
Pergamon 
Tetrahedron Vol. 50. No. 31, pp. 9229-9254. 1994 

Copyright 0 1994 Elsevia science Ltd 
Printed in ‘hat Britain. AU rights nxaved 

00404024w4 $7.00+0.00 

oo40-4020(94)00545- 1 
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Stereospecific Synthesis of Polycyclic Intermediates via 
Cationic Initiation at Non-functionalized 3’ Alkenes. 

An Application to the Total Synthesis of (f)-Taxodione! 
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Department of Chemistry and Biochemistry 
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Abs&& Convenient stock solutions of BF, gas in nitromethaue have been shown to promote “H+ catalyze” polyene 
cyclizations that proceed with excellent levels of regio- and stereocontrol. A &ecr comparison of this new method for 
effecting cationic polyannulations to several modem as well as classical procedures has conclusively defined the preparative 
advantages of the BF,CH,NO, medium. The utilization of these new conditions for cationic polycycliition in a concise total 
synthesis of the antineoplastic agent ( f )-taxodione is described. 

Introduction. 

Cationic polyene cyclixations have enjoyed enduring popularity for the synthesis of multiply 

fused carbocyclic structures.2 The power of this methodology derives in large part from the high 

levels of relative and absolute stereocontrol that typically accompany cyclixation as well as the 

excellent regioselection that can be associated with the initiation and subsequent bond forming 

events3 Although numerous, elegant strategies have been developed for asymmetric initiation,4 

cyclixation rate enhancement via internal cation stabilization5 and initiation with the net incorp- 

oration of new functionality,6 relatively little recent effort has been directed toward the improvement 

of polycyclization reactions that commence via formal protonation of non-functionalixed 3” alkenes7 

From a historical standpoint, Br6nsted acids (e.g., H,SO, FS03H),89 and Lewis acids including 

BF3-OEt, lo-l2 have been found useful to initiate just this kind of process. Regrettably, virtually all of 

these examples involve cyclixations that proceed with relatively low overall efficiency.12 We have 

previously shown that solutions of gaseous BF, in CH3N02 are vastly more effective than simple 

BF3*OEt, (or other Lewis acids) for promoting sulfenylative and selenenylative cationic cychxations.6a 

The unusual chemical reactivity of BF3CH3N02 prompted us to examine the efficacy of this medium 

for inducing “H+-initiated” cascade cyclixations (Scheme I). The successful development and utilixa- 

tion of an optimized experimental protocol for effecting “BF3CH3NO;I promoted polyene cycli- 
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zations as well as the application of this method in an unusually efficient total synthesis of the 

antineoplastic diterpene (f)-taxodione (1) are described below. 

1) cycll2e 

2) -H* 

Scheme I 

0 

H 
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8 
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ii 
0 
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Cationic Cascade Annulations Mediated by BF,.CH,NO, 

a) Synthesh of Precyciization Substrates. 

The precyclixation substrates 2a and b were readily prepared by sequential lithiation-alkylation 

of (3,4-dimethoxyphenyl)acetonitrile and phenylacetonitrile respectively with (Q-l-bromo- 

3,7-dimethyl-2,6-octadiene. Reductive decyanation of 2a (Li/NH,) provided precycle 2c in good 

(66%) isolated yield. In a similar fashion, lithiation-alkylation of (3,4-dimethoxyphenyl)acetonitrile 

with (Z)-l-chloro-3,7-dimethyl-2,6-octadiene13 or (E,E)-l-chloro-3,7,1l-trimethyl-2,6,l0-dodecatriene’3 

gave the precycles 3 and 5. The precyclixation substrate 4 was efficiently prepared via the sequential 

lithiation-alkylation of (Q-4,8-dimethyl-3,7-nonadienonitrile with 1-(chloromethyl)-3,4dimethoxy- 

benzene. Alkylation of the dienolate derived from methyl 3-oxobutanoate with (E)-l-bromo-3,7- 

dimethyl-2,6_octadiene furnished dieneketoester 6 (85%) which upon silylation [a. NaH (4 equiv), 

b. TRDMSOTfl or (TBDMSCI-imidaxole) provided the silyloxytrienoates 7a and 7c respectively. 

Alternatively, acetylation of 6 (isopropenyl acetate - TsOH, CZ&.)‘~ gave the (Z)-acetaxybienoate 7h. 
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On the Cationic Cycliition of l-[(E)-2-cyano-4,~dimethyl3,7-nonadienyl]-3,4-dimethoxybenzene (4) 

in the Presence of Btinsted and Lewis Acids. A Comparative Study. 

We have previously shown that appropriately situated cyano moieties can exert a pronounced 

regiochemical enhancement with respect to site-selective initiation in sulfenylativc polyene cycli- 

zations.6a We have suggested that this effect may arise as a consequence of “selective electronic 

deactivation” of alkene linkages in the proximity of cyano groups toward intermolecular attack by 

sulfenylating reagents. In order to take full advantage of this effect (if present at all in “H+ 

catalyzed” polyene cyclizations), the precyclization substrate 4 was selected for initial study. The 

optimum cyclization conditions for 4 were determined empirically by exposure of this substrate to 

various concentrations of BFsCHsNO, at reaction temperatures ranging from -20 “C to 25 “C. It 

was readily determined that the stereoselective cyclization of 4 to tricycle 8 could be achieved in 95% 

isolated yield in less than 1 h in the presence of 3. X5-4.20 equiv of BF,, in CHf102 at -20 “C. 

Increasing the amount of BF, relative to 4 had no beneficial impact on the efficiency of cyclization 

whereas lowering the amount to 2.10 equiv resulted in a marked inhibition of cyclization (30-35% 

conversion after 1 h). In the case of 8, the stereochemical outcome of cyclization was fully supported 

by a variety of spectroscopic techniques and ultimately confirmed by single crystal X-ray diffraction 

analysis. The nature of the actual cyclization catalyst was then briefly investigated. To this end, 

addition of the hindered proton scavengers 2,6-lutidine or 1,8-bis(dimethylamino)naphthalene to the 

reaction medium (containing 4.20 equiv of BFs) at -20 “C immediate&prior to the addition of 4 led 

to complete suppression of cyclization. In addition, ‘H and 13C NMR revealed no appreciable 

proton transfer from CH,NO, or amine coordination with BF3 under these conditions. These results 

are consistent with an adventitious “H+” source serving as the active catalyst. Evidence that rapid 

proton exchange involving the solvent was not a predominant factor during cyclization was provided 

by the following experiment. Cyclization of 4 with 4.20 equiv of BF, in CDflO, (99 atom % D) at 

-20 “C followed by quenching with D,O provided 8 with less than 1% of deuterium incorporation as 

determined by mass spectroscopy and NMR. 

A comparative study of a variety of alternative Lewis acids (e.g., BE,.OEt= BCl,, SnCl, and 

TiCl,) and Briinsted acids (e.g., HF, HBF,.OMe, FSO,H and CF,SO,H) as cyclization catalysts for 

the substrate 4 was subsequently undertaken using CH,NO, as the reaction medium. In no instance 

did cyclization of 4 to 8 (at -28 “C) proceed with any of the above catalysts with efficiencies 

remotely comparable to BF,CH,NO,. The results of this study are compiled in Tables I and II. 
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0CH3 0CH3 

BF3CH3N01 (4.20 eqUlV) 

95% 

WWh -20%. 1 h 

4 8 

Table I. The Effect of Alternative Lewis Acids as Cwlization Initiators on the Yield of 8. 

Entry kvis acid 
(equiv) 

Solvent Time Temperature Yield of 8 

BF,*CH,NO, 
(4.20) 

BF,*OEt, 
(4.20) 

BF, l OEt, 
(4.20) 

CH,NO, 

CH,N02 

CH,NO, 

lh 

lh 

4h 

CH2C4 4h 25 “C 

5 BCL@-I~NO, CH3NO2 lh -20 “C O%b 
(2.10) 

6 BCl,*CH,NO, CH,NO, lh -20 “C 30-35%c 
(4.20) 

7 BCb l (X-&NO, CH,NO, lh -20 “C 30-35%c 
(6.30) 

8 sncl~ CH3N02 4h 25 “C osb* 
(1.10) 

9 TiCI, m3N02 4h 25 “C O%d 
(1.10) 

l awu8~&dyicld 
QfForded prtFcycliutio0 nitrile 4 quanti~tiveiy after ctuonutognphy. 
W-GLcyiekl,renuiaduofruction~rc~4. 
~acomplex,tuyructionmbrturtwithwpreeycliutionnitrik4mdmproduet8&teaedbyGLC 
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Table II. Control Reactions on the Transformation of 4 + 8. The Effect of Protic Acids as 
Alternative Cvclization Initiators on the Yield of 8. 

Entry Protic Acid 
(ectuivl 

Solvent 

CHsNO, 

Time Temperature Yield of 8 

1 (anhy!!ous) 
(1.10) 

HBF, l OMe, 
(1.10) 

FSO,H 
(1.10) 

FSO,H 
(1.10) 

TfOH 
(0.06) 

TfOH 
(1.10) 

TfOH 
(0.06) 

TfOH 
(1.10) 

lh -20 “C O%a” 

CHsNO, 

i-PrNO, 

CHsNO, 

CHsNO, 

CH,NO, 

CH,Cl, 

CH,CI, 

lh 

lh 

lh 

4h 

4h 

4h 

4h 

-20 “C 0%8” 

-78 “C O%a 

-20 “C 3s-40%b 

-20 “C O%a 

-20 “C 55-60%b 

-20 “C o%a 

-20 “C 4550%b 

‘Startins nitrile 4 recovered quantitatively following chromatography. 
bUncorrccted GLC yield, the remainder of the reaction mixture was predominantly starting nitrile 4. 
cAlthougb HF and HBF,.OMe, were examined, no attempt was made to moditj the activity of BF3CH,N02 by the 
addition of anhydrous HF. 

Representative Cationic Cascade Cyclizations Promoted by BFsXX-IsNO,. 

Subsequent to the preceding studies, cyclizations of the substrates 2a-c, 3, 5, 6, and 7a-c were 

performed under the reaction conditions that had been determined optimum for the conversion of 4 

to 8. Cyclization of the precycles 2a-c which possess a single internal (E) alkene moiety proceeded 

without incident in high isolated yield. In each case stereoselective formation of products containing 

trans A,B ring junctions was observed. In the cases of 2a and b, separable diastereomers at the 

nitrile bearing benzylic carbon were produced (9a/9b = 1.3 and lla/llb = 1.4). It is of considerable 

preparative interest that the cyclization of aryldiene 2c (in which the internal alkene moiety is not 

“inductively deactivated”) also proceeded stereoselectively and in high (73%) yield to deliver the@& 

~&red product 12 upon exposure to 4.20 equiv of BF, in CHsNO, at -20 ‘Cl5 By way of contrast, 

cyclization of the (Z)-alkene bearing substrate 3 proceeded with slightly diminished control of ring 

junction stereochemistry. In this case cyclization under the standard set of experimental conditions 

gave the diastereomeric cis 10a and lob (lOa/lOb = 1.0) in 83% isolated yield along with 15% of 9b. 
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The production of 9b in the cyclixation of 3 may have arisen as a result of a stepwise cationic 

cyclixation or via competing alkene isomerization prior to cyclixation. Although the former might 

appear more likely,’ an effort was not made to distinguish between these two mechanistic possrbili- 

ties. Stereochemical assignments of the tricyclic products synthesized in the foregoing studies were 

made spectroscopically and by chemical correlation to known compounds as described previously.68 

Mercuric triflate*N,N-dimethylaniline complex has been reported to efficiently mediate a number of 

polyene cascade cyclixations. 6e In an experiment intended to provide a direct comparison of this 

reagent to BFsCH,NO, for inducing aryldiene cyclizations, 2a was treated with Hg(OTf),*DMA 

(CHsNO,, -20 “C, 2 h) and subsequently quenched (NaCl as.). Interestingly, cyclixation under 

these conditions provided the corresponding chloromercurio derivatives 9c and d as a mixture of 

diastereomers in only 31% isolated yield. Subsequent reduction of 9c and d (NaBH4, EtOH) gave 

rise to 9a and b (9a/9b = 1.0) in 95% yield. 

9CH3 ?C"3 

0CH3 

a 

97% 
(9a/9b q 1.3) 

- 2a 3- 
83% 

(lONOb = 1.0) 
+ 9b (15%) 

9a : (R’S CN, R2= H) 

9b : (R’= H, R2= CN) 

10a .: (I?‘= CN, R2= H) 

lob : (R’= H, R2= CN) 

9CH3 

a 
2b - R’ 

78% 
(1Wllb = 1.4) 

lla : (R’= CN, R2= H) 

ilb : (R’= H, R2= CN) 

a. BF,eCH,N02 (4.20 equiv), CHsNO,, -20 “C, lh. 
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OCHJ 

8. Hg(OTf),.DMA, CH3N02 

29 P 
NaBH, 

R’ - 9a + 9b 
b. NaCI, Hz0 ClHg EtOH 

95 % 
31 % (9a19b = 1.0) 

9c : (R’s CN, R2= H) 

9d :(I?‘= H, R2= CN) 

Cationic cyclixation of the (E,E)-atyltriene 5 under the aforementioned set of reaction 

conditions apparently proceeded with somewhat diminished product selectivity when compared to the 

previous examples and accordingly may represent a limiting case. Nonetheless, an excellent yield of 

fully cyclixed product was achieved even with this more structurally complicated substrate. Cyclixa- 

tion of 5 in the presence of 4.20 equiv of BF, in CH,NO, at -20 “C for 1 h provided a mixture 

consisting of two major tetracyclic products (in a 1:l ratio) admixed with two relatively minor 

products in 92% combined yield. Chromatography of this mixture afforded two fractions each 

consisting of one of the primary products along with a minor product. The major tetracyclic 

products were tentatively assigned the structures 13a and 13b based on the close resemblance of their 

respective benzylic CJfCN ‘H NMR resonances (6 3.95, dd, J = 6.8, 11.9 Hz (13a); 6 3.99, d, J = 

5.8 Hz (13b)] to those of the stereoisomerically characterized octahydrophenanthrenes 9a,b and 

lla,b. In accordance with these assignments, reductive deletion of the cyano moieties from both l3a 

and 13b [us a mixture or in the form of fhe separated chromatogmphic fractions (vide injka)], gave u 

common dodecahydrochrysene 14 in 5770 combined yield cfrom 5) ajier rectystaliization. The trans-anti- 

truns ring junction stereochemistry assigned to 14, although not conclusively established at this time, 

was supported by nOed spectroscopic analysis. 



5 

r)CH3 

13a : (R’= CN, I& H) 

13b : (R’= H, R*= CN) 

13a/13b = 1 

?CH3 

0CH3 

a. BF,*CH,NO, (4.20 equiv), CH,NO,, -20 “C, lh. 

That the geometry of alkene terminators could also translate to product stereochemistry under 

the strongly acidic conditions utilized in this study was demonstrated by the following experiments. 

Exposure of 7a to 4.20 equiv of BFs in CH,NO, at -20 “C for 3 h provided the known [4-4-O] 

bicyclodecalone 1516 in 69% isolated yield after recrystallization. Analogous treatment of the 

corresponding @)-isomer 7c furnished the adal-carbomethoxydecalone 16 in 90% isolated yield. The 

stereochemical assignment of 16 was unambiguously established by single crystal X-ray diffraction 

analysis. Moreover, exposure of 16 to a catalytic quantity of DABCO in C,D, (25 “C!) resulted in its 

rapid conversion to the thermodynamic isomer 15 (*H NMR). Not surprisingly, cyclization of the 

(Qacetoxytriene 7b (which bears a poorer terminating moiety) proceeded with lower selectivity and 

efficiency. Accordingly, cyclization of 7b under the usual reaction conditions provided a 51 ratio of 

15 and 16 in 40% overall yield. Presumably in this case, partial scrambling of terminator geometry 

occurred prior to cyclization. White has shown that the direct cyclization of the parent ketoester 6 in 

the presence of SnC14 (CH,Cl, 20 “C, 17 h) leads to the formation of 15 in 68% yield.16 In sharp 

contrast, exposure of 6 to BF, (4.20 equiv) in CH,NO, at -20 “C for 3 h produced the interesting 

bicyclic lactone 18 in 84% recrystallized yield! The structure of 18 was established by single crystal 

X-ray diffraction analysis (Figure 1). A plausible mechanism leading to the formation of 18 involved 

exclusive initiation of cyclization at the inter& alkene of 6 with concomitant nucleophihc trapping by 

the ,&carbonyl oxygen to generate 17. Subsequent cyclization of 17, either by an inverse electron 

demand [4+2] cycloaddition or a stepwise cationic process involving the peripheral alkene followed 

by 0-demethylation, would then provide 18 (Scheme 2).17 
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99 % 

gO2Me 

0 b 

- 7c 

16 

b 

7a - 

15 

6 17 

Scheme 2 

b. BF,eCH3N02 (4.20 equiv), CH,NO,, -20 “C, 3h. 

18 

Figure I 
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Synthetic Applications of BFJ4X,N0, Promoted Cationic Cascade Annulattons. A Concise 

Biomimetic Total Synthesis of (f)-Taxodione.18 

The interesting quinone methide diterpene taxodione (l), isolated in 196819 from extracts of 

Taxodium drktichum Rich (Tcucodiaceae), has been shown to exhibit significant activity in viva against 

cells derived from human carcinoma of the nasopharynx (RB). To date seven total 8y11the8e8~~~ and 

a relay synthesis21 for this deceptively simple molecule have been reported. All of these, although 

interesting from an academic perspective, suffer from undue length and modest overall yield. The 

heuristically most appealing approach to this substance is a biomimetic formal synthesis reported by 

Johnson et a,! in 1982.21 In the central step of this synthesis, a rather specialized set of reaction 

conditions was found necessary to induce a bis tertiary ally1 cation to engage a trisubstituted alkene 

in a cascade cyclixation terminated by a hindered isopropylveratrole moiety. 

As we have shown in the preceding studies, BF, in CH,NO, is an unusually effective catalyst 

for promoting “H” initiated” cascade cyclixations of various 9-arylnona-2,6-dienes and related 

systems. Herein we describe the successful application of a BF,CH,NO, cascade cyclixation in a 

practical, highly convergent total synthesis of (f)-taxodione (1). 

Reduction of 3,4-dimethoxy-5-isopropylbenxoic acid 1g2 with BMS (BHsSMQ followed by 

treatment of the resultant alcohol with SOCI, provided benxylic chloride 20 in 90% overall yield. 

Sequential lithiation of (E)-4,8-dimethyl-3,7_nonadienonitrile (LDA-THF, -78 “C) followed by 

alkylation with 20 (-78 “C + 20 “C) furnished the precyclization substrate 21 in 88% isolated yield. 

The key bicyclixation was subsequently effected by exposure of this sterically hindered substrate to 

gaseous BF, (4.2 equiv.) dissolved in CHsNO, (12 h, 25 “C). In this manner, the essential tricyclic 

intermediate 22 could be reproducibly prepared in quantity as the exclusive stereoisomer in 83% yield 

after recrystallization. 

The oxidative decyanation of 22 was effected by a variation of the procedure described by 

Watt.23 Accordingly, lithiation of 22 followed by oxygenation of the resultant anion with 0, at 

-78 “C and final hydroperoxide cleavage in situ [SnCl,-HCl(aq)] gave a mixture containing ketone 

24 (58% yield by GLC) and unsaturated nitrile 23 along with several other impurities that were 

difficult to separate. As a consequence, the crude material obtained in this way was reduced with 

LiAlH, to provide the readily purifiable axial alcohol 25 directly in 54% chromatographed yield from 

22. Reoxidation of 25 to 24 [PDC (2.2 equiv.), CH,Cb, 25 “C] proceeded without incident in 88% 

yield. Direct demethylation of 24 prepared in this manner (BBrs)20b followed by oxidation of the 

crude catechol by stirring in benzene with silica gel under an atmosphere of 0, (2 h, 25 “C) in a 

modification of the procedure described by Matsumotomb delivered (f)-taxodione (1) in 68% yield 
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from the intermediate 24. The synthetic ( f )-taxodione (1) prepared in this manner was identical to 

an authentic sample iu all respects (mass spectrum, 300 MHz ‘H and 75 MHz 13C NMR spectra). 

CH,O a, b 
* 

(90%) 

C 

(83%) 

CH30 

THF 

(88%) 

d 

23 

+ 

24 

g,h 
* 1 

a. BMS, TIIF; b. SOcl, CqCb; c. BF3-CH3N0, (4.20 equiv), C%NO,, 25 “C, 12h; 
d. (i) LDA, THF, (ii) 0, (iii) S&l, HCl (as.); 

e. LiAlH,, THF; f. PDC, CH,cI,; g. BBr,, C&w, b. 0, silica gel. 

This eminently practical synthesis of (f)-taxodione (l), which proceeded in seven steps and 

21% overall yield, serves to illustrate the utility that BF3*CH.$J0, promoted cationic cascade 

ammlations possess for the elaboration of moderately complex polycyclic ring systems. The future 
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utilization of this synthetic method should greatly facilitate the accessibility of a variety of intermedi- 

ates that were previously only available via more circuitous routes. 
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EXPERIMENTAL SECI’ION 

General eXperimenta de&&: Nuclear magnetic resonance (NMR) spectra (‘H and 13C) were 
recorded on a Bruker AC 300 MHz spectrometer. ‘H NMR chemical shifts are reported in ppm 
relative to the residual proton in chloroform-d1 assigned at 7.24 ppm. 13C NMR chemical shifts are 
reported in ppm relative to the center line in chloroform-d1 assigned at 76.90 ppm. The descriptors: 
s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets), dt (doublet of triplets), td 
(triplet of doublets), tt (triplet of triplets), m (multiplet), cm (complex multiplet), and br (broad) 
were used for assigning the multiplicities of ‘H NMR spectra. Where appropriate, axially and 
equatorially disposed protons are designated -H, and -H, respectively immediately following the 
corresponding systematically numbered carbon atoms. DEPT experiments were performed on all 
compounds to identify the number of protons attached to each carbon. Infrared spectra were 
obtained on a Perkin-Elmer Model 1800, dual beam, FT-IR spectrometer. Electron impact mass 
spectra (70-eV) were recorded with a VG Instruments MMl6-F spectrometer. High resolution mass 
spectra were recorded on a VG Instruments 70E-HF spectrometer. Gas chromatographs were 
obtained with a Varian Model 3700 gas chromatograph equipped with a flame ionization detector 
and a Hewlett-Packard 3390A Reporting Integrator. Either an Alltech Econocap SE-54 bonded 
phase; 15 m length, 0.54 mm id, and 1.2 p film size column or a J and W Scientific DB-5 bonded 
phase 15 m megabore, 0.53 mm id. column were utilized for obtaining GLC’s. Thin layer chroma- 
tography (TLC) analyses were performed with MN Polygram Sil G/UV,, 0.25 mm silica gel plates 
purchased from Alltech Associates. Flash and medium pressure liquid chromatography (MPLC) 
were performed with Merck 230-400 ASTM mesh, 0.040-0.063 mm particle size, silica gel 60 
purchased from EM Science. Beckman-Altex glass columns, Fluid Metering Inc. Model R431 
pumps, and Perkin-Elmer Model LC75 variable wavelength UV detector were used for MPLC 
separations. Melting points were determined with an Electrothermal melting point apparatus and 
are uncorrected. Combustion analyses were performed by Desert Analytics, Tucson, AZ. 

Tetrahydrofuran (II-IF) and diethyl ether were freshly distilled from potassium metal and 
sodium benzophenone ketyl, respectively, prior to use. All other solvents and N,N-diisopropylamine 
were freshly distilled from CaHZ (unless specified otherwise) prior to use. Molar solutions of 
BF,CH,NO, were routinely prepared by passing BF, gas (3-4 g) via a syringe needle (6 cm, 20 
gauge) into a preweighed 50 mL volumetric flask containing a rubber septum and 35-40 mL of 
CH,NO, at 0 “C, reweighing, then diluting to the mark with additional CH,NO,. These solutions 
were stored in the dark at -20 “C for up to three weeks. Solutions of n-BuLi (2-3 M) were 
routinely prepared by diluting commercially available (Aldrich Chemical Co.) n-BuLi (10.0 M in 
hexane) with freshly distilled heptane (Na), and were titrated against (f)-Zbutanol (2.0 M in 
toluene) using l,lO-phenanthroline as the indicator prior to use. LDA.THF complex was prepared 
by dropwise addition of n-BuLi (5.0 mL, 50 mmol, 10.0 M in hexanes) to a 0 “C solution of N,N- 
diisopropylamine (7.0 mL, 50 mmol) and THF (4 mL, 50 mmol) in methylcyclohexane (34 mL). This 
complex was titrated by the method of Vedejsz4 prior to use. 
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(3,4-Dimethoxy-phenyl)acetonitrile, phenylacetonitrile, and (E)-l-bromo-3,7-dimethyl-2,6- 
octadiene (geranyl bromide) were purchased from Aldrich Chemical Co. and used without further 
purification. The allylic chlorides: (E)-l-chloro-3,7-dimethyl-2,6-octadiene (geranyl chloride), (Z)-l- 
chloro-3,7-dimethyl-2,6-octadiene (neryl chloride), and (2,!?,6,!?)-1-ch1oro-3,7,11-trimethy1-2,6,10- 
dodecatriene (famesyl chloride) were pre ared 
Chemical Co.) by the method of Meyers, R 

from the parent alcohols (purchased from Aldrich 
and gave satisfactory analysis. AlI reactions were carried 

out under an atmosphere of argon or nitrogen in oven-dried vessels. Concentrations were performed 
under reduced pressure with a Biichi rotary evaporator. 

(E)-4,8-Dimethyl-3,7-nonadienonitrile. 
A flame-dried, 500 mL, round-bottomed flask equipped with a magnetic stirring bar, rubber 

septum and N, inlet was flushed with N, then charged with (E)-1-chloro-3,7_dimethyloctadiene 
(15.0 g, 86.9 mmol), dry DMSO (250 mL) and anhydrous KCN (6.79 g, 0.104 mol). The reaction 
mixture was stirred overnight at room temperature and diluted with H,O (1000 mL). The aqueous 
phase was extracted with hexane (6 x 100 mL) and the combined hexane extracts were washed with 
H,O (3 x 100 mL), brine (2 x 100 mL) and then dried over anhydrous MgSO,. The solution was 
filtered through neutral alumina and the solvent was evaporated in vocuo. The crude product was 
purified by vacuum distillation to afford 12.0 g (85%) of (E)-4,8-dimethyl-3,7-nonadieneonitriie as a 
colorless liquid: ‘H NMR (CDCI,) 6 5.10 (dt, 1 H, J = 1.2, 7.0 Hz, =cH), 5.00 (dt, 1 H, J = 1.2, 
6.1 I-Ix, =cH), 2.98 (d, 2 H, J = 7.0 Hz, CH&N), 2.00 (m, 4 H, 2 CZQ, 1.62 (s, 3 H, C!&), 1.61 (s, 
3 I-L CH,), 1.54 (s, 3 I-I, C&) ppm; 13C NMR (CDCI.& 6 141.8 (C), 131.3 (C), 123.0 (CI-I), 117.8 
(CN), 111.5 (CH), 38.7 (CH,), 25.7 (CH,), 25.0 (CH,), 17.0 (CH,), 15.7 (CI-Q), 15.6 (CH3) ppm; IR 
(neat) 2965-2858 (CH envelope), 2253 (CN), 1668, 1447, 1380, 1111, 916, 822 cm-‘; high resolution 
mass spectrum calcd for Cr,H,,N (M+) 163.1392, found 163.1361. 

General Procedure for the Alkylation of Nitrites 

A flame-dried, 250-mI_., round-bottomed flask equipped with a magnetic stirring bar, rubber 
septum, and N, inlet was flushed with N, and charged with dry diisopropylamine (2.80 mL, 20.0 
mmol) and dry ‘II-IF (20 mL). The solution was cooled to 0 “C, and n-BuLi (6.7 mL, 20.0 mmol, 3.0 
M in heptane) was added dvropwise via syringe. Stirring was continued for 15 min at 0 “C then a 
solution of the nitrile (20.0 mmol) in THF (5 mL) was added over 2 min via syringe. The resulting 
solution was stirred for 45 min at 0 “C then cooled to -78 “C. A solution of the appropriate halide 
(20.0 mmol) in H-IF (10 mL) was added in one portion via syringe, and the reaction mixture was 
stirred overnight while warming to room temperature. The reaction was quenched with saturated 
aqueous NH&I (50 mL) and diluted with (1:l) ethyl acetate: hexane (50 mL). The organic phase 
was washed with H,O (50 mL) and brine (50 mL), and the combined aqueous layers were back 
extracted with (1:l) ethyl acetate:hexane (3 x 50 mL). The combined organic layers were dried over 
anhydrous MgSO, and the solution was filtered through florisil. The solvents were evaporated in 
vucuo to give the crude product which was purified by flash chromatography (2.5-10% ethyl acetate 
in hexane for elution). 

1. (E)-2-(3,4-Dimeth~p~nyl)-5,9-dimethyl-4,8-decadienonitrile (2a). 
Aryldiene Za was prepared as a colorless oil in 67% yield from (3,4-dimethoxyphenyl)acetoni- 

trile (1.655 g, 15.0 mmol) and (E)-I-bromo-3,7-dimethyloctadiene (2.255 g, 15.0 mmol): ‘H NMR 
(CDCg) 6 6.78 (m, 3 H, ArH), 5.12 (t, 1 H, J = 7.2 Hz, =W), 5.01 (t, 1 H, J = 6.7 Hx, =CiY), 3.82 
(s, 3 H, OCH,), 3.80 (s, 3 H, OCH,), 3.67 (t, 1 H, J = 7.2 Hz, CiXN), 2.52 m, 2 H, CH2), 1.97 (m, 
4 H, 2 CH,), 1.62 (s, 3 H, CH,), 1.53 (s, 3 H, W3), 1.49 (s, 3 H, CH,) ppm; 13C NMR (CDCQ 6 
148.9 (C), 148.4 (C), 139.7 (C), 131.2 (C), 127.8 (C’), 123.6 (CH), 120.6 (CN), 119.4 (CH), 118.2 
(CI-I), 111.0 (CI-I), 110.1 (CI-I), 55.6 (2 OCH,), 39.3 (CH,), 37.0 (CT-I), 34.0 (CH,), 26.2 (CH,), 25.3 
(CH,), 17.3 (CH,), 15.9 (CH3) ppm; IR (thin film) 3068-2818 (CH envelope), 2240 (CN), 1668, 1594, 
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1518, 1266, 1240, 1146, 1028 cm-‘; high-resolution mass spectrum calcd for Ca,,NO, (M+) 
313.2042, found 313.2026. 

2. (E)-2-(3,4-Dimethaxyphenyl)methyl-4,8-dimethyl-3, 7-nonadienonitrile (4). 
Aryldiene 4 was prepared as a white solid: mp 57-59 “C (recrystallized from hexane) in 81% 

yield from (E)-4,8-dimethyl-3,7-nonadienonitrile (8.668 g, 53.1 mmol) and 1-(chloromethyl)-3,4- 
dimethoxybenzene (9.907 g, 53.1 mmol): ‘H NMR (CDCQ 6 6.78 (m, 3 H, Arw, 5.09 (dd, 1 H, J = 
1.0, 7.7 Hz, =C!kQ, 5.02 (t, 1 H, J = 6.7 Hz, =W), 3.86 (s, 3 H, OCH,), 3.85 (s, 3 H, OCH,), 3.52 
(q, 1 H, J = 7.7 Hz, CZKN), 2.92 (dd, 1 H, J = 7.7, 13.6 Hz, C&k), 2.79 (dd, 1 H, J = 6.7, 13.6 
Hz, CZf+r), 2.01 (m, 4 H, 2 CH,), 1.66 (s, 3 H, Ws), 1.58 (s, 3 H, CH,), 1.55 (s, 3 H, CZfs) ppm; 
13C NMR (CD(&) S 148.9 (C), 148.2 (C), 141.1 (C), 131.8 (C), 129.2 (C), 123.2 (CH), 121.2 (CI-I), 
120.7 (CN), 118.0 (CH), 112.4 (CH), 111.3 (CI-I), 55.7 (2 OCH3), 39.1 (CI-Q), 38.9 @-I&, 32.0 @-I), 
26.1 (CIQ, 25.4 (CH,), 17.4 (CH,), 16.3 (CH3) ppm; IR (KRr) 3064-2851 (CH envelope), 2233 
(CN), 1643, 1608, 1592, 1467, 1444, 1264, 1241, 1163, 1030, 803, 764 cm-‘; high-resolution mass 
spectrum calcd for C&-I,NO, (M+) 313.2042, found 313.2047. 

3. (2)-2-(3,4-Dimeth~p~nyl)-5,9-dimerhyl-4,8-decadienenitrile (3). 
Aryldiene 3 was prepared as a colorless oil in 58% yield from (3,4-dimethoxyphenyl)acetonitrile 

(2.710 g, 15.0 mmol) and (Z)-1-chloro-3,7-dimethyloctadiene (2.604 g, 15.0 mmol): ‘H NMR 
(CDC13) 6 6.83 (m, 3 H, Arm, 5.17 (t, 1 H, J = 7.2 Hz, =W), 5.05 (br s, 1 H, =CiY), 3.87 (s, 3 H, 
OCH,), 3.86 (s, 3 H, OCH,), 3.68 (t, 1 H, J = 6.8 Hz, CZfCN), 2.55 (m, 2 H, CH,), 1.96 (m, 4 H, 2 
CH,), 1.71 (s, 3 H, CH,), 1.66 (s, 3 H, CH,), 1.57 (s, 3 H, CH,) ppm; 13C NMR (CDC13) 6 149.0 (C), 
148.5 (C), 139.3 (C), 131.3 (C), 127.8 (C), 123.5 (C-I-I), 120.4 (CN), 119.2 (CI-I), 119.0 (CI-I), 111.2 
(CH), 110.3 (CH), 55.5 (2 OCH,), 37.0 (CH), 33.8 (Cl-I,), 31.6 (CIQ, 25.9 (CT-Q, 25.2 (CI-I,), 22.9 
(Cl-I,), 17.1 (CI-I,) ppm; IR (thin film) 3075-2832 (CH envelope), 2240 (CN), 1594, 1518, 1266, 1146, 
1028 cm“; high-resolution mass spectrum calcd for C&&NO, (M+) 313.2042, found 313.2054. 

4. (E)-5,9-Dimethyl-2-phenyl-4,8-decadienenitriie (Zb). 
Aryldiene 2b was prepared as a colorless oil in 72% yield from phenylacetonitrile (5.032 g, 43.0 

mmol) and (E)-1-bromo3,7-dimethyloctadiene (10.6 mL, 53.7 mmol); LiN(TMS), (8.624 g, 51.7 
mmol) was used as the base: ‘H NMR (CDCl,) 6 7.25 (m, 5 H, ArH), 5.09 (t, 1 H, J = 7.2 Hz, 
=cH), 4.97 (t, 1 H, J = 6.8 Hz, =CZY), 3.68 (t, 1 H, J = 7.2 Hz, CHCN), 2.50 (m, 2 H, 0, 1.93 
(m, 4 H, 2 CH,), 1.59 (s, 3 H, CH,), 1.50 (s, 3 H, CW3), 1.43 (s, 3 H, CH,) ppm; 13C NMR (CDCl,) 
6 139.7 (C), 135.5 (C), 131.0 (C), 128.5 (2 CI-I), 127.5 (CI-I), 127.0 (2 CH), 123.7 (CT-I), 120.2 (CN), 
118.2 (CH), 39.3 (CI-I,), 37.3 (CI-I), 34.0 (CH,), 26.1 (C’H,), 25.2 (CH,), 17.2 (CI-Is), 15.7 (CH) ppm; 
IR (thin film) 3089-2846 (CH envelope), 2242 (CN), 1454, 1376, 700 cm-‘; high-resolution mass 
spectrum calcd for C,sH=N (M+) 253.1830, found 253.1780. 

5. (4~8E)-2-(3,4-Dimetharyphenyl)-5,9-13-trimethyl-~8,12-tetradecatriene~t~le (5). 
Aryltriene 5 was prepared as a colorless oil in 79% yield from (3,4-dimethoxyphenyl)acetonitrile 

(0.318 g, 1.79 mmol) and (E,E)-l-chloro-3,7,1l-trimethyl-2,6,l0-dodecatriene (0.418 g, 2.00 mmol): 
H NMR (CDCI,) 6 6.81 (m, 3 H, ArH), 5.16 (t, 1 H, J = 7.5 Hz, =cH), 5.06 (t, 2 H, J = 6.8 Hs 2 

=Ckf), 3.86 (s, 3 H, Ochl,), 3.85 (s, 3 H, 0W3), 3.69 (t, 1 H, J = 7.5 Hz, CHCN), 2.57 (m, 2 H, J 
= 7.2 Hz, CH,), 2.04-1.92 (m, 8 H, 4 CH,), 1.65 (s, 3 H, CH,), 1.57 (s, 6 H, 2 CN,), 1.53 (s, 3 H, 
CH,) ppm; 13C NMR (CDC13) 6 149.1 (C), 148.6 (C), 140.0 (C), 135.1 (C), 131.1 (C), 128.0 (C), 
124.2 (CT-I), 123.6 (CH), 120.8 (CN), 119.5 (CH), 118.3 (CH), 111.2 (CI-I), 110.3 (CI-I), 55.8 (2 
WI-I,), 39.5 (2 CH,), 37.2 @-I), 34.2 (CH,), 26.0 (CI-I,), 25.5 @X3), 17.5 (CI-13], 16.1 (CH,), 15.8 
(CHs) ppm; IR (thin fihn) 3061-2832 (CH envelope), 2240 (CN), 1594, 1518 cm- ; high-resolution 
mass spectrum calcd for C,H,,NO, (M+) 381.2668, found 381.2671. 



9244 S. R. HARRJNG and T. LMNGHOUSE 

General Procedure for Li/NH, Reductions: (E)-I-(3,4-Dimethoxyphenyl)-4,8-dimethyl-3,7- 
nonadiene (2~). 

A 250-mL, three-necked, flask equipped with a magnetic stirring bar and dry-ice condenser was 
cooled to -78 “C. NH, (100 mL) was distilled from sodium and condensed into the flask. To the 
NH, was added Li (65.0 mg, 9.37 mmol) and t-BuOH (0.44 mL, 4.65 mmol), and the resulting 
solution was stirred for 10 min at -78 “C. A solution of nitrile 2a (1.324 g, 4.22 mmol) in THF (2 
mL) was added dropwise via syringe= and the reaction mixture was stirred for 5 min at -78 “C. The 
reaction was then quenched with approximately 2 g of solid NH&l. The reaction flask was removed 
from the Dry-ice bath, and the NH, was allowed to evaporate overnight at room temperature. The’ 
residue was diluted with H,O (50 mL) and the aqueous phase was extracted with diethyl ether (3 x 
25 mL). The ether was washed with brine (25 mL) and dried over anhydrous MgSO, The solvent 
was removed in vucuo to yield the crude product which was purified by MPLC [ethyl acetate:hexane 
(1:99) for elation] to afford 0.803 g (66%) of 2c as a colorless oil: ‘H NMR (CDCQ 6 6.74 (m, 3 
H, ArH), 5.16 (dt, 1 H, J = 1.0, 7.1 Hz, =W), 5.07 (dt, 1 H, J = 1.0, 7.1 Hz, =W), 3.85 (s, 3 H, 
OCW,), 3.84 (s, 3 H, OcSr,), 2.57 (t, 2 H, J = 7.1 Hz, CYQ, 2.27 (q, 2 H, J = 7.1 Hz, C&), 2.00 (m, 
4 H, 2 CH,), 1.67 (s, 3 H, CH,), 1.59 (s, 3 H, CH,), 1.55 (s, 3 H, CQ) ppm; 13C NMR (CDCQ 6 
148.4 (C), 146.8 (C), 134.9 (C), 134.5 (C’), 130.4 (C), 123.8 (CH), 123.2 (CH), 119.8 (CH), 111.7 
(CH), 111.0 (CH), 55.2 (OCH,), 55.1 (OCH,), 39.2 (CH,), 35.1 (CH,), 29.5 (CH& 26.2 (CH,), 25.0 
(CT-I,), 17.0 (CH,), 15.3 (CH3) ppm; IR (thin film) 3057-2823 (CH envelope), 1590, 1516, 1464, 1418, 
1262, 1236, 1156, 1032 cm-‘; high-resolution mass spectrum calcd for C,H,O, (M+) 288.2090, found 
288.2094. 

General Procedure for BF,*CH,NO, Promoted Cyclizations 

A flame-dried, 25 x 150 mm, test tube equipped with a magnetic stirring bar, rubber septum 
and N, inlet was flushed with N, charged with dry CH,NO, (4.8 mL) and cooled to -20 “C. 
BF,*CH,NO, (1.34 mL, 1.34 mmol, 1.0 M in CH,NO,) was added in one portion via syringe, and 
the resulting solution was stirred for 15 min at -20 “C. A solution of the substrate (0.32 mmol) in 
dry CH,NO, (1.00 mL) was added in one portion via syringe, and the resulting mixture was stirred 
for 1 h at -20 “C. The reaction was quenched (at -20 “C) with saturated aqueous NaHCO, (5 mL) 
and the mixture was allowed to warm to room temperature. The layers were separated, and the 
organic phase was washed with Hz0 (2 x 5 mL). The combined aqueous layers were back extracted 
with CHzClz (3 x 5 mL), and the combined organic phase was dried over anhydrous MgSO,. The 
solvents were evaporated in uucuo to furnish the crude products which were purified by MPLC (2.5- 
10% ethyl acetate in hexane for elution). 

1. IO-Cyano-6,7-dimeth~-1,~3,4,4a~,9,lO~,IOa~-octahydro-l,I,4a-trimethylpheMnthrene (8). 
Cyclization of aryldiene 4 (1.032 g, 3.29 mmol) with BF,*CH,NO, (10.40 mL, 13.83 mmol, 1.33 

M) in CH,NO, (49.0 mL) afforded 0.975 g (95%) of 8 as a single diastereomer. For 8 as a white 
solid: mp 174-175 “C [recrystallized from (1:9) toluene:heptane]; ‘H NMR (CDC!13) 8 6.73 (s, 1 H, 
ArH), 6.60 (s, 1 H, ArH), 3.84 (s, 6 H, 2 OCII,), 3.30 (dd, 1 H, J = 7.0, 14.8 Hz, ArCX=), 3.05 (m, 2 
H, ArCH,, CHCN), 2.18 (br d with fine structure, 1 H, J = 11.8 Hz, C(4)-&), 1.76 (dt, 1 H, J = 3.2, 
13.3 Hz, C(3)-& 1.66 (m, 2 H, CH ring junction, C(3)-hp), 1.54 (m, 2 H, C(2)-& C(4)-H,), 1.31 
{dd, 1 H, J = 4.3, 13.3 Hz, C(2)-Zf,), 1.21 (s, 3 H, CH,), 1.17 (s, 3 H, CYfJ), 1.09 (s, 3 H, Ufj) ppm; 
3C NMR (CDCl,) 6 147.7 (C), 147.0 (C), 141.0 (C), 124.9 (C), 123.7 (C), 111.3 (CH), 107.0 @-I), 

56.1 (OCH,), 55.7 (OCH,), 53.3 (Cl-I), 42.1 (CH,), 38.6 (CT-I,), 38.0 (C), 34.5 (C), 33.7 (CH,), 33.7 
(CH,), 24.7 (CT-I), 22.6 (CH,), 21.4 (CH,), 18.4 (CH,) ppm; IR (KBr) 3075-2832 (CH envelope), 
2232 (CN), 1608, 1524, 1511, 1458, 1444, 1358, 1266, 1248, 1226, 1198, 1152, 1076, 864 cm-‘; high- 
resolution mass spectrum calcd for C,HnNO, (M+) 313.2042, found 313.2053. Anal. Calcd for 
C,H,NO,: C, 76.63; H, 8.69. Found: C, 76.24; H, 8.64. 
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2. 9-Qano-6,7-dimethaxy-l,23,4,4a&9~ lO,lOa~octahydro-1,1,4a-trimethylphenanthrene (9a) and 
9-cyano-6,7-~~t~-l,~3,4,4a~9~1O,lOacu-octahydro-l,l,4a-trtnethy~~~~rene (9b). 

Cyclization of aryldiene 2a (0.237 g, 0.7$ mmol) with BFs*CHsNO, (2.07 mL, 3.18 mmol, 1.54 
M) in CHsN02 (11.3 mL) afforded 0.229 g (97%) of 9a and 9b as a 1.0:1.3 mixture of diastereomers. 

For 9a as a white solid: mp 164-166 “C [recrystahiaed from (1:9) toluene:beptane]; ‘H NMR 
(CDCI,) 6 6.74 (s, 1 H, Arm, 6.64 (s, 1 H, ArH), 3.98 (dd, 1 H, J = 6.9, 11.8 Hz, CWCN), 3.86 (s, 3 
H, OCH,), 3.84 (s, 3 H, OCH,), 2.29 (dad, 1 H, J = 1.6, 6.9, 12.5 Hz, C(lO)-H,), 2.22 (br d with fine 
structure, 1 H, J = 12.8 Hz, C(4)-H,), 2.00 (apparent q, 1 H, J = 12.5 Hz, C(lO)-H,), 1.72 (dt, 1 H, J 
= 3.4, 13.9 Hz, C(3)+, 1.62 (tt, 1 H, J = 3.4, 13.9 Hz, C(3)-If), 1.48 @r d with fine structure, 1 H, 
J = 13.4 Hz, C(2)-H,), 1.33 (dd, 1 H, J = 3.8, 12.8 Hz, C(4)-&), 1.26 (dd, 1 H, J = 1.6, 12.5 Hz, 
CH ring junction), 1.22 (s, 3 H, CYfs), 1.16 (dd, 1 H, J = 4.2, 13.4 Hz, C(2)-H,), 0.95 (s, 3 H, CYfs), 
0.92 (s, 3 H, CH,) ppm; 13C NMR (CDC13) 6 148.8 (C), 147.5 (C), 142.0 (C), 122.2 (C), 119.7 (C), 
110.8 (CH), 108.5 (CI-I), 55.8 (2 OCH,), 49.9 (CI-I), 41.2 (CT-I,), 38.6 (CIQ 37.4 (C), 33.2 (C), 32.9 
(CH,), 32.1 (CH), 24.8 (CH,), 24.2 (CIQ, 21.3 (CH,), 18.9 (CI-I,) ppm; IR (KBr) 3082-2825 (CH 
envelope), 2232 (CN), 1608, 1518, 1460, 1440, 1262, 1212, 1198, 1158, 1140, 1042,868 cm-‘; high- 
resolution mass spectrum calcd for C&,,NO, (M+) 313.2042, found 313.2041. 

For 9b as a white solid: mp 132-134 “C [recrystaked from (1:9) toluene:heptane]; ‘H NMR 
(CDCI,) 6 6.74 (s, 1 H, ArH), 6.64 (s, 1 H, AS), 4.01 (d, 1 H, J = 6.4 Hz, CHCN), 3.84 (s, 6 H, 2 
OCH,), 2.20 (br d with fine structure, 1 H, J = 13.4 Hz, C(4)-H,), 2.12 (br d, 1 H, J = 13.8 Hz, 
C(lO)-H,), 1.98 (td, 1 H, J = 6.4, 12.4, 13.8 Hz, C(lO)-H,), 1.74 (dt, 1 H, J = 3.3, 13.7 Hz, C(3)-Zf), 
1.66 (huned m, 1 H, C(3)-If), 1.63 (dd, 1 H, J = 1.7, 12.4 Hz, CZf ring junction), 1.51 (br d with fine 
structure, 1 H, J = 13.4 Hz, C(2)-H,), 1.43 (td, 1 H, J = 3.7, 13.4 Hz, C(4)-&), 1.28 (td, 1 H, J = 
4.2, 13.4 Hz., C(2)-H,), 1.15 (s, 3 H, CH,), 1.02 (s, 3 H, CH,), 0.91 (s, 3 H, CH,) ppm; 13C NMR 
(CDCg) 6 148.8 (C), 147.2 (C), 142.2 (C), 122.2 (C), 119.6 (C), 111.2 (CI-I), 107.9 (CH), 55.7 (2 
OCH,), 47.7 (CI-I), 40.9 (CH,), 38.3 (CH& 37.3 (C), 32.8 (C), 32.5 (CH,), 31.5 (CH), 24.3 (CH,), 
23.1 (CH,), 21.4 (CH,), 18.9 (CIQ ppm; IR (KBr) 3089-2832 (CH envelope), 2230 (CN), 1610, 
1514, 1446, 1356, 1255, 1230, 1206, 1152, 1070, 1042, 856, 694 cm-‘; high-resolution mass spectrum 
calcd for C&-I,NO, (M’) 313.2042, found 313.2046. Anal. Calcd for C,Hz7N0,: C, 76.63; H, 
8.69. Found: C, 77.03; H, 8.68. 

3. 9-Cyano-6,7-dimeth~-1,~3,4,4a~,9~lO,IOa~-octahydro-I,1,4a-trimethylphenanthrene (lOa) and 9- 
cyano-6,7-dimet~-l,23,44a89~,1~ lOaf&octahydro-1,1,4a&methylphenanthrene (lob). 

Cyclization of aryldiene 3 (0.108 g, 0.32 mmol) with BF,*CI-I,NO, (1.11 mL, 1.34 mmol, 1.21 
M) in CH,NO, (4.8 mL) afforded, in order of elution, 83 mg (83%) of 1Oa and lob as a 1.O:l.O 
mixture of diastereomers and 15 mg (15%) of 9b. 

For 10a as a colorless oil: ‘H NMR (CDC&) 6 6.96 (s, 1 H, AS), 6.79 (s, 1 H, Ark!), 4.04 (dd, 
1 H, J = 7.4, 9.9 Hz, WCN), 3.88 (s, 3 H, OCH,), 3.87 (s, 3 H, OCH,), 2.57 (m, 1 H, C(lO)-Zf), 
2.18 (m, 2 H, C(lO)-IT, C(4)-&), 1.53-1.42 ( cm, 4 H, C(3y12, C(4)-H,, CH ring junction), 1.35-1.21 
(cm, 2 H, C(2)H,), 1.15 (s, 3 H, CZf3), 0.95 (s, 3 H, CH,), 0.36 (s, 3 H, CH,) ppm; 13C NMR 
(CDCI,) 6 148.4 (C), 147.1 (C), 135.4 (C), 122.5 (C), 121.6 (C), 109.9 (CH), 108.4 (CH), 55.9 
(OCH,), 55.8 (OCH,), 49.2 (CH), 40.6 @-I~), 37.6 (CH,), 37.0 (C), 34.1 (C), 32.0 (CH,), 31.3 
(CH,), 28.0 (CH), 24.8 (CH,), 24.0 (CH,), 18.8 (CI-I,) ppm; IR (thin fihn) 3082-2839 (CH envelope), 
2227 (CN), 1610, 1518, 1464, 1260, 1218, 1168, 1078, 1030 cm-*; high-resolution mass spectrum calcd 
for C&,NO, (M+) 313.2042, found 313.2043. 

For lob as a white solid: mp 133-134 “C [recrystahked from (1:9) toluene:heptane]; ‘H NMR 
(CDCl,) 6 6.80 (s, 1 H, ArH), 6.74 (s, 1 H, Arks), 4.09 (apparent t, 1 H, J = 9.0 Hz, CHCN), 3.88 (s, 
3 H, Ocsr,), 3.86 (s, 3 H, OCH,), 2.50-2.29 ( cm, 3 H, C(lO)H,, C(4)-H,), 1.57 (dd, 1 H, J = 3.0, 6.0 
Hz, CH ring junction), 1.47-1.15 (cm, 5 H, C(2)Hz, C(3wz, C(4)-H,), 1.27 (s, 3 H, CYf3), 0.98 (s, 3 
H, CH,), 0.37 (s, 3 H, CH,) ppm; 13C NMR (CDCI& 8 148.7 (C), 147.2 (C), 136.0 (C), 128.8 (C), 
128.0 (C), 122.9 (C), 121.3 (C), 111.4 (CI-I), 107.7 (CH), 55.8 (OCI-I,), 55.7 (OCH,), 49.2 (CH), 42.3 
(CH,), 37.7 (CH,), 36.6 (C), 35.0 (CH,), 33.9 (C), 32.1 (CI-I,), 28.1 (CH), 23.5 (CI-I,), 23.4 (CH,), 
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18.9 (CHz) ppm; IR (KBr) 30752811 (CH envelope), 2228 (CN), 1606, 1516, 1456, 1394, 1235, 1158, 
1104, 1076, 1029, 864, 784 cm-‘; high-resolution mass spectrum calcd for C&-I,NO, (M+) 313.2042, 
found 313.2040. 

4. 9Qano:l,33,4,4a@,9~10, IOaar-octahydro-1,1,4a-trimethylphenanthre~ (lla) and Pcyano- 
1,2,3,4,4a~9~10,10a~-octahyako-1,1,4a-trimethy~henanthrene (Ilb). 

Cyclization of aryldiene 2b (0.241 g, 0.95 mmol) with BF,*CH,NO, (2.60 mL, 4.00 mmol, 1.54 
M) in CHsNO, (14.3 mL) afforded 0.183 g (76%) of lla and llb as a 1.4:l.O mixture of diastereom- 
ers. 

For lla as a colorless oil: ‘H NMR (CDCl& 6 7.28 (m, 4 H, Arm, 4.06 (dd, 1 H, J = 7.0, 12.6 
Hz, CYfCN), 2.32 (m, 2 H, C(lO)-H,, C(4)-H,), 2.05 (apparent q, 1 H, J = 12.6 Hz, C(lO)-H,), 1.76 
(dt, 1 H, J = 3.4, 13.6 Hz, C(3)-H), 1.65 (tt, 1 H, J = 3.4, 13.6 Hz, C(3)#‘), 1.51 (br d with fine 
structure, 1 H, J = 13.5 Hz, C(2)-&), 1.37 (dd, 1 H, J = 3.9, 13.2 Hz, C(4)-H,), 1.31 (dd, 1 H, J = 

= 1.6, 12.6 Hz, CH ring junction), 1.24 $s, 3 H, CH,), 1.18 (dd, 1 H, J 4.3, 13.5 Hz, C(2)-H,), 0.97 (s, 
3 H, CH,), 0.95 (s, 3 H, Ws) * C NMR (CDCls) 6 149.3 (C), 128.4 (CH), 128.0 (CH), 127.7 ppm; 
(C), 126.1 (CH), 125.0 (CI-I), 122.2 (C), 49.5 (CH), 41.1 @I,), 38.3 (CH,), 37.6 (C), 33.3 (C), 32.9 
(CI-Is), 32.4 (CH), 25.0 (CT-Is), 24.1 (CI-I,), 21.4 (CT-Is), 18.3 (CT-I+ ppm; IR (thin film) 3061-2839 
(CH envelope), 2238 (CN), 1488, 1458, 1378, 1028, 764,732 cm- ; high-resolution mass spectrum 
calcd for C,sH,N (M+) 253.1831, found 253.1830. 

For llb as a colorless oil: ‘H NMR (CDCi.& 6 7.23 (m, 4 H, ArH), 4.10 (d, 1 H, J = 6.4 Hz, 
CHCN), 2.28 (br d with fine structure, 1 H, J = 13.0 Hz, C(4)-&), 2.18 (br d, 1 H, J = 13.7 Hz, 
C(lO)-H,), 2.02 (td, 1 H, J = 6.4, 12.4, 13.7 Hz, C(lO)-H,), 1.76 (dt, 1 H, J = 3.4, 13.6 Hz, C(3)&), 
1.71 (buried m, 1 H, C(3)-If), 1.65 (dd, 1 H, J = 2.0, 12.4 Hz, CH ring junction), 1.52 (br d with fine 
structure, 1 H, J = 13.4 Hz, C(2)-&), 1.41 (td, 1 H, J = 3.9, 13.0 Hz, C(4)-H,), 1.29 (td, 1 H, J = 
3.5, 13.4 Hz, C(2)-H,), 1.17 (s, 3 H, CWs), 1.03 (s, 3 H, Ws), 0.93 (s, 3 H, CZfs) ppm; 13C NMR 
(CDC13) 6 149.8 (C), 129.3 (CI-I), 128.3 (CH), 127.8 (C), 126.1 (CT-I), 125.4 (CI-I), 122.3 (C), 47.6 
(CH), 41.0 (CIQ, 38.2 (C’IQ, 37.7 (C), 32.9 (C), 32.6 (CH,), 31.8 (CH), 24.5 (CH,), 23.2 @Hz), 
21.5 (CH,), 18.9 (CHz) IR (thin film) 3068-2853 (CH envelope), 2234 (CN), 1444, 1378, 1040, ppm; 
760 cm-‘; high-resolution mass spectrum calcd for C,sHUN (M+) 253.1831, found 253.1831. Anal. 
Calcd for C,sH,N: C, 85.31; H, 9.15. Found: C, 84.94; H, 9.27. 

5. 6,7-Dimethqy-1,23,44a@,9,10, IOacw-octahydro-I, 1,4a-trimethylphenanthrene (12), 
Cyclization of aryldiene 2c (0.186 g, 0.65 mmol) with BF,*CH,NO, (2.53 mL, 2.71 mmol, 1.069 

M) in CH,NO, (9.6 mL) afforded 0.136 g (73%) of 12 as a single isomer. For 12 as a white solid: 
mp 86-87 “C [recrystallized from (1:9) toluene:heptane]; ‘H NMR (CDCI,) 6 6.75 (s, 1 H, ArH), 6.51 
(s, 1 H, ArH), 3.82 (s, 3 H, OCH,), 3.81 (s, 3 H, OCH,), 2.80 (m, 2 H, Arch,), 2.21 (br d with fine 
structure, 1 H, J = 12.5 Hz, C(4)-H,), 1.84-1.56 (cm, 4 H, C(3)&, C(lOyi,), 1.47 (br d with fine 
structure, 1 H, J = 13.4 Hz, C(2)-H,), 1.40 (dd, 1 H, J = 3.9, 12.5 Hz, C(4)-H,), 1.31 (dd, 1 H, J = 
2.1, 12.3 Hz, CZf ring junction), 1.22 $dd, 1 H, J = 4.1, 13.4 Hz, C(2)-H,), 1.17 (s, 3 H, CH,), 0.94 (s, 
3 H, CH,), 0.91 (s, 3 H, CH,) ’ C NMR (CDCl,) 6 146.9 (C), 146.6 (C), 142.1 (C), 127.2 (C), ppm; 
111.3 (CT-I), 107.9 (CI-I), 55.9 (OCI-13), 55.6 (OCH,), 50.6 (CI-I), 41.5 @I,), 31.0 (CHz), 37.4 (C), 
33.3 (CI-I,), 33.2 (C), 30.1 (CH,), 24.7 (CH,), 21.5 (CH,), 19.2 (CH,), 19.0 (CI-Q IR (KBr) ppm; 
3075-2818 (CH envelope), 1608, 1513, 1455, 1398, 1360, 1222, 1146, 1118, 1073, 1042, 1018, 854 cm-‘; 
high resolution mass spectrum calcd for C,H,O, (M+) 288.2089, found 288.2073. 

2-Chloromercurio-9-~ano-~7-dimethdwy-I,2~3,4,4a~9or,lO,IOacr-~tahydro-l,I,4a-trimethyl phenan- 
threne (9c) and 2-chloromercurio-9-cyano-6, 7-dimethary-l,2~3,4,4a~,9/3,lO,lOau-octahydro-l,l,4a- 
trimethyl phenanthrene (9d). 

An oven dried, 25 mL, round-bottomed flask equipped with a magnetic stirring bar, rubber 
septum and N, inlet was flushed with N,, charged with HgO (0.146 g, 0.67 mmol) and dry CH3NOz 
(10 mL). Vigorous stirring was initiated and the orange suspension was cooled to 0 “C. Trifluoro- 
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methanesulfonic auhydride (113 $, 0.67 mmol) was added dropwise via syringe and the resultant 
milky white solution was stirred for 18 II as it warmed to room temperature. Freshly distilled N,N- 
dimethylaniline (90 &, 0.72 mmol) was added in one portion via syringe and the resulting brownish 
solution was cooled to -20 “C. A solution of aryldiene &I (0.169 g, 0.54 mmol) in CHsNO, (2 mL) 
was added dropwise via syringe and the reaction mixture was stirred for 2 h at -20 “C. Saturated 
NaCl was added (5 mL), and the resulting solution was stirred for 24 h at room temperature. The 
reaction mixture was diluted with ether (20 mL), and the layers were separated. The ether layer was 
washed with 1 M HCI (10 mL), H,O (2 x 20 mL), brine (20 mL) and then dried over anhydrous 
MgSO,. The solvents were evaporated in vacua, and the crude product was purified by flash 
chromatography [(1:4) ethyl acetakhexane for elution] to yield 0.091 g (31%) of !k and 9d as an 
unseparated mixture of diastereomers. Reduction of this mixture with NaBH, in absolute EtGH 
provided 9a and Pb (vi& sup) as a 1.O:l.O mixture of diastereomers following separation by MPLC. 
Partial ‘H NMR (CIX!Q data from the spectrum of the chromatographed mixture of 9c and d: 6 
6.79, 6.78, 6.67, 6.63 (s, 4H, ArH), 4.01 (dd, lH, J = 6.5, 12.0 Hz., WCN), 3.86, 3.83 (s, 3H, OCH,), 
2.75-2.63 (cm, lH, CXHgCl). 

Formation of Chrysene Derivatives 

1. 6-~ano-~9-dimeth~l,~3,4,~~4b~5,6~lOb~,ll,l~l~~-d~ca~dro-l,l,~,lOb-te~amethy~~- 
sene (13A) and 6-~ano-8,9-dimeth~l,~3,4,~~,4b~S,6~,IOb~,11,1~l2aar-dodecahydro-l,l,~,lOb- 
tetramethylchrysene (Z3b). 

Cychzation of aryltriene 5 (98 mg, 0.26 mmol) with BF,*CH,NO, (1.10 mL, 1.079 mmol, 0.988 
M) in CHsNO, (3.9 mL), (tie iufiu), afforded 90 mg (92%) of 13. Attempted separation of the 
reaction mixture by MPLC [ethyl acetate:hexane (1:99) for elution] gave two fractions A and B 
(1.0:1.3) each containing a 2:l mixture of two compounds by GLC (uncorrected). 

For fraction 13A as a white solid: mp 195-205 “C [recrystallized from (1:9) toluene:heptane]; 
IR (KBr) 3089-2832 (CH envelope), 2232 (CN), 1514, 1460, 1248, 1228, 1204 cm-‘; high-resolution 
mass spectrum calcd for CUHs,NO, (M+) 381.2668, found 381.2669. For the major compound in 
fraction/l; ‘H NMR (CDCls) d 6.79 (s, 1 H, ArH), 6.73 (s, 1 H, ArH), 3.95 (dd, 1 H, J = 6.8, 11.9 
Hz, CZfCN), 3.84 (2 s, 6 H, 2 OCH,), 1.23 (s, 3 H, CZfs), 0.91 (s, 3 H, CH,), 0.85 (s, 3 H, CH,), 0.83 
(s, 3 H, Ws) ppm; 13C NMR (CDCS) 6 110.8 (CI-I), 107.9 (CH), 55.8 (2 OCI-I,), 54.4 (CH), 41.7 
(CH,), 40.4 (CI-I,), 39.6 (CIQ, 33.1 (CH,), 32.5 (CH), 26.0 (CH,), 23.2 (CH,), 21.2 (CI-13), 18.8 
(CH& 18.3 (CH,), 16.1 (CH3) ppm. For the minor component in fraction A; ‘H NMR (CDCl,) 6 
6.84 (s, ArH), 6.76 (s, ArH), 3.85 (s, OCH,) ppm; 13C NMR (CDCI,) 6 110.6 (CI-I), 108.8 (CH), 56.0 
(OCI-I,), 48.1 (CI-I), 42.2 (CIQ, 38.1 (CH,), 37.4 (CHZ), 33.6 (CT-I), 33.1 (CH,), 30.9 (CH,), 26.7 
(CHJ, 25.5 (CH,), 22.6 (CI-Q, 21.8 (CH,), 19.7 (CH,) ppm. 

For fraction 13B as a white solid: mp 184-202 “C [recrystallized from (1:9) toluene:heptaue]; 
IR (KBr) 3075-2832 (CH envelope), 2234 (CN), 1518, 1458, 1260, 1240, 1154 cm-‘; high-resolution 
mass spectrum calcd for C,H,,NO, (M+) 381.2668, found 381.2677. For the major compound in 
fraction B; ‘H NMR (CDCI,) 6 6.73 (s, 1 H, A@, 6.62 (s, 1 H, ArQ 3.99 (d, 1 H, J = 5.8 Hz, 
CHCN), 3.83 (s, 6 H, 2 OCH,), 1.16 (s, 3 H, CH,), 0.90 (s, 3 H, CH,), 0.86 (s, 3 H, CH,), 0.83 (s, 3 
H, W3) ppm; 13C NMR (CDCI,) 6 111.0 (CH), 108.1 (CH), 55.8 (2 OCH,), 52.4 (CH), 48.2 (CH), 
41.6 (CH& 40.2 (CI-Q, 39.1 (CH,), 33.0 (CH,), 32.0 (CI-I), 25.6 (CH,), 22.2 (CI-Q, 21.2 (CH,), 18.8 
(CH,), 18.2 WI,), 16.4 (C’H3) ppm. 

2. Structural simpiijic~tion of 13a and 13b. 8,9-Dimethaxy-1,~3,~4a/$4b~5,6~10b/3,11,1~12a~- 
dodecahydro-1,1,4a, lob-tetramethylchrysene (14). 

Reduction of the crude cyclization reaction mixture containing 13a and b (68 mg, 0.18 mmol) 
with Li (3 mg, 0.39 mmol) and t-BuOH (19 &, 0.20 mmol) in NH, (20 mL), (tie in@), afforded 36 
mg (57% from 5) of 14 as a single compound after MPLC [(1:99) ethyl acetate:hexane was used for 
elution] and recrystahixation. For 14 as a white solid: mp 113-114 “C! [recrystallized from (1:9) 
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toluene:heptane]; ‘H NMR (CDCQ 6 6.74 (s, 1 H, ArH), 6.48 (s, 1 H, ArH), 3.82 (s, 3 H, OCYf,), 
3.80 (s, 3 H, OCH,), 2.85-0.90 (cm, 14H, CH envelope), 1.21 (s, 3 H, C&Q, 0.90 (s, 3 H, C!&), 0.85 
(5 3 H, CH,), 0.83 (s 3 H, C&) ppm; 13C NMR (CDCI,) 6 147.0 (C), 146.6 (C), 142.4 (c), 127.2 
(C), 111.2 (C’H), 108.0 (CH), 56.2 (CH), 56.0 (OCH,), 55.6 (OCH,), 55.4 (CH), 42.0 (CT-Q), 40.8 
@-I& 39.7 (CH,), 37.8 (C), 37.5 (C), 33.2 (CH,), 30.5 @-I&, 21.3 (CH,), 19.0 (CIQ, 18.5 (CI-Q, 
18.0 (CH$, 16.2 (CI-13) ppm; IR (KBr) 3082-2818 (CH envelope), 2234 (CN), 1518, 1458, 1260, 1240, 
1154 cm- ; high-resolution mass spectrum calcd for C,H,O, (M+) 356.2715, found 356.2707. 

Preparation and BF3*CH,N0, Mediated Cycliitions of fi-Ketoester 6 and Enol Derivatives 7a-c 

1. Methyl (E)-7, II-dimethyl-3-are-6,Ddodecadieneoate (6). 
A flame-dried, 250-mL, round-bottomed flask equipped with a magnetic stirring bar, rubber 

septum and N, inlet was flushed with N, charged with dry diisopropylamine (16.7 mL, 0.12 mol) and 
dry THF (125 mL), and cooled to 0 “C. n-BuLi (25.7 mL, 0.12 mol, 4.64 M in heptane) was added 
dropwise via Syringe, and the resulting solution was stirred for 15 min at 0 “C. A solution of methyl 
acetoacetate (6.587 g, 0.057 mol) in dry THF (10 mL) was added dropwise via syringe, and the 
reaction mixture was stirred for 1 h at 0 “C. HMPA (29.6 mL, 0.17 mol) was added in one portion 
via syringe, and the resulting solution was immediately cooled to -78 “C. (E)-1-bromo-3,7-dimethyl- 
octadiene (11.8 mL, 0.059 mol) was added in one portion via syringe, and the reaction mixture was 
stirred overnight while it warmed to room temperature. The reaction was quenched with saturated 
aqueous NH&l (100 mL), and the organic phase was washed with H,O (50 mL) and brine (50 mL). 
The combined aqueous layers were back extracted with (1:l) ethyl acetate: hexane (3 x 100 mL), and 
the combined organic phase was dried over anhydrous MgSO,. The solvents were evaporated in 
vacua and the crude product was initially purified by flash chromatography [ethyl acetate:hexane 
(1:9) for elution]. Final purification of the chromatographed material by bulb-to-bulb distillation 
afforded 12.167 g (85%) of 6 as a colorless liquid: ‘H NMR (CDC13) 6 5.04 (m, 2 H, 2 =cH), 3.71 
(s, 3 H, 0CZf3), 3.42 (s, 2 H, CH,), 2.53 (t, 2 H, J = 7.3 Hz, CZQ, 2.26 (q, 2 H, J = 7.3 Hz, CH,), 
1.99 (m, 4 H, 2 CH2), 1.64 (s, 3 H, CH,), 1.58 (s, 3 H, CH,), 1.56 (s, 3 H, (=H,) ppm; 13C NMR 
(CDCl,) 6 202.3 (C==O ketone), 166.9 (C-O ester), 136.7 (C), 131.3 (C), 124.0 (CH), 121.9 (Cl-l), 
52.1 (OCH,), 49.0 (CH,), 42.9 (CH,), 39.5 (CIQ, 26.5 (CH,), 25.5 (CH,), 22.0 (CT-I& 17.5 (CH,), 
15.9 (CH?) ppm; IR (neat) 3033-2839 (CH envelope), 1750 (GO), 1718 (C=O), 1654, 1630, 1438, 
1238 cm- ; high-resolution mass spectrum calcd for C,H,O, (M+) 252.1725, found 252.1729. 

2. Methyl (22,6E)-3-[dimethyl-(I, l-dimethyle~hyl)siloxy]-Z 1 I-dimethyl- 4 IO-dodecatrieneoate (7a). 
A flame-dried, 50-mL, round-bottomed flask equipped with a magnetic stirring bar, rubber 

septum and N, inlet was flushed with N, charged with oil-free NaH (414 mg, 17.26 mmd), dry THF 
(15 mL) and cooled to 0 “C. A solution of fl-ketoester 6 (1.089 g, 4.32 mmol) in dry THF (4 mL) 
was added dropwise via syringe, and the resulting solution was stirred for 1 h at 0 “C then cooled to 
-78 “C. t-Butyldimethylsilyl trifluoromethanesulfonate (1.04 mL, 4.53 mmol) was added dropwise 
via syringe. The Dry-ice bath was removed and the reaction mixture was stirred for 1 h while the 
solution was allowed to warm to room temperature. The reaction was quenched with saturated 
aqueous NH&I (20 mL) and the organic phase was washed with brine (2 x 25 mL). The combined 
aqueous layers were back extracted with ether (3 x 25 mL) and the organic phase was dried over 
anhydrous MgSO,. The solvents were evaporated in wcuo and the crude product was initially 
purified by flash chromatography [ethyl acetate:hexane (1:9) for elution]. Final purification of the 
chromatographed material by bulb-to-bulb distillation afforded 0.601 g (38%) of 7a as a colorless 
liquid: ‘H NMR (CDCl,) 6 5.06 (br s with fine structure, 3 H, 3 =W), 3.62 (s, 3 H, OUT,), 2.23- 
1.96 (cm, 8 H, 4 CH,), 1.65 (s, 3 H, CH3), 1.58 (s, 6 H, 2 CH,), 0.96 (s, 9 H, 3 CH,), 0.20 (s, 6 H, 2 
CZf3) ppm; 13C NMR (CDCI,) 6 167.6 (C), 165.7 (C), 136.3 (C), 131.1 (C), 124.0 (CH), 122.3 (CH), 
98.6 (CH), 50.2 (OCH,), 39.5 (CI-Q, 38.2 (CT-I,), 26.5 (CI-Q), 25.6 (3 CH,), 25.5 (CH,), 25.4 (CI-Q 
18.4 (C), 17.5 (CH,), 15.9 (CH,), -4.2 (2 CT-I,) ppm; IR (neat) 3068-2853 (CH envelope), 1718 (C=O 
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ester), 1620, 1436, 1256, 1134, 1046, 840, 784 cm-‘; high-resolution mass spectrum calcd for 
C,,H,O,Si (M+) 366.2590, found 366.2598. 

3. Methyl (2E, 6E)-3-[dimethyl-(I, I-dimethy~ethyl)silqy]-7 ll-dirnethyl-26, IO-dodecakeneoate (7~). 
A flame-dried, SO-mL, round-bottomed flask equipped with a magnetic stirring bar, rubber 

septum and Nz inlet was flushed with N, charged with fl-ketoester 6 (1.349 g, 5.35 mmol), imidaxole 
(0.765 g, 11.24 mmol) and dry DMF (20 mL). The solution was cooled to 0 OC and t-butyldimethyl- 
siIy1 chloride (0.848 g, 5.62 mmol) was added in one portion as a solid. The reaction mixture was 
stirred overnight and then allowed to warm to room temperature. The reaction was quenched with 
H,O (20 mL) and extracted with diethyl ether (3 x 25 mL). The combined ethereal layers were 
washed with 5% aqueous HCl(l0 mL), Hz0 (10 mL), saturated NaI-ICOs (10 mL), Hz0 (10 mL) 
and brine (2 x 10 mL). The combined aqueous layers were back extracted with diethyl ether (3 x 25 
mL) and the organic phase was dried over anhydrous MgSO, The solvents were removed in vocuo 
to give the crude product which was initially purified by MPLC [ethyl acetate:hexane (1:19) for 
elution]. Final purification of the chromatographed material by bulb-to-bulb distillation afforded 
1.595 g (81%) of 7c as a colorless liquid: ‘H NMR (CDCI,) 6 5.15 (dt, 1 H, J = 1.0, 6.9 Hx, =CYf), 
5.07 (m, 1 H, =cH), 5.06 (s, 1 H, =cH), 3.63 (s, 3 H, OCH,), 2.73 (t, 2 H, J = 7.5 I-Ix, CH,), 2.22 
(q, 2 H, J = 7.5 Hz, CH,), 1.98 (m, 4 H, 2 C&), 1.66 $, 3 H, CZfs), 1.59 (s, 3 H, CH,), 1.58 (s, 3 H, 
CH,), 0.93 (s, 9 H, 3 Ws), 0.21 (s, 6 H, 2 CH,) ppm; ’ C NMR (CDCI,) 6 173.2 (C), 167.9 (C), 
135.8 (C), 131.3 (C), 124.3 (CH), 123.0 (Cl-I), 98.5 (CI-I), 50.5 (OC’H,), 39.6 (CH,), 33.3 (CH,), 26.7 
(CT-I,), 25.5 (CI-I,), 25.5 (CH,), 25.4 (3 CHs), 18.0 (C), 17.5 (CI-I,), 15.9 (CI-Is), -4.8 (2 CHs) ppm; IR 
(neat) 3068-2853 (CH envelope), 1718 (C=O ester), 1620, 1436, 1256, 1134, 1046, 840, 784 cm-‘; 
high-resolution mass spectrum calcd for C21H,s0sSi (M+) 366.2590, found 366.2578. 

4. Methyl (2Z,6E)-3-Acetoq-7,Il-dimethyl-2,6,IO-dodecatrieneoate (7b). 
A flame-dried, 50-mL, round-bottomed flask equipped with a magnetic stirring bar, reflux 

condenser and N, inlet was flushed with N, and charged with /I-ketoester 6 (2.241 g, 8.88 mmol), 2- 
acetoxypropene (4.3 mL, 38.37 mmol) and TsOH (125 mg). The mixture was heated to reflux 
overnight, cooled to room temperature and diluted with diethyl ether (20 mL). The ethereal solution 
was washed with saturated NaHCOs (5 mL), H,O (5 mL), and brine (5 mL), and dried over 
anhydrous MgSO, The volatile materials were evaporated in vacua and the crude product was 
initially purified by flash chromatography [(1:19) ethyl acetate:hexane for elution]. Final purification 
of the chromatographed material by bulb-to-bulb distillation afforded 2.267 g (87%) of 7b as a 
colorless liquid: ‘H NMR (CDCI,) 6 5.55 (s, 1 H, =CZf), 5.04 (m, 2 H, 2 =CYf), 3.61 (s, 3 H, 
OCH,), 2.20- (cm, 4 H, 2 CH,), 2.19 (s, 3 H, C(O)Ws), 1.97 (m, 4 H, 2 C&), 1.62 (s, 3 II, CZQ, 
1.55 (s, 3 H, CH,), 1.54 (s, 3 H, CH,) ppm; 13C NMR (CDC13) 6 167.7 (C.‘), 164.1 (C), 163.2 (C’), 
136.7 (C), 131.2 (C), 123.9 (CI-I), 121.8 (CT-I), 106.7 (CH), 51.0 (CH,), 39.4 (CIQ, 35.3 (CH& 26.4 
(CH,), 25.4 (CI-I,), 24.2 (CH& 20.7 (CH,), 17.4 (CH,), 15.8 (CT-I,) ppm; IR peat) 3080-2856 (CH 
envelope), 1772 (C=O), 1728 (C=O), 1668, 1368, 1234, 1170, 1138, 1036 cm- ; high-resolution mass 
spectrum calcd for C,,H,O, (M+) 294.1831, found 294.1814. 

5. I-Carbomethary-2-aro-l~~3,4,~~5,6,7,8,8a~~erhydro-S,5,8a-t~methy~pht~~ne (IS). 
Cychxation of the (2Z)-silyl enol ether 7a (0.11 g, 0.30 mmol) with BF3*CH3N0, (1.29 mL, 

1.27 mmol, 0.988 M) in CH,NO, (4.5 mL) (vide supra) for 3 h at -20 “C, afforded 53 mg (69%) of 
15 as a white solid: mp 85-86 “C! [following recrystallization from (1:99) ethyl acetate: hexane]; lit.16 
mp 85.5-87 “C, ‘H NMR (CDCI,) 6 3.65 (s, 3 H, OCH,), 3.18 (s, 1 H, CH), 2.47 (dd, 1 H, J = 5.0, 
14.2 I-Ix, C(O)C-H), 2.30 (m, 1 H, C(O)C-hp), 2.02 (m, 1 H, CH’-H), 1.78-1.15 (cm, 8 H, 3 CXZ.., CH- 
H’, CH ring junction), 1.12 (s, 3 H, CH3), 0.93 (s, 3 H, CH,), 0.85 (s, 3 H, CZf3) ppm; 13C NMR 
(CDCI,) 6 205.3 (C=O ketone), 168.5 (C=O ester), 69.9 (CH), 53.1 (CH), 51.2 (OCH3), 41.7 (q), 
41.1 (CT-I,), 39.0 (CH,), 33.3 (CH,), 22.7 (CI-IJ, 21.6 (CH,), 18.4 (CT-I,), 14.6 (CI-Q) ppm; IR (KBr) 
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1488, 1466, 1432, 1310, 1142, 1066, 1010, 842 cm-‘; high-resolution mass spectrum calcd for C12H1803 
(M+) 210.1256, found 210.1249. 

l-Chloromethyl-3,4-dimethaxy-5-(l-methylethyl)beruene (20). 
A flame-dried, 200 mL, round-bottomed flask equipped with a magnetic stirring bar, 60 mL 

pressure equalizing addition funnel fitted with a rubber septum and a Nz inlet was charged with the 
above alcohol (6.01 g, 26.6 mmol), dry CH,CI, (44 mL) and then cooled to 0 “C. SOC1,(2.33 mL, 
31.9 mmol) [freshly distilled from (PhO),P] was added over 30 min via the addition funnel. Stirring 
was continued at 0 “C until gas evolution had ceased and then the reaction mixture was stirred at 
room temperature for 2 h. The reaction was quenched by careful addition of NaHCOs (25 mL) and 
the CH,Cl, layer was washed with H,O (25 mL), brine (25 mL) and then dried over anhydrous 
MgSO,. Evaporation of the solvent in vucuo afforded the crude product which was purified by bulb- 
to-bulb distillation to yield 5.76 g (95%) of 20. For 20 as a colorless oil: ‘H NMR (CDCl,) 6 6.86 
(d, 1 H, J = 1.7 Hz, ArH), 6.82 (d, 1 H, J = 1.7 Hz, ArH), 4.57 (s, 2 H, CH,), 3.88 (s, 3 H, OCHs), 
3.83 (s, 3 H, OCHs), 3.36 (d, 1 H, J = 6.9 Hz, CH), 1.23 (d, 6 H, J = 6.9 Hz, 2 CZfs) ppm; 13C NMR 
(CDC13) 6 152.5 (C), 146.3 (C), 142.4 (C), 132.9 (C), 118.5 Q-I), 109.9 (CH), 60.6 (OCH,), 55.5 
(OCH,), 46.6 (CH2), 26.7 (C’H), 23.2 (2 C’H,) ppm; IR (thin film) 3061-2818 (CH envelope), 1590, 
1488, 1464, 1430, 1314, 1068, 1010, 710 cm”; high-resolution mass spectrum calcd for C,,H,,ClO, 
(M+) 228.0940, found 228.0917. 

(E)-4,8-Dimethyl-2-[3,4-dimethary-S-(I-methylethyl)-phenyl]methyl-3, 7-nonadienenitrile (21). 
Aryldiene 21 was prepared as a colorless oil in 88% yield from (E)-4,8-dimethyl-3,7-nonadieno- 

nitrile (1.486 g, 9.10 mmol) and benzyl chloride 20 (2.035 g, 8.98 mmol) (tide supra): ‘H NMR 
(CDCI,) 6 6.68 (d, 1 H, J = 1.7 Hz, ArH), 6.65 (d, 1 H, J = 1.7 Hz, ArH), 5.13 (d, 1 H, J = 8.8 Hz, 
=CH), 5.06 (t, 1 H, J = 5.4 Hz, =CH), 3.85 (s, 3 H, OCH,), 3.80 (s, 3 H, OCZf,), 3.55 (q, 1 H, J = 
8.8 Hz, CiYCN), 3.34 (m, 1 H, J = 6.9 Hz, CH), 2.96 (dd, 1 H, J = 7.5, 13.5 Hz, CH+r), 2.80 (dd, 
1 H, J = 6.9, 13.5 Hz, CH,Ar), 2.03 (m, 4 H, 2 CHd, 1.68 (s, 3 H, CH3), 1.60 (s, 3 H, CH,), 1.54 (s, 
3 H, CH,), 1.21 (d, 6 H, J = 6.9 Hz, 2 CH,) ppm; C NMR (CDCl,) 6 152.0 (C), 145.0 (C), 141.5 
(C), 140.5 (C), 131.9 (C), 131.2 (C), 123.0 (CT-I), 120.2 (CN), 118.6 (CI-I), 117.9 (CI-I), 110.5 (CH), 
60.0 (OCH,), 55.1 (OCH,), 39.0 (CI-I,), 38.7 (CI-I,), 31.4 (CI-I), 26.3 Q-I), 25.8 (CI-I,), 25.0 (CH,), 
22.9 (2 CH,), 17.0 (CH,), 15.8 (CH3) ppm; IR (thin film) 3057-2823 (CH envelope), 2236 (CN), 
1588, 1488, 1464, 1432, 1308, 1226, 1146, 1068, 1012 cm‘ ; high-resolution mass spectrum calcd for 
C,H,,NO, (M+) 355.2512, found 355.2514. 

10-Cyano-5,6-dimeth~-7-(1-methyethy1)-1,~3,4,4a~,9,10~,10acr-octahydro-1,1,4a-trimethylphenan- 
threne (22). 

Cychxation of aryldiene 21 (0.556 g, 1.56 mmol) with BF3*CH3N02 (6.70 mL, 6.57 mmol, 
0.977 M) in CH,NO, (23.5 mL), (vide sup), by stirring 5 min at -20 “C! then overnight at room 
temperature, afforded 0.460 g (83%) of 22 as a single diastereomer following recrystalbzation from 
ethyl acetate:hexane (1:99). For 22 as a white solid: mp 118-120 “C, ‘H NMR (CDC13) 6 6.63 (s, 
1 H, ArH), 3.79 (s, 3 H, OCH,), 3.74 (s, 3 H, OCH,), 3.26-3.05 (cm, 3 H, CH, ArCHz), 3.00-2.89 
(cm, 2 H, C(4)-H,, CHCN), 1.69 (d, 1 H, J = 9.8 Hz, CH ring junction), 1.65-1.43 (cm, 4 H, C(4)-H,, 
C(2)-H,, (C(3yl,), 1.34 (s, 3 H, CH,), 1.29 (s, 3 H, CH,), 1.25 (buried m, 1 H, C(2)-H,), 1.20 (s, 
3 H, CH,), 1.16 (d, 6 H, J = 6.9 Hz, 2 CH,) ppm; 13C NMR (CDCl,) 6 151.6 (C), 150.0 (C), 140.7 
(C), 138.6 (C), 128.1 (C), 124.2 (C), 120.8 (CH), 60.0 (OCH,), 59.8 (OCH,), 53.6 (CH), 41.8 (CH,), 
40.9 (C), 37.7 (CH,), 36.5 (CT-Q, 34.3 (C), 33.9 @X3), 26.5 (CI-I), 25.0 @-I), 23.4 (CH,), 23.1 
(CH,), 22.5 (CI-I,), 22.4 (CH,), 18.8 (CH,) ppm; IR (KBr) 3075-2825 (CH envelope), 2230 (CN), 
1472, 1400, 1330, 1316, 1302, 1252, 1064, 1048, 1020 cm-‘; high-resolution mass spectrum calcd for 
C,H,,NO, (M+) 355.2511, found 355.2496. Anal. Calcd for CUH3,N0,: C, 77.69; H, 9.36. Found: 
C, 77.82; H, 9.32. 
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5,6-Dimet~-7-(l-methylethyl)-l,~3,4,~~,9,1O,l0a~-octahydro-9-axo-l,l,~-trimethylphe~ene 
(24); and lO-~ano-5,6-dimeth~-7-(l-methylethyl)-l,~3,~~~,lOa~-h~hydro-l,l,~-~ethyl- 
phenanthrene (23). 

A flame-dried, 25mL, round-bottomed flask equipped with a magnetic stirring bar, rubber 
septum, and argon inlet was swept with argon, charged with cychzed nitrile 22 (0.210 g, 0.59 mmoi), 
dry THF (8 mL) and cooled to 0 “C. LDA*THF complex (3.36 mL, 2.95 mmol, 0.879 M in 
methylcyclohexane) was added dropwise via syringe, and the resulting solution was stirred for 1 II at 
0 “C. The reaction mixture was cooled to -78 “C and dry oxygen was bubbled through the solution 
for 30 min. The reaction was quenched (at -78 “C) with acidic SnCl, (2 mL, 1 M in 2 M HCl), and 
the resulting solution was stirred at 0 “C for 30 min. The solution was diluted with Hz0 (5 mL), 
diethyl ether (10 mL) and then filtered through a pad of celite to remove inorganic salts The layers 
were separated and the ether layer was washed with H,O (5 mL), 10% aqueous NaOH (2 x 5 mL), 
Hz0 (5 mL) and brine (5 mL). The aqueous layers were back extracted with diethyl ether (3 x 5 
mL) and the combined organic phases were dried over anhydrous MgSO,. Evaporation of the 
solvents in vacua afforded 0.248 g of the crude product which contained 58% of 24, and 38% of 23 
by GLC. For 23 as a colorless oil: ‘H NMR (CDCl,) S 7.25 (d, 1 H, J = 2.8 Hz, =CZ), 6.75 (s, 1 
H, ArZY), 3.79 (s, 3 H, OCH,), 3.77 (s, 3 H, OCHJ), 3.24 (m, 1 H, J = 6.9 Hz, CH), 2.99 (br d with 
fine structure, 1 H, J = 10.5 Hz, C(4)-&), 2.37 (d, 1 H, J = 2.8 Hz, CH ring junction), 1.71-1.47 
(cm, 4 H, C(3yl,, C(2)-H,, C(4)-&), 1.30 (s, 3 H, CH,), 1.28 (s, 3 H, CH,), 1.20 (d, 3 H, J = 6.9 
Hz, CT&), 1.15 (d, 3 H, J = 6.9 Hz, CH,), 1.14 (buried m, 1 H, C(2)-H,), 1.14 (s, 3 H, C&) ppm; 
13C NMR (CDCl,) 6 153.7 (C), 150.9 (C), 146.3 (CH), 141.0 (C’), 139.3 (C), 127.3 (C), 122.2 (CI-I), 
109.5 (C), 60.2 (OCI-I,), 59.9 (OCH,), 51.5 (CH), 42.6 (CI-I& 41.6 (C), 35.9 @-I& 33.5 (CH,), 33.1 
(C’), 26.5 (CH), 23.4 (CT&), 22.8 (CH,), 22.1 (CHs), 19.3 (CI-Q), 18.7 (CI-IA ppm; IR (thin film) 
3033-2825 (CH envelope), 2200 (CN), 1610, 1440, 1400, 1300, 1262, 1096, 1020, 800 cm-‘; high- 
resolution mass spectrum calcd for C&H,,NO, (M+) 353.2355, found 353.2354. 

5,6-Dimet~-lO-hydrary-7-(l-methylethyl)-l,~3,4,4a~,9,10~ IOaar-octahydro-1,1,4a-trimethyl-phenan- 
threne (25). 

The crude product (0.248 g) from the oxidative decyanation reaction was dissolved in dry 
diethyl ether (5 mL) and lithium aluminum hydride (67 mg, 1.77 mmol) was added as a solid. The 
reaction mixture was stirred for 3 h at room temperature and then carefully quenched with 5% HCl 
(5 mL - caution, vigorous gas evolution). The reaction mixture was diluted with H,O (10 mL), 
diethyl ether (10 mL) and then filtered through a pad of celite to remove inorganic salts. The layers 
were separated and the ether layer was washed with saturated aqueous NaHCOs (10 mL), H,O (10 
mL) and brine (10 mL). The combined aqueous layers were back extracted with diethyl ether (3 x 10 
mL) and the combined organic phases were dried over anhydrous MgSO,. The solvents were 
evaporated in vacua and the crude alcohol was purified by MPLC [ethyl acetatezhexane for (1:19) 
elution] to afford 110 mg (54% from 22) of 25 as a colorless oil: ‘H NMR (CDCl,) 6 6.63 (s, 1 H, 
ArH), 4.61 (br s, 1 H, CZfOH), 3.84 (s, 3 H, OCH,), 3.75 (s, 3 H, OCH,), 3.23 (m, 1 H, J = 6.9 Hz, 
CH), 3.08 (dd, 1 H, J = 4.3, 17.1 Hz, ArcH,), 2.89 (br d with fine structure, 1 H, J = 12.7 I-Ix, C(4)- 
H,), 2.84 (d, 1 H, J = 17.1 Ha, ArcH,), 1.81 (dt, 1 H, J = 3.9, 12.7 Hz, C(3)-H), 1.69 (s, 3 H, CH,), 
1.56 (t, 1 H, J = 3.9 I-Ix, C(3)-If), 1.47 (br d with fine structure, 1 H, J = 15.3 Hz, C(2)-H,), 1.40 (s, 
1 H, Wring junction), 1.38 (buried s, 1 H, OH), 1.34 (dd, 1 H, J = 3.5, 12.7 Hz, C(4)-H,), 1.27 (s, 3 
H, CH,), 1.24 (buried m, 1 H, C(2)-H,), 1.19 (apparent t, 6 H, J = 6.9 Hz, 2 CZfj), 1.02 (s, 3 H, 
CH,) ppm; 13C NMR (CDCl,) 6 152.2 (C), 149.4 (C’), 140.2 (C), 138.9 (C), 127.7 (c), 122.2 (CH), 
65.7 (CT-I), 59.9 (OCH,), 59.7 (OCH,), 54.1 &I-I), 42.3 (CH& 42.1 (CI-Id, 39.8 (cH2), 39.0 (C), 34.3 
(C), 34.1 (CH,), 26.5 (CI-I), 24.0 (CH,), 23.5 (CH,), 23.3 (CH,), 23.2 (CH,), 19.5 (CHd ppm; IR 
(thin film) 3464 (br, OH), 3047-2818 (CH envelope), 1470, 1446, 1404, 1328, 1304, 1070, 1054, 1028 
cm-‘; high-resolution mass spectrum calcd for C,H3,03 (M+) 346.2508, found 346.2508. 
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