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Introduction

Mycoses are infection diseases, caused by the fact that the fungus to colonize the human or animal.
The fungal infections can be classified into two types, namely, superficial fungal infection and
invasive fungal infection. The former affects the skin or mucous membranes and it is very general
disease, for example, such as ringworm. Since these infections can be treated by antifungal drugs
successfully, it is hardly to be severe and is not considered to be a serious problem.* On the other
hand, the latter is occurred by invasion of fungi to organs and tissues of whole body,* and it has
high fatality rate. Main causes are opportunistic infections of the patients undergoing anticancer
chemotherapy or organ transplants and patients with AIDS. The number of patients has been
increasing due to the spread of advanced medical and the proceeding of aged society. Moreover, the
lack of effective drugs makes it more complex problem. In contrast to that there are a large number
of antibacterial antibiotics, the progress in antifungal drug development is relatively slow. The
difficulty for the development of novel antifungal drugs is attributed to the eukaryotic nature of
fungal cells. It is a challenging task to find an antifungal agent specifically targeting fungal cells
without acting on the counterpart of human cells.

Figure 1 shows some useful drugs, classified by view of mechanism, for antifungal diseases.
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Figure 1. Examples of antifugal drugs

Amphotericin B (1) is a polyene macrolide, produced by Streptomyces nodosus.’ It interacts with
ergosterol selectively in cell membrane of fungi and forms barrel-stave channels,®” which produced

an altered permeability and leakage of vital cytoplasmic components and result in cell death. While



it possesses strong activity and broad spectrum, nephrotoxicity? and many other side effects have
been reported.® Therefore, with a view to reduce side effect of amphotericin B, new formulations™
and nano particles™ was elaborated and have been marketed."

Fluconazole (2), voriconazol (3) and itraconazole (4) are representative compounds, classified in
azoles of antifungal drugs.** These compounds inhibit the lanosterol 14 o-demethylase, a key
enzyme in sterol biosynthesis of fungi.'* They are widely used to antifungal therapy, because of their
good activity and low toxicity. However, they are not effective against invasive aspergillosis, and the
utility of them is limited due to drug-drug interactions.*

Caspofungin (5) and micafungin (6), belonging to echinocandin group, are new class of antifungal
drugs.’® These compounds are consisted of a complex hexapeptide core whose N-terminus is
acylated by a long hydrophobic chain. Echinocandins act by specific and noncompetitive
inhibitation of B-1,3-glucan synthase, an enzyme that is necessary for synthesis of an essential
component of fungal cell wall. Since cell walls are absence in human cells, echinocandins have
good selectivity to fungi. Moreover, the echinocandins display fungicidal activity against most
Candida spp., including strains that are resistant to fluconazole, and they also show fungistatic
activity against Aspergillus spp. In addition, echinocandins are well tolerated with drug-drug
interactions, which makes them to be used preferentially in clinic.'” On the other hand, there are
some drawbacks in utilizing the echinocandins, including the high cost of the semi-synthetic
derivatives. The complex structure and large molecular weight of them cause poor solubility and
lack of oral absorption.

Thus, some problems are remained to treat antifungal diseases by using these drugs, and new

class antifungal drugs to overcome the drawbacks are desired.'®



In 2000, Enfumafungin (7) was isolated from a
fermentation of a Hormonema sp., as mixtures of
two interconverting hemiacetal forms by Merck’s
researchers (Fig.2).” This compound exhibits
potent antifungal activities toward various fungi by
inhibiting the B-1,3-gulcane synthase of them.”

The ICsy of the glucan synthesis inhibition in

Candida albicans is reported as 0.05 pg/mL, that is

Enfumafungin (7)

comparable to that of MIC of 0.2 pg/mL. In
Figure 2. Structure of Enfumafungin addition to the  fascinating  properties,
enfumafungin possesses a complex structure
consisting of the tetracyclic carbon skeleton with twelve stereogenic centers five of which are
quaternary carbon atoms. Notably, the trans-fused CD ring system possessing two quaternary carbon
atoms at the angular positions. The central B ring is in an unusual boat form, due to the two
hydrogens at the 1,4-syn positions. Since the structure is quite different from that of known
antifungal drugs, enfumafungin is expected to become a lead compound of new structural class of
antifungal drugs.

Actually, in the collaboration research with Merck & Co., Inc., Scynexis has developed the
semi-synthesized derivative of Enfumafungin, named SCY-078 (former name: MK-3118), as a novel
oral and intravenous drug for the treatment of several fungal infections.”* Scheme 1 shows the
synthetic pathway of SCY-078 starting with enfumafungin obtained by fermentation. Reduction of
the hemiacetal moiety followed by the treatment with sulfuric acid in methanol afforded carboxylic
acid 8. The stereoselective introduction of the methoxyl group at the C-2 position can be
rationalized by assuming the neighboring participation of the cyclic ether moiety. After protection of
the carboxyl group as a benzyl ester, the secondary alcohol was reacted with N-tosyl aziridine 10 to
give ether 11. Reductive cleavage of the tosyl group followed by substitution of the methoxyl group

with hydrazine afforded compound 13 which was subjected to the condensation with amidine 14,



giving rise to SCY-078 (MK-3118).

O -OH.
1) Et;SiH/TFA BnBr
2) MeOH, H,S0, K2CO4
I _—
85% (2 steps) DMF
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DCM AcOH
—70°C "@g/\o VA 90 °C
30% (3 steps)

SCY-078 (MK-3118)
Scheme 1. Semi-synthesis of SCY-078 (MK-3118)

SCY-078 (MK-3118) was found to be a potent -1,3-glucan synthase inhibitor with a low MIC
against Candida. albicans both in the absence and presence of human serum (0.06 pg/ml and 0.5
ug/ml) and a low MEC against Aspegillius. fumigatus (<0.03 pg/ml).? In addition, this compound
has a property of oral absorption (F,,= 34%), and it is currently in Phase Il trial.

There is no doubt that enfumafungin is a very promising lead compound for treating fungal
infections. The synthetic studies on enfumafungin would give important information of the

structure activity relationship (SAR), but there are only few reports describing the synthetic



efforts on it. Scheme 2 shows the synthetic study of enfumafungin reported by Lett and
co-workers.”® They planned to employ an intramolecular Diels-Alder (IMDA) reaction to
construct the enfumafungin skeleton, and the substrate was prepared through the condensation of
carboxylic acid 16 and allyl alcohol 17. The key IMDA reaction, however, did not occur under

various conditions including heating or treating with Lewis acids.

OTES OTBS

HO
17 OTES OTBS
o = NaClO, HO O _~
B NaH,PO4+2H,0 DEAD o~
2-methyl-2-butene PPh, [e) |
o t-BuOH-H,O o) toluene
rt rt o
15 16 67% (2 steps) 18

A TESO OTBS

or :

Lewis acid

Scheme 2. Synthetic studies on enfumafungin by Lett.

Under these situations, the author planned to develop a new synthetic route of enfumafungin
which enables the SAR studies. Scheme 3 shows the retrosynthetic analysis of enfumafungin.
Enfumafungin would be derived from tetracyclic compound 20 via functional group
transformation and glycosylation. Disconnection of 20 at the C(4a)-C(4b) and C(10b)-C(11)
bonds reveals a highly functionalized cyclohexane 21 as the left-hand segment and a bicyclic
enone 22 as the right-hand segment. It is noteworthy that the present convergent strategy would

be advantageous for providing a variety of analogues of enfumafungin for the SAR studies.



left segment (21) right segment (22)

Scheme 3. Retrosynthetic analysis of Enfumafungin

In this dissertation, synthetic studies of enfumafungin based on a convergent strategy will be
described. In chapter 1, stereoselective synthesis of the right-hand segment of enfumafungin
which possesses the CD ring moiety with contiguous five stereogenic centers is described. In
chapter 2, synthetic studies of a model compound that corresponds to the ABC ring system of

enfumafungin is described.

Chapter 1

Chapter 2
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Figure 3.



Chapter 1.

Stereoselective synthesis of the CD ring segment of enfumafungin

1-1. Introduction

To start the synthetic studies on enfumafungin, the author focused on the right-hand segment of
the complex molecule (Figure 4). The part has a trans-fused decalin skeleton possessing two
quaternary carbon atoms at the angular positions and additional three stereogenic centers including
another quaternary carbon center. Therefore, construction of the highly substituted decalin skeleton

is the most challenging matter, which led the author to synthesize it first.

Oy OH.
OH ~CACA .
OH Aco — QO
HO o g
Ha&@/o A
OH = trans-fused 6-6-bicyclic skeleton

Enfumafungin (7)

Figure 4. Trans-fused decalin skeleton in enfumafungin

Through the document research on this type of compounds, it became clear that there have been
few reports describing the stereoselective synthesis of trans-decalin skeleton (Scheme 4). For
examples, the 1,4-addition reaction of an organocopper reagent to enone 23 produced only cis-fused
product 24. On the other hand, Flemming and co-workers reported a Ni-catalyzed 1,4-addition
reaction of trimethylaluminum to enone 26, giving rise to a 60:40 mixture of adducts containing
the trans-isomer 28 as the minor product. The latter reaction is one of the very few examples of the

direct introduction of an angular methyl group with a trans configuration.
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Scheme 4. Introduction of an angular methyl group to decalin derivatives by a 1,4-addition

reaction

On the other hand, Clercq and co-workers reported an alternative methodology involving stepwise
transformations (Scheme 5).”° Since the Nagata reagent underwent the trans-selective conjugate
addition reaction with bicyclic enone 29, the trans-decalin derivative 30 was obtained through the
transformation of the cyano group into the methyl group. It should be noted that the stereochemistry
of the conjugate addition reaction is controlled by the acetal group, because the substrate without the

acetal group afforded the cis-isomer as a major product.

1) TsNHNH,
- 0 /> PTSA, THF -0
: /> Et2AICN m 2) LiH, THF : />
o o
Om\ toluene 3) DIBAL, toluene
-5°C 4) HoNNH,+H,0

29 HoNNH,+2HCI; 31

trans 80% KOH, 220 °C

cis 10%

Scheme 5. Stepwise synthesis of a trans-decalin derivative

These reports indicate the difficulty in achieving the construction of a trans-decalin skeleton with
two methyl groups at the angular positions in a stereoselective manner.

On the other hand, the Tanino’s group reported the methodology for constructing carbocycles with
a quaternary carbon atom by the intramolecular conjugate addition reaction of o,p-unsaturated
esters having a nitrile moiety (Scheme 6).% This reaction proceeds in a highly stereoselective

manner to give a six-membered product possessing two quaternary stereogenic centers.



LiIHMDS
TIPSCI
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93%
dr =90:10 33 34

Scheme 6. Construction of a six-membered ring by an intramolecular conjugate addition reaction

With a view to constructing the desired trans-decalin skeleton with appropriate substituents, the
author planned the intramolecular conjugate addition reaction of o, 3-unsaturated ester 35 possessing

a nitrile side chain (Scheme 7).

Scheme 7. Strategy for constructing the trans-decalin skeleton by an intramolecular conjugate

addition reaction

1-2. Retrosynthetic analysis of the right-hand segment

Scheme 8 shows the retrosynthetic analysis of the right-hand segment. From the retrosynthetic
perspective, the author envisioned enfumafungin to be obtained from the enone 22 which would
arise from ester 37 by allylic oxidation. The trans-decalin skeleton of 37 would be constructed by
the stereoselective intramolecular conjugate addition reaction of o,B-unsaturated ester 38. The
cyclization precursor 38 is to be synthesized through the elongation of the side chain of 39. The two
contiguous quaternary carbon centers are to be installed by the Johnson-Claisen rearrangement of
allyl alcohol 40, which would be derived from enone 41. It is noteworthy that the nitrile group of 41
can remain unchanged during the reduction of the ester group of 39. Based on this strategy, the

author undertook the research to synthesize the right-hand segment of enfumafungin.
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Scheme 8. Retrosynthetic analysis of the right-hand segment of enfumafungin

1-3. Construction of the trans-fused decalin skeleton

The synthesis of the cyclohexene derivative possessing two quaternary carbon atoms was started
with commercially available 3-ethoxy-2-cyclohexen-1-one (42) (Scheme 9). The one-pot sequence
of methylation and cyanation®” afforded enone 43, which was subjected to the 1,2-addition reaction
with methylmagnesium bromide followed by the treatment with diluted hydrochloric acid. Next, the
resulting enone 44 was subjected to reduction with various reagents. The use of diisobutylaluminum
hydride or NaBH, resulted in the formation of alcohols 45 and 47 in low selectivities (entries 1 and
2), and the stereochemistry of the products was unclear at this point. The reaction with LiAlH,
exhibited a slightly higher selectivity (dr=1:3.4, entry 3), and the sterically more demanding
reductants were found to give better results (entries 4 and 5). Thus, the combined use of DIBAL and
n-BuLi®® afforded a 1:5.3 mixture of 47 and 45, while the highest selectivity of 1:12 was achieved
with the DIBAH-PhLi reagent. The Mitsunobu reaction®® of the major product 45 with
p-nitrobenzoic acid, diisopropyl azodicarboxylate, and PPh; gave ester 46 the configuration of
which was determined by an X-ray crystallographic analysis. The saponification of p-nitrobenzoate
46 afforded the desired alcohol 47. Upon heating with triethyl orthoacetate and a catalytic amount of
phenol in 1,2,4-trichlolobenzene at 140 °C, alcohol 47 underwent the Johnson-Claisen

rearrangement reaction to afford ester 48 in excellent yield.

11
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Scheme 9. Construction of the contiguous quaternary stereogenic centers

The facial selectivity of reduction of 44 would be explained in Figure 5. The preferential formation
of 44 in entries 4 and 5 of table cannot be rationalized by the steric repulsion between the reductant
and the allylic methyl group of enone 44. There are two conformers in which the cyano group is
directed to pseudo equatorial (44-a) or pseudo axial (44-b), and the latter seems to be disfavored by
the 1,2-allylic strain between the two methyl groups. Therefore, a transition state involving the

equatorial attack of a bulky reductant seems more plausible.

©
H

M
% :_\ ° > O— /> Me(lMe
o N"Me N \v
N \'\X
44-a 44-b

Figure 5. Stereoselectivity of the 1,2-reduction of enone 44
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Elongation of the side chain for preparing the cyclization precursor is shown in scheme 10.
Compound 48 was converted to iodide 49 through the chemoselective reduction of the ester moiety,
and reduction of the cyano group to aldehyde followed by protection using the Noyori’s protocol
afforded acetal 50.*! The nitrile side chain was constructed by the reaction of iodide 50 with a
carbanion generated from propionitrile, and removal of the ethylene acetal group under acidic
conditions afforded aldehyde 51. Finally, the Horner-Wadsworth-Emmons reaction of 51 gave the

cyclization precursor 52 for the intramolecular conjugate addition reaction.*

1) DIBAL

_ THF-Et,0 : 1) DIBAL -7
,CN 84% »CN toluene : o
—_—
COEt 9 Iz, PPhg [ 2) (TMSOCHj), [
|m(|:dazole TMSOTf
DCM
48 98% 49 oo %0
) gl
CN _ MeO*/P\)'LOMe
LDA, HMPA : ,CHO MeO
THF (79% 3 steps) NaH
CN ——— >
2) 2M HCl aq. THF
THF reflux

51
87% (2 steps)

Scheme 10. Synthesis of the cyclization precursor

With the o,B-unsatured ester 52 in hand, the cyclization reactions under basic conditions were
explored as shown in Table 1. Firstly, 52 was treated with LIHMDS at —78 to —40 °C (entry 1), and
a mixture of cyclized product (53, 54, 55) was obtained in moderate yields with low selectivity. The
stereochemistry of these compounds were determined by the NOESY experiments, the relationship
between the protons in which were displayed below. Major product 53 proved to have the
configuration that corresponds to the CD ring of enfumafungin. The minor stereoisomer 54 was
found to be the epimer of 52 at the nitrile moiety, and another stereoisomer 55 was the epimer of 54
at the ester side chain.

The combined yield and the stereoselectivity of the cyclization reaction were decreased at higher

temperature, suggesting that the corresponding ester enolates of the products are not stable. Indeed,
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the addition of triisopropylsilyl chloride (TIPSCI), effected improvement in both yield and
selectivity of the desired product to 74% yield with the ratio of 16:1.0:1.3. In this case, the crude
mixture containing ketene silyl acetals was treated with acetic acid followed by
tetrabutylammonium fluoride to afford the corresponding esters. The stereoselectivity was
dramatically decreased by the combined use of LIHMDS and HMPA prior to the addition of TIPSCI
(entry 3), suggesting that isomer 53 is formed through a transition state in which the nitrogen atom
and the carbonyl oxygen are chelating to the lithium ion. This hypothesis is also consistent with that

the reaction with NaHMDS or KHMDS led to a decreased formation of isomer 53 (entries 4 and 5).

OMe
WCN

52 53 54 55
entry reagent temp yield 53:54:55
1 LiHMDS —-78t0—-40°C 59% 44:1.0:2.0
2*  LiIHMDS, TIPSCI; TBAF 0°C 76% 16:1.0:1.3
3*  LiIHMDS, HMPA, TIPSCI; TBAF 0°C 84% 1.0:1.0:2.0
4*  NaHMDS, TIPSCI; TBAF 0°C 67% 13:1.0:3.3
5*  KHMDS, TIPSCI; TBAF 0°C 66% 14:1.0:9.7

*entries 2-4 were quenched with AcOH-TBAF

M(\H ® (\H CO,Me

Me H Me H
H

/ coMe X CO,Me / H> _________
CN M M i :
| e | e VN '
Me Me Me ! '
LMe CN CN i NOESY |
53 54 55

Table 1. Intramolecular conjugate addition reactions of cyclization precursor 52

Figure 6 shows the models of the transition states in the intramolecular cyclization reaction. As was
mentioned above, the configuration of the desired isomer 53, in which the ester side chain and the
cyano group occupy the equatorial positions, is consistent with the chelation model TS-1. Since

TS-1 involves a 1,3-diaxial repulsion between the two methyl groups, the reactions without the

14



strong chelation effect of a lithium ion may occur partially through TS-2 or TS-3 (entries 3-5 in
Table 1). In these cases, the reaction would prefer a linear transition state in which the anion moiety

and the enoate moiety are in an antiparallel dipolar arrangement, giving rise to isomer 55.%

)J\OMe

o
R —

5

)J\OMe

O

3
O
54

O

OMe
WCN

55

Figure 6. Proposed transition state models of the cyclization reaction of 52

1-4. Stereoselective synthesis of the right-hand segment

With the bicyclic key compound 53 in hand, the author planned the construction of the five carbon
side chain by the transformation of the nitrile moiety (Scheme 11). The chemoselective reduction of
the ester group followed by the addition reaction with i-PrLi afforded keto alcohol 56. Surprisingly,
the reaction of highly hindered ketone 56 with PhsP=CH, led to the formation of secondary alcohol
57 instead of the desired product 58. The result indicates that the ketone moiety underwent the

intramolecular oxidation-reduction with the primary alcohol moiety prior to the Wittig reaction.

15
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:)_J\OMe 1) DIBAL
~C._CN

CH3PPh,Br
B THF t-BuOK
Y —_— —_—
qj/ 2) i-PrLi THF
Et,O 0°C
53 56 41% 57 58

Scheme 11. Attempted Wittig reaction of ketone 56

The author planned an alternative route through a dehydration of the corresponding tertiary alcohol
under acidic conditions (Scheme 12). After protection of the primary alcohol with TBDPS group,
ketone 59 was treated with methyllithium. Although tertiary alcohol 60 was obtained as a 4:1
mixture of epimers, the dehydration reaction mediated by an acid was examined. Treatment of 60
with trifluoroacetic acid, however, afforded aldehyde 62 instead of the desired alkene 61, indicating
that the tertiary carbocation intermediate underwent a 1,5-hydride shift from the a-methylene group
of the silyl ether moiety. The unexpected rearrangement reaction opened the door to an alternative
pathway for constructing the side chain, while the product was obtained as a 1.6:1 mixture of

epimers at the methyl group the configuration of which was unclear at this point.

OH OTBDPS OTBDPS OTBDPS
TBDPSCI
imidazole POH TFA
_
DMF DCM
60 °C rt
56 63% (3steps) 59 dr =ca.4:1 60
TBDPs'o'/) H
1.5-hydride
shift

62
diasitereomixture
dr=1.6:1

Scheme 12. 1,5-hydride shift reaction of the tertiary alcohol

Thus, the author investigated the relationship between the stereochemistry of tert-alcohol 60 and

that of the aldehyde 62 (Scheme 13). The epimeric mixture of tert-alcohol 60 was subjected to the

16



silica gel chromatography, affording the major isomer 63 in pure form and the minor isomer 64
containing 10% of isomer 63, respectively. Under the influence of TFA, the major isomer 63
afforded a 3:1 mixture of aldehydes 65 and 66. On the other hand, a 1:7 mixture was obtained from
the minor isomer 64 containing 10% of epimer 63, indicating that the corrected product ratio for

pure isomer 64 is to be 1:17.

OTBDPS

OTBDPS

isomer 63 65
single diastereomer

separation

OTBDPS

diastereomixture

isomer 64 65 1 -7 66
diastereomer *(1 :17)
was contained (ca.10%)

*The Value was calculated in consideration of
the amount of the diastereomer

Scheme 13. Relationship between the stereochemistry of tert-alcohol and that of aldehyde

These results suggested that the 1,5-hydride shift reactions occurred not through an Sy1 reaction of
the tertiary carbocation but through an Sy2-like reaction of the protonated form of the substrates 63
and 64. While the stereochemistry of aldehyde 65 was found to be consistent with that of
enfumafungin at the later stage, the configurations of the substrates could not be confirmed at all.
Therefore, the author examined the efforts for obtaining information about the transformation of
alcohols 63 and 64 into aldehydes 65 and 66 by a calculation method. Thus, the favorable
conformations of ketone 59 were optimized by the MOE (Molecular Operating Environment)
program, and the conformer depicted in Figure 7 was obtained as the most stable one. The isopropy!l
group of the ketone moiety is placed at the pseudo-equatorial position, and the addition reaction
with MeLi would occur from the opposite face of the bulky TBDPS group, giving rise to alcohol 63

predominantly (Scheme 14).
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Figure 7. Most stable conformation of 59 calculated by MOE

OTBDPS OTBDPS OTBDPS
a-face

- - OH
Dz o MeLi N
~ Me —— +
Et,0
0°C
B-face dr=ca.4 1 major isomer 63 minor isomer 64

(putative stereochemistry) (putative stereochemistry)

Scheme 14. Putative stereochemistries of 63 and 64

With this assumption, the stereochemistry of the 1,5-hydride shift reactions could be explained as
follows (Figure 8). After activation of the hydroxyl group of isomer 63 with TFA, the hydride attack
occurred from the backside to afford product 65 via the Sy2-type reaction. Since the transition state
of the Sy2-type reaction involves the bulky isopropyl group at the pseudo-axial position, the
formation of the minor sterecisomer 66 is attributable to the alternative Syl reaction in which the
carbocation intermediate possesses the isopropyl group at the pseudo-equatorial position. On the
other hand, a similar Sy2-type reaction of the isomeric alcohol 64 would proceed more smoothly
through the transition state with the isopropyl group at the pseudo-equatorial position, resulting in

formation of stereoisomer 66 in high selectivity.
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OTBDPS

major isomer 63
(putative stereochemistry)

Sy

OTBDPS D
£ _=- OH
minor isomer 64 . '/ij/TBDPS _____ -
(putative stereochemistry) syl aonH

66

Figure 8. Proposed reaction mechanism of 1,5-hydride shift

These results suggested that the highly stereoselective synthesis of tert-alcohol 60 would lead to
obtaining the desired aldehyde 65, the configuration of which was determined at the later stages, in
good yield albeit in 3:1 epimeric ratio. Fortunately, the use of a methylcerium reagent instead of
methyllithium was found to give tert-alcohol 60 as a single diastereomer (Scheme 15).** On
treatment with TFA, 60 was converted to the aldehyde in moderate ratios varying between 4:1 to 2:1.
The epimeric mixture of aldehyde 62 was transformed into p-nitrobenzoate 69 through reduction to
the corresponding alcohol, the allylic oxidation to enone 68,% followed by benzoylation of the
primary alcohol moiety. The epimers at the side chain were separated each from the other by silica
gel chromatography at this stage, and the major sterecisomer 69 and the minor isomer 70 were

obtained in 57% and 25% isolated yields, respectively.
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OTBDPS OTBDPS

MelLi _) :j

CeCly NaBH,
THE MeOH
—78t0 -30 °C 0°C
59 dr = >20:1 60 62 63% (3 steps) 67
diasitereomixture
dr=4:1~2:1
X
Pd/C (o)X e]
TBHP /J
KoCO3 T
o A + 0
DCM
rt
0,
68% 68 69 70
57% 25%
Ar = p-NO,Ph

Scheme 15. Construction of the five-carbon side chain and allylic oxidation

Hydrolysis of p-nitrobenzoate 69 to alcohol 71 followed by hydrogenation with Pd/C afforded keto
alcohol 72 as a crystalline solid, and the X-ray crystallographic analysis indicated that 72 has a
configuration consistent with that of enfumafungin. Finally, alcohol 71 was transformed into diene
22, which was designed as a key intermediate for the total synthesis of enfumafungin, by using the
Grieco-Nishizawa protocol.*®

Ar SeCN
O/go OH C[Noz
n-BusP;
_boH HOpaq.
THF- H20 w . \]\;:Q/Y
0to 50 °C

quant. (2 steps)

- H,, Pd/C
Ar = p-NO,Ph EtOAG, rt
89%
OH
=S o=/ S
(@) T B g /_,\'\\ &) ‘\/ / ’
= | 7.—- 0 |/ \
72 X-ray crystal structure of 72

Scheme 16. Synthesis of right-hand segment of enfumafungin
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In summary, the author has achieved the stereoselective synthesis of the right-hand segment of
enfumafungin. The contiguous two quaternary carbon atoms at the angular positions was
constructed through the stereoselective reduction of a cyclohexenone derivative followed by the
Johnson-Claisen rearrangement. After the formation of the D ring via a stereoselective
intramolecular conjugate addition reaction of a cyano a-unsaturated ester, the 1,2-dimethylprop-1-yl
side chain was constructed via an unexpected 1,5-hydride shift reaction. Finally, allylic oxidation of
the cyclohexene ring afforded the enone which would act as a bridge for connecting with the

left-hand segment of enfumafungin.
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Experimental section

General Remarks:

Materials were obtained from commercial suppliers and used without further purification unless
otherwise mentioned. All experiments were carried out under positive pressure of dry nitrogen
unless otherwise noted. All of the organic solvents used in this study were dried over appropriate
drying agents. All melting points were determined on a Yanako micro melting point apparatus. IR
spectra were recorded on JASCO FT/IR-4100 spectrophotometer using 5 mm NaCl or CaF, plates.
Wavelength of maximum absorbance (O max) is quoted in cm™. *H-NMR spectra were recorded on
Varian Unity INOVA 500 spectrometer (500 MHz) in CDCl; (64 7.26) with tetramethylsilane as an
internal standard. Chemical shifts were reported in part per million (ppm), and signal were
expressed as singlet (s), doublet (d), triplet (t), quartet (q), double doublet (dd), double triplet (dt),
quartet quarter (qq), double double doublet (ddd), broad singlet (brs), and multiplet (m).**C-NMR
spectra were recorded on Varian Unity INOVA 500 spectrometer (125 MHZz) in CDCl; (8¢ 77.0) with
tetramethylsilane as an internal standard. Chemical shifts were reported in part per million (ppm).
Electro splay ionization mass (ESI-MS) and high resolution mass (HR-MS) spectra were recorded
on a Thremo Scientific Exactive at the Instrumental Analysis Division, Equipment Management
Center Creative Research Institution, Hokkaido University. Reactions were monitored by tin layer
chromatography with Merck Kieselgel 60 F,s4. The silica gel used for column chromatography was

ISCO gold or Yamazen prepacked columns.
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4-ethoxy-1-methyl-2-oxocyclohex-3-ene-1-carbonitrile (43)

o LDA, Mel; o
/ﬁj LDA, TsCN /ﬁ‘j/CN
EtO THF EtO

—-78°Ctort

42 4
71% 3

To a stirred solution of 3-ethoxy-2-cyclohexen-1-one (42) (14.0 g, 100 mmol) in THF (100 mL)
was added LDA (1.1 M in THF, 100 mL, 110 mmol) at —78 °C. The resulting bright yellow mixture
was warmed up to 0 °C and was stirred for 15 min. The solution was cooled at =78 °C, methyl
iodide (6.57 mL, 105 mmol) was added dropwise at that temperature, and the reaction mixture was
warmed to 0 °C with stirring over a period of 1 h. The reaction mixture was cooled at =78 °C and
was added LDA (1.1 M in THF, 100 mL, 110 mmol). The resulting brown mixture was warmed up
to 0 °C and was stirred for 15 min. The solution was cooled at —78 °C, tosyl cyanide (15.1 g, 83
mmol) was added one portion. The reaction mixture was warmed up to 0°C and was stirred for 30
min. The reaction mixture was quenched with a saturated aqueous solution of NH,CI and extracted
with EtOAc. The combined organic phases were washed with brine, dried over MgSOQ,, filtered and
concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,
hexanes: EtOAc= 70: 30) to give the compound 43 as a yellow oil (12.7 g, 70.9 mmol, 70.9%): IR
(neat): 2985, 2943, 1663, 1596, 1378, 1362, 1316, 1252, 1191, 1038, 1020, 893, 844, 821 cm™;
'H-NMR (500 MHz, CDCls) : 5.38 (s, 1H), 3.96 (q, J= 7.0Hz, 2H), 2.79 (ddd, J= 18.1, 4.9, 2.5 Hz,
1H), 2.50 (ddd, J= 18.1, 5.1, 2.5 Hz, 1H), 2.35 (ddd, J= 13.6, 5.1, 2.5 Hz, 1H), 2.03 (ddd, J= 13.6,
4.9, 2.5 Hz, 1H), 1.55 (s, 3H), 1.39 (t, J= 7.0 Hz, 3H); *C-NMR (125 MHz, CDCl;) : 190.65,
177.17,120.12, 100.22, 65.00, 41.45, 32.44, 26.42, 21.09, 14.00; HRMS (FI+) calcd. for C1oH:3NO,

[M]%:179.0946, found: 179.0944.

(1S,4S)-4-cyano-3,4-dimethylcyclohex-2-en-1-yl 4-nitrobenzoate (46)
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o DIBAL :
ﬁ/CN MeMgBr CN PhLi - CN
THF
EtO o THF HO

0°Cto rt; 78 °C
43 2M HCl aq. 44 45

(0]

o
O3N

2 <
PPhs o) ~CN
DIAD /©)J\ .

- . o
THF
0°C O=N

46

83% (3 steps)

To a stirred solution of compound 43 (9.60 g, 53.6 mmol) in THF was added methyl magnesium
bromide (0.92M in THF, 200 ml, 184 mmol,) at 0 °C and was stirred at room temperature. The
brown solution was poured into 2M HCI agueous solution and stirred for 30 min. The aqueous layer
was extracted with EtOAc three times. The combined organic phases were washed with brine, dried
over MgSO,, filtered and concentrated in vacuo to give the compound 44. The crude oil was used
without further purification in the next step. To a stirred solution of DIBAL (1.0 M in hexane, 70.9
ml, 70.9 mmol) and PhLi (1.6 M in n-Bu,O, 41.2 ml, 70.9 mmol) was added a THF solution of the
crude oil of 44 at —78 °C dropwise. The reaction mixture was quenched by slow addition of a
saturated solution of sodium potassium tartrate, diluted with EtOAc, and allowed to stir at room
temperature to get two separated layers. The aqueous layer was extracted with EtOAc three times.
The combined organic phases were washed with brine, dried over MgSO,, filtered and concentrated
in vacuo to give the compound 45. The crude oil was used without further purification in the next
step. To a solution of the crude oil, p-nitro benzoic acid (10.1 g, 60.8 mmol), and PPh; (15.9 g, 60.8
mmol) in THF (200 ml) at 0 °C was added a DIAD (1.9M in toluene, 32.0 ml, 60.8 mmol) dropwise.
After stirring for 15 min, the reaction mixture was concentrated in reduce pressure and the residue
was purified by flash column chromatography (silica gel, hexanes: CHCI;=50: 50 to 0: 100) to give
the compound 46 as a white solid (13.4 g, 44.6 mmol, 83% for 3 steps).; mp. 118-121 °C; IR

(neat):3675, 2363, 2359, 2352, 2345, 2335, 2331, 1719, 1526, 1348, 1270, 1115, 1102, 720 cm™;
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'H-NMR (500 MHz, CDCls): 8.28 (d, J= 9.0 Hz, 2H), 8.19 (d, J= 9.0 Hz, 2H), 5.83 (d, J= 4.2 Hz,
1H), 5.50-5.48 (m, 1H), 2.25-2.15 (m, 2H), 2.08-1.95 (m, 2H), 1.93 (s, 3H), 1.55 (s, 3H); *C-NMR
(125 MHz, CDCl,): 164.03, 150.55, 139.32, 135.62, 130.70, 123.88, 123.51, 122.53, 68.33, 35.96,

31.88, 25.07, 24.34, 19.55; HRMS (FD+) calcd. for C16H36N,0, [M]":300.1110, found:300.1119.

(1S,49)-4-hydroxy-1,2-dimethylcyclohex-2-ene-1-carbonitrile (47)

: CN _
o LiOH+H,0 : CN
0" THF-H,0 .
HO'
46

rt

99% 47

To a solution of the nitro benzoate 46 (8.50 g, 28.3 mmol) in THF (50 ml)-H,O (50 ml) was added
LiOH-H,0O (3.56 g, 85 mmol) one portion at room temperature. After stirring for 30 min, the
aqueous layer was extracted with EtOAc three times. The combined organic phases were washed
with brine, dried over MgSQO,, filtered and concentrated in vacuo. The residue was purified by flash
column chromatography (silica gel, hexanes: EtOAc= 50: 50) to give the compound 47 as a
colorless oil (4.25 g, 28.1 mmol, 99%), IR (neat):3300 (br), 2361, 2231, 1444, 1286, 1125, 1024,
857, 852 cm™’; *H-NMR (500 MHz, CDCl,): 5.68 (d, J= 2.3 Hz, 1H), 4.26-4.20 (m, 1H), 2.08-1.96
(m, 2H), 1.96-1.88 (m, 1H), 1.86 (s, 3H), 1.82 (brs, 1H), 1.77-1.69 (m, 1H), 1.48 (s, 3H); *C-NMR
(125 MHz, CDCIls): 135.81, 128.41, 123.14, 64.06, 35.93, 31.56, 28.02, 24.24, 19.40; HRMS (FI+)

calcd. for CoH;3NO [M]*: 151.0997, found: 151.0994.

Ethyl 2-((1R,6R)-6-cyano-1,6-dimethylcyclohex-2-en-1-yl)acetate (48)

) CH3C(OEt)5 .
: CN cat. PhOH : CN
R 1,2,4-trichlorobenzene COzEt
HO

140 °C
47 930/0 48

The solution of the allyl alcohol 47 (5.3 g, 35.1 mmol), triethyl orthoacetate (32.3 ml, 175 mmol),
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and catalytic amounts of PhOH (330 mg, 3.51 mmol) in 1,2,4-trichlorobenzene (100 ml) was heated
at 140 °C for 40 h. After being cooled to room temperature, the reaction mixture was purified by
flash column chromatography (silica gel, hexanes: EtOAc =100:0 to 60:40) to give the compound
48 as a yellow oil (7.2 g, 32.5 mmol, 93%).; IR (neat): 2981, 2367, 2360, 2354, 2345, 2338, 2334,
2316, 1733, 1457, 1378, 1242, 1159, 1097, 1032 cm™; *H-NMR (500 MHz, CDCI;): 5.80-5.60 (m,
2H), 4.15 (g, J= 7.1Hz, 2H), 2.37-2.24 (m, 3H), 2.18-2.05 (m, 1H), 2.05-1.95 (m, 1H), 1.85-1.76 (m,
1H), 1.41 (s, 3H), 1.27 (t, J= 7.1 Hz, 3H); *C-NMR (125 MHz, CDCls): 170.93, 131.68, 125.18,
123.32, 60.52, 41.76, 40.06, 38.27, 29.67, 23.70, 22.03, 20.44, 14.14; HRMS (FI+) calcd. for

Ci13H1oNO;, [M]":221.1415, found: 221.1430.

(1R,2R)-2-(2-hydroxyethyl)-1,2-dimethylcyclohex-3-ene-1-carbonitrile (S-1)

2 CN DIBAL :_CN
COzEt THF-Et,0 OH

-78 °C

48 84% S-1

To a stirred solution of ester 48 (5.3g, 24.0 mmol) in THF (80 ml)-Et,O (100 ml) at —78 °C was
added DIBAL (1.02 M in hexane, 51.7 ml, 52.7 mmol) dropwise. The reaction mixture was slowly
warmed up to—30 °C over 2 h and was stirred for 10 h at the same temperature. The reaction mixture
was quenched by slow addition of a saturated solution of sodium potassium tartrate, diluted with
EtOAc, and allowed to stir at room temperature to get two separated layers. The aqueous layer was
extracted with EtOAc three times. The combined organic phases were washed with brine, dried over
MgSO,, filtered and concentrated in vacuo. The residue was purified by flash column
chromatography (silica gel, hexanes: EtOAc= 80: 20 to 40: 60) to give the compound S-1 as a
yellow oil. (3.64 g, 20.3 mmol, 84%). IR (neat); 3400 (br), 2947, 2359, 1437, 1220, 1044, 1024, 772
cm™; *H-NMR (500 MHz, CDCly): 5.69 (dt, J= 10.3, 3.7 Hz, 1H), 5.44 (dt, J= 10.3, 2.2 Hz, 1H),
3.80-3.70 (m, 2H), 2.36-2.26 (m, 1H), 2.15-2.06 (m, 2H), 1.96-1.88 (m, 1H), 1.87-1.80 (m, 1H),
1.75-1.68 (m, 2H), 1.64-1.58 (m, 2H), 1.34 (s, 3H), 1.27 (s, 3H); *C-NMR (125 MHz, CDCls):

132.57,125.34, 123.79, 58.92, 40.15, 39.62, 37.77, 29.41, 23.42, 22.29, 20.33; ; HRMS (FI+) calcd.

26



for C;;HiyNO [M]": 179.1310, found: 179.1306.

(1R,2R)-2-(2-iodoethyl)-1,2-dimethylcyclohex-3-ene-1-carbonitrile (49)

I2

- PPhy -
: CN imidazole : CN
OH DCM [
rt
S-1 98% 49

To a stirred solution of the alcohol S-1 (1.60 g, 8.93 mmol) in DCM (30 ml) at 0 °C was added

imidazole (1.22 g, 17.9 mmol), PPh; (3.28 g, 12.5 mmol), I, (3.17 g, 12.5 mmol). After 1 h, MeOH

(0.145 ml) was added, then the reaction mixture was purified by flash column chromatography

(silica gel, hexanes: EtOAc= 90: 10 to 70: 30) to give the compound 49 as a white solid (2.54 g,

8.78 mmol, 98%).; mp 67-71 °C, IR (neat): 3019, 2975, 2951, 2944, 2938, 2930, 2359, 2332, 2232,

1457, 1432, 1377, 1182, 1109 cm™; 'H-NMR (500 MHz, CDCl,): 5.74 (dt, J= 6.8, 3.5 Hz, 1H),

5.42-5.38 (m, 1H), 3.27-3.17 (m,2H), 2.38-2.25 (m, 1H), 2.18-1.90 (m, 4H), 1.85-1.79 (m, 1H),

1,34 (s, 3H), 1.26 (s, 3H); *C-NMR (125 MHz, CDCl;): 131.29, 126.25, 123.51, 43.04, 41.01,

39.76, 29.65, 22.61, 22.40, 20.43, -0.53; HRMS (FI+) calcd. for Cy;HyNI [M]*: 289.0327, found:

289.0312.

4-((1R,6R)-6-(1,3-dioxolan-2-yl)-1,6-dimethylcyclohex-2-en-1-yl)-2-methylbutanenitrile (S-3)

TMso”~OTMS

: CN DIBAL :_CHO TMSOTf
Q/\/\I toluene I DCM
0°C —-78°Ctort
49

propionitrile
LDA
_—
THF-HMPA
-78°C

79%
(3 steps)
dr=1:1
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To a stirred solution of nitrile 49 (3.0 g, 10.4 mmol) in toluene (50 ml) at 0 °C was added DIBAL
(1.0 M in hexane, 10.4 ml, 10.4 mmol). After 15 min, the reaction mixture was quenched by 10%
tartaric acid aqueous solution. The aqueous layer was extracted with EtOAc three times. The
combined organic phases were washed with saturated aqueous solution of NaHCOg, brine, dried
over MgSQO,, filtered and concentrated in vacuo. The crude oil was used without further purification
in the next step. To a stirred solution of the crude aldehyde and 1,2-Bis(trimethylsilyloxy)ethane
(4.65 ml, 19.4 mmol) in DCM (50 ml) at =78 °C was added TMSOTT (0.175 ml, 0.969 mmol). The
reaction mixture was slowly warmed up to room temperature for overnight. After the reaction
mixture was poured into a saturated aqueous solution of NaHCQOs;, the aqueous layer was extracted
with DCM three times. The combined organic phases were washed with brine, dried over MgSQO,,
filtered and concentrated in vacuo. The crude oil was used without further purification in the next
step. To a solution of propionitrile (3.26 ml, 45.5 mmol) in THF was added LDA (1.1 M in
THF-hexane solution, 41.4 ml, 45.5 mmol) at =78 °C. After being stirred for 1 h, the crude in THF
(50 ml)-HMPA (8 ml) was added to the reaction mixture at the same temperature. After being
stirring for 15 min, the reaction mixture was quenched by saturated aqueous solution of NH,CI, and
the aqueous layer was extracted with EtOAc three times. The combined organic phases were washed
with brine, dried over MgSQ,, filtered and concentrated in vacuo. The residue was purified by flash
column chromatography (silica gel, hexanes: EtOAc= 90: 10 to 70: 30 ) to give the compound S-3
as a colorless oil (2.16 g, 8.2 mmol, 79% for 3 steps, dr =1:1); IR (neat): 2974, 2951, 2943, 2919,
2915, 2369, 2363, 2360, 2342, 2327, 1718, 1559, 1219, 1087, 772 cm™; ‘H-NMR (500 MHz,
CDCly): 5.69-5.59 (m, 1H), 5.40-5.33 (m, 1H), 4.78 (s, 0.5H), 4.77 (s, 0.5H), 3.98-3.75 (m, 4H),
2.58-2.48 (m, 1H), 2.05-1.95 (m, 2H), 1.85-1.78 (m, 0.5H), 1.74-1.50 (m, 5H), 1.48-1.40 (m, 0.5H),
1.38 (d, J= 7.1 Hz, 1.5H), 1.33 (d, J=7.1 Hz, 1.5H), 1.02 (s, 1.5H), 1.00(s, 1.5H), 0.85 (s, 3H);
BC-NMR (125 MHz, CDCls): 133.95, 133.68, 125.33, 125.26, 123.13, 107.14, 107.06, 65.32, 65.29,
64.19, 64.16, 41.51, 41.50, 38.37, 38.34, 34.92, 34.82, 29.06, 29.05, 27.67, 27.61, 26.47, 26.43,

22.19, 22.12, 22.07, 22.04, 18.17, 18.11, 14.34, 14.10 (one signal does not appear due to incidental
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overlap); HRMS (F1+) calcd. for C;5H,sNO, [M]": 263.1885, found: 263.1906.

Methyl (E)-3-((1S,2R)-2-(3-cyanobutyl)-1,2-dimethylcyclohex-3-en-1-yl)acrylate (52)

o o
O/> M&Z(;PQKOM(%
B o 2M HCI aq. NaH
CN THF THF
rt reflux
s-3 51 87% (2 steps) 52

To a solution of acetal S-3 (419 mg, 1.59 mmol) in THF (5.0 ml), was added 2M HCI aqueous
solution (0.795 ml, 1.59 mmol) at room temperature. After being strring for 17 h, the reaction
mixture was added a saturated aqueous solution of NaHCO;. The aqueous layer was extracted with
EtOAc three times. The combined organic phases were washed with brine, dried over MgSQOy,,
filtered and concentrated in vacuo. The crude aldehyde was used without further purification in the
next step. A suspension of NaH (60% in oil, 301 mg, 7.53 mmol) in THF (30 ml) was added a
trimethyl phosphonoacetate (1.21 ml, 8.37 mmol) at 0 °C. After being stirred for 30 min, the crude
aldehyde in THF (10 ml) was added to a reaction mixture and the reaction mixture was heated to
reflux. After being stirred for 6 h, the reaction mixture was quenched by addition of saturated
aqueous solution of NH4CI. The aqueous layer was extracted with EtOAc three times. The combined
organic phases were washed with brine, dried over MgSQ,, filtered and concentrated in vacuo. The
residue was purified by flash column chromatography (silica gel, hexanes: EtOAc= 90: 10 to 70: 30)
to give the compound 52 as a colorless oil (380 mg, 1.38 mmol. 87% for 2 steps, dr =1:1); IR (neat):
2973, 2967, 2961, 2951, 1718, 1701, 1653, 1646, 1464, 1457, 1448, 1436, 1300, 1219, 1194, 1174,
1013, 772 cm™®; *H-NMR (500 MHz, CDCly): 7.21 (d, J=16.1 Hz, 0.5H), 7.20 (d, J=16.1 Hz, 0.5H),
5.83(d, J= 16.1 Hz, 0.5H), 5.82 (d, J= 16.1 Hz, 0.5H), 5.70-5.64 (m, 1H), 5.45-5.38 (m, 1H), 3.74 (s,
3H), 2.60-2.50 (m, 1H), 2.10-2.00 (m, 2H), 1.70-1.32 (m, 6H), 1.33 (d, J= 12Hz, 1.5H), 1.328 (d, J=
12 Hz, 1.5 H), 1.07 (s, 1.5H), 1.06 (s, 1.5H), 0.90 (s, 1.5H), 0.89 (s, 1.5H); *C-NMR (125 MHz,

CDCl,): 167.42, 167.41, 155.94, 155.81, 133.57, 133.21, 125.39, 125.32, 122.82, 118.85, 118.84,
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118.78, 118.77, 51.42, 41.21, 38.81, 38.79, 35.52, 35.33, 31.10, 30.94, 29.08, 26.38, 26.35, 22.46,
22.38, 22.37, 22.15, 19.38, 19.31, 18.13, 18.10 (two signals does not appear due to incidental

overlaps) HRMS (FI+) calcd. for Cy;H,5NO, [M]*: 275.1885 found: 275.1893.

Methyl 2-((1S,2S,4aR,8aS)-2-cyano-2,4a,8a-trimethyl-1,2,3,4,4a,7,8,8a-octahydronaphthalen-
1-yl) acetate (53)
Methyl 2-((1S,2R,4aR,8aS)-2-cyano-2,4a,8a-trimethyl-1,2,3,4,4a,7,8,8a-octahydronaphthalen
-1-yl) acetate (54)
Methyl2-((1R,2R,4aR,8aS)-2-cyano-2,4a,8a-trimethyl-1,2,3,4,4a,7,8,8a-octahydronaphthalen
-1-yl) acetate (55)

LiHMDS
TIPSCI

0°C;
TBAF-AcOH

52 74% 53 54 55
dr=16:1.0:1.3

To a solution of nitrile 52 (30 mg, 0.109 mmol) in THF was added a TIPSCI (34.6 pl, 0.163 mmol)
and LHMDS (1.0M in THF, 218 ml, 0.218 mmol) at 0 °C. After being stirred for 15 min, then,the
reaction mixture was quenched by AcOH (31.2 ul) and TBAF (218 ul, 0.218 mmol). The reaction
mixture was added H,O and was extracted with Et,O three times. The combined organic phases
were washed with brine, dried over MgSQ,, filtered and concentrated in vacuo. The residue was
purified by flash column chromatography (silica gel, hexanes: EtOAc= 90:10 to 70:30) to give the
mixtures of compound 53, 54 and 55 as a colorless oil (22.2 mg, 0.081 mmol. 74%, dr =16 : 1.0 :
1.3).

Compound 53: IR (neat): 2973, 2951, 2919, 2364, 2359, 1735, 1718, 1559, 1436, 1390, 1302, 1219,
1193, 772 cm'™:; *H-NMR (500 MHz, CDCl5):5.47-5.44 (m, 2H), 3.72 (s, 3H), 2.78 (dd, J= 7.6, 3.6
Hz, 1H), 2.55 (dd, J= 16.4, 7.6 Hz, 1H), 2.45 (dd, J= 16.4, 3.6 Hz, 1H), 2.38-2.30 (m, 1H),

2.14-2.04 (m, 2H), 1.84-1.74 (m, 2H), 1.60-1.53 (m, 1H), 1.42 (s, 3H), 1.23-1.18 (m, 2H), 1.16 (s,
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3H), 0.88 (s, 3H); *C-NMR (125 MHz, CDCl;):173.30, 136.77, 126.27, 124.65, 52.03, 42.19, 38.71,
37.64, 37.17, 33.07, 32.63, 28.94, 28.29, 23.71, 22.37, 21.86, 16.06. HRMS (FI+) calcd. for
C17H25NO, [M]": 275.1885, found: 275.1904.

Compound 54: Mp: 91-94 °C; IR (neat): 3015, 1734, 1459, 1436, 1385, 1304, 1209, 1193, 707 cm™;
'H-NMR (500 MHz, CDCl5): 5.50-5.42 (m, 2H), 3.70 (s, 3H), 2.63 (dd, J = 17.8, 4.6 Hz, 1H), 2.44
(dd, J = 17.8, 4.6Hz, 1H), 2.24 (dd, J = 4.6, 4.6 Hz, 1H), 2.14-2.08 (m, 2H), 2.04-1.95 (m, 2H),
1.85-1.75 (m, 1H), 1.54-1.45 (m, 1H), 1.38 (s, 3H), 1.31-1.24 (m, 1H), 1.22-1.16 (m, 1H), 1.12 (s,
3H), 1.07 (s, 3H); *C-NMR (125 MHz, CDCls):174.15, 137.02, 125.37, 124.30, 52.04, 43.83, 38.71,
37.68, 35.57, 33.84, 32.65, 30.02, 28.69, 28.46, 23.59, 22.61, 14.49; HRMS (FD+) calcd. for
C17H2sNO, [M]": 275.1885, found:275.1872

Compound 55: Mp: 125-128°C; IR (neat): 3014, 1736, 1450, 1385, 1364, 1299, 1165, 1073, 989,
708 cm™; *H-NMR (500 MHz, CDCls): 5.46-5.36 (m, 2H), 3.71 (s, 3H), 2.76-2.58 (m, 2H), 2.24 (dd,
J =17.8, 9.2Hz, 1H), 2.20-2.10 (m, 2H), 2.05 (ddd, J = 14.0, 14.0, 4.0 Hz, 1H), 1.97-1.85 (m, 2H),
1.68 (ddd, J = 14.0, 14.0, 4.0 Hz, 1H), 1.46 (s, 3H), 1.36 (s, 3H), 1.23-1.14 (m, 2H), 0.95 (s, 3H) ;
BC-NMR (125 MHz, CDCl5):174.05, 137.68, 127.64, 123.68, 52.08, 46.32, 38.77, 36.44, 34.17,
32.07, 30.71, 30.27, 29.10, 26.97, 24.77, 23.48, 23.45; HRMS (FI+) calcd. for Cy;HsNO, [M]':

275.1885, found: 275.1884

1-((1S,2S,4aR,8aS)-1-(2-((tert-butyldiphenylsilyl)oxy)ethyl)-2,4a,8a-trimethyl-1,2,3,4,4a,7,8,8a-

octahydronaphthalen-2-yl)-2-methylpropan-1-one (59)
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60 °C

63% (3 steps) 59

To a stirred solution of ester 53 (480 mg, 1.74 mmol) in THF (10 ml) at —78 °C was added DIBAL
(1.0 M in hexane, 3.83 ml, 3.83 mmol) dropwise. The reaction mixture was warmed up to —30 °C
and was stirred for 3 h at same temperature. The reaction mixture was quenched by addition of a
saturated aqueous solution of sodium potassium tartrate, diluted with EtOAc, and allowed to stir at
room temperature for an additional 2 h to get two separated layers. The aqueous layer was extracted
with EtOAc three times. The combined organic phases were washed with brine, dried over MgSQ,,
filtered and concentrated in vacuo. The residue was used without further purification in the next step.
To a stirred solution of the crude alcohol S-4 in Et,O (16 ml) at 0 °C was added i-PrLi (0.7 M in
pentane, 20.5 ml, 14.0 mmol) dropwise. The reaction mixture was warmed up to room temperature
and was stirred for 1 h. After cooling to 0 °C , the reaction mixture was quenched by addition of 2M
HCI aqueous solution, and the aqueous layer was extracted with EtOAc three times. The combined
organic phases were washed with brine, dried over MgSQ,, filtered and concentrated in vacuo. The
residue was used without further purification in the next step. The crude S-5 and imidazole (358 mg,
5.26 mmol) were dissolved in DMF (3 mL) and TBDPSCI (676 pl, 2.63 mmol) was added at room
temperature. The reaction mixture was heated at 60 °C for 1 h. After cooling to room temperature,
the reaction mixture was diluted with EtOAc, washed with saturated aqueous solution of NH,CI,
water, brine and dried over MgSQO,. The residue was purified by flash column chromatography

(silica gel, hexanes: EtOAc= 90: 10) to give the compound 59 as a white amorphous (589 mg, 1.10
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mmol, 63% for 3 steps).; IR (neat):2981, 2970, 2964, 2936, 2931, 2365, 2361, 2357, 2343, 2337,
2333, 1699, 1696, 1686, 1464, 1457, 1428, 1382, 1111, 998, 755 cm™; ‘H-NMR (500 MHz,
CDCl3):7.70-7.62 (m, 4H), 7.45-7.32 (m, 6H), 5,43-5.35 (brs, 2H), 3.65 (dt, J =10.4, 5.9 Hz, 1H),
3.48 (dt, J=10.4, 5.9 Hz, 1H),3.04 (qq, J= 6.6, 6.6 Hz, 1H), 1.92-1.88 (m, 3H), 1.86-1.68 (m, 2H),
1.60-1.50 (m,1H), 1.42-1.34 (m, 1H), 1.30-1.10 (m, 5H, including 1.54, s, 3H), 1.08-0.92 (m. 20H,
including (1.03, s, 9H), 0.99 (d, J= 6.6 Hz, 3H), 0.95 (d, J= 6.6 Hz, 3H), (0.94 s, 3H)), 0.84 (s, 3H);
BC-NMR (125 MHz, CDCls): 219.82, 137.77, 135.63, 135.58, 134.24, 134.09, 129.42, 129.40,
127.51, 127.46, 124.37, 65.08, 53.54, 38.39, 38.15, 37.62, 34.17, 32.16, 31.42, 29.53, 29.05, 26.90,
23.74, 22.76, 20.42, 20.30, 19.10, 18.75, 16.26, HRMS (FD+) calcd. for CzsHs0,Si [M+H]":

531.3659, found: 531.3658.

2-((1R,2R,4aR,8aS)-2,4a,8a-trimethyl-2-(3-methylbutan-2-yl)-1,2,3,4,4a,7,8,8a-octahydronapht

halen-1-yl)ethan-1-ol (67)

OTBDPS OTBDPS IO
MelLi _)
CeCls TFA PE
THF DCM
~78 1030 °C t
59 60 62
OH
NaBH,
MeOH
0°C
63% (3 steps) 67

A suspension of CeCls (1.65 g, 6.59 mmol, prepared from CeCls- 7H,0) in THF (30 ml) was added
MeLi (1.0 M in Et,0, 6.59 ml, 6.59 mmol) at —78 °C. The reaction mixture was stirred at same
temperature for 1 h and a solution of ketone 59 (700 mg, 1.32 mmol) in THF (10 ml) was added and
slowly warmed up to —30 °C. After stirring for 30 min, the reaction mixture was quenched with a
saturated aqueous solution of NH,CI and extracted with EtOAc. The combined organic phases were

washed with brine, dried over MgSQ,, filtered and concentrated in vacuo. The residue was used
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without further purification in the next step. The crude 60 was dissolved in DCM (10 ml) at room
temperature and added TFA (0.748 ml, 9.71 mmol). After stirring for 15 min, the reaction mixture
was quenched with a saturated aqueous solution of NaHCO;, and extracted with EtOAc. The
combined organic phases were washed with brine, dried over MgSQ,, filtered and concentrated in
vacuo. The residue was used without further purification in the next step. The crude 62 was
dissolved in MeOH (5 ml) and was added NaBH, (73.5 mg, 1.94 mmol) one portion. After stirring
for 15 min, the reaction mixture was quenched with H,O, and extracted with EtOAc. The combined
organic phases were washed with brine, dried over MgSQO,, filtered and concentrated in vacuo. The
residue was purified by flash column chromatography (silica gel, hexanes: EtOAc= 90:10 to 70:30)
to give the compound 67 as a colorless oil (244 mg, 0.834 mmol, dr= 2:1, 63% for 3 steps).;IR
(neat): 3382, 2954, 2884, 1457, 1388, 1040, 757, 705 cm™; "H-NMR (500 MHz, CDCls):5.50-5.38
(m, 2H), 3.64-3.52 (m, 2H), 2.20-1.95 (m, 3H), 1.85-1.65 (m, 3H), 1.60-1.30 (m, 6H), 1.20-1.08 (m,
1H), 1.07-0.70 (m, 19H); *C-NMR (125 MHz, CDCI,): 138.71, 138.59, 124.28, 124.07, 64.98,
64.86, 45.25, 44.86, 41.58, 41.46, 40.44, 40.18, 39.50, 39.22, 37.83, 37.60, 30.77, 30.40, 30.35,
30.32, 29.78, 29.55, 27.85, 27.63, 26.22, 25.82, 25.48, 25.11, 25.10, 23.72, 22.67, 22.66, 21.64,
21.51, 18.67, 18.31, 17.20, 16.53, 8.37, 7.93; HRMS (FD+) calcd. for CyH30 [M]": 292.2783,

found: 292.2766.

(4aR,7R,8R,8aS)-8-(2-hydroxyethyl)-4a,7,8a-trimethyl-7-(3-methylbutan-2-yl)-4a,5,6,7,8,8a-he

xahydronaphthalen-2(1H)-one (68)

OH

67 68

To a solution of compound 67 (244 mg, 0.834 mmol) in DCM (10 ml) was added Pd/C (10% on

carbon, 188mg, 0.083 mmol), K,CO; (11.5 mg, 0.083 mmol), TBHP (5M in decane, 0.834 ml, 4.17
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mmol) and stirred for 7 h. Additional TBHP (5M in decane, 0.834 ml, 4.17 mmol) was added and
stirred for 16 h. Additional TBHP (5M in decane, 0.501 ml, 2.50 mmol), K,CO; (11.5 mg, 0.083
mmol) were added and stirred for 7 h. The reaction mixture was filtrated through a pad of Celite and
concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,
hexanes: EtOAc= 60: 40) to give the compound 68 as a colorless oil (174 mg, 0.568 mmol, dr= 2:1,
68%); IR (neat): 3407, 2957, 2359, 1684, 1663, 1472, 1457, 1391, 1373, 1257, 1042, 908, 728 cm™;
'H-NMR (500 MHz, CDCl5): 6.75 (d, J = 9.8 Hz, 0.67 H), 6.72 (d, J = 10 Hz, 0.33 H), 5.86 (d. J =
9.8 Hz, 0.67 H), 5.85 (d, J = 10 Hz, 0.33 H), 3.64-3.54 (m, 2H), 2.42-2.28 (m, 2H), 2.10-1.91 (m,
2H), 1.89-1.76 (m, 2H), 1.70-1.58 (m, 1H), 1.56-1.38 (m, 2H), 1.35-1.22 (m, 5H), 1.15 (s, 1.8 H),
1.10 (s, 1.2 H) 1.05-0.88 (m, 8H), 0.86-0.74 (m, 4H); *C-NMR (125 MHz, CDCl3): 200.76, 200.73,
161.08, 160.98, 127.15, 127.01, 64.06, 63.93, 49.22, 48.89, 44.87, 44.53, 42.22, 42.03, 40.77, 40.65,
40.45, 40.20, 39.65, 39.39, 29.47, 29.42, 28.91, 28.67, 27.55, 27.40, 26.24, 25.74, 25.36, 24.96,
22.88, 22.37, 21.22, 21.01, 20.23, 19.39, 18.58, 18.24, 8.28, 7.81; HRMS (FD+) calcd. for C,qH350,

[M+H]": 307.2624, found: 307.2637.

2-((1R,2R,4aR,8aS)-2,4a,8a-trimethyl-2-((R)-3-methylbutan-2-yl)-7-oxo-1,2,3,4,4a,7,8,8a-octah
ydronaphthalen-1-yl)ethyl 4-nitrobenzoate (69)
2-((1R,2R,4aR,8aS)-2,4a,8a-trimethyl-2-((S)-3-methylbutan-2-yl)-7-oxo-1,2,3,4,4a,7,8,8a-octah

ydronaphthalen-1-yl)ethyl 4-nitrobenzoate (70)

o

(@
Cl
O5N 9
2
DIPEA ) - NO,
s G "o

O
DCM
rt

57% + 25%
68 69 70

To a solution of compound 68 (170 mg, 0.555 mmol) in DCM (5 ml) was added diisopropylamine
(0.194 ml, 1.11 mmol) and p-nitro benzoyl chloride (154 mg, 0.832 mmol) at room temperature. The

reaction mixture was quenched by H,O, and the aqueous layer was extracted with EtOAc three
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times. The combined organic phases were washed with brine, dried over MgSQ,, filtered and
concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,
hexanes: EtOAc= 70: 30) to give the compound 69 as a colorless oil (144 mg, 0.316 mmol, 57%)
and the compound 70 (63.8 mg, 0.140 mmol, 25%) as a colorless oil.

compound 69: IR (neat): 3021, 1723, 1668, 1528, 1472, 1465, 1386, 1372, 1271, 1114, 1102, 752,
719 cm™; *H-NMR (500 MHz, CDCl;): 8.30 (d, J = 8.8 Hz, 2H), 8.23 (d, J = 8.8 Hz, 2H), 6.76 (d, J
= 10.0 Hz, 1H), 5.88 (d. J = 10.0, 1H), 4.41 (dt, J = 10.9, 5.7 Hz, 1H), 4.25 (dt, J = 10.9, 5.7 Hz,
1H), 2.47 (d, J = 17.1 Hz, 1H), 2.39 (d, J = 17.1 Hz, 1H), 2.13-2.08 (m, 1H), 2.04-1.78 (m, 4H),
1.76-1.64 (m, 1H), 1.49 (dd, J = 7.2, 3.6 Hz, 1H), 1.37-1.22 (m, 5H), 1.16 (s, 3H), 1.01 (d, J = 6.8
Hz, 3H), 0.95 (d, J = 6.6 Hz, 3 H), 0.94 (s, 3H), 0.82 (d, J = 7.1 Hz, 3H); ®C-NMR (125 MHz,
CDClj,): 199.80, 164.43, 160.53, 150.46, 135.51, 130.66, 127.27, 123.46, 66.79, 49.23, 44.85, 42.34,
40.90, 40.45, 40.06, 28.88, 27.39, 26.40, 25.02, 25.01, 22.89, 21.27, 20.19, 18.58, 7.84; HRMS
(FD+) calcd. for Co7HasNOs [M+H]': 456.2742, found: 456.2737.

compound 70: IR (neat):2988, 2957, 2363, 1723, 1670, 1527, 1349, 1272, 1115, 1103, 720 cm™;
'H-NMR (500 MHz, CDCls): 8.30 (d, J = 8.8 Hz, 2H), 8.22 (d, J = 8.8 Hz, 2H), 6.73 (d, J = 9.8

Hz, 1H), 5.87 (d, J = 9.8 Hz, 1H), 4.38 (dt, J = 10.1, 6.6 Hz, 1H), 4.28 (dt, J = 10.1, 6.6 Hz, 1H),
2.42 (d, J = 17.1 Hz, 1H), 2.37 (d, J = 17.1 Hz, 1H), 2.10-1.60 (m, 6H), 1.47 (dd, J = 7.2, 3.6 Hz,
1H), 1.38-1.20 (m, 5H), 1.14 (s, 3H), 1.03 (s, 3H), 0.93 (d, J = 7.1 Hz, 3H), 0.88 (d, J = 7.1 Hz, 3H),
0.82 (d, J = 7.1 Hz, 3H); ®C-NMR (125 MHz, CDCl,): 199.78, 164.54, 150.50, 135.56, 130.68,
127.17, 123.49, 66.94, 48.95, 45.07, 42.20, 40.79, 40.23, 40.12, 28.64, 27.60, 25.86, 25.40, 25.09,
22.38, 21.09, 19.39, 18.19, 8.47; HRMS (FD+) calcd. for CpHssNOs [M+H]": 456.2742, found:

456.2736.

2-((1R,2R,4aR,8aS)-2,4a,8a-trimethyl-2-(3-methylbutan-2-yl)-1,2,3,4,4a,7,8,8a-octahydronapht

halen-1-yl)ethan-1-ol (22)
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quant. (2 steps)

To a solution of the nitro benzoate 69 (150 mg, 0.329 mmol) in THF (1 ml)-H,O (1 ml) was added
LiOH-H,0 ( 23.7 mg, 0.988 mmol) one portion at room temperature. After stirring for 30 min, the
aqueous layer was extracted with EtOAc three times. The combined organic phases were washed
with brine, dried over MgSOQ,, filtered and concentrated in vacuo. The residue was used without
further purification in the next step. The crude was dissolved in THF (5 ml) at room temperature and
added 1-nitro-2-selenocyanatobenzene (222 mg, 0.979 mmol), n-BuzP (0.403 ml, 1.631 mmol).
After being stirred for 30 min at the same temperature, the reaction mixture was added 30%
hydrogen peroxide (0.333 ml, 3.26 mmol) and warmed up to 50 °C. The reaction mixture was
guenched with a saturated aqueous solution of NaHCOs3, added solid of Na,S,0; and extracted with
EtOAc three times. The combined organic phases were washed with brine, dried over MgSQ,,
filtered and concentrated in vacuo. The residue was purified by flash column chromatography (silica
gel, hexanes: EtOAc= 100: 0 to 80: 20) to give the compound 22 as a colorless oil (94mg, 0.329
mmol. 100%). IR (neat):2973, 2363, 2359, 1672, 1457, 1387, 1367, 1240, 1097, 917, 769 cm™;
'H-NMR (500 MHz, CDCl5): 6.73 (d, J = 9.8 Hz, 1H), 5.85 (d, J = 9.8 Hz, 1H), 5.72 (ddd, J = 17,
10.3, 10 Hz, 1H), 5.20 (dd, J = 10.3, 2.0 Hz, 1H), 4.98 (dd, J = 17.0, 2.0 Hz), 2.57 (d, J = 10 Hz,
1H), 2.25 (s, 2H), 2.15-2.10 (m, 1H), 1.97 (dt, J = 13.6, 4.3 Hz, 1H), 1.86 (dt, J = 13.9, 4.4 Hz, 1H),
1.39-1.24 (m, 6H), 1.09 (s, 3H), 1.03 (s, 3H), 0.88 (d, J = 6.6 Hz, 3H), 0.86 (d, J = 6.6 Hz, 3H), 0.73
(d, J = 7.3 Hz, 3H) ; ®*C-NMR (125 MHz, CDCl,): 200.86, 159.98, 135.44, 127.74, 119.62, 50.07,
49.46, 45.41, 40.74, 40.33, 40.07, 28.98, 27.55, 26.12, 24.48, 23.20, 21.86, 19.95, 18.66, 7.87,

HRMS (FD+) calcd. for CyoH3z,0 [M]*: 288.2453, found: 288.2468.

(4aR,7R,8R,8aS)-8-(2-hydroxyethyl)-4a,7,8a-trimethyl-7-((R)-3-methylbutan-2-yl)octahydrona
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phthalen-2(1H)-one (72)
OH OH

Pd/C

:): _):
o o P
rt
7 72

89%

To a solution of compound 71 (21 mg, 0.069 mmol) in EtOAc (1 ml) was added 10% Pd/C (7.0 mg,
3.4 mmol) and hydrogenated at room temperature. After stirring for 30 min at the same temperature,
the mixture was purified by flash column chromatography (silica gel, hexanes: EtOAc= 0: 100) to
give the compound 72 as a colorless crystal (19 mg, 0.062 mmol, 89%).;mp 123-126 °C; IR (neat):
3300 (br), 2969, 1696, 1457, 1160, 1128, 951 cm™; *H-NMR (500 MHz, CDCls):3.60-3.48 (m, 2H),
2.52-2.45 (m, 1H), 2.38-2.32 (m, 1H), 2.23 (d, J = 15.2 Hz, 1H), 2.08 (d, J = 15.2 Hz, 1H),
2.05-1.96 (m, 1H), 1.88-1.76 (m, 2H), 1.70-1.50 (m, 5H), 1.48-1.38 (m, 3H), 1.24 (dt, J = 13.9, 3.4
Hz, 1H), 1.17 (s, 3H), 1.13 (dt, J = 13.3, 3.4 Hz, 1H), 0.98 (s, 3H), 0.94 (d, J = 7.0 Hz, 3H), 0.92 (d,
J = 6.4 Hz, 3H), 0.86 (s, 3H), 0.77 (d, J = 7.6 Hz, 3H) ; *C-NMR (125 MHz, CDCl,): 212.91, 64.59,
51.04, 44.58, 42.28, 40.96, 40.09, 37.14, 35.78, 34.42, 31.23, 29.66, 27.39, 26.22, 25.02, 20.86,

19.35, 19.11, 18.74, 7.89 HRMS (FI+) calcd for CyHs,0, [M+H]":309.2794, found:309.2803.
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Chapter 2.

Model studies on a left-hand segment of enfumafungin

2-1. Introduction

In chapter 1, the synthesis of the right-hand segment of enfumafungin was described. In order to
synthesize enfumafungin by a convergent strategy using this segment, there are three serious issues
to be resolved. The first is the establishment of a synthetic method for a left-hand segment in a
stereoselective manner. The second is the development of an efficient method for connecting the
left-hand segment and the right-hand segment. The o,3-enone moiety of the right-hand segment
would be utilized for this purpose, while the steric hindrance by the quaternary carbon atom at the
y-position might prevent a carbon-carbon bond formation at the B-position. The last issue is the
construction of the quaternary carbon at the angular position of the AB ring system. It was expected

that these issues would require the development of new methodologies.

..................

Econnection of these bold bonds |

............................ J

right-hand segment (22) key intermediate (73) Enfufamafungin

Scheme 17. Convergent strategy for the total synthesis of enfumafungin

On the other hand, the Tanino’s research group, to which the author belongs, recently developed a
new formal semi-pinacol rearrangement reaction (scheme 18).3” Thus, an o,-enone 74 was reacted
with an a-cyano carbanion generated from an alkanenitrile, and the resulting allylic alcohol was
subjected to a stereoselective epoxidation reaction catalyzed by a vanadium reagent, giving rise to
epoxy alcohol 75. Successive treatment of 75 with trimethylaluminum and lithium diethylamide

resulted in formation of a semi-pinacol rearrangement product 80. The reaction proceeds through a
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stepwise mechanism as follows: (1) the tertiary alcohol reacts with trimethylaluminum to generate
the corresponding aluminum alkoxide 76 with evolution of methane, (2) deprotonation of the nitrile
moiety by lithium diethylamide gives an a-cyano carbanion which attacks the epoxide moiety to
form a cyclopropane intermediate 78, (3) the resulting cyclopropane undergoes spontaneous
cleavage by the electron donation from the aluminum alkoxide moiety. Product 80, a,-hydroxy
ketone possessing an alkanenitrile side chain at the a-position, can be converted to enone 81 by

dehydration mediated by TFFA under basic conditions.

PN Me3Al
1)R” “CN CNon HMPA; CN . o
o LDA o LINEt, , O—AMe, LNEt ] O—Ame,
RT3 RO~
2) TBHP D THF @ k@
V(O)OEt, 0
74 75 76 77
o
¢
- (ol/NMez o o TEAA o
>f>?i:@ — NCﬁO\w — NC_. — NC
R j DBU
R  OAMe, OH
78 79 80 81

Scheme 18. New formal semi-pinacol rearrangement reaction

The author planned to use this reaction for connecting the left-hand segment and the right-hand
segment, and the synthetic study was initiated starting with 4,4-dimethyl-2-cyclohexen-1-one as a
model compound of the right-hand segment. Scheme 19 shows the synthetic strategy toward the
model compound of enfumafungin. The A ring precursor 82, which is prepared as an acyclic
compound having the appropriate substituents, would be subjected to the sequence involving the
connection with the enone and the formal semi-pinacol rearrangement reaction. The A ring would be
constructed by an intramolecular cyclization reaction utilizing the cyano group of 83, and the B ring

is to be formed through intramolecular cyclization at the -carbon of the C ring enone.
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Scheme 19. Model study for constructing the left part of enfumafungin

2-2. Stereoselective synthesis of the nitrile derivative

Firstly, the synthesis of a precursor of the A ring, a nitrile derivative having appropriate
substituents, was explored. Treatment of o,f-unsaturated ester 87, which was prepared from
1,4-butanediol (86) by a known procedure,® with lithium diisopropylamide followed by
benzyloxymethyl chloride afforded p,y-unsaturated ester 88. The trans-alkene was subjected to a
Sharpless asymmetric dihydroxylation reaction, during which the 1,2-diol product spontaneously
underwent lactonization to give a mixture of lactone 89 and its isomer 90.*° Fortunately, these
isomers were easily separated each from the other by silica gel column chromatography, and the
configuration of the lactones was established by the NOE experiment. It is noteworthy that the
sequence based on the resolution of a racemic compound 88 after asymmetric dihydroxylation is
advantageous for providing a large amount of optically active intermediate, while the enantiomeric

purity of the desired isomer determined by HPLC was 89%ee.
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Scheme 20. Preparation of optically active intermediate 89

With the desired lactone 89 in hand, elongation of the carbon chain with appropriate functional
groups was performed (Scheme 21). Reductive cleavage of the lactone afforded triol 91 which was
protected as five-membered acetonide 92 in a regioselective manner. Primary alcohol 92 was
converted to allylic alcohol 95 through DMP oxidation, the Horner-Wadsworth-Emmons reaction,
and DIBAL reduction. After protection of the alcohol with TBDPS group and removal of the
p-methoxybenzyl group with DDQ, the resulting alcohol 97 was transformed into nitrile 99 through

S reaction of mesylate with KCN.
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Scheme 21. Stereoselective synthesis of nitrile 99

2-3. Construction of the tricyclic skeleton

With the A ring precursor 99 in hand, the stage was set for the introduction of the nitrile side chain
to the C ring (Scheme 22). Treatment of nitrile 99 with lithium diisopropylamide afforded the
a-cyano carbanion which was reacted with 4,4-dimethyl-2-cyclohexen-1-one to give allylic alcohol
100 as an inseparable mixture of four diastereomers. The mixture was oxidized by TBHP in the
presence of a vanadium catalyst, and the resulting epoxy alcohol 101 was successively treated with
trimethylaluminum and lithium diethylamide. The formal semi-pinacol rearrangement reaction of
101 occurred smoothly, and the product was subjected to the dehydration reaction by using TFFA
under basic conditions. The desired enone 103, consisting of a 1:1 mixture of epimers at the cyano

group, was obtained in 75% overall yield from nitrile 99.
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Scheme 22. Synthesis of cyclohexenone via formal semi-pinacol rearrangement reaction

The next issue is the stereoselective construction of the A ring by using the nitrile moiety of the
coupling product. The author planned to apply the intramolecular conjugate addition reaction of a
nitrile, which has proved to be useful for the stereoselective construction of the D ring. In order to
introduce the o,B-unsaturated ester moiety to the substrate, the TBDPS group of silyl ether 103 was
removed by tetrabutylammonium fluoride (Scheme 23). Oxidation of the resulting alcohol 104
through Dess-Martin oxidation followed by Pinnick oxidation afforded the corresponding
a,B-unsaturated carboxylic acid.*® ** After esterification with trimethylsilyl diazomethane,** the
ketone moiety of 105 was protected as an enol silyl ether by the treatment with

tert-butyldimethylsilyl trifluoromethanesulfonate.
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Scheme 23. Synthesis of the cyclization precursor

The intramolecular cyclization reaction of nitrile 106 for constructing the A ring was explored
(Table 2). Surprisingly, the reaction with a small excess amount of lithium hexamethyldisilazide
(LIHMDS) led to recovery of the starting material (entry 1), while a large amount of LiHMDS
provided the cyclized product 107, albeit in 14% yield (entry 2). The combined use of HMPA and
TIPSCI as additives also failed to improve the yield of the cyclization reaction (entry 3). On the
other hand, DMF was found to be the choice of solvent, resulting in a dramatically improved yield
of the desired product 107 as a single isomer. The origin of the remarkable solvent effect is not clear,
while DMF may coordinate to the lithium ion of the anionic intermediates. The NOE experiments of
107 indicated the relative stereochemistry of the ester side chain. Although the configuration of the
quaternary carbon atom at the nitrile moiety could not be determined from the NOEs, it was

supposed that the bulky cyclohexadiene ring would be located at the equatorial position.
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BnO cN OTBS
base )V N
= o i
solvent o CO,Me
temp. Hd
N.O.E
entry reagent solvent temp. yield
1 LiIHMDS (1.1 eq) THF —78t0 0°C SM was recovered (50%)
2 LiHMDS (1.5 eq +0.7 eq) THF —-78t00°C 14%
3 LiIHMDS, HMPA, TIPSCI THF -78t0 0 °C trace
4 LiIHMDS (1.4 eq) DMF —40 °C 80% single diastereomer

Table 2. Intramolecular conjugate addition reaction of 106 for constructing the A ring

With the intermediate possessing the A ring and the C ring in hand, the stage was set for the
construction of the B ring. Initial plan was based on the radical cyclization reaction between the
terminal carbon and the cyclohexenone moiety (Scheme 24). Selective reduction of the ester moiety
by DIBAL followed by removal of the silyl group afforded enone 109, and the primary alcohol
moiety was converted to the corresponding bromide 110. Then, construction of the B ring was
examined by heating with tributyltin hydride and AIBN. The product, however, was not the desired
ketone 115 but enone 114 possessing a cyano group at the terminal position of the side chain. The
result indicates that the primary radical generated from the bromide favored the addition with the
cyano group rather than the cyclohexene moiety. The resulting imino N-radical intermediate would

undergo the C-C bond cleavage to form a stable allylic tertiary radical.
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TBAF

DIBAL AcOH
THF THF
0°C rt

OBn
108 93% (2 steps)

CBry
PPh; n-BuzSnH
imidazole AIBN
—_— _—
DCM Br toluene
reflux ” 80°C
OBn
110

OBn OBn
113 114 115
_ desired

Scheme 24. Attempted radical cyclization reaction of bromide 110

On the other hand, Tori reported that a cyclohexenone derivative having an aldehyde side chain
undergoes intramolecular cyclization reaction promoted by samarium(ll) iodide (Scheme 25).*® The
efficient 6-endo cyclization reaction led the author to examine the reaction of aldehyde 121, which
was prepared by the DMP oxidation of alcohol 109. Upon treatment with samarium(ll) iodide,
cyclization of 121 occurred to give tricyclic compound 122 in 34% overall yield. The
stereochemistry of the product 122 was determined by the NOE experiments and the coupling
constants in the proton NMR spectra, in which the large coupling constant (12.7 Hz) observed

between H, and H, indicated the trans-diaxial relationship of them.

47



E Sml, mediated reductive cyclization by Tori (2003)

(0]
Sm|2

MeOH

THF
0°C

116 97%
(20:70:0:10)

Sml,
MeOH
THF .
0°C 2
OBn OBn 35% (2 steps) OBn
109 121 122
Hap J = 12.7 Hz
Hab1 Hbc J =12.7, 1.3 Hz BnO. CNO H
O
(0] ~/H
H
H H_jOH

Scheme 25. Construction of the ABC ring system by using Sml,

Although the stereochemistry of tricyclic compound 122 possessing the cis-fused BC ring is not
consistent with that of enfumafungin, 122 was found to afford enone 123 by the treatment with
phosphoryl chloride in pyridine. The reaction proceeded through dehydration to form a
B,y-unsaturated ketone which isomerized to more stable o,3-unsaturated ketone 123. These results
suggested that the configuration of the angular hydrogen of the BC ring system may be controlled

by stereoselective reduction of the a,-unsaturated ketone moiety.

POCI; O
S AcO,
pyridine ><O !
60°c GIuo 5
65% e 5 - _E

Enfufamafungin

Scheme 26. Dehydration reaction of tricyclic compound 122
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In summary, the author has achieved the stereoselective synthesis of a model compound that
corresponds to the left part of enfumafungin. The A ring precursor was synthesized as an acyclic
alkanenitrile possessing appropriate substituents thorough the Sharpless asymmetric dihydroxylation
reaction. After connection with the C ring segment via a new formal semi-pinacol rearrangement
reaction, the A ring was formed by a diastereoselective intramolecular conjugate addition reaction.
Finally, the B ring was constructed by a samarium(ll) iodide mediated reductive cyclization reaction.
The present method for constructing the ABC ring system is to be applied to the total synthesis of

enfumafungin.
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Experimental section

Ethyl (E)-2-((benzyloxy)methyl)-6-((4-methoxybenzyl)oxy)-2-methylhex-3-enoate (88)

LDA
BOMCI

BMBO GOt PMBO _~_CO,Et
M THF-HMPA

-78 °C OBn

87 81% 88

To a stirred solution of ester 87 (6.17 g, 21.1 mmol) in THF (100 mL) and HMPA (5.51 ml) was
added LDA (1.1 M in THF, 28.0 mL, 31.7 mmol) at —78 °C. After stirring for 30 min, BOMCI (5.80
ml, 42.2 mmol) was added dropwise. After stirring for 30 min, the reaction mixture was quenched
with a saturated aqueous solution of NH,CI and extracted with EtOAc. The combined organic
phases were washed with brine, dried over MgSO,, filtered and concentrated in vacuo. The residue
was purified by flash column chromatography (silica gel, hexanes: EtOAc = 70: 30) to give the
compound 88 as a colorless oil (7.08 g, 17.2 mmol, 81%):*H-NMR (500 MHz, CDCls) : 7.35-7.20
(m, 7H), 6.86 (d, J= 8.8 Hz, 2H), 5.64 (d, J= 16.0 Hz, 1H), 5.57 (dt, J= 16.0, 6.6 Hz, 1H), 4.53 (d,
J=12.7 Hz, 1H), 4.51 (d, J= 12.7 Hz, 1H), 4.42 (s, 2H), 4.14 (g, J= 5.9 Hz, 2H), 3.80 (s, 3H), 3.67
(d, J= 8.8 Hz, 1H), 3.44 (t, J= 7.0 Hz, 2H), 3.37 (d, J= 8.8 Hz, 1H), 2.33 (dt, J= 7.0, 6.6 Hz, 2H),

1.34 (s, 3H), 1.23 (t, J= 5.9 Hz, 3H).

(3S,4R,5R)-3-((benzyloxy)methyl)-4-hydroxy-5-(2-((4-methoxybenzyl)oxy)ethyl)-3-methyldihy

drofuran-2(3H)-one (89)
KzOSOz(OH)4

(DHQD)PHN
K,COs

o)
PMBO _~__CO,Et KaFe(CN)g
\/\/?< MsNH, o R
- = N
OBn tBUOH-H,0 PMBO oBn
0°C OH

88 47%, 89%ee 89

To a solution of K,0s0,(OH),(56.0 mg, 0.153 mmol), (DHQD)PHN (766 mg, 1.53 mmol), K,CO3
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(21.1 g, 153 mmol), KsFe(CN)g (56.3 g, 153 mmol) and MsNH, (4.84 g, 50.9 mmol) in t-BuOH
(350 ml), H,0O (350 ml) was added olefin 88 (21.0 g, 51 mmol) at 0 °C. After stirring for 16 h at
same temperature, the reaction was added a solid of Na,S,0;and a saturated aqueous solution of
NaHCO;. The reaction mixture was extracted with EtOAc. The combined organic phases were
washed with brine, dried over MgSQ,, filtered and concentrated in vacuo. The residue was purified
by flash column chromatography (silica gel, hexanes: EtOAc = 70: 30) to give the compound 89 as a
colorless oil (9.60 g, 24.0 mmol, 47%, 89% ee determined by chiral SFC: Daicel IA, CO,: MeOH=
90:10, 2 ml/min, minor enantiomer tR=12.1 min, major enantiomer tR=14.1 min): *H-NMR (500
MHz, CDCly): 7.40-7.21 (m, 7H), 6.87 (d, J= 8.8 Hz, 2H), 4.64-4.60 (m, 1H), 4.59 (d, J= 12.0 Hz,
1H), 4.54 (d, J= 12.0 Hz, 1H), 4.48 (d, J= 11.0 Hz, 1H), 4.43 (d, J= 11.0 Hz, 1H), 4.13-4.08 (m, 1H),
3.86 (d, J= 9.5 Hz, 1H), 3.80 (s, 3H), 3.67-3.63 (m, 3H), 3.62-3.55 (m, 1H), 2.15-2.07 (m, 2H), 1.27

(s, 3H).

Methyl(S,E)-5-(benzyloxy)-4-((4R,5R)-5-(2-((4-methoxybenzyl)oxy)ethyl)-2,2-dimethyl-

1,3-dioxolan-4-yl)-4-methylpent-2-enoate (94)

_LiAH, OH | TSOH-H,0
/\/H>:\/OH -
PMBO PMBO acetone

OH reflux
91 92

Q

MeO*P
MeG OMe

NaH

THF

reflux

93 72% (4 steps) 94

To a suspension of LiAlH, (1.72 g, 45.3 mmol) in THF (150 ml) was added a solution of lactone 89
(8.74 g, 21.8 mmol) in THF (50 ml) at 0 °C. The reaction was quenched with H,O (1.72 ml), 15%
aqueous solution of NaOH (1.72 ml) and H,O (5.26 ml). After stirring for overnight, the reaction

mixture was filtrated through a pad of Celite. The filtrate was concentrated in vacuo to give 91 as a
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colorless oil that was used for next step without purification. Obtained triol was dissolved in acetone
(100 ml) and added TsOH - H,0O (395 mg, 2.08 mmol). The reaction mixture was stirred at reflux for
3 h. After being cooled to room temperature, the reaction mixture was added K,CO3 and was diluted
with Et,O. After filtrated to remove the precipitate, the filtrate was concentrated in vacuo to give 92
as a colorless oil that was used for next step without purification. To a solution of obtained alcohol
in DCM (100 ml) was added Dess-Martin periodinane (8.63 g, 20.3 mmol) and H,O (0.40 ml, 22.2
mmol). After stirring for 1 h at room temperature, the reaction was quenched with a solid of
Na,S,0; and a saturated aqueous solution of NaHCO;. The reaction mixture was extracted with
EtOAc. The combined organic phases were washed with brine, dried over MgSO,, filtered and
concentrated in vacuo. The residue was used without further purification in the next step. A
suspension of NaH (60% in oil, 2.22 g, 55.6 mmol) in THF (150 ml) was added trimethyl
phosphonoacetate (7.97 ml, 55.6 mmol) at 0 °C. After being stirred for 30 min, a solution of crude
aldehyde in THF (50 ml) was added to a reaction mixture and the reaction mixture was heated to
reflux. After being stirred for 3.5 h, the reaction was quenched by addition of saturated aqueous
solution of NH,CI. The aqueous layer was extracted with Et,O three times. The combined organic
phases were washed with brine, dried over MgSO,, filtered and concentrated in vacuo. The residue
was purified by flash column chromatography (silica gel, hexanes: EtOAc= 90: 10 to 70: 30) to give
the compound 94 as a colorless oil (7.80 g, 15.6 mmol, 74% for 4 steps): *H-NMR (500 MHz,
CDCly): 7.38-7.22 (m, 7H), 7.13 (d, J= 16.1 Hz, 1H), 6.88 (d, J= 8.8 Hz, 2H), 5.92 (d, J= 16.1 Hz,
1H), 4.53 (d, J= 16.9 Hz, 1H), 4.50 (d, J= 16.9 Hz, 1H), 4.44 (s, 2H), 3.93-3.86 (m, 2H), 3.82 (s,
3H), 3.75 (s, 3H), 3.66-3.58 (m, 1H), 3.57-3.53 (m, 1H), 3.51 (d, J= 9.0 Hz, 1H), 3.37 (d, J= 9.0 Hz,

1H), 1.93-1.87 (m, 1H), 1.85-1.76 (m, 1H), 1.37 (s, 6H), 1.13 (s, 3H).

(((S,E)-5-(benzyloxy)-4-((4R,5R)-5-(2-((4-methoxybenzyl)oxy)ethyl)-2,2-dimethyl-1,3-dioxolan-

4-yl)-4-methylpent-2-en-1-yl)oxy)(tert-butyl)diphenylsilane (96)
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OPMB TBDPSCI
imidazole

OH DMF
rtto 50 °C

OBn
96

99% (2 steps)

94 95

To a stirred solution of ester 94 (3.04 g, 6.10 mmol) in THF (50 ml) at —78 °C was added DIBAL
(1.0 M in hexane, 14.6 ml, 14.6 mmol) dropwise. After being stirred for 30 min at same temperature,
the reaction was guenched by addition of a saturated aqueous solution of sodium potassium tartrate,
diluted with EtOAc and allowed to stir at room temperature for an additional 2 h to get two
separated layers. The agqueous layer was extracted with EtOAc three times. The combined organic
phases were washed with brine, dried over MgSO,, filtered and concentrated in vacuo. The residue
was used without further purification in the next step. The crude and imidazole (1.30 g, 19.1 mmol)
were dissolved in DMF (10 mL) and TBDPS-CI (2.46 ml, 9.56 mmol) was added at room
temperature. The reaction mixture was heated at 50 °C for 1 h. After cooling to room temperature,
the reaction mixture was diluted with Et,O, washed with water, brine, dried over MgSO,, filtered
and concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,
hexanes: EtOAc= 95: 5 to 85: 15) to give the compound 96 as a colorless oil (4.50 g, 6.35 mmol,
99% for 2 steps): *H-NMR (500 MHz, CDCl): 7.67 (d, J= 7.6 Hz, 4H), 7.44-7.30 (m, 11H), 7.23 (d,
J= 8.3 Hz, 2H), 6.84 (d, J= 8.3 Hz, 2H), 5.89 (d, J= 16.4 Hz, 1H), 5.62 (dt, J= 16.4, 4.4 Hz, 1H),
4.52 (s, 2H), 4.42 (s, 2H), 4.21 (d, J= 4.2 Hz, 2H), 3.95-3.88 (m, 1H), 3.86 (d, J= 7.8 Hz, 1H), 3.78
(s, 3H), 3.65-3.58 (m, 1H), 3.57-3.52 (m, 1H), 3.50 (d, J= 9.0 Hz, 1H), 3.22 (d, J= 9.0 Hz, 1H),

1.94-1.86 (m, 1H), 1.84-1.75 (m, 1H), 1.35 (s, 3H), 1.32 (s, 3H), 1.06 (s, 3H), 1.04 (s, 3H).

2-((4R,5R)-5-((S,E)-1-(benzyloxy)-5-((tert-butyldiphenylsilyl)oxy)-2-methylpent-3-en-2-yl)-2,2-

dimethyl-1,3-dioxolan-4-yl)ethan-1-ol (97)

To a solution of ether 00 (4.50 g, 6.35 mmol) in DCM (50 ml), H,O (15 ml) was added DDQ (2.88
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0, 12.7 mmol) at room temperature. After being stirred for 1 h at same temperature, the reaction
mixture was quenched with a solid of Na,S,03and a saturated aqueous solution of NaHCO;. The
reaction mixture was extracted with EtOAc. The combined organic phases were washed with a
saturated aqueous solution of NaHCOg brine, dried over MgSQ,, filtered and concentrated in vacuo.
The residue was purified by flash column chromatography (silica gel, hexanes: EtOAc= 90: 10 to
70: 30) to give the compound 97 as a colorless oil (3.07 g, 5.21 mmol, 82%): *H-NMR (500 MHz,
CDCly): 7.67 (d, J= 7.6 Hz, 4H), 7.45 -7.26 (m, 11H), 5.90 (d, J= 16.0 Hz, 1H), 5.63 (dd, J= 16.0,
4.6 Hz, 1H), 4.52 (s, 2H), 4.22 (d, J= 4.2 Hz, 2H), 4.10-3.98 (m, 1H), 3.87 (d, J= 7.8 Hz, 1H),
3.81-3.70 (m, 2H), 3.50 (d, J= 9.0 Hz, 1H), 3.24 (d, J= 9.0 Hz, 1H), 2.53 (dd, J= 7.3, 3.7 Hz, 1H),

1.83-1.74 (m, 2H), 1.38 (s, 3H), 1.33 (s, 3H), 1.05 (brs, 12H).

3-((4R,5R)-5-((S,E)-1-(benzyloxy)-5-((tert-butyldiphenylsilyl)oxy)-2-methylpent-3-en-2-yl)-2,2-

dimethyl-1,3-dioxolan-4-yl)propanenitrile (99)

MsCl KCN

Et;N TBAI O,

— X
DCM OTBDPS  pumF o)
-78°C 80 °C
OBn OBn
95% (2 steps)

97 98 99

To a solution of alcohol 97 (3.07 g, 5.21 mmol) and triethylamine (1.45 ml, 10.4 mmol) in DCM
(25 ml) at =78 °C was added methanesulfonyl chloride (0.487 ml, 6.26 mmol) dropwise. After being
stirred for 5 min, the reaction mixture was quenched with H,O. The reaction mixture was extracted
with EtOAc. The combined organic phases were washed with brine, dried over MgSO,, filtered and
concentrated in vacuo. The residue was used without further purification in the next step. The crude,
potassium cyanide (1.03 g, 15.7 mmol) and TBAI (0.194 g, 0.535 mmol) were dissolved in DMF
(15 mL) and the reaction mixture was stirred for 6 h at 80 °C. After being cooled to room
temperature, the reaction mixture was quenched with H,O. The reaction mixture was extracted with
EtOAc. The combined organic phases were washed with brine, dried over MgSQO,, filtered and
concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,

hexanes: EtOAc= 90: 10 to 80: 20) to give the compound 99 as a colorless oil (2.98 g, 4.98 mmol,
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95% for 2 steps): 'H-NMR (500 MHz, CDCls): 7.66 (d, J= 7.3 Hz, 4H), 7.47-7.26 (m, 11H), 5.88 (d,
J=16.0 Hz, 1H), 5.64 (dt, J= 16.0, 4.5 Hz, 1H), 4.51 (s, 2H), 4.22 (d, J= 4.5 Hz, 2H), 3.88-3.80 (m,
2H), 3.48 (d, J= 9.0 Hz, 1H), 3.22 (d, J= 9.0 Hz, 1H), 2.55-2.49 (m, 1H), 2.41-2.34 (m, 1H),

1.95-1.89 (m, 1H), 1.82-1.77 (m, 1H), 1.35 (s, 3H), 1.33 (s, 3H), 1.05 (s, 12H).

3-((4R,5R)-5-((S,E)-1-(benzyloxy)-5-((tert-butyldiphenylsilyl)oxy)-2-methylpent-3-en-2-yl)-2,2-

dimethyl-1,3-dioxolan-4-yl)-2-(3,3-dimethyl-6-oxocyclohex-1-en-1-yl)-2I3-propanenitrile (103)

TBHP
V(O)OEts

OTBDPS  pcM
rt

MezAl;
HMPA,;
LiNEt, TFAA
—_—
THF pyridine;
—78to0 0°C DBU
rt OBn
102 75% 103
(4 steps)

dr =1:1

To a solution of nitrile 99 (1.74 g, 2.91 mmol) in THF (20 ml) was added LDA (1.0 M in THF, 3.49
mL, 3.49 mmol) at =78 °C. After stirring for 30 min, 4,4-dimethyl cyclohex-2-en-1-one (0.459 ml,
3.49 mmol) was added dropwise. After stirring for 30 min, the reaction was quenched with a
saturated aqueous solution of NH,CI and extracted with EtOAc. The combined organic phases were
washed with brine, dried over MgSQ,, filtered and concentrated in vacuo. The residue was used
without further purification in the next step. To a solution of the crude in DCM (20 ml) was added
TBHP (1.16 ml, 5.82 mmol) and triethyl orthovanadate (0.026 ml, 0.146 mmol) at room temperature.
After stirring for 2 h, the reaction mixture was passed through a pad of silica gel and concentrated in
vacuo. The residue was used without further purification in the next step. To a solution of epoxy

alcohol in THF (25 ml) was added trimethyl aluminum (2.01 ml, 4.02 mmol) at 0 °C and the
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reaction mixture was warmed up to room temperature. After stirring for 30 min at the same
temperature, the reaction mixture was added HMPA (1.40 ml, 8.05 mmol) and was cooled to —78 °C.
LiNEt, (10.7 mmol), which was prepared from n-BuLi (2.65 M in hexane, 4.05 ml, 10.7 mmol) and
diethylamine (1.12 ml, 10.7 mmol) in THF (10 ml), was added to the reaction at same temperature.
The mixture was warmed up to room temperature and was stirred for 30 min. After cooling to
—78 °C, the reaction was stopped by addition of AcOH (1.53 ml, 26.8 mmol). The mixture was
added a saturated aqueous solution of sodium potassium tartrate, diluted with Et,0O, and allowed to
stir at room temperature. The aqueous layer was extracted with Et,O three times. The combined
organic phases were washed with brine, dried over MgSQO,, filtered and concentrated in vacuo. The
residue was used without further purification in the next step. The crude was dissolved in pyridine
(25 ml) and was added TFAA (1.13 ml, 8.05 mmol) and DBU (4.04 ml, 26.8 mmol) at room
temperature. After stirring for 30 min, the reaction mixture was quenched by H,O. The reaction
mixture was extracted with Et,0. The combined organic phases were washed with brine, dried over
MgSO,, filtered and concentrated in vacuo. The residue was purified by flash column
chromatography (silica gel, hexanes: EtOAc= 90:10 to 70: 30) to give a mixture of diastereomer of
compound 103 as a colorless oil (1.58 g, 2.19 mmol, 75% for 4 steps): "H-NMR (500 MHz, CDCly):
7.70-7.63 (m, 4H), 7.45-7.25 (m, 11H), 6.82 (s, 0.5H), 6.76 (s, 0.5H), 5.91 (d, J= 16.1 Hz, 0.5 H),
5.89 (d, J= 16.1 Hz, 0.5H), 5.70-5.62 (m, 1H), 4.56-4.48 (m, 2H), 4.28-4.20 (m, 2H), 4.07 (dd, J=
9.9, 4.5 Hz, 0.5H), 4.03-3.96 (m, 0.5H), 3.90-3.82 (m, 1.5 H), 3.79 (dt, J= 8.5, 2.9 Hz, 0.5 H), 3.51
(d, 3= 9.0 Hz, 0.5H), 3.49 (d, J= 9.5 Hz, 0.5H), 3.21 (d, J= 9.0 Hz, 0.5H), 3.20 (d, J= 9.5 Hz, 0.5 H),
2.52-2.42 (m, 2H), 2.05-1.78 (m, 4H), 1.40 (s, 1.5 H), 1.36 (s, 1.5H), 1.34 (s, 1.5H), 1.32 (s, 1.5H),

1.19(s, 1.5H), 1.15 (s, 1.5H), 1.14 (s, 3H), 1.08-1.03 (m, 12H).

3-((4R,5R)-5-((S,E)-1-(benzyloxy)-5-hydroxy-2-methylpent-3-en-2-yl)-2,2-dimethyl-1,3-dioxola

n-4-yl)-2-(3,3-dimethyl-6-oxocyclohex-1-en-1-yl)propanenitrile (104)
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97%

To a solution of silyl ether 103 (1.22 g, 1.69 mmol) in THF (15 ml) was added AcOH (0.145 ml,
2.54 mmol) and TBAF (1.0 M in THF, 2.54 ml, 2.54 mmol) at 0 °C. After being stirred for 4 h at
room temperature, the reaction mixture was quenched with brine. The reaction mixture was
extracted with EtOAc. The combined organic phases were washed with brine, dried over MgSQ,,
filtered and concentrated in vacuo. The residue was purified by flash column chromatography (silica
gel, hexanes: EtOAc= 90: 10 to 60: 40) to give a mixture of diastereomer of the compound 104 as a
colorless oil (793 mg, 1.65 mmol, 97 %):*H-NMR (500 MHz, CDCls): 7.40-7.28 (m, 5H), 6.81 (s,
0.5H), 6.77 (s, 0.5H), 5.84-5.74 (m, 2H), 4.52-4.48 (m, 2H), 4.17-4.10 (m, 2H), 4.06-3.97 (m, 1H),
3.90-3.75 (m, 1.5H), 3.48 (d, J= 9.0 Hz, 0.5H), 3.4 (d, J= 9.0 Hz, 0.5H), 3.32 (d, J= 9.0 Hz, 0.5 H),
3.28 (d, J= 9.0 Hz, 0.5 H), 2.51-2.42 (m, 2H), 1.90-1.80 (m, 2.5H), 1.38 (s, 1.5 H), 1.36 (s, 1.5H),
1.32 (s, 1.5H), 1.322 (s, 1.5H), 1.25 (s, 1.5H), 1.19 (s, 1.5H), 1.17 (s, 1.5H), 1.16 (s, 1.5H), 1.07 (s,

1.5H), 1.05 (s, 1.5H), 0.90-0.80 (m, 2H).

Methyl (4S,E)-5-(benzyloxy)-4-((4R,5R)-5-(2-cyano-2-(3,3-dimethyl-6-oxocyclohex-1-en-1- yl)

ethyl)-2,2-dimethyl-1,3-dioxolan-4-yl)-4-methylpent-2-enoate (105)
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NaClO,
NaH2PO4
2-methyl-2-butene

+-BuOH-CH3CN-H,0
rt

TMSCHN,

toluene-MeOH
rt

86%
(3 steps)

To a solution of alcohol 104 (793 mg, 1.65 mmol) in DCM (16 ml) was added Dess-Martin
Periodinane (768 mg, 1.81 mmol) and H,O (0.036 ml, 1.98 mmol) at room temperature. After
stirring for 1 h at same temperature, the reaction was quenched with a solid of Na,S,0;and a
saturated aqueous solution of NaHCO;. The reaction mixture was extracted with EtOAc. The
combined organic phases were washed with a saturated aqueous solution of NaHCO; brine, dried
over MgSQ,, filtered and concentrated in vacuo. The residue was used without further purification
in the next step. To a solution of crude in t-BuOH (15 ml)-CHsCN (5 ml)-H,O (5 ml) was added
NaH,PO,4 (790 mg, 6.59 mmol), NaClO, (298 mg, 3.29 mmol) and 2-methyl-2-butene (1.74 ml, 16.5
mmol) at room temperature. After stirring for 1 h at same temperature, the reaction was quenched
with brine. The reaction mixture was extracted with EtOAc. The combined organic phases were
washed with brine, dried over MgSQ,, filtered and concentrated in vacuo. The residue was used
without further purification in the next step. To a solution of carboxylic acid in toluene (10
ml)-MeOH (1 ml) was added TMSCHN, (0.6 M in hexane, 549 ml, 3.29 mmol) at room
temperature. After stirring for 30 min at same temperature, the reaction mixture was concentrated
under vacuum. The residue was purified by flash column chromatography (silica gel, hexanes:
EtOAc = 90: 10 to 70: 30) to give a mixture of diastereomer of the compound 105 as a colorless oil
(723 mg, 1.42 mmol, 86.2 %): *H-NMR (500 MHz, CDCl,): 7.36-7.25 (m, 5H), 7.07 (d, J= 16.1 Hz,
0.5H), 7.06 (d, J= 16.1 Hz, 0.5H), 6.81 (s, 0.5H), 6.75 (s, 0.5H), 5.92 (d, J= 16.1 Hz, 0.5 H), 5.90 (d,

J=16.1 Hz, 0.5H), 4.52-4.45 (m, 2H), 4.18-3.80 (m, 2.5H), 3.78-3.70 (m, 3.5H), 3.51-3.40 (m, 1H),
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3.35-3.28 (M, 1H), 2.50-2.40 (M, 2H), 2.05-1.72 (m, 4H), 1.38 (s, 1.5 H), 1.37 (s, 1.5H), 1.32 (s, 3H),

1.19 (s, 1.5H), 1.18-1.14 (m, 4.5H), 1.09 (s, 1.5H), 1.07 (s, 1.5H).

Methyl (4S,E)-5-(benzyloxy)-4-((4R,5R)-5-(2-(6-((tert-butyldimethylsilyl)oxy)-3,3-dimethyl
cyclohexa-1,5-dien-1-yl)-2-cyanoethyl)-2,2-dimethyl-1,3-dioxolan-4-yl)-4-methylpent-2-enoate

(106)

TBSOTf
EtsN

DCM
—78t0 0 °C

96%

To a solution of ketone 105 (723 mg, 1.42 mmol) in DCM (16 ml) was added Et;N (1.75 ml, 12.6
mmol) and TBSOTTf (1.16 ml, 5.04 mmol) at —78 °C. After stirring for 1 h at 0 °C, the reaction was
guenched with a saturated aqueous solution of NaHCOs.The reaction mixture was extracted with
DCM. The combined organic phases were washed with brine, dried over MgSO,, filtered and
concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,
hexanes: EtOAc= 95: 5 to 85: 15) to give a mixture of diastereomer of the compound 106 as a
colorless oil (758 mg, 1.22 mmol, 96 %): 'H-NMR (500 MHz, CDCl,): 7.36-7.28 (m, 5H),
7.15-7.04 (m, 1H), 5.91 (d, J= 16.1 Hz, 0.85H), 5.88 (d, J= 16.1 Hz, 0.15H), 5.74 (s, 0.85H), 5.62 (5,
0.15H), 4.85-4.80 (m, 1H), 4.54-4.44 (m, 2H), 4.05-3.80 (m, 3H), 3.74-3.70 (m, 4H), 1.40-0.90 (m,

24H), 0.22-0.17 (m, 6H).

Methyl 2-((3aR,4S,5R,6R,7aR)-4-((benzyloxy)methyl)-6-(6-((tert-butyldimethylsilyl)oxy)-3, 3-

dimethylcyclohexa-1,5-dien-1-yl)-6-cyano-2,2,4-trimethylhexahydrobenzo[d][1,3]dioxol- 5-yl)

acetate (107)
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80% OBn

106 107

To a stirred solution of nitrile 106 (700 mg, 1.12 mmol) in DMF (10 mL) was added LHMDS (1.0
M in THF, 1.68 mL, 1.68 mmol) at —40 °C. After stirring for 30 min, the reaction was quenched by
AcOH (0.193 ml, 3.37 mmol). The reaction mixture was diluted with H,O and extracted with EtOAc.
The combined organic phases were washed with brine, dried over MgSQ,, filtered and concentrated
in vacuo. The residue was purified by flash column chromatography (silica gel, hexanes: EtOAc=
90: 10 to 70: 30) to give the compound 107 as a colorless amorphous (571 mg, 0.915 mmol, 82%):
'H-NMR (500 MHz, CDCls): 7.35-7.26 (m, 5H), 6.02 (s, 1H), 4.79 (t, J= 4.9Hz, 1H), 4.60 (d, J=
11.7 Hz, 1H), 4.43 (d, J= 11.7 Hz, 1H), 4.28 (d, J= 10.0 Hz, 1H), 4.02-3.92 (m, 1H), 3.63 (d, J=
10.0 Hz, 1H), 3.56 (s, 3H), 3.41 (d, J= 9.8 Hz, 1H), 3.28 (d, J= 17.8 Hz, 1H), 3.05-2.95 (m, 1H),
2.85-2.75 (m, 1H), 2.42 (dd, J= 17.8, 5.9 Hz, 1H), 2.25-2.18 (m, 1H), 2.02 (dd, J= 16.6, 4.9 Hz, 1H),
1.95 (dd, J= 16.6, 4.9 Hz, 1H), 1.41 (s, 3H), 1.39 (s, 3H), 1.25 (s, 3H), 1.02 (s, 3H), 1.00 (s, 9H),

0.98 (s, 3H), 0.30 (s, 6H).
2-((3aR,5R,6R,7S,7aR)-5-((12-azanylidene)-13-methyl)-7-((benzyloxy)methyl)-6-(2-hydroxyethy
1)-2,2,7-trimethylhexahydrobenzo[d][1,3]dioxol-5-yl)-4,4-dimethylcyclohex-2-en-1-one (109)

TBAF
AcOH

THF
rt

93% (2 steps)

To a stirred solution of ester 107 (364 mg, 0.585 mmol) in THF (10 ml) at 0 °C was added DIBAL
(1.0 M in hexane, 2.34 ml, 2.34 mmol) dropwise. After being stirred for 30 min at same temperature,
the reaction was quenched by addition of a saturated aqueous solution of sodium potassium tartrate,

diluted with EtOAc, and allowed to stir at room temperature for an additional 2 h to get two
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separated layers. The aqueous layer was extracted with EtOAc. The combined organic phases were
washed with brine, dried over MgSQO,, filtered and concentrated in vacuo. The residue was used
without further purification in the next step. To a solution of crude in THF (5 ml) was added AcOH
(39.0 ul, 0.677 mmol) and TBAF (1.0M in THF, 677 ul, 0.677 mmol) at 0 °C. After being stirred for
5 min at same temperature, the reaction was quenched with H,O. The reaction mixture was extracted
with Et,O. The combined organic phases were washed with brine, dried over MgSQ,, filtered and
concentrated in vacuo. The residue was purified by flash column chromatography (silica gel,
hexanes: EtOAc= 90: 10 to 60: 40) to give the compound 109 as a colorless oil (263 mg, 0.546
mmol, 93 % for 2 steps): *H-NMR (500 MHz, CDCls): 7.35-7.26 (m, 5H), 7.07 (s, 1H), 4.56 (d, J=
12.0 Hz, 1H), 4.48 (d, J= 12.0 Hz, 1H), 4.17 (d, J= 10.0 Hz, 1H), 4.02-3.95 (m, 1H), 3.64 (d, J=
10.0 Hz, 1H), 3.48-3.35 (m, 3H), 2.68 (t, J= 12.1 Hz, 1H), 1.84 (t, J= 6.8 Hz, 1H), 1.50-1.40 (m,

4H), 1.38 (s, 3H), 1.26 (s, 3H), 1.23 (s, 3H), 1.22 (s, 3H), 1.20-1.18 (m, 1H).

(4aR,5R,6aR,7S,7aR,10aR,11aR,11bS)-7-((benzyloxy)methyl)-5-hydroxy-4,4,7,9,9-pentamethyl

-1-oxododecahydrophenanthro[2,3-d][1,3]dioxole-11a(2H)-carbonitrile (122)

35% (2 steps)
109 121 122

To a solution of alcohol 109 (40 mg, 0.083 mmol) in DCM (1.0 ml) was added Dess-Martin
periodinane (39 mg, 0.091 mmol). After stirring for 1 h at room temperature, the reaction was
guenched with s solid of Na,S,0;and a saturated aqueous solution of NaHCO;. The reaction mixture
was extracted with EtOAc. The combined organic phases were washed with brine, dried over
MgSQO,, filtered and concentrated in vacuo. The residue was used without further purification in the
next step. To a solution of MeOH (67.7 ul, 1.67 mmol) and samarium(I1) iodide (0.1 M in THF, 3.33
ml, 0.334 mmol) was added a solution of crude in THF (1.0 ml) at 0 °C. After being stirred for 15

min at same temperature, the reaction mixture was quenched with a saturated aqueous solution of
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NaHCOs;. The reaction mixture was extracted with EtOAc. The combined organic phases were
washed with brine, dried over MgSQ,, filtered and concentrated in vacuo. The residue was purified
by flash column chromatography (silica gel, hexanes: EtOAc= 65: 35) to give the compound 122 as
a colorless oil (14 mg, 0.029 mmol, 35 % for 2 steps): '"H-NMR (500 MHz, CDCl;): 7.35-7.26 (m,
5H), 4.60 (d, J= 12.0 Hz, 1H), 4.42 (d, J= 12.0 Hz, 1H), 4.38-4.34 (m, 1H), 4.19 (d, J= 10.0 Hz, 1H),
4.05-3.95 (m, 1H), 3.62 (d, J= 10.0 Hz, 1H), 3.41 (dd, J= 12.2, 3.9 Hz, 1H), 3.17 (d, J= 10.0 Hz,
1H), 2.78 (d, J= 12.8 Hz, 1H), 2.50 (ddd, J= 12.7, 7.3, 3.7 Hz, 1H), 2.35 (dt, J= 13.4, 4.2 Hz, 1H),
2.08-2.00 (m, 2H), 1.88 (dd, J= 11.2, 3.7 Hz, 1H), 1.74 (dd, J= 12.7, 1.3 Hz, 1H), 1.70-1.62 (m, 2H),

1.40 (s, 3H), 1.39 (s, 3H), 1.28 (s, 3H), 1.26-1.20 (m, 4H), 1.13 (d, J= 2.7 Hz, 1H), 1.10 (s, 3H).

(6aR,7S,7aR,10aR,11aR)-7-((benzyloxy)methyl)-4,4,7,9,9-pentamethyl-1-oxo-1,3,4,5,6,6a,7,7a,1

0a,11-decahydrophenanthro[2,3-d][1,3]dioxole-11a(2H)-carbonitrile (123)

POCI,

_—
pyridine
60 °C

65%

To a solution of alcohol 122 (6.2 mg, 0.013mmol) in pyridine (100 ul) was added POCI; (12 pl,
0.13 mmol) at room temperature. After stirring for 30 min at 80 °C, the reaction mixture was
guenched with a saturated aqueous solution of NaHCOs. The reaction mixture was extracted with
Et,0, dried over MgSO,, filtered and concentrated in vacuo. The residue was purified by preparative
thin layer column chromatography (silica gel, hexanes: EtOAc= 85: 15) to give the compound 123
as a colorless oil (3.9 mg, 0.013 mmol, 65%): "H-NMR (500 MHz, CDCls): 7.35-7.26 (m, 5H), 4.64
(d, J= 11.7 Hz, 1H), 4.41 (d, J= 11.7 Hz, 1H), 4.25 (d, J= 10.0 Hz, 1H), 4.14-4.09 (m, 1H),
3.68-3.60 (m, 2H), 3.16 (d, J= 10.0 Hz, 1H), 2.60-2.40 (m, 3H), 2.30-2.18(m, 2H), 1.88-1.75 (m,
2H), 1.74-1.68 (m, 1H), 1.40 (s, 3H), 1.39 (s, 3H), 1.32 (s, 3H), 1.28-1.18 (m, 2H), 1.16 (s, 3H),

1.14 (s, 3H).

62



1)

2)

3)

4)

5)

6)
7)
8)
9

References

Brandt, M. E.; Warnock, D. W. Epidemiology. J. Chemother., 2003, 15, 36-47.

Caston-Osorio, J. J.; Rivero, A.; Torre-Cisneros, J. Int. J. Antimicrob. Agents, 2008, 32,
103-109.

Cuenca-Estrella, M.; Bernal-Martinez, L.; Buitrago, M. J.; Castelli, M. V.; Gomez-Lopez, A.;
Zaragoza, O.; Rodriguez-Tudela, J. L. Int. J. Antimicrob. Agents, 2008, 32, 143-147.

Patterson, T. F. Lancet, 2005, 366, 1013-1025.

For a review, see: Gallis, H. A.; Drew, R. H.; Pickard, W. W. Rev. Infect. Dis., 1990, 12,
308-329.

For a review, see: Akins, R. A. Med. Mycol., 2005, 43, 285-318.

For a review, see: Ghannoum, M. A.; Rice, L. B. Clin. Microbiol. Rev., 1999, 12, 501-517.

For a review, see: Fanos, V.; Cataldi, L. J. Chemother., 2000, 12, 463-470.

Ostrosky-Zeichner, L.; Marr, K. A.; Rex, J. H.; Cohen, S. H. Clin. Infect. Dis., 2003, 37,

415-425.

10) (a) Borowski, E. FARMACO, 2000, 55, 206-208. (b) Grzybowska, J.; Sowinski, P.; Gumieniak,

J.; Zieniawa, T.; Borowski, E. J. Antibiot. (Tokyo), 1997, 50, 709-711. (c) Hac-Wydro, K.;
Dynarowicz-Latka, P.; Grzybowska, J.; Borowski, E. J. Colloid. Interface Sci., 2005, 287,
476-484. (d) lbragimova, V.; Alieva, I.; Kasumov, K.; Khutorsky, V. Biophys. Acta, 2006, 1758,
29-37. (e) Matsumori, N.; Sawada, Y.; Murata, M. J. Am. Chem. Soc., 2005, 127, 10667-10675.
(f) Palacios, D. S.; Anderson, T. M.; Burke, M. D. J. Am. Chem. Soc., 2007, 129, 13804-13805.

(9) Paquet, V.; Carreira, E. M. Org. Lett., 2006, 8, 1807-1809.

11) (a) Hann, I. M.; Prentice, H. G. Int. J. Antimicrob. Agents, 2001, 17, 161-169. (b) Herbrecht, R.;

Natarajan-Ame, S.; Nivoix, Y.; Letscher-Bru, V. Expert Opin. Pharmacother., 2003, 4,
1277-1287. (c) Lemke, A.; Kiderlen, A. F.; Kayser, O. Appl. Microbiol. Biotechnol., 2005, 68,

151-162. (d) Linden, P. K. Expert Opin. Pharmacother., 2003, 4, 2099-2110. (e) Martino, R.

63



Curr. Med. Res. Opin., 2004, 20, 485-504. (f) Veerareddy, P. R.; Vobalaboina, V. Drugs Today
(Barc.), 2004, 40, 133-145. (g) Tiyaboonchai, W.; Woiszwillo, J.; Middaugh, C. R. J. Pharm.
Sci., 2001, 90, 902-914.

12) (a) Adler-Moore, J.; Proffitt, R. T. J. Antimicrob. Chemother., 2002, 49, S21-S30. (b) Chopra, R.
J. Antimicrob. Chemother., 2002, 49, 43-47.

13) For a review, see: Sheehan, D. J.; Hitchcock, C. A.; Sibley, C. M. Clin. Microbiol. Rev., 1999,
12, 40-79.

14) Aoyama, Y.; Yoshida, Y.; Sato, R. J. Biol. Chem., 1984, 259, 1661-1666.

15) (a) For a review, see: Casalinuovo, I. A.; Di Francesco, P.; Garaci, E. Eur. Rev. Med. Pharmacol.
Sci., 2004, 8, 69-77. (b) Hoffman, H. L.; Ernst, E. J.; Klepser, M. E. Expert Opin. Investig.
Drugs, 2000, 9, 593-605.

16) For a review, see: Denning, D. W. Echinocandins. J. Antimicrob. Chemother., 2002, 49,
889-891.

17) (a) For reviewes, see: Cross, S. A.; Scott, L. J. Drugs, 2008, 68, 2225-2255. (b) Carter, N. J.;
Keating, G. M. Paediatr. Drugs, 2009, 11, 271-291.(c) Sucher, A. J.; Chahine, E. B.; Balcer, H.
E. Ann. Pharmacother., 2009, 43, 1647-1657.

18) Sheng. C.; Zhang. W. Curr. Med. Chem, 2011, 18, 733-766.

19) Schwartz, R. E.; Smith, S. K.; Onishi, J. C.; Meinz, M.; Kurtz, M.; Giacobbe, R. A.;Wilson, K.
E.; Liesch, J.; Zink, D.; Horn, W.; Morris, S.; Cabello, A.; Vicente, F. J.Am. Chem. Soc. 2000,
122, 4882-4886.

20) (a) Pelaez, F.; Cabello, A.; Platas, G.; Diez, M. T.; Gonzalez del Val, A.; Basilio, A.; Martan, I.;
Vicente, F.; Bills, G. E.; Giacobbe, R. A.; chwartz, R. E.; Onish, J. C.; Meinz, M. S.; Abruzzo, G.
K.; Flattery, A. M.; Kong, L.; Kurtz, M. B. Systematic Appl. Microbiol. 2000, 23, 333—343. (b)
Onishi, J.; Meinz, M.; Thompson, J.; Curotto, J.; Dreikorn, S.;Rosenbach, M.; Douglas, C.;
Abruzzo, G,; Flattery, A.; Kong, L.;Cabello, A.; Vicente, F.; Pelaez, F.; Diez, M. T.; Martin, |;
Bills, G.;Giacobbe, R.; Dombrowski, A.; Schwartz, R.; Morris, S.; Harris, G.; Tsipouras, A.;

Wilson, K.; Kurtz, M. B. Antimicrob. Agents Chemother. 2000, 44, 368—377.

64



21) (a) Balkovec, J. M.; Bouffard, F. A.; Tse, B.; Dropinski, J.; Meng, D.; Greenlee, M. L.; Peel, M.
R.; Fan, W.; Mamai, A.; Liu, H.; Li, K. PCT Intl. Patent Appl., WO 2,007,127,012 A1, 2007. (b)
Greenlee, M. L.; Wilkening, R.; Apgar, J.; Sperbeck, D.; Wildonger, K. J.; Meng, D.; Parker, D.
L.; Mamai, A. PCT Intl. Patent Appl., WO 2,010,019,206 A1, 2010. (c) Wilkening, R.; Apgar, J.;
Meng, D.; Parker, D. L.; Greenlee, M. L.; Sperbeck, D.; Wildonger, K. J.; Abruzzo, G.; Flattery,
A.; Galgoci, A.; Giacobbe, R.; Gill, C.; Hsu, M.-J.; Liberator, P.; Misura, A.; Motyl, M.; Nielsen
Khan, J.; Powles, M. A.; Racine, F.; Dragovic, J.; Habulihaz, B.; Fabre, E.; Heasley, B. H.;
Kirwan, R.; Lee, S.; Liu, H.; Mamai, A.; Nelson, K.; Pacofsky, G. J.; Peel, M. R.; Balkovec, J.
M. Poster F1-846 ICAAC, 2010. (d)Zhong, Y.-L.; Gauthier, D. R.; Shi, Y.-J.; McLaughlin, M.;
Chung, J. Y. L.; Dagneau, P.; Marcune, B.; Krska, S. W.; Ball, R. G.; Reamer, R. A.; Yasuda, N.
J. Org. Chem. 2012, 77, 3297-3310. (e) Heasley, B. H.; Pacofsky, G. J.; Mamai, A.; Liu, H.;
Nelson, K.; Coti, G.; Peel, M. R.; Balkovec, J. M.; Greenlee, M. L.; Liberator, P.; Meng, D.;
Parker, D. L.; Wilkening, R. R.; Apgar, J. M.; Racine, F.; Hsu, M.; Giacobbe, R. A
Nielsen-Kahn, J. Bioorg. Med. Chem. Lett. 2012, 22, 6811. (f) Apgar, J. M.; Wilkening, R. R.;
Greenlee, M. L.; Balkovec, J. M.; Flattery, A. M.; Abruzzo, G. K.; Galgoci, A. M.; Giacobbe, R.
A.; Gill, C. J.; Hsu, M. J.; Liberator, P.; Misura, A. S.; Motyl, M.; Nielsen Kahn, J.; Powles, M.;
Racine, F.; Dragovic, J.; Habulihaz, B.; Fan, W.; Kirwan, R.; Lee, S.; Liu, H.; Mamai, A.;
Nelson, K.; Peel, M. Bioorg. Med. Chem. Lett. 2015, 25, 5813-5818.

22) Jiménez-Ortigosa, C.; Paderu, P.; Motyl, M. R.; Perlina, D. S. Antimicrob. Agents Chemother.
2014, 58, 1248-1251.

23) Zorn, N.; Lett, R. Tetrahedron Lett. 2006, 47, 4325-4330.

24) Flemming, S.; Kabbara, J.; Nickisch, K.; Neh, H.; Westermann, J. Synthesis 1995, 317-320.

25) Winne, J. M.; Guang, Bin.; D’herde, I.; Clercq, P. J. D. Org. Lett., 2006, 8, 4815-4818.

26) Yoshimura, F.; Torizuka, M.; Mori, G.; Tanino, K. Synlett 2012, 23, 251-254.

27) Kahne, D.; Collum, D. B. Tetrahedron Lett. 1981, 22, 5011-5014.

28) Kim, S.; Ahn, K. H. J. Org. Chem. 1984, 49, 1717-1724.

29) (a) Mitsunobu, O.; Yamada, M. Bull. Chem. Soc. Jpn. 1967, 40, 2380-2382. (b) Mitsunobu, O.

65



Synthesis 1981, 1-28.

30) (a) Johnson, W. S.; Werthemann, L.; Bartlett, W. R.; Brocksom, T. J.; Li, T.; Faulkner, D. J.;
Petersen, M. R. J. Am. Chem. Soc. 1970, 92, 741-743. (b) For a review, see: Lutz, R. P. Chem.
Rev. 1984, 84, 205-247.

31) Tsunoda, T.; Suzuki, M.; Noyori, R. Tetrahedron Lett. 1980, 21, 1357-1358.

32) Wadsworth, W. S, Jr. Org. React. 1977, 25, 73-254.

33) Fujii, T.; Orimoto, K.; Nakada, M. Tetrahedron Lett. 2014, 55, 1100-1103.

34) Imamoto, T.; Kusumoto, T.; Tawarayama, Y.; Sugiura, Y.; Mita, T.; Hatanaka, Y.; Yokoyama, M.
J. Org. Chem. 1984, 49, 3904-3912.

35) Yu, J. Q.; Corey, E. J. Org. Lett. 2002, 4, 2727-2730.

36) Grieco, P. A.; Gilman, S.; Nishizawa, M. J. Org. Chem. 1976, 41, 1485-1486.
37) Domon, D.; Tanino, K. Yuki Gosei Symposium 2016, 109th, 60-61.
38) Kim, J. W.; Lee, H. W.; Lee, D. H. Bull. Korean Chem. Soc. 2011, 32, 2877-2878.

39) For a review, see: Kolb, H.; VanNiewenhze, M. S.; Sharpless, K. B. Chem. Rev. 1994, 94,
2483-2547.

40) Dess, D. B.; Martin, J. C. J. Org. Chem. 1983, 48, 4155-4156.

41) Kraus, G. A.; Roth, B. J. Org. Chem. 1980, 45, 4825-4830.

42) Aoyama, T.; Shioiri, T. Tetrahedron Lett. 1980, 21, 4461-4462.

43) Sono, M.; Onishi, S.; Tori, M. Tetrahedron. 2003, 59, 3385-3395.

66



Acknowledgement

All the studies in this thesis were carried out under the supervision of Professor Dr. Keijj
TANINO, Department of Chemistry, Faculty of Science, Hokkaido University. The author would
like to express deeply sincere appreciation to Professor Tanino for his guidance and constant
encouragement throughout the course of this work, in the preparation of this dissertation, and or
helpful discussions.

The author expresses his sincere thanks to Associate Professor Dr. Takahiro SUZUKI, Assistant
Professor Dr. Fumihiko YOSHIMURA for practical advice and fruitful discussion.

The author wishes to thanks sincerely Professor Dr. Takanori SUZUKI, Professor Dr. Hideaki
OIKAWA, Department of Chemistry, Faculty of Science, Hokkaido University and Professor Dr.
Hajime ITO, Division of Chemical Process Engineering, Faculty of Engineering, Hokkaido
University for serving my dissertation committee.

The author expresses cordial gratitude to Mr. Hitoshi MURAI, SHIONOGI TechnoAdvance
Research Co., LTD., Dr. Makoto KAWAI, Dr. Shuji YONEZAWA, and Dr. Toru NAKANO,
Pharmaceutical Research Division, SHIONOGI & Co., LTD. for providing opportunity to do
research at Shionogi Innovation center for Drug Discovery.

The author sincerely thanks to Dr. Yoshito NUMATA, Dr. Yutaka YOSHIDA, Dr. Kenichi
HIGASHINO, Dr. Kouhei MATSUI, Dr. Yoshio HATO, Pharmaceutical Research Division,
SHIONOGI & Co., LTD. and Mr. Youhei TAKAGI, CMC research Division, SHIONOGI & Co.,
LTD. for practical advice and fruitful discussion.

The author is grateful to Dr. Genta TADANO, Pharmaceutical Research Division, SHIONOGI &
Co., LTD. for his sincere encouragement and support.

The author thanks to all members of the “SHIONOGI family”’ for their help and support.

Finally, the author is so thankful to his wife for her understanding and support.

67



