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Abstract DNA phosphotriester adducts are common alkyl-
ation products of DNA phosphodiester moiety induced by
N-nitrosoureas. The 2-hydroxyethyl phosphotriester was
reported to hydrolyze more rapidly than other alkyl phos-
photriesters both in neutral and in alkaline conditions, which
can cause DNA single strand scission. In this work, DFT
calculations have been employed to map out the four lowest
activation free-energy profiles for neutral and alkaline hy-
drolysis of triethyl phosphate (TEP) and diethyl 2-
hydroxyethyl phosphate (DEHEP). All the hydrolysis path-
ways were illuminated to be stepwise involving an acyclic
or cyclic phosphorane intermediate for TEP or DEHEP,
respectively. The rate-limiting step for all the hydrolysis reac-
tions was found to be the formation of phosphorane interme-
diate, with the exception of DEHEP hydrolysis in alkaline
conditions that the decomposition process turned out to be the
rate-limiting step, owing to the extraordinary low formation
barrier of cyclic phosphorane intermediate catalyzed by hy-
droxide. The rate-limiting barriers obtained for the four reac-
tions are all consistent with the available experimental
information concerning the corresponding hydrolysis reac-
tions of phosphotriesters. Our calculations performed on the
phosphate triesters hydrolysis predict that the lower formation
barriers of cyclic phosphorane intermediates compared to its
acyclic counter-part should be the dominant factor governing
the hydrolysis rate enhancement of DEHEP relative to TEP
both in neutral and in alkaline conditions.
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Introduction

N-nitrosoureas are an important family of alkylating agents
widely used in the clinical treatment of cancer including
leukemia, Hodgkin’s disease and various solid tumors [1,
2]. This kind of compound was generally accepted to de-
compose chiefly into a diazohydroxide and an organic iso-
cyanate in physiological condition without metabolism
(Scheme 1). Particularly, the diazohydroxide and its decom-
posed products were considered to be responsible for vari-
ous DNA lesions including misparing, miscoding, and
single strand break by reacting with the nucleophilic sites
of DNA. The phosphodiester moiety is one of the major
DNA alkylation sites for various N-nitrosoureas, leading to
different kinds of DNA phosphotriester adducts (Scheme 1)
[3–6]. In the reaction of ethylnitrosoureas (ENUs) with
DNA in vitro and in cell suspension, ethyl phosphotriester
was found to be the predominant ethylated products with the
content of 50–60 % [7–9]. The phosphodiester moiety is
also an alkylation site for chloroethylnitrosoureas (CENUs)
[6, 10, 11], which results in both 2-chloroethyl phospho-
triesters and 2-hydroxyethyl phosphotriesters.

The hydroxyethylations of phosphodiesters in DNA by
CENUs or hydroxyethylnitrosoureas (HENUs) have been
reported to result in single strand breaks both in neutral
and in alkaline conditions [12–17]. Further studies [18–23]
of model compounds indicated that the stabilities of phos-
photriesters extremely depended on the nature of the alkyl
groups transferred to phosphate residual from alkylating
species. In previous works [18, 21, 22], a series of phos-
phate triesters (See Chart 1) bearing various functional
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groups in the 2-position of one ethyl moiety, including
triethyl phosphate (TEP), diethyl 2-chloroethyl phos-
phate (DECEP), diethyl 2-methoxyethyl phosphate
(DEMEP) and diethyl 2-hydroxyethyl phosphate
(DEHEP), were used as model compounds to assess the
stabilities of DNA phosphotriester adducts arising from N-
nitrosoureas. Their results showed that the hydrolysis of
all the alkyl phosphate triesters was base-catalyzed. However,
DEHEP has been observed to hydrolyze more rapidly than
other alkyl phosphate triesters in aqueous solutions by Conrad
et al. [23]: in neutral conditions, all the alkyl phosphate
triesters were extremely stable [19, 20, 23], only DEHEP
was observed to slowly hydrolyze; in alkaline conditions
(pH12.5), the half-life of alkyl phosphate triesters were sev-
eral hundred hours except for DEHEP with a half-life of about
1 min. On the basis of these experimental observations, all the

alkyl phosphate triesters were supposed to decompose in
the same way with the exception of DEHEP, which was
presumed to undergo a much lower activation energy
hydrolysis pathway depending on the availability of a free
2-hydroxy functional group. Moreover, the biological
activities of various hydroxyalkylnitrosourea analogs were
compared by Zeller et al. [24, 25] drawing a conclusion that
DNA single strand breaks were related to carcinogenicity but
not to anticancer effectiveness. Accordingly, thoroughly un-
derstanding the mechanism of phosphotriester hydrolysis in
solution is crucial for further understanding the relationship
between the structures and the biochemical activities of N-
nitrosoureas.

In recent years, a number of theoretical studies [26–54] of
the hydrolysis mechanisms of phosphate esters have been
reported. The majority of them were carried out on the
hydrolysis of acyclic phosphate monoesters and diesters,
whereas only a few studies [38–42] were performed on the
hydrolysis of acyclic phosphate triesters. In particular, the
alkaline hydrolysis of trimethyl phosphate (TMP) was fully
investigated by Chang et al. using ab initio molecular orbital
calculations in gas phase and in solution [39, 40]. In these
studies, the hydrolysis reaction pathway of TMP initiated by
the nucleophilic addition of a hydroxide anion at phospho-
rus was revealed as a stepwise pathway involving an acyclic
phosphorane triester intermediate (see Chart 2), followed by
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pseudorotation [55] and subsequent cleavage of phosphate
ester bond with simultaneous intramolecular proton transfer.
Furthermore, the DFT calculations in aqueous solution were
employed to study the hydroxide-catalyzed P−O cleavage
reactions of TMP by Iche-Tarrat et al. [41]. Lately, they
expanded the research to six different dimethylphosphate
triesters, revealing that the alkaline hydrolysis of esters with
poor leaving groups occurs via a stepwise mechanism,
whereas for good leaving groups, it occurs via a concerted
mechanism [42]. However, the hydrolysis mechanisms of
alkyl phosphate triesters in neutral conditions have never
been investigated in theoretical methods (to our knowledge).

In previous studies about the stereochemistry of phos-
phates by Brown et al. [56, 57], an intramolecular reaction
was postulated to be the dominant pathway of the hydrolysis
of 2-hydroxyalkyl phosphates, which was initiated by the
nucleophilic attack of 2-hydroxyalkyl group at phosphorus
resulting in a cyclic phosphorane quaterester intermediate
(see Chart 2) containing a five-membered dioxaphospholane
ring. A similar mechanism was also proposed [58] for the
hydrolysis of RNAwith the participation of 2′-OH group of
sugar moiety, involving an analogous cyclic phosphorane
triester intermediate. The properties of cyclic phosphorane
diesters and triesters have been investigated in the calcula-
tions [40, 43–53] on the hydrolysis of corresponding cyclic
ethylene phosphate (EP) and methyl ethylene phosphate
(MEP) [59]. Unfortunately, the properties of cyclic phos-
phorane quateresters have not been fully understood.

In this work, TEP and DEHEP were employed as the
model compounds to investigate the mechanistic details of
the hydrolysis of DNA phosphate adducts induced by N-
nitrosoureas by quantum mechanical calculations in aque-
ous solution. Calculations were preformed using density
functional theory (B3LYP function) at the basis set levels
of 6–311++G(3df,2p)/6–31++G(d,p). Solvation was ap-
proximated by the conductor-like polarizable continuum
model (CPCM) [60–62]. For TEP, the reactions initiated
by water or hydroxide attack at phosphorus atom were
constructed to simulate the hydrolysis under neutral or al-
kaline conditions, respectively. For DEHEP, the intermolec-
ular reactions initiated by 2-hydroxyethyl group attack at
phosphorus atom were considered as the main hydrolysis
route. For this system, a water molecule or a hydroxide
anion was also included in the nucleophilic addition process
to discriminate the hydrolysis in neutral or in alkaline con-
ditions. Four free energy profiles for the hydrolysis of TEP
and DEHEP in both neutral and alkaline conditions were
mapped out to confirm the lowest activation free energy
pathways and the rate-limiting steps. Furthermore, the acti-
vation free energies of each step in these reaction pathways
were compared to interpret the distinct hydrolysis rates of
TEP and DEHEP. This research provides theoretical evi-
dence for the hypothesis that a base-catalyzed formation of

the cyclic phosphorane quaterester intermediate is the key
process for the rapid hydrolysis of 2-hydoxyalkyl phosphate
DNA adducts, and further serves as an elicitation for
more active and less toxic anticancer drugs containing N-
nitrosourea moiety.

Theoretical calculations

All the structures were optimized with the Kohn-Sham
density functional theory (DFT) methods, using the hy-
brid exchange functional of Becke [63] and correlation
functional of Lee, Yang, and Parr [64] (B3LYP) with a
6–31++G(d,p) basis set. Because all processes of DNA
damages involved in the anticancer or carcinogenic pro-
cess are supposed to take place in aqueous solution, the
solvent effect of water on all reactions was taken into
account. The geometric structures of all reactants, transition
states, intermediates and products were fully optimized by
employing self-consistent reaction field (SCRF) computations
using the conductor-like polarizable continuum model
(CPCM) [65, 66] without imposed constraints. By default,
the molecular cavity was built up using the UFF radii, which
places a sphere around reach solute atom, with the radii scaled
by a factor of 1.1. Frequency calculations were performed at
the same theoretical level to verify the nature of the stationary
points on the potential energy surface (PES); i.e., that there
were no imaginary frequencies for minima and only one
imaginary frequency for transition states. Furthermore, the
intrinsic reaction coordinate (IRC) calculations were per-
formed to confirm that every transition state connects the
corresponding reactant and product through the minimized-
energy pathway.

For obtaining the energetic data with higher accuracy, the
single-point energy of each stationary point was refined by
using a larger 6–311++G(3df,2p) basis set, on the basis of
optimized geometries at the B3LYP/6–31++G(d,p)/CPCM
level, also denoted as B3LYP/6–311++G(3df,2p)/CPCM//
B3LYP/6–31++G(d,p)/CPCM. The single-point energy cal-
culation with B3LYP has been found to be in reasonably
good agreement with the one obtained from CCSD(T) [67,
68], therefore this density functional protocol has been
extensively applied in previous investigations for biological
phosphate system [49, 50, 54, 69, 70]. The zero-point ener-
gy (ZPE), thermal contributions to the enthalpy (ΔH), en-
tropy (ΔS), and Gibbs free energy (ΔG) at T0298 K within
the harmonic oscillator approximation in the canonical en-
semble [54, 55] were evaluated by frequency calculations at
the B3LYP/6–31++G(d,p)/CPCM theoretical level. Recent
theoretical studies [41, 52] have reported that the rigid rotor-
harmonic oscillator approximation [71] may induce an over-
estimation of the entropic contribution to the absolute values
of the activation free energies in phosphate hydrolysis.
However, it was considered [59] to scarcely affect the
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relative energetic values of the species involved in this
work. All computations presented here were performed with
GAUSSIAN 09 program package [72].

Results and discussion

Neutral hydrolysis of TEP

All the possible reaction pathways of TEP in neutral hydro-
lysis initiated by water attack at phosphorus are depicted in
Scheme 2. The corresponding free energy profile is shown
in Fig. 1 and all the thermodynamic data are listed in Table 1.
The solution structures of transition states and intermediates
involved in the processes are given in Fig. 2 and all the
remaining optimized geometries are shown in Fig. S1 in the
Supporting information. The selected structural parameters
are listed in Table S1 and S5.

The first step of this reaction is the nucleophilic addition of
water at phosphorus atom through an associative transition
state (TS1) with the forming bond P−O5 distance of 2.17 Å,
resulting in the formation of a neutral acyclic phosphorane
intermediate (Int1). This intermediate has a trigonal bipyra-
midal (TBP) geometry with the P−O1, P−O2, and P−O3
group equatorial and the P−O4 and P−O5 group axial. As
shown in Scheme 2 and Fig. 1, Int1 can transform to the
isomers Int2 and Int3 though two different reaction pathways.
Firstly, the equatorial O1−H1 group aligned with the P−O5
bond in Int1 turns around to be aligned with the P−O4 bond
resulting in an analogous intermediate (Int2) via a transition
state (TS2) with the free-energy barrier of 8.1 kcalmol−1.
Alternatively, Int1 can undergo pseudorotation via TS3,
yielding a stereoisomer (Int3) with the P−O1, P−O4, and P
−O5 group equatorial and the P−O2 and P−O3 group axial.
The activation free energy of pseudorotation is 6.6 kcalmol−1,
which is slightly lower than the value (8.1 kcalmol−1) of
hydroxyl group rotation.

According to the structure parameters listed in Table S1,
the orientation of equatorial hydroxyl group was found to
have a significant influence on the distance of the axial P−

OEt bond in phosphorane intermediates, as noted in the
earlier works [38, 41, 53, 54]. In Int2, the equatorial O1−
H1 group was rotated to be aligned with P−O4 bond, which
lengthens the distance of axial P−O4 bond from 1.68 Å in
Int1 to 1.70 Å. In Int3, there are two hydroxyl groups O1−
H1 andO5−H5 situated at the equatorial positions through the
pseudorotation, and the orientations of themwere both aligned
with the axial P−O3 bond. Accordingly, the distance of P−O3
bond in Int3 was lengthened to 1.73 Å, which is obviously
longer than the distance (1.70 Å) of P−O4 bond in Int2.

The conformations of Int2 and Int3 (Fig. 2) are both asso-
ciated with an intramolecular hydrogen bond Oeq⋅⋅⋅H⋅⋅⋅Oaxi
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Table 1 Activation energies (ΔE), enthalpies (ΔH), entropies (ΔS) and
free energies (ΔG) for the neutral hydrolysis of TEP calculated at
B3LYP/6–311++G (3df,2p)//B3LYP/6–31++G(d,p) level in the solu-
tion phase

Species ΔE ΔH ΔS ΔG

TEP+H2O 0.0 0.0 0.0 0.0

TS1 38.0 36.7 −42.9 49.5

Int1 22.0 23.6 −43.9 36.7

TS2 30.6 31.2 −45.6 44.8

Int2 23.6 25.2 −44.3 38.4

TS3 28.2 29.0 −48.0 43.3

Int3 20.8 22.6 −45.3 36.1

TS4 39.1 37.5 −40.6 49.6

TS5 32.9 32.4 −40.9 44.6

DEP+EtOH 1.3 1.5 1.3 1.1

Units are kcalmol−1 for energies and calmol−1 deg−1 for entropies
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between the equatorial hydroxyl group and the oxygen on
the axial P−OEt group. Consequently, the two acyclic phos-
phoranes can both decompose by concerted reactions via TS4
or TS5 with the proton on hydroxyl group transferring onto
the leaving group, resulting in an ethanol (EtOH) and a neutral
diethyl phosphate (DEP). Furthermore, the activation free
energy of TS5 (8.5 kcalmol−1) is remarkably lower than the
value of TS4 (11.2 kcalmol−1), which can be attributed to the
spatial structure of the equatorial hydroxyl group in the acyclic
phosphorane intermediates mentioned above,.

The free energy profile for this system (Fig. 1) indicates
that the lowest energy pathway is nucleophilic addition of
water molecule at phosphorus via TS1, followed by pseu-
dorotation of Int1 via TS3 resulting in Int3, and subsequent
elimination via TS5 with simultaneous intramolecular pro-
ton transfer to yield EtOH and DEP. Obviously, the rate-
limiting step of the reaction pathway is the water nucleo-
philic addition process (the formation of neutral acyclic
phosphorane), which has a free energy barrier of 49.5 kcal
mol−1. Accordingly, we can conclude that the extreme sta-
bility of TEP in neutral solutions observed in the previous

works [19, 20, 23] can be attributed to the large activation
energy of neutral acyclic phosphorane formation.

Alkaline hydrolysis of TEP

All the possible reaction pathways of TEP in alkaline hy-
drolysis initiated by hydroxide attack at phosphorus are
depicted in Scheme 3. The corresponding free energy profile

Fig. 2 Solution phase
optimized structures of the
transition states and the
intermediates involved in the
neutral hydrolysis of TEP
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is shown in Fig. 3 and all the thermodynamic data are listed
in Table 2. The solution structures of transition states and
intermediates involved in the processes are given in Fig. 4
and all the remaining optimized geometries are shown in
Fig. S1 in the Supporting information. The selected struc-
tural parameters are listed in Table S2 and S5.

Unlike water attack reactions, the nucleophilic addition
of hydroxide at phosphorus atom proceeds via a transition
state (TS6) without proton migration between nucleophile
and substrate. TS6 is formed at a P−O5 distance of 2.48 Å,
leading to a monoanionic acyclic phosphorane intermediate
(Int4). The free-energy barrier of this step is 25.7 kcalmol−1,
which is about 23.8 kcalmol−1 lower than the barrier of water
addition step. This result indicates that the formation of phos-
phorane intermediate can be catalyzed by hydroxide. The
bond angle O5−P−O4 in monoanionic Int4 is more distorted
compared with the neutral specie Int1 (162.3° in Int4 vs
174.3° in Int1), which facilitate the pseudorotation with a
much lower energy barrier of 1.5 kcalmol−1 (TS7) compared
to in neutral conditions (6.6 kcalmol−1). Therefore, we can
interpret that the pseudorotation of monoanionic acyclic phos-
phorane can proceed faster than the neutral ones. Alternative-
ly, Int4 can undergo a direct cleavage of the axial P−O4 bond
without proton migration yielding an ethoxide (EtO−) and a
DEP via a transition state (TS8) with an activation free energy
of 9.4 kcalmol−1.

In pseudorotation, the hydroxyl group (O5−H5) at the
axial position in Int4 rotates around to the equatorial posi-
tion resulting in a lower energy stereoisomer (Int5). In this
isomer (Int5), the axial bond length of P−O2 and P−O3 are

1.75 and 1.80 Å, respectively. The cleavage of them can
result in two different sets of hydrolysis products. Firstly,
the cleavage of the axial P−O3 bond that is cis to the
equatorial O5−H5 group can result in the products com-
posed of EtOH and DEP− via TS9 with simultaneous proton
transfer, which is in accordance with the process in neutral
conditions (TS4 and TS5). Alternatively, Int5 can also yield
the product composed of EtO− and DEP via the direct
cleavage of the axial P−O2 bond that is trans to the equa-
torial O5−H5 group via TS10 as the cleavage of the P−O4
bond in Int4 via TS8. The activation free energy of the
cleavage of P−O3 bond with proton transfer (TS10) is only
2.0 kcalmol−1, which is much lower than the barrier
(11.9 kcalmol−1) of the direct cleavage (TS9) of P−O2 bond
without proton transfer. Clearly, the cleavage of axial P−OEt

bond in monoanionic phosphorane intermediate is extreme-
ly promoted by the proton of equatorial hydroxyl group.

The free energy profile for the alkaline hydrolysis of TEP
(Fig. 3) indicates that the lowest free energy pathway is the
nucleophilic addition of hydroxide via TS6, followed by
pseudorotation of Int4 via TS7 leading to Int5, and subse-
quent elimination via TS9 with simultaneous intramolecular
proton transfer to yield EtOH and DEP−. This result is in
agreement with the previous calculations about the alkaline
hydrolysis of TMP [39, 41]. The rate-limiting step of this
reaction pathway is also the nucleophilic addition step as the
neutral hydrolysis of TEP. Furthermore, the activation free
energies of formation and decomposition of the monoa-
nionic acyclic phosphorane intermediate are both apparently
lower than the values of neutral one, especially for the
formation step, which is about 23.8 kcalmol−1 lower than
the value in neutral hydrolysis. This result suggests that the
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Table 2 Activation energies (ΔE), enthalpies (ΔH), entropies (ΔS) and
free energies (ΔG) for the alkaline hydrolysis of TEP calculated at
B3LYP/6–311++G (3df,2p)//B3LYP/6–31++G(d,p) level in the solu-
tion phase

Species ΔE ΔH ΔS ΔG

TEP+OH− 0.0 0.0 0.0 0.0

TS6 14.2 14.5 −37.6 25.7

expta —— 14.1 −34.2 24.3

Int4 3.4 4.6 −40.6 16.7

TS7 3.8 4.4 −46.3 18.2

Int5 −1.4 −0.1 −41.3 12.2

TS8 15.3 15.1 −36.9 26.1

TS9 3.5 3.4 −36.2 14.2

TS10 12.6 12.4 −39.2 24.1

DEP+EtO− 2.9 2.0 4.0 0.8

DEP−+EtOH −34.3 −33.7 3.0 −34.6

Units are kcalmol−1 for energies and calmol−1 deg−1 for entropies
a Experimental enthalpy and free energy of activation taken from
reference 71
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hydrolysis of TEP can be catalyzed by hydroxide, which is
consistent with the observations that TEP is more likely to
undergo hydrolysis in alkaline conditions than in neutral
conditions [18, 21, 22].

The thermodynamic data summarized in Table 2 illuminate
that the calculated activation enthalpy (14.5 kcalmol−1) for
TEP hydrolysis in alkaline conditions is in excellent agree-
ment with the experimentally determined value [73]
(14.1 kcalmol−1) at 25 °C. More negligible errors were made
in the calculation of the activation entropy compared to the
multipolar expansion (MPE) B3LYP calculations on the alka-
line hydrolysis of TMP [41]. The discrepancy between the
calculated value (−37.6 calmol−1deg−1) and the experimental
one (−34.2 calmol−1deg−1) is only 3.4 calmol−1deg−1. Ac-
cordingly, the calculated free energy (25.7 kcalmol−1) is also
close to the experimentally derived value (24.3 kcalmol−1).

Neutral hydrolysis of DEHEP

All the possible reaction pathways of DEHEP in neutral
hydrolysis initiated by the nucleophilic attack of 2-

hydroxyethyl group at phosphorus are depicted in Scheme 4.
The corresponding free energy profile is illustrated in Fig. 5
and all the thermodynamic data are listed in Table 3. The
solution structures of transition states and intermediates
involved in the processes are given in Fig. 6 and all the
remaining optimized geometries are shown in Fig. S1 in the
Supporting information. The corresponding selected struc-
tural parameters are listed in Table S3, S5 and S6.

Fig. 4 Solution phase
optimized structures of the
transition states and the
intermediates involved in the
alkaline hydrolysis of TEP
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As shown in the optimized geometry ofTS11, the formation
of dioxaphospholane ring in neutral conditions is a concerted
process of water-mediated hydrogen shift from 2-hydroxyethyl
group to phosphoryl group and nucleophilic attack of hydroxyl
oxygen on phosphorus. As the P−O5 distance decreases fur-
ther, a neutral cyclic phosphorane intermediate (Int6) with TBP
configuration was found with a dioxaphospholane ring formed
by P−O2−C2−C5−O5 with dihedral angle O5−C5−C2−O2
of −34.5°, and the hydroxyl group (O1−H6) aligned with the
apical endocyclic P−O5 bond.

Subsequently, a couple of stereoisomers (Int7 and Int8)
with similar energy values are generated from Int6 through
two different pathways involving the rotation of hydroxyl

group (O1−H6) via TS12 or a pseudorotation process via
TS13, respectively. It is worth noting that the activation free
energy (Fig. 5) of the pseudorotation of the cyclic Int6
(6.7 kcalmol−1) is very close to the pseudorotation of the
acyclic Int1 (6.6 kcalmol−1) in water attack reactions on
TEP, which indicates that the pseudorotation of phosphorane
seems to be scarcely affected by the ring strain of pentagon. In
addition, the reaction of O1−H6 group rotation has a larger
activation free energy of 8.4 kcalmol−1 compared with the
pseudorotation, similar to the status of Int1 in the neutral
hydrolysis of TEP. Both cyclic isomers (Int7 and Int8) display
the conformation that O1−H6 group aligned with the apical
exocyclic P−OEt bond, which facilitates an EtOH expulses
from the isomers resulting in a cyclic ethyl ethylene phosphate
(EEP). The activation free energies of bond cleavage of both
isomers via TS14 and TS15 are very close, with 15.4 and
16.5 kcalmol−1, respectively. The cyclic EEP and its analogue
MEPwere reported to hydrolyze rapidly to the acyclic hydrox-
yethyl phosphate diester with ring opening reaction [74–77].

The free energy profile in Fig. 5 interprets that the most
favorable pathway of neutral hydrolysis of DEHEP is the
nucleophilic attack of 2-hydroxyethyl group via TS11, fol-
lowed by pseudorotation of Int6 via TS13 generating Int8,
and subsequent elimination via TS15 with simultaneous in-
tramolecular proton transfer to yield EtOH and EEP. As for the
neutral and alkaline hydrolysis of TEP, the rate-limiting step
of the neutral hydrolysis of DEHEP is still the nucleophilic
attack step. Furthermore, we can see that the formation free
energy barrier of neutral cyclic phosphorane (TS11) is
36.2 kcalmol−1, which is about 13 kcalmol−1 lower than the
value of neutral acyclic one (TS1); whereas the decomposition
free energy barrier of neutral cyclic phosphorane (15.4 kcal
mol−1) is obviously larger than the value of neutral acyclic one
(8.5 kcalmol−1). So the experimental observation [23] that
DEHEP hydrolyzed more rapidly than TEP in neutral con-
ditions can be attributed to the lower formation barrier of
neutral cyclic phosphorane than neutral acyclic one, but not
to the decomposition of phosphoranes. This result is consis-
tent with the studies of monoanionic methyl 2-hydroxyethyl
phosphate diesters (MHEP) hydrolysis by Lim et al. which
indicated that the formation activation free energy of the cyclic
phosphorane triester in gas phase [45] and in solution [40]
were 35.4 and 32.8 kcalmol−1, respectively, and the decom-
position activation free energy of cyclic triesters are 9.9 and
10.1 kcalmol−1, respectively. Moreover, Liu et al. [49] also
found that the activation free energies of cyclic phosphorane
triester formation was much higher than that of the decompo-
sition step.

Alkaline hydrolysis of DEHEP

All the possible reaction pathways of DEHEP in alkaline
hydrolysis initiated by the nucleophilic attack of 2-
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Fig. 5 Free-energy profile (kcalmol−1) for the neutral hydrolysis of
DEHEP obtained at B3LYP/6–311++G(3df,2p)/CPCM//B3LYP/6–31+
+G(d,p)/CPCM theoretical level

Table 3 Activation energies (ΔE), enthalpies (ΔH), entropies (ΔS) and
free energies (ΔG) for the neutral hydrolysis of DEHEP calculated at
B3LYP/6–311++G (3df,2p)//B3LYP/6–31++G(d,p) level in the solu-
tion phase

Species ΔE ΔH ΔS ΔG

DEHEP+H2O 0.0 0.0 0.0 0.0

TS11 24.1 20.8 −51.7 36.2

Int6 16.2 16.1 −15.8 20.8

TS12 25.6 24.3 −16.4 29.2

Int7 18.2 18.1 −16.4 23.0

TS13 23.3 22.1 −18.1 27.5

Int8 18.5 18.4 −16.4 23.3

TS14 37.1 33.9 −15.1 38.4

TS15 38.3 35.2 −15.4 39.8

EEP+EtOH 5.7 4.3 29.9 −4.6

Units are kcalmol−1 for energies and calmol−1 deg−1 for entropies
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hydroxyethyl group at phosphorus are depicted in Scheme 5.
The corresponding free energy profile is illustrated in Fig. 7
and all the thermodynamic data are listed in Table 4. The
solution structures of transition states and intermediates
involved in the processes are given in Fig. 8 and all the
remaining optimized geometries are shown in Fig. S1 in the
Supporting information. The selected structural parameters
are listed in Table S4, S5 and S6.

As shown in the optimized geometry of TS16, the atom
distances of O5−H5, O6−H5, and P−O5 are 1.56, 1.02 and
2.40 Å, respectively, which indicates that the H5 atom on 2-
hydroxyethyl group has already been captured by hydroxide
before the P−O5 bond formation. As the atom distance of
P−O5 decreases further, a monoanionic cyclic phosphorane
intermediate (Int9) finally generated with a water molecule.
The activation free energy of this step is only 5.3 kcalmol−1,
which dramatically decreases about 30.9 kcalmol−1 from the
value (36.2 kcalmol−1) of TS11 in the neutral hydrolysis of
DEHEP. This result indicates that the formation of cyclic
phosphorane quaterester is strongly catalyzed by hydroxide.

As the neutral hydrolysis of DEHEP, the monoanionic
Int9 can also undergo two decomposition pathways as
shown in Scheme 5. Owing to the absence of equatorial
hydroxyl group in Int9, the exocyclic P−O4 bond can
cleave directly via TS18 without proton migration yielding
the products composed of EEP and EtO−. The activation
free energy of this step is 13.8 kcalmol−1. In the other
pathway, Int9 can transform into its stereoisomer Int10

Fig. 6 Solution phase
optimized structures of the
transition states and the
intermediates involved in the
neutral hydrolysis of DEHEP
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through pseudorotation via TS17 with a negligible barrier of
2.9 kcalmol−1. Subsequently, Int10 can lead to the same
products as Int9 through the direct cleavage of the exocyclic
P−O3 bond via TS19 with a free energy barrier of 15.4 kcal
mol−1. Compared with the energy barrier of exocyclic P−
OEt bond cleavage, the activation free energy of pseudoro-
tation is much lower, so the isomers Int9 and Int10 are
possible to transform freely through pseudorotation to get
the dynamic equilibrium before the cleavage of exocyclic
phosphorus ester bond. Accordingly, the monoanionic cyclic
phosphorane intermediate may decompose through the path-
way with or without pseudorotation equally.

Owing to the activation free energy of nucleophilic attack
tremendously declining to 5.3 kcalmol−1 in alkaline conditions,

the cleavage process of the exocyclic P−OEt bond turns
out to be the rate-limiting step with the barrier of 13.8/
15.4 kcalmol−1. The similar rate-limiting cleavage of the
exocyclic P−OEt bond was also found in the experimental
studies of RNA hydrolysis [78–83]. Furthermore, the forma-
tion barrier of monoanionic cyclic phosphorane is about
20.4 kcalmol−1 lower than the value of monoanionic acyclic
phosphorane. This result illuminates that the extremely rapid
hydrolysis of DEHEP in alkaline conditions can be attributed
to its unusual low formation barrier of dioxaphospholane ring
catalyzed by hydroxide.

Conclusions

In this work, in order to clarify the influence of 2-
hydroxyethyl group on the decomposition of phosphotriest-
ers, two distinct hydrolysis mechanisms were compared in
both neutral and alkaline conditions. Four free energy pro-
files of all the possible reaction pathways were plotted at
B3LYP/6–311++G(3df,2p)/CPCM//B3LYP/6–31++G(d,p)/
CPCM theoretical level, and the most energetic favorable
pathways were mapped out. Furthermore, the calculated
activation free energies of the rate-limiting step in the four
reaction pathways were used to illuminate the previous
experimental observation that DEHEP hydrolyzed more
rapidly than TEP both in neutral and alkaline conditions.
All the results and conclusions derived from this work have
been summarized as the three main points addressed below.

(1) For TEP, the rate-limiting steps of hydrolysis in neutral
and alkaline conditions are both the nucleophile (water
or hydroxide) attack at the phosphorus atom, i.e., the
formation of acyclic phosphorane. For DEHEP, in neu-
tral conditions, the rate-limiting step is the nucleophilic
attack of 2-hydroxyethyl group at phosphorus atom,
i.e., the formation of cyclic phosphorane. However, in
alkaline conditions, the cleavage of exocyclic P−OEt

bond turns into the rate-limiting step instead, i.e., the
decomposition of cyclic phosphorane.

(2) In neutral hydrolysis of TEP and DEHEP, the lowest
free-energy pathways both are nucleophilic addition at
phosphorus, followed by pseudorotation and subse-
quently decomposition of acyclic or cyclic phosphor-
ane intermediates. In the alkaline hydrolysis, for TEP,
the lowest free-energy pathway involves the pseudor-
otation followed by the decomposition of acyclic phos-
phorane intermediates; whereas the decomposition of
DEHEP can go through either with or without pseu-
dorotation process.

(3) In both neutral and alkaline conditions, the free energy
barriers (36.7 and 5.3 kcalmol−1) of the cyclic phos-
phoranes formation from DEHEP are clearly lower
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Fig. 7 Free-energy profile (kcalmol−1) for the alkaline hydrolysis of
DEHEP obtained at B3LYP/6–311++G(3df,2p)/CPCM//B3LYP/6–31+
+G(d,p)/CPCM theoretical level

Table 4 Activation energies (ΔE), enthalpies (ΔH), entropies (ΔS) and
free energies (ΔG) for the alkaline hydrolysis of DEHEP calculated at
B3LYP/6–311++G (3df,2p)//B3LYP/6–31++G(d,p) level in the solu-
tion phase

Species ΔE ΔH ΔS ΔG

DEHEP+OH− 0.0 0.0 0.0 0.0

TS16 −6.7 −7.0 −41.2 5.3

Int9 −4.1 −4.7 −12.7 −0.9

TS17 −2.2 −3.3 −17.9 2.0

Int10 −3.9 −4.5 −12.6 −0.7

TS18 12.5 10.5 −8.1 12.9

TS19 13.7 11.8 −9.9 14.7

EEP+EtO− 7.3 4.8 31.6 −4.6

Units are kcalmol−1 for energies and calmol−1 deg−1 for entropies
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than those (49.5 and 25.7 kcalmol−1) of the acyclic
ones from TEP. The hydrolysis of both TEP and
DEHEP can be catalyzed by hydroxide because of

the considerable decrease of the formation energy bar-
rier of phosphorane. Especially, the more rapid base-
catalyzed hydrolysis of DEHEP than TEP can be

Fig. 8 Solution phase
optimized structures of the
transition states and the
intermediates involved in the
alkaline hydrolysis of DEHEP
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attributed to the extremely lower formation barriers of
cyclic phosphoranes than those of acyclic ones.
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