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2 

 

Alexander Fleming discovered Penicillin from penicillium mold, and this discovery 

changed modern medicine and the treatment and understanding of infectious disease.
3,4

 

 

1.2 Introduction to PPAPs 

 

 Another  plant used for medicinal purposes is St. John‘s wort (Hypericum 

perforatum), which is a yellow flowering plant that has been used since ancient times for 

treatment of depression and anxiety.
5
 Hypericum perforatum belongs to the plant family    

Guttiferae, and the widespread interest in its antidepressant activity has increased 

investigation of metabolites from this family.
6
 Many of these metabolites are biologically 

active compounds which contain an acylphloroglucinol moiety.
6
 Guttiferae consists 

mainly of tropical plants of 40 genera and about 1200 species, most of which are woody.
7
 

The Guttiferae family produces numerous xanthones,
8
 including complex xanthones such 

as morellin,
9,10

 3,8-linked biflavonoids such as morellflavone (fukugetin),
11

 lactones, 

phenolic acids, benzophenones (phloroglucinols) and polyprenylated benzophenones
 
 

(Figure 1.1).
7,12

 The word ―xanthone‖ is derived from Greek and means yellow and 

designates the chemical compound dibenzo-[g]-pyrone.
8
 Biogenetically, all of the 

―isoprenylated benzophenone" derivatives may be derived from acylphloroglucinols such 

as maclurin, which is regarded as a precursor for many xanthones in higher plants (Figure 

1.1).
13,14

  

  

 

 

Figure 1.1:  Xanthone, morellin, phloroglucinol, maclurin 
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Common to plants belonging to the family Guttiferae is their property of wound healing, 

which has been connected to the established antimicrobial activities of the 

phloroglucinols.
6
 

 In 1971, Gurevich and coworkers isolated hyperforin (1) from Hypericum 

perforatum L. (St. John‘s wort), and it showed antimicrobial activity against gram-

positive bacteria.
15

 In 1975, Bystrov and coworkers determined the structure of 

hyperforin, which belongs to the class of polycyclic polyprenylated acylphloroglucinols, 

not the xanthone structure described above (Figure 1.2).
16

 

 

 

 

 

 

 

 

Figure 1.2: Hyperforin (1) 

 

In 1973, Rama Rao and coworkers isolated two interesting isoprenylated benzophenones, 

xanthochymol (96) and cycloxanthochymol (107), from C. xanthochymus (Figure1.3).
17

 

The bioactivity of these molecules was not recorded at that time.
17

 

 

 

 

   

 

 

 

 

Figure 1.3: Xanthochymol   and cycloxanthochymol                             
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1.3 Phloroglucinols and monocyclic polyprenylated acylphloroglucinols (MPAPs) 

 

 Phloroglucinols are 1,3,5-benzenetriols, and MPAPs are derivatives of 

these phloroglucinols which contain an acyl group and two or three 3-methyl-2-butenyl 

(prenyl) side chains as substituents in the aromatic nucleus.
18

 MPAPs are reported to 

show antimicrobial, antifungal and antifeedant activity.
19,20

 For example, Humulus 

lupulus (Cannabinaceae), commonly known as hops, is used in folk medicine as an 

antibacterial agent (in the form of wound powders and salves), a tranquilizer (sleep 

inducer), a diuretic, and to alleviate the symptoms of menopause.
21

 The cones of the hop 

plant, Humulus lupulus L. (Cannabaceae), are also an important raw material for the beer 

brewing industry. After brewing, the essential oil and the bitter acids from the cones 

contribute to the specific aroma and taste of the final product, beer.
21

 These compounds 

are monocyclic prenylated derivatives of phloroglucinols (MPAPs) and consist of -

acids, mainly humulone, cohumulone and adhumulone, and -acids, mainly lupulone, 

colupulone and adlupulone (Figure 1.4).
22

 The α-acids are converted during the brewing 

process into iso-α-acids, compounds responsible for the flavor and the bitter taste of 

beer.
23

 However, the β-acids do not add any taste during the brewing process.
6
 Although 

β-acids are not important to the brewing industry, they show radical scavenging activity, 

inhibition of lipid peroxidation, and antimicrobial activity.
6
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Figure 1.4:  Hops-derived α- and β-acids 

 

1.3.1. Biosynthesis of the hop α-acids and β-acids 

 

Three types of reactions take place in this biosynthesis: the formation of 

aromatic intermediates, the introduction of several prenyl side chains into the aromatic 

ring, and the oxidation of a carbon atom from the phenolic nucleus (applies to -acids) 

(Scheme 1.1).
21

 The first reaction is similar to the initial step in the biosynthesis of 

flavonoids; the successive condensations of three molecules of malonyl-CoA to 

isobutyryl-CoA or isovaleryl-CoA lead to the formation of phloroglucinol 

intermediates.
21

 It‘s believed that PPAPs are biosynthetically made through these 

acylphloroglucinol (MPAPs) intermediates.
6
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Scheme 1.1 Proposed biosynthesis pathway of α-acids and β-acids 

 

1.4. Survey of polycyclic polyprenylated acylphloroglucinols (PPAPs) 

 

 Polycyclic polyprenylated acylphloroglucinols (PPAPs) consists of a 

bicyclo[3.3.1]nonane-2,4,9-trione skeleton with one acyl group and several prenyl and 

geranyl groups.
6
 These PPAPs can further cyclize to give adamantanes, 

homoadamantanes, or dihydrofurano- or pyrano- fused structures.
6
 Some of these 

products have been shown to possess antioxidative, antiviral and antibiotic properties.
6
 

The PPAPs can be divided into three classes: type A, B and C. Type A PPAPs 

have a C(1) acyl group and an adjacent C(8) quaternary center; type B PPAPs have a 

C(3) acyl group, and type C PPAPs have a C(1) acyl group and a distant C(6) quaternary 

center (Figure 1.5).
24
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Figure 1.5: Type A, B and C PPAPs 

  

Lists of type A, B, and C PPAPs reported and isolated to date is presented in Tables 1-3, 

respectively. All the presented PPAPs have been isolated from the Guttiferae plant 

family. The majority of these compounds are type A and B; garcinelliptones K (144), L 

(146) and M (145) are reported to have type C structures.
25

 

 

1.5. History of PPAPs 

 

 In 1937, the indian scientist Sanjive Rao isolated a yellow crystalline 

levorotatory phenol from Garcinia morella and named it morellin.
9
 Rao determined the 

composition of morellin to be C30H34O6 and found that it contained four hydroxyl groups. 

However, due to insufficient data, Rao et. al could not assign any structure to morellin.
9
 

In 1962 Kartha et al found morellin to be one of the few natural products containing a 

bicyclo[2.2.2]octane ring system, making morellin a phloroglucinol.
10
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were 18 naturally occurring xanthones found from various families including guttiferae 

and most of them were phloroglucinols.
8
 

 Hyperforin was the first isolated PPAP
15

, and it is now classified as type 

A. 
26

 In 1975 Bystrov and coworkers were able to detemine hyperforin‘s structure and its 

absolute stereochemistry.
16

  

 The first two type B PPAPs were isolated in 1973 by Rama Rao and 

coworkers from fruits of G.xanthochymus, and they were named xanthochymol and 

isoxanthochymol. The structure given at the time for xanthochymol was monocyclic.
17

  

Due to the low resolution of NMR and many overlapping peaks, this structure was 

incorrectly assigned.
17

 In addition, the chemical shifts were very different from the 

literature values today. In 1974 David L. Dreyer isolated a compound from fruits of the 

autograph tree (Clusia rosea) and named it as xanthochymol.
27

 He used the following 

findings as evidence to compare with Rao‘s xanthochymol structure: (a) three aromatic 

protons, (b) three vinyl protons, (c) a C=CH, group, and (d) an uncertain number of vinyl 

C-methyls.
27

 

 In 1976 John F. Blount and Thomas H. Williams revised the structure of 

xanthochymol and corrected the structure using NMR and X-ray crystallography.
28

 In 

there methodology, they used CDCl3 as a solvent and TMS for the reference peak. Blount 

et al clearly assigned the proton peaks and found that xanthochymol has gem-dimethyl 

groups in the bicyclo[3.3.1]nonane (main skeleton) where previously they were assigned 

in the bicyclo[3.3.0]octane ring (Figure 1.6). Overall, they were able to detemine the 

correct structure with absolute configuration.
28
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Figure 1.6: Rao’s first proposed structure of xanthochymol (135) and corrected 

structure of xanthochymol (96) 

 

The type B PPAP clusianone (112) was first isolated from the bark extraction of 

Clusia congestiflora, and the structure was determined using X-ray crystallography in 

1976 (Figure 1.7).
29

 

 

   

 

 

 

 

 

  

Figure 1.7: Structure of clusianone  
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structure, where the positions of the bridgehead substituents were swapped from their 

originally assigned positions.
26

  

The first type C PPAP was reported by the Lin group in 2004, and they have 

isolated garcinielliptones M (145) and L (146) from the seeds of Garcinia subelliptica 

(Figure 1.8).
25

  

 

                                 

 

 

 

 

 

 

 

Figure 1.8: Garcinielliptones L and M 

 

1.5.1. Reassignment of certain PPAPs’ relative stereochemistry 

 

 To assign the correct structure of PPAPs, it is very important to know the 

correct stereochemistry. Due to their complex structure and overlapping NMR chemical 

shifts, this is a difficult task. In fact, the structure of garcinielliptone I (40) has been 

assigned the same structure as hyperibone B (33) in previous literature. Later, NMR 

spectral data and optical rotation data showed that garcinielliptone I (40) is the other 

enantiomer of hyperibone A (39).
31,32

 

In 2000, Grossman and Jacobs explained that the orientation of the C(7) 

substituent in the PPAPs (endo or exo) can be easily determined from the 
1
H and 

13
C 

NMR spectral data. 
33

 The stereochemistry at C(7) was identified by examining the 

chemical shift difference of the two H(6) or H(8) atoms and the chemical shift of C(7).
33

 

The C(7) stereochemistry is endo when the difference in the chemical shifts of the two 

H(6) atoms is 0.3-1.2 ppm and the chemical shift of C(7) is 41-44 ppm, and it is exo 

when the difference in the chemical shifts of the two H(8) atoms is 0.0-0.2 ppm and the 
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chemical shift of C(7) is 45-49 ppm. 
33

  In 2002, Matsuhisa et al reported isolation of new 

type A PPAPs with exo C(7) substituents, hyperibones A (39), B (33), C (41), D (17), E 

(20), F (21), G (15), H (109), and I (110) form aerial parts of Hypericum scabrum. 
31

 But 

using the above data, Grossman and Ciochina proposed that hyperibones C (41), E (20), 

F (21), H (109), and I (110) have an endo C(7) substituent, contrary to the originally 

proposed exo orientation.
24

 Also, they noticed, using NMR and optical rotation data, that 

garcinielliptone I (40) is in fact enantiomeric to hyperibone A (39) and not identical to 

hyperibone B (33), as originally proposed.
31,34

 

So far only the absolute configurations of hyperforin (1),
24

 xanthochymol (96),
14

 

and isoxanthochymol (106)
14

 have  been determined experimentally. Some PPAPs 

(hyperibone G (15)  and propolone D (16)
31

,
35

 hyperibone A (39) and garcinielliptone I 

(40),
31,34-36

 guttiferone E (91) and garcinol (92),
12,37-41

 isoxanthochymol (106)  and 

isogarcinol (105)
12,39,40,42-44

) have been isolated in both enantiomeric forms. When we 

draw the structures of PPAPs, we choose to draw the C(9) ketone pointing toward the 

reader, although it may not be the absolute configuration of any particular structure. We 

include each PPAP‘s specific rotation in the tables because the specific rotation of a 

compound can reveal its absolute configuration.   

 

In the Tables, the lavandulyl and -isolavandulyl groups are defined as below.   

 

 

 

 

 

 

 

(R)- lavandulyl                      ω- isolavandulyl 

 

Figure 1.9:  Lavandulyl and ω- isolavandulyl groups
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Scheme 2.49: Mehta’s Pd-mediated oxidative cyclization 

  

(−)--Pinene was converted to ketone 291 after several steps. Then the compound 291 

was transformed to the TMS enol ether 292.  Pd(OAc)2-mediated Kende cyclization gave 

bicyclic intermediate 293 in 30% yield over 2 steps (Scheme 2.49).
158

   

 

2.6.5. Mehta’s intramolecular enol lactonization, retro-aldol and re-aldol cyclization 

 

In recent years, Mehta and coworkers published another pathway to construct the 

bicyclic 36 by using intramolecular enol-lactonization followed by a retro-aldol–aldol 

strategy (Scheme 2.50).
160
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Scheme 2.50: Mehta’s intramolecular enol lactonization 

 

LDA mediated regioselective prenylation of 294 gave prenylated ketone in 69% 

yield and the reaction of the resulting ketone with methyl acrylate gave keto ester 295 in 

74% yield. Hydrolysis of ester 295 under basic conditions followed by lactonization gave 

296 in 83% yield. Then, DIBAL-H assisted retro-aldol and aldol reactions of 296 gave 

expected bicyclo alcohol 35 in 62% yield. Oxidation of 297 with PCC and LDA-

promoted prenylation gave 298 (Scheme 2.50).  

 

2.6.6. Young’s intramolecular allene-nitrile oxide [3 + 2] cycloaddtion 

 

Young and coworkers published a unique synthetic route to construct the bicyclic 

core structure of 303 using intramolecular allene-nitrile oxide [3 + 2] cycloaddition 

(Scheme 2.51).
161
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Scheme 2.51: Young’s intramolecular allene-nitrile oxide [3 + 2] cycloaddtion 

 

Lewis acid-catalyzed Mukaiyama aldol condensation of silyl enol ether 299 and 

300 gave methoxy diastereomers 301 in 44% yield. Then, 301 was allowed to react with 

phenyl isocyanate in refluxing benzene to give 302. Finally, reductive cleavage of 302 

gave 303 in quantitative yield.   

 

2.6.7. Grossman’s alkynylation–aldol approach 

 

Grossman and Ciochina, in 2003, published another approach towards the 

construction of the bicyclo[3.3.1]nonane ring core of PPAPs.
162

 The main idea was to 

prepare the bicyclo ring by an intramolecular aldol reaction of a cis enal. Grossman 

explained that the cis enal creates better reaction moiety with an enol or enolate and 

better undergoes intramolecular aldol reactions than a regular aldehyde. Grossman and 

Ciochina attempted this new idea towards a synthesis of compound 39 (Scheme 2.52).
162
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Scheme 2.52: Grossman’s alkynylation–aldol approach 

 

Reaction of the diketone 304 with Pb(OAc)4 followed by addition of alkynyltributyltin 

gave -alkynylated product in 48% yield. Then, acid-mediated deprotection of resulting 

product gave alynal 305 in 71% yield. The alynal 305 was then reacted with Co2(CO)8 to 

give the Co2(CO)6 complex in 87% yield, and syn hydrosilylation of the resulting 

complex gave (E)--silyl eneal 306 in 94% yield with complete regio- and 

stereoselectivity. Acid catalyzed cyclization of 306 gave two diastereomeric alcohols (1:1 

dr) in 72% yield, and oxidation of these alcohols with NMO and TPAP gave -silyl 

enone 307 in 87% yield. 
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2.6.8. Nakada’s Lewis acid promoted regioselective ring-opening reaction of the   

cyclopropane approach 

 

In 2006, Nadaka and coworkers published another approach towards the 

construction of the bicyclic core structure of PPAPs.
163

 The key reaction in this approach 

was the Lewis acid mediated, region selective ring-opening of tricyclic[4.4.0.0]dec-2-ene 

derivative 311 to grant the bicyclo[3.3.1]nonane core structure 312 (Scheme 2.53).
163,164

 

 

 

 

Scheme 2.53: Nakada’s Lewis acid promoted regioselective ring-opening 

 

The aldehyde 308 was successfully synthesized from a commercially available 

source. Then, aldehyde 308 was oxidized to its carboxylic acid, which was converted to a 

-keto ester and thence to -diazo -keto ester 309 in 64% yield over three steps. 

Compound 309 was allowed to react with CuOTf (5 mol%) and ligand 310 to give the 

tricyclo[4.4.0.0]dec-2-ene 311. Without isolating the resulted tricyclic compound, a 

Lewis acid-promoted ring-opening reaction was carried out to give bicyclic intermediate 

312.    
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2.6.9. Takagi’s acid catalyzed cyclization approach towards adamantane core of 

plukenetione type PPAPs 

 

For the first time, Takagi and coworkers published an acid-catalyzed cyclization 

approach towards the synthesis of the adamantane core  319 of the plukenetione type 

PPAPs (Scheme 2.54).
165

 

 

 

 

Scheme 2.54: Takagi’s acid catalyzed cyclization approach towards adamantane 

core 
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allylic oxidation gave keto enol intermediate 316. The secondary alcohol group was 

oxidized, and the tertiary alcohol then protected with TMS group to prevent a hetero-

Michael reaction. A benzoyl group was attached to the -position of the enone using 

LTMP and benzoyl chloride. Finally, acid-catalyzed cyclization gave 319 in 59% yield. 
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Chapter 3.   Our synthesis towards 7-epi-clusianone 

 

Many of the PPAPs have shown potentially useful bioactivity, such as anticancer, 

antibiotic and anti-HIV activity. For example hyperforin, a type A PPAP widely known 

for its anti-depression activity, is considered to be the main bioactive agent in Hypericum 

perforatum L (St. John‘s wort).
16,61,72

 The type B PPAPs xanthochymol
17

 and garcinol
14

 

have shown antibiotic activity against methicillin-resistant S. aureus.
43

 PPAPs are often 

found in bitter-tasting fruits that have been popular in folk medicine, and most PPAPs 

that have been tested for toxicity have shown low toxicity.
166

 Apart from PPAPs‘ 

interesting bioactivities, their structures are enriched with acyl group, prenyl groups, 

geranyl groups and many adjacent quaternary centers, and a bicyclo[3.3.1] chemical 

moiety with specific stereochemistry, making them challenging to synthesis.
24

  

Though PPAPs are very promising targets for organic synthesis considering their 

intriguing biological activity, challenging structure and wide spread human consumption, 

only three PPAPs — (±)-garsubellin A, (±)-nemorosone and (±)-clusianone — have so 

far been made synthetically.
63,125-130  

PPAPs have been known for decades, but the first 

synthetic effort was reported only in 1999 by Prof. Nicolaou. After a decade from the 

first synthetic effort, only three PPAPs have been synthesized by a total of seven 

publications from five research groups. All synthetic strategies have been focused on 

PPAPs that have a prenyl group at C(7) with exo stereochemistry.  However, a large 

majority of type B and large minority of type A PPAPs have the C(7) prenyl group in the 

more sterically congested endo orientation. Our goal is to develop a stereocontrolled 

synthesis towards the C(7) endo type B PPAP, 7-epi-clusianone. To date, there are no 

synthetic efforts found in the literature towards 7-epi-clusianone. Like many PPAPs, 7-

epi-clusianone has shown very interesting bioactivities such as anticancer and antibiotic 

properties. 
73,91,113-115
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3.1. Initial retrosynthetic analysis 

 

 

 

Scheme 3.1: Our initial retrosynthetic analysis 

 

Our initial retrosynthetic analysis of 7-epi-clusianone (101) (Scheme 3.1) began with the 

disconnection of the benzoyl group and replacement of the sensitive prenyl groups with 

more robust allyl group to give bicyclo[3.3.1]nonanetrione intermediate 320. The C(2)-O 

bond and C(4)-C(5) bonds were disconnected  to give the cis enal intermediate 321. This 

compound might cyclize by an intramolecular aldol reaction (IA) from 321a, but would 

be expected to assume its thermodynamically more favorable conformer and 

diastereomer 321b. We believed that the 321a-321b equilibrium could be shifted towards 

321a during the IA reaction. We thought the cis enal of 321 could be made from the -

allyl--ketoester intermediate 322. The -ketoester intermediate 323 could be obtained 

after disconnection of axial allylic group of intermediate 322. From a stereochemical 

point of view, it would be crucial to establish the cis relationship between the C(1) ester 

and C(7) allyl group of 322 to install the C(7) endo stereochemistry of our target. 

Intermediate 323 could be synthesized from tetrasubstituted cyclohexanone 324, which 

could be synthesized easily from commercially available 1,3-cyclohexanedione (325). 
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3.2 Forward synthesis  

 

Our forward synthesis began from the commercially available, cheap 1,3-

cyclohexanedione.    

 

3.2.1 Synthesis of 2,4-diallyl-3-methyl-2-cyclohexenone  

 

 

 

 

 

 

 

 

Scheme 3.2: Synthesis of 2,4-diallyl-3-methyl-2-cyclohexenone   

 

Allylation of 1,3-cyclohexanedione with KOH and allyl bromide gave -allyl--

diketone 326 in 47% yield.
167

 The original paper claimed 79% yield for this reaction after 

crystallization. The role of Cu in the reaction is unclear, but yields are better in its 

presence. Diketone 326 was converted to its vinylogous ester 327 with isobutyl alcohol, 

and a catalytic amount of p-TsOH∙2H2O in benzene in 75% yield (Scheme 3.2). 
151,168
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3.2.2 Allylation, methylation and acidification 

 

 

 

Scheme 3.3: Allylation, methylation and acidification 

 

The allylation at the -position of intermediate 327 gave ´-diallylic 

vinylogous ester 328.
169

 Without purification, the crude oily compound was subjected to 

methylation followed by acidification to give intermediate 2,4-diallyl-3-methyl-2-

cyclohexenone 329 in 89% yield (Scheme 3.3). 
151

  

 

3.2.3 Alternate pathway towards 2,4-diallyl-3-methyl-2-cyclohexeone.  

 

We also devised another route to 11 that began with methyl acetoacetate.  

 

3.2.3.1 Allylation  

 

 

 

 

 

 

Scheme 3.4: Alternate pathway towards 2,4-diallyl-3-methyl-2-cyclohexeone 

 

Methyl -allylacetoacetate 331 was obtained from commercially available 

methylacetoacetate, NaH and allyl bromide in 73–81% yield. 
170
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was transformed to -allylic intermediate 332 with the agency of NaH, BuLi and allyl 

bromide in 67% yield (Scheme 3.4).
171

 

 

3.2.3.2 Michael addition, cyclization and decarboxylation 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.5: Michael addition, cyclization and decarboxylation 

 

The Michael addition of diallylic β-ketoester intermediate 332 to acrolein catalyzed 

by triphenylphosphine in acetonitrile gave β-ketoester aldehyde intermediate 333 in 74% 

yield. To close the ring, an aldol reaction was performed on intermediate 333 with 

sodium methoxide in methanol to give the β-ketoester 334 and carboxylic acid 335 

intermediates. The mixture of 334 and 335 was decarboxylated under Krapcho conditions 

to afford α,β-unsaturated ketone 336 in 87% yield over 2 steps (Scheme 3.5).
172
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Scheme 3.6: Methylation of cyclohexenone intermediate 336 using MeLi/CeCl3   

 

 

Methylation of cyclohexenone intermediate 336 using MeLi/CeCl3  afforded  

alcohol 337 in 85% yield, and  PCC oxidation
173

 gave cyclohexenone 329 in 68% yield 

(Scheme 3.6).
174

  

 

3.2.4 Conjugate addition, trapping enolate with TMS group followed by desilylation 

 

 

 

 

 

       

 

 

 

Scheme 3.7:  Conjugate addition, trapping enole with TMS group followed by 

desilylation 

 

Conjugate addition of Me2CuLi to 2,4-diallyl-3-methyl-2-cyclohexenone 329 

followed by simultaneous trapping of the resulting enolate with TMSCl gave TMS enol 

ether 338 in 84% yield.
175

  Direct conjugate addition without trapping the enolate resulted 

in low yields. The TMS group was then removed to get 2,4-diallyl-3,3-

dimethylcyclohexanone 324 in 3:1 diastereomeric ratio in 80%  yield (Scheme 3.7).
68
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3.2.5. Carbonylation and allylation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.8: Carbonylation and allylation 

 

The 2,4-diallyl-3,3-dimethylcyclohexanone 324 was converted to -keto ester 323 with 

dimethyl carbonate, cat. KH and NaH in benzene.
176

 Mander‘s carboxylation with LDA 

and MeO2CCN failed in this system. The catalytic amount of KH was not necessary for 

the reaction to proceed, but it gave cleaner crude product. Without further purification, 

Pd-catalyzed allylation of 323 with allyl acetate and triethylamine in methanol gave 

diastereomeric allylic products 322a and 322b. The major diastereomer was 322a, an 

axial allylic product, as confirmed using NMR studies (Scheme 3.8). 
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3.2.5.1. Structure and stereochemistry determination of 322a 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Structure and stereochemistry determination of 322a using NOE 

 

The 
1
H NMR chemical shifts of 322a and 322b were assigned by COSY 

experiments, and the stereochemistry of 322a was unambiguously determined by a 

NOESY experiment. In particular, the C(6) and C(4) H atoms and the H atoms of the 

C(2) allyl group all had strong NOE interactions, confirming that they were all axial.  

  

3.2.6. Reduction and oxidation 

 

 

Scheme 3.9: Reduction and oxidation of 322a  
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Keto ester 322a was reduced to its diol 339 with LAlH4 in Et2O. 
177

 The crude product of 

339 was oxidized to keto aldehyde 340 with Dess–Martin periodinane in CH2Cl2 in 50% 

yield (Scheme 3.9).
178

  

 

3.2.7 Still–Gennari reaction, reduction and oxidation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.10: Still–Gennari reaction, reduction and oxidation 

 

The keto aldehyde 340 was converted to Z unsaturated ester 342 using highly 

stereoselective modified Horner–Emmons olefination with  bis(trifluoroethyl)phosphono-

acetate 341 and NaHMDS in THF in 82% yield and 15.1 dr.
179

 Without separation, 

LiAlH4 reduction followed by Dess–Martin periodinane oxidation gave the key 

intermediate Z aldehyde 321 in 45% yield along with a small amount of 343 (Scheme 

3.10).
177,178
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3.2.8 Aldol reaction 

 

 

 

 

 

 

 

 

Scheme 3.11: Aldol reaction 

 

We were anticipating the intramolecular aldol reaction of 321 to result in the 

bicyclo[3.3.1]nonane core structure 344 (Scheme 3.11). 

 

3.2.8.1 Aldol reaction under acidic conditions  

 

 

 

 

 

 

 

 

Scheme 3.12: Aldol reaction under acidic conditions 

 

Unfortunately, all our attempts to carry out the aldol reaction in acidic medium 

resulted in the isomerization of 321 to the E aldehyde 345 (Scheme 3.12) (Table 1). 
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Table 3.1: Acid and solvent used for aldol reaction 

 

 

 

 

 

 

 

 

 

We initially used HCl, TFA and conc. H2SO4 for the reaction (Table 1). We 

hypothesized that, the acids‘ conjugate bases were capable of assisting the conversion of 

321 to 345 (Scheme 3.13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.13: Proposed mechanism for cis-trans isomerization   
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Therefore, we exposed 321 to triflic acid, whose conjugate base (CF3SO3
-
) was 

nonnucloephilic, but the result was the same. 

 

3.2.8.2 Aldol reaction under basic conditions 

 

 

 

 

 

 

 

 

Scheme 3.14: Aldol reaction under basic conditions 

 

 

Table 3.2: Bases and solvent used for aldol reaction 
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Unfortunately, even in the various basic conditions (Table 2), we did not observe 

any signs of an aldol reaction. The main isolated product was the bicyclic unsaturated 

lactone 346 (Scheme 3.14), the product of a Tishchenko reaction. 

After analyzing the above data, it became very clear that the Z aldehyde 321 was 

strongly inhibited from enolizing under acidic or basic conditions, which was necessary 

for a successful aldol product.  

 

3.3 The role of 1,2-allylic strain 

 

 

 

 

 

 

Scheme 3.15: The role of 1,2-allylic strain 

 

The 1,2-allylic strain (1,2-A strain) is defined as the steric interaction between the alkene 

moiety and the methyl group in compound 347. This interaction plays an important role 

in influencing the conformational equilibria of the alkenes.
180,181

 For example, steric 

interactions between the geminal dimethyl groups and the C(sp
2
) methyl group 

destabilize 347b compared to 347a and 347c (Scheme 3.15).
181
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Scheme 3.16: 1,2-allylic strain of 321 

 

We hypothesized that 1,2-A strain inhibited the enol and enolate formation in 321, 

as necessary for the aldol reaction (Scheme 3.16). The conformation 321d, the most 

important intermediate for intramolecular aldol product and the enolate form of 321a, 

experiences severe 1,2-A strain. This factor may raise the energy of the 321d sufficiently 

high that the aldol reaction cannot proceed at a reasonable rate
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3.4 Redesigning the synthesis  

 

The outcome of our initial route encouraged us to redesign the synthesis in a way to 

minimize the 1,2-A strain of the enolate intermediate for the aldol reaction. Considering 

these factors, we thought to disconnect the C(1)-C(2) bond of 2 instead of C(4)-C(5) 

(Scheme 18) to get the intermediate (Z)-keto aldehyde 27 (27a and 27b) for the 

intramolecular aldol reaction.  

 

Scheme 3.17: Second retrosynthetic analysis 

 

3.4.1 New retrosynthetic analysis 

 

 The C(4)-O bond and C(1)-C(2) (instead of C(4)-C(5)) bonds of 320 were 

disconnected to give cis enal intermediate 348. We thought that this compound might 

cyclize by an intramolecular aldol reaction (IA) from 348a, but we expected it to assume 

its thermodynamically more favorable conformer 348b. We believed that the 348a–348b 

equilibrium could be shifted towards 348a during the IA reaction. The enolate of 348 
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would not be expected to have significant 1,2-allylic strain. We thought the cis enal of 

348 could be made from -allyl -ketoester intermediate 349. The -ketoester 

intermediate 350 could be obtained after disconnection of the axial allylic group of 

intermediate 349. From a stereochemical point of view, it would be crucial to allylate 350 

trans to the C(7) allyl group in order to install the C(7) endo stereochemistry of our 

target. Intermediate 350 could be synthesized from disubstituted cyclohexenone 351, 

which could be synthesized easily from commercially available 1,3-cyclohexanedione 

(Scheme 3.17).   

 

3.4.2 Forward synthesis 

 

Our forward synthesis began with the synthesis of 4-allyl-3-methylcyclohexenone 

from the commercially available, inexpensive starting material 1,3-cyclohexanedione. 

 

3.4.2.1 Isobutyl protection, allylation, methylation and acidification  

 

  

 

 

 

 

 

 

Scheme 3.18: Isobutyl protection, allylation, methylation and acidification 

 

The 1,3-cyclohexanedione was converted to its vinylogous ester 352 in 95% 

yield.  Ketone 352 was allylated with LDA and allyl bromide.
146

 Without purification, the 

crude oily material was subjected to methylation
151

 followed by acidification to give 4-

allyl-3-methyl-2-cyclohexenone 351 in 90% yield over 3 steps (Scheme 3.18). 
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3.4.2.2 Conjugate addition and carbonylation 

 

 

        

   

 

 

 

Scheme 3.19: Conjugate addition and carbonylation 

 

To the resulted enone 351, dimethylcuprate, HMPA, and methyl cyanoformate 

were added, and -keto ester intermediate 350 was obtained in 71% yield (Scheme 

3.19).
182

 The reaction produced approximately equal amounts of O-acylation and C-

acylation without the co-solvent HMPA. A common replacement for HMPA is DMPU, 

but the reaction gave lower yields with DMPU, and in higher scale we obtained 

substantial amounts of recovered by-products.  

 

3.4.2.3 Allylation and Claisen rearrangement 

 

 

 

 

 

 

 

 

Scheme 3.20: Failed Pd-catalyzed allylation reaction  

 

 

The introduction of an axial allyl group to the -position of 350 was important to 

establish the C(7) endo stereochemistry of the target molecule. Unfortunately, the Pd-
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catalyzed allylation reaction failed, possibly due to steric hindrance around the reaction 

moiety (Scheme 3.20). 

 

 

 

 

 

 

 

 

Scheme 3.21: O-allylation   

 

However, NaH and allyl bromide gave the O-allylated product 353 in 75% yield 

(Scheme 21),
183

 and heating the allyl enol ether intermediate 353 at 150 

C in toluene in a 

sealed tube  gave two diastereomeric Claisen rearrangement products, 354a and 354b, in 

3:1 d.r (Scheme 3.22).
126

  

 

 

 

 

  

 

 

 

Scheme 3.22: Claisen rearrangement 

 

 

After carefully analyzing COSY and NOESY spectra of the two isomers, we found that 

the major product, 354a, had the desired trans relationship between the two allylic 
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the C(4) H and the C(3) methyl H atoms, which confirmed that C(2) allylic group was 

axial.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Steriochemistry determination of 354a using NOE 
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3.4.2.3.1 Structure and stereochemistry determination of 354a 

 

3.4.2.3.2 Proposed model for the stereochemical products for the Claisen 

rearrangement  

 

 

 

 

Scheme 3.23: Proposed model for the stereochemical products for the Claisen 

rearrangement 

 

The stereoselectivity can be explained as above (Scheme 3.23). The most stable 

conformation of 353 is half-chair with the C(7) allyl group in the equatorial position. For 

the Claisen rearrangement, 353 can go though the TS1, TS2, TS3 and TS4 transition 

states to afford 354a or 354b (Scheme 24). In TS1, the Claisen rearrangement proceeds 

on the top face to avoid the steric repulsion from C(6) axial methyl group, where TS2 

experiences steric interactions between the C(6) methyl group and the incoming allyl 

group. As a result, TS1 has lower energy, resulting in the diastereomer 354a 

predominantly. TS3 and TS4 have higher energy transitions due to steric repulsion from 

the C(4) allyl group.  
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3.4.2.4 Methyl enol ether protection, reduction and oxidation 

 

 

 

 

Scheme 3.24: Methyl enol ether protection, reduction and oxidation 

 

The ketone of -keto ester intermediate 354a was protected with trimethyl 

orthoformate and a catalytic amount of concentrated sulfuric acid in methanol to give the 

enol ether intermediate 355 in 95%  yield.
184

 The aldehyde 356 was obtained in 91% 

yield after LiAlH4 reduction followed by Dess–Martin periodinane oxidation (Scheme 

3.24).
177,178

  

Our original plan was to convert the aldehyde 346 to its cis enal with the Still–

Gennari reagent, which we used in the previous synthesis.
179

 Unfortunately, the expected 

reaction failed, possibly due to the steric crowdedness of the reaction center. As a result, 

we decided to proceed with two sequential one-carbon homologations of the aldehyde.    

 

3.4.2.5 Alkynylation 

 

 

 

 

 

 

 

Scheme 3.25: Alkynylation 
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The aldehyde 356 was then converted to keto-protected terminal alkyne 357 with 

lithiated TMSCHN2 in 66% yield. Methyl enol ether protection was crucial for this 

reaction. Other protecting groups such as a triethylsilyl group caused many equivalents 

(10 eq) of the reagents to be required, and the yields were variable (Scheme 3.25).
184,185

  

 

3.4.2.6 O-Allylation and carbonylation  

 

 

 

Scheme 3.26: O-Allylation and carbonylation 

 

The methyl enol ether 357 was transformed into its allyl enol ether 358 in 96% 

yield by refluxing in allyl alcohol and a catalytic pTsOH∙2H2O in benzene.
186

  One-

carbon homologation of alkyne 358 was carried out using palladium-catalyzed 

carbonylation in methanol to afford alkynoate 359 in 72% yield (Scheme 3.26).
187

  

 

3.4.2.7 Reduction, Claisen rearrangement and oxidation 

 

 

 

 

Scheme 3.27: Reduction, Claisen rearrangement and oxidation 
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After LiAlH4 reduction of 359, Claisen rearrangement in pyridine heated in a 

sealed tube gave the C-allylic ketone intermediate 360 in 75% yield.
186

 Dess–Martin 

oxidation then gave alkynal 361 in 78% yield (Scheme 3.27). 

 

3.4.2.8 Syn reduction of alkynal and intramolecular aldol reaction 

 

The syn reduction of the alkynal moiety of intermediate 39 was very crucial for 

the intramolecular aldol reaction. The reduction had to be carried out in the presence of 

several allyl groups in a sterically crowded environment. Palladium-catalyzed 

hydrogenation reactions are very commonly used for syn reduction of alkynes, but they 

gave multiple products in the present system, 
188-190

 including reduction of double 

bonds.
190

  

 

3.4.2.8.1 Complex with Co2(CO)8 and hydrosilylation 

 

One method for syn reduction of complex systems like this was to heat the Co2(CO)6 

complex of the sterically hindered alkyne with Et3SiH.
162

  

 

 

 

 

 

 

 

 

 

 

 

   Scheme 3.28: Complex with Co2(CO)8 and hydrosilylation 
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In the present case, alkynal 361 reacted with Co2(CO)8  to give the Co2(CO)6 

complex in 60% yield. The Co2(CO)6 complex was treated with Et3SiH and 

Me3SiC≡CSiMe3 in (CH2Cl)2 to give  (E)-α-silyl enal 362 in 58% yield with complete 

regio- and stereoselectivity (Scheme 3.28).  However, the
 1

H NMR spectrum of Co2(CO)6 

complex appeared very broad, the yields were not consistent, and the reaction was very 

slow.  

 

 

 

 

 

Scheme 3.29: Intramolecular aldol product 

 

 

Nevertheless, sufficient amounts of enal 362 were obtained to subject it to acidic 

conditions to promote an intramolecular aldol (IA) reaction. The IA product, 

bicyclo[3.3.1]-nonane intermediate 363, was obtained as two diastereomers (1:1). 

Without purification, 363 was oxidized with Dess–Martin‘s periodinane,
178

 and 

desilylation with TBAF gave the bicyclo[3.3.1]nonane target 364 in 25% yield over 3 

steps (Scheme 3.29).
191,192

 An X-ray crystallographic study of 364 established its 

structure unambiguously.  
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Figure 3.3:  X-ray data structure of 364 

 

 

The successful preparation of the 7-endo-allylbicyclo[3.3.1]nonane skeleton 

shows the validity of our approach to synthesis 7-endo PPAPs and supports our 

hypothesis on the failure of our initial route.  

 

3.4.2.8.2 Hydrostannylation  

 

Even though this is a viable route to 364, the observed poor yields for the last few 

steps restricted the amount of material for further reactions towards the target molecule. 

Examples of hydrogenation of alkynals, apart from the H2 and transition metal catalyst 

reactions, are very limited in the literature. But the Pd-catalyzed syn hydrostannylation of 

alkynoates is a well known reaction.
193,194

 Even though there was no precedent for the 

hydrostannylation of alkynals, we decided to try to hydrostannylate our alkynal 

intermediate 361.  
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Scheme 3.30: Hydrogenation  

 

The result was very surprising. Instead of hydrostannylation, we observed a 

highly stereoselective syn hydrogenation to give product 348 in 84% yield (dr = 90:10). 

If we increased the reaction temperature, larger amounts of the other isomer (trans/anti) 

were obtained. The mechanism of the above reaction is unclear at the moment (Scheme 

3.30). 

 

3.4.2.8.3 Addition of thiophenol to keto alkynal 39 

 

 

 

 

 

 

Scheme 3.31: Addition of thiophenol to keto alkynal 39 

 

In another potential approach to a cis-enal, addition of thiophenol to ynal 361 

gave enal 365 as a single diastereomer.  Unfortunately, NOESY experiments showed that 

the isomer that we obtained was the (Z)-enal, 365, which was not a suitable substrate for 

the intramolecular aldol reaction (Scheme 3.31).  In particular, the C(2) H atom of enal 

had strong NOE interaction with H atoms of C(4) allylic, C(5) methyl and aromatic ring, 

which confirmed that C(2) H atom and  aldehyde H atom were trans to each other. We 

further confirmed the stereochemistry by the chemical shift of C(2) H atom (6.61 

ppm).
195,196
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3.4.2.8.4 Structure and stereochemistry determination of 365 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Structure and stereochemistry determination of 365 

 

 

3.4.2.8.5 Intramolecular aldol and oxidation reactions 

 

 

   

 

 

 

 

 

Scheme 3.32: Intramolecular aldol and oxidation reactions 

 

The intramolecular aldol reaction of hydrostannylation product 348 under acidic 

conditions
162

 yielded both the desired aldol product and the trans isomer of the 

intermediate 348. However, under basic conditions, the intramolecular aldol product was 

observed as a clean mixture of two diastereomeric products.
197

 Without purification, the 

alcohol was oxidized with Dess–Martin periodinane to grant the bicyclo[3.3.1]nonane 

intermediate 364 in 78%  yield for the last 2 steps (Scheme 3.32).
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the alkyne alkynal 361 with Bu3SnH, intramolecular aldol reaction, and oxidation gave 

higher yields than the previous pathway towards 364. 

 

3.4.3 Attempts to form the 2,4,9-triketone system 

 

 

 

 

 

 

 

Scheme 3.33: Attempts to form the 2,4,9-triketone system 

 

Our next goal was to install the hydroxyl group on the -position of the 

intermediate 364 to afford the intermediate 320. Previous model studies of our group
190

 

and recently published results by Marazano and Delpech
198

 had shown that many 

common tools such as epoxidation across the -unsaturated double bond followed by 

ring opening and oxidation failed to give the target product.  In the dissertation of Dr. 

Ciochina, apart from the epoxidation, she attempted several pathways towards the 

formation of a 2,4,9-triketone intermediate, such as silylation, borylation, and other paths, 

but none of these routes were successful (Scheme 3.33).
190

 Therefore it was urgent and 

necessary to develop new pathways towards the 2,4,9-triketone intermediate 320.  

 

3.4.3.1. Curtius rearrangement approach  

3.4.3.1.1. Synthetic plan 1 

 

Our plan to prepare the 2,4,9-triketone intermediate is shown in Scheme 3.34. We 

thought we would introduce the methyl group or a MOM-protected hydroxymethyl group 

in a 1,2-addition to the C(2) ketone from the less hindered side. Then allylic oxidation 

with rearrangement, deprotection and oxidation might gave the keto acid which might 
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undergo  Curtius rearrangement to give the -amino enone. Acidic workup would then 

give the target intermediate. 

  

 

 

 

 

 

 

 

 

Scheme 3.34: Curtius rearrangement approach, plan 1 

 

3.4.3.1.2. 1,2-addition of Bu3SnCH2OMOM  and allylic oxidation 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.35: 1,2-addition of Bu3SnCH2OMOM  and allylic oxidation 

 

The 1,2-addition product intermediate 367 was obtained in 62% yield after the 

reaction of intermediate 364 with 366 and BuLi. 
199

 However, allylic oxidation of 367 

with PCC gave only starting material, whereas Jones oxidation
200

 and CrO3 oxidation in 

the presence of 3,5-dimethylpyrazole gave back diketone 364 (Scheme 3.35).  
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Scheme 3.36: Proposed mechanism of oxidative cleavage 

 

We hypothesized that CrO3 was capable of assisting the conversion of 367 to 

diketone 364 via the mechanism shown (Scheme 3.36). 

 

3.4.3.1.3. 1,2-addition of MeLi and allylic oxidation 

 

 

Scheme 3.37: 1,2 addition of MeLi and allylic oxidation 

 

 

The diketone 364 was transformed to alcohol 368 via 1,2-addition of MeLi in 

THF in  75% yield.
201

 Unfortunately, allylic oxidation of 368 failed with PCC. We 

observed only the 1,2-eliminated product 369 and starting diketone 364 (Scheme 3.37).  
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3.4.3.1.4. Synthetic plan 2 

 

 

 

 

Scheme 3.38: Curtius rearrangement approach, plan 2 

 

Since our previous reaction plan was unsuccessful, we devised another synthetic 

plan to prepare the 2,4,9-triketone. We thought to introduce a methyl group by 1,4-

addition to the  enone  and reinstall the double bond to give -methylated enone. Then, 

oxidation of the -methyl group to give a carboxylic acid might be followed by Curtius 

rearrangement and acidic workup to achieve the target intermediate (Scheme 3.38) 

3.4.3.1.5. Me2CuLi addition to bicyclo enone 364 

 

 

 

 

 

 

 

 

Scheme 3.39: Me2CuLi addition to bicyclo enone 364 
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Table 3.3: Reagents and conditions of Me2CuLi addition 

 

Reagent/Solvent Temperature Product 

Me2CuLi/Et2O 

(CuI/MeLi) 

   0 
o
C 368 

    −15 
o
C 368 

    −40 
o
C 368 

    −78 
o
C 368 

Me2CuLi/ TMSCl/ Et2O 

(CuI/MeLi) 

  −78 
o
C 370 

Me2CuLi/ TMSCl/Et2O 

(CuCN/MeLi) 

  −78 
o
C- −40 

o
C 370 

Me2CuLi/ Et2O 

(CuBr.Me2S/MeLi) 

  −78 
o
C- −40 

o
C 368 

 

Unfortunately, all attempts at 1,4-addition to 364 gave the unexpected 1,2-adduct 

370. We hypothesized that C(4) was too hindered, and the boat conformation of 364 

made C(4) even more hindered to methylate (Scheme 3.39) (Table 3).   
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Figure 3.2: X-ray structure of 1,2-adduct 368 

 

3.6. Experimental Section 

 

For all the compounds reported, the melting points were taken on an Electrothermal 910 

and the IR data were collected on a Nicolet Magna-IR 560 spectrometer. The 400 MHz 

1
H NMR and 100 MHz 

13
C NMR data were collected on a Varian VXR-400S. The 50 

MHz 
13

C NMR data were collected on a Varian Gemini 200. 
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 Methyl 3,5-diallyl-4,4-dimethyl-2-oxocyclohexanecarboxylate (323): 

 

A mixture of NaH (0.50 g, 12.5 mmol), dimethyl carbonate (4.24 mL, 50.0 mmol) and 

2,4-diallyl-3,3-dimethyl-cyclohexanone (1.03 g, 5.00 mmol) in dry benzene (24.0 mL) 

was refluxed for 1 hour under N2. Then, a catalytic amount of KH (10.0 mg) was added. 

The resulting mixture was further refluxed overnight at 80-83 

C. The cooled reaction 

mixture was acidified with acetic acid (2.10 mL) and partitioned with a mixture of ether 

and water. The organic layer was washed with water and brine and dried over MgSO4. 

Evaporation of the solvent left a colorless oil which was used for the next reaction step 

without further purification.  1H NMR (400 MHz, CDCl3): 12.2 (s, 1H), 5.54 (m, 2H), 

5.10 (m, 4H), 3.3 (s, 3H), 2.79 (dd, Jd = 14.10 Hz, Jd = 6.53 Hz, 1H), 2.52 (m, 1H), 2.41 

(dd, Jd = 14.79 Hz Jd = 10.32 Hz, 1H), 2.26 (m, 1H), 2.0-1.7 (m, 3H), 1.1 (m, 1H), 1.00 

(s, 3H), 0.8 (s, 3H). 
13

C NMR (400 MHz, CDCl3):  195.1, 158.6, 124.1, 123.7, 120.1, 

105.8, 103.5, 102.2, 42.7, 39.2, 29.6, 28.3, 24.4, 24.2, 20.4, 18.0, 14.6, 10.0, 9.5.  Calcd 

for  C16H24O3.  

 

 

 

322a 

 

 

 

 

Methyl (1R
*
,3S) 1,3,5-triallyl-4,4-dimethyl-2-oxocyclohexanecarboxylate (322a): 

 

A solution of crude keto ester (1.52 g, 5.00 mmol), allyl acetate (0.60 mL, 5.50 mmol), 

triethyl amine (0.50 mL, 5.50 mmol) and Pd(PPh3)4 (5 mol%, 0.28 g, 0.25 mmol) in 10 

mL of methanol was refluxed under nitrogen atmosphere overnight. The solution was 

evaporated to dryness under a vacuum, the residue was dissolved in ether and the solution 

was filtered through a short silica column. Solvents were evaporated, and the resulting 

O 
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yellow colored crude product was then chromatographed with 10% EtOAc and petroleum 

ether. The major diastereomer 322a (0.69 g, 2.30 mmol, 46%) was isolated. 1H NMR 

(400 MHz, C6D6): 5.83 (m, 2H), 5.48(m, 1H), 5.01 (m, 6H), 3.42 (s, 3H), 2.7 (dd, Jd = 

14.0 Hz Jd = 7 Hz, 2H), 2.48 (dd, dd, Jd = 7.3 Hz Jd = 3.5 Hz, 1H), 2.29 (dd,  dd, Jd = 2.4 

Hz Jd = 9.7 Hz, 1H), 2.20 (t, J = 13.5 Hz, 1H), 2.16 (dddd, Jd = 10.5 Hz Jd = 4.1 Hz Jd = 

1.5 Hz Jd = 1.8 Hz, 1H), 2.05 (dd, Jd = 14.3 Hz Jd = 3.3 Hz, 1H), 1.9 (dddd, Jd = 14.0 Hz 

Jd = 7.7 Hz Jd = 1.1 Hz Jd = 1.1 Hz, 1H), 1.52 (m, 2H), 0.8 (s, 3H), 0.3 (s, 3H).  Calcd for 

C19H28O3. 

 

 

 

2D NMR data for compound 322a 
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340 

 

 

 

(1R
*
,3R)-1,3,5-triallyl-4,4-dimethyl-2-oxocyclohexanecarboxaldehyde (340): 

 

The keto ester 322a (0.14 g, 0.46 mmol) was dissolved in 10 mL of dry ether and cooled 

to 0 

C. Then lithium aluminum hydride (0.05 g, 1.40 mmol) was added and slowly 

warmed to room temperature. The reaction mixture was stirred for 2.5 hours and again 

cooled to 0 

C, and then the reaction mixture was quenched with 0.05 mL of water, 0.05 

mL of 15% NaOH and 0.15 mL of water. White precipitate was filtered and the filtrate 

was collected in a round-bottom flask. The ether was evaporated and the crude product 

used to carry out the next reaction.  

The crude alcohol was dissolved in 3.8 mL of CH2Cl2 at room temperature. In a 

separate round-bottom flask, Dess–Martin periodinane (0.54 g, 1.3 mmol) was dissolved 
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in 1.5 mL of CH2Cl2 and added slowly to the reaction mixture. This was then stirred 4 h 

at room temperature and after the reaction was complete, 1.3 mL of 1M NaOH was added 

and the organic component was extracted with ether. The ether layer was then washed 

with water and brine and dried with anhydrous Na2SO4. The organic solvents were 

evaporated and the remaining crude oil was chromatographed with 5% ethyl acetate and 

petroleum ether to give 0.064 g (50%, 0.232 mmol) of 340. 1H NMR (400 MHz, CDCl3): 

 9.48 (s, 1H), 5.57 (m, 1H), 5.52 (m, 2H), 5.05 (m, 6H), 2.74 (m, 1H), 2.44 (m, 2H), 

2.23 (m, 2H), 1.75 (m, 1H), 1.60 (m, 3H), 1.42 (m, 1H), 0.85 (s, 3H), 0.38 (s, 3H). Calcd 

for  C18H26O2.  

 

 

 

 

 342 

 

 

 

Methyl (Z)-3- ((1R
*
,3R)-1,3,5-triallyl-4,4-dimethyl-2-oxocyclohexyl)acrylate  (342): 

A solution of  bis(2,2,2-trifluoroethyl) (methoxycarbonylmethyl)phosphonate (0.3 g, 1.0 

mmol) in 20 mL of dry THF was cooled to –78 

C under nitrogen and treated with 

NaHMDS (0.5 mL, 2.0 M in THF, 1.0 mmol). The keto aldehyde 340 (0.27 g, 1.0 mmol) 

was then added and the resulting mixture was stirred for 1 h at –78 

C. TLC was taken 

and the reaction was quenched with saturated NH4Cl.  The products were extracted into 

ether ( 3 mL). The ether layer was then washed with water and brine and dried with 

anhydrous Na2SO4. The organic solvents were evaporated and the remaining crude oil 

was chromatographed with 5% ethyl acetate and petroleum ether to give 0.27 g (0.82 

mmol, 82%) of 342. 1H NMR (400 MHz, CDCl3): 6.60 (d, 13.07 Hz, 1H), 5.91 (d, 

13.07 Hz, 1H), 5.70 (m, 2H), 5.41 (m, 1H), 4.02 (m, 6H), 3.68 (s, 3H), 2.95 (m, 2H), 2.61 

(m, 1H), 2.58 (m, 2H), 2.41 (m, 2H), 2.10 (m, 1H), 1.95 (m, 1H), 2.64 (m, 1H), 1.14 (s, 

3H), 0,63 (s, 3H). 
13

C NMR (400 MHz, CDCl3): 210.0, 166.7¸147.4, 138.6, 137.8, 
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133.1, 121.1, 118.4, 116.4, 115.3, 56.8, 54.2, 51.2, 43.8, 42.4, 40.7, 38.0, 34.7, 28.2, 27.2, 

15.2. Calcd for  C21H30O3. 

 

 321 

 

 

(Z)-3-((1R
*
,3R)-1,3,5-triallyl-4,4-dimethyl-2-oxocyclohexyl)acrylaldehyde (321): 

The enester 342 (0.14 g, 1.00 mmol) was dissolved in 20 mL of dry ether and cooled to 0 


C. Lithium aluminum hydride (0.11 g, 2.80 mmol) was added and slowly warmed to 

room temperature. The reaction mixture was stirred for 4 hours and again cooled to 0 

C, 

and then the reaction mixture was quenched with 0.1 mL of water, 0.1 mL of 15% NaOH 

and 0.3 mL of water. White precipitate was filtered and the filtrate was collected into a 

round-bottom flask. The ether was evaporated and the crude products used to carry out 

the next reaction.  

The crude alcohol was dissolved in 8 mL of CH2Cl2 at room temperature. In a 

separate round-bottom flask, Dess–Martin periodinane (1.08 g, 2.60 mmol) was dissolved 

in 3 mL of CH2Cl2 and added slowly to the reaction mixture. This was then stirred 4h at 

room temperature and after the reaction was completed, 2.6 mL of 1 M NaOH was added 

and the organic component was extracted with ether. The ether layer was then washed 

with water and brine and dried with anhydrous Na2SO4. The organic solvents were 

evaporated and the remaining crude oil was chromatographed with 5% ethyl acetate and 

petroleum ether to give 0.15 g (0.50 mmol, 50%) of 2. 1H NMR (400 MHz, CDCl3): 

9.53 (d, 7.91 Hz, 1H), 6.52 (d, 12.73 Hz, 1H), 5.99 (dd, Jd = 12.73 Hz, Jd = 8.26 Hz, 

1H), 5.71 (m, 2H), 5.43 (m, 1H), 5.0 ( m, 6H), 2.86 (dd, Jd = 14.1, Jd = 6.88 Hz, 1H), 2.58 

(m, 3H), 2.41 (ddd, Jd = 16.51 Hz, Jd = 5.16 Hz, Jd = 2.4 Hz, 1H), 2.31 (dd, Jd = 14.1 Hz, 
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Jd = 3.78 Hz, 1H), 2.23 (ddd, Jd = 13.07 Hz, Jd = 7.23 Hz, Jd = 1.38 Hz, 1H), 1,94 (m, 

1H), 1.58 (m, 2H), 1.1 (s, 3H). 
13

C NMR (400 MHz, CDCl3):  209.9, 192.0, 150.1, 

138.0, 137.3, 131.64, 131.1, 120.0, 117.0, 115.9, 57.3, 55.3, 43.8, 43.6, 42.7, 41.8, 34.6, 

28.0, 27.0, 15.4. Calcd for  C20H28O2.                        

 

 

 

346 

 

 

 

(2Z,4aR
*
,6R,9S)-4a,6,8-Triallyl-7,7-dimethyl-4a,5,6,7,8,8a-hexahydro-2H-chromen-

2-one (346): 

The enal 342 (0.03 g, 0.10 mmol) was dissolved in THF (0.50 mL) and 
t
BuOK was added 

slowly at the room temperature. Then the mixture was stirred for 3 h and TLC was taken. 

The reaction was quenched with water and extracted with ether (5 mL). The ether layer 

was then washed with water and brine and dried with anhydrous Na2SO4. The organic 

solvents were evaporated and the remaining crude oil was chromatographed with 5% 

ethyl acetate and petroleum ether. 1H NMR (400 MHz, CDCl3):  6.63 (d, 9.63 Hz, 1H), 

6.0 (m, 1H), 5.9 (d, 9.28 Hz, 1H), 5.56 (m, 2H), 5.0 (m, 6H), 4.0 (d, 12.04 Hz, 1H), 2.44 

(dd, 8.26 Hz, 1H), 2.30 (m, 1H), 2.20 (m, 4H), 1.65 ((ddd, Jd = 10.04 Hz, Jd = 5.16 Hz, Jd 

= 4.470Hz, 1H), 1.55 (m, 1H), 1.42 (m, 1H), 1.25 (s,3H), 0.66 (s, 3H).
13

C NMR (400 

MHz,CDCl3):  



Calcd for  C20H28O2. 
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350 

 

 

Methyl 5-allyl-6,6-dimethyl-2-oxocyclohexanecarboxylate (350): 

 

To a stirred suspension of copper(I) iodide (1.90 g, 10.0 mmol ) in dry diethyl ether (41.5 

mL) at –5 

C, MeLi (1.6 M in diethyl ether, 12.5 mL, 20.0 mmol) was added under 

nitrogen atmosphere. The mixture was stirred at the same temperature (–5 

C) for 1 h, 

and  4-allyl-3-methylcyclohexenone (0.75 g, 5.0 mmol) in 3.6 mL of dry diethyl ether 

was added very slowly. The reaction mixture was stirred for 1 h further at 0 

C. HMPA ( 

6 mL, 36 mmol) was then added dropwise under vigorous stirring.  The mixture was 

cooled to –78  

C, and methyl cyanoformate (2.4 mL, 24 mmol) and diethyl ether (6 mL) 

were added slowly. The dry ice bath was removed, and the mixture was allowed to warm 

to room temperature. After stirring 1 h at room temperature saturated aqueous NH4Cl/ 

NH4OH solution was added and the organic phase was extracted multiple times with 

ether. The organic layers were combined, washed with brine and dried with anhydrous 

NaSO4, and the solvent was evaporated. The resulting yellow crude product was then 

chromatographed with 10% EtOAc and petroleum ether and 1.59 g (71%, 7.1 mmol) of a 

mixture of diastereomers (350) was isolated. 1H NMR (400 MHz, CDCl3):  11.92 (s, 

1H), 5.79 (m, 1H), 5.0 (m, 2H), 3.7 (s+m, 3H), 3.1 (s, 1H), 2.82 (m, 1H), 2.38 (m, 2H), 

2.2 (m, 1H), 2.05 (m, 1H), 1.70 (m, 1H), 1.4 (m, 1H), 1.05 (s+s, 3H), 0.83 (s+s, 3H). 

Calcd for  C13H20O3.   
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353 

 

 

Methyl 5-allyl-2-allyloxy-6,6-dimethyl-1-cyclohexenecarboxylate (353): 

 

NaH (60% in oil, 0.53 g, 13.1 mmol) was washed with petroleum ether (10.0 mL, 3 

times) in a 100 mL round-bottom flask and THF (26 mL) was added. The suspension was 

cooled to 0 

C, and methyl 3-allyl-2,2-dimethyl-6-oxocyclohexanecarboxylate (350) 

(2.54 g, 11.4 mmol) in THF (26 mmol) was added dropwise over 5 min. The ice bath was 

removed and the reaction mixture was allowed to warm to room temperature. The 

reaction was stirred at room temperature for 1 h and allyl bromide (1.15 mL, 13.1 mmol) 

dissolved in THF (1.40 mL) was added dropwise. After the addition, the reaction mixture 

was stirred at 60 

C for 36 h. TLC was taken, and the reaction mixture was then cooled in 

an ice bath with water (10 mL) added dropwise. The organic components were extracted 

with ether (20 mL, 3 times) and the organic layers were combined, washed with water 

and brine, dried with anhydrous NaSO4 and filtered. The filtrate was evaporated under 

reduced pressure. The crude oil was chromatographed with 10% ethyl acetate and 

petroleum ether to give 2.25 g (75%, 8.55 mmol) of 353. 1H NMR (400 MHz, CDCl3): 

5.85 (m, 1H), 5.73 (m, 1H), 5.26 ( d, 17.12 Hz, 1H), 5.13 ( d, 10.79 Hz, 1H), 5.0 (m, 

2H), 4.23 (s, 2H), 3.71 (s, 3H), 2.3 ( d, 13 Hz, 1H), 2.14 (m, 1H), 1.8 (m, 1H), 1.68 (dd, 

Jd = 23.08 Hz Jd = 10.05 Hz, 1H), 1.4 (m, 1H), 1.28 (m,1H), 1.07 (s, 3H), 0.8 (s, 3H). 13C 

NMR (400 MHz, CDCl3):  170.2, 152.2, 138.3, 121.6, 116.7, 116.2, 68.6, 51.5, 43.4, 

36.1, 34.0, 27.3, 24.1, 22.6, 22.5.  Calcd for  C16H24O3. 
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354a 

Methyl (4R*,6S)-1,3-diallyl-2,2-dimethyl-6-oxocyclohexanecarboxylate: (354a) 

 

Methyl 5-allyl-2-(allyloxy)-6,6-dimethyl-1-cyclohexenecarboxylate (353) (2.18 g, 8.27 

mmol)  and dry toluene (26 mL) were heated at 150 

C for 8 h in a sealed (pressure) tube. 

TLC was taken, toluene was removed and crude oil was chromatographed with 10% ethyl 

acetate and petroleum ether to give 2.18 g (100%, 8.27 mmol) of  354a in 3:1 

diastereomeric ratio. 1H NMR (400 MHz, CDCl3): 5.70 (m, 1H), 5.60 (m, 1H), 5.01 

(m, 4H), 3.70 (s, 3H), 2.72 (m, 1H), 2.55 (m, 2H), 2.37 (ddd, Jd = 12.86 Hz, Jd = 5.55 Hz, 

Jd = 1.76 Hz, 1H), 2.22 (m, 1H), 1.94 (m, 1H), 1.81 (m, 2H), 1.58 (m, 1H),  1.05 (s, 3H), 

0.9 (s, 3H). 13C NMR (400 MHz, CDCl3):  207.6, 171.1, 137.6, 134.0, 117.5, 116.5, 

68.7, 51.5, 42.6, 42.5, 38.0, 35.3, 33.8, 25.2, 24.6, 21.5 IR (neat): 3076, 2976, 2948, 

1745, 1713, 1639, 1434, 1225 cm-1. Calcd for  C16H24O3.   
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2D NMR data for 354a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


