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di-Zinc(II) complexes of the ligands 2,6-bis((bis(2-methoxyethyl)amino)methyl)-4-methylphenol (HL1), 2,6-
bis(bis(hydroxyethyl)aminomethyl)-4-methylphenol (HL2) and 2,6-bis((hydroxyethyl)(methoxyethyl)-
aminomethyl)-4-methylphenol (HL3) have been prepared and characterized. The three ligands differ in their
donor types, having ether donors (HL1), alkoxido donors (HL2) and both ether and alkoxido donors (HL3). These
differences allowed an investigation into the role of the potential nucleophiles in the hydrolysis reaction with the
phosphodiester substrate bis(2,4-dinitrophenyl)phosphate (BDNPP). In addition, the di-Mg(II) complex of ligand
HL2 was prepared in order to examine the potential for Mg(II) to replace Zn(II) in these biomimetic systems.
Kinetically relevant pKa values for the three di-Zn(II) complexes were determined to be 7.14 and 9.21 for
[Zn2(L1)(CH3COO)2](PF6), 7.90 and 10.21 for [Zn2(L2)(CH3COO)2](BPh4) and 8.43 and 10.69 for
[Zn2(L3)(CH3COO)2](BPh4). At the respective pH optima the relevant catalytic parameters are kcat =
5.44(0.11) × 10−5 s−1 (Km = 5.13(0.92) mM), 2.60(0.87) × 10−4 s−1 (Km = 5.49(1.51) mM) and
1.53(0.27) × 10−4 s−1 (Km = 2.14(0.50) mM) for [Zn2(L1)(CH3COO)2](PF6), [Zn2(L2)(CH3COO)2](BPh4)
or [Zn2(L3)(CH3COO)2](BPh4), respectively. The di-Mg(II) complex was found to be unreactive in the hydrolysis
reactionwith BDNPPunder the conditions employed. Computationalmethods using the [Zn2(L2)(CH3COO)2](BPh4)
complexwere used to discriminate between different possiblemechanistic pathways. The DFT calculations indicate
that an alkoxido-mediated pathway in the complexes formed with ligands L2 or L3 is unlikely, because it induces
significant distortion of the Zn2(L) unit; a direct attack by a coordinated hydroxide is preferred in each of the
three systems studied here. The calculations also revealed the important role of ligand structural rigidity.
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1. Introduction

We and others, have explored extensively the functional roles that
model complexes can play in reproducing the electronic, structural
and reactivity characteristics of organophosphate-hydrolyzing
metalloenzyme systems [1–26]. One of the prominent issues targeted
in these studies is the identity of the nucleophilic agent(s) in themodels
and in the corresponding metalloenzymes [27]. It is generally accepted
that in the key chemical step in hydrolytic enzymes a hydroxide acts as
the pertinent nucleophile [27]. This hydroxide may be coordinated di-
rectly to a metal ion in the active site, or be located in the second coor-
dination sphere, activated through hydrogen bonding interactions with
amino acid side chains and/or water molecules lining the active site of
the enzyme [27–29]. Exogenous moieties (e.g. serine residues) have
also been implicated as potential nucleophiles in enzymes such as alka-
line phosphatases [27]. Among the various described model systems
contributions to bioinorganic
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there are examples of both complexes that use a metal ion-
coordinated hydroxide as nucleophile, and those that use an alkoxide
moiety for this role [1,30]. In the case of a number of zinc(II) complexes
it has been proposed that a coordinated alcohol group is a stronger nu-
cleophile than a coordinated hydroxide [1,30,31]; in addition, it has
been suggested that the coordinated alcohol is deprotonated at or
below the same pH as a coordinated water molecule [31]. However, it
should be pointed out that in metallohydrolases, enzymes and corre-
spondingmodel complexes, the unambiguous identification of relevant
nucleophiles and hence the elucidation of the mechanistic pathway is
difficult [25,30].

Here, in order to address the issue of identifying relevant
nucleophiles, we describe the synthesis and characterization of the
di-zinc(II) complexes of three closely related ligands, 2,6-
bis((bis(2-methoxyethyl)amino)methyl)-4-methylphenol (HL1), 2,6-
bis(bis(hydroxyethyl)aminomethyl)-4-methylphenol (HL2), and 2,6-
bis((hydroxyethyl)(methoxyethyl)-aminomethyl)-4-methylphenol
(HL3) (Chart 1) [20,32–40]. These ligands provide ether donor (HL1), or
alkoxido donor ligands (HL2), or an asymmetric combination (HL3)
with both ether and alkoxido ligands. The catalytic potential of these
complexes has been explored using the phosphodiester substrate
e nucleophile initiating the hydrolysis of phosphate esters catalyzed by
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Chart 1. Ligands discussed in this work.
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bis(2,4-dinitrophenyl)phosphate (BDNPP). In addition, we have
employed computational methods in an attempt to discriminate be-
tween different mechanistic pathways possible for these systems. As
part of this study the di-Mg(II) complex of ligandHL2 has also been pre-
pared with a view to examining a previous suggestion that Mg(II) is
able to replace Zn(II) in these hydrolytic enzyme model systems
[41–43].

2. Experimental

2.1. General methods and materials

Elemental microanalyses (C, H, N, S) were performed by the
Micro-analytical service at the School of Chemistry and Molecular
Biosciences, the University of Queensland. UV–vis spectroscopy
Please cite this article as: J.J. Brown, et al., Investigation of the identity of th
dinuclear mimics of me..., J. Inorg. Biochem. (2016), http://dx.doi.org/10.1
was recorded with an Agilent 8453 UV–visible Spectrophotome-
ter, IR spectra were recorded with a Perkin-Elmer Frontier FT-IR/
NIR spectrometer SPECTRUM 400 (mode: MIR) with a Smiths
DuraSamplIR II ATR diamond window. The software used for data
processing was Perkin Elmer Spectrum version 10.03.09. 1H NMR
spectra were recorded at room temperature with a 300 MHz
Bruker AV 300/400 spectrometer. The abbreviations s = singlet,
d = doublet, t = triplet, m = multiplet have been employed. 13C
NMR spectra were recorded at room temperature with a 100 MHz
Bruker AV 400 spectrometer. Chemical shifts are reported relative
to d4-MeOD (δC = 49.0(7)). The software used for data processing
was TOPSPIN 3.0 from Bruker. For column chromatography silica
gel (SiO2, grain size 0.04–0.06 nm) produced by Scharlan was used.
Solvent mixtures of methanol and ethyl acetate mobile phases
were used.
e nucleophile initiating the hydrolysis of phosphate esters catalyzed by
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2.2. X-ray crystallography

Crystallographic data for the complexeswere collected unless other-
wise stated at 293(2) K with an Oxford Diffraction Gemini Ultra dual
source (Mo and Cu) CCD diffractometer with Mo (λKα = 0.71073 Å)
or Cu (λKα = 1.5418 Å) radiation. The structures were solved by direct
methods (SIR-92) and refined (SHELXL 97) by full matrix least square
methods based on F2 [44]. These programs were accessed through the
WINGX 1.70.01 crystallographic collective package [45]. All non-
hydrogen atoms were refined anisotropically unless they were disor-
dered. Hydrogen atoms were fixed geometrically and were not refined.
X-ray data of the published structures were deposited with the
Cambridge Crystallographic Data Centre CCDC1429598-1,429,601.
Crystal data are given in Table 1 and selected bond distances and bond
angles in Table 2.

2.3. Syntheses

The 2,6-bis(chloromethyl)-4-methylphenol precursor was prepared
as previously described [46]. The preparation of ligand HL1, and the
characterization of a number of complexes of this ligand, has been re-
ported previously [32–40].

2.3.1. 2,6-bis((bis(2-methoxyethyl)amino)methyl)-4-methylphenol (HL1)
A solution of bis(2-methoxyethyl)amine (2.66 g, 20.0 mmol) in

triethylamine (2.77 mL, 20.0 mmol) and tetrahydrofuran (10 mL) was
prepared and cooled to 0 °C. A solution of 2,6-bis(chloromethyl)-4-
methylphenol (2.05 g, 10.0 mmol) in dichloromethane (8 mL) was
added drop wise. The mixture was stirred at room temperature for 48 h
and then filtered to remove the colorless precipitate of triethylamine
hydrochloride. Removal of the solvents left a yellow oil which was
purified by column chromatography (ethyl acetate/methanol 4:1)
(yield 1.52 g, 37%). 1H NMR (300.13 MHz, CDCl3): δ= 7.10 (s, 2H), 4.10
(s, 4H), 3.67 (s, 8H), 3.31 (s, 12H), 3.07 (s, 8H), 2.22 (s, 3H) ppm.

2.3.2. 2,6-bis(bis(hydroxyethyl)aminomethyl)-4-methylphenol (HL2)
2,6-chloromethyl-4-methylphenol (2.06 g, 10.0 mmol) in dichloro-

methane (9mL)was added slowly to a solution of dihydroxyethylamine
(1.9 mL, 19.8 mmol), triethylamine (2.8 mL) and tetrahydrofuran
Table 1
Crystal data.

[Zn2(L1)(CH3COO)2]PF6 [Zn2(L2)(CH3COO)2]BPh4

Empirical formula C25H43F6N2O9PZn2 C47H58BN3O9Zn2

Formula weight 791.32 950.51
Wavelength (Å) 1.54180 1.54180
Crystal system Triclinic Monoclinic
Space group P-1 P21/n
Crystal size (mm) 0.3 × 0.05 × 0.05 0.5 × 0.5 × 0.5
T (K) 190(2) 190(2)
a (Å) 10.6176(6) 15.0013(5)
b (Å) 12.3509(6) 13.4784(4)
c (Å) 12.6678(6) 23.7110(10)
α (°) 85.694(4)
β (°) 86.610(4) 96.725(3)
γ (°) 85.979(4)
Vol (Å3) 1650.03(15) 4761.2(3)
Z 2 4
μ (mm−1) 3.007 1.692
F (000) 816 1992
ρ (mg/m3) 1.593 1.326
Ind. Reflns 5232 7557
θ range (°) 3.50–62.50 3.78–62.43
GOOF on F2 1.026 1.046
Final R indices[l N 2σ(i)] R1 = .0350

wR2 = .0853
R1 = .0525
wR2 = .1485

R indices (all data) R1 = .0424
wR2 = .0911

R1 = .0599
wR2 = .1591

Please cite this article as: J.J. Brown, et al., Investigation of the identity of th
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(10 mL) at 0 °C. The resulting crude oil was purified in methanol with
column chromatography (yield, 1.58 g, 46.1%). 1H NMR (300.13 MHz,
D2O): δ = 6.92 (s, 2H), 3.76 (s, 4H), 3.64 (t, 3JH,H = 5.7 Hz, 8H), 3.24
(s, MeOH), 2.73 (t, 3JH,H = 6.0 Hz, 8H), 2.12 (s, 3H) ppm.

2.3.3. 2,6-bis(bis(methoxyethyl)-aminomethyl)-4-methylphenol (HL1) and
2,6-bis((hydroxyethyl)(methoxyethyl)-aminomethyl)-4-methylphenol
(HL3)

2,6-chloromethyl-4-methylphenol (3.08 g, 15.0 mmol) in dichloro-
methane (12mL)was added slowly to a solution of dihydroxyethylamine
(2.6 mL 27.0 mmol) and dimethoxyethylamine (3.95 mL 27.0 mmol),
triethylamine (3.75 mL) and tetrahydrofuran (13.5 mL) at 0 °C. The
resulting crude oil was purified inmethanol with three rounds of column
chromatography, each ligand isolated separately (HL1 yield 0.18 g, 3.35%;
HL2 yield 0.17 g, 3.67%; HL3 yield 0.42 g, 7.55%). HL3: 1H NMR
(300.13 MHz, D2O): δ = 6.93–6.91 (d, 2JH,H = 6.0 Hz, 2H), 3.71 (s, 4H),
3.63 (t, 3JH,H = 6.0 Hz, 4H), 3.50 (t, 3JH,H = 5.7 Hz, 4H), 3.25 (s, MeOH),
3.22 (s, 6H), 2.72–2.70 (m, 5.4 Hz–5.7 Hz, 8H), 2.13 (s, 3H).

2.4. Syntheses of the metal complexes

2.4.1. [Zn2(L1)(CH3COO)2](PF6)
2,6-bis((bis(2-methoxyethyl)amino)methyl)-4-methylphenol 2

(0.10 g, 0.25 mmol) was dissolved in methanol (5 mL) and a solution
of zinc acetate dihydrate (0.11 g, 0.50 mmol) in methanol (5 mL) was
added drop wise. The colorless solution was refluxed (70 °C) for 0.5 h
and then cooled to room temperature. Sodium hexafluorophosphate
(0.11 g, 0.60 mmol) was added. The mixture was filtered to remove
the excess sodium hexafluorophosphate and the solution was left in a
beaker so that the solvent evaporated slowly. Colorless crystalswere ob-
tained after 7 days (yield 188 mg, 95%). 1H NMR (300.13 MHz, MeOD):
δ = 7.00 (s, 2H), 3.82 (s, 4H), 3.50 (broad s, 4H), 3.36 (s, 12H), 3.07
(broad s, 8H), 2.91 (m, 4H), 2.23 (s, 3H), 2.01 (s, 6H, CH3COO−) ppm.
13C NMR (100.62 MHz, MeOD): δ = 177.6 (CH3COO−), 161.4, 133.2,
127.7, 125.0, 68.9, 62.7, 59.7, 24.4, 20.4 ppm. ESI-MS (methanol) found:
m/z = 645.1 [C25H43N2O9Zn2]+, 617.1 [C23H39N2O9Zn2]+, 589.2
[C22H39N2O8Zn2]+. IR ν = 2937 (w, br), 1599 (m), 1481 (w), 1428 (m),
1327 (w), 1278 (w), 1099 (m), 1030 (w), 1003 (w), 826 (s), 665 (m),
.CH3CN [Zn2(L3)(CH3COO)2]BPh4.2CH3OH [Mg2(L1)(CH3COO)2]BPh4

C49H67BN2O11Zn2 C46H59BMg2N2O10.5

1001.6 867.38
1.54180 1.54180
Monoclinic Monoclinic
C2/c P21/c
0.4 × 0.4 × 0.3 0.5 × 0.5 × 0.5
190(2) 190(2)
28.7875(9) 29.581(2)
10.8171(3) 13.6638(4)
31.8882(10) 25.722(2)

91.280(3) 115.559(7)

9927.4(5) 9379.2(10)
8 8
1.673 0.936
4224 3696
1.34 1.229
7826 14,711
4.09–62.47 3.31–62.45
1.051 1.09
R1 = .0362
wR2 = .0922

R1 = .1013
wR2 = .2569

R1 = .0406
wR2 = .0988

R1 = .1141
wR2 = .2649
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Table 2
Selected bond lengths (Å) and angles (°).

M = Zn(II) or Mg(II) [Zn2(L1)(CH3COO)2]PF6 [Zn2(L2)(CH3COO)2]BPh4·CH3CN [Zn2(L3)(CH3COO)2]BPh4·2CH3OH [Mg2(L1)(CH3COO)2]BPh4

M(1)-O(1) 2.0119(18) 2.005(2) 1.9982(15) 2.017(4)
M(1)-O(2) 2.1692(19) 2.242(3) 2.1843(16) 2.138(4)
M(1)-O(3) 2.096(2) 2.3747(16) 2.085(5)
M(1)-O(6) 1.9600(19) 2.088(2) 1.9897(17) 2.023(4)
M(1)-N(1) 2.127(2) 2.163(3) 2.1166(19) 2.218(5)
M(2)-N(2) 2.142(2) 2.145(3) 2.1473(19) 2.198(5)
M(2)-O(1) 2.0216(18) 1.990(2) 2.0475(15) 2.013(4)
M(2)-O(4) 2.224(3) 2.1603(17) 2.133(4)
M(2)-O(5) 2.166(2) 2.139(3) 2.2703(19) 2.085(5)
M(2)-O(7) 2.053(2) 2.053(3) 2.1463(17) 2.070(5)
M(1)⋯M(1) 3.270 3.320 3.282 3.366
O(1)-M(1)-O(2) 171.07(8) 163.77(11) 171.88(7) 165.02(19)
O(1)-M(1)-O(3) 96.68(11) 93.47(6) 95.05(19)
O(1)-M(1)-N(1) 92.36(8) 91.50(10) 93.33(7) 90.19(17)
O(2)-M(1)-O(3) 93.51(12) 89.49(6) 92.75(19)
O(3)-M(1)-N(1) 77.60(10) 75.95(7) 77.20(18)
O(2)-M(1)-N(1) 78.85(9) 78.37(11) 80.05(7) 79.08(17)
O(4)-M(2)-N(2) 80.05(11) 76.78(7) 78.40(18)
O(4)-M(2)-O(5) 85.29(9) 87.18(12) 90.30(8) 92.9(2)
O(1)-M(2)-O(4) 169.48(11) 164.45(7) 165.1(2)
O(1)-M(2)-O(5) 167.93(8) 98.22(11) 94.67(7) 94.91(19)
O(1)-M(2)-N(2) 91.14(8) 92.21(10) 89.90(7) 91.00(18)
O(5)-M(2)-N(2) 77.87(11) 77.51(7) 77.04(19)
M(1)-O(1)-M(2) 108.34(8) 112.43(11) 108.40(7) 113.33(19)
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621 (w), 555 (s) cm−1. Anal calc. for C25H43N2O9Zn2PF6 3H2O: C 35.52, H
5.84, N 3.31; found: C 35.83, H 5.34, N 3.21%.

2.4.2. [Zn2(L2)(CH3COO)2](BPh4)
2,6-bis((bis(2-Hydroxyethyl)amino)methyl)-4-methylphenol

(0.17 g, 0.5 mmol) was dissolved in methanol (3 mL) and a solution of
zinc acetate dihydrate (0.22 g, 1.0 mmol) in methanol (3 mL) was
added. The colorless solution was refluxed (65 °C) for 0.75 h and then
cooled to room temperature. Sodium tetraphenylborate (0.205 g,
0.60 mmol) was added, the mixture filtered and the solution was left
in a beaker so that the solvent evaporated slowly. Colorless crystals
were obtained after 2–3 days (yield, 340 mg, 79%). 1H NMR
(300.13 MHz, MeOD): [−BPh4 Counterion] δ = 7.30 (broad s, 8H),
6.98 (t, 3JH,H = 7.5 Hz, 8H), 6.84 (t, 3JH,H = 7.2 Hz, 4H) ppm. [Complex]
δ = 6.94 (s, 2H), 3.82 (broad s, 4H), 3.62 (broad s, 4H), 3.37 (broad s,
4H), 2.96 (broad s, 4H), 2.74 (broad s, 4H), 2.22 (s, 3H), 1.98 (s,
CH3COO−) ppm. 13C NMR (100.62 MHz, MeOD): δ = 178.6
(CH3COO−), 135.9 (−BPh4), 130.7, 125.7, 124.9 (−BPh4), 123.9,
121.3 (−BPh4), 60.1, 56.6, 22.6 (CH3COO−), 18.9 ppm. IR ν =
3493(m), ~3250(w, broad), 3058(m), 1609 (s), 1578 (m), 1475(w),
1427(s), 1308(w), 1284(w), 1032(M), 889(m), 731(m), 710(s),
620(s) cm−1. Anal calc. for C21H35N2O9Zn2BPh4: C 59.42, H 6.09, N
3.08; found: C 59.42, H 6.12, N 3.08%.

2.4.3. [Zn2(L3)(CH3COO)2](BPh4)
The complex was prepared following a similar procedure as de-

scribed for complex with ligand HL2. Colorless crystals were obtained
with tetraphenylborate anion after 2–3 days but were maintained in
the mother liquor prior to collection of X-ray diffraction data (yield,
204 mg 43%). 1H NMR (300.13 MHz, MeOD): δ = [BPh4 Counterion]
δ = 7.25 (broad s, 8H), 6.31 (t, 3JH,H = 7.2 Hz, 8H), 6.80 (t, 3JH,H =
7.2 Hz, 4H) ppm. [Complex] δ = 3.79 (broad s, 4H), 3.57 (broad s,
4H), 3.46 (broad s, 4H), 3.32 (s, 6H), 3.05 (broad s, 4H), 2.75 (broad s,
4H), 2.19 (s, 3H), 1.96 (s, 6H, CH3COO−) ppm. 13C NMR (100.62 MHz,
MeOD): δ = 179.0 (CH3COO−), 136.0 (−BPh4), 131.7, 125.7, 124.9
(−BPh4), 123.6, 121.2(−BPh4), 58.0, 22.8 (CH3COO−) ppm. IR ν =
~3300(w, broad), 3055(m), 1578(s), 1478(m), 1423(s), 1327(m),
1273(m), 1098(m), 1088(m), 849(w), 732(s), 704(s), 620(s) cm−1.
Anal calc. for C23H39N2O9Zn2BPh4.MeOH: C 59.46, H 6.55, N 2.89;
found: C 59.35, H 6.44, N 2.76%.
Please cite this article as: J.J. Brown, et al., Investigation of the identity of th
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2.4.4. [Mg2(L2)(CH3COO)2](BPh4)
The complex was prepared following a similar procedure as de-

scribed for complex with ligand HL2 except magnesium acetate
tetrahydrate (0.22 g, 1.0 mmol) was employed. Colorless crystals were
obtained after 2–3 days andwere left in solution before X-raydiffraction
data collection (yield, 290 mg, 70%). 1H NMR (300.13 MHz, MeOD):
[−BPh4 Counterion] δ = 7.28 (broad s, 8H), 6.96 (t, 3JH,H = 7.5 Hz,
8H), 6.82 (t, 3JH,H = 7.2 Hz, 4H) ppm. [Complex] 6.90 (s, 2H), 3.91
(s, 4H), 3.70 (t, 3JH,H = 5.4 Hz, 8H), 2.83 (t, 3JH,H = 5.4 Hz, 8H), 2.29
(s, 3H), 1.92 (s, 6H). 13C NMR (100.62 MHz, MeOD): δ = 134.2
(−BPh4), 123.2(−BPh4), 119.6 (−BPh4), 55.4, 54.5 ppm. IR ν =
~3240 (w, broad), 3055(m), 1579(s), 1478(m), 1424(s), 1324(m),
1273(m), 1084(s), 847(m), 806(w), 733(s), 704(s), 611(s) cm−1. Anal
calc. for (C21H35N2O9Mg2BPh4: C 65.33, H 6.70, N 3.39; found: C 65.67,
H 6.72, N 3.42%.

2.4.5. Attempted synthesis of [Mg2(L1)(CH3COO)2](PF6)
2,6-bis((bis(2-Methoxyethyl)amino)methyl)-4-methylphenol

(0.11 g, 0.25 mmol) was dissolved in methanol (5mL) and a solution of
magnesium acetate tetrahydrate (0.11 g, 0.50 mmol) in methanol
(5 mL) was added drop wise. The colorless solution was refluxed
(70 °C) for 0.5 h and then cooled to room temperature. 2.50 eq sodium
hexafluorophosphate (0.11 g, 0.60 mmol) were added subsequently. The
mixture was filtered to remove the excess sodium hexafluorophosphate
and the solution was left in a beaker. Evaporation of the solvent left a
colorless oil (54.1 mg, 31%). All attempts to crystallize the complex
from a range of solvents were unsuccessful.

ESI�MS methanolð Þ found : m=z
¼ 563:3 C25H43N2O9Mg2½ �þ;535:3 C23H39N2O9Mg2½ �þ:

2.5. Phosphatase activity measurements

Kinetic studies of the phosphatase-like activity of the complexes
towards the substrate BDNPP were carried out by monitoring the
formation of 2,4-dinitrophenolate (DNP) anion at 400 nm. A Varian
Cary50 Bio UV/Visible spectrophotometer was employed with
10 mm quartz cuvettes and a Peltier temperature controller to main-
tain a temperature of 298 K. Measurements were taken using a 50:50
buffer/acetonitrile solution, 40 μM complex and 5 mM BDNPP in
e nucleophile initiating the hydrolysis of phosphate esters catalyzed by
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acetonitrile. The aqueous buffer consisted of 50 mM MES (2-(N-
morpholino)ethanesulfonic acid) (pH 5.50–6.70), HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) (pH 7.00–8.50),
CHES (2-(N-cyclohexylamino)ethane sulfonic acid) (pH 9.00–
10.00) and CAPS (N-cyclohexyl-3-aminopropanesulfonic acid)
(pH 10.5–11) at constant ionic strength using 250 mM LiClO4. The pH
was adjusted using NaOH to give buffers ranging from pH 5.0 to 10.5.
These were then treated with Chelex for 24 h and filtered through a
0.45 μm Millex syringe-driven filter. For the kinetic measurements the
complex and buffer were mixed and left for 1 min before the addition
of the substrate; after a short period for equilibration in the reaction
chamber the initial rates were determined over a period of 3 min. As-
says were carried out in 50:50 MeCN:buffer, with substrate and com-
plex initially dissolved in MeCN. The pH values reported are those of
the aqueous component; it should however be noted that the pH of a
solution of the buffer was the same within error as a 1:1 mixture of
buffer and acetonitrile [47,48]. Assays performed to investigate the ef-
fect of pH (over a pH range of 5.5–11.0) on the hydrolytic properties
of the complexes contained 250 μM of the Zn(II) complexes and
750 μM of the Mg(II) complex with 5 mM of BDNPP; no buffer effects
were detected. Assays to assess the effect of the substrate concentration
used the same complex concentrations with 1–10 mM in BDNPP. Back-
ground assays for autohydrolysis were subtracted from the data. The
change in absorbance produced by the hydrolysis of BDNPP by free
Zn(II) (from Zn(CH3COO)2·2H2O), using similar concentrations as
with the complexes, did not vary significantly from the measured
autohydrolysis rates. All data were fitted by non-linear least square re-
gression analysis.

2.6. Computational modeling

Density functional theory (DFT) calculations were performed in
Gaussian 09 [49]. Geometry optimizations employed the B3LYP func-
tional [50–53] and a mixed basis set consisting of LANL2DZ on Zn and
6-31G(d) on other atoms. Harmonic vibrational frequency calculations
were used to identify whether stationary points were local minima
(zero imaginary vibrational frequencies) or transition states (one imag-
inary frequency) and to obtain zero-point energy and thermochemical
corrections. Solvation energies in water were computed with the SMD
implicit solvent model [54] using the same functional and basis set.
Single-point energies were then calculated with the M06 functional
[55] and a mixed basis set consisting of LANL2DZ on Zn and 6-
31G(d,p) on other atoms. Gibbs free energy in solution was calculated
by adding the B3LYP zero-point energy, thermochemical corrections
and solvation energy to the M06 potential energy. A standard state of
298.15 K and 1 mol/L was used. Certain transition states for P–O bond
formation or P–O bond cleavage could not be located by direct optimi-
zation to a first-order saddle point. In these cases the procedure for
identification of the transition state involved stretching the relevant
P–O bond of the phosphorane intermediate in 0.1 Å increments and
locating the maximum in ΔG(B3LYP) along the bond-stretching
coordinate.

3. Results and discussion

3.1. Syntheses

The ligands described were prepared by the reaction between
2,6-bis(chloromethyl)-4-methylphenol precursor and either bis(2-
methoxyethyl)amine, bis(2-hydroxyethyl)amine, or both, the synthetic
approach to HL3 utilizing a statistical reaction resulted in HL1, HL2 and
HL3 which were separated through column chromatography. The metal
complexes were prepared by the reaction of the appropriate ligands
with zinc(II) acetate resulting in complexes [Zn2(L1)(CH3COO)2](PF6),
[Zn2(L2)(CH3COO)2](BPh4) and [Zn2(L3)(CH3COO)2](BPh4), or the reac-
tionwithmagnesium(II) acetate to produce [Mg2(L2)(CH3COO)2](BPh4);
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attempts to prepare the [Mg2(L1)(CH3COO)2](PF6) complex resulted in
an oil which was not able to be obtained in solid form. However, the
mass spectrum in methanol suggested the presence of the desired com-
pound. The crystals of the zinc complexes with HL2 and HL3 as well as
the magnesium complex were found to desiccate upon separation from
the mother liquor, and were therefore kept in solution prior to structural
analysis.

The nomenclature employed for these types of ligands (HL1, HL2
andHL3, Chart 1) follows that described previously [48]. The nomencla-
ture denotes the number of labile protons upon complexation; there are
a number of deprotonations possible— from the phenolic –OH and from
the alcohol pendant arms of the ligands. The analyses of the complexes
suggest that in all cases a single anionic entity is present (PF6− or BPh4−)
and that a single deprotonation of the ligand has occurred on complex-
ation. Therefore, designation of the ligand as L1, L2 and L3 implies a
single deprotonation and a monoanionic ligand.

3.2. X-ray structures

The X-ray crystal structures of the four complexes all show the
presence of a complex cation composed of the respective ligand,
and two metal ions triply linked by the deprotonated phenol moiety
from the ligand and by two bridging acetate groups, with either
tetraphenylborate or hexafluorophosphate as the uncoordinated
anion. Selected crystallographic data are shown in Table 1, selected
bond lengths and angles are displayed in Table 2. ORTEP plots of
the four complex cations are shown in Fig. 1(a)–(d).

For the complexes [Zn2(L2)(CH3COO)2](BPh4), [Zn2(L3)
(CH3COO)2](BPh4) and [Mg2(L2)(CH3COO)2](BPh4) each six coordi-
nate metal ion environment is composed of a NO5 chromophore con-
taining a tertiary amine, two alcohol and/or ether-O donors, and two
oxygens from the bridging acetates. The six-coordinate geometry is
completed by the bridging oxygen from the phenoxide in each
case. The Zn–O and Zn–N distances are typical of those reported for
this type of complex [1,23,30,35,56]. The structure of the zinc(II)
complex with ligand HL1 has been reported previously as the
tetraphenylborate salt, [Zn2(L1)(CH3COO)2]BPh4 [35]; in our case
the PF6− salt, [Zn2(L1)(CH3COO)2](PF6), was isolated. Both structures
exhibit two short Zn(II)–O–CH3 bonds (2.166 and 2.1669 Å, PF6−;
2.214(5) and 2.197(3) Ǻ, BPh4

−) and two are considerably longer
(2.523 and 2.528 Å, PF6−;2.362(4) and 2.440(3) Ǻ, BPh4

−) [35]. This
has also been observed previously for similar zinc complexes [1].
Themetal–metal distances range from 3.270 Ǻ to 3.366 Ǻ, the longest
being that for the di-Mg(II) complex.

There are numerous reports of di-Mg(II) complexes in the literature
with many examples of phenoxo-bridged macrocycles [57–72]. Of
relevance to this work is the reported structure of the complex
hemi[hexaaquamagnesium(II)](μ-2,6-
bis[(bis(carboxylatomethyl)amino)methyl]-4-chloropheno-
lato)bis[diaquamagnesium(II)] decahydrate (Chart 1, I) [70], which
has Mg–N distances of 2.210(2) Ǻ and 2.201(2) Ǻ compared to
2.197(5)Ǻ and 2.218(5)Ǻ in [Mg2(L2)(CH3COO)2](BPh4). Furthermore,
for [Mg2(L2)(CH3COO)2](BPh4) Mg-μ-O(phenoxide) 2.016(4) Ǻ and
2.013(4) Ǻ, Mg…Mg 3.366 Ǻ and Mg–O–Mg 113.37(19)° whilst for
the previously reported structure [70], Mg-μ-O(phenoxide) 2.062(2) Ǻ
and 2.072(2) Ǻ, Mg…Mg 3.787(1) Ǻ, and Mg–O–Mg 132.72(9)°.

3.3. Phosphatase-like activity

Phosphatase-like activities of the zinc complexes [Zn2(L1)
(CH3COO)2](PF6), [Zn2(L2)(CH3COO)2](BPh4), [Zn2(L3)(CH3COO)2]
(BPh4) were measured using the activated substrate BDNPP. Based on a
series of previous studies [30,73–80] the underlying assumption of our
approach is that the two metal ion-bridging acetate groups dissociate in
aqueous environment, thus providing binding sites for the substrate
and water molecules from the solvent. While other scenarios are, in
e nucleophile initiating the hydrolysis of phosphate esters catalyzed by
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Fig. 1.ORTEPplot of (a) [Zn2(L1)(CH3COO)2]+; (b) [Zn2(L2)(CH3COO)2]+ (disorder is present in one chelate ring); (c) [Zn2(L3)(CH3COO)2]+; (d) [Mg2(L2)(CH3COO)2]+. Hydrogen atoms,
counter ions and labels of non-coordinating atoms have been omitted for clarity.
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principle, possible (e.g. partial dissociation of one or both acetate groups)
there is currently no evidence to support these alternatives. For each
complex the dependence of the reaction rate on pH was determined in
the range between pH 5 to 10.5. The pH-rate profiles for each of the
three Zn complexes followabell-shaped curve but their pHmaximadiffer
(Fig. 2a). [Zn2(L1)(CH3COO)2](PF6) exhibits a rate maximum at pH 8
whereas [Zn2(L2)(CH3COO)2](BPh4) and [Zn2(L3)(CH3COO)2](BPh4)
display maxima at pH 9 and 9.5, respectively. The pH profiles were
fitted using Eq. (1) [81]:-

ν0 ¼ νmax

1þ Hþ� �
Ka1

þ Ka2

Hþ� �
 ! ð1Þ

where ν0 is the rate of formation of DNP (M s−1) and νmax is themaximal
(pH independent) rate. From the fitted data it is possible to extract
the kinetically relevant pKa values for the three complexes, i.e. pKa1 =
7.14, 7.90 or 8.43, and pKa2 = 9.21, 10.21 or 10.69 for [Zn2(L1)
(CH3COO)2](PF6), [Zn2(L2)(CH3COO)2](BPh4) or [Zn2(L3)(CH3COO)2]
(BPh4), respectively.

For each of the three Zn complexes the dependence of the reaction
rate on the substrate (BDNPP) concentration was measured at the re-
spective pH optima (i.e. pH 8, 9.0 and 9.5; Fig. 2b). The data were fitted
using non-linear least square analysis to provide an estimate for the kcat
value and Michaelis constant (Km): kcat = 5.44(0.11) × 10−5 s−1,
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2.60(0.87) × 10−4 s−1 or 1.53(0.27) × 10−4 s−1, and Km =
5.13(0.92) mM, 5.49(1.51) mM or 2.14(0.50) mM for [Zn2(L1)
(CH3COO)2](PF6), [Zn2(L2)(CH3COO)2](BPh4) or [Zn2(L3)(CH3COO)2]
(BPh4), respectively. In each case the kcat value shows an acceleration
of the reaction rate of at least ~103 fold over the uncatalyzed hydrolysis
of BDNPP (kuncat = 3.88 × 10−7 s−1) [82].

The [Mg2(L2)(CH3COO)2](BPh4) complex displayed very low activi-
ty over the entire pH range andwas thus not further investigated. A DFT
study of the hydrolysis mechanisms of the phosphomonoester p-
nitrophenylphosphate catalyzed by unsymmetrical dinuclear Zn(II)2
and Mg(II)2 complexes [41] concluded that, based on its hard base
properties, Mg(II) ion should be able to substitute for other divalent
ions in dinuclear phosphatases [41]. However, as demonstrated above,
and at least for the systems reported in this work, Mg(II) is not capable
of effectively replacing Zn(II) to promote the hydrolysis of substrates
such as the activated phosphoester BDNPP.

The pH rate profiles for the zinc complexes are consistent with the
existence of two protonation equilibria relevant for the reaction; for
each complex thedeprotonation associatedwith pKa1 leads to an activa-
tion of the reaction, whereas the deprotonation associated with pKa2

has the opposite effect. The magnitude of the pKa1 values are consistent
with their assignment to either a zinc(II)-bound pendant alcohol or a
zinc(II)-bound water molecule [1]. Both are potential nucleophiles in
these complexes and both have been suggested previously to be active
in such systems [1,31]. Studies have suggested that a zinc(II)-
e nucleophile initiating the hydrolysis of phosphate esters catalyzed by
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Fig. 2. (a) Plot of pH dependence of initial rate of BDNPP hydrolysis (5 mM) by
[Zn2(L1)(CH3COO)2](PF6) (●), [Zn2(L2)(CH3COO)2](BPh4) (x), and [Zn2(L3)(CH3COO)2]
(BPh4) (♦): the fit to the data using Eq. (1) is shown as the solid line. (b) Plot of
substrate dependence of initial rate of BDNPP hydrolysis (5 mM) by [Zn2(L1)
(CH3COO)2](PF6) (●) (pH 8), [Zn2(L2)(CH3COO)2](BPh4) (x) (pH 9), [Zn2(L3)
(CH3COO)2](BPh4) (♦) (pH 9.5); the fit to the data using the Michaelis–Menten
equation is shown as the solid lines.
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coordinated alcohol has a lower pKa than a zinc(II)-coordinated water
[30,31,83–85], however the differences may not be significant and the
unambiguous identification of the relevant nucleophile is frequently
dependent on additional data such as those from labeling studies
with H2O16/18 [1]. However, even then the possibility of a mechanism
involving both a Zn–OH moiety and a bound alkoxide in a two-step
reaction may not be discounted [1]. In the case of [Zn2(L1)
(CH3COO)2](PF6) the assignment of the nucleophile (i.e. pKa1) is
unambiguous in that the molecule does not contain a coordinated alk-
oxide (Chart 1) and the ether donors are not nucleophilic; hence, here
pKa1 is assigned to a Zn–OH2 moiety. For the other two complexes,
[Zn2(L2)(CH3COO)2](BPh4) and [Zn2(L3)(CH3COO)2](BPh4), the situa-
tion is less straightforward. The catalytic parameters of all three com-
plexes are similar to those of various examples of di-Zn(II) complexes
of this type [25,78]. For [Zn2(L1)(CH3COO)2](PF6) a coordinated
hydroxido ligand can be proposed as the active nucleophile; as for the
other complexes [Zn2(L2)(CH3COO)2](BPh4) has a symmetric donor
set and alkoxide donors, and [Zn2(L3)(CH3COO)2](BPh4) is an example
of a systemwith an asymmetric donor set and these are predicted to be
more realistic models for the enzyme systems [23]. In order to under-
stand more of the potential mechanistic pathways for the reactions of
these complexes computational studies were undertaken.
Please cite this article as: J.J. Brown, et al., Investigation of the identity of th
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3.4. Computational modeling

Density functional theory (DFT) calculations were performed to ex-
plore the roles of coordinated hydroxide and alkoxide nucleophiles in
the mechanism of phosphorolysis; specifically, the calculations focused
on the di-zinc complex of L2 (Chart 1), in which either a metal-bound
water molecule or one of the alcohol ligands could give rise to the cata-
lytic nucleophile. bis(para-Nitrophenyl)phosphate (BNPP) was used as
the model substrate. The computations were performed at the M06/6-
31G(d,p)-LANL2DZ//B3LYP/6-31G(d)-LANL2DZ level of theory [50–53,
55], simulating an aqueous medium with the SMD implicit solvent
model [54]. Density functional theory calculations have previously
been used to study phosphate and amide hydrolysis by related dizinc
complexes [21,40,41,85–89].

Generation of the catalytically active complex from [Zn2(L2)
(CH3COO)2]+ is thought to require the initial dissociation of the acetate
ligands [27,90]. One ormore of the coordination sites made available by
the loss of these acetate groups is likely to be occupied by water mole-
cules, but their exact number is not known (andmay also vary in differ-
ent systems). Therefore, a range of possible pathways were modeled,
involving zero, one or two water ligands, coordinated in either a
monodentate or metal-bridging mode. Different binding modes for the
phosphate ester substrate (i.e. mono-, bi- or tridentate) were also ex-
plored, with either a coordinated hydroxide or alkoxide acting as the
catalytic nucleophile.

Scheme 1 shows the lowest-energy reaction mechanisms that were
identified for hydroxide (Path A) and alkoxide (Path B) nucleophiles.
Both pathways originate from the same starting complex (1), which
contains one water molecule bound to zinc. The water is deprotonated
to form the catalytic nucleophile in the hydroxide-mediated pathway
(Path A), and is a spectator in the alkoxide-mediated pathway (Path
B). The kinetically relevant pKa1 for this complex (7.91) is consistent
with deprotonation of either a metal-bound water or alkoxide and it is
likely that both of the monodeprotonated species, 1a− and 1b−, may
be capable of formation at pH 9, the conditions of the experiment. The
calculations suggest that in Path A, the nucleophilic hydroxide prefers
to be bound to a single zinc centre only, rather than bridging between
the two zinc ions. Geometry optimizations commencingwith a bridging
hydroxide converged to amonodentate complex. The geometries of the
transition states for nucleophilic attack on BNPP by the coordinated hy-
droxide (TSA) or alkoxide (TSB) are shown in Fig. 3.

Importantly, the metal ion harboring the nucleophile is six-
coordinate, while the other one has five ligands only. In both hydrolysis
pathways, the nucleophile prefers to occupy a coordination site in cis
position relative to the nitrogen and the phenolate oxygen ligands.
Attack on BNPP by the hydroxide nucleophile (TSA) is computed to
have an activation barrier ΔG‡ of 23.9 kcal/mol, while attack by the
alkoxide nucleophile (TSB) has a barrier of 34.5 kcal/mol. These ΔG‡

values are computed with respect to the most stable form of the
monodeprotonated reactant complex 1− (see the Supporting Informa-
tion). The immediate products of hydroxide and alkoxide attack are
phosphoranes 2 and 3, respectively. These phosphoranes are predicted
to occupy shallow energy wells, where the barrier for the loss of one
of the nitrophenolate leaving groups is small or nonexistent. The
phosphorane intermediate 2 in the hydroxide-mediated pathway
(Path A) loses one nitrophenolate moiety to form 4, which is a complex
of Zn2(L2) with the product, i.e. (p-NO2C6H4O)P(OH)O2

−. Ligand ex-
change with BNPP and water is proposed to complete the catalytic
cycle. In the alkoxido-mediated pathway (Path B), after the loss of the
nitrophenolate leaving group from phosphorane 3 the phosphorus
remains covalently bound to L2 (see 5). Completion of the catalytic
cycle requires hydrolysis of the covalent alkoxido–phosphate bond.
The mechanism of this step is unknown and requires a second nucleo-
phile. While the identity of this nucleophile remains obscure, the
10.6 kcal/mol difference in activation barriers between TSA and TSB in-
dicates that the alkoxide-mediated pathway (Path B) is highly
e nucleophile initiating the hydrolysis of phosphate esters catalyzed by
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Scheme 1. Computed reaction mechanisms for hydrolysis of BNPP by the dizinc complex of L2 involving either a coordinated hydroxide nucleophile (Path A) or a coordinated alkoxide
nucleophile (Path B). Gibbs free energies in water computed with M06/6-31G(d,p)-LANL2DZ//B3LYP/6-31G(d)-LANL2DZ are shown (kcal/mol).
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unfavorable and is thus unlikely to play any significant role in phos-
phate ester hydrolysis at 25 °C.

The different barrier heights for hydroxido- and alkoxido-mediated
attacks reflect the different degrees of structural reorganization that
the Zn2(L2) unit undergoes when forming the respective transition
states TSA and TSB. This is illustrated by the top-down views of the
precatalyst and the transition states, shown in Fig. 3(b). In the favored
TSA, the Zn2(L2) unit has a similar conformation to that in precatalyst
[Zn2(L2)(CH3COO)2](BPh4). The phosphate is bound in such a way
that two of its oxygen atoms are positioned, approximately, in the
same coordination sites formerly occupied by the acetate groups. By
contrast, in the alkoxido-mediated pathway, significant reorganization
of the Zn2(L2) core occurs. One of the phosphate oxygen atoms in TSB
is located underneath the phenolate group, where it binds to both
metal centers. To accommodate this bridging interaction, the Zn2(L2)
unit needs to undergo significant distortions. The structural reorganiza-
tion is perhaps most evident in the angle between the Zn–Zn axis and
the plane of the central phenolate ring (Fig. 3(b)); this angle is about
45° in both [Zn2(L2)(CH3COO)2](BPh4) and in TSA, but has twisted to
20° in TSB. The structural reorganization of the Zn2L2 unit in TSB in-
duces strain within the L2 ligand and distortion of the zinc coordination
spheres, which together represent the main reason for the high energy
of TSB relative to TSA.

The calculations therefore reveal the important role of ligand struc-
tural rigidity. A related computational study revealing the influence of
catalyst flexibility on the rates and mechanisms of phosphodiester hy-
drolysis by a di-zinc(II) complex of bismacrocyclic ligand II (Chart 1)
was recently reported by Maxwell, Mosey, and Brown [91]. The mode
of substrate binding and hydrolysis computed for the di-zinc(II) com-
plex of L2 (TSA) resembles the mechanism recently proposed by Zhao
et al. for the di-zinc(II) complex of macrocyclic oxyimine/phenolate li-
gand III (Chart 1) [41,89]. In that case, no alcohol donor was present
but the binding mode of the phosphate between the metal centers in
Please cite this article as: J.J. Brown, et al., Investigation of the identity of th
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the transition state was the same as in TSA. DFT calculations predicted
that for themacrocyclic complex, direct attack by a coordinated hydrox-
ide was preferred relative to an alternative mechanism where the Zn–
OH group deprotonated a nearby water molecule to generate the active
nucleophile.

The calculated barrier (ΔG‡) of 23.9 kcal/mol for hydroxide-
mediated BNPP hydrolysis via TSA corresponds to a kcat of
2 × 10−5 s−1, which is in good agreement with the experimental kcat
of 2.60 × 10−4 s−1 for the hydrolysis of the more reactive substrate
BDNPP (vide supra). The predicted lack of involvement of any
alkoxide-mediated pathway agrees well with the experimental kcat
values for the di-Zn(II) complexes of L1, L2, and L3, which vary by a fac-
tor of only five. The similar kcat values are consistent with a common
catalytic mechanism, where the small differences in rates for the com-
plexes of L1–L3 would reflect small differences in the nucleophilicity
of the coordinated hydroxide in each complex, rather than a role for
alkoxido-mediated pathways in the L2 and L3 complexes.

4. Conclusions

The synthesis and characterization of the di-zinc(II) complexes of the
ligands 2,6-bis((bis(2-methoxyethyl)amino)methyl)-4-methylphenol
(HL1), 2,6-bis(bis(hydroxyethyl)aminomethyl)-4-methylphenol
(HL2), and 2,6-bis((hydroxyethyl)(methoxyethyl)-aminomethyl)-
4-methylphenol (HL3) has been investigated. The ligands differ in
their donor types with HL1 having ether donors, HL2 alkoxido do-
nors and HL3, being an asymmetric ligand, possessing both ether
and alkoxido donors. The goal was to investigate the role of the po-
tential nucleophiles in the hydrolysis reactionwith the phosphodies-
ter substrate BDNPP. In addition the di-Mg(II) complex of ligand HL2
was prepared in order to examine the potential for Mg(II) to replace
Zn(II) in these biomimetic systems. The three di-zinc(II) complexes
were found to display very similar pKa values irrespective of the
e nucleophile initiating the hydrolysis of phosphate esters catalyzed by
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Fig. 3. (a) Transition states for hydrolysis of BNPP by the dizinc complex of L2 in water, computed at the M06/6-31G(d,p)-LANL2DZ//B3LYP/6-31G(d)-LANL2DZ level of theory (bond
distances in Å, ΔG‡ in kcal/mol). (b) Top-down views showing the conformation of the Zn2(L2) unit in TSA and TSB as compared with the X-ray structure of [Zn2(L2)(CH3COO)2](BPh4).
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presence of potential hydroxido or alkoxido nucleophiles; Computa-
tional methods were used in an attempt to discriminate between the
mechanistic pathways possible for these systems. The DFT calcula-
tions indicate that an alkoxido-mediated pathway in the complexes
formed with ligands L2 or L3 is unlikely, because it induces signifi-
cant distortion of the Zn2(L) unit; a direct attack by a coordinated hy-
droxide is preferred in each of the three systems studied here.
Interestingly, and in contrast to a previous theoretical study, Mg(II)
was not able to reconstitute significant catalytic activity.
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