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A new highly efficient method for the hydrolysis of acyclic nucleoside phosphonate diesters (or generally
of any organophosphonates) to the corresponding phosphonic acids has been developed. This novel
methodology employs inexpensive hydrochloric acid in equimolar amounts to the number of ester groups
present in the molecule and thus, avoids using trimethylsilyl halogenides, the standard reagents for these
types of transformations. Moreover, simple and easy work-up of the reaction mixture affords very clean
products in high yields (usually 77-93%). Another advantage of the described hydrolysis of phosphonate
diesters is the fact that the course of the reaction can be instantly monitored through pressure changes in
the reaction vessel. This ‘green’ method has also been successfully used for the preparation of otherwise
synthetically difficult to access (phosphonomethoxy)ethyl (PME) derivatives of guanine (PMEG) and
hypoxanthine (PMEHX), and furthermore, the method gains access to important novel acyclic nucleoside
phosphonates derived from 2-chlorohypoxanthine and from xanthine (e.g. PMEX).

Introduction

Acyclic nucleoside phosphonates (ANPs),' which represent cata-
bolically stable nucleotide analogues, are an important group of
antimetabolites with a wide range of important biological proper-
ties.” Three ANPs have been approved worldwide for clinical
use:> HPMPC (cidofovir, Vistide®) for the treatment of CMV
retinitis in AIDS patients,®* PMEA (as its oral prodrug adefovir
dipivoxil, Hepsera®) for the treatment of chronic HBV infec-
tions,”> and PMPA (as its oral prodrug tenofovir disoproxil fuma-
rate, Viread™) for the treatment of HIV (itself or in combination
with other antivirals) and chronic HBV infections.® Like various
nucleotides,” ANPs usually have to be administered in the form
of their prodrugs, due to their poor bioavailability.® Although a
novel and efficient method for the conversion of phosphonate
diesters directly into the corresponding diamides (bis-amidates)
has been recently developed in our lab,” a general and widely
used synthetic strategy for the synthesis of the desired phospho-
nate prodrugs starts with an introduction of protected phospho-
nate moiety into the corresponding organic precursor, followed
by removal of the alkyl ester groups, and finally introduction of
the lipophilic promoieties to mask the ionizable phosphonate
group.

There are several synthetic ways to prepare diverse phospho-
nate diesters,® and most recently, some new approaches have
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been reported.’ The next important synthetic step in the synthesis
of the ANPs prodrugs is hydrolysis of the alkyl esters groups
to the corresponding free phosphonic acids. The synthesis of
free phosphonic acids is still a challenge in organic medicinal
chemistry and there is an urgent need to develop an efficient
method for the hydrolysis of relevant phosphonate diesters to
free phosphonic acids.

One option for the preparation of phosphonic acids is an alka-
line hydrolysis of their diesters, but this method has a number of
drawbacks. First, the tetrahedral geometry on the phosphorus
atom makes hydrolysis by the Bac2 mechanism almost
impossible. The only feasible pathway is hydrolysis by the
Br2 mechanism, to which only primary alkyl esters (especially
methyl esters) are susceptible. In this case, the hydrolysis of a
diester usually ends at the stage of a stable monoester that is
difficult to further hydrolyze due to the resulting negative
charge.'® Sterically hindered isopropyl diesters are hydrolyzed
into the corresponding monoesters only under harsh reaction
conditions and/or with strong nucleophiles (e.g. azides)."!

Another widely used synthetic approach to the synthesis of
free phosphonic acids is acidic hydrolysis of the corresponding
alkyl diesters (more than 90000 citations in the Chemical
Abstracts database). Such a hydrolysis can be catalyzed by
various Lewis or mineral acids. The method of choice for both
laboratory and industrial scales is a reaction of the phosphonate
diesters with trimethylsilyl (TMS) bromide, chloride or iodide.'?
Nevertheless, the application of TMS halogenides has a number
of fundamental disadvantages including high price, corrosive
properties, toxicity, volatility, moisture sensitivity, and formation
of impurities.

Another method for hydrolysis uses mineral acids, especially
the most commonly used hydrohalogenic acids (more than

2282 | Green Chem., 2012, 14, 2282-2288

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2gc35547g
http://dx.doi.org/10.1039/c2gc35547g
www.rsc.org/greenchem
http://dx.doi.org/10.1039/c2gc35547g
http://pubs.rsc.org/en/journals/journal/GC
http://pubs.rsc.org/en/journals/journal/GC?issueid=GC014008

Published on 28 May 2012. Downloaded by Rensselaer Polytechnic Institute on 23/10/2014 04:44:31.

View Article Online

40000 citations in the Chemical Abstracts database). Hydro-
bromic acid is more effective than hydrochloric acid,'® but it is
much more costly. Moreover, the corresponding alkyl bromide is
formed during the hydrolysis with HBr (analogous to the use of
TMS bromide), which is a highly reactive alkylating agent.
Hydrochloric acid is in general a less expensive option and the
resulting alkyl chloride is less prone to alkylations, but the reac-
tivity of HCI is low and higher reaction temperatures and longer
reaction times (tens to hundreds of hours) are usually required.'*
The study'® of the mechanism of the acid-catalyzed hydrolysis
of phosphonate diesters and phosphate triesters with HCI
suggested that relatively stable carbocations are formed during
the hydrolysis of isopropyl or fert-butyl esters. The reaction can
thus be labeled as hydrolysis of the Apl type, where the
oxygen atom of the ester function is protonated in the first step
(Scheme 1). In the rate determining step, the protonated ester
releases the relevant carbocation, which further recombines with
the present chloride anion to give alkyl chloride.

Following the assumption that stabilization of the carbocation
can speed up the reaction, such a hydrolysis may be accelerated by
increasing the polarity of the environment. A super-polar environ-
ment in microwave-heated organic reactions may be one of the
factors responsible for the acceleration of the studied reactions.'®
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Scheme 1 The mechanism of acid-catalyzed hydrolysis of phospho-
nate diesters (for alkyls forming relatively stable carbocations).
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For this reason, it seemed logical to run acid-catalyzed hydrolysis
using microwave irradiation. Herein we report on the optimized
microwave (MW)-assisted hydrolysis of acyclic nucleoside phos-
phonate diesters to the corresponding phosphonic acids."”

Results and discussion

Our original theory was that application of an equimolar amount
of HCI for each ester functionality should be sufficient to com-
plete the hydrolysis of phosphonate diesters and all HCI used
would be consumed. In this case, a neutral reaction mixture
containing only pure product and volatile alkyl chlorides would
be obtained, eliminating laborious isolation and purification
techniques (chromatography, desalination, efc.) and giving such
a method great advantage over the methods currently used.

Standard 0.5 M and 1.0 M HCI solutions were prepared for
precise dosing of the required amounts of the acid during our
initial hydrolytic experiments. During the first set of experi-
ments, another great advantage of this hydrolytic method was
discovered: since the reaction is conducted in a closed reaction
vessel, the course of the reaction can be observed by monitoring
the pressure in the reaction vessel. Fig. 1 shows monitoring
of the reaction temperature and pressure during the hydrolysis of
isopropyl diester 1 (1 mmol) in 4 ml of 0.5 M HCI (2 mmol
of HCI) using a CEM Discover reactor, leading to the formation
of the free phosphonic acid 9 (Scheme 2, entry 1, Table 1). After
approximately 2.5 min the set reaction temperature (dashed line)
of 130 °C was reached, while the reaction pressure (solid line)
inside the apparatus continued to rise gradually as isopropyl
chloride was being formed. The pressure stopped rising after
approximately 7 min when the reaction had reached full conver-
sion. This was confirmed by running the set of experiments with
identical reaction mixtures heated for 4, 5, 6 and 7 min, respect-
ively. While the reaction mixture heated for 6 min contained
traces of the starting compound 1, it was no longer observed in
the sample heated for 7 min.

Subsequently, without lengthy optimizations we carried out
the hydrolysis of isopropyl diesters 2—8 under similar reaction
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Fig. 1 Monitoring of the reaction pressure (solid line) and the reaction temperature (dashed line) during the MW-assisted hydrolysis of compound 1
to phosphonic acid 9 (Scheme 2). The reaction reached full conversion at ~7 min.
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Scheme 2 General scheme for the MW-assisted hydrolysis of phos-
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conditions (entries 2—8, Table 1, Scheme 2), obtaining free phos-
phonic acids 10-16 in high yields (77-93%). Important ANPs
like PMEG (12, entry 4), adefovir (13, PMEA, entry 5), and
tenofovir (15, PMPA, entry 7) were efficiently prepared by the
described method (Table 1). Partial hydrolysis of the amino
group at the C-6 position leading to the corresponding guanine
derivatives (up to 10% of the by-products) was observed in the
case of treatment of diaminopurine (DAP) derivatives 2 and 3
with 1.0 M HCI at 140 °C. The side reactions were considerably

Table 1 MW-assisted hydrolysis of phosphonate diisopropyl esters with HC1 (Scheme 2)

Entry Starting material Product Isolated yield”
1 NHz 1 NHz 9 77%, 79%"
N/ N\ 4< N/
Q 0 S Q, oH
H N)\\N | N> o\/\Pio HzN)\\N N> o\/\ ~OH
L —
2 NHz 2 NHz 10 78%
N NN
Y a0l LY apen
HN™ °N o0 HoN N o oH
ez
3 NH; 3 NH; 11 77%
e N/
Iy a0l SN Yo
HoN” N7 N o—">0 HN" °N O—/ “OH
LA )\ ~OH
4 o 4 % 12 93%, 91%°
N
l-ﬂ\l\\ | \> Q\ /04< Fﬁ\l\\ | \> ()\\ /OH
H,N" N N\\/o e HNTSNTTN o Py
5 NHy 5 NHy 13 92%, 95%"
N/ N/
k\ | \> \\ /OA< k\ | \> O\\P/OH
N o \j\ NN o oH
6 NH, 6 NH; 14 88%, 92%°
N7~ N% N
CIY e CIY o
SN ~0 SNTN ~oH
0—
/ o g
“~oH Z\OH
7 NH; 7 NH; 15 91%, 90%°
N7 N7 N
LD \\P,O{ Ly ,OH
N“TN 5 o N O— “OH
A —
3 NH, 8 NH; 16 93%
CIY  ’0< CIS oo
N o \3\ NN o oH
F F

1 mmol scale. 100 mmol scale. € 50 mmol scale.
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Table 2 MWe-assisted hydrolysis of isopropyl esters of phosphonates with HCI (Scheme 2) with the simultaneous hydrolysis of the chlorine atom(s)

on the purine moiety

Entry Starting material Product Isolated yield”
1 cl 17 0 23 82%
NN HN N
) 0 o W L> e
k\ i [\ X N pL
N 00—V >0 N O- ~OH
S Re
2 cl 18 0 24 83%
N7 N HN N
YIS e XY g
SN N P HNT SN N P
HoN N 0—/ 0 2 O—/ OH
~, ~ =
3 Cl 19 o 25 90%
N
N7 HN
/k\ | \> O\i:/04< ):HA/N» A\ /OH
HoN N N\\/O\/ ~0 HoN N K/O\/ “OH
4 cl 20 o 26 85%
N
z HN
)N\ > 9 ,0{ P 2 Vel
P SN N P
HNT N N\\/o\/ ~0 HN™ °N O/ “OH
:—\F :\F
5 cl 21 o 27 87%
AN H N
LIy o ,O{ *)i\> Q OH
SN” N P H,N" N7 N PN
HN™ N 0—/ "0 2 O—/ “OH
F
F F F F
6 Cl 22 o 28 80%
NN HN N
XISy g0 LY e
c” SN N Pso 07NN o Ton
(P d Ho
7 cl 22 o 29 40%
NZ >N HN N
Uy e ﬁI > o on
Cl N N LN cl N N ~
y, 0= 0 \__ O~ OH

“1 mmol scale.

suppressed (less than 5% of the guanine derivative) by reducing
reaction temperature to 130 °C (prolonged heating was necess-
ary) and using 0.5 M HCI instead. Similarly, hypoxanthine
derivatives were observed as by-products during hydrolysis of
the adenine analogues 5-8 (in 1 M HCI at 140 °C), but in
amounts less than 2%. Moreover, the above mentioned impuri-
ties are easy to remove. Guanine and hypoxanthine by-products
are much more soluble in water and they remain in the solution
during precipitation of the desired product.

Further it was discovered that the reaction conditions for the
MWe-assisted hydrolysis of phosphonate diesters can lead to

simultaneous modifications of the purine moiety, namely to
hydrolysis of chloropurines to corresponding oxopurines. We
reasoned that only 1 equivalent of HCI should suffice to com-
plete the hydrolysis of both isopropyl esters in the transformation
of the 6-chloropurine derivative 17 into the corresponding
hypoxanthine derivative 23, since another equivalent of HCI is
generated during the hydrolysis of the chlorine atom at the C-6
position of the purine ring. Indeed, the MW-assisted hydrolysis
of compound 17 with 1 equivalent of HCI at 140 °C for 10 min
afforded the expected hypoxanthine analogue 23 in an 82%
yield (Scheme 2, entry 1, Table 2).

This journal is © The Royal Society of Chemistry 2012
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Table 3 Other examples of MW-assisted hydrolysis of phosphonate dialkyl esters with HCI (Scheme 2)

Entry Starting material Product Isolated yield”
1 o o¢< 30 ® on 3 84%¢
PC PC
C|—/_ \07/ C|—/_ \OH
2 (lF?”OP\ 31 ||CD')/OH 33 79%"
CI—/_ \07 C|_/_ ~OH
3 NH, 32 NH; 13 78%”
N
N7 N7
k\ | N\> Qij/o_\ k\ | \> N /OH
NT N\ o—"0 N"N__o—"oH

10 mmol scale. ” 1 mmol scale.

Analogously, isopropyl diesters 18-21, derived from 2-amino-
6-chloropurine, were then hydrolyzed to the corresponding
guanine derivatives 24-27 in high yields (83-90%). This is a
highly successful method for the synthesis of guanine ANPs
which are otherwise difficult to access synthetically due to the
problematic and non-regioselective alkylation of the guanine
bases.'®

ANPs derived from the xanthine base are even more syntheti-
cally challenging compounds. The only examples known so far
were prepared from the corresponding guanine analogues by dia-
zotative oxodeamination.'® Using our method, the 2,6-dichloro-
purine derivative 22 was transformed into the desired xanthine
product 28 in 80% yield (entry 6, Table 2). Moreover, by meticu-
lous control of the reaction conditions partially selective hydroly-
ses of a single chlorine atom can be achieved to yield the
corresponding 2-chlorohypoxanthine compound 29 (entry 7,
Table 2), although in a 40% yield only. The rest of the material
was identified as compound 28.

Theoretically, during the hydrolysis of the 2,6-dichloropurine
derivatives (e.g. compound 22, Table 2) only a catalytic amount
of HCIl is necessary. Nevertheless, the experiments showed that a
catalytic amount of HCI is not sufficient to complete the reaction
due to the fact that the acid-catalyzed hydrolysis of the chlorine
atom in the C-2 position of the purine ring occurs at a higher
temperature than is necessary for hydrolysis of the isopropyl
ester groups. Thus, from our experience, 1 equivalent of HCI is
necessary for the full and fast conversion of compound 22 to the
free phosphonic acid 28 (entry 6, Table 2).

It was also shown that this method can be in general used for
the preparation of other types of phosphonic acids. For example,
an important agrochemical compound ethephone (33)*° can be
prepared in high yield (84%) by MW-assisted treatment of iso-
propyl diester 30 with HCI (3 eq.) at 100 °C in only 10 min
(entry 1, Table 3).

Finally, we applied our MW-assisted methodology to the
hydrolysis of commonly used ethyl esters of phosphonates.
Diethyl (2-chloroethyl)phosphonate (31) was fully hydrolyzed to

ethephone (33) with HCI (3 eq.) at 100 °C in 25 min (79% entry
2, Table 3). As expected, the reaction conditions for full hydroly-
sis of isopropyl diesters were not sufficient for the complete
removal of the ethyl groups. Due to lower stability of ethylium
(ethyl carbocation) compared to prop-2-ylium, it was necessary
to increase the reaction time approximately threefold to achieve
the complete conversion of ethyl diester 31 to ethephone (33).
Similarly, adefovir (13) was prepared in 78% yield by treatment
of ethyl diester 32 with 2 equivalents of HCI at 140 °C in
30 min (entry 3, Table 3), compared to the 92% yield of 13 from
the isopropyl analogue 5 at 140 °C in only 10 min (entry 5,
Table 1).

A significant feature of the described MW-assisted hydrolytic
method is the simplicity of isolation of the final free phosphonic
acids. The reactions can be carried out in relatively concentrated
solutions (0.25 M to 1 M), and since all HCI is consumed during
the reaction, the desired product often spontaneously and quanti-
tatively precipitates directly from the cooled neutral reaction
mixture. Most ANPs were prepared in >98% purity by simple fil-
tration and sequential washing with water, ethanol, and acetone.
As already mentioned, the guanine and hypoxanthine impurities
formed during acid hydrolysis of 2,6-diaminopurine and adenine
analogues, respectively, are compounds with much higher solu-
bility in water, and they remain in the mother liquor, yielding
pure ANPs after precipitation from the reaction mixture. On the
other hand, if ANPs derived from guanine, hypoxanthine or
xanthine are the required products, they can be easily and quanti-
tatively precipitated by simple addition of acetone to the reaction
mixture since phosphonic acids (e.g. ANPs and ethephone) are
practically insoluble in acetone.

As already described above, it is necessary to use at least one
equivalent of HCI for the preparation of the desired xanthine
analogues from the corresponding 2,6-dichloropurine deriva-
tives. Two more equivalents of HCl are formed during the
hydrolysis of the chlorine atoms at the 2,6-dichloropurine
moiety, and thus the reaction mixture before work-up contains
about one equivalent of HCI. The xanthine derivatives, however,
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are not basic enough to form the relevant hydrochlorides,' and
pure xanthine ANPs (e.g. compound 28, entry 6, Table 2) are
isolated easily by addition of acetone. Furthermore, it seems pre-
ferable to use acetic acid instead of acetone for the initiation of
the crystallization (precipitation) of the xanthine analogues.

It has also been mentioned that when trimethylsilyl bromide is
used for hydrolysis of phosphonate diesters, impurities are
formed that are quite difficult to remove. Detailed elementary
analysis (measured on SPECTRO iQ II X-ray fluorescence
analyzer, SPECTRO Analytical Instruments) showed that ANPs
prepared using trimethylsilyl bromide** had silicon-containing
impurities. On the other hand, according to the analogous
elementary analysis, compound 9 prepared by our method using
MWe-assisted hydrolysis (Scheme 2) does not contain silicon nor
chlorine atoms, and the purity is >98% according to HPLC
analysis. Moreover, compound 9 met the specification in every
way for the active pharmaceutical ingredient (>99.5% according
to the HPLC) after a single crystallization from water.

Considering the relatively harsh conditions of the MW-
assisted hydrolysis, the optical purity of compound 9 was scruti-
nized using a new method based on capillary electrophoresis of
ANPs. > The optical purity of compound 9 was determined to
be 99.2%. Thus, the studied ANPs do not racemize under the
conditions for MW-assisted hydrolysis using HCL

The scale-up of the described MW-assisted hydrolysis of
phosphonate diesters to their corresponding free phosphonic
acids was performed on the Milestone Batch and Flow MW reac-
tors (see ESIT). Since continuous flow microwave reactors are
highly energetically efficient and thus environmentally
friendly,>* optimized MW-assisted hydrolysis may soon become
a method of choice for the large scale syntheses of biologically
relevant phosphonic acids. A number of ANPs (9, 11, 12, 13,
14, 21 and 22) were prepared in multigram scale and compound
9 even to the amount of 250 g (71% after two crystallizations,
99.7% purity according to HPLC). Furthermore, it is important
to mention here that despite more than twenty years of intensive
research®> of ANPs yielding such important drugs such as
adefovir, cidofovir, and tenofovir, this is the first record of the
synthesis of compounds 27, 28, and 29.

Conclusions

In conclusion, effective MW-assisted hydrolysis of acyclic
nucleoside phosphonate diesters to their corresponding free
phosphonic acids has been developed. The ‘green’ protocol
eliminates the use of harmful chemicals (trimethylsilyl halogen-
ides, excess of hydrogen halogenides) and complicated isolation
procedures, gives excellent yields of products in short reaction
times, and can be easily scaled-up for industrial use in MW flow
reactors.

General experimental information

Unless stated otherwise, solvents were evaporated at 40 °C/2 kPa
and compounds were dried at 13 Pa. Melting points were deter-
mined on a Biichi B-540 and are uncorrected. Analytical TLC
was performed on silica gel 60 F,s4 plates (Merck). Column
chromatography was performed on silica gel 60 um (Merck).

Mass spectra were measured on a LTQ Orbitrap XL (Thermo
Fisher Scientific) spectrometer. '"H NMR and '*C NMR spectra
were recorded on Bruker Avance 500 (‘H at 500 MHz and "*C
125.7 MHz) in D,O (referenced to dioxane as an internal stan-
dard 6 = 3.75 ppm and § = 67.19 ppm, respectively). Complete
assignment is based on heteronuclear correlation experiments
HSQC and H,C-HMBC. Chemical shifts (8) are in ppm and
coupling constants (J) in Hz. Optical rotations were measured on
Autopol IV polarimeter (Rudolph Research Analytical, U.S.A.)
at 20 °C, [a]p values are given in 107" deg cm? g™, concen-
trations are given in g/100 ml. The purity of compounds was
determined by elemental analysis (C, H, N) measured on Perkin-
Elmer CHN Analyzer 2400, Series II (Perkin-Elmer). The micro-
wave-assisted (MW-assisted) reactions were carried out in the
following MW syntheses instruments: Type I — CEM Discover®,
single-mode cavity with focused MW heating (MW power
supply 0-300 W, 1 W increments, IR temperature sensor, open
or closed vessel mode, pressure range 0—20 bar, 10 ml or 80 ml
vials); Type II — Milestone BatchSYNTH®, single-mode cavity,
scale-up (MW power supply 0-1000 W, 10 W increments,
internal temperature sensor, batch mode, pressure range
0-30 bar, 250 ml vessel); Type III — Milestone FlowSYNTH®,
(MW power supply 0—1000 W, 10 W increments, internal temp-
erature sensor, flow mode, pressure range 0-30 bar, 200 ml
reaction cell volume, flow rate 10~100 ml min™"). Starting phos-
phonate diesters were synthesized at the Institute of Organic
Chemistry and Biochemistry in Prague, Czech Republic.'>™’

General procedure for the microwave-assisted hydrolysis of
phosphonate diesters

A mixture of the starting phosphonate diester (1.0 mmol) in the
aqueous HCI solution (1.0 or 2.0 mmol of 0.5 M or 1.0 M HCI
solution) was placed, with a magnetic stirring bar, into a 10 ml
reaction tube and sealed. The reaction mixture was heated in the
microwave reactor (Type I) at 130—140 °C until constant pressure
(20-30 min). The reaction mixture was cooled down to 0 °C and
precipitated product was filtered off, washed (water, EtOH, and
acetone), and dried in vacuo. The products can be crystallized
from water for better purity.
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