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Abstract—Eu(III) and La(III) cations, and their bis–tris propane complexes, mediate the hydrolysis of dimethyl phosphonofor-
mate with C�OMe regiospecificity and substantial rate enhancement. © 2002 Elsevier Science Ltd. All rights reserved.

Monoanionic phosphonoformate diesters (1) are of
interest as prodrug precursors of the phosphonofor-
mate trianion, ‘foscarnet’ (2, PFA),1,2 which is active
against several human viruses including herpes simplex
and AIDS-related human cytomegalovirus.3 Accord-
ingly, we desire selective methods for the esterolysis of
phosphonoformate diesters. Diesters 1 (R1=Ph, R2=
Et; R1=R2=Et) can be regioselectively hydrolyzed at
their C-ester sites with aminocyclodextrins yielding
dianionic phosphonoformate P-monoesters (3).4

More recently, we reported the catalytic and regioselec-
tive hydrolyses of dimethyl phosphonoformate (1a,
R1=R2=Me, DMPF) at either C�OMe by Th4+ and
Ce4+, or at P�OMe by Zr4+ and Hf4+.5 The latter
reactions gave phosphonoformate C-monoesters (4).
The origin of the esterolytic regioselectivity was traced
to the structure(s) of the dominant metal ion hydroxo
species present in the reaction solution: dimers for Ce4+

or Th4+ and tetramers or octamers for Zr4+ or Hf4+.
The dimeric species were suggested to afford preferen-
tial intracomplex M�OH attack at the carbonyl group
of the bound substrate via a five-membered transition
state, whereas the tetrameric or octameric metal cation
hydroxo species were believed to foster M�OH attack
at the substrate’s phosphonyl group via a six-membered
transition state.5

It is well established that lanthanide cations (Ln3+)
greatly accelerate the hydrolytic cleavage of phosphodi-
esters (5), which are relatives of phosphonoformate
diesters.6 How do the catalytic and regioselective prop-
erties of Ln3+ toward phosphonoformate diesters com-
pare to those expressed5 by M4+? Here, we report on
the esterolysis of substrates 1a and 1b mediated by La3+

and Eu3+, and by the bis–tris propane (6, BTP)
complexes7 of these cations.

Hydrolyses of 10 mM DMPF (1a) with 25 mM
La(NO3)3·7H2O or Eu(NO3)3·6H2O in D2O were slow.
The kinetics were followed by 1H NMR at 70°C, mon-
itoring released MeOD at � 3.65 (La3+) or � 3.73
(Eu3+). Solution pD’s were established by Ln3+ hydroly-
sis (La3+, pD 6.4; Eu3+, pD 6.7). The observed pseudo-
first-order rate constants (3.8–8.4×10−5 s−1) appear in
Table 1. 31P NMR product studies demonstrated that
only C�OMe cleavage of DMPF occurred with each
lanthanide cation, affording P-monoester 3 (R2=Me)
(31P � −23.2, La3+; −21.8, Eu3+), a conclusion that was
confirmed by spiking with authentic material.5,8 P�OMe
hydrolysis of DMPF to C-monoester 4 was not
competitive.

Yatsimirski and Gomez-Tagle demonstrated that the
BTP (6) complexes of Ln(III) cations offer substantial
rate accelerations in the basic hydrolysis of bis(p-nitro-
phenyl)phosphate (5, R=p-O2NC6H4);7a,b bis–tris com-
plexes behave similarly.7c We find analogous hydrolytic
rate enhancements in the Ln3+�BTP hydrolysis of
DMPF.
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Hydrolyses of 10 mM DMPF were mediated by 25 mM
Ln3+ and 125 mM BTP in 0.1 M NaNO3 solution at
25°C. The solution pD was adjusted by additions of �L
aliquots of DCl to obtain the optimal pD for the
formation of the Ln3+�BTP complexes.7a,b Again, the
kinetics were monitored by 1H NMR (MeOD), and the
data appear in Table 1. Once more, we find only
C�OMe scission of DMPF to P-monoester 3 (R2=
Me), as verified by 31P NMR.

Table 1 reveals that Ln3+ provides significant accelera-
tion for the C�OMe regiospecific hydrolysis of DMPF.
Enhancements of 390 (La3+) and 860 (Eu3+) are
obtained at 70°C, relative to D+. More substantial
increases occur with Ln3+�BTP complexes at 25°C,
where we note accelerations of 6630 (La3+) and 1680
(Eu3+) relative to OD− at pD 8.2.9 An Arrhenius study
of the Eu3+�BTP cleavage of DMPF gave Ea=15.9
kcal/mol, �S‡=−23.0 e.u. (five points, 15–55°C, r=
0.969).

With methyl esters at both the carbonyl and phospho-
nyl sites of phosphonoformate 1a, Ln3+ brings about
regiospecific C�O cleavage. We also examined the influ-
ence of a better leaving group (PhO) at the phosphonyl
site using the substrate C-methyl, P-phenyl phosphono-
formate (1b, MePhPF).1,10,11 Ln-mediated hydrolyses
were examined with La3+ and Eu3+ at 70°C, and with
their BTP complexes at 25°C, under the same condi-
tions employed with DMPF (see above and Table 1).

P�OPh cleavage of MePhPF was followed by UV spec-
troscopy monitoring released phenol at 282 nm,
whereas C�OMe cleavage was followed by 1H NMR,
monitoring released MeOD (� 3.19–3.75, depending on
the presence or absence of BTP). As recorded in Table
2, both P�OPh and C�OMe hydrolyses occur with
MePhPF, and in nearly equal amounts. The P�O/C�O
ratios range from 1.1 (La3+) to 1.3 (Eu3+), and are
identical whether determined from the rate constant
ratio or from the product distribution. Products 4
(from P�OPh cleavage) and 3 (R2=Ph) were identified
by 31P NMR and spiking experiments with authentic
materials.

Once again, the Ln3+�BTP complexes are much more
reactive than Ln3+ alone. For La3+, the BTP complex is
�250 times more reactive than uncomplexed La3+ with
MePhPF. A substantial portion of the increased reac-
tivity likely reflects the higher pD at which the complex
operates, and the attendant greater availability of metal
bound OD, the actual nucleophile in the cleavage step
(see below). The P�OPh ester of MePhPF is cleaved
slightly faster than the C�OMe ester, but both substrate
sites are particularly reactive toward La3+�BTP, where
kP�O and kC�O exceed 8×10−3 s−1.

The Ln3+-mediated, C�OMe regiospecific hydrolysis of
DMPF parallels the behavior of Ce4+ and Th4+, which
likely afford dinuclear hydroxo complexes in aqueous
solution.5,12 The most commonly occurring forms of
Ln3+ in aqueous solution are considered to be LnOH2+,

Table 1. Kinetic data for the C�OMe cleavage of DMPF by Ln3+ a

kLn(III)/kOD
− dLn(III) Ligand pD 104 kobs (s−1)b t1/2 (min) kLn(III)/kD

+ c

390Lae None 6.4 0.38 304
1386.7 0.84 860NoneEue

BTPLaf 619.78.5 6630
BTP 8.2 4.98Euf 23 1680

a 25 mM Ln(III), 10 mM substrate, 0.5 M NaClO4 in D2O.
b Monitored by 1H NMR integration of released MeOD relative to an internal pyrazine standard.
c kD

+=9.73×10−8 s−1 for the acid catalyzed cleavage of 1a at pD 6.5 and 70°C.
d kOD

−=2.97×10−7 s−1 for the base catalyzed cleavage of 1a at pD 8.2.
e 70°C.
f 25°C; 25 mM Ln(III), 125 mM BTP, 10 mM substrate, 0.1 M NaNO3 (no NaClO4) in D2O.

Table 2. Kinetic data for esterolyses of MePhPF (1b) by Ln3+

pD 104 kobs (s−1) kP-O/kC-OLn3+ Prod. distr. (%)cLigand %4/%3

C�O hydrol.b 4 3 (R2=Ph)P�O hydrol.a

47531.10.31 1.10.346.3NoneLad

None 0.58 1.3 56 44 1.36.7Eud 0.73
BTP 8.5 84.9 80.2Lae 1.1 1.152 48

1.318.524.8f8.2BTP 1.3Eue 4357

a Monitored by UV spectroscopy at 282 nm (formation of PhOD).
b Monitored by 1H NMR integration of product MeOD, relative to an internal pyrazine standard.
c Determined from relative 1H NMR integrals of products. Products were confirmed by NMR spiking experiments with authentic samples.
d Reaction conditions: Table 1, footnote a, 70°C.
e Reaction conditions: Table 1, footnote f.
f Monitored by 1H NMR integration of product PhOD relative to an internal pyrazine standard.



R. A. Moss et al. / Tetrahedron Letters 43 (2002) 5925–5928 5927

Figure 1. Possible intermediates and metastable constructs for the hydrolytic reaction of DMPF (1a) with La3+. (A) 2 La3+ ions
bridged with 2 hydroxide units and ‘capped’ by DMPF. (B) 2 La3+ ions bridged with 3 hydroxide units. (C) 2 La3+ ions bridged
with 3 hydroxide units, one of which (2) is displaced toward the DMPF carbonyl carbon (1). (D) Tetrahedral intermediate
resulting from attack of bridging OH (2) on carbonyl carbon (1); see text. Colors: La (yellow), C (gray), P (purple), O (red), H
(blue).

Ln2(OH)2
4+, and Ln3(OH)5

4+.12a Moreover, Ln(III)–bis-
tris7c and Ln(III)–BTP7b complexes afford bimolecular
aggregates with OH units bridging the Ln3+ cations,
analogous to the structure suggested12c for aqueous
Ce4+. Additionally, Chin et al. postulated dinuclear
La3+ complexes, bridged by peroxide13 or hydroxide14

groups as catalysts for the cleavage of phosphodiesters
or RNA, respectively.

As an intial model for a Ln3+�DMPF reaction interme-
diate, we therefore adopted a structure which featured
dinuclear La3+, bridged by 2 OH groups (see Fig. 1, A).
Each La3+ carried an additional hydroxide group and
water molecule. The metallic unit was ‘capped’ by
DMPF, with the phosphate oxygens bridging the La
centers, as in Chin’s constructs,13,14 and Komiyama’s
analogous Ce4+�DNA phosphodiester hydrolytic inter-
mediates.12c Using typical bond lengths and angles15 as
input, this structure was refined by ab initio calcula-
tions.16 In the final structure for A, the bridging
hydroxide oxygen atom (2) was 4.43 A� away from the
DMPF carbonyl carbon atom (1). Various manipula-
tions of the structure, in which O(2) was displaced
upward toward C(1) led (upon further computation)
only to relaxation of the OH bridge back to A, without
bonding to either C(1) or P.

We next examined structure B, which includes a third
OH bridge between the La3+ centers. (Chin has sug-
gested as many as 5 OH bridges for a dinuclear La3+

complex capped with a (RNA) phosphodiester.14) After
computational refinement of B, the O(2)�C(1) separa-
tion was 2.83 A� , and the O(2)�P distance was 3.10 A� .
Next, structure C was generated by upward displace-
ment of bridging O(2) until its separations from C(1)
and P were 1.50 and 1.64 A� , respectively. Computa-
tional evolution of metastable structure C now led to
the tetrahedral intermediate D, in which O(2) has
bonded to the carbonyl carbon, C(1) at a distance of
1.47 A� .17 The former carbonyl oxygen, now anionic,
has bonded to one La center (bond ‘3’) at a distance of
2.42 A� , replacing the broken La�O bond to the former
bridging oxygen, O(2). Subsequent loss of methanol
from C(1) of structure D would correspond to the
observed C�OMe cleavage of DMPF by La3+.

We have not yet located structures in which O attack
on phosphorus is competitive with attack on the car-
bonyl. Such structures are needed to account for the
P-cleavage which is observed to compete with C-cleav-
age when the P-ester leaving group is made more
reactive; e.g. OPh instead of OMe, as in 1b. Regiospe-
cific Ln3+ P�OR cleavage of phosphonoformate
diesters, however, would probably require tetrameric or
octameric hydroxo-bridged Ln cationic species, in anal-
ogy to Zr4+.5,18–20

In conclusion, Eu3+ and La3+, and their BTP com-
plexes, mediate the hydrolysis of dimethyl phosphono-
formate (1a) with C�OMe regiospecificity and
substantial rate acceleration. Esterolysis at P becomes
competitive when a better leaving group is present;
C-methyl, P-phenyl phosphonoformate 1b affords
comparable and very rapid C�OMe and P�OPh scission
with La3+ or Eu3+ BTP complexes.
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