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Unraveling mechanisms of the uncoordinated
nucleophiles: theoretical elucidations of the
cleavage of bis(p-nitrophenyl) phosphate mediated
by zinc-complexes with apical nucleophilest
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A theoretical approach was used to investigate the hydrolytic cleavage mechanisms of the bis(p-
nitrophenyl) phosphate (BNPP™) catalyzed by Zn(i)-complexes featuring uncoordinated nucleophiles.
Ligand-based and alternative solvent-based nucleophilic attack reaction models are proposed. The pK,
values of the Zn(i)-bound water molecules or ligands in the [Zn(L"H)(M-H,0)(H,0)1?* (n = 1, 2 and 3)
complexes, as well as the dimerization tendency of the mononuclear Zn(i)-complexes, were found to
significantly influence the reaction mechanisms. The Zn(1)-L® complexes were found to be more
favorable for the hydrolytic cleavage of the BNPP™ via a ligand-based nucleophilic attack pathway. This

was due to the lower pKj, value for the deprotonation of the oxime ligand, the hard dimerization of the
Received 26th August 2019 l Zn()-L3 . d th f dinated l hile. Th - f th
Accepted 1st November 2019 mononuclear Zn(i species, an e presence of an uncoordinated nucleophile. The origins of the
uncoordinated reactions were systematically elucidated. The theoretical results reported here are in

DOI- 10.1039/c9ra06737j good agreement with experimental observations and more importantly, help to elucidate the factors that
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1. Introduction

Metal-containing complexes with an ability to catalyze the
cleavage of phosphate esters as artificial mimic enzymes have
gained much attention over the past decade."® The backbone of
DNA and RNA are phosphodiesters, which are widely found in
biological cells and play well-known roles in genetic informa-
tion storage and metabolism processes.” The half-life of the
fission of the P-O bonds under physiological conditions is
estimated to be around 30 million years at pH 7 and 25 °C.** In
contrast to this, phosphatases as well as their metal-complex
based artificial mimics produce significant rate enhancements
for the P-O bond cleavage."*® Many natural phosphatases take
advantage of the metal centers, such as Ca**, Mg**, Fe**, Fe**
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influence intermolecular nucleophilic attack reactions with coordinated/uncoordinated nucleophiles.

and Zn**.>*-2° Compared to other metal-complexes, the biva-
lent Zn(u)-containing complexes have attracted more interest
due to their abundance, nontoxicity, good Lewis acidity and
rapid ligand exchange.'®*"**

A number of metal-complexes featuring intermolecular
nucleophilic attack ability were reported during the past several
decades. In mono- and dinuclear metals complexes system,
following mechanisms have been proposed for metal-catalyzed
hydrolysis reaction: (1) the hydroxide activation,'***"?® in which
hydroxide and alkoxy generated from external solvent molecular
(water or alcohol) acts as a nucleophile; (2) the substrate acti-
vation,®=* in which substrate itself acts as a nucleophile to
attack phosphorous; especially, the ligand cooperative activa-
tion (3) is designed through the ligand structure containing the
nucleophile.**>**% It should be noted that hydrolysis mecha-
nisms (1) and (2) are reported by most of previous experimental
and theoretical studies which particularly reported by Brown
and coworkers,*?® Morrow and Richard,**** and Gao.*® Inter-
estingly, the hydrolysis efficiency of ligand cooperative activa-
tion is found to be higher than that of hydroxide activation in
Chin and co-workers’ work.*

The rapid hydrolysis cleavage of RNA was reported to involve
the 2’-hydroxy group via an intramolecular nucleophilic attack
reaction, but it is hard for hydrolysis DNA, and the ligand
cooperative intermolecular mechanism is regarded as the more
effective strategy to enhance the attack at phosphorus.** Chin

This journal is © The Royal Society of Chemistry 2019
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and co-workers reported that the metal alkoxide of a copper
complex could efficiently cleave the phosphodiester core effec-
tively compared to their metal-hydroxide counterparts.® Later,
a series of selected Zn(i) complexes with metal-bound alkoxide
were synthesized and found to efficiently promote BNPP™
(BNPP™ = bis(p-nitrophenyl) phosphate) cleavage and it was
suggested that this occurs via a ligand cooperative nucleophilic
attack mechanism."** Tonellato and co-workers reported some
metal-complexes with a-nucleophiles that could promote the
cleavage of a carboxylic acid ester and it was suggested their
efficient catalytic activity could be attributed to the presence of
the uncoordinated nucleophiles from the oxime-ligand.*
Kumar and co-workers extended the substrates to phosphate
esters in cationic micellar media and an efficient hydrolytic
cleavage of BNPP~ was obtained from the oximate complexes
when compared with hydroxamate ions.** Later, Namrata and
co-workers developed a series of similar oxime-functionalized
surfactants and their kinetic studies demonstrated that the
oxime moieties were the super-nucleophiles to induce the
cleavage in the phosphate esters.*” Yatsimirsky et al. also re-
ported the efficient cleavage of 4-nitrophenyl acetate mediated
by either zinc(u) or cadmium(u) complexes containing a tri-
dentate oximate ligand.*

Recently, Williams and co-workers investigated the hydro-
lysis of BNPP™, as a convenient model for DNA cleavage, cata-
lyzed by a series of pyridyl Zn(u) complexes.*” They found that
methylation on the pyridyl ring could substantially increase the
hydrolytic activity of the Zn(i1) complexes and they suggested
that the reactivity of the zinc complex containing a hydrated
aldehyde ligand was comparable with that of the alkoxide
complexes in which the uncoordinated moiety was presumed to
maintain its nucleophilicity. Later, Williams and co-workers
developed new pyridyl Zn(u) complexes containing oxime that
could induce the cleavage reactions under mild conditions and
their experimental results suggested that the mononuclear
Zn(u) complexes using the oxime as a nucleophile demonstrated
the highest phosphodiester hydrolysis ability reported to date.*®
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They presumed that the high catalytic reactivity of the Zn(u)-
oxime complexes can be ascribed to the lower pK, value for the
deprotonation of the oxime. In addition, dimerization was
presumed in the Zn(u)-oxime complex while this was not found
in the Zn()-alcohol complexes. However, the influences of the
PK, value of the metal-bound oxime as well as the dimerization
of the mononuclear Zn(u)-complexes on the cleavage reactions
of interest are not clear. Moreover, the catalytic differences
between the Zn(u)-alcohol and the Zn(u)-oxime complexes are
also obscure.” Therefore, a theoretical approach was utilized
here to systematically investigate the hydrolysis mechanisms of
phosphodiester BNPP~ mediated by three different mono-
nuclear Zn(u)-complexes developed by Williams and co-
workers®**® (see Scheme 1). More importantly, our theoretical
approach was focused on the following questions: (1) what are
the pK, values of the metal-bound nucleophiles and their
influence on the reactions of interest; (2) what is the dimer-
ization tendency of the mononuclear Zn(u)-alcohol and Zn(u)-
oxime complexes and their effects on the reactions of interest;
(3) what are the reactive catalyst forms; (4) and last but most
importantly, what are the catalytic reactivity differences
between the coordinated and the uncoordinated nucleophiles,
and the subsequent nucleophilic attack differences between the
ligand-based and solvent-based reactions. The investigation of
the overall influencing factors and alternative reaction path-
ways are expected to be helpful in the design of future catalysts
and their industrial applications.

2. Computational details

The theoretical calculations were performed employing the
Gaussian 09D.01. program** with the density functional theory
(DFT) methodology. As demonstrated in previous reported
works, 93324316 the popular and economic hybrid B3LYP*"*®
functional could rationalize the mechanisms of the phosphate
transesterification processes reasonably well. The combination
of the hybrid B3LYP functional and the basis sets I (denoted as
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Scheme 1 The hydrolysis mechanisms of RNA dinucleotide analogue BNPP™ mediated by three different mononuclear Zn(i) complexes.
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BSI, 6-31G* for C and H atoms, 6-31+G* for O, N and P atoms,
and Stuttgart/Dresden (SDD)* with ECPs**** for Zn atoms) was
utilized in the geometry optimizations, the harmonic frequency
calculations as well as for the intrinsic reaction coordinate
(IRC)** calculations. The vibrational frequency calculations
were conducted to firstly distinguish the transition state struc-
tures from the local minima, and secondly to obtain the ther-
modynamic corrections. The IRC calculations were utilized to
reconfirm the transition states connecting the reaction pathway
species. Furthermore, the single point energies for pK, and
dimerization calculation in the solution phase were refined at
the level of the B3LYP functional and the basis sets II (denoted
as BSII, SDD with ECPs for the Zn atoms while 6-311++G (d, p)
for the others). The larger basis sets III (6-311++G (2df, 2p) for
the non-metal atoms and SDD with ECPs for the Zn atoms) with
B3LYP functional was used to calculate single-point energies of
optimized geometries in intermolecular nucleophilic reactions.
Solvation effects were estimated by using the polarized
continuum model (PCM)*>** with the SMD** approach. In
addition, the D3 version of the Grimme's empirical dispersion
correction was also considered in the solvation single point
energy calculations. The natural population analysis (NPA)*
atomic partial charge was utilized to rationalize the nature of
the reaction mechanisms. The 3D diagrams of optimized
structures were generated using CYLView.*® The analysis of
Fukui function was employing Multiwfn 3.6.>

3. Results and discussion

The factors influencing the pK, value and the dimerization
tendency of the mononuclear Zn(iu)-complexes were investi-
gated first to determine the nucleophile species as well as the
active catalyst forms. Subsequently, the Zn(u)-complexes medi-
ated hydrolysis reaction mechanisms were investigated to
rationalize the significant differences between the ligand-based
and the solvent-based nucleophilic attack reactions.

3.1 pK, value and the active species

The vacant coordination site of the Zn(u) center in each
[Zn(L"H)]** (n = 1, 2 and 3) complex can be occupied by a water
molecule in order to form the stable trigonal bipyramid coor-
dination configuration of the Zn(u) center in each [Zn(L"H)(n-

[ZnL"H(H,0)(OH)]*
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Scheme 2 The structural variation during deprotonation processes.
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H,0)]*". One extra explicit water molecule was also introduced
in order to demonstrate the significant hydrogen bonds
between the Zn(u)-complex and the water solvent molecules.
Thereby, the [Zn(L"H)(n-H,0)(H,O)]** (n = 1, 2 and 3) structures
were considered as starting materials. The deprotonation of
either the L"H ligand or the axial Zn(u)-coordinated water
molecule can take place (see in Scheme 2) and their pK, values
were evaluated from the thermodynamic Born-Haber cycle of
the deprotonation process®®**® (see in Scheme 3). As shown in
Table 1, the pK, values of the deprotonation of the axially-
coordinated water molecule to form [Zn(L"H)(n-OH)(H,0)]" (n
=1, 2 and 3) were calculated to be 12.6, 10.3 and 11.4, respec-
tively. Meanwhile, the pK, values to form the ligand-
deprotonated [Zn(L")(m-H,O)(H,0)]" (n = 1, 2 and 3)
complexes were evaluated to be 14.5, 10.0 and 8.8, respectively.
In addition, the relative free energy of the ligand-deprotonated
[Zn(L")(m-H,O)(H,0)]" complex was computed to be
2.6 kecal mol ™" higher than that of the [Zn(L'H)(n-OH)(H,0)]",
while the ligand-deprotonated complex [Zn(L*)(n-H,0)(H,0)]"
or [Zn(L?*)(n-H,0)(H,0)]" was 0.4 kcal mol™" or 3.6 kecal mol
lower than the axially-coordinated-water-deprotonated coun-
terpart, respectively.

As mentioned above, for the Zn(u)-alcohol complexes, the
pK, values as well as the relative free energies of the water-
deprotonated [Zn(L"H)(n-OH)(H,0)]" complexes (n = 1 and 2)
and the ligand-deprotonated [Zn(L")(n-H,0)(H,0)]" complexes
(n = 1 and 2) were close in values, which indicated that both of
the deprotonated species for the Zn(n)-alcohol complexes were
active catalyst forms and either the axial Zn(u)-OH or apical
Zn(u)-alkoxide would be the nucleophile. For the Zn(u)-oxime
complexes, the distinctly lower pK, values as well as the relative
lower energy of the ligand-deprotonated [Zn(L*)(n-H,0)(H,0)]"
complex indicated that the ligand-deprotonated Zn(um)-oxime
complex was the exclusive active catalyst and the Zn(u)-oximate
was the potential nucleophile. Addition, TPSS and PBE density
functionals were used to calculate pK, of all the [Zn(L"H)(n-
H,0)(H,0)]*" (n = 1, 2 and 3) structures, and the results lead to
similar conclusion (seen ESI Table S1}). Moreover, the Fukui
function and the dual descriptor (Af) were used to predict the
ability of nucleophilic attack. The more negative value of Af
occur at oxygen atom of [Zn(L")(n-H,0)]" complexes, suggesting
[Zn(L")(n-H,0)]" complexes are more favorable for reacting with
P atom of BNPP by nucleophilic attack than that of [Zn(L"H)(n-
OH)]" complexes (exhibited in ESI Table S27).

3.2 Dimerization tendency

As discussed above, the mononuclear complexes [Zn(L"H)(n-
OH)(H,0)]" or [Zn(L")(n-H,0)(H,0)]", [Zn(L*H)(n-OH)(H,0)]" or

AG, X
AH, ——£ » A, + HY
lA Gy(AH) lA Gy(A) lﬂ Gy(H")
AHgy = A + Higyy

solv

Scheme 3 The Born—Haber cycle of the deprotonation processes.
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Table 1 The pK, value of the mono-deprotonations of [Zn"(L"H)(H,0),]™ (n = 1, 2 and 3) complexes. Relative free energies of the deprotonated
[Zn"L"(H,0),]* and [Zn"L"(H,0),]" complexes were also provided in the brackets

Structures [zZn"(L'H)(H,0),]" [Zn"(L*H)(H,0),]" [Zn"(L*H)(H,0),]"
[zn"L"(H,0),]" 14.5 (0.0) 10.0 (0.0) 8.8 (0.0)
[zn"L"H(H,0)(OH)]" 12.6 (—2.6) 10.3 (0.4) 11.4 (3.6)

[Zn(L*)(n-H,0)(H,0)]", [Zn(L*)(n-H,0)(H,0)]" were estimated to
be the active catalyst forms. Possible dimerization of these
active species might take place, which subsequently influences
the concentration of the active species and furthermore alter
their catalytic performance. Thereby, the dimerization tendency
of the mononuclear active species was investigated (see Scheme
3). As shown in Scheme 4a, the dimerization between the water-
deprotonated [Zn(L"H)(n-OH)(H,0)]" (n = 1 or 2) and the
ligand-deprotonated complex [Zn(L")(m-H,0)(H,0)]" (n =1 or 2)
might take place to form a binuclear [Zn,(L")(L"H) (n-OH)]**
complex (n = 1 or 2). A p-hydroxyl bridge was formed in the
[Zn,(L")(L"H) (w-OH)]** complex, and the alkoxide was coordi-
nated with the two respective Zn(u) centers. Alternatively, as
mentioned in the pK, preceding discussion, the higher pkK,
values were obtained for the Zn(u)-alcohol complexes, which
indicated that the spontaneous deprotonation of either an

a) B
I+ H Hj+ b
n=1or2 ~N

Zn(LH)(7-OH)I* Zn(L)(7-H0) [Zn;(L’)(LQH)(;rOH)F*
S 18+
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Scheme 4 Possible dimerization processes for the mononuclear
Zn(n)-L" complexes of interest (the extra explicit water molecule was
emitted for clarity; the red spheres represent coordinated alkoxide or
oxime).
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axially-coordinated water molecule or a coordinated alcohol
would not completely take place in aqueous solution. Thereby,
dimerization between axial-water-deprotonated Zn(i)-alcohol
complexes and their respective [Zn(L"H)(n-H,0)(H,O)* (n = 1
and 2) starting materials were also considered and mono p-
hydroxyl bridged binuclear complexes [Zn,(L"H),(n-OH)[** (n =
1 and 2) may be formed (see Scheme 4b). Similarly, dimerization
between the ligand-deprotonated [Zn(L")(n-OH)(H,O)]*" (n = 1
or 2) complexes and starting materials were estimated to take
place and binuclear complexes [Zn,(L"H)(L")]** (n = 1 and 2)
may also be obtained (see Scheme 4c). In addition, the axially-
coordinated hydroxyl can link two mononuclear Zn(u)-L"H (n
= 1 or 2) complexes to form a double p-hydroxyl bridged
binuclear complex [Zn,(L"H),(u-OH),]*" (n = 1 or 2) (see Scheme
3d). Lastly but more importantly, the axially-coordinated water
molecule in the ligand-deprotonated [Zn(L")(n-H,O)(H,0)]" (n
=1, 2 or 3) complex can depart and the alkoxide/oximate moiety
can then coordinate with the two separate Zn(u) centers to form
a binuclear complex [Zn,(L"),]** (n = 1, 2 or 3) (see Scheme 4e).

The formation free energies of the binuclear complexes of
interest are provided in Table 2. As shown in Table 2, the only
negative formation energy (AGy) was observed in the dimeriza-
tion process of the [Zny(L’H),(u-OH)]**  complex
(—3.4 kcal mol ') while the other positive AG; values indicated
it is difficult to dimerization of their respective mononuclear
active catalyst forms. To conclude, the dimerization tendency
investigations showed that there is a weak dimerization
tendency for the Zn(u)-L' and Zn(un)}-L’> mononuclear active
species, while there is a slight dimerization tendency for the
Zn(u)-L> mononuclear complexes which were calculated to
estimate a decrease in the concentration of the Zn(u)-L* active
species.

3.3 Catalyst-substrate bonding modes and reaction
pathways

As discussed above, either the ligand-deprotonated or the axial
Zn(un)-H,O deprotonated active species were obtained, in which
the Zn(u) center adopts a distorted triangular bipyramid coor-
dination sphere. The Zn(u) centers in the active species would
further bind with the BNPP substrate to proceed with the
hydrolysis reactions (see Scheme 5). For the Zn(u)-H,O depro-
tonated [Zn(L"H)(n-OH)]" (n = 1, 2 and 3) complexes, a BNPP~
substrate will bind with the Zn(u) center via a Zn---O(P) coor-
dination bond and the Zn(u) center adopts an octahedron
geometry. The equatorial-situated hydroxyl will then nucleo-
philically attack the mono-coordinated BNPP~ substrate to
initiate a solvent-based intermolecular hydrolysis reaction. For
the ligand-deprotonated [Zn(L")(n-H,O)]" (z = 1, 2 and 3)

RSC Adv., 2019, 9, 37696-37704 | 37699
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Table 2 Formation free energies (in kcal mol™) for the binuclear complexes of interest

Structures [Zn,(L"H),(u-OH),** [Zn,(L")(L"H) (w-OH)]** [Zn,(L"H),(n-OH)** [Zn,(L")(L'H)P* [Zn,(L"), >
AG: (LY 8.6 5.9 0.2 12.5 0.7

AG (L?) 16.7 8.8 -3.4 3.1 6.4

AGg (L?) — — — — 3.8

complexes, an easier ligand exchange between the axial Zn(u)-
bound water molecule and a BNPP substrate will take place and
the triangular bipyramid coordination sphere of Zn(u) centers
remains. The apical alkoxide/oximate moiety will subsequently
attack the phosphorus center of the BNPP~, which initiates
a ligand-based nucleophilic attack reaction.

3.4 Mechanisms for the cleavage of BNPP~ promoted by
Zn(u) complexes

The mechanisms for the above mentioned intermolecular
ligand-based and solvent-based nucleophilic attack reactions
are detailed in this section. The interconversion between the
active species [Zn(L"H)(n-OH)]" and [Zn(L")(n-H,0)]" (n = 1, 2
and 3) are also investigated. The free energy profiles of the
proposed reaction mechanisms are provided in Fig. 1 and 2.

An extra explicit water molecule was added into the active
catalyst structures in order to rationalize the roles of the solvent
participation in the proton relay transfer in the interconversion
between the two respective active catalyst forms in each Zn(u)-L"
entry. As shown in Fig. 1, the relative free energy barriers of the
proton relay transition states n-Pre (n = 1, 2 or 3) were small
which indicates there will be an easier transformation between
the active catalyst of the solvent-based complexes [Zn(L"H)(n-
OH)(H,0)]" (denoted as n-ACsg) and the ligand-based
complexes [Zn(L")(n-H,O)(H,O0)]" (denoted as n-ACg) (n = 1, 2
or 3). The lower transformation barriers as well as the small
energy gaps between the n-ACgg and n-AC; 5 (n = 1, 2 or 3) are in
agreement with the above pK, results. For example, the distinct
stability of 3-ACpp reconfirmed the exclusive ligand-
deprotonated mononuclear active catalyst form.

The n-ACgg or n-AC;p can bind with a BNPP~ substrate to
initiate an intermolecular hydrolytic cleavage (see Fig. 1 and 2).
For the solvent-based nucleophilic attack pathway (see Fig. 2),
the equatorial-situated hydroxyl will nucleophilically attack the
adjacent phosphorus center of the BNPP™ to form the transition
state n-TS1gg (n = 1, 2 and 3). The harmonic vibration of the
unique imaginary frequency in each n-TSlgg (n = 1, 2 or 3)
demonstrates the P---O(Nu) (Nu represents the nucleophile)

bond forming process. The Zn---O(Nu) linkage in the n-TS1gg (1
= 1, 2 or 3) structure retained a distorted octahedron coordi-
nation sphere for the Zn(u) center. Subsequently, the further
formation of the P-O(Nu) bond was observed in the interme-
diate n-IMgg (n = 1, 2 and 3) and the [PO5] moiety adopted
a distorted triangular bipyramid geometry with an elongated P-
O(Nu) and P-O(LG) (LG represents the p-nitrophenyl leaving
group) polar bonds. A notable fission of the P-O(LG) bond was
found in each transition state n-TS2sg (n = 1, 2 or 3) and the
leaving group finally dissociated into the solution via an
exothermal reaction. As shown in Fig. 1, the relative free energy
of the n-TS2gg is lower than that of the n-IMgg (n = 1, 2 or 3),
which indicates that the intermolecular nucleophilic attack
reaction pathway proposed here occurs via an enforced
concerted mechanism.* The distinct stability of the n-TS2gg can
be ascribed to the good leaving group nature of the p-nitro-
phenyl moiety. To conclude, the proposed intermolecular
pathway is an enforced concerted Sy2-type reaction mechanism
and the nucleophilic attack step is the rate-determining step.

On the other side, the ligand-based intermolecular reaction
pathways were initiated via nucleophilic attacks by the Zn(u)-
coordinated alkoxide/oximate moiety in n-RCyg (2 = 1, 2 and 3)
(see Fig. 1). Both the P-O bond formation to the nucleophile
and the P-O bond fission to the leaving group were observed in
the transition states n-TSyg (2 = 1, 2 and 3). Finally, the tran-
sient product n-PCyp is obtained with the dissociation of the p-
nitrophenyl leaving group into the solution via an exothermic
process. To conclude, a concerted Sx2-type ligand-based inter-
molecular pathway is proposed in each Zn(u)-L" entry.

As depicted in Fig. 1, the relative free energy barriers for the
ligand-based nucleophilic attack reactions (10.6, 9.8 and
4.7 keal mol ™", respectively) for the Zn(n)-L" entries are obvi-
ously lower than the rate-determining step barriers of their
solvent-based counterparts (24.2, 24.3 and 15.7 kcal mol ",
respectively). These calculated results demonstrate that the
ligand-based pathway for the nucleophilic attack is more
favorable. The results is probably due to the five-coordination of
ligand-based complexes is better than six-coordination of

i ‘.\“O : ArQ, :
: \OAr -+ P\OAr 5
“OH BNPP ! BNPP | \ :
3@ :i — ey T CETY
Solvent-base [Zn(L"H)(77-OH)]* l , [Zn(L")(n-H0)]* Ligand-base

Nucleophilic Attack

Nucleophilic Attack

Scheme 5 Shown are the catalyst—substrate binding modes and the nucleophilic attack processes (the red spheres represent coordinated

alkoxide or oxime).
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Fig. 1 Depicted are the free energy profiles of the proposed interconversion and ligand-based intermolecular reaction pathways by the three

different mononuclear Zn(i) complexes.

solvent-based complexes. More specifically, the Zn(u)-bound
alkoxide/oximate can act as a nucleophile to directly attack the
phosphodiester substrate rather than the axially-coordinated
hydroxyl moiety as the nucleophile. The proposed ligand-
based mechanism is consistent with the experimental results
that determined that alkoxide/oximate phosphate products are
obtained.’”*®* In addition, the decreased energy barrier from
Zn(n)-L' to Zn(u)-L? is in good agreement with the experimental
results that found the Zn(u)-oxime complexes were better BNPP
hydrolysis catalysts when compared to the Zn(u)-alcohol
complexes.®”*® It is noted that, as discussed above, there is
a slight dimerization tendency for the Zn(u)-L> mononuclear

complexes as estimated by the computational results here,
which might hinder the catalytic processes mediated by the
Zn(n)-L> complexes. Thereby, the combination of the dimer-
ization tendency as well as the narrow ligand-based barrier gap
(0.8 keal mol™") between the Zn(m)-L"' and Zn(u)-L? entries can
give rise to different experimental results depending on the
solution environment. As described in the Williams and
coworkers experiments, the activity of the Zn(m)-L' system is
much greater than that of Zn(u)-L* in anhydrous methanol, but
in water the activity of Zn(m)-L" is a little lower than that of Zn(t)-
L>.* The origins of the catalytic superiorities of the Zn(m)-oxime
complexes are further investigated below.
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Fig. 2 Depicted are the free energy profiles of the proposed solvent-based intermolecular reaction pathways for the hydrolysis of BNPP
catalyzed by the three different mononuclear Zn(i) complexes.
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3.5 Origins of the better activity for the uncoordinated
ligands

It is interesting to compare how the M-L bond MLC the distinct
catalytic performance for the Zn(u)-oxime complexes was esti-
mated to be ascribed to the uncoordinated nucleophilic oxygen
of the oximate. Further investigations about the behavior of the
coordinated or the uncoordinated nucleophiles and their cor-
responding nucleophilic attack abilities are provided in this
section. The L” ligand has two hydroxyl groups and it is esti-
mated that the coordinated/uncoordinated alkoxide/hydroxyl
are able to act as nucleophiles to induce the cleavage of the
BNPP™ substrate. Four different nucleophilic attack modes are
proposed for the Zn(n)-L* catalyzed reactions (see Scheme 6).
The Coord mode was discussed in the above mentioned ligand-
based pathway, in which the coordinated alkoxide acts as
a nucleophile and both the P-O(Nu) bond forming as well as the
Zn-O(Nu) bond cleavage processes were observed in the 2-TSyp.
Alternatively, the uncoordinated hydroxyl can nucleophilically
attack the BNPP~ substrate in the Uncoordl mode. Interest-
ingly, the P-OH(Nu) bond formation process was observed in
the concerted transition state Uncoord1-TS accompanied with
an energy-consuming C-OH(Nu) bond cleavage process. In the
Uncoord2 mode, the nucleophile was the uncoordinated oxygen
terminal of the alkoxide and both the P-O(Nu) bond formation
as well as the Zn-OH(Nu) bonding cleavage processes are
observed in the transition state Uncoord2-TS. All of the Coord,
Uncoord1 and Uncoord2 modes are mono-deprotonation situ-
ations, the di-deprotonation case is further considered for
Uncoord 3. However, the pK, value for the second ligand
deprotonation of the [Zn(L?)(n-H,0)(H,O)]" complex is calcu-
lated to be 27.3, which indicates that the second deprotonation
of the L? ligand is infeasible in neutral or weakly alkaline
aqueous solution. Therefore, the Uncoord 3 mode can be
considered to be not feasible. In addition, the free energy of
either the Uncoord1l-TS or Uncoord2-TS is found to be
21.9 keal mol™" or 21.0 kcal mol™* higher than that of the 2-

Coord Uncoord

0 "’O\P,,‘o 1
~OAr 0/ ‘OAr 0/ \OAr

4‘\\%,

Llncoord 1
Metal-coordinatied
nucleophilic attack

Uncuord 2 Uncoord 3

Metal-uncoordinatied Metal-uncoordinatied The second ligand
nucleophilic attack nucleophilic attack deprotonation

ArQ id * * pKa =273
‘.‘ 0 ArO o @ AO, O o
O,P‘OA, (‘)4&\20" ?J’\01
- c ] o i
\N' T cfZOH il \Np’J'Z{'—O:c f \N—Zn 2 H--C Not Feasible
N AN < > *N
2-TS g Uncoord1-TS Uncoord2-TS
AEgisicat = 3.3 ABgisicar = 23.2 AEgigicat = 16.0
ABgist.sup = 29:1 AEgist.sup = 24.2 AEgistsup = 294
AEy  =-19.6 AEy,  =-12.8 AEy =-85
AAGH = 00 AAGY = 219 AAG? =210

Scheme 6 Four different nucleophilic attack modes are proposed for
the Zn()-L? catalyzed reactions. Key intermolecular nucleophilic
attack transition states in both Zn(i)-L? entries are also provided.
Energies are in kcal mol™.
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TS g, which confirms that the nucleophile is the coordinated
alkoxide in the Zn(u)-L* entry. The distinct high energies for the
Uncoord1-TS and Uncoord2-TS are estimated to be ascribed to
the synchronous C-OH(Nu) or Zn-OH(Nu) bond cleavage
processes in the nucleophilic attack steps. On the contrary, the
synchronous Zn-O(Nu) bond fission and the P-O(Nu) bond
formation processes in the 2-TS;g are less energy-consuming.
To further understand the coordinated mechanism of Zn(u)-L
complexes, the distortion/interaction analysis of the TSs is
performed. The weaker P-O(Nu) interaction for Uncoord-TSs
(1.995 A (Uncoord1-TS), 2.026 A (Uncoord2-TS) vs. 1.780 A (2-
TS p)) leads the unfavored interaction energies (—12.8 and
—8.5 keal mol * respectlvely) Moreover, the Iength of C-O*(H)
bond increase from 1.456 A in 2-RCyg to 2.012 A in Uncoord1-TS
and 1.511 A in Uncoord2-TS, which contributes to higher cata-
lyst deformation energies (23.2 and 16.0 kcal mol ™", respec-
tively). Considering the distortion/interaction energy, 2-TSyg is
favor for the ligand based reaction of Zn(u)-L> complexes.

Furthermore, as depicted in Fig. 1, the energy barrier for the
ligand-based intermolecular nucleophilic attack mediated by
the Zn(u)-oxime complex is the lowest. In 3-RCyg, the nucleo-
phile is the Zn(u)-coordinated oximate. The NPA atomic partial
charge of the N or O in the oximate moiety are —0.257 and
—0.557, respectively. The electron-sufficient oxygen terminal of
the oximate gives rise to a better nucleophile. More importantly,
the NPA charges on the alkoxide O terminals in the 1-RC; g and
2-RC;p are —1.007 and —0.995, respectively. The lower electron
density on the N site of the oximate in 3-RC;p indicates there is
a weaker electrostatic attraction between the Zn(u) center and
the oximate nucleophile. Thus, as demonstrated in Fig. 1 and 2,
the Zn-N(Nu) bond fission process in 3-TSyp is believed to be
less energy-consuming when compared to the Zn-O(Nu) bond
cleavage processes in both 1-TS;p and 2-TS; . To conclude, the
distinct catalytic performance of the Zn(u)-oxime complexes are
ascribed to the uncoordinated oxygen terminal of the oximate
nucleophile and more importantly, the weak electrostatic
attraction between the Zn(u) center and the oximate nucleophile
(more NPA charge distribution details are provided in the ESI
Fig. S17).

4. Conclusions

The hydrolysis mechanisms of the phosphodiester BNPP~
mediated by Zn(u)-L” complexes were investigated in this work
using a theoretical approach.

In order to investigate the nucleophile and the active species
models, two deprotonation models were studied. One model
involves a deprotonation in axial-water to form axial Zn(u)-OH
complexes, and the other model involves a deprotonation in an
alcohol/oxime ligand to form apical Zn(u)-alkoxide or Zn(u)-
oximate complexes. The axial Zn(n)-OH and apical Zn(u)-
alkoxide in the Zn(u)-alcohol complexes are preferred to be the
nucleophile, due to their similar pK, values and the relative free
energies found for the different deprotonation models. The
Zn(u)-oximate appears to be the exclusive nucleophile in the
Zn(u)-oxime complexes due to its lower pK, value and its lower
relative free energy.

This journal is © The Royal Society of Chemistry 2019
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With regards to the reaction pathway, a ligand-based inter-
molecular and an alternative intermolecular nucleophilic attack
processes have been studied. The computational results
demonstrated that the ligand-based intermolecular reactions
initiated by the Zn(u)-alkoxide/oximate nucleophiles (AG* =
9.2, 12.8 and 9.1 kcal mol ") were more favorable than the
solvent-based intermolecular reactions (AG* = 24.2, 24.3 and
15,7 keal mol "), which is agreement with experimental results.
Specifically, our results here also demonstrate the significant
role of an uncoordinated nucleophile. The Zn(n)-L* complexes
were found to be more favored than Zn(u)-alkoxide complexes
for the hydrolytic cleavage of BNPP . This was due to the lower
pK, value for the deprotonation of the oxime ligand, the weak
dimerization tendency of the mononuclear Zn(u)-L* species, as
well as the important ligand-based intermolecular nucleophilic
attack conducted by the oxygen terminal of the oximate nucle-
ophile. Moreover, the origins of the uncoordinated reactions
were systematically elucidated. The metal-coordinated 2-TS;g
(AG* = 12.8 keal mol ) is preferred than metal-uncoordinated
Uncoord1-TS (AG* = 33.7 kcal mol ') and Uncoord2-TS (AG* =
34.6 keal mol™") because of the lower deformation energies of
substitution and weak interaction energies between substitu-
tion and catalyst.
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