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Abstract of the Dissertation
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SNF 4435 C and D Analogs, Bielschowskysin, and (+/-)-Kingianin A
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Keunsoo Kim

Doctor of Philosophy
in
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2011

Despite a growing interest in biological activities of natural products that contain the
bicyclo[4.2.0]octadiene ring system such as SNF 4435 C and SNF 4435 D, an asymmetric
version of 8, 6w electrocyclization has remained unattained. While investigating (2E,4Z,6Z,8E)-
tetraene substrates bearing amide- or oxazoline-based chiral auxiliaries, a rationally designed
chiral 4,5-trans-diphenyl oxazoline auxiliary provided an impressive stereoselectivity (70 de%)
in the 8t ring closure. Confirmation of the major isomer from the diastereomeric
bicyclooctadienes was determined based on X-ray structure analysis of a SNF analog bearing
(S)-phenylglycinol moiety. This first example of chiral induction generated by the trans-4,5-
diphenyl oxazoline auxiliary in 8z electrocyclization directly affords enantiomeric carboxylic
acids (R = CO,H) which are key intermediates for elaboration to stereochemically homogeneous

analogs of the SNF multidrug-resistance reversal agents. On the other hand, asymmetric Shi



epoxidation and aspartate-catalyzed asymmetric epoxidation were adopted to convert racemic
SNF analogs to their enantiomerically pure forms.

While synthesizing the highly substituted cyclobutane core of bielschowskysin, tetraene
substrates with 1,2-fused ring were cyclized to leading exclusively to endo products in the 8x, 67
electrocyclization. In addition, the double ring closure was critically influenced by the methyl
group adjacent to the aryl group.

Progress toward the total synthesis of (+/-)-kingianin A, which is interested in its unique
pentacyclic framework and potential biological activity, has been focused on model-based testing
for 8m, 6w electrocyclization and cation radical catalyzed Diels-Alder reaction. This issue is

currently under active investigation in our laboratory.
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Chapter |

Asymmetric Induction
In 8m Electrocyclizations
Toward Synthesis of
SNF 4435 C & D Analogs



1.1. Introduction

1.1.1. Background

Marvell and Huisgen demonstrated that ring closures of 2,4,6,8-o&aéstrga, 1b) to
cycloocta-1,3,5-trienes2g, 2b) which are subsequently converted to bicyclo[4.2.0]octadienes
(3a, 3b) proceed by the stereospecific eight-electron conrotatoryemlesomerization. Since
that time, a great attention has been paid to reveal the msechand stereochemistry of the, 8

6x electrocyclization (Scheme 17.

CH3 R,
/Rl\ 8Tm
N/

1 2 3

a R1:CH3,R2:H
b R]_:H,RZZCHg

Scheme 1.8r, 6r electrocyclization of 1,3,5,7-octateraedesand1b.

The notable idea of the double ring closaleo marked a major contribution developing the
Woodward-Hoffman rules. However, until now there have been no exaroplds3,5,7-
octatetraenes undergoing stereocontrolled double cyclization to prodantoenerically pure
bicyclo[4.2.0]octadienes or at least their enantioenriched forms.

In 1993, Houk and co-workers, for the first time, examined by ab amtiosemi-empirical
calculations the relative stereochemistry of the &nrotatory ring closure of 1,3,5,7-
octatetraenestj to afford diastereomeric cyclooctatrieresand5b.®



R1R, Ri R Ry R
R 2 5
\ / con.

4 L 5a 5b

Scheme 2Computer-based investigation of stereoselectivityrel@ctrocyclization.

Bicyclooctadienes are desirable because they have been found in a wdinmag¢ural
products. In the early 1980'’s, Black and co-workers proposed that ar@tmsynthesis of the
racemic endiandric acids might be performed via & double electrocyclizatioi* The
hypothesis was immediately adopted for the total syntheses @nenidi acids A - G by the
Nicolaou group®™*®

In 2001, SNF 4435 ) and SNF 4435 D7), congeners of spectinabiliB8)( were isolated
from the culture broth of Streptomyces spectabflishe highly unsaturated polyketides showed
potent immunosuppressive activity in vitro and selective suppressidicefl proliferation
versus T-cell proliferation with 1§5 values of 0.8 uM for SNF 4435 C and 0.2 uM for SNF 4435
D.” In addition, reversal of multidrug resistance (MDR) in tumdiscaurned the natural
products into high potential candidates for the development of argicdnamgs->*° The relative
stereochemistry of the two SNF compounds was established on teeoba)e experiments.
These products are presented in Figure 1 and designated as SNF 8413a5CINF 4435 D7].

SNF 4435 C§) SNF 4435 D (7)

Figure 1. Structure of SNF 4435 @) and SNF 4435 DYj.



Although the same chirality on the-pyrone moiety makes them diastereometise
bicyclooctadiene frameworks i6 and 7 have an enantiomeric relationship. Their unique
stereoisomeric relationship attracts considerable attention not bmdguse it can lead to
understand different biological activity of the SNF compounds, but alsubedt may help to

elucidate an origin of stereoselectivity observednn6a electrocyclization (Scheme 3).

Ar Py, _o
ArW“‘PW E/Z-isomerizatign p P
© N\ A
Spectinabilin (8)
i 8a )

8T, 6T
3:1dr

Ar = 4-nitrophenyl
Pyr = a-methoxy-y-pyrone

Scheme 3Biomimetic synthesis of the two SNF compoun@isuid7) from spectinabilir8.

The proposed biosynthetic origin of the SNF compounds was synthesioplhprted by
Parker, Trauner, and Baldwin independently. In Parker’'s synthesid, iothge 9 underwent
cross-coupling with vinyl stannan&0 to provide tetraeneBa, which then underwent a

spontaneous 6r electrocyclization (Scheme %).
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9 CH4CN),PdCl 8T, 67
(CH3CN), 2 [ 83] 6+7
+ 53 %
Me3Sn o
== \ i /
y /
O
OMe
10

Scheme 4Parker’s total synthesis of SNF 4435 C and D.

The Trauner group performed stannylation of vinyl ioddde generate vinyl stannadé, which
underwent the key cross-coupling with vinyl ioditin high yield (Scheme 5}.

XX
SnMej
OoN

11 Pd(PPhs), [ } 8T GTE, 6+7

+ Cul, CsF 89 %
| 0
~ /= /
\\(\I\/; 4 )
OMe
12

Scheme 5Trauner’s total synthesis of SNF 4435 C and D.

The Baldwin group focused on a total synthesis of spectinal@lin which subsequently
underwent palladium-mediated isomerization followed by the doublé&@gclization to yield
the SNF compounds (Schemé®®).
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(¢}
AN AN AN AN “ / / DMF, 70 °C
e
O,N O OMe

Spectinabilin (8)

sa] o o7

Scheme 6Baldwin’s total synthesis of SNF 4435 C and D.

Ocellapyrones ALB) and B (4% elysiapyrones AX5) and B (6)**, and shimalactones
A (17) and B (8)* were newly isolated with the same backbone of SNF 4435 C ancyDréFi
2). Bicyclo[4.2.0]octadieneslda 15a and 16a) may be considered as key precursors to the
ocellapyrone B and the elysiapyrones A and B. Ocellapyrdigesn@d14) and elysiapyronedb
and 16) were isolated as enantiomerically pure forms. Like SNF 4436dCDa shimalactones
(17 and 18) were obtained as a diastereomeric mixture. Total syntluésbgse SNF relatives
(13to 18) presented in Figure 2 have been accomplished by synthetic istsagagilar to those
applied for the total synthesis of the the SNF 4435 compdiifii¥otal syntheses of the natural
products {3 to 18) by the Trauner group produced racemic compounds. SNF compounds and
shimalactones were prepared by total synthesis without presenaayo$upporting chiral
appendage. For the ocellapyrones and elysiapyrones, a chiral sagidecontribute to their
optical activities. Therefore, asymmetric version of @t electrocyclization in the synthesis of

those natural products may be necessary to lead to a solution.



Ocellapyrone A13) Ocellapyrone B14)

Elysiapyrone A 15) 15a

Shimalactone AX7) Shimalactone B (18)

Figure 2. Natural products containing the same backbone of the SNF compounds.

The first synthesis for the SNF compounds was performed byr Reokm?° They
investigated an unexpected high stereoselectivity in theing closure because only a single

racemic bicyclooctadiene was produced from (E,Z,Z,E)-tetraene pred9r§&scheme 7).



He R3
67, L
+ N
>\_/f
Rl RZ
y Exo-l
RY 8™
N\ A
Ry R
H=—"1R3
Tetraene (19) 67

Endo-lI Exo-ll

Scheme 7Possible 8, 6r electrocyclization products from achiral tetrdrge

According to Parker,6electrocyclization could be controlled by the choice of a functipeeli
substituent which is oriented to endo or exo conformation (Figure 3). Emaformer was
designated in which the nitrophenyl substituent is tucked under the biadaa® ring. Their
experimental result showed that if &1 20 is introduced at the outward position on the terminal
olefin and R on 20 is H, endo products will predominate. As a result, they demonstitzéd t
steric hindrance between the nitrophenyl group and the vicinal hgthsgtituent disfavors the
transition state leading to exo product. On the other hand, a large#p disfavors the endo
conformation. Therefore, formation of the two products is totally nidg@t on the size of thezR

and R group introduced.

Cyclooctatriene (20)

Figure 3. Proposed transition states supported by endo and exo conformation.



The impressive stereoselectivity controlled during theskgctrocyclization provides a valuable
advantage for the preparation of chiral bicyclooctadienes becaadeacpranalysis could be
simplified to the ratio of two endo diastereomers.

In 2006, chiral induction in then8electrocyclization of (2E, 4Z, 6Z, 8E)-octatetraene
substrate®2 bearing Corey-Sarakinos sulfone-based chiral auxiliariesinvestigated by the
Parker groug®>! In particular, they postulated that an effectiaftacking between an aromatic
moiety in the auxiliaries and the unsaturated ester in the watate substrate might produce
stereospecificity in the process at 8lectrocyclization. However, the firskt&lectrocyclization
induced by chiral auxiliaries did not lead a large selectivityorsg diastereomers. The
diastereomeric ratio (dr) hovered near 2:128a,b-1l and 3:2 for23a,b-1 (Scheme 8).

W . — (CH3CN),PdCl,
(Me)gSn = DMF, dark
O,N ! COR '
9 21

32-38 %

O,N
\//\ CO,R
CO,R [,
& CONJ
N\ >_/7
23b
22
R = //o
O
23a,b-1 (3:2) 23a,b-11 (2:1)
A pe, Ry
CHs
£ 4
CHs HsC
23a,b-1l (2:1) 23a,b-1V (2:1)

Scheme 8Chiral induction in the 8 electrocyclization of tetraenic est@2
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The relatively low diastereoselectivis consistent with two nearlgoenergetic helice
transition statess-trans,syr4a ands-cis, syn24b (Figure 4).

PN - _n _
- 1Y H3) HiC_L2va1 A
no _~~Jr 1 v )
~7 MH i F— N CHi
Isys \@ZZ X 7f —— 1 _ I~ i) SN § | — —
| R B St 2l RS LR/ M- Sy
N 7 ! VWed/ — VUl e /-
CH ™ WY I LT s T 1
! N\ o H H e o TARL VY !
! Fort M L, VN0 L
H 3 u 0 H
s-frans svn £-cie, eyn
S=rans, syt z
44 44D

Figure 4. Two possiblenhelicaltransition statcconformations.

For predominance of one diaseteromeric SNFalog, the energies of the two heli
conformations24a and 24b should besignificantly different. Then ondirectionof conrotatory
8r ring closurewould be favore.

Despite the considerable attentto 8, 6r electrocyclic reactions, it isre to find example
where stereocontrolled 8 6r electrocyclization was applied to the synthesis cgtlic
compounds including natural productdn 1998, Paquette and co-workeashievedmodest
levels of chiral induction in a related sequencectiwas carried out vistereocontrolle 8r
electrocyclization and @ransannular aldol casc: to 283232 High diastereoselectivity we

observed in the 8 conrotatory ring closu. The source of chirality is in the precurs25
(Scheme 9).
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Scheme 9Modest levels of chiral induction im&ilectrocyclization by Paquette.

Recently, in the synthesis of [4.6.4.6]fenestradie3@&sthe Suffert group reported that
tetraene30, which was generated from trieny@® by P-2 Ni (Ni(OAc).4(H:0)) via cis-
selective semihydrogenation, underwent @&ectrocyclization to yield a single isoméi
(Scheme 10}** The authors proposed that the unusually high stereoselectivity rérsufts

torquoselectivity observed in tha 8lectrocyclic cascade reaction.

11



Scheme 10Torquoselective Belectrocyclization in the formation 82

The asymmetric © electrocyclization has been actively investigated. Notable
achievements were reported by the HSfAg Traunet®, List®, and Martii®** groups.

However, similar strategies have not been applied tostlete8trocyclization

1.1.2. A new approach for the preparation of chiral SNF analogs

In order to develop new types of tetraene substrates, wenrieexatetraenic esterd2
because, to the best of our knowledge, the (E,Z,Z,E)-octatetradasérases bearing chiral
auxiliaries are considered as the most reliable method forytiteesis of chiral SNF analogs.
Firstly, in an attempt to preserve the SNF framework, #4ypitenyl and 4,6,8-trimethyl moiety
are required. The (2E,4Z,6Z,8E)-tetraene carbon skeleton should beaimenfor endo
selective @ ring closure. Therefore, our interest automatically focaesesew chiral auxiliaries
which can generate chiral induction in 8lectrocyclization. Specifically, new auxiliaries were
designed to create a more rigid linker between the tetraeckbdoee and the auxiliaries

compared to the ester linkage show22{Figure 5).
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Newly desinged
chiral auxiliaries

For SNF analogs
. p-nitrophenyl
: 4,6,8-trimethyl

HsC (2E, 4Z, 6Z, 8E)
on the tetraene

tetraene system

Figure 5. Optimization of tetraene substrates to asymmetriel8ctrocyclization.

Development of new synthetic routes for preparing (2E,4Z,6Z,8E¢#etrsubstrates also
will be important. Baldwin’s coupling methdd, which significantly accelerates reactivity in
Stille coupling, is synthetically more efficient in termstogh yield and short reaction time.
Also, if stannylation can be applied to a diene bearing 4-nitroplgnoylp, we can vary its
coupling partner and test a number of chiral auxiliaries. Intiadgdiwe can predict higher yield
from the cross-coupling betweell and iododiene-containing auxiliaries. (See Scheme 5.)
Finally, alternative palladium-mediated cross-coupling reastneed to be examined, due to the
well-known toxicity of the tin moiety used for Stille coupling.

Development of new chiral auxiliaries is mainly based on twisitran states; sis (A) and
strans helical conformation (B). Among potential auxiliary candidatesdchiral phenylglycinol
and its derivatives, especially because of the rigid naturthefamide (peptide) bond. In
addition, they are desirable if they can be readily transformeg@roduce corresponding
oxazoline auxiliaries via intramolecular cyclization. Presugpahbtroducing a C-2 symmetric or
pseudo C-2 symmetric functional group on an oxazoline would favor one ébuhg@ossible
transition states over the others.

13
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Figure 6. New chiral auxiliaries based on two transition statess ¢A) and s-

trans helical conformation (B).

The auxiliaries in bicyclooctadienes need to be readily hymdlyto corresponding
carboxylic acids, which are key intermediates for the préparaf enantiomerically pure SNF
analogs. Determination of absolute stereochemistry of chirkl &Mlogs will be important due
to the different biological activities shown in SNF 4435 C and Didgss it will be a great

support to understand the stereochemistry in the processcoh®tatory ring closure.

14



1.2. Result and Discussion

1.2.1. Investigation of cross-coupling methods

The Stille coupling method (Cond. 1) developed by Baldwin afforded bicjaktiene35 in
higher yield and shorter reaction time compared to the previous coupditippd (Cond. 2). (See
Scheme 11.) Especially, stannylation on iodi@ngas synthetically very useful because vinyl
stannand.1, which is knowrf:* can be prepared by 3 steps from cheap 4-nitrobenzaldehyde.

NN
Cond. 1
R
O.N
82%
9 Ry = ’
11: Ry = Sn(Me}
+
MeO,C
— R, Cond. 2
62%
33: R, =1

34: R, = Sn(Me)

Reagents and conditions: Cond11)33,CsF, Cul(l), Pd(PP{),, DMF,
45°C, 2 h, dark; Cond. 2) 9, 34, Pd(CH3CN),Cl,, DMF, rt, 16-20 h, dark

Scheme 11Preparation of bicyclooctadie3® by Baldwin’s method.

However, due to instability, toxicity, and relatively low yielfl i, we turned our focus into
Suzuki-Miyaura coupling which might solve the problems generated usdlér coupling
condition®**” A solution of iododiened and pinacolatoboron was thoroughly deoxygenated
before adding Pd@(dppf), and then stirred at 8Q for 3 h (Scheme 17

15



PdCl,(dppf), KOAc NN
XX Pinacolatoboron _B-
X» O,N o0

| 0
DMSO, 80 °C
O,N '
2 9 36

O,N
37

Scheme 12.Synthetic attempt to afford (2Z,4E)-boronic e6r

Instead of the desire?b, the reduced for37 was afforded as a major product. Addition of dppf
as an additive under the same reaction conditions did not improve the laboonyPresumably,
introduction of the boron moiety might be significantly interrupted, tluesteric hindrance
generated by the methyl group on the terminal carbon. Our assamp#s supported by
boronylation of the less hindered iododieB8. lododiene 33 was treated with tri-iso-
propylborate andh-butyllithium, followed by adding pinacol to afford boronic es&8:*
However, the overall yield of this scheme was too low to reflaetannylation route. On the
other hand, under general Suzuki-Miyaura coupling condifib88,was successfully coupled
with 9 to yield bicyclooctadien85 with 67 % yield (Scheme 13).

- . O\ /O
| Tri-iso-propylborate, Pinacol

X -COsMe . X COoMe
toluene/THF, n-BuLi in n-hex.
-78°Ctort, 16 h, 39 %

33 38
O,N
@ COzMe
Pd(PPhs),, NaOEt, 9 j
benzene, reflux, 12 h, 67 % N
Y
35

Scheme 13Preparation of bicyclooctadie3® via Suzuki-Miyaura coupling.
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1.2.2. Investigation of asymmetric 8 electrocyclization of tetraene substrates

bearing newly designed chiral auxiliaries

1.2.2.1. Asymmetric induction by (S)-phenylglycinol based auxiliary

O,N OH
0 (
N
S0
HaC— 7 THY
N\ Z CHs
H3C
39

Figure 7. Structure of a tetraene substrate bear)gpbenylglycinol39.

Phenylglycinol is a widely used chiral auxiliary becauseritgn is based on the amino
acid chiral poof? lododiene-amidel2 was readily prepared by coupling between iododienoic
acid 40, which was prepared by hydrolysis &t and coupling with (S)-phenylglycindll in the
presence ofN,N-dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DNAP
(See Scheme 14.

OH | o OH
DCC, DMAP
NN COH  + J/, AN NJ/
HzN CH,Cl,, 0°C to rt, N
41 42

4 h, 66 %
40 ’

Scheme 14Preparation of iododiene-amidé.

For Stille coupling, iododiene® was subjected to trimethylstannylation with
hexamethylditin and Pd&CN), in HMPA to produce vinyl stannarfl in moderate yield®
Due to its low stability, after purifying on a short pad ofibadumina,11 was immediately
subjected to the coupling-tandem cyclization. Coupling betwideand 42 under Baldwin’s
modified coupling conditiod$ generated tetraene substr&8® which underwent 8 6r

electrocyclization to afford a mixture of diastereomeric SNF gs@daand43b (Scheme 15).
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OH
N | 0 J/
mhne) * WN ©
O,N 3 H
42

Pd(PPhgz)4, CsF, Cul(l)
DMF, rt, dark, 12 h, 39 %

43b

Scheme 15.Asymmetric & electrocyclization ofhetetraene39.

Low stereoselectivity was observed with a diastereoméiocofal : 2 @3a: 43b) on the
basis ofH NMR analysis. The expected driving force from both the amidedmkad the steric
effect of the phenyl group on the auxiliary was not large. dstergly, unlike any other
diastereomeric SNF analogs, bicyclo[4.2.0]octadieti@s and 43b were easily separated by
flash column chromatography. According to HelmcPett the order of a pair of diastereomeric
amides bearing chiral phenylglycinol on the liquid adsorption chimgnaphy is consistent with
the following model: The diastereomers in which both faces of thenconplane have apolar
substrates44-R and45-R) is eluted first, due to the weak affinity of both faces ofdahede

plane to the silica gel (Figure 7).
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Helmchen’s hypothesil;

R
_H-0= H
o "o N-H- o
I R'Y
N " @ NN ArO " @
R N :
\Xr A ’I\l/(‘h (S) II\] (R)
H H OH H H OH
44-R 44-S
H O H @
\ e Arii, o0
= (©)] N"(R)
(R) I
H OH
45-R 45-S

(R,R) : elutes first

Figure 8. Helmchen’s hypothesis and examples of order of chromatographic elution of

diastereomeric phenylglyc

The postulate can further support a relationship between the planarncatibn ofa- or 8-
substituted amide diastereomers and their absolute configuratssighment® However, since
a-chirality in compoundg3aand43b is continuous with the adjacent stereogenic centers on the
cyclobutane ring, the rigid structure of the common plane (CHMCHO)NHCH) is not so
clearly adopted id3a and43b. Therefore, relative stereochemistry of eithda or 43b needed

to be determined by crystallographic analysis. Eventually, theeslmoving isomed3a was

recrystallized from CHGIn-hexane, and then slow evaporation from a solution in MeQ8/Et

produced needles that were suitable

determined as shown (Figure 8).

(S,R) : elutes last

inol amides.

for X-ray analysis. dlagve stereochemistry df3awas
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Figure 9. X-ray crystal structure of chiral SNF analdga

Although the phenylglycinol auxiliary did not boost stereoselectivity the 8t
electrocyclization, it may be a very useful system becaudbeohotable separation ability. If
either43aor 43b can be smoothly converted into the corresponding acid, which is consadered
a key SNF analog, it could provide a substantial milestone towsedseparation of chiral SNF

analogs (Scheme 16).
O,N

hydrolysis
43a  e—

46a

(For the43b; enantiomeriet6b and47h)

Scheme 16Strategy towardsynthesis of chiral SNF analogs fr@f&aor 43h.
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1.2.2.2. Asymmetric induction by TBS protected phenylglycinol based auxiliary

0N oTBS
3
HaC—7 "HY

N\ S CHg
H3C

48

Figure 10. Structure of a tetraene substrate bearing TBS protected

9)-phenylglycinol48.

In order to explore additional chiral auxiliaries, the TBS group mwaoduced on the
phenylglycinol 41. The silyl-protected amind9 was readily prepared with TBS-Cl and
triethylamine>’ Under the given conditions, compou#@ was coupled with carboxylic acéD
to yield iododiene-amidB0 (Scheme 17).

OTBS

OH |
J/ TBSCI, DMAP, EtgN J/, + N\ COH
HoNT H2N
2 CH,Cl,, 0°C to rt,
0,
a1 16 h, 73 % 49 40
| o OTBS
DCC, DMAP, J/
N S N try
CH2C|2, 0°Cto rt, H
8 h, 50 %
50

Scheme 17Preparation of iododiene-amiéé.
Coupling betweerd 1 and50 provided tetraend8, and then the two inseparable diastereomeric

SNF analog®laand51bwere afforded via@ 6r electrocyclization with 51 % yield (Scheme
18).
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OTBS

| O
/@/W . WNJ'/W@
O,N Sn(Me); N
11 50

Pd(PPhg),, CsF, Cul(l)
DMF, rt, dark, 14 h, 51 %

OTBS

O.N
o o OTBS
L. .
SN ‘1 //,' N ‘y
0 :
q |IH - = H
)

51b

Scheme 18.Asymmetric & electrocyclization ofhe tetraend8.
1H NMR analysis indicated th&fLlaand51b were produced in a ratio of 1:1. Evidently, the s-

cis, syn and grans, syn transition state conformations during conrotatarir®) closure are

nearly isoenergetic. As a result, chiral induction of tetraene sub48atas not impressive.

1.2.2.3. Asymmetric induction by phenylglycinol-derived tertiary amide auxiliary

Figure 11.Structure of a tetraene substrate beaNngethyl-O-TBS phenylglycindb2.
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We thought that an amide linker, with a second substituent on the nitnoggrdisfavor
either seis, syn or strans, syn transition state. For the preparation of the designed iodediene
amide 57, (S)-(+)-2-phenylglycine53 was treated with formic acid and acetic anhydride to
provide formamide54. Then, reduction afforded ($}-methyl-2-phenyl-2-aminoethands.®
The TBS group was introduced under basic conditions to givé&tmethyl-O-TBS aminé6
(Scheme 19).

(@]
NHz _ _ )J\ .
B Acetic anhydride HN H LiAIH,, THF
OH B OH
m HCO5H, 0 °C to t, 0 °C to reflux,
81% @) 56%
53 54

OTBS

OH
J/ TBSCI, DMAP,Et:N, J/
trry =y
H’T‘ @ CH,Cl,, 0 °C to rt H’l\' ©
55 56

79 %

Scheme 19Preparation of aming6.

Coupling betweed0 and56 was performed by treatment with DCC and DMAP. However,
unlike coupling betweeAO and49 under the same reaction conditions, the reaction gave product
57in low yield (Scheme 20).

| OTBS | o oTBS
DCC, DMAP
N CO,H » NP
+ H[l\j © DMF, rt, 19% |
40 56 o7

Scheme 20Direct coupling to generate the iododiene-antide

Due to the low yield, the Michaelis-Arbuzov reaction and then HornaeasWbrth—Emmons

(HWE) reaction sequence were adopted as an alternate symthe#c Chiral bromoacetamide
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58 was readily prepared by the treatment56f with bromoacetyl bromide in 92 % yield.
Treatment with trimethylphosphite afforded chiral phosphonoacetabfid Finally, 57 was
successfully prepared from HWE reaction wsthandiodoaldehyde0, which was generated in
situ from the corresponding alcohol. Overall yieldb@ffrom 56 significantly increased to 70 %
with 3 steps (Scheme 21).

OTBS o OTBS
J/ 2-bromoacetylbromide, Br\)J\ J/ (CH30)5P
Ty ,
N © ag. K,COs, CHyCly, 1t, N © 105-110 °C
92% 87%
56 58
o o OTBS I O | o OTBS
I DBU, LiCl
(H3CO)\/P\)J\ iy + N H XX cy
(HsCO) \ © THF, 1t, N
89 %
59 60 57

Scheme 21Preparation of iododiene-amiéé.

Hoping to generate bias between tloesssyn or strans, syn transition state, we examined
the asymmetric 8 electrocyclization of tetraeng2. Again, there was no preference for either
diatereomer. An inseparable 1:1 mixture of two SNF and@tgand61b was produced in 44 %
yield (Scheme 22).
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OTBS
IS asAUIRY;
o 1w+ NS

Pd(PPhs),, CsF, Cul(l)
DMF, rt, dark, 14 h, 44 %

OzN O,N
oTBS OTBS
O 0
 J O
,s\\J\ ll\lJ/’//O . N J/'/,©
o . Imim
>\f
6la 61b

Scheme 22.Asymmetric & electrocyclization of the tetraebe.
Due to the continued low stereoselectivity, we concluded that phenylglggimoitself and

its derived auxiliaried9 and56 were inefficient to apply chiral induction to tetraene substrates
in 8r electrocyclization.

1.2.2.4. Asymmetric induction by C2-symmetrized tertiary amide based auxiliary

Figure 12.Structure of a tetraene substrate bearing bis-phenylethyl&aine
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Besides a tertiary amide linkage, if we introduce C2-synwadtmoiety on an auxiliary,
chiral induction in & electrocyclization of a tetraene substrate bearing theianyxiight be
superior to phenylglycinol-derived auxiliaries. We chose commeércelailable bis[(S)-1-
phenylethyllamine53 as a suitable candidate. lododiene-antiflavas prepared from the same
reaction sequence applied 5@. Michaelis-Arbuzov reaction 083 provided amides4. Then
treatment with trimethylphosphite afforded chiral phosphonoaceta®ideHWE reaction
betweer60 and65 afforded66 with 68 % overall yield fron63 (Scheme 23).

0
>"“© 2-bromoacetylbromide, )m@ (CH30)3P,
HN Br\)J\N
>\© ag. KoCOg, CHoCly, 1, 105-110 °C,
86 % 87 %
63 64
C | 0
(HsCO)\p\)L ) @ ooBu.Lich )@
(H3CO)” N
THF f,
91 %
65 66

Scheme 23Preparation of iododiene-ami@é.

Coupling of iododiené6 with the stannyl dien&l gave two separable diastereomeric SNF
analogs67a and67b which were afforded in a ratio of 2 : 3 or 3 : 2. The fasteving isomer
(27 %) was obtained in slightly greater amounts compared to thersioaving isomer (18 %).
(See Scheme 24.)
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| o)
N Sn(Me); + NN
11 66
Pd(PPhsg), CsF, Cul(l)
DMF, tt, dark, 13 h, 45 %

Scheme 24 . Asymmetric & electrocyclization of tetraerG?.

1.2.2.5. Asymmetric induction by oxazolidinone based auxiliary

Figure 13.Structure of a tetraene substrate bearing oxazolidiG8ne

We focused on dipole interactions that might favor one of the foubpossinsition states
over the others. Evans oxazolidinones are commonly used as chirahiauwsburces. We
anticipated a metal-chelated intermediate that might genefaefexence for one of the helical
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transition states inmBelectrocyclization. Therefore ac#D was treated with pivaloyl chloride in
the presence of triethylamine to generate the correspondingchtddde in situ. Then,
oxazolidinone69, which was deprotonated with n-BuLi, was added to produce iododiene-
oxazolidinonez0in 65 % yield (Scheme 25).

O
)J\ Pivaloyl chloride, )j\
I HN (@) Et3N, n-BulLi, WN 0]

THF, -78 °C to r.t,
19 h, 65 %;
40 69 70

Scheme 25Preparation of the iododiene-oxazolidinatte

With 70in hand, the coupling/m 6r electrocyclization was performed under the given reaction
conditions. There was no preference for either of the diasteren®NF analog3laor 71b,

which were obtained in a ratio of 1 : 1 in 36 % overall yield (Scheme 26).
| o O
/Q/W + WNJ\
Sn(Me)3
N

Pd(PPhg),, CsF, Cul(l)
DMF, rt, dark, 16 h, 36 %

\»Nﬁ@ Oﬁr\@

71a 71b

Scheme 26.Asymmetric & electrocyclization ofetraenes8.
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Again, the ring closure proved to be non-stereoselective. Probablyxgbetesl metal-
chelate intermediate did not form. The poor dr indicated that ahmiages might not be

effective to generate chiral induction in 8lectrocyclization of tetraene substrates.

1.2.2.6. Asymmetric induction by non-C2 symmetrized oxazoline chiral auxiliary

Figure 14.Structure of a tetraene substrate bearing 4-phenyl-oxazdine

We returned to our attention to iododiene-andiddoecause we realized that the hydroxyl
amide on42 can be converted into the corresponding oxazoline moiety via amioigcular
cyclization. Furthermore, various kinds of oxazoline auxiliaries &&n prepared from
phenylglycinol derived amides (Figure £4)One more advantage expected from oxazolines is
that they can be transformed easily into the corresponding caaxidi derivatives. Generally,

cleavage of an amide bond needs harsher reaction conditions.
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HO_ R2 Cvclizati R
§ fro 2Emm o
% N" “Ph 5 SN ph

Amide Oxazoline

1° OH group; DIC, Cu(OTH%
2° OH group; a) Mesylation

b) IntramoleculagSreaction
3° OH group; H™ mediated Sy1 reaction

Figure 15.Preparation of oxazoline auxiliaries from phenylglycinol and its deviesti

In order to support the idea that C2-symmetry on oxazoline-bas#idrg could reduce the
number of possible transition states, we tested tetrd2ias a control model. First, iododiene-
oxazoline73 was prepared from amidi by an intramolecular & type cyclization, mediated

by copper triflate and diisopropylcarbodiimide (DIC), in modest yield (Seh&n.

OH I @)
| o} j DIC, Cu(OTf),, s
iy gy
WH © 1,4-dioxane, reflux, WN ©
42 73

5h,57 %

Scheme 27Preparation of iododiene-oxazolii8.

As we expected, two inseparable diatereomeric SNF an&agsd74b were produced in a

ratio of 1 : 1 (Scheme 28).
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Scheme 28.Asymmetric & electrocyclization of tetraer#.

The result stressed that both the oxazoline ring and C2-symmetry on i yaare required

for chiral induction in & electrocyclization of a tetraene substrate.

1.2.2.7. Asymmetric induction by C2 symmetrized oxazoline based auxiliary

Figure 16. Structure of a tetraene substrate beatiags-4,5-diphenyl oxazolin&s.
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Commercially available (S,R)-1,2-diphenyl aminoalcoRi6lwas chosen because it can
generatdrans-4,5-diphenyl moiety on oxazoline ringminoalcohol76 was coupled wit#0 by
the treatment with DCC and DMAP to afford iododiene-anfideViesylation of77 provided78,
and cyclization under basic conditions yielded iododiene-oxazé8ii§cheme 29)

| HO g DCC, DMAP, | g1 O
S/\/COZH *  H,N CH,Cl,, 0°C WN
tort, 63 % H
40 76

77
MsCl, TEA l (I\)/IsO O NaOH, | o \©
CH,Cl,, CH3O0OH/H50, . X
0 0(2; ‘ 2 . AN N reflux, 4 h, A N
or, H 74 %
4 h, 54 %
78 79

Scheme 29Preparation of iododiene-oxazoliiié.

The &, 6r electrocyclization of tetraer#b, which was generated by Stille coupling between

11 and 79, afforded two inseparable diastereomeric SNF anaBfigsand 80b in 42 % vyield

(Scheme 30).
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(Y L, - S K
ouN Sn(Me); WN
11 79

Pd(PPh3),4, CsF, Cul(l)
DMF, rt, dark, 14 h, 42 %

80b

Scheme 30.Asymmetric & electrocyclization ofetraenéers.

In this case, two diatereomeric bicyclooctadiedteEsand80b were produced in a ratio of 1 :

6 on the basis ofH NMR analysis. However, it was not easy to calculate thectexa
stereoselectivity becauS8®aand80b showedthe same chemical shifts for all protons, except for
those protons on one of the threes@kbup in the bicyclooctadiene skelet&resumably, due to
effective C2-symmetry on the oxazoline, the hydrogen80a and 80b are exposed to very
similar magnetic fields.

The only example using the same oxazoline auxiliary systemsymnaetric synthesis was
reported by the Clayden group at 2688They adopted the auxiliary for the stereoselective
dearomatizing addition of Mel to the benzene rin@af Treatment with excess 1,3-dimethyl-
3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU) stereospecificallyoiticed both an isopropyl
moiety from isopropyl lithium and methyl moiety to yield a single diasterer82. (Scheme 31).
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)
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-

1. iPrLi, THF
DMPU (6 eq.) O.__N
-78 °C, 30 min K
2. Mel
70 %
OMe
82

Scheme 31DMPU-promoted dearomatization by the &&ns-diphenyloxazoline auxiliary.

According to Clayden, the configuration 8 may arise from coordination of isopropyllithium

to the basic nitrogen atom of the oxazoline, followed by 1,4-additidhe 2-position of the 4-

methoxyphenyl ring from the face anti to the 4-phenyl substituent of tr®lmaring.

With the asymmetric 78 electrocyclization of tetraen&5, accurate calculation of the

diastereoselectivity ir80a and 80b was performed based on Mosher ester analysis. The

inseparable mixture oB0a and 80b was treated with Cbz-Cl to be converted into the

corresponding bicyclooctadien&8a and 83b with 62 % yield®® Reduction by DIBAL-H,
followed by introducing (R)-MTPA-CI afforded corresponding (S)-ktarsester84aand84bin

52 % for the two steps (Scheme 82)The diastereomeric ratio observed 8da and 84b

confirmed thaB0aand80b were produced with 1 : 6 ratio. To the best of our knowledge, this is

the first example of an asymmetria &lectrocyclization influenced by @wans4,5-diphenyl

oxazoline auxiliary.
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Cbz-Cl, 5% aq. Na,COg3,
CH,Cl,, rt, overnight,
62 %;

83b

1. DIBAL-H, toluene, -78 °C to rt, 1.5 h,
2. (R)-(+)-MTPACI, pyridine, CH,Cly, rt,
overnight, 52 % (2 steps)

O,N Ph,, OMe

84a 84b

Scheme 32Preparation of (S)-Mosher est@&4a and84b.

Determination of relative stereochemistry of the major isdroer 80a and 80b was
equally as important as improvement of stereoselectivityrirel8ctrocyclization, due to the
significantly different biological activities shown in SNF 4485 and D. In addition, the
confirmed relative stereochemistry may support an understandimglichl transition states
involved in the & ring closure. Our initial strategy focused on enantiomeric &Nffogd3a,the
structure of which wadetermined usingl-ray crystallography. Hydrolysis @f3a provides the
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corresponding carboxylic acid6a Introduction of (S,R)-diphenylglycinof6 to 46a would
afford 85a, followed bycyclization to yield enatiomeric bicyclooctadie@@a (Scheme 33). 1H
NMR spectra oB0a should be exactly matched with that of one isomer from a nexdti@0a
and80b.

OH 0
0
j Hydrolysis #OH
0y H Ph  —— T,
| ",
43a 46a
ﬂ Coupling

Ph
o izati HO._,Ph
o N=ph Cyclization 3 I
—N

Scheme 33Transformation of knowd3ainto 80a

Despite much synthetic efforts, hydrolysis of both am#Resand43b was not successfii:*°°
(See Table 1.)

Table 1. Results of hydrolysis o43aand43b.

Starting Reaction conditions Result
1N ag. HCI/EtOH, reflux, 3 h
43a | INaq KOH/EIOH, reflux, 3h | Neither starting material nor
1N ag. NaOH/EtOH, reflux, 2.2 h| Product

1N ag. NaOH/EtOH, 8CC, 3 h

43b : _
1N ag. NaOH/EtOH, 70C, 3 h Most starting material was
recovered

Presumably, compound8aand43b might be vulnerable under harsh acidic or basic conditions.
Especially, high temperature might more provoke decomposition of theldji.2.0Jocatadiene

framework. Therefore, relatively mild hydrolysis conditioms aeeded for compound8a and
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43b. A model compound6 was treated wittp-TsCI in pyridine solution to afford est&7
(Scheme 345° Due to the low yield, however, this method could not app#Beor 43b.

O
O Ph -
TsCl, pyridine NH.
NJVOH /\Hko/\( Ts
H rt to reflux, 23 h Ph
22 %
86 87

Scheme 34Hydrolysis of amide36.

Our focus turned to the separatior858 and85b. We cautiously predicted that lika and
43Db, the two diastereome&ba and85b might show similar behavior on silica gel. If we were
able to obtain either pui@ba or 85b, its relative stereochemistry could be determined by X-ray
crystallography. Therefore, structural elucidation of the mammer from80aand80b could be

used to assign the relative stereochemis85afor 85b (Scheme 35).

1. Separation

- ”\ I ‘HL I 2 Recrystalllzatlon 80a0r 80b
w "

3. Cyclization

85a

Scheme 35Determination of relative stereochemistry8®fa or 80b from 85aor 85h.

Two diastereomeric SNF anal@§mand85b were produced in a ratio of 1 : 1 under the
given conditions (Scheme 36).
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ON Sn(Me)s NH Ph
11 77

Pd(PPhg)4, CsF, Cul())
DMF, t, dark, 17 h, 29 %

O,N

SR, e

Ph N"Ph
S .,/H
)

85b

Scheme 36Preparation of SNF analo§5aand85h.

Initially, the same TLC condition, which clearly separat8d and43b, applied to85a and85b.
However, only single spot was observed under UV. A lot of triadfhtyy increased the ratio
betweerB5aand85bfrom1:1to1: 2.

We reexamined the first strategy shown in Scheme 33. We thbagiftthe dr betwee&0a
and 80b is not changed throughout hydrolysis and coupling sequence, the relative
stereochemistry of the major isomer froB®a and 80b can be indirectly determined by
comparing with the knowm3a (Scheme 37). The major isomer fro8da and 80b should

correspond td3aor its diastereomet3b.

38



Bh 0
0" N=Ph Hydrolysis #OH
e ]
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), 46aand46b
80aand80b
ﬂCoupIing
OH
OHO] o J/
o # oh
- N Ph 1 n, H
. | H H NMR )
e & TLC
43a 43aand43b

Scheme 37Reverse transformation of the 1 : 6 mixt86mand80b.

Diastereomeri83a and83b, which was directly prepared from the 1 : 6 mixturé&@é and
80b, was hydrolyzed with LIOH in a mixture of methanol and THF tordf corresponding
carboxylic acids46a and46b.°’ Then, (S)-(+)-2-phenylglycinod1 was introduced to racemic
46a and 46b by the treatment of N-hydroxybenzotriazole (HOBt) and 3Aeqk(3-
dimethylaminopropyl)carbodiimide (EDC) to yieidaand43b (Scheme 38§ TLC behavior of
the major isomer was inconsistent with that of authet8aand consistent with that of authentic

43b. Therefore, we were able to designate the major isomer from the 1 : 6avas8db.
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83b

1. LIOH, CH3OH/THF, 0 °C to rt, 2 days, 95 %
2. (S)-(+)-2-phenylglycinol, HOBt, EDC.HCI,
CH,Cl,, 0 °C to rt, overnight, 67 %

=N OH
O 37
//" N »,/
+ —DfL” o
S ",H
>\f

43a (Minor) 43b (Major)

Scheme 38.Determination of the relative stereochemistrygob.

Determination of the relative stereochemistry 89b lends support to our original
hypothesis Due to the pseudo C2-symmetry, conformatighis A’ andB : B’) generated from
tetraene75 are considered as almost equal in energy. It could reduce the nafmbessible
conformations for the transition states from four to two (Sch@®eln addition, we cautiously
predict that helical transition state conformationsAoand A’ would be more favorable than
those ofB andB’ becausé andA’ may be interrupted by less steric hindrance between the 4-
nitrophenyl and either phenyl on the auxiliary in the state foratatory ring closure. Therefore,
cyclooctatriene intermedia®8 is preferred and bicyclooctadieB86b is produced as the major

product.
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Scheme 39.Proposed mechanism to lead the m&jain.

1.2.2.8. Asymmetric induction by sterically more hindered oxazoline based auxiliary

Figure 17.Structure of a tetraene substrate beagiigrdiphenyl and isopropyl oxazolirg9,
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With the confidence thatt§8r, 6r) electrocyclization can be stereochemically controlled,
we thought that introducing an additional substituent on the oxazolingaaytould more
greatly disfavor two of the transition states for closure but fiet, ssubstantially, the product
ratio. Therefore, we tested the tetraene substrate begemgliphenyl and isopropyl groups
(89). For the preparation of iododiene-oxazolin®2, (S)-(-)-2-amino-3-methyl-1,1-
diphenylbutan-1-0B0, which is inexpensive and commercially available, d@dvere coupled
under DCC and DMAP to produce iododiene-anfdeTreatment of methanesulfonic aciddf
directly affordedd2 with a modest yield (Scheme 40).

DCC, DMAP,
| o) |
CH,Cl,,
NS
NOH 0°Ctort, 5 h,
51 %
40

CH3SO3H,
CH,Cl,, '

0°Ctort, 18 h, WN K
51 %

Scheme 40Preparation of iododiene-oxazoli@g.

Vinly stannanell and iododiene-oxazolir@2 were coupled via Stille coupling reaction in

the dark, and simultaneously cyclized to yield 33 % of an inseparablerenoftdiastereomeric
SNF analog®3aand93bin a ratio of 3:1 or 1 : 3 (Scheme 41).
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»

93a 93b

Scheme 41.Asymmetric & electrocyclization ofetraene39.

Although a larger moiety was introduced on the oxazoline in tteeenet substrat@9, dr
was not impressive. Presumably, the effect of the additional sudrgstis not simple. The
rationally designed tetraef®® might be an optimized system towards chiral induction of the 8

electrocyclization.

1.2.2.9. Asymmetric induction by trans-dinaphthyl based oxazoline auxiliary

Figure 18. Struture of a tetraene substrate beatiags-4,5-binaphthyl oxazoliné4.
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In order to improve the dr of tetraerte we investigated bigger aryl groups in the oxazoline
auxiliary, which should havieans geometry. First, we designed a tetraene substrate bdabing
dinaphthyl oxazolinéd4 (Figure 17). Commercially available chiral di@b was treated with
thionyl chloride to form a cyclic sulfite, which was subsequenihgned by the azide ion.
Treatment of LiAIH, converted the azide compound into aminoalco@6] followed by
recrystallizatior?® Then96 and40 were coupled in the presence of DCC and DMAP to afford
iododiene-amide97. Finally, methanesulfonyl chloride was used to convert alc@ioto
mesylate, which was cyclized under basic conditions to afford iodediamoloned8 (Scheme
42).

1. SOCly, EtgN, CH,Cl,,
0°Ctort,0.5h

2. NaN3, DMF, 100 °C, 12 h
3. LiAlH,, THF, 0 °C to rt,
3 h; 34 % (for 3 steps)

1. CH3S0,Cl, Et3N,

DCC, DMAP CH,Cl,, 0°Ctort, 4 h
CHxCl,, 0°C 2. NaOH, CHzOH/H,0,
tort, 72 % reflux, 4 h, 54 % for

2 steps

Scheme 42Preparation of iododiene-oxazolif8.

Under the given reaction conditiorid, and 98 were coupled, and then double cyclized to
provide two diastereomeric SNF analog@a and 99b (Scheme 43). Unlike80a and 80b,
bicyclooctadiene99aand99b was unable to separate. In addition, we could not find any critical
signals in the proton NMR.
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47 % (crude)
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Scheme 43.Asymmetric & electrocyclization ofetraened4.

1.2.2.10. Asymmetric induction by trans-ditolyl based oxazoline auxiliary

Figure 19. Structure of a tetraene substrate beattiags-4,5-ditolyl oxazolineL00.
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Tetraene substral®0 was designed to generate a bigger steric effect, whichtnmgprove
stereoselectivity compared to tetraé®e The known C2-symmetric didl03was prepared from
the 1,2-diketonelOl via stereoreoselective oxazaborolidine-catalyZ€i? reduction with
borane-methyl sulfide complex (BM&).Chiral diol 103 was treated with thionyl chloride to
form a cyclic sulfite, which was subsequently opened by ttdedan. Treatment with LiAlkl
converted the azide into corresponding aminoalcdldl, followed by recrystallizatiofi! 104
and40 were coupled in the presence of DCC and DMAP to afford iododiended®b. Finally,
the hydroxyl group irl05 was converted to corresponding mesylate, which was cyclized under

basic conditions to afford iododiene-oxazoli@6 (Scheme 44).

e

NH OH
o HO
o O
O o) Borane-methyl sulfide complex OH
THF, 45°C, 16 h, 72 %
101 103

1. SOCly, Et3N, CH,Cly,

H,N  OH
0°Ctort, 0.5 | o) DCC, DMAP
+
2. NaNg, DMF, 100 °C, 12 h O O NOH CHCl,, 0°C
tort, 14 h, 63 %
104 40

3. LiAlH,, THF,0°Ctort, 3 h,
25 % for 3 steps;

O 1. CH3S0,Cl, EtsN, @/

(o]
| OHO CH2C|2, 0°Cto rt, 4 h | o K

WN 2. NaOH, CH30H/H,0, WN
H reflux, 4 h, 74 % for
2 steps

105

Scheme 44Preparation of iododiene-oxazolihé6.

Compoundd41 and 106 were coupled to produce the tetradi®¥® which then cyclized to
give two diastereomeric SNF analdy®7aand107b (Scheme 45). However, likg9a and99b,
bicyclooctadiened07aand 107b was unable to separate. In addition, we could not find any
critical signals in the proton NMR.
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Scheme 45.Asymmetric & electrocyclization of tetraerfQ

a7



1.3. Conclusion

Preparation of optically pure SNF analogs was thoroughly exafmneliral induction in
8n electrocyclization of a series of (2E, 4Z, 6Z, 8E)-tetraanestsates bearing amide- and
oxazoline-based chiral auxiliaries. The rationally designed ctraak4,5-diphenyl oxazoline
auxiliary on the tetraene substrai® showed promising stereoselectivity (dr, 1 : 6) in
asymmetric 8 electrocyclization. In addition, the first X-ray crystalusture of the chiral SNF
analog43asignificantly contributed to determining absolute stereochenos$titye major isomer
80b from the asymmetric reaction. Assignment of absolute stereastngito 80b supported the
hypothesis that the oxazoline auxiliary on the tetraene subg&aiefers one of the four helical
transition states in the process oft 8onrotatory ring closure. To our knowledgex 8
electrocyclization o5 is the first example of the exploitation of pseudo C-2 symnuétinans
4,5-disubstituted oxazolines for asymmetric induction. This notabteastelectivity observed in
the 8t electrocyclization could directly lead to the development ologseof the SNF multidrug

resistance reversal agent.
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1.5. Experimental section

General experimental methods

All air- and moisture-sensitive reactions were carried out uadgwsn (Ar) atmosphere
with freshly distilled solvents and oven-dried or flame-dried gtass. Handling of solvents and
solutions for air- and moisture-sensitive reactions was perfooypedrefully dried glass syringe
or cannula under a positive pressure of Ar atmosphere. Unless iddithéewise, commercially
available reagents were used as supplied without further pupficatetrahedrofuran (THF) and
diethyl ether (EO) for reactions were distilled from sodium-benzophenone ketyl and
dichloromethane (CCl,) was distilled from calcium hydride. Dimethylforamide (DMEXtra
dried with molecular sieve, was purchased from ACROS andutlgrehaintained under a
positive pressure. For Stille coupling;&n electrocyclizations, the reaction mixture was
thoroughly degassed with a stream of Ar both before and after gadtbirakis
triphenylphosphine palladium. Then it was immediately wrapped with aluminum foil.

Chromatography was carried out with HPLC grade ethyl ac@&@Ac), n-hexane, and
methanol. All experiments were monitored by thin layer chromatogrépbC). Spots were
visualized by exposure to ultraviolet (UV) light (254 nm) or stainwith a 10% solution of
phosphomolybdenic acid (PMA) in ethanol and then heating. Flash chromatpgrapltarried
out with Fisher brand silica gel (170-400 mesh). For diastereoneciyclooctadienes,
preparative TLC was performed on Whatfidn.C plates (100Qm). All *H NMR spectra for
bicyclo[4.2.0]octadiene compounds were recorded with a Varian Inova-600 (608 MH
instrument. Multiplicities are abbreviated as follows: s = &gl = doublet, dd = doublet of
doublet, t = triplet, m = multiplet, bs = broad singlatl **C NMR spectra were recorded with a
Varian Inova-400 (100 MHz) spectrometer. Infrared spectra wadkected with a Perkin-Elmer
1600 Series FT-IR instrument. High-resolution mass spectra o¢amed on a Micromass Q-
Tof Ultima spectrometer at the University of lllinois at @na—Champaign. X-ray
crystallography was performed on an Oxford Gemini X-Ray Diffractometer.

Diastereomeric excesse (% de) for bicyclooctadienes vetcealated on the basis of the
'H NMR spectra.
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Ty,
Sn(CH
O,N (CH3)3

11
CsF, Cul(l),
.\ Pd(PPhs),,
MeO,C DMF, rt, 16 h,
— | dark, 82 %
33
Racemic bicyclooctadiene 3%from Stille coupling. To a solution of vinyl stannadé (45

mg, 0.12 mmol) and iododier83 (32 mg, 0.12 mmol) in anhydrous DMF (1.7 mL) were added
cesium fluoride, CsF (40 mg, 0.24 mmol) and copper iodide, Cul(l) (5 mg,ndn0d) at rt
under degassing with a stream of Ar. After adding tetrakphdnylphosphine palladium,
Pd(PPh)4 (14 mg, 0.01 mmol), the reaction flask was immediately wrapptdakaminum foll
and was continued deoxygenating for further 5 min. The reaction mitiured for 16 h, and
then diluted with EtOAc (25 mL). The organic layer was washed sathrated NECI solution

(3 x 25 mL). The combinedq. layers were extracted with EtOAc (3 x 25 mL), and the
combined organic solution was dried over MgSé&nd concentrated under vacuum. The residue
was purified on silica gel with EtQA n-hexane (1/9) to give 32 mg (82 %)3% as pale yellow
oil.

Rr: 0.6 (EtOAch-Hexane, 1/9). IRy 2931, 1518, 1344, 1111, 702 ¢nmtH NMR (300 MHz,
CDCl3): 6 8.17 (d,J = 8.8 Hz, 2H), 7.33 (d] = 8.8 Hz, 2H), 5.45 (s, 1H), 4.41 (s, 1H), 3.73Xd,

= 10.4 Hz, 1H), 3.70 (s, 1H), 3.47 (dbz 10.4 Hz, 9.2 Hz, 1H), 2.73 (d,= 9.2 Hz, 1H), 1.79
(s, 3H), 1.61 (s, 3H), 1.25 (s, 3H).

* Spectroscopic properties were in agreement with literature values.

| Tri-iso-propylborate, Pinacol O. B/O
K(\/COZM(E toluene/THF, n-BuLi in n-hex. X CO,Me
-78°Ctort, 16 h, 39 %
33 36

! Parker, K. A.; Lim, Y. HOrg Lett2004 6, 161.
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Boronic ester 36. To a solution of iododiergS (54 mg, 0.21 mmol) and triisopropyl borate
(72 uL, 0.31 mmol) in a mixture of toluene (1.7 mL) and THF (0.5 mL) at°&8vas addeda-
butyllithium, 1.6 M solution in hexanes (19Q, 0.30mmol). The reaction mixture was stirred at
-78°C for 0.5 h and pinacol (58, 0.46 mmol) was added at the same temperature. The mixture
was protected from light by aluminum foil and allowed to warmt tand stirred for 16 h. The
reaction mixture was then diluted with,€t and then washed with saturated /8H H,O, and
brine. The organic layer was dried over MgS@nd concentrated under vacuum. The residue
was purified by silica gel column chromatography.(Et-hexane, 1:9) to provide 21.4 mg (39
%) of 36 as a yellow solid.

Rr: 0.34 (EtOAch-hexane, 1/5)*H NMR (600 MHz, CROD): §8.23 (d,J = 15.6 Hz, 1H), 5.98
(d,J =15.6 Hz, 1H), 5.69 (s, 1H), 3.77 (s, 3H), 1.98 (s, 3H), 1.29 (s, 12H).

ANV
|
O,N
9
Pd(PPhg3),4, PhH
+
2M NaOEVEtOH
reflux, 3 h, 67 %
o. O
B

N _CO,Me

36

Racemic bicyclooctadiene 35 via Suzuki-Miyaura coupling. To a solution of vinyl iodide
9 (26.1 mg, 0.08 mmol) and boronic esB&(21.4 mg, 0.08 mmol) in dried benzene (3.0 mL)
was added 2M NaOHRn EtOH (90 pL, 0.18 mmol). And then, Pd(R2H{9.1 mg, 0.008 mmol)
was added under Ar atmosphere. The reaction flask was immediatgiped with aluminum
foil and refluxed for 3 h. The reaction mixture was diluted wit®At (25 mL). The organic
layer was washed with saturated ) solution (3 x 25 mL). The combinet. layers were
extracted with EtOAc (3 x 25 mL), dried over Mg&§$Gand concentrated under vacuum.
Preparative chromatography (EtOAdiexane, 1:9) afforded 17. 5 mg (67 %) 3% as pale
yellow oil. *Spectroscopic properties 86 from Suzuki-Miyaura coupling were in agreement

with 35 values from the Stille coupling.
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| 41

I @)
X _CO,H DCC, DMAP SN N/E//
CH2C|2, 0°Cto rt, H H

4 h, 66 %
40 42

lododiene-amide 42. To a solution ofg)-(+)-2-phenylglycinol41 (132.1 mg, 0.96 mmol)
and dienoic acid40 (210.4 mg, 0.89 mmol) in dry GBI, (30 mL) was slowly added
dicyclohexylcarbodiimide (DCC) (197.2 mg, 0.96 mmol) andNdN{dimethylamino) pyridine
(DMAP) (13.1 mg, 0.11 mmol) in dry GBI, (12 mL) at 0°C under Ar atmosphere. The
reaction mixture was allowed to warm to rt. After stirrfiog further 4 h, the reaction mixture
was filtered through a Celiteand the filtrate was concentrated under vacuum. The residue was
purified by silica gel column chromatography (EtOAhexane, 1:1) to provide 210.3 mg (66
%) of 42 as a white solid.

Rr: 0.30 (EtOAch-hexane, 1/1); IR: 3390, 1646, 1600, 1417 ¢l NMR (400 MHz, CROD):
07.53 (d,J = 15.2 Hz, 1H), 7.22-7.32 (m, 5H), 6.60 (s, 1H), 6.36)(d,15.2 Hz, 1H), 5.06 (

= 4.0 Hz, 1H), 3.75 (m, 2H), 1.98 (s, 3HIC NMR (100 MHz, CROD): §166.7, 141.2, 139.9,
128.4, 127.3, 126.9, 125.2, 86.2, 65.0, 56.1, 19.7; HRMS(ESI-MS) Calcd,ft7I81O, [(M +
H)]* 358.0226, found 358.0297.

OH
N [ o) J/
MMe) + WN ©
O,N 3 H
11 42

Pd(PPhg)4, CsF, Cul(l)
DMF, rt, dark, 12 h, 39 %

2N o OH
o O 3.

43b
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SNF analogs 43a and 43b. To a solution of vinyl stannadd (32.4 mg, 0.088 mmol) and
iododiene-amidet2 (30.9 mg, 0.087 mmol) in anhydrous DMF (3.6 mL) were added cesium
fluoride, CsF (30.0 mg, 0.197 mmol) and copper iodide, Cul(l) (3.8 mg, 0.@&f)mt rt under
deoxygenating with a stream of Ar. After adding Pd@/(10.2 mg, 0.009 mmol), the reaction
flask was immediately wrapped with aluminum foil and was continleéecxygenating for further

5 min. The reaction mixture was stirred for 12 h, and then diluted BEtiDAc (25 mL). The
organic layer was washed with saturated,8Hsolution (3 x 25 mL). The combinex). layers
were extracted with EtOAc (3 x 25 mL), and the combined organigisolwas dried over
MgSQO,, and concentrated under vacuuRreparative chromatography (EtOAdiexane, 1:1)
afforded 5.1 mg (14 %) ef3aand 9.5 mg (25 %) of3b in a ratio of 2 : 3.

43a(slower moving isomer)

Ry 0.30 (EtOAch-hexane, 1/1)*H NMR (600 MHz, CDCY): 6 8.17 (d,J = 9.0 Hz, 2H), 7.33 (d,
J = 8.4 Hz, 2H), 7.14-7.30 (m, 5H), 6.04 (s 5.4 Hz, 1H), 5.49 (s, 1H), 5.06 (dbiz 11.4 Hz,

4.8 Hz, 1H), 4.48 (s, 1H), 3.88 (= 5.4 Hz, 2H), 3.79 (d] = 10.2 Hz, 1H), 3.31 (dd = 9.6

Hz, 9.0 Hz, 1H), 2.80 (d = 9.0 Hz, 1H), 1.84 (s, 3H), 1.65 (s, 3H), 1.25 (s, 3H).

43Db (faster moving isomer)
2N OH
Oy g I
/HH .
Hro
H
.,//H
>\f

Ry 0.40 (EtOAch-hexane, 1/1)*H NMR (600 MHz, CDCY): 6 8.19 (d,J = 8.4 Hz, 2H), 7.36 (d,
J = 8.4 Hz, 2H), 7.24-7.35 (m, 5H), 6.09 (d= 6.0 Hz, 1H), 5.46 (s, 1H), 5.04 (dbiz 11.4 Hz,
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4.8 Hz, 1H), 4.48 (s, 1H), 3.84 (@= 5.4 Hz, 2H), 3.83 (d] = 10.8 Hz, 1H), 3.30 (dd} = 9.3
Hz, 8.4 Hz, 1H), 2.73 (dl = 9.0 Hz, 1H), 1.71 (s, 3H), 1.64 (s, 3H), 1.24 (s, 3H).

TBSCI, DMAP, EtgN oTBS

OH
] (0] iy
H2N/(/© CHzc|2,0 Ctort, HZN/( ©
H 16 h, 73 % H
41 49

TBS protected amine 49. To a stirring solution of§j-(+)-2-phenylglycino41 (98.1 mg, 0.71
mmol) in dry CHCI, (2.5 mL) was added triethylamine (18Q, 1.29 mmol) followed by
DMAP (9.0 mg, 0.07 mmol). After 5 mirtert-butyldiphenylchlorosilane (TBS-Cl) (214.5 mg,
0.78 mmol) was added in one portion. The reaction mixture was stirrd® forat rt, quenched
with H>O (5 mL), and extracted with GBI, (2 x 5 mL). The combined organic extracts were
dried over MgSQ filtered, and concentrated under vacuum. The residue was purifielicay s
gel column chromatography (EtOAehexane, 1:3 to 1:2) to provide 129.2 mg (73 %39fs
colorless oil.

Rr: 0.66 (EtOAch-hexane, 1/2); IR: 3388, 1603, 1257, 1089'cH NMR (300 MHz, CDCJ):

0 7.32-7.47 (m, 5H), 4.14 (dd,= 8.4 Hz, 3.9 Hz,1H), 3.80 (dd,= 9.8 Hz, 3.9 Hz, 1H), 3.59
(dd, J = 9.6 Hz, 8.4 Hz, 1H), 1.90 (bs, 2H), 0.97 (s, 9H), 0.10 (s, 61@):NMR (100 MHz,
CDCl): 6128.6, 127.6, 127.2, 57.9, 26.2, 18.6, -5.1.

* Spectroscopic properties were in agreement with literature values.

OTBS
OTBS
| /( DCC, DMAP ' 0 I
g \ \ 3
X _COsH . " CH,Cl,, 0 °C to rt, N /
HN" ) H H
8 h, 50 %
40 49 >0

lododiene-amide 50. To a solution of amind9 (49.2 mg, 0.20 mmol) and dienoic aeid
(45.6 mg, 0.19 mmol) in dry Gi&l, (2.0 mL) was slowly added DCC (47.6 mg, 0.23 mmol) and

2 palomo, C; Aizpurua, J. M.; Balentova, Ea; JimereOyarbide, J; Fratila, R. M.; Miranda, JQrg Lett2007, 9, 101.
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DMAP (5.6 mg, 0.05 mmol) in dry Gi€l, (1.0 mL) at 0°C under Ar atmosphere. The reaction
mixture was allowed to warm to rt. After stirring for furtt&h, the reaction mixture was filtered
through a Celit® and the filtrate was concentrated under vacuum. The residue whsdphyi
silica gel column chromatography (EtOAdexane, 1:5) to provide 45.0 mg (50 %)546f as
viscous oil.

Rr: 0.40 (EtOAch-hexane, 1/5); IR: 3284, 3060, 1651, 1614, 1539clH NMR (400 MHz,
CDCl3): 6 7.53 (d,J = 15.6 Hz, 2H), 7.23-7.30 (m, 5H), 6.53 (s, 1H), 6.40)(d,7.6 Hz, 1H),
6.06 (d,J = 15.2 Hz, 1H), 5.10 (] = 4.0 Hz, 4.0 Hz, 1H), 3.93 (dd,= 10.4 Hz, 4.4 Hz, 1H),
3.84 (dd,J = 10.4 Hz, 4.4 Hz, 1H), 1.98 (s, 3H), 0.83 (s, 9H), -0.08)(d,8.0 Hz, 6H);"*C
NMR (100 MHz, CDC}): 6 165.1, 141.6, 140.8, 140.2, 128.6, 127.6, 127.1, 125.3, 87.0, 66.3,
54.9, 26.1, 21.3, 18.5, -5.4; HRMS(ESI-MS) Calcd. fogHz:INOLSi [(M + H)]" 472.1091,
found 472.1173.

OTBS

| (6]
WM . WNLIQ
O,N n(Me)z N
11 50

Pd(PPhs),, CsF, Cul(l)
DMF, rt, dark, 14 h, 51 %

oTBS OTBS

J/ O,N

(@] O
e
oL M e

5la 51b

SNF analogs 51a and 51b. To a solution of vinyl stannarid (12.4 mg, 0.034 mmol) and
iododiene-amideés0 (16.2 mg, 0.034 mmol) in anhydrous DMF (1.2 mL) were added cesium
fluoride, CsF (10.5 mg, 0.069 mmol) and copper iodide, Cul(l) (1.3 mg, 0.6@f)mat rt under
degassing with a stream of Ar. After adding tetrakis triph@mgdphine palladium, Pd(P£h

(4.0 mg, 0.004 mmol), the reaction flask was immediately wrapped Wwithirum foil and

continued deoxygenating for further 5 min. The reaction mixtureedtifor 14 h, and then
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diluted with EtOAc (25 mL). The organic layer was washed withrated NHCI solution (3 x

25 mL). The combineagd. layers were extracted with EtOAc (3 x 25 mL), dried oveyS@,

and concentrated under vacuum. Preparative chromatography (Bt@&x@ne, 1/5) afforded

9.7 mg (51 %) of an inseparable mixture of diastereondda@and51bin aratioof 2:3 or 3: 2.

Rr: 0.47 (EtOAch-hexane, 1/5)*H NMR (600 MHz, CDCYJ): ¢ 8.18 (d,J = 8.4 Hz, 2H,), 7.36

(d,J = 8.4 Hz, 2H), 7.09-7.29 (m, 5H), 6.15 MU= 7.8 Hz, 0.5H), 6.13 (d] = 10.8 Hz, 0.5H),

5.48 (s, 0.4H), 5.46 (s, 0.6H), 4.97 (m, 1H), 4.47 (s, 0.4H), 4.45 (s, 0.6H), 3.79-3.86 (m, 2H),
3.71 (dd,J = 10.8 Hz, 9.6 Hz, 1H), 3.33 (,= 9.0 Hz, 0.4H), 3.29 (1 = 9.0 Hz, 0.6H), 2.80 (d,

J =8.4 Hz, 0.4H), 2.75 (dl = 9.0 Hz, 0.6H), 1.83 (s, 1.25H), 1.74 (s, 1.75H), 1.66 (s, 1.25H),
1.64 (s, 1.75H), 1.23 (s, 1.75H), 1.23 (s, 1.25H), 0.75 (s, 3.6H), 0.74 (s, 6.4H), 0.14-0.20 (m,
6H).

0]
W2 HNJ\H
OH Acetic anhydride B OH
m HCO,H, 0 °C to rt, m
4 h,81%
53 54

Formamide 54. To a stirred solution 08{+)-2-amino-2-phenylacetic acit3 (5.0 g, 0.17
mmol) in 40 mL of 80% HCeH wasadded dropwise acetic anhydride (21 mL) S€0After the
reaction mixture was stirred at’G for 10 min and at rt for 4 h, the reaction mixture was treated
with 15 mL of water. The solvent was removed under reduced pressdréhe residue was
recrystallized from water to give 5.2 g (81 %)dfas needles.

'H NMR (300 MHz, DMS0-d6)3 8.91 (d,J = 7.2 Hz, 1H), 8.06 (1H, s), 7.31-7.38 (m, 5H),

5.38 (d,J = 7.8 Hz, 1H).* Spectroscopic properties were in agreement with literature ¥alues

(0]
JL OH
HN™ “H _
" on LiAIH,, THF HNJ'/"'
m 0 °C to reflux, |
56 %
54 55

% Huszthy, P.; Oue, M.; Bradshaw, J. S.; Zhu, CWang, T. M.; Dalley, N. K.; Curtis, J. C.; IzaR, M. J Org Chen1992 57, 5383.
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Amine 55. To a stirred suspension of LIAIH890 mg, 23 mmol) in 12 mL of dry and pure
THF was added dropwise formamifié (490 mg, 3.24mmol) dissolved in 4 mL of THF &t@

The reaction mixture was stirred at@® for 30 min, at rt for 3 h and at reflux temperature for 9 h.
The reaction mixture was cooled t¢© and 50 mL of 15% aqueous NaOH was slowly added,
and then the solid was removed by filtration and washed with THE.cbmbined filtrate and
washing solutions were dried over Mg§@nd the solvent was removed under reduced pressure.
The residue was purified on silica gel with §LHH/ CH,Cl, (1/7) to give 274 mg (56 %) &b as

a white solid.

Rr: 0.50 (CHOH/ CH,Cly, 1/7).*H NMR (300 MHz, DMSO-d6)5 7.26-7.34 (m, 5H), 3.57-3.74
(m, 3H), 2.36 (3H, s). * Spectroscopic properties were in agreement withuieevaiues.

OH OTBS
j TBSCI, DMAP,Et;N, J/
HNT 'w
| © CH,Cl,, 0 °C to rt, |_”|\I ©
14 h, 79 %
55 56
TBS protected amine 56. To a stirring solution of amingé5 (66 mg, 0.44 mmol) in

CH.Cl, (1.5 mL) was added triethylamine (1%, 1.14 mmol) followed by DMAR5.4 mg,
0.04 mmol). After 5 mintert-butyldiphenylchlorosilane (131 mg, 0.87 mmol) was added in one
portion. The reaction mixture was stirred at rt at 14 h and thematizedd with 1IN HCI. The
filtrate was concentrated under reduced pressure. The crude compouputified on silica gel
with EtOAch-hexane (1/6) to give 87 mg (79 %)58 as pale yellow oil.

Rr: 0.27 (EtOAch-Hexane, 1/6)*H NMR (300 MHz, CDCJ): & 7.33 (m, 5H), 3.62 (m, 3H),
2.30 (s, 3H), 0.89 (s, 9H), 0.029 (s, 6H).

OTBS

| OTBS | (o)
DCC, DMAP
X _CO.H » NG N
* HN '© DMF, rt, 12 h |
| 19 %
40 56 57

lododiene-amide 57.  To a solution of N-methylamirks (87.2 mg, 0.33 mmol) and dienoic
acid 40 (83.1 mg, 0.35 mmol) in dry GiEl, (30 mL) was slowly added dicyclohexyl-
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carbodiimide (DCC) (79.9 mg, 0.39 mmol) andNiN-dimethylamino) pyridine (DMAP) (6.0
mg, 0.05 mmol) in dry CkCl> (4 mL) at 0°C under Ar atmosphere. The reaction mixture was
allowed to warm to rt. After stirring for 12 h, the reactioixture was filtered through a Cefite
and the filtrate was concentrated under vacuum. The residue whadphy silica gel column
chromatography (EtOAn:hexane, 1:1) to provide 30.4 mg (19 %)pa@fas a white solid.

Rr: 0.55 (EtOAch-hexane, 1/6); IR: 2928, 2856, 1641, 1601, 1118 clH NMR (600 MHz,
CDCl3): 67.64 (d,J = 15.0 Hz, 0.5H), 7.54 (d,= 15.0 Hz, 0.5H), 7.21-7.35 (m, 5H), 6.65 {d,

= 15.6 Hz, 0.5H), 6.53 (d,= 15.6 Hz, 0.5H) 6.49 (s, 1H), 5.90 (s, 0.5H), 5.17 (s, 0.5H), 4.16 (t,
J = 5.4 Hz, 0.5H), 4.14 (d] = 4.8 Hz, 1H), 4.06 (t) = 9.6 Hz, 0.5H), 2.92 (s, 1.5H), 2.80 (s,
1.5H), 2.02 (s, 1.5H), 1.97 (s, 1.5H), 0.88 (s, 9H), 0.08 (s, BB)NMR (100 MHz, CDG): §
168.5, 143.0, 142.0, 141.2, 138.2, 129.0, 128.7, 128.3, 127.6, 127.2, 124.0, 122.8, 86.6, 85.8,
62.1, 57.6, 26.0, 21.4, 18.3, -5.3; HRMS(ESI-MS) Calcd. fefHGINO,Si [(M + H)]
486.1247, found 486.1320.

OTBS OTBS

. O
2-Bromoacetyl bromide
/(,,/ y BI’\)J\ /(//
H||\1 4 ag. K,CO3, CH,Cl,, ’Tl H
56 58

0°Ctort,2.5h,92 %

Bromoacetamides 58. To a mixture of KCO; (108.0 mg, 0.79 mmol) and amibé (151.0
mg, 0.56 mmol) in a 3:2 mixture of GAI, and HO (7.5 mL) at 0°C was added dropwise
bromoacetyl bromide (120L, 1.38 mmol). The reaction mixture was allowed to warm to rt,
stirred for further 4 h, and quenched withGH(5 mL). After extracting with CkCl, (3 x 10
mL), the combined organic extracts were dried over Mg3ered and concentrated under
vacuum. The residue was purified by silica gel column chromatogr&i®A¢n-hexane, 1:1)

to provide 280.0 mg (92 %) 6B as colorless viscous oil.

Rr: 0.42 (EtOAch-hexane, 1/3)*H NMR (300 MHz, CDCY): 6 7.21-7.37 (m, 5H), 5.77 (8, =

6.0 Hz, 0.5H), 5.16 (dd] = 9.8 Hz, 4.2 Hz, 0.5H), 4.35 (d,= 10.5 Hz, 0.5H), 3.90-4.20 (m,
3.5H), 2.92 (s, 1.5H), 2.67 (s, 1.5H), 0.90 (s, 4.5H), 0.88 (s, 4.5H), 0.08 - 0.11 (m, 6H).
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OTBS OTBS

o I (CH30)3P
1l
B — 2 L. (HeCO)~ 5
I’\)J\N /© 105-110 OC, P\)J\ I

HCO
3h,87% (s

Phosphonoacetamide 59. A mixture of58 (251.2 mg, 0.65 mmol) and trimethylphosphite
(0.7 mL, 5.99 mmol) was heated for 3 h at 105-X10The reaction mixture was allowed to cool

to rt, and then evaporated to remove volatile compounds under vacuum. The residuefieds puri
by silica gel column chromatography (EtOAdiexane:CHOH, 5:3:2) to provide 233.4 mg (87

%) of 59 as colorless viscous oll.

Rr: 0.53 (EtOAch-hexane/CHOH, 5/3/2); IR: 2850, 1640, 1253, 1033 tntH NMR (300

MHz, CDCk): ¢ 7.25-7.36 (m, 5H), 5.82 (§ = 6.0 Hz, 0.5H), 5.25 (dd] = 9.5 Hz, 3.6 Hz,
0.5H), 4.00-4.17 (m, 2H), 3.72-3.83 (m, 8H), 2.94 (s, 1.5H), 2.69 (s, 1.5H), 0.89 (s, 4.5H), 0.88
(s, 4.5H), 0.07-0.09 (m, 6H).

oTBS o oTBS

(HaCO)~p J/ N DBU, LiCl J/
(HsCO)’ \)J\ © %H THF, 1t, ©

89 %
59 60 57

lododiene-amide 57 via HWE reaction.  To a stirred suspension solution58f(232.8 mg,
0.56 mmol), 1,8-diazabicyclo- [5.4.0Jundec-7-ene (DBU) (260.3 mg, 1.71 mmol), an@7RiCl
mg, 1.70 mmol) in dry THF (24 mL) was added a solution of (Z)-3-iodeeBayl-propenabO,
which was prepared in situ fronZ)¢3-iodo-2-methylprop-2-en-1-ol (104.9 mg, 0.53 mmol), in
dry THF (6.0 mL) was added by syringe over 10 min % @nder Ar atmosphere. The resulting
solution was allowed to warm to rt and completed by checking wit. The reaction mixture
was quenched with saturated MH (60 mL) and extracted with EtOAc (3 x 40 mL). The
combined organic extracts were dried over MgSitered, and concentrated under vacuum.
The residue was purified by silica gel column chromatograptQAEn-hexane, 1:5) to provide
227.4 mg (89 %) 0b7 as colorless viscous offSpectroscopic properties 6f7 from DCC and

DMAP coupling were in agreement wiiY values from HWE reaction.
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Pd(PPhs),, CsF, Cul(l)
DMF, rt, dark, 14 h, 44 %
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SNF analogs 61a and 61b.  To a solution of vinyl stannadé (12.9 mg, 0.035 mmol) and
iododiene-amideés7 (14.5 mg, 0.030 mmol) in anhydrous DMF (1.2 mL) were added cesium
fluoride, CsF (9.7 mg, 0.064 mmol) and copper iodide, Cul(l) (1.2 mg, 0.006 mirolyreder
deoxygenating with a stream of Ar. After adding Pd@#f@.7 mg, 0.004 mmol), the reaction
flask was immediately wrapped with aluminum foil and continued deoxyiggni@r further 5

min. The reaction mixture stirred for 14 h, and then diluted withAEtCL0 mL). The organic
layer was washed with saturated ) solution (3 x 10 mL). The combineat. layers were
extracted with EtOAc (3 x 10 mL), dried over Mg&§Gand concentrated under vacuum.
Preparative chromatography (EtOAdiexane, 1/5) afforded 7.3 mg (44 %) of an inseparable
mixture of6laand6lbin aratio of 1 : 1.

Rr: 0.52 (EtOAch-hexane, 1/5)'H NMR (600 MHz, CDC}): ¢ 8.15 (d,J = 8.4 Hz, 1H), 7.81 (d,
J=9.0 Hz, 1H), 7.21-7.38 (m, 5H), 6.92 (& 7.2 Hz, 1H), 6.73 (d] = 9.0 Hz, 1H), 5.86 (1] =

6.0 Hz, 0.5H), 5.53 (s, 0.5H), 5.45 (s, 0.5H), 4.84 &,6.6 Hz, 0.5H), 4.52 (s, 0.5H), 4.31 (s,
0.5H), 4.06-4.17 (m, 1H), 4.03 (d,= 6.0 Hz, 1H), 3.98 (d] = 9.6 Hz, 0.5H), 3.88 (d]l = 6.6

Hz, 0.5H), 3.78 (tJ = 9.6 Hz, 0.5H), 3.73 (] = 9.6 Hz, 0.5H), 3.03 (s, 1.5H), 2.96 (& 11.4

Hz, 0.5H), 2.85 (dJ = 8.4 Hz, 0.5H), 2.76 (s, 1.5H), 1.86 (s, 1.5H), 1.66 (s, 1.5H), 1.65 (s, 3H),
1.26 (s, 3H), 0.90 (s, 4.5H), 0.88 (s, 4.5H), -0.06-0.08 (m, 6H).
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63 64

Bromoacetamide 64. To a mixture of KCO; (395.4 mg, 2.90 mmol) andS§¢(o-
methylbenzyl)benzylamin@3 (445.0 mg, 1.98 mmol) in a 3:2 mixture of &,/ H,O (25 mL)
was added dropwise bromoacetyl bromide (0.30 mL, 3.45 mmolf@t The reaction mixture
was stirred for 2.5 h at rt, and then quenched wih L5 mL). After extracting with C¥Cl, (3

x 30 mL), the combined organic extracts were dried over Mg8l@®red, and concentrated
under vacuum. The residue was purified by silica gel column chognaghy (EtOA@-hexane,
1:3) to provide 593.2 mg (87 %) 64 as pale yellow sticky oil.

Rr: 0.27 (EtOAch-hexane, 3/7); IR: 2979, 1647 &mH NMR (400 MHz, CDCJ): §6.98-7.21
(m, 10H), 5.17 (bs, 1H), 5.01 (bs, 1H), 3.94 (di&; 16.4 Hz, 11.6 Hz, 2H), 1.78 (bs, 3H), 1.71
(bs, 3H).

O o9 e 100
NI ' H CO)\ R
Br\)J\ M /P\)J\
N
N 105-110 °C, (H3CO)
>\© 55 h, 87 %

64 65

Phosphonoacetamide 65. A mixture of bromoacetamidé4 (314.8 mg, 0.91 mmol) and
trimethylphosphite (1.0 mL, 8.48 mmol) was heated for 7 h at 105Q.10he reaction mixture
was allowed to cool to rt, and then evaporated to remove vatatigwpounds under vacuum. The
residue was purified by silica gel column chromatography AEt®hexane:CHOH, 5:4:1) to
provide 295.2 mg (86 %) @b as white solid.

Rr: 0.53 (EtOAch-hexane/CHOH, 5/4/1); IR: 1654, 1052 cm'H NMR (600 MHz, CDCY): &
7.10-7.21 (m, 10H), 5.40 (bs, 1H), 5.05 Jd; 6.0 Hz, 1H), 3.75 (t) = 10.8 Hz, 6H), 2.80-2.95
(m, 2H), 1.79 (dJ = 7.2 Hz, 3H), 1.72 (d] = 6.6 Hz, 3H).
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60 65 66

lododiene-amide 66. A solution of phosphonoacetami@g (72.8 mg, 0.19 mmol) in dry
THF (8.0 mL) was treated with DBU (90.6 mg, 0.59 mmol) and LiCl (25.20%P mmol) at rt
under Ar atmosphere. After stirring for 5 min, (2)-3-iodo-2-metrgpenal60 in THF (1.5
mL), which was prepared in situ frord){3-iodo-2-methylprop-2-en-1-ol (43.2 mg, 0.22 mmol),
was added by syringe over 5 min. The reaction mixture stived4 h at rt, quenched by
addition of saturated Nf&I solution (15 mL), and extracted with EtOAc (3 x 15 mL). The
combined extracts were washed withCH(15 mL) followed by brine (15 mL), dried over
MgSO, and concentrated under vacuum. The residue was purified by silicaolyghn
chromatography (EtOAn:hexane, 1:5) to provide 77.1 mg (91 %)6fas colorless viscous oil.
Rr: 0.53 (EtOAch-hexane, 1/5); IR: 2977, 1637, 1596 &mH NMR (600 MHz, CDGY): §7.20
(d, 1H,J = 15.6 Hz), 7.09-7.39 (m, 10H), 6.66 (s, 1H), 6.20 (bs, 1H), 5.8%%d5.0 Hz, 1H),
4.82 (bs, 1H), 1.75 (bs, 6H), 1.58 (s, 3t NMR (100 MHz, CDGJ): 5 166.7, 141.5, 141.3,
128.6, 125.7, 86.0, 21.1; HRMS(ESI-MS) Calcd. fepHGsINO [(M + H)]" 446.0903, found
446.0983.

NN 9O
“ o
OZNmMe)3 + NN
66 [)

Pd(PPhs),, CsF, Cul(l)
DMF, rt, dark, 13 h, 45 %

11
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SNF analogs 67a and 67b. To a solution of vinyl stannarid (37.5 mg, 0.102 mmol) and
iododiene-amides6 (47.8 mg, 0.107 mmol) in anhydrous DMF (4.0 mL) were added cesium
fluoride, CsF (33.1 mg, 0.218 mmol) and copper iodide, Cul(l) (4.2 mg, 0.@&#)mt rt under
deoxygenating with a stream of Ar. After adding Pd@f12.3 mg, 0.011 mmol), the reaction
flask was immediately wrapped with aluminum foil and continued deoxyiggnir further 5
min. The reaction mixture stirred for 13 h, and then diluted withAEt(A5 mL). The organic
layer was washed with saturated ) solution (3 x 15 mL). The combinext. layers were
extracted with EtOAc (3 x 15 mL), dried over Mg&§Gand concentrated under vacuum.
Preparative chromatography (EtOAdiexane, 1:5) afforded 9.6 mg (18 %)6ifa or 67b and
14.5 mg (27 %) o67aor 67bin a ratio of 2 (slower moving isomer) : 3 (faster moving isomer).
The slower moving isomer

R:: 0.50 (EtOAch-hexane, 1/5)*H NMR (600 MHz, CDCJ): § 7.86 (d,J = 7.8 Hz, 2H), 7.13-
7.19 (m, 6H), 7.03 (1) = 6.6 Hz, 2H), 6.74 (bs, 2H), 6.63 (bs, 2H), 5.56-5.59 (bs, 1H), 5.55 (s,
1H), 4.78 (dJ = 5.4 Hz, 1H), 4.30 (s, 1H), 3.80 @= 9.0 Hz, 2H), 3.60 (ddl = 8.1 Hz, 7.8 Hz,
1H), 2.88 (dJ = 8.4 Hz, 1H), 1.74 (s, 3H), 1.67 (s, 3H), 1.66J&, 7.2 Hz, 3H), 1.63 (bs, 3H),
1.14 (s, 3H).

The faster moving isomer

Rr: 0.55 (EtOAch-hexane, 1/5)'H NMR (600 MHz, CDC}): ¢ 8.11 (d,J = 8.4 Hz, 2H), 7.29 (d,
J=8.4 Hz, 2H), 7.11-7.20 (m, 6H), 7.01 (bs, 2H), 6.79(,7.8 Hz, 2H), 5.46 (s, 1H), 5.27 (s,
1H), 5.21 (bs, 1H), 4.96 (d,= 6.0 Hz, 1H), 4.45 (s, 1H), 3.79 @z 9.6 Hz, 2H), 3.67 (dd] =
8.7 Hz, 8.4 Hz, 1H), 2.95 (d,= 8.4 Hz, 1H), 1.68 (d] = 6.6 Hz, 3H), 1.64 (s, 3H), 1.63 (s, 3H),
1.50 (d,J = 6.6 Hz, 3H), 1.18 (s, 3H).

Q ! o 0
J Pivaloyl chloride, S
' HN” ~O EtsN, n-BulLi, WN o
N COH
THF, -78°Ctor.t,
19 h, 65 %;
40 69 70

lododiene-oxazolidinone 70.  To a stirred solution of dienoic ael@ (200.5 mg, 0.84 mmol)
and triethylamine (16QL, 1.15 mmol) in dry THF (12 mL) was added pivaloyl chloride (112.4
mg, 0.93 mmol) at -7&. The resulting slurry solution was stirred for 15 min at %8
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continued for further 45 min at €, and then the solution was again cooled to°@8In a
separate flask, a stirred solution oR(469)-4-methyl-5-phenyl-2-oxazolidinon&9 (158.0 mg,
0.89 mmol) in dry THF (12 mL) was treated witkbutyllithium (2.0M inn-hexane) (0.6 mL,
0.89 mmol ) at -78C, and the resulting metalated solution was added to the dienaatelst
syringe over 10 min. The resulting viscous slurry was stirred@min at -78°C, and then
allowed to warm to rt and stirred for 6 h. The reaction mixtuse guenched by the addition of
H,O (25 mL) and the organic solvent was removed under vacuum. The residuaken up in
CH.CI; (3 x 30 mL) and washed successfully with portions of 0.5N HCI (25 sdturatedq.
NaHCG; (25 mL), and brine (25 mL). And then, the organic solution was dried og&Qy/and
concentrated under vacuum. The residue was purified by silicaofjgihn chromatography
(EtOAcn-hexane, 1:6) to provide 220.0 mg (65 %Y 6fas white solid.

R:: 0.33 (EtOAch-hexane, 1/6); IR: 1779, 1678, 1605, 135I'¢cmiH NMR (400 MHz, CDCJ):
57.79 (d,J = 15.6 Hz, 1H), 7.49 (d = 15.2 Hz, 1H), 7.29-7.41 (m, 5H), 6.70 (s, 1H), 5.68)(d,
= 7.2 Hz, 1H), 4.83 (m, 1H), 2.06 (s, 3H), 0.94 Jd= 6.8 Hz, 3H);**C NMR (100 MHz,
CDCl): 6 164.9, 153.3, 146.3, 141.7, 133.5, 129.0, 128.9, 125.9, 121.8, 89.8, 79.3, 55.3, 21.4,
14.8; HRMS(ESI-MS) Calcd. for H17INO3 [(M + H)]" 398.0175, found 398.0260.

| 0 j\
A
N
mhﬂe)s + NN P
O,N
11 70

g

Pd(PPhg),, CsF, Cul(l)
DMF, rt, dark, 16 h, 36 %

O,N o]
Relte
>\I

71b

SNF analogs 71a and 71b. To a solution of vinyl stannarid (34.0 mg, 0.092 mmol) and
iododiene-oxazolidinon&0 (41.7 mg, 0.107 mmol) in anhydrous DMF (3.0 mL) were added
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cesium fluoride, CsF (27.4 mg, 0.180 mmol) and copper iodide, Cul(l) (5.0 mg,@raaf at

rt under deoxygenating with a stream of Ar. After adding Pd{R®P13.5 mg, 0.011 mmol), the
reaction flask was immediately wrapped with aluminum foil and noeti deoxygenating for
further 5 min. The reaction mixture stirred for 12-16 h, and then watediwith EtOAc (25
mL). The organic layer was washed with saturated@ldolution (3 x 25 mL). The combined
ag. layers were extracted with EtOAc (3 x 25 mL), dried ovegylS@,, and concentrated under
vacuum. Preparative chromatography (EtOWeexane, 1:6) afforded 15.7 mg (36 %) of an
inseparable mixture aflaand71bin a ratio of 1 : 1.

Rr: 0.42 (EtOAch-hexane, 1/6)'H NMR (600 MHz, CDCY): ¢ 8.18 (d,J = 9.0 Hz, 1H), 8.17
(d,J =9.0 Hz, 1H), 7.24-7.46 (m, 7H), 5.62 ®= 7.2 Hz, 0.5H), 5.59 (d] = 7.2 Hz, 0.5H),
5.51 (s, 0.5H), 5.50 (s, 0.5H), 5.13Jt= 9.0 Hz, 0.5H), 5.11 (1 = 9.0 Hz, 0.5H), 4.76 (4] =
6.6 Hz, 1H), 4.42 (s, 0.5H), 4.41 (s, 0.5H), 3.90J(¢, 10.2 Hz, 0.5H), 3.84 (d, = 10.2 Hz,
0.5H), 2.86 (dJ = 8.4 Hz, 0.5H), 2.80 (d = 8.4 Hz, 0.5H), 1.73 (s, 1.5H), 1.69 (s, 1.5H), 1.67
(s, 1.5H), 1.67 (s, 1.5H), 1.28 (s, 3H), 0.91)d, 7.2 Hz, 1.5H), 0.82 (d} = 6.0 Hz, 1.5H).

OH I o)
| o} j DIC, Cu(OT),, PPN
iy i
WH ’© 1,4-dioxane, reflux, WN ©
42 73

5h, 57 %

lododiene-oxazoline 73. To a solution of iododiene-amid& (92.0 mg, 0.26 mmol)) and
copper(ll) trifluoromethanesulfonate, Cu(OJ¢p.1 mg, 0.03 mmol) in 1,4-dioxane (4.0 mL)
was addedN,N’-diisopropylcarbodiimde (DIC) (4QL, 0.26 mmol) in one portion. The reaction
solution was heated for 5 h at reflux. The resulting white pretgivas removed by filtration
and washed with EtOAc (5 mL). The combined filtrate was conateat in vacuum, and the oily
residue was purified by silica gel column chromatography (Et®Aexane, 1:2) to provide 49.2
mg (57 %) of73 as viscous oll.

R:: 0.80 (EtOAch-hexane, 1/1); IR: 3061, 3031, 2916, 1646’ chH NMR (300 MHz, CDCJ):
57.53 (d,J = 15.9 Hz, 1H), 7.26-7.40 (m, 5H), 6.67 (s, 1H), 6.58)(d,16.2 Hz, 1H), 5.38 (dd,
J=9.9 Hz, 8.4 Hz, 1H), 4.87 @,= 9.0 Hz, 1H), 4.39 (d] = 14.7 Hz, 1H), 2.06 (s, 3H).
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Pd(PPh3),4, CsF, Cul(l)
DMF, rt, dark, 16 h,

72 % (crude)
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74a 74b

SNF analogs 74a and 74b. To a solution of vinyl stannarid (17.8 mg, 0.048 mmol) and
iododiene-oxazolin@3 (11.2 mg, 0.033 mmol) in anhydrous DMF (1.0 mL) were added cesium
fluoride, CsF (11.1 mg, 0.073 mmol) and copper iodide, Cul(l) (2.1 mg, 0.@idl)mt rt under
deoxygenating with a stream of Ar. After adding Pd@P6.0 mg, 0.005mmol), the reaction
flask was immediately wrapped with aluminum foil and continued deoxyiggnir further 5
min. The reaction mixture stirred for 16 h, and then diluted withAEt25 mL). The organic
layer was washed with saturated ) solution (3 x 25 mL). The combinext. layers were
extracted with EtOAc (3 x 25 mL), dried over Mg§@nd concentrated under vacuum. Flash
column chromatography (EtOAehexane, 1:3) afforded 9.8 mg (72 %) of an inseparable
mixture of crude/4aand74b including byproduct in aratioof 1 : 1 : 1.
R:: 0.37 (EtOAch-hexane, 1/3)'H NMR (600 MHz, CDGJ): 6 8.35 (d,J = 7.8 Hz, 1.33H), 8.19
(d,J = 8.4 Hz, 0.67H), 7.53 (d} = 7.8 Hz, 0.67H), 7.50 (dl = 7.8 Hz, 0.67H), 7.28-7.42 (m,
5.66H), 5.61(bs, 1.34H), 5.58 (s, 0.34H), 5.57 (s, 0.33H), 5.47 (s, 0.33H), 519 @6 Hz,
1.34H), 4.87 (ddJ = 6.3 Hz, 4.2 Hz, 0.34H), 4.84 @,= 6.6 Hz, 0.34H), 4.79 (1] = 6.6 Hz,
0.34H), 4.52 (dJ = 10.8 Hz, 0.34H), 4.48 (s, 0.33H), 4.46 (s, 0.34H), 4.41 (s, 0.33H), 4.37 (dd,
= 7.8 Hz, 4.2 Hz, 0.33H), 4.30 (s, 1.33H), 4.15 (@d, 10.2 Hz, 9.0 Hz, 0.34H), 4.09 (dilF
9.9 Hz, 9.0 Hz, 0.34H), 3.74 (d,= 10.8 Hz, 0.34H), 3.51 (dd,= 9.6 Hz, 9.0 Hz, 0.34H), 3.35
(d,J =8.4 Hz, 0.34H), 3.19 (bs, 0.34H), 2.77 Jd; 9.6 Hz, 0.34H), 1.82 (s, 1H), 1.79 (s, 2H),
1.68 (s, 1H), 1.67 (s, 1H), 1.63 (s, 1H), 1.42 (s, 1H), 1.38 (s, 1H), 1.27 (s, 1H).
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S/\VCOZH * HoN CH,Cl,, 0°C WN
tort, 3 h, 63 % H

40 76 77

lododiene-amide 77. To a solution of (R, 2R)-2-amino-1,2-diphenylethandl6 (154.3 mg,
0.72 mmol) and dienoic acid0 (189.7 mg, 0.79 mmol) in dry GBI, (20 mL) was slowly
added DCC (159.0 mg, 0.77 mmol) and DMAP (10.6 mg, 0.09 mmol) in dsZIgk8.0 mL) at
0 °C under Ar atmosphere. The reaction mixture was stirred fora8 rh filtered through a
Celite®, and concentrated under vacuum. The residue was purified by sdlcaolymn
chromatography (EtOAn:hexane, 2:3) to provide 196.8 mg (63 %Yy @fas a white solid.

R:: 0.57 (EtOAch-hexane, 1/2); IR: 3364, 1646, 1610, 1512'¢cmiH NMR (400 MHz, CDCJ):
57.56 (d,J = 15.6 Hz, 1H), 7.22 (m, 6H), 7.02 (m, 4H), 6.56 (s, 1H), 6.40 &l7.2 Hz, 1H),
6.05 (d,J = 15.6 Hz, 1H), 5.39 (ddl = 4.2 Hz, 3.6 Hz, 1H), 5.13 (d,= 4.2 Hz, 1H), 1.96 (s,
3H); **C NMR (100 MHz, CDGJ): 6 165.7, 142.2, 140.8, 139.9, 137.0, 128.1, 126.7, 124.8,
87.5,59.9, 21.2.

HO O MsCl, TEA MsO O
i CH,CI I 0
XN 22 X
TS s YN
4h,54%

Mesylate 78. To an ice-cooled solution of iododiene-amidé (79.0 mg, 0.18 mmol) and
triethylamine (90uL, 0.64 mmol) in dry ChCl, (3.2 mL) was added methanesulfonyl chloride
(30 uL, 0.39 mmol) via syringe in one portion. The reaction mixture wasvat to warm to rt
and stirred for 4 h. Then saturated JOHsolution was poured into the reaction mixture and the
organic layer was separated. The water layer was extragt€cH,Cl, (3 x 10 ml) and the

combined organic extracts were dried over Mg@6d concentrated under vacuum The residue
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was purified by silica gel column chromatography (Et@Awexane, 1:2.5) to provide 50.0 mg
(54 %) of78 as sticky oil.

Rr: 0.64 (EtOAch-hexane, 1:2.5); IR: 3285, 3056, 1715, 1625, 1326, 1152 GthNMR (400
MHz, CDCL): §7.35 (d,J = 15.6 Hz, 1H), 7.17-7.24 (m, 10H), 6.55 (s, 1H), 6.08 (7.2 Hz,
1H), 5.98 (d,J = 15.6 Hz, 1H), 5.62 (d] = 8.0 Hz, 1H), 4.86 (t) = 7.6 Hz, 1H), 2.42 (s, 3H),
1.93 (s, 3H);*C NMR (100 MHz, CDG)): & 166.3, 145.9, 137.8, 136.8, 136.0, 128.9, 128.7,
127.3,117.4,77.9, 62.8, 42.0, 12.7.

NaOH, \\©
I (l\)/IsO O | o K
CH30H/H,0, NN N
WN reflux, 4 h, WN
H 74 %
78 79

lododiene-oxazoline 79.  Mesylate78 (50.0 mg, 0.10 mmol) was dissolved in methanol (1.0
mL) and a solution of NaOH (15.1 mg, 0.38 mmol) i¥OH1.0 mL) was added in one portion.

After refluxing for 4 h, the reaction mixture was allowedctmwl to rt and the solvent was
concentrated under vacuum. After addingOH(10 mL), theaq. layers were extracted with
CH.CI;, (3 x 10 ml). The combined organic extracts were washed witk (il mL), dried over
MgSQO,, and concentrated under vacuum. The residue was purified by silicaolgenn
chromatography (EtOAn:hexane, 1:2.5) to provide 30.6 mg (74 %Y®6fas a viscous oil.

R:: 0.57 (EtOAch-hexane, 1/2); IR: 3062, 3032, 2916, 1646'cmH NMR (400 MHz, CDCJ):

67.52 (d,J =15.6 Hz, 1H), 7.24-7.41 (m, 10H), 6.57 (s, 1H), 6.50 (,15.6 Hz, 1H), 5.35 (d,
J=7.6 Hz, 1H), 5.13 (d] = 7.6 Hz, 1H), 2.06 (d] = 1.2 Hz, 3H)*C NMR (100 MHz, CDCJ):
0164.3, 142.0, 141.5, 140.3, 129.0, 128.1, 126.0, 119.3, 89.1, 86.9, 78.7, 21.1; HRMS(ESI-MS)
Calcd. for GgH1oINO [(M + H)]* 416.0433, found 416.0504.
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SNF analogs 80a and 80b. To a solution of vinyl stannarid (29.4 mg, 0.080 mmol) and
iododiene-oxazoling9 (32.2 mg, 0.077 mmol) in anhydrous DMF (2.2 mL) were added cesium
fluoride, CsF (27.4 mg, 0.180 mmol) and copper iodide, Cul(l) (5.0 mg, 0.@&8)mt rt under
deoxygenatingwith a stream of Ar. After adding Pd@£{®.5 mg, 0.008 mmol), the reaction
flask was immediately wrapped with aluminum foil and continued deoxyiggnir further 5

min. The reaction mixture stirred for 12-16 h, and then diluted wiiAEt(25 mL). The organic
layer was washed with saturated N solution (3 x 25 mL). The combinext. layers were
extracted with EtOAc (3 x 25 mL), dried over Mg&§Gand concentrated under vacuum.
Preparative chromatography (EtOAdiexane, 1/5) afforded 15.8 mg (42 %) of an inseparable
mixture of80aand80bin a ratio of 1 : 5.

R:: 0.38 (EtOAch-hexane, 1/5); IR: 3054, 2916, 1660, 1599, 1520, 1348, 1265 #MNMR

(600 MHz, CDC}): 0 8.21 (d,J = 9.0 Hz, 2H), 7.44 (d] = 9.0 Hz, 2H), 7.24-7.38 (m, 8H), 7.14
(d,J = 7.2 Hz, 2H), 5.50 (s, 1H), 5.24 @z 6.6 Hz, 1H), 5.07 (d] = 7.2 Hz, 0.85H), 5.03 (d,

= 7.2 Hz, 0.15H), 4.52 (s, 1H), 4.00 + 3.97Jd& 10.2 Hz, 1H), 3.72 (1 = 9.6 Hz, 1H), 2.96 +
2.94 (d,J = 9.6 Hz, 1H), 1.90 (s, 0.49H), 1.85 (s, 2.51H), 1.65 (s, 3H), 1.34 (s FHNMR

(100 MHz, CDC}): 6147.2, 145.6, 133.7, 131.5, 129.2, 128.5, 128.4, 127.1, 126.5, 126.0, 123.9,
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123.8, 123.1, 121.4, 121.3, 90.3, 57.1, 56.6, 47.2, 46.1, 45.2, 44.6, 40.9, 28.6, 22.3, 22.2, 22.1,
22.0; HRMS(ESI-MS) Calcd. for &H3:N03 [(M + H)] ™ 491.2256, found 491.2344.

Cbz-Cl, 5% ag. Na,COgs,
CH,Cl,, rt, overnight,
62 %;

>\f

83b

SNF analogs 83a and 83b. To a solution of bicyclooctadien®3a and80b (15.3 mg, 0.031
mmol) in dry CHCI, (0.5 mL), 5%ag. N&COs; (0.5 mL) and benzyl chloroformate (Chz-Cl)
(9.7 mg, 0.057 mmol) was added at rt and then stirred overnight. Afteioadafit-,O (1.5 mL),

the resulting solution was extracted with £CH. Then the combined organic layers were washed
first with 5% aq. N&CO;, second with KO, and then dried over MgQOThe solvent was
removed under vacuum and the residue was purified by preparativeatbgoaphy (EtOAcI-
hexane, 1:5) to provide 12.4 mg (62 %) of an inseparable mixture of d@msknic83aand83b

as sticky oil.

R:: 0.38 (EtOAch-hexane, 1/5)*H NMR (600 MHz, CDCJ): 6 8.16 + 8.14 (dJ = 7.8 Hz, 2H),
7.37 (d,J = 4.8 Hz, 2H), 7.29 (d] = 7.8 Hz, 2H), 7.23-7.35 (m, 5H), 7.20 (dds 3.0 Hz, 2.4
Hz, 2H), 7.16 (tJ = 7.2 Hz, 2H), 7.05 (dd] = 3.0 Hz, 2.4 Hz, 2H), 6.99 (d,= 7.8 Hz, 2H),
6.07 (d,J = 6.0 Hz, 0.17H), 6.03 (d,= 6.6 Hz, 0.83H), 5.44 (s, 1H), 5.36 + 5.27 (bs, 1H), 5.10
(s, 1H), 5.01 (tJ = 9.6 Hz, 1H), 4.98 (d] = 17.4 Hz, 1H), 4.42 (s, 1H), 3.61 @ = 10.2 Hz,
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1H), 3.46 (t,J = 9.3 Hz, 1H), 2.70 (dJ = 8.4 Hz, 0.83H), 2.64 (d} = 9.0 Hz, 0.17H), 1.68 +
1.66 (s, 3H), 1.63 (s, 3H), 1.22 (s, 3HIC NMR (100 MHz, CDGJ): § 172.8, 155.8, 147.1,

145.6, 138.3, 136.7, 136.4, 134.3, 131.4, 128.5, 128.3, 127.2, 123.8, 123.6, 121.3, 121.1, 94.6,
77.9,67.2,56.8, 46.1, 45.5, 45.3, 44.5, 28.7, 22.3, 21.6.

>\f

83b

2. (R)-(-)-MTPACI, pyridineCH,Cly, rt,

1. DIBAL-H, toluene, -78 °Cto rt, 1.5 h,
overnight, 52 % (2 steps)

OMe

O,N Ph,,
FsC o
| o)
+ i
H

84a 84b

(S)-Mosher esters 84a and 84b. To a stirred solution of bicyclooctadier&3aand83b (7.8

mg, 0.012 mmol) in dry toluene (0.5 mL) was added diisobutylaluminwinidey (DIBAL-H)

(2.0 M in CHCI, 35uL, 0.024 mmol) via syringe at -78 °C. The reaction mixture wasdtior

30 min at -78 °C, and then allowed to warm to rt. The reaction solution was again oddI¥&d, t
guenched with EtOAc (0.5 mL), and allowed to warm to rt. After pouirs@ (2 mL) into the
reaction solution, thag. layer was extracted by Gal, (2 x 3 ml) and the combined extracts
were washed with saturated ME solution and brine. The organic layers were dried over
MgSQOy, filtered, and concentrated under vacuum to afford 4.2 mg of crude
bicyclo[4.2.0]octadiene substrate bearing methyl alcohol as yeld@. She crude (4.2 mg,
0.014 mmol) of CHCI, (1.4 mL) solution was treated with DMAP (3.6 mg, 0.030 mmol). Then
(R)-(-)-o-methoxye-trifluoromethylphenylacetyl chloride, (R)-MTPA-CI, (1., 0.039 mmol)
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was added via syringe and the reaction solution was stirred overAitgrt removing volatile
compounds under vacuum, the residue was purified by preparative chrapatogEtOAchH-
hexane, 1:5) to provide 3.2 mg (52 % for the two steps) of an inseparakiere of
diastereomeri@4aand84bin a ratio of 1: 6.

Rr: 0.59 (EtOAch-hexane, 1/5)'H NMR (600 MHz, CDGY): ¢ 8.10 (d,J = 8.4 Hz, 2H), 7.23-
7.42 (m, 7H), 5.42 (s, 0.16H), 5.40 (s, 0.84H), 4.48 Jdd7.8 Hz, 6.0 Hz, 0.86H), 4.33 (s, 1H),
4.32 (m, 0.28H), 4.22 (dd,= 11.4 Hz, 6.4 Hz, 0.86H), 3.44 (s, 2.56H), 3.41 (s, 0.44H), 3.28 (d,
J=10.2 Hz, 1H), 3.01 (m, 1H), 2.26 (= 8.4 Hz, 1H), 1.69 (s, 3H), 1.60 (s, 3H), 1.23 (s, 3H).
* The inseparable mixture of diastereome8ita and 84b (6:1 mixture) was prepared from
bicyclooctadiene83a and83b using (S)-(+)e-methoxyse-trifluoromethylphenylacetyl chloride,
(R)-MTPA-CI

o]
O Ph -
TsCl, pyridine NH.
N)VOH /\Hko/\r Ts
H rt to reflux, 23 h Ph
22 %
86 87

Ester 87. To a solution of amid&6 (20.5 mg, 0.09 mmol) in pyridine (0.3 mL) was adged
toluenesulfonyl chloride, TsCl (43 mg, 0.23 mmol) under Ar atmospherereBlsdon mixture

was heated under reflux for 23 h. Then, the reaction mixture wasedlltawcool to rt. After
removing volatile compounds under vacuum, the residue was purified bg gél column
chromatography (EtOAnfhexane, 1:4) to provide 7.5 mg (22 %)8afas pale yellow solid.

Rr: 0.25 (EtOAch-hexane, 1/4)*H NMR (600 MHz, CDCJ): 6 7.71-7.52 (m, 4H), 7.20-7.10 (m,
5H), 5.11 (m, 0.5H), 4.63 (m, 0.5H), 4.23 (m, 2H), 2.36 (s, 3H), 1.71-1.54 (m, 2H), 1.45-1.24
(m, 2H), 1.04 (dd) = 7.2 Hz, 3.6 Hz, 1.5H), 0.92 @,= 6.6 Hz, 1.5H), 0.89 (d] = 7.2 Hz,
1.5H), 0.81 (tJ = 6.6 Hz, 1.5H).
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N Sn(Me)s WH Ph
11 77

Pd(PPhg)s, CsF, Cul(l)
DMF, rt, dark, 17 h, 29 %

2N HO. _Ph
O u T
N~ “Ph
+ H
5 = H
>\f

85b

SNF analogs 85a and 85b. To a solution of iododiene-amid® (33.4 mg, 0.077 mmol) and
vinyl stannanell (32.5 mg, 0.088 mmol) in anhydrous DMF (2.0 mL) were added CsF (22.6
mg, 0.151 mmol) and Cul(l) (5.6 mg, 0.029 mmol) at rt under deoxygenatthgavatream of

Ar. After adding Pd(PP), (11.3 mg, 0.001 mmol), the reaction flask was immediately wrapped
with aluminum foil and continued deoxygenating for 5 min. The reactioriuneixstirred for
further 17 h, and then diluted with EtOAc (5 mL). The organic layer washed with saturated
NH4CI solution (3 x 5 mL). The combineal). layers were extracted with EtOAc (3 x 5 mL),
dried over MgS@ and concentrated under vacuum. The residue was purified by preparative
chromatography (EtOAn:hexane, 1:2) to provide 11.8 mg (29 %) of an inseparable mixture of
diastereomeri@5aand85b as a white solid.

R:: 0.45 (EtOAch-hexane, 1/2)*H NMR (600 MHz, CDCJ): § 8.19 (d,J = 8.4 Hz, 1H), 8.15 (d,
J=9.0 Hz, 1H), 7.30 (d] = 8.4 Hz, 1H) 7.29 (d] = 8.4 Hz, 1H), 7.10-7.24 (m, 6H), 7.01 (&

7.2 Hz, 1H), 6.98 (d) = 7.2 Hz, 1H), 6.92 (d] = 7.2 Hz, 1H), 6.88 (d] = 7.2 Hz, 1H), 6.01 (d,
J=8.4 Hz, 1H), 5.96 (d] = 8.4 Hz, 1H), 5.48 (s, 0.5H), 5.43 (s, 0.5H), 5.25 (dd 8.4 Hz, 7.8

Hz, 0.5H), 5.21 (dd) = 8.4 Hz, 7.8 Hz, 0.5H), 3.75 (d~= 10.2 Hz, 0.5H), 3.74 (d,= 10.2 Hz,
0.5H), 3.69 (dJ = 10.2 Hz, 0.5H), 3.68 (d] = 9.6 Hz, 0.5H), 3.30 (ddl = 9.3 Hz, 8.4 Hz,
0.5H), 3.25 (ddJ = 9.3 Hz, 8.4 Hz, 0.5H), 2.75 (d= 8.4 Hz, 0.5H), 2.67 (dl = 9.0 Hz, 0.5H),

1.78 (s, 1.5H), 1.65 (s, 1.5H), 1.63 (s, 3H), 1.24 (s, 1.5H), 1.22 (s, 1.5H).
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1. CH3S0,Cl, EtsN,
CH2C|2, 0°Cto rt, 4 h

2. NaOH, CH30H/H,0,
reflux, 4 h, 59 % for

2 steps
: 02N :
OO O o
\=\ —N
N + .
! K H
>\f

80a 80b

O,N

SNF analogs 80a and 80b (1:1 mixture). To an ice-cooled solution of bicyclooctadie@es
and85b (11.8 mg, 0.023 mmol) and triethylamine (&0 0.143 mmol) in dry ChLCl, (1.0 mL)
was added dropwise methanesulfonyl chloridgl(50.065 mmol) in dry CECl; (0.5 mL) via
syringe. The reaction mixture was allowed to warm to rt dmced overnight. Then saturated
NH4CI solution (10 mL) was poured into the reaction mixture and the ordap&r was
separated. Thag. layer was extracted with GBI, (2 x 5 ml) and the combined extracts were
dried over MgSQ@and the solvent was removed under vacuum to afford 4.7 mg (43 %tidef c
80a and80b as pale yellow solid. * Spectroscopic properties of authétecand 80b (1:1

mixture) were in agreement wigbaand80b (1:6 mixture) values.
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83b

LiOH, CH3OH/THF,
0°Ctort,
2 days, 95 %

46a 46b

SNF analogs 46a and 46b. To a solution of bicyclooctadien88aand83b (12.4 mg, 0.019
mmol) in dry THF (1.0 mL) and C#®H (0.5 mL), LiOH (4.1 mg, 0.171 mmol) was added at O
°C. The reaction mixture was stirred 2 days at rt, and wasitadH,O (5 mL) The combined
solution was acidified to pH = 2 and then extracted witOEB8 x 5 mL). The organic layers
were dried over MgSg) filtered and concentrated under vacuum. The residue was purified by
preparative chromatography (EtOAdiexane, 1:2) provide 5.6 mg (95 %)4faand46b as a
white solid.

R:: 0.51 (EtOAch-hexane, 1/2)*H NMR (300 MHz, CDCJ): § 8.18 (d,J = 8.7 Hz, 2H), 7.34 (d,
J=8.4 Hz, 2H), 5.47 (s, 1H), 4.42 (s, 1H), 3.74)d, 10.5 Hz, 1H), 3.49 (dd} = 9.0 Hz, 1H),

2.76 (d,J = 9.0 Hz, 1H), 1.81 (s, 3H), 1.62 (s, 3H), 1.26 (s, 30;:NMR (100 MHz, CDG)): &
179.3, 147.1, 145.6, 134.2, 131.4, 128.3, 123.7, 122.8, 122.7, 121.3, 121.2, 56.1, 46.0, 45.8, 44.5,
28.6, 22.2, 21.7.
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46b

(S)-(+)-2-phenylglycinol,
HOBt, EDC.HCI,
CH20|2, 0°Cto It,
overnight, 67 %

43a 43b

SNF analogs 43a and 43b (1:6 mixture). To a stirred solution of bicyclooctadiert&a and

46b (5.6 mg, 0.018 mmol) in dry Gi&l, (1.0 mL) were added (S)-(+)-2-phenylglycirt (5.1

mg, 0.037 mmol), 1-hydroxybenzotriazole (HOBt) (3.0 mg, 0.023 mmol), and- 1-(3
dimethylaminopropyl)-3-ethylcarbodiimide HCI (EDC- HCI) (6.9 rAd)36 mmol). The mixture
was stirred for 1 h at 0 °C, allowed to warm to rt, and theovield overnight. The reaction
mixture was washed with 5%g. citric acid, saturatedg. NaHCQ, and saturated NaCl. Then,
the organic layers were dried over MgS®@ltered, and concentrated under vacuum to provide

crude43aand43b. *R; value on TLC o#3b was in agreement with that of authergb.

DCC, DMAP,

CH,Cl,,
0°Ctort,5h,
51 %
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lododiene-amide 91.  To a solution of)-(-)-a,a-diphenyl-2-pyrrolidine-methan®0 (114.7
mg, 0.45 mmol) and dienoic acid (104.0 mg, 0.44 mmol) in dry GBI, (10 mL) was slowly
added DCC (87 mg, 0.42 mmol) and DMAP (7.0 mg, 0.06 mmol) in dpCGHS.0 mL) at (°C
under Ar atmosphere. The reaction mixture was allowed to warmA#er stirring for further 5

h, the reaction mixture was filtered on a C8ligad the filtrate was concentrated under vacuum.
The residue was purified by silica gel column chromatograptQAEn-hexane, 1:3) to provide
106.2 mg (51 %) d®1as a white solid.

R:: 0.42 (EtOAch-hexane, 1/3); IR: 3416, 3291, 1641, 1609, 1127:ctH NMR (300 MHz,
CDCly): §7.17-7.49 (m, 11H), 6.52 (s, 1H), 6.27 J& 9.0 Hz, 1H), 5.94 (d] = 15.6 Hz, 1H),
5.08 (dd,J = 9.9 Hz, 2.4 Hz, 1H), 1.92 (d,= 1.2 Hz, 3H), 0.92 (d] = 6.9 Hz, 6H);"*C NMR
(100 MHz, CDC}): 6166.1, 146.6, 145.7, 141.3, 140.8, 128.7, 128.6, 127.1, 127.0, 125.6, 119.6,
87.0,82.4,58.3, 29.5, 23.2, 21.3, 18.1.

CH3SO3H,

CH,Cly,
0°Ctort 18 h,

51 % I_

lododiene-oxazoline 92. Methanesulfonic acid (324, 0.34 mmol) was added dropwise to a
solution of iododiene-amid@1 (47 mg, 0.10 mmol) in dry Ci€l, (4.7 mL) at 0°C under Ar
atmosphere. The reaction mixture was allowed to warm to rt aneldsfor further 18 h. The
resulting solution was diluted with G&l, (20 mL), washed witlag. NaHCQ (10 mL), HO (10
mL), and brine (10 mL). The residue was purified by silica g#guran chromatography
(EtOAcn-hexane, 1:3) to provide 23.0 mg (51 %P@&fas a white solid.

R 0.65 (EtOAch-hexane, 1/3); IR: 3059, 2959, 1651, 970, 700%chd NMR (300 MHz,
CDCly): 67.57 (d,J = 16.2 Hz, 1H), 7.25-7.57 (m, 10H), 6.54 (s, 1H), 6.43@15.9 Hz, 1H),
4.71 (d,J = 4.5 Hz, 1H), 2.04 (d] = 1.5 Hz, 3H), 1.85 (m, 1H), 1.02 (@7 6.9 Hz, 3H), 0.59 (d,

J = 6.6 Hz, 3H)*C NMR (100 MHz, CDG): §162.2, 145.3, 141.6, 140.6, 128.6, 128.1, 128.0,
127.6, 127.1, 126.3, 119.6, 93.0, 86.3, 79.7, 30.4, 22.2, 21.1, 17.1; HRMS(ESI-MS) Calcd. for
C23H25INO [(M + H)]" 458.0903, found 458.0977.
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11 92

Pd(PPh3),, CsF, Cul(l)
DMF, rt, dark, 12 h, 33 %

O,N O Q O,N

93b

SNF analogs 93a and 93b.  To a solution of vinyl stannarid (20.8 mg, 0.057 mmol) and
iododiene-oxazolined2 (22.9 mg, 0.050 mmol) in anhydrous DMF (1.5 mL) were added cesium
fluoride, CsF (18.2 mg, 0.120 mmol) and copper iodide, Cul(l) (2.5 mg, 0.6i8)mt rt under
deoxygenating with a stream of Ar. After adding Pd@#£{6.9 mg, 0.006 mmol), the reaction
flask was immediately wrapped with aluminum foil and continued deoxyiggnir further 5

min. The reaction mixture stirred for 12-16 h, and then diluted wiiAEt(25 mL). The organic
layer was washed with saturated ) solution (3 x 25 mL). The combinext. layers were
extracted with EtOAc (3 x 25 mL), dried over Mg&Gand concentrated under vacuum
Preparative chromatography (EtOAdiexane, 1:5) afforded 8.9 mg (33 %) of an inseparable
mixture of diastereomeri@3aand93bin aratioof 1: 3 or3: 1.

Rr: 0.50 (EtOAch-hexane, 1/5)*H NMR (600 MHz, CDGCY): 6 8.17 (d,J = 7.8 Hz, 0.5H), 8.15

(d,J = 9.0 Hz, 1.5H), 7.22-7.47 (m, 12H), 5.45 (s, 1H), 4.64 (br, 1H), 4.51 (s, 0.75H), 4.49 (s,
0.25H), 3.90 (br, 0.75H), 3.78 (br, 0.25H), 3.63 (bs, 1H), 2.88 (bs, 0.25H), 2.78 (bs, 0.25H), 1.72
(m, 1H), 1.61 (s, 6H), 1.30 (s, 3H), 0.97 J& 6.6 Hz, 0.75H), 0.96 (d,= 6.0 Hz, 2.25H), 0.48
(d,J=6.6 Hz, 0.75H), 0.43 (d,= 6.6 Hz, 2.25H).
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1. SOCl,, EtgN, CH,Cls, HoN - OH

0°Ctort, 0.5h H.-- CH

2. NaN3, DMF, 100 °C, 12 h
3. LiAlH4, THF, 0 °C to rt,
o5 3 h; 34 % (for 3 steps) 96

Aminoalcohol 96 To a stirred solution of (S,S)-(-)-1,2-di(1-naphthyl)- ilZaee-diol95
(250 mg, 0.80 mmol) and triethylamine (0.44 mL, 3.18 mmol) in@H3.0 mL) at °C was
added SOGI(85uL, 1.19 mmol) dropwise under Ar atmosphere. After the reaction reixtas
stirred for 15 min. at 6C, the reaction was diluted with cold,Etafter the starting material was
completely consumed by TLC. The resulting solution was washé&dcaitl HO and brine. The
organic layer was dried over MggQiltered, and concentrated under vacuum to afford 253 mg
of the crude cyclic sulfite as sticky pale yellow oil, whichsased in the next step without
further purification. A mixture of the crude cyclic sulfite (258,n®.70 mmol) and NaiN(115
mg, 1.77 mmol) in anhydrous DMF (4.0 mL) was stirred under Ar foh & 100°C. The
reaction mixture was diluted with 2, washed with KD and brine, dried over MgSQand then
concentrated under vacuum. The residue was purified by silicaofjgihn chromatography
(EtOAcn-hexane, 1:4) to provide 170 mg (63 %) of azide compound as white solid.

R:: 0.41 (EtOAc/n-Hexane, 1/4§H NMR (400 MHz, CDQJ): 6 7.96-7.57 (m, 6H), 7.57 -7.54
(m, 2H), 7.54 -7.36 (m, 6H), 5.92 @@= 6.8 Hz, 1H), 5.82 (d] = 6.4 Hz, 1H),

2.07 (bs, 1H)*C NMR (100 MHz, CDGJ): & 135.9, 134.0, 133.8, 132.0, 131.8, 131.4, 129.5,
129.2,129.1, 126.7, 126.5, 126.0, 125.8, 125.4, 125.4, 123.1, 123.0, 94.6, 73.4, 67.4, 22.9.
To a stirred suspension of LIAH20 mg, 0.53 mmol) in dry THF (4.0 mL) at’G was slowly
added the azide (170 mg, 0.50 mmol) under Ar atmosphere. The resudi@mgrgaction mixture
was allowed to warm to rt over a period of 3 h. And then, the glak suspension was diluted
with THF and carefully quenched by sequential addition 49 k0.4 mL), 15% NaOH (0.4 mL),
and again KO (1.2 mL). The resulting solution was stirred at rt for ahenrt30 min, and a white
precipitate was removed by filtration. The clear solution waseted with EtOAc and # and

the organic layer was dried over MgS@nd concentrated under vacuum. The residue was
purified by recrystallization (100% toluene) to afford 85 mg (54 9%®)6ads needle crsystal.

4Marks, T. J.; Hong, S. W.; Tian, S.; Metz, M.Am Chem Sa2003 125, 14768.
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Ry 0.30 (EtOAc/n-Hexane, 1/1H NMR (300 MHz, CDCY): § 7.89-7.54 (m, 6H), 7.51 -7.31
(m, 8H), 5.87 (dJ = 5.4 Hz, 1H), 5.34 (d] = 5.1 Hz, 1H), 2.55 (bs, 3H).

DCC, DMAP I 0 T
CH,Cl,, N N
0°Ctort,
17h, 72 %

lododiene-amide 97. To a solution of aminoalcoh®6 (67 mg, 0.21 mmol) and dienoic acid

40 (52 mg, 0.22 mmol) in dry Ci€l, (10 mL) was slowly added DCC (45 mg, 0.22 mmol) and
DMAP (4 mg, 0.03 mmol) in dry C4€l, (6.0 mL) at 0°C under Ar atmosphere. The reaction
mixture was allowed to warm to rt. After stirring for fuet 17 h, the reaction mixture was
filtered through a Celif¢ and the filtrate was concentrated under vacuum. The residue was
purified by silica gel column chromatography (EtO#bexane, 2:3) to provide 79.7 mg (72 %)

of 97 as pale yellow solid.

Rr: 0.72 (EtOAc/n-Hexane, 2/3JH NMR (400 MHz, CDCY): & 8.04 (m, 1H), 7.74 -6.94 (m,
13H), 6.86 (tJ = 7.6 Hz, 1H), 6.86 (d/d] = 5.6 Hz,J = 3.6 Hz, 1H), 6.48 (s, 1H), 6.12 @~

3.2 Hz, 1H), 6.04 (dJ = 15.2 Hz, 1H), 1.81 (s, 3H}*C NMR (100 MHz, CDG): § 165.9,
142.2, 140.9, 135.9, 133.6, 133.5, 133.4, 132.0, 129.0, 128.9, 128.5, 128.4, 128.2, 128.2, 126.6,
126.0, 126.0, 125.5, 125.0, 124.2, 122.9, 122.9, 87.6, 72.3, 53.3, 21.2.

,\

1. CH3S0,Cl, EtgN,
CH,Cl,, 0°Ctort, 4 h

2. NaOH, CH30H/H,0,
reflux, 4 h, 54 % for
2 steps
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lododiene-oxazoline 98. To an ice-cooled solution of iododiene-améi®(79.7 mg, 0.15
mmol) and triethylamine (75uL, 0.53 mmol) in dry CHKHCl, (2.6 mL) was added
methanesulfonyl chloride (25L, 0.32 mmol) via syringe in one portion. The reaction mixture
was allowed to warm to rt and stirred for further 3 h. Then gaaifdH,Cl solution was poured
into the reaction mixture and the organic layer was separatedvdtee layer was extracted by
CHCl, (3 x 10 ml) and the combined organic extracts were dried oveQlylg&d concentrated
under vacuum The residue was purified by silica gel column chogmagthy (EtOA@-hexane,
1:2) to provide 77.1 mg (84 %) of crude mesiylate compound as yellow 3ble mesiylate
(77.1 mg, 0.12 mmol) was dissolved in methanol (1.2 mL) and a solutio@@HN17.9 mg,
0.44 mmol) in HO (1.2 mL) was added in one portion. After refluxing for 4 h, the i@act
mixture was allowed to cool to rt and the solvent was concentuatel vacuum. After adding
H,O (10 mL), theag. layers were extracted with GEl, (3 x 10 ml). The combined organic
extracts were washed with brine (10 mL), dried over Mg@@d concentrated under vacuum.
The residue was purified by silica gel column chromatograptQAEn-hexane, 1:2) to provide
42.9 mg (54 % for 2 steps) 68 as pale yellow solid.

Rr: 0.57 (EtOAc/n-Hexane, 1/2H NMR (400 MHz, CDCY): & 7.82-7.91 (m, 5H), 7.37 -7.62
(m, 11H), 7.24 (tJ = 6.8 Hz, 1H), 7.14 (1) = 6.8 Hz, 1H), 6.62 (d] = 16.8 Hz, 1H), 6.59 (s,
1H), 6.23 (dJ = 6.4 Hz, 1H), 6.08 (d] = 6.8 Hz, 1H), 2.08 (d] = 0.8 Hz, 3H)*C NMR (100
MHz, CDCk): 6 164.6, 141.5, 137.4, 135.6, 134.2, 133.6, 131.0, 130.3, 129.6, 129.3, 129.0,
128.9, 126.8, 126.4, 126.0, 125.7, 124.7, 123.5. 119.2, 87.2, 86.6, 74.0, 21.2, 21.1; HRMS(ESI-
MS) Calcd. for GoH3:N2O3 [(M + H)]* 515.0711, found 515.0832.
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Pd(PPh3),4, CsF, Cul(l)
DMF, rt, dark, 15 h, 47 %

%
3.70%g

99b

SNF analogs 99a and 99b. To a solution of vinyl stannarid (20.8 mg, 0.057 mmol) and
iododiene-oxazolin®8 (25.5 mg, 0.048 mmol) in 1:1 mixture of anhydrous DMF and@H
(2.7 mL) were added cesium fluoride, CsF (17.0 mg, 0.112 mmol) and copper odi¢e (2.8

mg, 0.014 mmol) at rt under deoxygenating with a stream of Ar. Adthding tetrakis
triphenylphosphine palladium, Pd(Pfh (7.2 mg, 0.006 mmol), the reaction flask was
immediately wrapped with aluminum foil and continued deoxygenatinguftiner 5 min. The
reaction mixture stirred for 15 h, and then diluted with EtOAc (25.rhe organic layer was
washed with saturated N@&I solution (3 x 25 mL). The combined. layers were extracted with
EtOAc (3 x 25 mL), dried over MgSQO and concentrated under vacuum. Preparative
chromatography (EtOAn:hexane, 1:5) afforded 17.0 mg of an inseparable crude mixture of
diastereomeri®9aand99b.

R 0.56 (EtOAch-hexane, 1/5fH NMR (600 MHz, CDCJ): § 8.25 (d,J = 9.0Hz, 2H), 7.56 (d,

J = 9.0Hz, 2H), 7.05-7.92 (m, 14H), 6.06 (bx 18.0 Hz, 2H,), 5.50 (s, 1H), 4.55 (s, 1H), 4.09
(d,J =10.2 Hz, 1H,), 3.89 ( = 9.0Hz, 1H), 3.04 (d] = 8.4 Hz ,1H), 1.79 (s, 3H), 1.65 (s, 3H),
1.35 (s, 3H).
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NH OH

HO
O
(] 102
O Borane-methyl sulfide complex OH

THF, 45 °C, 16 h, 72 %
101 103

Diol 103. To a stirred solution of (S)-diphenylprolintd2 (127 mg, 0.50 mmol) in
anhydrous THF (5.0 mL) was added 2M borane-dimethylsulfied solutianluene (5.0 mL,
10.0 mmol), and the reaction mixture was stirred while temperatasenaintained at 4% for
16 h to obtain a solution of the catalyst. The resulting mixturetngated dropwise over 10 min
with a solution of 1,2-diketon&01 (2.95 g, 12.4 mmol) in THF (6.0 mL) at 46. After the
addition, the mixture was stirred fro 5 min and quenched cautiousiiyMeéOH (1.0 mL) and
stirred for an additional 30 min. Most of the sovent was evaporatetha residue was directly
purified by silica gel column chromatography (EtOdbexane, 1:9), and further purified by
recrystallization (100 % MeOH) to provide 2.12 g (72 %) @8 as needles.

Rr: 0.59 (EtOAc/n-Hexane, 1/29%H NMR (300 MHz, CDGJ): 7.05 (s, 8H), 4.68 (s, 2H), 2.30
(s, 6H). * Spectroscopic properties were in agreement with literature values

1. SOCly, Et3N, CH,Cly, H,N  OH
HC, O 0°Ctort, 0.5
O 2. NaNg, DMF, 100 °C, 12 h O
OH 3. LiAlH,, THF, 0°Ctort, 3 h,
103 25% for 3 steps; 104

Aminoalcohol 104. To a stirred solution of (S,S)-didl03 (217 mg, 0.90 mmol) and
triethylamine (0.60 mL, 4.34 mmol) in GBI, (5.0 mL) at C was added SO£(135uL, 1.89
mmol) dropwise under Ar atmosphere. After the reaction mixturestimed for 15 min. at 6C,

the reaction was diluted with cold,Ext after the starting material was completely consumed by
TLC. The resulting solution was washed with colgdDHand brine. The organic layer was dried

over MgSQ, filtered, and concentrated under vacuum to afford 232.5 mg of the cyalie c

®Marks, T. J.; Hong, S. W.; Tian, S.; Metz, M.JJAm Chem Sa2003 125, 14768.
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sulfite as red solid, which was used in the next step withotltefupurification. A mixture of the
crude cyclic sulfite (232.5 mg, 0.81 mmol) and NgA30 mg, 2.00 mmol) in anhydrous DMF
(4.6 mL) was stirred under Ar for 13 h at 18D. The reaction mixture was diluted with,&t
washed with HO and brine, dried over MgSQand then concentrated under vacuum to afford
144 mg of the crude azide as viscous pale yellow, which was usée@ inekt step without
further purification. R 0.68 (EtOAc/n-Hexane, 1/4JH NMR (300 MHz, CDGJ): & 7.26-7.15
(m, 8H), 4.76 (dJ = 6.9 Hz, 1H), 4.63 (d] = 6.9 Hz, 1H), 2.37 (s, 6H).

To a stirred suspension of LiAlH22 mg, 0.58 mmol) in dry THF (5.0 mL) at’G was slowly
added the azide (144 mg, 0.54 mmol) under Ar atmosphere. The resudiamgrgaction mixture
was allowed to warm to rt over a period of 3 h. And then, the giak suspension was diluted
with THF and carefully quenched by sequential addition 49 K0.5 mL), 15% NaOH (0.5 mL),
and again KO (1.5 mL). The resulting solution was stirred at rt for 30 min, anghite
precipitate was removed by filtration. The clear solution wdsaeted with EtOAc. Then, the
organic layer was dried over Mgg@nd concentrated under vacuum. The residue was directly
purified by recrystallization (1 mL of 100% toluene) to afford 69.7(8B®%% for 3 steps) af04

as needles.

Rr: 0.29 (EtOAc/n-Hexane, 1/4¥H NMR (600 MHz, CDCJ): & 7.10-7.05 (m, 8H), 4.81 (bs,
2H), 4.73 (d,J = 6.0 Hz, 1H), 3.99 (d] = 6.0 Hz, 1H), 3.0 (m, 1H), 2.30 (s, 6HJC NMR (100
MHz, CDCk): 6 138.8, 138.1, 137.6, 137.4, 129.2, 129.6, 127.5, 127.2, 78.1, 61.8, 21.3.

HO O
| 0 HO O DCC, DMAP I o]
X X
X
NOH + H2N CH2C|2, 0 OC WH O
tort, 14 h, 63 %
40 104 105

lododiene-amide 105. To a solution of aminoalcohb04 (104.1 mg, 0.43 mmol) and dienoic
acid 40 (109 mg, 0.43 mmol) in dry CG&l, (7.5 mL) was slowly added DCC (100 mg, 0.49
mmol) and DMAP (7.5 mg, 0.06 mmol) in dry @&, (5.0 mL) at 0°C under Ar atmosphere.
The reaction mixture was allowed to warm to rt. Afterristiy for further 14 h, the reaction

mixture was filtered on a Celfteand the filtrate was concentrated under vacuum. The residue
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was purified by silica gel column chromatography (EtOWwexane, 1:2) to provide 121.1 mg
(63 %) of105as a pale yellow solid.

R: 0.73 (EtOAc/n-Hexane, 2/3)H NMR (400 MHz, CDCJ): & 7.52 (d,J = 15.2 Hz, 1H), 7.04-
6.92 (m, 8H), 6.54 (s, 1H), 6.48 @= 8.0 Hz, 1H), 6.03 (d] = 15.6 Hz, 1H), 5.30 (m, 1H), 5.04
(d, J = 4.0 Hz, 1H), 2.28 (s, 6H), 1.94 (s, 3HjC NMR (100 MHz, CDCJ): § 165.8, 140.8,
137.7,137.7,136.9, 134.2, 129.1, 128.9, 128.0, 126.8, 124.8, 87.6, 59.8, 21.3, 21.2.

O 1. CH3S0,Cl, EtaN, @/
| Jio CH,Cl,, 0°Ctort, 4 h | o
NN NS
NN 2. NaOH, CHzOH/H,0, WN
H reflux, 4 h, 74 % for
2 steps
105 106

lododiene-oxazoline 106. To an ice-cooled solution of iododiene-amid (79.7 mg, 0.15
mmol) and triethylamine (75uL, 0.53 mmol) in dry CHKHCl, (2.6 mL) was added
methanesulfonyl chloride (25L, 0.32 mmol) via syringe in one portion. The reaction mixture
was allowed to warm to rt and stirred for further 3 h. Then gaadifdH,Cl solution was poured
into the reaction mixture and the organic layer was separatedvdtee layer was extracted by
CHCl, (3 x 10 ml) and the combined organic extracts were dried oveQlylg&d concentrated
under vacuum The residue was purified by silica gel column chogmagghy (EtOA@-hexane,
1:2) to provide 77.1 mg (84 %) of crude mesilate xxx as yellow solid.nTféwlate (77.1 mg,
0.12 mmol) was dissolved in methanol (1.2 mL) and a solution of NaOH (XJ,.9.44 mmol)

in H,O (1.2 mL) was added in one portion. After refluxing for 4 h, theti@acenixture was
allowed to cool to rt and the solvent was concentrated under vacuumaddieg HO (10 mL),

the ag. layers were extracted with GEl,; (3 x 10 ml). The combined organic extracts were
washed with brine (10 mL), dried over Mg§@nd concentrated under vacuum. The residue was
purified by silica gel column chromatography (EtOdbexane, 1:2) to provide 42.9 mg (54 %
for 2 steps) ofLl06 as pale yellow solid.

Rr: 0.59 (EtOAc/n-Hexane, 1/2%4 NMR (400 MHz, CDCJ): § 7.53 (d,J = 16.0 Hz, 1H), 7.16 -
7.30 (m, 8H), 6.59 (s, 1H), 6.52 @@= 15.6 Hz, 1H), 5.33 (d] = 8.0 Hz, 1H), 5.13 (d] = 7.6
Hz, 1H), 2.42 (s, 3H), 2.39 (s, 3H), 2.11 (s, 3HE NMR (100 MHz, CDGJ): & 163.9, 141.5,
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138.9, 138.6, 137.6, 137.5, 129.8, 126.7, 126.1, 119.7, 89.1, 86.4, 78.7, 21.5, 21.4, 21.3, 21.2,
21.1; HRMS(ESI-MS) Calcd. for &H3:N03 [(M + H)] ™ 444.0736, found 444.0830.

! o) ©/
XX
S N
11 106

Pd(PPh3),, CsF, Cul(l)
DMF, rt, dark, 12 h,
33 % (crude)

107b

SNF analogs 107a and 107b. To a solution of vinyl stannarid (20.8 mg, 0.057 mmol) and
iododiene-oxazolinel06 (22.9 mg, 0.050 mmol) in anhydrous DMF (1.5 mL) were added
cesium fluoride, CsF (18.2 mg, 0.120 mmol) and copper iodide, Cul(l) (2.5 mg,@rat8 at

rt under deoxygenating with a stream of Ar. After adding Pd{zRP6.9 mg, 0.006 mmol), the
reaction flask was immediately wrapped with aluminum foil and noeti deoxygenating for
further 5 min. The reaction mixture stirred for 12-16 h, and thenedilutith EtOAc (25 mL).
The organic layer was washed with saturated,GlHolution (3 x 25 mL). The combineat).
layers were extracted with EtOAc (3 x 25 mL), dried over MgSand concentrated under
vacuum. Preparative chromatography (EtQAtexane, 1:5) afforded 8.9 mg (33 %) of a crude
inseparable mixture of diastereometizraand107h.

R 0.60 (EtOAch-Hexane, 1/5fH NMR (600 MHz, CDCJ): 6 8.23 (d,J = 8.4 Hz, 2H), 7.53 (d,
J=8.4 Hz, 2H), 7.06-7.45 (m, 8H), 5.58 (s, 1H), 5.78 + 5.74 (#d21.6 Hz, 4.2 Hz, 2H), 4.50
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(s, 1H), 4.45 (dJ = 10.2 Hz, 1H), 4.26 (i] = 8.4 Hz, 1H), 3.29 (d] = 9.6 Hz, 1H,), 2.40 + 2.33
(s, 3H), 1.77 (s, 3H), 1.68 (s, 3H), 1.39 (s, 3H).
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Chapter I

Shi Epoxidations Toward Preparation
of Chiral SNF Analogues
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2.1. Introduction

2.1.1. Background

Preparing optically active epoxides from olefins is a very itapbrproblem in organic
synthesis because the chiral epoxides can be converted into a rafneipantiomerically pure
molecules such as natural products. Various effective and powestahsy have been disclosed
over the years for the preparation of chiral epoxidesSpecifically, in the early 1980s,
Sharpless discovered asymmetric epoxidations of allylic alsolith chiral titanium catalyst,
now known as "the Sharpless asymmetric epoxidation reaétfo@hiral manganese (ll1)-
complexes that catalyze epoxidations ad-olefins were investigated by the Jacobsen and
Katsuki groups independenfly. Recently, using a vanadium catalyst, stereoselective
epoxidations of homoallylic alcohols were successfully performed byahea¥oto group.

On the other hand, organocatalytic asymmetric epoxidations wamanex by introducing
chiral dioxirane catalysts derived from corresponding ketones fteraft types of olefins,
particularly unfuctionalized trans and trisubstituted forms. In 19Bdrci and co-workers
demonstrated that 1-methylcyclohexel@8 can be stereoselectively epoxidized to lead to the
corresponding epoxidil1via dioxirane intermediates derived from chiral ketone-cata{({§13
or 110).° (See scheme 46.)

O O
P“ﬁ jﬁ
O( 109 O/O 110 \©

92 % 90 %
108 (ee % =12) 111 (ee % =10.4) 108

Scheme 46Examples of the first chiral ketone-catalyzed epoxidations.

93



Among a variety of chiral ketone-based dioxirane catalysts,flaudese-derived ketonél12
showed excellent regio- and steteroselectivity and broad functigraip tolerance in

epoxidation of olefins (Figure 19§.

R, R, = Alkyl, Phenyl, TBS, Acetyl. Rs, R, = Alky, Benzyl, Rs=H, F

Figure 20.Carbohydrate-based and related ketone catalysts.

Shi and co-workers demonstrated that epoxidation induced by theactiieade, which is
generatedn situfrom ketonell2 has unique advantages: (1) the stereogenic centers are close
to the reacting center; (2) the presence of fused rimg(a)quaternary centerto the carbonyl
group minimizes the epimerization of the stereogenic centers; PngoEsible competing
approaches of an olefin to the reacting dioxirane can be controlletebgally blocking one
face or using &2- or pseuddz2-symmetric element. According to Shi, optimized pH condition
is very critical because at low pH, Ox&nis stable, bul12 rapidly decomposes. On the other

hand, at high pH, Oxofidoses its function due to decomposition.
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Figure 21.Dioxirane catalyst derived froml2mediatedepoxidation pathways.

As a result, pH 10.5 prepared with®0O; or KOH provides an optimized reaction condition.
Asymmetric epoxidation mediated by the chiral ket@d& is known as “ the Shi asymmetric
epoxidation reaction”(Figure 269.

The high regio- and stereoselectivity observed in the Shidgima can be explained on the
basis of transition state analysis. Baumstark and co-workemoged two extreme transition
state geometries; spiro and planar. They demonstrated thagter lstudy of epoxidations ofs-
and transhexenes with dimethyldioxirane was consistent with the pmederef spiro over
planar transition statéé* Computational studies also supported that the stabilizing interaction
of an oxygen lone pair with the* orbital of an olefin shown InTS-I may result in a
predominant adduct via the spiro transition stdt®:Il represents the relatively unfavorable

planar transition state (Figure 24)%°
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Spiro

R

TS TS-I

Figure 22.Spiro and planar transition state for the dioxirane expoxidation of olefins.

Therefore, a preferable geometry would be afforded by mimmgigteric hindrance between
trisubstituted olefins and the dioxirane derived frad? The transition state with the spiro
geometry is considered more favorable than that with the plaoaregey in the Shi system. The

lowest energy spiro transition state shouldp&o TS-I (Figure 22)'°
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Spiro TS-I Spiro TS-lI Spiro TS-llI Spiro TS-IV
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SRS 6 < a

Planar TS-I Planar TS-II Planar TS-IlI Planar TS-IV

Figure 23. Transition state analysis in the Shi asymmetric epoxidation.

Numerous examples of epoxidations performed by the Shi group showeddighand
stereoselectivity, probably resulting from a preferred spiro transtiaoe'$% Among them were
desymmetrization and kinetic resolution of 1,3-dimethyl-1,4-cyclatiene bearing a
stereogenic center at the allylic positi@d3 and 1,4-dimethyl-1,4-cyclohexadierded5. Shi
epoxidations ofL13successfully produced enantioenriched monoepakidgpredominantlywia
spiro transition statéScheme 47}°

R B
—_— IO o,
o__0 ¢ g

113 114
Spiro TS
ee (%): 79 - 95, yield (%): 53 - 87

Scheme 47Shi asymmetric epoxidation of 1,5-dimethyl-1,4-cyclohexadigrg
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Regio- and enantioselective epoxidatiorldd mediated by the chiral dioxirane derived from

112 provided enantioenriched monoepoxide (Scheme 483°

o 0
. o ./ 80 ee (%) Q/
Shi epoxidation o) 4 =\ 0,
e
115 116
Spiro TS

Scheme 48Shi asymmetric epoxidation of 1,4-dimethyl-1,4-cyclohexadigite

Shi asymmetric epoxidation has been introduced as a key stiratdggy total synthesis of
natural products and other complex molec@f&8. Among them was progress towards the total
synthesis of squalenoid glabresdebr the construction of five chiral tetrahydrofuran rings in
(R)-2,3-dihydroxy-2,3-dihydrosqualend17, Xiong and Corey adopted the Shi method.
Epoxidations of each of the trisubstituted double bondklihwere achieved with remarkable
enantioselection using the Shi chiral dioxiralegived from112to lead to the pentaepoxidd48
Treatment with camphor-10-sulfonic acid (CSA) gave the pentgokastructurel19 (Scheme
49).28
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HO, CH3 CH3 CH3

Hyc x N N N - CHs

OH CHg CHg CHg

117

Shi catalyst, Oxone, DMM,
CH5CN, H,0, pH 10.5, 0°C, 1.5h

HO,,' CH3 CH3 CH3 o o o
CHs;
H3C
6] (@)
OH CH3 CHs CH3
118

CSA, toluene, 0°C, 1 h
31% (2 steps)

OH OH
H3C/)_F\ [ [ = LCHj3
N N NS z < = =
- =z = H S = - z -0z
HeC 509G, AOCH, ACOCHy A O CHy R ° CHy CHs

Scheme 49Shi asymmetric epoxidation of dihydrosqualdrié.

2.1.2. Preparation of chiral SNF analogs by Shi asymmetric epoxidation

In challenges for preparing enantiomerically pure natural pradughi asymmetric
epoxidations of trisubstituted cis-olefins have provided enough pdtemti@mpete with other
stereoselective epoxidations. Our particular interest in the Skidgpion focuses on preparation
of enantiomerically pure monoepoxid20 which might be elaborated to chiral SNF anaBagy
Shi asymmetric epoxidation via kinetic resolution can be considered otentially efficient

route to provide chiral SNF analogs (Figure 23).
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Shi epoxidation

Racemat&5

Enantiomer 35 Enantiomer 120
T Ar = 4-nitrophenyl

Figure 24.A strategy for obtaining chiral SNF anald§via Shi epoxidation.

The Shi epoxidation provided excellent regio- and stereoseledivithe 1,5-dimethyl- or 1,3-
dimethyl-1,4-cyclohexadiene substrates. (See Schemes 44 and 45.xVidleootadiene35 is
considered as a suitable substrate because methyl 3stean be readily converted into
corresponding carboxylic acid6, which is a key intermediate for the construction of chiral
analogs of the SNF multidrug resistance reversal agents. (See Schentehapter 1.)

In principle, eight regio- and stereoisomeric monoepoxide isoftf¥ and 121 can be
produced from racemic bicyclooctadie3(Figure 24).

100



\COZME
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I enantiomers enantiomers I

O,N O,N O2N
@ CO,Me @ CO,Me O CO2Me @ CO2Me
\ “on N ',/" N < - \C\ ~
>—L\o \ "/b OM OI)_//7

120a’ 120b' 121a' 121b’

-~

I regioisomers I

Figure 25. Structural relationship between monoepoxiti28and121

Due to the steric effect of the methyl group on the ring junctior8®fhigh regio- and
stereoselectivity is anticipated that will lead predominamtlymonoepoxidesl20. The 4-
nitrophenyl group is considered closer to the olefin, which is adjaae¢hée methyl group on the

ring junction. Therefore, the dioxirane to the olefin might be unfavorable.
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2.2. Result and Discussion

2.2.1. Shi asymmetric epoxidations of the bicyclo[4.2.0]octadiene 35.

Bicyclooctadiene35 was readily prepared from Stille coupling and tandem &t
electrocyclization. (See Scheme 11 in Chaptér |for comparison of affinity and catalytic
ability of the dioxirane catalyst derived from ketdE2, epoxidation of35 was performed with
0.5 eq. of meta-chloroperoxybenzoic acid (mMCPBA) (Scheme 50). As tedpefour
diastereomeric monoepoxidd20a/b and 121a/b were observed on the basis f NMR
analysis. The ratiowas 35:5:5: 8320a: 120b: 121a: 121h).

MCPBA, CH,Cl,

B

rt, 3h, 37 %

121a

Scheme 50mCPBA-derived epoxidation of bicyclooctadie3te

Shi asymmetric epoxidation 85 was carried out in the presence of 0.5 eq. of OXemel
50 mol% of the keton&12 under monitoring by TLG® After adding 0.1 eq. of Oxofietwo
spots immediately appeared with similar intensity by amalysth UV and with 10 % PMA
solution in EtOH. The ratio of the two spots was preserved until 0.5 e@xohé was
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consumed. Eventuallg5 was completely oxidized by addition of 1.0 eq. of Oxbteyield two

separable diastereomeric monoexpoxiti2@aand120b(Scheme 51).

- -
Cat.,TBAHS, DMM, 120a
ACN, Buffer sol, 0leqg—>= = == 10ed. +
ag. K,COg3, Oxone, 12
0°,1h,91% Ob

0.5eq.
EtOAc :n-Hexane
1:6

Scheme 51Shi expoxidation 085 and in-process monitoring by TLC.

Monoepoxidesl20a and120b were produced in almost equal amounts. Their geometries were
determined on the basis of nOe experiments (Figure 25).

Figure 26. Structure determination d20aand120bby NOE experiment.
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Despite high regioselectivity and vyield, the stereochemicahnwnication between
bicyclooctadiene35 and the dioxirane catalyst derived from the ketbh2 was not efficient.
Mosher ester analysis approach was adopted in order to detesterieechemistry o120aand
120b3 120a was treated with NaBHin MeOH for selective reduction of the methyl ester
moiety in the presence of epoxide moigtynitially, 7.0 eq. of NaBHwas used to convert ester
120a into corresponding hydroxyl compouri®2a To complete the reduction df20a an
additional 7.0 eq. of NaBHwas again added, but the conversion ratio was not impra2a
was directly treated with R-(-)-Mosher's reagent to produce corresgp{®iMosher ester23a

(Scheme 52). Interestingi23aexhibited a single set of peaks in the proton NMR spectra.

O,N

\COZMe
= NaBH,, MeOH

0°Ctort, 47 %

120a

(RMTPA-CI, DMAP

py. CH,Cly, rt, 43 %

Scheme 52Mosher ester analysis &20a

The two geminal protons of the methylene attached to the estegydiskawed the same peak
pattern as that of bicyclooctadie®éb. According to KobayasHr the absolute configuration of
primary alcohols possessing a branched methyl group can be assigaduhsis of the chemical
shift differences of the geminal protons. Presumably, the relsti&yeochemistry of (S)-Mosher
esterl23amay be the opposite of (R)-Mosher es2dgp, whose absolute stereochemistry was
already determined on the basis of X-ray crystallographthefSNF analogt3a. It may be
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consistent with (SMosher este84b. However, Kobayashi and co-workealso mentioned the
this method could not be applied fa2-branched primary alcohols with a conjugated groug
consecutive chiral center at ¢* Therefore, it is not quiet obvious that the abse
configuration of monoepoxides)-123bis the same of that of bicyclooctadie(S)-84b (Figure

26).

PR F3C Ohle ON MeQ CFj ~ ni MeQ CF,
UoN [T 4 MR Ph—{ V2N ph—= 7
YN N T\, SN TN A
/ 7 H =0 I& [/ S I ) —0
N HO S o NS H —0 N A H —o
i | Ll A7 RS AV NG S
—nH e —T=H
Ly Ly Loy
N A N A L4 )
AN/4 N /e A\ /-
N Y e} A\ /iy
/N / - / =~
/ H 7
/Sy 1AL
e s NP WA e QY. 122
N )j-040 \Sj-iasa
as__ fu1_
Aa/n
Ha &Hc Ha
1
[ ] ] | Il
[ ] ] | Il
| | A 4 | | |
v 1 v |

T T T T T T T T T
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Figure 27.Comparison betweekosher ester84a 84b,and123h

Two pathways can be considered to generate enamiibmmonoepoxidel20a. (See below

Scheme 53).
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Route |

Asymmetric

epoxidation Reduction
Routell

Non-asymmetric Stereoselective Enantiomer 1222
expoxidation reduction

Racemate 120a

Scheme 53Possible pathways for generating the enantidiiga

According to Route I, although Shi epoxidation36fyielded the two diastereomei20a
and120b, monoepoxidd.20awas produced as a single enantiomer. Reduction led directlg to t
corresponding hydroxyl compount?2?2a Further study focused on reduction of the other
diastereomer, compount20hb. Interestingly, the methyl ester group 180b was not reduced
despite treatment with an extremely large excess of NaBidtead, a small amount @R4b
resulting from epoxide ring opening 820bwas produced. Introducing stronger reducing agents
such as LiAIH****and DIBAL-H * only afforded over-reduced didP5b (Scheme 54).
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NaBH,4, MeOH

0°Ctort

LiAIH,, THF

0°Ctort

AlH(Bu-i),

CH,Cl,, -78 °C

Scheme 54Synthetic attempt towards selective reduction of methyl esttdh

2.2.2. Shi epoxidation of endo bicyclooctadiene 128 and exo 129

Particular interest in endo bicyclooctadidr®8 was based on its unique structupecause
the methyl groupn the cyclobutane ring can generate steric hindrance againeaepf the

dioxirane catalyst to the top face (Figure 27).

HaC NO2
Hh H
SN
H H =
ch 3C
H CO,Et H 128

Figure 28. Steric effect anticipated by the methyl group in eh28

The endo racemic bicyclooctadieh28 along with exol29 was prepared from Stille coupling
betweenl1 and130, and then tandem=86r electrocyclization (Scheme 5%).
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Pd(PPh3),, CsF, Cul(l),
DMF, 45 °C, dark, 72 %

128 129

Scheme 55Preparation of endb28and exal29.

Firstly due to structural similarity between diastereontecyclooctadiene428and129, we
examined Shi epoxidation with ex®29 Under the given conditions, Shi asymmetric
expoxidation ofL29 afforded two diastereomeric monoepoxid8daand131bwith 80 % yield
in aratio of 1 : 1 (Scheme 56).

O,N

>\_L\o
O2N 112
COMEL TBAHS, DMM, ACN, 131a
N2 Buffer sol
~——H ag. K,COgz, Oxone *
‘>\f 0°C, 1h, 80 % O2N
_COEt
129
—H

Scheme 56Shi epoxidation of exo bicyclooctadieh29.
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No significantly different phenomenon was observed compared to thedapowi of 35.
Presumably, the methyl group in ex@9 which is not oriented toward the cyclohexadiene ring

might not contribute to generating steric effect during the Shi epoxidatiorréR2g

O,N

T

Figure 29. Structural geometry of ext9.

Shi epoxidation of endi28was performedinder the given reaction conditiof®cheme 57).
A single monoepoxidel32 was produced on the basis of TLC aftd NMR analysis.
Interestinglyl32 showed exactly the same chemical shifts and splitting pattera#l fgotons as
either monoepoxidd.31a or 131b, which were afforded from ex&29 The experiment was

repeated with the same result.

Cat.,TBAHS, DMM,
ACN, Buffer sol

ag. K,CO3, Oxone
0°C,1h,73%

128

Scheme 57Shi epoxidation of endo bicycloctadieh28

In order to investigate the unusual phenomenon observed in the epoxidatiato 28,
Shi epoxidation of a mixture df28 and 129 was performed with 0.45 eq of Ox&hander a
common set of reaction conditions. The crutté NMR spectrum indicated that two
monoepoxides were produced in a ratio of 1.00 : 1.81 (the faster mewmgr : the slower
moving isomer). Chemical shifts and splitting patterns of the twoa@poxides were consistent
with that of131aand131b. On the other hand, bicyclooctadied@8 and129were recovered in
a ratio of 1.00 : 1.35 (endl?8: ex0129). As starting materialghe ratio betweed28 and129
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was 1.00 : 1.79 (endb28: ex0129) Interestingly, after performing preparative TLC, the ratio
between the two monoepoxides was 1.00 : 0.32 (the faster moving istimeslower moving

isomer). According to thtH NMR analysis, the ratio did not change after a 2-day standing.

2.2.3. Bisepoxidation of monoepoxides 120a and 120b

No bisepoxides were observed in the Shi epoxidations of bicyclooctadiesteates tested.
However, epoxidation of monoepoxid20awith mCPBA successfully afforded diastereomeric
bisepoxided33aand133bin the presence of mMCPBA (Scheme 58).

CO,Me
> mCPBA
CHzclz, rt

|IH
. 44 %

120a

Scheme 58Epoxidation of monoepoxide20a

Under the given reaction conditions, monoepoxid®b also produced two diastereomeric
bisepoxided34aand134b(Scheme 59).

O,N
LOMe mMCPBA
|||----|H CH2C|2, re

e}

120b

Scheme 59Epoxidation of monoepoxidE20h
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2.3. Conclusion

Shi epoxidation of racemic bicyclooctadiene substrates was inexhnto prepare
corresponding enantiomeric monoepoxides which could be precursors of @RNifahnalogs.
High regioselectivity and yield were observed, but any notaliecstelectivity was not obtained
throughout Shi asymmetric epoxidation induced by the chiral dioxicatedyst derived from
ketonell2 Experimental results from the Mosher ester analysi@&and the Shi epoxidation
of endol28and exal29 may be supported by future experiments. Epoxidation of monoepoxides
121aandl121benvisioned high potential for preparing chiral 1,3-diepoxide moieties which could
be applied to the total synthesis of elysiapyrones A and B.
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2.5. Experimental section

MCPBA, CH,Cl,
1,3 h, 37 %

Monoepoxides 120a/b and 121a/b. To a solution of bicyclooctadier3s (20 mg, 0.06
mmol) in CHCI; (0.4 mL) was added mCPBA (6.0 mg, 0.03 mmol) at rt. After sgrfor 3 h at
rt, EtOAc was poured into the reaction mixture, and washed witinasad NaHC@ N&S,0s,
saturated NECI, and brine. The organic layers were concentrated under vacuum. sidheere
was purified by preparative chromatography to give 7.6 mg (37 %¢mdrablenixture of two
monoepoxided21band120a(6.4 mg) in a ratio of 3 : 2 and inseparable mixture of the other
monoepoxidesl21aand 120b (1.2 mg) in a ratio of 1 : 1. Also, 10.2 mg (51 %) 3% was
recovered.

121b

Rr: 0.60 (EtOAc/n-hexane, 1/6H NMR (600 MHz, CDCJ): & 8.15 (d,J = 9.0 Hz, 2H),

7.16 (d,J = 9.0 Hz, 2H), 4.78 (s, 1H), 3.70 (s, 3H), 3.43J¢;, 10.2 Hz, 1H), 3.16 (ddl = 9.9
Hz, 9.6 Hz, 1H), 2.91 (s, 1H), 2.77 M5 9.6 Hz, 1H), 1.82 (s, 3H), 1.39 (s, 3H), 1.31 (s, 3H).
121a and 120b

Rr: 0.55 (EtOAc/n-hexane, 1/6)H NMR (600 MHz, CDCJ): & 8.15 + 8.16 (dJ = 8.4 Hz, 2H),
7.22 +7.30 (dJ = 8.4 Hz, 2H), 4.70 + 4.73 (s, 1H), 3.69 + 3.70 (s, 3H), 3.54)(dd.3 Hz, 8.4
Hz, 0.5H), 3.47 (dJ = 10.2 Hz, 0.5H), 3.43 (d,= 10.2 Hz, 0.5H), 3.15 (dd,= 9.9 Hz, 9.6 Hz,
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0.5H), 2.91 (s, 0.5H), 2.90 (s, 0.5H), 2.79J¢; 9.0 Hz, 1H), 2.71 (d] = 8.4 Hz, 1H), 2.69 (d]
= 9.0 Hz, 1H),1.82 (s, 3H), 1.50 (s, 1.5H), 1.40 (s, 1.5H), 1.32 (s, 3H).

120a

Rr: 0.50 (EtOAc/n-hexane, 1/6H NMR (600 MHz, CDCJ): & 8.18 (d,J = 9.0 Hz, 2H),

7.26 (d,J = 9.0 Hz, 2H), 4.67 (s, 1H), 3.71 (s, 3H), 3.48)¢,10.5 Hz, 1H), 3.14 (1 = 9.9 Hz,
1H), 2.91 (s, 1H), 2.80 (d,= 9.6 Hz, 1H), 1.82 (s, 3H), 1.40 (s, 3H), 1.32 (s, 3H).

112

TBAHS, DMM, ACN,
Buffer sol,

ag. K,CO3, Oxone,
0°C,1h,91%

120b

Monoepoxides 120a and 120b.  To a solution of bicyclooctadie8 (25 mg, 0.076 mmol),
catalyst112 (10 mg, 0.039 mmol), and TBAHS (2 mg, 0.006 mmol) in DMM (1.5 mL), ACN
(0.8 mL), and buffer solution (0.05 M B&40;.10H:0 in 4 x 10* M Na-EDTA, 1.5 mL) were
added a solution of Oxofig51 mg, 0.083 mmol) in ag. BEDTA (4 x10* M, 1.5 mL) and a
solution of KCO3; (116 mg, 0.853 mmol) in water (1.5 mL) separately at the saneeai 0 °C
over 40 min. The reaction mixture was quenched wiB,Hextracted witm-pentane, washed
with brine, dried over MgS§) filtered, concentrated, and purified by preparative
chromatography to give 24 mg (91%) of separatibdure of120aand120bin aratioof 1: 1 as
pale yellow oil.

120a

Rr: 0.50 (EtOAc/n-hexane, 1/6H NMR (600 MHz, CDCY): 6 8.18 (d,J = 9.0 Hz, 2H),
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7.26 (d,J = 9.0 Hz, 2H), 4.67 (s, 1H), 3.71 (s, 3H), 3.48)¢,10.5 Hz, 1H), 3.14 (11 = 9.9 Hz,

1H), 2.91 (s, 1H), 2.80 (d} = 9.6 Hz, 1H), 1.82 (s, 3H), 1.40 (s, 3H), 1.32 (s, 3f0; NMR

(400 MHz, CDC})): 174.4, 145.9, 132.3, 128.8, 128.7, 123.6, 57.4, 55.0, 52.2, 50.7, 44.2, 43.3,
39.8, 31.1, 29.4, 23.8, 22.1.

120b

Rr: 0.55 (EtOAc/n-hexane, 1/6H NMR (600 MHz, CDCY): § 8.15 (d,J = 8.4 Hz, 2H),

7.31 (d,J = 9.0 Hz, 2H), 4.71 (s, 1H), 3.70 (s, 3H), 3.55)(t 10.2 Hz, 1H), 3.44 (d] = 10.2

Hz, 1H), 2.91 (s, 1H), 2.69 (d,= 8.4 Hz, 1H), 1.81 (s, 3H), 1.51 (s, 3H), 1.29 (s, 3fQ;NMR

(400 MHz, CDC}): 173.5, 147.1, 145.1, 132.1, 128.5, 127.7, 123.8, 62.6, 58.4, 52.3, 51.2, 44.5,
42.9,41.7,29.7, 22.8, 19.8.

Difference NOE forl20a

<Selected NOE signals @P0a>

<Difference NOE chart af20a>

Irradiated (saturate) peak Enhanced peaks
3.18 ppm 7.26 ppm, 3.48 ppm, 2.80 ppm, 1.40 ppm
4.67 ppm 7.26 ppm, 2.80 ppm, 1.32 ppm
2.91 ppm 1.82 ppm, 1.40 ppm
3.48 ppm 7.26 ppm, 3.18 ppm, 1.32 ppm
1.32 ppm 7.26 ppm, 3.48 ppm, 2.80 ppm
1.82 ppm 4.67 ppm
2.80 ppm 3.48 ppm, 3.18 ppm, 1.40 ppm, 1.32 ppm
1.32 ppm 7.26 ppm, 4.67 ppm, 3.48 ppm, 2.80 ppm
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1.40 ppm 3.18 ppm, 2.91 ppm, 2.80 ppm

8.18 ppm 7.26 ppm

Difference NOE forl20b

<Selected NOE signals &20b >

<Difference NOE chart af20b >

Irradiated (saturate) peak Enhanced peaks
3.55 ppm 7.31 ppm, 3.44 ppm, 2.69 ppm
4.71 ppm 7.31 ppm, 1.81 ppm, 1.29 ppm
2.91 ppm 7.31 ppm, 1.81 ppm, 1.51 ppm,
3.44 ppm 7.31 ppm, 3.55 ppm, 2.69 ppm, 1.29 ppm
1.29 ppm 7.31 ppm, 4.71 ppm, 3.70 ppm, 3.44 ppm, 2.69 ppm, 1.51 ppm
1.81 ppm 4.71 ppm, 2.91 ppm
2.69 ppm 3.44 ppm, 3.70 ppm, 3.55 ppm, 1.51 ppm, 1.29 ppm
1.51 ppm 2.91 ppm, 2.69 ppm, 1.29 ppm
2.91 ppm 7.31 ppm, 1.81 ppm, 1.51 ppm,
8.15 ppm 7.31 ppm
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NaBH,, MeOH

0°Ctort, 2h,
47%

120a 122a

Monoepoxide 122a To a stirred solution af20a(4.2 mg, 0.012 mmol) in MeOH (0.4 mL)
was added NaBH2.7 mg, 0.071 mmol) in three portions &3 Then, the reaction mixture was
allowed to warm to rt and stirred for 30 min. After monitoring #&ction by TLC, NaBH (2.5
mg, 0.066 mmol) was again added in three portions at rt. The reatkture was concentrated
under vacuum. The residue was purified by preparative chromatog@gine 1.8 mg (47 %)
of 122aas pale yellow oil.

Rr: 0.21 (EtOAc/hexane, 1/3%4 NMR (600 MHz, CDCJ): & 8.13 (d,J = 8.4 Hz, 2H), 7.30 (d]

= 7.8 Hz, 2H), 4.70 (s, 1H), 3.76 (m, 1H), 3.69 (m, 1H), 3.08 &19.6 Hz, 1H), 2.89 (m, 1H),
2.29 (d,J=8.4 Hz, 1H), 1.81 (s, 3H), 1.45 (s, 3H), 1.26 (s, 3H).

(R)MTPA-CI, DMAP

py. CH2C|2, rt, 6 h,
43 %

122a 123a

(S)-Mosher ester 123a. To a solution of monoepoxidé22a (1.8 mg, 0.006 mmol) in
CH.Cl, (0.5 mL) was added DMAP (3.2 mg, 0.026 mmol) and pyridin@l2.8.030 mmol) at

rt. After (R)-MTPA-CI (4uL, 0.021 mmol)) was added in a one portion, the reaction mixture
was stirred for 6 h at rt. The reaction mixture was fitleom a Celit® and then, the reaction
mixture was concentrated under vacuum. The residue was purified byargirep

chromatography to give 1.3 mg (43 %)1@&3aas pale yellow oil.
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R 0.59 (EtOAc/n-hexane, 1/34 NMR (600 MHz, CDCY): § 8.09 (d,J = 8.4 Hz, 2H), 7.46 (d,
J = 7.2 Hz, 2H), 7.34-7.40 (m, 3H), 7.18 (= 9.0 Hz, 2H), 4.66 (s, 1H), 4.50 (dii= 8.4 Hz,
4.8 Hz, 1H), 4.25 (dd] = 7.8 Hz, 4.2 Hz, 1H), 3.48 (s, 3H), 3.05 (m, 1H), 2.99)(d,4.2 Hz,
1H), 2.85 (s, 3H), 2.17 (d,= 7.8 Hz, 1H), 1.81 (s, 3H), 1.40 (s, 3H), 1.36 (s, 3H).

NaBH,, MeOH
0°Ctort, 2h,
26 %
120b
Alcohol 124b from NaBH;. To a stirred solution of monoepoxid0b (3.2 mg, 0.01

mmol) in MeOH (0.5 mL) was added NaBK.0 mg, 0.053 mmol) in three portions afQ@.
Then, the reaction mixture was allowed to warm to rt and dtioe 30 min. After monitoring

the reaction by TLC, NaBH6.0 mg, 0.159 mmol) was again added in three portions at rt during
1.5 h. The reaction mixture was concentrated under vacuum. The residupuvifzed by
preparative chromatography to give 1.1 mg (26 %d)2#fb as pale yellow oil.

Rr: 0.19 (EtOAc/hexane, 1/3%4 NMR (600 MHz, CDCJ): & 8.15 (d,J = 9.0 Hz, 2H), 7.23 (d]

= 9.0 Hz, 2H), 4.75 (s, 1H), 3.68 (s, 3H), 3.59J¢; 10.2 Hz, 1H), 2.82 (1 = 10.2 Hz, 1H),
2.52 (t,J =10.2 Hz, 1H), 2.30 (dl = 18.0 Hz, 1H), 2.05 (d] = 18.0 Hz, 1H), 1.64 (s, 3H), 1.41

(s, 3H), 1.26 (s, 3H).

LiAlH,, THF

0° tort,2.5h
35 %
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Diol 125b from LiAIH 4. To a solution of monoepoxide20b (2.2 mg, 0.007 mmol) in dry
THF (0.6 mL) was added LiALIH(0.94 mg, 0.02 mmol) at 8C. The reaction mixture was
stirred for 2.5 h at rt, and quenched with EtOAc followed by 50% ague@otassium sodium
tartrate. The resulting solution was allowed to warm to rt arghegwith CHCI,. The organic
layers were concentrated under vacuum. The residue was purified rdparative
chromatography to give 0.6 mg (35 %)1@5bas pale yellow oil.

Rr: 0.10 (EtOAc/n-hexane, 1/3H NMR (600 MHz, CDCJ): § 8.15 (d,J = 9.0 Hz, 2H), 7.23 (d,
J=9.0 Hz, 2H), 4.75 (s, 1H), 3.68 (s, 3H), 3.59Jd 10.2 Hz, 1H), 2.82 (ddl = 9.9 Hz, 9.6
Hz, 1H), 2.52 (dJ = 10.2 Hz, 1H), 2.30 (dl = 18.0 Hz, 1H), 2.05 (dl = 18.0 Hz, 1H), 1.64 (s,
3H), 1.41 (s, 3H), 1.26 (s, 3H).

AIH(Bu-i),

CH,Cly, -78 °C
47 %

120b

Diol 125bfrom DIBAL-H. To a solution of monoepoxid20b (1.8 mg, 0.006 mmol) in dry
CH.Cl, (0.6 mL) was added DIBAL-H (1.0M of n-hexane, 40) at -78 °C. The reaction
mixture was stirred for 1.5 h at -?&, and quenched with EtOAc followed by 50% aqueous
potassium sodium tartrate. The resulting solution was allowed tm wart and washed with
CH.CI,. The organic layers were concentrated under vacuum. The residue mfeed day
preparative chromatography to give 0.8 mg (47 %d)2%bas pale yellow oil.

Rr: 0.10 (EtOAc/n-hexane, 1/34 NMR (600 MHz, CDCJ): & 8.15 (d,J = 9.0 Hz, 2H), 7.23 (d,
J=9.0 Hz, 2H), 4.75 (s, 1H), 3.68 (s, 3H), 3.59Jd 10.2 Hz, 1H), 2.82 (ddl = 9.9 Hz, 9.6
Hz, 1H), 2.52 (dyJ = 10.2 Hz, 1H), 2.30 (dl = 18.0 Hz, 1H), 2.05 (d] = 18.0 Hz, 1H), 1.64 (s,
3H), 1.41 (s, 3H), 1.26 (s, 3H).
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Pd(PPhg)4, CsF, Cul(l),
DMF, 45 °C, dark, 72 %

Endo 128 and Exo 129. To a solution of iododien&30 (62 mg, 0.22 mmol) and vinyl
stannanell (84mg, 0.23 mmol) in anhydrous DMF (4.0 mL) were added CsF (67 mg, 0.42
mmol), Cul (8 mg, 0.04 mmol) at rt under degassing with a strean @ffter adding Pd(PP)

(27 mg, 0.02 mmol), the reaction flask was immediately wrapped ahtminum foil and
continued degassing for further 5 min. The reaction mixture tirasdsfor 3 h at 45C, allowed

to cool to rt, and then diluted with EtOAc (30 mL). The organic |layes washed with saturated
NH,4CI solution (3 x 20 mL). The combinexd). layers were extracted with EtOAc (3 x 30 mL),
dried over MgS@ and concentrated under vacuum. The residue was purified by
chromatography on silica gel (EtOA&ehhiexane, 1:8) to provide 57 mg (72 %) of separable
mixture of128and129in a ratio of 3 : 5 as pale yellow oll.

Endo 128

R:: 0.5 (EtO/ n-pentane, 1/8}H NMR (600 MHz, CDCY): § 8.14 (d,J = 9.0 Hz, 2H), 7. 53 (d,

J = 9.0 Hz, 2H), 5.63 (s, 1H), 5.17 (s, 1H), 4.15q, 6.6 Hz, 2H), 4.01 (s, 1H), 3.92 (m, 1H),
2.97 (s, 1H), 1.75 (s, 3H), 1.73 (s, 3H), 1.370 &,6.6 Hz, 3H), 1.28 (s, 3H), 1.26 (s, 3H).

Exo 129

R 0.45 (E$0/ n-pentane, 1/8)H NMR (600 MHz, CDCJ): § 8.15 (d,J = 9.0 Hz, 2H), 7. 42 (d,

J = 9.0 Hz, 2H), 5.50 (s, 1H), 5.15 (s, 1H), 4.54 (s, 1H), 4.13 &7.3 Hz, 2H), 2.69 (s, 1H),
1.75 (s, 3H), 1.70 (s, 3H), 1.37 (s, 3H), 1.28 &,7.3 Hz, 3H), 1.10 (s, 3H).
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* !4 spectrum ofl28and129were in agreement with refererfte.

O,N
_CO,Et
—
\\\ Z oo
>_L\O
O=N 112
COLEL TBAHS, DMM, ACN, 131a
N2 Buffer sol
+
—=H ag. K,CO3, Oxone

N O,N

>\I 0°C, 1h,80 %
12 ‘
? H

S

131b

Monoepoxides 131a and 131b. To a solution of ex@29 (3.0 mg, 0.008 mmol), cataly$i2
(2.1 mg, 0.004 mmol), and TBAHS (0.3 mg, 0.001 mmol) in DMM (itEp) ACN (100 L),

and buffer solution (0.05 M NB4O;.10H:0 in 4 x 10 M Na-EDTA, 170uL) were added a
solution of Oxon@ (2.6 mg, 0.008 mmol) in ag. BEDTA (4 x10* M, 170uL) and a solution of
K2CGOs (12.4 mg, 0.091 mmol) in water (17Q) separately at the same time at 0 °C over 30
min. The reaction mixture was quenched wig©Hextracted wit-pentane, washed with brine,
dried over MgSQ@ filtered, concentrated, and purified by preparative chromatography to give 2.5
mg (80 %) of separablaixture of131laand131bin aratio of 1 : 1 as pale yellow oil.

The slower moving isomer

R:: 0.41 (EtOAc/n-hexane, 1/6}H NMR (600 MHz, CDCJ): § 8.20 (d,J = 9.0 Hz, 2H), 7.48 (d,
J=9.0 Hz, 2H), 5.38 (s, 1H), 4.15 (m, 2H), 3.83 (s, 1H), 3.00 (s, 1H), 2.77 (s, 1H), 1388,(s,
1.60 (s, 3H), 1.30 (t, 3H,= 7.8 Hz), 1.25 (s, 3H), 1.16 (s, 3H).

The faster moving isomer

Rr: 0.46 (EtOAc/n-hexane, 1/6}H NMR (600 MHz, CDGJ):  8.16 (d,J = 9.0 Hz, 2H), 7.42 (d,
J=12.0 Hz, 2H), 5.54 (s, 1H), 4.20 @ 14.1 Hz, 6.6 Hz, 2H,), 3.69 (s, 1H), 3.04 (s, 1H), 2.91

b Parker, K. A.; Lim, Y. HOrg Lett2004 6, 161.
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(t, J = 18.0 Hz, 1H), 1.95 (d} = 1.2 Hz, 3H), 1.48 (s, 3H), 1.37 (s, 3H), 1.31 (s, 3H), 1.2B4{,
7.2 Hz, 3H), 1.25 (s, 3H).

112

TBAHS, DMM, ACN,
Buffer sol

ag. Ko,CO3, Oxone
0°, 1h,73%

Monoepoxide 132. To a solution of end@28 (3.2 mg, 0.009 mmol), cataly$i2 (1.2 mg,
0.005 mmol), and TBAHS (0.35 mg, 0.001 mmol) in DMM (0.5 mL), ACN (0.2 mL),karfter
solution (0.05 M NgB407.10H,0 in 4 x 10" M Nax-EDTA, 0.25 mL) were added a solution of
Oxoné (180pL, 0.009 mmol) in aq. N&EDTA (4 x10* M, 0.25 mL) and a solution of KOs
(13.2 mg, 0.097 mmol) in water (0.25 mL) separately at the sametithéC over 40 min. The
reaction mixture was quenched with@® extracted withn-pentane, washed with brine, dried
over MgSQ, filtered, concentrated, and purified by preparative chromatogrtapgive 2.4 mg
(73 %) of132as pale yellow oil.

Rr: 0.46 (EtOAc/hexane, 1/6% NMR (600 MHz, CDCY): & 8.16 (d,J = 9.0 Hz, 2H), 7.42 (d]
=12.0 Hz, 2H), 5.54 (s, 1H), 4.20 @= 14.1 Hz, 6.6 Hz, 2H), 3.69 (s, 1H), 3.04 (s, 1H), 2.91
(s, 1H), 1.95 (dJ = 1.2 Hz, 3H), 1.48 (s, 3H), 1.37 (s, 3H), 1.31 (s, 3H), 1.2B<t7.2 Hz, 3H),
1.25 (s, 3H).

CO,Me
= mCPBA
CH2C|2, rt

.||H
: 44 %

120a 133a 133b

Bisepoxides 133a and 133b. To a stirred solution of monoepoxitiz0a (5.4 mg, 0.016
mmol) in CHCI, (0.4 mL), mCPBA (70% assay, 3.8 mg, 0.016 mmol) inCIK(0.25 mL) was
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added at rt. After the reaction was completed by monitorinG,Tthe reaction mixture was
guenched with EtOAc, satd. NaHG,CGand NaS,0;. The organic solution was extracted with
satd. NaHCG@ satd. NHCI, and brine. The organic layers were dried over Mg3$idered, and
concentrated under vacuum. The residue was purified by prepatatboreatography to give 2.5
mg (44 %) of separable mixture b83aand133bas pale yellow oil.

The faster moving isomer

Rr: 0.26 (EtOAc/hexane, 1/3%4 NMR (600 MHz, CDCJ): & 8.20 (d,J = 8.4 Hz, 2H), 7.45 (d]

= 9.0 Hz, 2H), 3.72 (s, 3H), 3.57 (@= 8.4 Hz, 1H,), 3.56 (s, 1H), 3.11 (s, 1H), 2.73Xd, 7.8
Hz, 1H), 2.50 (s, 1H), 1.43 (s, 3H), 1.29 (s, 3H).

The slower moving isomer

R:: 0.11 (EtOAc/hexane, 1/6)H NMR (600 MHz, CDCY): & 8.23 (d,J = 8.4 Hz, 2H), 7.33 (d]

= 9.0 Hz, 2H), 3.74 (s, 3H), 3.66 @@= 10.8 Hz, 1H), 3.05 (] = 9.9 Hz, 1H), 3.03 (s, 1H), 2.61
(d,J=10.2 Hz, 1H), 2.09 (s, 1H), 1.43 (s, 3H), 1.40 (s, 3H), 1.36 (s, 3H).

\\COzME

mCPBA .
" H CH2C|2, rt
ol 34 %
o :
120b 134a 134b

Bisepoxides 134a and 134b. To a stirred solution of monoepoxid20b (3.0 mg, 0.009
mmol) in CHCI, (0.2 mL), mCPBA (70% assay, 8.4 mg, 0.036 mmol) inCIK(0.15 mL)was
added at rt. After the reaction was completed by monitoring TLC, the reactiamenixas
guenched with EtOAc, satd. NaHg@nd NaS,0s. The organic solution was extracted with
satd. NaHC@ satd. NHCI, and brine. The organic layers were dried over Mg$(ered, and
concentrated under vacuum. The residue was purified by preparative chropiaydgrgive 1.1
mg (34 %) ofl34aand134bas pale yellow oil.

The faster moving isomer
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R:: 0.26 (EtOAc/hexane, 1/3% NMR (600 MHz, CDCY): § 8.20 (d,J = 8.4 Hz, 2H,), 7.48 (d,
J=9.0 Hz, 2H), 3.73 (s, 3H), 3.58 @@= 3.6 Hz, 1H), 3.57 (] = 8.4 Hz, 3.6 Hz, 1H), 3.17
(s,1H), 2.44 (dJ = 7.2 Hz, 1H), 2.03 (s, 1H), 1.41 (s, 3H), (s, 3H), 1.35 (s, 3H).
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Chapter I

Aspartate-Catalyzed
Asymmetric Epoxidation
Towards Preparation
of Chiral SNF Analogs

126



3.1. Introduction

3.1.1. Background

Method development for the preparation of enantiomerically pure epoxides is one ofthe m
important fields of asymmetric catalysiCurrent methodology for the catalytic asymmetric
epoxidation of olefins heavily depends on the use of chiral metal esa®br on the use of
organocatalysts such as chiral ketohédternative methods to prepare enantiomerically pure
epoxides are the addition of chiral sulfur ylides to aldeh§des,the peptide-catalyzed
asymmetric epoxidation of enones (Julia-Colonna epoxidation).

Since 2000, the Miller group has investigated highly enantioselecgaaocatalysts which
result from the combination of short oligopeptides with catalyticattive functional group%’

A notable result was the development of acyl-transfer reactioats @émploy nucleophilic
catalysis by N-methyl histidinésMore recently, Miller and co-workers further expanded the
role of peptide catalysts towards preparation of enantiomerigaty epoxides. The method is

based on the generation of a percarboxylic acid from a carboxylic agide€R9)°

H,O
+
carbodiimide urea

R N g
COH = VRN COH
A p—

Figure 30. Epoxidation catalysis by an acid and peracid pair.

In the early stage of their study, Miller and co-workers eygulN-Boc-protected-aspartate
benzyl esterl35 to establish optimal conditions for epoxidation catalysis based onplault
carboxylic acid—peracid interconversiofisA combination of aqueous hydrogen peroxide,
diisopropylcarbodiimide (DIC), and dimethylaminopyridine (DMAP) oaffled almost 15

turnovers. The resulting epoxid@7 from 1-phenylcyclohexen&36 under the given conditions
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was racemic, indicating that the per-aspartate derived &8/in itself did not affect any
significant asymmetric induction (Scheme 60). However, a contymrerent established that

the epoxidation actually proceeded through the acid/peracid pair as intended.

Boc-HN.__CO,-Bn

HOzc/ 5 mol%

Ph 135 Ph
T (To
2.5 equiv ag. H,0,, (30 %)

136 2.0 equiv DIC, 10 mol% DMAP 137
CH2C|2, r, 2 h.

74 % (rac)
Scheme 60Epoxidation ofL36 with per-aspartate derived froh35
Based on the previous result that hydrogen bonding between substrateataysts
improved selectivity, Miller and co-workers introduced tripeptid&alyst138 whichwas known
to adopts-turn-type structures that support enantioselectivity for otherepsas. However,

while olefin 136 was a substrate for catalytic epoxidation wi8 the corresponding epoxide
137was formed with 10 %ee (Scheme 61).

O
N
o .
HOZC\I

NHBoc
Ph 10 mol% 138 Ph
g °
2.5 equiv ag. H,0, (30 %)
136 2.0 equiv DIC, 10 mol% DMAP 137

CH,Cl,
73 %, 10 % ee

Scheme 61Epoxidation ofL36 with the tripeptide cataly4i38.

Presumably, a relatively weak hydrogen bond between per-aspartatzldesm138andolefin

136in the transition state results in poor stereoselectivity.
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3.1.2. Investigation of carbamate substrates to the epoxidation

Various kinds of carbamate moieties, which can improve hydrogen bdityg afocatalyst

138 were introduced

in olefin substrates.

Good epoxide vyields and

renerkabl

enantioselectivities were achieved with this type of substf@ee Scheme 62.) Interestingly, for

substratesl39, lower reaction temperatures generally led to increased eselattivity and

additional improvements resulted from the use of hydrogen peroxidedlaméhrathe (UHP)

instead of aqueous,B; (epoxidel40g).

138

(10 mol%)

0
R-HNJ\O
139

CH,Cl,

o)
Ph-HNJ\O P-F-CeHg-HN

140a O)O

H,0,, 5 h/ rt: 80 %, 76 % ee
H,0,, 78 h/-10 °C: 97 %, 89 % ee
UHP, 33 h/4 °C: 76 %, 92 % ee

NH-Ph

99 %, 8 % ee
140d

2.5 equiv ag. H,0, (30%)
2.0 equiv DIC, 10 mol% DMAP

@)
)J\O

83 %, 89 % ee
140b

95 %, 86 % ee
140e

(0]
R-HN™ O

“o

140

X
p-MeO-CgH,-HN™ O

77 %, 89 % ee
140c

Ph-HN (0]

Me —
e
Me

99 %, 89 % ee
140f

Scheme 62Asymmetric epoxidation of olefins in the presence of catalyat

It also revealed that the pendant phenyl carbamate rendered thdadpoxof a cyclopentene

and a butene derivative enantioselective (epoxit¥8e and 140f). Para-fluoro- or para-

methoxy-substituted phenyl rings did not lead to a significantgeham the efficiency of the
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reaction (epoxide$40b and1409. In contrast, elongation of the tether by only one methylene
group was deleterious for stereoselectivity. For the epdde, only 8 %ee was observed.

The need for a tethered carbamate and the high sensitivity eh#éimioselectivity to the
distance between the hydrogen-bonding moiety and the double bond to be edgxailits to
hydrogen bonding as the crucial feature of catalyst—substrateactder. A number of
arrangements can be expected in which the carbamate tether sfilitigate may act as a
hydrogen-bond donor or acceptor with the amide functional group of ifheptide 138
Currently, there are no data available that might indicateear gbreference for possible
arrangements. However, a hypothetical hydrogen-bonded transities gr@posed by Miller
and co-workers shows that the carbamate group of the substrate adrydhegen bond donor

and the proline carboxamide group of per-aspartate is the acceptor (Figure 30)

Transition state A

Figure 31.Hypothetical transition state A: The peptide-catalyzed epoxidation ciroaitie-

tethered olefin.

According to Miller, alternative arrangements may be expedte which intermolecular
hydrogen bonding involves the peracid moiety. Transition state B and ¢asistent with the
“Henbest effect” that is the cis selectivity in the hydrakyected epoxidation of cyclic allylic
alcohols with peracids (Figure 31).
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Peptide

Q 0=

_ /H _.-Ho /O
P -H g //g Jat
O%\ o / / ‘\\ PhHN o) /// \\\
Transition state B Transition state C

Figure 32.Hypothetical transition state B and C: Intermolecular hydrogen bonding iaviojve

the peracid moiety.

Although the experimental evaluation of the modes of asymmetrictindus revealed yet, the
limiting cases in transition states stress that the tethercessary to generate stereoselectivity in

the epoxidation of substrates in terms of hydrogen bonding.

3.1.3. Optimization of a tripeptide-based chiral catalyst

Further investigation of the Asp-catalyzed epoxidations done bwliller group was
focused on the optimization of a peptide-based chiral catalmt.the functional evaluation of
the Pro-d-Val amide, Miller and co-workers prepared alkédg and fluoroalkenel42 by
replacement of the amide 38 (Figure 32). Different hydrogen bond donor and acceptor
strength between the catalysts and substrate plays a critieain the formation of chiral

epoxide.

Figure 33. Structures ofl41and142 Peptidomimetic catalyst analogsi#8.
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Under the given reaction conditions, epoxidatiod3awas performed in the presence of

catalyst analogg,41and142(Scheme 63}

Ji§ X
PhHN" O Catalysts, 10 mol% PhHN" O
2.5 equiv ag. H,0, (30%) o)
2.0 equiv DIC, 10 mol% DMAP
CH,Cl,
139a 140a
Catalysts ee (e.r.) Cosiger
138 81(9.5:1) %3
141 16 (1.4 : 1) 98
142 52 (3.2:1) @8

Scheme 63Experimental evaluation of the proline carboxamide grou3&

Relatively low selectivities were observed withl and142 even though conversion ratio was
much higher than the case 188 Probably, the significantly different stereoselectivity can be
resulted from different strength of hydrogen bonding between the debatrd the catalysts.
Therefore, it is reasonable that the amide moiety between peolthealine residue is required
to asymmetric epoxidation.

Catalystl43was designed and synthesiZenly olefinic replacement of the C-terminal amide
in 138 (Figure 33). In general, intramolecular hydrogen bonding in the Asp/BIrsequence is

well known to maintain 8-turn structure.
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O\(O
| HN L
-0

2 4

o=

OH Ph

143

BocHN

Figure 34. Structure ofL43 Olefinic replacement of the C-terminal amidelB8.

Under the given reaction conditions, epoxidatiori®®awas performed in the presence of the
143"

Ji§ X
R-HN™ O 143(10 mol%) PhHN™ ~O
2.5 equiv ag. H,0, (30%) o)
2.0 equiv DIC, 10 mol% DMAP
139a ™ 140a
Catalyst ee (e.r.) Conians
138 81(9.5:1) &3
143 16 (1.4 : 1) 98

Scheme 64Experimental evaluation of the C-terminal amid&3&

As expected, due to the inevitable removal of fheirn structure, catalyst43 led to poor
selectivity (Scheme 64). This result strongly suggests an inmpdetactional role for the amide
residue in the Asp-catalyzed epoxidations.

In addition to hydrogen bonding in the structure—function relationskies,NHBoc
functionality is considered important enough to be evaluated. TherefordHiBec group was
replaced with a methyl group in compoub## (Figure 34):
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Figure 35. Structure ofL44 Methyl replacement of the NHBoc groupli@8.

Under a common set of reaction conditions, epoxidatioh3®a with 144 afforded 88 %ee,
which is slightly higher compared 38 (Scheme 65)° The NHBoc group might not be
required to generate hydrogen bonding interaction with the subdttatetheless, due to the

significantly reduced conversion ratib}4 cannot be compatible witt38.

0] O

PhHN™ ~O 14410 mol%) PhHN™ ~O
2.5 equiv ag. H,0, (30%) o
2.0 equiv DIC, 10 mol% DMAP
CH,CI
139a 2z 140a
Catalyst ee (e.r.) Coniars
138 81(9.5:1) %3
144 88 (15.4 : 1) 26 %

Scheme 65Experimental evaluation of the NHBoc functionalityli®8

Based on thorough investigation of enantioselective epoxidations of olefirategostith tri-
peptide catalysts done by Miller group, we think that the tripeptdalyst138 can afford high
regio- and stereoselectivity for the preparation of a monoeposuthstrate that will be a

precursor of chiral SNF analog.
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3.2. Result and Discussion

Catalystl38was prepared, following Miller's procedut®Boc-D-Val-OH 145 and R)-(+)-
a-methylbenzylaminel46 was coupled with the presence of HOBt and EDC to affetd
Deprotection of the Boc group 7 by HCI followed by treatment with HOBt and EDC for
coupling Boc-Pro-OH148 produced Boc-protected dipeptide49. The benzyl protected
tripeptide 150 was obtained by treatment 4#49 with HCI, followed by HOBt and EDC-
mediated coupling with the protected aspari@& Finally, deprotection of the benzyl group in
tripeptide150provided thedesired catalyst38(Scheme 66).

HoN BocHN—,
\/ G _\FO
o EDC, HOBt ANG
+
BOCHN/Y CH2CI2, rt
OH
145 146
147
O_{"\] 1. HClI, dioxane
_ Boc —>:o 2. EDC, HOB, EtzN
1. HCI, dioxane CH,Cly, rt
2. EDC, HOBt, EtgN BocHN.__CO,H
148 (Boc-Pro-0OH), :
149 E
CH2C|2 BnOzC
135
O \/ o \_/

A0
N
Hy, Pd/C O)LH/:,\T
o)
BnO,C THF, it HOZC\I
NHBoc

NHBoc

138

Scheme 66Preparation of cataly438
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The racemic bicyclo[4.2.0]octadied®1 was produced by coupling between carboxylic déd
and aniline in the presence of DCC and DMAP (Scheme 67).

O,N

Aniline, DCC, DMAP

CH,Cly, rt, overnight
47 %

Scheme 67Preparation of bicyclooctadied®&l

Under a common set of reaction conditions, bicyclooctadi®&iavas treated with cataly4t38
(Scheme 68).

138 (10 mol%)

2.5 equiv ag. H,0, (30%)
2.0 equiv DIC, 10 mol% DMAP
CH,Cl,

151

Scheme 68.Synthetic attempt to afford monoepoxiti&? via the Asp-catalyzed epoxidation.

This reaction produced an inseparable mixture, observed thl BWMR of the crude
product, and it was not clear that monoepoxi8@ was produced. According to Miller, good
epoxide yields and enantioselectivities can be only achievdd substrates which have both
allylic alcohol moiety and carbamate tether. In addition, the hypo#heransition state A
shown in Figure 30 reveals that optimized coordination between bicydemmtal51 and
catalyst 138 is very important toproduce the corresponding chiral epoxide. Therefore,
investigation of a suitable bicyclo[4.2.0]octadiene substrate is seageso apply the Asp-
catalyzed epoxidation.
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3.4. Experimental section

The tripeptidel38was prepared according to Miller's proced(re.

H,N BocHN—‘\/:
\/ BTN o
. EDC, HOBt ANG
+ o
BocHN/\I// CH,Cly, 1t
OH
145 146
147
O
N HN s 1. HCI, dioxane
Boc ‘>:O 2. EDC, HOBt, Et3zN
1. CF3COOH, CH,Cl, HN CH,Cly, rt
anl
2. EDC, HOBL, EtzN BocHN.__COH
148 (Boc-Pro-0H), H
149
135
(22 % for 5 steps)
o N

Benzyl ester 150. Boc-D-Val-OH145 (1.08 g, 5.0 mmol), HOBt (841 mg, 5.5 mmol) and
EDC (1.05 g, 5.5 mmol) were suspended in driedc@H (25 mL, 0.2 M) and R)-(+)-a-
methylbenzylaminel46 (0.65 mL, 5.5 mmol) was added via syringe in one portion. The
resulting clear, colorless solution was stirred at rt overnighé feaction mixture was then
diluted with 300 mL EtOAc, transferred to a separatory funnel antdesglasith 100 mL of a 0.5

M aqueous solution of citric acid and 100 mL of a saturated aqueous sospeinBlaHCQ.

" Peris, G.; Jakobsche, C. E.; Miller, SJAm Chem Sd2007, 129, 8710.
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The organic phase was dried over MgsSfitered and concentrated under reduced pressure to
afford the resulting crude mixtuded7 (1.55 g, 4.8 mmol). To a solution of the mixture (1.55 g,
4.8 mmol) in dried CELCl; trifluoroacetic acid (8.0 mL) was added and stirred at rt for Tline.
excess reagent and solvent was removed under vacuum. The resuftimige mias neutralized
by 2N KOH, extracted with Cil, (5 x 50 mL), and dried over MgSQQfiltered and
concentrated under reduced pressure to afford sticky oil (670 md)eTedulting crude mixture
were added Boc-Pro-O#48(1.13 g, 5.25 mmol), HOBt (841 mg, 5.5 mmol) and EDC (1.05 g,
5.5 mmol). This was suspended in dried,CH (25 mL, 0.2 M), and allowed to stir at rt for 5
minutes. To the resulting solution, distilled Et3N (0.77 mL, 5.5 mmol)syasged in, and the
resulting solution was allowed to stir at rt overnight. The workpupcedure was followed
identical to that described above to yi@éi9. And, Boc removal was followed identical to that
described above. To a solution of the Boc deprotected residue (456 dngdrCHCl, (15 mL,

0.2 M), Boc-Asp(OBn)-OHL35 (680 mg, 2.2 mmol), HOBt (460 mg, 3.0 mmol) and EDC (520
mg, 2.7 mmol) were added into the reaction flask and allowed tatstiffor 5 minutes. To the
resulting solution, distilled BN (0.4 mL, 2.9 mmol) was syringed in, and the resulting solution
was allowed to stir at rt overnight. The work up procedure wasitaéid that described above.
The resulting residue was purified by flash column chromatogrépi3y hexanes:acetone) to
yield 675 mg (22 % for 5 steps) D50 as white solid.

Rr: 0.18 (Acetone/ n-Hexane, 3/7H NMR: (400 MHz, CDCJ) § 7.34-7.23 (m, 8H), 7.16 (m,
1H), 6.78 (dd,) = 8.0 Hz, 2H), 5.10-5.02 (m, 4H), 4.71 (m, 1H), 4.46-4.44 (m, 1H), 4.15=(t,
7.3 Hz, 1H), 3.67-3.58 (m, 2H), 2.73 (dbF 16.1 Hz, 7.3 Hz, 1H), 2.43 (dd,= 16.1 Hz, 5.1
Hz, 1H), 2.28-2.22 (m, 2H), 2.02-1.91 (m, 3H), 1.44)d,6.8 Hz, 3H), 1.39 (s, 9H), 0.88 (,

= 6.8 Hz, 3H), 0.84 (dJ = 6.8 Hz, 3H).**C NMR: (100 MHz, CDGJ) & 171.8, 171.1, 171.0,
170.2, 155.1, 143.4, 135.4, 128.8, 128.7, 128.4, 127.4, 126.4, 80.6, 67.1, 61.1, 59.5, 48.8, 47.7,
37.3,29.4,28.8, 28.5, 28.4, 25.0, 21.7, 19.4, 17.9.

ov_ o~/

0O
HN Hz, Pd/C N g HN— "
BnOzc\I gj THF, 1t, 84 % HOzcj gj

NHBoc NHBoc

138
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Acid 138. Benzyl estet50(619 mg, 1.0 mmol) was dissolved in THF (5.0 mL, 0.2 M), and
the resulting solution was flushed with dry Ar for 5 minutes. Then, Rtharcoal (10% wt, 130
mg) added in and azjballoon placed on the reaction flask. The resulting suspension wad stirr
at rt for 18 hours. The suspension was diluted with 120 mL of Et@Adikered through celite.
The filtrate was concentrated under reduced pressure to afford g824n%0) of138 as white
solid.

R:: 0.07 (Acetone/ n-Hexane, 3/7H: (400 MHz, CDC}) § 7.30-7.03 (m, 9H), 5.19 (d,= 9.4

Hz, 1H), 5.04 (m, 1H), 4.83 (m, 1H), 4.59 (m, 1H), 4.04 &, 8.4 Hz, 1H), 3.73-3.70 (m, 3H),
2.81 (dd,J = 15.7 Hz, 8.8 Hz, 1H), 2.62 (dd= 15.7 Hz, 5.1 Hz, 1H), 2.22-2.10 (m, 1H), 2.08-
1.80 (m, 4H), 1.43 (d] = 6.8 Hz, 3H), 1.40 (s, 9H), 0.82 (@= 6.8 Hz, 3H), 0.77 (d] = 6.4 Hz,
3H). *C NMR: (100 MHz, CDGJ) § 172.3, 171.6, 155.1, 142.9, 128.8, 127.6, 126.4, 80.5, 60.6,
60.0, 47.8, 38.0, 30, 28.5, 28.4, 24.7, 21.8, 19.6, 18.4.

O,N

Aniline, DCC, DMAP

CH,Cl,, rt, overnight
47 %

151

Bicyclooctadiene 151.  To a solution of acidl6 (12.3 mg, 0.04 mmol) and aniline (7.5 mg,
0.08 mmol) in dry CKECI, (7.5 mL) was slowly added DCC (9.5 mg, 0.05 mmol) and DMAP
(1.2 mg, 0.01 mmol) in dry Ci&l, (1.5 mL) at 0°C under Ar atmosphere. The reaction mixture
was allowed to warm to rt. After stirring for further 15 h, tkaction mixture was filtered on a
Celite® and the filtrate was concentrated under vacuum. The residue wasedpbsjfsilica gel
column chromatography (EtOAehexane, 1:5) to provide 7.2 mg (47 %)1&fl as yellow solid.

R:: 0.53 (EtOAc/n-Hexane, 1/2JH NMR (400 MHz, CDCJ): & 8.17 (d,J = 8.8 Hz, 2H), 7.94
(dd,J =5.2 Hz, 2.8 Hz, 1H), 7.77 (dd,= 5.2 Hz, 2.8 Hz, 1H), 7.49-7.00 (m, 5H), 5.49 (s, 1H),
4.49 (s, 1H), 3.87 (dl = 10.4 Hz, 1H), 3.36 (1 = 9.2 Hz, 1H), 2.83 (d] = 8.4 Hz, 1H), 1.80 (s,
3H), 1.65 (s, 3H), 1.25 (s, 3H)°C NMR (100 MHz, CDGJ): § 170.6, 145.7, 140.8, 134.4,
133.2,131.2,129.3, 128.5, 123.9, 119.9, 55.9, 49.5, 46.2, 44.5, 34.6, 22.2.
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Chapter IV

Stereochemical Control in &, 6n

Electrocyclizations by a Fused Ring:

Studies Toward Total Synthesis of
Bielschowskysin
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4.1. Introduction

4.1.1. Background

Bielschowskysin is a marine natural product isolated from thebl@an gorgonian
octocoral, Pseudopterogorgia kalfgslts skeleton is composed of the highly unprecedented
tricyclo[9.3.0.0]tetradecane ring framework. In addition, there alrge number of oxygen-

containing functional groups and 11 stereogenic centers on the ring (Figdre 35).

CHs
H3C o
3 S H
H 2 = 0 y
HQ -
Lo
‘OH
S\ H H o CH,
H O OAc

o}
bielschowskysin (153)

Figure 36. Structure of bielschowskysin.

Its biological properties include antimalarial activity agaiPlasmodium falciparum (4= 10
ng mLY) and potent and selective cytotoxicity against EKVX nonsmall kamger cells (Gb <
10 nm) and CAKI-1 renal cancer cells (&£ 510 nmy. Therefore, bielschowskysin is to be
ranked one of the most biologically and structurally interestingeta in terms of its complex
framework including both challenging stereochemistry and promising bialagtvity.

According to the biogenesis proposed by Rodriguée, tricyclo[9.3.0.0]tetradecane ring
might be derived from a currently recognized diterpene ringesystGeranylgeranyl
pyrophosphate (GGPPF)54 can be converted to the macrocyclic cembrd®s via C1-C14
cyclization. Double cyclization (C7-C11 ia55 and C6-C12 in156) would generate the
backbone of bielschowskyai&7 (Scheme 69).
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Ci1-C14 6

cyclization 7
1112
GGPP (154) cembrane (155)
C7-Cl1
cyclization
C6-C12 46
cyclization
117712
bielschowskyane (157) verrillane (156)

Scheme 69Proposed biogenesis to bielschowskyane skeleton.

4.1.2. Synthetic approaches toward total synthesis of bielschowskysin

Total synthesis of the highly intriguing natural product has foouséle construction of the
tricyclo[9.3.0.0]tetradecane ring framework. The first synthgtigreach was performed by the
Sulikowski group. Instead of following the proposed biogenesis described above,
intramolecular [2+2] photocycloaddition was adopted as a key gyrdte afford the highly
substituted cyclobutane in the tricyclo[9.3.0.0]tetradecane framewdr&. chiral esterl58
which was prepared from L-malic acid, served as a starting fiointhe synthesi&.The
stereoselective intramolecular [2+2] photocycloaddition of the fidéne-2(5H)-furanond 59
resulted in a single diastereom&60. This concise and stereocontrolled assembly of the
tetracyclic core was reported as a first effort towandal synthesis of the marine diterpene

compound (Scheme 70).
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hv

intramolecular [2+2]
photocycloaddition

Scheme 70Synthesis of enantiomeric tetracyclic cago.

A similar synthetic strategy was independently adopted by.dhe group. They prepared
allene-butenolidel62 as a key substrate from L-malic aclél The silylated162 cleanly
underwent a [2+2] cycloaddition to afford a single diastereomegrlwotoadduct,

tricyclo[3.3.0Joxoheptan&63(Scheme 715.

OH
HO

HO
161

hv

intramolecular [2+2]
photocycloaddition

Scheme 71Synthesis of tricyclo[3.3.0]oxoheptathé3

Recently, Nicolaou and co-workers reported the synthesis ofgldy hiunctionalized
tricyclo[9.3.0.0]tetradecane cof&7. Macrocyclic precursoi66 was prepared with two simple

building blocks 164 and 165 via a five-step enantioselective sequehdenally, the novel
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carbocyclic [9.3.0.0] core in bielschowskysin was constructed by aamiatecular [2+2]
photocycloaddition (Scheme 72). This expedient synthesis6dfcan be notable for cascade

sequences and efficiency.

g\@
164

hv

intramolecular [2+2]
photocycloaddition

166

Scheme 72Synthesis of the tricyclo[9.3.0.0]tetradecane dd@'e

Unlike the three approaches described above in Schemes 70, 71, andP@ikehstrategy
focused on the semihydrogenation of trienyne precut68rand &, 6n electrocyclizationto
afford a highly functionalized cyclobutane core in bielschowsky#incording to Parker,
bicyclo[4.2.0]octadiend 69 can be prepared byt86r double ring closure of (E,Z,Z,E)-tetraene
precursor(Scheme 733! Stereocontrolled /8 6r electrocyclization 0f168 might directly
control relative stereochemistry of the six substituents on theolutane ring in

bielschowskysin.
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H S { OAC
o bicyclo[4.2.0]octadiene
bielschowskysin (153) (169)

R3

R
NP Ry 2

~ — /\RST_>
| N/

Ry

trienyne (168) (E,Z,Z,E)tetraene cyclooctatriene

Scheme 73Retrosynthetic analysis proposed by Parker.

Parker and Zhao designed and synthesized 1,2-annulated td&@wmieich is a precursor to
the corresponding (E,Z,Z,E)-tetraene bearing the 1,2-dihydropyrgrriFor the cis-selective
semihydrogenation df70, zinc activated with copper (1) acetate and silver nitrade provided
as a reducing reagehitUnder the given conditiond,70 was converted to theorresponding
tetraene 171 followed by the double ring closure to bicyclooctadiehZ2 The 8, 6xn
electrocyclization of the tetraene intermediate was steegaically controlled to provide only
endo isomerl72 in which the 1,2-annulated tetrahydropyran was exo and thesagtituent
was endo to the bicyclo[4.2.0]octadiene ring (Scheme**7Zhe exo isomerl73 was not
observed based on proton NMR d&tahis exclusively endo-selectiver86r ring closure of
trienyne 170 provides correctly matched stereochemistry on the cyclobutamg for
bielschowskysin.
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|| Zn o 8m, 61
7N 50 %
r \_

172 (Endo) 173 (Exo)
(Not observed)

Scheme 74Endo selective® 6r electrocyclization of trienyn&70.

In spite of the high stereoselectivity, however, removal of tthyhgroup on the ring
junction of bicyclooctadieng&72would demand a lot of synthetic effort because bielschowskysin
possesses hydrogen at the same position. In addition, the modigédtone the cis-selective
semihydrogenation ancde86r electrocyclization sequence needs to be improved.
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4.2. Result and Discussion

The known 1,2-annulated enyh&7 was prepared following Zhao's syntheSissirst, 3,4-
(2H)-dihydropyranl74 was converted to aldehyd&’5 via the Vilsmeier reaction. Then, under
Corey-Fuchs reaction conditiond,75 was treated with tetrabromomethane (§Band
triphenylphosphine (PBhto form the dibromoalken&76, which was then converted into alkyne
177 (Scheme 75

o}
@ POCI3, DMF /EJ CBry, PPhg
0°Cto rt, 4 h, OHC CH2C|2, 0 OC,
72 % 15 min. 82 %
174 175
o}
Q n-BuLi, THF |
— Br
— 0°Ctort, 2h, Y 4
Br 68%
176 177

Scheme 75Preparation of enynk77.
lododienel79 was afforded from cinnamaldehyd&8 via the Stork-Zhao reaction (Scheme

76) 1 Despite the modest yield, this procedure was a good one for owspuspcause no (E,E)-

iododiene was observed based on in the proton NMR spectriid®.of

©/\/CHO PhgP"CHICH3l*, NaHMDS, w
|
THF, -20 °C to 1t, 30 %

178 179

Scheme 76Preparation of iododierter9.
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Enynel77 reacted smoothly with iododied&9to yield the desired 1,2-annulated trienyr8®

via Sonogashira coupling conditions (Scheme'77).

Pd(PPh3),, Cul(l),
diisoporpylamine

rt, 20 h, 57 %.

Scheme 77Preparation of 1,2-annulated trienyi&o.

Next, trienynel80 was stereoselectively reduced by activated zinc to ykeld,Z,E)-tetraene
intermediate 181 The 8, 6r double ring closure 0fl81 generated the corresponding
bicyclooctadiene under thermal conditions (Scheme®*®&ndo bicyclooctadiene 82 was
produced along with cyclooctatrie@83in a 2 : 3 ratio. The exo isom&84 was not observed in

the proton NMR spectra.

(0]
Activated Zn 8n 67
CH30H/H,0
44 %
N\
181

184
183 (Not observed)

Scheme 788, 6r electrocyclization of (E,Z,Z,E)-tetraei81
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The isolation 0fl83 was not expected. Cyclooctatrienes have not been detected in the
synthesis of SNF compounds or in the other natural products that ctir@aame framework.
Recently, Moses and co-workers reported thet8 electrocyclization of (E,Z,Z,E)-tetraed85
to the two diastereomeric mixture aB7 and 188 a putative precursors of pre-kingianin A
(Figure 36)*° Interestingly, the (E,Z,Z,E)-tetraeri5 did not isolated after the Stille cross-

coupling reaction between alkenyl bromide and alkenyl stannane.

Figure 37. Synthesis of bicyclooctadien&87and188.
Despite having no methyl groups on the (E,ZZE)-tetradi®s the corresponding

cyclooctatrienel86 was not detected aftern86r electrocyclization. Therefore we can not

attribute its isolation to the absence of methyl groups.
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4.3. Conclusion

In the progress of studies toward total synthesis of bielschowskysin, we ttatedrntfat the
tetraene substrate with 1,2-annulated fused rib§1 produced exclusively endo
bicyclo[4.2.0]octadiend82 in 8r, 6r electrocyclization along with cyclooctatriet83 Further
study suggests that the methyl group on the tetrd@bpromotes the®8 6rx double ring closure.
Nonetheless, the stereochemically controlled &t electrocyclization of the 1,2-annulated
tetrapyran substrats81 shows potential for the preparation of the highly substituted cyeobut
ring in bielschowskysin. This could lead to the construction of ribgcto[9.3.0.0]tetradecane

ring framework and eventually total synthesis of bielschowskysin.
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4.5. Experimental Section

The procedure of Hong Zhtwas followed to prepare enyd&7.

0
@ POCI5, DMF J/\j
0°Ctort, 4h, OHC
72%
174 175

Aldehyde 175. POC§ (4.2 mL, 45 mmol) was dissolved in dry DMF (85 mL) &X@under
Ar. The reaction mixture was agitated for 0.5 h and added dropvaseawnula to a precooled
solution of 3, 4-dihydro-2H-pyrah74 (3.0 mL, 33 mmol) in dry DMF (30 mL) at® under Ar.
The resulting solution was allowed to warm to rt, then stirredudher 4 h. After quenching
with cautious addition of saturated aqueous NaklGQier ice-bath, the resulting solution was
extracted with BO, dried over MgS@ and concentrated under vacuum. The residue was
purified by silica gel chromatography (EtOAciexane, 1:5) to provide 2.98 g (72 %)136 as
colorless liquid.

Rr: 0.21 (EtOAch-hexane, 1/5)'H NMR (400 MHz, CDCJ): § 9.19 (s, 1H), 7.27 (s, 1H), 4.15
(t, J= 5.2 Hz, 2H), 2.22 (t] = 6.4 Hz, 2H), 1.85 (m, 2H}*C NMR (100 MHz, CDGJ): §190.7,
165.3, 119.7, 68.7, 20.8, 16.8.

o)
CBr,, PPh; Q__
| —478 . Br
OHC CHClp, 0 °C, =

15 min. 82 % Br
175 176

Dibromoolefin 176. To a solution of recrystallized triphenylphosphine,;RRI6 g, 17
mmol) in dry CHCI, (20 mL) carbon tetrabromide, CB§2.9 g, 8.7 mmol) was added in one
portion to at 0°C under Ar. The reaction mixture was stirred for 5min, and thenuicolof
aldehydel75 (390 mg, 3.5 mmol) in dry Ci€l, (10 mL)was added dropwise over 3 min. at 0
°C under Ar. After stirring for further 10 min. al®@, the dark reddish solution was concentrated

8 Thesis from Hong Zhao: Part 4. Studies TowamisTSynthesis of Bielschowskysin.
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under vacuum. The residue was purified by silica gel chromatogr&p®A¢n-hexane, 1:5) to
provide 763 mg (82 %) df76as colorless oil.

Rr: 0.85 (EtOAch-hexane, 1/3)*H NMR (300 MHz, CDGJ): 4 6.75 (s, 1H), 6.68 (s, 1H), 3.99
(t, J= 6.8 Hz, 2H), 2.51 (] = 8.4 Hz, 2H), 2.51 (m, 2H).

0
Q n-BuLi, THF /@
— Br
— 0°Ctort, 2h, F

176 Br 68% 177

Enyne 177. To a solution of dibromoolefirkr6 (210 mg, 0.79 mmol) in dry THF (3.7 mL),
n-BuLi (0.63 mL of a 2.5 M solution in-hexane, 1.56 mmol) was added dropwise at’c78
under Ar. After stirring at -78C for 1 h, the resulting mixture was allowed to rt, stirred for
further 1 h. After quenching with cautious addition gfOH(4 mL), the resulting solution was
extracted with BO (3 x 5 mL), dried over MgSf)and concentrated under vacuum. The residue
was distilled by Kugelrohr distillation to provide 58 mg (68 %) &7 as colorless liquid.

Rr: 0.26 (EtOAch-hexane, 1/6)!H NMR (300 MHz, CDCJ): § 6.86 (s, 1H), 3.98 (ddl = 5.3

Hz, 4.8 Hz, 2H), 2.80 (s, 1H), 2.16 (dt= 6.3 Hz, 1.5 Hz, 2H), 1.87 (m, 2H).

©/\/CHO Ph3P"CHICHI*, NaHMDS, ©/\/\/
|
THF, -20°C to rt, 30 %

178 179

lododiene 179. To a stirred solution of the salt (4.52 g, 8.3 mmol) in T8FmL) was
added sodium hexamethyldisilazane, NaHMDS (5.0 mL of a 2.0 M solutibHR) 100 mmol)

at -20°C under Ar. The resulting red solution was stirred for 5 min. and thesluéion of
cinnamall78(0.95 g, 7.2 mmol) in THF (10 mL) was added dropwise over 15 min. hygeyri
under Ar. After 30 min, the dark brown solution was allowed to warnt toqguenched by
saturated aqueous NEI. The resulting solution was extracted with LL}, and the combined
organic layers were washed with brine, dried over Mg®@d concentrated under vacuum. The
residue was purified by silica gel chromatography (Et@4®xane, 1:10) to provide 857 mg
(30 %) of179as pale yellow solid.
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Rr: 0.68 (EtOAch-hexane, 1/30)*H NMR (400 MHz, CDCJ): § 7.43 (d,J = 8.0 Hz, 2H), 7.23-
7.33 (m, 3H), 6.81 (dd] = 12.6 Hz, 9.6 Hz, 1H), 6.67 (d,= 15.6 Hz, 1H), 6.22 (d] = 9.6 Hz,
1H), 2.63 (s, 3H)°C NMR (100 MHz, CDGJ): 5 137.2, 134.6, 131.3, 128.9, 128.8, 128.2,
126.8, 102.7, 34.3.

Pd(PPhs),, Cul(l),
diisoporpylamine

rt, 20 h, 57 %.

Trienyne 180. To a solution of enynk77 (42 mg, 0.39 mmol) and iododie&9 (105 mg,
0.39 mmol) in diisopropylamine (2.0 mL) were added Pd¢RRA8 mg, 0.04 mmol) and Cu(l)
(6.7 mg, 0.04 mmol) at rt under Ar. After stirring for 24 h, theuleng mixtured was poured
into saturated NECI| and extracted 3 times withJt. The combined organic layers were washed
with H,O, brine, dried over MgSf)and concentrated under vacuum. The residue was purified
by silica gel chromatography (EtOAehexane, 1:30) to provide 56 mg (57 %)1&0 as pale
yellow sticky oil.

R:: 0.47 (EtOAch-hexane, 1/30)!H NMR (600 MHz, CDCJ): 6 7.41 (d,J = 7.8 Hz, 2H), 7.31
(d,J = 7.5 Hz, 2H), 7.22 (d] = 7.2 Hz, 1H), 7.22 (dd] = 13.5 Hz, 11.4 Hz, 1H), 6.91 (s, 1H),
6.55 (d,J = 15.6 Hz, 1H), 6.31 (d = 10.8 Hz, 1H), 4.03 (d] = 5.1 Hz, 2H), 3.79 (d] = 10.2
Hz, 1H), 2.27 (dJ = 6.3 Hz, 2H), 1.98 (s, 3H), 1.93 (m, 2H).

Activated Zn

dark condition
rt, 20 h, 44 %
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Bicyclooctadiene 182 and cyclooctatriene 183. To a stirred suspension of Zn dust (1.02
g) in KO (6 mL) was added Cu(OAcj112 mg) at rt under Ar. After 15 min, AQNQ@.15 mg)

was introduced and the mixture was stirred for 30 min, filtered, astiedlasequentially with

H,O (11 mL), CHOH (11 mL), Acetone (11 mL), and & (13 mL). The activated Zn was
suspended in 50 % aqg. @PH (2 mL) and a solution of trienyrie0(24 mg, 0.1 mmol) in 1: 1
CH3OH/H,0 (4 mL) was introduced under Ar. The reaction mixture was stirred overnight at 20 h
in the dark condition. The Zn was then filtered through Celitehadsvith EO and HO. The
aqueous layer was 3 times extracted with EtOAc. The combinedioriggers were washed
with H,O, brine, and dried over MgQO The residue was purified by preparative
chromatography (EtOAn:hexane, 1:25) to provide 11.1 mg (44 %) of an inseparable mixture of
182and183in a ratio of 3 : 2 as pale yellow sticky oil.

R:: 0.43 (EtOAch-hexane, 1/25)*H NMR (600 MHz, CDCJ): 6 7.30 (t,J = 7.8 Hz, 2H), 7.26
(d,J=9.6 Hz, 1H), 7.20 (dd, J = 6.3 Hz, 6.0 Hz, 2H), 5.841&,12.6 Hz, 0.37H), 5.82 (d,=

18.6 Hz, 0.37H), 5.77 (dl = 9.6 Hz, 1H), 5.69 (ddl = 9.6 Hz, 7.2 Hz, 0.37H), 5.65 (@~ 9.6

Hz, 0.64H), 4.69 (dJ = 9.0 Hz, 0.64H), 4.46 (f] = 9.9 Hz, 1H), 3.97 (dd] = 9.6 Hz, 7.8 Hz,
0.37H), 3.88 (ddJ = 7.8 Hz, 4.2 Hz, 0.63H), 3.78 (@= 6.6 Hz, 2H), 3.70 (m, 0.37H), 3.54 (td,
J=11.4 Hz, 3.0 Hz, 0.37H), 2.98 (d,= 10.2 Hz, 0.64H), 2.48 (m, 0.37H), 2.38 (m, 0.63H),
2.04 (dt,J = 13.2 Hz, 3.0 Hz, 0.74H), 1.92 (s, 1.11H), 1.71-1.83 (m, 2H), 1.63 (s, 1.89H), 1.59
(dt,J=13.2 Hz, 3.0 Hz, 1.28H).
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Chapter V

Progress Towards the Total Synthesis
of (+/-)- Kingianin A
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5.1. Introduction

5.1.1. Background

Recently, (+/-)-kingianin A (89, a biologically active and structurally interesting
compound, was isolated from the trunk barkEoidiandra kingianan the dense rainforest of
Kuala Lipisin Malaysia (Figure 37).Although the carbon backbone of the natural product
shares minimal structural similarity with the endiandricdackingianin A is considered to be

produced via a biosynthetically similar pathway.

NHEt

(+/-)-kingianin A (189)

Figure 38.(+/-)-Kingianin A: A new pentacyclic ring framework.

During the writing of this document, thirteen analogs of kingianinekeweported by Litaudon
and co-workers. Kingianins A - N contain the same pentacgkbteton and they represent the
first members of a new chemical series. According to maext®metry and NMR
spectroscopy, kingianins A - F are stereoisomers. Other an&bogL show structural similarity
to one anothet Interestingly, kingianins A - N were produced as racemic nestuPresumably,
like endiandric acids, which were also formed as racemates, ingiare produced by
nonenzymatic electrocyclizations from achiral polyketide precard he pentacyclic framework

within the kingianins possesses the same regio- and sterestiiyein addition, the same piece,
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which could be derived from safrole, is attached to the cyclobutag®tikingianins despitthe

diversity of the other piece (Figure 38).
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Figure 39. Structure of all kingianins A - N.

In a binding test to the anti-apoptotic protein Bcl-xL, the kingiasimsved promising and
potent biological activities suggesting that the natural prochaettl potentially be developed as
new anti-cancer drug leadslnterestingly, (-)-enantiomeric kingianins G - L, which were
separated by chiral HPLC, showed the most potent binding affinmithéoBcl-xL with Ki values
in the lowuM range?
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According to Litaudohkingianin A would be formed by a Diels-Alder reaction between two
molecules of pre-kingianin A92 Probably, (E,Z,Z,E)-tetraen&90 will undergo a 8, 6n
electrocyclization to producE92through cyclooctatrien£91 (Scheme 79).

7N tat &
conrotatory \ o
N\ electrocyclization
: NHET

A NHEt B
r Ar—
o] 191
190

: H
disrotatory 6t
electrocyclization Ao 0 Diels-Alder reaction

NHEt
192
Ar

@ \\\\\\\ NN A —— kingianin A

NHEt

Scheme 79Litaudon’s proposed biomimetic synthesis of kingianin A.

Due to steric hindrance generated between substituents locatdte arydobutane of pre-
kingianin A, all cis-configuration at the ring junction may be unfableraluring the Diels-Alder
reaction. Therefore, the last step of kingianin A biogenesis naeed with anti-configuration
of the cyclobutane rings. As a result, the regio- and stereachirsame carbon skeletons of
the pentacyclic core shown in the kingianin A can be explainedfegt ef steric hindrance
(Figure 39).
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Cis-configuration Anti-configuration

Figure 40. Origin of regio- and stereoselectivity in the formation of kingianin A.

The multiplicity of kingianins may be explained on the basismoéehanism involved inm8
6n double ring closure. Due to non-stereocontrolledectrocyclization, two enantiomers of
cyclooctatrienel91aand191bwill be formed. In addition, unlike SNF 4435 C and D, which are
afforded by endo selectiven6electrocyclization, both endd92a and 192b and exo
bicyclooctadienes192a’ and 192b’ are generated (Scheme 78Consequently, racemic
kingianins A - F will be produced from four sterecisomeric pre-knigis192a/band 192a’/b’

via intermolecular Diels-Alder reaction.
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192a (endo)

H H . _NHEt
LNy
—~HO

H——
\ 7/
192a’ (exo) 192b' (exo)

Scheme 80Possible four stereoisomeric pre-kingianins for kingianins A - F.

Litaudon’s hypothesi$ is in accord with the biogenesis of endiandric acids proposed by
Black®® Interestingly, Nicolaou’s biomimetic syntheses of endiandridsaare also focused on
8, 6n electrocyclization and Diels-Alder reactidf? Endiandric acids D - G are structurally
similar to pre-kingianind92a/band192a’/b’ (Figure 40). Endiandric acids 93)and E 194)
are stereoisomers of one another. Likewise, endiandric acid49%&) and F (96) are

stereoisomers.
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.||H COZH

Endiandric acid F Endiandric acid G
195 196

Figure 41.Endiandric acids D - GStructural congeners of pre-kingianins.

Endiandric acids A 197) B (198) and C (99) were synthesized from their corresponding
bicyclo[4.2.0]octadiene precursors, endiandric acids E, F, and G \aawoigcular Diels-Alder

reactions (Figure 41).

H
Endiandric acid A Endiandric acid B Endiandric acid C
197 198 199

Figure 42. Endiandric acids A, B, and C: The Diels-Alder products.

5.1.2. Synthetic strategy to prepare pre-kingianin A
In general, pre-kingianin A can be synthesized via three syntbates; semihydrogenation

of enynes and 6r electrocyclization sequencBdute | or 1) and palladium mediated cross-

coupling reaction between two (Z,E)-dienBo(te Ill). (See Scheme 81.)
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Scheme 81Possible synthetic routes for the preparation of pre-kingianin A.

The synthetic route I: The known bicyclo[4.2.0]octadi@®d has been prepared from via cis-
selective semihydrogenation of dieny260 and then 8, 6n electrocyclization sequende.
Therefore, this method developed by Nicolaou might be the moghafaaivard way to prepare
pre-kingianin A 192 (Scheme 82). However, the procedure would require much effort to

introduce two different moieties on the cyclobutane ringGif

HQ OH 1. Semihydrogenation

- 2.8m, 67 double
200 electrocyclization

1. Desymmetrization
i 3
2. Construction of
two moieties

Scheme 82Bicyclooctadien01: A key intermediate to generat82
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Cis-selective semihydrogenation and then6a electrocyclization of an enyne precursor in
final stage is a suitable synthetic strategy. (See the Rbyté&rienyne 206 can be readily
afforded by Sonogashira coupling between iododi2d@ and enyne205 The two building
blocks can be prepared from commercially available sources|es2@2 and pent-2-en-4-yn-1-
ol 204. Presumably, semihydrogenation of the monoacetylerZ0@would more efficiently
generate a corresponding (E,Z,Z,E)-tetraene substrate compaheddiacetylene moiety 200
(Scheme 83).

o)
o/§O OF
X NN
202 203 ' Sonogashira
coupling
OH / —
:_// : EtHN —
o)
204 205

Semihydrogenatign
8n, 67 ring closure

L Y

Scheme 83Trienyne206 A key intermediate to generat®2

Palladium-mediated cross-coupling reaction is a well known metloodprépare
bicyclo[4.2.0]octadiene compounds. (See the Route lll.) (Z,E)-metallditate 208 can be
prepared from commercial Z-iodo-acryla287. Coupling betweer203 and 208 will afford a
(E,Z,Z,E)-tetraene209 which will provide corresponding bicyclooctadie240 via 8t, 6n
electrocyclization. Finally, the methyl ester240 can be converted into desired homologated
ethyl amide moiety to yield pre-kingianin 2 (Scheme 84).
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tandem Pd coupling/
202 203 8T, 6T, electrocyclizatik?n
+
Meo,d 1 =
207
rO
o CO,Me
7 N
N/
209 NHEt

Scheme 84Tetraen209 A key intermediate to generat82

During the writing of this document, Moses and co-workers reportedirthesynthesis of the
pre-kingianin A% Interestingly they adopted a synthetic approach similar todstribed in
Scheme 84.

Our synthetic route to pre-kingianinl®2 will be reasonable if we adopt one of the three
pathways. Specifically, if we have bicyclooctadie2) in hand, it will be valuable enough
because modification of the methyl este2i® can lead to all pre-kingianins A - N (Figure 42).
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Safrole moiety
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\ (@) ,' ,’/ 3 \\\ CH2CH2C02H,

\ _— // ," \\‘ COzH
] |

Bicyclo[4.2.0]octadiene

Figure 43. Structurally required framework for all pre-kingianins.

5.1.3. Cation radical catalyzed Diels-Alder reaction

Litaudon proposed that kingianin A is a Diels-Alder product betweerpre-kingianin A*
Nonetheless, there are no Diels-Alder reactions availableotiupe pentacyclic carbon skeleton
of kingianin A. Recently, Moses group tried Diels-Alder reactof pre-kingianin A to afford
kingianin A. However, they did not obtain any desirable products undbtidreal Diels-Alder
reaction conditions. Among a number of Diels-Alder reactionstiercaadical catalyzed Diels-
Alder reaction. Bauld and co-workers showed that with radidadrcaatalysis, he could effect
the dimerization of 1,3-cyclohexadier211'* A mixture of tricyclics 212 and 213 was
successfully affforded in the presence of isomophenyl)aminium hexachloroantimonatet
(Scheme 853°
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@ CH2C|2, 0 OC, 40 min.

211

+

H
212 213

Scheme 85Cation radical catalyzed Diels-Alder reactiofil,3-cyclohexadiene.

Pre-kingianin A 192 contains the 1,3-cyclohexadiene functionality. Therefore, we s{rongl
believe that if we hav&92in hand, total synthesis of kingianin A can be successfully performed
via cation radical catalyzed Diels-Alder reaction. Furtheandhis same strategy could be
applicable to prepare for the other kingianins, namely B - N.
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5.2. Result and Discussion

5.2.1. Synthetic approach towards preparation of pre-kingianin A

Due to analytic and synthetic simplicity, dihydroxymethyl-bigjyc2.0]Joctadiene201 was
adopted for the investigation of semihydrogenation atdéB electrocyclization reaction. The
dienyne200 was prepared by copper-mediated homocoupling of commercially laleadayne
204. Recrystallization oR00 afforded needles. Under the given conditions, dierB0@was
treated with Lindlar catalyst to transform into corresponding (2BZ2E)-tetraene
intermediate which was spontaneously followed hy 6t electrocyclization to yield201
(Scheme 86J.

OH
CuCl(l), NH4CI, H,O "o o
u s 4C1 R
| | air, 55 °C, 2.5 h, 67 % - T
200
204
Lindlar cat., H, HO SSOoH
CH,CI,/CH30H/quinoline
(90:9.5:0.5)
rt, dark, 14 h, 44% (crude)
201

Scheme 86Preparation of dihydroxymethyl-bicyclo[4.2.0]octaditd.

Despite much experimentation, however, semihydrogenation of di2@@mikd not cleanly
yield bicyclooctadien€201l Presumablya mixture of over- and under-reduced products with
mixed stereochemistry are produced. The Lindlar catalyst useitheintotal syntheses of
endiandric acids may have a specific capability for cisetiele semihydrogenation ¢200°

Otherwise, Nicolaou and co-workers might not have been concerned abeptraide
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byproducts because they could easily eliminate undesirable compoterd®abetherification

of 201° Previously reported claims supported our assumption. Sharma e¢salestrthat cis-
selective hydrogenation of dienynes was not well performed witmeercial Lindlar catalyst
Very recently, the De Voss group also mentioned that semihyaiga of dienyn@15did not
cleanly yield the corresponding (Z,Z)-die@&6 with Lindlar catalyst. De Voss demonstrated
that semihydrogenation d215 was successfully performed under the modified Rieke zinc
reduction condition without a mixture of over- and under-reduced produdiert®c87)." In
addition, high stereoselectivity and yield were observed throughoutietyvaf dienyne and

monoenyne substrates tested.

HsC ZnCly (4 eq.), Li (6 eq.) H3C —
A oK naphthalene (0.1 eq.) \:/_\@2_\
X THF, MeOH, 60 °C, OH
215 2 91% 216

Scheme 87Rieke zinc reduction to generate pure (Z,2)-di2hé

Our focus, therefore, turned into semihydrogenation of trienyneatgsst(See Scheme 81.)
First, we tried to prepare (Z,E)-iododie2@3 from commercially available and che&p2
Olefin 202 was cleaved by NalQin the presence of Rugto afford aldehyde17.*® Wittig
homologation 0f217 with (carboethoxymethylene)-triphenylphosphorane produced 2%&r
Reduction to afford a corresponding alcohol by DIBAL-H and then, oxidaby PCC
successfully generated aldehy2IE9. Stork-Zhao olefination 0219 with phosphonium sal221
gave an inseparable mixture of (Z,Bp3and(E,E)-isomer221in a ratio of 2 : 1 (Scheme 88).
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/—0
o@\/\ RuCl (cat.), BnEtzNCI, NalO,, Om
N EtOAC, H,0, t, 1.5 h, 43 % H

/=0 1. DIBAL-H, THF,

(Ph3)3PCHCO,CHg, 0 o -78°Ctort, 2.5h
CH,Cl,, rt, overnight, 76 % X OMe 2. PCC, CH,Clytt,

2 h, 69 % (2 steps)
218

© @\/\/\
/~Q Pth—\

m
22
\ H

NaHMDS

THF, -78 °C to rt,
33 %

Scheme 88Synthetic attempt tprepare (1Z,3E)-iododierz03

Due to the poor stereoselectivity observed in the Stork-Zhaoailefi 0f219, we adopted
an alternate method to provide a highly (2)-selective bromodi2se Aldehyde 219 was
converted into dibromid222 under Corey-Fuchs reaction conditions, and then stereoselectively
debrominated by tribuyltin hydride in the presence of palladium fardaexclusively (Z,E)-
isomer223(Scheme 89)°
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OF PPh3, CBr4, o
(@]
CH,Cl,, 0 °C, 3h, N SN Br
™
H 77%
Br
219 222
/=0
O
Pd(PPh3)4, BU3an,
N
benzene, rt, 3 h, 33 %. A
Br
223

Scheme 89Preparation of (1Z, 3E)-bromodie@23

Although the desirable iododieB83 was mixed with corresponding (E,E)-isoni&1, we
thought that the inseparable (E/Z) isomers might be a useful iahdtecause the undesired
trienyne isomer226, which is generated fror@21, will be inactive in the process oft86n
electrocyclization. A mixture 0203 and221 were coupled with enyn224 under a common set
of Sonogashira coupling conditions. As expected, diastereomeric (ZB)ree225 and 226
were produced in a ratio of 2 : 1. Unfortunately, trieny22sand226 were inseparable. Then,
mixture of225and226 was reduced by Lindlar catalyst under dark conditions. Accordifig to
NMR analysis, it was not clear that bicyclo[4.2.0]octadie2®8and228 were formed because
purification for obtaining a mixture of inseparal@d27 and228 was very challenging. On the
other hand, hydrogenation 226 yielded (E,Z,E,E)-tetraerz29 (Scheme 90).
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0)
// 'C02CH3
A =
\| 224
o + diisoporpylamine
rt, 16 h, 73 %
X
221
/0 O
o {
OCHg3
H=—=—H
\\ /,
Lindlar cat., H, \—/
CH,CI,/CH3;0H/quinoline +
(90:9.5:0.5) 2217 228
rt, 14 h

Scheme 90Synthetic attempt to synthesize bicyclooctadiet®®sand228.

With the preliminary result in hand, we returned to examine th#ngérogenation and®8
6n electrocyclization reaction with pure (Z,E)-bromodi€2?#8 Under the given Sonagashira
coupling conditions223 coupled with enyn204 to afford trienyne230in 61 % yield. However,
we could not obtain any pure bicyclo[4.2.0]octadieB8% and 232 in the presence of Lindlar
catalyst under the dark conditions (Scheme 91). The result gavéotisnare confidence that
alternate semihydrogenation methods such as Rieke zinc methotbrisedpplied to trienyne
230.
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_ o
e _ 204 N I
5 Br PACL(PPhs),, Cul(l)

diisoporpylamine Pz

223 rt, 16 h, 61 %

Lindlar cat., Hy
CH,CI,/CH30H/quinoline
(90:9.5:0.5)

Scheme 91Synthetic attempt to generate bicyclo[4.2.0]octadi@3dand 232

5.2.2. Cation radical catalyzed Diels-Alder reaction

In spite of relatively low purity, bicyclooctadier#®1 was considered as a potentially
informativeDiels-Alder substratbecause the product mixture will consist of a maximum of two
diastereomeric dimerdn addition, we supposed that over- and underreduced forms will be
inactive during the cation radical catalyzed Diels-Alder ieactBicyclooctadiene201 was
dimerized to provide two diastereomeric pentacyclic tetré&d8,and 234, via cation radical

catalyzed Diels-Alder reaction mediated by the cat@¥4{(Scheme 92).
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@ TN '
+ShCl OH
oL or

SN Br Br 233

HO = TOH
214

CH,Cl,, 0 °C,
1 0
201 40 min. 23 %

Scheme 92Synthetic attempt to prepare diastereomeric pentacyclic te23®&d234via

cation radical catalyzed Diels-Alder reaction

Analytical data for inseparable tetra®&3 and234 on the basis oH NMR, 2*C NMR, ESI-
MS, and IR clearly indicated that two double bonds, which are not aiepigach other and
four hydroxymethyl groups exist. In addition, ESI- MS analysisakethat a m/z 337.2 can be
obtained by adding Naand losing one hydroxyl group from eith283 or 234 However, we
could not confirm diastereomeric ratio between the two expectedcpelitatetraols because

critical protons could not be distinguished’b*NMR analysis.
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5.3. Conclusion

We have studied the total synthesis of kingianin A. Syntheticteffoward pre-kingianin A
192 have been based on the construction of bicyclo[4.2.0]octadiene core. Catioal radi
catalyzed Diels-Alder reaction between two identical bicyckdienes 201 afforded
diastereomeric pentacyclic tetra@33and234that possess the same framework of kingianin A.
To our knowledge, the cation radical catalyzed Diels-Alder i@acif 201 is considered as a
first example for the construction of compounds that contain pentacyattmon skeleton.
Further investigation will be focused on determining the stereashgnof the pentacyclic
tetraols233 and 234. An asymmetric version ofa 6r electrocyclization of tetraene substrates

will also be investigated to provide enantiomerically pure pre-kingianin A.
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5.5. Experimental section

HO OH
HQ CuClI(l), NH4CI, H,0

7
\_\\{ air, 55 °C, 2.5 h, 67 % ==

204 200

Dienyne 200. To a stirred solution of Nj&l (8.2 g, 153 mmol) and CuCl (7.47 g, 76.2 mmol)

in H>O (30 mL) was added pent-2-en-4-yn-1264 (distilled by Kugelrohr, 1.05 g, 12.8 mmol)
over 10 min. at 55C. Then, air was bubbled through the red solution for 2.5 h. Repeated
ethereal extraction afforded 631.7 mg (67 %)260 as darkyellow solid. * 200 was further
purified by recrystallization (100% boiling,B) to provide white needles.

Rr: 0.30 (EtOAch-hexane, 1/1)'H NMR (600 MHz, CDGJ): J 6.42 (dt,J = 15.6 Hz, 5.0 Hz,

2H), 5.86 (dtJ = 15.6 Hz, 2H), 4.27 (dl = 2.1 Hz, 1H), 4.25 (d] = 1.5 Hz, 1H), 1.54 (bs, 2H).

* Spectroscopic properties were in agreement with literature values.

Lindlar cat., H, HO SS0H
HQ OH CH,Cl,/CH30H/quinoline
. / (90:9.5:0.5)
T rt, dark, 14 h, 44 %
200 201

Bicyclooctadiene 20%° To a solution of dienyne200 (137 mg, 0.84 mmol) in
CH.CIl,/CH30OH/quinoline (90:9.5:0.5) was added Lindlar catalyst (38 mg) in one poitidn a
under Ar. B was bubbled for 5 min into the reaction mixture. Then it was dtirdeh under K
The reaction mixture was filtered through a Céliend the filtrate was concentrated under
vacuum. The residue was purified by silica gel column chromaibgra(EtOAcn-
hexane:CHOH, 7.5:7.5:0.5) to provide 61 mg (44 %) 201 and an inseparable mixture of

under- and over-reduced products as colorless viscous ail.

° Nicolaou, K. C.; Petasis, N. A.; Zipkin, R. Elgnishi, JJ Am Chem Sat982 104, 5555.
10 Although compound96is known, we could not obtain the spectroscopapeprties.
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R 0.37 (EtOAcn-hexane:CHOH, 7.5/7.5/0.5)*H NMR (300 MHz, CDCY): 6 5.85 (m, 2H),
5.65 (m, 2H), 3.75 (m, 2H), 3.64 (m, 4H), 3.43 (ics 9.9 Hz, 4.2 Hz, 2H), 2.44 (bs, 4H), 2.26
(m, 4H), 2.00-2.17 (m, 6H), 1.39-1.61 (m, 6H).

/=0 /0

o 1. RuCl; (cat.), BnEtzNCI, NalOy4 o]
EtOAc, H,O, rt, 1.5 h, 43 % 0
AN
X 2. (Ph3)3PCHCO,CHg OMe
i 0,
202 CH,Cl,, rt, overnight, 76 % 218

Ester 218. To a solution of safro202 (6.0 g, 37 mmol), RuG(lll) hydrate (42 mg, 0.20
mmol), and benzyltriethyl- ammonium chloride, (BTEACI, 0.42 g, 1.85 mnmoEtOAc (70
mL), NalO, (39.1 g, 185 mmol) in O (410 mL) was added slowly for 1 h at rt. After stirring
for further 1 h, EtOAc (200 mL) was poured into the resulting solutitwe. drganic layer was
separated, washed with,®, dried over MgS@and concentrated under vacuum. The residue
was purified by silica gel chromatography (EtO¥bexane, 1:20) to provide 2.66 g (44 %) of
217 as colorless oil. * 2.60 g of safrole was recovered from the column chromatography.

Rr: 0.13 (EtOAch-hexane, 1/20)'H NMR (400 MHz, CDCJ): 6 9.71 (t,J = 2.2 Hz, 1H), 6.81
(d,J=7.8 Hz, 1H), 6.62-6.69 (m, 2H), 5.96 (s, 2H), 3.60 (dd 2.4 Hz, 2H).

To a stirred solution of aldehyd&l7 (2.52 g, 15 mmol)n dry CHCI, (60 ml) was added
(carboethoxymethylene)triphenylphosphorane (7.54 g, 22 mmobne portion at rt. The
resulting solution was stirred overnightpncentrated under vacuum, redissolved in 10 : 1
petroleum ether/ED solution (v:v). After filtering the precipitated salt, the &t was
concentrated under vacuum. The residue was purified by silicehgmihatography (EtOAn:
hexane, 1:5) to provide 2.01 g (61 %)dB8as colorless oil.

Rr: 0.47 (EtOAch-hexane, 1/5)!H NMR (400 MHz, CDCY): 6 7.06 (dt,J = 15.5 Hz, 6.8 Hz,
1H), 6.77-6.62 (3H, m), 5.94 (2H, s), 5.80 @@t= 15.5 Hz, 1.6 Hz, 1H), 4.19 (4,= 7.2 Hz,
2H),3.44 (brd,) = 6.7 Hz, 2H), 1.28 () = 7.2 Hz, 3H).

* Spectroscopic properties were in agreement with literature vaiues.

1 Sharma, P.; Ritson, D. J.; Burnley, J.; MoseE, &hem Commu@011, 47, 10605.
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/=0 1. DIBAL-H, THF, /0

O\©\/\)?\ — et o@\/\/ﬁ\
NN
X OMe H

2. PCC, CHyCly,rt,
2 h, 69 % (2 steps) 219

218

Aldehyde 219. To a stirred solution of es2t8(1.25 g, 5.68 mmol) in dry THF (30 ml) at -
78°C, DIBAL-H (15 mL of a 1.0 M solution in toluene, 15.0 mmol) was added dropwise over 20
min. The resulting solution was stirred for 1 h at °@8 and then for 1 h at -1%C, before
guenching by the cautious addition of 1 M HCI (15 ml). The resu#toigtion was stirred at rt

for 10 minutes until 2 clear phases were formed, then extractidd BAOAc (50 mL). The
organic layer was washed with brine, dried over Mg@&@d concentrated under vacuum to
provide 1.09 g (100 %) of crude product as colorless oil, which was used withrthr
purification for the next step. To a suspension of PCC (1.52 g, 7.1 nmuly CHCI, (25 mL)

was added a solution of (1.09 g, 5.68 mmol) in drypy@CIE(15 mL)in one portion at rt. After 2 h,
Et,O (60 mL) was added, then the resulting solution was filtered thr&@ejte, washed
thoroughly with fresh RO, filtered, and concentrated under vacuum. The residue was purified
by silica gel chromatography (EtOA&ehexane, 1:5) to provide 750 mg (69 % for the 2 steps) of
219as pale yellow oil.

R:: 0.21 (EtOAch-hexane, 1/4)*H NMR (400 MHz, CDCJ): ¢ 9.50 (d,J = 7.6 Hz, 1H), 6.80
(dt,J=13.2 Hz, 6.6 Hz, 1H), 6.74 (A= 7.6 Hz, 1H), 6.59-6.63 (m, 2H), 6.06 (ddit; 13.2 Hz,

6.4 Hz, 1.2 Hz, 1H), 5.92 (s, 2H), 3.53 (dd; 4.0 Hz, 1.4 Hz, 2H).

* Spectroscopic properties were in agreement with literature viues.

o
toluene ® |
PPhg + CHal PhgP—\
50°C, 4 days, I
dark, 45 % 200
Phosphonium salt 208° A solution of triphenylphosphine, PP{%0 g, 0.19 mol) and

diiodomethane, Chi, (20 mL, 0.25 mmol) in anhydrous toluene (250 mL) was heated € 50

2 sharma, P.; Ritson, D. J.; Burnley, J.; MoseE, &hem Commu@011, 47, 10605.
13 |an Paterson$S. B. Jennifer Kan and Lisa J. Gibson. Org. |.&81Q 12, 3724.
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and stirred for 4 days in the absence of light. The resultingi@olutas allowed to cool to rt,
filtered, and washed with anhydrous toluene an@® b provide 23.6 g (45 %) of as white solid.
'H NMR (300 MHz, CDCJ): 6 7.75-7.94 (m, 15H), 5.08 (d,= 9.0 Hz, 2H).

/=0
o
© N
o] ® | X
O/‘ ] Pth—\I |
203
Sy 220
NaHMDS OFO "
219
;’SH(;) -780C to rt, P
221
(Z/E)-lododienes 203 and 221. To a stirred suspension of (iodomethyl)

triphenylphosphonium iodid220 (0.36 g, 6.6 mmol) NaHMDS (356L of a 2.0 M solution in
THF, 7.0 mmol) was added dropwise at rt. After 5 min. the red solutisncooled to -78C.
Then a solution of aldehydd9(65.1 mg, 0.34 mmol) in dry THF (2.0 mL) was added at such a
rate as to keep the internal temperature below’€Z0rhe mixture was stirred at -78 for 15
min, allowed to warm to rt and then stirred for further 2 h. Sati@geeous NECI (5 mL) was
added, extracted with £ (3 x 10 mL), dried over MgSQand concentrated under vacuum. The
residue was purified by silica gel chromatography (Et@4exane, 1:20) to provide 35.2 mg
(33 %) of an inseparable mixture 203 and221in a ratio of 2 : 1 (Z : E) as viscous pale
yellow oil.

R 0.65 (EtOAch-hexane, 1/1)*H NMR (600 MHz, CDCJ): 6 7.01 (dd,J = 12.3 Hz, 10.2 Hz,
0.33H), 6.68-6.75 (m, 3H), 6.64 (@~ 5.4 Hz, 0.67H), 6.60 (d,= 8.4 Hz, 0.33H), 6.29 (dd,=
13.2 Hz, 10.2 Hz, 0.67H), 6.23 @= 14.4 Hz, 0.33H), 6.17 (d,= 7.2 Hz, 0.67H), 6.06 (dj,=

7.2 Hz, 0.67H), 5.92 (s, 2H), 5.84 (d, J = 7.2 Hz, 0.33H), 3.2B%®.6 Hz, 2H).

/=0

O/‘O 1. PPhs, CBry, o
O CH2C|2, 0 OC, 3 h,
AN
X X
H 2. Pd(PPh3)4, BU3SﬂH, Br

benzene, rt, 3 h,
219 (25 % for 2 steps) 223
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(Z,E)-bromodiene 223.  To a stirred solution of CB¢0.72 g, 2.16 mmol) in dry Ci€l, (10
mL), PPh (1.13 g, 4.33 mmol) was added portionwise over 1 min. ¥.0After 5 min, a
solution of aldehyd@19 (374 mg, 1.97mmol) in dry Ci€l, (10 mL) was added dropwise over
5min. The resulting solution was stirred at®for 3 h, then washed with,® (10 mL), and
saturated aqueous pRO; (10 mL), and then dried over MggCfiltered, and concentrated
under vacuum. The residue was purified by silica gel chromatog(pByc:n-hexane, 1:15) to
provide 522 mg (77 %) of dibromid22 as viscous dark yellow oil.

To a stirred solution 0222 (522 mg, 1.52 mmol) and Pd(P{h(112 mg, 0.1 mmol) in dry
benzene (11.0 mL) was added dropwisg®iH (520 mg, 1.78 mmol) over 3 min. at rt. After 3
h, H,O (15 mL) was added. The resulting solution was extracted mlitbxane, washed with
saturated aqueous pMRO; dried over MgSQ filtered, and concentrated under vacuum. The
residue was purified by silica gel chromatography (Et@4@xane, 1:20) to provide 133.5 mg
(33 %) of 223 as colorless oil.

Rr: 0.40 (EtOAch-hexane, 1/10)*H NMR (300 MHz, CDCJ): § 6.75 (d,J = 8.1 Hz, 1H), 6.62-
6.68 (m, 2H), 6.60 (dd] = 10.2 Hz, 7.2 Hz, 1H), 6.45 (m, 1H), 6.09 (b¥d; 7.2 Hz, 1H), 6.02
(dt,J = 15.0 Hz, 7.1 Hz, 1H)5.93 (s, 2H), 3.38 (brd,= 6.9 Hz, 2H).

* Spectroscopic properties were in agreement with literature vilues.

- / C02CH3
o =7
o/b\/\/\/ 224
PdCl,(PPhs),, Cul(l)
+ NN diisopz)orpylgr%ine
221 rt, 16 h, 73 %
O,
r
O
+
H3CO,C \ . / /

226

1 Sharma, P.; Ritson, D. J.; Burnley, J.; MoseE, &hem Commu@011, 47, 10605.
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Trienyne 225and 226. To a solution of enyrz24 (7.0 mg, 0.064 mmol) and the mixture of
iododienes203 and 221 (12.2 mg, 0.039 mmol) in diisopropylamine (0.5 mL) were added
Pd(PPBh)4 (5.0 mg, 0.004 mmol) and Cu(l) (trace) at rt under Ar. Aftarisg for 16 h, the
resulting mixture was poured into saturated ;R8Hand extracted 3 times with EtOAc. The
combined organic solution was washed witfOHand brine, and dried over Mgg@nd then
concentrated under vacuum. The dark brown solid was purified by prepatfatoraatography
(EtOAcn-hexane, 1:1) to provide 8.2 mg (73 %) of an inseparable mixtug26fnd226in a
ratioof 2: 1 (Z: E) as a yellow viscous oil.

Rr: 0.47 (EtOAch-hexane, 1/9);*H NMR (600 MHz, CDGJ): 6.95 (dd,J = 15.6 Hz, 2.7 Hz,
0.67H), 6.89 (dd) = 15.6 Hz, 2.7 Hz, 0.33H),6.75 (@= 7.8 Hz, 0.67H), 6.74 (d, = 7.8 Hz,
0.33H), 6.58-6.68 (m, 3H), 6.48 &= 10.8 Hz, 0.67H), 6.21 (d,= 15.6 Hz, 0.67H), 6.14 (dd,

= 12.3 Hz, 10.2 Hz, 0.33H), 6.04 (m, 0.67H), 5.98 (m, 0.33H), 5.93 (s, 2H), 5.68 £di5.3
Hz, 2.1 Hz, 0.33H),5.53 (dd,= 10.2 Hz, 2.1 Hz, 0.67H), 3.78 (s, 2),77 (s, 1H)3.42 (d,J =
6.6 Hz, 1.34H), 3.38 (dl = 7.2 Hz, 0.66H).

Lindlar cat., Hy
CH,ClI,/CH3OH/quinoline
(90:9.5:0.5)

rt, 14 h, 44%
(not clear) o\

Bicyclooctadienes 227 and 228 To a solution of 2 : 1 mxiture of trienyn285and226 (8.2
mg, 0.023 mmol) in CkCIl,/CH3;OH/quinoline (90:9.5:0.5, 1.2 mL) was added Lindlar catalyst
(4.1 mg) in one portion at rt under Ar. The reaction mixtrure was bulbyiéd) for 5 min, and

then stirred 20 h underHondition. The reaction mixture was filtered on a CRliamd the
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filtrate was concentrated under vacuum. The residue was purified bygirepahromatography
(EtOAcn-hexane, 1 : 3) to provide 3.6 mg (44 %) of an insepa@blend228and 1.9 mg (23
%) of 229,

For impure mixture of227 and 228: R;: 0.60 (EtOAch-hexane, 1/3)!H NMR (600 MHz,
CDCl3): 6.61-6.74 (m, 3H), 6.18-6.01 (m, 2H), 5.99-5.86 (m, 4H) 5.78 (dd, J = 5.4 Hz, 1H), 5.63
(td, J = 15.0 Hz, 3.6 Hz, 1H), 3.76 (S, 3H), 3.40 (dd; 18.6 Hz, 7.2 Hz, 2H), 3.17-2.56 (m,
3H), 2.20 (m, 1H).

For229 R;: 0.70 (EtOAch-hexane, 1/3)*H NMR (600 MHz, CDGJ): 7.76 (ddJ = 13.2 Hz 1.4
Hz, 1H), 6.61-6.74 (m, 4H), 6.29 (ddi= 11.1 Hz 10.8 Hz, 1H), 6.09 (ddl= 10.8 Hz 10.2 Hz,
1H), 5.99 (ddJ = 11.1 Hz 10.8, 1H), 5.85-5.94 (m, 2H), 5.92 (s, 2H), 5.73 7.2 Hz, 1H),
3.76 (s, 3H), 3.73 (dl = 11.4 Hz, 2H).

ro — 204 0 I
o<j>_/_/_\Br PACI,(PPhs),, Cul(l)
diisoporpylamine Pz
, 16 h, 61 %
223 t o
230

Trienyne 230'° To a solution of pent-2-en-4-yn-1204 (7.1 mg, 0.086 mmol), which had
been distilled by Kugelrohr, and bromodie223 (11.5 mg, 0.043 mmol) in diisopropylamine
(100 uL) and ethyl acetate (0.8 mL) were added R@RR), (1.5 mg, 0.002 mmol) and Cu(l)
(trace) at rt under Ar. After stirring for 23 h, the resigtimixture was poured into saturated
NH,4CI and extracted 3 times with EtOAc. The combined organic solutaswashed with D,

and brine, and then dried over Mg @nd concentrated under vacuum. The dark brown solid
was purified by preparative chromatography (EtOWwexane, 1:1) to provide 7.1 mg (61 %) of
230as colorless solid.

Rr: 0.57 (EtOAch-hexane, 1/1)*H NMR (600 MHz, CDCJ): 6 6.74 (d,J = 7.8 Hz, 1H), 6.68 (s,
1H), 6.64 (dJ = 7.8 Hz, 1H), 6.61 (dd] = 13.2 Hz, 11.4 Hz, 1H), 6.37 (= 4.8 Hz, 1H), 6.25

15 A, B. Lemay, K. S. Vulic, W. W. Ogilvie]. Org. Chem.2006 71, 3615-3618.
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(dt, J = 13.2 Hz, 5.4 Hz, 1H), 5.97 @= 7.8 Hz, 1H), 5.95 (d, J = 5.4 Hz, 1H), 5.92 (s, 2H),
5.48 (d,J = 10.8 Hz, 1H), 4.25 (d} = 4.2 Hz, 2H), 4.25 (d] = 7.2 Hz, 2H).

OH
H
Br

> TN
+SbCl OH
jone) or

~ Br Br 233

HO SSoH
214
+
CH,Cl,, 0 °C, ’ oH
. O - \\
201 40 min. 23 %
HO\\\“\\ \5 |i|
\L OH
OH
234

Pentacyclic tetraols 233 and 234 To a solution of catalygtl4 (3.6 mg, 0.004 mmol) in
CH.Cl, (0.4 mL) was added bicyclooctadie?@l (11.8 mg, 0.071 mmol) in Gi&l, (0.2 mL) at

0 °C under Ar. When complete by TLC, the reaction mixture was alldwaglarm to rt and
filtered through a Celifé and the filtrate was concentrated under vacuum. The residue was
purified by preparative chromatography (EtOAviexane:CHOH, 100:50:5) to provide 5.5 mg

(23 %) of inseparable mixture @83and234as a colorless viscous oll.

Rr: 0.42 (EtOAcn-hexane:CHOH, 100:50:5);"H NMR (600 MHz, CDCY): 6 5.94 (m, 0.64H),

5.86 (m, 2.5H), 5.66 (m, 2H), 3.80 (m, 0.86H), 3.67 (m, 5H), 3.46)dd7.0 Hz, 4.0 Hz, 2H),

3.57 (m, 1H), 3.46 (m, 4H), 2. 76 (br, 1.3H), 2.62 (m, 0.73H), 2.47 (m, 0.73H), 2.40 (m, 1.7H),
2.27 (bs, 13H), 2.07 (m, 10H), 1.88 (m, 3H), 1.69 (m, 2H), 1.56 (m, 2.5H), 1.40 (m**GH).
NMR (100 MHz, CDCY¥): 0131.5, 131.1, 130.2, 129.2, 49.5, 45.4, 36.3, 35.3, 35.1, 34.4, 33.6,
30.0, 25.6, 24.7, 23.9, 23.9. IR: 3343, 3018, 2921. Mass (ESI positive ion mode): 337.2.
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mixture of 128 and 129
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