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ABSTRACT: Density functional theory (DFT) calculations
were used to study the mechanism for the cleavage reaction of
the RNA analogue HpPNP (HpPNP = 2-hydroxypropyl-4-
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pane (Zn,(L,0)). We present a binding mode in which each N A TSconcerted o N

terminal phosphoryl oxygen atom binds to one zinc center, RE2 e
respectively, and the nucleophilic 2-hydroxypropyl group coordinates to one of the zinc ions, while the hydroxide from
deprotonation of a water molecule coordinates to the other zinc ion. Our calculations found a concerted mechanism for the
HpPNP cleavage with a 16.5 kcal/mol reaction barrier. An alternative proposed stepwise mechanism through a pentavalent
oxyphosphorane dianion reaction intermediate for the HpPNP cleavage was found to be less feasible with a significantly higher
energy barrier. In this stepwise mechanism, the deprotonation of the nucleophilic 2-hydroxypropyl group is accompanied with
nucleophilic attack in the rate-determining step. Calculations of the nucleophile '*O kinetic isotope effect (KIE) and leaving '*O
KIE for the concerted mechanism are in reasonably good agreement with the experimental values. Our results indicate a specific-base
catalysis mechanism takes place in which the deprotonation of the nucleophilic 2-hydroxypropyl group occurs in a pre-equilibrium
step followed by a nucleophilic attack on the phosphorus center. Detailed comparison of the geometric and electronic structure for
the HpPNP cleavage reaction mechanisms in the presence/absence of catalyst revealed that the catalyst significantly altered the
determining-step transition state to become far more associative or tight, that is, bond formation to the nucleophile was remarkably
more advanced than leaving group bond fission in the catalyzed mechanism. Our results are consistent with and provide a reliable
interpretation for the experimental observations that suggest the reaction occurs by a concerted mechanism (see Humphry, T.; Iyer,
S.; Iranzo, O.; Morrow, J. R;; Richard, J. P.; Paneth, P.; Hengge, A. C. J. Am. Chem. Soc. 2008, 130, 17858 —17866) and has a specific-
base catalysis character (see Yang, M.-Y.; Iranzo, O.; Richard, J. P.; Morrow, J. R. J. Am. Chem. Soc. 2008, 127, 1064—1065).

B INTRODUCTION

The phosphodiester moiety plays an important role in living
systems since it is a component of the backbone of DNA and
RNA.'"” Some metal-complexes, especially zinc-containing ones,
can interact with phosphodiesters to influence the chemical
properties and function of the nearby nucleic acid component-
(s).* ™ Much work has been devoted to the development of
synthetic metal-complexes for the cleavage of DNA or RNA in
order to move toward potential application as useful replace-
ments to nucleases as laboratory tools.'> >

Knowledge gained from the investigation of the mechanism
for metal-complex-promoted phosphodiesters cleavage reaction
will help in the design of more efficient metal-complexes and also
provide important insight into enzyme catalysis reactions.”’
Unfortunately, due to the lack of direct evidence for the binding
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mode of the substrate-catalyst complexes, uncertainty remains
about the interactions of 8phosphodiesters and metal-complex for
experimental scientists.”® It is urgent and necessary to use com-
putational tools to reveal the binding mode of the substrate-
catalyst complex and provide more detailed information for
better understanding the mechanism such as the nature of the
structures of the transition states along the reaction pathway and
whether the reaction takes place via a concerted or a stepwise
mechanism.

There has been much discussion in the literature about the
mechanism of the cleavage reaction of phosphodiester promoted
by metal-complexes, with a general-base-catalyzed (GBC) pathway
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Scheme 1. Reaction Catalyzed by Dinuclear Zn(I1I) Complex
of Zn,(L,0) with HpPNP as Substrate
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mechanism and a specific-base-catalyzed (SBC) pathway me-
chanism both being proposed to describe the reactions.”” >
Recently, a mononuclear Zn(II) complex has been reported to
promote the cleavage of 2-hydroxypropyl-4-nitrophenyl phos-
phate (HpPNP, a model for RNA linkage) by Williams and co-
workers>> who proposed a specific base catalysis mechanism. A
density functional study on the same reaction by Fan and Gao
suggested a different general-base-catalyzed mechanism.**

A number of metalloenzymes that catalyze the cleavage of
phosphodiesters contain two metal ions in the active site, and
these dinuclear complexes are often more effective and reactive
than their corresponding mononuclear complexes.**~*° Dinuc-
lear zinc catalysts have also been found to be more effective and
reactive than their corresponding mononuclear complexes for
some cyclopropanation reactions with alkene substrates.*' There-
fore, it is very interesting and challenging to better understand
the mechanism for the dizinc-mediated phosphodiester cleavage
reaction. Recently, Richard and co-workers investigated a di-
nuclear zinc catalysts of 1,3-bis(1,4,7-triazacyclonon-1-yl)-2-hy-
droxypropane (Zn,(L,0))* to promote the transesterification
of HpPNP (Scheme 1),***** and some details of the reaction
mechanism remain unclear. Subsequently, Fan and Gao pro-
posed a possible mechanism,** which appears to be significantly
different from the experimental observation for these reactions.”*****
Herein, we attempt to gain a more detailed understanding of the
catalytic mechanism by employing DFT calculations to examine
the following aspects of the reaction: how the substrate and the
catalyst bind to a complex, how the catalyst promotes the
cleavage of HpPNP, how the catalyst affects the geometry of
the transition states compared to the uncatalyzed reaction, how
the Zn(II) ions’ coordination numbers change during the reac-
tion, what the true active forms of the catalyst are likely to be,
whether the reaction takes place by a concerted or a stepwise
mechanism, and whether the reaction occurs by a specific or
general base catalysis mechanism.

B COMPUTATIONAL DETAILS

The theoretical calculations were performed using the Gaussian 03
program,*® and all of the reported structures were fully optimized with
the density functional theory (DFT) method using the hybrid B3LYP
density functional.*”** The Stuttgart/Dresden (SDD) with the effective
core potential (ECP)* basis sets were used for the zinc atoms, and the
6-31G(d, p) basis sets were used for C, N, O, P, and H atoms. Natural
bond orbital (NBO) analysis®>*! was performed at the same level of
theory as the one used for geometry optimizations. Frequency analyses
were done in order to ensure that the optimized structures were at either
a minimum or transition state. The thermodynamic functions, including
the enthalpies and free energies, were calculated at 298.15 K and 1 atm.

The intrinsic reaction coordinate (IRC) method** was performed to
confirm the transition states found connected relevant reactants and
products. The solvation energies for all of the species in aqueous solution
were estimated by employing the polarizable continuum model (PCM)**
with UAHF sets of radii. Recent experiments performed to characterize
the mechanism have investigated the kinetic or equilibrium isotope
effect (KIE or EIE) in order to probe the extent of nucleophile bond
formation, leaving group bond cleavage, and charge development in the
transition state.”>**>* In this study, we also compared the results from
calculations of the nucleophile **0 KIE (or EIE) and leaving 80 KIE for
the concerted mechanism to the experimental results. Kinetic and
equilibrium isotope effects on the concerted mechanism for cleavage
of HpPNP promoted by dinuclear Zn(II) complex were calculated
within the harmonic oscillator/rigid rotor approximations, as imple-
mented in the Gaussian 03 prograrn.46’56 To test the reliability of the
different functionals and basis-sets, we have also calculated and com-
pared the key structures and the reaction barriers for the concerted and
stepwise pathways using the B3LYP, the BHandHLYP,***” and the Tao-
Perdew-Dtaroverov-Scuseria (TPSS)*® functionals with the 6-31G(d,
p)(SDD for Zn) basis sets for the geometry and frequency calculations
followed by single point energy refinement with the 6-3114++4G-
(d, p)(SDD for Zn) basis sets, respectively. The calculated reaction
barriers are qualitatively similar to each other (within a few kcal/mol)
with the three different methods, while the reaction barriers determined
using the B3LYP and BHandHLYP gave the better agreement with
experimental results than those obtained using the TPSS functional.
Therefore, throughout the paper, we used the most popular functional
B3LYP at the 6-31G(d, p)(SDD for Zn) level of theory as a reasonable
compromise to make the computations more tractable (except for the
special annotations as indicated in the text).

B RESULTS AND DISCUSSION

The structure and properties of the active form of the catalyst
have been actively debated for a number of years>>****#%
Previous experimental work determined that the complex be-
tween HpPNP and the fully protonated catalysts is inactive and
converted to an active form upon the loss of a proton even if
under neutral pH condition.*** There are mainly two proposed
active forms for the catalyst involving two proposed mechanisms
for metal-complex-promoted HpPNP cleavage reaction: one
possibility is that the active catalyst is Zn,(L,0)(HO"), and this
is protonated to give the inactive catalyst Zn,(L,0)(H,0). In
this case, the active catalyst Zn,(L,0)(HO") is specific for
cleavage of HpPNP, and the relevant proposed pathway involves
deprotonation of the substrate 2-hydroxypropyl group by a zinc-
bound hydroxide, which acts as general base catalyst. A second
possibility is that the active catalyst is Zn,(L,0)(H,0), and this
undergoes deprotonation to give an inactive catalyst Zn,(L,0)-
(HO). In this case, Zn,(L,0)(H,O0) is specific for cleavage of
the O-2-ionized substrate. The relevant proposed pathway
involves the deprotonated substrate 2-hydroxypropyl group directly
coordinating to the zinc ion followed by a nucleophilic attack on
the phosphorus center.”®* The only difference between these
two cases involves the position of a proton, and the kinetic
analysis cannot clearly distinguish these two possible forms for
the active catalyst.***

In fact, the uncertainty of the structure and properties of the
active form of the complex involves the binding mode of the
substrate-catalyst complex. We explored several possible binding
modes that were based on the results of previously reported
kinetic, spectroscopic, and crystallographic studies of Richard
and co-workers.”***** We then used DFT computations to
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Figure 1. Schematic representations of the possible binding modes of
the substrate-catalyst complex are shown (the F binding mode was cited
from the most favored binding mode ‘1a’ of Fan and Gao’s work (ref
45)). The relative free energies for the typical structures are provided at
the level of B3LYP/6-311++G(d, p)(SDD for Zn)//B3LYP/6-31G(d,
p)(SDD for Zn). (A+2H,0 0.0 kcal/mol; B-+2H,O 0.0 kcal/mol; C
14.8 kcal/mol; D+1H,0 11.5 kcal/mol; E 20.6 kcal/mol; F+1H,0
15.4 kcal/mol).

explore the possible reaction mechanisms for these binding
modes to determine which one gave the most energetically
favorable reaction pathway.

Coordination and Binding Modes. Based on the crystal
structure of Richard and co-workers,*** there are four coordina-
tion sites on each Zn(II) center occupied by L,O in the catalyst
Zn,(L,0), leaving two available coordination sites per metal
center for catalysis. In neutral aqueous solution, the remaining
coordination sites of Zn,(L,0) may be filled by water molecules.
Previous experimental work did not give clear structural and
spectroscopic evidence for the specific interactions of the sub-
strate-catalyst complex involved in the mechanism for the
cleavage reaction of HpPNP catalyzed by Zn,(L,0). In this
study, we found a binding mode, that is, the phospate ester binds
simultaneously to both zinc centers as a bridge ligand, where each
oxygen arm of phosphate coordinates to one zinc center,
respectively, and the nucleophilic 2-hydroxypropyl group coor-
dinates to one of the zinc ions while the hydroxide from
deprotonation of a water molecule coordinates to the other zinc
ion (see Figure 1A, RC1). This binding mode is very easily
exchanged to form another more interesting binding mode (see
Figure 1B, RC2) via a proton-transfer process.

In addition, we found another possible binding mode in which
one available coordination site is occupied by one of the
phosphate oxygen atoms, and the other three available coordina-
tion sites are occupied by two water molecules and one hydroxide
from deprotonation of a water molecule. For this binding mode
the whole complex was connected by hydrogen-bond network
(see Figure 1C, RC'). RC’ corresponds to RC1 with addition of

Scheme 2. Concerted Mechanism (Path I for the Cleavage
of HpPNP Promoted by the Dinuclear Zn(II) Complex of
an(Lzo)u

@.NOZ @Noz

PC Tscancerted

“ Positions at which kinetic isotope effects were signed. e indicates
the 0 KIE at the nucleophilic oxygen (red color); 18k, . indicates the
'80 KIE at the leaving oxygen (blue color).

two water molecules, although there are minor differences in the
coordination conditions. The difference between the relative
free energies for the RC14-2H,O system and RC’ is less than
0.5 keal/mol at the B3LYP/6-31G(d, p)(SDD for Zn) level of
theory. However, when the diffuse functions on heavy atoms are
included, the latter system was found to be 14.8 kcal/mol higher
than the former system at the B3LYP/6-311++G(d, p)(SDD
for Zn)//B3LYP/6-31G(d, p)(SDD for Zn) level of theory. At
the same time, we also examined other possible binding modes
(see Figure 1D and 1E), and the relative free energies of those
were found to be 4.7 and 7.2 kcal/mol higher, respectively, than
the RC14-2H,0 system, while the differences between them
increased to be 11.5 and 20.6 kcal/mol higher, respectively, than
the RC1+2H,0 system when the diffuse functions on heavy
atoms were included. It is noteworthy that another possible
binding mode has been proposed by Fan and Gao.* Figure 1F is
the most favored binding mode ‘1a’ determined in the work of
Fan and Gao, and this corresponds to RC2 with addition of one
water molecule. However, as Fan and Gao proposed that the
fewer-water pathway is more favored when the entropy change
and the solvation effects are considered (these phenomena are
also present in our calculations and results), the relative free
energy of ‘1a’ is 15.4 and 9.4 kcal/mol higher than the RC1+
2H,0 system (or the RC24+2H,0 system) in the presence/
absence of the diffuse functions. This indicates that the binding
modes for the RC/, the Figure 1D and 1E, and ‘1a’ become
significantly more disfavored than the RC1+2H,O system (or
the RC2+2H,0 system) when the diffuse functions are included
on the heavy atoms in the calculations.

Concerted Mechanism for the Cleavage of HpPNP Pro-
moted by the Dinuclear Zn(ll) Complex (Path I). This me-
chanism and the structures and relative free energy profiles
determined for it are depicted in Scheme 2 and in Figure 2 and
3, respectively. In RC1, each terminal phosphoryl oxygen atom
binds to one zinc center, respectively, and the nucleophilic
2-hydroxypropyl group coordinates to one of the zinc ions while
the hydroxide from deprotonation of a water molecule coordi-
nates to the other zinc ion (see RC1 in Figure 2). TSequilibrium i0
Scheme 2 and Figure 2 is the transition state for the hydrogen
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Figure 2. Depicted are optimized structures for the cleavage of HpPNP catalyzed by Zn,(L,0) through a concerted mechanism (Path I) as shown in
Scheme 2. Some hydrogen atoms are omitted for clarity. The distances are in A.
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Figure 3. Shown are free energy profiles for the cleavage of HpPNP
catalyzed by Zn,(L,0) through a concerted mechanism (Path I) as
shown in Scheme 2.

transfer process between RC1 and RC2. In this transition state,
H1 is transferring to the coordinating hydroxide to form a water
molecule. The O1—H1 distances in RC1, TS, guilibriums and RC2
are 1.11, 1.17, and 1.41 A, respectively. The relative free energies
along the reaction pathway show that the Zn-coordinated
hydroxide deprotonates the nucleophilic 2-hydroxypropyl group

via an essentially barrierless transition state (Tsequilibrium) and

the relative free energies of RC1 and RC2 are almost identical.
This indicates that the deprotonation of the nucleophilic 2-hy-
droxypropyl group occurs in a pre-equilibrium step. The flex-
ibility of RC1 and RC2 provides evidence that both of the forms
of the catalyst, Zn,(L,0)(H,0) and Zn,(L,0)(HO), are also
easily exchanged.

Then, with the movement of the coordinating water molecule
away from the Zn2, the nucleophilic oxygen O1 of HpPNP
attacks the phosphorus atom to form a dianionic trigonal
bipyramidal phosphorus transition state (TS concerted in Scheme 2
and Figure 2), in which the coordinating water molecule departs
from the Zn2 center. More interestingly, the Zn ion coordination
number changed from six in RC2 to five in this TS oncerteas that
is, each of the two metal centers is chelated to a triazamacrocycle,
alkoxide, and one of the phosphate oxygen atoms with an overall
distorted square pyramidal geometry. Subsequently, the leaving
group coordinates to Zn2 with cleavage of the P—0O2 bond and
simultaneously the water molecule coordinates to Znl to form
PC. The P—O1 distances in RC2, TS oncerteds and PC are 3.32,
1.90, and 1.64 A, respectively. Though the potential of the imagi-
nary normal mode of vibration corresponding to the TS oncerted
is soft, the intrinsic reaction coordinate (IRC) calculations along
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the reaction coordinate for TS oncerteq Clearly indicate the direct
connection between RC2 and PC (see Figure S1 in the Supporting
Information). The highest energy species is the transition state
TSconcertea and the overall activation free energy is 22.7 kcal/mol
in the gas phase, while the barrier decreases to 16.5 kcal/mol
when the effects of solvation are included using the PCM model.
NBO analysis shows that both the negative charge of the
substrate and the positive charge of the catalyst core are increased
in the TS oncertea compared to RC2 (see Table S3 in the
Supporting Information). This indicates that there are some
electrostatic interactions between the substrate and the catalyst
core that can provide stabilization of the TS opcertea- Interestingly,
from RC2 to TSoncerteds the negative charge of the nucleophilic
oxygen decreases slightly while that of the leaving oxygen shows a
corresponding increased. This demonstrates that there is a little
shift in the negative charge away from the nucleophilic oxygen
and onto the leaving group, which grovides qualitative support
for Hengge’s experimental results.”® The pH-rate profile*** for
the cleavage of HpPNP catalyzed by Zn,(L,0) shows that the
free energy of activation is 18.8 kcal/mol at neutral pH (17.6
kcal/mol at high pH) ,>° which is not much higher than the value
of 16.5 kcal/mol obtained from our calculations for the concerted
mechanism. Most importantly, our calculations demonstrate that
RC2 is the critical active species in the mechanism proposed by
Scheme 2. RC1 is not so critical; it has to convert to the active
species RC2 via a pre-equilibrium prior to the nucleophilic attack
step. This result provides further support that the Zn,(L,0)-
(H,0) species is the true active form as concluded by Richard
and co-workers.**

Calculations of the Isotope Effects. The accuracy of the
computational models determines the accuracy of the calculated
isotope effects (IEs). Several studies that have established that
the frequencies and IEs calculated using B3LYP accurately reflect
molecular structure.**®* In particular, to test the reliability of the
computational method, Hengge and co-workers calculated the
EIEs for the deprotonation of p-nitrophenol and compared these
with their experimental values.”*** In this paper, we directly
compute the EIEs between the RC1 and RC2 of the pre-
equilibrium step structures. The *O EIE and "N EIE for the
deprotonation of RC1 to form RC2 are 1.0128 and 1.0000,
respectively, which are lower than the calculated values of depro-
tonation of the HpPNP in the absence of the catalyst.*® This is
consistent with the previous experimental result®* that indicates
metal coordination would reduce the EIE for deprotonation.
Therefore, this validates that the nucleophic 2-hydroxypropyl
group coordinates to one of the zinc ions.

The nucleophile approach and/or the leaving group departure
contribute to the KIEs. This permits an analysis of the extent of
nucleophile bond formation, leaving group bond cleavage and
charge development in the transition state;”® DFT calculations
were also utilized to study the kinetic isotope effect on the
concerted mechanism for the cleavage of HpPNP promoted by
the dinuclear Zn(II) complex of Zn,(L,0). The results from the
calculation of the nucleophile "*O KIE and leaving '*O KIE for
the concerted mechanism are in good agreement with the experi-
mental values®® (see Scheme 2 and Table 1 for details).

The calculated value of the nucleophile KIEs in Table 1 is
0.9926 (comparable to the experimental value®® of 0.9874),
which reflects the fractionation of the oxygen isotope for the kinetic
effect on the nucleophilic attack. The inverse KIEs show a late
transition state and that bond formation is sufficiently far
advanced. This evidence is consistent with our optimized

Table 1. Results from the KIE Calculations for the Catalyzed
Concerted Mechanism for Cleavage of HpPNP Promoted by
the Dinuclear Zn(II) Complex of the Zn,(L,0) Catalyst and
the Uncatalyzed Mechanism Are Compared with the KIE
Experimental Values

knuc ke
Cat(calculation)” 0.9926 1.0042
Cat(experiment)” 0.9874 1.0113
Uncat(calculation)* 1.0182 1.0021
Uncat(experiment)b 1.0079 1.0064

KIE calculations in this work. * KIE experimental values were cited
from Hengge’s work (ref 28).

structure of TS oncerted) in Which the forming bond has a length
of 1.90 A while the breaking bond has a length of 1.78 A. In
addition, a previous experimental report also suggested that the
nucleophilic oxygen might coordinate to zinc as deduced from an
inverse effect.”® Together with the smaller EIE for deprotonation
of the HpPNP in the presence of the catalyst, it is thus
theoretically reliable that each terminal phosphoryl oxygen atom
binds to one zinc center, respectively, and the nucleophilic
2-hydroxypropyl group coordinates to one of the zinc ions while
the hydroxide from deprotonation of a water molecule coordi-
nates to the other zinc ion can be applicable to the reaction
examined here.

The leaving 'O KIE is used to measure the extent of P—O
bond fission. The experimental value®® of the leaving '*O KIE is
1.0113, which is close to our calculated value of 1.0042. Its
magnitude is close to unity for a transition state that has a bond
fission character for the leaving group. Fission of the P—O bond
results in a negative charge on the leaving group in the transition
state. NBO analysis is consistent with the leaving '*O KIE, which
further supports a concerted mechanism.

Analysis of the Role of the Catalyst. To further understand
the role of the catalyst, we compare the HpPNP cleavage reaction
mechanisms in the presence/absence of the catalyst. A detailed
analysis of the geometric and the electronic structure along the
both reaction pathways provides some detailed insights into how
the catalyst affects the substrate throughout the reaction and
potentially alters the reaction mechanism. Previous experimental
studies®® demonstrated that the HpPNP cleavage mechanism in
the absence of catalyst is a specific-base mechanism, in which the
deprotonation of the nucleophilic 2-hydroxypropyl group takes
place in a pre-equilibrium step followed by a nucleophilic attack on
the phosphorus center. Therefore, it is feasible to make an
individual discussion for the separate steps of deprotonation and
nucleophilic attack. Unfortunately, in a dissociation reaction, the
accurate theoretical prediction of the pK, values or the free energy
change for the degrotonation in solution is still a difficult and
challenging task.°>* Instead, we used an experimental pK, value®’
to estimate the calculated free energy change (about 17.7 kcal/
mol) for the deprotonation of the nucleophilic 2-hydroxypropyl
group of HpPNP.%® Comparison of this value (although it is a
rough estimate) to the free energy change value (lower than 1.0
kcal/mol) between RC1 and RC2 shows that deprotonation of
HpPNP is obviously much more favored with the help of the
catalyst. That is, acting as a Lewis acid, the catalyst facilitates the
deprotonation of HpPNP as well as significantly increases the
nucleophilic reactivity for subsequent attack. This result provides
further support for the experimental observation** about the
solvent deuterium isotope effect. After the deprotonation of
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Figure 4. Schematic representations of the altered transition state
structures for the cleavage of HpPNP through a concerted mechanism
in the absence or presence of the catalyst Zn,(L,0). The numbers refer

to bond length (A).

HpPNP, the uncatalyzed reaction will proceed through a nucleo-
philic attack with a concerted transition-state (TSypcq in Figure 4
and Figure S2 in the Supporting Information). If we set the free
energy of HpPNP as a reference point, the total activation barrier
for the uncatalyzed reaction is calculated to be about 23.2 kcal/
mol, which is comparable to the experimentally observed values
(28.3 keal/mol at neutral pH).***

Comparisons of the geometry parameters of the transition state
between the catalyzed and uncatalyzed reactions will help to reveal
the role of the catalyst. The cleavage of HpPNP catalyzed by
Zn,(L,0) proceeds through a transition state structure that is
significantly different from that of the uncatalyzed reaction
(Figure 4). The total in-line distance between the Oy atom
and the Oy atom is lowered by 24.3% (from 4.86 A in TS pcq¢ to
3.68 A in TSconcertea)- More importantly, the distance of the P—
Onuce (190 A) in TS_opcerted iS significantly shortened by 34.9% in
comparison with that of the uncatalyzed reaction (2.92 A), whereas
the distance of P—Oy g (1.78 A) in TS gncerted is Only 8.2% shorter
than that of the uncatalyzed reaction (1.94 A). The change of the
key geometric parameters for the transition state indicates that the
TSconcertea 1 @ far more associative or tight transition state,
compared to the TS, in the uncatalyzed reaction.

NBO analysis also reveals useful information. Comparison of
the changes of the bond lengths shows a similar but more direct
correlation from the NBO P—O normalized bond orders (see
Figure S3 in the Supporting Information). The P— Oy, bond
order significantly increases from 0.12 in TS pca to 0.65 in
TSconcertear While the P—Oy g bond order changes only slightly
from 0.55 to 0.76. More importantly, the sum of the bond orders
to the nucleophile and leaving group in TS pca¢ is 0.67 (less than
1), while this sum in TS gpcertea is up to 1.41 (greater than 1). Itis
clear that the catalyst significantly alters the loose transition-state
(TSuncat) to an associative or tight transition-state
(TSCO“ceﬂed).69 Furthermore, the NBO analysis of TS oncerted
shows a stronger interaction”® (41.0 kcal/mol versus 11.9 kcal/
mol of TS c.e) between the lone pair orbital of the nucleophilic
O atom and the antibond orbital of the P—Oy ¢ (or the empty
developing orbital on P), which is not present either in RC2 or in
HpPNP". This stronger interaction further reflects that more
nucleophilic bond formation in the TS oncertea With the help of
catalyst. Besides, the NBO charges of the two terminal phos-
phoryl oxygens become more negative, while the charge differ-
ence of the Opye atom is almost negligible in the TS oncerted
(compared to that of TS,nca:), suggesting that the catalyst
provides a prior charge stabilization at the two terminal phos-
phoryl oxygens, compared with the Oy atom. On the other
hand, both the negative charge of the O g atom and the positive
charge of the P atom in the TS.opcertea (compared to that of
TSuncar) are increased. This result indicates that there is negative
charge accumulation at the O g atom. In summary, the catalyst

Scheme 3. Stepwise Mechanism (Path II) for the Cleavage of
HpPNP Promoted by the Dinuclear Zn(II) Complex of
Zn,(L,0)"
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induces the more negative charge accumulation at the leaving
group, compared to the nucleophilic group.

The KIE’s analysis also provides more profound information
(Table 1). With or without the catalyst, the reasonable agreement
of the calculated and the experimental values of the nucleophile
O KIE and leaving '*O KIE reflects the reliability of our
calculations (Table 1). Generally, a greater nucleophilic O KIE
is accompanied by an earlier transition-state with a looser nucleo-
philic bond formation. Surprisingly, from the uncatalyzed to the
catalyzed reaction mechanism, the change of the nucleophilic O
KIE from normal (1.0182) to inverse (0.9926) indicates the
catalyst causes the P—Oyy,. binding in the transition-state to alter
from loose to highly tight, that is, there is a transformation from an
early transition-state to a late transition-state in the presence of the
catalyst. On the other hand, the relatively increased leaving group
KIEs (1.0042 for the catalyzed reaction compared to 1.0021 for the
uncatalyzed reaction) indicates that the negative charge accumula-
tion at the Op g atom and a relatively larger P—Oj g fission in the
catalyzed reaction. Above all, both of the catalyzed and uncatalyzed
reactions go through concerted mechanisms; however, the catalyst
alters the transition state to become significantly more associative
or tight, that is, bond formation to the nucleophile is remarkably
more advanced than leaving group bond fission in the catalyzed
mechanism.
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Figure 5. Continued

Zni-Zn2 358
1-H1  1.00
O1-H3 178
o1-2 378
02-H1 166
02-H2 096
O2-HE 157
O4-H5 102
O4-HE 098
05-H4 180
O8-P 164
O7-H2 504
181

TS3'
n 5 Q2-H1 100
gd;ﬁnz ggg Q2.H2 088
1P 185 Ot 006
1P A :
Znirng ??; WO&HE 113
194 05-H4 177
187 6-P 183
0.60 O7-H1 178
1.02 Q7-HE 1.30
0.98
1.57
0.96
1.58
1.68
1.76
1.02
M3’
ZIEnz s Qo 98 Zn1-Zn2 362 O2-HI 105
O1-H1 3.08 O2-H2 0.87
O1:H3 182 Od4-H2 206
01-F 1.75 O4-H5 097
O4-HE 1.00
O5-H4 1.77
Q8P 200
06-HE 1.92
O7-H1 146
O7-H6 208

TS§

Zn1-Zn2 158 Zn1-Zn2 3.63
1-H1 089 O1-H1  1.03
01-H3 185 O1-H2 1.75
Q1P 3459 01-P 367
O2-H1 180 O2-H1 154
02H2 097 02.H2 087
02-HS 1.8 O2-HS 32
O4-H5 099 04.H2 212
O4-H6 1.00 04-HS 096
05-H4 187 O4-HE 1,02
08.p 1.65 05-H4 189
Q7-H2 217 08-P 165
O7HE 179 07H2 318
O7T.HE 154

Zn1-Zn2 3.65

-l ORI O ) s e
=83832

258228

e,

R Zn1.Zn2 358
O1-H3 174 Q1-H1 157
o1-P 371 O1-H3 153
02.H1 153 o1-p 229
O2-HZ 087 O2-H1 102
O4-H2 207 02-H2 100
O4-H5 096 03-H3 1.03
O4-HE  1.02 04.H2 166
O5-H4 189 04-H5 098
i = S5t 198
ey e o8P 170

Oi-HE 105

2910 dx.doi.org/10.1021/ja106456u |J. Am. Chem. Soc. 2011, 133, 2904-2915



Journal of the American Chemical Society

Zni-Z2n2 360 OQ1-P 162
O1H1 421 0O2-H1 098
O1H3 355 0Q2-H2 1.02

O6-HG 1.00
Q5-P 581
O7-H1 1.74 A

O7-H3 1.94
O7-HE 5.26

Zn1-Zn2 3.65
O1-H1 374

Q5-H4 173
06-HZ 158
Q6P 516
O8-HE 166
07-H1 181
07-H3 366
07-H5 181
07-H8 319

Zn1-Zn2 3. GS
O

04-H2 251
o8 Q4-H5 086
Q4-HE 148

05-Hd 179

06-HE 1.04

06-P 620

orHs 221

L] o
TS6 O7THE 529

Figure 5. Depictions are shown of the optimized structures for the cleavage of HpPNP catalyzed by Zn,(L,0) through the stepwise mechanism (Path
II) as shown in Scheme 3. Some hydrogen atoms are omitted for clarity. The distances are in A.

Stepwise Mechanism for the Cleavage of HpPNP Pro-
moted by the Dinuclear Zn(ll) Complex (Path Il). An alter-
native pathway and the structures determined for it are depicted
in Scheme 3 and in Figure S, respectively. In this mechanism the
substrate binds to one of the Zn centers to form a six-coordinated
complex (RC’) with an octahedral geometry that includes
hydrogen bonds O1—HI1"02, O3—H3"0l, O3—H4"0S,
04—HS02, and 0O4—H6707. TSY in Scheme 3 and Figure S
is the transition state for the change of position of the hydrogen
H2 in the coordinating water network to produce IM1’ in which
a new hydrogen bond O2—H2"07 formed. TS2' in Scheme 3
and Figure S is the transition state for the change of position of
the hydrogen atoms H2 and HS in the coordinating water
network to form IM2’ in which the hydrogen bond between
02 and HS is broken to form another one between O4 and H2
and at the same time the hydrogen bond O2—H2"07 is also
broken. TS3' in Scheme 3 and Figure S is the transition state for
the attack of O1 against the phosphorus atom to form the five-
coordinated phosphorus intermediate IM3'. In this transition
state, the fifth P—O bond is in the process of being formed (the
P—Ol distanceis 2.29 A), H1 is exchanging between O1 and 02,
and H6 has already transferred to O7. TS4' in Scheme 3 and
Figure S is the transition state between IM3' and IM4/, in which
H6 interacts with both O4 and O7, for the rotation of the
coordinating water molecule by Zn1—02 bond to form IM4'.
Subsequently, the hydrogen bond between O1 and H1 is broken
and reformed between O7 and H1 as shown in IM4/, in which the
hydrogen H6 transfers back to O4. In TSS’, with the rotation of
the coordinating water molecule by the Zn2—04 bond, the
entire POsunit rotates around the P—QOS5 bond while H6 is
moving its hydrogen bond from O7 to O6. At the same time, the
P—O6 bond is breaking and the cyclic phosphodiester and the p-
nitrophenylate are in the process of forming. Then, after the
hydrogen atom H6 moves to O6, the IMS' forms. Finally, via
TS6, with the movement of the hydrogen atoms HS and H2 and

the transfer of hydrogen H6, the entire POsunit rotates back
around the P—OS bond and the p-nitrophenylate ion forms
although the POsunit and the p-nitrophenylate ion are still
bound to the Zn centers and the ligands in PC'.

The relative free energies along the reaction pathway shown in
Scheme 3 are listed in Figure 6. In the gas phase, the highest
energy species is the transition-state TSS' with an overall
activation free energy of 32.0 kcal/mol. This barrier decreases
to 21.3 kcal/mol when the effects of solvation are included using
the PCM water model. In aqueous solution, the barrier for the
attack of O2 against the phosphorus atom accompanied with the
deprotonation of the nucleophilic 2-hydroxypropyl group
(TS3') is 22.3 keal/mol, which is almost the same in the gas
phase (22.4 kcal/mol). This result demonstrates that the Path II
depicted in Scheme 3 is a general base catalysis mechanism.

In the whole catalysis cycle (from RC’ to PC'), the NBO
charge of the catalyst Zn,(L,0) is almost unchanged, and the
negative charge moves mainly from the H,O moiety into
HpPNP" (see Table SS in the Supporting Information). The
negative charge of HpPNP" in the determining-step transition
state of the stepwise mechanism is significantly lower than that
for the concerted mechanism. This may suggest that the electro-
static interaction between the substrate and the catalyst core of
the stepwise mechanism is weaker than that of the concerted
mechanism.

Concerted or Stepwise Mechanism? Systematic Compar-
isons of Proposed Pathways. Previous experimental reports
speculated that the cleavage mechanism of HpPNP promoted by
Zn,(L,0) might take place via a concerted mechanism®® and has
a specific-base catalysis character.*** However, very recently,
another possible pathway (Path FG) has been proposed by
Fan and Gao®® using a theoretical study’" via a general base
catalytic mechanism and a stepwise mechanism, which is sig-
nificantly different from the experimental observation.”**** For
the sake of a more thorough comparison and discussion, we
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Figure 6. Shown are free energy profiles for the cleavage of HpPNP catalyzed by Zn,(L,0) through the stepwise mechanism (Path II) as shown in

Scheme 3.

Table 2. Comparison of the Relative Free Energies (kcal/mol) for the Starting Complexes and the Key Transition States for the

Concerted and Stepwise Pathways

concerted mechanism (Path I, one-

stepwise mechanism

(Path II, three-water ~ stepwise mechanism (Path FG, two-

water pathway)” pathway)* water pathway)”
RC2+2H,0  TSconcerteat2H,O  RC' TS3' TS  lat+1H,0 TS2+1H,0 TS3+1H,0
B3LYP/6-31G(d,p)* 0 165 02 222 211 9.4 19.8 18.1
B3LYP/6-31+G(d,p)* 0 14.4 125 366 290 14.6 24.5 19.9
B3LYP/6-311++G(d,p)// B3LYP/6-31G(d,p)° 0 162 148 394 368 15.4 27.1 21.4
BHandHLYP/6-31G(d,p)* 0 188 20 275 247 10.6 22.8 232
BHandHLYP/6-311++G(d,p)// BHandHLYP/6-31G(d,p)* 0 18.8 142 415 378 152 29.0 29.9
TPSS/6-31G(d,p)* 0 125 25 118 138 8.1 154 NA‘
TPSS/6-311+-+G(d,p)// TPSS/6-31G(d,p)° 0 122 120 282 291 139 226 NA?

“ This work. ” All the species in this pathway proposed by Fan and Gao (ref 45) was recalculated at the current level of theory. * SDD for Zn. “ Not located

in this level of theory.

recalculated the starting complex structure of ‘1a’ and all the
transition states of Path FG using the B3LYP, the BHandHLYP,
and the TPSS functionals with the 6-31G(d, p)(SDD for Zn)
basis set for the geometry and frequency calculations followed by
single point energy refinement with the 6-311++G(d, p)(SDD
for Zn) basis set, respectively. The starting complex ‘1a’ corre-
sponds to RC2 with the addition one water molecule. If we set
the (RC2-+H,0) system as a reference point, the relative free
energy of ‘1a’is calculated to be 15.4, 16.2, and 14.6 kcal/mol and
the relative free energies of the highest energy species in Path FG
are calculated to be 25.8, 29.0, and 23.3 kcal/mol, while the
barrier in PathIis 16.2, 18.8, and 12.2 kcal/mol using the B3LYP,
the BHandHLYP, and the TPSS functionals with the
6-311++G(d, p)(SDD for Zn)//6-31G(d, p)(SDD for Zn)
basis set, respectively (see Table 2). The calculated reaction
barriers are generally similar to each other (the energy barrier in
the Path FG is 10.4—11.1 kcal/mol higher than that of Path I at
the same larger basis set) with the three different methods, while
the reaction barriers of B3LYP and BHandHLYP functionals
gave the better agreement with experimental results** where the
free energy of activation is 18.8 kcal/mol at neutral pH (17.6
kcal/mol at high pH).*” It appears that the calculations using the
TPSS functional more severely underestimates the reaction
barrier for this type of reaction system. For the individual
pathway such as Path I, Path II, or Path FG, additional diffuse
functions on the heavy atoms appears to not obviously influence
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the reaction barrier. We also reoptimized the key structures at the
B3LYP/6-314+G(d, p)(SDD for Zn) level of theory, and these
results are similar to those obtained from the B3LYP/
6-311++G(d, p)(SDD for Zn) single-point calculations based
on the optimized geometries from the B3LYP/6-31G(d, p)-
(SDD for Zn) calculations. However, if we compared all of the
pathways at the same reference point, using the diffuse functions
on the heavy atoms seems to have a large effect for the Path II
and the Path FG when the entropy change and the solvation
effects are considered. The relative free energies for the starting
complex and the determining-step transition state in Path IT and
Path FG become much higher, while those of Path I are almost
unchanged with larger basis sets. This provides further support
that the reaction barrier of Path Iis significantly lower than those
of Path II and Path FG.

Notably, there are one-, two-, and three-water molecule(s) in
the Path I, Path FG, and Path II reaction mechanisms, respec-
tively. As Fan and Gao proposed that the fewer-water pathway is
more favored when the entropy change and the solvation effects
are considered (these phenomena are also present in our
calculations and results). It is clear that Path I is more favored
than Path FG, while Path II has the highest free energy of
activation (Table 2). A conclusion by Fan and Gao opposite with
the experimental observation appears to happen because of the
difficulty in not being able to locate a suitable fewer-water
pathway in the theoretical study. In addition, compared to Path
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I and Path FG mechanisms, replacing one arm of the phosphoryl
group and the nucleophilic 2-hydroxypropyl group of the sub-
strate, the water molecules coordinate to the Zn centers in the
Path II mechanism which decreases the interaction of the
substrate-catalyst system and increases the relative free energy
of the determining-step transition states.

In brief, the energy barrier for the concerted mechanism
presented here is significantly lower than that of the alternative
multistep mechanisms with two or three water molecules. Most
importantly, including the structures, free energy profiles,
charges and the KIEs, the good agreement of the calculated
and experimental data suggests that the concerted mechanism
(Path I) is the most favored and reliable reaction pathway of
those considered.

Il CONCLUSIONS

We have reported a DFT computational study of the reaction
mechanism for the cleavage of a RNA model, HpPNP, catalyzed by
Zn,(L,0). Previous studies have not focused on characterizing the
structure and properties of the binding mode of the substrate-
catalyst complex and the nucleophile coordination. Our investiga-
tion provides new insight into the interaction of the substrate-
catalyst complex, that is, each terminal phosphoryl oxygen atom
binds to one zinc center, respectively, and the nucleophilic
2-hydroxypropyl group coordinates to one of the zinc ions and
the hydroxide from deprotonation of a water molecule coordinates
to the other zinc ion. More importantly, our results indicate a
concerted mechanism. To our knowledge, this is the first theore-
tical evidence for the concerted mechanism of a phosphate cleavage
mediated by a dinuclear zinc metal complex, although there have
been a few previous experimental reports which speculated that the
cleavage mechanism of HpPNP promoted by Zn,(L,0) might
take place via a concerted mechanism.*® Calculations of the nucleo-
phile **0 KIE and leaving "*O KIE for the concerted mechanism
are in good agreement with the experimental values. The energy
barrier for the concerted mechanism presented here is 16.5 kcal/
mol, and this value is significantly lower than the values found for
the alternative multistep mechanisms. Our calculations also indi-
cate this reaction proceeds via a specific-base catalysis mechanism
in which the deprotonation of the nucleophilic 2-hydroxypropyl
group occurs in a pre-equilibrium step before a nucleophilic attack
on the phosphorus center takes place. Together with the structures,
free energy profiles, charges and the KIEs, the agreement of the
calculated and experimental data suggests that the Path I mechan-
ism is the favored reaction pathway. A detailed comparison of the
geometric and the electronic structure for the HpPNP cleavage
reaction mechanisms in the presence/absence of the catalyst
revealed that the catalyst significantly altered the determining-step
transition state to become far more associative or tight, that is, bond
formation to the nucleophile was remarkably more advanced than
leaving group bond fission in the catalyzed mechanism. The results
reported here has implications for the mechanistic interpretation of
dinuclear metal-complex assisted phosphate cleavage in biological
systems and in particular for RNA cleavage, which will be helpful for
the future design of new metal complexes for the catalyzed
phosphate cleavage reaction.
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