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ABSTRACT: In this study, hydrolytic activities of hetero- and P .

homobinuclear metallovariants of an asymmetric (I) or symmetric //@0 AN

(I1) ligand with the Fe-Zn", Zn"-Zn", and Cu"-Cu" cores (i.e., Iy, Sl @ @ 3 N

I, and I¢c or Iy, 11,5, and I, respectively) are investigated using O\/N ® \J@ :

DFT calculations through four distinct mechanisms: dissociative 5 = f NUCieopnilee

(DA), substrate-assisted (SA), water-assisted (WA), and associative \ 'V 'Fve”é',‘f'zc,, Lecnvamoy |

(AS). Additionally, the effects of different nucleophiles (u-OH, | - N,{> “
terminal-OH, and -O,H,), coordination numbers, para substituents \ i @ @ }n

(-CH,, -Cl, and -NO,) of the linker, and an external electric field on A k/“ B \) y

the energetics of these reactions are computed. The geometries, spin N I y

ground states, and substrate binding modes of the three metal centers e - N
for both asymmetric (I) and symmetric (II) ligands differ from each S >

other. There is no Lewis acid activation of the bis(2,4-dinitrophenyl)

phosphate (BDNPP) substrate, and hydrolysis is predominantly

controlled by the nucleophilicity of the metal-bound hydroxyl ion. The electronic nature of the metal ions determines the activities
of their complexes, and the homobinuclear I ; is found to be the most active complex. However, complexes formed with ligand I are
not more active than their ligand-II-containing counterparts for all metal ions. The DFT calculations suggest that the DA pathway is
the energetically most feasible among the four pathways. The terminal hydroxyl group is the strongest nucleophile, and the electron-
donating -CHj; group is the most suitable para substituent in the linker. Whereas the introduction of an external electric field along
the reaction axis lowers the barrier for Iz, it leaves that unchanged for I;; and increases that for Icc. These combined results in this
study highlight the influence of distinct critical chemical factors such as the electronic nature of the metal ions, the ligand
environment, as well as the linker and nucleophile on phosphoester hydrolysis. Insights gained will guide the design of the next
generation of versatile metal complexes for a wide range of reactions and applications.

KEYWORDS: hydrolysis, binuclear complexes, chemical factors, synthetic analogues, reaction mechanisms, electric field and phosphodiester

1. INTRODUCTION chelates, and organic functional groups on the ligand.
Additionally, it needs to preserve the following key features
of enzymes: (a) a proper coordination number and the
chemical nature of ligancls,61 (b) a flexible coordination
sphere,”®* and (c) inclusion of noncovalent interactions of
the second coordination shell residues.”*> Most importantly,
all these factors need to be synchronized to facilitate optimal
binding and activation of substrates, stabilization of transition
states, and departure of the leaving groups. However, it is not

In the last few decades, a wide range of binuclear metal
complexes have been developed to catalyze diverse chemical
reactions.' ' These complexes were largely inspired by the
hetero- and homobinuclear metal centers of natural
enzymes.””~** Despite the impressive advances made in the
field, the ultimate goal of designing efficient enzyme mimics is
still elusive. Currently, metal complexes exhibit much slower
activities and lower turnover numbers in comparison to the
natural enzymes. Thus, there is an intense interest in designing

the next generation of molecules with improved activ- Received: November 23, 2022
ities.>>** 7% The realization of this aim will require a deeper Revised:  January 19, 2023
understanding of diverse chemical factors that influence their Published: February 16, 2023

activities. In general, the design of an efficient metal complex
mimic requires a productive combination of metal ions,
hydrophobic groups, hydrogen bond donating moieties, metal
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Figure 1. (a) Structures of the I and II ligands and BDNPP substrate. (b) Crystal structures of I, and IIoc complexes.

trivial to separate and elucidate the influence of these factors
experimentally.”>°~"!

In this study, on the basis of experimental data, these effects
have been investigated in a systematic manner for a variety of
binuclear metal complexes and their ability to hydrolyze
phosphoester bonds. This is one of the most fundamental
reactions in nature and ubiquitous in a wide range of critical
biological, biotechnological, and agricultural processes. In
biology, it is associated with signal transduction, DNA repair,
RNA maturation, energy metabolism, and regulation of
phosphate levels of plants, fungi, and mammals."**”>~"” In
biotechnology, it has been implicated in genomics,”®
therapeutics,””*” as well as the remediation and/or inactivation
of highly toxic compounds such as pesticides and nerve agents
(including sarin and tabun).®?%7**!7%5 gpecifically, in
agriculture, the catalyst-promoted hydrolysis of phosphoester
bonds is an attractive strategy for soil decontamination caused
by the excessive use of pesticides such as malathion, parathion,
and diazinon to increase crop production.”***>*” There have
been intensive efforts to design a variety of metal complexes
with distinct metal ions (transition and lanthanide) and ligand
environments (symmetric and asymmetric) to hydrolyze
phosphoester bonds under nondenaturing pH and temperature
conditions.”¥***¥7%" In these reactions, the metal ions,
generally Zn", Fe'™ Mn", Cu", Ca', and Mg", play multiple
roles such as substrate activation, nucleophile generation, and
stabilization of the transition states, intermediates, and leaving
groups.”»*>’%°! Because of the high Lewis acidity and low
ligand field stabilization energy of the metal ions required in
these reactions, both Cu™°*™”° and Zn"™*°*°°~"'! have been
extensively utilized. Additionally, Zn is redox inactive and the
most abundant biological metal ion in natural metal-
lohydrolases."'*™"'® On the other hand, in the absence of
any redox chemistry required for these reactions, the use of Fe,
Mn, and Cu ions is quite intriguing.

Neves and co-workers synthesized the first heterobinuclear
asymmetric Fe''-Zn" core-containing complex, [I(OH)Fe™ (u-
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OH)Zn"]* (I, where I (bpbpmp) = 2-bis[{(2-pyridylmeth-
yl)-aminomethyl}-6-{(2-hydroxybenzyl)-(2-pydidylmethyl)}-
aminomethyl]-4-methylphenol), that contains catalytically
active [(OH)Fe™(u-OH)Zn"(OH,)]* species in an aqueous
solution (Figure 1).""” In Iz, Fe is coordinated to the N,O,
site of the ligand I, whereas Zn" is bound to the N;O site. This
complex mimics the structural and functional properties of
purple acid phosphatases (PAPs) and accelerates the turnover
rate for the hydrolysis of bis(2,4-dinitrophenyl) phosphate
(BDNPP) by 4.8 X 10%fold (k. = 9.13 X 10™*s7!) at pH 6.5.
The measured kinetic isotope effect of ky/kp = 1.34 suggests
an intramolecular attack by the Fe"-bound hydroxide in the
rate-limiting step,117 whereas the spectral change in the
reaction mixture at pH 6.5 in the presence of excess substrate
indicates that BDNPP binds directly to the Zn" ion. In
contrast, Erxleben and co-workers reported a homobinuclear
Cu'-Cu" core-possessing symmetric complex, [IICu"(u-OH)-
Cu"]** (Ilcc), where I (bemp) = 2,6-bis(1,4,7-triazacyclo-
non-1-ylmethyl)-4-methylphenol), that hydrolyzes BDNPP
(Figure 1)'7''® with a second-order rate constant of 0.047
M™' s7! at pH 8.0 and 40 °C. Il is also able to hydrolyze
DNA and induce cell death in pancreatic cancer cells. In this
complex, both Cu ions are coordinated to the symmetric N;O
ligands in II. The measured ky/kp effects for I suggest that
a bridging hydroxyl group, unlike the terminal water molecule
in Iy, acts as the nucleophile in the reaction.'® Its Zn-
containing variant (II;) also hydrolyzes BDNPP with an
apparent second-order rate constant of 0.028 M™' s™' under
the same conditions.'”” The dependence of the hydrolysis rate
on the concentration of these metal complexes suggests a weak
binding of BDNPP to Il and II;.

Phosphoester hydrolysis by metal complexes of ligands I and
II can occur through a mechanism that may employ any of the
four pathways shown in Scheme 1:°'"°7'*' (1) dissociative
(DA), (2) substrate-assisted (SA), (3) water-assisted (WA),
and (4) associative (AS). As discussed above, they can utilize
either the terminal or bridging hydroxyl group as a nucleophile.

https://doi.org/10.1021/acscatal.2c05758
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Scheme 1. Proposed Reaction Pathways for Phosphodiester
Hydrolysis
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However, only the terminal hydroxyl is used in the pathways
depicted in Scheme 1. According to the DA pathway,'**~"**
the metal ion-bound hydroxyl nucleophile attacks the substrate
and cleaves the scissile P-O" bond in an Sy2 fashion. In this
mechanism, backside attack of the nucleophile on the
electrophile is favorable as it inverses the conformation of
the product, and this inversion minimizes the repulsion
between lone pair electrons on the leaving group and the
nucleophile. In the SA pathway,'*>~"*” unlike the previous DA
pathway, the hydroxyl nucleophile is split; i.e, the proton is
transferred to the oxygen atom (O°) of the phosphate group,
whereas the oxygen (O') attacks the electrophilic P atom of
the substrate BDNPP to cleave the P-O' bond. In the WA
pathway,**'*” the metal bound hydroxyl group (-O'H')
functions as a base and abstracts a proton (H®) from an
external water to create the hydroxyl (-O“H) nucleophile.
This group simultaneously attacks the P atom and cleaves the
phosphoester bond. In the AS pathway,’>"**"*! the cleavage of
the scissile phosphoester bond (P-O) takes place through the
formation of the phosphorane intermediate in a stepwise
manner.

In these four pathways, many fundamental chemical
properties such as the catalyst—substrate complexation and
electronic nature of the metal ion, ligand environment, linker,
and nucleophile play key roles.'”> Additionally, the Lewis
acidity of the metal ion and nucleophilicity of hydroxyl ion can
be critical.**'**'3* PBurthermore, the BDNPP substrate can
bind in either a monodentate or bidentate manner to achieve
either Lewis or double Lewis activation, respectively. The
metal cooperativity is also important in the functioning of the
binuclear metal complexes.'”>'**'*® Furthermore, the para-
substitution of the bridging phenolic oxygen of the linker has
been reported to influence the rate of hydrolysis (Figure 1)."%
The nature of the nucleophile (bridging -OH, terminal -OH, or
-O,H,) also affects the rate of the reaction.'””"*® Finally, the
introduction of an external electric field along the reaction axis,
the direction along which electrons reorganize, has been
reported to affect the structures and reactivities of com-
plexes.”””~"*' ‘Whereas an orientation of the electric field
parallel to the reaction axis can accelerate a reaction, an
antiparallel alignment may have the opposite effect.

In this study, on the basis of experimental data, all these
chemical factors have been systematically investigated using
two chemically distinct ligands (asymmetric (I) and symmetric
(I1)) with three different (hetero- and homobinuclear) metal
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ion combinations (i.e., Fe-Zn!, Zn-Zn", and Cu™-Cu®) of I
(Igz, Iz and Icc) and II (Ilgy, 11, and IIcc); BDNPP, an
analogue of DNA, is used as model substrate (Figure 1).
Additionally, three different nucleophiles (u-OH, terminal-
OH, and -O,H;) and para substituents (-CH;, -Cl, and -NO,)
of the linker have been utilized. The effects of coordination
number and charge of metal ions on the energetics are also
studied by altering the number of hydroxyl groups.
Furthermore, the influence of an external electric field on the
activities of these complexes is investigated. The combined
results from our study will provide a deeper understanding of
the roles of these distinct fundamental chemical factors in one
of the most critical reactions in nature. They may also help us
derive principles for the design of the next generation of
synthetic analogues to catalyze the hydrolysis of phosphates,
peptides, and nitriles and other reactions including epoxide
opening, aldol condensation, Michael addition, and Diels—
Alder reactions.®' > 15!

2. COMPUTATIONAL DETAILS

The structures of metal complexes of the I (I;; and Io¢) and 11
(IIg;) ligands were built using the X-ray structures of |

I, '® and 11,,'" (Figure 1b). As discussed below, multiple
spin states and BDNPP substrate binding modes were explored
to determine their ground states. All calculations were
performed using the Gaussian 09 program package.'”” The
geometries of reactants, transition states, intermediates, and
products were optimized without any symmetry constraints at
the mPW1PW91'**/LANL2TZ (+)"** level of theory utilizing
the Hay—Wadt effective core potential > for metal atoms. The
6-311+G(d) basis set was used to treat the P atom; 6-31+G(d)
basis set for the N and O atoms; and 6-31G(d) for the C, H,
and Cl atoms. This DFT functional has been reported to
provide accurate structural and electronic properties of metal
complexes.'*®'*” Hessians were calculated at the same level of
theory as optimizations to confirm the nature of the stationary
points along the reaction coordinates. Furthermore, internal
redundant coordinate (IRC)"* calculations were performed to
confirm the connection between the corresponding transition
states and minima. Grimme D3 dispersion corrections were
also incorporated in the optimizations.'>” Additionally, solvent
effects were calculated using diethylether (dielectric constant, &
= 3.1) using the self-consistent reaction field-SMD implicit
solvent model (SCRE-SMD)."®’ The kinetic data for Igy, 11,5,
and Il were collected in a buffer solution.'”''”!'® Because
it is not possible to simulate experimentally used buffer using
dielectric constants and these complexes are supposed to be
enzyme mimics, diethylether was used to simulate the
hydrophobic environment of an enzyme active site. It is
noteworthy that these solvent effects are not very sensitive on
the value of the dielectric constant for structures with the same
charge.161 Furthermore, natural bonding orbital (NBO)
charges for all optimized structures were computed.'”” The
final energies of the optimized structures were further
improved by performing single point calculations using the
triple-{ basis set 6-311+G(d+p). Zero-point vibrational
(unscaled), thermal (at 298.15 K and 1 atm), solvent, and
entropy corrections (at 298.15 K) were added to the final
energies of the optimized structures. To assess the effects of
the DFT functional on computed energetics, the DA pathway
was investigated using the B3LYP,"®® MO6L,'** and MO06-
2X'% functionals. The B3LYP and MO6L functionals were
found to increase the barrier by 1.8—2.9 kcal/mol, whereas the

https://doi.org/10.1021/acscatal.2c05758
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MO06-2X functional lowered the barrier by 1.6 kcal/mol. The
effect of external electric fields was investigated using the
keywords “Field = M + N” that define the axis of the electric
field (direction and magnitude). Initially, a range of field
strengths (F = —0.0S to +0.05 au, 1 au = 514V A1) were
introduced along all the X, Y, and Z axes. On the basis of these
calculations, the Field = Z + 10 (along the Z axis, +0.01 au)
was selected. All these structures were subsequently optimized
using Field = Z + 10 at the same level of theory as used for
geometry optimizations.

3. RESULTS AND DISCUSSION

In this study, hydrolytic activities of six distinct complexes that
include three metal ion combinations for ligands I (Igz, I,
and I¢c) and II (Ilgy, 15, and Ilc) are investigated using
four diverse pathways (DA, SA, WA, and AS; Scheme 1). Their
energetics is compared in terms of Lewis acidity, nucleophil-
icity, basicity, and metal cooperativity using the metal—
substrate, metal—nucleophile, metal—ligand, and metal—metal
distances and atomic charges (NBO) as parameters. >
Additionally, natural bond analysis of the optimized structures
is performed to rationalize their reactivities.

3.1. Structures of Metal Complexes. On the basis of
their metal and ligand compositions, complexes of I (I, I,
and Igc) and II (Ilg,;, Iz and IIgc) adopt different
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geometries and spin states. Both Ig; and IIg; can exist in
three different spin states (doublet, quartet, and sextet). I,
exists in a high-spin sextet ground state, whereas the doublet
and quartet states are 12.2 and 15.6 kcal/mol, respectively,
higher in energy in the gas phase (Figure S1). II; showed the
same pattern; i.e., the doublet and quartet spin states are 11.2
and 15.9 kcal/mol, respectively, less favorable than the sextet
ground state (Figure S2). In the sextet state of Iy, the terminal
hydroxyl group is coordinated to the Fe'" ion in the N, 0, site,
similar to the X-ray structure of Ig;, whereas it is bridging in
the other two spin states. The Zn"-Zn" core-containing I,
and II;; complexes exist only in the singlet state and two
different conformations, ie, a terminal (Znl-OH) and a
bridging (u-OH) or (u-OH), (Figure S3). The optimization of
the Zn,-OH conformation of I, also converged to the
bridging (u-OH), structure. On the other hand, the Cu"-Cu"
core in complexes Icc and IIc can exist in the broken
symmetry singlet and triplet spin states. For I¢c, both these
states are degenerate, and the optimized structures adopt the
same geometry, i.e., one bridging and one Cu2-bound terminal
hydroxyl group (Figure S4). On the other hand, for II¢(, the
triplet state is slightly lower in energy (by 0.8 kcal/mol) than
the open shell singlet state. In the triplet state, both hydroxyl
groups are terminally coordinated, whereas in the broken
symmetry singlet state, one is terminal and the other one is

https://doi.org/10.1021/acscatal.2c05758
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Table 1. Key Bond Distances (A) of the Optimized Structures for Iz, I,7, and I¢ in the DA and SA Pathways

I R'y, R';, Rlce T T'y,
M,-O! 1.89 2.10 3.98 2.08 3.88
M,-0? 1.97 2.11 1.94 1.94 2.07
M,-03 2.11 2.19 1.97 2.00 2.12
M,-0* 478 4.49 4.34 3.55 222
M,-N* 227 2.33 228 2.34 2.31
M,-N* 226 225 2.16 2.19 228
M,;-0° 1.93 2.02 1.94 1.89 2.00
M,-O! 3.66 2.04 1.88 3.30 2.12
M,-0? 2.04 2.08 1.98 2.17 2.03
M,-0° 2.13 2.09 2.35 2.10 2.07
M,-O* 2.12 428 3.95 2.03 2.78
M,-N! 226 223 2.08 2.15 226
M,-N? 223 227 2.39 224 229
M,-N3 228 249 222 2.36 2.52

ol.p 5.32 3.96 4.40 1.87 1.88
p-O 1.67 1.68 1.70 2.00 2.03
P-0O¢ 1.66 1.69 1.69 1.67 1.72
O-H! 0.97 0.97 0.96 0.97 0.97
H'-O¢ 6.21 4.46 3.87 2.51 2.13
H-O° 4.92 3.74 478 2.54 3.19
M;-M, 3.13 2.74 3.16 3.08 2.98

T'ec
3.90
2.04
1.96
2.39
2.16
2.31
1.92
2.14
1.92
2.02
2.75
227
2.08
2.62
1.79
2.18
1.72
0.97
2.13
3.08
2.88

T e, T, T e T1 T13 TI
2.14 3.80 3.56 1.99 3.69 3.99
1.92 2.06 2.31 1.97 2.09 1.98
2.00 2.14 1.99 2.02 2.10 1.95
3.51 2.20 2.07 3.54 2.14 2.85
2.33 2.38 2.14 2.22 2.31 2.13
2.17 2.27 2.37 2.29 2.38 2.36
1.89 2.02 1.92 1.88 2.00 1.92
3.29 2.15 2.11 3.30 2.04 2.00
2.20 2.01 1.91 2.16 2.06 1.95
2.09 2.06 2.04 2.06 2.06 2.06
2.00 3.12 3.18 2.03 3.20 2.84
2.38 2.22 2.23 2.35 2.27 2.40
2.16 2.30 2.09 2.15 2.30 2.09
2.24 2.40 2.40 2.26 2.40 2.75
1.76 1.76 1.78 1.76 1.76 1.73
1.71 1.79 1.82 1.90 1.84 1.90
2.12 2.07 1.93 1.67 1.71 1.72
0.98 0.97 0.98 1.23 1.22 1.24
191 1.80 1.82 2.74 2.87 2.88
2.74 3.18 3.01 1.26 1.25 1.23
3.08 3.02 3.03 3.08 3.04 2.88

bridging (Figure SS). In I¢c, the terminal hydroxyl group,
equivalent to the Fe'-bound hydroxyl group in Iy, can be
coordinated to either Cul or Cu2. However, the structure with
the Cu2-bound hydroxyl is 8.1 kcal/mol lower in energy than
its Cul-coordinated counterpart in the triplet ground state
(Figure S4). The metal—ligand distances in the optimized
structures of Ipz, I, and Il are in good agreement with
their corresponding X-ray structures (Table SI).

3.2. Substrate Binding. The substrate BDNPP can
interact with the metal centers either in a monodentate (to
either M1 or M2) or bidentate (both M1 and M2) manner or
indirectly via hydrogen bonding. After extensive conforma-
tional sampling of these complexes, the energetically most
stable structures were used to investigate their mechanisms
(Figures S6—S8). The substrate binding mode is found to be
influenced by the nature of the metal ion and ligand
environment. For instance, in Igz, it binds directly to the Zn
ion whereas it interacts only through hydrogen bonding in IIg,
(Flgure S6). It also associates in an indirect manner in the I,
I, Icc, and I complexes (Figures S7 and S8). The
binding mode of Iy is also supported by experimental data.""”
The catalyst—substrate interactions are discussed in detail
below.

3.3. Mechanisms of Phosphodiester Hydrolysis. On
the basis of the available experimental and theoretical data, the
hydrolysis of BDNPP by the different metal ion combinations
of I (Igz, Ice, and I;) and II (Il Ilge and 1Ip;) is
investigated using the four reaction pathways illustrated in
Scheme 1.

3.3.1. Dissociative (DA) Mechanism. In the reactant (R's,)
of Iz, both Fe and Zn" ions have six ligands in a distorted
octahedral coordination environment (Figure 2). Fe'! is
located in the N,O, site and Zn" is in the N,O site of the
asymmetric ligand I. A terminal hydroxyl (-O'H') is also
bound to the Fe' atom, and a second hydroxyl group (-O*H?)
and the p-methylphenolate group of the ligand I bridge the two
metal ions. The Fe"™ Zn" distance is 3.13 A (Table 1). This
distance is 0.43 A shorter than the one in the Fe'"-Zn" core of
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the enzyme glycerophosphodiesterase (GpdQ).'*>'*” BDNPP
is coordinated to the Zn" ion in a monodentate fashion
through its most electronegative oxygen (O —0.57¢) atom
(Zn"-O* = 2.12 A, Figure 2). This substrate bmdlng mode is in
line with experimental data reported for Ip;.~ ' However,
rather surprisingly, no Lewis acid activation of the substrate is
observed in R'p;, and the catalyst—substrate interaction
actually strengthens the scissile P-O' bond by 0.04 A in
comparison to the corresponding bond in its free form. This is
in contrast to the activation of the scissile P-O bond of BNPP
in the mechanisms employed by GpdQ'® or the Zn'-Zn"
core-containing Streptomyces griseus aminopeptidase (SgAP)168
enzymes. In R'z;, BDNPP binding is further stabilized through
hydrogen bonding with the bridging -O*H?* group (H>-O° =
2.16 A). In this structure, the highest occupied molecular
orbital (HOMO) is localized on the Fe'" site (Figure S9). On
the other hand, the lowest unoccupied molecular orbital
(LUMO) and LUMO+1 are localized on the substrate, with
the LUMO being predominantly on its leaving group (Figure
S9). In an Sy2-type reaction, an in-line concerted attack of the
Fe'" bound -O'H' nucleophile on the electrophilic P atom of
BDNPP leads to the cleavage of the scissile P-O* bond with a
barrier of 15.8 kcal/mol. It is in good agreement with the
measured barrier of 20.1 keal/mol.""” This barrier is, however,
5.7 kcal/mol higher than the correspondmg barrier computed
for Gde,166 demonstrating that R'p;, formed by organic
ligands, is substantially less active than biological hydrolases
created by amino acid residues. The optimized transition state
(T"g; in Figure 2) is stabilized by the formation of two
additional hydrogen bonds between the catalyst and substrate
in comparison to R'gz. In T'g, the Fe-Zn distance shrinks by
0.05 A, and the Fe-O'H! nucleophile bond weakens by 0.19 A.
As a result, the charge on the O atom of the bridging hydroxyl
(-O’H?) reduces by 0.05e and the charge on the O' atom of
the nucleophile increases by 0.7¢ in the Ry, — Ty,
transformation. However, the charges on both metals remain
unchanged. During the nucleophilic attack, the LUMO of R'g,
gets populated and stabilized to become HOMO-1 of T'g,
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(Figure S9). Therefore, a lower HOMO—-LUMO gap is
expected to promote the population of the LUMO of R',
during the reaction (the HOMO—LUMO energy gap for this
complex is 0.1022 hartree). The P-O' and P-O' bond lengths
in Ty confirm the concerted nature of this process (P-O' =
1.87 A and P-O' = 2.00 A). In contrast to the use of double
Lewis acid activation by the binuclear metal cores of natural
hydrolases, this mechanism is dominated by the nucleophilicity
of the Fe-coordinated -O'H' group. The negatively charged
dinitrophenolate group released in this process is a good
leaving group and forms the product (I'g;) that is exergonic by
6.1 kcal/mol. However, the monoester group in I'p; is still
bound to the metal complex. The 2,4-dinitrophenolate group
can be easily neutralized through the abstraction of the H'
proton from the -O'H' group. This process occurs through the
formation of another intermediate (I2';,) that is 6.0 kcal/mol
more exergonic than I'py;. From 12y, an almost barrierless
proton transfer through the transition state (T2's;) generates a
neutral product (P'g;) that is 27.1 kcal/mol more exergonic
than R'g;.

In contrast to R'g;, BDNPP in dizinc core-containing RY,,
does not coordinate directly to the metal ions. In this structure,
both hydroxyl groups (u-O'H' and p-O*H?) bridge the two
Zn! jons, and thus, there is no vacant coordination site for the
substrate (Figure 3). However the substrate interacts through
a strong hydrogen bond with the u-O'H' group and z—rx
interactions with the 2-hydroxybenzyl group of the ligand of
Znl (Figure 3). In R';;, the metal—metal distance is shorter
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and the metal—ligand bonds are longer than the corresponding
distances in R'g; (Table 1). From R';;, the computed barrier
for the cleavage of the P-O' bond through the attack by the
-O'H' nucleophile is only 6.3 kcal/mol, which is 9.5 kcal/mol
lower than the barrier in Ig;. This is surprising because a
hydroxyl group bound to two metal ions should be a weaker
nucleophile than one bound to only one metal ion. However,
because of the low ligand field stabilization energy of the Zn
ion, both metal—nucleophile distances (Zn;-O' = 2.10 A and
Zn,-O' = 2.04 A) in R';; are substantially longer than the Fe-
O! distance in R'y; (1.89 A; Table 1). The nucleophile
(-O'H")—electrophile (P) distance in R'z; (O'-P = 3.96 A) is
also much shorter than the one in R, (O'-P = 5.32 A).
Additionally, in the transition state (T%;;), the substrate is
coordinated to the Znl center, and the u-O'H' nucleophile
becomes terminal (Figure 3). Interestingly, in T';;, the -O'H'
nucleophile is bound to the metal in site 2 (Zn,), contrasting
the situation in the reaction with R'g, where the nucleophile is
located at site 1 (Fel). In the R';; — T';; process, in contrast
to R'y;, the charge on the O” atom of the bridging hydroxyl
(-O’H?) increases by 0.03e, and the charge on the O atom of
the nucleophile decreases significantly by 0.18e. Furthermore,
the charge on only Zn1 increases by 0.03¢, whereas the charges
on both metals remain intact in R'z;. The Zn-Zn distance also
follows the opposite trend and increases by 0.24 A (Table 1).
Hence, in summary, the reason for the significantly lower
barrier in R'; when compared to Ry is the provision of a
stronger nucleophile in the former.
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Figure 4. Optimized structures for I in the DA pathway.

Similar to R';,, BDNPP does not bind directly to the metal
ions in the dicopper core-possessing R'cc (coordination
numbers are S and 6 for Cul and Cu2, respectively). However,
the substrate binding mode is quite different in the two
systems. In Rlcc, the substrate associates through hydrogen
bonding with the single bridging hydroxyl (u-O*H?) and via
7—m interactions with the 2-pyridylmethyl group of the ligand
of the Cu2 site (Figure 4). In this structure, the -O'H' group is
terminally bound to the Cu2 atom (Figure 4 and Table 1). The
Cul-Cu2 distance (3.16 A) is longer than the metal—metal
distances in R'g; and R';;. The metal—nucleophile bond (Cu,-
O' = 1.88 A) in Rl is comparable to that in R'g; (1.89 A).
Despite the lack of a direct bond between the metal and
substrate, the P-O' bond in R'¢¢ is 0.03 A more activated than
that in in R'g; (P-O' = 1.70 A). The nucleophile (-O'H')—
electrophile (P) distance in Rlcc (O'-P = 4.40) is shorter than
that in R, but longer than that in R';; (Table 1). For R'¢c,
the barrier for the cleavage of the P-O' bond is 11.4 kcal/mol,
which is 4.4 kcal/mol lower and 5.1 kcal/mol higher than the
corresponding barrier for Ig; and Iz, respectively. Similar to
T';;, the nucleophile is provided by the Cu2 site in the
transition state (T'cc). The metal-metal distance in this
system follows the same pattern as observed for Igy; ie, in
T'cc, the Cu-Cu distance decreases by 0.28 A and the Cu2-
O'H! nucleophile bond elongates by 0.26 A. Moreover, the
charge on the O atom of the bridging hydroxyl (-O*H?) gets
lowered by 0.03¢ and the one on the O' atom of the
nucleophile increases by 0.3¢ in the Rlcc — Tl trans-
formation. In this process, the charge on the nucleophile
providing Cu2 increases by 0.03e. Similar to R'g;, the HOMO
of Rl is positioned on site 1 (Figure S10). Here, both the
LUMO and LUMO+1 are on the substrate, with the LUMO
again localized on its leaving group. In the Rlcc — T'¢c
transition, the LUMO of R'c¢ gets stabilized to become the
HOMO-1 of T'¢c (Figure S10). However, the HOMO—
LUMO energy gap of 0.0861 hartree in this case is smaller than
the corresponding gap of 0.1022 hartree for R'g;. This lower
gap should make it easier to populate the LUMO of the
reactant, which correlates well with the 4.4 kcal/mol lower
barrier for Rl¢c.

The cis bond (P-O°) of BDNPP is also accessible for
cleavage through this mechanism (Figure 2). However, in
comparison to the trans bond, the barrier for the splitting of
this bond by Iz, I¢c, and I, through the DA mechanism is
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higher by 9.2, 8.7, and 14.3 kcal/mol, respectively. The strain
of the four-membered transition states (T g, T' ¢c, and TV 7,
in Figure S11) created in this process caused this increase in
the barrier. Nonetheless, the reactivities of all three complexes
for the cleavage of the cis and trans P-O bond follow exactly the
same order, ie., I;; > Icc > Igz.

The above results demonstrate that the ligand environments
and substrate binding modes of the three distinct metal clusters
for the same ligand differ significantly from each other.
Additionally, key parameters such as metal—metal distances
and charges follow a distinct pattern in these systems. Despite
the lack of direct coordination to any of the metal ions, the
scissile P-O' bond of BDNPP in both R',; and Rl is more
activated than the corresponding bond in R'y, (Table 1).
Quite clearly, in the absence of a Lewis acid activation, the
energetics of this process is dominated by the nucleophilicity
of the hydroxyl ion.

3.3.2. Substrate-Assisted (SA) Mechanism. In this mech-
anism, the O'-H' bond of the Fe-bound O'H' nucleophile of
R’y is broken, and the O' and H' atoms are transferred to the
P and O° atoms of BDNPP, respectively (Figure S12). This
process leads to the simultaneous cleavage of the P-O' bond
and the release of the negatively charged dinitrophenolate
group through the transition state (T1}5) (Figure S12). This
concerted process occurs through the high barrier of 35.6 kcal/
mol because of the additional energy required for the cleavage
of the -O'H" bond. The intermediate (I¢y) formed in this step
is exergonic by 25.4 kcal/mol. Similarly high barriers of 29.2
and 28.9 kcal/mol for this step are also computed for the
corresponding Icc and I; complexes, respectively (Figures
S13 and S14). Because this mechanism occurs with
prohibitively high barriers for all three systems, it can be
ruled out.

3.3.3. Water-Assisted (WA) Mechanism. In this mecha-
nism, the Fe-bound -O'H' group in the reactant (Rfy* in
Figure S15a) functions as a base and abstracts the H* proton
from the outer sphere water (H*O“H?*) molecule to create the
-O“H* nucleophile. The -O"H* group concomitantly attacks
the electrophilic P atom and breaks the P-O' bond of the
substrate. All key bond distances in the transition state (Try"
of this process confirm its concerted nature (O'-H* = 1.19 A,
H-0Y =122 A, O"-P = 1.97 A, and P-O' = 1.84 A in Table
2). The barrier of 22.6 kcal/mol for this mechanism is 6.8 kcal/
mol higher than the barrier (15.8 kcal/mol) computed for the
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Table 2. Key Bond Distances (A) of the Optimized
Structures for Ig;, 1,7, and I¢c in the WA Pathway

I Ry Ry RE TRt Tt T
M;-0! 191 4.05 3.88 2.02 4.10 3.97
M;-0? 1.98 2.03 1.95 1.94 2.04 1.98
M,-0° 2.03 2.14 1.97 2.01 2.12 2.00
M,-0* 3.97 222 4.38 3.90 225 327
M,-N* 2.28 226 2.16 221 2.31 227
M;-N° 225 2.35 226 1.92 228 2.19
M;-0° 1.93 2.04 1.94 2.32 2.01 1.92
M,-O! 3.39 2.00 1.89 3.62 2.04 1.95
M,-0? 2.04 2.03 1.96 2.15 2.03 1.92
M,-0? 2.18 2.14 2.30 2.12 2.16 227
M,-0* 2.16 3.47 4.03 2.04 323 3.87
M,-N! 223 2.32 2.45 222 2.33 2.52
M,-N? 2.18 2.30 2.09 225 226 2.07
M,-N3 2.40 2.59 221 2.39 2.56 2.17
o.H? 1.80 1.67 1.60 1.19 1.38 1.21
H3-OW 0.98 1.00 1.01 122 1.09 122
ov-p 3.81 2.86 5.62 1.97 2.05 2.04

P-O* 1.68 1.68 1.69 1.84 1.88 1.87
P-O¢ 1.65 1.67 1.69 1.69 1.72 1.71
M;-M, 3.09 3.10 3.12 3.18 3.10 3.06

corresponding DA mechanism. In the product (Ppy?), the
monoester group (DNPP) is coordinated to the Zn ion, and it
is 6.0 kcal/mol exergonic from Rpy*. In comparison to the
heterobinuclear RIYA, in the homobinuclear reactants ROZ:
and RYA, the -O'H! base is bound to the metal ion in site 2. In
RJY*, BDNPP is directly coordinated to the Znl ion, whereas
in ROEY, it is hydrogen bonded to a Cu2-coordinated water and
u-O*H? (Figure S15b,c). The barrier for this mechanism is
14.3 and 24.2 kcal/mol for I, and I¢c, respectively, ie., 8.0
and 12.8 kcal/mol higher than the corresponding barriers in
the DA mechanism for I; and Igc. Similar to the DA
mechanism, however, the barrier for this mechanism is lowest
for I, (14.3 kcal/mol), and the corresponding barriers for Ig;
and I are substantially higher (i.e, 22.6 and 24.2 kcal/mol,
respectively). That is likely to be due to the stronger basicity of
the Zn,-O'H' group in R}y* among the three complexes,
linked to the longer metal-O' distance [2.00 A (R}Y*), 1.91 A
(RPY™), and 1.89 A (RE*)] and higher charge on the O' atom
[—1.29¢ (RYY), —0.51¢ (RE), and —0.42¢ (Ry™)]. These
results demonstrate that this mechanism is energetically also
less favorable than the DA mechanism. Among the three
complexes, I, is, however, the most active complex in both
DA and WA mechanisms.

3.3.4. Associative (AS) Mechanism. On the basis of the
higher activity of I, in the previous mechanisms, the AS
mechanism was investigated only for this complex (Figure
S16). In the first step, from R™;,,, the Zn, bound hydroxyl
(-O'H') group performs a nucleophilic attack on the
electrophilic P atom of the substrate. This attack occurs
through the transition state (T1",;) with a barrier of 13.1
kcal/mol. In T1™,,, BDNPP is coordinated to the Zn" ion in
site 1 through the Zn-O* bond. Here, the nucleophile—
electrophile (O'-P) distance is decreased by 1.70 A and the
metal—nucleophile (Zn,-O') bond is shortened by 0.02 A in
comparison to R, (O'-P = 2.26 A and Zn,-O' = 2.02 A).
The nucleophilic attack in this step leads to the formation of
the phosphorane intermediate (I'*;;), in which the substrate
adopts a trigonal bipyramidal conformation around the P
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center. In I'';; the P-O" bond is activated significantly by 0.26
A, and it is endergonic by 8.4 kcal/mol compared to R%,,.
The collapse of I'*;; leads to the release of the
dinitrophenolate group of BDNPP in the product (P™;,).
P, is exergonic by 10.7 kcal/mol compared to R™;;, and
the leaving group is stabilized by a hydrogen bond with the
bridging hydroxyl group (-O*H?) and z— stacking with the
metal bound 2,4-dinitrophenyl phosphate fragment of the
substrate.

In summary, AS is a plausible pathway among the four
mechanistic pathways. However, the barrier (13.1 kcal/mol)
for this mechanism is substantially higher (by 6.8 kcal/mol)
than the one computed for the DA mechanism (6.3 kcal/mol)
but is slightly lower (by 1.2 kcal/mol) than that of the WA
mechanism (14.3 kcal/mol).

3.4. Ligand Effect. The effects of the symmetric (N;-N;)
ligand II (Figure 1) on the energetics of the previous pathways
for all three variants (Ilpz;, Ilcc, and II,;) were also
investigated. In the reactants for the DA pathway (R"p,
R",,, and R"¢¢), BDNPP does not coordinate directly to the
metal ions; rather, it interacts with the metal complex through
multiple hydrogen bonds (only in R'y; is the substrate directly
coordinated to the Zn, ion; Figure 2). In R, in comparison
to R'g;, the metal-metal and all the metal—ligand distances
are shorter (Table S2). Additionally, both metal—nucleophile
(Fe™-0') and the scissile bond (P-O") in R"g; are shorter by
0.05 and 0.01 A, respectively, than in Ry, suggesting the
provision of a weaker nucleophile and stronger phosphoester
bond in the former. However, the charges on the 0O? atom of
the bridging hydroxyl (-O’H?) and the O' atom of the
nucleophile follow a similar trend in both cases, i.e., decreases
and increases for O* and O, respectively, in the R"g; — T,
process. In R";, the HOMO is located on the bridging
phenolate linker (Figure S17). The LUMO and LUMO+1 are
again positioned on the substrate, with the LUMO being
localized predominantly on its leaving group. The LUMO of
R, gets populated and stabilizes to the HOMO of T"g,
during the reaction. However, this stabilization is greater for
R';; as the LUMO becomes the HOMO-1. The HOMO—
LUMO gap of 0.1337 hartree for this complex is also higher
than the one (0.1022 hartree) computed for I;. Thus, a lower
stabilization of the LUMO and a larger HOMO—-LUMO gap
are consistent with a lower activity of this complex. Indeed, the
barrier for the cleavage of the P-O' from R"y; (23.5 keal/mol)
is 7.7 kcal/mol higher than that from R'p;. Additionally, the
corresponding transition state (T"p, in Figure S18a) is
stabilized by two hydrogen bonds, whereas T'g; is stabilized
by three (Figure 2). In the homobinuclear R",, and R"¢,
unlike the corresponding R'z; and Rlcc, there is no z—rx
interaction between BDNPP and the ligand. The metal—metal
and metal—ligand distances are also shorter in the reactants
formed by the complexes of II than those formed by the
complexes of I (Table S2). Furthermore, the locations of the
two hydroxyl groups in these systems are found to be
influenced by the nature of the metal ions, i.c., Fe(-OH) and u-
OH in R".,, two u-OH in R",,, and Cul(-OH) and Cu2(-
OH) in R"c. The same locations of these groups are also
observed in the two corresponding reactants of I, i.e., R'g; and
R',; (Figures 2 and 3). However, the Cu2(-OH) arrangement
in Rlc is different than two p-OH arrangement in R
(Figure 4 and Figure S18c). The charges on the O* and O'
atoms of R, and R"( largely remain unchanged during the
reaction, whereas only the charge on the O' atom of the
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nucleophile decreases by 0.21e in the RY,, — T,
transformation. The charge on the nucleophile-providing Zn1
also increases by 0.04e. In the R"cc — T process, the
charge on the nucleophile-providing Cu2 also increases by
0.04e. In R%;;, the HOMO is located on the bridging
phenolate linker (Figure S19). However, in comparison to
R'¢, the LUMO+1 is positioned on the leaving group of the
substrate. In the R"cc — T transition, the LUMO+1 and
not the LUMO of R"( gets populated and mixes with other
orbitals to stabilize to the HOMO-2. On the other hand, the
LUMO converts into the HOMO-1 in the Ricc = Tl
transition. The barrier of 7.0 kcal/mol in R";; is only slightly
higher, by 0.7 kcal/mol, than the barrier of 6.3 kcal/mol in
R';;. However, as expected, the corresponding barrier (9.6
kcal/mol) in R"( is actually lower by 1.8 kcal/mol than the
one computed for R'cc (11.4 kcal/mol). Although the
HOMO-LUMO+1 energy gap of 0.1174 hartree for R"¢ is
greater than the corresponding HOMO—LUMO gap of 0.0861
hartree for R'¢, it is still more active than R.c. This increase
in activity is attributed to the greater orbital stabilization.
Nonetheless, barriers for complexes of II follow the same order
[I1,; (7.0 kcal/mol) < Ic (9.6 keal/mol) < Mgz (23.5 kcal/
mol)] as those observed for their counterparts with ligand L
These correspond well to the strength of the nucleophile in
terms of the metal—nucleophile distance in their reactants
(Zn®-0' =2.08 A > Cu0' =1.90 A > Fe-O!' = 1.84 A in
R",;, RY(, and R, respectively). Additionally, the scissile
P-O" bond is the most (1.68 A) and least (1.66 A) activated in
R and R, respectively (Table S2).

These results illustrate that the nature of the metal ions
determines the activities of their complexes with ligands I and
II. For instance, the Zn-Zn variants of both ligands (I, and
II,,) are the most active. However, whereas R'p, is
significantly more active than R";,, R';; and R",; are equally
active, and R"c is slightly more reactive than R'cc in the
mechanistic model using the DA pathway. Additionally,
barriers for the WA mechanism follow exactly the same
pattern for both types of ligands (Figures S15 and S20). These
results indicate that binuclear metal complexes with asym-
metric (I) ligands are not more active than their symmetric
(II) counterparts for all of the metal combinations analyzed.

3.5. Effects of Different Nucleophiles. Because Fe'-Zn"
and Zn"-Zn" core-containing complexes of I have been found
to be more reactive than the corresponding complexes of II,
only systems (Igz, Iz and Ic) with ligand I are used to study
the effects of different nucleophiles. As discussed above,
different metal ion combinations can utilize a distinct
nucleophile in the reaction, i, Fel-OH by R'y;, u-OH by
R';;, and Cu2-OH by R'cc. Here, the effects of different
nucleophiles (x-OH, terminal-OH, and -O,H;) and their
combinations (one terminal and one u-OH groups, only one
u-OH group, and only an -O,H; group) in the models are
investigated using the DA mechanism. The influence of the
coordination numbers of the metal ions on the energetics of
this mechanism is also explored.

3.5.1. Bridging (u-OH) Nucleophile. Because the bridging
hydroxyl (1-OH) has been proposed as a potential nucleophile
in previous studies,'”""®"'” its role in the P-O' bond cleavage
is investigated. In R'p;, the p-O’H? is asymmetric and more
strongly bound to Fe™ than Zn" as a result of the higher
charge (2.69¢) of the former (Fe-O” = 1.97 A and Zn"-O* =
2.04 A). In the transition state (T"%g;), u-O*H? completely
loses its coordination with Zn" during the attack on the P

3139

electrophile and shifts completely toward Fe'" (Figure S21). In
T%g;, both -O'H' and -O’H? groups are bound only to Fe'™.
The barrier for this process is significantly higher (by 20.2
kcal/mol) than the barrier computed for the terminal Fe''-
bound -OH nucleophile, i.e., 36.0 kcal/mol in R'g;. This could
be due to the energetic penalty associated with the trans-
location of the strongly bound y#-O*H? to a terminal position
and the concomitant weak stabilization of T%;. The barrier
using this bridging nucleophile is also higher (by 12.4 and 15.9
kcal/mol, respectively) in R'z; and R'cc. In the corresponding
transition states (T%,; and T% ¢ in Figure S21), unlike T%g;,
the -O*H? is, however, bound to both metal ions. This
interaction lowers its nucleophilicity in comparison to its
terminal counterpart. Although much higher in energy, the
activities of these complexes utilizing the bridging nucleophile
follow the same order (I > I¢c > Irz) as the reactivities using
the terminal hydroxyl nucleophile.

The removal of the terminal M1-bound -O'H' group from
the model (single y-O'H' group) creates a vacant site on this
metal site. That allows BDNPP to coordinate to both metal
ions in a bidentate fashion in the Rz, and R™,, reactants, but
it remains bound only to Cu2 in R"¢( (Figure S22 and Table
S3). However, as observed in the DA mechanism (Figure 2),
the scissile bond of the substrate also becomes stronger by
0.4—0.7 A in these reactants in comparison to its free form
(Table S4). The bond cleavage in this model occurs with a 9.0
kcal/mol lower barrier than in the previous model, but it is still
11.2 kecal/mol higher than that computed using the Fe''“bound
terminal hydroxyl group (Figure 2). A similar pattern is
observed for the homobinuclear Zn"™-Zn" and Cu"-Cu"
systems; i.e., the barriers of R™;; and R™¢ are lower by 7.9
and 5.7 kcal/mol, respectively, but still remain higher than in
the original models used in Figures 3 and 4. Additionally, all
transition states (T"'g,, T"';;, and T"'cc) in this model are
four-membered (Fe-O°-P-O in Figure $22) and more strained
than in the corresponding T'y;, T'zz and T'cc transition
states. The combined results suggest that the bridging hydroxyl
group is a stronger nucleophile in the absence of a terminal
hydroxyl group, but overall, it is still weaker than the terminal
hydroxyl group.

3.5.2. -O,H; (H,0---OH) Nucleophile. In the most stable
conformation using the -O,H; nucleophile, the M1-bound
O'H'" group and M2-coordinated H,O form a hydrogen bond
with each other, ie, [(M1)OH™---H,0(M2)] (Figure S23).
The reactants of the hetero- (R™;;) and homobinuclear
(R™,, and R™_ ) metal ion combinations adopt different
conformations and vary in aspects of the mechanism (Figures
$23 and S24). For instance, in R™;, BDNPP coordinates to
both metal ions, and the P-O' bond gets strengthened by 0.07
A (Figure $23 and Table SS). In this reactant, the attack by the
-0O,H; nucleophile takes place with a barrier of 17.2 kcal/mol,
which is only 1.4 kcal/mol higher than the barrier of 15.8 kcal/
mol calculated utilizing the terminal hydroxyl group for this
complex (Figure 2). In contrast, in the homobinuclear R™;,
and R™ ¢, BDNPP coordinates only to M2, and the hydroxyl
(-O'H') group also shifts to the same site, leading to a
variation of the DA mechanism. Here, the M2-bound hydroxyl
functions as a base and activates the M1-bound water to be the
nucleophile that subsequently cleaves the P-O' bond. From
R™,, the barrier for this process is 10.2 kcal/mol, which is 3.9
kcal/mol higher than the barrier using the terminal hydroxide.
Similarly, the corresponding barrier from R™¢ is 16.5 kcal/
mol, which is 5.1 kcal/mol higher than the barrier for the
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Figure 5. Optimized structures for (a) Iy, (b) I, and (c) I¢c in the DA pathway in the presence of an external electric field (the Z axis represents

the direction of the field).

system using the terminal hydroxide nucleophile (Figure 4).
The trend in the barriers (i.e., 10.2, 16.5, and 17.2 kcal/mol for
R™,,, RM ., and R™y,, respectively) is attributed to the
decreasing nucleophilicity of the hydroxyl group in these
complexes. The metal-nucleophile distance and P-O' bond
length also follow the same trend (Table S5). These results
suggest that the -O,H; nucleophile is stronger than the
bridging one but weaker than the terminal hydroxyl group.
3.6. Effect of para-Substitution on the Substrate. The
methyl (-CH;) group in the para position of the centered
phenolate is substituted with the chemically distinct -Cl and
-NO, groups to study the effect of this substitution on the
energetics of the DA mechanism for the dizinc reactant formed
with ligand I (I7). I; is found to be the most active complex
in all mechanisms investigated in this study. Among these
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substituents, the -CH; group is an electron-donating group, -Cl
is a moderate electron-withdrawing group, and -NO, is a
strong electron-withdrawing group. In the corresponding
reactants (R',,, R',,, and R™,,) for the -CHj, -Cl, and
-NO, substituents, respectively, the M1-M2 distance increases
and the M2—nucleophile (Zn,-O') bond becomes slightly
shorter (Table S6) in presence of the -Cl and -NO, groups.
The decrease in the Zn,-O' distance follows the order -CH; >
-Cl > -NO,. Thus, the nucleophilicity of the -O'H' group
decreases, and consequently, the barrier increases from -CH;
to -NO, (i, 6.3, 7.9, and 9.2 kcal/mol for -CH;, -Cl, and
-NO,, respectively; Figure S25). Thus, in summary, a strong
correlation is observed between the barrier and electron-
donating and -withdrawing potential of the para substituents.
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Table 3. Computed Energy Barriers for Different Complexes of Ligand I

complex nucleophile para substituent pathway rate-limiting barrier (kcal/mol) measured barrier''” (kcal/mol)

Iy Fe-OH -CH; DA-trans 15.8 20.1
Fe-OH -CH;, DA-cis 25.0
Fe-OH -CH;3 SA 35.6
H,0 -CH, WA 22,6
4-OH (HO-Fe-OH-Zn) CH, DA (u-OH) 36.0
4-OH (Fe-OH-Zn) -CH, DA (u-OH) 27.0
Fe-H,0,Zn -CH, DA-H,0, 172
Fe-OH -CH, DA (electric field) 6.0

1, Zn-OH -CH;, DA-trans 6.3
Zn-OH -CH; DA-trans 15.0
Zn-OH -CH;3 SA 29.2
H,0 -CH, WA 14.3
4-OH (Zn-OH-Zn-OH) CH, DA (u-OH) 187
4-OH (Zn-OH-Zn) -CH, DA (u-OH) 10.8
Zn-H;0,Zn -CH, DA-H,0, 102
Zn-OH -CH;3 AS 13.1
Zn-OH -Cl DA 7.9
Zn-OH NO, DA 92
Zn-OH -CH; DA (electric field) 5.8

Icc Cu-OH -CH;, DA-trans 11.4
Cu-OH -CH, DA-cis 25.7
Cu-OH -CH, SA 289
H20 -CH, WA 24.2
u-OH (Cu-OH-Cu-OH) -CH, DA (u-OH) 27.3
4-OH (Cu-OH-Cu) -CH, DA (u-OH) 21.6
Cu-H,0,-Cu -CH, DA-H,0, 165
Cu-OH -CH;3 DA (electric field) 16.9

3.7. Effect of an External Electric Field. It has previously
been demonstrated that an external electric field can be used as
an accessory catalyst or an inhibitor for a reaction.'*"'® To
study its possible effect on the reactions catalyzed by hetero-
and homobinuclear reactants of ligand I, an external electric
field (Z + 10) was applied along the reaction axis in the DA
mechanism (Figure S). The field introduces noticeable changes
in the geometry of the reactant (R""g;) in comparison to R'g;.
For instance, the M1-M2 distance becomes shorter by 0.05 A
and the M2—BDNPP bond (Zn-O*) elongates by 0.09 A
(Figure S, Table 1, and Table S7). Because the scissile P-O" in
R"Fy, is not on the reaction axis, its length (1.67 A) remains
unchanged. However, in the transition state T" ¥y, the scissile
bond lies on the reaction axis, and it is elongated by 0.11 A
when compared to the corresponding transition state in the
absence of the electric field (T's;). Additionally, the Z-
component of the dipole moment changes from +7.0 to —12.3
D in the R™®;, — T"E., transformation (Table S8). Thus, the
increased nucleophilicity of the Fe'™-bound hydroxyl group
(-O'H' in Figure Sa) and activation of the P-O' bond in the
transition state significantly lower the barrier for this
mechanism by 9.8 to 6.0 kcal/mol. However, in the reactant
(R",,) of the dizinc core-containing complex, neither the
terminal nucleophile nor the scissile bond of the substrate is
aligned with the reaction axis. Here, both the M1-M2 and P-O"
distances remain unchanged (Table 1 and Table S7).
Additionally, the P-O' bond is slightly (0.02 A) stronger in
the transition state (T"®,;) in comparison to the correspond-
ing bond in the absence of the electric field (T';;).
Furthermore, in comparison to R'"¥p;, there is a much smaller
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change in the dipole moment (+1.1 to —6.3 D; Table S8). As a
result, the electric field exerts an almost negligible effect and
only slightly decreases the barrier by 0.5 to 5.8 kcal/mol
(Figure S). On the other hand, in R"®, the nucleophile is
provided by the M2 site (Figure Sc). Thus, the electric field
along the same axis is likely to exert the opposite effect and acts
as an inhibitor by raising the barrier. As expected, in the
transition state (T"F¢c) for this system, the P-O' bond is
significantly shorter (by 0.33 A) than that in T'¢¢ (Table 1 and
Table S7). Additionally, in contrast to R, and R"E,,, the
signs of the dipole moments are reversed (i.e., —4.6 to 0.8 D;
Table S8). Consequently, the barrier for this complex is
increased by 5.5 to 16.9 kcal/mol. These results clearly show
that the introduction of an electric field along the same axis
exerts different effects in these systems; i.e., it lowers the barrier
for R'g;, retains it for R';;, and increases it for Rlcc.

4. CONCLUSIONS

In this DFT study, hydrolysis of BDNPP by hetero- and
homobinuclear metal ion combinations of an asymmetric [I
(Igz, Izz and Icc)] and symmetric [IT (Ilg;, 11,5, and Icc)]
ligand with Fe'Zn" ZnZn", and Cu™Cu® cores has been
investigated using four distinct mechanisms (DA, SA, WA, and
AS). Additionally, the effects of different nucleophiles,
coordination numbers, para substituents of the linker, and an
external electric field on the energetics of these reactions have
also been evaluated (Table 3).

Depending on their metal ion and ligand composition, these
complexes adopt different geometries and electronic spin
states. Additionally, the substrate binding modes of the three
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metal ion centers for both ligands are different. There is no
Lewis acid activation of the substrate in these mechanisms, and
hydrolysis is controlled by the nucleophilicity of the hydroxyl
ion. The identity of the metal ions determines the activities of
their complexes, and I,; is found to be the most active
complex in all mechanisms (Table 3 and Table S9). The
geometries of the complexes of I and II are similar, but the
substrate interacts with them in a distinct manner (Figures
S6—S8). Overall, complexes formed with the asymmetric
ligand I are more reactive than their symmetric counterparts
formed by ligand II (Table 3). Among the four mechanisms,
the DA mechanism is found to be energetically the most
feasible. The terminal hydroxyl group is the strongest
nucleophile in all cases, and the electron-donating -CHj;
group is a more suitable para substituent in the linker than
the -Cl and -NO, groups (Table 3). The external electric field
along the reaction axis exerted distinct effects on these systems
by lowering the barrier for R'y,, retaining it for R';;, and
increasing it for Rlcc (Table 3). In summary, this study has
provided detailed insights into the contribution of the metal
ion composition, ligand arrangement, and an external electric
field to the reactivity of binuclear catalysts that mimic the
active site of metallohydrolases. Furthermore, the study also
probed the strength of possible nucleophiles that may initiate
the hydrolytic reaction. Overall, the systems display flexibility
in the molecular details of their mechanisms, dependent mostly
on the identity of the metal ions present in the reactive core of
the catalysts. This is in good agreement with mechanistic
variations observed for different metal ion derivatives of
metallohydrolases.'”*~"”” These insights may help in the
design of more efficient synthetic analogues for a wide range of
applications in medicine and biotechnology.
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