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The photochemical rearrangement of several arylalkyl substituted indenes has been studied. The rearrangements 
were shown to be derived from the A,T* singlet state since triplet sensitization led to no reaction or else resulted 
in a Paterno-Buchi reaction. Irradiation of l-phenyl-2,3-dimethylindene in benzene gave rise to a 1:2 mixture 
of 1,2-dimethyl-3-phenyl and 1,3-dimethyl-2-phenylindene. This rearrangement may be depicted as proceeding 
via the following steps: (1) an electrocyclic ring closure, (2) a [ 1,3] sigmatropic shift, (3) ring opening to an isoindene, 
and (4) a [1,5] sigmatropic hydrogen shift. Support for an isoindene intermediite was obtained from the photolysis 
of l-phenyl-2-benzyl-3-methyl- and l-phenyl-2-methyl-3-benzylindene. The same ratio of rearranged indenes 
was obtained. The direction of hydrogen migration in the substituted isoindene system can be rationalized by 
both electronic and steric factors. The photoisomerization of 1-phenyl-1-methyl- and l-phenyl-l,3-dimethylindene 
was found to proceed via a 1,2-phenyl shift. Our results indicate that the mechanism followed in the photo- 
isomerization of aryl-substituted indenes is markedly dependent on the nature and location of the substituent 
groups present on the ring. 

Considerable interest has been focused in recent years 
on phototransposition reactions which have the net effect 
of interchangihg atoms within a five-membered ring.lP2 
Examples have been reported for variously substituted 
 heterocycle^^-^ and cyclopentadiene derivatives.%” Bi- 
cyclo[2.1.0]pent-2-enes and 3-vinylcyclopropene analogues 
are the most commonly invoked intermediates responsible 
for these rearrangements; in some instances, such mole- 
cules have been detected and characterized.12-16 Recently, 
we described the photochemical rearrangement of indenes 
in which the sp3 and adjacent sp2 atoms were inter- 
changed.17 Similar skeletal rearrangements had also been 
reported by Morrison and co-workers.18 There are a 
number of reports in the recent literature dealing with the 
photolytic rearrangement of indene derivatives.l9B Some 
time ago Griffin and co-workers reported the photomi- 
gration of a phenyl group in 1,1,3-triphenylindene (1) and 
proposed that formation of 1,2,3-triphenylindene (3) in- 
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volved the intermediacy of 1,2,3-triphenylisoindene (2).% 

Yh 1 

1 2 3 

More recently, McCullough and co-workers showed that 
the suggested mechanism is correct and that photochem- 
ical aryl migration appears to be a general way of gener- 
ating ary1i~oindenes.l~ This rearrangement is markedly 
different from the photoisomerization reaction uncovered 
by Morrison18 and Padwa17 which interchanges the adja- 
cent carbon atoms of the indene skeleton. Because of the 
intriguing nature of the phototransposition reaction, we 
wished to explore its generality, its limitations, and 
structural effects governing the reaction course.21 This 
paper summarizes our observations in this area with 
particular reference of the mechanism of the reaction. 

Results and Discussion 
Irradiation of l-phenyl-2,3-dimethylindene (4) in benz- 

ene for 1 h under an argon atmosphere gave a 1:2 mixture 
of 1,2-dimethyl-3-phenyl (5) and 1,3-dimethy1-2-phenyl- 
indene (6). The structures of these indenes were con- 
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firmed by comparison with authentic samples prepared by 
treating 2,3-dimethyl- (7) and 2-phenyl-3-methylindanone 
(8) with the appropriate Grignard reagent followed by 
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dehydration of the resulting alcohols. Irradiation a sample 
of indene 5 under similar conditions resulted in the iso- 
lation of 6 (95%). The formation of 6 from 5 was due to 
the conversion of 5 back to 4 which was further trans- 
formed to 6 under the reaction conditions. Photolysis of 
the isomeric 1,3-dimethyl-l-phenylindene (9) also gave 6 
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should be noted that oxetane formation with the above 
system was found to be extremely inefficient relative to 
the rearrangement path. Barltrop and Carless had pre- 
viously reported that oxetane formation is a minor com- 
petitive pathway in the benzophenone-sensitized photo- 
dimerization of dienes.27 Since no indene dimers could 
be detected, it is still not clear whether energy transfer 
from the sensitizer to the indene was occurring. 

The type I1 cleavage of valerophenone to give aceto- 
phenone and propene is known to be a triplet reaction 
which can be quenched by conjugated dienes.28 We rea- 
soned that if indene 4 were to quench the type I1 reaction 
of valerophenone, the efficiency of energy transfer to the 
indene could be derived from the rate of quenching. Ir- 
radiation of valerophenone in the presence of varying 
concentrations of indene 4 gave a linear Stern-Volmer plot 
with a slope of 40. Wagner and Kemppainen had reported 
that quenching of this ketone with 2,5-dimethyl-2,4-hex- 
adiene also gave a Stern-Volmer plot with a slope of 40 
f 2.28 The similarity of the values for the slope clearly 
indicates that the rate of quenching is diffusion controlled. 
Since indene 4 gave identical quenching results with those 
observed by Wagner and Kempainnen, energy transfer to 
the indene must be an efficient process. These results 
suggest that the phototransposition reaction of indene 4 
is a singlet-derived process and that oxetane formation 
represents a minor competing pathway relative to energy 
transfer. Presumably severe steric interactions due to the 
presence of the methyl groups prevent the formation of 
indene dimers in the sensitized irradiation. 

Attention was next turned to the photochemical be- 
havior of l-phenyl-2-methyl-3-benzylidene (12). Irradia- 

9 6 
as the exclusive photoproduct. These reactions proceed 
exclusively in one direction since the irradiation of indene 
6 resulted in recovered starting material, even under 
lengthy photolytic conditions. 

The photochemistry of simple indene derivatives has 
been shown to be dependent on the multiplicity of the 
excited state inv01ved.l~ Triplet-sensitized irradiation of 
indene itself afforded the cis-anti-cis-cyclobutane dimer 
in high However, on direct irradiation, in which 
the light is absorbed by indene, extensive polymerization 
occurs. Cyclobutanes can also be obtained by sensitized 
cross-addition reactions of indene with c o ~ m a r i n ~ ~ ~ ~ ~  or 
acrylonitrile.26 Photolysis of indene and acrylonitrile with 
no sensitizer results in the formation of 24l-indenyl)- 
propionitrile as the major product.25 In order to obtain 
further information on the multiplicity dependence of the 
indene rearrangement, a study of the sensitized behavior 
of indene 4 was undertaken. Irradiation of 4 in the 
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presence of thioxanthone led to the isolation of a single 
product which was identified as oxetane 10. Careful in- 
spection of the crude photolysate by NMR spectroscopy 
revealed the complete absence of the rearranged indenes. 

The triplet energy (ET) in indene 4 is not known; how- 
ever, it should be close to the value reported for styrene 
(ET = 61.5 kcal/mol).26 Since thioxanthone has a rela- 
tively low triplet energy (ET = 65.5 kcal),= efficient energy 
transfer between the sensitizer and indene 4 may not be 
occurring. In order to avoid this potential problem, the 
irradiation of 4 was also carried out in the presence of 
xanthone (ET = 74.2 kcal/mol)26 as the sensitizer. Under 
these conditions oxetane 11 was isolated as the major 
photoproduct along with unreacted starting material. It 
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tion of 12 resulted in a mixture of two compounds in a 201 
ratio. The structures of the products were identified as 
l-methyl-2-phenyl-3-benzyl- (13, 95%)  and l-benzyl-2- 
phenyl-3-methylindene (14,5%) by comparison with au- 
thentic samples. The observed rearrangement represents 
an exchange of the indene 1 and 2 carbon atoms and is 
analogous to the rearrangement encountered with indene 
4 and to the process described by Morrison and Palensky 
for related substituted indenes.18 Photolysis of indene 12 
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in the presence of thioxanthone gave one major product 
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which was identified by its spectral properties as the ox- 
etane derived from a Paterno-Buchi reaction. This ob- 
servation is also compatible with the suggestion that the 
phototransposition reaction of the indenyl system only 
occurs from the electronically excited singlet state. 

In order to help elucidate the correct mechanism for the 
rearrangement, the photochemistry of the isomeric 1- 
phenyl-2-benzyl-3-methylindene (15) was carried out in 
benzene. Irradiation of 15 through a Vycor filter sleeve 
gave rise to a mixture of indenes 13 and 14 in the same 

Padwa et al. 
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distribution as that obtained from the photolysis of 12. It 
is particularly interesting to note that indene 13 is formed 
in much larger quantities than the isomeric indene 14 in 
both experiments. A possible explanation for the observed 
product distribution will be discussed shortly. 

Additional examples of the phototransposition of the 
indene ring were provided by the photolysis of indenes 16, 
17, and 18. In all of these cases, the same two rearranged 

P1 + @?+a \ +@cH3 

16 ZH, 1 8  
17 

CH, 
1 -  
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compounds (Le., 19 and 20) were formed in the same ratio 
(1920 = 2:l). Appropriate control experiments established 
that no photoisomerization of either the starting materials 
or the products was operative under the reaction condi- 
tions. The structures of 19 and 20 were based on their 
spectroscopic and analytical properties and were further 
confirmed by comparison with authentic samples. 

Two possible mechanisms have been suggested to ra- 
tionalize the interconversions observed on irradiation of 
alkyl-substituted indenes.l@l These consist of a multistep 
process (Scheme I) involving initial [,2 + ,2] intramolec- 
ular cycloaddition (path A) and a “conjugated di-a- 
methane” rearrangement (path B). Both of these path- 
ways lead to an isoindene intermediate which undergoes 
a subsequent 1,5 sigmatropic hydrogen shift. In both of 
these paths, migration of the central atom represents the 
critical step. It should be noted that Baldwin and An- 
drews10 have recently reported a photochemical carbon- 
skeleton rearrangement of a cyclopentadiene which pro- 
ceeds by a photochemical 1,3-carbon migration of a tran- 
sient bicyclo[2.1.O]pent-2-ene valence isomer. This pro- 
vides excellent precedence for pathway A. This path is 

Scheme I 
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also analogous to the mechanism proposed to account for 
the photoisomerization of a number of five-membered 
heteroaromatic ring compounds.2 More recently, work by 
Morrison and Giacherio has shown that the irradiation of 
l-methyl-2-(trideuteriomethyl)indene proceeds with com- 
plete inversion at the migrating center.18 This observation 
has been interpreted as being most consistent with the 
“conjugated di-.lr-methane” rearrangement. The photo- 
chemical rearrangement of indenes 4, 12, and 18 can be 
formulated by using either of the two mechanisms. 

Considerable effort has been made in recent years on 
attempts to prepare i s o i n d e n e ~ . ~ ~ ? ~ ~  So far only 2,2-di- 
methylisoindene has been isolated.29 The corresponding 
compounds without the blocking methyl groups exist en- 
tirely as lH-indenes, although isoindenes have been in- 
voked as intermediates in some of their r e a ~ t i o n s . ~ ~ ~ ~ ~  This 
is obviously due to the facile 1,5-hydrogen shift or acid/ 
base-catalyzed prototropy from the ortho-quinoid structure 
to the more stable aromatic system. Dolbier and co- 
workers have recently been able to isolate a stable ben- 
zobicyclo[ 2.l.Olpentene derivative.% The thermal con- 
version of this species to the isoindene skeleton was found 
to have a remarkably low activation energy for a 
“forbidden” disrotatory electrocyclic opening of a cyclo- 
butene.33 Molecular models indicate that cyclic overlap 
of the atomic orbitals on the four centers involved is im- 
possible to avoid during the reaction without unreasonable 
distortion of the u framework, so that this reaction cer- 
tainly is concerted even if the path of minimum energy 
involves a somewhat faster rotation of one of the termini. 
The low activation energy is undoubtedly related to the 
high ring strain of the benzobicyclopentene and the ease 
with which benzannelated cyclobutenes undergo ring 
opening.34 

Further support for an isoindene intermediate in these 
rearrangements was obtained from the photolysis of indene 
15. As was noted previously, the photolysis of 15 produced 
the same mixture of products as that obtained from the 
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Scheme I1 
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irradiation of 12. This is perfectly compatible with the 
intermediacy of isoindene 21 (Scheme 11). 

Indenes 13 and 14 are formed from isoindene 21 by a 
concerted suprafacial hydrogen migration which is sym- 
metry allowed when it occurs between two neighboring 
carbon atoms with coefficients of the same sign in the 
highest occupied molecular orbital. The general question 
of how substituents affect the course of the sigmatropic 
hydrogen migration of isoindenes was originally raised by 
Wilson and Pettit.35 These workers correlated the di- 
rection of hydrogen migration in substituted isoindenes 
with the symmetry of the nonbonding orbital in the in- 
deny1 radical. In the unsubstituted radical, this orbital 
has a node at  the Cz carbon. In the substituted cases, the 
node is either between C2 and C1 or between C2 and C3, 
depending on the nature of the substituent group. Pre- 
dictions by simple Huckel molecular orbital calculations 
were found to be in remarkable agreement with the ex- 
perimental results. More recent calculations by Jean 
suggest that the position of the node and thus the direction 
of hydrogen migration will be related to the electronic 
properties of the substituent The product of 
hydrogen migration in substituted isoindenes such as 22 
was predicted to be indene 23 if R1 is a a acceptor and 24 
if R1 is a a donor.36 Thus, one possible explanation to 

7 R ,  =socceptor  ePh 
Rl  

23 
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24 
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account for the preponderance of indene 13 from isoindene 
21 is that the methyl group is a better a donor than the 
benzyl group. Calculations on 1-benzyl-3-methylallyl 
radical do in fact indicate that the a-donor character of 
the benzyl group is weaker than that of the methyl group.% 
A similar rationale would account for the fact that 19 is 
produced in larger quantities than 20 in the phototran- 
sposition reaction of indene 18. 

Another possible explanation to account for the product 
distribution is that the direction of hydrogen migration 
in the substituted isoindene system is controlled by steric 
factors. The product-determining step is the thermal 1,5 
sigmatropic migration of a hydrogen atom on the middle 
carbon of an isoindene intermediate to either neighboring 
carbon. In the half-migrated form (Le., 25 or 26), the alkyl 

Ph 
VS . 

'CH2Ph kHzPh 

25 26 

substituent is forced into a cis relation with the phenyl 
group on the 2-position. Since benzyl is a more bulky 
group than methyl, it is tempting to suggest that transition 
state 25, in which the phenyl and methyl groups are cisoid, 
is of lower energy than transition state 26, in which the 
two larger groups are cisoid. Hence, the van der Waals 
repulsive forces between two large groups may be the 
decisive factor for the predominant formation of the 3- 
benzyl-substituted indene isomer. The available data do 
not decisively distinguish between these two possibilities. 

The photochemical conversion of l-methyl-l-phenyl- 
indene (16) to indenes 19 and 20 represents an intriguing 
transformation. Two fundamentally, different mechanisms 
seem possible and are presented in Scheme 111. Path A 
involves an electrocyclic ring closure followed by a 1,3 
sigmatropic shift to give a benzobicyclo[2.1.O]pentene. 
This intermediate then opens to an isoindene derivative 
(27) which can undergo a 1,5 sigmatropic methyl shift. It 
should be noted that Dolbier and co-workers have reported 
that 2,2-dimethylisoindene undergoes a facile 1,5-methyl 
shift.37 The gain in aromaticity resulting from the methyl 

(35) Pettit, W. A.; Wilson, J. W. J .  Am. Chem. SOC. 1977, 99, 6372. 
(36) Jean, Y. J.  Org. Chem. 1979,44, 858. Jean, Y., Private commu- 
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shift significantly lowers the activation energy for this 
process (E, = 26.1 kcal/m01).~‘ The analogous 1,5-methyl 
shift in 5,5-dimethylcyclopentadiene is known to occur 
under relatively harsh thermal conditions and requires an 
activation energy of 41-46 kcal /m01.~*~~~ The rearrange- 
ment of indene 16 via pathway A is closely related to that 
previously encountered with indenes 4, 12, and 18. 

An alternate path (C) which could also rationalize the 
rearrangement involves a 1,2-phenyl migration and is 
closely related to that described by Griffin and co-workers 
for the photolysis of 1,l-diaryl-substituted indenes.20 In 
order to help elucidate the correct mechanism, we decided 
to prepare isoindene 27 and study its rearrangement. The 
key feature of path A is that the methyl group must mi- 
grate in preference to the phenyl group. Differences in 
migratory aptitudes of various substituent groups in 1,5 
sigmatropic rearrangements have been examined by a 
number of groups in recent years.&42 The relative mi- 
gratory aptitudes of a series of 2,2-dialkyl-substituted is- 
oindenes has been found to reflect the relative stabilities 
of the migrating groups.37 According to mechanism A, 
preferential methyl migration must occur. This was found 
not to be the case. We found that isoindene 27 could be 
generated conveniently by treating dibromide 28, with 
zinc-copper couple.* Isoindene 27 was found to undergo 
exclusive 1,5-phenyl migration to give l-phenyl-2- 
methylindene (18) in quantitative yield. The migratory 
aptitude observed with this system is consistent with 
earlier results encountered by Miller and B ~ y e r . ~ ~  These 
workers found that phenyl underwent 1,5-migration slower 
than hydrogen but faster than methyl in an indene sys- 

We conclude, therefore that the rearrangement of 
16 is incompatible with path A. Instead, the photorear- 
rangement is most consistent with a 1,2 sigmatropic phenyl 
shift to give isoindene 29 which then undergoes a subse- 
quent aromatization reaction to produce indenes 19 and 
20. 1,3-Dirnethyl-l-phenylindene (9) appears to follow the 
same mechanism. 

In contrast with the above results, the photorearrange- 
ment of l-phenyl-2-methylindene (18) was found to pro- 
ceed via the [r2 + .2] intramolecular cycloaddition route 
(path A). This was substantiated by irradiating the indene 
labeled with deuterium at the 3-position. The photolysis 
products were identified as l-methyl-2-phenyl-3- 
deuterioindene (32) and l-deuterio-2-phenyl-3-methyl- 
indene (33). 
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@Ph + 
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D D 

31 32 33 

With indene 17, both the benzohousene path and the 
1,2-phenyl migration route lead to the same set of products. 
However, a skeletal difference exists. The benzohousene 
path interchanges C-1 and C-2 of the indene ring while 
with phenyl migration no such skeletal change occurs. 
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There is good evidence suggesting that the 1,2-phenyl 
migration route is the predominant path followed with 
indene 17. Irradiation of 17 labeled with deuterium at C-2 
(i.e., 34) gave a mixture of 19 and 20 in good yield. Ex- 

?h R. 

34, R, = H; R, = D 19 
35, R, = D; R, = H 

20 

amination of the NMR of 19 showed a methyl singlet a t  
6 1.35 and a less intense (10%) doublet centered a t  6 1.35. 
Similarly, irradiation of deuterium-labeled indene 35 also 
resulted in the formation of 19 and 20. In this case, the 
methyl doublet for 19 amounted to 90% of the total 
formed by it and the singlet at 6 1.35. These observations 
clearly demonstrate that the photoisomerization of 17 goes 
mainly by the phenyl migration route (90%) and to a small 
but real extent (10%) by the benzohousene mechanism. 
One additional point worth noting is the question as to why 
some of the indene rearrangements proceed via the phenyl 
migration mechanism while others proceed via the ben- 
zobicyclopentane route. One possibility is that the ben- 
zobicyclopentane mechanism is a low-yield process which 
is observed only when the phenyl migration route is a 
nonproductive pathway, as it very well might be for ind- 
enes 4, 12, and 18. 

In an effort of uncover additional examples of the indene 
rearrangement, our attention was directed toward a study 
of the photochemistry of indenol36 (Scheme IV). Our 
earlier observations suggested that 36 should rearrange to 
indanone 37 via a 1,2-phenyl shift. We found that the 
irradiation of 36 produced three products which could be 
separated by silica gel chromatography. The structures 
of these compounds were confirmed by comparison with 
authentic samples. No detectable quantities of indanone 
37 were present in the crude photolysate. Consideration 
of the product distribution as a function of time showed 
an initial buildup of indene 38 followed by a decrease in 
amount. Evidence that 38 is an intermediate in the for- 
mation of the remaining products was obtained by the 
finding that the photolysis of a pure sample of 38 gave 
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indenes 39 and 40 in about the same distribution as found 
in runs beginning with 36. The structure of phenanthrene 
40 was established by  irradiating a sample of 39 in the 
presence of oxygen. Rigidly held stilbene moieties are 
known to yield phenanthrene derivatives on irradiation 
and provide excellent precedent for the latter transfor- 
mation.44-46 

We have also carried out a study on the photobehavior 
of the structurally related indenol 41 (Scheme V). We 
originally anticipated that 41 would rearrange in a fashion 
analogous to that encountered with indenes 4 and 12. 
However, close examination of t h e  crude photolysate 
showed the complete absence of products derived from 
isoindene 42. Instead, the major products were formed 
from indene 43. When the irradiation of 41 was carried 
out for short  periods of time, indene 43 was the major 
product produced. Further irradiation of 43 afforded 
indenes 44-46. These compounds were assigned on the 
basis of their characteristic spectral properties and were 
further verified by comparison with independently syn- 
thesized samples. 

The mechanism by which these indenols are converted 
to the corresponding indene skeleton is not known and 
further work must  be done before this path can be es- 
tablished. Our results do, however, show that the mech- 
anism followed in  the photoisomerization of aryl-substi- 
tuted indenes is markedly dependent on the nature and 
location of the substituent groups present on the ring. We 
are continuing to explore the scope and mechanistic details 
of the photoreduction reaction and will report additional 
findings at a later date. 

Experimental Section4' 
Preparation of l-Phenyl-2,3-dimethylindene (4). To a 

solution containing 1.0 g of 2-methyl-3-phenylindanone4 in 150 
mL of anhydrous ether was added 3 mL of a 3.0 M solution of 
methylmagnesium bromide in ether. The mixture was stirred for 
2 h at room temperature and was then hydrolyzed with a saturated 
ammonium chloride solution. The ethereal layer was washed with 
water and a saturated salt solution and dried over magnesium 
sulfate. Removal of the solvent left behind a light yellow oil which 
was taken up in 20 mL of glacial acetic acid. To this stirred 
solution was added 5 mL of concentrated sulfuric acid and 0.5 
mL of water. The solution was stirred for 1 h at room temperature 
and was then poured into iced water. The mixture was extracted 
with ether and the ethereal layer was washed with water, a sat- 
urated sodium bicarbonate solution, and a saturated salt solution 
and dried over anhydrous magnesium sulfate. Removal of the 
solvent under reduced pressure left behind a yellow oil which was 
chromatographed on a 1.5 X 100 cm silica gel column, using hexane 
as the eluent. The major component isolated from the column 
contained 0.54 g (55%) of a white crystalline solid identified as 
l-phenyl-2,3-dimethylindene (4) on the basis of its physical and 
spectral properties: mp 67-68 "C; NMR (CDC13, 100 MHz) 6 1.85 
(br s, 3 H), 2.10 (br s, 3 H), 4.28 (br s, 1 H), 6.95-7.47 (m, 9 H); 
IR (neat) 3.30, 3.47, 3.52, 6.14, 6.24, 6.72, 6.85, 6.94, 7.27, 9.82, 
13.4, 13.9, 14.5 rm; UV (95% ethanol) 263 nm (e 10000). The 
physical properties of this compound were identical with those 
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(44) Lappin, G. R.; Zanucci, J. S. J. Org. Chem. 1971, 36, 1808. 
(45) Schoenberg, A.; Sidky, M. M. Chem. Ber. 1974,107, 1207. 
(46) Mudry, C. A.; Frasca, A. R. Tetrahedron 1974, 30, 2983. 
(47) All melting points and boiling points are uncorrected. Elemental 

analyses were performed by Atlantic Microlabs, Atlanta, GA. The in- 
frared absorption spectra were determined on a Perkin-Elmer Model 137 
Infracord spectrophotometer. The ultraviolet absorption spectra were 
measured with a Cary Model 14 recording spectrophotometer, using 1-cm 
matched cells. The proton magnetic resonance spectra were determined 
at 100 MHz, using a JEOLCO-MH-100 spectrometer, and at 90 MHz, 
using a Varian EM-390 spectrometer. Mass spectra were determined with 
a Perkin-Elmer RMU6 mass spectrometer at an ionizing voltage of 70 eV. 
All irradiations were carried out by using a 450-W Hanovia medium- 
pressure mercury arc. 

(48) Zimmerman, H. E. J. Am. Chem. SOC. 1956, 78, 1168. 
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reported by Smith and H a n ~ o n . ~ ~  
Direct Irradiation of l-Phenyl-2,3-dimethylindene (4). A 

solution containing 120 mg of 4 in 200 mL of benzene was irra- 
diated for 1 h with a 450-W Hanovia medium-pressure mercury 
arc lamp equipped with a Vycor filter sleeve under an argon 
atmosphere. The benzene was removed under reduced pressure, 
leaving behind a yellow oil which was percolated through silica 
gel, using hexane as the eluent. The major component isolated 
contained 92 mg (75%) of a colorless oil which was shown by NMR 
spectroscopy to be a 21 mixture of 1,3-dimethyl-2-phenylindene 
(6) and 1,2-dimethyl-3-phenylindene (5). The structures of these 
two compounds were established by comparison with independ- 
ently synthesized samples. 

A 440-mg sample of 2-phenyl-3-methylindanone (8)& was taken 
up in 50 mL of ether. To this solution was added 0.8 mL of a 
3.0 M solution of methylmagnesium bromide in ether under a 
nitrogen atmosphere. The mixture was heated at reflux for 4 h 
and was then hydrolyzed with a saturated ammonium chloride 
solution. The ethereal layer was washed with water and a satu- 
rated salt solution and dried over magnesium sulfate. Removal 
of the solvent under reduced preasure left behind a yellow oil which 
was taken up in 20 mL of glacial acetic acid. To this stirred 
solution was added 0.5 mL of water and 5 mL of concentrated 
sulfuric acid. The mixture was stirred for 30 min and then poured 
onto ice water. The aqueous solution was extracted with ether 
and the ethereal layer was washed with water and a saturated 
salt solution and dried over magnesium sulfate. Removal of the 
solvent under reduced pressure left behind a yellow oil which 
solidified on standing. Recrystallization from ethanol gave 250 
mg (57%) of 1,3-dimethyl-2-phenylindene (6) as a white crystalline 
solid: mp 72-73 "C; IR (KBr) 3.54,6.24, 7.05, 13.23, 13.50, 14.45 
pm; UV (95% ethanol) 292, 228 nm (e 258000, 15200); NMR 

3.0 Hz), 3.65-4.00 (m, 1 H), 7.08-7.52 (m, 9 H); mass spectrum, 
mle 220 (M+ and base), 205. 

Anal. Calcd for C17H16: C, 92.68; H. 7.32. Found: C, 92.40; 
H, 7.57. 

A sample of 1,2-dimethyl-3-phenylindene (5) was prepared in 
the following fashion. To a solution containing 2.4 g of 2,3-di- 
methylindanoneS1 (7) in 100 mL of anhydrous ether was added 
7.8 mL of a 2.9 M solution of phenylmagnesium bromide in ether. 

(CDC13, 100 MHz) 6 1.15 (d, 3 H, J = 7.0 Hz), 2.21 (d, 3 H, J = 

(49) Smith, L. I.; Hanson, L. I. J. Am. Chem. SOC. 1935, 57, 1326. 
(50) Koelsch, C. F.; Johnson, P. R. J. Am. Chem. SOC. 1943,155, 567. 
(51) Barltrop, J. A.; Acheson, R. M.; Philott, P. G.; MacPhee, K. E.; 

Hunt, J. S. J. Chem. SOC. 1956, 2928. 
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The solution was refluxed for 8 h and was then hydrolyzed with 
a saturated ammonium chloride solution. The mixture was ex- 
tracted with ether and the organic layer was washed with water 
and a saturated salt solution and dried over magnesium sulfate. 
Removal of the solvent left behind a light yellow oil which was 
taken up in 20 mL of glacial acetic acid. To this stirred solution 
was added 3 mL of concentrated sulfuric acid and 0.5 mL of water. 
The mixture was stirred for 45 min and was then poured into 
ice-water. The mixture was extracted with ether and the organic 
layer was washed with water, a saturated sodium bicarbonate 
solution, and a saturated salt solution and dried over magnesium 
sulfate. Removal of the solvent left behind a light yellow oil which 
was chromatographed on a 1.5 X 100 cm silica gel column, using 
hexane as the eluent. The major fraction isolated contained 1.8 
g (55%) of a light yellow oil which was identified as 1,2-di- 
methyl-3-phenylindene (5) on the basis of its characteristic spectral 
properties: NMR (CDC13, 60 MHz) 6 1.38 (d, J = 8 Hz, 3 H), 2.05 
(s, 3 H), 3.38 (q, J = 8 Hz, 1 H), 7.22-7.62 (m, 9 H); IR (neat) 
3.28, 3.32, 3.38, 3.42, 3.50, 6.24, 6.71, 6.85, 8.62, 9.35, 9.80, 13.0, 
13.5, 14.3 pm. These peaks were identical with those reported 
by Jones, Baron, and Hendri~k.~ '  

Direct Irradiation of 1,2-Dimethyl-3-phenylindene (5). A 
solution containing 200 mg of 1,2-dimethyl-3-phenylindene ( 5 )  
in 200 mL of benzene was irradiated for 2 h under an argon 
atmosphere with a 450-W Hanovia medium-pressure mercury arc 
lamp equipped with a Vycor filter sleeve. Removal of the solvent 
under reduced pressure left behind a light yellow oil which was 
shown by NMR spectroscopy to be a 4:l mixture of 1,3-di- 
methyl-2-phenylindene (6) and l-phenyl-2,3-dimethylindene (4). 
The structures of these two compounds were verified by com- 
parison with authentic samples. 

Sensitized Irradiation of l-Phenyl-2,3-dimethylindene (4) 
with Thioxanthen-9-one. A solution containing 50 mg of 4 and 
40 mg of thioxanthen-9-one in 250 mL of benzene was irradiated 
for 2.5 h under an argon atmosphere, using a 450-W Hanovia 
medium-pressure mercury arc lamp equipped with a uranium filter 
sleeve. Removal of the solvent under reduced pressure left behind 
a yellow oil which was chromatographed on a preparative 
thick-layer plate, using a 10% acetone-hexane mixture as the 
eluent. The major component isolated contained 58 mg (50%) 
of a white crystalline material which was identified as oxetane 
10 on the basis of its physical and spectral properties: mp 208-209 
"C (ethanol); NMR (CDCl,, 100 MHz) 6 1.14 (s, 3 H), 1.23 (9, 3 
H), 4.78 (s, 1 H), 6.70-7.53 (m, 16 H), 7.97 (dd, J = 7 ,  J = 2 Hz, 
1 H); IR (KBr) 3.42, 6.24, 6.97, 7.29, 7.93, 8.50, 9.32, 9.87, 11.20, 
13.15, 13.45, 13.94, 14.45 pm; UV (cyclohexane) 264 nm (c 11 300); 
mass spectrum, m / e  220 (base), 212, 205, 184. 

Anal. Calcd for C&?AOS: C, 83.30; H, 5.59. Found: C, 83.09; 
H, 5.63. 

Sensitized Irradiation of l-Phenyl-2,3-dimethylindene (4) 
with Xanthone. A solution containing 250 mg of 4 and 225 mg 
of xanthone was irradiated for 8 h under an argon atmosphere, 
using a 550-W Hanovia medium-pressure mercury arc lamp 
equipped with a Pyrex filter sleeve. Removal of the solvent left 
behind a yellow oil which was chromatographed on a preparative 
thick-layer plate, using a 10% acetone-hexane mixture as the 
eluent. The first component isolated contained 106 mg (42%) 
of a colorless oil which was identified as unreacted starting ma- 
terial. The second component isolated contained 169 mg (36%) 
of a white crystalline material identified as oxetane 11 on the basis 
of its physical and spectral properties: mp 189-190 "C (etha- 
nol-chloroform); NMR (CDC13, 100 MHz) 8 0.96 (s, 3 H), 1.33 
(s, 3 H), 4.87 (s, 1 H), 6.32-7.51 (m, 16 H), 7.90-8.04 (m, 1 H); 
IR (KBr) 3.44, 6.24, 6.85, 6.97, 7.27, 7.67, 8.08, 9.88, 10.82, 13.29, 
13.70, 14.39 pm; UV (cyclohexane) 283, 269 nm (c 4520, 3300); 
mass spectrum, m / e  373,221, 220 (base), 219,206,205,204,203, 
196, 181, 100, 99. 

Anal. Calcd for C3,-&4O2: C, 86.51; H, 5.81. Found: C, 86.34; 
H, 5.88. 

Direct Irradiation of 1,3-Dimethyl-l-phenylindene (9). To 
a solution containing 1.5 g of 3-methyl-3-phenyl-l-indan0ne~~ in 

Padwa e t  al. 

150 mL of ether was added 4.5 mL of a 3.0 M solution of me- 
thylmagnesium bromide in ether. The mixture was stirred for 
3 h at 25 "C and was then hydrolyzed with a saturated ammonium 
chloride solution. The ether layer was washed with water, dried, 
and concentrated under reduced pressure. The resulting yellow 
oil was taken up in 25 mL of glacial acetic acid. To this solution 
was added 5 mL of sulfuric acid and 0.5 mL of water. After being 
stirred at  25 "C for 1 h, the solution was poured into ice-water. 
The mixture was extracted with ether and the ethereal layer was 
washed with water and a 10% sodium carbonate solution and was 
then dried over magnesium sulfate. Removal of the solvent under 
reduced pressure left a crude oil which was distilled at  110 "C 
(0.01 mm) to give 0.78 g (52%) of 1,3-dimethyl-l-phenylindene 
(9) as a white solid mp 48-49 "C (lit." mp 50-51 "C); UV (95% 
ethanol) 207,220,260 nm (t 22 100,19000,4100); NMR (CDC13, 
60 MHz) 6 1.62 (s, 3 H), 2.05 (d, 3 H, J = 1.5 Hz), 6.08 (4, 1 H, 
J = 1.5 Hz), 7.8 (m, 9 H). 

A solution containing 200 mg of indene 9 in 200 mL of benzene 
was irradiated for 1 h with a 450-W Hanovia medium-pressure 
arc with a Vycor filter sleeve under an argon atmosphere. Removal 
of the solvent under reduced preasure left behind a yellow oil which 
slowly crystallized on standing to give 1,3-dimethyl-2-phenylindene 
(6) as a crystalline solid, mp 72-73 "C. The structure of the 
photoproduct was verified by comparison with an authentic 
sample. 

Preparation of 1-Phenyl-2-methyl-3-benzylindene (12). 
2-Methyl-3-phenylindanone was prepared according to the pro- 
cedure of Zimmerman.48 A 2.4-g sample of this compound was 
dissolved in 100 mL of anhydrous ether and 16 mL of a 1.0 M 
solution of benzylmagnesium chloride in ether was added drop- 
wise. The mixture was stirred for an additional 2 h and then 
hydrolyzed with a saturated ammonium chloride solution. The 
ethereal layer was washed with water and a saturated salt solution 
and dried over magnesium sulfate. Removal of the solvent left 
behind a yellow oil which was taken up in 45 mL of glacial acetic 
acid. To this solution were added at 0 "C 5 mL of concentrated 
sulfuric acid and 2 mL of water. The mixture was stirred for 30 
min and was then poured into ice-water. The mixture was ex- 
tracted with ether and the organic layer was washed several times 
with water, a saturated sodium bicarbonate solution, and a sat- 
urated salt solution and dried over magnesium sulfate. Removal 
of the solvent under reduced pressure left behind a yellow oil which 
solidified on standing. Recrystallization from ethanol afforded 
1.2 g (37%) of l-phenyl-2-methy!-3-benzylindene (12): mp 103-104 

(s, 1 H), 6.8-7.3 (m, 14 H); IR (KBr) 6.25, 6.72, 8.43, 9.31, 9.72, 
10.60, 13.26, 13.80, 14.54 pm; UV (95% ethanol) 265 nm ( 6  9400); 
mass spectrum, m / e  296 (M'), 205 (base), 91. 

Anal. Calcd for C23H20: C, 93.20; H, 6.80. Found: C, 93.26; 
H, 6.74. 

Direct Irradiation of 1-Phenyl-2-methyl-3- benzylindene 
(12). A solution containing 120 mg of 12 in 250 mL of dry benzene 
was irradiated under an argon atmmphere for 2.5 h, using a 450-W 
Hanovia medium-pressure mercury arc lamp equipped with a 
Corex filter sleeve. Removal of the solvent under reduced pressure 
left behind a yellow oil which solidified when treated with ethanol. 
Recrystallization from ethanol afforded 90 mg (75%) of a white 
crystalline solid which was identified as l-methyl-2-phenyl-3- 
benzylindene (13): mp 74-75 "C; NMR (CDC13, 100 MHz) 6 1.22 
(d, 3 H, J = 8.0 Hz), 3.88 (q,1 H, J = 8.0 Hz), 3.98 (s,2 H); 6.S7.4 
(m, 14 H); IR (neat) 3.30, 6.24, 6.71, 6.83, 6.89, 12.28, 14.32 pm; 
UV (95% ethanol) 296,229 nm (c 16800,15200); mass spectrum, 
m / e  (M+), 205 (base), 190, 177, 164, 91. 

Anal. Calcd for C23H20: C, 93.20; H, 6.80. Found: C, 93.33; 
H, 6.79. 

The structure of indene 13 was further verified by comparison 
with an authentic sample. 2-Phenyl-3-methylindanone was 
prepared according to the procedure of Koelsch." A 1.8-g sample 
of this compound was taken up in 50 mL of anhydrous ether. To 
the solution was added 1 2  mL of a 1.0 M solution of benzyl- 
magnesium chloride in ether. The mixture was refluxed for 1.5 
h and was then hydrolyzed with a saturated ammonium chloride 
solution. The ethereal layer was washed with water and a satu- 

"C; NMR (CDC13, 100 MHz) b 1.88 (9, 3 H), 3.88 (9, 2 H), 4.30 

(52) Baron, W. J.; Hendrick, M. E.; Jones, M. J .  Am. Chern. SOC. 1973, 

(53) Koelsch, C. F.; Hochmann, H.; Leclaire. C. D J .  Am. Chem. SOC. 
95, 6286. 

1943, 65, 59. 
(54) Gelin, R.; Chantegrel, B.; Gelin, S. Bull. SOC. Chim. Fr. 1969, 11, 

4136. 
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rated salt solution and dried over magnesium sulfate. Removal 
of the solvent under reduced pressure left a yellow oil which 
solidified when treated with ethanol. Recrystallization from 
ethanol afforded 1.2 g (50%) of a white crystalline solid, mp 74-75 
"C, which was identical in every detail with a sample of 1- 
methyl-2-phenyl-3-benzylindene (13) obtained from the irradiation 
of 12. The second component eluted from the column contained 
6 mg of a clear oil whose structure was assigned as l-benzyl-2- 
phenyl-3-methylindene (14) by comparison with an authentic 
sample. 

Sensitized Irradiation of l-Phenyl-2-methyl-3-benzyl- 
indene (12). A solution containing 130 mg of 12 and 80 mg of 
thioxanthen-9-one in 250 mL of benzene was irradiated for 4 h 
under an argon atmosphere, using a 450-W Hanovia medium- 
pressure arc lamp equipped with a uranium filter sleeve. Removal 
of the solvent left behind a yellow solid which was chromato- 
graphed on a preparative thick-layer plate, using a 10% ace- 
tone-hexane mixture as the eluent. The major fraction isolated 
contained 90 mg (47%) of a colorless oil which solidified on 
treatment with ethanol. The solid was recrystallized from an 
acetone-ethanol mixture to give colorless cubic crystals which were 
identified as the expected oxetane on the basis of its spectral 
properties: NMR (CDC13, 100 MHz) 6 1.40 (s, 3 H), 2.70 (d, J 

(m, 21 H), 8.30 (dd, J = 8, J = 2 Hz, 1 H); IR (KBr) 3.36, 6.89, 
9.80, 10.81, 11.02, 13.19, 13.48, 14.25 pm; UV (cyclohexane) 265 
nm ( e  11 400); mass spectrum, m / e  296, 294, 213, 212, 206, 205 
(base), 184. 

Anal. Calcd for C=H,OS: C, 85.00, H, 5.55. Found C, 84.90; 
H, 5.68. 

Preparation of l-Phenyl-2-benzyl-3-methylindene (15). To 
a solution containing 800 mg of 3-phen~lindanone~ in 10 mL of 
tetrahydrofuran under a nitrogen atmosphere at -78 "C was added 
an equivalent quantity of lithium diisopropylamide. The solution 
was allowed to warm to room temperature over a 4-h period. The 
yellow solution was cooled to 0 "C and then 0.48 mL of benzyl 
bromide in 2 mL of tetrahydrofuran was added. After the mixture 
was stirred for 8 h at  25 "C, 10 mL of a saturated ammonium 
chloride solution was added. The mixture was extracted with ether 
and the ethereal layer was washed with water and a saturated 
sodium chloride solution and was then dried over magnesium 
sulfate. The solvent was removed under reduced pressure and 
the residue was chromatographed by medium-pressure chroma- 
tography, using a 15% acetoneheme mixture as the eluent. The 
major fraction contained 508 mg (44%) of a clear oil whose 
structure was assigned as 2-benzyl-3-phenylindanone; NMR 
(CDC13, 60 MHz) 6 2.82-3.40 (m, 3 H), 4.10 (d, 1 H, J = 3.5 Hz), 
6.60-7.80 (m, 14 H). 

The above indanone was used in the next step without further 
purification. To a solution containing 508 mg of 2-benzyl-3- 
phenylindanone in 10 mL of ether was added an excess of me- 
thylmagnesium bromide at 0 "C. The mixture was stirred a t  25 
"C for 8 h and then 10 mL of a saturated ammonium chloride 
solution was added. The mixture was extracted with ether and 
the ethereal layer was washed with water and a saturated sodium 
bicarbonate solution and was then dried over magnesium sulfate. 
The ether was removed under reduced pressure, leaving behind 
a white solid which was recrystallized from ethanol to give 400 
mg (79%) of l-phenyl-2-benzyl-3-methylindene (15): mp 110-111 
"C; IR (KBr) 3040,1600,1490,1465,1450,1430,1382,1182,1075, 
1022,1010,755,710,690,675 cm-'; UV (ethanol) 266 nm ( e  12400); 
NMR (CDC13, 100 mHz) 6 2.22 (d, 3 H, J = 1.5 Hz), 3.18 (d, 1 
H, J = 15 Hz), 3.89 (d, 1 H, J = 15 Hz), 4.23 (4, 1 H, J = 1.5 Hz), 
6.83-7.40 (m, 14 H); mass spectrum, m / e  296 (M'), 205. 

Anal. Calcd for CZ3Hz0: C, 93.20; H, 6.80. Found: C, 93.00; 
H, 6.85. 

Direct Irradiation of l-Phenyl-2-benzyl-3-methylindene 
(15). A solution containing 50 mg of 15 in 250 mL of benzene 
was irradiated under an argon atmosphere for 1.5 h, using a 450-W 
Hanovia medium-pressure mercury arc lamp equipped with a 
Vycor filter sleeve. The solvent was removed under reduced 
pressure, leaving behind a yellow oil which was chromatographed 
on a medium-pressure silica gel column, using hexane as the eluent, 

= 15 Hz, 1 H), 3.64 (d, J = 15 Hz, 1 H), 4.65 (8, 1 H), 6.96-7.80 
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to give 36 mg (72%) of l-methyl-2-phenyl-3-benzylindene (13). 
The structure of this material was established by comparison with 
an independently synthesized sample. The second component 
eluted from the column contained 2 mg of a clear oil whose 
structure was assigned as l-benzyl-2-phenyl-3-methylindene (14) 
by comparison with an authentic sample. 

Preparation of 1-Methyl-1-phenylindene (16). A 3.0-g 
sample of 3-methyl-3-phenyl-l-indan0ne~ was dissolved in 30 mL 
of anhydrous ether and a solution of 0.7 g of lithium aluminum 
hydride in 30 mL of ether was slowly added to the ketone solution. 
After being heated at  reflux for 3 h the mixture was quenched 
with a 10% sulfuric acid solution. After ether extraction, drying, 
and concentration, a white solid, mp 126-127 "C, was obtained 
whose structure was assigned as 3-methyl-3-phenyl-1-indanol; 
NMR (CDC13, 60 MHz) 6 1.67 (s, 3 H), 2.45 (m, 2 H), 5.24 (t, 1 
H), 7.75 (m, 9 H). A 1.5-g sample of this alcohol and 0.1 g of 
p-toluenesulfonic acid in 20 mL of acetic acid was heated at reflux 
for 1 h. The mixture was cooled, poured into 50 mL of water, 
and extracted with ether. The ether layer was washed with a 10% 
sodium bicarbonate solution, dried, and concentrated to give 
1-methyl-1-phenylindene (16) as a clear o i lp  NMR (CDC13, 60 
MHz) 6 1.65 (8, 3 H), 6.55 (d, 2 H, J = 6.0 Hz), 7.15 (m, 9 H). 

Anal. Calcd for C16H14: C, 93.16; H, 6.84. Found: C, 93.21; 
H, 6.76. 

Preparation of 1-Phenyl-2-methylindene (18). To a solution 
containing 3.33 g of 2-methyl-3-phenylindanone in 200 mL of 
anhydrous ether under an atmosphere of nitrogen was added 0.22 
g of lithium aluminum hydride. The resulting mixture was allowed 
to stir for 30 min and was then refluxed for an additional 2 h. 
After the solution cooled, 0.5 mL of water was added followed 
by 0.25 mL of a 30% sodium hydroxide solution followed again 
by water. The ether solution was dried over anhydrous magneaium 
sulfate and the solvent was removed under reduced pressure, 
leaving behind 3.09 g (92%) of 3-phenyl-2-methylindanol as a 
yellow oil. A 200-mg sample of 3-phenyl-2-methylindanol was 
added to a solution containing 20 mL of glacial acetic acid, 1 mL 
of water, and 1 mL of concentrated sulfuric acid. The solution 
was allowed to stir for 2 h at room temperature and then 100 mL 
of ether was added. The ethereal layer was separated, washed 
with water a saturated sodium bicarbonate solution, and a sat- 
urated sodium chloride solution, and then dried over anhydrous 
magnesium sulfate. The ether was removed under reduced 
pressure, leaving behind a black oil which was chromatographed 
on a preparative thick-layer plate, using a 5% acetone-hexane 
mixture as the eluent. The major fraction isolated contained 165 
mg (90%) of 1-phenyl-2-methylindene (18) as a white crystalline 
solid: mp 50.0-50.5 "C; NMR (CDC13, 100 MHz) 6 1.86 (br s, 3 
H), 4.20 (br s, 1 H), 6.48 (br s, 1 H), 6.80-7.28 (m, 9 H); IR (KBr) 
3050, 3020,2900, 1610,1590, 1485,1460, 1445, 1430, 1380, 880, 
850,745,725,695 cm-l; mass spectrum, m / e  206 (M+, base), 191, 
128. 

Anal. Calcd for C16H14: C, 93.16; H, 6.84. Found: C, 93.08; 
H, 6.85. 

Preparation of l-Phenyl-2-methyl-3-deuterioindene (31). 
A solution containing 500 mg of 2-methyl-3-phenylindanone in 
50 mL of anhydrous ether was added slowly to a suspension of 
94 mg of lithium deuteride in 100 mL of anhydrous ether. The 
mixture was allowed to stir for 30 min and was then refluxed for 
2.5 h. After the mixture cooled to room temperature, 0.5 mL of 
water was added followed by 0.25 mL of a 30% sodium hydroxide 
solution followed again by 2 mL of water. The organic layer was 
dried over magnesium sulfate and the ether was removed under 
reduced pressure, leaving behind 456 mg (90%) of a yellow oil 
whose structure was assigned as l-deuterio-2-methyl-3-phenyl- 
indaol. A 456-mg sample of the above l-deuterio-2-methyl-3- 
phenylindanol was taken up in 25 mL of glacial acetic acid which 
contained 1 mL of water and 1 mL of concentrated sulfuric acid. 
The solution was allowed to stir for 30 min at room temperature 
and was then extracted with 100 mL of ether. The ethereal layer 
was washed with water, a saturated sodium bicarbonate solution, 
and a saturated sodium chloride solution and then dried over 
anhydrous magnesium sulfate. The ether was removed under 
reduced pressure, leaving behind a yellow oil which was chro- 
matographed on a preparative thick-layer plate, using a 95% 
acetone-hexane mixture as the eluent. The major fraction isolated 
from the plate contained 357 mg (85%) of l-phenyl-2-methyl-3- 

(55)  Corson, B.; Dorsky, J.; Nickels, J.; Kutz, W.; Thayer, H. J .  Org. 
Chem. 1954, 19, 17. 



1866 J.  Org. Chern., Vol. 46, No. 9, 1981 

deuterioindene (31) as a white crystalline solid mp 48.5-49.5 "C; 

(m, 9 H); mass spectrum, m / e  207 (M+, base), 206,205,192,191, 
190, 129. 

Preparation of l-Phenyl-2-deuterio-3-methylindene (34). 
To a solution containing 10 mg of sodium in 10 mL of deuter- 
iomethanol was added 400 mg of 3-phenylindanone. The solution 
was allowed to stir under a nitrogen atmosphere for 8 h and was 
then quenched by the addition of deuterium oxide. The mixture 
was extracted with 100 mL of ether and the ethereal layer was 
washed with a saturated sodium chloride solution and was then 
dried over anhydrous magnesium sulfate. The ether was removed 
under reduced pressure, leaving behind an orange solid. This 
material was dissolved in 50 mL of anhydrous ether and was cooled 
to 0 "C under a nitrogen atmosphere. To this cooled solution was 
added 1 mL of a 3.0 M methylmagnesium bromide solution in 
ether. The mixture was allowed to stir at  0 "C for 2 h and was 
then quenched with deuterium oxide. The ethereal layer was 
washed with a saturated sodium chloride solution and then dried 
over anhydrous magnesium sulfate. The ether was removed under 
reduced pressure, leaving behind a yellow oil which was taken 
up in 20 mL of glacial acetic acid which contained 1 mL of water 
and 1 mL of concentrated sulfuric acid. After being stirred for 
1 h, the mixture was extracted with ether and the ethereal layer 
was washed with water, a saturated sodium bicarbonate solution, 
and then a saturated sodium chloride solution followed by drying 
over anhydrous magnesium sulfate. The ether was removed under 
reduced pressure, leaving behind a yellow oil which was chro- 
matographed on a preparative thick-layer plate, using a 5% 
acetoneheme mixture as the eluent. The major fraction isolated 
contained 270 mg (68%) of l-phenyl-2-deuterio-3-methylindene 
(34) as a white solid: mp 59.5-60.5 "C (lit.% mp 63-64 "C); NMR 
(CDCl,, 60 MHz) d 2.16 (d, 3 H, J = 2.0 Hz), 4.43 (q, 1 H, J = 
2.0 Hz), 6.88-7.28 (m, 9 H); mass spectrum, m / e  207 (M', base), 
206, 205, 192, 191, 190, 129. 

Preparation of 1-Deuterio-1-phenyl-3-methylindene (35). 
To a solution containing 500 mg of 1-phenyl-3-methylindene in 
100 mL of hexane at  -78 "C under a nitrogen atmosphere was 
added 0.2 mL of tetramethylethylenediamine followed by 2.1 mL 
of a 1.4 M n-butyllithium solution in hexane. After being stirred 
at  -78 "C for 3 h, the solution was quenched at -78 "C by the 
addition of methanol-d. The organic layer was washed with a 
saturated sodium chloride solution and was then dried over an- 
hydrous magnesium sulfate. The hexane was removed under 
reduced pressure, leaving behind 460 mg of a yellow oil which was 
shown by NMR analysis to be a 1:l mixture of l-deuterio-l- 
phenyl-3-methylindene (35) and 1-detuerio-1-methyl-3-phenyl- 
indene. This mixture was chromatographed on a 1 X 65 cm 10% 
w/w silver nitrate-silica gel column, using a medium-pressure 
chromatographic setup with hexane as the eluent. The last portion 
of the major peak eluted from the column was shown to consist 
of a 1:9 mixture of 1-deuterio-1-methyl-3-phenylindene and 1- 
deuterio-1-phenyl-3-methylindene (35). Fractional recrystalli- 
zation of this material afforded 60 mg of pure l-deuterio-l- 
phenyl-3-methylindene (35) as a white solid: mp 60.5-61.0 "C; 
NMR (CDCl,, 100 MHz) 6 2.33 (d, 3 H, J = 7 Hz), 6.33 (q ,1  H, 
J = 1.7 Hz), 6.90-7.43 (m, 9 H); mass spectrum, m / e  207 (M', 
base), 206, 205, 192, 191, 190. 

Irradiation of 1-Methyl-1-phenylindene (16). A solution 
containing 200 mg of 16 in 200 mL of anhydrous benzene was 
irradiated for 2 h, using a 450-W Hanovia medium-pressure 
mercury arc lamp equipped with a Vycxor filter sleeve. Removal 
of the solvent under reduced pressure left a pale yellow oil which 
is shown by NMR spectroscopy to contain a 1:2 mixture of 2- 
phenyl-3-methylindene (20) and 1-methyl-2-phenylindene (19). 
The structures of the indenes were unambiguously established 
by comparison with independently synthesized samples. 

To a suspension containing 100 mg of lithium aluminum hy- 
dride in 200 mL of anhydrous ether was added 830 mg of 2- 
phenyl-3-methylindanone in 50 mL of anhydrous ether under a 
nitrogen atmosphere. The mixture was stirred for 30 min at  25 
"C and was then heated for an additional 2.5 h. After the mixture 
cooled to room temperature, 0.5 mL of water was added followed 
by 0.5 mL of a 15% sodium hydroxide solution, followed again 
by 2.0 mL of water. The organic solution was dried over anhydrous 
magnesium sulfate and the ether was removed under reduced 

NMR (CDC13, 100 MHz) 6 1.86 (9, 3 H), 4.2 (9, 1 H), 6.84-7.28 

Padwa e t  al. 

pressure, leaving behind 738.0 mg (88%) of 2-phenyl-3-methyl- 
indanol as a white crystalline solid: mp 72.5-73.5 "C; NMR 
(CDC13, 100 MHz) 6 1.28 (d, 3 H, J = 7 Hz), 2.04-2.16 (m, 1 H), 
2.76 (dd, 1 H, J = 7 ,  11 Hz), 3.04-3.28 (m, 1 H), 5.12-5.31 (m, 
1 H), 7.07-7.38 (m, 9 H). Addition of deuterium oxide to the NMR 
sample tube resulted in the disappearance of the signal at  6 
2.04-2.16 and collapsed the multiplet at  6 5.12-5.31 to a doublet 
at  6 5.18 (1 H, J = 11.0 Hz). A sample containing 500 mg of 
2-phenyl-3-methylindanol was taken up in 25 mL of glacial acetic 
acid which also contained 1 mL of water and 1 mL of concentrated 
sulfuric acid. The mixture was allowed to stir for 2 h at  25 "C 
and was then extracted with 100 mL of ether. The ethereal layer 
was washed with water, a saturated sodium bicarbonate solution, 
and a saturated sodium chloride solution and was then dried over 
anhydrous magnesium sulfate. The ether was removed under 
reduced pressure, leaving behind a yellow oil which was chro- 
matographed on a medium-pressure chromatographic column (1 
X 65 cm), using hexane as the eluent. The major fraction isolated 
contained 362 mg (80%) of 1-methyl-2-phenylindene (19) as a 
white crystalline solid mp 58.0-59.0 "C; NMFZ (CDCl,, 100 MHz) 
6 1.32 (d, 3 H, J = 8 Hz), 3.88 (q, 1 H, J = 8 Hz), 7.00 (s, 1 H), 
7.08-7.56 (m, 9 H); Et (neat) 3050,3020,2955,2925,2830,1600, 
1490,1455,875,760,740,690 cm-'; mass spectrum, m / e  206 (M+, 
base), 205, 192, 191, 190. 

Anal. Calcd for C16H14: C, 93.16; H, 6.84. Found: C, 93.08; 
H, 6.82. 

To a solution containing 1.4 g of 2-phenyl-l-indanoneM in 25 
mL of anhydrous ether was added 5.8 mL of a 2.9 M solution of 
methylmagnesium bromide in ether. The solution was stirred 
at 25 "C for 6 h and was then hydrolyzed with a saturated am- 
monium chloride solution. The ether layer was washed with water, 
dried over magnesium sulfate, and concentrated under reduced 
pressure to give a yellow oil. This material was purified on a silica 
gel column, using hexane as the eluent, to give 980 mg of 2- 
phenyl-3-methylindene (20) as yellow crystak mp 79-80 "C (lit.67 
mp 80 "C); NMRM (CDC13, 60 MHz) 6 2.3 (t, 3 H, J = 2.0 Hz), 
3.7 (4, 2 H, J = 2.0 Hz), 7.5 (m, 4 H). 

Irradiation of 1-Phenyl-2-methylindene (18) in Benzene. 
A solution containing 150 mg of 1-phenyl-2-methylindene (18) 
in 250 mL of anhydrous benzene was irradiated for 2 h, using a 
450-W Hanovia medium-pressure mercury arc lamp equipped with 
a Vycor filter sleeve. The solvent was removed under reduced 
pressure, leaving behind a yellow oil which was chromatographed 
on a preparative thick-layer plate, eluting with a 5% acetone- 
hexane mixture. The major component isolated from the plate 
contained 139.2 mg (88%) of a colorless oil which was shown by 
NMR spectroscopy to be a 1:2 mixture of 2-phenyl-3-methylindene 
(20) and 1-methyl-2-phenylindene (19). The structures of the 
indenes were unambiguously established by comparison with 
independently synthesized samples. 

A solution containing 50 mg of l-phenyl-2-methyl-3-deuterio- 
indene (31) in 250 mL of anhydrous benzene was irradiated for 
15 min, using a 450-W Hanovia medium-pressure mercury arc 
lamp equipped with a Vycor filter sleeve. The solvent was re- 
moved under reduced pressure, leaving behind a yellow oil which 
was chromatographed on a preparative thick-layer plate, using 
a 5% acetone-hexane mixture as the eluent. The major com- 
ponent isolated from the plate contained 35.5 mg (71%) of a 
colorless oil which was shown to consist of a three-component 
mixture of l-deuterio-2-phenyl-3-methylindene (33, 26%), 1- 
methyl-2-phenyl-3-deuterioindene (32, 40%), and l-phenyl-2- 
methyl-3-deuterioindene (31, 34%) by NMR analysis: 1- 
deuterio-2-phenyl-3-methylindene (33), 6 2.28 (br s, 3 H), 3.69 (m, 
1 H); 1-methyl-2-phenyl-3-deuterioindene (32), 6 1.32 (d, 3 H, J 
= 8 Hz), 3.88 (4, 1 H, J = 8 Hz); l-phenyl-2-methyl-3-deuterio- 
indene (31), 6 1.84 (s, 3 H), 4.22 (s, 1 H). 

Irradiation of 1-Phenyl-3-methylindene (17) in Benzene. 
A solution containing 100 mg of 1-phenyl-3-methylindene (17) 
in 250 mL of anhydrous benzene was irradiated for 2 h, using a 
450-W Hanovia medium-pressure mercury arc lamp equipped with 

(56) Koelsch, C. F.; Johnson, P. R. J .  Org. Chern. 1941, 6, 534. 
(57) Christol, H.; Martin, C.; Mousseron, M. Bull. SOC. Chin. Fr. 1960, 

(58) Heindel, N. D.; Lemke, S. M.; Mosher, W. A. J .  Org. Chen .  1966, 
1696. 

31, 2680. 
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a Vycor filter sleeve. At the end of this time the solvent was 
removed under reduced pressure, leaving behind a yellow oil which 
was chromatographed on a preparative thick-layer plate, using 
a 5% acetone-hexane mixture as the eluent. The major fraction 
isolated from the plate contained 72 mg (72%) of a colorless oil 
which was shown by NMR spectroscopy to be a 1:2 mixture of 
2-phenyl-3-methyl-indene [20; NMR (CDCl,, 100 MHz) 6 2.29 (br 
s, 3 He, 3.75 (br s, 2 H), 7.20-7.60 (m, 9 H)] and l-methyl-2- 
phenylindene [ 19; NMR (CDC13, 100 MHz) 6 1.32 (d, 3 H, J = 
8 Hz), 3.88 (9, 1 H, J = 8 Hz), 7.00 (9, 1 H), 7.08-7.56 (m, 9 H)]. 
The structures of these compounds were verified by comparison 
with independently synthesized samples. 

A sample containing 50 mg of 1-phenyl-3-methylindene (17) 
and 10 mg of thioxanthen-9-one in 250 mL of anhydrous benzene 
was irradiated for 2 h, using a 450-W Hanovia medium-pressure 
mercury arc lamp equipped with a uranium filter sleeve. The 
solvent was removed under reduced pressure, leaving behind a 
yellow oil which was chromatographed on a preparative thick-layer 
plate, using a 5% acetone-hexane mixture as the eluent. The 
major component isolated from the plate contained 33.4 mg (67% 
of a colorless oil which was shown by NMR spectroecopy to consist 
of 1-phenyl-3-methylindene (17,54%), 1-methyl-2-phenylindene 
(19, 28%), and 2-phenyl-3-methylindene (20,18%). The struc- 
tures of the indenes were verified by comparison with authentic 
samples. 

A solution containing 50 mg of l-phenyl-2-deuterio-3- 
methylindene (34) in 250 mL of anhydrous benzene was irradiated 
for 1 h, using a 450-W Hanovia medium-preasure mercury arc lamp 
equipped with a Vycor filter sleeve. The solvent was removed 
under reduced pressure, leaving behind a yellow oil which was 
chromatographed on a preparative thick-layer plate, using a 5% 
acetone-hexane mixture as the eluent. The major component 
isolated from the plate contained 30 mg (60%) of a colorless oil 
which was shown by NMR spectroscopy to consist of 1- 
deuterio-2-phenyl-3-methylindene (33, 24%), l-methyl-2- 
phenyl-3-deuterioindene (32, 9%), l-deuterio-l-methyl-2- 
phenylindene (49% ), and l-phenyl-2-deuterio-3-methylindene 
(18%). The yield of products was ascertained from integration 
of the methyl resonances in the NMR spectrum: l-deuterio-2- 
phenyl-3-methylindene, 6 2.30 (d, 3 H, J = 1.5 Hz); l-methyl-2- 
phenyl-3-deuterioindene, 6 1.33 (d, 3 H, J = 8 Hz); l-deuterio- 
l-methyl-2-phenylindene, 6 1.33 (br s, 3 H); l-phenyl-2- 
deuterio-3-methylindene, 6 2.16 (d, 3 H, J = 2.0 Hz). 

Irradiation of 1-Deuterio-1-phenyl-3-methylindene (35) 
in Benzene. A solution containing 50 mg of l-deuterio-l- 
phenyl-3-methylindene (35) in 250 mL of anhydrous benzene was 
irradiated for 15 min, using a 450-W Hanovia medium-pressure 
arc lamp equipped with a Vycor filter sleeve. The solvent was 
removed under reduced pressure, leaving behind a yellow oil which 
was chromatographed on a preparative thick-layer plate, using 
a 5% acetone-hexane mixture as the eluent. The major com- 
ponent isolated from the plate contained 38.5 mg (77%) of a 
colorless oil which was shown by NMR analysis to contain a 
mixture of 1-deuterio-1-methyl-2-phenylindene (4%), 1- 
methyl-2-phenyl-3-deuterioindene (42%), l-deuterio-l-phenyl- 
3-methylindene (28%), and l-deuterio-2-phenyl-3-methylindene 
(26%). The ratios were determined by integration of the char- 
acteristic methyl signals in the NMR spectrum. 

Rearrangement of 2-Methyl-2-phenylisoindene (27). A 
mixture containing 2.0 g of 2-phenyl-l,3-indandi0ne,5~ 0.62 g of 
sodium metal, 10 mL of methanol, and 1.7 mL of iodomethane 
was heated in a sealed tube at  140 OC for 6 h. The solid that 
formed was filtered and washed with 200 mL of water and 300 
mL of ether. The ether layer was dried over anhydrous magnesium 
sulfate and concentrated under reduced pressure. The resulting 
solid contained 1.4 g of 2-methyl-2-phenyl-l,34ndandione: mp 
154-155 "C (lit.60 mp 154-155 "C); NMR (CDC13, 90 MHz) 6 1.69 
(s, 3 H), 7.22-7.38 (m, 5 H), 7.80-8.15 (m, 4 H). 

To a stirred suspension containing 129 mg of lithium aluminum 
hydride in 200 mL of ether was added 1.0 g of the above indan- 
dione in 50 mL of ether. The solution was allowed to stir for 30 
min and was then heated at  reflux for 4 h. To the cooled solution 
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was added 2 mL of water, 2 mL of a 10% sodium hydroxide 
solution, and 10 mL of water. The ether layer was dried over 
magnesium sulfate and concentrated under reduced pressure to 
give 1.01 g of 2-methyl-2-phenyl-l,3-indandiol as a thick colorless 
oil; IR (neat) 3400 cm-'. 

A solution containing 1.75 g of the above indandiol in 25 mL 
of chloroform was added to a solution containing 2 mL of 
phosphorus tribromide in 100 mL of chloroform. The mixture 
was heated for 2 h and was then cooled to room temperature. The 
solution was diluted with water and dried over magnesium sulfate. 
Removal of the organic solvent left a yellow oil which slowly 
solidified to give 800 mg of trans-2-methyl-2-phenyl-l,3-di- 
bromoindene (28) as a white solid mp 215-216 "C; NMR (CDC13, 
90 MHz) 6 1.53 (8, 3 H), 5.50 (8, 1 H), 6.00 (8, 1 H), 7.2-7.6 (m, 
9 H); IR (KBr) 2990,1600,1580,1490,1460,1440,1380,1370, 
1290,1230,1220,1180,1160,1080,1015,920,895,860,765,750, 
680 cm-'. 

Anal. Calcd for C1&I14Br2: C, 52.49; H, 3.85. Found C, 52.45; 
H, 3.86. 

To a mixture containing 1.0 g of zinc-copper coupleB1 in 10 mL 
of NJV-dimethylformamide (DMF) was slowly added 214 mg of 
the above dibromide in 10 mL of DMF. The deep green solution 
that formed was allowed to stir for 6 h at  25 "C and was then 
diluted with 100 mL of ether. The mixture was filtered through 
a small plug of Celite and was then washed with a 10% hydro- 
chloric acid solution followed by water. The solution was dried 
over magnesium sulfate and the solvent was removed under re- 
duced pressure to give a pale oil whose NMR spectrum was 
identical with that of an authentic sample of l-phenyl-2- 
methylindene (18); NMR (CDCl,, 90 MHz) 6 1.90 (d, 3 H, J = 
1.5 Hz), 4.30 (br s, 1 H), 6.50 (9, 1 H, J = 1.5 Hz), 6.90-7.30 (m, 
9 H). 

Direction Irradiation of 1,3-Diphenylindenol (36). To a 
solution containing 200 mg of 3-phenylindenonee2 in 50 mL of 
ether at  0 OC was slowly added 0.7 mL of a 1.6 M solution of 
phenylmagnesium bromide in ether. The mixture was allowed 
to stir for 6 h and then was quenched by the addition of 10 mL 
of a saturated ammonium chloride solution. The ether layer was 
washed with water and dried over anhydrous magnesium sulfate. 
The ether was removed under reduced pressure, leaving behind 
a yellow oil which was chromatographed on a medium-pressure 
silica gel column, using a 10% acetone-hexane mixture as the 
eluent. The major fraction contained 200 mg (73% yield) of 
1,3-diphenylindenol(36) as a clear oil: IR (neat) 3440,1590,1500, 
750, 700 cm-'; UV (95% ethanol) 280 nm (e 1500), 235 (9OOO); 
NMR (CDC13, 90 MHz) 6 2.53 (8, 1 H), 6.30 (8,  1 H), 7.03-7.56 
(m, 14 H); mass spectrum, m / e  284 (M'), 207,206,205,178,100, 
77. 

Anal. Calcd for C21H160: C, 88.70; H, 5.67. Found C, 88.58; 
H, 5.61. 

A solution Containing 193 mg of idenol36 in 250 mL of benzene 
was irradiated for 30 min, using a 450-W Hanovia lamp equipped 
with a Vycor filter sleeve. The solvent was removed under reduced 
pressure and the resulting yellow residue was chromatographed 
on a medium-pressure silica gel column, using hexane as the eluent. 
The first fraction contained 236 mg of 1,3-diphenylindene (38) 
which was identified by comparison with an authentic sample;32 

J = 2.5 Hz), 6.90-7.60 (m, 14 H). The second fraction isolated 
from the column contained 2,3-diphenylindene (39). The structure 
of this compound was verified by comparison with authentic 
sample;19 NMR (CDC13, 90 MHz) 6 3.8 (8, 2 H), 7.0-7.40 (m, 14 
HI. 

The third component isolated from the column was a crystalline 
solid, mp 158-159 OC, whose structure was assigned as phenan- 
threne 40 on the basis of the following data: IR (KBr) 1460,1435, 
1240,1180,1040,940,785,775,720,640 cm-'; UV (95% ethanol) 
339 nm (e 14600), 318 (16 loo), 310 (11 200), 309 (11 200), 300 

MHz) 6 4.15 (s,2 H), 7.2-9.2 (m, 12 H); mass spectrum, m / e  266 
(M'), 223, 221, 205. 

Anal. Calcd for C2'H1,: C, 94.70; H, 5.30. Found: C, 94.62; 
H. 5.34. This same material was formed from the irradiation of 

NMR (CDC13,90 MHz) 6 4.53 (d, 1 H, J = 2.5 Hz), 6.46 (d, 1 H, 

(9650), 280 (16600), 263 (31400), 242 (35900); NMR (CCld, 90 

(59) Zalukajevs, L. Latu. PSR Zinat. 1954, 3, 101. 
(60) E. Geistlich Belg. Patent 628,255, 1963; Chem. Abstr. 1963, 60, 

14516f. 
(61) LeGoff, E. J .  Org. Chem. 1964, 29, 2048. 
(62) Rockett, B. W.; Hauser, C. R. J .  Og. Chem. 1963,29, 1394. 



1868 J.  Org. Chem. 1981, 46, 1868-1873 

either 1,3- (38) or 2,3-diphenylindene (39) in the presence of 
oxygen in good yield. 

Direct Irradiation of 1,3-Diphenyl-2-rnethylindenol(41). 
To a solution containing 407 mg of 3-phenyl-2-methylindenonea 
in 100 mL of ether at 0 “C was added 1.2 mL of 1.6 M phenyl- 
magnesium bromide in ether. The mixture was allowed to stir 
for 6 h and then was quenched by the addition of a saturated 
ammonium chloride solution. The ether layer was washed with 
water and dried over anhydrous magnesium sulfate. Removal 
of the ether left behind 550 mg of a white foam whose spectral 
properties were consistent with 1,3-dipheny1-2-methyliidenol(41); 
IR (neat) 3450, 3070, 3030, 1600, 1495, 1450, 1340, 1190, 1105, 
1055, 1030,950,915, 785, 765 cm-’; UV (95% ethanol) 280 nm 

(br s, 1 H), 7.0-7.53 (m, 14 H); mass spectrum, m/e 298 (M+), 
283, 221, 220, 189, 165, 115, 105. 

Anal. Calcd for C22H180: C, 88.56; H, 6.08. Found: C, 88.54; 
H, 6.11. 

A solution containing 300 mg of indenol 41 in 250 mL of 
benzene was irradiated for 30 min, using a 450-W Hanovia me- 
dium-pressure mercury arc lamp equipped with a Vycor filter 
sleeve. The solvent was removed under reduced pressure and the 
residual oil was subjected to medium-pressure chromatography, 
using a silica gel column and eluting with hexane. The first 
fraction contained 103 mg of 1,3-diphenyl-2-methylindene (43); 
NMR (CDCl,, 90 MHz) 6 1.86 (s, 3 H), 4.39 (br s, 1 H), 6.88-7.47 
(m, 14 H). The structure of this material was verified by com- 
parison with an authentic sample.63 The second fraction isolated 
from the column contained 60 mg of a white solid, mp 105-106 
“C, whose structure was assigned as l-methyl-2,3-diphenylindene 
(44) by comparison with an authentic sample;B3 NMR (CDC13, 
90 MHz) 6 1.08 (d, 3 H, J = 7.0 Hz), 4.02 (4, 1 H, J = 7.0 Hz), 
7.05-7.38 (m, 14 H). The third fraction isolated from the column 
(30 mg) was a white crystalline solid, mp 90-91 “C, whose structure 
was assigned as 1,2-diphenyl-3-methylindene (45); NMR (CDC13, 
90 MHz) 6 2.32 (d, 3 H, J = 2.0 Hz), 4.91 (q, 1 H, J = 2.0 Hz), 
6.90-7.40 (m, 14 H). The structure of this material was established 

(63) Padwa, A.; Chou, C. S.; Rieker, W. F. J .  Org. Chem. 1980, 45, 

(t 4700), 227 (30600); NMR (CDCl3,90 MHz) 6 1.70 (9, 3 H), 2.28 

4555. 

by comparison with an authentic sample preared according to the 
procedure of Koelsch and Johnson.50 

The last material isolated from the column contained 94 mg 
of a white solid, mp 138-139 “C, whose structure was assigned 
as phenanthrene 46 on the basis of its spectral properties: IR 
(KBr) 1535,1500,1480,1440,1340,1280,1120,940,780,730 cm-’; 
UV (95% ethanol) 336 nm (t 78001,320 (7800), 313 (53001,308 
(5600), 278 (8500), 270 (12800), 263 (140001, 250 (14000), 243 

(9, 1 H, J = 6.5 Hz), 7.13-8.90 (m, 12 H). 
Anal. Calcd for C22H16: C, 94.25; H, 5.75. Found: C, 94.18; 

H, 5.56. 
This same material was also formed from the irradiation of 

either 1,3-diphenyl-2-methyl- (43) or l-methyl-2,3-diphenylindene 
(44) in the presence of oxygen in good yield. 
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S-tert-Butylcysteine was obtained by a new method. A number of its N-protected derivatives and esters were 
synthesized. Syntheses of several peptides containing tert-butyl and acetamidomethyl or benzyl thioethers of 
cysteine were carried out. The tert-butyl group was removed from the thiol group of peptides by treatment with 
(2-nitropheny1)sulfenyl chloride (NpsC1). The S-(2-nitrophenyl)sulfenyl derivatives so obtained were converted 
either into cysteine by reduction or into cystine derivatives by disproportionation. Owing to the mild deprotection 
conditions and the great stability of the S-tert-butyl group, the other protecting groups, particularly those of 
the thiols, could be easily removed from a variety of combinations. 

Though about 70 protecting groups for the thiol group 
have hitherto been described,2 the problem of cysteine 
protection has still remained unsolved. It is essential, 
particularly under conditions of peptide synthesis, to find 
a suitable protecting group which is very stable but easy 
to remove in the last step, which is only feasible by using 
specific reagents. The S-benzyl group, formerly a common 

(1) Taken from the Ph.D. Thesis of J.J.P.; presented at the 15th Eu- 

(2) See, for example, “Methoden der Organischen Chemie (Houben- 
ropean Peptide Symposium, Gdatisk, Poland, Sept 1978. 

Weyl)”, Georg Thieme Verlag, Stuttgart, 1974, Vol. 15/1. 
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protection in complex peptide syntheses, is practically no 
longer used3 and has been replaced by the S-acetamido- 
methyl group.4 

As far back as 1962, one of us was the first to suggest 
using tert-butyl thioether as a protecting group for cys- 
teine.5 A method was then reported for a direct synthesis 

(3) L. Zervas, “Proceedings of 8th European Peptide Symposium, 
Noordwijk, 1966”, North-Holland Publishing Co., Amsterdam, 1967, p 
112. 

(4) D. F. Veber, J. D. Milkowski, S. L. Varga, R. G. Denkewalter, and 
R. Hirschmann, J .  Am. Chem. SOC., 94, 5456 (1972). 
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