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1. Introduction

The diterpenoid natural product maoecrystally Kigure 1),
which was isolated from the leaves of the Chinesdaired herb
Isodon eriocaly® is an inviting synthetic target for many
reason$. Rather than exhibiting broad cytotoxicity, a sélex
lethality for the gynecological cancer HelLa cellelir with no
effect for K562, A549, BGC-823, and CNE lines — wasldised
concurrently with its molecular structure (Figure.'1Yhe
architecture of maoecrystal V is remarkable in atsn right.
Whereas other members of the maoecrystal familytatona
bicyclo[3.2.1]octane core, maoecrystal V uniquelyntains a
bicyclo[2.2.2]octane ring. This core is further @tionalized at
the bridgehead position to present the challengeichal all-
carbon quaternary centers, followed by an ethereaéscenter
bookended by yet another quaternary carbon. Theedegf
oxidation presents multiple potentially problemagiaminations
and skeletal rearrangements for total synthesisortsff
Nevertheless, multiple reports have been made othetin
strategie$” for maoecrystal V, including four disclosures of it
total synthesis.The successful total syntheses of maoecrystal
(1) have mainly relied on an intramolecular Diels-AlddiDA)
reaction, which forms the bicyclo[2.2.2]octane caed the
vicinal quaternary centers, though one report perfo this
transformation intermolecularff" ™" Bockmark nat definede \yje goa
value in an alternative synthetic strategy thamforthe central
bond of maoecrystal V through a bridgehead C-H baadrtion,
allowing for a retrosynthetic bifurcation of the raclle at the C-
C bond between the quaternary carbons (see 1, Figuréhis
strategy offers high levels of convergency as welhe potential
for new synthetic lessons learned and access tonafiee
maoecrystal V analogs than the IMDA approach.

IMDA
C-H bond ///
insertion O. — strategy
strate
ay o\ / ‘ /
HO;"to
-0
1 Maoecrystal V
A549 BGC-823 CNE K562 Hela
1 796 mM 445mM >800mM 195 mM 60 nM

cis-platin 537uM  830nM 7.7uM 1.3uM 3.3uM
Figure 1: Maoecrystal V and Strategic Disconnections

2. Background
2.1.A Bridgehead C-H Bond Functionalization Strategy
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C-H bond |\
insertion

Figure 2. Proposed Retrosynthesis.

2.2.Examples of Bridgehead C-H Bond Insertion by Carbenes

There are few reports in the literature that comwespto our
proposed bridgehead C-H bond insertion. Sonowane cand
workers showed a very selective insertion into a dafitead
methine fromb, generating a five membered ring (€d-igure
3)®2 The products with 4- or 6-membered rings that wdnsd
\;ormed by insertion into other nearby C-H bonds weod
observed. In more recent work, Lee and co-workersrteg a
very selective insertion by a vinylidene carbent ithe more
electron rich methine (produ@), with no methylene insertion
being observed.These findings support the feasibility of the
strategy in Figure 2.

Sonowane:

a Rh(OAC), H
o) —_—
! 86% yield .
Ho #
N7 H
5 o 6
Lee:
@l TMSCHN,, nBuLi @
il
65% yield N/
HY .

7 8

Figure 3. Examples of Insertion in Bridgehead C-thé@®n
3. Results/Discussion
3.1.Routes to a Key Ketone Synthetic Intermediate

We began the synthesis of maoecrystal V with an
intermolecular Diels-Alder reaction between 3-pentemng Q)
and 1,3-cyclohexadienel@, Scheme 1). The cyclization
generated the endo produdt and introduced the methyl group

Our proposed C-H bond insertion strategy leads to thaith the correct stereochemistry. Next, the bicycld[2Joctene

retrosynthetic analysis in Figure 2. This sequeiscpredicated
on the late-stage introduction of the cyclohexenang after the
synthesis of bridged bicyc Bis-lactone2 would be formed via
a transition metal catalyzed carbene C-H bond iiwsert the
bridgehead position, followed by alkylation and e$temation.
Consequently, a diazoester suctBagas proposed to be suitable
for the construction of maoecrystal V's core and ldobe
accessible from the bridged bicyclic Diels-Alder téat product
4.

11 was subjected to Baeyer-Villiger oxidation. As aiptéted,
epoxidation competed with the Bayer-Villiger oxidatio
generating the doubly oxidized epoxyesi@rand epoxyketone
13. A change of oxidants to .8, magnesium
monoperoxyphthalate, tBuOOH, (TMSQ) or urea
hydroperoxide in combination with different additvéacid or
base) and different solvents did not provide siligtfor the
Baeyer-Villiger reaction. We realized that esti? could be
readily transformed into the ketord® (Scheme 2). Using pure
mMCPBA as an oxidant and benzene or pentane as #oreac
solvent led to the highest ratio G2:13 and 75-85% isolated
yields.



Scheme 1. Baeyer-Villiger Oxidation and Epoxidation

0 o
EtAICI,, PhMe % mCPBA, solvent
iindlbchhatbind
| 0°C, 3h / 20°C, 24h
T Wl
9 10 96% yield
product ratio (1213)
OAc O solvent (by '"H NMR)
H,0 141
M 2
%‘eo CHLCl; 1.7:1
o PhH 3.5:1
12 13 pentane 3.9:1
80% yield

Next, the acetate group 2 was removed in preparation for
installation of a strategic TBS ether. We then eatdd two
pathways to access synthetic intermediE8e(Scheme 2). The
longer route uses a nucleophilic epoxide openindn vddide,
oxidation of the secondary alcoholi6 to theo-iodo ketone, and
then the reductive halide removal to genera8 with 80%
overall yield from14 (60% overall yield froml0). On the other
hand, when compouni#4 is treated with 4 equivalents of the
strong base TMPLI, the initially formed alkoxideelits the base
for deprotonation of the closest epoxide hydrogerich
generates the enolald upon epoxide opening via elimination.
After the protonation of the enolate in the aqueaoskup and
then etherification, the desired ketatfewas isolated as a single
isomer. It is important to note that LDA, a weakerehakoes not
promote the rearrangement, and solvents lik® Bhd PhMe are
not suitable due to the poor solubility of the d#pnated
species. If less than 4 equivalents of TMPLi baseused, the
reaction does not go to completion and startingenslt is
recovered. An overall 68% yield can be obtainedtlier shorter
route from14 to 18 (51% overall froml0).

ﬁms

Scheme 2. Epoxide Rearrangement.
15 ©

DIBAL, PhMe
OAc
or
97% yield

78C,1h
12 © ch03 MeOH/HZO 14 ©
n-BuNI, BF 3:OEt,

<, 3h
CH,Cl,, -78C, 1 h

OH  TBSCI, imid.

CH,Cl,, 20 T
1h

97% yield

1) LITMP (4.0 equiv)
THF, -78 T
2) TBSCI, imid.
CH,Cly, 20 T
OTBS

68% vyield (2 steps) ]

16
93% yield

OH

17 i
_From 101018 _ 1) PDC, celte
5 steps, 51% yield ﬁTBS CH,Cl,, 20 T
o

or
7 steps, 60% yield 2) Zn, AcOH
20C,1h

89% yield (2 steps)

18

3.2.Ester Synthetic Equivalents

With this bridged bicyclic ketone in our hands, wepared
for the key C-C bond formation through C-H bond itise. It is
known that carbenoids generate dipoles #Ren the presence of
carbonyls (Scheme 3j. That transformation would be
unproductive in this strategy. In order to avoié formation of
dipole 20, the R group in compoun@l must be unreactive
towards the in-situ generated metal carbene duhied>tH bond
insertion step, but should be easily transforméal ancarboxylate
group. We started to examine the addition of déifer
nucleophiles to the ketor8. As expected, the large silyl group
generally prevented nucleophile addition from paface, which
led to the desired sterecisomer as confirmed bgar aOe signal
between the silyl group and hydroxyl. Cyanohydi2ig was an

3

exception. The opposite stereoisomer was formed Wwhtme

18 was reacted with Nagata's reagenbAHBEN) as evidenced by
the disappearance of the nOe observed for the gitueiucts.
The cyanide addition under these reaction conditierknown to
be a reversible proceSs,and thus the formation of a
thermodynamic product is observed. Trauner et bkeoved
similar stereoselectivity when reacting a ketone wighnide in
their studies®

Scheme 3. Ester Surrogates

ﬁms oTBS
OR 0._0
o O 19
oTBs Nucleophile oTBS
B — OH
18 ©O 21 R
entry Nucleophilic conditions product yield?
oTBS
1 MelLi, CeCly 21a EY/OH )noe 98%
OTBS
2 CH,Cl,, n-BuLi 21b OH 78%
CHCl,
oTBS
, OH
3 furan, n-BuLi 21c 41%
Z 0
OH
4 H,CCCMgBr 21d OH 79%
oTBS
5 H3CCCMgBr, CeCly 21e OH 529%
oTBS
6 MeCN, n-BuLi 21f OH 85%
CN
oTBS
7 Et,AICN 21g CN 85%

(0]

g

%lsolated yields.

All attempts to add a trichloromethyl anion to ketd® were
unsuccessful. Interestingly, the in situ generatietiloromethyl
anion cleanly added to ketonk to generate produc2lb.
Cleavage of the silyl protecting group was encowatewith
propynylmagnesium bromide. Switching to the less idas
organocerium reagefit allowed the isolation of the desired
product 21e in acceptable yield. The tertiary alcoh?la was
chosen as a model substrate for the initial C-H bimisértion
trials.

3.3.Diazoester Formation

Pyrolysis of dioxinon&2 takes place above 100 °C providing
acetylketene, which in the presence of alcdial generated 8-
ketoester as a mixture of keto-, enol-tautomershéBe 4)°
Reacting thap-ketoester with the diazo-transfer reagent pABSA
formed diazo-acetoacetat23."* A diazo-acetate group was
introduced using the protocol reported by HouseBiadkley®
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Scheme 4. Syntheses of Diazoesters.

n 1
f Q 22
TBS o ﬁoms N,
o

0)
xylene, 100 °C
OH 30 min
21a 2) pABSA, NEt,
MeCN, 0-20°C  78% yield (2 steps)
OTBS y,
071)
o

24

(o}

o N s

Me,NPh, CH,Cl,
0°C, 15 min
then NEts, 0-20 °C

3.4.Initial C-H Bond Insertion Results

Diazoesters23 and 24 each have two tertiary and one
secondary C-H bonds (highlighted in red in Schemetha}
would be accessible to the carbene. Relative rafe<-bi
insertion reactions are usually based on an irdagrif bond
electronics, which favor tertiary C-H bond insertiamd sterics,
which favor methylene insertidfi.Methyl groups are typically
unreactive. Bridgehead insertion would also geneadtee-atom
ring, which is generally preferred. Based on Sonovgawerk in
which the bridgehead tertiary C-H bond was the masttiee for
insertion, methylene insertion products liR& and 27 were
predicted to be disfavored. Since the methine enathyl bridge
is syn-periplanar to the large silyl ether, ingertat that site was
also expected to be slow. On the other hand, there ava
possibility that the inductive electron withdrawinfjeet of the
silyl ether oxygen might deactivate the two methifi@s C-H
bond insertion, which could allow methylene insertio become

competitive.
o
(]

Scheme 5. C-H insertion results

"
oTS ,
N
H 0o o

Rh,(oct) 4 (0.5 mol%)
TP T

CH,Cl,, 20 °C, 0.03 M

23 31%yield 25
H OTBS
OTBS N, Rhy(L), (0.5 mol%) oTBS
o# _—— 0
0 I CH,Cl,, 20 °C o o
24 26 © 27
entry catalyst concentration yield 26 yield 27
1 Rhyoct), 0.03M 8% 24%
2  Rhyesp),  0.01M 25% 32%
3 Rhyesp),  0.005M 26% 35%

The C-H bond insertion study began with substras
Unfortunately, when it was subjected to catalytic amsuof
Rhy(oct),, none of the desired methine C-H insertion proeasg
observed. A variety of other conditions were examirad no
bridgehead insertion was seen. Either the internediarbene
was more sensitive towards the steric hindrance gealviby
large silyl group or the methine C-H bond was lesivaied than
the methylene C-H bond due to the inductive electro
withdrawing effect of the ether oxygen on the bridget were
the former, a smaller and more reactive diazo-&eetgoup
might change the selectivity, favoring methine ovethylene C-
H bond insertion. While the smaller diazo-aceftelid produce
the methine insertion produ@s, it was in a low yield and the
major product was still derived from methylene itiser. Again,
a variety of catalysts and reaction conditions wexamined,
with the most productive listed in Scheme 5. Impuita

Rhy(esp) proved to be a more effective catalyst for the C-H

insertion, which reflects results seen in our cagbeascade
reactions-’

Tetrahedron

3.5. Alternative Diazoesters

To further test the influence of the large TBS gran C-H
bond insertion, we attempted to synthesize a diaetate with a
smaller group at the ether position. Thus, aftgraiection and
oxidation of the resulting secondary alcohol, folém by a
similar sequence to that in Scheme 5, the ketodiaetate28
was obtained (Scheme 6).

Scheme 6. Alternative Diazoesters

1) TBAF, 0 °C (98% yield)
oTBS 2) PDC, celite, CH,Cl,
OH
21a
ﬁms

(81% yield)

0
o N s

Me,NPh, CH,Cl,
0°C, 15 min
then NEt3, 0-20 °C
(13% yield)
1) Na, D,0, 1,4-dioxane

50°C,24h
2) MeLi, CeClj, -78 °C
ity - el

3)

OTBS
D N,
o) |
29 ID 0

3) [°)
o
18 o Nt
M%Z'.?'g M OH2Clz 829 yield (3 steps)
then NEt;, 0-20 °C

H 1) LiTMP, -78-20 °C
ﬁ then TMSCI OTBS

o 2) Selectfluor (1.05 equiv) E

then TBAF (1.05 equiv)
14 3) TBSOTH, EtgN, 0-20 °C 30 o
57% yield (3 steps)
1) LDA, -78 °C
then HCI/MeOH

1) MeLi, CeCl, -78 °C
2) MeLi, CeCl3, -78 °C [o]

°C, O
3) xylene, 100 °C, . CI*’N‘NHTS
22 | )T Me,NPh, CH,Cl,
(0) 0°C, 15 min

4) pABSA, Et;N, 0-20 °C then NEt5, 0-20 °C

then aqg. LiOH, 55 °C

OTBS oTBS
F N, Ny
o# o#

o) F o

31 70% yield (4 steps) 32  26% yield (2 steps)

A strategic use of a deuterium kinetic isotope étfen the
total synthesis of the Welwitindolinones has begmored by
Garg™® A similar use of deuterium as a blocking group tloe
methylene carbon 29 could be envisioned to eventually
provide deuteromaoecrystal V by biasing insertiom the
methine position. NaOD in J0* deuterated the ketori® better
than other exchange conditions (KOtBwID TBD/CDCEY),
leading to 99% substitution. Diazoes®®rwas then synthesized.

Next, we proposed to use different groups at the yletb
competing for C-H bond insertion to deactivate fhadition and
probe the stereoelectronic effects controlling gbkectivity. The
deactivation could arise from steric blocking, &leoic
deactivation, or both. Tha-iodo from oxidation of ketond6
(Scheme 2) was not suitable for the formation of the
correspondingi-iodo diazo-acetates as it was readily converted
into a cerium enolate when treated with organoceremgents?.

n1’hus, a smaller, less reactive, and more electrahdvdawing

halogen — fluorine — was chosen to be introducedth®
methylene adjacent to the diazoacetate @&xeScheme 6) as a
test compound. Attempted fluorination of ketord8 with
selectfluor produced a mixture of products. To &lee the side
reactions, we started with the epoxid®&4. After the
deprotonation/rearrangement with , both the alkoxzide enolate
were protected as TMS ethers. Then the silyl enbéretvas
subjected to fluorination. Next, the secondary abtolvas
protected with a TBS group, which ga3@in 57% overall yield.
The milder TBSCl/imidazole conditions did not wordr fthis
particular substrate. Due to steric hindrance arabadketone0,
a mixture of products was produced in the reactiah wiethyl
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cerium. Still, enough material was obtained toycarm diazoester We next looked at fluorinated diazoest82sand31. The C-
formation, and diazoacetaB was isolated in 26% yield from H bond at the fluorinated carbon in the diazoacstatas
ketone 30. To see if the selectivity for C-H insertion would expected to be deactivated towards insertion dutheostrong
change with cis-fluorodiazo-aceta#, the opposite diazoacetate electron withdrawing nature of the halogen. To ourpsse,
diastereomer was obtained through an initial epragéon. A when diazoester32 was reacted with catalytic amounts of
direct diazoacetate transfer reaction did not workl,weo a  Rhy(esp), insertion into the C-H bond of thmethyl group
stepwise alternative was employed. Indeed, when theodi produced the major produ@5. Only trace amounts of the
acetoacetate produced from reaction with pyr@8eand then bridgehead C-H bond insertion product were obseraed, no
PABSA was heated in agueous base solution, deacetylaiok  methylene C-H bond insertion occurred as was hypiteslt is
place, giving producdl in 86-91% vyield for that step. not initially apparent why the syn-periplanar flud®iactivates
the methyl C-H bond for insertion, but it may be dwoeits
proximity in space. In contrast, the diastereomaxifluoro
The ketodiazoeste28 was tested for selectivity in the C-H diazoacetat@l gave the lacton86 when reacted with catalytic
bond insertion reaction (Scheme 7). Normally, thduative ~—amounts of Ri{esp). Not surprisingly, the C-H bond insertion
electron withdrawing effect of a carbonyl group woue Was very selective for the bridgehead position, @dwas
expected to deactivate-C-H bonds for insertion reactions. isolated in 70% yield.
However, in this case there would be insufficient tatbdverlap The desire to achieve selective C-H insertion inoenlex
between the bridgehead methine C-H bond andubgstem of  gystem led to new, interesting, and valuable resufise
the carbonyl group for resonance-based or hypeugative  jnqyctive electron-withdrawing effects of faether, along with
charge delocalization, though some inductive effeatuld likely 1o steric bulk of the TBS group, disfavored C-H damsertion
remain. Certainly, the steric blocking of the betigad position i the bridgehead position relative to the unfumalized
would be lessened relative to the silyl ether, alfvifor  g,pgirates of Sonowane. Additionally, corroboratiovas
distinguishing between the effects. When carbonghmound28  opained that intramolecular C-H bond insertion shamty a
was treated with Rfoct), however a mixture of products was gmg|| deuterium isotope effect. Lastly, a syn-plaripr fluoride
formed, with homod|mer!zat|or_1 being by far the mdemlnant. activated a methyl group for C-H bond insertion thyio as yet
No clean C-H bond insertion product could be isolated nigentified means. The lacton@®and36 have also allowed the
indicating that a hindered environment around ttbene gypioration of key late-stage transformations fée ttotal

3.6.C-H Bond Insertion Selectivity for Alternative Ester

prevented many side reactions. synthesis of Maoecrystal V as explained below ictisas 3.7
Scheme 7. Reactivity of Diazoesters. and 3.8.

% N2 Rh(oct)s (0.5 moi%) Dimeric Products From the insights gained in these experiments, vopgqsae

O oMol 20°C, 008M that a slight modification to the original strategill overcome

28 o} the selectivity problems encountered with these tsates

(Scheme 8). The known bicyclo[2.2.2]octa8¥° will serve as a

OTBS Rh(esp) (0.5 mol%) OTBS, substrate for hydrosilylatioff, which will provide 38 as a silyl
[(’) N —— 0, analog of ketond8, as long as the hydrosilylation occurs on the
- Y S"é‘ﬁ'agld"'g"f”"h“'ws 5° less hindered olefin face. Using the transformatidescribed
5 ,Cl,, 20 °C, 0.01 M . . . .
29 33 0 34 above, diazoest@9 will be prepared. With the silyl group on the
89% yield 40% yield bridge, the inductively electron withdrawifigoxygen has been
OTBS Rha(esp), (0.5 mol%) oTBS exchanged for a neutral or even electron donatinogg and so
o e ——— o the C-H bond insertion at the bridgehead positio aghin be
O o 2040 0020 F =0 favored. After the insertion produd® is obtained, the silyl ether
32 0 35 57%yield may be restored to the bridge via a Tamao-Flemixigation,
oTBS and the original route is thus intercepted. Wecapdie that this
oTBS Rh(esp)» (0.5 mol%) F may even be a more rapid synthesigbfelative to the original
Foflle —————— route
0._Y slow addition with 4 AMS ’
31 o  OHLL207C002M - o B oo yieid Scheme 8. Implementing Lessons Learned

Rhy(esp). The desired methine insertion prod@8twas isolated 39 R O
in 39% vyield. The rates of insertion into the me¢hiC-H and o
methylene C-D bonds were almost equal, which reptesan Kl

Nz
R

SRy . SiRs
The deuterated diazo-aceta®® was also reacted with L& T & e i?o%
37 ©O 38 ©

slight shift in selectivity toward methine insertioglative to the !
non-deuterated substrate. Thus, a very small denteisotope OTBS SiRg
effect was observed. Previously, Adams saw a minis@bpe MaoeohystalV .. [ = /
effect in a competition study for the formation bfidged R= oR A= oR
bicycles? Practically speaking, therefore, using kinetictope o 4 o 40

effects to control carbene C-H bond insertion salitgtdoes not
appear as viable as for controlling nitrene C-H bimisértion. On 3.7, Vicinal Quaternary Carbon Construction
the other hand, this result shows that the pathwajarin 33 and

34 are very close in energy, and so eliminating fleeteonic or Since we had advanced lactone intermediates in asthC-
steric deactivation for bridgehead insertion shdeltl to33 as H bond insertion transformations were examined. [Fivge
the major insertion product. attempted to test the influence of the large sdybup on

diastereoselectivity around the fusgthctone in33 (Scheme 9).
To install the second of the vicinal quaternanboarcenters, the



6

lactone 33 was deprotonated with LDA, and the resulting
enolate was reacted with acetaldehyde. The alcohoiseésed
in 96% vyield. Next, that secondary alcohol was oxdizvith
Dess-Martin periodinane (90% vyield), and théeprotonation
and exposure to BOM-CI formed the quaternary carmod2
with diastereoselectivity again dictated by the TRher.
Unfortunately, all attempts to use formaldehyde as a
electrophile failed. Having established a methodnttall the
second of the vicinal quaternary carbons, a prakmi approach
to form the cyclohexenone ring was examined.

Scheme 9. Vicinal Quaternary Center Formation.

oTBS 1) FProNLi, -78 °C OTBS
D then CHaCHO

2) Dess-Martin Periodinane
CH,Cl,, 0°C
3) LIHMDS, -20 °C

then BOM-CI of

BnO O 42
73% yield (3 steps)

3.8. Approach to Cyclohexenone Construction

Similar cyclohexene ring systems to those in complod6
(Scheme 10) can be accessed through Diels-Alderigaatt

Dihydrofuran44 would act as a dienophile in an inverse electron

demand Diels-Alder reaction, and 3-carbomethoxy-2pgrés)
would be used as a diene for the formation of dobhblyged
polycycle46. This would also allow accessing the gem-dimethyl
group in the cyclohexenone ring @f8 through sequential
reduction. Weaker Lewis acids would be used, like Yi}{@Qor
Eu(hfc)’® in order to prevent decarboxylation, which takezcepl

in the presence of strong Lewis acids.

Scheme 10. Dimethylcyclohexenone via Diels-Alder
Reaction.

OTBS

OTBS

Vinyl ethers can be accessed by a variety of methaattone
36 was successfully transformed to dihydrofuré® through
hydrometallation of the vinyl triflate (Scheme 1Eprmation of
the vinyl triflate was very clean as shown By NMR
spectroscopy of the crude material. However, itsatsmh was
problematic due to its instability. Thus, crude emat was
directly subjected to the next step. Only the cood# shown in
Scheme 11 produced the vinyl et#&; which was obtained in
~40% yield based on the crude NMR. Its isolatiomfithe crude
mixture was very difficult due to a similar-Ralue to that of the
triflate. The product was unstable during chromapbic
purification as well. Other hydride sources, like;3#H or
BusSnH, were ineffective. No reaction was observed inetodu
or THF, and a Pdcatalyst (Pd(PRJy) was ineffective as well.
Preliminary investigations into the Diels-Alder cyatigition
using 45 and similar pyrones have not yet born fruit dughte
sensitivity of 49, but they remain ongoing with other electron
deficient dienes. Vinyl ethed9 is still expected to be a
productive motif for cyclohexanone construction.

Tetrahedron

Scheme 11. Cyclic Vinyl Ether Formation.

OTBS 1) KHMDS, DMPU
PhN(TT),

2) Pd(OAc),, PPh3
HCO.H, EtsN
DMF, 55 °C
~40% yield

4, Conclusion

Despite multiple obstacles, advanced intermediatestte
core structure of Maoecrystal V have been synthdsizithout
the use of an IMDA reaction to form the vicinal cera@ry
carbons. The effects of substituents on C-H boneriims have
been defined for neighboring ethers, fluoridesI(idng a rare
activation of a methyl group by a locked syn-pexir fluoride),
and deuteration. The introduction of a fluorideoittte molecule
also allowed us to build model systems for late estag
transformations. The dihydrofurd® was synthesized in 13 steps
with ~8% overall yield, and lactone 42 containing &ey vicinal
quaternary carbons was accessed in 11 reaction®%nalerall
yield (Scheme 12).

Scheme 12. Summary of the Synthetic Work
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N
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F
OT\)
o

2) LITMP then TMSCI

3) Selectfluor then TBAF
4) TBSOTT, EtgN

OTBS
F
30

]

55% vyield
(4 steps)

1) Rhy(esp),
-~ .
2) KHMDS, PhN(Tf),

3) Pd(OAc),, PPhy
/ﬁo 22 31 HCOH
o 70% yield ~28% yield
4) pABSA, Et;N (4 steps) (3 steps)

1) Na, D,0,
OTBS ) Meli, CeCls

- - .

3) MezNoPh, then NEt;,
JN

4) Rha(esp),

OAc 1) LiTMP
2) TBSCI imid.
[¢]

18
68% yield

(2 steps)

NHTs

1) i-ProNLi, -78 °C
then CH;CHO

2) Dess-Martin Periodinane
CH,Cl,, 0

3) LIHMDS, -20 °C
then BOM-CI

o

BnO O
73% yield
(3 steps)

42

32% yield
(4 steps)

5. Experimental section
5.1.General Considerations

All reactions were carried out in flame- or oven-drie
glassware. THF, toluene and @, were purged with argon and
dried over activated alumina columns. Flash chrograiphy was
performed on 60 A silica gel (Sorbent Technologids)alytical
thin layer chromatography was performed on EMD silica
gel/TLC plates with fluorescent indicator 254 nm.eThi, **C
and F NMR spectra were recorded on a JEOL ECA-500 or
ECX-400P spectrometer using residual solvent peskaa
internal reference (CDI7.25 ppm forH NMR and 77.16 ppm
for °C NMR; DMSO-d: 2.50 ppm for'H NMR and 39.51 ppm
for *C NMR; benzenesd 7.16 ppm for '"H NMR).
Hexafluorobenzened(= -164.9 ppm) was employed as an
internal standard in*F NMR spectra. For®*C NMR,
multiplicities were distinguished using DEPT expenitse
methyl and methine carbons appear positive (up)thyfene
carbons appear negative. IR spectra were obtainedy s
ThermoNicolet Avatar 370 FT-IR instrument. HRMS aned/s



were performed under contract
spectrometric facility via positive mode ESI methahd

US10252005 instrument. Commercially available conmggu
were purchased from Aldrich Chemical Co., Acros Organic

Alfa Aesar, or TCl America and were used without further

purification. Note that all designations Rfor S stereochemistry
is to denote diastereomeric relationships and dhatompounds
are racemic.

1.4.2. Syntheses of Compounds

1-((1S,4R,7S,8R)-8-Methylbicyclo[2.2.2]oct-2-en-7-
yl)ethanone Z8).

A flame-dried one liter round-bottom flask was chargath
1,4-cyclohexadiene26) (9.8 mL, 0.10 mol) and penten-2-one
(27) (10.0 mL, 0.10 mol, 70% purity). Anhydrous PhMe2@L,
0.5M) was added and the flask was cooled in an icefth.
EtAICI, (113 mL, 0.11 mol) was then added, the reactiorturex
was stirred at 0 °C for 3 hours. Afterward, 1N HCI solutwas
added slowly to the reaction mixture, until the enimn of gas
had ceased. The mixture was extracted witf©EBx), and the
organic phases were combined and washed with briieel dver
anhydrous MgS® filtered and concentrated to yield crude
product. Acetone was added to the residue, the whiteiitate
formed was removed by filtration through a small gplof
Celite® and rinsed with acetone. Solvent was remoiedotary
evaporation. The obtained yellow oil was subjectedhto next
step without further purificationH NMR (400 MHz, CDC)) &
6.41-6.33 (m, 1H), 6.10-6.03 (m, 1H), 2.81- 2.73 (M), 2.29-
2.22 (m, 1H), 2.10 (s, 3H), 2.03 (dd,= 6.4 Hz, 1.8 Hz, 1H),
1.91-1.81 (m, 1H), 1.79-1.69 (m, 1H), 1.56-1.46 (iH),11.34-
1.24 (m, 1H), 1.12-1.01 (m, 1H), 1.07 @z 6.9 Hz, 1H).°C
NMR (100.52 MHz, CDG) § 210.0, 136.9, 130.6, 60.6, 36.0,
33.8, 32.9, 28.4, 26.2, 20.0, 18.2.

A one liter round-bottom flask was charged with thader
material from the previous reaction. Reagent gpeelgane (0.5
L, 0.2M) was added, followed by purified mCPBA (37,0030
mol). The order of the addition is important! Theaction
mixture was stirred at room temperature for 48 koo the
reaction mixture saturated NaHg®olution was added slowly,
until the benzoic acid dissolved. The mixture wasaeted with
EtOAc (3x), the organic phases were combined and waslted

saturated N#&5,0; solution and brine, then dried over anhydrous

MgSQ,, filtered and concentrated to yield crude prodddie
residue was purified by column chromatography oitasibel

using 10% EtOAc in hexanes as an eluent. 7-Methyl-3-

oxatricyclo[3.2.2.6“lnon-6-yl acetate 29) was obtained as a
clear oil (12.5 g, 88%) with the corresponding spestiopic
data:'H NMR (500 MHz, CDCJ) § 4.54 (t,J = 3.4 Hz, 1H), 3.33
(t, J = 4.6 Hz, 1H), 3.24 () = 4.6 Hz, 1H), 2.33-2.29 (m, 1H),
2.04 (s, 3H), 2.01-1.97 (m, 1H), 177-1.64 (m, 2H) 211544 (m,
1H), 1.33-1.24 (m, 1H), 1.19- 1.10 (m, 1H), 1.14Jd; 6.9 Hz,
3H). ®C NMR (125.76 MHz, CDG) & 170.8, 80.9, 54.0, 50.4,
37.0, 34.6, 33.4, 21.5, 21.0, 18.0, 16.5. HRMS¥Zt [M+H]",
calculated for GH¢03, 197.1178; found 197.1183:F0.41 in
20% EtOAc/hexanes. 1-(7-Methyl-3-oxatricyclo[3.2%]fon-6-
yhethanone 30) was obtained as a clear oil, with the
corresponding spectroscopic ddid:NMR (500 MHz, CDCJ) &
3.23 (t,J = 4.6 Hz, 1H), 3.18 () = 4.6 Hz, 1H), 2.73-2.69 (m,
1H), 2.29-2.22 (m, 1H), 2.16 (s, 3H), 2.02-1.97 (m, ,1HBO-
1.72 (m, 1H), 1.67-1.58 (m, 1H), 1.54-1.50 (m, 1H}911.42
(m, 1H), 1.40-1.31 (m, 1H), 1.07 (d,= 6.9 Hz, 3H).*C NMR

(125.76 MHz, CDGJ) 6 209.2, 58.3, 53.2, 51.0, 33.6, 30.5, 29.9,

27.0, 21.7, 21.1, 16.6. HRMS-Gh/z [M+H]", calculated for
CiiH160,, 181.1229; found 181.1237. +R0.20 in 20%

7

by UT (Austin’s [ massEtOAc/hexanes. 1D nOe analysis revealed the stereostngmi

of epoxide in30.
7-Methyl-3-oxatricyclo[3.2.2 ¥|nonan-6-ol 1).

A round-bottom flask was charged wit (2.00 g, 0.01 mol).
Reagent grade MeOH (51 mL, 0.2M), water (22 mL, 0.45K)
K,CGO; (4.20 g, 0.03 mol) were added. The reaction mixtuae
stirred at room temperature overnight. MeOH was remhoxe
rotary evaporation. To the residue 1N HCI solutiodQ(inL) was
added, the product was extracted withCE{(3x). The organic
phases were combined and washed with brine, dried over
anhydrous MgSQ filtered through short silica gel plug and
rinsed with EfO. Solvent was removed via rotary evaporation to
yield clean product as a white solid (1.53 g, 97%)NMR (400
MHz, CDCk) 6 3.53-3.47 (m, 1H), 3.36-3.29 (m, 1H), 2.25-2.18
(m, 1H), 2.00-1.93 (m, 1H), 1.72 (d,= 3.2 Hz, 1H), 1.71-1.59
(m, 2H), 1.50-1.39 (m, 1H), 1.27-1.18 (m, 1H), 1.1390(m,
1H), 1.11 (d,J = 7.3Hz, 3H).”*C NMR (100.52 MHz, CDG) 5
79.4, 54.4, 50.8, 39.8, 36.4, 34.8, 21.4 {{LH8.1, 16.5 (CH).
HRMS-CIm/z [M+H]", calculated for gH,30,, 154.0994; found
154.0990. R 0.29 in 50% EtOAc/hexanes.

tert-Butyldimethyl({7-methyl-3-oxatricyclo[3.2.2fnonan-
6-yl}oxy)silane 82).

A round-bottom flask was charged witBl (1.25 g, 8.1
mmol). Anhydrous CKCl, (32 mL, 0.25M) was added, followed
by the addition of imidazole (1.93 g, 28.3 mmol)}danBSCI
(3.05 g, 20.2 mmol). The reaction mixture was dirozernight
at room temperature. GBI, was removed via rotary
evaporation. To the residue 5% EtOAc in hexanes isolwras
added, the mixture was filtered through short siied plug and
rinsed with 5% EtOAc in hexanes solution. Solvent vessaved
via rotary evaporation to yield clean product asoéorless oil
(2.15 g, 99%)™H NMR (500 MHz, CDC})  3.39 (t,J = 2.9 Hz,
1H), 3.30 (t,J = 4.6 Hz, 1H), 3.26 (tJ = 4.6 Hz, 1H), 2.14-2.09
(m, 1H), 1.95-1.90 (m, 1H), 1.70-1.58 (m, 2H), 1.4381(m,
1H), 1.25-1.17 (m, 1H), 1.07-0.97 (m, 1H), 1.05Jd 6.9 Hz,
3H), 0.87 (s, 9H), 0.05 (s, 3H), 0.04 (s, 3 NMR (125.76
MHz, CDCL) & 79.7, 54.3, 51.4, 40.1, 36.7, 34.7, 25.9, 21.3,
18.1, 16.5, -4.5. HRMS-Clm/z [M+H]®, calculated for
CisH60,Si, 269.1937; found 269.1927.:R0.69 in 20%
EtOAc/hexanes.

(1S,2R,4S,5R,6S)-6-(tert-Butyldimethylsilyloxy)-@eib-
methylbicyclo-[2.2.2]octan-2-0133a).

A flame-dried round-bottom flask was charged v8th(2.15

g, 8.00 mmol) and BINI (3.85 g, 10.4 mmol). Anhydrous
CH,CI, (80.0 mL, 0.1M) was added and the flask was coaed t
78 °C in a dry ice/acetone bath. 8BE} (1.3 mL, 10.4 mmol)
was then added dropwise, the reaction mixture wagdtat -78

°C for 30 minutes, then allowed to warm to room temagure.
CH,CIl, was removed via rotary evaporation. To the residue
saturated NECI solution was added, product was extracted with
Et,O (3x). The organic phases were combined and washéd wit
brine, dried over anhydrous Mg@Qiltered and concentrated to
yield crude product. The obtained yellow oil was satgd to the
next step without further purification. To obtain analytical
sample, the residue was purified by column chromafggy on
silica gel using 10% EtOAc in hexanes as an eludmt. product
was obtained as a white solid (2.54 g, 80%)NMR (400 MHz,
CDCly) 6 4.75- 4.66 (m, 1H), 4.10 (dd,= 5.0 Hz and 1.8 Hz,
1H), 3.15 (ddJ = 5.5 Hz and 2.3 Hz, 1H), 2.30-2.21 (m, 1H),
1.84-1.74 (m, 1H), 1.59-1.55 (m, 1H), 1.55-1.50 (ir),11.48 (s,
1H), 1.31-1.16 (m, 2H), 1.06 (s, 9H), 1.09-0.92 (m,,16494 (d,

J = 6.9 Hz, 3H), 0.14 (s, 3H), 0.09 (s, 3H)C NMR (125.76
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MHz, benzene-§) & 78.0, 77.1, 44.5, 44.2, 43.2, 38.8, 26.4,1H), 1.61-1.52 (m, 1H), 1.13 (d, J = 6.9 Hz, 3H), O(869H),

21.3,18.5,18.1,16.2, -4.1;:R.14 in 5% EtOAc/hexanes.

(1S,2R,4S,5R,6S)-6-(tert-Butyldimethylsilyloxy)-8Abo-5-
methyl- bicyclo[2.2.2]octan-2-0B@b).

A flame-dried round-bottom flask was charged wath(0.51
g, 1.90 mmol) and BNWBr (0.80 g, 2.49 mmol). Anhydrous
CH,CI, (19.0 mL, 0.1M) was added and the flask was coaled t
78 °C in a dry ice/acetone bath. BBE} (0.3 mL, 2.49 mmol)
was then added dropwise. The reaction mixture wasdtat -78
°C for 30 minutes, then allowed to warm to room teragure.

CH,CIl, was removed via rotary evaporation. To the residu
saturated NBKCI solution was added, and product was extracte
with Et,O (3x). The organic phases were combined and wash

with brine, dried over anhydrous Mg&{O filtered and
concentrated to yield crude product. The obtairedtby oil was
subjected to the next step without further purifwat To obtain
an analytical sample, the residue was purified byuroo
chromatography on silica gel using 10% EtOAc in hesaas an
eluent. The product was obtained as a white sol#b(g, 68%).
'"H NMR (400 MHz, CDCJ) & 4.50-4.43 (m, 1H), 4.00 (dd,=
5.0 Hz and 1.8 Hz, 1H), 3.27 (dd,= 5.5 Hz and 2.3 Hz, 1H),
2.06-1.96 (m, 1H), 1.93 (s, 1H), 1.84-1.73 (m, 1H§911.56 (m,
3H), 1.53-1.43 (m, 1H), 1.29-1.19 (m, 1H), 1.02 Jd; 6.9 Hz,
3H), 0.88 (s, 9H), 0.06 (s, 3H), 0.03 (s, 3H): &26 in 10%
EtOAc/hexanes.

(1S,2R,4S,5R,6S)-6-(tert-Butyldimethylsilyloxy)-Byait5-
methyl-bicyclo[2.2.2]octan-2-0B3c).

A flame-dried round-bottom flask was charged wsth (100
mg, 0.37 mmol) and BMCI (207 mg, 0.74 mmol). Anhydrous

0.05 (s, 3H), 0.03 (s, 3H}*C NMR (125.76 MHz, CDG) &
207.3, 52.7, 51.4, 42.3, 37.1, 25.7, 19.6, 19.03,187.9, -4.6.
HRMS-CI m/z [M+H]", calculated for GH,gO,Si, 349.1021;
found 349.1031. R0.22 in 5% EtOAc/hexanes.

A round-bottom flask was charged with the product haf t
previous reaction (3.62 g, 9.2 mmol). Glacial AcOH (6a1L,
0.18M) and Zn dust (1.71 g, 26.1 mmol) were addede T
solution was stirred at room temperature and maeutkdry TLC.
After completion, the reaction mixture was filterddaugh the
short plug of Celite® and rinsed with @El,. To the ice cold

%olution of filtrate, saturated NaHG®olution was added slowly

opwise, until the pH paper indicated a neutral medihe

ixture was extracted with GBI, (3x), and the organic phases
were combined and washed with brine, dried over amuglr
MgSQ,, filtered and concentrated to yield crude prodddie
crude product was purified by column chromatographysilica
gel using 10% EtOAc in hexanes as an eluent. Theuptoglas
obtained as a colorless oil (2.42 g, 98%).

Method B A flame-dried round-bottom flask was charged
with TMPH (4.6 mL, 27.2 mmol) under an argon atmasph
Anhydrous THF (25.0 mL, 0.26 M) was added, and thskflwas
cooled to - 78 °C in a dry ice/acetone bath. 2.6BWLi solution
(20.4 mL, 25.9 mmol) was then added. After 15 miawe-78
°C alcohol 31 (1.00 g, 6.48 mmol), dissolved in 7.0 mL of
anhydrous THF (0.9M), was added dropwise to the balksgion.
The reaction mixture was allowed to warm to room teaoee
and stir for 2 more hours. After completion, satedaNH,CI
solution was added. The mixture was extracted witlD EBX),
and the organic phases were combined and washed riih, b

CH,Cl, (3.7 mL, 0.1M) was added and the flask was cooled to dried over anhydrous MgSQfiltered and concentrated to yield

78 °C in a dry ice/acetone bath. BBE} (0.4 mL, 1.11 mmol)
was then added dropwise, the reaction mixture wasdtat -78
°C for 30 minutes, and then it was allowed to warnrdom

crude product. The crude (1R,4R,5R,6S)-6-Hydroxy-5-
methylbicyclo[2.2.2]octan-2-one  was purified by cuolu
chromatography on silica gel using 50% EtOAc in hesaas an

temperature. CKCl, was removed via rotary evaporation. To theeluent. Tlhe rearranged ketone was obtained as eugisil (0.64
residue saturated NBI solution was added, and the product wasg, 64%)."H NMR (400 MHz, CDC}) 6 3.61 (t,J = 3.7 Hz, 1H),
extracted with BD (3x). The organic phases were combined an®.99 (bs, 1H), 2.38- 2.33 (m, 1H), 2.30-2.16 (m, 2H$5-1.89

washed with brine, dried over anhydrous MgS€itered and
concentrated to yield crude product. The obtairgtby oil was
subjected to the next step without further purifwat To obtain
an analytical sample, the residue was purified byuroo
chromatography on silica gel using 10% EtOAc in hesaas an
eluent. The product was obtained as a white solid{g842%).
'"H NMR (500 MHz, CDCJ) & 4.33-4.28 (m, 1H), 3.85 (dd,=
4.6 Hz and 1.7 Hz, 1H), 3.28 (dd,= 5.7 Hz and 2.3 Hz, 1H),
2.02-1.91 (m, 2H), 1.81-1.72 (m, 1H), 1.69-1.66 (rH),11.66-
1.54 (m, 2H), 1.47-1.38 (m, 1H), 1.29-1.20 (m, 1HP21(d,J =
7.4 Hz, 3H), 0.88 (s, 9H), 0.05 (s, 3H), 0.03 (s, 3¥J. NMR

(125.76 MHz, CDGJ) & 77.3, 75.0, 69.6, 43.4, 42.0, 35.3, 25.9

20.1,18.1, 17.4, 16.5, -4.5.

(1R,4R,5R,6S)-6-(tert-Butyldimethylsilyloxy)-5-
methylbicyclo[2.2.2]octan-2-on&%).

Method A A round-bottom flask was charged widBa (0.45
g, 1.29 mmol). Anhydrous CEl, (13 mL, 0.1M) was added,
followed by the addition of Celite® (1.45 g) and PRLT45 g,
3.80 mmol). The reaction mixture was stirred ovdnhigt room
temperature. The heterogeneous solution was filt¢heough
short silica gel plug and rinsed with gEl,. After the removal of
solvent via rotary evaporation and drying undehhigcuum for
few hours, product solidified. Product as a lightoxe solid was
collected in 94% yield and used in the next reac{®42 g).'H

NMR (500 MHz, CDCJ) § 4.32 (d, J = 2.9 Hz, 2H), 3.45-3.40

(m, 1H), 2.39 (g, J = 2.9 Hz, 1H), 2.35-2.27 (m, 1H),122.06
(m, 1H), 1.99-1.91 (m, 1H), 1.79-1.70 (m, 1H), 1.7611(m,

(m, 1H), 1.81-1.61 (m, 4H), 1.43-1.33 (m, 1H), 1.15J¢& 7.3
Hz, 3H).13C NMR (100.52 MHz, CDG) & 216.6, 51.5, 45.6,
41.5, 33.7, 20.1, 18.8, 18.2. HRMS-@¥z [M+H]", calculated
for CyH.130, 154.0994; found 154.0993.:R0.20 in 50%
EtOAc/hexanes.

A round-bottom flask was charged with the ketone @& th
previous reaction (0.64 g, 4.15 mmol). Anhydrous,Cl (21
mL, 0.2M) was added, followed by the addition of iaddle
(0.56 g, 8.30 mmol) and TBSCI (0.94 g, 6.22 mmdihe
reaction mixture was stirred overnight at room terapge.
CH,CI, was removed via rotary evaporation. To the resbie

"EtOAc in hexanes solution was added, the mixture weesefd

through the short silica gel plug and rinsed with B¥@Ac in
hexanes solution. Solvent was removed via rotarpenaion to
yield clean35 as a colorless oil (1.02 g, 929%H NMR (400
MHz, CDCk) 6 3.52 (t,J = 3.2 Hz, 1H), 2.31-2.14 (m, 3H), 1.96-
1.91 (m, 1H), 1.80-1.56 (m, 4H), 1.40-1.30 (m, 1H)L11(d,J =
7.3 Hz, 1H), 0.83 (s, 9H), 0.03 (s, 3H), 0.02 (s, 3fF. NMR
(100.52 MHz, CDGJ) & 214.8, 51.6, 45.6 (CH| 42.6, 33.7, 25.8,
20.1, 18.9 (CH), 18.5, 18.0 (Ch), -4.6. HRMS-CIm/z [M+H]",
calculated for H,g0,Si, 269.1937; found 269.1932;:R.34 in
10% EtOAc/hexanes.

(1R,2R,4R,5R,6S)-6-(tert-Butyldimethylsilyloxy)-2,5-
dimethylbicyclo-[2.2.2]octan-2-0Bga).

Anhydrous CeGClwas obtained by dehydrating CeCQH,0)
(5.41 g, 14.5 mmol) under high vacuum at 165 °CZXdrours.



After 2 hours the flask was allowed to cool to roomperature
and then filled with inert gas. To the CeG@nhydrous THF
(100.0 mL) was added and the suspension was storezitiours
at room temperature. 1.6M MeLi solution (9.1 mL,5.4nmol)
was added to the above solution at -78 °C. After 3Qutes
ketone35 (1.95 g, 7.26 mmol) dissolved in anhydrous THF.@21
mL) was added slowly. After 1 hour at -78 °C, the fieac
mixture was quenched with saturated J8H solution and
allowed to warm to room temperature. The mixture wasaeted

with ELO (3x), and the organic phases were combined an

washed with brine, dried over anhydrous MgS@itered and
concentrated to yield crude product. The crude wcbdvas
purified by column chromatography on silica gel ngsi5%
EtOAc in hexanes as an eluent. The product was olbtainea
colorless oil, which, when stored at low temperatusesidified
(2.00 g, 97%)'H NMR (500 MHz, CDCJ) & 5.07 (s, 1H), 3.50-
3.46 (m, 1H), 1.80-1.55 (m, 5H), 1.52-1.48 (m, 1H}711.39
(m, 1H), 1.26-1.18 (m, 1H), 1.22 (s, 3H), 1.16-1.07 {i), 1.01
(d,J = 7.4 Hz, 3H), 0.88 (s, 9H), 0.09 (s, 3H), 0.09 (s,.38Q
NMR (125.76 MHz, CDG) 6 80.8, 71.2, 47.0, 42.9, 41.6, 32.4,
30.0, 25.9, 20.9, 18.9, 17.9, -4.5. HRMS-@l/z [M+H]",
calculated for GH3,0,Si, 285.2250; found 285.2243;:R.48 in
10% EtOAc/hexanes.

6-[(tert-Butyldimethylsilyl)oxy]-2-(dichloromethyl)-5
methyl(3,3D,) bicyclo[2.2.2]octan-2-o0l 8b).

A flame-dried
anhydrous CKCl, (35.0 ul, 0.55 mmol) and anhydrous THF
(0.75 mL, 0.5M) under an argon atmosphere. Thekflaas
cooled to -78 °C in a dry ice/acetone bath. 28BAILi solution
(0.18 mL, 0.44 mmol) was then added. After 15 migwe-78
°C alcohol 35 (100 mg, 0.37 mmol) dissolved in 1.0 mL of
anhydrous THF was added dropwise to the above solufifter
1 hour at -78 °C, saturated NEl solution was added. The
mixture was extracted with B (3x), and the organic phases
were combined and washed with brine, dried over amuglr
MgSQ,, filtered and concentrated to yield crude prodddie
crude product was purified by column chromatographysilica
gel using 5% EtOAc in hexanes as an eluent. The ptodas
obtained as a colorless oil (131.0 mg, 78%)NMR (500 MHz,
CDCly) 4 5.68 (s, 1H), 5.44 (s, 1H), 3.47-3.42 (m, 1H), 2283
(m, 1H), 1.90-1.83 (m, 1H), 1.61-1.57 (m, 1H), 1.5391(m,
2H), 1.39-1.30 (m, 1H), 1.17-1.08 (m, 1H), 1.04 & 7.4 Hz,
3H), 0.90 (s, 9H), 0.12 (s, 3H), 0.10 (s, 3HC NMR (125.77
MHz, CDCL) § 80.3, 80.0, 77.4 (C§}, 76.2 (CH), 40.3, 39.3,
31.9, 25.8, 19.8 (CH, 18.2, 17.9 (Ch), -4.5. HRMS-CIm/z
[M+H]", calculated for GH,gD,0,SiCl,, 355.1596; found
355.1592. R 0.66 in 20% EtOAc/hexanes.

(1R,4R,5R,6S)-6-(tert-Butyldimethylsilyloxy)-2-idato-
methylbicyclo- [2.2.2]octane-2-carbaldehyd9).

A flame-dried round-bottom flask, covered by alunmmfoil,
was charged with 1.0M LiIHMDS solution (0.59 mL, 0ssénol),
anhydrous THF (1.60 mL, 0.11 M) and anhydrougOE(1.00
mL, 0.19 M) under an argon atmosphere. The flaskcwated to
-78 °C in a dry ice/acetone bath. $H(54.0 pl, 0.67 mmol)
dissolved in anhydrous THF (0.40 mL) was then adédigr 20
minutes ketone&5 (50.0 mg, 0.19 mmol), dissolved in 0.80 mL
of anhydrous THF, was added dropwise to the abougtisol
After 20 minutes at -78 °C, saturated ) solution was added.
The mixture was extracted with,Ex (3x), and the organic phases
were combined and washed with brine, dried over amtuglr
MgSQ,, filtered and concentrated to yield crude prodddie
crude product was purified by column chromatographysilica
gel using 2.5% EtOAc in hexanes as an eluent. Theugtovas
obtained as a colorless oil (56.0 mg, 74%)NMR (400 MHz,

9
CDCly) 89.10 (s, 1H), 3.44 (1 = 3.7 Hz, 1H), 2.97 (dt, J =15.6
HZ and 2.8 Hz, 1H), 2.18 (dd,= 15.6 Hz and 3.2 Hz, 1H), 2.15-
2.05 (m, 2H), 1.76-1.52 (m, 3H), 1.46-1.39 (m, 1HB811.29
(m, 1H), 0.96 (dJ = 7.3 Hz, 3H), 0.86 (s, 9H), 0.03 (s, 3H), 0.02
(s, 3H). ¥C NMR (100.52 MHz, CDG) & 189.2, 77.6, 62.7,
45.4,41.0, 38.4, 31.4, 25.9, 24.2, 18.9, 18.3),18.4, -4.4. R
0.43 in 5% EtOAc/hexanes.

(1R,2R,4R,5R,6S)-2-(Furan-2-yl)-5-
H1ethy|bicyclo[2.2.2]octane-2,6-dioB$c).

A flame-dried round-bottom flask was charged with fu(&@0
ul, 1.08 mmol) under an argon atmosphere. Anhydray® E3.0
mL) was added, and the flask was cooled to 0 °C ircewater
bath. 2.5MnBuLi solution (0.3 mL, 0.72 mmol) was then added.
After 30 minutes at 0 °C ketond5 (96 mg, 0.36 mmol),
dissolved in 3.0 mL of anhydrous.,Bt was added dropwise to
the above solution. The reaction mixture was allotwedarm to
room temperature and stirred overnight. Saturated,ONH
solution was added. The mixture was extracted witkd EBXx),
and the organic phases were combined and washed rii, b
dried over anhydrous MgS(filtered and concentrated to yield
crude product. The crude product was purified byurw
chromatography on silica gel using 5% EtOAc in hegaa® an
eluent. The product was obtained as a light yellolid S&0.0
mg, 41%)."H NMR (500 MHz, CDC})) & 7.37-7.35 (m, 1H),
6.31-6.27 (m, 2H), 5.50 (s, 1H), 3.55 (dds 4.6 Hz and 2.3 Hz,

round-bottom flask was charged with 1H), 2.39 (ddJ = 14.3 Hz and 2.9 Hz, 1H), 2.14 &= 2.9 Hz,

1H), 1.99 (dt,J = 14.3 Hz and 2.9 Hz, 1H), 1.93-1.86 (m, 1H),
1.64-1.60 (m, 1H), 1.46-1.38 (m, 1H), 1.27-1.13 (iM),3L.06 (d,
J=6.9 Hz, 3H), 0.92 (s, 9H), 0.14 (s, 3H), 0.13 (s,.3R)0.51

in 20% EtOAc/hexanes.

(1R,2R,4R,5R,6S)-5-Methyl-2-(prop-1-
ynyl)bicyclo[2.2.2]octane-2,6-dioBBgd).

A flame-dried round-bottom flask was charged with ket85
(200.0 mg, 0.74 mmol) under an argon atmosphereydolus
THF (3.7 mL) was added, and the flask was cooled83°€C in a
dry ice/aceone bath. 0.5M propynyl magnesium brensiolution
(4.5 mL, 2.23 mmol) was then added. After 30 minuttes
reaction mixture was allowed to warm to room tempeeatind
stirred overnight. Saturated NEl solution was added. The
mixture was extracted with 2 (3x), and the organic phases
were combined and washed with brine, dried over amuglr
MgSQ,, filtered and concentrated to yield crude prodddie
crude product was purified by column chromatographysilica
gel using 50% EtOAc in hexanes as an eluent. Theuptoglas
obtained as a white solid (114.0 mg, 79%).NMR (500 MHz,
CDCls) 3 3.38 (bs, 2H), 3.27 (ddl = 5.7 Hz and 1.7 Hz, 1H),
2.09-2.02 (m, 1H), 2.00-1.96 (m, 1H), 1.94-1.88 (it),11.82 (s,
3H), 1.78- 1.63 (m, 2H), 1.51-1.36 (m, 2H), 1.25-1(f% 1H),
1.05 (d,J = 7.4 Hz, 3H).°*C NMR (125.77 MHz, CDG) & 84.3,
79.0, 78.3, 70.7, 46.7, 43.3, 41.4, 31.7, 21.53,187.9, 3.7. R
0.09 in 20% EtOAc/hexanes.

(1R,2R,4R,5R,65S)-6-(tert-Butyldimethylsilyloxy)-5hykR-
(prop-1- ynyl)bicyclo[2.2.2]octan-2-0B8e).

Anhydrous CeGlwas obtained by dehydrating CeCl H,O
(0.83 g, 2.23 mmol) under high vacuum at 165 °CZXdrours.
After 2 hours the flask was allowed to cool to ro@mperature
and then filled with inert gas. To the Ce@hhydrous THF (11.0
mL) was added and the suspension was stirred foru2s hat
room temperature. 0.5M propynyl magnesium bromiolat®n
(4.5 mL, 2.23 mmol) was added to the above soluéibd °C.
After 30 minutes keton&5 (0.30 g, 1.12 mmol) dissolved in
anhydrous THF (8.0 mL) was added slowly. After 2.5rBaat 0O
°C, the reaction mixture was quenched with saturddetiCI
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solution. The mixture was extracted with,&t(3x), and the
organic phases were combined and washed with brireel dver

Tetrahedron

123.9, 76.3, 65.4, 43.6, 43.4, 41.5, 31.0, 26.06,188.3, 17.7,
17.7, -4.3, -4.6. HRMS-CIm/z [M+H]", calculated for

anhydrous MgSQ filtered and concentrated to yield crude C;gH,gNO,Si, 296.2046; found 296.2046.:R0.48 in 20%

product. The crude product
chromatography on silica gel using 10% EtOAc in hesaas an

eluent. The producs8e was obtained as a white solid (0.18 g,

52%).*H NMR (500 MHz, CDCJ) § 5.22 (s, 1H), 3.51-3.46 (m,

1H), 2.15 (ddJ = 14.3 Hz and 2.9 Hz, 1H), 1.92-1.81 (m, 2H),

1.83 (s, 3H), 1.76-1.69 (m, 1H), 1.53-1.49 (m, 1H3;711.39 (m,
1H), 1.35-1.21 (m, 2H), 1.02 (d,= 7.4 Hz, 3H),0.88 (s, 9H),
0.09 (s, 3H), 0.09 (s, 3Hf*C NMR (125.76 MHz, CDG) &
845, 79.6, 77.9, 69.3, 48.1, 42.8, 41.1, 31.69,281.2, 18.7,
17.8, 17.7, 3.9, -4.5, -4.6. HRMS-@l/z [M+H]", calculated for
CiH3,0,Si, 309.2250; found 309.2239.:R0.63 in 20%
EtOAc/hexanes. Produ@8d was isolated in 12% yield (26.8
mg).

2-{6-[(tert-Butyldimethylsilyl)oxy]-2-hydroxy-5-metl(¥,3-
D,) bicyclo[2.2.2]octan-2-yl}acetonitrile38f).

was purified by columnEtOAc/hexanes.

(1R,2R,4R,5R,6S)-6-(tert-Butyldimethylsilyloxy)-2,5-
dimethylbicyclo[2.2.2]octan-2- yl 2-diazo-3-oxobutete @1).

A flame-dried round-bottom flask was charged withiaeyt
alcohol 38a (85.0 mg, 0.30 mmol) and dioxinod® (0.16 mL,
1.20 mmol) under an argon atmosphere. Xylene 1(6(%.0M)
was added, and the flask was placed in a prehea®&d°Q) oil
bath. After 30 minutes the reaction mixture wasvedd to cool
to room temperature. Afterwards, the crude reactiodure was
purified by column chromatography on silica gel ngsi5%
EtOAc in hexanes as an eluent. The product was obtainea
white solid (86 mg, 81%)'H NMR spectrum revealed that the
initial product consists of a 1:0.2 mixture of kieteol tautomers.
'H NMR (500 MHz, CDCJ)  12.26 (s, 1H, minor), 4.89 (s, 1H,
minor), 3.37 (d,J = 14.9 Hz, 1H, major), 3.37-3.33 (m, 2H,

A flame-dried round-bottom flask was charged with 2.5Mminor), 3.23 (d,J = 14.9 Hz, 1H, major), 2.45-2.42 (m, 1H,

nBuLi solution (0.35 mL, 0.89 mmol) under
atmosphere. Anhydrous THF (4.0 mL) was added, andldkk
was cooled to -78 °C in a dry ice/acetone bath. Mé@MO mL,
3.70 mmol) was then added. After 20 minutes at G&e&tone
35 (200 mg, 0.74 mmol), dissolved in 3.0 mL of anlogdy THF,
was added dropwise to the above solution. After 1 hotir8 °C,

saturated NECI solution was added and reaction mixture was(s, 3H, minor),

allowed to warm to room temperature. The mixture wasaeted

with ELO (3x), and the organic phases were combined and

washed with brine, dried over anhydrous MgS@itered and
concentrated to yield crude product. The crude wrbdvas
purified by column chromatography on silica gelngsil0%
EtOAc in hexanes as an eluent. The product was obtainea
colorless oil (195.5 mg, 85%). 21.5 mg of startingterial 35
was recovered (11%yH NMR (500 MHz, CDCJ) & 5.42 (s,
1H), 3.52-3.49 (m, 1H), 2.59 (d,= 16.0 Hz, 1H), 2.43 (dd, =
16.0 Hz and 1.2 Hz, 1H), 1.91-1.86 (m, 1H), 1.83- 1m51H),
1.58-1.54 (m, 1H), 1.54-1.44 (m, 2H), 1.42-1.33 (iH),11.15-
1.07 (m, 1H), 1.04 (d] = 7.4 Hz, 3H), 0.90 (s, 9H), 0.13 (s, 3H),
0.11 (s, 3H)°C NMR (125.76 MHz, CDG) & 117.9, 79.9, 71.4
(CHy), 41.1, 40.2, 31.6, 31.3 (G}l 25.8, 20.5 (Ch), 18.5, 17.9
(CHo), 17.8 (CH), -4.5, -4.6. HRMS-Cm/z [M+H]", calculated
for C;7H,9D-NO,Si, 312.2328; found 312.2329,R).37in 20%
EtOAc/hexanes.

(1R,2S,4R,5R,6S)-6-(tert-Butyldimethylsilyloxy)-2royy-5-
methyl- bicyclo[2.2.2]octane-2-carbonitril&gg).

A flame-dried round-bottom flask was charged with ket85
(0.24 g, 0.88 mmol) under an argon atmosphere. Ao
PhMe (5.0 mL) was added, and the flask was cool@°t@ in an
ice/water bath. 1.0M ERAICN solution (1.3 mL, 1.32 mmol) was
then added. After 30 minutes the reaction mixture éuted
with EtOAc and saturated Rochelle’s solution was addéigr
stirring at room temperature for 30 minutes, thgeta were
separated, aqueous layer was extracted with EtOAc &2xl) the
organic phases were combined and washed with briieel dver

an argon minor), 2.42-2.38 (m, 1H, major), 2.25 (s, 3H, maj@p6-1.96

(m, major/minor), 1.85 (s, 3H, minor), 1.78-1.69 (m,
major/minor), 1.60 (s, 3H, minor), 1.60 (s, 3H, maj@53-1.36
(m, major/minor), 1.18-1.10 (m, major/minor), 1.06) J = 6.9
Hz, 3H, major), 1.00-0.97 (d, 3H, minor), 0.88 (s, 9hhjor),
0.85 (s, 9H, minor), 0.04 (s, 3H, major), 0.03 (4, Bajor), 0.01
-0.01 (s, 3H, minor). {R0.57 in 20%
EtOAc/hexanes.

A flame-dried round-bottom flask was charged with fhe
ketoester from above (86 mg, 0.23 mmol) under agorar
atmosphere. MeCN (0.60 mL, 0.4M) was added and thek fl
was cooled to 0 °C in an ice/water bath. (0.10 mB90nmol)
followed by pABSA (62 mg, 0.25 mmol) were then addedeAf
10 minutes the reaction mixture was allowed to wasmobm
temperature and stir overnight. MeCN was removedreiary
evaporation. To the residue DI water was added, thaéugt was
extracted with BD (3x). The organic phases were combined and
washed with brine, dried over anhydrous MgS€itered and
concentrated to yield crude product. The crude wbdvas
purified by column chromatography on silica gel ngsi5%
EtOAc in hexanes as an eluent. The product was obitainea
white solid (85 mg, 92%)*H NMR (400 MHz, CDCJ) & 3.37
(dd,J = 7.3 Hz and 1.8 Hz, 1H), 2.53-2.47 (m, 1H), 2.4BKX),
1.96-1.88 (m, 1H), 1.69 (s, 3H), 1.67-1.58 (m, 1H3411.41 (m,
5H), 1.21-1.11 (m, 1H), 1.01 (d,= 7.3 Hz, 3H), 0.83 (s, 9H),
0.02 (s, 3H), 0.00 (s, 3Hf*C NMR (100.52 MHz, CDG) &
191.1, 160.8, 84.8, 79.5, 44.8, 40.4, 40.0, 32872,226.5, 26.2,
22.4,19.0, 18.6, 18.1, -4.0, -4.8: B.48 in 5% EtOAc/hexanes.
FTIR (neat, crif): 2927, 2136, 1713, 1644, 1362, 1140, 1082,
1004.

General procedure A for diazo-acetate synthesis:

A flame-dried round-bottom flask was charged withiaeyt
alcohol (1.0 eq) under an argon atmosphere. Anhgd@it,Cl,
(0.17 M) was added, and the flask was cooled to GGi¢oxylic

acid chloridep-toluenesulfonylhydrazone (2.0 eq) was added in

anhydrous MgS§) filtered and concentrated to yield crude one portion followed byN,N-dimethyl aniline (1.8 eq). The

product. The crude product was purified by column

chromatography on silica gel using 10% EtOAc in hesaas an
eluent. The product was obtained as a white solid (2§, 92%).
'H NMR (500 MHz, CDCJ) & 3.47 (t,J = 3.4 Hz, 1H), 2.35 (d{]
=14.3 Hz and 2.3 Hz, 1H), 2.28 (s, 1H), 2.06-2.011(H), 1.96-
1.88 (m, 1H), 1.79 (dd] = 14.3 Hz and 3.4 Hz, 1H), 1.68-1.61
(m, 1H), 1.60- 1.55 (m, 1H), 1.54-1.45 (m, 1H), 1.3841(m,
1H), 1.25-1.16 (m, 1H), 1.04 (d,= 7.4 Hz, 3H), 0.92 (s, 9H),
0.10 (s, 3H), 0.09 (s, 3Hf*C NMR (125.76 MHz, CDG) &

reaction mixture was stirred for 15 minutes bef@eding
triethylamine (5.0 eq) and was stirred for 10 moleautes at O
°C. The reaction was concentrated under reducedsymesA
concentrated citric acid solution and an EtOAc/hesaméture
were added to the residue. The layers were separateldthe
aqueous layer was extracted two times with the EtOAafnex

mixture. The combined organic phases were washed with

concentrated citric acid solution and brine, dr@acr MgSQ,



filtered through a short silica gel plug, and cartcated to yield
crude product. The crude product was purified byurwl
chromatography on silica gel.

(1R,2R,4R,5R,65S)-6-(tert-Butyldimethylsilyloxy)-@ifmethyl-
bicyclo[2.2.2]octan-2-yl 2-diazoacetatdd).

42 was synthesized from tertiary alcohgBa (0.22 g, 0.77
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obtained as a yellow oil (40 mg, 32% yieldj NMR (500
MHz, CDCL) 6 4.59 (bs, 1H), 2.65-2.60 (m, 1H), 2.36-2.29 (m,
1H), 2.29-2.22 (m, 1H), 2.00-1.95 (m, 1H), 1.89-1(@Y, 2H),
1.76-1.66 (m, 2H), 1.68 (s, 3H), 1.46-1.38 (m, 1H)21(d,J =
7.4 Hz, 3H).°C NMR (100.52 MHz, CDG) & 216.3, ~165,
83.8, 52.9, 47.1, 45.2, 42.3, 34.5, 24.2, 19.71,183.4. R 0.17
in 20% EtOAc/hexanes. FTIR (neat, 'é‘:)n 2933, 2105, 1721,

mmol) following general procedure A. 10% EtOAc/hexanesl682, 1366, 1180.

mixture was used to extract the product. The crudeyrt was
purified by column chromatography on silica gel ngsi5%
EtOAc in hexanes as an eluent. The product was obtainea
yellow oil (0.22 g, 81% vyield)'H NMR (500 MHz, CDCJ) &
453 (s, 1H), 3.34 (dd) = 6.9 Hz and 1.7 Hz, 1H), 2.47-2.42 (m,
1H), 1.73-1.66 (m, 1H), 1.62 (s, 3H), 1.52-1.35 (m, 4HYL7-
1.10 (m, 1H), 0.99 (d] = 6.9 Hz, 3H), 0.89 (s, 9H), 0.04 (s, 3H),
0.03 (s, 3H).”*C NMR (125.76 MHz, CDG) & 187.9, 135.6,
83.2, 79.5, 47.3, 40.8, 39.8, 32.6, 26.2, 26.15,221.8, 19.1,
18.5, 18.1, -4.0, -4.8.{R0.54 in 20% EtOAc/hexanes. FTIR
(neat, crif): 2952, 2102, 1693, 1472, 1342, 1140, 1090.

(1S,2R,4R,5R)-2,5-Dimethyl-6-oxobicyclo[2.2.2]octayl-2-
diazo-acetate4p).

6-[(tert-Butyldimethylsilyl)oxy]-2,5-dimethyl(3,B-)
bicyclo[2.2.2] octan-2-yl 2-diazoacetaté?).

To a stirred solution of 2.2 mL 1,4-dioxane (0.6&Hd 3.8
mL D,O (0.7M) under an inert atmosphere was added Na metal
(73 mg, 3.17 mmol) in small pieces. After the Na headcted,
ketone 35 (0.71 g, 2.64 mmol) dissolved in 2.0 mL of 1,4-
dioxane was added and the resulting solution wastedt50 °C
for 24 hours. The reaction mixture was cooled tonroo
temperature, saturated NE solution was added. The reaction
mixture was extracted with 2 (3x), and the organic phases
were combined and washed with brine, dried over amuglr
MgSQ,, filtered and concentrated to yield crude prodddie
crude product was purified by column chromatographysilica

A flame-dried round-bottom flask was charged with TBS-gel using 10% EtOAc in hexanes as an eluent. Theugtoslas
ether 38a (0.47 g, 1.65 mmol) under an argon atmospherepbtained as a colorless oil (717 mg, 99%). 99% tukisn of

Anhydrous THF (2.20 mL) was added and the flask wadedo
to 0 °C in an ice/water bath. Then TBAF (1.96 mI98.mmol)
was added dropwise. The reaction mixture was warmedotm
temperature. After 10 minutes, TLC analysis showedtading

hydrogen to deuterium was obtained after analyziedi NMR
spectrum of clean 6-[(tert-Butyldimethylsilyl)oxgHmethyl(3,3-
D,)bicyclo[2.2.2]octan-2-one’H NMR (500 MHz, CDC)) 5
3.55-3.50 m, 1H), 2.31- 2.27 (m, 1H), 1.95-1.90 (M),11.79-

material. Saturated NaHG®olution was added, the mixture was 1.67 (m, 3H), 1.66-1.57 (m, 1H), 1.40-1.31 (m, 1H},11(d,J =
extracted with BD (3x). The organic phases were combined and.4 Hz, 3H), 0.83 (s, 9H), 0.03 (s, 3H), 0.02 (s, 3¥}. NMR

washed with brine, dried over anhydrous MgSfiitered, and
concentrated to yield crude product. The crudehalt@roduct
was purified by column chromatography on silica gghg 30%
EtOAc in hexanes as an eluent.
Dimethylbicyclo[2.2.2]octane-2,6-diol was obtained aswhite
solid (0.27 g, 97%)'H NMR (400 MHz, CDCJ) & 3.35- 3.26 (m,
2H), 2.68 (s, 1H), 1.77-1.66 (m, 3H), 1.65-1.59 (m, ,1H}6-
1.41 (m, 3H), 1.40- 1.30 (m, 1H), 1.29 (s, 3H), 1.1851(m,

1H), 1.07 (dJ = 7.3 Hz, 3H)°C NMR (125.76 MHz, CDG) &

79.5, 73.5, 46.2, 43.0, 41.6, 32.5, 30.5, 21.46,183.1. HRMS-
Cl m/z [M+H]", calculated for GH.s0,, 171.1385; found
171.1387. R 0.14 in 40% EtOAc/hexanes.

A round-bottom flask was charged with the diol frone th
previous reaction (0.29 g, 1.73 mmol). Anhydrous,Cl (17
mL, 0.1M) was added, followed by the addition of €& (1.3
g) and PDC (1.3 g, 3.46 mmol). The reaction mixtues stirred
overnight at room temperature. Heterogeneous saluti@s
filtered through a short plug of Celite® and rinseith CH,Cl,.
After the removal of solvent via rotary evaporatidhe crude
product was purified by column chromatography ofcailgel
using 40% EtOAc in hexanes as an eluent. (1S,3R,4FG6R
Hydroxy-3,6-dimethylbicyclo[2.2.2]octan-2-one wastaihed as
a white solid (0.24 g, 81%JH NMR (500 MHz, CDCJ) & 2.43-
2.35 (m, 1H), 2.19-2.15 (m, 1H), 2.01-1.96 (m, 1HP0%1.83
(m, 1H), 1.82 (s, 1H), 1.79- 1.64 (m, 4H), 1.43-1.88 (H),
1.37 (s, 3H), 1.11 (d] = 7.4 Hz, 3H).*C NMR (125.76 MHz,
CDCly) 6 218.4, 72.1, 55.9, 45.0, 44.0, 34.7, 28.9, 20%63,1
13.3. HRMS-CIm/z [M+H]", calculated for GH,s0,, 169.1229;
found 169.1229. R0.48 in 40% EtOAc/hexanes.

(1S,2R,4R,5R)-2,5-Dimethyl-6-oxobicyclo[2.2.2]octand 2-

diazo-acetate 46) was synthesized from the tertiary alcohol

above (90 mg, 0.53 mmol) following general proceddire20%
EtOAc/hexanes mixture was used to extract the proditiu.
crude product was purified by column chromatographysilica
gel using 1% EtOAc in hexanes as an eluent. The ptodas

(100.52 MHz, CDG)) 5 215.0, 51.6, 42.5, 33.6, 33.5, 25.8, 20.1,
18.9, 18.5, 18.0, -4.6. HRMS-Gh/z [M+H]", calculated for
CusHa6D,0,Si, 271.2062: found 271.2065.:R0.66 in 20%

(1R,2R,4R,5R,6S)-2,55tOAc/hexanes.

Anhydrous CeGlwas obtained by dehydrating CeG@H,O
(4.52 g, 12.1 mmol) under high vacuum at 165 °CZXdrours.
After 2 hours the flask was allowed to cool to roomperature
and then filled with inert gas. To the Ce@hhydrous THF (60.0
mL) was added and the suspension was stirred foru2s hat
room temperature. 1.6M MeLi solution (7.6 mL, 1#fnol) was
added to the above solution at -78 °C. After 30 nasuthe
ketone synthesized above (1.64 g, 6.06 mmol) dissolin
anhydrous THF (16.0 mL) was added slowly. After 1 hath78
°C, the reaction mixture was quenched with saturddetiCl
solution and allowed to warm to room temperature. fidure
was extracted with BED (3x), and the organic phases were
combined and washed with brine, dried over anhydiMgSQO,,
fitered and concentrated to yield crude produdhe Tcrude
product was purified by column chromatography orncailgel
using 10% EtOAc in hexanes as an eluent. 6-[(tert-
Butyldimethylsilyl)oxy]-2,5-dimethyl(3,3-

D,)bicyclo[2.2.2]octan- 2-0l was obtained as a coksleoil,
which, when stored at low temperatures, solidified1g, 98%).
'H NMR (500 MHz, CDCJ) & 5.05 (s, 1H), 3.49- 3.45 (m, 1H),
1.76-1.69 (m, 5H), 1.62-1.54 (m, 2H), 1.50-1.46 (iH),11.46-
1.38 (m, 1H), 1.26-1.18 (m, 1H), 1.21 (s, 3H), 1.1671(m, 1H),
1.01 (d,J = 7.4 Hz, 3H), 0.88 (s, 9H), 0.09 (s, 3H), 0.08 (s,.3H)
*C NMR (125.76 MHz, CDG) & 80.8, 71.0, ~48, 42.9, 41.6,
32.2, 30.0, 25.9, 20.9, 18.9, 17.9, 17.8, -4.5. HRBSn/z
[M+H]", calculated for GH3D,0,Si, 287.2375; found 287.2375.
R:: 0.66 in 20% EtOAc/hexanes.

Diazo-acetate47 was synthesized from the tertiary alcohol
(2.00 g, 0.49 mmol) following general procedure A.%l0
EtOAc/hexanes mixture was used to extract the prodiiue.
crude product was purified by column chromatographysilica



12

gel using 5% EtOAc in hexanes as an eluent. The ptadas
obtained as a yellow oil (1.06 g, 85% yielth. NMR (400 MHz,
CDCly) 6 4.53 (s, 1H), 3.34 (dd] = 6.9 Hz and 1.4 Hz, 1H),
2.48-2.42 (m, 1H), 1.74- 1.64 (m, 1H), 1.62 (s, 3HE311.36
(m, 4H), 1.18-1.08 (m, 1H), 0.99 (d,= 6.9 Hz, 3H), 0.89 (s,
9H), 0.04 (s, 3H), 0.03 (s, 3HYC NMR (100.53 MHz, CDG) &
~165, 83.2, 79.5, 47.4, 40.7, 39.8, 32.5, 26.21,282.5, 19.1,
18.5, 18.1, -4.0, -4.8. ;{R0.34 in 10% EtOAc/hexanes. FTIR
(neat, crif): 2949, 2929, 2103, 1711, 1366, 1112, 858.

(1R,3S,4S,5R,6S)-6-(tert-Butyldimethylsilyloxy)e@+fb-5-
methyl- bicyclo[2.2.2]octan-2-ond&g).

Step I: A flame-dried round-bottom flask was chargegth

TMPH (9.27 mL, 54.5 mmol) under an argon atmosphere

Anhydrous THF (33.0 mL) was added, and the flask veaded

to -78 °C in a dry ice/acetone bath. 2.5BuLi solution (20.8 g,
51.9 mmol) was then added. After 15 minutes at Cé&ltohol
31 (2.00 g, 13.0 mmol), dissolved in 10.0 mL of antoyss THF,
was added dropwise to the base solution. The reaatigture
was allowed to warm to room temperature and stir foodrs.
Afterwards, TMSCI (7.08 mL, 55.7 mmol) was added te th
above solution at -78 C and warmed to room tempezatifter
being stirred for 1 hour at room temperature, ce&urated
NH,CI solution was added. The mixture was extracted &
(3x), and the organic phases were combined and wastibd
cold saturated NaHCfOsolution, brine, dried over anhydrous
MgSQ,, fitered and concentrated to vyield crude
(1R,3S,4S,5R,6S)-3-Fluoro-6-hydroxy-5-
methylbicyclo[2.2.2]octan-2-one. Crude product walgjected to
the next step without any further purification.

Step II: A flame-dried round-bottom flask was chargeith
Selectfluor (7.6 g, 21.4 mmol) under an argon aphese.
Anhydrous DMF (25.0 mL) was added, and the flask wadech
to 0 °C in an ice/ kD bath. Crude product from the previous
reaction was dissolved in 14 mL of anhydrous DMF added to
the above solution via cannula. After the additiaraction
mixture was stirred 0 °C for 30 minutes. 1.0M TBAGIuion
(21.0 mL, 19.5 mmol) then was added. The reactiotiureé was
allowed to warm to room temperature, saturated Na(itiea
was added. The mixture was extracted withOE(5x), and the
organic phases were combined and dried over anhydvig$Q,
fitered and concentrated to yield crude produdhe Tcrude
product was purified by column chromatography ofcailgel
using 40% EtOAc in hexanes as an eluent. The prodast
obtained as a white foam (1.99 g, 60%). NMR (400 MHz,

CDCl) & 4.74-4.53 (m, 1H), 3.72-3.61 (m, 1H), 2.57-2.47 (m,

1H), 2.33-2.24 (m, 1H), 2.21 (s, 1H), 1.96-1.79 (m, 2HY9-
1.59 (m, 3H), 1.23 (dJ = 7.3 Hz, 3H)*C NMR (100.52 MHz,
CDCl) & (210.4, 210.3), (92.3, 90.4), 75.2, 50.9, (39.9.538
(39.1, 39.0), 21.2, 18.5, 12.4::R.51 in 40% EtOAc/hexanes.
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12.7, -4.7!°F NMR (470.62 MHz, CDG) & -189.19 (dt,] = 52.0
Hz and 6.5 Hz, 1F). HRMS-Cin/z [M+H]", calculated for
CisH,;0,FSi, 287.1843; found 287.1850.1:R0.60 in 20%
EtOAc/hexanes.

(1R,4S,5R,6S)-6-(tert-Butyldimethylsilyloxy)-3-floo-5-
methylbicyclo[2.2.2]octan-2-one (the diastereomerttee C-F
bond of 48) was also obtained as a white solid (89 mg, 21%
yield). "H NMR (500 MHz, CDCJ) 5 4.56 (dd, J = 48.7 Hz and
2.9 Hz, 1H), 3.52 (dd, J = 5.2 Hz and 2.3 Hz, 1H), Z30ntet, J
= 2.9 Hz, 1H), 2.14-2.08 (m, 1H), 2.08-2.01 (m, 1HP511.85
(m, 1H), 1.75-1.63 (m, 2H), 1.59-1.51 (m, 1H), 1.13J¢ 6.9
Hz, 3H), 0.85 (s, 9H), 0.04 (s, 3H), 0.03 (s, 3HC NMR
(125.76 MHz, CDG) § 208.2, 208.1, 92.3, 90.7, 78.9, 51.0,
39.3-39.2, 36.2, 25.7, 19.0, 18.0, 17.2, 16.4,.ARMS-CIm/z
[M+H]", calculated for GH,;O,FSi, 287.1843; found 287.1841.
R: 0.29 in 10% EtOAc/hexanes.

(1R,2S,3S,4S,5R,6S)-6-(tert-Butyldimethylsilyloxi&ro-
2,5- dimethylbicyclo[2.2.2]octan-2-yl 2-diazoacet&i6)

Anhydrous CeGlwas obtained by dehydrating Ce@H,O
(2.14 g, 3.02 mmol) under high vacuum at 165 °CZdrours.
After 2 hours the flask was allowed to cool to roomperature
and then filled with inert gas. To the Ce@hhydrous THF (20.0
mL) was added and the suspension was stirred foru2s hat
room temperature. 1.6M MeLi solution (1.9 mL, 3raghol) was
added to the above solution at -78 °C. After 30utea ketond8
(0.43 g, 1.51 mmol) dissolved in anhydrous THF (BW0) was
added slowly. After 1 hour at -78 °C, the reactioxtore was
quenched with saturated NEl solution and allowed to warm to
room temperature. The mixture was extracted wit® EBx), and
the organic phases were combined and washed with, lohiieel
over anhydrous MgSQfiltered and concentrated to yield crude
product. The crude product was purified twice by oulu
chromatography on silica gel using 5% EtOAc in hegaa® an
eluent. (1R,2R,3S,4S,5R,6S)-6-(tert-ButyldimetHyleiy)-3-
fluoro-2,5-dimethylbicyclo-[2.2.2]octan-2-0l was abted as a
colorless oil (182 mg, 38% yield}d NMR (500 MHz, CDCJ) &
4.40-4.25 (m, 1H), 3.35 (dd,= 5.2 Hz and 2.3 Hz, 1H), 2.57 (d,
J = 10.9 Hz, 1H), 2.02-1.93 (m, 1H), 1.78-1.72 (m, 1HRK5-
1.56 (m, 2H), 1.58-1.46 (m, 1H), 1.42 ®= 1.7 Hz, 3H), 1.37-
1.28 (m, 1H), 1.19-1.10 (m, 1H), 1.05 @7 8.0 Hz, 3H), 0.86
(s, 9H), 0.04 (s, 3H), 0.03 (s, 3HYC NMR (100.52 MHz,
CDCly) 6 97.0, 95.2, 77.9, 69.3, 69.2, 44.6, 39.2, 39.15,337 .4,
30.9, 25.9, 25.7, 19.5, 18.0, 17.8, 11.9, 11.8,-4.7."F NMR
(470.62 MHz, CDG)) & -197.10 (d,J = 52.0 Hz, 1F). HRMS-ESI
m/z [M+Na], calculated for GHs,FO,Si, 325.19700; found
325.19760. R 0.46 in 10% EtOAc/hexanes.

The diazoester was synthesized from the tertiagyhalcfrom
above (70 mg, 0.23 mmol) following general proceddire20%
EtOAc/hexanes mixture was used to extract the proditiu.

A round-bottom flask was charged with the alcohol fromcrude product was purified by column chromatographysilica

above (1.62 g, 9.41 mmol). Anhydrous £&H (19.0 mL, 0.5M)
was added, and the flask was cooled to 0 °C in drHge bath.
NEt; (1.97 mL, 14.1 mmol), followed by TBSOTf (2.38 nlQ.3
mmol) were added. The reaction mixture was allowedaon to
room temperature and stir for 20 minutes. Solverg veanoved
via rotary evaporation. The crude product was pedifiby

gel using 1% EtOAc in C}Cl, as an eluent, then purified one
more time using 2.5% EtOAc in hexanes as an eluEné
product was obtained as a yellow oil (86 g, 68% Yield NMR
(500 MHz, CDCY) 6 4.69 (s, 1H), 4.63-4.49 (m, 1H), 3.35 (dd,
= 6.3 Hz and 2.3 Hz, 1H), 2.10-2.04 (m, 1H), 1.84-XM32H),
1.80 (d,J = 1.7 Hz, 3H), 1.66-1.57 (m, 1H), 1.57-1.49 (m, 1H),

column chromatography on silica gel using 5% EtOAc inl1.39- 1.29 (m, 1H), 1.27-1.15 (m, 1H), 1.05 Jd; 6.9 Hz, 3H),

hexanes as an eluent. The prodd&tvas obtained as a colorless 0.87 (s, 9H), 0.05 (s, 3H), 0.05 (s, 3fC NMR (100.52 MHz,

oil (2.53 g, 94%)'H NMR (500 MHz, CDCJ) 6 4.76-4.61 (m, CDCl,) & ~165, 95.1, 93.2, 80.6, 80.5, 77.4, 46.8, 43.21,38
1H), 3.54 (dJ = 4.0 Hz, 1H), 2.49-2.43 (m, 1H), 2.31-2.23 (m, 38.0, 37.5, 37.3, 26.4, 25.9, 25.8, 19.6, 18.05,172.3, 12.3, -

1H), 1.99-1.91 (m, 1H), 1.87-1.77 (m, 1H), 1.75-1(§8 3H), 4.3, -4.7. R 0.28 in 10% EtOAc/hexanes. FTIR (neat,’]l)m

1.18 (d,J = 7.4 Hz, 3H), 0.82 (s, 9H), 0.04 (s, 3H), 0.01 (s,.3H) 2930, 2106, 1709, 1642, 1366, 1226.

*C NMR (125.76 MHz, CDG) & (209.9, 209.8), (92.6, 91.1),

75.2, 50.9, (40.8, 40.7), (39.8, 39.7), 25.7, 2118.4, 17.9),



(1R,2S,4S,5R,6S)-6-(tert-Butyldimethylsilyloxyl®+o-2,5-
dimethylbicyclo-[2.2.2]octan-2-yl 2-diazoaceta9).

A flame-dried round-bottom flask was charged with keto
(1R,4S,5R,6S)-6-(tert-Butyldimethylsilyloxy)-3-floo-5-
methylbicyclo[2.2.2]octan-2-one (0.30 g, 1.05 mmobhder an
argon atmosphere. Anhydrous THF (12.0 mL) was added,
the flask was cooled to -78 °C in a dry ice/acetbath. 1.6M
MeLi solution (1.30 mL, 2.10 mmol) was then addedeT
reaction mixture was warmed to room temperature tnmdd for
2 hours before saturated NH solution was added. The mixture
was extracted with BED (3x), and the organic phases were
combined and washed with brine, dried over anhydiMgSQ,,
filtered through short silica gel plug and concated to yield
crude product. Crude
Butyldimethylsilyloxy)-3-fluoro-2,5-dimethylbicyclo
[2.2.2]octan-2-0l was subjected to the next step awithany
further purification."H NMR (500 MHz, CDCJ) & 4.86 (s, 1H),
4.22 (dd,J = 51.0 Hz and 3.4 Hz, 1H), 3.46 {t= 3.4 Hz, 1H),
2.18-2.11 (m, 1H), 1.85-1.79 (m, 1H), 1.66-1.62 (rH),11.61-
1.48 (m, 2H), 1.26 (s, 3H), 1.28-1.13 (m, 2H), 1.04J)d 6.9
Hz, 3H), 0.89 (s, 9H), 0.10 (s, 3H), 0.09 (s, 3HC NMR
(125.76 MHz, CDGJ) & 96.0, 94.4, 79.8, 70.7, 70.6, 43.0, 37.7,
37.5, 33.4, 28.6, 25.8, 20.2, 18.0, 17.9, 15.98,18.5, -4.6°F
NMR (470.62 MHz, CDQ)) 8 -197.21 (dJ = 50.9 Hz, 1F)m/z
[M+Na]*, calculated for GH3,FO,Si, 325.1970; found 325.1976.
R:: 0.51 in 20% EtOAc/hexanes.

A flame-dried round-bottom flask was charged with the

tertiary alcohol (1.05 mmol) from the previous réaec and
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(2R)-5-Acetyl-9-[(tert-butyldimethylsilyl)oxy]-2,8-
dimethyl-3-oxatricyclo[5.2.28]undecan- 4-one4Q).

A flame dried round-bottom flask was charged with diaz
acetate41 (100.0 mg, 0.25 mmol) under an argon atmosphere.
Anhydrous CHCI, (9.0 mL, 0.03M) was added. The reaction
mixture was vigorously stirred at room temperaturdevadding
Rhy(oct), (1.0 mg, 0.5 mol%) in one portion. After 20 minytes
TLC analysis showed no starting material. The reactivas
concentrated under reduced pressure and the resakipurified
by flash column chromatography using 5% EtOAc in hesaas
an eluent. The product was obtained as a white $28® mg,
31% yield)."H NMR (400 MHz, CDC}) & 11.54 (s, 1H, major),
3.65 (d,J = 4.0 Hz, 1H, minor), 3.34 (dd,= 5.2 Hz and 2.3 Hz,

(1R,2S,4S,5R,6S)-6-(tert-1H, minor), 3.31 (ddJ = 5.2 Hz and 2.3 Hz, 1H, major), 2.70 (t,

J = 3.4 Hz, 1H, minor), 2.60 (d,= 2.3 Hz, 1H, major), 2.45 (s,
3H, minor), 1.92 (s, 3H, major), 1.84 @= 2.9 Hz, 1H, minor),
1.83-1.80 (m, 1H, major), 1.71-1.51 (m, major/mindry}4-1.35
(m, major/minor), 1.39 (s, 3H, minor), 1.38 (s, 3Hgjam), 1.34-
1.21 (m, major/minor), 1.02 (d,= 6.9 Hz, 3H, minor), 0.96 (d,
= 6.9 Hz, 3H, major), 0.89 (s, 9H, minor), 0.88 (s, 9hjor),
0.04 (s, 3H, minor), 0.03 (s, 3H, major), 0.02 ¢4, &inor), 0.00
(s, 3H, major).®*C NMR (100.25 MHz, CDG) & 200.8, 175.6,
171.3, 168.4, 99.7, 85.9, 85.4, 78.3, 77.9, 59890,444.6, 41.7,
41.6, 37.1, 36.8, 36.4, 36.0, 29.5, 27.7, 27.38,285.8, 21.9,
21.7, 19.0, 18.8, 18.7, 18.6, 18.0, -4.3, -4.3%,-4.7. HRMS-CI
m/z [M+H]", calculated for GH3,0sSi, 381.2097; found
381.2098. R 0.68 in 20% EtOAc/hexanes.

(2R)-9-[(tert-Butyldimethylsilyl)oxy]-2,8-dimethyl-3-

dioxinone40 (0.22 mL, 1.58 mmol) under an argon atmosphereoxatricyclo [5.2.2.02,6]undecan-4-oné5).

Xylene (0.21 mL, 5.0M) was added, and the flask wasqal in a
preheated (100 °C) oil bath. After 30 minutes thactien
mixture was allowed to cool to room temperature. Afteds,
the crude reaction mixture was purified by column
chromatography on silica gel using 5% EtOAc in hegaa® an
eluent. 6-[(tert-Butyldimethylsilyl)oxy]-3-fluoro-8-
dimethylbicyclo[2.2.2]octan-2-yl-3-o0xobutanoate wadbtained
as a white solid (349 mg, 86%) that was directly ugsetthe next
reaction. R 0.51 in 20% EtOAc/hexanes.

A flame-dried round-bottom flask was charged with fhe
ketoester (1.00 g, 2.59 mmol) under an argon athersp
Anhydrous MeCN (26.0 mL, 0.1M) was added and the flagk
cooled to 0 °C in an ice/water bath. NE2.54 mL, 3.88 mmol)
followed by pABSA (0.68 g, 2.85 mmol) were then add&ftier
10 minutes the reaction mixture was allowed to wasnobm
temperature and stir for 1 hour (monitored by TL&fter 1 hour
LiOH (1.09 g, 25.9 mmol) and water (3.5 mL, 0.7M) wadsed
to the above solution. The reaction mixture wasdteat 55 °C
for 24 hours (monitored by TLC). After completiohgtreaction
mixture was cooled to room temperature before addatgrated
NH,CI solution. The product was extracted with@E&{3x). The
organic phases were combined and washed with briiesl dver
anhydrous MgS® filtered and concentrated to yield crude
product.
chromatography on silica gel using 5% EtOAc in hegaa® an
eluent. The producl9 was obtained as a yellow oil (0.82 g,
86%)."H NMR (400 MHz, CDC}) 5 4.61 (bs, 1H), 4.16 (dd,=
49.0 Hz and 1.8 Hz, 1H), 3.35-3.29 (m, 1H), 2.56-2r50 XH),
2.17-2.08 (m, 1H), 1.72 (s, 3H), 1.70-1.53 (m, 2H3311.34 (m,
2H), 1.30-1.20 (m, 1H), 1.02 (d,= 6.8 Hz, 3H), 0.89 (s, 9H),
0.04 (s, 3H), 0.04 (s, 3H)*C NMR (100.52 MHz, CDG)
~165, 97.5, 95.6, 80.1, 80.0, 78.8, 47.7, 41.37,388.5, 33.3,
26.2, 25.7, 24.3, 21.6, 185, 17.3, 17.1, -4.8. ®R31 in 5%
EtOAc/hexanes. FTIR (neat, &y 2955, 2928, 2104, 1695,
1369, 1241.

A flame dried round-bottom flask was charged with diaz
acetate42 (163.0 mg, 0.46 mmol) under an argon atmosphere.
Anhydrous CHCI, (15.4 mL, 0.03M) was added. The reaction
mixture was vigorously stirred at room temperaturdenvadding
Rhy(oct), (1.8 mg, 0.5 mol%) in one portion. After 20 minytes
TLC analysis showed no starting material. The reactivas
concentrated under reduced pressure and the resakipurified
by flash column chromatography using 10% EtOAc inames
as an eluent. The product was obtained as a whitk (8@.0 mg,
24% yield)."H NMR (500 MHz, CDCJ) & 3.32 (dd,J = 5.7 Hz
and 2.3 Hz, 1H), 2.79 (dd,= 18.9 Hz and 10.9 Hz, 1H), 2.39
(dd,J = 18.9 Hz and 2.9 Hz, 1H), 2.10 (dt= 10.9 Hz and 2.9
Hz, 1H), 1.84-1.81 (m, 1H), 1.70-1.51 (m, 3H), 1.4761(%,
2H), 1.40 (s, 3H), 1.28-1.19 (m, 1H), 1.02 §d= 6.9 Hz, 3H),
0.89 (s, 9H), 0.04 (s, 3H), 0.02 (s, 3HC NMR (125.76 MHz,
CDCly) 6 176.7, 86.4, 78.0, 43.6, 42.0, 37.3, 35.3, 32R5,2
25.8, 22.0, 19.3, 18.5, 18.0, -4.8vz [M+H]", calculated for
CigH3:05Si, 325.2199; found 325.2206.:R0.23 in 20%
EtOAc/hexanes.

(5R)-9-[(tert-Butyldimethylsilyl)oxy]-5,8-dimethyl-4-
oxatricyclo [5.2.2.6°Jundecan-3-one44).

From the above reaction, prod4t was obtained as a white

The crude product was purified by columnsolid (12.5 mg, 8% vyield)'H NMR (400 MHz, CDCJ) & 3.29-

2.25 (m, 1H), 2.26 (ddl = 109.4 Hz and 16.9 Hz, 2H), 2.04 {d,
=13.3 Hz, 1H), 1.90 (dd} = 13.3 Hz and 5.0 Hz, 1H), 1.83-1.69
(m, 2H), 1.68-1.50 (m, 4H), 1.40 (s, 3H), 1.34- 1.24, (LH),
1.03 (d,J = 7.3 Hz, 3H), 0.87 (s, 9H), 0.08 (s, 3H), 0.06 (s,.3H)
¥C NMR (100.52 MHz, CDG) 6 176.6, 84.7, 82.6, 44.4, 44.3,
39.3, 37.6, 32.1, 27.9, 25.9, 23.8, 19.4, 19.08,1-4.0, -4.8. R
0.31in 20% EtOAc/hexanes.

(5R)-9-[(tert-Butyldimethylsilyl)oxy]-5,8-dimethyl@D,)-4-
oxatricyclo [5.2.2.6°Jundecan-3-one%?).
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A round-bottom flask charged with 4 A molecular sieves-4.4, -4.6. HRMS-Cim/z [M+H]", calculated for GH3;O5FSi,

(~3g/mmol) was flame-dried under high vacuum. ThesKlwas
allowed to cool to room temperature then it was pdingéh an
argon atmosphere. Rbsp) (3.2 mg, 0.5 mol%) was added
followed by anhydrous C}€l, (36.0 mL, 0.02M). Diazo-acetate
47 (0.25 g, 0.72 mmol) dissolved in anhydrous,CH (8.0 mL,
0.1M) was added dropwise slowly (20 mL/h) via syrimpgenp.
After the addition, the TLC analysis showed no gstgrtnaterial.
The reaction was concentrated under reduced pressodethe
residue was purified by flash column chromatographysilica
gel using 10% EtOAc in hexanes as an eluent. Theuptoglas
obtained as a white solid (94 mg, 39% vyielth. NMR (400
MHz, CDCL) & 3.30-3.25 (m, 1H), 2.25 (dd,= 109.4 Hz and
16.5 Hz, 2H), 1.82-1.69 (m, 2H), 1.67-1.47 (m, 3H40L(s, 3H),
1.34-1.22 (m, 1H), 1.03 (d,= 7.3 Hz, 3H), 0.87 (s, 9H), 0.08 (s,
3H), 0.06 (s, 3H)'*C NMR (100.52 MHz, CDG) & 176.6, 84.6,
82.6, 44.3, 44.2, 37.6, 31.9, 27.8, 25.9, 23.84,198.9, 17.8, -
4.0. HRMS-CI m/z [M+H]", calculated for GH3,D,0;Si,
327.2325; found 327.2323R®.28 in 20% EtOAc/hexanes.

(2S,5S,6R)-9-[(tert-Butyldimethylsilyl)oxy]-2,8-ditmg{(5,6-
D,)-3- oxatricyclo[5.2.2.6%undecan-4-one5Q3).

From the above reaction, prodi& was obtained as a white
solid (94 mg, 39% vyield)'*H NMR (500 MHz, CDCJ) & 3.31

343.2105; found 343.21064R®.14 in 5% EtOAc/hexanes.

(5S)-9-[(tert-Butyldimethylsilyl)oxy]-6-fluoro-5,8ktethyl-4-
oxatricyclo [5.2.2.01,5]undecan-3-ong5.

A round-bottom flask charged with 4 A molecular sieves
(~3g/mmol) was flame-dried under high vacuum. ThesKlwas
allowed to cool to room temperature then it was pdingéh an
argon atmosphere. KBsp) (13.8 mg, 0.6 mol%) was added
followed by anhydrous C}I, (160 mL, 0.017M). Diazo-acetate
49 (0.99 g, 2.67 mmol) dissolved in anhydrous,CH (24 mL,
0.11M) was added dropwise slowly (45 mL/h) via syripgenp.
After the addition, the TLC analysis showed no stgrtnaterial.
The reaction was concentrated under reduced pressodethe
residue was purified by flash column chromatographysilica
gel using 30% EtOAc in hexanes as an eluent. Theuptoglas
obtained as a white solid (0.64 g, 70% yief#J. NMR (400
MHz, CDCL) 8 4.60 (dd,J = 52.1 Hz and 5.2 Hz, 1H), 3.26 (,
= 1.7 Hz, 1H), 2.40 (d) = 16.6 Hz, 1H), 2.19 (d] = 16.6 Hz,
1H), 2.32-2.24 (m, 1H), 2.12-2.06 (m, 1H), 1.80-1.AQ @H),
1.61-1.53 (m, 1H), 1.4-1.28 (m, 2H), 1.38 bz 2.3 Hz, 3H),
1.06 (d,J = 7.4 Hz, 3H), 0.87 (s, 9H), 0.09 (s, 3H), 0.06 (s,.3H)
*C NMR (125.76 MHz, CDG) & 175.6, (91.9, 90.3), (81.2,
81.0), 53.6, 44.4, 37.3, (37.1, 36.9), (33.8, 33(8p.5, 26.5),

(dd, J = 5.7 Hz and 2.3 Hz, 1H), 2.39-2.33 (m, 1H), 1.84-1.7925.8, 23.3, 18.5, 18.0, 17.0, -4.0, -4"F NMR (470.62 MHz,

(m, 1H), 1.69-1.49 (m, 3H), 1.49-1.34 (m, 2H), 1.39 38l),
1.26-1.18 (m, 1H), 1.01 (d,= 6.9 Hz, 3H), 0.88 (s, 9H), 0.03 (s,
3H), 0.01 (s, 3H):*C NMR (125.76 MHz, CDG) 5 176.6, 86.3,
78.0, 41.9, 37.1, 35.3, 27.4, 25.8, 22.0, 19.25,188.0, -4.3.
HRMS-CI m/z [M+H]", calculated for GH3D,05Si, 327.2325;
found 327.2336. R0.23 in 20% EtOAc/hexanes.

From the above reaction, product
Butyldimethylsilyl)oxy]-3,7-dimethyl(2,2-B)-4-oxatricyclo

8-[(tert-

[5.4.0.0"Jundecan-5-one was also obtained as a white solid (1

mg, 8% vyield)."H NMR (400 MHz, CDCJ) § 3.57 (s, 1H), 2.54
(dd,J =32.5 Hz and 17.9 Hz, 2H), 1.76-1.72 (m, 1H), 1.621.
(m, 3H), 1.46-1.30 (m, 2H), 1.35 (s, 3H), 0.99 (s, 3BIB7 (s,
9H), 0.05 (s, 3H), 0.04 (s, 3HYC NMR (100.52 MHz, CDG) &
173.6, 80.8, 78.1, 44.1, 43.6, 38.2, 36.5, 26.83,285.7, 24.6,
22.3, 21.1, 18.1, -4.4. HRMS-Qh/z [M+H]", calculated for
CigH30D205Si, 327.2325; found 327.2325.1:R0.20 in 20%
EtOAc/hexanes.

(1R,2S,3S,4S,5R,6S)-6-(tert-Butyldimethylsilylox§i@ro-5-
methyl-3'H-spiro[bicyclo[2.2.2]octane-2,2'-furan]{&'H)-one
(54).

A round- bottom flask charged with 4 A molecular sigve
(=3g/mmol) was flame-dried under high vacuum. ThaKlwas
allowed to cool to room temperature then it was pdingéh an
argon atmosphere. Rbsp) (0.5 mg, 0.5 mol%) was added
followed by anhydrous CJ€l, (7.0 mL, 0.02M). Diazo-acetate
50 (51.0 mg, 0.14 mmol) dissolved in anhydrous,CH (1.4
mL, 0.1M) was added dropwise slowly (10 mL/h) via sge
pump. After the addition, the TLC analysis showedsterting
material. The reaction was concentrated under redpoessure,
and the residue was purified by flash column chrography on
silica gel using 10% EtOAc in hexanes as an eludmt. product
was obtained as a colorless oil (26 mg, 57% yieNMR (400
MHz, CDCk) & 4.59-4.40 (m, 1H), 3.40 (8,= 3.2 Hz, 1H), 2.70-
2.57 (m, 1H), 2.49-2.38 (m, 1H), 2.37-2.21 (m, 2H}721.97
(m, 1H), 1.93-1.81 (m, 2H), 1.81-1.69 (m, 1H), 1.6821(m,
1H), 1.43-1.32 (m, 1H), 1.20-1.10 (m, 1H), 1.08 I& 7.3 Hz,
3H), 0.86 (s, 9H), 0.06 (s, 3H), 0.04 (s, 3HC NMR (100.52
MHz, CDCkL) 3 176.8, (95.8, 93.8), (83.9, 83.7), 76.8, 43.6
(40.9, 40.8), 37.9, (37.1, 37.0), 28.5, 26.0, 1983, 18.0, 11.6,

CDCly) & —197.97 (d,J = 52.0 Hz). HRMS-CIm/z [M+H]",
calculated for GH3,05SiF, 343.2105; found 343.2113;:R.14
in 20% EtOAc/hexanes.

(5R)-9-Hydroxy-5,8-dimethyl(6 84,)-4-
oxatricyclo[5.2.2.6Jundecan-3-one.

A flame-dried round-bottom flask was charged with TBS-
ether 52 (35.2 mg, 0.11 mmol) under an argon atmosphere.
6\nhydrous THF (1.10 mL, 0.1M) was added and thekflaas
cooled to 0 °C in an ice/water bath. Then TBAF (0nil3 0.13
mmol) was added dropwise. The reaction mixture was ednn
room temperature. After 10 minutes, TLC analysiswstb no
starting material. Saturated NaHg®olution was added, the
mixture was extracted with 2 (3x). The organic phases were
combined and washed with brine, dried over anhydiMgSQO,,
filtered, and concentrated to yield crude produidte crude
product was purified by column chromatography otcailgel
using 30% to 40% EtOAc in hexanes as an eluent. Toaupt
was obtained as a white solid (22 mg, 97%)NMR (400 MHz,
CDCly) 6 3.90 (d,J = 2.8 Hz, 1H), 2.60 (d) = 16.9 Hz, 1H),
2.24-2.15 (m, 1H), 2.15 (d,= 16.9 Hz, 1H), 1.78-1.66 (m, 2H),
1.60-1.54 (m, 1H), 1.44-1.33 (m, 1H), 1.27 (s, 3H)51(d,J =
6.9 Hz, 3H).”*C NMR (100.52 MHz, CDG) 5 178.0, 90.3, 73.6,
45.4, 36.4, 35.3, 32.9, 28.2, 26.2, 20.8, 18.1.0R3 in 50%
EtOAc/hexanes.

(2S,5R)-2-Acetyl-2-[(benzyloxy)methyl]-9-[(tert-
butyldimethylsilyl)oxy]-5,8-dimethyl(6,6-2H2)-4-
oxatricyclo[5.2.2.6Jundecan-3-oneq3a).

A flame-dried round-bottom flask was charged with,
(0.33 mL, 2.35 mmol) under an argon atmosphere. drdus
THF (3.6 mL) was added, and the flask was cooled*©.®.5M
nBuLi solution (0.90 mL, 2.24 mmol) was added, an@ th
reaction mixture was stirred for 15 minutes at 0 P&ctone52
(183.0 mg, 0.56 mmol) dissolved in 2.0 mL of antoydr THF
was added dropwise to the above solution at -78 Wstirred
for 30 minutes. Acetaldehyde (0.16 mL, 2.80 mmol) wzen
added and the reaction mixture was allowed to warmodmn
temperature. After completion, saturated J8H solution was
'added. The reaction mixture was extracted wifOHEBx), and
the organic phases were combined and washed with, lohiieel
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over anhydrous MgSQfiltered and concentrated to yield crude and the flask was cooled to -78 °C in a dry icetanetbath.
product. The crude product was purified by columnDMPU (11.0ul, 0.09 mmol) followed by 1.0M KHMDS (0.11
chromatography on silica gel using 30% EtOAc in hesaas an  mL, 0.12 mmol) were added. The reaction mixture wasned
eluent. (2S,5R)-9-[(tert-Butyldimethylsilyl)oxy]-g1S)-1-  to room temperature and stirred for 1 hours. Aftedsasolvent
hydroxyethyl]-5,8-dimethyl(6,6-E)-4- was removed via rotary evaporation. To the crudelyecbE$O
oxatricyclo[5.2.2.01,5]undecan-3-ongas obtained as a white was added and the mixture was filtered through splug of
solid (0.20 g, 97% yield)*H NMR (500 MHz, CDCJ) § 4.17-  Celite®. After the removal of solvent via rotary peaation a
4.09 (m, 1H), 3.90 (s, 1H), 3.20 (s, 1H), 2.18J¢, 9.7 Hz, 1H), light yellow oil was obtained. The crude (5S)-9fte
1.86-1.78 (m, 1H), 1.78-1.73 (m, 1H), 1.73-1.63 (iH),21.56-  Butyldimethylsilyl)oxy]-6-fluoro-5,8-dimethyl-4-

1.46 (m, 1H), 1.48 (s, 3H), 1.27 (@,= 5.7 Hz, 3H), 1.28-1.20 oxatricyclo[5.2.2.67 undec-2-en-3-yl trifluoromethanesulfonate
(m, 1H), 1.04 (dJ = 7.4 Hz, 3H), 0.86 (s, 9H), 0.10 (s, 3H), 0.06 was used directly in the next step without any furthe
(s, 3H). ®C NMR (125.76 MHz, CDG) & 179.5, 85.5, 84.3, purifications. R 0.43 in 10% EtOAc/hexanes.

isg _2494’;06'114 |Arr132%cyfét%),i?hzex§r?ei 23.90,219.3, 18.9, A flame-dried round-bottom flask was charged with ¢hede
T ’ ' vinyl triflate (30.0 mg, 0.09 mmol), deoxygenated BML1.80
A flame-dried round-bottom flask was charged with themL, 0.05M), NE{ (0.14 mL, 1.08 mmol), PRh(18.4 mg, 0.08
alcohol from the previous reaction (0.24 g, 0.65ah)mander an  mmol), Pd(OAc) (8.0 mg, 0.04 mmol), and 98% formic acid
argon atmosphere. Anhydrous &H, (12.0 mL, 0.05M) was (26.0 ul, 0.72 mmol) under an argon atmosphere. The m@acti
added and the flask was cooled to 0 °C in an iceimtth, then  mixture was heated at 55 °C for 10 minutes. The unéxturned
Dess Martin Periodinane (0.33 g, 0.78 mmol) was addéé  black during the first few minutes. When cooled twom
reaction mixture was warmed to room temperature. Afteours, temperature, the product was extracted with hexa®es The
TLC analysis showed no starting material. Saturatedrganic phases were combined, dried over anhydrogSQy
NaHCO/N&a,SO; (1:1) solution was added, the mixture wasfiltered through the pad of Celite®, and concesetiab yield the
extracted with CKCl, (3x). The organic phases were combinedcrude productH NMR (400 MHz, CDCJ) § 6.33 (d,J = 2.8 Hz,

and washed with brine, dried over anhydrous MgSiered,

1H), 4.72 (dd,J = 52.7 Hz and 5.5 Hz, 1H), 4.58 @= 2.8 Hz,

and concentrated to yield crude product. The cpmdeuct was  1H), 2.92 (s, 1H), 2.31- 2.21 (m, 1H), 2.07-1.99 (iH),11.75-

purified by column chromatography on silica gelngsil0%
EtOAc in hexanes as an eluent.
Butyldimethylsilyl)oxy]-2-(1-hydroxyethylidene)-5;8
dimethyl(6,6-0)-4-oxatricyclo[5.2.2.6%lundecan-3-one  was
obtained as a white solid (195 mg, 82%). A mixtuf&eto and
enol tautomers (3.5:3.0 ratio) was observetHiNMR spectrum
after isolation'H NMR (400 MHz, CDCJ) & 11.15 (s), 4.25 (s),

1.59 (m, 2H), 1.50-1.38 (m, 1H), 1.33 (s, 3H), 1.27:41(m,
(2Z,5R)-9-[(tert-1H), 1.04 (s, 3H), 0.86 (s, 9H), 0.02 (s, 3H), -0.053Hd). R:
0.48 in 10% EtOAc/hexanes.
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