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Abstract:  Studies directed towards strategies for construction of neodolastane diterpenes have 

culminated in the total synthesis of trichoaurantianolides C and D.  This account describes the 

most challenging aspects of the proposed lines of inquiry, and unanticipated results, encountered 

in the pursuit of these ideas.  Methodology development defined new knowledge of reactivity and 

stereoselectivity for advancements in organic synthesis.  Efforts explore issues of stereocontrol in 

the formation of highly substituted cycloheptane ring systems  Regioselective oxidation reactions 

are also described.  Several cyclization processes are examined in the course of the study. 

Keywords:  Natural products, Total synthesis, Neodolastanes, Diterpenes, Stereoselective 

cyclizations, Regiocontrolled oxidations, p-Allyl Stille reactions, Trichoaurantianolides 
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1.  INTRODUCTION 

Several years ago, a small family of diterpenoid natural products attracted our attention as novel 

targets for synthesis studies.  Initially, four compounds were independently characterized by the 

research teams of Vidari1 and Steglich.2  Trichoaurantianolides A–D (1–4 of Figure 1) were 

isolated from fruiting bodies of the mushrooms Tricholoma aurantium and Tricholoma fracticum 

in 1995.   

 

FIGURE 1  Trichoaurantianolides A–D and related metabolites. 

 Subsequent efforts of Stermer and coworkers3 described the isolation of the closely-related 

lepistal (5) and lepistol (6) of Figure 2 as the corresponding C8 deoxygenated compounds of this 

family.  In addition, the corresponding acetate of trichoaurantianolide B was discovered and named 

as 6-O-aetyltrichoaurantin (7).2  Structure assignments were based upon extensive NMR studies, 

and the features of relative stereochemistry were confirmed by an X-ray crystallographic analysis 

of trichoaurantianolide B (2).1b,2  These original investigators described the trichoaurantianolides 

as examples of a new class of diterpenes named as neodolastanes that signified a structural 

relationship to the tricyclic metabolites of marine origins known as dolastanes as represented by 

dolatriol (8)4 and the clavularane 95 of Figure 2.  Neodolastanes were defined as substances in 

3  (Trichoaurantianolide C)
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which the bridgehead methyl substituent appears in a vicinal relationship with respect to the 

isopropyl group as exemplified in 4,5-deoxyneodolabelline (10) of Figure 2, a related class of 

marine natural products.6   

 

FIGURE 2  Examples of related marine natural products. 

 Steglich and coworkers2 also indicated an assignment of absolute stereochemistry for 2 that 

was based on Hamilton’s applications of linear-hypothesis testing of crystallographic data.  This 

seldom-used technique was in agreement with the proposed absolute configuration of 2 that was 

advanced by Vidari, based on an assessment of the observed Cotton effects in CD spectroscopy.  

In 2003, Ohta and coworkers7 reported the discovery of related neodolastanes tricholomalides A, 

B, and C (structures 11, 12, and 13 of Figure 3) from Tricholoma sp.  They concluded that the 

tricholomalides possessed the opposite absolute configuration claimed for the 

trichoaurantianolides.  This conclusion was based upon the independent analysis of their circular 

dichroism studies. 

 

FIGURE 3  Tricholomalide structures and revisions. 
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 By application of the octant rule for substituent effects on cisoid a,b-unsaturated ketones,8 

Ohta and coworkers suggested a revision of the prior assignment of absolute configuration for the 

trichoaurantianolides.  This assertion was advanced in spite of the consistently positive specific 

rotations recorded in different solvents for trichoaurantianolides A, B, and C1,2 versus the negative 

values of tricholomalides A (11) and B (12) (compare values in Figure 1 and Figure 3).  Note that 

tricholomalide C (13) only differs from trichoaurantianolide B (2) as a C-8 diastereomeric alcohol, 

presented in the antipodal series.  The specific rotation of 13 was of little value since it was 

recorded as [a]25D   0° (c 0.01, MeOH).
7  In 2006, Danishefsky described a pathway for the total 

synthesis of racemic tricholomalides A and B, and this effort led to a revision of the relative C-2 

stereochemistry (Figure 3; revised structures 14 and 15).9  It seemed rather unusual that genetically 

similar fungi would produce closely related metabolites as enantiomers, but certainly this is not 

unprecedented.  As a starting point, this issue lacked clarity, and we concluded that our synthesis 

plans must unambiguously address the issues of absolute configuration.   

 The chemistry of dolabellane and dolastane diterpenes has been reviewed.10  The proposed 

pathway for biosynthesis of the trichoaurantianolides and related compounds (Figure 4) follows 

an established sequence from geranylgeranyl pyrophosphate (16) which undergoes p-cation 

cyclization to initially form the eleven-membered ring of 17.  The event is followed by a second 

cyclization to form the dolabellane cation 18, and this [9.3.0]cyclotetradecane skeleton is central 

to several families of natural products.  Direct capture or elimination from 18 leads to the 3,7-

dolabelladiene 19, which presents the most common pattern of unsaturation within this class.  

Compounds within this group are traditionally numbered beginning with C-1 as the bridgehead 

carbon bearing the methyl group rather than following the connectivity presented in 

geranylgeranyl 16.  The cation 18 also undergoes a 1,2-hydrogen migration and elimination which 
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leads to a transannular cyclization yielding the 5-7-6 tricyclic dolastane 20.  The secodolastanes, 

represented by 21, are a small collection of marine natural products which arise from oxidative 

cleavage of C10–C14 in the parent tricycle 20.  In analogous fashion, the neodolabellane structure 

22 is produced from 18 by stereospecific backbone migrations that result in the vicinal placement 

of the bridgehead methyl and isopropyl substituents.  Transannular cyclizations, stemming from 

22, yield the class of neodolastane diterpenes (23).  Trichoaurantianolides and the related lepistal 

A (5) are the result of oxidations and cleavage of the C-ring (C4–C5) of 23, which leads to the 

features of an unusual butyrolactone system. 

 

FIGURE 4  Biogenetic origins of neodolastanes. 

 The guanacastepenes, such as 24,11 and heptemerones, such as 25,12 are primary examples 

of the 5-7-6 neodolastane family and these metabolites have also been isolated from fungi sources.  

A characteristic structural feature is the vicinal, syn-relationship of the bridgehead methyl and 

isopropyl substituents as compared to the 1,3-trans relationship found in dolastanes (Figure 2, 

structures 8 and 9).  Guanacastepenes have proven to be attractive targets for synthesis studies.11,13  
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However, these fungal metabolites exhibit the antipodal, absolute stereochemistry as compared to 

neodolastanes from marine origins, such as sphaerostanol (26) (Figure 5).14   

 

FIGURE 5  Stereochemical comparison of guanacastepenes and neodolastanes of marine origin. 
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 A significant aspect of our analysis sought to establish the desired anti stereochemistry for 

the fully substituted stereogenic centers at C-7 and C-10 of the cycloheptane in 28.  It is at this 

point that a conceptual basis of our strategy is truly revealed.  We have illustrated two five-

membered rings in structure 29, which are attached via a short (one-carbon) linker.  Our proposal 

will examine the formation of the central, seven-membered ring of 28 with stereoselectivity that 

is controlled by the elements of chirality within the smaller rings.  The idea would use the intact 

five-membered rings of 29, and especially the asymmetry of C-2 and C-10 to achieve selective 

formation of the anti-dimethyl arrangement.  We chose the butenolide and aldehyde of 29 as the 

motif for advancing a reductive cyclization, and this concept was reinforced by modeling that 

predicted a minimization of steric interactions leading to the desired outcome.  We were confident 

of a route for preparation of 30, but preliminary studies would be necessary to design an efficient 

approach to attach the nonracemic butenolide moiety of 29. 

 

SCHEME 1  Retrosynthetic analysis. 
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3.1.  A Modest Beginning 

The rationale of Scheme 1 was particularly appealing because we readily found literature 

precedents for the proposed intramolecular reductive cyclization.  Although relatively few studies 

had reported reductive coupling reactions to yield seven- and eight-membered rings,15 Tori and 

coworkers16 had described the SmI2 reduction of the unrestricted enone of 31 to produce 

approximately equal amounts of four diastereomers of 32, whereas Arimoto and coworkers 17 had 

illustrated high stereoselectivity for the conversion of 33 to 34. 

 

 In support of Scheme 1, we also recognized a convenient route for the preparation of the 

nonracemic cyclopentane component 30, which had been explored in our prior studies for the 

synthesis of (+)-4,5-deoxyneodolabelline.6  This sequence is illustrated in Scheme 2, utilizing the 

racemic ketone 35, which we had prepared on a large scale.  Application of the CBS reduction18 

afforded a separable 1:1 mixture of diastereomeric alcohols 36 and 37, and the desired 36 was 

submitted to the Ley oxidation19 for conversion to the chiral hydrazone derivative 38.  
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alkenyl iodide 39 following a concept introduced by Barton and coworkers.20  The hydrazone 38 

is oxidized by iodine to produce the diazo intermediate 41 and the elimination of nitrogen in 42 

gives the enantioenriched alkene 39.  Reactions are run under anhydrous conditions to avoid 
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significant building block that contained two chiral centers including the important, quaternary C-

10 asymmetry.  The iodide 39 proved to be a useful intermediate for cross-coupling reactions and 

for halogen-metal exchange processes.  In this case, the transformation of 39 to the allylic alcohol 

44 of Scheme 2 was especially effective by the halogen-metal exchange using n-butyllithium.   

 

SCHEME 2  Preparation of enantioenriched cyclopentene 41. 

 Preliminary studies explored a convergent route toward the preparation of nonracemic 

lactone 29 of Scheme 1 using the facile metalation of iodide 39.  In fact, the reorganization of the 

readily available, six-membered lactone of 46 to the desired butenolide 29, illustrated in Scheme 

3, appeared plausible.  It also advantageously secured the correct C-10 stereochemistry via opening 

of the terminal epoxide of 45.  The idea was initially explored with racemic epoxylactone 45, 

which was prepare by the three-step route shown in Scheme 4.  This effort could be readily adapted 

toward a nonracemic synthesis.  However, subsequent experiments, which transformed the alkenyl 

iodide 39 into the higher order cuprate to facilitate oxirane ring-opening, resulted in the exclusive 

(±)-35

O

TBSO
CH3 CH3
H3C TBSO

CH3 CH3
H3C

36

HO

+

TBSO
CH3 CH3
H3C

37

HO
(+)-CBS, BH3•SMe2
THF; 40 °C (85%)

(dr 1:1)

1.  TPAP; NMO (95%)

2.  H2NNH2; Et3N
      EtOH (96%)

TBSO
CH3 CH3
H3C

38

N
H2N

I2; THF

TMG (68%)
TBSO

CH3 CH3
H3C

39

I

TBSO
CH3 CH3
H3C

R

43  R = COOEt
44 R = CH2OH

1.  nBuLi; THF
     EtO2CCl (99%)

2.  DIBAL
     CH2Cl2 at –78 °C
     (80%)

Mechanism of vinyl iodide formation:

RO
CH3 CH3
H3C

N

40

RO
CH3 CH3
H3C

N

41

RO
CH3 CH3
H3C
39

I

RO
CH3 CH3
H3C

N2

42

I
NNI H

–HI –N238



 11 

formation of the novel triene 50.  This unanticipated product arose from a surprising SN2' reaction 

with 45, and subsequent dehydration of 49.  The use of the organolithium species of 39 was totally 

ineffective. 

 

SCHEME 3  Attachment of the unsaturated lactone. 

 

SCHEME 4  Preparation of 45 and the cuprate addition reaction yielding 50. 

3.2.  The p-Allyl Stille Reaction 

Concomitantly, alternative routes to incorporate the C-10 chirality proved more profitable.  We 

planned to use the allyl alcohol 44 (Scheme 2) to extend the carbon framework, and then introduce 

the desired C-10 stereochemistry via the asymmetric Sharpless epoxidation.21  These efforts were 

advanced by studies of the p-allyl Stille cross-coupling reaction.22  As summarized in Scheme 5, 

the conjugate addition of tri-n-butylstannyl cuprate with alkynyl ester 51 yielded the (Z)-a,b-

unsaturated 52 (>98% stereoselectivity) when reactions were quenched after warming to 22 °C.  

Conversely, the (E)-product 52 (<99% stereoselectivity) was obtained by syn addition of the 

cuprate and a kinetic quench at –78 °C by inclusion of methanol.23  Thus, the pure Z- and E-isomers 

O

TBSO

O

HO

CH3 H3C

O
CH3

I

TBSO
CH3

O

O
H3C

O

39

45

46 29

OR
O

O

H

10

1.  30% H2O2/H2O
     Triton B, THF (78%)

2.

     N,N’-diisopropylcarbodiimide
     DMAP, CH2Cl2 (85%)

HO P(OEt)2

O O
H3C

O O P(OEt)2

O O

O

3.  LiCl, CH3CN

DBU
(89%)

O

H3C

O

O

O
O

CH3

CH3
CH3

TBSO
H3C

50 49

TBSO

I

CH3

39

H3C OH

O

47
48

45

HO H3C

H

CH3

O

RO

nBuLi/THF
LiCuCN (2-Th)
–78 °C
then:  add 45



 12 

52 and 53 were available and examined in the Stille cross-coupling with the allylic acetate 54.  To 

our delight, stereocontrol was observed in both cases using Pd(PPh3)4 to provide good yields of 

the trisubstituted olefins 55 (85%) and 56 (67%).  The DIBAL reductions to the corresponding 

nonconjugated 2,5-diene-1-ols proceeded smoothly.  However, the Sharpless asymmetric 

epoxiodation (SAE) of the E-allylic alcohol resulted in poor diastereofacial selectivity (dr 65:35) 

under optimized conditions using L-diisopropyl tartrate (0.12 equiv) and Ti(OiPr)4 (0.1 equiv).  On 

the other hand, the Z-allylic alcohol from 56 afforded the epoxide 58 in 75% (dr 92:8).  

 

SCHEME 5  Preparation of (E)- and (Z)-epoxy alcohols 57 and 58. 

 The assignment of epoxide stereochemistry in our experiments was assumed based upon 
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alcohol of 60, and the acylation of the hindered alkoxide of 60 with freshly distilled acryloyl 

chloride afforded the ester 61 (70%).  This material was immediately subjected to conditions for 

ring-closing metathesis (RCM).25  As anticipated, the Grubbs II catalyst26 was especially effective 

for the production of the five-membered lactone 62 (>95% yield) with mild heating at 70 °C.  With 

the butenolide 62 in hand, we devised conditions to introduce the remaining vinylic methyl group 

by utilizing a standard tactic that involved the conjugate addition of dimethylcuprate with lactone 

62 followed by selenylation of the resulting enolate.  Oxidative elimination created the fully 

substituted lactone of 63, and fluoride deprotection gave 64.   

 

SCHEME 6 Formation of butenolide 64. 
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(DMPU), effectively altered the oxidation/reduction potential of the medium.30,31  As shown in 

Scheme 7, the aldehyde 65 was generated by a mild Dess–Martin oxidation32 of 64 (92% yield); 

however, initial attempts for SmI2 cyclization in anhydrous THF containing methanol (2.2 equiv) 

led only to recovered starting material.  Subsequent use of HMPA as a cosolvent (THF/HMPA, 

10:1 by volume) gave the desired products 67a and 67b (dr 85:15) in 30% yield accompanied by 

an equal amount of the reduced butyrolactone 68 as a mixture of diastereomers.  The fact that the 

aldehyde had not been reduced in 68 led us to conclude that reactions were initiated by introducing 

an electron into the butenolide with subsequent protonation.  SmI2 cyclizations were then 

examined in the absence of a proton source.  Under these conditions, an excess of SmI2 (6 equiv) 

was required for consumption of the starting material at 0 °C, but substantial amounts of 

byproducts were also observed.  With the introduction of anhydrous tert-butanol, in addition to 

HMPA, the yield of the desired cyclization was increased to 63% (dr 67:33) with a significant 

reduction in side products.  The cycloheptanols were purified via flash chromatography and 

characterized by 2D NMR analysis.  Significantly, the 2D-NOESY studies of the major isomer 

67a provided key correlations between the C-7 methyl and the C-2 methylene substituents to 

support the assignment of the cis-fused lactone.  The stereochemistry of the C-8 hydrogen and C-

10 methyl as well as the a-hydrogen at C-1 was also established by 2D-NOESY.  The minor 

product 67b displayed the expected correlations of the b-hydrogen at C-8 with the C-2 and C-7 

alkyl groups.  The tethered arrangement of 65 provided a conformational bias for facial selectivity 

via initial production of the ketyl radical 66.  Thus, the 7,10-anti-dimethyl substitution pattern in 

67a and 67b is enforced by a minimization of steric requirements and ring strain leading these cis-

fused lactones.  Oxidation of the mixture of alcohols yielded the ketone 69 as a crystalline solid, 

and X-ray analysis unambiguously confirmed the relative stereochemistry of the tricyclic system.33  
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These data also established the absolute configuration at C-2 arising from the Sharpless 

epoxidation of Scheme 6.34 

 

 

SCHEME 7  Formation of the tricyclic core of the trichoaurantianolides. 
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the large-scale production of 73.  This stannane proved to be an excellent substrate for the p-allyl 

Stille cross-coupling and gave the tetrasubstituted alkene 74 in 88% yield with net retention of 

olefin geometry.  In fact, this effective cross-coupling may be the methodology of choice for the 

preparation of highly substituted, stereodefined 1,4-dienes.  Furthermore, the application of the 

SAE showed improvements of stereo- and regioselectivity for the production of the epoxy alcohol 

75 (dr 87:13).  Subsequent steps culminating in the RCM with the Grubbs II catalyst were 

uneventful based on the prior efforts of Schemes 6 and 7.  Thus, the robust synthesis pathway of 

Scheme 8 afforded significant quantities of the tricyclic 67a and encouraging prospects for a rapid 

completion of the total synthesis.   

 

SCHEME 8  Streamlined preparation of tricyclic 67a. 

4.  TACTICS FOR FUNCTIONALIZATION OF THE BRIDGEHEAD SUBSTITUENT 

Two objectives remained for completion of the synthesis.  The first task required creation of the 

appropriately functionalized, vinylic C-2 substitution, and the second, seemingly straightforward, 

objective would be to devise an oxidation protocol to transform the cyclopentane into the desired 

enone.  The efforts of Scheme 9 began with studies of the allylic oxidation of acetate 77, which 

1.  Me4NOH, TF2O (88%)
2.  DIBAL at –78 °C (88%)

3.  LDA, THF, nBu3SnH
     then:  add CuCN
     then:  add triflate
     –78 °C —> –20 °C (79%)

71  (X = OTf; R = COOEt)
72  (X = OTf; R = CH2OH)
73  (X = SnBu3; R = CH2OH

Pd(PPh3)4 (cat)
LiCl, CuCl, DMSO

(88%)

EtO

BnO

O
CH3

O

70

R

BnO

CH3

X

BnO OH

CH3

TBSO
CH3

AcO

TBSO
CH3

54

74

Ti(OiPr)4
D-DIPT

tBuOOH
4Å MS (75%)

BnO OH

CH3

TBSO
CH3

75  (dr 87:13)

OBn

H3C
CH3

TBSO
76

HO steps

see
Scheme 6

ring closure

see
Scheme 7

O

H3C
OH

CH3

O

OBn

67a

O



 17 

led to the b-alcohol 78 using SeO2.  This reaction occurred with excellent regiocontrol and resulted 

in a small amount of the epimeric C-1 a-alcohol (11%).  The O-alkylation of alcohol 78 was 

achieved by treatment with Ac2O and acetic acid in DMSO for the generation of the electrophilic 

intermediate of a Pummerer rearrangement38 with subsequent nucleophilic capture by the C-1 

hydroxy group.  This reaction was essentially a quantitative conversion, and the resulting 

thiomethyl acetal was immediately oxidized to the corresponding sulfone using ammonium 

molybdate tetrahydrate39 under mild conditions with subsequent deprotection to give the primary 

alcohol 79 (71% over 3 steps).  Oxidation of 79 using the Dess–Martin periodinane32 and 

introduction of the Gilbert–Seyferth reagent,40 dimethyl(diazomethyl)phosphonate, resulted in the 

terminal alkyne 80 in a quantitative conversion (>96% yield).  This effective four-step sequence 

led to exploration of five-exo-digonal cyclizations using 80 in accordance with Baldwin’s rules 

for ring closures.41  Attempts of carbanion or radical-mediated cyclizations of 80 failed to produce 

81  (X = SO2CH3 or H).  Reductive conditions using SmI (THF, HMPA) at –78 °C led to further 

disappointment and the isolation of methyl ether 82. 

 

SCHEME 9  Formation of alkyne 80. 
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 Several experiments examined other oxidations of the cyclopentane moiety of 77.  For 

example, epoxidations of various protected derivatives of tricycle 77 were followed by typical 

reagents for base-induced isomerization of the resulting b-epoxide to an allylic alcohol.42  

However, these attempts led to the backbone migration of the bridgehead methyl substituent.  

Subsequently, dihydroxylation of 77 (Scheme 10) required DMAP for activation of OsO4,43 and 

produced a separable mixture of b-diol (75%) and a-diol (25%) derivatives.  These isomers were 

individually advanced upon conversion to their corresponding acetonides 83 and 84.  

Hydrogenolysis of 83, oxidation, and the use of the Gilbert–Seyferth reaction40 gave the alkyne 

85.  Furthermore, a noteworthy, regioselective, molybdenum-catalyzed hydrostannylation44 

proceeded in high yield to give 86.  This route also permitted easy access to the corresponding 

vinyl iodide 87.  Similar advances were recorded with the b-acetonide 84 via conversion to the 

methyl ketone 88 for low temperature deprotonation leading to isolation of the enol triflate 89.  

The triflate was transformed into the enone 90 via mild hydrolysis, IBX oxidation45 to the a-

hydroxyketone, and facile elimination using SOCl2 and pyridine.  Thus, we were within striking 

distance of our goal, which required the addition of a single methylene (C-4).  Considerable efforts 

to execute various cross-coupling reactions46 and carbonylations47 of 86, 87, 89, and 90 using a 

variety of catalysts failed miserably.  Rapid destruction of these starting materials indicated the 

absence of the butyrolactone moiety via a palladium-induced elimination of the allylic ester 

functionality.  
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SCHEME 10  Formation of C-3 vinylic derivatives. 
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expected ketone 93.  Secondly, methylmagnesium bromide was added to the hindered ketone, 

resulting in the unanticipated acyloin rearrangement to yield varying amounts of 94 as a single 

diastereomer.  The alternative use of methylcerium reagent (CH3Li, CeCl3) favored formation of 

the eight-membered 94, which was produced by a selective migration of the neighboring 

methylene in 93.  After these initial frustrations, we found that newly purchased bottles of 

methyllithium in ether afforded the desired diol 95 in moderate yields (40% yield, 83% brsm) 

without accompanying amounts of ketone 94.  The stereochemistry of 95 has been illustrated with 

the expectations of a chelation-controlled addition since a single isomer was obtained, but this 

detail could not be unambiguously determined using NMR techniques.  Indeed, this is a very 

challenging task since the diol 95 has incorporated three contiguous fully substituted carbons.  

Dihydroxylation of 95 was followed by selective removal of the primary silyl ether and TEMPO 

oxidation50 to produce the key intermediate 96.  We were positioned to complete the total synthesis 

upon the elimination of two equivalents of water only to face disappointment once again as a 

variety of procedures for dehydration, including the use of Martin sulfurane,51 Burgess reagent52 

or mesyl chloride, led to a multitude of products. 
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SCHEME 11 The double elimination approach. 

6.  NEW PLAN AND RENEWED OPPORTUNITIES 

It was time to revise the original retrosynthetic analysis to accommodate this body of results.  An 

alternative plan is illustrated in Scheme 12, and it includes two significant features that are based 

on positive and negative results of the prior studies.  These plans recognize trichoaurantianolide B 

(2) as a logical precursor of an internal conjugate addition, reasonably incorporating the 

advantages of the efficient and stereocontrolled assembly of the tricyclic core of 77.  Secondly, 

our revised plan generates the C-2 stereochemistry using ketone 99 for nucleophilic addition of 1-

trimethylsilyl-2-propenyllithium as an ideal synthon for the allylic alcohol.  Thus, a key 

transformation toward construction of trichoaurantianolide B effects a late-stage oxidation of 

allylsilane 97 to produce the desired alcohol for conjugate addition.  

 

SCHEME 12  The revised retrosynthetic approach. 
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stemming from major b-diol 101, and a-diol 102, (Scheme 13).  TEMPO oxidation50 of the diol 

101 led to syn-elimination upon treatment with thionyl chloride in pyridine to yield the expected 

enone 103 (64%), whereas the application of these same steps to the diastereomeric 102 gave the 

trans-fused cyclopentanone 104.  This divergent reactivity was attributed to the facile internal 

backside displacement of a reactive sulfonyl ester, produced by reaction of the a-hydroxyketone 

with thionyl chloride.  The novelty of this transformation has illustrated seemingly disfavored 

characteristics that involve the nucleophilic attack of a benzyl ether at a fully substituted carbon 

via a crowded transition state and the production of a trans-fused five-membered ring system.  

Nevertheless, sufficient quantities of the desired enone 103 were available from the major diol 

101, and these efforts were advanced by hydride reduction and protection as previously described 

in Scheme 11.  Although the use of Birch conditions led to the reductive cleavage of the allylic 

silyl ether of 105, debenzylation to give 106 was smoothly accomplished by use of the radical 

anion of 4,4'-di-tert-butylbiphenyl (LiDBB).53  Subsequently, the oxidative cleavage of the 

intermediate diol 106 provided the expected cycloheptenone 107. 
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SCHEME 13  Studies leading to ketone 107. 
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tertiary alcohol was then achieved by precomplexation of the lithium reagent with 

tetramethylenediamine (TMEDA).54  At –78 °C in ether, this procedure afforded the desired 

alcohol in 90% yield with impressive stereocontrol (dr 95:5) followed by deprotection with TBAF 

to give the triol 108.  Oxidation yielded lactone 109 by using the Ley TPAP procedure, and final 

allylic oxidation was required to reach our goal.   

 

SCHEME 14  The end-game approach for total synthesis of trichoaurantianolides C and D. 

 Unfortunately, the SeO2 oxidation of 109 was problematic because it readily introduced 

the cyclopentenone unsaturation of 110.55  Formation of the C-13-C-14 double bond occurred at a 

faster rate than the desired allylic hydroxylation.  This reaction was attributed to the ease of 

enolization of the starting cyclopentanone, and the stereochemistry of the selenoxide intermediate 

that facilitates the syn-elimination.  We overcame these issues by selective deprotection of the 

primary OTBS ether of 107 following the addition of organolithium reagent to give 111.  TPAP 

H3C
OTBS

CH3

OTBS

107

O

TBSO

1.

     TMEDA, Et2O

     at –78 °C
     (90%) (dr 95:5)
2.  TBAF, AcOH
     (2.5:1 by volume)
     (87%)

Li

H3C
OTBS

CH3

OH

108

HO

HO

TPAP, NMO
CH2Cl2

(80%)
H3C

OTBS
CH3

O

109

O
O

SeO2
dioxane

65 °C (60%)
H3C

OTBS
CH3

O

110

O
O

13
14

H3C
OTBS

CH3

OTBS

111

HO

1.

     TMEDA, Et2O
     at –78 °C
2.  TBAF, AcOH
     (1:1 by volume)
     (96%)

Li

HO

TPAP, NMO
CH2Cl2 (90%)

then:  TBAF, AcOH
(88%) H3C

OTBS
CH3

OH

112

12

O
O

SeO2
dioxane

65 °C (60-%)
H3C

OTBS
CH3

OH

113  (X = OH; H)
114  (X = O)

O
O

X
1.  TBS–Cl
     Et3N, CH2Cl2

2.  TPAP, NMO
     (92%) H3C

OTBS
CH3

O

115

O
O

OTBS

H3C
OTBS

CH3

O

115

O
O

OTBS
TAS–F
DMF

(75%)

O
O

O

H3C
AcO

CH3

H
O

O

O

H3C
HO

CH3

H OO Ac2O, Et3N
DMAP

CH2Cl2
(80%)

4  (Trichoaurantianolide D)3  (Trichoaurantianolide C)



 25 

oxidation19 of 111 yielded the butyrolactone, and cleavage of the less hindered TBS ether led to 

the allylic alcohol 112.  The SeO2 oxidation of 112 gave the desired 113 (X = H; OH) with 

considerable amounts of overoxidation to the aldehyde 114 (X = O)  These reactions were 

quenched at the first signs of the observation of a slower oxidation of the C-12 alcohol leading to 

the enone.  For the sake of efficiency, crude product mixtures were directly quenched by a Luche 

reduction56 which provided diol 113 in 60% yields (93% brsm) with recovery of starting 112 

(33%).  The introduction of the TBS silyl ether in 113 followed by mild oxidation gave the 

penultimate enone 115 as we planned for conditions to trigger the internal conjugate addition of 

trichoaurantianolide B (2) to produce trichoaurantianolide C (3) and D (4).  Indeed, this highly 

anticipated reaction did not evolve as we had expected.  In fact, the selective cleavage of the TBS 

ether of 115 immediately led to conjugate addition and ring closure under all conditions.  Global 

deprotection with TAS-F57 cleanly produced trichoaurantianoide C (3) in 75% yield, and 

trichoaurantianolide D (4) was obtained from synthetic 3 via acetylation using acetic anhydride in 

the presence of 4-dimethylaminopyridine (DMAP).58  Finally, the total synthesis had been 

achieved, and the structures of 3 and 4 were confirmed by comparisons with proton and carbon 

NMR data and optical rotations generously supplied by Professor Vidari. 

8.  CONCLUSION 

This contributed chapter is specifically authored with students in mind, and all who aspire to master 

the art of total synthesis.  Our studies, culminating in the total synthesis of trichoaurantianolide 

natural products began with an understanding of the value of the reported structural 

characterizations as well as inconsistencies and missing pieces of crucial information.  The logic 

of our retrosynthetic plan was developed with particular goals in mind to explore concepts of 

strategy and methodology.  Of course, it is far more stimulating to assume the calculated risk of a 
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proposed reaction than to repeat published preparations of the literature.  The value of studies of 

natural product synthesis is measured by the new information acquired in the course of this 

journey.  In our account, we have described strategies and several unsuccessful tactics.  In general, 

the obstacles and the resolution of these problems in the course of our lines of inquiry are at least 

as interesting as the achievement of the total synthesis itself.  A well-crafted retrosynthesis is 

insightful, but, more importantly, it is a hypothesis, and frequently, it does not proceed according 

to plan.  Lessons learned from experimentation give rise to adjustments and revisions.  Through 

these efforts, the p-allyl Stille cross coupling emerged as a general reaction protocol for the 

stereocontrolled preparation of nonconjugated 1,4-skipped dienes using tri- and tetrasubstituted 

alkene components.  On the other hand, the unexpected and chemoselective SN2' reaction of a 

higher-order cuprate resulted in the formation of the complex, conjugated triene by the unusual 

nucleophilic addition at the alpha carbon of a conjugated ester.  Our general strategy for 

construction of the polycyclic system, proved highly successful.  Two small rings were connected 

via a linker for subsequent closure of a larger, central ring.  This concept established the relative 

stereochemistry of two asymmetric quaternary carbons of a cycloheptane with 1,4-trans-dimethyl 

substitution at the bridgehead positions.  When the proposed cross-coupling failed to introduce the 

allylic alcohol of trichoauratianolide B, we devised and examined several tactics to circumvent the 

problem.  These efforts led to the discovery of an unusual cyclization of a benzyl ether to produce 

a polycyclic tetrahydrofuran containing a trans-fused cyclopentanone.  We also uncovered a facile 

acyloin rearrangement affording a highly substituted cyclooctenone by ring expansion.  Molecules 

speak to practitioners of the art in various ways, and the message was clear.  We altered a failing 

strategy and achieved the first total synthesis of the trichoaurantianolides C and D.  In the final 

effort, laboratory experimentation demonstrated improved reactivity and stereoselectivity in the 
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course of nucleophilic addition of isopropenyllithium by precomplexation with TMEDA and we 

uncovered fine distinctions of functional group reactivity in the oxidation profile of selenium 

dioxide.  In summary, trichoaurantianolide C was prepared in 21 steps from the known allylic 

acetate, and these studies confirmed the original assignment of absolute configuration by Steglich 

and Vidari.  More importantly, these efforts enriched our knowledge of organic chemistry and 

provided new insights to broadly advance studies to address the challenging projects of the future. 
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