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Chapter one of this thesis describes the total synthesis of the marine natural 

produd nanaimoal(1). The key step was the conversion of enone 53 to give 

bicyclic ketone 60 using a reductive alkylation methodology recently developed 

in our laboratories. Bicyclic ketone 60 was also synthesized from enone 64 albeit 

in lower yield. 

Enone 53 was readily prepared fiom bis-niHe 56 as described in Scheme 15 . 
W~ttig olefmation followed by acid hydrolysis fimished keto nitrile 54. Robinson 

annulation of keto nitrile 54 using ethyl vinyl ketone as the Michael acceptor then 

yielded enone 53. Enone 64 was also synthesized following the same route using 

methyl vinyl ketone as the Michael acceptor. 

Bicyclic ketone 60 was reduced under the Huang Minlon modification of the 

Wolff-Kishner reaction conditions to furnish bicyclic diene 42. Regioselective 

hydroboration followed by oxidation of the ensuing alkylborane species with 

pyridinium chlorochromate then completed the synthesis of nanaimoal in 15% 

overall yield. 

The second chapter reports on our efforts towards the total synthesis of the C-19 

oxygenated cis-normal clerodane solidago alcohol(91) using an intermolecular 

Diels-Alder approach pretiously developed in our laboratories. Zinc chloride 

mediated Diels-Alder reaction of dienone 76 with piperylene (2:l trans:cis 

mixture) gave keto ester R as the major diastereomer. Conjugate addition of 

lithium dimethylcuprate followed by reduction of the resulting enolate with 



lithium aluminum hydride then furnished keto alcohol78. MesyIation followed 

by debenzylation resulted in the isolation of keto mesylate 99 which was treated 

with sodium hydride to effect the ring closure to give keto ether 93. Keto ether 

93 was also synthesized from benzyl mesylate 79 by the action of sodium iodide 

in Nfl-dimethylformamide at elevated temperature. WoKf=Kishner reduction of 

keto ether 93 under Huang Minlon modification conditions then gave tricyclic 

ether 98. Ether ring opening followed by benzoylation then gave bromo benzoate 

106 which was oxidized under modified Kornblum oxidation conditions to yield 

benzoyl aldehyde 107. 1,2-Addition of 3-ïthiofuran to the aldehyde moiety of 

benzoyl aldehyde 107 followed by acetylation gave furyl acetate 113 which was 

reduced under dissolving metal reduction conditions to yield A*-isomer (112) of 

solidago alcohol (91). Rhodium mediated olefin isomerization resulted in the 

isolation of the ~"isomer (114). 
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Chapter One 

Total Synthesis of the Marine Natural Roduct 

Nanahoal 



Introduction 

Nanaimoal (l), was first isolated and identified by Andersen et al'. in 1984 

as the major component in the methanol extracts of dorid nudibranch 

Acanthodoris nanaimoensis. The structure of this fragrant sesquiterpenoid 

aldehyde was inferred from its spectroscopic data and the biogenetic 

isoprene d e .  However, the biogenetic isoprene d e  suggests two possible 

structures (1,~) for nanaimoal which were consistent with the structural 

features as determined by the authors. Given this uncertainty, the 

authors attempted to synthesize 3 for structural correlation. Their 

rationale for choosing structure 1 as the most plausible structure for 

nanairnoal stems fkom the fact that a large number of naturally occurring 

monocyclofarnesane sesquiterpenoids have the same gross structure. 

Andersen et al. embarked on the synthesis of 3 with the Diels-Alder 

reaction of myrcene and 3-methylbut-3-en-1-01 to give a mixture of 

regioisomeric Diels-Alder adducts 4 and 5 as diagrammed in Scheme 1. 

Unfortunately, the spectroscopic data for 4 and 5 did not allow for 

unambiguous structural assignment and su the authors resorted to 

derivatizing the hydroxy functionality as their corresponding p - 



bromophenylurethanes 6 and 7. With the individual urethanes in hand, 

structural analysis verified the structural assignment of 7 which served to 

confirm the structure of 5. With the structure of 6 indirectly confirmed, 

its cyclization into 3 was then carried out by heating in 95% fomic acid at 

60°C for 12 hours. The structure of synthetic 3 was found to be 

spectroscopically identical to that synthesized from natural nanaimoal. 

Scherne t 

Thus, the inferred structure of i was confirmed unambiguously. 

3 



The biosynthesis of nanaimoal was proposed by Andersen et aP. to proceed 

from farnesyl pyrophosphate (8) as depicted in Scheme 2. The authors 

hypothesized that an acid catalyzed cyclization of faniesyl pyrophosphate 

would yield cyclohexyl intermediate 9 which was proposed to undergo a 

second cyclization to give, after elimination and oxidation, nanaimoal. 

Evidence for this biogenetic pathway to nanaimoal was reported in 1996 

by Andersen et aP. The authors periodically injected specimens of A. 

nanaimoensis with [1,2-13C2]acetate and then extracted the whole animals 

with methanol. From the methanol extracts, the authors were able to 

isolate 13C enriched nanaimoal. The labeling pattern found by the authors 

is depicted in Scheme 3 and is consistent with the proposed biogenesis 

alluded to above. 

Since its isolation and identification in 1984, there have been three 

Scherne 2 



Scheme 3 

independent syntheses of nanairnoal. In 1993, Takabe and Yamadas 

reported the synthesis of racemic 1 and its reduction product nanaimool 

(18). The key step in their synthesis was the Diels-Alder reaction of 1,i- 

dimethyl-2,3-dimethylenecyclohexane (12) with methyl methacrylate 

(MMA) (Scheme 4). The authors synthesized diene 12 from N , N -  

diethylgeranylamine (10) in two steps; first reaction involving cyclization 

to cyclogeranylamine 11 by treatment with boron trifluoride etherate 

followed by oxidative elimination of 11 with 30% hydrogen peroxide. The 

Diels-Alder reaction mentioned above was found to yield an inseparable 

mixture of regioisomers 13 and 14 in excellent yield (91%). The authors 

then reduced the above regioisomeric mixture with lithium aluminum 

hydride followed by tosylation to give a mixture of tosylates 15 and 16 

which was separated by HPLC. The desired tosylate 15 was then treated 

with sodium cyanide in dimethg sulfoxide at elevated temperatures for 3 

hours to give nitrile 17 in 85% yield. Findy, reduction of nitrile 17 with 

diisobu~laluminum hydride completed the total synthesis of 1. Alcohol 



18 was then synthesized quantitatively by reduction of 1 with sodium 

borohydride. 

Conditions: i. BF3eOEt2, 70%; ii. 30% H202, then heat, 70%; iii. MM& 
170°C, 91%; iv. LiAlE&, then TsCI, base, 98% (15:16 = 56:44); v. NaCN, 
DMSO, l10-l15°C, 85%; vi. DIBAL-H, 80%; vii. NaBH4, quantitative. 



The second total synthesis of 1 was achieved in 1994 by Shisido and 

Omodani4. This was also the first enantioselective synthesis of i which 

served to establish its absolute stereochemistry. Shishido's approach relied 

on the Diels-Alder reaction to constnict the carbon skeleton of 1. The 

authors' synthetic endeavor began with the Sharpless asymmetric 

epoxidation of geraniol (20) using L-(+)-diethyl tartrate followed by 

silylation to give the desired starting epoxy silyl ether 21 (Scherne 5). 

Treatment of epoxide 21 with two equivalents of methylaluminium bis(+ 

bromo-2,6-di-tert-butylphenoxide (19) gave the desired aldehyde 22 with 

(S)-configuration in 97% yield and 95% ee. Nitroalkene 25 was then 

synthesized in 55% overall yield from aldehyde 22 in three steps: 

nitrornethylation, acetylation of the resulting alcohol, and finally, 

reduction of the acetate by sodium borohydride. When nitroalkene 25 was 

treated with p-chlorophenylisocyanate and triethylamine, isoxazoline 2 6 

was formed quantitatively as an inseparable pair of diastereomers in a 

ratio of 21. Treatment of isoxazoline 26 with Raney nickel in aqueous 

methanol in the presence of trimethyl borate under an atmosphere of 

hydrogen achieved the reductive hydrolysis process, yielding a $-hydroxy 

ketone which was immediately exposed to d-10-camphorsulfonic acid in 

dichhomethane. The desired a, -unsaturated ketone 27 thus obtained 



was then methylenated under Nozaki-Lombardo conditions5 to give the 

conjugated dienyl product 28 in 48% yield over three steps. Subsequent 

thermal Diels-Alder reaction of diene 28 with phenyl vinyl sulfone in 

benzene yielded cycloadduct 29 as an inseparable 1:1 mixture of 

diastereomers in 43% yield. Rernoval of the sulfone functionality was 

achieved by treating cycloadduct 29 with 5% sodium amalgam in 

methanol which gave the bicyclic compound 30. Desilylation of 3 0 using 

tetrabutylammonium fluoride in tetrahydrofuran then yielded dcohol 3 1 

in 49% yield over two steps. The authors completed the synthesis of 1 by 

conversion of dcohol 31 to the tosylate followed by cyanation with sodium 

cyanide in dimethyl sdfoxide to give the cyano product 32 in 86% yield 

over two steps. Reduction of the cyano functionality with 

diisobutylaluminum hydride followed by acid workup then gave the 

target product 1 in 70% yield. In order to confirm the absolute structure 

and optical p d t y  of their synthetic 1, the authors proceeded to treat their 

synthetic 1 with sodium borohydride in methanol which gave alcohol 18 

in 73% yield. Synthetic nanairnool (18) was found to have an optical 

rotation of +lO.gO (c 0.2, MeOH)' which was consistent to the reported 

value of + 1 0 . 4 O  (MeOH). Thus with this enantioselective synthesis of 1, 

the absolute stereochemistry of nanaimoal was established. 

In 1996, Engler and CO-workers published the most recent total synthesis 

of nanaimoala. In his approach, Engler utilized a protic acid promoted 

cycloaddition reaction to form the core carbon skeleton of nanaimoal 

(Scherne 6). His synthesis began with a-(phenysulfinyl) keto ester 34  

formed via a two-step, one pot reaction. Thus, treatment of 3-methyl-2- 



Scheme 5 

Conditions: i. 19, CH2C12, 97%; iL MeNo*, KF, 18-crown-6, 2-propanol; 
iii. Ac20, DMAP, Et20; iv. NaBH4, EtOH, 55% over 3 steps; v. p- 
CICsH 4NC0, Et3N, benzene, 100%; vi. H*, Ra-Ni, (Me0)3B, H20-Me0  H ; 
vii. d-10-camphorsulfonic acid, CH2CI2; vüi. CH2Br2, Zn, TiCh, THF- 
CH2CI2, 48% over 3 steps; ix. PhS02CH=CH2, benzene, sealed tube, l6O0C, 
43%; x. 5% Na-Hg, MeOH; M. nBu4NF, THF, 49% over 2 steps; A. p-TsC1, 
pyridine; mii. NaCN, DMSO, 86% over 2 steps; xiv. DIBAL-H, hexane- 
CH2CH2(1:l), then aq. HCI, 70%; W. NaBH4, EtOH, 73%. 



cyclohexen-1-one (3 3) with lithium dimethylcuprate followed by 

alkylation of the enolate with ethyl a-(pheny1sulfinyl)acrylate gave the 

desired product 34. Reduction of the sulfoxy functionality was then 

achieved by treating 34 with either Raney nickel (98% yield) or 

aluminum amalgam (75% yield) to give the expected keto ester product 

35. The ketone carbonyl was then chemoselectively methylenated under 

Nozaki-Lombardo conditions5 to furnish ester 36 in 71% yield which was 

then reduced to the primary alcohol 37 in 98% yield by the action of 

lithium aluminum hydride. Methyl ketone 40 was then synthesized from 

alcohol 37 via a three-step process: Swern oxidation to aldehyde 38 (96%), 

î,2-addition using methylmagnesium chloride to give the secondary 

alcohol 39 (100%), and Swern oxidation to give the desired ketone 4 0  

(98%). Treatment of rnethyl ketone 40 with vinylmagnesium bromide 

then resulted in allylic alcohol 41 being isolated in quantitative yield. 

Acid catalyzed cyclization of allyIic alcohol 41 to give intermediate diene 

42 in 82% yield was then effected by treatment with aqueous hydrofluoric 

acid. Diene 4 2  thus obtained was then hydroborated with 9- 

borabicyclo[3.3. il nonane (9-BBN-H) followed by a basic hydrogen 

peroxide workup to furnish nanaimool in 98% yield. Finally, Swern 

oxidation of nanaimool to give nanaimoal in 82% yield then completed 

Engler's total synthesis. 

Our interest in nanaimoal stems from a recent reductive alkylation 

methodology developed in our laboratories7. It  was discovered that a- 

cyano ketones and esters can be reductively dkylated with ease by 

treatment with lithium naphthalenide followed by the addition of an 



ci- - v - 

Conditions: i. (CH&CuLi, then ethyl a-(phenylsu1finyl)acrylate; ii. 
AI(Hg) /H20, 75% or Ra-Ni/H20, 98%; iii. TiC14/Zn/ CH 2Brz, 71%; iv. 
LiAIH4, 98%; v. Swern oxidation, 96%; vi. CH3MgC1, 100%; vii. Swern 
oxidation, 98%; viii. CH2=CHMgBr, 100%; ix. 48% aqueous HF, 82%; x. 
9-BBN-H, then H202/NaOH, 98%; xi. Swem oxidation, 82%. 



appropriate alkylating agent to give various a-substituted ketones and 

esters (Scheme 7, Eq. 1 and 2). The viability of this methodology towards 

the synthesis of complex organic molecules has been recently 

demonstrated in the formal syntheses of two cis-clerodane natural 

products, namely 6f3-2-oxokolavenool (52) and 2-0x0-5a,8a- 13,14,15,16- 

tetranorclerod-3-en-12-oic acid (51) (Scheme 8)s. The key intermediate 

Lithium Naphthalenide - 
then R X  

(2) 

Lithium Naphthalenide (3) 
then R2X 

Scheme 7 

was the Diels-Alder adduct 44, the major cycloadduct formed from the 

zinc chloride catalysed Diels-Alder reaction between dienophile 43 and 

trans-piperylene. Thus, treatment of 43 with fused zinc chloride and 

trans-piperylene in diethyl ether M s h e d ,  &ter 2 days, a 2:1 mixture of 

cycloadducts 44 and 45 in 90% 

44. Reductive alkylation of 

yield favoring the 

a -cyan0 ketone 

12 

desired diastereorner 

44  using lithium 



naphthalenide and methyl iodide then gave the desired compound 46 as 

the sole product in 86% yield. 1,4-Addition across the enone systern in 46 

was then achieved by treating 46 with lithium dimethylcuprate in the 

presence of bromotrimethylsilane followed by hydrolysis of the resulting 

silyl en01 ether to give a 3:l mixhire of diastereomers 47 and 48 in 52% 

yield favoring the desired stereoisomer 47. The tert-butyldiphenylsilyl 

protecting group was then rernoved using tetrabutylammonium fluoride 

to give the primary alcohol 49 in 59% yield. The formal syntheses were 

completed by the reprotection of the hydroxy moiety as the benzyl ether. 

Thus, treatment of keto alcohol 49 with sodium hydride and benzyl 

bromide furnished the key intermediate 50 in 73% yield after 3 days. 

Bicyclic ketone 50 was previously used successfully in the total synthesis 

of the two cis-clerodane natural products 51 and 52 mentioned abovegJ0. 

Further development of the aforementioned reductive alkylation 

methodology led to the discovery that bicyclic systems containing a y- 

cyano-a$-unsaturated ketone moiety can also be reductively alkylated to 

give a-substituted p,y-unsaturated ketones (Scheme 7, Eq. 3). Since the 

viability and scope of this reductive alkylation methodology had been 

extensively investigatedy, it was our d m  to demonstrate its utility in 

organic synthesis. We chose nanaimoal as the target natural product and 

as an imrnediate target, we chose Engler's bicyclic dienyl intermediate 

(Scheme 6, compound 42). Our retrosynthetic analysis is depicted in 

Scheme 9. The immediate precursor to bicyclic diene 42 is envisioned to 

be cyano ketone 53 which is envisioned to be easily constructed via the 

Robinson annulation11 of 2-cyano-4-methyl-4-vinylcyclohexanone (54) 



CN 
i - 

OTBDPS 

Conditions: i. ZnC12, trans-piperyiene, 90%; ii. Lithium naphthalenide, 
then CH3& 86%; iii. (CH3)&uLi, TMSBr, then aq. NH&l/NH40H (pH=g), 
52%; iv. TBAF, 59%; v. NaH, BnBr, 73%. 



with ethyl vinyl ketone. Cyano ketone 54 is proposed to be synthesized 

from dicyano dkene 55 by a Thorpe-Ziegler reactionl* and acid hydrolysis 

of the cyano enamine thus formed. Dicyano alkene 5s shodd be readily 

synthesized from the known aldehyde 56 via a Wittig olefinatioa 

reactionl3. The next section describes our work towards this end in detail. 

Scheme 9 



Results and Discussion 

As indicated in scheme 9, our synthetic endeavor towards nanaimoal(1) required 

the efficient and rapid synthesis of bis-cyano aldehyde 56 in order to synthesize 

a-cyano ketone 54. Our synthetic sequence is depided in Scheme 10. A perusd 

acrylonitrile HCI(** EtOH 
toluene, reflux, r.L, 14 h, 96% 
48 h, 75% over 2 

(C&ï&]P-CH3Br, n-BPLi, 
THF, -78*C to rat, 30 min; 
thm Ha(** 17 h, 91% 
over 2 steps 

t 

scheme 10 

of the literature led us to two paper&S published in the early 70's in which the 

authors described a synthesis of the desired aldehyde 56 in two steps via it's 

isopropylimino derivative. Further reading indicated that the synthesis of the 



tert-butylimino derivative was the most efficient and operationally simple of the 

myriad of alkyl imines described. Therefore, we proceeded to synthesize te* 

butylimino derivative 57 with some modification to the published procedure. 

Thus, treating a toluene sohtion of propionaldehyde with tert-butyamine in the 

presence of potassium carbonate gave, presurnably, the N-propylidene-tert- 

butylamine which was not isolated. To this was then added acrylonitrile and the 

m i m e  heated at reflux for two days. Distillation of the crude product then gave 

the desired bis-cyano imine 57 in 75% yield over two steps. The IR spectrum of 

compound 57 showed a cyano absorption at 2246 cm-1 as well as an imine 

absorption at 1666 cm-1. Due to the symmetrical nature of the molecule, the 

proton NMR was quite straight foma~d. The proton attached to the sp2 carbon 

was assigned the singlet at 6 7.30 and the four protons adjacent to the cyano 

moieties were observed to resonate at 6 2.13 as a multiplet. Since the methylenes 

beta to the cyano functionality are adjacent to a quaternary center which is 

stereogenic, it was expected that the four protons be facidy differentiated and 

thus resonate at different chernid shïfts. Indeed this was the case. The 

multiplet observed at 6 1.84-203 was attributed to two protons on one face while 

the signal at 6 1.77 (ddd, J = 16,10,10 Hz) was attniuted to the remaining two 

protons. The tert-butyl protons appeared at 6 1.15 as a sharp singlet and the 

remaining methyl group was found to resonate at 6 1.06 &O as a sharp singlet. 

The carbon NMR displayed 8 lines with 5 in-phase and 3 anti-phase signals 

which corresponds with the structure of imine 57. 

The next transformation involves the acid hydrolysis of imine 57 to give 

aldehyde 56. As such, treatment of an ethanolic solution of imine 57 with 

hydrochloric acid gave, after distillation, the desired aldehyde 56 in 96% yield. 

The aldehyde functionalities were ascertained by the presence of the weak "w" 



shaped absorption in the IR spectrum (2850 and 2750 cm-1) dong with the 

carbonyl stretch found at 1727 cm-1. This was codinned by the observance of a 

triplet at 6 9.43 (J = 1 Hz) in the proton NMR spectnim and an anti-phase signal 

at S 202.5 in the carbon APT spebnim. The retention of the cyano functionality 

was indicated by the presence of a sharp absorption in the IR spebnim (2248 

cm-1) and c o n h e d  by the in-phase signal at S 18.8 in the carbon spectnim. 

Hi& resolution mass spectroscopy yielded a peak at 165.1021 corresponding to 

the [M+l] ion peak 

With aldehyde 56 in hand, we proceeded with the Wittig olefination reactionl3 in 

advance of the proposed Thorpe-Ziegler condensation=. Surprisingly, it was 

found that, under the Wittig olehation reaction conditions, the Thorpe-Ziegler 

condensation also occ~lrred to give cyano enamine 58 in one step. Thus, addition 

of a t e t r a h y d r o h  solution of aldehyde 56 to a solution of the ylide prepared in 

situ from methyltriphenylphosphoniurn brornide and n-butyllithium in 

tetrahydrofuran at -78OC gave, d e r  workup and purification, the cyclic enamine 

58 in 77% yield. The "primary" enamine functionality was ascertained by the 

presence oftwo distinct WH stretches in the IR spectrum (2444 and 2254 cm-1). 

It was also confirmed by the broad singlet present in the proton NMR spectnim 

at 6 4.18. A sharp absorption signal at 2179 cm-' in the IR spectnim indicated the 

presence of the cyano group which was comborated by an in-phase resonance in 

the carbon APT spectrum at 6 120.7. The terminal olefin was show to be present 

by the resonances in the proton NMR spectnun characteristic of terminal o l e h .  

&i such, the doublet of doublets resonating at 6 5.74 (J = 18, 11 Hz) was 

attributed to the methine proton whereas the overlapping doublets of doublets 

centered at 6 5.01 (J = 18,l Hz and J = 11,1 Hz) were attributed to the methylene 

protons of the olefin. The presence of an anti-phase signai at 6 145.0 dong with 



an in-phase signal at 6 111.9 provided collaborative evidence for a terniaal oleh. 

The high resolution m a s  spectrum indicated the presence of an ion peak at 

162.1154 corresponding to a molecuIar formula of C10H14N2. This was also 

evidenced for by elemental analysis. 

The hydrolysis of cyano enamine 58 was achieved by heating a toluene solution 

of 58 in the presence of aqueous hydrochloric acid. Thus, after refluxing for i 

hour, the desired a-cyano ketone 54 was isolated, after flash chromatographie 

purification, in 90% yield. The rapidity of the reaction indicated that the 

hydrolysis of the enamine may not require such harsh conditions and so it was 

decided that, given the opportunity, the hydmlysis would be atternpted at room 

temperature. Indeed, it was discovered that the hydrolysis does proceed at 

ambient temperature albeit requiring a reasonably longer period of time. The 

hydrolysis reaction was deemed successful by the observance of the absence of 

the primary amine N-H stretch mentioned above and the presence of a ketone 

carhnyl stretch at 1728 cm-1 in the IR spectnun. Also present in the IR spectrurn 

was a broad OH stretch centered around 3361 cm-1 which suggests the presence 

of an end tautomer. It was evident fiom the proton NMR spectnim that apart 

from the en01 tautomer, the keto tautomer actually exists as a mixture of 

diastereomers. As such, two sets of characteristic terminal olefhic signals were 

observed dong with two sets of signals attributed to the methine proton adjacent 

to the cyano group. The carbon APT spectnun served to confhn the presence of 

the two keto diastereomers plus the en01 tautomer. Three in-phase resonances 

were found at 6 200.4, 200.3, and 166.1 which were attributed, respectively, to 

the carbonyl carbons of the two keto diastereomers and the sp2 hybridized carbon 

adjacent to the hydroxy functionality in the en01 tautomer. The high resolution 



mass spectnun showed an ion peak at 163.0996 which corresponds to a 

molecular formula of CIOHUNO. 

Detaüed analysis of the proton NMR spectrum for cyano ketone 54 resulted in 

the delineation of the keto:enol ratio being 9:l and the ratio of the diastereomeric 

keto isomers to be 7:2. The proton NMR specbmm also lends some clues as to the 

stereochemistry about the two stereogenic centers present in the keto fom of the 

molecde. A collection of selected proton NMR resonances and their assignments 

are presented in Table 1. 

Table 1. Selected Proton NMR Resonances and Assignrnents for 
Compound 54. 

-. 

Assi~nment Major Isomer (6) Minor Isomer (8) 

-=3 1.12 1.30 

CN-CH 3.63 (dd, J = 14,6 HZ) 3.69 (dd, J = 14,6 HZ) 

From the couphg constants of the a-methine proton signal, it c m  be deduced 

that the proton is oriented in the axial position for both diastereomers. The 

difference in chernical shift for the methyl signal suggests that the major isomer 

has an axial methyl whereas the minor isomer has the methyl oriented in the 

equatonal position. This conclusion was based on the abundant precedence of 



equatorial protons in a rigid cyclohexane ring being deshielded cornpared to 

axially oriented protons% From this analysis, we were able to delineate a 

conformational picture for the major and minor isorners of cyano ketone 54 as 

depicted in Figure 1. 

Major borner 54A Minor borner 54B 

Figrire 1. Dominating Conformations of Isomers of 54 

It was fortuitously discovered during the optimization stage of our project that 

cyano ketone 54 may be synthesized from aldehyde 56 directly in a one-pot 

procedure in which enamine 58 was not isolated. With the isolation of the 

enamine intemediate, the overall yield of cyano ketone 54 over two steps was 

around 70%. However, when enamine 58 was not isolated but directly 

hydrolysed during the workup of the Wittig/Th~rpe-Ziegler reaction, the yield of 

cyano ketone 54 increased dramaticdy to 90% over two steps. This was a 

significant contribution towards our synthetic d e m e  in general 

With cyano ketone 54 in hand, the next stage in our synthetic scheme was to 

complete the biqclic core of nanaimoal (1) and set the stage for the cmcial 

reductive alkylation step. The qmthetic sequence leading to bicyclic enone 53 

h m  cyano ketone 54 is outlined in Scheme 11. Thus, treatment of a soIution of 

cyan0 ketone 5 4 in 1,2-dimethoxyethane with 1,4-diazabicyclo[2.2.2]octane 

(DABCO) followed by ethyl vinyl ketone gave, after acidic workup and 



purification, the Michael adduct 59 as an inseparable mixture of diastereomers in 

49% yield. The IR spectrum of the product showed the absence of the broad 

hydroxy stretch observed in the spectrum of cyan0 ketone 54 which suggests the 

absence of the methine proton adjacent to the carbonyl. This was veMed by the 

absence of a methine proton signal centered around 6 3.65 in the proton NMR of 

the product. ' h o  apparent triplets, one at S 1.07 (J = 7 Hz) and the other at 6 

1-05 (J = 7 Hz), M e r  indicated that the Michael reaction was a success. The 

high resolution mass spectnim showed an ion peak at 247.1562 which 

corresponds to a molecdar formula of C15H21N02. This was verified by the 

combustion andysis. Unfortunately, susubseqyent attempts at impmving the yield 

of the addition reaction were fhitless. 

Although attempts at separating the diastereorneric mixture was unsuccessful, 

the ratio of the diastereomers was determined by the integration of the olefinic 



signals in the proton NMR and corroborated by the integration of the methyl 

signals. From this simple analysis, the ratio of the diastereomeric mixture was 

detemined to be 7:s. Again, the chernical shifts of the individual methyl groups 

gave us an indication as to the structure of the major diastereomer. The two 

possible diastereomers are depicted in Figure 2. Since the methyl singlet of the 

major diastereomer resonates at 6 1.08 cornpared to 6 1.36 for the minor 

diastereomer, we propose that the major diastereomer has an axial methyl group 

(Le. 59B) and the minor diastereomer has an equatorial methyl group (Le. 59A). 

Figure 2. Dominating Conformations of the lsomeric Diketone 59 

The cyano functionality was assumed to be axially oriented due to the fa& that 

the cyano group is known to have a smder A-value compared to alkyl groups 

such as methyl and ethyl groupl? 

The aldol condensation of diketone 59 was effected under standard conditions. 

As such, afker pre-drying a solution of para-toluenesulfonic acid hydrate in 

benzene by rernovd of the water-benzene azeatmpe, a solution of diketone 59 in 

benzene was introduced. After refluxing for 2 hours, during which the resdting 

water-benzene azeotropic distillate was drained, the reaction was worked up 

under slightly basic conditions. Purification then gave the desired bicyclic enone 



53 in 86% yield as a mixture of diastereorners in a 1:l ratio as detemined by 

proton NMR. Gratifvingly, the individual diastereomers were separable by flash 

chromatography which eased the characterization dramatidy. 

The IR spectnun of cyano enone 53 showed the retention of the cyano functional 

group (2228 cm-') and the enone carbonyl was found to stretch at 1676 cm-1. 

This was con£irmed in the carbon APT spectnim with the observance of an in- 

phase resonance at 6 121.8 for the l e s  polar diastereomer and 6 120.9 for the 

more polar diastereomer correspondhg to the cyano carbon in both cases. The 

carbonyl carbon was found to resonate at 6 196.4 for both diastereomers. The 

enone system was also indirectly ascertained by the presence of a singlet at 6 1.84 

for the less polar diastereomer and S 1.83 for the more polar diastereomer in the 

proton NMR spechum. These signals were atüiiiuted to the viny1ic methyl group 

present in the molecule. The carbon APT spectnim for both diastereomers 

showed fifteen resonances with 12 in-phase and 3 anti-phase signals. This is in 

agreement with the structure of cyano enone 53. 

From the chernical SM attributed to the methyl group adjacent to the quaternary 

center, it was hypothesized that the less polar diastereomer (6 1.45) has the 

stereochemistry as  depided for structure 53A and the more polar diastereomer 

(6 1.04) has the stereochemistry as depicted for structure 53B (Figure 3). The 

cyan0 group was assumed to be in the axiaI position due to consideration of the 

A-value Merence as mentioned beforel? However, an attempt to determine this 

experimentally by a heteronuclear nOe experiment failed. 

It is well established that Robinson annulation reactions may be achieved without 



Figure 3. Conformational Structures for 53 

prior purification of the Michael addude. Our synthesis of bicyclic ketone 53 as 

described above was achieved in an overall yield of 42% over two steps with the 

purincation of Michael adduct 59. It was reasoned that if bicyclic ketone 53 can 

be synthesized without the need to purify cyano diketone 59, the overall yield of 

53 may improve. Thus, after the prescribed workup, cmde cyano diketone 59 

was used as-is in the subsequent aldol condensation reaction. Unfortunately, the 

yield of bicyclic ketone 53 under this modified procedure did not increase as 

hoped for; in fact, it decreased slightly to 40%. Nevertheles, this modif!ication 

does simplify the overall annulation process while not being detrimental to the 

yield of bicyclic ketone 53. 

With the synthetic route to bicyclic ketone 53 established, our attention turned to 

the key step in ou .  projeck The synthetic route developed for the next phase of 

our synthetic scheme is portrayed in Scheme 12. Bicyclic ketone 53 was treated 

with 3 equnmlents of lithium naphthalenide ragent at -78OC and 4 equivdents of 

methyl iodide was then added after the reductive decyanation was deemed 

complete by TU: analysis. The alkylation reaction was maintainecl at -78OC and 

worked up after 20 hours. After flash chromatographie purfication, three 



Lithium Naphthalenide (3 ee), 
nrP, -7S°C, 45 min; then CH3I 

(4 @, -7S°C, 20 h. 

61 (trace) 

H2NNH2, KOH, DEG, 
Uû-ï20°C, 2 h; then 
210-220°C, 4 h, 76% 

Scheme iz 

compounds were isolated fiom the crude mixture sequentidy: the a,a'- 

dialkylated compound 61 in trace amounts, the desired a-alkyIated compound 

60 in 77% yield, and the reductive elimination product 62 in 13% yield. The 

proton NMR spectnim of bicyclic ketone 60 showed three shgiets at 6 t17,1.14, 

and 0.98 which confirms that the allylation occuned on the desired carbon. The 

retention of the ketone carbonyl was indicated by the observance of a carbonyl 

stretch in the IR spectnun at 1716 cm-4 This was c o h e d  by the carbon APT 

spectrum with an in-phase resonance at 6 215.8. The absence of any absorptions 

in the IR spectnun attriiutable to a cyano stretch indicated that the decyanation 



occurred and this was confirmed by the Iack of an in-phase resonance in the 

mrbon APT speclnim that can be assigned to a cyano carbon. The carbon APT 

spectnim contained fifteen resonances of which eleven were in-phase and four 

were anti-phase. This correlated weU with the structure assigned to bicyclic 

ketone 60. The high resolution mass spectnim of the product showed an ion 

peak at 218.1671 which corresponds to a molecular formula of Ci5H220. This was 

confirmed by an elernental analysis of the product. 

Bicyclic ketone 61 was isolated as an inseparable mixhue of diastereomers in a 

3:2 ratio as detemined by proton NMR. Apart from singlets representative of 

the three methyl groups adjacent to quaternary carbons, the proton NMR 

spectnim also contained a doublet (J = 7 Hz) at S 1.07. From a 2D W l H  

correlation spectroscopy (2D-COSY) experiment, it was found that this doublet 

was coupled to the multiplet found at 6 2.86 which was attributed to the methine 

proton adjacent to the ketone carbonyl. This led us to believe that compound 61 

was indeed the a,a'-diaUryIated product. The cyan0 functionality was deemed to 

be absent by the same token as described for bicyclic ketone 6 0 .  The high 

resolution mass spectrum contained an ion peak at 232.1818 in agreement with 

the molecular formula C16H240. This was confirmed by a combustion analysis of 

the compound. 

The remaining compound isolated from the c a d e  product mixture was 

hypothesized to be the reductnte elimination product 62 as deemed by TLC. This 

was rigorously proven by spectroscopie analysis. Again, the absence of the cyano 

group was suggested by the absence of a cyano stretch in the IR spectnim. The 

carbon APT spectruxn lent credence to this supposition due to the absence of any 

resonances attributable to a cyano carbon. The proton NMR spectnun displayed 



two doublets, one at 6 1.20 and the other at 6 1.16, (J = 7 Hz) and two singlets (6 

1.00 and 0.99) which were assigned to the methyl alpha to the ketone carbonyl 

and the methyl adjacent to the quaternary carbon respectively. Inteption of 

these resonances resulted in the conclusion that the product contains a mixture 

of diastereomers in a 1:i ratio. An absorption at 1714 cm-1 in the IR spectnun was 

characteristic of a ketone carbonyl stretch which was c o b e d  by an in-phase 

resonance in the carbon APT spectrum at 6 214.0. The high resolution mass 

spednun contiiined an ion peak at 204.1521 which corresponds to the molecular 

formula C14H200. 

An intriguing alternate route to the desired bicyclic ketone 60 was gleened fiom 

the experimental resdts of a collaborator in our research group in Taiwan? It 

was observed that y-cyano qpenones with no alkyl groups present in the a 

carbon may be a,a-dialkyiated by treatment with lithium naphthalenide followed 

by an alkylating agent under modified conditions. A sarnple of his results are 

presented in Table 2. The modest modifications necessary to our established 

reaction conditions are the amount of lithium naphthalenide used (4 @valents 

versus 3) and the temperature at which the aUcyIation part of the reaction is 

performed. The modification to our synthetic scheme necessary to investigate 

this possibility is shown in Scheme 13. As can be seen, the only reaction that 

needs to be modined is the Robinson annulation part; methyl vinyl ketone will 

replace ethyl viny1 ketone. 

As such, a solution of cyano ketone 54 in 1,2-dimethoxyethane was treated widi 

1,4-diazabicyclo[2.2.2]octane (DABCO) and then cooled to O°C. Methyl vinyI 

ketone was added after 30 minutes and the reaction mixture was stirred at room 



Table 2. SeIected Data for a,a-Dialkylation of yQam-a,~- . 
unsaturated Ketones. 

Lithium Naphthalenide (4 eq), 
THF, -7a°C, 30 min; then 

Rx (4 ee), rat. 

Substrate AUrylating Agent Time (h) Product Yield (%) 

(8- Benyl  Bromide 

Benzyl Bromide 21 81 



DME, O°C to r.t, 
24 h, 78% 

p-TSA, benzene, 
-H20,12 h, 55% - 

temperature for 24 hours. After workup and purification, the reaction yielded the 

expected Michael adduct 63 in 78% yield. Forhiitously, the mixture of 

diastereomers was separable and so simpMed the characterization dramatically. 

The mixture of diastereomers was deduced to be in a 2:1 ratio as suggested by the 

proton NMR spectrum. The IR spectnun of the product mixture yielded a cyan0 

stretch at 2232 cm-1 and the ketone carbonyk were observed to stretch at 1727 

cm-1. The two ketone carbonyl carbons and the cyano carbon of the major isomer 

were obsewed to resonate in the carbon APT spectnim at 6 206.6, 203.5, and 

119.1 whereas the same carbons in the minor isomer were observed at 6 206.3, 

203.5, and 119.7. The carbon APT spectrum for both the major and minor 

diasteremen contained fourteen resonances, eleven in-phase and three anti- 

phase, which lent credence to the ~~e assigned for cyan0 diketone 63. The 

proton NMR &O bolstered our confidence in the structural assignments. The 

methyl adjacent to the carbonyl was found to resonate at 6 2.16 for the minor 

isomer and 6 2.15 for the major isomer. The singlet for the second rnethyl group 



was observed at 6 1.05 for the major isomer and 6 1-35 for the minor isorner. The 

chernical shifts of this latter methyl group led us to tentatively assign the 

stereochemical structure ofthe major and minor diastereomer as s h o w  in Figure 

4. Again, the axial orientation of the cyano group is speculative based on A- 

values reportedl? The high resolution mass spectrum displayed an ion peak at 

233.1408 correspondhg to a molecular formula of C14H19N02. This was 

confirmed by an elemental aualysis of the isomeric mixhire. 

Minbr isomer of 63 Major isomer of 63 

Figure 4. Dominating Conformations of Diketone 63 

The aldol condensation of cyano diketone 63 proceeded uneventfully to give 

cyano enone 64. Thus, treatment of cyan0 diketone 63 with a pre-dried solution 

of para-toluenesulfonic acid in benzene gave, d e r  workup and purification, 

cyan0 enone 64 as a light yellow solid in 55% yield. The product was found to 

contain a mixture of diastereomers in a 2:l ratio as determined by proton NMR. 

The cyan0 functionality was found to stretch at 2228 cm-1 and the enone carbonyl 

stretched at  1684 cm-1. Gratifyingly, the two diastereomers were found to be 

separable by careful flash chromatography* The proton NMR spectnun of the 

less polar minor diastereomer contained the characteristic resonances for a 

terminal olefin (6 5.74, dd, J = 18, îî Hz, 1 H; 6 5.01, dd, J = 18,l HZ, 1 H; and 6 

4.98, dd, J = 11, 1 Hz, 1 H) in addition to the olennic proton adjacent to the 

ketone carbonyl(6 5.98, d, J = 2 Hz, 1 H). The quaternary methyI group was 



f o n d  to resonate at 6 1.46 as a singlet. The carbon APT spectnun codîrmed the 

presence of the cyan0 group (6 120.9, in-phase) and the enone carbonyl(196.6, 

in-phase). In total, the carbon APT spectrum of the minor diastereomer 

contained fourteen resonances, eleven in-phase and three anti-phase, which 

supported the smcture anticipated for cyano enone 64. 

The proton NMR spectrum of the more polar major diastereomer also contained 

the characteristic terminal olefinic resonances (6 6.14, ddd, J = 18,11,1 HZ, 1 H; 

65.28, d, J = 11 Hz, 1 H; and 6 5.21, d, J = 18 Hz, 1 H) and the enone methine 

proton (6 5.95, d, J = 2 Hz, 1 H). The methyl group adjacent to the quaternary 

carbon was observed as a singlet at 6 1.05. The carbon APT spectnim displayed 

the enone carbonyl carbon as an in-phase resonance at 6 195.8 and the cyano 

carbon as an in-phase resonance at S 119.L Apart h m  the two resonances 

mention, the carbon APT spednun contained 12 other resonances, nine in-phase 

and three anti-phase. The high res01ution mas spectrum of the product mixture 

yieided an ion peak at 215.B12 which supports the rnolecular formula C14H17N0. 

This was M e r  supported by the elemental analysis resdts. 

With the synthesis of cyano enone 64 complete, we began to investigate the 

reductive dialkylation potentid of the compound. A solution of cyan0 enone 64 

in tetrahydrofuran was cooled to -78OC and 4 equivalents of a pre-formed 

solution of lithium naphthalenide was introduced. M e r  stirring for 30 minutes, 

the reductive decyanation was confirmed to be complete by TLC and then 4 

equivalents of rnethyl iodide was added. The reaction mixture allowed tu 

warm to room temperature and worked up after 4 hours when TU: analysis 

indicated the complete disappearance of the reductive decyanation product. 

M e r  purification by flash chromatography, the desired bicycIic ketone 60 was 



isolated in 41% yield. Various attempts at rnodwg the reaction conditions and 

reagent amounts to increase the yield of the reaction met with no success. The 

bicyclic ketone obtained from this reaction was spectroscopically identical in 

every respect with that obtained previously fiom cyano enone 53. 

With the synthetic route to bicyclic ketone 60 established, the successful 

completion of the projeet is at hand. AU that needs to be accomplished is the 

deoxygenation of the ketone oxygen in bicyclic ketone 60 to give Engler's 

intermediate 42. This would constitute a formal synthesis of nanaimoal (1). 

However, since nanahoal was only separated fkom Ender's intemediate 42 by 

one oxidation level, we also attempted to reach nanaimoal fiom bicyclic diene 42 

via an improved route than that taken by Engler and CO-workers. Our synthetic 

scheme for this final stage of the project is depicted in Scheme 14. 

The first transformation, the deovgenation of the ketone oxygen in bicyclic 

ketone 60 was achieved under standard Huang-Minglon modification19 of the 

Wolff-Kishner reactïon conditions. Thus, treatrnent of a solution of bicyclic 

ketone 60 in diethylene glycol with potassium hydroxide and anhydrous 

hydraPne and heating at 110-120°C for 2 hours fonowed by heating at 210-22o0C 

for an additional 4 hours gave the reduced product 42 in 76% yield after 

purification. The reduction product was found to be quite volatile; the first 

couple of attempts at the reaction gave disappointingly low yields due to loss of 

product upon evaporation of sohrent in vacuo. The proton NMR of the reaction 

product indicated that the terminal defin survived the harsh conditions of the 

reaction; the characteristic resonances for the terminal o l e h  were observed at S 

5.80 (dd, J = 18,ll Hz, 1 H) and 6 4.86-4.94 (m, 2 H). The deoxygenation was 



Sia2BH, THF, 
O°C to r.L, 25 h; 
then PCC, CH2CIa 
&lm, 3 h, 66% 

confimed to have occurred by the absence of any absorption attributable to a 

ketone carbonyl in the IR spectnim. The absence of a downfield resonance 

corresponding to carbonyl carbons in the carbon APT spectrum also lends 

s ~ p p o a  to the success of the reaction. The hi& reso1ution mass spectnim of the 

product displayed an ion peak at 204.1872 corresponding to a rno1ecuIa.r formula 

of C S H ~ ~ .  

Experimental and Ender's reported proton and carbon NMR resonances are 

tabulated in Table 3 and Table 4 respecfively. At k t  glance, the carbon NMR 

spectrum appears to match perfectly but the proton NMR spectnun seems to 

have signiscant discrepancies between them. The problem was in the assignment 

of the terminal olefin resonances. Engler and CO-worker described, in their 



Table 3. Proton NMR Spectral Data for Bicyclic Diene 42. 

Proton NMR (ppm) 
- -  --- 

Engler (500 MHz)  Exp'tal(400 MHz) 

0.96, S, 3 H 0.96, S, 3 H 

0.97, S, 3 H 0.97, S, 3 H 

0.99 S, 3 H 0.99 S, 3 H 

1.44, m, 4 H 

1.62, m, 2H 

1.69, bd, 1 H 

1.88, bd, 1 H 

1.84, m, 2 H 

1.97, m, 2 H 

4.85-4.86. dd, 5 = 10.5,1.5,1 H 

4.864.94 (m, 2 H) 

4.90-4.93, dd, J = 18,1.5,1 H 

experimental section, two doublets of doublets, one centered at 6 4.92 with 

couphg constants of 18 and 1.5 Hz and the other one centered at 6 4.85 with 

coupling constants of 10.5 and 1.5 Hz. In our spectnun, the only resonances 

obsewed at the described chernical shifts were two apparent quartets, one 

centered at 4.92 and the other one centered at 4.88. What the guartets redy 

represent is the AB part of an ABX spin system. In other words, the two apparent 

quartets aduany is better descn'bed as a second order multiplet. Closer analysis 



Table 4. Carbon-= NMR Spectral Data for Bicyclic Diene 42. 

Carbon NMR (ppm) 

Ennier (75 MHz) Exp'tal(50 M H z )  

19.45 19.4 

of the doublet of doublets at 6 5.80 reveals the presence of a small peak in 

between the flanking doublets* This, combineci with the two apparent qyartets, is 

an example of a c~assic ABX spin systern20. Due to the inconsistency between our 

spectrum and that described by Engler and CO-workers, an attempt was made to 

obtain their spectnun from microfiche. ûur experimental proton NMR spectrum 

and EngIerls are presented in Figure 5 (experimental spectrum) and Figure 6 

(Engler's spechum). A cornparison of their spectnim and ours then c o n h e d  



that we have indeed synthesized Engler's bicyclic diene intermediate 42 and that 

their assignrnents were in error. 

With the synthesis of bicyclic diene 42 confirmed, we turned our attention to 

improve the transformation of 42 to nanaimoal. As described in Scheme 6, 

Engler chose to hydroborate the terminal olefin foUowed by oxidation to the 

primary alcohol. He then oxïdized the primary alcohol using Swern oxidation'l 

to give the target compound nanaimoal. We wanted to see whether epoxidation 

followed by epoxy-ketone remangement22 wouid also perform the required 

transformation. Even though peroxy acid epoxidation of olefins epoxidize 

electron rich olefins much more readily23, we reasoned that the interna1 olefin in 

bicyclic diene 42 may be sterically hindered enough to bias the epoxidation 

towards the less reactive terminal olefin. Thus, to a solution of bicyclic diene 42 

in dichloromethane cooled to O°C was added metachloropero~benzoic acid and 

the resulting clear solution was allowed to stir at r o m  temperature for 5 hours. 

M e r  workup and purification, epox..de 65 was isolated in 47% yield as a 3 3 1  

mixture of diastereomers as determined by proton NMR To our dismay, the 

reaction produced the undesired epoxide. The k t  sign of disappointment was 

evîdent in the proton NMR The terminal olefin was shown to have survived the 

reaction as deemed by the presence of two sets of three doublets of doublets 

(minor and major isomer) in the proton NMR spectrum; minor diastereomer: 6 

5.75 (dd, J = 18,ll Hz), 4.89 (dd, J = 18, 2 Hz), and 4.86 (dd, J = 11,2 Hz); major 

diastereomer: 6 5.65 (ddd, J = 18,11,1 Hz), 5.01 (dd, J = 11,2 Hz), and 4.91 (dd, 

J = i8,2 Hz). The three methyl groups were observed at 6 0.97 (6 H) and 0.91 (3 

H). The epoxidation was confirmed to have occurred due to the disappearance of 

the two downfield in-phase resonances in the carbon APT spectnim attributed to 



Figure 5. Proton NMR Spectrum of Synthetic 42 

Figure 6. Reported Proton NMR Spectnun of 42 



the internal olefin in the starting bicyclic diene 42 (6 U3.6 and 125.4) and the 

observance of two in-phase resonances in the spectnun of epoxide 65 at 6 62.7 

and 43.4. These were attributed to the two epoxide carbons. The high resolution 

mass spectrum contained an ion peak at 220.1818 correspondhg to the 

molecular formula CEHz40, thus M e r  bolstenng our confidence that the 

epoxidation indeed occurred at the internal olefin. Apparently, the steric 

hindrance hoped for was not adequate to influence the reaction towards the 

desired outcome. 

Given this setback, we abandoned the epoxidation route and setiied for the more 

classical hydrohration/oxidation method. In Engler's synthesis of nanaimoal, 

he elected to perform the needed oxidation to the aldehyde in two discret steps; 

first isolating the alcohol and then oxidizing it to the aldehyde oxidation level. It 

was not evident why he chose to go this route as there are literature precendents 

that the oxidation of terminal olefins to the aldehyde can be effeded in a one-pot 

procedure via the organoborane species ic<*out isolating the intermediate 

alcohol24a. Therefore, we elected to pursue this avenue to see whether the one- 

pot proceduce may be amenable to our synthesis. 

We fhst attempted the hydroboration using 9-borabicydo[3.3.1]nonane (9-BBN- 

H) as per Engler's procedure. Since this was our first attempt at the 

hydroboration, we needed to proceed with caution and so it was decided to repeat 

Engler's work by isolathg the alcohol. Thus, to a solution of bicyclic diene 42 in 

telmhydrofuran was added 9-BBN-H and the r d t i n g  clear solution was stirred 

at room temperature for 6 hours. 3 Msodium hydromde was then added 

foIlowed by 30% aqueous hydrogen peroxide. M e r  stirring for four hours at 



room temperature, saturated sodium bicarbonate was added followed by 

extraction with diethyl ether. Chromatographie purification of the cmde product, 

disappointingly, yielded an unidentifiable product. It was surmised that the 

bottle of reagent was at fa& 

It is welI known that disiamy1borane exhibits comparable regioselectivity in the 

hydroboration of o l e k  as compared to 9-BBN-H in many cases24b. Since we 

had fresh b d e s  of the reagents needed to synthesize disiamylborane and Brown 

and CO-workers24b had reported on the pyridinium chlorochromate oxidation of 

organoboranes resulting from disiamylborane and various olefins, we sought to 

investigate whether bicyclic diene 42 would be amenable to the procedure. Thus, 

to a solution of bicyclic diene 42 in tetrahydrofuran cooled to O°C was added 

freshly prepared disiamylborane. After sturing at room temperature for 25 

hours, the solvent was removed in uacuo and the residue was redissolved in 

dichloromethane. This was then added to a solution of pyridiniurn 

chlorochromate in dichloromethane and the resulting mixture was heated at 

reflux for 3 hours. After purification, the target natural product nanairnoal(1) 

was isolated in 66% yield. The IR spectnim of the product showed an intense 

carbonyl stretch at 1721 cm-1 and two weak C-H stretches at 2849 and 2730 cm-1. 

These absorptions suggest the presence of an aldehyde functionality. 

Confirmation was provided by the proton NMR (6 9.86, triplet, J = 3 Hz, 1 H) and 

the carbon APT spectnun (6 203.9, anti-phase). The acetaldehydic methylene 

protons were observed to resonate as a pair of doublet of doublets with one 

proton at 6 2.29 (J = 14,3 Hz) and the other at 6 2.22 (J = 14,3 Hz). The three 

methyl groups were found to resonate at 6 1.05 (3 H) and 0.98 (6 H). The high 

resolution mass spectnim of the product showed an ion peak at 220.1823 which 

corresponds to the molecular weight cdculated (220.1827) for C15H240 within 



acceptable error. The proton and carbon-i3 NMR data are presented in Table 5 

and 6, respectively. As can be clearly seen, the experimental values of our 

synthetic nanaimod is in good agreement with the published resdts. This then 

leads us to conclude that we have indeed successfully synthesized the natural 

product nanahoal (1). 

In conciusion, as summarized in Scheme 15, we have achieved the total synthesis 

of nanaimoai (1) starting with the known 3-formyl-3-methyl-1,s- 

pentanedicarbonitde (56) in a total of eight steps, going through five isolated 

intermediates, and in an overall yield of 15%. A s  well, we have, through this 

synthetic route, demonstrated the utility of the redutive alkylation methodology 

recently developed in o u  laborataries. 



Table 5. fiterature and Correspondhg Experimental Proton NMR 
Data for Namahoal (1). 

Table 6. Litemture and Corresponding Experiniental Carbon-13 NMR 
Data for Nanahoal (1). 

Andersen (400 MHz) ExpTtal (400 M H z )  

Andemen (100 MHz) Exp'tal(100 MHz)  

19.4 1 19.4 

0.98, s, 6 H 
1.05, s, 3 H 

1.77, d, 5 = 17.3,l H 
1.85, d, J = 17.3,1 H 

0.98, s, 6 H 
1.05, s, 3 H 

1.76, d, J = l7 , l  H 
1.84, d, J = 17,l H 



crJ (C6H&P-%k, n-&iLi, 
THF, -78°C to  rat, 30 min; 

DABCO, EVK, 
then 17 h, 91% - 

DME, O°C to r.t, 
over 2 steps 23 h, 49% 

Lithium Naphthalenide (3 eq), H2NNH2, KOH, DEG, 
THF, -7tB°C, 45 min; then CH$ il0-lzo0C, 2 h; thui a 

(4 eq), -78OC, 20 h, 77% 210-220°C, 4 h, 76% 

& 

Sia2BH, "EW, 
O°C to r.t, 25 h.; 
then PCC, CH2&, 
reflux, 3 h, 66% 

42 
1 

\ 

Scheme 15 



Melting points were recorded on a Kofler hot stage apparatus and are not 

corrected. Combustion elemental analyses were perforrned by the 

microanalytical laboratory of this department using a Carlo Erba EA-1108 

Elernental Analyzer. Fourier transform infrared spectra were recorded on a 

Nicolet Magna 750 instrument. Proton nuclear magnetic resonance (1H-NMR) 

spectra were recorded using the following spectrometers: Bruker AM-200 (200 

MHz), Bruker AM-300 (300 MHz), Varian Inova 300 (300 MHz), B ~ k e r  AM- 

360 (360 MHz), Bruker AM-400 (400 MHz), Varian Unity 500 (500 MHz), and 

Varian Inova 600 (600 MHz). Coupling constants are reported to within 10.5 

Hertz and chernical shift measurernents are reported in ppm downfield h m  TMS 

in delta (6) units. The fonowing abbreviations are use& s = single& d = doublet, t 

= triplet, q = quartet, m = multiplet, and br = broad. Carbon-13 magnetic 

resonance spectra (1%-NMR) were recorded on the foUowing spectrometers: 

Bruker AM-200 (50 MHz), Bruker AM-300 (75 MHz), and Bruker AM400 (100 

MHz). Deuteriochloroform or deuteriodichloromethane were used as the 

solvents for NMR experiments and intemd standard, Carbon-13 multiplicities 

were derived from Carr-Purcell-Meiboom-Gill spin echo Amodulated 

experiments (APT or Attached Proton Test). Methylene groups and quaternary 

carbons appear as in-phase (p) resonances with respect to the deuterated solvent 

signal while methyl and methine carbons appear as anti-phase (a) resonances. 

Nuclear ût-erhauser enhancement (nOe) e~penments were carried out in the 

merence mode in which a blank (unirradiated) spectrum was cornputer- 

subtracted fiom the irradiated spectrum afker Fourier transformation. Positive 



enhancements are defined as signds being anti-phase with respect to the 

irradiated signal. Samples for nOe experiments were deoxygenated with Argon 

for 10 minutes prior to use. High resolution electron impact mass spectra 

(HRMS) were recorded using a h t o s  MS-50 m a s  spectrorneter. Low resolution 

chernical ionization mass spectra were run on a Micrornass VG7070E with 

ammonia reagent gas. Electrospray mass spectra (hi& and low resolution) were 

nui using a Micromass ZABSPEC instrument. Mass spectral data were recorded 

as m/z values. Bulb-to-bulb distillation were performed using a Kugelrohr 

distillation apparatus. Eluent systems for flash chromatography are given in 

volume/volume concentrations. 

Unless otherwise stated, all materials used were commercially available and used 

as supplied. All cornpounds synthesized are racemic. Reactions requiring 

anhydrous conditions were performed in be-dried glassware, cooled under an 

argon atmosphere. Unless otheMlise stated, reactions were carried out under 

argon and rnonitored by analfical thin-layer chromatography (TLC) performed 

on aluminurn-backed plates precoated wïth silica gel 60 FZs4 as supplied by 

Merck VlSualization of the resulting chromatograms were done by Iooking under 

an ultraviolet lamp (k=254 nm) followed by dipping in an ethanol solution of 

vaniiiin (5% w/v) containing sulfure acid 3% v/v) and charring by heat p. 

Solvents for flash chromatography were W e d  under normal atmosphere prior 

to use. Solvent for reactions were dried and dktilled under an argon atmosphere 

prior to use as follows: tetrahydrofuran, diethyl ether, and 1,2-dimethoxyethane 

from a dark blue solution of sodium benzophenone ketyl; benzene, 



dichloromethane, pyridine, diisopropylamine, triethylamine, and carbon 

tetrachloride from calcium hydride. Purification of reagents, if deemed 

necessary, was performed using procedures and protocols as descn'bed by Perrin, 

Armarego, and Perrin=. Solvents were removed under water aspirator vacuum 

using a Büchi rotoevaporator. Argon was passed through a column of activated 

4A molecular sieves with self-indicating silica gel (coarse grained) interspersed 

within. 

Flash chromatography devebped by Still26 was used routinely for purification 

and separation of product mixtures using silica gel of 230-400 mesh size as 

supplied by Merck 

To a suspension of tert-butylamine (42 rnL, 0.420 mol), potassium carbonate (29 

g, 0.210 mol) in toluene (40 mL) was added propionaldehyde (15 mL, 0.210 mol). 

The light yeIlow suspension mis stirred at room temperature for 45 minutes and 

then Ntered. The residue was washed with toluene (3 x 20 mL) and additional 

potassium carbonate (29 g, 0.210 mol) was added to the combined filtrate. The 



resulting light yellow suspension was then stirred at room temperature for 16 

hours. The suspension was filtered into a 500 mL round bottom flask and 

acrylonitrile (70 mL, 1.06 mol) was added to the clear yellow filtrate. The 

solution was heated to reflux and maintained at refluxing temperature for 48 

hours at which time it was cooled to room temperature and filtered over a pad of 

Celite. The residue was washed with copious amounts of toluene and the solvent 

was removed in uacuo to give a clear light yellow oil which was distilled under 

reduced presure (178*C/0.5 mm Hg) to give the desired product as a clear light 

yeliow oil (34.508 g, 75%): FI?R (CD2C12 cast) 2246 (CN) and 1666 cm-' 

(HC=N); 1H-NMR (CD2CI2, 200 MHz) 8 7.30 (s, 1 H, -CH=N-), 2.13 (m, 4 H, NC- 

CH2- x 2), 1.84-2.03 (m, 2 H, NC-CH2-CHH- x 2), 1.n (ddd, J = 16,10,10 Hz, 2 

H, NC-CH2-CHH- x 2), 1.15 (s, 9 H, -N(CH3)~), 1.06 (s, 3 H, -CH3); W-NMR 

(APT, CDzCla 50 MHz) 6 159.8 (a), 120.4 (pl, 575 (pl, 41.3 (pl, 33.9 (pl, 29.5 (a), 

21.3 (a), 12.5 (p). 

To a solution of bis-cyano imine 57 (34.508 g, 0.W mol) in ethan01 (50 mL) was 

added aqueous hydrochloric acid (248 N, 50 mL). The resulting homogeneous 

solution was stirred at rmm temperature for 14 hours at which time chloroform 

(100 mL) was added and s t b d  for an additional 5 minutes at room temperature. 

The aqueous layer was separated and extracted with chlomform (3 x 100 mL), the 

combined organic extracts were washed sequentially with water (100 mL), 



saturated sodium bicarbonate (100 mL), and brine (100 mL), and then dned over 

magnesium sulfate. After filtration and evaporation of solvent in vacuo, the 

cmde product was isolated as a opaque yeuow oil. Vacuum distillation (177"C/0.1 

mm Hg) of the cmde oil then gave the desired bis-cyano aldehyde 56 as a clear 

viscous light yellow oil(24.789 g, 96%); ETIR (CDC13 cast) 2850 and 2750 (OC- 

H), 2248 (CN), and 1727 cm-1 (C=O); lH-NMR (CDC13, 360 MHz) 6 9.43 (t, J = 1 

HZ, 1 H, -CHO), 2.31 (ddd, J = 9,7,2 HZ, 4 H, NC-CH2- x 2),2.00 (ddd, J = 16,8, 

6 HZ, 2 H, NC-CH2-CHH- x 2), 1.86 (ddd, J = 16,8,6 HZ, 2 H, NC-CH2-CHH- x 

2), 1.16 (s, 3 H, -CH3); UC-NMR (APT, CDCI3, 100 MHz) 6 202.5 (a), 118.8 (p), 

48.0 (p), 30.1 (p), 17.9 (a), 12.3 (p); HRMS [M+l]+ 165.1021 (calculated for 

CgH13N02: 165.1028). 

To a suspension of methy1triphenylphosphonium bromide (48.069 g, 0.132 mol) 

in anhydrous teMydrofuran (150 mL) cooled to O°C, was added dropwise n- 

butyllithium (2.5 M in hexane, 50 mL, 0.125 mol). The resulting clear reddish 

orange culored solution was then stirred at O°C for 1 hour before cooling to -78OC 

at which time the clear solution bec- a colored suspension. A solution of the 

starting bis-cyano aldehyde 56 (10.013 g, 0.061 mol) in anhydrous 

tetrahydrofuran (50 mL) was then added dropwise via a dropping funne1 to the 

suspension at -78OC. After the addition was completed, the cooüng bath was 



removed and the reaction suspension allowed to warm to room temperature. 

After 30 minutes, saturated aqueous ammonium chloride was added dropwise 

until no more precipitate was present and the aqyeous layer was extracted with 

diethyl ether (4 x 100 mL). The combined organic extracts were then washed 

sequentially with water (50 mL), saturated sodium bicarbonate (50 mL), and 

brine (50 mL). Mer drying over rnagnesium sulfate, filtration, and evaporation 

of solvent in vacuo, the cmde product was obtained as a clear colorless oil. The 

crude product was purified by flash chromatography using 20% EtOAcIhexane as 

eluent to furnish the desired cyan0 enamine 58 as a white solid (7.640 g, 77%); 

rnp: 88-90°C; FLIR (CDC13 cast) 3444 and 3354 @TH2) and 2179 c d  (CN); 1H- 

NMR (CDC13, 360 MHz) 6 5.74 (dd, J = 1 8 , l O  HZ, 1 H, -CH=CH2-), 5.01 (dd, J = 

18,l Hz, 1 H, -CH=CHH-), 5.01 (dd, J = 10, i Hz, 1 H, -CH=CHH-), 4.18 (br. s, 2 

H, -NH2), 2.22 (ddd, J = 15,3,1 Hz, 1 H, -(CH3)C-CHH-C-), 2.15 (dddd, J = 11, 

7, 2 , l  Hz, 2 H, -CH2-CH2-C=), 2.04 (br. d, J = 15 Hz, 1 H, -(CH$-CHH-C-), 

1.60 (dddd, J = U, 6,6,1 Hz, 1 H, -(CH3)C-CHH-CH2-), L51 (ddd, J = U, 7,1 HZ, 

1 H, -(CH3)C-CHH-CH2-), 1.04 (s, 3 H, -CH3); *C-NMR (APT, CDC13, 75 MHz) G 

155.5 (pl, 145.0 (a), 120.7 (pl, 111.9 (pl, 72.4 (pl, 35.0 (pl, 34.7 (pl, 32.4 (pl, 25.9 

(a), 25.6 (p); HRMS M+ 162.1154 (calculated for C10H14N2: 162.1157); Anal. 

calculated for Ci~Hr4N2: C 74.03, H 8.70, N 17.27; found: C 74.09, H 8.82, N 

17-23. 



The starting cyano enamine 58 (7.640 g, 0.047 mol) was dissolved in toluene 

(100mL) and aqueous hydrochloric acid (2.48 N, 50 mL) was added. The 

heterogeneous mixture was heated to reflux and maintained at refluxing 

temperature for i hour followed by cooling to rwm temperature, at which time 

the aqueous layer was separated and extracted with diethyl ether (4 x 100 mL). 

The combineci organic layers were then washed sequentially with water (50 mL), 

saturated sodium bicarbonate (50 mL), and brine (50 mL), dried over 

magnesiun sulfate, filtered, and concentrated in uacuo to give the cmde product 

as a light brown oil. Flash chromatography using 20% EtOAc/hexane as eluent 

yielded the desired cyano ketone 54 as a light yellow oil (6.908 g, 90%); FTIR 

(CDC13 cast) 3361 (OH), 2251 (CN), 2210 (=C-CN), 1728 cm-1 (C=O); 1H-NMR 

(CDC13, 400 MHz, three isomers consisting of an en01 tautorner and two keto 

diastereomers in a respedive ratio of 1:2:7); 6 5.87 (dd, J = 18, il Hz, 0.7 H, 

-CH=CH2, major keto), 5.82 (dd, J = 18,ll Hz, 0.2 H, -CH=CH2, minor keto), 

5.74 (dd, J = 18, 11 Hz, 0.1 H, -CH=CH2, enol), 5.35 (d, J = 11 HZ, 0.7 H, 

-CH=CHH-, major keto), 5.25 (d, J = 18 Hz, 0.7 Hy -CH=CHH-, major keto), 5.08 

(d, J = 18 Hz, 0.2 H, -CH=CHH, minor keto), 5.07 (d, J = 11 HZ, 0.2 H, 

-CH=CHH, minor keto), 5.03 (dd, J = 11, i Hz, 0.1 H, -CH=CHH, enol), 5.00 (dd, 

J = 18,l Hz, 0.1 H, -CH=CHH, enol), 3.69 (dd, J = 13,6 Hz, 0.2 H, O=C-CH-CN, 

minor keto), 3.63 (dd, 14,6 Hz, 0.7 H, O=C-CH-CN, major keto), 2.29-2.55 (m, 



2.5 H), 2.08-2.18 (m, 0.6 H), 1.99-2.07 (rn, 0.9 H), 1.95 (dd, J = 14,14 Hz, 0.7 H), 

1.74-1.81 (m, 0.5 H), 1.70 (ddd, J = 14, 14, 6 Hz, 0.7 H), 1.30 (s, 0.6 H, -C&, 

minor keto), 1.12 (s, 2.1 H, -CH3, major keto), 1.05 (s, 0.3 H, -CH3, enol); 13C- 

NMR (APT, CDCl3,SO MHz) 8 200.4 (pl, 200.3 (pl, 166.1 (p), 145.4 (a), 144.7 (a), 

142.2 (a), 118.7 (pl, 116.4 (pl, 115.0 (p), 112.0 (pl, 111.9 (pl, 79.4 (p), 41.2 (p), 41.0 

(p), 40.1 (a), 39.8 (a), 37.2 (pl, 36.6 (pl, 36.5 (pl, 36.2 (pl, 35.5 (pl, 35.4 (pl, 32.4 

(p), 29.3 (a), 25.8 (p), 25.6 (a), 21.3 (a); HRMS M+ 163.0996 (calculated for 

CioHi3NO: 163.0997). 

Alternatively, the title compound may be synthesized in much higher overd yield 

directly from 3-fomyl-3-rnethyl-1~pentanedicarboni~e (56) without isolating 

the cyano enamine intermediate 58 in the f0110wing manner: To a suspension of 

methyltrip henylphosphonium brornide (15.590 g, 0.044 mol) in anhydrous 

tetrahydrofuran (50 mL) cooled to O°C was added n-butyllithium (2.5 M in 

hexane, 16.3 mL, 0.041 mol) dropwise. The resulting clear red solution was 

stirred at O°C for 1 hour followed by woling to -78*C, at which time the solution 

became an orange colored suspension. A solution of the starting bis-cyano 

aldehyde 56 (3.192 g, 0.020 mol) in anhydrous tetrahydrofuran (30 mL) was 

then introduced dropwise via a dropping funnel. When addition was complete, 

the reactioa mixture was stirred at -78OC for 15 minutes before the cooling bath 

was removed. After 1 hour, a 2.48 N hydrochloric acid was carefdly added 

dropwise until all precipitate had dissolveci. Additional 2.48 N hydrochloric acid 

was then added until the pH of the aqueous layer was approximately 1. The 

orange colored biphasic mixture was then &ed vigorously at room temperature 

for 17 hours before the aqueous layer was separated and extracted with diethyl 

ether (4 x 100 mL). The cornbined organic layers were then washed sequentially 

with water (100 mL), saturated sodium bicarbonate (100 mL), and brine (100 



mL), dried over magnesium sulfate, Ntered, and concentrated in vacuo. The 

cmde product thus obtained as a dark brown oil was subjected to vacuum 

distillation (123-i3o0C/0.7 mm Hg) to yield the title compound as a clear viscous 

oii (2.902 g, 91%). 

To a solution of starting a-cyan0 ketone 54 (0.706 g? 0.004 mol) in anhydrous 

dirnethoxyethane was added i,4-diazabicyclo[2.2.2]octane (0.615 g, 0.005 mol) 

and the resulting clear solution was cooled to O°C. M e r  stirring at o O C  for 15 

minutes, ethyl vinyl ketone (0.7 mL, 0.007 mol) was added dropwise and the 

resulting clear colorless reaction solution was allowed to warm to room 

temperature. Mer stirring at room temperature for a hours, the clear light 

yellow reaction solution was poured into ice-cold dilute hydrochloric acid 

solution and the slightly acidic aqueous layer was then extracted with ethyl 

acetate (4 x 50 mL) . The combined organic extracts were washed sequentially 

with water (50 mL), saturated sodium bicarbonate (50 mL), and brine (50 mL), 

dried over magnesium sulfate, filtered, and concentrated in uacuo to give the 

cmde product as a clear light yellow oil. Flash chromatography using 20% 

EtOAc/hexane as eluent then gave the title Michael adduct 59 as a clear 03 (7:s 

inseparable mixture of diastereomers, 0.522 g, 49%): ETIR (CDQ cast) 2233 

(CN) and ln8 cm-1 (C=O); WNMR (CDC13, 400 MHz) 6 6.16 (ddd, J = 18,11,1 



Hz, 0.7 H, -CH=CHa, major isomer), 5.82 (dd, J = 18,ll Hz, 0.3 H, -CH=CHe 

minor isomer), 5.31 (d, J = 11 Hz, 0.7 H, -CH=CHH-, major isomer), 5.26 (d, J = 

18 Hz, 0.7 H, -CH=CHH-, major isomer), 5.10 (d, J = 11 Hz, 0.3 H, -CH=CHH-, 

minor isomer), 5.08 (d, J = 18 Hz, 0.3 H, -CH=CHH-, minor isomer), 3.02 (ddd, 

J = 14, 14,6 Hz, 0.7 H, O=C-Cm-), 2.70-2.80 (m, 1.1 H), 2.51-2.68 (m, 1.8 H), 

2.25-2.51 (m, 4.0 H), 2.15-2.25 (m, 1.0 H), 1.94-2.08 (m, 0.7 H), 1.64-1.92 (m, 2.7 

H), 1.36 (s, 0.9 H, -CH3, minor isomer), 1.08 (s, 2.1 H, -CH3, major isomer), 1.07 

(dd, J = 7,7 Hz, 2.1 H, -CH3, major isomer), 1.05 (dd, J = 7, 7 Hz, 0.9 H, -CH3, 

minor isomer); W X W R  (APT, CDC13, 100 MHz) 6 209.4 (p), 209.1 (p), 203.5 

(pl, 145.7 (a), 143.0 (a), 119.8 (pl. 119.1 (pl, 114.3 (pl, 112.3 (pl, 49.8 (pl, 48.8 (pl, 

48.3 (pl, 47.2 (pl, 37.8 (pl, 37.6 (pl, 36.9 (pl, 36.3 (pl, 36.0 (pl, 35.9 (pl, 35.1 (pl, 

30.3 (a), 29.3 (p), 26.6 (a), 7.8 (a); HRMS M+ 247.1562 (calculated for 

C15H21N02: 247.1572); Anal. calculated for C15H21N02: C 72.83, H 8.56, N 5.67; 

found: C 72.80, H 8.76, N 5.60. 

To a solution of starting a-cyano ketone 54 (0.254 g, 1.56 mmol) in anhydrous 

cümethoxyethane (5 mL) was added i,4-diazabicydo[2.2.2]octane (0.209 g, 1.86 

m o l )  and the resulting clear solution was cooled to O°C. Mer &ring at O°C for 

30 minutes, methyl viny1 ketone (0.28 mL, 3.36 mmol) was added dropwise and 

the coohg bath mis removed. The slightly cloudy reaction mixture was anowed 



to stir at room temperature for 24 hours at which time it was poured into ice-cold 

dilute hydrochIoric acid solution. The aqueous layer was extractecl with diethyl 

ether (4 x 30 mL) and the combined organic extracts were washed sequentidy 

with water (50 mL), saturated sodium bicarbonate (50 mL), and brine (50 mL), 

dried over magnesium sulfate, filtered, and concentrated in vacuo. The resulting 

light yeUow oil was purifieci by tlash chromatography using 15% EtOAc/hexane as 

eluent to furnish, d e r  evaporation of soivent, the desired Michael adduct as a 

light yellow oil in a 2:l mixture of diastereomers (0.284 g, 78%): ETIR (CDC13 

cast) 2232 (CN) and 1727 cm-' (C=O); HRMS M+ 233.1408 (calculated for 

CI4Hl9NO2: 233.1416); Anal. calculated for C14HlgNO2: C 72-07, H 8.21, N 

6.00; found C 72.15, H 8.47, N 5.68. An aliquot of the mixture was subjected to 

flash chromatography using 10% EtOAcfhexane as eluent to furnish the 

individual diastereomers for characterization; isomer i (minor product): 'H- 

NMR (CDC13, 400 MHz) 6 5.82 (dd, J = 18,ll HZ, 1 H, -CH=CH2), 5.09 (d, J = 11 

Hz, 1 H, -CH=CHH), 5.08 (d, J = 18 Hz, 1 H, -CH=CHH), 2.56-2.82 (m, 4 H), 

2.30-2.50 (m, 2 H), 2.20 (dd, J = 14,2 Hz, 1 H, -(CH3)C-CHH-C(CN)), 2.16 (s, 3 

H, 0=C-CH3), 1.96 (d, J = 14 Hz, 1 H, -(CH3)C-CHH-C(CN)), 1.80-1.92 (m, 2 H), 

1.35 (s, 3 H, -CH3); W - N M R  (APT, CDCI3, 100 MHz) G 206.3 (p), 203.5 (p), 

145.8 (a), 119.7 (pl, 112.3 (pl, 48.3 (p), 4Z7 (pl, 39.1 (pl, 37.4 (pl, 36.3 (pl, 35.1 

(p), 29.9 (a), 29.2 (p), 26.4 (a); isomer 2 (major product): 1H-NMR (CDC13, 600 

MHz) 6 6.12 (ddd, J = 18, 11, 1 HZ, 1 H, -CH=CH2), 5.29 (d, J = 11 HZ, 1 H, 

-CH=CHH), 5.24 (d, J = 18 HZ, 1 H, -CH=CHH), 3.00 (ddd, J = U, 13,s Hz, 1 H, 

O=C-CHH-), 2.77 (ddd, J = 18,1,5 HZ, 1 H, O&-CHH-), 2.58 (ddd, J = 18,10,5 

HZ, i H, O&-CHH-), 237 (ddd, J = 14,4,4 Hz, 1 H, O&-CH2-CEIH-), 2.24-2.33 

(m, 2 H, (CH3)C-(3EIH- and O=C-CH2-CHE-), 2.13-2.19 (m, 1 N, O=C-CH2- 

CHH-), 2.15 (s, 3 H, O=C-CH3), 1.78 (ddd, J = 14,10,5 &, 1 H, O=C-CH2-CHH- 

), 1-70 (dddd, J = 13, 13, 4, 1 HZ, 1 H, O&-CHH-), 1.66 (d, J = 14 HZ, 1 H, 



To a 100 mL round bottom flask fitted with a Dean-Stark apparatus was added p- 

toluenesulfanic acid hydrate (0.321 g, 0.0016 mol) and benzene (50 mL). The 

clear solution was heated to reflux and the water-benzene azeotrope was drained. 

M e r  no more water was evident in the distillate (-30 mL was drained), the 

solution was cooled to room temperature and a solution of the starting diketone 

59 (0.522 gr 0.002 mol) in anhydrous benzene (30 mL) was qyickly introduced. 

The resulting clear light yellow solution was heated to reflux and the water- 

benzene azeotrope was drained (-30 mL was drained). After refluxing for 2 

ho-, the clear red reaction solution was then cooled to room temperature and 

diethyl ether mis added (20 mL). Satwated sodium bicarbonate (30 mL) was 

added and the aqueous layer was then extracted with ethyl acetate (4 x 50 mL). 

The combined organic extracts were then washed sequentidy with water (50 

mL) and brine (50 mL). The pre-dried organic layer thus obtained was then 

dried further oves magnesiun sulfate, filtered, and concentrated in uacuo ta give 

the crude product as a light yeilow oil. Flash chrornatographic purification of the 

crude product using 20% EtOAc/hexane then gave the M e  compound as a light 



yellow oil in a 1:1 mixture of diastereomers (0.417 g, 86%): FITR (CDC13 cast) 

2228 (CN) and 1676 cm-1 (C=O); HRMS M+ 229.1463 (caldated for CisHi9NO: 

229.1467). A portion of the mixture was then subjected to flash chromatopaphy 

using 10% EtOAcIhexane as eluent to give the individual diastereomers for 

characterization: WNMR (CDC13, 400 MHz) isomer 1: 6 5.75 (dd, J = 18, il Hz, 

i H, -CH=CH2), 4.99 (d, J = 18 HZ, 1 H, -CH=CHH), 4.98 (d, J = 11 Hz, 1 H, 

-CH=CHH), 2.72-2.84 (m, 2 H, O=C-CHH- and C=C-CHH-), 2.47-2.61 (m, 2 H, 

O=C-CHH- and C=C-CHH-), 2.34 (ddd, J = 14,5,3 HZ, L H, O=C-CHa-CHH-), 

2.06 (dd, J = 14, 3 HZ, 1 H, -(CH3)C-CHH-), 1.94 (ddd, J = 15, 14, 4 HZ, O=C- 

CH2-CHH-), 1.84 (s, 3 H, =C-CH3), 1.78 (dddd, J = 14,4,4,3 HZ, 1 H, -(CH3)C- 

CEIH-CHr), 1.53 (ddd, J = 14, i3,4 HZ, 1 H, -(CH3)C-CKH-CH2-), 1.52 (d, J = 14 

Hz, -(CH3)C-CHH-), 1.45 (s, 3 H, -CH3); isomer 2: 6.16 (ddd, J = 18, il, 1 Hz, 1 

H, -CH=CH2), 5.26 (dd, J = il, 1 HZ, 1 H, -CH=-), 5.21 (dd, J = 18, i HZ, 1 H, 

-CH=CHH), 2.68-2.81 (m, 2 H, O=C-CHH- and C=GCHH-), 2.48-2.60 (m, 2 H, 

O=CCHH- a d  C=C-CHH-), 2.33 (ddd, J = 14,5,3 HZ, 1 H, O=C-CH2-CHH-), 

2.21 (dd, J = 14, 3 HZ, 1 H, -(CH3)C-CHH-), 2.14 (ddd, J = 14, 7, 3 HZ, 1 H, 

-(CH3)C-CHH-CH2-), 1.92 (ddd, J = W, 14,4 HZ, 1 H, O=C-CH2-CHH-), 1.83 (s, 

3 H, =C-CH3), 1.43 (d, J = 14 HZ, l H, (CH3)C-CHH-), 1.39 (dddd, J = 14,14,4, i 

HZ, 1 H, -(CH3)C-CHH-CH2-), 1.04 (s, 3 H, -CH3); UC-NMR (APT, CDC13, 75 

MHz) isomer 1: 6 196.4 (p), 150.1 (p), 148.0 (a), l32.7 (p), 121.8 (p), 111.0 (p), 

47.9 (pl, 36.1 (pl, 36.0 (pl, 35.6 (pl, 35.4 (pl, 34.3 (p), 25.2 (pl, 22.7 (a), 11.3 (a); 

isomer 2: 196.4 (p), 150.4 (pl, 143.1 (a), 1323 (pl, 120.9 (pl, U4.0 (pl, 50.0 (p), 

36.7 (pl, 36.3 (pl, 35.3 (pl, 34.8 (pl, 34.1 (pl, 31.1 (a), 25.5 (pl, 11.2 (a). 

Alternatively, the M e  compound may be synthesized in directly from cyano 

ketone 54 without isolathg the Michael adduct intermediate 59. As such, after 

the prescribed workup for the synthesis of Michael adduct 59, the cmde product 



was dried rigorously under high vacuum for 2 hours. This was then used without 

further purification according to the described procedure for the aldol 

condensation reaction to give cyano enone 53. Using this modified procedure, 

the yield of 53 was 40% over 2 steps. 

To a 50 mL round bottom flask fitted with a DeamStark apparatus was added p 

toluenesulfonic acid hydrate (0.802 g, 0.0042 mol) and benzene (40 mL). The 

clear solution was heated to reflux and the water-benzene azeotrope was drained. 

After no more water was evident in the distillate (-20 mL was drained), the 

solution was cooled to room temperature and a solution of the starting diketone 

63 (1.229 g, 0.0053 mol) in anhydrous benzene (20 mL) was quickIy introduced. 

The resulting clear red solution was heated to reflux and the water-benzene 

azeotrope was drained (-10 mL). m e r  refiuxing for 12 hours, the deep red 

solution was cooled to room temperature and the reaction was quenched by the 

addition of saturated sodium bicarbonate (20 mL). The aqueous layer was 

separated and extractecl with diethyl ether (4 x 50 mL) and the combined organic 

extracts were then washed sequentidy with water (30 mL) and brine (30 mL), 

dried over magnesium sulfate, filtered, and concentrated in varmo. The resulting 

light yellow oil was subjected to flash chromatography using 20% EtûAc/hexane 

as eluent to fuFnish the desired cyan0 enone 64 as a light yellow soüd in a 2:i 

mixture of diastereomers (0.623 g, 55%): mp: 54-58OC; FTIR (CDC13 cast) 2228 



(CN) and 1684 cm-1 (C=O); HRMS MC 215.1312 (calculated for C14H17NO: 

215.1310); Anal. calculated for C14H17NO: C 78.10, H 7.96, N 6.51; found: C 

78.14, H 8.11, N 6.19; A portion of the mixture was subjected to flash 

chromatographie separation using 10% EtOAc/hexane as eluent to give the 

individual diastereomers for charabeFization; isomer i (minor product): W- 

NMR (CDC13, 300 MHz)  G 5.98 (d, J = 2 HZ, 1 H, -C=CH-GO), 5.74 (dd, J = 18, 

ii HZ, 1 H, -CH=CH2), 5.01 (dd, J = 18, i HZ, 1 H, -CH=CRH-), 4.98 (dd, J = il, 1 

Hz, 1 H, -CH=CHH-), 2.69-2.85 (m, 2 H), 2.36-2.58 (m, 3 H), 2.12 (dd, J = 14,3 

HZ, 1 H, -(CH3)C-CHH-C(CN)-), 1.98 (ddd, J = 15,14,4 HZ, 1 H), 1.74 (ddd, J = 

14, 5, 5 HZ, 1 H), 1.74 (dd, J = 14, 5 Hz, 1 H), 1.55 (d, J = 15 Hz, 1 H, -(CH3)C- 

CHH-C(CN)-), 1.46 (s, 3 H, -CH3); W-NMR (APT, CDQ, 75 MHz) 6 196.6 (p), 

156.9 (p), 147.8 (a), 127.3 (a), 120.9 (pl, 111.2 (pl, 47-5 (ph 36.5 (pl, 36.2 (p), 35.9 

(p), 34.4 (p), 31.6 (p), 29.3 (p), 21.9 (a); isomer 2 (major product): 1H-NMR 

(CDCI3, 300 MHz) G 6.14 (ddd, J = 18,11,1 HZ, 1 H, -CH=C&), 5.95 (d, J = 2 Hz, 

1 H, -C=CH-C=O), 5.28 (d, J = 11 HZ, 1 H, -CH=CHH), 5.21 (d, J = 18 Hz, 1 H, 

-CH=CHH), 2.65-2.86 (m, 2 H), 2.49 (dddd, J = 17,4,4,1 Hz, 1 H), 2.31-2.44 (m, 

ZH), 2.26 (dd, J = 14,3 HZ, 1 H, -(CH3)GCHH-C(CN)-), 2.12 (ddd, J = 14,5,5, 

Hz, 1 H), 2.12 (dd, J = 14,s Hz, 1 H), 1.96 (ddd, J = W, 14,4 Hz, 1 H), 1.44 (d, J = 

14 HZ, 1 H, -(CH3)C-CHH-C(CN)-), 1.05 (s, 3 H, -CH& '3C-NMR (APT, CDC13, 



~ , 2 , 8 - T r i m e t h y I - 8 - v i n y l b i q d 0 [ 4 ~ 4 . O ] d ~ e  @O), 2,2,4,8- 

tetrame&yl-8-vinylbicyclo [4s4.~] dec-~(6)-en-one (6l), and 1,s- 

dimethy-8-vinylbiqdo C4.4. O] dee-i(6)- (62) 

To a clear solution of naphthdene (0.331 g, 0.00258 mol) in anhydrous 

tetrahydrofuran (5 mL) was added lithium wire (0.064 g, 0.009 mol). The 

resulting mixture was stirred at room temperature for i hour at which time it 

became a dark blue solution. This was used as a stock 0.52 M solution of lithium 

naphthalenide. 

To a solution of the starting cyano enone 53 (0.096 g, 0.419 mmol) in anhydrous 

tetrahydrofuran (5 mL) cooled to -78OC was added dropwise the above pre- 

formed lithium naphthalenide solution (2.4 mL, 1.25 mmol). The resulthg blue 

solution was stirred at -78OC for 45 minutes followed by rapid addition of methyl 

iodide (0.11 mL, 0.251 g, 1.77 mmolj. The clear light yellow reaction mixhw was 

then stirred at -78OC for 20 hours. SoIid ammonium chloride (-100 mg) was 

then added and the suspension was allowed to warm to room temperature. 

Water was then introduced dropwise to dissolve a l l  precipitate and the aqueous 

layer was separated and extracteci with diethyl ether (4 x 30 mL). The combined 

oqanic extracts were then washed sequentidy with water (30 mi,) and brine (30 

mL), dried over magnesium sulfate, fdtered, and concentrated in vacuo. The 

light yellow oil thus obtained was then subjected to flash chromatography using 



0.4% EtOAc/hexane as eluent to give the a,a'-diakylated reduction product 61 

(trace amount) as an inseparable mixture of two diastereomers in a 3:2 ratio: 

ETIR (CHC13 cast) 1710 cm-= (CIO); WNMR (CDC13, 360 MHz ) 6 5.84 (dd, J = 

18, il Hzy 0.4H, -CH=CH2, minor isomer), 5.71 (dd, J = 18, il HZ, 0.6 H, 

-CH=CH2, major isomer), 4.95 (dd, J = 18, 1 Hz, 0.4 H, -CH=CHH, minor 

isomer), 4.93 (dd, J = 11,l Hz, 0.4 H, -CH=CHH, minor isomer), 4.90 (dd, J = 11, 

1 Hz, 0.6 H, -CH=CRH, major isomer), 4.81 (dd, J = 18,l Hz, 0.6 Hy -CH=CHH, 

major isomer), 2.86 (m, 1 H, O=C-CH-), 2.26 (dd, J = 16, 7 Hz, 1 H, O=C-CH- 

CHH-), 1.81-2.11 (m, 4.6 H), 1.71 (d, J = 16 Hz, 0.4 H, O=C-CH-CHH-, minor 

isomer), 1.36-1.60 (m, 3 H), 1.19 (s, 3 H, -CH3), 1.14 (s, 1.2 H, -CHJ, minor 

isomer), 1.08 (s, 1.8 H, -CH3, major isomer), 1.07 (d, J = 7 Hz, 3 H, O=C-CH- 

CH3), 1.03 (s, 1.8 H, -CH3, major isomer), 0.94 (s, 1.2 H, -CH3, minor isomer); 

13G-NMR (APT, CDC13, 50 MHz) 6 193.7 (p), 148.4 (a), 145.7 (a), 133.4 (pl, 125.7 

(p), 111.0 (pl, m.1 (pl, 47.2 (pl, 41.7 (pl, 41.3 (pl, 40.0 (pl, 39-8 (pl, 38.9 (4, 

38.8 (a), 35.1 (pl, 34.8 (p), 34.1 (pl, 33.3 (pl, 27.8 (a), 26.7 (a), 23.7 (a), 22.0 (a), 

21.9 (p), 21.5 (p), 14.1 (a); HRMS M+ 232.1818 (calculated for C16H2~0: 

232.1827); And. calculated for C16H240: C 82.70, H 10.41; found: C 82.36, H 

10.57. Further elution gave the desired bicyclic ketone 60 (0.070 g, 77%): FTIR 

(CDC13 cast) 1716 cm-1 (C=O); 1H-NMR (CDCb, 400 MHz) 6 5.77 (dd, J = 18, il 

HZ, 1 H, -CH=CH2), 4.92 (dd, J = i1,2 HZ, 1 H, -CH=CHH), 4.89 (dd, J = 18,2 

Hz, 1 H, -CH=CHH), 2.49-2.60 (m, 2 H, O=C-CH2-), 2.28 (mt, J = 8 Hz, 2 H, 

O=C-CH2-CH2-), 2.00 (m, 3 H, =C-CH2-CH2- and -(CH3)C-CHH-C=), 1.81 (md, 

J = 18 HZ, i H, -(CH3)C-CHH-C=), 1.52 (dddd, J = U, 6,6,1 Hz, 1 H, -(CH3)C- 

CHH-), 1.44 (dddd, J = 13, 6,6, i Hz, 1 H, -(CH3)C-CHH-), 1.17 (s, 3 H, -CH3), 

1.14 (s, 3 H, -CH3), 0.98 (s, 3 H, -CH3); '3C-NMR (APT, CDCI3, 50 MHz) 6 215.8 

(pl, 146.9 (4,133.0 (pl, 126.2 (pl, 110.6 (pl, 47.0 (pl, 41.7 (pl, 35.9 (pl, 34.9 (pl, 

33.8 (p), 30.9 (p), 29.7 (p), 25.8 (a), 24.1 (a), 23.8 (a); HRMS M+ 218.1671 



(calculated for CigH220: 218.1671); Anal. calcdated for C15H220: C 82.52, H 

10.16; found: C 82.22, H 9.91. Final elution with the same solvent system gave 

the reduction product 62 (0.011 g, 13%) as a 1:l mixhire of diastereomers: FIlR 

(CDC13 mst) 1 4  cm-1 (C=O); 1H-NMR (CDCS, 360 MHz) 6 5.79 (dd, J = 18, il 

Hz, 0.5 H, -CH=CH2), 5.77 (dd, J = i8,li  HZ, 0.5 H, -CH=CH2), 4.85-4.95 (m, 2 

H, -CH=CH2), 2.50-2.67 (m, 2 H), 2.20-2.47 (m, 3 H), 2.05-2.20 (m, 1 H), 1.94- 

2.05 (m, 1 H), 1.70-1.87 (m, 2 H), 1.39-1.57 (m, 2 H), 1.20 (d, J = 7 Hz, 1.5 H, -CH- 

CH3), 1.16 (d, J = 7 HZ, 1.5 H, -CH-CH3), 1.00 (s, 1.5 H, -CH3), 0.99 (s, 1.5 H, 

-CH3); W-NMR (APT, CDC13, 75 MHz) 214.0 (p), 147.7 (a), 146.3 (a), 129.8(p), 

129.6 (p), 126.8 (p), 110.9 (pl, 110.4 (p), 47.3 (a), 47.2 (a), 41.4 (pl, 41.2 (pl, 37.0 

(pl, 36.9 (pl, 35.4 (a), 35.2 (a), 33.8 (pl, 33.4 (pl, 30.9 (pl, 30.8 (pl, 26.9 (a), 25.6 

(p), 25.3 (p), 24.9 (a), 16.0 (a), 15.8 (a); HRMS M+ 204.1521 (calculated for 

C14H200: 204.1514). 

Alternatively, the desired bicyclic ketone 60 may also be synthesized from 

bicyclic ketone 64 in the following manner: To a solution of ketone 64 (0.082 g, 

0.381 mmol) in anhydrous tetrahydrofuran (4 mL) cooled to -78OC was added 

pre-formed lithium naphthalenide solution (tO Min tetrahydrofuran, 1.6 mL, 1.6 

mmol) dropwise. The resulting blue solution was stirred at -%OC for 30 minutes 

followed by the rapid introduction of methyl iodide (0.085 mL, 1.4 mmol). The 

clear light yellow solution was removed fiom the cooling bath and wamed to 

room temperature. Mer stirring at room temperature for 4 hours, saturated 

aqueous ammonium chloride was added (10 mL). The aqueous layer was 

extracted with diethyl ether (4 x 20 mL) and the combined organic extracts were 

washed with water (20 mL) followed by brine (20 mL), dried over magnesium 

sulfate, filtered, and concentrated in vacuo. Flash chromatography of the 



resulting light yellow oil using 0.25% EtOAc as eluent gave, after evaporation of 

solvent, bicyclic ketone 60 as the only isolable product in 41% yield. 

42 

To a solution of the starting bicyclic ketone 60 (O.iiO g, 0.504 mmol) in 

diethylene glycol (8 mL) was added potassium hydroxide pellets (80% wt/wt, 

0.191 g, 2.72 mmol) and anhydrous hydrazine (0.15 ml, 4.78 mrnol). A Dean- 

Stark apparatus containing 4A molecular sieves was then fitted onto the round 

bottom flask and the clear light yellow reaction mixture was then heated to 110- 

120°C. Mer  2 hours at ~0-120~C,  the temperature was gradually raised to 210- 

230°C and rnaintained there for a further 4 hours. The clear solution was then 

cooled to room temperature, diluted with water (20 mL), and extracted with 

pefroleum ether (4 x 50 mL). The combined organic extracts were then washed 

with water (30 mL) and brine (30 mL), dried over magnesium sulfate, fïîtered, 

and carefully concentrated in vacuo (the product is appreciably volatile). 

Flash chromatography through a short column using petroleum ether as eluent 

then furnished the desired deoxygenated product 42 as a clear colorless oil 

(0.078 g, 76%): FITR (CDC13 cast) 1641 cm-1 (C=C); 1H-NMR (CDC13, 400 MHz) 

8 5.80 (dd, J = 18,ll Hz, 1 H, -CEI=CH2), 4.864.94 (m, 2 H, -CH=-), 1.97 (m, 

2 H), 1.84 (m, 2 H), 1-88 (br. d, J = 17 HZ, 1 H, -(CH#,-CHH-C=), 1.69 (br. d, J = 

17 Hz, 1 H, -(CH3)C-CHH-C=), 1.62 (m, 2 H), 1.44 (m, 4 H), 0.99 (s, 3 H, -CH3), 

0.97 (s, 3 H, -CH3), 0.96 (s, 3 H, -CH3); W-NMR (APT, CDC13, 50 MHz) S 147.9 



(a), 133.6 (pl, 125.4 (pl, 110.0 (PI, 42.3 (p), 39.8 (p), 35.0 (pl, 34.5 (ph 33.5 (pl, 

31.6 (p), 27.9 (a), 25.6 (a), 21.7 (p), 19.4 (p); HRMS M+ 204.1872 (calculated for 

Ci5H24: 204.1878). 

To a solution of the starting bicydic diene 42 (0.008 g, 0.0372 mmol) in 

anhydrous dichloromethane (2 mL) cooled to O°C was added m-chloroperbenzoic 

acid (0.012 g, 0.0695 mmol) and the clear solution was stirred at O°C for 15 

minutes before being allowed to warm to room temperature. After 5 hours at 

room temperature, saturated sodium bicarbonate (5 mL) was added and the 

aqueous layer was extracted with dichloromethane (4 x 20 mL). The combined 

organic extracts were washed with water (10 mL) and brine (10 mL), dried over 

rnagnesium sulfate, £iltered, and concentrated in vacuo. The clear oil thus 

obtained was subjected to flash chromatography using 5% ~ t ~ ~ c / h e x a n e  as 

eluent to give the title epoxide 65 (0.004 g, 47%)as a clear oil in a 3.5:l mixture of 

diastereamers : FIIR (CDC13 cast) 1640 cm-1 (C=C); WNMR (CDCI3, 360 MHz) 

8 5.75 (dd, J = 18,ll Hz, 0.22 H, -CH=CH2, minor isomer), 5.65 (ddd, J = 18, il, 

1 Hz, 0.78 H, -CH=CH2, major isorner), 5.01 (dd, J = 11, 2 Hz, 0.78 H, 

-CH=CHH, major isomer), 4.91 (dd, J = 18, 2 HZ, 0.78 H, -CH=CHH, major 

isomer), 4.89 (dd, J = 18,2 Hz, 0.22 H, -CH=CHH, minor isomer), 4.86 (dd, J = 

11,2 Hz, 0.22 H, -CH=CHH, minor isomer), 1.62-2.02 (m, 8 H), 1.34-1.46 (m, 4 



H), 0.97 (s, 6 H, -CH3 x 2), 0-91 (s, 3 H, -CH3); l3C-NMR (APT, CDC13, 100 

MHz) 6 146.5 (a), 111.2 (pl, 109.6 (p), 62.7 (pl, 43.4 (pl, 41.4 (p), 37.0 (p), 32.0 

(pl, 31.6 (pl, 31.2 (pl, 29.3 (a), 26.2 (a), 24.8 (a), 22.7 (pl, 21.9 (p), 21.2 (p), 17.1 

(p), 17.0 (p), 14.1 (a); HRMS M+ 220.1818 (calcdated for Cp&40: 220.1827). 

To a solution of the starting diene 42 (0.021 g, 0.103 mmol) in anhydrous 

tetrahydrofuran (3 mL) cwled to O°C, was added dropwise a p r e - h e d  solution 

of disiamylborane in anhydrous tetmhydrofuran (0.5 M, 0.82 mL, 0.410 mmol). 

The resulting cleair colorless solution was allowed to warm to room temperature 

and stirred for 25 hours. The solvent was then removed in uacuo and the residue 

redisso1ved in anhydrous dichloromethane (2 mL). This clear colorless solution 

was then added to a bright orange solution of pyridinium chlorochromate (0.443 

g, 2.06 mmol) in anhydrous dichloromethane (3 mL) and the resulting dark 

brown suspension was then heated to r e h  Mer  refluxing for 3 hours, the dark 

suspension was cwled to r o m  temperature, diluted with diethyl ether (-20 mL), 

and the resdthg dark suspension was nItered over a pad of Celite. The residue 

was rinsed with copious amounts of diethyl ether and the filtrate was 

concentrated in vacuo. Flash chromatography of the resuIthg clear oil using 5% 

Et20/hexane as eluent then yielded the desired aldehyde 1 as a fragrant clear 

co1orless oil(0.012 g, 66%): FIIR (CD& cast) 2849 and 2730 (OC-H) and 1721 



cm-1 (C=O); IH-NMR (CDC13, 400 MHz)  9.86 (t, J = 3 Hz, 1 H, -CHO), 2.29 (dd, 

J = 14,s Hz, 1 H, -CHH-CHO), 2.22 (dd, J = 14,3 Hz, 1 H, -CHH-CHO), 2.01 (m, 

2 H), 1.84 (d, J = 17 Hz, 1 H, -(CH3)C-CHH-C=), 1.79 (m, 2 H), 1.76 (d, J = 17 Hz, 

-(CH3)C-CHH-C=), 1.59 (m, 4 Hl, 1.44 (m, 2 Hl, 1.05 Cs, 3 H, -CH3), 0.98 (s, 6 H, 

-CH3 x 2); 13C-NMR (APT, CDC13, 100 MHz) 6 203.9 (a), 133.8 (p), 125.3 (p), 

53.7 (pl, 43.7 (pl, 39.7 (pl, 34-8 (pl, 33.6 (PI, 32.2 (pl, 31.6 (PI? 27.9 (a) 9 26 0 (a), 

21.3 (p), 19.4 (p); HRMS M+ 220.1823 (caldated for Ci5H240: 220.1827). 
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T o d  the Total Synthesis of Solidago Alcohol uiat an 

Intermolecular DielSmAlder Approach 



The clerodanes constitute one of the largest families of diterpenoid natural 

products known. Ever since the isolation of clerodin (1) by Barton1 and CO- 

workers, there has been an ever increasing number of isolated and identified 

natural products possessing the clerodane carbon skeleton (Figure 1)*. The 

clerodane natural products rnay be categorized into two distinct series, namely 

the cis and the tram series depending upon the stereochernistry of the ring 

junction. These two senes are proposed to be descended fiom the same 

biosynthetic pathway. 

Figure 1. Clerodane Carbon Skeleton 



The proposed biosynthetic pathway leading to the clerodanes is depicted in 

Scheme 1. Starting fiom geranyl geranyl pyrophosphate (GGPP), cyclization to 

the labdane skeleton 2 starts off a cascade of methyl and hydride shifts leading to 

the cis and trans clerodanes. The tram clerodanes can arise via a concerted 

migration process to intermediate 3 whereas the cis clerodanes require that the 

migrations proceed in a stepwise manner, with a "pause" at intermediate 4. 

Intermediate 4 can then lead either ta the trans- or the cis- clerodanes depending 

Scheme 1 

upon which C-4 methyl group migrates. As depicted in Figure 2, the cis- 

clerodanes can be M e r  categorized into the cis-normal- and cis-ent-clerodanes 



c i s - n o d  cis-ent 

Figure 2. Conformational Structures of cis-Clerodanes 

by virtue of the relative stereochemistry between the substituents on C-9 

(clerodane numbering) and the ring junction. 

The proposed biosynthetic pathway to the clerodanes is supported by the 

isolation and identification of the partially rearranged labdane compounds 

chettaphanin3 (5) and salmantic acid4 (6). 

The clerodane natural products have been found to exhibit a wide varieV of 

interesthg biological activity. Although they are best known for their insect 

antifeedant propertiess, many are hown to &*bit piscicicW, psychotropic7, 

antibiotic*, antiviralg, antitumorlo, antiamoebi*, antimicrobial~, and anti- 

peptic ulceru activities. In view of this broad array of biologicd activity and the 

structural compIexity of the clerodanes, there have been numerous attempts 



towards the synthesis of these natural products. Up to now. there have been less 

than thirty reported total synthesesl4-40 of clerodane natural products of which 

only seven have been directed towards the synthesis of cis-clerodanes3340. This 

is most likely due to the lack of general approaches towards the construction of 

the cis-decalin carbon skeleton as compared to the tram-decalin system. 

in 1983, Tokoroyama and CO-workers achieved the first total synthesis of a cis- 

clerodane natural product, namely 15,16-epoxy-cis-cleroda-3,u(l6),14-triene 

(18)33% The key intermediate in their synthesis was the octanone derivative 11 

which was readily synthesized fiom 3,4dimethy1-2-cyclohexen-1-one (Scheme 

2). Their synthetic approach to cis-clerodane 18 started with a stereospecific 

Scheme 2 

Conditions: i. CH2=CHMgBr.(nBu3PCuI)4, -70 to O°C, 5 h; then HCHO; ii. 
MsCl, Et3N, CH2C12, O°C; üi. CH3C(0)CH2COOCH3, NaOCH3, CH30H-benzene, 
rot, 15 h; then 40-50°C, 3 h; iv. 2 M HCl-CH30H, reflux, 7 h, 60% over 6 steps. 

conjugate addition41 to enone 7 and trapping of the ensuing enolate with 

formaldehyde to give keto alcohol8 (Scheme 2). Derhtization of the hydroq 

group as the mesylate folowed by a one-pot Robinson annulation reaction gave 

the desired enone ester 10. Acîd promoted decarbxyIation then gave bicyclic 

enone ll in 60% yield over 6 steps. Their synthetic endeavor to target rnolecule 



18 fiom enone U is depicted in Scheme 3 and began with a stereospecific 

conjugate addition42 of lithium dimethykuprate to the enone moiety followed by 

trapping of the ensuing enolate with fonnaldehyde gas. The p-hydnry ketone 

thus produced in 46% yield was first treated with methanesulfonyl chloride and 

triethylamine in dichloromethane and then with 1,8-diazabicyclo[5.4.0]mdec-7- 

ene (DBU) in refluxing tetrahydrofuran to give the a&unsatu.rated ketone 12. 

Reduction of enone 12 followed by quenching of the resulting enolate with 

tetramethylphosphorodiamidic chloride gave bicyclic phosphotodiamidate 13 

Scheme 3 

Conditions: i. (CH3)2CuLi, Et20-pentane, -20°C, 2 h; 5. HCHO, 46% over 2 
steps; E. MsCI, Et#, CH2C12, O°C; iv. DBU, THF, r e k ,  80% over 2 steps; v. 
LiB(CHMeEt)3H, THF, -78OC; vi. (MqN)2POCl, Et3Ny THF-IDdPA, 49% over 2 
steps; vü. B2&, THF, roty 7 7; viii. H202, NaOH ; ix. Li, E W 2 ,  t-BuOH, 56% 
over 3 steps; x. Swern oxidation; xi. 3-furyIlithium, Et20, -17 to -SOC; xii. Ac20, 
pyridine; xiii- Li, Iiq. NH3, -78OC, 45% over 4 steps. 



which was subjected to hydroboration/oxidation followed by dissolving metal 

reduction to give alcohol 14. Swern olridation of 14 then yielded aldehyde 15 

which was then treated with 3-furyllithiium to give furyl alcohol 16. Acetylation 

followed by dissolving metal reduction of the resdting furyl acetate 17 then 

completed their synthesis of the target cis-clerodane natural produd 18. 

In 1987 Tokoroyama and CO-workers reported another approach to bicyclic 

alcohol14 (Scheme 4) and used this revised approach to synthesize another cis- 

clerodane natural product, namely linaridial(27)35. Their approach to the key 

bicyclic alcohol 14 utilized the stereocontrolled cyclization of allyi silane 21 

promoted by titaniumo chloride43 followed by treatment of the enolate with 

chloromethylmethyl d f ide  to give keto thioether 22. Reductive desulfurization 

effected by Raney nickel, followed by Nozaki-Lombardo olefination44 of the 

ketone carbonyl gave exocyüc olefîn 23 which was isomerized to endocyclic olefin 

24 via Brown's method45. Selective hydroboration followed by basic peroxide 

workup redted in the isolation of key intermediate 14 which was then oxidized 

as before to aldehyde 15. Horner-Emmons condensation of aldehyde 15 with 

diethyl (î-cym0-3,3-dimethoxypropyl)phosphonat& then gave bicyclic olefin 25 

as a mixture of stereoisomers. Reduction of the cyano functionality followed by 

acid promoted hydrolysis of the acetal then completed the synthesis. 

Also in 1987, the same laboratory reported another total synthesis of cis- 

clerodane natural product 18 via a completely different route36 (Scheme 5). 

Their new approach utilhed the Diels-Alder cycloaddition reaction to set up the 

correct relative stereochemistcy of C-8, C-9, and C-10 (clerodane numbering). 



Scheme 4 

Conditions: i. n-BuLi, HMPA, 28; ii. H30+; iii. Tic&, C1CH2SCH3, O°C; iv. Ra- 
Ni, EtOH; v. CH2Br2, Zn, TiC4, THF; vi. KNH(CH&NH2, NH2(CH2)3NH2y r.t, 
5 h; vii. (CH3)2CH(CH3)2C-BH2y THF; then, H202, NaOH; viii. Swern 
oxidation; ix. diethyl(1-cya.no-3,3dimethoxypropyl)phosphonate, NaH, THF; x. 
DIBAL-H, Et2AlC1, Et20-toluene, -78 to 40°C; xi. 1 M HCl, THF, 73% over 2 
steps. 

Thus, the Diels-Alder reactïon between 1-vinyicyclohexene and (chioromethy1)- 

maleic anhydride gave cycloadduct 29 which was reduced by treatment with 



lithium aluminum hydride. The resdting diol was then treated with a slight 

excess of para-toluenesulfonyl chloride to furnish tetrahydrofuran 30. The 

halide was exchanged for the cyano functionality to give n i M e  31 which was 

oxidized by treatment with selenium dioxide. Manganese diolgde oxidation of 

the resulthg allylic dcohol then gave enone 32. Hydrogenation followed by ether 

ring opening with concomitant cyclization and hydrolysis then h i s h e d  lactone 

33. Formylation of lactone 33 followed by keatment with n-butylthiol resulted 

in the isolation of the rnethylene-protected ketone 35. Alkylation of 35 using a 

Conditions: i. dioxane, sealed tube, 70°C, 23 h; ii. W4, Et20,92%; iii. TsCI, 
pyridine, 100%; iv. NaCN, NaI, DMSO, 120-125°C, 94%; v. Se@, py-H20, 80°C, 
49%; vi. MnO2, CHC13, r.t, 54%; vii. Hz, Pd-C, EtûH, 21 h, 93%; viii. 57% HI- 
H20, P, AcOH, 120-130°C, 4 h; ix. Zn, AcOH, rd., 16 h, 79% over 2 steps; x. 
HCOOEt, NaH, C&, r.t, 3 h; xi. nBuSH,pTSA, C&, r e k  -H20,3 h, 82% 
over 2 steps; xii. CHSI, t-C$IilOK, t-%HUOH, r.t., 16 h, 74%; 



xiv 
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36 R = n-BuSCH 

( W R = H , H  

Scheme 5 (cont.) 

Conditions: xiii. KOH, HOCH2CH20H, H20, reflux, 16 h, 68%; xiv. 
HOCH2CH20H, pTSA, C&, reflux, -H20, 3 h, 100%; W. 3-furyllithium, Et20, 
-lO°C, 40 min; then NaAl(OCH2CH20CH3)2H2, Cg&, 1 h, 94%; mi. Ac20, py, 
8%; xvii. Li, liq. NH3, 94%; xvüi. Crûgm2py, CH2C12, 6 h, 92%; xix. Wolff- 
Kishner reduction, 54%; xx. 1 M HCI, 94%; xxi. CH2Br2, Zn, 1ïC14, CH2C12, 24 h, 
62%; d. KNH(CH&NH2, NH2(CH&NH2, 91%. 

large excess of base successfuly installed the methyl group into the bridgehead 

position in a cis manner to give keto lactone 36. Alkaline hydrolysis of keto 

lactone 36 followed by protection of the ketone carbonyl as the ethylene acetal 

gave lactone 38. Lactone ring opening with 3-furyllïthium followed by in situ 

reduction using sodium bis(2-rnetho~yethoxy)aluminum hydride then gave di01 



39. Acetylation under standard conditions yielded diacetate 40 which was 

treated under dissolving metal reduction conditions to furnish alcohol 41. 

Oxidation, Wolff-Kishner reduction, and deprotection then gave furyl ketone 43 

which was olefhated under Nozaki-Lombardo44 olefination conditions. Findy? 

olefin isomerization using Brown's rnethod45 achieved the total synthesis of 18. 

In 1991, Piers and Roberge reported the ~ ~ d ~ e ~ i s j  in enantiomerically pure form, 

of cis-bicyclic ketone 4447. This work cWnated  in the total synthesis of a ck- 

clerodane natural product, (-)-agelasine A @O), which was published in 1995 

(Scheme 6)37. As such, treatment of ketone 44 with the lithium salt of 

(dichloromethyl)trimethyIsilane48 resulted in the formation of epoxide 4 5. 

Boron trifluoride etherate mediated rearrangement foUowed by hydroxylamine 

treatment then gave oxime 47. Dehydration of oxime 47 by treatment with 

thionyl chloride and 4-(dimethy1amino)pyridine gave bicyclic niHes 48 and 49. 

Deprotonation (lithium diisopropylamide for nitrile 4 8 and potassium 

diisopropylamide for nitrile 4 9 )  followed by alkylation with 1-iodo-2- 

(methoxymethoxy)ethane then furnished nitrile 50. DIBAL-H reduction of the 

cyano moiety followed by Wolff-Kishner reduction resulted in the isolation of a 

mixhire consisting of isomeric MOM ethers 52 and isomeric alcohols 53. This 

mixture was treated with pyridinium para-toluenesulfonate in tert-butyl alcohol 

(to hydrolyse the MOM ether) and then with anhydrous para-toluenesulfonic 

acid in chlomform (to isomerize the olefîn) to give alcoho154. Iodination under 

standard condition furnished iodide 55 which was subjected to lithium-iodine 

exchange followed by transmetdation with zinc bromide. Organozhc cornpound 

56 was then cross coupled with vinyl iodide 61 to furnish dy1 ether 57. Treating 

silyl ether 57 with triphenylphosphine dibromide in dichloromethane yielded 

bicyclic bromide 58. Ammonium bromide salt 59 was then synthesized by 



treatment of bicyclic bromide 58 with adenine derivative 62 in the presence of 

tetrabutylammonium iodide. In a paper describing a total synthesis of (-)- 

agelasine B, the reductive removal of the methoxy moiety was achieved by 

electrochemical means49, however, the authors opted to achieve the desired 

reduction using zinc in glacial acetic acid. Subsequent anion exchange followed 

by chromatographie purification then furnished cis-derodane natural product 

(-)-ageiasine A (60). 

48 - ix,x 
+ - 

52 R = MOM 
53 R = H  

51 R =  C H = m  

Conditions: i. [(CH3)3Si(CI)CH]Li, THF, TMEDA, 94%; ii. BF3-ORû CH2C12; 
then CH30H, dü. HCI, 84%; iii. H2NOH.HCl, pyridine, DMFy 98%; iv. SOC12, 
DMAP, CH2C12, 95%; v. LDA, THF, M A ,  ICH2CH20MOM, 79%; vi. KDA, 
'MFy ICH2CH20MOM, 93%; vii. DIBAL-H, DME; vüi. H2NNH2, DEG, 120- 
140°C; then KOH, DEGy 220-230°C, 61% h m  50; ix. PPTS, t-BuOH, 84%; x. p 
TSA, CHC13, 91%. 



Scheme 6 (a) 

Conditions: xi. Ph3P, 12, imidazole, CH2C12, 97%; xii. t-BuLi, &O; then ZnBr2, 
THF-Et20; mü. 61, Pd2(dba)3, Ph3&, THF-Et20, 73%; xiv. Ph3PBr2, CH2C12; 
xv. 62, BuqM, DMA, 47% from 57; xvi. Zn, HOAc, CH30H, H20; then, NaCl, 
H20, 88%. 

In 1996, Liao and CO-workers published a new approach to establish the key 

bicyclic core of the cis-clerodane system based on an anionic oxy-Cope 

rearrangement reabions*. This newly developed rnethodology led them to 



synthesize (*)-(13E)-2-ox~~a-cis-~7~2Oa-~lemda-3,f3-dien-1~-0ic acid (74, a 

compound bearing all the charaberistics of a cis-elerodane diterpene38. TheV 

synthesis began with the oxidation of 2-methoxy-4-methylphenol with 

iodobenzene diacetate in the presence of tra1zs-2-methyl-2-buten~l (Scheme 7) 

to form keto acetal 63 which undergoes an intrarnolecular Diels-Alder 

cycloaddition reaction to furnish tricyclic keto acetal64. Reduction of keto acetal 

64 with s a m ~ u m  diiodide followed by benzylation of the neopentyl alcohol thus 

formed resulted in the formation of bicyclic ketone 65. Upon exposure to tram- 

1-lithiopropene, i,Z-adduct 66 was isolated in 82% yield dong with a 6% yield of 

' 67 BnO 68 ~ e d  69 

Scheme 7 

Conditions: i. P~I(UAC)~,  Nd3Cû3, CH2&, 50%; Ü. S d 2 ,  THF, CH30H, 89%; 
iii. N a J  B a r ,  ByNI ,  THF, 92%; iv. 1-Bromopropene, t-BuLi, MgBi2, THF, 
82%; v. KH, 18-cr-6, l,4-dioxane, llO°C, 83%; vi. Hz, Pd/C, HOAc; vü. Ac20, 
pyridine, DMAP; viii. H2, Pmp, HOAc; ix. Jones oxidation, 78% from 67; x. 
TMSOCH2CH20TMS, TMSOTf, CH2C12, 83%; xi. KOH, CH30H, 96%; xiï. PDC, 
CH2C12, 88%; 



ROO y 

Scheme 7 (cont.) 

Conditions: xiii. Ph3P=CH2, 93%; xiv. 9-BBN-H, THF; xv. 75, Cs2C03, 
PdC12(dppf), Ph& H20, THF, DMF, 65% over 2 steps; mi. 10% HCl; xvii. LDA, 
TMSCI; xMü. PhN(CH3)3Br3; xk. LiBr, Li2C03, DMF, 68% from 72; xx. KOH, 
98%. 

the epimeric alcohol. Alcohol66 was then treated with potassium hydride and 

18-crown-6 to effect the oxy-Cope remangement reaction to furnish bicyclic 

ketone 67. Debenzylation of ketone 67 resulted in the isolation of hemiacet.168 

which was acetylated, hydrogenated, and oxidized to give keto acetate 69. 

Protection of the ketone carbonyl as the ethylene acetal using Noyori's 

conditions1 followed by hydrolysis of the acetate and subsequent oxidation gave 

aldehyde 70. Aldehyde 70 mis then olefinated under Wttig conditions to furnish 

acetal n. Hydmboration followed by palladium catalyzed cross coupling of the 

resulting organoborane with vinyl iodide 75 then gave a,&unsaturated ester 72. 

Hydrolysis of the ethylene acetal fuhwed by the installation of the a& 

unsaturation via the bromide r d t e d  in the isolation of bicyclic enone 73 which 

was converted to the target carboxylic acid by treatrnent with potassium 



AU the synthetic endeavors described to this point had target molecules bearing 

the cis-ent clerodane skeleton as depicted in Figue 2. The first synthetic 

approach towards the &normal clerodane skeleton was published in 1995 by 

our research group39. It was reasoned that an intermolecular DielseAlder 

reaction between the doubly activated dienophile of the type depicted in Figure 3 

with a suitabIy functionalized diene wodd facilitate the rapid construction of the 

cis-decalin core found in cis-clerodane n a t d  products. By suitable choice of 

substituents in the dienophile, it was envisioned that the C-5, C-9, and C-10 

(clerodane numbering) stereocenters of the cis-normal clerodanes will be 

established by facial selectivity based on steric differentiation. The last 

Figure 3. Conceptuad Intermoledar DieIs-Alder Approach to 

cis-Normal Clexdanes 

stereocenter, C-8, will then be installed subsequentiy via a dimethyI cuprate 1,4- 

addition reaction. This approach has culrninated in the total synthesis, in 

racemic form, of two cis-normal clerodane natural products, namely 2-0x0- 

~a,8a-i2,i4,i5,16-tetranorclerod-3-en-12-0ic acid39 (Scheme 8,84) and 68- 

acetoxy-2-oxokolavenool~o (Scheme 9, 90). The synthetic endeavor for both 

begins with an interrnolecular Diels-Alder reaction between dienone 76 and 

tram-piperylene under zinc(I1) chloride catdysis to form a mixture of 

diastereomeric cycloadducts in a 6:l ratio with the desired cycloadduct 7 being 

the major adduct. Treating Diels-Alder adduct 7'7 with lithium dimethylcuprate 



followed by reduction of the ensuing enolate with Iithium a l u m i n ~ ~ ~ l  hydride then 

furnished keto alcohol78. Derivatization of the hydroxy group to the mesylate 

under standard conditions followed by zinc mediated reduction of the mesylate 

then yielded cyclopropyl aicohol80. Bicyclic ketone 81 was then synthesized by 

treating cyclopropyl dcohoi 80 with para-toluenesulfonic acid. Wolg-Kishner 

reduction of the ketone carbonyl followed by photooxygenation of the resdting 

bicyclic olefin then h i s h e d  enone 82. Finally, debenzylation with ferric 

chioride gave alcohol83 which was oxidized to the target carboqdic acid 84 by 

Jones' reagent. 

\ 
OBn 

v 
_I_C 

4 

OBn OBn 83 R = CH20H 
81 82 

Conditions: i. tram-piperylene, ZnC12, EtzO, 85%; ii. (CH3)pCuLi, &O; then w, 62%; üi. MsCl, EtsN, l'HF, 98%; iv. Nd, Zn, DMF, 55%; v. p-TSA, 
CH2(&, 97%; vi. Wolff-Kiçhner redubion, 45%; vii. TPP, Ac20, DMAP, 02, 
pyridine, CCk, hv, 56%; viii. FeC13, CH2C12, 82%; ix. Jones oxidation, 63%. 



The total synthesis of 6fl-acetoxy-2-oxokolavenool (Scheme 9, 90) began with 

bicyclic ketone intermediate 81. Reduction of 81 with lithium aluminum hydride 

resulted in the isolation of alcohol 85 which wasdebenzylated with lithium 

naphthalenides2 to furnish di01 86. Oxidation of the primary hydroxyl 

fiinctionality in preference to the secondary hydroxy group was achieved by 

treatment with dichlorotris(triphenylphosphine)ruthenium(II) in benzenes3. 

Hydroxy ddehyde 87 thus obtained was treated with the ylide resulting fiom the 

___t Üi, iv,v - 
4'' 

R 

OBn OR 

81 
85 R = B n  

86 R = H  

Scheme 9 

Conditions: i. u, THF, 95%; ii. Lithium naphthalenide, THF, 94%; iü. 
(Ph3P)3R~C1a 90%; iv. Ph3P=C(CH3)0CH3, THF; V. 20% HC104, &O, 
65% fkom 96; M. TPP, Ac20, DMAP, 02, pyndine, CC&, hv, 61%; vii. 
CH2=CHMgBr, THF, 66% (1:l mixture ofepimers). 



reaction between a-methoxyethyltriphenylphosphonium chloride and n- 

butylithium to give an unstable en01 ether which was hydrolyzed by the action of 

20% perchloric acid in diethyl ether to yield hydroxy ketone 88. 

Photooxygenation of hydroxy ketone 88 gave enone 89 which was then treated 

with vinylmagnesium bromide to complete the synthesis. 

As can be seen fiom Schemes 8 and 9, the intermolecular Diels-Alder approach 

developed in our laboratories constitutes a highly flexible approach towards the 

vast number of cis-normal clerodanes isolated thus f&. Apart from cis-nomal 

clerodanes containing an a-methyl group in the C-5 (clerodane numbering) 

position, our general approach, by vVtue of the ester group present in the adduct 

R, was also envisioned to be amenable towards the total synthesis of cis-normal 

clerodanes containing oxygenated functionalities on the (2-19 (clerodane 

numbering) carbon. This would greatly broaden the generality of our approach 

and f i e r  bolster our claim to have a t d y  general scheme into the cis-normal 

clerodane series of natural products. In order to substantiate this claim, we chose 

the cis-normal clerodane n a t d  product solidago alcohol (91) as the total 

synthesis target, 

In 1972 McCrindle and CO-workers investigated the ethyl acetate 

roots of Solidago gigantea Ait var. serotina (Kuntze) Cionqu. 

extracts of the 

and identified 

solidago alcohol as a constituent of the neutral fkactions thereofW The structure 

of solidago alcohol was identifid primarily on spectroscopic cornparison of the 

lithium aluminum hydride reduction product of the methyl ester of solidagoic 

acid A (92) with that of the natural produds. The structure of solidagoic acid A 

was identified unequivocably by the same authors based on spectroscopic 



evidence of the natural product itself dong with that of several simple 

derivathesS. 

Our synthetic strategy is as depicted in Scheme 10. In the synthesis of 2-0~0- 

~o;8a-12,14,15,16-tetranorclerod-3-en-12 acid (8 4) and 6 p-acetoxy-2- 

oxokolavenool (90) described above, the by-product of the zinc mediated 

reduction of mesylate 7 9  was identified to be tricyclic keto ether 93. I t  

Scheme 10 

was envisioned that this compound will be well-suited as the key intermediate 

for the subsequent transformations needed to achieve the synthesis of solidago 



alcohol (91). The ether Iinkage may serve as a robust protecting group under 

W0~1Kishner reduction conditions and also as a masked angular hydroxymethyl 

group and a haloethyl p u p  which may be realized upon ether ring cleavage. As 

such, the problems that needed to be tackled include the synthesis of tricyclic 

keto ether 93 in a high yielding manner and its subsequent deoxygenation, 

regioselective ether cleavage, functional group manipulation to install the 

required functionalities, and olefin isomerization to the more stable tri- 

substituted position. Our efforts towards this end are described in detail in the 

fouowing section. 



Resuits and Discussion 

In the s ynthesis of 2 - o xo - 5 a ,8a-i2,14,i5,16-tetranorclerod-3 acid 

(&)39 and 6~-acetoxy-2-oxokolavenoo1(90)40, the synthetic route ernployed to 

furnish dienophile 76 is depicted in Scheme 11. In our synthetic endeavor 

rd., 25 h; then THF, - 7 8 O C ,  1 h 
1 M HCI, r.t, 83% 
over 3 steps - Y 93% 

Scheme 11 

towards dienophile 76, we utilized this wel  docurnented synthetic scheme with 

some minor modifications. As such, Stork-Danheiser alkyation56 of S-ethoxy-6- 

methyl-2-cyclohexen-~-one with methyl bromoacetate gave enone ester 94 in 

92% yield after vacuum distillation (152-WC/0.8 mm Hg). The IR sp- of 



the product showed carbonyl absorptions at 1737 (ester carbonyl) and 1654 cm-1 

(enone carbonyl). This was confirmed in the carbon APT spectnun with two in- 

phase resonances at 6 200.2 and 175.8. The proton NMR spectrum indicated the 

presence of the methyl acetate group with a singlet at S 3.63, attributed to the 

carbomethoxy methyl group, and two doublets, 6 2.78 and 2.37 (J = 16 Hz), due 

to the methylene protons adjacent to the carbometho~ carbonyl group. The high 

resolution mass spectrum of the product contained an ion peak at 226.1200, 

corresponding to the molecdar fo-a of Ci2H1804. 

Reduction of enone ester 94 to give the corresponding di01 was then achieved by 

treatment with lithium aluminum hydride in tetrahydrofuran. Since the desired 

di01 was quite unstable, it was subjected to benzylation conditions immediately 

after workup and vigorous drying. Thus, to a suspension of sodium hydride in 

tetrahydrofuran was added a tetmhydrofuran solution of the above cmde di01 

followed by benzyl bromide. The reaction was monitored by TLC and when no 

more starting material mis evident, the reaction mixture was quenched with 2.48 

N hydrochloric acid to both destroy excess sodium hydride and effect the 

subsequent hydrolysis of the en01 ether. In this fashion, the desired benzyloxy 

enone 95 was isolated in 77% over three steps after vacuum distillation 

(l5O0C/0.4 mm Hg). The IR spectnun indicated the success of the 

reduction/hydrolysis process by the presence of only one carbonyl absorption at 

1680 cm-1 which was attributed to the enone carbonyl. This was con£imed by 

the carbon APT spectrum which contained only one in-phase resonance in the 

carbonyl region (6 199.3). The proton NMR spectnun showed the olefinic 

protons of the enone moiety as a pair of doublets (J = 10 Hz), one at 6 6.75 and 

the other at 6 5.88. The benylation was also deemed a success by the presence of 

aromatic proton resonances in the proton NMR spectrum as well as the presence 



of arornatic carbon resonances in the carbon APT spectrum. The benzylic 

methylene protons were found to resonate at 6 4.50 as a sharp singlet The high 

resolution mass spectnim showed an ion peak at 244.1459 indicative of the 

desired molecular formula of Ci6H20&. 

The next transformation required was to install the carbomethoxy group. As 

indicated in Scheme 11, the desired transformation was previously achieved in 

our research group by acylation of enone 95 with rnethyl cyanoformate in the 

presence of lithium diisopropylamide (LDA) and hexamethylphosphoramide 

(HMPA). In view of the extreme toxicity of HMPA and methyl cyanoformate, it 

was deemed advantagrnus if the carbomethoxy1ation can be achieved without the 

use of these toxic reagents. It was reported that the desired reaction can be 

achieved in 54% yield by treating a refluxing suspension containing sodium 

hydride and dimethyl carbonate in t e t r a h y d r o h  with a tetrahydrofuran 

solution of enone 9557. This was repeated and confirmed to be the case. 

Gratifyingly, after much experimentation, it was found that if the reaction was 

performed in neat dirnethyl carbonate, the yield of the desired B-keto ester 96 

could be increased dramatically to 84%. Although the yield was not as high as 

that achieved by the onginal procedure, the elimination of the use of HMPA and 

methyl cyanoformate coupled with the ease of manipulation led us to accept this 

slight loss in yield As such, by treating a renuMng suspension of sodium hydride 

in dimethyl carbonate with a dimethyl carbonate solution of enone 95 gave, after 

purification, the desired bketo ester 96 in 84% yield. PKeto ester 96 was found 

to exist as a mixture of 3 isomers (a pair of diastereomers and an en01 ester) in a 

respective ratio of 0.3:0.2:0.5 as indicated by the proton NMR spectnim. Even 

though the characteristic absorption band of an hydroxy group was too weak to 

be observed in the IR spebrum, the existence of a resonance at 6 11.88 in the 



proton NMR spectrum was indicative of the en01 tautorner. The enone carbonyl 

was found to stretch at 1681 cm-1 whereas the ester carbonyl was found to stretch 

at 1744 cm-1. The high resolution mass spectrum contained an ion peak at 

302.1515 corresponding to the d e s i d  molecular formula of Cl8Hzo4. 

With p-keto ester 96 in hand, we briefly investigate the dehydrogenation process. 

As indicated in Scheme 11, the desired transformation was performed via the 

selenoxide elimination method. Again, due to the toxic nature of seleniurn 

reagents, it would be beneficial if an alternate route could be undertaken. The 

first route investigated was the bromination-dehydrobromination58 sequence of 

reactions as depicted in Scheme 12. 

As such, a solution of 8-keto ester 96 in carbon tetrachloride was treated with N- 

bromosuccinimide (NBS) and the reaction was protected fiom light. After 17 

hours, the reaction mixture was filtered and the desired bromo keto ester 97 was 

Scheme î2 



isolated in 179% yield after chromatographic purification. The proton NMR 

spectrum of the purined product was much "cleaner" as compared to the starting 

enone ester 96. The disappearance of the en01 resonance indicated that the 

bromination reaction proceeded as expected. Since a high resolution mass 

spectrum did not show the presence of any ion peaks correspondhg to that of the 

desired molecular formula, a low resolution FAB-MS was performed. 

Gratifyingly, in the low resolution FAB-MS spectrum, two peaks with almost 

equal intensities were found at 381.2 and 383.2 conesponding to the 79Br and 

8 l ~ r  kotopic molecules for the desired moledar formula of C18H2103Br. 

The subsequent dehydrobromination reaction of bromo keto ester 97 was 

initially attempted with tertiary amine bases such as 1,8- 

diazabicyclo[5.4.0]undec-~ene (DBU) and 1,4-diazabicyclo[2.2.2] octane 

(DABCO). However, the yields of the dehydrobromination product 76 were only 

achieved in the low 50% range for a variety of conditions tried. This Ied us to 

attempt the dehydrobromination as reviewed by Schlosser~? Thus a solution of 

bromo keto ester 97 in anhydrous NJv-dirnethyltormamide was treated with 

lithium bromide and lithium carbonate. The ensuing suspension was stirred at 

room temperature to complete dissolution before warming to 123-131°C. After 

d u t e  acidic workup and chromatographic purification, the desired dienone ester 

76 was isolated in 80% yield. The appearance of absorptions at 1741 and 1664 

cm-1 indicated the sumival of the ester and ketone functionalities respectively. 

This was confimecl h m  the carbon APT spectnim with the observance of two in- 

phase resonruices at 5 181.6 (ketone carbonyi) and 165.0 (ester carbonyl). The 

dehydrobromination was confirmed to be successful by the proton NMR 

specîrum with the presence of a doublet at 6 7.59 (J = 3 Hz) dong with the other 

two enone protons at 6 6.79 (dd, J = 10, 3 Hz) and 6.29 (d, J = 10 Hz). The 



benzylic methylene protons appeared as a sharp singlet at S 4.35 and the 

carbomethoxy methyl group was found to resonate as a sharp singlet at 6 3.80. 

The remaining methyl group adjacent to the quaternary center was obsewed at 6 

1.32 also as a sharp singlet. Unfortunately, at the field strength of the NMR 

machine (200 MHz), the remaining protons of the benzyloxy ethyl side chah 

were not resolved but appeared as two complex second order multiplet. centered 

about 6 3.34 (2 H, -CH2-CH2-OBn) and 2.04 (2 H, -CH2-CH2-OBn). The high 

resolution m a s  spectnun contained an ion peak at 300.1353 corresponding to 

the desired molecdar formula of C18H2004. 

It is known in the literature that dehydrogenation of qclic ketones to their a$- 

maturated counterparts may be induced by treatment with 2,3-dichloro-5,6- 

d icyano-~,4-benz~one (DDQ)~. It was anticipated that keto ester 96 may be 

amenable to such a reaction since there were precedents at the time fiom our 

research group that the DDQ dehydrogenation reactions of similar substrates 

were successful. However, under various standard conditions, the 

dehydrogenation of keto ester 96 with DDQ gave a complex mixture of products 

of which the desired dienophile 76 was isolated in poor yields. Presumably, the 

acidic hydroquinone by-product was causing problems. There are literature 

precedents whereby the addition of a base to remove the hydroquinone by- 

product from the medium led to improved yields of the desired a,&u~lsaturtated 

ketones61 and so we attempted the DDQ dehydrogenation reaction in the 

presence of added potassium carbonate. Gratifyingly, afker stVring a mixture 

containing DDQ, potassium carbonate, and keto ester 96 in tetrahydrofuran at 

room temperature for 12 hours, the desuied dienophile 76 was isolated as a light 

yellow oil in 65% yield. This compared favorably to the 

brornination/dehydrobromination series of reactions which had a combined yield 



of 63%. It was also fortuitously discovered that the dehydrogenation reaction 

may be camed out without prior purification of keto ester 96 without loss of 

yield. The success of the DDQ dehydrogenation reaction was viewed as an 

improvement upon the alternative bromination/dehydrobromination series of 

reactions since it reduced the number of synthetic steps by one and also removes 

the need to use carbon tetrachloride which has been deemed environmentally 

harmful enough to not be commercially available in many localities. 

A summary of our reviSed approach to dienophile 76 is depicted in Scheme 13. 

Compared to the established sequence of reactions depicted in Scheme 11 which 

achieved the synthesis of dienophile 76 in 58% overall yield, our modified 

approach furnished the target dienophile 76 in a somewhat lower overall yield of 

39%. However, we have removed one chmmatographic step and also negated the 

need of some highly toxic and potentially harmful reagents and solvents. These 

two points were deemed sufficient enough to justify the reduction in overd yield, 

especially in large smle preparation. 

With the synthesis of the desired dienophile achieved, we tumed to the cmcial 

Diels-Alder reaction of dienophile 76 with transpiperylene and its subsequent 

transformations as depicted in Scheme 14. Since the Diels-Alder reaction of 

dienophile 76 had already be investigated extensively by a previous member of 

our research group57 and our main focus now was to economically synthesize the 

required Diels-Alder adduct 77, we investigated the Diels-Alder reaction of 

dienophile 76 with piperylene supplied as a 2:1 mixture of trm:cis isomers. 

This reagent was much cheaper than the isomerically pure reagent and thus more 

appropriate to future scale up potential. Thus, this isomerically impure 



THF, -78OC to rd. rat, 22 h 
Zj h, 92% 

cOOCH3 
94 

COOCH3 
&CO3, Li&, DMF 

+ 

rot., 17 h, 79% X28-131°C, 2 h, 80% 

Bn 

Scheme 13 

reagent was added to a dichloromethane suspension containhg fused zinc 

chlonde and dienophile 76 pre-cooled to O°C. After workup and 

chrornatographic purification, the desired Diels-Alder adduct was isolated as a 

mixhw of diastereomers in a 4:1 ratio as determined by proton NMR favoring 

the desired diastereomer 77. Repeated flash chromatography of the product 

mixture gave pure Diels-Alder adduct ~7 for characterization and subsequent 

reactions. The ortho-addition of the diene was confirmeci by the proton NMR 

spectmm. The splitting pattern of the resonance centered at S 2.78 ,  
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ascribed to the bridgehead proton, was found to be a doublet of doublets of 

doublets (J = IO, 7,2 Hz) which ain only arise if the addition occurred in an ortho 

fashion. The benyloxy side chah was confirmeci to be present by the obsentance 

of aromatic protons resonating at S 7.35 (m, 5 H) and benylic protons at S 4.52. 

The benylic protons were fouad to be an apparent sharp singlet but upon closer 

analysis, flanking signals were found. Thus, at the field strength of the NMR 

machine used, the signal due to the benzylic protons are more aptly described as 

a second order mdtip1et. The vinylic protons of the enone system were fomd at 

S 6.31 (dd, J = 10,2 Hz) and 5.93 (d, J = 10 Hz). The other vinylic protons were 

found as a pair of complex doublets centered at 6 5.66 (J = 10 Hz) and 5.53 (J = 



10 Hz). The methoxy group of the ester functionality was found to resonate as a 

sharp singlet at 6 3.n while the methyl group adjacent to the quatemary center 

was found as a singlet at 6 1.12. The allylic methyl group was observed at 6 1.24 as 

a doublet (J = 7 Hz). The IR spectnun of the product showed carbonyl 

absorptions at 1726 and 1689 cm-1, correspondhg to the ester and enone 

carbonyls respectively. This was corroborated by the carbon APT spectrum which 

showed two in-phase resonances in the carbonyl region (6 196.2 and 174.7). 

Apart fiom the two carbonyl carbon resonances, the carbon APT spectnim 

revealed eight resonances between 6 123 and 153, one in-phase and seven anti- 

phase, attributed to the benzene moiety and the four olefinic carbons. The 

remainder of the spectrum contained eleven resonances, six in-phase and five 

anti-phase, which was in agreement with the structure assigned for bicyclic keto 

ester 77. The high resolution mass specînun also corroborated the desired 

molecdar formula ofC23H2804 with an ion peak at 368.1984. 

The experimental proton NMR spectnim matched closely with that reported 

previously57 and is tabulated in Table 1. As a result of this close agreement, we 

were confident that the isolated DiehoAlder adduct was the desired one in terms 

of stereochemistry. With the synthesis of the key Diels-Alder adduct c o n h e d ,  

the final stereochemical hurdle was ready to be breached. Lithium 

dirnethylcuprate induced conjugate addition of bicyclic keto ester 77 followed by 

reduction of the ensuing enolate by lithium aluminum hydride then yielded, after 

workup and chromatographie purification, the desired bicydic keto alcohol78 in 

67% yield over two steps. It was afker numerous experimentation before the 

fields could be reliably reproduced. It was discovered that the resulting black 

residue needed to be vigorously stirred until the majority of it has tumed into a 

grey colored suspension before filtering over Celite. Mthout this added step in 



the workup procedure, the yield of the desired keto alcohol 78 was greatly 

depressed. In the IR spectrum of keto alcohol78, the appearance of a strong 

absorption band at 1696 cm-' and a sharp strong absorption centered at 3460 

cm-1 suggested the survival of the ketone carbonyl while successfully reducing the 

Table 1: Selected Experimental and Reported Proton NMR data for 
Diels-Alder Adduct 7% 

Selected Experimental Values Selected Reported Values 
(200 M H z )  (300 MHz) 

S @ P ~ )  Multiplicity Q P ~ )  Multiplicity 
(J in Hz) (J in Hz) 

6.31 dd (10,2) 6.29 dd (10,2) 

5.93 d (10) 5.92 d (10) 

5.66 d m  (10) 5.57 ddd (10,4,2) 

5.53 d m  (10) 5.50 ddd (10,7,3) 

3.71 s 3.69 s 

3.64 m 3.58-3.66 I I ~  

2.81 m 2.83 m 

2.78 ddd (l0,7,2) 2.75 ddd (10,792) 

2.19 (18) 2.19 dm (18) 

1.96 (am (18) 1495 (18) 

1.78 dd (14,7) 

1.76 m 

1.72 dd (14,7) 

1.24 d (7) 1.22 d (7) 

1012 S 1.10 s 



ester moiety. This was confïrmed by the carbon APT spectnim which showed the 

presence of an in-phase resonance at 6 219.9 attributed to the ketone carbonyl 

carbon while the ester carbonyl resonance was absent. The remaining resonances 

found in the carbon APT spectrum were in agreement, in te- of the number of 

in-phase and anti-phase signals, with the structure assigned. The conjugate 

addition of the methyl group was confirmed by the observance of an additional 

methyl doublet in the proton NMR spectrum at S 0.89 (J = 7 Hz) dong with the 

absence of any resonances attributable to vinylic protons of an enone system. 

The methylene protons adjacent to the hydroxy functionality were found to 

resonate as a pair of doublets, one at 6 3.58 (J = 11 Hz) and the other at 6 3.45 (J 

= 11 Hz). Again, the benzylic methylene protons appeared as an apparent singlet 

but were found, upon closer inspection, to be fianked by two small signals and 

thus should be quoted as a second order multiplet. The high resolution mass 

spectrum contained a very weak ion peak (0.71%) at 356.2351 which 

corresponded well with the dcda t ed  m a s  of the desired molecular formula of 

C23H3203. AS before, a detailed cornparison of the experimentally obtained 

proton NMR spectnim with the reported spectnim resulted in close agreement. 

This led us to confidently conclude that the desired stereochemistry of the 

conjugate addition was achieved. 

Derivatization of the hydroxy functionality to the mesylate under standard 

conditions then yielded the reguired keto mesylate 79 in near qyantitative yield. 

The IR spectrum showed the absence of the broad hydroxyl stretch previously 

observed for keto alcohol78 and the presenœ oftwo stretching bands due to the 

sulfonate functionaliw (Us7 and 1176 cm-1). The ketone carbonyl was obsenred 

to stretch at 1700 cm-' which was corroborated by the carbon APT spectnun with 

the observance of an in-phase resonance at 6 213.4. In the proton NMR 



spectnun, the methyl protons of the mesylate was found to resonate at 6 2.95 as a 

sharp singiet while the methylene protons adjacent to the mesyloxy group were 

observed as doublets at 6 4.48 (J = 9 Hz) and 4.03 (J = 9 Hz). The benzylic 

methylene protons were observed as well resolved doublets at 6 4.51 (J = 12 Hz) 

and 4.43 (J = 12 Hz). The carbon APT spectrum contained twenq-two 

resonances, ten in-phase and twelve anti-phase, which is in agreement with the 

structure assigned. The high resolution mass spectrum containeci an ion peak at 

434*2127 which corroborated the desired molecular formula of C24H3405S. 

The next transformation required was to fom the seven membered ether linkage. 

The obvious synthetic sequence was to remove the b e y 1  protecting group to give 

keto alcohol99 followed by treating the resulting primary alcohol with a base to 

effect the cyclization. The established sequence of reactions is depicted in 

Scheme 15. As such, debenylation of keto mesylate 79 was achieved by 

treatment with boron tnnuoride etherate and sodium iodide in acetonitrile62. 

After stirring for twenty hours at room temperature the reaction was worked up 

and chromatographed to af50rd the desired keto alcohol99 in 73% yield. The IR 

spectrum contained a strong hydroxyl stretching band centered at 3441 cm-1 

dong with the characteristic ketone carbonyl stretch at 1698 cm-'. The 

characteristic sulfonate stretching bands were found at 1353 and 1174 cm-'. The 

proton NMR spectrum contained no resonances attributable to a benyl group, 

thus connrming the desired debenylation. The methyl protons of the mesylate 

was observed at 6 3.06 as a sharp singlet The methylene protons adjacent to the 

mesyloxy functionality were observed as doublets at 6 456 (J = 9 Hz) and 3.90 (J 

= 9 Hz) whereas those adjacent to the hydroxy group were found as doublet of 

doublets of doublets at 6 3.76 (J = 11, 11, 5 Hz) and 3.56 (J = 11, il, 5 Hz). 

Although the high resolution mass spectrum contained no ion peak resembling 



that of the molecular formula desired, a peak at 326.1562, corresponding to the 

[M-H20] molecular formula, and a peak at 248.1777, corresponding to the [M- 

CH3S03H] molecular fomula, provided indirect evidence for the desired 

molecular fomula of C17H2805S. 

,OMS /OMs 

BF3aOEt2, Nd NaH, THF 
e 

rat., 21 h, 85% 
20 h, 73% 

OBn OH 

I DMF, Nd, i30-i360C7 
W h, 72% 

Scheme 15 

The cmde product of the above debenzylation reaction yielded a by-product 

which was analyzed spectroscopidy. The IR spectnim revealed two carbonyl 

stretches, one at 1738 and the other at 1706 cm-1, which suggested the presence of 

an ester carbonyl in addition to the ketone carbonyl. This was conkned by the 

carbon APT spectcum with two in-phase resonances at 6 213.0 and 171.2. The 

proton NMR spectrum reveded the presence of four methyl groups in the 

molecule due to resonances observed at 6 3.00 (s), 2.01 (s), 1.02 (d, J = 7 Hz), and 

1.01 (s). The sum of the integmls in the proton NMR spectnim revealed that the 



molecule mast like1y contains protons. The singlet at 6 2.01 dong with the 

ester carbonyl stretch found in the IR spectrum suggested that this by-product 

contains an acetate group. The carbon APT spectrum contained a total of 

nineteen tesonances, nine in-phase and ten anti-phase. The high resolution m a s  

spectnun contained an ion peak at 387.1825 which translates to a molecular 

formula of Ci9H3&S which suggests that this is the [M+i] ion peak. After 

taking all the data into consideration, the by-product was concluded to be keto 

acetate 100. Keto acetate 100 was propased to be formed by the mechanism as 

depicted in Scheme 16. Mer the iodide mediated debenzylation occurs, the 

Scheme 16 



ensuing alkoxy-boron trinuoride complex may attack the nitrile carbon of the 

solvent. This would then resdt in the formation of the imino ether shown which 

would, upon hydrolysis, yield the proposed keto acetate 100. 

With keto alcohol99 in hand, treatment with sodium hydride in tetrahydrofuran 

then gave the desired tricyclic keto ether 93 in 85% yield. The IR spectrum 

showed the presence of a carbonyl stretch at 1706 cm-'. This was confirmed by 

the carbon APT spectnun with an in-phase resonance at 6 211.9. The neopentyl 

protons adjacent to the ether oxygen were observed as doublets at 6 4.18 (J = 13 

Hz) and 3.58 (J = 1l Hz). The methylene protons on the other side of the ether 

oxygen were observed as a multiplet centered at 6 3.98. The two vinylic protons 

were found to resonate as a multiplet at 6 5.50 and the three methyl groups 

present in the molecule were observed at 6 1.23 (d, J = 7 HZ), 1.02 (s), and 0.95 

(d, J = 7 Hz). The mbon APT spectrum revealed sixteen resonances, eight in- 

phase and eight anti-phase, which is consistent with the structure assigned. The 

high resolution mass spectrum lent credence to the molecular formula of 

C1&24O2 by the presence of an ion peak at 248.1788. 

As was mentioned before, the zinc promoted reduction of mesylate 79 to give 

cyclopropyl alcoho180 was accornpartied by the isolation of tricyclic keto ether 

93 as a by-product This led us to hypothesize that if the reducing agent, in this 

case zinc powder, was removed fkom the reaction conditions, then maybe the 

desired tricyclic keto ether 93 may become the major product of the reaction. 

Gratifvingly, this was found to be the case. As such, a solution of keto mesylate 

79 in N~dimethylformarnide was treated with sodium iodide alone and the 

r d t i n g  solution was heated to 130-i36OC for 24 hours. Afker coobg, workup, 

and purification, the desired tricyclic keto ether 93 was isolated in 72% yield. 



The crude product, in this case, &O yielded a by-product which was fully 

characterized spectroscopically. The IR spectnim revealed the presence of a 

carbonyl group (1706 cm-') and the absence of the sulfonate stretching bands. 

The carbon APT spectnim confimed the presence of the carbonyl by the 

observance of an in-phase resonance at 6 214.4. The benzyloxy side chah  was 

intact as revealed by the presence, in the proton NMR spectrum, of aromatic 

protons (6 7.30, m, 5 H) and benzylic methylene protons (6 4.48, s, 2 H). The 

absence of any resonance attributable to the methyl protons of a mesylate 

functionality confirmed the absence of the mesylate group. In addition to the 

aromatic protons, three distinct sets of resonances were observed in the vinylic 

region of the proton NMR spechum which integrated to three protons. A vinylic 

methyl signal was observed at 6 1.57 as a doublet (J = i Hz) in addition to three 

other methyl sipals observed at 6 1.21 (s), 1.09 (s), and 0.87 (d, J = 7 Hz). This 

would suggest that the mesyloxymethyl group has been reduced to a methyl 

group. The presence of the three vinylic protons dong with the fàct that a vinylic 

methyl group was also present suggested that the n~-methyl-2-cyclohexeny1w 

system present in the starting material has been conveked into a "1-methyl-12- 

cyclohexadienyl" system. The carbon APT spectnim contained a total of twenty 

resonances, nine in-phase and eleven anti-phase. The high resolution mass 

spectnun contained an ion peak wrresponding to the characteristic tropylinium 

ion (C7H7+) as the base peak which confirms the presence of a benyl gmup. The 

highest ion peak observed in the high resolution mass spectrum was 338.2244, 

which corresponded within acceptable error to the molecular formula of 

C23H3002. With all the pertinent data accumulateci and analysed, a detail pichire 

of the structure ofthis by-produet began to emerge. The proposed structure and 

mechanisrn of its formation are depicted in Scheme 17. The main obstacle in 

deducing the structure of the by-product was the fact that the mesyloxymethyl 



substituent had apparently been reduced to the methyl level without the benefit 

of any reducing agent. However, the formation of the 1,3-dienyl system from the 

olefinic function constitutes an oxidation. Therefore, in the global sense, there is 

no net change in oxidation level of the molecule; the mesyloxyrnethyl was 

reduced to the methyl level, but the olefin was olridized to the 1,s-diene. wth 

this mental block out of the way, we became more cornfortable concerning the 

proposed structure of the by-product. As far as the rnechanism leading to the 

dienyl by-product 103 is concerned, we can only speculate. One thing we know 

for certain was that the mesylate was removed prior to debenylation. This led us 

to propose the foIlowing mechanism: under the conditions of the reaction, the 

ketone oxygen displaces t he  mesylate t o  f o r m  

\ 
OBn 



the oxonium ion 101 (Scheme 17, path a). This strained oxonium ion then can be 

opened up by a 1,3-hydride shift, forming the stable tertiary and allylic 

czwbocationic intermediate 102. Ellmination of a proton in the rnanner as shown 

then yields dienyl by-product 103. Oxonium intemediate 101 may also be 

opened up by the attack of the benzyloxy oxygen to give oxonium ion 104 which 

may be formed directly by attack of the benzyloxy oxygen onto the mesyloxy 

containhg bridgehead mrbon (Scheme 17, path b). This intermediate then is well 

suited to attack by the iodide to give the desired triqclic keto ether 93. 

Although dienyl ketone 103 is of no immediate use in our synthetic endeavor, it 

is actually quite amenable towards elaboration to other cis-normal derodane 

natural products. The above reaction, if optimized towards the synthesis of 

dienyl ketone 103, will achieve the reduction of the mesylate and the installation 

of the olefin in the correct position observed in cis-normal clerodanes in one step. 

Selective hydrogenation of the less substituted olefin without modifying the 

benzyl group nor the more substhted olefin may present an obstacle but is not 

without precedence63. AU in dl, this by-product presents itself as a potential 

candidate in the further elaboration of our general scheme towards cis-normal 

clerodanes. 

With tricyclic keto ether 93 synthesized, the deoxygenation to give tricyclic ether 

98 was achieved v i a  a Wolff-Kishner reaction. As such, treatment of a 

diethylene glycol solution of keto ether 93 with potassium hydroxide and 

anhydrous hydrazine at 110-120~C for i5 hours followed by heating to 210-230°C 

for 9 hours effected the desired transformation in 70% field. The absence of any 

stretching bands in the IR spectntm of the product attriiutable to a carbonyl 

group confïrmed the success of the reaction. This was also co~oborated by the 



absence of any carbonyl carbon resonances in the carbon APT spectnun. The 

proton NMR spectnim displayed two vinylic proton resonances at 6 5.59 (dddd, J 

= 10,5,3,3 Hz) and 5.33 (ddd, J = 10,5,2 Hz) which suggested that no olefin 

scrambling had occurred. The neopentyl protons adjacent to the ether oxygen 

were observed as doublets at S 3.86 (J = 13 Hz) and 3.41 (J = 13 Hz) while the 

methylenic protons on the other side of the ether oxygen were observed at 6 3.92 

as a multiplet. The three methyl groups were observed at 6 0.96 (s), 0.84 (d, J = 

7 Hz), and 0.83 (d, J = 7 Hz). In the carbon APT spectnim, a total of sixteen 

resonances were observed, eight in-phase and eight anti-phase, which agrees with 

the structure assigned for tricyclic ether 98. The high resolution rnass spectrum 

contained an ion peak at 234.1987 which corresponded well within acceptable 

error with the desired mo~ecdar formula of C16H260. 

A summary of the synthetic route beyoad dienophile 76 is depicted in Scheme 18. 

In this phase of the project, we have successfdly achieved the synthesis of 

tricyclic keto ether 93 in synthetically useful yields with each transformation 

being optirnized. An unexpected signifiant result was the isolation of bicyclic 

dienyl ketone 103 which is viewed as an important extension of our overd 

synthetic strategy towzu'ds the cis-normal clerodanes. 

With tricyclic ether 98 in hand, the next crucial transformation was to 

regioseledively open the ether linkage (Scheme 19). M conditions needed to be 

met for this reaction; the opening must be regiospecific, ieaving the ring juncîure 

with a hydroxymethyl p ~ u p ,  and it mtrst attach a manipdable functionality on 

the ethyl side chah for further elabration to a 3--1 functiodQ. With these 

considerations in mind, we concluded that a halide containing nucleophilic 

reagent that can cleave the ether in a  SN^ fashion would be the most likely 



candidate. Regioseldvity was not envisioned to be a major obstacle due to the 

fact that the stereochemical environment about the two alpha rnethylenes 

flanking the oxygen are vastly different; one is a neopentyl methylene while the 
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other is a homoneopentyl methylene. It was hypothesized that the incoming 

halide wodd attack the homoneopentyl rnethylene carbon preferentidy, thus 

opening the cycbc ether in the desird fashion. From the above analysis, we 



concluded that the reagent of choice would be halide containing Lewis acidic 

reagents. 

Scheme 19 

In 1983, Bhatt and Kulkarni published a review on the scope and limitations of 

reagents for the cleavage of ethers64. This invaluable resource revealed a 

plethora of reagents a d a b l e  for effecting the desired transformation. Of the 

many reagents cited, we were drawn towards the silicon and boron based 

reagents since the oxophilicity of these elements is well documented. Silicon 

based reagents were investigated fW65. As such, a solution of tricyclic ether 98 

in carbon tetrachloride was m t e d  with iodotrimethyIsilane. At completion (as 

monitored by TLC), water was introduced to quench the reaction and, after 

chromatographie purification, the only isolated product was the starting material. 

From the TLC analysis, a reaction had indeed occurred. The only explanation for 

this surprising result is that the resulting iodo alcohol is just too labile and 

cyclized back to the starting material during workup or chromatography. Due to 

this r e d t ,  we chose to abandon siliwn based reagents and tumed our attention 

to boron based reagents. 

The first reagent investigated was boron tribromide66. Thus, boron tribromide 

was introduced to a solution of tricyclic ether 98 in dichlorornethane and the 



reaction was carefully monitored as before. Unfortunately, after an extended 

period of time, no reaction was observed to have occurred and the starting 

material was recovered. The next reagent investigated was the bulky B-bromo-9 

borabicyclo[3..]none (B-B~-~-BBN)~~-  Thus, B-Br-9-BBN was added to a 

solution of tricyclic ether 98 in dichlorornethane and the reaction was stirred at 

room temperature for two hours. The solvent was then rernoved under aspirator 

vacuum and the residue redissolved in pentane followed by the addition of 2- 

aminoethanol. The resulting suspension was then stirred for an additional hour 

at which time it was filtered over Celite and the residue was washed with copious 

amounts of pentane. After chromatographic purification, a mixture containing 

the desired bromo alcohol 105 and the starting material was isolated. The IR 

spectnun of the mixture clearly Uidicated the presence of an alcohol functionality 

by the observance of a broad strong hydroql stretch centered about 3442 cm-=+ 

The proton NMR spectrum contained, in addition ta the resonances obse~ed  in 

that of the starting material, the neopentyl methylene protons of the product 

obsenred as doublets at 6 4.08 (J = 11 Hz) and 3.59 (J = 11 Hz) which are 

domfield shifted with respect to the correspondhg signals in the starting 

triqclic ether 98. The hi& resolution m a s  spectnun contained two ion peaks of 

almost equal intensities separated by two mass mi ts  (314.1244 and 316-1226), 

indicating that they were due to isotopic bmmides. These correspondeci well with 

the desirecl molecular formula of C1a2flBr+ The carbon APT spectrum of the 

mixture was too complex and overlapped to allow for any meaningful 

interpretation. At this point the regiochemistry of the ring opening reaction was 

assumed to be in the desired direction, 

Due to the amount of precipitation present in the reagent bottle and the inability 

of Aldrich to supply any new bottles of B-Br-9-BBN at the time, we were forced to 



search for another boron based reagent to effect the ether ring opening reaction. 

A search of the üterature yielded the reagent B-brornocatecholborane which was 

reported to effect ether cleavage reactions upon diaUcy1 and benyl alkyI ethers68. 

As such; to a solution of the tricyclic ether 98 in dichloromethane was added B- 

brornocatecholborane and the resulting clear solution was stirred at room 

temperature for 4 hours. Mer quenching with water, extraction, and mild basic 

washing of the organic extracts, the cmde prduct was found to exhibit the same 

spectroscopie (IR, proton NMR, HRMS) properîies as that described above. One 

thing to note is that the TU: ofthe cmde product mixture was very clean; only the 

two spots due to the starting material and what was assumed to be the desired 

product was visible. This compared favorably with the reaction using B-Br-9- 

BBN whose cmde product yielded a TU: chromatogram which was signiticantly 

more "spotted". Scheme 20 diagrams the ether cleavage reaction and subsequent 

transformations thereof. 

BzCI, pyridine 
CA2Qa rot., 4 h  4 CH&, r.t, 

43 h, 79% over 

98 
2 steps with 
remvery of 98 

Br 

Scheme 20 



The cmde product obtained above was diss01ved in dichloromethane and beated 

with benzoyl chloride and pyridine. After workup and chromatographie 

purification, the only isolable product was found to conskt of an inseparable 

mixture of tricycIic ether 9 8 and the desired brorno benzoate 106. The IR 

spebnim of the mixture revealed the absence of the hydroxy stretching band 

observed before and presence of a carbonyl stretch at 1720 c d .  The proton 

NMR spectnun displayed three sets of aromatic resonances characteristic of a 

benzoate functionality. The neopentyl methylene protons were observed as 

doublets at 6 4.64 (J = 13 Hz) and 4.41 (J = 13 Hz) which are downfield shifted 

with respect to the corresponding resonances observed for bromo alcohol105. 

This supported the contention that the ether ring opening was regiospecific and 

the nucleophilic bromide attacked the less hindered methylene. The methylene 

protons adjacent to the terminal bromide were obserwd to resonate as doublet of 

doublets of doublets at 6 3.59 (J = 13,9,4 Hz) and 3.31 (J = 14,9,5 Hz). 

The following transformation needed was to oxidize the terminal bromide 

functionaüty to the corresponding aldehyde. In 1974, Ganem and Boeckman Jr. 

reported on a modification69 of the we11-known Kornblum oxidation70 in which 

alkyl iodides and tosylates were found to be displaced by dimethyl sulfoxide at 

elevated temperatures. Ganem reported that primary bromides can be prompted 

to undergo the same reaction if a soluble, non-nucleophilic silver salt mis added 

to promote the reaction. Thus, silver tetranuoroborate was added to a solution of 

the above purined mixture in dimethyl sulfoxide and the clear solution was 

heated to 80-100°C for 52 hours at which time, the reaction mixture was cooled 

to room temperature and triethylamine was added. Mer stirring the d i k g  

black suspension for 30 minutes at rwm temperature, water was added and the 

mixture was extracted with diethy1 ether. After washing, m g ,  concentration, 



and chromatographie purification, the desired benzoyl aldehyde 107 was isoiated 

in 70% yield as a clear colorless oil. The IR spectnim of the product showed the 

carbonyl stretch of the benzoate and the aldehyde functionality to overlap at 1717 

cm-1. The proton NMR spectrum contained a resonance at 6 9.75 (triplet, J = 2 

Hz) which indicated the presence of an aldehydic proton. The carbon APT 

spectrum corroborated the success of the oxidation reaction due to the 

observance of an anti-phase resonance at 6 202.5 attributed to the aldehydic 

carbonyl carbon. The benzoate protecting group was revealed to be present by 

the observance of three sets of aromatic proton resonances characteristic of a 

benzoate group. The carbonyl carbon ofthe benzoate was observed to resonate as 

an in-phase resonance at 6 166.9 in the carbon APT spectrum. The methylene 

protons adjacent to the aldehyde functionality were observed as doublet of 

doublets at 6 2.76 (J = 18, 2 Hz) and 2.24 (J = 18, 2 Hz) while the neopentyl 

methylene protons were observed as two sets of doublets at 4.54 (J = 13 Hz) and 

4.35 (J = 13 Hz). The vinylic protons were f o n d  at 6 5.61 (m) and 5.34 (ddd, J = 

10, 4, 1 Hz). The ring junction proton was found to resonate as a multiplet at 6 

1.80 and the three methyl groups present in the molecule were observed at 6 1.17 

(d, J = 1 Hz), 0.89 (d, J = 7 Hz), and 0.85 (d, J = 7 Hz). The carbon APT 

spednun contained a total of twentysne resonances, nine in-phase and twelve 

anti-phase, which agrees well with the desired structure. The high resolution 

electrospray mass spectrum revealed the presence of a [M + Na]+ ion signal at 

377.2092 which corresponded well within error to the desired molecular formula 

of C23H3003. 

Since bromo benzoate 106 was found to be chromatographicaUy inseparable 

from tricyclic ether 98, we attempted to protect the hydroxy group in bromo 

alcohol105 as the corresponding tetrahydropyranyl moiety to see if the resulting 



bromo acetal 108 would be separable. As such, to a solution of bromo alcohol 

105 in dichloromethane was added pyridinium para-toluenesulfonate and 3,4- 

dihydro-W-pyran71. The dear colorless mixture was stirred at room 

temperature for 12 hours before workup and purification. The desired 

tetrahydropyranyl ether 108 was thus isolated in 80% yield (accounting for 

recovered tricyclic ether 98) as a colorless oil. The proton NMR spectnim 

suggested the presence of a diastereomeric mixture of approximately equal 

amounts which was expected. The acetal methine proton was obsewed to 

resonate at S 4.73 for one isomer and 6 4.49 for the other. Both were found to be 

apparent triplets with a coupling constant of 3 HZ. The neopentyl methylene 

protons were obsewed as two sets of doublets at 6 4.17 (J = 12 Hz) and 3.27 (J = 

12 Hz). The allylic methine proton was observed as multiplets at 6 2.75 for one 

diastereomer and 2-44 for the other. The carbon APT spectrum clearly contained 

two sets of signals of approximate equal intensity, thus corroborating the 

diastereomeric nature of the mixture. High resolution mass spectroscopie 

experiments failed to reveal any ion pealcs attributable to the desired moledar 

formula, however, the low resolution electrospray spectnim revealed the presence 

oftwo ion signals, 422.2 and 424.2, which were two mass units spart. The mass 

separation and relative intensities clearly indicated that the two sipals were due 



to isotopic bromides and the mass value registered co~esponded weIl with the 

[M+Na]+ ofthe desired moledar formula of C21H3502Br. 

Subsequent attempts at oxidizing the terminal bromide of bromo acetal 108 

resulted in a very surprishg outcome. The only isolable product of the reaction 

was found to be spectroscopically identical to tricyclic ether 98. This unexpeded 

result is mechanistically rationalized in Scheme 21. It is hypothesized that, upon 

activation of the terminal bromide moiety by the silver salt (log), the acetal 

AgBF4, DMSO 

CHzQar.t.,( 80-100°C, 19 h, 74% 
24 h, 80% 

oxygen can displace the activated bromide in an intramoIecuXlar fsishion to give 

oxonium ion 110. This oxonium ion can then eliminate the teimhydropyranyl 

moiety in the fashion diagrammed to give tricyclic ether 98. 



W1th benzoyl aldehyde 107 in hand, the end of out synthetic endeavor is at hand. 

AU that is required now is to install the 3-fus1 moiety followed by deoxygenation, 

removal of the benzoate protecting group, and finally, the isomerization of the 

o l e k  to the more substituted position (Scheme 22). As such, 3-lithiohan, 

formed by treating a solution of 3-bromofuran in diethyl ether with ter& 

butyllithium at -78OC, was added to a solution of benzoyl aldehyde 107 in diethyl 

ether cooled to -78OC. After stirring at -78OC for 2 hours, the reaction was 

quenched by the addition of solid 

\ 
CHO 
107 

ammonium chloride and allowed to warm to 

Scheme 22 

room temperature. Since the r d k g  fus1 alcohol was deemed to be unstable 

due to the presence of a benylic-lüce hydroxy group, the cmde product was 

subjeded to standard acetylation conditions after partial characterization. The 

IR spectnun of the cmde product of the furan addition reaction revealed the 



presence of a hydroxy group as evidenced by a strong absorption band centered 

about 3400 cm-1. The carbonyl stretching band of the benzoate moiew was 

observed at 1693 cm-1. The hi& resolution mass spectnim contained an ion peak 

at 422.2442 which conesponded well within error to the desired molecular 

formula of C24H3404. The cmde hry1 alcohol product was dissolved in 

dichloromethane and treated with acetic anhydride and pyridine. After workup 

and chromatographie purifcation, the desired benzoyl acetate 113 was isolated in 

n% over two steps as a 1:l mixture of diastereomers. The proton NMR spectrum 

revealed the retention of the benzoate protecting group by the presence of 

aromatic proton resonances at 6 8.11 (ddd, J = 7,7,1 HZ), 7.56 (m), and 7.46 (m). 

The alpha--1 protons were obsemed at 6 7.29, 7.25, 7.07, and 6.89 as 

unresolved multiplets while the lone beta-furyl proton was observed as a pair of 

doublets, one at 6 6.19 (J = 1 Hz) and the other at 6 5.99 (J = 1 Hz). The methine 

proton adjacent to the acetoxy group was found at 6 6.36 and 5.85 as doublet of 

doublets (J = 9,3  Hz) while the methyl protons of the acetate group were noticed 

at 6 1.96 and 1.82 as two singlets. The neopentyl rnethylene protons adjacent to 

the benzoyloxy fiinctionality were observed to resonate as doublets at 6 4.52 (J = 

13 Hz) and 4.28 (J = 13 Hz) for one diastereomoer and 6 4.50 (J = 12 Hz) and 

4.38 (J = 12 Hz) for the other while the three methyl groups were observeci at 6 

0.95 (d, J = 7 Hz), 0.92 (s), and 0.90 (d, J = 7 Hz). 

The acetoxy functional group of benzoyl acetate U3 was removed under 

dissolving metal reduction conditions. Grati&hgly, the benzoate protecting 

group was also removed under the reaction conditions as was ho@ for. Thus, a 

solution of benzoyl acetate 113 in tetrahydrofiiran was added to a dark blue 

solution of lithium metal in liquid ammonia cooled to -78OC. After stirring at 

-78°C for 1 hour, solid ammonium chloride was introduced and the liquid 



ammonia was allowed to evaporate by warming slowly to O°C. The residue was 

düuted with ethyI acetate followed by the addition of water to dissolve the solid 

residue. M e r  standard workup procedures, the cmde product was subjected to 

chromatographie purification to furnish the desired fury1 alcohol 112 as a 

colorless oil in 50% yieId. In the proton NMR spednim, the alpha protons of the 

furan moiety were observed as doublet of doublets at 6 7.33 (J = 2,2 Hz) and 7.23 

(J = 2,1 Hz) while the beta proton was observed at 6.31 as a doublet of doublet (J 

= 2,1 Hz). The two vinylic protons were found as two sets of complex doublets, 

one at 6 5.56 (J = 10 Hz) and the other at 6 5.34 (J = 10 Hz). The neopentyl 

methylene protons adjacent to the hydroxy group were found as doublets at S 

4.05 (J = 12 Hz) and 3.52 (J = 12 Hz) whereas the methylene protons adjacent to 

the furan ring were observed at 6 2.81 and 1.88, both signals being a doublet of 

doublets of doublets with coupling constants 14,14, and 4 Hz. The three methyl 

groups were observed to resonate at 6 0.96 (s), 0.88 (d, J = 7 Hz), and 0.83 (d, J 

= 7 Hz). The reaction sequence since benzoyl ddehyde 107 as described above is 

summarized in Scheme 23. 

W1th f q 1  alcohol112 in han& the 1 s t  tmndormation requhed was to migrate 

the 1,2-disubstituted olefîn to the more substituted 1,1,2-trisubstituted position 

present in cis-normal clerodane natural products (Scheme 24). Although many 

reagentsn are available to effect the isomerization ofolefins to what is predicted 

to be the themodynarnically more stable position, previous research in our group 

have had success with rhodium trichloride hydrates? As such, rhodium 

trichloride hydrate was added to a solution of furyl alcohol 112 in absolute 

ethanol. The resulthg suspension was stirred at r o m  temperature until a clear 

pink solution was obtained after which it was heated to refluxhg temperature 



Li, liq. NH3 -c. 

TEfF, -78OC, 
1 h, 50% 

Scheme 23 

and maintained at reflux until a bluish purple solution was achieved. Reflux was 

continued for 45 minutes at which time, the reaction was quenched, worked up, 

Scheme 24 

and purified by flash chromatography. Spectmscopic analysis of the only 

isolable product revealed that it mis not the desired product. Spedroscopic 

cornparison with the Iiterature values reported by McCrindle and CO-workers54 



were disappointingly inconsistent. The furan ring was intact as evidenced by 

resonances at 6 7.48 (dd, J = 2,2 Hz), 7.38 (m), and 6.43 (apparent singlet) in the 

proton NMR spectrum. A hydroxy stretching band was observed in the IR 

spectnim of the product at 3453 cm-' and the hydroxy proton was found to 

resonate at S 1.19 as a broad singlet. In the o l e k  region of the proton NMR 

spectrum, two vinylic protons resonances were observed as  cornpiex doublets at 6 

5.89 (J = 11 Hz) and 5.81 (J = 11 Hz). The neopenwl methylene protons adjacent 

to the hydroxyl were observed as broad doublets at 6 4.22 (J = 11 Hz) and 3.78 (J 

= 11 Hz) while the methylene protons adjacent to the furan ring were observed as 

doublet of doublets of doublets at 6 3.06 (J = 13,13,4 Hz) and 2.49 (J = 13,13,5 

Hz). m e r  readily discernible signals were three methyl resonances which were 

observed at 6 1.37 (s), 1.08 (d, J = 7 Hz) and 1.04 (d, J = 7 Hz). The carbon APT 

spectnun contained a total of twenty resonances, nine in-phase and eleven anti- 

phase. Of the twenty resonances, six were attributable to sp2 hybridized carbons 

which were consistent with the molecule containing a fimin ring in addition to an 

olefh. Apart fiom the resonances attributable to the beta-substituted fumn ring 

(6 142.9 (a), 138.9 (a), 126.6 (p), and 111.6 (a)), the olefinic carbon resonances 

were anti-phase resonances observed at 6 130.7 and 127.2. This confirrns that the 

unsaturation in the molecule is a 1,2-disubstituted olefin as suggested in the 

proton NMR spectnun. From the above spectroscopie data, it was not entirely 



clear whether any reaction had occurred. If an Wmerization reaction did indeed 

occur, a possible product would be furyl alcohol 114 which contains al1 the 

features consistent with the above spectroscopie data. A COSY experiment 

revealed cross peaks between the olennic protons and the multiplet found at 6 

2.84 which integrated to one proton. This one proton multiplet was correlated to 

the in-phase resonance at 6 40.9 in the carbon APT spectnim as evidenced by a 

HMQC experiment. These two pieces of information coupled with the nOe 

results as diagrammed in Figure 4 confirms the assigrnent of the ring junction 

proton to the resonance at 6 2.84 and thus the position of the olefin. 

Figure 4. Selected nOe Data of F@ G1cohol i l4 

Since the olefin isomerization reaction was assumed to be an equilibration 

process in which the metal hydride revemily inserts and B-elhinates until the & 

elimination occurs only in one direction to give the themodynamically more 

stable product, it seemed that prolonging the reaction time may allow the desired 

1,1,2-trisubstituted olefin to be produced. 

alcohol 114 was the exclusive product in 

Unfortunately, the undesired furyl 

dl reaction times attempted. Our 



hypothesis to explain this interesting, albeit disappointing, result is that the furan 

moieV may be cornplexhg with the rhodium center and thus biasing the $- 

elimination towards the observed position. Another explanation rnay be that, 

even though the desired o1efin 91 may be thermodynamically more stable than 

olefin 114, the transition state leading to olefin 114 rnay lie at a much lower 

energy level due to the added complexation effect afforded by the furan ring, thus 

leading to the observed product. Whatever the case may be, this final step needs 

to be M e r  investigated in the future. If the complexation hypothesis is tme, 

the obvious solution would be to remove the use of transition metals for the 

isomerization. Various basic and acidic reagents are known to isomerize olefins 

and this avenue ofapproach will be investigated thoroughly in the future. 

Another modification would be to perform the isomerization earlier on in the 

synthetic scheme. The only intermediate which was thought to be amenable to 

the rhodium isomerization conditions was tricyclic ether 98. As such, rhodium 

trichloride hydrate was added to a solution of tricyclic ether 98 in absolute 

ethanol and heated as outlined above. Unfortunately, after workup and 

chrornatographic purification, tricyclic ether 98 was recovered almost 

quantitatively. Various reaction times and reagent equivalents failed to effect any 

isomerization. 

In the synthesis of 2- 0x0 -Sa ,8a-i2,14,i5,16-tetranorclerod-3~n-i2~ic acid 

(84)39, the photooxygenation reaction of bicyclic olefin 115 , which has similar 

gros structure as tricyclic ether 98, resulted in the isolation of the enone 82 

which has the unsaturation in the desired position (Scheme 25). This prompted 

us to investigate the photooxygenation of tricyclic ether 98 under identical 

conditions. Thus, to a solution of tricyclic ether 98 in carbon tetrachloride was 



added ~,10,~,20-tetrapheny1-21H,~-porphine, acetic anhydride, pycidine, and 

4-(NP-dimethy1amino)pyridine. The resulting dark purple mixture was stirred 

under an atrnosphere of oxygen while being irradiated with two 500W tungsten 

lamps. After an extended length of tirne (2.5 weeks!), the reaction was worked up 

and purified to yield a product which was deduced to be enone U7 (Scheme 26) 

based on spectroscopie evidence. The IR spednim of enone 117 revealed the 

presence of an enone carbonyl by virtue of a carbonyl absorption band at 1678 

cm-1. This was c o n b e d  by the carbon APT spectnim by the observance of an 

in-phase resonance at 6 210.8. The proton resonance contained two vinylic 

Scheme 26 

proton resonances at 6 6-91 (dd, J = il, 2 Hz) and 6.08 (dd, J = 11,3 Hz). This 

fa&, coupled with the observance of two anti-phase resonances (6 149.6 and 

129.5) in the olefin region of the carbon APT spectnun, constitutes evidence for 

the enone oletin being in the position as depicted and not in the desired position. 

The neopentyl methylene protons adjacent to the ether oxygen were obsewed to 



resonate as doublets at 6 3.88 (J = 13 Hz) and 3.58 (J = 13 Hz) while the 

homoneopentyl methylene protons adjacent to the ether oxygen were observed at 

6 3.97 (ddd, J = 13,5,3 Hz) and 3.81 (ddd, J = 13,13,3 Hz). The remainder of 

the proton NMR spectnim were consistent with the structure of enone 117. The 

carbon APT spectrum contained a total of sixteen resonances, eight in-phase and 

eight anti-phase, which is in agreement with the structure assigned. 

Although enone 117 was not the desired product, nevertheIess it is considered to 

be a possible intermediate towards our synthetic goal. A possible route of 

achieving the desired olefin is depicted in Scheme 27. Enone 117 may be 

converted to a variety of en01 derivatives with the general structure of 118 by base 

treatment followed by trapping of the ensuing enolate with an appropriate 

electrophile. Selective hydrogenation of the less steridy encumbered olefin 

would rernove the undesired unsaturation to give en01 ether 119. Finally, 

reduction of the en01 ether moiety will give the desired tricyclic ether 120 with 

the olefin in the desire position. Various types of en01 derivatives are knom in 



the literature to be reductively removed while maintaining the oleh. Examples 

include silyl73, tFinate74, phosphate75, and NflNN-temethylphosphoro- 

diamidate76 end derivatives. Research towards this end will be carrieci out in the 

future. 

In late A p d  of this year, a fire of serious proportions broke out in our 

laboratories. AU three laboratories under our research group were extensively 

damaged. Aftemds  it was discovered, to our dismay, that a significant portion 

of our spectral data of the most recent synthetic products had been destroyed or 

were discarded during the ensuing cleanup. As well, our spectroscopic samples 

and bulk intemediates were a h  either destroyed or discarded. Due to the lack 

of equipment, lab space, reagents, and most Unportantly tirne, we were unable to 

repeat the synthetic sequence to replenish those data that were unaccuunted for. 

However, it is our intention to be able to replace these important spectroscopic 

data in the near future as this work will be continued. 

In conclusion, as summarized in Scheme 28, we have developed a new synthetic 

route towards cis-normal clerodane natural products with oxygenated C-19 

(clerodane numbering) functionaüties as demonstrated by the successful 

synthesis of furyl alcohol112. Although fkyl alcohol112 has not been isolated 

from natural sources, it contains all the key constituents of a variety of cis-normal 

clerodane namal products and thus can be considered as an advanced 

intemediate. During our synthetic endeavor, the isolation and identification of 

the dienyl by-product 103 was viewed as quite significant. This compound is 

postulated to be amenable towards the synthesis of cis-normal clerodanes 

containing C-19 (clerodane numbering) methyl groups and our work towards this 

end is continuing. Finally, with the synthesis of advanced intermediate 113, we 



believe we have M e r  dernonstmted that our general synthetic scheme, starting 

with the Diels-Alder reaction of dienophile 76, is one of the more flexible and 

easily manipulated schemes towards the synthesis of &normal clerodanes. 

CCH~CULI, E t 1 0  
ZnCl*, CH*Cl% o°C, 

d 

o°C, i h; then 
66 h, 92% (41) LiAIH, O°C, 2 h, 

67% over 2 steps 

OBn 

( " 
OBn 

NaH, THF 
ret.,21h,85% DEG, UO-i20°C, 

220°C, 9 h, 70% 
93 98 

Scheme 28 
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80-100°C, 52 h; 
then Et& rot, 
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16 h, n% over 2 steps 



Melting points were recorded on a K6fler hot stage apparatus and are not 

corrected. Combustion elemental analyses were performed by the 

microanalytical laboratory of this department using a Carlo Erba EA-1108 

Elemental Analyzer. Fourier transform infmed spectra were recorded on a 

Nicolet Magna 750 instniment. Proton nuclear magnetic resonance (W-NMR) 

spectra were recorded using the following spectrometers: Bruker AM-200 (200 

MHz), Bniker AM-300 (300 MHz), Varian Inova 300 (300 MHz), Bruker AM- 

360 (360 MHz), Bruker AM-400 (400 MHz), Varian Unity 500 (500 MHz), and 

Varian lnova 600 (600 MHz). Coupling constants are reported to within 10.5 

Hertz and chernical SM measurements are reported in ppm downtield h m  TMS 

in delta (6) units. The following abbreviations are used: s = singlet, d = doublet, t 

= triplet, q = quartet, rn = multiplet, and br = broad. Carbon-13 magnetic 

resonance spectra (W-NMR) were recorded on the following spectrometers: 

Bniker AM-200 (50 MHz), Bruker AM-300 (75 MHz), and Bruker AM-400 (100 

MHz). Deuteriochloroform or deuteriodichloromethane were used as the 

solvents for NMR experiments and interna1 standard. Carbon-13 multiplicities 

were derived from Cam-Purcell-Meiboom-Gill spin echo &modulatecl 

experiments (APT or Attached Proton Test). Methylene groups and quaternary 

carbons appear as in-phase (p) resonances with respect to the deuterated solvent 

signal while methyI and methine carbons appear as anti-phase (a) resonances. 

Nuclear Overhauser enhancement (nOe) experiments were carried out in the 

difference mode in which a biank (unirradiated) spectrum was computer- 

subtracted fiom the irradiated spectnim afker Fourier transformation. Positive 



enhancements are defined as signals being anti-phase with respect to the 

irradiated signal. Samples for nOe experiments were deoxygenated with argon 

for 10 minutes prior to use. High resolution electron impact mass spectra 

(HRMS) were recorded using a Kratos MS-50 mass spectrometer. Low resolution 

chemical ionization mass spectra were run on a Micromass VG7070E with 

ammonia reagent gas. Hectrospray mass spectra (high and low resolution) were 

nui using a Micromass ZABSPEC instnunent. Mass spectral data were recorded 

as m/z values. Bulb-to-bulb distillation were performed using a Kugelrohr 

distillation apparatus. Eluent systems for flash chromatography are given in 

volume/volume concentrations. 

Materials 

Unless otherwise stated? all materials used were commercidy available and used 

as supplied. AU. compounds synthesized are racemic. Reactions requîring 

anhydrous conditions were performed in flame-dried glassware, cooled under an 

argon atmosphere. Unless otherwise stated, reactions were carried out under 

argon and monitored by analytical thin-layer chromatography (TLC) performed 

on aluminum-backed plates precoated with silica gel 60 F2s4 as supplied by 

Merck. V i i t i o n  of the resulting chromatograms were done by Iooking under 

an UltravioIet Iamp (k=254 nm) followed by dipping in an ethanol solution of 

vaniiiin (5% w/v) containhg sulfuric acid 3% v/v) and charring by heat gun. 

Solvents for flash chromatography were distilleci under normal atmosphere prior 

to use. Solvent for reactions were dried and W e d  under an argon atmosphere 

prior to use as follows: tetrahydrofuran, diethyl ether, and ~,2-dimethoxyetha.ne 

from a dark blue solution of sodium benzophenone ketyl; benzene, 



dichloromethane, pyridine, diisopropylamine, triethylamine, and carbon 

tetrachloride from calcium hydride. Purification of reagents, if deemed 

necessary, was performed using procedures and protocols as described by Perrin, 

h a r e g o ,  and Perrinn. Solvents were removed under water aspirator vacuum 

using a Büchi rotoevaporator. Argon was passed through a column of activated 

4A molecular sieves with self-indicating siiica gel (coarse grained) interspersed 

within. 

Flash chromatography developed by Still78 was used routine1y for purification 

and separation of product mixtures using silica gel of 230-400 mesh size as 

supplied by Merck. 3-Ethoxy-6-methyl-2-cyclohexen-1-one was prepared 

according to the procedure by Kende and CO-worked? 

To a solution of diisopropylamine (15 mL, 0.107 mol) in anhydrous 

tetrahydrofuran (10 mL) cooled to O°C, was added dropwise n-butyllithiium (2.5 

M in hexane, 39 mL, 0.098 mol). The r d t i n g  clear yehw solution was &ed 

at 0% for 30 minutes foilowed by cooling to -78OC. To this was added, via a 

dropping funnel, a solution of 3-ethoxy-6-methyl-2qclohexen-1-me (13.731 g, 

0.089 moi) in anhydrous tetrahydrofuran (20 mL). The r d t i n g  mixture was 
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dowed to stir at -78OC for 1 h o u  before methyl bromoacetate (17 mL, 0.180 mol) 

was added in one portion. The reaction vesse1 was removed fkom the cooling bath 

and allowed to warm to room temperature. After stirring at room temperature 

for 29 hours, saturated ammonium chloride (100 mL) was added and the 

aqueous layer extracted with diethyl ether (4 x 100 mL). The combined organic 

extracts were washed sequentidy with water (100 mL) and brine (100 mL), dried 

over magnesium sulfate, £iltered, and concentrated in uacuo to give the cmde 

product as a dark brown ail. Vacuum distillation (152-154°C/0.8 mm Hg) of the 

crude oil then yielded the desired enone ester 94 as a viscous light yellow oil 

(18.584 g, 92%): FIlR (CDC13 cast) 1737 (C=O ester), 1654 cm-1 (C=O enone); 

'H-NMR (CDC13, 200 MHz) G 5-29 (d, J = 1 HZ, 1 H, =C-H), 3-90 ( q y  J = 7 HZ, 1 

H, -O-CHH-CH3), 3.89 (q, J = 7 HZ, 1 H, -O-CHH-CH3), 3.63 (s, 3 H, -COOCH3), 

2.78 (d, J = 16 HZ, 1 H, -CHH-Corn3), 2.14-2.64 (m, 3 H), 2.37 (d, J = 16 HZ, 1 

H, -CHH-COOCH3), 1.75 (ddd, J = 14,5,5 HZ, 1 H, =C-CHH-), 1.35 (t, J = 7 HZ, 3 

H, -CH2CH3), 1.16 (s, 3 H, -CH3); W-NMR (APT, CDC13, 50 MHz) 6 200.2 (p), 

175.8 (p), 172.0 (p), 101.0 (a), 64.2 (p), 51.4 (a), 42.2 (pl, 41.7 (pl, 31.4 (pl, 26.0 

(p), 22.4 (a), 14.1 (a); HRMS M+ 226.1200 (dculated for C ~ H l 8 0 4 :  226.1205) 

Lithium aluminum hydride (7.442 g, 0.196 mol) was suspended in anhydrous 

tetrahydrofuran (50 mL) and the resdting grey suspension was cooled to oOC. A 



solution of enone ester 94 (14.052 g, 0.062 m o l )  in anhydrous tetrahydrofuran 

(50 mL) was then introduced dropwise. The reaction mixture was stirred at oOC 

for 30 minutes before warming to room temperature. After stirring at room 

temperature for 18 hours, the reaction mixture was cooled to 0°C followed by 

careful sequential addition of water (8 mL), 15% aqueous sodium hydroxide 

solution (8 mL), and water (24 mL). The resulthg rnw white suspension was 

then warmed to rmm temperature and stinred vigorously for a M e r  15 minutes 

d e r  which the solid precipitate was filtered off. After washing the flter residue 

with copious amounts of ethyl acetate, any aqueous layer was separated and the 

combined organic layers were dried over magnesium sulfate, filtered, and 

concentrated in vacuo. The cmde di01 thus obtained was then rigorously dried 

under high vacuum and used without further purification. 

To a suspension of sodium hydride (6.210 g, 60% in oii, 0.i55 mol) in rnhydrous 

tetrahydrohn (50 mL) cooled to O°C, was added dropwise a solution of the 

above crude diol in anhydrous tetmhydrofuran (50 mL). After stirring for i hour 

at o°C, benzyl bromide (19 mL, 0.160 mol) was introduced rapidly. The reaction 

mixture was then allowed to warm to room temperature and stirred at room 

temperature for 8 hours. Hydrochloric acid (2.5 N) was then carefully added 

until the reaction solution was acidic followed by a further aliquot of 2.5 N 

hydrochloric acid of the same volume. The resulting biphasic solution was 

dowed to stir at room temperature for 8 hours at which time the aqueous layer 

was separated and extnicted with ethyl acetate (4 x 100 mL). The combined 

organic extracts were then washed sequentially with water (100 mL), saturated 

sodium bicarbonate (100 mL), and brine (100 mL), dried over magnesium 

sulfate, filtered, and concentrated in vacuo. The crude product thus obtained was 

then purified by vacuum didation (15o0C/0.4 mm Hg) to yield the desired 



product as a clear colorless oil (11.730 g, 7ï% over 3 steps): ETIR (CDCl3 cast) 

1680 cm-1 (C=O), 738 and 698 cm-' (C-H bending, aromatic); 1H-NMR (CDC13, 

200 MHz) G 7.34 (m. 5 H, aromatic H), 6.75 (d, J = 10 Hz, 1 H, O=C-CH=CH-), 

5.88 (d, J = 10 Hz, 1 H, O-C-CH=CH-), 4.50 (s, 2 H, -CH2-Ph), 3.59 (m, 2 H, 

-C&-OBn), 2-47 (m, 2 H), 2.00 (ddd, J = 15,7,7 Hz, 1 H, O=C-CHH-), 1.70-1.87 

(m, 3 H), 1.18 (s, 3 H, -CH3); UC-NMR (APT, CDC13, 75 MHz) 6 199.3 (p), 158.8 

(a), l38.1 (pl, 128.3 (a), 127.7 (a), 127.5 (a), 127.1 (a), 73.0 (p), 66.6 (p), 40.2 (p), 

34.9 (p), 34.0 (p), 25.2 (a); HRMS M+ 244.1459 (calculated for Ci6H2002: 

244.1463). 

To a refiuxing suspension of sodium hydride (95%, 0.321 g, 12.7 mmol) in 

anhydrous dimethyl carbonate (freshly distined fiom calcium hydride, 5 mL), was 

added dropwise a solution of the starting enone 95 (1.479 g, 6.05 mmol) in 

anhydrous dimethyl carbonate (5 mL) while maintainhg mild reflux. The 

resulting bright red suspension was then dowed to stir at reflux for 2.5 hoursat 

which the ,  the reaction was coo1ed to O°C and qyenched by the careful dropwise 

addition of 2.5 N hydrochloric acid. When all precipitate had dissolved, the 

organic layes was separated and the aqueous layer was extracted with ethyl 

acetate (4 x 50 mL). The combined organic Iayers were then washed sequentially 



with water (50 mL), saturated sodium bicarbonate (50 mL), and brine (50 mL), 

dried over rnagnesium sulfate, filtered, and concentrated in vacuo to afford a 

light brown oil. Purification of the crude product by flash chromatography using 

15% EtOAc/hexane as eluent gave the desired keto ester 96 as a light yellow oil 

(1.537 g, 84%) : FITR (CDC13 cast) 1744 (C=O ester), 1681 (C=O enone), 1670 

(C=O--OH-O-, en01 ester), 1625 and l590 (C=C, en01 ester), 738 and 699 cm-1 (C-H 

bending, aromatic); 1H-NMR (CDC13, 200 MHz, three isomea consisting of an 

en01 tautorner and two keto diastereomers in a respective ratio of 0.5:0.3:0.2) 6 

11.88 (s, 0.5 H, =C-OH), 7.35 (m, 5 H, aromatic H), 6.83 (dd, J = 10,2 Hz, 0.3 H, 

O=C-CH=CH-, major keto), 6.74 (dd, J = 10,2 Hz, 0.2 H, O=C-CH=CH-, minor 

keto), 6.13 (d, J = 10 Hz, 0.5 H, O=C-CH=CH-, enol), 5.94 (d, J = 10 Hz, 0.2 H, 

O=C-CH=, minor keto), 5.92 (d, J = 10 Hz, 0.3 H, O=C-CH=, major keto), 5.90 

(d, J = 10 Hz, 0.5 H, O=C-CH=, enol), 4.51 (s, 0.4 H, -O-CH2-Ph, minor keto), 

4.50 (s, 0.6 H, -O-CH2-Ph, major keto), 4.48 (s, 1.0 H, -O-CH2-Ph, enol), 3.80 (s, 

0.6 H, -COOCH3, minor keto), 3.77 (s, 0.9 H, -COOCH3, major keto), 3.76 (s, 1.5 

H, -COOCH3, enol), 3.50-3.70 (m, 2 H, -CH2-OBn), 2.50 (d, J = 16 Hz, 0.5 H, 

-(CHj)C-CHH-, enol), 2.29 (d, J = 16 Hz, 0.5 H, -(CH3)C-CHH-, enol), 1.60-2.00 

(m, 3.5 H), 1.24 (s, 0.9 H, -CH3, major keto), 1.21 (s, 0.6 H, -CH3, minor keto), 

1.09 (s, 1.5 H, -CH3, enol); HRMS M+ 302.1515 (calculated for Cl8H2204: 

302.1518). 



To a solution of the starting keto ester 96 (1.425 g, 4.712 mmol) in anhydrous 

carbon tetrachloride (5 mL) was added N-bromosuccinimide (2.516 g, 14.14 

mmol). The reaction vesse1 was wrapped in aluminum foil and stirred at room 

temperature for a period of 17 hours. The reaction suspension was then fïitered 

over Celite and the residue was washed with copious amounts of carbon 

tetrachloride. After evaporation of solvent under aspirator vacuum, the c ~ d e  

product was obtained as a dark brown oil which was subjected to flash 

chromatography using 10% EtOAcIhexane as eluent. The pure a-bromo keto 

ester 97 was thus obtained as a light yellow oil(l.414 g, 79%): FTIR (CDC13 cast) 

1744 (C=O ester) and 1685 cm-1 (C=O enone); 1H-NMR (CDCls 200 MHz) S 7.33 

(m, 5 H, aromatic H), 6.73 (d, J = 10 Hz, 1 H, O=C-CH=CH-), 5.84 (d, J= 10 Hz, 1 

H, O=C-CH=), 4.45 (s, 2 H, -OCH2Ph), 3.53 (m, 2 H, -CH2-OBn), 2.43 (m, 2 H, 

-CH2-CH20Bn), 2.00 (s, 3 H, -COOCEI3), 1.65-1.88 (m, 2 H,- (CH3)C-CH2-), 1.18 

(s, 3 H, -CH3); FAB-MS M+ 381.2 and 383.2 (calculated for C1gH2103Br: 

381.27). 



COOC* 

OBn 

To a solution of the starting a-bromo keto ester 97 (2,657 g, 6.968 mmol) in 

anhydrous Nfidimethylformamide (20 mL) was added lithium bromide (1.029 

g, 11.85 mmol) and lithium carbonate (1.287 g, 17.42 mmol). The white 

suspension thus obtained was heated to 128-131°C and maintained at that 

temperature range for 2 hours. The reaction was subsequently cooled ta room 

temperature and 2.5 N hydrochloric acid was carefully added until no more gas 

evolution was observed. The cloudy mixture was extracted with diethyl ether (4 x 

80 mL) and the combined organic extracts were washed sequentidy with water 

(50 mL) and brine (50 mL), dried over magnesium sulfate, filtered, and 

concentrated in vucuo. The dark brown oily crude product thus obtained was 

subjected to flash chromatography using 20% EtûAc/hexane as eluent to furnish 

the desired dienyl keto ester 76 as a light yellow oil(i.674 g, 80%): FTLR (CDC13 

cast) 1741 (C=O ester), 1664 (C=O enone), 1635 (C-C), 737 and 699 cmo' (C-H 

bending, arornatic); IH-NMR (CDC13, 200 MHz) 6 7.59 (d, J = 3 Hz, 1 H, 

CH300C-C=CH-), 7.20-7.39 (m, 5 H, arornatic H), 6.79 (dd, J = i0 ,3 Hz, 1 H, 

O=C-CH=CH-), 6.29 (d, J = IO HZ, 1 H, O=GCH=CH-), 4.35 (s, 2 H, -O-CH2- 

Ph), 3.80 (s, 3 H, -COOCH3), 3.34 (m, 2 H, -CH2-OBn), 2.04 (m, 2 H, -CH*- 

CH20Bn), 1.32 (s, 3 H, -CH3); W-NMR ( APT, CDC13, 75 MHz) 181.6 (p), 165.0 

(pl, 160.9 (a), 153.5 (a), U7-8 (pl, 130.5 (p), 129.2 (a), 128.3 (a), 127.6 (a), 73.2 



(p), 66.7 (pl, 52.2 (a), 41.0 (p), 40.5 (pl, 26.0 (a); HRMS M+ 300.1353 (calculated 

for Ci8H2004: 300.1361). 

Alternatively, the titled compound may be synthesized from 4-(2- 

benyloxyethyl)-6-carbomethoxy-4-methyl-~~ (96) using the 

procedure outlined below: To a solution of 2,3-dichloro-5,6-dicyano-1,4- 

benzoquinone (DDQ) (2.656 g, 11.70 mmol) in anhydrous tetrahydrofuran (10 

mL) was added anhydrous potassium carbonate (1.617 g, 11.70 mmol) and the 

resulting dark brown suspension was stirred at room temperature for 30 minutes. 

A solution of 4 - ( 2 - b e n z y l o x y e t h y 1 ) - 6 - c a r b o r n e ~ o ~ y 4 - m e ~  

(96) (1.769 g, 5.850 mmol) in anhydrous tetmhydrofuran (10 mL) was then 

added dropwise via a dropping funnel and the reaction suspension was stured at 

rmm temperature for 12 hours. Aqueous sodium hydroxide (1 M) was added and 

the separated aqueous layer was extracted with ethyl acetate (4 x 80 mL). The 

combined organic extracts were washed sequentidy with 1 M sodium hydroxide 

(2 x 50 mL), water (50 mL), and brine (50 mL), dried over magnesiun sulfate, 

filtered, and concentrated in varmo to yield the cmde product as a dark brown oil. 

Flash chromatography of the cmde product using 20% EtClAcfiexme as eluent 

gave the desired dienyl keto ester 76 as a light yeliow oil (Li36 g, 65%). 



(IR*, SR*, 65*, 10S~-5-(2-Benylo~ethyl)-1-c~bornetiioxy-5,10- 

dimethylbieydo[4.4.O]deca-3,8-dien-2-one (77) and (IR*, SS*, 6S*, 

i 0 S * ) - ~ - ( 2 - B e 1 l z y I o ~ y e t h y l ) - l - c a r b o m e ~  

ûldeca-3,s-den-%one (m) 

COOCH3 

OBn 

Zinc chloride (1.403 g, 0.010 mol) was heat-fused under vacuum and cooled to 

room temperature while under a gentle stream of argon. Anhydrous 

dichIoromethane (5 mL) was introduced and the fused zinc chloride was crushed 

using a thin spatula. The resulting mixture was cooled to O°C and a solution of 

dienyl keto ester 76 (1.031 g, 0.003 mol) in anhydrous dichIoromethane (1 mL) 

was added dropwise. The resulting light yellow suspension was stirred at o O C  for 

15 minutes followed by a rapid introduction of piperylene (cktrans = 1:2, 5.14 

mL, 0.034 mol trans). The cloudy yellow reaction mixture was stirred Ggorously 

(to prevent clogging) at O°C for 66 hours after which saturated aqueous sodium 

bicarbonate (20 mL) was added. The aqueous Iayer was extracted with 

dichlommethane (3 x 100 mL) and the combined organic extracts were washed 

with water (100 mL) foliowed by brine (100 mL), dried over magnesium sulfate, 

nItered, and concentrated in vacuo. The cmde product was thus obtained as a 

cloudy yellow oil. Flash chromatography using 5% EtûAcjhexane as eluent then 

yielded the desired Diels-Alder product as a mixture of two diastereomers whose 



ratio was determined by GC analysis (77:VA =4.2:1,1.W8 g, 92%): FIIR (CDC13 

cast) 1726 (C=O ester) and 1689 (C=O enone), 739 and 699 cm-1 (C-H bending, 

aromatic) ; HRMS Mf 368.1984 (dculated for C23H2804: 368.1987); An aliquot 

of the diastereomeric mixhue was subjected to repeated flash chrornatographic 

sepration using 5% EtûAc/hexane as eluent to furnish the desired diastereomer 

77 individually for characterization: WNMR (CDC13, 200 MHz) 6 7.35 (m, 5 H, 

aromatic H), 6.31 (dd, J = 10,2 Hz, 1 H, O=C-CH=CH-), 5.93 (d, J = 10 HZ, 1 H, 

O=C-CH=CH-), 5.66 (complex d, J = 10 Hz, 1 H, CH3-CH-CH=CH-), 5.53 

(complex d, J = 10 HZ, 1 H, CH3-CH-CH=CH-), 4.52 (s, 2 H, -O-CH2-Ph), 3.n (s, 

3 H, -COOCH3), 3.64 (m, 2 H, -CH2-OBn), 2.81 (m, 1 H, CH3-CH-), 2.78 (ddd, J 

= 1 0 , 7 , 2  Hz7 1 H, (CH3)C-CH-CH2-), 2.19 (dm, J = 18 HZ, 1 H, =CH-Cm-), 1.96 

(dm, J = 18 Hz, 1 H, =CH-CHH-), 1.76 (m, 2 H, -CH*-CH20Bn), 1.24 (d, J = 7 HZ, 

3 H, -CH-CH3), 1.12 (s, 3 H, -CHj); W-NMR (APT, CDC13, 75 MHz)G 196.2 (p), 

174.7 (p), W2.0 (a), 138.2 (p), 130.6 (a), 128.5 (a), 127.7 (a), 127.6 (a), 127.0 (a), 

123.4 (a), 73.3 (pl, 65.7 (pl, 59.2 (pl, 52.2 (a), 46.3 (a), 39.8 (pl, 38.8 (a), 38.7 (pl, 

27.0 (p), 24.8 (a), 16.9 (a); diastereomer 77A could not be obtained isomerically 

pure for characterization; WNMR (CDC13, 200 MHz, selected data) 6 5.87 (d, J 

= IO HZ, 1 H, O=C-CH=CH-), 4.53 (s, 2 H, -O-CH2-Ph), 3.73 (s, 3 H, -COOCH$, 

1.28 (d, J = 7 HZ, 3 H, -CH-CH3), 1.17 (s, 3 H, -CH3). The spectral data are in 

good agreement with those reported previouslysl. 



(IS*, 4R*, SR*, 6S*, 10S*)-~-(~-Be1lzylo~ethyl)-l-hydroxymethyl- 

4,5,i0-trirnethylbicydo[4.4.0]dec-8-en-2-0ne (78) 

To an off-white suspension ofcopper(1) iodide (0.260 g, 1.37 mmol) in anhydrous 

diethyl ether (5 mL) cooled to O°C, was added dropwise methyllithium (1.4 Min 

diethyl ether, 1.88 rnL, 2.63 mmol). The resdtîng clear colorless solution was 

stirred at O°C for 1 hotu followed by the dropwise introduction of a solution of 

enone ester 77 (0.162 g, 0.440 mmol) in anhydrous diethyl ether (1 mL). The 

subsequent yeIIow suspension was stirred at O°C for 1 hou,  at which point 

lithium alurninum hydride (0.050 g, 1.32 mmol) was added in one portion. The 

reaction mixture immediately turned into a black suspension which was then 

stirred at O°C for 2 hours. Saturated ammonium chloride was then added 

dropwise and when gas no longer evolved, 2.5 N hydrochloric acid (10 mL) was 

introduced. The resulting grey suspension was fltered over Celite and the 

residue was rinsed with copious amounts of diethyl ether. The aqueous layer in 

the filtrate was separated and extracted with diethyl ether (4 x 20 mL) and the 

combined organic extracts were washed sequentially with water (20 mL), 

saturated sodium bicarbonate (20 mL), and brine (20 mL), dried over 

magnesiwn sulfate, filtered, and concentrated in vacuo. The cmde product thus 

obtained as a clear yellow oil was subjected to flash chromatography using 15% 



EtOAcIhexane as eluent to yield, after evaporation of solvent, the desired keto 

alcohol78 as a clear colorless oil(0.105 g, 6796): FTIR (CDCI3 cast) 3460 (br, 

OH) and 1696 (C=O), 736 and 698 cm-' (C-H bending, aromatic); WNMR 

(CDC13, 300 MHz) 8 7.33 (m, 5 H, aromatic H), 5.85 (ddd, J = 10,5,1 HZ, 1 H, 

CH3CH-CH=CH-), 5-75 (dd, J = 10,s HZ, 1 H, CH3CH-CHzCH-), 4.50 (s, 2 H, 

-O-CH2-Ph), 3.58 (d, J = 11 HZ, 1 H, HO-CHH-), 3.54 (dd, J = 7,7 HZ, 2 H, -CH2- 

OBn), 3.45 (d, J = 11 Hz, HO-CHH-), 2.80 (br. s, 1 H, -OH), 2.50 (m, 1 H, =CH- 

CH-CH3), 2.35 (dd, J = 11,H HZ, 1 H, O=C-CHH-), 1.96-2.20 (m, 5 H), 1.60 (m, 2 

H), 1.01 (d, J = 7 Hz, 3 H, =CH-CH-CB3), 0.98 (s, 3 H, -CH3), 0.89 (d, J = 7 HZ, 

3 H, -CH2-CH-CH3); *C-NMR (APT, CDC13, 75 MHz) 8 219.9 (p), 138.3 (p), 

132.2 (a), 128.4 (a), 127.7 (a), 126.6 (a), 73.3 (pl, 69.4 (pl, 67.0 (pl, 55.2 (pl, 46.0 

(p), 41.6 (a), 37.3 (p), 35.1 (a), 34.8 (p), 33.0 (a), 22.9 (pl, 22.5 (a), 17.3 (a), 15.5 

(a); HRMS M+ 356.2355 (calculated for C23H3203: 356.2351). 

(lS*, 4R*, SR*, 6S ,  10S*)-5-(2-Be~10~yethyl)-l-mesylo~ethy1- 

4,~,î0-triniethy~bicyd0[4.4.0]dec-8-en-2~ne (79) 

\ 
OBn 

79 

To a solution of keto dcohol 78 (0.212 g, 0.595 mmol) in anhydrous 

t e t r a h y d r o ~  (5 mL) cooled to O°C was added 4-(Nfl-dimethylamino)pyridine 

(0.010 g, 0.082 mmol) and triethylamine (0.45 mL, 3.23 mmol). To this mixture 



was then added methanesulfonyl chloride (0.23 mL, 2.97 mmol). The resulting 

white suspension was stirred at O°C for 5 minutes followed by warming to room 

temperature. After stirring at room temperature for 20 hours, 5% hydrochloric 

acid was added dropwise until al l  the precipitate had dissolved. Water (20 rnL) 

was added and the mixture was extracted with ethyl acetate (4 x 50 mL). The 

combined organic extracts were washed sequentially with water (30 mL), 

saturated sodium bicarbonate (30 mL), and brine (30 mL), dried over 

rnagnesium sulfate, £iltered, and concentrated in vacuo. The clear light yellow oil 

thus obtained was then subjected to flash chromatography using 5% 

EtûAc/hexane as eluent ta yield the desired keto mesylate 79 as a clear colorless 

oil(0.256 g, 99%): FIlR (CDC13 cast) 1700 (C-O), l357 and 1176 (-S02-), 737 

and 699 cm-1 (C-H bending, aromatic); IH-NMR (CDC13, 600 MHz) 6 7.35 (m, 5 

H, aromatic H), 6.64 (dddd, J = 10,4,2,2 Hz, 1 H, CH3-CH-CH=CH-), 5.88 (m, 

1 H, CH3-CH-CH=CH-), 4.51 (d, J = 12 HZ, 1 H, -O-CHH-Ph), 4.48 (d, J = 9 HZ, 1 

H, -CHH-OMS), 4.43 (d, J = 12 HZ, 1 H, -O-CHH-Ph), 4.03 (d, J = 9 HZ, 1 H, 

-CHH-OMS), 3.56 (m, 2 H, -CH2-OBn), 2.95 (s, 3 H, -0S02-CH3), 2.41 (dd, J = 

7,4  Hz, 1 H, O=C-CHH-), 2.29 (dd, J = 15,s Hz, 1 H), 2-01-2.22 (m, 4 H), 1.98 

(m, 1 H, -(CH3)C-CH-CH2-), 1.60 (m, 2 H, -CH2-CH20Bn), 1.01 (d, J = 7 Hz, 3 H, 

=CH-CH-CH3), 0.98 (s, 3 H, -CH3), 0.88 (d, J = 7 HZ, 3 H, -CH2-CH-CH3); 1% 

NMR (APT, CDC13,75 MHz) S 213.4 (p), 138.5 (p), 130.9 (a), 128.4 (a), 127.8 (a), 

127.6 (a), 127.4 (a), 74.0 (p), 73.3 (pl, 67.0 (pl, 54.2 (pl, 45.2 (pl, 39.6 (a), 37.3 

(pl, 37.1 (a), 35.6 (a), 35.2 (pl, 34.4 (a), 22-9 (pl, 22.8 (a), 17.1 (a), G.7 (a); 

M+ 434.2127 (calcdated for C24H3405S: 434.2127). 



(iS*, 4R*, SR*, 6R*, 10S*)-5-(2-Hydroxyethyl)-4,5,10-trimethy 

mesyIo~ethy1bi~do[4.4.O]dec-8-en-2-0ne (99) and (lS*, 4R*, SR*, 

6R*, i0S*)-5-(2-aceto~ethyl)-4,5~l0-trimethyl-l-mesylo~ethylbi- 

@0[4.4.û]dec-8sn-~-one (100). 

To a solution of benyl ether 79 (0.145 g, 0.334 rnmol) in anhydrous acetonitrile 

(5 mL) was added sodium iodide (0.330 g, 2.20 rnmol) and the resulting clear 

colorless solution was cooled to O°C. Bomn trifluoride etherate (0.26 mL, 2.05 

mmol) was then added dropwise to the reaction mixture. The Iight yellow 

solution was stirred at O°C for 1 h o u  before warming to room temperature. Mer  

stirring at room temperature for 20 hours, the reaction solution was poured into 

ice and diluted with diethyl ether (20 mL). Sahirated sodium thiosulphate was 

added dropwise until no more discoloration occurs and the aqueouslayer was 

extracted with diethyl ether (4 x 20 mL). The combined organic extracts were 

washed with water (20 mL) followed by brine (20 mL), dried over magnesiun 

sulfate, atered, and concentrated in uacuo. The cmde producî thus obtained as a 

light yelIow oil was subjected to flash chromatography using 30% EtOAc/hexane 

as eluent to give the by-product acetyl mesylate 100 (0.026 g, 20%): FMR 

(CDC13 cast) 1738 (C=O ester), 1706 (C=O ketone), and 1360 and 1210 cm-i (- 

S02-); 1H-NMR (CDCI3, 300 MHz) 6 5.88 (m, 1 H, -CH2-CH-CH-), 5.63 (m, 1 H, 



-CH2-CH=CH-), 4.48 (d, J = 9 Hz,l H, -CRH-OMS), 4.12 (m, 2 H, -CH2-OAc), 

4.02 (d, J = 9 Hz, 1 H, -CHH-OMS), 3.00 (s, 3 H, -OS02-CH3), 2.30-2.40 (m, 2 

H), 1.90-2.23 (m, 5 H), 2.01 (s, 3 H, CH3-C(0)-), 1.60 (m, 2 H), 1.02 (d, J = 7 Hz, 

3 H, -CH3), 1.01 (s, 3 H, -CH3), 0.91 (d, J = 7 HZ, 3 H, -CH3); W-NMR (APT, 

CDC13, 75 MHz) 6 213.0 (pl, 171.2 (pl, 130.7 (a), 127.0 (a), 74.0 (p), 61.3 (p), 54.0 

(pl, 45.2 (p), 39.2 (a), 37.3 (pl, 37.0 (a), 35.8 (a), 34.3 (pl, 34.2 [a), 22.6 (pl, 22.5 

(a), 21.1 (a), 17.3 (a), 15.7 (a); HRMS [M+l]+ 387.1825 (dculated for Ci9H3106S: 

387.1841). Further elution then gave the desired mesyl dcohol 99 as a clear 

coloriess oil(0.084 g, 73%): FTIR (CDQ cast) 3441 (br, OH), 1698 (C-O), 1353 

and 1174 cm-' (-Son-); 1H-NMR (CDC13, 300 MHz) 6 5.97 (m, 1 H, -CH2- 

CH=CH-), 5.79 (ddm, J = i0,5 Hz, 1 H, -CH2-CH=CH-), 4.56 (d, J = 9 Hz, 1 H, 

-CHH-OMS), 3.90 (d, J = 9 HZ, 1 H, -CHH-OMS), 3.76 (ddd, J = il, il, 5 HZ, 1 H, 

-CHH-OH), 3.56 (ddd, J = 11, 11,s HZ, 1 H, -CHH-OH), 3.06 (s, 3 H, -OSOZ- 

CH3), 2.05-2.40 (m, 7 H), 1.98 (m, 1 H, =CH-CH-CH3), 1.64 (ddd, J = 13, 11, 6 

Hz,l H, -CHH-CH20H), 1.23 (m, 1 H, -CHH-CH20H), 0.99 (d, J = 7 Hz, 3 H, 

=CH-CH-CH3), 0.91 (s, 3 H, -CH$, 0.88 (d, J = 7 HZ, 3 H, -CHJ); HRMS [M- 

H20] + 326.1562 (calculated for C17H2604S: 326.1552) and [M-CH3S03H]+ 

248.1777 (caldateci for C16H2402: 248.1776). 



(Ut*, 4R*, SR*, 6 S * ) - 5 - ( 2 - B e q I o q e t h y l ) - l , 4 , 5 , 1 0 - t e ~ -  

[4.4.0]deca-7,9-dien-2sne (103) and (iS*, 2S*, 6SU, 7R*, 14RU)-2,7,i4- 

siniethy1-î0-0xatri~~lo[5.4.3.01~6]te~dec-3~n-12~ne (93) 

\ 
OBn 

103 

To a solution of starting keto rnesylate 79 (0.145 g, 0.334 rnmol) in anhydrous 

Nfl-dimethylformamide (2.5 mL) was added sodium iodide (0.100 g, 0.667 

mmol) and the suspension was stirred at room temperature until a clear light 

yellow solution was achieved. The mixture was heated to 130-136OC and 

maintained at that temperature range for 24 hours before cooling to room 

temperature. Diethyl ether (50 mL) was added followed by water (20 mL) and 

dropwise addition of saturated aqueous sodium thiosulfate uniil the mixture no 

longer discolors. The organic layer was separated and the aqueous layer was 

extracted with diethyl ether (4 x 30 mL). The combined organic extracts were 

washed with water (20 mL) foIlowed by brine (20 mL), dried over magnesium 

sulfate, and nItered. Concentration in uacuo gave the crude product as a light 

yellow oil. Flash chromatography of the cmde product using 10% EtOAc/hexane 

as eluent gave the dienyl by-product 103 (0.026 g, 23%): FTIR (CDC13 cast) 1706 

(C=O), 736 and 697 cm-1 (C-H bending, ammatic); IH-NMR (CDC13, 300 MHz) 6 

7.30 (m, 5 H, aromatic H), 6.01 (dd, J = 10,s Hz, 1 H, -CH=CH-CH-), 5.69 (ddd, 

J = 5,L 1 Hz, 1 H, -(CQ)C=CH-), 5.63 (ddd, J = IO, 5, i HZ, 1 H, -CH=CH-), 4.48 

Cs, 2 H, -O-CH2-Ph), 3.49 (m, 2 H, CHrOBn), 2.65 (dd, J = 14,s Hz, 1 H, O=C- 



CHH-), 2.20 (d, J = 5 HZ, 1 H, =CH-CH-), 2.09 (dd, J = 14,s HZ, 1 H, O=C-CHH- 

), 2.02 (m, 1 H, 0=CCH2-CH-), 1.79 (m, 1 H, -CHH-CH20Bn), 1.67 (m, 1 H, 

-CHH-CH20Bn), 1.57 (d, J = 1 Hz, 3 H, =C-CH3), 1.21 (s, 3 H, -CH3), 1.09 (s, 3 

H, -CH3), 0.87 (d, J = 7 HZ, 3 H, -CH3); UC-NMR (APT, CDCI3, 100 MHz) 6 

214.4 (p), 138.4 (p), 136.9 (p), 128.4 (a), 127.6 (a), 127.5 (a), 125.2 (a), 123.2 (a), 

120.9 (a), 73.1 (pl, 66.1 (pl, 52.4 (pl, 48.7 (a), 44.9 (pl, 39.3 (pl, 38.7 (a), 37.3 (pl, 

20.5 (a), 19.1 (a), 15.0 (a); HRMS M+ 338.2244 (calculated for C23H3002: 

338.2246). Further elution then yielded the desired tricyclic keto-ether 93 

(0.046 g, 72%): FIIR (CDCI3 cast) 1704 cm-l (C=O); 1H-NMR (CDC13 300 MHz) 

6 5.50 (m, 2 H, -CH=CH-), 4.18 (d, J = 13 Hz, 1 H, -CHEZ-O-), 3.98 (m, 2 H, 

-CH2CH2û-), 3.58 (d, J = l3 Hz, 1 H, -CHH-O-), 2.59 (cornplex dd, J = V,14 Hz, 

1 H, -CHH-C=O), 2.07-2.33 (m, 6H), 1.91 (m, 1 H, -CH-CHzCH=), 1.51 (ddd, J = 

16,6,5 HZ, 1 H, -Cm-CH20-), 1.23 (d, J = 7 HZ, 3 H, -CH3), 1.02 (s, 3 H, -CH3), 

0.95 (d, J = 7 HZ, 3 H, -CH3); W-NMR (APT, CDC13, 75 MHz) S 211.9 (p), i3i.9 

(a), 123.0 (a), 69.5 (pl, 65.7 (pl, 58.1 (pl, 49.8 (a), 46.8 (pl, 38.8 (pl, 38.7 (a), 

36.6 (a), 35.5 (p), 27.2 (a), 25.2 (pl, 16.7 (a), 15.9(a); HRMS M+ 248.1788 

(calculateci for C16Hz402 : 248.1778). 

Alternatively, tricyctic keto ether 93 may be synthesized from keto alcoho199 

using the following procedure: To a solution of keto alcohol99 (0.084 g, 0.2M 

mmol) in anhydrous tetrahydrofuran (5 mL) mis added sodium hydride (95%, 

0.009 g, 0.356 mmol) and the resulting grey suspension was stirred at room 

temperature for 21 hours. 5% Hydrochloric acid was then added dropwise until 

no more gas was observed. Water (10 mL) was then intmduced and the mixture 

was extmcted with ethyl acetate (4 x 50 mL). The combined organic extracts 

were washed sequentially with water (20 mL), saturated sodium bicarbonate (20 

mL), and brine (20 mL). The organic solution thus obtained was dried over 



magnesium sulfate, filtered, and concentrated in uacuo to afford the cmde 

product as a clear colorless oil. Flash chromatography as detailed above then 

yielded the titled compound in 85% yield. 

To a solution of starting tricyclic keto ether 93 (0.179 g, 0.721 mmol) in 

diethylene glycol (6 mL) was added potassium hydroxide (85%, 0.285 g, 4.32 

rnmol) and the resulting suspension was stirred at room temperature until most 

of the potassium hydroxide has dissolved. Anhydrous hydrazine (0.91 mL, 29.0 

rnmol) was then added and the reaction mixture was .warmed to 1i0-120°C. Mer 

15 hours at 110-12o0C, the temperature was graduaIly increased to 210-230°C and 

maintained at that temperature range for 9 hours. After cooling to room 

temperature, water (20 mL) was added and resdting cloudy solution was then 

extracted with diethyl ether (4 x 30 mL). The combined extracts were washed 

sequentidy with water (20 mL), 5% hydrochloric acid (20 mL), and brine (20 

mL) followed by drying over magnesium sulfate. Filtration and evaporation of 

solvent in vacuo then yielded a clear ail which was subjected to flash 

chromatography using 5% EtOAc/hexane as eluent to give the desired tricyclic 

ether 98 (0.119 g, 70%). ETIR (CH2C12 cast) 3015 cm-1 (=CH); 1H-NMR (CDC13, 

300 MHz) G 5.59 (dddd, J = IO,& 3,3 Hz, 1 H, -C&CH=), 5.33 (ddd, J = IO, 5,2 



HZ, i H, -(CH3)CHCH=), 3.92 (m, 2 H, -CH2CH20-), 3.86 (d, J = 13 Hz, 1 H 

-CHHO-), 3.41 (d, J = 13 Hz, 1 H, -CHHO-), 2.23 (ddd, J = 16, 12, 5 HZ, 1 H 

-CHHCH20-), 2.21 (m, 1 H, -(CH3)CHCH=), 2.05 (m, 2 H, -CH2CH=), 1.76 (m, 1 

H, -CHCH2CH=), 1.75 (m, 1 H, -(CH3)CHCH2-), 1.43-1.56 (m, 2 H), 1.26 (ddd, J 

= 13, i3.6 Hz, 1 H), 1.17 (ddd, J = 16,4,4 Hz, 1 H, -CHHCH20-), 1.10 (cornplex d, 

J=14Hz,  lH),0.96(~, 3H,-CES), 0.84(d, J = 7 H z , 3  H,-CH3). 0.83 (d, J = 7  

Hz, 3 H, -CH3); l3C-NMR (APT, CDC13,75 MHz) S 131.3 (a), 124.1 (a), 68.8 (p), 

65.3 (pl, 42.6 (a), 40.2 (pl, 38.1 (pl, 37.8 (a), 33.9 (a), 33.7 (p), 28.1 (p), 27.8 (a), 

24.4 (p), 22.5 (p) , 15.6 (a), 15.5 (a); HRMS M+ 234.1987 (cdculated for 

C16H260: 234.1984). 

To a solution of tricyclic ether 98 (0.104 g, 0.444 mmol) in anhydrous 

dichloromethane (5 mL) was added B-brornocatecholborane (0.182 g, 0.915 

m o l )  and the resulting colorless solution was stirred at m m  temperature for 4 

hours. The reaction was then diluted with dichloromethane (10 mL) and 

quenched with water (10 mL). The biphasic mixture was stirred at room 

temperature for 30 minutes after which the aqueous phase was extracted with 

dichloromethane (4 x 30 d). The combined organic extracts were then washed 



sequentially with dilute sodium hydroxide (20 mL), water (20 mi,), and brine (20 

mL) followed by drying over magnesium sulfate. Filtration followed by 

concentration in uacuo afhrded a clear colorless oil which was M e r  dried 

under high vacuum. Selected spectroscopic data: FTIR (CHC13 cast) 3442 cm-' 

(br, OH); iH-NMR (CDC13,200 MHz) 6 4.10 (m, 1 H, -CHH-Br), 4.08 (d, J = 11 

Hz, 1 H, -CHH-O-), 3.59 (d, J = 11 Hz, 1 H, -CHH-O-), 3.40 (m, 1 H, -CHH-Br); 

HRMS M+ 314.1244 and 316.1226 (calcdated for Cla2f179Br: 314.1245; 

calcdated for Ci6~2@1~r :  316.1225). The cmde bromo alcohol thus obtained 

was dissolved in anhydrous dichloromethane (2 mL) followed by the sequential 

addition of benzoyl chloride (1.5 mL, 12.9 mmol) and anhydrous pyridine (2.0 

mL, 24.7 mmol). The clear light yellow reaction mixture was stirred at room 

temperature for 43 hours at which time, the reaction mixture was diluted with 

dichloromethane (30 mL) and quenched with 5% hydrochloric acid (10 mL). The 

aqueous layer was separated and extracted with dichloromethane (4 x 30 mL) 

followed by washing of the combined organic extracts sequentially with water 

(20 mL), saturated sodium bicarbonate (20 mL), and brine (20 mL). Drying 

over magnesium sulfate, filtration, and concentration in vacuo then gave a clear 

colorless oil which was subjected to flash chromatography using 5% 

EtOAc/hexane as eluent to afford an inseparable m i m e  of the desired bromo 

benzoate 106 dong with tricyclic ether 98 in a 2:1 ratio as deterrnined by 1H- 

NMR (0.129 g, 79% over 2 steps accounting for tricyclic ether 9 8). Selected 

spectroscopic data: m R  (CDCU cast) 1720 (C=O) and 1269 cm-1 (C=C); 1H- 

NMR (CDCI3, 360 MHz) 6 8.06 (m, 2 H, aromatic H), 7.58 (m, 1 H, aromatic H), 

7.46 (m, 2 H, ammatic II), 4.64 (d, J = 13 Hz, 1 H, -CHKOBz), 4.41 (d, J = 13 

Hz, 1 H, -CHH-OBz), 3.59 (ddd, J = U, 9,4 Hz, 1 H, Br-CEH-), 3.31 (ddd, J = 14, 

9,s Hz, 1 H, Br-CHH-), 2.58 (m, 1 H, =CH-CH-CH3). The above purifieci mixure 

(0.118 g) was then dissolved in anhydrous dimethyl sulfoxide (2 mL) and silver 



tetrafiuoroborate (0.084 g, 0.431 m o l )  was introduced. The suspension was 

stirred at rmm temperature until complete dissolution was achiewd followed by 

warming to 80-100°C. After heating for 52 hours, the reaction m i m e  was 

cooled to room temperature and triethylamine (1 mL) was introduced. The 

resulting black suspension was stirred at room temperature for a M e r  30 

minutes. Water (30 mL) was added and the mixture was extracted with diethy1 

ether (4 x 30 mL). The combined organic extracts were washed sequentially with 

5% hydrochloric acid (20 mL), water (20 mL), saturated sodium bicarbonate (20 

mL), and brine (20 mL) followed by drying over magnesium sulfate. Filtration 

and concentration of the filtrate in vucuo afforded the crude product as a clear 

oil. Flash chromatography of the crude product using 5% EtOAcjhexane as 

eluent then gave the desired benzoyl aldehyde 107 (0.047 g, 70%). FTIR (CDC13 

cast) U17 cm-1 (C=O aldehyde and ester); W-NMR (CDC13, 300 MHz) 6 9.75 (t, 

J = 2 Hz, 1 H, CHO), 7.98 (m, 2 H, aromatic H), 7.55 (m, 1 H, arornatic H), 7.43 

(m, 2 H, aromatic H), 5.61 (m, 1 H, -CH=CH-), 5.34 (ddd, J = 10,4,1 Hz, 1 H, 

-CH=CH-), 4.54 (d, J = 13 HZ, 1 H, -CHH-O-), 4.35 (d, J = b HZ, 1 H, -MH-O-), 

2.76 (dd, J = 18, 2 HZ, 1 H, -CHH-CHO), 2.51 (m, 2 H, -CH-CH2-CH= and 

-(CHj)CH-CH=), 2.24 (dd, J = 18,2 Hz, 1 H, -CHH-CHO), 2.22 (m, 2 H, -CH29 

CH=), 1.80 (m, 1 H), 1.80 (m, 1 H, -(CH3)CH-CH2), 1.20-1.70 (m, 3 H), 1.17 (d, J 

= 1 HZ, 3 H, -CH3), 0.89 (d, J = 7 HZ, 3 H, -CH3), 0.85 (d, J = 7 HZ, 3 H, -CH3); 

UC-NMR (APT, CDCI& 100 MHz) 6 202.5 (a), 166.9 (p), 133.1 (a), 130.5 (a), 

l30.0 (pl, 129.6 (a), 128.5 (a), 123.8 (a), 67.4 (pl, 49.7 (pl, 39.1 (pl, 38.3 (a), 35.7 

(a), 35.0 (a), 29.7 (pl, 27.8 (pl, 27.5 (a), 25.7 (pl, 23.2 (pl, 16.1 (a), 15.6 (a); High 

Resolution Electrospray [M + Na]* 377.2092 (calcdated for CZ3H3&Na: 

377.2093). 



To a solution of t-butyllithium (1.7 M in pentane, 1.4 mL, 2.38 mmol) in 

anhydrous diethyl ether (8.5 mL) cooled to -78*C, was added dropwise 3- 

bromofuran (0.1 mL, 1.11 mmol) and the resulting clear yellow solution was 

stirred at -78OC for 1 hour. The 3-lithiofUran thus prepared was used as a 0.1 M 

stock solution. To a solution of the starting benzoyl aldehyde 107 (0.047 g, 0.133 

mmol) in anhydrous diethyl ether (8 mL) cooled to -78OC was added 3 - l i t h i o h  

(fkeshly prepared, 0.1 M in diethyl ether, 2 mL, 0.200 mmol) and the resulting 

clear light yellow solution was stirred at -78OC for 2 hours. Solid ammonium 

chloride was then intduced and the reaction suspension was dowed to warm 

to room temperature followed by dropwise addition of water until al l  the white 

solid had dissolved. The aqueous layer was extracted with diethyl ether (4 x 20 

mL) and the cornbined organic extra- were washed sequentially with water (20 

mL), saturated sodium bicarbonate (20 mL), and brine (20 mL) followed by 

drying over magnesium sulfate. Fitration and subsequent concentration in 

vacuo of the filtrate gave the cmde product as a clear colorkss 03. Partial 

spectroscopie data: F ï ï R  (CHC13 cast) 3400 (br, OH) and 1693 cm-1 (C=O); 

HRMS MC 422.2442 (calculated for 422.2457). The above crude 



furyI alcohol was then dissolved in anhydrous dichloromethane (3 mL) followed 

by the addition of anhydrous pyridine (1 mL, 12.4 m o l )  and acetic anhydride (1 

mL, 10.6 mmol). The reaction m i m e  was stirred at room temperature for 16 

hours at which time additional dichIoromethane (20 mL) was added fouowed by 

water (10 mL). The aqueous layer was separated and extracted with 

dichloromethane (4 x 20 mL) and the combined organic extracts were washed 

sequentially with 5% hydrochloric acid (20 mL), water (20 mL), saturated sodium 

bicarbonate (20 mL), and brine (20 mL). After drying over magnesium sulfate, 

filtration, and concentration in vamio, the cmde product was obtained as a clear 

light yellow oil. Flash chromatography using 5% EtOAc/hexane as eluent then 

afforded the desired furyl acetate 113 as a 1:1 mixture of diastereomers (0.044 g, 

71% over 2 steps). 1H-NMR (CDC13, 300 MHz) S 8.11 (ddd, J = 7,7, i Hz, 2 H, 

arornatic H), 7.56 (m, 1 H, aromatic H), 7.46 (m, 2 H, aromatic H), 7.29 (m, 0.5 

H, furan a-Hl, 7.25 (m, 0.5 H, furan a-Hl ,  7.07 (m, 0.5 H, furan a-H),6.86 (m, 

0.5 H, furan a-H), 6.36 (dd, J = 9,3 Hz, 0.5 H, -CH-OAc), 6.19 (d, J = 1, 0.5 H, 

furan B-H), 5.99 (d, J = 1,O.S H, furan $OH), 5.85 (dd, 3 = 9,3 Hz, 0.5 H, -CH- 

OAc), 5.60 (m, 1 H, -CH=CH-), 5.32 (m, 1 H, -CH=CH-), 4.52 (d, J = 13 Hz, 0.5 

H, -CHH-OBZ), 4.50 (d, J = 12 HZ, 0.5 H, -CHH-OBZ), 4.38 (d, J = 12 HZ, 0.5 H, 

-Cm-OBz) ,  4.28 (d, J = 13 Hz, 0.5 H, -CHH-OBz), 2.55 (m, 1 H), 2.00-2.45 (m, 

5 H), 1.96 (s, 1.5 H, CH3-C(0)-), 1.82 (s, 1.5 H, CH3C(0)-), 1.10-1.60 (m, 5 H), 

0.95 (d, J = ~ H z ,  3 H,-CH-CH3), 0.92(~,3 El,-C&), 0.90 (d, J = 7 H z ,  3 H, 

-CH-CH3). 



To a dark blue solution of lithium (0.066 g, 9.51 mmol) in Iiquid ammonia cooled 

to -78OC was added a solution of the starting furyl acetate 113 (0.009 g, 0.019 

mmol) in anhydrous tetrahydrofuran (3 mL) and the reaction mixture was 

maintained at -78OC for 1 hour. Solid ammonium chloride was then added and 

the liquid amrnonia was allowed to evaporate by warming the reaction slowly to 

O°C. When no more bubbling was observeci, ethyl acetate (10 mL) was added 

followed by dropwise addition of water until all precipitate had dissolved. 5% 

Hydrochloric acid was then added until just acidic and the aqueous layer was 

extracted with ethyl acetate (4 x 20 mL). The combined organic extmcts were 

then washed sequentially with water (20 mL), saturated sodium bicarbonate (20 

ML), and brine (20 mL) and then dried over rnagnesium sulfate. Filtration and 

concentration in vacuo then gave the crude product as a clear colorless oil which 

was subjeded to flash chromatography using 3% EtûAc/hexane as eluent to give 

the desird furyl alcohoi 112 (0.003 g, 50%). WNMR (CDC13, 400 MHz)  6 7.33 

(dd, J = 2,2 Hz, i H, furan a-H), 7.23 (dd, J = 2, 1 Hz, 1 H, furan a-H), 6.31 (dd, 

J = 2, 1 Hz, 1 H, furan p-H), 5.56 (cornplex d, J= 10 Hz, 1 H, -CE=CH-), 5.34 

(cornpiex d, J = 10 Hz, 1 H, -CH=CEl-), 4.05 (d, J = 12 Hz, 1 H, CEH-OH), 3.52 



(d, J = 12 Hz, 1 H, -CHH-OH), 2*81 (ddd, J = 14,14,4 HZ, 1 H, furan-CHH-), 2.51 

(m, lH), 2.31(ddd, J = l3,U Hz,5,1 H,), 1.88 (ddd, J =  14,14,4Hz, 1 H . h -  

CHH-), 1.73 (m, 1 H), 1.52 (ddd, J = 13, 13, 5 Hz, 1 H), 1.50 (m, 1 H), 1.20-1.42 

(m,5 H), 1.12(dm, J = LlHz,2H).0.96(~,3H,-CH3),0.88 (d,J= 7Hz, 3 H, 

-CH3), 0.83 (d, J = 7 HZ, 3 H, -CH3). 

To a solution of the starting furyl alcohol llZ (0.005 g, 0.0100 mmol) in absolute 

ethanol (2 mL) was added rhodium trichloride hydrate (40.1% Rh, 0.005 g, 

0.0194 mm01 Rh) and the suspension was stirred until a clear pink solution was 

obtained. The reaction was then brought ta reflux and maintained at reflux until 

a deep blue/purple color was achieved (ca. 1 hr) at which time reflux was 

continued for an additional 45 minutes. The reaction was then cooled to rwm 

temperature, quenched with water (5 mL), and extracted with diethyI ether (4 x 

20 mL). The combined organic extracts were then washed with water (20 mL) 

foUowed by brine (20 mL) Drying over magnesium sulfate, fdtration, and 

concentration in uacuo then &orded the crude product as a clear oil. Nash 

chromatography of the cmde product using 2% EtOAc/hexane as eluent afforded 



furyl alcohol114 (0.003 g, 60%). ETIR (CC4 cast) 3453 cm-1 (br, OH); W N M R  

(CCk, 400 MHz) 6 7.48 (dd, J = 2,2 Hz, 1 H, furaa a-H), 7.38 (m, 1 H, furan a- 

H), 6.43 (apparent s, 1.H, furan p-H), 5.89 (cornplex d, J = 11 Hz, 1 H, -CH=CH- 

), 5.81 (cornplex d, J = 11 Hz, 1 H, -CH=CH-), 4.22 (dm, J = 11 Hz, 1 H, -CHH- 

OH), 3.78(dm, J = 11 Hz, 1 H, -=-OH), 3.06 (ddd, J = 13,u, 4 Hz, 1 H, furan- 

CRH-), 2.84 (m, 1 H, -CHCH=CH-), 2.49 (ddd, J = 13,l3,5 Hz, 1 H, furan-CHH- 

), 2.10-2.32 (m, 3 H), 1.90-2.08 (m, 2 H), 1.62-1.72 (m, 3 H), 1.46-1.53 (m, 2 H), 

1.37 (s, 3 H, -CH3), 1.19 (br. s, 1 H, -OH), 1.08 (d, J = 7 Hz, 3 H, -CH3), 1.04 (d, J 

= 7 Hz, 3 H, -CH3); UC-NMR (APT, CCb, 125 MHz) 6 142.9 (a), U8.8 (a), 130.7 

(a), 127.2 (a), 126.6 (p), 111.6 (a), 66.3 (pl, 40.9 (a), 40.3 (pl, 39.3 (a), 37.6 (pl, 

33.3 (a), 32.0 (p), 30.2 (a), 27.7 (pl, 27.6 (pl, 23.6 (pl, 19.5 (p), 16.3 (a), 15.7 (a). 

(lS*, 4R*, SR*, 6R*, 105*)-7-(2-Bromoe~y1)-1-((2-tetrahydr0- 

p~yIo~)methyl)-2,7,8-triniethyIbicyd0[4.4.O]deo3-ene (108). 

To a solution ofstarting bromo ahho1105 (0.009 g, 0.029 mmol) in anhydrous 

dichIoromethane (5 mL) was added 3,4-dihyd.ro-W-pyran (0.005 mL, 0.055 

rnmol) and pyridinium para-toluendonate (0.001 g, 0.004 mmol). The 

resulting clear colorless solution was stirred at room temperature for 12 hours 

before diluting with diethyl ether (50 mL) and washing with half saturated 



sodium chloride solution (30 mL). The aqueous layer was extracted wÎth diethyl 

ether (3 x 40 mL) and the combined organic extracts were dried over magnesium 

sulfate, filtered, and concentrated in uacuo. Flash chromatography using 3% 

EtOAc/hexane as eluent then yielded the desired tetrahydropyranyl ether 108 

(mixture of diastereomers in a 1:1 ratio) as a clear colorless oil (0.005 g, 80% 

accounting for recovered tricyclic ether 98): 'H-NMR (CDC13, 300 MHz) 6 5.54 

(m, 1 H, -CH2-CH=CH-), 5.32 (m, 1 H, -CH2-CH=CH-), 4.73 (t, J = 3 Hz, 0.5 H, 

-O-CH-O-), 4.49 (t, J = 3 HZ, 0.5 H, -O-CH-O-), 4.17 (d, J = 12 HZ, 1 H, -CHH- 

OTHP), 3.70-4.18 (m, 2 H), 3.32-3.56 (m, 2 H), 3.27 (d, J = 12 HZ, 1 H, -CHH- 

OTHP), 2.75 (m, 0.5 H, -(CH3)C-CH-), 2.44 (m, 0.5 A, -(CH3)C-CH-), 2.41 (ddd, 

J = 13, 13,4 HZ, 0.5 H), 2.27 (ddd, J = 13, 13,4 HZ, 0.5 H), 1.62-1.90 (m, 9 H), 

1.07-142 (m, 6 H), 0.97 (s, 1.5 H, -CH3), 0.94 (s, 1.5 H, -CH3), 0.88 (d, J = 7 Hz, 

1.5 H, -CHa), 0.85 (d, J = 7 HZ, 1.5 H, CH$, 0.83 (d, J = 7 HZ, 1.5 H, -CH3), 0.82 

(d, J = 7 Hz, 1.5 H, -CH3); W-NMR (APT, CDC13, 75 MHz) 6 131.2 (a), 131.0 (a), 

123.8 (a), 123.6 (a), 100.9 (a), 98.3 (a), 70.7 (pl, 69.6 (pl, 62.6 (pl, 61.9 (pl, 41.2 

(p), 41-1 (p), 39-9 (p), 39.6 (p), 36-6 (a), 36-3 (a), 34-4 (a), 34.3 (a), 32.2 (PI, 31.9 

(p), 30.6 (PI, 30.5 (PI, 27-9 (PI, 37.8 (PI, 27.5 (a), 35-9 (PI, 35-7 (PI, 25-6 (PI, 25.4 

(p), 24-1 (p), 24.0 (p), 19-6 (p), 19-4 (p), 16-1 (a), 15-9 (a), 15-5 (a)*; 

Resolution Electrospray [M+ Na] + 422.2 and 424.2 (calculated for 

C21H350279BrNa: 422.2 and C21~3502*1%r~a: 424.2). FuFther elution with the 

same solvent system furnished tricyclic keto ether 98 (0.003 g). 



To a solution of starting tricyclic ether 98 (0.092 g, 0.400 mmol) in anhydrous 

carbon tetrachloride (40 mL) was added 5,10,15,20-tetraphenylœ2iH,23H- 

porphine (0.042 g, 0.068 mmol), acetic anhydride (0.17 mL, 1.80 mmol), 

pyridine (0 -13 mL, 1.61 mmol), and 4-(Nfidimethylamino)pMdine (0 .O08 g, 

0.065 mmol). The resulting dark purple solution was stirred under an 

atmosphere of oxygen and irradiated by two 500W tungsten lamps. M e r  2.5 

weeks, the reaction mixture was diluted with dichloromethane (50 mL) and 

washed sequentially with saturated sodium bicarbonate (30 mL), 1 M aqueous 

hydrochloric acid (30 mL), saturated copper sulfate solution (30 mL), and bine 

(30 mL). The organic layer thus obtained was then dried over magnesium 

sulfate, filtered, and concentrateci in uacuo to funiish the cmde product as a light 

brown oil. Flash chrornatography using 5% EtOAcIhexane as eluent then yielded 

the starting tricyclic ether 98 (0.043 g). Further elution then gave enone product 

117 as a colorless oil(0.030 g, 56% accounting for recovered starting material): 

FnR (CDC13 cast) 1672 cm-l (enone C=O); IH-NMR (CDC13, 300 MHz) 6 6.91 

(dd, J = l l ,2  HZ, 1 H, -CH=CH-GO), 6.08 (dd, J = 11,3 Hz, i H, -CH=CH-C=O), 

3.97 (ddd, J = 13,5,3 HZ, 1 H, -O-CHH-CH2-), 3.88 (d, J = 13 HZ, 1 H, -0-CHH- 

Co), 3.81 (ddd, J = U, W, 3 Hz, 1 H, -O-CHH-CH2-), 3.58 (d, J = i3 HZ, 1 H, -O- 

CHH-C-), 2.82 (dd, J = 2,2 HZ, 1 H, -CH=CH-CH-), 2.46 (% J = 7 HZ, 1 H, CH3- 



CH-C-O), 2.31 (ddd, J = 16, i3,5 Hz, 1 H, -O-CH2-CHH-), 1.50-1.70 (m, 2 H), 

1.30-1.45 (m, 4 H), 1.21 (s, 3 H, -CH3), 1.03 (d, J = 7 Hz, 3 H, -CH& 0.84 (d, J = 

7 Hz, 3 H, -CH3); W-NMR (APT, CDC13, 75 MHz) G 210.8 (pl, 149.6 (a), 129.5 

(a), 74-3 (p), 67.3 (pl, 49.8 (a), 48.3 (a), 46.7 (pl, 39.2 (pl, 37.7 (a), 34.2 (ph 29.3 

(a), 28.0 (p), 243.9 (pl, 15.3 (a), 7.5 (a). 
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