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ABSTRACT: The acetylated headgroup of the most abundant mammalian phospholipid, 1,2-
diacetyl-3-sn-phosphatidyl choline (DAcPC), has several important applications in research. For
instance, it can be dissolved in the same amount of water as in the fluid PC bilayer, to create a
surrogate of a PC headgroup stratum, for studying solvation of small molecules and the influence
of their structure on the process. In contrast to PC derivatives with longer acyl chains, DAcPC
does not self-aggregate, rendering the aqueous solution homogeneous and suitable for simplified
analyses of interactions of molecules with the headgroups. Several studies have been published
where DAcPC was used in a crudely purified form. Here we describe a one-step preparation of
DAcCPC from commercially available bulk chemicals and purification of the product by
crystallization and washing. The process gives a good yield and is easily scalable. The
availability of enantiopure, crystalline DAcPC could open the door to more extensive

biochemical, pharmacological, and nutritional studies of this interesting chemical.

KEYWORDS: phosphatidyl choline (PC) headgroup, PC headgroup stratum surrogate, drug-
headgroup interactions, drug solvation in headgroup stratum, PC bilayer, bilayer accumulation,

bilayer transport
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Phosphatidylcholine (PC) derivatives have been widely used to study bilayer properties,’
protein-lipid adducts,” and PC interactions with aromatic amino acids,’ to carry drug loads,* to
identify,” monitor,’ and inhibit’ enzymes, to analyze enzyme mechanisms, to modulate cell
activity,” to develop cosmetics'® and coatings,'' to enable imaging,'? therapy,”’ and gene
delivery,'* and to perform total syntheses of natural products.'> We are interested in using a PC
derivative to study accumulation of drugs and drug-like compounds in the headgroup stratum of
bilayers of biological membranes, and to analyze the influence of drug structure on the process. '
Drug interactions with the headgroup and core strata are weak and difficult to measure because
of the microscopic dimensions. To facilitate the measurements, an abstract ‘split’ of the bilayer
into phases of homogeneous compositions, representing the headgroups and the core, helps
design surrogate systems, which can be produced and used in macroscopic quantities, and
analyzed using conventional analytical techniques.

Surrogate systems have been widely used to investigate drug transport and accumulation
phenomena for more than a century. Several solvent systems have been used to mimic the
bilayer, initially as a whole and later as individual bilayer strata. Interestingly, the well-
established reference solvent, wet 1-octanol, was mostly used as a bilayer surrogate'’ but also
supposed to represent the headgroups in some studies.'® A PC derivative should be a superb
surrogate for the headgroups because PC represents the predominant weight fraction of lipids in
human bilayers: 42-49 % for skeletal muscle, heart, and liver, and 41% for brain."” The solvation
properties of the bilayer core can be emulated by n-hexadecane® and other alkanes®' or alkenes™
because of similar densities and composition.”

Fluid PC bilayers are most frequently used in drug accumulation and transport experiments.

Based on experimental’* and computational® anal ses, they contain 6-16 water molecules per
p p y y p
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headgroup, depending on the fatty acid chains, pressure, and temperature. This means that a good
headgroup surrogate is a PC derivative that has high aqueous solubility in molar range and forms
homogeneous solutions even at high concentrations. Since commercially available di-n-
propanoyl PC has the critical micellar concentration equal to 450 mM,” and the diformyl PC
would provide additional H-bonding not found in PC,” diacetyl phosphatidyl choline (DAcPC)
was an obvious candidate to examine.

Despite ample literature precedence for the synthesis of PC lipid derivatives, a reliable and
scalable single-step process for the synthesis of DAcPC has not yet been identified. The reported
procedures typically incorporate a hydrophobic carboxylic acid to facilitate the purification of
the final compound. Syntheses of PC derivatives (Scheme 1) employed either L-a-
glycerophosphocholine (GPC - middle), a monoester derivative of GPC (top) or a diester
derivative of glycerol, into which the PC moiety was incorporated (bottom).
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Scheme 1. Retrosynthetic analysis of PC derivatives. The R; and R, substituents may be

identical.
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The PC derivatives (Scheme 1) containing hydrophobic fragments could be purified by column
chromatography and similar techniques. Typically, the compounds were prepared in small
quantities - milligrams to few grams per reaction. However, for large scale synthesis (100 g to 1
kg), these purification approaches may not be ideal.

For example, D’ Arrigo et al® reported a procedure to make mixed short/long chain PCs in a
two-step process. GPC was first converted to cyclic stannylene derivatives, followed by the
treatment with the first acyl chloride to obtain the lyso-phospholipid, which was further acylated
with acid anhydride. The process typically uses a long chain fatty acid to facilitate purification of
the product among other synthetic goals. Similarly, Rosseto et al® performed a multistep
synthesis of mixed PCs in which the polar phosphocholine group was incorporated in the last
step. However, the final product purification likewise seemed to be facilitated by the
hydrophobic carboxylic esters. This was also the case for the synthesis protocol of Roodsari et
al* in which the PC was incorporated as the last step.

Basheer et al described an enzymatic production of phospholipids in a patent filing®' but the
process was optimized for fatty acids. Park et al*? reported a multi-step synthetic procedure for
DACPC starting from glycidol that was converted into 1-O-benzyl ether derivative of glycerol.
The hydroxyl groups at C-2 and C-3 of glycerol were then acetylated. The diacetylated product
was converted into DAcCPC in three steps, and DAcPC was purified by column chromatography.
However, since we needed to produce DAcPC in large quantities (preferably larger than 100
gram batches), this procedure™ didn’t seem feasible as we had observed severe tailing of DAcPC
during column purification (see below).

Puricelli*® prepared DACPC in two steps. First, 2-chloro-2-oxa-1,3,2-dioxaphospholane was

condensed with L-1,2-di-O-acetylglycerol in ether in presence of triethylamine at room
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temperature. Then the condensate was reacted with excess trimethylamine under pressure at 1.5
atmospheres and 50 °C to obtain DAcPC. The crude product was purified in a multistep process
that involved filtering over carbon, ion exchange, vacuum concentration and recrystallization
from acetone/alcohol mixtures. Alternatively, the crude DAcPC was subjected to column
chromatography, a carbon treatment to remove color, and recrystallization from hydrated alcohol
mixture (3% water in methanol). However, the author® did not describe the synthesis of o-1,2-
di-O-acetylglycerol or its source. A literature search shows the racemic compound to be
commercially available in gram quantities and its synthesis most likely involves a multistep
process as described by Park et al.>?

At the first attempt, we modified a procedure reported by Ichihara et al** to prepare DAcPC at
a small scale. In the modified procedure, GPC adsorbed on to kieselguhr was suspended in dry
chloroform and treated with excess acetic anhydride (2.5 molar equivalents) in presence of N,/N-
dimethylaminopyridine (DMAP) for 60 h. Although the procedure showed complete
consumption of GPC, this reaction cannot be easily scaled up. For example, a gram-scale
reaction needed more than a liter of methanol to wash DAcPC off the kieselguhr. A second
challenge in the process was to isolate DAcPC from acetic acid byproduct and DMAP as the
product seemed to have severe tailing when column chromatography was attempted with even
100% methanol containing 5% ammonia (~7 L solvent required to recover ~650mg DAcPC by
normal column chromatography).

To satisfy the needs of researchers using DAcPC in their studies, including our laboratory, we
developed a single step, scalable synthesis of DAcPC from commercially available compounds
and purification of the product by distillation, crystallization, and washing. The details are

summarized in this report.
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Results and Discussion
Synthesis. The one-pot, scalable DAcPC synthesis using commercially available GPC, acetic

anhydride (Ac;0), and N,N-diisopropylethylamine (DIPEA) was performed at 50-60 °C for 5

days (Scheme 2). The used GPC was enantiopure, as confirmed by specific optical rotation,

[a];s =-2.6 (¢ 2.7 in water), which is in good agreement with published data.*
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Scheme 2. DAcPC synthesis from GPC using Ac,O and DIPEA.

In a typical reaction, about 100 g of GPC was vacuum dried in a 500 mL Teflon® oven-dried
flask, Ac,0O and DIPEA were added (4 molar and 3 molar equivalents, resp.), and the mixture
was stirred at 55 °C for 5 days. The viscous GPC layer, adhering to the flask, gradually vanished,
indicating the completion level of the reaction. Simultaneously, the mixture separated into two
phases: a brown bottom layer containing most of the product, and a clear, almost colorless upper
layer containing most of ammonium acetate. After disappearance of the GPC layer, the reaction
mixture was stirred for additional 24 h.

Purification. Upon reaction completion (4-6 days), excess reagents and byproducts were
stripped off under high vacuum at 110 °C (6 h) and 120 °C (2 h) in a glass round-bottom flask
with constant stirring. The resulting reddish brown waxy solid was dissolved in 2 molar
equivalents of water by stirring in a rotary evaporator at 80 °C without any vacuum. The
resulting homogenous dark reddish brown solution was transferred into a 1 L Erlenmeyer flask,

mixed with 1 L of acetone, and set for crystallization overnight at room temperature. DAcPC
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crystallizes out as yellowish monohydrate (as inferred from 'H NMR spectra — see below) in 50-
80% yield in the first crop (m.p. = 96-98 °C). The purity of the initial product was characterized
by HPLC as 94 — 95 % (peak area ratio).

Apparently, a significant amount of impurities adhered to the surface of the crystals because
they could be removed by washing by acetone or hexane with a weight loss 2-4 %, resulting in
whitening of the crystals. The dried product was dissolved in a minimum amount of water and
recrystallized from acetone, with 90 — 94 % yield. Repeated washing and crystallization provided
better than 99 % purity, as determined by HPLC. For experiments using aqueous solutions, the
impurities could also be extracted by partitioning into alkanes, while DAcPC remained in the
aqueous solution. The impurities showed UV absorbance between 250 and 280 nm, DAcPC
absorbs below 250 nm. The 'H, "*C, and ATR-IR spectra correspond with the DACPC structure
and are in good agreement with previously reported data.*> The '"H NMR spectra and peak
assignments for lyophilized DAcPC are in Supporting Information.

Water Content. The exact water content of crystalline DAcPC is important for preparing the
accurately defined aqueous solutions, serving as surrogates of bilayer headgroups under different
conditions (temperature, fatty acid chains of PC, admixtures). DAcPC crystallizes as a
monohydrate, as shown by a comparison of "H NMR spectra of purified DAcPC in CDCl; before
and after lyophilization, which removes the water completely. If crystallized DAcPC
monohydrate is left standing for days or weeks without desiccation, the water content increases
to almost two molecules of water per DAcPC, although the crystals do not change visibly in the
process. For such crystals, thermogravimetric (TGA) analysis in the nitrogen atmosphere showed
that the major drop in weight occurred between 77.64 °C and 117.47 °C. This weight loss,

attributed to the loss of water from the crystals, was 7.9 %, which was more than what was
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expected for a monohydrate (5.0 %). The sample was decomposed at about 220 °C. The Karl
Fisher titration of the air-exposed DAcPC crystals showed the water content of 9.3 %, almost
double that of monohydrate.

Crystallinity. The X-ray diffraction analysis showed four peaks with the relative intensity of
more than 90 % and numerous smaller peaks. The peaks were not analyzed in detail but their
presence confirmed the crystalline nature of isolated DAcPC solids. The DSC analysis of air-
exposed crystals showed two asymmetric endothermic peaks. The larger peak at 96.97 °C
(melting point) started at about 50 °C, pointing to the possibility of gradual loss of water. The

smaller peak at 142.82 °C could indicate a crystal form transition.
Enantiomer Analysis. Aqueous solutions of DAcPC exhibit specific optical rotation [05]]235 =
+6.51 (¢ 3.4 in water). This value is in good agreement with the data for 1,2-diacyl-3-sn-

phosphatidyl cholines with different fatty acids, having [a]i)s values from +5.10 to +7.02 in

methanol/chloroform mixtures.’**® The published32 value [a]i)s =+12.11 (¢ 1.8 in methanol) for

DACcPC seems to be a bit out of this range. To analyze whether DAcPC is a mixture of
enantiomers, a HPLC analysis with a chiral column was used. An isocratic protocol using the
ChiralPak IC-3 column with ethanol as eluent did not show the presence of two enantiomers.

These data indicate that synthesized and purified DAcPC is enantiopure.

EXPERIMENTAL SECTION

Materials. L-o-glycerophosphocholine (GPC) was procured from Waterstone Technologies,
Carmel, IN in 2.5 kg batches. Acetic anhydride (Ac,O) and N,N-diisopropylethylamine (DIPEA)

were purchased from Alfa Aesar in liter quantities, and used as received.
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1,2-Diacetyl-3-sn-Phosphatidyl Choline. About 100 g of GPC was placed in a 500 mL
round-bottom, oven-dried Teflon® flask. GPC was then dried under high vacuum created by an
Edwards model RV8 pump (2.0 x 10-3 mbar ultimate total pressure, as per company
specifications) over phosphorus pentoxide for at least 5 hrs. About 4 molar equivalents of Ac20
and 3 molar equivalents of DIPEA were added to GPC. The molar equivalence was calculated
based on the weight of GPC after vacuum drying. The reaction mixture was stirred at 55 °C for
4-6 days using an in-house built overhead stirrer. At reaction completion, the viscous GPC was
no longer seen adhering to the flask, and the reaction mixture was biphasic, with a reddish brown
bottom layer and a clear, faintly yellow to colorless, upper layer. The reaction mixture was
transferred into a glass round-bottom flask and distilled 6 h under high vacuum created by an
Edwards model RV8 pump at 110 °C with constant stirring provided by a magnetic stir bar. The
temperature was raised briefly (~2 h) to 120 °C to distill off the DIPEA acetate salt to obtain a
reddish brown waxy solid. The solid was dissolved in 2 molar equivalents of water by stirring
the distillation flask in a rotary evaporator at 80 °C without any vacuum. Once a homogenous
solution was obtained, the dark reddish brown solution was transferred into a 1 L Erlenmeyer
flask. About 1 L of acetone was added to this solution, and set for crystallization overnight at
room temperature. DAcPC crystallizes out as monohydrate with 50-80% yield in the first crop
having 94 — 95 % purity (HPLC peak area ratio).

Washing with acetone or hexane resulted in whitening of the crystals, with a weight loss of 2-4
%. Crude DAcPC (30 g) was placed in a 500 mL Erlenmeyer flask and dissolved, with
sonication, in minimum quantity of water (about 9 mL). Acetone (500 mL) was added to the
flask and the solution was set for recrystallization (48-72 h) in the hood at room temperature.

The solid DAcPC was collected by decantation and washed thrice with 60 mL of acetone each

ACS Paragon Plus Environment
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time. The recrystallized DAcPC was dried in an oven at 37 °C for 24-48 h. The yield was 90-94
%. The recrystallization process was repeated in case any impurity peak was observed in the UV
or 'H NMR spectra.

The product was characterized as follows: m.p. = 96-98 °C; 'H NMR (CDCls, 500 MHz,
Brucker): after synthesis - 6 2.04 (s, 3H), 2.06 (s, 3H), 3.35 (s, 9H), 3.79 (m, 2H), 3.93 (m, 2H),
4.13 (dd, J =6.5, 12.0 Hz, 1H), 4.20 (m, 2H), 4.27 (m, 2H — water), 4.35 (dd, J = 3.0, 12.0 Hz,
1H), 5.17 (m, 1H); after lyophilization (see Supplementary Information) - 6 2.00 (s, 3H), 2.02 (s,
3H), 3.34 (s, 9H), 3.78 (m, 2H), 3.90 (m, 2H), 4.10 (dd, /= 6.9, 12.1 Hz, 1H), 4.25 (m, 2H), 4.31
(dd, J = 3.3, 12.1 Hz, 1H), 5.13 (m, 1H); >C NMR: (CD;0D, 125 MHz, Bruker) & 20.6, 20.9,
54.7, 60.5, 63.7, 64.8, 67.5, 72.0, 172.1, 172.4 ppm; MS: (ESI, Agilent 6130 single quadrupole)
molecular ion calculated m/z 341.2946 (M), found 341.3 (M) and 364.1 (M + Na'); ATR-IR
(Alpha-E, Bruker) CH3 (s) 2960.44, CH; (s) and CH (s) 2892.01, CH; (b) and CH (b) 1485.89
and 1364.30, C=0 (s) 1720.86, C-O-C (s) 1049.00, OH (s) in water 3391.61, P=O (s) 1380.49,
P-O-C (s) 972.06 cm™; XRD (PANalytical X Pert Pro, CuKa radiation, 40 kV, 40mA) 6.764,
15.394, 16.892, 20.195 °2Th.

HPLC Analyses. Two protocols were used: one with the main aim to determine the purity of
the product and the other for characterizing enantiomer composition. The analyses were run on
Waters 2695 HPLC with 2998 PDA detector. The DAcPC sample concentrations were 10-20
mg/mL, volume 10-20 uL, and temperature 25 °C. The analyses lasted 15-25 min and the
DACPC elution time was 11-12 min.

The purity determination procedure used 250 mm x 4.6 mm, 3.5 um, C18 Waters XBridge
column. The protocol was extensively optimized to ensure that: (1) all peaks are separated; (2)

the tailing factor of the DAcPC peak is minimal (<2.0); (3) the USP plate count for the DAcPC
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peak is more than 10,000; and (4) the RSD of the DAcPC peak area for five replicate injections
is less than 2 %. The Limit of Detection and the Limit of Quantitation were determined by the
noise ratio method as 7.5 ppm and 20 ppm. The linearity was established for the DAcPC
concentrations between 20 ppm and 3000 ppm. The procedure can be used to assess the purity of
prepared DAcPC based on the ratio of the DAcPC area and total area. Two mobile phases were
used: Milli-Q produced water with pH adjusted to 2.5 with ortho phosphoric acid (A) and
acetonitrile (B). The gradient program was optimized as follows (time in min: % A, % B): 0: 99,
1; 3.5: 97, 3; 5.5: 97, 3; 6.5: 94, 6; 10.0: 94, 6; 12.0: 99, 1; 15.0: 99, 1; with the flow rate 1.0
mL/min.

The enantiomer characterization procedure was run in isocratic mode. The ChiralPak IC-3
(250 mm x 4.6 mm), 3pum column and ethanol as eluent were used.

Attenuated Total Reflectance Infrared Analysis. A sample of crystallized DAcPC (10.0 mg)
was placed on the ATR crystal and scanned for the frequencies from 4000 cm™ to 650 cm™
(Alpha—E with software OPUS version 7.0, Bruker). The frequencies are listed as stretching (s)
or bending (b).

X-Ray Diffraction. The crystalline DAcPC sample (500 mg) was used to make the pure
material pellet, which was analyzed in a wide angle X-ray diffractometer (X’Pert Pro,
PANanalytical). The peaks with the relative intensity above 90 % are listed. Many more peaks
were observed.

Thermogravimetry. The crystalline DAcPC (9.712 mg) in a platinum crucible pan was placed
into a TA Q-500 TGA analyzer, equilibrated at 30 °C, and heated at 10 °C/min to 250 °C. The
weight was taken in 0.5 sec intervals. The flow of nitrogen over the sample was 60 mL/min and

over the balance 40 mL/min.
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Differential Scanning Calorimetry. A pan was filled with the crystalline DAcPC (5.10 mg),
lidded, and pressed using the sample encapsulating press. A crimped empty sample pan and lid
were used as a reference. The sample was placed in the TA Q-2000 DS calorimeter with the
nitrogen flow 50 mL/min and was equilibrated at 30 °C. The temperature was raised to 250 °C
and then decreased back to 30 °C, both at 10 °C/min. The heat flow was measured in 0.5 sec
intervals.

Karl Fisher Titration was used to determine the water content of air-exposed crystals. The
DACcPC (about 100 mg) was transferred to the vessel of the autotitrator (Metrohm Titranido-905
with Ti stand 803, software Tiamo 2.4). The titration was run in duplicate.

Polarimetry. Two aqueous concentrations of DAcPC (34 and 102 g/L) were analyzed using

Advanced Research Instruments PA-IR polarimeter at room temperature. The results showed

25

small nonlinearity in the dependence of specific optical rotation on concentration (the [a]D

values +6.51 and +6.02 for the lower and higher concentration, respectively), so the value for the

lower concentration was reported.
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