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Abstract

Protein phosphorylation and dephosphorylation reactions of intracellular molecules cat-
alyzed by enzymes such as kinases and phosphatases are essential reactions in a lot of cellu-
lar functions such as intracellular signal transduction in living systems. The design and syn-
thesis of artificial enzyme mimics are important research topics in bioorganic and bioinor-
ganic chemistry. In this paper, we report on the construction of artificial phosphatases via
the supramolecular self-assembly of compounds such as an amphiphilic bis(Zn**-cyclen)
(cyclen = 1,4,7,10-tetraazacyclododecane) complex, barbital derivatives modified with ben-
zocrown ethers and boronophenyl groups, and a copper(Il) ion in a two-phase solvent
system. We have developed a hypothesis whereby a mono(4-nitrophenyl)phosphate (MNP)
substrate coordinates to the Cuy(pu-OH); core in supramolecular complexes and is activated
either by Lewis acidic units such as alkali metal (Li*, Na* and K*)-benzocrown ether com-
plexes or by boronophenyl moieties. The findings suggest that supramolecular phosphatase
functionalized with a benzo-12-crown-4-Li* complex shows a higher level of activity in
the MNP hydrolysis of a two-phase solvent system compared with that of our previous
supramolecular phosphatases in terms of hydrolysis activity and catalytic turnover.

Keywords: metallosupramolecular complexes; self-assembly; artificial phosphatases; Lewis
acid; hydrolysis

1. Introduction

Phosphorylation and dephosphorylation reactions in living bodies play important
roles in intracellular signal transduction and these reactions are catalyzed by natural
enzymes such as protein kinases and phosphatases. Alkaline phosphatases (APs) are
a group of enzymes that accelerate the hydrolysis of phosphate monoesters and hence
play important roles in various tissues in the human body such as the liver, bones, and
placenta. APs have been described as potential therapeutic targets for the treatment of
cancer and other diseases. AP mimics are small molecules that mimic the activity of
AP enzymes, which allow them to provide new methods for the development of drugs
to target AP-related diseases. Although many artificial AP models have already been

Organics 2026, 7,9

https://doi.org/10.3390/0rg7010009


https://crossmark.crossref.org/dialog?doi=10.3390/org7010009&domain=pdf&date_stamp=2026-02-13
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/organics
https://www.mdpi.com
https://orcid.org/0000-0002-4287-6487
https://doi.org/10.3390/org7010009

Organics 2026, 7,9

2of 16

H,—

N N
C Zn?% )

N

R"—"H
n

BRS

1(Zn,L"): R", R?=H

2 (Zn,L?): R", R? = CypHys
3 (Zn,L3): R" = CyyHys, R2=H

+
(o}
HN)kNH
o%%&o

4 (Barbital; Bar)

Q zn?* R2

developed [1-19], only a few have the ability to hydrolyze phosphate monoesters such as
mono(4-nitrophenyl)phosphate (MNP) in either a non-catalytic or catalytic manner [20-26].
Recent examples include lanthanum-based materials [27], Cu?* complexes [28,29], the
dinuclear Zn?* complex of a macrocyclic Schiff-base-type ligand [30], MoO,(CHs),L,
complex (L = bpy and so on) [31], and Co, Ni, Cu, and Zn complexes of the N-donor
bidentate ligand [32].

Generally, it requires tedious tasks to improve the catalytic activity of artificial enzymes
via precise structural modification, because most of the previous model compounds are
constructed by covalent bonds and their modifications require long synthetic routes and
tedious purification processes (sometimes, in low chemical yields). On the other hand, if the
construction of artificial supramolecular catalysts was based on the efficient self-assembly
of exchangeable molecular units via the use of metal-ligand coordination bonds, it would
be a versatile method to develop more efficient enzyme mimetics [33].

Our previous efforts have been devoted to the construction of supramolecular
phosphatase by the self-assembly of dimeric Zn?*-cyclen complexes (cyclen = 1,4,7,10-
tetraazacyclododecane), barbital derivatives, and Cu?* cations (Scheme 1) [34,35]. A
bis(Zn%*-cyclen) complex that contains the bipyridyl (bpy) linker 1 (Zn,L!) is known
to form a 2:2 complex 5 with a deprotonated barbital 4>~ (Bar?~) [36]. Complex 5 and Cu®*
form the 1:2 complex 8 (actually a 2:2:2 complex of 1, Bar?~, and Cu?*) that contains a
Cuy(u-OH); core. This structure is considered analogous to the catalytic sites of natural
dinuclear metalloenzymes such as AP and it is known to accelerate the hydrolysis of phos-
phate monoesters such as MNP in aqueous solutions at a neutral pH. However, the MNP
hydrolysis activity of 8 is lower than that of AP and the catalytic turnover is negligible.
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Scheme 1. Construction of the supramolecular complexes 8-10 by the 2:2:2 self-assembly of Zn,L
complexes (1-3), 5,5-diethylbarbital (4), and Cu?* in an aqueous solution at neutral pH and in a
two-phase solvent system (CHCl3/H,O (pH 7.4)).

Scheme 2a is a schematic drawing of the active site of AP. It is generally accepted
that a substrate such as MNP is activated via coordination with two Zn?* ions and then
attached by the deprotonated hydroxyl group of serine residue. To mimic the active site of
AP, hydrophobic supermolecule 9 was constructed via the 2:2:2 self-assembly of a bis(Zn?*-
cyclen) complex 2 (Zn,L?) with two hydrophobic long alkyl (Cy2) chains, deprotonated
barbital units, and Cu?* for higher solubility in organic solvents via the 2:2 complex
(6) of 2 and 4 (Scheme 1) [37]. We expected product inhibition to be reduced by the
release of inorganic phosphate, which is a product of the MNP hydrolysis and inhibits
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the regeneration of the Cuy(n-OH); site (Scheme 2b). However, the catalytic turnover was
negligible—small for MNP hydrolysis by 9 [37,38]. Next, we designed and synthesized a
bis(Zn2*-cyclen) complex with one Cy, chain (3, ZnyL%) to construct amphiphilic complex
10 via a 2:2 complex (7) of 3 and 4 (and its modified derivatives) with Cu?*, which then
accelerates MNP hydrolysis in a catalytic manner [39]. That result could possibly be due to
a location of 10 near the organic/aqueous interface.

(a) Active site of Alkaline Phosphatase (b) Introduction of Lewis acid moiety near catalytic

) center of supramolecular phosphatase
Aqueous solution

Aqueous phase

Hydrophilic
region NH/Arg OyN
. \©\O/ PO5%
Hydrophobic H/N T -
region H )
ol H Organic phase
o._ =
X6
K
O . .
MNP Mg () o o ser Lewis %"

Zn2* O g CUZ\

Scheme 2. (a) Schematic diagram of the active center of AP, which contains two Zn%* jons and one
Mg?* ion. (b) Concept for activation of the phosphate monoester MNP by Lewis acids placed in close
proximity to the Cuy(u-OH), core in a two-phase solvent system.

One of the important findings from our previous studies is that MNP hydrolysis
promoted by our metallosupramolecular complexes in two-phase solvent systems obeys
the rule of Michaelis-Menten kinetics [37-39]. Therefore, we considered our supramolec-
ular phosphatases including CHCl3/H,O solvent systems to be appropriate models of
phosphatase reactions.

Scheme 2a shows that Mg?* exists as a Lewis acidic site to activate MNP at the
active site of AP [40—43]. In order to mimic the situation, we installed the crown-ether—
metal (Li*, Na*, and K*) complexes near the Cuy(OH)j; sites in the metallosupramolecular
complexes either to activate MNP or to facilitate the deprotonation of Cu?*-bound H,O
to generate HO™ species near the substrate (Scheme 3), as demonstrated in our previous
study [44]. Based on this assumption, we designed and synthesized supramolecular
complexes functionalized with a 1-aza-18-crown-6 unit (21a—d) via the self-assembly of 3
(ZnyL3) with a barbital building block that possesses 1-aza-18-crown-6 unit 11 and Cu?* via
the 2:2 complexes of 3 and 11 (14a-d) (Scheme 4) [44]. The results of the MNP hydrolysis by
21 complexed with Li* Na*, K*, and Mg?" imply that 21a accelerates the MNP hydrolysis
more efficiently than other supramolecular phosphatases, possibly due to the formation of
a Li*-azacrown ether complex near the Cuy(n-OH), core, as predicted in Scheme 3.

In this study, we design and synthesize barbital units functionalized with 12, 15, and 18-
membered benzocrown ethers (12a—c, m = 1~3) and boronophenyl groups (13a—c, 1 =0, 1) for
the construction of new supramolecular complexes 22-27 via self-assembly with 3 (Zn,L?)
and Cu?* for more efficient MNP hydrolysis in a two-phase solvent system (CHCl; /H,0)
(Scheme 4). The azacrown ether-unit supramolecular complexes of 21a-d were changed
to benzocrown ether units in 22-24, because we suspected that the complexation of the
azacrown ether units of 21a—d with metal cations might be hampered by the protonation
of the amino groups in the azacrown ether units at a neutral pH. The boronophenyl
groups were introduced in 13a—c and eventually in 25-26 to put Lewis acidic boronyl
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groups near the Cuy(u-OH); core of the supramolecular phosphatases. These results are
presented below.

Aqueous layer
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Scheme 3. Hypothesis for the hydrolysis of MNP by supramolecular phosphatases (22-24 shown
in Scheme 4) with benzocrown ether-alkaline (or alkaline earth) metal complexes formed from 3
7n,13), 12, Cu?*, and additional metal ions (Li*, Na*, or K*) for the MNP hydrolysis in a two-phase
2
solvent system.
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Scheme 4. Scheme for the formation of the 2:2:2 supramolecular complexes 21-27 in a two-phase
solvent system (CHCl3 /H;O) by the self-assembly of 3 (ZnyL?). Bar derivatives were functionalized
with a monoaza-18-crown-6 (11) (previous work), benzocrown ethers (12a—c), boronophenyl units
(13a—c), and Cu?*.

2. Materials and Methods

All reagents and solvents were of the highest commercial quality and were used
with no further purification, unless otherwise noted. MNP was purchased from Nacalai
Tesque (Kyoto, Japan) and used without purification. N,N-Dimethylformamide (DMF)
was distilled from calcium hydride. All aqueous solutions were prepared using deionized

https://doi.org/10.3390/0rg7010009


https://doi.org/10.3390/org7010009

Organics 2026, 7,9

50f 16

and distilled water [37-39,44]. The Good’s buffer reagent was obtained from Dojindo
(Kumamoto, Japan) (HEPES (2-(4-(2-hydroxyethyl)-1-piperazinyl))ethanesulfonic acid,
pKa = 7.6 at 20 °C). HPLC experiments were carried out using a system consisting of a
LC-Netll/ADC HPLC pump, a UV-970 intelligent UV —visible detector, a Rheodine injector
(model no. 7125), and a ChromeNAYV Lite (JASCO, Japan). For analytical HPLC, a Senshu-
Pak Pegasil ODS column (Senshu Scientific Co., Ltd., Tokyo, Japan) (4.6¢ x 250 mm, no.
2012141S) was used [38,39]. For measurement of the UV /Vis spectra, CHCl; and DMSO
were purchased from Nacalai Tesque (Kyoto, Japan). UV /Vis spectra were recorded using
either a JASCO (Tokyo, Japan) V-550 or a JASCO V-630 spectrophotometer with quartz
cuvettes (path length: 10 mm). IR spectra were recorded on a Perkin-Elmer attenuated
total reflectance (ATR)-IR spectrometer 100 (PerkinElmer, Waltham, MA, USA) at room
temperature. 'H-(300 MHz) and '3C-(75 MHz) NMR spectra at 25 + 0.1 °C were recorded
on a JEOL Always 300 spectrometer (JEOL, Tokyo, Japan). Tetramethylsilane (TMS) was
used as the internal reference for 'H- and '3C-NMR measurements in CDCl; and CD3;0D.
Mass spectra were recorded on a Sciex X500R OTOF CAB SCIEX, Framingham, MA, USA)
spectrometer and JEOL JMS-700 spectrometer (JEOL, Tokyo, Japan). Thin-layer chromatog-
raphy (TLC) and alumina gel column chromatography were conducted using a Merck Silica
gel 60 F254 plate (Merck KGaA, Darmstadt, Germany) and Wako pure chemical Alumina
Gel (Wako Pure Chemical Industries, Ltd., Osaka, Japan) for chromatography, respectively.

2.1. Synthesis

N,N’-((2,4,6-Trioxohexahydropyrimidine-5,5-diyl)bis(propane-3,1-diyl))bis(2,3,5,6,8,
9-hexahydrobenzo[b][1,4,7,10]tetraoxacyclododecine-12-carboxamide) (12a)

To a solution of compound 36a [45,46] (0.052 g, 0.18 mmol) and 35 [38] (0.022 g,
0.071 mmol) in distilled CH,Cl, (1.5 mL), N,N-diisopropylethylamine (0.082 mL, 0.48 mmol)
was added at room temperature. The reaction mixture was stirred at room temperature
for 12 h under an argon atmosphere. After concentration of the reaction mixture under
reduced pressure, the resultant residue was purified by preparative reversed-phase HPLC
(RP-HPLC) [H20 (0.1% TFA)/CH3CN(0.1% TFA), 80:20 to 35:65 (0 to 30 min), ¢, = 17 min]
and lyophilization to give 12a as a pale yellow solid (18 mg, 35%). M.p. 136.2-137.0 °C.
IR (ATR) cm~1: 2924, 1685, 1629, 1575, 1502, 1449, 1308, 1273, 1198, 1125, 1074, 1027, 899,
834, 798, 761, 719, 497, 445, 436, 418, 497. 'H NMR (300 MHz, CD;0D/TMS) §: 7.50 (d,
2H, ] =24 Hz), 7.47 (dd, 2H, ] = 8.3, 2.0 Hz), 7.065 (d, 2H, | = 8.4 Hz), 4.21-4.19 (m, 8H),
3.85-3.78 (m, 8H), 3.735 (brs, 8H), 2.03-1.97 (m, 4H), 1.56-1.46 (m, 4H). 3C-NMR (75 MHz,
CD;OD/TMS) 6: 148.5, 143.3, 128.6, 124.9, 103.5, 97.5, 92.8, 91.6, 46.9, 45.5, 45.3, 45.0, 44.1,
43.9,30.4, 14.3, 11.0 ppm. HRMS (FAB): calcd. for C36H47N4O13 [M+H]* 743.3140; found
743.3167. The 'H- and '3C-NMR spectra of 12a are shown in Figure S1 of the Supplementary
Materials.

N,N’-((24,6-Trioxohexahydropyrimidine-5,5-diyl)bis(propane-3,1-diyl))bis(2,3,5,6,8,
9,11,12-octahydrobenzo[b][1,4,7,10,13]pentaoxacyclopentadecine-15-carboxamide) (12b)

To a solution of 36b [45,46] (0.048 g, 0.144 mmol) and 35 [38] (0.016 g, 0.052 mmol) in
distilled CH,Cl, (0.5 mL), N,N-diisopropylethylamine (0.065 mL, 0.38 mmol) was added
at room temperature. The reaction mixture was stirred at room temperature for 17 h
under an argon atmosphere. Following concentration of the reaction mixture under re-
duced pressure, the resultant residue was purified using preparative RP-HPLC [H,O (0.1%
TFA)/CH3CN(0.1% TFA), 80:20 to 35:65 (0 to 30 min), ¢, = 17 min] and lyophilization to give
12b as a pale yellow solid (17 mg, 38%). M.p. 116-117 °C (dec.). IR (ATR) cm~': 3252, 2924,
1682, 1633, 1580, 1506, 1452, 1317, 1269, 1201, 1123, 1044, 937, 832, 798, 759, 719, 516, 496,
434, 418. '"H NMR (300 MHz, CD;0D/TMS) &: 7.41 (d, 2H, | = 1.8 Hz), 7.39-7.37 (m, 2H),
6.94 (d, 2H, ] = 7.8 Hz), 4.13-4.11 (m, 8H), 3.87-3.83 (m, 8H), 3.74-3.69 (m, 16H), 2.03-1.98
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(m, 4H), 1.54-1.49 (m, 4H). 3C-NMR (75 MHz, CD;0D/TMS) &: 174.7, 169.8, 153.1, 149.7,
128.4,122.3,114.0, 113.7,71.6, 71.0,70.9, 70.1 69.9, 69.6, 56.6, 40.4, 37.2, 26.2 ppm. HRMS
(FAB): caled. for C4oHs,KN,O15 [M + K]* 869.3217; found 869.3217. The 'H- and 3C-NMR
spectra of 12b are shown in Figure S2 of the Supplementary Materials.

N,N’-((2,4,6-Trioxohexahydropyrimidine-5,5-diyl)bis(propane-3,1-diyl))bis(2,3,5,6,8,
9,11,12,14,15 decahydrobenzo[bl[1,4,7,10,13,16]hexaoxacyclooctadecine-18-carboxamide)
(120)

To a solution of 36c¢ [45,46] (0.037 g, 0.100 mmol) and 35 [38] (0.013 g, 0.042 mmol) in
distilled CH,Cl, (0.4 mL), N,N-diisopropylethylamine (0.043 mL, 0.25 mmol) was added at
room temperature. The reaction mixture was stirred at room temperature for 17 h under an
argon atmosphere. After evaporation of the reaction mixture under reduced pressure, the
resultant residue was purified using preparative RP-HPLC [H,O (0.1% TFA)/CH3CN(0.1%
TFA), 80:20 to 35:65 (0 to 30 min), t; = 19 min] and was lyophilized to give 12c as a pale
yellow solid (14 mg, 37%). M.p. 96-96.5 °C. IR (ATR) cm~!: 3400, 2866, 1724, 1702,
1629, 1579, 1543, 1504, 1449, 1318, 1269, 1220, 1122, 1051, 942, 845, 789, 762, 494, 442. 'H
NMR (300 MHz, CD30D/TMS) 6: 7.41 (d, 2H, | = 1.8 Hz), 7.39-7.37 (m, 2H), 6.94 (d, 2H,
] =7.8 Hz), 413-4.11 (m, 8H), 3.87-3.83 (m, 8H), 3.74-3.69 (m, 16H), 2.03-1.98 (m, 4H),
1.54-1.49 (m, 4H). *C-NMR (75 MHz, DMSO/TMS) &: 172.8, 165.3, 150.4, 149.7, 147.3,
126.6,120.3,111.7,111.5, 69.8, 69.7, 68.4, 67.9, 54.4, 35.7, 25.0 ppm. HRMS (FAB): calcd. for
C4oHs54KN4O15 [M + K]* 869.3217; found 869.3217. The 'H- and '3 C-NMR spectra of 12¢
are shown in Figure S3 of the Supplementary Materials.

N,N’-((2,4,6-Trioxohexahydropyrimidine-5,5-diyl)bis(propane-3,1-diyl))bis(4-(4,4,5,
5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzamide) (13a)

To a solution of 35 [38] (0.020 g, 0.063 mmol), N,N-diisopropylethylamine (0.049 mL,
0.28 mmol), and HATU (54 mg, 0.14 mmol) in distilled DMF (0.5 mL), 37a(4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzoic acid, Tokyo Chemical Industry (TCI) Co., Ltd.,
Tokyo, Japan) (0.035 g, 0.14 mmol) was added at room temperature. The reaction mixture
was stirred for 4 h under an argon atmosphere. After evaporation of the reaction mixture
under reduced pressure, the resultant residue was dissolved in AcOEt, washed with sat.
NH4Cl aq. (10 mL x 3) and brine, dried over NaySQOy, and filtered. The filtrate was
evaporated and the crude compound was recrystallized from hexanes/AcOEt to give 13a
as a colorless solid (39 mg, 88%). M.p.167-168 °C. IR (ATR) cm~': 3236, 2979, 1727, 1704,
1636, 1538, 1397, 1358, 1317, 1269, 1205, 1141, 1088, 1019, 962, 854, 769, 690, 653, 578, 558, 492,
454. TH-NMR(300 MHz, CD30D/TMS) é: 7.82-7.74 (m, 8H), 2.04-2.02 (m, 4H), 1.54-1.35
(m, 4H), 1.35 (brs, 28H. 13C-NMR (75 MHz, CD;0D/TMS) é: 174.6, 170.3, 138.2, 135.7,
127.5, 85.5, 56.6, 40.5, 37.3, 26.2, 25.1. 11B-NMR (128 MHz, CD;0D, BF3-OEt,) d: 31.3 (brs).
HRMS (ESI-MS) m/z: 701.3754 (calcd. for CagHya9'"B,N,Og [M+H]*: 701.3753). The 'H-
and '*C-NMR spectra of 13a are shown in Figure S4 of the Supplementary Materials.

N,N’-((2,4,6-Trioxohexahydropyrimidine-5,5-diyl)bis(propane-3,1-diyl))bis(3-(4,4,5,
5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzamide) (13b)

To a solution of 35 (0.021 g, 0.066 mmol), N,N-diisopropylethylamine (0.050 mL,
0.28 mmol), and HATU (58 mg, 0.16 mmol) in distilled DMF (0.5 mL), 37b (3-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzoic acid, TCI, Japan) (0.039 g, 0.16 mmol) was
added at room temperature. The reaction mixture was stirred for 2 h under an argon
atmosphere. After evaporating the reaction mixture, the resultant residue was dissolved
in AcOEt, washed with sat. NH4Cl aq. (10 mL X 3) and brine, dried over Na,;SO4 and
then filtered. The filtrate was evaporated under reduced pressure and the crude compound
was recrystallized from hexanes/AcOEt to give 13b as a colorless solid (39 mg, 84%).
M.p. 158-159 °C. IR (ATR) cm~1: 2977, 1761, 1724, 1687, 1626, 1598, 1579, 1485, 1413,
1360, 1320, 1300, 1270, 1216, 1141, 1083, 963, 856, 754, 705, 652, 558, 496, 456, 429. 'H-

https://doi.org/10.3390/0rg7010009


https://doi.org/10.3390/org7010009

Organics 2026, 7,9

7 of 16

NMR(300 MHz, CD;0D/TMS) 4: 8.16 (s, 2H), 7.88-7.85 (m, 4H), 7.44 (t, 2H), 2.02-1.99 (m,
4H 1.59-1.48 (m, 4H), 1.35 (brs, 28H). 3C-NMR (75 MHz, CD;0D/TMS) §: 174.7, 170.3,
151.2,138.7, 135.2, 134.4, 131.2, 129.0, 85.4, 56.6, 40.7, 37.3, 26.2, 25.3. 1'B-NMR (128 MHz,
CD;0D, BF;-OFEty) é: 32.9 ppm. HRMS (ESI-MS) m/z: 701.3753 (calcd. for C36H,9'°BoN»Oq
[M+H]*: 701.3753). The 'H- and *C-NMR spectra of 13b are shown in Figure S5 of the
Supplementary Materials.

N,N’-((2,4,6-Trioxohexahydropyrimidine-5,5-diyl)bis(propane-3,1-diyl))bis(2-(4-(4,4,
5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)acetamide) (13c)

To a solution of 35 (0.017 g, 0.056 mmol), N,N-diisopropylethylamine (0.042 mL,
0.24 mmol), and PyBOP (64 mg, 0.123 mmol) in distilled DMF (0.6 mL), 37c (2-[4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]acetic acid, TCI, Japan) (0.032 g, 0.12 mmol)
was added at room temperature. The reaction mixture was stirred for 2 h under an argon
atmosphere. After the reaction mixture was concentrated under reduced pressure, the
resultant residue was dissolved in CHCl3, washed with sat. NH;Cl aq. (20 mL x 3), washed
with brine, dried over Na,SOy,, and filtered. The filtrate was concentrated under reduced
pressure, and the crude product was purified using silica gel column chromatography (hex-
anes/AcOEt=4/1to 1/1) to give 13c as a colorless solid (24 mg, 61%). M.p. 112.5-113.0 °C.
IR (ATR) em~1: 3369, 2978, 1724, 1696, 1637, 1611, 1548, 1357, 1269, 1214, 1141, 1087, 1021,
962, 856, 654, 494, 463, 441. 'H-NMR(300 MHz, CD;0D/TMS) 6: 7.69 (d, 4H, ] = 8.1 Hz),
7.28 (d, 4H, ] = 8.4 Hz), 3.49 (s, 4H), 3.12 (t, 4H, | = 6.8 Hz), 1.90-1.85 (m, 4H), 1.41-1.29
(m, 28H). 1*C-NMR (75 MHz, CD;0D/TMS) 4: 174.5,173.8, 140.3, 136.1, 129.5, 85.1, 56.5,
44.1,40.1,37.1,26.0, 25.2 ppm. 'B-NMR (128 MHz, CD30D, BF5-OEt,) &: 31.1 (brs). HRMS
(ESI-MS) m1/z: 731.3997 (calcd. for CagHss ' BoN4Og [M+H]*: 731.3993). Anal. Calcd. for
C3sHs4BoN4O19-Hy0; C, 60.98; H, 7.27; N, 7.49; found: C, 60.83; H, 7.18; N, 7.26. The 'H-
and '3C-NMR spectra of 13c are shown in Figure S6 of the Supplementary Materials

2.2. Hydrolysis of MNP

The hydrolysis of MNP was carried out in CHCl3 /50 mM HEPES (pH 7.4) with I =0.1
(LiNO3) (2/8) (for 22a), CHCl3/50 mM HEPES (pH 7.4) with I = 0.1 (NaNO3) (2/8) (for
22b, 23 and 25-27), and in CHCl3 /50 mM HEPES (pH 7.4) with I = 0.1 (KNOj3) (2/8) (for
22¢ and 24) at 37 °C. Stock solutions of 12a—c (0.75 mM in H,0O), 13a—c (0.75 mM in CHCly),
and Cu(ClOy);-6H,0 (6 mM in H,O) were used to prepare sample solutions of 22a—c and
23-27 in CHCl3/50 mM HEPES (pH 7.4) with I = 0.1 (LiNO3, NaNO3 or KNO3) (2/8)
(total volume = 3.0 mL). A stock solution of MNP (20 mM) in water was prepared for the
hydrolysis reaction. Prior to the hydrolysis of MNP in the two-phase solvent system, the
reaction mixtures of 3, 12a-b, 13a—c, and Cu(ClOy); in CHCl3 /50 mM HEPES (pH 7.4) with
I=0.1 (LiINO3, NaNOj3 or KNO3) (2/8) were incubated for 24 h at 37 °C using a controlled
incubator (BioShaker BR-23FP, TAITEC, Japan) at a shaking speed of 150 rpm to form 22a-c
and 23-27 in situ, to which an aqueous solution of MNP was added. All of the hydrolysis
experiments were performed at a shaking speed of 150 rpm in triplicate. The yields of MNP
hydrolysis by the supramolecular complexes were calculated based on the increase in the
absorption at 400 nm corresponding to the released 4-nitrophenol (NP) (e490 value of NP
is 1.35 x 10* M~ !-.cm~! at pH 7.4) (INP produced in the presence of the supramolecular
complex]-[NP produced in the absence of the supramolecular complex]) in the aqueous
layer [38,39,44]. The partition ratio of NP (79% in aqueous solution), which was determined
in a previous report, was used to calculate the yields in the CHCl3 /H,O system.
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3. Results and Discussion

3.1. Synthesis of the Barbital Derivatives Functionalized with Crown Ether Units and
Boronophenyl Moieties

The synthesis of new barbital derivatives is described in Scheme 5. The common
intermediate 32 was synthesized from diethyl malonate (28) and 29 via 30 and 31 according
to our previous methods [38,39,44], and a tosylate of 30 (32) was reacted with NaNj to
afford 33. Reduction of the azido groups of 33 produced diamino compounds, which were
converted to bis-Boc protected compound 34 for easy purification. Two Boc groups of 34
were deprotected by HCl, and the resultant amino intermediate 35 [39] was reacted with
the chlorinated 12, 15, and 18-membered benzocrown ethers 36a—c, which were prepared
from ethyl 3,4-dihydroxybenzoate to obtain 12a—c, respectively, following the descriptions
in the previous literature [45]. In a similar manner, 35 was reacted with pinacol esters of
boron-containing acids 37a—c to obtain 13a—c.

(1) Bra_-~_-OBn i i
2 HN" O NH NaNs HN" O NH
NaH, DMF DMF
O [¢] 90% O (¢]
Et0,C._COkt _ %% O,
0
2 @A
HoN™ "NH, RSO OR® R® RS
NaH, DMF
30:R%=Bn 33:R6=N;
Ho/Pd-C H,/Pd-C
MeOH, THF MeOH, THF
9 85%
85% 31:R5=OH ° 34: R® = NHBoc
p-TsCl HCI
DMAP, Pyridine MeOH
54% 32:R5=Ts 54% 35: RS = NH,
0
o o0
cl HOOC Ay
m N =8
o o Z 0
36a:m=1 \A< 37a: | =0, p-form
36b:m=2 37b: | = 0, m-form
36c:m=3 37c: | =1, p-form
DIEA HATU, DIEA
CH,Cl, DMF
35% for 12a from 36a 88% for 13a from 37a
37% for 12b from 36b 84% for 13b from 37b
37% for 12¢ from 36¢ PYBOP, DIEA
¢ DMF
61% for 13¢ from 37¢
X X
HN™ “NH HN™ “NH
[¢) 0 [¢) 0
e}

9]
! m
O

ﬁk</o 12a:m=1 O\BZ 13a: | = 0, p-form
12b:m =2 13b: | = 0, m-form
12c:m=3 13c: | =1, p-form
(for the formation of 22-24 with 3 (for the formation of 2627 with 3
and Cu?* via 15a—¢, 16, and 17) and Cu?* via 18, 19, and 20)

Scheme 5. Synthesis of the barbital units functionalized with crown ethers and boronic acid esters.

3.2. Complexation of 3 (Zn,L3) with 12a and Cu®* as Studied by UV/Vis Titration

The complexation of 3 [39] (40 uM) with barbital derivatives 12a—c and 13a—c and
Cu(NOs3), was checked by UV /Vis titrations in a mixture of DMSO and 50 mM HEPES
buffer (pH 7.4 with I = 0.1 (LiNO3)), because the solubility of 3 was low in either or-
ganic (CHCl; and CH,Cl,) and aqueous solvents. The results of typical titrations of 15a
([15a] = 20 uM prepared from 3 (40 uM) and 12a (40 uM)) with Cu(NO3), are shown in
Figure 1. The absorption of 15a at 307 nm (Amax) Was enhanced at the increased concen-
trations of Cu?* and reached a plateau with two equations of Cu?*, suggesting an almost
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quantitative complexation of 15a and Cu?* to form 22a, which is the 2:2:2 complex of 3,
12a, and Cu?*. Similar results were obtained in the UV/Vis titration experiments of 3 with
12b,c and 13a-c, and then with Cu?*.

1.251

1.004\,

0.75 [Cu?*]/[15a]

Abs

0.50+

0.25+

o T T o
250 300 350 400

Wavelength (nm)

Figure 1. UV/Vis titrations of 15a (from 3 + 12a) (20 uM) at the increasing concentrations of Cu(NO3),
in DMSO/50 mM HEPES buffer (pH 7.4 with I = 0.1 (LiNOg3)) (4/96) at 37 °C. Solid curves indicate
UV /Vis absorption spectra of 15a before and after addition of Cu?*. Dashed curves are representative
UV /Vis absorption spectra of 15a in the middle of UV /Vis titrations and two arrows indicate change
of absorption at 287 nm and 307 nm upon addition of Cu?*.

3.3. Hydrolysis of MNP by 2:2:2 Complexes in a Two-Phase Solvent System

The hydrolysis reactions of MNP (100 pM in total solution) by 21¢, 22a—c, and 23-27
(20 pM in the total amount of solvent) were performed in CHCl3/50 mM HEPES buffer
containing Li* (50 mM), Na* (50 mM), and K* (50 mM) (pH 7.4 with I = 0.1 (LiNO; or
KNO3) (2/8) at 37 °C, because we expected MNP to be activated by the complexes of
the benzocrown ether units with these metal cations in the CHCl3 phase, as predicted in
Scheme 3. Figure 2a shows the results of the hydrolysis of MNP (1000 uM in total solution)
in the presence of 21c, 22a, and 23-27 (20 uM) for comparison with 10, which had no Lewis
acidic moiety. Supramolecular complexes 25-27 containing boronophenyl units showed
a lower level of hydrolysis activity compared with that of the other complexes shown in
Figure 2a.

As is shown in Figure 2b, the hydrolysis of MNP (100, 200, 500, 800, and 1000 uM) by
22a (20 uM) afforded more than 20 uM of p-nitrophenol (NP), which is a product of MNP
hydrolysis, indicating that 22a functions as a catalyst (100% hydrolysis yield based on the
used 22a is depicted by the dashed line in Figure 2a—c).

The reactivities of metallosupramolecular complexes functionalized with a benzo-
12-crown-4 unit in the presence of Li*, Na*, and K* (22a—c) are compared in Figure 2c,
which reveals that the highest level of hydrolysis activity was achieved by 22a among these
complexes. That result was possibly due to the complexation of its 12-crown-4 units with
Li* in the organic phase [47-50]. The hydrolysis yields of MNP by metallosupramolecular
phosphatases described above along with their catalytic turnover numbers (CTNs) when
[MNP] = 1000 uM and [supramolecular complex] = 20 uM are presented in Figure 3, in
which 22a exhibits higher level of MNP hydrolysis yield and CTN than other supramolec-
ular complexes. Unfortunately, the CTN values of 23 and 24, in which 15-crown-5 and
18-crown-6 units are expected to form 1:1 complexes with Na* and K*, were smaller than
that of 22a. It was also turned out that supramolecular complexes functionalized with
boronophenyl units (25-27) exhibited lower levels of hydrolysis activity (particularly 25
and 26) and CTN values than those of 22-24 functionalized with benzocrown ether units.
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Figure 2. (a) The hydrolysis yields (%) of MNP (1000 uM in total solution) by 22a (20 pM) in
CHCl3 /50 mM HEPES (pH 7.4 with I = 0.1 (LiNO3)), 23 and 25-27 (20 uM) in CHCl3 /50 mM HEPES
(pH 7.4 with I = 0.1 (NaNO3)), as well as 24 in CHCl3 /50 mM HEPES (pH 7.4 with I = 0.1 (KNO3))
and 10 (20 uM) in CHCl3 /50 uM HEPES (pH 7.4 with I = 0.1 (LiNO3)). (b) Time-dependent change
in the concentrations of 4-nitrophenol (4-NP) formed by the MNP hydrolysis in the presence of 22a
(20 uM) at [MNP] = 100, 200, 500, 800, and 1000 uM (solid lines with open triangles) and change in
the concentration of 4-NP by the MNP hydrolysis (MNP] =1000 uM) in the presence of 10 (dashed
line with filled circles) in CHCl3/50 mM HEPES (pH 7.4 with I = 0.1 (LiNO3)). (c) The results of
hydrolysis (%) of MNP (1000 uM in total solution) by 22a (20 uM in total solution) in CHCl3/50 mM
HEPES (pH 7.4 with I = 0.1 (LiNO3)), 22b (20 uM) in CHCl3/50 mM HEPES (pH 7.4 with = 0.1
(NaNO3)), and 22¢ (20 uM) in CHCl3 /50 mM HEPES (pH 7.4 with I = 0.1 (KNO3)). The dashed lines
in Figure 2a—c indicate one equivalent of supramolecular complexes, which corresponds to 100%
hydrolysis based on the supramolecular complexes used in each experiments).

The results of the hydrolysis reactions of MNP (100, 200, 500, 800, and 1000 pM) were
analyzed using Lineweaver-Burk plots with the reciprocal of the MNP concentration on
the horizontal axis (X-axis) and the reciprocal of the hydrolysis rate on the vertical axis
(Y-axis), as shown in Figure 4. Plain curves were obtained for 22a—c, 23, 24, and 27 in the
two-phase solvent system, which suggests that these MNP hydrolysis reactions follow
Michaelis—-Menten’s kinetics like a natural enzyme, as previously reported by us [37-39,44].
The slopes of Lineweaver—Burk plots for 22a—c, 23, and 24 are smaller than that of 27,
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indicating greater reactivity of 22a—c, 23, and 24 than of 27. Note that the data of 25 and 26
are not included in Figure 4, because their Y-axis intercept values were close to or below
zero and thus we could not determine their V a1y values.

-
N
|
|
)

-
o
\

\
o

Hydrolysis (%)
o
|
{ \ \
N w »
(JoaquinpN Janouwiny onAjeyen)
N1D

N
!
[

8 9 10 21a21b 21c 21d 22a 22b 22c 23 24 25 26 27

Figure 3. Comparison of MNP hydrolysis yields (left Y-axis) and catalytic turnover numbers
(CTNs) (right Y-axis) of 8, 9, 10, 21, 22, and 23-27 (20 uM in total solution) at [MNP] = 1000 uM in
CHCl3 /50 mM HEPES buffer (pH 7.4) with I = 0.1 (LiNO3 or NaNO3 or KNO3) (2/8) at 37 °C.

200
180 1
160 4

140

120

1N (Min/zM)

T T T T 1
1/[MNP] X 10% (M)

Figure 4. Lineweaver-Burk plots for the hydrolysis of MNP promoted by 22a—c, 23, 24, and 27 (20 uM
in total solution) at [MNP] = 100, 200, 500, and 1000 uM in CHCl3 /50 mM HEPES buffer (pH 7.4)
with I = 0.1 (LiNO3, NaNOs3 or KNOs) (2/8) at 37 °C.

The K, (the concentration of the substrate giving half of the maximum velocity),
Vmax (the maximum reaction velocity), and ket (rate constants for the catalytic conversion
of the substrate into the product) values of the MNP hydrolysis were calculated from
the Lineweaver—Burk plots of 22a—c and 23-27 in Figure 4 and are listed in Table 1. As
is described above, 22a exhibited the highest values for CTN, Vax, and ket among all
supramolecular complexes with the exception of 25 (Entry 9), which showed a higher Vnax
compared with that of all other supramolecular complexes. The Viax and keat values of 22a
that were higher than those of the other supramolecular complexes could be explained by
the formation of a Li*-OH™ moiety on the benzo-12-crown-4-Li* complex unit and/or by
the direct activation of MNP via the coordination of MNP with the benzo-12-crown-4-Li*
complex. The Vinax and keat values of 22a (with Li*) are greater than those of 21a (with
Li"), possibly due to the more efficient complexation of benzocrown ether units in 22a with
Li* than that of azacrown ether units in 21a, nitrogen atoms in which are considerably
protonated at a neutral pH. It should be noted that 27 possessing a boronophenyl group on
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the (3-phenyl)propionyl side chain (I = 1 in Scheme 4) exhibits moderate reactivity with
a CTN value of ca. 2.1, which is slightly greater than those of 25 and 26, having boron
atoms on the benzoyl side chains (1 = 0 in Scheme 4). These data may suggest that the
distance between the Cuy(u-OH), active site and boronophenyl groups on the side chain of
barbital units affects the reaction mode (e.g., interaction with the substrate and products)
and catalytic activity of these metallosupramolecular phosphatases (their Ky, values are
higher than those of other supramolecular complexes, although we could not calculate
exact values).

Table 1. Typical kinetic (Michaelis-Menten kinetics) parameters for the hydrolysis of MNP by 8 and
AP in a single-phase solvent system (10 mM HEPES buffer (pH 7.4) with I = 0.1 (NaNO3)) at 37 °C,
and by 8, 10, 21a—d, 22a—c, and 23-27 in a two-phase solvent system (CHCl3 /50 mM HEPES buffer

(pH 7.4) with I = 0.1 (LINO3, NaNO3 or KNO3) (2/8)) at 37 °C.

Entry Cat.[al  M™ Vi (uM-min—1) Km (uM) Kcat (min—1) [b] K; (uM) Kn/K;  CTN
" (2.4 +0.2) x 3+1
1 Apld - 1.3£0.1[l 7+ 4l 103 el (competitive) ca.23  >103M

2 8 10-21d] (41+0.3) x 10 10-41d] (mixed-type) ca. 27 0.4
lg] i (1.4 +0.4) x 2y (70+20) x ca. 15

3 9 10-2[s] (5.4 +0.5) x 10 1041zl (competitive) ca. 36 1.0

[h]
[h] i (6.8 £ 0.3) x oy (34£02) x ca. 80 ] _

4 10 10-2 1] (3.84+0.2) x 10 10-3 ] (mixed-type) ca. 4.8 4

5 21a Lit  (22+0.3) x 1072 90 + 6 (1.1 1%95,2) % n.d. nd. 2.4
+ _2 2 (22 + 01) X ca. 40

6 21b Na (44 40.2) x 10 (2.3 +0.3) x 10 10-3 (mixed-type) ca. 4.9 3.9
0] . _2 ) (4.0 £0.2) x ca. 97

7 21c¢ K (7.9 + 0.4) x 10 (5.9 £ 0.3) x 10 10-3 (mixed-type) ca.5.2 47

8 21d Mg> (334 0.4) x 1072 51+3 (1'71%95,2) x n.d. n.d. 4.3

9 22a [l Li* 9.9+ 4.0) x 1072 (6.2 £ 3.5) x 102 (50 foggo) % ca. 22 ca. 48 5.3

10 22bM  Na*  (60+13)x10°2 (3.5 0.8) x 102 (3'01%956) x n.d. ml n.d. ml 3.6

11 22cM K"  (72432)x 1072 (3.6 £2.0) x 102 (3'61%,156) 8 n.d. (=l nd. [m] 4.1

12 23 Na*  (67+12) x 102 94 +2 (33 1%936) % n.d. ml n.d. ml 41

13 241 K+ (5.7 £ 0.4) x 1072 51 43 (2'81%932) % n.d. m n.d. [ 33

14 25 [K] - nd. ml n.d. n.d. [ml n.d. m n.d. [m 1.3

15 26 [k - n.d. [ml n.d. [m n.d. [m n.d. [m n.d. [ml 13

16 27 [k - (1.6 £0.1) x 1072 (1.7 £0.3) x 102 (8'0$944) x n.d. m n.d. [ 2.1

[l Cat = catalyst.

bl Calculated by Vmax/[Catalyst].

[c]' Catalytic turnover numbers determined at

[MNP] = 1000 uM. [4! From Reference [36] (in a single aqueous solution (10 mM HEPES, pH 7.4 with I = 0.1
(NaNO3)). [¢] From Reference [51] (in a single aqueous solution (10 mM HEPES (pH 7.4 with I = 0.1 (NaNO3)).
Ifl Calculated from data in Reference [51]. [8] From Reference [37]. 'l From Reference [39]. [l From Reference [44].
1 Determined in CHCl3 /50 mM HEPES (pH 7.4 with I = 0.1 (LiNO3)) (2/8). ! The MNP hydrolysis was carried
out in CHCl3/50 mM HEPES (pH 7.4 with I = 0.1 (NaNO3)) (2/8). Ul Determined in CHCl; /50 mM HEPES (pH
7.4 with I = 0.1 (KNO3)) (2/8). [™] Not determined.
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4. Conclusions

In this paper, we report on the design and synthesis of novel metallosupramolecular
phosphatases (22-27) from bis(Zn**-cyclen) complex 3 as well as various barbital analogs
functionalized with Lewis acidic moieties and Cu?* ions to improve MNP hydrolysis activ-
ity. The supramolecular complex 22a that contains benzo-12-crown-4-Li* complex achieved
the highest level of catalytic activity among our metallosupramolecular phosphatases in
terms of reaction rates, possibly due to the complexation of the benzo-12-crown-4 units
with Li* near the active site of the supermolecule that activates MNP. The reactivity of
supramolecular phosphatases with boronophenyl groups is dependent on linker length be-
tween boronyl site and barbital moieties. These findings should help with the establishment
of more efficient processes for both enzyme-model reactions and phase-transfer catalysis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/0rg7010009/s1. Figure S1: (a) "H NMR (300 MHz) and (b) 3C
NMR (75 MHz) spectra of 12a (in CD;0D/TMS). Figure S2: (a) 'H NMR (300 MHz) and (b) 3C
NMR (75 MHz) spectra of 12b (in CD;0D/TMS). Figure S3: (a) 'H NMR (300 MHz) and (b) *C
NMR (75 MHz) spectra of 12¢ (in CD;0D/TMS). Figure S4: (a) 'H NMR (300 MHz) and (b) '3C NMR
(75 MHz) spectra of 13a (in CD;0D/TMS). Figure S5: (a) 'H NMR (300 MHz) and (b) 1*C NMR
(75 MHz) spectra of 13b (in CD3;0D/TMS). Figure S6: (a) 'H NMR (300 MHz) and (b) '*C NMR
(75 MHz) spectra of 13¢ (in CD;0D/TMS.
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