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ABSTRACT

Intermolecular ultrasound-assisted olefin cross-metathesis is reported. This approach allows an easy access to challenging trisubstituted alkenyl
nucleoside phosphonates. Regioselective chemoenzymatic deacetylation and Mitsunobu coupling are also described.

Acyclic nucleoside phosphonates (ANPs), pioneered by
Hol�y and De Clercq, represent an important class of
antivirals.1 Among these, (S)-1-(3-hydroxy-2-phosphono-
methoxypropyl)cytosine (HPMPC, Cidofovir), 9-(2-phos-
phonylmethoxyethyl)adenine (PMEA, Adefovir), and
(R)-9-(2-phosphonomethoxypropyl)-adenine (PMPA,
Tenofovir) are approved for the treatment of human
cytomegalovirus, hepatitis B, and HIV infections, respec-
tively. As a result, the synthesis and biological evaluation
of a large panel of ANPs, including derivatives with unsatu-
rated side chains,2 have been systematically investigated.3

Recently, we have reported a new family of ANP-
bearing (E)-4-phosphono-but-20en-10-yl side chain4 in
which the oxygen heteroatom has been replaced by a trans

double bond.Wehave shown that thismodification allows
mimicry of the three-dimensional geometry provided by
the backbone of ANP.5 Herein we report on the extension
of this methodology to trisubstituted alkenyl acyclic nu-
cleoside derivatives (Figure 1).

The preparation of stereodefined trisubstituted alkenes
is exceedingly important in viewof thebiological activity of
these molecules. Numerous synthetic approaches have
been devised to access such architectural motifs, generally
through a Wittig olefination6 or from boration,7

Figure 1. Structure of some ANPs and targeted compounds.
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bromoboration,8 iodination9 of alkynes or haloalkynes, and
olefin cross-metathesis (CM).10 However, the formation of
a trisubstituted hindered alkene system through simple CM
exhibits low yields possibly due to steric congestion, the
olefin, or catalyst’s poor reactivity requiring a moderately
high catalyst loading and elevated reaction temperatures.
To address some of these issues, we now report on the effect
of ultrasound-assisted olefin CM for the preparation of
challenging trisubstituted alkenyl nucleoside phosphonates.
Our retrosynthetic approach is depicted in Scheme 1.

The target compounds could be obtained from the (Z)-
monoacetyl derivative 8 underMitsunobu conditions with
either a purine or pyrimidine moiety. Compound 8 could
be preparedby regioselective lipase-catalyzed hydrolysis of
diacetyl derivative 6 obtained through a cross-metathesis
reaction between olefin 4 and dimethyl allylphosphonate.

Compound 4 was prepared by a new chemoenzymatic
route starting from glycerol 1 or 2-methylene-1,3-propa-
nediol 5, which represents an attractive alternative to
previously reported approaches11 (Scheme 2). The regio-
selective lipase-catalyzed acetylation of inexpensive glycer-
ol 1 gave the diacetate 2 in 95% isolated yield.12

Compound 2 was then subjected to an oxidation reac-
tion under several conditions, in the presence of 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO),13 2-azaadamantane-
N-oxyl (AZADO),14 and 2-iodoxybenzoic acid (IBX).15

Theuse of IBXoffered the best result, affording ketone 3 in
almost quantitative yield. Olefin 4 was synthesized from
ketone 3 with PPh3MeBr under Wittig conditions in an
excellent 93% yield.
Based on the generalmodel for selectivity in olefin cross-

metathesis proposed byGrubbs et al.,16we investigated the
selectiveCMbetweendimethyl allylphosphonate (6) (Type I)
with less reactive 1,1-disubstituted olefin 4 (Type III). Con-
sidering that type III olefins are unable to homodimerize, we
decided to carry out this reactionwith a stoichiometric excess
(2 equiv) of 1,1-disubstituted olefin 4, as the use of a larger
excess does not improve the conversion.

The reactionwasperformedat 40 �C indegassedCH2Cl2
under classical heating in the presence of 5 mol % of
“second generation” catalysts [Ru]-I17 (Nolan�Grubbs)

Scheme 1. Retrosynthetic Scheme to New ANPs Derivatives
Table 1. Optimized Conditions for RCMa

entry catalyst (mol %) solvent time (h) 7 (%)e

1b 1 � 5%-[Ru]-I CH2Cl2 24 9

2b 1 � 5%-[Ru]-II CH2Cl2 24 16

3b 3 � 5%-[Ru]-I CH2Cl2 24 23

4b 3 � 5%-[Ru]-I DCE 24 32

5c 1 � 10%-[Ru]-I CH2Cl2 4 38

6c 1 � 10%-[Ru]-II CH2Cl2 4 70

7d 3 � 5%-[Ru]-I CH2Cl2 20 92

8d 3 � 3%-[Ru]-I CH2Cl2 20 90

9d 3 � 2%-[Ru]-I CH2Cl2 20 86

10d 3 � 2%-[Ru]-II CH2Cl2 20 93(89)f

11d 1 � 5%-[Ru]-I CH2Cl2 20 49

12d 3 � 1%-[Ru]-I CH2Cl2 20 76

aAll reactions were performed with 1.0 equiv of dimethyl allylpho-
sphonate and 2.0 equiv of olefin 4 in solvent (0.1 M). bReactions
performed under classical thermal conditions at 40 �C. cReactions
performed under microwave irradiation at 100 �C. dReactions per-
formed under ultrasound at 55 �C. eConversion determined by 1H
NMR. f Isolated yield.

Scheme 2. Synthesis of Olefin 4
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and [Ru]-II18 (Hoveyda�Grubbs) (Table 1, entries 1 and2).
The reaction was monitored by TLC and 1H NMR and
showed the rapid formation and accumulation of homo-
dimer 70 which does not undergo a secondary metathesis
reaction with Type III olefin 4 to give the expected cross-
coupling product. After 24 h, both catalysts showed their
limitations for CMwith only 4% of conversion and a high
amount of homodimer 70 detected by 1H NMR and TLC.
Unfortunately, no improvement was observed when using
a catalyst loading ashighas 15mol%(added in three equal
portions, entries 3 and 4).
We then turnedour attention tomicrowave irradiation19

(entries 5 and 6), which has resulted in many cases in a
short reaction time, a low loading of catalyst, and a higher
yield compared with classical thermal conditions.20 In our
hands, CMundermicrowave irradiation at 100 �C inDCE
with 10mol% [Ru]-II gave 70% (entry 6) conversion after
4 h while [Ru]-I gave a modest 38% yield (entry 5). Note-
worthy, under these conditions, larger amounts of impu-
rities were formed, probably due to the more significant
thermal decomposition of the ruthenium complex that
leads to tedious purification.
Ultrasound applications have been recently reported

for latent [Ru] metathesis catalyst activation containing
N-heterocyclic carbene ligands (NHC) in ROMP.21 Thus,
we investigated the effects of ultrasound irradiation in
CM and we found that its use had a positive influence
on the conversion. In fact, sonication at 55 �C of the
reaction mixture with 15 mol % [Ru]-I (added in three
equal portions) permitted reaching a 92% conversion
(entry 7). The catalyst loading was then gradually de-
creased from 15 mol % [Ru]-I to 3 mol % [Ru]-I to
determine the optimal loading. Surprisingly, no significant
decrease was observed in the conversion until 6 mol %
[Ru]-Iwith 86% (entry 9).When themore reactive catalyst
[Ru]-II was used at this loading, a 93% conversion was
obtained (entry 10). Even under ultrasonication, the se-
quential catalyst addition was critical. In fact, when the
reactionwas carried out following one addition of 5mol%
[Ru]-I, only 49% of product was detected (entry 11).
Finally, it should be noted that the conversionwas stopped
if sonication was suspended. We therefore hypothesized
the following (Scheme 3): (1) Themechanical force brought
by ultrasonication could potentially enhance the ligand
dissociation of the latent precatalyst (a) to generate the
active species (b); (2) the “degassing effect” of ultrasounds
permits efficient expulsion of the ethylene gas generated
during the reaction avoiding the regeneration of the term-
inal olefin (cycle I). Inmany cases, removal of ethylenewas
found to be essential for achieving high conversions;22 (3)
the sonication permits the less reactive homodimer to react

toward the formation of the desired product (cycle II).
Thus, the use of ultrasonication offers a very effective
protocol leading to trisubstituted olefins via CM using
either [Ru]-I and [Ru]-II catalysts.
Diacetate 6 was then subjected to the lipase catalyzed

hydrolysis of the targeted trans acetyl group (Table 2).

Takabe,23 Imai,24 and Deska25 have already reported
several examples of desymmetrization of prochiral diols

Scheme 3. Proposed Catalytic System for Ultrasound Olefin CMa

aLiganddissociation (from a to b); formation of homodimer (cycle I);
formation of desired heterodimer (cycle II).

Table 2. Lipase-Catalyzed Hydrolysis of Diacetate 7a

entry lipaseb time (h) 8 (%)c 9 (%)c 10 (%)c

1c PPL 24 21 41 traces

2c Amano PS 48 32 33 traces

3c CAL-B 16 83 0 11

aReactions were performed with diacetate 7 in 0.1 M phosphate
buffer pH 7.0 and appropriate lipase (100% w/w). bPorcine Poncreas
lipase (PPL), Burkholderiacepacia lipase (Amano PS), Candida antarc-
tica lipase B (CAL-B). c Isolated yield.
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using porcine pancreas lipase (PPL) with excellent selec-
tivity. Unfortunately, in our case, poor selectivity and slow
conversion were observed using either PPL or Burkholder-
iacepacia lipase (Amano Lipase PS, Sigma-Aldrich). In
fact, PPL gave a mixture of isomers 8 (major) and 9

(minor) (Table 2, entry 1). Using Amano PS gave the
desired regioisomer 8 in approximately equal proportion
with E-isomer 9 (entry 2). Dideprotected byproduct 10was
detected only as traces using both PPL and Amono PS.
However, when Candida antarctica lipase B (CAL-B) was
used, the hydrolysis took place rapidly with excellent selec-
tivity toward the trans acetyl group givingmonoacetate 8 in
83% yield in only 16 h (entry 3) and no trace of E-isomer
was detected. In addition, the high reactivity of this lipase
led also to 11% of diol 10. The structures of both isomer 8
and 9 were clearly determined by NOESY experiments.
Compound 8 was then reacted under Mitsunobu condi-

tions with several previously N(Bz) or N(Boc) protected
pyrimidine and purine bases in the presence of PPh3 and
DIAD in THF at 70 �C to afford the coupling product
11�16 with satisfactory yields (Scheme 4).26 The N9-
alkylation for purine derivatives 15 and 16 has been
confirmed by HMBC experiments.
The reaction of 11 or 12 with NH3/MeOH or K2CO3/

MeOH did not provide the expected acyl deprotection but
a diene derivative resulting from the 1,4-elimination of the
R-phosphorus acidic proton andAcgroup.We thus turned
our attention to enzymatic hydrolysis. However, neither
CAL-B nor PPL gave satisfactory results at neutral pH.
Finally, compounds 11 and 12 were deprotected using
para-toluene sulfonic acid (pTSA) in refluxing MeOH to
afford 17 and 18, respectively. Although the allylic acetate
is rapidly cleaved, the modest yield is due to the stability of

the benzoyl group under acidic conditions (Scheme 5).
N(Boc)-protected derivatives were more easily didepro-
tected usingmethanolic 1MHCl affording 19�21 in good
yields. The 6-chloropurine derivative 16 was converted to
hypoxanthine 22 using aqueous formic acid. Methylpho-
sphonates were then converted to phosphonic acids by
treatment with bromotrimethylsilane in the presence of
2,6-lutidine to avoid bromination of the free methylhy-
droxy group (not described).27

In conclusion, this is the first preparation of trisubstituted
alkenyl nucleoside phosphonates using an ultrasound-
assisted olefin cross-metathesis, regioselective chemoenzy-
matic deacetylation, and Mitsunobu coupling sequence.
The antiviral evaluation of the phosphonic acid form of
these new ANPs will be reported in due course.
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Scheme 4. Mitsunobu Conditionsa

aReactions were performed using nucleobase, monoacetate 8

(1.5 equiv), PPh3 (1.5 equiv), DIAD (1.5 equiv) in THF (0.05 M) at 70 �C
during 20 h under N2.

Scheme 5. Deprotection under Acidic Conditions
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