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CHAPTER I 

INTRODUCTION 

Areneselenosulfonates, ArSOpSeAr*, were first reported by Foss 

in 1947 with the synthesis of the stable ajromatic selenosulfonate 

compounds from the reaction of o-nitrobenzeneselenenyl bromide with 

aromatic sulfinates. After that almost no attention was given to 

2 
selenosulfonates during the next 30 years. In 1976, Austad described 

the synthesis of some new aromatic selenosulfonate compounds that did 

3 
not have any stabilizing groups in the ortho position. All of 

the compounds reported by Foss had an NOp-group in the ortho position 

2 1 

of the areneselenenyl ring. Neither Austad's nor Foss*s synthetic 

procedures, however, provided a convenient and simple method for the 

preparation of areneselenosulfonates. 

Recently, both Kice and Gancaxz '-̂  and Back and Collins *' have 

discovered simple new reactions leading to the formation of seleno

sulf onates from readily available starting materials in excellent 

yield and a high state of purity. 

Kice and Gancarz '-̂  showed that Se-phenyl areneselenosulfonates 

_1_ are very readily formed at 0°C in high yield by the reaction of 

benzeneseleninic acid with aromatic sulfinic acids in ethanol as a 

solvent according to the stoichiometry of eq 1. They also found that 

ethanol is the solvent of choice for the most efficient synthesis of 

areneselenosulfonates via seleninic acid-sulfinic acid reaction. 
6 7 

The related studies reported by Back and Collins ' indicated 



PhSe02H + 2ArS02H > ArSO H + PhSeS(0)2Ar + H2O (l) 

that the very facile reaction of sulfonhydrabides with benzeneseleninic 

acid furnished selenosulfonates in good yield by the following process 

(ea 2). 

RSO2NHNH2 + PhSe02H > RS02SePh + N2 + 2H2O (2) 

The addition of selenenyl halldes and pseudohalides to alkenes 

has proven to be of both mechanistic interest and synthetic utility in 
o 

the elaboration of simple unsaturated functionalities. Although 

numerous selenenic species had been thoroughly investigated in these 
Q 

and other contexts,'̂  the reaction of selenosulfonates with alkenes had 

not been investigated until I98O. At that time preliminary communi-
Cp HQ^ 

cations by both Kice and Gancarz-^ and Back and Collins showed that 

not only can selenosulfonates be maxie to add to alkenes but that the 

reaction has both some striking and unusual features and the potential 

for significant utility in organic synthesis. This and other previous 

work-̂  '"̂  ' on the addition of selenosulfonates to alkenes will now 

be reviewed. 
Kice and Gancarz-̂  found that solutions of Se-phenyl areneseleno-



sulfonates _1_ are very photosensitive, undergoing fairly rapid photo-

decomposition via initial hemolysis of the Se-S bond (eq 3) simply upon 

exposure to room light. They showed that in the presence of suitable 

alkenes the facile photodlssociation of Se-phenyl areneselenosulfonates 

_1_ can be used to initiate a free radical chain reaction (eq 4) that 

leads to addition of _1_ across the alkene double bond in an anti-

Mar kovnikov fashion to give an excellent yield of a g-phenylseleno 

sulf one _2_. This free radical chain reaction consists of addition of 

a free radical to the unsaturated linkage yielding an adduct-free 

raxiical which reacts with the adding reagent in a displacement 

reaction yielding the addition product and the free radical that adds 

to the unsaturated linkage. 

PhSeSOgAr 
hv 

•> PhSe- + ArS02' (3) 

ArS02. 
\ 

+ C 
/ 

/ 

= c 
\ 

I I 
•> ArSO^C - C« 

"̂1 I 
(̂ a) 

I I 
ArSO^C - C» + PhSeSO^Ar 

2( I 2 

I I 
ArSOoC - CSePh + ArSO^. 

2| , ^ 
(4b) 

Overall reaction: 

\ / 

ArSOpSePh + C = C 
/ \ 

hv , I 
> ArSO^C - CSePh 

I I 
2 

(̂ c) 
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Back and Collins' and Kobayashi and Miura have also found that 

the addition of Se-phenyl areneselenosulfonates to olefins affords 

g-phenylseleno sulfones (2). and showed that such additions are feasible 

at room temperature in the presence of a catalytic amount of boron 

trifluoride etherate or at elevated temperature in its absence. The 

uncatalyzed reaction provided the anti-Markovnikov products generated 

by a nonstereospecific free radical process which was initiated by the 

thermal hemolysis of the selenosulfonate. Alternatively, the boron 

trifluoride-catalyzed reaction proceeded in such a way as to produce 

chiefly Markovnikov products arising from an ionic stereospecific anti-

addition. 

Comparing the methods for these two addition reactions reveals 

that the photoaddition of _1_ to alkenes requires much shorter reaction 

times than the non-photolytic addition to the same substrates by both 

7 10 

Back and Collins and Kobayashi and Miura. Therefore, where the two 

reactions, photoaddition process and thermal process, give the same 

product, photoaddition would seem the method of choice for synthesis 

of 3 -phenylselenosulf ones (_2) . 

Phenylselenosulfones _2_ can be converted to a »P -unsaturated sulfones 
£- n 

31 either using hydrogen peroxide-̂  "or m-chloroperbenzoic acid (m-CPBA) 
(eq 5) • Both Kice and Gancarz and Back and Collins have pointed out 

11 
that addition of_1_ to alkenes, followed by the oxidation-elimination 

of _2_, provides a versatile new route to a »3 -unsaturated sulf ones _3_, a 

12 
class of compounds of proven utility in organic synthesis. 

Much of the chemistry of the free radical addition to the simple 



ArSO SePh 
CĤ =CHR = > ArSO^CH^CHSePh 
^ hV "̂  ^ 

R 

/ 

[0] 
0 

ArS02CH2CHSePh 

"^ R 
y 

-PhSeOH 
-> ArS02CH=CHR 

(3) 

alkenes that have a terminal carbon-carbon unsaturated linkage is 

determined by steric, resonance, and polar factors. In case of non-

terminally unsaturated compounds, the stereochemistry of the addition 

also becomes a factor. The nature of the free radical addition to 

unsaturated linkage such as cycloaJ-kenes and dienes (both conjugated 

and noncon jugated), can be appreciated in terms of the same general 

factors outlined for addition to simple alkenes. 

Free radical additions to P-pinene yield different types of 

products depending on the nature of the compound adding. The free 

radical addition of carbon tetrachloride to ̂ -pinene (eq 6) gives 

essentially quantitative yields of the cyclohexane derivative 4_ with 

13 14 
the opening of a strained ring system, -̂* However, with a very 

15 reactive chain transfer agent like thiolacetic acid, ̂  g-pinene gives 

chiefly the simple 1,2-addition adduct. 

From what is known to date-̂  about the reactivity of Se-phenyl 



CH, 

f^ 0013. 

CH^CCl^ 
2̂ ^ -"3 CH2CCI 

r ^ - ^ CCl, 

CH2CCI 

+ CCl, 

(6) 

a r enese l enosu l f onate _1_ a s a chain t r a n s f e r agen t , a mixture of t h e 
V 

cyclohexene derivative_5_and the simple 1,2-addition adduct 6 might 

be expected as the addition product (eq 7)» Therefore, it would seem 

of interest to determine the extent to which the free radical addition 

of _1_ to p-pinene gives the cyclohexene derivative (5) rather than 

the 1,2-adduct (6). 

ArS02SePh 

hV 

^2 ^ ° 2 ^ 

r^^^^ 

jf^SePh 

^ 2 ^ ^ 2 ^ 

SePh 

(7) 

A subsequent removal of the phenylseleno group by oxidative 

elimination could lead to compounds (_7> A» and _9} not readily 

accessible by other routes (eq 8), 



[O] -PhSeOH 
> > 

[0] -PhSeOH 

CH2S02Ar 

-1-

.GHS02Ar 

. r ^ 

CH2S02Ar 

8 (8) 

Free radical additions to symmetrically noneonjugated dienes 

generally take place in such a manner as to suggest that the two un

saturated centers have no influence on each other. An interesting 

reaction of nonconjugated dienes is the formation of cyclic products 

observed in reactions of certain of these species in their free radical 

addition reactions. 

Free radical additions to 1,6-heptadiene have been found to give 

either a cyclopentane derivative 12, an olefinic monoadduct (a simple 

1,2-adduct) 10, or a bisadduct jĵ  depending upon the reactivity of 

the addend as a chain transfer agent (eq 9) • * ' It is interesting 

that this reaction gives a five-membered ring rather than cyclohexane 

derivatives. The addition of carbon tetrachloride to 1,6-heptadiene 

yields almost exclusively the cyclopentane derivative as the one-to-

one addition product. ' Reaction of 1-iodoperfluoropropane with 



8 

1,6-heptadiene was reported to yield the cyclopentane derivative {l^o)^ 

a bisadduct (25^), and an olefinic monoadduct {3%) although only 

trace amounts of cyclic product were observed in the reactions of n-

17 butyl mercaptan with the same diene. 

CH2=CH(CH2)^GH=CH2 > YCH2CH(CH2)^CH=GH2 
Y-Z 

Y-Z 

CH„Z 

<r GH^Y + Y-

-> YCH2CH(CH2)^CH=CH2 + Y-

10 

(9) 
Y-Z 

YCH2GH(CH2)3CHCH2Y 

11 

12 

The amount of cyclization observed in these reactions depends 

on the competition between the transfer reaction of the adduct-radical 

with the adding reagent and the intramolecular addition reaction 

yielding the cyclic adduct-radical. 

It should therefore be interesting to study the case of the 

reaction of Se-phenyl areneselenosulfonate (_1_) as an addend to see 

what sort of ratio of adducts is formed. 

If substantial amounts of cyclopentane derivative 12_ are formed, 



subsequent oxidative elimination of phenylseleno group could provide a 

simple route to the interesting sulfone (13> eq 10)« 

^2 
(O) -PhSeOH II CH^SO^Ar 

12 'Cr 2^ 2 
(10) 

12 

Much interest has been shown in free radical addition to allenes. 

In such additions, the initial radical attack can occur at either the 

central or a terminal carbon of the allenic system (eq ll). 

central Y-Z 
-> CH^ = C - CĤ « > CH^ = C - CH-Z + Y. attack ^ ^"2 - ^ " 2 " ̂ ^2 | 2 

Y 

CH2 = C = CH2 + Y- — (11) 

terminal • Y-Z 
^ Y-CH C = CH > Y-CH2C = CH2 + Y. 

attack 
Z 

15 

The orientation of additions can depend on both the nature of the 

attacking radical and the degree and type of substitution of the allene. 

20 ?1 
Some addends like HBr and Me^SnH show a preference for initial '3 



10 

radical attack on the central carbon, while others (GF„I, RSH, and 

23a\ 
MeCOSH ) attack allene mainly at the terminal carbon. Steric 

hindrance at terminal carbons may be responsible for increased attack 

21 
at the central carbon. However, more observations of this type are 

required before firm conclusions are possible regarding the detailed 

factors which control the orientation. 

It was therefore of interest to determine whether or not seleno

sulfonates could undergo free radical addition to allenes, and if so, 

whether the photoaddition yields 14 or 15 (eq 11, Y=ArS02, Z=PhSe) as 

the principal adduct. 

Co] 
15 — > 

Z' N 

ArS02CH2C = CH2 

0=SePh 

"s / 

-PhSeOH 
^ ArS02CH = G = GH2 

16 

(12) 

14 
Lo] 

/ \ 

PhSeCH2G = GH2 

0 SO Ar 

r e a r r . 
N 

PhSeOCH2G = GH2 

\ 

S02Ar 

/ 

17 

SO^Ar 

GH =G-GH=0 + PhSeH 

SO^Ar 

GH =G-GH OH + PhSeNu 

19 18 
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When the phenylseleno group in either of these compounds is 

11 oxidized to a phenylselenoxide with hydrogen peroxide, the phenyl-

selenoxide from 13^ can undergo elimination to afford the allenic 

sulfone 16, '^'^^ while that from 14 could rearrangê "'•̂ "̂ '̂ '̂̂ ^ 

readily to selenenate 17i followed by either hydrolysis to the allylic 

25 
alcohol 18, or decomposition to aldehyde 19 (eq 12). 

The present work has involved the "selenosulfonation" of a variety 

of different olefins, such as 3-pinene, 1,6-heptadiene, and allenes. 

The free radical addition of Se-phenyl areneselenosulfonate to these 

olefins and subsequent oxidation of their adducts have been shown to 

provide an excellent route to synthetically useful and interesting 

compounds. 

The results of this thesis will be presented in three parts. 

The first will deal with the work on the reactions of Se-phenyl arene

selenosulfonate with p-pinene, the second with 1,6-heptadiene, and the 

third- with allenes. Each part is subdivided into two sections: 

results and discussion, and the experimental details. 



CHAPTER II 

SELENOSULFONATION OF g-PINENE AND SUBSEQUENT 

OXIDATION OF THE ADDUCT 

Results and Discussion 

Synthesis of Se-Phenyl Areneselenosulfonates 

The two convenient methods fccr the preparation of Se-phenyl arene-

4 5 selenosulfonates were developed by both Kice and Gancarz and Back 

6 7 
and Collins, ' They found that Se-phenyl areneselenosulf onates could 

be simply prepared by the oxidation of either an aromatic sulfinic 

acid '-̂  cr an aromatic sulfonhydrazide * by benzeneseleninic acid. 

These facile reactions provide an excellent general synthetic route to 

pure compounds. 

The best method fcr the preparation of Se-phenyl p-tolueneseleno-

sulfonate {Ij Ar=p-tolyl), whose stoichiometry was shown in eq 1, and 

the one employed for the present work, followed the general procedure 

described by Kice and Gancarz : Benzeneseleninic acid (10,0 mmole) 

was dissolved in 20 mL of ethanol, and the solution was cooled to 0 C. 

To this was then added p-toluenesulfinic acid (20,0 mmole), and the 

reaction mixture was stirred vigorously for 2 hr at 0 C in the dark. 

The precipitate of Se-phenyl p-tolueneselenosulfonate that farmed was 

filtered off. Cooling the filtrate to -20°C fcr several hours afforded 

a second crop of this compound. 

When one uses ethanol as the solvent for the sulfinic acid-

seleninic acid reaction, one avoids the formation of the strongly 

acidic salt (PhSe02H2 ArSO ") which precipitates in acetonitrile 

12 
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solution. Isolation of selenosulf onate (jj is also very easy, since 

it is rather insoluble in cold ethanol and crystallizes out in a quite 

pure state on cooling the final solution to -20°C. The sulfonhydra-

zide-seleninic acid reaction in dichloromethane developed by Back 

6 7 
and Collins *^ requires the recrystallization of the crude product 

from methanol in order to obtain pure compound 1. 

Photoaddition of Se-Phenyl 
Areneselenosulfonate to g-Pinene 

When a free radical addition to ̂ -pinene is carried out, one 

observes either a rearranged adduct (the monocyclic cyclohexene 

derivative), or an unrearranged adduct (the simple 1,2-addition product) 

depending on the reactivity of the addend as a chain transfer agent. 

13 l4 The free radical addition of carbon tetrachloride to ̂ -pinene, 

for example, gives mainly the cyclohexene derivative. Only when the 

addend is a very reactive chain transfer agent such as, for example, 

thiolacetic acid, -̂  is the 1,2-adduct the principal product. 

Photoaddition o f ^ to p-pinene was carried out by dissolving 1.0 

mmole of 1 and 1.5 mmole of P-pinene in 1 mL of degassed carbon 

tetrachloride and Irradiating the solution in a Pyrex flask under 

nitrogen in a Rayonet reactor until thin-layer chromatography showed 

that all of the 1 had disappeared. Examination of the photoaddition 

products showed that the photoaddition of _l_to P-pinene (eq 13) in 

carbon tetrachloride solution affords mainly the cyclohexene deriva

tive (5), which is the lower Rf value product of two fractions on 

thin-layer chromatography; _5_was obtained in 91^ yield after two 

recrystallizations from hexane. That the principal product from the 



14 

ArSO . + -> 

CR^SO^Ar 

ArS02SePh 

V 

CH2S02Ar 

-> 

^Z^^2^ 

(13) 

B-

ArS02SePh 

CH2S02Ar 

SePh 

6, Ar=p-tolyl 5, Ar=p-tolyl 

photoaddition has structure 5 is evident from the H NMR spectrum, 

which shows the proton resonance of an olefinic C=CH hydrogen at 65.4 

and CHpSOpAr at 63.67, and the IR spectrum, which shows a weak band 
_ • < 

at 1664 cm (characteristic of the olefinic C=CH group) and strong 

absorptions for the SOp group at I3I3, I303, and ll40 cm . These 

spectra indicate that the principal product of the photoaddition of _1_ 
•I 

to p-pinene is 8-(phenylseleno)-7-(p-toluenesulfonyl)W-p-menthene 

(5» eq 13). From the high yield of_5_obtained it is also evident that 

the amount of the simple 1,2-adduct formed must be very small. 

The fact that free radical addition of 1 to p-pinene gives the 
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cyclohexene derivative rather than the 1,2-adduct shows that the life-

26 
time of the initial adduct-radical (A^) is long enough for it to have 

time to undergo the opening of the strained 4-membered ring system by a 

27 
^-elimination reaction. The g-elimination reaction involves the 

adduct-radical A^ yielding a rearranged radical B» which reacts with 

the adding agent (a second selenosulfonate) to produce the addition 

product as shown in the chain sequence of eq I3. The relief of the 

angular strain of the four-membered ring system is also the driving 

force for the p-elimination, where ̂ -elimination is faster than the 

transfer of the second portion of the addend to adduct-radical. The 

15 fact that thiolacetic acid does not give the cyclohexene derivative, 

13 14 
while carbon tetrachloride does, is due to the fact that in the 

presence of the extremely reactive chain transfer agent GH^COSH the 

half-life of the adduct-radical is so short that reaction with the 

transfer agent takes place before ring-opening has a chance to take 

place. The lifetime of the adduct-radical before reaction with the 

addend as a chain transfer agent is the important factor in deter

mining whether or not simple 1,2-adducts or ring-opened adducts are 

obtained. 

The formation oif 5 in high yield shows that 1 is less reactive 

as a chain transfer agent thaji such extremely reactive chain transfer 

is reagents as thiolacetic acid. -̂  Other experiments by Kice and 

Gancarz have shown, however, that 1 is mare reactive as a chain 

transfer agent than reagents as carbon tetrachloride, and is apparently 

about as reactive as a sulf onyl bromide,-̂  The fact that photoaddition 

of _l_to 3-pinene gives mainly 5 shows that even for a transfer reagent 
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of greater reactivity than GCl^ but less than CH COSH the P-elimination 

reaction is faster than the transfer of the PhSe group from JL_ to the 

adduct-radical (A ^ ) . 

Oxidation of Se-Phenyl Areneselenosulfonate-
P-Pinene Adduct 

A proof of structure for the adduct 5 (eq I3) was provided by 

subjecting it to the transformation shown in eq 14. 

CH2S02Ar 

V2 

J< SePh 

CH2S02Ar 

-PhSeOH 

CHpSOpAr 

(14) 

51 Ar=p-tolyl _8, Ar=p-tolyl 

Treatment of the adduct 3_ with excess hydrogen peroxide at -20 C 

9f R lie f 
followed by addition of triethylamine *°' * and warming of the 

solution to room temperature, converts _5_ in 94% yield to the 

corresponding limonene derivative, whose thin-layer chromatography 

shows no indication of any other oxidation products, for example, _7. 

(eq 8), The oxidation product of 3j "t̂ e limonene derivative, is 

assigned the structure of 7-(p-"toluenesulfonyl)-l,8(9)-P-iRenthadiene 

(̂ , eq 14) on the basis of the following facts: the disappearance of 

one of methyl groups in 3_ (CH^C=C in 8_, 61,72), and the presence 

of two olefinic groups (CH2=G, 64.67; GH=C, 65,45) and AA'BB* 
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type resonance for aromatic hydrogens in the hi NMR spectrum; and in 

the IR spectrum the existence of characteristic bands of the vinylidine 

CH2=C group at 1640 and 885 cm . The satisfactory C,H analysis is 

also consistent with the assigned structure for compound §_, 

The reaction involves the oxidation of the PhSe group in 5_ to 

PhSe(o) followed by the facile fragmentation of selenoxide, which is a 

11 
syn-elimination process. The exclusive formation of_8_is attributed 

20 21 

to less crowding in transition state 20 rather than 21*̂ *̂ to 

undergo a syn-elimination of selenoxide, in which a hydrogen on an 

exocyclic carbon is removed in competition with a hydrogen on a ring 

carbon. One should also note that the formation of the product with 

the double bond between C-8 and C-9 demonstrates unequivocally that 

the product formed in the photoaddition of _1_ to ̂ -pinene (eq I3) has 

the 8-phenylseleno group and not a 1-phenylseleno group. 

This gentle process, the oxidative-elimination reaction for 

selenosulfonate-alkene adducts, provides a efficient method for the 

preparation of new olefins containing an arylsulfonyl group. 
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Experimental 

Melting points were determined on Electrothermal melting point 

apparatus and are uncctrrected. C,H Elemental analyses were carried out 

by Gallarith Laboratories, Knoxville, Tenn, Infrared spectra were 

obtained on a Beckman Acculab 8 spectrophotometer and a Nicolet MX-S 

spectrophotometer. The n.m.r. spectra were recorded on Varian EM-36O 

60 MHz and XLFT-lOO 100 MHz NMR spectrometers with tetramethylsilane as 

an internal stajidard. Photoaddition were carried out in a Rayonet 

Photochemical Reactor (RPR-2537 lamp) manufactured by the Southern N.E. 

Ultraviolet Co, 

Materials 

The following commercial reagents were used without further 

purification: p-toluenesulf inic acid sodium salt (PFALTZ & BAUER, 

Inc), benzeneseleninic acid (99%) and (-)-̂ -pinene (Aldrich Chemical 

Co,), triethylamine (Eastman Kodak Co,), and hydrogen peroxide {3C^o, 

Fisher Scientific Co.), Carbon tetrachloride was distilled over 

calcium chloride and stored over molecular sieves until used, Tetra-

hydrofuran was distilled from lithium aluminum hydride before use. 

Preparation of p-Toluenesulfinic Acid 

p-Toluenesulfinic acid was prepared by the method of Kice and 

Bowers.^^ p-Toluenesulfinic acid sodium salt (5.80 g, 0,032 mole) was 

dissolved in 60 mL of water, and then the solution was filtered. The 
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filtrate was acidified with 50 mL of cold hydrochloric acid (6N), The 
If 

precipitated free acid was filtered off on a Buchner funnel and dried 

under vacuum. It was then twice recrystallized by dissolving it in the 

minimum amount of ether and then adding an equal volume of hexane, the 

acid crystallizing out in long needles. After vacuum drying in the 

dark the pure sulfinic acid was stored in a desiccator at -20 C in the 

dark until used: total yield 3.93 g (79^); mp 8^85°C (lit,^^ 85°C); 

IR(KBr) 2800, 2460 (br), IO9O, 1075, IO3O, lOlO cm""̂  (s, SO2); hi NMR 

(CDClJ 69.87 (s, IH, OH), 7.9-7.0 (aromatic, ^ ) , 2.40 (s, 3^, CH J. 

Synthesis of Se-Phenyl p-T olueneselenosulf onate 

Selenosulfonate 1_ (Ar=p-tolyl) was synthesized by the method of 
try. 

Kice and Gancarz, as mentioned earlier. It was obtained as a faintly 

yellow solid; mp 76-78°G (lit,-̂ ^ 76-78°C); IR(KBr) I3I3 (s, SO2), 1135 

cm"-̂  (s, SO2); ̂  NMR(GDC1J 67.8-6.9 (complex, 9H) , 2,40 (s, 3^, CH ). 

Photoaddition of Se-Phenyl 
Areneselenosulfonate to 3-Pinene 

The method employed was essentially that described by Kice and 

Gancarz, Selenosulf onate Ĵ  (Ar=p-tolyl^ 0,312 g, 1.0 mmole) and 

3-pinene (0,204 g, 1,5 mmole) were dissolved in 1 mL of degassed 

carbon tetrachloride, and the solution was irradiated under nitrogen 

in a closed Pyrex vessel (10 mL) in a Rayonet reactor. After I.5 hr 

thin-layer chromatography indicated that photoaddition of 1_ was 

complete. Removal of the solvent and excess g-pinene under reduced 

pressure left a solid product. The solidified yellow product, whose 

TLG (CHpClp) showed two separated fractions with lower (major) or 
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higher (minor) Rf value than that of a starting material, was twice 

recrystallized from hexane, giving 0.059 g of an unidentified yellow 

oil from the filtrate and 0.408 g (91^) of 8-(phenylseleno)-7-(p-

toluenesulfonyl)-j^-p-menthene (̂ , eq I3) as a white solid: mp 64.5-

65.5°G; IR(KBr) 3068, 3057, 296O, 2920, 2837, 1664, 1597, 1473, 1452, 

1437, 1404, 1367, 1313, 1303, 1285 (s, SO2), 1140 (s, SO2), 1114, 1086, 

1020, 8I5, 748, 742, 727, 694, 648 cm""̂ ; ̂ H NMR(CDG1 ) 67.9-7.1 

(complex, 9H), 5.4 (m as a s, IH, CH=C), 3.67 (s, 2H, CH2S02Ar), 2.43 

(s, 3H, CH C^H^), 2.30-1.73 (m as a br s, 7H, CH2CHCSePh and C^H^GsC), 

1.35 (s, 3H, CH C), 1.28 (s, 3H, CH C). The hi NMR spectrum showed 

the presence of an olefinic CH=C group at 65,4, instead of the presence 

of an olefinic GHp=C group at 64,6 in ̂ -pinene, Anal, Calcd for 

^23^28*^2^ Se: C, 61.76; H, 6.3I. Found: C, 61.87; H, 6.47. 

Oxidation of Se-Phenyl Areneselenosulfonate-
3-Pinene Adduct 

As a proof of structure for _5. 0.447 g (l.O mmole) of the seleno

sulf onate-^-pinene adduct (5) was dissolved in 4 mL of tetrahydrofuran, 

the solution was cooled to -20 C, I.5 mL of cold 30^ hydrogen peroxide 

was added, and the solution was kept at -20 C for 2 hr, at which time 

TLG showed that no starting material remained. Then 0,5 mL of tri

ethylamine was added, and the solution was allowed to warm to room 

temperature and stand overnight. Carbon tetrachloride (I5 ml) was 

added, the organic layer was washed several times with water and dried 

(MgSO. ) and the solvent was evaporated. The solidified residue, whose 

thin-layer chromatography (CH2CI2:benzene = 1:1, 5 mL/EtOH, 2 drops) 

showed only one fraction as product, was recrystallized from hexane, 
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giving 0,272 g (9¥) of 7-(p-toluenesulfonyl)-l,8(9)-P-menthadiene 

(8_, eq 14) as long needles: mp 86-87°C; IR(KBr) 3O6O, 296O, 29IO, 

2845, 1640, 1590, 1490, 1445, 1430, 1405, I37O, I300, I285 (s, SO2), 

1245, 1180, 1160, 1145 (s, SO2), 1120, 1085, 885, 8I5, 732, 620 cm"^. 

The absorption bands at 1640 (m) and 885 (s) cm" Indicate a vinylidine 

CH2=C group; ^H NMR(CDGl^) 67.9-7.1 (AA'BB* pattern, 4H) , 5,45 (m as a 

s, IH, CH=C), 4.67 (s, 2H, CH2=G), 3.67 (s, 2H, GH2S02Ar), 2.43 (s, 4H, 

CH G^H^ and GHG=CH2), 2.35-1.85 (m as a s, 4H, GH2CH=CCH2S02Ar and 

CH2CGH2S02Ar), 1.72 (s, 5H, CH C=CH2 and CH2GHC=GH2). Anal, Calcd 

far G^Ji22°2^- °' ^0.31; H, 7.64, Found: C, 69.89; H, 7.63. 



CHAPTER III 

SELENOSULFONATION OF 1,6-HEPTADIENE AND 

SUBSEQUENT OXIDATION OF THE ADDUCT 

Results and Discussion 

Photoaddition of Se-Phenyl Areneselenosulfonate 
to 1,6-Heptadiene 

Free radical addition of 1,6-heptadiene are known to form cyclic 

adducts depending upon the competition between the transfer reaction 

of the adduct-radical (C^) with the second addend, Y-Z (step a ), and 

the intramolecular addition reaction ^ (step b) yielding the cyclic 

adduct-radical (D^, eq 9)• Owing to the competition between these 

reactions (a and b) the free radical addition of l-iodoperfluoro-

18 16 
propane or bromotrichloromethane with 1,6-heptadiene gives a 

mixture of addition products (10, 11, and 12, eq 9). However, very 

YCH, 

. ^ 

YCH, 
(9) 

YCH, 

Y-Z 

YCH 

Y-Z 

10 12 

22 
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17 reactive chain transfer agents like n-butyl mercaptan, give only 

olefinic monoadduct 10, while carbon tetrachloride as a less reactive 

chain transfer agent gives mainly a cyclopentane derivative 12. 

When _1_ (Ar=p-tolyl) is irradiated in 1 mL of carbon tetrachloride 

solution in the presence of 1,6-heptadiene, two open chain adducts (an 

olefinic monoadduct ajid a bisadduct) and a cyclic adduct, which can be 

separated by preparative TLG into three fractions, are formed in the 

ratio of 81 to 19, respectively (eq 15, Ar=p-tolyl). These addition 

products can be easily distinguished by Ti NMR and IR spectra. The 

H NMR spectrum of the first open chain adduct shows the presence of 

the characteristic of vinylic hydrogens (H -C=GH H ); H , 66.1-5.4 
c a D c 

(br. multlplet); H H, , 65.2-4.7 (superimposed dt) and also the CH2S02Ar 

and GHSePh (s, 3H, 63,42) groups; this and its IR spectrum, which 

ArSOpSePh 
CH2=GH(CH2)3GH=CH2 > ArS02CH2CH(CH2)^CH=CH2 (15) 

SePh 

22, Ar=p-tolyl 

GH2SePh 
ArS02CH2GH(CH2)3GHCH2S02Ar \ - ^^^^^^ 

SePh SePh 

23, Ar=p-tolyl 24, Ar=p-tolyl 
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shows the absorption bands of a vinylic group at 1633, 996 and 910 cm , 

and an SO^ group (s, I3II, 1298, 1140 cm" ), indicate it to be 

6-(phenylseleno)-7-(p-toluenesulfonyl)-1-heptene (22), an olefinic 

monoadduct. The "Ti NMR and IR spectra of the second open chain adduct 

show no vinylic group and are consistent with this adduct being 2,6-

di(phenylseleno)-l,7-di(p-toluenesulfonyl)heptane (23), a bisadduct. 

The cyclic product shows no vinylic n NMR resonance and a complex 

multlplet between 63,55-2,65 for the methylene protons of the CH2SePh 

and GHpSOpAr groups; there are also no vinylic absorptions in the lOOO-

900 cm region in the IR spectrum. Since there is one p-tolyl and one 

phenyl group per original 1,6-heptadiene residue the compound is 

assigned the structure shown in 24, l-(phenylseleno)methyl-2-(p-toluene-

sulfonyl)methylcyclopentane, 

Table I 

Effect of Concentrations of J^(Ar=p-tolyl) or 1,6-heptadiene 

1» M 

1,0 

0.5 

0.3 

0.2 

0.1 

on Product Distribution 

1,6-heptadiene, 

1.3 

0.75 

0.5 

0.3 

0,15 

M % cyclopentane 
derivative, 24 

19 

23 

26 

30 

44 

* based on the assumed 100^ recovery of three adducts (22, 23 and 24) 

from preparative TLG. 
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If the photoaddition to 1,6-heptadiene is carried out at a variety 

of different concentrations of _1_ in carbon tetrachloride solution, one 

observes the formation of the cyclopentane derivative in different 

amounts. Table I shows that this distribution of addition products 

is dependent on _1_ (Ar=p-tolyl) or 1,6-heptadlene concentrations with 

mare of the cyclopentane derivative being formed at lower _1_ (Ar=p-tolyl) 

concentrations. This observation is consistent with a reaction scheme 

(eq 16) that yields open chain adducts in a process that is first 

order in both the adduct-radical (E^) and Ĵ  as a chain transfer agent, 

and the cyclopentane derivative in a reaction that is independent of 

the concentration of _1_, As the rate of 16b is slower at low 

concentrations of _1_ (Ar=p-tolyl), a larger fraction of the initial 

adduci>radicals (E^) undergo cyclization to FB before reacting with ^ 

and the yield of 24 increases. 

The distribution of adducts in the photoaddition of _1_ (Ar=p-tolyl) 

to 1,6-heptadiene shows that 1_ is more reactive than reagents like 

16 l7 
carbon tetrachloride ' which give only the product resulting from 

intramolecular ring closure of adduct-radical (C^, step b) prior to 

chain transfer (step a) and the formation of the cyclopentane 

derivative (12, eq 9). At the same time the behavior of _1_ shows that 

it is less reactive as a chain transfer agent than such reagents as 

17 n-butyl mercaptan, ' whose free radical addition to 1,6-heptadiene 

gives only olefinic monoadduct due to the very fast rate of step a in 

eq 9. However, the product distribution of photoaddition of _1_ to 

1,6-heptadiene in 1 mL of carbon tetrachloride solution is similar to 

16 
the results for free radical addition of bromotrichlaromethane to 
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the same diene which gives a mixture of open chain products (8^) and 

the cyclopentane derivative (1^) as addition products. 

ArS02* + CH2=CH(CH2)3CH=CH2 > ArS02CH2CH(CH2)oGH=CH2 (16a) 

E. 

E- + ArS02SePh -> ArS02CH2CH(CH2)3GH=CH2 (16b) 

SePh 

22, Ar=p-tolyl 

hv ArS02SePh 

ArS02CH2CH(CH2)3GHCH2S0 Ar 

SePh SePh 

23, Ar=p-tolyl 

E. 

^^^2^2 
CH, 

(16c) 

ArS02CH2 ^ GH2SePh 

F. + ArS02SePh 
(16d) 

24, Ar=p-tolyl 
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Oxidation of Se-Phenyl Areneselenosulfonate-
1,6-Heptadiene Adducts 

Further evidence far the assigned structures of the three addition 

adducts (22, 22 and 24), in photoaddition of _1_ (Ar=p-tolyl) to 1,6-

heptadiene, was provided by the examination of the products resulting 

from the oxidative-elimination of the PhSe group(s) in each adduct 

according to eq 17-19. 

The oxidative-elimination of phenylseleno group(s) in each adduct 

was effected by treatment of the compound with excess 30^ hydrogen 

peroxide in tetrahydrofuran and led to the corresponding new olefinic 

compounds (25, 27 and 26) as evidenced by the n NMR and IR spectra. 

The oxidation of adduct 22 gives essentially exclusively the 

E-isomer of 25 (eq I7). Thin-layer chromatography of the crude 

reaction product indicates only trace of other products besides 25; 

25 could be Isolated in 73^ yield as an oil by preparative TLG of the 

SePh 

V2 ArS02CH2CH CH=CH2 ^-=-^ 

U 
22, Ar=p- to ly l 

0=SePh 

ArSO^CH^CH pH=CH2 

s 
u 

-PhSeOH 

/ 

(17) 

ArSO„ H 
"^^0=0 CH=CH„ j j / f 1 2 u 

E-25, Ar=p- to ly l 
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most highly purified product. Its H NMR and IR spectra are consistent 

with its structural assignment as the E-isomer. In particular the E 

geometry for the double bond is clearly indicated by the fact that 

Jĝ -̂  for the two olefinic hydrogens (ArSO^CH =CH CH ) is 15 Hz. 

Specifically one of these two olefinic protons is at 66.93 as a clean 

doublet of triplets (H^, J^=l5 Hz, J2=6 Hz) and the other is at 66.28 

as a doublet of triplets (H^, J^=l5 Hz., Jo"-̂ '-̂  ̂ ^^' There is also no 

proton resonance at 63.42, which shows the absence of GHSePh group in 

25, as compared with that of 22_. The IR spectrum of 25 shows an 

absorption at 967 cm due to the trans olefinic linkage and a strong 

absorption at 1635 cm due to the olefinic linkages, the vinylic 

CH2=CH group and the -CH=CH- group, while there is no absorption in 

the 715-690 cm region indicating the absence of any cis olefinic 

linkages. These spectral data indicate the structure of the product 

is (E)-7-(p-toluenesulfonyl)-1,6-heptadiene (25, eq I7). The 

satisfactory C,H analysis is also consistent with this assigned 

structure. 

The subsequent oxidative-elimination of 24 affords a single 

olefin 26 in "^^ yield (eq 18). Thin-layer chromatography of the 

crude reaction product shows two separated fractions, the first 

diphenyl diselenide (minor product, higher Rf value), and the second 

a single olefinic product (major product, lower Rf value). The single 

olefinic product was isolated as an oil, contaminated with a small 

amount of adduct 24, by preparative TLG. Pure 26 could not be 

separated from adduct 24 due to their having the same Rf value. Its 

yield (7^) was determined from the intensity of the CHp=C signal in 
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CH2SePh 

CH2S02Ar 

/ 

«2°2 

0 
II N 

& 

CH2S02Ar 
-PhSeOH 

/ 

GH2 (18) 

^^V^CH2S02Ar 

2M, Ar=p-tolyl 26, Ar=p-tolyl 

the hi NMR spectrum of the lower Rf value fraction after removal of all 

of other fractions by preparative TLG. Evidence for the 2-(p-toluene

sulf onyl) methyl cyclopentylidene structure for 26^ is as follows: The 

infrared absorption bands at I653 and 885 cm" , and the "Ti NMR 

resonances at 64.98 and 4,79 (2dts, J=2 Hz) strongly indicate the 

presence of a terminal olefinic CHp=C group for 26.. 

The oxidative-elimination of phenylseleno groups in adduct 23 

yields a symmetrical vinyl sulfone 22 (eq I9), which is isolated as a 

sticky solid in 7 ^ yield without any significant amounts of other 

products by preparative TLG. Comparing the TI NMR and IR spectra for 

2^ and 22 provides straightforward evidence far the proof of structure 

for 22. The two products have the same pattern of "Ti NMR and IR 

spectra except that in ̂  there are not the signals for the vinylic 
•• 

GH2=CH group that are found in the H NMR (66,1-5.4 and 5.2-4.7) and 
•1 

the IR (995 and 9I5 cm" ) of 25. In the IR of 25 the aromatic ring 

_1 
absorption at 1595 cm is weaker than the olefinic absorption at 1635 

-1 -1 
cm , In compound 2£ the absorption at 1595 cm is, however, stronger 
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SePh SePh 

ArSO^CH^CH CHGH^SO^Ar 2^^2 
«2°2 

2'̂ 2̂' 

Ph Ph 

I I 
0=Se Se=0 

\ 

ArSO CĤ CH CHCĤ SÔ Ar ^ 2| j 2 2 

-PhSeOH 

22, Ar=p-tolyl 

H H 

(19) 

ArSO^G=C C=CSÔ Ar 2| , , , 2 

H Ui 
E-27, Ar=p-tolyl 

than olefinic absorption at 1635 cm , in agreement with 27 having two 

aromatic rings and two double bonds, whereas 25 has only one aromatic 

ring and two double bonds. Apparently, therefore, 22 has two p-toluene

sulf onyl groups attached symmetrically to two olefinic linkages. The 

assignment of ̂  as the structure of (E)-l,7-di( p-toluenesulf onyl)-1,6-

heptadiene with E configuration at each olefinic linkage is consistent 

with the fact that J for each pair of ArSO^CH =CH, - olefinic protons 

is 15 Hz. 

The exclusive formation of the E-isomers (23^ and 27) is considered 

to be a consequence of the relative steric interactions in the two 

transition states * 28 and 22 for the syn-elimination processes 

leading to the E and Z olefins. The non-bonded interactions in 28 are 
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clearly less serious and so the E-isomer i s the strongly favoured 

product. 

..'0: 

H *Se-Ph 

Ts>»"*; t 
H R ' 

28 -> E - olefin 

"OS, 

H '-Se—Ph 

^""'^t t"' H 

Ts R 

29 -> Z - o l e f i n 

Ts = S02C^H^-p-Me 

R» = CJI^CH=CH2 or CJigCH(SePh)'CH2S02C^H^-p-Me 



32 

Experimental 

Photoaddition of Se-Phenyl Areneselenosulfonate 
to 1,6-Heptadiene' 

1,6-Heptadiene (0,144 g, 1,5 mmole, PFALTZ & BAUER Product) and 

_!__ (Ar=p-tolyl, 0,312 g, 1,0 mmole) were dissolved in 1 mL of carbon 

tetrachloride and irradiated in the same manner as in the addition of _1_ 

(Ar=p-tolyl) to g-pinene. All _1_ was consumed after 1,5 hr. Removal 

of the solvent and excess 1,6-heptadiene gave 0,423 g of an oily 

residue which could be separated into three fractions on thin-layer 

chromatography (CH^Clp: benzene = 1:1). The residue was chromatographed 

on silica gel with benzene, dichloromethane and chloroform as eluants 

until TLG showed no indication of adducts under UV. The products 

eluted, listed in order of decreasing Rf value, are: (a) an oil 

(0.136 g, 70^ ) which is 6-(phenylseleno)-7-(p-toluenesulfonyl)-1-

heptene (22): IR(neat) 306O, 2920, 2855, 1633, 1590, 1572, 1473, 1437, 

1398, 1311, 1298 (s, SO2), 11^ (s, SO2), 1081, 1018, 996, 910, 813, 

738, 688 cm"-*-; -^ NMR(CDClJ 67.75-7.10 (complex, 9H), 6.1-5.4 (br m, 

IH, CH=C), 5.2-4.7 (m appealing as a dt, 2H, CH2=C), 3.42 (s, 3H, CHSePh 

and CH2S02Ar), 2.43 (s, 3H, OH G^H^ ), 2.20-1.65 (complex, 6H, C ^ ^ ) ; 

(b) an oil (O.O36 g, 19^*) which is l-(phenylseleno)methyl-2-(p-

toluenesulfonyl)methylcyclopentane (24): IR(neat) 3057, 3026, 2955, 

2874, 1597, 1577, 1477, 1452, 1437, 1404, I3I3, 1302, 1288 (s, SO2), 

1147 (s, SO2), 1087, 1022, 817, 758, 738, 692, 689, 632 cm"^; ^ NMR 

(CDClJ 67.95-7.10 (complex, 9H), 3.55-2.65 (complex, ̂ , CH2SePh and 
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CH2S02Ar), 2.43 (s, 3H, CH C^H^), 2.40 (m as a s, 2H, CHGH2SO2 and 

CHCH2Se), 2.00-1.35 (m, 6H, G H^); (c) an oil (O.O38 g, 11^*) which is 

2,6-di(phenylseleno)-l,7-di(p-toluenesulfonyl)heptane (23): IR(neat) 

3050, 2915, 2850, 1590, 1575, 1473, 1435, 1398, 1312, 1298 (s, SO2), 

1140 (s, SO2), 1081, 1018, 8I3, 738, 688 cm"^; ^ NMR(CDC1 ) 67.9-7.2 

(complex, 18H), 3.42 (s, 6H, 2CHSe and 2CH2S02Ar), 2.43 (s, 6H, 

2CH C^H^), 2.25-I.5O (complex, 6H, G H^). 

To study the effect of a change in the concentrations of 1,6-

heptadiene and_l_ (Ar=p-tolyl) on the product distribution solutions of 

Ĵ  (Ar=p-tolyl, 0.312 g, 1,0 mmole) and 1,6-heptadiene (0.144 g, 1.5 

mmole) in varying amounts of carbon tetrachloride (2 mL, 3 ^ t 5 ^ , 

and 10 mL ) were irradiated in same manner as in the addition of _1_ to 

1,6-heptadiene in 1 mL of carbon tetrachloride. In 2 mL of carbon 

tetrachloride, adducts 22, 24 and 23 were obtained in yields of O.I3O g 

(68^), 0.043 g (23^) and O.O33 g (10^), respectively; in 3 mL of carbon 

tetrachloride, there were 0.145 g (63^) of 22, O.O6O g (2^) of 24 and 

0.043 g (11^) of 23; in 5 mL of carbon tetrachloride, 0.146 g (61^) of 

22, 0.071 g (30^) of 24 and 0.042 g (10%) of 23; in 50 mL of carbon 

tetrachloride, 0.329 g (5^) of 22, 0.283 g (4^) of 24 and O.O5I g 

(^) of 23. 

* For photoaddition of _l_to 1,6-heptadiene ^yields were based on the 

assumed 100% recovery of three adducts (22, 24 and 23) form preparative 

TLG. 

•̂̂  Ĵ  (Ar=p-tolyl, 1.560 g, 5.0 mmole) and 1,6-heptadiene (0.720 g, 7*3 

mmole) were dissolved in 50 mL of carbon tetrachloride. 
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Oxidation of Se-Phenyl Areneselenosulfonate-
1,6-Heptadiene Adducts 

( E)- 7-(p-T oluenesulf onyl) -1,6-heptadiene ( E - 2 ^ . A solution of 22 

(0.407 g, 1.0 mmole) in 4 mL of tetrahydrofuran was cooled to -20°C, 

1.5 mL of cold 30% hydrogen peroxide was added, and the solution was 

kept at -20 C for 2 hr, at which time TLG showed that no starting 

material remained. Then O.5 niL of triethylamine was added, and 

solution was allowed to warm to room temperature and stand overnight. 

Carbon tetravhloride (~15 nJj) was added, the organic layer was washed 

several times with water, dried (MgSOjK̂ ) and the solvent was evaporated. 

The oily product was chromatographed on silica gel with ethanol as the 

eluant, giving 0,181 g (73%) of (E)-7-(p-toluenesulfonyl)-1,6-hepta

diene (E-2^) as an oil: IR(neat) 306O, 3043, 2925, 2860, 1635, 1595, 

1490, 1450, 1433, 1311, 1300, 1280 (S, SO2), 1143 (S, SO2), 1085, 1014, 

995, 967, 915, 814, 658 cm"-̂ ; ̂  NMR(GDC1J 67.9-7.2 (AA'BB' pattern, 

4H), 6,93 (dt of triplets, J^=15 Hz, J^=6 Hz, IH, CH=CHS02), 6,28 (dt 

of triplets, J^=15 Hz, J2'̂ 1.5 Hz, IH, CH=CHS02), 6.1-5.4 (br m, IH, 

CH=CH2), 5.2-4.7 (superimposed dt, 2H, CH2=G), 2.43 (s, 3H, CH^C^H^), 

2.33-1.33 (complex, 6H, CJi^). Anal. Calcd for C^^H^gOgS: C, 67.16; 

H, 7.25. Found: C, 66.97; H, 7.18. 

2- ( p-T oluenesulf onyl) methyl cyclopentylidene ( 26) was obtained from the 

reaction of 24 (O.306 g, 0.75 mmole) in 3 mL of tetrahydrofuran by the 

same oxidation procedure as in the previous case. Removal of the 

solvent left a yellow oil which could be separated into fractions on 

thin-layer chromatography (CH2CI2:benzene = 1:1, 5 mL/EtOH, 2 drops); 

the higher Rf value fraction was diphenyl diselenide, 0,012 g (5*^) 

and the lower Rf value fraction was an oil (0.175 g) which consisted 
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almost entirely (7^, based on 24) of 2-(p-toluenesulfonyl)methylcyclo-

pentylidene (26) contajninated with a small amount (13%) of 24, the 

starting material. The lower Rf value fraction (oil) could not be 

separated further by preparative TLC. One could determine the yield 

of 26̂  (7^) from the integrated intensity of the CH2=G signal in the 

H NMR spectrum. The structure 2-(p-toluenesulfonyl)methylcyclopentyl-

idene for 26̂  could be assigned based on the following spectral data: 

IR(neat) 3068, 2957, 2872, 1653, 1597, I3l5, 1302, 1288 (s, SO^), 1145 

(s, SO^), 1087, 885, 817, 761, 659 cm"^; Ĥ NMR(CDClJ 68,0-7.15 

(AA'BB* pattern, m), 4.98 (dt, J=2 Hz, IH, CH^=C), 4.79 (dt, J=2 Hz, 

IH, CH =C), 3.5-1.35 (complex, 12H). 
a 

(E)-1,7-Di(p-toluenesulf onyl)-l,6-heptadiene (E-22) . Reaction of 2^ 

(0,180 g, 0,25 mmole) in 1 mL of tetrahydrofuran with hydrogen 

peroxide in the same manner as described far E-2^ gave upon workup 

0,064 g (7^) of (E)-l,7-di(p-toluenesulf onyl)-1,6-heptadiene (E-22): 

IR(neat) 3061, 3043, 2928, 2860, 1928, 1815, 1718 (p-subst, type), 

1635, 1595, 1494, 1450, 1433, 1311, 1300, 1280 (s, SO^), 1143 (s, SO^), 

1086, 1014, 981 (s, trans), 868, 814 (s, p-subst, type), 738, 659 cm ; 

^ NMR(GDC1J 67,9-7.2 (AA'BB' pattern, 8H), 6.89 (dt of triplets, 

J^^15 Hz, J^=6 Hz, 2H, 2CH=CHS02), 6.25 (dt, J^=l5 Hz, 2H, 2GH=CHS02), 

2.43 (s, 6H, 2CH C^H^), 2.35-1.30 (complex, 6H, C ^ ^ ) . 



CHAPTER IV 

SELENOSULFONATION OF ALLENES AND SUBSEQUENT 

REARRANGEMENT OF THE ADDUCTS 

Results and Discussion 

Photoaddition of Se-Phenyl 
Areneselenosulfonate to Allenes 

Study of free radical additions to allenes has not yet provided a 

clear understanding of what factors determine whether the favored 

direction of initial radical attack is the central or a terminal carbon 

of the allenic system (eq 11). For example, free radicaJ. addition of 

hydrogen bromide gives products resulting from attack at the central 

carbon by the electrophilic bromine atom suggesting an intermediate 

allylic radical (Gj). On the other hand, the highly electrophilic 

central ̂  QH^ = c - CH^' 
attack ^ T ^ 

Y 

CH^ = G = CH^ + Y- — / G^ (11) 

terminal^ Y - CH^G = CH, 
attack 2 2 

H. 

trifluoromethyl radical attacks the terminal position of allene 

22 
exclusively, indicating an intermediate vinylic radical (H;). 

Se-Phenyl areneselenosulfonates 1_ (Ar=p-tolyl) were found to 

readily undergo free radical addition to allenes. The photoaddltions 

of X (Ar=p-tolyl) to allenes were carried out by irradiating a solution 

36 
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of the allene (I.5 mmole) and _1_ (Ar=p-tolyl, 1.0 mmole) dissolved in 

degassed carbon tetrachloride (l mL) under nitrogen for 2.5-3.0 hr to 

ensure complete reaction. The crude reaction mixtures were almost 

free of by-products, so that for further applications purification was 

not necessary. Table II shows the results of the photoaddition with 

different allenes studied. All products were adequately characterized 

by the IR and H NMR spectroscopy as outlined in the following 

paragraphs, 

3-Methyl-1,2-butadiene. The product was obtained from the photo

addition of _1_ (Ar=p-tolyl) after 2.5 hr as an oil. The IR spectrum of 

the product (30) shows the absence of characteristic absorptions of the 

original aJ.lenic groupings in the 1950 cm" region (antisymmetrical 

C=C=C stretching vibration) and the 85O cm region (torsional motion 

31 
of an allenic terminal methylene group). There is also the presence 

of strong absorptions for the SO^ group at I305, 1295 and 1135 cm . 

Its hi NMR spectrum shows the presence of the methylene hydrogens in 

CHpSePh group and methyl hydrogens in CH C^H^ group: These appear as 

singlets at 64.05 and 2.40, respectively. The two terminal methyl 

(CH^)^G=C groups appear as two strong singlets at 62,02 and I.60 as 

compared with a triplet (6I.69, 6H) in 3-methyl-1,2-butadiene. These 

spectral data indicate the product to be 1-(phenylseleno)-2-(p-toluene

sulf onyl)-3-methyl-2-butene (30). 

2-Methyl-2,3-pentadiene, The IR spectrum of the product obtained from 

photoaddition of _1_ (Ar=p-tolyl) after 2.5 hr shows strong absorptions 

for the SOp group at I3OO and 1140 cm" . This and its hi NMR spectrum, 

which shows the presence of the methine hydrogen in the CH«CHSePh 
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ArSO, 

PhSe 

ArSO^ 

GH^ CH^ 
^ I 3 

ArSO^ 

ArSO, 

38 

Table II 

Selenosulfonation of Allenes 

Allene Selenosulfonation mp, °G 
Product 

CH2=C=C(CH^)^ PhSeCH^C=G(CH^)^, 30 oil 

'2 

GH^CH=C=C(CH^)2 CH^CHC=C(CH^)2, 31 oil 

I 
GH2=C=CCH2CH PhSeGH2C=CCH2CH , E & Z-32 oil 

ArSO, 

CH2C=G=CH(CH2)^GH PhSeCH2C=CH(CH2)^CH , E-33 oil 

CH^=C=CHPh PhSeCH^G=CHPh, 34 96-97^ 

'2 

group as a quar te t (J=7 Hz, IH) a t 64,60, indica te the s t ruc ture of the 

product i s 2-(phenylseleno)-3-(p-toluenesulfonyl)-^methyl-3-pentene ( ^ l ) . 

3-Methyl-1,2-pentadiene, Photoaddition of 1_ (Ar=p-tolyl) to t h i s 

aJ.lene afforded an o i ly mixture of E and Z-Isomeric adducts (32) whose 
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h NMR spectrum showed triplets at 60.90 and 0.75 for the methyl groups 

in the GĤ CSĤ  groups of the two isomers, a singlet at 61.58 for the 

CH^G= methyl, a broad signal for the GE^CR^Q protons at 61.98 and two 

singlets at 64.07 and 4.01 for the GH^SePh protons in the two isomers. 

The IR spectrum of the adduct shows the absence of a terminal allenic 
•1 

methylene absorption in the 85O cm" region, along with the existence 

of strong absorptions for the SO^ group (I305, 1295, 1135 cm"-^). From 

the examination of these spectra the structure of adducts is indicated 

to be a mixture of (E & Z)-l-(phenylseleno)-2-(p-toluenesulfonyl)-> 

methyl-2-pentene (E & Z-32). 

Nona-1,2-diene. After 2,5 hr the photoaddition of _1_ (Ar=p-tolyl) to 

nona-1,2-diene gave essentially only the E-isomeric adduct as an oil. 

The hi NMR spectrum of E-33 shows one vinylic C=GHCH signal as a 

clean triplet (j=8 Hz, IH) at 66090. That the product is the E-isomer 

is evident from the transoid allylic resonance farther downfield 

(66.90) and its smaller allylic coupling constant (~0 Hz) as compared 

with the cisoid ones, generally, 66.00 and'^l Hz, respectively.' *^ 

The IR spectrum of the adduct (E-33) shows an olefinic absorption at 

1 -1 

I633 cm , strong bands for the SO^ group at I3I3, I302 and 1141 cm , 

and no strong allenic terminal methylene absorption in the 85O cm" 

region. These spectral data are consistent with the structure of the 

adduct being (E)-l-(phenylseleno)-2-(p-toluenesulfonyl)-2-nonene 
(E-33). 

1-Phenyl-1,2-propadiene. The crude product obtained from the photo

addition of _!_ (Ar=p-tolyl) after 3,0 hr, which could be separated into 

two fractions by preparative TLC (silica gel, benzene), gave the highly 
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pure adduct 34 in almost quantitative yield as a white solid after 

trituration of the oily product with hexane. Its Ti NMR spectrum shows 

the presence of an olefinic PhCH=C group overlapped with aromatic 

hydrogens in the 67,7 region and a singlet for the CH^SePh group at 

64.0, ;diich indicates either the E- or Z-isomeric adduct. There are 

also no aJ-lenic CH2=C=CH signals at 66,12 and 5,07 as compared with 

those of the original allene. The IR spectrum of 34 shows strong 

absorptions for the SO^ group at I302, 1288 and II30 cm and no strong 

absorption band for the allenic terminal methylene =GH2 group in the 

850 cm region. These spectroscopic results are consistent with the 

structure of the adduct being 1-(phenylseleno)-2-(p-toluenesulfonyl)-

3-phenyl-2-propene (34). 

In each case the free radical addition of the Se-phenyl arene

selenosulfonate _1_ (Ar=p-tolyl) to the allenes shown in Table II 

provides the product resulting from initial attack by the ArSO^" 

radical (eq 20) at the central carbon of the allenic system. The 

R . /R2 ArSO^SePh 
R,CH=C=C + ArSO^' > R.GH-C = C > 

^ ArSO^ -^ 

± (20) 

PhSe 

I /^2 
R.CH - C = G^ 

ArSO^ ^ 

35, Ar=p-tolyl 
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addition is thus highly regiospecific, the arylsulfonyl group adding 

to the central carbon of the allenic system and the phenylseleno group 

becoming attached to the less highly substituted of the two terminal 

carbons. 

It appears that the central attack of the ArSO^* radical, which 

R. 

^C Ĉ c. 

H 
/2^f^-^ 

.R, 

R, 

Yv 

Y at C 
h 

R *C 

H / 

-R, 

a. (21) 

36 

^ 

YR̂ CH 

Y at C, 

mC'M' C:' 
/^2 

R, 

Y-Z 

R,CHC=C. ^ + 

z -̂  

Y-Z 

I /^2 
R.CH-OG^ 

Y -̂  
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leads to a resonance stabilized allylic radical (KJ^) , is favoured over 

the terminal attack leading to less stable vinylic radical L^ (eq 21). 

However, in view of the special geometry of the allene melecule (36) 

which has orthogonal 7t bonds, the initial radical from a central attack 

resembles a primary radical Ĵ  rather than an allylic one K; (eq 21). 

The favourable central attack of Y- (ArSOp.) is considered to be a 

consequence of the possibility that reversible addition of the initial 

radical takes place, so that dissociation of the intermediate radicals 

competes with chain transfer (eq 21). * Although terminal attack 

is freely reversible, central attack is followed by rapid conversion 

of Jj to the allylic radical JO by a 90° rotation about the C-G single 

bond in the initial primary radical (Ji). Central attack by initial 

radicaJL Y* is then essentially irreversible, since rotation of Jj to 

give the more stable I£i is then followed by the energetically favour

able chain transfer step that gives the product. As a result, the 

selenosulf onation product is the one that results from initial attack 

of ArSOp* at the central carbon. On the other hand, the results from 

free radical addition of JL_to 3-methyl-1,2-butadiene and 2-methyl-2,3-

21 
pentadiene may be compared with that of trimethyl tin hydride to 

same allenes. The latter reactions also provide only products from 

21 
initial central attack. This is thought to be the result of 

decreasing reactivity at the highly substituted terminal carbons of 

allenic system due to steric effects. 

The fact that selenosulf onation of nona-1,2-diene yields only the 

E-isomer (E-33) may be understood by consideration of the structure of 

the allylic radical. In order to have maximum overlap of the 
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H 

H. 

C. 

ArSO, 

R. 

• R . H 

1 ?2 H 
I 

ArSO, 

37 38 

32 

^2= ^ 3 ' 

33 

H, 

34 

H 

R^ = CH^GH^, CH (CH^)., Ph 

7t-orbitals it should exist in the planar configurations shown in 37 

and 38. In 37 one will have repulsive non-bonded interactions between 

R^ and H^, or Rp and the arylsulfonyl group; in 38 there are similar 

non-bonded interactions between Rp and H., or R^ and the arylsulfonyl 

group, respectively. For the reaction involving _1_ and nona-1,2-diene 

the results appear to indicate 37 as the more important of the two 

isomeric radicals in determining the formation of the product since 

the E-isomer (E-33) is formed in preference to the Z-isomer. In the 

case of 2-methyl-l,2-pentadiene, owing to R2 (methyl) and R^ (ethyl) 

being more comparable in size both 37 and 38 are apparently important 

in product formation and the product is a mixture of E and Z-isomers. 

However, the repulsion between arylsulfonyl group and less bulky methyl 

group (Rp) of 37 should be less than that between the ArSO^ group and 

the ethyl group (R^) in 38, and one might therefore expect that more 

E- than Z-isomer would be formed. The H NMR spectrum of the product 

(32) seems to support this consideration since the signal for the 
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PhSeCH^ group methylene hydrogens of the E-isomer at 64.07 is somewhat 

stronger than that for the methylene hydrogens of the Z-Isomer at 

64.01. Similar arguments would lead to the conclusion that in case of 

1-phenyl-l, 2-pr opadi ene (34) 37 should be more stable than 38, and 

although the hi NMR spectrum does not allow one to determine definitely 

whether the product is the E- or the Z-isomer, this would suggest that 

the product (34) is probably the E-isomer rather than Z-isomer. 

Oxidation of Se-Phenyl Areneselenosulfonate-
Allene Adducts 

Definitive confirmation of the structural assignments for the 

adducts resulting from the photoaddition of _1_(Ar=p-tolyl) to allenes 

was obtained from the fact that oxidation of the PhSe group in the 

adducts (35) to a selenoxide led to the rearrangement of the selenoxide 

ajid the eventual formation of a P-arylsulfonyl substituted allylic 

alcohol 39 (eq 22), 

PhSe p 

I / 2 
R.CH - C = C 

' I \ R 
ArSOg 3 

«2°2 

PhSe=0 p 

R.CH - C = C^ 

I \R 
ArSO 3 

rearr, 

3i (22) 

PhSeO 
I 

R.CH = C - C — R , 
1 

N 

ArSO^ Ro 

^ / 

«2° 
OH 
I 

R.CH = C - C — R , 

ArSO^ R3 

39 
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Treatment of selenosulfonation product (30-34, 1,0 mmole) with 

excess 30^ hydrogen peroxide in tetrahydrofuran (4 mL) at -20°C for 

2 hr, led to the corresponding 3-arylsulfonyl substituted allylic 

alcohols (40-^, Table III), Thin-layer chromatography of the oily 

crude products showed that in every case 39 was the virtually exclusive 

product, and the various 29 could be isolated pure in 70-9^ yields as 

white solids by dissolving in hot hexane and allowing the solution to 

stand in the freezer. The above oxidation procedure is simple and 

convenient, and results in clean reairrangement of the Intermediate 

selenoxide, giving eventually the allylic alcohol. Table III lists 

a number of transformations involving oxidation followed by rearrajige-

ment of the selenosulf onation products. Each pure product was assigned 

its structure shown in Table III on the basis of the IR and 

H NMR spectra, and subjected to C,H elemental analysis. 

l-(Phenylseleno)-2-(p-toluenesulfonyl)-3-J'iethyl-2-butene, 30. The 

product of the oxidation of 22? 401 obtained as long needles, 'is 

assigned the structure of 2-( p-toluenesulf onyl)-3-methyl-3-hydroxy-1-

1 
butene on the basis of the following facts: The H NMR spectrum shows 

the presence of the terminal methylene group (=GH H^) as a pair of 

doublets (j 1̂ =1.5 Hz) at 66.25 and 6,01, indicating as one proton each; 

the proton of the OH group is found at 63.20; there is an AA*BB» 

pattern proton resonance for aromatic hydrogens, and there is a single 

singlet far two terminal methyl groups at 61,46 (6H) Instead of the 

two singlets for methyl protons (62.02 and l,6o) that were found for 

30; In the IR spectrum one sees the characteristic intramolecular 

hydrogen bonded OH stretching as a slightly broadened absorption at 



Table III 

Rearrangement of Selenosulf onation Products upon Oxidation 

Selenosulfonation Product upon Oxidation Isolated mp, ( 
Product of 20 through 24 Yield % 

OH 

30 GH2=C - C(CH^)2, ^ 13 57-58° 

ArSO^ 

OH 

31 CH_CH=C - C(CHj^, E-41 98 l^^-ll"^ 

ArSO^ 

OH 

E & Z-32 CH =C - CCH^CH^, 42 92 47.5-48 
- 2 I , 2 3 

ArSO^ GH 

OH 

2 

ArSO 2 

o 

OH 
I 

E-33 GH2=C - CH(GH2)^CH , 42 92 oil 

ArSO^ 

34 CH =C - CHPh, 44 70 77-78° 

46 
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3440 cm . The satisfactory C,H analysis also supports the assigned 

structure for 40, 

2- (Phenylseleno) -3- ( p- toluenesulf onyl)-4-methyl-3-pentene, 31, The 

oxidation of 31̂  gave essentially only the E-isomer of 41, Its 

structural assignment as the E-isomer is derived from the fact that in 

the TI NMR spectrum a quartet signal (J=7 Hz) for the vinylic hydrogen 

in the CH CH=CS02Ar group is found at 66,45. It is known"̂ ^ that in 

a,P-unsaturated sulf ones of this type the olefinic proton of the E-

isomer is always found at considerably lower field than in the 

corresponding Z-isomer, Furthermore, its Tl NMR spectrum shows no 

methine quartet at 64,60, indicating the absence of a CHSePh group, a 

singlet for the OH group at 64.23, and an AA'BB* pattern proton 

resonance for p-substituted aromatic ring. This and its IR spectrum, 

which shows a strong absorption for the intramolecular hydrogen bonded 

OH stretching at 3505 cm and olefinic CH=C absorptions at 1680 (w) 

and 830 (s) cm , are consistent with the structure of 41 being (E)-

3-(p-toluenesulfonyl)-^methyl-^hydroxy-2-pentene (E-41), 

(E & Z)-l-(Phenylseleno)-2-(p-toluenesulfonyl)-3-methyl-2-pentene, 

E & Z-32, The product obtained from the oxidation of E & Z-22 shows 

a strong absorption for OH group at 3490 cm" in the IR spectrum and 

a singlet far OH group at 63.10 in the TI NMR spectrum. The latter 

spectrum exhibits a pair of doublets (J i-=1.5 Hz, 2H) for the 

vinylidine hydrogens (H H C=G) at 66,35 and 5.89, The signals that 

were present in E and Z-33 at 64,07 and 4,01 due to the CH^SePh 

protons, are no longer present. Indicating the absence of a GHpSePh 

group in ̂ , These spectral data are consistent with the structure 



46 

of the product being 2-(p-toluenesulfonyl)-3-methyl->hydroxy-l-

pentene (42). 

(E)-l-(Phenylseleno)-2-(p-toluenesulfonyl)-2-nonene. E-22. Th© product 

upon oxidation of E-33 was obtained as an oil at room temperature and 

assigned the structure 2-(p-toluenesulfonyl)->hydroxy-1-nonene (43) 

on the basis of the presence of a singlet at 62.85 in the Ti M R and a 

strong band at 3501 cm in the IR, both attributed to the OH group. 

Its TI NMR also shows a pair of doublets (j ,=1 Hz, 66.39 and 6.O5) 

for the terminal methylene hydrogens and a triplet for the methine 

hydrogen in the CH(OH)CHp group (j=6 Hz, 64.33); The IR spectrum shows 

_1 
an absorption band for vinylidine group at 958 cm . 

l-(Phenylseleno)-2-(p-toluenesulfonyl)-3-phenyl-2-propene, 34. The 

oily product isolated by preparative TLC was triturated with hexane 

to yield pure ^M;_ as a white solid, whose "Ti NMR spectrum displays two 

doublets (J=4 Hz, each) at 63.19 and 5*52 due to the OH and methine 

hydrogens of CH(OH)Ph group, respectively. The terminal methylene 

group in ̂  gives rise in the hi NMR to a pair of doublets (J=l Hz) at 

65.84 and 6,45. The IR spectrum shows a strong OH stretching at 3487 

cm" . These spectroscopic results and C,H analysis are consistent 

with the structure of 44 being 2-(p-toluenesulfonyl)-3-phenyl-> 

hydroxy-1-propene. 

Further evidence for the proof of the structure for 43 is provided 

33 
by subjecting it to the transformation shown in eq 23. Treatment 

of anhydrous 43 with an equimolar amount of phenyl isocyanate converts 

43 to the corresponding phenylurethane derivative 45. The formation 

of the phenylur ethane derivative (45) as the solid product is 
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R 
I 

GH,5=C-GH0H 
^ I 
ArSO„ 

PhN=C=0 

0 R 

II 
PhNHC-0-GH-C=CH, 

I ' 
ArSO,, 

(23) 

^ , Ar=p-tolyl 

R=CH^(GH2)^ 

45, Ar=p-tolyl 

R=CH (CH^)^ 

evident from the following facts: In the IR spectrum the presence of 

one secondary amide band at 3344 cm , a strong carbonyl absorption 

-1 -1 
at 1737 cm , and a strong ester absorption at 1215 cm i in the 
1 
H NMR spectrum one sees the presence of a complex proton resonance 

for two aromatic groups and a singlet for NH proton at 66.27. 

The allylic alcohols shown in Table III are the result of two 

consecutive and spontaneous processes: (a) [2,33"Sign^tropic rearrange

ment of allyl selenoxide [A], and (b) hydrolysis of the resulting 

selenenate ester ^B]. » » » 

HpO. .Ph 

Se 

(24) 

[A] [B] 
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The behavior of the oxidation of 21 shows that the rearrangement 

to L B ] takes place even when R^ has a hydrogen located such that 

elimination of PhSeOH is possible. Evidently, the []2,3[]-sigmatropic 

rearrangement is faster than the fragmentation of selenoxide (syn-

elimination of PhSeOH) to dienes (eq 25),^-^ 

(25) 

ArSO, ArSO, 

[A] ; R^ = CH^ 

Since g-arylsulfonyl substituted allylic alcohols are not easily 

prepared by other routes, and since such compounds have the potential 

for considerable interesting chemistry the fact that they are now 

accessible in high yield via the reaction sequence: 

/^2 
R.GH=C=G( 

^3 

ArSO^SePh 

hv 

SePh 

I /^2 
R,CH-C = C. ^ 
^ I ^R. 

SO^Ar ^ 

^ 2 

OH 

R,GH=C - G ~ R ^ 
1 I \ 3 

ArSO, R, 
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makes the selenosulf onation of allenes and the subsequent rearrangement 

of the adducts upon oxidation a process of considerable potentiaJ. 

synthetic interest. 
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Experimental 

The prepara t ive scale and ana ly t i ca l scale gas chromatography 

separat ions were car r ied out on a ANTEK 400 Gas Chromatography and 

Varian Model 37OO Gas Chromatography, respect ively: Columns of SE-30 

were used. 

MateriaJ-s 

1-Octene (98^)* bromoform (9^)1 potassium tert-butoxide and 

methyllithium (1.55 ̂  solution in diethyl ether) were purchased from 

Aldrich Chemical Co. and used without further purification. Phenyl 

isocyanate was Eastmaji Red Label ChemicaJLs, Styrene containing 0,1 

wt % hydroquinone was distilled over anhydrous calcium chloride under 

reduced pressure (35-56 C/35 iwii) before use, 3-Methyl-1,2-butadiene 

(99^, Aldrich Chemical Co,) and 2-methyl-2,>pentadiene (>9€^, Fluka 

Chemical Corp,) were commercially available and their purity was 

determined by n,m,r, spectroscopy, 3-Methyl-1,2-pentadiene supplied 

from ICN Pharmaceuticals, Inc, was purified by preparative gas 

chromatography (SE-30 column at 50°C), Nona-1,2-diene and 1-phenyl-

34 35 1,2-pr opadi ene were prepared by known procedures*'^' and their purity 

was determined to be greater than 99^ by capillary gas chromatography 

(SE-30 column in 200-250°C, 4°/min) and n,m.r, spectroscopy. Absolute 

ethyl ether (MGB Manufactiiring Chemists, Inc) and absolute ethyl 

alcohol (U.S. Industrial Chemicals Co,) were used for dry solvents. 

All other solvents were reagent grade, redistilled, and dried molecular 
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sieves until used. 

Synthesis of Nona-l,2-dlene^*35 

The method employed for syntheses of nona-l,2-diene and 1-phenyl-

1,2-pr opadi ene is a two-step sequence, of which the first step involves 

addition of dibromocarbene to an olefin and the second involves 

reaction of the resulting substituted 1,1-dibromocyclopropane with 

methyllithium, according to the following eq 26, The overall structural 

change involves the insertion of a single carbon atom between the two 

of the original double bond. 

"̂  / \ / MeLi ^ / . .̂  
C = C + :CBr,, > _ G — G — > C = C = C (26) 

2 \ / 
C 
Br 

/ \ \ ^ / \ 

2 

34 Preparation of l,l-Dibromo-2-hexylcycl opr opane, ̂ ^ The method employed 

34a 
was essentially that described by Doering and Hoffmann, ̂ ^ Equimolar 

amounts of olefin and bromoform were generally used, A mixture of 

1-octene (3.37 g, 0.03 mole) and an essentially saturated solution of 

potassium tert-butoxide (4,04 g, 0,036 mole) in dry pentane {5r-G mL) 

was cooled with stirring in the dry ice/acetone bath, Bromoform 

(2,62 mL, 0,03 mole) was then added in portions of 0.2-0,4 mL each to 

a stirred slurry of the reaction mixture solution, kept at 0 to -10 C, 

After the bromoform had been added, the contents became gelatinous and 

difficult to stir and were further diluted with 2 mL of pentane. The 

reaction mixture was then left with stirring at room temperature 
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overnight. Water was added, the 1-octene layer was separated, and the 

aqueous layer was extracted with ether. The combined organic layer was 

washed with cold water and dried over magnesium sulfate. Concentration 

by distillation left a residue which was fractionally distilled in 

vacuo to give 4,26 g (50%, lit,-^^ 44%) of 1,l-dibromo-2-hexylcyclo-

propane, b,p, 70°C at 0,1 mm (lit.^° 70°/0.1 mm). 

34c 3'̂  
Synthesis of N ona-1,2-di ene. ̂ ^ '^^ All of equipment was dried 

completely before used. The l,l-dibromo-2-hexylcyclopropane (4.26 g, 

0.015 mole) obtained from the previous procedure was diluted with 4 mL 

of dry ether under nitrogen and cooled in a dry ice/acetone bath kept 

at -30 to -40 C. An ethereal solution of methyllithium (11.6 mL, 

0,018 mole) was added dropwise with stirring. The reaction mixture 

was further stirred for 30 min, allowed to warm to room temperature, 

and then water was added cautiously. The ether layer was separated, 

and the aqueous phase was extracted with a small amount of ether. The 

combined ether solutions were washed with water until neutral and dried 

over magnesium sulfate. The solvent was removed by distillation and 

the allene was distilled fractionally in vacuo, giving 1.44 g (70^) of 

nona-1,2-di ene, b,p. 58-59°G at 27 mm (lit,^ 45°/l5 mm). Gas chro

matography indicates a purity of at least 99%, The infrared spectrum 

shows strong bands at I96I and 85O cm" , and overtone band (m) at 

1 31 

I687 cm , characteristic of the allene grouping,^ The n,m.r, 

spectrum shows allenic proton resonances at 64,97 (dt of dts, IH, G=GH) 

and 4,75-4.38 (two superimposed dts, 2H, CH2=C), and the rest of 
proton resonance in the compound in the 62.3-0,6 region (complex, I3H). 
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Synthesis of 1-Phenyl-l, 2-pr opadi ene-̂ '-̂ -̂  

34b c 
Preparation of l,l-Dibromo-2-phenylcyclopropane.^ * l,l-Dibromo-2-

phenylcyclopropane was conveniently synthesized in one step in the 

same manner as described for l,l-dibromo-2-hexylcyclopropane, styrene 

(3,12 g, 0,03 mole) being treated with bromoform (2.62 mL, 0,03 mole) 

and potassium tert-butoxide (4.04 g, O.O36 mole): total yield 5.95 g 

(71,9%, lit,^^ 36.^), b.p. 79-80°C at 0,5 mm (lit,^^ 94°/2,0 mm), 

34c 3'5b 
Synthesis of 1-Phenyl-l, 2-pr opadi ene, ̂ ^ *^^ The allene was prepared 

by the same method as described in the nona-1,2-diene besides the 

following additional procedures. The reaction was carried out at low 

temperature (-60°C), the fast addition of ethereal solution of methyl

lithium was made, and subsequently dilute HCl solution was added. This 

was done in order to avoid any possibility of the facile isomerization 

of the allene to the isomeric acetylenes due to aryl group. The allene 

was used as soon as possible or kept over hydroquinone (0,1^ wt) and 

redistilled before use, A liquid was obtained from l,l-dibromo-2-

phenylcyclopropane (4,14 g, 0,015 mole) and methyllithium (11.6 mL, 

0.018 mole) in 83% yield (lit.^'' 82%), b.p, 80°C at 25 mm (lit. 

64-65°/ll mm). The infrared spectrum shows strong bands at 1941 and 

857 cm"^. The product was at least 99% Pure as shown by gas chromato

graphy. The n.m.r. spectrum shows allenic proton resonances at 65,07 

(dt, J=7,5 Hz, 2H, GrrCHg) and 6.12 (t, J=7 Hz, IH, CH=C), and a singlet 

for the phenyl group at 67,2 (5^). 
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Photoaddition of Se-Phenyl 
Areneselenosulfonate to Allenes 

General Procedure, The method employed was essentially that described 

by Kice and Gancarz, In the addition to 3-methyl-1,2-butaidiene, 

2-methyl-2,3-pentadiene, 3-methyl-1,2-pentadiene, or 1-phenyl-1,2-

propadiene, the allene (1,5 mmole) and selenosulfonate _1_ (Ar=p-tolyl, 

0.312 g, 1.0 mmole) were dissolved in 1 mL of degassed carbon tetra

chloride, ajid the solution was irradiated with stirring in a closed 

Pyrex vessel (10 mL) under nitrogen in a Rayonet reactor (RPR-2537 

lamp) until TLC showed no starting material remained (< 2,5 hr ), The 

excess aJ.lene aJid solvent were then removed under reduced pressure, 

and the residue was obtained as an oily pure product in almost 

quantitative yield without further purification. 

>Methyl-1,2-butadiene. The residue gave l-(phenylseleno)-2-(p-toluene

sulf onyl)-3-methyl-2-butene (22): IR(neat) 3040, 2900, I6I5, 1590, 

1570, 1470, 1430, 1305, 1295 (s, SO^), 1135 (s, SO^), 1080, 1020, 810, 

780, 735, 685 cm"-̂ ; ̂ H NMR(CDG1,̂ ) 68,1-7.0 (complex, 9H), 4,05 (s, 2H, 

GH, 

2-Methyl-2,>pentadiene. The residue gave 2-(phenylseleno)->(p-

toluenesulfonyl)-4-methyl-3-pentene (3I): IR(neat) 306O, 2970, 2925, 

2870, I6I5, 1595, I58O, 1475, 1^^^, 1300 (s, SO^), 1140 (s, SO^), 

1090, 1025, 8I5, 745, 693 cm"-'-. "^ NMR(CDClJ 68.1-7.0 (complex, 9H), 

4.60 (quartet, IH, J=7 Hz, CHCH^), 2.37 (s, 3H, GH^G^H^), 

* In case of 1-phenyl-l, 2-pr opadi ene; ̂  3.0 hr. 

** The product obtained from 1-phenyl-l, 2-pr opadi ene was a solid. 

.^SePh), 2,40 (s, 3H, CM^G^H^), 2,02 (s, 3H, GH^C), 1,60 (s, 3H,GH^G). 
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2.2-1.6 (complex, 9H, GH CH and 2CH C). 

3-Methyl-1,2-pentadiene, The residue gave (E & Z)-1-(phenylseleno)-2-

(p-toluenesulfonyl)-3-methyl-2-pentene ( E & Z-22): m(neat) 305O, 2970, 

2930, 2878, I605, 1590, 1575, 1470, 1435, 1305, 1295 (s, SO^), 1135 

(s, SO^), 1080, 1018, 810, 735, 685 cm"-'"; ̂ H NMR.(CDG1 ) 68.1-7.0 

(complex, 9H), 4,07, 4,0l(2s, 2H, CH^SePh), 2.40 (s, 3H, CH C^H^), 1,98 

(br signal 2H, CCH^CH^), 1.58 (s, 3H, GH C), 0,90, 0.75 (2t, 3H, J=7 Hz, 

GH CH ). The chemical shifts for CH SePh protons (2H) and CH CHp 

protons (3^) show that the rt NMR is consistent with this adduct 

being a mixture of E and Z-isomers of l-(phenylseleno)-2-(p-toluene

sulf onyl)-3-methyl-2-pentene, 

34 35 Nona-1,2-diene. The allene was prepared by known methods. The 

residue gave (E)-1-(phenylseleno)-2-(p-toluenesulfonyl)-2-nonene (E-33): 

IR(neat) 3059, 2953, 2930, 2856, 1633, 1597, 1577, 1477, 1461, 1437, 

1313, 1302 (s, SO^), 1141 (s, sop, 1086, 1022, 814, 7^, 715, 

692 cm"-̂ ; ̂ H NMR(CDC1 ) 68,1-7.0 (complex, 9H), 6.9O (t, IH, J=8 Hz, 

=CHCH2), 3.75 (s, 2H, CH^SePh), 2.37 (s, 3H, CH^C^H^), 1.93 (dt as a m, 

J^=7 Hz, 2H, =CHCH2), I.67-O.65 (complex, IIH, { ^ ^ ^ ^ . The 

location of the chemical shift for the C=CH proton indicates the 

product is the E-isomer, 

1-Phenyl-l, 2-pr opadi ene. The allene was prepared by literature 

procedure,-^ '-̂-̂  After removal of the solvent the last trace of allene 

was removed in warm water bath under reduced pressure using a vacuum 

pump. The residue was chromatographed on silica gel with benzene as 

the eluant. The oily product was then triturated with hexane to give 

0,421 g ('̂'99%) of l-(phenylseleno)-2-(p-toluenesulfonyl)->phenyl-2-
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propene as a white solid (24): mp 96-97°C; IR(KEr) 3053, 2993, 2941, 

2922, I655, 1622, 1597, 1575, 1493, 1475, 1̂ J48, 1435, 1302, 1288 (s, SO^), 

1170, 1130 (s, SO^), 1084, 1020, 931, 8I5, 733, 692 cm"S ^ NMR(CDC1 ) 

68.0-6.9 (complex, I5H), 4.0 (s, 2H, CH^SePh), 2.40 (s, 3H, CH C^H^). 

Oxidation of Se-Phenyl Areneselenosulfonate-
Allene Adducts 

General Procedure.-^ A solution of selenosulf onate Ĵ  (Ar=p-tolyl)-

allene adduct (1.0 mmole) in 4 mL of tetrahydrofuran was cooled to 

-20 G, 1.5 mL of cold 30% hydrogen peroxide was added, and the solution 

was kept at -20 G for 2 hr, at which time TLG showed that no starting 

material, remained. Then O.5 mL of triethylajnine was added, and the 

solution was allowed to warm to room temperature and stand overnight. 

Carbon tetrachloride (̂ 15 mL) was added, the organic layer was washed 

several times with water and dried over magnesium sulfate, and the 

solvent was evaporated. The oily residue was dissolved in hot hexane. 

The product crystallized from the hexane solution on standing in the 

freezer. 

2-(p-Toluenesulfonyl)->methyl->hydroxy-l-butene, 40. The crystalline 

product was recrystallized from hexane, giving O.I79 g (7^) of 2-(p-

t oluenesulf onyl)->methyl-3-hydroxy-l-butene that had a slightly 

broadened absorption in the infrared at 3440 cm that is considered 

characteristic of intramolecular hydrogen bonding: mp 31^38 C 

(needles); IR(KBr) 3 ^ ) , 2978, 2960, I65O, 1590, V^5. 1375, 1293, 

1284 (s, SO^), 1150, 1115 (s, SO^), 1073, 965, 890, 812, 680 cm"^ 

^H NMR(CDC1 ) 68.0-7.15 (AA'BB* pattern, ^ ) , 6.25 (dt, IH, J=1.5 Hz, 

=CHj, 6.01 (dt, IH, J=1.5 Hz, =CH ), 3.20 (s, IH, HOC), 2.42 (s, 3H, 
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^3°6V' ^'^ (̂' ̂ ' ^^3)* ^^1' ̂ ^^^ ̂ °^ 1̂2̂ 16̂ 3̂ * °* -̂ '̂̂ '̂ 
H, 6.71, Found: C, 60.14; H, 6.90. 

(E)-3-(P"Toluenesulfonyl)-^methyl-^hydroxy-2-pentene. E-41. The 

crystalline product was recrystallized from hexane twice, giving 0,250 g 

(99^) of (E)->(p-toluenesulfonyl)-/4-methyl-i^hydroxy-2-pentene: mp 

76-77°G (crystal); IR(KBr) 3505 (s, OH stretching), 2980, 2920, I68O, 

1620, 1578, 1455, 1380, 1280 (s, SO^), 1200, II70, 1125 (s, SO^), IO7O, 

915, 830, 670 cm"^; hi NMR(CDC1 ) 68.l-7.l5 (AA'BB* pattern, m), 6A5 

(quartet, IH, J=7 Hz, C H C H J , 4.23 (s, IH, HOC), 2.43 (s, 3H, CH C^H^), 

1.85 (dt, 3H, J=8 Hz, CH^CH), 1.61 (s, 6H, ( C H J ^ G ) . Anal. Calcd for 

C^JI^gO S: C, 61.39; H, 7.13. Found: C, 61.67; H, 7.23. 

2- ( P-T oluenesulf onyl) - 3-methyl-3-hydroxy- 1-pentene, 42. Oxidation of 

(E & Z)-1-( phenylseleno)-2-( p-toluenesulf onyl)->methyl-2-pentene (E & Z-

32,0,197 g, 0.5 mmole) with hydrogen peroxide in the same manner as 

described previously gave upon workup O.II7 g (92%) of 2-(p-toluene

sulf onyl)-3-methyl->hydroxy-1-pentene: mp 47.5-48°C (needles); 

IR(KBr) 3490 (s, OH stretching), 2970, 2930, I650, 1593, 1455, 1370, 

1290 (s, SO^), 1200, 1150, 1115 (s, sop, 1080, 1043, 955, 920, 880, 

820,730, 680 cm"^; ^ NMR(CDGlJ 67.9-7.l5 (AA'BB* pattern, 4H), 6.35 

(dt, IH, J=1.5Hz, =GH^), 5.89 (dt, IH, J=1.5Hz, =GH^), 3.10 (s, IH, 

HOC), 2.42 (s, 3H. GH^G^H^, 1.78 (quartet, 2H, J=7 Hz, CH^CH^), 1.37 

(s, 3H, CH^C), 0.75 (t, 3H, J=7Hz, GH^GH^). Anal. Calcd far 

G^JI^QO S: C, 61.39; H, 7.13. Found: C, 61.57; H, 7.28. 

2- ( p-T oluenesulf onyl) - >hydr oxy- 1-nonene, 43. Instead of crystal

lization the crude product was purified by preparative TLC (silica 

gel, benzene), yielding 0.271 g (92^) of 2-(p-toluenesulf onyl) > 

http://68.l-7.l5
http://67.9-7.l5
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hydroxy-1-nonene as a colorless oil at room temperature: IR(neat) 

3501 (slightly br. OH stretching), 2952, 2930, 2858, I597, 1460, 1400, 

1379, 1313, 1302, 1290 (s, SO^), 1168, 1140 (s, SO^), 1082, 958, 8I5, 

655 cm"^; ^ NMR(CDCl^) 68.0-7.2 (AA'BB* pattern, ^ ) , 6,39 (dt, IH, 

J=l Hz, =CH ), 6,05 (dt, IH, J=l Hz, =CH ), 4.33 (t, IH, J=6 Hz, CHCHj, 

a ^ 

2,85 (s, IH, HOC), 2,0-0.6 (complex, I3H, (CH2)^CH ). Anal, Calcd 

for G^^H^^O S: G, 64.83; H, 8.16. Found: C, 64,77; H, 7-95. 

As a further proof of structure for 43 its solid phenylurethane 

derivative 45 was prepared by the following procedure'̂ :̂ A small 

test tube was thoroughly dried over a flame, corked, and then allowed 

to cool to room temperature. Anhydrous 42 (0,083 g, 0.28 mmole) and 

phenyl isocyanate (0,034 g, 0,28 mmole) were placed in the tube, and 

immediately the cork was replaced. The- solution was warmed in a water 

bath at 60 to 70 C far I5 min. Cooling in an ice bath and scratching 

the sides of the tube with a glass rod induced crystallization. The 

urethane that crystallized from the solution was filtered, dissolved 

in hot carbon tetrachloride, and then the hot solution was filtered 

to remove the less soluble urea which might be formed due to traces 

of moisture. The solvent was removed under reduced pressure and the 

residue was chromatographed on silica gel with benzene as the eluant. 

The oily product was triturated and recrystallized from hexane to give 

0,029 g (Wo) of 42: mp 82-83°C; IR(KBr) 3344 (m, NH stretching), 

3060, 3026, 2955, 2928, 1737 (s, G=0 stretching), I60I, 1537, 1502, 

liW4, 1315, 1302 (s, SO^), 1215 (s, C(=0)-0-G stretching), 1143 (s, 

SO2), 1082, 964, 814, 754, 693, ^^5 cm"^; ̂  NMR(CDCl^) 67.9-7.0 

(complex, 9H), 6.51 (dt, IH, J=l Hz, =GH^), 6,27 (s, IH. NH), 
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6,07 (dt, IH, J=l Hz, =CH ), 5.45 (t, IH, J=7 Hz, OCH). 2.27 (s, 3H, 
a 

CH^G^H^), 2.0-1.7 (complex, I3H, (GH2).CH ). 

2- ( p-Toluenesulf onyl) -3-phenyl-3-hydroxy- 1-propene, 44. Instead of 

crystallization the oily product purified by preparative TLG (silica 

gel, benzene) was tritiirated with hexane, and then recrystallized from 

hexane, giving O.I98 g (70^) of 2-(p-toluenesulfonyl)-3-pbenyl-3-

hydroxy-1-propene as a solid: mp 77-78°C; IR(KEr) 3487 (s, OH stretch

ing), 3111, 3032, 2926, 2878, I63I, 1597, 1494, 1454, 1400, 1388, 

1290 (s, SO^), 1259, II67, 1130 (s, sop, 1080, 1043, 974, 814, 777, 

742, 704, 684 cm"^; hi NMR(GDC1 ) 67.75-7.0 (complex, 9H), 5.84 (dt, 

IH, J=l Hz, =GHj, 6.45 (dt, IH, J=l Hz, =CH ), 5.52 (dt, IH, J=4 Hz, 
D a 

CHPh), 3.19 (dt, IH, J=4 Hz, HOGH), 2.40 (s, 3H, CH^C^H^), Anal. 

Calcd for Ĝ Ĥ̂ Ô S: C, 66,64; H, 5.59, Found: C, 66.53; H, 3,66. 

61 



REFERENCES 

1. Foss, 0., J. Am, Chem, Soc,, 6̂ , 2236 (1947). 

2. Austad, T., Acta Chem. Scand,, S&o, A, A20, 479 (1976). 

3. Eriksen, R. ; Hauge, S., Acta Chem. Scand,, 26, 3I53 (1972). 

4. Kice, J, L. ; Gancarz, R. A., Tetrahedron Lett,, I697 (I98O), 

5. (a) Kice, J. L.; Gancarz, R. A.; ibid,, 4155 (1980). 

(b) Kice, J. L. ; Gancarz, R. A.; J, Org. Chem. ,46. ^99 (I98I). 

6. Back, T. G.; Collins, S., Tetrahedron Lett,, 2213 (I98O). 

7. (a) Back, T. G. ; Collins, S., ibid,, 2215 (I98O). 
(b) Back, T. G.; Collins, S., J. Org. Chem., 46, 3249 (I98I). 

8. Schmid, G. H. ; Garratt, D. G., "The Chemistry of Double-bonded 
Functional Groups"; Patai, S., Wiley: London, 1977; ̂ art 2, 
Chapter 9, P. 855-866. 

9. (a) Liotta, D. ; Zima, G,, Tetrahedron Lett.. 14^^11 (1978). 
b) Takahashi, T.; Nagashima, H. ; Tsuji, J., ibid.. 799 (1978). 
c) McManus, S, P.; Lam, D. H., J. Org, Chem., 43, 65O (1978). 
d) Raucher, S. j Hansen, M. R.; Colter, M. A., ibid., 43, I885 

(1978). 
(e) Barton, D. H. R. ; Britten-Kelly, M. R.; Ferreixa, D., J, Chem, 

Soc,, Perkin Trans. 1, I090 (1978). 
(f) Reich, H. J.; Wollowitz, S. ; Trend, "J.E.; Chow, F.; Wendelbcrn, 

D. F., J_. gr£, Chem., 42, 1697 (1978). 
(g) Horl, T. ; Sharpless, K. B.. ibid.. 42, I689 (1978). 
^h) Labar. D.; Krief, A.; Heves, L., Tetrahedron Lett,, 3967 

(1978). ^ ,̂  ^ 
(i) Denis, J. N. ; Yicens, J.; Krief, A., ibid., 2697 (1979). 

j) Shimizu, M. ; Takeda, R.; Kuwajima, I., ibid., 3461 (1979). 
'k) Garratt, D. G., Qa£i. J. Chem,, ̂ , 2180 (1979). 
'1) Garratt, D, G,j Ryan, M. D,; Ujjainwalla, M., ibid,. 31, 2145 

(1979)• 
(m) Garratt, D, G, ; Kabo, A., ibid,. 58, IO3O (I98O), 
(n) Nicloaou, K, G.; Seitz, S, P.; Sipio, W. J.; Blount, J. F., 

^, Am, Gh^, Soc., lOl, 3884 (1979). 
(o) Toshimitsu, A.; Aoai, T.; Uemura, S.; Okano, M,, ̂ J. Or£, Chem,, 

45, 1953 (1980), 
(p) Olive, D. L. J,; Russell, C. G.; Chittattu, G.; Singh, A., 

Tetrahedron Lett,. 2^, 1399 (1980), 

10, Kobayashi, M. ; Miura, T., 9th Int'l Symposium on Organic Sulfur 

62 



63 

11. 

12. 

Chemistry, Riga, USSR, June, I98O, Abstracts , p . I65. 

a) Reich, H. J., Ace. Chem. Rev.. 12, 22 (1979). 
b) Cllve, D. L. J., Tetrahedron. 24, 1049 (1978). 
c) Sharpless, K. B. ; Young, M. W.; Lauer, R. F., Tetrahedron Lett.. 

22, 1979 (1973). 
d) Sharpless, K. B. ; Gordon, K. M. ; Lauer, R. F. ; Patrick, D. W.; 

Singer, S. P.; Young, M. W., Chem. Scr.. 8A, 9 (1975). 
e) Sharpless, K. B. ; Lauer, R. F., J, Am, Chem, Soc, 95, 2697 

(1973). "• 
f) Sharpless, K. B. ; Lauer R. F. ; Teranish, A. Y. , ibid,, 95, 6I37 

(1973). ~ 
g) Reich, H. J.; Reich, I. L. ; Renga, J. M. , ibid., 95, 58I3 (1973). 
h) Cllve, D. L. J., Tetrahedron. 695 (1973), 

a) Truce, W. E. ; Klingler, T. C.; Brand, W. W., In "Organic 
Chemistry of Sulfur"; Oae, S,, Ed., Plenum Press: New York, 
1977; Chapter 10, 

b^ Magnus, P. D., Tetrahedron. 22» 2019 (1977). 
c) Carr, R. V. C. ; Paquette, L. A., j;. Am. Chem, Soc., 102, 853 

(1980). 
d) Takaki, K. ; Nakagawa, K. ; Negoro, K., j;. to^. Chem,, 45, 4789 

(1980). 
e) Eisch, J. J.; Galle, J. E. , ibid,. 4̂ ,̂ 3279 (1979). 
f) Little, R. D. 
g) Barton, D. L. 
h) Fabrissin, S. 

Myong, S. 0., Tetrahedron Lett,. 3339 (1980), 
Conrad, P, C.; Fuchs, P. L., ibid., 1811 (I98O). 
Fatutta, S,; Malusa, N. ; Risaliti, A., J.. Chem, 

Soc., Perkin Trans. 1, 686 (I98O), 

13. Oldroyd, D. M. ; Fisher, G. S. ; Goldblatt, L. A., j;. Am, Chem, Soc, 
72, 2407 (1950). 

14. Dupont, G.; Dulou, R. ; Clement, G., Compt. rend., 230, 2027 (1950). 

15. Bordwell, F. G. ; Hewett, W. A., J. Am. Qhem. Soc., 79, 3493 (1957). 

16. (a) Huyser, E. S., "Free-Radical Chain Reactions" Wiley-Inter science: 
New York, 1970; Chapter 7, P. 182. 

(b) Julia, M. ; Maumy, M., Bull. Soc. Chim. France. 434 (I966). 

17. Bredeweg, C. J.; Hicker, R. A., Am. Ghem. Soc. Meeting Abstracts. 
155, P. 80 (1968). 

Brace, N. 0., J_, Am- Ghem. Soc., 86, 523 (1964). 
Brace, N. 0., J. ̂ . Chem., 31(9), 2897 (1966). 

19. Taylor, D. R. , Chem. Rev., 6I, 317 (I967). 

20 (a) Abell, P. I.; Anderson, R. S., Tetrahedron Lett.. 3727 (1964), 
* (b) Griesbaum, K. ; Oswald, A. A.; Hall, D. N. , J_. to£, Chem,, 29, 

2404 (1965). 



l^ammri^n i i J f A — i i n r 

64 

21 . Kuivi la , H. G. ; Rahman, W. ; Fish, R. H. , J . Am, Ghem. S o c , 87. 
2835 (1965). — -^ 

22. Haszeldine, R. N. ; Leedham, K. ; S tee le , R. B. , J. Ghem, S o c , 2040 
(1954). " 

23. (a) Griesbaum, K. ; Oswald, A. A.; Quirajn, E. R. ; Naebele, W,, 
j ; . tog, Chem.. 28, I952 (I963). 

(b) Jacobs, T. L. ; I l l ingworth , G. E. , J . ^ g . Ghem., 28, 2692 
(1963). " ~ 

24. (a) Sharpless, K. B. ; Lauer, R. F . , j ; . Am. Chem. S o c , 94, 7I54 
(1972). "" 

(b) Salmond, W. G. ; Barta, M. A.; Gain, A, M. ; Sobada, M,G., 
Tetrahedron Lett,, I683 (I977). 

(c) Reich, H. J.; Shah, S. K., j;. Am, Ghem, Soc,, 99, 263 (1977). 
(d) Clive, D. L. J.; Chittattu, G,; Curtis, N. J.; Menchen, S. M,, 

Ghem. Gommun.. 770 (1978). 

25. Reich, H. J., J_. to;g. Chem., 40, 2570 (1975). 

26. Seubold, Jr. F. H., j;. Am. Chem. Soc, 75f ^53^ (1953). 

27. Huyser, E. S. ; Munson, L. R. , _J, ̂ . Ghem., 22, 1436 (I965). 

28. Kice, J. L. ; Bowers, K. W., J^. Am. Ghem. Soc., 84, 605 (I962). 

29. Lamb, R. G.; Agers, P. W.: Toney, M. K., J.. Am. Chem. Soc, 85, 
3483 (1963). 

30. Trost, B. M. ; Salzmann, T. N. ; Hiroi, K., J.. Am. Chem. Soc., 98, 
4887 (1976). 

31. Wotiz, J. H. ; Mancuso, D. E., ^. ^ . Chem., 22(2), 207 (1957). 

32. Jackman, L. M. ; Sternhell, S., In "Applications of Nuclear 
Magnetic Resonance Spectroscopy in Organic Chemistry"; 2nd ed.; 
Pergamon Press: New York, 1969; P- 316. 

33. Paste, D. J.; Johnson, C. R., In "Organic Structure Determination"; 
Prentice-Hall, Englewood Cliffs, N. J., I969; p. 359-360. 

34. (a) Doering, W. von E.; Hoffmann, A. K., j;. Am. Chem. Soc., 16^, 
6162 (1954). 

(b) Skel l , P. S. ; Garmer, A. Y. , A- Am. Chem. Soc., 28, 5430 (1956). 
(c) Skatteb)zJl, L. , Acta Ghem. Scand.. 1^, No_6, 1683(1963). 

35. (a) Doering, W. von E. ; LaFlamme, P. M. , Tetrahedron. 2., 13 (1958), 
(b) Skat teb^l , L. , Tetrahedron L e t t , . No 5, 167 (1961). 
(c) Moore, W. R. ; Ward, H. R., A- Am. Ghem. Soc., 4179 (1962). 




