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ABSTRACT: A general synthesis of phylogenetically and
structurally different tricyclic angularly fused spiranoid
lactones, frequently observed as scaffold segments of various
biochemical compounds and drugs of natural origin, is
demonstrated via controlled cyclization of simple and easily
accessible cycloalkylmethylene key precursors. The rapid
composition of the key architecture yields an assembly of

. one-pot double alkylation
of enamine H Sml,

o olefination Xo Y (n)

wn

H o] H o]
), or > ) % )
. iodolactonization )’=0 Pd(0)L 4 7? g \f
_— 0 ——— Xm ™9 or Xy ™0
X common protocol ~
() for various n and Xn Me

diastereomers separated (for various n and Xn), or

X(") =CHy, CoHy, O, proceeded directly to the tandem cyclization phase

stable bicyclic iodolactones, which are converted to form a wide range of angularly fused tricyclic scaffolds.

B INTRODUCTION

Tricyclic spirofuranone ring structures can frequently be
observed as scaffold segments of various biochemical
compounds and drugs of natural origin." Examples of these
structures have been identified among carbohydrates, terpe-
noids, alkaloids, glycosides, and antibiotics. Numerous studies
have led to a wide variety of potential pharmaceutical
candidates that share the compact tricyclic systems, as
alliacanes,” arteannuins,” teucrolivins,” and many others.”
Such a broad natural diversity and biological activity present
in a wide spectrum of these systems make them attractive
targets for synthetic chemists. Some distinct examples of
families of natural products, all containing multiple tricyclic
angularly fused spiranoid lactone frames despite having
different biological origins, are shown in Figure 1.
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Figure 1. Natural products from diverse biological origins share
tricyclic spiranoid ring systems.

Unfortunately, access to a large number of these target
molecules and their structural analogues is either unknown or
hindered by their multistep syntheses.® Thus, there is a need for
an efficient, concise, and universal protocol to provide access to
a diverse range of natural and artificial structural derivatives
(potential therapeutic agents and drug candidates). To the best
of our knowledge, a general approach toward the construction
of quaternary carbon-centered tricyclic spiranoid lactones has
yet to be reported. Here, our approach was to unite the families
of described molecular frames under a common synthetic
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strategy and devise a simple means for building the tricyclic
skeletons in a rapid and efficient manner.

There is remarkable overlap in the structures of the above-
mentioned natural products. We realized that most of the
tricyclic spiranoid lactones might be derived from a simple and
common (or highly similar) collective precursor via a
controlled intramolecular sequence of transformations.” We
operated on the assumption that 1,3-disubstituted cycloalkyl-
methylene scaffold 3 (Scheme 1), which can be obtained in two
steps from cyclic ketone 1, could serve as an operationally
acceptable collective key precursor for the construction of
tricyclic spiranoid lactones. Our retrosynthetic analysis was
cognizant of this framework and hypothesized that the desired

Scheme 1. General Strategy for Rapid Composition of
Tricyclic Spiranoid Lactones
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System functionality:
- Common methodology
- Early-step prediction and design of the ring system functionality
- Availability for post-synthetic modifications of the designed frames
- Sml; - mediated coupling of alkyl iodides with unactivated alkenes
- First time optimized for sequential alkylation of 1 with two different electrophiles
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tricyclic systems might be successfully constructed through
simple and straightforward cyclizations.

The virtues of the “rapid composition” concept can be clearly
demonstrated in the following order: (1) a,a’-double enamine
alkylation of cyclic ketone (first time optimized in this work in a
one-pot mode for a variety of cyclic ketones),® (2) olefination
(access to the key precursor), and (3) I,/ML-mediated
cyclization sequence to obtain the desired frames. The novel
strategy is based on the notion that, in the presence of I, and a
metal—ligand system (Pd’L or Sml,), designed key precursor 3
will generate lactone intermediate 4 and further undergo an
intramolecular cyclization to form the corresponding tricyclic
spiranoid lactones S or 6.

B RESULTS AND DISCUSSION

To illustrate the model, we prepared intermediate scaffolds of
type-2 (Scheme 1) through the double enamine a,’-alkylation
of cyclic ketones with t-Bu-bromoacetate and allyl bromide,
followed by further methylenation to generate the key-
precursors of type 3.” The enamines of cyclohexanone,
cycloheptanone, tetrahydro-pyranone, and tetrahydro-thiopyr-
anone were selected as starting materials.

Intriguingly, after reviewing the available literature, we did
not find any reports of general protocols for tandem one-pot
a,a’-dialkylation of cyclic ketones via enamine intermediate
with two different electrophiles.” Our assumption was that base
and solvent are the two factors having the most significant
effect on the course of the reaction (Table 1). The assessment

Table 1. Sequential Alkylation of Cyclic Enamine with Two
Different Electrophiles®

electrophile 1 electrophile 2

O‘Nij a BN b B> Co,tBu

rt,1.5h Base, 95 °C, 12 h

7 m 8
# solvent base GC yield %
1 MeCN <1
2 MeCN TEA 6
3 MeCN Py <1
4 MeCN pyrrolidine <1
S MeCN Cs,CO;4 <1
6 MeCN DIEA 58 (55)"
7 dioxane DIEA 48
8 toluene DIEA 32

“Reagents and conditions: (a) allyl bromide (1.0 equiv), 1 M solution
of enamine (1.0 equiv), rt, 1.5 h; (b) base (1.0 equiv) added in a single
portion, t-Bu-2-bromo-acetate (1.0 equiv), 95 °C, 12 h. The mixture
was quenched with water (stirred for 1.5 h at reflux). “Isolated yield, S
g scale. Monoallylated and a,a’-diallylated ketone are the main
byproducts.

of these variables led us to discover that the mode of sequential
alkylation was mostly dependent on the base employed. We
examined a variety of bases and found that DIEA was highly
effective for such transformation to form the desired
intermediate. To simplify, the first alkylation of an enamine
was directly followed by addition of DIEA and alkyl-
bromoacetate in one-pot to obtain the corresponding a,a’-
dialkylated product as an inseparable mixture of diaster-
eoisomers.

Scheme 2 details the step-by-step synthetic protocol for the
construction of stable and easily separable iodolactone scaffolds

Scheme 2. Synthesis of the Key Precursor and
Corresponding Iodolactones”

H
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“Reagents and conditions: (a) compound 8 (1.0 equiv) in THF,
MePh,PBr (2.0 equiv), KOt-Bu (2.0 equiv), rt, 1.5 h; (b) precursor 9
(1.0 equiv) in MeCN, I, (1.25 equiv), rt, 2h. The diastereomeric ratios
were determined by 'H NMR and GCMS of the crude mixtures.

10a and 10b in a rapid and efficient manner via
iodolactonization of key precursor 9."” The diastereomeric
ratio, set by the enamine double alkylation reaction, was clearly
disclosed at this stage."’

The proof-of-concept was tested through the use of single
diasterecomer 10a (Scheme 3a). Following the Pd(0)/L-
catalyzed C—C bond formation (Pathway I), 10a yields the
desired tricyclic angularly fused product 11 in 40%."* In
comparison with the Pd,(OMe-dba);/SIMes/Cs,CO;/MeCN
system, which was optimal for the desired alkyl-Heck reaction,
other combinations, such as Pd,(dba);/SiMes, Pd,(dba),/(t-
Bu,)P-HBF,, Pd,(OMe-dba),/(t-Bu,)P-HBF,, and Pd,(dba),/
XPhos with a variety of bases, were less effective. Alternatively,
in the presence of BuySnH or Sml, (Pathway II), the same
compound 10a underwent a radical 5-exo cyclization to yield
the additional tricyclic target 12."° Thus, an individual
diastereomer can generate two conceptually different products
by simple means of metal—ligand system substitution.

The presence of an exomethylene in the Heck products (in
contrast to the fixed topology of the Sm products) makes these
compounds suitable for further manipulations, such as
oxidation, epoxidation, halogenations, cross-coupling, and
many others, to achieve more complex compounds. The
efficiency of the SmI,-mediated cyclization (Scheme 3a, path I,
conditions B) is particularly noteworthy considering that only a
few examples involving reactions of alkyl radicals with alkenes
have been reported. In the previously reported systems, alkyl
halides are commonly reacted with activated z-acceptors,'®
whereas the coupling with unactivated alkenes occurs via
sequential coupling/elimination or carbonyl addition reactions
(for examples of traditional Sml,-mediated reactions of alkyl
iodides with alkenes, see Scheme 3b)."”

Using other designed blocks and general conditions in hand,
we tested the assumption that, collectively, the strategy allows
for the preparation of variable tricyclic scaffolds of angularly
fused spiranoid lactones. Thus, other precursors with diverse
ring topologies (Schemes 4 and S) were targeted using the
optimized conditions. The diastereomeric ratio of each
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Scheme 3. Generation of Different Spiranoid Lactones by
Metal—Ligand System Substitution”

a. Pd(0)- or Smly,-mediated cyclizations of bicyclic iodolactone --------------_-

Pd,(OMe-dba); (7.5 mol%), SMes (25 mol%)

I
/ Cs,CO3 (1.1 equiv.), MeCN, 100 °C, 16 h
40% (5% reduction)

H
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- AIBN (10 mol%) ) fo)
(traditionally used) o dr77:23 2
Toluene, 110°C, 1 h D
N~ I or
Sml; (4 equiv.) )
conditions B. | HMPA (19 equiv.) 68% (iy)
(this work) @ MeOH (10 equiv.) dr 83:17
THF, t,2h

b. Traditional Sml,-mediated reactions of alkyl iodides with alkenes ------------
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|
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ref. 15 ( )/\/
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carbonyl trapping N Smiy-HMPA ArCHO ( r\[>_)—Ar
(Curran et al. 1993)

ref. 16 Ar= p—CH30C6H4

“Optimized for Sml,-mediated coupling of alkyl iodide with
unactivated alkene. The diastereomeric ratio was determined by 'H
NMR and GCMS of the crude mixtures.

Scheme 4. Synthesis of Bicyclic y-Iodolactones®
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“All diastereomers were separated to obtain individual iodolactones.
bUsing 10 equiv of I,. “Using 1.1 equiv of L, dCycIoheptanone was
dialkylated in a stepwise fashion (see Experimental Section).

designed pair of iodolactones was calculated by GC and NMR
of the crude reaction mixture and was dependent on the nature
of the starting ketone ring and the functionalities installed.

It should be noted that all of the mixtures of bicyclic
diastereomers were separated by column chromatography or
crystallization to obtain individual diastereomeric iodolactones.
Gratifyingly, single diastereomeric precursors carrying rings
derived from hexa- or heptanones as well as rings integrated
with heteroatoms were efficiently transformed into the
corresponding angularly fused spiranoid lactones (compounds

23-25, 29, and 30; Table 2). Similarly, cis- and trans-5-lactones
22a—c, generated by iodolactonization of key precursor 21
(Scheme 5), were converted to the stereodiverse sets of 6'6’5-
ring systems (compounds 26—28 and 31—33; Table 2)."?

It should be mentioned that the stereochemical features of
most prepared dialkylated ketones cannot be assigned because
the individual isomers are not clearly identified by either
GCMS or NMR analysis and are not separable by column
chromatography under any set of conditions. However, the
individual diastereomers of dialkylated ketone 19 (detected by
GC and NMR) were clearly separated by column chromatog-
raphy at a ratio of 80:20. Upon further Wittig olefination,
performed on the above-mentioned mixture of diastereomeric
ketones, GCMS and NMR analysis of the crude reaction
mixture (compound 21) revealed a diastereomeric ratio of
77:23. Assuming that such behavior might be equally addressed
to other (structurally similar) reported dialkylated ketones, we
can conclude that the basic conditions of the Wittig reaction
only slightly influence the diastereomeric ratio already set by
the enamine dialkylation reaction at the earlier stage. Further
lactonization (under the optimized conditions) of precursor 21
delivered a stereodiverse mixture of bicyclic J-lactones 22a—c
in 56% yield and 41:36:23 dr. Reasoning that major factors
such as base, solvent, and temperature would have the most
significant effect on the diastereoselective course of the
iodolactonization reaction, we conducted a number of experi-
ments identifying the most selective set of mentioned variables.
Performing the lactonization reaction under kinetic control'” at
0 °C in MeCN with no addition of base led us to discover that
individual &-lactone 22b could be obtained, although with low
yield and poor conversion of the starting precursor (Scheme 5,
entry 8). The highest yield, conversion, and stereodiversity
were obtained under the conditions outlined in entry S (finally
adopted in our study).

A limitation of our strategy is encountered with S-containing
bicyclic iodolactone 15. The commercially available tetrahydro-
4H-thiopyran-4-one generates the corresponding key precursor
in acceptable yield over two steps, but further halolactonization
toward 15 proved to be problematic. To overcome this
limitation, we attempted oxidation of the key precursor to the
corresponding sulfone. Unfortunately, low yields were also
obtained in this case. The use of excess I, was not beneficial
because of the prompt decomposition of the formed
iodolactone under these conditions.

Having established a modular stepwise sequence for the
assembly of tricyclic scaffolds from components of similar
synthetic complexity, we next demonstrated the versatility of
the methodology for the tandem synthesis of the desired motifs
without isolation of the iodolactone intermediate. In this
scenario, for illustration, easily accessible key precursor 9 was
lactonized and immediately subjected to cyclization conditions
without purification, thus generating the product frames 11 or
12 in a noninterrupted fashion (Scheme 6). Factors controlling
yield, conversion, and selectivity were thoroughly examined.
We were pleased to learn that the same set of conditions,
previously developed to facilitate stepwise synthesis, can be
applied to one-pot reactions and deliver equally successful
outcomes. Indeed, compounds 12 and 11 were obtained in 31
and 30% yields, respectively, as compared with the correspond-
ing 37 and 22% yields calculated from key precursor 9 in the
stepwise protocol.
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Scheme S. Synthesis of Stereodiverse Bicyclic §-Iodolactones”

Modified key-precursor allows access to bicyclic &lactones

a. NCT H ¢. Wittig (20 dr 75:25) ti
ANF cN
N b. Br N dC= 4T com COH
one-pot (86%, 2 steps)
35% not purlfled
19 (used as is)
The diastereomers were separated to obtain individual bicyclic iodolactones
H
I5 (2.0 equiv.) :
NaHCO3 C{l
21 + 2
Solvent o H”: :\O 0
Temp. W |
|
22b 22¢
# Solvent  Temp. °C Time NaHCO; (equiv.)  dr 22a:22b:22¢  Comments
1 DCM 0 2h 52 - reduction + 21
2 DCM r.t 2h 5.2 - reduction + 21
3 MeCN 0 2h 52 49:28:23 100% conv.
4 MeCN r.t 2h 52 46:34:20 100% conv.
5 MeCN 50 1.5h 52 41:36:23 100% conv. (56% iy)
6 MeCN 50 2h - - reduction + 21
7 MeCN r.t 2h - - reduction + 21
8 MeCN 0 2h - 1:98:1 20% conv.

“Reagents and conditions: (a) acrylonitrile (1.0 equiv), 1 M solution of enamine (1.0 equiv), reflux, 2 h; (b) DIPEA (1.0 equiv), allylbromide (1.0
equiv), 40 °C, 12 h; the mixture was quenched with water (stirred for 1 h at reflux); (c) MePh;PBr (2.0 equiv), KOt-Bu (2.0 equiv), THF, rt, 2 h;

(d) 65% aq NaOH (20.0 equiv.), EtOH, 80 °C, 3 h.

B CONCLUSIONS

As demonstrated above, we have successfully developed a
versatile methodology for the construction of numerous
combinations of angularly fused tricyclic lactones via (1) first
time optimized one-pot double alkylation of enamines with two
different electrophiles, (2) further methylenation to generate
the cycloalkylmethylene core, and finally (3) I,/Sm(1I)- and 1,/
Pd(0)-mediated cyclization of the key precursor. Our method-
ology allows rapid access (the shortest sequence reported to
date) to a mixture of easily separable diastereomeric
iodolactones, which are converted to form a wide range of
angularly fused tricyclic scaffolds. These compounds closely
resemble common natural scaffolds and carry potential for
becoming valuable drugs/therapeutic agents.

B EXPERIMENTAL SECTION

General Information. Unless otherwise stated, all reagents were
purchased from commercial suppliers and used without further
purification. Solvents used in the reactions were distilled from
appropriate drying agents prior to use. Reactions were monitored by
thin-layer chromatography (TLC) on silica gel 60 F254 aluminum
plates (Merck) and/or gas chromatography—mass spectrometry
(GCMS). Visualization of compounds on TLC was accomplished by
irradiation with UV light at 254 nm and/or vanillin stain. Unless
otherwise noted, the diastereomeric ratios were calculated from
GCMS analysis of the crude reaction mixture. Column chromatog-
raphy was performed using silica gel 60 (particle size: 0.040—0.063
mm). Proton and carbon NMR spectra were recorded on a 300 or 500
MHz spectrometer in deuterated solvent. Proton chemical shifts are
reported in ppm (8) relative to tetramethylsilane with the solvent

10467

resonance employed as the internal standard (CDCly, § 7.26 ppm).
BC chemical shifts are reported in ppm from tetramethylsilane with
the solvent resonance as the internal standard (CDCl;, § 77.0 ppm).
Data are reported as follows: chemical shift, multiplicity (s = singlet, d
= doublet, t = triplet, q = quartet, m = multiplet), integration, and
coupling constants (Hz). High resolution mass spectra were
determined using the electron spray ionization (ESI) LTQ_Orbitrap
XL (FTMS) method. Abbreviations: pTSA (p-toluenesulfonic acid),
THF (tetrahydrofuran), DIEA (N,N-diisopropylethylamine), dr
(diastereomeric ratio), dba (dibenzylideneacetone), SIMes-HBF,
(1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydro-imidazolium tetrafluoro-
borate), and HMPA (hexamethylphosphoramide).

General Procedure A: Synthesis of Precursors and One-Pot
a,a’-Dialkylation of Enamines of Cyclic Ketones. Unsaturated
alkyl halide or methyl-2-bromoacetate was added dropwise to a 1 M
solution of enamine of corresponding ketone in dry MeCN. The
reaction mixture was stirred for 1 h at room temperature; DIEA was
added as one portion, followed by slow addition of tert-butyl 2-
bromoacetate. The mixture was refluxed for 12 h, then quenched with
water and refluxed for another 1 h. After cooling to room temperature,
the solution was diluted with diethyl ether, and the aqueous layer was
extracted with diethyl ether. The combined organic layers were washed
with brine, dried (Na,SO,), filtered, and concentrated in vacuo. The
product was purified by flash chromatography (silica gel, hexane/ethyl
acetate) to yield the a,a’-dialkylated cyclic ketone.

General Procedure B: Olefination of a,a’-Dialkylated Cyclic
Ketones (Wittig Reaction). Methyltriphenylphosphonium bromide
(2.0 equiv) and potassium tert-butoxide (2.0 equiv) were stirred at SO
°C in dry THF (0.4 M) for 2 h. A 3 M solution of a,&’-dialkylated
cyclic ketone (1.0 equiv) in dry THF was added dropwise at 0 °C, and
the mixture was stirred for 1.5 h at room temperature. Water was
added, and the aqueous layer was extracted twice with diethyl ether.

DOI: 10.1021/acs.joc.5b01278
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Table 2. Synthesis of Tricyclic Angularly Fused y- and &-
Lactones”

Smly-mediated cyclizations - ----- - - oo oo
H

Xn)

= (n)
Fo Sml, (4 equiv.), HMPA (19 equiv.)
o

| MeOH (10 equiv.) THF, rt,2 h

/\” Me

23
70% dr 92:8

25
73% dr 85:15

H /k' Me

28
78% dr 82:18

Pd,(OMe-dba); (7.5 mol%),
2 )3 ( 0) H (")‘fo
SIMes (25 mol%)

Cs,CO3 (1.1 equiv.),
MeCN, 100 °C, 16 h

Structures confirmation
for 30, 32 and 33 (X-ray)

54% 68%

6a,6B,5¢ angularly fused J-lactone -------- B 6

- unnatural topology
- no reported access

“Reagents and conditions: For the synthesis of compounds 23-25,
29, and 30, individual major diastereomers of 14, 17, and 18 were
used. Sml,-mediated cyclization: iodolactone (1 equiv), HMPA (19
equiv), MeOH (10 equiv), Sml, (0.1 M in THF, 4 equiv), THF, rt, 2
h. Pd-catalyzed cyclization: iodolactone (1 equiv), Pd,(MeO-dba),
(7.5 mol %), SIMes-HBF, (25 mol %), Cs,COj; (1.1 equiv), MeCN, rt,
S min, then 100 °C, 16 h. Reduction byproducts were detected by
GCMS (in the range 0—15%) for compound 29 (20%). The
diastereomeric ratios were determined by 'H NMR and GCMS of
the crude mixtures.

The combined organic layers were dried (Na,SO,) and filtered, and
the solvent was removed under reduced pressure. The residue was
purified by column chromatography (silica gel, hexane/ethyl acetate)
to yield the dialkylated cycloalkyl methylene.

General Procedure C: lodolactonization. To a 0.1 M solution
of cycloalkyl methylene (1.0 equiv) in MeCN was added I, (1.0—1.25
equiv). After being stirring for 1-2 h at room temperature, the
reaction mixture was quenched with aqueous saturated sodium
thiosulfate. The aqueous layer was extracted with dichloromethane

Scheme 6. Tandem Cyclization of the Key Precursor”

1. 15 (1.0 equiv.) H o H o
NieCN. it 15  TANDEM 3 I 3
0+ ( >:,o
o 2. THF /L

D:-| o HMPA (19 equiy.) sequential
¥ MeOH (10 equiv.) addition 12 12
OtBu  Smlz(4equiv.) rt,2h 31% dr = 68:11:21:0

o H o]
X!
18

30% dr = 84:16

91l 1. 1,(1.0equiv)

MeCN, rt, 1 h TANDEM

2. Cs,COj3 (2.5 equiv.)

3. Pd,(OMe-dba); (7.5 mol%) _ "
SIMes (20 mol%), premixed
MeCN, 90 °C, 16 h

no isolation of the diastereomeric lactone intermediates

“Reduction byproducts were detected by GCMS (for a mixture of 12
and 12': product/reduction = 49:51; for a mixture of 11 and 11":
product/reduction = 51:49).

(3%). The combined organic layers were dried (Na,SO,) and filtered,
and the solvent was removed under reduced pressure. Purification of
the residue by column chromatography (silica gel, hexane/diethyl
ether or ethyl acetate) allows isolation of the two pure
diastereoisomers of iodolactone. The reaction was monitored by
GCMS. Decomposition of the desired iodolactones is observed when
the reaction is not quenched immediately upon completion.

General Procedure D: Pd-Catalyzed Cyclization. Iodolactone
(1.0 equiv, 0.5 mmol), Pd,(MeO-dba); (0.075 equiv, 0.04 mmol, 41
mg), SIMes-HBF, (0.25 equiv, 0.12 mmol, 49 mg), and Cs,CO; (1.1
equiv, 0.55 mmol, 179 mg) were weighed into an oven-dried sealed
flask. The flask was then evacuated and backfilled with nitrogen. After
addition of dry MeCN (0.1 M, S mL), the reaction mixture was stirred
at room temperature for S min, placed in a preheated oil bath at 100
°C, and stirred for 16 h. At the end of this time, the flask was allowed
to cool to room temperature; the contents were diluted with EtOAc,
and the mixture was filtered through a plug of silica. The solution was
then concentrated under reduced pressure, and the residue was
purified by column chromatography (silica gel, hexane/diethyl ether)
to afford the desired tricyclic product.

General Procedure E: Sml,-Mediated Cyclization with
Olefins. To a solution of iodolactone (1.0 equiv, 0.5 mmol) in dry
THF (0.04 M, 12 mL), HMPA (19.0 equiv, 9.5 mmol, 1.6 mL), and
MeOH (10.0 equiv, 5.0 mmol, 0.2 mL) at room temperature was
added dropwise a solution of Sml, in THF (0.1 M, 4.0 equiv, 2.0
mmol, 20 mL). The reaction mixture was stirred under inert
atmosphere for 1 h and quenched with aqueous saturated NH,CL
The mixture was diluted with diethyl ether; the phases were separated,
and the aqueous layer was re-extracted with diethyl ether. The
combined organic phases were washed with saturated aqueous
solutions of CuSO,, Na,$,0;, and brine, dried (N2,SO,), and filtered,
and the solvent was removed under reduced pressure. Purification of
the residue by column chromatography (silica gel, hexane/dichloro-
methane) yields the desired tricyclic product.

One-Pot Tandem |,/Sml,-Mediated Radical Cyclization. To a
0.1 M solution of tert-butyl 2-(3-allyl-2-methylenecyclohexyl)acetate 9
(1.0 equiv, 0.4 mmol) in dry MeCN was added I, (1.0 equiv). After
stirring for 1 h at room temperature, dry THF (6 mL), HMPA (19
equiv, 7.6 mmol), MeOH (10 equiv, 4 mmol), and a solution of Sml,
in THF (0.1 M, 4 equiv, 16 mL) were added. The solution was stirred
for 2 h and quenched with aqueous saturated NH,Cl. The mixture was
diluted with diethyl ether; the phases were separated, and the aqueous
layer was re-extracted with diethyl ether. The combined organic phases
were dried (N2,SO,) and filtered, and the solvent was removed under
reduced pressure. Purification of the residue by column chromatog-
raphy (50% dichloromethane in hexane) affords pure 12 and 12’ in
31% yield as a mixture of diastereomers (dr 68:11:21:0).

One-Pot Tandem I,/Pd-Catalyzed Cyclizations. To a 0.1 M
solution of tert-butyl 2-(3-allyl-2-methylenecyclohexyl)acetate 9 (1.0
equiv, 0.5 mmol) in dry MeCN was added I, (1.0 equiv). After stirring
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for 1 h at room temperature, Cs,CO; (2.5 equiv, 1.25 mmol) was
added, and the mixture was stirred for further 10 min. To the resulting
solution was added in one portion a premixed and nitrogen-flushed
solution of Pd,(MeO-dba); (0.075 equiv, 0.038 mmol) and SIMes-
HBF, (0.25 equiv, 0.125 mmol) in 4 mL of dry MeCN. The mixture
was stirred at 100 °C. After 16 h, the mixture was filtered through a
plug of silica and evaporated. Purification of the crude product by flash
column chromatography (10% ethyl acetate in pentane) afforded pure
11 and 11’ in 30% yield and 84:16 dr.

tert-Butyl 2-(5-Allyl-4-oxotetrahydro-2H-pyran-3-yl)acetate
(2, ny, X = O). 1-(3,6-Dihydro-2H-pyran-4-yl)pyrrolidine was
prepared performing the reaction at room temperature for 1 h. After
removal of toluene and traces of pyrrolidine by vacuum evaporation,
the crude compound was used directly. General procedure A was
applied using freshly prepared 1-(3,6-dihydro-2H-pyran-4-yl)-
pyrrolidine (1.0 equiv, 20.0 mmol), allyl bromide (1.0 equiv, 20.0
mmol, 1.8 mL), DIEA (1.0 equiv, 20.0 mmol, 3.5 mL), and tert-butyl
2-bromoacetate (1.0 equiv, 20.0 mmol, 2.4 mL). Purification of the
crude product by flash column chromatography (15% ethyl acetate in
hexane) yielded pure tert-butyl 2-(S-allyl-4-oxotetrahydro-2H-pyran-3-
yl)acetate (1.96 g, 39% yield, light yellow oil). '"H NMR (300 MHg,
CDCLy): § 5.84—5.62 (m, 1H), 5.07—4.97 (m, 2H), 4.31—-4.22 (m,
2H), 3.40-3.21 (m, 2H), 3.18—-3.01 (m, 1H), 2.79—2.50 (m, 3H),
2.06—1.83 (m, 2H), 1.44 (s, 9H). *C NMR (75 MHz, CDCL,): §
207.1, 1709, 135.1, 116.8, 80.8, 73.3, 73.0, 50.0, 47.6, 30.9, 29.0, 28.0.
IR (neat): 2976, 1713, 1641, 1366, 1252, 1149, 916 cm™". HRMS (m/
z): caled for C,H,,0,Na ([M + Na]*), 277.1403; found, 277.14127.

tert-Butyl 2-(5-Allyl-4-oxotetrahydro-2H-thiopyran-3-yl)-
acetate (2, ny, X, = S). General procedure A was applied using
freshly prepared 1-(3,6-dihydro-2H-thiopyran-4-yl)pyrrolidine (1.0
equiv, 31.0 mmol), allyl bromide (1.0 equiv, 31.0 mmol, 2.7 mL),
DIEA (1.0 equiv, 31.0 mmol, 5.4 mL), and tert-butyl 2-bromoacetate
(1.0 equiv, 31.0 mmol, 3.7 mL). Purification of the crude product by
flash column chromatography (5% ethyl acetate in hexane) yielded
tert-butyl 2-(S-allyl-4-oxotetrahydro-2H-thiopyran-3-yl)acetate in a
mixture with monoalkylated products (1.4 g). The impure compound
2 (ny, X(,y = S) was used directly for the next step without further
purification.

tert-Butyl 2-(3-Allyl-2-oxocycloheptyl)acetate (2, n,, X, =
C,H,). 1-(Cyclohept-1-en-1-yl)pyrrolidine was freshly prepared by
refluxing the corresponding cyclic ketone (1.0 equiv) and pyrrolidine
(3.0 equiv) in dry toluene (1 M) in the presence of a catalytic amount
of pTSA until all water was distilled by a Dean—Stark apparatus. To a 1
M solution of freshly prepared 1-(cyclohept-1-en-1-yl)pyrrolidine (1.0
equiv, 42.4 mmol) in MeCN was dropwise added allyl bromide (1.0
equiv, 42.4 mmol, 3.66 mL). The solution was stirred for 12 h at room
temperature, quenched with H,O, and refluxed for 2 h. After cooling
to room temperature, the aqueous layer was extracted with diethyl
ether. The combined organic layers were dried (Na,SO,), filtered, and
concentrated in vacuo. Purification of the crude product by flash
column chromatography (10% diethyl ether in hexane) afforded pure
2-allylcycloheptanone (3.7 g, 57% yield, colorless oil). 2-Allylcyclo-
heptanone (1.0 equiv, 14.0 mmol, 2.3 g) was added to in situ prepared
LDA (1.1 equiv) at —78 °C, and the mixture was stirred for 90 min at
—78 °C. tert-Butyl 2-bromoacetate (2.0 equiv, 28.0 mmol, 4.2 mL) was
added slowly. The reaction mixture was allowed to reach room
temperature over 12 h and was then quenched with water. The
aqueous layer was extracted with diethyl ether; the combined organic
layers were dried (Na,SO,), filtered, and concentrated in vacuo.
Purification of the crude compound by flash column chromatography
(15% diethyl ether in hexane) yielded tert-butyl 2-(3-allyl-2-
oxocycloheptyl)acetate (1.79 g, 49% yield, colorless oil). 'H NMR
(300 MHz, CDCl,): 6 5.76—5.61 (m, 1H), 5.09—4.93 (m, 2H), 3.08—
2.95 (m, 1 H), 2.63 (dd, ] = 16.4, 8.3 Hz, 1H), 2.49—-2.28 (m, 2H),
2.28-2.08 (m, 2H), 1.98—1.79 (m, 3H), 1.79—1.66 (m, 1H), 1.44—
1.42 (m, 1H), 1.40 (s, 9H), 1.37—1.12 (m, 3H). *C NMR (75 MHz,
CDCL,): § 2160, 171.5, 135.9, 116.6, 80.4, 52.9, 46.1, 38.2, 37.7, 32.0,
29.9, 29.6, 28.0, 27.9. IR (neat): 2926, 1725, 1701, 1639, 1365, 1152,
912 em™. HRMS (m/z): caled for C;sH,sO;Na ([M + Nal*),
289.1774; found, 289.1779.

tert-Butyl 2-(3-Allyl-2-oxocyclohexyl)acetate (8). General proce-
dure A was applied using 1-(1-cyclohexen-1-yl)pyrrolidine (1.0 equiv,
22.0 mmol, 3.5 mL), allyl bromide (1.0 equiv, 22.0 mmol, 1.9 mL),
DIEA (1.0 equiv, 22.0 mmol, 4.0 mL), and tert-butyl 2-bromoacetate
(0.85 equiv, 18.7 mmol, 2.8 mL). Purification of the crude product by
flash column chromatography (5% ethyl acetate in hexane) yielded
pure tert-butyl 2-(3-allyl-2-oxocyclopentyl)acetate (2.7 g, 55% yield,
colorless oil). 'H NMR (300 MHz, CDCL): 6 5.85—5.63 (m, 1H),
5.10—4.90 (m, 2H), 2.95-2.75 (m, 1H), 2.68 (dd, ] = 16.3, 7.4 Hz,
1H), 2.6—2.46 (m, 1H), 2.46—2.32 (m, 1H), 2.23—1.67 (m, 6H), 1.43
(s, 9H), 1.42—1.17 (m, 2H). *C NMR (75 MHz, CDCl,): § 211.4,
171.9, 136.5, 116.2, 80.3, 50.2, 47.4, 35.6, 35.1, 34.4, 33.5, 28.0, 25.2.
IR (neat): 2931, 1709, 1640, 1392, 1366, 1276, 1152, 910 cm™".
HRMS (m/z): caled for CsH,,0,Na ([M + Na]*), 275.1618; found,
275.1624.

tert-Butyl 2-(3-Allyl-2-methylenecyclohexyl)acetate (9). General
procedure B was applied using tert-butyl 2-(3-allyl-2-oxocyclohexyl)-
acetate 8 (10.8 mmol, 2.7 g), methyltriphenylphosphonium bromide
(21.6 mmol, 7.7 g), and potassium tert-butoxide (21.6 mmol, 2.6 g).
Purification of the residue by flash column chromatography (20%
diethyl ether in hexane) yielded pure tert-butyl 2-(3-allyl-2-
methylenecyclohexyl)acetate as an inseparable mixture of diaster-
eoisomers (2.0 g, 75%, colorless oil). '"H NMR (300 MHz, CDCL,): §
5.88—5.71 (m, 1H), 5.08—4.92 (m, 2H), 4.66—4.61 (m, 1H), 4.61—
4.55 (m, 1H), 2.56—2.45 (m, 1H), 2.45—2.32 (m, 2H), 2.24—2.13 (m,
1H), 2.07—1.71 (m, SH), 1.47—1.40 (m, 10H), 1.12—0.89 (m, 2H).
BC NMR (75 MHz, CDCL): § 172.5, 154.9, 137.7, 115.7, 101.8, 80.1,
43.6, 409, 39.2, 37.1, 352, 34.8, 28.1, 25.9. IR (neat): 2976, 2924,
2853, 1730, 1640, 1445, 1367, 1340, 1293, 1256, 1140, 993, 949, 909,
886, 850, 760 cm™'. HRMS (m/z): caled for C,sH,O,Na ([M +
Na]*), 273.1852; found 273.1829.

4-Allyl-3a-(iodomethyl)hexahydro-1H-inden-2(3H)-one (10).
General procedure C was applied using tert-butyl 2-(3-allyl-2-
methylenecyclohexyl)acetate 9 (1.0 equiv, 1.6 mmol, 0.40 g) and I,
(125 equiv, 2.0 mmol, 0.5 g). Purification of the crude product by
flash column chromatography (20% diethyl ether in hexane) yielded
the two diastereoisomers (0.28 g, S5% total yield, dr 86:14). Major
diastereoisomer 10a (white solid); mp 31-33 °C. 'H NMR (500
MHz, CDCly): § 5.93—5.69 (m, 1H), 5.22—5.01 (m, 2H), 3.60 (d, ] =
10.8 Hz, 1H), 3.33 (d, ] = 10.9 Hz, 1H), 2.83 (dd, ] = 17.7, 7.6 Hz,
1H), 2.80—2.67 (m, 1H), 2.48—2.34 (m, 1H), 2.30-2.14 (m, 2H),
2.12—-1.96 (m, 1H), 1.94—1.83 (m, 1H), 1.83—1.73 (m, 1H), 1.74—
1.60 (m, 1H), 1.38—1.27 (m, 1H), 1.26—1.09 (m, 2H). *C NMR (75
MHz, CDCL,): 8 175.9, 136.6, 116.8, 86.9, 38.8, 37.4, 36.7, 34.1, 29.0,
25.5, 21.6, 9.8. IR (neat): 2936, 2857, 1772, 1703, 1639, 1443, 1361,
1215, 1187, 1147, 1089, 999, 949, 917, 884, 762, 694 cm™". HRMS
(m/z): calcd for C,H 410, ([M + H]*), 321.0346; found, 321.0350.
Minor diastereoisomer 10b: see Supporting Information (SI) for X-ray
crystal data.

8-Methyleneoctahydroindeno[3a,4-bjfuran-2(3H)-one (11). Gen-
eral procedure D was applied using iodolactone 10a (major isomer,
160 mg). Purification of the residue by flash column chromatography
(30% diethyl ether in hexane) yielded 8-methyleneoctahydroindeno[4-
blfuran-2(3H)-one (37 mg, 40% yield, yellow oil). '"H NMR (300
MHz, CDCL): 5 5.04—4.81 (m, 2H), 2.78—2.04 (m, 7H), 2.01—1.57
(m, 4H), 1.58—0.97 (m, 3H). 3C NMR (75 MHz, CDCL,): § 176.8,
145.8, 108.6, 93.7, 45.5, 43.9, 38.5, 37.9, 35.7, 28.8, 24.0, 23.2. IR
(neat): 2930, 1768, 1446, 1175, 942, 912 cm™'. HRMS (m/z): caled
for CpH,,0, ([M + H]*), 193.1223; found, 193.1225.

8-Methyloctahydroindeno[3a,4-bjfuran-2(3H)-one (12). General
procedure E was applied using iodolactone 10a (major isomer, 160
mg). Purification of the residue by flash column chromatography (50%
dichloromethane in hexane) yielded 8-methyloctahydroindeno|[3a,4-
b]furan-2(3H)-one as a mixture of diastereoisomers (66 mg, 68%
yield, dr 83:17, colorless oil). '"H NMR (300 MHz, CDCl,, mixture of
diastereoisomers): § 2.70 (dd, J = 16.6, 6.0 Hz, 2H), 2.24—2.04 (m,
6H), 2.01-1.45 (m, 14H), 1.40—1.18 (m, 6H), 1.13—1.00 (m, 8H).
BBC NMR (75 MHz, CDCl;), major diasterecisomer: § 177.0, 94.9,
46.5, 442, 387, 38.5, 37.6, 294, 289, 24.1, 234, 22.6; minor
diastereoisomer, characteristic signals: 6 45.2, 43.7, 38.5, 38.0, 36.1,
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28.9, 28.2, 24.2, 23.5, 22.8. IR (neat): 2928, 1765, 1445, 1427, 1353,
1279, 1221, 1179, 1168, 1054, 940 cm™'. HRMS (m/z): calcd for
C,H;50, ([M + HJ"), 195.1380; found, 195.1379.

tert-Butyl 2-(5-Allyl-4-methylenetetrahydro-2H-thiopyran-3-yl)-
acetate (13). General procedure B was applied using tert-butyl 2-(S-
allyl-4-oxotetrahydro-2H-thiopyran-3-yl)acetate 2(n,, X(,) = S) (5.0
mmol, 1.35 g), methyltriphenylphosphonium bromide (10.0 mmol, 3.6
g), and potassium tert-butoxide (10.0 mmol, 1.1 g). Purification of the
residue by flash column chromatography (30% ethyl acetate in
hexane) yielded tert-butyl 2-(S-allyl-4-methylenetetrahydro-2H-thio-
pyran-3-yl)acetate as an inseparable mixture of diastereoisomers (0.74
g, 55% yield, pale yellow oil). '"H NMR (300 MHz, CDCly): § 5.81—
5.68 (m, 1H), 5.11-5.01 (m, 2H), 4.77—4.72 (m, 2H), 2.89—2.68 (m,
3H), 2.53—2.32 (m, 6H), 2.23—2.10 (m, 1H), 1.43 (s, 9H). *C NMR
(75 MHz, CDCl,): 6 171.4, 152.1, 136.5, 116.8, 106.6, 80.6, 45.4, 42.7,
39.4, 37.4, 36.1, 35.6, 28.1. IR (neat): 2976, 1727, 1640, 1367, 1150,
1131, 899 cm™. HRMS (m/z): calcd for C;sH,,0,SNa ([M + Nal*),
291.1389; found, 291.1392.

tert-Butyl 2-(5-Allyl-4-methylenetetrahydro-2H-pyran-3-yl)-
acetate (14). General procedure B was applied using tert-butyl 2-(S-
allyl-4-oxotetrahydro-2H-pyran-3-yl)acetate 2 (n,, X(,) = O) (7.7
mmol, 1.96 g), methyltriphenylphosphonium bromide (15.4 mmol, 5.5
g), and potassium fert-butoxide (15.4 mmol, 1.73 g). Purification of
the residue by flash column chromatography (10% ethyl acetate in
hexane) yielded tert-butyl 2-(S-allyl-4-methylenetetrahydro-2H-pyran-
3-yl)acetate as an inseparable mixture of diastereoisomers (1.0 g, 51%
yield, pale yellow oil). "H NMR (300 MHz, CDCL): § 5.92—5.66 (m,
1H), 5.10-4.97 (m, 2H), 4.81—4.67 (m, 2H), 4.03—3.87 (m, 2H),
3.18—2.98 (m, 2H), 2.82—2.66 (m, 1H), 2.50—2.41 (m, 1H), 2.39—
2.06 (m, 2H), 2.17 (dd, J = 15.4, 7.8 Hz, 1H), 2.10-1.93 (m, 1H),
144 (s, 9H). C NMR (75 MHz, CDCL): § 171.4, 150.2, 1362,
116.5, 104.5, 80.6, 73.8, 73.7, 42.5, 40.2, 35.3, 33.1, 28.0. IR (neat):
2976, 1728, 1643, 1367, 1147, 1108, 912, 982, 848 cm™". HRMS (m/
z): caled for CsH,,0;Na ([M + Na]*), 275.16177; found, 275.16199.

7-Allyl-7a-(iodomethyl)tetrahydro-4H-thiopyrano[4,3-b]furan-
2(3H)-one (15). General procedure C was adapted using tert-butyl 2-
(5-allyl-4-methylenetetrahydro-2H-thiopyran-3-yl)acetate 13 (1.0
equiv, 1.1 mmol, 300 mg) and a larger amount of I, (10.0 equiv,
11.2 mmol, 2.8 g). Purification of the crude product by flash column
chromatography (30% diethyl ether in hexane) yielded a mixture of
the desired compound 15 and hydrolyzed starting material (2-(S-allyl-
4-methylenetetrahydro-2H-thiopyran-3-yl)acetic acid) in a 2:1 ratio.
The mixture was submitted to further iodolactonization using I, (2.0
equiv) and NaHCO; (520 equiv) in MeCN (0.1 M) at room
temperature for 1 h. Purification by flash column chromatography
(30% diethyl ether in hexane) yielded a single pure diastereoisomer
(30 mg, 8% yield).

Major Diastereoisomer 15a (yellow oil). '"H NMR (500 MHz,
CDCly): 6 5.73 (dtd, J = 17.9, 9.0, 5.5 Hz, 1H), 5.16—5.02 (m, 2H),
3.50 (d, J = 10.8 Hz, 1H), 3.38 (d, ] = 10.8 Hz, 1H), 3.10-2.97 (m,
2H), 2.89-2.78 (m, 2H), 2.71 (dd, J = 12.4, 3.6 Hz, 1H), 2.53-2.27
(m, 4H), 2.09—1.94 (m, 1H). *C NMR (75 MHz, CDCL): § 174.9,
135.0, 118.1, 84.8, 39.6, 38.5, 33.6 (2C), 27.1, 24.2, 12.5. IR (neat):
2925, 1770, 1639, 1437, 1154, 921 cm™'. HRMS (m/z): calcd for
C, H,I0,SNa ([M + Na]*), 360.9730; found, 360.9732.

7-Allyl-7a-(iodomethyl)hexahydro-2H-furo[3,2-c]Jpyran-2-one
(16). General procedure C was applied using tert-butyl 2-(S-allyl-4-
methylenetetrahydro-2H-pyran-3-yl)acetate 14 (1.0 equiv, 2.4 mmol,
600 mg) and I, (1.1 equiv, 2.6 mmol, 659 mg). Purification of the
crude product by flash column chromatography (30% diethyl ether in
hexane) yielded the two diastereoisomers (278 mg, 36% total yield, dr
86:14).

Major Diastereoisomer 16a (white solid). Mp 48—49 °C. 'H
NMR (500 MHz, CDCl,): § 5.84—5.64 (m, 1H), 5.15—5.00 (m, 2H),
4.01-3.87 (m, 1H), 3.87—3.75 (m, 1H), 3.62—3.51 (m, 1H), 3.35—
3.06 (m, 3H), 2.90—2.70 (m, 2H), 2.61-2.45 (m, 1H), 2.41-2.26 (m,
1H), 2.21-2.05 (m, 1H), 2.03—1.85 (m, 1H). *C NMR (75 MHz,
CDCL): 5 174.8, 135.1, 117.5, 84.4, 67.7, 66.9, 37.2, 36.6, 32.6, 30.1,
8.9. IR (neat): 2969, 1767, 1639, 1145, 1107, 915 cm™'. HRMS (m/z):
caled for C;;H;sI05Na ([M + Nal*), 344.99581; found, 344.99603.

tert-Butyl 2-(3-Allyl-2-methylenecycloheptyl)acetate (17). Gen-
eral procedure B was applied using tert-butyl 2-(3-allyl-2-
oxocycloheptyl)acetate 2 (n;, X(,y = C,H,) (6.5 mmol, 1.74 g),
methyltriphenylphosphonium bromide (17.2 mmol, 6.14 g), and
potassium tert-butoxide (17.2 mmol, 2.08 g). The reaction required 18
h to go to completion. Purification of the residue by flash column
chromatography (5% diethyl ether in hexane) yielded pure tert-butyl 2-
(3-allyl-2-methylenecycloheptyl)acetate as an inseparable mixture of
diastereoisomers (0.69 g, 40% vyield, colorless oil). '"H NMR (300
MHz, CDCL): § 5.86—5.64 (m, 1H), 5.05—4.88 (m, 2H), 4.88—4.70
(m, 2H), 2.69—2.03 (m, 6H), 1.97—1.44 (m, SH), 1.42 (s, 9H), 1.31—
1.03 (m, 3H). *C NMR (75 MHz, CDCl,), major diastereoisomer: §
172.2,155.2,138.0, 115.2, 106.5, 79.9, 45.7, 42.4, 41.2, 39.2, 35.2, 35.1,
28.1, 28.0, 25.7; minor diastereoisomer, characteristic signals: § 156.2,
110.4, 44.2, 41.9, 40.5, 39.9, 35.8. IR (neat): 2923, 1728, 1639, 1452,
1130, 908 cm™. HRMS (m/z): caled for C;,H,,0,Na ([M + Nal*),
287.1981; found 287.1989.

7a-(lodomethyl)-7-(2-oxopropyl)hexahydrobenzofuran-2(3H)-
one (18). General procedure C was applied using tert-butyl 2-(3-allyl-
2-methylenecycloheptyl)acetate 17 (1.0 equiv, 1.5 mmol, 0.40 g) and
I, (1.1 equiv, 4.5 mmol, 0.48 g). The mixture was stirred in the ice/salt
bath for 3.5 h, slowly raising the temperature from —S to 0 °C.
Quenching and workup were performed in the standard way.
Purification of the crude product by flash column chromatography
(15% diethyl ether in hexane) yielded 7a-(iodomethyl)-7-(2-
oxopropyl)hexahydrobenzofuran-2(3H)-one as one pure diastereomer
and an inseparable mixture of two other diastereoisomers (243 mg,
48% total yield, dr 64:23:13). Major diastereomer 14a (white solid):
mp 48—49 °C. 'H NMR (300 MHz, CDCL): 5 5.81—5.63 (m, 1H),
5.12—4.98 (m, 2H), 3.64 (d, J = 11.1 Hz, 1H), 3.53 (d, ] = 11.2 Hg,
1H), 3.29 (dd, ] = 18.8, 10.5 Hz, 1H), 2.64—2.46 (m, 2H), 2.16 (dd, J
= 18.7, 4.3 Hz, 1H), 2.05—-1.94 (m, 1H), 1.92—1.59 (m, 6H), 1.36—
1.15 (m, 3H). C NMR (75 MHz, CDCL,): § 175.4, 136.6, 117.1,
89.9, 452, 45.1,39.2, 36.3, 33.1, 29.3, 29.2, 28.4, 14.4. IR (neat): 2925,
1767, 1639, 1159, 973 cm™. HRMS (m/z): calcd for C,3H,0I0, ([M
+ HJ"), 335.0502; found, 335.0509. See SI for X-ray crystal data.

3-(3-Allyl-2-oxocyclohexyl)propanenitrile (19). General procedure
A was adapted: acrylonitrile (1.0 equiv, 35.2 mmol, 2.3 mL) was added
to a 1 M solution of 1-(1-cyclohexen-1-yl)pyrrolidine (1.0 equiv, 35.2
mmol, S mL) in MeCN and refluxed for 2 h. DIEA (1.0 equiv, 35.2
mmol, 6.1 mL) was added as one portion, followed by slow addition of
allyl bromide (1.0 equiv, 35.2 mmol, 3.0 mL). The mixture was stirred
for 12 h at 40 °C, then quenched with water and refluxed for 1 h.
Purification of the crude product by flash column chromatography
(10% ethyl acetate in hexane) yielded pure 3-(3-allyl-2-oxocyclohexyl)-
propanenitrile (2.24 g, 35% yield, light orange oil). '"H NMR (300
MHz, CDCL): § 5.82—5.68 (m, 1H), 5.04—4.97 (m, 2H), 2.55—2.33
(m, SH), 2.22—1.68 (m, 6H), 1.56—121 (m, 3H). *C NMR (75
MHz, CDCl,): 6 212.0, 136.2, 1362, 1163, 50.5, 49.1, 35.2, 34.6, 334,
25.4,25.1, 15.2. IR (neat): 2933, 2245, 1706, 1640, 1447, 912 cm™".
HRMS (m/z): caled for C;,H;;NONa ([M + Na]*), 214.1202; found,
214.1203.

3-(3-Allyl-2-methylenecyclohexyl)propanenitrile (20). General
procedure B was applied using 3-(3-allyl-2-oxocyclohexyl)-
propanenitrile 19 (12.2 mmol, 2.3 g), methyltriphenylphosphonium
bromide (24.3 mmol, 8.7 g), and potassium fert-butoxide (24.3 mmol,
2.7 g). Purification of the residue by flash column chromatography
(10% ethyl acetate in hexane) yielded pure 3-(3-allyl-2-
methylenecyclohexyl)propanenitrile as a mixture of diastereoisomers
(1.9 g, 86% yield, yellow oil). '"H NMR (300 MHz, CDCL,): & 5.87—
5.73 (m, 1H), 5.06—4.99 (m, 2H), 4.74—4.58 (m, 2H), 2.44—2.32 (m,
3H), 2.07—1.42 (m, 9H), 1.10—0.87 (m, 2H). *C NMR (75 MHz,
CDCl;), major diastereoisomer: § 154.3, 137.5, 137.4, 115.8, 107.6,
102.6, 43.8, 43.1, 37.5, 34.9, 28.2, 25.7, 15.2; minor diastereoisomer,
characteristic signals: 6 152.1, 120.0, 41.9, 39.7, 36.7, 33.4, 33.1, 27.5,
21.3, 15.3. IR (neat): 2923, 2245, 1640, 1444, 1392, 1333, 994, 891
cm™. HRMS (m/z): caled for C,3H;oNNa ([M + Na]*), 212.14097;
found, 212.14099.

3-(3-Allyl-2-methylenecyclohexyl)propanoic Acid (21). A mixture
of 3-(3-allyl-2-methylenecyclohexyl)propanenitrile 20 (1.0 equiv, 10.6
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mmol, 2.0 g), ethanol (70 mL), and 65% aq NaOH (212.0 mmol, 8.5
g) was stirred at 80 °C for 3 h. The mixture was concentrated under
vacuum, and the residue was quenched with water. The aqueous
solution was extracted with ether, acidified with concd HCI to pH 1,
and then extracted again with ethyl acetate. The mixture was dried
over Na,SO,, filtered, and evaporated to yield 3-(3-allyl-2-
methylenecyclohexyl)propanoic acid as a mixture of diastereoisomers
(2.3 g orange oil). The compound was used directly for the next step
without further purification. '"H NMR (300 MHz, CDCL;): § 11.35
(bs, 1H), 5.88—5.75 (m, 1H), 5.07—4.98 (m, 2H), 4.70—4.66 (m, 2H),
2.46-2.29 (m, 3H), 2.07—1.39 (m, 9H), 1.20—0.89 (m, 2H). *C
NMR (75 MHz, CDCl,), major diastereoisomer: 5 180.8, 155.1, 137.7,
115.6, 102.3, 43.9, 43.6, 37.2, 35.3, 350, 32.1, 27.3, 25.9; minor
diastereoisomer, characteristic signals: 6 153.4, 137.5, 115.5, 106.6,
422, 39.8, 36.8, 33.5, 334, 32.3, 267, 21.3. IR (neat): 2924, 1705,
1640, 1414, 1280, 890 cm™.
8-Allyl-8a-(iodomethyl)octahydro-2H-chromen-2-one (22). A
solution of 3-(3-allyl-2-methylenecyclohexyl)propanoic acid 21 (1.0
equiv, 10.5 mmol, 2.2 g) in acetonitrile (110 mL) at S0 °C was treated
with sodium bicarbonate (5.2 equiv, 54.6 mmol, 4.6 g), and the
resulting mixture was stirred at 50 °C for 10 min. Iodine (2.0 equiv,
21.2 mmol, 5.4 g) was added to the reaction at 50 °C, and the resulting
mixture was stirred at room temperature for 1.5 h. The reaction was
quenched with aq saturated sodium thiosulfate, and the resulting aq
solution was extracted with ethyl acetate. The combined organic
extracts were dried (Na,SO,), filtered, and concentrated in vacuo.
Purification of the crude product by flash column chromatography
(2% acetic acid and 28% diethyl ether in hexane) yielded three pure
diastereoisomers (55% total yield, dr 41:36:23).
First diastereoisomer 22a (pale yellow solid): mp 79—80 °C. '"H NMR
(300 MHz, CDCly): § 5.84—5.70 (m, 1H), 5.09—5.00 (m, 2H), 3.63
(d, J = 10.8 Hz, 1H), 3.30 (d, ] = 10.9 Hz, 1H), 2.62—2.55 (m, 2H),
2.34-222 (m, 2H), 2.15—-1.98 (m, 3H), 1.75 (t, J = 10.5 Hz, 2H),
1.60—1.22 (m, SH). 3C NMR (75 MHz, CDCl,): § 170.9, 136.9,
116.5,41.2, 333, 32.6, 26.9, 26.3, 25.1, 24.6, 21.1, 8.1. IR (neat): 2926,
1724, 1640, 1482, 1224, 906 cm . HRMS (m/z): caled for
C;3HpIO,Na ([M + Nal*), 357.0322; found, 357.0327. Second
diastereoisomer 22b (pale yellow oil): "H NMR (300 MHz, CDCL,): §
5.77-5.59 (m, 1H), 5.03—4.95 (m, 2H), 3.47 (d, J = 18.0 Hz, 1H),
344 (d, ] = 15.0 Hz, 1H), 2.85-2.50 (m, 3H), 2.03—1.55 (m, 9H),
1.40—1.18 (m, 2H). *C NMR (75 MHz, CDCl,): § 170.8, 136.9,
116.7, 81.3, 49.0, 43.3, 33.5, 30.3, 29.5, 27.8, 24.9, 22.9, 1.6. IR (neat):
2926, 1731, 1639, 1439, 1225, 909 cm™'. HRMS (m/z): calcd for
Ci;HslO,Na ([M + Nal*), 357.0322; found, 357.0330. Third
diastereoisomer 22c¢ (yellow oil): "H NMR (300 MHz, CDCl,): §
5.76—5.62 (m, 1H), 5.06—4.99 (m, 2H), 3.64 (d, J = 18.0 Hz, 1H),
3.59 (d, ] = 18.0 Hz, 1H), 2.68—2.41 (m, 4H), 2.20—1.19 (m, 10H),
BC NMR (75 MHz, CDCl;): § 170.1, 136.4, 170.0, 84.8, 41.7, 37.5,
33.3, 29.9, 28.8, 27.8, 217, 19.8, 14.3. IR (neat): 2932, 1729, 1639,
1451, 1219, 912 cm™". HRMS (m/z): calcd for C;3H;sIO,Na ([M +
Nal*), 357.0322; found, 357.0326.
9-Methyldecahydro-2H-azuleno[4-b]furan-2-one (23). General
procedure E was applied using 18a (major isomer, 167 mg).
Purification of the residue by flash column chromatography (20%
ethyl acetate in hexane) yielded 9-methyldecahydro-2H-azuleno[4-
b]furan-2-one as a mixture of diastereoisomers (73 mg, 70% yield, dr
92:8, pale yellow oil). "H NMR (300 MHz, CDCL,): § 2.87 (dd, J =
17.5, 8.4 Hz, 1H), 2.35—2.06 (m, SH), 1.96—1.18 (m, 11H), 1.02 (d, J
= 6.2 Hz, 3H). °C NMR (75 MHz, CDCL;): § 176.6, 101.6, 50.2,
46.4,45.9, 43.2,39.2, 32.9, 32.4, 30.7, 30.6, 30.4, 21.7. IR (neat): 2923,
1767, 1448, 1163, 973 cm™". HRMS (m/z): caled for C,3H,,0,Na
([M + Na]*), 231.13555; found, 231.13596.
8-Methyloctahydro-2H-cyclopenta[cjfuro[2,3-d]pyran-2-one
(24). General procedure E was applied using 16a (major isomer, 129
mg). Purification of the residue by flash column chromatography (60%
ethyl acetate in hexane) yielded 8-methyloctahydro-2H-cyclopenta-
[c]furo[2,3-d]pyran-2-one as a mixture of diastereoisomers (56 mg,
71% yield, dr 85:15, pale yellow solid). Mp 51 °C. '"H NMR (300
MHz, CDCly): § 4.02—3.80 (m, 2H), 3.50 (t, J = 10.7 Hz, 1H), 3.15—
2.97 (m, 1H), 2.73 (dd, J = 17.2, 6.4 Hz, 1H), 2.50—-2.37 (m, 1H),
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2.37-2.17 (m, 1H), 2.12—1.85 (m, 4H), 1.68—1.55 (m, 1H), 1.27—
1.18 (m, 1H), 1.11 (d, J = 7.0 Hz, 3H). *C NMR (75 MHz, CDCl,):
5 1759, 92.5, 67.1, 66.1, 44.6, 43.6, 38.5, 34.3, 33.4, 29.5, 22.5. IR
(neat): 2957, 1760, 1456, 1186, 918 cm™. HRMS (m/z): calcd for
CyH,40:Na ([M + Nal*), 219.09917; found, 219.09918.
8-Methylhexahydro-6H-cyclopenta[4,5]thiopyrano[4,3-bjfuran-
2(3H)-one (25). General procedure E was applied using 15a (major
isomer, 30 mg). Purification of the residue by flash column
chromatography (30% ethyl acetate in hexane) yielded 8-methylhex-
ahydro-6H-cyclopenta[4,S]thiopyrano[4,3-b]furan-2(3H)-one as a
mixture of diastereoisomers (14 mg, 73% yield, dr 85:1S, pale yellow
oil). 'H NMR (300 MHz, CDCl;), mixture of diastereoisomers: &
2.93-2.80 (m, 2H), 2.72—-2.54 (m, 3H), 2.39—-2.27 (m, 2H), 2.24—
1.94 (m, 4H), 1.70—1.60 (m, 1H), 1.32—1.21 (m, 1H), 1.08 (d, ] = 6.8
Hz, 3H). BC NMR (75 MHz, CDCl,), major diastereoisomer: &
176.0, 93.0, 46.0, 43.9, 39.2, 38.5, 36.7, 29.2, 28.8, 24.7, 22.3; minor
diastereoisomer, characteristic signals: 46.7, 41.4, 38.6, 36.9, 27.8, 25.1.
IR (neat): 2951, 1760, 1427, 1173, 910 cm™". HRMS (m/z): calcd for
C,,H,40,SNa ([M + Na]*), 235.0763; found, 235.0764.
9-Methyldecahydro-2H-cyclopentalilchromen-2-one (26). Gen-
eral procedure E was applied using iodolactone 22a (first isomer, 167
mg). Purification of the residue by flash column chromatography (15%
ethyl acetate in hexane) yielded 9-methyldecahydro-2H-cyclopenta-
[i]chromen-2-one as an 85:15 mixture of diastereoisomers (67 mg,
64% isolated yield, pale yellow oil). 'H NMR (300 MHz, CDCly),
mixture of diastereoisomers: § 2.63—2.58 (m, 4H), 2.28—2.18 (m,
4H), 1.94—1.88 (m, 2H), 1.83—1.46 (m, 18H), 1.31-1.10 (m, 6H);
major diastereoisomer: § 1.05 (d, ] = 6.21 Hz, 3H); minor
diastereoisomer: § 0.99 (d, J = 3.98 Hz, 3H). *C NMR (75 MHz,
CDCl;), major diastereoisomer: § 172.1, 95.3, 47.3, 38.8, 38.5, 37.9,
29.8, 29.5, 29.2, 29.1, 24.7, 23.8, 23.1; minor diastereoisomer,
characteristic signals: 6 45.7, 38.7, 38.2, 37.7, 32.9, 29.3, 29.1, 25.1,
24.0, 232. IR (neat): 2929, 1722, 1464, 1351, 1184, 1005 cm .
HRMS (m/z): caled for C;3H,,0,Na ([M + Na]*), 231.135S; found,
231.1359.
9-Methyldecahydro-2H-cyclopentalilchromen-2-one (27). Gen-
eral procedure E was applied using iodolactone 22b (second isomer,
167 mg). Purification of the residue by flash column chromatography
(15% ethyl acetate in hexane) yielded 9-methyldecahydro-2H-
cyclopenta[i]chromen-2-one as a mixture of diastereoisomers (69
mg, 66% isolated yield, dr 85:15, pale yellow oil). 'H NMR (300 MHz,
CDCl,), mixture of diastereoisomers: § 2.54—2.48 (m, 4H), 2.17—2.01
(m, 4H), 1.90-1.82 (m, 4H), 1.67—-1.22 (m, 22H); major
diastereoisomer: & 1.05 (d, J = 7.0 Hz, 3H); minor diastereoisomer:
5099 (d, J] = 7.0 Hz, 3H). °C NMR (75 MHz, CDCl;), major
diastereoisomer: § 172.3, 91.6, 49.1, 45.0, 37.0 (2C), 29.5, 25.9, 25.9,
25.2, 24.1, 22.8, 22.5; minor diastereoisomer, characteristic signals: 0
92.3, 46.3, 46.1, 36.7, 36.8, 31.5, 28.2, 25.8, 25.7, 25.3, 24.2, 22.9. IR
(neat): 2929, 1720, 1460, 1352, 1281, 1173, 977 cm™'. HRMS (m/z):
caled for Cy3H,,0,Na ([M + Na]*), 231.1355; found, 231.1358.
9-Methyldecahydro-2H-cyclopentalilchromen-2-one (28). Gen-
eral procedure E was applied using iodolactone 22c (third isomer, 167
mg). Purification of the residue by flash column chromatography (15%
ethyl acetate in hexane) yielded 9-methyldecahydro-2H-cyclopenta-
[i]chromen-2-one as a mixture of diastereoisomers (81 mg, 78%
isolated yield, dr 82:18, pale yellow oil). "H NMR (300 MHz, CDCl,),
mixture of diastereoisomers: § 2.57—1.66 (m, 16H), 1.62—1.09 (m,
18H); major diastereoisomer: § 1.04 (d, ] = 6.8 Hz, 3H); minor
diastereoisomer: § 0.99 (d, ] = 6.8 Hz, 3H). *C NMR (75 MHz,
CDCl;), major diastereoisomer: § 171.3, 93.2, 44.6, 43.0, 35.6, 32.5,
28.5, 27.6, 27.6, 26.0, 22.8, 22.7, 19.6; minor diastereoisomer,
characteristic signals: & 171.5, 93.94, 45.2, 44.6, 374, 334, 29.6,
27.6, 27.3, 22.4, 22.2, 20.1. IR (neat): 2930, 1727, 1455, 1284, 1116,
995 cm™. HRMS (m/z): caled for C;3H,yO,Na ([M + Nal*),
231.1355; found, 231.1359.
9-Methylenedecahydro-2H-azuleno[4-b]furan-2-one (29). Gener-
al procedure D was applied using 7a-(iodomethyl)-7-(2-oxopropyl)-
hexahydrobenzofuran-2(3H)-one 18a (major isomer, 167 mg).
Purification of the residue by flash column chromatography (10%
ethyl acetate in hexane) yielded 9-methylenedecahydro-2H-azuleno[4-
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b]furan-2-one (33 mg, 32% yield, yellow solid). Mp 34—3S °C. 'H
NMR (300 MHz, CDCl,): 6 4.95—4.82 (m, 2H), 2.99—2.86 (m, 2H),
2.70-2.59 (m, 2H), 2.38—2.05 (m, 4H), 2.03—1.81 (m, 2H), 1.78—
161 (m, 1H), 1.55—1.21 (m, SH). *C NMR (75 MHz, CDCL,): §
1762, 147.1, 107.4, 99.8, 48.2, 44.8, 44.4, 413, 38.9, 33.1, 32.8, 30.4,
30.4. IR (neat): 2919, 1747, 1651, 1460, 1163, 938 cm™. HRMS (m/
z): caled for C;3H;30,Na ([M + Na]*), 229.1199; found, 229.1200.
8-Methyleneoctahydro-2H-cyclopenta(c]furo[2,3-d]pyran-2-one
(30). General procedure D was applied using 7-allyl-7a-(iodomethyl)-
hexahydro-2H-furo[3,2-c]pyran-2-one 16a (major isomer, 161 mg).
Purification of the residue by flash column chromatography (40% ethyl
acetate in hexane) yielded 8-methyleneoctahydroindeno[4-b]furan-
2(3H)-one (35 mg, 36% yield, white solid). Mp 76—77 °C. '"H NMR
(300 MHz, CDCl,): § 5.12—4.99 (m, 2H), 4.04—3.91 (m, 2H), 3.56
(t, J = 10.8 Hz, 1H), 3.21-3.07 (m, 1H), 2.82—2.07 (m, 8H). *C
NMR (75 MHz, CDCLy): § 175.5, 144.4, 109.8, 91.3, 67.3, 65.7, 43.5,
43.4, 37.9, 34.2, 31.8. IR (neat): 284S, 1768, 1661, 1424, 1194, 907
cm™. HRMS (m/z): caled for C,;H;,0;Na ([M + Na]*), 217.0835;
found, 217.0836. See SI section for X-ray crystal data.
9-Methylenedecahydro-2H-cyclopentalilchromen-2-one (31).
General procedure D was adapted using iodolactone 22a (first isomer,
167 mg) and a larger amount of Pd,(MeO-dba); (0.1 equiv, 0.0S
mmol, 55 mg). The reaction required 24 h to go to completion.
Purification of the residue by flash column chromatography (40%
diethyl ether in pentane) yielded 9-methylenedecahydro-2H-
cyclopenta[i]chromen-2-one (56 mg, 54% isolated yield, light brown
oil). 'H NMR (300 MHz, CDCL,): 6 4.97 (d, ] = 15.0 Hz, 2H), 2.96—
2.86 (m, 1H), 2.73-2.63 (m, 3H), 2.32—2.26 (m, 1H), 2.03—1.96 (m,
2H), 1.87-1.66 (m, SH), 1.61-1.49 (m, 1H), 1.41-1.23 (m, 1H),
1.23—0.93 (m, 2H). 3C NMR (75 MHz, CDCL): § 171.7, 146.9,
109.3, 93.6, 45.1, 38.6, 37.5, 36.8, 29.9, 29.4, 29.0, 24.4, 23.7. IR (neat):
3071, 1723, 1661, 1464, 1448, 1350, 999, 876 cm™". HRMS (m/z):
caled for C;3H;40,Na ([M + Na]*), 229.1199; found, 229.1200.
9-Methylenedecahydro-2H-cyclopentalilchromen-2-one (32).
General procedure D was applied using iodolactone 22b (second
isomer, 167 mg). The reaction required 24 h to go to completion.
Purification of the residue by flash column chromatography (30%
diethyl ether in pentane) yielded 9-methylenedecahydro-2H-
cyclopenta[i]chromen-2-one (70 mg, 68% isolated yield, white
crystalline solid). Mp 97—98 °C. '"H NMR (300 MHz, CDCl;): §
4.92 (d, ] = 14.7 Hz, 2H), 2.61-2.52 (m, 3H), 2.42—2.34 (m, 3H),
2.10—2.06 (m, 1H), 1.82—1.35 (m, 9H). 3*C NMR (75 MHz, CDCl,):
0 172.0, 146.3, 108.2, 90.5, 47.9, 44.6, 36.4, 35.1, 25.9, 25.8, 25.1, 23.9,
22.5. 1R (neat): 3071, 2938, 2843, 1719, 1659, 1465, 1259, 1178, 1054,
983, 856 cm™'. HRMS (m/z): calcd for C;3H;30,Na ([M + Na]*),
229.1199; found, 229.120S. See SI section for X-ray crystal data.
9-Methylenedecahydro-2H-cyclopentalilchromen-2-one (33).
General procedure D was applied using iodolactone 22c (third
isomer, 167 mg). The reaction required 24 h to go to completion.
Purification of the residue by flash column chromatography (30%
diethyl ether in pentane) yielded 9-methylenedecahydro-2H-
cyclopenta[i]chromen-2-one (35 mg, 34% isolated yield, white
powder). Mp 106—107 °C. '"H NMR (300 MHz, CDCL): 5 4.92
(bs, 2H), 2.69—2.40 (m, 4H), 2.33—2.12 (m, 2H), 1.97—1.44 (m, 9H),
1.35-1.26 (m, 1H). *C NMR (75 MHz, CDCl,): § 171.1, 146.4,
108.6, 91.8, 43.8, 42.9, 35.1, 32.3, 20.8, 27.5, 26.3, 22.7, 19.4. IR (neat):
3064, 2978, 1717, 1661, 1456, 1337, 1290, 1167, 980 cm™'. HRMS
(m/z): caled for C;3H;g0,Na ([M + Nal*), 229.1199; found,
229.1202. See SI section for X-ray crystal data.
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