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Abstract

Ceramide serves as a precursor to other sphingolipids, and as an important
intermediate in the de novo biosynthesis. Ceramide is a central player in sphingolipid
metabolism, and is the immediate precursor of sphingomyelins and glycosphingolipids
(GSL), as well as the bio-active products sphingosine and sphingosine-1-phosphate. More
importantly, ceramide acts as a mediator/regulator as a second messenger of stress
responses downstream of cytokines and other agonists of physical stress. Ceramide is
composed of a sphingosine backbone and fetty acid linked in an amide bond. Since
ceramide differs with respect to 1) the lipid chain length, 2) location of unsaturation, and
3) the number of hydroxyl groups, its structural variations have been modified and
synthesized by many research group. Particularly, a hydroxyl group on Ci position has
been allowed to develop further sphingolipids, such as,

glycosphingolipids,

azidosphingosine derivatives, and sphingomyelin. Ceramide will act as second messenger
in cell systems to induce programmed cell death (apoptosis). Even though its chemical
and biological fiinctions and features are not completely elucidated, it is known that the
allylic alcohol group in ceramide may be oxidized to form the a,P-unsaturated ketone and
generate reactive oxygen species (ROS), which ultimately causes the apoptosis. The
diene ceramide, an unusual analogue of ceramide with a conjugated diene [(£)-C4,C5 and
(£)-C6,C7], may have higher reactivity than other novel ceramide in mitochondria by
facilitated oxidation at C3.
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One of the most important synthetic methodologies for diene ceramide was
organozirconium chemistry; organo-zirconocene hydrochloride was used for forming
long chain dienyl sphingosine backbone. The organozirconium reagents (so called
Schwartz reagents) are widely used as reducing agents to form C-C bonds in the
syntheses of many natural products; nisamycin, manumycin, asukamycin, prostaglandin
F2a, and apoptolidin. In addition, the organozirconocene complexes are known not only
for their accessibility and reactivity, but also for the transmetalation with other metal
complexes for further nucleophilic additions.
In this thesis, the synthesis of diene ceramide utilizing organozirconocene
complexes and its transmetalation, and chiral aldehyde in the part of sphingosine head
group, will be described.

Chapter I. INTRODUCTION
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I.l. Ceramide: Structure and Function

1.1.1 The Structure of Ceramide^
Ceramide is a sphingolipid component of cell membranes and is composed of a
sphingosine backbone, which is a long-chain aliphatic 2-amino-l,3-diol with a C4-C5
trans double bond (16 to 20 carbons), and a fatty acid (14 to 26 carbons) joined in an
amide bond. Considerable interest has been focused on its biochemistry and cell biology.
Ceramide is also a regulator of many biochemical and cellular responses to stress, such as
exposure to heat, radiation, oxidative conditions, and chemotherapeutic agents.
Investigations of other sphingolipids have been performed to reveal their biological
functions in cells.
The important biological features of the molecule are located at Ci through C5 of
the sphingosine backbone: 1) a primary hydroxyl group at Ci is a major site of
modification to other sphingolipids, such as glycosphingolipid, phosphorylcholine, and
sphingomyelin. 2) The amino alcohol at C2 and C3 was formed with natural D-erythro
stereochemistry (or synthetic L-erythro stereochemistry as well). 3) The amino group at
C2 position serves as the fatty acid linkage with amide bond, and, in general, the fatty
acid portion of ceramide is highly saturated although mono-unsaturated forms exist,
particularly in the very-long-chain fatty acid species (Figure 1).
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Sphingosine Backbone

Amide Linkage

6

<Figure 1: The Structure of Ceramide>

Based upon its interest of typical chemical structure, the biological functions of
ceramide have been investigated. Since it was observed truncation of the fatty acid
moiety led to synthetic ceramides that were toxic to cells, the determination of the cause
of this toxicity became critical issue, and the toxicity of ceramide has been studied.
For C4-C5 trans double bond, a comparative study using dihydroceramide, which
is fiilly hydrogenated at C4 and C5, was conducted. The dihydroceramide was found to be
biologically inactive in both intact cell studies and in assays with ceramide effectors in
vitro? Therefore, the biological toxicity of ceramide required the presence of the 4,5double bond and was not due to general lipid toxicity. Other investigations revealed the
correlation of membrane fusion and the double bond. Ceramide and other sphingolipids
are required for activation of membrane fiision of Semliki Forest Virus (SFV) and other
a-viruses, and the C4-C5 trans double bond in the sphingoid base of the ceramide may be
crucial for its capacity to modulate various fundamental biological functions. For
example, it was shown that unnatural ceramide analogues having a cis C4-C5 or a trans
C5-C6 double bond do not support fusion of SFV.
For the carbonyl group of the amide bond, it is not necessary for biological
activity since its replacement with a methylene group actually rendered the resulting
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ceramide a more potent inducer of programmed cell death (apoptosis). This increased
potency may be due to the fact that substitution of the amide bond blocks a major
catabolic pathway for ceramide through ceramidase and results in a chronic elevation of
ceramide.
Ceramide is a key intermediate in the biosynthesis of many other biologically
important sphingolipids; it has been implicated in many physiological events, including
the regulation of cell growth and differentiation, inflammation, and apoptosis.
Sphingosine, phytosphingosine, and sphinganine (metabolic precursors of
sphingosine and phytosphingosine) are long-chain amino-alcohols, generally with 18-20
carbon atoms, and they are building blocks for glycosphingolipids (GSL) and
phosphosphingolipids (PSL), important membrane constituents, which retain ceramide
and/or sphingosine-1-phosphate residues.^ Ceramides are found as the core structure of
neutral and of negatively charged glycosphingolipids, and also of the phospholipid,
sphingomyelin.'* In sphingomyelin, phosphorylcholine is linked to the 1-position of
ceramide, whereas the hydrophilic head group in glycosphingolipid is represented by
various oligosaccharide residues. Gangliosides are the other form of glycosphingolipids,
which contain negatively charged sialic acid. An example is ganglioside GMi, the
receptor for cholera toxin on intestinal cells.
Glycosphingolipids are ubiquitous components of eukaryotic cells where they are
found in the carbohydrate-rich glycocalix, and assumed to participate in various
processes based on recognition phenomena.

17

Sphingosine

OH

UN
®

OH

NH2

R = H : Cerebroside
R = 803": Sulfatide

Sphinganine

OH

O

NH2 OH

Phytosphingosine

Glycosphingolipids

OH

RO O
Phosphosphingolipids

OH

R = H ; Ceramide-1-phosphate
R = CH2CH2NMe3: Sphingomyelin

O

HO

Ceramide

O2

Sphingosine-1-phosphate

< Figure 2: Structures of Glycosphingolipid Components>

Like other lipids, glycosphingolipids are integrated into membranes. The
hydrophilic Carbohydrate moiety of the glycosphingolipids varies greatly among the
different classes of these substrates. Conversely, the lipophilic portion is derived from a
common long-chain amino alcohol, sphingosine. The hydrophilic moiety, located on the
external surface of the membranes, determines the specificity of interactions, whereas the
lipophilic portion, anchored in the outer-leaflet, contributes primarily to the structural
rigidity of the membrane.^
The glycosphingolipids show an extracytosolic orientation of their hydrophilic
carbohydrate head groups and are primarily localized in the outer leaflet of the plasma
membrane. They are, however, also part of intracellular membranes: during biosynthesis.
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they are embedded in the membranes of the endoplasmic reticulum and the Golgi
apparatus. During their transport, they are part of exocytotic and endocytotic vesicles,
and during their degradation they become part of lysosomal membranes. In contrast to
many phospholipids, glycosphingolipids are expressed in a cell-type-specific manner and
are often only slowly metabolized. Variations in type, number, and linkage of
carbohydrate residues within the oligosaccharide chains give rise to complex
glycosphingolipid patterns, which change during biological processes such as cell growth,
differentiation, viral and oncogenic transformation. The function of these complex
glycolipid patterns on cellular surfaces is largely unclear. It has been demonstrated for
gangliosides of the nervous system that they are biosynthetically formed in a
combinatorial manner. Besides various other effects, glycosphingolipids mediate cell
recognition events; therefore, interest in these compounds has dramatically increased
over the last several years. More discussion of raft structure will be introduced with
pathway of lipid trafficking later.

1.1.2 The Regulation of Ceramide
The formation of ceramide in an intracellular manner can be performed either by
de novo biosynthesis, or through the sphingomyelinase-dependent catabolism of
sphingomyelin, in various separate cellular compartments (Scheme 1). The generation of
ceramide both from catabolism of sphingomyelin and by de novo synthesis has been
implicated in the response to cytotoxic agents, and it is possible that cell death signaling
by ceramide may be enhanced by the accumulation of cellular ceramide levels that are
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derived from both pathways. The regulation of ceramide level is controlled by the
activities of enzymes that synthesize and catabolize ceramide.
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<Scheme 1: Brief Metabolic and Catabolic Pathway of Ceramide>

1) De novo Biosynthesis
As shown below (Scheme 2), de novo ceramide synthesis begins in the
endoplasmic reticulum (ER) and continues in the Golgi where glucosylceramide synthase
(GCS) and sphingomyelin synthase (SMS) appear to be located. The biosynthesis of
ceramide and the derived compounds starts from serine and palmitoyl-CoA which are
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connected with the help of a pyridoxalphosphate containing transferase under loss of
carbon dioxide to form 3-ketosphinganine. Enzyme-catalyzed reduction of the keto group,
7V-acylation, and then dehydrogenation at 4,5-position of the sphinganine moiety
concludes the biosynthesis of 9eramide, from which with the help of ceramidase free
sphingosine is released.

O

o

JL

Serine
palmitoyl transferase

• C12H25

OH

Serine

Palmitoyl-CoA

3-Ketosphinganine

(Dihydro)ceramide

OH

3-Ketosphinganine
reductase (w/NADPH)

O
Dihydroceramide

Sphinganine

Dihydroceramide
desaturase
(w/NAD[P]H)
OH

O
Ceramide

<Scheme 2: De novo Biosynthesis>

Recently, some findings

have highlighted the importance of the de novo

biosynthetic pathway^. The mycotoxin fiimonisin Bi (Figure 3), a known inhibitor of
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(dihydro)ceramide synthase, has been used effectively to inhibit the de novo pathway.
Fumonisin Bi not only blocks the formation of ceramide in response to retinoic acid, TNF,
daunorubicin, etoposide, angiotensin II, and anti-IgM in a variety of cell types, but also
attenuates the apoptotic response induced by these agents, suggesting a critical role for
this pathway in regulating apoptosis7

Me

I

Me OH
O

NH2

CO2H

<Figure 3: Structure of Fumonisin Bi>

2) Sphingomyelinases (SMases)
The sphingomyelinases are the most studied en2ymes in sphingolipid metabolism.
The neutral membrane-bound Mg^^-independent sphingomyelinase (nSMase) and the
lysosomal acid pH optima sphingomyelinase (aSMase) have been the best studied for
their roles in ceramide generation. An increase in nSMase activity, a corresponding
decrease in SM, and an increase in ceramide have been demonstrated in response to TNF
(Tumor Necrosis Factor)-a, Fas ligand, la,25-dihydroxybvitamin D3 y-interferon,
chemotherapeutic agents, heat stress, ischemia/reperfiision, and interleukin-1.^
aSMase deficient Niemann-Pick fibroblasts are resistant to y-radiation especially
in endothelial cells, suggesting that this enzymatic route of ceramide generation is
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responsible for mediating the stress response of these stimuli.^

3) Sphingomyelin synthase (SMS)
SMS clears ceramide
phosphorylcholine group from

by

synthesizing SM via the transfer of the

phosphatidylcholine to ceramide, resulting in the

formation of diacylglycerol and SM."'

4) Ceramidases
Ceramidases (CDases) cleave ceramide at the amide bond resulting in sphingosine
and a free fatty acid. Three types of CDases have been described to date and classified
according to pH optima as acid, neutral, or alkaline: The acid CDase was recently
overexpressed in L929 cells, resulting in protection from TNF-induced cell death."
Alkaline CDase was suggested as responsible for the increased sphingosine and
decreased ceramide levels observed in response to platelet derived growth factor in
mesangial cells. The neutral CDase has been shown to be stimulated in response to PDGF,
TNF-a, and IL^ip.'^ In renal mesangial cells, it was observed that while both nitric oxide
(NO) and TNF-a stimulate both acid and neutral SMase, NO inhibited and TNF-a
activated the corresponding acid and neutral CDases. Subsequent ceramide accumulation
and apoptosis occurred only in NO-stimulated cells unless TNF-stimulated cells were
also treated with CDase inhibitors.

Thus, CDases are regulated enzymes that can

influence the levels of ceramide as well as sphingosine and sphingosine-1-phosphate.
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5) Glucosylceramide synthase (GCS)
GCS catalyzes the first

step in glycosphingolipid synthesis, thus providing

another major route of ceramide clearance'"^. Interestingly, although GCS activity may
protect cells from ceramide-mediated apoptosis, ganglioside GD3, a downstream product
of this metabolic pathway, may be specifically generated upon ceramide treatment and
may be involved in the disruption of the mitochondrial membrane potential.'^
As potent and selective enzyme inhibitors are required for the investigation of
GSL function as well as for new therapeutic approaches, the discovery of Y)-threo-PDMP
(D-/^reo-l-phenyl-2-decanoylamino-3-morpholino-l-propanol)

by Vunnam and Radin'^

has been shown to be a potent inhibitor of the glucosylceramide synthase (Figure 4).

OH

^ ^Ph
6.^

HN

<Figure 4: The Structure of D-/Areo-PDMP>

Polt and co-workers'' investigated the stereoselective synthesis of \i-threo-VDMP
as shown in Scheme 3. The key step for the preparation was the reductive alkylation with
a mixture of DIBAL and TRIBAL, which preferentially afforded the threo
stereochemistry due to its "ate" complex formation.'^
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o

Ph
OMe

TBSO

Ph^N

OH

TBSO^^^-j^O
HN>/

TBSO

Ph.

tbso^"Y''Y^
NH2

Ph

Ph

Ph
TBSO

TosO'

1 0
HN^

O^ HN^
O

Reagents and Conditions: a) i./Bu2AlH iBu3Al/hexanes/-78°C, ii. CeHsMgBr; b)
pyridine HOTS/THF/H2O; c) CI3COCOOCCI3/THF; d) HF/H2O/CH3CN; e)
TosCl/pyridine; f) Morpholine/THF/A; g) KOH (aq.)/A; h) NO2-C6H4O2C-C9H193
<Scheme 3: The Synthesis of D-threo-?Y>MP>

1.1.3 Syntheses of Sphingosines
The sphingosine backbone (Figure 5) is a key intermediate for forming not only
ceramides, but also further glycosphingolipids, synthetically. Throughout many research
groups, the sphingosines have been synthesized by various synthetic methodologies, and
investigated their utilities for fiirther reactions.'^

OH

NH2
( R = long chain hydrocarbons )
<Figure 5: The Structure of Sphingosine >
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Briefly, the syntheses of sphingosines could be categorized from

serinal

derivatives, serine amide derivatives, and carbohydrates as starting materials, and
introductions of Aldol and Sharpless epoxidation reaction protocols.

1) From Serinal Derivatives
Newman and co-workers

9n

synthesized sphingosine starting from serine. The

amine and primary hydroxy groups were protected by phthalimido- and acetoxy groups,
respectively, and free carboxylic acid was reduced to the aldehyde, and the addition of
/ran5-pentadecenyldiisobutylalane

(/row^-vinylalane),

followed

by

acid-catalyzed

methanolysis and hydrazinolysis, provided the h-erythro sphingosine with 13% yield
(Scheme 4).

O
HO

O
OH

NHs

O

—^ AcO^'^'Y^iOH
NPhth

NPhth

OH
AcO
NPhth

12

<Scheme 4: Synthesis of Sphingosine with Vinylalane >

Another reaction^' was the oxazoline was obtained by benziminoethyl ether,
followed by reduction from methyl ester to aldehyde afforded the addition of vinylalane
to produce 1:1 mixture of erythro- and f^reo-sphingosine oxazoline (Scheme 5).

26

O

o
HO

O
OMe

Y

O^N

NHa
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T

Ph

Ph

H
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OH

O^N

^'12

Ph

<Scheme 5: Synthesis of Sphingosine with Vinylalane>

Four research groups '

' '

developed the synthesis of sphingosine by the

addition of lithium alkyne to Gamer's aldehyde as shown in Scheme 6.

OH
lithium pentadecyne
Q
N.
^^^Boc

THF
MIUIPA
THF.HMPA

^'^^BOC

C13H27

<Scheme 6: Synthesis of Sphingosine with Alkynyllithium>

2) From Serine Amide Derivatives
Boutin and Rapoport^^ demonstrated the syntheses of sphingosine from

L-serine

via an a'-amino-a,p-ynone system. Cbz-protected serine was treated with isoxazolidine to
form the amide, followed by the addition of lithium alkyne to give jV-Cbz-ynone. Then,
the reduction of the ynone provided 4:1 erythroUhreo mixture with 92% yield (Scheme 7).

27

Y
OH
NHCbz

NHCbz

NHCbz

C13H

<Scheme 7: Synthesis of Sphingosine from Serine Amide Derivatives>

3) From Carbohydrates
Schmidt and Zimmermann^^ afforded a very convenient and efficient chiral pool
synthesis based on D-galactose as starting material in 1986. The protected galactose was
obtained by simple one-step procedure from

D-galactose,

and sodium metaperiodate at

pH 7.6 provided the 2,4-O-benzyl-D-threose in high yield. Wittig reaction of this material
with hexadecanylidene triphenylphisphirane with an excess of lithium bromide gave
exclusively the /ran^-eicosentriol derivative, and it was converted with sodium azide in
DMF at r.t. to the azide. Acid treatment provided the deprotected azide, which was
smoothly reduced to the
agent (Scheme 8).

D-e^//ira-C2o-sphingosine

with hydrogen sulfide as reducing
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OH

OH

<Scheme 8: Synthesis of Sphingosine from Galactose>

OR
Reist and Christie developed a synthesis of sphingosine starting from 3-amino3-deoxy-l,2:5,6-di-0-isopropyIidene-a-allofuranose. After the protection of free amine
on the starting material, the oxidative cleavage of the resulting diol with sodium
metaperiodate generated the sugar aldehyde, followed by Wittig reaction to produce
alkene. The deprotection of the alkene afforded the sphingosine backbone (Scheme 9).
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<Scheme 9: Synthesis of Sphingosine from Allofiiranose>
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D-efy//?ro-Sphingosine

was prepared in 10 steps in 20-30% overall yield starting

from glucofuranose as shown in Scheme 10?^ The Wittig reaction of aldehyde with ntetradecyltriphenylphsophorane in THF afforded /ra«5-olefin in 42% yield. Then, Wittig
reaction and photochemical isomerization from

the aldehyde to trans-aSkene was

achieved in 87% yield, followed by mesylation, Wittig adduct, reduction, azide
displacement, and hydrogenation using Lindlar catalyst provided the desired sphingosine.

<Scheme 10: Synthesis of Sphingosine from Glucofuranose>

4) Aldol and Sharpless epoxidation
Aldol strategy for the synthesis of sphingosine was based on the chiral
oxazolidinone derivatives developed by Evans and Pridgen.^° The boron enolate of
bromoacetyl oxazolidinone derivative was condensed with /ro«5-2-hexadecenal to afford
aldol adduct in 72% yield. Nucleophilic substitution of the corresponding bromide with
sodium azide in DMSO led to azide in 92% yield with complete inversion of
stereochemistry at the reaction center. Then, azido-O-TBDMS-sphingosine was obtained
by protection of the allylic hydroxyl group followed by lithium borohydride reduction in

30

THF, and the intermediate was treated with the sequence of (1) desilylation, (2) azide
reduction with propylenedithiol in the presence of triethylamine, and (3) acetylation
provided the sphingosine product (Scheme 11).

O

OTBDMS

OTBDMS

<Scheme 11: Synthesis of Sphingosine via Aldol Strategy>

The sphingosine might be synthesized by using Sharpless epoxidation protocol.^'
The enynol was prepared in four steps: (1) reaction of epichlorohydrin and lithium
acetylide, (2) protection of the resulting alcohol as the THP ether, (3) alkylation of the
terminal acetylene with 1-bromotridecane in THF/HMPA, and (4) deprotection of the
THP group. The Sharpless epoxidation of the enynol gave a,p-epoxy alcohol in 86%
yield and 98% ee. After reaction of the epoxy with benzyl isocyanate led to the cyclic
carbamate, then, base-catalyzed hydrolysis of the oxazolidinone ring was achieved in
nearly quantitative yield of the final product (Scheme 12).
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<Scheme 12: Synthesis of Sphingosine via Sharpless Epoxidation>

1.1.4 Ceramide in Apoptosis
The sphingolipid ceramide is almost universally generated during cellular stress
and apoptosis, either by de novo biosynthesis or via the action of acid- or neutralsphingomyelinase.

Many studies have shown that the addition of ceramide to an

incubation medium or procedures that lead to increased ceramide concentrations can
begin a process that leads to slowing of cell growth or apoptotic cell death. By analogy
with diacylglycerol (DAG), ceramide has been suggested to fulfill a second-messenger
function by binding to specific intracellular protein targets, even if this idea has remained
very controversial.
Among many investigations about ceramide-induced apoptosis, and its interaction
with other factors, discussion of some studies would be allowed to support these
hypotheses.
Radin^^ suggested possible hypotheses for self-amplification of ceramide and the
role of allylic alcohol group on the ceramide which takes part in the formation of reactive

oxygen species (ROS) which initiate mitochondrial breakdown, a vital step in apoptosis.
ROS are produced in all mammalian cells, partly as a result of normal cellular
metabolism and in response to various stimuli. ROS comprise essentially the superoxide
anion radical (O2"), H2O2 which is a catalytically derived intermediate in the conversion
of O2" to H2O and O2, and the hydroxyl radical (OH ) which is a side product of both O2'
and H2O2 in Fe-dependent radical reaction.^'* For self-amplification of ceramide, there are
three different cycles:
Cycle A: The liberation of nitric oxide (NO) by activated cells, or cells supplied
with NO donors. For example, NO-producing renal mesangial cells were found to
respond by activating aSMase and nSMase to generate ceramide."^ At the same time, the
NO inhibited acidic and neutral ceramideases, thereby accentuating the ceramide
accretion and inducing apoptosis. NO is readily dififiisible so it is very probable that this
cycle, once turned on, actually produces more and more ceramide with each turn.
•JC

Cycle B: Glutathione (GSH) normally inhibits the activity of nSMase. Thus, a
high GSH concentration tends to be accompanied by a low rate of ceramide formation
from sphingomyelin (nSMase is an enzyme for the breakdown from sphingomyelin to
ceramide). Oxidizing agents and ROS oxidize GSH to provide oxidized form with C-S-0
and C-S-N linkages, thus enhancing sphingomyelinase activity. Several important
anticancer drugs, such as doxorubicin, produce the ROS, lower cell GSH concentration,
generate ceramide, and kill cancer cells by apoptosis. Ceramide, in turn, also generates
ROS, which destroys more GSH.^^ Reversely, addition of GSH to cells was found to
block the doxorubicin effect, presumably because it reduced the ROS.
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Cycle C: One more potential autoenhancement cycle is based on the observation
that ceramide activated phospholipase A2 in blood platelets. This enzyme liberates
arachidonic acid (a polyunsaturated fatty acid) from phospholipids. Arachidonic acid is
known to stimulate aSMase, so one would expect for free acid to stimulate formation for
ceramide. A evidence for the occurrence of the arachidonate effect comes from the
observation that HL-60 cells depleted of their arachidonic acid are resistant to apoptosis.
Conversely, arachidonate was shown to inhibit proliferation and induce apoptosis. While
sphinganine-based ceramides seem to be among the first intermediates in de novo
sphingolipid synthesis, the great majority of naturally occurring sphingolipids contain the
unsaturated sphingol, sphingosine. The sphinganine-based ceramides (dihydroceramides)
are desaturated by dihydroceramide desaturase with the aid of NADPH or NADH to form
sphingosine-based ceramides. Thiols (dithiothreitol and A'-acetyl cysteine) were found to
inhibit the reaction, so it is possible that GSH is also an inhibitor.
The next issue was the role of allylic alcohol group in ceramide. An important
observation for this hypothesis was that addition of Ce-ceramide to cultured cells
produced

and ROS was generated at the ubiquinone site of the mitochondrial

respiratory chain. Ubiquinone is the only non-protein component of the electron transport
chain that can capture one or two electrons, thereby forming ubiquinol (Scheme 13).^®
The ubiquinone acts as biochemical oxidizing agent to mediate the electron-transfer
processes involved in energy production.
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<Scheme 13: Ubiquinone and Ubiquinol>

Another study revealed that ceramide addition resulted in the formation of ROS,
and even the destruction of GSH.

In conclusion, ceramides activate a protein

phosphatase A2 in mitochondria that deactivates Bcl-2, the anti-apoptotic factor.^^
The connection between ubiquinone, ceramide, and ROS suggests that an electron
transfer reaction occurs in mitochondria between these substrates, leading to oxidation of
the ceramide allylic alcohol group. Since mitochondria containing reduced cytochrome c
do not release the enzyme in response to ceramide, mitochondrial cytochrome c may be
responsible for the oxidation/^ The product after oxidation would be a conjugated ketone,
which can be expected to react readily by a Michael 1,4-addition with various substrates,
such as GSH. By oxidizing the allylic alcohol group in ceramide, GSH was destroyed by
direct combination and by ROS generation (Scheme 14).
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Michael 1,4-addition

Ceramide

I
I
•

O
<Scheme 14: Proposed reaction for oxidized ceramide-induced GSH inactivation>

Duranteau and co-workers suggested that TNF-a cause rapid ROS production by
mitochondria, and this phenomenon was mediated by ceramide (Scheme 15)/' TNF-a,
originally described for its antitumoral activity, is a polypeptide that exerts a pleiotropic
action on multiple cell functions regulating the immune response, host defense reactions,
and gene expression. The importance of the effects of TNF-a has been clearly shown in
conditions such as inflammation and sepsis, in which endothelial cells are the first target
of this cytokine.''^
An increase in cellular oxidative stress is involved in the cytotoxic effects of
TNF-a on tumor cells and in the regulation of gene expression. In tumor cells,
hepatocytes or cardiomyocytes, ROS production induced by TNF-a was accompanied by

a cytotoxic or pro-apoptotic efifect.
Among various cellular pathways activated by TNF-a, there is an evidence to
support the role of ceramide as a second messenger of TNF-a in different cell types,
including endothelial cells, where it participates in the regulation of cell death via
apoptosis, cell proliferation, and gene regulation through the activation of nuclear
transcription factors such as nuclear factor-icB. Exogenous cell-permeable ceramide
analogs have been recently demonstrated to act on the mitochondrial electron transport
chain leading to H2O2 and ROS production in rat liver hepatocytes, even though the
specific involvement of ceramide in TNF-a-induced ROS production in endothelial cells
is not known. Therefore, it is known that TNF-a-induced ROS production in endothelial
cells primarily occurs in mitochondria and is supported by an intracellular signaling
pathway initiated by ceramide.
In addition, It should be noted that ceramide accumulation has been reported to
occur without any decrease in sphingomyelin content in cerebral endothelial cells after
long-term exposure to TNF-a + cycloheximide (CHX). This mechanism of ceramide
generation has been attributed to de novo ceramide biosynthesis via ceramide synthase
rather than to the activation of sphingomyelinase pathways, which are normally
responsive to TNF-a, Fas, and y-irradiation. One may speculate that a de novo synthesis
pathway is likely to be involved in long-term effects, whereas short-term exposure to
TNF induces acute ceramide generation by aSMase.
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<Scheme 15: The Pathway Involved in ROS Generation>

TNF-a induces a rapid increase in mitochondrial ROS production in human
endothelial cells. The major source of ROS signaling appears to be the mitochondrial
electron transport system. It is concluded that the increase in ROS signaling is mediated
by ceramide, based on the observation that blocking either ceramide production or
CAPKs (Ceramide-Activated Protein Kinases) inhibited intracellular ROS production.
Blitterswijk and co-workers'^^ investigated the ceramide-mediated mitochondrial
apoptosis. Mitochondria are known to play a key role in the orchestration of death signals.
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<Figure 6: Pathways of Lipid Trafficking Involved in Survival and Death Signaling>

The figure 6 above describes the general pathway of lipid trafficking of survival
and death signaling and cellular raft system as well. The de novo synthesis of ceramide
and phosphatidylcholine (PC) occurs within the endoplasmic reticulum (ER).'*'* Under the
control of growth factor or death receptor activation, key decisions of complex
sphingolipid synthesis and anterograde vesicular routing take place at the Golgi apparatus.
SM synthase may serve as a 'biostat', regulating the metabolic flux through and levels of
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ceramide and DAQ while synthesis and routing of the ganglioside GD3 may be involved
in death signaling/^ Lipid rafts containing sphingolipids (SM or GD3) are important
signaling platforms, and are actively involved in vesicular trafficking and sphingolipid
recycling. Retrograde vesicular transport occurs after receptor-controlled raft dynamics at
the plasma membrane (PM) and endocytosis. Proliferative and survival routes towards
activation of ERK and/or PKB are distinguished from the death route directed towards
mitochondria (Mito). Cross-talk between these pathways exists, e.g. through
phosphorylation of Bad by PKB, which sequesters Bad from the mitochondria. Ceramide
may act at muhiple sites: it may enter mitochondria at sites of close contact with the ER,
or through retrograde vesicular transport, in which process it may play a facilitating role
(SM cycle). In the Golgi, ceramide is an essential component of the SM synthase 'biostat'
and a precursor of the complex (glycol)sphingolipids in rafts. Ceramide is commonly
stated to be a second messenger in apoptotic signaling."^^
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<Figure 7: Second Messenger Concept of Ceramide>

As shown in figure 7 above,the growth factor such as platelet-derived growth
factor (PDGF) may stimulate cell proliferative and/or survival pathways (A), via
activation of PI 3-kinase (PI3K), 3-phosphoinositide-dependent protein kinase (PDK),
PKC^ and Akt/PKB at the membrane level. On the other hand, ceramide activates PKC^,
directly or indirectly, such that PKCi^ binds to PKB. This, together with a ceramideinduced, PP2A-mediated dephosphorylation at PKB residues Thr-308 and Ser-473,
inactivates this kinase, which leads to the arrest of cell growth (B) (Solid arrows
represent active routes, and broken arrows represent inhibition of these routes).
Ceramide induces cj^ochrome c release from isolated mitochondria, an event
strongly influenced by the redox state of cytochrome c, and that incubation of
mitochondria with Bcl-2 prevents the cytochrome c release. Release of cytochrome c
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decreases mitochondrial oxygen consumption, A*P, and the

buffering capacity of

mitochondria, all of which are reversed by addition of exogenous cytochrome
Mitochondria are known to be involved in apoptosis,'^^ and the release of cytochrome c is
key for apoptosis."^^ Conversely, mitochondria carry the anti-apoptotic protein, Bcl-2.
Among several mediators, pathways, and factors, which are involved in mitochondrial
apoptosis, ceramide has been shown to directly target mitochondria. Zhang and co
workers'*^ showed that Ce-ceramide increased the cytosolic concentration of cytochrome c
in Molt-4 leukemic cell, and Amarante-Mendes and co-workers'*^ revealed that C2ceramide caused the cytosolic accumulation of cyto-chrome c in control. Richter and co
workers'*'^ studied that ceramide directly caused the release of cytochrome c from isolated
mitochondria and while cytochrome c is the prime mitochondrial target of ceramide,
incubation of mitochondria with a low concentration of Bcl-2 prevented ceramideinduced cj^ochrome c release and its consequences suggested that a specific function of
the oncoprotein in ceramide-mediated apoptotic signals. Therefore, ceramide may
directly interact with cytochrome c, with a higher affinity for the oxidized protein, and
this interaction changes the physicochemical properties of cytochrome c, leading to its
rejection from mitochondria. Especially, cytochrome c has multiple lipid binding sites
and the lipid-bound cytochrome c showed a lower affinity for attachment to the artificial
membranes.
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1.2. Gamer's Aldehyde in the Synthesis of Ceramides

1.2.1 Structure and Characteristics
Chiral a-amino aldehyde has been synthesized and investigated since they are
versatile building blocks, and frequently

used in the synthesis of natural products.

Naturally occurring amino acids constitute attractive sources of chiral, non-racemic
starting materials. This is due in part to the commercial availability of these substances
which in many cases includes the unnatural antipode as well. Therefore, the differentially
protected p-hydroxy-a-amino aldehyde, which is derived from amino acid (such as

L-

serine) as precursors to synthetic amino acids and amino sugars. Particularly, amino acids
have useful biological properties for new medicines and unusual amino acids.
Historically, there have been several investigations of chiral aldehydes.^® Earlier
syntheses of chiral amino aldehyde, however, met serious problems such as low yield,
poor diastereoselectivity, and/or loss of enantiomeric purity during the addition reactions,
presumably due to the instability of the serinal derivatives as well as the modest
nucleophilicity of the alkyl-, alkenyl-, and alkynylating agent. One of the most widely
used a-amino aldehyde, which overcame these limitations, is so called Gamer's
aldehyde^' (iV-Boc-7V,0-isopropylidene-L-serinal), which enantiomer has been used as
chiral building blocks in asymmetric synthesis (Figure 8).
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Boc

<Figure 8: The Structure of Gamer's Aldehyde>

1.2.2 The Improvement of the Syntheses of Gamer's Aldehyde
The first synthesis of Gamer aldehyde was, as the compound's name implies,
reported by Philip Garner.^' His synthesis started with Boc-protection of L-serine using
di-/ert-butyl dicarbonate at pH>10 to form 7V-Boc-serine, which was converted to the
methyl ester either by diazomethane or, more conveniently, with methyl iodide and
potassium carbonate. iV-Boc-methyl ester serinate was then treated with 2,2-DMP and
TsOH to give the oxazolidine ester in 70-80% yield. Direct reduction of ester with
DIBAL in toluene then afforded the title aldehyde in 76% yield (Scheme 16).^^

NHBoc

Boc

Reagents and Conditions: a) (Boc)20, NaOH; b) CH2N2; c) DMP, TsOH (cat.); d) DIBAL,
-78°C
<Scheme 16: Original Synthesis of Gamer's Aldehyde>

Later on. Gamer's original synthesis has been subject to a number of
improvements. The first

two steps, Boc protection and esterification, have
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advantageously been reversed by McKillop and co-workers/^ Thus, treatment of L-serine
with HCl in methanol gave the methyl serinate in essentially quantitative yield. Then,
methyl serinate was reacted with (Boc)20 and triethylamine to give iV-Boc-methyl
serinate in 90% yield from L-serine (Scheme 17).

0

HO'''"V^OH
NH2

0

^

0

^ > HO^^^V^OMe
SH2

NHBOC

Reagents and Conditions: e) MeOH, HCl; f) (Boc)20, EtsN
<Scheme 17: Improved Transformation by McKillop>

The transformation of iV-Boc methyl serinate to oxazolidine has been improved
by Moriwake and co-workers^'' who used boron triflate etherate (BF3 0Et2) as a catalyst
in place of TsOH. With this modification the yield in this step was increased to 93%.
The step that has been subjected to the most attempts at improvement is the
DIBAL reduction of the oxazolidine ester to the aldehyde. Many researchers noted that
the reduction of the oxazolidine ester could be difficult to reproduce, and was very
dependent on the quality of the DIBAL used. A more reliable procedure was to reduce the
ester to the alcohol and then oxidize it back to aldehyde under Swem conditions.^^ Roush
and Hunt noted that not only was the DIBAL reduction tricky, but the enantiomeric
excess was also only 86-87% in their hands (Scheme 18).^^ The reliability and yield of
the synthesis was improved by replacing the DIBAL with the LiAlHt-Swem protocol, but
not the enantiomeric purity of the aldehyde. This was confirmed by Marshall and co-
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workers,

who also obtained a product with 90% ee after Swem oxidation.

9
-

Boc

OH

s

Boc

O

;

Boc

Reagents and Conditions: g) LiAlH4, HCl; h) DMSO, (C0C1)2, /Pr2NEt
<Scheme 18: Improved Transformation by Roush and Hunt>

This problem was solved by Dondoni and co-workers^^ by changing the base used
in the Swem oxidation from

triethylamine to Hunig's base. Hunig's base (NJV-

diisopropylethylamine) is more hindered, and therefore less likely to facilitate enolisation
of the aldehyde. With this modification the enantiomeric purity of the product was more
than 97% ee.
Both steps of this sequence have also been carried out with other reagents. The
reduction of the aldehyde to the corresponding alcohol can be performed by NaBH4-LiCl
and proceeds in 96% yield.^^ The oxidation of the alcohol to the aldehyde can also be
performed via a TEMPO-catalyzed oxidation, which proceeds in 90% yield and with
100% ee optical purity,^ or with DMSO-triphosgene which gives an 81% yield of a
product with an optical purity similar to that reported by Garner.^'
While Gamer's original synthesis was 4 steps, circumvention of the use of
DIBAL increased the synthesis to 5 steps. It appears, therefore, that there were rooms for
improvement in the synthesis. Bold and co-workers^^ were the first to use a Weinreb
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amide in place of the methyl ester to allow direct reduction to the aldehyde to occur more
readily. They converted Boc-protected serine into the Weinreb amide by treating it with
isobutyl chloroformate so as to form an anhydride and then reacted this with
methoxymethylamine. This gave the Weinreb amide in 65% yield. Treatment of the
amide with 2,2-DMP and pyridium tosylate then gave the oxazolidine in 71% yield.
Finally, reduction of the A^-methoxyamide with LiAlH4 gave the aldehyde in 78% yield.
The yields on this route were subsequently improved by Campbell and co-workers^^.
They prepared the amide by direct coupling of N, 0-dimethylhydroxyl-amine with the
acid promoted by iV-(3-dimethylaminopropyl)-iV^'-ethylcarbodiimide (EDCI). BFs OEta
was used as catalyst in the subsequent isopropylidenation, which also improved the yield
there. The yield of the amide was 88% over three steps.
Weinreb amide formation^'* developed the improvement of the reduction to the
aldehyde more effectively. While the synthesis of ketones from

carboxylic acid

derivatives via coupling with various organometallics has been extensively investigated,^^
the Weinreb amide is expected to cover the drawback, which is the propensity of reactive
Grignard and organolithium reagents to add to the product, producing a tertiary alcohol.
Weinreb and co-workers discovered that iV-methoxy-A'-methylamines combine cleanly
with both Grignard reagents and organolithium species in THF to form ketones (Scheme
19). Significantly, due to the formation of a stable metal-chelated intermediate, these
reactions did not produce tertiary alcohols even when large excesses of organometallic
were used, and did not require the stringent experimental conditions crucial to the success
of many other methods.
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<Scheme 19: Weinreb Amide-Assisted Nucleophilic Addition>

The above synthesis started from serine, and since both

D-

and

L-serines

are

available, they can be used to prepare either enantiomer of the aldehyde. However,

D-

serine is somewhat more expensive, and there have been some efforts to prepare (R)aldehyde from a less expensive starting material. Kumar and Datta prepared the (R)aldehyde from

L-cysteine

in 6 steps,^ while Avenoza and co-workers^' made it from

serine in 7 steps. The price difference between

D- and L-serine is

L-

only a factor of three so

it is not obvious that these more lengthy syntheses provide significant advantages.

1.2.3 Reactivity of Gamer's Aldehyde with Organometallic Reagents
The addition of nucleophilic compounds to Gamer's aldehyde opens access to
the 2-amino-l,3-dihydroxylpropyl stmcture motif which is widespread in natural
products, for example, azasugars, peptide antibiotics, sphingosine, and ceramides. In
terms of stereochemistry, starting from the aldehyde, all four possible isomers of the
L-threo and the

D-,

D-,

L-erythro series are selectively available in moderate to excellent

yields.
The addition of metal-activated carbon nucleophiles to the aldehyde leads, in most
cases, to mixtures of two diastereomer; anti-addition gives the e^^/rw-products, while
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•syn-addition leads to the //jreo-products.^® Mechanistically, the formation of the reaction
product is explained either with the Felkin-Anh model/^ involving a non-chelating
transition state and leading to the a«//-adduct, or with Cram model,

having a chelation-

controlled transition state and leading to the >sy«-adduct (Scheme 20).

Cram Model
(HaQaCO

o - - , , .
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-A Y 'C(CH3)3
o

C(CH3)3

<Scheme 20: Mechanisms by Cram and Felkin-Anh Models>
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Without chelation the formation of ^«-product is believed to be disfavored
because of repulsion between the electronegative O- and iV-atoms. Depending on the
carbon nucleophile and the metal counterion differing stereoselectivities are observed,
such as, stereoisomers of alkynyl-, alkenyl-, and alkyl-products (Scheme 21).

HO
alkynyl-M

HO
<Scheme 21: Addition of Metal Nucleophiles to the Gamer's Aldehyde >

While the substrate and the reaction conditions are important determinations of
the selectivity, the nature of the nucleophilic also has a great influence. To a major class
of nucleophiles belong those which possess an electron-rich Jt-bond. Typical examples of
this class include enolates and allyl metal compounds. With this kind of nucleophile, the
addition normally proceeds through a six-membered transition state, thus providing
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relatively high stereoselectivity (Scheme 22) 70

^M

5^

Boo

Boc

Boc

<Scheme 22: Proposed Mechanism of Nucleophilic Addition>

Other important types of nucleophiles are those in which the orbital that contain
the nucleophilic electron pair of the carbanion has increased s character. Thus, one might
distinguish sp, sp^, and sp^ carbon nucleophiles. It is assumed that such additions with
vinyl- or acetylic-nucleophiles occur via a four-center transition state. A more special
class of nucleophiles is represented by metal complexes of alkenes and alkynes which
contain two potential nucleophilic centers, although only one is used for the addition to a
carbonyl group. Owing to some degree of backbonding, such complexes may also be
formulated as metallacycles.
Herold^ described the first efficient and completely diastereoselective routes to
enantiomerically pure sphingosines by the addition of pentadec-l-ynyllithium to Gamer's
aldehyde (Scheme 23).

51

LiC—C C'|3H27
Q

N.

Boc

THF, -78°C
71%, 95% ds

Boc

C13H27

<Scheme 23: Herold's Addition>

When the reaction was carried out without additives in THF, the an^/-product was
obtained. Similarly, stereodivergent syntheses of D-erythw- and D-^^Aeo-sphingosine''
were achieved from Gamer's aldehyde in two steps by Gamer and co-workers (Scheme
24)?^

OH

Boo

Boc
2. HCl
> 80%
OH
HO'
NH2
<Scheme 24: D- eA7?^ro-sphingosine from L-serine>
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Based on the alkynylation from Gamer's aldehyde and alkynyl-organometallic
reagents, the neuroexitoxin dysiherbaine was isolated from the marine sponge Dysidea
herbacea}'^ The dysiherbaine skeleton has been synthesized by lithium nucleophile
addition to Gamer's aldehyde (Figure 9).

NH.

NHMe

HOoC

<Figure 9: The Stmcture of Dysiherbaine>

Another example of alkynylation with lithium was the synthesis of pendolmycin,
isolated from the Indo-Pacific marine sponge Penares sollasi (Figure 10).'^

<Figure 10: The Structure of Pendolmycin>

The investigation of the reactivity and stereoselectivity of Grignard reagents with
Gamer's aldehyde has been studied/^ and the reaction was found to depend on the steric
bulk of the alkylmagnesium halides as well as on the steric bulk of the oxazolidine ring.
While ethyl", isopropyl-, /-butyl-, or CeHn-magnesium halides led to the j[y«-products in

53

ratios of ca. 9:1 to 15:1, the more reactive methyl- (1:2) and phenyl (1:8) halides
provided mainly the an^/-derivative because addition from the re-side of aldehyde is
faster than chelation. Changing the solvent from THF to EtaO (a solvent favoring
increased chelation) or addition of metal salts like CeCls^^ increased the yields of the synproducts dramatically. For the applications of the addition of Grignard reagents, a series
of piperidine alkaloids has been made, such as, micropine from leaves of Microcos
philippinensis,

pseudodistomin C from

the tunicate Pseudodistoma kanoko,

and

antibiotic (+)-prosopinine from Prosopis Africana Taub leaves (Figure 11).^^

rr'

,0H

Micropine

Me
OH

.vNHs

Pseudodistomin C

N
Me

(+)-Prosopinine
<Figure 11: The Structures of Micropine, Pseudodistomin C, and (+)-Prosopinine>

The highly diastereoselective addition of dihexylzinc, prepared in situ from ZnCla
and the appropriate Grignard reagent, to the aldehyde provided dihydrosphingosine
analogues, like penaresidin A (Figure 12).^'
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OH
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<Figure 12: The Structure of Penaresidin A>

Depending on additives, the ratio of products could switch between anti and syn
(toluene, rt, 67%, anttsyn, 91:9; toluene, 0°C, 79%, ZnCla, A',A^-dibutylethanolamine,
anthsyn, 17:83). However, the highest yield of ^«-product (90%, anti:syn 5:95) was
obtained by Grignard reaction with hexylmagnesium bromide in EtaO/^
Among the various additions of organometallic reagents to aldehydes, the
particular attention was paid to the reactivity and stereoselectivity of the addition of vinyl
organometallic reagent to the aldehydes, because this thesis is involved in the dienyl
metal nucleophilic addition to Gamer's aldehyde. Previously, diastereo-selectivity
between aldehydes and vinyl metal nucleophiles under the various reaction conditions
have been investigated and published.
Addition of vinylmagnesium bromide in THF at
carbamoylpolyoxamic acid in

80%

-78 °C

gave a precursor of

5-0-

yield (anthsyn = 6:1).'^ Vinylmagnesium bromide in

the presence of one equivalent of ZnCl2 gave no selectivity in THF-Et20 (1:1) at -78 °C

and only moderate a«//-selectivity

(3:1)

in THF was observed without a Lewis acid

present.
Coleman and co-workers

investigated the addition of vinyl organometallic

reagents to Gamer's aldehyde in the course of synthetic studies on the antitumor agents
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azinomycins A and B. Generally, the diastereoselective alkenylation between Gamer's
aldehyde and vinyl metal nucleophiles afforded the mixture of syn- and aw^Z-products
under various reaction conditions (Scheme 25).

<Scheme 25: Diastereoselective Addition>

The mechanism for the reactions could be explained by the Felkin-Anh and Cram
model, which were already described. For example. Gamer's aldehyde was added to 1.6
equivalents of vinyllithium in the presence of THF at -78°C to r.t. for several hours to
produce the erythro-mnno alcohol with 5:1 (anthsyn) ratio with good yield.
Stereoselectivities and their reaction conditions are summarized in Table 1.
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<Table 1: Diastereoselective Addition of Vinyl Organometallic Reagents>
entry

Vinyl
Nucleophile
Vinyl MgBr
Vinyl Li
Vinyl MgBr
Vinyl Li
Vinyl Li
Vinyl Li
Vinyl Li

Solvent,
Equiv Lewis
Solvent Synlanti**
Temperature
Acid*
THF, -78°C
3.0
None
1:3
1
THF
THF, -78°C
1.6
None
THF
1:5
2
THF, -78°C
3
3.0
1:4
BF3 0Et2 Et20
THF, -78°C
4
3.0
Et2AlCl
Hexane 1:5
THF, -78°C
5
3.0
1:5
THF
TiCl4
THF, -78°C
6
3.0
Toluene 1:2
TiCU
7
Et20/pent
3.0
1:3
TiCU
Et20
-78°C
Vinyl Li
8
EtiO/pent
3.0
TiCU
CH2CI2 1:1
-78°C
9
Vinyl Li
1:3
EtiO/pent
3.0
ZnCl2
Et20
-78°C
Vinyl MgBr THF/EtaO,
10
3.0
1:1
ZnCl2
Et20
78°C
11
Vinyl AlEt2 EtiO/pent
3.0
None
1.5:1
Et20
-78°C
Vinyl ZnCl EtiO/pent
12
3.0
6:1
ZnCl2
Et20
-78°C
13
Vinyl ZnCl Et20/pent
6:1
1.5-3.0 None
Et20
-78°C
* All Lewis acids are used as 1 equivalent.
** Ratio determined by 'H NMR integration of the terminal vinylic resonances.

Wipf and co-workers

also investigated the alkylation of aldehydes using

Schwartz reagent afforded the allyl alcohol. Even though the diastereomeric excess was
not provided, allyl alcohol was formed by the treatment of Schwartz reagents followed by
the transmetalation with dialkyl zinc in the presence of THF solvent at -65°C to 0°C for
ca. 2 hours.
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ZrCp2(H)Cl
R

I ZnEt2
OH

Aldehyde

R

<Scheme 26: Wipf's Addition Protocol>

R9

Srebnik co-workers studied that the diastereoselectivity of aldehydes and vinylzirconocene complexes in the presence of additive, such as, zinc bromide, gave the allyl
alcohol. The reaction was performed in THF solvent at room temperature for 3 hours, and
the ratio of aldehyde to nucleophile to additive was 1:1.1:0.2. No diastereomeric excess
(de) was not indicated.

0

+

CICp2Zrv.,^^:S>>^^,

THF
r.t.
3 hrs

Y"
^ R^^^R-

<Scheme 27: Srebnik's Addition Protocol>

Murakami and co-workers

showed that the diastereoselective alkylations

provided the proper ratio between erythro and threo of the amino alcohol. Three different
major metal groups were used, such as, lithio-, organozirconocene-, and ethylzinc-metals:
The vinyllithium addition in THF solvent at low temperature afforded the a«^/-product as
major with 5:1 ratio, Schwartz reagent (Cp2Zr(H)Cl) addition with the additive of zinc
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bromide (25mol%) at room temperature gave the a«f/-product with 20:1 ratio, and the
addition of zirconocene complex followed by the transmetalation of dialkyl zinc in THF
at low temperature yielded the a«/z-adduct with 12:1 ratio. Results are summarized in
Table 2.

O
+ M

additive

T

Boo
anti-Product

<Scheme 28: Addition of (^-1-pentadecenyl metals to Gamer's Aldehyde>

<Table 2: Addition of (jF)-l-pentadecenyl metals to Gamer's Aldehyde>
Entry M
1
2
3

Li
Cp2Zr(Cl)
EtZn

Additive
(mol %)
None
ZnBra (25)
None

Solvent Conditions
THF
THF
THF

-70°C to -40°C
0°C to r.t., 24hrs
-20°C to r.t., IShrs

Ratio
(erythwlthreo)
5:1
20:1
12:1
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1.3. Zirconium Chemistry and Dienyl Nucleophiles

1.3.1 Schwartz Reagents and Historical Backgrounds
Organozirconocenes have been one of the most useful classes of transition metal
derivatives for use in organic synthesis. A wide range of zirconocene-mediated
transformations and the relative ease of preparation of alkenyl- and alkylchlorozirconocenes contribute to the broad appeal of this chemistry. One of the most
widely used zirconocene complexes is so-called "Schwartz reagent", which was prepared
by Schwartz and co-workers (Figure 13).^'^

<Figure 13: The Structure of Schwartz Reagent>

The zirconocene hydrochloride was first prepared by Wailes and co-workers by
the reduction of zirconocene dichloride with a quarter equivalent of lithium aluminum
hydride in THF. Lithium aluminum hydride, however, might cause the considerable
overreduction so that more hindered LiAl(0-®u)3H was recommended as a more
selective agent. Schwartz and co-workers contributed widely to the use of zirconocene
complex in organic synthesis, and the complexes was named as "Schwartz reagent
(bis(cyclopentadienyl)zirconium(lV)hydrogenchloride)". As a new preparation, Red-Al®
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(Na[AlH2(0CH2CH20Me)2]) was also used for the preparation of Schwartz reagent. The
method, however, has the drawback to form ca. 30% sodium chloride impurities.^^ The
development of experimentally simple procedure by Buchwald and co-workers^^ was the
rapid reaction between Cp2ZrH2 and Cp2ZrCl2 forms the Schwartz reagent, which is only
slowly transformed further into CpjZrCb- Zirconocene dichloride was then washed to
convert to the desired monohydride after re-reduction.
The poor solubility of Schwartz reagent in commonly used organic solvents such
as THF, benzene, toluene, and dichloromethane is advantageous for its preparation, but
the investigations of improving its solubility have been more substituents on the Cp-rings
such as (Me5C5)2Zr(H)Cl^^ ,and [(Me2Si)(C5H4)2Zr(H)Cl] ((Me5C5)2 = Cp2*).^
Bis(cyclopentadienyl)zirconium(IV) complexes were discovered almost 50 years
ago, but their applications in synthetic organic and polymer chemistry continue to expand
at a rapid pace.^' Bis(cyclopentadienyl)zirconium dihalide, that is, zirconocene dihalide,
are used as starting materials for the preparation of many organozirconocene catalysts
0"?
and stoichiometric reagents and are readily prepared from zirconium tetrahalide. An
impressively large and versatile collection of secondary zirconocene derivatives can
subsequently be obtained by processes such as hydrozirconation, carbozirconation,
cyclozirconation, transmetalations, and bond insertions.^' These multiple synthetic
strategies form the foundation of the innovation and diversity in the preparative use of
zirconocenes. While these Group IV organometallics are generally categorized as hard
Lewis acids, specific electronic properties, steric shielding of the zirconium atom and air
and moisture stability strongly depend on substituent effects. Therefore, a broad reactivity
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range and impressive substrate selectivity can be accomplished for transformations
involving zirconocene derivatives.

1.3.2 Hydrozirconation
The insertion of C,C-double and -triple bonds into the Zr-H bond represents the
default

stepping

stone

for

the

preparation

of

synthetically

usefiil

organochlorobis(cyclopentadienyl)zirconium(IV) complexes. This process is closely
related to the hydroboration reaction, but, interestingly, hydrozirconation via a four-atom,
concerted transition state is formally symmetry-allowed due to the vacant i/-orbitals on
Zr,^^ whereas hydroboration is formally symmetry-forbidden. Even though the actual
mechanistic details of the hydrozirconation process are still poorly understood, and the
insolubility and the oligomeric character of Schwartz reagent obscure the reaction
kinetics, it is clear that the solvent has a major effect on the reaction rate (Scheme 29).
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Cp2Zr(H)Cl, Solvent, 0°C
Solvent
Benzene
THF
Oxetane
Morpholine
10% Oxetane/THF
25% Oxetane/THF
10% Oxetane/Benzene
10% Oxetane/DCM
THF (2 equiv CpzZrHCl)
THF (2 equiv Hexene)
Oxetane (2 equiv Cp2ZrHCl)
Oxetane (2 equiv Hexene)

Half-life [min]
2210
113
37
40
95
60
545
109
105
58
22
24

<Scheme 29: Experimental comparison of the solvent dependence of the rate of
hydrozirconation of l-hexene>

Hydrozirconation is orders of magnitude faster in THF than in hydrocarbon
solvents such as benzene, and the most efficient solvent identified so far appears to be
oxetane.^'' Therefore, there is a direct correlation between the donor-capabilities of the
solvent and the rate of hydrozirconation, which is indicative of a rate-limiting
dissociation of the oligomer before hydrometalation occurs. In oxetane solution, the
reaction becomes first order both in Schwartz reagent and alkene, whereas in THF it is
zeroth order in Schwartz reagent. Accordingly, we can hypothesize that in the strongly
solvolytic oxetane hydrozirconation is actually rate-limiting.
For the hydrozirconation of alkynes, ^-addition of Schwartz reagent onto a
terminal alkyne followed by treatment with electrophiles provides a /ra«5-functionalized
alkene with a high level of stereochemical purity.^^ As shown in Scheme 30, the reaction
of phenyl(trimethylsilyl)acetylene with Schwartz reagent yields the P-CH-agostic
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alkenylzirconocene chloride, and subsequent halogen exchange with LiBr, Lil produces
the alkenylzirconocene halide. In contrast, hydrozirconation of (trimethylsilyl)acetylene
gives ?ra«5'-triniethylsilylvinyl zirconocene, positioning the bulky SiMes substituent at
the p-position of the a-alkenyl ligand, which lacks the p- agnostic metal-C-H interaction
that is characteristic of (Z)-trimethylsilylphenyl vinyl zirconocene.^^

SiMes
Cp2ZrHCl

MesSi-

-Ph

toluene, rt, 17h

CICp2ZrH

39%
MeaSi—^
toluene, rt, 4h
H,^SiMe3

X

CICpsZr'

LiX, Et20, rt, 5h

SiMes
A^ph
XCp2Zr-

H

44%

69% (X=Br)
67% (X=I)

<Scheme 30: Hydrozirconation of Terminal Alkynes>

An enyne is selectively hydrozirconated at the alkyne moiety,

and an

unsymmetrical diyne reacts preferentially at the less substituted triple bond.^^

The Schwartz reagent is chemoselective toward alkynes and alkenes, but its
general functional group compatibility is limited. While most epoxides, isonitriles,
aldehydes,

ketones,

nitriles, and esters are reduced competitively with

the

hydrozirconation of alkynes and alkenes,silyl esters, f-butyl esters, benzyl ester, and
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nitriles are tolerated by an equivalent of reagent in the presence of a reactive site of
unsaturation (Scheme 31).

OTIPS

Cp2Zr(H)Cl,THF

OTIPS

CICp2Zr

r.t., >80%
O

Cp2Zr(H)Cl, DCM

BnO
0°C, >80%

"

O
BnO"

"'ZrCp2CI

<Scheme 31: Hydrozirconations from terminal alkene and alkyne >

Alcohols and acids are not compatible with the strongly hydridic character of
Schwartz reagent and are converted to the corresponding anions under the reaction
conditions. Even though silyl ethers are generally stable, in case of the trimethylsilyl
ethers of unsaturated alcohols, diiferent compounds are obtained based upon the length
and branching of the alkenyl chain (Scheme 32).

^OTMS
THF, rt, 80%
Cp2Zr(H)Cl
THF, rt, 85-90%
OTMS
CICp2Zr

OZrCp2CI

+ MesSiH

<Scheme 32: Hydrozirconation of Terminal alkene v^. Silyl Ether >
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Acetals, THP-ethers

oxazolines, amides, imides, carbamates, sulfides,

halides, and alkyl and aryl ethers are generally stable under mild reaction conditions, if
these functional groups are not in vinylic, allylic, or possibly homoallylic positions of the
alkene moiety. Annby and Karlsson''^^ have found that internally unsaturated ethers,
sulfides, phenylsulfones and ammonium iodides underwent substantial elimination of the
functional group after rearrangement of the zirconium moiety towards the carbon bearing
the heteroatom. The first example of a zirconium-promoted ring opening was reported by
Wipf and Smitrovich in 1991, which was found that hydrozirconation of 3,4-dihydro-2Hpyran led to the acyclic compound Cp2ZrC10(CH2)3CH=CH2 (Scheme 33)."^

0

CpjZrHCl, THF, 40''C

CICp2Zr
^0Zr(CI)Cp2

20 min

CpjZrHCl, THF

CuBr SMe2 (cat.)

CICp2Zr^
50°C

^0Zr{CI)Cp2
85%

OH

<Scheme 33: Hydrozirconation of pyran>

The rate of hydrozirconation appears to decrease in the order of:
terminal alkyne > terminal monosubstituted alkene « internal alkyne > internal
disubstituted alkene ~ 2,2-disubstituted terminal alkene ~ conjugated polyene >
trisubstituted alkene.
For cyclic alkenes, the rate of hydrozirconation is strongly dependent on the ring
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size and ring stain. Hydrozirconation of the trisubstituted alkenes followed by Cu(I)catalyzed acylation provided a mixture of four ketones in 85% yield (Scheme 34).

A ^

1.Cp2ZrHCl,THF,60"C

f

2. PhCOCl, Cu(I)

^

O

O
^

"

O
^

! •
I

I

•:
P-Elimination

f

P-Elimination

^.azrcpgci
ZrCp2CI
't
i1
.ZrCp2CI

<Scheme 34: Hydrozirconation of Cyclic Alkenes>

Conjugated dienes are preferentially hydrozirconated at the sterically more
accessible double bond (Scheme 35).
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CpjZrHCl
ZrCpzCI

benzene
It, 12hrs

ZrCp2CI

C0,2h
CHO

+

CHO

10: 1

<Scheme 35: Hydrozirconation of Conjugated Diene>

Kinetically controlled hydrozirconation appears to select for Zr-C bond formation
at the site of the more negative electrostatic potential. For the alkyl-substituted styrene,
the site of kinetic attack of zirconium is the benzylic position, and isomerization slowly
converts these species to the terminal zirconocene (Scheme 36). This regioselectivity can
be explained by preferential addition of zirconium at the alkene terminus with the more
negative atom charge. The presence of the phenyl ring significantly polarizes the double
bond, and increases the relative atomic charge at the distal v>y. the proximal sp^-carbon
(Figure 14). Thermodynamic equilibration, however, promotes formation of the sterically
less hindered zirconocene precursor of primary alcohol (Scheme 36).
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l.Cp2ZrCl2/Red-Al
(2 equiv), THF

O

OH

2. O2, r.t.
Hydrozirconation at 25 °C for 4h
Hydrozirconation at 25 °C for 24h
Hydrozirconation at 40 °C for 4h
Hydrozirconation at 40°C for 48h

15:1:3
5:2:1
4:3:1
1:14:0

<Scheme 36: Kinetically and Thermodynamically Controlled Hydrozirconation>

-0.48

+0.01

<Figure 14: Relative Atomic Charge>

Because Schwartz reagent has versatile functions in synthetic organic chemistry, it
has been utilized for the total syntheses of natural products (Figure 15).
Wipf and co-workers synthesized some natural products by Schwartz reagentpromoted methodology: asukamycin, manumycin

and (±)-nisamycin"^^. asukamycin

and manumycin A are members of the manumycin family of antibiotics, which also
include alisamycin, nisamycin, and other streptomyces metabolites such as LL-C 10037a.
Nisamycin was discovered in 1993 by Hayashi and co-workers'in the culture broth of
Streptomyces sp. K106, a bacterial strain isolated from a soil sample collected in Sakai
City, Japan. Prostaglandin F2a was synthesized by Janda and co-workers"® with Schwartz
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reagent. Nicolaou and co-workers^" investigated total synthesis of apoptolidin, and
Montgomery and co-workers112 produced the synthesis of isodimoic acid G (Figure 15).

O

HN

0

Nisamycm

O

HN

Manumycin

rj

HN

O

Asukamycin O

OH O

frans-Epothilone A

HQ
CH

CH

HO

HN

Isodomoic Acid G

HO

Prostaglandin F2C1

OH
HO,

OH

OMe
,0H

Apoptolidin
OH

<Figure 15: Zirconocene-promoted Natural Products>

''OMe
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1.3.3 The Transmetalation of Organozirconocenes to Other Metals
Since hydrozirconation of alkenes or alkynes is often performed at r. t. and does
not require special glassware or glove-box techniques, organozirconocene complex is
relatively stable at normal atmosphere than any other metal complexes. In spite of
substantial polarization of the zirconium-carbon bond reflected by the electronegativity of
zirconium in the range of 1.2 to 1.3 on the Pauling scale, the organometallic chemistry of
zirconocenes would be limited as a consequence of the steric shielding effect of the
cyclopentadienyl ligands if it were not for the ease of transmetalation reactions of these
complexes. Therefore, much of the development of the chemistry of organozirconocenes
has focused on indirect reaction pathways where other metals participate in C-C bond
formations, or where access to the metal center is facilitated by the preparation of
formally cationic complexes, even though these processes are, unfortunately,
mechanistically obscure."^
Transmetalation reactions from zirconium to aluminum were first reported by
Schwartz and Carr in 1977,

which reactions involving that simple mixing of Schwartz

reagent with AICI3 rapidly yielded the corresponding organoaluminum dichlorides.
Subsequent acylation with acetyl chloride provided the a,p-unsaturated ketone in high
yield (Scheme 37). For the mechanism of the transmetalation from Zr to Al, a transition
state involving a transition metal-main group metal complex containing a bridging alkyl
(or vinylic) group was suggested. Ligand transfer occurs with retention of configuration.
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O
A,

AICI3, CH2CI2, o°c
ZrCpgCI

-AlClJ

CH2Cl2,-30°C,
45min, 98%

O

<Scheme 37: Transmetalation with Alummum>

Cole and coworkers^have investigated the migration of alkyl groups and 1alkenyl groups from zirconium to various, structurally different boron compounds. Thus,
they demonstrated that simple 1-hexenyl groups readily transmetalate to chloro- and
bromoboranes in nonpolar solvents to give regio- and stereochemically pure 1alkenylboranes (Scheme 38).

<Scheme 38: Transmetalation with Boron>

Although conversion of organozirconocenes to stannanes has not yet been
extensively investigated, Kim and co-workers"^ developed a new efficient procedure for
the synthesis of simple and bicyclic organostannanes by transmetalation of
organozirconocenes with organotin alkoxides (Scheme 39). The hydrozirconation product
of trimethylsilyl acetylene reacted very efficiently with tributyltin ethoxide, whereas the
transmetalation with tributyltin chloride, bis(tributyltin) oxide, trubutyltin thiophenoxide
or iV,A^-diethyltributylstannazane was very slow.
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ZrCpjHCl
MesSi

H

BugSnX, THF
MSsSi

ZrCp2CI

THF

SnBus
40OC, 15 hrs

<Scheme 39: Transmetalation with Tin>

The zirconium to zinc transmetalationcombines the ease of preparation of
functionalized organometallics from alkynes via hydrozirconation with the broad range of
reactivity of organozinc reagents and is therefore an attractive protocol in natural product
total synthesis (Scheme 40). For example, for the synthesis of the curacin A, Wipf and co
workers'^^ performed a hydrozirconation of alkyne followed by addition of the in situ
obtained organozinc reagent to aldehyde.

Cp2Zr(H)Cl,
CH2CI2, rt
[ BDPSO^'^^'^'^^^ZrCpaCI ]
1. ZnEt2 (1.1 equiv), -60°C
2. 0°C, 6 hrs,
O
BDPSO
OH

<Scheme 40: Transmetalation with Dialkyl Zinc>

Zheng and Srebnik''"' have recently reported the acceleration of the 1,2-addition
of alkyl- and alkenylzirconocene chloride to aliphatic and aromatic aldehydes by catalytic
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amounts of ZnBri. ZnCli was found to be ineffective in dilute solutions, but could also
catalyze the reaction, though less efficiently than ZnBr2, in more concentrated mixtures
(Scheme 41). Treatment of the alkylzirconocene chloride with benzaldehyde in the
presence of catalytic amounts of ZnBta afforded after aqueous workup the secondary
alcohol.

9

MegSi.

0ZrCp2CI

^ZrCp2CI

ZnBr2 (20mol%), THF,
3 hrs, rt

MesSi

OH

H,0
89%

MeaSi

<Scheme 41: Transmetalation with Zinc Halide>

While both organozirconocenes and organozinc are generally unreactive toward
aldehydes and ketones in the absence of additives, the combination of an alkenyl
zirconocene and a dialkyl zinc leads to a rapid 1,2-addition even at low temperatures. The
process is likely to involve a Zr to Zn transmetalation followed by a zirconoceneaccelerated addition of the mixed alkyl-alkenyl zinc reagent to the carbonyl group.
Allylic alcohol products are isolated in high yields, and the reaction can be performed
catalytically in RzZn. This same transformation is achieved if ZnBr2 or MeLi is
substituted for Me2Zn, though in the latter case a different mechanism is invoked.
Wipf and co-workers"^ investigated the preparation of allylic alcohols by the
transmetalation of zirconocene to zinc.
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Cp2Zr(H)Cl
R
DCM,rt

/^ZrCpzCI
Ki
ZnEtj, -65°C

O
OH

^

?2_

o°c

'•

<Scheme 42: Transmetalation from Wipfs ProtocoI>

Hydrozirconation of terminal alkynes with zirconocene hydrochloride gave (E)alkenylzirconocenes that were directly treated with dimethylzinc at -65 °C. The zirconium
to zinc transmetalation was complete within a few minutes (Scheme 42).
According to the preliminary NMR investigations,^'^ the metal-exchange between
Zr and Zn appears to be almost complete. Upon addition of dimethyl zinc to
hexenylzirconocene at -65 °C, the doublet at 6 7.00 (IH, J= 18.0 Hz), characteristic for
Zr-Csp2 (H), was significantly reduced in intensity, and a new doublet at 5 6.24 (IH, J =
22 Hz) appeared.

1.3.4 The Synthesis of Dienyl Nucleophiles

1) Negishi cross coupling reaction
Several palladium-catalyzed cross-coupling procedures for the synthesis of
alkynes were reported in the mid 1970s. Of course, the Sonogashira protocol involving
the treatment of terminal alkynes with organic halides and an amine base in the presence
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of catalytic quantities of a tetrakis(triphenylphosphine) palladium(O) complex and Cul
has been most widely used presumably due to generally favorable results and operational
simplicity associated with it. One of its serious limitations, however, is its reported
inability to provide a direct route to terminal alkynes. Negishi and co-workers revealed
this limitation by running the reaction of phenyl iodide with an excess of acetylene in the
presence of 5 mol% each of Pd(PPh3)4 and Cul, which gave 1,2-diphenylethyne in 40%
yield along with only a 20% yield of the desired phenyl acetylene. Therefore, an
alternative methodology was necessary for a selective synthesis of terminal alkynes with
an indirect route involving protection and deprotection of the ethynyl group.
The previous investigation of terminal alkyne coupling reactions has been
introduced by Negishi and co-workers,'^® such as, Pd-catalyzed cross coupling of ethynyl
metal complexes with alkyl-, alkenyl-, and alkynyl-halides, and the metals were zinc,
magnesium, tin, lithium, boron, and so on. Especially, the particular attention was paid to
the ethynylmagnesium bromide due to its commercial availability and high yield
(Scheme 43).

H—=—SiMes
Pd(PPh3)2CI
Cul, TEA

TBAF, THF

R

-

SiMes

Pd(PPh3)4
THF

<Scheme 43: Sonogashira- and Negishi-Cross Coupling Reaction>

H
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2) Alternative methodology to make dienyl iodide
While dienyl iodide, precursor of dienyl lithium, was synthesized from enyne
with Schwartz reagent and iodine solution addition, Takai and co-workers'^' investigated
the synthesis of alkenyl halide from aldehyde with chromous chloride, and iodoform in
THF solvent at low temperature. The scope of this reaction was that chromous chloride
should be used excessively 8 equivalents and dealt in the dark glove box (Scheme 44).
Advanced

reaction

was

performed

by

Hillier

and

co-workers

that

methyltriphenylphosphonium iodide, which was reacted with aldehyde in the presence of
NaHMDS and HMPA in THF solvent at low temperature, provided the alkenyl iodide (or
dienyl iodide if a,p-unsaturated aldehyde was used) with reasonable yield.

benzene, 100®C

@
rPPhjCHjI

PPh3 + CH2l2
20 hours, dark
IPPh3CH2l +

^

<Scheme 44: Takai Reaction>

3) Dienyl nucleophiles: Bittman's preparation
The preparation of dienyl fragment

of the diene ceramide derived from

the

synthesis of dienone by Bittman and co-workers.Starting from the protected serinederived methyl ester, condensation of the ester with 2 equiv. of the carbanion of methyl
phenyl sulfoxide at -78°C gave P-ketosulfoxide in 70% yield. Several methods were
screened for alkylatipn of the P-ketosulfoxide with allylic bromide, followed by the
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elimination occurred with K2CO3 in DMF or DBU in benzene to give dienyl compound
via intermediate (Scheme 45).

o

O

oII

s.

O

+ MeS(0)Ph —-

i

^"•Bcc

D

Ph

A:'O
R
N

^IBoc

SOPh

<Scheme 45: Formation of Conjugated Diene from Bittman>

1.4. Earlier Research on Diene Ceramide
Interest in insect sphingoid bases as cell membrane constituents dates back to the
1960's/^'^ but, many works for long time has provided information on this class of
compounds for only a few insect species namely, Musca domestica, Calliphora
erythrocephala, Trogoderma granarium. Apis mellifera, and Aedes albopictus.
Similarly, only limited information exists with regard to insect glycosphingolipids
(GSLs). The mosquito, Aedes aegypti, the green-bottle fly Lucilia Caesar, the blowfly
Calliphora vicina, and Drosophila melanogaster126 have been studied, with no report of
sphingomyelin in these species. Sphingomyelin (SM) is a commonly found cell surface
component in mammals, and is present in myelinated nerve fibers, but its exact functions
are yet to be elucidated in insects. Since ceramides and sphingosine-1-phosphate have
been identified as important regulators of apoptosis, cell motility, and raft formation in
mammals, the absence of such molecules in insects would have serious implications, as
biochemical pathways in insects and vertebrates have generally been conserved over tens
of millions of years.
Polt and co-workers

1' y n

investigated the diene ceramide was derived from the

study on the presence of glycolipids during the life cycle of the moth Manduca Sexta.
Ceramides isolated from Manduca Sexta larvae had molecular weights of 509, 537, 565,
593 daltons with 16:85:100:21 relative abundance, respectively (Figure 16).
The molecular weight of the diene ceramide is 537. The same mass spectrum
shows the presence of the dehydrated form of ceramide for the two most abundant
ceramides and their [M+H]^ peaks were observed at m/z 520 and m/z 538. The molecular
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weights of the ceramides in the larvae vary as the fatty acid attached to the ceramide
changes. The chain lengths of the ceramides were obtained using MS data, and the peak
at m/z 208 corresponds to the sphingosine chain length with 14 carbons, therefore, the
ceramide in Manduca Sexta varies in fatty acid chain lengths from Cigto C24.

ma
<Figure 16: ESI MS of Ceramide Isolated from Manduca Sexta Larvae>

Recent study also showed that the diene ceramide was identified in the
methanolic extract of Bombycis Corpus

Bombycis Corpus is a Bombyx mori

larvae (silk moth larvae, Bombycidae) killed by infecting with the fiingus Beauveria
bassiana, and has been used in Korean traditional medicine to treat palsy, headache.
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convulsion, and speech disorders induced by stroke and tremor.The diene ceramide
and other unusual and known sphingolipids (Figure 17) in the Bombycis Corpus 101A
were found and extracted for their neurotrophic effects by examining their ability to
induce neutrite outgrowths from PC 12 cells (Figure 18). All these sphingolipids promoted
neutrite outgrowth in PC12 cells, especially, both ceramides with conjugated dienes at 10
(AM exhibited a neutrite outgrowth promoting activity greater than that of NGF at 50
ng/mL. Therefore, the compounds with the conjugated diene of an A'-acyl fatty acid and a
long aliphatic carbon chain were found to afford good neutrite outgrowth activity in
PC12 cells.
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<Figure 17: Ceramides from Bombycis Corpus lOlA and NGF-potentiating activities of
sphingolipids >

Diene ceramide may be expected to have a higher reactivity than other ceramides
in mitochondria by undergoing facilitated oxidation at C3 to give a a,P-unsaturated ketone
and hydrogen peroxide as the initial oxidation products, and they eventually lead to
apoptotic cell death. Recent chemical and biological evidences showing apoptotic
properties of the ceramide mediated by mitochondria are introduced above.
A novel approach that allows the synthesis of unnatural analogues of ceramide in
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which a diene [(E)-C4-C5 and (E)-Ce-Cy] is incorporated has been investigated by
Bittman and co-workers.Condensation of ester 13 with 2 equivalent of the carbanion
of methyl phenyl sulfoxide 14 at -78 °C gave p-ketosulfoxide 15 in 70% yields. Potassium
carbonate in DMF provided elimination product 17, presumably via intermediate 16.
Higher erythro-SQ\QC\.iV\Xy was observed with NaBfVCeCls in MeOH or DIBAL-H in
THF, which gave erythro / threo-\% in a ratio of 4-5:1. After diastereomers were
separated by column chromatography, acid hydrolysis of 18 (IM HCl in THF, 70°C)
provided

D-e^//?w-sphingosine

19. Ceramide analogue 20 was obtained by A^-acylation

of sphingosine 19 with /7-nitrophenyl octanoate (Scheme 46).
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O

O
OMe + MeS(0)Ph

Q

A'•'Boc

14

13

O
R

VN ,Boc

V-N
SOPh
^ Boc
p

15

16

18
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e
OH

Reagents and conditions: a) LDA, THF, -78°C to r.t.; b) Allyl bromide, K2CO3, DMF, r.t.,
3 days; c) NaBH4, CeCU, MeOH or DIBAL, THF, -15°C to 0°C; d) IM HCl, THF, 70°C;
e) ^-02NC6H4C02C7H,5, THF, r.t.
<Scheme 46: Bittman's Previous Synthetic Strategy>

Chapter II. RESULTS AND DISCUSSION
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ILL Results

IL L L Retrosynthetic Strategies
The general features of this synthesis are outlined retrosynthetically in Scheme
47 through 49. The

diene ceramide (1) was obtained from JV-acylation of sphingosine (2)

and fatty acid derivative (8). The sphingosine (2) was provided by deprotection from
doubly allylic alcohol oxazolidine intermediate (3), which was obtained from

the

diastereoselective alkenylation with Gamer's aldehyde (4) and dienyl zinc intermediate
(9).

This alkenylation was important key step because the product must be formed with

L-erythro stereochemistry. The alkyl-/alkenyl-zinc addition to the chiral aldehyde usually
furnished relatively higher diastereoselectivity (8-9:1 erythmithreof^ (Scheme 47).

OH

OH

N-Acylation

HO

HO

NH2

2

O
Depropection

O

Diastereoselective
Alkenylation

<
V

'Boc

9

OH

•C7H15

>
Boc

4

O2N
8

<Scheme 47: The Retrosynthesis of the Diene Ceramide>

87

The chiral aldehyde, Gamer's aldehyde (4), was furnished by 4 step reactions.
The aldehyde (4) was formed from the reduction of oxazolidine Weinreb amide (5), and
the fully-protected amide (5) was converted from A'-Boc serine amide (6) via
isopropylidenation. The N -Boc serine amide (6) was then afforded by Weinreb amide
formation^ from N -Boc serine, which was protected by Boc-anhydride from L-serine
(Scheme 48).

0

4

LAH
Reduction

O
^OMe

Isopropylidenation

6

5

Weinreb amide
Formation
O

r\

Boc-Protection
NHBoc
L-Serine

7

<Scheme 48: Retrosynthetic Analysis of Gamer's Aldehyde>
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The dienyl zinc intermediate (9) was afforded from enyne (11) via
hydroziconation to produce dienyl zirconocene chloride (10), followed by the
transmetalation from zirconium to zinc in situ"^ The enyne (11) was derived from
haloalkene (12) via Negishi-type cross coupling reaction,and the haloalkene (12) was
formed from reductive iodination'^° with commercially available 1-nonyne (Scheme 49).

Transmetalation

10

Hydrozirconation
Negishi type
Cross Coupling
12

Reductive
lodination

1-Nonyne

<Scheme 49: Retrosynthetic Analysis of Dienyl Metal Nucleophiles>
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II.1.2. Synthesis of Diene Ceramide
The Gamer's aldehyde was obtained by using Campbell's protocol.^^ L-serine was
protected with Boc-anhydride in the presence of base in dioxane (crude 89%). Without
further purification, A'-Boc serine was treated with 7V,0-dimethyl-hydroxylamine
hydrochloride salt and peptide coupling agent (EDCI) to produce Weinreb amide (80%).
The primary hydroxyl and Boc-protected amine were then isopropylidenated with 2,2DMP in the presence of boron triflate etherate (95%). The Gamer's aldehyde was
obtained via the reduction of the oxazolidine amide with a half equivalent of lithium
aluminum hydride (99%).

O

O

O
_805^

NHs
. « .

^

NHBoc

^

„ ^NH
Boc

'

Reagents and Conditions: a) (Boc)20, IM NaOH, dioxane, 0°C to r.t., 2 days; b)
MeNH(OMe) HCl, EDCI, CH2CI2, TEA, -15°C, 1.5 hrs; c) 2,2-DMP, acetone, BF3 0Et2,
r.t., 2 hrs; d) LiAlFLt (0.5 equiv), THF, 0°C, 50 min
<Scheme 50: Synthesis of Gamer's aldehyde>
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The synthesis of dienyl metal nucleophile was started from
iodination

the reductive

of commercially available 1-nonyne. To 1-nonyne dissolved in dried hexane

was a solution of DIBAL added, and then heated up to 50°C for 2 hours. Once the
mixture was cooled to -78°C, a solution of iodine in THF was added and stirred to allow
to warm to r.t. overnight (70%). lodo-nonene was treated with commercially available a
solution of ethynylmagnesium bromide in the presence of palladium (0) catalyst in THF
to afford enyne (89%).'^*^

89%

70%
1-Nonyne

Reagents and Conditions: e) 1) DIBAL, hexane, 50°C, 2 hrs, 2) I2, THF, -78°C to r.t.,
overnight; f) ethynylmagnesium bromide, Pd(PPh3)4, THF, 30 min, r.t.
<Scheme 51: Synthesis of Enyne>

The key step for forming the intermediate of sphingosine was from the
diastereoselective alkenylation^^ performed with Gamer's aldehyde and dienyl zinc
nucleophile.

The

dienyl

metal

nucleophile

was

furnished from

subsequent

hydrozirconation and transmetalation."^ To a suspension of Schwartz reagent
(Cp2Zr(H)Cl) in THF was the enyne added dropwise at r.t. for 30 minutes. The reaction
mixture was not cooled to -78°C until the mixture was homogeneous, then a solution of
diethyl zinc in THF was slowly added dropwise using syringe. The reaction was then
slowly allowed to warm to r.t. and the Gamer's aldehyde dissolved in THF was added
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dropwise. The reaction was stirred at r.t. overnight (60%).

4

Reagents and Conditions: g) 1) ZrCp2(H)Cl, THF, r.t., 30 min; 2) ZnEt2 (IM in THF), 78°C; 3) 4, THF, r.t., overnight
<Scheme 52: Synthesis of intermediate 3>

For the preparation of fatty acid derivatives,'^' the archidic acid (icosanoic acid)
was dissolved in mixture of CH2CI2 and pyridine (9:1), /7-nitrophenol, and
dicyclohexylcarbodiimide (DCC) were added at -5°C for 1 hr, then the reaction was
allowed to warm to r.t. for additional 2 hours (75%).

ho

A^c,.H3,

XA

oh

h
8

Reagents and Conditions: h) DCC, DCM / pyr(9:l), -5°C for Ihr, then r.t. for 2 hrs
<Scheme 53: Synthesis of Fatty acid Derivative 8>
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For the deprotection, pure intermediate 3 was dissolved in THF and IM HCl was
added. Then the reaction was stirred at r.t. overnight to give the sphingosine 2 (80%).

OH

OH

Reagents and Conditions; i) IM HCl, THF, r.t., overnight
<Schenie 54: Synthesis of Intermediate 2>

Last step for the diene ceramide was A'-acylation. The sphingosine intermediate
(2) was dissolved in dried THF, and /^-nitrophenyl ester (8) and 1-hydroxybenzotriazole
(HOBt, lOmol %) was added portionwise at r.t. The reaction was stirred for 2 days at r.t.
to afford the final diene ceramide 1 (80%).'^

OH

OH

Reagents and Conditions:])/7-Nitrophenylester (8), THF, HOBt (10mol%), rt, 2 days
<Scheme 55: Synthesis of Diene Ceramide 1>
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II.2. Discussion

II.2.1. Synthesis Investigation
Through all reaction steps to synthesize the diene ceramide, some important
mechanistic studies might be described: iV-acylation, LiAlH4 reduction, isopropylidenation, and Negishi-type cross coupling reaction.
iV-Acylation was performed in some steps for fatty acid derivatives and its
reaction with sphingosine (2), Weinreb amide. As an example of acylation to form
Weinreb amide

Boc^
<Scheme 56: Mechanism of Weinreb amide>

As an example of acylation to form Weinreb amide shown in Scheme 56,
acylation was started from that deprotonated oxygen added a carbon on carbodiimide (ex.
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DCC, EDCI) to form the ester intermediate. Then, dimethylhydroxylamine hydrochloride
salt added the carbonyl carbon to form tetrahedral intermediate, followed by the electron
transfer to let the ester group left.
Lithium aluminum hydride reduction is sometimes known to be shunned due to its
overreduction. The Weinreb amide, however, do not produce alcohols even when large
excesses of organometallic are used, and do not require the stringent experimental
conditions, since amide group formed the relatively stable five-membered ring
intermediate, when the nucleophile is attacked, to avoid overreduction (Scheme 57).

Workup

<Scheme 57: Reduction of Weinreb amide with LiAlH4>

The significant issue for the formation of the aldehyde was that several
transformations used by original Gamer's procedure were hazardous or problematic,
which used diazomethane or iodomethane for methyl ester formation, and benzene as
solvent for oxazolidine formation, in addition, the key reduction step with
diisobutylaluminum hydride (DIBAL) has often proved difficult, especially on a small
scale.^^
Oxazolidine ring formation was performed in order to protect free primary
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alcohol and 7V-Boc protected secondary amine. BF3 EtaO as a promoter (Lewis acid-base),
and 2,2-dimethoxypropane were utilized. The BF3 Et20 itself has been used as Lewis acid,
but, coordinated with diethyl ether, the ether oxygen atom becomes more positive and the
boron becomes more negative as electron density is transferred. Deprotonated oxygen on
the primary alcohol and secondary amine, subsequently, were condensed with
nucleophilic carbon on 2,2-DMP to form isopropylidenated product (Scheme 58).
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<Scheme 58: Mechanism of Isopropylidenation>

The Enyne (11) was one of the most important key intermediates for dienyl metal
nucleophile. Many studies have been investigated to form the enyne, and, particularly,
two major reactions were introduced: Sonogashira cross-coupling and Negishi crosscoupling.
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Sonogashira cross-coupling reaction has been performed with vinyl halide and
terminal alkyne in the presence of Cul, triethylamine, and Pd(II) catalyst (Scheme 59).'^^

.

y

Cul, TEA

^^SiMea

TBAF, THF

+ H = SiMeg

Pd(PPh3)2Cl2

R'

<Scheme 59: Sonogashira Cross-Coupling Reaction>

The critical limitation of the coupling reaction has been revealed that if excessive
amount of terminal alkynes was used under oxygen and moisture atmosphere, internal
cross coupling reaction should be performed to afford diyne as a major product (Glaser
cross coupling reaction).
Therefore, a selective synthesis of terminal alkynes by this method requires an
indirect route involving protection and deprotection of the ethynyl group. Negishi cross
coupling reaction was introduced in the presence of vinyl halide and ethynyl-Grignard
reagents (e.g. ethynylmagnesium bromide) in the presence of Pd (0) catalyst to obtain the
enyne with higher yield and better selectivity (Scheme 60).'^°

MgBr
Pd(PPh3)4. THF

<Scheme 60: Negishi-type Cross Coupling Reaction>

Even though its mechanistic studies are not established rigorously, standard threestep catalytic cycle consisting of I) oxidative addition of a Pd(0) complex with an organic
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electrophiles, 2) transmetalation to generate diorganopalladium derivatives, and 3) their
reductive elimination to produce the desired enynes with concomitant regeneration of the
Pd(0) complex has been proposed (Scheme 61).'^^

(PPh3)4
Reductive
Elimination

Oxidative
Addition I

L' L
Transmetalation
MgBr

<Scheme 61: First Proposed Mechanism of Negishi Coupling Reaction>

An alternative catalytic cycle consisting of 1) the same oxidative addition, 2)
carbopalladation, and 3) reductive p-dehydropalladation was also proposed by Negishi in
1978 (Scheme 62).'"
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L4=(PPh3)4
Oxidative
Addition

Reductive
P-Elimination

\ CMgBr

Carbopalladation
=—MgBr

<Scheme 62: Alternative mechanism for Negishi Coupling Reaction>

Indeed, carbopalladation of alkynes is a widely observed process which is known
to occur with both terminal and internal alkynes and expected to be a fundamentally
favorable process with electron-rich metalated alkynes, provided that it can favorably
compete with potentially competitive transmetalation involving the C-M a bond.
Furthermore, P-metalloorganopalladium derivatives thus formed is expected to undergo
facile reductive p-elimination to produce the desired alkyne with concomitant
regeneration of Pd(0) complex.
The diastereoselective alkenylation with Gamer's aldehyde and dienyl zinc
nucleophile produced L-erythro double allylic alcohol based upon Felkin-Anh model
(Scheme 20).^^ As discussed before, Felkin-Anh model involved a non-chelating
transition state and leads to the anti-adduct. In spite of Cram model, having a chelationcontrolled transition state and leading to the yyw-adduct, non-chelating anti-product
formation is believed to be favored due to avoiding repulsion between the electronegative
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O- and iV-atoms.

For the investigation of reactivity of dienyl metal nucleophile, a model test with
benzaldehyde and dienyl zinc nucleophile was performed.''® Benzaldehyde (0.5 equiv)
was added to a reaction mixture of enyne which was treated v/a hydrozirconated with
Schwartz reagent, followed by transmetalated with diethyl zinc-enyne at r.t. overnight.
After flash column chromatography, pure product was formed (Scheme 63; 65%).

O

OH
THF

<Scheme 63: Model test with benzaldehyde and dienyl metal nucleophile>

Key step for this project was the diastereoselective alkenylation which was
performed with Gamer's aldehyde and dienyl zinc nucleophile. A particular advantage of
this step was that the sphingosine backbone could be synthesized much easily and more
effectively rather than other synthetic methodologies for the sphingosine. In terms of
stereochemistry, without any additive or specific technique, proper solvent (THF) and
transmetalating reagent (ZnEt2) only could control the diastereoselectivity. Therefore,
advanced and improved modifications of ceramides may be proposed using this
methodology. The efficient stereodivergent synthesis of erythro- and ^Areo-sphingosines
was proposed, and the selectivity might be controlled under different solvent and reaction
conditions.
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<Scheme 64; Addition of Alkenyl-metal to Gamer's Aldehyde>

<Table 3: Addition of alkenylmetal to Gamer's Aldehyde>

Entry

M

Additive

Solvent

Conditions

(mol %)

Ratio
(erythrolthreo)

THF

-70°C to -40°C

5:1

AgOTf(15)

CH2CI2

0°C to r.t., 6h

1:1

Cp2Zr(CI)

ZnBr2 (50)

THF

0°C to r.t., 24h

12:1

4

Cp2Zr(Cl)

ZnBr2 (25)

THF

0°C to r.t., 24h

20:1

5

Cp2Zr(Cl)

ZnBr2(100)

THF

0°C to r.t., 20h

5:1

6

Cp2Zr(Cl)

ZnBr2 (50)

CH2CI2

0°C to r.t., 20h

5:1

7

Cp2Zr(Cl)

Zn(OTf)2(50)

THF

0°C to r.t., 24h

1.1:1

8

Cp2Zr(Cl)

Zn(0Tf)2 (45)

CH2CI2

0°C to r.t., 24h

2:1

9

EtZn

None

CH2CI2

-30°C to 0°C, Ih

1:15

10

EtZn

None

THF

-20°C to r.t., 18h

12:1

11

Me2Al

None

THF

-20°C to r.t.

1:1.5

12

Cp2Zr(Me)

None

CH2CI2

-30°C to r.t., 2h

1.8:1

1

Li

2

Cp2Zr(Cl)

3
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The erythw-SQloctWiiy is favorable (12:1 erythrolthreo) when alkenyl zinc
nucleophile was added to Gamer's aldehyde in the presence of THF at -20°C to r.t.
overnight, while the higher ^/ireo-selectivity is obtained (1:15 erythrolthreo) in the
presence of dichloromethane (DCM) at the same reaction condition. In addition, the
addition afforded more e;>y//iro-product when alkenyl-organozirconocene complex in the
presence of 25mol% of zinc bromide as additive and THF solvent with 20:1
{erythrolthreo) ratio.

II.2.2. Synthetic Development
Some particular attention was paid to the improvement of synthesis of diene
ceramide, compared with Bittman's procedure (Scheme 65). For Bittman's procedure,'^^
the dienone was synthesized from condensation of ester with 2 equivalents of the
carbanion of methyl phenyl sulfoxide, which would be leaving group in alkylation step.
The alkylation with allylic bromide, followed by the treatment of cesium carbonate in
DMF gave elimination dienone.
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+ MeS(0)Ph

N, SOPh
Boc

O
<Scheme 65: Bittman's Diene Ceramide S3'nthesis>

The limitation of this procedure was the crude product was the mixture of two
dienones, {AE, 6E)- and (4Z, 6Q-dienone, in a ratio of 4:1. The alkenylation protocol,
which was performed in this project and treated with alkenyl metal nucleophile, afforded
100% (4E, 6£)-conjugated dienyl metal nucleophile, so that further separation for cisand tram-ratio was not required.
The other improvement for diene ceramide increased the diastereoselectivity
rather than that of Bittman's protocol. The dienone reduced by NaBtVCeCU in MeOH or
DIBAL in THF gave eTythro-Zthreo-intermediate
diastereoselective

alkenylation

using the

Schwartz

in a ratio of 4-5:1. The
reagent

followed

by

the

transmetalation with diethyl zinc, however, provided the diastereoisomers in a ration of
8-9:1 (erythro: thred) based on

NMR analysis.
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II.2.3. NMR Analyses
It was extremely important to identify the intermediate 3 by NMR analysis to see
if there would have any isomerization, such as, inversion of the hydroxyl group on C3 or
migration of the double bond or replacement of the hydroxyl group by the solvent's
alkoxy group (usually CH3O from the solvent). Based on coupling constant calculations,
four protons on conjugated diene had specific spin multiplicities and coupling constants,
which were summarized in Table 4.

<Table 4: Peak Analyses of intermediate 3>

HQ HI H3
N.

HO

HG
H

Multiplicity

Coupling Constants

Hi

hxm

N/A

H2

dd

J4 - 5 = 15.0HZ / J4-3 = 6.0 Hz

H3

dd

J5-6=

10.5 Hz

H4

dd

J6-7=

15.0 Hz

H5

dt

J7-8 = 7.5 Hz

NMR analyses between three different compounds were compared: oxazolidine
intermediate (3), sphingosine backbone (2), and diene ceramide (1). All samples were
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prepared with CDCI3 and 2% CD3OD at 50°C. All compared chemical shift were
summarized in Table 5.

<Table 5: Chemical Shift Comparison of 3,2, and 1>

Comp
ID
H,

Compound 3
SK115

SKI 77

4.03-3.93 4.05-3.87

H2

Compound 2

Compound 1

SK127

SK195

3.57

3.64

3.87

3.87

3.66

3.64

H3

4.27

4.29

4.33

4.32

H4

5.50

5.51

5.58

5.57

H5

6.21

6.23

6.25

6.25

H6

5.98

5.99

6.01

6.00

H7

5.65

5.66

5.70

5.68

Table 5 showed that chemical shifts at C3 moved to down-filed fi-om oxazolidine
intermediate to diene ceramide. This was because environment of the proton was changed
fi-om cyclic compound to acyclic one. The chemical shifts on protons of conjugated diene,
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however, did not give critical difference.
The other NMR analyses were the comparison with other references: Diene
ceramide both isolated both by Lee and co-workers'^^ (I; CDCI3, 500MHz) and
synthesized

by

Bittman

and

co-workers'^^

(II;

CDCI3,

400MHz), ceramide

phosphoethanolamine isolated by Polt and co-workers'^^ (III; CDCI3-CD3OD-D2O
(1:1:0.1) at 32°C, 500MHz), and author's diene ceramide (1; CDCI3-CD3OD (98:2) at
50°C, 500MHz). Table 6 summarized the chemical shifts compared with other references.
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<Table 6: Chemical Shift Comparison with Other References>
OH

OH

Position

I

II

III

1

Hi

3.70 (br J)

3.69 (m)

4.16 (w)

3.64 {dd)

H2

3.89-3.96(m)

3.90(m)

H3

4.39(br/«)

4.37(br5)

4.15(w)

4.32 (br 5)

H4

5.e\{dd)

S.eOidd)

5.52,{dd)

5.57 {dd)

H5

6.29{dd)

621{dd)

62\{dd)

6.25 {dd)

H6

emidd)

6SiO{dd)

6m{dd)

6.00 {dd)

H7

5.12>idf)

5.12>{df)

5.69{dt)

5.68 {dt)

3.90-3.91(/w) 3.87-3.64 (m)

II.2.4. Mass Spectroscopic Analysis
The oxazolidine intermediate (3) was obtained as yellow oil. The molecular
formula of 3 was assigned as C22H39NO4 by fast atom bombardment mass spectroscopy
(FABMS) ([M+H]"^ m/z 382.5). Three peaks at m/z 382.5, 364.49, and 200.25 were
observed. The [MH-H20]^ peak was observed at m/z 364.49, and the [MH-H2O-164.24]^
peak provided chain length information as C12H20. Therefore, compound 3 had
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differentially protected 14 carbons.
The sphingosine backbone (2) was obtained as a white solid. The molecular
formula of 2 was assigned as C14H27NO2 by FABMS ([M+H]^ m/z 242.23). Two peaks at
m/z 242.23 and 224.37 were observed, and [MH-H20]'^ peak was observed at m/z 224.37.
The diene ceramide (1) was obtained as a white solid as well. The molecular
formula of 1 was assigned as C34H65NO3 by FABMS ([M+H]"^ m/z 538.50). The [MHH20]'^ peak was observed at m/z 519.82.

Chapter III. EXPERIMENTALS

109

General Methods
All air- and moisture-sensitive reactions were performed under argon atmosphere
in flame-dried round bottom flasks. All solvents were dried over the standard drying
agents and freshly distilled prior to use. For flash chromatography, 200-400 mash silica
gel 60 (Geduran No. EM-11567-1) was employed. All commercially available chemicals
were purchased from Aldrich, Avocado Research Chemicals, and, GFS Chemicals.
Diisobutylaluminum hydride and diethyl zinc were diluted in distilled hexanes and THE,
1
13
respectively. All compounds described were characterized by H- and C-NMR, mass
spectroscopy (MS), infrared spectroscopy (IR), optical rotation spectrometer, and melting
point apparatus.
'H- and '^C-NMR experiments were performed on a Bruker DRX-500 at 500/125
MHz instrument with processing using Xwinnmr (Bruker, Inc.) software, and Varian
Unity-300 at 300/75 MHz. Chemical shifts were reported in 5 vs. CDCI3 in 'H- and '^C
spectra. Fast atom bombardment (FAB) mass spectra were obtained on a JEOL HXllOA
electric/magnetic-sector spectrometer, with weto-nitrobenzoyl alcohol as the ionization
matrix. Infrared spectra were obtained on a Nicolet FT-IR Impact 400D as a CHCI3
solution. Optical rotations were taken on a JASCO model P-1010 polarimeter using the
Na°-line (Light source was WI and wavelength was 589nm). Melting points were
obtained on Mel-temp II melting point apparatus. Thin-layer chromatographic analyses
were performed on Analtech precoated glass-back silica gel TLC plates (UV, 250
microns). Visualization was accomplished using UV and ninhydrin in a 3% acetic acid/wbutanol solution.
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III.l. The Preparation of Gamer's Aldehyde Using Campbell's Protocol^^'

III.1.1 iV-Boc serine (7)
O
NHBoc

To a suspension of L-serine (5.0 g, 47.58 mmol) in NaOH (IM
solution, 100 mL) and dioxane (50 mL) was di-^err-butyl dicarbonate (13.12 mL, 1.2
equiv.) added dropwise at 0°C over 30 minutes. Then, the reaction mixture was allowed
to warm to r.t., and stirred for 2 days with adjustment to pH 9 when necessary with IM
NaOH. The dioxane was then evaporated and the aqueous layer was washed with Et20
(50 mL) to remove remaining di-ter^butyl dicarbonate. EtOAc (100 mL) was added to
the aqueous layer and the mixture stirred while IM H2SO4 was added to adjust pH 2-3.
The organic layer was then extracted with EtOAc (3X20 mL), washed with saturated
NaCl solution (40 mL), dried over MgS04, filtered and concentrated in vacuo. The
crude iV-Boc-L-serine (7) was used without further purification (8.70g, 89%).
7: thick colorless oil; Rf 0.09 in 40% EtOAc in hexanes.

Ill
III.1.2. ^-Butyl (5)-l-(iV-methoxy-iV-methylcarbamoyl)-2-hydroxyethylcarbamate (6; NBoc Weinreb amide).

.OMe

Crude A^-Boc serine (7, 8.70 g, 42.40 mmol ) was dissolved in
DCM (60 mL) and cooled to -15°C followed by the addition of N,0dimethylhydroxylamine hydrochloride salt (4.14 g, 1.03 equiv.), triethylamine (6.0 mL,
1.03 equiv.), and iV-(3-Dimethylaminopropyl)- iV'-ethylcarbodiimide hydrochloride salt
(EDCI; 8.13 g, 1.03 equiv.) were added portionwise over 30 minutes. The reaction was
stirred for 1.5 hours at the same temperature and then ice-cold aqueous HCl (IM, 5 mL)
was added for quenching the reaction. After separation of two layers, organic layer was
extracted with DCM (3X 20 mL) and the combined organic portions were washed with
aqueous saturated NaHCOs (20 mL), dried over MgS04, filtered, and concentrated in
vacuo. The crude product (6) was used without fiirther purification to give a white solid
product (8.42 g, 80%).
6: white solid; Rf 0.28 in 40% EtOAc in hexanes; mp 109-114°C; 'H NMR (300
MHz, </6-benzene, 60°C ): 6 1.42 (s, 9H), 3.20 (s, 3H), 3.75 {s, 3H), 3.78-3.80 (br d, 2H,
J= 4.5 Hz), 4.77 (br 5, IH), 5.58 - 5.61 (br d, IH, J= 7.2 Hz); '^C NMR ( 75MHz, debenzene): 5 28.29, 32.08, 52.39, 61.56, 63.58, 79.98, 155.80, 170.91; IR (CHCI3) v^ax
3422.37, 2967.76, 1709.17, 1650.24 cm"'; [ah^^ +0.013 (c 1.15, CHCI3) [Lit." fi-om Dserine

-1.4 (c 2.6, CHCI3)].

112

III.1.3.

(J?)-tert-butyl

4-(A/-methoxy-A'-methylcarbamoyl)-2,2-dimethyloxazolidine-3-

carboxylate (5)
O

The A'-Boc Weinreb amide (6, 6.44 g, 25.93 mmol) was dissolved in
dried acetone (60 mL) and 2,2-dimethoxypropane (25 mL, excessive amount) was
added at r.t. Then, BF3 OEt2 (ca. 0.2 mL) was added until there was a permanent change
in color (colorless to pale red), and the reaction mixture was stirred for 90 minutes at r.t.
Triethylamine (ca 2.0 mL) was added to quench the reaction until red color was turned
to be pale yellow, and the solvent was removed under the reduced vacuum to give a
white crude solid. The solid was purified via column chromatography (Rf 0.26 in 20%
EtOAc

in

hexanes).

(J?)-/-butyl-4-(A'-methoxy-iV-methylcarbamoyl)-2,2-dimethyl-

oxazolidine-3-carboxylate (5) was obtained (7.10g, 95%).
5: white solid; mp 62-65°C [Lit.'^ from D-serine mp 65.7-67.5°C]; 'H NMR (300
MHz, CDCI3, 50°C): 5 1.38 (s, 9H ), 1.46 {s, 3H ), 1.56 (s, 3H ), 3.12 (s, 3H ), 3.68 (s,
3H), 3.79 - 3.82 (dd, IH, J - 8.7, 3.0 Hz ), 4.16 - 4.21 ( dd, IH, J = 7.2, 9.0 Hz), 4.73
( br 5, IH );

NMR (75MHz, CDCI3): 6 21.56, 24.67, 25.42, 25.66, 28.34, 28.41,

32.56, 57.70, 57.85, 61.18, 65.88, 66.11, 79.96, 80.51, 94.40, 94.99, 130.76, 159.29; IR
(CHCI3)

v„ax 3750.94, 3687.55, 3506.42, 3049.06, 2976.60, 1704.15, 1676.98 cm ';

[a]D^^ -0.2828 (c 1.50, CHCI3) [Lit.'^ from D-serine

+37.1 (c 2.36, CHCI3)]
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III.1.4 Gamer's Aldehyde (4)

To a flame-dried round bottom flask under argon atmosphere was the
oxazolidine amide (5, 0.64 g, 2.22 mmol) dissolved in dried THF and the solution was
cooled to 0°C. LiAlH4 (IM solution in THF, 1.11 mL, 0.5 equiv.) was then added
dropwise over 5 minutes, and the mixture was stirred for 50 minutes at the same
temperature. The mixture was cooled to -15°C, and a solution of KHSO4 (ca. 5 mL) was
added carefully. After gas evolved was subsided, the mixture was diluted with EtaO (ca.
20 mL), and was stirred vigorously at the same temperature. After 30 minutes, the
mixture was then allowed to warm to r.t The organic layer was then separated, washed
with saturated aqueous NaCl (10 mL), dried over MgS04, filtered, and concentrated in
vacuo. The reaction process was monitored by TLC analysis, which indicated that only
one spot was appeared (Rf 0.75 in 40% EtOAc in hexanes). (i?)-/-Butyl-4-formyl-2,2dimethyloxazolidine-3-carboxylate (Gamer's aldehyde) was obtained (4,0.46 g, 99%).
4: think pale yellow oil; 'H NMR (300 MHz, t/g-DMSO, 120°C): 5 1.43 (s, 9H),
1.49 (s, 3H), 1.55 (s, 3H), 4.00 - 4.04 (dd, IH, y= 3.6, 9.3 Hz), 4.06 - 4.12 (dd, IH, J =
6.9, 9.3 Hz), 4.28 - 4.36 (ddd, IH, J= 1.9, 3.9, 7.1 Hz), 9.54 (s, IH);

NMR (75MHz,

Je-DMSO): S 25.25, 27.74, 62.95, 64.46, 79.55, 93.95, 150.74, 199.33; IR (CHCI3) Vmax
3429.43, 2981.13, 2931.32, 1699.62, 1654.34, 1464.15; [ab^^ -0.2676 (c 1.18, CHCI3)
[Lit.^^ [a]D -91.7 (c 1.34, CHCI3)].
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III.2. The Preparation of Dienyl Carbon Nucleophiles'^®''^"

III.2.1. (£)-l-iodonon-l-ene (12)

A flame dried round bottom flask was charged with 1 -nonyne
(2.13 g, 17.15 mmol) and distilled hexanes (20 mL). The solution was stirred at r.t. under
argon while DIBAL-H (17.15 mL, l.OM solution in hexanes, 1.0 equiv.) was added
dropwise over 30 minutes. The reaction mixture was then heated for 2 hours at 50 °C.
After cooling to r.t. the solvents were removed under reduced vacuum. The resulting oil
was taken up in dried THF (20 mL). The solution was then chilled to -78 °C and I2 (4.6 g,
18.11 mmol, 1.05 equiv.) in THF (30 mL) was added dropwise via syringe. Upon
completion of I2 solution addition the reaction mixture was allowed to warm to r.t.
overnight. The THF was removed under reduced vacuum. The residue was dissolved in
Et20 (10 mL). The diisobutylalane was decomposed by carefiil addition of diluted HCl
(1.0 M). After initial exothermic reaction had subsided, the mixture was poured onto the
saturated NaHCOs (30 mL) in ice bath. The crude product was then extracted with Et20
(3X20 mL). The combined extracts were washed with NaHCOs (20 mL), Na2S203 (20
mL), and then brine (20 mL). After drying the organic extracts over MgS04, the solvent
was removed by rotary evaporation and the crude product purified via flash column
chromatography (Rf 0.8 in 100% hexanes) to afford the (^-1-iodonon-l-ene (10) was
formed (3.02 g, 70%).

10: pale red oil, 'H NMR (300 MHz, CDCI3): 5 0.80-0.95 {t, 3H), 1.20 - 1.45 {m,
lOH), 1.95-2.10 im, 2H), 5.92 - 5.96 (d, IH,
14.1 Hz);

14.1 Hz), 6.44 - 6.54 {dt, IH, J= 7.1,

NMR (75 MHz, CDCI3): 8 14.06, 22.61, 28.32, 28.86, 29.00, 31.72, 36.02,

74.26, 146.70; IR (neat) v„,ax 3049.25, 2950.34, 2917.54, 2843.74, 1605.47, 1466.06,
941.23 cm"\

116

III.2.2 (£)-undec-3-en-l-yne (11)

To a flame-dried

round bottom flask with a magnetic

stirring bar were sequentially added under argon atmosphere (£)-l-iodonon-l-ene (12,
2.92 g, 11.59 mmol), dried THF (20 mL), tetrakis(triphenylphosphine)palladium(0)
complex (0.67 g, 0.58 mmol, 5mol %), and ethynylmagnesium bromide (30 mL, 0.5M
solution in THF, 1.02 equiv.). TLC analysis indicated that the reaction was completed in
40 minutes at r.t. The reaction mixture was quenched with saturated aqueous NH4CI
solution(20 mL), extracted with Et20 (4X20 mL), rinsed with brine (20 mL). The
combined organic layers was dried over MgS04, filtered, and concentrated in vacuo. The
crude product purified via flash column chromatography (Rf 0.73 in 100% hexanes) to
obtain the (£)-Undec-3-en-l-yne (11) was formed (1.55 g, 89%).
11: pale yellow oil; 'H NMR (300 MHz, CDCI3): 5 0.80 - 0.95 {t, 3H), 1.15 1.50 im , lOH), 2.00-2.20 {m, 2H), 2.75 {s, IH), 5.39-5.46 {dt, IH,
6.17-6.27 (dt, IH, J= 7.1 Hz, 15.6 Hz);

2.1 Hz, 15.6 Hz),

NMR (75 MHz, CDCI3): 6 14.11, 22.64,

28.54, 29.09, 31.60, 31.78, 33.02, 75.47, 82.57, 108.39, 146.94; IR (neat) v^ax 3310.25,
3051.25, 2914.25, 2118.54, 1644.21, 1255.12 cm"'
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III.3. The Synthesis of the Diene Ceramide'^'

III.3.1 (i?)-f-butyl 4-((i?,2£,4£)-l-hydroxydodeca-2,4-dienyl)-2,2-dimethyloxazo-lidine3-carboxyiate (3)
OH

To a flame-dried round bottom flask under argon
atmosphere were bis(cyclopentadienyi)zirconium chloride hydride (0.84 g, 3.26 mmol)
and THF (10 mL) added at r.t, then the (^-Undec-3-en-l-yne (11; 0.51 g, 3.4 mmol,
1.05 equiv.) was added dropwise at the same temperature. The suspension was stirred
for 20 minutes. As the suspension was turned to be solution, the reaction mixture was
cooled to -78 °C, then the ZnEta (IM solution in THF, 3.5 mL, 1 equiv.) was slowly
added dropwise, then the mixture was allowed to warm to r.t. over 15 minutes. Gamer's
aldehyde (4; 0.25 g, 1.09 mmol, 0.3 equiv.) dissolved in THF was added to the mixture,
and the reaction was stirred at r.t. overnight. As the reaction process was monitored by
TLC technique, the reaction was quenched by adding aqueous solution of NH4CI (5 mL)
slowly in ice bath. After initial exothermic reaction and gas evolvement had subsided,
the mixture was diluted by EtOAc (10 mL), and the suspension was filtered off. The
filtrate was separated and combined organic layer was washed with water (20 mL) and
brine (20 mL), dried over MgS04, filtered, and concentrated in vacuo. The crude
product was then dissolved in THF (5 mL) and MeOH (1 mL), and treated with NaBHt
(20 mg). After 40 minutes, glacial acetic acid (ca. 3 mL) was added to neutralize the
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mixture to adjust pH 7-8, and the mixture was concentrated and purified by gradient
column chromatography (Rf 0.43 in 20% EtOAc in hexanes) in the presence of
triethyiamine as a modifier to neutralize acidic atmosphere to provide the (i?)-/-butyl 4{{R,2E,AE^-1-hydroxydodeca-2,4-dienyl)-2,2-dimethyloxazolidine-3-carboxylate

(3)

was formed (250 mg, 60%).
3: pale yellow oil; 'H NMR (500 MHz, CDCI3, 50°C): 6 0.82 {t, 3H), 1.20 (s, 9H),
1.41 (5, 16H), 1.98 {m, 2H), 3.82 (br

IH), 3.95 (br 5, IH), 4.15 (br 5, IH), 4.22 (br d,

IH), 5.45-5.53 {dd, IH, J= 15.0, 6.6 Hz), 5.58-5.68 {dt, m,J= 15.0, 7.2 Hz), 5.926.01 {dd, IH, J= 15.0, 10.5 Hz), 6.15-6.24 {dd, IH, J= 15.0, 10.5 Hz);

NMR (75

MHz, CDCI3): 5 13.98, 14.05, 20.91, 22.55, 24.43, 25.15, 26.20, 28.23, 29.02, 29.05,
29.11, 30.78, 31.48, 31.72, 32.51, 34.55, 60.34, 62.14, 64.78, 73.56, 80.98, 94.31,
128.87, 129.38, 131.81, 135.32, 171.19; MS (FAB) 382.5(MH^, 364.49 (MH-H2O),
200.25 (MH-H2O-C12H20); IR (CHCI3)
1215.54 cm ';

-0.081 (c 1.85, CHCI3)

3377.80, 3012.28, 1686.74, 1391.69,
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III.3.2 (25',3i?,4£,6^-2-aniinotetradeca-4,6-diene-l,3-diol (2)

To a flame-dried

round bottom flask

under

argon atmosphere was (i?)-/-butyl 4-((i?,2£,4£)-l-hydroxydodeca-2,4-dienyl)-2,2dimethyloxazolidine-3-carboxylate (3, 97.5 mg) added, and distilled THF (5 mL) and
aqueous HCl (IM, 5 mL) were added subsequently at r.t.. The reaction was stirred
overnight. Then, the mixture was neutralized with IM NaOH to adjust pH 7-8, and
extracted with EtOAc (5 mL). The combined organic portion was washed with brine (5
mL), dried over MgS04, filtered, and concentrated in vacuo. The crude product was
purified via column chromatography (Rf 0.68 in 100% EtOAc), and the (2S,2)R,AE,6E)2-aminotetradeca-4,6-diene-l,3-diol (2) was formed (49.3mg, 80%).
2: white powder; 'H NMR (500 MHz, CDCI3, 50°C): 8 0.84 - 0.87 {t, 3H), 1.26 1.42 (5, lOH), 2.03-2.07 {q, 2H), 3.57 (br 5, IH), 3.65 - 3.68 {dd, IH, J = 11.0, 3.0 Hz),
3.86-3.89 (i/J, IH, J= 11.5, 3.5 Hz), 4.33 (br^, IH), 5.S6-5.60 {dd, 1H,J= 15.0, 6.5
Hz), 5.67-5.73 {dt, IH,

15.0, 7.5 Hz), 5.98-6.03 {dd, IH, J= 15.0, 11.0 Hz), 6.23-

6.28 {dd, m,J= 15.0, 11.0 Hz); '^C NMR (75 MHz, CDCI3): 5 14.05, 22.62, 28.33,
29.12, 31.78, 32.60, 49.99, 62.39, 74.29, 75.12, 129.10, 132.43, 136.29; MS (FAB)
242.23(MH^, 224.373 (MH-H2O); IR (CHCI3) v^ax3623.60, 2261.10, 3008.24, 1450.46,
1218.08, 1020.13, 770.54 cm ';

-0.023 (c 0.55, CHCI3)
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III.3.3/?-nitrophenyl icosanoate (8)

To a solution of
icosanoic acid (0.5 g, 0.8 mmol) in pyridine/DCM (9:1) (10 mL),/>-nitrophenol (0.135g,
1.2 equiv.) and dicyclohexylcarbodiimide (0.18 g, 1.1 equiv.) were added, and the
mixture was stirred for 1 hour at -5°C, then at r.t. for 2 hours. It was then filtered, the
solvent was evaporated off, and the residue was dissolved in DCM and washed with
saturated NaHCOs and brine. The crude product wash then purified by flash column
chromatography (Rf 0.83 in 40% EtOAc in hexanes), and /7-nitrophenyl icosanoate (8)
was obtained (0.52g, 75%).
8:

pale yellow solid; mp 193-197°C; 'HNMR (500 MHz, CDCI3): 6 0.85 - 0.87 {t,

3H, J= 7.0, 5.5 Hz), 1.24 - 1.39 (m, 32 H), 1.73 - 1.76 (m, 2H, J= 7.0 Hz), 2.56 - 2.59
{t, 2H, J= 7.5 Hz), 7.24 - 7.26 {d, 2H, J= 9.0 Hz), 8.24 - 8.26 {d, 2H,

9.0 Hz);

NMR (125MHz, CDCI3): 6 14.13, 22.70, 24.76, 29.06-29.70, 31.93, 34.35, 122.41,
125.17, 145.23, 155.51, 171.30; IR (CHCl3)v„,ax3049.72, 1767.40, 1525.62 cm-'.
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III.3.4 Diene Ceramide (1)

The sphingosine backbone (2, 24.2 mg, 0.1 mmol) was dissolved in dried THF (3 mL)
and was sequentially treated with />-nitrophenyl icosanoate (8, 43 mg, 1.0 equiv.) and
HOBt (2 mg, 10 mol %), and the reaction was stirred at r.t. for 2 days. The solvent was
removed, the residue was purified by flash column chromatography (Rf 0.34 in 40%
EtOAc in hexanes), and the A/-((25',3i?,4£,6£^-l,3-dihydroxytetradeca-4,6-dien-2yl)icosanamide (1) was obtained (32.2 mg, 60%).
1: white powder; 'H NMR (500 MHz, CDCI3, 50°C): 6 0.84-0.87 (w, 3H), 1.04 1.90 {m, 49H), 2.03 - 2.07 {q, 2H), 3.56 (br

IH), 3.64-3.67 (br dd, IH, J= 11.5, 3.5

Hz), 3.85-3.88 (br dd, IH, J= 11.5, 3.5 Hz), 4.32 (br 5, IH), 5.56 - 5.60 (dd, IH, J =
15.0, 6.5 Hz), 5.66 - 5.72 (dt, IH, J- 15.0, 7.0 Hz), 5.98-6.03 (dd, IH,
Hz), 6.22-6.27 (dd, IH, J= 15.0, 10.0 Hz);

15.0, 10.5

NMR (125 MHz, CDCI3): 5 14.04,

22.61, 24.87, 25.55, 28.32, 29.11, 29.14, 29.48, 29.57,29.65, 31.77, 32.59, 33.81, 55.33,
62.33, 74.211, 129.26, 132.37, 136.20, 157.00; MS (FAB) 538.50 (MH^), 519.82 (MHH2O);

IR (CHCI3)

1724.23, 1518.08, 1418.34cm"';

[Lit.'^® [a]% -3.2 (c 0.05, CHCI3)].

-0.035 (c 0.66, CHCI3)

Chapter IV. CONCLUSIONS AND FUTURE DIRECTIONS
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IV.1. Conclusions

The diene ceramide was synthesized in 7 steps with overall 20% yield. The
Gamer's aldehyde (4) was obtained via N-Boc protection, Weinreb amide formation,
isopropylidenation, and LAH reduction. The enyne (11) was afforded via reductive
iodination

and

Negishi-type

cross

coupling

reaction.

Hydrozirconation

and

transmetalation derived dienyl zinc carbon nucleophile (9) and diastereoselective
alkenylation between the nucleophile (9) and Gamer's aldehyde (4) gave the oxazolidine
product (3). Deprotection provided the sphingosine backbone (2) and 7V-acylation
provided the diene ceramide (1).

IV.2. Future Directions

This methodology, therefore, has been relatively convenient and accessible for
almost every form of alkenyl-metal nucleophiles (including dienyl or trienyl), and, more
importantly, without additional additives, the diastereoselectivity may be solvent and
reaction temperature-dependent. The diene ceramide, synthetically, may be a good
example of alkenylation to produce the amino-alcohol on sphingosine backbone. Based
upon 1) chiral aldehyde, 2) alkenyl-metal nucleophiles, and 3) diastereoselective
alkenylation with relatively good erythrolthreo ratios, this synthetic methodology may be
applied for various sphingosine backbone and other sphingosine-like derivatives
regardless of numbers of carbons and unsaturation.
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Since ceramide was introduced to act as second messenger for cell apoptosis, the
investigation of ceramide toward mitochondria cell death may be performed.
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Chapter V. APPENDIX
SELECTED 'HAND '^CNMR SPECTRA
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