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We have recently accomplished the total syntheses of the an-
timicrobial tricyclic 16-membered macrolides (+)-tubelacto-
micin A, B, D, and E by common synthetic approaches based
on intramolecular Diels—Alder (IMDA) reactions. These total
syntheses established the relative and absolute configura-
tions of three antibiotics — (+)-tubelactomicins B, D, and E -
for which only planar structures had been previously re-
ported. In addition, we have very recently accomplished the
total synthesis of a marine natural product, (+)-spiculoic
acid A, by an IMDA strategy. This Microreview summarizes

our total syntheses of the four tubelactomicns and the total
synthesis of (+)-tubelactomicin A by Tatsuta et al. Both ap-
proaches were based on the use of stereoselective IMDA re-
actions for the construction of the lower-half segments of the
antibiotics. Total syntheses of the unnatural (-) and natural
(+) enantiomers of spiculoic acid A, the former achieved by
Baldwin and Lee's group and the latter achieved by the au-
thor's group, are also summarized.
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1. Introduction

As a representative highly stercoselective cycloaddition
reaction, the Diels—Alder reaction is the most widely ex-
plored pericyclic reaction for the construction of function-
alized six-membered carbocyclic and heterocyclic com-
pounds. In addition to the construction of monocyclic six-
membered systems, polycyclic compounds containing a
variety of functionalities are also available by Diels—Alder
approaches. The remarkable usefulness of Diels—Alder reac-
tions has been validated in many instances through the syn-
theses of structurally complex natural products.'! The intra-
molecular version of the Diels—Alder (IMDA) reaction is
a valuable synthetic tool for the synthesis of structurally
intriguing natural products and has been widely explored
in recent years.”! In the past two decades, the author’s
group has been actively involved in the total synthesis of
biologically important natural products by a variety of
IMDA approaches.’) In this Microreview, the author sum-

synthesis using sugars as a chiral environment.

Kin-ichi Tadano was born in Chiba Prefecture, Japan in 1948. In 1977 he received his Ph.D. degree from Keio University
in synthetic studies of carbocylclic nucleosides under the supervision of Professor Tetsuo Suami. He started his academic
career in 1973 as an instructor in the Department of Applied Chemistry, Keio University. From 1977 to 1979 he was a
research associate at the laboratory led by Professor Kenneth L. Rinehart at the University of Illinois at Urbana—Cham-
paign, USA. He then returned to Keio University to resume his position at the faculty. He was promoted to Assistant
Professor (1982), to Associate Professor (1988), and then to Professor (1994). His principle scientific concerns are
synthetic studies of biologically important and structurally unique natural products and the development of asymmetric
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marizes the total syntheses of a family of tubelactomicins —
(+)-tubelactomicins A, B, D, and E — achieved for the first
time by the author’s group. The total synthesis of (+)-tube-
lactomicin A by Tatsuta et al. is also described. In addition,
the total syntheses of (-)- and (+)-spiculoic acid A, ac-
complished by Baldwin and Lee’s group and by the author’s
group, respectively, are summarized. All of the synthetic ap-
proaches to these biologically intriguing natural products
were achieved by the use of IMDA reactions for the con-
struction of the core structures of the target molecules.

2. Total Synthesis of (+)-Tubelactomicins

(+)-Tubelactomicin A (1, Figure 1) was isolated in 2000
from the culture broth of an actinomycete strain designated
MK703-102F1, a member of Nocardia, by Igarashi et al. at
the Institute of Microbial Chemistry in Japan. The rela-
tive and absolute stereochemistries of 1 were determined by
the Igarashi group after extensive spectroscopic analysis
and were finally confirmed by X-ray crystallographic analy-
sis of the carboxamide derivative with 1-phenylalanine
methyl ester.[*?! The structural characteristics of 1 are (1)
a trans-fused octahydronaphthalene moiety possessing six
contiguous stereogenic carbon centers, and (2) a 16-mem-
bered macrolactone incorporating an (E,E)-conjugate diene
and an ao,B-disubstituted (Z)-acrylic acid moiety. This tricy-
clic 16-membered macrolide 1 showed potent antimicrobial
activity against acid-fast bacteria, including drug-resistant
strains.*a After the isolation of 1, the same group isolated
and characterized closely related macrocyclic compounds,
designated (+)-tubelactomicin B (2), D (3), and E (4), from
the same microorganism.’] These antibiotics 2-4 also
showed broad ranges of antimicrobial activity. The planar
structures of 2-4 were determined on the basis of spectral
analysis (UV, IR, 'H and '3C NMR). Although their rela-
tive and absolute stereochemistries remained undetermined,
it was most likely that compounds 2-4 possessed the same
relative and absolute stereochemistries as 1 in that these
natural products were isolated from the same culture broth
as 1.

So far, a number of macrolides with tricyclic structures
similar to that of 1 have been isolated and characterized.
Synthetic studies directed towards these octahydronaph-
thalene-fused macrolides have been explored by several re-

search groups in the past two decades.®! In 2005, we re-
ported the total synthesis of 1, thereby confirming the
stereochemistry of the (+) natural form.”l In 2006, Tatsuta
et al. also reported the total synthesis of 1.8 Later, we ac-
complished the total syntheses of tubelactomicins 2-4 by
synthetic approaches slightly modified from that used for
the total synthesis of 1.7 As a result, we established the
unknown relative and absolute stereochemistries of 2-4 as
those depicted in Figure 1. Recently, we also reported the
total syntheses of 1 and 4 by a transannular Diels—Alder
approach, a variant of the IMDA reaction.['”]

2.1 Total Syntheses of (+)-Tubelactomicins A, B, D, and E
by the Tadano Group

Aiming at the total syntheses of tubelactomicins 1-4, all
in enantiomerically pure forms, we envisioned that these to-
tal syntheses should be accomplishable by convergent syn-
thetic approaches similar to those shown in Scheme 1.
These common synthetic strategies for obtaining the tricy-
clic skeletons of 1-4 were based on the assembly of upper-
half segments such as 5 or 6 and of lower-half segments
such as 7-9 by transition-metal-catalyzed cross-coupling
such as Stille coupling,['!l followed by lactonization to form
the 16-membered macrolide structures. The upper-half seg-
ments 5 (R! = CO,R) and 6 (R! = Me) should be synthesiz-
able from 10 (R! = CH,OP) and 11 (R = Me), respectively,
by an identical carbon—carbon bond extension strategy in-
volving the Evans syn-aldol approach.['?l The three lower-
half segments 7-9, all highly functionalized 1,1,2,3,5,6-
hexasubstituted octahydronaphthalene derivatives, should
be synthesizable through stereoselective (endo-selective and
n-facial-selective) IMDA reactions of unsaturated aldehydes
12 (R? = Me) or 13 (R? = CH,OP), each carrying a ter-
minal conjugated dienyne part. The intermediates 10 and 11
should be accessible from methyl (R)-lactate (14) through a
series of standard carbon-chain elongations. On the other
hand, the IMDA substrates 12 and 13 should be available
from diethyl (R)-malate (15) through a conventional car-
bon-elongation approach for the introduction of the ter-
minal trimethylsilylated dienyne part as a 4n system and
the a-methylated unsaturated aldehyde part as a 2r system.
Following these synthetic schemes, we eventually completed
the total syntheses of the four tubelactomicins 1-4 as de-
scribed below.

Figure 1. Structures of (+)-tubelactomicins A (1), B (2), D (3), and E (4).
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Scheme 1. Retrosynthetic analysis for the total syntheses of (+)-tubelactomicins A (1), B (2), D (3), and E (4).

The synthesis of the upper-half segment 5 starting from
14 is summarized in Scheme 2. A five-step standard func-
tional-group manipulation from 14, including the Roush—
Masamune variant of Horner—Wadsworth—-Emmons ole-
fination,['3! provided a two-carbon-elongated alcohol 16.
The further one-carbon extension of 16, including two sub-
stitution reactions via the iodide and then the cyanide,
followed by subsequent diisobutylaluminium hydride
(DIBAL-H) reduction, provided the d-hydroxylated hex-
anal derivative 17. After some unsuccessful trials, the
stereoselective construction of the (Z)-trisubstituted olefin
moiety in 5 was efficiently achieved through a Morita—

1) TBDPSCI, Et;N
2) DIBAL-H, —18°C

Baylis—Hillman reaction!*l between aldehyde 17 and methyl
acrylate in the presence of 1,4-diazabicyclo[2.2.2]Joctane
(DABCO) in MeOH.['] The 1:1 diastereomeric mixture of
the a-substituted acrylic acids 18 was treated with N-bro-
mosuccinimide (NBS) in the presence of Me,S, efficiently
providing the (Z)-trisubstituted allylic bromide 19 by a
highly stereoselective Sy2' mechanism.['8! The allylic bro-
mide 19 was converted into the unsaturated aldehyde 10 (R!
= CH,OTBS) by a four-step reaction sequence, involving
substitution of the bromine group by a hydroxy group by
treatment with aqueous 1,3-dimethyl-3.,4,5,6-tetrahydro-
2(1H)-pyrimidone (DMPU)!'"l and a two-step reduction/

CH,=CHCO,Me,

3) (Et,0),P(0)CH,COLEL 1y 1) 12, PPhy OHC DABCO, MeOH, me0.,C
i 2) NaCN, DMSO 2
LiCl, DBU Me ) Me 2d OH Me
4)H, Pd-C 3) DIBAL-H, 78 °C (86%)
5; DIZBAL-H, _18°C TBDPSO (90% over 3 steps) TB?:SO TBDPSO
(71% over 5 steps) 16 18
TBSO
NBS, Me,S, Br 1) DMPU-H,0, 100°C Bu,BOT, Et3N,
CH,Cl, 0°C 2) TBSCI, imidazole CH,Cl,, 78 °C to 0 °C
MeO,C , OHC
(95%) Me 3)DIBAL-H, -78 °C Me Me/YO
4) MnO,
TBDPSO (56% over 4 steps) TBDPSO Bna_N._0O
19 10 134 20
TBSO TBSO Ho
HO. 1) MOMCI, iPr,NEt MOMO
o " 2) NaBH, Bu,NF, THF  MOMO,
Me™ e Me™ Me M
3) Dess-Martin oxidation 89% w e
BraN\2O  OTBDPS ) car, PPhy EtN oreops " Mo N
\t \f ) CBry, 3, Etg Br” OBr Br OTBDPS
0 (71% over 5 steps)
21 22 23
;; NeGy, 2-metiyl2-b OMe o
aClO,, 2-methyl-2-butene MOMO,
phosphiate buffer MOMO $:3FSnH, Pd(PPhs),
" Me - Me
3) Mel, K,CO3, DMF Me" (81%) Me |
4) HFpyridine Br OH OH
(69% over 4 steps) SnBujs
24 5R'=CO,Me, P = MOM

Scheme 2. Synthesis of the upper-half segment 5 from methyl (R)-lactate (14).
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oxidation of the ester functionality. The stercoselective in-
troduction of the vicinal syn-methyl/hydroxy unit was well
achieved by an Evans-type chiral-auxiliary-based aldol ap-
proach using (4R)-4-benzyl-3-propionyloxazolidin-2-one
(20).1'21 This aldol reaction provided the desired syn adduct
21 exclusively.

Protection of the resulting aldol 21, reductive removal of
the chiral auxiliary, Dess—Martin oxidation!'8! of the re-
sulting primary alcohol, and a Corey—Fuchs a,a-dibro-
moolefination'”! of the resulting aldehyde eventually pro-
vided 22. De-O-silylation of the TBS ether 22 by treatment
with BuyNF, accompanied by simultaneous elimination of
HBr, provided the bromoalkyne 23. The allylic alcohol part
in 23 was then converted into the unsaturated ester 24 by
two-step oxidation and esterification, and subsequent de-O-
silylation. Regio- and stereoselective hydrostannylation of
the bromoalkyne 24, as in Pattenden’s report,?%! provided
the upper-half segment 5 in high yield.

The synthesis of the lower-half segment 7 [R%, R? = Me,
R = (2-trimethylsilyl)ethoxymethyl (SEM)] from diethyl
(R)-malate (15) through the IMDA reaction of 12 (R? =
Me) is summarized in Schemes 3 and 4. Regio- and dia-
stereoselective allylation of the lithium enolate generated
from 15 by Seebach’s procedure?!l predominantly provided
the anti-allylated product 25 (dr > 8:1) in a combined yield
of 69%. A standard carbon-chain elongation approach was
applied to 25 for introduction of both the diene and the
dienophile units in the IMDA substrate 12 as follows. Hy-
dride reduction of the esters in 25 and regioselective acetali-

zation of the resulting triol with benzaldehyde dimethylace-
tal, followed by (4-methoxyphenyl)methyl (MPM) protec-
tion of the remaining hydroxy group, provided 26. For puri-
fication of the intermediary triol derivative, an acetylation/
deacetylation step was required. Regioselective hydrobor-
ation of the vinyl group in 26, followed by workup with
alkaline hydrogen peroxide, provided the primary alcohol,
which was protected with TBSCI. The MPM group in the
resulting TBS ether was deprotected to provide 27.
Dess—Martin oxidation of 27 and treatment of the re-
sulting aldehyde with the conjugated enyne phosphonate 28
was next explored. The allylic phosphonate 28 was synthe-
sized from diethyl methylmalonate by reported pro-
cedures.??) This Horner-Wadsworth-Emmons reaction ef-
ficiently provided the (E,E)-conjugated dienyne 29 as the
sole adduct. By a three-step standard manipulation, includ-
ing a highly stereoselective Wittig olefination, 29 was con-
verted into the a-methylated o,B-unsaturated ester 30,
which was further converted into the IMDA substrate 12
by a reduction/oxidation procedure. We expected that the
unsaturated aldehyde 12 might be a more highly activated
substrate for the attempted IMDA reaction than the unsat-
urated ester 30. Gratifyingly, the IMDA reaction of 12 had
proceeded to completion at 80 °C (toluene) after 24 h with
high stereoselectivity, resulting in the formation of an ap-
proximately 8:1 inseparable mixture of the desired trans-
fused endo adduct 31 and the cis-fused exo adduct 32 in a
high combined yield of 93%. In this IMDA reaction, m-
facial selectivity was completely controlled and can be ex-

LDA, THF, 1) BHyMe,S
= o, _18°C- 3° 2
CLS =%,E,%H1 BBrC ' P 1) LiAIH, then Ac,0, pyridine  MPMO = then H,0, aq. NaOH
Z78°Cto-8°C EtOQCY?\ 2) NaOMe in MeOH “ 2) TBSCI, imidazole
% — > CO,Et :
(69%) OH 3) PhCH(OMe),, Amberlite 15 OYO 3) DDQ, aq.CH,Cl,
4) M‘I)DMCI, NaH Ph (81% over 3 steps)
25 dr>8:1 (65% over 4 steps) 26
1) Dess-Martin oxidation
HO 2) LIHMDS, THF-HMPA 1) ACOH/THF/H,0 3:2:1
-, OTBS -78°Cto 15°C 2) Dess-Martin oxidation
\l/ \\ (61% over 5 steps)
Ph |
27 Ve P(O)(OEt), 2
28
Me Me
™S
TMS, Et0,C7 1) DIBAL-H, —78°C  TMS._OHC™ ™S
X 2) Dess-Martin oxidation N | tsoohi?e’ BHT,
Me™ ~NF “ (91% over 2 steps) Me” 7 K 93%
OYO 0._0
30 Ph 12R2=Me Ph 31 32

|

e
HMe  H TMS =%
[e] XA 0
TMS—= H 0LPh — 3 H Sﬁﬂ oLPh — 32
OHC . OHC H
Me  H H

endo-TS

exo-TS

Scheme 3. Synthesis of the IMDA substrate 12 from diethyl (R)-malate (15) and the subsequent IMDA reaction.
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plained by use of the two transition-state (TS) models
shown in Scheme 3. In each TS the diene approached the
Si-face of the a-carbon atom in the a,B-unsaturated alde-
hyde moiety because the trans-fused benzylidene acetal
locked both TSs into trams-decaline-like chair conforma-
tions, as depicted for the endo and exo TSs. Furthermore, a
severe non-bonded interaction apparently existed between
the methyl substituent in the diene part and the dienophile
methyl terminal in the exo TS, making the exo TS signifi-
cantly unfavorable. As a result, the IMDA reaction prefer-
entially proceeded through the endo TS, leading to the de-
sired adduct 31. It should be emphasized that the benzyl-
idene acetal plays a critical role in this stereoselective
IMDA reaction by fixing the conformations of the endo and
exo transition states.

The conversion of the 8:1 mixture of 31/32 into the
lower-half segment 7 is summarized in Scheme 4. NaClO,
oxidation®3! of the IMDA adducts, followed by protodesi-
lylation of the TMS group in the acetylene moiety, provided
the carboxylic acid 33. At this stage, the compound derived
from the minor exo adduct 32 (not shown) was cleanly re-
moved from the major product 33 derived from 31. Acid
hydrolysis of the benzylidene acetal in 33, esterification with
[2-(triethylsilyl)ethoxy]methyl chloride (SEMCI), and selec-
tive tosylation of the diol, followed by deoxygenation of
the resulting primary tosylate by NaBH, reduction in hot
DMSO, eventually provided 34. The acetylene moiety in
34 was converted into the (E)-vinyl iodide by regio- and
stereoselective hydrostannylation and successive metal/io-
dine exchange. The lower-half segment 7 was thus obtained
efficiently from 15 after a 24-step reaction sequence.

With the upper-half segment 5 and the lower-half seg-
ment 7 to hand, their assembly was explored in order to
achieve the total synthesis of 1, which was performed as
depicted in Scheme 5. Stille coupling of 5 and 7 under Lie-

European Journal
of Organic Chemistry

beskind-modified Pd-catalyzed conditions®* provided the
(E,E)-conjugate diene 35 uneventfully and in a good yield
of 74%. The use of AsPh; and Cul was essential for the
effectiveness of this Stille coupling. HF-mediated removal
of the SEM group in ester 35 and subsequent lactonization
of the resulting seco-acid with Mukaiyama’s reagent (2-
chloro-1-methylpyridinium iodide, 361>3) in acetonitrile at
reflux in the presence of Et;N proceeded smoothly to pro-
vide the 16-membered macrolide 37 in a high yield of 88%
from 35. Finally, removal of the protecting groups in 37 by
acidic hydrolysis, followed by alkaline hydrolysis, provided
(+)-tubelactomicin A (1), which was identical in all aspects
to the natural specimen, including its dextrorotatory prop-
erties.

The total synthesis of (+)-tubelactomicin B (2) is summa-
rized in Scheme 6. The already described aldehyde 17 was
clongated through a Wittig reaction with Ph;P=C(Me)-
CO,Et. The resulting (E)-unsaturated ester was converted
into 38 by a reduction/oxidation process. The unsaturated
aldehyde 38 was subjected to Evans’ syn-aldol strategy un-
der the same reaction conditions as had been applied to the
conversion of 10 into 21. Further functional-group manipu-
lations from the syn-aldol product 39 through the same re-
action sequence as used for the synthesis of 23 from 21 pro-
vided bromoalkyne 41 via 40. In this series, treatment of
the Corey—Fuchs dibromoolefin-type intermediate with
NaHMDS provided 41. De-O-silylation of 41, followed by
stereoselective hydrostannylation, provided the upper-half
segment 6 of compound 2.

Stille coupling of 6 with the already described lower-half
segment 7, under the same conditions as had been used for
the coupling of 5 and 7, provided 42 in a practical yield of
75%. Removal of the SEM group and Mukaiyama lactoni-
zation of the resulting seco-acid provided the protected
form 43 of 2. The acidic removal of the MOM group in 43

1) 80% aq. AcOH co,sEmM 1) BusSnH, I\\Me_ cQ,SEM
C M2
1) NaClO, oxidation \\Me 2) SEMCI, EtsN \\Me H* Pd(PPh3),Cl> m H
2) BuaNF 3) TSCI, Et;N, DMAP N7 ANG 21 N

31+32

(83% over 2 steps) Me

| °
o 100 °C

1
Pd,(dba)s, AsPhg, Cul, 2)

DMF, r.t. to 60 °C

(74%)

Scheme 5. Completion of the total synthesis of 1.
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36, Et;N, MeCN, Me” 2) 1 M NaOH/MeOH
reflux 1:2,50 °C ]
X (87% over 2 steps)
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Me Me
1) PhyP=C(Me)CO,Et 20, Bu,BOTH, Et3N, HO 1) MOMCI, iProNEt
2) DIBAL-H CH,Cl, ~78 °C t0 0 °C 2) NaBHq4
17 Me o 0} Me _—
3) MnO, Me (95% over 3 steps)
(80% over 3 steps) TBDPSO B"‘CY/O OTBDPS
38 ] 39
Me 1) Dess-Martin oxidation Me 1) HF spyridine Me
MOMO, 2) Corey-Fuchs olefination MOMO, 2) BuzSnH, Pd(PPhs), MOMO
Me"’ Me  3) NaHMDS, THF, 0 °C M Me  (84% over 2 steps) Me™ Me
(75% over 3 steps)
OH OTBDPS Br OTBDPS OH
SnBug
40 41 6
MOMO, MOMO,
1) HF *pyridine
Pd(dba)z, AsPhs 2) 36, Et3N, MeCN,
Cul, DMF, r.t. to 60 °C reflux 6 M HCI/THF 1:1
6 +7
(75%) (80% over 2 steps) (83%)

Scheme 6. Total synthesis of (+)-tubelactomicin B (2).

eventually provided (+)-tubelactomicin B (2). The synthetic
2 was identical to the natural product in all aspects, thereby
establishing the previously undetermined relative and abso-
lute stereochemistries of 2.

The total synthesis of (+)-tubelactomicin D (3) is sum-
marized in Scheme 7. The synthesis of the lower-half seg-
ment of 3 required a more oxygenated substrate, such as 50,
for the attempted IMDA reaction. We thus synthesized the
ynene phosphonate 47 for Horner—Wadsworth-Emmons
olefination with the aldehyde derived from 27 in place of
the phosphonate 28. The known a-hydroxymethylated
acrylic acid ester 44,1°° the Morita—Baylis—Hillman product
of methyl acrylate and p-formaldehyde, was converted into
47 by (1) MOM protection, (2) bromine addition followed
by HBr elimination [to give the (E)-bromoalkene 45], (3)
Sonogashira coupling with (trimethylsilyl)acetylene!*? (to
give the enyne 46), (4) DIBAL reduction, (5) allylic bromi-
nation, and (6) Arbuzov rearrangement with (EtO);P. A
Horner—Wadsworth—-Emmons reaction between the alde-
hyde derived from 27 and 47 provided 48. The desired
IMDA substrate 50 (= 13: R? = CH,OMOM) was synthe-
sized efficiently by an additional five-step manipulation
from 48 via 49. The IMDA reaction of 50 was completed
at 80 °C. After NaClO, oxidation of the aldehyde function-
alities in the resulting diastereomeric mixture of the IMDA
adducts, the desired endo adduct 51 was isolated in 76%
yield, accompanied by the exo adduct 52 (18%). The
endolexo selectivity of the IMDA reaction with the sub-
strate 50 was thus approximately 4:1.

The endo adduct 51 was converted into 55, the lower-half
segment of 3 (= 8: R> = CH,OMOM, R? = Mg, R = SEM),
by a reaction sequence analogous to that used for the con-
version of 33 into 7, via 53 and 54. Stille coupling of the
upper-half segment 5 with the thus-obtained 55 (to give 56)
4386
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and Mukaiyama lactonization (to give 57) proceeded un-
eventfully as in the cases of 35 and 42. Total deprotection
of 57 finally provided (+)-tubelactomicin D (3), thereby
establishing the relative and absolute stereochemistry of the
natural product.

The total synthesis of (+)-tubelactomicin E (4) is summa-
rized in Scheme 8. The (E)-iodoalkene 58 (= 9: R? = Me,
R3 = isopropylidene, R = SEM) was synthesized from the
carboxylic acid 33 described above by a reaction sequence
analogous to that used in the case of the total synthesis of
1. Stille coupling of 5 with the thus-obtained 58 provided
59. The Mukaiyama lactonization strategy used for the to-
tal syntheses of 1-3 was also quite effective for the seco-
acid derived from 59. Final deprotection of all the protect-
ing groups provided (+)-tubelactomycin E (4) uneventfully.

We have also accomplished the formal synthesis of (+)-
tubelactomicins A (1) and E (4) by a transannular Diels—
Alder approach, summarized in Scheme 9. For this purpose,
the synthesis of the TMS-protected (E,E)-pentadienyl phos-
phonate 63 was first executed. The commercially available
C-TMS-protected propargylic alcohol 60 was converted
into the dienyl ester 61 by LiAlH,-mediated reduction,?”!
MnO, oxidation,® and Wittig olefination. Compound 63
was then synthesized via the pentadienyl bromide 62, in-
cluding an Arbuzov rearrangement.

Separately, the alcohol 27 described above was oxidized
and the resulting aldehyde was then subjected to a Horner—
Wadsworth-Emmons reaction with 63, providing the
(E,E,E)-triene 64. A further two-step reaction from 64 pro-
vided the aldehyde 65.

Independently, the upper-half segment 5 was first treated
with iodine for metal/halogen exchange to provide an
iodoalkene, which was acylated with the a-phosphonylated
propionyl acid 66 under the standard coupling conditions
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Scheme 7. Total synthesis of (+)-tubelactomicin D (3).
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Scheme 8. Total synthesis of (+)-tubelactomicin E (4).

to provide 67. A modified Horner—Wadsworth—Emmons
olefination!!3! of aldehyde 65 and phosphonate 67 efficiently
(73%) provided 68. The intramolecular Hiyama cross-cou-
plingl®”! of 68 proceeded smoothly under the standard con-
ditions as shown in Scheme 9, providing two IMDA ad-
ducts, 70 and 71, in almost equal amounts, although in a
less satisfactory combined yield of 20%. Interestingly, the
intermediately formed 24-membered macrocyclic com-
pound 69 was not isolated; the formation of 69 spontane-
ously triggered the transannular Diels—Alder reaction. Un-
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fortunately, the endo/exo selectivity of the transannular Di-
els—Alder process was significantly diminished in relation to
those obtained in the cases of the substrates 12 and 50. The
endo adduct 70 was further elaborated to the key intermedi-
ates for 1 and 4.

We also explored the formation of the 24-membered
macrocyclic substrate 69 for the transannular Diels—Alder
reaction through a ring-closing metathesis approach, which
again provided a 1:1 mixture of 70/71 in a less practical
combined yield of 13 %.[1%
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Scheme 9. Synthesis and intramolecular Hiyama cross-coupling of substrate 68, followed by the transannular Diels-Alder reaction.

2.2 Total Synthesis of (+)-Tubelactomicin A by the Tatsuta
Group

In 2006, Tatsuta et al. reported their total synthesis of
(+)-tubelactomicin A (1).[8] Their total synthesis was also
based on an IMDA approach to provide the lower-half oc-
tahydronaphthalene moiety in 1. Their synthesis of the oc-
tahydronaphthalene moiety 87, incorporating an (E)-alk-
enyl iodide side chain, started with (S)-citronellol (72). As
shown in Scheme 10, compound 72 was converted into the
chiral mono-O-protected diol 73 by a series of standard
functional-group transformations. The enantiomeric o-
methylpentanal derivative 75 was obtained via the hex-1-
ene derivative 74 through three well-established transforma-
tions from 73.3% A nucleophilic attack of the anion gener-
ated from dimethyl methylphosphonate on 75 provided the
B-hydroxyphosphonate, which was protected as the MOM
ether. De-O-tritylation of this MOM ether provided 76.
Todoxybenzoic acid mediated (IBX-mediated) oxidation of
76, Horner-Wadsworth-Emmons olefination of the re-
sulting aldehyde, de-O-methoxymethylation of the resulting
o,B-unsaturated ester, and oxidation of the secondary hy-
droxy group provided the B-oxo phosphonate 77.

Independently, propane-1,3-diol (78) was converted into
the o-methylated o,B-unsaturated aldehyde 80 via the f-
silyloxypropanal 79. Ba(OH),-promoted coupling!*!l of 77
and 80 then efficiently produced the (E,E)-diene 81, the
substrate of the attempted IMDA reaction.
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The IMDA reaction of 81 (130 °C for 3 d) proceeded
stereoselectively to provide the desired endo adduct 82 as
the sole product in 68% yield, after removal of the TBS
group through the action of BF;-Et,0O. Highly stereoselec-
tive reduction of the oxo carbonyl group in 82, acid-pro-
moted 6-lactone formation, and protection of the secondary
hydroxy group provided 83. Ring-opening of the lactone
moiety in 83 was accomplished by treatment of 83 with so-
dium (trimethylsilyl)ethoxide, providing the ester 84. IBX-
mediated oxidation of 84 provided the aldehyde 85, which
was treated with Comins’ reagent!®?! in the presence of
KHMDS to introduce an acetylene unit, providing 86.
Removal of the MOM group in 86, regio- and stereoselec-
tive hydrozirconation,*¥! followed by metal/halogen ex-
change, eventually provided the lower-half segment of 1
(the vinyl iodide 87) as the partner for the Suzuki-Miyaura
coupling.

The synthesis of the upper-half segment 95, a vinylboronic
acid as the Suzuki-Miyaura coupling partner for the lower-
half segment 87, is summarized in Scheme 11. The synthesis
of 95 commenced with 2-deoxy-L-ribonolactone (88). Selec-
tive protection of the primary hydroxy group in 88 and sub-
sequent C-methylation of the resulting MPM ether by Tatsu-
ta’s previously reported procedure®# stereoselectively pro-
vided the a-methylated y-lactone 89. Protection of the re-
maining hydroxy group in 89 and hydride-mediated y-lactone
opening produced 90. Selective tritylation of 90, followed by
oxidation with IBX, produced ketone 91.
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Scheme 10. Synthesis of the lower-half octahydronaphthalene derivative 87 by Tatsuta’s group.
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Scheme 11. Synthesis of the upper-half vinylboronic acid 95 by Tatsuta’s group.

Installation of the trisubstituted olefin part in the upper-
half segment was accomplished as follows. Treatment of
ketone 91 with trimethyl(vinyl)silane and 4-bromobut-1-ene
in the presence of tBuLi introduced a 1-(trimethylsilyl)hex-
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S-ene group into 91 through the addition of an a-silyl-stabi-
lized carbanion onto the oxo carbonyl group in 65% yield.
The resulting adduct was treated with BF5-Et,O to elimin-
ate a trimethylsilanol, providing the (E)-trisubstituted olefin
4389
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80%

Me

Scheme 12. Completion of the total synthesis of 1 by Tatsuta’s group.

92 with high geometrical selectivity.?>) A Wacker oxidation
of the terminal double bond in 92, IBX oxidation of the
primary hydroxy group, and a Corey—Fuchs dibromoole-
fination of the resulting aldehyde provided 93. Diastereo-
selective (S)-CBS-mediated catecholborane attack[®®! at the
methyl ketone in 93, treatment of the o,a-dibromoolefin
moiety in the resulting carbinol with nBuLi, and subse-
quent hydroboration of the resulting acetylene 94 in THF
at reflux, followed by hydrolysis on silica gel, eventually
provided the (E)-alkenylboronic acid 95.

As shown in Scheme 12, Suzuki-Miyaura cross-cou-
plingB7! of the lower-half segment 87 and the upper-half
segment 95 in the presence of Pd,(dba);, AsPh;, and TIOEt,
followed by removal of the SE group, provided the seco-
acid 96 in a yield of 33% over two steps. The lactonization
of 96 by use of Shiina’s reagent 9788 efficiently produced
the 16-membered macrolide 98. Removal of the MPM
group in 98 with DDQ, NiO,-mediated oxidation of the
resulting allylic alcohol to the carboxylic acid,**! and acid
hydrolysis of the MOM ether finally provided (+)-tubelac-
tomycin A (1).

3. Total Synthesis of Spiculoic Acid A

(+)-Spiculoic acid A (99, Figure 2) is a secondary metab-
olite of polyketide origin, isolated in 2004 from methanol
extracts of the Caribbean marine sponge Plakortis angulo-
spiculatus (Carter) by Andersen et al.*°l This marine natu-
ral product showed in vitro cytotoxicity against human
breast cancer MCF-7 cells. The relative stereochemistry of
99 was determined by Andersen’s group on the basis of ex-
tensive NMR analysis. At the same time, Andersen’s group
isolated and characterized a closely related spiculane-type
compound: spiculoic acid B (100), which showed no in vitro
cytotoxicity against human breast cancer MCF-7 cells.[*"]
Later, a number of structurally related spiculane-type natu-
ral products were isolated from another marine sponge,
Plakortis zyggompha, and their interesting biological activi-
ties have been reported.[*!4?1 Andersen et al. have proposed
that 99 might be produced biosynthetically through an en-
zyme-catalyzed IMDA reaction of a linear triene containing
all the functionalities in 99, including a conjugated diene
(4m) and a terminal unsaturated ester (21). Synthetic studies
of 99 have been explored by several groups.[*>*3 In 2006,
Baldwin and Lee’s group reported the total synthesis of un-
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1) DDQ, ag. CH,Cl,
2) NiO,, aq. NaOH, 50 °C

1

o Me 3) HCI. aq. THF

(68% over 3 steps)
“Me

97

natural (-)-spiculoic acid A, thereby establishing the abso-
lute stereochemistry of 99 as depicted.[*3?] Their total syn-
thesis of (—)-spiculoic acid A was achieved through the
IMDA reaction of a linear conjugate diene with a terminal
unsaturated ester functionality for the stereoselective con-
struction of the bicyclic core structure. Independently, we
have accomplished the total synthesis of natural (+)-
enantiomer 99.146! These total syntheses of (-)- and (+)-
spiculoic acid A are summarized in this Microreview.

Figure 2. Structures of (+)-spiculoic acid A (99) and spiculoic
acid B (100).

3.1 Total Synthesis of (—)-Spiculoic Acid A by the Baldwin/
Lee Group

For their total synthesis of the (—) enantiomer of spicu-
loic acid A, the Baldwin/Lee group started with Roche ester
101, as summarized in Scheme 13. Protection of the pri-
mary alcohol in 101 and hydride reduction of the ester fol-
lowed by Swern oxidation provided aldehyde 102. An Evans
aldol reaction!*”! between 102 and the chiral N-butyroylox-
azolidinone 103[*8] stereoselectively provided the syn adduct
in an excellent yield of 89%. LiBH,-mediated removal! of
the auxiliary from 104 provided the diol 105. Protection of
the diol 105 as a p-methoxybenzylidene (MPM) acetal and
subsequent de-O-silylation provided 106. IBX oxidation of
106 and Wittig olefination of the resulting aldehyde 107
with the stabilized ylide 108 provided the a-ethylated acrylic
acid ester 109 with high (E) selectivity. Reduction/oxidation
of the ester part in 109 provided the unsaturated aldehyde
110. A second Wittig olefination, between 110 and 108, pro-
vided the (E,E) doubly conjugated ester 111. Further re-
duction/oxidation of 111 provided the a,B:y,5-unsaturated
aldehyde 112, which was subjected to Julia—Kocienski ole-
fination"! with the benzyl sulfone 113! in the presence of
lithium hexamethyldisilazide (LIHMDS) as a base, provid-
ing an (E,E,E)-triene 114 bearing a styryl moiety. Regiose-
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Scheme 13. Total synthesis of unnatural (-)-spiculoic acid A by the Baldwin/Lee group.

lective reductive ring-opening of the p-methoxybenzylidene
acetal in 114, followed by IBX oxidation of the resulting
primary alcohol, provided the aldehyde 115, which was sub-
jected to a final Wittig olefination with another stabilized
allyl ester type ylide 116. Interestingly, the Wittig product
117, the IMDA substrate for constructing the bicyclic struc-
ture in spiculioc acid A, spontaneously underwent the
IMDA reaction under the Wittig reaction conditions, pro-
viding the endo adduct 118 in a yield of 25% from 115.
Although both endo and m-facial stereoselectivities were
complete, the Wittig reaction conditions were accompanied
by the B-elimination of the (p-methoxybenzyl)oxy group in
115, resulting in reduced formation of the desired 117. Re-
moval of the p-methoxybenzyl group in 118 with DDQ), fol-
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lowed by Pd’-mediated removal of the allyl group in the
presence of morpholine,?! provided 119. Lastly, IBX oxi-
dation of 119 provided (-)-spiculoic acid A in 45% yield,
thereby establishing the previously undetermined absolute
stereochemistry of natural (+)-spiculoic acid A.

3.2 Total Synthesis of (+)-Spiculoic acid A by the Tadano
Group.

We started our total synthesis of natural (+)-spiculoic
acid A (99) with the known chiral building block 120. This
starting material 120 was synthesized according to Fukum-
oto’s approach,®¥ based on Evans’ asymmetric alkylation.

4391

WWW.eurjoc.org



MICROREVIEW

K.-i. Tadano

As summarized in Scheme 14, the mono-O-protected diol
120 was converted into a trisubstituted allylic alcohol 121
by a standard three-step functional group transformation.
Protection of 121 with MPM chloride and removal of the
TBS group by acid hydrolysis, followed by Swern oxidation,
provided the aldehyde 122. The stereoselective introduction
of an anti-B-methylhomoallylic alcohol moiety was
achieved by the well-known Brown crotylboration proto-
colPY with (-)-B-methoxydiisopinocampheylborane and
the potassium salt of trans-but-2-ene. As a result, the de-
sired anti adduct 123 was obtained after MOM protection
of the resulting homoallylic alcohol in a practical yield of
65% from 122. The diastereomeric ratio of two anti prod-
ucts in this crotylboration was approximately 3:1 in favor
of the formation of 123. A two-step oxidative carbon-car-
bon bond cleavage of 123 provided the aldehyde 124, which
was subjected to Wittig olefination with (1,1-dibromopro-
pyDtriphenylphosphonium bromidel> in the presence of a
base (nBuLi). As a result, the (E)-trisubstituted alkene 125
was obtained stereoselectively [(E)/(Z) > 20:1]. Treatment
of the vinyl bromide 125 with bis(pinacolato)diboron!>®! in
the presence of PdCl,(PPhs),, PPh;, and PhOK in toluene
provided the vinylboronate 126 in a good yield of 78 %. Af-
ter removal of the MPM group in 126, the resulting allylic
alcohol was subjected to Suzuki-Miyaura cross-coupling
with the (E)-vinyl iodide 127, synthesized from diethyl eth-
ylmalonate by the reported procedures,?*! under standard
Pd°-catalyzed conditions. The coupling product was then

1) Swern oxidation TBS
2) Ph3P=C(Et)CO,Et
TBSO

1) MPMCI, NaH, BugNI CHO

oxidized with MnO, to provide the unsaturated aldehyde
128, the substrate for the IMDA reaction for construction
of the bicyclic skeleton in 99.

The IMDA reaction of 128 proceeded slowly but cleanly
at 70 °C. After 5 d at 70 °C, the desired endo adduct 129 was
obtained, with complete m-facial and endo/exo selectivity, in
an excellent yield of 97%. No other adduct was found in
the reaction mixture. This achievement of exclusive n-facial
and endo selectivities can reasonably be explained in terms
of the presence or absence of allylic strain (A= strain) oc-
curring in the endo or exo transition states. Consequently,
we had achieved remarkably efficient access to the bicyclic
core structure of (+)-spiculoic acid A.

The remaining step toward the targeted natural product
was the incorporation of the styryl side chain into the
IMDA adduct 129. NaBH,-mediated reduction of 129,
MOM protection of the resulting primary hydroxy group,
and subsequent de-O-silylation provided 130. Swern oxi-
dation and successive Horner—Wadsworth—-Emmons ole-
fination of the resulting aldehyde with the anion generated
from diethyl benzylphosphonate provided the desired sty-
ryl derivative 131 in a good yield of 79 %. Removal of both
MOM groups in 131 and Dess—Martin oxidation of the
resulting diol provided the oxo-aldehyde intermediate,
which was further oxidized by Kraus-Pinnick oxidation!??!
to provide (+)-spiculoic acid A (99), which by spectral
comparison was identical to the natural product in all as-
pects.
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Scheme 14. Total synthesis of natural (+)-spiculoic acid A (99) by the Tadano group.
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4. Summary and Outlook

This Microreview summarizes the total synthesis of some
natural products completed recently by the author’s group
through the design of efficient intramolecular Diels—Alder
(IMDA) approaches as a key means of access to the con-
struction of central carbon skeletons of the targeted mole-
cules. These natural products are the tricyclic 16-membered
macrolides (+)-tubelactomicins A, B, D, and E, and also
the novel polyketide-derived marine natural product (+)-
spiculoic acid A. Our total syntheses of these natural prod-
ucts are compared with the achievements of the Tatsuta
group [for the synthesis of (+)-tubeactomicin A] and of the
Baldwin/Lee group [for the synthesis of (—)-spiculoic
acid A], respectively. All of the total syntheses cited in this
Microreview are apparently notable examples of current to-
tal syntheses of structurally complex natural products that
demonstrate the synthetic potency of the IMDA approach.

In the progress of modern organic synthesis, exemplified
by the field of natural products synthesis, the power of
Diels—Alder reactions for feasible access to mono- or poly-
cyclic carbon frameworks is significant. As evidenced by a
large number of reports, the incorporation of Diels—Alder
reactions into a planned synthetic scheme makes synthetic
manipulation facile and concise. In general, an intramolecu-
lar variant of this [4+2] cycloaddition approach is not nec-
essarily as easy to carry out as an intermolecular Diels—
Alder reaction, and also is not necessarily predictable
enough for control over the stereoselectivities of cycload-
dition such as regioselectivity, endo/exo selectivity, and/or
n-facial selectivity. Nevertheless, a large number of products
achieved through natural product synthesis have been the
result of well-designed IMDA reaction approaches for the
stereoselective construction of the formidable core skeletons
found in a variety of natural products. Such impressive and
sophisticated natural products synthesis will continue to at-
tract the interest of synthetic organic chemists. The author
believes confidently that a variety of IMDA approaches to-
ward natural products synthesis will further show their ines-
timable value in the future.
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