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A variety of 5-alkyl-l,2,3,4,5-pentachloro-1,3-cyclopentadienes (4a-d) were prepared. The key step in these syn- 
theses involved the reaction of a phosphite with hexachlorocyclopentadiene. Attempts were made to effect intra- 
molecular Diels-Alder cyclization of these compounds without rearrangement in an effort to synthesize longifolene. 
Thermal cyclization occurred in one case, that of 4b, ic low yield, but rearrangement preceded cyclization. The mo- 
lecular structure of this cyclization product was unequivocally elucidated as 5a by X-ray crystallographic analysis. 
Consideration of this structure, which requires reduction as well as rearrangement, suggested a more efficient syn- 
thesis. Reduction of (E)-4b with lithium aluminum hvdride followed bv thermal cvclization gave 5a in good yield. 
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Benzyl ether 5b was'similarly prepared. Both 5a and 5b 
folene. 

Longifolene (1) is a tricyclic sesquiterpene whose chemis- 
try and synthesis has evoked considerable interest. Three 

1 

successful syntheses of longifolene have been reported.2 An 
unsuccessful attempted synthesis reported by Brieger3 drew 
our attention because of its conciseness and the possibility 
that the synthetic goal could be realized with some modifi- 
cations in the approach. Brieger noted that internal Diels- 
Alder cyclization of 2, which may be prepared from geraniol 

2 

and cyclopentadiene, would afford the carbon skeleton of 
longifolene. However, 2 is a 5-alkyl-l,3-~yclopentadiene and 
as such is expected to i;somerize readily to the 1- and 2-iso- 
 mer^.^ Furthermore, at equilibrium, at  least a t  room tem- 
perature, the 5-isomer is a very minor con~t i tuent .~  Indeed 
Brieger apparently obtained a mixture consisting predomi- 
nantly of the 1- and 2-isomers. It was hoped that on heating 
thermal equilibration would provide the 5-isomer, which 
would then cyclize. Unfortunately, the only product obtained 
was apparently that resulting from internal Diels-Alder cy- 
clization of the l - i ~ o m e r . ~  It should be noted however, that 
such an approach proved viable in the intramolecular Diels- 
Alder cyclization of l-(3-butenyl)-1,3-cyclopentadiene.6 In 
this case, cyclization of the the 5-(3-butenyl)-1,3-cyclopen- 
tadiene is favored over the 1-isomer because the transition 
state of the former cyclization, which leads to brex-4-ene, is 
less strained than that resulting from cyclization of the 1- 
isomer. To overcome the difficulties in this attempted syn- 
thesis of longifolene securing the 5-isomer and effecting 
Diels-Alder cyclization before isomerization is required. 
Trapping of 5-alkyl-l,3-~yclopentadienes in Diels-Alder re- 
actions prior to isomerization has been reported in several 
cases.7 However, all of these cases involve especially facile 
Diels-Alder reactions. The difficulty in extending this 
methodology to less facile Diels-Alder reactions is the ease of 

0022-3263/78/1943-3209$01.00/0 

I - -  
are potential intermediates in a synthesis of isolongi- 

isomerization of 5-alkyl-1,3-cyclopentadienes. Since this 
thermal isomerization involves [1,5]sigmatropic rearrange- 
ment4*s of a hydrogen atom, replacement of the 5-hydrogen 
atom with an atom or group which undergoes migration less 
readily is indicated. The atom selected for the present studies 
was chlorine and 5-alkyl-1,2,3,4,5-pentachloro-1,3-cyclo- 
pentadienes in particular were studied. This choice was de- 
termined by the following: (1) 5-alkylpentachloro-l,3-cyclo- 
pentadienes undergo isomerization only at  elevated temper- 
atures (-150 0C);9 (2) alkyl group migration is degenerate 
(although alkyl groups isomerize much less readily than hy- 
drogen atomdo anyway except in one special case);ll (3) 
hexachloro-1,3-cyclopentadiene, 1,2,3,4,5-pentachloro-l,3- 
cyclopentadiene, and 5-alkylpentachloro-l,3-cyclopenta- 
dienes undergo Diels-Alder reactions with  alkene^;^^,^,'^ (4) 
hexachlorocyclopentadiene undergoes Diels-Alder reactions 
with inverse electron demand,lZdJ3 thus electron-releasing 
alkyl groups on the dienophile electronically favor reaction 
(although there is also an adverse steric effect); (5) 5-allylal- 
koxy-5-morpholino-l,2,3,4-tetrachlorocyclopentadiene re- 
portedly14 undergoes intramolecular Diels-Alder reaction at  
room temperature; (6) methods are available for preparing 
5-alkylpentachloro-1,3-cyclopentadienes by reaction of alkyl 
halides with pentachlorocyclopentadienyl aniongaJ5 or by 
reaction of hexachloro-1,3-cyclopentadiene with alkyl phos- 
phorus esters;16 (7) all of the chlorine atoms should easily be 
replaceable by hydrogen atoms in the Diels-Alder 
a d d ~ c t . g ~ J ~ ~ J ~  This paper reports attempts to utilize 5-alk- 
ylpentachloro-1,3-cyclopentadienes in a synthesis of longi- 
folene. 

Results 
A variety of 5-alkylpentachloro-l,3-cyclopentadienes 

(4a-d), which on intramolecular cyclization without rear- 
rangement would afford products with the carbon skeleton 
of longifolene, were prepared as follows. A mixture of (E,Z)- 
3,7-dimethyl-2,6-octadien-l-o1 was successively acetylated, 
selectively oxidized with monoperphthalic acid to the 6,7- 
epoxide, and reduced with lithium aluminum hydride in tet- 
rahydrofuran' following the procedure of Mousseron-Canet 
et a1.lS to yield 1,7-diol 3a. After purification by column 

OH 
3a, R = H 
b, R = COCH, 
c, R = CH, 
d ,  R = CH,C,H, 
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chromatography on silica gel, 1,7-diol 3a was selectively 
acetylated. Treatment of hydroxy acetate 3b so obtained with 
triethylamine and diethyl phosphorochloridite presumably 
gave the corresponding mixed phosphite. This intermediate 
was not isolated and characterized, but treated with hexa- 
chlorocyclopentadiene to afford, in analogy with the studies 
of Mark and co-worE;ers,16 5-alkylpentachlorocyclopentadiene 
4a in 39% yield after purification by silica gel chromatography. 
In a similar manner hydroxy methyl ether 3c and hydroxy 
benzyl ether 3d were transformed into 5-alkylpentachloro- 
cyclopentadienes 4b and 4c in 56 and 60% yield, respectively. 

4a. R = CH,OCOCH, 
13, R = CH,OCH, 
c, R = CH,OCH,C,H, 
11, R = CH,OH 

Hydroxy methyl ether 3c19 was secured by methylation of 
(E,Z)-3,7-dimethyl-2,6-0ctadien-l-o1 with sodium hydride 
and methyl iodide. followed by selective oxidation with 
monoperphthalic acid, and then reduction with lithium alu- 
minum hydride. Hydroxy benzyl ether 3d was prepared from 
3a by sequential treatment with sodium hydride in tetrahy- 
drofuran and excess benzyl bromide. Acetate 4a, on exposure 
to sodium carbonate and methanol, produced alcohol 4d. This 
alcohol could be converted easily into a variety of 5-alkyl- 
pentachlorocyclopentadienes. On treatment with sodium 
hydride in tetrahydrofuran and methyl iodide or benzyl bro- 
mide, alcohol 4d gave methyl ether 4b and benzyl ether 4c. 
Both of these ethers were identical with those prepared by the 
alternative routes already described. 

In addition to the E,Z isomers of 4 prepared as outlined 
above, isomerically pure (E)-4b was prepared from geraniol, 
(E)-3,7-dirnethyl-2,B-octadien-l-o1. Successive. methylation, 
selective epoxidation, and reduction of geraniol yielded ( E ) -  
3c. Conversion of ( E 9 - 3 ~  into (E)-4b was accomplished in the 
same manner as tha%t for the transformation of (E,Z)-3c into 
(E,Z)-4b. 

The structures of 5-alkylpentachlorocyclopentadienes 4a-d 
were assigned on the basis of the method of synthesis and 
spectroscopic data (IR, IH NMR, and MS). Data supporting 
the assignment of 1 hese materials as 5-alkylpentachlorocy- 
clopentadienes, as opposed to the 1- or 2-alkyl isomers, was 
of special interest. In this regard, note should be made that 
compounds 4a-d showed no, or a t  most weak, absorption in 
or near the 800-815-cm--] region in the IR. Furthermore, the 
13C NMR spectrum of (E)-4b was measured. 

Attempts to effect intramolecular Diels-Alder cyclization 
of 5-alkylpentachlorocyclopentadienes 4a-d under a variety 
of conditions appeared to be of no avail with one exception.20 
Heating a dilute solution of 4b and hydroquinone in decalin 
a t  reflux under an argon atmosphere for 1 h gave a mixture 
which was separated by column chromatography on silica gel. 
Uncyclized material was recovered but, although the lH NMR 
spectrum of this material was identical with starting 4b, an 
absorption band of medium strength a t  795 cm-l appeared 
in the IR spectrum of this material which was not present in 
that of the starting material. In addition a small amount of a 
colorless solid was also obtained. lH NMR, IR, and UV spectra 
indicated that this b3olid was a cyclized product of 4b, but MS 
data suggested that a chlorine atom had been replaced by a 
hydrogen atom. Since only small amounts of this difficulty 
obtainable material were available its detailed structure was 
determined by single-crystal X-ray diffraction analysis. 

Figure 1. ORTEP~' stereoscopic view of 5a. 

The molecular structure of this material is shown in 5a. A 
stereoscopic view of 5a is presented in Figure 1. 

4 CH,OCH,II 
15 16 

5a, R = H 
b, R = C,H, 

Once the detailed structure of 5a had been elucidated a 
more efficient route to this material was devised. Reduction 
of (E)-4b with lithium aluminum hydride in tetrahydrofuran 
gave (E)-tetrachlorocyclopentadiene 6a in 72-81% yield. 

@, 
A 

6a, R = CH, 
b, R = CH,C,H, 

Heating a dilute solution of (E)-6a and hydroquinone in de- 
calin a t  reflux under an argon atmosphere for 5 h provided 5a 
in 7040% yield. Similarly, (E,Z)-4c on reduction with lithium 
aluminum hydride yielded (E,Z)-6b in 78% yield. Intramo- 
lecular Diels-Alder cyclization of (E,Z)-6b was effected in a 
manner similar to that for (E)-6a to afford 5b in 41% yield and 
another isomer in 6% yield. The structure 5b was assigned on 
the basis of spectral data, particularly the lH NMR spec- 
trum. 

Discussion 
An essential aspect to this synthetic approach was the 

preparation of 5-alkylpentachloro-l,3-cyclopentadienes 4. To 
accomplish this, a carbon-carbon bond establishing a qua- 
ternary carbon must be formed. This was readily achieved by 
reaction of alkyl phosphorous esters and hexachloro-1,3- 
cyc1opentadiene.l6 An additional useful aspect of this reaction 
is that a mixed phosphite could be used owing to the greater 
ease of transfer of a tertiary over a primary alkyl group.16a 
That 5-alkyl isomers are formed in the reactions of alkyl 
phosphites with hexachloro-1,3-cyclopentadiene has been 
previously shown by I R P  Raman,22 lH N M R F  13C NMR,9cvZ3 
ESCA,24 and chemical s t ~ d i e s . ~ a J ~ ~  Thus the lack of strong 
absorption in the IR in the 800-815-cm-' region is diagnostic 
for 5-alkylpentachlorocyclopentadienes. Isomeric 1- and 2- 
alkylpentachlorocyclopentadienes absorb in this region owing 
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t o  a CCll vibration.gc All of the alkylpentachlorocyclopenta- 
dienes prepared in our work by the reaction of phosphites with 
hexachlorocyclopentadiene are devoid of significant absorp- 
tion in t h e  800-815-~m-~ region and, therefore, are assigned 
as the 5-isomers. In addition the I3C NMR spectrum of (E)-4b 
supports its assignment as a 5-alkyl isomer. Four peaks occur 
in t h e  olefinic carbon region. Two of these peaks (those at 
122.3 and 138.6 ppm) are due to resonance of the olefinic 
carbons which are not part of the cyclopentadienyl ring. Thus 
resonance due  t o  the  c yclopentadienyl ring carbons give rise 
t o  only two signals (a t  129.5 and 134.4 ppm). Therefore, there 
are only two nonequivalent olefinic carbon atoms in the cy- 
clopentadienyl ring. Olnly the 5-alkyl isomer is sufficiently 
symmetric to  accommodate this result. Furthermore, the peak 
at 80.2 p ~ m , ~ ~  which is assigned t o  t h e  resonance of the satu- 
rated carbon of the cyclopentadienyl ring, is consistent with 
a 5-alkyl isomer. T h e  chemical shift for C(5) in  5-ethyl- 
1,2,3,4-5-pentachloro-l1,3-cyclopentadiene in  deuteriochlo- 
roform is 73 ppm. This  leads to a calculated26 chemical shift 
for the saturated carbon of the cyclopentadienyl ring in (E)-4b 
of 79 ppm,  which is in good agreement with the observed 
value. 

With the  required 5-alkylpentachlorocyclopentadienes in  
hand a question of key importance for the  synthetic approach 
was would intramolecular Diels-Alder cyclization compete 
favorably with alternative modes of reaction such as isomer- 
ization. T h e  results show that this  is not the case. Only a 
product resulting from cyclization of a 1-substituted isomer 
was isolated. In addition the recovered uncyclized material 
showed absorption in the IR at 795 cm-l which was absent in 
t h e  starting material. This  suggests t h e  presence of the 1- 
and/or 2-alkyl isomers.27 

T h e  s t ructure  of t h e  cyclization product  obtained from 
(E,Z)-4b was unambiguously deduced from X-ray studies. 
T h e  bond lengths, bond angles, and torsion angles determined 
for 5a compare favoraibly with the expected values.2s The 
mechanism by which 5a formed was not investigated in  detail, 
but some per t inent  comments can be made. Clearly, isomer- 
ization precedes cyclization. Furthermore, a reasonable pos- 
sibility is t h a t  4b suffers homolysis of the C(5')-C1 bond to  
generate a tetrachlorocyclopentadienyl radical and chlorine 
atom, which can either irecombine t o  give the isomeric alkyl- 
pentachlorocyclopentadienes or t h e  tetrachlorocyclopenta- 
dienyl radical abstracts a hydrogen atom. This  presumably 
would lead to  a mixture of compounds 7-9, which can easily 

7 8 9 

thermally equilibrate by [ 1,5]sigmatropic rearrangement of 
hydrogen. Isomer 8 may then undergo Diels-Alder cyclization 
to  produce 5a. In support of this suggestion i t  was found that 
reduction of (E)-4b with lithium aluminum hydride29 gave, 
in good yield, a mixture of tetrachlorocyclopentadienes (NMR 
analysis suggests 30% of 7 a n d  70% of 8 andlor  9) which un- 
derwent thermal  cyclization, under  t h e  conditions used for 
cyclization of 4b, t o  afford 5a in good yield. T h e  stereochem- 
istry of 5a results from t h e  expected cis additionlZe to  t h e  
(E)-alkene.30 In addition steric factors ra ther  than dipole 
a t t r a c t i o n ~ l ~ ~ . ~ ~  determine the preference for the syn -7-chloro 
isomer. 

Finally i t  has not escaped our attention that 5a contains the 
tricyclic ring system of isolongifolene ( Thus studies 

10 

aimed at converting 5a or 5b into isolongifolene are under-  
way. 

Experimental Section 
Elemental microanalysis was performed by analysts at the Scan- 

dinavian Microanalytical Laboratory, Herlev, Denmark. IR spectra 
were measured using a Perkin-Elmer Model 137 IR spectrophotom- 
eter. IH NMR spectra were measured at 60 MHz using a Varian Model 
T-60 NMR spectrometer on samples containing tetramethylsilane 
as an internal standard. All coupling constants are reproducible to  
fl Hz. The l3C NMR spectrum was measured at 22.63 MHz using 
a Bruker Model WH90 NMR spectrometer on a sample with hexa- 
deuterioacetone as solvent and internal standard. Mass spectra were 
determined employing a Hitachi-Perkin-Elmer Model RMU-6E 
double focusing mass spectrometer or Hewlett-Packard Model 5930A 
dodecapole mass spectrometer. The values in parentheses are the 
ratios of the intensity of the peaks to the base peak in the spectrum. 
UV spectra were measured using a Cary Model 14 spectrophotometer. 
Melting points are corrected and were determined in capillary tubes 
using a Thomas-Hoover melting point apparatus. Tetrahydrofuran 
(AR) was distilled from lithium aluminum hydride before use. The 
silica gel (0.063-0.2 mm) used in column chromatography was ob- 
tained from ICN Pharmaceuticals, and that used in thin-layer chro- 
matography was obtained from Brinkmann Instruments, Inc. (E. 
Merck, HF-254). 

(E,Z)-Hydroxy Acetate 3b. A solution of (E.Z)-1,7-diol3a (955 
mg, 5.5 mmol) in pyridine (2 mI,) was cooled in an ice bath. Acetic 
anhydride (1.0 mL, 10 mmol) was added. The ice bath was removed 
and the reaction was stirred for 12 days at room temperature. The 
reaction mixture was poured into ice and extracted three times with 
petroleum ether (bp 30-60 "C). The combined petroleum ether ex- 
tracts were washed sequentially with two portions of saturated 
aqueous cupric sulfate solution, water, saturated aqueous sodium 
bicarbonate solution, and saturated aqueous sodium chloride solution, 
dried with anhydrous magnesium sulfate, and concentrated by rotary 
evaporation to a clear oil. This material was chromatographed on a 
silica gel column (eluted with petroleum ether-ethyl acetate) and 
distilled from bulb to bulb under oil pump vacuum to give 3b (880 mg, 
75% yield): IR (neat) 1740 (C=O) cm-'; NMR (neat) 6 0.78-2.38 (m, 
18 H, aliphatic), 3.33 (9, 1 H, OH), 4.52 (d, 2 H, J = 7 Hz, allylic CH2), 
5.33 (br t, 1 H, J = 7 Hz, vinyl). 

Anal. Calcd for C12H2203: C, 67.25; H, 10.35. Found: C, 66.91; H, 
9.93. 

(E,2)-3,?'-Dinsethyl- 1-methoxy-2-octene 6,7-0xide. A solution 
of (E,Z)-3,7-dimethyl-l-methoxy-2,6-octadiene (13.4 g, 80 mmol) in 
anhydrous ethyl ether (20 mL) was cooled in a dry ice-acetone bath 
and a solution of monoperphthalic acid31 (160 mL, 0.8 N, 130 mmol) 
was added over 10 min. The reaction mixture was stored at 0 "C for 
14 days. The reaction was cautiously poured into saturated aqueous 
sodium bicarbonate solution, shaken, and the two layers separated. 
The aqueous suspension was extracted with ethyl ether (3x1. The 
combined ether extracts were washed sequentially with saturated 
sodium bicarbonate solution and brine, dried with anhydrous mag- 
nesium sulfate, and concentrated by rotary evaporation to a clear oil 
(14 g, 95% yield). Similar experiments resulted in yields ranging from 
80 to 97%: NMR (neat) 6 0.94-2.34 (m, 13 H, aliphatic), 2.57 (t, 1 H, 
J = 6 Hz, epoxide), 3.18 (s,3 H, OCH3), 3.84 (d, 2 H, J = 6 Hz, allylic 
OCHz), 5.27 (br t,  1 H, J = 7 Hz, vinyl). This material was used 
without further purification. 

Hydroxy Methyl Ether  3c. A suspension of lithium aluminum 
hydride (6.0 g, 160 mmol) in anhydrous tetrahydrofuran (150 mL) was 
cooled in an ice bath and a solution of (E,Z)-3,7-dimethyl-l-me- 
thoxy-2-octene 6,7-oxide (12.8 g, 70 mmol) in anhydrous tetrahy- 
drofuran (100 mL) was added over 10 min. The reaction mixture was 
heated at reflux for 18 h. Wet ethyl ether and aqueous sodium po- 
tassium tartrate solutions were added sequentially. The aqueous layer 
was separated and extracted with ethyl ether (3X). The combined 
ether extracts were washed with brine (PX), dried with anhydrous 
magnesium sulfate, and concentrated by rotary evaporation to a clear 
oil which was distilled under vacuum (12.1 g, 93% yield): IR (neat) 
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3400 (m, OH) cm-l; NMR (neat) 6 0.67-2.40 (m, 15 H, aliphatic), 3.20 
(s, 3 H, OCH3), 3.57 (s, 1 H, OH), 3.87 (d, 2 H, J = 6 Hz, allylic OCHz), 
5.28 (br t,  1 H, J = 7 I-tz, vinyl). 

Anal. Calcd for CllH2202: C, 70.92; H, 11.90. Found: C, 70.34; H, 
12.19. 

Hydroxy Benzyl Ether  3d. Sodium hydride (1.61 g, 57% mineral 
oil dispersion, 38 mmol), washed twice with ethyl ether, was cooled 
in an ice bath and a solution of (E,Z)-1,7-diol3a (5.75 g, 33 mmol) in 
anhydrous tetrahydrofuran (40 mL) was added. Benzyl bromide (4.8 
mL, 40 mmol) was added to the reaction mixture and the ice bath 
removed. The reaction was stirred for 42 h and then poured into wet 
ether. The ether extract was washed sequentially with water and 
saturated aqueous sodium chloride solution, dried with anhydrous 
magnesium sulfate, and concentrated by rotary evaporation using oil 
pump vacuum. The residue was chromatographed on silica gel and 
distilled under oil pump vacuum (6.81 g, 80% yield): IR (neat) 3400 
(m, OH) cm-'; NMR (neat) 6 0.80-2.37 (m, 15 H, aliphatic), 3.40 (s, 
1 H, OH), 4.03 (d, 2 H,  J = 7 Hz, allylic OCH3), 4.47 (s, 2 H, benzylic 
OCHz), 5.48 (br t, 1 H., J = 6 Hz, vinyl), 7.32 (s, 5 H, aromatic). 

Anal. Calcd for C17lH;?602: C, 77.82; H, 9.99. Found C, 77.33; H, 
9.84. 

Preparation of 4b from Hydroxy Methyl Ether  3c. A solution 
of (E,Z)-hydroxy methyl ether 3c (5.35 g, 29 mmol) and triethylamine 
(5.0 mL, 40 mmol) in anhydrous ethyl ether (25 mL) was cooled in an 
ice bath. Diethyl phosphorochloridite (5.52 g, 35 mmol), prepared by 
the method of Cook and c o - ~ o r k e r s , ~ ~  was added. The ice bath was 
removed and the reaction mixture stirred 18 h a t  room temperature. 
The reaction was cooled in a dry ice-acetone bath. Anhydrous ethyl 
ether (20 mL) and hexachlorocyclopentadiene (5.0 mL, 30 mmol) were 
added sequentially. The reaction was stirred for 1 h. The dry ice- 
acetone bath was removed and the reaction stirred for an additional 
75 min. The reaction was poured into saturated aqueous sodium bi- 
carbonate solution. The aqueous suspension was extracted with ethyl 
ether (3X). The combined ether extracts were washed successively 
with two portions of saturated aqueous cupric sulfate solution, dried 
with anhydrous magnesium sulfate, and concentrated by rotary 
evaporation. The resulting oil was chromatographed on a silica gel 
column by a gradient elution with petroleum ether (bp 30-60 "C) and 
ethyl acetate. A yellow oil was so obtained (6.5 g, 55% yield): UV (cy- 
clohexane) A,,, 314 rim (1800); IR (neat) 1610 (ClC=CCl) cm-'; 
NMR (CC4) 6 0.5g22.5 (m, 15 H, aliphatic), 3.18 (s,3 H, OCH3), 3.82 
(d, 2 H, J = 7 Hz, allylic OCH;?), 5.20 (br t, 1 H, J = 6 Hz, vinyl); MS 
m/e 410 (0.001), 408 (0.004), 406 (0.006), 169 (0.162), 137 (1.00), 95 
(0.128), 81 (0.458); I P  - c&15) 169.1597 (calcd for C11H210, 
169.1592). 

(E)-4b was prepared from geraniol in the same way as (E,Z)-4b was 
prepared from (E,Z)-3,7-dimethyl-2,6-octadien-l-o1: 13C NMR 

129.5, 134.4, and 138.6. 
Preparation of 4c from Hydroxy Benzyl Ether  3d. The same 

procedure as used for the synthesis of 4b was followed except sub- 
stituting 3d for 3c. The yield was 60% after purification by column 
chromatography on siliica gel: UV (cyclohexane) A,, 313 nm (1800); 
IR (neat) 1600 (ClC=CCl) cm-I; NMR (cc14) 6 0.72-2.25 (m, 15 H, 
aliphatic), 3.88 (d, 2 H, J = 7 Hz, allylic OCH;?), 4.37 (s,2 H, benzylic 
OCH;?), 5.30 (br t, 1 H, J = 7 Hz, vinyl), 7.18 (s, 5 H, aromatic). 

Anal. Calcd for C;?;?11;?5CljO: C, 54.74; H, 5.22. Found: C, 55.28; H, 
5.39. 

Preparation of 4a. The same procedure as used for the synthesis 
of 4b was followed except utilizing 3b in place of 3c. The yield was 39% 
after purification by column chromatography on silica gel: IR (neat) 
1730 (C=O), 1600 (ClC=CCl) cm-I; NMR (Cc4)  6 0.47-2.30 (m, 18 
H, aliphatic), 4.40 (d, 2 H,  J = 7 Hz, allylic OCH2), 5.28 (t, 1 H, J = 
7 Hz, vinyl); MS m/e (P - C7ClsH30) 154.1361 (calcd for CloHlsO, 
154.1358). 

Conversion of 4a into 4d. A mixture of (E,Z)-4a (2.59 g, 6.0 mmol) 
and sodium carbonate (2 g, 20 mmol) in methanol (25 mL) was stirred 
for 18 h at room temperature, The mixture was then filtered, poured 
into water, and extracted with ethyl ether. The ether extract was dried 
with anhydrous magnesium sulfate, concentrated by rotary evapo- 
ration, and chromatographed on silica gel to give a pale yellow oil (1.72 
g, 73% yield): IR (neat) 3300 (OH), 1600 (ClC=CCl) cm-'; NMR 
(CC4)  6 0.40-2.35 (m, 15 H, aliphatic), 3.03 (s, 1 H, OH), 3.97 (d, 2 H, 
J = 7 Hz, allylic OCH;?), 5.32 (br t, 1 H, J = 7 Hz, vinyl); MS mle (P 
- CRC15H) 154.1361 (Ncalcd for CloHlsO, 154.1358). 

Preparation of 4c from 4d. Sodium hydride (350 mg, 57% mineral 
oil dispersion, 14 mmol), washed twice with anhydrous ethyl ether, 
was cooled in ice and a solution of (E,Z)-ld (355 mg, 0.90 mmol) in 
anhydrous tetrahydrofuran (6 mL) was added. Benzyl bromide (0.6 
mL, 5 mmol) was added to the reaction mixture and the ice bath was 

(CD:$OCD3) 6 15.8,22.4,22.8,36.5,39.9,43.2,57.0,68.7,80.2,122.3, 

Table I. Crys ta l  Data f o r  5a 

crystal dimension, 0.2 X 0.3 X 0.5 

P 62 

space group P21In 
mol formula C16H22C140 
mol wt 372 
Dobsd 1.46 
D calcd 1.44 
cell dimensions 

mm 

min and max 0.37-0.13 
transmission 

a = 13.038 (5), b = 9.583 (4), c = 14.274 
(5) A, a = 90, p = 105.878, y = 90°, V 
= 1715.3 A3. Z = 4. 

removed. The reaction was stirred for 18 h and then poured into wet 
ethyl ether. The ether extract was washed with saturated aqueous 
sodium chloride solution, dried with anhydrous magnesium sulfate, 
and concentrated by rotary evaporation. Excess benzyl bromide was 
evaporated under vacuum (oil pump) with heating in a warm water 
bath overnight, leaving a pale yellow oil (418 mg, 95%). Spectral data 
was the same as that for material prepared by the alternate proce- 
dure. 

Preparation of 4b from 4d. When methyl iodide was substituted 
for benzyl bromide in the preceding procedure, the yield was 73%. The 
IR and 'H NMR spectra are the same as that reported in the alternate 
synthesis of (E,Z)-4b. 

Conversion of 4b into 5a. A solution of (E,Z)-4b (729 mg, 2.00 
mmol) and hydroquinone (77 mg, 0.70 mmol) in decalin (300 mL) 
under argon was heated at  reflux for 1 h. The solution was let cool to 
room temperature and concentrated by rotary evaporation using oil 
pump vacuum. The residue was chromatographed on a column of 
silica gel, eluting with a gradient of petroleum ether (bp 30430 "C) and 
benzene. Uncyclized triene (561 mg, 1.40 mmol), recovered from this 
reaction, had identical 'H NMR spectrum and Rf  on silica gel with 
that of starting material 4b. However this recovered triene had a 
medium absorption band in the IR at 795 cm-l, which was not found 
in the IR spectrum of 4b. A solid 5a (52 mg, 6% conversion) was also 
isolated, which was recrystallized from a mixture of benzene-petro- 
leum ether (bp 30-60 "C). An X-ray diffraction study was carried out 
on these crystals: mp 151-153 "C; UV (cyclohexane) end absorption 
225 nm (5000); IR (KBr) 1570 (ClC=CCl) cm-I; MS m/e 376 (0.01), 
374 (0.04), 372 (0.09), 370 (P, 0.08),245 (1.001, 243 (0.85),202 (0.681, 
85 (0.95), 81 (0.80), 45 (0.82); a lH NMR spectrum was taken on the 
solid before recrystallization. This IH NMR spectrum had the same 
resonance peaks as those recorded for 5a synthesized from (E)-6a, 
but also contained extraneous peaks from impurities. 

X-ray Diffraction Structural  Determination of 5a. Crystals 
were obtained from a vapor diffusion crystallization from benzene 
and petroleum ether (hp 30-60 "C). Weissenberg photographs of a 
crystal mounted about the c axis revealed a monoclinic system. Sys- 
tematic absences identified the space group as P21/n. The crystal was 
transferred to a Picker FACS-I diffractometer (CuKu, X = 1.54178 
A, graphite monochromator) and the cell dimensions and orientation 
matrix were calculated from 12  accurately centered reflections. Table 
I summarizes the pertinent crystal data. 

Intensity data were collected using a scintillation counter with 
pulse-height analyzer, 0-28 scan technique (to a maximum 28 of E O " ) ,  
2"/min scan rate, 10-s background counts, attenuators when the count 
rate exceeded lo4 countsh, and 2" scan range with a dispersion factor 
allowing for ( ~ 1 - u ~  splitting at  large 28 values. Of 2651 independent 
reflections measured, 2115 equal to or greater than 3ul were used in 
the structural analysis. No appreciable decrease in intensity of the 
standard reflections was observed, and no correction was made for 
absorption. 

The structure was solved using MULTAN.35 All but two nonhydro- 
gen atoms were located on the first E map. The two remaining methyl 
carbon atoms were located using Fourier difference maps.36 Anom- 
alous scattering by chlorine was taken into account using scattering 
factor tables by Cromer and Manr~.~ '  Full-matrix least-squares re- 
finement with anisotropic thermal parameters for the four chlorine 
atoms and isotropic thermal parameters for all other nonhydrogen 
atoms reduced R = Z(lFol  - lFcl)/ZIF,l to 0.094. Refinement was 
based on F,, the quantity minimized being u = 4FO2/u2(Fo2), with unit 
weights. The maximum shift of parameters with respect to the stan- 
dard deviation in the final cycle was 1.46 for the nonhydrogen atoms. 
The standard deviation of an observation of unit weight was 4.654. 
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Preparation of (E)-6a. A suspension of lithium aluminum hydride 
(442 mg, 11.6 mmol) in anhydrous tetrahydrofuran (30 mL) was cooled 
in a dry ice-acetone bath and a solution of (E)-4b (273 mg, 0.67 mmol) 
in anhydrous tetrahydrofuran (20 mL) was added. The reaction was 
placed and maintained under argon. The dry ice-acetone bath was 
removed and the reaction mixture stirred at  room temperature 
overnight. The reaction mixture was poured into iced 1 N aqueous 
hydrochloric acid solution (50 mL) layered with ether (20 mL). The 
aqueous layer was separated and extracted three times with ether. 
The combined ether ext:racts were dried with anhydrous magnesium 
sulfate and concentratedl by rotary evaporation. The resulting oil was 
chromatographed on a preparative layer plate of silica gel, using 
benzene as eluent. The product was washed off the silica gel with ethyl 
acetate and concentrated by rotary evaporation to a pale yellow oil 
(180 mg, 72%): UV (cyclohexane) A,,, 285 nm (1800); IR (neat) 1600 
(ClC=CCl) cm-I; NMR (CCl4) 6 0.62-2.28 (m, 15 H, aliphatic), 3.18 
(s,3.3 H, OCH3 and cyclopentadienyl CHR), 3.78 (d, 2 H, J = 6 Hz, 
allylic OCHz), 4.63 (s, 0.:' H, cyclopentadienyl CHCl), 5.18 (br t, 1 H, 
J = 6 Hz vinyl); NMR (NC~HG) d 0.37-2.34 (m, 15 H,  aliphatic), 2.65 
(s, 0.3 H,  cyclopentadienyl CHR), 3.15 (s, 3 H, OCH3), 3.82 (d, 2 H, 
J = 7 Hz, allylic OCHz), 4.25 (s, 0.7 H, cyclopentadienyl CHCI), 5.42 
(br t, 1 H, J = 6 Hz, vinyl); MS mle 378, 376, 374 (0.02), 372 (0.04), 
370 (0.04), 245 (0.57), 209 (0.55), 119 (1.00), 105 (0.77),91 (0.77), 85 
(0.77), 81 (0.72). 

Preparation of (E,Z)-Gb. The same procedure as used for the 
preparation of (Ej-6a was followed utilizing (E,Z)-4c. A 78% yield of 
(E,Z)-Gb was obtained: UV (Cyclohexane) A,,, 302 nm (1800); IR 
(neat) 1620 (ClC=CCl) cm-'; NMR (CC14) d 0.45-2.23 (m, 15 H,  ali- 
phatic), 3.05 (s, 0.3 H, cyclopentadienyl CHR), 3.9 (d, 2 H, J = 6 Hz, 
allylic OCHz), 4.38 (s, 2 II, benzylic OCHz), 4.62 (s, 0.7 H, cyclopen- 
tadienyl CHCl), 5.32 (br t, 1 H,  J = 7 Hz, vinyl), 7.2 (s, 5 H, aromat- 
icj. 

Cyclization of (E)-6a to 5a. A solution of (E)-6a (228 mg, 0.60 
mmol) and hydroquinone (24 mg, 0.2 mmol) in decalin (50 mL) under 
argon was heated at  reflux for 1 h. The solution was allowed to cool 
to room temperature and then concentrated by rotary evaporation 
under oil pump vacuum. The residue was chromatographed on a 
preparative layer plate of silica gel, using benzene as eluent. A solid 
5a (114 mg) was isolated. A second fraction (79 mg) was a mixture of 
uncyclized 6a and sa. This fraction was again chromatographed on 
a preparative layer plate of silica gel, using benzene as eluent. More 
solid (15 mg) was isolated, which when combined with the solid first 
obtained gave 129 mg (57% conversion) of 5a. The second fraction (64 
mg) from this second preparative layer chromatography had identical 
'H NMR spectrum and JPi on silica gel as 6a. However this second 
fraction had a weak absorption band in its IR spectrum at  820 cm-' 
which was not in the IR spectrum of 6a. Compound 5a was identical 
(IR and UV spectra, mixture melting point) with the cyclized product 
from 4b: NMR (CDC13) 6 1.07-2.03 (m, 15 H, aliphatic), 2.20 (d of d, 
l H , J -  llHz,J=3Hz,C(3)-H),3.12(t,1H,J=lOHz,C(15)-H), 
3.30 (s, 3 H, OCH:J, 3.67 id of d, 1 H, J = 9,3  Hz, C(15)-H), 4.80 (s, 
1 H, C(7-H) (note that the t centered at  6 3.12 and the s centered at  
3.30 partially overlap); NMR (CeHs) 6 0.40-1.93 (m, 15 H, aliphatic), 

1 H, J = 10 Hz, C(L5-H). 3.67 (d of d, 1 H, J =  7,3 Hz, C(15)-H), 4.43 
(s, 1 H, C(7)-H) (note that the s centered at 6 2.95 and the t centered 
at 3.05 partially overlap). 

Anal. Calcd for C16Hz2C140: C, 51.64; H, 5.96; C1,38.10. Found: C, 
51.84; H,  6.15; C1, 37.73. 

An improved procedure for this conversion was developed. A so- 
lution of (E)-6a (51.1 mg, 0.13 mmol) and hydroquinone (5.4 mg, 0.05 
mmol) in decalin (25 mL) under argon was heated at  reflux for 5 h. 
The solution was allowed to cool to room temperature and then con- 
centrated by rotary evaporation under oil pump vacuum. The residue 
was chromatographed on a preparative layer plate of silica gel, using 
benzene as eluent. A solid (33.9 mg) of mp 123-133 "C was isolated. 
Its IR was identical with that of previously prepared material. A 
second fraction of mp 111-122 "C was also collected to give a com- 
bined yield of 43 mg (84%). 

Cyclization of (E,Z)-6b to 5b. The same procedure as used for the 
preparation of 5a was followed substituting (E,Z)-6b for (E)-6a. This 
resulted in a 41% conversion to 5 b  UV (cyclohexane) end absorption 
225 nm (770); IR (neat) 1610 (CIC=CCl) cm-I; NMR (CC14) 6 
0.60-2.00 (m, 15 H, aliphatic), 2.20 (d of d, 1 H, J = 10, 3 Hz, 

Hz, OCH), 4.40 (s, 2 H. benzylic OCHz), 4.70 (s, 1 H, CHCI), 7.23 (s, 
5 H, aromatic); MS (14 eV'i mle 452 (0.01), 450 (0.04),448 (0.07),446 
(0.09), 287 (0.59), 285 (0.90), 251 (0.56), 249 (LOO),  245 (0.51), 243 
(0.46), 202 (0.42),119 (0.45), 117 (0.45), 91 (0.63); (P) 446.0744 (calcd 
for CzzH26C140, 446.0738) 

2.09 (d of d, 1 H, J = 10, 2 Hz, C(3)-H), 2.95 (s, 3 H, OCH3), 3.05 (t, 

OCHzCH), 3.20 (t, 1 H, J := 10 Hz, OCH), 3.73 (d of d, 1 H, J = 10,3 

A second cyclized product was also isolated (6% conversion): IR 
(neat) 1600 (CIC=CCl) cm-'; NMR (CClJ 6 0.5b2.27 (m, 20 H), 
3.4a3.83 (m, 2 HI, 4.47 (5, 2 H), 4.77 h 0 . 5  H), 7.23 (s, 5 H). 

Uncyclized (E,Z)-Gb (40% recovery) was also isolated. This recov- 
ered material had identical 'H NMR spectrum and Rf  on silica gel 
with that of starting (E,Z)-6b. However, the recovered material 
showed a weak absorption band in the IR at  820 cm-' which is not 
found in the IR spectrum of starting (E,Z)-Gb. 
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Paul G. Gassman* and John G. Schaffhausen 

Department  of Chemistry ,  Uniuersity of Minnesota,  Minneapolis, Minnesota 55455 

Received February 2,1978 

A systematic study of the addition of aryl azides to 7-substituted bicyclo[2.2.l]hept-2-enes to  yield 10-substitut- 
ed ~-aryl-t~xo-3,4,5-triazatricyclo[5.2.1.O~~6]dec-3-enes has been carried out. The influence of substituents in the 
10 position on the pyrolysis and photolysis of these triazatricyclodecenes has been studied. A variety of 8-substitut- 
ed 3-aryl-3-azatricyclo[3.2.1.0~~4]octanes have been prepared. 

Perhaps one of th'e most quoted examples of neighboring 
group participation in solvolysis reactions is that of the 
endo-cyclopropyl moiety of 1.' The 1014 rate difference2 be- 
tween l and 2, which results from the vigorous neighboring 

H OTs 

H H  + 7 
R 

2 1 3 

group participation of the strained 2-4 bond of 1, is among 1 le 
largest effects recorded for participation by a carbon-carbon 
bond. In view of this dramatic influence of the cyclopropane 
portion of 1, the querition of the degree of participation which 
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might be provided by the carbon-carbon bond of similarly 
situated three-membered heterocyclics became of interest. 
As part of a general study of participation by the carbon- 
carbon bond of epoxides, episulfides, and aziridines, we de- 
veloped a need for a synthetic route to 3. This paper provides 
the details of our preliminary investigation of the synthesis 
of exo- and endo-3-aryl-3-azatricyclo[3.2.1.0~~4]octanes via 
the photolysis and pyrolysis of 10-substituted 5-aryl-exo- 
3,4,5-triazatricyclo[5.2.1.0~~6]dec-3-enes. 

Although numerous methods exist for the synthesis of az- 
i r i d i n e ~ , ~  most of those which are available do not lend 
themselves to the preparation of 8-substituted 3-aryl-endo- 
3-azatricyclo[3.2,1,0~~4]octanes. The single approach which 
appeared to be attractive involved the addition of aryl azides 
to bicyclo[2.2.l]heptene derivatives4s5 followed by either 
photolysis5-7 or pyrolysis6a-6b~7b~8 of the resulting 5-aryl-exo - 
3,4,5-triazatricyclo[5.2.1.02~6]dec-3-enes. While the photo- 
chemical loss of nitrogen from the exo triazolines gave only 
exo aziridines, the thermal process resulted in the formation 
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