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One-pot Synthesis of [6-5-6] Tricyclic Products via a Double Diels-Alder/Nazarov Tandem
Reaction of Unsymmetrically Substituted Cross-conjugated Diynones

Rachael A. Carmichael and Wesley A. Chalifoux*

Department of Chemistry, University of Nevada-Rel®64 N. Virginia Street, Reno, NV
89557, USA

Abstract: A highly concise one-pot method towards biologicgértinent compounds having a
[6-5-6] tricyclic framework has been establisheche Tmulticomponent reaction utilizes a
tandem, double Diels-Alder cycloaddition followey & Nazarov reaction to furnish the [6-5-6]
backbone. This method produces three fused ringlvieg from the construction of five new
carbon-carbon bonds, a quaternary carbon, andogtme centers in a one-pot reaction. The
products are produced with excellent regio- andtdi@ocontrol.

Keywords: Diels-Alder cycloaddition; Nazarov reaction; multioponent reaction; tandem
reaction; terpenes

1. Introduction

Pharmaceutical endeavors toward biologically imgarimolecules rely heavily on cost-
effective and economical synthetic methodolodi@e use of relatively high-energy starting
materials to achieve multiple carbon-carbon bondh&gion in a single pot reaction is a highly
efficient technique to rapidly access advanced riméeliate$® A number of efficacious
examples targeting useful polycyclic substructimase recently been reported in the literaffire.
® Five- and six-membered rings are highly prevaiertiologically active compounds, therefore
routes towards these polycyclic structures receaioasiderable attentioff Cycloaddition
reactions are one of the most innovative and infiaé strategies for synthesizing desirable
cyclic target molecules. Since its discovery in 89%e Diels-Alder reaction has been modified
to meet current needs in chemistry, particularlyinmreasing functionality in the products?
The Nazarov cyclization is perhaps one of the nefictive routes for the stereoselective
formation of cyclopentenoné$*® Utilizing the Nazarov and Diels-Alder reactionsarcascade
process to generate multiple rings in a one-patti@a is a very pragmatic approach towards
important biological scaffolds:*® A number of biologically germane molecules: Hidlane B,
taiwaniaquinol D, and gibberellic acid are charazesl by a [6-5-6]-carbotricyclic skeleton, all
of which involve numerous steps to construct (Fégy**~>? Hirsutellone B displays potent
activity against tuberculosfS,taiwaniaquinol D was found to exhibit potent cyidit activity
against KB epidermoid carcinoma cancer c&lland gibberellic acid is an important plant
hormone. Therefore, the development of efficienthods to obtain the [6-5-6]-tricyclic core
shared by these molecules is of value.

* Corresponding author. E-mail address: wchalifoux@edu
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Figure 1. Biologically pertinent, naturally occurring compuals bearing a [6-5-6]-carbotricyclic
skeleton.

2. Results and Discussion

We recently reported the multicomponent double $Adder/Nazarov tandem reaction
of symmetric cross-conjugated diynorfeshat could be conducted within a single reactioh p
(Figure 2a):” When 1,5-bis(TMS)-1,4-diyn-3-one is employed asibstrate, desilylation of one
TMS group occurs to ultimately provide prod@civith excellent regio- and diastereoselectivity.
If the TMS groups in the substrate are exchangedofber groups (R= aryl, alkyl) then
products3, which contain vicinal quaternary centers, aredpoed. Unfortunately, the scope of
products2 that contain a single quaternary center is limi@drialkylsilyl-substituted adducts.
To mend this limitation, we envisioned using unsyetmcally substituted TMS-substituted
diynones4 as substrates, where the TMS will be cleaved dutfie reaction and the*Riroup
retained in the product (Figure 2b). Intermediatean undergo a second cyclization with a
second equivalent of the same diene to give proBwehere various substituents {jRean be
envisioned at the quaternary center. An added adganof this method is that one can also
utilize a second equivalent of a different dienafford an even broader scope of products such
as 7. Herein, we report a one-pot double Diels-Aldezdlav tandem reaction of
unsymmetrically substituted diynones to produc&{&}-tricyclic products with excellent regio-
and diastereoselectivity.
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Figure 2. a) A double Diels-Alder/Nazarov reaction of symntetiynones to produce [6-5-6]
products with a quaternary?)( or vicinal quaternary 3) centers.’ b) Proposed use of
unsymmetrically substituted diynonésind various dienes to broaden the scope of taition.

Regiochemical control is a common obstacle thagyda the utility of the Nazarov
reaction?® The utilization of theB-silyl effect in the Nazarov reaction to elicit higegiocontrol
of the products has proven to be an exceedinglyatdé tool:”*>’ The incorporation of a
TMS-substituent in substratenot only stabilizes the oxyallyl cation intermeei8 through the
B-silyl effect but also results in a very regioséhee elimination of the TMS group to provide
product 6 (Figure 3). Using this as the foundation for tm®rk, we set out to survey
unsymmetrically substituted cross-conjugated diysoin a one-pot double Diels-Alder/Nazarov
tandem reaction.
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Figure 3. Nazarov cyclization and stabilization of the cardtion intermediate via thg-silyl
effect.

We chose to explore the cyclization reaction okiuiynone4a due to its stability and
ease of handling. Use of this diynone also allowegdh direct comparison of the double Diels-
Alder cycloaddition with respect to substituentsshilar size (TMS vdert-butyl). We initially
attempted to use our previously reported conditionisivoke the tandem cyclization reactidn.
Unfortunately, compoundia only produced monocyclized produBt in the presence of
ethylaluminum dichloride with no detection 6&, even at elevated temperatures (Scheme 1).
The high regioselectivity of the single Diels-Aldezaction product was interesting as we
envisioned that this might prove useful for mixei@lB-Alder reactionsde infra). Nonetheless,
it seemed that ethylaluminum dichloride was noffisigintly strong enough for this one-pot
reaction. Thus, we turned to using boron trichlerisince we have recently reported the
successful use of this catalyst for the cyclizatérchallenging symmetric diynonéSindeed,
boron trichloride worked well to providga in 43% yield (Scheme 1). One should note that this
modest overall yield is the product of two separBiels-Alder reactions and a Nazarov
cyclization that equates to roughly 75% vyield psaation accompanied by the formation of five
new carbon-carbon bonds, three new rings, andaligjuaternary centers. As we had predicted,
the elimination of the TMS group provided excellergioselectivity for the newly formed
double bond in compourgb (shown in red). The major diastereomer contaiggmaelationship
between the methine hydrogen and téem-butyl group and was assigned based on NOESY
NI\{|7R experiments. This result is also consistenhwihat was reported for compoudFigure
2).
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Scheme 1. Double Diels-Alder/Nazarov tandem reaction of istly hindered diynonda and
2,3-dimethyl-1,3-butadiene to generate [6-5-6]-o&nibyclic productba catalyzed by BGI

We synthesized a variety of TMS-substituted diyrsofido establish the scope of the
unsymmetrically substituted diynone system andajiplicability for targeting a wide range of
[6-5-6]-carbotricyclic derivatives (Table 1). Inéstingly, we determined that the product with
the largertert-butyl substituent@a, entry 1) was actually obtained in higher yieldsus the
smaller methyl-substituted derivativéb( entry 2). Diynone4c provided productéc in a
moderate 32% yield (entry 3). Not surprisingly,atlen-rich aryl groups on substratés and4e
proved to be more difficult for the Diels-Alder dgaddition but nevertheless generated the
desired tricyclic productéd and6e in modest yields of 24% and 32%, respectivelyr{est4
and 5). It should be noted that the skipped cyctatliezne moiety in produdd (entry 4) had
partially oxidized to an aromatic ring over the smiof the reaction and this side-product was
separated and isolated in 6% yield (see suppottif@ymation for details). The bromine-
substituted aryl derivativedf and 4g (entries 6 and 7) underwent the tandem double Diels
Alder/Nazarov reaction rapidly to generate the egponding productéf and6g in relatively
good yields of 29% and 42%, respectively. The flusisubstituted aryl derivativeth and4i
(entries 8 and 9) also performed well to géreand6i in 38% and 43% yield, respectively. All
of the tricyclic product$a-i were generated with excellent regio- and diassaleativity. As is
common with cyclic “skipped dienes”, we observedt throductsa-i would begin to oxidize if
exposed to air under the reaction conditions deftfunder an air atmosphere for an extended
period of time'®** For many of the reactions, only the two expectidtdreomeric products
were detected by GC-MS analysis. However, in entti@and 2 we observed an additional minor
isomer (uncharacterized) that is possibly the tesfudouble bond migratioh.

Table 1. Substrate scope of diynode
X
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Entry Substrate R* Product Yield [%]® Isomericratio™

1 4a t-butyl 6a 43 15:2:1¢
2 4b Me 6b 17 15:1:1°
3 4c CeHs 6¢c 32 >20:1
4 4d 0-MeO-CsH.4 6d 24194 >20:1
5 4e p-MeO-GsH, 6e 32 >20:1
6 4f 0-Br-CgH. 6f 29°! 12:1

7 49 p-Br-CeHs 69 42 >20:1
8 4h 0-F-CsH4 6h 38" >20:1
9 4i p-F-CsHa 6i 43 >20:1

[a] Isolated yield of major isomer. [b] Crude dexgtomeric ratio of products determined by GC-
MS analysis. [c] An uncharacterized third minornss was detected possibly due to double
bond migration in the product. [d] Oxidized/aroraati side-productS10) was also isolated in
6% vyield. [e] The NOESY data was ambiguous; thessfthe stereochemistry was assigned by
analogy.

In a previous study, we noted that at low tempeestwe could selectively form the
monocyclized produca in good vyield, even in the presence of excess d{Scheme 2a)’
With this result we imagined that we could emplayn@ed double Diels-Alder reaction between
compound4 and two different dienes to arrive at highly fuantlized [6-5-6]-tricyclic products
with excellent regiocontrol. We were thrilled tadi that by carrying out the reaction between
unsymmetrically substituted diyno& and 1.1 equivalents of 2,3-dimethyl-1,3-butadiate
low temperature, the Diels-Alder cycloaddition oced exclusively with the silyl-substituted
alkyne to generate the monocyclic intermediagScheme 2b). Corey and coworker have also
observed that silyl-substituted alkynes react faasedienophiles than alkyl-substituted alkynes
in an analogous Diels-Alder reactiBhAfter the formation of5a, the addition of an excess
amount of a second diene (1,3-butadiene) in theesaaction pot, followed by warming to room
temperature, provided asymmetric proddatin a modest 21% yield with excellent regio- and
diastereoselectivity. We could also change theravtldiene addition to providé in 23% yield
with excellent regio- and diastereoselectivity. $W®uld point out that the expected side-product
from the double cycloaddition of 1,3-butadiene wwa$ detected upon workup. Presumably, this
is because the relative rate of cycloaddition igimisigher for 2,3-dimethyl-1,3-butadiene during
the second Diels-Alder reaction. This proof-of-ogpicdemonstrates that we can indeed arrive at
a host of [6-5-6]-tricyclic products using this #chdouble Diels-Alder method with a high level
of regiocontrol.
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Scheme 2. a) Formation and isolation of monocyclized prodet at low temperatures
suggesting a timed double Diels-Alder reactiondssible!’ b) Demonstration of a timed double
Diels-Alder cycloaddition with two different diendsllowed by a Nazarov cyclization to
generaté&/a and7b as the major isomers along with a small amoumxidized product®a and
9b.

3. Conclusions

In summary, we have demonstrated a double DieletA\hzarov tandem reaction of
unsymmetrically substituted diynones to yield bgitally important [6-5-6] tricyclic scaffolds
in a one-pot reaction. Additionally, we have demated that a controlled, multicomponent
diene system can undergo a timed double Diels-Aldgrloaddition to generate highly
functionalized [6-5-6]-carbotricyclic products irsangle reaction pot. The one-pot double Diels-
Alder/Nazarov tandem reaction is highly regioselectand diastereoselective, providing very
concise and efficient access to important moleculdsile also imparting useful functional
handles (isolated and conjugated double bonds &etbae) for further chemical elaboration.

4. Experimental
41. General Methods

Reagents were purchased reagent grade from conaineuppliers and used without further
purification unless otherwise noted. &, and THF were purified using a PureSolv MD 5
solvent purification system. Ethynyltrimethylsilaneas distilled before use. Evaporation and
concentration in vacuo by rotary evaporation. Whegspropriate, reactions were performed in
standard, dry glassware under an inert atmospheis.oColumn chromatography: Silica gel



irregular 60 A (40-60 micron) from VWR Internatidnahe bulb-to-bulb distillation was
performed using a kugelrohr apparatus, Bichi GKRT5in-layer chromatography (TLC): glass
sheets covered with silica gel 68sFfrom Millipore a Corporation; visualization by UNght,
anisaldehyde stain or KMnGstain. Mp: Mel-Temp apparatus; uncorrected. IRcepe(cm’):
Thermo Nicolet 6700 FT-IR (diamond ATR), data aeparted as cm. *H and *C NMR:
Varian NMR 400 MHz, 500 MHz at r.t. in CD£Isolvent peaks (7.26 ppm and 77.16 ppm for
'H and**C, respectively) or €Ds; solvent peaks (7.16 ppm and 128.06 ppm*fdrand *°C,
respectively) as reference. GCMS (El): Agilent 7890ith a 5970C mass spectrometer with
triple axis detector using a 122-5532UI DB-5MS Wiwmn (30m x 0.25mm). ESI-TOF and
APCI-TOF MS: Agilent G6230A instrument with puriaad HP-@921 as internal calibrants.

4.2.  General experimental procedurefor 1,4-pentadiyn-3-ols (S1-S9)

General procedure A:?° To a solution oh-butyllithium (1.0 equiv.) in tetrahydrofuran (15Ln

at —78 °C under Natmosphere was added terminal alkyne (1.0 equifter 15 minutes of
stirring 3-(trimethylsilyl)-2-propynal (1.1 equivwyas added slowly and the reaction was slowly
warmed to r.t. and stirred until complete by TLQweTreaction was quenched at —78 °C through
the addition of saturated aqueous J8Hand extracted with ED. The layers were separated, the
organic phase washed with®|, brine, and dried over NaO,. The mixture was filtered and the
solvent was removed in vacuo to provide the crudeuymrt.

General procedure B: To a solution oh-butyllithium (1.1 equiv.) in tetrahydrofuran (15.nat
—78 °C under platmosphere was added ethynyltrimethylsilane (@juive). After 15 minutes of
stirring the 3-aryl-2-propyndl®! (1.0 equiv.) was added dropwise and the reactias stowly
warmed to r.t. and stirred until complete by TLQweTreaction was quenched at —78 °C through
the addition of saturated aqueous J8Hand extracted with ED. The layers were separated, the
organic phase washed with®, brine, and dried over NaO,. The mixture was filtered and the
solvent was removed in vacuo to provide the crudduymrt.

4.2.1. 1-(4-methoxyphenyl)-5-(trimethylsilyl)-1,4-pentadiyn-3-ol (S1). This reaction was
performed according to general proceduré’ A-Ethynylanisole (954 mg, 7.20 mmol) in THF
(20 mL). Crude alcohdbl was isolated (1.51 g, 81%) as a light brown od amas used without
purification: R = 0.3 (EtOAc:hexanes, 1:10)H NMR (400 MHz, GDg): 6 = 7.25 — 7.19 (m,
2H), 6.48 — 6.42 (m, 2H), 5.18 (@~ 6.6 Hz, 1H), 3.07 (s, 3H), 1.72 = 6.8 Hz, 1H), 0.07 (s,
9H); **C NMR (100 MHz, GDs): 6 = 160.4, 133.7, 114.7, 114.3, 103.5, 89.0, 85483,854.7,
53.5, —0.3; IR (film): 3414, 2961, 2224, 1610, 151252 cm’; HRMS (APCI-TOF)nvz calcd
for [C15H10,Si — OH)[ 241.1043; found 241.1034.

4.2.2. 1-(2-methoxyphenyl)-5-(trimethylsilyl)-1,4-pentadiyn-3-ol (S2). This reaction was
performed according to general proceduré’ &-Ethynylanisole (954 mg, 7.20 mmol) in THF
(20 mL). Crude alcohob2 was purified by column chromatography [pH 7 bugtephosphate
silica gel; EtOAc/ CHCly/hexanes (1:29:70)] to yielf2 (1.53 g, 82 %) as a yellow-orange oil:
Ri = 0.2 (CHCly:hexanes, 2:3);'H NMR (400 MHz, CDC}): 6 = 7.42 — 7.39 (m, 1H), 7.34 —
7.25 (m, 1H), 6.94 — 6.79 (m, 2H), 5.41 {d+ 5.2 Hz, 1H), 3.87 (s, 3H), 2.88 (@= 6.1 Hz,
1H), 0.19 (s, 9H)**C NMR (100 MHz, CDGJ): § = 160.3 133.9, 130.4, 120.5, 111.3, 110.8,



102.1, 90.2, 89.5, 80.9, 55.9, 53.3, —0.2; IR (fil®411, 2952, 2236, 1594, 1492, 1261 tm
HRMS (APCI-TOF)m/z calcd for [GsH180.Si — OHJ 241.1043; found 241.1034.

4.2.3. 1-(4-bromophenyl)-5-(trimethylsilyl)-1,4-pentadiyn-3-ol (S3). This reaction was
performed according to general procedure B. 3-@aphenyl)-2-propynai=! (553 mg, 2.65
mmol) in THF (30 mL). Crude alcoh&3 was isolated (770 mg, 95%) as a light brown od an
was used without purification:;R 0.4 (EtOAc:hexanes, 1:10fH NMR (500 MHz, CDC}): ¢

= 7.44 — 7.42 (m, 2H), 7.32 — 7.29 (m, 2H), 5.341¢d), 2.67 (s, 1H), 0.20 (s, 9H)*C NMR
(100 MHz, CDC}): ¢ = 133.4, 131.7, 123.3, 121.0, 101.6, 90.1, 87315,8%3.1, —0.2; IR (film):
3294, 2955, 2236, 2179, 1483, 1245 tnRMS (APCI-TOF)m/z calcd for [G4H1sBrOSi —
OH]" 289.0043; found 289.0033.

4.2.4. 1-(2-bromophenyl)-5-(trimethylsilyl)-1,4-pentadiyn-3-ol (S4). This reaction was
performed according to general procedure B. 3-@iiphenyl)-2-propynal* (986 mg, 4.72
mmol) in THF (20 mL). Crude alcoh@4 was isolated (1.51 g, 81%) as a brown oil and was
used without purification: f= 0.4 (EtOAc:hexanes, 1:10)*H NMR (400 MHz, CDCJ): ¢ =
7.59 —7.54 (m, 1H), 7.51 — 7.44 (m, 1H), 7.27217m, 1H), 7.19 — 7.13 (m, 1H), 5.39 (s, 1H),
2.68 (s, 1H), 0.20 (s, 9H}’C NMR (100 MHz, CDG): 6 = 133.7, 132.5, 130.1, 127.1, 125.9,
124.2, 101.5, 90.4, 90.1, 83.1, 53.2, —0.2; IRM(fil3348, 2961, 2895, 2173, 2097, 1632, 1470
cm; HRMS (ESI-TOF)Wz calcd for [G4H1sBrOSi — OHT 289.0043; found 289.0036.

4.25. 1-phenyl-5-(trimethylsilyl)-1,4-pentadiyn-3-ol (S5). This compoundwvas synthesized
following a known procedur& 'H NMR (400 MHz, CDC}): 6 = 7.52 — 7.42 (m, 2H), 7.37 —
7.26 (m, 3H), 5.37 (d] = 5.5 Hz, 1H), 2.73 (s, 1H), 0.22 (s, 91Jc NMR (100 MHz, CDGJ):
§=131.9, 128.9, 128.4, 122.0, 101.9, 89.8, 864(%5,%3.1, —0.2.

4.2.6. 1-(4-fluorophenyl)-5-(trimethylsilyl)-1,4-pentadiyn-3-ol  (S6). This reaction was
performed according to general procedure B. 3-(%#éphenyl)-2-propynail=! (1.08 g, 7.30
mmol) in THF (20 mL). Crude alcoh®@6 was isolated (1.49 g, 83%) as a yellow oil and was
used without purification: R= 0.4 (EtOAc:hexanes, 1:10*H NMR (400 MHz, CDCJ): 6 =
7.46 — 7.39 (m, 2H), 7.02 — 6.92 (m, 2H), 5.351(8), 2.86 (s, 1H), 0.20 (s, 9HYC NMR (100
MHz, CDCk): 0 = 162.8 (dJ = 250.2 Hz), 133.9 (d} = 8.7 Hz), 118.1 (d] = 3.6 Hz), 115.7 (d,
J=22.3 Hz), 101.8, 89.9, 85.8 (#= 1.6 Hz), 83.5, 53.0, —0.2% NMR (376 MHz, CDCJ) ¢ =
—110.0; IR (film): 3335, 2961, 2901, 2230, 21790061505 ci’; HRMS (APCI-TOF)m/z
calcd for [G4H1sFOSi+H] 247.0949; found 247.0942.

4.2.7. 1-(2-fluorophenyl)-5-(trimethylsilyl)-1,4-pentadiyn-3-ol  (S7). This reaction was
performed according to general procedur® &-fluorophenylacetylene (239 mg, 1.99 mmol) in
THF (10 mL). Crude alcoho&7 was isolated (188 mg, 38%) as a yellow oil by ticaal
distillation: R = 0.4 (EtOAc:hexanes, 1:10*H NMR (100 MHz, GDg): 6 = 7.16 — 7.10 (m,
1H), 6.77 — 6.68 (m, 1H), 6.67 — 6.61 (m, 1H), 6:66.53 (m, 1H), 5.22 (s, 1H), 2.29 (s, 1H),
0.10 (s, 9H);**C NMR (125 MHz, GD¢): 6 = 163.3 (d,J = 251.7 Hz), 133.9 (d] = 1.2 Hz),
130.6 (dJ=7.9 Hz), 124.0 (d) = 3.9 Hz), 115.6 (d] = 20.9 Hz), 111.2 (d] = 15.6 Hz), 102.8,
92.3 (d,J = 3.0 Hz), 89.5, 78.1, 53.3, -0.3F NMR (376 MHz, GD¢) 6 = —109.6; IR (film):
3408, 2961, 2278, 1689, 1644, 1492 triRMS (APCI-TOF)m/z calcd for [G4H1sFOSi+HT
247.0949; found 247.0945.



4.2.8. 1-tert-butyl-5-(trimethylsilyl)-1,4-pentadiyn-3-ol (S8).%° To a solution ofi-butyllithium
(4.00 mL, 10.0 mmol, 2.50 M in hexanes) in tetralofidran (15 mL) at —78 °C underzN
atmosphere was added ethynyltrimethylsilane (1,101 mmol). After 45 minutes of stirring
S8 (1.0 g, 9.0 mmol) was added dropwise and the icragtas slowly warmed to r.t. and stirred
until complete by TLC. The reaction was quenched7& °C through the addition of saturated
aqueous NECI and extracted with BED. The layers were separated, the organic phaseedas
with H,O, brine, and dried over B&0,. The solvent was removed in vacuo to yis&i(88%) as

a light yellow solid: M.p.: 39-41 °C; {R= 0.5, (EtOAc:hexanes, 1:5JH NMR (400 MHz,
CDCly): 6 = 5.01 (s, 1H), 3.02 (s, 1H), 1.14 (s, 9H), 0.899H);**C NMR (100 MHz, CDGJ): 6
=103.2, 93.0, 88.2, 76.2, 52.4, 30.6, 27.2, —4RJfilm): 3326, 2965, 2243, 2173 cMHRMS
(APCI-TOF)m/z calcd for [GaH200Si — OHT 191.1251; found 191.1253.

4.2.9. 1-(trimethylsilyl)-1,4-hexadiyn-3-ol (S9). This compound was synthesized following a
known proceduré®

4.3. General experimental procedurefor 1,4-pentadiyn-3-one (4a-i)

Dichloromethane was added to a mixture of sievesvi{2equiv.), celite (2 wt. equiv.), and
pyridinium chlorochromate (2 equiv.). A dilute sbdun of 1,4-pentadiyn-3-0l4g, 4c, 4e, 4h) (1
equiv.) in dichloromethane was added slowly to &ction mixture and stirred overnight or
until complete by TLC. The resulting mixture wabkefied through a celite/silica gel plug. The
solvent was removed in vacuo and the crude pragsed without further purification. BaMnO
(4 equiv.) in dichloromethane was used for 1,4-adiyh-3-ol @b, 4d, 4f, 49, and4i) (1 equiv.)
and stirred overnight or until complete by TLC. Tiesulting mixture was purified by filtering
through a celite/silica gel plug.

431 1-tert-butyl-5-(trimethylsilyl)-1,4-pentadiyn-3-one (4a). Alcohol S8 (5.24 g, 25.2
mmol). The crude product used without further pcaifion, 4a (59%) as a pale brown solid:
M.p.: 37-40 °C; R= 0.6, (EtOAc:hexanes, 1:10)H NMR (500 MHz, CDCJ): 1.25 (s, 9H),
0.20 (s, 9H);*C NMR (100 MHz, CDGJ): § = 160.9, 102.9, 102.5, 97.6, 80.8, 29.8, 27.99:-0.
IR (film): 2975, 2219, 1614 cit HRMS (APCI-TOF)m/z calcd for [G2H1sSiO+H]" 207.1200;
found 207.1198.

4.3.2 1-(trimethylsilyl)-1,4-hexadiyn-3-one (4b). This compoundvas synthesized frons9
following a known procedur®.

433 1-phenyl-5-(trimethylsilyl)-1,4-pentadiyn-3-one (4c).3* *H NMR (500 MHz, CDC)): ¢
= 7.65 — 7.60 (m, 2H), 7.51 — 7.46 (m, 1H), 7.44.36 (m, 2H), 0.29 (m, 9H)*C NMR (100
MHz, CDCk): 6 = 160.6, 133.5, 131.4, 128.8, 119.5, 102.8, M®148, 89.4, —0.7.

4.3.4 1-(2-methoxyphenyl)-5-(trimethylsilyl)-1,4-pentadiyn-3-one (4d). Alcohol S2 (1.53 g,
5.90 mmol). Crude keton&d was isolated (860 mg, 57 %) as a yellow oil and wsed without
purification: R = 0.3 (EtOAc:hexanes, 1:10fH NMR (400 MHz, CDC}): 6 = 7.53 — 7.47 (m,
1H), 7.41 (dddJ = 9.1, 7.6, 1.8 Hz, 1H), 6.96 — 6.85 (m, 2H), 3(863H), 0.25 (s, 9H)**C
NMR (100 MHz, CDCY): ¢ = 162.0, 160.5, 135.2, 133.2, 120.6, 111.0, 10832,8, 98.8, 93.5,

10



89.5, 55.9, -0.8; IR (film): 2968, 2202, 1616, 148964, 1277, 1245 cth HRMS (APCI-TOF)
m/z calcd for [GsH160.Si+H]" 257.0992; found 257.0986.

4.35 1-(4-methoxyphenyl)-5-(trimethylsilyl)-1,4-pentadiyn-3-one (4€). Alcohol S1 (1.51 g,
5.84 mmol). Crude ketore was isolated (308 mg, 21%) as a yellow solid aad used without
purification: R = 0.3 (EtOAc:hexanes, 1:10fH NMR (400 MHz, CDC}): 6 = 7.55 — 7.49 (m,
2H), 6.89 — 6.83 (m, 2H), 3.80 (s, 3H), 0.25 (s);9¥C NMR (100 MHz, CDG): 6 = 162.2,
160.4, 135.5, 114.5, 110.9, 102.8, 98.4, 93.2,,&%864, —-0.8; IR (film): 2968, 2838, 2195, 1619,
1596, 1515 cit; HRMS (ESI-TOF)yWz calcd for [GsH160,Si+H]" 257.0992; found 257.0989.

4.3.6 1-(2-bromophenyl)-5-(trimethylsilyl)-1,4-pentadiyn-3-one (4f). Alcohol $4 (1.34 g,
4.36 mmol). Crude alcohelf was isolated (1.01 g, 76%) as a burnt orangerall sas used
without purification: R= 0.5 (EtOAc:hexanes, 1:10YH NMR (500 MHz, CDC}): 6 = 7.63 —
7.53 (m, 2H), 7.35 — 7.22 (m, 2H), 0.26 (s, 9HE NMR (100 MHz, CDG): ¢ = 160.1, 135.0,
132.9, 132.3, 127.4, 127.2, 121.9, 102.6, 100.12,%¥9.6, —0.9; IR (film): 2958, 2202, 2145,
1625, 1461, 1426, 1255 M HRMS (APCI-TOF)mz calcd for [G4H13 BrOSi+H]" 304.9992;
found 304.9986.

4.3.7 1-(4-bromophenyl)-5-(trimethylsilyl)-1,4-pentadiyn-3-one (4g). Alcohol S3 (770 mg,
2.51 mmol). Crude ketordg was isolated (598 mg, 78%) as a yellow oil and ussd without
purification: R = 0.4 (EtOAc:hexanes, 1:101 NMR (400 MHz, CDCJ): § = 7.53 (dd,J = 8.6,
1.9 Hz, 2H), 7.46 (dd) = 8.5, 2.0 Hz, 2H), 0.27 (s, 9H)*C NMR (100 MHz, CDGJ): ¢ =
160.3, 134.7, 132.2, 126.3, 118.4, 102.6, 99.81,980.0, —0.8; IR (film): 2965, 2208, 2145,
1616, 1584, 1480, 1274 cMHRMS (APCI-TOF)m/z calcd for [G4H13 BrOSi+H]" 304.9992;
found 304.9981.

4.3.8 1-(2-fluorophenyl)-5-(trimethylsilyl)-1,4-pentadiyn-3-one (4h). Alcohol S7 (188 mg,
0.763 mmol). Crude ketor#h was isolated (126 mg, 68%) as a yellow oil and used without
purification: R = 0.5 (EtOAc:hexanes, 1:10YH NMR (400 MHz, GDe): 6 = 6.97 — 6.93 (m,
1H), 6.76 — 6.70 (m, 1H), 6.57 — 6.41 (m, 2H), 0(BP9H);**C NMR (125 MHz, GDg): d =

164.02 (dJ = 256.3 Hz), 159.77, 134.9, 133.16 J& 8.2 Hz), 124.3 (d] = 4.0 Hz), 115.9 (d]

= 20.2 Hz), 108.6 (d] = 15.2 Hz), 103.4, 99.0, 94.1 @ = 3.4 Hz), 84.3, -1.2°F NMR (376
MHz, CsDs) d = —107.0; IR (film): 2958, 2211, 1622, 1489, 125828 cm®; HRMS (APCI-

TOF) m/z calcd for [G4H13FOSi+H] 245.0792; found 245.0807.

4.3.9 1-(4-fluorophenyl)-5-(trimethylsilyl)-1,4-pentadiyn-3-one (4i). Alcohol S6 (1.49 g,
6.05 mmol). Crude ketondi was isolated (1.16 g, 78%) as a brown oil and wsesl without
purification: R = 0.6 (EtOAc:hexanes, 1:10fH NMR (400 MHz, CDCY): 6 = 7.63 — 7.56 (m,
2H), 7.11 — 7.03 (m, 2H), 0.26 (s, 9HC NMR (100 MHz, CDG): 6 = 164.3 (d,J = 254.9
Hz), 160.3, 135.8 (d] = 9.0 Hz), 116.4 (d] = 22.5 Hz), 115.6 (d] = 3.5 Hz), 102.6, 99.4, 90.5,
89.2 (d,J = 1.5 Hz), —0.8°F NMR (376 MHz, CDGJ): 6 = —105.1; IR (film): 2965, 2211, 2148,
1622, 1594, 1502 cth HRMS (APCI-TOF)m/z calcd for [G4H13FOSi+H] 245.0792; found
245.0788.

4.4. Experimental procedurefor 9H-fluoren-9-ones (6a-i)
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44.1. 1,4,4a5,8,9a-hexahydro-2,3,6,7-tetramethyl-4a-(tert-butyl)-9H-fluoren-9-one  (6a).
To a solution of4a (124 mg, 0.600 mmol) in Gi&l, (9 mL) under N at 0 °C was added boron
trichloride (0.59 mL, 0.59 mmol, 1.0 M in hexands)lowed by 2,3-dimethyl-1,3-butadiene
(240 mg, 2.96 mmol). The reaction was stirred wuihplete by TLC (1.5 h). The reaction was
quenched at 0 °C with saturated aqueous NaH&@ extracted with ED. The layers were
separated, the organic phase washed wjth, Hirine, and dried over MN&0O,. The solvent was
removed in vacuo and the crude product purifiedcbyumn chromatography [pH 7 buffered
phosphate silica gel; EtOAc/hexanes (1:30)] todyigd (76 mg, 43%) as a white solid. The
isomeric ratio of the crude product was determit@cbe 15:2:1 by GC analysis (GC-MS
method: flow = 1 mL/min.; inlet = 250 °C; 200 °Crf6 min., ramp at 2 °C/min. to 250 °C and
hold for 10 min.). The isomeric ratio of the puwdi productéa to all other isomers was
determined to be >20:1 bYyd NMR analysis: R= 0.4 (EtOAc:hexanes, 1:10% NMR (400
MHz, CDCk): 6 = 2.93 (ddJ = 15.0, 7.5 Hz, 2H), 2.70 — 2.61 (m, 2H), 2.44,@d 5.7, 2.5 Hz,
1H), 2.37 (ddJ = 14.4, 2.6 Hz, 1H), 2.24 (dd,= 13.9, 2.8 Hz, 1H), 2.11 — 1.97 (m, 2H), 1.69
(s, 3H), 1.67 (s, 3H), 1.54 (s, 3H), 1.49 (s, 3BB5 (s, 9H);*C NMR (100 MHz, CDG): 6 =
209.6, 173.0, 139.5, 126.8, 125.8, 123.3, 121.75,59.8, 36.4, 35.1, 33.8, 32.9, 28.6, 27.3,
19.5, 19.2, 18.9, 18.6; IR (film): 2965, 2908, 170644, 1432, 1369 c¢th HRMS (ESI-TOF)
m/z calcd for [GiH300+H]" 299.2369; found 299.2374.

4.4.2. 14,4a5,89a-hexahydro-2,3,6,7-tetramethyl-4a-(methyl)-9H-fluor en-9-one (6b). To a
solution of4b (72 mg, 0.44 mmol) in C¥l, (8 mL) under N at 0 °C was added boron
trichloride (0.44 mL, 0.44 mmol, 1.0 M in hexands)lowed by 2,3-dimethyl-1,3-butadiene
(181 mg, 2.20 mmol). The reaction was stirred uctinplete by TLC (40 min). The reaction
was quenched at 0 °C with saturated aqueous Nar@@extracted with ED. The layers were
separated, the organic phase washed with, Hbrine, and dried over Na0O,. The solvent was
removed in vacuo and the crude product purifiedcbjumn chromatography [pH 7 buffered
phosphate silica gel; EtOAc/hexanes (1:30)] tody&H (19 mg, 17 %) as an off-white solid. The
isomeric ratio of the crude product was determitedbe 15:1:1 by GC analysis (GC-MS
method: flow = 1 mL/min.; inlet = 250 °C; 200 °Crf6 min., ramp at 1 °C/min. to 250 °C and
hold for 10 min.). The isomeric ratio of the puedi product6b to all other isomers was
determined to be >20:1 Y4 NMR analysis: R= 0.5 (EtOAc:hexanes, 1:10% NMR (400
MHz, CsDg): 0 = 2.81 — 2.72 (m, 2H), 2.56 — 2.50 (m, 3H), 2.d8,0 = 14.6, 6.4 Hz, 1H), 2.03
(dd,J = 6.6, 3.6 Hz, 1H), 1.80 — 1.70 (m, 2H), 1.6334), 1.52 (s, 3H), 1.45 (s, 3H), 1.43 (s,
3H), 0.88 (s, 3H)*C NMR (100 MHz, GD¢): d = 206.7, 172.3, 137.3, 127.5, 126.1, 124.1,
121.4, 53.9, 45.6, 40.5, 31.9, 30.8, 29.3, 25.04,1™.2, 18.8, 18.5; IR (film): 2908, 2851, 1701,
1654, 1442, 1378, 1302 cinHRMS (APCI-TOF)m/z calcd for [GgH»40+H]" 257.1900; found
257.1904.

4.4.3. 1,4,4a,5,8,9a-hexahydro-2,3,6,7-tetramethyl-4a-(phenyl)-9H-fluoren-9-one (6¢). To a
solution of4c (153 mg, 0.676 mmol) in Ci€l, (10 mL) at 0 °C under Nwas added boron
trichloride (0.68 mL, 0.68 mmol, 1.0 M in hexands)lowed by 2,3-dimethyl-1,3-butadiene
(276 mg, 3.36 mmol). The reaction was stirred ucdinplete by TLC (2 h). The reaction was
quenched at 0 °C with saturated aqueous NaH&@ extracted with &D. The layers were
separated, the organic phase washed wjt, Hirine, and dried over MaOy. The solvent was
removed in vacuo and the crude product purifieddmyystallization from hexanes at 0 °C to
yield 4c (68 mg, 32%) as an off-white solid. The diasterenmratio of the crude product was
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determined to be >20:1 by GC analysis (GC-MS metfod = 1 mL/min.; inlet = 250 °C; 220
°C for 5 min., ramp at 1 °C/min. to 260 °C and hfdld 10 min.). The diastereomeric ratio of the
purified product was determined to be >20:1 by G@lysis: R= 0.3 (EtOAc:hexanes, 1:20H
NMR (400 MHz, GDg): 0 = 7.22 — 7.16 (m, 4H), 7.13 — 7.05 (m, 1H), 2.95.87 (m, 2H), 2.68
(dd,J = 6.7, 3.1 Hz, 1H), 2.64 — 2.49 (m, 3H), 2.44 32(m, 1H), 2.21 (dJ = 14.6 Hz, 1H),
2.18 — 2.10 (m, 1H), 1.65 (s, 3H), 1.59 (s, 3H}61(s, 3H), 1.37 (s, 3H}’C NMR (125 MHz,
CeDe): 0 = 207.5, 172.0, 145.5, 138.6, 129.0, 127.7, 1288,7, 125.4, 123.6, 121.7, 57.0, 53.7,
36.2, 32.3, 31.6, 29.4, 19.4, 19.1, 18.6, 18.5;flR): 2984, 2917, 2854, 1698, 1651 Tm
HRMS (APCI-TOF)m/z calcd for [GsH20+H]™ 319.2056; found 319.2063.

4.4.4. 1,4,4a5,89a-hexahydro-2,3,6,7-tetramethyl-4a-(2-methoxyphenyl)-9H-fluor en-9-one
(6d). To a solution ofid (138 mg, 0.538 mmol) in Gi&l, (10 mL) under Mat 0 °C was added
boron trichloride (0.54 mL, 0.54 mmol, 1.0 M in lames) followed by 2,3-dimethyl-1,3-
butadiene (222 mg, 2.70 mmol). The reaction wasestiuntil complete by TLC (2-2.5 h). The
reaction was quenched at 0 °C with saturated aguBlalHCQ and extracted with ED. The
layers were separated, the organic phase washadHa@, brine, and dried over MaOs. The
solvent was removed in vacuo and the crude prooudtied by column chromatography [pH 7
buffered phosphate silica gel; EtOAc/hexanes (]:20yield 6d (45 mg, 24%) as a white solid.
The diastereomeric ratio of the crude product weterthined to be >20:1 by GC analysis (GC-
MS method: flow = 1 mL/min.; inlet = 250 °C; 220 f@r 5 min., ramp at 1 °C/min. to 250 °C
and hold for 10 min.). The diastereomeric ratiotlod purified product was determined to be
>20:1 by'H NMR analysis: R= 0.4 (EtOAc:hexanes, 1:10%4 NMR (400 MHz, CDC}): 6 =
7.30 —7.20 (m, 2H), 6.97 — 6.93 (m, 1H), 6.85836m, 1H), 3.65 (s, 3H), 2.87 (d#l= 7.1, 3.0
Hz, 1H), 2.83 — 2.62 (m, 4H), 2.46 (dt= 22.8, 7.2 Hz, 1H), 2.35 (dd,= 15.1, 3.1 Hz, 1H),
2.26 (d,J = 14.1 Hz, 1H), 2.28 — 2.20 (m, 1H), 1.71 (s, 3HK7 (s, 3H), 1.63 (s, 3HJC NMR
(100 MHz, CDCY): ¢ = 209.8, 172.4, 158.2, 137.2, 132.1, 128.1, 128X7,.2, 124.9, 123.5,
121.8, 120.5, 111.8, 55.3, 53.2, 52.2, 37.4, 32%], 29.0, 19.5, 19.0, 18.8, 18.8; IR (film):
2984, 2917, 2854, 1689, 1654, 1486, 1426'cRIRMS (ESI-TOF)MWz calcd for [G4H2g02+H]*
349.2162; found 349.2159.

4.4.5. 1,4,4a9a-tetrahydro-2,3,6,7-tetramethyl-4a-(2-methoxyphenyl)-9H-fluor en-9-one

(S10). R; = 0.4 (EtOAc:hexanes, 1:10% NMR (400 MHz, CDCJ): § = 7.45 (s, 1H), 7.31 —
7.29 (m, 1H), 7.24 — 7.20 (m, 1H), 7.03 (s, 1HY3H- 6.90 (M, 1H), 6.83 — 6.81 (m, 1H), 3.54
(s, 3H), 3.07 (t) = 4.9 Hz, 1H), 2.98 (d] = 14.0 Hz, 1H), 2.45 (dl = 4.8 Hz, 2H), 2.37 (d] =
13.9 Hz, 1H), 2.28 (s, 6H), 1.56 (s, 3H), 1.4131d):**C NMR (100 MHz, CDCJ): § = 209.5,
158.9, 157.8, 144.0, 136.5, 135.8, 134.8, 128.0,612127.0, 126.5, 125.6, 123.1, 120.3, 112.1,
55.7, 55.1, 50.3, 40.9, 33.5, 21.0, 19.9, 19.62;1®R (film): 2927, 2851, 1701, 1613, 1486,
1454, 1245 cit; HRMS (ESI-TOF)Wz calcd for [G4H260-+H]* 347.2006; found 347.2008.

4.4.6. 1,4,4a,5,8,9a-hexahydro-2,3,6,7-tetramethyl-4a-(4-methoxyphenyl)-9H-fluor en-9-one
(6e). To a solution ofle (89 mg, 0.35 mmol) in C¥Ll, (11 mL) under Nat r.t. was added boron
trichloride (0.35 mL, 0.35 mmol, 1.0 M in hexands)lowed by 2,3-dimethyl-1,3-butadiene
(145 mg, 1.77 mmol). The reaction was stirred wuihplete by TLC (1.5 h). The reaction was
guenched at r.t. with saturated aqueous Nakl@al extracted with BED. The layers were
separated, the organic phase washed wjth, Hirine, and dried over MaOy. The solvent was
removed in vacuo and the crude product purifiedcbjumn chromatography [pH 7 buffered
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phosphate silica gel; EtOAc/hexanes (1:20)] todygd (39 mg, 32%) as an off-white solid. The
diastereomeric ratio of the crude product was datexd to be >20:1 by GC analysis (GC-MS
method: flow = 1 mL/min.; inlet = 250 °C; 220 °Crf85 min., ramp at 1 °C/min. to 260 °C and
hold for 10 min.). The diastereomeric ratio of fheified product was determined to be >20:1 by
'H NMR analysis: R= 0.3 (EtOAc:hexanes, 1:10% NMR (400 MHz, GD¢): 6 = 7.07 — 7.01
(m, 2H), 6.79 — 6.73 (m, 2H), 3.34 (s, 3H), 2.93.86 (m, 2H), 2.68 (dd] = 6.6, 3.1 Hz, 1H),
2.61 —2.50 (m, 3H), 2.46 — 2.33 (m, 1H), 2.23H2m, 2H), 1.63 (s, 3H), 1.57 (s, 3H), 1.43 (s,
3H), 1.38 (s, 3H)¥C NMR (125 MHz, GDg): 6 = 207.7, 172.3, 158.8, 138.3, 137.2, 127.8,
127.7, 125.5, 123.7, 121.8, 114.4, 57.0, 54.9,,5815, 32.3, 31.6, 29.4, 19.4, 19.1, 18.6, 18.5;
IR (film): 2984, 2923, 2857, 1692, 1651, 1515 &mHRMS (APCI-TOF) mz calcd for
[C24H280,+H]" 349.2162; found 349.21609.

44.7. 1,4,4a,5,8,9a-hexahydro-2,3,6,7-tetramethyl-4a-(2-bromophenyl)-9H-fluor en-9-one
(6f). To a solution o#f (162 mg, 0.531 mmol) in Gi&I, (10 mL) under Mat 0 °C was added
boron trichloride (0.53 mL, 0.53 mmol, 1.0 M in lames) followed by 2,3-dimethyl-1,3-
butadiene (218 mg, 2.70 mmol). The reaction wasestiuntil complete by TLC (2 h). The
reaction was quenched at 0 °C with saturated aguBladHCQ and extracted with ED. The
layers were separated, the organic phase washadHs@, brine, and dried over MaOy,. The
solvent was removed in vacuo and the crude propudtied by column chromatography [pH 7
buffered phosphate silica gel; EtOAc/hexanes (1:2byield 6f (62 mg, 29 %) as an off-white
solid. The diastereomeric ratio of the crude prodvas determined to be 12:1 by GC analysis
(GC-MS method: flow = 1 mL/min.; inlet = 250 °C;@2C for 5 min., ramp at 1 °C/min. to 260
°C and hold for 10 min.). The diastereomeric ratidhe purified product was determined to be
>20:1 by'H NMR analysis: R= 0.4 (EtOAc:hexanes, 1:10% NMR (400 MHz, CDCJ): § =
7.60 — 7.54 (m, 1H), 7.37 — 7.27 (m, 2H), 7.12687(m, 1H), 3.12 (dd) = 7.5, 2.5 Hz, 1H),
2.88 (d,J = 15.2 Hz, 1H), 2.81 — 2.77 (d, 2H), 2.78 — 2.B1, 2H), 2.50 (dJ = 16.5 Hz, 1H),
2.28 — 2.19 (m, 1H), 2.22 (d,= 15.2 Hz, 1H), 1.73 (s, 3H), 1.68 (s, 3H), 1.663H), 1.65 (s,
3H); *C NMR (100 MHz, CDGJ): 6 = 208.4, 172.8, 141.4, 138.4, 135.8, 130.1, 12R25,5,
127.2, 123.8, 123.5, 123.4, 121.5, 53.7, 52.5,,3%45, 31.1, 29.0, 19.3, 19.0, 18.8, 18.8; IR
(film): 2909, 2847, 1701, 1416 ¢m HRMS (APCI-TOF) m/z calcd for [GsHosBrO+H]*
397.1162; found 397.1139.

4.4.8. 1,4,4a,5,8,9a-hexahydro-2,3,6,7-tetramethyl-4a-(4-bromophenyl)-9H-fluor en-9-one
(60). To a solution oflg (154 mg, 0.505 mmol) in Gi&l, (10 mL) at 0 °C under Nwas added
boron trichloride (0.50 mL, 0.50 mmol, 1.0 M in lames) followed by 2,3-dimethyl-1,3-
butadiene (203 mg, 2.47 mmol). The reaction wasestiuntil complete by TLC (1.5 h). The
reaction was quenched at 0 °C with saturated aguBaiHCQ and extracted with ED. The
layers were separated, the organic phase washadHs@, brine, and dried over MaOs. The
solvent was removed in vacuo and the crude proguctied by recrystallization from hexanes
to yield6g (83 mg, 42%) as an off-white solid. The diasterenaratio of the crude product was
determined to be >20:1 by GC analysis (GC-MS metHod = 1 mL/min.; inlet = 250 °C; 230
°C for 5 min., ramp at 1 °C/min. to 260 °C and hfdld 10 min.). The diastereomeric ratio of the
purified product was determined to be >20:1'ByNMR analysis: R= 0.5 (EtOAc:hexanes,
1:10); *H NMR (400 MHz, CDCJ): 6 = 7.44 — 7.42 (m, 2H), 7.11 — 7.03 (m, 2H), 2.89.79
(m, 2H), 2.73 — 2.64 (m, 2H), 2.56 (di= 6.7, 3.6 Hz, 1H), 2.46 — 2.17 (m, 4H), 1.7134),
1.70 (s, 3H), 1.64 (s, 3H), 1.62 (s, 3HC NMR (100 MHz, CDGJ): = 209.2, 173.3, 144.0,

14



138.4, 131.8, 128.3, 127.4, 125.2, 123.4, 121.6,5.56.6, 53.5, 36.1, 32.2, 31.5, 28.8, 19.5,
19.0, 18.7, 18.7; IR (film): 2980, 2917, 2854, 224898, 1685, 1647, 1483, 1429 ¢HRMS
(ESI-TOF)mVz calcd for [GaHosBrO+H]" 397.1162; found 397.1162.

4.49. 1,4,4a,5,8,9a-hexahydro-2,3,6,7-tetramethyl-4a-(2-fluor ophenyl)-9H-fluor en-9-one
(6h). To a solution of4h (95 mg, 0.39 mmol) in C4Cl, (7 mL) at 0 °C under Nwas added
boron trichloride (0.39 mL, 0.39 mmol, 1.0 M in lames) followed by 2,3-dimethyl-1,3-
butadiene (160 mg, 1.95 mmol). The reaction wasestiuntil complete by TLC (< 1 h). The
reaction was quenched at 0 °C with saturated aguBaHCQ and extracted with ED. The
layers were separated, the organic phase washbadH@, brine, and dried over NaQO,. The
solvent was removed in vacuo and the crude propluctied by recrystallization from hexanes
at 0 °C to yieldéh (50 mg, 38%) as a white solid. The diastereomatio of the crude product
was determined to be >20:1 by GC analysis (GC-M#atk flow = 1 mL/min.; inlet = 250 °C;
220 °C for 5 min., ramp at 1 °C/min. to 260 °C dmudd for 10 min.). The diastereomeric ratio of
the purified product was determined to be >20:1Q%y analysis: R= 0.4 (EtOAc:hexanes,
1:10);*H NMR (400 MHz, GDg): 6 = 7.15 — 7.09 (m, 1H), 6.89 — 6.82 (m, 2H), 6.78.70 (m,
1H), 2.94 — 2.83 (m, 3H), 2.65 — 2.49 (m, 3H), 2-49.35 (m, 1H), 2.11 (d = 14.3 Hz, 1H),
2.16 — 2.07 (m, 1H), 1.60 (s, 3H), 1.52 (s, 3HR9(s, 3H), 1.37 (s, 3H}*C NMR (125 MHz,
CeDg): 0 = 206.6, 169.2, 162.0 (d,= 248.4 Hz), 138.6 (d] = 2.3 Hz), 132.2 (dJ = 9.5 Hz),
128.8, 128.7 (dJ = 1.5 Hz), 128.7, 128.0, 124.3 @ 59.3 Hz), 124.3 (d] = 3.5 Hz), 121.4,
116.8 (d,J = 23.3 Hz), 54.3, 51.6, 37.0, 32.3, 31.9, 29.43199.1, 18.6, 18.5°F NMR (376
MHz, CsDg): 0 = —109.3; IR (film): 2984, 2920, 2851, 1704, 1654 ; HRMS (ESI-TOF)m/z
calcd for [GaHosFO+H] 337.1962; found 337.1960.

4.4.10. 1,4,4a,5,8,9a-hexahydro-2,3,6,7-tetramethyl-4a-(4-fluor ophenyl)-9H-fluor en-9-one

(6i). To a solution o#i (135 mg, 0.553 mmol) in Ci&l, (10 mL) at 0 °C under Nwas added
boron trichloride (0.55 mL, 0.55 mmol, 1.0 M in lames) followed by 2,3-dimethyl-1,3-
butadiene (225 mg, 2.74 mmol). The reaction wasestiuntil complete by TLC (2.5 h). The
reaction was quenched at 0 °C with saturated aguBaiHCQ and extracted with ED. The
layers were separated, the organic phase washadHs@, brine, and dried over MaO,. The
solvent was removed in vacuo and the crude propluctied by recrystallization from hexanes
to yield6i (79 mg, 43%) as an off-white solid. The diasterenaratio of the crude product was
determined to be >20:1 by GC analysis (GC-MS metHod = 1 mL/min.; inlet = 250 °C; 220
°C for 5 min., ramp at 1 °C/min. to 260 °C and hfdld 10 min.). The diastereomeric ratio of the
purified product was determined to be >20:1'ByNMR analysis: R= 0.5 (EtOAc:hexanes,
1:10); 'H NMR (400 MHz, GDg): 6 = 6.91 — 6.83 (m, 2H), 6.83 — 6.75 (m, 2H), 2.86 € 7.3
Hz, 2H), 2.56 — 2.43 (m, 3H), 2.40 @7 14.3 Hz, 1H), 2.25 (dt] = 23.2, 7.3 Hz, 1H), 2.11 -
2.06 (m, 2H), 1.61 (s, 3H), 1.53 (s, 3H), 1.4334), 1.38 (s, 3H)!*C NMR (125 MHz, GDs¢): &

= 207.2, 171.6, 161.9 (d,= 245.1 Hz), 141.1 (d] = 3.2 Hz), 138.7, 128.4 (d,= 7.7 Hz),
127.8, 125.3, 123.7, 121.7, 115.6 Jc; 21.1 Hz), 56.9, 53.2, 36.4, 32.2, 31.5, 29.44199.1,
18.6, 18.5;°F NMR (376 MHz, GD¢): 6 = —116.5; IR (film): 2917, 2857, 1689, 1651, 1603,
1505, 1439, 1400 cth HRMS (ESI-TOF)m/z calcd for [GsHosFO+H]" 337.1962; found
337.1969.
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4.4.11. 1,4,4a,5,8,9a-hexahydr 0-6,7-dimethyl-4a-(tert-butyl)-9H-fluoren-9-one (7a). To a
solution of4a (177 mg, 0.858 mmol) in Ci&l, (8 mL) at —40 °C under Nwas added boron
trichloride (0.86 mL, 0.86 mmol, 1.0 M in hexané&s)owed by 2,3-dimethyl-1,3-butadiene (78
mg, 0.95 mmol). The reaction was kept between @@rid —10 °C until the ketone was fully
converted to monocyclized (3 h) after which 1,3ddigne was bubbled into the solution for 3
minutes. The reaction was warmed to r.t. and stiamil complete by TLC (5-6 h). The reaction
was quenched at 0 °C with saturated aqueous NaHk@Oextracted with ED. The layers were
separated, the organic phase washed wjt, Hirine, and dried over MN&0O,. The solvent was
removed in vacuo and the crude product purifiedcbjumn chromatography [pH 7 buffered
phosphate silica gel; EtOAc/hexanes (1:30)] todyi& (48 mg, 21%) as a pale yellow oil. The
diastereomeric and regioisomeric ratio of the crpiteluct were both determined to be >20:1 by
GC analysis (GC-MS method: flow = 1 mL/min.; inket250 °C; 190 °C for 5 min., ramp at 1
°C/min. to 260 °C and hold for 10 min.). The isoineatio of the purified producta to all other
isomers was determined to be >20:1'ByNMR analysis: R= 0.4 (EtOAc:hexanes, 1:10
NMR (400 MHz, GDeg): 6 = 5.82 — 5.72 (m, 1H), 5.53 (ddt,= 10.0, 7.3, 2.9 Hz, 1H), 2.93 —
2.59 (m, 5H), 2.42 (ddl = 6.5, 2.1 Hz, 1H), 1.97 (dd,= 15.1, 6.9 Hz, 1H), 1.93 — 1.83 (m, 2H),
1.49 (s, 3H), 1.42 (s, 3H), 0.74 (s, 9HC NMR (125 MHz, GDe): 6 = 207.2, 171.0, 140.0,
128.7, 127.6, 123.7, 121.7, 55.9, 49.3, 36.6, 312, 27.1, 26.6, 26.4, 18.8, 18.4; IR (film):
3044, 2965, 2892, 1695, 1644, 1435, 1366, 1302%cHRMS (ESI-TOF)m/z calcd for
[C1oH260+H]" 271.2056; found 271.2057.

4.4.12. 1,4,4a,9a-tetr ahydr 0-6,7-tetramethyl-4a-(tert-butyl)-9H-fluoren-9-one (9a). R = 0.5
(EtOAc:hexanes, 1:10JH NMR (400 MHz, GDg): 6 = 7.61 (s, 1H), 7.15 (s, 1H), 5.70 (ddt
9.6, 6.7, 3.3 Hz, 1H), 5.56 (ddk= 9.7, 6.7, 3.2 Hz, 1H), 2.86 — 2.74 (m, 2H), 28@,J = 14.7,
6.8 Hz, 1H), 2.19 (dg] = 14.6, 2.8 Hz, 1H), 2.11 — 2.00 (m, 1H), 1.923¢4), 1.84 (s, 3H), 0.78
(s, 9H);**C NMR (125 MHz, GDg): 6 = 207.1, 158.3, 143.6, 138.0, 136.4, 129.0, 12RB,8,
123.9, 53.8, 51.4, 37.6, 30.0, 27.5, 26.7, 20.83;18R (film): 3037, 2965, 1704, 1613, 1454,
1407, 1363, 1302 cth HRMS (ESI-TOF)m/z calcd for [GeHp4O+H]" 269.1900; found
269.1900.

4.4.13. 1,4,4a,5,8,9a-hexahydro-2,3-dimethyl-4a-(tert-butyl)-9H-fluoren-9-one (7b). To a
solution of4a (90 mg, 0.44 mmol) in C¥Cl, (6 mL) at —78 °C under Nwas added boron
trichloride (0.48 mL, 0.48 mmol, 1.0 M in hexanesB-Butadiene was bubbled into the solution
for 3 minutes. The reaction was kept at —78 °Cluht ketone was fully converted to the
monocyclizedsb intermediate (3 h) after which 2,3-dimethyl-1,3dmiene (excess) was added
and the reaction warmed to 0 °C and stirred umtihglete by TLC (1 h). The reaction was
quenched at 0 °C with saturated aqueous NaH&@ extracted with ED. The layers were
separated, the organic phase washed wjth, Hirine, and dried over MN&0O,. The solvent was
removed in vacuo and the crude product purifiedcbjumn chromatography [pH 7 buffered
phosphate silica gel; EtOAc/hexanes (1:30)] todyidb (27 mg, 23%) as a white solid. The
diastereomeric and regioisomeric ratio of the crpiteluct were both determined to be >20:1 by
GC analysis (GC-MS method: flow = 1 mL/min.; inket250 °C; 190 °C for 5 min., ramp at 1
°C/min. to 250 °C and hold for 10 min.). The isoineatio of the purified major produ@b to

all other isomers was determined to be >20:1I'H#NMR analysis: R= 0.3 (EtOAc:hexanes,
1:10);*H NMR (500 MHz, GDg): d = 5.56 — 5.50 (m, 1H), 5.48 — 5.43 (m, 1H), 2.97.88 (m,
1H), 2.78 — 2.72 (m, 1H), 2.72 — 2.64 (m, 2H), 262J = 2.6 Hz, 1H), 2.37 (dd, J = 5.6, 2.6 Hz,
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1H), 2.05 — 1.98 (m, 1H), 1.95 (dddd, J = 15.8, 2.8, 1.3 Hz, 1H), 1.77 (d, J = 14.5 Hz, 1H),
1.63 (dt, J = 2.3, 1.2 Hz, 3H), 1.44 (dt, J = 2.2, Hz, 3H), 0.71 (s, 9H}*C NMR (125 MHz,
CeDe): 0 = 207.4, 170.3, 139.3, 127.4, 125.7, 124.7, 123605, 49.5, 36.2, 33.8, 33.0, 28.2,
27.0, 22.7, 19.4, 19.3; IR (film): 3022, 2957, 290891, 1672, 1626, 1424, 1401, 1366 ¢m
HRMS (APCI-TOF)mz calcd for [GeH260+H]* 271.2056; found 271.2061.
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