 spectrophotometer with a
1 cm cell. Reactions involving moisture-sensitive reagents were carried out under an argon atmosphere
using standard vacuum line techniques and glassware that was flame-dried and cooled under argon before
use. Dry THF was purchased for the reactions and used without further desiccation. 2H-4, Zn-5, Zn-6,
Zn-9, and bis(zinc porphyrin) BP1 were synthesized using the methods described in the literature.!%
Other chemicals were purchased from commercial sources and used as received unless otherwise stated.
Commercially available chiral carboxylic acids and amino acid derivatives were used without further

purification.
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[S-Cyano-15-pentafluorophenyl-10,20-di(p-tolyl)porphyrinato]zinc(Il) (Zn-7): According to the
method described in the literature.!! An oven-dried 25 mL sealable Schlenk flask equipped with a
magnetic stirring bar was charged with meso-bromoporphyrin 2H-4!% (28.0 mg, 38.1 umol), Pda(dba);
(5.20 mg, 5.68 pumol), and triphenylphosphine (2.60 mg, 9.91 umol). The reaction vessel was evacuated
and flushed with argon (three times), and then dry dioxane (10 mL) was added. At room temperature,
2-cyanoethylzinc bromide was added to the solution (0.5 M in THF, 1 mL, 0.500 mmol). The mixture
was heated at 110 °C for 12 h under argon and then allowed to cool to room temperature. The reaction
mixture was diluted with CH>Cl> (10 mL) and washed with aqueous NH4ClI and brine. The organic layer
was dried over MgSOy4 and filtered. The filtrate was concentrated in vacuo. The residue was purified by
column chromatography on silica gel (n-hexane/THF, 4:1) followed by recrystallization from
CH:Cly/n-hexane to give Zn-7 (20.0 mg, 71%) as a purple solid: 'H-NMR (THF-ds, 400 MHz) §: 9.62
(2H, d, /J=4.4 Hz), 9.05 (2H, d, /= 4.4 Hz), 8.95 (2H, d, /= 4.4 Hz), 8.91 (2H, d, /= 4.4 Hz), 8.08 (4H,
m), 7.61 (4H, m), 2.71 (6H, s); '*C-NMR (THF-ds, 100 MHz) &: 152.6, 152.2, 151.8, 149.7, 147.4 (2C, d,
Jcr=243.3 Hz), 144.2 (1C, d, Jcr = 269.8 Hz), 140.1, 138.4 (2C, d, Jcr = 254.1 Hz), 138.3, 135.2, 134.9,
133.7,131.2, 130.5, 128.0, 124.1, 122.8, 118.1 (1C, t, Jor = 21.5 Hz), 106.0, 86.8, 21.4; ’F-NMR (CDClI;,
376 MHz) &: —132.0 (2F, dd, Jrr = 23.6, 8.6 Hz), —147.3 (1F, t, Jrr = 21.3 Hz), —156.9 (2F, td, Jrr = 21.8,
7.3 Hz); UV-Vis (CH2CL2) Amax (log €) 416.0 (5.6), 548.5 (4.1), 586.5 (4.2) nm; IR (KBr) 2922, 2231,
1496, 1342, 1072, 991, 793 cm™'; HRMS (FAB) [M'] caled for CsiH2FsNsZn: 743.1087, found
743.1087.

[S-(Aminomethyl)-15-pentafluorophenyl-10,20-di(p-tolyl)porphyrinato]zinc(Il) (Zn-8): A charge of
Zn-7 (74.5 mg, 100 mol) was charged into an oven-dried 100 mL two-necked flask equipped with a
magnetic stirring bar. The reaction vessel was evacuated and flushed three times with argon, and then 60
mL of dry toluene was added. The solution was diluted with diisobutylaluminum hydride (1 M in toluene,
2.00 mL, 2.00 mmol) at room temperature. At 100 °C, the mixture was stirred for 6 h. After the reaction
was completed, the mixture was cooled to 0 °C and NaF (2.00 mmol, 84.0 mg) and H>O (40 mL) were
added. The mixture was vigorously stirred for 0.5 h. The reaction mixture was filtered through a filter
paper, diluted with CH>Cl, (20 mL), and washed with aqueous NH4ClI and brine. Vacuolation was used to
concentrate the organic layer. The resulting solid was purified by recrystallization from CH2Clz/n-hexane
to give Zn-8 (69.0 mg, 92%) as a purple solid: IR (KBr) 3395, 1654, 1560, 1524, 1490, 1458, 1439, 1387,
1065, 1004, 846, 788 cm™'; HRMS (EI) [M'] calcd for C4iHz6FsNsZn: 747.1400, found 747.1396;
UV-Vis (CH2Cl2) A max (log ¢) 420.5 (5.6), 551.5 (4.5), 600.6 (4.3), 623.5 (4.3) nm. Due to the

compound’s low solubility, NMR data could not be obtained. Additionally, the structure of Zn-8 was
further characterized as a propionylamide derivative. At room temperature, EDC (16.0 mg, 83.5 pumol)

was added to a mixture of Zn-8 (37.2 mg, 49.7 umol) and propionic acid (3.3 uL, 44 pumol) in THF (15
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mL). After stirring for 19 h at room temperature, the solution was diluted with THF/Et>O (2:1, 60 mL)
and washed with brine. The organic layer was dried over MgSO4 and filtered. The filtrate was
concentrated under reduced pressure. The residue was purified by column chromatography on silica gel
(n-hexane/THF, 4:1) followed by recrystallization from CH:Clo/n-hexane to give a propionylamide
derivative (24.1 mg, 60%) as a purple solid: '"H-NMR (C¢DsCDs, 500 MHz) &: 9.37 (2H, d, J = 4.6 Hz),
9.04 (2H, d, J=4.6 Hz), 9.04 (2H, d, J=4.6 Hz), 8.69 (2H, d, /= 4.6 Hz), 8.09 (4H, d, /= 7.6 Hz), 7.41
(4H, d, J = 7.6 Hz), 6.34 (2H, s), 5.66 (1H, br s), 2.52 (6H, s), 1.43 (2H, q, J = 6.7 Hz), 0.72 3H, t, J =
6.7 Hz); 3*C-NMR (CDCls, 100 MHz) &: 171.6, 150.9, 150.6, 150.1, 149.4, 146.5 (2C, d, Jcr = 251.1 Hz),
141.5 (1C, d, Jcr = 242.5 Hz), 139.3, 137.4, 137.1 (2C, d, Jcr = 236.7 Hz), 134.4, 133.7, 133.4, 129.7,
129.0, 127.4, 125.5,121.8, 117.3, 114.4, 42.6, 30.3, 21.5, 9.2; "YF-NMR (CDCl;3, 376 MHz) &: —137.1 (2F,
dd, Jrr=24.1, 8.0 Hz), —153.2 (1F, t, Jrpr = 21.3 Hz), —162.4 (2F, td, Jrr = 22.7, 7.7 Hz); IR (KBr) 3440,
2958, 1639, 1519, 1340, 1211, 1074, 991, 939, 796 cm™!; UV-Vis (n-hexane in 5% CH2CL) Amax (log &)
395.0 (4.5) 414.5 (5.6), 545.0 (4.1), 579.0 (3.6) nm; HRMS (EI) [M"] calcd for CssH30FsNsOZn:
803.1662, found 803.1670.

Amide-linked bis(zinc porphyrin) BP2: At room temperature, EDC (16.7 mg, 87.1 umol) was added to
a mixture of Zn-8 (20.9 mg, 27.9 umol) and Zn-6'" (22.8 mg, 29.3 umol) in THF (8 mL). The solution
was diluted with THF/Et;O (2:1, 60 mL) and washed with brine after stirring for 20 h at room
temperature. The organic layer was dried and filtered over MgSOs4. In vacuo, the filtrate was concentrated.
The residue was purified by column chromatography on silica gel (n-hexane/THF, 4:1) followed by
recrystallization from CH>Cly/n-hexane to give BP2 (24.0 mg, 60%) as a purple solid: 'H-NMR
(CsDsCDs, 400 MHz) &: 8.78 (2H, d, J = 4.9 Hz), 8.68 (2H, d, /= 4.9 Hz), 8.46 (2H, d, J = 4.9 Hz), 8.46
(2H, d, J = 4.9 Hz), 8.34 (2H, d, /= 4.4 Hz), 8.33 (2H, d, J = 4.4 Hz), 7.85 (2H, s, br), 7.77 (2H, s, br),
7.65 (4H, d, J= 7.8 Hz), 7.55 (4H, d, J="7.3 Hz), 7.31 (4H, d, J=7.3 Hz), 7.20 (4H, d, J= 7.8 Hz), 4.98
(1H, s), 4.48 (2H, s), 3.09 (2H, s), 2.60 (6H, s), 2.57 (6H, s); *C-NMR (C¢DsCD3) &: 169.16, 150.60,
150.56, 150.53, 150.52, 149.69, 149.68, 149.38, 149.20, 146.92 (2C, d, J cr = 239.2 Hz), 141.81 (1C, d, J
cr = 250.8 Hz), 140.26, 140.15, 137.70 (2C, d, J cr = 250.8 Hz), 137.06, 134.65, 134.54, 133.36, 133.28,
132.87, 132.62, 127.48, 127.39, 121.53, 121.29, 118.30, 112.77, 110.52, 101.45, 101.27, 66.95, 30.55,
21.40, 21.37. YF-NMR (C¢DsCD3) &: —137.63 (2F, d, Jrr = 23.4 Hz), —137.64 (2F, d, Jrr = 23.4 Hz),
—153.95 (1F, t, Jer = 20.7 Hz), —153.98 (1F, t, Jrr = 20.7 Hz), —163.21 (2F, t, Jrr = 20.2 Hz), —163.21
(2F, t, Jpr=20.2 Hz); IR (KBr) 3397, 2923, 1633, 1521, 1492, 1340, 1209, 1076, 989, 939 cm™'; UV-Vis
(CH2CL) Amax (log &) 409.0 (5.8), 546.5 (4.7) nm; HRMS (ESI) [M*] caled for Cg3sHaoF10NoOZny:
1505.2483, found 1505.2483.

BP2 analog (NMe-BP2): Charged with BP2 (20.0 mg, 13.3 mol) in an oven-dried 20 mL two-necked

flask equipped with a magnetic stirring bar and rubber septum. The reaction vessel was evacuated and
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flushed three times with argon before adding dry THF (6 mL). At 0 °C, three portions of NaH (60%
dispersion in paraffin liquid, 7.00 mg, 175 umol) were added to the solution and the mixture was stirred
for 15 min. Then, CH3I (10 puL, 161 pmol) was added dropwise to the mixture, and the reaction mixture
was stirred until completion as monitored by TLC (17 h). After the reaction was completed, 30 mL of
water was added to the reaction mixture, and the solution was diluted with EtOAc. The organic layer was
washed with water and brine, then dried and filtered over anhydrous MgSOs4. The filtrate was
concentrated in vacuo. The residue was purified by column chromatography on silica gel (n-hexane/THF,
4:1) followed by recrystallization from CH>Cly/n-hexane to give NMe-BP2 (8.00 mg, 40%) as a purple
solid: "H-NMR (CsDsCD3) 8: 9.79 (2H, d, J = 4.8 Hz), 9.72 (2H, d, J = 4.8 Hz), 9.03 (2H, d, J = 4.8 Hz),
8.98 (2H, d, J=4.6 Hz), 8.94 (2H, d, /= 4.8 Hz), 8.82 (2H, d, /= 4.9 Hz), 8.69 (2H, d, /= 4.8 Hz), 8.63
(2H, d, J=4.8 Hz), 8.03 (4H, d, /= 7.5 Hz), 7.94 (4H, d, J="7.9 Hz), 7.39 (4H, d, J= 7.9 Hz), 7.30 (4H,
d, J = 7.5 Hz), 3.26 (2H, s), 3.23 (2H, s), 2.53 (6H, s), 2.49 (6H, s), 1.35 (3H, s); *C-NMR (CD:Cl,,
THF-dg) o: 171.5, 151.2, 151.1, 150.7, 150.4, 150.2, 150.0, 149.0, 148.9, 146.33 (d, J =245.4 Hz), 146.27
(d, J=244.4 Hz), 141.4 (d, J =244.4 Hz), 141.2 (d, J = 249.2 Hz), 139.5, 137.3 (d, J = 247.3 Hz), 137.1
(d, J = 247.3 Hz), 137.0, 135.8, 134.2, 134.2, 132.9, 132.7, 132.3, 132.1, 131.8, 131.2, 129.1, 128.8,
127.9, 126.9, 126.8, 125.1, 125.0, 121.1, 121.0, 114.4, 114.0, 106.0, 100.5, 33.8, 29.75, 29.69, 20.94,
20.82; "YF-NMR (CD,Cl>, THF-ds) &: —138.25 (2H, dd, Jrr = 26.8, 7.8 Hz), —138.32 (2H, dd, Jrr = 25.0,
7.8 Hz), —155.00 (1H, td, Jrr = 20.3, 9.2 Hz), —155.24 (1H, t, Jrr = 20.7 Hz), —163.76 (2H, td, Jrr = 18.1,
6.9 Hz), —163.87 (2H, td, Jrr = 23.3, 6.9 Hz); IR (KBr) 3122, 3019, 2921, 1654, 1519, 1492, 1074, 989,
939, 796 cm™'; UV-Vis (CH2CL) Amax (log &) 413.0 (5.6), 419.0 (5.7), 546.5 (4.5) nm; HRMS (EI) [M]
calcd for Cs4Hs1F10NoOZna: 1519.2640, found 1519.2632.
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