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Highlights
e Hetero and homodinuclear complexes of Fe, Zn and Ni act as functional mimics of
hydrolases.
e Mass spectrometric detection of catalytically active monoaquated and dihydroxo species.

e Mass spectrometric detection of catalyst-substrate species in phosphodiester hydrolysis.



Abstract: Heterodinuclear mixed valence [Zn(I)-Fe(IIl)] and the homodinuclear
[Zn(I)—Zn(11)] and [Ni(I)-Ni(II)] complexes of a bicompartmental ligand containing a bridging
phenoxy as a O—donor and four pyridyl moieties and two amine moieties as the N—donors
exhibit phosphoester hydrolysis activity similar to the hydrolase family of enzymes. While the
heterodinuclear [Zn(I)-Fe(Ill)] (2) complex was obtained by the sequential addition of
Fe(NO3)3*9H,0 and Zn(OAc)2+2H,0 to the ligand 2,6-bis{[bis(2-pyridylmethyl)amino]methyl}-
4-t-butylphenol (HL) (1) in moderate yield of 37 %, the homodinuclear [Zn(II)-Zn(II)] (3) and
[Ni(II)-Ni(I)] (4) complexes were obtained by the direct reaction of the ligand (1) with
Zn(OAC),22H,0 and Ni(OAc),*2H,0 respectively, in good to moderate yields (43-63 %).
Based on the spectrophotometric titration and the mass spectrometry studies, a monoaquated and
dihydroxo species 2C, 3C and 4C has been identified as the catalytically active species
responsible for the phosphodiester hydrolysis of the bis(2,4—dinitrophenyl)phosphate
(2,4—BDNPP) substrate in the pH range 5.5-10.5. The Kinetic studies further revealed that the
homodinuclear [Ni(ID)—-Ni(II)] complexes (4) (ke = 1.26 x 10 s is more active by 39 times
than the homodinuclear [Zn(I)-Zn(I)] complexes (3) (Keat = 3.20 x 10 s™) and 27 times more
active than the heterodinuclear [Zn(Il)~Fe(Ill)] complex (2) (Kear = 4.62 x 10™ s) in the
phosphodiester hydrolysis activity. Significantly enough, the catalyst—substrate adduct species
(2E, 2F and 3F) containing a metal bound bis(2,4—dinitrophenyl)phosphate has been detected by

mass spectrometry for the first time.



Introduction

Metalloenzymes participate in a wide variety of important chemical transformations in biology
that are vital to life [1-4]. Metalloenzymes contaning various types of active sites [5] like, the
mononuclear ones that engage in oxygen transport and storage [6, 7], and in electron transfer
reactions [8-10], the dinuclear ones involve in hydrogenation [11], oxidation [12] and hydrolysis
reactions [13, 14] and the polynuclear ones in electron transfer reactions [10]. Of these, the
hydrolysis reaction constitutes an important domain in the area of energy generation and DNA
cleavage activities [15, 16]. In this context the dinuclear metalloenzymes namely, purple acid
phosphatase (PAP) and zinc phosphoesterase bear mention as they carry out the hydrolysis of

phosphoester bonds [13, 16-20].

The active sites of PAP, as isolated from fungi, plants and mammals, contains M(I11)—Fe(l1l)
[M(Il) = Fe, Zn, Mn] type metal core [21-27], of which the Fe(lll) site is coordinated to a
tyrosine, histidine, a monodentate aspartate residue and a terminal hydroxo moiety while the
M(I1) site is coordinated with two histidine, an asparagine residue along with a terminal water
molecule, and a bridging aspartate and a hydroxo moiety [28-30]. The active site of zinc
phosphoesterase as isolated from Pseudomonas diminuta, contains a homodinuclear [Zn(ll)-
Zn(11)] type metal core with one of the Zn(ll) center being bound to two histidine moieties while
the other Zn(I1) center bound to two histidine, an aspartate residue, a bridging carbamylated
lysine and a hydroxo moiety [31, 32]. The current synthetic modelling study of dinuclear active
sites of the phosphoesterase enzymes also gains prominence in the context of several
Organophosphate Hydrolases (OPHSs) that are found in soil dwelling micro-organism [13, 33-

36]. Of the several organophosphate hydrolases (OPHs) that are known, the phosphotriesterase



(PTE) enzyme, found in Flavobacterium sp ATCC 27551 and P. diminuta, is by far the most
studied one and is known to possess a homodinuclear [Zn—Zn] active site [37, 38]. Hence, in this
context, the current attempt of performing biomimetic studies of the homo- and the
heterodinuclear transition metal complexes assume relevance. In particular, in order to
understand the role of zinc in the heterodinuclear PAP and the homodinuclear OPH enzymes, we
wanted to employ other transition metal complexes including nickel in synthesizing the enzyme

mimics.

Various ligands both of the symmetrical [39-49] and unsymmetrical [31, 42, 50-57] types having
a variety of binucleating metal bridging sites namely {[N3O], [N3O]} [41-43, 58-61], {[N3O],
[N2O2]} [55-57, 62-70], {[N3O], [NOs]} [71, 72], {[N3O], [N2OJ} [73], {[N2Oz], [NOs]} [52]
{IN202], [N2O]} [31, 74-79], {[N20Oz], [N20-]} [79-85], {[N20], [N201} [86-89] and the {[NO],
[N3O]} [90] types have been reported in literature. In this regard, we intend to design synthetic
mimics of the dinucleating enzymes namely, PAP and zinc phosphoesterase using a symmetrical

ligand containing a phenoxy bridge and tetra pyridine side arms.

One of our longstanding interest remains in designing synthetic models for various types of
mononuclear and dinuclear metalloenzymes, for example, catechol oxidase [91], the catechol
dioxygenase [92] and the galactose oxidase [93]. In this context, we set out to design synthetic
mimics of PAP and zinc phosphoesterase containing dinuclear active sites using
bicompartmental ligands. In this pursuit, we have recently reported an [N¢O] type
unsymmetrical ligand and its corresponding heterodinuclear M(I1)-Fe(l1l) (M = Zn, Ni, Co and

Cu) complexes as the small molecule models for the PAP enzyme [94]. To gain more insight



into the nature of these types of active site models, we undertook the synthesis of symmetrical

ligands and their transition metal complexes.

Here in this manuscript, we report the synthesis and structural characterization of the dinuclear
{L[M*(1=OAC),M?1}(BPhs), {[where, M* = Zn(11), M? = Fe(lIl) (2); n = 2: M* = M? = Zn(11) (3)
and Ni(ll) (4); n = 1] and L = 2,6-bis{[bis(2-pyridylmethyl)amino]methyl}-4-t-butylphenoxide}
complexes supported over a bicompartmental [NgO] type symmetrical ligand that serve as

synthetic mimics of the active sites of PAP and the zinc phosphoesterase enzymes (Scheme 1).
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Scheme 1. Synthesis of the the hetero- and homodinuclear complexes supported over symmetrical [NgO] ligand 1.



Results and discussion

Dinuclear metal complexes

The phenoxy Dbridge bicompartmental [NgO] ligand namely,  2,6-bis{[bis(2-
pyridylmethyl)amino]methyl}-4-t-butylphenol (HL) (1), containing a phenoxy moiety, four
pyridyl and two amine moieties, was synthesized according to the literature procedure [95]. The
heterodinuclear mixed valence [Zn(ll)-Fe(Ill)] (2) was prepared from the ligand by the
sequential addition of the metal precursors, Fe(NO3)3*9H,0 and Zn(OAc),*2H,0 in the presence
of NaOAc followed by the addition of NaBPh, resulting in the precipitation of the product in 37
% vyield. Likewise, the homodinuclear [Zn(IT)-Zn(II)] (3) and [Ni(I)-Ni(II)] (4) were prepared
directly from the ligand HL (1) by the addition of Zn(OAc),*2H,O and Ni(OAc),*2H,0
respectively, in the presence of NEt; as a base and subsequent precipitation of the product with

NaBPh, in 43-63 % of yield (Scheme 1).

The characteristic tyrosine-to-Fe(lll) charge-transfer transition that appear at ca. 546 nm (g =
2000 M™*cm™) in PAP enzyme [96, 97] could be observed in the heterodinuclear [Zn(11)—Fe(111)]
(2) complex at 562 nm (¢ = 864 M™cm™), similar to that observed in other related metal
complexes [98, 99], along with the ligand based transitions at 225 nm and 294 nm (Table 1 and
Supporting Information Figure S6—S7). Quite expectedly, the homodinuclear [Zn(11)-Zn(11)] (3)
complex did not show the characteristic ligand-to-metal charge-transfer transition but only
exhibited ligand based transitions at 220 nm, 259 nm and 306 nm (Table 1 and Supporting
Information Figure S30) [59]. Similarly, the homodinuclear [Ni(I)—-Ni(l)] (4) complex also
lacks the characteristic ligand-to-metal charge-transfer transition but exhibited ligand based

transitions at 215 nm, 257 nm and 311 nm along with the d—d transitions occurring at 600 nm



and 961 nm [100, 101]. The weak absorption bands arising at 776 nm and 824 nm can be
attributed to spin forbidden transitions (Table 1 and Supporting Information Figure S44—S45)

[101].

The molecular structures of the heterodinuclear [Zn(I)-Fe(1I)] (2) complex and the
homodinuclear [Zn(IT)-Zn(II)] (3) and [Ni(II)-Ni(II)] (4)] complexes, as determined by the X-
ray single crystal diffraction studies, showed two metal centers being stabilized by a bridging
phenoxide, four pyridyl and two amine moieties of the symmetrical [NsO] ligand (1) in each of
the three complexes (Table 4, Figure 1 and Supporting Information Figures S1-S2). The two
M-0 distances of the metal bound to a bridging phenoxide—O atom distances were observed to
be in the range of 2.0050(12)-2.0493(12) A and 2.0169(12)-2.040(3) A in each of the
heterodinuclear [Zn(ID—Fe(11)] (2) complex, and the homodinuclear [Zn(II)-Zn(II)] (3) and
[Ni(I1)-Ni(II)] (4)] complexes (Figure 1, Table 2 and Supporting Information Figures S1-S2).
In addition, the two acetate moieties are bound unsymmetrically to each of the metal centers
exhibiting unequal M—O(acetate) bond distances in the ranges of [2.005(4)-2.0217(12) A and
1.9846(14)-2.0833(13) A] and [2.0645(12)-2.1316(14) A and 1.9846(14)-2.0833(13) A] (Figure
2-4, Table 2) in the heterodinuclear [Zn(I1)—-Fe(111)] (2) and the homodinuclear [Zn(II)~Zn(II)]
(3) and [Ni(I)-Ni(I)] (4)] complexes. Indeed, the IR spectroscopy further corroborated the
presence of two ionic carboxylate moieties as observed from the C—O stretching bands at
1604-1606 cm™ (symmetrical) and at 1424—1427 cm™ (unsymmetrical) [76, 102]. Additional
confirmation of the heterodinuclear [Zn(II)—Fe(III)] core in the heterodinuclear [Zn(I1)—-Fe(ll1)]

(2) complex came from the Inductively Coupled Plasma Atomic Emission Spectroscopy

10



(ICPAES) data (Supporting Information Table S1) of the [Zn(Il)-Fe(lI1)] (2) complex that gave

Fe (1) : Zn (1) [Fe (4.04 ppm), Zn (3.60 ppm)] in the ratio of 1:1 consistent with the X-ray data.

Of particular interest is the MeesM distance of 3.459(12) A (Tables 2 and 3) in the
heterodinuclear [Zn(I11)-Fe(11))] (2) complex which is in agreement with the observation of 3.1 A
distance in the Fee+eZn centers in the Red kidney bean PAP [27] and of 3.31A distance in the
FeeeeFe center in the mammalian PAP [23, 103]. Slightly longer Mee*M distance in the
heterodinuclear [Zn(I1)-Fe(111)] (2) complex [3.459(12) A] than the PAP enzyme (3.1 A) is
possibly due to the presence of bridging acetate moieties in the heterodinuclear [Zn(I1)-Fe(111)]
(2) complex as opposed to a bridging hydroxide moiety in the PAP enzyme [23, 104], which also
contain a bridged phosphate moiety [103]. = Significantly enough, the MeesM distance of
3.337(11) A in the homodinuclear [Zn(l1)-Zn(I1)] (3) complex is however comparable with the
ZneesZn distance of 3.4 A in the active site of zinc phosphoesterase as isolated from
Pseudomonas diminuta bacteria [32] and 3.4-3.5 A in active site of phosphotriesterase (PTE) in
Flavobacterium sp ATCC 27551 [105]. Similarly, the MeseM distance of 3.3853(4) A in the
homodinuclear [Ni(11)-Ni(11)] (4) complex is also comparable to the Mes+M distance of 3.1 A in
the FesesZn centers of the Red kidney bean PAP [27] and of 3.31 A distance in the FeesFe
center in the mammalian PAP [23] and also with the ZneesZn distance of 3.4 A in the active site
of zinc phosphoesterase as isolated from Pseudomonas diminuta bacteria [32]. All of the MeeeM
distance in the heterodinuclear [Zn(Il)-Fe(ll)] (2) complex and the homodinuclear
[Zn(I1)~Zn(IT)] (3) and [Ni(I[)-Ni(II)] (4)] complexes compared well with that of the other

related structures known in the literature (Table 3).
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Table 1. Electronic spectral data for 2, 3 and 4 in CH3;CN at room temperature.

S. No. metal complex Amax (NM) e (Mtem™) transitions

225 31331

1. 2 [Zn(I)—Fe(I1)] 294 5508
562 864 LMCT
220 23453

2. 3 [Zn(I1)-zn(1)] 259 10023
306 2258
215 143560
257 57120
311 11390

3, 4 [Ni(IN-Ni(11)] 600 13.7 d—d
776 6.17
824 7.09
961 14.7 d-d

13



Table 2. Geometric parameters of the in the hetero- and homodinuclear complexes (2—4).

MeeeM (A) M—-0O—M (°) M-0 (A) (phenolate—0), M-0 (A) (acetate—O)

Zn1-02 2.0118(13),

Zn1-06 2.1316(14),
Zn1-031 2.0493(12)
{L[Zn"(1—OAc),Fe"1}(BPhs), (2)  3.459(12)  Fe2—031-Znl 115.82(6) Fe2—08 1.9846(14),
Fe2—031 2.0332(12)
Fe2—04 2.0237(14)

Zn1-01 2.112(4)

Zn1-02 2.005(4)
Zn1-05 2.034(3)

{L[Zn"(1~OAc),Zn"]}BPh, (3) 3.337(11)  Zn1-05-Zn2 109.99(16) Zn2-03 2.026(4)
Zn2-05 2.040(3)

Zn2—-04 2.150(4)

Ni1-01 2.0645(12)
Ni1—-03 2.0050(12) Ni2—02 2.0217(13)

{L[Ni"(z—OAC),Ni"}BPh, (4) 3.3853(4)  Ni1-03-Ni2 114.65(6)
Ni2—03 2.0169(12) Ni1-04 2.0217(12)

Ni2—05 2.0833(13)

14



Table 3. Comparison of the Me+*M distances of hetero- and homodinuclear complexes 2—4 with well known structurally characterized dinuclear

models.

dinuclear models dinuclear complexes [ref] MeeeM (A)

[Zn(11)-Fe(111)] {L[Zn"(1~OAc),Fe""T}(BPh,); (2) [our work] 3.459(12)
[FeZnBPMP(OAC),](BPhy), [106] 3.437(1)
[Zn"Fe""'BPMOP{O,P(OPh),},](CIO.), [44] 3.7030(7)
{L[zn"(u-OAc),Fe""1}(CIO.), [94] 3.415(12)
[Zn"Fe"' (BMMHP)(CHsCOO0),](BPh,) [52] 3.421
[Zn"Fe" (IPCPMP)(OAC),(CH;OH)][PFe] [76, 78] 3.4556(6)
[Zn"Fe"(BPBPMP)(OAC),]CIO, [69] 3.490(9)

[Zn(1)-2Zn(11)] {L[Zn"(1~OAC),Zn"1}(BPhy), (3) [our work] 3.337(11)
[Zn,(BPMP)(OAC),]PFs [59] 3.3714(4)
[Zn,L°0H] [107] 3.0696(13)
[Zn,L*(CH;0H);](Cl0,) [108] 3.5513(7)
[Zn,(TPDP)(OAC)](CIO,), [58] 3.465(5)
[Zn,(CH;L?)-(CH3;C0OO0),]BPh, [75] 3.2391(6)
[Zn",(L*)(u-0,CMe),(MeCN),][BPh,] [40] 3.3689(14)

[Ni(ID-Ni(11)] {L[Ni"(1~OACc),Ni"1}(BPh,), (4) [our work] 3.3853(4)
[Ni>(OAC),(AA)(urea)(tmen),][OTf] [109] 3.434(1)
[Niz(n-L¢'0)(1o-OAC),](PFs) [100] 3.4131(5)
[Niy(L°)(OAC),(CH5CN)]BPh, [110] 3.486(1)
[Ni(L°)(OAC),(CHsCN)]BPh, [110] 3.431(1)
[Ni,(BCIMP)Ac,] [111] 3.396(2)

bioactive enzymes Red kidney bean PAP (Fees+Zn) [27] 3.1
mammalian PAP (Fees+Zn) [23] 3.31

3.4

zinc phosphoesterase (isolated from Pseudomonas diminuta bacteria) (ZnessZn) [32]

Where as, HBPMP = 2,6-bis[(bis(2-pyridylmethyl)amino)methyl)]-4-methylphenol; HBPMOP = 2,6-bis[{bis(2-pyridylmethyl)amino}methyl]-

4-methoxyphenol; BMMHP = 2-{[bis(2-methoxyethyl)-amino]methyl}-6-{[(2-hydroxybenzyl)(2-pyridylmethyl)amino]-methyl}-4-
methylphenol; IPCPMP = 2-(N-isopropyl-N-((2-pyridyl)methyl)aminomethyl)-6-(N-(carboxylmethyl)-N-((2-pyridyl)methyl)aminomethyl)-4-
methylphenol; HL* = 2-{[bis(2-methylpyridyl)-amino]methyl}-6-{[((1-methylimidazol-2-yl)methyl)(2-pyridylmethyl)amino]methyl}-4-t-

butylphenol; H,BPBPMP = 2-bis[{(2-pyridylmethyl)-aminomethyl}-6-{(2-hydroxybenzyl)(2-pyridylmethyl)}-aminomethyl]-4-methylphenol;
HsL? = 2,6-bis{[(2-hydroxybenzyl)(2-pyridylmethyl)amino]methyl]-4-methylphenol); HTPDP = 1,3-bis(bis-pyridin-2-ylmethylamino)propan-2-
ol; CHsL® = 2-(((2-methoxyethyl)(pyridine-2-yImethyl)-amino)methyl)-4-methyl-6-(((pyridin-2-ylmethyl)(4-vinylbenzyl)-amino)methyl)phenol;
HsL* = 2,6-bis((hydroxyethyl)(methoxyethyl)-aminomethyl)-4-methylphenol; AA= acetohydroxamate anion; tmen = N,N,N’,N'-
tetramethylethylenediamine; L° = 2-[N-bis-(2-pyridylmethyl)aminomethyl]-4-methyl-6-[N-(2-pyridylmethyl)aminomethyl]phenolate); L°-OH =
2,6-bis[bis(2-pyridylmethyl)aminomethyl]-4-chlorophenol; L° = 2-[N-bis-(2-pyridylmethyl)aminomethyl]-4-methyl-6-[N-(2-
pyridylmethyl)aminomethyl]phenolate); BCIMP = 2,6-bis[N-(N-(carboxylmethyl)-N-((1-methylimidazolyl)methyl)amine)methyl]-4-
methylphenolate

15



Table 4. X-ray crystallographic data for 2, 3 and 4.

Compound 2 3 4
Lattice Monoclinic Triclinic Triclinic
Formula CggHsgsB2FeNgOsZn Ce4HssBNgOsZn; Ce4HssBNgNi205
Formula weight 1449.46 1139.81 1126.45
Crystal size (mm®) 0.43 x 0.38 x 0.25 0.259 x 0.222 x 0.184 0.193 x 0.181 x 0.149
Space group C2/c P-1 P-1
alA 28.6115(8) 12.690(3) 12.7077(3)
b/A 23.2046(6) 14.626(3) 14.6050(3)
c/A 27.3176(7) 14.882(3) 14.9200(3)
al° 90 88.758(5) 88.6559(17)
BI° 121.9510(10) 89.849(6) 89.5428(17)
vl° 90 88.014(5) 87.8160(18)
VIAS 15389.0(7) 2759.8(10) 2766.25(10)
Z 8 2 2
Temperature (K) 150(2) 100(2) 293(2)
Radiation (1,A) 0.71073 0.71073 0.71073
p (caled.), gem™ 1.251 1.372 1.352
Absorption coefficient (mm™) 0.557 0.926 0.738
0 range (deg.) 2.9910 27.44 3.051t0 25.39 1.93 to 25.00
Reflections collected 68397 21737 48611
Data / restraints / parameters 17517/0/934 9918/468/ 703 9741/0/ 708
Independent reflections [Rin] 17517 [0.0504] 9918 [0.0533] 9741 [0.0494]
Completeness to 6 =25.000 99.7 % 97.7% 99.9%
Final R indices [1>2(0)] R1 =0.0435, wR2 = 0.0972 R1 =0.0505, wR2 = 0.1290 R1=0.0322, wR2 = 0.0756
R indices (all data) R1 =0.0696, wR2 = 0.1045 R1=0.0781, wR2 = 0.2249 R1=0.0377, wR2 = 0.0793
GOF 1.059 1.025 1.051
Largest diff. peak and hole (eA™) 0.341 and -0.471 1.086 and -1.500 0.392 and -0.427

16



Figure 1. Perspective view of complex 3 with partial atom numbering schemes. A BPh, anion
has been omitted for the sake of clarity. Selected bond lengths (A) and angles (0): Zn1-02
2.005(4), Zn1-05 2.034(3), Zn1-01 2.112(4), Zn1-N1 2.157(4), Zn1-N2 2.193(4), Zn1-N6
2.251(5), Zn2—-03 2.026(4), Zn2-05 2.040(3), Zn2—-N3 2.125(4), Zn2-04 2.150(4), Zn2—-N4

2.204(5), Zn2-N5 2.207(4), Zn1-05-Zn2 109.99(16).

17



Magnetic studies

To get a closer look at the magnetic behaviour of the heterodinuclear [Zn(I1)-Fe(lI11)] (2) and
homodinuclear [Ni(I1)-Ni(ll)] (4) complexes, the magnetic property studies were undertaken.
The variable temperature magnetic susceptibility measurements were carried out at the magnetic
field of 5000 Oe in the temperature range of 4-300 K and the data were fitted using PHI
software. (Figure 2 and Supporting Information Tables S2-S3 and Figures S8-S10 and

S46-548) [112].

In particular, the variable temperature magnetic  susceptibility measurement for the

heterodinuclear [Zn(I1)-Fe(l11)] (2) complex showed a constant y,,7 plot with a value of 4.25

cm®mol™' K at room temperature and that corresponded to an effective magnetic moment of (uef)
of 5.85 ug. The above results were consistent with the presence of only one magnetically active
center in the form of high spin Fe(lll) (S = 5/2) having five unpaired electron (us = 5.9 ug)[113]

in the [Zn(I)-Fe(11)] (2) complex. The fitting of the y,,T plot using PHI software gave a g.

value of 1.99 for the Fe(III) center (Figure 2).

The homodinuclear [Ni(I11)-Ni(Il)] (4) complex with two divalent nickel centers having two
unpaired electrons corresponding to an ground state of S = 1. The complex (4) exhibited an
effective magnetic moment of 4.59 ug at room temperature consistent with the presence of a
weak antiferromagnetic coupling between the two Ni(ll) center. The confirmation of the same

came from the variable temperature y,,7 plot that showed a decrease of y,,T value with

temperature due to the antiferromagnetic coupling between the two Ni(ll) center (Figure 2). The

18



curve fitting analysis using the PHI software gave g value of gni = 2.00 and an exchange
coupling J = —1.05 cm™ comparable to the earlier observed ranges of gn; (2.17-2.18) and the
exchange coupling in the range J [—(0.8-3.8) cm™] for the related dinuclear Ni(I[)-Ni(Il)

complexes known in the literature [87, 88, 100, 113].
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Figure 2. An overlay of variable temperature ymT plot of powder sample of the hetero- and homodinuclear complexes (2 and 4)
supported over symmetrical ligand supported over symmetrical ligand 1 measured at 5000 Oe (the solid line represents the best fit
curve).
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Spectrophotometric titration studies

Spectrophotometric titrations under kinetic conditions in CH3CN/H,O (v/v 1:1) undertaken at the
pH range of 5.65-7.10 for the [Zn(I1)-Fe(111)] (2) complex, at the pH range of 6.80—9.20 for the
[Zn(ID-Zn(11)] (3) complex and at the pH range of 6.80—13.2 for the [Ni(I1)-Ni(ll)] (4) complex
provided valuable insights about the various aquated species that exist in equilibrium in solution
(Scheme 2, Table 5, Figure 3 and Supporting Information Tables S4-S5). In particular, the
[Zn(IN)—Fe(lI1)] (2) complex showed hypsochromic shift of AA = 89 nm of the characteristic
LMCT band from Agnax 562 nm in CH3CN to 473 nm in CH3CN/H,O (viv 1:1). The
[Zn(11)—=2Zn(11)] (3) complex too showed similar hypsochromic shift of A4 = 11 nm of the ligand
based transition from Amax 306 nm in CH3CN to 295 nm in the mixed medium of CH;CN/H,O
(v/v 1:1). Similarly, the homodinuclear [Ni(11)-Ni(11)] (4) complex showed a hypsochromic shift
of AA =8 nm of the ligand based transition from Ama 311 nm in CH3CN to 303 nm in the mixed
medium of CH3CN/H,0O (v/v 1:1). Furthermore, no change in the Anax values of the remaining
ligand based transitions for the heterodinuclear [Zn(I1)-Fe(lI1)] (2) complex at 225 nm and 294
nm and for the homodinuclear [Zn(11)-Zn(11)] (3) complex at 259 nm and 220 nm were observed
and for the the homodinuclear [Ni(I1)—-Ni(ll)] (4) complex at 215 nm and 257 nm were observed.
This results ascertain that the aquated species were formed by the replacement of bridging
acetate moieties with H,O molecules in the heterodinuclear [Zn(I1)-Fe(111)] (2) complex and the

homodinuclear [Zn(11)-Zn(ID] (3) and [Ni(I11)-Ni(11)] (4) complexes.

Further evidence of the presence of different aquated species in the solution for the

heterodinuclear [Zn(Il)-Fe(111)] (2) complex and the homodinuclear [Zn(I1)-Zn(11)] (3) and
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[Ni(I)—Ni(I)] (4) complexes came from the observation of isobestic points at different pH
ranges for these complexes. Specifically, the heterodinuclear [Zn(I)-Fe(lI)] (2) complex
displayed three isobestic points at the pH range of 5.65-6.00, 6.15-6.50 and 6.65-7.10. The
homodinuclear [Zn(11)-Zn(I1)] (3) complex, too showed three isobestic points at the pH range of
6.8-9.2. The homodinuclear [Ni(I)-Ni(Il)] (3) complex, exhibited two isobestic points at the
pH range of 6.8-9.6 and 9.6-13.2. These isobestic points represented the interconversion
between the triaquated species, {L[(H20)Zn"(x—H,0)Fe"(H.0)[}** (2A), {L[(H.0)Zn" (1~
H,0)Zn"(H,0)]}*" (3A) and {L[(H.O)Ni"(:~H,0)Ni"(H,0)]}** (4A), to the diaquated and
monohydroxo  species,  {L[(H.0)Zn"(x~H,0)Fe"'(OH)]}**  (2B),  {L[(H.0)Zn"(z
H,0)zn"(OH)]}** (3B) and {L[(H.O)Ni"(1~H,0)Ni"(OH)]}** (4B), to the monoaquated and
dihydroxospecies, {L[(H,0)Zn"(:~OH)Fe"(OH)]}** (2C), {L[(H.0)zZn"(1~OH)zn"(OH)]}*
(3C) and {L[(H-0)Ni"(1~OH)Ni"(OH)]}" (4C)]), to the trihydroxo species, {L[(HO)Zn" (s~
OH)Fe"(OH)]}* (2D), {L[(OH)Zn"(+-OH)zn"(OH)]} (3D) and  {L[(H.O)Ni"(z
OH)Ni"(OH)]} (4D)] (Scheme 2). These isobestic points corresponded to the pK, values of 5.76
(pKar), 6.29 (pKa2) and 6.97 (pKa3) for the heterodinuclear [Zn(I1)—Fe(111)] (2) complex, a pK,
value in the range of 7.11-7.87 in case of the homodinuclear [Zn(I1)-Zn(11)] (3) complex and the
pK, values of 7.69 (pKa1), and 10.81 (pKg2) in case of the homodinuclear [Ni(ID—Ni(ll)] (4)
complex. Significantly enough, the monoaquated and dihydroxo species of the intermediates,
{L[(H20)Zn"(z—OH)Fe"(OH)]}** (2C) and {L[(H.0)Zn"(x~0H)zn"(OH)]}* (3C), and the
trihydroxo species, {L[(HO)Zn"(~OH)Fe"(OH)]}* (2D), {L[(HO)Zn"(1~OH)Zn"(OH)]} (3D)
and {L[(HO)Ni"(z~OH)Ni"(OH)]} (4D) have been detected by ESI-MS studies (Supporting

Information Figures S11, S12, S31, S32, S49). More importantly, based on the reports of a
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monoaquated and dihydroxo species being the active species of the PAP [96] and zinc
phosphoesterase [17] enzymes, the analogues {L[(H.0)Zn"(x~OH)Fe"(OH)]}** (2C),
{L[(H-0)Zn"(z~OH)Zn"(OH)]}* (3C) and {L[(H-O)Ni"(z—OH)Ni"(OH)]}* (4C), are assigned
as the active species for the phosphoester cleavage reaction at the pH range of 6.15-9.60 with the

pK, values of 6.29, 7.11-7.87 and 7.69 respectively.

The zinc center of the monoaquated and dihydroxo species {L[(H,0)Zn"(:~OH)Fe"'(OH)]}*,
(2C) and {L[(H.0)Zn"(x~0H)Zn"(OH)]}* (3C), and the nickel center of the monoaquated and
dihydroxo species {L[(H,O)Ni"(x~OH)Ni"(OH)]}" (4C) contains a metal bound labile H,0O
molecule [Zn(I)—(H20)] (2C and 3C), and [Ni(I)=(H2.0)] (4C) which makes way to the
incoming substrate bis(2,4—dinitrophenyl)phosphate (2,4—BDNPP). The other metal center i.e.
the Fe(I11) center in the {L[(H-0)Zn"(:—OH)Fe"(OH)]}** (2C) species, the Zn(Il) center in the
{L[(H-0)Zn"(1—OH)Zn"(OH)]}* (3C) species, and the Ni(ll) center in the {L[(H-O)Ni"(z~
OH)Ni"(OH)]}* (4C) species, contain a metal bound terminal hydroxo moiety namely,
[Fe(1ID—(OH)] in 2C, [Zn(I)—(OH)] in 3C and [Ni(ll)-(OH)] in 4C which participate in a
nucleophilic attack on the P atom of the metal bound 2,4-BDNPP substrate resulting in the

phosphoester cleavage.
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Figure 3. Electronic spectrum (Column 1) in different pH ranges [(a) 5.65 — 6.00, (b) 6.15 — 6.50, (c) 6.65 — 7.10] and the corresponding
titration plot (Column 2) performed at 473 nm (LMCT band) as a function of pH with incremental additions of 0.1 M NaOH [5 uL] in an
CH3CN/H,0 (v/v 1:1) solution of 2 (6.0 x 10 M) containing | = 0.1 M (KCI).
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Table 5. Spectrophotometric titration data of 2, 3 and 4.

S. No. Metal complex Amax(NM) pKa

pKa; 5.76
1. 2 [Zn(11)—Fe(l11)] 473 pKa;, 6.29
pKas 6.97
220 pKa 7.87
2. 3 [Zn(1D)-Zn(1D)] 259 pKa 7.11
295 pKa 7.53
pKa; 7.69

3. 4 [Ni(ID-Ni(11)] 303
pKa 10.81
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Quite importantly, the hydrolysis of bis(2,4—dinitrophenyl)phosphate (2,4—BDNPP) was
successfully performed by the heterodinuclear [Zn(I)-Fe(lll)] (2) complex and the
homodinuclear [Zn(II)~Zn(II)] (3) and [Ni(I[)-Ni(Il)] (4)] complexes in a mixed medium of
CH3CN/H,O (v/iv 1:1) in the pH range of 5.5-10.5 at room temperature, by monitoring
spectrophotometrically the reaction at 400 nm (¢ = 12100 M*cm™) corresponding to a band from

the 2,4-DNP™ anion at 25 °C, as reported in literature [69].

A Dbell shaped pH profile was observed in the pH range of 5.5-9.0 with a rate maxima at pH 6.5
for the heterodinuclear [Zn(I1)-Fe(111)] (2) complex (Figure 4) analogous to that of the related
[Zn(IN—Fe(111)] complexes which also showed a rate maxima at pH 6.5 [69, 94] and also to that
of the PAP enzyme that showed a rate maxima at pH 4.9 [114]. Sigmoidal fit to the decline part
of the pH profile curve gave a pK, value of 8.28 closer to the pK,3 value of 6.97 as obtained from
the spectrophotometric titration studies. The difference in the pK; values between the two data
can be explained on the fact that the spectrophotometric titration pK, value is obtained for the
free catalyst while the Kinetic pK, value from the initial rate (Vo) versus pH plot is due to the
catalyst—substrate complex [65]. The homodinuclear [Zn(I1)-Zn(11)] (3) complex however,
showed highest activity at pH 8 with a bell shaped pH profile (Figure 4). Bell shaped fit to the
pH range of 5.5-9.0 of the initial rate (Vo) versus pH plot gave a pK, value of 6.99 in
concurrence to the pK, values ca. 7.11-7.87 obtained from the spectrophotometric titration
studies. Quite interestingly, the homodinuclear [Ni(I1)-Ni(I1)] (3) complex showed a sigmoidal
pH profile (Figure 4) with the highest activity at pH 10.5. Sigmoidal fit of the initial rate (Vo)
versus pH plot gave a pK; value of 8.05 in concurrence to the pKj, value 10.81 obtained from the

spectrophotometric titration studies.
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The pK, values obtained from the sigmoidal fit of the pH profile curves give valuable insights
about the nature and the concentration of the active species present in equilibrium in solution as a
function of pH. In particular, for the heterodinuclear [Zn(I1)-Fe(111)] (2) complex, the maximum
initial rate (Vo) observed at the pH ranges that fall between pK,; and pKg, values obtained from
spectrophotometric titration studies, indicated the monoaquated and dihydroxo species of the
type {L[(H.0)Zn"(x~OH)Fe"'(OH)]}** (2C), to be the active species in the phosphoester
hydrolysis reaction, in concurrence with that of purple acid phosphatases (PAPs) [114, 115] and
the related Zn(11)-Fe(lll) complexes [66, 69, 94, 116]. Similarly, for the homodinuclear
Zn(ID)—Zn(11)] (3) and [Ni(I)-Ni(II)] (4) complexes, the alignment of the pK, values obtained
from both kinetic studies and spectrophotometric titration studies showed that the monoaquated
and dihydroxo species of the type {L[(H20)M*(—OH)M*(OH)]}" [M! = M? = Zn (3C), Ni

(4C)] to be the active species in the phosphoester hydrolysis reaction.

Under limiting conditions the reaction rate for the phosphoester hydrolysis decreases as a result
of decrease in the concentration of the monoaquated and dihydroxo species, {L[(H20)Zn"(x~
OH)Fe"(OH)I¥* (2C), {L[(H.0)Zn"(x~OH)zn"(OH)]}* (3C), and {L[(H.O)Ni"(z
OH)Ni"(OH)]}" (4C)]. For example, at a lower pH predominance of the triaquated species
{L[(H,0)Zn" (- H0)Fe" (H,0)]}*"  (2A), {L[(H.0)Zn"(xH,0)Zn"(H,0)]}*" (3A) and
{L[(H20)Ni"(z=H,0)Ni"(H,0)]}** (4A) occur leading to a slower reaction rate of phosphoester
hydrolysis as catalyzed by the lower concentration of the monoaquated and dihydroxo species,
{L[(H.0)Zn"(z—OH)Fe"(OH)]}** (2C), {L[(H.0)Zn"(1~OH)zn"(OH)]}* (3C), and

{L[(H-0)Ni"(z~OH)Ni"(OH)]}* (4C). Similarly, at extremely high pH, the trihydroxo species
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{L[(HO)Zn"(—OH)Fe"(OH)]}* (2D) and {L[(HO)M'(—OH)M?*(OH)]} [M* = M? = Zn (3D),
Ni (4D)] is predominant leading to a decrease in the reaction rate arising from a lower
concentration of the monoaquated and dihydroxo species, {{L[(H.0)zZn"(.~OH)Fe"(OH)]}*

(2C), {L[(H20) M*(—OH) M?(OH)]}* [M! = M? = Zn (3C), Ni (4C)].

Saturation kinetics was performed at pH 6.5 for both of the heterodinuclear [Zn(11)-Fe(l11)] (2)
and the homodinuclear [Zn(11)-Zn(I1)] (3) complexes and at pH 8.0 for the homodinuclear
[Ni(ID-Ni(ID] (4) complex with respect to the substrate concentration and the data so obtained

was fitted to the Michaelis-Menten equation. Linearization of the curves using the Lineweaver-

Burk method gave the Ky, Vimax and kear parameter (Table 6).

It is quite interesting to note that the heterodinuclear [Zn(I1)-Fe(lI1)] (2) complex displayed a
weak affinity towards the substrate (2,4—BDNPP) as evident from its higher K, value of 1.64 +
0.37 mM and lower Kgss (Kass = 1/Kp) value of 0.61 mM™? as compared to the homodinuclear
[Zn(ID-Zn(11)] (3) and [Ni(ID)-Ni(11)] (4) complexes, which showed stronger affinity towards
the substrate (2,4—-BDNPP) as evident from their lower K, value of 1.23 = 0.29 mM (3) and
0.286 + 0.02 mM (4) and higher Kas value of 0.81 mM™ (3) and 3.49 mM™ (4). The ke value
for the heterodinuclear [Zn(l1)-Fe(111)] (2) complex (ca. 4.62 x 10 s?) was found to be
significantly lower than the similar [Zn(11)-Fe(l11)] complexes known in the literature [6.76 x
10* st — 9.13 x 10 s] [66, 69, 76] but comparable to an unsymmetrical [Zn(11)-Fe(111)]
counterpart (0.40 x 10 s™) [94]. The homodinuclear [Zn(11)-Zn(11)] (3) complex with the Keat
value of ca. 3.23 x 10 s™ also exhibited lower activity towards the phosphoester hydrolysis as

compared to the related homodinuclear [Zn(11)-Zn(11)] complexes known in the literature [6.40 x
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10* s - 5.70 x 107 5] [59, 75, 77, 81]. Quite interestingly, the homodinuclear [Ni(11)-Ni(11)]
(4) complex with the ke value of ca. 1.26 x 10 s™ also exhibited higher activity towards the
phosphoester hydrolysis as compared to the related homodinuclear [Ni(I1)-Ni(l1)] complexes
known in the literature [2.80 x 10 5] [100]. Significantly enough, the rate of the hydrolysis of
the 2,4—BDNPP substrate as catalyzed by the heterodinuclear [Zn(I1)-Fe(lI1)] (2) complex and
the homodinuclear [Zn(11)-Zn(I1)] (3) and [Ni(I1)-Ni(ll)] (4) complexes are ca. 10100—394000

times faster than the uncatalysed reaction under the similar conditions [117].
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32



Table 6. Kinetic parameters of complexes 2, 3 and 4.

Vmax kcat kcat/ KM
S.No. Complex K (MM) Kass (MM™) Keat/Kuncat (10%)
(10 x Ms™) s (M7s™?)
1. 2 [Zn(1D—Fe(11D)] 1.64 +0.37 0.609 2.28 4.62 x 10" 2.82 x 10 1.44
2. 3 [Zn(11)-Zn(11)] 1.23 £0.29 0.813 1.60 3.24x 10" 2.60 x 10™ 1.01
3. 4 [Ni(1)-Ni(I)] 0.286 + 0.02 3.49 62.8 1.26 x 10 4.40 x 10 39.4

Reaction condition: 0.05 mM catalyst (2/3/4), 0.5-4.0 mM bis(2,4-dinitrophenyl)phosphate and 0.05 M buffer [pH = 6.5 (2/3) and 8.0 (4)] with
ionic strength of 0.1 M NaClQO, in a total 2.5 mL CH3CN:H,0 (v/v 1:1) at 25 °C. Kyncat = 3.2 % 108t [117].
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Mechanistic discussion and its detection by mass spectrometry

Based on the UV-vis experiments and saturated kinetics studies a plausible mechanism has
been proposed for the hydrolysis of 2,4-BDNPP substrate by the heterodinuclear
[Zn(ID)—Fe(lIN] (2) and the homodinuclear [Zn(I1)-Zn(11)] (3) and [Ni(ID)-Ni(I1)] (4)]
complexes (Scheme 3). At the pH range 6.15-7.15, the active species in the form of
monoaquated and dihydroxo {L[(H.0)Zn"(~OH)Fe"(OH)]}** (2C), {L[(H-0)Zn"(z
OH)zn"(OH)]}" (3C) and {L[(H.0)M"(x~OH)M"(OH)]}* (4C) type intermediates reacts
with the 2,4-BDNPP substrate replacing the metal bound water moiety [M(I1)-H,O] and
giving rise to the corresponding metal bound substrate species of the type {L[(R:PO4)Zn" (1~
OH)Fe"(OH)]} (2E) {L[(R:PO,)Zn"(1~OH)Zn"(OH)]} (BE) and {L[(R.PO,)Ni"(z
OH)Ni"(OH)]} (4E).  Significantly enough, the former species, {L[(R:PO4)Zn"(z~
OH)Fe"(OH)]}" (2E), has been detected by mass spectrometry (Supporting Information

Figure. S21).

Subsequent intramolecular nucleophilic attack by the metal bound hydroxo moiety
Fe(11)—(OH) in {L[(R,PO,)Zn"(1~OH)Fe"(OH)]}* (2E), and M(II)-(OH) moiety in
{L[(RzPO)M" (1~ OH)M"(OH)]} [M = Zn (3E), Ni (4E)], on to the P atom of the metal
bound substrate 2,4-BDNPP leads to the formation of {L[Zn"(1~OH)(x—RPO,)Fe"']}* (2F),
{L[Zn"(1~OH)(-RPO,)Zn"} (3F) and {L[Ni"(z—OH)(1=RPO,)NI"T} (4F), type
intermediates with the subsequent release of the phosphodiester cleavage product, 2,4—
dinitrophenolate (2,4-DNP) in the process. The intermediates {L[Zn"(x~OH)(z
RPO4)Fe"} (2F), and {L[Zn"(1~OH)(1RPO4)Zn"]} (3F), have been detected using mass

spectrometry study (Figure 5 and Supporting Information Figure. S23).
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The intermediates {L[Zn"(1~OH)(1=RPO,)Fe"}* (2F), {L[Zn"(x~OH)(1~RPO4)Zn"]}
(3F), and {L[Ni"(1~OH)(t=RPO,)Ni"]} (4F), reacts further with H,O giving the hydrolyzed
product 2,4-dinitrophenyl phosphate (2,4-DNPP) along with the monoaquated and dihydroxo
{L[(H20)Zn"(z—OH)Fe"(OH)]}** (2C), and {L[(H20)Zn"(x~OH)zn"(OH)]}* (3C) and

{L[(H-0)Ni"(z=OH)Ni"(OH)]}" (4C).

Conclusion

In summary, the heterodinuclear mixed valence [Zn(II)-Fe(IIl)] (2) complex and the
homodinuclear [Zn(I1)-Zn(I1)] (3) and [Ni(I1)-Ni(11)] (4) complexes successfully carried out
the hydrolysis of 2,4-BDNPP substrate similar to that of the PAP and zinc phosphoesterase
enzymes. Between the three, the heterodinuclear [Zn(11)—Fe(l11)] (2) complex showed higher
Kn value of 1.64 + 0.37 mM and lower Kg value of 0.61 mM™ as compared to the
homodinuclear [Zn(11)-Zn(11)] (3) complex [Ki = 1.23 + 0.29 mM and Kass = 0.81 mM™] and
[Ni(1D=Ni(11)] (3) complex [Kn = 0.286 % 0.02 mM and Kass = 3.51 mM™] signifying a strong
affinity of the homodinuclear [Ni(I)-Ni(ll)] (4) complex towards the substrate
(2,4-BDNPP). The homodinuclear [Ni(1)=Ni(11)] (3) complex (ke = 1.26 x 10™) showed
higher activity towards the phosphoester hydrolysis as compared to the homodinuclear
[Zn(1)-Zn(11)] (3) complex (Kea: = 3.24 x 10 s™) and the heterodinuclear [Zn(11)-Fe(l11)] (2)
complex (ke = 4.62 x 10* s™). It is important to note that, given the differences that exist
between the model complexes to that of the real enzymes, in which the active-site pockets
exercise significant influences on the enzyme catalyse, a direct comparison of the rate
constants of our model complexes (2—4) to that of real enzymes becomes challenging. The
monoaquated and dihydroxo species, {L[(H.0)Zn"(x~OH)Fe"'(OH)]}** (2C) and
{L[(H20)Zn"(x~OH)Zn"(OH)]}* (3C), and the trihydroxo species, {L[(HO)Zn"(u

OH)Fe"(OH)]}* (2D), {L[(HO)Zn"(x~OH)zn"(OH)]} (BD) and {L[(HO)Ni"(z
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OH)Ni"(OH)]} (4D), as generated in the CHsCN/H,O (v/v 1:1) mixed medium have been
detected by mass spectrometry. In addition, the catalyst—substrate adduct species of the type
{L[Zn"(1=OH)(=RPO,)Fe"}* (2F), and {L[Zn"(z~OH)(1-~RP0O4)Zn"]} (3F), have also

been detected by mass spectrometry.
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Experimental section

General Procedures. All manipulations were carried out using a combination of a glovebox
and standard Schlenk techniques. 2-aminomethylpyridine was obtained from
AldrichChemical Co., while all the other chemicals used are from spectrochem (India) were
used without any further purification. 2,6-bis(hydroxymethyl)-4-t-butylphenol [118], 2,6-
bis(chloromethyl)-4-t-butylphenol [111], bis(2-pyridylmethyl)amine [56], 2,6-bis{[bis(2-
pyridylmethyl)amino]methyl}-4-t-butylphenol [45] and 2,4-bis-dinitrophenyl phosphate
[117] were synthesized according to modified literature procedures. *H NMR and “*C{*H}
NMR spectra were recorded on a Bruker 400 MHz and Bruker 500 MHz NMR spectrometer.
'H NMR peaks are labeled as singlet (s), doublet (d), triplet (t), quartet (q), quartet of
doublets (qd), doublet of doublets (dd), septet (sept) and broad (br). The electronic spectra of
2 and 3 complexes are recorded in CH3CN using a UV 3600 Shimadzu and Cary Bio
spectrophotometer. Mass spectrometry measurements were done on a Micromass Q-Tof
spectrometer and Bruker maxis impact spectrometer. Elemental Analysis was carried out on
Thermo Finnigan FLASH EA 1112 SERIES (CHNS) Elemental Analyzer. The variable
temperature magnetic experiments were executed in SQUID-VSM, quantum design, USA

and the data was fitted using PHI software [112].

X-ray crystallography

X-ray diffraction data for compounds 2, 3 and 4 were collected on an APEXII, Bruker-AXS
and Rigaku Hg 724+ diffractometer respectively, for unit cell determination and intensity
data collection. Data integration and indexing were carried out using Rigaku suite of
programs CrystalClear and CrystalStructure.  Structure refinement and geometrical
calculations were carried out using programs in the WinGX module [119]. The final

structure refinement was carried out using full least squares methods on F? using SHELXL-
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2014 [120]. Crystal data collection and refinement parameters are summarized in Supporting
Information Table S1. CCDC-926964 (for 2), CCDC-928807 (for 3) and CCDC-1585928
(for 4) contain the supplementary crystallographic data for this chapter. These data can be
obtained free of charge from the Cambridge Crystallographic Data center via

www.ccdc.cam.ac.uk/data_request/cif.

Synthesis of {L[Zn" (~OAc),Fe""[}(BPh,); (2)

A solution of 2,6-bis{[bis(2-pyridylmethyl)amino]methyl}-4-t-butylphenol (1) (0.250 g,
0.436 mmol) in MeOH (15.0 mL) was treated with a solution of Fe(NO3)3*9H,0 (0.176 g,
0.436 mmol) in MeOH (5.00 mL) resulting in a dark-blue solution, to which a solution of
Zn(OAC),+2H,0 (0.095 g, 0.434 mmol) in MeOH (ca. 5 mL) was subsequently added
followed by the addition of a solution of NaOAc*3H,0 (0.237 g, 1.74 mmol) in MeOH (5.00
mL). The resulting solution was stirred for 10 minutes at room temperature. A solution of
NaBPh; (0.596 g, 1.74 mmol) in MeOH (5.00 mL) was added to the reaction mixture
resulting in a precipitate, which was filtered and dried under vacuum to obtain crude product.
The crude product was further purified by vapour diffusion of MeOH into an acetone solution
of crude product to get the product after 4 days as a dark blue crystalline solid (2) (0.238 g,
37 %). IR data (KBr pellet) cm™: 3437 (w), 3054 (w), 3035 (w), 1606 (s), 1580 (w), 1480
(m), 1427 (m), 1332 (w), 1306 (w), 1290 (w), 1265 (w), 1217 (w), 1157 (w), 1097 (w), 1052
(W), 1023 (w), 941 (w), 878 (w), 832 (w), 763 (W), 733 (m), 704 (m), 650 (w), 612 (W), 577
(W), 529 (w). HRMS (ES): m/z 404.6039 [M—2BPh,]**, Calcd. 404.6041. Anal. Calcd. for

CgsHgsB2FeNgOsZnH,0 : C, 72.02; H, 5.98; N, 5.73. Found: C, 71.81; H, 5.69; N, 6.15 %.

Synthesis of {L[Zn"(z~OAc),Zn"]}BPh, (3)
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NEt; (0.0880 g, 0.869 mmol) and Zn(OAc),*2H,0 (0.191 g, 0.872 mmol) were added to a
solution of 2,6-bis{[bis(2-pyridylmethyl)amino]methyl}-4-t-butylphenol (1) (0.250 g, 0.436
mmol) in MeOH (10.0 mL) at 50 °C. The resulting solution was refluxed for 1 hour after
which NaBPh, (0.298 g, 0.870 mmol) was added. Upon cooling the reaction mixture, the
product precipitated out as an yellow solid. The precipitate was isolated by filtration and
vacuum dried to obtain the product as an yellow solid (3) (0.315 g, 63 %). ‘H NMR (DMSO-
ds, 400 MHz, 25 °C): § 8.72 (d, 2H, 334y = 5 Hz, CsH4N), 8.16 (d, 2H, 334n = 5 Hz, CsHaN),
8.01 (dt, 2H, 3Jun = 8 Hz, “Jun = 2 Hz, CsHaN), 7.62 (d, 2H, 3Jun = 8 Hz, CsHuN), 7.52 (t,
2H, 3Jun = 6 Hz, CsHaN), 7.33 (t, 2H, Iy = 7 Hz, CsH4N?), 7.18 (broad, 8H, B(CgHs)), 7.08
(t, 2H, Jun = 6 Hz, CsH4N), 6.91 (t, 8H, *Juy = 8 Hz, B(CgHs)), 6.78 (t, 4H, 3Jun = 8 Hz,
B(CeHs)), 6.57 (s, 2H, CgH>), 6.41 (d, 2H, *Jun = 8 Hz, CsH4N"), 4.37 (d, 2H, “Juy = 15 Hz,
CH,), 4.04 (d, 2H, 2Jun = 15 Hz, CHy), 3.77 (d, 2H, %Jun = 11 Hz, CH,), 3.51 (d, 2H, “Jun =
16 Hz, CH,), 3.27 (d, 2H, 23 = 15 Hz, CHy), 3.23 (d, 2H, 2Jun = 11 Hz, CH,), 1.99 (s, 6H,
CHsCOO) 1.11 (s, 9H, C(CHs)s). *C {*H} NMR (CH3CN-ds, 125 MHz, 25 °C): & 179.69
(2CH3COO0), 165.81 (2CsHsN), 165.42 (2CsH4N’), 156.8 (CgHy), 156.1 (2CsH4N), 149.1
(2CsH4N’), 147.6 (2CsH4N), 140.8 (2CsH4N’), 138.9 (2CsHJN), 137.2 (B(4C¢Hs)), 128.7
(2CsH4N?), 127.0 (B(8CgHs)), 126.98 (B(8CeHs)), 125.6 (2CH,), 125.7 (2CsH4N), 124.23
(2CsHy), 124.0 (2CsH4N’), 123.2 (B(4CeHs)), 122.4 (CsHy), 61.4 (2CH,), 61.1 (2CHy), 59.0
(2CHy), 48.4 (C(CHa)s), 32.4 (C(CHa)s), 25.4 (2CH3COO). IR data (KBr pellet) cm™: 3469
(W), 3055 (w), 3035 (W), 2962 (W), 1605 (s), 1575 (w), 1481 (m), 1425 (m), 1363 (w), 1322
(W), 1292 (w), 1220 (w), 1153 (w), 1129 (w), 1095 (w), 1050 (w), 1019 (w), 965 (w), 878
(w), 832 (w), 762 (w), 733 (w), 704 (m), 649 (w), 613 (w), 497 (w). HRMS (ES): m/z
821.1997 [M-BPh,]", Calcd. 821.1991. Anal. Calcd. for CesHesZn,BNgOs : C, 67.44; H,

5.75; N, 7.37. Found: C, 67.28; H, 5.37; N, 7.79 %.
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Synthesis of {L[Ni"(z~OAc),Ni"']}BPh, (4)

NEt; (0.0880 g, 0.869 mmol) and Ni(OAc),+4H,0 (0.216 g, 0.868 mmol) were added to a
solution of 2,6-bis{[bis(2-pyridylmethyl)amino]methyl}-4-t-butylphenol (1) (0.250 g, 0.436
mmol) in MeOH (10.0 mL) at 50 °C. The resulting solution was refluxed for 1 hour after
which NaBPh, (0.298 g, 0.870 mmol) was added. Upon cooling the reaction mixture, the
product precipitated out as an yellow solid. The precipitate was isolated by filtration and
vacuum dried to obtain the product as an yellow solid (3) (0.210 g, 43 %). IR data (KBr
pellet) cm™: 3444 (w), 3055 (w), 2963 (w), 2363 (W), 1604 (s), 1482 (m), 1424 (m), 1363
(W), 1323 (w), 1289 (w), 1220 (w), 1153 (w), 1121 (w), 1049 (w), 1021 (w), 878 (w), 833
(W), 753 (W), 733 (W), 704 (m), 661 (W), 613 (W), 470 (w). HRMS (ES): m/z 805.2154 [M—
BPh,]", Calcd. 805.2153. Anal. Calcd. for Cg4HesNi,BNgOs : C, 68.24; H, 5.82; N, 7.46.

Found: C, 67.99; H, 5.57; N, 7.05 %.

General procedure for spectrophotometric titration
6.0 x 10™ M solution of 2 and 1.3 x 10* M (3/4) in CH3CN/H,0 (1:1 v/v) with the ionic
strength of 0.1 M KCI was titrated with 0.1 M NaOH solution and change in the position of

Amax Was observed with the change in pH of the solution.

General procedure for phosphoester hydrolysis

By using a UV 3600 Shimadzu spectrophotometer increase in the concentration of the
product 2,4-dinitrophenolate (BNP), was monitored at 25 °C by UV-vis spectroscopy at 400
nm in quartz cuvettes. The kinetics measurements were done in CH3CN:H,O (v/v 1:1). For
the study of the pH dependence, substrate and complex concentrations were 0.002 M and
3.75 x 10*M (2/3) and 0.05 x 10° M (4) respectively. The ionic strength and pH were kept

constant by using total concentrations of 0.1 M NaClO, and 0.05 M buffer MES (2-(N-
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morpholino)ethanesulfonic acid) (pH 5.5 to 6.5), HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (7.0 to 8.0), CHES (N-Cyclohexyl-2-aminoethanesulfonic
acid) (8.5 to 9.0) and CAPS (N-cyclohexyl-3-aminopropanesulfonic acid) (9.5 to 10.5). The
pH of the buffer was adjusted in standard solutions using a calibrated pH meter. Each cuvette
was prepared by successive addition of 62.5 puL of a 0.080 M standard solution of bis(2,4-
dinitrophenyl)phosphate (2,4-BDNPP) in CH3CN/H,0 (v/v1:1), 1250 uL of a 0.1 M buffer
solution and 1062.5 pL of CH3CN for 2 and 3 and 1170.5 uL of CH3CN for 4. After mixing,
the background absorption was measured. Then 125 uL of a 0.0075 M standard solution of
the complex (2/3) and 17 L of a 0.0075 M standard solution in case of complex 4 in CH3;CN
were added and the increase in absorption overtime was measured at 400 nm. The initial
rates were calculated by fitting a linear line to the curve corresponding to absorbance for 15
minutes for 2 and 3 and absorbance < 5 % for 4. The total concentration of phenol from the
absorption of the phenolate at 400 nm was calculated from the molar extinction coefficient

¢of BNP (12100 M™cm™).

For the study of dependence of substrate concentration on the initial rate, varying volume of
stock solution of 2,4-bis-dinitrophenyl phosphate (0.08 M) was added to the cuvette to give a
total concentration of 0.5-4.0 mM, while the complex concentration was kept constant at
0.05 mM. Kinetic measurements were done using Michaelis-Menten equation and the results

were evaluated from Lineweaver-Burk plots.

Mass Spectrometry
General procedure
The molecular weight of the monoaquated and dihydroxo species, {L[(H.0)Zn"(z~

OH)Fe"(OH)]}** (2C), {L[(H20)Zn"(x~OH)zn"(OH)]}* (3C), the trihydroxo species,
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{L[(HO)Zn"(1-OH)Fe"'(OH)]}" (2D), {L[(HO)M*(-OH)M*(OH)]} [M* = M* = Zn (3D),
Ni (4D)] and the metal bound bis(2,4—dinitrophenyl)phosphate (2,4—-BDNPP) species
{L[(R:PO)ZN"(1OH)Fe"(OH)]}"  (2E), {L[Zn"(x~OH)(1~RPO,)Fe"T}" (2F), and
{L[Zn"(1~OH)(~RPO4)Zn"]} (3F), of the proposed mechanistic cycle were characterized
by direct-injection electrospray mass spectrometry (DIESI-MS) studies performed on a
BRUKER maxis impact mass spectrometer. The measurements were obtained in positive ion

detection modes on an ion trap mass spectrometer with an ESI source.

General procedure for the direct ionization ESI-MS detection of the (2C), (3C), (2D),
(3D) and (4D)

The 2, 3 and 4 complexes were dissolved in CH3CN/H,0 (v/v 1:1) mixed medium (1.00 mL)
at room temperature and was further diluted with CH3CN/H,O (v/v 1:1) (5.00 mL). An
aliquot of the sample solution was directly injected the ESI-MS to obtain the mass

spectrometric data.

General procedure for the direct ionization ESI-MS detection of the (2E), (2F) and (3F)

The data was collected under kinetic conditions. Each vial was prepared by successive
addition of 1062.5 puL of CH3CN, 62.5 puL of a 0.080 M standard solution of bis(2,4-
dinitrophenyl)phosphate (2,4-BDNPP) in CH3CN:H,0 (v/v 1:1), 1250 pL of a 0.1 M buffer
solution containing 0.2 M NaClO,4 (pH = 6.5) and 125 pL of a 0.0075 M standard solution of
the complex (2/3) in CH3;CN was added. The reaction mixture was then diluted with
CH3CN:H,0 (v/v 1:1) (5.00 mL) and an aliquot of the sample solution was directly injected

into the ESI-MS to obtain the mass spectrometric data.
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Supporting Information

'H NMR, BC{*H} NMR, IR spectra, HRMS and elemental analysis data of 2,6-bis{[bis(2-
pyridylmethyl)amino]methyl}-4-t-butylphenol, (HL) (1), the metal complexes 2, 3 and 4.
CIF file giving X-ray crystallographic data; variable-temperature magnetic susceptibility and
effective magnetic moment plots for 2 and 4 complex, electronic spectroscopic data for 2, 3
and 4 complexes; spectrophotometric titration data of complexes 3 and 4 including catalysis
data and mass experiments of the catalysis intermediates (2C), (2D), (2E), (2F), (3C), (3D),
(3F), and (4D) can be found in the journal webpage. This material is available free of charge

via journal webpage.

44



Abbreviations
2,4-BDNPP
PAP

HL

LMCT
DESI-MS
DMSO
MES
HEPES
CHES
CAPS
ICPAES
PPMS
HBPMP
HBPMOP
BMMHP

IPCPMP

HL!

H,BPBPMP
HsL?
HTPDP

CH,L3

bis(2,4—dinitrophenyl)phosphate

purple acid phosphatase

2,6-bis{[bis(2-pyridylmethyl)amino]methyl}-4-t-butylphenol

ligand-to-metal charge transfer

direct-injection electrospray mass spectrometry

dimethylsulfoxide

2-(N-morpholino)ethanesulfonic acid

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

N-Cyclohexyl-2-aminoethanesulfonic acid

N-cyclohexyl-3-aminopropanesulfonic acid

Inductively Coupled Plasma Atomic Emission Spectroscopy

Physical Property Measurement System

2,6-bis[(bis(2-pyridylmethyl)amino)methyl)]-4-methylphenol
2,6-bis[{bis(2-pyridylmethyl)amino}methyl]-4-methoxyphenol
2-{[bis(2-methoxyethyl)-amino]methyl}-6-{[(2-hydroxybenzyl)(2-pyridylmethyl)amino]-methyl }-4-methylphenol
2-(N-isopropyl-N-((2-pyridyl)methyl)aminomethyl)-6-(N-(carboxylmethyl)-N-((2-pyridyl)methyl)aminomethyl)-4-
methylphenol
2-{[bis(2-methylpyridyl)-amino]methyl}-6-{[((1-methylimidazol-2-yl)methyl)(2-pyridylmethyl)amino]methyl }-4-
t-butylphenol

2-bis[{(2-pyridylmethyl)-aminomethyl}-6-{(2-hydroxybenzyl)(2-pyridylmethyl) }-aminomethyl]-4-methylphenol
2,6-bis{[(2-hydroxybenzyl)(2-pyridylmethyl)amino]methyl]-4-methylphenol)
1,3-bis(bis-pyridin-2-ylmethylamino)propan-2-ol
2-(((2-methoxyethyl)(pyridine-2-ylmethyl)-amino)methyl)-4-methyl-6-(((pyridin-2-ylmethyl) (4-vinylbenzyl)-
amino)methyl)phenol

2,6-bis((hydroxyethyl)(methoxyethyl)-aminomethyl)-4-methylphenol

acetohydroxamate anion

N,N,N¢,N¢-tetramethylethylenediamine
2-[N-bis-(2-pyridylmethyl)aminomethyl]-4-methyl-6-[N-(2-pyridylmethyl)aminomethyl]phenolate)
2,6-bis[bis(2-pyridylmethyl)aminomethyl]-4-chlorophenol
2-[N-bis-(2-pyridylmethyl)aminomethyl]-4-methyl-6-[N-(2-pyridylmethyl)aminomethyl]phenolate)
2,6-bis[N-(N-(carboxylmethyl)-N-((1-methylimidazolyl)

methyl)amine)methyl]-4-methylphenolate
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Heterodinuclear Zn(Il)—Fe(IIl) and Homodinuclear M(I[)—M(II) [M = Zn and Ni] Complexes of a Bicompartmental [N:O] Ligand

as Synthetic Mimics of the Hydrolase Family of Enzymes
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A heterodinuclear mixed valence zinc—iron and two homodinuclear zinc—zinc and nickel-nickel type complexes supported
over a symmetrical nitrogen and oxygen donors bearing ligand serve as small molecule functional mimics of the hydrolase
family of enzymes.
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