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Abstract

The natural product and potent agonist of theD-myo-inositol 1,4,5-trisphosphate receptor, adenophostin A, was
synthesised from adenosine andD-glucose using efficient methodology. The synthetic material was equipotent
with naturally occurring adenophostin A in evoking Ca2+ release from the intracellular stores of permeabilised
cells. © 2000 Elsevier Science Ltd. All rights reserved.

The second messenger role ofD-myo-inositol 1,4,5-trisphosphate [Ins(1,4,5)P3, 1] in mediating the
release of Ca2+ from intracellular stores on binding to its own ligand-gated receptor is well established.1

In conjunction with pharmacological investigations the synthesis of many Ins(1,4,5)P3 analogues has
provided insights into the structural motifs required for binding and Ca2+ release at the Ins(1,4,5)P3

receptor,2 although synthetic analogues with potency exceeding that of Ins(1,4,5)P3 have yet to be
synthesised.

The discovery in 1993 of adenophostins A and B (Fig. 1;2 and 3),3 isolated from a culture broth
of Penicillium brevicompactum, brought with it a new perspective on the pharmacophore required for
activity at Ins(1,4,5)P3 receptors. Both molecules were found to be 10- to 100-fold more potent than
Ins(1,4,5)P3 in releasing intracellular Ca2+ from permeabilised cells and in competitive receptor-binding
assays.4,5 This was the first time that derivatives of a core structure other than inositol had exhibited
Ins(1,4,5)P3-like activity. Although the adenophostins seem structurally quite different to Ins(1,4,5)P3,
they do possess certain direct similarities, i. e. the 3′′,4′′-(bisphosphate)/2′′-hydroxyl triad and the 4,5-
(bisphosphate)/6-hydroxyl motifs, respectively, together with another phosphate group (these crucial
features for activity are highlighted green in Fig. 1, although the suspected importance of the 2′′-hydroxyl
group of2has yet to be formally established). Syntheses of chiral inositol phosphates and their derivatives
have, in the main, been by means of long multistep routes and resolution of intermediates is normally
required.2 Because they offer a template for the design of new classes of the chiral Ins(1,4,5)P3 receptor
ligand based upon carbohydrates rather than cyclitols, the adenophostins are of considerable interest as
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starting points for novel synthetic potential signal transduction modulators. Adenophostin A itself is also
now finding widespread use as a pharmacological tool to investigate cell signalling mechanisms.6

Fig. 1. Structures of Ins(1,4,5)P3 1, adenophostin A2 and adenophostin B3

In an effort to elucidate the structural motifs responsible for the extraordinary activity of the ade-
nophostins we and others have synthesised several analogues of adenophostin A.5,7–12 There have also
been two syntheses of adenophostin A itself.13,14 As part of a more general synthetic programme we
also required an efficient route to the natural molecule and we now report here a total synthesis of
adenophostin A.

A synthetic strategy† involving the glycosidation of a regioselectively protected adenosine-based
acceptor (9) with a regioselectively protected glucosyl phosphite donor (10) was adopted (Scheme 1).
First, a novel route to a suitably protected adenosine-based acceptor was devised. The 2′,3′-diol of
adenosine was protected by treatment of adenosine with freshly distilledp-methoxybenzaldehyde in the
presence of triethyl orthoformate and drypTSA15 at 35−40°C to give the 2′,3′-O-p-methoxybenzylidene
acetal (4) as a ca. 3:2 diastereoisomeric mixture as judged by1H NMR spectroscopy. Selective protection
of the N6-position with a dimethoxytrityl (DMTr) group in the presence of the free 5′-hydroxyl group
was accomplished by a one-pot reaction. Thus, the free 5′-hydroxyl of 4 was transiently protected
as a trimethylsilyl (TMS) ether using chlorotrimethysilane in pyridine;16,17 subsequent addition of
dimethoxytrityl (DMTr) chloride resulted in the introduction of a DMTr group at the N6-position of
the adenine moiety. The transient TMS ether was then cleaved by addition of concentrated aqueous
ammonia solution to give5 in 97% yield after column chromatography. Initial attempts to benzylate
the 5′-hydroxyl of 5 with sodium hydride and benzyl bromide in DMF only resulted in a poor yield;
therefore, an alternative method was sought. Benzylation of the 5′-hydroxyl was finally achieved in high
yield by heating a solution of5 in a mixture of dioxane and benzene, in the presence of benzyl chloride
and potassium hydroxide.18 Finally, thep-methoxybenzylidene acetal of the resulting6 was reductively
cleaved using DIBAL-H in dichloromethane to give the required9 and its more polar regioisomer, in a ca.
3:2 diastereoisomeric mixture as judged by1H NMR spectroscopy. The crude products from the treatment
of 6 with DIBAL-H were converted to their 3′- and 2′-O-acetates, respectively, using standard conditions
to enable their separation by careful column chromatography and identification, since in both1H NMR
spectra of8 and7 there were deshielded protons corresponding to the respective acylated positions. Once

† All new compounds exhibited satisfactory spectroscopic and analytical data in accord with their structure.
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Scheme 1. Synthetic route to adenophostin A. Reagents and conditions: (i)p-methoxybenzaldehyde, triethyl orthoformate,
pTSA, 35–40°C; 90%; (ii) (a) TMSCl, pyridine; (b) DMTrCl; (c) NH4OH; 97% yield; (iii) BnCl, KOH, benzene, dioxane,
reflux, 95%; (iv) (a) DIBAL-H, CH2Cl2,−78°C; (b) Ac2O, pyridine;8 (55% yield),7 (38% yield); (v) NH4OH, MeOH, 100%;
(vi) AgClO4, ZnCl2, dioxane, toluene, 4 Å sieves, 53%; (vii) CF3COOH, CH2Cl2, 81%; (viii) (a) (BnO)2PNPri 2, imidazolium
triflate; (b) MCPBA,−78°C; 70% yield over two steps; (ix) wet Pd(OH)2/C, cyclohexene:MeOH:H2O, 14:7:1, reflux, 92%.
DMTr=dimethoxytrityl, PMB=p-methoxybenzyl, Bn=benzyl
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identified, the 3′-O-acetyl derivative was then treated with methanolic ammonia to furnish the desired
glycosyl acceptor in quantitative yield.

The desired glucopyranosyl phosphite donor was synthesised essentially using a method that we
reported recently.12b This glycosyl donor10 and acceptor9 were coupled together in a mixture of
dioxane and toluene19 with dry zinc chloride and silver perchlorate as promoters in the presence of 4
Å molecular sieves.20 Theα-coupled11was the sole isolated product, with the formation of the required
1,2-cis linkage being confirmed by the H-1′′ resonance in the1H NMR spectrum of11, which appeared
as a doublet with a small axial–equatorial coupling constant (δH 5.22,J 3.4 Hz). Deprotection of all
the acid-sensitive groups with TFA in dichloromethane led to the required triol12. Phosphitylation of
12 was accomplished by a recently reported method which does not necessitate prior protection of the
adenine N6-position; if a stoichiometric amount of imidazolium triflate is employed as phosphoramidite
activator, selective hydroxyl phosphitylation can be achieved.21 Thus, 12 was phosphitylated with a
mixture of bis(benzyloxy)(diisopropylamino)phosphine and imidazolium triflate in dichloromethane. As
may be expected, monitoring the reaction by TLC indicated that phosphitylation with imidazolium triflate
instead of tetrazole was more sluggish. On complete conversion of starting material into the trisphosphite
the reaction mixture was cooled to−78°C before oxidation to the trisphosphate with MCPBA.

Deprotection of the fully protected adenophostin precursor13 proved difficult, with the benzyl ethers
being particularly stable. Initial attempts with sodium and liquid ammonia were unsuccessful. Catalytic
hydrogenation was also less than satisfactory. Compound13 was treated separately with 10% palladium
on carbon, palladium black and 20% palladium hydroxide and, while use of the former two catalysts
was unsuccessful, the latter was very slow, with complete deprotection taking 5 days, and this was
accompanied by a low yield. Complete deprotection in high yield was finally achieved via catalytic
transfer hydrogenation.22 A solution of13was refluxed in a mixture of methanol, water and cyclohexene
with 20% palladium hydroxide for 2.5 h. Following removal of the catalyst, the crude product was
purified on an MP1 AG ion exchange resin column, being eluted with a gradient of 0–100% 150 mM
TFA. Adenophostin A was isolated as the free acid {[α]D

18=+41.6,c 0.5 in H2O} and subsequently
converted to the hexakis–sodium salt {[α]D

25=+28.8,c 0.7 in H2O13}. Quantification was accomplished
by UV assay. Both the1H and31P NMR spectra and the negative ion FAB mass spectrum of2 were in
agreement with those reported previously for both natural3 and synthetic adenophostin A.13,14Synthetic
adenophostin A had the same retention time as a sample of authentic natural material as investigated by
reverse phase HPLC on an ODS column (using as eluent a gradient of 10–30% acetonitrile and 0.05 M
phosphate buffer, containing 0.1% w/v of tetrabutylammonium hydrogen sulphate, acting as an ion-pair
reagent).

This approach to the assembly of the glyconucleoside component of adenosphostin A is more similar
to that used by Hotoda et al.13 than that of van Straten et al.,14 which involved a very different convergent
approach whereby the adenine base was introduced onto a disaccharide intermediate using Vorbrüggen
condensation methodology. The present strategy, however, offers several advantages over that of Hotoda
et al.13 The glycosyl donor is prepared in final form and no further unnecessary protecting group
manipulation is required after coupling. The phosphite donor is easy to synthesise in high yield, giving
completeα-selectivity on coupling. For the glycosyl acceptor ‘permanent’ 5′-protection is clearly highly
desirable using e.g. a benzyl group; this is, however, not compatible with the N6-benzyl protection as used
previously13 and also widely in nucleoside chemistry, since concomitant N6-alkylation is an undesirable
consequence. N6-Dimethoxytrityl protection has not been used widely before, but offers here the clear
advantage that the protecting group can be removed in one step under acidic conditions and in high yield
simultaneously with the threep-methoxybenzyl groups, without the disadvantage of other protecting
groups being affected.13 This provides a highly attractive strategy in concert with the latest methodology
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for phosphitylation without amino group protection21 and our present route stands as one of the first
examples of the application of this useful advance. Finally, our strategy permits the fully protected
trisphosphate to be deprotected in one step to give adenophostin A.

The effects of synthetic adenophostin A, natural adenophostin A and Ins(1,4,5)P3 on unidirectional
45Ca2+ efflux from the intracellular stores of permeabilised rat hepatocytes5 were determined (Fig. 2)
using the following method: permeabilised hepatocytes were loaded to steady state (5 min at 37oC)
with 45Ca2+ in a cytosol-like medium (140 mM KCl, 20 mM NaCl, 2 mM MgCl2, 1 mM EGTA, 300
µM CaCl2, 20 mM PIPES, pH 7.0) containing ATP (1.5 mM), creatine phosphate (5 mM) creatine
phosphokinase (5 units/ml) and carbonyl cyanidep-trifluoromethoxyphenylhydrazone (10µM). After
5 min, thapsigargin (1.25µM) was added to the cells to inhibit further Ca2+ uptake; 30 s later the cells
were added to appropriate concentrations of the agonists and after a further 60 s the45Ca2+ content
of the stores was determined by rapid filtration. Concentration–response relationships were fitted to a
four parameter logistic equation using Kaleidegraph software from which the maximal response, half-
maximally effective agonist concentration (EC50) and Hill slope (h) were determined, as shown in
Table 1. Clearly, synthetic adenophostin A from this route is equipotent with the natural material and
is approximately an order of magnitude more potent than Ins(1,4,5)P3.

Fig. 2. Ca2+ mobilisation evoked by natural and synthetic adenophostin A, and Ins(1,4,5)P3. Results (mean±SEM, n=3 or 4)
show the concentration-dependent effects of Ins(1,4,5)P3 (black), natural (blue) or synthetic (red) adenophostin A on Ca2+

release from the Ins(1,4,5)P3-sensitive intracellular Ca2+ stores of permeabilised rat hepatocytes

We have modelled23 adenophostin A and compared its conformation to that of Ins(1,4,5)P3 in complex
with an Ins(1,4,5)P3 binding protein, obtained from a crystal structure analysis.24 The results are shown
in Fig. 3 and illustrate how the three phosphate groups of1 can mimic those of2. The positioning of the
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Table 1
Data for agonist-induced Ca2+ release from permeabilised rat hepatocytes: results are expressed as
mean±SEM; percentage release is expressed as a % of the total Ca2+ pool;n=number of experiments

2′-phosphate group is clearly of crucial importance. It seems likely that hydrophobic interactions of the
adenine base with the receptor are important in underlying the unusual activity of adenophostin A.

Fig. 3. Comparison of conformations of1 and 2. Left: structure of Ins(1,4,5)P3 taken from the X-ray crystal structure of
the phospholipase C-δ1 pleckstrin homology domain complex with Ins(1,4,5)P3.24 Right: representative energy-minimised
conformer of adenophostin A obtained from molecular dynamics simulations at 300 K23

In summary, we have designed an efficient synthesis of adenophostin A and have demonstrated the
authenticity of the product. This route should facilitate the preparation of structurally modified analogues
to explore the utility of such compounds for pharmacological intervention in the polyphosphoinositide
pathway of cellular signalling.
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