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’ INTRODUCTION

Phosphoramidates have a long history in the scientific litera-
ture, but it is only with their use in antiviral strategies in the early
1990s1�3 that they attracted large attention. The active phos-
phoramidates are modified nucleotides with different groups
linked to the monophosphate via a phosphoramidate linkage.
They are part of an antiviral strategy using nucleoside-like in-
hibitors. The major problem with nucleotide-like viral inhibitors
is that administration requires compounds with low charge while
the (first) phosphate group is essential for the activity since
monophosphorylation by the cellular enzymes is very selective.
One strategy to tackle this controversy is shielding the phos-
phate’s charge followed by a transformation in the cell resulting
in themonophosphate inhibitor. This method is highly nontrivial
since the uptake of the new compounds by the cells must be
guaranteed and additionally the compounds need to be selec-
tively transformed. At this point phosphoramidates come into
play, since the phosphoramidate linkage appeared to be a suc-
cessful approach and several nucleoside phosphoramidats (NPs)
demonstrated activity.2,3 The phosphate charge is effectively
screened, and thereby the intrusion of those compounds inside
the infected cells is assisted. Once inside the cell the NPs are
processed to nucleoside monophosphates. The accomplishment
of this strategy is proven by the phosphoramidates that reached
the clinical trial phase: GS-9140, GS-9131, thymecacin, and
stampidine.

Almost two decades after the first attempts to use phosphor-
amidates as antiviral drugs, Herdewijn et al.4,5 discovered amino
acid nucleoside phosphoramidates (aaNPs) which were direct
substrates for polymerases; i.e., they can be incorporated without
modification in growing DNA chains using several polymerases.

Hence the necessity for cellular processing is totally abolished,
and cellular enzymes are completely bypassed. Several modifica-
tions were synthesized to optimize their properties.6�8 The best
result was obtained with iminodipropiate as a leaving group.7

Recently the kinetics of the hydrolysis reaction were studied for
a series of aaNPs to determine the influence of the nucleo-
base and the carboxyl acid groups.9 An overview of the different
aaNPs studied is given in Figure 1. They are similar to the natural
nucleotides but with an amino acid linked to the phosphorus via a
phosphoramidate bond. Several amino acids were used to look
at the influence of α- and β-carboxyl groups. The presence of
α-carboxyl groups in the amino acid triggered the hydrolysis of
the P�O linkage between phosphate and sugar. Less expected
was the finding that the nucleobase has an impact on the
hydrolysis rate.9 A quantum chemical study was launched to
explore the different degradation pathways. The present con-
tribution offers a detailed account of the theoretical results, which
complement the previous kinetic and NMR study. The aim is to
understand the mechanistic influence of the various components
as a prerequisite to rationally improve the activity of the aaNPs.

Despite the exponential growth of the work on phosphor-
amidate, little theoretical work has been done to explore the in-
trinsic properties of phosphoramidates. In a previous theoretical
study10 the hydrolysis mechanism was compared for N-methyl
phosphoramidate and methyl phosphate; at present this is ex-
tended to N,O-dimethyl phosphoramidate as a simplified model
for aaNP. Next theN-methyl is replaced by aspartate to study the
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influence of carboxyl groups on P�O hydrolysis.9 Subsequently
the role of the nucleobase is examined. Experimentally several
base modifications were synthesized to test their influence on the
hydrolysis rate (Figure 1). The present theoretical analysis pro-
vides a mechanistic and structural explanation for the experi-
mental findings. In addition pKa values were computed for the
different protonation sites of the nucleobase explaining the
influence of site modifications on the hydrolysis rate.

’METHODS

Reaction Mechanisms. All calculations were performed
using theGaussian09 package.11 Visualizationwas donewithVMD.12

The structures were optimized using the B3LYP method13 with

DGDZVP14,15 basis set. All structures were optimized in solvent
with the polarizable continuum PCM model using the integral
equation formalism variant.16,17 To compute the free energy of
solvation the solvent�solute dispersion and repulsion energy18,19

and the cavity energy were included.20 Surface scans of the dif-
ferent molecules used were done by varying the dihedral angles
and comparing the energies.
In the reaction pathways every stationary point was checked by

frequency analysis. ZPE correction using B3LYP were scaled21

with a factor of 0.9877. The energy of the B3LYP/DGDZVP
optimized structures was corrected doing single point MP2/
6-311++G** calculations on them.
Molar energies in tables are reported as follows: ΔEg is the

energy in the gas phase,ΔEB3LYP is the B3LYP/DGDZVP energy

Figure 1. Overview of different bases and leaving groups studied.

Figure 2. Thermodynamics cycle for the proton exchange method of pKa calculations.
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with zero point energy correction, and ΔEMP2 is the single point
MP2/6-311++G** energy with zero point energy correction
(using B3LYP/DGDZVP frequencies).ΔΔGaq is the free energy
of solvation computed at the B3LYP level, and ΔGB3LYPaq

and
ΔGMP2aq are respectively the B3LYP andMP2 energies including
the free energy of solvation. The nomenclature of the stationary
points on the reaction pathways is as follows: X_Y_Z, where X is
a character referring to the type of mechanism, e.g., D for dissoci-
ative and A for associative, Y refers to the type of stationary points
(reactant (REACT), intermediate (INT), transition state (TS)),
and Z is the number of water molecules involved.
pKa Calculations. For the pKa calculations the proton ex-

change method is applied.22 The thermodynamic cycle for this
method is illustrated in Figure 2. In this cycle the experimental
value for the free energy of solvation of the proton is absent,
which might otherwise be a source of error. An additional advan-
tage is that the number of charged species is conserved. This
leads to a cancellation of errors especially in computing the free
energy of solvation. One can maximally profit from cancellation
of errors if the reference molecule is similar to the molecule of
interest. The pKa of adenine (3.8)

23 is used as a reference in this
work. All compounds differ only by the protonation position
or by one nitrogen. When ΔGsoln* is computed the pKa can be
obtained through eq 1.

pKa ¼
ΔGsoln�
RTlnð10Þ þ pKaðHRefÞ ð1Þ

pKa(HRef) is the experimental value obtained for the reference
compound, in this case adenine. Several methods to determine
the different free energies in the thermodynamic cycle were
tested. Two different methods are used for the accurate deter-
mination of the gas phase free energies, the G4MP224 method
and the G4 method;25 both methods perform well and the major
difference originates in the treatment of solvation. Five different
methods are used to determine the free energy of solvation. The
first solvation model is a conductorlike polarizable continuum
model (CPCM) using UAKS radii with PBE1PBE/6-31G(d) for
which these radii are optimized. The second solvation model is
again aCPCMmodel usingUAKS radii with b3lyp/6-311+G(d,p).
In the third model UAHF radii with HF/6-31G(d) are used.

In the fourth and fifth models solvation energies use SMD from
Truhlar et al.26 combined with B3LYP/6-311+G(d,p) and
B3LYP/6-31G* respectively.

’RESULTS AND DISCUSSION

P�N Bond Hydrolysis for Model Compounds: The Effect
of Methyl Substitution on Phosphoramidate. N,O-dimethyl
phosphoramidate (NODP) is an excellent model compound to
study P�N bond hydrolysis in L-Asp-dAMP . The Asp and the
nucleosidemoieties are both replaced by amethyl group and only

Figure 3. Stationary points on the pathways for the associative and dissociative mechanism of NMP hydrolysis.

Table 1. Relative Energies for Stationary Point for P�N
Bond Cleavage in NMP

ΔEB3LYP ΔEMP2 ΔΔGaq ΔGB3LYPaq ΔGMP2aq

Associative Mechanism via [MeNHPO3H]
�

Without Catalytic H2O

REACT_1 0.0 0.0 �52.3 0.0 0.0

AS_TS_1 44.1 42.9 �55.9 40.6 39.4

With Catalytic H2O

REACT_2 0.0 0.0 �48.3 0.0 0.0

AS_TS_2 43.3 42.5 �53.3 38.3 37.6

Associative Mechanism via [MeNH2PO3]
�

REACT_1 8.2 12.1 �61.8 �1.2 2.7

AS_TS_1 45.9 47.6 �68.6 29.7 31.4

Dissociative Mechanism via [MeNH2PO3]
�

Step 1: P�N Bond Dissociation

DIS_TS1_1 10.3 15.6 �46.3 16.4 21.7

DIS_INT_1 6.3 13.3 �42.9 15.8 22.8

Step 2: Formation of P�O Bond: Attack of Water on Metaphosphate

Without Catalytic H2O

DIS_TS2_1 30.1 36.7 �57.6 32.2 38.8

With Catalytic H2O

DIS_TS2_2 20.0 27.9 �59.9 19.0 26.9
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the core is preserved; this makes NODP well suited to study the
intrinsic properties and hydrolysis mechanisms of NPs. In a
preliminary work we studied the simplified N-methyl phosphor-
amidate (NMP) which lacks the monomethyl ester bond.10 We
first resume these previous results on NMP. Now the structures
are all optimized in implicit solvent; this in contrast to previous
work10 where only single point solvent corrections were used.
In Figure 3 the geometries of the different stationary points for
hydrolysis of NMP are given. There are two reactive tautomers of
NMP, one with oxygen protonated and the other with nitrogen
protonated (OH/NH vs O�/NH2

+). Both tautomers are almost
equal in energy when solvent effects are considered, as can
be seen in Table 1. The tautomer with nitrogen protonated is
8.2 kcal less stable in the gas phase, but solvent effects favor this
tautomer by 9.5 kcal/mol, yielding only a small energy difference
of �1.2 kcal/mol between both tautomers at the B3LYP level.
Both associative and dissociative reaction mechanisms were
considered, but for the OH/NH tautomer a dissociative mecha-
nism is impossible since this would require an amide ion as a
leaving group, which is a strong base and thus a bad leaving
group. Comparing the associative mechanisms it can be seen
(Table 1) that the OH/NH tautomer has a lower barrier in
vacuum and the order is reversed in solvent. This can be ex-
plained by the fact that two oxygens on phosphoramidate carry a
negative charge in the case of O�/NH2

+, which hinders nucleo-
philic attack in vacuum, but this hindrance is reduced by the
solvent. Note that the mechanism is called associative mecha-
nism because the P�N bond is not fully broken before the P�O
bond is formed, but it can also be argued that it is a concerted
mechanism, since especially in the O�/NH2

+ tautomer, the P�N
bond cleavage in the intermediate or transition state is already
quite advanced. The lowest barrier can be found for the
dissociative mechanism (of the O�/NH2

+ tautomer); here the
P�Nbond is broken before the new P�Obond formation starts.
The barrier for the dissociation step is 21.7 kcal/mol, which is
remarkably lower than the barrier of 31.4 kcal/mol for the
associative mechanism. The highest barrier here is for attack of
water on metaphosphate. This can be catalyzed by an extra water
molecule that facilitates the proton transfer to phosphate which
reduces the barrier from 38.8 to 26.9 kcal/mol. It should be noted
here that for the dissociative pathway there is a remarkable dif-
ference between the MP2 and B3LYP calculations; for both the
dissociative pathway is the lowest in energy, but on the MP2
level of theory the barrier is 7.9 kcal/mol higher. This contrasts
with the associative pathway where the difference in barrier is
only 1.7 kcal/mol. Overall it can be concluded that a dissociative
pathway is expected for NMP.
We now compare these results to our previous work.10 Here all

compounds were optimized in vacuum, and only the OH/NH
tautomer was used as a reactant. When comparing the results
for the lowest energy pathway of the associative mechanism
(AS_TS_2), the barriers in vacuum are similar (37.6 kcal/mol
versus 40.5 kcal/mol) . The difference can be explained by the
different optimization strategies used. As can be expected the
difference in solvent is larger, since here optimization is done in
solvent and a lower barrier can be expected. Comparing the result
quantitatively it can be seen that this is true (44.2 kcal/mol versus
38.3 kcal/mol). In previous work10 the dissociative mechanism
was considered but starting from the OH/NH tautomer, the first
step in the reaction mechanism was a proton transfer from phos-
phate to nitrogen. To compare the barriers with this work, we
compare starting from this intermediate. This comparison gives a

similar picture as for the associative mechanism: a higher barrier
in vacuum (22.4 kcal/mol versus 27.9 kcal/mol) and reduced
barrier in solvent (35.5 kcal/mol versus 26.9 kcal/mol). Most
importantly the same mechanism was inferred.
We now turn to the NODP model, where the presence of

the nucleoside is mimicked by a methoxy ester. For NODP there
are again two tautomers: a neutral and zwitterionic tautomer
(O�/NH2

+ vs OH/NH). Comparing the reactants for the
zwitterionic tautomers of NODP and NMP, there is a difference
in P�N bond length: 1.89 Å versus 1.96 Å; this can be seen com-
paring Figure 3 and Figure 4. In vacuum the difference is even
more pronounced: 1.89 Å versus 2.15 Å. This indicates that the
P�N bond is stronger in NODP compared to NPM. This can
also explain why the dissociative pathway cannot be found here.
It is known27 that the transition state for unsubstituted phos-
phoramidate is more dissociative in nature than for monomethyl
phosphoramidate; this is on par with our results on NODP and
NMP. Again the zwitterionic species is found to be the more
reactive one. The transition state includes a catalytic water mole-
cule which lowers the barrier by 5.7 kcal/mol. Overall it can be
concluded that methyl substitution shifts the mechanism from
dissociative to associative. As a result an associative mechanism is
also expected for P�N bond hydrolysis in L-Asp-dAMP.
P�NandP�OBondHydrolysis inN-(Methoxyphosphinato)-

aspartate. P�N Bond Hydrolysis. For P�N bond hydrolysis the
same mechanism as in NODP is anticipated; this is an associative
mechanism via the O�/NH2

+ tautomer. The P�N bond length
differs from the bond length in NPME: 1.83 Å versus 1.89 Å
respectively. This points to a stronger P�N bond. The explana-
tion can be found in the intramolecular interactions (Figure 5).
The intramolecular hydrogen bonds of the carboxyl groups to the
protonated nitrogen extend the N�H bond length and decrease

Figure 4. Stationary points on the pathways for the associative and
dissociative mechanism of NODP hydrolysis.

Figure 5. Stationary points for P�N bond hydrolysis in N-(methoxy-
phosphinato)aspartate. In the transition state the carboxyl groups are
removed for clarity.

http://pubs.acs.org/action/showImage?doi=10.1021/jp208795f&iName=master.img-004.jpg&w=152&h=149
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the P�N bond length. Comparing the geometry of the transition
state in Figure 4 and Figure 5, it can be seen that in the former the
reaction is more evolved toward the product state: the P�O
bond length is 0.2 Å shorter and the P�N bond length 0.18 Å
longer. This is also reflected in the barrier (Table 2 versus
Table 3): the barrier for NODP hydrolysis is 7 kcal/mol lower
than in the case of N-(methoxyphosphinato)aspartate. This
effect is even more pronounced when solvent effects are not
considered (difference of 11.9 kcal/mol).
P�O Bond Hydrolysis in N-(methoxyphosphinato)aspartate.

The kinetic experiments byMaiti et al.9 clearly indicate that P�O
bond hydrolysis occurs only when there is an α-carboxyl group.
Reaction rates and product distribution for dAMP were com-
pared with different leaving groups. For a β-alanine leaving
group, there is no α-carboxyl group and only P�N bond hydro-
lysis occurs. With aspartic acid and glycine as leaving group, P�O
hydrolysis occurs. It is anticipated that the formation of a five-
membered ring by attack of the α-carboxyl group on phosphate
facilitates the P�Obond hydrolysis. For this compound the O�/
NH2

+ tautomer is more stable than the OH/NH tautomer. But all
the P�O bond hydrolysis reactions occur via the OH/NH tau-
tomer, since in all the mechanisms the P�N bond must be in an
equatorial position in the intermediate, which is not possible for
the O�/NH2

+ tautomer. In Table 4 different mechanisms for
P�O bond hydrolysis are considered. C5A points to a cyclic

structure with a five-membered ring structure and C6A to a six-
membered ring, where the A refers to the associative nature of the
mechanism. The direct mechanism (Figure 6) is an associative
mechanism where water attacks directly on the phosphate. The
attacking water molecule is on the opposite side of the methanol
leaving group, and the proton transfer occurs via a catalytic
water molecule. A pentacoordinated phosphorus is formed after
this step. The barrier to form this pentacoordinated phosphorus
via the direct mechanism is 38.5 kcal/mol; this is the barrier
including solvent and including a catalytic water molecule. As an
alternative this pentacoordinated phosphorus can be formed by
attack of the α- or β-carboxyl group, to form a five-membered or
six-membered ring intermediate, respectively. We refer to this

Table 2. Relative Energies for Stationary Point for P�N
Bond Cleavage in NODP

ΔEB3LYP ΔEMP2 ΔΔGaq ΔGB3LYPaq ΔGMP2aq

Associative Mechanism via [MeNHPO3HMe]

Without Catalytic H2O

REACT_1 0.0 0.0 0.1 0.0 0.0

AS_TS_1 39.0 37.9 1.9 40.8 39.7

Associative Mechanism via [MeNHPO3HMe]

With Catalytic H2O

AS_TS_2 34.9 32.9 1.8 37.7 35.8

Associative Mechanism via [MeNH2PO3Me]

Without Catalytic H2O

REACT_1 14.7 15.6 �13.2 1.3 2.2

AS_TS_1 34.0 35.5 �4.0 29.9 31.3

Associative Mechanism via [MeNH2PO3Me]

With Catalytic H2O

AS_TS_2 24.5 26.9 �2.4 23.0 25.6

Table 3. Relative Energies for Stationary Point for P�N
Bond Cleavage in N-(Methoxyphosphinato)aspartate

ΔEB3LYP ΔEMP2 ΔΔGaq ΔGB3LYPaq ΔGMP2aq

Without Catalytic H2O

REACT_PN_1 0.0 0.0 �151.0 0.0 0.0

AS_TS_1 45.4 43.2 �160.0 36.3 34.1

With Catalytic H2O

REACT_PN_2 0.0 0.0 �150.5 0.0 0.0

AS_TS_2 38.9 38.8 �156.6 32.8 32.6

Table 4. Relative Energies for Stationary Point for P�O
Bond Cleavage in N-(Methoxyphosphinato)aspartate

ΔEB3LYP ΔEMP2 ΔΔGaq ΔGB3LYPaq ΔGMP2aq

Direct Mechanism

Without Catalytic H2O

A_TS1_1 51.0 48.5 �50.8 45.6 43.1

A_INT_1 36.9 33.5 �51.7 30.6 27.2

With Catalytic H2O

A_TS1_2 47.9 45.5 �49.8 41.0 38.5

Autocatalysis: Five-Membered Ring

Without Catalytic H2O

REACT_PN 0.0 0.0 �48.3 0.0 0.0

REACT_PO 9.9 7.6 �52.4 5.8 3.5

C5A_TS1 28.1 27.6 �55.5 21.0 20.4

C5A_INT 18.5 17.0 �52.0 14.7 13.3

C5A_TS2 36.8 35.3 �49.4 35.7 34.3

With Catalytic H2O

C5A_TS1_1 23.9 24.1 �54.4 14.9 15.2

C5A_INT_1 17.9 17.3 �51.3 12.0 11.4

C5A_TS2_1 35.7 34.4 �55.6 25.5 24.3

Autocatalysis: Six-Membered Ring

Without Catalytic H2O

C6A_TS1 28.9 28.0 �54.4 22.8 21.9

C6A_INT 23.1 21.8 �50.7 20.7 19.3

C6A_TS2 37.4 35.6 �47.1 38.6 36.9

With Catalytic H2O

C6A_TS2_1 38.5 37.2 �53.3 30.7 29.4

Figure 6. Stationary points for P�O bond hydrolysis via a direct
mechanism in N-(methoxyphosphinato)aspartate.

http://pubs.acs.org/action/showImage?doi=10.1021/jp208795f&iName=master.img-006.jpg&w=231&h=96


649 dx.doi.org/10.1021/jp208795f |J. Phys. Chem. A 2012, 116, 644–652

The Journal of Physical Chemistry A ARTICLE

mechanism as autocatalysis. Comparing the five-membered to
the six-membered ring intermediate in Table 4 it can be seen
that the C5A_int is 6 kcal/mol more stable than C6A_INT and
13.9 kcal/mol than A_INT in the direct mechanism (comparing
the intermediate states without catalytic water molecule). The
same trend can be found in the barrier to form this intermediate.
From this it can be concluded that a five-membered ring inter-
mediate is expected for P�O bond hydrolysis. The details of the
geometries in the pathway for P�O bond hydrolysis via the five-
membered ring intermediate are given in Figure 7. As in the
direct mechanism there is an important role for a catalytic water
molecule to assist the proton transfer; this lowers the barrier by
9 kcal/mol. The P�O distance in the C5A_TS1_1 is 2.81 Å
compared to 2.04 Å for A_TS1_2 in the absence of the anchi-
metric assistance of the carboxyl groups. In the latter the forma-
tion of the P�O bond is much more advanced in the transition
state. The proton has largely departed from the carboxyl group;
the distance is 1.45 Å and is mainly located on the intermediate
water molecule in C5A_TS1_1, while in A_TS1_2 the protons
are much more intermediate between the oxygens (Figure 6).
Several theoretical studies report on the formation of this five-
membered ring intermediate for phosphoramidates where an
α-carboxyl group is present. These includeN-phosphorylaspartic
acid28 and diisopropoxyl N-phosphoryl L-alanine.29 In the study
on N-phosphorylaspartic acid28 the formation of peptides from
phopshoryl amino acids is investigated. The model system differs
by one extra methoxy group on the phosphorus, and both α- and
β-carboxyl groups are protonated. The comparison is interesting
since the first reaction step is also the formation of a cyclic
intermediate. Both the possibility of five-membered and six-
membered ring are considered with the same conclusion as in this
work. A quantitative comparison is difficult since the methods
used are different and the model compounds are not exactly
the same, but still the barriers found are similar if the barrier is
considered starting from the OH/NH tautomer (15.2 kcal/mol
vs 13.16 kcal/mol), and both studies indicate the preferential
formation of a five-membered ring. Since in ref 28 the P�Obond
hydrolysis was not investigated, the second and most important

step in our hydrolysis mechanism cannot be compared. For
diisopropoxyl N-phosphoryl L-alanine29 also catalytic water is
included in the transition state for the formation of the five-
membered ring. A barrier of 9.9 kcal/mol was found compared
to the OH/NH tautomer; this is very similar to the present
result of 11.7 kcal/mol (when comparing to the same tautomer,
difference between REACT_PO and C5A_TS1_1). Again the
second step required for hydrolysis was not considered. When
the five-membered intermediate is formed the P�O bond still
needs to be hydrolyzed, and protonation of the leaving group is
required for this. This step in the hydrolysis reaction has been
studied for N-(O,O-dimethyl)phosphoryl amino acids,30 and a
barrier of 29.9 kcal/mol was reported but no detailed geome-
tries. Comparing to our result without catalytic water and taking
into account that the barrier reported for N-(O,O-dimethyl)-
phosphoryl amino acid was compared to the REACT_PO tautomer,
exactly the barrier is found here. The role of catalytic water
was not considered, and it will be shown here that its role is
crucial. Catalytic water reduces the barrier by 10 kcal/mol as
listed in Table 4. The detailed geometry is shown in Figure 7.
Note that an interchange mechanism, where the attack of
water occurs simultaniously with the proton transfer to the
leaving group, is not possible since here in the transition state
there are six groups around phosphorus which results in a
high barrier.
Experimentally it was also noted that the presence of anα- and

β-carboxyl group enhances the rate of P�O bond hydrolysis
more than the presence of only an α-carboxyl group. This was
observed comparing the reaction rates for a glycine leaving group
to an aspartic acid leaving group.9 The calculations do not point
to an active role of the β-carboxyl group in the mechanism, but a
structural role might be anticipated. The presence of the hydro-
gen bond between the β-carboxyl group and the NH places the
α-carboxyl group in the correct position for attack on the phos-
phorus (Figure 7). The possibility of this interaction was also
shown in the NMR experiments.9

Influence of the Nucleobase on the Hydrolysis. P�O bond
hydrolysis is found to be influenced by the nucleobase. Maiti
et al.9 compared several bases (shown in Figure 1) and observed
the following ordering (fast to slow hydrolysis): 1-deaza-adenine >
7-deaza-adenine > adenine > thymidine g 3-deaza-adenine.
Especially 1-deaza-adenosine enhances the rate of P�O bond
hydrolysis. The experiments were performed in acidic pH where
N3 of adenosine is protonated. From the above calculations on
N-(methoxyphosphinato)aspartate, it was found that the highest
barrier in the preferred hydrolysis pathway is the C5A_TS2_2
transition state. To enhance the rate this barrier needs to be
reduced. Since we are interested in TS2, we will consider the
barrier starting from the intermediate toward TS2 and how this
can be influenced by the base. For the base to have an influence it
must be in a syn conformation (Figure 8). The first question that
needs to be addressed is the possibility for a syn conformation of

Figure 7. Stationary points for P�O bond hydrolysis via a cyclic
intermediate in N-(methoxyphosphinato)aspartate.

Figure 8. Syn and anti conformation of the base in L-Asp-1-deaza-dAMP.

http://pubs.acs.org/action/showImage?doi=10.1021/jp208795f&iName=master.img-007.jpg&w=240&h=213
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the base in the intermediate. To address this, the full L-Asp-
1-deaza-dAMP was considered and the energies for syn and anti
conformation were computed (Table 5). Both are almost equal
in energy; hence it can be concluded that a syn conformation is
an acceptable conformation here. This was also seen in the NMR
experiments9 where several measurements indicated a significant

population of the syn conformer in Asp-1deaza-dAMP . It should
be noted that especially on theMP2 level the intramolecular basis
set superposition error differs for the syn and anti conformation.
This is easily understood since the overlap between the basis
functions of the sugar and base is clearly larger in the syn confor-
mation. The basis set superposition error was computed here
by dividing the molecule in two parts: the base and the rest. The
syn conformation is stabilized by a hydrogen bond between
N3�H and the 50 oxygen of the sugar. The heavy atom distance
is 3.05 Å and the angle is 168�, which points to a fairly strong
hydrogen bond.
To screen different roles for the base, the sugar was removed to

allow full flexibility of the base positioning. Afterward the inte-
resting mechanisms are investigated with the full L-Asp-1-deaza-
dAMP. In the screening phase B3LYP energies with and without
solvation were used (energies are relative to the intermediates,
and for model without the base this barrier was 17.1 kcal/mol in
vacuum and 12.9 kcal/mol in water). Three possibilities were
considered, which are shown in Figure 9. In the first mechanism
(A) the base replaces water as a proton shuttle from phosphor-
amidate toward the methanol leaving group. In vacuum this dras-
tically reduces the barrier to 8.3 kcal/mol, but considering sol-
vent effect the barrier is 18.0 kcal/mol. The second possibility
(B) is that the hydrogen bond stabilizes the leaving group facili-
tating its departure. A similar effect is observed in vacuum; here
the barrier is reduced to 9.1 kcal/mol, but the advantage is again
removed by considering solvent effects (19.1 kcal/mol). The
most spectacular effect is seen if the base is forming a hydrogen
bond with a catalytic water molecule (C). This reduces the barrier
in vacuum to 2.8 kcal/mol and in solvent to 10.0 kcal/mol. To
verify this mechanism, it was also studied in the full L-Asp-1-
deaza-dAMP. The barrier is given in Table 6; in vacuum the
barrier changed to 6.4 kcal/mol and in water to 10.1 kcal/mol on
theB3LYP level (results on theMP2 level differ byonly 0.1 kcal/mol).
This is a spectacular lowering of the barrier in vacuum and a mild
reduction of the barrier in solvent. To understand this effect, the
geometries of the transition states in Figure 9 C and Figure 7 are

Table 5. Relative Energy for Syn versus Anti in the Inter-
mediate State

ΔEB3LYP ΔEMP2 ECPB3LYP ECPMP2 ΔΔGaq ΔGB3LYPaq ΔGMP2aq

syn 0.0 0.0 �3.0 �12.3 �45.8 0.0 0.0

anti 13.7 16.3 �2.3 �9.9 �59.0 �0.6 1.9

Figure 9. Different roles for the nucleobase in the catalysis. The
numbers within parentheses are B3LYP energies in vacuum and solvent
with respect to the intermediate. In A, the base takes the role of proton
shuttle. In B, the hydrogen bond stabilizes the leaving group. In C, the
base has a hydrogen bridge to the catalytic water molecule which pushes
the reaction to the product side and lowers the barrier.

Table 6. Influence of the Nucleobase in the Full Nucleotide

ΔEB3LYP ΔEMP2 ΔΔGaq ΔGB3LYPaq ΔGMP2aq

int 0.0 0.0 �29.6 0.0 0.0

ts 6.4 6.3 �25.9 10.1 10.0

Figure 10. Schematic representation of the preferred pathway for P�O bond hydrolysis in L-Asp-1-deaza-dAMP. First a five-membered ring
intermediate is formed, and this is hydrolyzed with assistance of the protonated base. The hydrogen bond network used for the proton transfer steps is
indicated red. Note that a catalytic water molecule is involved in both transition states.

http://pubs.acs.org/action/showImage?doi=10.1021/jp208795f&iName=master.img-009.jpg&w=233&h=105
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compared. It can be seen that the reaction with the base is more
evolved toward the product state: the P�O distance is 0.08 Å
longer and the proton is 0.18 Å closer to the methanol leaving
group. From this it can be inferred that hydrogen bridge of the
base to the catalytic water molecule pushes the reaction further to
the product state and by this lowers the barrier. The proposedmech-
anism explains the high reactivity of the 1-deaza-adenine compound
and the low reactivity of the 3-deaza-adenine and thymidine com-
pounds where the relevant hydrogen bridge cannot be formed. The
intermediate activities for the 7-deaza-adenine and unsubstituted
adenine are less clear and require detailed considerations of the
preferential protonation sites, as discussed in the next section.
Overall we can conclude for the hydrolysis of the P�Obond in

L-Asp-1-deaza-dAMP that the preferred pathway is a two step
process. This includes first the formation of the five-membered
ring system intermediate via attack of the α-carboxyl group of
the amino acid moiety. The second step is the departure of
the nucleoside moiety on the pentacoordinated phosphorus with
assistance of the protonated nucleobase. This process is sum-
marized in Figure 10.
pKa Calculations. Both 7-deaza-adenine and adenine can be

protonated on the N3 position, but the experimental results
showed that N1 is the preferential protonation position for both.
It might be anticipated that while N1 protonation is dominant,
the reactive species for P�O bond hydrolysis is with N3 proton-
ated. This hypothesis can be tested by computing the pKa values
for protonation of N3 in the 1-deaza and 7-deaza compounds.
From the experimental reactivity one would expect that pKa-
(7-deaza-adenine, N3) > pKa(adenine, N3) if this hypothesis is
valid. In Table 7 the results of the pKa calculations are shown.
There is little difference in the results using the G4MP2 or
G4 method for the gas phase energies; the dominant influence
comes from the solvent model. The SMDmodel of Truhlar et al.
with B3LYP/6-311+G(d,p) performs the best for the test set with
the largest deviation of 0.7 pKa units for 7-deaza-adenine. The
computational result is also systematically higher than the experi-
mental result. The pKa for N3 protonation in 7-deaza-adenine
was found to be 4.2 and for N3 in adenine 2.1. This is on par with
the hypothesis that the higher reactivity of 7-deaza-adenine
over adenine can be explained by the higher proportion of N3
protonation.

’CONCLUSION

By studying methyl substitution on phosphoramidate in
model compounds it was found that an associative mechanism

can be expected for P�N bond hydrolysis in L-Asp-dAMP.
Expansion of this model by including the Asp moiety confirmed
this conclusion. The experimental findings that P�O bond
hydrolysis can only be found if an α-carboxyl group is present
are explained. The intramolecular catalysis via a five-membered
ring of this group reduced the barrier by more than 10 kcal/mol.
However, without intramolecular catalysis the barrier for P�N
bond hydrolysis is lower than for P�O bond hydrolysis. This
order is reversed in the presence of an α-carboxyl group. More-
over, the role of the nucleobase and especially the remarkable
role of 1-deaza-adenosine is explained by a syn conformation of
the base with hydrogen bonding of the protonated base to the
catalytic water molecule in transition state. This pushes the tran-
sition state toward the products and reduces the barrier. The
entire mechanism for P�O bond hydrolysis is summarized in
Figure 10.

Additionaly pKa values for the different protonation sites are
predicted and are on par with the hypothesis that the hydrolysis
rate is proportional to the pKa of the N3 nitrogen in the base.
When N3 is preferentially protonated (for 1-deaza adenine),
hydrolysis is faster and the rate decreases when the pKa of N3
protonation drops (for 7-deaza and 3-deaza).

This work provides a mechanistic explanation for the experi-
mental observations comparing the hydrolysis of some promis-
ing aaNPs, but the data provided can also be used to test the
mechanism that is proposed, e.g., by varying the pKa of the N3
position using halogen substitution on the nucleobase. Modifica-
tions with lower pKa could be used to stabilize the aaNPs.
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