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Phosphorylation of  D-erythro-sphingosine and its N-BOC or N-palmitoyl de riv a tives
with trimethyl phosphite was car ried out in 72–92% yield at room tem per a ture for 20 min
in a biphasic sys tem com prised of di chloro methane/aque ous so lu tions of NaOH or
K2CO3 us ing 1,2-dibromotetrachloroethane as a source of halo gen and cetyl pyridinium
bro mide as a phase-trans fer cat a lyst.  These are the first re ported ex am ples of a highly se -
lec tive O- and N-phosphorylation of sphingolipids by the phase-trans fer ca tal y sis.  Our
stud ies show that the de vel oped phosphorylation pro to col works as a mod u lar pro cess, in
which the syn thetic out come is con trolled by a type of the used base, cat a lyst and sol vent
sys tem.

Key words: phosphorylation, trimethyl phosphite, 1,2-dibromotetrachloroethane,

phase-transfer catalysis, sphingosine, ceramide, sphingosine 1-phosphate, ceramide

1-phosphate

Phosphoryl-group trans fer is a fun da men tal re ac tion in cell bi ol ogy and, as a
model to fol low, still rep re sents a for mi da ble task for syn thetic or ganic chem is try be -
cause of the dif fi culty of in stall ing this group at key de sired sites within com plex nat -
u ral prod ucts [1,2].

All crit i cal cel lu lar pro cesses such as en ergy uti li za tion, ri bo nu cleic ac ids syn -
the sis and main te nance, sig nal transduction as well as phospholipid biosynthesis rely 
on en zymes that uti lize ox y gen or ni tro gen nucleophiles as ac cep tors of the g-phos -
phate of adenosine 5¢-triphosphate [3].

To date, how ever, se lec tiv ity in lab o ra tory syn the ses of polyfunctional phos -
phates is achieved by ap pli ca tion of the mul ti ple step pro tec tive group strat e gies and
uti li za tion of P(III) and P(V) chem is try un der a strin gent re ac tion con di tions [4–7].
This ap proach is well-doc u mented in the syn the sis of com plex phospholipids, how -
ever, sphingophospholipids (SPLs) have been not ex plored in depth in com par i son to
their glyc erol coun ter parts [8–12].

An ac cel er ated in ter est in SPLs is mostly gen er ated by the sim plest me tab o lite,
D-erythro-sphingosine 1-phos phate (S1P; Scheme 1), which is abun dantly pres ent in
blood plate lets and plays a crit i cal role in blood ves sel for ma tion [13]. S1P is a nat u ral 
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ligand to ex tra-cel lu lar EDG re cep tors, which con trol im por tant bi o log i cal func tions
in cells in clud ing cal cium mo bi li za tion, reg u la tion of growth, cytoskeletal or ga ni za -
tion, dif fer en ti a tion, mi gra tion and angiogenesis [14,15]. S1P has been im pli cated in
pathophysiology of im mu no log i cal and in flam ma tory dis or ders, wound heal ing, ath -
ero scle ro sis and can cer [16–19]. More over, an other re cently iden ti fied and in ves ti -
gated en dog e nous SPL, D-erythro-ceramide 1-phos phate (Cer1P, Scheme 1), proved
com ple men tary to S1P pro file of bi o log i cal ac tiv ity.  Cer1P reg u lates cell sur vival
and in flam ma tory re sponses by con trol ling eicosanoids syn the sis via di rect ac ti va -
tion of cPLA2a [20].

Di rect chemo- and regioselective phosphorylation of D-erythro-sphingosine (1)
or D-erythro-C16-ceramide (2) at the C1 po si tion is a chal lenge which only the en -
zyme sphingosine kinase (SK) or ceramide kinase (CerK) can ac com plish un der
phys i o log i cal con di tions (Scheme 1, path 1) [21,22]. In or der to avoid for ma tion of a
com plex mix ture of sev eral of the 13 pos si ble lin ear and cy clic mono- di- and
tri-phos phate es ters and phosphoramidates of 1, pro tec tion of the 2-amino-group was 
nec es sary (Scheme 1, path 2) [23].

To date, S1P, Cer1P and their analogs have been the sub ject of a few syn thetic ap -
proaches; but, so far a prac ti cal method for their prep a ra tion has not been elab o rated
[8,24–28]. Re cently, we and oth ers found that a three-com po nent phosphorylation
sys tem (TCPS, Scheme 1, path 2), com prised of trimethyl phosphite, car bon tetra -
bromide and pyridine was a sat is fac tory method for regioselective in cor po ra tion of
the phosphoryl group into the sphingolipid sys tem only when 3 was used as a sub -
strate [23,29,30]. How ever, our fur ther in ves ti ga tions in this area re vealed that this
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Scheme 1.  En zy matic and lab o ra tory syn the sis of D-erythro-sphingosine 1-phos phate (S1P) and

 D-erythro-ceramide 1-phos phate (Cer1P).



ver sion of the TCPS pro to col had some lim i ta tions, which pre clude its wider ap pli ca -
tion as a prac ti cal method for a large scale prep a ra tion of N-BOC-pro tected sphingo -
sine 1-phos phate es ter (4) and its close and dis tant SPL analogs.

First, the yield of the re ac tion was ex tremely sen si tive to traces of mois ture and
the re mains of other sol vents in the lipid sam ples or in pyridine (vide in fra, Ta ble 1).
Sec ondly, there was a low yield of the phosphorylation re ac tion with other less re ac -
tive sphingolipid sub strates, i.e., ceramides [23]. Fi nally, op ti mi za tion and scal ing up 
of this pro to col to pre pare 4 or 5 on a large scale was not eco nom i cally fea si ble, due to 
the for ma tion of un wanted 1,3-O-diphoshate es ter side-by prod ucts in sig nif i cant
quan ti ties. Ad di tion ally, the pro cess was in con ve nient and haz ard ous be cause of
pyridine and prob lems as so ci ated with its dis posal.

The anal y sis of the mech a nism pos tu lated by Oza and Corcoran for phos phory -
lation of al co hols with P(III) re agents per formed in the pres ence of halogenoalkanes
and bases as well as other mech a nis tic stud ies of X-philic re ac tions im plied that three
co her ent fac tors might elim i nate the de scribed above short ages and lim i ta tions
(Scheme 2) [31–34]. First, faster for ma tion of the in ter me di ate phosphonium salt A
and its suc ces sive trans for ma tion to the mixed es ter de riv a tive B fol low ing an ef fi -
cient re moval of the halo gen coun ter ion from the prox im ity of the po lar head of the
sphingolipid should sig nif i cantly im prove its ef fec tive ness to ward the ex clu sive in -
tro duc tion of the phos phate   es ter  group on the pri mary hydroxyl group.  Sec ond, the
use of an in ert sol vent, not form ing do nor/ac cep tor hy dro gen bonds with the lipid,
may in crease the rate of ex change of the al co hol pro ton on the phosphonium salt. 
Third, a strong in or ganic base may work more ef fi ciently than a ni tro gen-based
Lewis base to deprotonate pri mary al co hol and mixed-es ter phosphonium salt B. This 
goal can be achieved if (i) the used halogenoalkane is more re ac tive than CBr4, (ii)
the re ac tion is per formed un der a liq uid-liq uid two-phase cat a lyzed con di tions and,
(iii) an ef fi cient phase-trans fer (PT) cat a lyst, ca pa ble of suf fi ciently dis perse sphin -
golipid at the liq uid-liq uid in ter face, is found.
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Scheme 2.  Pos tu lated mech a nism for the phosphorylation re ac tion of al co hol with trimethyl phosphite

 and car bon tetrahalide in pyridine so lu tion (see ref. 31 and 32).



Cur rently, phase-trans fer ca tal y sis (PTC) is a well-es tab lished syn thetic method
ben e fit ing re ac tions by en hanc ing their rate [35]. The ad van tages of us ing the PTC
tech nique are mild re ac tion con di tions, its op er a tional sim plic ity giv ing high se lec -
tiv ity to ward the re quired prod uct, high con ver sion of the re ac tants and the use of in -
ex pen sive and en vi ron men tally ac cept able re agents [36–39]. To date, PTC has been
suc cess fully ap plied to phosphorylate phenolates and a short chain alkyl and ar o -
matic al co hols as well as amines un der the Ather ton-Todd re ac tion con di tions
[40,41].

In this manu script, we pres ent a suc cess ful ap pli ca tion of the PTC method for the
regioselective phosphorylation of sphingolipids.

RE SULTS AND DIS CUS SION

In or der to find the proper halogenoalkane/sol vent sys tem for the PTC ver sion of
the TCPS pro to col, we re in ves ti gated phosphorylation of model sphingolipids 1 and
3, ap ply ing a com bi na tion of a var ied key re ac tion com po nents un der ho mo ge neous
con di tions (Ta ble 1; Scheme 3, paths 1 and 2).

Sur vey ing var i ous polyhalogenoalkanes and us ing 4-(dimethylamino)pyridine
(4-DMAP) [42] or imidazole (IMD) [43,44] as bases in lieu of pyridine [31], we
found su pe rior halo gen do nor prop er ties of 1,2-dibromotetrachloroethane (DBTCE)
[32] when the phosphorylation re ac tion was per formed in di chloro methane (DCM)
so lu tion (Ta ble 1).

In con trast to other ap plied polyhalogenoalkanes, DBTCE gave a high yield of 4
if used in halogenated sol vents for a shorter time with out for ma tion of un wanted 6
(en tries 8–13). This strongly en hanced re ac tiv ity of DBTCE can ap par ently be at trib -
uted to the fa cil i tated for ma tion of the by-prod uct pair: CCl2=CCl2/Br– from
hexahalogenoethane, com pared to the less ef fi cient leav ing group CX3

– gen er ated
from tetrahalogenomethane [45].

More over, DBTCE in com par i son to CBr4 gave also better re sults in pyridine,
par tic u larly when 1-O-monophosphorylated prod uct 4 was sought (80% yield; en try
5), but not in the syn the sis of its diphosphorylated an a log 6 (28% yield, en try 6). In -
ter est ingly, DBTCE worked also ef fec tively for the un pro tected amino al co hol 1
when IMD was used in lieu of 4-DMAP, be cause 1-O-regioisomer 7 was formed as a
sole prod uct in 38% (Ta ble 1; en try 15, Scheme 3).

We were de lighted to find that phosphorylation of model sphingolipids 1–3 and 8
pro ceeded with DBTCE as well un der a liq uid-liq uid two-phase cat a lyzed con di tions
(Ta ble 2; Scheme 2, paths 3 and 4). Thus, the de sired 1-O-phosphoester 4 was iso lated 
in 70% yield within 30 min, when trimethyl phosphite was added to aque ous
NaOH/DCM mix ture of 3, DBTCE and 20 mol % of tetrabutylammonium io dide (en -
try 2).
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Sur vey of var i ous PT-cat a lysts and re ac tion con di tions re vealed that com bi na tion 
of 20 mol % cetylpyridinium bro mide (CPB) and 2N aque ous NaOH rep re sented the
most ef fec tive set of the cat a lyst/base co-re ac tants.  Un der these con di tions, and
when the base was added to the re ac tion mix ture as a fi nal re ac tant, phosphorylation
of 3 pro ceeded with an ex cel lent yield of 92% (en try 12).

Ta ble 2.  Sur vey of var i ous re ac tants and the in flu ence of the re ac tion pa ram e ters on yield of phos phate  es ters  
4, 5 and phosphoramidate 9 for ma tion un der PTC con di tionsa.

En try SPL P(OCH3)3

equiv

Cat a lyst

(20 % mol)

Base Time

(min)

Temp

(°C)

Yield
(%)b

(prod uct)

1 3 4 TBAI 5% NaOH 30 22 35 (4)

2 3 4 TBAI 10% NaOH 30 22 70 (4)

3 3 4 –c  10% NaOH 30 22 NR

4 3 4 TBAI 20% NaOH 30 22 60 (4)

5 3 4 TBAI 2N NaOH 30 22 72 (4)

6 3 4 TBAF 2N NaOH 30 22 59 (4)

7 3 4 TBAC 2N NaOH 30 22 45 (4)

8 3 4 TBAB 2N NaOH 30 22 75 (4)

9 3 4    TEBAC 2N NaOH 30 22 55 (4)

10 3 6    CTMAB 2N NaOH 30 22 80 (4)

11 3 6    CPC      2N NaOH 30 22 60 (4)

12 3 6    CPB      2N NaOH 20 22 92 (4)

13 3 6    CPB     2N NaOH 30 4–10 65 (4)

14 3 6    CPB     2N NaOH 30 15–18 82 (4)

15 4 4    CPB     2N NaOH 30 22 NR

16 1 6    CPB     1N K2CO3 20 22 72 (9)

17 8 6    CPB     1N K2CO3 20 22 80 (9)

18 2 6    CPB     2N NaOH 20 22 72 (5)

aIso lated yields. bEx per i ments were per formed ac cord ing to the Stan dard Pro ce dure A, ex cept en tries 1–3
  and 16, where P(OCH3)3 was added to the re ac tion mix tures as the last re ac tant.  Com po si tion of the reac-
 tion mix tures and the pu rity of prod ucts were con firmed by TLC,  31P- and 1H-NMR. c No PT-cat a lyst.
  Ab bre vi a tions: NR, no re ac tion; TEAB: tetrabutylammonium bro mide; TBAF: tetrabutylammonium flu o ride;
 TBAC: tetrabutylammonium chlo ride; TBAI: tetrabutylammonium io dide; TEBAC: tetraethylbenzyl-
  am mo nium chlo ride; CTMAB: cetyltrimethylammonium chlo ride; CPC: cetylpyridinium chlo ride;
 CPB: cetylpyridinium bro mide.

Us age of a stron ger base or de creas ing the tem per a ture did not im prove the con -
ver sion rate of 3 to 4. This re sult can be re lated to a pos si ble side-by re ac tions be cause 
of the halogenation at the C1 po si tion and a par tial hy dro ly sis of the formed phos -
phate methyl es ter [46]. Sat is fac tory re sult was also ob tained with ceramide 2. Its
PTC phosphorylation pro vided the de sired 1-O-phos phate methyl es ter 5 in 72%
yield (Ta ble 2, en try 18; Scheme 3, path 3).
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Fi nally, PTC phosphorylation of un pro tected sphingosine 1, or its hy dro chlo ride
salt 8, re sulted in phosphoramidate 9 in 72% or 80% yield, re spec tively (Ta ble 2, en -
tries 16 and 17; Scheme 2, path 4). This was con firmed by the pres ence of the res o -
nance sig nal at –6.5 ppm in its 31P NMR spec trum, in di cat ing that phos pho rous atom
is lo cated in the phosphoramidate group [47]. Pre vi ously syn the sized es ters, i.e.,
regio isomer 7 and N-pro tected analogs 4, 5 or 6, showed 31P res o nance sig nals at
–18.1, –16.4, –17.8 or –16.2 and 17.2 ppm, re spec tively [23,48].

The ob served com plete O- or N-se lec tiv ity in the phosphorylation re ac tions of
the amino al co hol 1 is not to tally sur pris ing. These pe cu liar dif fer ences agree with the 
re ported trend that Lewis bases ac ti vate phosphitylation re agents for their O-se lec tive ac -
tion un der an hy drous con di tions, while strong bases ac ti vate them un der aque ous con di -
tions to at tack first the more nucleophilic cen ter to yield an N-phosphorylated prod uct
[42,48–51].

More over, we iden ti fied two new fac tors, which gov ern the ef fi ciency of the
PT-cat a lyzed phosphorylation of sphingolipids: size and type of the N-based qua ter -
nary salt.  Better PT-cat a lysts are sur fac tants hav ing: (i) a one long hy dro car bon chain 
and a com pact small cationic heads, i.e., C16-pyridinium > C16-trimethylammonium 
> triethylbenzylammonium > tetrabutylammonium and, (ii) bro mide as a coun ter ion.  
These ob ser va tions are in ac cor dance with the re ported trend that larger lipophilic
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Scheme 3.  Phosphorylation of sphingolipids with trimethyl phosphite per formed un der var ied re ac tion

con di tions.



qua ter nary am mo nium salts are more ef fec tive cat a lysts than their short-chain homo -
logues when ox i da tion of hy dro pho bic lig ands is per formed by PTC un der aque ous
con di tions [52].

CON CLU SIONS

In sum mary, we have un cov ered a novel method for N- and O-regioselective
phosphorylation of sphingolipids us ing phase-trans fer ca tal y sis. The de scribed pro -
to col, called TCPS-PTC-2, is con ve nient, rapid, mild, clean, and de liv ers dimethyl
phos phate monoesters or phosphoryl amides of sphingolipids with high yields.  Sim pli -
fied ver sions of the TCPS pro to col called TCPS-1, i.e., per formed un der ho mog e nous
con di tions, can be used to pre pare other mono- or polyphosphorylated sphingolipid de -
riv a tives.

In our lab o ra tory stud ies and ex per i ments are on go ing to in ves ti gate in de tail the
mech a nism of these re ac tions and the scope and the lim i ta tions of the de vel oped
TCPS pro to cols in re gard to the re main ing stereoisomers of 1, 2 or 3 and con ge ners.

We be lieve that the de vel oped PTC method, com prised of P(OCH3)3, DBTCE,
2N NaOHaq/DCM and lipophilic pyridinium salt, may serve as a lab o ra tory bench -
mark of mod u lar pro cess of lipid phosphorylation and find wide ap pli ca tion.

EX PER I MEN TAL

Gen eral: All sol vents and gen eral re agents were pur chased from Aldrich and used with out prior pu -
ri fi ca tion. D-erythro-Sphingolipids were pre pared from L-serine as de scribed pre vi ously [53–55]. An a -
lyt i cal thin layer chro ma tog ra phy (TLC) was per formed us ing EMD Re agent 0.25 mm sil ica 60-F254

plates. Flash chro ma tog ra phy was per formed us ing EM Sil ica Gel 60 (230–400 mesh) with the in di cated
eluent sys tem.  Melt ing points were de ter mined in open cap il lar ies on an electrothermal IA 9200 melt ing
point ap pa ra tus and are re ported un cor rected. Op ti cal ro ta tion data were ac quired us ing a Jasco P-1010
polarimeter. 1H-, 13C- and 31P-NMR spec tra were re corded us ing a Bruker AVANCE 500 MHz spec trom e -
ter equipped with Ox ford Nar row Bore Mag net. Chem i cal shifts are given in ppm on the d scale from an
in ter nal stan dard of re sid ual chlo ro form (d = 7.26); 31P, 10% aque ous so lu tion of methylenediphosphonic
acid (d = 0). Mass spec tral data were re corded with a pos i tive electrospray ion iza tion (ESI) mode on
Thermo Finnigan TSQ 7000 tri ple quadrupole mass spec trom e ter. Sam ples were in fused in meth a nol so -
lu tion with an ESI volt age of 4.5 kV and capilary tem per a ture of 200°C [56].

Stan dard Pro ce dure A (TCPS-PTC-2)
D-erythro-2N-t-Butoxycarbonyl-sphingosine 1-phos phate dimethyl es ter (4). 2N NaOHaq (24

ml) was added dropwise over 1 min at 22°C to a vig or ously stirred mix ture of D-erythro- N-t- butoxy -
carbonyl-sphingosine (3, 400 mg, 1.0 mmol), 1,2-dibromotetrachloroethane (97%, 652 mg, 2.0 mmol),
cetylpyridinium bro mide monohydrate (98%, 82 mg, 0.20 mmol) and trimethyl phosphite (99.999%,
0.783 ml, 6.0 mmol) in DCM (40 mL). The re ac tion mix ture was stirred for an ad di tional 20 min.  Af ter be -
ing di luted with DCM (20 ml), the mix ture was washed with wa ter and brine. The or ganic layer was dried
over an hy drous MgSO4 and fil tered. The sol vent was re moved un der re duced pres sure and the res i due was 
pu ri fied by flash chro ma tog ra phy (ethyl ac e tate/hex ane, 4:1 v/v) to give pure 4 as a pale yel low oil (467
mg, 92%). This ma te rial so lid i fied when re frig er ated (+4°C) over night. An a lyt i cal sam ple of 4 was ob -
tained by crys tal li za tion from cold an hy drous ac e tone-hex ane (1:4, v/v, –5°C) as a white pow der, m.p.
38–39°C [lit. [23] 36–37°C]; [a]

D
21 = +4.1 [lit. [23] [a]

D
24 = +4.3], [a]

365
21  = +6.8 (c = 1.0, CHCl3). Re main -

ing data are iden ti cal to the lit er a ture [23].
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D-erythro-C16-Ceramide 1-phos phate dimethyl es ter (5). This com pound was pre pared from
D-erythro-C16-ceramide (2, 538 mg, 1.0 mmol) ac cord ing to the stan dard pro ce dure A. The re ac tion mix -
ture was stirred for 20 min, and the de sired phos phate es ter 5 was ob tained af ter flash chro ma tog ra phy
(CHCl3/MeOH/conc. NH4OH, 12:1:0.1, v/v/v) as a white solid (465 mg, 72%). An a lyt i cal sam ple of 5
was ob tained by crys tal li za tion from n-hex ane-ethyl ac e tate (4:1, v/v/; white pow der); m.p. 63–65°C [lit.
[23] 61–62°C]; [a]

D
22 = –3.5, [a]

365
22  = –14.3 (c = 1.0, CHCl3). Re main ing data are iden ti cal to the lit er a ture 

[23].
D-erythro-Sphingosine 2-N-phosphoryl dimethyl es ter (9). This com pound was pre pared from

D-erythro-sphingosine hy dro chlo ride (5, 336 mg, 1.0 mmol) us ing 1N K2CO3aq (20 ml) ac cord ing to the
stan dard pro ce dure A. The re ac tion mix ture was stirred for 20 min, and the de sired phosphoramidate 9
was ob tained af ter flash chro ma tog ra phy (CHCl3/MeOH/conc. NH4OH, 25:4:0.1, v/v/v) as a white solid
(325 mg, 80%). An a lyt i cal sam ple of 7 was ob tained by crys tal li za tion from n-hex ane-ethyl ac e tate (3:1,
v/v; white microcrystalline pow der). TLC  Rf  = 0.41 (CHCl3 /MeOH, 10:1, v/v); m.p. 61–62°C; [a]

D
22 =

–1.5, [a]
365
22  = –5.5 (c = 1.0, CHCl3). 

1H NMR (CDCl3) d  5.77 (dtd, 15.4, 6.2, 1.2 Hz, 5-H), 5.49 (ddt, 15.4, 
6.8, 1.1 Hz, 4-H), 4.28 (t, 4.9 Hz, 3-H), 3.85 (dd, 11.5, 4.2 Hz, 1-Ha), 3.75 (d, 2.2 Hz, OCH3), 3.73 (d, 2.2
Hz, OCH3), 3.67 (dd, 11.5, 4.2 Hz, 1-Hb), 3.55 (t, 10.1 Hz, NH), 3.15 (m, 2-H), 2.05 (q, 7.0 Hz, C(6)H2),
1.35 (m, C(7)H2), 1.24 (m, 20H), 0.86 (t, 7.0 Hz, CH3); 

31P NMR (CDCl3, CH2[P(O)(OH)2]2) d –6.5; ESI
MS (MeOH) m/z 837.0 ([2M + Na]+, 100), 814.8 (2M+, 97), 738 (15), 631(15), 408.0 (MH+, 27), 389.9
([MH-H2O]+, 10); Calcd. for  C20H42NO5P m/z 407.3.

Stan dard Pro ce dure B (TCPS-1)
D-erythro-2-N-t-Butoxycarbonyl-sphingosine 1,3-diphosphate dimethyl es ter (6). Trimethyl

phosphite (99.999%, 0.522 ml, 4.0 mmol) was added dropwise over 2 min to a well-stirred and cooled to
+4°C so lu tion of D-erythro-N-t-butoxycarbonyl-sphingosine (400 mg, 1.0 mmol) and car bon tetra -
bromide (99%, 400 mg, 1.2 mmol) in dry pyridine (99.8%, 4.0 ml). Af ter the ad di tion was com pleted, the
cool ing bath was re moved, and the re ac tion mix ture was stirred at room tem per a ture for 4 h. The mix ture
was di luted with ethyl ac e tate (25 ml), washed with an ice-cold 1N HCl (51 ml) and stirred for 5 min at
room tem per a ture.  The mix ture was trans ferred into a sepa ra tory fun nel and the or ganic phase was sep a -
rated, washed with wa ter, and sat u rated aque ous NaHCO3 (2´10 ml) and brine (2´10 ml). Each of the sep -
a rated aque ous lay ers was col lected in a sep a rate flask and in di vid u ally ex tracted with ethyl ac e tate (2´5
ml). The com bined or ganic ex tracts were dried over an hy drous MgSO4, fil tered, and con cen trated un der
re duced pres sure yield ing a crude prod uct. This ma te rial was pu ri fied by a three-step flash col umn chro -
ma tog ra phy ap ply ing three dif fer ent sol vent sys tems. Elu tion of the first col umn with pure ethyl ac e tate
pro vided monophosphate es ter 4 (41.0 mg, 8% yield). Fur ther elu tion of this col umn with ethyl ac e -
tate-eth a nol sol vent sys tem (95:5, v/v) gave frac tions con tain ing im pure diphosphate es ter 6. This ma te -
rial was re-pu ri fied on a sec ond col umn us ing chlo ro form-meth a nol (14:1, v/v) to give pure 6 as a
col or less oil (480 mg, 78%). This ma te rial so lid i fied when re frig er ated (+4°C) over night re sult ing in a
white solid. TLC Rf  = 0.12 (ethyl ac e tate), Rf  = 0.77 (CHCl3/MeOH, 10:1, v/v); m.p. 29–31°C; [a]

D
23 =

–9.9, [a]
365
23  = –32.2  (c = 1.0, CHCl3). 

1H NMR (CDCl3) d 5.83 (dtd, 15.5, 6.4, 1.3 Hz, 5-H), 5.44 (ddt,
15.5, 6.4, 1.2 Hz, 4-H), 5.11 (d, 6.4 Hz, NH), 4.78 (q, 7.0 Hz, 3-H), 4.20 (m, 1H, 1-Ha), 4.14 (m, 1H, 2-H),
3.79 (d, 2.0 Hz, 3H, 1-O-P(O)(OCH3)), 3.77 (d, 2.0 Hz, 3H, 1-O-P(O)(OCH3)), 3.75 (d, 11.1 Hz, 3H,
3-O-P(O)(OCH3)), 3.70 (d, 11.1 Hz, 3H, 3-O-P(O)(OCH3)), 3.67 (dd, 11.5, 4.2 Hz, 1-Hb), 2.05 (q, 7.0 Hz, 
2H, C(6)H2), 1.41 (s, 9H, t-BOC), 1.35 (m, 2H, C(7)H2), 1.24 (m, 20H), 0.86 (t, 7.1 Hz, CH3); 

13C NMR d
138.5 (C-4), 124.8 (C-5), 80.0 (C-(CH3)3), 79.1 (C-3), 66.1 and 66.0 (C-1 and C-2), 54.7, 54.5 and 54.1
(m, 4 x OCH3), 32.5 (C-6), 32.1 (C-7), 29.84 (m), 29.8, 29.7, 29.5, 29.4, 29.0, 28.5 (3 x C-(CH3)3), 22.9,
14.3 (-CH2CH3);

 31P NMR (CDCl3, CH2[P(O)(OH)2]2) d –16.2 and –17.2;  ESI MS (MeOH) m/z  1252.8
([2M + Na]+, 45), 638.1 ([M+ Na]+, 100), 433.9 (25); Calcd. for C27H55NO10P2 m/z 615.3.

Stan dard Pro ce dure C (TCPS-1)
D-erythro-Sphingosine 1-phos phate dimethyl es ter (7). Trimethyl phosphite (99.999%, 0.075 ml,

0.6 mmol) was added dropwise over 2 min to a well-stirred and cooled to +15°C mix ture of D-erythro-
 sphingosine (1, 90 mg, 0.3 mmol), 1,2-dibromotetrachloroethane (97%, 200 mg, 0.6 mmol), imidazole
(82 mg, 1.2 mmol) and DCM (7.0 ml). Af ter the ad di tion of the phosphorylation re agent was com pleted,
the cool ing bath was re moved, and the re ac tion mix ture was stirred at room tem per a ture for an ad di tional
30 min. The mix ture was di luted with DCM (10 ml), washed with wa ter, brine, dried over an hy drous
Na2SO4 and fil tered. The sol vent was re moved un der re duced pres sure and the res i due was pu ri fied by
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flash chro ma tog ra phy (CHCl3/MeOH/conc. NH4OH, 25:4:0.1, v/v/v) to give a pure free base of 7 as a pale 
yel low oil (47 mg, 38%). This ma te rial was trans formed to hy dro chlo ride salt by dis solv ing in an ice-cold
ethyl ac e tate fol low ing the ad di tion of 1M HCl so lu tion in di ethyl ether at room tem per a ture. An a lyt i cal
sam ple of 7×HCl was ob tained by crys tal li za tion from an hy drous cold ethyl ac e tate-hex ane (3:1, v/v, –5°C) as a
white pow der (40 mg, over all 30% yield from 1). TLC Rf 0.34 (CHCl3/CH3OH/[(CH3)2CH]2NC2H5,
10:1:0.01, v/v); m.p. 84–85°C (>90°C decomp. [lit. [23] 83–84°C, decomp. > 88°C]). Re main ing data are
iden ti cal to the lit er a ture [23].
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