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The efficient through-membrane transport of GMP at neutral pH in a model three-phase H2O±CHCl3±H2O bulk liquid

membrane system was achieved when a lipophilic phosphonium and tert-butyldimethylsilyl (TBDMS)-protected cytidine

were used together as joint co-carriers.

A large number of phosphorylated nucleotide analogues
that have been shown to exhibit potential antiviral activity
in cell-free extracts are inactive in vivo owing to their
inability to penetrate lipophilic cell membranes.1 Therefore,
there has been increasing e�ort to construct receptor-based
carriers.2 However, there are a few arti®cial carrier systems
known which are capable of transporting phosphate-bearing
nucleotides through organic liquid membranes.3 Simple lipo-
philic ammonium ions bearing long hydrocarbon chains
allow phosphate anion extraction into an organic phase and
render liquid membranes permeable to the anion by an
anion exchange process.3a±c, f,g However, structurally similar,
lipophilic phosphonium ions have seldom been adopted as
anion carriers.3k,4 In this paper we wish to report e�cient
extraction and transport of 5'-GMP (guanosine 5'-mono-
phosphate) at neutral pH by a combination of a triphenyl-
alkyl phosphonium cation (2 or 3) and lipophilic, TBDMS-
protected cytidine (4) as a co-carrier.
Transport experiments were performed using the standard

U tube methodology.3d,5 The transport rate was monitored
at 260 nm by the initial appearance of GMP in the receiving
phase. In comparison with trioctylmethylammonium chlor-
ide (TOMA�Clÿ),3c,6 1 (Fig. 1) shows a relatively better
extractability and transport rate for simple organic anions
(carboxylate, sulfonate and phenolate) and highly hydro-
philic nucleotide monophosphates (AMP and GMP), which
is presumably owing to the more lipophilic character of
the phosphonium salt. Comparing a series of organic
anions having similar molecular sizes [ p-CH3C6H4SO3

ÿ,
p-O2NC6H4COOÿ, o,o',p-(O2N)3C6H2O

ÿ], the anion carrier
1 exhibited a moderate transport selectivity: carboxylate >
sulfonate > picrate. This transport trend of 1 is similar to
that of a TOMA phase-transfer reagent.
The monophosphonium salt 2 and the diphosphonium

salt 3 were synthesized to test the possibility of the selective
transport of the monobasic or dibasic form of GMP. There
exist qualitative correlations between the extraction and the
transport data, as shown in Table 1. GMP is dissociated
mostly into its monoanionic form (GMPÿ) at pH 5, while it
exists predominantly in its doubly charged, dianionic, form
at neutral pH. A concentration-dependent extraction study
has provided valuable information on the mode of inter-
action between the monophosphonium carier 2 (or diphos-
phonium carrier 3) and GMP. When aqueous solutions
containing varying amounts of GMP were shaken with
a chloroform solution of 2 (1.0� 10ÿ5 mol dmÿ3), the maxi-
mum extractability of GMP was 92% at pH 5 and 55% at
pH 7. This result supports the assertion that 2 undergoes
formation of a 1:1 carrier 2-GMP complex (6) at pH 5 and
a 2:1 carrier 2-GMP complex (7) at pH 7 in the organic
phase (Fig. 2). Similar concentration-dependent extraction
studies in the case of the diphosphonium carrier 3 supports
the formation of a 1:2 carrier 3-GMP complex (8) at pH 5

and a 1:1 carrier 3-GMP complex (9) at pH 7 in the organic

phase (Fig. 2). Since formation of the bimolecular complex

6 between 2 and the monobasic form of GMP is entropically

more favourable than formation of the termolecular com-

plex 7 between two molecules of 2 and the dibasic form of

GMP, 2 transports GMP more e�ciently at pH 5 than at

pH 7. Carrier 3 extracts and transports more e�ciently than

2, presumably because of the higher e�ective molarity of the

phosphonium ion in 3. Especially, the transport rate for

GMP by 3 at pH 7 is better than that by 2 for entropic

reasons: formation of the bimolecular complex 9 is entropi-

cally more favourable than formation of the termolecular

complex 7.
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Fig. 1 Components for the transport of guanosine
5'-monophosphate

Table 1 Extraction and transport of GMP by synthetic carriers 2
and 3 and co-carriers 4 and 5

Extraction (%)a
Transport rateb/
10ÿ10 mol hÿ1 cmÿ2

Carrier pH 5.0 pH 7.0 pH 5.0 pH 7.0

2 7 4 0.72 0.40
2�4 38 25 13.5 5.5
2�5 10 5 1.50 0.73
3 10 8 0.96 0.92
3�4 45 41 15.0 25.7
3�5 15 10 1.55 1.80

a2 or 3 0.010 mol dmÿ3/CHCl3 (5 ml) GMP 1.0�10ÿ4 mol dmÿ3/
H2O, pH 5.0 and 7.0. bSource phase: GMP 1.0�10ÿ1 mol dmÿ3/
H2O (the specified pH values were adjusted by addition of a
small amount of HCl or NaOH solution). Receiving phase:
NaBr 2.5�10ÿ2 mol dmÿ3/H2O (4 ml) (pH 5.0 and 7.0).
Organic phase: 2 or 3 2.5�10ÿ3 mol dmÿ3/CHCl3 (8 ml);
[4] (or [5]) � 1.25�10ÿ1 mol dmÿ3.*To receive any correspondence (e-mail: jihong@plaza.snu.ac.kr).
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Our system is expected to mediate more e�cient through-

membrane transport of GMP with the aid of base-pairing
in either inter- or intra-molecular fashion.3e,h,i,7 (A lipophilic
cytidine-substituted phosphonium carrier showed improved

transport of GMP in comparison with the joint co-carrier
system.3k) To e�ect better through-membrane transport

of nucleotide monophosphates by a phosphonium cation,
an organic-soluble nucleobase was used as a co-carrier.7

Phosphonium cations (2 and 3) and lipophilic cytidine (4)

function as a cooperative binary carrier system7 in which
the nucleoside is expected to undergo novel hydrogen bond-
ing with the nucleobase portion of GMP as shown in Fig. 3.
In fact, at either pH 5 or pH 7, in the presence of lipo-

philic cytidine (4) as a co-carrier, moderate rate and extrac-
tability enhancements were observed as expected (Table 1).
A joint co-carrier system showed a better transport rate
than the phosphonium carrier, by a factor of 2±3, when an
equimolar amount of the phosphonium salt and the nucleo-
base was used. Increasing the concentration of the co-carrier
led to better GMP transport as can be seen from Table 1.
The combination of 2 and 4 displays a better transport rate
at pH 5 than at neutral pH. In contrast, in the presence of
4, 3 was found to be a more e�ective carrier at neutral pH
than at pH 5, presumably owing to the entropically more
favourable termolecular complex formation at neutral pH,
as shown in Fig. 3. However, a control experiment employ-
ing a noncomplementary nucleobase (TBDMS-protected
uridine, 5) and a phosphonium salt (2 or 3) led to decreased
transport of GMP compared with the complementary
nucleobase±phosphonium joint co-carrier system. This indi-
cates that selective base pairing contributes to increased
transport. A lipophilic cytidine itself is not able to transport
GMP, which shows the importance of phosphate anion
solubilization by a phosphonium cation in CHCl3 for GMP
transport.3k

In conclusion, we have demonstrated that the e�cient
transport of a normally organic-insoluble GMP at neutral
pH can be achieved by using appropriately designed lipo-
philic cytidine±phosphonium joint co-carriers.7
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Fig. 3 Plausible ternary transport complexes formed from 2
(or 3), 4 and GMP

Fig. 2 Proposed structures for the transport complexes (6±9)
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