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A new convenient method for the synthesis of cardiolipinq
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Abstract—A novel dichlorophosphate coupling method is developed for the synthesis of the title compound. O-Chlorophenyl
dichlorophosphate can be used as a mild phosphorylating reagent to effectively couple with optically active 1,2-O-diacyl-sn-glycerol
and 2-O-protected glycerol to assemble cardiolipin bearing different fatty acid chains.
� 2004 Elsevier Ltd. All rights reserved.
Naturally occurring cardiolipin 1 is considered a family
of complex phospholipids having two phosphatidyl moi-
eties linked by a central glycerol group. Cardiolipin (CL)
was first isolated from beef heart by Pangborn in 19422

and was later found to be ubiquitously present in mito-
chondria from mammalian tissues and eukaryotes, that
is in all cells where mitochondria occur.3,4 For decades,
the biomembrane function of cardiolipin has not been
well resolved, although it is widely believed that its func-
tion is related to its unique ability to interact with
proteins.4 Synthetic modifications of cardiolipin were
generated with the intention to study cardiolipin–pro-
tein interaction and membrane structure. As the specific
lipid component of mitochondria, CL plays major and
diverse roles in the regulation of various mitochondrial
processes including apoptosis, electron transport, and
mitochondrial lipid and protein import. Many experi-
ments revealed a correlation between cardiolipin content
and diseases.4,5 It was found that a reduction in the spe-
cific mitochondrial cardiolipin is an underlying bio-
chemical cause of Barth Syndrome, a rare and often
fatal X-linked genetic disease that is associated with
cardiomyopathy.5,6 Besides the numerous biomedical
studies and applications, drug-delivery using CL are
now the most widely investigated area of their practical
applications.
0040-4039/$ - see front matter � 2004 Elsevier Ltd. All rights reserved.
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1   Cardiolipin,  R = fatty acid chain, M+ = H+

1a  Tetramyristoyl cardiolipin, M+ = NH4
+

OH

Liposomes formed by synthetic tetramyristoyl cardioli-
pin 1a were found to be a unique way to deliver drugs
to tumor cells.7,8 This communication described a novel
and effective method to the synthesis of optically active
diphosphatidylglycerol (DPG) having the configuration
of naturally occurring cardiolipin. The need for substan-
tial amounts of DPG with different fatty acid residues
for biological membrane research, identification of the
role for cardiolipin involvement in human diseases, as
well as for the development of novel liposome formula-
tions containing active agents to improve cancer thera-
pies provided an incentive for the present work.

The synthetic approaches described to date for the syn-
thesis of cardiolipin involve multi-steps along with diffi-
culties in purifications, which result in poor yields.9 In
the course of our investigation, we have developed
new synthetic approaches to synthesize cardiolipin and
its analogues using phosphoramidite method.10,11 Here-
in, we report a novel dichlorophosphate coupling meth-
od to prepare cardiolipin with or without unsaturation.
In the phosphotriester approach shown in Scheme 1, the
bifunctional phosphorylating reagent, o-chlorophenyl
dichlorophosphate (CPDCP) 3, is used to sequentially
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2a  R = -C13H27 
2b  R = -C17H33

3
5a  R = -C13H27, PG = Bn 
5b  R = -C17H33, PG = TBDMS

6a  R = -C13H27, PG = Bn 
6b  R = -C17H33, PG = TBDMS

1a  R = -C13H27, Tetramyristoyl Cardiolipin
1b  R = -C17H33, Tetraoleoyl Cardiolipin

Scheme 1. Reagents and conditions: (i) (a) pyridine, CH2Cl2, 0 �C, 1h; (b) 2-O-benzylglycerol 4a or 2-O-t-butyldimethylglycerol 4b, CH2Cl2, rt, 6h;

(ii) (a) 2-nitrobenzaldoxime, N,N,N,N-tetramethylguanidine, THF, rt, 4h; (iii) for 1a, H2, 10% Pd/C, THF, for 1b, THF/H2O/1N HCl (10:5:0.1), then

aq NH4OH.
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phosphorylate alcohols in a straightforward manner to
directly provide cardiolipin core structure in a simple
one-pot process. CPDCP has been used in nucleotide
synthesis capable of directly reacting with two different
alcohols in a stepwise manner to form an unsymmetric
phosphotriester.12 Such approach has not been used in
the synthesis of cardiolipin. In Scheme 1, the optically
active 1,2-di-O-myristoyl-sn-glycerol 2a (2.5moleequiv)
in CH2Cl2 was added slowly to CPDCP (2.56mole
equiv) in CH2Cl2 in the presence of pyridine (12mole
equiv) at 0 �C. The mixture was stirred at 0 �C for 1h,
then warmed up to rt to complete the first chloride sub-
stitution, followed by coupling with 2-O-benzylglycerol
4a (1moleequiv) to form phosphotriester of cardiolipin
precursor 5a in good yield of 72% after column purifica-
tion using hexane/ethyl acetate (3:1, v/v). It was found
that the reaction temperature is critical to the success
of the coupling reaction. When the first phosphorylation
was conducted at ambient temperature, the reaction
failed to give desired product 5a.

The o-chlorophenyl protecting group was removed from
5a using 2-nitrobenzaldoxime and N,N,N,N-tetra-
methylguanidine as described in the previous literature13

to provide ammonium salt of cardiolipin precursor 6a
with 87% yield after column purification using CHCl3/
MeOH/NH4OH (65:15:1, v/v/v). Tetramyristoyl Cardio-
lipin 1a was obtained after removing benzyl group by
hydrogenolysis over 10% Pd/C at 50psi. The synthetic
sequence involves three steps with 55% overall yield.
This method is superior to the traditional arylphospho-
rodi(1,2,4-triazolide) approach due to the unnecessary
conversion of CPDCP to arylphosphorodi(1,2,4-triazo-
lide) as well as avoiding the use of an additional activat-
ing reagent such as 2,4,6-triisopropylbenzenesulfonyl
chloride.13,14 The novel dichlorophosphate coupling
protocol is also applied in the synthesis of unsaturated
cardiolipin derivatives, for example, tetraoleoyl cardio-
lipin 1b (Scheme 1).
The most notable feature of this phosphotriester
approach is that the troublesome 1,2 to 1,3-diglyceride
isomerization is largely prevented. High resolution
NMR experiments confirm no acyl group migration
took place. The chemical shift of glycerol methylene
protons of 1,3-di-O-myristoylglycerol15 appeared at
4.12–4.19ppm. However, the chemical shift of methine
proton adjacent to 2-acyl group of 1,2-di-O-myristoyl-
glycerol shifted downfield at 5.08ppm. In 1a and 1b,
the chemical shift of acylated glycerol methine proton
appears at 5.26 and 5.19ppm, respectively, indicating
them to be 1,2-diglycerides. The homonuclear COSY
spectra also clearly shows 1,2-correlation of two
acylated glycerol protons. Comparison of bovine heart
cardiolipin (Sigma Chemical Co.) with the synthesized
compounds reveals similarity in IR and Mass spectra.
The highly characteristic 500MHz 1H NMR spectra16

of 1a,bwere essentially identical with bovine heart cardio-
lipin except for the additional resonances seen in the
latter due to vinyl and allylic protons. The synthetic
method described here offers a rapid access to synthesize
a variety of cardiolipins.
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