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The substrate specificity at the active site of recombinant human synovial fluid phospholipase
Ag (hs-PLA) was investigated by the preparation of a series of short-chain phospholipid analogs
and measurement of their enzymatic hydrolysis at concentrations well below the critical micelle
concentration. Substrates used in the study included 1,2-dihexanoylglycerophospholipids, 1,2-
bis(alkanoylthio)glycerophospholipids, and 1-O-alkyl-2-(alkanoylthio)phospholipids. Turnover
was observed for only a few of the 1,2-dihexanoylglycerophospholipids, and the rate of hydrolysis
was very low, near the limit of detection of the assay. In contrast, selected 2-(alkanoylthio)-
glycerophospholipids were hydrolyzed by hs-PLA; at much higher rates at concentrations well
below their critical micelle concentration (¢cme). Thus, the 1,2-bis(hexanoylthio)glycerophos-
phatidylmethanol exhibits a ke./Ky = 1800 L mol™! s71. Over the calculated log P (cLogP)
range of 3—9, cLogP and log(k../Ku, were linearly related for compounds with straight-chain
sn-1 and sn-2 substituents. At comparable cLogP’s, the sn-1 ethers and thioesters were
hydrolyzed at comparable rates. A negative charge in the phosphate head group was required
for enzyme activity. Unsaturation, aromaticity, and branching in the sn-2 substituent reduce
turnover dramatically. The same structural modifications in the sn-1 substituent have less
effect on turnover. Certain of these substrates, e.g., 1,2-bis(thexanoylthio)glycerophos-
phatidylmethanol, may be useful in assaying for active site inhibitors of PLA,. The structure—
activity relationships established here for substrates should serve as a reference for the

structure—activity relationships of substrate-based inhibitors.

Introduction

Phospholipase Ag’s are enzymes which hydrolyze
membrane glycerophospholipids at the sn-2 position to
liberate free fatty acids, including arachidonic acid, and
lysophospholipids, both of which are precursors to
several known proinflammatory mediators (prostaglan-
dins, leukotrienes, and platelet activating factor).! Hu-
man synovial phospholipase A, (hs-PLAy) is a low
molecular weight (14 kDa), Ca’*-dependent, extracel-
lular enzyme secreted in response to inflammatory
stimuli, e.g., by synoviocytes when stimulated by IL-1.
This enzyme is elevated in the synovial fluid of arthritic
joints, and the PLA; levels correlate with the severity
of the disease.? Synovial PLA; is found in high levels
in the serum of endctoxic shock patients,® and the
enzyme has been reported to produce a local inflamma-
tory response when injected in vivo.* Because of their
involvement with these and other inflammatory pro-
cesses, inhibitors of hs-PLAy have been regarded as
potential therapeutically useful targets, and assay
methods for the evaluation of hs-PLA; inhibitors have
been the subject of considerable investigation.

Endogenous phospholipid is present almost totally in
aggregated form, and PLAy’s, including hs-PLA;, have
evolved to hydrolyze aggregated substrate. Thus, phos-
pholipase Ay’s exhibit kinetics which reflect both sub-
strate hydrolysis and enzyme partitioning between the
aqueous environment and the lipid—aqueous interface.
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For aggregated substrates, the apparent substrate
specificity of the enzyme is a function of both formation
of the substrate—enzyme complex and enzyme binding
to the membrane surface. In order to characterize the
substrate specificity due to binding at the active site, it
is necessary to remove (or hold constant) the contribu-
tion of enzyme partitioning to the observed kinetics.

One approach to this problem that has been success-
fully applied to the hs-PLA; is analysis of hydrolysis in
the “scooting” mode.52" The scooting assay monitors the
kinetics of interfacial hydrolysis of phospholipid sub-
strates by hs-PLA; under conditions where the enzyme
does not leave the strongly anionic phospholipid vesicle
interface.

We have employed an alternative yet precedented®4
approach in which short-chain phospholipid substrate
analogs were synthesized and their hydrolysis by PLA;
was studied at varying substrate concentrations. Mea-
surement of their hydrolytic cleavage by hs-PLA; at
concentrations well below the corresponding critical
micelle concentrations (cmc) provided information on the
structural preferences of PLA> for substrates in the
absence of a membrane surface. Under these conditions,
therefore, the observed kinetic parameters are a reflec-
tion solely of substrate interaction with the active site
of the enzyme. The resulting information should prove
useful in the design of active site directed inhibitors of
hS—PLAg.

During the course of this work, a variety of novel
substrates were “docked” into a model hs-PLA; in an
effort to explain the experimental structure—activity
relationship. The model structure for hs-PLA; was
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constructed from X-ray structures of bovine pancreatic®
and snake venom? PLA,. The model structure proved
to be similar to subsequently published structures of hs-
PLA,;.%® An X-ray structure of an amide substrate-
based inhibitor, (R)-2-(dodecanoylamino)-1-hexanol phos-
phoglycol, bound to a mutant pancreatic PLA,,1° was
then used to construct models for ester and thioester
substrates bound to hs-PLAy. In the calculated struc-
tures, the sn-3 phosphate head group binds to the
calcium and to the side-chain amino group of Lys-69,
The sn-2 ester or thicester group binds at the bottom of
the active site cavity, between the calcium ion and His-
48. The sn-2 tail undergoes a sharp change in direction
at the first bond beyond the ester or thioester group and
is then directed through a narrow lipophilic channel to
the surface of the enzyme. The sn-1 tail is directed
through a somewhat wider lipophilic channel, parallel
-and adjacent to the sn-2 tail. The binding mode remains
similar to that of the amide inhibitor and is also
generally similar to the subsequently determined bind-
ing modes of a phosphonate inhibitor bound to cobra-
venom PLA,!! and hs-PLA,.®

Biological Results

The initial strategy for the investigation of substrate
specificity involved the synthesis of a series of 1,2-
dihexanoylglycerophospholipids (6a—g) with variation
in the phosphate head group. Hydrolysis was followed
by titration of released protons.!?!3 Under the assay
conditions described, the detection limit was ~2—5
nmolmin~lmg~1. For the phosphatidylethanolamine
(6a) the turnover was confirmed by an independent
method in which the amine head group was reacted with
excess fluorescamine, and the resulting fluorescent
derivatives were quantified by reversed-phase HPLC,
This method gave a value of 2.3 nmol'min~mg}, in
good agreement with the pH-stat method.

Turnover was observed for only a few of the substrates
listed in Table 1, and the experimental values were at,
or near, the limits of detection for the assay. In contrast
to these results, the thioester analog 12d (Table 2) gave
a value of 80 nmol'min~*mg~! when assayed by the pH-
stat method under identical conditions. On the basis
of this result, a series of 1,2-bis(alkanoylthio)glycero-
phospholipids was prepared and tested.

Table 2 shows that (with the exception of the shortest
chain member) a series of 1,2-bis(alkanoylthio)glycero-
phospholipids are hydrolyzed at a significantly higher
rate than the corresponding oxyesters 1415

A plot of the initial rate of hydrolysis vs [S] is linear
up to the highest concentration of substrate tested (100
uM) for all of the substrates described in this study.
Figure 1 illustrates this for 1,2-bis(hexanoylthio)phos-
phatidylmethanol, 12d. The results are consistent with
Michaelis—Menten kinetics under conditions where [S]
<« Km and suggest that hs-PLA; hydrolyzes these
substrates as the monomeric species under the condi-
tions employed. Under these conditions the slope of
such plots is linear and the apparent k..,/Ky values were
obtained by dividing the experimentally determined
slope by the (known) enzyme concentration. Figure 2
shows that a plot of hydrolytic rate of 12d vs enzyme
concentration at constant [S] is linear at concentrations
of enzyme up to 10-fold higher than those used for the
estimation of the k../Ky values of the substrates. This
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Table 1. Specific Activity of 1,2-Dihexanoylglycerophospholipid
Monomeric Substrates for hs-PLA;
o o]
]
RO-Pr o2 OJ\/\/\
OH OY\/\/

(o]
Hydrolysis cMC
Rq __(hmol min-1mg 1) (mM)
6a A~NH; 5.3(2.3)2 -
6b CHj, <5 -
NHy*
6c ~"co; <5
NH;*
¥ -
éd YCO; <5
6e  oH <5 -
W X e

@ Determined by the fluorescamine procedure. ? emc’s deter-
mined from plots of the fluorescence intensity of 8-anilino-1-
naphthalenesulfonic acid as a function of compound concentra-
tion.18

Table 2. Specific Activity of 1,2-Bis(alkanoylthio)glycero-
phospholipids as Monomeric Substrates

oty
o]
compd R kea/Kv (Lmol™s7!) cme(mM) cLogP
12a CH3CH, <10 =3 2.31
12b CH3(CHy)q 200 2.3 3.37
12¢ CH3(CH3)s 870 >9 4.42
12d CH;3(CHy)4 1800 =3 5.48
12¢ CH3(CHy)s 37700 0.3 6.54
12f CH3(CHz)s 408000 0.03 7.60
12g CHa(CHy)7 541000 <0.03 8.66

plot is also consistent with Michaelis—Menten kinetics.
Deviation from linearity in these plots would suggest
more complex behavior, e.g., enzyme-induced microag-
gregation of substrate.

Table 2 suggests a correlation between the length of
the sn-1 and sn-2 chains and substrate activity, This
relationship is illustrated in Figure 3 where chain
length is expressed as the number of methylenes, n, in
the two side chains. Detectable hydrolysis was observed
where n > 1 (propionyl). Extension of both acyl chains
by a single methylene group resulted in both a signifi-
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Figure 1. Plot of initial rate of hydrolysis of 12d vs substrate
concentration.
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Figure 2. Plot of initial rate of hydrolysis of 12d vs enzyme
concentration.

cant increase in k../Ky and a decrease in the critical
micelle concentration. The plot is linear up to n = 6.
Note that the slope of the line appears to be independent
of the state of substrate aggregation. Thus, there is no
apparent “break” in the slope when n is increased from
5 to 6 even though the cmc measurements suggest that
the substrate should be aggregated when n = 6 but
monomeric for n = 5. cmc’s were determined in the
same buffer lacking DTNB but containing 5 «M 8-1-
ANS.18

Table 3 indicates that 1-O-alkyl-2-(alkanoylthio)-
glycerophospholipids are also substrates for hs-PLA,
and that they show quite similar behavior to the
dithioesters.

Figure 4 illustrates that the apparent k../K, of the
phospholipid substrate analogs is dependent on lipo-
philicity. A plot of cLogP vs log (k../Ku, gives a straight
line with slope = 1.24, intercept = 1.20, and correlation
coefficient = 0.963. This linear relationship is not
limited to 1,2-bis(alkanoylthio)glycerophospholipids. The
data points shown in Figure 4 include compounds with
sn-1 ether substituents as well as sn-1 thioester sub-
stituents.

Other structural features in addition to lipophilicity
are important to the substrate specificity of these short-
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Figure 3. Plot of substrate activity and critical micelle
concentration vs length of the sn-1 and sn-2 chains, expressed
as the number n of methylenes. Compound 12a, which is listed
in Table 2 with k../Ky < 10 L mol~' s, is plotted here as the
upper limit.
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Figure 4. Plot of lipophilicity, expressed as the cLogP,'® vs
substrate activity, expressed as log (k../Ky). Compounds 12a,
22a, and 22¢, which are listed in Tables 2 and 3 with £c.t/Ky
<10 or <100 L mol™! s71, are plotted here as the upper limits.

Table 3. Specific Activity of 1-O-Alkyl(alkanoylthio)glycero-
phospholipids as Monomeric Substrates

0]

i
- R
MeO T\o/\(\o By
OLi STRZ
(o]

koat/ K cme
R1 Ro (Lmol™1s™l) (mM) cLogP
22a CHj3(CHz); CHs(CHg)e <10 3.0 2.83
22b CHg(CHg)z CH3(CH2J6 1200 1.0 4.95
22¢ CHj3(CH3z); CHs(CHz)e <100 3.89
22d CH3(CHj)y; CHs(CHsg 7000 1.25 6.01
22e CHj3(CHs): CHs(CHa)s 3700 0.26 5.48
22f CH3(CHjy)»r CHi(CHaze 12000 0.13 7.60

chain phospholipids. Table 4 illustrates that a negative
charge in the phosphate head is essential for enzyme
activity.

Table 3 indicates that the replacement of the sn-1
thioester group with an ether substituent does not
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Table 4. Importance of a Negative Charge in the Phosphate
Head

kea/Kn cme
compd (Lmolls7l) (mM)
12d o o 1800 3.0
P ’\(\ J\N\
MeO -~ l\o S
11d OMe

o

Table 5. Effect of C; Variation on Specific Activity and cme

(o]
1}
P R
MeO 0 Y\o M
|
ou S Y\/\/\N

(<]
R keat/KM cMc cLog P
(L _mol-1sec-1) (mM)
22q Hzc‘O 5,000 0.2 6.49
22h HC 2,500 0.10 8.38

221 Hzc—O-O—O 4,600 0.04 8.59
19,000 0.04 712

22k X\CHE 627 0.4 7.34

221 FCH? 5,900 0.2 7.05

reduce substrate activity provided the srn-1 and sn-2
chain lengths are adjusted to maintain comparable
lipophilicity. Table 5 demonstrates that aromaticity,
unsaturation, and chain branching are tolerated in the
sn-1 substituent.

The model structure, and the X-ray structures upon
which it is based, show a well-defined and relatively
narrow lipophilic pocket which accommodates the sn-2
substituent of the glyceryl phospholipids. The calcu-
lated structures indicated that the sn-2 tail must
undergo a sharp change in direction at the first rotat-
able bond beyond the thiocester group to aveid collision
with Cys-45 and Phe-106 in hs-PLAy. Docking calcula-
tions indicated that compound 22p (Table 6) could not
fit into the binding site properly because of its rigidity.
This compound was thus predicted to be inactive and
was synthesized to test the hypothesis. Docking calcu-
lations indicated that compounds 22m, 22n, and 220
were flexible enough to undergo the expected change of
direction. It seemed clear that the trans double bond
of 220 should fit into the sn-2 channel. However, it was
not clear from graphical examination of the calculated
structures whether the sn-2 channel could accommodate
the branching in 22m and 22n. These compounds were
thus synthesized to test the ability of the enzyme to
accommodate additional width in this position. Sur-
prisingly, all four compounds were found to be very poor
substrates (Table VI). Comparison of the compounds
in Table 6 with those having a similar cLogP in Table
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Table 6. Impact of Variation at C; on Substrate Activity

°

1}

MeO -’: ~o NN

oLl YO
k4

R Kcat/Km cLog P

22m >/\CH2 <100 5.35
22n O/\CHZ 160 5.31

220 AN <100 4.94

22p Ui"- <100 4.85

3 indicates that branching and unsaturation in the sn-2
substituent reduce substrate activity by a larger amount
than was expected from graphical examination of cal-
culated structures.

Chemistry

The 1,2-dihexanoylglycerophospholipids 6a—g were
synthesized via the efficient synthesis of the phosphite
triester resulting from coupling 1,2-dihexanoylglycerol
with phenyldichlorephosphite followed by oxidation to
the phosphate triester!” (Scheme 1). This procedure
provides an efficient route to a variety of phosphate
head groups. It is necessary to purify the resulting
phosphate diesters by flash chromatography through
silica gel since the protecting groups cannot be removed
by catalytic hydrogenolysis from the crude material.

The enantiomerically pure 1,2-bis(alkanoylthio)glyc-
erophospholipids 12a-12g were prepared by modifica-
tion of published procedures!® (Scheme 2). Commer-
cially available (R)-(+)-glycidol is protected with
p-anisylchlorodiphenylmethane and the resulting ep-
oxide converted to the trithiocarbonate by heating with
potassium hydroxide and carbon disulfide. The trithio-
carbonate is easily recrystallized from ether—hexane.
After lithium aluminum hydride reduction, the resulting
thiol is immediately acylated with the acid chloride in
hexane—pyridine. The protecting group is then re-
moved and the phosphate head group introduced by
standard procedures.

The 1-O-alkyl-2-(alkanoylthio)glycerophospholipids
22a—p are prepared as shown in Scheme 3.1°

Prolonged heating (~12—15 h) at 80—85 °C is re-
quired to produce 50—65% yields of the thioacetates 17,
which may be purified by flash chromatography. The
thiol obtained upon reduction of the thioacetate is
unstable and must be acylated immediately. The
resulting thioesters 19 all perform well in the ensuing
deprotection, phosphorylation, and demethylation steps
denoted in Scheme 3.

It is noteworthy that removal of the 4-methoxytrityl
(mmTr) protecting group does not lead to any sulfur to
oxygen acyl migration under the acidic conditions shown
for this step in Scheme 3. However, base does produce
a rapid Cq to C3 acyl migration. In contrast, we have
observed that mildly acidic removal of the mmTr group
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@ Reagents: (a) NaH/DMF, BnBr; (b) HCVCH;OH-H:0; (¢) n-CsH11COCl, Et3N, DMAP/CH,Cls; (d) HyPd(OH)y»/i-PrOH—HOAc (20:1);
(e) PhOPCly/i-ProNEt/THF, —78 °C; (f) ROH, —78 °C to room temperature; (g) HyOo/CHoClo—H30; (h) Hp, 10% Pd/C, PtOy/HOAc—i-PrOH
(for 5a,c,d,f,g); Hy, PtOy, HOAc—i-PrOH (for 5b); CsHsN(HF),, THF then Hj;, PtO2, HOAc, i-PrOH for 5e.

from 1-O-alkyl-2-alkanoylglyceryl 4-methoxytrityl ethers
results in rapid C; to C; acyl migration.

Molecular Modeling

A model for hs-PLA; was constructed based on amino
acid sequence similarity to bovine pancreatic’ and
Crotalus atrox venom PLA® using the programs Insight
II, Homology, and Discover2? and the program MVP 2!
The snake venom structure has greater sequence simi-
larity and was thus used as the template. Since the
snake venom structure is not complexed with calcium,
the calcium binding loop was modeled by superimposing
the bovine structure onto the snake venom structure,
and then transplanting the calcium ion and residues
A26 to A38 from the bovine structure into the snake
venom template. Side chains were mutated as neces-
sary to obtain the human sequence, and then adjusted
into reasonable conformations by comparison to the
available X-ray crystal structures.”8 Conformational
search calculations were carried out on the side chains
of Leu-2, His-6, and Lys-69 with the MVP program
using a modified buildup procedure?®! adapted to use the
CVFF force field.?? The overall structure proved to be
very similar to the subsequently-published X-ray struc-
tures of hs-PLA.® and calcium- and ligand-bound hs-

PLA,.° The detailed structure within the active site
region, including the side chain conformations, was in
relatively good agreement with the calcium-bound hs-
PLA; crystal structure.®

Although the structure of an amide substrate-based
inhibitor bound to a pancreatic PLA; had been solved
by X-ray crystallography,i© the coordinates were not yet
available at the time of this work. Consequently,
published data from the study!® was used to generate a
model structure for the same inhibitor bound to hs-
PLA;. The compound was built and manually docked
into the active site with Insight II,%° using the published
figures!® as a guide. The initial structure was then
refined by energy minimization with the CVFF force
field,22 using the published interatomic distances!? as
harmonic distance restraints with force constants of 5.0
kcal/A2. Prototype models for ester and thioester sub-
strates were generated by converting the sn-2 amide
nitrogen to either oxygen or sulfur, and then refining
by energy minimization. The original default CVFF
parameters gave a twisted thioester group. Semiem-
pirical quantum calculations were carried out on model
thioester compounds with the MOPAC program using
the PM3 parameterization,”® suggesting that the thioester
preferred a trans conformation, with a barrier to rota-
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Scheme 2
hu
h
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"H 0 ’H SYS
7 8 s 9
- ?
F OH §~0 - P~ OCH, 5~0-—P-0OCH,
Iam 1 — {
cde s s 19 s OCH, h s s ou
——= 0 =02, o0 )0 ——=  Oox{ =0
R R R R R
10 1n 12
R

a CH3CH2
b CHj3(CHo)2
¢  CHj3(CHy)s
d  CHg(CHaz)q
e  CH3(CHy)s
1 CH3(CH)e
g  CH3(CH2);

@ Reagents: (a) mm—TrCl, TEA, PhCHj, room temperature; (b) KOH, CS;, MeOH, a; (¢) LAH, Et;O/THF; (d) RCOCI, pyr—hexane; (e)
PTSA, 4:1 CH;Cly—MeOH, room temperature, (f) POCl;, TEA, 0 °C; (g) MeOH, TEA; (h) LiBr, MEK.

tion of 6.2 kcal. Examination of thiocester structures in
the Cambridge Crystallographic Database2 suggested
that a slightly higher barrier might be appropriate.
Thus, the coefficient for the torsional potential in the
CVEFTF force field for the thioester bond was set to —5.0
kcal, giving a calculated barrier to rotation of 9.0 kcal
(after this work was completed, ab initio calculations
were carried out with the Spartan program?® at the
6-31G* level, using a model compound geometry opti-
mized at the 3-21G* level, giving a barrier height of 10.7
kcal, in relatively good agreement with the parameter-
ization used here). The resulting energy-minimized
structures of straight-chain substrates bound to hs-PLAy
were generally similar to the original X-ray structure,”
as well as to the subsequently published structures of
a phosphonate substrate-based inhibitor bound to cobra
venom PLA,!! and hs-PLA,.° Subsequent novel ester
and thioester compounds were docked into the hs-PLA,
model by superimposition onto corresponding atoms in
the initial docked structure. Alternative conformations
for the compounds were generated within the active site
of the enzyme with the MVP program using a modified
buildup procedure?! adapted to use the CVFF force
field.22 The protein was held fixed during energy
calculations except for the side chains of Leu-2, His-6,
and Lys-69.

Conclusions

A series of short-chain phospholipid analogs having
alkyl ether or oxy- or thioesters at the sn-1 position and
oxy- or thioesters at the sn-2 position have been
synthesized and used to examine the substrate specific-
ity of human synovial fluid phospholipase Ag by exam-
ining the rate of turnover of these substrates at con-
centrations well below the cmc of the substrate. Under
these conditions the enzyme kinetics should reflect only
the binding at the active site.

The 1,2-dihexanoyliglycerophospholipids were all
turned over too slowly to be useful substrates. However,
several of the 1,2-bis(alkanoylthio)- and 1-O-alkyl-2-
(alkanoylthio)glycerophospholipids were hydrolyzed at
reasonably high rates by hs-PLAj at concentrations well
below their cme. These compounds, e.g., 12d and 22d,
have proven useful as monomeric substrates in an assay
designed to identify active site inhibitors of hs-PLA,.

Several structure—activity relationships for mono-
meric substrates of hs-PLAj have been found. Specific
activity (k../Ky) is linearly related to lipophilicity over
a broad range of log P for compounds with straight chain
substituents at the sn-1 and sn-2 positions. For com-
parable values of lipophilicity, the sn-1 ethers and sn-1
thioesters are turned over at similar rates. A negative
charge in the phosphate head is necessary for substrate
activity. Unsaturation, aromaticity, and branching in
the sn-2 substituent reduce turnover dramatically. The
same modifications in the sn-1 substituent have less
effect on turnover.

In most cases, the experimental findings are consis-
tent with expectations from the calculated structures.
For example, the model clearly indicates that the sn-1
channel is wider and more open to solvent than the sn-2
channel., This is consistent with the experimental
observation that chain branching, aromaticity, and
double bonds are accommodated more easily in the sn-1
substituent than in the sn-2 substituent. Changes in
the sn-1 substituent do, however, result in modification
of substrate turnover. Thus, compound 22j, which has
an aromatic ring linked to the sn-1 oxygen by a three-
carbon linker, has an activity similar to that of straight
chain compounds with similar cLogP. In contrast,
compounds 22g—i, where the aromatic group is linked
via a single methylene, have lower activity, suggesting
a slightly poorer fit in the sn-1 channel. In addition,
the sn-1 group in 22k is substantially more bulky than
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M CHy(CHy)s Y oH,
n CH,(CH,)s PhCH,CH,
9 CHj,(CHy)s NN
B CHy(CHy)s Ph

¢ Reagents: (a) NaH, R;Br, DMF; (b) 9:1 MeOH: 1 N HCI; (¢) MMTrCl, pyr—THF, 0 °C; (d) TsCl, pyr—CH3Cly, 0 °C; (e) potassium
thioacetate, DMF, 85 °C; (f) NaBH«/EtOH, 50 °C; (g) R2COC], pyr, 0 °C; (h) PTSA, 4:1 CH2Cl;—MeOH; (i) POCl;, TEA, 0 °C; (j) MeOH,

TEA; (k) LiBrYMEK, room temperature.

the aromatic rings in 22g—i and is substantially less
active. Our results with 22g—i are most interesting
when compared to recently published work on a series
of structurally related inhibitors of hs-PLA;.26

None of the calculated protein—substrate structures
showed any strong interaction that would preferentially
stabilize an sn-1 ester or thiocester. Some of the
calculated structures had hydrogen bonds between the
sn-1 ester or thioester and the side chain amino group
of Lys-69. However, when this interaction occurred, it
weakened the interaction with the phosphate head

group. This lack of any strong interaction is consistent
with the experimental finding that sn-1 ethers have
approximately the same activity as sn-1 thioesters with
comparable lipophilicity.

Both the X-ray and the model structures of hs-PLAy
with bound ligand showed that the head group phos-
phate binds to the calcium and to the side-chain amino
group of Lys-69. These two interactions should be
strongest if the phosphate group has a full negative
charge. This is consistent with the results in Table 4,
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which demonstrate that a negative charge on the
phosphate head group is necessary for substrate turn-
over.

Whereas the gross outlines of the experimental struc-
ture—activity relationships can be rationalized by ex-
amination of model structures, the finer details of the
structure—activity relationship were not predicted and
could not be rationalized. For example, the poor activity
of compound 220 was not expected. More sophisticated
computational methodologies will be required to make
quantitative predictions of activity.

Certain of these substrates, e.g., 12d, have proven
useful in assaying for active site inhibitors of hs-PLA,.
The structure—activity relationships defined for these
short-chain substrates have assisted in the design of
substrate analog inhibitors of hs-PLAs.

Experimental Section

I'H NMR spectra were determined at 300 MHz on Varian
Unity 300 or Varian VXR-300 insturments. Triethylamine,
diisopropylamine, and diisopropylethylamine were distilled
over calcium hydride prior to use. Anhydrous tetrahydrofuran,
dichloromethane, diethyl ether, and toluene were purchased
from Aldrich Chemical Co. and were used as received. All
other solvents and reagents were purchased commercially and
used as received. Flash column chromatography was per-
formed on silica gel (EM Science, 230—400 mesh). Reverse-
phase medium-pressure liquid chromatography (MPLC) was
performed on Cs silica gel (Whatman LRP-2, 37-53 um, 20
mm x 300 mm column) using a FMI model QSY pump.
Elemental analyses were performed by Atlantic Microlab,
Atlanta, GA. Thin-layer chromatography was conducted using
silica gel (EM Science, Kieselgel 60 Fgs4) plates. Reverse-phase
TLC was conducted using C;s (Whatman, KC;sF) plates.

Benzyl (2R)-2,3-Dihydroxy-1-propyl Ether (2). A slurry
of 10.2 g (255 mmol) of 60% sodium hydride in oil was washed
with hexane under nitrogen and was slurried in 300 mL of
N, N-dimethylformamide under nitrogen. The mixture was
chilled to 0 °C with stirring as 26.0 g (197 mmol) of (S)-2,3-
isopropylideneglycerol (1) was added dropwise in 20 mL of
N, N-dimethylformamide. After 30 min at 25 °C the mixture
was chilled to 0 °C as 23.5 mL (198 mmol) of benzyl bromide
was added dropwise. After 2 h at 0 °C and 2 h at 25 °C, the
mixture was quenched carefully with water, diluted with more
water, and extracted with two 200-mL portions of ethyl
acetate, The pooled organics were washed with water and
brine, and were dried over magnesium sulfate. Concentration
in vacuo afforded 31.9 g of the crude benzyl ether: 'H NMR
(CDCl;) 6 1.18 (s, 3H), 1.22 (s, 3H), 3.42 (dd, 1H), 3.54 (dd,
1H), 3.75 (dd, 1H), 4.07 (dd, 1H), 4.30 (m, 1H), 4.60 (d, 2H),
7.38 (m, 5H) ppm.

The above benzyl ether was diluted with 200 mL of
methanol and treated with 2.5 mL of 5 N hydrochloric acid.
After 2 h at reflux temperature the mixture was cooled to 25
°C and was concentrated in vacuo. Ether (200 mL) was added,
the mixture was dried over magnesium sulfate and was
concentrated in vacuo. The crude oil was chromatographed
on 200 g of silica gel (elution with ether) to provide 25.1 g (70%)
of the diol 2 as an oil: 'H NMR (CDCly), 6 3.58 (d, 2H), 3.61
(dd, 1H), 3.70 (dd, 1H), 3.88 (m, 1H), 7.35 (m, 5H) ppm.

Benzyl (29)-2,3-Bis(hexanoyloxy)-1-propyl Ether (3).
A solution of 18.0 g (98.8 mmol) of glycerol derivative 2 in 300
mL of dichloromethane was stirred at 0 °C as 35.0 mL (251
mmol) of triethylamine and 1 g of 4-(dimethylamino)pyridine
was added, followed by dropwise addition of 31.6 mL (221
mmol) of hexanoyl chloride. After 6 h at 25 °C, the mixture
was quenched by addition of 20 mL of N,N-dimethylethylene-
diamine. Water was added, and the mixture was concentrated
to a volume of 100 mL. The residue was further diluted with
water and was extracted with two 200-mL portions of ethyl
acetate. The organics were washed with saturated aqueous
sodium bicarbonate, water, 1 N sulfuric acid, and brine and
were dried over magnesium sulfate. Concentration in vacuo
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followed by chromatography of the crude material on 200 g of
silica gel (elution with 30% ethyl acetate—hexane) gave 31.31
g (84%) of the diester 8 as an oil: 'H NMR (CDCls) 6 0.85 (bt,
6H), 1.30 (m, 8H), 2.23 (t, 2H), 2.30 (t, 2H), 3.60 (d, 2H), 4.20
(dd, 1H), 4.37 (dd, 1H), 4.57 (AB q, 2H), 5.23 (m, 1H), 7.38 (m,
5H) ppm.

(28)-1,2-Bis(hexanoyloxy)-1-propanol (4). A solution of
5.00 g (13.20 mmol) of the benzyl ether 8 in 50 mL of
2-propanol and 5 mL of acetic acid was added to 750 mg of
10% palladium hydroxide on carbon in a pressure bottle under
nitrogen. The mixture was shaken under 50 psi of hydrogen
for 18 h. The mixture was then filtered, and the filtrate was
concentrated under reduced pressure. Purification of the crude
product by medium-pressure liquid chromatography (40 x 300
mm silica gel column, 20% ethyl acetate/hexane) gave 3.22 g
(85%) of the title compound as an oil: 'H NMR (CDCl;) 6 0.84
(bt, 6H), 1.30 (m, 8H), 1.61 (m, 4H), 2.31 (t, 2H), 2.35 (t, 2H),
3.72 (4, 2H), 4.22 (dd, 1H), 4.32 (dd, 1H), 5.07 (m, 1H) ppm.

General Procedure for the Preparation of the Unsym-
metrical Phosphates 5a—g. A solution of 1.5—2.5 mmol of
phenyl dichlorophosphite in tetrahydrofuran (0.5 M) was
chilled to —78 °C under nitrogen and was treated with N,N-
diisopropylethylamine (4 equiv). A solution of (25)-1,2-bis-
(hexanoyloxy)-1-propanol (4) (1.0 equiv) in 1 mL of tetrahy-
drofuran was added dropwise. After 15 min at —78 °C the
second alcohol component (1.3 equiv) in 1-2 mL of tetrahy-
drofuran was added. The mixture was allowed to stir at —78
°C for 1 h, then warmed to 25 °C, and kept thusly for 14 h.
The reaction mixture was diluted with 30—50 mL of ethyl
acetate and was filtered through Celite. The filtrate was
concentrated under reduced pressure to provide the crude
phenyl phosphite, which was not characterized or purified but
directly oxidized to the phenyl phosphate by addition of 30%
hydrogen peroxide (1 mIL/mmol of PhOPCl; employed) to a
stirring solution of the crude phosphite in dichloromethane
(0.1-0.2 M). After 1—4 h, the organic layer was separated,
dried over magnesium sulfate, and concentrated in vacuo.
Purification by chromatography afforded the mixed phos-
phates.

2-[(Benzyloxycarbonyl)aminolethyl (2R)-1,2-bis(thex-
anoyloxy)-1-propyl phenyl phosphate (5a) [chromatogra-
phy on silica gel/30% ethyl acetate—hexane; 70% ethyl
acetate—hexane]: yield 52%; oil; 'H NMR (CDCl3) 6 0.83 (bt,
6H), 1.22 (bs, 8H), 1.60 (bs, 4H), 2.23 (m, 4H), 3.48 (bs, 2H),
4.18 (m, 2H), 4.22 (m, 4H), 5.10 (s, 2H), 5.14 (m, 1H), 5.38 (bs,
1H), 7.20 (bs, 4H), 7.39 (bs, 6H) ppm.

(2R)-1,2-Bis(hexanoyloxy)-1-propyl methyl phenyl phos-
phate (5b) [chromatography on silica gel/20% ethyl acetate—
hexane; 50% ethyl acetate—hexane]: yield 61%; oil; 1H NMR
(CDCl3) 6 0.82 (bt, 6H), 1.24 (bs, 8H), 1.60 (bs, 4H), 2.32 (m,
4H), 3.82 and 3.92 (2 d, 3H), 4.19 (m, 2H), 4.30 (m, 4H), 5.13
(m, 1H), 7.10 (m, 3H), 7.20 (m, 2H) ppm.

(18)-1-[(Benzyloxycarbonyl)amino]-1-(benzyloxycar-
bonyl)-2-ethyl (2R)-1,2-bis(hexanoyloxy)-1-propyl phenyl
phosphate (5c¢) [chromatography on silica gel/30% ethyl
acetate—hexane; 50% ethyl acetate—hexane]: yield 58%; oil;
IH NMR (CDCl3) 6 0.82 (m, 6H), (1.23 (m, 8H), 1.60 (m, 4H),
2.23 (m, 4H), 4.20 (m, 6H), 4.60 (m, 1H), 5.10 and 5.19 (m,
4H), 5.21 (m, 1H), 5.78 and 5.90 (2 d, 1H), 7.19 (m, 2H), 7.37
(m, 13H) ppm.

(1S,2R)-1-[(Benzyloxycarbonyl)amino]-1-(benzyloxy-
carbonyl)-2-propyl (2R)-1,2-bis(hexanoyloxy)-1-propyl
phenyl phosphate (5d) [chromatography on silica gel/30%
ethyl acetate—hexanel: yield 62%; oil; 'H NMR (CDCls) 6 0.83
(bs, 6H), 1.28 (bs, 8H), 1.42 (2 d, 3H), 1.62 (m, 4H), 2.25 (m,
4H), 4.20 and 4.52 (m, 5H), 4.82 (m, 1H), 5.09 (m, 5H), 5.62
and 5.78 (2 d), 7.18 (m, 2H), 7.38 (m, 13H) ppm.

(2R)-1,2-Bis(hexanoyloxy)-1-propyl phenyl 2-[[(1,1,2-
trimethylpropyl)dimethylsilylloxylethyl phosphate (5¢)
[chromatography on silica gel/20% ethyl acetate—hexane; 70%
ethyl acetate—hexanel: yield 55%; oil; *H NMR (CDCls) 6 0.10
(s, 6H), 0.82 (m, 13H), 0.85 (m, 6H), 1.30 (m, 8H), 1.61 (m,
4H), 2.28 (m, 4H), 3.80 (bt, 2H), 4.18 and 4.30 (bm, 6H), 5.22
(m, 1H), 7.20 (m, 3H), 7.38 (m, 2H) ppm.

[(2R)-1-(Benzyloxycarbonyl)pyrrolidin-2-yllmethyl (2R)-
1,2-bis(hexanoyloxy)-1-propyl phenyl phosphate (5f) [chro-
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matography on silica gel/30% ethyl acetate—hexane; 40% ethyl
acetate—hexane; 50% ethyl acetate—hexanel: yield 65%:; oil,
IH NMR (CDCls) 6 0.90 (m, 6H), 1.32 (m, 8H), 1.62 (m, 4H),
1.83 and 1.97 (2 m), 2.31 and 3.40 (2 m, 2H), 4.10 and 4.25 (2
m, 7H), 5.11 (m, 2H), 5.23 (m, 1H), 7.21 (m, 3H), 7.39 (m, 7TH)
ppm.

[(28)-1-(Benzyloxycarbonyl)pyrrolidin-2-yllmethyl (2R)-
1,2-bis(hexanoyloxy)-1-propyl phenyl phosphate (5g)
[chromatography on silica gel/20% ethyl acetate—hexane; 40%
ethyl acetate—hexane; 50% ethyl acetate—hexanel: yield 62%;
oil; 'TH NMR (CDCls) 6 0.88 (m, 6H), 1.33 (m, 8H), 1.60 (m,
4H), 1.81 and 1.95 (2 m), 2.30 (m, 4H), 3.40 (m, 2H), 4.05 and
4.25 (2 m, 7TH), 5.08 (m, 2H), 5.20 (m, 1H), 7.18 (m, 3H), 7.38
(m, 7TH) ppm.

(2R)-1,2-Bis(hexanoyloxy)-1-propyl 2-Hydroxyethyl
Phenyl Phosphate. The phosphate 5e (505 mg, 0.86 mmol)
was stirred in 2 mL of tetrahydrofuran at 0 °C as 0.75 mL of
70% hydrogen fluoride—pyridine was added. The mixture was
warmed to 25 °C after 1 h, and another 0.75 mL aliquot of
hydrogen fluoride—pyridine was added. After an additional
hour the mixture was diluted with 50 mL of ethyl acetate and
was washed with water and brine. Drying of the organic phase
over magnesuim sulfate and concentration in vacuo gave the
crude product which was chromatographed on 25 g of silica
gel (elution with 50% ethyl acetate—hexane followed by 70%
ethyl acetate—hexane) to provide 204 mg (562%) of the phenyl
hydroxyethyl phosphate as an oil: 'H NMR (CDCl3) 6 0.88 (bs,
6H), 1.30 (bs, 8H), 1.61 (m, 4H), 2.35 (m. 4H), 3.83 (bs, 2H).
4.20 and 4.30 (2 m, 6H), 5.25 (m, 1H), 7.21 (m, 3H), 7.40 (m.
2H) ppm.

(2R)-1,2-Bis(hexanoyloxy)-1-propyl 2-Hydroxyethyl
Phosphate (6e). The phenyl phosphate from the above step
was treated with 100 mg of platinum oxide, and the mixture
was diluted with 2 mL of acetic acid and 2 mL of 2-propanol.
The mixture was stirred under a balloon of hydrogen gas for
2 h at 25 °C. The mixture was filtered, and the filtrate was
concentrated under reduced pressure to give the crude product,
which was purified by chromatography on silica gel (elution
with chloroform followed by 60:35:5 chloroform/methanol/
water) to provide 117 mg (73%) of the phosphoglycerol deriva-
tive 7e as a viscous oil: 'H NMR (CDCls) ¢ 0.85 (bs, 6H), 1.28
(m, 8H), 2.29 (m, 4H), 3.70 (bs, 2H), 3.95 (m, 4H), 4.18 (m,
2H), 5.23 (m, 2H) ppm. Anal. (C17H3309P‘0.5HQO) C, H.

(2R)-1,2-Bis(hexanoyloxy)-1-propyl Methyl Phosphate
(6b). A mixture of 258 mg (0.563 mmol) of phenyl phosphate
5b in 3 mL of acetic acid and 3 mL of 2-propanol was added to
150 mg of platinum oxide. The mixture was stirred under a
balloon of hydrogen gas for 4 h, at which time the mixture
was filtered and the filtrate was concentrated. Chromatog-
raphy of the residue on silica gel (elution with chloroform
followed by 60:35:5 chloroform/methanol/water) gave 156 mg
(72%) of the phosphate as a waxy solid: 'H NMR (CDCl3) 6
0.88 (bs, 6H), 1.30 (bs, 8H), 1.58 (bs, 4H), 2.27 (m, 4H), 3.60
(d, 3H), 4.00 (bs, 2H), 4.20 bs, 2H), 5.21 (m, 1H) ppm: MS m/e
[M - 1] 381. Anal. (C16H3108P‘05 HzOJ C. H

General Procedure: Deprotection of Mixed Phos-
phates 5a, 5¢, 5d, 5f, and 5g. The phenyl phosphate in 1:1
2-propanol/acetic acid (0.1 M) was added to a mixture of
platinum oxide (0.5 g/g of phosphate) and 10% palladium on
carbon (1 g/g of phosphate) under nitrogen. The mixture was
rapidly stirred under a balloon of hydrogen gas for 4—12 h or
generally until thin-layer chromatography indicated no re-
maining material absorbing at 254 nm. The mixture was
filtered, and the filtrate was concentrated in vacuo. The crude
product was purified by chromatography on silica gel.

2-Aminoethyl (2R)-1,2-bis(hexanoyloxy)-1-propyl phos-
phate (6a) [chromatography on silica gel/chloroform; 60:35:5
chloroform/methanol/water]: yield 75%; waxy solid; '!H NMR
(CDCl3) 6 0.86 (m, 6H), 1.30 (m, 8H), 1.63 (m, 4H), 2.28 (2 t,
4H), 3.19 (bs, 2H), 3.97 (m, 2H), 4.18 (m, 2H), 4.16 (dd, 1H),
4.20 (dd, 1H), 5.21 (m, 1H) ppm; MS m/e [M — 1] 410. Anal.
(Cl7H34NOSP‘O.25 HQO) C, H, N.

(18)-1-Amino-1-carboxy-2-ethyl (2R)-1,2-bis(hexanoyl-
oxy)-1-propyl Phosphate (6¢) [chromatography on silica gel/
chloroform; 60:35:5 chloroform/methanol/water]: yield 85%;
waxy solid; 'H NMR (CDCls) 6 0.85 (bs, 6H), 1.31 (bs, 8H),
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1.60 (bs, 4H), 2.29 (bs, 4H), 3.98 (m, 2H), 4.18 (m, 3H), 4.38
(m, 2H), 5.22 (m, 1H) ppm. Anal. (Cy3Hs:NO10P-0.25H:0) C,
H; N: caled, 3.05; found, 2.62.

(18,2R)-1-Amino-1-carboxy-2-propyl (2R)-1,2-bis(hex-
anoyloxy)-1-propyl phosphate (6d) [chromatography on
silica gel/chloroform; 60:35:5 chloroform/methanol/water]: yield
629%; waxy solid; 'H NMR (CDCl;) 6 0.88 (bs, 6H), 1.36 (bs,
11H), 1.58 (bs, 4H), 2.23 (bs, 4H), 3.97 (m, 2H), 4.16 (m, 3H),
4.40 (m, 2H), 5.23 (m, 1H) ppm. Anal. (C;sH3NO,P-1.0H,0)
C,H,N.

(2R)-1,2-Dihexanoyl-1-propyl [(2R)-1-pyrrolidin-2-yl]-
methyl phosphate (6f) [chromatography on silica gel/
chloroform; 60:35:5 chlolroform/methanol/waterl: yield 61%;
waxy solid; '"H NMR (CDCls) ¢ 0.90 (t, 6H), 1.37 (bs, 8H), 1.60
(bs, 4Hj, 1.71 (m, 1H), 2.03 (m, 3H), 2.37 (m, 4H), 3.33 (bs,
2H), 3.83 (bs, 1H). 4.00 (m, 2H), 4.10 (m, 1H), 4.18 (dd, 1H),
4.39 (dd, 1H), 5.21 (bs, 1H) ppm; MS m/e [M — 1] 450. Anal.
(CyoH3sNOsP:0.5H,0) C, H, N.

(2R)-1,2-Bis(thexanoyloxy)-1-propyl [(2S)-1-pyrrolidin-
2-ylimethyl phosphate (6g) [chromatography on silica gel/
chloroform; 60:35:5 chlolroform/methanol/water]: yield 62%;
waxy solid; 'H NMR (CDCl;) ¢ 0.88 (t, 6H), 1.36 (bs, 8H), 1.61
(bs, 4H), 2.03 (m, 2H), 2.33 (m, 4H), 3.25 (bt, 2H), 3.86 (bs,
1H), 4.00 (m), 4.10 (m, 1H), 4.18 (dd, 1H), 4.40 (dd, 1H), 5.22
(m, 1H) ppm; MS m/e [M — 1] 450. Anal. (CyH3sNOsP-1.0H,O)
C.H,N.

(28)-3-[[(4-Methoxyphenyl)diphenylmethylloxy]-1,2-
propylene- Trithiocarbonate (9). A mixture of the epoxide
8 (15.17 g, 43.8 mmol), potassium hydroxide (14.99 g, 267.1
mmol), and carbon disulfide (24.0 g, 315.3 mmol) in methanol
(100 mL) was heated at reflux for 2 h. The mixture was then
poured into water and was extracted with dichloromethane.
The organic phases were dried over magnesium sulfate and
concentrated in vacuo to a yellow oil. Crystallization from 10%
hexane in ether and collection by filtration afforded the product
(9.7 g, 57%) as a vellow solid: 'H NMR (acetone-ds) 6 3.45—
3.60 (m, 2H), 3.80 (s, 3H), 4.05-4.30 (m, 2H), 4.70—4.85 (m,
1H), 6.85—-7.55 (m, 14H) ppm.

General Procedure: (2S5)-2,3-Bis(hexanoylthio)-1-pro-
pyl (4-Methoxyphenyl)diphenylmethyl Ether. To a stirred
slurry of lithium aluminum hydride (839 mg, 22.1 mmol) in
anhydrous diethyl ether (50 mL) was added a solution of the
above trithiocarbonate (9.70 g, 22.1 mmol) in tetrahydrofuran
(75 mL) over 1 h. The reaction mixture was stirred at 25 °C
for 1 h and then cooled in an ice bath. The reaction was
quenched by the dropwise addition of water (50 mL), adjusted
to pH 4.0 with 1 N hydrochloric acid, and extracted with ether.
The ether was washed with water, saturated aqueous sodium
bicarbonate, and water. The combined organic phases were
dried over magnesium sulfate and concentrated in vacuo to
afford the crude dithiol. To a solution of the dithiol in 25%
pyridine—hexane (100 mL) at 0 °C was added dropwise a
solution of hexanoyl chloride (8.93 g, 66.3 mmol) in hexane
(10 mL). The reaction mixture stirred 14 h at 25 °C. The
mixture was partitioned between ether and water. The
organic phase was washed with water, dried over magnesium
sulfate, and concentrated. The residue was chromatographed
on silica gel (elution with 10% ethyl acetate in hexane) to afford
the desired product (6.95 g, 53%) as an oil: H NMR (acetone-
de) 0 0.80—0.95 (m, 6H), 1.25—-1.40 (m, 8H), 1.50—1.70 (m, 4H),
2.50—2.65 (m, 4H). 3.20—-3.45 (m, 4H), 3.80 (s, 3H), 3.85—3.95
(m, 1H). 6.85—7.55 (m, 14H) ppm.

(28)-2,3-Bis(hexanoylthio)-1-propyl Dimethyl Phos-
phate (11d). A mixture of the above dithiocester (6.90 g, 11.6
mmol) and p-toluenesulfonic acid (13 mg) in dichloromethane/
methanol (80 m1/20 mL) was stirred at 25 °C for 1 h. Pyridine
(1 mL) was added, and the reaction mixture was concentrated.
The residue was taken up in ether (60 mL) and filtered. The
filtrate was concentrated and placed under high vacuum for
1 h to afford the crude alcohol. To a solution of phosphorus
oxychloride (2.14 g, 14.0 mmol) and triethylamine (2.12 g, 21.0
mmol) in tetrahydrofuran (10 mL) at 0 °C was added dropwise
a solution of the crude alcohol in tetrahydrofuran (20 mL). The
reaction stirred at 0 °C for 45 min, and then a solution of
methanol (8 mL) and triethylamine (6 mL) was added drop-
wise. The reaction was stirred at 25 °C for 14 h. The reaction
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mixture was diluted with ether (25 mL) and filtered. The
filtrate was concentrated, and the residue was chromato-
graphed on silica gel (elution with 50% ethyl acetate—hexane)
to afford the product 11d as an oil (2.95 g, 59%): 'H NMR
(CDCl3) 6 0.80—-0.95 (m, 6H), 1.20—1.40 (m, 8H), 1.55-1.70
(m, 4H), 2.55 (t, 4H), 3.10—-3.40 (m, 2H), 3.75 (4, 6H), 3.80—
3.90 (m, 1H), 4.00—4.30 (m, 2H) ppm.

Lithium (28)-2,3-Bis(hexanoylthio)-1-propyl Methyl
Phosphate (12d). A mixture of the above dimethyl phosphate
11d (3.82 g, 8.90 mmol) and lithium bromide (2.32 g, 26.7
mmol) in 2-butanone (35 mL) was stirred at 25 °C for 14 h.
The reaction mixture was concentrated and the residue
purified by reverse-phase chromatography (acetonitrile:metha-
nol:water; 2:2:1) to afford the desired product 18d as a white
solid (3.62 g, 96%): 'H NMR (DMSO-d¢) 6 0.85 (t, 6H), 1.17—
1.32 (m, 8H), 1.47-1.60 (m, 4H), 2.50—-2.60 (m, 4H), 3.02—
3.12 (m, 1H), 3.25-3.35 (m, 4H), 3.60—3.80 (m, 3H) ppm.
Anal. (CH30LiOcPS) C, H, S.

Lithium (2S)-2,3-bis(propanoylthio)-1-propyl methyl
phosphate (12a): *H NMR (DMSO-ds) 6 1.06 (t, 3H), 1.07 (t,
3H), 2.60 (q, 2H), 2.61 (g, 2H), 3.11 (dd, 1H), 3.27 (dd, 1H),
3.32 (d, 3H), 3.6—3.8 (m, 3H). Anal. (C;H;s06PS:Li) C, H,
S.

Lithium (28)-2,3-bis(butanoylthio)-1-propyl methyl
phosphate (12b): 'H NMR (DMSO-d¢) 6 0.89 (t, 6H), 1.54—
1.63 (m, 4H), 2.53—-2.58 (m, 4H), 3.10 (dd, 1H), 3.30 (dd, 1H),
3.31 (d, 3H), 3.6—3.8 (m, 3H). Anal. (C;2H0¢PS;Li) C, H,
S.

Lithium (28)-2,3-bis(pentanoylthio)-1-propyl methyl
phosphate (12¢): 'H NMR (DMSO-de) 6 0.87 (t, 6H), 1.25—
1.34 (m, 4H), 1.51-1.58 (m, 4H), 2.55—-2.60 (m, 4H), 3.09 (dd,
1H), 3.29 (dd, 1H), 3.31 (d, 3H), 3.6—3.8 (m, 3H). Anal.
(C14H2606PS:Li) C, H, S.

Lithium (28)-2,3-bis(heptanoylthio)-1-propyl methyl
phosphate (12e): 'H NMR (DMSO-d) 6 0.86 (t, 6H), 1.21—
1.31 (m, 12H), 1.51-1.58 (m, 4H), 2.54—-2.58 (m, 4H), 3.09 (dd,
1H), 3.30 (dd, 1H), 3.33 (d, 3H), 3.6—-3.8 (m, 3H). Anal.
(C1gH3406PS:Li) C, H, S.

Lithlum (2S)-2,3-bis(octanoylthio)-1-propyl methyl
phosphate (12f): 'H NMR (DMSO-dg) 6 0.85 (t, 6H), 1.20—
1.30 (m, 16H), 1.51-1.58 (m, 4H), 2.54-2.58 (m, 4H), 3.09 (dd,
1H), 3.30 (dd, 1H), 3.33 (d, 3H), 3.6—3.8 (m, 3H). Anal.
(CqoH3306PS:L1) C, H, S.

Lithium (2S)-2,3-bis(nonanoylthio)-1-propyl methyl
phosphate (12g): 'H NMR (DMSO-dg) & 0.85 (t, 6H), 1.19-
1.29 (m, 20H), 1.51-1.58 (m, 4H), 2.54—2.58 (m, 4H), 3.09 (dd,
1H), 3.30 (dd, 1H), 3.33 (d, 3H), 3.6—-3.8 (m, 3H). Anal.
(CgoH4306PS:LI) C, H, S.

General Procedure: (2S)-1-O-Hexyl-2,3-O-1sopropy-
lideneglycerol (13¢). To a stirred slurry of sodium hydride
(4.54 g, 113.5 mmol) in N,N-dimethylformamide (50 mL) was
added dropwise (25)-1,2-O-isopropylideneglycerol (10.0 g, 75.6
mmol) in N,N-dimethylformamide (50 mL) (gas evolution). The
reaction mixture was stirred for 45 min. 1-Bromohexane
(15.20 g, 92.0 mmol) in N,N-dimethylformamide (50 mL) was
added dropwise, and the reaction mixture was stirred at 25
°C for 14 h. The reaction mixture was poured into ice water
(250 mL), extracted with ether, dried over magnesium sulfate,
and concentrated. The residue was chromatographed on silica
gel (elution with 10% ethyl acetate in hexane) to afford the
product (14.12 g, 87%) as a liquid: ‘H NMR (CDCl3) 8 0.90 (t,
3H), 1.20—1.38 (m, 6H), 1.40 (d, 6H), 1.50—1.65 (m, 2H), 3.35—
3.58 (m, 4H), 3.70—3.78 (m, 1H), 4.02-4.10 (m, 1H), 4.20-
4.30 (m, 1H) ppm.

(28)-3-(Hexyloxy)-1,2-propanediol (14¢). To a stirred
solution of the above isopropylideneglycerol (12.30 g, 56.9
mmol) in methanol (150 mL) was added dropwise 1 N
hydrochloric acid (20 mL), and the mixture was stirred at 25
°C for 24 h. The reaction mixture was concentrated, taken
up in benzene (250 mL), and concentrated again. Trace
solvent was removed under high vacuum to afford the desired
diol (10.00 g, quant): H NMR (CDCl;) 6 0.88 (t, 3H), 1.20—
1.60 (m, 6H), 1.50-1.65 (m, 2H), 2.30—2.50 (br, 2H), 3.40—
3.80 (m, 7H) ppm.

(28)-1-(Hexyloxy)-3-[(4-methoxyphenyl)diphenyl-
methoxy]-2-propanol (15¢). To a stirred solution of the
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above diol (10.00 g, 56.7 mmol) in pyridine (100 mL) at 0 °C
was added dropwise a solution of p-anisylchlorodiphenyl-
methane (21.02 g, 68.1 mmol) in tetrahydrofuran (60 mL). The
mixture was allowed to come to 25 °C and stir for 14 h. The
reaction mixture was concentrated and partitioned between
ether (200 mL) and water (200 mL). The ether layer was
washed with water, dried over magnesium sulfate, and
concentrated. The residue was chromatographed on silica gel
(elution with 20% ethyl acetate in hexane) to afford the product
(23.65 g, 92%) as a yellow gum: 'H NMR (acetone-ds) 6 0.90
(t, 3H), 1.20—1.38 (m, 6H), 1.42-1.55 (m, 2H), 3.10—3.20 (m,
2H), 3.38—3.58 (m, 4H), 3.78—-3.95 (m, 4H), 6.85-7.55 (m, 14H)
ppm.

(285)-1-(Hexyloxy)-3-[(4-methoxyphenyl)diphenyl-
methoxy]-2-propyl p-Toluenesulfonate (16¢). To a stirred
solution of the above alcohol 15¢ (23.60 g, 52.6 mmol) in
pyridine (120 mL) at 0 °C was added dropwise a solution of
p-toluenesulfonyl chloride (25.07 g, 131.5 mmol) in dichlo-
romethane (60 mL). The mixture was stirred at 25 °C for 14
h. The reaction mixture was concentrated and partitioned
between ether (300 mL) and water (300 mL). The ether layer
was washed with water, and the organic phase was dried over
magnesuim sulfate. The organic phase was concentrated
under reduced pressure, and the residue was chromatographed
on silica gel (elution with 15% ethyl acetate in hexane) to afford
the product (22.50 g, 71%) as an oil: 'H NMR (acetone-ds) 0
0.90 (t, 3H), 1.15-1.42 (m, 8H), 2.42 (s, 3H), 3.20—3.35 (m,
4H), 3.50—3.68 (m, 2H), 3.80 (s, 3H), 3.65—3.75 (m, 1H), 6.82—
7.85 (m, 18H) ppm.

(2R)-1-(Hexyloxy)-3-[(4-methoxyphenyl)diphenyl-
methoxy]-2-propyl Thioacetate (17¢). The above tosylate
16¢ (22,50 g, 37.3 mmol) in N,N-dimethylformamide (80 mL)
was added dropwise to a stirred solution of potassium thio-
acetate (8.53 g, 74.6 mmol) in N,N-dimethylformamide (80
mL). The mixture was heated at 80 °C for 16 h. The reaction
mixture was concentrated and taken up in ether (300 mL).
The ether layer was washed with water, dried over magnesium
sulfate, and concentrated in vacuo. The residue was chro-
matographed on silica gel (elution with 10% ethyl acetate in
hexane) to afford the product (13.25 g, 70%) as a yellow gum:
'H NMR (acetone-ds) 6 0.88 (t, 3H), 1.20—1.37 (m, 6H), 1.40—
1.55 (m, 2H), 2.32 (s, 3H), 3.20-3.45 (m, 4H), 3.63—3.70 (m,
2H), 3.80 (s, 3H), 3.82—3.92 (m, 1H), 6.83-7.50 (m, 14H) ppm.

(2R)-1-(Hexyloxy)-3-[(4-methoxyphenyl)diphenyl-
methoxy]-2-propanethiol (18¢). A solution of the above
thioacetate 17¢ (7.60 g, 15.0 mmol) in absolute ethanol (100
mL) was heated to 55 °C. Sodium borohydride (5.00 g, 132.2
mmol) was added portionwise and mixture heated at 55 °C
for 1 h. The reaction mixture was poured into ice water (500
mL), extracted with ether, dried over magnesium sulfate, and
concentrated in vacuo to afford the thiol (6.90g, 100%): 'H
NMR (acetone-ds) 6 0.88 (t, 3H), 1.20—1.38 (m, 6H), 1.45—-1.55
(m, 2H), 3.05-3.15 (m, 1H), 3.25-3.70 (m, 6H), 3.80 (s, 3H),
6.83-7.50 (m, 14H) ppm.

(2R)-1-(Hexyloxy)-3-[(4-methoxyphenyl)diphenyl-
methoxy]-2-propyl Thiobenzoate (19p). To a stirred solu-
tion of the above thiol 18¢ (1.72 g, 3.7 mmol) in pyridine (5
mL) at 0 °C was added benzoyl chloride (0.79 g, 5.6 mmol).
The reaction was stirred at 25 °C for 14 h. The reaction
mixture was poured into ice water and was extracted with
ether. The organic phases were dried over magnesium sulfate
and were concentrated under reduced pressure. The residue
was chromatographed on silica gel (elution with 10% ethyl
acetate in hexane) to afford the product (1.40 g, 67%) as a light
yellow oil: 'H NMR (acetone-dg) 6 0.88 (t, 3H), 1.20—1.38 (m,
6H), 1.45-1.55 (m, 2H), 3.30—3.53 (m, 4H), 3.75-3.85 (m, 5H),
4.10—4.20 (m, 1H), 6.83—8.00 (m, 19H) ppm.

General Procedure: Detritylation, Phosphorylation,
and Dealkylation of 19a—f. The protected alcohol 19 was
dissolved in 2:1 methanol/toluene. Amberlite IR-120(plus) (H
form) was added and the mixture was stirred at 25 °C for 5 h.
The mixture was filtered to remove the resin, and the filtrate
was concentrated in vacuo. The residue was chromatographed
on silica gel (elution with 10% ethyl acetate—hexanes followed
by 20% ethyl acetate—hexanes) to provide the alcohols 20a—
f. These compounds were phosphorylated via the phosphite
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triester method using methyl dichlorophosphite according to
the procedure denoted in Scheme 1. The dimethyl phosphates
21a—f were dealkylated according to the procedure in Scheme
2 to give 22a—f after reverse-phase liquid chromatography.

Lithium methyl (2R)-3-(propyloxy)-2-(butanoylthio)-
1-propyl phosphate (22a): 'H NMR (CDCl3) 6 0.90 (m, 6H),
1.56 (q, 2H), 1.67 (q, 2H), 2.53 (t, 2H), 3.43 (m, 2H), 3.59 (m,
4H), 3.93 (m, 4H) ppm. Anal. (C11H2:LiOsPS) C, H.

Lithium methyl (2R)-3-(propyloxy)-2-(octanoylthio)-
1-propyl phosphate (22b): 'H NMR (CDCl3) 6 0.90 (m, 6H),
1.29 (m, 8H), 1.60 (m, 4H), 2.55 (t, 2H), 3.45 (m, 3H), 3.60 (d,
3H), 3.65 (m, 1H, 4.00 (br m, 3H). Anal. (CisH3LiOsPS) C,
H

Lithium methyl (2R)-3-(pentyloxy)-2-(butanoylthio)-
1-propyl phosphate (22¢): 'H NMR (CDCls) 6 0.90 (m, 6H),
1.29 (m, 4H), 1.53 (m, 2H), 1.66 (g, 2H), 2.53 (t, 2H), 3.45 (m,
2H), 3.60 (m, 5H), 3.96 (m, 3H) ppm. Anal. (C1sHyLiOsPS)
C, H.

Lithium methyl (2R)-3-(pentyloxy)-2-(octanoylthio)-1-
propyl phosphate (22d): 'H NMR (CDCls) 6 0.85 (m, 6H),
1.23 (m, 12H), 1.60 (m, 4H), 2.52 (t, 2H), 3.44 (m, 2H), 3.56 (d,
3H), 3.63 (m, 2H), 3.87 (m, 2H), 4.02 (m, 1H) ppm. Anal.
(C17H3.LiOgPS) C, H.

Lithium methyl (2R)-3-(octyloxy)-2-(butanoylthio)-1-
propyl phosphate (22e): 'H NMR (CDCl3) 6 0.91 (m, 6H),
1.28 (m, 10H), 1.55 (m, 2H), 1.67 (g, 2H), 2.53 (1, 2H), 3.45 (m,
4H), 3.60 (m, 3H), 3.97 (m, 3H) ppm. Anal. Calcd for CisHs.-
LiOePS: C, 49.21; H, 8.27. Found: C, 49.95; H, 8.17.

Lithium methyl (2R)-3-(octyloxy)-2-(octanoylthio)-1-
propyl phosphate (22f): 'H NMR (CDCl3) 6 0.87 (m, 6H),
1.27 (br s, 21H), 1.57 (m, 4H), 2.53 (t, 2H), 3.44 (m, 2H), 3.57
(d, 3H), 3.65 (br s, 2H), 3.96 (m, 3H) ppm. Anal. Caled for
CooHyLiOgPS: C, 53.78; H, 9.04. Found: C, 54.55; H, 8.93.

General Procedure: Detritylation, Phosphorylation,
and Dealkylation of 19g—p. Conversion of trityl ethers
19g—p to lithium phosphates 22g—p was conducted according
to the related procedures in Scheme 2.

Lithium (2R)-3-(benzyloxy)-2-(decanoylthio)-1-propyl
methyl phosphate (22g): 'H NMR (DMSO-ds) ¢ 0.84 (t, 3H),
1.23 (brs, 7H), 1.52 (m, 2H), 2.48 (s, 3H), 2.54 (t, 2H), 3.26 (d,
3H), 3.31 (br s, 2H), 3.56 (m, 2H), 3.92 (m, 3H), 4.48 (AB q,
2H), 7.30 (m, 5H) ppm. Anal. (Cu1HxLiOPS) C, H, S.

Lithium methyl (2R)-3-[(4-phenylbenzyl)oxy]-2-(de-
canoylthio)-1-propyl phosphate (22h): 'H NMR (DMSO-
de) 6 0.82 (t, 3H), 1.10-1.33 (m, 12H), 1.48-1.60 (m, 2H), 2,55
(t, 2H), 3.27 (d, 3H), 3.56—3.83 (m, 5H), 4.53 (s, 2H), 7.28—
7.70 (m, 9H) ppm. Anal. (C2;H;3sLiOsPS-0.5H;0) C, H, S.

Lithium methyl (2R)-3-[(4-phenoxybenzyl)oxy]-2-(de-
canoylthio)-1-propyl phosphate (22i): 'H NMR (DMSO-
de) 6 0.92 (t, 3H), 1.05-1.31 (m, 12H), 2.52 (t, 2H), 3.25 (d,
3H), 3.59 (m, 2H), 3.79 (m, 3H), 4.44 (s, 2H), 6.91-7.45 (m,
9H) ppm. Anal (CQ7H38LIO7PS) C, H.

Lithium methyl (2R)-3-[[(2E)-3-phenyl-2-propen-1-yl]-
oxy]-2-(decanoylthio)-1-propyl phosphate (22j): 'H NMR
(DMSO-ds) 6 0.82 (t, 3H), 1.05—-1.35 (m, 12H), 1.40-1.63 (m,
2H), 2.55 (t, 2H), 3.27 (d, 3H), 3.50—3.82 (m, 5H), 4.06—4.15
(m, 2H), 6.24-6.64 (m, 2H), 7.15-7.50 (m, 5H) ppm. Anal.
(Cy3H36LiOsPS) C, H, S.

Lithium (2R)-3-(3,3-dimethylbutoxy)-2-(decanoylthio)-
1-propyl methyl phosphate (22k): 'H NMR (DMSO-ds) ¢
0.80—0.90 (m, 12H), 1.17-1.30 (m, 12H), 1.40 (t, 2H), 1.46—
1.60 (m, 2H), 2.55 (t, 2H), 3.27 (d, 3H), 3.41 (t, 2H), 3.45—3.52
(m, 2H), 3.62—3.73 (m, 3H) ppm. Anal. (CyH4LiOsPS) C,
H, S.

Lithium methyl (2R)-3-[(2Z)-2-penten-1-yloxy]-2-(de-
canoylthio)-1-propyl phosphate (221): '!H NMR (DMSO-
dg) 6 0.78—0.88 (m, 6H), 1.15-1.40 (m, 14H), 1.46—-1.60 (m,
2H), 1.90—-2.04 (m, 2H), 2.55 (t, 2H), 3.27 (d, 3H), 3.42—-3.53
(m, 2H), 3.63-3.77 (m, 3H), 3.87 (d, 2H), 5.38—5.70 (m, 2H)
ppm. Anal. (CyHssLiOsPS) C, H, S.

Lithium (2R)-3-(hexyloxy)-2-[(4-methylpentanoyl)thiol-
1-propyl methyl phosphate (22m): 'H NMR (DMSO-ds) 0
0.78-0.88 (m, 9H), 1.18-1.33 (m, 6H), 1.38—1.59 (m, 5H), 2.55
(t, 2H), 3.27 (d, 3H), 3.36 (t, 2H), 3.44-3.52 (m, 2H), 3.62—
3.74 Lm, 3H) ppm. Anal. (C1sH32LIOsPS) C, H, S.

Wheeler et al.

Lithilum methyl (2R)-3-(hexyloxy)-2-[(8-phenylpro-
panoyDlthiol-1-propyl phosphate (22n): 'H NMR (DMSO-
ds) 6 0.85 (t, 3H), 1.18—-1.32 (m, 6H), 1.38—1.50 (m, 2H), 2.87
(s, 4H), 3.24—3.38 (m, 5H), 3.42—-3.49 (m, 2H), 3.63—-3.75 (m,
3H), 7.10—7.30 (m, 5H) ppm. Anal. (C;3H5LiOPS) C, H, S.

Lithium (2R)-3-(hexyloxy)-2-[(2E)-2-pentenoylthio]-1-
propyl methyl phosphate (220): 'H NMR (DMSO-ds) &
0.78-0.96 (m, 6H), 1.18-1.33 (m, 6H), 1.38—1.53 (m, 2H),
1.92-2.05 (m, 2H), 3.20-3.40 (m, 7H), 3.42-3.53 (m, 2H),
3.62-3.78 (m, 3H), 5.35—-5.72 (m, 2H) ppm. Anal. (CisHao-
LiO¢PS) C, H, S.

Lithium (2R)-3-(hexyloxy)-2-(benzoylthio)-1-propyl
methyl phosphate (22p). The above protected alcohol was
deprotected and phosphorylated using procedures previously
described (Scheme 2) to afford compound 22p as a white
solid: 'H NMR (DMSO-d,) 6 0.82 (t, 3H), 1.15-1.35 (m, 6H),
1.40-1.53 (m, 2H), 3.26-3.45 (m, 5H), 3.55-3.65 (m, 2H),
3.73-3.90 (m, 3H), 7.50—7.95 (m, 5H) ppm. Anal. (Ci7Hgzs-
LiO¢PS) C, H, S.
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