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Abstract of the Dissertation
Biomimetic Total Synthesis of (—)-Arabilin and (x)Kingianins A, D, F, and H, and
An approach to the total synthesis of (x)-Arisugaci A
by
Hee Nam Lim
Doctor of Philosophy
in

Department of Chemistry

Stony Brook University

2013

Chapter 1 demonstrates the total synthesis Qfafabilin. (1)-Arabilin is a potent androgen
receptor antagonist that was isolated frStreptomycesp. MK756-CF1. We hypothesized that
the enol ether-containing skipped-tetraest@ructure of arabilin is formed from a conjugated
tetraene system by a thermally allowed, nonenzyma@rrangement- a [1,7]-hydrogen shift.
The feasibility of this transformation was firstrdenstrated in a model system and subsequently
incorporated into the first total synthesis of drabThe synthesis supports the premise that a
[1,7]-hydrogen shift is a nonenzymatic step inliesynthesis of arabilin.

Chapter 2-4 demonstrate the total synthesis of smembers of kingianins. The kingianins, a
family of structurally complex polyketides, wer@lgted from the species Endiandra kingiana.
They are reported to have low- to mid-micromolarding to the antiapoptotic protein Bcl-xL.

All of the kingianins share a pentacyclic coreglitdelieved to be the Diels-Alder dimer of



monomeric bicyclooctadienes. We proposed that, atune, the Diels-Alder dimerization
proceeds by a cation radical-mediated reactions(prably photo-initiated). In addition, the
regioselectivity and stereoselectivity of the DiAlsler reaction is presumed to result from steric
factors in the transition state for cycloaddititmthe synthesis of kingianin A, we used a tether-
mediatedintramolecularreaction to control the regioselectivity of theeBt+Alder reaction and
to avoid difficulty during separation. Then kingiarA was prepared by a double homologation
method from the endo RCDA diol. We postulated thatisomeric diols in the kingianin series
might have usefully different chromatographic bebes: Indeed, thantermolecular RCDA
dimerization of the endo and exo bicyclooctadiersdorded separable endo diols that
corresponded to kingianins D, F, and H. With thensadouble-homologation methods, the
synthesis of kingianins D and F were completed. &hand’s three-carbon homologation was
adapted to prepare kingianin H.

Chapter 5-7 demonstrate the synthetic approach)éfrisugacin A. (x)-Arisugacin A is a potent
inhibitor of acetylcholinesterase (Ache). We desijia synthesis based on a polyene cyclization
and a Tamao oxidation. Thus, we have studied ttedytia polyene cyclization of the substrates
containing vinyl silanes. In addition, we soughg 8tereoselective synthesis of (E)-vinyl silanes

by a relay-ring closing metathesis reaction.



To Yeongah Choi
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Chapter 1

Total Synthesis of Arabilin



1.1 Introduction

1.1.1 Isolation and structure determination ofafabilin

In 2010, (-)-arabilin I) (Figure 1) was isolated by the Imoto group frotreftomyces sp.
MK756-CF1 during a screen for androgen receptor )(ARtagonists.Arabilin competitively
blocks binding of dihydrotestosterone (DHT) to AR with an IC50 of 11uM and inhibits
DHT-induced expression of prostate specific antiggRNA in LNCaP cells. Arabilin was
produced by fermentation in liquid state of pressdteat (2.4 Kg). The culture was then
extracted with ethyl acetate and the extract wasmgted to column chromatography.
Preparative ODS (octadecasilyl) HPLC gave aral§Bii8 mg) with its congeners, spectinabilin
(3.0 mg) and SNF4435C (6.0 mg). The physicochenpicaerties are as shown on Table 1-1.

Figure 1-1 Arabilin (1-1)

The structure of arabilin was determined by a comiidon of spectroscopic techniques
including HMQC, HMBC, and NOE NMR methods. Althoutite configuration at C-6 was not

determined, we initially assumed this to B oy analogy to that of its congeners.

! Isolation and Structure elucidation of a novel ragen antagonist, arabilin, produced by
Streptomycesp. MK756-CF1. Kawamura, T.; Fujimaki, T.; Hamaaak.; Torii, K.; Kobayashi,
H.; Takahashi, Y.; Igarashi, M.; Kinoshita, N.; Niwura, Y.; Tashiro, E.; Imoto, Ml. Antibiot
201Q 63, 601-605.



Table 1-1 Physicochemical properties of (-)-arabilin

Appearance Pale yellow powder
Molecular formula C,gH31NOg
Molecular weight 477
HRESI-MS (m/z, Positive)
calcd 478.2224
Found 478.2215
Optical rotation [a]p -166.2° (c 0.13, CHCls, 25 °C)
IR Vmax (cm-1) (KBr) 2956, 2854, 1666, 1597, 1516, 1342
UV vmax (nm) 263 (18400), 315 (sharp, 10300) (MeOH)
TLC (Rp)? 0.68
HPLC (Retention time, min)® 25.2 (85 % MeOH)
Solubility
Soluble CHCI;, MeOH
Insoluble n-hexane, H,O

aSjlica gel TLC (Kieselgel 60F254; Merck); mobile phase, n-hexane-EtOAc (1:2).
bColumn, SunFire ODS (Waters, 5 mm, 4.6(250mm); mobile phase, agMeOH; flow

Androgen receptor (AR) is a type of nucleareor that plays a critical role in male sexual
function. “AR interacts with androgen response @pinthat regulates the target gene
transcription related to the prostate canéefhus, androgen receptor antagonists are considered
to be potential prostate cancer drugs. Currentigret are two major AR antagonists: steroidal
and nonsteroidal compounds. The drawback of threidd antagonists is that they don’t usually
have selective activity for prostate cancer becdlisg have cross-reactivity with other steroid
hormone nuclear receptdrsén addition, treatments by nonsteroidal drugstidisig commercial
flutamid and bicalutamide have resulted in resistamcer cells and induce hormone-refractory
prostate cancérTherefore, the exploration and development of meRv antagonists without

side-effect are important in the prostate cancezarcH'.

% Increase of androgen-induced cell death and aedrogceptor transactivation by BRCAL1 in
prostate cancer cells. Yeh, S.; Hu, Y. C.; RahmvénLin, H. K.; Hsu, C. L.; Ting, H. J.; Kang,
H.Y.; Chang, CProc. Natl. Acad. ScR00Q 97, 11256-11261.

% The antiandrogen bicalutamide promotes tumor dgrdwi novel androgen-dependent prostate
cancer xenograft model derived from a bicalutantidated patient. Yoshida, T. et &ancer
Res 2005 65, 9611-9616.

* Targeting continued androgen receptor signalinyastate cancekassard, C.; Fizazi, KClin.
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1.1.2 Congeners, Bisosynthetic Proposals, and Bnatic Retrosynthesis

Sepctinabilin 1-2) (Figure 1-2) and SNF4435 @-{7a were isolated with arabilin from the
same organism. Spectiinabilin is reported to h&eak inhibitor of Rauscher leukemia virus
reverse transcriptaSeand SNF4435 C is preported to be a potent immupmwsssant.
Spectinabilin has a fully conjugated lindaiE,E,Ztetraene. However, SNF 4435 G1{d and
4435 D (L-7b) have a bicyclo[4.2.0]octadiene core. The SNF caumpls are believed to be
derived fromE,Z,Z,Zor Z,Z,Z Etetraenel-5 by thermal conrotatorym disrotatory @ tandem

electrocyclization (Scheme 1-1).

CH; 9
S 7 w4 ) CHs
CH3 CH3 CH3 O O

1-2 E, E, E, Z Spectinabilin

Figure 1-2 Spectinabilin 1-2)

Cancer Res2011, 17, 3876-3883.

® Spectinabilin, a new nitro-containing metabolisolated from Streptomyces spectabilis.
Kakinuma, K.; Hanson, C. A.; Rinehart, K. L. Jetrahedron1976 32, 217-222.

® SNF4435C and D, novel immunosuppressants prodogatarain of Streptomyces spectanilis.
|. Taxonomy, fermentation, isolation and biologiaadtivities. Kurosawa, K.; Takahashi, K.
Tsuda, EJ. Antibiot 2001, 54, 541-547.

’(a) Synthetic Studies toward SNF4435 C and SNF423Beaudry, C. M.; Trauner, ODrg.
Lett 2002 13, 2221-2224. (b) Studies on the Biomimetic Synthedi SNF4435 C and D.
Moses, J. E.; Baldwin, J. E.; Marquez, R.; Adlingt®. M.; Cowley, A. ROrg. Lett 2002 4,
3731-3734. (c) “Endo” and “Exo” Bicyclo[4.2.0]-ocliane Isomers from the Electrocyclization
of Fully Substituted Tetraene Models for SNF 443&@ D. Control of Stereochemistry by
Choice of a Functionalized Substituent. Parke/AKLim, Y.-H. Org. Lett 2004 6, 161-164.
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CHj
O,N Q Ny—OMe
2 \y—OMe O,N
CH3 \\ o
8pi conrotatory
) . 0 Pd(0) electrocyclization
CH; N
x|
Y
CHs Me;Sn CH3
1-3 1-4

CHy [P
6pi disrotatory / / CHs
electrocyclization o
OMe
H3 CH3
1-7a SNF4435 C 1-7b SNF4435 D

Scheme 1-1Spectinabilin, SNF4435 {78 and SNF4434 D1(7b)

We were intrigued by the possibility that, in nauthe enol ether-containing, skipped polyene
system of arabilin is formed from a conjugatedaete system by another thermally allowed,
non-enzymatic rearrangement - in this case, a-flydtogen shift. A thermal, [1,7]-hydrogen
shift is, in principle, available to conjugat&d Z, Z, Ztetraene such ak-5; however the 8
electrocyclization is facile in this system. Altatively, arabilin, but not the SNF compounds,
could be formed from thE, E, Z, Zisomerl1-8. The helical transition state required for a [41,7]
antarafacial hydrogen shift is available to isome8. However, that required for the 8
electrocyclization is not available to isonte8. Therefore we considered tetraeh@ to be a

potential biogenetic and synthetic precursor obiira(Scheme 1-2).

O,-N 1,7-
hydrogen

shift

1-1E,Z,Z,E 18E,E ZZ

Scheme 1-2Synthetic precursor of arabilid-1)
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To evaluate our biomimetic synthesis, we needed pweaes:E,E-iododienel-9 and Z,Z-
stannyldien€l-10 containing 2-pyranofuran shown in scheme 1-3. dght that coupling of
the two pieces under palladium catalyst would gntermediateE,E,Z,Ztetraenel-8 (Scheme
1-3).

CHs
Q CHa
\,—OMe 0
CH3 \ 0 OzN \ OMe
CH3 \ O
O
| o
TN
N — H,C | + S
O,N N\ §/ CHs HaC™ I
CHs MesSn—~ CHs
CHjy
1-8E,E, 7, Z 19E,E 1-10Z,Z

Scheme 1-3Retrosynthesis of the key intermedi&t8

We initially designed iododien@ or its equivalents (metalladieneE) in the following ways:
(1) from an internal alkyn&2 by hydroboration, hydrozyrconation/iodination,stglcupration
or hydrostannylation or (2) from a carboxylic ati8lby the decarboxylative iodination (Scheme

1-4). Meanwhile, the synthesis of the other couppartnery-pyronesl4, is known®

O

O5N H5;C
NS x X=M1-11 (M = BPin or SnRy) o I

o)
o OMe
U =
R__—
05N O,N CH, 1-14
2 CHy 2 CH3 CHs 3
R =1or SnMe
= = = 3
A CO,H
112 CHs 113

Scheme 1-4Retrosynthesis of coupling partnér9, 1-11and1-14

® The Total Synthesis of (-)-SNF4435 and (+)-SNF443%&ker, K. A.; Lim, Y. -HJ. Am. Chem.
S0c.2004 126, 15968-159609.



1.1.3 [1,7]-Hydrogen shift: theory and stereochémis

As one of the thermal isomerizations predictedditov the rules of orbital symmetry, the
[1,7]-hydrogen shift has been extensively studigdtheory and by experimental for several
decades.For example, vitamin D has been prepared by thmionetic thermal [1,7]-hydrogen
shift through a cyclic transition statéThe computational study by Paii€idemonstrated that
the cyclic transition state of (3Z, 5Z)-1,3,5-héptme has a distorted,Csymmetry during the
hydrogen migration (Figure 1-3).

Figure 1-3. ORTEP drawing of the transition structure (C2)1g¥]-hydrogen shift in 1,3,5-

heptatriene from different perspectives

% a) Selection Rules for Sigmatropic Reactions. Waard, R. B.; Hoffman, RJ. Am. Chem. Soc
1965 87, 2511-2513. b) Theoretical Studies of [1,n]-Sigmpic Rearrangements Involving
Hydrogen Transfer in Simple Methyl-Substituted Gmygted Polyenes. Hess, B. A.; Schaad, L.
J.; Pandi, J.J. Am. Chem. So0&985 107, 149-154. c) Kinetics and Deuterium Kinetic Isaop
Effects for the Thermal [1,7] Sigmatropic Rearrangats ofcis,cis1,3,5-Octatriene. Baldwin, J.
E.; Reddy, PJ. Am. Chem. So0&987 87, 8051-8056. d) A Detailed Theoretical Analysistiud
1,7-Sigmatropic Hydrogen Shift: The Mobius Characté the Eight Electron Transition
Structure. Jiao, H.; Schleyer, Rngew. Chem. Int. Ed. Eng993 32, 1763-1765.

19 Remarks on the specificities of the photocheméral thermal transformations in the vitamin
D field. Havinga, E.; Schlatmann, M. Aetrahderonl 961, 16, 146-152
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The stereochemistry of the [1,7]-H shift has beenlisd by deuterium labeling experiments
with cis-isotachysterols by Okamura et al. (Scheme 1*3he deutrated triené-15 under
thermal conditions produced only two antarafacradpctsl-17 and1-19without observation of
the suprafacial product$-16 and 1-18 This demonstrated that the 1,7-hydrogen migration
occurred with facial selectivity; this result isnsistent with the Woodward-Hoffmann selection

rule 1?

22 % recovered suprafacial H antarafacial H suprafacial D antarafacial D
1-15 1-16 0% 1-17 31% 1-18 0% 1-19 47 %

Scheme 1-5Deuterium labeling experiment of cis-isotachysitér15

1.1.4 Applications of [1,7]-hydrogen shift to thgnghesis of natural products

The substitutent effects on the [1,7]-H shdté been described in the synthesis of vitamin D

analogues. The Moriarty and Mazur groups studhedoixo-substituent effect on the equilibrium

1 3) On the Antarafacial Stereochemistry of the Wadr[1,7]-Sigmatropic Hydrogen Shift.
Hoeger, C. A.; Okamura, W. HIl. Am. Chem. Sod985 107, 268-270. b) Thermal [1,7]-
Sigmatropic Hydrogen Shifts: Stereochemistry, Kitgtisotope Effects, andFacial Selectivity.

Hoeger, C. A.; Jhonston, A. D.; Okamura, W.HAm. Chem. S0d987 109 4690-4698. c)

Thermal [1,7]-Sigmatropic Shift of PrevitamingDQo Vitamin D;. Synthesis and Study of
Pentadeuterio Derivatives. Okamura, W. H.; Elnagaly.; Ruther, M.; Dobreff, S]. Org. Chem

1993 58, 600-610.

12The Conservation of Orbital Symmetry. Woodward BR. Hoffmann, RAngew. Chem., Int.
Ed. Engl 1969 8, 781-853.



between previtamin D and vitamin '®They observed complete conversion of oxo-substitut
previtamin D1-20to vitamin D1-21 (Scheme 1-11), wheres the equilibrium of non-stiistl

previtamin D has been known to have the ratio 02@Qvitamin D: previtamin D).

rt. /
100 % 2 |
conversion AcO

1-20 1-21
Scheme 1-60xo-substituent effect on [1,7]-H shift

AcO

In 1994, Boland and coworkers reported the biomicnggnthesis of several polyene natural
products using either a nonenzymatic 1,7-hydrodeft ar an 8t-electrocyclization as the key
strategy** Giffordene {-22) was isolated along with (1, 3Z, 5Z)-undecatriéhe3d from the
brown alga mitchellae. The authors found that &i2h was in equilibrium with (2Z, 4Z, 6E)-
undecatrienel(-24) by a [1,7]-H shift under thermal conditions. (8oie 1-7).

— o~ = —_ _—
giffordene 1-23 (1, 3Z, 5Z)-undecatriene
1-22 22,42, 6, 82 65°C | [1,7]-H shift

W:\
1-24 (2Z, 4Z, 6E)-undecatriene

Scheme 1-7A marine natural product, giffordeng-22)

13 (@) Synthesis of C(19)-Acetoxy Precalcifeahd Its Converstion into the Vitamin; Bnalogue.
Moriarty, R. M.; Paaren, H.; Gilmore, J. Chem. Soc., Chem. Commi&74 927. (b) Influence
of Fluorine and Oxygen Atoms at C-19 on the PrewvitaD-Vitamin D Interconversion. Sialom,
B.; Mazur, Y.J. Org. Chem198Q 45, 2201-2204.

4 pericyclic Reactions in Nature: Evidence for ar8poeous [1,7]-Hydrogen Shift and ame8
Electrocyclic Ring Closure in the Biosynthesis defihic Hydrocarbons from Marine Brown
Algae (phaeophyceae). Pohnert, G.; Boland]&*ahedronl994 50, 10235-10244.
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They hypothesized that the conjugated (2Z,6&,,8Z)-tetraene structure of gifforderied?)
would be induced from a skipped (1, 3Z, 5Z, 8Zjaehel-29 by a thermal [1,7]-H shift. To
synthesize the skipped tetraene, they commenceabynmetric allylation of the aldehy@®S3
with Ti-allyl complex1-26 and obtained A-hydroxysilanel-28 with high diastereoselectivity (>
90%). Then, the Peterson olefination of thdwydroxysilane at low temperature gave the
precursor, (1, 3Z, 5Z, 82)-tetraede29 As expected, the quick isomerization of the s&gbp
tetraene at 18C furnished giffordenel¢22) in quantitative yield (Scheme 1-8).

| N H ~ |./
TMS\/\/'Il'l \/:l'l\

THF, - 78 °C 1-26

\/;/:
CHO
1-25

NSO KHLTHE -30°C Ny 18°C
HH ) (l
— " SiMe, =

1-29 1,7-hydrogen shift

Scheme 1-8Synthesis of giffordene
In 2004, Flynn and coworkers reported the synthe$isetracycle1l-32 They utilized a

protocol that includes a tandem [1,7]-H shift ofippled tetraenel-30 followed by 8-
electrocyclization of the fully conjugated interniteé 1-31 (Scheme 1-9°

) o
— 1,7-H —_ 8re- ‘
H  shift /) -\ cyclization
o) o)
1-32

1-30 1-31

Scheme 1-9A tandem [1,7]-H shift andnBelectrocyclization

1> Multicomponent Coupling Approach tot (-Frondosin B and a Ring-Expanded Analogue.
Kerr, D. J.; Willis, A. C.; Flynn, B. LOrg. Lett.2004 6, 457-460.
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1.1.5 Unexpected cases of [1,7]-hydrogen shift

In addition to applications of this novel thermabmerization to the synthesis of natural
products, there have been several examples in wtineh[1,7]-H shift was unexpectedly
observed in polyene systems. For example, in 1%8ikach and coworkers reported an
unexpected isomerization proddcB6 from a skipped (E, Z, Z, Z)-tetraede35 by the [1,7]-H
shift during their synthesis of leukotriene (SchetvE0)*°

CO,Et E CO,Et
T Cle@ n-BuLi 2 T
133 1-34 £ ¢
1-35 70-80 %
7 CO,Et
1or2daysatr.t. =
NP
Z E Z
1-36

Scheme 1-10Unexpected [1,7]-H shift reported in the syntbhexdileukotriene

Meanwhile, in the course of a study for the toyeltkesis of TAN-1085, Suzuki et al. reported
the unexpected formation of the silylenol ethethry thermal [1,7]-H shift (Scheme 1-10). They
intended to have a thermal retro-[2+2] cycloadditaf cyclobutenel-37 to get a trienel-38
which then affords a naphalef©e39 by way of G-electrocyclization followed by aromatization.
However, an unexpected enol etierdl was predominantly obtained by the [1,7]-H shift,
instead of the desired product, naphthate9’

® The synthesis of a leukotriene with SRS-like attivRokach, J.; Girard, Y.; Guindon, Y.;
Atkinson, J. G.; Larue, M.; Young, R. N.; Masson, Ifolme, G.Tetrahedron Lett198Q 21,
1485-1488.

17 Concise Total Synthesis and Structure AssignméntAN-1085. Ohmori, K.; Mori, K.:
Ishikawa, Y.; Tsuruta, H.; Kuwahara, S.; Haradg, ®izuki, K.Angew. Chem. Int. EQ004 43,
3167-3171.
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Ar — _

MeO
OMe Q Ar OMe
Ar
A ZO A\
OMe “OTBS Q . OTBS
OMe OTBS
OBn 1-37 OBn |\ \ 138 OBn OMe ;.39
MeO OMe
B MeO  Ar i MeO  Ar
Z I —
5 -
AN (I-T OTBS 97 % OTBS
BnO nveo OMe BnO pe0 OMe
- 1-40 - 1-41

Scheme 1-11Enol ether formed by [1,7]-H shift in the syntisesf TAN-1085

Houk and coworkers studied this experimental rdsyitomputational. Using a series of DFT
calculations, they investigated the substitueneatfiof the pericyclic reaction pathway. Two
model systems (A and B) were examined to deschiedransition states and activation energies
of both 6r-electrocyclization and [1,7]-H shift. As a resulie preferred [1,7]-hydrogen shift
exhibited a lower activation energy than did theermmodynamically favorable 76

electrocyclization pathway (Figure 1-4).

18 DFT study of Pericyclic Reaction Cascades in thetlgesis of Antibiotic TAN-1085. Akerling,
Z. R.; Norton, J. E.; Houk, K. NDrg. Lett 2004 6, 4273-4275.
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Figure 1-4. Energy diagram for reaction pathways of modelesys™

1.2 Result and Discussion

1.2.1 Models for the proposed rearrangement
1.2.1.1 (E, E, Z, Z2)-tetraene

Before commencing a multi-step synthesis of théiana we needed to evaluate our premise
in a simple and closely related model system. Tihezgewe postulated that the intermediaté3
would be spontaneously converted to the skippeddaeel-42 by a [1,7]-H shift. Thus, the
synthesis of the presumed compourd3was designed (Scheme 1-12). The fully conjugaied (

13



E, Z, Z)-tetraenel-43 could be obtained by coupling (E, E, Z)-iodotriehel4 and (Z)-

vinylstannane -45,

OzN O2N OTBS
otes PdO) | CHs
E E | MegSn
N\_¢ z — 1-45
z Z
1-42 - 1-44

Scheme 1-12Model compound, the conjugated (E, E, Z, Z)-&tel-43
1.2.1.1.1 Synthesis of (E, E, Z)-iodotrieh&4

First, (E, E, Z)-iodotriené-44 was prepared by following standard methods. THehgidel-
47 was obtained by condensation between the proglehgtle and p-nitrobenzaldehytle!6.'®
The aldehydd-47 was then homologated by two general conditionsid\ B (see Scheme 1-13),
providing an aldehyd&-48 The Stork-Zha® reaction was then applied to afford the iodotriene
1-44 (48 % vyield) with excellent Z-selectivity (Scherhel 3). The geometry of the iodotriefie
44 was firmly identified by a combination of COSY aN®E nmr experiments (Table 1-2).

19 Gold-Catalyzed Activation of Epoxides: Application the Synthesis of Bicyclic Ketals.
Balamurugan, R.; Kothapalli, R. B.; Thota, G.Eur. J. Org. Chen2011, 8, 1557-15609.

20 A stereoselective synthesis of (Z)-1-iodo-1-aller@tork, G; Zhao, K.Tetrahedron Lett
1989 30, 2173-2174.
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CH3CH,CHO
NaOH

/@/CHO EtOH-H,0, 2h m CHO ondition A or B W oo
CH CH, CH
O,N O,N 3 O,N 37
1-46 1-47 1-48
©
@
th{
NaHMDS, THE, - 30 °C Ny X X O
18 % ouN CH; CHj |
1-44

Scheme 1-13Synthesis of (E, E, Z)-iodotrierdie44

correlations

7~ ™\ =NOESY >

O,N 5a  3a O,N

conformers

Table 1-2 Difference 1D-NOE chart for compoude44

Inverted peak (fambe, PPM) Enhanced peaks{(abe, ppm)
CHs (3a, 2.01) CH (2, 6.08), CH (6, 6.48)
CHs (1a, 2.61) CH (2, 6.08)
CH (6, 6.48) CH(3a, 2.01), CH (4, 6.11), CH (7, 7.44)

In condition A, the commercially available Wittigagent was used for homologation. This
procedure produced the aldehyti@8 from 1-47 in one step. In this experiment, the desired
aldehydel-48 was produced in 49 % vyield (30 % after recrystation) which accompanied
doubly homologated trien®-49 (6.4 % yield) with unreacted starting materialoegred (14 %
yield).

In condition B, the aldehyd&-48 was obtained by the conventional three step seggen
Horner-Wadsworth-Emmons homologation, DIBAL-redanti and PDC oxidation (Scheme 1-

14). The overall yield for three steps was 53 %dyie

15



Condition A

CHs
PheP=< (1.1eq.)
CHO

mCHO Toluene, 100 °C, 40 h
CH
O,N 3

1-46
mCHO WCHO N X CHO
+ +
CH CH; CH CH; CH3; CH
O,N °  ON 378 ON 8 MTe e
1-46 1-48 1-49
14% 49 % (30 % after recrystallization) 6.4 %
Condition B
CO,Et
1) Hye— / NaH

PO(OEt), THF,0°Ctor.t.
2) DIBAL-H, CH,Cl,, - 78 °C to 0 °C.

mCHO 3) PDC, CH,Cl, or Swern Oxidation WCHO
CH; CHs
O,N CH, O,N

53 % in three steps
1-47 1-48

Scheme 1-14Synthetic conditions A and B for the aldehyldé8
1.2.1.1.2 Synthesis of (Z)-vinylstannahd5

The known (Z)-vinylstannang-45was prepared by the known procedure in three ste@s
ildoallylic alcohol1-51 was prepared by methyl cupration of propargyl lat¢d1-50 followed
by the addition of iodine. Then, the protectionatdohol 1-51 was followed by the iodine-tin
exchange, providing the Z-vinylstannahd5 (79 % vyield for two steps, Scheme 1-15).

%L Total synthesis of (+)-jatrophone. Han, Q.; WienterF.J. Am. Chem. So&992 114, 7692-
7697.
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MeMgBr, Cul Sn,Meg, Pd(PPh3),

-10°C, then, I, | OH TBSCI, NEt;, DMAP DIPEA, benzene
OH diethyl ether CH,Cl,, r.t. 4 h. I OTBS  reflux, 2 h. Me3Sn OTBS
— / Yy » \:(_ 272 \:( - . \:(
44 % CHz 92 % CHy 86 % CHy
1-50 1-51 1-52 1-45

Scheme 1-15Synthesis of (2)-vinylstannarie45
1.2.1.1.3 The coupling reactions between (E, Epddptriene and (Z)-vinylstannane

Having prepared the two pieces, we tried topteuhe (E, E, Z)-iodotriené-44 and (2)-
vinylstannanel-45. First, we applied Stille’s conditions, Pd(6EN).Cl, in DMF in the dark, but
this reaction only showed low conversigThus, we next tested the reaction by employing Pd
(0) with Li/Cu salts as additivés. Monitoring of the coupling reaction by TLC revedlthe
formation of a yellow product after approximately 2 and its subsequent disappearance
concurrent with the formation of a new colorlessdurct. This result strongly supported our
expectation that coupling between (E, E, Z)-iodute 1-44 and (Z)-vinylstannatae45 followed
by [1,7]-H shift smoothly occurs to provide the erther1-42 Because the yield of coupling
reaction was low, we optimized the conditions befproceeding to the synthesis of arabilin.

Catalytic Pd(0) with 1.5 eq. CuTtat room temperature gave an acceptable yieldeofrthdel

%2 3) Stereospecific Cross-Coupling of Vinyl Halideith Vinyl Tin Reagents Catalyzed by
Palladium. Stille, J. K.; Groh, B. LJ. Am. Chem. So&987 109 813-817. b) Total synthesis of
the cholesterol biosynthesis inhibitor 1233A vigrallyl)tricarbonyliron lactone complex. Bates,
R. W.; Fernandez-Megia, E.; Ley, S. V.; Ruck-Bra#n, Tilbrook, D. M. G.J. Chem. Soc.
Perkin Trans. 11999 1917-1925.

23 3) Synthetic Studies toward GKK1032s, Novel Amtils Antitumor Agents: Enantioselective
Synthesis of the Fully Elaborated Tricyclic Coreavian Intramolecular Diels—Alder
Cycloaddition. Asano, M.; Inoue, M.; Watanabe, Kbe, H.; Katoh, TJ. Org. Chem200§ 71,
6942-6951. b) Cu-mediated Stille reactions of sty congested fragments: towards the total
synthesis of zoanthamine. Nielsen, T. E.; Quentenk,; Juhl M.; Tanner, Dletrahedror2005
61, 8013-8024.

24 3) Copper-Mediated Cross-Coupling of Organostaemamith Organic lodides at or below
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[1,7]-shift product 1-42 (Scheme 1-16). The geometry of the skipped tetrakbd2 was
elucidated by a combination of 2D COSY and 1D NQ@ift experiments (Table 1-3).

Me,Sn OTBS

cH, 145

Pd(CH3CN),Cl,, DMF, r.t. 3 days )
low conversion

Me3Sn OTBS O,N

— 1-45
CH,

Pd(PPhg),, LiCl (2eq), CuCl (2eq)
DMF/THF, Ar, darkness, 3 days

1-42 ~20%

CHa + unidentified product (8.5 %)
+ Starting material (recovered, 31 %)

Megsn\:(OTBS OzN
1-45
CH,

Pd(PPh3), (cat.), CuTc (1.5 eq)
DMF, Ar, darkness, 17 h

CHj

1-42 51 %
+ unidentified product as a minor

Scheme 1-16Tandem coupling reaction and [1,7]-H shift in adal system

Room Temperature. Allred, G. D.; Liebeskind, LIJSAm. Chem. So&996 118 2748-2749. b)
A Synthesis of the Hypocholesterlemic Agent 1233 YAsymmetric [2+2] Cycloaddition.
Dymock, B. W.; Locienski, P. J.; Pons, J. -Blynthesisl998 1665-1661. C) Stereoselective
Synthesis of Cyercene A and the Placidenes. LiegngMiller, A. K.; Trauner, D.Org. Lett.
2005 7, 819-821.
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COSsY

conformers

Table 1-3 COSY and difference 1D-NOE chart for compoundi2

COSY, protons — corresponding Inverted peak Enhanced peaks

CHz and CH (Chumbes PPM) (Chumbes PPM) (Crumbes PPM)

CH (9, 6.32)/ CH (3, 5.70)/ CH, (7, 2.92) CH(2a, 1.70), CHl(6a,

CH; (8a, 1.82), | CHz(4a, 1.86) 1.73), CH (8a, 1.82),

CH; (7, 2.92) CHz(4a, 1.86), CH (9, 6.32)
CH (5, 6.06)/ CH (1, 6.37)/ CH (3, 5.70) CH(4a, 1.86), CH (1, 6.37)
CH; (6a, 1.73), | CHz(2a, 1.70) CH (5, 6.06) CH(6a, 1.73)

CH; (7, 2.92)

1.2.1.2 A test of importance of the O-substituent

To demonstrate that the observed [1,7]-H shiftnk/ @erived from geometrically restricted
tetraene that have the helical transition staten@exled to test geometrical isomers [i.e. (E, E, E,
Z)-tetraene] of the fully conjugated (E, E, Z, &)raenel-43 We believed that (E, E, E, Z)-
tetraenel-57 would not undergo [1,7-H]-shift because (E, E,Zxtetraene doesn’t have the
helical transition state unless there are isomegoizs. According to the known proceddrE)-
iodoallylic alcohol1-54 was prepared in 28 % yield (three steps, lit.dyiel 40 %). Then, a

2> a) Total Synthesis of (+)-MacbecinBaker, R.; Castro, J. L1. Chem. Soc., Perkin Trans. 1
199Q 47-65. b) Addition of Dichlorocarbene to Dietliyethylsodiomalonate. Krapcho, A. .
Org. Chem1962 27, 2375.
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protection of the alcohol-54 with TBS was followed by iodine-tin exchange tdoad the
requisite (E)-vinylstann&-56 (Scheme 1-17).

1) CHgl, NaH,

Et,0, reflux

?%-TSP&E;OH/HZO H TBSCI oTes MesSnSnMes OTBS

) NEt;, DMAP Pd(PPhs),, iPr,EIN
HsC K HsC HaC
EtOZCYCOZEt 3) LiAIH,, THF '3 | CH,Cl,, r.t. 3 | benzene, reflux, 1.5h '3

CHs I | 85 % Me,Sn
1-53 1-54 1-55 1-56

Scheme 1-17Synthesis of (E)-vinylstannarie56

Then, we coupled (E, E, Z)-iodotrient44 and (E)-vinylstannel-56 under the same
conditions used in the synthesis of model compdui#d@ As expected, the (E, E, E, Z)-tetraene
1-57was obtained, but no isomerization was observéamihe same time span (Scheme 1-18).

1-56
- OTBS ON
3 Pd(PPhy),
| CuTc, DMF
Me;Sn » 17 h,rt.
57 %

Scheme 1-18Coupling of (E, E, Z)-iodotrieng-44 and (E)-vinylstannang-56

The stereochemistry of the fully conjugatedaetrel-57 was identified by 2D COSY and 1D
NOE nmr experiments (Table 1-4).
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Table 1-4 COSY and difference NOE chart for compoun87

COSY, protons — corresponding Inverted peak Enhanced peaks
CH3! CHZCH (Cnumbey ppm) (Cnumbea ppm) (Cnumbe1 ppm)
CH (9a, 6.40)/ | CH (5a, 5.91)/ CH (7a, 5.99) Cki(8a, 2.05), CH (5a, 5.91)
CH; (8a, 2.05) | CHs(4a, 1.92) CH(9a, 6.40), CH (3a, 6.18)
CH (7a, 5.99)/ | CH (3a, 618)/ CH (5a, 5.91) CH (7a, 5.99), Gta, 1.92)
CH; (6a, 1.96) | CH; (2a, 1.63),

CH; (1, 4.06)

1.2.1.3 Nitrogen analogs-testing the generalitthefheteroatom substituent

Having confirmed that the model compoubdi2 is a thermodynamically stable product
formed by the thermal isomerization, we next waritedxplore the synthetic scope of the [1,7]-
H shift as a methodology. Therefore, we examindxkroheteroatom-containing substrates have
been examined.

First, the (Z)-vinylstannane containing succinimid&9 was prepared from alcoh&t51 by
three steps: mesylation, displacement by the sumdm and tin-iodine exchange. Then, we
coupled (2)-vinylstannan&-59 and (E, E, Z)-iodotrien&-44 with the catalytic Pd(0)/ CuTC
conditions. As a result, the fully conjugated (E,Z= Z)-tetraenel-60 was obtained. However,

the skipped tetraene-enamine by [1,7]-H shift waisabserved (Scheme 1-19).
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1) MsCl, NEt,

S
07 N0 0 0
H

CH2C|2, SnZMe6l Pd(PPh3)4
I\_(OH 0°Ctort.  K,COs DMF,r.t. |\_(/N DIPEA, reflux, Ar Megsn\_(/'\'
CH, 84 % 80 % — . © 58 % (brsm) . O
3 3
1-51 1-58 1-59
N XX CHs
CH; CHs |
OaN ’ 31-44
Pd(PPh),, CuTc O,N
DMF, r.t. 17 h
49 %

Scheme 1-19Examination of [1,7]-H shift in succinimide-coitad tetraené-60

Because we suspected that the two of carbonyls attey the electronic requirement for the
[1,7]-H shift of the substrate, we examined anothdrstrate. The (Z)-vinylstannaie62 was
prepared by the same reaction sequence descril&xhame 1-18. The (E, E, Z)-iodotrieh&4
and (Z)-vinylstannané&-62 were coupled to give the fully conjugated (E, EZEtetraenel-63
(Scheme 1-20). The desired [1,7]-H shift produaswot observed.

2
1)MsCl, NEt; N O Sn,Me,
CH2C|2, /_\ Pd(CH3CN)ZC|2 / \
| OH o0°C | N O NMP,rt Ar  MesSn N O
\:( tor.t. chO3, CH3CN, r.t. \:(7 , 1.4, \:(7
CHa 84 % 79 % CHs 58 % CHs
1-51 1-61 1-62
NN CHs
CHs CHy | 1-44
Pd(PPhs),, CuTc O2N
DMF, r.t. 17 h
47 %

Scheme 1-20Examination of [1,7]-H shift in morpholine-comiang tetraen&3
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1.2.2 Preparation of Key Building Blocks for arafil
1.2.2.1 Preparation of (E, E)-iododiene

To prepare the (E, E)-iododieded or (E, E)-metalladieng-11 as originally planned (Scheme
1-4), we needed internal alkydel2 The alkynel-12 was prepared by two steps by a known
procedure (Scheme 1-239Peterson type olefination of the aldehytlel7 followed by the
expulsion of nitrogen gave the alkyidie64. Then, the methylation at the terminal carbon of
alkynel-64furnished the desired alkyriel2

TMSCHN,
n-BuLi
HN(TMS) Mel, LIHMDS CH
THF, 0 °C to -78 °C ~Z THR ="
mCHO 1h X r.t. 10 min A
O,N CH, 52 % O,N CHy 8% o, CHs
1-47 1-64 1-12

Scheme 1-21Preparation of the internal alkyne
1.2.2.1.1 Hydroboration of the internal alkyhd 2

Baldwin and coworkers reported that the hydroboratf the internal alkyn&-12 containing
a nitro group was unsuccessful under several donditwith pinacol- and catecholboraRé..
However, because the hydroboration method canayiaeile approach tb-11, we hoped to find

an appropriate condition for the hydoboration.

26 Extension of the Colvin Rearrangement Using Triyisilyldiazomethane. A New Synthesis
of Alkynes. Miwa, K.; Aoyama, T.; Shioiri, Bynlett1994 107-108.

%" The biomimetic synthesis of SNF4435C and SNF4438id, the total synthesis of the polyene
metabolite aureothin, N-acetyl-aureothanmine aretis@bilin. Jacobsen, M. F.; Moses, J. E.;
Adlington, R. T.; Baldwin, J. Eletrahedror2006 62, 1675-1689.
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In 2009, Yao et al. reported the successful cleavafy propargyl ethers containing
nitrobenzene by using boron tribromide or HBBMe, (Scheme 1-223® Here, the nitro group

tolerated the hydroboration conditions.

1) 1.0 eq. BBrs, DCM

1) rt. 35 min OH
\ 2) 1.0 eq. NaHCO;
3) KHF,, MeOH/H,0O Bf%
+ —
Br B
Fs
1-67K

N02 NOZ
1-65 1-66
HBBrz'SMez
A5ON  cH,Cl . OH
O N
1-68 1-69

Z=4-NO,, 79 %; Z= 2-1, 63 %; Z= 2-Ph, 66 %

Scheme 1-22Hydroboration of nitrobenzene-contained substaateeported by Yao et al

According to this procedure, we anticipated that #ikyne 1-12 was amenable to this
condition. However, disappointingly the vyield fohet desired product was low and the

regioselectivity turned out to be very poor (Schans).

op, D BHBrg-SMe, BPin
3 2) NaHCO;3 ,H,0

/ .
AN = 3) pinacol, MgSO, WBP“‘ .\ /@/\)\
CH3 conversion ~10 % O,N CHs CHs O,N CH; CHs

1-71

1-12 1-70
1-70 E/Z:1-71 = 3:4:10

Scheme 1-23Hydroboration of the internal alkyrie12

28 |dentification of a Boron-Containing Intermedidte the Boron Tribromide Mediated Aryl
propargyl Ether Cleavage Reaction. Yao, M. -L.; BedM. S.; Zeng, W.; Hall, K.; Walfish, 1.;
Kabalka, G. WJ. Org. Chem2009 74, 1385-1387.
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We next examined another hydroboration proceduté wie imidazoline-2-thione ligand-
copper(l) complex?® The essential ligand in this reaction, IMS-Butyl-74 (1,3-
dimethylimidazoline-2-thiones), was prepared frédv@N-methylimidazolel-72 The reaction of
1-72 with n-Bul in the microwave provided imidazoliurals1-73* which was then converted
to IMS-butyl 1-743 The application of these novel reaction conditibmsour substratd-12

gave a mixture of produciis70and1-71with low conversion (Scheme 1-24).

n-Bul
MW,100°C Sg, K2CO3
N ® )J\
N7 N-Me neat HsC-N? > N-N-BU  MeOH, 48 h  HsC. N Bu IMS-Butyl
\=/ guant. o1 \=/ 62 % \-:/
1-72 1-73 1-74
5 % CuCl
20% NaO'Bu

10% IMS BRI
CH3 1eq. MeOH

7
~-7 THF, 1 day WBP'" /@/\)\
CH, _ % O CH; CH CH; CH,

O,N conversion < 10 minor major
1-12 1-70 1-71

Scheme 1-24Copper-catalyzed hydroboration of the internkyaé1-12

1.2.2.1.2 Hydrozirconation of the internal alkyh& 2

Because the hydroboration of the alkyin&2 was not successful, we next turned our attention
to hydrozirconation. The internal alkyrnle12 was treated with in-situ prepared Schwartz

29 Bis(imidazoline-2-thione)-copper(l) catalyzed resglective boron addition to internal alkynes.
Kim, H. R.; Jung, I. G;; Jang, K. Lee, E. S.; Ydr, Son, S. UChem. Commur01Q 46, 758-
760.

%0 An expeditious solvent-free route to ionic liquidsing microwaves. Varma, R. S.;
Namboodiri, V. V.Chem. Commur2001, 643-644.

311,3-DIMETHYLIMIDAZOLE-2-THIONE. Benac, B. L.; Burgss, E. M.; Arduengo III, A. J.
Org. Synth1986 64, 92.
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reagent and trapped with iodine at low temperature. Agsult, an inseparable mixture b
and 1-75was obtained in 7 % yield. When commercially aafalié Schwartz reagent (Aldrich)
was used, the reaction did not work at all (Sché&r2é).

1) ZrCp,Cl,, DIBAL-H

CH THF
é 3 or ZrCp,CI(H), Benzene '
N 2) 1, WI /@/\)\
+
CH i CHz CH CHz; CH
O,N 3 low conversion O,N 3 3 O,N 3 3
1-12 1-9 1-75

Scheme 1-25Hydrozirconation of the internal alkyriel?2

Hydrozirconation has been known to undergo thermadyc equilibrium to reach the
terminally zirconated product from alkyn&sTherefore, we tried to vary the reaction condision
by using excess reagent or changing temperatunsetdr, these efforts were not fruitful. These
unsuccessful results were presumed to be the relsdiactivation of the zirconium reagent by
the nitro group or the reduction of the nitro grdaypthe zirconium reagenit.

32 A Convenient and Genuine Equivalent to HZsCpGenerated in Situ from ZrGpl,-DIBAL-
H. Huang, Z.; Negishi, EOrg. Lett 2006 8, 3675-3678.

% a) Hydrozirconation. 1. Stereospecific and Resglective Functionalization of
Alkylacetylenes via Vinylzirconium(lV) intermediaeHart, D. W.; Blackburn, T. F.; Schwartz, J.
J. Am. Chem. So0d 975 97, 679-680. b) Stereo- and Regiocontrolled SynthegiBranched
Trissubstituted Conjugated Dienes by Palladium@@plyzed Cross-Coupling Reaction. Panek,
J.; Hu, TaoJ. Org. Chem1997, 62, 4912-4913.

3 The reduction of nitrobenzene was observed wheragt subjected to 1 eq. Schwartz reagent

(the ratio of the nitrobenzene and the resultiriirenwas identified by crud&H nmr).
ZrCp,CI(H)

THF, rt. 1h
+
O,N O,N H,N

86 % 14 %

see: reduction of nitro compounds using Zi84BH,. a novel and efficient conversion of

aromatic, aliphatic nitro compounds to primary a@sinChary, K. P.; Ram, S. R.; lyengar, D. S.
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1.2.2.1.3 Stannylcuparation of the internal alk§nE2

Since Piers and coworkers have reported a studyéostereoselective stannylcupration of the
acetylenic esterS, the mechanistic studfand applications of this method have been of great
interests to many research groups. For exampler&arand coworkers have reported the regio-
and stereoselective synthesis of dienylstannangé<amesponding iodides from the alkynes or

conjugated enyne alcohols (Scheme 1°26).

1) (BuzSn),CuCNLi,, THF/MeOH OH

-10°C, 12 h, 77 %

2) 1o, CH,Cly, 0 °C, 89 % |
HsC™ )

OH

|
H3C %

CHj HaC™
1-76 1-77

Scheme 1-26Stannylcupration of the enyne alcolief6

Synlett200Q 683-685

% a) Piers, E.; Morton, H. B. Org. Chem198Q 45, 4263. b) Piers, E. Chong, J. M.; Morton, H.
E. Tetrahedron Lett1981, 22, 4905. c) Piers, E.; Chong, J. NMl. Chem. Soc., Chem. Commun.
1983 934. d) Piers, E.; Chong, J. M.; Keay, B.Tetrahedron Lett1985 26, 6265. e) Piers, E.;
Chong, J. M.Can. J. Chem1988 66, 1425. f) Piers, E.; Chong, J. M.; Morton, H. E.
Tetrahedron1989 45, 363. 7) Piers,

E.; Wong, T.; Ellis, K. ACan. J. Cheml1992 70, 2058.

% a) Singer, R. D.; Hutzinger, M. W.; Oehlschlag&r,C. J. Org. Chem1991, 56, 4933. b)
Cummins, C. H.; Gordon, E. Jetrahedron Lett1994 35, 8133.

37a) An Efficient Method in Stannylcupration of a tgl Substituted Enyne or Alkyne by
Kinetic Control Using Methanol. Betzer, J. —F.; A&gbn, J.; Lallemand, J. -Y.; Pancrazi, A.
Tetrahedron Lett 1997, 38, 2279-2282. b) Regio- and Stereoselectivity innB8y& and
Silylcupration of Alkyne and Enynes Using Protorues. Betzer, J. —F.; Pancrazi, 3ynlett
1998 1129-1131. c) Water as a Proton Source in Regid-Chemoselective Stannylcupration of
Alkynes and Enynes. Betzer, J. F.; Pancraz§yxnthesid 999 629-634.
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We applied this methodology to the alkyiid@2 and obtained two the unidentified products.
We tried to recrystallize these products for X-styucture determination, but the resulting

crystals were not good enough to derive the reguidiffraction for crystallographic data
(Scheme 1-27).

CH CuCN, n-BulLi
4 3 BusSnH
AN THF, then MeOH ) -
Unidentified products
CHs

O,N
1-12

Scheme 1-27Stannylcupration of the internal alkyhel2

1.2.2.1.4 Hydrostannylation of the internal alkyin&2

Generally, the hydrostannylation ofinternalyal&s gives E-products. The regioselectivity is
affected by the catalytic system, functional grougrsl steric hindrance in the substrite.

The first hydrostannylation df-12 using a catalytic system of Pd(0) with tributyltigdride
followed by quenching with iodine gave exclusivelodinated product-78*° (Scheme 1-28).

1) Pd(PPh3),Cl,

CH
"% BusSnH '
X 2) I Xr X
O,N CHs crude yield O,N CH; CHj

~ 0,
1-12 90 % 1-78 exclusive

Scheme 1-28Hydrostannylation of the internal alkythel2

3 Metal-Catalyzed Hydrostannylation. Smith, N. D.aftuso, J.; Lautens, Nthem. Rev200Q
100 3257-3282.

% Literature search showed several examples of Isyanaylation of enyne, and the product of
hydrostannylation of enyne weseselective due to steric effect of terminal metindup. See: a)
Betzer, J.-F.; Delaloge, F.; Muller, B.; Pancraki, Prunet, JJ. Org. Chem1997, 62, 7768. b)
Lautens, M.; Smith, N. D.; Ostrovsky, 3. Org. Chem 1997 62, 8970. c) Lautens, M.;
Mancuso, JOrg. Lett.200Q 2, 671.
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We next tried the hydrostannylation of the alkyn&2 with bulky ligand in hexan& These
conditions afforded an inseparable mixture of #gioisomeric products-79 and1-80 (Scheme
1-29).

CH3 SnBU3
& SnB
A BusSnH, Pd(OAc),, PCy; AL W nBu;
+
CH ield ~ CHs CH
O,N 3 crude yield ~ 80 % ON CH3z CHj O,N 3~
1-12 1-79 1-80
1:0.22

Scheme 1-29Hydrostannylation of the internal alkythel2 with a bulky ligand
1.2.2.1.5 Microwave-assisted decarboxylative iotiimeof dienylcarboxylic acid

Roy and coworkers have studied a metal-fre@lytad Hunsdiecker reaction o, (-
unsaturated carboxylic aci¢ In their study, they described a catalytic corditifor
decarboxylative halogenations of various f-unsaturated carboxylic acids by combining
catalytic TBATFA (tetrabutylammonium trifluoroacééq and stochiometric NXS N¢
halosuccinimide) (Scheme 1-30).

TBATFA (0.2 eq.)
NXS (1.12 eq.)
DCE, r.t.
Ar 15-97 % r
1-81 1-82
Halogen source: NCS, NBS, NIS

Scheme 1-30Catalytic Hunsdiecker Reaction @fs-Unsaturated Carboxylic Acids

“0 palladium-catalyzed hydrostannylations of highitydered acetylenes in hexane. Semmelhack,
M. F.; Hooley, R. JTetrahedron Lett2003 44, 5737-5739.

1 3) Is Metal Necessary in the Hunsdiecker-Borodi#adtion? Naskar, D.; Chowdhury, S.; Roy,
S. Tetrahedron Lett1998 39, 699-702. b) Catalytic Hunsdiecker Reactiompf-Unsaturated
Carboxylic Acids: How efficient Is the Catalyst?rkash, J.; Roy, SJ. Org. Chem2002 67,
7861-7864. c) Catalytic Hunsdiecker Reaction ande-@at Catalytic Hunsdiecker-Heck
Strategy: Synthesis of, f-Unsaturated Aromatic Halideg;(Dihalomethyl)benzenemethanols,
5-Aryl-2,4-pentadienoic acids, Denoates, and Diddam Naskar, D.; Roy, Sletrahedron
200Q 56, 1369-1377.
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So, we applied this method to the known atid3*, but the desired produdt9 was not
obtained under thermal conditions. However, whenused microwave reactor (260W) under
the same reaction conditions, we got a quite puxrtune of E, E/ E, Z-iododienek-9 and1-83
in 1 min (Scheme 1-31).

TBATFA (0.2 eq.)

NIS (1.12 eq.) |
WCOZH DCE, r.t. to reflux W
CH; CH
O,N CH; CHj trace O,N 3 CH3
1-13 1-9/1-83 (E, E/E, 2)
TBATFA (0.2 eq.)
NIS (1.1 eq.) |
WCOZH DCE, 260 W, 1 min W
CH; CHj
02N CH3 CH3 23 % 02N
1-13 1-9/1-83 (E, E/E, Z = 1.1:1)

Scheme 1-31Hunsdiecker reaction of the substraig3
1.2.2.1.6 Synthesis of pure (E, E)-iododidr@

To obtain a geometrically pure form of (E, E)-iodate 1-9, we finally examined the Still-
Gennari olefination of aldehyde-47 with the iodo reagent-84.*% *“*The olefination at low
temperature gave iodoestdrs85 and the esters were directly reduced by DIBALeHurnish
the 2-iodoallylic alcohols in 44 % yield (42% foEHlienel-86and and 2 % for EZ-dierte 87,

“2 Interchenar Retrotransfer of Aureothin IntermeeBain an lterative Polyketide Synthase
Module. Busch, B.; Ueberschaar, N.; Sugimoto, ertiweck, CJ. Am. Chem. So2012 134,
12382-12385.

3 A versatile building block for the synthesis obstituted cyclopropanephosphonic acid esters.
Toke, L.; Jaszay, Z. M.; Petnehazy, I.; Clemei@isVereczkey, G. D.; Kovesdi, I.; Rockenbauer,
A.; Kovats, K.Tetrahedroril995 51, 9167-9178.

“ A one-pot synthesis ofE}-a-bromoa,p-unsaturated esters and their trifluoromethylatian:
general and stereoselective route E)-d-trifluoromethyl-a,p-unsaturated esters. Qing, F. —-L.;
Zhang, X.Tetrahedron Lett2001, 42, 5929-5931.
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two steps). van Tamelen’s procedure was adaptethéconversion of allylic alcohdl-86 to
bromide1-88* The resulting bromid&-88was reduced by either L-selectride (68 %) or swdiu
borohydride in DMS& (93 %) to afford the desired (E, E)-iododien® (Scheme 1-32).

O,N O,N
O2N EtO),PO—_—CO,Et
(EtO), NEl 2@
1-84 | Na | DIBAL-H
| H;C |
HsC~ ~CHO
1-47

+ (E,Z2)-isomer
1-87 (2%)

44 % (2 steps)
EtO,C |
1-85

O,N 1-86 (42 %)
NaBH,, DMSO (93 %)
CBry, PPh3 or L-selectride
CH,Cl,, 0 °C THF, Ar - 30 °C (68 %) |
o HsC
91 % |
HC™ I
188 g, Lo

Scheme 1-32Synthesis of (E, E)-iododierie9

The stereochemistry of the intermediate®6 1-88 and1-9 was identified by 1D NOE nmr
experiments (Table 1-5, 1-6, 1-7).

*> A General 1,s-Diene Synthesis Involving OverallyARlcohol Coupling with Geometrical
and Positional Control. Axelrod, E. H.; Miln€&,. M.; Tamelen, E. E. VJ. Am. Chem. So&97Q

92, 2139-2141.

“62) Sodium borohydride in dimethyl sulfoxide orfsidne. Convenient systems for selective
reductions of primary, secondary and certain tertialides and tosylates. Hutchins, R. O.; Hoke,
D.; Keogh, J.; Koharski, Dletrahedron Lett1969 3495-3498. b) Reduction of organic halogen
compounds by sodium borohydride. Bell, H. M.; Varstiee, C. W.; Spehar, Al. Org. Chem
1969 34, 3923.
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H H
5 4\3 \21 |
3aCH la
O,N ", 3 S0OH
O,N
conformers

Table 1-5 Difference NOE chart for compourid86

Inverted peak (Gmbes PPM)

Enhanced peaks{bes PpmM)

CH; (3a, 2.01)

CHi(1a, 4.44), CH (2, 6.96), CH (6, 7.4R)

CH; (1a, 4.44)

CH (3a, 2.01), CH (4, 6.46)

H H

H

O,N
conformers

Table 1-6 Difference NOE chart for compourid88

Inverted peak (Gambes PPM)

Enhanced peaks{bes PpmM)

CH (4, 6.71)

CH (1a, 4.53), CH2, 6.93), CH (6, 7.46

CH (2, 6.93) CH (3a, 2.05), CH (4, 6.71)
YA
H H H
6 A5 3 ¢ 4 |
X
O,N Ga G
O,N
conformers

Table 1-7. Difference NOE chart for compourid9

Inverted peak (Gmbes PPM)

Enhanced peaksq{fmbes PPM)

CH (4, 6.40)

CH (1a, 2.68), CH (2, 6.81), CH (6, 7.4

L")

CH (2, 6.81)

CH (3a, 2.01), CH (4, 6.40)
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1.2.2.2 Preparation gfpyronel-10

The y-pyrone 1-10 was synthesized according to the known procetiiiest, the Wittig
reagentl-93 was prepared by alkylation of the commercial phosgtel-92 with the mesylate

1-91 (Scheme 1-33).

TBSCI, NaH MsCl, NEt3
HO THF, O/N CH,Cly, 0°C  MsO.
"o Y HOL "~ "orgs 22~ ~TX"0TBS
1-89 58 % 1-90 quant. 1-91
1-91, NaH, Nal
THF/DMF, o ¢
1l Il
CFsCH,0-P_COEt 0°COTL  cR.cH,0-P__COLE , CFaCH,O-P_ _CO.E
CF3CH,0 CF3CH,0 CF;CH,O ___ OTBS
_~_ _OTBS _
1-92
OTBS
1-93 (43 %) 1-94 (14 %)

Scheme 1-33The preparation of the Wittig reagen®3

Next, the acyl imidazolel-102 was prepared by 9-step sequence including Stiinae
olefination, Sharpless asymmetric epoxidation, arulative cleavage of 1,2-diol. The chiral
carbon C6 of thg-pyronel-10was constructed as an enantiomerically pure f@an¢me 1-34).

1) DIBAL-H
I =0 KHMDS, CH,Cl,, - 78 °C
\_( 18-crown ether \ 2) Ac,O, DMAP \
1-95 CH;  THF, -78°C ' — CH,Cly, r.t. l =
1-93 2o = CO,Et OTBS 50 o — OAc OTBS
0
CHs 106 ’ CHs  1.97
Ti(oPr),, DET
TBAF, THF t-BUOOH, CH,Cl, Ktzclohs, MeOH
0°Ctor.t. -20°C, 12 h \_(—C\—\ rt
Ohe on 93 % OAc OH 90 %
Hs 1.08 Hs  1.99
1) NalO,4, MeOH
OH H,0,0°C2h C\>
( 2) AgNO3, KOH .CO,H CDI, THF -
| _ OH  EtOH, H,0, O/N | _ rt.1h | _
— o) — o) — O
CH; 1-101 CHs 1102

CH;  1-100

Scheme 1-34Preparation of the acyl imidazdlel02
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The completion of the synthesis pipyrone 1-10 was achieved in 4 steps from the acyl
imidazole1-102 Thep-hydroxy-u-pyronel-105was prepared by the substitution reaction -of
102 with ketoesterl-103 followed by an intramolecular cyclization of thecarbonyl 1-104
(Scheme 1-34). This was followed by selective miatign of B-hydroxy-a-pyronel-105and an
iodine-tin exchange (Scheme 1-35).

The conditions using LDA to form a dianionic reageh the ketoeste®7 was found to be

more consistent and less sensitive than those ssiigm hydride followed by butyl lithium.

O O

HH/U\O/\ e CH
H,;C 3
1-103 3 ﬁ
NaH, 0 °C, then DBU benzene oS0
n-BuLi, - 78 °C reﬂux 3h | _
02 — — o
1-104 1-105
CHs

LDA(Zeq) 2h

o] MeO
HaC CHs HaC "y Ce
CF3S0,CHj \\\ \ \\\
CH,Cl, 1. R\_(:C‘,\ o  OMe . |\_(:_</\“\ o O
— o) — o]
CH;  1-106 (25 %) CH;  1-107 (20 %)
Sn,Meg R=I
Egr(]'::r?g)“ ,: R = SnMe; 1-10

Scheme 1-35Preparation of-pyronel-10

1.2.3 Coupling of the tin reagett10with iododienel-9 and isolation of arabilin

Having pure coupling partnerks-9 and 1-10, the Pd(0)/Cu(l) catalytic system was applied
(Scheme 1-36). Gratifyingly, (-)-arabilin was cleambtained with good yield (73 %). The
optical rotation of our synthetic material was fduilo be -139.4 (c 0.16, CHCI,, 20-21°C)
while that of the natural product is reported to-h66.2°. Thus, the calculated enantiomeric
excess of the synthetic natural product was apprataly 84 %. The correlation of the optical
rotation between natural- and synthetic arabilinfemed the configuration of the C-6 chiral
center as (R).
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Pd(PPh3),
CuTc, DMF
| + 15 h, r.t.
HiC | 73 %
H,;C I
1-9 (-)-arabilin (1-1)

Scheme 1-36Synthesis of (-)-arabilinl¢1)
The'H and **C nmr spectra of synthetic arabilin were comparéth those of authentic

arabilin in Table 1-8. The chemical shifts as veslcoupling constants were consistent with the

authentic data.
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Table 1-8 *H, **C-NMR for arabilin in CDCJ, & (ppm),J (Hertz)

Number  Authentic’H) Synthetic {H) Authentic °C)  Synthetic C)
1 - - 162.1 162.1
la 3.92 (s, 3H) 3.92 (s, 3H) 55.3 55.3
2 - - 99.9 99.9
2a 1.86 (s, 3H) 1.86 (s, 3H) 6.9 6.9
- - 180.6 180.6
- - 119.6 119.6
4a 2.02 (s, 3H) 2.02 (s, 3H) 9.4 9.4
5 - 154.2 154.3
5.59 (ddJ=11.01,7.7,1H)  5.59 (dd=10.8, 7.6, 1H)  77.2 77.2
7 2.85(ddJ=15.2,7.5,1H)  2.85(ddJ=152, 8.8, 1H)  35.6 35.7
3.08 (ddJ=15.2, 11.0, 1H)  3.08 (ddJ=15.2, 11.2, 1H)
8 - - 114.9 114.9
8a 6.48 (s, 1H) 6.48 (s, 1H) 144.4 144.4
9 5.91 (s, 1H) 5.91 (s, 1H) 1185 1185
10 - - 131.7 131.7
10a 1.88 (s, 3H) 1.88 (s, 3H) 25.3 25.2
11 5.99 (s, 1H) 5.99 (s, 1H) 128.6 128.6
12 - - 134.7 134.7
12a 1.73 (bd, 3H) 1.73 (d=1.6, 3H) 22.8 22.8
13 2.91 (s, 2 H) 2.90 (s, 2H) 44.2 44.1
14 - - 141.1 141.1
14a 1.81 (bd, 3 H) 1.81 (d=0.8, 3H) 18.1 18.1
15 6.32 (s, 1H) 6.32 (s, 1H) 124.9 124.9
16 - - 145.1 145.1
17 7.35 (d,J=8.8, 2H) 7.35 (dJ = 8.4, 2H) 129.3 129.3
18 8.17 (d,J=8.8, 2H) 8.18 (dJ = 8.8, 2H) 1235 1235
19 - - 145.9 145.9
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1.2.4 The test result in NCI-60 cell lines

The synthetic arabilin was sent to Dr. BeutteNation Cancer Institute (NCI) for further
screening in NCI-60 cell line. The resulting dagaattached. The first set of data is from a one
dose experiment for measuring the relative celtides shown in the first two bar graphs, the
selective activity against the prostate cancerwali not observed. The second set of data is from

the full dose experiment.
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Developmental Therapeutics Program | nsc: D-761943/1 | Conc: 1.00E-5Molar | Test Date: Oct 24, 2011

One Dose Bar Graph Experiment ID: 11100852 Report Date: Nov 18, 2011
Panel/Cell Line Growth Percent Bar Graph
Leukemia

HL-60(TB) 18.92
K-562 16.58
MOLT-4 2212
RPMI-8226 27.16
SR 13.70
Non-Small Cell Lung Cancer
A549/ATCC 64.62
EKVX 48.89
HOP-62 35.11
HOP-92 54.48
NCI-H226 82.46
NCI-H23 38.82
NCI-H460 62.21
NCI-H522 43.06
Colon Cancer
COLO 205 66.63
HCC-2998 67.71
HCT-116 18.27
HCT-15 47.18
HT29 72.09
KM12 60.61
SW-620 54.28
CNS Cancer
SF-268 68.78
SF-295 35.91
SF-539 92.63
SNB-19 71.19
SNB-75 68.68
U251 57.21
Melanoma
LOX IMVI 24.32
MALME-3M 79.10
M14 71.60
MDA-MB-435 45.44
SK-MEL-2 50.16
SK-MEL-28 7476
SK-MEL-5 14.30
UACC-257 50.61
UACC-62 58.70
Ovarian Cancer
IGROV1 69.08 [ —
OVCAR-3 65.06
OVCAR-5 101.86
OVCAR-8 45.25
NCI/ADR-RES 18.37
SK-OV-3 80.32
Renal Cancer
786-0 55.84
A498 5142
ACHN 67.40
CAKI-1 62.75
RXF 393 7112
SN12C 70.69
TK-10 76.90
Uo-31 50.33
Prostate Cancer
PC-3 36.65
DU-145 69.97
Breast Cancer
MCF7 15.93
MDA-MB-231/ATCC 69.47
HS 578T 91.51
BT-549 39.80
T-47D 37.93
MDA-MB-468 9.69
125 62.5 0.0 -62.5 -125

Percentaée Growth
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Developmental Therapeutics Program

NSC: D-761943 /1

Conc: 1.00E-5 Molar

Test Date: Oct 24, 2011

One Dose Mean Graph

Experiment ID: 11100852

Report Date: Nov 18, 2011

Panel/Cell Line Growth Percent

Mean Growth Percent - Growth Percent

Leukemia
HL-60(TB) 18.92
K-562 16.58
MOLT-4 2212
RPMI-8226 27.16
SR 13.70
Non-Small Cell Lung Cancer
A549/ATCC 64.62
EKVX 48.89
HOP-62 35.11
HOP-92 54 .48
NCI-H226 82.46
NCI-H23 38.82
NCI-H460 62.21
NCI-H522 43.06
Colon Cancer
COLO 205 66.63
HCC-2998 67.71
HCT-116 18.27
HCT-15 47.18
HT29 72.09
KM12 60.61
SW-620 54.28
CNS Cancer
SF-268 68.78
SF-295 3591
SF-539 92.63
SNB-19 71.19
SNB-75 68.68
U251 57.21
Melanoma
LOX IMVI 24.32
MALME-3M 79.10
M14 71.60
MDA-MB-435 45 44
SK-MEL-2 50.16
SK-MEL-28 7476
SK-MEL-5 14.30
UACC-257 50.61
UACC-62 58.70
Ovarian Cancer
IGROV1 69.08
OVCAR-3 65.06
OVCAR-5 101.86
OVCAR-8 45 25
NCI/ADR-RES 18.37
SK-OV-3 80.32
Renal Cancer
786-0 55.84
A498 51.42
ACHN 67.40
CAKI-1 62.75
RXF 393 71.12
SN12C 70.69
TK-10 76.90
UO-31 50.33
Prostate Cancer
PC- 36.65
DU-145 69.97
Breast Cancer
MCF7 15.93
MDA-MB-231/ATCC 69.47
HS 578T 91.51
BT-549 39.80
T-47D 37.93
MDA-MB-468 9.69
Mean 53.26
Delta 43.57
Range 92.17

;

150 100

50 0 -50

-100 -150
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National Cancer Institute Developmental Therapeutics Program NSC:D-761943/ 1 SSPL: 0GZS | EXP. ID: 1111NS62
Dose Response Curves Report Date: January 26, 2012 Test Date: November 28, 2011
Leukemia Colon Cancer
100 100 EoTET T e
. L e,
i, R
& 50 £50
a o ?
1
Bo o
Bt Bt
] 1
&'-55 'i-sn
1 1 1 1 1 1 1 1 L L 1 1
g 8 E] £ £ 4 10 g a I ] -5 4 0 5 E & 5
Log, ; of Sample Cancentration (Malar) Log,  af Sample Concantration (Molar) Log, , of Sampls Conoentration (Molar}
CCRF-CEM—&— HL-E0{TB)——<——- K562 AS49IATCC—o— HOP-§2---L—-- COLO 205—&— HCC-2898-—4—— HCT-116--—de——
MOLT4-—£4—-  RPMI-B236—-—g-— SRt HOP-92- 53— HCI-H23-—a- HCT-15 -3 HTZ29—- g K12~ g
NCI-H32ZM—-—h - NCEHHS22—--9—- SW-B20---—k—-
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1.3 Conclusion

Our total synthesis of (-)-arabilin, the first attddate the only synthesis, requires 15 steps in
the longest linear sequence and 19 steps total dmmmercially available starting materials.

We postulated that the skipped tetraene structii(g-arabilin was presumably derived by a
thermal isomerization, [1,7]-H shift in this caseym the fully conjugated (E, E, Z, Z)-tetraene
structure. Before the total synthesis, we testsdrgple model compound closely related to the
structure of (-)-arabilin. In a model experimeng wbserved [1,7]-H shift at room temperature,
giving a desired skipped tetraehe 2 from the fully conjugated (E, E, Z, Z)-tetraehd3

This result allowed us to set out on a total sysighef (-)-arabilin. We needed two coupling
partners, (E, E)-iododient-10 and (E, Z)-stannyldien&-10. The significant efforts to prepare
(E, E)-iododiendl-9 were not successful; hydroboration, hydrozircomgtand stannylcupration.
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A diastereomeric mixture of (E, E)- and (E, Z)-idiene was obtained when the Hunsdieker
reaction was applied to diene-carboxylic attd3 Finally, the pure (E, E)-iododierfe9 was
prepared by a 5-step sequence that included araddfill-Gennari olefination as a key step. (E,
Z)-Stannyldienel-10 was obtained by the known procedure. The couplihd-6 and 1-10
successfully provided (-)-arabilid{1) in 73 % yield.

Our synthesis of (-)-arabilin demonstrates thectiife use of a [1,7]-hydrogen shift as a key
step and supports the premise that this rearrangeisia nonenzymatic step in the biosynthesis
of this interesting natural product

1.4 Experimental Section

General Information

All air- and moisture-sensitive reactions wpegformed under argon in oven-dried or flame-
dried glassware. Unless stated otherwise, comniigranzailable reagents were used as supplied
or distilled by short-path distillation. HPLC grathexane, EtOAc, C¥Cl, and CHOH were
used in chromatography. Tetrahydrofuran (THF) aredhgll ether (EfO) were distilled from
sodium-benzophenone ketyl under argon gas. Dichiletbane was distilled from calcium
hydride under nitrogen gas. All experiments werenitoaoed by thin layer chromatography
(TLC) performed on Whatman precoated PE SIL G/U\ 28n layer polyester-supported
flexible plates. Spots were visualized by exposwrailtraviolet (UV) light (254 nm) or by
staining with 10% solution of phosphomolybdeniada@MA) in ethanol or KMn@agq. solution
and then heating. Flash chromatography was caougdvith Fisher brand silica gel (170-400
mesh).

Infrared spectra were recorded with a Perkméfl 1600 Series FT-IR instrument. Samples
were scanned as neat liquids or dissolved in@Hon sodium chloride (NaCl) salt plates.
Frequencies are reported in reciprocal centimgmrs). Nuclear magnetic resonance (NMR)
spectra were recorded with a Varian Inova-500 (8B for *H and 126 MHz for*C), Varian
Inova-400 (400 MHz for'H and 100 MHz for*3C), or Gemini-2300 (300 MHz fofH)
spectrometer. Chemical shifts for proton NMR speere reported in parts per million (ppm)
relative to the singlet at 7.26 ppm for chlorofodzhemical shifts for carbon NMR spectra are

reported in ppm with the center line of the tridiet chloroform-d set at 77.00 ppm. COSY and
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NOE experiments were measured on a Varian Inovasp@etrometer. High-resolution mass
spectra were obtained on a Micromass Q-Tof Ultipectometer by the Mass Spectrometry

Laboratory at the University of lllinois Urbana Ghpaign.

Experimetal Procedure/ Characterization

CHs
PheP=< (1.1eq.)
CHO

mCHO Toluene, 100 °C, 40 h
CH
O,N 3

1-46
mCHO WCHO N N CHO
+ +
CH CH; CH CH; CH3; CH
1-46 1-48 1-49
14% 49 % (30 % after recrystallization) 6.4 %

Aldehydes 1-48 and 1-49. To a stirred solution of the aldehytie16 (0.31 g, 1.60 mmol) in
toluene (10 mL) was added (triphenylphosphorangiédpropionaldehyde (0.56 g, 1.76 mmol)
under Ar. The reaction mixture was then heatecetioix for 20 h. The solution was cooled and
concentrated. The residue was chromatographed :E@&c = 5:1) to afford singly
homologated aldehyd&-48 (0.18 g, 49 %) and doubly homologated aldehi&i® (28.0 mg,
6.4 %).

Aldehyde1-48 Rf value: 0.25 (Hex:EtOAc = 5:14 NMR (500 MHz, CDC}) § 2.06 (s, 3 H),
2.24 (s, 3 H),6.83 (s, 3H),6.90 (s, 1 H), 7.60)(= 8.5 Hz, 2 H), 8.25 (dl = 8.5 Hz, 2 H), 9.51
(s, 1 H). The data were consistent with literatakies?’

Aldehyde1-49 Rf value: 0.30 (Hex:EtOAc = 5:34 NMR (300 MHz, CDC}) § 2.02 (s, 3 H),
2.12 (s, 3 H), 2.24 (s, 3 H), 6.40 (s, 1 H), 6.881(H), 6.82 (s, 1 H), 7.47 (d= 8.5 Hz, 2 H),
8.23 (d,J = 8.5 Hz, 2 H), 9.46 (s, 1 H). ). The data weresistent with literature valués.

7 Biomimetic studies on polyenes. Moses, J. E.; BaldJ. E.; Marquez, R.; Adlington, R. M.;
Cowley, A. R.Organic Letters2002 4, 3731-3734.
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Ll
Phyp—
CHs !

CHs
NaHMDS |
WCHO THF, - 30°C, 0.5 h Xr X
CH, CH CH, CH
O,N s 48 % O,N 8
1-48 1-44

(E, E, Z2)-lodotriene 1-44
ethyltriphenylphosphonium iodide (1.27 g, 2.35 mmélfter the flask was flushed with an Ar
streamAn Ar stream for 10 min, dry THF (10 mL) veakled. NaHMDS (1.05 mL, 2 M in THF,
2.11 mmol) was added at — 8Q, and then the reaction mixture was stirred fomii@. The
solution of the aldehyd&-48 (0.27 g, 1.17 mmol) in THF (2 mL) was added dragevio the
solution of phosphine ylide at same temperaturéerAd.5 h, the mixture was warmed to room

In an oven-dried 50 mL round bottom flask waaced

temperature and quenched with sat.,8Haqg. solution. The mixture was extracted withyeth
acetate (20 mL X 3), and the combined organic smiutvas washed with brine, dried over
MgSQ,, filtered, and concentrated. The crude product wasfied by silica gel column
chromatography (Hex:EtOAc = 20:1) to afford tBeE, Ziodotrienel-44 as yellow oil (0.21 g,
48 %).

Rf value: 0.65 (Hex:EtOAc = 20:3H1 NMR (500 MHz, CDCJ) § 2.01 (s, 3 H), 2.08 (dl = 1.0
Hz, 3 H), 2.61 (dJ = 1.5 Hz, 3 H), 6.08 (s, 1 H), 6.11 (s, 1 H), 6(481H), 7.44 (dJ = 8.5 Hz,

2 H), 8.19 (d,J = 8.5 Hz, 2 H).*C NMR (126 MHz, CDGJ) § 18.2, 19.1, 35.0, 98.3, 123.5,
128.1, 129.5, 134.7, 136.6, 138.2, 139.0, 144.6,94IR (neatymax 1338, 1441, 1514, 1591,
2912 cni.; HRMS[ES+] calcd for @H1INO, [M + Na]* 392.0124, found 392.0134.

CuTC =
S\_CO,Cu
s
OTBS o
2
CHs pa(prhy),
| CuTC, DMF
MesSn™ 4 45 » 17 h,r.t dark
51 %
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Enol ether 1-42 To a stirred solution of the, E, Ziodotrienel-44(28.4 mg, 76.umol) and
vinyl stannanel-45% (53.7 mg, 153.8imol) in DMF (1 mL) was added Pd(P£h(13.2 mg,
11.5 pmol) and CuT&* (copper thiophene-2-carboxylate, 21.9 mg, 11&3ol). Then, the
reaction flask was wrapped with aluminum foil. Treaction mixture was purged by an Ar
streamAn Ar stream for 10 min at room temperatme then it was stirred and monitored by tlc.
After 2 h, a deep yellow spot, Rf = 0.75 (Hex:EtOARO0:1), appeared and after 13 h, this had
disappeared while a new spot, Rf = 0.78 (Hex:Et@A20:1), visible under uv light, appeared.
The reaction mixture was quenched with water anethgi ether was added. Then, the
suspension was filtered through a short pad oft€elnd the Celite was washed with diethyl
ether several times. The filtrate was partitiorsstj the organic layer was washed with water (5
mL x 3) and brine. Then it was dried over MgsSfitered, and concentrated. The crude mixture
was subjected to preparative TLC (Hex:EtOAc = 1Qdlafford the enol ethet-42 (16.7 mg,

51 %) as pale yellow oil.

Rf value: 0.75 (Hex:EtOAc = 20:TH NMR (400 MHz, CDCJ) § 0.14 (s, 6 H), 0.93 (s, 9 H),
1.70 (d,J = 1.2 Hz, 3 H), 1.73 (dl = 1.6 Hz, 3 H), 1.82 (d] = 1.2 Hz, 3 H), 1.86 (s, 3H), 2.92 (s,
2 H), 5.70 (dJ = 1.2 Hz, 1H), 6.06 (s, 1 H), 6.32 (s, 1 H), 6(871 H), 7.36 (dJ = 8.8 Hz, 2 H),
8.17 (d,J = 8.8 Hz, 2 H)!*C NMR (100 MHz, CDGJ)) 6 -5.3, 12.7, 18.2, 18.3, 22.9, 25.6, 44.1,
117.3, 123.5, 124.5, 127.7, 129.3, 129.6, 129.8.13141.0, 142.0, 145.5, 145.8.; IR (neat)
vmax 1176, 1342, 1518, 1595, 1635 tmHRMS[ES+] calcd for GHs/NOsSi [M + H]*
450.2440, found 450.2447.

Me3SnSnM63 OTBS
QTBS Pd(PPhg),, IPREIN
H3CJ) benzene, reflux, 1.5h '3 |
[ 85 % Me3Sn
1-55 1-56

(E)-Vinylstannane 1-56 To a stirred solution of silyl ethdr-55 (39.0 mg, 125umol) in

benzene (3 mL) was added diisopropylethylamine (6.237.4 umol), hexamethylditin (31.0

uL, 150umol), and Pd(PPy (7.2 mg, 6.2umol) at room temperature. The reaction mixture was

degassed by an Ar streamAn Ar stream for 10 minsimced at reflux. After 2 h, the mixture

was diluted with hexane, filtered through a padas$ic alumina, and concentrated. The crude
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mixture was subjected to basic alumina chromatdyrap afford (E)-vinylstannané&-56 as
colorless oil (37.2 mg, 85 %). The toxic and uniaivoduct was directly used for the next step

without characterizations.

OTBS

O,N
HsC Pd(PPhs),
| 56 cuTc, DMF
Me;Sn » 17 h,rt.
57 %

(E, E, Z, E)-tetraene enol ether 1-57 To a stirred solution of the iodotriede44 (18.6 mg,
50.3 umol) and vinyl stannan&-56 (37 mg, 106umol) in DMF (1 mL) was added Pd(Pfh
(8.6 mg, 7.5umol) and CuTC (14.4 mg, 754mol). Then, the reaction flask was wrapped with
aluminum foil. The mixture was degassed by an AeashAn Ar stream for 10 min at room
temperature, and then allowed to stir for 17 h. Tdection mixture was quenched with water
and diethyl ether. Then, the suspension was fdteheough a short pad of Celite and washed
with diethyl ether several times. The filtrate waestitioned, and the organic layer was washed
with water (5 mL x 3), brine, dried over Mg&Qiltered, and concentrated. The crude mixture
was purified by preparative TLC (Hex: EtOAc = 4td)afford the tetraeng&-57 (12.3 mg, 57 %)

as yellow oil. The product was not subjected tdokotbulb distillation because of the possible
thermal isomerizations.

Rf value: 0.75 (Hex:EtOAc = 20:1H NMR (500 MHz, CDCJ)  0.067 (s, 6 H, 2CkJ, 0.905 (s,

9 H, 3CH), 1.63 (s, 3 H, Ch), 1.92 (s, 3 H, CH), 1.96 (s, 3 H, CH), 2.05 (s, 3H, Ch), 4.06 (s,
2H, CH), 5.91 (s, 1 H, CH), 5.99 (s, 1 H, CH), 6.18 (${,1CH), 6.40 (s, 1 H, CH), 7.41 (d~

8.5 Hz, 2 H, 2CH), 8.18 (dl = 9.0 Hz, 2 H, 2CH)**C NMR (126 MHz, CDGCJ) § -5.3, 15.1,
18.4, 18.7, 19.6, 25.9, 68.0, 123.5, 124.3, 12129,4, 132.4, 133.8, 135.0, 136.0, 137.0, 140.0,
145.0, 145.7.; IR (neatymax 1109.4, 1339.8, 1440.7, 1515.9, 1592.41.c:rHRMS[ES+] calcd
for CosHs/NOsSi [M + NaJ 450.2440, found 450.2448.
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1) MsCl, NEt;

A
SNl 0
H

CH,Cl,,
l\_(OH 0°Ctor.t. K,COjz, DMF, r.t. |\—</N
CH, 84 % 80 % CH 0]
3
1-51 1-58

N-Alkyl succinimide 1-58 Step 1: To a stirred solution of the alcolhe$1 (0.39 g, 1.99 mmol)
in CH,CI, (7 mL) was added triethylamine (0.33 mL, 2.39 mnaold then mesyl chloride (0.17
mL, 2.19 mmol) at C. After 1 h, the reaction mixture was dilutediwéthyl ether and washed
with cold water, 1 N HCI, water, and sat NaH{$olution. The organic solution was then dried
over MgSQ, filtered, and concentrated (crude yield = 84 %)e crude product was directly
used for the next step. Step 2: To a stirred swiudf mesylate (50 mg, 0.19 mmol) in DMF (1
mL) was added succinimide and potassium carbonat@oan temperature under Ar. After 5 h,
the mixture was diluted with ethyl acetate (15 nalnd washed with water (5 mL X 3). The
organic solution was dried over MgqOfiltered, concentrated, and purified by column
chromatography (Hex:EtOAc = 2:1) to afford the Kydlsuccinimidel-58 as a colorless oill
(42.4 mg, 80 %).

Rf value: 0.50 (Hex:EtOAc = 2:H NMR (500 MHz, CDCY) § 1.73 (d,J = 1.3 Hz, 3 H), 2.75
(s, 4 H), 4.26 (s, 2 H), 6.14 (§~ 1.3 Hz, 1 H)!}*C NMR (126 MHz, CDGCJ) 5 21.7, 28.1, 45.9,
76.9, 140.2, 176.7.; IR (neathax 1174, 1330, 1395, 1419, 1669tm

0] O
SnzMee, Pd(PPh3)4
|\—</N DIPEA, reflux, Ar Me3Sn\_</N
— o) 58 % (brsm) — o)
CH3 CH3
1-58 1-59

(2)-Vinylstannane succinimide 1-59 To a stirred solution of N-alkyl succinimide58 (42.0
mg, 150 umol) in benzene (3 mL) was added diisopropylethytem(7.5 uL, 45.1 umol),
hexamethylditin (37.QuL, 181 umol), and Pd(PPy (8.7 mg, 7.5umol) at room temperature.

The reaction mixture was degassed by an Ar strearhd min and heated to reflux. After 2.5 h,
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the mixture was diluted with hexane, filtered thgbua pad of basic alumina, and concentrated.
The crude mixture was subjected to basic alumimarshtography to afford (Z)-vinylstannane
succinimdel-59 (colorless oil, 18.0 mg, isolation yield = 38 98 % brsm, 14.4 mg of starting
material was recovered).

Rf value: 0.50 (Hex:EtOAc = 2:TH NMR (600 MHz, CDC}) § 0.23 (s, 9 H), 1.75 (s, 3 H),
2.72 (s, 4 H), 4.14 (s, 2 H), 5.77 (s, 1 H).

N X Xy O
o ON CH; CHg | HaC
i} Pd(PPh3)4, CuTc 144 o N ) CHs
MeaSn \—</N DMF, r.t. 17 h
— HsC Yy
cH, © 49 % o

N CHj
1-59 1-60 )

(E, E, Z, Z)-Tetraene succinimide 1-60 To a stirred solution of the iodotriede44 (28.0 mg,
75.9 umol) and (2)-vinyl stannane succinimide59 (16.0 mg, 50.umol) in DMF (1 mL) was
added Pd(PRJy (8.8 mg, 7.6umol) and CuTC (14.5 mg, 75,@mol). Then, the reaction flask
was wrapped with aluminum foil. The mixture was a&ged by an Ar stream for 10 min at room
temperature, and then it was allowed to stir fohlThe mixture was quenched with water and
diethyl ether. Then, the suspension was filteredugph a short pad of Celite and washed with
diethyl ether several times. The filtrate was piarted, and the organic solution was washed
with water (5 mL x 3) and brine, dried over Mg&@iltered, and concentrated. The crude
mixture was purified by preparative TLC (Hex: EtOAG@:1) to afford the (E, E, Z, Z)-tetraene
succinimidel-60(9.8 mg, 49 %) as yellow oil.

Rf value: 0.35 (Hex:EtOAc = 3:TH NMR (300 MHz, CDCJ) § 1.62 (s, 3H), 1.9465 (s, 3 H),
1.95 (s, 3 H), 2.05 (s, 3 H), 2.72 (s, 4 H), 4422 H), 6.01 (br s, 2 H), 6.02 (s, 1 H), 6.441(s,
H), 7.44 (dJ = 9.0 Hz, 2 H), 8.19 (d] = 9.0 Hz, 2 H)**C NMR (126 MHz, CDGJ) 6 18.4, 19.5,
20.4,25.1,28.1, 40.2,112.1, 123.5, 127.8, 12298,8, 133.2, 134.4, 134.5, 136.6, 139.7, 144.9,
145.7, 177.0.; IR (neatmax 1338, 1395, 1513, 1592, 1703tm
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2 N\

1 MsCl, NEt; N O
CH2C|2, /_\
| OH o0°Ctort. K,CO3, CHZCN, r.t. | N O
\:( 2 3 3 \:( /
CH, 84 % 79 % CH,
1-51 1-61

N-Alkyl morpholine 1-61 Step 1: Mesylate was prepared by the same qgoshown in the
synthesis of N-alkyl succinimide-58 Step 2: To a stirred solution of the mesylaté{@, 0.43
mmol) in acetonitrile (2 mL) was added the morphel(56.0uL, 0.65 mmol) and potassium
carbonate (0.12 g, 0.86 mmol). After 5 h, the reacmixture was diluted with water and
extracted with ethyl acetate. The organic soluti@s then dried over MgSQconcentrated, and
purified by column chromatography (Hex: EtOAc =)5td afford the N-alkyl morpholiné-61
(91.2 mg, 79 %) as colorless oil.

Rf value: 0.75 (Hex:EtOAc = 20:3H NMR (400 MHz, CDCJ) § 1.92 (s, 3 H), 2.43 (m, 4 H),
3.09 (s, 2 H), 3.68 (m, 4 H), 6.04 (s, 1 HC NMR (100 MHz, CDGJ) § 23.0, 53.4, 65.0, 67.0,
143.9.; IR (neatymax 1118, 1275, 1453, 2852 ¢m

Sn,Meg, Pd(CH3CN),Cl,

| N O NMP, r.t, A N O
, r.t, Ar Me3Sn
—( "/ SN
1-61 1-62

(2)-Vinylstannane morpholine 1-62 To a stirred solution of N-alkyl morpholirie61 (16.2
mg, 60.6 umol) and hexamethylditin (39.7 mg, 12umol) in NMP (0.4 mL, N-
methylpyrrolidone) was added Pd(€EN).Cl, (1.6 mg, 6.1umol) at room temperature. After
stirring 15 h, the reaction mixture was directhbgeted to chromatography on basic alumina
(hex: ethyl ether = 10:1) to afford (Z)-vinylstameamorpholinel-62 (15.1 mg, 58 %) as a
colorless oil. The toxic and unstable product wagady used for the next step without

characterizations.
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CHj

NN
CH; CHy | 144 e
Pd(PPhs),, CuTc O2N N X CHs
MezSn DMF, r.t. 17 h
\_( \_/ H3C Y
47 %

CHj

N
1-62 1-63 Q
0

(E, E, Z, Z)-tetraene morpholinel-63 To a stirred solution of the iodotriefte44 (38.9 mg,
0.11 mmol) and (Z)-vinyl stannane morpholit?2 (22.7 mg, 52.umol) in DMF (1 mL) was
added Pd(PRy (9.1 mg, 7.9umol) and CuTC (15.1 mg, 794mol). Then, the reaction flask
was wrapped with aluminum foil. The mixture was a&ged by An Ar stream for 10 min at room
temperature, and the mixture was allowed to stil®h. The mixture was quenched with water
and diethyl ether. Then, the suspension was fdteheough a short pad of Celite and washed
with diethyl ether several times. The filtrate waestitioned, and the organic layer was washed
with water (5 mL x 3) and brine, dried over Mg&@iltered, and concentrated. The crude
mixture was purified by preparative TLC (Hex: EtOAG@:1) to afford the (E, E, Z, Z)-tetraene
morpholinel-63 (8.7 mg, 49 %) as a yellow oll.

Rf value: 0.40 (Hex:EtOAc = 3:TH NMR (500 MHz, CDC}) & 1.81 (s, 3H), 1.86 (s, 3 H), 1.94
(s, 3 H), 2.04 (s, 3 H), 2.33 (m, 4 H), 2.87 (H)2 3.68 (m, 4 H), 5.91 (s, 1 H), 5.98 (s, 1 H),
6.01 (s, 1 H), 6.37 (s, 1 H), 7.41 (b= 8.0 Hz, 2 H), 8.18 (d] = 8.0 Hz, 2 H).

TMSCHN,

n-BuLi

HN(TMS),

THF, 0°Cto -78 °C

mCHO 1h AN
CH CH3
OZN 3 52 % 02N

1-47 1-64

Terminal alkyne 1-64 n-BuLi (1.6 M in hexane, 2.25 mL, 3.60 mmol) wadded to a stirred

solution of HN(TMS) (0.82 mL, 3.90 mmol) in THF (20 mL) at°C under Ar. To this mixture

was added dropwise TMSCHNMver 10 min and the aldehyde47 (0.57 g, 3.0 mmol) in THF

(5 mL) at -78°C. After 1 h, the reaction nmixture was quenchethwiat. HNCI sol’n and
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extracted with diethyl ether. The organic solutwess then dried over MgSQconcentrated, and
purified by column chromatography (Hex: EtOAc =Bto give the terminal alkynt-64 (0.29
g, 52 %) as a yellow solid.

Rf value: 0.40 (Hex:EtOAc = 20:3H NMR (300 MHz, CDC}) § 2.10 (d,J = 1.5 Hz, 3 H), 3.09
(s, 1H),6.93 (s, 1H), 7.42 (d= 9.0 Hz, 2 H), 8.21 (d] = 9.0 Hz, 2 H). IR (neatymax 1118.0,
1275.4, 1453.6, 2852.6 ch

__ Mel, LiHuDS _CHs
~ THF
X r.t. 10 min X ~
CH
O,N 3 48%  o,N CHs
1-64 1-12

Internal alkyne 1-12 To a stirred solution of the terminal alkyh&4 (0.29 g, 1.57 mmol) in
THF (5 mL) was added LiIHMDS (1.0 M in THF, 1.88 maf)0°C. After 5 min, Mel (0.20 mL,
3.14 mmol) was added, and, after stirring 10 e, reaction mixture was quenched with water.
The mixture was extracted with ethyl ether, dris@roMgSQ, concentrated, and purified by
column chromatography (Hex: EtOAc = 30:1) to gikie internal alkynd-12(0.15 g, 48 %) as
an orange solid.

Rf value: 0.45 (Hex:EtOAc = 20:IH NMR (300 MHz, CDCJ) § 2.01 (s, 3 H), 2.06 (s, 3 H),
6.75 (s, 1 H), 7.38 (d] = 8.5 Hz, 2 H), 8.18 (d] = 8.5 Hz, 2 H). IR (neatymax 1337, 1510,
1592, 2221 ci.

CH 1) BHBr3-SMe, BPin
3 2) NaHCO3 ,H,0

7z .
N Z 3) pinacol, MgSO, WBPm . /@/\)\
O.N CHs conversion ~ 10 % O,N CHs CHs O,N CH3 CHj3
2
1-12 1-70 1-71
1-70 E/Z:1-71 = 3:4:10

Hydroboration:  Steps 1 and 2) The internal alkyhd 2(20.1 mg, 0.1 mmol) was dissolved in
CH.CI, (1.0 mL) and flushed with An Ar stream af®. To this mixture was added HBE3Me,
(2.0 M in CHCl, 0.1 mL), and the mixture was stirred for 5 hadm temperature. The reaction
mixture was poured to a mixture of ether (2 mL) aatt NaHC@sol'n at 0°C and stirred for 30
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min. The aqueous layer was separated and extraciidd CH,Cl,. The combined organic
solution was washed with cold water, dried over KdgSconcentrated. Step 3) To a crude
boronic acid in dry ether (2 mL) was added pingd¢8L.0 mg, 0.2 mmol) and MgSQ@®24.1 mg,
0.2 mmol), and the mixture was stirred overnightoaim temperature. The reaction mixture was
diluted with diethyl ether, filtered, concentrateohd purified by column chromatography (Hex:
EtOAc = 30:1) to give an inseparable mixturelefOand1-71 (2.9 mg, ~10%). For the ratio of

products, se&H nmr spectrum.

n-Bul
MW,100°C ®
N7 N-Me neat HsC-N7 N-N-Bu
\=/ guant. °1 \=/
1-72 1-73

Imidazolium salt 1-73 A mixture of N-methylimidazole (1.64 g, 20.0 rabhand n-Bul (4.04 g,
22.0 mmol) was stirred at 240 W (18D) for 1 min. The resulting sticky brown oil was st&d
with dry diethyl ether and dried under vaccum (6#5)t

'H NMR (300 MHz, DO) § 0.77 (tJ = 7.5 Hz, 3 H), 1.17 (m, 2 H), 1.70 (m, 2 H), 3(343 H),
4.05 (t,J=6.9 Hz, 2 H), 7.28 (s, 1 H), 7.33 (s, 1 H), 8(5/1 H). The data were consistent with

literature valueé®

Sg, K,CO4 S

H3C\©|\|4\|\|/”'BU MeOH, 48 h H3C\N)J\N/n-Bu IMS-Butyl
o =/ 62 % \—/
1-73 1-74

IMS-Butyl 1-74 The mixture of imidazolium salt-73 (4.39 g, 16.5 mmol), sulfur (0.63 g,
19.8 mmol), and KCOs; (2.73 g, 19.8 mmol) in MeOH (30 mL) was stirredeovght. The
mixture was concentrated, diluted with ethyl aceatel washed with water. The organic solution

was dried over MgS§) concentrated, and purified by column chromatogyafiHex: EtOAc =

“8 Extended dissolution studies of cellulose in imzimlaum based ionic liquids. Vitz, J.;
Erdmenger, T.; Haensch, C.; Schubert, Usen Chem2009 11, 417-424.
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1:1) to give the IMS-Butyl-74(0.15 g, 48 %) as an orange solid.

'H NMR (300 MHz, CDCJ) § 0.94 (t,J = 7.2 Hz, 3 H), 1.36 (m, 2 H), 1.74 (m, 2 H), 3(803
H), 4.02 (t,J = 7.5 Hz, 2 H), 6.66 (d] = 2.7 Hz, 1 H), 6.67 (d] = 2.7 Hz, 1 H). IR (neatjmax
1234, 1416, 1461, 1568, 2932, 2957 tifihe data were consistent with literature vafifes.

5 % CuCl
20% NaO'Bu
cH. 10%IMS BPin
3
é leq. MeOH BPin
N THF, 1 day NN e
CH; CH * CH; CH
CH . 3 3 3 3
O,N 3 conversion<10%  OyN minor O2N major

112 1-70 -7t

Cu-catalyzed hydroboration: In an oven dried two-neck round bottom flas&revplaced
CuCl (0.5 mg, 5.umol), IMS-butyl (1.7 mg, 10.@mol), NaOBu (1.9 mg, 20.@umol) in THF
(0.2 mL) under Ar, and the mixture was stirred 3@ min before bis(pinacolato)diboron (27.9
mg, 0.11 mmol) was added. After 10 min, the inteallayne 12 (20.1 mg, 0.1 mmol) and then

MeOH (6.4uL) were added. Then, the reaction mixture wasestiovernight.

1) ZrCp,Cl,, DIBAL-H

CH THF
& 3 or ZrCp,CI(H), Benzene '
SN 2) 1, /@/W' /@/\)\
+
CH ! CHz; CH CHz CH
O,N 3 low conversion O,N 3 3 O,N 3 3
1-12 1-9 1-75

Hydrozirconation:  Procedure 1) To a stirred solution of, @24l (77.7 mg, 0.27 mmol) in
THF (2 mL) was added DIBAL-H (1.0 M in hexane, 012Z, 0.27 mmol) at 6C under Ar. The
resulting suspension was stirred at room tempegdturl.5 h. The internal alkyrie12 (48.7 mg,
0.24 mmol) in benzene (2 mL) was added, and thaticmamixture was stirred for 1.5 h. Thep, |
in benzene (2 mL) was slowly added to the mixturé %&C. After 1 h, the reaction mixture was
guenched with sat. N&O; sol'n, and extracted with diethyl ether. The cameld organic
solution was dried over MgS(filtered, and concentrated. Thd nmr spectrum of the residue
showed the regioisomets9 and1-75with low conversion.

Procedure 2) GZrCI(H) (28.3 mg, 0.11 mmol) was placed in overedrilO mL round bottom
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flask, flushed with Ar, and charged with benzenan(l). The internal alkynd2 (20.1 mg, 0.1
mmol) in benzene (1.0 mL) was added and the mixta® stirred overnight. Then,ih benzene

(2 mL) was slowly added to the mixture af@. After 1 h, the reaction mixture was quenched
with sat. NaS,03; sol'n and extracted with diethyl ether. The conaoi organic solution was
dried over MgSQ@ filtered, and concentrated. The crudld nmr spectrum showed the

regioisomerd-9 and1-75with low conversion.

CuCN, n-BuLi
P CHs BusSnH
AN THF, then MeOH i .
Unidentified products
CHg
O,N
1-12

Stannylcupration: To a stirred suspension of CUCN (8.9 mg, 0.lothim THF (1.5 mL) was
added n-BuLi (1.6 M in THF, 0.13 mL, 0.2 mmol) &G6°C. After stirring for 15 min, tributyltin
hydride (53.0uL, 0.2 mmol) was added, and the resulting brighlioyesolution was stirred for
30 min at - 50C. The internal alkyn&-12 (20.1 mg, 0.1 mmol) in THF (0.5 mL) was added to
the mixture, and the reaction mixture was stirred3¥ h. Then, degassed MeOH (0.38 mL, 10
mmol) was added to the mixture at —°Z8 and the resulting deep red solution was stiated40

°C for 30 min. The reaction mixture was quenched wititer and extracted with diethyl ether.
The combined organic solution was dried over MgSiiltered, and concentrated. The yellow
crude mixture was subjected to basic alumina colehmmatography (pentane: diethyl ether =
50:1) to afford two mysterious products. The stes of these products were not yet

determined.

1) Pd(PPh3),Cl,
I

CH
Z 3 BusSnH
X 2) I XX
O,N CHs crude yield o CH; CHs

~90% 1-78 exclusive

Hydrostannylation 1: To a stirred solution of the internal alkyhd 2 (20.1 mg, 0.1 mmol) in
CH.Cl, (1 mL) was added Pd(PBh (2.8 mg, 4.0umol) and tributyltin hydride (79.nL, 0.3
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mmol) at room temperature. After 10 min, the reactnixture was quenched with (63.4 mg,
0.25 mmol) in CHCI; (1.5 mL) and then washed with sat.,8#3;. The organic solution was
dried over MgS@ filtered, and concentrated. The nmr spectrum of crude product revealed
the exclusive formation of iodinated proddev8

Rf value: 0.50 (Hex:EtOAc = 20:}H NMR (300 MHz, CDC}) 6 1.75 (d,J = 6.9 Hz, 3 H), 2.06
(d,J=1.2 Hz, 3 H), 6.29 (g1 = 6.9 Hz, 1 H), 6.52 (s, 1 H), 7.45 @ 8.4 Hz, 2 H), 8.21 (d]
=8.4 Hz, 2 H).

— CHs SnBuj
A = Bu;SnH, Pd(OAc),, PCy; /@/\)\ WSHBUS
+
CH ield ~ CH; CH
O,N 3 crude yield ~ 80 % O,N CH3 CHj O,N 3 3
1-12 1-79 1:0.99 1-80

Hydrostannylation 2:  To a stirred homogeneous solution of Pd(QA@)8 mg, 3.7umol) and
PCy (2.1 mg, 7.5umol) in dry hexane (1 mL) under Ar was slowly addled internal alkyné-

12 (15.0 mg, 74.5umol) at room temperature. Then, tributyltin hydr{@9.5uL, 149 umol) was
slowly added to the reaction mixture. After 1.5t mixture was concentrated under reduced
pressure and subjected to column chromatographyNE¥% Hex: EtOAc = 40:1) to afford an
inseparable mixture df-79and1-80. For the ratio ofl-79and1-80, see'H nmr spectrum.

TBATFA (0.2 eq.)
NIS (1.1 eq.) |

WCOZH DCE, 260 W, 1 min Q/W“
CH3 CH 0 CH3 CHj
OzN 3 3 23 % 02N

1-13 1-9/1-83 (E, E/E, Z = 1.1:1)

Microwave assisted Hunsdiecker reaction: A mixture of the carboxylic aciél-13 (50.0 mg,
0.2 mmol), tetrabutylammonium trifluoroacetate @L4ng, 40.4umol), and N-iodosuccinimide
(50.0 mg, 0.22 mmol) in dichloroethane (4 mL) wased at 260 W (microwave, the observed
temperature was 120 — 180) for 1 min. The reaction mixture was washed wititer and brine
and the resulting organic solution was dried ovglS\@,, concentrated and subjected to column
chromatography (Hex: EtOAc = 20:1) to afford anejparable mixture of 9 and 79 (15.1 mg,
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23%) as yellow oil. The ratio df-9 and1-83was calculated from th&l nmr spectrum.

Rf value: 0.50 (Hex:EtOAc = 20:2H NMR (300 MHz, CDC)) & (E, E)-iododiene: 2.01 (s, 3
H), 2.68 (s, 3H), 6.40 (s, 1 H), 6.82 (s, 1 H),17(d,J = 7.5 Hz, 2 H), 8.20 (d] = 7.5 Hz, 2 H).
(E, 2)-iododiene: 2.03 (s, 3 H), 2.65 (s, 3 H),®(%, 1 H), 6.59 (s, 1 H), 7.45 (d= 7.5 Hz, 2
H), 8.21 (dJ = 7.5 Hz, 2 H).

1) NaH, - 30 °C
(F3CH,CO),(0)P~__CO,Et
then, I,, - 30°C

2) NaH, - 78, 1-47, 4 h
then -15°C, 4 h

CHO
/O/\/ 3) DIBAH, - 78°C, 1 h N Xy . N X ol
CH CH CHs |
O,N 3 44 % O,N 3 SOH O,N 3

1-47 1-86:1-87 = >20:1
The ratio was determined by *H nmr of the crude product.

lododienes 1-86 and 1-87 Ethyl bis(trifluoroethyl)phosphonoacetate (2,64 mmol) in THF
(6 mL) was added dropwise to a slurry of 60 % NakQg g, 7.5 mmol) in THF (25 mL) — 3C
under Ar. After 30 min,J(1.53 g, 6.0 mmol) in THF (10 mL) was added to ré&ction mixture
at — 30°C. After the addition of iodine, the reaction misduwas briefly warmed to room
temperature, and then cooled to —°8 To the stirred mixture at — P€ was added 60 % NaH
(0.30 g, 7.5 mmol). After the reaction mixture tsred for 40 min, the aldehyde47 (0.57 g,
3.0 mmol) in THF (5 mL) was added dropwise, andrtheture was stirred for 4 hrs at — 78.
Then it was warmed to — P& and stirred for an additional 4 h. Finally it waarmed to r.t. and
poured into cold sat. N/&I solution. The mixture was extracted with ethgétate (50 mL x 3).
The combined organic solution was washed with wared brine, dried over MgSQand
concentrated. The concentrate was passed throgbbrapad of silica gel with 20% EtOAc in
hexane until a yellow band came out. The combirgtby fractions were concentrated again.
The crude product was directly used for the nexq.st

To a stirred solution of the crude product in LLH at — 78°C was added dropwise DIBAL-H
(6.2 mL, 1.0 M in hexane, 6.2 mmol). After 1 h af8°C, the reaction mixture was warmed to
room temperature, quenched by MeOH (1 mL) andestiwith Celite for 6 h. The resulting
slurry was filtered through a short pad of Celiteich was washed several times with L.
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The combined filtrate was concentrated and sulgjeicte€olumn chromatography (Hex:EtOAc =
3:1) to afford iododiend-86 (370 mg, 42 %, yellow powder, mp = 67-89)/ and the isomeric
1-87 (19 mg, 2 %, yellow powder, 65-66).

1-86 Rf value: 0.7 (Hex:EtOAc = 2:TH NMR (300 MHz, CDCY) § 2.01 (s, 3 H), 2.05 (i =
6.6 Hz, 1 H), 4.44 (d] = 6.6 Hz, 2H), 6.46 (s, 1 H), 6.96 (s, 1 H), 7(d2] = 9.0 Hz, 2 H), 8.20
(d,J = 9.0 Hz, 2 H)!*C NMR (126 MHz, CDGJ) 5 18.3, 66.0, 107.5, 123.6, 129.2, 129.7, 138.3,
143.3, 146.1, 146.4.; IR (neathax 1340, 1513, 1593, 2924, 3382'JcrhiRMS[ES+] calcd for
C1oH12INO3 [M + Na]* 367.9760, found 367.9760.

1-87 Rf value: 0.55 (Hex:EtOAc = 2:H NMR (500 MHz, CDCJ) § 2.08 (s, 3 H), 2.15 (f] =
5.5 Hz, 1 H), 4.37 (d] = 5.5 Hz, 2H), 6.67 (s, 2 H), 7.45 @z 8.5 Hz, 2 H), 8.21 (d] = 9.0 Hz,

2 H).**C NMR (126 MHz, CDGJ) & 18.1, 72.5, 106.1, 123.6, 129.6, 129.8, 136.8,0,3813.8,
146.3.; IR (neatymax 1341, 1514, 1592, 2921, 3374 trhiIRMS[ES+] calcd for GH1,INO3
[M + Na]" 367.9760, found 367.9767.

CBry, PPhg |
XY acetonitrile, 0 °C, 0.5 h Ny
CH
O,N CHs o 91 % O,N 3 “pr
1-86 1-88

lodobromide 1-88 To a stirred solution df-86 (250 mg, 0.72 mmol ) and CB{77 mg, 1.44
mmol) in acetonitrile (5 mL) at 8C was added PRI{340 mg, 1.30 mmol) in portions. After 0.5
h, the reaction mixture was warmed to room tempegatconcentrated and subjected to column
chromatography (Hex:EtOAc = 50:1 to 20:1) to afftnd iodobromidel-88 (276 mg, 91 %) as

a yellow solid (mp = 95-97C).

Rf value: 0.4 (Hex:EtOAc = 20:H NMR (500 MHz, CDC})  2.05 (s, 3 H), 4.53 (s, 2H), 6.71
(s, 1 H), 6.93 (s, 1 H), 7.46 (d= 9.0 Hz, 2 H), 8.22 (d] = 9.0 Hz, 2 H)*C NMR (126 MHz,
CDCl3) 6 18.1, 39.2, 98.9, 123.5, 129.5, 129.8, 138.1,114B316.6, 148.2.; IR (neatjnax 1341,
1514, 1594, 2924 c.

NaBH,, DMSO
X! 20°C,05h W'
CH CH, CH
O,N 3 Br 93 % O,N 3 3
1-88 1-9
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(E, E)-lododiene 1-9 To a stirred slurry of NaBH75.6 mg, 2.0 mmol) in DMSO (5 mL) was
added the iodobromid&-88 (410 mg, 1.0 mmol) in DMSO (4 mL). The reactioixtare was
stirred for 30 min at 26C. The reaction mixture was stirred for 0.5 h aodrpd into the cold
2N HCI solution (10 mL). The resulting yellow mixtuwas extracted with diethyl ether (20 mL
x 3). The combined organic solution was washed wsath ag. NaHC®solution and with brine.
Then it was was dried over MggQiltered, and concentrated. The crude mixture swggected
to flash column chromatography (Hex:EtOAc = 20d afford the E,E-iododien#-9 (306 mg,
93 %, mp = 64-66C).

Rf value: 0.5 (Hex:EtOAc = 20:H NMR (500 MHz, CDC}) § 2.01 (s, 3 H), 2.68 (s, 3H), 6.40
(s, 1 H), 6.82 (s, 1 H), 7.41(d,= 7.5 Hz, 2 H), 8.20 (d] = 7.5 Hz, 2 H)*C NMR (126 MHz,
CDCl) 6 18.4, 29.9, 99.2, 123.6, 128.5, 129.6, 138.8,8,41314.3, 146.2.; IR (neatjnax 1376,
1440, 1515, 1592, 2915 EmHRMS[EI+] calcd for G;H12INO, [M]* 328.9913, found 328.9901.

O,N
2 Pd(PPhs),
CuTc, DMF
| + 15 h, r.t.
HsC | 73 %
HsC™ I
1-9 (-)-arabilin (1-1)

Synthesis of arabilin (1-1) To a stirred solution of the iododiefed (43.8 mg, 134 mmol) and
vinyl stannand-10(29.4 mg, 66.9 mmol) in DMF (1.35 mL) was addedARig), (11.7 mg, 9.9
mmol) and CuTC (19.2 mg, 100 mmol). Then, the iieactlask was wrapped with aluminum
foil. The reaction mixture was degassed by Ar sirédar 10 min and allowed to stir for 15 h.
After completion of the reaction, the suspensiors Wiered through short pad of Celite. The
Celite was washed with ethyl acetate and the coadbiittrate was diluted with EtOAc (15 mL),
and washed with water (5 mL x 3) and brine. Thaulteng organic solution was dried over
MgSQ,, filtered, and concentrated. The residue was stdgeo preparative TLC (Hex: EtOAc =
2:1) to afford the desired arabllnl (23.3 mg, 73 %) as light yellow sticky oil.

Rf value: 0.35 (Hex:EtOAc = 2:1), optical rotatifup = -139.4 (c = 0.33, T = 2T, CHC}).
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'H NMR (400 MHz, CDC}) & 1.73 (d,J=1.6, 3 H), 1.81 (dJ=0.8, 3 H), 1.86 (s, 3 H), 1.88 (s,
3H), 2.02 (s, 3 H), 2.85 (dd,= 15.2 and 8.8 Hz, 1 H), 2.90 (s, 2 H), 3.08 (#ld,15.2 and 11.2
Hz, 1 H), 3.92 (s, 3 H), 5.59 (dd= 10.8 and 7.6 Hz, 1 H), 5.91 (s, 1 H), 5.99 (81)16.32 (s, 1
H), 6.48 (s, 1 H), 7.35 (d] = 8.8 Hz, 2 H), 8.18 (dJ = 8.8 Hz, 2 H)*C NMR (100 MHz,
CDCl) 5 6.9, 9.4, 18.1, 22.8, 25.2, 35.7, 44.1, 55.3, 79929, 114.9, 118.5, 119.6, 123.5, 124.9,
128.6, 129.3, 131.7, 134.7, 141.1, 144.4, 145.8,914154.3, 162.1, 180.6.; IR (neathax 1341,
1464, 1515, 1596, 1667. HRMS[ES+] calcd fos3:NOs [M + H]* 478.2230, found 478.2234.
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Chapter 2

Total Synthesis of Kingianin A
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2.1. Introduction

2.1.1 Isolation and Structure Determination of kliregianins

Polyacetates and polypropionates natural prsdae popular natural source for exploiting
drug candidates. Indeed, many molecules includagamycin, erythromycin, lovastatin, and
amphotericin B have been released to the drug rhdtke

In 2010, while screeening new bioactive naturadpods from Malaysian plants, Litaudon et
al. isolated kingianin AZ-1A, Figure 2-1) from the tre€Endiandra kingianaGamble>° They
elucidated the relative stereochemistry of the ggrdlic compound by a combination of nmr
techniques includingH, *°*C, DEPT, COSY, NOESY, HSQC, HMBC experiments andabyX-

ray crystal structure.

H
e LR
O \\"\: :\\ |i|
0 O
NHEt
Figure 2-1 Kingianin A 2-1A)

In 2011, the same team disclosed the additionam&gnbers of kingianin family! These
compounds were isolated by extraction of the divedk of E. Kingiana Gamble (1.5 Kg)
followed by a series of gradient chromatographiagther purification was carried out with a

9 polyketide biosynthesis: a millennium review. $itmm, J.; Weissman, K. Mat. Prod. Rep.
2001, 18, 380-416.

* Kingianin A: A New Natural Pentacyclic Compoundrr Endiandra kingiana. Leverrier, A.;
Dau, M. E. T. H.; Retailleau, P.; Awang, K.; GugjtF.; Litaudon, MOrg. Lett 201Q 12, 3638-

3641.
®1 pentacyclic Polyketide from Endiandra kingianaimisibitors of the Bcl/Bak interaction.
Leverrier, A.; Awang, K.; Gueritte, F.; Litaudon,.Mhytochemistr2011, 72, 1443-1452.
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series of chromatography and HPLC techniques, ginogikingianin A (8.1 mg), B (3.0 mg), C
(28.7 mg), D (1.1 mg), E (19.1 mg), F (41.1 mg)258mg), H (3.3 mg), | (2.2 mg), J (7. 8 mg),
K (7.4 mg), L (22 mg), M (3. 0 mg), and N (7. 4 mg)

Kingianins A @-1A) - N (2-1N) are racemic. They share a complex pentacyclie tait
contain different sets of side chains: piperomyd @&thylamide, ethanoic acid, and/or butanoic

acid substituents (Figure 2-2).

Q
Y ! " NHEt
) ° |
Y K SY - < Y K
\ B RN [¢] WX A
o)
NHEt NHEt NHEt o ]

Kingianin B (2-1B) Kingianin C (2-1C)

o
) ° e
H H
NHEt ‘0)- NHEt | ,
O)‘\\"\\ ThH }\ O)\“”\\ SR
o7 NHEt
o
o
o]

Kingianin E (2-1E) Kingianin F (2-1F)

o CO,H

CT g

: ) G Q\
o
R K S Qj C?
CO,H

Kingianin I (2-11)

Kingianin G (2-1G) Kingianin H (2-1H)

CO,H

Kingianin J (2-1J) Kingianin K (2-1K) 4 Kingianin L (2-1L)

: § )
NHE H
NHE
o)\w‘\ SR '

O,
Lo (0]
Kingianin M (2-1M) N~ Kingianin N (2-1N)

Figure 2-2 Kingianin A 2-1A) to N 2-1N)
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The kingianins inhibit the Bcl-xL protein witlow- to mid micromolar binding constants.

(Table 2-17 The antiapoptotic Bcl proteins are considered ¢ovhlid drug targets for the

treatment of cancer, particularly lymphomas, leulesmand small cell lung cancéfsAmong
the 14 compounds, kingianins G - J showed the Bighetivity. In each case, both enantiomers

are active; thel()- enantiomer is more active than the (+)-enantiome

Table 2-1 Bcl-xL binding affinity of kingianin Ato N (Kin uM)>?

Compound Bcl-xLKi

Racemic mixture Enantiomer (-) Enantiomer (+)
Kinganin A 213 +53 60+1.5 >300
Kinganin B >300 n. d. n. d.
Kinganin C >300 n. d. n. d.
Kinganin D >300 n.d. n. d.
Kinganin E >300 n. d. n. d.
Kinganin F 213 +47 n. d. n. d.
Kinganin G 210 1.0+£0.2 5+1
Kinganin H 18+7 4004 27.0£ 0.6
Kinganin | 18+3 12.0+1.1 16.0+ 2.2
Kinganin J 29+6 9.0+0.2 25.0+3.2
Kinganin K 80+ 36 6.0+0.1 112+ 15
Kinganin L 36+11 40+0.1 71+10
Kinganin M 236+ 34 n. d. n. d.
Kinganin N 177 +9 n. d. n. d.

Ki values are the means + standard deviation from two replicates

>2 Selected recent, informative reviews: (a) Centoéés of apoptotic proteins in mitochondrial
function. Kilbride, S. M.;Prehn, J. HM. Oncogeng2013 32, 2703-2711. (b) Bcl-2 inhibitors:
emerging drugs in cancer therapy. Bodur, C.; BasHgCurr. Med. Chem2012 19, 1804-1820.
(c) Inhibitors of the anti-apoptotic Bcl-2 proteina patent review. Bajwa, N.; Liao, C.;
Nikolovska-Coleska, ZExpert Opin. Ther. PaR012 22, 37-55. (d) Bcl-2 family proteins as
therapeutic targets. Czabotar, P. E.; LesseneCuB. Pharm. Des.201Q 16, 3132-3148. (e)
Navitoclax, Abbott’s drug candidate ABT-263, cutitgnn phase Il clinical trials for lymphomas,

leukemias, and small cell lung carcinoma, inhiBit$-x, andBcl-2. See

http://clinicaltrials.gov/ct2/results/refine?termasntoclax
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On the basis of the stereochemistry of the tdukgts on the pentacylic core, Litaudon et al

divided the kingianins A to N, into two grougs{ and2-1’) as shown in Figure 2-3.

3

//

S

Y 1

A W, Y = CH,CONHEt
X,Z= Pip

CH,CONHEt

CH,CONHE

F W,Y=Pip
X, Z = CH,CONHEt

G W= (CHz)gCOzH
Y = CH,CO,H
X, Z = Pip

H W, Y = (CH,)3;CO,H
X, Z = Pip

21/

I W, Y = Pip
X = CH,CO,H
Z= (CH2)3C02H

J W, Y=Pip
X, Z= (CH2)3C02H

K W = (CH,)3CO,H
Y = CH,CONHEt
X, Z = Pip

L W = CH,CONHEt
Y= (CH2)3C02H
X, Z = Pip

M W, Z = Pip
X = CH,CONHEt
Y = ((CH,)3CO,H

N W = ((CH,)3CO,H
X, Y = Pip
Z = CH,CONHEt

3

S

y 1

//

o)

B W, Y = CH,CONHEt
X,Z = Pip

D W, Z=Pip
X, Y = CH,CONHEt

Pip = $—CH,

s

Figure 2-3. Classification of kingianins A-N

2.1.2 Proposed Biosynthesis of Kingianin A andBiemimetic Study of Moses

Litaudon and Moses groups proposed the biogeoékingianin A. The biosynthesis of this
molecule is believed to include a tandem conroya8ar - disrotatory @ electrocyclization to
form bicycle[4,2,0]octadiene monomeXgl and2-5 followed by Diels-Alder dimerization &-4

to afford kingianin AR-1A) as key steps in nature (Scheme 2-1).
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O O]

\—4 Ar
Ar NHEt AT S ONHE
Z\
N\ H 8pi conrotatory 6pi disrotatory
2-2 2-3

_H H Ar
P NHEt 5
< > H
H -~ 2-4 Diels-Alder SN "y
H—. |||\A Ar—o N\ H ] HN%O
r t
z4 Ar= ’a/\@[% NHEt
O

Scheme 2-1Proposed Biosynthesis of Kingianin A

Cursory inspection reveals the relationship ofkimgianin structures to the endo Diels Alder
dimer of cyclohexadiene. Each of the pseudosymakingianins A - F is, formally at least, a
Diels Alder adduct derived from two molecules o€ thurported biogenetic precursors: the
enantiomers of endd amides2-2 and those of their exo isomeBs3 (Figure 2-4). The
dienophiles (western part o2-1 and 2-1') and dienes (eastern part @1 and 2-1’)

corresponding to kingianins A-F are indicated ibl&z2-2.

>3 The endo/exo terminology for the bicyclooctadiem&tural products is derived from the
relationship of the aryl-substituted sidechainhe tyclohexadiene ring. See “Endo” and “Exo0”
Bicyclo[4.2.0]-octadiene Isomers from the Electrd@ation of Fully Substituted Tetraene
Models for SNF 4435C and D. Control of Stereochémi®y Choice of a Functionalized
Substituent. Parker, K. A.; Lim, Y. —iKDrg. Lett.2004 6, 161-164.

65



exo endo endo exo
substituent substituent> Csubstituent substituent )

; o)
H

EtHNOC o

Table 2-2. Derivation of Kingianins A-F
from Pre-kingianins 2-4 and their exo isomers 2-5

proximal toH proximal to Kingianin Dienophile Diene
exo substi- endo substi- A 2-4 2-4
tuent 2-4 (endo)tuent B 2.4 2ent5
C 2-4 2-5
EtHNOC—, ‘o) D 2-4 2-ent 4
P E 2-5 2-4
F 2-5 2-5

2-ent 4 (endo) 2-ent 5 (exo)

Figure 2-4. Pre-kingianins A - F and its exo isomers

The synthesis of a mixture of the two racemic bicgctadiene-4 and2-5 by the classical
Stille coupling/electrocyclization cascade mettotf and the separation of the two racemic
compounds were reported by Moses et al (Scheme Phse authors dubbed ison2ed “pre-

kingianin A.™®

>4 Since its introduction for this purpose (see SgtithStudies toward SNF4435 C and SNF4435
D. Beaudry, C. M.; Trauner, DOrg. Lett. 2002 4, 2221-2224), the Stille coupling/
electrocyclization cascade method has been usesistently to access [4.2.0]-bicyclooctadienes.
*> Asymmetric Induction in 8 Electrocyclizations. Design of a Removable Chivakiliary. Kim,

K.; Lauher, J. W.; Parker, K. Arg. Lett.2012 14, 138-141 and references therein.

% A synthetic approach to kingianin A based on hitisgtic speculation. Sharma, P.; Ritson, D.
J.; Burnley, J.; Moses, J. Ehem. Comn2011, 47, 10605-10607.
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NC Ar NC Ar
Stille
7 . N\, Coupling 7 N\
N\ SnMej Br 7 N\~
26 2.7 - 28

Scheme 2-2Moses’ synthesis of pre-kingianin®

Not surprisingly, Moses and coworkers could noturel cyclohexadien@-4 or 2-5 (or a
mixture of isomerg-4 and2-5) to provide kingianins under thermal conditionkeTDiels Alder
dimerization of unactivated cyclohexadienes doestake place at ambient temperatures and
therefore does not occur in non-enzymatic transébions in plants. Indeed, Moses et al end
their paper with “We believe therefore that thegess involved in the proposed dimerisation of
pre-kingianin A @-4) into the kingianin A2-1A) in vivo may be subtler than hitherto expected.
This is consistent with the chemistry of cyclohaeads, which do not undergo Diels—Alder
dimerisation readily.”

2.1.3 Examples of bicyclooctadiene natural products

The conjugated tetraene structure of the cepalyacetate or polypropionate is not stable and
undergoes thermal isomerization to form thermodynally more stable structure. The
isomerization depends on the geometry of the safiestiFor example, Marvell and Huisgen
demonstrated the formation of bicyclcooctadienemfthe fully conjugated (E, Z, Z, E)-tetraene
by thermal isomerization by way of the therma] &t-electrocyclization (Scheme 2-3).

°" Stereochemistry of formation of cyclooctatrienés valence isomerization. Marvell, E. N.;
Seubert, JJ. Am. Chem. Sot967, 89, 3377.
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2-11 2-12 2-13

Scheme 2-3Marvell’'s study on 8-6x electrocyclization of (E, Z, Z, E)-tetraene

In 1980, Black and co-workers reported the andiic acids A-G (Figure 2-8f.Analysis of
the structures led them to suggest a plausibleybibstic pathway in which the (E, Z, Z, E)- or
(Z, Z, Z, E)-conjugated tetraer®21 or 2-23 underwent a tandemr86n-electrocyclization to
afford the bicyclooctadiene cor2sl8 19, and20. Then, the intermolecular Diels-Alder reaction
between one alkene of the bicyclooctadiene andligree of the side chain was believed to give
endiandric acids A and B. On the other hand, tltkaenlric acid C was presumed to be derived
from the intramolecular Diels-Alder reaction betwea diene of bicyclooctadiene and an
activated alkene of the side chain (Scheme 2-4).

H
H o Ph
0; Endiandric acid A (2-14) )
n=0; Endiandric aci - . . . . .
n=1: Endiandric acid B (2-15) Endiandric acid C (2-16) Endiandric acid D (2-17)
Ph
=
“ H HO,C H
HISpCoH = H o Ph
n
H H

n=0; Endiandric acid E (2-18) Endiandric acid G (2-20)

n=1; Endiandric acid F (2-19)

%8 postulated electrocyclic reactions leading to @ndiic acid and related natural products.
Bandaranayake, W. M.; Banfield, J. E.; Black, D.CSJ. Chem. Soc., Chem. Comma88Q
902.

68



Figure 2-5. Endiandric acids A-G

Endiandric acid A (2-14),n =0 Endiandric acid C (2-16)
Endiandric acid B (2-15),n=1

Scheme 2-4Biosynthetic pathway of the endiandric acids

In 1983, Nicolaou and co-workers reported thensical synthesis of these molecuiéhey
prepared the bicyclooctadier®e28 by an &, 6r-electrocyclization strategy. The symmetrical
diol 2-25 from oxidative coupling of the commercially availa 2-penten-4-yn-1-ol was

subjected to semihydrogenation conditions and @ffdracemi®-28 directly. The diok-28was

* The endiandric acid cascade. Electrocyclizations organic synthesis. |. Stepwise,
stereocontrolled total synthesis of endiandric sdddand B. Nicolaou, K. C.; Zipkin, R. E,;
Petasis, N. AJ. Am. Chem. So&982 104, 5555-5562.
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then desymmetrized and functionalized to providdiardric acids E, F, and G. When heated,
each of endiandric acids E, F, and G was smoothihwerted to the corresponding tetracyclic
endiandric acid A, B, and C by the intramoleculael®Alder reaction (Scheme 2-5). This

synthetic strategy successfully demonstrated théhsyic pathway that was originally proposed

by Black et al.
HO OH
Lindlar 6pi H
7 N\ _ —— HO H OH
N2 H
2-25 2-28
Ph
Z Diels-Alder
X H .
- H /& } CO,H
n
7 H
n=0; Endiandric acid E (2-18) n=0; Endiandric acid A (2-14)
H n=1; Endiandric acid F (2-19) n=1; Endiandric acid B (2-15)
HO, H oH
7 \\
2-28 Diels-Alder H
HO,G H __ HOLC,
X Ph
H N Ph
H
H
Endiandric acid G (2-20) Endiandric acid C (2-16)

Scheme 2-5Nicolaou’s synthesis of endiandric acids

Since the total synthesis of the endiandridsaweias reported, many related compounds having
beautiful architectures have been isolated fronuneadnd synthesized. The syntheses of natural
products containing a bicyclooctadiene core arensarnzed in Scheme 2-8. The total synthesis
of SNF 3335C and 4435D was completed by way ohdem coupling and electrocyclization by

Parkef® and Trauné* groups. Meanwhile, Baldwin and co-workers reportiee biomimetic

® The Total Synthesis of (-)-SNF4435 C and (+)-SNBB. Parker, K. A.; Lim, Y. -HJ. Am.
Chem. Sac2004 126, 15968-15969.

®L Total Synthesis of (-)-SNF4435 C and (+)-SNF443BBaudry, C. M.; Trauner, [rg. Lett
2005 7, 4475-4477.
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synthesis of SNF compounds by a palladium-assistederization of a tetraene precur¥ofhe
extensive studies on bicyclooctadiene natural prtsdwvere continued to the synthesis of
ocellapyrones A and B, elysiapyrones A and B shimalactones A and B by the Trauner and
Baldwin groups (Figure 2-6).

O
CHs
/
OMe
3 CH3 i
SNF4435 C (2-29) SNF4435 D (2-30) ! HsC  Ocellapyrone A (2-31) HsC  Ocellapyrone B (2-32)
Parker Trauner Baldwin , Trauner  Baldwin

(e}

HsC CH,
kG L HsC
07 CH
HsC CHy HyC'')
o=—%0 o

HaC

¢ HsC _ :
Elysiapyrone A (2-33) Elysiapyrone B (2-34) HsC  shimalactone A (2-35) H:C shimalactone B (2-36)

,
Trauner ; Trauner
'

Figure 2-6. Completed synthesis of bicyclooctadiene naturadipcts

®2 The Total Synthesis of Spectinabilin and Its Biorafic Conversion to SNF4435C and
SNF4435D. Mikkel F. J.; John E. M.; Robert M. AalBwin, J. E.Org. Lett, 2005 7, 2473—
2476.

®3 (a) Mining the Tetraene Manifold: Total SynthesfsComplex Pyrones fror®lacobranchus
ocellatus Miller, A. K.; Trauner, D.Angew. Chem., Int. EQ005 44, 4602. (b) Total synthesis
of cyercene A and the biomimetic synthesis of (A@9deoxytridachione and (x)-ocellapyrone
A. Rodriguez, R.; Adlington, R. M.; Eade, S. J.; &g M. W.; Baldwin, J. E.; Moses, J. E.
Tetrahedror?007, 63, 4500-4509.

®4 Biomimetic Synthesis of Elysiapyrones A and B.Baow, J. E.; Miller, A. K.; Trauner, D.
Org. Lett.2005 7, 2901-2903.

% Biomimetic Synthesis of the Shimalactones. SofiyévNavarro, G.; Trauner, DOrg. Lett.
2008 10, 149-152.
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2.1.4 Hypothesis and Retrosynthesis
2.1.4.1 Hypothesis

Although the kingianins appear to be Diels Aldémers, information at the time of their
discovery indicated that cyclohexadienes do notewgml Diels Alder dimerizations under
thermal conditions. Here, we suggest that the mege Diels Alder reaction proceed by a cation
radical-mediated reaction (perhaps initiated pHugatically)®® In support of this premise, we
have pursued what we believe to be a biomimetith&gns of kingianin A. Although the radical
cation Diels Alder reaction (RCDA) has been known 30 years, it has not previously been
applied in the synthesis of complex natural produetctures®®

The RCDA reaction of pre-kingianin 2{4) is expected to be subject to certain regio- and
steroselective influences. We know, for examplat tihe RCDA reaction prefers to proceed
through an endo transition st¥tand we would expect the monomers to approach edmr
from the less hindered face of each diene. Indeach of the naturally occurring kingianins has
stereochemistry that is derived from an endo ttemmsistate corresponding to this direction of
approach.

Furthermore, each of the natural products isolatgtesponds to a cycloaddition in which the

dienophilic olefinic bond is the one proximal tetbxo substituent on the cyclobutane ring (see

% (a) Accessing the Synthetic Chemistry of Radioakl! Ischay, M. A.; Yoon, T. Eur. J. Org.
Chem 2012 3359-3372. (b) Visible light photocatalysis oframolecular radical cation Diels-
Alder cycloadditions. Lin, S.; Padilla, C. E.; Isgh M. A.; Yoon, T. PTetrahedron Lett2012
53, 3073-3076. (c) Radical Cation Diels-Alder Cycldaithns by Visible Light Photocatalysis.
Lin, S.; Ischay, M. A.; Fry, C. G.; Yoon, P. J. Am. Chem. So2011, 133,19350-19353(d)
Photochemically induced radical-cation Diels-Aldeaction of indole and electron-rich dienes.
Gieseler, A.; Steckhan, E.; Wiest, O.; KnpEhJ. Org. Chem1991, 56,1405-1411.

®” An elegant demonstration of the properties of RIBDA was provided early on by Bauld in a
total synthesis of the bicyclic sesquiterpengi{selinene; see Harirchian, B.; Bauld, N.JLAmM.
Chem. Socl989 111, 1826-8.

%8 Selectivity profile of the cation radical Diels-ddr reaction. Bellville, D. J.; Bauld, N. L.
Am. Chem. S0d.982 10, 2665-2667.
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Figure 2-5). Consequently, in all of the kingianitiee C-8 substituent is exo with respect to the
adjacent bicyclic system and the C-1 substitueah@o to this system (see Figure 2-3).

We believe that this pathway selection follows frareecond steric factor that develops in the
endo transition state when the dienophilic olefnproximal to the endo substitutent Z (see

interaction in Figure 2-7).

less hindered exo face
H of dienophile

H v
less hindered H 7 H
exo face of A\-H/ endo substituent
diene

Figure 2-7. Disfavored endo transition state for RCDA (Th@raach is from the less hindered
face of the diene to the less hindered face oflitbeophile. The dienophilic olefin is proximal to

the endo substituent)

Thus, the cyclobutane ring prevents addition todiemophile from the endo (hindered) face
and the endo substituent prevents addition to théblé bond nearer to it from the exo face.
Consequently the reaction proceeds through a tramstate resembling that shown in Figure 2-
8.

less hindered

exo face of g
dienophile L H
H H
less hindered
z H H exo face of
exo substituent Y diene

N

Figure 2-8 Favored endo transition state for RCDA (The apphas from the less hindered face
of the diene to the less hindered face of the gikit®. The dienophilic olefin is proximal to the

exo substituent.)
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Because the RCDA reaction of pre-kingianin A shobkl subject to the stereochemical
limitations described as above, a single enantioiserexpected to undergo the RCDA
dimerization to give a single enantiomer of kingmA. However, racemic pre-kingianin 2-4)
should give two products, racemic kingianin AXA) and racemic kingianin D2¢1D) (Scheme
2-6). Therefore the isolation of kingianin A at tleed of the synthesis requires either an
asymmetric synthesis of pre-kingianin A (or a swtith equivalenfy or a practical method for

the separation of kingianins A and D (or their &yatiic equivalents).

’ Ar ’ }NHEt
o d :
NHEt Diels-Alder \@j{ S :
Ar— "N\ H ><O+ Ar— >\ H Ar
& o EtHN
Ar= \CE NHEt NHEt
= )
e} (6]

pre-kingianin A (2-4) o
racemic kingianin A (2-1A) kingianin D (2-1D)

Scheme 2-6The Diels Alder products of racemic pre-kingiaAi{2-4)

2.1.4.2 Retrosynthesis

We were aware of the heroic efforts required toassje kingianin A from other kingianins
during the isolation procedufeTherefore, as a strategy for obtaining easily ssypa isomers
from the dimerization step, we considered an intl@cular RCDA approach. We imagined
linking two molecules of alcohd-41 by a removable tether and we hoped that we cootti di
pair of diastereomers in which the transition stgg@metry for endo cycloaddition could be
reached only by the C-2 symmetric din#2B9. We thought that perhaps the meso di20
would be recovered and easily separated from tpea&d pentacyclic produ2t38 (Scheme 2-
7). Removal of the tether will give a key dibi37. Then, the steps for functionalization of desl

37 will lead to completion of the total synthesiskaigianin A 2-1A).

% For approaches to the asymmetric synthesis ofQ@llcyclootadienes, see reference 7 and
Cleavable Chiral Auxiliaries in @@ 6r)-Electrocyclizations. Parker, K. A.; Wang, @rg. Lett.
2006 8, 3553-3556.
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homologation

! . removal of tether
/amide synthesis

)

p—

Y
(@]

ks

linking
2-39 C-2 symmetric substrate
Y > f—
ROMN
H,
2-38 (endo product from 2-39)
N 2-40 Meso substrate 2-ent 41

Scheme 2-7Retrosynthesis of kingianin A

To evaluate the tether mediated intramolecular RGIXAtegy depicted in Scheme 2-7, we
needed a single diastereomeric endo alcdhdll. We decided to use the proven coupling/
tandem electrocyclization method for the bicycl@[@]octadiene structure of the alcotibiil
Thus, the two partner3-47 and2-48 are required. We thought that the coupling of (faeZ2)-
iododiene2-47 and known boronat@-48"° would provide a mixture of the diastereomeric
bicyclooctadiene®-44 and 2-45 through the intermediate-46. Then, deprotection of TBDPS
group would give a mixture of endo and exo alcokell and 2-43 If these alcohols were
inseparable, selective iodoetherification would ogmthe exo alcohd@-43 (Scheme 2-8).

9 Convergent Synthesis of Fostriecin via SelectivilkeAe Couplings and Regioselective
Asymmetric Dihydroxylation. Robles, O.; McDonald,B: Org. Lett 2009 11, 5498-5501.
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removal of

H O exoalcohol deprotection
p—— p—
2-41 2-42 ! 2-41 (endo) 2-43 (exo)
/0
s - o OTBDPS
iy N o v OTBDPS
7\ PinB
2-44 (endo) 2-45 (exo) %
R = TBDPS
2-46

Scheme 2-8Retrosynthesis of endo alcoltibll3

2.2. Result and Discussion
2.2.1 Preparation of the catalyst for the RCDA tieac

The radical-cation salt, known as Weitz salt, wappred by the known procedurerhe blue
needle-like solid2-50 was isolated by crystallization from dichlorometardiethyl ether
(Scheme 2-9).

N CH,Cl, N+ _
+ SbC|5 —— SbC|6
Br Br

2-49 2-50

Scheme 2-9Preparation of the Weitz salt

L Cation-radicals: Tris-(p-bromophenyl)ammonium Pérate and Hexachloroantimonate. Bell,
F. A.; Ledwith, A.; Sherrington, D. Q. Chem. Sad 969 2719-2720.
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To test catalytic activity of the freshly prepd salt, the radical-cation Diels-Alder reaction
was tested with the simple cyclohexadi&ti®1 (Scheme 2-10). This successfully resulted in
Diels-Alder products, the endo and exo add@ef® and2-53 (ratio = 3:1, lit.: 5:1)?

o+ —
Q-0 HEm Oy Of)
+ \ + \
vV H ‘i—|
H
2-51 H

2-52 2-53
endo: exo = 3:1

Scheme 2-10A test RCDA reaction of the cyclohexadiene

2.2.2 Model study for the RCDA reaction of bicyattedienes

2.2.2.1 Preparation of a model compound

Before commencing preparation of the alcahdll suggested in Scheme 2-8, we decided to
test a simple model compound to see a result of RGBA reaction of bicyclooctadiene.
Symmetric substrates for theI8 61 cascade can give only one stereoisomeric prodiscia(
racemate), making analysis more straightforwartus] we planned to have a bicyclooctadiene-
diol 2-28 (racemic) as a model compound according to theguhare presented in Nicolaou’s

endiandric acid synthesis (Scheme 2-£1).

Lindlar cat., H, HO
— CH,Cl,-MeOH
7 N
HO OH 45 - 55 %

2-25 2-28

Scheme 2-11Nicolaou’s synthesis of the digt28

"2 The Cation-Radical Catalyzed Diels-Alder Reactiellville, D. J.; Wirth, D. D.; Bauld, N. L.
J. Am. Chem. So981, 103, 718-720.
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The diol 2-25"® was prepared by copper catalyzed oxidative cogptieaction from the

commercially available (E)-pent-2-en-4-yn-1“qR-54) (Scheme 2-12).

CuCl, O,
NH,CI L
— \ H,O 7/ .\
\OH 71 % HO OH
2-54 225

Scheme 2-12Synthesis of the did-25

The semihydrogenation of the di&i25 was conducted with commercial Lindlar catalyst
(Aldrich). However, despite the numerous experiraerihe desired produ-28 was not
obtained. We note that Nicolaou’s paper acknowledgspecial catalyst provided by Hoffman-
La-Roche’> We tested other reductive methods employing P2-Mitivated Zf’, and Zn-Cu
catalyst$®. However, the dioR-28 was not cleanly produced, and a mixture of théyfok
partially hydrogenated products was observed. éstargly, the reaction conditions using

activated Zn-Cu catalyst gave a selectively redualkgne2-53 as a major product (Scheme 2-

"3 Acetylenic compounds. XIV. The reactions of thadity available ethynyl-ethylenic alcohol,
2-penten-4-yn-1-ol. Heilbron, 1. M.; Jones, E. R; Bondheimer, FJ. Chem. Socl947, 1586-
1590.

" The purchased (E)-pent-2-en-4-yn-1-ol (Alpha, 9pdfity) was used after distillation.

> Sharma, G. V. M.; Choudary, B. M.; Sarma, M. RapRK. K.J. Org. Chem1989 54, 2997.
®The Handy Use of Brown’s P2-Ni Catalyst for a $idgd Diyne Deuteration: Application to
the Synthesis of a [D4]-Labeled F4t-Neuroprostédger, C.; Bultel-Poncé, V.; Guy, A.; Balas,
L.; Rossi, J. -C.; Durand, T.; Galano, J. ®hem. Eur. J2010Q 16, 13976-13980.

" Total Synthesis of the Boron-Containing lon Carretibiotic Macrodiolide Tartrolon B.
Mulzer, J.; Berger, M2004 6, 891-898.

'8 Stereospecific Syntheses and Spectroscopic Piepert Isomeric 2,4,6,8,-Undecatetraenes.
New Hydrocarbons from the Marine Brown Al@affordia mitchellae Bolad, W.; Schroer, N.;
Sieler, CHelv. Chim. Actal 987,70, 1025-1040.
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13).

Lindlar cat., H,
CH2C|2'MeOH

intractable mixtures

P2-Ni
HO OH

activated Zn(Cu/Ag)
MeOH-H,O

OH

major in crude

Scheme 2-13The semihydrogenation conditions of the dicetg2125

Furthermore, when diaceta?e56 was subjected to conditions with the Lindlar cggabr
activated Zn-Cu catalyst, the bicyclooctadiene pobavas not obtained (Scheme 2-14).

Lindlar cat., H,

CH,CI,-MeOH
gtli/lzgp 22 intractable
)  ——— mixtures
CH,Cl, 7 N
2-25 AcO OAc .
88 % 2-56 1,2-dibromoethane

LiBr, CuBr, Zn, EtOH

THF . .
unidentified

product

Scheme 2-14The semihydrogenation conditions of the diace?ebé

Thus we resorted to a conventional coupling/ taneéétrocyclization method. We prepared
(E, Z)-iododiene2-57"° and (E, Z)-boronat@-48" by following known procedures. Then, the

two component2-57 and 2-48 were subjected to the Suzuki conditions that wesed in

O'Doherty’s fostriecin synthesf€. This coupling gave the bicyclooctadiene compo@rabig
Then, the TBDPS group was removed to release the 18 (Scheme 2-15).

" Total Synthesis of Fostriecin: Via a Regio- andr&oselective Polyene Hydration, Oxidation,
and Hydroboration Sequence. Gao, Dong; O'Dohertg, Grg. Lett.201Q 12, 3752-3755.
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TBDPSO OTBDPS PA(PPhy),, Ag,0 RO ~—OR
- N N THF, reflux T B
N—| PinB
2-57 2-48 TBAF [ 2-58 R = TBDPS

2-28R=H

48 % for two steps

Scheme 2-15Synthesis of the model digt28 by coupling approach
2.2.2.2 Model reactions: the RCDA reaction of tieytlooctadiene diol
Having the model compourd28 we tested the RCDA reaction. When the @8 was not
protected, no RCDA product was obtained under ttaengconditions. Instead of dimerization,

the chloro etheB-57 was obtained (Scheme 2-16).

H O_/,/

OH  SbClg NAr,
CH,Cl,

H O_/,,

H|I'

H o/ —X\H
2-28 2-59
Scheme 2-16A model RCDA reaction of bicyclooctadiene diR8

Interestingly, the RCDA reaction of the diatet2-60 and dibenzoat@-61 furnished three
major compounds as an inseparable mixture withia cé 1: 0.7: 0.3 (Scheme 2-17). We could
find that some of characteristic signals observedH nmr of the mixture resembled that of
kingianins. This allowed us to have some confidethad the result of RCDA reaction of the
bicyclooctadienes probably accords with our hypsithen stereochemistry of kingianins.
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SbClG‘ NAr3

CH,ClI, When R = Ac, p-nitrobenzoyl
three inseparable products
(ratio =1: 0.7: 0.3)

2-28R=H
p-nitrobenzoic :| Ac,0
acid 3-60 R = Ac DMAP

DCC, DMAP )
3-61 R = p-nitrobenzoyl

Scheme 2-17The model RCDA reactions of protected bicyclodetaes

2.2.3 Preparation of (E, Z)-iododie@ed7

Having tested model compounds, we set out to sgitdehe monomeric endo alcotbél
As shown in Scheme 2-8, we needed to prepare ot @oupling partners, (E, Z)-iododie2e
2-47. We performed a cross-metathesis reaction betteegafrole2-62 and acrolein to produce
a homologated aldehyd®264 We thought that Stork-Zhao olefination would lpplacable to
obtain Z-iodo olefir2-47from the aldehyd@-64.

Here, we employed two synthetic routes. The aldel®#4 was obtained by adapting the
Cossy’s one step procedtiter as 3-step sequence including the cross metatinethe presence
of catalytic coppér (Scheme 2-18).

8 Cross-metathesis reaction. Generation of highlgctionalized olefins from unsaturated
alcohols. Cossy, J.; BouzBouz, S. Hoveyda, AJHOrganomet. Chen2001, 624, 327-332.

81 Rate Enhanced Olefin Cross-Metathesis Reactions:opper lodide Effect. \Voigtritter, K.;
Ghorai, S.; Lipshutz, B. Hl. Org. Chem.2011, 76, 4697—-4702.
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N Grubbs-Hoveyda Il (2.5 mol%)
CHO  cH,Cl,, r.t. 1 day

<o:©/v/ E exclusive 46 % \
0
o \
1) DIBAL (98 %)

P
7~ "COMe 0 “coMe 2)DMP(@2%) O ™ cHo
Grubbs I, Cul < <

o} 0

2-64

Et,0, reflux
2-63(92 %)
E/Zz=20:1

Scheme 2-18Synthesis of the aldehyde via cross metathesis

The aldehyde-64 was subjected to the Stork-Zhao conditions, betrésulting product was
an inseparable mixture of the desired (E, Z)-iododR-47 and diiododien2-65(Scheme 2-19).

S)

l @
Ph3P_\

!
P NaHMDS
0o CHO HMPA, THF,-78°C O NS 0o NN
< < +
o o o

2-64 2-47 2-65

Scheme 2-19The Stork-Zhao olefination of aldehy@es4

We considered then the selective reduction of die®d®-65 The diiododiene2-65 was
prepared by adapting Charette’s procediiréhe diiodide2-65 was subjected to reductive
dehalogenation conditions. When tributyltin hydrides used in the presence of catalytic
palladium, a complicated mixture was observed. fféatment of excess Zn-Cu coupleo the
diiodide, on the other hand, provided an inseparatikture of (E, E)- and (E, Z)-iododien2s

8 Highly Efficient Two-Step Synthesis of C-sp3-Ceste Geminal Diiodides. Cloarec, J. -M.;
Charette, A. BOrg. Lett 2004 6, 4731-4734.

8 Convergent Total Syntheses of Gambierol and 163gmnbierol and Their Biological
Activities. Kadota, I.; Takamura, H.; Sato, K.; @hi\.; Matsuda, K.; Satake, M.; Yamamoto, Y.
J. Am. Chem. So2003 125, 11893-11899.
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47 and2-66 with a ratio of 1:2 (Scheme 2-20).

CHl3, PPhy |
t
<O:©/\/\CHO KO'Bu, CH,Cl, <O:©/\/\/\I
o 264 © :

BusSnH
Pd(PPhs),

intractable mixture

-
SRicanticoans

2-4 2-66

Scheme 2-20Synthetic efforts of pure (E, Z)-iododiene

As a surrogate substrate for the iododi2/i®), we decided to synthesize the bromodi2re
Corey-Fuchs homologation of the aldehy@e52 followed by the Pd-catalyzed selective
debromination of dibromid@-65 (adapted by Moses et al.) gave the (E, Z)-bromadizbd
(Scheme 2-213.

CBrs, PPhg BusSnH, Pd(PPhs) Br
CH,CI °c n-BuzSnH, )
2> gr toluene, r.t. 0 NG
2-64 <
95% 74 % o)
2.7

Scheme 2-21Synthesis of (E, Z)-bromodiene

Meanwhile, the extensive search for the Stork-Zpemcedures allowed us to find a useful
paper for the synthesis of pure (E, Z)-iododi&hilenche and coworkers described a solution to

avoid the formation of undesired diiodi@e65. Following Menche’s protocol (the order of the

8 Stereoselective Total Synthesis of Etnangien andrigien Methyl Ester. Li, P.; Li, J.; Arikan,
F.; Ahlbrecht, W.; Dieckmann, M.; Menche, D.Org. Chem201Q 75, 2429-2444.
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addition of reagents was critical to avoid the fation of the diiodide, see experimental section),
we obtained the desired (E, Z)-iododiétid7in good yield (Scheme 2-22).

l @
Ph3p_\
I

HMPA, THF, 0 °C
then addition of 2-64
at-78°C o) NG
NaHMDS <
78 % o

Scheme 2-22Synthesis of (E, Z)-iododier47

2.2.4 Synthesis of (E, Z)-boron&2e48

The other coupling partner, (E, Z)-boron&el8 was prepared by the known procedtire

(Scheme 2-23).

[Rh(COD)CI],
iPr3P, N Et3
Pinacolborane  TBDPSO

:1\ TBDPSCI :1\ cyclohexane _

OH 92 % OTBDPS 68 % ~_ _BPin

2-54 2-68 2.48

Scheme 2-23Synthesis of (E, Z)-boronafe48

2.2.5 Synthesis of the endo alcoRed1

Having both coupling partners, we next tested Sumdction. When the (E, Z)-bromodiene
2-7was used for the coupling in a catalytic Pd/ Astegn®* the bicyclooctadiene-43and2-43
were obtained in 32 % vyield (2 steps) after rem@fdahe TBDPS group. However, when (E, Z)-
iododiene 2-47 was subjected to the same conditions, no bicytdatienes were produced
(Scheme 2-24).
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Pd(0), Ag,O

THE, reflux OR
2-7 + 2-48 QT —— I:R:TBDPS 2-44/2-45
R=H 2-41/2-43
32 % (for 2 steps)
Pd(0), Ag,0O
THF, reflux
2-47 + 2-48 7};'

Scheme 2-24Suzuki reaction of bromo- or iododiene and botena

Because the iododier®e47 was not successful in the conditions using silved®, we needed

to optimize reaction conditions for the Suzuki teat After screening the several conditions,

we found a superior protocol with Pd(RRhand ag. NaOH solution (Scheme 2-25 and Table 2-

3). The diol mixture2-41/2-43 was thus available in 80% vyield for the coupling/86(],

deprotection sequence.

o o
OTBDPS conditions Ar
darkness
+

\ /

\ | PinB /

2-47 2-48 2-44/2-45 R = OTBDPS

TBAF C,
2-41/2-43 R =H

Table 2-3. Conditions for Suzuki reaction result
Pd(PPhs),, Ag,0, THF, reflux no coupled product, instead homocoupled product from boronate

was obtained as major product
Pd(PPhs),, NaOEt, Benzene, EtOH, reflux no coupled product
Pd(PPhs),Cl,, NEts, MeOH, r.t. sluggish
Pd(PPh3),, ag. NaOH, THF, reflux, 20 h clean (80 % for 2 steps)

Scheme 2-25Screening of the conditions for the Suzuki reacti

85



When the inseparable mixture of alcoh@l€ll and 2-43 was treated with iodine in the
presence of potassium carbonate, only isocPa8 underwent iodoetherificatioR. lodoether2-

42 and alcohoR-41were easily separated by chromatography (Scheg®).2-

I, K,CO3 Ar
CH,Cl,
-30 to -20 °C

u///,lll

2-41 2-43 2-41 (45 %) 2-42 (37 %)

Scheme 2-26Removal of the exo alcohat43 by iodoetherification

2.2.6 Screening of tethers

To examine the planned tether-mediated RCDA reacti@ prepared several dimeric diesters
2-39a-e and 2-40a-e from the alcohol 2-41 using succinyl, glutaryl, adipoyl,
adamantanedicarboxyl, and adamantanediacetyl ahtbdde (Scheme 2-27 and Table 2-4).

Table 2-4. Screening of Tethers

Ar ;—OMO Tethers vield
" S ° a o succinyl 72 %
0
dichloride (0.5 eq.) N
DMAP(1.1 eq.) .
overnight, CH,Cl, 2-39a-e C-2 symmetric substrate b e~ glutaryl 84 %
2-41
39-84% c “f\/\/\f‘ adipoyl 75 %
Ar _:—OMO—,,_ Ar
O ( n
H—(H O H/—'"H d adamantanedicarboxyl 39 %
r": n=0,1
€ n adamantanediacetyl 62 %

2-40a-e meso substrate

Scheme 2-27Preparation of diacid-tethered substrates

The diacid-tethered substrates were then subjaotéisde RCDA conditions. Contrary to our

expectation, in the case of each diastereomericlpath isomers appeared to have undergone the
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intramolecular cycloaddition reaction. The resalts summarized (Scheme 2-28 and Table 2-5).
Of the five conversions studied, the adipic aciti¢eed substrate provided the best result in
terms of yield and separation of the isomeric potsluA slight improvement in yield was

obtained when the reaction was carried out in eerddute solution. Noteworthy in any case was
the fact that the product mixture from the adipmdaethered substrate consisted of two

compounds, formed in approximately equal amoundseasily separated by chromatography.

o
SbClg NAr;
CH,Cl,, 0 °C

2-39 + 2-40

2-38 2-69
Endo RCDA product from 2-39 Exo RCDA product from 2-40

Scheme 2-28Dimerization of the diacid-tethered substratedaurRCDA conditions

Table 2-5 The RCDA reaction of the C-2 symmetric substBaB9 and meso substrabe40

Tethers Result Separation
a rf’x\/\‘ﬁ: succinyl mystery (8 %), 2-69a (12 %) ok
b @‘J\/\/"Lﬁ, glutaryl 2-38b + mystery (19 %), 2-69b (20 %) ok
c f’\/\/\rrr adipoyl 2-38c (27 %), 2:69c (30 %)

% M=0.005 2-38c (34 %), 2-69¢ (39 %)

d ( n . -

?rrr n=0  adamantanedicarboxyl = 2-38d (24 %), 2-69d (38 %) difficult
e n n=1 adamantanediacetyl 2-38e (36 %), 2-69¢ (39 %) difficult

[M] = 0,01 unless commented. The structures of the RCDA products from succinyl, glutaryl,
adamantanes diesters are not exactly assigned, but determined on the basis of the *H nmr
pattern of RCDA products 2-38c and 2-69c.

87



2.2.7 Structural assignment of the endo RCDA adat&&c

The more polar of the adipoyl tethered produ#8c displayed aH NMR spectrum that
contained signals consistent with those expectaa ft compound in the kingianin A series (see
Figure 2-12 and Table 2-11). The identity of thiequct was firmly established &s38chby X-
ray crystallography (Figure 2-9).

Figure 2-9. X-ray structure of RCDA produ@-10c
2.2.8 Structural assignment of the exo RCDA ad@ug7c

The less polar produ2t69chad a 1H NMR spectrum that differed in noticealibeys from
those of compounds in the kingianin family. Furthere, the absence of characteristic patterns
in the spectrum was not the result of the presentlee tether; removal of the tether gave a diol
2-70, the NMR spectrum of which differed in importaespects from that of kingianin D (see
Table 2-10 and 2-11).

A series of nmr experimenfH, **C, COSY, NOESY, HSQC, HMBC) allowed us to identify
the second RCDA product @s70, the unanticipated but not surprising exo Dieldéeklproduct
(Figure 2-10). The correlations shown in 2D-CO$M @D-NOESY are depicted in Figure 2-11.
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COosy NOE

Figure 2-11 2D-COSY and NOESY correlations of the d2e¥0

The nmr spectrum of the second RCDA addRd8c contained overlapping signals for
protons at high field. It was not possible to asspgaks for individual protons in this region.
Consequently, we converted this diester to theesponding diol. With the exception of the
protons under a 2H signal at 2.70 ppm and a 3Ha@n2.62 ppm, each proton in this diol was
represented by an isolated signal with a cleattsipattern. The 2D nmr spectra of the diol
allowed complete assignment of these individuahaigt The complete assignment of the
pentacyclic core structure is shown in Table 2-8.

The structure of the pentacyclic core in def0 was confirmed by a combination of COSY
(Table 2-6), NOESY (Table 2-7), HMQC (Table 2-8)daHMBC (Table 2-9) nmr experiments.
Both the'H and the"*C nmr spectra indicated that d®i70was derived from an intramolecular
Diels Alder adduct. However, comparison of thenmr pattern with those of di@70and the

kingianins suggested that its structure differedmfrthose of these compounds in some
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fundamental way. Most impressive was a signifiadifierence in the chemical shifts of the two
most downfield olefinic protons; compare the cheahghifts of2-38cand2-70in Table 2-11.

On the basis of the chemical shifts of the twpdield olefinic signals (5.83 and 5.66, in the
same range as H3 and H4 in the kingianins), weyasdithe dienophilic western substructure of
the pentacyclic core as identical with that in dleB8c This assumption was well supported by
the crosspeaks of H3 (5.83) and H9a and H9b (2r&D A70) in the NOESY. Also, the
crosspeaks of H3/H2, H2/H1, H1/H17, H17/H7, H17/H8/H6, and H6/H5 in the NOESY and
the crosspeaks of H3/H4, H4/H5, H5/H6, H2/H1, H1/M&/H8, and H8/H17 in the COSY
confirmed that the connectivity and relative stetemistry of the fused [4.2.0]-bicyclooctene
ring system in the western sector were the santieogs in dioR-38c

With the H9 and H2 protons identified, we coakbign the 3H signal at 2.62 ppm to the HY’
and H2' protons. The crosspeaks of H9/H4’, H4'/HHI5/H8’, H8'/H17’, H17’/H1’, and
H1'/H2' in the NOESY and the crosspeaks of H1'/HR2'/H7’, H7'/H8', H8'/H17’, H4'/H5’,
H4'/H3’, and H5'/H6’ in the COSY confirmed the coexctivity and relative stereochemistry of
the fused [4.2.0]-bicyclooctene ring system indlastern sector.

Next we needed to determine the stereochenu$titye connection of the eastern and western
substructures. The crosspeaks of H5/H6 in the NO&® COSY showed H5 and H6 to be cis.
The key crosspeaks of H6/H5’ in the NOESY showed Hb6/H6 and H4'/H5 are on same face
of the pentacycle. Furthermore, the crosspeaks4dHBi, H4/H2’, and H6/H6’ in the NOSEY
showed that the stereochemical relationship ofd@igtern and western sectors corresponds to
that of an exo Diels Alder product as shown in@@SY and NOE pictures (Figure 2-11).

The exo Diels Alder structure was further supga by HMQC and HMBC assignments. Each
carbon in the core pentacyclic structure was assigo the attached protons by the crosspeaks in
the HMQC. Indeed, the examination of the connetgtiby HMBC analysis (the crosspeaks of
selected carbon atoms and the corresponding piodo@onsistent with the suggested structure
in the COSY and NOE pictures. The crosspeaks in HMQC and HMBC spectra are
summarized in Tables 2-8 and 2-9, respectively.

The structure determination of di&{70 allowed us to identify the second RCDA product as
the exo cycloaddition produ@69cas shown in Scheme 2-28. Also, the full assignnoénhe

pentacyclic structure of di@-70was presented in Table 2-10.
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Table 2-6 Crosspeaks in COSY Spectrum of Def0

Proton number (ppm)

H1 (2.03)— H2 (2.71) and H8 (1.84)

H3 (5.88) H4 (5.66)

H4 (5.66)— H5 (2.20)

H5 (2.20)> H6 (1.54)

H7 (2.28) H8 (1.84)

H8 (1.84)> H17 (3.36)

H1' (2.11)~ H2' (2.60)

H2' (2.60)> H7’ (2.28)

H3' (2.44) < H4 (6.58)

H4' (6.58)— H5’ (6.38)

H5' (6.38) < H6' (2.39)

H7’ (2.28)— H8' (1.96)

H8' (1.96)— H17' (3.27)

Table 2-7. Crosspeaks in NOESY Spectrum of D2e¥0

proton number (ppm)

H1 (2.03)— H2 (2.71) and H17 (3.36)

H2 (2.74) H3 (5.83)

H3 (5.83)< H9a and H9b (2.50 and 2.70)

H4 (5.66)H2’ (2.60) and H3' (2.44)

H5 (2.20)— H6 (1.54)

H6 (1.54)> H8 (1.84), H5 (6.38), and H6’ (2.39

H7 (2.28)— H17 (3.36)

H8 (1.84)> H6 (1.54) and H17 (3.36)

H1' (2.11)«< H2' (2.60) and H17' (3.27)

H4’ (6.58) H5' (6.38) and H17' (3.27)

H5' (6.38) <> H8' (1.96)

H7’ (2.28)~ H17' (3.27)

H8' (1.96)— H17' (3.27)

Table 2-8 Crosspeaks in the HMQC Spectrum of (ef0

Carbon Corresponding Carbon Corresponding
number proton number proton

(ppm) number (ppm) (ppm) number (ppm)
C1 (36.9) H1 (2.03) C1'(34.6) H1'(2.11)
C2 (34.4) H2 (2.71) C2'(34.3) H2’ (2.60)
C3(131.4) | H3(5.83) C3'(42.2) H3' (2.44)
C4 (126.3) | H4 (5.66) C4’ (121.0) H4’ (6.58)
C5 (33.0) H5 (2.20) C5'(135.3) H5’ (6.38)
C6 (34.3) H6 (1.54) C6’ (36.4) H6’ (2.39)
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C7 (40.7) | H7 (2.28) C7 (41.7) | H7 (2.28)
C8(485) | H8 (1.84) C8'(45.3) | H8' (1.96)
C9(42.2) | H9(250and 2.70) C9'(35,6) | H9 (2.62)
C16 (100.7)| H16 (5.89) C16'(100.8) | H16' (5.9%)
C17 (64.8) | H17 (3.36) C17' (67.1)| H17 (3.27)

#may be interchanged.

Table 2-9 Crosspeaks in the HMBC Spectrum of 2ef0

Carbon (number, ppm

Corresponding protons (nunppen)]

C1 (36.9) H17 (3.36)

C3 (131.4) H2 (2.71), H5 (2.20)

C4 (126.3) H1 (2.03), H2 (2.71), H5 (2.20), H7 @.2
C5 (33.0) H4 (5.66), H6 (1.54)

C7 (40.7) H17 (3.36)

C8 (48.5) H1 (2.03), H6 (1.54) H7 (2.28), H9 (2&@ 2.70), H17 (3.36)
C17 (64.8) H1 (2.03), H7 (2.28)

C1 (34.6) H17 (3.27)

C3 (42.2) H4' (6.58), H5' (6.38), H6 (1.54)

C6' (36.4) H4' (6.58), H5' (6.38)

C7 (41.7) H17 (3.27)

C8' (45.3) H9' (2.62), H17' (3.27)

C17'(67.1) H7' (2.28), H8' (1.96)
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Table 2-10 *H and**C-NMR for the pentacylic core of di@-70in CDCh
Number 'H, 3 (ppm),J (Hertz) C, 5 (ppm)
1 2.03(ddj=7.9,1H) 36.9
2 2.71 (m, 1 H) 34.4
3 5.83 (dJ = 10.4, 1 H) 131.4
4 5.66 (dddJ = 10.4, 3.6, and 2.0, 1 H) 126.3
5 2.20 (m, 1 H) 33.0
6 1.54 (ddJ=10.7 and 2.4, 1 H) 34.29
7 2.28 (m, 1 H) 40.7
8 1.84 (m, 1 H) 48.5
9 2.50 (ddJ) = 14.1 and 8.1, 1 H), 35.9

2.70 (ddJ = 14.1 and 7.9, 1 H)

17 3.36 (m, 2 H) 64.8
1 2.11 (m, 1 H) 34.6
2 2.60 (m, 1 H) 34.34
3 2.44 (m, 1 H) 42.2
4 6.5 121.0
5 6.38 (,J= 7.2, 1 H) 135.3
6 2.39 (m, 1 H) 36.4
7 2.28 (m, 1 H) 41.7
g 1.96 (quintet) = 6.8, 1 H) 45.3
9 2.62 (m, 2 H) 35.6
17 3.24 (ddJ=8.4 and 5.5 Hz, 1 H), 67.1

3.29 (ddJ = 8.4 and 5.5 Hz, 1 H)

#The signal for the proton at 6.59 ppm lies under thathmromatic protons.
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Figure 2-12 Structures of Kingianins A, D and synthetic dimer

Table 2-11 CharacteristicH-NMR Data for Kingianin A, D, and Synthetic Dime2s38¢ 2-69¢

2-37,2-70in CDCk (at 7.26)3 (ppm)

Num. Kingianin A,8y (Jin Hz)  Kingianin D,8y4 (J in Hz) 2.38c 2-37 2-69c 2-70
3 5.56 (brd,J = 10.4 Hz) 5.56 (brd] = 10.4 Hz) 561 562 5.84 5.83
5.66 (brd,J=10.4 Hz) 5.75 (brd] = 10.4 Hz) 575 571 569 5.66
6 1.70 (brdJ = 9.0 Hz) 1.67 1.73 172 1.46 1.54
16 5.90 5.90 589 593 597 589
4 6.11 (dd,J = 7.1 and 6.29 (dd,=7.1and 7.6Hz)6.16 6.13 6.63 6.59
5 6.22 (t,J=7.1 Hz) 6.14 (t) = 7.1 Hz) 6.29 6.27 6.36 6.38
16’ 5.88 5.90 590 590 597 509fF

A/alues are interchangeable
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2.2.9 Hydrolysis and Double homologation

2.2.9.1 Efforts for one carbon homologation

With some confidence that we had a significantrmeliate in hand, we released the @7
from its tether in dieste2-38c(Scheme 2-29).

H Ar
|;| < Ar
. | ’
LiAIH,, THF 5
Arg SN 0°C,05h
\\“‘ > H 2 \O Ar N "y
85 % NS \
o OH
o}
o} OH
2-38¢ diol 2-37

Scheme 2-29Hydrolysis of the diestet-38c

The next job was construction of the ethyl amifdnctionality from the diol2-37. The
reagents for one carbon homologation have beemsxtdy studied and most of them are

modified Wittid® or Petersofif olefination reagents. Also, the reaction condgi@re harsh in

8 For Wittig-type olefinations, see (a) Reactions keftene thioacetals with electrophiles.
Homologation of aldehydes. Carey, F. A.; NeergadrdR.J. Org. Chem1971, 36, 2731. (b) A
one-carbon homologation of carbonyl compounds tbaeylic acids, esters, and amides. Dinizo,
S. E.; Freerksen, R. W.; Pabst, W. E.; Watt, DJ.SAm. Chem. S0d 977, 99, 182-186. (c)
Synthetic applications of 2-chloro-1,3-dithiane gaeration of ketene dithioacetals. Kruse, C. G,;
Broekhof, N. L. J. M.; Wijsman, A.; Van der gen, Fetrahedron Lett1977 18, 885-888. (d)
Heteroatom directed photoarylation synthesis otfimmalized indolines. Schultz, A. G.; Sha, C.
-K. Tetrahedron 198Q 36, 1757-1761. (ey-Substituierte phosphonate-38: 1-dimethylamino-1-
cyano-methanphosphonsaurediethylester, ein neudd edr darstellung von carbonsauren, 1-
cyanoenaminen und homoenolaten. Costisella, K.s&d.Tetrahedronl 982 38, 139-145.

8 For Peterson-type olefination, see (a) Reactiohketene thioacetals with electrophiles.
Homologation of aldehydes. Carey, F. A.; NeergadrdR.J. Org. Chem1971, 36, 2731. (b)

Silicon-containing carbanions. Il. Ketene thioatetgnthesis via 2-lithio-2-trimethylsilyl-1,3-
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some cases and the preparations of the reagentsotauteivial. Furthermore, our substrate is
potentially exposed to epimerization when the @8i@7is oxidized to the dialdehyde.

Thus, we first considered the one carbon hogailon with masked acyl cyanides (MACS).
We anticipated that we might get a one carbon hogated acyl cyanide by way of an2S
reaction between a MAC and the mesylate of 8i@7. The known MACs2-74, 2-75 and2-

76%" were prepared from malononitrile by the three stgmuence in Scheme 2-30.

TBSCI
o) or
)J\ TIPSCI
cl AcOOH, or
AcOH, H,0O ethylvinyl
NC NEts, benzene nC O rt ? NC ethgr d
T o )-or
NC NC NC NC
2.71 2.72 2-73 2-74, R =TBS
2-75,R = TIPS
2-76, R = MEM

Scheme 2-30The preparation of MAC reagents

Having the MAC reagents, we screened the m@acibnditions with a model compoudr7.
First, we tried the substitution reaction with M&C 2-74. As shown in all results, the starting
material, the mesylat@-77, was recovered and the desilylation of TBS-MACgerd was
observed in several conditions (Scheme 2-31). Ahgnigase and solvent did not affect the

reaction.

dithiane. Carey, F. A.; Court, A. 3. Org. Chem1972 37, 1926. (c) S-Methyl Thiocarboxylates
from Aldehydes and Ketones through Ketene ThiodketaReductive Nucleophile
Thiocarbonylation. Seebach, D.; Burstinghaus, RSynthesis 1975 461. (d)
[Methoxy(phenylthio)methyl]lithium and [methoxy(pigthio)(trimethylsilyl)methyl]lithium.
Two exceedingly convenient reagents for the facdaversion of aldehydes, ketones, and 3-
alkoxy enones into ketene O,S-acetal derivativesckigtt, S.; Livinghouse, T. Org. Chem
1986 51, 879-885. (e) Development of a one-pot methodHerhomologation of aldehydes to
carboxylic acids. McNulty, J; Das, Retrahedron2009 65, 7794-7800.

87 A three-step preparation of MAC reagents from matutrile. Nemoto, H.; Li, X.; Ma, R.;
Suzuki, I.; Shibuya, MTetrahedron Lett2003 44, 73-75
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1) K,CO3, DMF
or

2) K,COg, acetone
or

OMs NC 3) pyridine, acetonitrile _ _
+ >70TBS starting material recovered
or
- +
2-77 2-74 4) CN@N Ne

OH was obtained in

DMF i
some conditions
or NC

5) NaH, THF-DMF

Scheme 2-31The 2 reaction of the mesylage 77 with TBS-MAC 2-74

Because the TBS-protected MALZ74 was labile in some cases, we tested a more robust
TIPS-MAC 2-75 However, the mesylata 77 was recovered in the conditions using strong bases

(Scheme 2-32).

1) NaH, THF
or

oms NG 2) NaHMDS, THF _ _
+ >*OTIPS starting material recovered
NC

2-77 2-75

Scheme 2-32The §2 reaction of the mesylage 77 with TIPS-MAC2-75

Finally, we examined the MEM-MAQ-76. The successful substitution reaction between
MEM-MAC and a primary iodide is knowif. Inspired by this successful reaction, we first
adapted the same protocol with potassium carbdiateur substrate. However, only starting

material was recovered. Other conditions usingnsfibases gave the same result (Scheme 2-33).

8 Development of a New Acyl Anion Equivalent for tReeparation of Masked Activated Esters
and Their Use To Prepare a Dipeptide. Nemoto, Hihdfa, Y.; Yamamoto, YJ. Org. Chem
199Q 55, 4515-4516.
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1) K,COg3, acetone

or
2) NaH, THF
or

oms NC 3) NaH, THF-HMPA _ _
+ >70MEM starting material recovered
NC

2-77 2-76

Scheme 2-33The 2 reaction of the mesylag 77 with MEM-MAC 2-76

We next turned our attention to the Petersefir@tion type reagent, [methoxy(phenylthio)-
(trimethylsilyl)methane 2-79 developed by Livinghouse et #f This reagent has the
advantagesthat the conversion of the intermediaimester to ethylamide is easy. We first
performed a model reaction with cyclohexanecarlet@de2-78 The aldehyde2-78 was
subjected to the Livinghouse’s conditions to prevah inseparable mixture of (E)-, (Z)-olefins
80 and81 (Scheme 2-34).

j\MS 2-79 (2 eq)
PhS”™ ~OMe

s-BulLi (2 eq)
1,10-phenanthroline (cat)
O/CHO TMEDA, THF, - 78 °C msph WOMG
+
conversion = 95 % OMe SPh
2-78 2-80 11 2-81
the ratio was determined by
crude 1H nmr

Scheme 2-340lefination usting Livinghouse’s procedure

The demethylation of using TMSI was followedthg treatment with ethylamine. As a result,
the desired one carbon homologated ethyl amideoWwtsned in 65 % yield (Scheme 2-35).

1) TMSCI, Nal

CH3CN SPh 1 EtNH,, THF NHEt
2-80 + 2-81 O/\H/ — . m
0 65 % ©

2-82 for two steps 2-83

Scheme 2-35The demethylation and ethyl amide synthesis
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Next, we applied the method to the dialdehge®4 that was oxidized from the di@-37.

However, a complicated mixture was obtained (Sch2+88).

PhS” “OMe 1) TMSCI, Nal

DMP CH3;CN

NaHCO;3 H n s-BuLi 2) filtered through

CH,Cl,, B 1,10-phenanthroline activated basic alumina

diol 2.37 0°Ctort A ' TMEDA, THF, - 78 °C 3) EtNH,, THF a comlicated
: I S z ‘1, .
64 % A \ mixture
0]
NS

dialdehyde 2-84

Scheme 2-36The application of Livinghouse’s procedure to tieddehyde2-84
2.2.9.2 The alternative monomer for the RCDA rearti

We have been frustrated with one carbon honabiog of the diol2-37. This led us to
consider an alternative route to pre-homologated 285 The amide formation from the acid
that might be produced by oxidation of the d2eB5 looked attractive. We thought that the diol
2-85 would be available from endo alcoli86 by a tether-mediated RCDA reaction as in the
preparation of the did@-37. Again, the exo alcoh@-87would be removed by iodoetherification

and chromatography (Scheme 2-37).

Ar

H Tether-mediated
C?:E ]) RCDA PR ,OH
Ar s z ey — ~
\\\"\ \\: H \\ : Y \' : Y ' + Y !
\‘\ OH
diol 2-85 ; - -
OH 2-86 2-86 2-87

lodoetherification

Scheme 2-37An alternative route to pre-homologated de85

Following a conventional tandem coupling andcebcyclization strategy, we obtained an
inseparable mixture of endo- and exo-alcol®B6 and2-87 by adaptation of the procedure that

had been successfully applied to the synthesiseobicyclooctadiene®-41and2-43(Scheme 2-
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38).

TBSO
OTBS
Ar Pd(PPhs),
ag. NaOH,
THF
7 N
+

\ I PinB 7
2-47 2-88

2-89 2-90/2-91 R = TBS
TBAF | _ .
g 2-86/2-87 R = H (ratio = 0.9:1)

< @]
Ar = \©: > 79 % for two steps
(@]

Scheme 2-38Synthesis of the endo- and exo-alcol®B6 and2-87

Having a mixture of-86 and 2-87, we next carried out iodoetherification to seleely
remove exo isome2-87. However, in contrast to our expectation, the aiterifiation did not
result in a selective removal. The resulting insaple mixture contained pentacycke92 and
iodoether2-93 along with unreacted starting materials. Lowerihg temperature or changing

the reagent to a hard iodine electrophile did e g successful result (Scheme 2-39).

I2, KoCO3 OH

CH,Cl, —/ Ar—,
-20°C O '
2-86 + 2-87 286 + 2-87 + GH O+ pe—en
A

l,, K,COs |

‘.
’

N |
ChyCly 2-92 2-93

-40°C
2-86 + 2-87 ——— lower conversion with the same result as above

|(COI)2PF6
CH,Cl,,
-78°C ) )
2-86 + 2-87 ——— starting material recovered
NIS
CH,Cl,,

_ 0,
2-86 + 2-87 ——— sluggish, low conversion

Scheme 2-39lodoetherification of the endo- and exo-alcolB6 and2-87
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In addition, when we tuned the nucleophili@fithe sidechain functionality by converting the

alcohols to carboxylic acids, the selective iodtazation was not observed (Scheme 2-40).

1) DMP

CH,Cl,, r.t. l,, NaHCO4

2) KOH, CH,Cl,

AgNOs Ar -30°Ctort. o selective

2.86 + 2-87 EtOH-H,0 or iodola((:)t:)nization
I,, NaHCO; low conversion
CH5CN
2-94 2-95 -30°Ctor.t.

Scheme 2-40lodolactonization of the acid®s94 and2-95

2.2.9.3 Double homologation: completion of the ltstanthesis of kingianin A

Meanwhile, we performed the double homologationcpdure that had been employed by
Moses for the synthesis of pre-kingianin A. Mesglatof the diol2-37 and displacement by
cyanide & 2-97) were followed by peroxide-promoted hydroly$isand the reductive N-
alkylation procedure of Dub®.This 5-step sequence converted @87 to (+)-kingianin A @-
1A) in 26 % yield (Scheme 2-41).

Ar
Ar 1) Hzoz, MeOH |:|
H -THF, reflux :
MsClI, NEts, - 2) CH,CHO, Et;SiH,
CH,Cl, Ar ‘ | ) TFA, 20 h Ar\ S "'/\
diol 2-37 SN WS H
85 % \\w\( H \Y 36 % \L CONHE
y CONHE
NaCN, Nal |: 2-96 Y = OMs Kingianin A (2-1A)
DMF, 70 °C 2.97 v = CN

Scheme 2-41Double homologation: completion of the total $\adis of kingianin A

8 For a study of effective media for this reactieae Brinchi, L.; Chiavini, L.; Goracci, L.; Di
Profio, P.; Germani, R.ett. Org. Chem2009,6, 175-179.

% Reductive N-alkylation of amides, carbamates aeds: Dube, D.; Scholte, A. Aetrahedron
Lett 1999 40, 2295-2298.
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The'H and®*C nmr spectra of our synthetic kingianin A were pamed with those reported
for the natural product in Table 2-12 and 2-13. Themical shifts as well as coupling constants

were consistent with the authentic data.

Table 2-12 *H-NMR for Kingianin Ain CDC}, & (ppm), mult, § in Hz)**

No. Authentic,d, Synthetic 3. No. Authentic,d, Synthetic 3.

1 2.05m 2.05m I 2.09m 2.09 m

2 2.48 m 2.48 m 2" 226m 2.26 m

3 556brd(10.4) 557brd(103) 3 241m 242

4 5.66 br d (10.4) 5.67 br d (10.3) 4  6.11dd(7.5) 6.12t(7.2)

5 2.24m 2.24m 5 6.22t(7.1) 6.231(7.2)
6 1.70 br d (9.0) 1.71 brd (9.0) 6' 252m 2.53m

7 191 m 1.92m 7 249m 250m

8 2.02m 2.03m 8 228m 2.28 m

9 2.57/2.46 m 2.57/2.46 m 9" 2.63/249m 2.64/2.50
10 - - 100 - -

11 6.63d(1.2) 6.63 brs 11’ 6.60brs 6.61 brs
12 - - 120 - -

13 - - 13 - -

14 6.69d(7.9) 6.70d (4.1) 14" 6.68d (7.9) 6068.1)

15 6.56dd (7.9,1.2) 6.56brd (8.2 15" 6.57 v @) 6.58 br d (9.3)
16 5.90s 59fs 16" 5.88s 5.89s

17 2.02m 2.03m 177 2.07/1.95m 2.07/1.96 m
18 - - 18 - -

19 5.30t(5.7) 5.20 (5.2) 19 5.25t(5.7) 5.78 (5.2)

20 3.21qd(7.2,5.7) 3.21qd(7.2,5.2) 20 3.8Y92,57) 321qd(7.2,52)
21 1.09t(7.2) 1.09(7.2) 21" 1.09t(7.2) 1.fa (7.2

The data for the authentic sample are extractedh ftbe report of the structure assignmient.

b c\ialues are interchangeable

%1 Our laboratory uses 7.260 ppm for the chemicdt shiCHCs. All values in the Experimental
Section are based on this standard. The Litaudompguses 7.240 ppm for the chemical shift of
CHCI;, Therefore in this Table we have adjusted the wateported by Litaudon et al by adding
0.020 ppm.
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Table 2-13 *C-NMR for Kingianin Ain CDC}, § (ppm)’”

Number Authentic Synthetic Number  Authentic Synithet

1 43.7 43.7 1 38.8 38.8
2 33.2 33.2 2’ 44.3 44.3
3 124.9 124.9 3 42.8 42.7
4 132.2 132.3 4 132.4 132.4
5 38.1 38.0 5’ 134.8 134.8
6 37.9 37.9 6’ 38.4 38.4
7 42.4 42.40 7 39.7 39.7

8 42.4 42.42 8’ 43.7 43.7

9 35.8 35.8 e} 35.2 35.2
10 135.3 135.2 10’ 135.5 135.5
11 108.8 108.79 11’ 108.8 108.8%
12 147.5 147.5 12’ 147.5 147.5
13 145.4 145.4 13’ 145.4 145.4
14 108.1 108.1 14’ 108.1 108.1
15 121.0 121.00 15’ 121.0 121.02
16 100.7 100.7 16’ 100.7 100.7
17 41.8 41.8 17’ 43.0 43.0
18 171.9 171.9 18’ 171.9 171.8
19 - - 19’ - -

20 34.3 34.3 20’ 34.2 34.2
21 14.9 14.86 21’ 14.9 14.91

The data for the authentic sample are extractedh ftbe report of the structure assignmient.

2P %%/alues are interchangeable

%2 Our laboratory uses 77.000 ppm for the chemicaft f CDCls. All values in the
Experimental Section are based on this standard.LTlaudon group uses 77.230 ppm for the
chemical shift of CDGl Therefore in this Table we have adjusted the waleported by
Litaudon et al by subtracting 0.230 ppm.
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2.2.10 The test result in NCI-60 cell lines

Our synthetic kingianin A was sent to Dr. JBwutler at the National Cancer Institute (NCI)
for testing in the NCI-60 cell line screen. Theuléag bar graphs are attached. The first graph is
for the one dose experiment for measuring the ivelatell death. Kingianin A showed a

complicated result, demanding the further experisien
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Developmental Therapeutics Program

One Dose Bar Graph

NSC: D-768505/1

Conc: 1.00E-5 Molar

Test Date: Nov 26, 2012

Experiment ID: 12110883

Report Date: Jan 03,2013

Panel/Cell Line

Leukemia
CCRF-CEM
HL-60(TB)
K-562
MOLT-4
RPMI-8226
SR

Non-Small Cell Lung Cancer

A549/ATCC
HOP-62
HOP-92
NCI-H226
NCI-H23
NCI-H322M
NCI-H460
NCI-H522

Colon Cancer
COLO 205
HCC-2998
HCT-116
HCT-15
HT29
KM12
SW-620

CNS Cancer
SF-268
SF-295
SNB-19
SNB-75
U251

Melanoma
MALME-3M
M14

MDA-MB-435
SK-MEL-2
SK-MEL-28
SK-MEL-5
UACC-257
UACC-62
Ovarian Cancer
IGROV1
OVCAR-3
OVCAR-4
OVCAR-5
OVCAR-8
NCI/ADR-RES
Renal Cancer
786-0
A498
ACHN
CAKI-1
RXF 393
SN12C
TK-10
UO-31
F’ro;tate Cancer

DU-145

Breast Cancer
MCF7
MDA-MB-231/ATCC
HS 578T
BT-549

T-47D
MDA-MB-468

Growth Percent

43.55
-28.06
12.57
31.71
7.39
27.11

52.29
82.67
60.45
76.43
81.44
89.58
54.74
64.07

96.10
85.71
62.98
73.57
81.46
49.42
73.13

70.04
61.22
82.80
81.42
63.56

81.14
69.54
52.05
89.57
102.36
49.23
80.87
58.16

72.71
56.64
93.70
114.13
59.13
57.33
105.28

92.42
62.60
81.12
56.02
83.12
71.24
91.44
69.44

27.19
82.78

74.48
85.37
86.84
73.08
69.89
60.88

Bar Graph

125 62.5

0.0
Percentage Growth

-62.5 -125
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Developmental Therapeutics Program

One Dose Mean Graph

NSC: D-768505/1

Conc: 1.00E-5 Molar

Test Date: Nov 26, 2012

Experiment ID: 12

110883

Report Date: Jan 03, 2013

Panel/Cell Line

Leukemia
CCRF-CEM
HL-60(TB)
K-562
MOLT-4
RPMI-8226

SR
Non-Small Cell Lung Cancer
A549/ATCC
HOP-62
HOP-92
NCI-H226
NCI-H23
NCI-H322M
NCI-H460
NCI-H522
Colon Cancer
COLO 205
HCC-2998
HCT-116
HCT-15
HT29
KM12
SW-620
CNS Cancer
SF-268
SF-295
SNB-19
SNB-75
U251
Melanoma
MALME-3M
M14
MDA-MB-435
SK-MEL-2
SK-MEL-28
SK-MEL-5
UACC-257
UACC-62
Ovarian Cancer
IGROV1
OVCAR-3
OVCAR-4
OVCAR-5
OVCAR-8
NCI/ADR-RES
SK-OV-3
Renal Cancer
786-
A498
ACHN
CAKI-1
RXF 393
SN12C
TK-10
U0o-31
Prostate Cancer
PC-3
DU-145
Breast Cancer
MCF7
MDA-MB-231/ATCC
78T

MDA-MB-468

Mean
Delta
Range

Growth Percent

Mean Growth Percent - Growth Percent

43.556
-28.06
12.57
31.71
7.39
27.11

52.29
82.67
60.45
76.43
81.44
89.58
54.74
64.07

96.10
85.71
62.98
7357
81.46
49.42
73.13

70.04
61.22
82.80
81.42
63.56

150

100 50 0 -50

-100 -150
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2.3 Conclusion

A 12-step synthesis of kingianin A, an inhibitd the antiapoptotic protein Bgl, is based
on a radical cation Diels Alder reaction (RCDA),approach thought to be biomimetic.

We hypothesized that the stereochemistry ofRE®A reaction of the bicyclooctadienes are
derived by two steric factors; 1) the substitueats cyclobutane blocks an approach from
sterically hindered faces of both bicyclooctadieard 2) another steric factor is believed to be
built when the diene approaches the dienophileiprakto endo substituent. Also, our concern
about the practical synthesis led us to have @tettediated intramolecular RCDA strategy.

The presumed monomeric bicycloocatdiene, tli® elcohol2-41, was prepared by a tandem
coupling and electrocyclization. The selective ieitherification removed exo alcoh@-43
successfully. The best tether, adipic acid tethvag found by screening five candidates including
succinyl, glutaryl, adipoyl, adamatanedicarboxyg adamantanediacetyl groups.

The RCDA reaction of the tethered dies@139c and2-40c gave two pentacyclic dimers in
contrast with our expectation that only C-2 symmetubstrate would form dimer. Each of the
dimers was identified by X-ray structure determimatand a series of nmr experiments,
respectively. As a result, we found that one wadoeRCDA product2-38c from the C-2
symmetric diester and the other was exo RCDA prog&9cfrom the meso diester.

After hydrolysis of the diest&t-38¢ we focused on one carbon homologation to fornyleth
amide. Despite our efforts, the one carbon homelogavas not easily achieved. At last, we
adapted the double homologation method that wad umséhe synthesis of pre-kingianin A by

Moses group. This double homologation successéfflyrded the kingianin A.
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2.4 Experimental Section

General Information

All air- and moisture-sensitive reactions were parfed under argon in oven-dried or flame-
dried glassware. Unless stated otherwise, comnilgraiaailable reagents were used as supplied
or distilled by short-path distillation. HPLC grathexane, EtOAc, C¥Cl, and CHOH were
used in chromatography. Tetrahydrofuran (THF) aredhgll ether (EfO) were distilled from
sodium-benzophenone ketyl under argon gas. Dichietbane was distilled from calcium
hydride under nitrogen gas. All experiments werenitoaoed by thin layer chromatography
(TLC) performed on Whatman precoated PE SIL G/U\ 28n layer polyester-supported
flexible plates. Spots were visualized by exposwaraultraviolet (UV) light (254 nm) or by
staining with 10% solution of phosphomolybdeniadda@MA) in ethanol or KMn@agq. solution
and then heating. Flash chromatography was caaigdvith Fisher brand silica gel (170-400
mesh).

Infrared spectra were recorded with a Perkimdfl 1600 Series FT-IR instrument. Samples
were scanned as neat liquids or dissolved in@Hon sodium chloride (NaCl) salt plates.
Frequencies are reported in reciprocal centimgmrs). Nuclear magnetic resonance (NMR)
spectra were recorded with a Varian Inova-500 (8B for *H and 126 MHz for*C), Varian
Inova-400 (400 MHz for'H and 100 MHz for'*C), or Gemini-2300 (300 MHz fofH)
spectrometer. Chemical shifts for proton NMR speere reported in parts per million (ppm)
relative to the singlet at 7.26 ppm for chlorofodxzhemical shifts for carbon NMR spectra are
reported in ppm with the center line of the tridiet chloroform-d set at 77.00 ppm. COSY and
NOE experiments were measured on a Varian Inovasg@@trometer. High-resolution mass
spectra were obtained on a Micromass Q-Tof Ultimectometer by the Mass Spectrometry

Laboratory at the University of lllinois Urbana Ghpaign.
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Experimental Procedure/ Characterization

o+ —
SR We' Rt
+ \ . S
\H ‘i—'
H
251 H

2-52 2-53
endo: exo = 3:1

Dimers 2-52 and 2-53 To a stirred solution of 1,3-cyclohexe2é&l1 (95.0ul, 1.0 mmol) in
CH,Cl, (3.3 mL) was added aminium salt (40.8 mg, 0.05 ihrab 0 °C. After 30 min, the
reaction mixture was diluted with GBI, (10 mL) and washed with N)@l and brine. The
organic solution was dried over Mga@oncentrated, and purified by column chromatdgyap
(Hexane) to afford an inseparable mixture of themeds 2-52 and 2-53 (38.2 mg, 48 %) as
colorless oil. For the ratio, see a spectrum.

I — activated Zn(Cu/Ag)
J N MeOH-H,0 HO

HO 9.5 OH 2-55

(1E, 3Z, 7E)-nona-1,3,7-triene-5-yne-1,9-diol (2-35 To a stirred suspension of activated
Zn(Cu/Ag) (2 g) in HO (10 mL)-MeOH (10 mL) was added diy2e25 (0.10 g, 0.62 mmol) at
r.t. under Ar. The mixture was wrapped with alunmmdoil and stirred for 1 day. The small
portion of the reaction mixture was taken and wdrkg@. The crudéH nmr of the reaction
mixture showed a major product as a partially redysroduc®-55.

Rf value: 0.50 (Hex: EtOAc = 1:1H NMR (600 MHz, CDCJ) & 4.26 (m, 4 H), 5.58 (d] =
10.8 Hz, 1 H), 5.95 (d] = 16.2 Hz, 1 H), 6.02 (df = 15.0 and 6.0 Hz, 1 H), 6.28 (dt= 16.2
and 4.8 Hz, 1 H), 6.40 3,= 10.8 Hz, 1 H), 6.78 (dd,= 15.0 and 11.4 Hz, 1 H).
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Ac,0
— DMAP, —
7 N CH,Cl, 7 N
OH AcO OAc

HO
88 %

Diacetate 2-56 To a stirred solution of the diy2e25(0.19 g, 1.18 mmol) in Cil, (15 mL)
was added DMAP (28.8 mg, 0.24 mmol) and acetic dntlg (0.33 mL, 3.54 mmol) at r.t. The
reaction mixture was stirred for 2 h and quenchahl sat. NaHC@sol'n. The organic layer was
dried over MgS@ concentrated, and purified by column chromatogyajpiex: EtOAc = 3:1) to
afford diacetat@-56 as yellow solid.

Rf value: 0.40 (Hex:EtOAc = 3:H NMR (300 MHz, CDCY) 5 2.08 (s, 6 H), 4.62 (dl = 5,7
Hz, 4 H), 5.82 (dJ = 15.6 Hz, 2 H), 6.31 (df] = 15.6 and 5.7 Hz, 2 H). IR (neathax 1266,
1382, 1740, 3047.

TBDPSO OTBDPS

Pd(PPhs),, Ag,0 RO
_ .\ X THF, reflux
X | PinB =
2-57 2-48

2-58 R = TBDPS
TBAF E
228 R=H

48 % for two steps

‘\\_ O R

Hire iH

Bicyclooctadiene diol 2-28 1) Suzuki coupling: To a stirred solution of tbdodiene2-57 (2.0

g, 4.6 mmol) and Pd(PBB(1.3 g, 1.2 mmol) in THF (50 mL) was added bororia#s (3.0 g,
6.9 mmol) and AgO (2.67 g, 11.5 mmol) at r.t. Then, the reactiomtare was heated to reflux
under darkness. After 12 h, the mixture was cotdetbom temperature, filtered, concentrated.
The concentrate was passed through a short patiiaaf gel and washed with 5% EtOAc in
hexane until desired band was completely elutec yéllow fractions were combined. The
crude product was directly used for the next st&p.Deprotection of TBDPS group: To a stirred
solution of the crude product in THF (20 mL) wasvdly added tetrabutylammonium fluoride
(TBAF, 1.0 M in THF, 12.4 mL, 12.4 mmol) at r.t. t&f 2 h, the mixture was quenched with sat
NH4CIl and partitioned. The aqueous layer was extragtgd diethyl ether. The combined

organic solution was dried over Mga@oncentrated, purified by column chromatograptgxt
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EtOAc = 1:2) to afford bicyclooctadiene di28(0.37 g, 48 % for two steps) as yellow oil.

Rf value: 0.2 (Hex:EtOAc = 1:2H NMR (400 MHz, CDCJ) § 2.67 (m, 3 H), 3.14 (m, 1 H),
3.72 (dd,J = 10.0 and 3.2 Hz, 2 H), 3.78 (= 7.2 Hz, 2 H), 5.51 (dd] = 10.0 and 4.0 Hz, 1 H),
5.59 (dd,J = 9.6 and 4.0 Hz, 1 H), 5.71 (d#i= 9.6 and 5.2 Hz, 1 H), 5.86 (ddbs 9.6, 5.2, and
1.2 Hz, 1 H).**C NMR (100 MHz, CDG)) 6 32.4, 32.9, 51.1, 52.5, 62.5, 65.2, 122.2, 124.2,
125.5, 126.1.

OH  SbClg NAr,
CH,Cl,

2-28

Chloro ether 2-59 To a stirred solution of the digt28(20.0 mg, 0.12 mmol) in Ci€l, was
added the catalyst (4.9 mg, 6.0 pmol) &COunder Ar. Because no reaction was observed by
monitoring TLC, more catalyst was added in portian$i| the starting material was completely
consumed. The reaction mixture was then quenché#d twethylamine, filtered, concentrated.
The crudeH nmr spectrum indicated the presence of chlorerefh59 although it was
contaminated.

Rf value: 0.6 (CHCI;:MeOH = 10:1)'H NMR (400 MHz, CDCJ) § 1.91 (m, 1 H), 1.97 (br s, 1
H), 2.64 (br s, 1 H), 2.73 (br s, 1 H), 3.11 (bd¢), 3.62 (dJ = 8.4 Hz, 1 H), 3.82 (d] = 8.2

Hz, 1 H), 3.89 (m, 2 H), 4.65 (d, J = 3.2 Hz, 1 510 (m, 2 H).

OAc SbC|6° NAI’3

CH.Cl, three inseparable products

(ratio=1:0.7: 0.3)

2-28 2-60

RCDA reaction of the diacetate 2-60 1) Acetylation: To a stirred solution of theod2-28
(38.0 mg, 0.23 mmol) in Cil, was added DMAP (5.6 mg, 45.7 pmol) and,@q65.0 pL,
0.69 mmol) at r.t. After 1.5 h, the reaction mibgwas quenched with sat. NaHE&bI'n and

portioned. The aqueous layer was then extracteld @#,Cl,, and combined organic solution
111



was dried over MgSO4, concentrated, and purifiecddymn chromatography (Hex: EtOAc =
15:1) to afford bicyclooctadiene diacet2t®0 (50.4 mg, 88 %) as colorless oil.

2-60 Rf value: 0.5 (Hex:EtOAc = 10:H NMR (400 MHz, CDCJ) & 2.03 (s, 3 H), 2.05 (s, 3
H), 2.65 (m, 1 H), 2.75-2.89 (, 2 H), 3.20 (m, 1, K)06 (d,J = 6.0 Hz, 2 H), 4.23 (dd} = 7.2
and 3.2 Hz, 2 H), 5.51 (dd,= 10.0 and 4.0 Hz, 1 H), 5.57 (d#iz 9.6 and 5.6 Hz, 1 H), 5.71
(dd,J = 9.6 and 5.6 Hz, 1 H), 5.88 (dd#i= 9.6, 5.2, and 1.6 Hz, 1 HYC NMR (100 MHz,
CDCl) 6 20.898, 20.920, 32.8, 33.1, 44.6, 47.1, 64.5,,6622,3, 124.5, 124.7, 126.0, 170.9,
171.0.

2) RCDA reaction: To a stirred solution of the ditate2-60 (20 mg, 79.9 pumol) in C¥€l, (0.7
mL) was added the catalyst (3.2 mg, 3.9 umol) ¥.0After 1 h, 5 mol % of catalyst (3.2 mg,
3.9 umol) was added, and the resulting blue salutvas stirred overnight. Then, the reaction
mixture was diluted with C}Cl,, washed with NECI, H,O, and brine. The organic solution was
dried over MgS@ concentrated, and purified by column chromatogyajpiex: EtOAc = 3:1) to
afford a mixture of unidentified three products5(9ng, 48 %) as sticky colorless oil. For the

ratio and intrinsic peaks of three products, sespm.

p-nitrobenzoic
OH acid
DCC, DMAP

PNBO_/,,' OPNB SbClG. NAI’3

CH,Cl,

three inseparable products
(ratio = 1: 0.7: 0.3)

Hree criH

2-28 2-61

RCDA reaction of the di-p-nitrobenzoate 2-61 1) Esterification: To a stirred solution of the
diol 2-38 (10 mg, 60.1 pmol), DCC (62.0 mg, 300 umol), DM@®P7 mg, 6.0 umol) in C§Cl,
(2.0 mL) was added p-nitrobenzoic acid (50.2 md) @nol) at r.t. After stirring 1.5 h, the
reaction mixture was quenched with sat NaH@GOI'n and partitioned. The aqueous layer was
extracted with CkICl,, and the combined organic solution was dried &g8&0,, concentrated,
and purified by column chromatography (Hex: EtOAd:% to 2:1) to afford di-p-nitrobenzoate
2-61(20.7 mg, 74 %) as yellow solid.

2-61 Rf value: 0.8 (Hex:EtOAc = 2:TH NMR (400 MHz, CDC}) § 2.96 (m, 2 H), 3.13 (m, 1
H), 3.37 (m, 1 H), 4.42 (d] = 5.6 Hz, 2 H), 4.58 (dd] = 11.2 and 8.0 Hz, 1 H), 4.64 (dii=
11.2 and 8.0 Hz, 2 H), 5.64 (m, 2 H), 5.78 (di&; 9.6 and 5.6 Hz, 1 H), 5.96 (dddl= 9.6, 5.6,
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and 1.6 Hz, 1 H).

2) RCDA reaction of di-p-nitrobenzoafe61 To a stirred solution of the di-p-nitrobenzoate
61 (20.5 mg, 44.1 umol) in Ci&l, (0.88 mL) was added the catalyst (1.8 mg, 2.2 \@tad°C.
After 5 h, 10 mol % of catalyst (3.6 mg, 4.4 umeils added, and the resulting blue solution
was stirred for days. Then, the reaction mixture wauted with CHCI,, washed with NECI,
H,O, and brine. The organic solution was dried ovegSKa,, concentrated, and purified by
column chromatography (Hex: EtOAc = 3:1) to afferanixture of unidentified three products
(13.2 mg, 64 %) as sticky yello oil. For the ratind intrinsic peaks of three products, see

spectrum.
Mes/N\(N\'VIes
;
CHO R,»\C'
P Grubbs-Hoveyda Il P 7 | U=
O CH,Cl,, r.t. 1 day o CHO cl
0 46 % o) T
CHs;
2-62 2-64 Grubbs-Hoveyda Il

Aldehyde 2-64 The metathesis procedure described by Cosalveas adaptetf. In an oven-
dried 50 mL round bottom flask was placed saft@2 (0.88 g, 5.4 mmol) and acrolein (1.07
mL, 19.3 mmol) in dry ChkCl, (25 mL) under Ar. The Grubbs-Hoveyda second gedimgra
catalyst (85 mg, 0.14 mmol) was added, and themilk&ure was stirred for 1 day. The resulting
black solution was concentrated and directly subgedo silica gel column chromatography
(Hex:EtOAc = 5:1) to afford aldehyde64as yellow oil (0.47 g, 46 %).

Rf value: 0.3 (Hex:EtOAc = 5:H NMR (300 MHz, CDC}) § 3.56 (ddJ = 6.6, 1.5 Hz, 2 H),
5.95 (s, 2 H), 6.09 (ddg, = 15.6, 7.8, 1.5 Hz, 1 H), 6.62 — 6.79 (m, 3 HR26(dt,J = 15.6 and
6.6 Hz, 1 H), 9.53 (d] = 7.8 Hz, 1 H). The data are in consistent withltterature values.
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Z>co,Me

Grubbs I, Cul
O:@/\/ Et,0, reflux <O:©/\/\C02Me
<o 92 % (0]
2-62 E/Z = 20:1 2-63

Methyl ester 61 Safrole2-62 (3.00 g, 18.72 mmol), methyl acrylate (5.06 mL,56mol),
Grubbs II catalyst (0.31 g, 0.37 mmol), and Cull{0g, 0.56 mmol) were placed in dry diethyl
ether (187.0 mL) in a flame-dried 500 mL round bwottunder Ar. The mixture was heated to
reflux for 2 h. Then, the reaction mixture waseifitd, concentrated, and purified by column
chromatography (Hex:EtOAc = 8:1) to afford metbgter2-63as yellow oll

Rf value: 0.5 (Hex:EtOAc = 5:TH NMR (300 MHz, CDCJ) & 3.43 (d,J = 6.6 Hz, 2 H), 3.71 (s,
3 H), 5.80 (dJ =15.3 Hz, 1 H), 5.93 (s, 2 H), 6.60 — 6.76 (MJ)37.06 (dtJ = 15.3 and 6.6 Hz,

1 H). The data are in consistent with the literatalues,

1) DIBAL (98 %)

(0] 0]

2-62 2-64

The aldehyde 2-64 1) DIBAL-reduction: To a stirred solution ofetlester2-62 (3.90 g, 17.7
mmol) in CHCl, (100 mL) was added dropwise DIBAL-H (1.0 M in haga 40.7 mL, 40.7
mmol) at -78°C under Ar. After 30 min, the mixture was quencheth MeOH (5 mL), sat.
sodium potassium tartrate sol’n, and diluted witbtliyl ether (100 mL). The mixture was
further stirred for 2 h at room temperature andifi@ned. The aqueous layer was extracted with
diethyl ether, and the combined organic layer wasddover MgSQ, concentrated. The crude
mixture was subjected to silica gel column chromgeaphy (Hex: EtOAc = 3:1) to afford a
corresponding allylic alcohol (3.3 g, 98 %) as cl@ss oil. This known alcohol was directly used
for the next step without characterization. 2) @%iioh: To a stirred solution of the alcohol (2.60
g, 13.52 mmol) in CkCl, (27.0 mL) was added Dess-Martin periodinane (DBIB8 g, 16.22
mmol) at 0°C. The reaction mixture was warmed to r.t. andedifor 1 h. Then, the reaction
mixture was quenched with sat. NaHC€0I'n and extracted with GiEl,. The organic solution

was washed with water, brine, dried over MgS©oncentrated, and purified by column
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chromatography (Hex: EtOAc = 3:1) to afford theedlgde2-64(2.37 g, 92 %).

)
|

@
Ph3p_\
|

P NaHMDS

O CHO HMPA, THF,-78°Cc O NS 0 NN
< < + <

o o} o}

2-64 2-47 2-65

lododiene 2-47 and diiododiene 2-65 To a stirred suspension of the methyl iodophospm
salt (0.17 g, 0.32 mmol) in THF (2 mL) was addedHN®S (2.0 M in THF, 0.14 mL, 0.29
mmol) at r.t. After 15 min, the clear solution wamled to — 78C. The aldehyd@-64 (50.0 mg,
0.27 mmol) in HMPA (0.5 mL) was slowly added to tbelution. After stirring for 1 h, the
reaction mixture was quenched with sat.48Hsol’'n, and extracted with ethyl ether. The oligan
solution was then dried over MggQconcentrated, and purified by column chromatdgyap
(Hex: EtOAc = 20:1) to afford an inseparable migtaf the iododien@-47 and diiododiene-
65 (44.3 mg) as yellow oil. The ratio was calculatesn theH nmr spectrum.

'H NMR (300 MHz, CDC)) (E, Z)-iododiene2-47 & 3.39 (d,J = 7.5 Hz, 2 H), 5.93 (s, 2 H),
6.07 (dt,J = 15.0 and 7.5 Hz, 1 H), 6.18 @@= 8.0 Hz, 1 H), 6.29 (ddd, = 15.0, 10.0, 1.5 Hz),
6.64 - 6.76 (m, 4 H); diiododier654 3.33 (d,J = 7.0 Hz, 2 H), 5.90-5.95 (dd,= 15.5 and 9.5
Hz, 1 H), 5.93 (s, 2 H), 6.05 (di,= 15.5 and 7.0 Hz, 1 H), 6.63 @@= 8.5 Hz, 1 H), 6.66 (s, 1
H), 6.75 (d, 8.0 Hz, 1 H), 7.48 (d= 9.5 Hz, 1 H).

CHlg, PPhg l

t
<o:©/\% cho KOBU, CHACL, <OW|
'e) 67 % O

2-64 2-65

Diiododiene 2-65 To a stirred solution of CKl0.25 g, 0.63 mmol) and PP(0.17 g, 0.63
mmol) in toluene (2.1 mL) was added 8D (70.8 mg, 0.63 mmol) in portions over 20 min at
20°C. The resulting viscous mixture was stirred forr@id. Then, a solution of the aldehy®e
64 (60.0 mg, 0.32 mmol) in toluene (1 mL) was addexpaise to the reaction mixture. After 20
min, the reaction mixture was quenched with wated &xtracted ethyl ether. The organic
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solution was dried over MgSQconcentrated, and purified by column chromatogyagHex:
EtOAc = 50:1) to afford a diiododier?65(93.0 mg, 67 %) as light yellow oil.

Rf value: 0.7 (Hex:EtOAc = 10:1H NMR (500 MHz, CDCY) & 3.33 (d,J = 7.0 Hz, 2 H), 5.90-
5.95 (ddJ = 15.5 and 9.5 Hz, 1 H), 5.93 (s, 2 H), 6.05 Jdt,15.5 and 7.0 Hz, 1 H), 6.63 @5
8.5 Hz, 1 H), 6.66 (s, 1 H), 6.75 (d, 8.0 Hz, 1 A%8 (d,J = 9.5 Hz, 1 H).

Zn/Cu
| THF/ |
MeOH/
SO B ey, Sy
2:1
(0] (o] (e}
2-65 2-47 2-66

Zn(Cu) mediated reductive deiodination To a stirred solution of diiododier#65 (50.0 mg,
0.11 mmol) in THF (4 mL)-MeOH (2.5 mL)-AcOH (0.4 mwas added Zn-Cu (200 mg) at r.t.
After stirring 1 h, the reaction mixture was fiker through a pad of Celite. The filtrate was
washed with sat. NaHGOsol'n and partitioned. The aqueous layer was etathwith ethyl
ether and the combined organic solution was drieet gSQ and concentrated. The crutté
nmr data showed a mixture of (E, Z)-iododi€aé7 and (E, E)-iododien2-66.

Rf value: 0.7 (Hex:EtOAc = 10:1H NMR (500 MHz, CDC}J) (E, Z)-iododiene2-47 & 3.39 (d,
J=75Hz, 2H),593 (s, 2H), 6.07 (dtz 15.0 and 7.5 Hz, 1 H), 6.18 @@= 8.0 Hz, 1 H), 6.29
(ddd,J = 15.0, 10.0, 1.5 Hz), 6.64 - 6.76 (m, 4 H); (Bsi&lodiene2-666 3.62 (d,J = 7.0 Hz, 2
H), 5.83 (dt,J = 15.0 and 7.0 Hz, 1 H), 5.93 (s, 2 H), 6.00 @,15.5 and 11.0 Hz, 1 H), 6.18
(d,J=7.5Hz, 1 H), 6.61—-6.76 (m, 3 H), 7.01 (de; 15.0 and 11.0 Hz, 1 H).

BT -BusSNH, PA(PPhs), Br
<O:©/\MBI' toluene, r.t. <O:©/\N
o 74 %
2-67 © 2.7

(E, Z)-bromodien&-7 To a stirred solution of the dibromi@67 (0.20 g,0.58 mmol) and
Pd(PPh)4(26.7 mg, 23.1 pmol) in toluene (5 mL) was slowdiglad tributyltin hydride (0.16 mL,
0.61 mmol) at r.t. under Ar. After 1 h, the reantimixture was quenched with sat. NaH{0I'n

and partitioned. The aqueous solution was extraaiéia diethyl ether. The combined organic
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solution was then dried over MggQconcentrated, and purified by column chromatdgyap
(Hex: EtOAc = 50:1) to afford a (E, Z)-bromodie€& (0.11 g, 74 %) as yellow oil.

Rf value: 0.7 (Hex:EtOAc = 10:1H NMR (400 MHz, CDCJ) & 3.39 (d,J = 7.2 Hz, 2 H), 5.93

(s, 2 H), 6.00 (dt) = 15.2 and 6.8 Hz, 1 H), 6.09 @= 6.8 Hz, 1 H), 6.45 (ddd,= 15.2, 10.4

and 1.2 Hz, 1 H), 6.59 — 6.76 (m, 4 H). The datacansistent with the literature valdes.

[Rh(COD)CI],
iPr3P, NEt3
Pincolborane TBDPSO
=L cyclohexane _
OTBDPS 68 % ~__BPin
2-68 2-48

(E, Z2)-boronate 2-48 To a stirred solution of cyclooctadiene rodidntoride dimer (134.6 mg,
0.27 mmol) in cyclohexane (50 mL) was added trikettmine (12.6 mL, 91.0 mmol), triisopropyl
pholsphine (0.21 mL, 0.17 mmol),and pinacolboréhé4 mL, 18.2 mmol) at r.t. under Ar. The
mixture was stirred for 30 min until the eny2&8 (7.0 g, 21.8 mmol) was added. After 5 h, the
reaction mixture was quenched with MeOH (5 mL) amhcentrated. The concentrate was
directly subjected to silica gel chromatographyXH&tOAc = 50:1 to 30:1, 1% triethylamine) to
afford the (E, Z)-boronat2-48(6.48 g, 72 %) as yellow oll.

Rf value: 0.5 (Hex:EtOAc = 20:3H NMR (500 MHz, CDC}) § 1.27 (s, 12 H), 3.40 (d,= 6.5
Hz, 2 H), 5.31 (dJ = 12.5 Hz, 1 H), 5.90 — 5.96 (m, 1 H), 5.92 ()2 6.65 — 6.90 (m, 3 H),
6.87 (m, 2 H). The data are consistent with thediture value&?

Pd(0), Ag,O
THF, reflux

2-7 + 2-48

TBAF l: R =TBDPS 2-44/2-45
R=H 2-41/2-43 32 % (for 2 steps)

Endo- and exo alcohols 2-41 and 2-43 from the boradiene 2-7 and boronate 2-48

1) Suzuki coupling: To a stirred suspension 0§@¢2.83 g, 12.2 mmol) and boron&&8 (3.16
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g, 7.30 mmol) in THF (50 mL) was added a solutibthe bromide2-7 (1.30 g, 4.87 mmol) and
Pd(PPh)4 (1.41 g, 0.25 mmol) in THF (11 mL) at r.t. The oise was then heated to reflux and
stirred overnight. The resulting black solution wetered, concentrated. The concentrate was
passed through a short pad of silica gel and wasiitedb% EtOAc in hexane until desired band
was completely eluted. The yellow fractions werenboed. The crude product was directly
used for the next step. 2) Deprotection of the TBRffoup: To a stirred solution 8f44 and2-
45in THF (30 mL) was added the tetrabutylammoniunofide (TBAF, 1.0 M in THF, 14.6 mL,
14.6 mmol) at r.t. After 3 h, the reaction mixtwas concentrated, diluted with ethyl acetate,
washed with water and brine. The organic solutias wiried over MgS§%) concentrated, and
purified by column chromatography (Hex: EtOAc =)5t@ afford a mixture of endo- and exo
alcohols2-41and2-43(0.42 g, 32 %) as yellow oil.

2-41/2-43Rf value: 0.4/0.38 (Hex:EtOAc = 3:1j NMR (500 MHz, CDCJ) § 2.55 - 2.88 (m, 5
H), 3.20 - 3.25 (m, 1 H), 3.33 (dd~= 11.0 and 6.1 Hz, 0.6 H), 3.39 (dds 11.0 and 5.6 Hz, 0.6
H), 3.57 (ddJ = 10.9 and 5.7 Hz, 0.4 H), 3.71 (dds 10.9 and 8.4 Hz, 0.4 H), 5.43 (dts 9.6
and 5.5 Hz, 0.4 H), 5.57 - 5.64 (m, 2 H), 5.72 (#1¢,9.8 and 5.4 Hz, 0.6 H), 5.84 (ddd, J = 9.6,
5.5, and 1.5 Hz, 0.4 H), 5.90 - 5.93 (m, 0.6 H918. (s, 1.2 H), 5.915 (s, 0.8 H), 6.60 - 6.72 (m,
3 H). **C NMR (126 MHz, CDGJ) 5 32.5, 32.9, 34.5, 36.1, 36.2, 41.6, 48.3, 50.47,543.6,
63.3, 65.3, 100.8 (two), 108.15, 108.22, 108.9,.00921.2, 121.4, 121.5, 121.8, 124.3, 124.4,
125.3, 126.2, 126.7, 127.1, 134.3, 134.8, 145.5.814147.57, 147.62. IR (neatinax 1247,
1488, 1502, 2917, 3355. (endo/exo = 3:2; the ratie determined from tHél nmr data)

A~ 1) Pd(PPhj), (0.1eq)
o O NaOH (4 eq,1M)

THF, reflux
darkness, 20 h

OTBDPS  2) TBAF, THF
rt.2h

\ / 80 %

in two steps
& 0
2-47 2-48 A \©: )
O

Endo- and exo alcohols 2-41 and 2-43 from the iodmthe 2-47 and boronate 2-48

2-41 2-43
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1) Suzuki coupling: To a stirred solution d&,Z)-iododiene2-47 (3.39 g, 10.8 mmol) in THF
(200 mL) was added Pd(P£h(1.25 g, 1.08 mmol) and the mixture was stirredSanin at r.t.
The pinacolboronat2-48 (7.00 g, 16.2 mmol) in THF (5 mL) and ag. NaOHusioin (43.2 mL,

1 M, 43.2 mmol) were added to the mixture. Themw, thaction mixture was heated to reflux
under darkness. After 20 h, the mixture was cotdbedoom temperature and partitioned. The
agueous layer was extracted with diethyl ethern®0X 3) and the combined organic solution
was dried over MgS§) and concentrated. The concentrate was passedgthi short pad of
silica gel and washed with 10% EtOAc in hexanelutgsired band was completely eluted. The
yellow fractions were combined. The crude produetswdirectly used for the next step. 2)
Deprotection of the TBDPS group: To a stirred dotlutof crude product in THF (50 mL) was
added TBAF (32.4 mL, 1 M in THF, 32.4 mmol) under Ahe reaction mixture was stirred for 2
h and diluted with sat. N/&I solution (50 mL). The resulting mixture was exded with ethyl
acetate (50 mL X 3). The combined organic solutias washed with brine, dried over Mg&§O
and concentrated. Then, the crude mixture was eiggjeto column chromatography
(Hex:EtOAc = 6:1 to 4:1) to afford 2.33 g, (80 %)aomixture of alcohol2-41and2-43as light
yellow oil. The data are identical with them regorbn page 54.

l,, K,COj3
CH,Cl,
-30t0 -20 °C

2-41 2-43 2-41 (45 %) 2-42 (37 %)

Alcohol 2-41 and lodoether 2-43 To a stirred solution of the mixture of diastereoime
alcohols2-41 and2-43 (200 mg, 0.74 mmol) and potassium carbonate (820r&p mmol) in
CH,Cl, (10 mL) was quickly added iodine (75.1 mg, 0.30 afjnat — 30°C under Ar. After 30
min, the reaction mixture was warmed to —°@0and stirred for 2.5 h. Then, the mixture was
guenched with sat. N&O;3; solution and partitioned. The organic solution washed with sat.
NaS,03 solution again and the combined aqueous solutesextracted with C#Cl, (10 mL X

3). The combined organic solution was washed wiiheh dried over MgSg) and concentrated.
Then, the residue was subjected to column chromapby (Hex:EtOAc = 10:1 to 5:1) to afford

the alcohol2-41 (108 mg, 45 %) as light yellow oil and the iodaatB-42 (86.8 mg, 37 %) as
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light yellow solid (mp = 76 -78C).

2-41Rf value: 0.4 (Hex:EtOAc = 3:TH NMR (400 MHz, CDCY) § 0.96 (s, 1 H), 2.57 (m, 1 H),
2.70 - 2.88 (M, 4 H), 3.18 - 3.20 (m, 1 H), 3.338 (m, 2 H), 5.57 -5.63 (m, 2 H), 5.72 (d&

9.2 and 5.3 Hz, 1 H), 5.89 - 5.93 (m, 1 H), 5.912(#), 6.63 - 6.72 (m, 3 H}3*C NMR (100
MHz, CDCh) § 32.9, 34.5, 36.2, 48.3, 53.6, 65.3, 100.8, 10808,9, 121.2, 121.8, 124.3, 126.2,
126.7, 134.8, 145.7, 147.6.; IR (neathax 1247, 1488, 1502, 3353. HRMS[ES+] calcd for
Ci7H160sNa [M + NaJ 293.1154, found 293.1153.

2-42 Rf value: 0.8 (Hex:EtOAc = 3:TH NMR (500 MHz, CDCJ) § 1.95 (m, 1 H), 2.57 - 2.60
(m, 1 H), 2.61 - 2.65 (m, 1 H), 2.74 @= 8.2 Hz, 2 H), 3.28 (dd} = 14.3 and 8.2 Hz, 1 H), 3.55
(dd, J = 9.3 and 4.6 Hz, 1 H), 3.78 {ds 9.3 Hz, 1 H), 4.31 (ddl = 5.8 and 1.9 Hz, 1 H), 4.92
(dd,J = 5.8 and 1.9 Hz, 1 H), 5.42 (dd, J = 9.9 andHiz31 H), 5.87 (m, 1 H), 5.92 (s, 2 H),
6.58 - 6.72 (m, 3 H)*C NMR (126 MHz, CDGJ)  21.6, 32.6, 32.7, 41.5, 42.6, 48.0, 73.6, 80.4,
100.8, 108.1, 108.9, 121.4, 125.4, 129.7, 133.8,8,4147.6.; IR (neat)max 1246, 1442, 1488,
1503, 1607, 1634, 2892. HRMS [EI+] calcd for#8:7103 [M] * 396.0222, found 396.0214.

Table 2-4. Screening of Tethers

Ar _:—Omo STAr Tethers Yield
R 'H O © H H a o succinyl 72 %
0
dichloride (0.5 eq.) W

DMAP(1.1 eq.

overniéht, ng)CI2 2-39a-e C-2 symmetric substrate b e~ glutaryl 84 %
241 —————»
39-84% c ;“\/\/\fr adipoy! 75 %
Ar _:—OMO—Z Ar
H ) —H O 0 H "H d ( " adamantanedicarboxyl 39 %
r“rr n=0,1

€ n adamantanediacetyl 62 %

2-40a-e meso substrate

Tethered diesters 2-39a-e and 2-40a-e Representative procedure: To a stirred solutiotine
alcohol2-13 (1 eq) and DMAP (1.1 eq) in GBI, (0.1 M) was added dropwise diacyl chloride
(0.5 eq) at OC under Ar; in case d@-39d-eand2-40d-g pyridine (3 eq) was additionally used.
The reaction mixture was warmed to r.t. and stimgdrnight. Then, the mixture was diluted
with CH,Cl, (10 mL) and washed with water. The organic sotuti@as washed with brine, dried
over MgSQ, and concentrated. The residue was subjected tomoo chromatography
(Hex:EtOAc = 10:1) to afford a mixture of the dest2-39a-eand2-40a-e
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2-39a and 2-404colorless oil}H NMR (300 MHz, CDCJ) & 2.54 (s, 4 H), 2.64 - 2.86 (m, 8 H),
3.19 (m, 2 H), 3.85 (d] = 5.4 Hz, 4 H), 5.58 (m, 4 H), 5.73 (m, 2 H), 5:88.02 (m, 2 H), 5.91
(s, 4 H),6.60-6.72 (m, 6 H).

2-39b and 2-40b(colorless oil)'H NMR (500 MHz, CDCY) § 1.89 (quintJ = 7.5 Hz, 2 H), 2.30
(t,J=7.5Hz, 4 H), 2.64 - 2.87 (m, 10 H), 3.19 (nHR 3.83 (m, 4 H), 5.58 (m, 4 H), 5.71 (m, 2
H), 5.90 - 5.92 (m, 2 H), 5.91 (s, 4 H), 6.61 -16(f, 6 H).

2-39¢ and 2-40¢colorless oil'H NMR (400 MHz, CDC}) § 1.61 (m, 4 H), 2.26 (m, 4 H), 2.64
- 2.88 (m, 10 H), 3.19 (m, 2 H), 2.82 - 3.83 (mH )} 5.55 - 5.59 (m, 4 H), 5.71 (dd= 9.5 and
5.6 Hz, 2 H), 5.89 - 5.93 (m, 2 H), 5.91 (s, 4 B0 - 6.72 (m, 6 H)**C NMR (100 MHz,
CDCls) 5. 24.4, 33.6, 33.8, 34.7, 36.0, 48.1, 49.8, 6608.4, 108.2, 108.9, 121.2, 122.0, 124.4,
126.0, 126.3, 134.5, 145.7, 147.6, 173.2. IR (neaipx 1248, 1488, 1503, 1731, 2932.
HRMS|ES+] calcd for GoH4:0sNa [M + H]" 651.2940, found 651.2934.

2-39d and 2-40d(colorless oil}*H NMR (500 MHz, CDCJ) & 1.67 (br s, 2 H), 1.82 (m, 8 H),
1.98 (s, 2 H), 2.14 (br s, 2 H), 2.64 — 2.88 (MH)03.19 (M, 2 H), 3.77 — 3.85 (m, 4 H), 5.58 (m,
4 H), 5.72 (m, 2 H), 5.88 — 5.92 (m, 2 H), 5.913H), 6.61 — 6.72 (m, 6 H). IR (neathax
1248, 1443, 1488, 1502, 1723.

2-39e and 2-40écolorless oil)'H NMR (500 MHz, CDCJ) & 1.44 (br s, 2 H), 1.47 (br s, 2 H),

1.49 (brs, 2 H), 1.56 — 1.59 (m, 6 H), 2.04 (b6g), 2.57 — 2.89 (m, 10 H), 3.19 (m, 2 H), 3.81
(m, 4 H), 5.58 (m, 4 H), 5.71 (m, 2 H), 5.90 — 5(&2 2 H), 5.91 (s, 4 H), 6.60 — 6.71 (m, 6 H).
IR (neat)vmax 1248, 1443, 1488, 1502, 1728.
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Ar

-,
SbC|6 NAr3 |;|

Ar
H J
CH,Cl,, 0°C IH
2-39 + 2-40 N LA
\\u-\\i A | + Ar\\”‘\ S0
0 \L o
o (@]

2-38 2-69
Endo RCDA product from 2-39 Exo RCDA product from 2-40

Tethers Result Separation
a rﬁj\/\éf succinyl mystery (8 %), 2-69a (12 %) ok
b ‘g‘\/\/m% glutaryl 2-38b + mystery (19 %), 2-69b (20 %) ok
c e"\/\/\rﬁ adipoyl 2-38¢ (27 %), 2-69¢ (30 %)

% M=0.005 2-38c (34 %), 2-69¢ (39 %)

d ( n . -

FH" n=0  adamantanedicarboxyl = 2-38d (24 %), 2-69d (38 %) difficult
e n n=1 adamantanediacetyl 2-38e (36 %), 2-69¢ (39 %) difficult

[M] = 0,01 unless commented. The structures of the RCDA products from succinyl, glutaryl,
adamantanes diesters are not exactly assigned, but determined on the basis of the *H nmr
pattern of RCDA products 2-38c and 2-69c.

Intramolecular RCDA reaction of 2-39 and 2-40 Representative procedure: To a stirred
solution of2-39 and2-40 (1 eq) in CHCI, (M = 0.01) added SbeN(@p-BrPh) (0.05 eq) in ice-
bath. The resulting deep blue solution was stifogd2 h at 0°C and quenched with wet NEt
After concentration of the reaction mixture, coluehromatography (Hex:EtOAc = 7:1 to 5:1)
afforded dimeric product3-38and2-69.

Succinyl tether: Mystery (colorless oil)H NMR (500 MHz, CDC}) § 1.68 (m, 1 H), 1.72 (d]
=8.0Hz, 1 H), 1.78 (1 = 9.5 Hz, 1 H), 2.28 (m, 1 H), 2.42 (m, 3 H), 2(841 H), 2.67 — 2.85
(m, 5 H), 2.97 (dJ = 14.5 Hz, 1 H), 3.13 (dl = 12.0 Hz, 1 H), 3.19 (m, 1 H), 3.85 (= 5.5 Hz,
1 H), 4.60 (ddJ = 12.0 and 3.5 Hz, 1 H), 5.57 (m, 1 H), 5.73 (@d,10.0 and 2.5 Hz, 1 H), 5.89
—~5.92 (m, 1 H), 5.91 (s, 2 H), 6.03 (m, 1 H), 6:66.71 (m, 6 H)2-69a(colorless oil)'H NMR
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(500 MHz, CDC4) § 1.60 (m, 1 H), 1.75 (m, 1 H), 1.96 (m, 1 H), 2(&®, 2 H), 2.24 — 2.47 (m,
7 H), 2.53 — 2.84 (m, 7 H), 2.97 (m, 1 H), 3.33,(@¢ 10.0 and 6.0 Hz, 1 H), 4.07 (db= 10.5
and 4.0 Hz, 1 H), 4.17 (dd,= 11.0 and 8.5 Hz, 1 H), 4.45 {t= 12.0 Hz, 1 H), 5.75 (m, 2 H),
5.89 (s, 2 H), 5.91 (s, 2 H), 6.30Jt= 7.5 Hz, 1 H), 6.49 — 6.70 (m, 7 H).

Glutaryl tether: 2-38b (colorless oil)'H NMR (500 MHz, CDC}) § 1.64 (d,J = 10.5 Hz, 1 H),
1.94 — 2.70 (m, 22 H), 3.20 (dd~= 10.5 and 5.0 Hz, 1 H), 3.30 (dt= 10.5 and 6.0 Hz, 1 H),
4.61 (t,J = 10.5 Hz, 1 H), 4.71 (1 = 11.0 Hz, 1 H), 5.62 (d} = 10.0 Hz, 1 H), 5.72 (d = 10.0
Hz, 1 H), 5.90 (s, 4 H), 6.11 3,= 8.0 Hz, 1 H), 6.30 () = 8.0 Hz, 1 H), 6.51 — 6.69 (m, 6 H).
2-69b (colorless oil)'H NMR (500 MHz, CDCJ) 6 1.43 (d,J = 7.0 Hz, 1 H), 1.61 (m, 1 H), 1.76
(m, 1 H), 1.83 (tJ = 9.0 Hz, 1 H), 1.95 (m, 2 H), 2.14 (m, 3 H), 2:2@.55 (m, 11 H), 2.68 —
2.88 (m, 4 H), 3.14 (d] = 11.5 Hz, 1 H), 3.20 (dd, = 10.5 and 5.5 Hz, 1 H), 4.77 &= 10.5
Hz, 1 H), 4.68 (dd) = 11.5 and 2.0 Hz, 1 H), 5.70 (m, 1 H), 5.83 (b# & 10.0 Hz, 1 H), 5.89 (s,
2 H),5.92 (s, 2 H), 6.29 (8,= 8.0 Hz, 1 H), 6.49 — 6.72 (m, 7 H)

Adipoyl tether: 2-38c (white solid, mp = 164 - 16%) '"H NMR (400 MHz, CDCJ) & 1.59 —
1.82 (4 H), 1.73 (d) = 7.8 Hz, 1 H), 1.93 — 2.65 (m, 19 H), 3.44 (dd; 10.8 and 5.9 Hz, 1 H),
3.54 (dd,J = 10.8 and 4.9 Hz, 1 H), 3.96 {t= 10.8 Hz, 1 H), 4.36 (f] = 10.8 Hz, 1 H), 5.61
(brd,J=10.2 Hz, 1 H), 5.75 (br d,= 10.2 Hz, 1 H), 5.89 (s, 2 H), 5.90 (s, 2 H),8(1,J = 7.3

Hz, 1 H), 6.29 (tJ = 7.3 Hz, 1 H), 6.52 — 6.69 (m, 6 HYC NMR (100 MHz, CDG)) § 25.5,
25.7, 32.6, 34.5, 35.1, 35.5, 36.6, 38.1, 38.78,38.6, 40.16, 40.21, 40.7, 41.1 (two), 43.1, 44.0
67.0, 69.0, 100.71, 100.73, 108.1, 108.2, 108.8,8,020.98, 121.03, 124.9, 131.8, 132.0, 134.5,
135.1, 135.3, 145.5, 145.7, 147.5, 147.6, 173.4,117IR (neatymax 1244, 1488, 1502, 1728,
2922. HRMS[ES+] calcd for £gH4,0sNa [M + NaJ 673.2777, found 673.2762-69c(colorless
oil) '"H NMR (400 MHz, CDC}) & 1.46 (dd,J = 10.8 and 3.0 Hz, 1 H), 1.60 — 2.71 (m, 23 H),
3.17 (d,J = 11.0 Hz, 1 H), 3.25 (dd, = 10.2 and 4.9 Hz, 1 H), 3.96 Jt= 10.9 Hz, 1 H), 4.61
(dd,J = 11.8 and 2.4 Hz, 1 H), 5.69 (ddbk 10.2, 4.4, and 2.1 Hz, 1 H), 5.84 (bdd; 10.2 Hz,

1 H), 5.89 (s, 2 H), 5.92 (d,= 2.3 Hz, 2 H), 6.36 (] = 7.2 Hz, 1 H), 6.49 — 6.73 (m, 7 HfC
NMR (100 MHz, CDC}) § 26.0, 26.6, 32.5, 33.6, 33.7, 34.0 (two), 34.92385.56, 35.58, 36.0,
36.7, 37.0, 41.0, 41.1, 41.7, 46.4, 61.5, 67.9,6%0100.74, 108.1, 108.2, 108.7, 108.9, 120.9,
121.1, 126.4, 131.1, 134.5 (two), 135.1, 136.5,.34%845.6, 147.5, 147.6, 173.5, 173.7.; IR
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(neat)vmax 1247, 1488, 1503, 1729, 2931. HRMS[ES+] cald GsH.0sNa [M + NaJ
673.2777, found 673.2777.

Adamantanedicarboxyl tether: 2-38d(colorless oil)\H NMR (500 MHz, CDC}) & 1.61 — 2.66
(m, 30 H), 3.54 (ddJ = 10.5 and 7.0 Hz, 1 H), 3.65 {t= 11.0 Hz, 1 H), 3.75 (dd,= 11.5 and
5.0 Hz, 1 H), 4.51 (t) = 11.0 Hz, 1 H), 5.63 (br d,= 13.5 Hz, 1 H), 5.75 (br ,= 13.5 Hz, 1
H), 5.90 (s, 4 H), 6.19 (1 = 7.0 Hz, 1 H), 6.36 (1] = 7.0 Hz, 1 H), 6.51 — 6.69 (m, 6 H-69d
(colorless oil)*H NMR (500 MHz, CDCY) & 1.59 — 2.68 (m, 30 H), 3.54 — 3.74 (m, 3 H), 4.08
(m, 1 H), 5.78 (m, 2 H), 5.90 (s, 2 H), 5.91 Jd 3.5 Hz, 2 H), 6.38 (t] = 7.5 Hz, 1 H), 6.50 —
6.70 (m, 7 H).

Adamantanediacety! tether: 2-38¢colorless oil)'H NMR (500 MHz, CDC}) § 1.25 — 1.61 (m,
12 H), 1.78 (dJ = 13.0 Hz, 1 H), 2.00 — 2.64 (m, 21 H), 3.18 (dd&; 11.5 and 4.5 Hz, 1 H),
3.43 (dd,J=10.5 and 5.0 Hz, 1 H), 3.82 {t= 10.5 Hz, 1 H), 4.38 (11 = 11.5 Hz, 1 H), 5.60 (br
d,J =10.5 Hz, 1 H), 5.74 (m, 1 H), 5.90 (s, 2 H),®&(8, 2 H), 6.16 (t) = 7.0 Hz, 1 H), 6.26 (t,
J=7.0Hz, 1 H), 6.51 -6.69 (m, 6 H-69e(colorless oil) 1.40 — 1.66 (m, 12 H), 1.76 (& J
10.5 Hz, 1 H), 1.92 (t, J = 9.0 Hz, 2 H), 2.00 62(m, 19 H), 3.20 (m, 2 H), 4.06 (d#i= 13.5
and 6.5 Hz, 1 H), 4.38 (d,= 10.0 Hz, 1 H), 5.69 (m, 1 H), 5.83 (brXs 9.5 Hz, 1 H), 5.89 (s,
2 H), 5.91 (d, 2.0 Hz, 1 H), 6.35 &= 7.5 Hz, 1 H), 6.50 — 6.71 (m, 7 H).

|:| Ar
';' B Ar
Y ) H
LiAIH,, THE :
Ar SN 0°C,0.5h
AT S H|i| \O Ar SN ey
85 % Nl H \
o OH
O
O OH
2-38c diol 2-37

Diol 2-37 To a stirred solution of the diest2+38c(34.0 mg, 52.umol) in THF (2 mL) was
added LiAlH; (15.8 mg, 0.42 mmol) at®. Then, the reaction mixture was stirred for 30 i
this temperature and quenched with water (0.2 rAlgueous NaOH solution (1M, 2 mL) was

added to the mixture and the mixture was stirrgdafiditional 1 h. The slurry was then diluted
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with water and extracted with ethyl acetate (10 XnB). The organic solution was washed with
brine, dried over MgS§{) and concentrated. The residue was subjected tomoo
chromatography (Hex:EtOAc = 1:1) to afford dbB7(24.6 mg, 87 %) as colorless sticky oil.

Rf value: 0.4 (Hex:EtOAc = 1:TH NMR (400 MHz, CDC}) § 1.72 (d,J = 9.0 Hz, 1 H), 1.78 —
1.85 (m, 1H), 1.92 — 2.00 (m, 2 H), 2.16 — 2.68 {2 ,H), 3.31 — 3.38 (m, 4 H), 5.62 (brXsF
10.4 Hz, 1 H), 5.71 (br dJ=10.3 Hz, 1 H), 5.8998 (s, 2 H), 5.9040 (s, 2#)3 (t,J = 7.3 Hz,

1 H), 6.27 (tJ = 7.3 Hz, 1 H), 6.56 — 6.72 (m, 6 HC NMR (100 MHz, CDGJ) § 32.7, 35.3,
36.2, 38.0, 38.3, 38.6, 38.7, 39.5, 40.7 (two0)1442.7, 44.0, 47.7, 65.2, 67.0, 100.7 (two),
108.2 (two), 108.8, 108.9, 121.0, 121.1, 125.3,0,332.1, 135.0, 135.1, 135.4, 145.57, 145.60,
147.59, 147.63.; IR (neatymax 1246, 1441, 1488, 1502, 2912, 3346. HRMS[ES&¢d for
Ca4H3e06Na [M + NaJ 563.2410, found 563.2403.

T™MS
)\ 2-79 (2 eq)

PhS”™ "OMe

s-BulLi (2 eq)
1,10-phenanthroline (cat)
O/CHO TMEDA, THF, - 78 °C msph WOMG
+
conversion = 95 % OMe SPh
2-78 2-80 11 2-81
the ratio was determined by
crude 1H nmr

(E)- and (2)-olefins 2-80 and 2-81 To a stirred solution of the silylated O, Stat2-79 (54.3
mg, 0.2 mmol), 1,10-phenanthroline (0.8 mg, 4whol), and tetramethylethylenediamine
(TMEDA, 24.8 mg, 0.2 mmol) in THF (1 mL) was adddmbpwise sec-BuLi (0.15 mL, 0.2
mmol) at — 78C under Ar. After 2.5 h, a solution of the aldehyd&8 (11.3 mg, 10umol) in
THF (0.2 mL) was added to the mixture. The reactioxture was stirred for 1 h, quenched with
water, extracted with diethyl ether. The organituson was washed with brine, dried over
MgSQ,, and concentrated. The residue was subjectedidonoochromatography (Hex:EtOAc =
1:1) to afford an inseparable mixture of (E)-, @fins2-80 and2-81 with unreacted excess O,
S-acetal (21mg). ThéH nmr showed the > 95 % conversion.

Rf value: 0.7 (Hex:EtOAc = 20:H NMR (300 MHz, CDC}) § 1.14 — 1.81 (m, 20 H), 2.60 (m,
2 H), 3.61 (s, 3H),3.64(s,3H),519(d,J&Hz, 1H),534(d, J=9.3Hz,1H),7.21-7.38
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(m, 8 H), 7.58 (m, 2 H).

1) TMSCI, Nal

CHZCN SPh | EtNH,, THF NHE
2-80 + 2-81 m = 7 m t
0 65 % ©

2-82 for two steps 2-83

Ethyl amide 2-83 1) Demethylation: To a stirred solution of the a1ef2-80and2-81 (21 mg)
and Nal (31.1 mg, 0.21 mmol) in GEN (1 mL) was added TMSCI at r.t. under Ar. Aftemin,

the reaction mixture was filtered through activasdaimina, and concentrated. The residue was
directly used for the next step. 2) Amide formatido a stirred solution of the residue in THF
(0.5 mL) was added ethyl amine (2.0 M in THF, es}ex r.t. The reaction mixture was stirred
overnight. After concentration, the crude produetye subjected to column chromatography
(Hex:EtOAc = 1:1) to afford ethyl amid&83 (7.3 mg, 65 %) as yellow solid.

'H NMR (400 MHz, CDC}) 6 0.91 (m, 3 H), 1.13 (] = 5.8 Hz, 3 H), 1.25 (m, 3 H), 1.63 - 1.76
(m, 5 H), 2.01 (dJ = 5.6 Hz, 2 H), 3.28 (dg, J = 5.8 and 1.1 Hz, 25#1 (br s, 1 H)}*C NMR
(100 MHz, CDC}) 6 15.0, 26.1, 26.2, 33.1, 34.3, 35.4, 45.0, 172 (neat)ymax 1249, 1438,
1477, 1579, 1644, 3281.

DMP A

NaHCO; H

CH,Cl,, 5 .

0°Ctor.t. Ar = ¢ O
diol 2-37 Ar N - 1, - >

63 % NS R \ o
\L O
No  dialdehyde 2-84

Dialdehyde 2-84 To a stirred solution of the di@t37 (4.5 mg, 8.3 umol) and NaHG@3.5

mg, 41.5 pumol) in CkCl, was added DMP (12.3 mg, 29.0 umol) &0 The reaction mixture
was warmed to r.t. and stirred for 2 h. Then, theture was quenched with water and
partitioned. The aqueous layer was extracted withQ,, and the combined organic solution
was washed with brine, dried over Mg§@oncentrated. The concentrate was subjected to
column chromatography (Hex:EtOAc = 1:1) to affole tdialdehyde2-84 (2.8 mg, 63 %) as

126



colorless oil.

Rf value: 0.6 (Hex:EtOAc = 2:TH NMR (400 MHz, CDG}) § 1.72 (d,J = 9.0 Hz, 1 H), 2.33 —
2.93 (m, 16 H), 5.65 (d] = 10.5 Hz, 1 H), 5.76 (dd} = 10.5 and 2.5 Hz, 1 H), 5.90 (s, 2 H),
5.91 (s, 2 H), 6.16 (f] = 7.4 Hz, 1 H), 6.32 (1] = 7.4 Hz, 1 H), 6.54 — 6.71 (m, 6 H), 9.33 (m, 2
H).

TBSO

Pd(PPh3), )OTBS
ag. NaOH,
THF H

| PinB

2-89 2-90/2-91 R =TBS
TBAF | _ .
2-86/2-87 R = H (ratio = 0.9:1)

< \©: >> 79 % for two steps

Endo and Exo Alcohols 2-86 and 2-87 1) Suzuki coupling: To a stirred solution &, Z)-
iododiene2-47 (0.36 g, 1.16 mmol) in THF (35 mL) was added PdgpR0.13 g, 0.12 mmol)
and the mixture was stirred for 5 min at r.t. Theapolboronate2-88 (0.56 g, 1.74 mmol) in
THF (3 mL) and ag. NaOH solution (4.60 mL, 1 M,@r&mol) were added to the mixture. Then,

the reaction mixture was heated to reflux undekmiass. After 20 h, the mixture was cooled to
room temperature and partitioned. The aqueous lagsrextracted with diethyl ether (20 mL X
3) and the combined organic solution was dried &4g@8Q,, and concentrated. The concentrate
was passed through a short pad of silica gel arshedhwith 5% EtOAc in hexane until desired
band was completely eluted. The yellow fractionssreveombined. The crude product was
directly used for the next step. 2) Deprotectiontred TBDPS group: To a stirred solution of
crude product in THF (10 mL) was added TBAF (2.32 h M in THF, 2.32 mmol) under Ar.
The reaction mixture was stirred for 3 h and dduteith sat. NHCI solution (50 mL). The
resulting mixture was extracted with ethyl aceid® mL X 3). The combined organic solution
was washed with brine, dried over Mg&@nd concentrated. Then, the crude mixture was
subjected to column chromatography (Hex:EtOAc =t5:1B:1) to afford 0.27 g, (79 %) of a

mixture of alcohol®-86 and2-87 as light yellow oil.
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Rf value: 0.3 (Hex:EtOAc = 3:H NMR (400 MHz, CDC}) & 1.52 (m, 1.9 H), 1.65 (m, 1 H),
1.84 (m, 0.9 H), 2.38 — 2.88 (m, 9.5 H), 3.17 (n9 H), 3.44 (tJ = 6.8 Hz, 1.8 H), 3.52 (] =

6.8 Hz, 2 H), 5.33 (dd]) = 9.5 and 4.6 Hz, 1 H), 5.52 — 5.62 (m, 3.7 H}05(dd,J = 10.0 Hz
and 5.9 Hz, 0.9 H), 5.83 (m, 1 H), 5.88 (m, 1 HR15(s, 3.8 H), 6.59 — 6.72 (m, 5.7 HiC
NMR (100 MHz, CDCY) 6 33.4, 33.9, 34.8, 36.2, 36.6, 36.8, 38.8, 41.79488.5, 52.1, 53.4,
61.5, 61.7, 100.7 (two), 108.0, 108.1, 108.9, 10921.2, 121.3, 121.4, 121.7, 124.16, 124.21,
126.1, 126.5, 126.7, 127.1, 164.6, 135.0, 145.5,614147.46, 147.53.; IR (neatinax 1039,
1246, 1442, 1488, 1502, 3353.

1) DMP

CH2C|2, r.t.

2) KOH, @]
AgNO; Ar Ar—,

EtOH-H,0 OH

2-86 + 2-87

S Gaes

2-94 2-95

Acids 2-94 and 2-95 1) DMP oxidation: To a stirred solution of thkohols2-86 and 2-87
(30.0 mg, 0.11 mmol) in Ci€l, (1.0 mL) was added DMP (67.1 mg, 0.16 mmol) atfter 1 h,
the mixture was concentrated and subjected taasjel chromatography (Hex: EtOAc = 5:1) to
afford a mixture of the aldehydes (26.6 mg, 89 ¥he products were directly used for the next
step without characterization. 2) Ag-Oxidation: To a stirred solution of the aldehy26.6 mg,
89.2 umol) and AgNQ (48.4 mg, 285umol) in EtOH (0.4 mL)-HO (0.14 mL) was added a
solution of KOH (42.0 mg, 0.75 mmol) in,8 (0.1 mL) at ®C and the mixture was warmed to
r.t. After 10 min, the mixture was filtered thrdug pad of Celite and washed with water. The
filtrate was concentrated to remove the EtOH amdrémaining aqueous solution was acidified
with 2N HCI. The resulting suspension was extractgith EtOAc. The organic solution was
dried over MgS@ and concentrated to afford the aci#84 and2-95 (23.1 mg, 82 %) as sticky
colorless oil.

Rf value: 0.2 (Hex:EtOAc = 3:H NMR (400 MHz, CDCJ) 5 2.18 (m, 0.85 H), 2.25 — 2.34 (m,
1.85 H), 2.52 — 2.89 (m, 10.25 H), 3.22 (m, 1.85 %37 (ddJ = 9.5 and 5.4 Hz, 1 H), 5.49 —
5.64 (m, 3.7 H), 5.70 (dd,= 9.5 Hz and 5.4 Hz, 0.85 H), 5.84 — 5.91 (m, 3556.58 — 6.71(m,
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5.5 H).

1) MsCI,NEt;
CH,Cl,, 0 °C

o o ! o o ’
- 2) NaCN, Nal =
“,) DMF, 70 °C, 12 h “,)
\“‘S S Ii| | 85% \“‘\\ S |i| |
\L OH \L CN
2-37 2-97

OH CN

Dinitrile 2-97  Step 1: To a stirred solution of the dibB7 (12.0 mg, 22.Qumol) in CH.CI, (1
mL) was added triethylamine (494, 352 umol) and methanesulfonyl chloride (13.6, 176
umol) at 0°C under Ar. After 30 min, the reaction mixture wdikited with diethyl ether (15
mL) and the resulting mixture was washed with weie¥ HCI, and sat. NaHCGQolution. The
organic solution was then dried over MgS@nd concentrated. The crude product was directly
used for the next step.

2-96 Rf value: 0.6 (Hex:EtOAc = 1:IH NMR (500 MHz, CDCJ) & 1.73 (d,J = 9.0 Hz, 1 H),
1.95-2.67 (m, 15 H), 2.88 (s, 3 H), 2.89 (s, 3#H¥2 — 3.95 (m, 4 H), 5.61 (brdl= 10.4 Hz, 1
H), 5.72 (br dJ = 10.4 Hz, 1 H), 5.90 (s, 2 H), 5.91 (s, 2 H),26(8,J = 7.3 Hz, 1 H), 6.28 (] =

7.3 Hz, 1 H), 6.54 — 6.70 (m, 6 H).

Step 2: To a stirred solution of the dimesylat®MF (1 mL) was added sodium iodide (1.6 mg,
11 pmol) and sodium cyanide (4.3 mg, 8fol) at r.t. Then, the solution was heated tc’C0
and stirred for 12 h. Then it was diluted with éthgetate (20 mL) and washed with water (10
mL X 3). The organic layer was then washed witmdyridried over MgS§) and concentrated.
The residue was purified by column chromatographgx(EtOAc = 4:1) to afford dinitril-97
(10.4 mg, 85 % in two steps, white solid, mp = 1299°C).

2-97 Rf value: 0.3 (Hex:EtOAc = 5:H NMR (500 MHz, CDCJ) & 1.78 (d,J = 9.0 Hz, 1 H),
1.83-1.89 (m, 1 H), 1.99 — 2.67 (m, 18 H), 5.6i1d,J = 10.4 Hz, 1 H), 5.71 (br d, J = 10.4 HZ,
1 H), 5.91 (s, 2 H), 5.92 (s, 2 H), 6.13J& 7.3 Hz, 1 H), 6.29 (t, J = 7.3 Hz, 1 H), 6.56.%1
(m, 6 H).**C NMR (500 MHz, CDGJ) § 20.7, 22.6, 33.3, 34.7, 35.6, 37.3, 37.6, 37.81,380.2,
40.5, 41.2, 41.9, 42.7, 42.8, 43.3, 100.8 (two08.2B, 108.27, 108.68, 108.74, 118.6, 118.9,
121.0 (two), 124.8, 131.9, 132.0, 133.9, 134.2,43545.7, 145.8, 147.6, 147.7.; IR (neam)ax
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1246, 1442, 1488, 1502, 2242, 2919. HRMS[ES+] cfidc@sH34N-0,Na [M + Na] 581.2416,
found 581.2421.

1) KOH, H,0,
EtOH, THF, reflux, 4 h

3 2) CH,CHO, Et,SiH
")) TFA, CH4CN, r.t. 20 h

~

CN  2.97 2-1A

Kingianin A (2-1A)  Step 1: To a stirred solution of dinitrizz97 (10.0 mg, 17.9umol) in
EtOH-THF (1.5 mL - 0.5 mL) was added ag. NaOH s¢0r05 mL, 7 M) and dropwise 2,
sol'n (0.6 mL, 35 % in water) at @C. Then, the mixture was warmed to room temperature
stirred for 30 min, and heated to reflux. Afterrgtig for additional 4 h, the reaction mixture was
diluted with brine and extracted with @&, (15 mL X 5). The combined organic solution was
washed with brine, dried over P80, filtered, and concentrated. The residue was @sethe
next step.

Step 2: The residue from step 1 was placed in 3rimlLand flushed with Ar for 10 min. To the
well stirred solution of the crude product in €HN (1.0 mL) was added acetaldehyde (6LO
107 umol), triethylsilane (17.2:.L, 107 umol), and trifluoroacetic acid (1042, 89.0 umol) in
that order at r.t. Then, the vial was capped aradedewith parafilm. After stirring 20 h, the
reaction mixture was diluted with GBI, (30 mL) and washed with sat. NaH&g&»I'n and brine,
dried over NaSQ, and concentrated. The residue was subjected épamtive TLC
(CH.xCl,:acetone = 7:1) to afford Kingianin A (4.2 mg, 36 %hite solid, recrystallized from
MeOH-Hexane, mp = 74 - 7&, decomp. 212-21%C, lit'. 78 - 82°C).

Rf value: 0.3 (CHCl,:acetone = 7:1). FdH NMR (500 MHz, CDCY) and**C NMR (126 MHz,
CDCl3), see Table 2-12 and 2-13. IR (neat)ax 1039, 1246, 1442, 1488, 1503, 1555, 1641,
2924, 3292.
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Chapter 3

Study for asymmetric synthesis

of kingianin A
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3.1 Introduction
3.1.1 Hypothesis for synthesizing enantiomericpllye bicyclooctadienes

The kingianin natural products, e.g. kingia#in(3-1A) and kingianin D 3-1D), are all
reported to be racemi€ This is in accordance with our belief that thegkimins are the products
of a dimerization event, perhaps a radical catiogld2Alder (RCDA) reaction of racemic pre-
kingianins (see Scheme 3-1). The pre-kingianike, their relatives the racemic SNF4435 C and
D, are believed to be formed in a non-enzymati¢ @r-electrocyclic cascade in which

asymmetry is not controlled.

ip

WS H
||3_ \L CONHEt
o+ p
(p-BrCeHa)3N _ C_O'\_IHEt
SbClg~ racemic Kingianin A

> . < from 3-1+3-1 and ent-3-1+ ent-3-1

CONHEt
H I

B
. \\s S i
| W < H

) Pip
Pip

CONHEt

& racemic Kingianin D
from 3-1+ent-3-1

Scheme 3-1The dimerization of the racemic pre-kingianin ARCDA reaction

The enantioselective synthesis of kingianinansattractive goal because the){kingianins

% (a) Kingianin A: A New Natural Pentacyclic Compauffom Endiandra kingiana. Leverrier,
A.; Dau, M. E. T. H.; Retailleau, P.; Awang, K.; &ite, F.; Litaudon, M. Org.
Lett 201Q 12, 3638-3641. (b) Pentacylcic Polyketide from Endi@nkingiana as inhibitors of
the Bcl/Bak interaction. Leverrier, A.; Awang, KGueritte, F.; Litaudon, MPhytochemistry
2011 72, 1443-1452.
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bind more tightly to their target, the antiapoptdBcL-xL protein, than do the (+)-enantiomers

(Table 3-1).

Table 3-1 Bcl-xL binding affinity of Kingianin A to N (Ki b pM)™®

Compound Bcl-xLKi

Racemic mixture Enantiomer (-) Enantiomer (+)
Kinganin A 213 £53 60+ 1.5 >300
Kinganin B >300 n. d. n. d.
Kinganin C >300 n. d. n. d.
Kinganin D >300 n. d. n.d.
Kinganin E >300 n. d. n. d.
Kinganin F 213 +47 n. d. n. d.
Kinganin G 20 1.0+£0.2 5+1
Kinganin H 18+7 40+04 27.0+ 0.6
Kinganin | 18+3 120111 16.0+2.2
Kinganin J 29+6 9.0£0.2 25.0+3.2
Kinganin K 80+ 36 6.0£0.1 112+ 15
Kinganin L 36111 40+0.1 71+10
Kinganin M 236 + 34 n. d. n. d.
Kinganin N 177 +9 n. d. n. d.

Ki values are the means + standard deviation from two replicates

A kingianin that is the adduct of two identicabnomers can, of course, be obtained from a
synthesis that prepares a mixture of diastereomaexs then relies on chromatographies,
including one that employs a chiral column. On tteer hand, this type of dimer might be
approached by subjecting a single enantiomer optaeingianin to the RCDA conditions.

Although no studies on an asymmetric synthesia pre-kingianin have been reported, the
literature on asymmetric induction in the prepanmatof intermediates for SNF analog synthesis
is relevant. The SNF system is more easily stutheth the kingianin system because, in this

case, the® 6r-cascade gives only the endo bicyclooctadine.

% (a) The Total Synthesis of (-)-SNF4435 and (+)-8885. Parker, K. A.; Lim, Y. -HJ. Am.
Chem. Soc2004 126, 15968-15969. (b) “Endo” and “Exo0” Bicyclo[4.2.0Etadiene Isomers
from the Electrocyclization of Fully SubstitutedtiBeene Models for SNF 4435C and D. Control
of Stereochemistry by Choice of a Functionalizets$ituent. Parker, K. A.; Lim, Y.-HOrg.
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First, the diastereoselective induction of kiregianin A or synthetic equivalent looks viable
by adding chiral auxilliary to the tetraene preours$n principle, the 8, 6r-electrocyclization of
a conjugated tetraene yields four stereoisortteFaus, it can be considered practical only when

the endo selectivity predominates the exo or feastdromers are easily separable (Scheme 3-2).

R* = Chiral Auxiliary Pip Pip—.,  R"
Pip R* + H H
Z\ gloe:’ct?glcyclization
N A E—— endo 3-3 endo 3-4

Pip—., R* Pip—, R*

FCr)

Scheme 3-2Four diastereomeric bicyclooctadienes incorpogathiral auxiliary

exo 3-5 exo 3-6

Second, the practical separation of the raceamtohol 3-7, a synthetic precursor for the
tether-mediated intramolecular RCDA reaction in $lyathesis of kingianin A%is possible by
introducing removable chiral functionality on thieahol (Scheme 3-3). Therefore, the success

of this approach is dependent on separation ofabgting diastereomeBs8 and3-9.

Lett 2004 6, 161-164.
% The endo/exo selectivity for the synthesis of kirgianin A was reported to be 1:1. See A

synthetic approach to kingianin A based on biosstithspeculation. Sharma, P.; Ritson, D. J.;
Burnley, J.; Moses, J. Ehem. Comn2011 47, 10605-10607.
% Total Synthesis of Kingianin A. Lim, H. N.; Parkét A. Org. Lett.2013 15, 398-401.
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) R* = Chiral Auxiliary
Introduction
of removable
chiral

auxiliary .
Diasteromers

Separable?

ent-3-7

Scheme 3-3Separation of the racemic alcohols by introdu@legwvable chiral auxiliary

3.1.2 Examples for the asymmetric synthesis ofdamctadienes

Although there are many interesting naturatpais bearing bicyclooctadienes, there have not
been many systematic studies on the asymmetribissist of bicyclooctadienes. Meanwhile, the
asymmetric synthesis of the bicyclooctadienes usinigal auxiliaries have been studied by
Parker group. In 2006, Wang and Parker studiedati@sselective synthesis of the backbones of
chiral SNF analogues by using Corey-Sarakinos tsirfone auxiliaries! Herein, they showed
the successful separation of endo diastereomericlooctadienes although the diastereomeric

ratio was modest to low (Scheme 3-4).

%7 Cleavable Chiral Auxiliaries inm8(8, 6r) Electrocyclizations. Parker, K. A.; Wang, @rg.
Lett 2006 8, 3553-3556.
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NO,

CO,R*  (CH4CN),PdCl,

HaCo - j\ DMF
+
32-37%
N I Me3Sn = CH

3
CH,
3-10
g
S L~
3-14 (3:11) O} 3-15 (2:1) H

CHs CHg
HsC 4 H3C H
3-16 (2:1) 3-17 (2:1)

R* =

018

Scheme 3-4Study for the diastereoselective synthesis ofddoctadienes using

Corey-Sarakinos chiral sulfone auxiliaries

This initial study was extended. In 2012, KimdaParker reported the research results for

asymmetric induction in 18 electrocyclizations. They screened the candidedegrovide the

higher diastereoselectivity. Among the studied,@2 symmetric 2,3-diphenyloxazoline moiety

was turned out to give the highest selectivity,spreably derived by the difference of steric

hindrance in the transition states af@ectrocyclization. Interestingly, the (S)-pherytgnol as

a chiral auxiliary showed exceptional tic behaviréor the two of endo diastereomers,

providing clean separation of the diastereomerbé®e 3-5).

% For the chromatographic properties of phenylglgtierived amides, see Helmchen, G.; Nill,

G. Angew. Chem. Int. Ed. Endl979 18, 65. (b) Helmchen, G.; Nill, G.; Flockerzi, D.; ¥ssef,
M. S. K. Angew. Chem. Int. Ed. Endl979 18, 63. (C) Helmchen, G.; Volter, H.; Schuhle, W.
Tetrahedron Letl977 1417. (d) Helmchen, G.; Sauber, K.; Ott,TRtrahedron Letl972 3873.
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NO,
O,N
Pd(PPhs),
Cul, CsF @
DMF, rt, ‘)

R*
HsCo_~ o dark, overnight '
=+ H3C
36-51%
N SnMes | = CHj
CHs,

H,C
3-18 3-19 3-20 3-21
OH OTBS
o J/ o J/OTBS o J/
R* = %z)J\H '/,Ph 'ZQ)J\N 'z,Ph %)]\Il\l "/Ph
H CHs
3-22 (1:2) 3-23 (1:1) 3-24 (1:1)

O CHy O © Ph Ph
2)J\N)\Ph %)J\NJ(O O/B‘ 0/§Ph
ch) “ph ch)\g ) E/L\ N E/A\N /(

3-25 (2:3) 3-26 (1:1) 3-27 (1:6) 3-28 (1:3)

Scheme 3-5Chiral auxiliaries for the asymmetric synthedi®icyclooctadienes
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3.2 Result and Discussion
3.2.1 Phenylglycinol-derived bicyclootadienes

Our first idea was adapting an appropriate athauxiliary that is able to resolve four
diastereomers by silica gel chromatography. In geo, we could provide scalable procedure of
the chiral bicyclooctadiene that can be utilizedtfee RCDA reaction. We planned to do Suzuki

coupling and use (S)-glycinol as the chiral auxyligScheme 3-6).

OH
0 o1 O J/
Pi .,
|p H /Ph
endo 3-28 endo 3-29 Pd(0) a N
OH — N '
S BPin | 7
3-32

OH
9§
_— “1ph
\\H Ph Pip—, 3-33
+

H Hr

exo 3-30 exo 3-31

Four Diastereomers
Separble?

Scheme 3-6Plan to separate single diastereomer using (8pglycinol

3.2.1.1 Preparation of pinacolborondt82

The left building block3-32 was prepared from the known (E, Z)-bromodi@r@g4. The two
step sequence gave the pinacolboroB&82in 67 % yield (Scheme 3-7).
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1) t-BuLi

B(O'Pr);
2) Pinacol
Br MgSO, BPin
o:©/\/\/ EtOAc 0 :O/\/\/
<o 67% <o
3-34 3-32

Scheme 3-7Synthesis of pinacolboronade32
3.2.1.2 Preparation of (E, Z)-iododieBe33

The right building blocI3-33 was prepared by a four step sequence from the evony
available iodoeste3-35 The DIBAL reduction of the ethyl est8r35was followed by a Horner-
Wardworth-Emmons homologation and hydrolysis tomffthe known aci@-36°° The resulting
acid3-36 was converted to the amiB8e33by DCC coupling reaction (Scheme 3-8).

1) DIBAL-H
CH,Cl,, - 78 °C
Q Q OH OH
EtO OFt H.N" “Ph
. 2 @) 11Ph
n-BuLi, THF CO,H DCC, DMAP, NH
| CO,Et -78°C | \_/:/ CHClp, 1t —
3) NaOH, MeOH 68 %
3-35 ) 3-36 ° 3-33

Scheme 3-8Preparation of (E, Z)-iododierge33

% Stereocontrolled synthesis of polyenoic acids Byeak-Sonogashira reaction: easy access to
9,10-didehydro retinoic acids. Abarbri, M.; Thib@tn J.; Parrain, J. -L.; Duchene, A.
TetrahedrorLett. 2002 43, 4703-4705.
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3.2.1.3 Coupling of pinacolborona@e32and (E, Z)-iododien8-33

Having prepared both coupling partners, we nexamined Suzuki reaction. The crude
products were separated by silica gel chromatograpé a result, only two major spots were
isolated and any single diastereomer was not gteseparated. However, tHel nmr spectra
corresponding to each of two spots showed a mixititmidentified cyclooctadiene compounds;

it is presumed that each spot is one pair betweendiastereomers shown below (Scheme 3-9).

OH
9§
oy
\\\\\\N Ph
(o) H
H\\\Ph ('H
Pip (@] NH
Pd(PPh3)y,
74 N reflux OH OH
+
N\ e 7 total yield O S Q 5
BPin | =21 % Pip \\X\\H PR Pip—/,, N 'Ph
3-32 3-33 ) N N ' H
H H H| "
exo 3-30 exo 3-31

Inseparable mixture

Scheme 3-9Suzuki coupling 08-32and3-33
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3.3.2 Experiments for resolving enantiomers usimgat mandelic acid

Frustrated by the unsuccessful separation of four diastereomers formed by
electrocyclization, we next considered the resotutf a racemic bicyclooctadiene. The chiral
mandelic acids or their derivatives have been stlidis substrates for resolving the racemic
alcohols® Although the exemplified alcohols are mostly setzy alcohols, we decided to
look at the possibility of the application for themary alcohols.

As a simple model compound, we utilized theenaic diol3-37. Using the TBS-protected (S)-
mandelic acid, we prepared dimandel&€39 and3-40. However, the mixture d-39 and3-40
was not separable (Scheme 3-10). Furthermore, tamptt to effect the tetrabutylammonium
fluoride mediated deprotection of the TBS group viastrated, producing the hydrolyzed
products3-37 andent-3-37.

3.38 OTBS

HO,C”~ ~Ph

~—OH pce, pvaP
CH,Cl,

62 %

OTBS
3-37 ent-3-37 3-39 3-40
R = ﬁs\c

Ph

Scheme 3-10Synthesis of the dimandelates to examine thdutso

190 @) Resolution of Chiral Alcohols with Mandelic iic Whitesell, J. K.; Reynolds, D. J. Org.
Chem. 1983, 48, 3548-3551. (b) An experimentalftsigcal approach to determine the optical
purity and the absolute configuration of endo- ama-norborn-5-en-2-ol using mandelate
derivatives. Pisano, P. L.; Sarotti, A. M.; Peliagt, S. CTetrahedron Lett2009 50, 6121-6125.
(c) Synthesis of Both Enantiomers @fTrifluorononatic Acid, a New Analogue of Nonactin
Monomers. Takai, K.; Hanadate, T.; Oi, S.; Yamadakuwahara, S.; Kiyota, Hsynthesi2011,
3741-3748.
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3.3.3 Resolution of the endo diol using (S)-phelygigol

Previously, we prepared endo bicyclooctadi8rk (rac) by a way of iodoetherification to
remove exo bicyclooctadiene from an inseparablaurgxof endo and exo bicyclooctadien®s.
We anticipated that the introduction of an amidearimg (S)-phenylglycinol to the endo
bicyclooctadien&-1 may give a separation of two diastereon®&28and3-29 (Scheme 3-11).

ent-3-1 endo 3-28 endo 3-29
Separable??

Scheme 3-11Plan for resolving endo rac-bicyclooctadiéag
3.3.3.1 Synthesis of the carboxylic acid and anfriden the endo rac-bicyclooctadieB€l

In order to have an amide functionality, weided to use a conventional peptide synthesis

method between the acid and (S)-phenylglycinol. sSThwe prepared the aci@-41 by
consecutive oxidations (Scheme 3-12). The isolatedl did not contain any epimerized product.

1) DMP
NaHCO3
CH,Cl,
KOH,
EtOH-H,0

45 %
for two steps

3-41 ent-3-41

Scheme 3-12Synthesis of carboxylic aci#t41

191 Total Synthesis of Kingianin A. Lim, H. N.; Parkét A. Org. Lett 2013 15, 398-401.
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We next examined the EDC-assisted couplingti@acThe coupling reaction between the
acid 3-41 and (S)-phenylglycinol surprisingly resulted inotseparable compounds. Thé nmr
pattern of them resembled each other (Scheme 3-13).

J/OH
H,N~ “Ph

EDC«HCI
HOBt
CH2C|2, r.t.

3-41 ent-3-41 endo 3-28 endo 3-29

Scheme 3-13EDC coupling reaction between the agid1and (S)-phenylglycinol

3.3 Conclusion

The asymmetric synthesis of bicyclooctadienenpounds is limited due to their random
nature in &, 6r-electrocyclization. Thus, the asymmetric synthesfsthem have been
approached by chiral auxiliaries. In some casess#paration of the resulting diastereomers of
bicyclooctadiens were successful. In particulan-glgenylglycinol-derived bicyclooctadienes
showed significant difference of Rf values betwd&stereomers.

In order to prepare an enantiomerically pureydiooctadiene structure for the asymmetric
synthesis of kingianin A, we explored the posdipibf separation using (S)-phenylglycinol. In
the first experiment, we wanted to see the possilnf separation for the four diastereomers
which are formed by a tandem couling and electriiation between boronat8-32 and
iododiene 3-33 However, we could not separate any single diastaer cleanly from the
mixture.

In the second experiment using (S)-phenylglyiciwe prepared the rac-ac3d41l The acid3-

40 was converted to two diastereomers bearing (Siydgbycinol, endo3-28 andendo 3-29
Surprisingly, these isomers were separable byasgiel chromatography. Although the absolute
stereochemistry has not been determined yet, ehtiem is presumably a precursor for the
synthesis of (+)- or (-)-kingianin A.
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3.4 Experimental Section

General Information

All air- and moisture-sensitive reactions wpegformed under argon in oven-dried or flame-
dried glassware. Unless stated otherwise, comnilgraiailable reagents were used as supplied
or distilled by short-path distillation. HPLC grathexane, EtOAc, C¥Cl, and CHOH were
used in chromatography. Tetrahydrofuran (THF) aredhgll ether (EfO) were distilled from
sodium-benzophenone ketyl under argon gas. Dichiletbane was distilled from calcium
hydride under nitrogen gas. All experiments werenitoaoed by thin layer chromatography
(TLC) performed on Whatman precoated PE SIL G/U\ 28n layer polyester-supported
flexible plates. Spots were visualized by exposwaraultraviolet (UV) light (254 nm) or by
staining with 10% solution of phosphomolybdeniadda@MA) in ethanol or KMn@ag. solution
and then heating. Flash chromatography was caaugdvith Fisher brand silica gel (170-400
mesh).

Infrared spectra were recorded with a Perkméfl 1600 Series FT-IR instrument. Samples
were scanned as neat liquids or dissolved in@Hon sodium chloride (NaCl) salt plates.
Frequencies are reported in reciprocal centimgmrs). Nuclear magnetic resonance (NMR)
spectra were recorded with a Varian Inova-500 (8B for '*H and 126 MHz for*C), Varian
Inova-400 (400 MHz for'H and 100 MHz for'*C), or Gemini-2300 (300 MHz fofH)
spectrometer. Chemical shifts for proton NMR speere reported in parts per million (ppm)
relative to the singlet at 7.26 ppm for chlorofodxZhemical shifts for carbon NMR spectra are
reported in ppm with the center line of the tridiet chloroform-d set at 77.00 ppm. COSY and

NOE experiments were measured on a Varian Inovaspé6trometer.

Experimetal Procedure/ Characterization
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1) t-BuLi

B(O'Pr),
2) Pinacol
Br MgSO, BPin
<o 67% <O
3-34 3-32

Boronate 3-32 Step 1: To a stirred solution of (E, Z)-bromertd3-34 (0.27 g, 1.0 mmol) in
diethyl ether (5 mL) was added dropwise tert-BuLib(M in pentane, 0.75 mL, 1.2 mmol) at —
78°C under Ar. After the mixture was stirred for ltfisopropylborate (0.27 mL, 1.2 mmol) was
added. The reaction mixture was then warmed tostitred for additional 3 h, and quenched
with water. The mixture was extracted with ethyetate and organic solution was dried over
MgSQOy, concentrated. The residue was directly usedifemext step. Step 2: A mixture of the
crude product, pinacol (0.15 g, 1.3 mmol), and Mg%@8 g) in EtOAc (4 mL) was stirred
overnight. The resulting mixture was filtered, centrated, and subjected to silica gel
chromatography (Hex:EtOAc = 40:1 to 20:1) to affahd boronate3-32 (0.21 g, 67 %) as
yellow oil.

Rf value: 0.6 (Hex:EtOAc = 20:H NMR (500 MHz, CDCJ) & 1.27 (s, 12 H), 3.40 (d,= 6.5
Hz, 2 H), 5.31 (dJ = 12.5 Hz, 1 H), 5.90 — 5.96 (m, 1 H), 5.92 ($])26.45 — 6.92 (5 H).

OH
J/ OH
»
H,N~ “Ph o g,,,Ph
CO,H DCC, DMAP, NH
|\_/:/ CH,Cl,, r.t. | —
0,
3-36 68 % 3-33

(E, 2)-lododiene 3-33 To a stirred solution of the ac&36 (0.54 g, 2.41 mmol), DMAP (59

mg, 0.48 mmol), and (S)-phenylglycinol (0.40 g,2r8mol) in CHCI, (5 mL) was added N,N’-

dicyclohexylcarboimide (DCC, 0.55 g, 2.65 mmol0&LC. The reaction mixture was warmed to

r.t. and stirred for 30 min. The resulting suspenswvas filtered, diluted with diethyl ether, and

washed with water. The organic solution was drieer dgSQ, concentrated, subjected to silica

gel chromatography (Hex:EtOAc = 1:1) to afford {lie Z)-iododiene3-33 (0.56 g, 68 %) as
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colorless solid.

Rf value: 0.6 (Hex:EtOAc = 20:TH NMR (400 MHz, CDCJ) & 2.09 (br s, 1 H), 3.91 (d, J =
4.8 Hz), 5.13 (m, 1 H), 6.18 (d,= 14.8 Hz), 6.56 (d, J = 6.8 Hz, 1 H), 6.76Jd; 7.6 Hz, 1 H),
6.85 (dd,J = 10.4 and 8.0 Hz), 7.27 — 7.40 (m, 6 EfC NMR (100 MHz, CDGJ) & 56.2, 66.4,
91.1, 126.7, 127.7, 127.9, 128.9, 136.5, 138.7,44165.9.; IR (neaymax 1306, 1537, 1614,
1650, 3280.

335 QTBS
HO,C™ ~Ph
HO ~7OH pcc, bmaP
CH,CI
. T 2tz
62 %
3-37 ent-3-37 )O\TBS 3-39 3-40
R=§ ¢ ph
O

Dimandelates 3-39 and 3-40 To a stirred solution of the di@-37 (20.0 mg, 0.12 mmol) in
CH.Cl; (1 mL) was added TBS-mandelic adeB8 (96.1 mg, 0.36 mmol), DMAP (1.5 mg, 12
pumol), and DCC (74.5 mg, 0.36 mmol) in order at@ The reaction mixture was stirred
overnight and quenched with sat. NaH{C$0I'n. The organic solution was dried over MgSO
concentrated, subjected to silica gel chromatograffiex:EtOAc = 30:1) to afford the
inseparable mixture of dimandela®89 and3-40(0.47 g, 62 %) as colorless oil.

Rf value: 0.6 (Hex:EtOAc = 10:TH NMR (500 MHz, CDC}) § 0.02 (s, 12 H), 0.10 (s, 12 H),
0.91 (s, 36 H), 2.42 — 2.52 (m, 3 H), 2.57 — 2./ 8 H), 2.92 (m, 2 H), 3.83 — 4.19 (m, 8 H),
5.14 (ddJ=10.5 and 4.5 Hz, 1 H), 5.17 (s, 2 H), 5.20J(¢,2.0 Hz, 2 H), 5.30 — 5.35 (m, 3 H),
5.57 -5.62 (m, 2 H), 5.72 (dd~= 9.0 and 5.5 Hz, 1 H), 5.78 (d#i= 9.0 and 4.5 Hz, 1 H), 7.24
— 7.46 (m, 20 H).; IR (neatmax 1131, 1253, 1471, 1733, 1756.
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1) DMP
NaHC03
CH,Cl,
KOH,
EtOH-H,0

45 %
for two steps

3-41 ent-3-41

Acid 3-41 Step 1:To a stirred solution of the alcoh®ll (30 mg, 0.11 mmol) in C¥Ll, (0.5
mL) was added NaHC£(28.0 mg, 0.33 mmol) and DMP (94.1 mg, 0.22 mnaolp °C. After

the reaction mixture was stirred for 1 h at ritwas quenched with water, extracted with diethyl
ether. The organic solution was The organic soluticas dried over MgSf) concentrated,
subjected to silica gel chromatography (Hex:EtOAtGs1) to afford the aldehyde as colorless
oil. The aldehyde was directly used for the negp stithout characterization. Step 2: To a stirred
solution of AgNQ (50.9 mg, 0.30 mmol) in #D (0.15 mL) was added a solution of the aldehyde
in EtOH (0.4 mL) and KOH (44.2 mg, 0.79 mmol) in®at 0°C. The reaction mixture was
warmed to r.t. and stirred for 30 min. The reactoixture was filtered and washed with water.
The filtrate was concentrated until the remainititaaol was evaporated. The resulting aqueous
solution was treated with 2N HCI until the pH beeaf Then, the resulting suspension was
extracted with CHCl, and the organic solution was dried over MgSédncentrated.

Rf value: 0.4 (Hex:EtOAc = 5:TH NMR (500 MHz, CDCJ) & 2.84 (ddJ = 14.4 and 6.8 Hz, 1
H), 2.90 (ddJ =14.4 and 9.0 Hz, 1 H), 3.12 — 3.21 (m, 3 H)131®, 1 H), 5.60 — 5.65 (m, 2 H),
5.79 (dd,J =9.5 and 5.5 Hz, 1 H), 5.91 (s, 2 H), 5.96 (@, 9.8 and 5.5 Hz, 1 H), 6.62 — 6.72
(m, 3 H).»*C NMR (126 MHz, CDG)) & 33.7, 34.7, 35.9, 47.5, 52.1, 100.8, 108.2, 10828, 2,
123.1, 124.7, 124.9, 125.7, 133.7, 145.7, 147.6,117IR (neatymax 1246, 1443, 1489, 1502,
1698, 2920.
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Chapter 4

Total synthesis of kingianins
D,F H,andJ
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4.1 Introduction
4.1.1 Structures of kingianin A, D, F, H, and J

The kingianins (e.g. kingianins A-LA), D (4-1D), F (4-1F), H (4-1H), and J 4-1J) Figure 1)
are newly discovered racemic natural products fiendiandra kingianaGamble; they are
reported to be inhibitors of the anti-apoptotictpio Bcl-xL.1%? Like the endiandric acids which
are isolated from anoth@&ndiandraspecies® the kingianins are thought to be the products of
non-enzymatic cascades that proceed through biogtEdienes.

While the last step in the biosynthesis of #wdiandric acids is believed to be an
intramolecular Diels Alder reaction, that in the@dynthesis of the kingianins appears to be an
intermolecular Diels Alder dimerization. For examplendianin A is the dimer of two
enantiomerically identical molecules of pre-kingrar (4-2) and kingianin D is the dimer of
two enantiomeric molecules of pre-kingianin A aggested in Figure 4-1. On the other hand,
kingianin F is the dimer of two enantiomericallyerdical molecules of the exo isomer of pre-
kinginan A @-3).

A biomimetic approach to the kingianins is agdpgy but it has not been without its
disappointments. Attempts by Moses et al. to pepangianin A by a thermal Diels Alder
dimerization of the presumed biogenetic precus@ were frustrated by the stability of the

monomeric bicyclooctadiene structure with respec¢he desired conversidff’

192 @) Pentacylcic Polyketide from Endiandra kingi@sainhibitors of the Bcl/Bak interaction.

Leverrier, A.; Awang, K.; Gueritte, F.; Litaudon,.MPhytochemistry2011, 72, 1443-1452. (b)
Kingianin A: A New Natural Pentacyclic Compound rfroEndiandra kingiana. Leverrier, A.;
Dau, M. E. T. H.; Retailleau, P.; Awang, K.; GutjtF.; Litaudon, MOrg. Lett 201Q 12, 3638-
3641.

193 postulated electrocyclic reactions leading to amdiic acid and related natural products.
Bandaranayake, W. M.; Banfield, J. E.; Black, D.GtJ. Chem. Soc., Chem. Commi88Q 19,
902-903.

1% However, the authors did see interconversion ohanters4-2 and 4-3; see A synthetic
approach to kingianin A based on biosynthetic sjadicun. Sharma, P.; Ritson, D. J.; Burnley, J.;
Moses, J. EChem. Commur2011 47, 10605-10607.
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Figure 4-1 Kingianins A, D, F, and H and their correspondngnomers

We recognized that radical cation catalysisrawmes the reticence of cyclohexadienes to
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undergo the Diels Alder dimerization reactiofr. Furthermore, we postulated that the
biosynthesis of the kingianins proceeds throughadical cation-mediated reaction, perhaps
initiated by a photochemical evefff. Pursuing this idea, we examined the bicycloocteslie
dimerization under radical cation initiating comnalits. Our substrate was designed to control
regiochemistry and stereochemistry in the cyclo@oidiof two bicyclooctadienes by linking
them with a tether. This approach, applied to atumé of the dimeric C-2 symmetri&7 and
meso4-8 precursors, yielded two pentacyclic isomers. @18 derived from the C-2 symmetric
linked dimer (the endo Diels Alder product) was wemed to kingianin A. The structure of the
second Diels Alder produét-10 (exo product, from the meso linked dimer) did ootrespond

to that of any of the naturally occurring kingiamifscheme 4-1).

Ar
Ar\ \@ O
(LA N Ar Ar
+ 0 H H !
(¢} S > s
~—OH -
s ) o 47 tether- + @:D.-..
adipoy! tether mediated RCDA Ar, SN iz Ar IS
c1H + \w' S H | \\"' S H
— Ar — \L o \L o
4 4
OW OW
endo alcohol 4-6 (+/-) o © o ©
endo RCDA product 4-9 exo RCDA product 4-10

removal of tether

Ar\ LD < double homologation lj
\ \‘\\ (
L 4 0O (0] H
. - O
a8 L
\\L A

CONHEt

(3)-Kingianin A (4-1A)

Scheme 4-1Total synthesis of kingianin A

1% The Cation-Radical Catalyzed Diels-Alder ReactiBallville, D. J.; Wirth, D. W.; Bauld, N.
L. J. Am. Chem. Sot981, 103 718-720.
1% Total Synthesis of Kingianin A. Lim, H. N.; Parkét A. Org. Lett 2013 15, 398-401.
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4.1.2 Hypothesis

The intramolecular experiment established #ukcal cation Diels Alder (RCDA) strategy as
an entry to the kingianins and it provided an eleimef regiocontrol to this key reaction.
However, theintermolecular RCDA has the potential to provide a stéieergent synthesiS’
affording up to foul®® pentacyclic scaffolds, three of which correspoachaturally occurring
kingianins (A, D, and F and their homologs).

As we have noted previously, a regio- andestdivergent scheme can be considered practical
only if the components of the final products or ttemponents of an intermediate are readily
separablé.Despite the description of sequential silica gel #PLC chromatographies required
for the separation of the natural produftsye were encouraged to pursue the divergent
intermolecular approach by the observation thak 4l and its exo stereocisomdr12 (Figure
4-2) had slightly different Rvalues on tlc. We postulated that regio- and etsoeneric diols in

the kingianin series might have usefully differehtomatographic behaviors.

197 During the preparation of a manuscript descriltfiig work, the synthesis of kingianins A, D,
and F by a sequence that used the intermolecul@AR€action appeared. This work focused
primarily on testing the biomimetic premise anckeites on preparative HPLC for the isolation of
the individual kingianins. Yields for the recoverkingianins from the HPLC experiment were
not reported. See Drew, S. L.; Lawrence, A. L.rBbm, M. SAAngew. Chem. Int. E@013 52,
4221-4224.

1% The number of possible regio- and sterecisomens fan unsymmetrical bicyclooctadiene
such as4-2 is limited by the preference for an endo transiteiate and steric factors; see

reference 5 for a discussion.
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Figure 4-2.Endo diol4-11and exo diol-12 obtained from a tether mediated RCDA reaction of
the bicyclooctadiend-2

4.2 Result and Discussion

4.2.1 RCDA reaction of endo alcoh® and synthesis of kingianin D

Indeed, when endo cyclooctadieAde? was subjected to RCDA conditions, a mixture ofrfou
separable compounds was obtained (Scheme 4-2). iKeado dioK-11(37%), known exo diol
4-6 (10%), a new endo dimeric didt13 (18%, corresponding in structure to kingianin Dylan

alcohol4-14 (7%, a non-Diels Alder product) were easily isethby preparative tic.

OH
H I

s OH o+ : S W~ OH
“ N(p-BrPh 0
oy S[()Féjﬁ' )3 Pip, &N + < ..IH
4-11 (37%) + 4-12 (10%) + “wS\& H . o g
CH,Cl,, Pip H

rt,1h

Pip

Hr,

Scheme 4-2Intermolecular RCDA dimerization of racemic ermoyclooctadiend-2

Diol 4-13 was converted to kingianin D in 32% vyield (Sche#n8) by the 4-step sequence
employed previously in the synthesis of kingianin A
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MsCl H,0, (35%) H T
NEtz, CH,Cl,, EtOH-THF, -
0°C,1h reflux, 6 h
4-13
NaCN, Nal, 4-15R = OMs CH3CHO, 4-17 Y = CONH,
DME. 70 °C Et3S|H, TFA,
' ' 4-16 R=CN (83% 4-1D Y = CONHEt (39%
CH;CN,
16h for two steps) rt. 15 h for two steps)

Scheme 4-3Synthesis of kingianin D
The'H and*3*C nmr spectra of synthetic kingianin D were comganéth those of authentic

arabilin in Tables 4-1 and 4-2. The chemical shdts well as the coupling constants are

consistent with the authentic data.
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Table 4-1 *H-NMR for Kingianin D in CDC}, § (ppm), mult, § in Hz)'*®

No. Authentic,d, Synthetic 3. No. Authentic,d, Synthetic .

1 2.02 2.02m r 2.28 2.28m

2 2.50 2.50m 2’ 2.50 250m

3 556brd(10.4) 555brd(10.3) 3 2.37 2.37m

4 575brd(10.4) 575brd(10.3) 4 6.29dd (7.5) 6.29t(7.2)

5 227 2.27m 5  6.141(7.1) 6.1041t (7.2)
6 1.67 brd(9.0) 1.66 br d (9.0) 6 261 2.61m

7 1.91 1.90m 7 2.27 2.27m

8 1.99 1.99m g’ 2.07 2.08 m

9 2.59/2.47 2.59/2.48 m 9  2.66/2.53 2.66/2.53
10 - - 10 -

11 6.63 6.63 brs 11' 6.60 6.59 br s

12 - - 12 -

13 - - 13 -

14  6.69 6.69 d (2.2) 14' 6.68 6.68 d (2.2)
15 6.58 6.58 br d (8.2) 15" 6.56 6.55 br d (8.0)
16 5.96 5.90s 16 5.90s 5.90s

17 2.02/1.97 2.02/1.98 m 17 2.09/1.97 2.09/1.98 m
18 - - 18 -

19 5.10t(5.7) 5.1%0r s 19' 5.141t(5.7) 5.19 br s

20 3.18qd(7.2,5.7) 3.18qd(7.3,5.2) 20 3.83%2, 5.7) 3.23quintet (7.3)
21  1.06t(7.2) 1.0% (7.3) 21' 1.10t(7.2) 1.£a (7.3)

The data for the authentic sample are extractech fthe report of the structure assignmient.
b ¢\;3lues are interchangeable

199 Our laboratory uses 7.260 ppm for the chemicaft shi CHCl. All values in the
Experimental Section are based on this standard. Litaudon group uses 7.240 ppm for the
chemical shift of CHGl Therefore in this Table we have adjusted the waleported by
Litaudon et al by adding 0.020 ppm.
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Table 4-2 *C-NMR for Kingianin D in CDC}, & (ppm)**

Number  Authentic Synthetic Number  Authentic Synithet

1 43.5 43.4 1 43.9 43.8
2 33.7 33.6 2’ 40.9 40.8
3 124.4 124.3 3 41.5 41.4
4 132.5 132.5 4 133.1 133.0
5 37.2 37.1 5 134.7 134.7
6 39.2 39.1 6’ 40.3 40.2
7 42.2 42.2 7 43.5 43.4
8 42.9 42.8 8’ 39.6 39.5
9 35.9 35.8 9’ 35.4 35.4
10 135.2 135.2 10’ 135.6 135.5
11 108.9 108.85 11’ 108.8 108.76
12 147.6 147.5 12’ 1475 147.4
13 145.6 145.43 13’ 145.5 145.35
14 108.1 108.06 14’ 108.1 108.09
15 121.1 121.1 15’ 121.0 121.0
16 100.7 100.66 16’ 100.8 100.71
17 41.8 41.7 17’ 43.2 43.1
18 171.8 1718 18’ 171.8 1719
19 - - 19’ - -

20 34.2 34.2 20’ 34.3 34.3
21 14.9 14.82 21 15.0 14.92

The data for the authentic sample are extractedh ftbe report of the structure assignnient.

2P %%alues are interchangeable

110 Our laboratory uses 77.000 ppm for the chemicaft sif CDCls. All values in the
Experimental Section are based on this standard.LTlaudon group uses 77.230 ppm for the
chemical shift of CDGl Therefore in this Table we have adjusted the waleported by
Litaudon et al by subtracting 0.230 ppm.
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4.2.2 RCDA reaction of exo alcohdl19and synthesis of kingianin F
4.2.2.1 Preparation of exo alcoRbll9and RCDA reaction

Having completed the syntheses of kingianirad D from endo monomdr2, we undertook
the synthesis of kingianin F from the exo monodhd9. This compound was prepared from the
known ether-18by reductive elimination initiated by methyllithiu@cheme 4-4)'* However,
it proved to be an unsatisfactory substrate inRIEA reaction. When exo monoméy19 was

subjected to the RCDA conditions, chloroethe20 was the only product isolated.

o+

N(p-BrPh); Pip—.
SbClg ™ B
CH,Cl,, 0 °C

Pip_/,,

Hre Hi

39 %

4-18 4-19 4-20
Scheme 4-4Preparation of exo substratel 9andits RCDA reaction

Therefore, the RCDA reaction was applied taateel-21 (from alcohol4-19 Scheme 4-5).
This reaction gave a mixture of two major produdt22 and 4-24, both derived from endo
transition states, and a minor prodde26, derived from an exo transition state. These dies
appeared to be inseparable; however, removal chdbeyl groups gave a mixture of three diols,

4-23 4-25 and4-27, that were readily separated by preparative tic.

1 \When zinc-mediated reductive conditions were @&hl24 % of the alcohdl-19 was isolated.
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Scheme 4-5Preparation of exo substrate21andits RCDA reaction

Diol 4-23 was then converted to kingianin F (Scheme 4-6) the 4-step

homologation/modification sequence used in thetsgds of kingianins A and D.

MsCl H,0, (35%)
NEts, CH,Cl,, EtOH-THF,
0°C,1h reflux, 6 h
4-23 — Y S - N Yo Y- N
NoeX$ H . N\ H
\L Pip \L Pip
Pip Pip
NaCN, Nal, 4-28'Y = OMs (IE?:"%CHH?,F A 4-30 Y = CONH,
[0} | I 1
DMF, 70°C,l» 420 Y =CN (74% i cN 4-1F Y = CONHE (38%
16 h for two steps) it 15h for two steps)

Scheme 4-6Synthesis of kingianin F
The'H and'®C nmr spectra of synthetic kingianin F were comgasith those of authentic

arabilin in Tables 4-3 and 4-4. The chemical shaiswvell as coupling constants were consistent
with the authentic data.
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Table 4-3 'H-NMR for Kingianin F in pyridine-¢ & (ppm), mult, § in Hz)

No. Authentic,d, Syntheticd. Authentic,d. Syntheticd.

1 254 2.54m 211m

2 261 2.60m 2.22m

3 582brd(10.4) 5.82brd (10.3) 2.15m

4  566brd(10.4) 5.66brd (10.3) 5.91dd (7.5) 5.90t(7.3)

5 212 2.11m 6.15t(7.1) 6.14 1 (7.3)

6  1.39 1.38 brd (9.1) 2.61m

7 181 1.801(7.9) 2.47m

8 191 1.90 m 2.83m

9  2.72/2.62 2.71dd (13.2, 6.5)/2.63 m 2.86/2.65 m

10 - - -

11 6.85 6.85 br s 6.91d (7.7)

12 - - -

13 - - -

14  6.91 6.90 br s 6.96 d (7.9)

15 6.70 6.70 br d (7.8) 6.79 brd (7.7)

16 5.98 5.98 d (2.9) 5.95 d (10.9)

17  2.40/2.27 2.40 dd (14.2, 8.8)/2.26 dti7’ 250 m/2.33 dd
(14.2, 6.5) (14.3, 8.0)

18 - - -

19 8.21t(5.7) 8.281(5.2) 8.21t(5.7) 8t18.2)

20 3.45qd(7.2,5.7) 3.45qd(7.2,5.2) 3.4942,5.7) 3.45qd (7.2,5.2)

21 1.14t(7.2) 1.13%3 (7.2) 1.14 t(7.2) 1.13982(7.2)

The data for the authentic sample are extractedn ftbe report of the structure assignment.
2 Pyvalues are interchangeable
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Table 4-4 "*C-NMR for Kingianin F in pyridine-¢ & (ppm)

Number Authentic Synthetic Number Authentic Synithet
1 39.8 39.74 r 44.7 44.7
2 33.9 33.8 2 45.0 44.9
3 126.4 126.4 ’ 43.7 43.7
4 132.7 132.7 4 133.3 133.3
5 38.9 38.86 5 135.4 135.4
6 38.9 38.89 6’ 39.4 39.4

7 42.3 42.3 7 40.2 40.1
8 48.0 48.0 ' 39.7 39.7
9 41.0 41.0 ' 42.6 42.6
10 135.6 135.5 10’ 136.2 136.3
11 110.4 110.4 1 110.0 110.0
12 148.5 148.5 12’ 148.5 148.5
13 146.6 146.6 13 146.6 146.6
14 108.9 108.9 14 109.0 109.0
15 122.7 1224 15’ 122.7 1227
16 101.7 101.7 16’ 101.7 101.7
17 38.3 38.3 17 37.5 375
18 1725 172.6 18’ 172.8 172.8
19 - - 19’ - -

20 34.8 34.8 20’ 34.7 34.8
21 15.7 15.7 21 15.7 15.8

The data for the authentic sample are extractad fhe report of the structure assignment.

Values are interchangeable
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4.2.2.2 Structural Assignment of dime25

The structure of the endo db25was firmly identified by X-ray crystallography @tire 4-3).
The stereochemistry of the piperonyl and methybladt sidechains on both cyclobutanerings

were shown to be as assigned by the nmr data.

Figure 4-3. X-ray crystal structure of Dial-25

4.2.2.2 Structural Assignment of dime27
In addition, the structure of exo dl27 was firmly established as the exo RCDA product by

a combination of COSY, NOESY, HMQC, and HMBC nmpexments (see Tables 4-5, 4-6, 4-7,
4-8). The key correlations in the COSY and NOES¥ depicted in Figure 4-4.
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COSY N NOE T

Figure 4-4. COSY and NOE correlations in dib27

On the basis of the chemical shifts of the tmare upfield olefinic signals (5.81 and 5.63, in
the same range as H3 and H4 in the kingianins), asgigned the dienophilic western
substructure of the pentacyclic core as being idanto that in diols4-23 and 4-25 This
assumption was well supported by the crosspeak#$30f5.81) and H9 (3.28 and 3.46) in the
NOESY. Also, the crosspeaks of H3/H2, H2/H1, H1/HHQO/H7, H10/H8, H8/H6, and H6/H5
in the NOESY and the crosspeaks of H3/H4, H4/H5/H85 H2/H1, H2/H7, H1/H8, H1/H9,
H7/H8, and H8/H10 in the COSY confirmed that tharsectivity and relative stereochemistry of
the fused [4.2.0]-bicyclooctene ring system inwestern sector were the same as those in diols
4-23and4-25

With the H9 and H2 protons identified, we abaksign the 2H signal at 3.32/ 3.50 ppm to the
H9’ protons and the 1H signal at 2.60 ppm to the ptBton. The crosspeaks of H9'/H1’,
H1'/H2’, H2'/H7’, H7'/H10’, H10'/H8’, H3'/H4’, H5'/ H6’, H5'/H8 and H8'/H9’ in the NOESY
and the crosspeaks of H1'/H2’, H2'/H7’, H7’/H8’, HBI10’, H4'/H5’, H4’/H3’, and H5'/H6’ in
the COSY confirmed the connectivity and relativersbchemistry of the fused [4.2.0]-
bicyclooctene ring system in the eastern sector.

Next we needed to determine the stereochgnufthe connection of the eastern and western
substructures. The key crosspeaks of H4/H2' inNIBESY showed that the stereochemical
relationship of the eastern and western sectoregponds to that of an exo Diels Alder product
(Figure 4-4).
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The exo Diels Alder structure was furt

Each carbon in the core pentacyclic stru

her sanppd by HMQC and HMBC assignments.

cture wssgaed to the attached protons by the

crosspeaks in the HMQC. Indeed, the examinatioth@fconnectivity by HMBC analysis (the

crosspeaks of selected carbon atoms and the condisyyg protons) are consistent with the

suggested structure in the COSY and NOE picturése full assignment for the pentacyclic

structure of the diod-27is summarized in Ta

ble 4-9.

Table 4-5 Crosspeaks in COSY Spectrum of DieR7

Proton number (ppm)

H1 (2.14)< H2 (2.76), H8 (1.83), H9 (3.2
3.46)

412 (2.76)0 H7 (1.92)

H3 (5.81)«> H4 (5.63)

H4 (5.63)> H5 (2.10)

H5 (2.10)«> H6 (1.29)

H7 (1.92)> H8 (1.83)

H8 (1.83)< H10 (2.49/ 2.68)

H1' (2.21) <> H2' (2.60), HY' (3.32
3.50)

H2' (2.60)— H7' (2.12)

H3' (2.44) H4' (6.41)

H4' (6.41) <> H5' (6.24)

H5' (6.24)— H6' (2.24)

H7’ (2.28) H8' (1.89)

H8’ (1.89)> H10’ (2.47/ 2.65)

Table 4-6 Crosspeaks in NOESY Spectrum

of DieR7

proton number (ppm)

HI (2.14) & H2 (2.76), H10 (2.49
2.65)

H2 (2.71) H3 (5.81), H7 (1.92)

H3 (5.83)«> HO9 (3.28/ 3.46) H4 (5.66)> H2' (2.60), H3' (2.44)
H5 (2.10)«> H6 (1.29) H6 (1.54)> H8 (1.83), H6' (2.24)
H7 (1.92)«> H10 (2.49/ 2.65) HS (1.83)> H10 (2.49/ 2.65)

HL (2.21) <> H2 (2.60), HY' (3.32
3.50)

H2' (6.58)«> H7’ (2.12)

H3' (2.44) < H4' (6.41) H5’ (6.24) H6' (2.24), H8’ (1.89)

H7' (2.28) > H10’ (2.47/ 2.65) HE (

2.65)

1.89) < H9' (3.32/ 3.50), H10' (2.47

Table 4-7. Crosspeaks in the HMQC Spectrum of Die27

Carbon Corresponding Carbon
number proton number

(ppm) number (ppm) (ppm)

Corresponding
proton
number (ppm)
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Cl(44.2) | H1(2.14) C1'(44.8) | H1 (2.21)
C2(33.2) | H2(2.76) C2'(32.0) | H2 (2.60)
C3(126.0) | H3 (5.81) C3'(36.1) | H3 (2.44)

C4 (131.5) | H4 (5.63) C4 (135.5)| H4' (6.41)
C5(32.9) | H5(2.10) C5'(135.0)| H5'(6.24)
C6(33.7) | H6 (1.29) C6'(42.0) | H6 (2.24)
C7(40.3) | H7(1.92) C7'(37.6) | HT'(2.12)

C8 (45.6) | H8 (1.83) C8 (43.1) | H8 (1.89)
C9(62.8) | H9 (3.28/ 3.46) C9(62.9) | HY (3.32/8)5
C10 (40.5) | H10(2.49/2.68) | C10'(42.4) H10 (2.2765)
C17 (100.8)| H17 (5.91) C17'(100.8) H17 (5.92)

Table 4-8 Crosspeaks in the HMBC Spectrum of Die27

Carbon (number, ppm)

Corresponding protons  (numbg

3/

ppm)]
C1 (44.2) H7 (1.92)
H4 (5.63), H7 (1.92), H9 (3.2¢
C2 (33.2) 3_46)( ) (1.92) (
C3 (126.0) H1 (2.14), H7 (1.92)
C5 (32.9) H3 (5.81)
C7 (40.3) H10 (2.49/ 2.68)
C8 (45.6) ggo)(l.zg), H7 (1.92), HY' (3.32
C9 (62.8) H1 (2.14), H8 (1.83)
C10 (40.5) H7 (1.92)
C1’ (44.8) H10’ (2.47/ 2.65)
C2’ (32.0) H6 (1.29), HY’ (3.32/ 3.50)
C3'(36.1) H4' (6.41), H5' (6.24)
C6’ (42.0) H4' (6.41), H5' (6.24)
C7 (37.6) H6 (1.29), H10' (2.47/ 2.65)
C8’ (43.1) H10’ (2.47/ 2.65)
C9 (62.9) H1' (2.21), H8 (1.89)

C10’ (42.2)

H1 (2.21)

164



Table 4-9 *H and**C-NMR for the pentacylic core of did+27

in CDCk

Number *H, § (ppm),J (Hertz) C, 5 (ppm)
1 2.14 (m, 1 H) 44.2
2 2.76 (brtJ=6.9 Hz, 1 H) 33.2
3 5.81 (br dJ = 10.4 Hz, 1 H) 126.0
4 5.63 (br dJ=10.4 Hz, 1 H) 131.5
5 2.10 (m, 1 H) 32.9
6 1.29 (ddJ=10.9 and 2.4 Hz, 1 H) 33.7
7 1.92 (m, 1 H) 40.3
8 1.83 (m, 1 H) 45.6
9 3.28 (dd,) = 10.9 and 5.7 Hz, 1H), 62.8

3.46 (ddJ = 10.9 and 8.8 Hz, 1 H)
10 2.49 (m, 1 H), 40.5

2.68 (br dJ = 6.6 Hz, 1 H)
1 2.21 (dd,J = 9.6 and 8.0 Hz, 1 H) 44.8
2’ 2.60 (brtdJ=9.5and 2.7 Hz, 1 H) 32.0
3 2.44 (m, 1 H) 36.1
4 6.41 (t,J=7.3 Hz, 1 H) 135.5
5 6.24 (t,J=7.3Hz, 1 H) 135.0
6 2.24 (m, 1 H) 42.0
7 2.12 (m, 1 H) 37.6
g 1.89 (m, 1 H) 43.1
9 3.32(ddJ=10.6 and 7.7 Hz, 1 H) 62.9

3.50 (dd,J = 10.6 and 7.9 Hz, 1 H)
10’ 2.47 (m, 1 H), 42.4

2.65 (br dJ = 6.5, 1 H)
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4.2.3 Synthesis of kingianin H

Of the pseudosymmetric kingianins (i.e. tholat tare constructed from two identical or
enantiomeric monomers, A-F, H, and J), kingianirs lfeported to be the most active in the Bcl-
xL inhibition assay®We considered therefore the synthesis of kingi&hfrom diol 4-10 which
was in hand.

Conversion of dio-10 (previously converted to kingianin A) to kingianid requires
lengthening of the two hydroxymethyl sidechains.oi®hsequences that effect 3-carbon
homologations are relatively rare. An attractivianpwas the transition metal-catalyzed
conversion of primary iodides to 3-carbon homoledagésters by the Ni(0)-catalyzed “formal
conjugate addition” described by Manchand €tat**Accordingly, we prepared diiodidé31
and applied the chain-lengthening procedure, ointgidiester4-32 in 70% yield. Hydrolysis
then provided kingianin H4¢1H, Scheme 4-7).

112 (@) Nickel-Mediated Conjugate Addition. Elaborati@f Calcitriol from Ergocalciferol.

Manchand, P. S.; Yiannikouros, G. P.; Belica, PM&adan, P.J. Org. Chem1995 60, 6574-81.

(b) Process Control Limits from a Laboratory Studythe Ni(0)-Mediated Coupling of Ethyl
Acrylate with a C-22 Steroidal lodide:A Case Study on the Role of Experimental Design in
Highly Developed Processes. Van Arnum, S. D.; Moffe; Carpenter, B. KOrg. Process Res.
Dev. 2004 8, 769-776.

113 (@) For a related reaction see Cobalt-CatalyzeduBteve Coupling of Saturated Alkyl
Halides with Activated Alkenes. Shukla, P.; Hsu,-C¢; Cheng, C.-H. J. Org.
Chem 2006 71, 655-658. (b) For related transformations and scudision of mechanism, see
Nickel-Catalyzed Reductive Conjugate Addition tooBaes via Allylnickel Intermediates.
Shrestha, R.; Dorn, S. C. M.; Weix, D.JJ.Am. Chem. So2013 135 751-762 and Reductive
Conjugate Addition of Haloalkanes to Enones To F&ityl Enol Ethers. Shrestha, R.; Weix, D.

J.Org. Lett 2011, 13, 2766-2769.
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I, PPhy Pip =\ Pip  NaOH, Pip

Imid. H CO;Me H EtOH H
CH,Cl, d NiCl,*6H,0 : r g
t. Zn, Pyr, r.t.
4-10 N ., v, 93% NS
7% Ny H | 70 % N
Pip \‘\ 4-31 Pip

CO,H
Kingianin H (4-1H)

Scheme 4-7Synthesis of Kingianin H

The'H and®*C nmr spectra of synthetic kingianin H are compavéti those reported for the
natural product in Tables 4-10 and 4-11. The chahshifts as well as coupling constants are
consistent with the authentic data.
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Table 4-10 'H-NMR for Kingianin H in CDC}, & (ppm), mult, § in Hz)®

No. Authentic,§, Synthetic g, No. Authentic,d, Synthetic g,

1 2.00 2.02m 1 164 1.65m

2 2.47 2.48 m 2 212 2.12m

3 5.58 br d (10.4) 5.57 brd (10.5) 3 239 241m

4 5.67 brd (10.4) 5.66 br d (10.5) 4 6.07dd(7.5) 6.071t(7.3)

5 2.21 2.23m 5  6.23t(7.1) 6.211(7.3)
6 1.68 1.69 brd (10.9) 6 2.52 2.52m

7 1.83 1.821t(9.1) 7 246 2.48 m

8 1.59 1.60 m 8 219 2.28m

9 2.57/2.43 2.57/2.46 m 9" 2.63/2.49 2.64/2.50 m
10 - - 100 - -

11 6.62 6.63d (1.2) 11" 6.60 6.61d (1.2)
12 - - 120 - -

13 - - 13 - -

14 6.67 6.68 d (7.9) 14" 6.68 6.69d (7.9)
15 6.56 6.58dd (8.1,1.3) 15 6.55 6.56 dd (8.8)
16 5.89 5.89s 16" 5.89 5.90's

17 1.26 1.26 m 177 1.17/1.22 m 1.18/1.24 m
18 1.57/1.28 1.58/1.28 m 18" 1.36/1.49 1.37/1.50 m
19 2.20 221m 19° 2.24 2.25m

20 - - 200 - -

21 - - 21 - -

The data for the authentic sample are extractedh fthe report of the structure assignmeént.

#Values are interchangeable
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Table 4-11 **C-NMR for Kingianin H in CDC}, & (ppmY

Number  Authentic Synthetic Number  Authentic Synithet
1 43.3 43.2 1 42.0 41.8
2 32.7 32.7 2’ 44.4 44.3
3 125.4 125.4 ’ 43.6 43.4
4 132.0 132.0 4 132.2 132.2
5 38.3 38.2 5 134.9 134.9
6 39.6 39.2 6’ 38.7 38.6
7 42.0 42.3 7 39.7 39.4
8 45.4 45.2 ’ 43.9 43.9
9 36.3 36.2 ’ 35.5 35.5
10 135.4 135.4 10’ 135.8 135.8
11 108.8 108.78 11’ 108.8 108.83
12 147.5 147.40 12’ 147.5 147.4%
13 145.4 145.32 13’ 145.4 145.3%
14 108.1 108.0 14’ 108.1 108.0
15 121.0 1209 15’ 121.0 121.9
16 100.7 100.6 16’ 100.7 100.6
17 34.6 34.2 17’ 36.0 36.0
18 22.7 22.5 18’ 22.8 22.7
19 35.0 34.5 19’ 34.7 34.4
20 ND 180.6 20° ND 180.2
21 - - 21 - -

The data for the authentic sample are extractedh ftbe report of

ab.c.daayes are interchangeable
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4.2.4 Synthesis of kingianin J

Of the pseudosymmetric kingianins (i.e. tholat tare constructed from two identical or
enantiomeric monomers, A-F, H, and J), kingianis geported to be the second most active in
the Bcl-xL inhibition assay. Digt-23is a potential precursor for the synthesis of kingn J.

By analogy to the successful synthesis of kingn H, we initially planned a 3-carbon
homologation of the diiodidé-33to afford diested-34. However, the Ni(0)-catalyzed reaction
produced intractable mixture. Furthermore, when @m®0)-mediated homologatitii was
attempted, we obtained a complicated mixture. lth mases, théH nmr spectrum showed that
the olefinic proton of the western cyclohexene dehppeared, indicating the participation of
that olefin in the reaction (Scheme 4-8).

CO,Me
OH |2 PPhg | NlClz'GHzO COzMe

Im|d CH,Cl, H Zn, Pyr, r.t. H )
- - 3
N R “, N - “ry

84 % R | or S Yz |

& H _ MeO,Cy 35 A
Plp o~ \L Pip =\ 2 \6‘)3\L Pip
. CO,Me

Pip Pip Pip
Col,(dppe)

4-23 4-33 Zn, H,0 4-34
CH4CN

Scheme 4-83-Carbon homologations of the diiodide33

This result led us to use a conventional hogetion method. First, the one carbon
homologated alcohal-35was obtained by the four step sequence involviegyhation, cyanide
displacement, and then partial DIBAL reduction bk tdinitrile 4-29 followed by NaBH
mediated reduction of the aldehy#i85 (Scheme 4-9).
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MsCI
NEts, CH,Cly,
0°C,1h DIBAL, -78 °C
4-23 Y. SN YO S N
\\\“\ N | \\"‘ N .
\L Pip \L Pip
Pip Pip
NaCN, Nal, 4-28 Y = OMs NaBH,, 4-35Y = CHO
DMF, 70 °C,L». 4.9 v = CN (74% MeOH | 436 v = CH,OH (33%
16 h for two steps) 0°C for two steps)

Scheme 4-9Synthesis of one carbon homologated alcdh®b

The diol4-36was then converted to dimalon&td7 (Scheme 4-10).

CO,Et
1) MsCl, NEts, 0 °C

OH  2) diethylmalonate, CO,Et

Nal, NaH, THF, r.t.
to reflux CO,Et

OH EtO,C ‘ | 5

\\“‘\5 3 |;| /"|_ 51 % for 2 steps RS |

\L Pip Pip
Pip Pip
4-36 4-37

Scheme 4-10Synthesis of dimalonate 36

The completion of the synthesis of kingianin J frims dimalonat&-37is underway.

4.3 Conclusion

In summary, the intermolecular RCDA proceduwapplied to the individual pre-kingianin
structures4-2 and 4-19 gave key intermediates for kingianin synthesis. ekpected:* the
intermolecular RCDA reaction has a preference foemdo transition state in the RCDA reaction

but this is not overwhelming. In both cases, thditawh of the (+)-enantiomer to the (-)-

114 Selectivity profile of the cation radical Diels-dér reaction. Bellville, D. J.; Bauld, N. L1.
Am. Chem. S0d.982 104, 2665-2667.
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enantiomer gives an exo Diels Alder adduct as aompmoduct. Like the intramolecular case

examined previously, both intermolecular RCDA reaw (Schemes 4-2 and 4-5) demonstrated
additional regio- and stereoselective effects &tast with the structures of the isolated natural
products. Thus, the C-5,6 double bond (proximahexo substituent on the cyclobutane ring)
acts as the dienophile. It is attacked from the l@adered face by the diene component which
reacts from its less hindered face.

Three of the major RCDA products were elaleatatio three additional members of the

kingianin family. The total syntheses of kingianiDs F, and H entailed 10, 13, and 9 steps
respectively from commercially available materiaNone of the schemes required preparative

HPLC separation of intermediates or products. Tisbset syntheses appear to be scalable.

4.4 Experimental Section

General Information

All air- and moisture-sensitive reactions were parfed under argon in oven-dried or flame-
dried glassware. Unless stated otherwise, comniigranzailable reagents were used as supplied
or distilled by short-path distillation. HPLC grathexane, EtOAc, C¥Cl, and CHOH were
used in chromatography. Tetrahydrofuran (THF) wiaslieéd from sodium-benzophenone ketyl
under argon. Dichloromethane was distilled fromciceth hydride under nitrogen gas. All
experiments were monitored by thin layer chromapgy (TLC) performed on Whatman
precoated AL SIL G/UV 250um layer aluminum-supported flexible plates. Spoteren
visualized by exposure to ultraviolet (UV) light5€ nm) or by staining with 10% solution of
phosphomolybdenic acid (PMA) in ethanol or KMp@q. solution and then heating. Flash
chromatography was carried out with Sorbent Teabgies silica gel (porosity 60 A, 230-400
mesh, surface area 500-60&/gn bulk density 0.4 g/mL, pH range 6.5-7.5).

Infrared spectra were recorded with a Perkin-EItr&)0 Series FT-IR instrument. Samples were
scanned as neat liquids or dissolved in,ChHl on sodium chloride (NaCl) salt plates.
Frequencies are reported in reciprocal centimgmrs). Nuclear magnetic resonance (NMR)
spectra were recorded with Bruker Avance 11-40004Hz for'H and 100 MHz for*C) and
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Bruker Avance Il1-500 spectrometer (500 MHz tbt and 126 MHz for*C). Chemical shifts for
proton NMR spectra are reported in parts per nmlljppm) relative to the singlet at 7.260 ppm
for chloroformd andto the singletsat 8.74, 7.58, 7.22 ppm for pyridi®. Chemical shifts for
carbon NMR spectra are reported in ppm with theéezdime of the triplet for chloroforna-set at
77.000 ppm and the triplets for pyridide-set at 150.35, 135.91, 123.87 ppm. The COSY,
NOESY, HMQC, and HMBC spectra were recorded withik&r Avance [lI-500 spectrometer.
High-resolution mass spectra were obtained on advliass Q-Tof Ultima spectrometer (ESI)
and a Micromass 70-VSE spectrometer (EI) by the sVM@pectrometry Laboratory at the

University of lllinois Urbana Champaign.

Experimental Procedure/ Characterization

OH
H ]
Plp :\_OH o+ = B “\\_OH
| N(p-BrPh) 0]
L SbCl™ Pip, <>\7 + | Loy
H 'H 6 NN
4-11 (37%) + 4-12 (10%) + '\ H _ o .
CHCl, Pip h
rt, 1 h
4-2 (rac) OH 4-13 (18%) 4-14 (7%)

Diol 4-13 and 4-14 To a stirred solution of the endo bicyclooctadieae? (100 mg, 0.37
mmol) in dry CHCI, (2 mL) was added Sb&EN(p-BrPhy (15.1 mg, 0.019 mmol) at room
temperature. The resulting deep blue solution wiaed for 1 h and quenched with wet NEt
After concentration of the reaction mixture, thesidele was subjected to preparative TLC
(hexane: BO: CHCI,: MeOH = 1: 1: 1: 0.02). Diolg-11 (37 mg, 37 %)4-12 (10 mg, 10 %),
4-13(18 mg, 18 %), and alcohdt14 (7 mg, 7 %) were isolated.

Diol 4-13Rf value: 0.5 (Hex:EtOAc = 1:1H NMR (400 MHz, CDC}) 6 1.68 (d,J = 8.9 Hz, 1
H), 1.81 (m, 1 H), 1.95 (m, 1 H), 2.15 (m, 1 H)22-2.36 (m, 3 H), 2.41-2.69 (m, 9 H), 3.30-
3.40 (m, 4 H), 5.61 (br &= 10.3 Hz, 1 H), 5.68 (ddd,= 10.4, 3.7 and 1.9 Hz, 1 H), 5.90 (s, 4
H), 6.11 (t,J = 7.3 Hz, 1 H), 6.32 (] = 7.3 Hz, 1 H), 6.55-6.71 (m, 6 HPC NMR (100 MHz,
CDCl) 6 33.1, 35.5, 36.2, 37.2, 38.1, 39.2, 39.6, 40.23,400.6, 41.2, 41.4, 44.7, 48.2, 65.0,
67.0, 100.7229, 100.7431, 108.2 (two), 108.8083.843, 120.9838, 121.0175, 124.8, 132.2,
133.1, 134.4, 135.0, 135.5, 145.5, 145.6, 147.5643,6179.; IR (neat)max 1039, 1246, 1441,
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1448, 1502, 2915, 3373 émHRMS[ES+] calcd for €Hzs0sNa [M + Na] 563.2410, found
563.2417.

Alcohol 4-14 Rf value: 0.7 (Hex:EtOAc = 1:TH NMR (500 MHz, CDC}) & 1.76 (m, 1 H),
1.93 (dddJ = 16.7, 6.6 and 1.7 Hz, 1 H), 2.13 (m, 1 H), 224 1 H), 2.43 (dd) = 14.2 and 9.7
Hz, 1 H), 2.50 (m, 1 H), 2.61 (dd,= 17.7 and 9.7 Hz, 1 H), 2.71 (dbiz 14.4 and 8.0 Hz, 1 H),
3.26 (m, 1 H), 3.72 (d] = 7.0 Hz, 2 H), 5.67 (dt] = 9.9 and 2.5 Hz, 1 H), 5.89 (s, 2 H), 5.97 (m,
1 H), 6.60 (s, 1 H), 6.69 (s, 1 HFC NMR (126 MHz, CDGJ) § 27.0, 31.6, 32.0, 32.6, 33.2,
37.1, 49.4, 66.9, 100.5, 108.3, 108.5, 128.5, 13134.7, 135.1, 145.5, 145.7.; IR (neatax
1039, 1233, 1481, 1501, 2921, 3356 ctHRMS[EI+] calcd for G;H1505 [M]* 270.1256, found
270.1249.

MsClI Y
NEts, CH,Cl,, H J

B Pip, S B
NS . \wx$ H .
\L Pip \L Pip

OH 4-13 Y
NaCN, Nal, [~ 4-15R=0OMs
DMF, 70 °C, 4-16 R = CN (83%
16 h for two steps)

Dinitrile 4-16  Step 1: To a stirred solution of the dibll3 (18.0 mg, 33.3umol) in CH.CI, (1
mL) was added triethylamine (27.&, 200 umol) and methanesulfonyl chloride (7./40Q, 99.8
umol) at 0°C under Ar. After 30 min, the reaction mixture wdikited with diethyl ether (20
mL) and the resulting mixture was washed with wei€¥ HCI, and sat. NaHGOolution. The
organic solution was then dried over MgS@nd concentrated. The crude product was directly
used for the next step.

Dimesylate4-15 Rf value: 0.6 (Hex:EtOAc = 1:¥H NMR (500 MHz, CDC}) § 1.70 (d,J = 9.1
Hz, 1 H), 1.97 (m, 1 H), 2.04-2.60 (m, 15 H), 2853 H), 2.87 (s, 3 H), 3.79-3.94 (m, 4 H),
5.60 (br dJ=10.3 Hz, 1 H), 5.79 (ddd,= 10.3, 3.8 and 1.9 Hz, 1 H), 5.9012 (s, 2 H)P33(s,

2 H), 6.11 (tJ = 7.3 Hz, 1 H), 6.34 (] = 7.3 Hz, 1 H), 6.53-6.70 (m, 6 H).

Step 2: To a stirred solution of the dimesyk#&5in DMF (1 mL) was added sodium iodide (2.5
mg, 17umol) and sodium cyanide (13.0 mg, 2i®ol) at r.t. Then, the solution was heated to
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70°C and stirred for 12 h. Then it was diluted withydtacetate (20 mL) and washed with water
(10 mL X 3). The organic layer was then washed Wiihe, dried over MgS§) and concentrated.
The residue was purified by column chromatograptgx(EtOAc = 4:1) to afford dinitril&-16
(15.4 mg, 83 % for two steps, colorless liquid).

Dinitrile 4-16 Rf value: 0.25 (Hex:EtOAc = 5:H NMR (500 MHz, CDCJ) § 1.76 (d,J = 9.0
Hz, 1 H), 1.84 (m, 1 H), 1.95-2.07 (m, 5 H), 2.122(m, 2 H), 2.31-2.39 (m, 3 H), 2.44 (dds
14.0 and 8.5 Hz, 1 H), 2.50-2.69 (m, 7 H), 5.61dhf = 10.3 Hz, 1 H), 5.79 (ddd,= 10.3, 3.9
and 2.0 Hz, 1 H), 5.91 (s, 4 H), 6.12J& 7.3 Hz, 1 H), 6.36 () = 7.3 Hz, 1 H), 6.52-6.71 (m,
6 H). *C NMR (500 MHz, CDGJ) 6 20.7, 22.8, 33.6, 34.9, 35.5, 36.7, 38.0, 38.96,390.3,
40.9013, 40.9611, 41.0403, 41.5, 42.4, 43.6, 10@,7800.8054, 108.3 (two), 108.6, 108.7,
118.5, 119.0, 120.9515, 120.9952, 124.3, 132.1,31333.8, 134.2, 134.4, 145.7, 145.8, 147.6,
147.7.; IR (neatjvmax 1246, 1442, 1488, 1502, 2245, 2917’1CI1=IIRMS[ES+] calcd for
CaeH3sN204 [M + H]* 559.2597, found 559.26009.

CN

5 = EtOH-THF, 5
m reflux, 6 h
Pip, <\" Pip. >N
\‘\L : Pip \\L : Pip

CN 4-16 Y
CHZCHO, 4-17 Y = CONH,
Et3SiH, TFA,
CH3CN, 4-1D Y = CONHEt (39%
rt. 15 h for two steps)

Kingianin D (1D)

Step 1: To a stirred solution of dinitrild (13.0 mg, 23.2umol) in EtOH-THF (2.5 mL/0.5 mL)
was added ag. NaOH sol'n (0.05 mL, 7 M) and dropwigO, sol'n (0.6 mL, 35 % in water) at
0 °C. Then, the mixture was warmed to room temperatstired for 30 min, and heated to
reflux. After stirring for an additional 4 h, theaction mixture was diluted with brine and
extracted with ChHCI, (15 mL X 5). The combined organic solution was etk with brine,
dried over NgSQOy, filtered, and concentrated. The residue was tetthe next step.

Step 2: The residue from step 1 was placed in &-¥ial and flushed with Ar for 10 min. To the

stirred clear solution of the crude product in4CN (1.5 mL) was added acetaldehyde (L7
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139 umol), triethylsilane (22.2.L, 139 umol), and trifluoroacetic acid (948., 128 umol) in that
order at r.t. Then, the vial was capped and seaitld parafilm. After stirring for 15 h, the
reaction mixture was diluted with GBI, (30 mL) and washed with sat. NaH&g€»I'n and brine,
dried over NgSQy, and concentrated. The residue was subjectedefoagative TLC (hexane:
EtOAc = 1:2) to afford Kingianin D (5.9 mg, 39 %hite solid, mp = 86-9£C, lit'* mp not
reported).

Rf value: 0.2 (hexane: EtOAc = 1:2). Fot NMR (500 MHz, CDCJ) and**C NMR (126 MHz,
CDCls), see Tables 4-1 and 4-2. IR (neatjax 1040, 1246, 1442, 1488, 1503, 1555, 1639, 2924,
3287 cnf.

4-19

Exo alcohol 4-19 To a stirred solution of iodo ethdr18(92.0 mg, 0.232 mmol) in THF (5
mL) was added MelLi (1.6 M in THF, 0.24 mL, 1.2 minat 0°C under Ar. After 10 min, the
reaction mixture was quenched with sat. J/8Hsol'n and then extracted with diethyl ether (10
mL X 3). The combined organic solution was washeith wat. NaS,03 solution, brine, dried
over MgSQ, and concentrated. The residue was subjected tomoo chromatography
(Hex:EtOAc = 5:1) to afford the exo alcolbll9 (66 mg, 86 %) as colorless oll.

Rf value: 0.3 (Hex:EtOAc = 4:H NMR (500 MHz, CDCJ) & 2.55-2.75 (m, 5 H), 3.23 (m, 1
H), 3.57 (ddJ =10.8 and 5.7 Hz, 1 H), 3.71 (dtz 10.8 and 8.4 Hz, 1 H), 5.44 (dbi= 9.6 and
5.4 Hz, 1 H), 5.59 (dd] = 9.8 and 3.8 Hz, 1 H), 5.62 (d#i= 9.7 and 5.4 Hz, 1 H), 5.85 (ddH,
= 9.8, 5.5 and 1.6 Hz, 1 H), 5.92 (s, 2 H), 6.6d, (&= 7.9 and 1.6 Hz, 1H), 6.65 (@ = 1.6 Hz,

1 H), 6.72 (dJ = 7.9 Hz, 1 H)!*C NMR (126 MHz, CDGJ) & 32.5, 36.1, 41.6, 50.4, 51.7, 63.3,
100.8, 108.2, 109.1, 121.4, 121.5, 124.4, 125.3,21234.3, 145.8, 147.6.; IR (neathax 1040,
1246, 1442, 1488, 1502, 2916, 3356 tnHRMS[ES+] calcd for GH1g0:Cl [M + NaJ
293.1154, found 293.1150.
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o+
N(p-BrPh),
SbClg ™
CH,Cl,, 0°C

H|I'

39 %

4-19 4-20
Chloro ether 4-20
To a stirred solution of alcohat-19 (7.0 mg, 25.9umol) in CHCIl, (1.0 mL) was added
SbCE-N(p-BrPh) (1.1 mg, 1.3umol) at room temperature. After 1 min, the reactioixture
became yellow in color. To ensure complete conwarsnore catalyst (29.6 mg, 36ufol) was
added in portions until a blue color was maintainBge deep blue solution was stirred for 1 h
and quenched with wet NEtAfter concentration of the reaction mixture, tresidue was
subjected to column chromatography (Hex:EtOAc =12@: 10:1) to afford chloro ethetl-20
(3.1 mg, 39 %, colorless olil).
Rf value: 0.8 (Hex:EtOAc = 5:1%H NMR (400 MHz, CDC}) § 1.91 (m, 1 H), 2.54 (m, 1 H),
2.62 (dt,J=6.4 and 3.8 Hz, 1 H), 2.74 (@= 6.6 Hz, 2 H), 3.10 (m, 1 H), 3.53 (dilz 7.4 and
3.7 Hz, 1 H), 3.68 (d) = 7.4 Hz, 1 H), 4.09 (ddl = 4.8 and 1.7 Hz, 1 H), 4.62 (d#i= 4.6 and
1.8 Hz, 1H), 5.62 (dd] = 8.0 and 3.4 Hz, 1 H), 5.82 (m, 1 H), 5.92 (8{)26.60 (dd,J = 6.3 and
1.2 Hz, 1H), 6.63 (dJ = 1.2 Hz, 1 H), 6.72 (d] = 6.3 Hz, 1 H)*C NMR (100 MHz, CDGJ) &
31.7, 32.9, 41.4, 41.8, 47.5, 50.3, 73.1, 78.9,.8,0008.2, 108.9, 121.4, 122.3, 131.9, 133.4,
145.9, 147.6. IR (neatymax 1248, 1440, 1489, 1504, 2920 'JanRMS[EI+] calcd for
C17H1703Cl [M] " 304.0866, found 304.0869.
OAc

Pip_//’ OH ACZO Pip_//,

DMAP
iH CH2C|2 Hr

_—

H|-- -IIH

89 %
4-19 4-21

Aetate 4-21 To a stirred solution of exo alcon#19 (114 mg, 0.422 mmol) and DMAP (10.3
mg, 0.0843 mmol) in CkCl, (2 mL) was added acetic anhydride (587 0.632 mmol) at room
temperature. After 1 h, the reaction mixture wdstdd with CHCl, (10 mL), washed with sat.
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NaHCGQ; sol'n, and brine, dried over MgQQOand concentrated. The residue was subjected to
column chromatography (Hex:EtOAc = 5:1) to affottle acetatel-21 (117 mg, 89 %) as a
colorless oil.

Rf value: 0.6 (Hex:EtOAc = 5:FH NMR (500 MHz, CDGJ) & 2.00 (s, 3 H), 2.56-2.80 (m, 5 H),
3.23 (m, 1 H), 4.04 (ddl = 11.0 and 6.4 Hz, 1 H), 4.13 (dbs 11.0 and 9.1 Hz, 1 H), 5.38 (dd,
J=9.6 and 5.4 Hz), 5.50 (dd= 9.9 and 3.7 Hz, 1 H), 5.61 (dii= 9.7 and 5.5 Hz, 1 H), 5.84
(ddd,J = 9.8, 5.5 and 1.6 Hz, 1 H), 5.92 (s, 2 H), 6.60,0 = 7.9 and 1.6 Hz, 1H), 6.64 (d=

1.6 Hz), 6.71 (dJ = 7.9 Hz, 1 H)**C NMR (126 MHz, CDG)) § 21.0, 32.7, 36.2, 41.4, 47.7,
50.4, 64.7, 100.8, 108.1, 109.1, 121.4, 121.6,6,284.8, 126.8, 134.1, 145.8, 147.5, 171.0.; IR
(neat)vmax 1239, 1364, 1442, 1489, 1502, 1738, 291'}’.(}I=HRMS[ES+] calcd for @H2004Na

[M + Na]" 335.1259, found 335.1253.

OR Pip

H H L
+
RO. .S ¢ 1 Ro. LS YF
W 5 H oY \\\ H
o+ ~ \L Pip > \L OR
oAc 1) N(p-BrPh); ) )

SbClg~ Pip Pip
CH,Cl,, 0°C [4-22 R=Ac l: 4-24 R =Ac
2) LiAIH, 4-23 R = H (46%, 4-25 R = H (30%,

two steps) R two steps)

4-21

RO W N
~ \L Pip

[ 4-26 R = Ac
4-27 R=H (12%,

two steps)

Diols 4-23, 4-25, and 4-27
Step 1: To a stirred solution of acetade21 (115 mg, 0.369 mmol) in Ci€l, (2 mL) was added
SbCE-N(p-BrPh) (9.0 mg, 0.011 mmol) at ®«. The resulting deep blue solution was stirred for

1 h and quenched with wet NE#&fter concentration of the reaction mixture, ttesidue was
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subjected to column chromatography. The fractiongtaining an inseparable mixture of
diacetates were combined and concentrated. The @uuluct mixture was directly used for the
next step.

Step 2: To a stirred solution of the diacetatedrin THF (3 mL) was added lithium aluminum
hydride (56 mg, 1.5 mmol) at®@ under Ar. After 1 h, the reaction mixture was ngheed with
water and with sat. NaOH solution. After stirrirag fan additional 2 h, the mixture was extracted
with diethyl ether (10 X 5 mL). The combined orgasplution was washed with brine, dried
over MgSQ, and concentrated. The residue was subjectedefpapative TLC (hexane: 2:
CH.Cl: MeOH = 1: 1: 1: 0.04) to afford the dia1s23 (52.9 mg, 46 %, colorless 0iB;25 (34.5
mg, 30 %, white solid, mp = 179-18@), 4-27 (13.8 mg, 12 %, colorless oil).

Diol 4-23 Rf value: 0.4 (hexane: Ed: CH.Cl,: MeOH = 1: 1: 1. 0.04)1H NMR (400 MHz,
CDCl) 6 1.39 (d,J=8.9 Hz, 1 H), 1.79 (m, 1 H), 1.87-1.94 (m, 2 R0 (m, 1 H), 2.12-2.28
(m, 4 H), 2.44-2.70 (m, 7 H), 3.24 (d#iz 10.9 and 5.6 Hz, 1 H), 3.31 (dd= 10.6 and 7.3 Hz,
1 H), 3.40 (dd,J= 10.9 and 8.3 Hz, 1 H), 3.52 (dti= 10.6 and 8.2 Hz, 1 H), 5.56 (brXk 10.4
Hz, 1 H), 5.64 (br dJ = 10.4 Hz, 1 H), 5,92 (m, 4 H), 6.00 Jt= 7.3 Hz, 1 H), 6.10 ( = 7.3
Hz, 1 H), 6.56-6.74 (m, 6 H}3C NMR (100 MHz, CDGJ) § 31.4, 37.3, 38.0 (two), 38.2, 40.8,
41.5117, 41.5410, 42.2, 42.5, 43.6, 44.1, 44.2,482.5, 63.0, 100.8 (two), 108.1 (two), 109.0,
109.2, 121.2, 121.4, 124.9, 131.9, 132.1, 134.8,7,3134.8, 145.6, 145.7, 147.5, 147.5.; IR
(neat)vmax 1040, 1243, 1441, 1488, 1502, 2919, 335%4.dARMS[ES+] calcd for GH370g

[M + H]* 541.2590, found 541.2578.

Diol 4-25 Rf value: 0.55 (hexane: £: CH,Cl,;: MeOH = 1: 1: 1: 0.04}H NMR (400 MHz,
CDCl3) 6 1.40 (d,J =9.1 Hz, 1 H), 1.78 (m, 1 H), 1.86-1.93 (m, 2 BP9 (m, 1 H), 2.13-2.27
(m, 3 H), 2.35-2.56 (m, 6 H), 2.63-2.68 (m, 2 HR3(dd,J = 10.9 and 5.6 Hz, 1 H), 3.34 (dHl,
=10.6 and 7.4 Hz, 1 H), 3.41 (dbiz 10.9 and 8.3 Hz, 1 H), 3.55 (dtiz 10.6 and 8.0 Hz, 1 H),
5.55 (br dJ =10.3 Hz, 1 H), 5.67 (ddd,= 10.3, 3.8 and 1.9 Hz, 1 H), 5,91 {d&5 1.4 Hz, 2 H),
5.92 (d,J=1.4Hz,2H),598 (1=7.3 Hz, 1 H), 6.17 () = 7.3 Hz, 1 H), 6.55-6.72 (m, 6 H).
3C NMR (100 MHz, CDGJ) & 31.7, 36.9, 38.3, 39.6, 40.0, 40.7, 41.2, 41.6]1615, 42.2499,
42.3, 43.8, 44.4, 45.3, 62.7, 63.0, 100.7, 10008,1, 108.2, 108.9, 109.2, 121.2, 121.4, 124.5,
132.2,132.9, 134.2, 134.4, 134.7, 145.6, 145.7,51447.5.; IR (neatymax 1040, 1245, 1441,
1488, 1502, 2918, 3356 €mHRMS[ES+] calcd for GH3/0s [M + H]* 541.2590, found
541.2582.
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Diol 4-27 Rf value: 0.35 (hexane: f£: CH,Cl,;: MeOH = 1: 1: 1: 0.04}H NMR (500 MHz,
CDCls)  1.29 (dd,J = 10.9 and 2.4 Hz, 1 H), 1.83 (m, 1 H), 1.89 (M{)1 1.92 (m, 1 H), 2.10
(m, 1 H), 2.12 (m, 1 H), 2.14 (m, 1 H), 2.21 (d& 9.6 and 8.0 Hz, 1 H), 2.24 (m, 1 H), 2.44 (m,
1 H), 2.47 (m, 1 H), 2.49 (m, 1 H), 2.60 (br dds 9.5 and 2.7 Hz, 1 H), 2.65 (brds 6.5, 1 H),
2.68 (br dJ = 6.6 Hz, 1 H), 2.76 (br f| = 6.9 Hz, 1 H), 3.28 (dd} = 10.9 and 5.7 Hz, 1H), 3.32
(dd,J = 10.6 and 7.7 Hz, 1 H), 3.46 (db= 10.9 and 8.8 Hz, 1 H), 3.50 (db= 10.6 and 7.9 Hz,

1 H), 5.63 (br dJ) = 10.4 Hz, 1 H), 5.81 (br d,= 10.4 Hz, 1 H), 5.91 (s, 2 H), 5.92 (s, 2 H) 46.2
(t, J=7.3 Hz, 1 H), 6.41 (] = 7.3 Hz, 1 H), 6.55-6.72 (m, 6 HYC NMR (126 MHz, CDG)) 5
32.0, 32.9, 33.2, 33.7, 36.1, 37.6, 40.3, 40.5),4%2.4, 43.1, 44.2, 44.8, 45.6, 62.8, 62.9, 100.8
(two), 108.1 (two), 108.9, 109.2, 121.2, 121.5, .026131.5, 134.2, 134.8, 135.0, 135.5,
145.6565, 145.7234, 147.5, 147.6.; IR (neatpx 1040, 1244, 1441, 1488, 1502, 2917, 3351
cm*. HRMS[ES+] calcd for @Hs706 [M + H]* 541.2590, found 541.2585.

Y
|:| OH MsCI |:|
S NEt3, CH2C|2, o
0°C,1h
HO_ &Y - YO § Y=
NS S H | \\\" S H |
\L Pip \L Pip
Pip Pip
4-23 NaCN, Nal, — 4-28 Y = OMs
DMF, 70 °C, L 429 Y = CN (74%
16h for two steps)

Dinitrile 4-29  Step 1: To a stirred solution of the d®b23 (16.5 mg, 30.5umol) in CHCI,
(0.5 mL) was added triethylamine (258, 183 umol) and methanesulfonyl chloride (7ul,
91.5umol) at 0°C under Ar. After 30 min, the reaction mixture wdikited with diethyl ether
(20 mL) and the resulting mixture was washed wittes, 5 % HCI, and sat. NaHG®olution.
The organic solution was then dried over MgSénd concentrated. The crude product was
directly used for the next step.

Dimesylate4-28 Rf value: 0.7 (Hex:EtOAc = 1:¥H NMR (400 MHz, CDC}) § 1.35 (d,J = 9.1

Hz, 1 H), 1.77 (m, 1 H), 1.91 (m, 2H), 2.13-2.24 @rH), 2.43-2.67 (m, 8 H), 2.89 (s, 3 H), 2.90
(s, 3H), 3.74 (dd) = 9.8 and 5.6 Hz, 1 H), 3.80 (dti= 9.7 and 6.4 Hz, 1 H), 3.97 &= 9.7 Hz,
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1H),4.17 (tJ=9.1 Hz, 1 H), 5.55 (br &, = 10.4 Hz, 1 H), 5.67 (br d,= 10.4 Hz, 1 H), 5,93
(m, 4 H), 6.04 (tJ=7.2 Hz, 1 H), 6.14 (1} = 7.2 Hz, 1 H), 6.54-6.74 (m, 6 H).

Step 2: To a stirred solution of the dimesylaBn DMF (1 mL) was added sodium iodide (2.3
mg, 15umol) and sodium cyanide (12.0 mg, 2dhol) at r.t. The resulting suspension was
heated to 76C and stirred for 16 h. Then it was diluted withy¢tacetate (20 mL) and washed
with water (10 mL X 3). The organic layer was thveashed with brine, dried over MggGand
concentrated. The residue was purified by colunmoraatography (Hex:EtOAc = 4:1) to afford
dinitrile 4-29(12.6 mg, 74 % in two steps, colorless liquid).

Dinitrile 4-29 Rf value: 0.7 (Hex:EtOAc = 2:1H NMR (500 MHz, CDC}) 6 1.36 (d,J = 9.1
Hz, 1 H), 1.75 (m, 1 H), 1.82-1.99 (m, 4 H), 2.022(m, 5 H), 2.29-2.42 (m, 2 H), 2.52-2.71
(m, 7 H), 5.55 (br dJ = 10.3 Hz, 1 H), 5.72 (ddd,= 10.3, 3.4 and 2.1 Hz, 1 H), 5.94 (m, 4 H),
6.07 (t,J = 7.2 Hz, 1 H), 6.36 (t) = 7.2 Hz, 1 H), 6.55-6.74 (m, 6 H)C NMR (500 MHz,
CDCl) 6 16.9, 17.8, 31.9, 37.5, 37.6 (two), 37.8, 37.90389.9, 41.2, 41.3, 42.5, 43.6, 43.9,
47.1, 100.8, 100.9, 108.2021, 108.2421, 108.8,1114.9.0, 119.4, 121.2, 121.5, 123.5, 133.0,
133.3, 133.5, 133.7, 134.0, 145.8, 145.9, 147.5789,6499.; IR (neat)max 1039, 1240, 1441,
1488, 1502, 2242, 2920 EmHRMS[ES+] calcd for GHsN,04 [M + H]* 559.2597, found
559.2591.

Y
cN  H20; (35%) H
H EtOH-THF, :
5 reflux, 6 h
Y S Z e,
. > ‘o \ \"\ S |:| |
NC S Y - i ! ~ :
\\\"\ N H Fl) W\ P|p
i
\L P Pip
Pip
CH3CHO, 4-30 Y = CONH,
4-29 Et;SiH, TFA,
CH4CN, 4-1F Y = CONHEt (38%
it, 15 h for two steps)

Kingianin F (4-1F)

Step 1: To a stirred solution of dinitri#e29 (14.1 mg, 25.2imol) in EtOH-THF (2.5 mL - 0.5
mL) was added ag. NaOH sol'n (0.05 mL, 7 M) andpaize HO, sol'n (0.6 mL, 35 % in
water) at 0°C. Then, the mixture was warmed to room temperatstiered for 30 min, and

heated to reflux. After 3 h, the same amount of Naadd HO, sol'n was added to the mixture.
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After stirring for additional 3 h, the reaction rtixe was diluted with brine and extracted with
CHCl; (15 mL X 5). The combined organic solution was kekwith brine, dried over N&O,,
filtered, and concentrated. The residue was usethénext step.

Step 2: The residue from step 1 was placed in 3rimlLand flushed with Ar for 10 min. To the
stirred clear solution of the crude product inZCN (1.5 mL) was added acetaldehyde (8.4
151 umol), triethylsilane (24.3iL, 151 umol), and trifluoroacetic acid (1046L, 139 umol) in
that order at r.t. Then, the vial was capped aradedewith parafilm. After stirring 15 h, the
reaction mixture was diluted with GBI, (30 mL) and washed with sat. NaH&g&»I'n and brine,
dried over NgSQ4, and concentrated. The residue was subjectedefoamative TLC (hexane:
EtOAc = 1:2) to afford Kingianin F (6.2 mg, 38 %hite solid, mp = 86-91C, lit'2. 90-95°C).

Rf value: 0.2 (hexane: EtOAc = 1:2). Fot NMR (500 MHz, pyridine-g) and**C NMR (126
MHz, pyridine-@), see Tables 4-3 and 4-4 in the supporting infeiona IR (neatjvmax 1039,
1244, 1441, 1488, 1502, 1548, 1641, 2922, 3292 cm

H Imid.

y CH,Cl, 5
| J N r.t. )
SO - v —_— N B ‘“,

|\“‘\ < H Cl)H 77 % |\“‘\ S H I
Pip Pip
| 4-31

OH 4-10

[

Diiodide 4-31 To a stirred solution of triphenylphosphine (58 @2 mmol) and imidazole
(25 mg, 0.37 mmol) in C¥Cl, (1.5 mL) was added iodine (56 mg, 0.22 mmol) & Qinder Ar.
The mixture was stirred for 20 min and treated diigp with a solution of the di@l-10 (20 mg,
0.037 mmol) in CHCI, (0.5 mL). Then, the mixture was warmed to room terafure for 1 h.
The resulting suspension was filtered. The filtrates diluted with ethyl ether (10 mL) and
washed twice with sat. N&O; solution. The combined aqueous solution was etddawith
CH.Cl, (5 mL X 3). The combined organic solution was veakkvith brine, dried over MgSQO
and concentrated. The residue was subjected toncotihromatography (Hex:EtOAc = 20:1) to
afford the diiodide4-31(21.7 mg, 77 %) as a colorless oll.

Rf value: 0.5 (Hex:EtOAc = 10:TH NMR (500 MHz, CDC}) § 1.83-1.92 (m, 2 H), 1.99 (d,=
8.9 Hz, 1 H), 2.07-2.27 (m, 5 H), 2.49 (m, 2 HR&2.67 (m, 6 H), 2.93-3.03 (m, 4 H), 5.59 (br
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d,J=10.4 Hz, 1 H), 5.68 (ddd,= 10.4, 3.1 and 2.0 Hz, 1 H), 5.91 (s, 2 H), 592 H), 6.11 (t,
J=7.3Hz, 1H),6.23 ()= 7.3 Hz, 1 H), 6.56-6.72 (m, 6 HYC NMR (126 MHz, CDGJ) &
11.6, 13.5, 32.1, 34.8, 35.5, 37.5783, 37.6140,,3B.2, 42.2, 43.5, 44.6, 45.2, 45.3, 45.8, 46.8,
100.7 (two), 108.1, 108.2, 108.7, 108.8, 120.96420.9749, 125.1, 132.1, 132.3, 134.4,
134.8291, 134.8485, 145.5, 145.6, 147.5 (two).{riBat)vmax 938, 1039, 1247, 1442, 1488,
1501, 2919 cr.

Pip N Pip

H CO,Me H
S N|C|2'6H20 1
Zn, Pyr, r.t. R | "

| 70 %
|

4-32
CO,Me

COZMe

Diester 4-32 The procedure of Manchand et al was adafftédmixture of NiCh-6H0 (32.8
mg, 138umol), Zn (45.1 mg, 69@mol), and methyl acrylate (57,4, 634 umol) in pyridine
(0.5 mL) was stirred at 68C for 30 min under Ar. The resulting reddish brolgterogeneous
suspension was cooled to room temperature ancetr@ath a solution of diiodidé-31(21.0 mg,
27.6 umol) in pyridine (0.5 mL). After 4 h, the reactionixture was filtered through a pad of
Celite and washed with EtOAc. The filtrate was withwith EtOAc (15 mL) and washed with
5 % HCI (10 mL X 2). The organic solution was theashed with sat. NaHCGGsol'n, brine,
dried over MgS@ and concentrated. The residue was subjected ltonoochromatography
(Hex:EtOAc = 5:1) to afford the dieste4s32(13.1 mg, 70 %) as a colorless oil.

Rf value: 0.5 (Hex:EtOAc = 1:2H NMR (MHz, CDC}) § 1.12-1.71 (m, 11 H), 1.79 (m, 1 H),
2.00 (m, 1 H), 2.11 (m, 1 H), 2.16-2.25 (m, 6 HB2(m, 1 H), 2.45-2.66 (m, 7 H), 3.65 (s, 3 H),
3.66 (m, 3 H), 5.56 (br &= 10.4 Hz, 1 H), 5.64 (ddd,= 10.4, 3.0 and 2.0 Hz, 1 H), 5.89 (s, 2
H), 5.91 (s, 2 H), 6.06 (f] = 7.3 Hz, 1 H), 6.20 (t) = 7.3 Hz, 1 H), 6.55-6.70 (m, 6 HyC
NMR (126 MHz, CDC}) 6 22.7, 23.2, 32.6, 34.1, 34.5, 34.7, 35.5, 36.13662386, 38.2, 38.5,
39.1, 39.3, 41.7, 42.6, 43.3525, 43.4203, 43.9,44b.1, 51.4048, 51.4349, 100.6 (two), 108.0
(two), 108.7575, 108.8181, 120.9, 121.0, 125.4,.0,3232.2, 134.8, 135.4, 135.8, 145.3009,
145.3130, 147.3997, 147.4370, 174.1, 174.2. IRt{neaax 1246, 1440, 1488, 1503, 1737,
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2914 cnit. HRMS[ES+] calcd for GHagOs [M + H]* 681.3427, found 681.3425.

Pi Pi
H P NaOH, H P
5 EtOH B
rt.
z// '//
93 % L‘
CO,
COZMe H

CO,H
Kingianin H (4-1H)

Kingianin H (1H)

To a stirred solution of diestdr32 (12.5 mg, 18.3ummol) in EtOH-HO (2 mL/0.2 mL) was
added NaOH (7.30 mg, 180nol) at room temperature. The mixture was stirreeroight and
concentrated. The residue was dissolved in wategraardified with 1 N ag. HCI solution. The
resulting mixture was extracted with @&, (20 mL X 3). The combined organic solution was
then washed with water, and brine, dried over Mg®@d concentrated to afford the kingianin H
(11.2 mg, 93 %, white solid, m.p = 59-83, lit'® mp not reported).

Rf value: 0.5 (Hex:EtOAc = 5:FH NMR (400 MHz, CDGJ) &. **C NMR (100 MHz, CDGJ) &.

see Tables 4-5 and 4-6. IR (neat)ax 924, 1039, 1186, 1245, 1442, 1488, 1503, 17943 cm
1

OH |2, Pph3 |
S r.t. :
HO X\ H | 8% G R ’
\L Pip ' \L Pip
Pip Pip
4-23 4-33

Diiodide 4-33 To a stirred solution of triphenylphosphine (72 @8 mmol) and imidazole

(19 mg, 0.28 mmol) in C¥Cl, (1.0 mL) was added iodine (63 mg, 0.28 mmol) & Qinder Ar.

The mixture was stirred for 20 min and treated digep with a solution of the diat-23 (15.0

mg, 27.7 umol) in CkCl, (0.5 mL). Then, the mixture was warmed to room terajure for 1 h.
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The resulting suspension was filtered. The filtrai@s diluted with ethyl ether (10 mL) and
washed twice with sat. N&O; solution. The combined aqueous solution was etddawith
CH.CI, (5 mL X 3). The combined organic solution was waskvith brine, dried over MgSO
and concentrated. The residue was subjected toncotihromatography (Hex:EtOAc = 20:1) to
afford the diiodidet-33(17.9 mg, 85 %) as a colorless oil.

Rf value: 0.5 (Hex:EtOAc = 10:¥H NMR (500 MHz, CDCJ) 6 1.33 (d,J = 9,0 Hz, 1 H), 1.68
(m, 1 H), 1.80-1.87 (m, 2 H), 2.03-2.24 (m, 4 H}&2.59 (m, 5 H), 2.64 (dd,= 12.9 and 6.9
Hz, 1 H), 2.70 (ddJ = 13.7 and 6.8 Hz, 1 H), 2.76-2.81 (m, 3 H), 2@&,J = 9.1 and 6.9 Hz, 1
H), 3.11 (t,J = 9.1 Hz), 5.69 (br d] = 11.7 Hz, 1 H), 5.72 (br d,= 11.7 Hz, 1 H), 5.93 (s, 2 H),
5.95 (s, 2 H), 6.00 (] = 7.2 Hz, 1 H), 6.12 () = 7.2 Hz, 1 H), 6.55-6.73 (m, 6 H}C NMR
(126 MHz, CDC}¥) 6 6.9, 7.1, 33.0, 37.1, 37.8718, 37.9093, 39.7,,4012, 42.0, 42.3, 45.0920,
45.1396, 45.2, 48.5, 100.7593, 100.8013, 108.1,210®8.9, 109.0, 121.3, 121.4, 123.1, 132.5,
133.0, 134.0, 134.3, 134.4, 145.7, 145.8, 147.3,614IR (neatyvmax 733, 1040, 1242, 1441,
1487, 1501, 2920 ¢t

Y
CN Y
H B
' DIBAL, -78 °C
Yo SN 2
NC_ : Noex$ H
W N | . Pip
\L Pip
Pi
pip 429 P
NaBH,, — 4-35 Y =CHO
g"gg” 4-36 Y = CH,OH (33%

for two steps)

Diol 4-36 Step 1: To a stirred solution of the dinitdl9 (17.8 mg, 31.9umol) in CHCI, (1.5
mL) was added dropwise DIBAL (1.0 M in hexane, 70L0 70.0umol) at — 78C. The mixture
was stirred for 4 h at the same temperature, quehehth sat. NHCI sol'n, treated with 10 %
potassium sodium tartrate. The resulting mixture stared for 1 h and extracted with &, (5
mL X 5). The organic solution was dried over MgSConcentrated, and directly used for the

next step.
Step 2: To a stirred solution the dialdehydd5 in MeOH (1.0 mL) was slowly added NaBH

(3.6 mg, 95.6umol) at 0°C. The mixture was stirred for 30 min and quenchét sat. NHCI
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sol'n, extracted with ethyl acetate (5 mL x 3). T¢mmbined organic solution was then dried
over MgSQ, concentrated, and subjected to silica gel colehmomatography (Hex: EtOAc =
2:1) to afford the dio#-36 (6.1 mg, 33 %) as colorless oil.

Rf value: 0.6 (Hex:EtOAc = 1:H NMR (MHz, CDCk) 6 1.30 (m, 1 H), 1.42 (m, 1 H), 1.49-
1.62 (m, 3 H), 1.72 (m, 1 H), 1.80-1.87 (m, 3 HP42.12 (m, 4 H), 2.7 (m, 2 H), 2.50 (m, 1 H),
2.56 (m, 4 H), 3.33 (m, 2 H), 3.47 (m, 2 H), 5.684,J = 10.4 Hz, 1 H), 5.62 (br d,= 10.4 Hz,

1 H), 5.92 (s, 2 H), 5.94 (s, 2 H), 5.97J& 6.8 Hz, 1 H), 6.11 (t) = 6.8 Hz, 1 H), 6.55-6.74 (m,
6 H). *C NMR (126 MHz, CDGCJ) § 32.3, 32.9, 33.4, 38.0, 38.2, 38.6 (two), 38.90381.0,
42.0, 42.6, 42.7, 43.8, 44.3, 47.2, 61.8, 61.9,.71,0awo), 108.0 (two), 109.0, 109.3, 121.2,
121.5, 125.3, 131.9951, 132.0289, 134.6, 134.8,113%5.5, 145.6, 147.4 (two). IR (neat)ax
1040, 1243, 1441, 1488, 1502, 2917, 3347 cm

CO,Et
1) MsCl, NEts, 0 °C

OH  2) diethylmalonate, CO,Et
Nal, NaH, THF, r.t.
to reflux CO,Et
OH EtO,C |
\\W\‘: 3 |;| /"|_ 51 % for 2 steps WS F
\L Pip
Pip i
4-36 4-37

Dimalonate4-37 Step 1: To a stirred solution of the deB6 (6.1 mg, 10.7umol) in CHCI,
(2.0 mL) was added triethylamine (uQ, 64 umol) and methanesulfonyl chloride (24&, 32
umol) at 0°C under Ar. After 30 min, the reaction mixture wdikited with diethyl ether (10
mL) and the resulting mixture was washed with wei€¥ HCI, and sat. NaHGOolution. The
organic solution was then dried over MgS@nd concentrated. The crude product was directly
used for the next step.

Step 2: To a stirred solution of NaH (60% dispersio oil, 7.70 mg, 193umol) in THF (3.0
mL)-DMF (0.3 mL) was added diethylmalonate (3215 214 umol) at r.t. After 30 min, the
mixture was treated with mesylate in THF (0.2 mhyadal (0.8 mg, 5.4umol). The reaction
mixture was then heated to reflux and stirred ®rhl The resulting mixture was cooled to r.t.,
guenched with sat. NH4Cl so’'n, and extracted witthyl ether (10 mL X 3). The combined
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organic solution was dried over Mgg@Cconcentrated, and subjected to silica gel column
chromatography (Hex: EtOAc = 5:1) to afford the dsylate4-37 (4.7 mg, 51 %) as colorless
oil.

Rf value: 0.5 (Hex:EtOAc = 5:H NMR (MHz, CDCE) & 1.24 (m, 17 H), 1.54 (m, 1 H), 1.61-
1.83 (m, 7 H), 1.95-1.2.08 (m, 4 H), 2.36 (m, 2 BL2 (m, 5 H), 3.18 (m, 2 H), 4.17 (m, 8 H),
5.50 (br d,J = 10.4 Hz, 1 H), 5.59 (br d,= 10.4 Hz, 1 H), 5.91-5.94 (m, 5 H), 6.03Jt 7.2

Hz, 1 H), 6.52-6.73 (m, 6 H}°C NMR (126 MHz, CDG) § 14.0590 (two), 14.0842 (two), 27.2,
27.4, 27.5, 28.0, 32.1, 38.0505, 38.0845, 38.3,3R).9, 41.7, 42.0, 42.2, 42.5, 42.7, 43.6, 44.0,
47.2,52.1, 52.2, 61.2 (four), 100.7, (two), 108wo), 109.0, 109.2, 121.2, 121.5, 124.9, 131.9,
132.1, 134.6, 134.8, 135.1, 145.4528, 145.5236.414%0), 169.4, 169.5 (two), 169.5. IR (neat)
vmax 1036, 1146, 1324, 1375, 1463, 1742, 2922.cm
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Chapter 5

Arisugacin A; Background

and Retrosynthesis
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5.1 Introduction: Bioactivity and Structure of (Ayisugacin A

(x)-Arisugacin A §-1), a microbial metabolite, was isolated togethahwierritrem B and C,
from the culture broth oPenicillium sp. FO-4295 in 1995° These natural products are potent
inhibitors of acetylcholine esterase (AChE). Inhdn of the AChe has been used as one of the
clinical treatments of Alzheimer’s disease (ADJhe therapeutic role of AChE inhibitors is to
maintain the concentration of the acetylcholinenearotransmitter which is involved in the
memory process.

In particular, high selectivity against AChE smabserved in case of (x)-Arisugacin A, while
tacrine (an AD drug approved by the FDA) displapedselectivity that causes the overdose. To
date, only a few drugs including tacril donpezil**’ rivastigmine and galantimin® have
been approved for the treatment of AD. As a higidlective and potent AD drug, (£)-arisugacin
Ais an intriguing synthetic target.

(x)-Arisugacin A has a tetracyclic skeletonathich four continuous stereogenic centers and a
2-aryl-u-pyrone are incorporated. The construction of twgudar tertiary alcohols and two
angular methyl groups at the ring junctures of &BC ring system is considered to be
synthetically challenging. The structures of arastig A and its congeners are depicted in Figure
5-1 and Table 5-1.

15 Arisugacin, a Novel and Selective Inhibiotr of Adeholinesterase from Penicillium sp. FO-
4259. Omura, S.; Kuno, F. Otoguro, K.; Sunazuka,Shiomi, K.; Masuma, R.; lwai, YJ.
Antibit. 1995 48, 745.

"8 Tacrine. Davis, K. L.; Powchik, Pancet1995 345, 625-630.

117 Donepezil. Bryson, P.; Benfield, P. DonepeRilugs Agingl997, 10, 234-239.

118 Review of the acetylcholinesterase inhibitor gdlamine. Sramek, J. J.; Frackiewicz, E. J.;
Cutler, N. R. Review of the acetylcholinesteradaliitor galanthaminefExpert Opin. Investg.
Drugs200Q 9, 2393-3402.
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Table 5-1. Arisugacin A and its congeners

R? R? R3
Arusugacin A (5-1) H OMe OMe
Arusugacin B (5-2) H OMe H
Territrem A (5-3) -OCH,0- OMe

Territrem B (5-4) OMe OMe OMe
Territrem C (5-5) OMe OH OMe

Figure 5-1 (£)-Arisugacin A b-1) and its congeners

5.2 Previous Syntheses

5.2.1 Omura’s synthesis

In 2002, Omura and coworkers reported the ficdal synthesis of arisugacin A. They

employed an enantiomerically puce B-unsaturated aldehyds-6'°

bearing an angular tert-
alcohol, which reacted with-pyrone5-9 in the presence of L-proline, to afford a diekteby

eliminating proline. Then, dienB-10 underwent a %-electrocyclization, providing tetracylic
structure5-11 The tetracyclés-11 was converted to (x)-Arisugacin A-1) by the additional
steps including the stereoselective introductiontlué other tertiary alcohol. Finally, (z)-

Arisugacin A 6-1) was achieved in 6.8 % overall yield from the &lg#e5-6. (Scheme 5-1)%°

119 Total Synthesis of Forskolin - Part I. Delpech; Balvo, D.; Lett, RTetrahedron Lett1996
37,1015-1018.

120 The First Total Synthesis of (+)-Arisugacin A, aténht, Orally Bioavailable Inhibitor of
Acetylcholinesterase. Sunazuka, T; Handa, M; NagaiShirahata, T.; Harigaya, Y.; Otoguro,
K; Kuwajima, I.; Omura, SOrg. Lett.2002 4, 367-369.
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Scheme 5-10mura’s synthesis

5.2.2 Hsung’s synthesis

In 2003, Hsung and coworkers have completeddta synthesis of (+)-Arisugacin A. Their
synthesis also featured [3+3] cycloaddition as & keaction to construct the ABCD ring
backbone in one pdt! Previously, they illustrated the study about cingplreaction between
iminium salt andr-pyrone by way of [3+3]-cycloaddition reaction asapproache to arisugacin
backboné?

121 A Concise Stereoselective Route to the Pentacyet@meworks of Arisugacin A and
Territrem B. Zehnder, L. R.; Hsung, R. P.; WangGblding, G. M.Angew. Chem. Int. E@00Q

39, 3876.

122 The total synthesis of (+)-arisugacin A. HsungPR.Cole, K. P. Zehnder, L.R.; Wang, J. Wei,
L, -L.; Yang, X. -F. Coverdane, H. Aetrahedron2003 59, 311.
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The [3+3] cycloaddition between iminium saifi2 and 2-aryl-4-hydroxypyron®-8 produced
the key intermediat&-11, containing the ABCD ring system The total synth€Scheme 5-2).
The total synthesis completed in 10 steps fromatdehydes-6.

piperdidinium acetate

[3+3] cycloaddition

Ar = 3,4-dimethoxyphenyl

Scheme 5-2Hsung’s synthesis

5.2.3 Jung’s approach

In 2005, Jung and Min disclosed the synthesis atrmyclic compounds by a route based on
the intramolecular Diels-Alder reaction of a furéddMDAF). Here, they claimed that the
resulting Diels-Alder product would be investigafedthe elaboration of arisugacin’A’

In 2007, the authors described their synthetic @ggres to the AB ring system of arisugacin
A (Scheme 5-3¥?* They introduced two synthetic routes to the hightjdized trans-decalin: 1)
IMDAF reaction of the substrate 13and 2) @-electrocyclization of the trieng-16 followed by

123 |Intramolecular Diels-Alder Reaction of Opticallyx#ive Allenic ketones: Chirality Transfer in
the Preparation of Substituted Oxa-Bridged Octadodang, M. E.; Min, S. -J. Am. Chem. Soc
2005 127, 10834-10835.

124 Approaches to the synthesis of arisugacin A. JVhgE.; Min, S. -J Tetrahedron 2007, 63,
3682-3701.
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cycloaddition between the diebel7 and singlet oxygen. By the second approach, thetalied

the angular tert-alcohols.

route 1

5-14 515

R = CN or CO2Bn
route 2

6pi-electro R (;:OZR

cyclization

5-17

Scheme 5-3Jung’s approach

5.3 Our retrosynthesis of arisugacin A

We envisaged that the preparation of polyol&fip2 containing tetrasubstitued vinyl silanes
followed by the cyclization under acid catalysis uleb give the ring systend-21 of (f)-
Arisugacin A. If the cyclization of thB-22is successful, twiert-silyl groups of the tetracycle-

21 could be transformed into tert-alcohols by the @arransformatiof?®

We thought that tetrasubstituted)-¢inyl silane allylic alcohol5-23 would be an important
precursor for the synthesis of the polyén@2 This alcohol might be achieved by the ring
opening of oxasilob-24 (Scheme 5-4).

In this proposed synthesis, the key reactioasrathree parts. First, the efficient and scaabl
synthesis of the key starting mateaf3is required. Second, the conditions for the cytian

125 gynthetic Stitching with Silicon: Geminal Alkylati-Hydroxylation of Alkynyl Carbonyl
Compounds. Trost, B. M.; Ball, Z. 3. Am. Chem. So2004 126, 13942-13944. See references

therein.
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of the substraté-22 bearing secondary allylic alcohol and silyl grogpsuld be explored. Third,
the Tamao oxidation of the angular silyl groupsas trivial. Thus, the many conditions for that

transformation should be screened.

Transformation
(-SiR3 —-OH)

acid-
catalyzed
polycyclization

R
?
R~Sj_/
|
R R
5-24

Scheme 5-4Retrosythesis of Arisugacin A
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Arisugacin A; Synthetic study

of oxasilacycles
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6.1 Introduction
6.1.1 Vinylsilanes

In chapter 5, we designed the total synthefsaisugacin A. In the retrosynthetic scheme, the

vinylsilane6-1 was a key starting material.

OH

R)I

RsSIT R
6-1

Figure 6-1 Vinlysilane

Vinylsilanes have played an important role in oigasynthesis because of their synthetic
utilities, low cost, low toxicity, ease of handlingnd simplicity of byproduct remov&® The
preparation of vinylsilanes, including-(E) vinylsilanes?’, g-(Z) vinylsilanes?®, and o-

vinylsilanes'®has depended on the metal-catalyzed hydrosilylatidgerminal alkynes.

126 @) Ojima, I; Li, Z.; Zhu, J. Inhe Chemistry of Organiosilicon Compounéappoport, Z.;
Apeloig, Y., Eds.; John Wiley & Sons: Great Britaitf98; Vol. 2, pp 1687-1792. (b) Alkyne
Hydrosilylation Catalyzed by a Cationic Rutheniur@omplex: Efficient and General Trans
Addition. Trost, B. M.; Ball, Z. TJ. Am. Chem. So2005 127, 17644-17655.

127" (@) Organolanthanide-Catalyzed Cyclization/Silgiat of Nitrogen-Containing Enynes.
Molander, G. A. Corrette, C. B. Org. Chem 1999 64, 9697. (b) Highly Stereoselective
Hydrocarbation of Terminal Alkynesia Pt-Catalyzed Hydrosilylation/Pd-Catalyzed Cross-
Coupling Reactions. Denmark, S. E.; Wang,(fg. Lett 2001, 3, 1073. (c) Metal-Catalyzed
Hydrosilylation of Alkenes and Alkynes Using Dimglfpyridyl)silane. Itami, K.; Mitsudo, K.;
Nishino, A.; Yoshida, 1J. Org. Chem2002 67, 2645.

128 (3) Ojima, I. Kumagai, MOrganomet. Chenm 974,66, C14-C16. (b) Exclusive formation of
cissPhCH:CH(SIE$) by addition of triethylsilane to phenylacetylenatalyzed by ruthenium
complex [(MeCH)sPLRUHCI(CO). Esteruelas, M. A.; Herrero, J.; Oro,A..Organometallics

1993 12, 2377. (c) Lewis Acid Catalyzedrans-Allylsilylation of Unactivated Alkynes.
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In particular, the synthesis oE)tvinylsilane allylic alcohols has been reported sgveral
methods: platinum-catalyzed addition of trimethgise to prop-1-ynyl pivalate followed by
reduction of carbonyl grodp” 1,4-O to sp-C silyl rearrangement from allylic silyl etHéf, the
tin(IV) chloride-promoted coupling reaction follodéy elimination of thiolate by DB with
“reverse Brook” rearrangement? Although many methods have been developed for (Z)-
vinylsilane allylic alcohols, few synthetic methotave been reported for the preparation of

tetrasubstitutedZ)-vinylsilanes.

6.1.2 Retrosynthesis of an Oxasilole Containingtabubstituted Olefin
6.1.2.1 Previous synthesis of trisubstituted (Z)yisilane using RRCM strategy

In the Parker group’s continuing efforts on #iyathesis of discodermolide, Xie et al. reported
that relay ring closing metathesis (RRCM) provided dihydrooxasilines-3 in 92 % yield
(Scheme 6-13* Note that )-vinylsilane 6-4 was then obtainevia ring closing (RRCM)/ ring

opening strategy.

Yoshikawa, E.; Gevorgyan, V.; Asao, N.; Sudo, Tamamoto, YJ. Am. Chem. So&997, 119,
6781. (d) HighlyStereoselective and Efficient Hydrosilylation offgnal Alkynes Catalyzed by
[RuCl(p-cymene)}. Na, Y.; Chang, SOrg. Lett 200Q 2, 1887.

129 Synthetic routes to halomethyl vinylsilanes. Stk Jung, M. E.; Colvin, E.; Noel, ¥. Am.
Chem. Sacl974 96, 3684.

130 A new stereoselective synthesis @j-ginylsilane allylic alcohols. Kim, K. D.; Magrigt, P.
A. Tetrahedron Lett199Q 31, 6137.

131 Copper(l)tert-Butoxide-Promoted 1,4 ¥+to-O Silyl Migration: Generation of Vinyl Copper
Equivalents and Their Stereospecific Cross-Coupluiip Allylic, Aryl, and Vinylic Halides.
Taguchi, H.; Ghoroku, K.; Tadaki, M.; Tsubouchi; Aakeda, TJ. Org. Chem2002 67, 8450.
132Brook, A. G.; Bassindale, A. R1 Rearrangements in Ground and Excited StadesMayo, P.,
Ed.; Academic Press: New York, 1980; Essay 9, Md@cRearrangements of Organosilicon
Compounds.

133 A Relay Ring-Closing Metathesis Synthesis of Dilykasilines, Precursors of (Z)-lodo
Olefins. Xie, Q.; Denton, R. W.; Parker, K. @rg. Lett.2008 10, 5345-5348.
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o Grubbs Il \/ MeLi, THF OH
_ CH,Cl,, rt. o -78°C t0 0 °C
| 7
\ quant. SiMe;

6-2 5 6-3 (92 %) 6-4

Scheme 6-1Synthesis of vinylsilane by relay ring closingtatbesis
6.1.2.2 Retrosynthesis of tetrasubstitut@dvinylsilane allylic alcohol

Our first goal then was to develop an efficient tegtic route to the tetrasubstituted)-
vinylsilane allylic alcohol. We planned to preparenodel compouné-5 by way of the ring
closing/ring opening strategy that was used in 8&hé-1.

We envisaged that the use of the RRCM procedurddwiald the oxasiloles-6 from silyl
ether6-7. The 3-step sequence form 5-hexen-5-dl2 (oxidation of6-12, Horner-Wadsworth-
Emmons (HWE) olefination using a phosphon@t&l, and the 1,2-selective reduction of the
ketone6-9) was expected to give allylic alcoh®8. The O-silylation of the alcohd-8 should
give silyl ether6-7.

HWE
Olefination

(@]
M\OH —— /\MO + R242: &——

6-12 6-10 P(OMe),

© 6-11

Rl

Scheme 6-2Retrosythesis of tetrasubstituteg-yinylsilane allylic alcohol
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6.1.3 Synthetic examples of oxasiloles

Oxasiloles containing a tetrasubstituted ol€fith3 (Figure 6-2) have served as masked allylic
alcohol derivative$®* and been widely used as valuable synthetic intdiames in many
transformations such as oxidations, cross-coupliagg cycloaddition$* As for the preparation

of oxasiloles containing a tetra-substituted okefitiree procedures have been developed so far.

R4

0 3
I / R
R]—/'SI
Rl RZ

6-13

Figure 6-2 Oxasiloles

In 1977, the Ishikawa group reported the synthesgtrimethylsilyl-4-phenyl oxasilol&® In
their communication, they described the synthekik-silacyclopropen®-15 by UV irradiation
of (pentamethyldisilanyl)phenylacetylen@14). Then, the insertion of activated acetone into 1-

silacyclopropené&-15 provided oxasilole§-17 and6-18(Scheme 6-3).

134 (@) Silacyclopropenes. 2. Two-atom insertion reast of 1,1-dimethyl-2,3-
bis(trimethylsilyl)silirene. Seyferth, D.; Vick, 6.; Shannon, M. LOrganometallics1984 3,
1897-1905. (b) Nickel-catalyzed preparation of estelefined allylic alcohols using silicon-
tethered ynals. Lozanov, M.; MontgomeryJTétrahedron Lett2001, 42, 3259-3261.

135 (@) Development of Reactions of SilacyclopropanesNew Methods for Stereoselective
Organic Synthesis. Franz, A. K.; Woerpel, K. Acc. Chem. Res200Q 33, 813. (b)
Intramolecular Diels—Alder Reactions of Siloxacymmtene Constrained Trienes. Halvorsen, G.
T.; Roush, W. ROrg. Lett.2007, 9, 2243.

136 photolysis of Organopolysilanes. Formation andcieas of Substituted 1-Silacyclopropene
and 1-Sila-1,2-propadiene. Ishikawa, M.; Fuchikaimj,Kumada, M.J. Am. Chem. So04977,

99, 245-247.
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hv — MesSi M
Ph—=—SiMe,SiMe; \/ + & I\C:C:Si: ©
. /
S
6-14 S\ 615 PR 616
Me Me
Me,CO
51 % l l 2%
Ph  SiMe, Ph  SiMe,
MeZC\O/SiMeZ MeZSi\O,CMeZ
6-17 6-18

Scheme 6-3Ishikawa’s synthesis of oxasilioles

In 2004 Clark and Woerpel disclosed the silver catalyzeulsssis of oxasilacyclopropenés
21 from the functionalized alkynés19. This highly reactive speci€s21was not easy to isolate.
Thus, they developed a one pot reaction in whiah ithsitu prepared oxasilacyclopropenes
reacted with the carbonyl-containing substrate undepper catalyst, producing the

oxasilacyclopentene&22in high yields with high regioselectivity (Scheiet) >’

S./t'Bu
'St-By 620 tBu.g -t-Bu

RL—R? I
AgsPO, (10 mol %) R! R?
6-19 6-21
6-20
./t'Bu t-BU
0,
@SI\t-Bu AGPO (10MoI%) g (-0
Rl _— RZ R3
- CuL,, (15 mol %), R3COR* RN R*
6-19 622 Rl

R! = Me;Si, Ph, CH,OTIPS, BnNMe
R2=H, Me
L =1or (OTf),

5 examples, 72-94 %
with high regioselectivity

Scheme 6-4Woerpel’s synthesis of oxasiloles

137 Formation and Utility of Oxasilacyclopentenes Ded from Functionalized Alkynes. Clark,
T. B.; Woerpel, K. AJ. Am. Chem. So2004 126, 9522-9523.
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In 2008, Baxter and Montgomery reported the kelicatalyzed dehydrogenative
cyclocondensation of aldehydés23 alkynes6-24, and diethylsilane to provide oxisilolés25
in a one-step process® This method provided highly functionalized oxi$él® with high
regioselectivity (Scheme 6-5).

Et

j\ R® Ni(COD) ‘Si’Et
. 2 o~

1t Z + Et,SiH R3
H R Rz/ ?>"2  IMes-HCI, KO-t-Bu 1/‘\/87
6-23 6-24 Al(O-i-Pr), R2 625
cr- 53-85 %
IMes - HCI = —\ 4 with high regioselectivity
Mes/NVN\MeS

R! = Ph, n-Pr, Cy, etc..
R? = H, Me, Et
R® = Ph, n-Hex, Et, isopropenyl, n-pentyl

Scheme 6-5Montgomery’s synthesis of oxasiloles

6.1.4 Relay Ring Closing Metathesis

The ring closing metathesis (RCM) reaction has hesad as a powerful tool not only for the
synthesis of small carbocycles but also for meditormacro- carbocycles for several decades.
Because of the air-stability and commercial avdlitgbof ruthenium alkylidene catalysts
including Grubbs catalyst | and its derivativ@26, 6-27, 6-28 and etc (Figure 6-3), the RCM
reaction has been utilized by many synthetic chisti3

138 Dehydrogenative Cyclocondensation of AldehydekyAés, and Dialkylsilanes. Baxter, R.
D.; Montgomery, JJ. Am. Chem. So2008 130, 9662-9663.

139 Recent reviews, references herein: (a) Metal-Medi&ynthesis of Medium-Sized Rings. Yet,
L. Chem. Rev.200Q 100 2963-3008. (b) Microtubule-Stabilizing Marine Mbolite
Laulimalide and Its Derivatives: Synthetic Approastand Antitumor Activity. Mulzer, J.; Ohler,
E. Chem. Rev2003 103 3753-3786. (c) Synthesis of Oxygen- and NitroGemtaining
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[\

/—\ MGNYNMG
o FI’CY3 MesN\l/NMes CI’Ru_
R Cl- Cl |
cro Ru=\
Y3 PCy3P \(
6-26 6-27 6-28
Grubbs | Grubbs 11 Grubbs-Hoveyda I

Cy = cyclohexyl, Mes = 2,4,6-trimethylphenyl
Figure 6-3. Representative ruthenium alkylidene catalysts

Despite numerous uses of RCM reaction in mabypratories, the application is sometimes
limited when alkenes of the substrates are stéyitéhdered or electronically deactivated. For
example, the RCM reaction of the substrét€9 was not successful. In 2004, Hoye et al.
reported a solution for these problef8In this report, a new concept “relay ring closing
metathesis (RRCM)” was introduced as a complemgngtmategy for the RCM reaction of
unactivated alkenes. The relay moiety (X) in thbs$tate6-33 overcame the reactivity problem
caused by the inertness of the substéaf® Due to the relay moiety, the RCM reaction of the
substrates-33 with Grubbs 1’ generation successfully gave a cyclized pro@s81 (Scheme 6-
6).

Heterocycles by Ring-Closing MetathesiBeiters, A.; Martin, S. FChem. Rev2004 104,
2199-2238. (d) Total Synthesis of Ingenol. KuwajintaTanino, K. Chem. Rev2005 105
4661-4670. (e) Total Synthesis of Natural 8- ardde9nbered Lactones: Recent Advancements
in Medium-Sized Ring Formation. Shiinadhem. Rex2007, 107, 239-273.

140 Relay Ring-Closing Metathesis (RRCM): A Strategyr fDirecting Metal Movement
Throughout Olefin Metathesis Sequences. Hoye, TJ&frey, C. S.; Tennakoon, M. A.; Wang,
J.; Zhao, HJ. Am. Chem. So2004 126, 10210.
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Me E E Me
Grubbs| + —f— Me g £ Me
6-29
Ru
Me E E Me 6-30
= ; L _
6-32 j ring closure
I
[Rul DCM, 45 °C /@
E_ E
Me E E Me 34
=
X = 6-33 Me Me

| 6-31

Scheme 6-6Hoye’s development of RRCM reaction

In 2004, Hansen and Lee reported the (Z)-sekestynthesis of substituted enyr@89 using
cross metathesi§!" This method was conceptually very similar to Hey&RCM. They
introduced an allyl ether moiety as “a catalystwgly vehicle” in order to provide the alkynyl

alkylidene6-38 This method improved the efficiency of cross rtfetais between enyr@34

and Z-olefin6-35 (Scheme 6-7).

6-35

o —
BnO—/_\—OBn _RulLn
Ph)\/ j —— 34%EZ=17
BnO o
i 6-36
6-34 Grubbs 2" catalyst O8N
Ph™ X
6-35 0 6 39\ Z
Q S Bno—  \—oBn PR NS
P S \/\O X__Ruln | ———— 63%E:Zz=1:4
AN
6-38
6-37

Scheme 6-7Lee’s RRCM

141 Efficient andZ-Selective Cross-Metathesis of Conjugated Enynesisen, E.; Lee, DOrg.

Lett.2004 6, 2035-2038.
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In 2005, the Porco group disclosed the totattsgsis of the salicylate enamide oximidine Il
6-43 using RRCM in the key macro-cyclization step. RRCM reaction was applied to obtain
a 12-membered cycli&/Z diene6-42 Because of the inertness of electronically unatid
epoxy alkene under Grubbs catalysts, they appetitedelay moiety on the terminus of the
epoxy alkeneés-40. By screening the conditions for RRCM, the bestiliewas given when they
used a cis-epoxy alker41 in the presence of 10 mol % Grubbs Il catalyss@&fC in 1,2-
dichloroethane (Scheme 6-8F.

OPMB OPMB

Grubbs 1l TBSO

(10 mol %)

Scheme 6-8Porco’s synthesis of oximidine IlI

In 2007, Trauner et al. reported the total synthedi (—)-Archazolid B using the RRCM
strategy in the key macrocyclization stépThe three building blocks (stanna@4, thiazole6-
45, and iodide6-46) were combined to provide the substrétd7 before the RRCM stage
(northestern part of scheme 6-9). The RRCM reactibthe subtrateé-47 with Grubbs’s &

142 Total Synthesis of the Salicylate Enamide Macel@ximidine Ill: Application of Relay
Ring-Closing Metathesis. Wang, X.; Bowman, E. Jwgan, B. J.; Porco, Jr., J. Angew.
Chem. Int. Ed2005 44, 1912-1915.

143 Total Synthesis of (-)-Archazolid B. Roethle, P; 8hen, I. T.; Trauner, Ol. Am. Chem. Soc.
2007, 129 8960-8961.
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generation catalyst gave the macrolactone in 27ié.yThe careful deprotection of the TBS
groups by treatment with aqueous formic acid pregi@lcohol (-)-Archzolid BH2) in 84 %
yield (Scheme 4-10).

Me

MeO

OTBS  SnMe;

6-44
N
Me WOH
NN
MeHN ., ' S Relay moiety
\H/ R = 4-pentenyl
o 6-45
Grubbs' I, PhCHy
110°C, 2h RRCM
27 %

MeO

WOH

3:6:1 formic acid/THF/H,O

84 %

Scheme 6-9Trauner’s synthesis of (-)-Archzolid B

In 2008, the Njardarson group reported the fiotal synthesis of hypoestoxid&-57). This
natural compound was reported to have promisingcamter, antimalarial, and anti-
inflammatory activities. The titanium-templated RRGnacro-cyclization was the key step in

the synthesis. The use of titanium isopropoxideksahe coordination of diols in the substrate
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6-52to the Grubbs catalyst. As a result, the RRCMtrea®f the relay substra@&52 provided
the macrocyclé-53in excellent yield (Scheme 6-1%}

EtO
6-50

6-51

Ti(OiPr), (10 equiv.),
then Grubbs Il catalyst (20 mol %)
toluene, reflux, 8 min, 95 %

Titanium-templated
RRCM

Hypoestoxide (6-54) 6-53

Scheme 6-10Njardarson’s synthesis of hypoestoxide

In 2012, Lee and Parker reported the formattmsis of (-)-englerin A* Starting from the

naturally abundant geraniol, their synthesis feadustereoselective ring opening of the epoxide

6-54, a relay ene-yne-ene metathesieB5 and oxymercuration 0-57 as key steps. In the

RRCM step, they found that the Stewart-Grubbs gstalas superior to other catalysts (Scheme

6-11).

144 An Efficient Substrate-Controlled Approach Towaiypoestoxide, a Member of a Family of
Diterpenoid Natural Products With an Inside-OuB[@]Bicyclic Core. McGrath, N. A.; Lee, C.
A.; Araki, H.; Brichacek, M.; Njardarson, J. Angew. Chem. Int. EQ00§ 47, 9450-9453.

195 A Formal Synthesis of (-)-Englerin A by Relay Rifidpsing Metathesis and Transannular
therification. Lee, J; Parker, K. Rrg. Lett 2012 14, 2682-2685.
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(\ relay moiety

H3C
] = 6-60
O

Stewart-Grubbs cat.

Scheme 6-11Lee and Parker’s formal synthesis of (-)-englérin

6.2 Result and Discussion
6.2.1 Oxasilole Synthesis

First, the model reaction was performed to looloittte feasibility of the RRCM in the
synthesis of oxasiloles (Scheme 4-13). We commeii€@ oxidation of 5-hexene-1-06-(
12).1%® The resulting aldehydé-10 was treated with the known phosphoné&té1'*’ in the
presence of Ba(ORBH,O to furnish an enoné-62 in 64 % yield by way of the Horner-

146 Combination of RCM and the Pauson-Khand Reactne-Step Synthesis of Tricyclic
StructuresRosillo, M; Arnaiz, E.; Abdi, D.; Urgoiti, J. -BDominguez, G.; Castells, J.Eur. J.
Org. Chem?2008 23, 3917-3927.

147 Biosynthesis of Tetronasin: Part 4, PreparatiorDefiterium Labelled C19-C26, C17-C26,
C11-C26, and C3-C26 Polyketide Fragments as PataBiosynthetic Precursors of the
lonophore Antibiotic Tetronasin (IC1 139603). Boo -J.; Clase, A.; Lennon, |. C.; Ley, S. V.;
Staunton, JTetrahedron1995 51, 5417-5419.
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Wadsworth-Emmons olefinatioff® Lanthanide-assisted selective 1,2-reducfibaf the enone
6-62 followed by silylation of (E)-allylic alcohob-63 with chloro dimethylisopropenylsilane
gave a silyl ethe6-64in 84 % yield. We tested the reaction conditionsR®RCM with Grubbs’

Il catalyst and found that the result was dependpnn the temperature and amount of catalyst.
In the first attempt, 10 mol % of catalyst was ustdoom temperature; although the product
was detected on TLC, the reaction was not compiftée 1 day Therefore, modified conditions
were applied (refluxing temperature and increasedlyst loading). As a result, the oxasil6le

65 was obtained in 47 % yield after column chromaapyy. However, because the prodek&5

was very volatile and unstable; careful handling weqquired.

o)\( 6-61

/P\
~"\"OMe
0" oMe
PCC; Ba(OH)28H20
ﬂ CHoCly, 1 ﬂ THF, H,0, t
HO 85 % Ox 64 % o
6-12 6-10 | 6.62
si”
T
CeClz-7H,0 |
NaBH,, MeOH DMAP, Imid. \/
0°Ctort CH,Cl,, rt :
HO™ N7 2 Sho A
quant. 84 %
6-63 6-64
Grubbs Il cat. (20 mol%) MesN_. _NMes
CH,Cly, reflux o ) Grubbs Il cat. = CI\FD/
—C; u—
47 % Si c 1 ph
PCy;
6-65

Scheme 6-12Synthesis of the oxailo&65using RRCM

148 Total Synthesis of Bistramide A. Lowe, J. T.; Wapn. E.; Panek, J. ®rg. Lett 2007, 9,
327-330.

149 Lanthanides in Organic Chemistry. 1. SelectiveRePluctions of Conjugated Ketones. Luche,
J. -L.J. Am. Chem. So&978 100, 2226-2227.
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To look at the generality of this method for thatkesis of oxasiloles, another model substrate
was examined (Scheme 4-14). The Horner-Wadsworth&ms olefination of the aldehy@el10
was adapted to give pB-unsaturated esté&-66. Addition of MeLi to the este-66 afforded tert-
alcohol6-67. The silyation of the alcohd-67 showed 100 % conversion, but the 69 % of silyl
ether was hydrolyzed during silica gel chromatobgyaprhe isolated silyl ethe6-68 was
subjected to the Grubbs Il catalyst. However, tlesiréd oxasilole6-69 was not obtained,;

instead a complicated mixture was recovered.

| EtO,C._ PO(OEY), | MeLi (6eq.)
NaH, THF OEt THF -20°C
o“ 68 % 9] = 94 % HO =
6-10 6-66 6-67

|

Si.
W Cl
DMAP, Imid. \/ Grubbs Il cat. (20 mol%)
CH,ClI,, 1t Si. CH,Cly, reflux // D
W O = 77 Si
22 % /
6-68 6-69

Scheme 6-13Examination of the sterically hindered subst&8

6.2.2 Expansion to the Medium-Sized Rings
6.2.2.1 Study for the synthesis of oxasiline

With the successful application of RRCM to the @rgpion of oxasilolés-65 we moved to
expand this chemistry to larger ring formation.sgEiwe decided to apply RRCM conditions to
get a 6-membered oxasilacycle (oxasiline). The yrsar 6-74 for testing RRCM was prepared
by following procedures (Scheme 6-14). The sedialglcohol6-70was obtained in 78 % yield
by the treatment of aldehyde10 with isopropenylmagnesium bromide in THF at@ Then,
according to the known procedur8alcohol 6-10 was treated with excess thionyl chloride to

%0 The Synthesis and Cyclization of 4-(trans,trafiDimethyl-3,7,11-tridecatrienyl)-3-
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produce the allylic chloridé-71**%in 69 % yield. Substitution with CUCN without sohteat
room temperature gavefay-unsaturated nitrilé-72in 14 % yield*>?a better conversion was
obtained with sodium cyanide in DMSO (73 % yieltjThe nitrile6-72wasthen convertedo a
sechomoallylic alchol6-73 (28 % for two steps) by employing diisobutylaluomm hydride
(DIBAL-H) reduction followed by mild acidic hydrosys and subsequent treatment with
methyllithium** This low yielding synthesis of the alcol®I73from the chlorides-71was able
to be improved by one step titanium-mediated dilytg® of the chlorides-71 (Scheme 6-15).
The silylation of the alcohd-73gave a silyl ethe8-74in 81 % yield.

Having the key substrae74in hand, we next evaluated the RRCM reaction. Tatalysts
were tested to get an oxasilige77. First, the Grubbs’ Il catalyst (15 mol %) was disa
dichloromethane at room temperature; however amyrelay group was removed to give the
compounds-76in 22 % vyield. Second, when the Grubbs-Hoveydzatalyst>® (30 mol %) was

methyl-2-cyclohexen-1-ol and of Its Allylic Isométarker, K. A.; Johnson, W. 3. Am. Chem.
S0c.1974 96, 2556-2559.

151 The synthesis of D,L-15-acetoxypallescensin-A: iammamolecular oxidative free-radical
approach. Zoretic, P.A.; Ming, Vyn. Commuril99§ 24, 2783-2796.

1520n the Mechanism and Kinetics of Radical ReactérEpoxyketones and Epoxynitriles
Induced by Titanocene Chloride. Mateos, A. —F.joFeiP. H.; Burdn, L. M.; Clemente, R. R.;
Gonzalez, R. R. J. Org. Chem. 2007, 72, 9973-9982.

153 Stereoselective Routes to the C10-C19 FragmeRKeB06. Villalobos, A.; Danishefsky, S. J.
J. Org. Chem199Q 55, 2776-2786.

154 Novel Stererocontrolled Approach to syn- and @&nepene-Cyclogeranyl trans-Fused
Polycyclic Systems: Asymmetric Total Synthesis efFAplysistatin, (+)-Palisadin A, (+)-
Palisadin B, (+)-12-Hydroxy-Palisadin B, and the Afng System of Adociasulfate-2 and
Toxicol A. Couladouros, E. A.; Vidali, V. Ehem. Eur. J2004 10, 3822-3835.

1% Estévez, R.: Justicia, J.; Bazdi, B.;Fuentes, fadas, M.; Lazarte, D. C.; Ruiz, G. M.;
Robles L,: Gansauer, A.; Cuerva, J. M.; Oltra, JTECatalyzed Barbier-Type Allylations and
Related Reaction€hem. Eur. J2009 15, 2774-2791.

156 Conformations of N-Heterocyclic Carbene LigandsRunthenium Complexes Relevant to
Olefin Metathesis. Stewart, I. C.; Benitez, D.; @dry, D. J.; Tkatchouk, E.; Day, M. W.;
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used in refluxing dichloroethane; these conditiafso afforded the compour@76 (19 %).
Presumably, the intermolecular reaction betweenrtiteenium alkylidenes-75 and external

ligand, styrene in this case, appeared to be fas@rthe intramolecular metathesis reaction.

MgBr SOCl,, Hexane
| THF,0°C HO 5 h, 50 °C
Ox
78 % 69 %

1) DIBAL-H, -78 °C,
then pH 3-4
NaCN, DMSO for 20 min
55h,rt 2) MeLi, 0
3% two steps: 28 %

o -

|
DMAP, Imid. _S,J\ _d _
i i Si
CH,Cl,, rt conditions 7 7
2 — "+ 0 Ru|]— O
81 % 1922% | L )\)k
6-74 I

6-76
s'x \/
O, |
PN
6-77

Scheme 6-14The RRCM reaction of silyl ethé74toward oxasiliné-77

Ti[Cp,Cl], Mn
o) | TMSCI, Collidine |
)J\ + | THF (deoxygenated) OH |
; cl 51 %
o7 6-71 6-73

Scheme 6-15The improved approach to sec-homoallylic alc@@B

Goddard I, W. A.; Grubbs, R. H. Am. Chem. So2009 131, 1931-1938.
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6.2.2.2 Study for the synthesis of oxasilepine

We next prepared a relay substriét@l to test RRCM conditions for the synthesis of the 7-
membered oxasilacyclé-83 (oxasilepine). The, é-unsaturated keton&-79 was obtained in
66 % vyield with the starting material recovered ¢2)1 by Claisen rearrangement of the alcohol
6-70°" The sec-alcohds-80was obtained by sodium borohydride reductiiSilyl protection
of the alcohob-80gave a silyl ethe8-81in 68 % yield.

Having synthesized the substr&&1, we examined the reaction conditions by varying th
temperature, solvent, and catalyst. However, ndizga product6-83 was obtained and the

diene6-82was isolated (Scheme 6-16). The screened congiibmsummarized in Table 6-1.

C(CH3)2(OCH3)2, cat. NaBH4
j\:/(\ propionic acid, 110 °C /Q\Ej\ MeOH-H,0, rt /(\E/(\
HO 66 % o 92 % OH
6-70 6-79 6-80
|
S pmAP, imid | =
W ol , Imid.
CH,Cl,, rt o) Conditions (0]
| |
—Si— —Si—

42-73 %

68 % /§
6-81 \\ 6-82
Y
_Si

(0]
\\
6-83

Scheme 6-16The RRCM reaction of silyl ethé-81toward oxasilepiné-83

157 Uber die Reaktion von tertiaren Vinylcarbinolert tisbpropenylather Eine neue Methode zur
Herstellung vony, 6-ungesattigten Ketonen. Saucy, G.; MarbetHRlv. Chim. Actal967, 7,
2091.

158 A New, Simple Synthesis oN-Tosyl Pyrrolidines and Piperidinesarcotullio,M. C.;
Campagna/; SternativoS.; Costantind-.; Curini, M.Synthesi2006 2760.
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Table 6-1 Screened conditions for RRCM reaction of thel sitiier6-81

Cat. Solvent Temp. Time (h) Result 6-82
G Il (10 mol %) CH,Cl, reflux 2h 46 %
G 1l (20 mol %) DCE reflux 3h 71 %
H-G Il DCE 55°C 2h 52 %
Slewarl- Benzene 50°C  25h 73 %

G Il = Grubbs I, H-G Il = Hoveyda-Grubbs II

6.3 Conclusion

The tetrasubstituted]-vinylsilane allylic alcohol is potentially a kestarting material for the
synthesis of arisugacin A. In order to obtain ttwsnpound, we decided to use ring closing/ring
opening strategy that was developed by Parker.

In this chapter, we have studied the RRCM reactairsome silyl ethers for the synthesis of
oxasilacycles including an oxasilole, oxasiline,d aoxasilepine that are all precursors of
tetrasubstituted)-vinylsilane allylic alcohols.

Oxasilole 6-65 was obtained in five steps from commercially aafalié 5-hexen-1-ol. The
RRCM reaction gave a moderate yield (47%) which rbayimproved by optimization of
reaction conditions. Furthermore, the model pro@485was volatile and unstabté? Thus, use
of a silyl chloride that contain longer alkyl chaiar aromatics is expected to solve the synthetic
problems.

In case of oxasiline and oxasilepine, the RRCMtreas appeared to be limited. Although we
varied the reaction conditions, the ring closur¢hef silyl ethers was not observed. Instead of the
cyclized products, the diene compour@dg6 and6-82 were obtained. The optimization for the

synthesis of oxasiline and oxasilepine is needed.

159 The oxasiloles-65was decomposed after 1 week at °Q0
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6.4 Experimental Section

General Information

Reagents and solvents were purchased from Aldrisbn@cal Company, Fisher Scientific,
Acros Organics. Unless otherwise noted, solid reegeere used without further purification.
All air- and moisture sensitive reactions were perfed under a positive pressure of dry argon in
oven-dried or flame-dried glassware. All moistuengtive solution and anhydrous solvents
were transferredvia standard syringe and cannula techniques. Contentraf solutions was
accomplished with a Buchi rotary evaporator evasidly a water aspirator. Tetrahydrofuran
(THF) and diethyl ether (ED) were distilled from sodium-benzophenone Kketyld an
dichloromethane was distilled from calcium hydrideler argon gas.

All experiments were monitored by thin layer chraeoggaphy (TLC) performed on Whatman
250um layer aluminum silica gel plates. Spots were alized by exposure to ultraviolet (UV)
light (254 nm) or by staining with a 10 % solutiohphosphomolybdenic acid (PMA) in ethanol
and the heating. Flash chromatography was carngdvith Fisher brand silica gel (170-400
mesh).

Infrared spectra were recorded with a Galaxy Sdfie¢R 3000 infrared spectrophotometer.
Samples were scanned as neat liquids on sodiunmiaal@NaCl) salt plates. Frequencies are
reported in reciprocal centimeters (m Nuclear magnetic resonance (NMR) spectra were
recorded with a Varian Inova-600 (600 MHz fét), Varian Inova-400 (400 MHz fdH), Varian
Inova-300 (300 MHz for 1H, 75 MHz for 13C) spectreter. Chemical shifts for proton NMR
are reported in parts per million (ppm) relativeth@ singlet at 7.26 ppm for chloroform-d.
Chemical shifts for carbon NMR are reported in ppth the centerline of the triplet for
chloroform-d set at 77.0 ppm. The following abbagwins are used in the experimental section
for the description ofH-NMR spectra: singlet (s), doublet (d), triplél @uartet (q), quintet (q),
multiplet (m), doublet of doublets (dd), doubletqufartets (dqg), and broad singlet (bs). Coupling

constants), are reported in Herz (Hz).
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Experimental procedures/ Characterization

Mel
K,COs5
o acetone O

/P\
_P-~ ~"\"OMe
o\ oMe 0" oMe
6-61

Phosphonate 6-61 lodomethane (1.56 g, 11 mmol) was added to a gtgodution of dimethyl
(2-oxopropyl)phosphonate (1.66 g, 10 mmol) and g®iten carbonate (1.80, 13 mmol) in
acetone (20 mL) at°d. The reaction mixture was stirred &@COfor 1 h, and then gradually

warmed up to rt. After 16 h, saturated aqueous@Hsolution (30 mL) was poured into the

reaction mixture and the mixture was extracted wethyl acetate (5¢ 3 mL). The organic
solution was dried over MgSGand filtered. The crude product was concentratecacuoand
chromatographed on silica gel (Acetone: Hex = 1ol3fford phosphonaté-61 (1.23 g) in 68%
yield (pale yellow oil, Lit. yield = 71%).

'H NMR (300MHz, CDC¥): 1.36 (dd,J = 18.0 and 7.2 Hz, 3 H), 2.33 (s, 3H), 3.23 (#g,25.5
and 7.2 Hz, 1 H), 3.77 (d,= 10.2 Hz, 3 H), 3.78 (d,= 9.6 Hz, 3H). The data were in consistent

o;\( 6-61

/P\
~\"OMe
0" oMe

Ba(OH),:8H,0

ﬂ THF, H,0, rt
Ox 64 % 0" Y

6-10 6-62

with literature value&®

a, f-Unsaturated ketone 6-62.To a stirred solution of Ba(OKBH,O (3.94 g, 12.5 mmol) in
THF (10 mL) was added phophon&t®1 (0.90 g, 5 mmol) at room temperature. The solutibn
aldehyde6-10 (0.28 g, 2.5 mmol) in THF/}O (10 mL/1 mL) was added over dropwise to the
pre-mixed solution for 0.5 h. After 0.5 h, the réaic mixture was diluted with C¥l, (30 mL)
and washed by saturated sodium bicarbonate andettteaccted with ChCl, (20 mL X 3). The

combined organic solution was dried over MgSfitered, and concentrated. The residue was
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subjected to silica gel column chromatography (HEtOAc = 25:1) to given, f-Unsaturated
ketone6-62(0.24 g, 64 %) as colorless oil.

'H NMR (300 MHz, CDCJ) § 6.59-6.65 (m, 1 H), 5.74-5.87 (m, 1 H), 4.96-5(66 2 H), 2.30
(s, 3 H), 2.21-2.29 (m, 2 H), 2.06-2.13 (m, 2 H)75:1.77 (m, 3 H), 1.52-1.64 (m, 2 H}*C

NMR (75 MHz, CDC}) ¢ 11.1, 25.4, 27.8, 28.4, 33.3, 115.1, 137.8, 13843.3, 199.9,; IR
(neatjvmax 2927, 1669, 1641, 1436 ¢m

| CeCly- 7H,0
NaBH,, MeOH
0°Ctort
(0] = HO =
quant.
6-62 6-63

sec-Alcohol 6-63 Thea, p-unsaturated keton&-62 (0.20 g, 1.3 mmol) was dissolved in a
solution of Ce(d-7H,0O (0.48 g, 1.3 mmol) in MeOH (3.25 mL). Then, NaB{#.049 g, 1.3
mmol) was slowly added to the solution at@ After 10 min, NHCI (2 mL) was added to the

reaction mixture and stirred for 5 min. The resigtmixture was extracted with & (20% 2
mL), dried over MgS® and filtered. The organic solution was concenttated used without
further purification.

'H NMR (300 MHz, CDCY) § 1.25 (d,J = 6.6 Hz, 3H), 1.45 (quinted,= 7.5 Hz, 2H), 1.62 (d]
= 1.5 Hz, 3 H), 1.99-2.09 (m, 4H), 4.20 (o= 6.6 Hz, 1 H), 4.92-5.04 (m, 2 H), 5.40 (ddit;
6.6, 6.6, and 1.2 Hz, 1 H), 5.80 (dd& 17.1, 6.6, and 6.6 Hz, 1 H}°C NMR (75 MHz, CDC}))

6 11.4,21.6, 26.9, 28.7, 33.3, 73.4, 114.5, 12438,7, 138.8.; IR (neatymax 3351, 2974, 2926,
2856, 1640 cr.

=

Si;
e
| DMAP, Imid.
CH2C|2, rt \ /
Si.
HO™ N 84 % \W 0N
6-63 6-64
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Silyl ether 6-64 To a stirred solution of dichlorodimethylsila@56 g, 4.4 mmol) in THF (5
mL) was added the propen-2-yl magnesium bromid® K0.in THF, 13.2 mL, 6.6 mmol) by
cannula at -78C under Ar. The resulting mixture was stirred & 2 for 0.5 h and then warmed
up to r.t. over 2 h. The resulting mixture was $fanred to a pre-mixed solution 663 (0.17 g,
1.1 mmol), DMAP (0.067 g, 0.55 mmol) and imidaz{@e37 g, 5.5 mmol) in C§Cl, (10 mL) at
r.t. and the reaction mixture was stirred overnigtie reaction mixture was quenched by,/SH
(30 mL), and extracted with gD (30> 2 mL). The combined organic solution was washed by
sat. agueous NaHGGolution and brine. The separate organic layene wieded over MgS®
and concentrated. The residue was subjected ta gkl column chromatography (Hex: EtOAc
=50: 1) to afford silyl ethe-64(0.23 g, 84%) as colorless oll.

'H NMR (300 MHz, CDCY)  1.20 (d,J = 6.3 Hz, 3 H), 1.43 (quintel,= 7.5 Hz, 2 H), 1.57 (m,
3 H), 1.82 (m, 3 H), 1.95-2.08 (m, 4 H), 4.15J¢; 6.3 Hz, 1 H), 4.92-5.04 (m, 2 H), 5.28-5.35
(m, 2 H), 5.88-5.62 (m, 1 H), 5.74-5.88 (m, 1 HfC NMR (75 MHz, CDC})  -2.3, -2.0, 11.3,
21.9, 23.1, 26.9, 28.7, 33.4, 74.1, 114.4, 1246,1, 138.6, 138.9, 146.5.; IR (neatax 2958,
2929, 1641, 1447 ch

| Grubbs Il (20 mol%) MesN. _NMes
o
\Si/ CHCly, reflux &/ Grubbs Il cat. = Cl\RY
~ - u—
\W T 471 % / o1 " ph
PCy3
6-64 6-65

Oxasilole 6-65 In anoven-dried 250 mL round-bottom flask, silyl eti&64 (0.13 g, 0.51
mmol) was placed, and dry GEl, (103 mL) was added by a syringe under Ar. To alteg
solution was added Grubbs Il catalyst (0.087 g0 (rimol). The reaction mixture was then
refluxed and stirred for 1.5 h. After the reactionxture was cooled down to r.t., it was
concentrated in an ice bath, filtered through artshad of silica gel (rinsing with ED), and
concentrated. The residue was subjected to sietaajumn chromatography (Hex: EtOAc = 50:
1) to afford oxasilolé-65(0.038 g, 47%) as a colorless oil.

'H NMR (300 MHz, CDC}) § 0.18 (s, 3 H), 0.20 (s, 3 H), 1.25 (U= 6.6 Hz, 3 H), 1.64-1.65
(m, 1 H), 1.65 (s, 3H), 1.69 (s, 3 H).4.55Jg; 6.6 Hz, 1 H); IR (neatymax 2958, 2921, 2851,

217



1732, 1462, 1376, 1258 &m

| MeLi (6eq.)
OEt THF -20°C

6-66 6-67

tert-Alcohol 6-67 To a stirred solution of the ester 6-66 (0.36 @, r2mol) was added MeLi
(1.6 M in diethyl ether, 7.5 mL, 12.0 mmol) at — ZDunder Ar. After the reaction mixture was
stirred for 1 h, it was quenched with sat. JOHsol'n. The aqueous solution was extracted with
ethyl acetate and the organic solution was drideat MgSQ and concentrated. The residue was
subjected to silica gel column chromatography (HE®@Ac = 10: 1) to afford the tert-alcoh®!

67 (0.32 g, 84%) as colorless oil.

'H NMR (300 MHz, CDC}) § 1.32 (s, 6 H), 1.46 (m, 2 H), 1.66 (4= 0.9 Hz, 3 H), 2.04 (m, 4
H), 4.92 — 5.04 (m, 2 H), 5.48 (t§= 7.2 and 0.9 Hz, 1 H), 5.81 (m, 1 H).; IR (neeatjax 1136,
1371, 1458, 1640, 3373 ¢m

=

Si
W Cl
| DMAP, Imid.
CH,Cl,, t /)
oA
HO = 22% \W
6-67 6-68

Silyl ether 6-68 To a stirred solution of dichloromethylsilane (0L, 6.32 mmol) in THF
(10 mL) was added dropwise the propen-2-yl magme&itomide (0.5 M in THF, 18.9 mL, 9.48
mmol) at — 78°C. The reaction mixture was warmed to r.t. over. ZHe resulting mixture was
transferred to a pre-mixed solution &67 (0.27 g, 1.58 mmol), DMAP (0.097 g, 0.79 mmol)

and imidazole (0.54 g, 7.9 mmol) in @&, (10 mL) at r.t. and the reaction mixture was stirr

overnight. The reaction mixture was quenched by®GIH30 mL), and extracted with £ (30>
2 mL). The combined organic solution was washeddty aqueous NaHGGolution and brine.
The separate organic layers were dried over Mg8t concentrated. The residue was subjected

to silica gel column chromatography (Hex: EtOAc & &) to afford silyl ethe6-68 (95.2 mg,
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22 %) as colorless oil with starting material (0dgL&9 %) recovered.

'H NMR (300 MHz, CDC}) § 0.17 (s, 6 H), 1.33 (s, 6 H), 1.40 — 1.50 (m, 2 H§3 (q,J = 1.2
Hz, 3 H), 1.84 (tJ = 1.5 Hz, 3 H), 1.97 — 2.10 (m, 4 H), 4.92 — 5(6% 2 H), 5.34 — 5.53 (m, 2
H), 5.54 (m, 1 H), 5.82 (m, 1 H).

| SOCl,, Hexane

HO 5h, 50 °C |

69 % |
6-70 Cl 6-71

Allyl chloride 6-71 To a stirred solution of 2-Methylocta-1,7-digrel (6-70) (0.70 g, 5 mmol)

in dry hexane was added excess SQCIB0 mL, 18.06 mmol) at 5 under Ar. After 5 h, the
reaction was cooled down, and the residue of W@k evaporated. The crude mixture was
diluted with hexane (30 mL) and washed with walé) ihL), sat. agueous NaHG®olution (10
mL) and brine. The organic solution was dried dMgSQO, and concentrated. The residue was
subjected to silica gel column chromatography (Me)ao afford allyl chlorides-71 (0.55 g,

68 %) as a colorless oil.

'H NMR (300MHz, CDCJ): 5.73-5.87 (m, 1 H), 5.50-5.55 (m, 1 H), 4.955(fn, 2 H), 4.02 (d,

J = 0.9 Hz, 2 H), 2.01-2.10 (m, 4 H), 1.72-1.73 @), 1.464 (q,) = 7.5 Hz, 2 H). The data

were in consistent with literature valus.

| NaCN, DMSO |
55h,rt

| |
Cl 6-71 3% NC 6-72

B, y-Unsaturated nitrile 6-72 To a stirred solution of allyl chloridg@-71(0.32 g, 2.0 mmol) in
DMSO was added sodium cyanide (0.12 g, 2.4 mmot)tatunder Ar. After 4 h, the reaction
mixture was diluted with water (10 mL) and extracteith ELO (20 X 3 mL). The combined
organic solution was dried over Mga@iltered, and concentrated. The residue was stdajeto
silica gel column chromatography (Hex: EtOAc = 1510 afford the, y-unsaturated nitril&-
72(0.26 g, 73 %) as a colorless ail.
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'H NMR (300 MHz, CDCY)  1.45 (q,J = 7.5 Hz, 2 H), 1.72 (s, 3 H), 2.02-2.09 (m, 4 B2
(s, 2 H), 4.94-5.04 (m, 2 H), 5.45-5.51 (m, 1 H)7%5.86 (m, 1 H).}*C NMR (75 MHz,
CDCls) & 15.9, 27.1, 27.3, 28.3, 33.1, 114.7, 117.8, 124285, 138.4.; IR (neatynax 2938,
2248, 1640, 1437 cth

1) DIBAL-H, -78 °C,
then pH 3-4

| for 20 min |
2) MeLi, 0 °C OH

NC 6-72 two steps: 28 %

sec-Homoallylic alchob-73 1) To a flame-dried 50 mL round-bottom flgsky-Unsaturated
nitrile 6-72 (0.15 g, 1.0 mmol) was placed, and £# (5 mL) was added under Ar. The
resulting solution was stirred at -7@for 0.5 h. Then, diisobutylalumium hydride (DIBA#) (1.

0 M in Hexane, 1.1 mL, 1.1 mmol) was added dropwAgter 0.5 h, the reaction was quenched
by MeOH (0.2 mL) and poured in a mixture of EtOAt/sSNH,CI sol'n (2.5/2.5 mL). The
mixture was treated with 10 % potassium sodiunratetand stirred for 1 h. The mixture was
extracted with EtOAc (10 X 3 mL). The combined angasolution was washed with water and
brine, dried over MgS§) and concentrated. The crude aldehyde was diresty for the next
step without further purifications. 2) To a stirredlution of the aldehyde in THF (5 mL) was
added dropwise methyl lithium (1.6 M in,BX, 0.94 mL, 1.5 mmol) at @ under Ar. After 0.5 h,
the reaction mixture was diluted with,Bt (20 mL) and quencehd with sat. aqueoug@lol'n.
The ethereal layer was dried over MgS€@ltered, and concentrated. The residue was stdije
to silica gel column chromatography (Hexane: EtGAtO: 1) to afford sec-homoallylic alchol
6-73(47.0 mg, 28 % two steps) as a colorless oil.

'H NMR (300 MHz, CDCY) 6 1.18 (d,J = 6.0 Hz, 3 H), 1.44 (q] = 7.5 Hz, 2 H), 1.62 (d] =
0.6 Hz, 3 H), 1.75 (bs, 1 H), 1.99-2.09 (m, 5 H},222.18 (ddJ = 13.0, 4.2 Hz, 1 H), 3.81-3.92
(m, 1 H), 4.92-5.03 (m, 2 H), 5.21-5.26 (m, 1 H)7%5.87 (m, 1 H).;*C NMR (75 MHz,
CDCl) ¢ 16.1, 22.7, 27.4, 28.9, 33.4, 49.8, 64.7, 11428.4, 132.2, 138.7.; IR (neatinax
3398, 2925, 1664, 1640, 1458 ¢tm
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|

Si]
W cl
|

| DMAP, Imid. S
OH | CH2C|2, I’t O
81 %
6-73 6-74

Silyl ether 6-74 To a stirred solution of dichlorodimethylsilaf@12 g, 0.96 mmol) in THF (5
mL) was added propen-2-yl magnesium bromide (0.22M8 mL, 1.44 mmol) at — 7& by
cannula. The resulting mixture was stirred at @ &r 0.5 h and then warmed up to r.t. over 2 h.
The resulting mixture was transferred to a pre-whiselution of6-73 (0.041 g, 0.24 mmol),
DMAP (0.015 g, 0.012 mmol) and imidazole (0.08202 mmol) in CHCI, (2 mL) at r.t. by
cannular. After 2 h, the reaction mixture was qunexaicby sat. N&CI sol'n (5 mL) and extracted
with diethyl ether (20 X 3 mL). The combined orgasolution was washed by sat. NaHO
sol'n and brine. The organic solution was driedravgSQ, and concentrated. The residue was
subjected to silica gel column chromatography (HE/®Ac = 50: 1) to afford the silyl ethér

74 (0.23 g, 81 %) as colorless oil.

'H NMR (300 MHz, CDCJ) § 0.171 (s, 3 H), 0.174 (s, 3 H), 1.10 Jds 6 Hz, 3 H), 1.43 (q] =
7.5 Hz, 2 H), 1.58-1.59 (m, 3 H), 1.83-1.84 (m, 3 H95-2.09 (m, 5 H), 2.16-2.23 (dbl= 13.0,
6.0 Hz), 3.84-3.95 (m, 1 H), 4.91-5.02 (m, 2 H1%5.18 (m, 1 H), 5.35-5.39 (m, 1 H), 5.60-
5.63 (m, 1 H), 5.74-5.88 (m, 1 H}3C NMR (75 MHz, CDCJ) § -2.1, -2.0, 16.5, 22.0, 23.3,
27.4,28.9, 33.4, 50.1, 67.6, 114.3, 126.3, 12132,4, 138.9, 146.4.

Grubbs Il |
CH2C|2 _S|
reflux I
)O\)J\
6-74 6-76

Diene 6-76 The silyl ethe6-74 (20.0 mg, 0.075 mmol) was placed in an oven-d&@dnL
round-bottom flask, and dry GBI, (7.5 mL) was added by a syringe under Ar. To alties)
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solution was rapidly added Grubbs Il catalyst (12g, 0.015 mmol). The reaction mixture was
then refluxed and stirred for 1 h. After the reastmixture was cooled to r.t., it was concentrated
in an ice bath, filtered through a short pad oicailgel (rinsing with BO). The filtrate was
carefully concentrated and subjected to silicacgéimn chromatography (Hex: EtOAc = 100:
1) to afford the diené-76(2.82 mg, 19%) as a colorless oil.

'H NMR (600MHz, CDC}): 0.184 (s, 3 H), 0.188 (s, 3 H), 1.13 Jds 6 Hz, 3 H), 1.72 (s, 3 H),
1.85 (s, 3 H), 2.21-2.25 (dd,= 13.5 and 6.6 Hz, 2 H), 3.91-3.97 (m, 1 H), 44706 (m, 2 H),
5.37 (m, 1 H), 5.62 (m, 1 H).

C(CH3)2(OCH3)2, cat.

j\:)/\ propionic acid, 110 °C /\(\U\
HO 66 % 0

6-70 6-79

v, 6-Unsaturated ketone 6-79 A solution of the alcohol6-70 (0.28 g, 2.0 mmol),
dimethoxypropane (1.04 g, 10.0 mmol) and propaaeid (7.4pL, 0.10 mmol) was stirred at
110 oC. After 1 day, 5 eq. dimethoxypropane (1.04 g, 1at) was added to the reaction
mixture, and the mixture was stirred for additiohaday. The reaction mixture was then cooled
to r.t. and quenched with ice-cold 2 M HCI. The eogus layer was extracted with EtOAc (10 X
3 mL). The organic solution was dried over MgS©@oncentrated, and subjected to silica gel
column chromatography (hexane: EtOAc = 30:1) teegivé-unsaturated keton@-79 (0.24 g,

66 %) as a colorless oil.

'H NMR (400MHz, CDCY): 1.39 (q,J = 7.2 Hz, 2 H), 1.57 (s, 3 H), 1.95-2.02 (m, 4 P12 (s,

3 H), 2.23 (tJ=7.6 Hz, 2 H), 2.50 (1] = 7.6 Hz, 2 H), 4.90-4.00 (m, 2 H), 5.09-5.12 (hH),
5.73-5.83 (m, 1 H).; IR (C¥Cl,): 2925, 1718, 1640, 1439, 1358¢tm

NaBH,
m MeOH-H,0, rt W
o) 92 % OH
6-79 6-80

sec-Alcohol 6-80 To a stirred solution of the ketofe79(0.54 g, 3 mmol) in EtOH (5 mL) was
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added dropwise a solution of NaBK0.57 g, 1.5 mmol) in bO (3 mL) for 0.5 h. After 2 h, the
reaction was quenched with 1 N HCI and extractett WtOAc (20 X 3 mL). The extracts were
washed with sat. NaHCGsolution. The organic solution was dried over MgSfitered, and
concentrated. The residue was subjected to sietagumn chromatography (hex: EtOAc = 10:
1) to afford sec-alcohd-80(0.50 g, 92 %) as a colorless oil.

'H NMR (300MHz, CDC}): 1.19 (d,J = 6.6 Hz, 3 H), 1.42, (g} = 7.5 Hz, 2 H), 1.51-1.59 (m, 2
H), 1.61 (d,J = 0.9 Hz, 3 H), 1.96-2.10 (m, 6 H), 3.74-3.84 (irH), 4.92-5.03 (m, 2 H), 5.15-
5.21 (m, 1 H), 5.74-5.88 (m, 1 H).; IR (neat)ax 3353, 2967, 1640, 1454 ¢m

|
68 % —Si—
6-80 /§ 6-81

|
WSI\U DMAP, Imid. /(\w
N CH,Cl,, 1t
/(\U\ G (@)
OH

Silyl ether 6-81 To a stirred solution of dichlorodimethylsilaneQ3.g, 8 mmol) in THF (10
mL) was added propen-2-yl magnesium bromide (0.244) mL, 12 mmol) at — 7& under Ar
by cannula. The reaction mixture was stirred atZ&r 0.5 h and then warmed to r.t. over 2 h.
The resulting mixture was transferred to a pre-mhigelution of the alcoho6-80 (0.36 g, 2
mmol), DMAP (0.12 g, 1 mmol) and imidazole (0.681@, mmol) in CHCI, (20 mL) at r.t. by
cannula. After 1 h, the reaction mixture was quexddby sat. NECI sol'n (10 mL) and extracted
with diethyl ether (20 X 3 mL). The combined orgasolution was washed by sat. NaH{CO
sol'n, brine, dried over MgS£and concentrated. The residue was subjectedi¢a giél column
chromatography (Hex: EtOAc = 100: 1) to afford Hilgl ether6-81(0.38 g, 68 %) as colorless
oil.

'H NMR (300MHz, CDC4): 0.19 (s, 6 H), 1.14 (dl = 6.3 Hz, 3 H), 1.42 (q] = 7.2 Hz, 2 H),
1.46-1.63 (m, 2 H), 1.58 (m, 3 H), 1.850t 1.5 Hz, 3 H), 1.93-2.08 (m, 6 H), 3.70-3.80 (im,
H), 4.92-5.03 (m, 1 H), 5.04-5.14 (m, 1 H), 5.38&(m, 1 H), 5.60-5.63 (m, 1 H), 5.75-5.89 (m,
1 H).
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Stuwart-

Grubbs cat.
M benzene
(o]
o 50 °C (@)

|
L —Si—

/& 6-81 3%

6-82

Diene 6-82 To a stirred solution of the Stuart-Grubbs lgata(6.1 mg, 11.0 umol) in dry
benzene (30.6 mL) was added a solution of silykek81 (30.0 mg, 0.11 mmol) in dry benzene
(5 mL) by cannula over 0.5 h at 80. After 2.5 h, the reaction mixture was cooled.toand
concentrated. The concentrate was filtered thraughort pad of silica gel (rinsing with,EX),
and concentrated again. The residue was subjeatsilida gel column chromatography (Hex:
EtOAc = 100: 1) to afford silyl ethé&-82(17.1 mg, 73%) as a colorless oil.

'H NMR (300MHz, CDC¥): 5.62 (m, 1 H), 5.37 (m, 1 H), 4.67-4.69 (m, 2 H)75-3.81 (m, 1
H), 1.97-2.08 (m, 2 H), 1.85 (s, 3 H), 1.72 (s, 3 H46-1.69 (m, 2 H), 1.1.15 (d,= 6.3 Hz, 3
H), 0.190 (s, 6 H).
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Chapter 7

Arisugacin A; Synthetic Study

of Polyolefin cyclization
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7.1 Introduction
7.1.1 Synthetic issues posed by the polyolefinizgtbn

Previously we designed the retrosynthesis &fugacin A on the basis of acid-catalyzed
polyene cyclization as a key reaction. The potéptéyene precursor-1 contains a vinyl silane
and vinyl silane allyl alcohol (Scheme 7-1). Altilgbuthe acid catalyzed polyolefin cyclization is
now considered as a versatile methodology for thethesis of multi-fused carbocycles
containing angular substituents, our substratesbase anticipated difficulties for its application.
First, the incorporation of two vinyl silane mo&giin one molecule is not trivial; there has not
been any report related to this structure. Sectr@acidic conditions in the presence of allyl
alchol at C4 might be risky because the allyl aldsoa good leaving group. Third, there’'s a
possibility that the silyl group after the firstatization might be eliminated to give an olefin.
Thus, exploration of appropriate conditions is rkébr the successful polyene cyclization of
the substrat&-1.

acid-
catalyzed
polyene
cyclization

Scheme 7-1A key polyene cyclization in our retrosynthesis

7.1.2 Examples of polyene cyclization
7.1.2.1 Johnson’s study

Since the first demonstration of the cationyclization of polyolefin by the Johnson group,
many chemists have adapted this tandem cyclizatiotocol to prepare multi-fused carbocycles,

especially steroidal natural produ¢téBecause of the construction of angular methyl gsou

180 A Case Study in Biomimetic Total Synthesis: Podfisi Carbocyclization to Terpenes and
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and convenient synthesis in one-pot, Johnson'sareBeon natural product syntheses and
methodology development for polyene cyclization haen of huge interest and for several
decades.

In 1963 and 1964, Johnson et al. reportediassef studies regarding the cationic cyclization
of trans-5,9-decadienyd-nitrobenzenesulfonat&{3). The solvolysis of primary p-nosylaie3
gave the trans-decalifv4 in 8.9% yield (Scheme 7-2§*

H
N HCO,H/NaOCOH OH WOH
| then, NaHCO4 (I:r + ()\/r + etc..
0S0,CgH4NO, H H
7.3 7-4 8.9 % 7-5 51.2 %

Scheme 7-2Solvolysis of diene nosylate

The stereochemistry was studied by Stork andh&smosel:®? The Stork-Eschenmoser
hypothesis was concerned with the formation ofdf@e-decalins from the 1, (E)- or (2)-5, 9-
trienes under acid catalystheir hypothesis was that th&){5-olefin would give cis-decalin
while (E)-5-olefin would give trans-decalin. Their hypotlsesvas consistent with Johnson’s

experimental results.

Steroids. Yoder, R. A.; Johnston, J.@hem. Re\2005 105 4730-4756.

161 cationic Cyclizations Involving Olefinic Bonds.. IBolvolysis of 5-Hexenyl anttans-5,9-
Decadienylp-Nitrobenzenesulfonates. Johnson, W. S.; BaileyMD.Owyang, R.; Russell, A.
B.; Jaques, B.; Crandall, J. K.JJ.Am. Chem. Sqd 964 86, 1959-1966.

162 @) The Stereochemistry of Polyene Cyclizatiomrl§tG.; Burgstahler, A. WJ. Am. Chem.
Soc.1955 77, 5068. (b) Triterpenes. CXC. A stereochemical rptetation of the biogenetic
isoprene rule of the triterpenes. EschenmosemRRAzicka, L.; Jeger, O.; Arigoni, Helv. Chim.

Acta.1955 38, 1890.
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They also introduced acetals as initiating geourhey carried out acid catalyzed cyclization
using SnCj to obtain stereoselective tricyclie7 (87 %) and tetracyclic produ€t9 (30 %) from
triene7-6 and tetraen&-8, respectively (scheme 7-3

1 eqg. SnCl,
benzene

| 1 eqg. SnCl,
| N benzene

0" o H
\_/ 7-8 O~y 79

Scheme 7-3SnCl-catalyzed polyene cyclization

The use of acetylene as a terminating groupofmdlylic alcohols as initiating groups allowed
the synthesis of a number of bicycles, tricycles] getracycles. The functionality in the products
depended on the nucleophile that was availableptuce the terminal vinyl catiofi?

For example, when nitroalkane was used asppitrg nucleophile, an oxime ethérll was
produced byaddition of nitroalkane to the termication followed by rearrangement (Scheme 7-
4). Treatment of the resulting oxime ethefdl with LiAIH 4 gave the diol7-12 The catalytic

163 @) Stereospecific Tricyclization of a Polyolefifkcetal. Johnson, W. S.; Kinnel, R. B.Am.

Chem. Soc.1966 88, 3861-3862. (b) The Nonenzymic, Biogenetic-Likecltaation of a

Tetraenic Acetal. Johnson, W. S.; Wiedhaup, K.;dBr&. F.; Olson, G. LJ. Am. Chem. Soc.
1968 90, 5277-5279.

164 @) Acetylenic Bond Participation in Biogenetidcti Olefinic Cyclizations. I. Formation of

Five-Membered Rings in Model Systems. Johnson, WGE&vestock, M. B.; Parry, R. J.; Myers,
R. F.; Bryson, T. A.; Miles, D. Hl. Am. Chem. So@971, 93, 4330-4332. (b) Acetylenic Bond

Participation in Biogenetic-Like Olefinic Cyclizatis. Il. Synthesis adl-Progesterone. Johnson,

W. S.; Gravestock, M. B.; McCarry, B. E.Am. Chem. So&971, 93, 4332-4334.
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hydrogenation of the double bond was followed bydation of the sec-alcohol, providing

epimeric productg-13and7-14%°

O
O—-N=C(CH3), LiAlH,, THF,
N,, reflux, 2 h

CCl3CO,H,
(CH3),CHNO,

| N,, 0°C, 4 h
HO R

7-10 H 7-11

1) H,, 10 % Pd/C,
EtOAc, 23 °C

2) NBS, dioxane,
H,0, 23°C, 5 h

Scheme 7-4Synthesis of the 17-Hydroxysgpregnan-20-one

Polyeolefin carbocyclization in the Johnsonugrdhad been well-studied; it had resulted in
many significant approaches to steroidal naturaldpcts. In particular, modifications of the
terminating groups (propargylsilane, trimethylsalgetylene), initiating groups, a cation-
stabilizing functional group (e.g fluorine atom)dawkhiral auxiliaries had been extensively
studied. Representative examples of synthesizgenerds @l-16,17-dehydroprogesterondi-
fichtelite, dl-progesterone,/BD-homoandrostan-17-one, corticoids, euphol, tilotgs-amyrin,

sophoradioldl-dammarenediol) are presented in Figure 7-1.

185 Acetylenic Bond Participation in Biogenetic-Likelefinic Cyclizations in Nitroalkane
Solvents. Synthesis of the 17-Hydroxg-pregnan-20-one System. Morton, D. R.; Gravestock,
M. B.; Parry, R. J.; Johnson, W. 5.Am. Chem. So&973 95, 4417-4418.
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dl-16,17-dehydroprogesterone di-fichtelite dl-progesterone
(7-15) (7-16) (7-17)

Rl R2
. R3

5B-D-homoandrostan-17-one corticoids

R! =H, R? = CHj,,
(7-18) (7-19) R3 = (CH,),CH=C(CHa),
R!=CH3, R?=H,
R3 = (CH,),CH=C(CHj3),

euphol (7-20)

tirucallol (7-21)

sophoradiol di-dammarenediol
(7-23) (7-24)

Figure 7-1 Synthesized terpenoids by Jhonson et al.
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7.1.2.2 Corey’s study

The Corey group have studied the polyolefinizgtion to synthesize many polycyclic natural
products. In particular, they have used a chirabxefe as the initiating group to induce
enantioselective synthesis in many exampiés.

In 2011, Surendra and Corey reported the infliljatatalyzed cationic cyclization of chiral
polyene substrates containing a terminal acetyénthe initiating group®’ The resulting allyl
alcohol structur@-26is expected to be used for further transformaitibm many related natural

products (Scheme 7-5).

186 @) Enantioselective Total Synthesis of Oleandlid, Erythrodiol, B-Amyrin, and Other
Pentacyclic Triterpenes from a Common Intermedi@@rey, E. J.; Lee, J. Am. Chem. Soc
1993 115 8873-8874. (b) A New Strategy for StereocontrfoCation-Olefin Cyclization. The
First Chemical Emulation of the A/B-trans-9,10-dyolding Pathway of Steroid Biosynthesis
from 2,3-Oxidosqualene. Corey, E. J.; Wood Jr, HI.BAm. Chem. So2996 118 11982-11983.
(c) A Simple Enantioselective Synthesis of the 8gitally Active Tetracyclic Marine
Sesterterpene Scalarenedial. Corey, E. J.; Lud,ig.L. S.J. Am. Chem. S0&997,119,9927-
9928. (d)An Exceptionally Short and Simple Enantioselectiatal Synthesis of Pentacyclic
Triterpenes of th@-Amyrin Family. Huang, A. X.; Xiong, Z.; Corey, B. J. Am. Chem. Soc
1999 121, 9999-10003. (e) Simple Enantioselective AppraacBynthetic Limonoids. Behenna,
D. C.; Corey, E. JJ. Am. Chem. SoQ008 130 6720-6721. (f) Rapid and Enantioselective
Synthetic Approaches to Germanicol and Other PgoliacTriterpenes. Surendra, K.; Corey, E.
J.J. Am. Chem. So2008 130, 8865—-8869. (g) A Short Enantioselective TotaltBgsis of the
Fundamental Pentacyclic Triterpene Lupeol. Surer€iraCorey, E. JJ. Am. Chem. So009
131, 13928-13929.

157 A Powerful New Construction of Complex Chiral Pogles by an Indium(lil)-Catalyzed
Cationic Cascade. Surendra, K.; Qiu, W.; Coreyl.B. Am. Chem. So2011, 133 9724-9726.
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InBr; (20 mol%)
CH,CI,, -20°C

76%

Scheme 7-5Indium(lil)-catalyzed cationic cyclization

Most recently, Surendra and Corey disclosedntareelective proton-initiated cationic
cyclization of polyene substrates by using stoiotetric chiral BINOL and antimony
pentachloride. The BINOL-antimony compl&x28 provided a chiral environment that limited
the approach of polyolefin to the proton sourcee Tésulting products displayed high yield and
high enantioselectivity (Scheme 7765.

~
. \/,SbCI5
L™
A | CH,Cl,, - 78 °C, 4 h
Ve Ve 84%; 92% ee
7-27

Scheme 7-6Enantioselective proton-initiated cationic cyatibn

1%8Highly Enantioselective Proton-Initiated Polycyatiion of Polyenes. Surendra, K.; Corey, E.
J.J. Am. Chem. So2012 134, 11992-11994.
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7.1.2.3 Other approaches to polyoefin cyclization

In 1999, Yamamoto group reported the enantasiele cyclization of polyprenoids using a
chiral system by a combination of a Lewis acid arahiral Bronsted acid (LBAY? Interestingly,
the LBA catalysis of the aryl eth&-30 provided an abnormal products31 which presumably

formed by Claisen rearrangement followed by theoat cyclization (Scheme 7-7).

Rl = H, Br, Me, OMe OO Cl
R? = H, Me _H
0

RZ
Rl R2 N + SnCI4
"R
" 99
cl 7-31
N | o
Me CH,Cl,, - 78 °C R?
Me 80-98%; 62-87% ee
7-30 7-32

Scheme 7-7Yamamoto’s LBA catalysis

In 2004, Oltra group reported the titiocene-rattl polyolefin cyclization as an approach to
terpenoids.’® The radical opening of epoxide33was followed by a free radical chain reaction,

providing trans-decaliii-34 (Scheme 7-8).

% The First Enantioselective Biomimetic CyclizatiohPolyprenoids. Ishihara, K.; Nakamura,
S.; Yamamoto, HJ. Am. Chem. Sot999 121, 4906-4907.

170 Titanocence-Catalyzed Cascade Cyclization of Epokrenes: Straightforward Synthesis
of Terpoenoids by Free-Radical Chemistry. JustitiaRosales, A.; Bunuel, E.; Oller-Lopez, J.
L.; Valdivia, M. V.; Hadour, A.; Otra, J. E.; Bare A.; Cardenas, D. J.; Cuerva, J. Ghem. Eur.
J.2004 10, 1778-1788.
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OAc OAc

Me [Cp,TiCl,](20 mol %) Me
Mn, TMSCI, collidine

40% HO .
O mee Me m&
7-33 7-34

Scheme 7-80ltra’s Ti-mediated radical cyclization

In the same year, Koh and Gagne reported tl{g)Pdr Pt(ll)-mediated polycyclization of
1,5-diene 7-35.*"* They demonstrated that this cyclization undergties cationic reaction

pathway by isolating the Pd-intermedidt&6 (Scheme 7-9).

X

| 2+

MeHO ) NaBH,
(\L/@ or NC-CgFg m MeOH (io/\E)
+ .
X LnM B :
H

bz

PPh, :
7-35 PhP—P\t ?* (BF,), 7-36 7-37
PPh, 90%, >99:1 d.r.

Scheme 7-9Gagne’s Pd(l)- or Pt(ll)-mediated cyclization

In 2009, Michele group disclosed the gold-catedl cyclization of 1,5-enynes-38 The
highly reactive interaction between the alkyne aredal induced the isomerization of 1,5-enynes

andin situ 6-endo-dig oxycyclization (Scheme 7-163.

11 pd'- and Pt-Mediated Polycyclization Reaction of 1,5- and Djénes: Evidence in Support
of Carbocation Intermediates. Koh, J. W.; GagneRMAngew. Chem. Int. EQ004 43, 3459-
3461.

172 Mimicking Polyolefin Carbocyclization Reactions: I8eCatalyzed Intramolecular
Phenoxycyclization of 1,5-Enynes. Toullec, P. YlarBe, T.; Michelet, V.Org. Lett 2009 11,
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PPh,AUNTf2

(1 mol%)
ether, r.t. Meo
15min-1h | X
79 - 96% g X
A R
7-38 Me 7-39

R =H, 4-Cl, 4-Br, 2-Me, 3,4-OCH,0, 4-MeO

Scheme 7-10Michelet’s gold-catalyzed cyclization

In 2010, Rendler and MacMillan reported thel@agtion of organo-SOMO (singly occupied
molecular orbital) catalysis to the polyene cydiima.!”® They demonstrated that theimino
radical intermediate o#-40 upon metal oxidant initiated cyclization and thge uof chiral

imidazolidinone induced enantioselective react®oheme 7-11).

Me e)

N
Me% 7-41
N
M
€ Me H Ar

TFA

Cu(OTf),, NaTFA/TFA
i-PrCN/DME, 23 °C

54 - 77%
85-92% ee

Scheme 7-11MacMillan’s SOMO-cyclization

The Jacobsen group communicated the developaofeshantioselective cationic cyclization

using thiourea7-44.1"* Under HCI condition, the hydroxyl lactam was fimtnverted to a

2888-2891.

173 Enantioselective Polyene Cyclization via OrgandvEDCatalysis. Rendler, S.; MacMillan,
D. W. C.J. Am. Chem. So201Q 132, 5027-5029.

174 Enantioselective Thiourea-Catalyzed Cationic Pgdljzations. Knowles, R. R.; Lin, S.;
Jacobsen, E. Nl. Am. Chem. So201Q 132, 5030-5032.
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chlorolactam. The hydrogen bond-mediated ionizatibthe chlorolactam by the chiral thiourea

was presumed to give a key complex that is staillzy cationz intereaction (Scheme 7-12).

CF;

N -
N N CF
T
O 15mol%e 44
Me ’ 25 mol% HCI
4A MS, TBME
N | -30°C

0
@\OH 78%, 95% ee

3

Scheme 7-12Jacobsen’s thiourea-catalyzed polyene cyclization

The Snyder group has studied bromonium-indpeégene cyclizationd”® They developed an
easy preparation of bromodiethylsulfonium bromopehkroantimonate (BDSB) catatlyst47
as a stable solid. By screening conditions, thegassfully induced cyclization of polyprenoidal
compounds (Scheme 7-13).

175 (a) EbSBr-SbGBr: An Effective Reagent for Direct Bromination-inced Polyene
Cyclizations. Snyder, S. A.; Treitler, D. 8ngew. Chem. Int. EQR009 48, 7899-7903. (b)
Simple Reagents for Direct Halonium-Induced Poly@yelization. Snyder, S. A.; Treitler, D.
S.; Brucks, A.J. Am. Chem. So201Q 132 14303-14314. (c) A two-step mimic for direct,
asymmetric bromonium- and chloronium-induced potyegclizations. Snyder, S. A.; Treitler,
D.; Schall, A.Tetrahedror201Q 66, 4796-4804.
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Et” " Et R
Me M Me
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Me Me 7-46 Me Me 7-48

Scheme 7-13Snyder’s bromonium-induced polyene cyclization

7.2 Result and Discussion

7.2.1 Model compound 1

As a model compound that is closely related stnectd arisugacin A, we first considered the
triene compound-49. We designed the model compoundl9 having tetramethylallyl cation
precursor which had been shown to be a betteaiitig group than an epoxid& We hoped that
the secondary alcohdl-50 is prepared by the-selective prenylation of aldehyde52 using
prenyl chloride7-51 The aldehydé’-52 was thought to be given by reduction and oxidation
sequence ofZ)-a,p-unsaturated estér-54 bearing TMS group di-carbon. The estéf-54 was
presumed to be provided by ynolate condensafiobetween acyl silan&-55 and 2,2-
dibromoeste7-56 (Scheme 7-14).

176 Johonson, W. S.; Fish, P. V. The Tetramethylalytion as a Surrogate for the Epoxide
Function as an Initiator of Biomimetic Polyene Reytlizations. Total Synthesis of Sophoradiol.
Tetrahedron Lett1994 35, 1469-1472.

177 Shindo, M.; Matsumoto, K.; Mori, S.; Shishido, Khe First General Method f@-Selective
Olefination of Acylsilanes via Ynolate Anions Prding Multisubstitued Allenesl. Am. Chem.
So0c.2002 124, 6840-6841.
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— alpha-selective
o prenylatlon
™

7-52
oxidationﬂ
ynolate
o (@] condensation Q reduction
e D O S O
Br Br
™S ™S

7-55 7-56 7-54 53

Scheme 7-14Retrosynthesis of a model compoufid9

7.2.1.1 Synthesis of acyl silaidleb5

The acylsilang-55 was prepared as shown below (Scheme 7-15). Thedinttion of TMS
group to 1,3-dithiane followed by alkylation gavenasked keton&-60 (46 % for two steps).
The hydrolysi&® of 7-60 using methyl iodide and potassium carbonate peabitie acyl silane

7-55

n-BuLi, n-BulLi j Mel, K,CO4

TMSCI THE, 15O N CH4CN - H,0

THF, -78 °C -78°C 7-59 (1), rt. o)

Sy e )
0 0 52 % TMS
4% ™S 62% 1y ’
757 7-58 7-60 7-55

Scheme 7-15Synthesis of acyl silané55

178 A synthesis of multisubstituted vinylsilanes viaolates: stereoselective formationpesilyl-
B-lactones fllowed by decarboxylation. Shindo, M.;at8umoto, K.; Shishido, KChem.

Commun2005 2477-2479.
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7.2.1.2 Synthesis of ethyl 2,2-dibromopropionat&6)

On the basis of the known procedtffaye prepared the ethyl 2,2-dibromopropionaté€)
from ethyl 2-bromopropionateZ{61) (Scheme 7-16).

o LDA, THF, -78 °C o
\HJ\O/\ then, C,Br,Cl, %O/\
Br 62 % Br Br
7-61 7-56

Scheme 7-16Synthesis of the 2,2’-dibromoesiet6

7.2.1.3 Synthesis of the esieb4

Although the Wittig reaction has been one of thestmmopular reactions forEf- or (2)-
stereoselective olefination, most of examples joitisesizing tri- or tetrasubstituted silyl alkene
have been shown low stereoselectity.ln 2002, Shindo et al. reported theselective
olefination of acylsilanes by using ynolate cheryigScheme 7-173* They generated ynolate
anion 7-63 by reducing 2,2’-dibromo ethyl esté+62 with t-BuLi or Li/Naphthalene. The
ynolate solution was then treated with the acyhgit¥-64to produceZ-selective tetrasubstituted
olefins7-68 The reaction was shown to proceed througtgtlaetone enolate intermediale66.
The authors reasoned that the stereochemistry thebynteraction betweenabonding orbital
of the breaking C-O bond and vacant orbitals adasil in the electrocyclic ring opening step of
the p-lactone enolat@-66>*

179 Generation of ynolate and Z-selective olefinatimi acylsilanes: (Z)-2-methyl-3-
trimethylsilyl-2-butenoic acid. Shindo, M.; Matsutnp K.; Shishido, K. Organic Syntheses,
2007 84, 11.

1% The First General Method for (Z)-Selective Olefina of Acylsilanes via Ynolate Anions
Providing Multisubstituted Alkenes. Shindo, M.; Mamoto, K.; Mori, S.; Shishido, KIl. Am.
Chem. So2002 124, 6840-6841 and see the references therein.
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t-BulLi

or R3
R3><COZEt Li, naphthalene (cat.) \\\\
Br" Br OLi
7-62 7-63
3 THF RS OLi 3 . Mel
j\ ) R S ft1h _ R __CO,Li  pvpa R3__CO,Me
RY” “SiMe,R? N R ¢} ’ | I

2 OLi RY” “SiMe,R? 1 i 2
SiMe,R? 2 R SiMe,R
7-64 7-63 7-65 7-66 7-67 Z-form

Scheme 7-17Shindo’s procedure for the synthesiZegelective olefination of acylsilane

Having two substrates-55 and 7-56 in hand, we performed a condensation reaction. The
application of Shindo’s procedure provided thetrasubstituted olefi7-54 containing TMS
group at3-carbon (Scheme 7-18).

0 t-BuLi at -78 °C
THE . Mel |
YJ\O/\ then, addition of r.t. 1h L'OZCU HMPA MeOZCU
Br Br . 0 .
o) Me3Si 90 % Me3Si
7-56 o - 7-54
3

7-55 (Z:E =>99:1)

Scheme 7-18Synthesis oZ-olefin tetrasubstrituted olefin-54

7.2.1.4 Synthesis of the aldehydi&?2

In order to get the aldehyd&, the reduction o7-54 was followed by an oxidation Gt53 as
planned. When DIBAL-H was added to the reactiontomx at 0°C, a mixture of7-53 and
desilylated produc?-69 was obtained with 1:1 ratio. However, when thectiea temperature
was decreased to — 78, the ratio of the two compounds was increase@tt{Scheme 7-19).

Careful separation gave the clean produb
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DIBAH, 0°C | |
THE HO | .\ HO |
MeO,C | 88 % Me;Si H
| ) 7-53 11 7-60
MesSi DIBAH, -78 °C

THF
7-54

88 % 0:1

Scheme 7-19Synthesis of Z-allylic alcohal-53

The oxidation ofZ-allylic alchol 7-53 was found to undergo isomerization during the
oxidation. For example, the oxidation using mangangV) oxide®! afforded a mixture of (E)-
and (2)-isomers. Thus, we next tested a neutral RRidation, which gave a pure, -
unsaturated aldehyde52 (Scheme 7-20).

o)
| PDC, CH,Cl, | |

HO | 0°Ctor.t.

M63Si ME3Si

quant.
7-53 7-52

Scheme 7-20Synthesis of the aldehyde52

7.2.1.5 Synthesis of the prenyl chloridé&1

The prenyl chloride 7-51 was prepared by followithg known proceduré® In situ
coupling of the ¢-(methoxycarbonyl)vinyl]aluminum reagent with aasoin the presence of
BFs;-ELO gave the tert-alcohol’-71 in 62 % vyield. The tert-alcohol reacted witk-
chlorosuccinimide in the presence of SNie afford the {2’ reaction product, prenyl chloride
51in 77 % yield (Scheme 7-21).

181 Uniting Anion Relay Chemistry with Pd-Mediated €soCoupling: Design, Synthesis and
Evaluation of Bifunctional Aryl and Vinyl Silane ihchpins. Smith Ill, A. B.; Kim, W. =S.; Tong,
R. Org. Lett 201Q 12, 588-591.

182 Efficient Synthesis of Methyl 2€rt-Butyl)acrylate and Analogous Esters. Kiindig, EX®,

L. —H. Helv. Chim Acta 1994 77, 1480.

241



o)
)J\ / BF3+ OEt,

HMPA/THF o NCS, Me,S o}
0°Ctor.t. HO CH,Cl,, 0°C, 20 h X
=—CO,Me + DIBAL-H OMe OMe
62 % 77 %
7-70 7-71 751

Scheme 7-21Synthesis of prenyl chloridé 71
7.2.1.6 Examinations far-prenylation of the aldehyd&52
In 2009, the Oltra group reported the steresatidlea-prenylation reaction between aldehydes
and a series of prenyl chlorides by Ti-cataly$fAmong the many examples, the most
intriguing one was the selectively prenylated atdol74 derived from the farnesal-72 and

farnesyl chlorider-73(Scheme 7-22).

cl Ti[Cp,ClI], Mn

CHO TMSCI, Collidine
X A THF (deoxygenated)
+
N XN 76%
7-72 7-73 7-74 sole product

Scheme 7-220ltra’s a-selective prenylation

Following Oltra’s procedure, we examined couoglreaction between allyl chloride51 and
aldehyder-52 However, in contrast to our expectation, the rasgiproducts turned out to be an
inseparable 2:1 mixture of lactoné«’5, 7-76, and one unidentified product77 (Scheme 7-23).

The ratio of lactoneg-75and7-76 was determined by the integration of each metpi&on.

183 Ti-Catalyzed Barbier-Type Allylations and Relafdactions. Estévez, R.: Justicia, J.; Bazdi,
B.;Fuentes, N.; Paradas, M.; Lazarte, D. C.; R@ia\l.; Robles L,: Gansauer, A.; Cuerva, J. M.;
Oltra, J. EChem. Eur. J2009 15, 2774-2791.
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Tl[szClz], Mn

o) O
| | S TMSCI, Collidine
IJ/ . OMe THF (deoxygenated)
Me3Si Cl
7-52 7-51

+ one unidentified
product

7-77

Me38i

7-75 31% total 7-76

Scheme 7-23Ti-mediated Barbier reaction between aldehg and prenyl chlorid&-51

Because the selective-prenylation using Ti-catalyst was unsuccessfulmaenoto’s a-
prenylation proceduré* was next examined. However, the prenylated prod«s0 was not

obtained and the aldehy@e52was recovered (Scheme 7-24).

Li/biphenyl
Bal»2H,0 oH
U THF -78°C i
Me,;Si
3 Meo” Yy TMS

7-50

Scheme 7-24Model reaction using Yamamoto'’s protocol

7.2.2 Model compound 2

184 Allylbarium in organic synthesis: unprecedentedelective and stereospecific allylation of
carbonyl compounds. Yanagisawa, A; Habaue, S; Yast@ani.J. Am. Chem. So0d991], 113
8955-8956.
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Because of the difficulty for the scalable $wsis of the aldehyd@-52 and difficulty to
inducea-prenylation product using the prenyl chlorid&1, we planned to prepare a new model
7-78 to quickly test cationic cyclization of the sulasé containing vinylsilane allyl alcohol
moiety (Figure 7-2).

oP

O | SiMe,
7-78

Figure 7-2. A new model compound

7.2.2.1 Preparation of the epoxid&’8

The a,p-unsaturated aldehyde-82 was prepared from the known alcoffoin gram scale

(scheme 7-25).

NH(SlMeg)z,

o 1) POCl;, DMF Na, TMSCI, then MnO, -
é 2) NaBH,, MeOH HO/I) 1 N HCI HO/I) CH,Cl, I)
Cl Me;Si B%  Me,si
7-81

7-79 7-80 7-82

Scheme 7-254-Step synthesis of the aldehyd&2

Next, we tried Ti-mediated Barbier reactiontbé aldehyde7-82 and prenyl bromide by
adapting Oltra’s protocdf As a result, the isomerig-prenylated alcoho83 andy-prenylated

alcohol84 were isolated in 50 and 29 % yield, respectiv8lgheme 7-26).

185 Highly Regio- and Diastereoselective One-Pot Sssith of Silyl Epoxy Alcohols and
Vinylsilanes by Direct Hydroxy-Epoxidation. Adam,.\Richter, M. JJ. Org. Chem1994 59,
3341-3346.
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Br/\)\

Mn, T|Cp2C|2 OH OH
OHC THF, r.t. 2 hrs
PO JO - T
Me;Si )
7.82 SiMe, SiMez
7-83 (50 %) 7-84 (29 %)

Scheme 7-26The Ti-mediated prenylation of the model aldehyek2

However, the coupling reaction of prenyl chiiev-51 and the aldehydé-82 under the same

conditions only producegtprenylation product-85 (Scheme 7-27).

Cl
7-51
MeO,C
eO, o
Mn, T|Cp2C|2 0
OHC@ THF, r.t. 2 hrs

0,
Me;Si 92 % )
Me;Si

7-82
7-85

Scheme 7-27The Ti-mediated coupling reaction of the aldehye&2 andprenyl chlorider-51
The selective epoxidation for the alcofeB3 and its derivatives was examined by a series of
cross-reactivity experiments. When two substr#t84 and7-86 were subjected to m-CPBA, the

tetrasubstituted olefin of-81 and the terminal trisubstituted olefin @£86 almost equally

reacted, generating corresponding epoxitt83 and7-88 (Scheme 7-28).
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HO mCPBA (1 eq.)

/.ﬁ[j CH,CI
MeSSI o M
0°Ctor.t. HO
761 1eq. @Q b e

+ ME3Si O
/\)\/\é& 7-87 0. 48 7-88 0.52
AcO =
7-86 1 eq. + unreacted starting materials

Scheme 7-28Relative reactivity for the oxidation of the athab 7-81

When the silyl ethe7-89 was subjected to the same oxidation conditions, ritio was

considerably changed, presumably due to sterichnug (Scheme 7-29).

TBSCI, imidazole

HO/I) CH,Cly, rt. 2h TBSO/I)
90 % MesSi

Me3Si
7-81 7-89
TBSO/ﬁ[) MCPBA (1 eq.)
. CH,Cl,
Me3Si o
TBSO
789 1eq. 2 ClOrt /oi) + ACQM
+ Me3Si o
7-90 0.29 7-88 0.71
M
AcO + unreacted starting materials

7-86 1 eq.
Scheme 7-29Relative reactivity for the oxidation of the d$igther7-89
This preliminary result led us to prepare tHg@S¥protected alcohol-91 The ratio of the

resulting epoxidized products i nmr was 0.587-92): 0.13 7-93: 0.16 {-94). Although the

selective formation of monoepoxi@3 is achieved, the difficulty of separation did miilbw us

to use the substra®e91 (Scheme 7-30).
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OTBS OTBS

+
OTBS 0 SiMe3 SiMe3

DMAP (0.2 eq) m-CPBA (1 eq.)
7-92 (58 %) 7-93 (13 %
CHCl,, O/N CH,Cl,, 0 °C ( )
X 93 % X OTBS OTBS
SiM63 SiM63
7-83 7-91 + + “
O | siMe; SiMeg
7-94 (16 %) 7-91 (13%)

Scheme 7-30Selective epoxidation of the silyl ethe©1l

We needed to find another protecting group ihaible to give the selectivity and easiness of
separation. Therefore, the acetat85 was examined for the selective epoxidation. Assallte
the epoxidation of trisubstituted olefin o+-86 was even more selective than deactivated
tetrasubstituted olefin af-95(Scheme 7-31).

Ac,0, DMAP
HO/I) CH,Cly, rt. 2h ACO/I)
Me;Si 87 % Me;Si

7-81 7-95

ACO/E) MCPBA (1 eq.)

. CH,Cl,

Me3S| 0 OC tO r_t_ ACO O M
7-951 eq. +  ACO

+ Me;Si O
/\)\/@ 7-96 0.13 7-88 0.87
AcO =
7-86 1 eq. + unreacted starting materials

Scheme 7-31Relative reactivity for the oxidation of the aatet7-95
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The a-prenylated alcohol7-83 was acetylated and oxidized with m-CPBA (m-chloro
perbenzoic acid) to afford the epoxy acefa®@8 The acetyl group of the epoxide was removed

by potassium carbonate, affording the epoxy alc@h@® (Scheme 7-32).

OH OAc OAGC OH
Ac,0, DMAP m-CPBA K,COs
CH,Cl,, O/N CH,Cl,, 0°C MeOH, r.t. O/N
X 88 % X 59 % 95 %
SiMes SiMe; O | SiMes O | SiMe;
7-83 7-97 7-98 7-99

Scheme 7-32Synthesis of epoxy alcoh@+99

7.2.2.2 Examination for the cationic cyclizationtibé epoxy acetate-98

Having a model epoxidé-98 we examined acid-catalyzed cationic cyclizatibirst, the
epoxide7-98was subjected to ethylaluminumdichloride at °@8In contrast to our expectation,
the cyclized product was not obtained and an uretgdeproduct, tetrahydrofurair104 was
isolated. The addition of the acetate to the catioe followed by rearrangements was
presumed to occur in this substrate (Scheme 7-BB¢ mechanism for this reaction was

previously demonstrated by Giner et .

186 Mechanistic Studies of the Biomimetic Epoxy Esfethoester and Orthoester-Cyclic Ether
Rearrangements. Giner, J. —L.; Li, X.; MullinsJJJ. Org. Chem2003 68, 10079-10086.
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OAC AcO
EtAICI,, CH,Cl,
-78°C, Ar
42 % 0
© SiM63 ;‘I Me3Si
7-98 7-104
/ "
B o SiMe, \ 7
o)
: T Gor o
& R od o A o/
¢ 0 HO )@j UO
B,
- E 7-100 7-101 7-102 7-103 -

Scheme 7-33EtAICI,-catalyzed formation of 2-acetoxyfurdnl04

Not surprisingly, the acid-catalyzed cyclizatiointhe hydroxy epoxid&-99 also produced the
furan7-105 which was identified by crud# nmr experiment (Scheme 7-34).

HO
O+ EtAICl,, CH,Cl,
- 78 °C, Ar
o
O | Sime, Me;Si
7-99 7-105

major in crude

Scheme 7-34EtAICI,-catalyzed synthesis of 2-hydroxyfuréamil05

7.2.2.3 Examination for the cationic cyclizationT@dS-protected substrate

Because both carbonyl group of epoxid88 and hydroxyl group of epoxide99 participated
in the reaction under acid-catalyzed conditions,ne@eded to protect alcohol with non-reactive
group. Thus, we protected the hydroxyl epoxid@9 with t-butyldimethylsilyl (TBS) group and
examined several conditions for cationic cyclizati&cheme 7-35). However, the conditions
including Lewis acids and Ti-mediated radical reactresulted in production of complex
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mixtures. The interpretation of the resulting produdid not show any evidence that is able to

explain the existence of the cyclized products €aud 7-34).

EtAICI,, CH,CI,
-78°C, Ar
OH OTBS
TBSCI, Imid. BF3OEt,, CH,Cl, licated
DMAP, DMF -78°C, Ar (r:ncﬁﬁrgsv?/ith
80 % different pattern
. . in all cases
O SiMe3 O SiMe;
7-99 7-92 TiCp,Cly, Mn
THF, r.t. Ar

Scheme 7-35Examinations for the catalytic cyclization of thig/l ether7-95

7.2.3 Model compound 3

The polyolefin cyclization of epoxides contaigi allylic alcohol was frustrated by the
participation of the oxo-functionality under acidionditions. In addition, the interpretation of
the products formed from a diastereomeric mixté@l was not easy. Thus, we sought for
alternative substrates that are not only able ¥ gimpler stereochemical results, but also to
guarantee short-steps synthesis.

For example, we decided to use an allylic abt@n MOM-ether as the initiating group. The
allyl halides were prepared by the known procedurest, a monoprotected alcohti107 was
prepared in 59 % yield by treating 2-methylenefr@andiol with 1 eq. of sodium hydride and
chloromethoxymethane. Next, MOM-protected alcohdl07was brominated by treating carbon
tetrabromide and triphenylphosphine, giving thgldtomide7-108in 74 % vield®’ (Scheme 7-
36).

187 Total Syntheses of Natural Tubelactomicins B, Dhd aE: Establishment of Their
Stereochemistries. Sawamura, K.; Yoshida, K.; SyZAik Motozaki, T.; Kozawa, |.; Hayamizu,
T.; Munakata, R.; Takao, K. —I.; Tadano, K. &I0Org. Chem 2007, 62, 6143-6148.
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P

Cl OMe CBry, PPh3
NaH, THF, CH,Cl, 0 °C,
HO/\H/\OH 0°Ctor.t. HO O/\O/ 5 min Br/\[f\o/\o/
59 % 74 %
7-106 7-107 7-108

Scheme 7-36Synthesis of MOM-protected allylic bromidel08

Second, the bromidé-111 was prepared from tert-alcoh@110 (Scheme 7-37). MOM-
protection of the alcohol-71 followed by DIBAH reduction of the esté-109 gave the allyl
alcohol7-110(72 % for 2 steps).

cI”ome DIBAH
i-Pr EtN, (2.2 eq.) CBry, PPh;
MeQ o CH2C|2, MeO O CH2C|2, CH2C|2, 0 OC,
0 °C to reflux -78°C 30 min
HO OMOM Br OMOM
OH 84 % OMOM 86 % 81 %
7-71 7-109 7-110 7-111

Scheme 7-37Synthesis of MOM-protected allylic bromidelll

Third, the synthesis of the bromidel13was attempted. The reduction of the methyl e&ter
71 with DIBAL-H provided di-tert-alcohol 7-112 in 4% vyield. However, the bromination
procedure using NBS/SMejave a complicated mixture, discouraging the ukattractive
bromide7-113(Scheme 7-38).

DIBAH
(02H2 S?') NBS, SMe,
MeO_ O CraC CH,Cl,, 0 °C,
HO OH —>X— Br OMOM
49 % |
OH
7-71 7-112 7-113

Scheme 7-38Attempt to synthesize the allyl bromidell3
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7.2.3.1 Synthesis of a model compound using gddethigde

Although the backbone of a Barbier adduct derivennfthe geranial is different from the
previous model compounds, the easy access to thieieBaadduct is attractive. The zinc-
mediated Barbier reaction of the geraniall4 with allyl bromide 7-108 was performed by
adapting Handy's protocd?® This Barbier reaction in THF-saturated aqueous,®lHsolution
with excess zinc powder (2.5 eq.) furnished theladt7-115in 82 % yield. Then, the resulting
secondary allyl alcohdl-115was protected by a TBS group (Scheme 7-39).

Br/\[(\OMOM
7-108 TBSCI,

o Zn powder OH Imidazole OTBS
THF-sat. NH,CI CH,ClI,,
" (A X X
H | Xy soln (4:1) | 0°Ctor.t. |
82 % 93 %
MOMO
7-114 7-115 MOMO 7-116

Scheme 7-39Synthesis of sily ethé-116from the geranialdehyde

We next tried MOM-deprotection of the silyl etlY-116 The conditions using zinc bromide
with n-butanethiol in dichloromethatf& provided a complicated mixture. When a non-acidic
condition with TMSOTf and 2,2-bipyridyl was apptig®® we obtained the deprotected alcohol
7-117(Scheme 7-40).

188 Regioselective Barbier reactions of 2-bromometymsithexenone. Manchanayakage, R.;
Handy, S. TTetrahedron Lett2007, 48, 3819-3822.

189 A facile method for the rapid and selective depetion of methoxymethyl (MOM) ethers.
Han, J. H.; Kwon, Y. E.; Sohn, J. H.; Ryu, D. Ftrahedror201Q 66, 1673-1677.

19 Remarkable effect of 2Bipyridyl: mild and highly chemoselective deprdten of
methoxymethyl (MOM) ethers in combination with TMS®{QTESOTf)-2,2-bipyridyl. Fujioka,

H; Kubo, O.; Senami, K.; Minamitsujia, Y; Maegawa,Chem. Commur2009 4429-4431.
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ZnBr,, n-BuSH

CH,CI
OTBS 2 2/ OTBS
7
N X
| TMSOTf |
2,2'-bipyridyl
then
MOMO '
Et,0, H,0 HO
7-116 7-117
89 %

Scheme 7-40MOM-deprotection of the silyl eth&@-116

7.2.3.2 Test of the polyene cyclization of the ladigohol 7-117

We anticipated that the mesylate of allylichalc7-117 could be cyclized by solvolysis. By
adapting Johnson’s conditidnsising formic acid as a solvent to initiate andmieate the
reaction, we examined the formolysis of the mesylatl18 The allylic alcohol7-117 was
treated with mesyl chloride to successfully provide mesylat@-118in quantitative yield. Then,
the mesylate/-118 was treated with 97 % formic acid with sodium fatey which resulted in

three major products (Scheme 7-41). The exacttstreiof these products are not yet determined.

OTBS OTBS HCO,H
. MsCl NEt; NaCO,H, 0 °C
| CH,Cl, | ™ then, NaHCO;
unidentified three products
quant.
HO 7117 MsO  7.118

Scheme 7-41Formolysis of the mesyla®118

Next, we applied the Mitsunobu reaction to #hgl alcohol 7-117. The application of the
Mitsunobu reaction to polyolefin cyclization havetrbeen explored. We hoped that the allylic
alcohol is would be activated to give an allyl oatc species under the Mitsunobu conditions.
However, the cyclized products were not observed #e starting material was recovered
(Scheme 7-42).
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EtO,C.

N=N_
OTBS CO,Et
PPhs, Toluene
X
-10°Cto50°C ) )
y starting material
V4 recovered

HOo 7-117

Scheme 7-42Mitsunobu reaction of the allyl alcoh6i117

Pd(Il)-catalyzed activation of allylic alcohole n-allyl complex has been reported for the
application to the intramolecular carbocyclizatith.We anticipated that Pd catalyst could
initiate the reaction by activating the allylic alml, which would induce a tandem Heck-type
cyclization. The allylic alcohof-117was subjected to the catalytic PelCH3;CN),in refluxing
acetonitrile. Interestingly, the resulting produgas the 5-methylene-hydrofuraitl2l The
alcohol ofn-complex was presumed to be substituted with oxyafethe silyl ether via @& or
S\2’ pathway (Scheme 7-43).

OTBS
CH;CN, reflux
gd N
80 %

7-121

Scheme 7-43Pd-catalyzed activation of allylic alcohol

191 Direct Syntheses of Polyfused Ring Systems bymaiecular Tandem Palladium-Ene/Heck
Insertion Reactions. Oppolzer, W.; DeVita, RJ.JOrg. Chem199], 56, 6256-6257.
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7.3 Conclusion

In the retrosynthesis of previous chapter 5, designated the key intermediate for acid-
catalyzed polyolefin cyclization. The key substraté has an allyl alcohol and vinyl silane in its
structure. We thought that the acid-catalyzed egtion of the substrafe1 would not be trivial
in view of the reactivity of functional groups. T$juwe sought to find optimized reaction
conditions.

We have discussed the polyene cyclization oéis¢ model compounds that are related to the
key intermediate.

First, we wanted to have a model compouhd9 that contains tetramethylallyl cation
precursor as the good initiating group. Althougle teynthesis of the aldehydé52 was
completed, thex-selective prenylation of the aldehyd@es2 was not achieved. Therefore, we
could not test acid-catalyzed polycyclization reatt

Second, we prepared simpler model compoundssbyg the known aldehydé-82 The a-
selective prenylated alcohdl-83 was converted to epoxy ethers87 and 7-95 Then, we
examined acid-catalyzed epoxide opening followedchgbocyclization of epoxy ethét-87.
However, the acetyl group @F87 participated in the reaction, which resulted ia groduction
of the 2-acetoxyfuran/-104 In case of polycyclization of the epoxy silyl eth7-95 a
complicated mixture was obtained. The difficultyr fthe interpretation of the resulting
inseparable mixture didn't allow us to claim that got cyclized products.

In the third model compounds, we decided toallsé alcohols as initiating groups. Thus, we
planned to prepare three allyl bromides which wdatdused for Barbier reactions. Also, we
chose geranial as an easily accessible startingrmlafThe model alcohdl-117was prepared by
a 3-step sequence from the geranial. Then, weeappkveral conditions including formolysis,
Mitsnobu reaction, and Pd(ll)-catalyzed tandem iggtion. However, a product of cationic
polyene cylization was not isolated in any case.

Although we have not been able to induce madbktrates to carbocyclization products, we
have figured out reactivity of our model compound$ie systematic examination using
transition metal complex or organo catalysts upostgeted substrate of the model alcohols

should be investigated.
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7.4 Experimental Section

General Information

Reagents and solvents were purchased from chld@hemical Company, Fisher Scientific,
Acros Organics. Unless otherwise noted, solid regeere used without further purification.
All air- and moisture sensitive reactions were perfed under a positive pressure of dry argon in
oven-dried or flame-dried glassware. All moistuengtive solution and anhydrous solvents
were transferredvia standard syringe and cannula techniques. Con¢entraf solutions was
accomplished with a Buchi rotary evaporator evasidly a water aspirator. Tetrahydrofuran
(THF) and diethyl ether (ED) were distilled from sodium-benzophenone Kketyld an
dichloromethane was distilled from calcium hydrideler argon gas.

All experiments were monitored by thin layerarnatography (TLC) performed on Whatman
250um layer aluminum silica gel plates. Spots were alized by exposure to ultraviolet (UV)
light (254 nm) or by staining with a 10 % solutiohphosphomolybdenic acid (PMA) in ethanol
and the heating. Flash chromatography was carngdvith Fisher brand silica gel (170-400
mesh).

Infrared spectra were recorded with a Galaxy SefiedR 3000 infrared spectrophotometer.
Samples were scanned as neat liquids on sodiunmiadl(NaCl) salt plates. Frequencies are
reported in reciprocal centimeters (m Nuclear magnetic resonance (NMR) spectra were
recorded with a Varian Inova-600 (600 MHz fét), Varian Inova-400 (400 MHz fdH), Varian
Inova-300 (300 MHz for 1H, 75 MHz for 13C) spectreter. Chemical shifts for proton NMR
are reported in parts per million (ppm) relativeth@ singlet at 7.26 ppm for chloroform-d.
Chemical shifts for carbon NMR are reported in ppth the centerline of the triplet for
chloroform-d set at 77.0 ppm. The following abbagiins are used in the experimental section
for the description ofH-NMR spectra: singlet (s), doublet (d), triplé @uartet (q), quintet (q),
multiplet (m), doublet of doublets (dd), doubletqufartets (dqg), and broad singlet (bs). Coupling

constants), are reported in Herz (Hz).

256



Experimental Procedure/ Characterization

n-BulLi - O\E/
THF, '°

-78°C 7-59 A

s._S S_S
™S 62 % ™S
7-58 7-60

Thiane 7-60 To a stirred solution of 2-trimethylsilyl-1,3tdiane {7-58 0.43 g, 2.25 mmol) in
THF (4 mL) was added n-BuLi (1.48 mL, 2.36 mmol)-&8 °C under Ar. After 30 min, a
solution of the tosylaté-59 (0.57 g, 2.36 mmol) in THF was added to the mixtdrhe reaction
mixture was slowly warmed to r.t and stirred ovghti Then, the mixture was quenched with sat.
NH4Cl sol'n, extracted with diethyl ether. The orgarsolution was dried over MgSO4,
concentrated. The residue was subjected to sikdacglumn chromatography (Hex:EtOAc =
50:1) to afford the thian@-60(0.36 g, 62 %) as colorless oil.

'H NMR (300 MHz, CDC}) § 0.21 (s, 9 H), 1.78 (s, 3 H), 1.82 — 1.98 (m, 2401 — 2.10 (m,

2 H), 2.16 —2.22 (m, 2 H), 2.31 — 2.37 (m, 2 HA2— 2.49 (m, 2 H), 3.05 (m, 2 H), 4.737 (s, 1
H), 4.741 (s, 1 H)*C NMR (75 MHz, CDC}) § -2.5, 22.8, 23.3, 25.1, 32.5, 35.9, 38.5, 109.9,
145.9.; IR (neatymax 1248, 1422, 1450, 1647, 2921tm

Mel, K2CO3
A CH4CN - H,0
(4:1), r.t. O
SRE
52 % ™S
TMS
7-60 7-55

Acylsilane 7-55 To a stirred solution of dithiane 7-60 (1.64 g,8&m®2mol) in CHCN (20
mL)/H,O (5 mL) was added potassium carbonate (2.51 ¢, @8nol) and Mel (3.92 mL, 62.8
mmol) at r.t. under Ar. The resulting mixture wasred vigorously for 3 days. Then, the mixture
was diluted with water and extracted with ethyltate The combined organic solution was
dried over MgSO4, concentrated. The residue wasjesidnl to silica gel column
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chromatography (Hex:EtOAc = 50:1) to afford thelaitgne7-55(0.33 g, 52 %) as colorless oil.
'H NMR (300 MHz, CDCJ) § 0.21 (s, 9 H), 1.72 (s, 3 H), 2.22 Jt= 7.2 Hz, 2 H), 2.74 (m, 2
H), 4.63 (m, 1 H), 4.70 (m, 1 H)**C NMR (75 MHz, CDCJ) § -3.1, 22.7, 29.8, 46.5, 109.8,
144.8, 247.2.; IR (neatmax 1248, 1374, 1417, 1451, 1647tm

o t-BuLi at -78 °C
THF . Mel |
%o/\ then, addition of r.t.1h L'OZCU HMPA MeOZCU
Br Br . 0 .
(0] Me3Si 90 % MesSi
7-56 s .68 7-54
3

7-55 (Z:E =>99:1)

Methyl ester 7-54 To a stirred solution of ethyl 2,2-dibromopropiomat55 (0.40 g, 1.55
mmol) in THF (10 mL) was slowly added t-BuLi (3.88_, 6.20 mmol) at — 78C under Ar. The
resulting yellow solution was stirred for 3 h at&°C and allowed to warm to r.t. A solution of
acylsilane7-55 (0.22 g, 1.29 mmol) in THF (3 mL) was added to thigture. After 1.5 h, Mel
(0.80 mL, 12.90 mmol) in HMPA (3 mL) was added lte imixture and the reaction mixture was
stirred overnight. Then, the reaction mixture wasrgched with sat. NA€I sol'n and extracted
with ethyl acetate. The organic solution was doeedr MgSO4, concentrated. The residue was
subjected to silica gel column chromatography (H&QAc = 20:1) to afford the methyl estér
54 (0.28 g, 90 %) as colorless oil.

'H NMR (300 MHz, CDC}) § 0.15 (s, 9 H), 1.76 (s, 3 H), 1.93 (m, 2 H), 1(853 H), 2.38 (m,

2 H), 3.72 (s, 3 H), 4.72 (s, 1 H), 4.73 (s, 1 H}C NMR (75 MHz, CDC}) 5 0.4, 15.5, 22.4,
31.9, 36.8,51.5, 110.1, 137.3, 145.4, 153.3, 17(Rl(neat)vmax 1072, 1196, 1277, 1458, 1717

cm™.

DIBAH, -78 °C

MeO,C | THE | |
+
0,
Me,Si 88 % Me3Si H

7-54 7-53 91 7-69

Allyl alcohol 7-53 To a stirred solution of the esté+54 (0.28 g, 1.16 mmol) in THF (8 mL)
was added DIBAL-H (3.48 mL, 3.48 mmol) at — % under Ar. The reaction mixture was
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slowly warmed to GC for 2 h. The reaction mixture was quenched wigtter diluted with 10 %
potassium sodium tartarate solution and diethyeretlihe suspension was stirred for 1 h and
partitioned. The aqueous solution was extracted wliethyl ether. The combined organic
solution was dried over MgSO4, concentrated. Tisedue was subjected to silica gel column
chromatography (Hex:EtOAc = 5:1) to afford the bHjcohol 7-53 (0.20 g, 80 %) as colorless
oil.

'H NMR (300 MHz, CDC}) § 0.17 (s, 9 H), 1.75 (s, 3 H), 1.84 (s, 3 H), 1(80 2 H), 2.32 (m,

2 H), 4.14 (s, 2 H), 4.70 (m, 2 H).

O

| PDC, CH,Cl, I |
HO | 0°Ctort.
Me;Si MesSi

quant.
7-53 7-52

Aldehyde 7-52 To a stirred solution of allyl alch@l-53(26.2 mg, 0.12 mmol) in Cil, (0.5
mL) was added pyridinium dichlormate (PDC, 70 md,80mmol) at C. The reaction mixture
was warmed to r.t. and stirred for 3 h. The resgluspension was concentrated and diluted
with cold ethyl ether. The mixture was filtered dhgh a pad of Celite and the filtrate was
concentrated 74-52, 25.9 mg, quant.). The residue was directly usedtiie next step without
further purification becaus#! nmr of that was quite clean.

'H NMR (300 MHz, CDC}) § 0.29 (s, 9 H), 1.77 (s, 3 H), 1.83 (s, 3 H), 1(86 2 H), 2.53 (m,
2H),4.73 (m, 1 H), 475 (m, 1 H), 9.94 (s, 1 H).
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Ti[Cp,Cl], Mn

o) O
| | S TMSCI, Collidine
w . OMe THF (deoxygenated)
i Cl
7-52 7-51

OMe _ one unidentified

product

Me,Si

7-75 31% total 7-76 7-77

Ti-mediated a-selective prenylation of the aldehyde 7-52 A mixture of Ti[CpCl;] (6.1 mg,
24.7 pmol), Mn (54.2 mg, 0.98 mmol), collidine (0.4aL, 0.86 mmol), and TMSCI (62.0 pL,
0.49 mmol) in THF (3 mL) was stirred for 30 minrat Then, a solution of the aldehydes2
(25.9 mg, 0.12 mmol) and prenylchloride51 (40.0 mg, 0.25 mmol) in THF (1 mL) was added
slowly to the premixed lime-green solution over raih. After 11 h, the reaction mixture was
guenched with 2 N HCI sol'n and stirred for 30 miine resulting suspension was filtered and
the filtrate was extracted with diethyl ether. Theganic solution was dried over MgaO
concentrated. The residue was subjected to sikdacglumn chromatography (Hex:EtOAc =
10:1) to afford the inseparable mixture®¥5 7-76, and one unidentified produé¢t77. For the
ratio of 7-75and7-76, see spectrum.

MnO,
wok e
Me;Si 9% Me,si
7-81 7-82

Aldehyde 7-82 To a stirred solution of the alcoh681(0.50 g, 2.72 mmol) in C¥l, (30 mL)
was added Mn®(2.36 g, 27.2 mmol) at r.t. After 16 h, 5 equi?.MnO, (1.18 g, 13.6 mmol)
was added and the mixture was stirred for 6 h.r€kalting mixture was filtered and the filtarate
was concentrated to give the aldehyed@2 (0.48 g, 96 %) as colorless oil.

'H NMR (300 MHz, CDCY) § 0.25 (s, 9 H), 1.60 (m, 4 H), 2.24 (m, 2 H), 2(86 2 H), 9.89 (s,

1 H).; IR (neatvmax 1206, 1252, 1430, 1675, 2935tm
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BI’/\)\

Mn, T|Cp2C|2 OH OH
OHC THF, r.t. 2 hrs
I) X ' A
Me3Si )
7-82 SiMej SiMe,
7-83 (50 %) 7-84 (29 %)

a-Prenylated alcohol 7-83 and-prenylated alcohol 7-84 A mixture of TiCpCl, (0.50 g, 2.2
mmol) and Mn (0.49 g, 8.0 mmol) in THF (20 mL) wstgred for 30 min at r.t. under Ar. Then,
a solution of the aldehyde-82 (0.18 g, 1.0 mmol) and prenyl bromide (0.29 g, 2u@ol) in
THF (4 mL) was slowly added to the pre-mixed santover 1.5 h by syringe pump. After 2 h,
the reaction mixture was quenched with sat. Nakl@@l filtered. The filtrate was extracted with
diethyl ether. The organic solution was dried oMgSO, and concentrated. The residue was
subjected to silica gel column chromatography (H&QAc = 20:1) to afford the alcohols83
(0.13 g, 50 %) and@-84(81.7 mg, 29 %) as colorless oil.

Alcohol 7-83 *H NMR (300 MHz, CDCY) 0.12 (s, 9 H), 1.44 (dl = 2.4 Hz, 1 H), 1.43 — 1.52
(m, 2 H), 1.65 (s, 3 H), 1.67 (m, 2 H), 1.72 ($)31.92 — 2.15 (m, 4 H), 2.27 (m, 1 H), 2.43 (m,
1 H), 4.35 (m, 1 H), 5.09 (m, 1 H).

Alcohol 7-84 *H NMR (500 MHz, CDC}) § 0.16 (s, 9 H), 1.04 (s, 3 H), 1.11 (s, 3 H), 1132 2
H), 1.45 (dJ=2.7 Hz, 1 H), 1.70 (m, 2 H), 1.90 — 2.19 (m, }} 16 (d,J = 4.0 Hz, 1 H), 5.02
(s, 1 H), 5.06 (dJ =6.0 Hz, 1 H), 6.09 (dd, J = 18.0 and 10.5 HE&)1

Cl

§:< 7-51
MeOZC 0
Mn, T|Cp2C|2 0
OHC@ THF, r.t. 2 hrs
0
Me3Si 92 % .
Me3Si

7-82
7-85

Lactone 7-85 A mixture of TiCpCl, (0.16 g, 0.66 mmol) and Mn (0.13 g, 2.4 mmol) iHF
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(10 mL) was stirred for 30 min at r.t. under Ar.efh a solution of the aldehyd@e82 (54.7 mg,
0.3 mmol) and prenyl chloridé-51 (72.9 mg, 0.45 mmol) in THF (3 mL) was slowly adde
the pre-mixed solution over 1.5 h by syringe pufier 30 min, the reaction mixture was
guenched with sat. NaHGQand filtered. The filtrate was extracted with Higtether. The
organic solution was dried over Mg®énd concentrated. The residue was subjectedi¢a gl
column chromatography (Hex:EtOAc = 30:1) to affahe lactone7-85 (76.6 mg, 92 %) as
white solid.

'H NMR (500 MHz, CDCJ) § 0.19 (s, 9 H), 1.16 (s, 3 H), 1.26 (s, 3 H), 1-46.64 (m, 4 H),
1.80-2.12 (m, 4 H), 4.98 (s, 1 H), 5.43 (s, 164).3 (s, 1 H).

HO/j®:> mCPBA (1 eq.)
. CH,Cl,
Me3Si o
HO
781 1eq. 2 Clort /o@ + ACOM

+ Me,Si ©
/\)\/\é& 7-87 0. 48 7-88 0.52
=
AcO
7-86 1 eq. + unreacted starting materials

Cross experiment 1 To a stirred solution of the alcohi6i81 (18.4 mg, 0.1 mmol) and geranyl

aceater-86 (19.6 mg, 0.1 mmol) in C4€l, (1.0 mL) was added m-CPBA (22.3 mg, 0.1 mmol)
at 0°C. The reaction mixture was warmed to r.t. andediovernight. Then, the mixture was
guenched with sat. NaHGGolI'n and extracted with diethyl ether. The orgasolution was

dried over MgS@and concentrated. For the ratio of both epoxiti83 and7-88 see spectrum.

TBSCI, imidazole

HO/I) CH,Cl, rt. 2 h TBSO/;@
Me3Si 90 % Me3Si

7-81 7-89

Silyl ether 7-89 To a stirred solution of the alcoh®t81 (18.4 mg, 0.1 mmol) in Cil, (0.5
mL) was added imidazole (10.2 mg, 0.15 mmol) an&TB(22.6 mg, 0.15 mmol) at r.t. After
2.5 h, the reaction mixture was concentrated abjested to silica gel column chromatography

(Hex:EtOAc = 50:1) to afford the silyl ethér89 (27.0 mg, 90 %) as colorless oil.
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'H NMR (300 MHz, CDC4) § 0.07 (s, 6 H), 0.11 (s, 9 H), 0.91 (s, 9 H), 1(54 4 H), 2.08 (m,
4 H), 4.10 (s, 2 H).

TBSO/]@:) mCPBA (1 eq.)
. CH,CI
Me;Si 0l 2
TBSO
7-89 leg. 2 CfOrt /OI) by N

+ MesSi O

7-90 0.29 7-88 0.71
/\W . .
AcO + unreacted starting materials

7-86 1 eq.

Cross experiment 2 To a stirred solution of the silyl eth@&89 (27.0 mg, 90.4 umol) and
geranyl aceat@-86 (17.7 mg, 90.4 umol) in Ci€l, (1.0 mL) was added m-CPBA (20.3 mg,
90.4 umol) at C. The reaction mixture was warmed to r.t. andedirovernight. Then, the
mixture was quenched with sat. NaHCEbI'n and extracted with diethyl ether. The organi
solution was dried over MgS@nd concentrated. For the ratio of both epoxit@® and7-88

see spectrum.

TBSCI, Imid.
OH ’ OTBS
DMAP (0.2 eq)
CH,Cl,, OIN
X 93 % X
SiMe3 SiME3
7-83 7-91

Silyl ether 7-91 To a stirred solution of the alcoh®83 (11.0 mg, 43.5 umol) in Gi&l, (0.5
mL) was added imidazole (4.4 mg, 65.2 umol) and CB®.8 mg, 65.2 umol) at r.t. After 1 d,
the reaction mixture was concentrated and subjetdedilica gel column chromatography
(Hex:EtOAc = 50:1) to afford the silyl ethér91 (14.8 mg, 93 %) as colorless oil.

'H NMR (300 MHz, CDC}) & -0.01 (s, 3 H), 0.02 (s, 3 H), 0.11 (s, 9 H), 0(879 H), 1.49 —
1.58 (m, 4 H), 1.60 (s, 3 H), 1.69 (s, 3 H), 1.98.862 (m, 4 H), 2.92 (m, 2 H), 4.37 (dbl= 8.4
and 4.5 Hz, 1 H), 5.10 (m, 1 H).
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OTBS OTBS

+
OTBS 0 SiM63 SiMe3

m-CPBA (Leq) 7.9 (58 %) 7-93 (13 %)
CH,Cl,, 0 °C
N OTBS OTBS
SiMe3
O | SiMeg SiMe,
7-94 (16 %) 7-91 (13%)

Epoxidation of the silyl ether 7-91 To a stirred solution of the silyl eth@r91 (7.0 mg, 19.0
pumol) in CHCI, (1.0 mL) was added m-CPBA (3.3 mg, 19.0 umol) 40°C. The reaction
mixture was slowly warmed to r.t. over 3 h. Thdre mixture was quenched with sat. NaHCO
sol'n and extracted with diethyl ether. The orgasi@ution was dried over MgSOand

concentrated. For the ratio of epoxide92 93, and94, see spectrum.

Ac,0, DMAP
HO/I) CH.Cly, rt. 2h ACO/I)
M63Si 87 % Me3Si

7-81 7-95

Acetate 7-95 To a stirred solution of the alcoh6i81 (36.8 mg, 0.2 mmol) in C#1, (1.0 mL)
was added DMAP (4.9 mg, 40.0 umol) and acetic antigd28.0 pL, 0.3 mmol) at r.t. and the
mixture was stirred for 2 h. Then, the reaction tomi& was quenched with sat. NaH{Sol'n,
extracted with CHCl,. The organic solution was dried over MgSénd concentrated. The
residue was subjected to silica gel column chrograjghy (Hex:EtOAc = 40:1 to 20:1) to afford
the acetat@-95(39.4 mg, 87 %) as colorless oil.

'H NMR (300 MHz, CDC}) § 0.12 (s, 9 H), 1.51 — 1.65 (m, 4 H), 2.01 — 2110 4 H), 2.07 (s,
3 H), 4.52 (s, 2 H).
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Aco/j@[) mCPBA (1 eq.)

. CH,Cl,

Me3S| 0°Ctor.t. AcO o M
7-951 eq. . +  AcO

+ Me;Si 0]

W 7-96 0.13 7-88 0.87
AcO Z

7-86 1 eq. + unreacted starting materials

Cross experiment 3 To a stirred solution of the acetat®515.0 mg, 66.2 pmol) and geranyl
aceater-86 (13.0 mg, 66.2 umol) in Gi€l, (1.0 mL) was added m-CPBA (14.8 mg, 66.2 pumol)
at 0°C. The reaction mixture was warmed to r.t. andesdirfor 2 h. Then, the mixture was
guenched with sat. NaHGGolI'n and extracted with diethyl ether. The orgasolution was
dried over MgS@and concentrated. For the ratio of both epoxiti66 and7-88 see spectrum.

OH OAC
Ac,0, DMAP
CH,Cl,, O/N
X 88 % X
SiMeg SiMe3
7-83 7-97

Acetate 7-97 To a stirred solution of the alcoh6i83 (25.2 mg, 0.1 mmol) in CiI, (0.5 mL)
was added DMAP (2.4 mg, 20.0 umol) and acetic antigq14.1 pL, 0.15 mmol) at r.t. and the
mixture was stirred overnight. Then, the reactiartane was quenched with sat. NaHEE8olI'n,
extracted with CHCl,. The organic solution was dried over MgSénd concentrated. The
residue was subjected to silica gel column chrografthy (Hex:EtOAc = 30:1) to afford the
acetater-97(23.0 mg, 78 %) as colorless oil.

'H NMR (500 MHz, CDCJ) § 0.13 (s, 9 H), 1.46 — 1.60 (m, 4 H), 1.63 (s, 3 HB8 (s, 3 H),
2.01 (s, 3H),2.07 —2.18 (m, 5 H), 2.52 (m, 1499 (m, 1 H), 5.50 (1] = 7.5 Hz, 1 H).

OAc
m-CPBA
CH2CI2 0°C
X T 500
SiMe; SiMe3

7-97 7-98
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Epoxy acetate 7-98 To a stirred solution of the acetat®7 (83.0 mg, 0.28 mmol) in Ci€l,
(2.0 mL) was added m-CPBA (69.4 mg, 0.31 mmol) 8€0The reaction mixture was slowly
warmed to r.t. and stirred overnight. Then, thetorix was quenched with sat. NaHCEbI'n
and extracted with ethyl acetate. The organic sniuivas dried over MgS£and concentrated.
The residue was subjected to silica gel columnmlatography (Hex:EtOAc = 20:1 to 10:1) to
afford the epoxy acetai®98(51.8 mg, 59 %) as an inseparable cis- and treasteteomers.

'H NMR (500 MHz, CDC}) § 0.17 (s, 9 H), 0.18 (s, 4.5 H), 1.26 (s, 1.5 H271(s, 3 H), 1.29 (s,
45H),1.49-1.61 (m,4.5H),1.76 —2.17 (mb18), 2.70 (ddJ = 7.0 and 4.5 Hz, 0.5 H), 2.57
(t, J=6.5Hz, 1H), 5.73 (dd, = 8.5 and 4.5 Hz, 1 H), 5.82 (dil= 8.0 and 6.0 Hz, 0.5 H).

OAC OH
K,COs
MeOH, r.t. O/N
95 %
07| SiMe, O | SiMe;
7-98 7-99

Epoxy alcohol 7-99 To a stirred solution of the epoxy acet@t®8 (41.7 mg, 0.13 mmol) in
MeOH (1.0 mL) was added potassium carbonate (1850113 mmol) at r.t. After 15 h, the
reaction mixture was quenched with sat./8Hsol'n and extracted with ethyl ether. The organi
solution was dried over MgS@nd concentrated. The residue was subjectedda giél column
chromatography (Hex:EtOAc = 5:1) to afford the epaicohol 7-99 (34.2 mg, 95 %) as
colorless oil.

'H NMR (300 MHz, CDC}) 6 0.15 (s, 9 H), 1.28 (s, 3 H), 1.33 (s, 3 H), (89 = 2.1 Hz, 1 H),
1.42 —1.73 (m, 5 H), 1.93 — 2.09 (m, 4 H), 2.26 {nH), 2.91 (ddJ = 7.2 and 4.5 Hz, 1 H),
4.64 (m, 1 H).
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OAc AcO
EtAICl,, CH,Cl,

-78°C, Ar

! 42 %
SiMes Me;,Si

7-98 7-104

2-Acetoxylfuran 7-104 To a stirred solution of the epoxy acet@t68(14.0 mg, 45.0 umol) in
CH.CI; (3 mL) was added ethylaluminum dichloride (0.9 tMhieptane, 0.10 mL, 90.0 umol) at
— 78°C. After 2 h, the reaction mixture was quenchedwitt triethylamine and diluted with
water. The resulting mixture was extracted withltyeether. The organic solution was was dried
over MgSQ and concentrated. The residue was subjectedita gj&l column chromatography
(Hex:EtOAc = 30:1 to 10:1) to afford the 2-acetaxgn7-104(5.8 mg, 42 %) as colorless oil.
'H NMR (600 MHz, CDCJ) § 0.12 (s, 9 H), 1.23 (s, 3 H), 1.24 (s, 3 H), 1(¢6 1 H), 1.54 —
1.67 (m, 4 H), 1.86 (dddl = 13.8, 8.4, and 4.2 Hz, 1 H), 1.97 — 2.02 (m,)1 2407 (m, 1 H),
2.08 (s, 3 H), 2.26 (m, 1 H), 2.39 (dt= 13.6 and 7.2 Hz, 1 H), 4.71 {t= 7.8 Hz, 1 H), 5.03
(dd,J = 7.2 and 4.2 Hz, 1 H)**C NMR (100 MHz, CDG)) § 0.5, 21.0, 21.1, 22.4, 22.5, 23.3,
25.2,29.7, 36.7, 77.8, 79.7, 81.7, 136.0, 145/D.4.; IR (neatymax 1044, 1248, 1373, 1613,

1741 cn.
HO
oH EtAICI,, CH,Cl,
-78°C, Ar
o)
O | SiMe,

Me3Si

7-99 7-105
major in crude

2-Hydroxyfuran 7-105 To a stirred solution of the epoxy alcole99 (5.4 mg, 20.1 pmol) in
CH.Cl; (1.5 mL) was added ethylaluminum dichloride (0.9rvheptane, 44.6 mL, 40.2 umol)
at — 78°C under Ar. After 1 h, the reaction mixture was ngleed with wet triethylamine and
diluted with water. The resulting mixture was egtesl with CHCl,. The organic solution was
was dried over MgSgand concentrated. THel nmr of the crude product was obtained without

silica gel chromatography. As a result, the samitepa of the nmr spectrum indicated the
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presence of the 2-hydroxyfurarl05as a major product. See spectrum.

OH _ OTBS
TBSCI, Imid.
DMAP, DMF
80 %
O"| siMe, O | SiMes
7-99 7-92

Silyl ether 7-92 To a stirred solution of the epoxy alcofie®9 (10.0 mg, 37.2 umol) in DMF
(2.0 mL) was added imidazole (5.1 mg, 74.4 pmot) @BSCI (8.4 mg, 55.8 pumol) at r.t. under
Ar. After 12 h, the reaction mixture was dilutedthwivater and extracted with ethyl ether. The
organic solution was dried over Mg®énd concentrated. The residue was subjectedi¢a gl
column chromatography (Hex:EtOAc = 30:1) to afftnd silyl ether7-92 (13.5 mg, 95 %) as an
inseparable mixture of cis- and trans-diastereomers

'H NMR (300 MHz, CDCJ) & 0.02 (s, 1.5 H), 0.06 (s, 1.5 H), 0.08 (s, 1.5 ®L1 (s, 1.5 H),
0.148 (s, 4.5 H), 0.153 (s, 4.5 H), 0.88 (s, 4.50889 (s, 4.5 H), 1.26 (s, 1.5 H), 1.27 (s, 1.5 H)
1.29 (s, 1.5 H), 1.31 (s, 1.5 H), 1.36 — 1.68 (h)51.78 — 2.13 (m, 4 H), 2.27 (m, 1 H), 2.76 (t,
J=5.4Hz, 0.5 H), 2.87 (dd,= 6.9 and 4.8 Hz, 0.5 H), 4.64 (m, 1 H).

CBI’4, PPh3
CH,Cl,, 0 °C,
HO/\”AO/\O/ 5 min Br/\[ﬁo/\o/
74 %
7-107 7-108

Allyl bromide 7-108 To a stirred solution of allyl alcoh@+107(0.34 g, 2.56 mmol) in C}Cl,
(12 mL) was added CBI(1.03 g, 3.09 mmol) and PP(D.88 g, 3.35 mmol) at @C under Ar.
After 5 min, the reaction mixture was concentra@ad subjected to silica gel column
chromatography (Hex:EtOAc = 20:1) to afford theylabbromide 7-108 (0.37 g, 74 %) as
colorless oil.

'H NMR (500 MHz, CDCJ) § 3.40 (s, 3 H), 4.04 (s, 2 H), 4.19 (s, 2 H), 4$62 H), 5.25 (s, 1
H), 5.34 (s, 1 H).
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cl” >oMe
i-Pr,EtN,
MeO.__O CH,Cl,, MeO.__O
;F 0 °C to reflux ;F
OH 84 % OMOM
7-71 7-109

Methyl ester 7-109 To a stirred solution of tert-alcoh®t71 (0.47 g, 3.26 mmol) in C¥Cl,
(8.0 mL) was added diisopropylethylamine (1.08 rdl52 mmol) and MOMCI (0.37 mL, 4.89
mmol) at 0°C under Ar. The reaction mixture was heated tairefind stirred for 40 h. Then, the
mixture was cooled to r.t., quenched with sat.,8Hsol'n, and extracted with Gi&l,. The
organic solution was dried over Mgg@nd concentrated. The residue was subjectedi¢a gel
column chromatography (Hex:EtOAc = 10:1) to affthd MOM-ether7-109(0.51 g, 84 %) as
colorless oil.

'H NMR (300 MHz, CDCJ) & 1.53 (s, 6 H), 3.36 (s, 3 H), 3.75 (s, 3 H), 4§72 H), 5.77 (dJ
=0.9 Hz, 1 H), 6.09 (d1=0.9 Hz, 1 H).

DIBAH

(2.2 eq.)

MeO (@) CH2C|2,
-78°C

HO OMOM
0
OMOM 86 %
7-109 7-110

Allyl alcohol 7-110 To a stirred solution of MOM-ethét-109(0.42 g, 2.21 mmol) in Cil,
(20 mL) was added DIBAL-H (1.0 M in hexane, 4.64,mL64 mmol) at — 78C under Ar. After
20 min, the reaction mixture was quenched with Medid diluted with 10 % potassium sodium
tartarate sol'n and diethyl ether (50 mL). The migtwas stirred for 1 h and partitioned. The
aqueous solution was extracted with diethyl ethibe combined organic solution was dried over
MgSO, and concentrated. The residue was subjected itta sjjel column chromatography
(Hex:EtOAc = 1:1) to afford the allyl alcoh@t110(0.25 g, 86 %) as colorless oil.
'H NMR (300 MHz, CDCJ) § 1.39 (s, 6 H), 3.37 (s, 3 H), 4.19 (s, 2 H), 4$22 H), 5.18 (s, 1
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H), 5.28 (s, 1 H).; IR (neatynax 1036, 1144, 1401, 1464, 1646, 3414'cm

CBry4, PPhg
CH,Cl,, 0 °C,
30 min
HO OMOM Br OMOM
81 %
7-110 7-111

Allyl bromide 7-111  To a stirred solution of allyl alcoh@110 (80.1 mg, 0.50 mmol) in
CH.CI, (4.0 mL) was added CBK0.20 g, 0.60 mmol) and PR(0.17 g, 0.65 mmol) at &C
under Ar. After 20 min, the reaction mixture wascentrated and subjected to silica gel column
chromatography (Hex:EtOAc = 20:1) to afford theylalbromide 7-111 (90.7 mg, 81 %) as
colorless oil.

'H NMR (400 MHz, CDC}) & 1.45 (s, 6 H), 3.37 (s, 3 H), 4.06 (s, 2 H), 4892 H), 5.40 (s, 1
H), 5.51 (s, 1 H).

DIBAH

(2.2 eq.)

MeO. _O CH,Cl,,
-78°C

HO OH
49 %
OH
7-71 7-112

Diol 7-112 To a stirred solution of the tert-alcohti71 (40.0 mg, 0.28 mmol) in diethyl ether
(1.0 mL) was added MeLi (1.6 M in diethyl ethel6D.mL, 0.97 mmol) at 6C under Ar. The
reaction mixture was slowly warmed to r.t. over 2rd quenched with sat. NEl sol'n. The
mixture was extracted with diethyl ether. The oigasolution was dried over MgSQCand
concentrated. The residue was subjected to siltacglumn chromatography (Hex:EtOAc =
5:1) to afford the dioV-112(19.5 mg, 49 %) as colorless oil.

'H NMR (400 MHz, CDC}) 6 1.48 (s, 6 H), 3.33 (s, 1 H), 4.90 (s, 1 H).
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Br/\HAOMOM
7-108

0 Zn powder OH
THF-sat. NH,CI
H | AN sol'n (4:1) | N
82 %
MOMO
7-114 7-115

Allyl alcohol 7-115 A mixture of (E)-geranialdehydé-114(0.12 g, 0.78 mmol), allyl bromide
7-108(0.23 g, 1.17 mmol), and Zn (0.13 g, 1.95 mmolY kF (0.8 mL)/ sat. NH4CI sol'n (0.4
mL) was stirred for 30 min. The reaction mixtureswdtered and the filtrate was extracted with
diethyl ether. The organic solution was dried oMgSO, and concentrated. The residue was
subjected to silica gel column chromatography (H&RAc = 5:1) to afford the allyl alcohdl-
115(0.17 g, 82 %) as colorless oil.

'H NMR (300 MHz, CDCJ) § 1.59 (s, 3 H), 1.67 (dl = 1.2 Hz, 3 H), 1.69 (d] = 1.2 Hz, 3 H),
1.98 —2.10 (m, 4 H), 2.29 (dd= 6.0 and 0.9 Hz, 2 H), 3.39 (s, 3 H), 4.04 (81)24.52 (dtJ =

8.7 and 6.6 Hz, 1 H), 4.66 (d= 0.6 Hz, 2 H), 5.04 — 5.22 (m, 4 H).

TBSCI,
OH Imidazole OTBS
N CH,Cl,,
| 0°Ctorit. | N
93 %
MOMO
7-115 MOMO ™ 2,116

Silyl ether 7-116 To a stirred solution of the allyl alcoh$115(0.17 g, 0.63 mmol) in CiTl

(5 mL) was added imidazole (0.13 g, 1.90 mmol) &B&CI (0.14 g, 0.95 mmol) at «. The
reaction mixture was warmed to r.t. and stirredrownght. Then, the mixture was diluted with
CH.Cl, and washed with water and brine. The organic smiutvas dried over MgS©Oand
concentrated. The residue was subjected to siktacglumn chromatography (Hex:EtOAc =
50:1) to afford the silyl ethef-116(0.23 g, 93 %) as colorless oil.

'H NMR (300 MHz, CDC}) & - 0.003 (s, 3 H), - 0.007 (s, 3 H), 0.85 (s, 9 HRO (s, 3 H), 1.61
(d,J = 1.5 Hz, 3 H), 1.67 (d] = 0.9 Hz, 3 H), 1.95 — 2.12 (m, 3 H), 2.16 J&& 5.4 Hz, 1 H),
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2.25 (dd,J = 13.8 and 7.2 Hz, 1 H), 3.37 (s, 3 H), 4.01 (8))24.48 (m, 1 H), 4.64 (s, 2 H), 4.93
(m, 1 H), 5.05 — 5.15 (m, 3 H).

TMSOTf
OTBS 2,2'"-bipyridyl OTBS
N then,
| Etzo, Hzo | N
89 %
MOMO - 116 HO  7.117

Allyl alcohol 7-117 To a stirred solution of the silyl eth@r116 (76.5 mg, 0.2 mmol) and
bioyridiyl (93.7 mg, 0.6 mmol) in C¥Cl, (1.0 mL) was added dropwise TMSOTf (72.0 puL, 0.4
mmol) at 0°C. The reaction mixture was warmed to r.t. andesdifor 30 min. Then, the reaction
mixture was treated with water (3 mL)/diethyl etlf@rmL) and stirred overnight. The resulting
bilayer was partitioned and the aqueous layer wasaed with diethyl ether. The combined
organic solution was washed with sat. NaHG@I'n, brine, dried over MgSQand concentrated.
The residue was subjected to silica gel column rolatography (Hex:EtOAc = 10:1) to afford
the allyl alchol7-117(60.5 mg, 89 %) as colorless oil.

'H NMR (300 MHz, CDC}) & 0.03 (s, 3 H), 0.05 (s, 3 H), 0.88 (s, 9 H), (6§03 H), 1.62 (dJ
=1.2Hz,3H),1.70 (1] = 0.9 Hz, 3 H), 1.97 — 2.09 (m , 4 H), 2.28J¢; 5.7 Hz, 2 H), 4.07 (s,
2 H), 4.53 (dt, J = 8.4 and 5.4 Hz, 1 H), 4.85 {mh{), 5.05 — 5.18 (m, 4 H).

OTBS OTBS
MsCl, NEt,
| ~ CH2C|2 | N
quant.
HO 7117 MsO  7.118

Mesylate 7-118 To a stirred solution of the ladlighol 7-117(38.3 mg, 0.11 mmol) in Ci€l,

(3 mL) was added triethylamine (31.4 pL, 0.22 mnaoiyl MsCl (13.1 pL, 0.17 mmol) at°C.
The reaction mixture was warmed to r.t. and stioedrnight. The reaction mixture was diluted
with diethyl ether and washed with water, 1N HQlda&at. NaHC®@sol'n. The organic solution

was dried over MgSg) and concentrated.
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'H NMR (600 MHz, CDCY) § 0.003 (s, 3 H), 0.015 (s, 3 H), 0.86 (s, 9 H)0L$ 3 H), 1.63 (s,
3 H), 1.67 (s, 3 H), 1.99 (§,= 7.8 Hz, 2 H), 2.08 (m, 2 H), 2.22 (dbi= 13.8 and 4.8 Hz, 1 H),
2.27 (dd,J = 13.8 and 7.2 Hz, 1 H), 3.01 (s, 3 H), 4.51 (inH), 4.71 (s, 2 H), 5.07 (3,= 6.6
Hz, 1 H), 5.09 (s, 1 H), 5.13 (d= 8.4 Hz, 1 H), 5.23 (s, 1 H).

OTBS
PdCI,(CH3CN), —
| CH3CN, reflux

82 %
HO  7.117 7-121

Furan 7-121 To a stirred solution of the allyl alcoh6i117(14.7 mg, 43.4 pmol) in GEN (2
mL) was added Pd@ICHsCN), (1.1 mg, 4.3 umol) at r.t. under Ar. After 1 hetheaction
mixture was heated to reflux for 1 h. Then, the tomi& was concentrated and subjected to silica
gel column chromatography (Hex:EtOAc = 20:1) tooedfthe furan7-121 (7.3 mg, 82 %) as
colorless oil.

'H NMR (500 MHz, CDCJ) & 1.60 (s, 3 H), 1.68 (s, 3 H), 1.71 (s, 3 H), 2-02.13 (m, 4 H),
2.28 (m, 1 H), 2.65 (dd} = 15.0 and 5.5 Hz, 1 H), 4.23 (dbs= 13.0 and 1.5 Hz, 1 H), 4.41 (d, J
=13.0 Hz, 1 H), 4.62 (m, 1 H), 4.90 (s, 1 H), 4(881 H), 5.09 (m, 1 H), 5.26 (d=8.5Hz, 1
H).; IR (neatjvmax 1050, 1323, 1377, 1431, 1667tm
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heenam-morpholine-coupling
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Acg. time 1.998 sec

Width 4500.5 Hz

20 repetitions

DBSERVE H1, 300.0720783 MHz

DATA PROCESSING
FT size 32768
Total time @ min, 0 Sec

.00

O3N

R R

s

CH3
112

CH,

2.95

.16

289



STANDARD PROTON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Temp. 25.0 C / 298.1 K
INOVA-600 "invBOL"

Relax. delay 1.000 sec

Pulse 61.5 degrees

Acg. time 1.892 sec

Width 8000.0 Hz

23 repetitions

OBSERVE H1, 599.7178142 MHz
DATA PROCESSING

FT size 32768

Total time 6 min, 11 sec

3.30 4.21

A\

O.N

1) BHBrz-SMe;

CH3 2) NaHCO; ,H,0

3) pinacol, MgSOy4

conversion ~ 10 %

BRI

CHs CHs -

1-70
1-70 E/Z:1-71 = 3:4:10

BPin

Xy

CH3 CHs

1-71

11BgE2  10WM3.77
03 4%8.92 10 1794 889
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szpul

98.1 K
tgemz2300"

Relax. delay

OBSERVE H1, 300.0720786 MHz
DATA PROCESSING

FT size 32768

Total time 8 min, 16 sec

1) ZrCp,Cly, DIBAL-H

cH THF
i 3 or ZrCpoCI(H), Benzene
~7 b
0N CH3 low conversion
112
S NP
0N CH;z CHj
19
7
6 5 4

GH; CHs
1-75

3 2 1 ppm
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heenam-355H
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heenam-517-2H
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heenam-517-2C
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STANDARD PROTON PARAMETERS

Data Collected on:
inv500-inova500
Archive directory
/export/home/heenam/vnmrsys/data
Sample directory:

File: PROTON

Pulse Sequence: sZpul
Solvent: CDCI13

Temp. 25.0 C / 298.1 K

Relax. delay 1.000 sec

Pulse 45.0 degrees

Acq. time 1.892 sec

Width 7998.4 Hz

91 repetitions

OBSERVE H1, 499.8348170 MHz
DATA PROCESSING

FT size 32768

Total time 6 min

0.90

0.986

O,N

CH;
1-88

Br
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heenam-494C
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3-119.61

-118.52

+114.90
99.93
—55.33
—44.15
—35.66
—-25.24
N22.82
"-18.06

942

~6.87
[y
B
o
o
o

O,N

(-)-arabilin (1-1) | | | | | | ! ! ! ! l ! ! L7000

|

210 200 190 180 170 160 150 140 130 120 110 wom wov 80 70 60 50 40 30 20 10 0O -10 -20
1 (ppm
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new experiment

heenam-DA-cyclohexadiene 500
@ . @ AraN 500l X
2 450
=2 2.52
endo: exo =31
F -400
/
/ ___.__
A i) 350
-300
-250
3
~200 >
-150
-100
" -50
I il ’
Bl e n B SN
LN8IS L u®h
9 7 6 5 3 2 1 -2
f1 (ppm)

12 11

10



STANDARD PROTON PARAMETERS

Pulse Seqguence: s2pul

Solvent: CDC13
Temp. 25.0 C / 298.1 K
INOVA—600 "inv601"

Relax. delay 1.000 sec
Pulse 61.5 degrees
Acg. time 1.892 sec
width 8000.0 Hz
48 repetitions
DBSERVE H1, 589.7178142 MHz
DATA PROCESSING
FT size 32768
Total time 6 min, 11 sec

0.9D.30 1.64 0.99.43.12
0.251.00

1.16.630.94

5.

64

0.26.270.18
0.160.17 0.14

0.
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heenam-228H
new-experiment

AcO 2.56 OAc

p—

L P ¢

12 11 10 9 8 re 6

o 3.031
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STATE UNIVERSITY OF NEW YORK
INOVA 400 Mhz SN# SD11617
ASWpfg PROBE SN# POD5133

1H SENSITIVITY
0.1% ETHYLBENZENE

Pulse Sequence: s2pul

Solvent: CDC13

Temp. 25.0 C / 298.1 K
User: 1-12-87
INOVA-400 “inv4po"

Relax. delay 1.000 sec

Pulse 30.0 degrees

Acg. time 3.273 sec

wWidth 6000.6 Hz

48 repetitions
OBSERVE H1, 399.8314094 MHz
DATA PROCESSING

FT size 131072

Total time 9 min, 8 sec

2-28

X

~A

(ST er

1.00 0.93

1.010.97

ppm
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13C DBSERVE

Pulse Sequence: s2pul

Solvent: CDCI13
Temp. 25.0 C / 298.1 K
INOVA=400 "inva0o"

Relax. delay 1.000 sec
Pulse 82.1 degrees

Acg. time 1.1%89 sec

Width 25000.0 Hz

126 repetitions

OBSERVE C13, 100.5376902 MHz
DECOUPLE H1, 399.8364198 MHz
Power 49 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 1.0 Hz

FT size 65536

Total time 1 hr, S0 min, 24 sec

2-28

T
130

120

100

309



STATE UNIVERSITY OF NEW YDRK
INOVA 400 Mhz SN# SO011617
ASWpfg PROBE SN# PD05133

1H SENSITIVITY
0.1% ETHYLBENZENE

Pulse Seguence: s2Zpul

Solvent: CDC13

Temp. 25.0 C / 298.1 K
User: 1-12-87
INOVA=-400 "inv400"

Relax. delay 1.000 sec

Pulse 30.0 degrees

Acg. time 3.273 sec

width 6000.6 Hz

60 repetitions
OBSERVE H1, 399.8314113 MHz
DATA PRODCESSING
FT size 131072
Total time 9 min, 8 sec

‘%ﬁwlxa\\z‘uk /UMA%X

|H

.v;# ’¢,

W M

e e e

|
In

a/\ﬁrl\\bcsrtr;illnxnxx v 4

6
S -
0.13 1.67
0.27

T
a4
e it eyt
2.58 1.19
1.68 1.00

\rﬁ W i
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STATE UNIVERSITY OF NEW YORK
INOVA 400 Mhz SN# S011617
AswWpfg PROBE SN# P005133

1H SENSITIVITY
0.1% ETHYLBENZENE

Pulse Sequence: sZpul

Solvent: CDC13

Temp. 25.0 C / 298.1 K
User: 1-12-87
INOVA-400 "inva0o"

Relax. delay 1.000 sec

Pulse 30.0 degrees

Acg. time 3.273 sec

Width 6000.6 Hz

50 repetitions
0OBSERVE H1, 399.8314109 MHz
DATA PROCESSING
FT size 131072
Total time 9 min, 59 sec

260

i ‘
i J
. — - : .
8 7 6 4 2 ppm
T —" - - ey -
0.97 2.03 2.04 z2.03 6.51
1.00 1.91 0.99 1.04

311



13C OBSERVE

Pulse Sequence: s2pul

Solvent: CDCI13
Temp. 25.0 C / 29B.1 K
INOVA-400 *“inv400"

Relax. delay 1.000 sec

Pulse 82.1 degrees

Acg. time 1.1399 sec

Width 25000.0 Hz

394 repetitions

OBSERVE C13, 100.5376302 MHz
DECOUPLE H1l, 399.8364198 MHz
Power 49 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 1.0 Hz

FT size 65536

Total time 1 hr, 50 min, 24 sec

171.015
170,924

—125.969

124.512
-122.281

2-60

OAc

77.318
77.000
—76.681

—66.126
—64.479

47.101

44,566

—33.191
-32.783

20.920

20.898
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STANDARD PROTON PARAMETERS

Data Collected on:
inv500-1inovaS00
Archive directory:
/export/home/heenam/vnmrsys/data
Sample directory:

File: PROTON

Pulse Sequence: s2pul
solvent: CDC13

Temp. 25.0 C / 298.1 K -

Relax. delay 1.000 sec

Pulse “m.u degrees C
Acg. time 1.8932 sec

width 7998.4 Hz i AL OR® ghciNAr
182 repetitions CH,Chy
OBSERVE  HL, 499.8848175 MHz iy H
DATA PROCESSING
FT size 32768
Total time 12 min 2-80

three inseparable products
(ratio = 1:0.7:0.3)

8 7 6 5 4 3 2 1 ppm
P - L e b e
0.280.7D.57 1.63 0.32 27.24 1.61
0.28B.01 2.22 16.00 16.43  2.01—0.32

/rJJ\J\
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heenam-706H
STANDARD PROTON PARAMETERS L1000
AeO—, OAC  SpCle NAr;
Wby CHCh three inseparable products | . . . . 900
—  (ratio=1:0.7:0.3) = A
___ \\ |
2-60 i ___ i i — 800
/ /
.Y 5 £ \5__ 1.\& ) | P
~700
~600
500
~400
-300
200
| f __ }r _kr{ [ ‘
o ;r}!&._fcb[_e.‘r}'l. __._.. __ __._ ..___ ?L L -0
e, - e
8.0 £.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5

f1 (ppm)
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STATE UNIVERSITY OF NEW YORK

INOVA 400 Mhz SN# S011617
aswpfg PROBE SN# P005133

1H SENSITIVITY
0.1% ETHYLBENZENE

Pulse Sequence: s2pul

Solvent: CDCI13

Temp. 25.0 C / 298.1 K
User: 1-12-87
INOVA-400 "ipvaoD"

Relax. delay 1.000 sec
Pulse 30.0 degrees

Acg. time 3.273 sec
Width 6000.6 Hz

50 repetitions
OBSERVE H1, 399.8314087
DATA PROCESSING
FT size 131072
Total time 9 min, & sec

MHz

2-61

10 9

3.94 1.00 1.96 1.8 1.00
3.97 1.00 2.05 0.99 1.93
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PNBO—,

iH

2-60

OPNB ghcls NAr,
CH,Cly

three inseparable products
(ratio=1:0.7: 0.3}

N T T
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new experiment

Pulse Sequence: s2pul

Solvent: COC13
Temp. 25.0 C / 298.1 K
GEMINI-300BB "gem2300"

Relax. delay 1.000 sec
Pulse 7.8 degrees

Acg. time 1.998 sec

Width 4500.5 Hz

28 repetitions
OBSERVE H1, 300.0720783 MHz
DATA PROCESSING
FT size 32768
Total time 9 min, 16 sec

0.89

2-64

CHO

1.05
1.072.01

1.06
z.o04

ppm
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heenam-604H
new experiment
7 9000
| \ 8000
_.._ i _...._. ___
1L s 7000
° -6000
PhaP—
_
NaHMDS .
Aou@\/\/ozo HMPA, THF, - 78 °C 5000
)
2.64
4000
_ _
0 e 0 T
Ao + Ao -3000
2.47 2-65
2=
2000
T i | 1000
__ i _._, _—L_;_’.r’_‘ff _7’,.:_. | |D
o i aiian: by
& = 88%8 &R
; 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)
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heenam-762H

. . ~380
STANDARD PROTON PARAMETERS I

1360
d L, _ | | | | | . . . 1340
N S A N IS AN NN
e I | | _ _ _ I _ | | | 1300
| [ || _ . | | | L4 | | . . . ..Mmc
! J J |! / | | | 1260
_ | 1240

0 NN eel)
A | 200
| 1180

2-65 . 60

1140
1120
1100
80

| | | 40

i I
! & | | | | | m | | | | | 120
™~ L

2 60 55 S50 45 40 35 3.0 25 20 15 10 05
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heenam-763-crude
STANDARD PROTON PARAMETERS 600
550
~500
i
| _
— ] - -450
.__.._ | e e \___\ J
~400
Znicu
THF |um0
Sommal-
o e ~300
&
0 P 0 e B
/ \l_@\éﬁ ! H@\/\/5_ 250
Q O
2-47 2-66
-200
~150
-100
| — 7 | i * . 50
LE;_L | - _; LA .\,IF L_F L[.Lk;,‘[ 0
b | b pH
¢ R RS38RAR =& T
| o nm HA oMo | | | ~N o !
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)



STANDARD PROTON PARAMETERS

Data Collected on:
inv500-inova500
Archive directory:
/export/home/heenam/vnmrsys/data
Sample directory:

File: PROTON

Pulse Sequence: s2pul
Solvent: CDC13

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acq. time 1.892 sec
Width 7998.4 Hz

81 repetitions

OBSERVE  H1, 499.8948170 MHz
DATA PROCESSING 0 F e
FT size 32768 A
Total time 6 min o)
2-47
|
|
/ ftfll\,t;( B : (|?\I\Lrllllilllllllllllll
T T — —— — s — . .
8 7 6 4 2 1 ppm
: PEE— o
4.21 1.032.17 0.14
1.071.16 z.00
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"heenma—icdo ez-diene"

2

1

/home /heenam/data

031
368

e
o
©m
b

|1

—121.3499

—100.8673

2-47

—80.7122
[77.3188
176.6834

—39.0270

©om <o
NN o,
N r~r
~o -
~© B
-2 o
- v
11 Y

T T T _

140

[rel]

12 14

10

322



[wdd]

5.1399

0.7114

[0.7062

1.9880
1.6640

9.0807

T

Lz

ﬁ;zi
5 Wy

H
HO—

g

o —
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heenam-moncalcohol-mix 2 1 /home/heenam/data

~Osm DO~ VOITO -
TN MNOMOUNOOE-OOWLX® NN wn srr W o oow 0 @ NOOoN
NN O THOOr=MNOO0 M0 ©o mMmon - < MO N~ O NONMNOT
NNw SN COBTF e cwoe o i e e oRay e oo
St OONNNNNNNNNN oocoo o MG 0 M [l =N} - OOTNN
—r——— T T T T T T T T e L I~ 0O WnWw < T OOnNOm
- N ) (et - | - b L I
Ar ~—OH Ar— OH
Hr <'H + Hrés—oiH
352
2-41 2-43
A — : " E " ﬁ — 7_; 4 ._._
T T T T T T T T T T T _ T ﬁ T T _ T T T T T
140 120 100 80 60 40 [ppm]

[rel]

15

10
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[wdd]

T2.9507 —

 —
2.9640 ;
L

1.0000
1.9844

1.9027
0.9578

[N
4.2093
I —

| 0.9803

10.8584

(3 44
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heenam-monoalcohol

2 1

/home/heenam/data

-0 @ aNmONS - )
o © ONNDD <o < 0 w o~ NN®
B @ DR~ <+ ~ <« e o i~ou
©o© ~ OrNON oo ~ - T © oo
1o < COT—r 0w = Q e = -
< P NN oo =) 0 ] oo
-r - T - = © T+] < Cmm
11 | NEESA N | | | | Vid
2-41
e —H s r.g e
‘— T T T _ T T — T _ T _ T — _ T _ T
140 120 100 80 60 40 [ppm]

[rel]

12 14

10
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heenam-iodoether 1 1 /home/heenam/data

...:..:_

2-42 (37 %)
(=] - o T (=] (=] ~ < ™[O ©
o w0 (=] @ n ©0 w0 D ~e o~
- (=] o (=2 (=23 @ wn (=2 << -
3 e e % o @ 1o | Qe Q
@ ) o g
' )
T _ T T _ T _ T _ T
8 6 4 2 [ppm]

[rel]

15

10
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heenam-iodoether 2

1 /home/heenam/data

o NN~ O ® <~ ©
on m - © o M~ o oktoOr o oo -y )
] o = = I~ o © MO—I~M~ n oS- o 0
0o TN 0o o ™~ omnows © ®o N ©
Mo © o 0w - T o SNer® @ e =10 A
<t m o N N =1=} o or~Nom N ol oo -
-r - o - e - DM s o ®mo o
1 4 [ | | SN | R | N/ v |
.:S:_
2-42(37 %)
5 5 T, M 1l 1IN I - _P "B
T T T T T T _ T T _ | T | _ T T — T
160 140 120 100 80 60 40 20 [ppm]

[rel]

20

15

10
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Pulse Sequence: sepul
s lvent :

Temp. 25
GEMINI-300BE

N

Relax. delay 1.000 sec
Pulse 7.8 degrees

Acq. time 1.998 sec
Width 4500.5 Hz

41 repetitions & -
OBSERVE H1, 300.0720786 MHz N
DATA PROCESSING 2402

FT size 32768

Total time 0 min, 0 sec QH\/\/\ e

—9 Cycles ﬁv@ﬁ mhﬁc{.L
R )

v I
i | +
R
e e il Vi NI Nisiisintl Mamisisinmest WV NN S Wnd
Ve ! f .
=2
8 7 3] 5 a4
6.98 2.00 1.70
o 6.43 4.04 3.96
| N A
\ ) !
A I om
bl “uil s n
Lfr
Al 1] 1
¥ A H

\s / N
RSN T Nevau b e it
o
2 il ppm
1.48 6.46
11.80 10.20
-7
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- r400

heenam-751H
STANDARD PROTON PARAMETERS
8 / 1350
1} _n____ i~
h
J - {1 L300
B34 w
@ el
b _.-.._..,K\\/\\/_..L. glutaryl T IHmc
| | | . _ __._ _:_ | | ?
o U 5 1 o _a i s LT ¥ Mok gl |D
- e — oo
S L % | 8|8 & |3
75 70 65 60 55 5.0 nﬂﬁm Vk_ 0 35 30 25 20 15 1.0 05
ppm

8.0
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heenam-diester

1

/home/heenam/data
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8 4 [ppm]
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heenam-diester 3 1 /home/heenam/data
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150 100 50 [ppm]
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heenam-810H | . | | | | 450
STANDARD PROTON PARAMETERS
____.._ | . | | | | ~400
| / |
f _
__... | | _._1 _\_. ! __ ! | | ! Iw.mc
| . __ ___ " - ;
__ rA __ ___ | | | |
J A S o J * \__ VS
YO
W
o .
d e e | | | | | | | | -150
7 v_ F ] r :
I If (O L .
I\ WU A I, 965 1 O V0 O ¥ O C,‘_rL}L.FsLFELIIé
SR e b Sl R o O R
& 285 a 3 3 =ty =
el o e — - L — o
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)
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heenam-813H 00
STANDARD PROTON PARAMETERS
| r -450
e -400
5
x. _. ______| == | _. |
s, ., fH——— -350
Ar JA .ﬁo%?o;m Eal | [ | ~300
2-30e INmD
A ...IO%@J%OI@B
m i -200
e
: o, n=1
5 ~150
i 100
_ | i -50
| _(_ (l .
A J ,_ J C..I__ (_“ m_A \_EflL m_ /Ial,\__ ! r[t_ r_rlfli\‘ f_. IO
L il Ereh i R A | i Ll [V
] 883 & 5 ¥ 8 =
7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)
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heenam-7
STANDAR

149-2
D PROTON PARAMETERS

Mystery
from 3-39a and 3-40a
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heenam-749-3H
STANDARD PROTON PARAMETERS

-

|1.081

~500

450

~400

350

300

250

~200

-150

~100

-50
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f1 (ppm)

heenam-¥52-2H | | | | | | | | | 220
STANDARD PROTON PARAMETERS i
=200
| 4 _ L
L g | | | | Hls
7 -180
| .\_\ ! | | I (I
- H40
a,,/_/ N | — - - H00
_.,om o I | I I I I | | |MD
e \m/\\//\\.fi | ] | | I ] L B0
* | | | | Lk_i 7 | _ | . 20
" Lr J ) h }!11 it___ﬁ_z_._ ﬁ....__ ] ‘ I ___ _i | 1&? _r.._....k -0
sl P e Z N
S823840L  BARK Rl — 20
7.0 6.5 6.0 55 50 45 4.0 3. 3.



heenam-752-1H
STANDARD PROTON PARAMETERS

i
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heenam-880-2 1 1 /home/heenam/data
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heenam-880-2-C13 1 1 /home/heenam/data
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heenam-880-1-1 1 1

/home/heenam/data
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heenam-880

1

1

C13

1

|

/home/heenam/data
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Sofy Teaw
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s

(1} = ey atipey
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0.4 0.6 0.8 1.0 1.2 1.4 [rel]

0.2
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heenam-815-1H _
STANDARD PROTON PARAMETERS

_x\.._
17
_... ...\__\.\ __. __._\
._\_q. i __ ¥ V. Pl 4| ._._1.._ .\\ ..__._J_
(o
A n=0
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f1 (ppm)
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heenam-815-2H
STANDARD PROTON PARAMETERS
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heenam-814-1H
STANDARD PROTON PARAMETERS
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heenam-885-C13

/home/heenam/data

147.6335

L1a7.5890
145.6042

1145.5683
5
5
a
2
2

4
0
9
1
0
—125.3126
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[rel]
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[wdd]

n
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STANDARD PROTON PARAMETERS

Data Collected on:
inv500-inova500
Archive directeory:
/Jexport/home/heenam/vnmrsys/data
Sample directory:

File: PROTON

Pulse Seguence: s2pul
Solvent: CDC13

Temp. 25.0 C / 298.1 K

Relax. delay 1.000 sec

Pulse 45.0 degrees

Acq. time 1.892 sec

Width 7998.4 Hz

33 repetitions
OBSERVE H1, 499.8948175 MHz
DATA PROCESSING
FT size 32768
Total time 6 min

1.69
2.68

BPin

3-32

1z.00
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STATE UNIVERSITY OF NEW YORK
INOVA 400 Mhz SN# S011817
AswWpfg PROBE SN# P005133

1H SENSITIVITY
0.1% ETHYLBENZENE

Pulse Sequence: sZpul

Solvent: CDC13 oH
Temp. 25.0 C / 298.1 K

User: 1-12-87
INOVA-400 "inv4poo"

Relax. delay 1.000 sec
Pulse 30.0 degrees
Acg. time 3.273 sec
Width 6000.6 Hz

51 repetitions
OBSERVE H1, 399.8314082 MHz
DATA PROCESSING
FT size 131072
Total time 9 min, 8 sec

ppm

| S Ll gt L g —
6.50 1.02 1.01 1.38
1.05 0.96 1.00
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STANDARD PROTON PARAMETERS

Data Collected on:
invs00-inova500

Archive directory:
/export/home/heenam/vnmrsys/data

Sample directory:

File: PROTON

Pulse Seguence: s2pul
solvent: CDC13

Temp. 25.0 C / 298.1 K

Relax. delay 1.000 sec

Pulse 45.0 degrees

Acg. time 1.892 sec

Width 7998.4 Hz

160 repetitions
OBSERVE H1, 4399.8348150 MHz
DATA PROCESSING

FT size 32768
Total time 12 min

13.00

\ oqmw/
,,mu ?mL/u
\ o /
B Ashge
6 5 4
1.08.08 11880 1.1206
1.06 3.4185 3.@B51905
3| A
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SAMPLE
date Mar 3 2009
solvent cocl3
file exp

ACQUISITION

sfrq 300.074
tn H1
at 1.538
np 17984
Sw 4500.5
fb 2600
bs 16
tpwr 50
pw 1.0
dl 1.000
tof a
nt 64
ct 64
alock n
gain not used

FLAGS
il n
in n
dp v

DISPLAY
sp -116.9
wp 3033.8
vs 172
sc 0
we 250
hzmm 1z.14
is 96.28
rfl 749.5
rfp 0
th 21
ins 3.000
nm ph

8

DET & VT
dfrg 300.074
dn HL
dpwr 30
dof 1}
dm nnn
dmm c
dmf 200
temp 25.0

PROCESSING
wtfile
proc ft
fn not used
werr
wexp
whs
wnt

8

2 OCHy

CH

3.00

414



ew experiment

expl sZpul

SAMPLE
date Mar 27 2009
solvent cocia
file exp

ACQUISITION

sfrg 300.074
in H1
at 1.998
np 17384
Sw 4500.5
fb 2600
bs 16
tpwr 50
pw 1.0
di 1.000
tof 0
nt 16
ct 16
alock n
gain not used

FLAGS
il n
in n
dp y

DISPLAY
sp -122.4
wp 3163.7
Vs 173
scC 0
we 250
hzmm 12.65
is 182.45
rfl 2927.8
rfp 2178.5
th 2
ins 1.000
nm ph

10 9

DEC. & VT
dfrg 300.074
dn H1
dpwr 30
dof 0
dm nan
dmm c
dmf z200
temp 25.0

PROCESSING
wtfile
proc ft
fn not used
werr
wexp
wbs
wnt

8

7 6 5 a4 3 2 1 ppm

0.99 2.03 2.09 2.840
1.00 z.8€.02 2.04

CHy O1a cHa Cl; CH,
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I DBSERVE

Pulse Sequence:
Solvent: £OC13
Temp. 25.0 C / 2%8.1 K

GEMINI-300BE 'gemZ300"

Relax. delay 1.000 sec

Pulse 78.0 degrees

Acg. time 1.815 sec

Width 18761.7 Hz

2040 repetitions

OBSERVE C13, 75.4531859 MHz
DECOUPLE H1l, 300.0735793 MHz
Power 34 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 1.0 Hz

FT size 131072

Total time 4 hr, 20 min, 46 sec

200

180

160

. 380

143

143.330

138.019

137.802

140

/

O\\ R e

120

115.071

6-62

100

80

ooo

77

76.579

60

40

33.321

28.449

27.762

25.387

20

11.110

ppa
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expl sZpul

SAMPLE
date Mar 31 2009
solvent cpci3
file exp
ACQUISITION
sfrg 300.074
tn H1
at 1.598
np 17384
sSw 4500.5
fb 2600
bs 16
tpwr 50
pw I ]
di1 1.000
tof 0
nt 64
ct 64
alock n
gain not used
FLAGS
i1 n
in n
dp v
DISPLAY
sp -69.4
wp 3134.1
Vs 163
&cC 0
we 250
hzmm 12.54
is 145.886
rfil 749.3
rfp 0
th 4
ins l1.000
nm ph
10 9

DEC. & VT
dfrg 300.07
dn H1
dpwr 30
dof 0
dm nnn
dmm c
dmf 200
temp 25.0
PROCESSING
wtfile
proc ft
n not used
werr
wexp
whbs
wnt

2 1 ppm

417



Pulse Sequence: sZpul

Solvent: COCI3
Temp. 25.0 € / 298.1 K

GEMINI-300BB "gemZ300

Relax. delay 1.000 sec
Pulse 78.0 degrees
Acqg. time 1.815 sec :

width 18761.7 Hz e

OBSERVE C13, 75.4531856 MHz
DECOUPLE H1, 300.07357893 MHz
Power 34 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING 6-63
Line broadening 1.0 Hz

FT size 131072

Total time 0 min, 0 sec

1308 repetitions %/

138.755
114.468

124.800

138.683

220 200 180 160 140 120

100

4
77.000

ao

73.380

60

a0

33.329

28.877
26.882

21.585

20

11.425

ppm
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Pulse Seguence:
Solvent: CDCI3
Temp. 25.0 C / 298.1 K

GEMINI-300BB ‘"gem2300"

Relax. delay 1.000 sec

Pulse 7.8 degrees

Acg. time 1.998 sec

Width 4500.5 Hz

32 repetitions

OBSERVE H1, 300.0720786 MHz
DATA PROCESSING

FT size 32768

Total time 1 min, 58 sec

5 4 3 2 1 -0 ppm
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OBSERVE

Pulse Seqguence: §2

Solvent: CDC13
Temp. 25.0 C / 298.1 K
GEMINI-300BB ‘"gemZ300

Relax. delay 1.000 sec

Pulse 78.0 degrees

Acg. time 1.815 sec

Width 18761.7 Hz

932 repetitions

OBSERVE Cl13, 75.4531842 MHz
DECOUPLE H1, 300.0735793 MHz
Power 34 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 1.0 Hz

FT size 131072

Total time 4 hr, & min, S0 sec

180

146.457

138.891

138.626

126.146

<
=)
-
o~
-

114.392

77.425

80

77.000

579

76

74.101

60

40

33.397
28.749

26.856

23.077

21.961

20

11.296

=1.998
=2,295

ppm
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Relax. delay 1.000 sec

Pulse 7.8 degrees

Acg. time 1.998 sec

Width 4500.5 Hz

64 repetitions

OBSERVE Hl, 300.0720783 MHz
DATA PROCESSING

FT size 32768

Total time 0 min, 0 sec

—— .IIL,,‘:I

w

421



Pulse
cpcis

25.0.C / 288.1 K

GEMINI-200BB ‘'gem2300*

Relax. delay 1.000 sec

Pulse 7.8 degrees
Acq. time 1.998 sec

Width 4500.5 Hz

24 repetitions

OBSERVE H1, 300.0720783 MHz
DATA PROCESSING

FT size 32768

Total time 0 min, 0 sec

.94

422



heenam-160H
new experiment

6-68

~2600
wmhoo
MMNOD
_Mooo
~1800
wumoo
MHAOO
~1200
~1000
~800

_moo

whoo

~200

200
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n experiment

Pulse Seguence: sZpul

Solvent: CDC13
Temp. 25.0 C / 298.1 K
GEMINI-300BB ‘“gemZ300"

Relax. delay 1.000 sec

Pulse 7.8 degrees

Acg. time 1.998 sec

Width 4500.5 Hz

50 repetitions

OBSERVE H1, 300.0720786 MHz
DATA PROCESSING

FT size 32768

Total time 3 min, 56 secC

I\
.,Ws,:_ ,ﬁ.f# )

12 11 10

—

6 5 4 3 2 1 =D |

1.08 2.41 4.002.88.16
0.87 1:79 0.86.66

ppm
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Pulse Sequence: ‘pu |

Solvent: COC13

Temp. 25.0 C 7 298.1 K
File: LHN-09-29-09
GEMINI-300BB '"pem2300"

Relax. delay 1.000 sec

Pulse 7.8 degrees

Acg. time 1.998 sec

Width 4500.5 Hz

64 repetitions

OBSERVE H1, 300.0720786 MHz
DATA PROCESSING

FT size 32768

Total time 3 min, 56 sec
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13C DBSERVE

Pulse Sequence: sZpul

Solvent: CDCI13
Temp. 25.0 C / 298.1 K
GEMINI-300BB ‘"gemz300"

Relax. delay 1.000 sec

Pulse 78.0 degrees

Acg. time 1.815 sec

Width 18761.7 Hz

1180 repetitions
OBSERVE C13, 75.4531896 MHz
DECOUPLE H1, 300.0735733 MHz
Power 34 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 1.0 Hz

FT size 131072
Total time 4 hr, 8 min, 50 sec

138.356

—-129.493

117.773
————— 114,673

——124.230

77.425

-77.000

76.579

33.131
-28.282

27.281
27.140

15.947

220 200 180

160 140

120

100

a0

60

40

20

ppm
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vew experiment

Pulse Sequence: sZpul
solvent: CDCI3

Temp. 2%.0 C / 238.1 K
GEMINI-300BB gemz300"

Relax. delay 1.000 sec
Pulse 7.8 degrees

Acg. time 1.998 sec

Width 4500.5 Hz

70 repetitions
OBSERVE H1, 300.0720786 MHz
DATA PROCESSING
FT size 32768
Total time 0 min, 0 sec

6-73

ppm

1.058 1.46 2.15
0.94 4.95 2.99 z2.92
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13C OBSERVE

Pulse Seqguence: s2pul

Solvent: CDCI13
Temp. 25.0 C / 298.1 K
GEMINI-300BB ‘“gemZ300"

Relax. delay 1.000 sec

Pulse 78.0 degrees

Acg. time 1.815 sec

width 18761.7 Hz

2084 repetitions
OBSERVE C13, 75.453185% MHz
DECOUPLE H1, 300.0735793 MHz
Power 34 dB

continuously on

WALTZ-16 modulated
DATA PRDCESSING

Line broadening 1.0 Hz
FT size 131072
Total time 3 hr, 15 min, 35 sec

138.717
132.225
—128.419

140

77.421
76.575

77.000

114.498
49.837
33.351
28.886
27.375
22.690

16.050

64.748

120 100 80 60 40 20 0 ppm
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Ise Seguence

Salvent
Temp. 25.0 C
GEMINI-300BB

Relax. delay 1.000 sec

Pulse 7.8 degrees

Acg. time 1.998 sec

Width 4500.5 Hz

44 repetitions
OBSERVE H1, 300.0720783 MHz
DATA PROCESSING
FT size 32768
Total time 3 min, 19 sec

1.00

0.95

IH

1}

1.04

1H TH 2

2

0.93

14

-

4$H 3H 3H 24 2H

=0 ppm

oY
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lse Seqguence: s7
Solvent: CDCI3

Temp. 25.0 C / 298
GEMINI-300BB ‘“gemz300"

Relax. delay 1.000 sec

Pulse 78.0 degrees

Acg. time 1.815 sec

Width 18761.7 Hz

1218 repetitions
OBSERVE Cl13, 75.4531847 MHz
DECOUPLE H1l, 300.0735793 MHz
Power 34 dB

continuously on

WALTZ-16 modulated
DATA PROCESSING

Line broadening 1.0 Hz
FT size 131072
Total time 4 hr, 8 min, 50 sec

146.400

180

138.937

132.392

127.160

126.298

114,320

77.421

77.000

80

76.575

67.602

60

50.069

40

33.397

28.935

27.391

23.297

2z.003

20

16.535

=2 125

=2.026

ppm
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experiment

Pulse Seqguence: szZpul

Solvent: COCI13
Temp. 25.0 € / 298.1 K
GEMINI-300BE ‘“gemz300"

Relax. delay 1.000 sec

Pulse 7.8 degrees

Acg. time 1.998 sec

Width 4500.5 Hz

90 repetitions

OBSERVE Hl, 300.0720786 MHz
DATA PROCESSING

FT size 32768

Total time 0 min, 0 sec

7 W | ,
\..,.(L L Ik )L e i

& |

v ~ |

4 3 2 ad I
1.82 o.m‘_; 0.84 2.87 3.79 0.1956
0.49—1! 0.53 0.92 3.00 0.481.14

[H tH
A - &4

431
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STATE UNIVERSITY OF NEW YORK
INOVA 400 Mhz SN# SO11617
ASWpfg PROBE SN# P005133

1H SENSITIVITY
0.1% ETHYLBENZENE

Pulse Sequence: s2pul

Solvent: CDC13
Temp. 25.0 C / 298.1 K
User: 1—12-87

INOVAF400 |\ “inv400"
LA

Relax. delay 1.000 sec Fog il
Pulse 30.0 degrees 3

Acg. time 3.273 sec

Width 6000.6 Hz

32 repetitions
OBSERVE Hl, 399.8314203 MHz
DATA PROCESSING

FT size 131072 6-79

Total time 2 min, 17 sec

at <

1.88

o,

~.waa.~a m_mp
2.95 3.19

-0

ppm
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1 K
00"

Relax. delay 1.000 sec
Pulse 7.8 degrees

Acq. time 1.998 sec

wWidth 4500.5 Hz

128 repetitions

OBSERVE Hl, 300.0720786 MHz
DATA PROCESSING

FT size 32768

Total time 7 min, 10 sec

1

(]

1 =] ppm
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13C OBSERVE

Pulse Sequence: s2pul

Solvent: CDC13
Temp. 25.0 C / 298.1 K
GEMINI-300BB ‘“gem2Z300"

Relax. delay 1.000 sec

Pulse 78.0 degrees

Acg. time 1.815 sec

Width 18761.7 Hz

1586 repetitions

OBSERVE Cl13, 75.4531862 MHz
DECOUPLE H1, 300.0735733 MHz
Power 34 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 1.0 Hz

FT size 131072

Total time 0 min, 0 sec

138.891

135.131

124.705

114,346

v o
oo
<o
~ s
~ o~

76.579

—68.046

37.259

36.091

33.332

28.973
27.296

23.376

15.902

180 160

120

100

80

60

40

20

ppm
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m 25.0 € / Z98
GEMINI-300BB “gem

Relax. delay 1.000 sec

Pulse 7.8 degrees

Acg. time 1.998 sec

Width 4500.5 Hz

64 repetitions
OBSERVE H1, 300.0720786 MHz
DATA PROCESSING

FT size 32768
Total time 0 min, 0 sec
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ilse

sipul
solvent: COCI3

Temp. 25.0 C / 298.1 K
GEMINI-300BE ‘“gemZ300"

Relax. delay 1.000 sec

Pulse 7.8 degrees

Acqg. time 1.998 sec

Width 4500.5 Hz

32 repetitions
OBSERVE Hl, 300.0720783 MHz
DATA PROCESSING
FT size 32768
Total time 1 min, 58 sec

M1 H IH 2H 24 3K
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heenam-107H
new experiment

8.38
3.14

9.55 ==

12 11 10 9 8 7 6 5 4

~5000

~4500

4000

3500

~3000

2500

~2000

~1500

~1000

~500
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heenam-125C 3 = TEmeng »
13C OBSERVE | o 8 0 R S Rl cz_J_
| LNy

~11000
~10000
9000
~8000
~7000
6000
5000
~4000
_uooo
2000

~1000

~-1000

220 210 200 190 180 170 160 150 140 130 120 Hﬂﬁ Moo mo 80 70 60 50 40 30 20 10 O -10 -20
1 (ppm
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Pulse Sequence: sZpul
Solvent: COCI3

Temp. 25.0 C / 298.1 K
GEMINI-300BB “gem2300"

Relax. delay 1.000 sec
Pulse 7.8 degrees

Acg. time 1.998 sec

Width 4500.5 Hz

16 repetitions

DBSERVE H1, 300.0720783 MHz
DATA PROCESSING

FT size 32768

Total time 0 min, 0 sec

™S

7-55

1.99

>4

2
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heenam-109C2
13C OBSERVEs
N

—144.83
109.81

TMS
7-55

—46.53

—29.75
—22.69

312

250 200 150 100
f1 (ppm)

50

-50

~7000
_mmoo
“mooo
_mmoo
wmooo
_Lmoo
wbooo
“wmoo
wuooo
“Nmoo
wmooo
“Hmoo
MHDGD

-500

~-500
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heenam-134H
STANDARD PROTON PARAMETERS

MeO,C |

MesSi
7-54

—

12.00-L

wuuoo
wumoo
wumoo
MHAQD
wuwoo

1200

1100
.wuooo
.w@oo
.wmoo
.wuoo
.wmoo
_Wmoo

~400
wwoo
wmoo
wuoo

12.97-1
18.259 L

75 20 65 60 55 50

~-100
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heenam-134C = ﬁ_,.,r_%_,_.u 8 ) Lol M i
STANDARD CARBON PARAMETERS 3 & & S DL Boncnn 0
_ I . _ S N e W |

MeO,C |

- Me;Si
7-54

30 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10

f1 (ppm)

wuhoo
wuwoo
wuooo
wmmco
wmmco
MNLOO
wmwoo
wmooo
wpmoo
wpmoo
MHADD
MHNOO
wpooo
wmco

wmoo

wboo

wmoo

200
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heenam-140H
new experiment

Me3Si
7-53

11.85

2.45

N+ 3.57

12 11 10 9 8 7 6 5 4 3

6000
5500
5000
4500
whooo
_wmoo
_woco
2500
2000
1500
~1000

-500
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heenam-146H

new experiment

L
|

¥

|1eag
1.88-

3.09

18.15=

12 11

N H2.92

3800
13600
13400
13200
13000
12800
12600
2400
12200
12000
11800
11600
11400
11200
11000
1800

600

400

1200
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new

Pulse Seguence: $Zpul

Solvent: CDC13
Temp. 25.0 C / 298.1 K
GEMINI-300BE '"gem2Z300"

Relax. delay 1.000 sec

Pulse 7.8 degrees

Acg. time 1.998 sec

width 4500.5 Hz

56 repetitions

OBSERVE HL, 300.0720783 MHz
DATA PROCESSING

FT size 32768

Total time 3 min, 56 sec

- oL M

I i TS, Caliviie
;\/ﬁdgmimausaasau
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$a Yo &
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!ﬂ.w..\/t\ MegSi
10 3o m
)
S e
5 4 3

0.540.50 °  4.94
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3.209.2150
5.1%.3392

3.84 6.0589
59180
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heenam-259H
new experiment
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heenam-281H
new experiment
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heenam-289H

new experiment
o _._
_
0 " S
| 7 3 |
Me;Si
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heenam-285H-crude -1200
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heenam-286H

new experiment
__.
TBSO | __ o
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1100

heenam-287H-crude
STANDARD PROTON PARAMETERS
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delay 1.000 sec
7.8 degrees

Acqg. time 1.998 sec
Width 4500.5 Hz

15 repetitions

OBSERVE H1, 300.0720786 MHz

DATA PROCESSING
FT size 32768
Total time 0 min, D sec

OTBS

SiMe;
7-91

ppm
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heenam-291H-crude ~1100
STANDARD PROTON PARAMETERS
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heenam-294H
new experiment
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heenam-295H-crude

STANDARD PROTON PARAMETERS
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heenam-296H AU
STANDARD PROTON PARAMETERS
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heenam-297H-2
STANDARD PROTON PARAMETERS

OAc
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heenam-304H
new experiment
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STANDARD PROTON PARAMETERS

Pulse Sequence: s2Zpul

Solvent: CDC13
Temp. 25.0 C / 238.1 K
INDVA-600 "invB01"

Relax. delay 1.000 sec

Pulse 61.5 degrees

Acqg. time 1.832 sec

Width 8000.0 Hz

24 repetitions

OBSERVE Hl, 599.7178132 MHz
DATA PROCESSING

FT size 32768

Total time 6 min, 11 sec

AcO

Me;Si
7104

1.691.64 4.96 7.67

1.3866.424.35

1.81

461



13C OBSERVE

Pulse Seguence: sZpul
Solvent: CDC13

Temp. 25.0 C / 298.1 K
INOVA-400 “invd00"

319
77.000
76.689

Relax. delay 1.000 sec AcO

Pulse 82.1 degrees

Acg. time 1.199 sec

Width 25000.0 Hz

15762 repetitions o)
OBSERVE C13, 100.5376857 MHz

DECOUPLE H1, 399.8334138 MHz Me.Si
Power 47 dB 3
continuously on 7-104
WALTZ-16 modulated

DATA PROCESSING

Line broadening 1.0 Hz

FT size 65536

Total time 12 hr, 16 min, 4 sec

0.492

81.659
77.789 *—

23.341
22,559
22,514

655
25.170

S

135,95

S ———

36.743

170.598
145,183
21.095
21.034

200 180 160 140 120 100 80 60 40 20 0 ppm
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~1300

heenam-305H |
STANDARD PROTON PARAMETERS I
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heenam-308H
new experiment
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LHN#170H

Data Collected on:
iny500-inova500
Archive directory:
/export/home/heenam/vnmrsys/data
Sample directory:

File: PROTON

Pulse Sequence: s2pul
Solvent: CDC13

Temp. 25.0 C / 298.1 K

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acg. time 1.892 sec

Width 7398.4 Hz

44 repetitions

OBSERVE Hl, 499.8948175 MHz
DATA PROCESSING

FT size 32768

Total time 6 min

ppm
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heenam-185H
LHN#185H
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heenam-199H-crude
new experiment
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heenam-201H 1 . !
STATE UNIVERSITY OF NEW YORK
INOVA 400 Mhz SN# S011617
ASWpfg PROBE SN# P005133
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Acg. time 1.398 sec

Width 4500.5 Hz

12 repetitions

OBSERVE H1, 300.0720783 M
DATA PROCESSING

FT size 32768

Total time 1 min, 9 sec

.00

.05

ppm
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heenam-171H-1
LHN#171H-1

OH
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heenam-180H

471

LHN#180H
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heenam-181H
new experiment
OTBS | I
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13 Se
Solvent:
Temp. 25
GEMINI-300BB 'gemzZ300"

Relax. delay 1.000 sec

Pulse 7.8 degrees

Acg. time 1.998 sec

Width 4500.5 Hz

10 repetitions
OBSERVE HL, 300.0720786 MHz
DATA PROCESSING

FT size 32768
Total time 9 min, 16 sec

"

5.84 6.42
2.97

ppm
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heenam-212H |
STANDARD PROTON nbmb_q_m._.mmm
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