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Tin-mediated synthesis of lyso-phospholipids†
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1-O-Acyl-sn-glycero-3-phosphocholine and 1-O-acyl-sn-glycero-3-phosphoric acid have been prepared
selectively and with high yields from the corresponding diols, glycerophosphoryl choline and
glycerol-3-phosphate. Starting from the diols, the activated tin ketals were prepared in 2-propanol by
reaction with dialkyltin oxide. The intermediates were acylated in the same solvent with long-chain
fatty acid chlorides, giving the corresponding 1-acyl-lyso-phospholipids in high yield and with complete
regioselectivity. The catalytic nature of the tin-mediated acylation and the relevance of the solvent are
discussed.

Introduction

Lysophospholipids (LPL) are glycerophospholipids in which
one hydroxyl group in the glycerol backbone is acylated. The
combination of hydrophilic and lypophilic parts in one molecule
in the presence of a free hydroxyl group confers special properties
to LPLs. Their presence modulates the rigidity and stability of cell
wall structure as well as that of model artificial membranes.1 LPLs
are widely distributed in Nature both in animals and plants, even
though they represent only a small fraction of the cellular lipid
component.2 Phosphocholines bearing an acyl chain in the sn-1-
position, 1-O-acyl-sn-glycero-3-phosphocholine (1-O-Acyl-PC),
or in the sn-2 position, 2-O-acyl-sn-glycero-3-phosphocholine (2-
O-Acyl-PC), have been studied and synthesised.3

LPLs have recently become the focus of special attention, after
it was discovered that in addition to their role in phospholipid
metabolism they also function as secondary messengers, exhibiting
a broad range of biological activities in their own right.4–7

It is widely accepted that availability of synthetic natural
products is of fundamental importance for solving biomedical
problems.8 Thus synthetic LPC, lysophosphatidic acid (LPA) and
related LPL analogues are needed to elucidate their mechanism
of action, and to study the enzymes involved in their metabolism.
Moreover, they are the key intermediates in the synthesis of all
structured phospholipids. Total synthesis of 1-LPC, LPA and 1-
O-acyl-sn-glycero-3-phosphoinositol (1-LPI)9 have been reported.
A general method for the preparation of these compounds is the
phospholipase A2 (PLA2) catalyzed removal of the acyl chain in
position sn-2 of a naturally occurring or synthetic phospholipid.
When natural phosphatidylcholine (PC) is used as a starting
material, LPLs with mixed fatty acid compositions at position 1

aDipartimento di Chimica, Materiali e Ingegneria Chimica, G. Natta
Politecnico di Milano, Via Mancinelli 7, 20131, Milano, Italy. E-mail:
stefano.servi@polimi.it; Fax: +39 2 23993080; Tel: +39 2 23993047
bChemi SpA, Patrica (Fr), Italy
† Electronic supplementary information (ESI) available: General exper-
imental procedures, detailed experimental conditions, copies of 1H and
13C NMR spectra and ESI MS spectra, and an HPLC trace for a typical
reaction. See DOI: 10.1039/b604636c
‡ Current address: University of Puerto Rico at Humacao, Department of
Chemistry, CUH Station, Humacao 00791, Puerto Rico

are obtained. Alternatively, the removal of a fatty acid chain from
structured phospholipids of synthetic origin allows the formation
of compounds with a defined composition of the acyl chain at
position sn-1. However, synthesis of structured phospholipids
is a multi-step process in itself, starting from enantiomerically
pure glycerol derivatives, through tedious protection–deprotection
steps and then the introduction of the phosphoryl group.10,11 Such
a complex synthetic strategy is not suitable for large-scale prepara-
tion, and hence the use of deacylated glycero-phospholipids, easily
obtainable by alcoholysis of abundant natural phospholipids (PC
or phosphatidyl ethanolamine, PE), as a more viable strategy.11 A
convenient procedure then, is the mono-acylation at position 1 of
glycerophosphoryl choline (GPC) 2 (Scheme 1).12 Compounds of
type 2 can be transformed into phospholipids of general structure
5, through 4 → 3.9h,12a However, a direct, selective method of mono-
acylation is not available. As a complement to this strategy, we wish
to report the synthesis of 1-O-acyl-phospholipids starting from
glycerophospholipids, exploiting the high reactivity and selectivity
of stannylene ketals formed in situ (Scheme 1, dashed arrow).

Results and discussion

Tin-mediated mono-functionalisation of polyols allows us to
achieve two main objectives: high regio- and chemo-selectivity
and rate enhancement.

In compounds containing three or more hydroxyl groups, the re-
gioselectivity is the prevalent aspect of the reaction and it has been
applied in the selective functionalisation of carbohydrates.13 In
compounds containing primary and secondary hydroxyl groups,
functionalisation at the primary group prevails. Advantages over
conventional chemical acylation are the short reaction time
and the higher selectivity.14 In most reaction protocols, usually
on model substrates, dibutyltin oxide (DBTO) is used in a
stoichiometric amount in a solvent which must be able to dissolve
the diol. For this reason methanol has usually been employed as
a medium, particularly in carbohydrate chemistry. Under these
conditions, large amounts of acylating agent are consumed by
reaction with the solvent. In some cases the catalytic function
of the tin ketal has been demonstrated on model compounds
(phenylethanediol), but the application to very polar compounds

2974 | Org. Biomol. Chem., 2006, 4, 2974–2978 This journal is © The Royal Society of Chemistry 2006



Scheme 1 Possible ways from natural lecithins to 1-acyl-LPL.

is hampered by the low solubility and low reaction rates when a
non-polar medium is used. We have recently shown that in the
benzoylation of phenylethanediol in the presence of DBTO, the
initially formed tin ketal acts in subsequent steps as the active
catalyst of the reaction.15 Several tin ketals obtained from DBTO
and different alcohols (MeOH, 2-PrOH) undergo exchange in the
presence of 1,2-diols, forming primarily the corresponding diol
ketal, which becomes the catalytically active species. If the diol
is not appreciably soluble in the reaction mixture, the formation
of the active ketal is limited and the reaction does not proceed
with the expected mechanism. Applied to the acylation of a
glycerophospholipid, the catalytic cycle can be represented as in
Scheme 2.

The same mechanism has previously been proposed for the
tin-catalysed sulfonylation of diols.16 We present here a reaction
protocol based on the generation of a diol–tin ketal derived from
a glycero-phospholipid in a protic solvent and its reaction with an
acyl chloride to give the 1-LPLs with absolute selectivity and high
yield.

Choice of the solvent

Since non-acylated glycerophospholipids are not soluble in non-
protic organic solvents, the choice of the solvent is critical. This
observation finds proof in the different reaction yields obtained
with the use of different solvents.

In the first experiment, GPC was suspended in a solvent of
low polarity (MTBE, toluene) in the presence of 1 eq. of DBTO,
and the suspension refluxed for 24 h. The mixture was cooled to
0 ◦C and treated with 1.2 eq. of acylating agent (acid chloride)
and 1.2 eq. of triethylamine (TEA). After 15 min at rt, the
mixture was analyzed: only a low conversion was observed (3–
15%), comparable to the one obtained in the absence of the tin
compound. When the experiment was repeated in methanol and
in 2-propanol, the conversions were 40% and >90% respectively.
These results suggest that in non-protic solvents, there is no
catalytic effect from the presence of the tin compound, since either
the ketal is not formed due to the low solubility of the diol or it is
not appreciably soluble. In protic solvents, the tin ketal is readily

Scheme 2 Catalytic cycle for the tin-mediated monoacylation of glycerophospholipids.

This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2974–2978 | 2975



formed and the reaction proceeds at a higher rate than in the
absence of the tin species. In methanol the conversion is limited
due to the competitive acylation of the solvent.

In a second set of experiments, GPC was treated with 1 eq. of
DBTO in methanol (2.5 g in 100 ml) and the suspension refluxed
for 3 h. This treatment afforded a clear solution, presumably
containing the corresponding tin-ketal.17 The solvent was removed
from the clear solution and the residue resuspended in the series of
non-protic solvents as above, and treated with the acylating agent
under the same conditions as described before. The conversions
observed with this procedure are between 3% (MTBE) and 22%
(DMF), suggesting that the solubility of the ketal controls the
entire reaction cycle. Suspending the crude material obtained from
the above treatment in 2-propanol and treating it further with acid
chloride and base led to an excellent yield of the mono-acylated
compound, with an excellent selectivity as well. Thus, the synthesis
of tin-ketal was then performed directly in 2-propanol, and these
conditions proved to be the most efficient for the mono-acylation
of GPC; in fact, esterification of the solvent does not occur at a
comparable rate. GPC was refluxed for 1 h in 2-propanol in the
presence of 1 eq. of DBTO at a concentration of 2.5 g in 100 ml. The
reaction was cooled to 25 ◦C and treated with 1.2 eq. of acylating
agent and 1.2 eq. of TEA. The mixture was stirred at rt for 15 min.
HPLC analysis of the reaction showed a 95% yield of 1-LPC. The
product was purified by extraction and crystallisation, as described
in the Experimental section. The positional purity was evaluated
from HPLC, 1H and 13C NMR, and showed no detectable trace
of the isomeric mono-acyl derivative.10b,g,h The thermodynamic
mixture of 1-LPC and 2-LPC obtained by acyl migration of one
fatty acid chain from the sn-1 to the sn-2 position and vice versa
was formed in slightly acidic conditions or in methanol solution in
a time-dependent manner. On the other hand, acylation of GPC
without the formation of tin ketal gave the usual ratio of isomers
with a much lower reaction rate. The amount of acylating agent
determines the conversion when methanol is used as a solvent. In
the case of 2-propanol, an optimum of conversion was obtained
with 1.2 eq. of palmitoyl chloride at rt (97%). As an alternative to
the acid chloride, palmitoyl anhydride, palmitic acid and methyl
palmitate were used. In the case of anhydride, 15% conversion
was observed, while there was no reaction with the ester or the
carboxylic acid. Using 4-(dimethylamino)pyridine (DMAP) as the
base had no advantages over TEA, which was required in a 1 : 1
ratio with the acyl chloride.

Acylation of the preformed tin intermediate obtained as de-
scribed was strongly dependent on the solvent used. Using 1.2 eq.
of palmitoyl chloride in 40 volumes of solvent at rt for 15 min,
the conversions ranged from 3% for MTBE to 22% for DMF,
the remaining solvents giving conversions in the following order:
CHCl3 < t-BuOH < CH3CN < CH2Cl2 < Tol < THF < DMF.

Catalytic nature of the tin-mediated acylation

During the reaction of GPC with DBTO, the 31P NMR spectra
of the mixture showed a peak attributed to the tin ketal, which
never exceeded 40%.18 Since in these conditions the conversion
with respect to the acylating agent was close to 100%, the data
confirms a catalytic mechanism.

We have recently shown in the simple benzoylation of
phenylethanediol that the tin ketal formed in situ by reaction of an

alkyltin oxide with the diol (or preformed in a separate reaction
and treated with the acylating agents in the presence of a base)
is itself the catalyst of the acylation. Thus GPC was refluxed in
2-propanol in the presence of 5 mol% of DBTO and the mixture
then treated as previously described. After 15 min reaction, the
conversion in this case also exceeded 90%.

Significance of the tin-mediated acylation of glycerophospholipids

When compared to other methods of mono-functionalisation of
GPCs, the present approach gives mono-acyl derivatives free from
the regioisomer usually produced by reaction protocols involving
the use of acidic conditions during the reaction or in the isolation
procedure. The possibility of forming the stannylene ketal and the
successive acylation reaction in a protic solvent that does not inter-
fere with the acylation reaction is the key point of the procedure.
The method is general, giving comparable yields with saturated
and unsaturated fatty acid derivatives of different lengths. Thus,
in completely identical procedures, 1-stearoyl-, 1-lauroyl- and 1-
oleyl-LPCs were obtained. The method is applicable also to the
acylation of 3-glycerophosphate (GPA). Glycerophosphoric acid
disodium salt, insoluble in 2-propanol, was transformed into the
mono-DMAP salt to improve its solubility. This was suspended in
2-propanol and refluxed in the presence of Bu2SnO, leading to a
soluble tin ketal derivative. Palmitoylation with 1.2 eq. of the acid
chloride in the presence of 1.2 eq. of TEA was rapid, complete
and selective, giving 1-palmitoyl-LPA with more than 90% yield
(Scheme 3) and again free from the regioisomer. The selectivity
and reaction rate observed in this case are particularly surprising
due to the highly functionalised nature of the molecule. Removal
of the tin-containing material from the products was achieved
with a selective extraction/precipitation procedure followed by
crystallisation (see Experimental). The use of catalytic amounts of
tin reagents or an immobilised catalyst should allow an easier and
complete removal of tin from the reaction mixture.19

Scheme 3 Reagents and conditions: i) 2-PrOH, DBTO, reflux; ii) TEA,
R′ ′ ′COCl, rt.

Conclusions

Glycerophosphorylcholine, easily obtained from natural lecithins
by purification-hydrolysis, is the natural synthon from which most
structured phospholipids can be obtained, through the sequential
introduction of acyl chains and eventual modification of the polar
head via transphosphatidylation reaction catalysed by phospho-
lipase D. However, mono-functionalisation of glycerophosphate
derivatives is not efficient due to their low solubility in organic
solvents and the low selectivity of the acylation step. We have
shown in this paper that mono-acylation of the tin ketal (easily
prepared from either a stoichiometric or a catalytic amount
of dialkyltin oxides or their equivalent), can be performed in
2-propanol, in which the solubility and reactivity of GPC is
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appreciable, and the acylation of the solvent by the long-chain
fatty acid chlorides of little significance. Under these conditions,
the formation of 1-acyl-LPC is rapid and complete. The reaction
has also been applied to the preparation of 1-acyl-LPA from (R)-
glycerophosphate with high yields and selectivity.

Experimental

1-O-Hexadecanoyl-sn-glycero-3-phosphocholine (1-O-Palm-PC)

GPC (10 g, 39 mmol) and DBTO (10.65 g, 43 mmol) were
suspended in 2-propanol (400 ml) and refluxed for 1 h. The
mixture was cooled to 25 ◦C, and treated with TEA (6.5 ml,
47 mmol) and palmitoyl chloride (12.8 g, 47 mmol). The formation
of the lysoPC and the disappearance of GPC was followed by
HPLC. After 15 min at rt, a sample from the reaction mixture
was analysed (HPLC) and shown to contain 1-palmitoyl-sn-
2-lyso-phosphatidylcholine (97%) and GPC (3%) as the only
phospholipids. The solution was treated with water (400 ml) and
extracted with heptane (400 ml). The water–alcohol solution was
extracted again with heptane (3 × 250 ml). The heptane phase
contained the tin compounds and the product of reaction between
excess palmitoyl chloride and the solvent (isopropyl palmitate).
The water–alcohol solution was evaporated, the residue dissolved
in ethanol (100 ml) and precipitated with acetone (400 ml) at
−10 ◦C, leading to 15 g of a white powder (80%). The product was
crystallised from ethanol (7.5 g, 40%). Elemental analysis showed
a tin content of 90 ppm. 1H NMR and 13C NMR spectra were
identical to those reported in the literature9e,20

1-O-Hexadecanoyl-sn-glycero-3-phosphoric acid DMAP salt
(1-O-Palm-PA)

Glycerol-3-phosphate disodium salt (10 g) was dissolved in H2O
(20 ml) and passed through a column of acidic sulfonic resin
DOWEX 50X8. The solution was treated with DMAP to adjust
the pH to 6, and the solution lyophilised, giving glycerol-3-
phosphate mono-DMAP salt.

GPA mono-DMAP salt (1 g, 5.4 mmol) and DBTO (1.35 g,
3.4 mmol) in 2-propanol (50 ml) were heated under reflux for
2 h. The resulting suspension was then cooled to 25 ◦C in an
ice bath and TEA (1.3 ml, 8.1 mmol) and palmitoyl chloride
(2.2 g, 8.1 mmol) were added dropwise. The reaction was stirred for
15 min at room temperature. After 15 min, a sample of the reaction
mixture was analysed (HPLC) and found to contain 1-palmitoyl-
LPA and GPA in the ratio 91 : 9. The water–alcohol mixture was
treated with 400 ml of water and extracted with heptane. The
water–alcohol solution was extracted again with heptane (3 ×
250 ml). The heptane phase contained the tin compounds and
the palmitoyl ester. The water–alcohol solution was evaporated,
the residue dissolved in ethanol (100 ml) and precipitated with
acetone (400 ml) at −10 ◦C, yielding a white powder (12 g, 75%).
The product was crystallised from ethanol (6 g, 35%). Elemental
analysis showed a tin content of 90 ppm.

1-O-Octadecanoyl-sn-glycero-3-phosphocholine (1-O-Stear-PC)

A suspension of GPC (1.85 g, 7.2 mmol) and DBTO (1.90 g,
7.6 mmol) in 2-propanol (30 ml) was heated under reflux for
1 h. The resulting suspension was then cooled to 25 ◦C in an

ice bath, and TEA (1.2 ml, 7.9 mmol) and stearoyl chloride (2.3 g,
7.9 mmol) were added. The reaction was stirred for 35 min at room
temperature. A sample from the reaction mixture was analysed
(HPLC) and shown to contain 1-stearoyl-LPC and GPC in the
ratio 95 : 5. Isolation of the product was performed as previously
described for the palmitoyl analogue.

1-O-Oleoyl-sn-glycero-3-phosphocholine (1-O-Oleo-PC)

A suspension of GPC (1.85 g, 7.2 mmol) and DBTO (1.90 g,
7.6 mmol) in 2-propanol (30 ml) was heated under reflux for
6 h. The resulting suspension was then cooled to 25 ◦C in an
ice bath, and TEA (1.2 ml, 7.9 mmol) and oleoyl chloride (2.1 g,
7.9 mmol) were added. The reaction was stirred for 35 min at room
temperature. A sample from the reaction mixture was analysed
(HPLC) and shown to contain 1-oleoyl-LPC and GPC in the
ratio 95 : 5. Isolation of the product was performd as previously
described for the palmitoyl analogue.

1-O-Dodecanoyl-sn-glycero-3-phosphocholine (1-O-Laur-PC)

A suspension of GPC (1.85 g, 7.2 mmol) and DBTO (1.90 g,
7.6 mmol) in 2-propanol (30 ml) was heated under reflux for
2 h. The resulting suspension was then cooled to 25◦ C in an
ice bath, and TEA (1.2 ml, 7.9 mmol) and lauroyl chloride (1.6 g,
7.9 mmol) were added. The reaction was stirred for 35 min at
room temperature. A sample from reaction mixture was analysed
(HPLC) and shown to contain 1-lauroyl-LPC and GPC in the
ratio 95 : 5. Isolation of the product was performed as previously
described for the palmitoyl analogue.

References

1 (a) K. Mishima, M. Nakajima and T. Ogihara, Colloids Surf., B, 2004,
33, 185–187; (b) I. Pascher, M. Lundmark and S. H. Sundell, Eibl, Prog.
Colloid Polym. Sci., 1998, 108, 67–75.

2 (a) W. Fang, S. Yu and T. M. Badger, J. Agric. Food Chem., 2003,
51, 6676–6682; (b) N. Noda, R. Tanaka, M. Nishi, S. Inoue and K.
Miyahara, Chem. Pharm. Bull., 1993, 41, 1366–1368; (c) H. Tsujibo, Y.
Miyake, K. Maruyama and Y. Inamori, Chem. Pharm. Bull., 1987, 35,
654–659.

3 (a) Y. A. Kim, M. S. Park, Y. H. Kim and S. Han, Y., Tetrahedron, 2003,
59, 2921–2928; (b) R. Rosseto and J. Hajdu, Tetrahedron Lett., 2005,
46, 2941–2944; (c) H. Eibl and P. Woolley, Chem. Phys. Lipids, 1988,
47, 63–68; (d) N. Baba, T. Kosugi, H. Daido, H. Umino, N. Kishida,
S. Nakajima and S. Shimizu, Biosci., Biotechnol., Biochem., 1996, 60,
1916–1918; (e) H. Eibl, Chem. Phys. Lipids, 1980, 26, 405–429; (f) H.
Eibl, Angew. Chem., Int. Ed. Engl., 1984, 23, 257–271; (g) F. Ramirez
and J. F. Marecek, Synthesis, 1985, 449–488; (h) S. F. Martin, J. A.
Josey, Y. L. Wong and D. W. Dean, J. Org. Chem., 1994, 59, 4805–4820.

4 (a) K. R. Lynch, D. W. Hopper, S. J. Carlisle, J. G. Catalano, M.
Zhang and T. L. MacDonald, Mol. Pharmacol., 1997, 52, 75–81;
(b) D. W. Hopper, S. P. Ragan, S. B. Hooks, K. R. Lynch and T. L.
Macdonald, J. Med. Chem., 1999, 42, 963–970; (c) K. Bandoh, J. Aoki,
H. Hosono, S. Kobayashi, T. Kobayashi, K. Murakami-Murofushi, M.
Tsujimoto, H. Arai and K. Inoue, J. Biol. Chem., 1999, 274, 27776–
27785; (d) S. C. Morash, H. W. Cook and M. W. Spence, Biochim.
Biophys. Acta, 1989, 1004, 221–229; (e) A. Wang, R. Loo, Z. Chen and
E. A. Dennis, J. Biol. Chem., 1997, 272, 22030–22036; (f) L. McPhail,
in Biochemistry of Lipids, Lipoproteins and Membranes, 4th edn, ed.
D. E. Vance and J. E. Vance, Elsevier Science, Amsterdam, 2002,
pp. 315–340; (g) W. R. Vogler, A. C. Olson, M. Shoji, Z. Kiss and
J. F. Kuo, in The Pharmacological Effects of Lipids, ed. J. J. Kabara,
AOCS, Galena, 1989, vol. 3, pp. 314–329; (h) T. Hla, M. J. Lee, N.
Ancellin, J. M. Paik and M. J. Kluk, Science, 2001, 294, 1875–1878;
(i) E. J. Goetzl, Prostaglandins Other Lipid Mediators, 2001, 64, 11–20.

5 (a) Y. Asaoka, M. Oka, K. Yoshida, Y. Sasaki and Y. Nishizuka,
Proc. Natl. Acad. Sci. U. S. A., 1992, 89, 6447; (b) Y. Yuan,

This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2974–2978 | 2977



S. M. Schoenwaelder, H. H. Salem and S. P. Jackson, J. Biol. Chem.,
1996, 271, 27090; (c) Y. Yuan, S. P. Jackson, H. H. Newnham, C. A.
Mitchell and H. H. Salem, Blood, 1995, 86, 4166; (d) J. T. Wong, K.
Tran, G. N. Pierce, A. C. Chan and P. C. Choy, J. Biol. Chem., 1998, 273,
6830; (e) W. Durante, L. Liao, K. J. Peyton and A. I. Schafer, J. Biol.
Chem., 1997, 272, 30154; (f) M. J. Pete and J. H. Exton, Biochim.
Biophys. Acta, 1995, 1256, 367; (g) B. A. Shin, Y. R. Kim, I. S. Lee,
C. K. Sung, J. Hong, C. J. Sim, K. S. Im and J. H. Jung, J. Nat. Prod.,
1999, 62, 1554; (h) J. Min, Y. J. Lee, Y. A. Kim, H. S. Park, S. Y.
Han, G. J. Jhon and W. Choi, Biochim. Biophys. Acta, 2001, 1531,
77.

6 N. Blondeau, I. Lauritzen, C. Widmann, M. Lazdunski and C.
Heurteaux, J. Cereb. Blood Flow Metab., 2002, 22, 821–834.

7 (a) K. Bandoh, J. Aoki, H. Hosono, S. Kobayashi, T. Kobayashi, K.
Murakami-Murofushi, M. Tsujimoto, H. Arai and K. Inoue, J. Biol.
Chem., 1999, 274, 27776–27785; (b) G. Gueguen, B. Gaige, J. M. Grevy,
P. Rogalle, J. Bellan, M. Wilson, A. Klaebe, F. Pont, M. F. Simon
and H. Chap, Biochemistry, 1999, 38, 8440–8450; (c) T. Sugiura, S.
Nakane, S. Kishimoto, K. Waku, Y. Yoshioka, A. Tokumura and
D. J. Hanahan, Biochim. Biophys. Acta, 1999, 1440, 194–204; (d) T.
Stora, Z. Dienes, H. Vogel and C. Duschl, Langmuir, 2000, 16, 5471–
5478.

8 (a) R. Bittman, Chem. Phys. Lipids, 2004, 129, 111–131; (b) T. Stora, Z.
Dienes, H. Vogel and C. Duschl, Langmuir, 2000, 16, 5471–5478; (c) F.
Paltauf and A. Hermetter, Prog. Lipid Res., 1994, 33, 254; (d) J. Hajdu,
Recent Res. Dev. Lipids Res., 1999, 3, 165.

9 (a) S. Ali and R. Bittman, J. Org. Chem., 1988, 53, 5547–5549; (b) P. N.
Guivisdalsky and R. Bittman, J. Org. Chem., 1989, 54, 4643–4648;
(c) P. N. Guivisdalsky and R. Bittman, J. Org. Chem., 1989, 54, 4637–
4642; (d) J. Lindberg, J. Ekeroth and P. Konradsson, J. Org. Chem.,
2002, 67, 194–199; (e) C. E. Burgos, D. E. Ayer and R. A. Johnson,
J. Org. Chem., 1987, 52, 4973–4977; (f) F. Van Middlesworth, M. Lopez,
M. Zweerink, A. M. Edison and K. Wilson, J. Org. Chem., 1992, 57,
4753; (g) C. Virto and P. Adlercreutz, Enzyme Microb. Technol., 2000,
26, 630–635; (h) F. M. Menger and Y. L. Wong, J. Org. Chem., 1996,
61, 7382–7390.

10 (a) R. Rosseto, N. Bibak and J. Hajdu, Tetrahedron Lett., 2004, 45,
7371–7373; (b) N. Bibak and J. Hajdu, Tetrahedron Lett., 2003, 44,
5875–5877; (c) Y. A. Kim, M. S. Park, Y. H. Kim and S. Y. Han,
Tetrahedron, 2003, 59, 2921–2928; (d) J. Xia and Y. Z. Hui, Tetrahedron:
Asymmetry, 1997, 8, 451–458; (e) P. J. A. O’Doherty, N. B. Smith and A.
Kuksis, Arch. Biochem. Biophys., 1977, 180, 10; (f) H. Eibl, O. Westphal,
H. Van den Bosch and L. L. M. Van Deenen, Liebigs Ann. Chem., 1970,
738, 161–169; (g) W. Srisiri, Y. S. Lee and D. F. O’Brien, Tetrahedron
Lett., 1995, 36, 8945–8948; (h) M. M. Ponpipom and R. L. Bugianesi,
J. Lipid Res., 1980, 21, 336–339.

11 R. Bittman, in Phospholipid Handbook, ed. G. Cevc, Marcel Dekker,
New York, 1993, pp. 141–232.

12 (a) S. Servi, in Topics in Current Chemistry, ed. W. D. Fessner, Springer
Verlag, Berlin, 1999, vol. 200, pp. 127–158; (b) P. O. Eriksson, G.
Lindblom and G. Arvidson, J. Phys. Chem., 1987, 91, 846–853; (c) J. F.
Santaren, M. Rico, J. Guilleme and A. Ribera, Org. Magn. Reson., 1982,
18, 98–103; (d) Q. Zhou, Y. Yang, Z. Chen and A. Sun, Chem. Phys.
Lipids, 1998, 95, 1–9; (e) K. Akama, Y. Yano, S. Tokuyama, F. Hosoi
and H. Omichi, J. Mater. Chem., 2000, 10, 1047–1060; (f) N. Baba,
K. Yoneda, S. Tahara, J. Iwasa, T. Kaneko and M. Matsuo, J. Chem.
Soc., Chem. Commun., 1990, 1281–1282; (g) N. Baba, K. Yoneda, J.
Iwasa, S. Tahara, T. Kaneko and M. Matsuo, Indian J. Chem., Sect.
B: Org. Chem. Incl. Med. Chem., 1992, 31, 824–827; (h) K. Yoneda, K.
Sasakura, S. Tahara, J. Iwasa and N. Baba, Angew. Chem., 1992, 1386–
1387; (i) S. L. Regen, A. Singh, G. Oehme and M. Singh, J. Am. Chem.
Soc., 1982, 104, 791–795; (j) D. Arnold, Justus Liebigs Ann. Chem.,
1967, 709, 234–239.

13 (a) D. Wagner, J. P. H. Verheyden and J. G. Moffatt, J. Org. Chem., 1974,
39, 24–30; (b) A. Shanzer, Tetrahedron Lett., 1980, 21, 221; (c) S. David
and S. Hanessian, Tetrahedron, 1985, 41, 643–663; (d) T. B. Grindley,
Adv. Carbohydr. Chem. Biochem., 1998, 53, 17–21; (e) T. Ogawa and M.
Matsui, Tetrahedron, 1981, 37, 2363–2369.

14 F. Iwasaki, T. Maki, O. Onomura, W. Nakashima and Y. Matsumura,
J. Org. Chem., 2000, 65, 996.

15 E. Fasoli, A. Caligiuri, S. Servi and D. Tessaro, J. Mol. Catal. A: Chem.,
2006, 244, 41–45.

16 (a) M. J. Martinelli, N. K. Nayyar, E. D. Moher, U. P. Dhokte, J. P.
Pawlak and R. Vaidyanathan, Org. Lett., 1999, 1, 447; (b) M. J.
Martinelli, R. Vaidyanathan and V. V. Khau, Tetrahedron Lett., 2000,
41, 3773.

17 The presence of the tin ketal of the diol has been proved in the case of
similar reactions with model compounds: see ref. 15.

18 When a diol soluble in non-protic solvents was used, the complete
formation of the ketal was observed when water was removed:
see ref. 15.

19 (a) C. Camacho-Camacho, M. Biesemans, M. Van Poeck, F. A. G.
Mercier, R. Willem, K. Darriet-Jambert, B. Jousseaume, T. Toupance,
U. Schneider and U. Gerigk, Chem.–Eur. J., 2005, 11, 2455–2461;
(b) W. M. Macindoe, A. Williams and R. Khan, Carbohydr. Res., 1996,
283, 17–25; (c) D. M. Whitfield, Glycoconjugate J., 1998, 15, 75–78;
(d) D. H. Hunter and C. McRoberts, Organometallics, 1999, 18, 5577–
5583; (e) J. Xiang, S. Toyoshima, A. Orita and J. Otera, Angew. Chem.,
Int. Ed., 2001, 40, 3670–3672; (f) J. Xiang, A. Orita and J. Otera,
Angew. Chem., Int. Ed., 2002, 41, 4117–4119; (g) J. Otera, Acc. Chem.
Res., 2004, 37, 288–296.

20 (a) S. I. Malekin, N. Y. Khromova, A. V. Kisin, Y. L. Kruglyak and
V. K. Kurochkin, Russ. J. Bioorg. Chem., 1997, 23, 677–682; (b) N.
Noda, R. Tanaka, M. Nishi, S. Inoue and K. Miyahara, Chem. Pharm.
Bull., 1993, 41, 1366–1368; (c) P. O. Eriksson, G. Lindblom and G.
Arvidson, J. Phys. Chem., 1987, 91, 846–53.

2978 | Org. Biomol. Chem., 2006, 4, 2974–2978 This journal is © The Royal Society of Chemistry 2006


