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ARTICLE INFO ABSTRACT

Article history: We report herein general conditions for a zinc-ratti anionic cyclizain of unstabilize
Received ketoneenolates. This anionic cyclization allows accessarious carbocyclic architectures
Received in revised form utilizing abundant ketoneand unactivated alkenes as precursors. The tranafiam is enable
Accepted by the use of Zn(TMRB)as base and Zn(OTEfas an additiveThe resulting alkylzinc species ¢

Available online be intercepted by electrophiles for tandem C-X@nr@® bond formation.
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A. Carbocyclization of a- and #Amino Ester Zinc Enolates

RO,C Me
i RO,C 2
1. Introduction 2 7 1. LDA 4
. . ( ) 2. ZnBr, ( K
The formation of new carbon-carbon bonds via the N n N
carbometalation of unactivated olefins is a powesuhthetic R R
strategy for converting cheap and abundant feekigtiefins into n=0orl
higher value products. The carbozincation of alkknis a B. Carbocyclization of Zincated Hydrazones
particularly useful transformation, as the resgltialkylzinc Ve 1 tBuLi
intermediates can be readily functionalized vimsraetalation to o 2. nBr, MezN e

other transition metal species (Pd, Ni, Cu, Co, fiee)further
derivatizatiorf.

Seminal studies by Normant and Marek demonstratat t
reagentad a

carbocyclization reactions of organozinc
unactivated alkenes are valuable synthetic toalcdmstructing

carbocycles. Initial developments in the area of zinc-mediated
intramolecular metallo-ene-allene reactiried to the discovery

of an anionic cyclization of zinc enolate derivai™ a
contrathermodynamic reaction wherein the resultitkgl anetal

species is more basic than the initial enofate: or f~amino
ester zinc enolates generated by deprotonation WA

followed by transmetalation with ZnBrwere shown to
diastereoselectively cyclize onto unactivated pehadefins to
give substituted pyrrolidines and piperidines (FegulA)?®

Related studies revealed that zinc enolates gextkray 1,4-
addition of dialkylzinc reagents to unsaturatedboayls could
also undergo carbozincation with a pendant olefinptovide
substituted proline and pyrrolidine produtts.

Concurrent studies by Karoyan and Chassaing dieovex
that the aminoester enolate carbozincation reacaornbe

RJH / 3. n-BuLi

C. Carbocyclization of Unstabilized Ketone Zinc Enolates (This Work)

o}
M
RJH / Zn(TMP),, Zn(OT), RJ\] (\e

I ~er

Figure 1. Carbocyclization of unactivated alkenes with zinc
enolate derivatives.

exploited to prepare proline chimeras of proteimigeamino
acids in order to study structure activity relasibips of
biologically active peptides.

Another class of intramolecular alkene carbozimecati
reactions with enolate derivatives include Nakamunadsk with
zincated hydrazones (Figure 1B)Deprotonation of anN,N-
dimethylhydrazone witht-BulLi, followed by formation of the
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zincate via the successive addition of Zn&ndn-BuLi, enables
cyclization with a pendant terminal olefin to give &d 6exo-
trig cyclization products with goodcis-diastereoselectivity.
Lactams were also found to be suitable substrapestHis
reaction. These important preliminary studies
development of multicomponent alkene functionaiat
reactions with azaenolates derivatives, includingicaied
hydrazones and zinc enamides.

In both transformations, the presence of a coatdig N-
heteroatom on the substrate was crucial for promagifficient
reactivity and stereoselectivity, but limits the ope and
availability of starting materials. A general methdar the
anionic cyclization of unstabilized ketone enolategth
unactivated alkenes has not been reported, ddbpgiterevalence
of ketones in biologically relevant organic molesil This
transformation would offer significant advantageser the
classical thermal Conia-Ene reactiSrsuch as milder reaction
conditions, formation of a reactive intermediatattban undergo
further derivatization, and does not require the o precious
transition metals such as PdAu,"” Rh;® or Ir"* for which
related enolate alkylations with olefins have beevetbped® A
carbozincation with simple ketone enolates would agpthe
scope of products that can be accessed, and obvti@eneed to
prepare an activated species, such as a hydraroaeseparate
operation.

We recently reported an anionic cyclization ofdket zinc

led to the

(entry 6), toluene (entry 7), and trifluorotolueentry 8) gave
lower conversions, even after attempting to pronsoteversion
Table 1. Optimization of Anionic Cyclization

o | [e] Me

Zn(TMP), (1.2 equiv) H
Me a Me 0
Me Me

Me Me

additive (1.5 equiv)

solvent, 80 °C, 4 h

la 2a
Entry Additive Solvent Yield (%) 2
1 none THF 23
2 ZnCl, THF 20
3 ZnBr, THF 10
4 Znl, THF 13
5 Zn(0TH), THF 75
6 Zn(OTf), 1,4-dioxane 52
7 Zn(OTf), toluene 52
8 Zn(OTf), PhCF3 32
8 Zn(OTf), DCE 87
b

1 none DME 48

#H-NMR vyield was determined using 1,3,5-trimethoxybene as an internal
standard®lsolated yield.

using higher temperatures with these higher boikodvents.
Interestingly, the use of 1,2-dichloroethane (DCE)vjed a
subtle increase in yield (entry 9). Finally, we fduthat the
optimal conditions required 1,2-dimethoxyethane EMas

enolates that may play a role in the nickel-caidyz solvent, which afforde@a in 92% 'H-NMR and isolated yield
cycloalkenylatioh® and alkene difunctionalization reactions of (entry 10). The use of DME with no Lewis acid additieeealed
ketone enolate¥.However, the conditions used in connectionthat the change in solvent from THF alone also i@y a

with nickel catalysis were not directly applicable dgclization
and electrophile capture. Herein we report genenadlitions for
the anionic cyclization of ketone zinc enolates andexpansion
of the scope of ketone scaffolds that can unddigodyclization
reaction. Furthermore, in addition to protonatime, demonstrate
that the resulting alkylzinc species can be infetes for C-X (X
= Cl, Br, 1) and GO bond formation.

2. Results and Discussion
2.1. Optimization studies

In our previous report$;’” we identified that that an anionic
cyclization of zinc enolates and alkenes can beceffl by
heating the substrate in the presence of Zn(TLMB)base, albeit

dramatic increase in yield (entry 11). Although spating on the
reason for this is challenging, a solvent changg pexturb the
Schlenk equilibrium, which can result in changes tte
aggregation state of the reactive enolates, asasgethe ligands
bound to zinc, to provide a more efficient reactiddditionally,
solvent-induced conformational changes may alsaiaedthe
kinetic barrier to cyclization.

2.2. Substrate scope of anionic cyclization

With the optimized conditions in hand, we explorked scope
of the zinc-mediated anionic cyclization (Table B)exo-trig
cyclizations were similarly efficient, providing2b—2e in
excellent yields. Remarkably, substrates with two lizable
positions selectively underwent cyclization to fotime cis-fused

in low conversions. Thus, wmmmenped our optimization using bicycle over unproductive pathways or the possiblielged-
Zn(TMP), and 1a, which was identified as a more challenging pjcycle pe-2f), suggesting that proton transfer between the two

model substrate (Table 1) based on our observattatsthe 6-
exo-trig cyclization provided lower conversions relative the
corresponding ®xo-trig cyclization using the same verbenone

scaffold. In the absence of additives, the zinclizgtion only

enolizable positions occurs. This advancement avees the
need to have kinetic enolate formation for effitieeactivity,
which is a general limitation with our previously ogfed
enolate-initiated carbocyclizations with unactivaiédenes'’

provided 23% of2a (entry 1), with the remainder of the mass Complex polycyclic products such 8g-2i were also obtained

balance being unreacted starting material.

Surprisingly, an examination of zinc halides as it
(entries 2—4) did not provide an improvement to ¢baversion,
which is in contrast to our observations for theex-rig
cyclization wherein ZnBrwas sufficient for promoting the

under the optimized conditions, and highlights ttiéty of this
transformation for late stage functionalization obmplex
architectures. Acyclic methyl ketones were employeddtcess
spirocyclic products2j and 2k as well as cyclohexanone
derivatives 2 and 2m. vy\y-disubstituted cyclohexanones

cyclization’® Remarkably, the use of strongly Lewis acidic selectively cyclized with the longed-tethered alkene over the

Zn(OTf), as an additive provided a significant increasehi@
yield of 2a (75%, entry 5). Surprisingly, the use of otheflate
salts (Li, Mg, Cu, Fe, Sa-Bu,N) were ineffective for promoting
this transformation (see Supplementary Data), tiglilng the
essential role of the zinc catioh.

Next, we explored solvents to further optimize thewersion
of the carbozincation. The use of solvents such,dsdioxane

shorter allyl group to form the tetrahydropyran tzomng
bicyclo[3.3.1]Jnonane producn. Access to2n is also an
additional example of proton transfer being tokedatinder the
reaction conditions. Cyclohexenones bearing an ampjately
long butenyl moiety at thg-position can cyclize to give the all-
carbon bicyclo[3.3.1]Jnonane product2o0f. Similarly, the
Wieland-Miescher ketone derivativ@p can be accessed, with
cyclization occurring selectively at the more thedynamically
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stable enolate. Attempts to form bicyclo[3.2.1]oetgoroducts  coupling reaction$,having access to both the alkylzinc and
from y, alkyl halide species broadens the range of reactibiat are

Table 2. Substrate Scope of Anionic Cyclization accessible. We found that the addition of four egleints of
' commercially available and operationally conveniehk

o 20(TMPY (1.2 squiv) ° e halosucqinim[des was necessary for complete cororersi .the
RJH / Zn(OTf)22(1.5 eguiv) R)kl [ organozinc intermediate to the desired carbohalatimm
, ) product.
S DME, 80 °C, 2-6 h 2 Using N-chlorosuccinimide, carbochlorination produ8ts-3b
could be obtainedN-Bromosuccinimide could also be used to
0 Me o Ve give carbohalogenation produ@s-3e, and generally proceeded
H H more efficiently than the corresponding chlorinatireactions.
0 0 Carboiodination withN-iodosuccinimide to give produc8 and
Me 3h was also successful. Carboiodination usingsd the halogen
Me  Me source was similarly efficient, providingg in excellent yield,
2a (92%, dr > 20:1) 2b (96%, dr > 20:1) c (66%, dr =2:1) and represents a more atom economical halogenatngce.

Importantly, alkene functionality3p, 3e) which are well known

(o]
Me, o to undergo halogenation reactions in the presenteN-o
Me= halosuccinimides, was tolerated under the reactiowlitions.
Alkylzinc halides have also been demonstrated ie th

literature to undergo oxidation in the presenc®gof’ Therefore,

d (72%, dr > 20:1) (68% ar=21) (4%, ar>20:1) we hypothesized that aerobic oxidation of the alkgzpecies
My o y Me generated by our anionic cyclization conditionswticalso be
Me feasible. Indeed, stirring the alkylzinc speciesl@man oxygen

atmosphere provided the corresponding alcaBipland aldehyde
Me Me ‘ (3j) products with a combined yield of 50%, and denmmateas

TBSO the possibility of tandem C—-C/C—O bond formation thys
2g (53%, dr > 20:1) 2h (93%, dr = 10:1) 2i (76%, dr = 1.2:1) approach.

fz | Table 3. Substrate Scope of Alkene Difunctionalization
o Zn(TMP), (1.2 equiv) o
k/o Zn(OTf), (1.5 equiv)
Me

R V4 DME, 80 °C, 2-6 h R /
21 (53%, dr = 1:1)n =1 (43%, dr > 20:1) (53%, dr =2.7:1) ' then '

(72%, dr=1.5:1)n= RS NXS (4.0 equiv) Seae
1 THF, 23°C, 0.5 h 3
Me [¢]
Agb Bﬁ I
2n (41%, dr > 20:1) 0 (43%, dr > 20:1) 2p (73%, dr > 20:1) M
e
3a (60%, dr > 20:1) 3b (60%, dr > 20:1) 3¢ (80%, dr > 20:1)

disubstituted cyclohexenones bearing an allyl growpre
unsuccessful due to poor conversion. Furthermorepr p o

o o
. . ) H
conversion was observed if a quaternary centertipresent on ™ i Y
the tethered alkene, or when internal alkenes wepgosed. The 0
failure of internal olefins to participate in thtsansformation MeM [} MeM IIn
e e e e

suggests that a radical cyclization is unlikely. i\&hthe Me 3 (92%, dr > 20-1) n = 1
cyclization reaction exclusively provideis-fused products for 3d (93%, dr =2:1) 3e (40%, dr>20:1) 305879, dr > 20:1) n = 22
bicyclic system$**"the relative stereochemistry of the resulting
methyl group on the newly formed ring depends onsthecture

of the ketone scaffold. More structurally rigid rifetprovided
better diastereoselectivity for the more thermodyically
favored product, wherein the methyl group is seédain the less-
hindered, convex face of the resulting bicyclicteys

trapping with O, (balloon)

L5 48

3h (81%, dr > 20:1) 3i (23%, dr > 20:1) 3j (27%, dr > 20:1)

2.3. Substrate Scope of Alkene Difunctionalization
4, was used as the halogen source.

With the scope of the anionic cyclization estashwe ,, Mechanistic studies

hypothesized that the resulting alkylzinc specmsd be trapped

by the addition of electrophiles to allow for an ek Preliminary mechanistic studies were conductedutthér
difunctionalization reaction (Table 3). We were jmatarly  investigate the nature of the zinc cyclization. Upmymplete
interested in exploring the use of electrophilicloganating  consumption ofla under the reaction conditions, the resulting
reagents as electrophiles, as the resulting alkiiléh products  intermediate can be quenched withCDto afford the deuterated
are versatile and valuable intermediates that caruded for  product 2a-d;, in 68% isolated yield with 60% deuterium
subsequent derivatization via substitution or c@mspling incorporation (Figure 2A), confirming the presencé an
reactions. While the cyclized alkylzinc speciesldadirectly be  alkylzinc intermediate.

used for further substrate elaboration through Negyge cross-



In order to wunderstand why only 60%
incorporation was observed, we wanted to probe whe#uical
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deuteriumwith D,O afforded hydrodehalogenation prodetd; in 22%

yield with 47% deuterium incorporation (Figure 2D),

intermediate%®® could be involved. If a radical process was demonstrating the feasibility of forming similar ganozinc

operative, deuterated prod@at-d, should be observed when a
A. A stable alkylzinc intermediate is formed

O (e}
|

Zn(TMP),, Zn(OTf), H | 60%D
o DME, 80°C, 4 h 0
then D,O Me

Me
Me Me Me

2a-d; (68%)

Me
la

B. Hydrogen atom abstraction from solvent is not observed

(0] (o]
| H
Zn(TMP);, Zn(OTf),
Me 0 THF-dg, 80 °C, 4 h Me 0
M
1

e Me Me Me
a 2a-d; (0%)

C. Proton transfer does not occur

Zn(TMP);, Zn(OTf),

DME, 80°C, 4 h

Me Me

2a-d, (90%)

la-d,
D. Preparation of related Negishi reagent is challenging

|
o
H
Me 0‘
Me Me

39
Figure 2. Mechanistic studies.

48% D

Zn, LiCl Q H 47% D 9 I
THF, 70 °C, 6 h
_—
=TS OGNS
Me Me

Me Me

2a-d; (22%) 1la-d; (54%)

deuterated solvent is used for the cyclization tieac as the
primary alkyl radical formed after cyclization shduquickly
abstract a deuteride from the deuterated solvertileWho
deuterated products were obtained using TelFas solvent
(Figure 2B), which argues against an intermediditgl abdical
undergoing hydrogen atom abstraction, we cannot autethe
possibility that the radical formed after cyclizatiis rapidly
reduced by a zZn(ll) speci@§to prevent deuterium transfer from
the solvent.

species by conventional approaches. However, ringnezpbe
productla-d, was obtained in 54% yield and determined to have
48% deuterium incorporation at theposition. The analogous
reaction conducted in DME as solvent resulted infthimation

of dehalogenated speciéa in 11% vyield and ring opened
productla in 89% yield. Attempts to achieve alkylzinc formatio
from 3g via zinc-halide exchange using,F&h resulted in 4% ring
opened producta and 90% unreacted halide (see Supplementary
Data)®® These results highlight the challenge of zinclaeo
cyclizations  with  unactivated alkenes due to the
thermodynamically favored reverse reaction. The rapening
reaction may proceed via anionic opening with transff the
zinc ion from C to O, or via a radical-mediated naghm
involving homolytic fragmentation of the carbon-zihond” In
contrast, the zinc cyclization under our optimizeohditions
provides a straightforward and operationally simpiethod to
access functionalized alkylzincs in high yields amhversions,
and suggests the structure of the ZnX species (eth&@MP,
ZnOTf, or some other aggregate) is important fovidg the
equilibrium between the zinc enolate and alkylziowards the
cyclized product.

3. Conclusion

In conclusion, we have developed an efficient agion
cyclization of unactivated ketone zinc enolates andctivated
alkenes using Zn(TMR)as base and Zn(O%fas an additive.
The choice of DME as solvent provided a significatrease in
the efficiency of the carbozincation reaction. Thapecific
combination of additive and solvent was crucial &hieving a
broad substrate scope. The reaction provides atoes¥ariety
of carbocyclic skeletons and generates a reactivel a
conventionally challenging to access alkylzinc sgedhat can
undergo further reaction with electrophiles to gpreducts that
have undergone protonation, halogenation, or hydation. We
anticipate this strategy for C—C bond formationhewe broad
utility in multistep synthesis as it provides anpagach to
construct cyclic systems using commonly found ketand
unactivated alkene functional groups, while alsanfog stable
and reactive functionalized organozinc species forther
derivatization.

4. Experimental Section

Compoundla-d, was prepared to investigate whether the4.1. General Experimental Procedures

incomplete deuterium incorporation was the resultpofton
exchange between the cyclized alkylzinc speciesthadmore

acidic ketonen-protons (Figure 2C). However, after dideuterate
compoundla-d, was subjected to the standard conditions and afl

aqueous quench, compounga-d, was obtained with no
deuterium incorporation at the methyl group, sutiggsthat

proton transfer does not occur, despite the primalkylzinc

species being more basic than the carbomyprotons.

Furthermore, these results suggest that the TMPridefd after
deprotonation also did not undergo proton transféth the

primary alkylzinc species, as no dideuterated pctduvere
observed after the reaction. The incomplete detibera
previously observed is likely the result of theydtknc species
being quenched by adventitious water. Longer readiines or
higher reaction temperatures with@ did not result in higher
levels of deuterium incorporation.

Attempts to prepare the related Negishi reagentHf from

All reactions were carried out under an inert niamg

datmosphere with dry solvents under anhydrous camditunless

therwise stated. All reactions were capped with aeubbptum,
or Teflon-coated silicon microwave cap unless othsgvétated.
Stainless steel cannula or syringe was used toférasslvent,
and air- and moisture sensitive liquid reagentsadiens were
monitored by thin-layer chromatography (TLC) catrieut on
0.25 mm Merck silica gel plates (60F-254) using Wyhtias the
visualizing agent and potassium permanganate, idit @olution
of p-anisaldehyde, phosphomolybdic acid, groh SiQ as
developing agents. Flash column chromatography eyepl
SiliaFlastf P60 (40-60um, 230-400 mesh) silica gel purchased
from SiliCycle, Inc.

4.2. Materials
All reaction solvents were purified using a Secavesul
purification system by Glass contour. CuBr-SMes prepared

alkyl iodide 3g by direct zinc insertion, followed by quenching ang purified according to the literature proced@r&n(TMP),
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(0.5 M in toluene) was purchased from Sigma-Aldrich o (0.8 mmol, 4.0 equiv) in THF (2.0 mL, 0.4 M) was add

prepared according to the literature proced(ird-bromo-1-
butene was purchased from Oakwood Products, Inc arifiegu
via neat filtration through a 2 cm pad of dry silim a 5.75 inch
pipette prior to use. All other reagents were usedeasived
without further purification, unless otherwise stated

4.3. Instrumentation
All new compounds were characterized by meanshbf

dropwise. The reaction vessel was removed from thevater
bath and the reaction mixture was stirred at ambemperature
for 30 minutes.

To the reaction mixture was added sat. aq,®IH1 mL) and
Et,O (1 mL). The organic phase was separated and theoagu
phase was extracted with,8t (2 x 1 mL). For carboiodination
reactions, the combined organic extracts were waslitdsat.
ag. NaS,0; (2 mL) until the red color of iodine faded. The

NMR, *C-NMR, FT-IR (thin film), and GC-MS. Copies of the organic extracts were filtered over a small pad ryf sllica gel
'H- and ®C-NMR spectra can be found at the end of eactand concentrated under reduced pressure by rotagyogation.

experimental procedure. NMR spectra were recordedguai

The crude mixture was purified by flash column chatography

Varian 400 MHz NMR spectrometer, Varian 500 MHz NMR on silica gel.

spectrometer, or a Varian 600 MHz NMR spectrometer 'tAdl

NMR data are reported & units, parts per million (ppm), and 4.5. Substrate Synthesis

were calibrated relative to the signals for residcialoroform
(7.26 ppm) in deuterochloroform (CDEIAIl **C-NMR data are

Ketonesla, 1b, 1c, 1d, 1h, 1i, 1j, 1k, 1l, 1m, 1n, 10, 1p, and
1qg were prepared according to our previously reported

reported in ppm relative to CD{[77.16 ppm) and were obtained procedures®'’Ketonesle® and1f* were prepared according to
with 'H decoupling unless otherwise stated. The followingthe literature procedure. See the Supplementarg Bt more

abbreviations or combinations thereof were usedxfdae the
multiplicities: s = singlet, d = doublet, t = trgi] q = quartet, abq
= ab quartet, br = broad, m = multiplet, and a paapnt. All IR
spectra were taken on an FT-IR/Raman Thermo Nicdl€06
Gas chromatography mass spectra (GC-MS) were recordad

details.

4.5.1. (1S4S5R)-4-(2-allylphenyl)-4,6,6-trimethylbicyclo[ 3.1.1]
heptan-2-one (1g)
To a flame-dried 20 mL microwave vial was added

Agilent Technologies 6890N Network Gas Chromatographmagnesium turnings (52.8 mg, 2.2 mmol, 1.2 equinyl &
System with an Agilent Technologies 5973N Mass Sefecti catalytic amount of,l(ca 5 mg)The reaction vessel was capped,

Detector. Optical rotation data was obtained usingeskiR-
Elmer 341 polarimeter or a Rudolph Autopol IV pataeter.

4.4, General Procedures

4.4.1. General Procedure for Anionic Cyclization

To a flame-dried, 10 mL microwave vial equipped wéh
magnetic stir bar was added Zn(G:{()09.1 mg, 0.30 mmol, 1.5
equiv). The vial was capped, evacuated, and flarieetdmder
vacuum for 10 seconds (this process was repeatede3)t The
reaction vessel was backfilled with ,Nbefore 1,2-
dimethoxyethane (2 mL, 0.1 M) was added. To therestir
mixture was added ketordg(0.2 mmol, 1.0 equiv) and Zn(TMP)
(0.48 mL, 0.5 M in toluene, 0.24 mmol, 1.2 equiWie reaction
vessel was sealed with parafilm, and placed in aiCgfreheated
oil bath and stirred until complete conversion wasesved by
thin layer chromatography {8 hours).

The reaction vessel was removed from the oil bathcaoled
to ambient temperature before sat. aq.GIH1 mL) and EO (1
mL) was added. The organic phase was separated and
aqueous phase was extracted withOE{(2 x 1 mL). The
combined organic extracts were filtered over a sipatl of dry
silica gel and concentrated under reduced preskureotary
evaporation. The crude mixture was purified by flaslumn
chromatography on silica gel.

4.4.2. General Procedure for Carbohalogenation

To a flame-dried, 10 mL microwave vial equipped wéh
magnetic stir bar was added Zn(G:{()09.1 mg, 0.30 mmol, 1.5
equiv). The vial was capped, evacuated, and flarieetdmder
vacuum for 10 seconds (this process was repeatide3)t The
reaction vessel was backfilled with ,Nbefore 1,2-
dimethoxyethane (2 mL, 0.1 M) was added. To therestir
mixture was added ketordg(0.2 mmol, 1.0 equiv) and Zn(TMP)
(0.48 mL, 0.5 M in toluene, 0.24 mmol, 1.2 equiWe reaction
vessel was sealed with parafilm, and placed in aiC8freheated
oil bath and stirred until complete conversion wasesved by
thin layer chromatography {8 hours).

The reaction vessel was removed from the oil bathpdaced
into a 0°C ice-water bath and stirred for 10 minutes befoXSN

evacuated, and backfilled with,Bind THF (4.0 mL, 0.5 M) was
added to the reaction vessel. The reaction vessetivem moved
to a 70°C pre-heated oil bath and stirred for 10 minutdse T
reaction vessel was then removed from the oil bath ta the
reaction mixture was added 1-allyl-2-bromobenzén@ (L, 2.0
mmol, 1.1 equiv) dropwise over 15 minutes as to taa@ina
gentle reflux. The reaction vessel was then movetk ba a 70
°C oil bath and stirred for 30 minutes. The reactiessel was
then removed from the oil bath and cooled to antbien
temperature.

In a separate flame-dried 20 mL microwave vial pped
with a magnetic stir bar was added CuBreSN#1.3 mg, 0.2
mmol, 10 mol %). The reaction vessel was evacuated a
backfilled with N,before THF (4 mL, 0.45 M) was added to the
reaction vessel. The reaction mixture was then cbote-40 °C
in a dry ice-acetonitrile bath and the previouslyepared
Grignard solution was added dropwise over 15 minufés
reaction mixture was stirred a0 °C for 30 minutes before it
was cooled to-78 °C in a dry ice-acetone bath a1 (0.28
thL, 1.8 mmol, 1.0 equiv) was added dropwise. The tieac
mixture was stirred for 12 hours and slowly warmednabient
temperature.

To the reaction mixture was added sat. aq,@®IH10 mL)

and EtO (10 mL). The organic phase was separated and the

aqueous phase was extracted withCEf(2 x 10 mL). The
combined organic extracts were washed with brine (30, m
dried over anhydrous NaQ,, filtered, and concentrated under
reduced pressure by rotary evaporation. Purificatiy flash
column chromatography on silica gel (10%,®&hexanes)
afforded 1g (270.3 mg, 56%) as a yellow oiR;: 0.36 (10%
Et,0/hexanes}a]®y: —=16.0° € 1.0, CHC}) '"H NMR (400 MHz,
CDCLy): & 7.28 (ddJ = 7.6, 1.6 Hz, 1H), 7.19-7.10 (m, 2H), 7.00
(d,J = 7.2 Hz, 1H), 5.99 (ddf = 16.4, 10.0, 6.0 Hz, 1H), 5.14—
5.05 (m, 2H), 3.51 (d] = 6.0 Hz, 2H), 2.99 (s, 2H), 2.75-2.70
(m, 2H), 2.55 (atJ = 4.8 Hz, 1H), 1.54 (s, 3H), 1.53-1.51 (m,
1H), 1.50 (s, 3H), 1.14 (s, 3HJC NMR (101 MHz, CDC)): &
213.4, 149.6, 138.1, 137.8, 132.9, 126.0, 125.9.912116.5,
55.9, 52.8, 50.6, 40.1, 39.7, 38.5, 30.2, 27.90,275.9IR (cn

): 2925, 1711, 1637, 1483, 1255, 1202, 987, 918, 363, 467
GC-MS (m/z): [M] calc’'d for GgH,,0: 268.2; found: 268.1.



4.6. Product Characterization

46.1. (1R,35,55,8aR)-2,2,5,8a-tetramethyloctahydro-1,3-
methan-onaphthal en-4(1H)-one (2a)

Compound2a was prepared froma (44.1 mg, 0.20 mmol,
1.0 equiv) according to the general procedure (4rg)o
Purification by flash column chromatography oncsiligel (3%
Et,O/hexanes) affordedla (40.6 mg, 92%) as a colorless d#:
0.45 (10% EO/hexanes)fa]®y: -62.0° € 1.0, CHC}) 'H NMR
(400 MHz, CDCJ): & 2.51 (at,J = 5.2 Hz, 1H), 2.44 (adf] =
10.8, 6.4 Hz, 1H), 1.89-1.82 (m, 1H), 1.80 (bt 6.0 Hz, 1H),
1.75-1.54 (m, 6H), 1.34 (s, 3H), 1.27-1.21 (m, 1H)94s, 3H),
1.11 (d,J = 6.4 Hz, 3H), 1.04 (s, 3H), 0.99-0.95 (m, 1¥g
NMR (101 MHz, CDC)): 6 215.7, 59.3, 58.8, 55.0, 40.6, 35.9,
32.2, 31.5, 30.5, 28.0, 27.7, 25.8, 25.2, 22.47 1R (cmY):
2946, 2870, 1463, 1378, 1259, 1203, 1097, 1033, BOAGC-
M S (m/z): [M] calc’d for GsH,40: 220.2; found: 220.2.

4.6.2. (1S3aR4R,69)-1,3a,5,5-tetramethyl octahydro-7H-4,6-
methanoinden-7-one (2b)

Compound2b was prepared frorib (41.3 mg, 0.20 mmol,
1.0 equiv) according to the general procedure (2ir$)o
Purification by flash column chromatography oncsiligel (2%
Et,O/hexanes) affordedb (39.7 mg, 96%) as a pale-yellow oil.
Rr: 0.43 (10% EO/hexanes)al®y: -59.0° € 1.0, CHCY) H
NMR (400 MHz, CDC}): 6 2.50 (atJ = 5.2 Hz, 1H), 2.42 (adj,
=10.8, 6.4 Hz, 1H), 2.00 (at= 6.0 Hz, 1H), 1.95-1.89 (m, 1H),
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43.5, 40.7, 39.2, 35.1, 33.7, 33.5, 29.8, 27.17,280.5IR (cm
): 2952, 2866, 1693, 1458, 1381, 1116, 1072, &B5-MS
(m/z): [M] calc’'d for GaH»,0: 194.2; found: 194.2.

4.6.5. 3,7a-dimethyloctahydro-4H-inden-4-one (2€)

Compound2e was prepared fromie (33.2 mg, 0.20 mmol,
1.0 equiv) according to the general procedure (2rg)o
Purification by flash column chromatography oncsiligel (5%
Et,O/hexanes) afforde®e (22.6 mg, 68%, dr 2:1) as a
colorless oil.R;: 0.55 (20% Ef/hexanesfH NMR (400 MHz,
CDCly): 6 2.45-2.37 (m, 0.33H), 2.36-2.28 (m, 0.33H), 2.25—
2.17 (m, 1.67H), 2.09-2.02 (m, 1H), 1.95-1.86 (m7H)5 1.85—
1.75 (m, 1.33H), 1.73-1.66 (m, 1.67H), 1.64—1.59XH), 1.57—
1.56 (m, 0.67H), 1.53-1.52 (m, 0.33H), 1.43-1.281(hh), 1.15—
1.08 (m, 1H), 1.07 (s, 0.67H), 1.00-0.96 (m, 5.33@) NMR
(151 MHz, CDC}): & 215.6, 215.2, 69.5, 53.8, 50.2, 47.6, 40.5,
40.5, 39.2, 38.1, 37.9, 34.3, 33.9, 33.2, 32.93,320.9, 26.9,
25.3, 22.6, 22.3, 20.lR (cm): 2952, 2925, 2868, 1710, 1459,
1379, 1233, 1098, 804, 508C-MS (m/z): [M] calc'd for
Cy;H1g0: 166.1; found: 166.2.

4.6.6. 3a,7-dimethyl octahydro-1H-inden-1-one (2f)

Compoundf was prepared frorif (33.3 mg, 0.20 mmol, 1.0
equiv) according to the general procedure (4 hotsiification
by flash column chromatography on silica gel (3%O#Htexanes)
afforded2f (21.4 mg, 64%) as a pale-yellow dR;: 0.41 (10%
Et,0/hexanes)H NMR (400 MHz, CDCJ): § 2.36-2.21 (m,
2H), 2.09-2.01 (m, 1H), 1.63-1.29 (m, 8H), 1.00 (s,,3-H8 (d,

1.84 (d,J = 10.0 Hz, 1H), 1.84-1.78 (m, 1H), 1.71-1.61 (m, 2H),J = 8.0 Hz, 3H), 0.97-0.92 (m, 1HJC NMR (101 MHz,

1.44-1.37 (m, 2H), 1.35 (s, 3H), 1.25 Jds 6.4 Hz, 3H), 1.21 (s,
3H), 0.98 (s, 3H)°C NMR (101 MHz, CDCJ): § 216.4, 62.9,
58.4, 52.3, 44.6, 44.5, 42.9, 41.1, 34.5, 29.34,275.8, 25.2,

CDCl): 8 220.5, 63.1, 38.7, 34.9, 34.7, 32.8, 30.5, 299832
20.7, 19.9R (cm™): 2323, 2870, 1736, 1455, 1379, 1152, 1113,
993, 507GC-MS (m/z): [M] calc'd for G;H.0: 166.1; found:

21.4IR (cmi™): 2947, 2871, 1700, 1462, 1376, 1269, 1201, 1041166.2.

1006, 828, 751, 5245C-MS (m/z): [M] calc’'d for GH»0:
206.2; found: 206.2.

4.6.3. (3S,5R,7aR)-5-isopropyl-3, 7a-dimethyl octahydro-4H-
inden-4-one (2c)

Compound2c was prepared fromc (41.7 mg, 0.20 mmol,
1.0 equiv) according to the general procedure (4rg)o
Purification by flash column chromatography oncsiligel (2%
Et,O/hexanes) afforde®c (27.7 mg, 66%, dr 2:1) as a
colorless oil.R;: 0.50 (10% EO/hexanes]a]®y: —-13.0° € 1.0,
CHCL) '"H NMR (400 MHz, CDCJ): § 2.45-2.33 (m, 0.33H),
2.26-2.13 (m, 2H), 2.09-2.00 (m, 0.33H), 1.97-1.753167H),
1.73-1.60 (m, 1.67H), 1.57-1.52 (m, 1H), 1.50-1.43 {i),
1.41-1.20 (m, 2H), 1.10 (s, 2H), 1.04 (s, 1H), 1.03 &l 6.4 Hz,
2H), 0.96 (dJ = 6.4 Hz, 1H), 0.92 (d] = 6.8 Hz, 2H), 0.90 (d]
= 6.4 Hz, 1H), 0.85-0.83 (m, 3H)C NMR (101 MHz, CDC}):
8 215.7, 215.3, 70.0, 68.0, 55.5, 52.1, 48.3, 48007, 40.4, 38.9,
38.7, 36.0, 34.7, 33.7, 32.7, 30.9, 28.5, 26.53,284.7, 21.6,
21.3, 21.3, 20.4, 20.3, 19.4, 18R (cn): 2952, 2868, 1694,
1458, 1377, 1368, 1169, 986, 659, 563-M S (m/z): [M] calc'd
for Cy4H240: 208.2; found: 208.2.

4.6.4. 3,5,5,7a-tetramethyl octahydr o-4H-inden-4-one (2d)
Compound2d was prepared fromid (38.9 mg, 0.20 mmol,
1.0 equiv) according to the general procedure (4irs)o
Purification by flash column chromatography oncsiligel (5%
Et,O/hexanes) afforde®d (28.1 mg, 72%) as a colorless &
0.60 (10% EfO/hexanesjH NMR (500 MHz, CDCY): § 2.37—
2.25 (m, 1H), 1.90-1.83 (m, 1H), 1.82 @,= 11.5 Hz, 1H),
1.76-1.65 (m, 2H), 1.60-1.56 (m, 1H), 1.53—1.44 (Hf), 4.33—
1.21 (m, 2H), 1.11 (s, 3H), 1.09 (s, 3H), 1.08 (s, 3N3 (d,J =
8.0 Hz, 3H)"*C NMR (151 MHz, CDCJ): § 219.0, 66.5, 45.3,

46.7. (2S4R4aR 109)-3,3,4a,10-tetramethyl-3,4,4a,9,10,10a-
hexahydro-2,4-methanophenanthren-1(2H)-one (2g)

Compound2g was prepared fromg (53.7 mg, 0.20 mmol,
1.0 equiv) according to the general procedure (4rg)o
Purification by flash column chromatography oncsiligel (3%
Et,O/hexanes) affordedlg (28.2 mg, 53%) as a white solig;:
0.42 (10% EfO/hexanes)a]®y: —70.0° € 1.0, CHC}) *H NMR
(400 MHz, CDCY):  7.24-7.17 (m, 2H), 7.10 (atd,= 6.8, 1.2
Hz, 1H), 7.03 (dJ = 7.2 Hz, 1H), 2.97-2.89 (m, 1H), 2.67-2.60
(m, 2H), 2.51-2.41 (m, 3H), 2.25 (adt,= 11.2, 6.0 Hz, 1H),
1.59 (s, 3H), 1.39 (s, 3H), 1.20 (s, 3H), 1.09X¢, 7.2 Hz, 3H),
0.94 (d,J = 10.8 Hz, 1H)”C NMR (101 MHz, CDC}): § 214.3,
1445, 135.5, 129.4, 126.8, 126.3, 125.8, 58.21,586.0, 40.4,
39.3, 35.0, 31.0, 28.9, 27.7, 26.0, 25.2, 2R9(cm): 2944,
2843, 1702, 1447 1381, 1254, 1181, 973, 760, 729, 837GC-
M S (m/z): [M] calc’d for GgH,40: 268.2; found: 268.1

4.6.8. (2S4aR4bS,6aS,8S,10aR,10bR,10cR)-2-((tert-butyl di
methylsilyl)oxy)-4a,6a,8,10a-tetramethyl-2,3,4,4a,4b,5,6,6a,7a,
8,9,10,10a,10b,10c,11-hexadecahydropental eno[ 1,2-a] phen-
anthren-7(1H)-one (2h)

Compoundz2h was prepared fromh (47.1 mg, 0.10 mmol,
1.0 equiv) according to the general procedure (4rg)o
Purification by flash column chromatography oncsiligel (3%
Et,O/hexanes) afforde@h (43.8 mg, 93%) as a white soli;:
0.45 (10% EfO/hexanes)a]®y: —44.0° € 1.0, CHC}) 'H NMR
(400 MHz, CDC}): 8 5.35 (bs, 1H), 3.51-3.45 (m, 1H), 2.59.4d,
= 7.6 Hz, 0.33 H), 2.30-2.23 (m, 2H), 2.20-2.14 (m, 2H7
1.95-1.86 (m, 1H), 1.84-1.80 (m, 2H), 1.76-1.72 (Hf), 3.67—
1.59 (m, 3H), 1.46-1.35 (m, 2H), 1.31-1.13 (m, 6H},131.02
(m, 11H), 0.89 (s, 9H), 0.06 (s, 6HJC NMR (151 MHz,



CDCly): 4 221.6, 141.7, 120.8, 72.7, 66.7, 57.6, 51.0, 507%,
435, 42.8, 37.6, 37.2, 37.1, 35.2, 33.8, 32.82,320.1, 26.1,
25.1, 21.0, 20.0, 19.5, 18.4, 1784 IR (cmY): 2930, 2857,
1733, 1462, 1383, 1251, 1088, 870, 834, 773, 786, 617GC-

M S (m/z): [M] calc’d for GoHsgO,Si: 470.4; found: 469.4.

4.6.9. 1,3a-dimethyl-2,3,3a,8a-tetrahydrocycl openta[ a] inden-
8(1H)-one (2i)

Compound?i was prepared frorhi (40.0 mg, 0.20 mmol, 1.0
equiv) according to the general procedure (2 holsiification
by flash column chromatography on silica gel (4%O#Htexanes)
afforded?2i (30.3 mg, 76%, dr = 1.2:1) as an orangeRji.0.35
(10% EtO/hexanesfH NMR (500 MHz, CDC)): & 7.65 (dd,J
= 7.5, 3.5 Hz, 1H), 7.63-7.59 (m, 1H), 7.47 {5 7.5 Hz, 1H),
7.36-7.33 (m, 1H), 2.55 (d,= 10.0 Hz, 0.45H), 2.45-2.35 (m,
0.45H), 2.30-2.27 (m, 0.55 H), 2.06-1.98 (m, 1H), 1&#l,J =
12.5, 6.5, 5.5 Hz, 0.45H), 1.77 (atdl= 13.0, 6.0 Hz, 0.55H),
1.69 (adtJ = 12.0, 6.0 Hz, 0.55H), 1.61-1.57 (m, 1H), 1.53 (s
1.35H), 1.49-1.43 (m, 0.45H), 1.47 (s, 1.65H), 1.22J(¢ 7.0
Hz, 1.35H), 1.09 (dJ = 7.0 Hz, 1.65H), 0.93 (ddd), = 24.5,
12.0, 5.5 Hz, 0.55H}°C NMR (151 MHz, CDC)): & 209.1,
208.0, 163.1, 163.0, 137.8, 135.7, 135.5, 135.7,.52127.5,
124.3, 124.0, 123.5, 122.7, 68.0, 62.9, 51.8, 5407, 39.6,
39.1, 38.7, 34.6, 34.6, 28.5, 27.8, 21.1, 1&R1(cm): 2954,
2925, 2857, 1709, 1603, 1462, 1285, ®BE-MS (m/z): [M]
calc'd for G4H;¢0: 200.1; found: 200.1.

4.6.10. 9-methyl-1,4-dioxadispiro[ 4.0.5°.3°] tetradecan-7-one (2j)

Compound?j was prepared frorhj (44.9 mg, 0.20 mmol, 1.0
equiv) according to the general procedure (6 hotsiification
by flash column chromatography on silica gel
Et,O/hexanes) afforded diastereomé&ja (12.1 mg, 27%) and
2ib (11.6 mg, 26%) as colorless oilgja: Rs: 0.35 (20%
E,O/hexanes)H NMR (400 MHz, CDCJ): 5 3.99-3.85 (m,
4H), 2.47-2.27 (m, 4H), 1.84-1.63 (m, 4H), 1.62—1150 3H),
1.40 (atdJ = 12.8, 5.2 Hz, 1H), 1.27-1.20 (m, 1H), 0.98J¢;
6.4 Hz, 3H)*C NMR (101 MHz, CDC})): § 212.4, 118.1, 64.5,
64.3, 58.1, 50.2, 35.0, 34.5, 34.4, 33.7, 31.272P9.2IR (cm"
"): 2952, 2874, 1698, 1456, 1442, 1309, 1213, 11526, 1063,
1016, 945, 931, 584, 528, 4T@EBC-MS (m/z): [M] calc’'d for
Cy3H,00s: 224.1; found: 224.2jb: R;: 0.22 (20% EfO/hexanes)
'H NMR (400 MHz, CDCJ): 4 3.97-3.88 (m, 4H), 2.51 (ddd,
=14.0, 4.8, 0.4 Hz, 1H), 2.22-2.13 (m, 2H), 2.09-1r833H),
1.90-1.72 (m, 3H), 1.66-1.51 (m, 3H), 1.36-1.27 (), D.96
(d,J = 6.8 Hz, 3H)°C NMR (101 MHz, CDC)): 5 212.1, 118.3,
65.4, 64.1, 59.9, 47.9, 34.4, 34.1, 32.8, 30.59,221.1, 18.9R
(cm™): 2952, 2874, 1698, 1456, 1442, 1309, 1213, 11526,
1063, 1016, 945, 931, 584, 528, 4G&-MS (m/z): [M] calc'd
for Ci3H2¢05: 224.1; found: 224.2.

4.6.11. 9-methyl-1,4-dioxadispiro[ 4.0.5°.4°] pentadecan-7-one
(2K)

Compound2k was prepared fromk (47.7 mg, 0.20 mmol,
1.0 equiv) according to the general procedure (@rg)o
Purification by flash column chromatography oncsilgel (20%
Et,O/hexanes) afforded diastereom@ka (13.7 mg, 29%) and
2kb (20.5 mg, 43%) as a colorless ofka: Ry 0.32 (20%
Et,O/hexanes)'H NMR (400 MHz, CDCJ): & 3.97-3.86 (m,
4H), 2.43 (ddJ = 13.2, 4.8 Hz, 1H), 2.36-2.29 (m, 2H), 2.18-
2.11 (m, 1H), 2.00-1.88 (m, 1H), 1.76-1.63 (m, 4H3631.47
(m, 3H), 1.44-1.31 (m, 3H), 0.98 (@= 6.8 Hz, 3H)*C NMR
(101 MHz, CDCY)): 8 213.8, 111.5, 64.4, 64.3, 55.0, 49.7, 34.0
33.9, 32.7, 31.5, 29.5, 23.2, 21.7, 208 (cmY): 2929, 2869,
1707, 1450, 1298, 1182, 1102, 1085, 1032, 954, B69,GC-
MS (m/z): [M] calc’d for G4H,,0s: 238.2; found: 238.2kb: Ry:
0.21 (20% EfO/hexanesfH NMR (400 MHz, CDC)): & 4.03—

7
3.78 (m, 4H), 2.27-2.18 (m, 4H), 1.91-1.79 (m, 3HJ2+1.61
(m, 3H), 1.59-1.38 (m, 4H), 1.12-1.01 (m, 1H), 0.98])(d 6.4
Hz, 3H)™C NMR (101 MHz, CDCJ): § 212.6, 110.9, 65.6, 64.3,
56.8, 48.0, 34.8, 33.4, 32.1, 31.0, 29.0, 23.53,221.5IR (cm"
1): 2929, 2869, 1707, 1450, 1298, 1182, 1102, 10832, 954,
859, 565GC-M S (m/z): [M] calc'd for G4H,,0s: 238.2; found:
238.2.

4.6.12. ethyl-1,4-dimethyl-2-oxocyclohexane-1-carboxylate (2)
Compoundl was prepared frortl (39.7 mg, 0.20 mmol, 1.0
equiv) according to the general procedure (2 hotsiification
by flash column chromatography on silica gel (10%
Et,O/hexanes) affordedl (17.0 mg, 43%) as a colorless d#:
0.41 (20% EfO/hexanesyH NMR (400 MHz, CDCJ): & 4.19
(9,3 = 7.0 Hz, 2H), 2.57-2.51 (m, 1H), 2.39 (ddds 13.6, 7.2,
4.0 Hz, 1H), 2.25-2.15 (m, 2H), 1.92-1.84 (m, 1H), ¥ d&,J
= 13.6, 9.2, 4.0 Hz, 1H), 1.52-1.43 (m, 1H), 1.343@), 1.26
(at,J = 7.2 Hz, 3H), 0.98 (dJ = 6.4 Hz, 3H)"*C NMR (101
MHz, CDCk): 6 208.9, 173.3, 61.4, 57.0, 46.8, 33.8, 32.8, 28.9,
20.9, 20.2, 14.2R (cm): 2935, 2871, 1735, 1712, 1456, 1377,
1258, 1090, 1026, 86BC-M S (m/z): [M] calc’d for GH,50s:
198.1; found: 198.2.

4.6.13. ethyl 1-allyl-4-methyl-2-oxocyclohexane-1-carboxylate
(2m)

Compoundm was prepared frorim (44.9 mg, 0.20 mmol,
1.0 equiv) according to the general procedure (@rg)o
Purification by flash column chromatography oncsiligel (4%
Et,O/hexanes) afforded diastereome@ma (6.5 mg, 14%) and
2mb (17.5 mg, 39%) as a colorless ddma: Ry 0.51 (20%

(1O%Et20/hexanes)1H NMR (400 MHz, CDC)): 6 5.79-5.68 (m,

1H), 5.12-4.95 (m, 2H), 4.17 (4,= 7.2 Hz, 2H), 2.60 (dd] =
14.0, 7.2 Hz, 1H), 2.49-2.39 (m, 2H), 2.29 (dd¢; 14.0, 8.0 Hz,
1H), 2.18-2.11 (m, 1H), 1.85-1.70 (m, 2H), 1.45-1134 ZH),
1.24 (t,J = 7.2 Hz, 3H), 0.99 (d] = 6.4 Hz, 3H)"*C NMR (101
MHz, CDCk): & 207.1, 171.5, 133.5, 118.4, 61.4, 59.9, 49.5,
39.4, 35.4, 34.9, 31.4, 22.4, 14R (cm): 2956, 2929, 1713,
1439, 1222, 1196, 1143, 1093, 1027, 918, &B-MS (m/z):
[M] calc’'d for Cy3H,0Os: 224.1; found: 224.2mb: Ry: 0.61 (20%
Et,0/hexanes)'H NMR (400 MHz, CDCJ): 5 5.78-5.67 (m,
1H), 5.08-5.04 (m, 2H), 4.18 (d,= 7.2 Hz, 2H), 2.62 (dd] =
14.0, 6.8 Hz, 1H), 2.55 (dd,= 13.6, 4.4 Hz, 1H), 2.40 (dd,=
14.0, 7.6 Hz, 1H), 2.31 (ddd,= 13.6, 6.4, 4.0 Hz, 1H), 2.26—
2.13 (m, 2H), 1.93-1.85 (m, 1H), 1.77 (ddds 13.6, 10.0, 4.0
Hz, 1H), 1.52-1.44 (m, 1H), 1.25 (&= 7.2 Hz, 3H), 0.96 (d] =
6.4 Hz, 3H)”®C NMR (101 MHz, CDC)): § 207.8, 171.7, 133.3,
118.6, 61.3, 60.7, 47.4, 38.5, 32.6, 30.7, 28.9),1M4.3IR (cm’
"): 2956, 2929, 1713, 1439, 1222, 1196, 1143, 10927, 918,
608GC-M S (m/z): [M] calc’d for G3H,,Os: 224.1; found: 224.2.
4.6.14. 1-allyl-4-methyl-2-oxabicycl o] 3.3.1] nonan-6-one (2n)

Compound2n was prepared frorin (38.9 mg, 0.20 mmol,
1.0 equiv) according to the general procedure (4rg)o
Purification by flash column chromatography oncsiligel (8%
Et,O/hexanes) affordedin (15.9 mg, 41%) as a colorless @il
0.52 (40% EfO/hexanesfH NMR (500 MHz, CDCJ): & 5.87
(ddt,J = 17.5, 10.5, 7.5 Hz, 1H), 5.13-5.07 (m, 2H), 3.81, §c=
12.5, 5.5 Hz, 1H), 3.55 (al,= 12.5 Hz, 1H), 2.57-2.51 (m, 2H),
2.46-2.38 (m, 1H), 2.26 (d,= 7.5 Hz, 2H), 2.14-2.03 (m, 2H),
2.00-1.93 (m, 1H), 1.91-1.87 (m, 2H), 0.81 Jd; 6.5 Hz, 3H)
C NMR (151 MHz, CDC}): § 213.3, 133.6, 118.4, 70.9, 68.0,
49.2, 47.1, 39.1, 36.2, 33.5, 32.1, 14 (cm): 2926, 1703,
1440, 1104, 1078, 990, 963, 915, 853, 640, BB3MS (m/z):
'[M] calc’d for Ci,H150,: 194.1; found: 194.2.

4.6.15. 5,8-dimethylbicycl o[ 3.3.1] non-3-en-2-one (20)
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Compound2o was prepared fromo (32.9 mg, 0.20 mmol,
1.0 equiv) according to the general procedure (4irs)o
Purification by flash column chromatography oncsilgel (10%
Et,O/hexanes) affordedo (14.3 mg, 43%) as a pale-yellow oil.
Ri: 0.32 (10% EO/hexanes)H NMR (400 MHz, CDCJ): 5
6.53 (dd,J = 10.0, 2.0 Hz, 1H), 6.05 (d,= 10.0 Hz, 1H), 2.36—
2.32 (m, 1H), 2.08 (dd] = 12.8, 2.8 Hz, 1H), 1.71-1.53 (m, 3H),
1.45-1.42 (m, 2H), 1.27-1.13 (m, 1H), 1.11 (s, 3H9Qd,J =
6.4 Hz, 3H)”®C NMR (101 MHz, CDC)): § 201.7, 157.0, 131.2,
49.5, 42.6, 34.8, 33.8, 33.6, 28.7, 28.1, 17 (cm): 2956,
2923, 2869, 1670, 1455, 1374, 1218, 1103, 1076, 826, 502
GC-MS (m/z): [M] calc’'d for G3H¢0: 164.1; found: 164.2.

4.6.16. (4aS 7R 8R)-7-methyl-2,3,5,6,7,8-hexahydro-4H-4a,8-
methanobenzo[ 8] annulene-4,9(1H)-dione (2p)

Compound2p was prepared fromp (43.7 mg, 0.20 mmol,
1.0 equiv) according to the general procedure (4irs)o
Purification by flash column chromatography oncsilgel (30%
Et,O/hexanes) afforde@p (32.2 mg, 73%) as a yellow olR;:
0.25 (40% EfO/hexanes)a]®y: +64.0° € 1.0, CHC}) 'H NMR

(400 MHz, CDCJ): § 6.08 (s, 1H), 2.66—2.48 (m, 4H), 2.46-2.42

(m, 1H), 2.19-2.05 (m, 3H), 1.90-1.83 (m, 1H), 1.8581(m,
4H), 1.27-1.22 (m, 1H), 0.91 (d,= 6.4 Hz, 3H)*C NMR (151

MHz, CDCk): § 211.5, 200.2, 163.2, 129.3, 51.8, 48.4, 38.3as

35.3, 32.6, 32.5, 31.8, 27.3, 22.4, 198 (cm)): 2926, 2869,
1708, 1659, 1619, 1454, 1249, 1204, 1116, 1032, 629GC-
MS (m/z): [M] calc’d for G4H10,: 218.1; found: 218.2.

4.6.17. 3-(chloromethyl)-5,5, 7a-trimethyl octahydro-4H-inden-4-
one (3a)

Compound3a was prepared fronid (38.8 mg, 0.20 mmol,
1.0 equiv) according to the general procedure
carbohalogenation using NCS (106.8 mg, 0.80 mmo0l.e4uiv)
as the halogen source. Purification by flash
chromatography on silica gel (3% .8thexanes) afforde®a
(27.2 mg, 60%) as a colorless di;: 0.56 (10% EfO/hexanes)
'H NMR (600 MHz, CDC}): & 3.66 (dd,J = 10.8, 4.8 Hz, 1H),
3.53 (dd,J = 10.8, 6.6 Hz, 1H), 2.86-2.80 (m, 1H), 2.17 Jd;
7.2 Hz, 1H), 1.89 (addf, = 12.6, 7.2, 2.4 Hz, 1H), 1.79 (ddbs
13.8, 10.8, 3.0 Hz, 1H), 1.68-1.59 (m, 3H), 1.52 (ddd,12.6,
6.6, 2.4 Hz, 1H), 1.48-1.43 (m, 2H), 1.15 (s, 3H), 1(4,13H),
1.10 (s, 3H)°C NMR (151 MHz, CDC)):  218.2, 59.3, 49.4,
46.0, 44.0, 43.8, 40.4, 35.4, 33.5, 28.6, 26.80 28 (cni):
2954, 2869, 1696, 1459, 1384, 1361, 1289, 11052,1083, 688
GC-M S (m/z): [M] calc’'d for G3sH»,ClO: 228.1; found: 228.1.

4.6.19. 8-(chloromethyl)-5-methylbicyclo[ 3.3.1] non-3-en-2-one
(3b)

Compound3b was prepared froro (32.6 mg, 0.20 mmol,
1.0 equiv) according to the general procedure
carbohalogenation using NCS (106.8 mg, 0.80 mm6l.e4uiv)
as the halogen source. Purification by flash
chromatography on silica gel (5% ,8thexanes) afforde@b
(23.9 mg, 60%) as a colorless di;: 0.15 (10% EO/hexanes)
'"H NMR (400 MHz, CDC}): & 6.61 (dd,J = 10.0, 2.0 Hz, 1H),
6.10 (dd,J = 10.0, 0.8 Hz, 1H), 3.50 (dd,= 11.2, 6.8 Hz, 1H),
3.23 (ddJ=10.8, 7.6 Hz, 1H), 2.71-2.66 (m, 1H), 2.14 (d#id,
12.8, 3.6, 2.4 Hz, 1H), 1.94-1.84 (m, 2H), 1.59-1.:54 {H),
1.52-1.44 (m, 2H), 1.22-1.11 (m, 1H), 1.16 (s, 3@ NMR

forl.0

columnas

hydro-1,3-methanonaphthal en-4(1H)-one (3c)

Compound3c was prepared froma (44.1 mg, 0.20 mmol,
1.0 equiv) according to the general procedure
carbohalogenation using NBS (142.4 mg, 0.80 mm@l,edjuiv)
as the halogen source. Purification by flash column
chromatography on silica gel (10%,8thexanes) afforde@c
(47.7 mg, 80%) as a white solig;: 0.45 (10% EtOAc/hexanes)
[a]®: —20.0 ¢ 1.0, CHC}) 'H NMR (500 MHz, CDCJ): & 3.89
(dd, J = 10.0, 4.0 Hz, 1H), 3.77 (dd,= 10.0, 6.5 Hz, 1H), 2.56
(at,J = 5.5 Hz, 1H), 2.51 (adt] =12.5, 6.0 Hz, 1H), 2.18 (d,=
10.0 Hz, 1H), 2.10-2.04 (m, 1H), 1.84 (&t 4.4 Hz, 1H), 1.81—
1.64 (m, 4H), 1.58 (d] = 11.0 Hz, 1H), 1.52-1.48 (m, 1H), 1.36
(s, 3H), 1.24 (s, 3H), 1.10 (s, 3H), 1.07-1.03 (m, HE)NMR
(151 MHz, CDC)): & 215.0, 58.9, 55.1, 54.0, 41.7, 40.1, 37.7,
36.0, 32.3, 27.9, 27.6, 26.1, 25.9, 25.9, 163 (cm): 2948,
2872, 1699, 1465, 1380, 1274, 1240, 1203, 992, 683, 602
GC-MS (m/z): [M] calc’'d for GsH»:BrO: 298.1; found: 298.1.

for

4.6.21. 1-(bromomethyl)-3a-methyl-2,3,3a,8a-tetrahydrocycl o-
penta[ a] inden-8(1H)-one (3d)

Compound3d was prepared fromi (40.1 mg, 0.20 mmol,
1.0 equiv) according to the general procedure
carbohalogenation using NBS (142.4 mg, 0.80 mm@l,edjuiv)
the halogen source. Purification by flash column
chromatography on silica gel (5% ,Bfhexanes to 10%
Et,O/hexanes) afforded diastereom&da (33.6 mg, 60%) and
3db (18.1 mg, 33%) as white solid8da: Ry 0.57 (10%
Et,O/hexanes)’H NMR (400 MHz, CDCJ): § 7.74-7.70 (m,
2H), 7.49 (dJ = 8.0 Hz, 1H), 7.42 (1] = 8.0 Hz, 1H), 4.14 (dd]
=10.4, 3.2 Hz, 1H), 3.33 (al,= 11.2 Hz, 1H), 2.87-2.78 (m,
1H), 2.17 — 2.09 (m, 2H), 1.97 (at#l= 12.8, 6.0 Hz, 1H), 1.62

for

for(s, 3H), 0.90 (dddy = 26.0, 13.2, 6.4 Hz, 1HJC NMR (126

MHz, CDCk): 6 199.7, 159.5, 137.1, 133.7, 128.5, 124.3, 124.2,

column75.5, 57.3, 54.9, 40.0, 32.9, 28.9, 2TR® (cm‘l): 2965, 2864,

1714, 1604, 1589, 1465, 1214, 716€-M S (m/z): [M] calc’d for
CyHsBrO:  278.0; found: 278.03db: Ry 0.23 (10%
Et,O/hexanes)'H NMR (400 MHz, CDCJ): & 7.68-7.62 (m,
2H), 7.47 (dJ = 7.6 Hz, 1H), 7.37 (1 = 7.6 Hz, 1H), 3.70 (dd)
=10.0, 4.8 Hz, 1H), 3.57 (dd,= 10.0, 8.0 Hz, 1H), 2.58-2.50
(m, 2H), 1.98 (ddd,) = 14.0, 6.4, 2.0 Hz, 1H), 1.92-1.82 (m,
2H), 1.76-1.67 (m, 1H), 1.54 (s, 3HJC NMR (126 MHz,
CDCly): 6 207.3, 162.5, 135.8, 135.2, 127.9, 124.2, 12348(,6
51.0, 46.6, 38.9, 37.5, 31.9, 27R (cm): 2955, 2865, 1708,
1603, 1463, 1327, 1288, 1241, 768-M S (m/z): [M] calc’d for
Cy4H1sBro: 278.0; found: 278.0.

4.6.22. 5-allyl-3-(bromomethyl)-6,6, 7a-trimethyl octahydr o-4H-
inden-4-one (3e)

Compound3e was prepared fromq (46.9 mg, 0.20 mmol,
equiv) according to the general procedure
carbohalogenation using NBS (142.4 mg, 0.80 mmél,e4uiv)
the halogen source. Purification by flash column

chromatography on silica gel (5% ,Bthexanes) afforde®e
(25.1 mg,40%) as a light yellow oiRR;: 0.48 (10% EO/hexanes)
'"H NMR (500 MHz, CDC}): § 5.81-5.73 (m, 1H), 5.01 (d,=
17.5 Hz, 1H), 4.94 (d) = 10.5 Hz, 1H), 3.47 (dd} = 10.0, 5.0
Hz, 1H), 3.34 (ddJ = 10.0, 7.5 Hz, 1H), 2.79-2.72 (m, 1H),
2.47-2.38 (m, 2H), 2.12-2.05 (m, 3H), 1.76-1.43 (k), 1.17
(s, 3H), 1.05 (s, 3H), 0.87 (s, 3HC NMR (126 MHz, CDC)):

for

(125 MHz, CDC}):  200.5, 157.4, 131.2, 47.6, 45.9, 41.9, 41.6,6 213.9, 137.7, 115.6, 64.4, 56.6, 49.3, 47.8, 463], 39.8,

34.2, 34.1, 28.5, 24.0R (cm'Y): 2926, 2862, 1674, 1456, 828,
731 GC-MS (m/z): [M] calc'd for G;H;sClO: 198.1; found:
198.1.

4.6.20. (1R,3S,55,8aR)-5-(bromomethyl)-2,2,8a-trimethyl octa-

38.4, 31.5, 30.1, 29.9, 28.4, 24R (cm"): 2954, 2871, 1699,
1464, 1381, 1369, 1350, 1263, 1230, 1192, 999, GCIMS
(m/z): [M] calc’d for GgH,sBrO: 312.1; found: 312.1.

4.6.23. (1S3aR 4R,69)-1-(iodomethyl)-3a,5,5-trimethyl octahydro



-7H-4,6-methanoinden-7-one (3f)

Compound3f was prepared fromb (41.3 mg, 0.20 mmol.
1.0 equiv) according to the general procedure
carbohalogenation using NIS (180.0 mg, 0.80 mmdl, efuiv)
as the halogen source. Purification by flash
chromatography on silica gel (10% ,8thexanes) afforde@f
(60.9 mg, 92%) as a yellow oiR;: 0.46 (20% EO/hexanes)
[a]®: +1.7° € 1.0, CHC}) *H NMR (400 MHz, CDCJ): 5 3.78
(dd,J =9.6, 2.8 Hz, 1H), 3.40 (dd,= 9.6, 7.6 Hz, 1H), 2.54 (at,
J = 5.2 Hz, 1H), 2.51-2.45 (m, 1H), 2.02 (atz 6.4 Hz, 1H),
2.00-1.84 (m, 3H), 1.78-1.70 (m, 1H), 1.59J¢ 11.2 Hz, 1H),
1.52-1.44 (m, 2H), 1.37 (s, 3H), 1.25 (s, 3H), 1.003) “*C
NMR (151 MHz, CDC)): & 215.5, 60.2, 58.5, 52.3, 50.3, 45.3,
42.5, 39.9, 33.3, 28.6, 27.4, 26.0, 25.3, 182 (cni’): 2950,
1701, 1461, 1378, 1250, 1201, 981, 831, 801, 586, GBC-M S
(m/z): [M] calc’'d for G4H,,10: 332.1; found: 332.1.

4.6.24. (1R,3S4aR,5S58aR)-5-(iodomethyl)-2,2,8a-trimethyl octa-
hydro-1,3-methanonaphthal en-4(1H)-one (3g)

Compound3g was prepared frorta (440 mg, 2.0 mmol. 1.0
equiv) according to the general procedure for daalmgenation

9
3.83 (dd,J = 10.4, 4.0 Hz, 1H), 3.51 (dd,= 10.4, 9.6 Hz, 1H),
2.65 (at,d = 5.2 Hz, 1H), 2.50 (adil = 11.2, 6.4 Hz, 1H), 2.21

ford, J = 9.2 Hz, 1H), 2.14-2.03 (m, 2H), 1.83-1.68 (m, 2H561

(d,J = 11.6 Hz, 1H), 1.48-1.41 (m, 2H), 1.39 (s, 3H), 124

columrBH), 1.03 (s, 3H)°C NMR (151 MHz, CDCJ): § 219.0, 68.2,

61.4, 58.5, 51.8, 50.3, 45.0, 42.3, 40.2, 28.84,287.3, 26.1,
25.11R (cm™): 3425, 2950, 2873, 1686, 1473, 1378, 1273, 1239,
1069, 1027, 52GC-MS (m/z): [M] calc’'d for G4H,,0,: 222.2;
found: 222.23j: Ry 0.27 (40% EO/hexanes)a]®y: —6.1° €
0.7, CHCL) 'H NMR (400 MHz, CDCJ): & 11.55 (s, 1H), 4.34
(dd,J = 12.8, 4.8 Hz, 1H), 3.70 (dd,= 12.8, 9.6 Hz, 1H), 2.69
(at,J = 5.6 Hz, 1H), 2.58-2.48 (m, 2H), 2.46 {d5 7.6 Hz, 1H),
2.09 (at,d = 5.6 Hz, 1H), 1.90-1.71 (m, 2H), 1.53 ®= 11.6
Hz, 1H), 1.49-1.41 (m, 1H), 1.40 (s, 3H), 1.24 (s, 3H)8 (s,
3H) ®C NMR (151 MHz, CDC)): § 220.0, 81.7, 59.3, 59.0,
51.9, 45.7, 45.6, 41.7, 39.7, 28.5, 28.4, 27.31,286.0IR (cm"
%): 2951, 2877, 2361, 2338, 1701, 1459, 1388, 12225, 1041,
985, 668GC-M S (m/z): [M] calc'd for G4H,,0,: 220.1; found:
220.2.

4.7. Experimental Procedures and Characterization Data for

using b (2.0 g, 8.0 mmol, 4.0 equiv) as the halogen sourceMechanistic Sudies

Purification by flash column chromatography
Et,O/hexanes) afforde8g (602 mg, 87%) as a yellow soliBy:
0.38 (10% EfO/hexanes]a]®p: —8.2° € 1.0, CHC}) 'H NMR
(400 MHz, CDC}): 6 3.74 (ddJ = 9.6, 3.6 Hz, 1H), 3.60 (dd,=
9.6, 6.4 Hz, 1H), 2.55 (al,= 5.6 Hz, 1H), 2.50 (adf,= 10.8, 6.0
Hz, 1H), 2.06 (dJ = 9.6 Hz, 1H), 1.83 (afl = 5.6 Hz, 1H), 1.77—
1.61 (m, 5H), 1.57 (d] = 10.8 Hz, 1H), 1.47-1.39 (m, 1H), 1.35
(s, 3H), 1.23 (s, 3H), 1.10 (s, 3H), 1.08-1.03 (m, B)NMR

(101 MHz, CDC)): 3 214.9, 58.9, 55.6, 55.0, 40.1, 37.3, 36.1,

32.3, 28.2, 27.8, 27.6, 25.9, 19.4, 1688 (cm): 2947, 2871,
1694, 1464, 1389, 1203, 906, 727, 647, 571, 513,33-MS
(m/z): [M] calc’d for GsH.3lO: 346.1; found: 346.1.

4.6.25. (2S4R 4aR,109)-10-(iodomethyl)-3,3,4a-trimethyl-
3,4,4a,9,10,10a-hexahydro-2,4-methanophenanthren-1(2H)-one
(3h)

Compound3h was prepared frorig (53.7 mg, 0.20 mmol.
1.0 equiv) according to the general procedure
carbohalogenation using NIS (180.0 mg, 0.80 mmdl, efuiv)
as the halogen source. Purification by flash
chromatography on silica gel (5% ,Bfhexanes) afforde@h
(63.9 mg, 81%)as awhite solid.R: 0.41 (10% EfO/hexanes)
[a]®: =37.3 (c 1.0, CHC}) 'H NMR (400 MHz, CDC)): &
7.23-7.19 (m, 2H), 7.14-7.06 (m, 2H), 3.41 (@& 9.6, 7.6 Hz,

(15%

4.7.1. (1R,354aR,558aR)- 2,2,8a-trimethyl-5-(methyl-
d)octahydro-1,3-methanonaphthal en-4(1H)-one (2a-d,)

To a flame-dried, 10 mL microwave vial equipped wéh
magnetic stir bar was added Zn(G:{()09.1 mg, 0.30 mmol, 1.5
equiv). The vial was capped, evacuated flame-driedieu
vacuum for 10 seconds (this process was repeatigde3)t The
reaction vessel was backfilled with ,Nbefore 1,2-
dimethoxyethane (2 mL, 0.1 M) was added. To therestir
mixture was added ketoria (44.0 mg, 0.20 mmol, 1.0 equiv)
and Zn(TMP) (0.48 mL, 0.5 M in toluene, 0.24 mmol, 1.2
equiv). The reaction vessel was sealed with paraimnd, placed
in an 80°C preheated oil bath and stirred for four hours.

The reaction vessel was removed from the oil bath y®
(2 mL, 110.8 mmol, 554.2 equiv) was added to thectiga
mixture. The mixture was stirred at ambient tempeeafor 30
miuntes before sat. ag. NEl (1 mL) and EO (1 mL) were

foradded. The organic phase was separated and theuaqplease

was extracted with BD (2 x 1 mL). The combined organic

columrextracts were filtered over a small pad of dry ailigel and

concentrated under reduced pressure by rotary estiqo.
Purification by flash column chromatography ovdicaigel (5%
Et,O/hexanes) afforde®a-d; (30.0 mg, 68%, 60% D) as a
colorless oil.R;: 0.46 (10% EO/hexanes]a]®y: —49.0° € 1.0,

1H), 3.32 (ddJ = 9.2, 6.4 Hz, 1H), 2.91-2.81 (m, 3H), 2.72-2.65CHCI,) '"H NMR (400 MHz, CDC}): § 2.51 (t,J = 5.2 Hz, 1H),

(m, 2H), 2.47 (at) = 5.6 Hz, 1H), 2.32 (adf] = 11.2, 6.0 Hz,
1H), 1.58 (s, 3H), 1.41 (s, 3H), 1.25 (s, 3H), 0.94)(d,10.8 Hz,
1H) ®°C NMR (126 MHz, CDC)): § 212.7, 143.9, 134.0, 129.4,
127.3, 126.3, 126.2, 58.2, 55.6, 55.5, 40.7, 3%, 33.3, 30.8,
27.7, 26.4, 25.3, 14.R (cm): 2973, 2956, 2924, 1694, 1444,
1236, 1180, 986, 920, 763, 728, 592, 494, GBMS (M/2):
[M] calc’d for CygH,4l0: 394.1; found: 394.1.

4.6.26. 1-(hydroxymethyl)-3a,5,5-trimethyl octahydro-7H-4,6-
methanoinden-7-one (3i) and (1S,3aR 4R,69)-3a,5,5-trimethyl-7-
oxooctahydro-1H-4,6-methanoindene-1-carbal dehyde (3j)
Compound3i and 3j was prepared fromb (41.3 mg, 0.20
mmol, 1.0 equiv) according to the general procedareanionic
cyclization, followed bubbling ©for 10 minutes and stirring at
room temperature for 24 hours under an oxygen gihere
(balloon). Purification by flash column chromatggng on silica
gel (40% EtO/hexanes) afforde@i (10 mg, 23%) and®j (12.1
mg, 27%) as colorless 0il8i: Ry 0.08 (40% EiO/hexanes)
[a]®: —29.5° ¢ 0.3, CHC}) 'H NMR (400 MHz, CDCJ)): &

2.44 (adtJ = 10.8, 6.4 Hz, 1H), 1.88-1.78 (m, 2H), 1.72-1.55
(m, 6H), 1.34 (s, 3H), 1.29-1.21 (m, 1H), 1.19 (s, 3H)2-1.08
(m, 2.4H), 1.04 (s, 3H), 0.99-0.96 (m, 1¥E NMR (151 MHz,
CDCly): 8 215.7, 59.3, 59.3, 58.8, 55.0, 40.6, 35.9, 321353
31.4, 30.5, 30.5, 28.0, 27.7, 25.8, 25.3, 22.4128.J = 19.3
Hz), 16.7IR (cm™): 2929, 2871, 1700, 1464, 1379, 1274, 1240,
1202, 787, 516C-M S (m/z): [M] calc’d for GgH»DO: 221.2;
found: 221.2.

4.7.2. (1S4S59-4,6,6-trimethyl-4-(pent-4-en-1-yl)bicycl o-
[3.1.1] heptan-2-one-3,3-d, (1a-d,)

To a 10 mL microwave vial was addedGQO; (332 mg, 2.4
mmol, 3.0 equiv),la (176 mg, 0.8 mmol, 1.0 equiv) and,®
(0.6 mL, 1.33 M). The reaction vessel capped, platgo a
preheated 128C oil bath, and stirred for 4 days. To the reaction
mixture was added 40 (2 mL) and BEO (2 mL) and the organic
phase was separated. The aqueous phase was extviht&t,O
(2 x 2 mL) and the combined organic extracts weteréd over a
small pad of dry silica gel and concentrated undstuced
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pressure by rotary evaporation. The crude mixtures wa
resubjected to the above reaction conditions (4)dagd workup
procedure without further purification to affofd-d, (169 mg,
95%) as a colorless oiR;: 0.45 (10% EtOAc/hexane$p]”%:
-16.2° (¢ 1.0, CHC}) '"H NMR (400 MHz, CDC})): 5.79 (ddt,J
=17.2, 10.4, 6.8 Hz, 1H), 5.00 (ddi= 17.2, 1.2 Hz, 1H), 4.95
(d, J = 10.0 Hz, 1H), 2.53 (adf] = 5.2 Hz, 1H), 2.47 (adf] =
10.8, 6.0 Hz, 1H), 2.04-1.96 (m, 3H), 1.63Jd; 10.8 Hz, 1H),
1.40-1.30 (m, 4H), 1.36 (s, 3H), 1.14 (s, 3H), 1.023@) °C
NMR (151 MHz, CDC)): 5 214.9, 138.8, 114.8, 58.3, 51.7, 43.6,
41.1, 34.5, 34.3, 27.6, 26.0, 25.6, 24.9, 2R (cni): 2933,
1708, 1641, 1473, 1388, 1242, 1204, 991, 909, 838, 503
GC-MS (m/z): [M] calc’d for GsH»,D,0: 222.2; found: 222.2.

4.7.3. (1R,35,558aR)-2,2,8a-trimethyl-5-(methyl-d)octahydro-
1,3-methanonaphthalen-4(1H)-one-4a-d (2a-d,)

Compound2a-d, was prepared fronia-d, (22.2 mg, 0.1
mmol, 1.0 equiv) according to the general procedareanionic
cyclization. Compound?a-d, (20.0 mg, 90%) was isolated by
preparatory thin layer chromatography (8% EtOAc/hesarand
determined to have 0% deuterium incorporation at rirethyl
group. Ry 0.67 (10% EtOAc/hexaned)a]®»: —38.8° ¢ 1.0,
CHCL) '"H NMR (500 MHz, CDCJ): 2.51 (atJ = 5.5 Hz, 1H),
2.44 (adtJ = 10.5, 6.5 Hz, 1H), 1.87-1.82 (m, 1H), 1.80 {at,
6.0 Hz, 1H), 1.72-1.54 (m, 5H), 1.34 (s, 3H), 1.25-1201H),
1.19 (s, 3H), 1.11 (dl = 6.5 Hz, 3H), 1.04 (s, 3H), 0.98-0.95 (m,
1H) ®C NMR (151 MHz, CDC})  215.6, 59.3, 58.8, 55.0, 40.7,
35.9, 35.8, 32.3, 31.5, 31.4, 30.5, 30.5, 28.09,277.7, 25.8,
25.8, 25.3, 25.3, 22.4, 22.3, 16.R (cm™): 2925, 2870, 1701,
1463, 1378, 1240, 1204, 1030, 978, 910, 639,6C4M S (m/z):
[M] calc’'d for CysH,,D,0: 221.2; found: 221.2.

4.7.4. Preparation of Negishi Reagent

To a flame-dried 10 mL microwave vial equipped with a
magnetic stir bar was added Zn dust (26.2 mg, 0.A®In2.0
equiv) and LiCl (17.0 mg, 0.40 mmol, 2.0 equiv).eThial was
capped, evacuated, and flame-dried for 10 secomdisrueduced
pressure (this process was repeated 3 times). Hotice vessel
was backfilled with Nand THF (1.0 mL) and 1,2-dibromoethane
(6.4 pL, 0.074 mmol, 37 mol %) were added to thectiea
mixture. The reaction vessel was placed into aG@reheated
oil bath and stirred for 30 minutes. The reacticzssel was
removed from the oil bath cooled to ambient temioeeabefore
a solution of J (5.1 mg, 0.02 mmol, 10 mol %) and TMSCI (7.6
pL, 0.06 mmol, 30 mol %) in THF (0.5 mL) was add&tie
reaction vessel was placed in a % preheated oil bath and
stirred for 30 minutes. The reaction vessel was waudrom the
oil bath and cooled to ambient temperature befoselation of
39 (69.3 mg, 0.20 mmol, 1.0 equiv) in THF (0.5 mL) veaded
to the reaction mixture to give a solution with anali
concentration of 0.1 M. The reaction vessel wasguldan a 70C
preheated oil bath and stirred for 6 hours.

The reaction vessel was removed from the oil bathcaoled
to ambient temperature before,®d (0.5 mL, 25 mmol, 125
equiv) was added to the reaction mixture and theticamixture
was stirred for 3 hours at ambient temperature. hBoreaction
mixture was added sat. aq. MH (2 mL) and EO (1 mL). The
organic phase was separated and aqueous phase wageext
with ELO (2 x 2 mL). The combined organic extracts were
filtered over a small pad of dry silica gel and centrated under
reduced pressure by rotary evaporation. TH&NMR yield of
2a-d; (22%, 47% deuterium incorporation) add (54%, 48%
deuterium incorporation) was determined using 1,35
trimethoxybenzene as an internal standard. The amof
deuterium incorporation of each product was deteznhinfter
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isolation by preparatory thin
Et,O/hexanes).

layer chromatograp(30%
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