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In a program directed toward the to ta l  synthesis o f  the Amaryllidaceae alkaloid lycoramine 1, the model  photo-  
conversion 2 -+ 3 and the 1,2-carbonyl transposition 3 - 4 were studied in detail. Various methods for carbonyl 
transposition based o n  a favorable direct ion o f  enolization and kinetic enolate formation in 3 were explored. T h e  
most effective method in this system, as well as in the actual synthesis o f  dl-lycoramine, involves bissulfenylation 
o f  the kinetic enolate o f  3 w i t h  phenyl  phenylthiosulfonate t o  give th ioketa l  ketone 17, reduction o f  17 t o  hydroxy 
th ioketa l  Ha, conversion o f  18a t o  thioketal mesylate 18c, thioketal hydrolysis t o  give keto mesylate 14c, and f inal- 
ly reductive cleavage o f  14c w i t h  chromous chloride in aqueous acetone a t  25 "C t o  give 4 in 58% overall yield f rom 
3. Alternatively, hydroxy thioketal 18a gives keto1 14b (as a single tautomer), which is converted t o  keto mesylate 
14c and thence t o  4 in 66% isolated yield f rom 3. 

We have demonstrated that photocyclization-rearrange- 
ment (heteroarom directed photoarylation) of aryl vinyl 
heteroatom systems is an extremely flexible method for car- 
bon-carbon bond formation to an aromatic nucleus (e.g., A - B - C1.l The heteroatoms oxygen, sulfur, selenium, and 
nitrogen can be employed and a wide variety of functional 
groups are compatible with the conditions for photocycliza- 
tion. Furthermore, a high degree of stereochemical control is 
possible (e.g., a t  C(2) and C(3) in C),z and an important ap- 
plication of the photoreaction is the bonding of an aromatic 
ring to an angular carbon atom located a t  a ring junction.3 

Early in our studies, we discovered that while simple aryl 
vinyl ethers undergo inefficient photocyclization, excellent 
chemical and photochemical cyclization yields are obtained 
with 2-aryloxyenones (A, X = oxygen). The carbonyl group 
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in A establishes a chromophore (enone), with which relatively 
low energy Pyrex-filtered light may be employed and a t  the 
same time presumably provides for stabilization of the in- 
termediate ylide B as shown. 

As a result of an intended application of heteroatom di- 
rected photoarylation to a total synthesis of the Amaryl- 
lidaceae alkaloid lycoramine 1, we became interested in the 
model photoconversion 2 - 3 and the 1,2-carbonyl transpo- 
sition 3 - 4. In this paper, we present a detailed study of 
carbonyl transposition in 3. This report should be of general 
synthetic interest, because for the first time, a variety of 
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3, R ,  = H; R, = CH, 
3a, R ,  = CH,; R2 = H 
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methods for carbonyl transposition in a complex molecule are 
compared. With an efficient method for carbonyl transposi- 
tion in this type of benzodihydrofuran, we also extend the 
synthetic potential of heteroatom directed photoarylation. 

Our initial plan for carbonyl transposition centered on an 
exploitation of the thermodynamically most favorable di- 
rection of enolization in 3. Thus, conversion of 3 to a vinyl 
derivative was expected to occur away from the dihydrofuran 
ring junction and directed hydroboration of the carbon-car- 
bon double bond followed by oxidation of the intermediate 
organoborane was to provide a transposed a-substituted ke- 
tone. Reductive cleavage of the a substituent would complete 
the sequence. 

0 X X 

s 
Brown has demonstrated that hydroboration of an enol 

ether occurs rapidly, with boron adding exclusively to the /3 
p ~ s i t i o n . ~  Ketone 3 was converted to the enol methyl ether 5a 
in essentially quantitative yield and hydroboration of 5a with 
diborane in tetrahydrofuran (THF) followed by oxidation 
with basic hydrogen peroxide gave methoxy alcohol 6 as a 

5a, X = OCH, 6 
b, X = SC,H, 
c, X = pyrrolidinyl~ 
d, X = piperidinyl 
e, X = OSi(CH,), 
f ,  X = OSi(CH,),C(CH,), 

o%cH1 H i  - 
7 

mixture of two diastereoisomers. Collins oxidation of 6 gave 
methoxy ketone 7 in 62% overall yield from 3. 

Although the reductive cleavage of a simple a-alkoxy ketone 
does not seem to have been reported,5 we explored conditions 
that are useful with a-acyloxy or a-hydroxy ketones. Reduc- 
tive cleavage of the methoxy substituent in 7 was unsuccessful 
under a variety of conditions. For example, treatment of 7 with 
zinc in refluxing acetic acid6 or calcium in liquid ammonia' 
resulted in recovery of some 7 and complex mixtures of 
products. House has noted that chromium(I1) salts seem to 
be more efficient reducing agents than zinc or calcium for 
cyclohexanone derivatives with a substituents constrained 
to occupy an equatorial conformation.s Under the most fa- 
vorable conditions, reaction of 7 with chromous chloride in 
acetone gave a small ,mount  of transposed ketone 4 (12%), but 
a good deal of polymer as well. 

For efficient reductive cleavage in 7, we reasoned that a 
leaving group better than methoxy was required. To this end, 
vinyl sulfide 5b was prepared; however, attempted hydrobo- 
ration of 5b with diborane in T H F  solution gave a com- 
plex mixture of reaction products,g while with 9-borabicy- 
clo[3.3.l]nonane (9-BBN) in refluxing T H F  solution 5b was 
recovered unchanged. 

The hydroboration of enamines derived from cyclohexa- 
none, followed by oxidation of the intermediate @-amino 
alkylborane to give trans-/3-aminocylcohexanols, has been 
reported by Rorowitz and Williams.lo The pyrrolidine ena- 
mine 5c was prepared, but hydroboration with diborane in 

T H F  followed by oxidation of the intermediate organoborane 
a t  elevated temperature with alkaline hydrogen peroxide as 
described by Borowitz and Williams gave amine 8c as the 
major reaction product and a small amount of the desired 
diastereoisomeric amino alcohols 8a and 9a. Under these 

8a, R ,  = OH; R, = pyrrolidinyl 
b, R, = OH; R, = piperidinyl 
c, R ,  = H; R, = pyrrolidinyl 
d ,  R ,  = OH; R, = N-oxypyrrolidinyl 
e, R,  = OH; R, = N-oxypiperidinyl 
f ,  R ,  = OH; R, = OSi(CH,),C(CH,), 

9a, R ,  = OH; R, = pyrrolidinyl 
b, R ,  = OH; R, = piperidinyl 
c ,  R ,  = OH;  R, = N-oxypyrrolidinyl 
d ,  R ,  = OH; R, = N-oxypiperidinyl 

vigorous conditions, protonolysis rather than oxidation of the 
intermediate @-pyrrolidinyl alkylborane apparently pre- 
d0minates.l' 

On the other hand, room-temperature oxidation with hy- 
drogen peroxide in aqueous sodium acetate followed by pre- 
parative chromatography gave amino alcohols 8a (48% yield) 
and 9a (22%). Finally, hydroboration with 9-BBN followed 
by the mild oxidation procedure gave a single amino alcohol 
9a in 90% isolated yield. 

Oxidation of a mixture of 8a and 9a with Jones reagent, 
pyridinium chlorochromate,12 or chromium trioxide-pyridine 
under a variety of conditions (0-25 "C) resulted in either little 
reaction or extensive polymerization. Treatment of 9a with 
trifluoroacetic anhydride in dimethyl sulfoxide13 did give a 
ketonic product in 79% yield; however, the structure was found 
to correspond to keto enamine 13. Apparently initial oxidation 
of 9a occurs a t  nitrogen to give iminium ion 10, which suffers 
deprotonation as shown to give amino ketone 11 and (or) 
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CH, - 

12 
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enamine 12. Both 11 and 12 presumably would undergo fur- 
ther oxidation to give 13. 
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A carbonyl transposition based on enamine hydroboration 
has been described by Gore and co-workers.14 The key to  the 
process involves oxidat,ion of an intermediate amino alcohol 
to the N-oxide and Cope elimination of the N-oxide to give 
the transposed ketone. The direction of Cope elimination is 
dependent on availability of hydrogen atoms and may result 
in production in an  allylic alcohol as well as the transposed 
ketone. Concerted Cope elimination of t he  N-oxide derived 
from 9a, however, would produce only transposed ketone 4. 
Thus, both 8a and 9a were converted to their respective N -  
oxides 8d and 9c with m-chloroperbenzoic acid. 

Attempted pyrolysis of 8d or 9c using the conditions de- 
scribed by Gore (neat, degassed, 160 O C  a t  (10 mmHg)) re- 
sulted in polymerization. Employing benzene or xylene solvent 
a t  reflux also gave polymer. Cram has noted that elimination 
of N-oxides may be effected a t  lower temperature in polar 
solvents;15 however, extended reaction of 8d or 9c in T H F  a t  
25 "C (or a t  reflux) again resulted in polymerization. 

A complicating side reaction possibly encountered in 
elimination studies with 8d and 9c is pyrrolidine ring cleavage 
to give a homoallylic hydroxylamine. In fact, this kind of ring 
cleavage has been reported to occur with certain pyrrolidine 
N-oxides;lG on the other hand, piperidine N-oxides seem to 
be somewhat more resistant to internal elimination. Piperi- 
dine N-oxides 8e and 9d were prepared (see Experimental 
Section), and indeed, under the most favorable reaction 
conditions (9d in refluxing chlorobenzene solution), the de- 
sired transposed ketone J was produced in 24% isolated yield; 
the major reaction product. however, was amino alcohol 9b 
(40%). Apparently Cope elimination in this relatively rigid 
fused ring system proceeds with difficulty and dispropor- 
tionation of the N-oxide occurs on extended heating. 

The next vinyl derivative of 3 to be considered was the enol 
silyl et.her 5e. Selective preparation of 5e must depend on 
kinetic selectivity of enolate generation in 3. Sequential ad- 
dition of (1) a T H F  solution of 3 and (2) excess chlorotri- 
methylsilane to 1 equiv of lithium diisopropylamide (LDA) 
in T H F  a t  -78 O C  followed by warming to room temperature 
and anhydrous workup gave 5e in >95% yield. 

Hydroboration of the enol trimethylsilyl ether of cyclo- 
hexanone followed by oxidation with alkaline hydrogen per- 
oxide has been relported to give trans- 1,2-cyclohexandiol in 
70% yield." Although this literature result was encouraging, 
carbonyl transposition requires that there be some means of 
differentiation between the two alcohol functions; conse- 
quently, we felt that a milder pri)cedure for oxidation of the 
intermediate orgmoborane perhaps would allow isolation of 
a trimethylsilgloxy alcohol. Hgdroboration of 5e followed by 
oxidation with hydrogen peroxide in aqueous sodium acetate 
gave a reaction product which had experienced trimethylsilyl 
ether cleavage. On the other hand, hydroboration-oxidation 
of the more s t a b W  enol tPrt-butyldimethylsilyl ether 5f gave 
the hydroxy tcrt. butyltiimethylsilyl ether 8f and oxidation 
of 8f with chromium trioxide-pyridine in methylene chloride 
produced the crystalline ct-tprt- hutvldimethylsilyloxy ketone 
14a in 75% overall yield. 

in parallel with the reactivity of methoxy ketone 7, we found 
that reductive cleavage of the silyloxy group in 14a was not 
effective. However, we now seemed to have the option of 
converting 14a to the keto mesylate 14c via keto1 14b. A t -  
tempted desilylation of' 14a using' acetic acid-water-THF 
(3: l : l )  a t  55 "C: resulted in extensive decomposition, whereas 
tetra-n -butylammonium fluoride in T H F  triggered $-elimi- 
nation of  the phenolic residue in 14a (or 14b; vide infra, 18a 
+ 15) to give the internal hemiketal 15. 

At this juncture, we abandoned the concept of a high-yield 
carbonyl transposition via a vinyl derivative of 3 and turned 
our attention to methodology which incorporates the high 
regioselectivity of'kinetic endate  generation with 8 (cf., 3 - 

14a, X = OSi(CH,),C(CH,),  
b. X = OH 
c, X = OMS 
d,  X = OCOCH, 

n 
0 

15 

5e). Recently, Trost and co-workers have described a 1,2- 
carbonyl transposition based on the sulfenylation of a ketone 

enolate with a disulfide to give an a-sulfenylated ketone.20 
Regioselectivity in enolate reaction and hence ketone carbonyl 
transposition was indicated in subsequent studies;*1 cu-SUI-  
fenylation of 2-methylcyclohexanone with the reactive phenyl 
phenylthiosulfonate demonstrates that a product distribution 
corresponding to the kinetic selectivity of enolate generation** 
could be obtained with simple unsymmetrical ketones. 

Formation of the kinetic enolate of 3 with LDA followed by 
addition of a T H F  solution of diphenyl disulfide or phenyl 
phenylthiosulfonate,23 with or without added hexamethyl- 
phosphoramide (HMPA), gave unreacted 3 and variable 
amounts of the bissulfenylated ketone 17. Most of the sul- 
fenylation reagent was consumed in conversion to N,N-di- 
isopropylbenzenesulfonamide and we could not detect the 
presence of the desired monosulfenylated ketone 16a. T o  
account for the observed product distribution, we presume 
that proton exchange between 3 and 16a is faster than sul- 
f'enylation of 3 and diisopropylamine is sufficiently nucleo- 
philic to react with the sulfenylation reagent (or possibly 16a). 

l'hX&K: phs%c'H PhS () 

/ \  R, 

R,  CH! - (" - 
16a, X = S; R ,  = H; R ,  = CH,  17 

b,  X = S e ,  R ,  = C H I ;  R2 = H 

18a, X = OH 
b, X = OCOCH, 
c, X = OMS 

Indeed, with the lithium enolate of 3 generated by use of the 
relatively less nucleophilic amine tetramethylpiperidine'4 (1 
equiv) and phenyl phenylthiosulfonate ( I  equiv) in THF- 
HMPA solution, an -1:l mixture of 3 and 17 was obtained. 

Frustrated in attempts to prepare 16a, we turned our at- 
tention to the tu-phenylseleno ketone 16b. In contrast to the 
sulfur analogue, the tu-phenylseleno group may be introduced 
by acid-catalyzed reaction of a ketone with phenyl selenyl 
chloride in ethyl acetate solution.2s Thus prepared, 16b was 
reacted with a variety of reducing reagents, hut in all cases 
only ketone 3a was isolated in high yield. Interestingly, 
treatment of 16b with diisobutylaluminum hydride in '1°F 
followed by addition of  chlorotrimethylsilane gave the enol 
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trimethylsilyl ether of ketone 3a in moderate yield. Presum- 
ably, diisobutylaluniinum hydride reacts with the a-phenyl- 
seleno ketone to give the aluminum enolate of ketone 3a as 
shown.26 

A high-yield carbonyl transposition which makes use of the 
conversion of a ketone to a propanedithiol derived thioketal 
ketone has been reported by Marshall and R ~ e b k e . ~ ~  Thio- 
ketal formation required initial conversion of the ketone to 
a hydroxymethylene derivative and subsequent reaction with 
1,3-propanedithiol d i-p -toluenesulfonate. A potentially more 
direct route to a thioketal ketone seemed at  hand in the con- 
version 3 - 17; consequently, experimental conditions which 
produced 17 in a satisfactory yield were developed. 

Generation of the lithium enolate of 3 with 1.1 equiv of 
lithium tetrarnethylpiperidide in THF at  -78 "C followed by 
addition to a solution of phenyl phenylthiosulfonate (2.5 equiv 
at  25 "C) in HMPA gave thioketal ketone 17 in 85% isolated 
yield. Reduction of 17 with either lithium aluminum hydride 
or sodium borohydride gave the hydroxy thioketal 18a in 
quantitative yield. Conversion of 18a to acetate 18b and hy- 
drolysis of the thioketal group with mercuric chloride in 
aqueous acetonitrile gave keto acetate 14d; however, silica gel 
chromatography of 14d resulted in epimerization. Attempted 
reduction of a mixture of the epimers with calcium in am- 
monia (as described by Marshall) or zinc in acetic acid gave 
a complex mixture of products. Treatment with chromous 
chloride in refluxing aqueous acetone did produce a small 
amount of transposed ketone 4 along with a substantial 
amount of polymer (see Experimental Section). 

We felt that a departure from the literature transposition 
sequence, by way of keto mesylate 8c, was required. This 
modification had been considered by Marshall, but attempted 
preparation of a throketal mesylate resulted in quantitative 
elimination-rearrangement to a vinyl sulfide as shown. With 
the thiophenol derived thioketal alcohol Ha, however, we were 
delighted to discover that thioketal mesylate 18c could be 

obtained in quantitative isolated yield. Thioketal hydrolysis 
proceeded in good yield to give 14c. Attempted reductive 
cleavage of the keto mesylate with zinc and acetic acid was 
ineffective; however, with calcium in ammonia, 4 could be 
isolated in moderate yield. With chromous chloride in aqueous 
acetone at  25 "C, transposed ketone 4 was obtained in essen- 
tially quantitative yield (58% from 3). 

We also have converted hydroxy thioketal 18a to 4 in 
somewhat higher yield using alternate methodology. Hy- 
drolysis of 18a to give ketol 14b occurred in high yield without 
tautomerization to an isomeric ketol! The anticipated insta- 
bility of 14b (vide supra, 14a - 15) was clearly demonstrated 
during attempted thick-layer chromatography of 14b on silica 
gel, from which rearranged, internal hemiketal 15 was isolated 
in 85% overall yield from 18a. However, crude ketol 14b could 
be converted to transposed ketone 4, via keto mesylate 14c, 
in 66% isolated yield from 3. 

That  the methodology outlined here for the transposition 
3 - 4 is useful in even more complex systems was convincingly 

demonstrated by our recent total synthesis of dl-lycoramine 
lez8 In this case, the carbonyl transposition was performed in 
64% overall yield. 

Experimental  Section 
General. All reactions were run under a positive pressure of dry 

nitrogen. Infrared spectra were recorded on a Perkin-Elmer Model 
137B infrared spectrometer. lH NMR spectra were obtained on either 
a Varian A-60A or a Varian EM-390 NMR spectrometer (tetra- 
methylsilane internal standard; deuteriochloroform solvent). 'H NMR 
decoupling experiments were obtained with the Varian EM-390 NMR 
spectrometer. Low-resolution chemical ionization and electron impact 
mass spectra were obtained with a Finnigan 3300 gas chromato- 
graph-mass spectrometer. Microanalyses were carried out by Spang 
Microanalytical Laboratory. Ann Arbor, Mich. Melting points were 
obtained on a Thomas-Hoover apparatus, in open capillary tubes, and 
are uncorrected. Preparative thick layer (1.25 mm) plates were made 
of E. Merck AG Darmstadt silica gel PF-254 or GF-254. A mixture 
of 15% methanol in methylene chloride was used for extractions from 
silica gel unless otherwise indicated. The resulting organic solution 
was usually washed with 50% brine and water and dried over anhy- 
drous magnesium sulfate and the solvent was evaporated to  obtain 
the organic product. 
2-(2-Methylphenoxy)-3-methyl-2-cyclohexen-l-one (2). To 

a suspension of potassium hydride (0.91 g, 0.022 mol) in THF (14 mL) 
was added a solution of o-cresol(21.0 g, 0.195 mol) in THF (14 mL). 
When gas evolution had subsided, a solution of 2,3-epoxy-3-methyl- 
cyclohexanone (20.0 g, 0.195 mol)29 in T H F  (14 mLJ, followed by 
hexamethylphosphoramide (26 mL), was added, after which the 
mixture was heated to reflux for 11 h. After coding, water (100 mL) 
was added and the mixture was extracted with ether (2 X 200 mL); 
the organic layer was washed with 1 N sodium hydroxide (2 X 75 mL) 
and water (3 X 75 mL) and then dried over anhydrous magnesium 
sulfate. Evaporation of solvent, distillation (bp 13g132 "C at 0.2 mm), 
and crystallization from ether-petroleum ether gave 2 (27.1 g, 79%, 
mp 65.5-66.5 "C): IR (CHCl3) 5.95 gm; 'H NMR 6 1.88 (s, 3 H) ,  
1.73-2.74 (m, 6 H), 2.36 (s, 3 H), 6.35--7.28 (m, 4 H). 

4-0xo-6,9/3-dimethyl- 1,2,3,4,4a&9b-hexahydrodibenzofuran 
(3) was prepared from 2 by the photochemical procedure found in ref 
1; crystallization from ether-petroleum ether gave 3 (8496, mp 
93.5-94.0 "C): IR (CHClz) 5.80 pm; 'H NMR 6 1.45 (s, 3 H),  1.50-2.15 
(m, 4 H), 2.28 (s, 3 H) ,  2.28-2.66 (m, 2 H), 4.42 (s, 1 H),  6.77-7.07 (m, 
3 H).  

P repa ra t ion  of 3,3-Bis(phenylsulfeny1)-4-0~0-6,9b,9-di- 
methyl-1,2,3,4,4a&9b-hexahydrodibenzofuran (17). To a solution 
of tetramethylpiperidine (0.465 mL, 2.75 mmol) and T H F  (5 mL) a t  
0 "C was added 2.4 M mbutyllithium (1.10 mL. 2.64 mmol) in 1 min. 
After stirring for 20 min, the solution was cooled to -78 "C and a so- 
lution of ketone 3 (540 mg, 2.49 mmol) in THF (5 mL) was added over 
3 min. The resulting solution was stirred for 30 min and then was 
added to a vigorously stirred solution of phenylbenzene thiosulfon- 
ate32 (1.56 g, 6.25 mmol) and hexamethylphosphoramide (5 mL), 
which was cooled by a 25 "C water bath. After 2 h, 50% saturated 
ammonium chloride (20 mL) was added to the resulting white sus- 
pension. Extraction with ether (3 X 50 mL) was followed by washes 
with 1 N hydrochloric acid (3 X 25 mL), I ,h: sodium hydroxide (3 X 
25 mL), and water (2  X 25 mL). Drying over anhydrous magnesium 
sulfate and evaporation of solvent afforded an oily yellow solid which 
was crystallized from cold ether t,o give 17 (624 mg, Soh, mp 134.5-136 
"C). The resulting mother liquor was chromatographed (thick layer, 
silica gel 60 GF-254, benzene as elution solvent) to give more 17 (291 
mg, 27%, mp 132-135 "C, R f  0.3,85O% total): IR (CHC13) 5.80,6.25 fim; 
1HNMRd1.40(s,=H),1.80-2.32(m,4H),2.38~s.3H),5.06(s,1H), 
6.68-7.10 (m, 3 H). 7.13-7.79 (m, 10 H).  

Anal. Calcd for C26H2402S2: C ,  72.21; H. 5.59; 0, 7.10; S, 14.80. 
Found: C, 72.25; H,  5.65. 

Prepara t ion  of 3,3-Bis(phenylsulfenyl)-4fl-hydroxy-6,9b~- 
dimethyl-1,2,3,4,4afl,9b-hexahydrodibenzofuran (Ha). To a so- 
lution of thioketal ketone 17 (915 mg, 2.11 mmol) and ether (40 mL) 
was added lithium aluminum hydride (500 mg, 13 mmol) in several 
portions over 5 min. After 1 h, the resulting suspension was cooled to 
0 "C arid 1 N hydrochloric acid was added until gas evolution ceased. 
The mixture was extracted with ether (75 mL) and the organic layer 
was washed with 1 N hydrochloric acid (3 X 30 mL), 1 N sodium hy- 
droxide (3 x 30 mL), and water (2 X 30 mL) and dried over anhydrous 
magnesium sulfate. Evaporation of solvent gave 18a (glass, 920 mg, 
100%): IR (CHC13) 2.70,6.25 gm; 'H NMR E 1.09-2.41 (m, 4 H), 1.18 
(s, 3 H), 2.31 (s, 3 HI, 3.25 (db, 1 H, J a b  = 6.0 Hz), 3.99 (db of db, 1 H, 
Jha  = 6.0 Hz, Jbc = 4.0 Hz), 451  (db, 1 H, Jch = 4.0 Hz), 6.82-7.09 (m, 
3 H) ,  7.12-7.75 (m, 10 H) (deuterium exchange experiment: addition 
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of deuterium oxide results in disappearance of doublet at 6 3.25 (Ha) 
and collapse of drublet of doublets at 6 3.99 (Hb) to a doublet ( J  = 4.0 
Hz)). 

P repa ra t ion  of 3,3-Bis(phenylsulfengl)-4~-acetoxy-6,Sb~- 
dimethyl-1,2,3,4,4a~-9b-hexahydrodibenzof1.1ran (18b). To a so- 
lution of thioketal alcohol 18a (100 mg, 0.23 mmol) and pyridine (4.5 
mLi was added acetic anhydride (0.62 mL, 6.57 mmol). After 48 h, 
ether (100 mL) was added and the resulting solution was washed with 
1 N sodium carbonate ( 2  x 25 mL), 1 N hydrochloric acid (2 X 25 mL), 
and water (2 x 25 mL) and dried over anhydrous magnesium sulfate. 
Evaporation of solvent and thick-layer chromatography (silica gel 60 
PF-254, methylene chloride as elution solvent) gave 18b (104 mg, 95%, 
Rf 0.8): IR (CHCIs! 5.74, 6.25 pm: 'H NMR 6 1.19-2.25 (m, 4 H), 1.25 
is. 3 H), 1.84 (5, 3 HI, 2.23 (s, = H), 4.66 (db, 1 H , J =  4.0Hz), 5.49 (ab, 
1 H, J = 4.0 Hz). 6.63-7.10 (m, 3 H) ,  7.10-7.94 (m, 10 H). 

Prepa ra t ion  of 3-0xo-4P-acetoxy-6,9bj3-dimethyl- 
1,2,3,4,4a@,Sb-h~xahydrodihenzofuran (14d). To a suspension of 
18b (55 mg, 0.11 5 mmol). acetonitrile (1.9 mL), and water (0.49 mL) 
was added mercuric oxide red (280 mg! 1.29 mmol) followed by mer- 
curic chloride ( 1 2  mg, 0.45 mmol). The resulting suspension was 
heated to "C ;dr 6 h. After cooling, the suspension was filtered 
through glass wool with the aid of methylene chloride (10 mL). The 
filtrate was diluted with methylene chloride (50 mL) and then was 
ivashed with 50% mturated ammonium acetate (3 X 30 mL) and water 
(2  x 20 mL) and dried over anhydrous magnesium sulfate. Evapora- 
tion of solvent ga1.e crudes 14d, but thick layer chromatography (silica 
Eel 611 PF-254 with (7aS01, methylene chloride as elution solvent) 
effected epiinerization to give a mixture of mainly 14d and the epimer 
12-1 mg, 76"(>. I?; 0 . 4 ) :  I R  (('HC13) 5.70, 6.78, 6.25 pm; 'H NMR 13 
1.16-2.58 (in, 4 Hi. 1.55 1s. 3 H),  2.20 (s, 3 H),  2.28 (s, 3 HI, 4.49 (db, 
~ ~ . ~ 9 H , J = 8 . ~ ~ H ~ i . ~ 1 . ~ 5 ( ~ 1 1 , 0 . i l H . J = 3 . 0 H z ) , 5 . 4 6 ( d b , 0 . 2 9 H , J  
= 8.0 H z ) .  5.68 (dI1,0,7l H, J = 3.0 Hz), 6.92 (m, 3 H). Crystallization 
from ethrr--petrciierilll et her gave l l d  (mp 154- 155.5 "C): chemical 

.06: H, 6.61; 0, 23.33. Found: C. 
'71),13: H, 6.66. 

Reductive Cleavage of 14d with Chromous Chloride. 'Yo a 
mixture of acetoxy krtoiie 14d and the epimer (13 mg, 0.047 mmol) 
i n  acetone (.3 mI,I waL: added a solution of chromous chloride (3 mL, 
2 5 5  mrnol)."' The reiulti:ig solution was heated to reflux for 1.5 h. 
After cooling, methylenct rhloride (50 mL) and hrine (10 mIJ were 
;added. The organic: layer 'cas washed with 1 N sodium carbonate ( 2  
x 10 MI,) and watpr ( 2  x 10 mL) and dried over anhydrous magne- 

1 I: of solvent afforded a mixture (11 mg) of 
id iio epimer of 1 Id. Further treatment of this 
imoris chloride led to excessive polymeriza- 

t ion .  
Prepara t ion  of :~.:l-t~is(phen,vlsulfenyl)-;lp-mesyloxy-~,Sb@- 

dimeth~l-1,2,:~,4.JaIB,))h-hexahydrodihenzofuran ( 1 8 ~ ) .  To a so- 
Iiition of thioketal : i I i ~ ~ ) h o !  18a (150 mg. 0.335 mmol) in pyridine (1.4 
nil ,)  at 0 "(' was added n~esyl  chloride (53 p L ,  0.680 mmol). After 10 
mil:. the reactioii was allowed to warm to 25 "C and stirring was 
cwntinued for ar : i ' t l? t t r  l r i  inin. Ether ( 7 0  mL) was added and the re- 
sulting solution was wai;hrti with 1 N hydrochloric acid (2  X 15 mL), 
1 N ?odium bitarboriate I:! X 1;) mLI. and water ( 2  X 15 mL) and dried 
,)ver anhydrou.; ri.agnwiuTn sulfate. Evaporation of solvent at  25-3,5 

) of sufficient purity for further op- 
8.52 urn: 'H NMR 6 1.05-2.10 (m,  4 

' .?I !s, ,'i H). 4.65 (dh, 1 H, J = 4.0 Hz). 
-7 .14(m.3H) ,7 .13- -7 .80(m,10H) .  

P repa ra t ion  of 3-0~0-4@-mesyloxy-6,9bi3-dimethyl- 
1.2,3,~1,Iafl,9b-hr-uahvdrodihenzofuran ( 1 4 ~ ) .  To a suspensir)n of 
1 %  (182 mg, (I.:3jicj n i m t i l i .  :ici.ti)nitrile (6 mLi, and water (1.5 mL) was 
added mercuric cr,tidt. red i M !  mg, 1.29 mmoli followed by mercuric 
vhloride (:ifii) mg. 1,.1,:1 mnic~li. 'The resulling mixture was heated to 
50 "( '  for ti h ,  After rooliiig, the siispension was filtered through glass 
wool Lvith the aid ;)f mpthvlcne chloride r2!i inl,i. Methylene chloride 
(30 mI, )  W A S  ad(!rti t o  i h r l  filtrate. w!iich was then washed with 50'k 
saturated ;~mmr~iiiumncet:ite i s  X :IO mI,J and water i 2  X 20rn1,i and 
dried over anhydrous niatnesium sii1fat.e. Evaprration of solvent gave 
crude I lc ,  but tl-ick layer cbrornatography (silica gel 60 GF-254, 
methylene chloride as elut,ion solvent 1 effected epimerization to give 
a mixture of mainly 14c and the epimer (70 mg, 73%, R f  0.4): IR (neat) 
5.74, 6.25, 7.37, 8.55 um: 'H NMK 6 1.20-2.55 (m, 4 H), 1.38 (s, 0.75 
H),1.60is,2.2,5H),2.18Is,2.25Hi,2.21 (~ ,0 .75H) ,3 .24 (~ ,0 .75Hi ,  
3 .40(s ,2 .25Hi,4. i~2(dh,0.2,~H,J=8.0Hz),4.86(db,0.75H,J=3.0 
Hz), 5,20 (dh, 0 . 2 5  H ,  J -2 8.0 Hz), 5.49 (db, 0.76 H,  J = 3.0 Hz), 
6.75-7.20 (m, 3 H . 

Reductive Cleavage of 14c with Calcium-Ammonia, To a so- 
lution of refluxing liquid ammonia (5 mL) was added a small piece 
ot'calcium (just erioiigh t < )  impart a blue color), followed by another 

addition of calcium (30 mg, 7.5 mmol)? After 2 min, a solution of 
mesyloxy ketone 14c and the epimer (40 mg? 0.129 mmol) in toluene 
(0.5 mL) was added and stirred for 10 min. To the resulting solution 
was added bromobenzene (1 mL, 9.4 mmol, stirred for 2 min) and 
water (10 mL) after which the mixture was allowed to warm up to 25 
"C. Ether (50 mL) was added and the resulting solution was washed 
with 1 N hydrochloric acid (10 mL) and water 12 X 10 mL) and dried 
over anhydrous magnesium sulfate. Evaporation of solvent gave a 
mixture (35 mg) of 4 (44%) and polymeric materid (56%) by lH NMR 
analysis. 

Prepara t ion  of 3-0~0-6,Sb&dirnethyl- I ,2,3,4,4a&Sb-hexahy- 
drodibenzofuran (4). To a solution of mesyloxy ketone 14c and the 
epimer (35 mg, 0.125 mmol) in acetone (2.5 mL) was added a solution 
of chromous chloride ( 3  mL, 2.55 mmol).3: After 4 h, methylene 
chloride (50 mL) and brine (IO mL) were added and the separated 
organic layer was washed with water (2 X 10 mL) and dried over an. 
hydrous magnesium sulfate. Evaporation of solvent and Kugelrohr 
distillation gave 4 (25 mg, 93%). 

P repa ra t ion  of 3-0xo-4~-hydroxy-6,9b-dfmethyl- 
1,2,3,4a,Sb-hexahydrodiben~ofuran (14b). To a suspension of 
thioketal alcohol 18a 1250 mg, 0.575 mmol) in acetonitrile (8.5 mL) 
and water (2.2 mL) was added mercuric oxide red (430 mg, 1.985 
mmol) followed by mercuric chloride (530 mg. 1.952 mmol). The re- 
sulting mixture was heated to 55 "C for 6 h. After cooling, the sus- 
pension was filtered through glass wool with the aid of ether 170 mL) 
and the filtrate was washed with 50% saturateti ammonium acetate 
(6 X 25 mL) and water (2  X 20 mL) and dried over anhydrous mag- 
nesium sulfate. Evaporation of solvent afforded crude 14b 1250 mg. 
quantitative yield) which was used for further operations without 
purification: IR (neat) 2.90, 5.80, 6.25 pm; 'H NMR ii 1.00-1.50 (m. 
2 HI, 1.55 (s, 3 H), 1.80-2.35 (m, 2 H). 2.19 (s, :3 HI, 3.65 (hr s, 1 H, 
replaceable on addition of deuterium oxide). 4.56 1\13), 1 H, J = 3.0 Hz), 
4.81 (db, 1 H, J = 3.0 Hz), 6.78- 7.13 (m, 3 HI. 

Rear rangement  of Ketol 14b to  I-MethyI-4-(2-hydroxy-3- 
methylpheny1)-1,Z-cyclohexanedione Hemiketal (15). A sample 
of ketol 14b (250 mg, ca. 0.575 mmol) underwent rearrangement 011 
attempted chromatography (silica gel 60 PF-254 with CaS04, meth- 
ylene chloride as elution solvent) to give 15 (113 1ng,85% overall from 
18a). 

P repa ra t ion  of 3-Oxo-4fl-mesyloxy-6,9b~-dimethyl- 
1.2,3,4,4a~,9b-hexahydrodibenzofuran ( 1 4 ~ ) .  'i'o a solution of crude 
ketol 14b (250 mg. ca. 0.575 mmoli in pyridine (3.5 mI,) at  0 "C was 
added mesyl chloride (0.10 mL, 1.283 mmol) dropwise. After 10  min, 
the mixture was allowed to warm to 25 "I-' and stirred for another 20 
min. Ether (70 mL) was added and the result,ing iolution was washed 
with 1 N hydrochloric acid (2  X 20 nil,), I N i o d h m  bicarbonate ( 2  
X 15 mL), and water ( 2  X 15 mL) and dried over anhydrous magne- 
sium sulfate. Evaporation of solvent afforded 1 IC i2:30 mg. quanti- 
tative yield) which \vas used for further opewtirin. \vith<)ut pririfica 
tion. 

Prepara t ion  of Ketone 4 (via Ketol llb).'I'o a solution of crude 
mesyloxy ketone l l c  (230 mg, ca. 0.5i5 mmol) in  acetone (17 ml,) was 
added a solution of chromoiis chloride (24 mL. 20.4 mniol).:" After 
X h. brine (10 mL) was added and the resulting solution was extracted 
with ether (60 mL) .  The organic layer was washed with ! N sodium 
hydroxide (15 inl,) and water ( 2  X 10 mI,i and dried (),.e? anhvdrous 
magnesium sulfate. Evaporation of solvent arid distillaticin gave 4 (95 
ing, 77% overall from 18a: hp 75-80 "C iCl.05 nlrn): mp 52-55 "('i: IR 
(CHCI:J 5,8:3,6.25 pm; 'H NMR 6 L . S  2.42 in). 1 H ) .  1.50 (i,3 H),  2.20 
i s .  :? H). 2.67 (db nf db, 1 H. Jab = 16.0 Hz.  .Jax = .'I 0 Hz'i. 2.94 cdh of 

.I,,, = 3.0 Hz). 6.76-7.12 (m, 3 Hi [decoupling es~eriment--irradiatio,i 
of the center of two sets of doublet of doublets a t  h 2.67 [ H a )  and 6 2.91 
(Hb)  results in collapse of doublet of doublets at d 4.74 tH,l to a singlet 
and irradiation of doublet of doublets at 6 3.74 iH,) resnlrs in collapse 
of the two sets of douhlets at 6 2.67 (H,) and 6 2.91 ( H ~ , I  t i )  t.wo sets of 
douhlets ( J  = Ifi.0 HI. for hiithi]; electron i i r r l ini~i  ma.;:; qpw'triin) W / F  

.4rlal. Calcd for I ' l ~ H l & ) ~ :  C, 77.75; SI. 7.16: 0. 13 79 Found: C. 
77.74; H. 7.30. 
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E3ectrophilic substi tut ion a t  posit ion 4 in biphenyl, 1 and 2 in naphthalene, and 2 and 3 in benzothiophene is cor- 
related by an equation, l o g f  = p I u ~ +  + (.*+ - .I+)! + E R ,  which, because of variations in the magnitudes of u ~ +  - 
UI+ and En,  is best appl ied as two l inear equations, log f = p ~ + ,  for 0 >p L -4.5, and log f = p u ~ +  + E R ,  for -4.5 > 
(I. The parameters .I+, u2+, and E R  are discussed in terms of dual  act ivat ion mechanisms for the bicyclic systems, 
and reactivi ty in posit ion 1 in naphthalene is explained wi thout  invok ing steric interaction w i t h  the peri hydro-  
gen 

The extended seltlctivity treatment (EST) of Stock and 
Brown1 produces linear plots passing through the origin 
(hence defining a unique u+ constant) for monosubstituted 
benzenes,' furan,2 thiophene,"* and fluorene,j but nonlinear 
plots have been obtained for 4-biphenyl (I),5 1- and 2-naph- 
thalene (I1 and III),lf and 2- and 3-benzothiophene (IV and 

Attempts to explain the curvature in terms of polariz- 
ability or steric effects (for I) or variable mesomeric contri- 
butions (for 11-V) have not been successful,6 and the four- 
parameter Yukawa-'Tsuno equation' has been found not to 
improve the correlation, except for 111.6 

0022-3263/79/1944-0724$01.00/0 

Two linear equations, eq 1 and 2 ,  give good correlations of 
the reactivity of 1-111 in electrophilic substitution, each over 
a limited range of p values: 

log f = pcq' (1) 

Le., the normal EST equation, for 0 > [ I  1 -4.5, over which 
range a single ul+ value suffices for I1 and 111, and 

log f = p O 2 +  ER 12) 
where ER is constant, for -4.5 1 p 1 -12.1, The parameters 
GI+, u2+, and ER, evaluated by least squares, are listed in 
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