
J. Org. Chem. 1993,58, 5135-5144 5135 

Intramolecular Formal [3 + 21 Cycloaddition of Alkenes and 
Benzylic Cations. Stereoselective Synthesis of 

1,2,3,4,4a,9a-Hexahydrofluorenes 

Steven R. Angle’ and Rogelio P. Frutos 
Department of Chemistry, University of California, Riverside, California 92521 -0403 

Received April 2, 1993 

The Lewis acid-promoted intramolecular formal [3 + 21-atom “cycloaddition” of alkenes with benzylic 
cations derived from benzylic alcohols and quinone methides affords products in good yield and with 
remarkable stereoselectivity. Benzylic alcohol 20 affords hexahydrofluorene 36 with three new 
stereogenic centers in 73 96 yield as a 1O: l  mixture of diastereomers. The scope and limitations of 
these reactions were explored by varying the substitution pattern on the benzylic cation, the cyclization 
initiators, and the alkene terminators. 

Introduction 
Previous work in our laboratory has shown that quinone 

methides and benzylic cations react with alkenes in the 
presence of Lewis acids to afford 2,3-dihydro-lH-indenes 
2 via a formal [3 + 21 “cycloaddition” reaction (eq 1).l 
When E-styrenes are used as the 2-atom component, these 
reactions occur in good yield and allow complete control 
of the relative stereochemistry at  the three newly formed 
stereogenic centers on the 2,3-dihydro-lH-indene. How- 
ever, 2-styrenes afford products with stereocontrol at  only 
two of the three stereogenic centers, C(2) and C(3). This 
reaction is a formal [3 + 21-atom “cycloaddition” that 
appears to involve initial nucleophilic capture of the 
benzylic cation to afford a new cation 1, which undergoes 
intramolecular electrophilic aromatic substitution to afford 
the product 2. A priori we had expected both E- and 

L I -  -I 

2-styrene isomers to afford an identical cationic inter- 
mediate (1) that should then cyclize to afford the same 
products in similar ratios. The origin of the difference in 
their reactivity was unclear; however, it appeared possible 
that E- and 2-styrenes might react via different transition 
states. 

One potential way to examine the difference in behavior 
of the styrene isomers is to construct a substrate for an 
intramolecular “cycloaddition” differing only in alkene 
geometry. If the ring to be formed is a six-membered 
ring, the known preference for cyclization reactions to 
proceed via a chair conformation2 should result in E- and 
2-styrenes being constrained to essentially the same 

(1) Angle, S. R.; Arnaiz, D. 0. J.  Org. Chem. 1992, 57, 5937. 
(2) Bartlett, P. A. ”Olefin Cyclization Processes that Form Carbon- 

Carbon Bonds” In Asymmetric Synthesis; Morrison, J. D., Ed.; Academic 
Press: New York, 1984; Vol. 3, pp 341-409. 
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transition state. If the intermediate cation (analogous to 
1, eq 1) has a significant lifetime, both alkenes should 
afford identical product mixtures. In addition, the in- 
tramolecular nature of the reaction might allow less- 
reactive alkenes to be used in the formal cycloaddition as 
well as styrenes. 

We report here the results of such a study using both 
quinone methides and benzylic alcohols as precursors to 
the benzylic cations. The scope and limitations of the 
reaction were explored by varying the substitution pattern 
on both the benzylic cation and the alkene. The chemistry 
developed provides a method for the stereoselective 
synthesis of highly functionalized hydrofluorenes.3 This 
skeleton is a common subunit in many natural  product^.^ 
In addition, substituted hydrofluorenes have been used 
as advanced intermediates in the synthesis of diterpenoids 
of the gibberellin familyS3 The high level of stereocontrol 
and the increased complexity available with cycloaddition 
type methodology make this methodology noteworthy. 

Results and Discussion 
Synthesis of Substrates. A major challenge in the 

preparation of the substrates was the stereoselective 
synthesis of E- and 2-styrenes. This problem was solved 
by employing a Still-modified Wittig reactions for the 
synthesis of 2-styrenes with >lo1 ZIE selectivity. Isomer- 
ization of 2-styrenes then afforded E-styrenes with >20:1 
El2 selectivity.6 The Wittig approach requires that the 
styrene be constructed from an aromatic aldehyde and an 
aliphatic Wittig reagent. The reverse combination, a 
benzylic Wittig reagent and an aliphatic aldehyde affords 
styrenes with ca. 7:3 El2 se1ectivity.I 

To implement this strategy, the known alcohol 3* was 
converted to bromide 4 and treated with triphenylphos- 

(3) (a) Nagaoka,H.;Shimano, M.;Yamada, Y. TetrahedronLett. 1989, 
30, 971, and refs cited therein. (b) Mander, L. N.; Hook, J. M.; Urech, 
R. J.  Am. Chem. SOC. 1980,102,6628. (c) Mori, K.; Shiozaki, M.; Itaya, 
N. Tetrahedron Lett. 1968, 18, 2183. For reviews on the synthesis of 
gibberellins see: (d) Mander, L. N. Acc. Chem. Res. 1983, 16, 48. (e) 
Fujita, E.; Node, M. Heterocycles 1977, 7, 709. 

(4) (a) Hanson, J. R. The Tetracyclic Diterpenes; Pergamon Press: 
London, 1968. (b) Gibberelim: Crozier, A., Ed.; Praeger: New York, 
1983. 

(5) Sreekumar, C.; Darst, K. P.; Still, W. C. J.  Org. Chem. 1980,45, 
4260. 

(6) Schwarz, M.; Graminski, G. F.; Waters, R. M. J.  Org. Chem. 1986, 
51, 260. 

(7) Frutos, R. P., unpublished results from these laboratories. To our 
knowledge the effect of the Still conditione6 on the EIZ-selectivity of 
benzylic Wittig reagents has not been reported. 

0 1993 American Chemical Society 
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Scheme 1" 
" 7 $ C H 3  OTBDMS cH3y&3 OTBDMS fcH3$; 

a-d ~ - - 
0 / Ph 

X 

3 , X = O H  6, R = TBDMS a 
4, X = Br e 7, R =  H 

5 , X = l  

a Reagents (a) CBrd, Ph@, 92 % ; (b) NaI, acetone, 90% ; (c) Ph@, 
96% ; (d) KN(TMS)z, HMPA, (C&)CHO,THF, 70% ; (e) (n-Bu)JW, 
THF, 91 % ; (f) PhSH, AIBN, C&, reflux, 67%. 

phine to afford an oily Wittig salt. Condensation of the 
conjugate base of this phosphonium bromide with ben- 
zaldehyde afforded poor yields of alkenes (Scheme I). 
However, the corresponding iodide 5 afforded a solid Wittig 
salt that could be crystallized. Treatment of the purified 
phosphonium iodide with benzaldehyde under Still- 
modified Wittig conditions6 afforded 2-styrene 6 in 67 % 
yield from 5 with >10:1 Z/E-selectivity (1H NMR). 
Cleavage of the silyl ether afforded 7. Isomerization of 
the 2-alkene to the E-alkene using the method of Schwarz, 
Graminski, and Waterseafforded E-styrene 8 in 67 % yield 
with >201 EIZ ratio (lH NMR). 

Substrates 10 were readily available as mixtures of 
diastereomers from (*)-citronellal and the corresponding 
aryllithiums (eq 2). Cleavage of the benzylic alcohol 10a 

ArBr 1. t-BuLi - H p H 3 1 - 3 @ 3  Ar CH3 

a Ar - 3,5-dimethyC4-hydroxyphenyl 
b Ar = 4-(t-Butyldimethylsilyl)oxy-3-methoxyphenyl 
c Ar = 4-methoxyphenyl 
d Ar = 3-methoxyphenyl 

(2) 2. citronellal 

CH3 10 

Angle and Frutos 

homologation,6 afforded styrene 17 in 67 % yield. Depro- 
tection of the primary alcohol and oxidation under Swem 
conditions afforded aldehyde 18 in 80% yield. Isomer- 
ization of 18 as described above6 afforded E-styrene 19. 

"Cycloaddition" Studies: Quinone Methides. We 
elected to first examine the intramolecular "cycloaddition" 
reactions in which the benzylic cation was derived from 
the corresponding quinone methide, which was in turn 
prepared by oxidation of the appropriate phenol with 
Ag2O.loJ1 The SnC4-promoted cyclization of 2-styrene 
22 at 0 "C afforded hexahydrofluorenes 23a and 23b as a 
2.31 mixture ('H NMR) in 81 % yield (entry 1, Table I). 
Carrying out the reaction at  -78 "C resulted in a virtually 
identical ratio (2.41, 'H NMR) of 23a and 23b in 67% 
yield. Treatment of 22 with T ic4  at  -78 "C afforded low 
yields of 23.12 The cyclization of E-styrene 24 with SnC4 
afforded 23a and 23b as a 4.2:l ratio in 52% yield. The 
Tick-mediated cyclization of 24 at -78 "C afforded a 9 1  
ratio of 23a to 23b (entry 5, Table I). The minor difference 
in product ratios between the isomeric styrenes may be 
due to conformational differences in the cyclization 
transition states. 

In an effort to probe the generality of the reaction with 
alkenes other than styrenes, di- and tri-substituted alkenes 
25 and 27 were examined. Treatment of quinone methide 
25 with Tic4 at -78 "C afforded 26 in 88% yield as a 
single diastereomer (entry 6, Table I). This formal 
'cycloaddition" which is a tandem cationic cyclization- 
electrophilic aromatic substitution occurs smoothly when 
a tertiary cation intermediate is formed upon reaction with 
the benzylic cation. 

In an attempt to examine the formation of a secondary 
cation as an intermediate, disubstituted alkene 27 was 
subjected to the conditions of the formal cycloaddition. 
Alkene 27 failed to afford any [3 + 21 'cycloaddition" 
products. The first step in the reaction, capture of the 
benzylic cation by the pendant alkene does occur, but, the 
subsequent electrophilic aromatic substitution does not. 
The product obtained, 28a, may be derived from elimi- 
nation of the secondary cation to an alkene exocyclic to 
the six-membered ring, followed by acid-mediated alkene 
isomerization to ultimately afford the observed trisub- 
stituted alkene. The unstable styrene phenol was char- 
acterized as the acetate 28b. It appears that the alkene 
is nucleophilic enough to capture the benzylic cation, 
however the resulting secondary cation is not trapped by 
the adjacent aryl group. Employing a large excess of 
ethylaluminum dichloride to initiate cyclization and reduce 
the intermediate cation resulted in the formation of 29 in 
69% yield (Table I, entry 8). The formation of 29 provides 
further evidence that the initial capture of the benzylic 
cation is an efficient process. 

Entry 9 in Table I illustrates that the methodology is 
applicable to highly functionalized alkenes that contain 
a Lewis base. Treatment of enamide 14 with SnC4 or 
T ic4  failed to afford any cyclized products. Treatment 
of 14 with BF3eEh0 afforded 31 in 70% yield as a single 
dia~tere0mer.l~ The lH NMR spectrum of 31 was com- 
plicated by the presence of two amide rotational isomers. 

(10) Dyall, L. K.; Winetaiq, S. J. Am. Chem. SOC. 1972,94,2196. 
(11) For examplea of the oudative synthesis of quinone methides from 

our laboratory see: (a) Angle, 5. R; Turnbull, K. D. J. Am. C k m .  SOC. 
1989,111,1136. (b) Angle, 5. R.; Louie, M. L.; Mattson, H. L.; Yang, W. 
Tetrahedron Lett. 1989,30,1193. 

(12) Exnmiition of the 1H N M R  spectrum of the crude reaction 
mixture showed the presence of ca. 16% of a compound believed to be 
the [3 + 21 adduct and a simii amount of a compound believed to be 
the tertiary alkyl chloride. 

afforded l la in an unoptimized 42% yield. 2-Alkene 13 
and enamideg 14 were both prepared from the known 
aldehyde 128 as shown in eq 3. 

cH3vH3 
Benzylic alcohols 20 and 21 (see Table I1 for structures) 

were prepared from 18 and 19, respectively, upon con- 
densation with the appropriate aryllithium. Aldehydes 
18 and 19 were prepared as shown in Scheme 11. Protection 
of citronellol, followed by ozonolysis and reduction, 
afforded 15 in 66 % overall yield. Conversion to iodide 16, 
followed by reaction with triphenylphosphine and Wittig 

(8) Angle, S. R.; Rainier, J. D. J. Org. Chem. 1992,57, 6883. 
(9) For a general preparation of enamides of this type see: Martin, S. 

F.; Li, W. J. Org. Chem. 1991,56,612. 
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Table I. “Cycloaddition” Reactions with  Benzylic Cations Derived from Quinone Methides 
entry phenol quinone methide Lewis acid tamp, OC product(s) 76 yield0 
1 
2 
3 

7 
4 

5 $h / 

8 

6 PH 

1 l a  

7 

1 3  

8 

9 

13 

1 4  

% / Ph 

$H, 0 CH, 

$ CH, 

2 2  

$h / 

2 4  

2 5  

2 7  

27 

0 3:: 
3 0  

SnC4 0 81 (2.3:l) 

Tic4 SnC4 
-78 -78 yjim%.. - 57 (2.41) 

23a 23b 

SnC4 0 23a 23b 52 (4.21) 
Tic4 -78 23a 23b 66 (91) 

Tic4 

EtAlCl2 

-78 

25 

BFs.OE& -78 

28a, R = H 
28b, R = AC 

&-. 
2 9  

V 
31 R = AC 
32 R = Et 

49 

69 

70 

0 The unoptimized yield is followed by the diastereomer ratio determined by 1H NMR in parentheses. 

Reduction of 31 with LiAlHr afforded 32 in 52% yield. 
The lH NMR spectrum of 32 was simplified relative to 31 
and allowed the assignment of the relative stereochemistry 
(see below). 

Quinone methide-initiated formal [3 + 21 “cycloaddi- 
tions” afford producta in high yield and with good 
stereoselectivity. The application of the methodology to 
cases where benzylic alcohols are used as the precursor to 
the benzylic cation was investigated next. 

(13) It ia possible that 28a and 35 are formed by interaction of the 
initially formed benzylic cation wi th  the alkene, followed by a direct 
[1,3]-hydrogen ehift to afford a new benzylic cation that undergoes 
elimination to afford the observed styrene producta. For a similar reaction 
that affords a cycloheptene see: Angle, S. R.; Mattson, H. L. J. Am. 
Chem.Soc. 1992,114,9782. Themecha” of these reactions ie currently 
under investigation. 

(14) (a) For a preliminary report from our laboratory on the use of 
enamidea 88 cyclization terminators see: Angle, 5. R.; F ~ t o s ,  R. P. J. 
Chem. SOC. Chem. Commun. 1993,171. For examples of the capture of 
ene carbamatea with carbon electrophiles see: (a) C o m b ,  D. L.; Mantlo, 
N. B. Tetrahedron Lett. 198S,24,3683. (b) Shono, T.; Matsumura, Y.; 
Tsubata, K.; Sugihara, Y. Tetrahedron Lett. 1982,23,1201. 

“Cycloaddition” Studies: Benzylic Alcohols. In 
order to ascertain the effect of the source of the cation 
(quinone methide vs benzylic alcohol) on the reaction, 
10a was treated with T ic4  at -78 O C  to afford 26 in 90% 
yield as a single diastereomer (entry 1, Table 11). This is 
virtually identical to the result obtained with the corre- 
sponding quinone methide (entry 6, Table I). The 
tolerance of the reaction to varying substitution of the 
aromatic ring of the cation was next studied (entries 2-4, 
Table 11). Substrate 10b with one ortho-substituent and 
a p-silyl ether afforded 33 in 64% yield, again as a single 
diastereomer. Substrate 1Oc with a single p-methoxy 
substituent afforded the expected product 34 in 59% yield 
and an unexpected product 35 in 23% yield.’3 Benzylic 
alcohol 1Oc is the first substrate examined that did not 
possess a meta-substituent to facilitate the intramolecular 
electrophilic aromatic substitution. Capture of the tertiary 
cation may be slower in this case, allowing time for 
elimination to an alkene that then undergoes acid- 
mediated isomerization to styrene 35.’3 Benzylic alcohol 
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2 Tic4 -78 64b 

Table 11. "Cycloaddition" Reactions with Benzylic Cations Derived from Benzylic Alcohols 
entry benzylic alcohol Lewis acid temp, OC product(s) % yieldo 

1 Tic4 -78 90 jk3 HO 0 CHI y$:, 
cn3"7& / CHI cn30$2.$;3 

5, no 0 CH, H f$,j$ wHCH3 CH, 

...' 
1 oa 2 6  

OTBDMS 

..' 
1 0 b  3 3  

Tic4 52/34 

,..' 
34 35 

1 oc  

3 0 

4 

5 
6 

7 

CH,O 

1 Od 
OTEDMS 

2 0  
OTBDMS 

2 1  

Tic4 0 

0 
-78 

-78 

OH 

36 

23/35 - 

93 (2.6:1)* 
73 (10l)b 

67 (10l)b 

a The unoDtimized yield is followed by the diastereomer ratio determined by 'H NMR in parentheses. b The crude product was treated with 
(n-Bu)m prior to chromatography. 

Scheme IIa 
OTBDPS 

/Jx SL hPh LJyh 
CH3 CH3 

15, X = OH 17, Y = OTBDPS, H 19 
1 6 , X - l  18, Y = 0 

OReagenta: (a) MsCl, EtaN, Eh0; (b) NaI, acetone, 85% (two 

(e) TBAF, THF, 89% ; (0 Cl(CO)&l, DMSO, Et& CHzC12, 90% ; 
(g) AIBN, PhSH, C&, reflux, 76%. 

10d possesses a m-methoxy group to aid the electrophilic 
aromatic substitution, but lacks a para-substituent to 
stabilize the initial benzylic cation. It was surprising to 
find that treatment of 10d with T ic4  or SnCb at  -78 OC, 
0 "C, or 25 "C afforded only intractable product mixtures. 
The disappearance of starting material is likely linked to 
formation of a cation.16 Yet neither cyclization nor 
"cycloaddition" products were observed. These examples 

steps); (c) Phsp, 89%; (d) KN(TMS)2, HMPA, PhCHO, THF, 84%; 

(15) The substrata with all hydrogens on the aryl ring of the cation also 
afforded intractable product mixtures; Frutos, R. P., unpublished results 
from these laboratories. 

show that benzylic cations with both meta- and para- 
electron-donating substituents are optimum for good yields 
of "cycloaddition" products. 

Entries 5-7 in Table I1 examine the formation of three 
new stereogenic centers relative to an existing stereogenic 
center. The substrates differ only in the geometry of the 
alkene. It was hoped that the methyl group on the tether 
would decrease the available degrees of freedom by 
providing a preference for a chair transition state with 
this group in a pseudoequatorial position, thus minimizing 
the differences between the E- and 2-styrenes. Treatment 
of 20 with SnC4 at -78 "C afforded 36 as a 101  mixture 
of diastereomers (1H NMR). Conducting the reaction at 
0 "C afforded a 2.61 ratio of diastereomers (1H NMR). 
The stereochemistry of the minor diastereomer was not 
determined; a pure sample of this less-polar diastereomer 
could not be obtained. E-Styrene 21 was treated with 
T ic4  at -78 OC to afford 36 as a 101  mixture of the same 
two diastereomers obtained with 20. Constrained to 
similar transition states at low temperature, both styrene 
isomers afford the same products in identical ratios. 

Assignment of Relative Stereochemistry for the 
Cycloadducts. The relative stereochemistry of the 
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“cycloaddition” products was assigned on the basis of lH 
NMR spectral data and difference NOE experiments. The 
spectra of the hydrofluorenes were similar, and self- 
consistent for compounds with trans-ring junctions and 
cis-ring junctions. The trans relative stereochemistry of 
C(9a)-hydrogen to C(9)-hydrogen and C(9a)-hydrogen to 
C(4a)-hydrogen in 36 was evident from the magnitude of 
the coupling constants: J[H(9a)-H(9)] = 10.5 Hz, 
J[H(9a)-H(4a)l = 11.3 Hz (see conformational drawing 
below for numbering system). The cis-orientation of C(4a)- 
hydrogen and C(S)-hydrogen was confirmed by a difference 
NOE experiment. Irradiation of the signal for C(9)- 
hydrogen at  6 3.97 caused a 2.1% enhancement of the 
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Conclusion 

The intramolecular reaction of benzylic cations with 
alkenes was found to be a general reaction that is 
compatible witha range of alkene components. The choice 
of precursor to the cation, benzylic alcohol or quinone 
methide, is governed by the ease of substrate preparation, 
since both afford good yields of ’cycloadducts”. The 
reaction requires the cation to have an electron-donating 
group on the ring for stabilization. The major requirement 
of the alkene terminator is that it possesses a stabilizing 
group to allow sufficient lifetime for the cation to undergo 
intramolecular electrophilic aromatic substitution. A 
tertiary cation, benzylic cation, and acyliminiun ion all 
allowed trapping of the intermediate cation. A secondary 
cation failed to undergo the electrophilic aromatic sub- 
stitution. The exploitation of this methodology in the 
synthesis of functionalized hydrofluorenes is currently 
under investigation. 

H n h  

36 

signal for C(4aI-hydrogen a t  6 3.21. This places the phenyl 
in a pseudoequatorial orientation. The equatorial orien- 
tation of the C(3)-methyl group was evident from the axial 
orientation of the C(3)-hydrogen. The signal for the C(4)- 
axial hydrogen appeared at  6 1.05 as a ddd (all J = 11.5 
Hz), consistent with an axial hydrogen with coupling to 
two adjacent axial hydrogens [C(3)-hydrogen and C(4)- 
hydrogen] and a geminal hydrogen. In compounds with 
a trans-ring junction (Tables I and 11), J[H(9a)-H(4a)l 
ranged from 10.5 to 11.7 Hz. 

The cis-ring junction of 23b was clearly evident from 
the C(4a)-hydrogen and C(9a)-hydrogen coupling constant 
of 5.4 Hz. The cis-orientation of the phenyl to the C(4a)- 
hydrogen was deduced by a NOE experiment. Irradiation 
of the signal for the C(4aI-hydrogen at  6 3.21 caused no 
enhancement of the signal for the C(9)-hydrogen, but did 
cause a 1.7 % enhancement of the signal for the o-hydrogens 
on the phenyl ring. 

Comparison of the Intramolecular and Intermo- 
lecular “Cycloaddition” Reactions. The results with 
styrenes 20 and 21 (entries 6 and 7, Table 11) show that 
if constrained to the same transition state both E- and 
2-styrenes afford virtually identical mixtures of products. 
This is probably due to the fact that both reactions are 
preceeding through similar transition states (37 and 38) 
and a common cationic intermediate (39) which collapses 
to 36, placing the phenyl substituent in the a-orientation 
to minimize steric interactions (eq 4). It seems likely that 

21 2o k % [ & q T +  Acid 

37 
38 

R’ = H ,  R2 = Ph 
R’ = Ph, R2 = H (4) 

39 

the intermolecular reactions of E- and 2-styrenes (eq 1) 
previously examined proceed through different transition 
states. 

Experimental Section1& 
General Information: NMR spectra were recorded on a 

General Electric QE-300 or GN-500 NMR. Shifta reported are 
relative to internal tetramethykilane; coupling constants (J) are 
reported in hertz, refer to apparent peak multiplicities, and may 
not necessarily be true coupling Constants. Abbreviations used 
are as follows: s = singlet, d = doublet, t = triplet, q = quartet, 
p = pentuplet, br = broad. Mass spectra are reported as % 
relative intensity to the parent peak. HPLC was carried out 
with an RI detector using a 25-cm column (4.6 mm or 1.0 cm i.d.) 
packed with 8 wm silica gel. Melting points were determined 
using a capillary melting point apparatus and are uncorrected. 
The molarities indicated for alkyllithiums were established by 
titration with 2,5-dmethoxybenzyl alcohol.leb In cases where 
products were isolated by “aqueous workup (solvent, drying 
agent)” the procedure was to dilute the reaction mixture with 
water, extract the aqueous layer several times with the indicated 
organic solvent, wash the combined organic layers with brine, 
dry over the indicated drying agent, and concentrate the reaction 
mixture. “Concentration” in the experimental procedures refers 
to isolation of product(s) from a solvent/product mixture by 
removal of the solvent under reduced pressure (water aspirator) 
with a Rotavapor. Unless stated otherwise, all reactions were 
run under an atmosphere of nitrogen or argon in oven-dried 
glassware. 

1-[ (tert-Butyldimethylsilyl)oxy]-4-( 6-bromohexyl)-2,6- 
dimethylbenzene (4). Triphenylphosphine (1.36 g, 5.19 mmol) 
was added a stirred solution of alcohol 38 (896 mg, 2.66 mmol) 
and CBr, (1.75 g, 5.29 mmol) in ether (40 mL) at room 
temperature. The resulting mixture was stirred for 2.5 h and 
then water (60 mL) was added. After stirring for 10 min, the 
solution wa8 filtered to remove triphenylphosphine oxide. 
Aqueous workup (ethyl acetate, MgSOd) and flash chromatog- 
raphy (hexane) afforded 1.03 g of 4 contaminated with CBr4. The 
CBr4 was removed by heating the resulting oil under high vacuum 
to afford 982 mg (92%) of 4 as a clear oil: lH NMR (300 MHz, 
CDCls) 6 6.79 (s,2H, ArH), 3.42 (t, J =  6.8 Hz, 2H, CHIBr), 2.50 

7.2 Hz, 2H, CHI), 1.62 (m, 2H), 1.49 (m, 2H), 1.38 (m, 2H), 1.06 
(s,9H, C(CHs)~),0.21(8,6H, Si(CH&; lsC NMR (75 MHz, CDCg) 
6 149.9,134.9,128.6,128.0,34.9,33.8,32.7,31.3,28.4,28.0,26.2, 
18.7,17.8, -2.9; IR (CCL) 2932,1483,1255, 1230 cm-l; MS (EI, 
50 eV) mlz 400 (M+, 34), 398 (M+, 361,273 (loo), 271 (97), 73 (42); 
HRMS calcd for C d d r O S i  398.1641, found 398.1640. 

1-[ (tert-Butyldimethylsilyl)oxy]-4-( 6-iodohexyl)-2,6-di- 
methylbenzene (5). NaI (473 mg, 3.15 mmol) was added to a 
solution of 4 (400 mg, 1.00 mmol) and acetone (3.2 mL) at room 
temperature. The resulting solution was refluxed for 3 h, allowed 
to cool to room temperature, filtered through Celite, and 
concentrated to afford a yellow oil. Aqueous workup (ethyl 

(t, J = 7.7 Hz, 2H, ArCHz), 2.21 (8,6H, Ar(CHs)2), 1.89 (p, J = 

(16) (a) Some general experimental details have recently been report- 
e d  see ref 8. (b) Winkle, M. R.; Lanainger, J. M.; Ronald, R. C. J. J. 
Chem. SOC. Chem. Commun. 1980,87. 



5140 J. Org. Chem., Vol. 58, No. 19, 1993 

acetate, Nafi04) afforded 404 mg (90%) of 5 as a clear oil: IH 
NMR (300 MHz, CDCb) 6 6.76 (e, 2H, ArH), 3.18 (t, J = 7.1 Hz, 

(CH&), 1.83 (p, J t 7.2 Hz, 2H, CHa), 1.58 (m, 2H), 1.45-1.31 
(m, 4H), 1.03 (8, 9H, C(CH&j, 0.18 (8, 6H, Si(CHa)a); NMR 
(75MHz,CDC&) 6 149.9,135.0,128.6,128.1,34.9,33.5,31.3,30.3, 
28.2,26.1,18.7,17.8,7.0, -2.9; IR (CDCb) 2932,1484,1473,1255, 
1232 cm-1; MS (EI, 50 eV) m/z 446 (M+, 42), 319 (loo), 73 (46); 
HRMS calcd for CdwOSiI  446.1502, found 446.1521. 
(2)-74 44 ( tert-Butyldimethylsily1)oxy 1-3,s-dimethyl- 

phenyl]-1-phenyl-1-heptene (6). Triphenylphosphine (262 mg, 
1.25 "01) was added to iodide 4 (387 mg, 0.866 mmol) and the 
mixture was heated neat for 20 h at 70 OC.l7 The resulting 
amorphous solid was allowed to cool to room temperature, 
dissolved in a minimum amount of CHC&, and crystallized by 
addition of hot ether to afford 591 mg (96%) of {6-[4-[(tert- 
butyldimethylsilyl)oxy]-3,5-dimethylphenyll hexyl)- 
triphenylphosphonium iodide as a white solid: 'H NMR (300 
MHz, CDCg) 6 7.86-7.65 (m, 15H, (C&)Sp), 6.67 (8,  2H, ArH), 
3.58 (m, 2H, CHsP), 2.37 (t, J =  7.7 Hz, 2H, ArCHa), 2.12 (8, 6H, 
Ar(CH&), 1.71-1.54 (m, 4H), 1.47 (m, 2H), 1.27 (m, 2H), 0.98 (8, 
9H, C(CHS)~), 0.13 (s, 6H, Si(CH&); '9c NMR (75 MHz, CDCU 
6 149.8,135.0 (d, J = 9.8 Hz), 134.8,133.5 (d, J = 9.8 Hz), 130.5 
(d, J = 12.3 Hz), 128.5,127.9,118.0 (d, J = 85.4 Hz), 34.7,30.9, 
30.2 (d, J = 15.1 Hz), 28.7, 26.0, 23.1 (d, J = 49.7 Hz), 22.6 (d, 
J 4.4 Hz), 18.6, 17.7, -3.1; IR (CDCb) 2933, 1440, 1232, 1113 
cm-1. Using the general procedure of Sreekumar, Damt, and 
Still: hexamethyldisilazane (280 pL, 1.33 "01) was added to 
a stirred suspension of potassium hydride (52.7 mg, 1.31 "01) 
and THF (1.3 mL) at room temperature. After stirring for 1 h 
this mixture was added via cannula to a stirred solution of the 
above Wittig salt (625 mg, 0.882 "01) and HMPA (280 pL, 1.61 
"01) in THF (4.0 mL). The reaulting orange solution was stirred 
for 20 min at room temperature and then cooled to -78 "C for 
10 min. Benzaldehyde (300 pL, 2.95 mmol) was then added 
dropwise, and the resulting solution was allowed to warm to room 
temperature over 1 h and stirred for an additional 1 h. Aqueous 
workup, (ethyl acetate, MgSOd afforded 937 mg of crude product 
as a brown oil. Flash chromatography (91 hexane/ethyl acetate) 
afforded 253 mg (70%) of 6 as a clear oil: 'H NMR (300 MHz, 
CDCg) 6 7.46 (m, 5H, Cas ) ,  6.94 (8, 2H, ArH), 6.59 (d, J =  11.4 
Hz, lH, C H 4 H A r ) ,  5.86 (dt, J = 11.4 Hz, 7.5 Hz, lH, 

7.5 Hz, 2H, CHaCHaCH), 2.38 (8, 6H, Ar(CHa)a), 1.76 (m, 2H), 
1.67 (m, 2H), 1.56 (m, 2H), 1.24 (e, 9H, C(CH&), 0.38 (8, 6H, 
Si(CH& 1 4 2  NMR (75 MHz, CDCls) 6 149.9,137.8,135.2,133.0, 
128.8,128.7,128.6,128.0,128.0,126.4,35.0,31.5,29.8,29.0,28.5, 

cm-l;MS (EI,50eV) m/z408(M+, 100),351(35), 117 (48);HRMS 
calcd for CnI&OSi 408.2848, found 408.2862. 
(2)-7-(3,S-Dimethyl-4-hydroxyphenyl)-l-phenyl-l-hep- 

tene (7). n - B W  (300 pL of a 1 M solution in THF, 0.30 "01) 
was added dropwise to a stirred solution of 6 (253 mg, 0.620 
mmol) and THF (4.0 mL) at  room temperature. The resulting 
solution was stirred at room temperature for 8 h. Aqueous workup 
(ethyl acetate, Nafi04), afforded 267 mg of crude product as a 
brown oil. Flash chromatography (91 hexane/ethyl acetate) 
afforded 165 mg (91%) of 7 as a clear oil: 'H NMR (300 MHz, 
CDCb) 6 7.36-7.22 (m, 5H, C a b ) ,  6.77 (8,  2H, ArH), 6.41 (d, J 
= 11.7 Hz, lH, CH-CHAr), 5.66 (dt, J = 11.7, 7.2 Hz, lH, 

1.80-1.30 (m, 6H); IT NMR (75 MHz, CDCb) 6 150.0, 137.8, 
134.3, 133.1, 128.7, 128.7, 128.4, 128.1, 126.4, 122.7, 35.0, 31.7, 
29.8,29.0,28.5,15.8; IR (CDCb) 3611,2931,1489,1198 cm-'; MS 
(EI, 50 eV) m/z 294 (M+, 26), 161 (60), 135 (loo), 91 (33); HRMS 
calcd for CalHaaO 294.1984, found 294.1992. 
(l9-74 3,s-Dimet hyl-4-hydroxyphenyl)- 1-phenyl- l-hep- 

tene (8). According to the general procedure of Schwarz et a1.t 
AIBN (22.6 mg, 0.138 "01) was added in three equal portions 
over a period of 5 h to a refluxing solution of 7 (30.9 mg, 0.105 
"01) and thiophenol(5.5 pL, 0.0536 "01) in benzene (2 mL). 
The mixture was allowed to cool to room temperature and 
concentrated to afford 48.6 mg of a brown oil. Flash chroma- 

2H, CHJ), 2.47 (t, J = 7.7 Hz, 2H, ArCHa), 2.18 (8, 6H, Ar- 

C H S C H ~ H ) ,  2.65 (t, 2H, J =  7.7Hz,ArCHa), 2.52 (dq, J =  1.4, 

26.1, 18.7, 17.8, -3.0; IR (CDCla) 2931, 1484, 1473, 1255, 1232 

CHpCHdH), 4.46 (8, lH, OH), 2.46 (t, J =  7.7 Hz, 2H, ArCH2), 
2.34 (dq, J 1.4, 7.5 Hz, 2H, CHZCH), 2.22 (8,  6H, Ar(CHs)2), 

Angle and Frutos 

tography (91 hexane/ethyl acetate) afforded 20.8 mg (67%) of 
8 as a clear oil: lH NMR (300 MHz, CDCb) 6 7.41-7.18 (m, 5H, 
C a s ) ,  6.82 (s,2H, ArH), 6.41 (d, J =  15.9 Hz, lH, CH--CHPh), 
6.47 (dt, J 15.9,6.6 Hz, lH, CHaCH-CH), 4.51 (8, lH, OH), 
2.52 (t, J = 7.5 Hz, 2H, CH&, 2.31-2.14 (m, 2H), 2.25 (a, 6H, 
Ar(CHa)s), 1.69-1.46 (m, 6H); 1% (75 MHz, CDCb) 6 150.0,137.9, 
134.4,131.0,129.7,128.4,126.7,125.9,122.7,35.0,32.9,31.7,29.2, 
28.8,15.8; IR (CDCU 3611,1489,1198, 1150 cm-'; MS (EI, 50 
eV)m/z294(M+,73),161(77),135(100);HRMScalcdforCalH~O 
294.1984, found 294.1975. 
(f)-l-(3,5-Dimethyl-4-hydroxyphenyl)-3,7-dimethyl-6- 

octen-1-01 (loa). n-BuLi (9.70 mL of a 1.96 M solution in 
hexanes, 19.0 "01) was added dropwise to a stirred solution of 
4bromo-2,6-dimethylphenol(3.82 g, 19.0 "01) and THF (102 
mL) at -78 "C. The resulting solution was stirred for 40 min and 
then t-BuLi (22.0 mL of a 1.27 M solution in pentane, 27.9 "01) 
was added dropwise. The mixture was stirred vigorously for 2 
hand then citronellal (4.40 mL, 30.0 "01) wasadded dropwise. 
The resulting solution was allowed to warm to room temperature, 
stirred for 40 min, and then poured into saturated aqueous 
NaHCOs solution (500 mL). Aqueous workup (ethyl acetate, 
MgSOd afforded 7.40 g of crude product as a yellow oil. 
Crystallization (ether/hexane) afforded 1.97 g (38%) of loa (mp 
80-81 "C) as a 1:l mixture of diastereomers: mp 80-81 "C; 'H 
NMR (300 MHz, CDCb; mixture of diastereomers) 6 6.96 (e, lH, 
ArH), 6.95 (8, 1H ArH), 5.14-5.04 (m, lH, CH-C), 4.60-4.50 (m, 

(m, 2H), 1.86-1.75 (m, lH, C H S O ,  1.70-1.54 (m, 6H, eC- 
(CHs)a), 1.50-1.30 (m, 2H), 1.08-1.28 (m, 2H), 0.97-0.92 (m, 3H, 

131.1,126.3, 126.0,124.8, 123.1,72.6,72.1,46.5,45.9,37.5,36.9, 
29.3,29.2,25.6, 25.3, 25.2, 20.0,19.2, 17.6, 16.0; IR (CC4) 3619, 
2927,1488,1196 cm-1; MS (EI, 70 eV) m/z 276 (M+, 19), 191 (69), 
151 (100) 123 (44); Anal. Calcd for CleHa~0~: C, 78.21; H, 10.21. 
Found C, 78.00; H, 10.24. 

3,7-dimethyl-6-octen-l-ol (lob). t-BuLi (4.20 mL of a 1.5 M 
solution in pentane, 1.88 mmol) was added dropwise to a stirred 
solution of 4-bromo-2-methoxy- 1- [(tert-butyldimethy~hyl)oxyl- 
benzenela (1.01 g, 3.35 "01) and ether (25 mL) at -78 OC. The 
resulting solution was stirred for 1 h and then citronellal (730 
pL, 4.03 mmol) was added dropwise. The resulting solution was 
allowed to warm to room temperature over a period of 7 h and 
then poured into a rapidly stirred solution of saturated aqueous 
NaHCOs (100 mL). Aqueous workup (ethyl acetate, MgS03 
afforded 1.40 g of crude product as a yellow oil. Flash chroma- 
tography (91 hexane/ethyl acetate) afforded 1.04 g (80%) of 10b 
as a 1:l mixture of diastereomers (clear oil): lH NMR (300 MHz, 
CDCb, mixture of diastereomers) 6 6.88-6.74 (m, 3H), 5.14-5.02 
(m,lH,CH4),4.79-4.65 (m,lH,CHOH),3.81(s,3H,OCHa), 
2.05-1.75 (m, 3H), 1.68-1.66 (m, 3H, C=CCHs), 1.60-1.58 (m, 
3H, C=CCHs), 1.51-1.09 (m, 4H), 0.99 (s,9H, C(CH&), 0.94 (d, 
J = 6.3 Hz, 3H, CHCHa), 0.15 (8,  6H, Si(CHs)a); NMR (75 
MHz, CDCb) (mixture of diastereomers) 6 150.9,150.9,144.3, 
139.0, 138.5, 131.1, 124.7, 120.5, 118.4, 118.1, 109.7, 109.6, 72.7, 
72.2, 55.4, 46.6, 46.2, 37.6, 36.8, 29.3, 29.2, 25.7, 25.4, 25.3, 20.1, 
19.2,18.4,17.6, -4.7; IR (CCLJ 3616,2930,1515,1464,1282 cm-1; 
MS (FAB, CH2CldNBA) m/z 392 (M+, 231,375 (76), 335 (loo), 
251 (56); HRMS calcd for C&OSSi 392.2747, found 392.2755. 
(*)-1-(4-Methoxyphenyl)-2,6-dimethyl-6-octen-l-ol(1Oc). 

The same procedure used for the preparation of 10b was carried 
out with 4-bromoanisole (0.420 mL, 3.36 "01) to afford 927 mg 
of crude product as a yellow oil. Flash chromatography (91 
hexane/ethyl acetate) afforded 437 mg (50%) of 1Oc as a clear 
oil (1:l mixture of diastereomers by HPLC). The diastereomers 
were separated by HPLC (4.6 mm i.d. column, 9 1  hexane/ethyl 
acetate, 0.8 mL min-') to afford analytical samples of each 
diastereomer. Slower eluting diastereomer ( tR = 21.2 min, clear 
oil): lHNMR(300MHz,CDCb)67.25(d,J= 8.7Hz,2H,ArH), 
6.87 (d, J = 8.7 Hz, 2H, ArH), 5.05 (t, J = 7.2 Hz, lH, CH=C), 

(m, 3H), 1.77-1.63 (m, lH), 1.66 (8, 3H, CHs), 1.58 (a, 3H, CHs), 
1.41 (m, 2H), 1.16 (m, lH), 0.93 (d, J = 6.3 Hz, 3H, CHa); '3C 
NMR (75 MHz, CDCls) 6 159.0,137.1,131.1,127.2,124.7,113.8, 
72.4,55.2,46.1,36.9,29.3,25.6,25.2,20.0,17.6; IR (CDCb) 3606, 

lH, CHOH), 4.58 (8, lH, OH), 2.25 (s,6H, Ar(CHa)a), 2.05-1.91 

CHCHa); 1% NMR (75 MHz, CDCW 6 151.6,151.5,136.9,136.3, 

(*)-1-{4[ (tart-B~tylclimethyl~ilyl)0Xyl-3-meth0.yP 

4.69 (t, J = 7.2 Hz, lH, CHOH), 3.80 (8, 3H, OCHs), 2.05-1.83 

(17) Cresp, T. M.; Sargent, M. V.; Vogel, P. J. Chem. SOC. Perkin 
!l'rans. 1 1974,37. (18) Corey, E. J.; Venkataewarlu, A. J. Am. Chem. SOC. 1972,94,6190. 



Synthesis of 1,2,3,4,4a,9a-Hexahydrofluorenee 

2930,1513,1248 cm-1; MS (EI, 50 eV) m/z 262 (M+, 101,244 (501, 
161 (loo), 137 (791,121 (67); HRMS calcd for C17HS02 262.1933, 
found 262.1928. Faster eluting diastereomer (tR = 18.3 min, clear 
oil): 1H NMR (CDCb) 6 7.27 (d, J = 8.4 Hz, 2H, ArH), 6.88 (d, 
J =  8.7 Hz, 2H, ArH), 5.10 (t, J = 7.2 Hz, lH, CH-C), 4.72 (dd, 
J = 9.0,4.5 Hz, lH, CHOH), 3.80 (8, 3H, OCHs), 2.10-1.91 (m, 
2H), 1.81 (m, lH), 1.74-1.52 (m, lH), 1.68 (8,  3H, CHs), 1.60 (8, 
3H, C&), 1.47-1.31 (m, 2H), 1.21 (m, lH), 0.94 (d, J = 6.6 Hz, 

124.8,113.8,72.0, 55.3,46.6,37.5, 29.2, 25.7,25.4, 19.3, 17.6; IR 
(CDCb) 3608, 2930, 1513,1248 cm-I; MS (EI, 50 eV) m/z  262 
(M+, 4), 244 (55), 161 (loo), 137 (361,121 (70); HRMS calcd for 
C17HmO2 262.1933, found 262.1924. 

(f)-3,7-Mmethyl-1-(3-methoxyphenyl)-6-oc1-01 (lOd). 
The same procedure used for the preparation of 10b was carried 
out with 3-bromoanisole (600 pL, 4.7 "01) to afford 1.55 g of 
crude 10d as a yellow oil. Flaeh chromatography (9:l hexane/ 
ethyl acetate) afforded 740 mg (60%) of 1Od as a clear oil, 1:l 
mixkveofdiastereomera: lHNMR(300MHz,CDC&, 1:l mixture 
of diastereomers) 6 7.29-7.23 (m, lH), 6.92 (m, 2H), 6.81 (m, lH), 
5.09 (m, lH, CH-C), 4.75 (m, lH, CHOH), 3.82 (8, 3H, OCHs), 
2.09-1.89 (m, 2H), 1.81 (m, lH), 1.72-1.64 (m, 4H), 1.60-1.58 (m, 
3H), 1.55-1.31 (m, 2H), 1.25-1.09 (m, lH), 0.98-0.94 (m, 3H, 

129.4, 124.7, 118.3, 118.0, 112.8, 112.7, 111.4, 111.2, 72.7, 72.2, 
55.1,46.1,46.3,37.5, 36.1, 29.2, 29.1,25.6, 25.6,25.3, 25.2, 20.0, 
19.1,17.6; IR (CDCb) 3605,2929,1456,1262,1049 cm-l; MS (EI, 
50 eV) m/z 262 (M+, 401, 177 (loo), 122 (56), 109 (95); HRMS 
calcd for C17HaO2 262.1933 found 262.1925. 
(f)-2,6-Dimethyl-8-(3,5-dimethyl-4-hydroxyphenyl)-2- 

octene (lla). Methanesulfonyl chloride (50.0 pL, 0.65 mmol) 
was added dropwise to a Stirred solution of loa (166 mg, 0.565 
mmol), triethylamine (90.6 pL, 0.650 mmol), and ether (3.6 mL) 
at  -5 OC. The resulting solution was stirred for 20 min and then 
LiAlI-I, (108 mg, 2.72 "01) was slowly added. The resulting 
suspension was allowed to warm to room temperature and stirred 
for 40 min. The reaction mixture was then cooled to 0 OC, and 
H2O (0.10 mL), 15% NaOH (0.10 mL) and H2O (0.30 mL) were 
added sequentially. The resulting suspension was allowed to 
warmtoroomtemperature,stirredfor 1 h,fiitered, dried (MgSO3, 
and concentrated to afford 160 mg of crude product as a yellow 
oil. Flash chromatography (91  hexane/ethyl acetate) afforded 
61.3 mg (42%) of lla as a white solid mp 33-34 OC; lH NMR 
(300MHz,CDC1~)66.79(~,2H,ArH),5.11(br,t,J=7.2Hz,lH, 
CHZCH==C), 4.44 (8,  lH, OH), 2.58-2.33 (m, 2H, ArCHzCH), 
2.22 (e,6H, h(CHs)2), 2.05-1.91 (m, 2H), 1.69 (8, 3H, CHs), 1.68- 
1.62 (m, lH), 1.61 (a, 3H, CHs), 1.50-1.30 (m, 3H), 1.29-1.11 (m, 
lH), 0.93 (d, J =  6 Hz, 3H, CHCHs); 'W NMR (75 MHz, CDCb) 
6 150.0,134.8,131.0,128.4,125.0,122.7,39.4,37.0,32.6,32.2,25.7, 
25.5,19.6,17.6,15.9; IR (CCL) 3622,2916,1488,1196 cm-I; MS 
(EI, 50 eV) m/z 260 (M+, 28), 175 (65), 135 (100); HRMS calcd 
for CleH~e0 260.2140, found 260.2138. 
(z)-g(3pDimethyl-4-hydroxyphenyl)-2-octen (13). The 

Still-modified W i w  procedure used to prepare 6 was carried 
out with ethyltriphenylphosphonium bromide (2.53 g, 6.82 "01) 
and the known aldehyde 128 (442 mg, 1.32 "01). Flash 
chromatography (15:l hexane/ethyl acetate) afforded 350 mg 
(76%) of (z)-8-([(4-tert-butyldimethylsilyl)oxy]-3,5-dimeth- 
ylphenyl)-2-octene as a clear oil: lH NMR (300 MHz,  CDCb) 6 
6.79 (e, 2H, ArH), 5.44 (m, 2H), 2.49 (t, J = 8.1 Hz, 2H, ArCH2), 

1.62 (d, J = 5.4 Hz, 3H, CHCHs), 1.58 (m, 2H), 1.39 (m, 4H), 1.06 
(S,~H,C(CHB)B),O.~~(~,~H,S~(C&)~);~WNMR(~~MH~,CDC~~ 
S 149.9,135.3,130.8,128.6,128.0,123.6,35.1,31.6,29.5,29.1,26.8, 
26.1,18.7, 17.8, 12.7, -3.0. n-B@ (600 gL, of a 1 M solution 
in THF, 0.500 "01) was added dropwise to a solution of the 
above silyl ether (350 mg, 1.01 "01) and THF (5.0 mL) at  room 
temperature. Aftar 10 h, aqueous workup (ether, MgSO4) 
afforded 321 mg of crude product as a clear oil. Flash chroma- 
tography (201 hexane/ethyl acetate) afforded 214 mg (91%) of 
13 as a clear oil: 1H NMR (300 MHz, CDCb) 6 6.86 (s, 2H, ArH), 
5.60-5.40 (m, 2H, CH=CHCHs), 4.39 (bs, lH, OH), 2.55 (t, J = 
7.7 Hz, 2H, ArCHp), 2.29 (8, 6H, Ar(CHs)d, 2.12 (m, 2H), 1.76- 
1.58 (m, 5H), 1.54-1.34 (m, 4H); W NMR (75 MHz, CDCb) 6 
150.0,134.5,130.7,128.4,123.6,122.7,35.0,31.8,29.4,29.0,26.7, 
15.9, 12.7; IR (CDCb) 3611, 2931, 1489, 1198 cm-1; MS (EI, 70 

3H, CHs); 'F NMR (75 MHz, CDCW S 159.0,137.6,131.2,127.0, 

CHCHa); 'W NMR (75 MHz, CDCb) 6 159.7,147.3,146.7,131.1, 

2.21 (8,6H, Ar(CH3)2), 2.06 (dt, J =  6.6,5.7 Hz, 2H, CHCHzCHz), 
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eV) 232 (M+, 271,161 (33), 135 (100); HRMS calcd for C1&IuO 
232.1827, found 232.1825. 
N-Acetyl-N-( phenylmethyl)-6-(3,5-dime~thyl-4-hydroxy- 

pheny1)hex-l-enamine (14). Benzylamine (0.110 mL,, 1.01 
"01) was added to a suspension of aldehyde 128 (272 mg, 0.815 
mmol), MgSO4 (117 mg, 0.972 mmol), and CHZCl2 (2.0 mL) at 
room temperature. The resulting suspension was stirred for 3 
h, filtered, and concentrated. The resulting imine was dissolved 
in benzene (2.0 mL) and cooled to 0 OC. Pyridine (250 pL, 3.09 
mmol), acetyl chloride (75.0 pL, 1.05 mmol), and DMAP (ca. 2 
mg) were added sequentially. The resulting solution was stirred 
for 5 min and then allowed to warm to room temperature and 
stirred overnight. Aqueous workup (ether, MgSO4) afforded 
crude enamide. The crude product was dissolved in THF (2.0 
mL) and treated with n-B@ (0.15 mL, of a 1.0 M solution in 
THF, 0.15 "01). The resulting solution was stirred at room 
temperature for 1 h. Aqueous workup (ether, MgSO,) afforded 
171.1mgofcrudeproductasanamberoil. Flashchromatography 
afforded 129.8 mg (46% overall) of 14 as a clear oil: lH NMR 
(300 MHz, CDCL 7:3 mixture of amide rotational isomers) 6 
7.40-7.14 (m, 5.3 H), 6.74 (s,2H, ArH), 6.52 (d, J = 14.1 Hz, 0.7 
H,NCHCH),5.00 (dt, J =  14.1,7.2H~, 1.4H, NCHCHCH2),4.91 
(dt, J=~~.~,~.~Hz,O.~H,NCHCHCH~),~.~~(S,~.~H,P~CH~), 
4.82 (~,0.7 H, OH), 4.78 (8,0.3 H, OH), 4.75 (8,0.6 H, PhCH2N) 
2.43 (t, J = 7.5 Hz, 2H, ArCHzCHz), 2.29 (8,2.1 H, NC(O)CHa), 
2.23 (8,  6H, Ar(CHsM, 2.15 (s,0.9 H, NC(O)CHs), 2.03 (m, 2H), 
1.48 (m, 2H), 1.34 (m, 2H); IR (CC4) 3622, 3437, 2930, 1678, 
1650,1401,1196 cm-l; MS (CI, NHs), m/z 352 (MH+, loo), 202 
(38); HRMS calcd for CBHMOZN (M + H) 352.2277, found 
352.2264. 
(A)- 1-[ (tert-Butyldiphenylsilyl)oxy]4-hydroxy-&met h- 

ylhexane (15). t-Butyldiphenylchlorosilane (7.80 mL, 30.5 
"01) was added to a solution of citronellol (5.00 mL, 27.4mmol), 
imidazole (2.16 g, 31.7 mmol), and DMAP (41.3 mg, 0.337 "01) 
in CHzCl2 (50 mL) at room temperature. The resulting solution 
was stirred for 5 h. Aqueous workup (CH2C12, NazSO4) afforded 
10.2 g (94%) of crude product as a clear oil. A portion of the 
resulting oil (2.50 g, 6.33 mmol) was dissolved in CH2Clz/methanol 
(20 mL, 1:l v/v). Ozone was bubbled through the solution for 
12 min at -78 O C  (solution turns blue). The ozone flow was 
stopped and nitrogen was bubbled through until the blue color 
disappeared. Methyl sulfide (10.0 mL, 136 "01) was added 
and the reaction mixture was allowed to warm to room temper- 
ature and stirred for 8 h. The reaction mixture was then 
concentrated to ca. one-fourth of ita original volume in vacuo. 
Aqueous workup (ethyl acetate, Na2S04) afforded crude aldehyde 
as a yellow oil. The resulting oil was dissolved in ether (50 mL) 
and cooled to 0 O C .  LiAlI-I, (267 mg, 7.04 mmol) was slowly 
added to the solution. The resulting solution was allowed to 
warm to room temperature for 8 h, cooled back to 0 "C, and 
treated sequentially with H2O (0.30 mL), 15 % NaOH (0.30 mL), 
and H20 (0.90 mL). The resulting suspension was filtered, dried 
(Na804), and concentrated to afford 778 mg of crude product 
as a brown oil. Flash chromatography (41  hexane/ethyl acetate) 
afforded 632 mg (70%) of alcohol 15 as a clear oil: lH NMR (300 
MHz, CDCb) 6 7.72-7.63 (m, 4H), 7.48-7.33 (m, 6H), 3.70 (m, 
2H, CHZOSi), 3.60 (t, J = 6.6 Hz, 2H, CHzOH), 1.69-1.47 (m, 
4H), 1.46-1.10 (m, 4H), 1.05 (8, 9H), 0.86 (d, J = 6.3 Hz, 3H, 

63.1,62.0, 39.4, 32.9,30.1, 29.2,26.8, 19.6, 19.1; IR (CCL) 3639, 
2932,1428,1112,1091 cm-1; MS (FAB, CHaCla/NFiA) m/z 371 
(MH+,6), 199 (loo), 137 (45), 135 (51); HRMS calcd for CaHsOa- 
Si (M + H) 371.2406, found 371.2420. 

(&)-1-[ (tert-Butyldiphenylsilyl)oxy]-6-iodo-3-methylhex- 
ane (16). Methanesulfonyl chloride (600 pL, 6.14 "01) was 
added dropwise to a stirred solution of 15, triethylamine (1.30 
mL,9,33mmol),andether (18mL) atO°C. Theresultingsolution 
was allowed to warm to room temperature over a period of 30 
min and stirred for 1 h. Aqueous workup (ether, combined organic 
extracta washed with saturated CuSO4 aqueous solution, Na, 
SO4) afforded crude mesylate as a yellow oil. The crude mesylate 
was dissolved in acetone (10 mL) and the resulting solution was 
cooled to 0 O C .  NaI (1.92 g, 12.8 "01) was added and the 
resulting orange solution was allowed to warm to room temper- 
ature and stirred for 8 h. Aqueous workup (ethyl acetate, organic 
layers washed with dilute aqueous Na&3203, NazSO4) afforded 
1.87 g of crude product as a yellow oil. Flash chromatography 

CHCHs); '3C NMR (75 MHz, CDCl3) 6 135.5,134.0,129.4,127.5, 
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J = 15.9, 6.6 Hz, lH, CH=CHPh), 2.44 (ddd, J = 1.8,5.7, 10.2 
Hz, lH, CHHCHO), 2.35-2.07 (m, 4H), 1.61-1.35 (m, 2H), 1.02 

137.5, 130.1, 128.4, 126.8, 125.8, 50.8, 36.2, 30.3, 27.5, 19.7; IR 
(CDCl3) 2931, 2919, 1724, 1448 cm-I; MS (EI, 50 eV) m/z 202 
(M+, 25) 117 (loo), 91 (74) HRMS calcd for Cl4HlsO 202.1358, 
found 202.1352. 

(&)-( Z)-1-(4-[ (tert-Butyldimethylsilyl)oxy]-3,6-dimeth- 
ylphenyl)-3-methyl-7-phenyl-6-hepten-l-ol (20). The same 
procedure used for the preparation of lob was carried out with 
1-bromo-4-[ (tert-butyldimethy~silyl)oxy]-3,5-dimethylben- 
zene18(475mg, 1.51 mmol) andaldehyde 18 (200mg,0.989mmol) 
to afford 618 mg of crude product as a yellow oil. Flash 
chromatography (401 hexane/ethyl acetate) afforded 362 mg 
(83%) of 20 as a 1:l mixture of diastereomers (clear oil): 1H 
NMR (300 MHz, CDC13, 1:l mixture of diastereomers) 6 7.42- 
7.17 (m, 5H, cas), 6.93 (a, 2H, ArH), 6.48-6.37 (m, lH, 
CH+XfPh),5.75-5.59 (m, lH,CH=CHPh),4.70-4.58(m, lH, 
CHOH),2.50-2.30 (m,2H,CHzCH-CH),2.25 (s,6H,Ar(CH3)2), 
1.91-1.47 (m, 3H), 1.47-1.18 (m, 2H), 1.07 (e, 9H, C(CH&, 0.95 
(d, J = 6.3 Hz, 3H, CHCHS), 0.22 (8,  6H, Si(CHsM; IR (CCL) 
3617,2931,1472,1255,1232 cm-l; MS (FAB, CH2ClJNBA) m/z 
438 (M+, 15), 421 (loo), 265 (92), 249 (99); HRMS calcd for 
C&20&4i 438.2954, found 438.2949. Two early chromatography 
fractions afforded a sample of the faster eluting diastereomer for 
chaaracterization: 1H NMR (300 MHz, CDCla) 6 7.40-7.21 (m, 
5H, C&), 6.94 (a, 2H, ArH), 6.44 (d, J = 11.4 Hz, lH, 
CH=CHPh), 5.68 (dt, J = 11.7, 7.2 Hz, lH, CHECHPh), 4.64 
(m, lH, CHOH), 2.50-2.30 (m, 2H, CH&H=CH), 2.24 (a, 6H, 
ArH), 1.89-1.66 (m, 2H), 1.60-1.46 (m, lH), 1.46-1.32 (m, 2H), 

6H, Si(CH3)z); 13C NMR (75 MHz, CDCls) 6 151.4, 137.8, 137.7, 
133.0,128.8,128.7,128.5,128.1,126.4,126.1,71.9,46.3,37.6,29.2, 

(&)-(E)-  I-( 4-[ ( tert-Butyldimet hylsilyl)oxy]-3,6-dimet h- 
ylphenyl)-3-methy1-7-phenyl-6-hepten-l-o1 (21). The same 
procedure used for the preparation of 10b was carried out with 
1-bromo-4- [ (tert-butyldimethylsily1)oxyl -3,&dimethylbenzene 
(614 mg, 1.95 mmol) and aldehyde 19 (255 mg, 1.29 mmol) to 
afford 764 mg of 21 as an amber oil. Flash chromatography (40:l 
hexane/ethylacetate)afforded547mg(99%)of21asal:lmixture 
of diastereomers (clear oil): 'H NMR (300 MHz, CDCb) 6 7.40- 
7.14 (m, 5H), 6.95 (a, lH, ArH), 6.95 (8, lH, ArH), 6.48-6.31 (m, 
lH, CH+2HPh),  6.28-6.12 (m, lH, CH-CHPh), 4.70-4.61 (m, 
lH, CHOH), 2.32-2.10 (m, 2H, CHzCH=CH), 2.21 (a, 3H, CHs), 
2.20 (8, 3H, CHd, 1.91-1.15 (m, 5H), 1.04 (8,9H, C(CH&), 1.00- 
0.95 (m, 3H, CHCHa), 0.18 (a, 6H, Si(CH&; 13C NMR (75 MHz, 
CDCb) 6 151.2,137.8,137.7,137.2,130.8,130.8,129.6,128.2,126.5, 
126.4, 126.1, 125.8, 115.2, 72.3, 71.7, 46.3, 45.8, 37.0, 36.2, 30.3, 
30.1, 29.0, 29.0, 26.0, 20.0, 19.1, 18.6, 17.8, -3.1; IR (CCL) 3617, 
2931,1473,1230; MS (FAB, CHZC12/NBA) m/z 438 (M+, lo), 421 
(loo), 265 (81), 249 (72); HRMS calcd for C&sOzSi 438.2954, 
found 438.2943. 

General Procedure for Quinone Methide Formation. 
Using a modification of the procedure by Dyall and Winstein,lo 
Ag2O (5  to 10 equiv) was added to a solution of the appropriate 
phenol in CDzClz (0.5-0.2 M) at room temperature. The reaction 
mixture was stirred for 25 min and then checked by 1H NMR to 
ensure the oxidation was complete. The solution was filtered 
through a plug of Celite/NaaO4 to afford a yellow solution of the 
quinone methide. The quinone methide was diluted with CHz- 
Clz to give a solution ca. 0.15 M in quinone methide. 

General Procedure for the Formal Cycloaddition. A CH2- 
Clz solution of the quinone methide or benzylic alcohol was cooled 
to the temperature noted, the appropriate Lewis acid was added, 
and the resulting solution was stirred for the time indicated 
[concentration, temperature, Lewis acid (amount), time]. The 
reaction mixture was then poured into a rapidly stirred two- 
phase solution of CHzCl2 and NaHCO3 and stirred for 30 min. 
The aqueous layer was extracted with CHzCl2 (3X), and the 
combined organic extracts were washed mth brine, dried 
(MgSOd), and concentrated to afford the crude products. In 
several cases the starting material was a silylated phenol. The 
products of these reactions were mixtures of phenols and silyl 
phenols. Accordingly, the crude product was treated with n-B&- 
NF as described for the preparation of 7 from 6 to afford the 
unprotected phenols in the yields indicated. 

(d, J = 6.6 Hz, 3H, CHCH3); 'Bc NMR (75 MHz, CDCh) 6 202.5, 

1.07 (a, 9H, C(CH&), 0.96 (d, J = 6.3 Hz, 3H, CHCHa), 0.22 (a, 

26.1, 26.0, 19.2, 18.7, 17.9, -3.0. 

(201 hexane/ethyl acetate) afforded 1.75 g (85%) of iodide 16 
as a clear oil: 1H NMR (300 MHz, CDCW 6 7.72-7.63 (m, 4H), 
7.48-7.35 (m, 6H), 3.69 (m, 2H, CHsOSi), 3.14 (dt, J = 1.2, 6.9 
Hz, 2H, CHJ), 1.80 (m, 2H), 1.70-1.53 (m, 2H), 1.44-1.29 (m, 
2H),1.28-1.12(m,1H),1.06(s,9H,C(CH~)~),0.84(d,J=6.6Hz, 

127.6, 61.9, 39.3, 37.7, 31.1, 28.6, 26.9, 19.6, 19.2, 7.2; IR (CCL) 
2960,1428,1112,1092 cm-I; MS (FAB, CHZCldNBA) m/z 479 
(M+ - H, 4), 199 (76), 135 (100); HRMS calcd for C~Hsz10Si (M 

(A)-( a-74 (tsrt-Butyldiphenylsiyl)oxyl-5-methyl-l-phen- 
yl-1-heptene (17). Thesame procedure used for the preparation 
of 6 from 6 was carried out with triphenylphosphine (509 mg, 
1.94 mmol) and iodide 16 (536 mg, 1.12 mmol). The crude salt 
was triturated with hot ether to afford 726 mg (89%) of (6-[(tert- 
butyldiphenylsilyl)oxy]-4-methylhexyljtriphenylphosphonium io- 
dide as a white solid 1H NMR (300 MHz, CDCl3) 6 7.39-7.52 (m, 
17H), 7.41-7.22 (m, 8H), 3.69-3.43 (m, 4H), 1.73-1.38 (m, 6H), 
1.32-1.15 (m, lH), 0.96 (e, 9H), 0.72 (d, J = 5.7 Hz, 3H, CHCHa). 
Still-modified Wittig reaction6 with benzaldehyde (1.50 mL, 14.7 
mmol) afforded 6.59 g of crude product as a brown oil. Flash 
chromatography (201 hexane/ethyl acetate) afforded 2.02 g (84% ) 
of 17 as a clear oil: lH NMR (300 MHz, CDCl3) 6 7.72-7.61 (m, 
4H), 7.4k7.18 (m, l lH),  6.40 (d, J = 11.7 Hz, lH, CH=CHPh), 
5.63 (dt, J = 11.7, 7.2 Hz, lH, CH=CHPh), 3.70 (m, 2H, CHZ- 
OSi), 2.34 (m, 2H, CH&H-CH), 1.74-1.56 (m, 2H), 1.52-1.18 
(m, 3H), 1.05 (a, 9H, C(CH&), 0.81 (d, J = 6.3 Hz, 3H, CHCHd; 

128.7, 128.1, 127.6, 126.4, 62.1, 39.5, 37.2, 29.2, 26.9, 26.2, 19.5, 
19.2; IR (CDCl3) 2932, 1428,1112, 1089 cm-I; MS (FAB, CHZ- 
CldNBA) m/z 441 (M+ - H, 6), 199 (loo), 135 (75), 117 (93); 
HRMS calcd for CaHnOSi (M - H) 441.2614, found 441.2623. 
(f)-(Z)-3-Methyl-7-phenyl-6-heptenal(l8). Thesame pro- 

cedure used for the preparation of 7 from 6 was carried out with 
17 (2.02 g, 4.57 mmol) to afford 1.51 g of crude alcohol as a brown 
oil. Flash chromatography (41 hexane/ethyl acetate) afforded 
829 mg (89%) of (Z)-3-methyl-7-phenyl-6-hepten-l-ol as a clear 
oil: 'H NMR (300 MHz, CDCW 6 7.52-7.18 (m, 5H, C a s ) ,  6.42 
(d, J = 11.7 Hz, lH, CHPh), 5.65 (dt, J = 11.7, 7.2 Hz, lH, 
CH=CHPh), 3.66 (m, 2H, CHzOH), 2.36 (m, 2H, CHzCH=CH), 
1.69-1.24 (m, 5H), 0.89 (d, J = 6.3 Hz, 3H, CHCHd; 13C NMR 

39.6,37.2,29.2,26.0,19.4; IR (CCL) 3637,2929,1448,1058 cm-l; 
MS (EI, 50 eV) m/z 204 (M+, lo), 117 (98), 104 (loo), 91 (79); 
HRMS calcd for Cl4HmO 204.1514, found 204.1411. Using the 
general procedure of Swern, Mancuso, and Huang,l9 a solution 
of DMSO (860 pL, 12.1 mmol) and CH2Cl2 (2.8 mL) was added 
dropwise to a stirred solution of oxalyl chloride (530 p L ,  6.08 
mmol) and CHzClz (14 mL) at -60 OC. The resulting solution 
was stirred for 2 min and then a solution of the above alcohol 
(829 mg) and CHzClz (4 mL) was added dropwise. The resulting 
solution was stirred for an additional 15 min and then trieth- 
ylamine (2."L,  20.1 mmol) was added dropwise. After stirring 
for 5 min, the cold bath was removed and the reaction mixture 
was allowed to warm to room temperature. Aqueous workup 
(CH2C12, MgSO,) afforded 896 mg of crude aldehyde as a yellow 
oil. Flash chromatography (9:l hexane/ethyl acetate) afforded 
739 mg (90%) of 18 (1O:l  mixture of alkene isomers, 18/19, lH 
NMR) as a clear oil. 2-alkene 18 lH NMR (300 MHz, CDCld 
6 9.72 (t, J = 2.3 Hz, lH, CHO), 7.41-7.18 (m, 5H, c&,), 6.45 
(d, J = 11.7 Hz, lH, CHPh), 5.64 (dt, J = 11.7, 7.2 Hz, lH, 
CH=CHPh), 2.48-2.02 (m, 5H), 1.58-1.28 (m, 2H), 0.95 (d, J = 

132.1, 129.2, 128.6, 128.1, 126.5, 50.7, 36.8, 27.6, 25.9, 19.7; IR 
(CCL) 2960,2917,1729,1494 cm-1; MS (EI, 50 eV) m/z 202 (M+, 
16), 117 (loo), 91 (76); HRMS calcd for CldHlsO 202.1358, found 
202.1362. 

(f)-(E)-3-Methyl-7-phenyEG-heptenal(l9). The same pro- 
cedure used for the preparation of 8 from 7 was carried out with 
18 (341 mg, 1.68 mmol) (45 min, 80 "C) to afford 375 mg of crude 
product as a brown oil. Flash chromatography (20:l hexane/ 
ethyl acetate) afforded 259 mg (76%) of 19 as a clear oil: 'H 

7.15 (m, 5H, c&&), 6.42 (d, J = 15.9 Hz, lH, CHPh), 6.21 (dt, 

3H, CHCHs); '3C NMR (75 MHz, CDCb) 6 135.5, 133.9, 129.5, 

- H) 479.1267, found 479.1298. 

'3C NMR (75 MHz, CDCls) 6 137.8, 135.5, 134.1, 133.1, 129.5, 

(75 MHz, CDCla) 6 137.6, 132.9, 128.8, 128.6, 128.0, 126.4,60.8, 

6.6 Hz, 3H, CHs); "C NMR (75 MHz, CDCl3) 6 202.5, 137.4, 

NMR (300 MHz, CDCh) 6 9.76 (t, J 2.1 Hz, lH, CHO), 7.43- 

(19) Mancuso, A. J.; Huang, S.-L.; Swem, D. J. Org. Chem. 1978,43, 
2480. 
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(i)-( 4a9,99,9aS*) and (4aS*,9R*,9@)-6,8-Dimet hyl- 
7- hydroxy-9-phenyl- 1,2,3,4,4a,9,9a-heptahydrofluorene (23a 
and 23b, respectively). From 22. Phenol 7 (43.5 mg, 0.148 
mmol) was oxidized according to the general quinone methide 
preparation to afford a yellow solution of quinone methide 22 
(Z)-7-(3,5dimethyl-4-oxo-2,5-cyclohexadien-l-ylidene)-l-phenyl- 
l-heptene: 1H NMR (300 MHz, CDCls) 6 7.44-7.18 (m, 6H), 6.86 
(8,  lH), 6.44 (d, J = 11.7 Hz, lH, CH=CHPh), 6.27 (t, J = 8.1 

CHzCH=CH),2.47 (m,2H),2.37 (m,2H),2.04 (s,3H,CH3) 2.00 
(8,  3H, CH3), 1.63-1.46 (m, 4H). Method A, SnCl,, -78 "C. 
According to the general procedure for the formal cycloaddition, 
22 (0.148 mmol) [0.10 M, -78 OC, SnCL (70.0 pL, 0.598 mmol), 
10 min] afforded 46.5 mg of crude product as a yellow oil. Flash 
chromatography (91 hexane/ethyl acetate) afforded 24.6 mg 
(57%) of 23a and 23b as a 2.41 (23a/23b, lH NMR) mixture 
(clear oil). Method B, SnCl,, 0 OC. According to the general 
procedure for the formal cycloaddition, 22 (0.129 mmol) [0.07 M, 
0 OC, SnCk (60.0 pL, 0.513 mmol), 10 min] afforded 38.6 mg of 
crude product as a yellow oil. Flash chromatography (9:l hexane/ 
ethyl acetate) afforded 30.7 mg (81%) of 23a and 23b as a 2.3:l 
(23a/23b, lH NMR) mixture (clear oil). 

From 24. Phenol 8 (54.7 mg, 0.186 mmol) was oxidized 
according to the general quinone methide preparation to afford 
a yellow solution of quinone methide 24 (E)-7-(3,5-dimethyl- 
4-oxo-2,5-cyclohexadien-l-ylidene)-l-phenyl-l-hexene: lH NMR 
(300 MHz, CDCh) 6 7.40-7.14 (m, 6H), 6.89 (8,  lH, CICHC), 
6.40 (d, J = 15.6 Hz, lH, CHPh), 6.32 (t, J = 8.1 Hz, lH, 

2.52 (m, 2H), 2.26 (m, 2H), 2.05 (8,  3H, CHs), 2.00 (s,3H, CHs), 
1.67-1.49 (m, 4H). Method C. According to the general 
procedure for the formal cycloaddition, 24 (0.186 mmol) 10.10 M, 
0 OC, SnCL (90.0 pL, 0.769 mmol), 10 min] afforded 39.5 mg of 
crude product aa a yellow oil. Flash chromatography (9:l hexane/ 
ethyl acetate) afforded 28.1 mg (52%) of 23a and 23b aa a 4.2:l 
(23a/23b, 1H NMR) mixture (clear oil). Method D. According 
to the general procedure for the formal cycloaddition, 24 (0.0934 
mmol) [0.10 M, -78 OC, TiCL (40.0 pL, 0.364 mmol), 30 minl 
afforded 39.8 mg of crude product as a yellow oil. Flash 
chromatography (9:l hexane/ethyl acetate) afforded 18.1 mg 
(66%) of 23a and 23b as a 4.21 (23a/23b, 1H NMR) mixture 
(clear oil). Analytical samples of both diastereomers were 
obtained by HPLC (4.6 mm i.d. column, 401 hexane/ethyl acetate, 
0.8 mL/min, 23a, tR = 10.6 min, 23b, t R  = 11.0 min) purification. 
Major diastereomer 23a: 1H NMR (300 MHz, CDCh) 6 7.37- 
7.09 (m, 5H, c&), 6.87 (8,  lH, ArH), 4.47 (8, lH, OH), 3.74 (d, 
J =  10.5 Hz, lH, CH(c&), 2.48-2.32 (m, 2H), 2.29 (s,3H, ArCHs), 
1.88 (m, lH), 1.84-1.69 (m, 2H), 1.65 (s,3H, ArCHs), 1.60 (dddd, 
J = 3, 11,11, 11 Hz, lH, C8HsCHCH(CH)CH2), 1.48-1.28 (m, 
3H), 1.21 (m, 1H); 13C NMR (75 MHz, CDCq) 6 151.1, 144.5, 
143.0,139.3,128.3 (br), 126.0,120.9,120.8,120.5,61.2,56.1,49.0, 

1223,1217 cm-1; MS (EI, 50 eV) m/z 292 (M+, loo), 249 (24), 91 
(26); HRMS calcd for C21H240 292.1827, found 292.1827. Minor 
diastereomer 23b (1:ll mixture of 23a/23b, lH NMR): lH NMR 
(300 MHz, CDCl3) S 7.26-7.17 (m, 3H), 7.03-7.00 (m, 2H), 6.87 
(s, 1H, ArH),4.47 (8 ,  lH, OH),3.97 (d, J = 3.0 Hz, lH, CHPh, 
H(9)), 3.21 (apparent q, J = 5.4 Hz, lH, ArCH, H(4a)), 2.36-2.21 
(partially obscured m, lH, H(9a)), 2.30 (s,3H, CHs), 1.88 (s,3H, 
CH3), 1.85-1.81 (m, lH), 1.79-1.65 (m, 2H), 1.54 (m, lH), 1.48- 
1.25 (m, 4H); 13C NMR (75 MHz, CDC13) 6 150.8, 143.9, 142.9, 
138.7,128,2,127.7,125.9,122.3,121.5,120.9,55.2,50.3,41.2,28.5, 

1190 cm-1; MS (EI, 70 eV) m/z 292 (M+, loo), 249 (62), 91 (21); 

(*)-(35*,4a9,9aS1)-7-Hydroxy-3,6,8,9,9-pentamethyl- 
1,2,3,4,4a,9a-hexahydrofluorene (26). From Benzylic Al- 
cohol loa: According to the general procedure for the formal 
cycloaddition, 10a (103 mg, 0.373 mmol) [0.035 M, -78 OC, TiCL 
(1.9 mL of a 1 M solution in CH2Cl2,l.g mmol), 14 minl afforded 
98.0 mg of crude product as a yellow solid. Flash chromatography 
gave 85.6 mg (90%) of a 26 as a white solid (mp 153-154 "C). 

From QuinoneMethide25 Phenol l l a  (23.5mg,O.O90mmol) 
waa oxidized according to the general quinone methide prepa- 
ration to afford a yellow solution of quinone methide 25 8-(3,5- 
dimethyl-4-oxo-2,5-cyclohexadien-l-ylidene)-2,6-dimethyl-2- 

Hz, lH, C=CHCH2), 5.64 (dt, J = 11.7 Hz, J = 7.2 Hz, lH, 

C--?=HCH2), 6.20 (dt, J = 6.9 Hz, J = 15.6 Hz, lH, CH-CHPh), 

29.3, 28.5, 26.5, 26.2, 16.2, 12.6; IR (CDCl3) 3610, 2929, 1451, 

27.3, 24.2, 22.4, 16.4, 12.3; IR (CDCls) 3611, 2928, 1450, 1217, 

HRMS Calcd C21H240 292.1827, found 292.1815. 

octene. Concentration afforded 22.5 mg (97 %) of a 25 as a bright 
yellow oil: lH NMR (300 MHz, CDCls) 6 7.30 (s, lH, C-CH), 

5.10 (m, lH, (CH&CICH), 2.55-2.41 (m, lH), 2.41-2.25 (m, 
lH), 2.07-1.90 (m, 2H), 2.04 (8, 3H, CHa), 1.99 (8,  3H, CH3), 
1.75-1.65 (m, lH), 1.68 (s, 3H, CH3), 1.60 (s,3H), 1.46-1.34 (m, 
lH), 1.33-1.17 (m, lH), 0.94 (d, J = 6.6 Hz, 3H, CHCH3); 1% 
NMR (75MHz, CDCls), 6 (C4notobserved) 147.6,138.7,136.4, 
134.5, 132.5,131.6, 130.0,124.2,36.8, 36.2,33.3,25.7,25.5,19.7, 
17.6,16.8,16.0. According to the general procedure for the formal 
cycloaddition, 25 (22.5 mg, 0.087 mmol) 10.015 M, -78 OC, Tic4 
(0.36 mL of a 1 M solution in CHzClz, 0.36 mmol), 9 min] afforded 
23.1 mg of crude product as a yellow solid. Flash chromatography 
(9:l hexane/ethyl acetate) afforded 19.7 mg (88%) of 26 as a 
white solid. Recrystallization (ether/hexane) afforded an ana- 
lytical sample: mp 154-155 OC; 'H NMR (300 MHz, CDCh) 6 
6.75 (8,  lH, ArH), 4.47 (8,  lH, ArOH), 2.45 (dt, J = 3.3, 10.8 Hz, 
lH, ArCH, H(4a)), 2.33-2.13 (m, lH), 2.29 (8,  3H,ArCH3), 2.22 
(s,3H, ArCHa), 1.93-1.85 (m, lH), 1.78-1.70 (m, lH), 1.63-1.50 
(m, lH, CHCHs), 1.39 (s, 3H, CH3), 1.35-1.25 (m, 2H), 1.04 (s, 
3H, CH3), 1.05-0.99 (m, lH), 1.00 (d, J = 6.6 Hz, 3H, CHd, 0.92 
(9, J = 11.7 Hz, 1H); '3C NMR (75 MHz, CDCls) 6 150.9,149.3, 
137.4, 121.0, 120.3, 119.8, 59.6, 45.4, 44.6, 38.3, 35.7, 33.1, 26.7, 
24.7,22.6,19.4,16.2,11.4; IR (CC4), 3623,2918,1457,1231,1193 
cm-1; MS (EI, 20 eV) m/z 258 (M+, 100), 243 (76). Anal. Calcd 
for C&sO: C, 83.67; H, 10.09. Found: C, 83.81, H, 10.23. 

(* ) - 1- [ 44 Acetyloxy)-3,5-dimet hylphenylI4-et hyl- l-cyclo- 
hexene (28b). Phenol 13 (60.6 mg, 0.261 mmol) was oxidized 
according to the general quinone methide preparation to afford 
a yellow solution of quinone methide 27 (2)-8-(3,5- 
dimethyl-4oxo-2,5-cyclohexadien-l-ylidene)]-2-~ne: 1H NMR 

lH, C=CHCHz), 5.53-5.30 (m, 2H, CH=CHCHs), 2.49 (9, J = 
7.5 Hz, 2H, CHz), 2.16-2.02 (m, 2H, CHCH=C), 2.04 (s, 3H, 

(m, 4H); 13C NMR (75 MHz, CDCl3) 6 187.7,148.3, 138.6, 136.3, 
134.5,131.8,129.9,129.8, 124.2,29.1, 28.9,28.8, 26.4, 16.7, 16.0, 
12.7; IR (CCl,) 2924, 1646, 1628, 1579, 1447. According to the 
general procedure for the formal cycloaddition, 27 (0.261 mmol), 
10.052 M, -78 "C, Tic4 (110 pL, 1.00 mmol), 40 minl afforded 
59.5 mg of crude phenol 28a aa an unstable yellow oil. Flash 
chromatography of similar material (91 hexane/ethyl acetate) 
afforded styrene 28a 1-(4-hydroxy-3,5-dimethylphenyl)-6-ethyl- 
l-cyclohexene, which rapidly decomposed: lH NMR (300 MHz, 

4.53 (e, lH, OH), 2.52 (br, m, lH,  CHsCH2CH), 2.24 (s,6H, Ar- 
(CH3)2) 2.13 (m, 2H, CICHCHz), 1.80-1.52 (m, 4H), 1.41 (m, 
lH, CHHCHs), 1.20 (m, lH, CHHCHs), 0.83 (t, J = 7.5 Hz, 3H, 
CHzCHs). The crude 28a prepared above was dissolved in CHI- 
Clz (5.0 mL), andaceticanhydride (50.0pL,0.530mmol), pyridine 
(0.150 mL, 1.86 mmol), and DMAP (ca. 2 mg, catalytic) were 
added. The resulting solution was stirred for 8 hand then poured 
into rapidly stirred saturated aqueous NaHC03 (20mL). Aqueous 
workup (CHzClZ, NazSO,) afforded 68.7 mg of crude product. 
Flash chromatography (91 hexane/ethyl acetate) afforded 34.6 
mg (49%) of 28b as clear oil: 1H NMR (300 MHz, CDCl3) 6 6.97 
(s,2H, ArH), 5.82 (dt, J = 0.9,4.1 Hz, lH, CH2CH=C), 2.52 (br 
m, lH, CHSCH~CH), 2.33 (s,3H, C(O)CHs), 2.20-2.08 (m, 2H), 
2.14 (s,6H, ArCH3), 1.78-1.52 (m, 4H), 1.40 (m, lH, CHHCHd, 
1.20 (m, lH, CHHCHs), 0.82 (t, J = 7.5 Hz, 3H, CHCHs); 13C 
NMR (75 MHz, CDCU 6 168.9,146.8,141.8,140.7,129.4,126.4, 
125.8,37.3,26.3,26.1,25.9,20.5,18.7,16.4,12.0;IR(CDCl3) 2933, 
1228,1208,1147 cm-1; MS (EI, 50 eV) 272 (M+, 26), 230 (loo), 
174 (33); HRMS calcd for ClaHwO2 272.1776, found 272.1762. 

(A) - ( lR*,29) - 1 - (3,5-Dimet hyl-4-hydroxyphenyl)-2-et hyl- 
cyclohexane (29). According to the general procedure for the 
formal cycloaddition, 27 (0.125 mmol), 10.021 M, -78 "C, EtAlCl2 
(4.00 mL of a 1 M solution in CHZClz), 12 minl afforded 23.2 mg 
of crude product as a yellow oil. Flash chromatography (201 
hexane/ethyl acetate) afforded 20.0 mg (69 %) of 29 as a clear oil: 
1H NMR (300 MHz, CDC13) 6 6.78 (8,  2H, ArH), 4.43 (bs, lH, 

1.92-1.18 (m, 10H),0.99 (m, 1H),0.70 (t, J =  7.5Hz,3H, CH2CHa); 

6.90 (s, lH, CICH),  6.33 (t, J = 8.3 Hz, lH, C=CHCHz), 5.05- 

(300 MHz, CDCls) 6 7.31 (8, lH), 6.88 (s, lH), 6.31 (t, J =  8.1 Hz, 

CH3), 1.99 (s,3H,CH3), 1.60 (d, J= ~ H z ,  3H, CHCHg), 1.60-1.36 

CDCl3) 6 6.91 ( s , ~ H ,  ArH), 5.77 (t, J = 3.6 Hz, lH, C=CHCHz), 

OH), 2.74 (dt, J = 12, 3.6 Hz, lH,  ArCH), 2.24 (8, 6H, ArCH3), 

1% NMR (75MH2, CDClS) 6 149.9,137.8,127.9,122.2,46.0,42.0, 
28.6,26.7,25.9,20.4,17.8,16.0,12.4;IR (CDCla) 3612,2962,2930, 
2859,1489, 1201 cm-1; MS (EI, 50 eV) 232 (M+, 82), 161 (1001, 
135 (68); HRMS calcd for CleHuO 232.1827, found 232.1821. 
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of styrene 35 (clear oil). Major product 34 'H NMR (300 MHz, 
CDCb) 6 7.03 (d, J = 8.1 HE, lH, ArH), 6.75 (d, J = 2.4 Hz, lH, 
ArH), 6.70 (dd, J = 2.4, 8.1 Hz, lH, ArH), 3.81 (e, 3H, OCHd, 
2.58 (dt, J = 2.7, 10.8 Hz, lH, ArCH), 2.31 (br d, J = 12.2 Hz, 
lH), 1.89 (br d, J = 12.0 Hz, lH), 1.76 (m, lH), 1.59 (m, lH), 
1.42-1.33 (m, 2H), 1.29 (s,3H, CHs), 1.12-0.85 (m, 2H), 1.01 (d, 
J = 6.6 Hz, 3H, CHS), 0.98 (8, 3H, CH& '8c NMR (75 MHz, 
CDCb) 6 158.8,155.3,137.5,122.1,110.8,108.5,59.7,55.4,45.8, 
43.5,38.1,35.6,33.2,26.0,25.0,22.6,21.9;IR (CDCb) 2957,2923, 
1479,1281,1210 cm-1; MS (EI, 50 eV) 244 (M+, loo), 229 (671, 
173 (41); HRMS calcd for C1,HaO, 244.1827 found 244.1820. 
Minor product 36 'H NMR (300 MHz, CDCb) 6 7.19 (dm, J = 
8.7 Hz, 2H, ArH), 6.83 (dm, J = 8.7 Hz, 2H, ArH), 5.71 (m, lH, 
CH==C), 3.80 (8,  3H, OCH& 2.57 (m, lH), 2.30 (m, lH), 1.89- 
1.53 (m, 4H), 1.48-1.21 (m, lH), 1.05 (d, J = 7.2 Hz, 3H, CHd, 

NMR (75 MHz, CDCb) 6 158.1,140.7,136.2,133.0,127.5,113.4, 
55.1,40.9,30.4,29.4,28.5,21.4,21.4,20.9,17.8; IR (CDCb) 2959, 

(8); HRMS calcd for C1,HwO (M + H) 245.1905, found 245.1915. 

1,2,3,4,4a,9,9a-heptahydrofluorene (36). From 20. Method 
A,TiCLO OC. According to the general procedure for the formal 
cycloaddition, 20 (89.9 mg, 0.205 "01) L0.051 M, 0 "C, Tic4 
(60.0 pL, 0.455 mmol), 8 minl afforded 84.6 mg of crude product 
as a brown oil. Desilylation [n-Bu," (0.lOmL of a 1 M solution 
inTHF, 0.lOmmol)l followed by aqueous workup (ether, MgSOd 
afforded crude phenoL Flash chromatography (91 hexanelethyl 
acetate) afforded 58.7 mg (93%) of 36 as a 2.61 mixture ('H 
NMR). Method B, TiCL -78 OC. According to the general 
prooedurefortheformalcycloaddition,20(28.1 mg,O.Wlmmol), 
[0.25 M, -78 "C, Tic& (30.0 pL, 0.273 mmol), 20 minl afforded 
27.3 mg of crude product as a brown oil, Desilylation Cn-BuiNF 
(0.032 mL of a 1 M solution in THF, 0.032 mmol)] followed by 
aqueous workup (ether, MgSO4) and flash chromatography 
afforded 14.4 mg (73%) of 36 as a 101  mixture (1H NMR) of 
diastereomers (clear oil). 
From 21. According to the general procedure for the formal 

cycloaddition, 21 (99.8 mg, 0.228 "01) [0.09 M, -78 "C, Tic4 
(45.0pL, 0.410 mmol),20 minl afforded 92.9 mg of crude product 
as a brown oil. Desilylation [n-BQ" (0.11 mL of a 1 M solution 
in THF, 0.11 mmol)] followed by aqueous workup (ether, MgSOc) 
afforded crude phenol. Flash chromatography (91  hexane/ethyl 
acetate) afforded 46.8 mg (67%) of 36 as a 1 0 1  mixture: lH 
NMR (500 MHz, CDCb) 6 7.51-6.96 (m, 5H, C&), 6.87 (8,  lH, 
ArH), 4.48 (e, lH, OH), 3.73 (d, J= 10.5 Hz, lH, CH(C&)), 2.48 
(br t, J = 11.5, lH, CHAr), 2.35 (br d, J = 12.0 Hz, lH), 2.29 (8, 
3H,ArCH$, 1.78(m, lH), 1.71 (m, lH), 1.68-1.60(m, lH,CHC&), 

CH(C&); 1.42 (dq, J = 2.5,12.0 Hz, lH), 1.05 (q, J = 11.5 Hz, 

1H); 'BC NMR (125 MHz, CDCb) 6 151.6, 145.0, 143.9, 139.6, 
128.8 (br), 126.5, 121.4, 121.3, 121.0, 61.5,56.2,49.4, 38.3, 36.0, 
33.4, 28.5, 23.0, 16.8, 13.2; IR (CDCb) 3611, 2916, 1454, 1230, 
1216,1196 cm-'; MS (EI, 50 ev) m/z 306 (M+, loo), 291 (211,249 
(24); HRMS calcd for C a w 0  306.1984, found 306.1987. Anal. 
Calcd for CaHsO: C, 86.22; H, 8.56. Found: C, 85.92; H, 8.60. 

0.85 (d, J 6.9 Hz, 3H, CH& 0.67 (d, J = 6.9 Hz, 3H, CH& "C 

1510,1242,1180 a - 1 ;  MS (CI, NHs) 245 (M+ + H), 203 (9), 174 

( ~ ) - ( S S r S r r p S r , 9 S r , ~ ) - 7 - ~ ~ - ~ p ~ l ~ ~ t ~ ~ I -  

1.65 (8,3H, ArCHs), 1.56 (dq, J= 2.3,11.3 Hz, lH, CH&H(CH)- 

lH), 1.01 (d, Js  6.5Hz,3H,CHCH8),0.91 (dq, J=4.0,12.6Hz, 

(*)-(Saff18512~)-6,7-Dimethyl-8[(N-ethyl-N-(phenyl- 
methyl)amino]-~hydroxy-lf8,3%8,8a-he.ahydroc~clopen- 
t[s]indene (32). Phenol 14 (40.7 mg, 0.117 m o l )  was oxidized 
according to the general quinone methide preparation to afford 
a yellow solution of quinone methide 30 N-acetyl-N- 
( p h e n y l m e t h y l ) S ( 3 , 5 ~ 2 , ~ ~ ~ ~ - 1 - ~ l i d e n s  
)hex-l-enamine: 1HNMR(300MHz,CDCb,64mktmof amide 
rotational isomers) 6 7.42-7.13 (m, 6.4 H), 6.85 (8, lH), 6.54 (d, 
J = 14.1 Hz, 0.6 H, NCH=CH), 6.22 (m, lH), 4.94-4.84 (m, lH, 
NCH=CH), 4.87 (e, 1.2 H), 4.76 (s,0.8 H), 2.37 (m, 2H), 2.28 (8, 
1.8 H, NC(0)CH8), 2.16 (s,1.2 H, NC(O)CHd, 2.06 (m, 2H), 2.03 
(e, 3H), 1.99 (e, 3H), 1.52 (m, 2H); IR (CDCL) 2925,1645,1620, 
1576, 1407,1333 cm-1. According to the general procedure for 
the formal cycloaddition, 30 (0.125 mmol), [0.012 M, -5 O C ,  

BFrOEb (60.0 pL, 0.488 mmol), 10 minl afforded 38.2 mg of 
crude product as a yellow oil. Flash chromatography (61  h e m e /  
ethyl acetate) gave 28.2 mg (70%) of 31 as a clear viscous oil: 'H 
NMFi (300 MHz,  CDCb, 1:l mixture of amide rotationalisomers) 
6 7.35-6.73 (m, 6H), 5.99 and 5.04 (8, lH), 5.00 (be, lH, OH), 4.35 
(m, lH, PhCHN), 4.01 (m, lH, PhCHN), 3.25 and 3.17 (dt, J = 
2.1,7.8 Hz, lH), 2.46 (m, lH), 2.41 h 1 . 5  H), 2.27 (s,1.5 H), 2.27 
(q1.5 H), 2.13 (e, 1.5 H), 2.07 (8, 1.5 H), 1.99-1.70 (m, 2H), 1.83 
(e, 1.5 H), 1.58 (m, 2H), 1.45 (m, lH), 1.30 (m, 1H); IR (CDcb) 
3609,2954,1626,1416,1222 cm-1; MS (CI, NHd 350 (MH+, 591, 
258 (22), 201 (100); HRMS calcd for C&mOaN 350.2120, found 
350.2124. Due to the presence of amide rotational isomers, 31 
was reduced to amine 32. LiAlH4 (32.1 mg, 0.846 "01) was 
added slowly to a solution of 31 (26.4 mg, 0,762 "01) in ether 
(5.0 mL) at 0 OC. The mixture was refluxed for 3 h, and then 
excess ethyl acetate was added to destroy any remaining hydride. 
The mixture was filtered through Celite and concentrated to 
afford 13.2 mg (52%) of 32 as a clear oil: 'H NMR (300 MHz, 
C$De) 6 7.33 (d, J = 7.5 Hz, 2H), 7.12 (m, 3H, CsHsN), 6.70 (8, 
lH,ArH),4.21(s,lH,NCH),3.64(d,J=13.2Hz,lH,PhCHHN), 
3.49 (dt, J = 2.7, 8.0 Hz, lH, ArCH), 3.18 (d, J = 13.2 Hz, lH, 
PhCHHN),2.67 (m,lH),2.50(dq,J= 12.9,7.2Hz,lH,CH&HH), 
2.31 (a, 3H, ArCHs), 2.29 (partially obscured dq, J = 12.9,7.2 Hz, 
lH, CHaCHH), 2.05 (e, 3H, ArCHs), 1.86 (m, lH), 1.73 (m, 2H), 
1.44 (m, 1H), 1.28 (m, 2H), 0.96 (t, J = 7.2 Hz, 3H, CH&Ha), OH 
not observed; NMR (75 MHz, C&) 6 152.0, 141.2, 141.1, 
140.4,129.3,128.3,126.9,124.0,123.4,120.4,72.9,54.8,49.4,44.3, 
41.1,35.0,34.4,26.1,16.5,13.9,11.8;IR(CDC~) 3611,2940,1468, 
1220,1195 cm-1; MS (EI, 70 eV) m/z 355 (M+, 8), 201 (loo), 200 
(32), 136 (27); HRMS calcd for C a d 0  335.2249, found 
335.2261. 
(f)-(3S*,4aS*,9aS+)-7-Hydrory-6-met hoxy-3,9,9trimeth- 

yl-l,2,3,4,4a,9a-hexahydrofluorene (33). According to the 
general procedure for the formal cycloaddition, 10b (214 mg, 
0.546 mmol), [0.099 M, -78 OC, Tic4 (180 pL, 1.64 mmol), 12 
min] afforded 209 mg of crude product as a brown oil. Desilylation 
[n-Bu," (0.25 mL of a 1 M solution in THF, 0.25 mm0l)l and 
aqueous workup (ether, MgSO4) followed by flash chromatog- 
raphy (91 hexane/ethyl acetate) afforded 90.9 mg (64%) of 33 
as a clear oil: 'H NMR (300 MHz, CDCb) 6 6.77 (a, lH, ArH), 

J = 3.0,10.8 Hz, lH), 2.27 (br d, J = 12.6 Hz, lH), 1.87 (m, lH), 
1.73 (m, lH), 1.57 (m, lH), 1.39-1.30 (m, 2H), 1.24 (s,3H, CCHa), 
1.08-0.85 (m, 2H), 1.01 (d, J = 6.6 Hz, 3H, CHCHd, 0.93 (s,3H, 

108.6,104.8,69.7,56.1,46.3,43.2,38.2,35.6,33.2,26.2,25.1,22.6, 
21.8; IR (CCL) 3617,3558,2929,1494,1307,1230; MS (EI, 70 eV) 
m/z 260 (M+, 58), 245 (loo), 189 (26); HRMS calcd for C17H~02 
260.1776, found 260.1777. 
(f)-(3S*,4aSs,9aS*)-7-Methoxy-3,9,9a-t~methyl-l~,3,4,- 

4a,9a-hexahydrofluorene (34) and (f)-6-isopropyl-l-(4- 
methoxyphenyl)-3-methyl-l-cyclohexene (36): According to 
the general procedure for the formal cycloaddition, 1Oc (216 mg, 
0.822 "01) [0.091 M, -78 OC, Tic4 (0.230 mL, 2.10 mmol), 13 
min] afforded 216 mg of an amber oil. Flash chromatography 
(hexane) gave 106 mg (52%) of 34 (clear oil) and 45.2 mg (23%) 

6.67 (8, lH, ArH), 5.23 (8, lH, OH), 3.88 (8,3H, OCHd, 2.57 (dt, 

CHs); 'W NMR (75 MHz, CDCb) 6 146.2, 144.9, 144.3, 136.3, Acknowledgment. We thank Dr. R. Kondrat and Mr. 
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