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INTRODUCTION 

In the past ten years there has been a growing interest 

in light-induced transformations of organic molecules in 

general and conjugated ketones in particular. <<,-Unsatu

rated ketones are known to undergo a variety of photoreactions 

including valence tautomerization, dimerization, cleavage, 

structural rearrangement and photocycloaddition. These photo-

cycloadditions have proved to "be a versatile synthetic tool 

and have been utilized in the synthesis of cubane, caryophyl-

lene, tropolones, oxetanes and cyclobutanes. 

The photocyclization processes have quite.recently been 

extended to include oC-unsaturated acids, esters, nitriles 

and nitro compounds, thus increasing the synthetic potential 

of these reactions. 

This thesis describes a study of the photochemistry of 

several «<,-unsaturated acids and amides in an effort to ex

tend the synthetic versatility of photochemistry. 
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HISTORICAL 

Photocycloaddition Reactions 

Patemo-Btlchi Reaction 

Formation of oxetanes by photocycloaddition of aldehydes 

and ketones to olefins provide an attractive entry into small 

ring heterocyclic systems. Irradiation of benzophenone in the 

presence of excess isobutylene gives only two oxetanes (I and 

II) in high yield (1,2,3,4). 

0 
y 

hty cr 

% 
0— 

II 
90^ 

The reactions involve the n,?i* triplet state of the car-

bonyl system and the predominant isomer is correctly predicted 

from consideration of the more stable biradical (ground state) 

intermediate. A large number of such reactions are known and 

have been recently reviewed (5,6,7). 

Photoinduced cycloaddition of aldehydes and ketones to 

ketenimines to give imino-oxetanes is an extension of .the 

Patemo-Bûchi reaction. Irradiation of benzophenone in the 

presence of diraethyl-N-(phenyl)ketenimine (ill) gives <<-IV and 

j3-V adducts (8), The reaction appears to be very versatile 

and it was found that the photocyclization of fluorenone to 
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seven ketenimines of alkyl and aryl substitution results in ex

clusive oC-adduct formation (9). 

111 p o op 

IV V 

The <<-adduct3 can be isoraerized on Florisil to -lactams, 

thus providing a convenient synthetic route to various substi

tuted -lactams. 

Intermolecular Photocycloaddition 

The first instance of photocyclization of an olefin to an 

/^-unsaturated carbonyl system was reported in 1962 (10). 

Irradiation of 2-cyclopentenone in a ten-fold excess of cyclo-

pentene gives cis-anti-cis-tricyclof5.3.Oldecan-2-one (VI). 

The reactions of oC ,-unsaturated ketones appear to be 

limited in that only 2-cyclopentenones, 3-cyclohexenones enol-

izable 1,3-diketones (11) and a variety of quinones (12) under

go intermolecular photocyclizations with olefins (13). A 

series of rules concerning photochemical additions between << , 

-unsaturated carbonyl compounds and olefins has been formu

lated (14). 

0 

VI 
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The choice of the addend molecules appears to be vast 

since photocyclizations have been accomplished with cyclic, 

acyclic, negative and positive substituted olefins (15), 

acetylenes (13,16), and aliénés (13). 

Recently the scope of the photocycloaddition reactions 

have been extended to other X,P -unsaturated carbonyl sys

tems. Crotonaldehyde and cinnamaldehyde have been shown to 

undergo photocyclizations with olefins (17). This is exem

plified by the reaction of cinnamaldehyde with 2-methyl-2-bu-

tene to form an oxetane VII and a cyclobutane VIII. 

Dimethylmaleic anhydride will add to various olefins in 

the presence of benzophenone as sensitizer to give a series of 

photoadducts (l8). For example, irradiation of dimethylmaleic 

anhydride in the presence of cis-1,2-dichloroethylene proceeds 

with retension of olefin configuration to give photoproduct IX. 

Photocycloaddition of maleic anhydride and its derivatives 

to acetylenes provides a facile synthetic route to substituted 

cyclobutenes (19,20). 

^HO 

VIII 

0 

IX 
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Coumarin (X), which is Imov/n to undergo photodirnerization 

(21,22,23), has recently been reported (24) to undergo sensi

tized photocycloaddition reactions with tetramethylethylene, 

cyclopentene and ketene diethylacetal (XI). 

OEt 

Oiit 

h y 
sens. 

XI 

Irradiation of a solution of trans-methylcinnamate (XII, 

R=CH^) or trans-cinnamic acid (XII, R=H) in. the presence of 

tetramethylethylene results in an exclusive yield (25) of the 

trans-photoadduct XIII. 

Jl 

^0-R h i /  

4% 

XII 
°6«5 

XIII 
Recent investigations have shown that ,/?-unsaturated 

nitro and oyano-compounds also will add to olefins to form 

cyclobutanes in a manner analogous to unsaturated carbonyl moi

eties. Irradiation of trans-/?-nitrostyrene (XIV) in the pres

ence of excess 1,1-diphenylethylene affords a single photoad-

duct XV in which the nitro and phenyl groups are oriented trans 

to each other (26). 



www.manaraa.com

G 

NO, 

C6%5 

h V 

6^5 

.NOg 

CgH; CfiHs 

XIV XV 

Similar irradiations of XIV in cyclopentene,, oyolohexene, 

styrene, and tetramethylethylene gives analogous cyclobutane 

derivatives in each case (26). 

trans-Ginnamonitrile (XVI) undergoes photocycloaddition in 

the presence of tetramethylethylene to give a mixture of cis 

and trans-cyanocyclobutanes (XVII and XVIII) respectively.^ 

XVI 

CHN h j y  

ON 
CN 

trans/cis=5.00 

XVII XVIII 

°6"5 

Photochemical Decarboxylations 

The photochemical decarboxylation of pyruvic acid has been 

observed in the gas phase and in solution (27,28). In solution 

the reaction path is highly dependent on the medium. In aque

ous solution pyruvic acid (XIX) is photodecarboxylated to give 

acetoin (XX), whereas in hydrogen donating organic solvents 

''v/. R. Adams, Department of Chemistry, Iowa State Univer
sity of Science and Technology, Ames, Iowa. Data from research 
notebook. 1967. 
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photoreduction occurs to yield dimethyltartaric acid (XXI). 

OH OK 0 OH OH 

HO„C-i—C-CO^H < ̂  ̂  CHf-C-COgH —^—> CH.-C-G-GH. 

' Hi ' 

XXI XIX XX 

Pyruvic acid in the gas phase undergoes decarboxylation 

to yield acetaldehyde. It was concDuded (28) that the primary 

photochemical process (vapor phase) is a concerted decarboxy

lation from a cyclic transition state XXII. 

0 

C 0 

0^ H -COg y ' H 

0 
XXII ^H 

Photolysis of benzoylformic acid (XXIII) in aqueous solu

tion exhibits a different photochemical process, the main pro

duct being benzaldehyde (27). 

XXIII 

The photo-Pries rearrangement (29) of aryl esters is 

accompanied in several cases by decarboxylation products (30, 

31). Irradiation of 3,5-di-_t-butylphenylbenzoate (XXIVa) gives 

3,5-di-jb-butylphenol (XXVI), a hydroxyketone XXVa, a product 

CCUH hj/ 
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which has lost the elements of carbon dioxide XXVIIa, benzoic 

acid and a trace of biphenyl (32). 

0 

0-C-R OH OH 0 

XXIV a. 

b. 

XXVI a=C6%5 

R=p-CH.OCgH^ 

XXV a. 

b. R=p-CH.OCgH^ 

XXVII a. R=H 
b. R=GH.O 

Pinnegan and Knudson (32) suggested that this photoexpul

sion of carbon dioxide proceeds in a concerted fashion via a 

transition state XXVIII which requires that the configuration 

0 

C ZTTTT 0 
i \ 

! 
R- -Ar 

XXVIII 
of the «< -carbon in the R group be retained during the trans

formation. In support of this mechanism, photodecarboxylation 

with predominant retention of configuration has been recently 

reported (33). Irradiation of S-(+)-XXIX yielded S-(+)-2-(3,5-

di-_t-butylphenyl)butane (XXX), raceraic 3,5-di-t-butylphenyl-

sec-butylether (XXXI) and 3,5-di-lb-butylphenol (XXXII). 
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CHg-CHj 

H CH. 

0 = 0  
h 1/ 

CHgOHj 

H CH. 

CHjCHCHgCHj 

+ 

XXIX XXX XXXI XXXII 

Acetylsalicylic acid (XXXIII) is photodecomposed to "ben

zoic acid in acetic acid solution (34-). The presence of the 

o-carboxy substituent appears to be necessary for de-acetoxy-

lation as m and _£-acetoxybenzoic acids under the same condi

tions yield m and £-hydroxybenzoic acids, respectively. 

Irradiation of azobenzene-2-carboxylic acid (XXXIV, R=H) 

and its 4'-methyl, 4'-chloro and 4'-dimethylamino (XXXIV, R= 

CHj, 01 and ^(CH^)^) in benzene solution yields the correspond

ing decarboxylated azo compounds (35). The position of the 

carboxylic acid moiety appears crucial since neither azoben-

zene-3-carboxylic acid nor azobenzene-4-carboxylio acid under

goes photochemical decarboxylation under identical conditions. 

OH 

EtOH HOAc 

XXXIII 
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N 
W 

h ̂  

N-

'R 

:N' 

XXXIV 

The zwitterionic form XXXV is proposed as playing an 

essential role in the decarboxylation. 

XXV 

Photolytic decarboxylation is observed when 2,3, or 4-

nitrophenylactic acids are irradiated in basic solution (36). 

The following reaction shown for the 4-nitrophenylacetate ion 

(XXXVI) occurs to give 4-nitrotoluene (XXXVIl). 

OoN 

© 
O o K — h  -  C H ,  

© h 
\ ^CHgCOg A 

V 

XXXVI 

H® 

/)-

XXXVII 



www.manaraa.com

11 

Under similar conditions the unsubstituted phenylacetate anion 

and undissociated nitrophenylacetic acids did not undergo ap

preciable photodecarboxylation. 

The light-induced rearrangement of 3,4-diphenyl-4,5-epoxy-

2-cyclopentenone (XXXVIII) represents a complex photochemical 

transformation (37). Photolysis of XXXVIII in anhydrous ether 

for 18 hours afforded a mixture of products. The two major 

components were p-terphenyl (XLI) and diphenylacetylene (XLII). 

Irradiation of XXXVIII for shorter periods of time gave in ad

dition to XLI and XLII, 4-, 5-diphenyl-3-pyrone (XXXIX) and 1,2,4, 

7-tetraphenylcyclooctatetraene (XL). 

Ph 
Ph 

Ph 

XLI 

Ph 
PhC = CPh 

Ph, Ph Ph 

XXXVIII XXXIX XL XLII 

Corey (38) found that the low temperature ultraviolet 

irradiation of 2-pyrone (XLIIIa) in ether afforded in almost 

quantitative yield a photoisomer to which a bicyclic /?-lac-

tone structure XLIVa was assigned. Isolation of this 

XLIIIa. R=0 XLIVa. R=0 

b. R=NCH^ b. R=NCH^ 



www.manaraa.com

12 

intermediate suggests the reaction scheme shown below. 

Ph 
Ph 

Ph Ph Ph Ph 

hi/ h u  

Ph 
0 Ph 

Ph 

•Ph -200 

Ph Ph Ph 

Ph 

+ PhC=CPh 

Ph Ph 

The final step in the sequence involves a known (39) photo

chemical decomposition of 1,2,4,7-tetraphenylcyclooctatetraene 

(XL). 

A closely related transformation of 5,6-epoxy-4,5-diphen-

yl-2-pyrone (XIV) has been disclosed (40). Irradiation of XLV 

in methanol gave 3,4-diphenylfuran (XLVII) and methyl decyl-

acetate (XLVIII). 

Ph 

h i/ 

* 
Ph XLV Path A 

XLVI 
Ph 

Path B 

Ph. 1H= 0=0 -00 

Ph-

Ph Ph 
-00 

0 

Ph-

XLVII 

OH. 

OCHO h 0 
XLVIII 
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The products were explained by two different photochemical 

paths. Path A involves a highly reactive lactone intermediate 

XLVI which subsequently undergoes decarboxylation,while Path B 

involves a ring fission giving a ketene intermediate which re

acts with solvent to give XLVIII. 

Irradiation of N-phenylsydnone (XLIX) in benzene or diox-

ane solutions gives COp (9Q'/o) and a mixture of ten photopro-

2 
ducts from which 4-phenyl-A -1,3,4—oxadiazolin-5-one (L) was 

isolated (41). XLIX irradiated in dioxane with introduction 

of ''^C-labeled 00^ produced active L containing 80fo of the 

activity of the photoproducts. It v;as postulated that irradi

ation caused decarboxylation of LI to form 1H-diazirine (LII) 

and subsequent addition of COg to LII or LIII gives L. 

Ph\ 

h y 

-CO, 

Ph 

:r 

/IS 

CO, 

Ph -N, 

LII 

CO, 

© © 
-> Ph-K—N=CH 

LIII 

Ultraviolet irradiation of eC-azidoacids causes efficient 

decarboxylation and formation of the lower aldimine or ketimine 

(42). Photolysis of azidodiphenylacetic acid (LIV) in methanol 
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or in benzene solution yielded benzaldehyde phenylimine (LVI) 

and benzophenoneimine (LV). The photodecarboxylation probably 

involves both, direct loss of carbon dioxide and also phenyl 

group migration followed by decarboxylation (42). 

Ph h 
\ I 

COgH 

Ph 

LIV 

h U 
Ph N 

-> ^C-CO„H 
Ph-^ 

Ph 

Ph 

^GurNH + COg 

Ph^ 

LV 

Ph 

N 0 
II II 
G — C — OH —> Ph— N=CHPh 

LVI 

+ CO, 

Photochemical Transformations 
of Acids and Related Compounds 

Irradiation of ethyl-N-o-biphenylylcarbamate (LVII) in 

methanol yields phenanthridone (LVIII) in 85^ yield. Under 

similar conditions, ethyl-o-biphenylylcarbonate (LIX) under

goes photoacylation to afford dibenz-oC-pyrone (LX) in 85% 

yield (43). 

h y 

LVIII LVII 

1 
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h 1/ 

LIX IX 

Irradiation of caffeic acid (LZI) in ïnethanol or acetic 

acid in presence of oxygen gives esculetin (LXII) in ^0'/o yield. 

The photochemical induced oxidative cyclization does not occur 

in the absence of oxygen (44). 

The photolysis of several £-substituted Schiff bases 

has recently been reported (45). Irradiation of LXIII a-c 

in hexane gives LXIV a-c. The versatility of the photochem

ical oxidation is demonstrated by the irradiation of thioben-

zanalide (LXV) in hexane to give LXIV c. 

LXI LXII 

LXIII a. X=OH 

b. X=NH2 

c. X=SH 

LXIV a. X=0 

b. X=NH 

c. X=S 
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h u 

IXV LXIV c 

Sorbic acid (LXVI a) and the homologous acid LXVI b in 

dilute ethereal solution are isoraerized by light to the corre

sponding aliénés LXVII a and LXVII b (46)-. 

h u 

COgH 

LXVI a. R=CH, 

b. R=H ' 

>  R  —  C = c = c  

IXVII a. R=CH 

b. R=H 

CHgCOgH 

3 

The photoisomerization is postulated as proceeding through 

LXVIII after preliminary conversion to the 2,3-cis-isomer (46). 

No allene-type product was detected from the irradiation of a 

5^0 aqueous potassium sorbate solution whereas irradiation of a 

10^ solution of methyl sorbate in ether containing 10^ formic 

acid resulted in a 8^ yield of the methyl ester of LXVII a. 

'0^" ^0 

LXVIII 

Dehydro-/?-cyclocitrylideneacetic acid (LXIX) when irra

diated in hexane yields a S -lactone LXX and a mixture of acids 

LXXI and LXXII (47,48). 
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h y 

LXIX 

LZXI LXX 

LXXII 

The lactonization is viewed as proceeding through LXXIII. 

LXXIII 

It is interesting that /?-ionone (LXXIV) undergoes photo-

cyclization in a similar manner to form the pyran LXXV (49). 

h 1/ 

* Qa 
LXXIV LXXV 
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RESULTS 

Recent investigations (25), prompted by successful photo-

cycloadditions of olefins to c< ,/?-unsaturated ketones, con

firmed that oC,-unsaturated acids are capable of undergoing 

similar photocyclizations with, olefins. Ultraviolet irradia

tion of trans-cinnaraic acid and oC-methylcinnamic acid in neat 

tetramethylethylene (conditions chosen to facilitate photocy-

cloaddition) afforded cyclobutane carboxylic acid adducts in 

good yield. The photo-induced cycloaddition of oC -methylcin

namic acid (LXXVI) to tetramethylethylene is shown below. 

CH 
OH 

LXXVI 

hj/ 

quartz 

CH. 

-r-COgH 

°6«5 
44.2/. 

In an attempt to extend the scope of this reaction, irrad

iation of cis-c<-phenylcinnamic acid (LXXVII) in the presence 

of tetramethylethylene afforded 1,2-diphenyl-3,3,4,4-tetrameth-

ylcyclobutane (LXXVIII, as the only product. Elemental 

analysis gave Cg^Hg^ showing the product had lost the elements 

of carbon dioxide. The infrared spectrum in potassium bromide 

(Figure 1, page 23) confirmed the loss of the carboxylic acid 

moiety giving absorption bands typical of a hydrocarbon. The 

nmr spectrum (Figure 2, page 25) is in excellent agreement with 

the structure of the photoproduct LXXVIII. There is a ten 
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proton singlet at S 7.07, a two proton singlet at S 3-55 and 

two six proton singlets at 8 1.12 and S 0.77. The mass spec

trum exhibited a very weak parent ion at m/e 264 and fragment 

ions at m/e 181 (14.5?^), 180 (100^). 

°6H5-

OH 
h J/ 

quartz 

LXXVII LXXVIII 

The stereochemistry of the photo-adduct could not be as

certained directly from the spectroscopic data. The trans-

isomer possesses a two-fold axis of symmetry and the cis-isomer 

has a plane of symmetry which are indistinguishable in the nrar 

spectrum. 

Inspection of the photoproduct LXXVIII leads to the real

ization that irradiation of trans or cis-stilbene in the pres

ence of tetramethylethylene should produce analogous adducts, 

and if the photoreaction is stereoselective, the product struc-

as well as the stereochemistry would be realized. 

The ultraviolet irradiation of either cis or trans-stil-

bene in the presence of tetramethylethylene yielded 1,2-diphen-

yl-3,3,4,4-tetramethylcyclobutane (LXXVIII) which was identi

cal to the photo-adduct obtained from the photocyclization of 

cis-oC-phenylcinnamic acid to tetramethylethylene. Under iden

tical conditions the photocyclization of cis-stilbene to tetra

methylethylene was observed to be slower (44 hr) than for the 
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trans-isomer (19 hr). 

or 
«6:5 

h y 

quartz -> 

=6^5 

LXXVIII 
An alternate attempt to circumvent the stereochemistry of 

the photo-adduct is outlined below. Synthesis of the 

Br 

Br 
•> 

=6% 

=6% 

^=6=5 

or 

V  

IXXIX 

cyclobutene (LXXIX) from the photoproduct followed by a stereo-

specific reduction would hopefully afford either cis or trans-

1,2-diphenyl-3,3,4,4—tetramethylcyclobutane. 

Conversion of LXXVIII by excess bromine gave a novel crys

talline compound which v/as shown to be 1,2-(di-p-bromophenyl)-

3,3,4,4-tetramethylcyclobutene (LXXX) in 32$^ yield. The 

•°6«5 

+ Br, 

•Br 

LXXVIII ' LXXX 

infrared spectrum in potassium bromide showed a strong absorp

tion band at 12.25/1 which is typical for 1,4-disubstituted 
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benzenes (50). The nmr spectrum (carbon tetrachloride) showed 

an eight proton aromatic AgBg pattern 7^=3 7.14, 7g= 8 7*39, 

(J=8.5 ops) and a twelve proton singlet at 8 1.26. The mag

netic equivalence of the methyl groups is in accord with the 

proposed structure LXXX. The presence of the stilbene chro-

mophor is shown in the ultraviolet spectrum (95^ ethanol) giv

ing X max 289 mji (e 10,100) and 240 mfj. (e 15,600). The mass 

spectrum exhibited an intense parent ion at m/e 418 and a 

P + 2 ion (m/e 420, 206# of parent ion). Elemental analysis 

gave CpQHgQBrg in support of the proposed structure. 

Utilization of this novel reaction under milder oxidation 

conditions would conceivably produce the desired cyclobutene 

LXXIX. This was indeed the case. Oxidation of 1,2-diphenyl-

3,3,4,4-tetramethylcyclobutane (LXXVIII) with N-bromosuccini-

mide gave 1,2-diphenyl-3,3,4,4-tetramethylcyclobutene (IXXIX) 

in 8096 yield. The infrared spectrum in potassium bromide 

(Figure 1, page 23) showed strong absorption bands at 13.45/x 

and 14.39/1 attributed to 0-H out-of-plane bending of 

/ A  

''A 

LXXVIII LXXIX 

monosubstituted benzenes (50). The intense ultraviolet absorp

tion at X max (95# ethanol)- 278 mjj. (e 6,300) and 225 mjj, 

(6- 10,000) confirms the presence of the cis-stilbene chrdmophor 
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trans-1,2-diphenyl-3,3,4,4-t8tramethylcyclo"butane (LXXVIII) 
in potassium bromide 

1,2-diphenyl-3,3}4,4-tetramethylcyclobutene (LXXIX) in 
potassium bromide 
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Figure 2. Nuclear magnetic resonance spectra 

Top - trans-1,2-diph.enyl-3,3,4,4-tetrametIi.yl-
cyclobutane (LXXVIII) in carbon tetra
chloride 

Bottom - 1,2-diphenyl-3,3,4,4-tetrameth.ylcyclo-
butene (LXXIX) in carDon tetrachloride 
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(51). The nnir spectrum is shown in Figure 2, page 25. There 

is a multiplet centered at §7.25 and a singlet at §1.32. 

The peak areas are in the ratio of 5:6 respectively. The struc

ture was also confirmed by the mass spectrum which gave an in

tense molecular ion at m/e 262 and by the elemental analysis. 

This unprecedented oxidation merits further comment con

cerning the mechanism. Recent studies (52) indicate that ben-

zylic brominations with N-bromosuccinimide, the bromine radi

cal is the hydrogen-abstracting reagent. Thus a hydrogen atom 

abstraction followed by hydrogen atom transfer from the cyclo-

butane radical to bromine could proceed in the following manner. 

An alternate mechanism involving bromine substitution 

followed by elimination of hydrogen bromide is less likely due 

to steric requirements imposed by the bulky cyclobutane mole

cule . 

An authentic sample of 1,2-diphenyl-3,3,4,4-tetramethyl-

cyclobutene (LXXIX) was prepared by photocycloaddition of di-

phenylaoetylene to tetramethylethylene in 30^ yield. The inr» 

frared spectrum in a potassium bromide pellet was identical in 

every detail to that of the oxidized compound LXXIX. 

\ 
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Cr-Hr — C=z=C—CrHq + 
o p  o  5  

h. U 

IXXIX 

Attempted reduction of the cyclobutene LXXIX by catalyt

ic hydrogénation over platinum oxide or palladium on charcoal 

at various hydrogen pressures failed, presumably due to the 

steric hindrance of the gem-dimethyl groups. Diimide reduc

tion (53,54) using hydrazine and hydrogen peroxide or p-tol-

uenesulfonyl hydrazine also failed. 

Olefinic bonds which are conjugated with aromatic nuclei 

are readily hydrogenated by alkali metals in liquid ammonia. 

The reduction of the stilbenoid bond results in the formation 

of two asymmetric centers and the more stable of two possible 

stereochemical arrangements is usually produced (55,56). 

Reduction of 1,2-diphenyl-3,3,4,4-tetramethylcyclobutene 

(LXXIX) using potassium in liquid ammonia gave the original 

cyclobutane LXXVIII obtained from the photoaddition of the cis-

acid to tetramethylethylene, which is thus assigned trans 

stereochemistry. 

(1) K,NH, ^ 

(2) EtOH 

LXXIX LXXVIII 
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The trans stereochemical assignment is supported by the 

recent synthesis of cis and trans-1,2-diphenylcyclobutane (57). 

The configurations of the cis and trans isomers were assigned 

from the nmr spectra. The absorption band of the c<-protons 

of trans-1,2-diphenylcyclobutane (LXXXI) was centered at§3.55, 

while that of cis-1,2-diphenylcyclobutane (LXXXII) was centered 

at S 3.94. The cis isomer was readily isomerized to the trans 

^ 

8  3 . 5 5  8  3 . 9 4  
LXXXI LXXXII 

isomer by treatment with potassium t-butoxide in dimethyl 

sulfoxide which indicates that the more stable isomer is iso

lated from basic conditions. The chemical shift of the ben-

zylic protons of the trans-cyclobutane LXXXI is in excellent 

agreement with that of trans-1,2-diphenyl-3,3,4,4-cyclobutane 

(LXXVIII) which also absorbs at S 3.55. 

The aromatic proton resonance in the nmr spectrum of 

trans-1,2-diphenyl-3,3,4,4-cyolobutane (LXXVIII) appeared as a 

sharp singlet which lends additional support to the stereochem

ical assignment. Curtin (58) has shown that the aromatic pro

ton resonance of trans-1,2-diphenylcyclopentane appeared as a 

sharp singlet while a multiplet was observed for cis-1,2-diphen-

ylcyclopentane. 

In an effort to gain insight to the mechanism of the 
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photodecarboxylation, a benzene solution of cis-oC-shenvlcin-

namic acid (LXXVII) was irradiated using a Pyrex filter. The 

reaction was monitored in the infrared spectrum (Figure 3> page 

32). The carboxylic acid band (5.95/x ) gradually diminished 

during the course of the reaction and was replaced by an in

tense band at 5.45/1. At the end of the ifï-adiation the acid 

band was completely removed. The nmr of the crude residue 

showed two AB proton patterns at 7^=8 5.12, 7^= 8 5.68 (J= 

7.0 ops); 7^'= S 4.59, = 8 5.37 (J= 4.5 cps), which were 

assigned to cis and trans- oC  ̂ /2 -diphenyl-/?-propiolactone re

spectively. The assignment of configuration v/as made on the 

basis of the nmr spectra. The benzylic protons of the trans-

P-lactone experience significant shielding by the adjacent ar

omatic ring (57,58). The cis and trans-oC,/? -diphenyl-^-pro-

piolactone ratio was about 3:1 respectively and longer irradi

ation time failed to change this ratio. Crystallization of the 

residue gave only cis- oC, /?-diphenyl-/?-propiolactone (IXXXIII) 

in 19fo yield. The structural assignment was confirmed by the 

strong absorption band at 5.45/x in the infrared spectrum 

(Figure 3, page 32) which is typical for -lactones (59). The 

nmr (Figure 5, page 47 ) showed a ten proton multiplet centered 

0 

LXXVII IXXXIII 
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at 8 7.10 and an AB proton pattern 8 5.30, y = 8 5.84 (J= 

7.0 ops). Elemental analysis and the mass spectrum also sup

port the /J-lactone structure LXXXIII. The mass spectrum 

shows a base peak at m/e 118 which is assigned to the phenyl 

ketene radical cation. The stilbene ion molecule (m/e 180, 

16.4/^ of base) results from the alternate cleavage of the par

ent ion (m/e 224). 

0gH5-0H=0=0 _ ,V4r . r  OfiH--OH=OH-OsH^ 

L "S J ̂  ^ _ m/e 180 

m/e 224 

The /^-lactone structure LXXXIII is also supported by 

pyrolysis giving cis-stilbene {76fo) and carbon dioxide (92?^). 

The isolation of cis-stilbene suggests that decarboxylation of 

the -lactone undergoes a stereospecific cis expulsion of car

bon dioxide. This interpretation is in accord only with a cis-

diphenyl configuration of the -lactone. 

Noyce and Banitt (60) have recently shown that decarboxy

lation of P -lactones in aqueous solution occur by a stereospe

cif ic cis elimination. Decarboxylation of cis-oC-methyl-Q-jy-

chlorophenyl)-y3-propiolactone (LXXXIV) in a buffer solution 

(pH 6.2) at 25 or 100° affords pure cis-propene LXXXV. Simi

larly, the trans--lactone LXXXVI under identical conditions 

gave pure trans-rPropene LXXXVII. 
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Figure 3. Infrared spectra 

Top 

Middle 

Bottom 

cis-oC-phenylcinnamic acid (LXXVII) 
in potassium bromide 

photochemical isomerization of cis-g<-
phenylcinnamic acid (LXXVII) to cis-o<, 
/?-diphenyl- [3-propiolactone ( LXXXIII) 
in chloroform 

cis- oc, /?-diphenyl-^-propiolactone 
(LXXXIII) in "potassium bromide 
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CH. 

A 

p_Cl-CgII^<f 
/-o 

LXXXIV 

CH 

a-ci-CgH^ 
.0 

LXXXV 
'CH 

CH 

LXXXVI 

XT' 
LXXXVII 

Photolysis of trans-oÇ-phenylcinnamic acid (LXXXVIII) 

using conditions identical to that of cis-^-phenylcinnamic 

acid required a longer irradiation period (46 hr) for conver

sion to the cis- -lactone LXXXIII. The low yield of the 

CgH 

OH h 

LXXXVIII LXXXIII 

/2-lactone (12.500 presumably resulted from the prolonged ir

radiation period. 

Independent synthesis of trans-/?-lactone was attempted 

following the scheme below. 

CgH 
GOgH 

CgH^ NagCO^ 

0 

CgH^jf :K0 
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trans-Addition of hydrogen bromide gave erythro-3-bromo-

2,3-diphenylpropanoic acid LXZXIX which upon treatment of so

dium carbonate ^^ave a mixture of trans-stilbene and a small 

quantity of trans-Q -lactone XC. The infrared spectrum of the 

mixture in potassium bromide gave an intense -lactone band at 

5.46/i . The nmr spectrum confirmed the presence of the/?-lac-

tone which gave a AB proton pattern 7^= §4.62, 7g=S5.39 (J^= 

4.5 ops). The smaller coupling constant for the trans benzylic 

protons of the (2 -lactone is consonant with the structural as

signment (see Table 2). 

The photochemistry of cis-oC-phenylcinnamic acid has been 

previously investigated by other workers. Steamer and Voht 

(61) obtained the less stable trans-oÇ-phenylcinnamic acid by 

irradiating an aqueous solution of sodium cis-oC-phenylcin-

namate for 3-4 days using a quartz filter. Somewhat higher 

yields of the trans-acid (about 50%) were obtained when the free 

acid was irradiated in water, benzene, ethanol or acetone solu

tions. No other products were reported by these workers. 

In conjunction with their investigations on the photocy-

clization of cis-stilbene, Mallory and Wood (62) irradiated 

with an unfiltered mercury arc lamp, a 0.1 molar solution of 

cis-oC-phenylcinnamic acid containing 0.0005 molar solution of 

iodine in one liter of cyclohexane or benzene open to the air. 

The only product isolated was g-anthranoic acid (XCI, mp 255-

256°) in 12fo yield. 
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OH 

It is significant that in our investigations we found no 

evidence for the presence of the phenanthrene derivative. Y/e 

have verified this oxidation and observed only a small amount 

of -lactone in the infrared spectrum during the irradiation. 

Since our irradiations were run under non-oxidative conditions 

(e.g., solution was degassed with nitrogen and sealed) an al

ternate photochemical path is apparently favored. Most recent 

results (63) indicate that the phenanthrene formation does not 

occur in solution if oxygen is rigorously excluded. Addition 

of iodine to the reaction appears to enhance the rate of cycli-

zation and its function has been suggested (63) to be that of a 

hydrogen acceptor. 

Evidence that cis- oc, /2-diphenyl-/2 -propiolactone (LXXXIII) 

was the intermediate responsible for the formation of trans-T,2-

diphenyl-3,3,4,4-tetramethylcyclobutane was confirmed by the 

finding that the photolysis of LXXXIII in the presence of tet-

ramethylethylene afforded the identical trans-cyclobutane 

LXXVIII in 85fo yield 

C 

quartz' 

LXXXIII 
LXXVIII 
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Irradiation of the -lactone LXXXIII in the absence of 

tetramethylethylene gave a complex mixture from which phenan-

threne (XCII) was isolated in 37'/^ yield. Phenanthrene has been 

shown to be produced from the photocyclization of cis-stilbene 

plex mixture. In addition to a large amount of polymer, ethyl

ene, acetaldehyde, and acrylic acid were isolated. 

A summary of the interrelated photochemical reactions is 

shov/n in Figure 4. 

Irradiation of several c<-p-phenyl and (2 -p-phenyl substi

tuted acids XCIII -a-l were attempted to observe the effects of 

electron donating or withdrawing substituents on the -lactone 

formation. The results are compiled in Tables 1 and 2. 

/J-Lactones XCIV a-d were isolated in the pure form and 

all possessed the cis-diphenyl configuration (see Experimental). 

The trans-fj-lactones although present (vide infra) were never 

isolated. The isolation of the pure /3 -lactones were hampered 

by the presence of both cis and trans isomers in the crude pro

ducts and in several cases olefins resulting from the 

(64). 

quartz' other product 

Linnell and Noyes (65) have shown that the photodegreda-

tion of liquid ^-propiolactone at 2537 & gave an equally com-
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igure 4. Reaction scheme 
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OgHc COgH 
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LXXXVIII 
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06^5 

h u  
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05% 
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°6«5 

LXXXIII 
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hK 
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'CrH 
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CgH^CH=GHCgH^ 
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XCII 
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Table 1. Substituent effect on -lactone 
formation from cis-oC-phenylcinnamic acids . 

XCIV 

Acid X max,rap, ° Irradiation trans/cis 
time, hr ratio^ 

a. =1 =H, 1^2=H - 286(16,000) 21 0.4 

b. =CH^, 284(18,000) 23.5 0.9 

c. =H,R2=CH^ 297(20,000) 28.5 0.3 

d. =C1,R2=H 290(17,000) 72° 0.6 

e. =H,R2=C1 296(20,000) 26 0.8 

f. =P,R2=H 288(17,000) 41 1.0 

g. 4 =CN,R2=H 293(16,000) 72° 0.0 

h. =H,R2=CN 289(20,000) 5,'. 0.7 

i. 4 =N02,R2=H 293(16,000)* 72 no lactone 

J. =H,R2=N02 310(12,000)* 36° 1.0 

k. «r =0CH^,R2=H 323(shJ (15,000) 10.5 1 .0 

1. =H,R2=0CH^ 313(22,000) 96 no lactone 

^The acids (2.0 g) in benzene were irradiated in a Pyrex 
vessel with a Hanovia Type A 550-watt lamp. The solutions 
were degassed with nitrogen throughout the irradiation. 

^The ultraviolet spectra were taken in spectral grade cy-
clohexane (Fischer Scientific Company). 

^Reaction did"not go to completion. 

^The extinction coefficient is a minimum value due to the 
insolubility of the acids in cyclohexane. 

^Calculated from the nmr spectra of the crude product. 

1 
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Table 2. Nuclear magnetic resonance of p-substituted 
oC , /?-diphenyl-P -propiolactone^, 

R 
1 

R 2 XCIV 

Lactone A 

CIS 

B 
J, cps 

A 

Trans 

B 
J, cps 

a. «1 =H,R2=H 5.12 C
O
 

7.0 4.59 5.37 4.5 

b. =CH^,R2=H 5.03 5.60 7.0 4.50 5.30 4.5 

c. =H,R2=CH^ 5.05- 5.62 7.0 4.53 5.34 4.5 

d. =C1,R2=H 5.09 5.67 7.0 4.55 5.32 4.5 

e. =H,R2=01 5.16 5.69 7.0 4.59 5.33 4.5 

f. =F,R2=H 5.15 5.72 7.0 4.60 5.35 4.5 

g. =1 =CK,R2=H 5.37 5.89 7.0 nil 

h. =H,R2=CN 5.37 5.87 7.0 4.66 5.50 4.5 

i. ^1 
=N02,R2=H nil nil 

j. =H,R2=N02 5.35 5.88 7.0 4.69 5.52 4.5 

k. =OCHgfR2=H 5.05 5.62 7.0 4.51 5.28 4.5 

1. =H,R2=0CH^ nil nil 

^All spectra were run in deuteriochloroform containing 
tetraraethylsilane as internal standard. Resonance positions 
are given as &-values relative to internal tetramethylsilane. 

^Resonance positions were taken from spectra of crude pro
ducts in which both isomers were present. Spectra of the pure 
cis isomers isolated are described in the experimental section. 
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decarboxylation of the -lactones were isolated. 

Several dramatic effects are observed in Table 1. Assum

ing the parent acid XCIII a as the standard, the (3 -p-cyano 

acid XCIII h reacts four times as fast whereas the -p-methoxy 

substituted acid XCIII 1 does not react at all. It appears 

that electron withdrawing substituents on the -phenyl ring 

enhance the isomerization while electron donating substituents 

impair it. Substitution of the of-phenyl ring appears to re

verse the substituent effect on the ^-lactone formation but 

not as effectively. The generality does not seem to apply to 

the nitro substituted acids. Aromatic nitro compounds are 

known to absorb at wavelengths longer- than 290 m/i, thus making 

the excitation of the conjugated acid moiety less efficient. 

In addition both nitro acids had only a limited solubility in 

benzene and only after 12-13 hours of irradiation was the solu

tion homogeneous. In any case, the [2 -p-nitro substituted acid 

XCIII j appears to isomerize to the lactone faster than the 

-p-nitro XCIII i compound. 

Careful examination of the crude -lactones prior to re-

crystallization revealed mixtures of cis and trans-/?-lactones 

were present in every case except lactone XCIV g. The nuclear 

magnetic resonance absorption of the /J-lactones are shown in 

Table 2, The structural assignments were based on the coupling 

constants of the benzylic protons as well as their resonance 

positions although reservations must be made when dealing with 

mixtures. 
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The ranges of vicinal cis (4.6-11.38 cps) and trans (2.24-

10.72 cps) coupling constants are considerable. The cio coup

ling constants are usually larger than the trans coupling con

stants, but the assignment of cis and trans stereochemistry to 

adjacent groups in cyclobutane rings, on the basis of coupling 

constants alone, cannot be made with any assurance (66). As

signments in the present case were based on the coupling con

stants of cis and trans- oi., Q -diphenyl- /?-propiolactone. 

The formation of -lactones from photolysis of -un

saturated acids appears to have some generality. A variety of 

oc-substituted cinnamic and crotonic acids (XCV a-f) gave 

-lactones. The isomerization was always slower than observed 

for cx:-phenylcinnamic acid (LXVIII) and no lactones were iso

lated from this series. The -lactones were always obtained 

as mixtures with the unsaturated acid and separation was not 

achieved. The formation of the /^-lactones was confirmed by nu

clear magnetic resonance and infrared spectroscopy. 

a. CrHc CUHr H op bp 

R H 
R 
•3 

XCV 
H 

H (67) 
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It is significant that crotonic acid (XCV, R2=CH^, R-j=H^=K 

trans-cinnamic acid (XCV, Rp=CgH^ , =R^=H), -diphenylacryl-

ic acid (XCV, R2=R^=CgK-,R^ =Ii), and biphenyleneacrylic acid 

failed to give detectable yields of /?-lactones. Only cis 

trans-isomerization was observed with crotonic and trans-cin-

naraic acids whereas the latter two acids failed to undergo any 

photochemical transformation. 

The ability of the unsaturated acid to undergo photochem

ical isomerization to the /3-lactone depends on substitution 

of the acrylic acid. Substitution of the af-position appears 

to be a prerequisite to the success of the photochemical isom

erization. If both iX. and /? positions are 'substituted̂  the {3 -

lactone formation appears to be facile while substitution only 

at the yS-position failed to give /?-lactones. 

Amides XCVI and CIII undergo a similar photochemical 

isomerization to -lactams. Photolysis of cis-oÇ-phenylcin-

namanilide (XCVI) in benzene for 23 hours .with ultraviolet 

light above 290 m/i afforded a mixture of products. Separation 

by Silica Gel chromatography and fractional recrystallization 

gave cis and trans-1,3,4-triphenyl-2-azetidinone (XCVII, XCVIII) 

respectively, together with other products. 

OgH, r •CONHPh Pyrex ^ 
37^ 

XCVII 
5^ ^ 

XCIX 

Ph-

XCVI 
2.3# 

XCVIII 
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The infrared spectrum of trans-1,3,4-triphenyl-2-azetidi-

none (XCVIII) in potassium bromide is shown in Figure 6, page 

49. There is a strong carbonyl band at 5.73 fi- which is con

sistent with a /3-lactam structure (59). The nmr spectrum 

(Figure 5, page 47) shows a fifteen proton multiplet centered 

at S 7.30 and an AB proton pattern y^=g4.25, 'Xg=S4-.94 

(J^=3.0 ops). The structure assignment is also confirmed by 

the mass spectrum and elemental analysis. 

The isomerized product was assigned the -lactam struc

ture rather than the <?<-iminooxetane structure C on the basis of 

the mass spectral cleavage patterns. TheX-iminooxetane struc

ture would be expected to show olefin (m/e 180) and ketenimine 

(m/e 193) fragments while fragmentation of the /J-lactam would 

give olefin (m/e 180) and benzaldehyde anil (m/e l8l) radical 

cations (9). The mass spectrum shows a base peak at ra/e 180 

and a benzaldehyd anil radical cation at m/e l8l (33.7^ of base) 

which is consonant only with the /J-lactam structure. 

ISO 

193 

106 

119 

118 
181 

119 
C 

The infrared analysis fails to distinguish between oC-

iminooxetane and -lactam structures_since the imino group of 

the former and the carbonyl group of the latter have almost 

identical stretching frequencies (9). 
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An autlienic sample of trans-1, 3,4-triphen.yl-2-azetidi-

none (XCVIII) was prepared from the condensation of benzal 

aniline (CI) and phenylketene (CIl). The infrared spectrum in 

potassium bromide of trans-1,3,4-triphenyl-2-azetidinone 

(XCVIII) was identical in all respects to that of the trans--

lactam isolated from the photolysis of cis-od-phenylcinnamani-

lide (XCVI). 

CgH: 

PhCH=NHPh + PhCH=:C=0 > 

CI CII XCVIII ^ 

The stereochemical assignment of the trans- [2 -lactam was 

based on the smaller coupling constant of the benzylic protons 

compared to that of the cis-B-lactam (vide infra). Also, in 

the preparation of the authentic (2 -lactam it is clear that the 

cis form in which the 3 and 4 phenyl groups are eclipsed, would 

be of much higher energy than the trans isomer and it is high

ly probable that the latter is formed exclusively in reactions 

such as the cycloaddition of phenylketene and benzaldehyde an

ils. 

cis-1,3,4-Triphenyl-2-azetidinone (XCVII) also gave a 

strong carbonyl band at 5.75ft in the infrared spectrum (Figure 

6, page 49). The nmr spectrum (Figure 5, page 47) is in excel

lent agreement with the structure. A fifteen proton multiplet 

was centered at S 7.20 and an AB proton pattern 7^= § 4.96, 
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Figure 5. Nuclear magnetic resonance spectra 

Top 

Middle 

Bottom 

cis- -diphenyl- /2-propiolactone 
(LXXXIII) in deuteriochloroform 

trans-1.3,4-triphenyl-2-azetidinone 
(XCVIIl) in deuteriochloroform 

cis-1,3,4-triphenyl-2-azetidinone 
'(XCVII) in deuteriochloroform 
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Figure 6. Infrared spectra 

Top - trans-1,3,4-triphenyl-2-azetidinone (XCVIIl) 
in potassium "bromide 

Bottom - £is-1,3,4-triphenyl-2-azetidinone (XCVII) 
in potassium bromide 
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y g" 8 5.44 cps). The structure is also supported by 

elemental analysis and the mass spectrum exhibited a strong 

parent ion at m/e 299 (30^) and fragment ions at m/e I8l (100^) 

and 180 (86^o). 

Attempted pyrolysis of cis and trans-Q-lactams on an 

Aerograph Model 512 vapor phase chromatograph packed with 

20';o SS-30 on Ohromosorb P at temperatures ranging from 200-

350° were not successful. 

A third compound whose structure was tentatively as

signed as cis-3,4-diphenylhydrocarbostyril (XOIX) gave a 

strong carbonyl band at 5.98/i, in the infrared spectrum (KBr). 

The nmr spectrum gave a N-H proton singlet at S 9.35, an aro

matic multiplet centered at §7.10 and an A3 proton pattern 

y^=S4.17, 7^= 8 4.43 ( J^=6.0 cps). The mass spectrum ex

hibited an intense molecular ion at m/e 299. The stereochem

istry is assigned cis in view of the small coupling constant 

of the benzylic protons (68). Oyclization of cis-1,3,4-tri-

phenyl-2-azetidinone to cis-3,4-diphenylhydrocarbostyril is 

analogous to other non-oxidative photocyclizations of acryl-

anilides (67). 

Ultraviolet irradiation of cis- c<-phenylcinnamamide (GUI) 

in benzene for 70 hours gave a complex mixture which upon sep

aration by chromatography and fractional recrystallization 

gave trans-stilbene, and cis and trans-3,4-diphenyl-2-azetidi-

none (CIV, CV) respectively. A fourth photoproduct was iso

lated and tentatively identified as 3-phenylhydrocarbostyril 
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(CVi). Unreacted amide CiII was also recovered 

A if 

•NHg h 

benzene 

J K 

CIV CV 
% 

CIII 6. 2^ 
CVI 

n 
The infrared spectrum (Figure 7, page 53) in potassium 

bromide of cis-B,4--di'phen.yl-2-azetidinone (CIV) shows an in

tense carbonyl band at 5.72 and 5.73/x which collapses to a 

single band (5.67^) in chloroform. The nmr spectrum (Figure 

8, page 55) shows a ten proton multiplet centered at S 7.00, 

one proton multiplet centered at 8 6.80 and an AB proton pat
tern 7^=8 4.87, 7g= 8 5.12 (J^=6.0 cps). The A proton 

appears as a doublet of doublets (J=1.8 cps). Spin-spin de

coupling by irradiation at 410 cps dovmfield from tetramethyl-

•silane causes the A proton to collapse to a doublet. The 

structure was also confirmed by elemental analysis and the 

mass spectrum exhibited an intense parent ion at m/e 223 (38/o) 

and fragment ions at m/e 180 (25?^) and 1l8 (lOO'/o). 

The structural assignment of trans-3»4-diphenyl-2-azetidi-

none (CV) was confirmed by the infrared spectrum (Figure 7, 

page 53) in potassium bromide. There are two carbonyl bands 

at 5.72 and 5.86^ which collapsed to a single band at 5.67^ 

when the spectrum is run in chloroform. The nmr spectrum 

(Figure 8, page 55) shows a ten proton multiplet centered at 
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Figure 7. Infrared spectra 

Top - trans-3,4-diphenyl-2-azetidinone (CV) 
in potassium bromide 

Bottom - cis-3,4-diphenyl-2-azet idinone (CIV) 
in potassium bromide 
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Figure 8. Nuclear magnetic resonance spectra 

Top - trans-3,4-diph.en.yl-2-azetidinone (CV) 
in deuteriocliloroform 

Bottom - cis-3,4-diphenyl-2-a2etidinone (CIV) 
in deuteriochloroform 
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S 7.34 and one proton centered at S 6.90 and an AB proton pat

tern 'X^=ô4.15, yg= 8 4.62 (J\g=3.0 ops). The mass spectrum 

gave an intense molecular ion at m/e 223 (11^0 and fragment ions 

at m/e 180 (lOO^O, 165 (20^^, and 118 (69^0. 

The ^-lactam structural assignment is confirmed by the 

mass spectral cleavage patterns. Both cis and trans-3,4-diphen-

yl-2-azetidinone gave intense fragment ions at m/e 118 which 

is assigned to the phenylketene radical ion. 

11 

106 

43 

118 

105 

43 

The stereochemical arrangement of the cis and trans--

lactam CIV and CV were assigned by comparing the coupling con

stants with those of cis and trans-1,3,4-triphenyl-2-azetidi-

none (XCVII, XGVIII) respectively. 

3-Phenylhydrocarbostyril (CVI) showed an intense carbonyl 

band at 5.96/1 in the infrared spectrum. The nmr spectrum gave 

a one proton multiplet centered at 8 9.15, an aromatic proton 

multiplet centered at §7.20 and an ApB proton pattern 7^=83.18, 

yg= 5 3.80 (J^=8.2 ops). The structure was supported by the 

elemental analysis and the mass spectrum which showed an intense 

parent ion at m/e 223 (I00'/o). 

Sargent and Timraons have reported (69) the photocyclization 

of cis-oC-phenylcinnamamide (GUI) to 9-carbamoylphenanthrene 
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(CVii, nap 226°, 41/°) by irradiation in ethanol in the presence 

of air. The authors also isolated a residue from the irradi

ation but further separation was not attained. 

In contrast to the conditions employed by Sargent and 

Timinons our irradiations were degassed with prepurified nitro

gen for 30 minutes and sealed. Y/e have no evidence that the 

phenanthrene derivative (CVII) was a product in our irradia

tion. Our results emphasize the need for oxygen in the oxida

tive cyclizations. 

The photochemical isomerization to produce -lactones 

and j3 -lactams has distinct advantages over other methods of 

preparation (70,71) due to the simplicity of the reaction and 

the production of the cis-isomer as the major product. The 

ability to form both diastereomeric p -lactams simultaneously 

is unprecedented in /]-lactam synthesis. Until now, both cis 

and trans-isomers had never been observed in the preparation 

of monocyclic -lactams. 

CVII 
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DISCUSSION 

Spectral Considerations 

By analogy with ̂ <1-'unsaturated ketones and aldehydes 

(72), one should expect to observe two different transitions 

in the ultraviolet spectrum, namely n,Pi* and Pi,Pi* as indi

cated in Figure 9, page 60. Compared with the corresponding 

ketones and aldehydes, all electronic levels will be modified 

by the presence of the hydroxyl oxygen directly attached to 

the carbonyl group. In unsaturated acids this effect results 

in a hypsochromic shift of the n,Pi* transition of about 

80 ra/x relative to corresponding transition of methyl vinyl 

ketone (73). It has been amply verified that the effect of 

the hydroxyl group on the Pi,Pi* band of -unsaturated 

acids is relatively minor (73). Recently V/eiss and Ziffer (74) 

have shown that the vapor phase spectrum of /?,/?-dimethyl-

acrylic acid exhibits a distinct maximum at 245 m^ which they 

have tentatively ascribed to the n,Pi* transition on the basis 

of its low intensity. However, careful investigation of the 

solution spectra of several X,-unsaturated acids in water, 

hexane and cyclohexane failed to indicate the presence of any 

band above 220 which could be attributed to the n,Pi* tran

sition. V/e have also failed to observe n,Pi* bands of the 

acids investigated in ethanol and cyclohexane solutions. 

The most likely cause of this anomalous behavior is the 

ability of the free acids to dimerize. In polar solvents such 
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Figure 9. Energy level scheme for the cC,^-unsaturated 
acid system (adapted from Closson, Brady, and 
Orenski (69)). 



www.manaraa.com

GO 

c=c-c=o C=C-Ct° -O-

^o-

4 

Yr+ 

VC-TT 

'A, i|^ 

-TTa 4 

Tf \ \ 
\ \ 

\ \ 
\ \ 

-rr-Tr* \ \ 
\\ w \\ 

Tr, # / / 

9L 

4 k 

Tf, # 



www.manaraa.com

o I 

as water and methanol the acid probably exists predominantly 

as the dissociated species while in non-polar solvents the di-

rner is probably the favored form (75). This dimerization phe

nomenon indicates that benzene or cyclohexane is as polar a 

medium for the acids as is water and it is easily demonstrated 

(76) that a polar solvent results in a shift of the n,?i^" band 

to shorter wave length (blue shift) and the fi,Pi% band to 

longer wavelengths (red shift). This effect could resulx in 

complete masking of the n,Pi% transition by the Pi,Pi^" tran

sition. An alternative explanation concerning the anomalous 

ultraviolet absorption behavior of acids has been recently re

ported (77). 

Mechanism 

Two structurally different paths could explain the form

ation of the /Q-lactone LXXXIII from ois or trans- c<-phenyl-

cinnamic acid. Path A involves a photochemical cyclization to 

H 

0 P ^ \ Path B '^2 

0 Path A 

CXI 
an oxabicyclobutane CVIII followed by subsequent isomerization 

to the -lactone CIX. The isomerization to the oxabicyclobu

tane is analogous to the isomerization of transoid-1,3-butadiene. 
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(78). Path 3 involves a valence iaonorization to a hydroxy 

oxetene CZ which could ketonize to a -lactone CXI. Irradia

tion of cis- c^-('o-tolyl)-cinnanic acid (CXII) affords only 

o(-p-tolyl-/^-phenyl-^-propiolactone (CXIII) which was iden

tified by the fragmentation of the parent ion (n/e 238) to _£-

tolylketene radical cation (m/e 132, 100^ of base). Ko 

CH 

°6'=5' 
r COgH 

CXII 

G/-rl-

CXIII 

h f 
CH 

CXIV cxv 

,0 

fragment attributable to phenylketene (m/e 1l8) was observed. 

Irradiation of the other isomer, cis-cC-phenyl-p-methylcin-

namic acid (CXIV) gave only -phenyl-/?-£-tolyl-/?-propiolac-

tone (CXV). The lactone gave a weak parent ion at m/e 238 and 

a phenylketene radical cation at m/e 118 (40.6# of base). 

These results are consistent only with Path B. 

Formation of the hydroxy oxetene could occur by the follow

ing mechanisms. Mechanism A involves"the acid hydroxyl attack

ing the définie bond while Mechanism B involves an attack by 

the acid carbonyl moiety. 

PIT 

Ph-

=0 
h 1/ 

Ph-® Ph 

OH Ph-
r 
-0.| 

0 

Ph-
.0. © 

H 

a 

Ph-
.0 

Mechanism A 
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rh\ 

Pif 

Ph 

.0 
f 

0 
0 

Ph' Ph^ 

Mechanism, 3 

Independent investigations by Kropp (79) and Marshall and 

Carroll (80) have revealed the ability of définie bonds to 

undergo photochemical addition with alcohols and acids. Irra

diation of l-methene (CXVI) in rnethanol-benzene afforded the 

ethers GXVIII and CXIX in addition to the exocyclic isomer 

CXVII. 1-Methylcyclohexene (CXX) affords l-methylcyclohexyl 

h V 
+ 

OCH. OH.O 
J J 

CXVI CXVII CXVIII CXIX 

acetate (CXXI) upon irradiation in acetic acid (80). These 

additions are typical of ionic processes and one could envision 

h 

+ CHjCOgH xylene 

0 

OC-CH 
3 

OXXI 
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the [2 -lactone formation as an intramolecular addition of the 

acid moiety to the stilbene double bond (e.g., mechanism A). 

However, Xropp believes these solvent addition processes in

volve a highly strained trans-oleiin which seeks relief by 

protonation and subsequent elemination or ether formation. 

This view is supported by the fact that acyclic olefins do not 

add methanol. Since the cis trans isomerization of oC -phenyl 

cinnamic acid is not sterically impeded, the mechanism is prob 

ably not operative in the cyclization to the /?-lactone. 

There is as yet, no established case of a compound with 

an unsaturated four-membered cyclic ether (oxetene) reported 

in the literature (70). Several recent attempts to prepare 

oxetenes have been unsuccessful. Bûohi and coworkers (8l) 

have described a reaction between 5-decyne (CXXII) and alde

hydes and ketones on irradiation, but unfortunately the oxe

tenes that would be expected could not be isolated. Instead 

an , /? -unsaturated ketone CXXIV, which could conceivably 

arise from an unstable intermediate oxetene CXXIII, was ob

tained in low yield. 

Q.H, 

C.Ii —c=o 
o 3 I 

R 
CXXII 

CXXIII a. R=H 

b. R=CH 
3 0 

C6Hg-Ç=CH-!3-C^Hg 

^ CXXIV 
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An oxatene intermediate has also been postulated (82,33) 

in the photocyclization of benzoquinone (GXXV) with diphenyl-

acetylene which is reminiscent of the reaction described by 

Bïiichi. 
Ph 

A r 
+ 111 

0 

c:{xv 

In the hope of gaining insight concerning the mechanism 

of photocyclization, molecular orbitals for c?<.-phenylcinnamic 

and related acids were obtained from simple Htickel molecular 

orbital calculations using a computor program (84) carried out 

with the help of Dr. G. Underwood. The parameter values for 

heteroatoms were taken from Streitwieser (85). The oxygen 

atoms.of the carboxylic acid were assumed to be equivalent and 

were assigned values of 1.5 and 0.9 for the coulomb and bond 

integrals respectively. 

The c<,/^-unsaturated acid system is basically a modified 

butadiene structure and the symmetry of the highest occupied 

molecular orbital (HOMO) in the excited state of c<-phenylcin-

namic acid is shown below. Bond formation can only be 

achieved by a disrotatory process in agreement with the mecha

nistic rationale'suggested by Hoffman and Woodward (86). The 

valence isomerization would then be presumably followed by ki-

netically controlled protonation from the less sterically 
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hindered side of the cyclobutane structure to produce the 

The charge densities for the ground, n,?i* and fi,fi* of 

oC and J2 -p-substituted '^C-phenylcinnanic acids were calculat-

The results are shown in Table 3-

The pronounced characteristics of the n,Pi* and Pi,Pi* 

excited states are the variation of the charge density at the 

/?-carbon atom. This variation appears to parallel the irradi

ation times of the substituted acids in a rough way and sug

gests that an electron deficient /? -carbon will facilitate the 

photoisomerization (see Table 4). This effect can be seen most 

clearly by comparing the -p-cyano acid XCIII which bears a 

formal charge for the Pi,Pi* excitation of +.0520 to that of 

the ^ -p-methoxy acid XCIII 1 with a formal charge of -.0579. 

Thus, a positive charge density at the -carbon appears to 

enhance the reaction while an increasing negative charge 

cis-12 -lactone. 

ed using i =1-q^ where 

j =charge density 

2 q = .n^c . where q is the sum of the electron 
,1 f 1 J ̂  ^ 

densities contributed by each electron 

in each molecular orbital 
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Table 3» Charge densities of Ground, n,?i* and ?i,Pi-^ states. 

Ground n,Pi* Pi,Pi* 

.0527 

1770 

,0659 

1777 

0397 

1690 

.0520 

.2117 

.0488 

.1874 

Q 7 9 4 1  

^^.7941 
- . 1 2 6 2  

-.1298 
.8399 

-.0458 

-.0167 

c<-plienylcinnamic acid 

()-.7972 ^+.157' 

1 +.3634 
?.7972 -'1321 

-.1413 

j'+.l826 

^^^^.8426 +'0436 

-.0597 

oC. -phenyl-D-methoxycinnamic acid 

-.7918 +.1702 

+ .3736 Jï'+.2386 

.7918 -'1176 I {^^Y..8298 +'^422 
-.0467 +.0520 

o^-ph.enyl-_£-cyanocinnaraic acid 

-.8200 +.1422 

+.3844 Y +.2099 
.8200 

-.1078 
2.8578 +'0401 

-.0164 

<=<[-(p-cyanophenyl)-cianamic acid 

-.8201 +.1324 

+ . 3 8 2 1  [  + . 1 5 8 2  

.8201 -'1046 

- .1208 
l"'''^^.8676 +'0244 

(p-.o099 

2239 

-.8099 

.olio 

+.2172 

-.8116 

- . 0 1 4 5  

- . 8 0 1 9  

+.2678 

^ -.8019 

- .8306 

+.2454 

- .8306 

- . 8 4 2 1  

+ . 1 9 4 8  

. 8 4 2 1  

o<l-(£-rnethoxypiaenyl)-cinnanic acid 
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density ir.ipairc it. 

A discrepancy occurs with the unsubstituted XCIII a and 

the oC-£-cyano XCIII g acids. The charge densities predict 

the irradiation time of XCIII g should be approximately equal 

to the unsubstituted acid. 

Table 4. Correlation • of the charge densities of the n,Pi'^' 
and Pi,Pi* excited states of the (2 -carbon with 
irradiation times. 

OH 

XCIII R. 
2 

Acid Charge density at P -carbon Irradiation 

n,Pi* Pi,Pi* time, hr 

h. R^=K,R2=CN -.0467 +.0520 5 

k. R-j •=0CH^, R2=H -.1208 -.0145 10.5 

a. R^=H,R2=H -.1298 -.0167 21 

g.  R^=CN,R2=H -.1078 . 

O
 

I 72 

1. R^=H,R2=0CHj — • 1413 -.0597 N.R. 

The calculated total 0-C^ bond orders of the acids were 

found to be antibonding in every case and the values did not 

correlate with the irradiation times of the acids. The 0-C^ 

bond order for the n,Pi* exerted state varied from -.0557 to 

-.0888 while the Pi,Pi* state was less antibonding with values 
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ranging from -.0029 to -.0363. 

Calculated O-C/oond orders of the acid considering only 

the highest occupied molecular orbital showed an overall bond

ing tendency. The 0-C^ bond order for the Pi,Pi* excited 

states varied from +.1431 to +.1769 while the bond orders for 

the n,Pi* excited states were somewhat less bonding with values 

ranging from +.0906 to +.1210. The bond orders are in agree

ment with the supposition that the Pi,Pi* excited state is 

involved in the photocyclization. 

Similar simple Hûckel molecular orbital calculations 

were carried out on the c>C-phenylcinnamamide and oc-phenyl-

cinnamanilide systems. The results are shown in Table 5. 

The charge densities suggest as in the case of the acids 

that an electron deficient -carbon facilitates the amide 

isomerization since o<.-phenylcinnamanilide undergoes a more 

facile isomerization to the /3 -lactam than that observed for 

c<-phenylcinnamamide. The irradiation times were 23 and 70 

hours respectively. 

The total bond calculated for the various electronic 

states show a decrease in antibonding on excitation with an 

enhanced C.-oxygen bond order in the Pi,Pi* excited state of 

^-phenylcinnamamide. The same general trend is observed with 

c^-phenylcinnamanilide except the nitrogen-C^ bond order is 

bonding in the Pi,Pi* excited state. The enhanced nitrogen-C^ 

bond order is nicely in accord with the experimental observa

tions since j3 -lactams rather than c<-irainooxetanes are isolated. 
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Table 5. Charge densities and bond orders of Ground, 
n,?i* and ?i,Pi% excited states. 

Ground n,Pi* n,Pi* 

- .0457 

+ •143 o 

Q-.6263 

"N 
.8538 - .1365 

-.1472 

2932 

1736 

.8838 +'0375 
-.0162 

O 
- .6338 

.1877 

N 
- .8736 

0-C.  bond order 

- .2464 

0-C^ bond order 

- .0934 

0-C^ bond order 

+.0043 

N-C^bond order 

- .1352 

N-O^bond order 

- .0466 

N-C^ bond order 

-.0100 

oC-phenylcinnaraarnide 

- .0439 
+.1414 

^ -.6260  

Jf+.3019 

I -.1313 

' p1,-78^3-.1466 

(2 + .2917 

Y +  .1Ô22  

+.0395 
j-^8l06 _,oi42 

- . 6 5 2 2  

9 +.1734 

h^7889 
Ph 

0-0^ bond order 0-C^ bond order 

- .2444 - .0904 

N-C^ bond order N-C^ bond order 

- .1342 - .0524 

0-C^ bond order 

- .0043 

N-C^ bond order 

+.0012 

oC-phenylc innamani1i de 
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Several mechanistic routes could explain the photoiaom-

ization. An attractive pathway would involve an excited cyclic 

Schiif base (OIXVI) which could isoaerize to the hydroxylaze-

tine (C.'CXViI) followed by ketonization to the yj-lacta;n. 

COifHR 

Pn-

n 1/ 

PiT 

ÇXZVI _ 

Ph 

-%Ha 

pa 
* CXXVIÏ 

Ph 

/ 

PIT \ R 

!o 

•> 

Ph- @ ^ CXXVIII 

An alternate mechanistic path would involve excitation of 

the amide followed by a subsequent attack of the -carbon by 

the nitrogen atom, to give a resonance stabilized zwitterionic 

intermediate (CXXVIII). A proton transfer would then give the 

yG-lactam. • 

The intermediacy of the /?-lactone LXXXIII suggests the 

sequence shown below as a reasonable series of events in the 

formation of the trans-cyclobutane adduct LXIVIII. 

Ph 
Q 

Ph-

r^H 
Ph 

hv 
0 

LX7JCIII 

hy 

V . 

A PK 

h 'Ph 

r'h 

* 

Ph-CH =2 CH-Ph n 1/ 
•> 

Ph 

Th 
LXXVIII 
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Tiie final step involves the formation of a uhotoequili-

brium mixture of cis and trans-stilbene, either of which could 

react with tetraraethylethylene to form a diradical intermediate 

CXXIX. Subsequent electron pairing could then afford the mora 

stable trans-1,2-diphenyl-3,3,4,4-tetramethylcyclobutane 

(LXXVIII). 

CXXIX 

An alternative concerted cycloaddition mechanism in which 

only trans-stilbene reacts with the unsaturated addend cannot 

be unequivocally eliminated. This mechanism is supported by 

the evidence that trans-stilbene undergoes photocycloaddition 

to tetramethylethylene faster and cis-trans isomerization of 

the stilbenes competes effectively with addition. 

The mechanism of formation of (2 -lactams is assumed to 

be similar to that of the Q -lactone isomerization and a more 

complete and accurate analysis will hopefully provide the an

swers concerning mechanism of this unprecedented reaction. 
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EXp-SRIÏ.I3KTAL 

Instruments 

All melting points are uncorrected and were measured on 

a Koiler microscope hot stage equipped with a polarizer. 

The ultraviolet spectra were recorded on a Beckman Model 

ÛK-2A or a Gary Model 14 spectrophotometer. 

All infrared spectra were recorded on a Perkin-Elmer Model 

21 spectrometer. 

The nuclear magnetic resonance spectra were measured on 

a Varian Associates Model HE-60 or A-60 spectrometer operated 

at 60 Mc. The spectra were calibrated by the side band tech

nique using tetramethylsilane as an internal standard. Chem

ical shifts are reported as S -values. 

The mass spectra were recorded on an Atlas CH4 single-

focusing mass spectrometer using a solid inlet system at energy 

of 70 ev. 

Elemental analyses were performed by Spang Microanalytical 

Laboratory, Ann Arbor, Michigan. 

Procedure 

cis - -Phenylcinnamic acid (LXXVII): 

The procedure is similar to that of Pieser (84). Phenyl-

acetic acid (10.0 g, 0.074 mole), benzaldehyde (12.5 g, 0.118 

mole), triethylamine (8 ml), and acetic anhydride (8 ml) were 

placed in a 250 ml flask and refluxed for 4 hr. The mixture 
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wao cooled, acidiried with concentrated hydrochloric acid 

(16 rnl) and extracted v/ith chloroform. The organic solution 

was washed twice with water and extracted several tines with 

a 5;^ sodium hydroxide solution. The alkaline extracts were 

combined and acidified to pH 6 with acetic acid. The precip

itate was filtered and recrystallized'from 3 :2 ethanol-water 

yielding LXZVII (12.0 g, 73>S mp 172-173°, reported (88) rnp 

172-173°); X max ( cyclohexane) 286 m (̂e 15,400), 226 (17,000). 

trans-oC-Phenylcinnanic acid (LXXXVIII)* 

The filtrate from the cis-acid described above was acid

ified to pH 1 with concentrated hydrochloric acid, filtered 

and recrystallized from 3:2 ethanol-water giving LXXXVIII (1.3 

g, 8;^, rap 136-137°, lit.(89) mp 136-137°); X max (cyclohexane) 

289 mjl (6 18,300), 222 (11,600). 

cis-<^-(p-Nitrophenyl)-cinnamic acid (XCIII i); 

c i s - o<l - ( p-N i t r 0 pheny 1 ) - c innami c acid was obtained from p-

nitrophenylacetic acid and benzaldehyde following the procedure 

employed for cis- -phenylcinnamic acid (LXXVII) in lO'fo yield. 

Recrystallization from ethanol gave yellow needles, rap 216-

217°,  reported (88)  rap213-214°; X max (cyclohexane) 293 rap 

(e 16,000), 268 (18,000), 225 (sh)(14,000), 216 (sh)(l5,000). 

cis-oC-Phenyl-'o-nitrocinnamic acid (XCIII j )f 

cis- c^-Phenyl--p-nitrocinnamic acid was obtained from the 

condensation of phenylacetic acid .and ^-nitrobenzaldehyde in 

75i^ yield. Recrystallization from ethanol afforded yellow 
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prisns, mp 227.5-228°, lit (38) np 224-225°; X max (cyclohex-

ane) 310 m^(e 12,000) ,  254 (6000) ,  215  (sh ) (13 ,000) .  

cis-oC-( p-i.Iethoxyphenyl)--cinnamic acid (XCIII k) j 

ci3-oC-(p-lvleth.oxypheny 1 )-cinnamic acid was obtained from 

_D-nexh.oxyph.enylacetic acid and benzaldehyde in 507Ô yield. Re-

crystalliaation from "benzene gave colorless crystals, rap 156-

1 5 7 ° ,  l i t .  ( 9 0 ) ,  m p  1 5 7 - 1 5 8 ° ;  X  m a x  ( c y c l o i a e x a n e )  3 2 3  r a f s  ( s h )  

(  6 1 5 , 0 0 0 ) ,  276 ( 3 0 , 0 0 0 ) ,  227 ( 3 7 , 0 0 0 ) .  

cis--?laenyl-p-methoxycinnamic acid (XCIII l)° 

cis- o<;-?h.enyl-_£-methoxycinnamic acid was obtained in JOfo 

yield from the condensation of phenylacetic acid and p-anisal-

dehyde. Recrystallization from ethanol-water gave colorless 

needles, mp 188-189°, reported (91), mp 188-189°, X max (cyclo-

hexane) 313 :%^(e 22,000), 230 (15,000). 

cis-g<-(p-Chlorophenyl)-Ginnamic acid (XCIII d)J 

cis- -(D-Chlorophenyl)-cinnami0 acid was prepared from 

2-chlorophenylacetic acid and benzaldehyde in 50/6 yield. Re-

crystallization from ethanol yielded colorless needles, mp 180 

181.5°, lit. (92) mp l80-l8l°; X max (cyclohexane) 290 m/i 

(  6  1 7 , 0 0 0 ) ,  2 ^ 7  ( 2 3 , 0 0 0 ) .  

cis-o<-?henyl-p-chlorocinnamic acid (XCIII e): 

cis- o^-Phenyl-p-chlorocinnamic acid was obtained from 2-

chlorobenzaldehyde and phenylacetic acid in 30^ yield. Recrys 

tallization from ethanol afforded colorless needles, mp 205-

206°, lit. (93) mp 202-203°; X max (cyclohexane) 296 m/s 
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(e 20,000), 226 (18,000), 222.5 (19,000). 

c i s - - ( -q-'T o lyl ) - c innami c acid (XCIII b); 

A znixture of jo-tolylacetic acid (14.0 g, 0.093 mole), 

benzaldehyde (14.0 g, 0.132 mole), triethylanaine (10 nil) and 

acetic anhydride (10 nil) was re fluxed for 4 hr. The mixture 

was cooled, acidified with concentrated hydrochloric acid 

(18 ml) and extracted with chloroform. The organic solution 

was washed twice with water and extracted several times with 

a oio sodium hydroxide solution. The alkaline extracts were 

combined and acidified to pK 6 with acetic acid. The precip

itate was filtered and recrystallized from ethanol yielding 

colorless crystals ( 13.8 g, 6270, mp 152-153°); infrared (KBr) 

2 . 7 5 - 4 . 5 0 , 5 . 9 8 ,  6 . 2 0 ,  6 . 9 0 ,  7 . 0 5 , 8 . 9 3 ,  1 2 . 1 8 ,  1 2 . 9 0 ,  1 3 . 6 4 ,  

14.42^; nmr (CDCl.), 8 11.15 (lH,m), 8 7.90 (lH,s),8 7.30-

6.95 (9K,m), S 2.35 (3H,s); X max (cyclohexane) 284 m^ix 

(e  18,000) ,  226 (24,000) ,  222 (23,000) .  

Anal. Calcd. for C^gH^^Og: C, 80.67; H, 5.88. Pound: 

C, 80.67; H, 5.78. 

cis-oC-Phenyl-p-methy1cinnami0 acid (XCIII c); 

A mixture of phenylacetic acid (7.5 g, 0.055 mole), _p-

methylbenzaldehyde (8.0 g, 0.067 mole), triethylamine (6 ml), 

and acetic anhydride (6 ml) was refluxed for 4 hr. The mixture 

was pooled, acidified with concentrated hydrochloric acid (12 

ml) and extracted with chloroform. The organic solution was 

washed twice with water and extracted several times with a 5^ 



www.manaraa.com

77 

sodium hydroxide solution. The alkaline extracts were com

bined and acidified to pK 6 with acetic acid. The precipitate 

was filtered and recrystallized from benzene affording large, 

colorless needles (7.9 g, 60^, mp 170-171°); infrared (I-CBr) 

2.75-4.50 (broad), 5.97, 6.21, 7.05, 7.78, 7.92, 12.24, 14.04, 

14.25^; nmr (CDCl.), 811.09 (1H,m), 8 7.92 (lH,s), 8 7.30 

(5H,m), 8 6.95 (4H,s), 8 2.25 (3H,s); X max- ( cyclohexane ) 

297  2^ (6  20 ,000 ) ,  229  ( l 8 , 000 ) ,  224  (18 ,000 ) .  

Anal. Calcd. for 0, 80.67; H, 5.88. Found; 

C, 80.65; H, 5.66. 

cis-o<.-(p-Fluorophenyl)-cinnamic acid (XCIII f)j 

A mixture of p-fluorophenylacetic acid (12.0 g, 0.078 

mole), benzaldehyde (14.0 g, 0.13 mole), triethylamine (10 ml), 

and acetic anhydride (10 ml) v/as refluxed for 6 hr. The mix

ture was cooled, acidified with concentrated hydrochloric acid 

(20 ml) and extracted with chloroform. The organic solution 

was washed twice with water and extracted several times with a 

5^ sodium hydroxide solution. The alkaline extracts were com

bined and acidified to pH 6 with acetic acid. The precipitate 

was filtered and recrystallized from benzene yielding colorless 

crystals (10.2 g, 54/^, mp 170-171^); infrared (KBr) 2.75-4.00 

(broad), 6.00, 6.20, 6.25, 6.62, 6.90, 7.03, 7.88, 8.16, 10.03, 

12.00, 12.87, 13.30, 13.52, 14.51^; amr (CDCl.), 8 12.39 (1H, 

s ), 8 7.95 (lH,s), 8 7.40-6.90 (9H,m); X max ( cyclohexane ) 

2 8 8  m ^ ( 6  1 7 , 0 0 0 ) ,  2 2 5  ( 1 8 , 0 0 0 ) ,  2 2 1  ( l 8 , 0 0 0 ) .  

Anal. Calcd., for C^^H^^POg: 0, 74.38; H, 4.55; ?, 7.85. 
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Pound: C, 74.49; H, 4.62; F, 7.95. 

c:U;- o<f-( r:-G./an J phenyl )-cinna:aic acid (XOIII g) j 

A mixture of o-cyanophenylacetic acid (9.25 s, 0.057 mole), 

benzaldshyde (9.0 g, 0.085 mole), triethylanùne (6.3 ml), and 

acetic anhydride (6.3 ml) was reluxed for 4 hr. The mixture 

was cooled, acidified with concentrated hydrochloric acid (14 

ml) and extracted with chloroform. The organic solution was 

washed twice with water and extracted several times with a 5/% 

sodium hydroxide solution. The alkaline extracts were combined 

and acidified to pH 6 with acetic acid. The precipitate was 

filtered and recrystallized from ethanol giving light yellow, 

crystals (7.30 g, 51^, mp 177-179°); infrared (KBr), 2.75-4.00 

(broad), 4.50, 5.97, 6.24, 6.92, 7.02, 7.77, 7.87, 11.86, 

13.26, 13.39, 14.47^; nmr (0301^), 8 11.29 (lH,m), 8 8.04 (1H, 

s), AgBg pattern 7^=8 7.35, 'yg=8 7.67 (JAB=8.0 ops), 8 7.30-

6.95 (5H, m) ; X max (cyclohexane) 293 m^(e 16,000), 247 (sh) 

(15,000), 228 (19,000). 

Anal. Calcd. for C^gH^^NOg: 0, 77.11; H, 4.42; N, 5.62. 

Pound: C, 76.82; H, 4.47; N, 5.62. 

cis-c<-Phenyl-p-cyanocinnamic acid (XCIII h)j 

A mixture of £-cyanobenzaldehyde (10.0 g, 0.076 mole), 

phenylacetic acid (6.5 g, 0.049 mole), triethylamine (5.2 ml), 

and acetic anhydride (5.2 ml) was refluxed for 4 hr. The mix

ture was cooled, acidified with concentrated hydrochloric acid 

(14 ml) and extracted with chloroform. The organic solution 



www.manaraa.com

79 

was washed twice with waxcr and extracted several tiraes with a 

5'/o sodiuni hydroxide solution. The alkaline extracts were com

bined and acidified to oH 5 with acetic acid. The precipitate 

was filtered and recrystallized from ethanol giving light, yel

low crystals (3.2 g, 2o^i, nip 17o-lS0°); infrared (XBr), 2.75-

4.00 (broad), 4.50, 4.95, 6.17, 7.07, 7.95, 11.90, 12.00, 

14.25^; nar (CDCl.), 811.19 (lH,m)J57.89 (lH,s), 8 7.50-7.00 

(9H,ni); X max (cyclohexane) 289 m (̂e 20,000), 226 (19,000), 

220 (21,000) .  

Anal. Galea, for C^gH^^NOg: C, 77.11; K, 4.42; N, 5.62. 

yound: C, 77.07; H, 4.46; K, 5.50. 

2-Chlorophenylacetic acid j 

A solution of i3-chlorobenzylcyanide (10.0 g, 0.066 mole), 

concentrated sulfuric acid (10 ml), water (10 ml) and glacial 

acetic acid (10 ml) was refluxed for 1 hr. The solution was 

cooled and poured into water (100 ml). The crude acid was 

filtered and recrystallized from ethanol-water yielding 2" 

chlorophenylacetic acid (6.3 g, 56#,, mp 105-106°, reported (94) 

mp 105-106°). 

D-Oyanophenylacetic acid ® 

Prepared by the method of Jaejer and Robinson (95). Sodi

um nitrite (14.0 g) in water (40 ml) was added to an ice-cold 

solution of p-aminophenylacetic acid (30.0 g, 0.20 mole) and 

sodium carbonate (21.2 g) in water (150 ml). The mixture was 

gradually added, with stirring to concentrated hydrochloric 



www.manaraa.com

80 

acid (8-> and water (84 nil) keeping the temperature below 

10°. The diazotized solution was slowly added to copper sul

fate (48 g) and potassium cyanide (60 g) dissolved in water 

(250 ml) with vigorous stirring during the addition and 1 hr 

rater. The mixture was heated at 50° for 1 hr, filtered and 

acidified with concentrated hydrochloric acid. The precipi

tate was filtered, dissolved in water and decolorized with 

charcoal. The filtrate was cooled giving large, light,yellow 

needles (16.0 g, 50)^, mp 151-152°, reported (95) mp 152°). 

oi-Phenylcrotononitrile ® 

A solution of benzylcyanide (160 g, 1.36 mole), acetalde-

hyde (88 g, 2.0 mole) and absolute ethanol (250 ml) was cooled 

in a Dry Ice bath and 15 ml of 20'/o sodium ethoxide (6.8 g in 

100 ml of absolute ethanol) was added, keeping the temperature 

below 0°. The solution was placed in a refrigerator for 1 day, 

acetaldehyde (10 g) was added and the solution was replaced in 

the refrigerator for an additional 16 hr. The solution was 

v/as washed twice with water (300 ml). An oil was separated and 

distilled giving o(-phenylcrotononitrile (70 g, 36^", bp 75.5-

76° at 0.1 mm, reported (96) bp 100-103° at 1 mm). The infra

red spectrum (cap film) gave bands at 3.30, 4.50, 6.77, 6.94, 

11.75, 13.20, 14.50/1. 

c<-Phenylcrotonic acid t 

Using the method of Barltrop (97), hydrogen chloride was 

bubbled through a solution of £<-phenylcrotononitrile 
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(10 g; 0.07 mole) in methanol (200 ml) for 2 hr. The solution 

was concentrated under reduced pressure giving a solid which 

was heated at 100° for 12 hr v/ith concentrated hydrochloric 

acid (150 ml). The solution was extracted twice with ether. 

The ethereal solutions were combined and washed several times 

with water and dried over magnesium sulfate. Concentration 

under reduced pressure gave a solid. Hecrystallization from 

hexane gave oc —phenylcrotonic acid (6.8 g, 60/^) mp 136-137°, 

lit. (9Ô) mp 136-137°; X max (95^° ethanol) 240 m/x (sh) 

(6 4,700). 

-Phenyl cinnamic acid* 

1,1-Diphenylethylene (25.0 g, 0.14 mole, Aldrich Chemical 

Go.) and oxalyl chloride (75.0 g, 0.6 mole, Aldrich Chemical 

Co.) were reiluxed until the evolution of hydrogen, chloride 

ceased (12 hr). Excess oxalyl chloride was removed under re

duced pressure and the syrupy residue was stirred into an ice-

cold sodium carbonate solution. Water (500 ml) was added, and 

the solution was boiled for 1 hr. The solution was decolorized 

with charcoal, filtered and acidified with concentrated hydro

chloric acid. The solid was filtered and recrystallized from 

acetic acid yielding -phenylcinnamic acid (28.6 g, 91/^) mp 

167-16&°, reported (99) mp '167°; X max (95# ethanol) 272 

(e 12,700), 222 (sh)(l6,400). 

1,1,2-Triphenylethylene ; 

A solution of 1,1,2-triphenylethanol (15.0 g, 0.055 mole), 
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preparsd in 95'/^ yield by the nethod of Hell aiid V/iegandt (100) 

and acetic acid (250 ml) was refluxed for 2 hr. The solution 

was extracted with ether, washed with water, neutralized with 

sodiun bicarbonate and washed twice more with water. The ethe 

layer was dried over magnésium sulfate and evaporated under re 

duced pressure giving a solid (14 g). Recrystallization from 

95/^ et hand gave the olefin (13.0 g, 937°) > mp 68-69°, lit. 

(100) np 67^66°. 

Triphenylvinyl bromide i 

Bromine (20.0 g) was added to a solution of triphenyl-

ethylene (31.G g, 0.124 mole) in glacial acetic acid (200 ml), 

keeping the temperature of the solution below 40°. Then the 

solution was refluxed until hydrogen bromide evolution ceased 

and cooled giving the bromide (40.4 g, Sô'fô) mp 114-115°, re

ported (101), mp 114-115.5°. 

o^, P -Diphenylcinnamic acid % 

Triphenylvinyl bromide (20.0 g, 0.06 mole) and magnesium 

(1.6 g) were covered with dry ether (200 ml) and dibromoethyl-

ene (2 drops) was added. The mixture was refluxed for 3 hr 

under a nitrogen atmosphere. The grignard solution was poured 

into Dry Ice (100 g) and stirred until the Dry Ice disappeared. 

The solution was acidified with dilute hydrochloric acid and 

extracted with ether. The ethereal solution was washed with 

water and extracted several times with a 10^ sodium hydroxide 

solution. The basic extracts were combined, acidified with 
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concsnbraced hydrochloric acid and filtered, ^^crystallization 

of the residue from acetic acid gave the acid (lO.'i g, 56>o) 

mp 219-220°, lit. (101) mp 217-218°; X max (95# ethanol) 292 

(e 10,200), 235 (19,200), 203 (sh)(40,700). 

c^-Phenylacrylic acid (XGV e); 

cK-Phe^ylacrylic acid was synthesized following a loi own 

procedure (102). Recrystallization from rnethanol-vvater gave 

colorless crystals, mp 106-107°, lit. (102) mp 106-107°; A. max 

(95^ ethanol) 245 m^(e 5,570), 204 (14,300). 

trans-Oimiamic acid j 

trans-Cinnamic acid was purchased from Aldrich Chemical 

Co. Recrystallization from benzene-pentane gave colorless crys

tals, mp 133-134°, lit. (103) mp 133-134°; X max (95# ethanol) 

272 m^(e 25,000), 220 (sh)(22,000), 215 (19,200). 

oC-I;iethylcinnamic acid (XCV, b) ̂ 

p<-Methylcinnamic acid was purchased from Aldrich Chemical 

Co. Recrystallization from benzene-pentane yielded colorless 

needles, mp 91-92°, lit. (IO4) rap 91-92°; X max (95  ̂ ethanol) 

265 m^(e 6,650), 204 (5,850). 

Crotonic acid ? 

Crotonic acid was obtained from Aldrich Chemical Co. Re-

crystallization from hexane gave colorless needles, mp 72-73°, 

lit. (105) mp 72-73°;  X max (950 ethanol) 205 myx (e  12,600) .  

Biphenyleneacrylic acid; 

Biphenyleneacrylic acid was obtained from Aldrich Chemical 
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Co. Olid recrystallised from acetic acid, rnp 222-223°, lit. (106) 

no 222-223°; X %%% (95# ethanol) 258 m^(& 26,900), 232 

(25,900). 

c i s - oÇ -Phenyl c innamam i d e (GUI) * 

The cis-od-phenyloinnamamide was prepared by adding cis-

c<-phenylcinna:noyl chloride to an ice-cold solution of arrxioniura 

hydroxide. Crystallization from acetone-water gave colorless 

needles, mp 127-128°, reported (107) mp 127°; X max (95  ̂ ethanol) 

280 m^(e  14,100) ,  220 (15 ,500) ,  205 (20 ,800) .  

ci s- QÇ-Phenylcinnamanilide (XCVI); 

The cis- o<-phenylcinnamanilide was prepared by adding cis-

-phenylcinnamoyl chloride to a solution of aniline in benzene. 

Recrystallization from chloroform-benzene gave colorless prisms, 

mp 14-1-14-2°, lit. (108) mp 140°; X max (95^ ethanol) 292 mp, 

(e  21 ,800) ,  221  (19 ,100) .  

Irradiation of cis- c^-phenylcinnamic (LX)CVII) acid 

in the presence of tetramethylathylene 

A solution of LXXVII (4.0 g, 0.018 mole), tetramethyleth-

ylene (10 g, 0.12 mole) and ether (250 ml) was degassed with 

nitrogen for 0.5 hr. The solution was irradiated in a quartz 

immersion irradiation apparatus using a Hanovia Type A 550-watt 

mercury arc lamp. The progress of the reaction was followed 

by periodically removing aliquots and measuring their ultravi

olet absorption. After 20.5 hr the ultraviolet spectrum showed 

complete absence of the 282 mjn absorption initially present. 
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Alternatively, the process was followed by infrared absorption 

by observing the loss of the acid carbonyl band at 5.96/x . The 

solvent v/as removed under reduced pressure giving a yellow sol

id (3-51 g). The infrared spectrum (lC3r) showed bands at 3 . 3 8 ,  

6.25, 6.65, 6.92, 7.33, 9.75, 12.62, 13.43, 13.60, 14.28^. 

The solid was dissolved in Skelly B and poured onto a 2.5" X 

20" column prepared with 200 g of Silica Gel. The column was 

eluted with 500 ml of Skelly B, which upon evaporation gave a 

white solid (3.30 g). Recrystallisation from hexane yielded 

trans-1,2-diphenyl-3,3,4,4-tetramethylcyclcbutane (LXXVIII, 

3.13 g, 66.5/^) mp 105-106°. The infrared and nmr spectra are 

shown in Figure 1, page 23, and Figure 2, page 25, respective

ly. The mass spectrum exhibited very weak parent ion m/e 264 

and fragment ions at m/e 132 (0.8^0, 165 (0.8^), 178 (0.9^0, 

1 7 9  ( 1 4 . 5 ^ 0 ,  1 8 0  (lOO^O, and 1 8 I  ( 1 4 . 5 ^ 0  

Anal. Calcd. for ^2o'^24-' 90.85; H, 9.15. Found: 

C, 90.83; H, 9.22. 

Irradiation of trans-stilbene in the 

presence of tetramethylethylene 

A. trans-Stilbene (2.0 g, 0.011 mole, Scintillation 

grade, Liatheson, Coleman and Bell) and tetramethylethylene 

(5.0 g, 0.06 mole) were dissolved in anhydrous ether (300 ml). 

Tne solution was degassed with nitrogen for 0.5 hr and irradi

ated in a quartz immersion irradiation apparatus using a 550-

watt Hanovia Type A lamp for 6 hr. The reaction was followed 

by ultraviolet absorption until the maximum at 3O0 mu, was 6^ 
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Cl  its original value. The solvent v/aa removed under reduced 

pressure yielding a yellow solid. The infrared spectrum (P3r) 

showea bands at 3*38, 6.2$, 6.28, 6.92, 7.33, 9.75, 12.62, 

13.43, 13.59, 14.2Sa. The solid was dissolved in Skelly B 

and poured onto a 2.5" X 20" column prepared with 70 g of Alu

mina (V/oelm, neutral activity I). The column was eluted with 

400 ml of Skelly 3 which upon evaporation gave tranc-1,2-di-

phenyl-3,3,4,4-tetramethylcyolobutane (LXXVIII, I.98 g, 68>i, 

mp 106-107°). The infrared spectrum (iCBr) was superimposable 

on that of the adduct obtained from the photolysis of cis-c<-

phenylcinnamic acid in the presence of tetramethylethylene. 

A mixed melting point determination -showed no depression. 

B. A solution of trans-stilbene (500 mg, 0.0028 mole) in 

tetramethylethylene (40 ml) was placed in a quartz irradiation 

vessel and purged with nitrogen for 15 mih.' The solution was 

irradiated externally with a low pressure mercury lamp (Kanovia, 

model 688A45) for 19 hr. The reaction was monitored by period

ically taking aliquots and measuring their ultraviolet absorp

tion. The bands at 308 and 295 m/x were totally removed. The 

solvent was evaporated giving a yellow solid (0.74 g). Recrys-, 

tallization from hexane gave LXXVIII (0.70 g, 95^*, mp 105-106°). 

The infrared spectrum (KBr) was identical ûo that of the photo-

adduct described above. 

Irradiation of cis-stilbene in the presence of 

tetramethylethylene 

A solution of cis-stilbene (0.5 g, 0.0023 mole, Aldrich 
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Gher.iical Go.) in totra;r;2thylet'lylene (40 ;.:l) was placed in a 

quarts irradiation vessel and purged with nitrogen for 15 rnin. 

•?he solution was irradiated externally with a low pressure mer

cury arc lanp (lianovia, model 683A45). 'The progress of the 

reaction was followed by periodically removing aliquots and 

measuring their ultraviolet absorption. The initial absorption 

at 276 iTifi shifted to longer wavelength (290 np. ) and to a 

higher molar extinction value during the early course of the 

irradiation. After 44 hr the initial bands were completely re

moved. The solvent was evaporated under reduced pressure giv

ing a yellow sulid (0.70 g). Recrystallization from hexane 

gave trg/is-1, 2-diphenyl-3,3,4,4-tetramethylcyclobutane (LIOIVIII, 

0.58 g, 93/^5 mp 106-107°). The infrared spectrum (iCBr) was 

identical to that of the photo-adduct obtained from the photol

ysis of trans-stilbene in tetramethylethylene. 

Irradiation of cis- oC-phenylcinnamic acid (liCCVIl) 

A solution of IXXVII (4.0 g, 0.018 mole) in benzene (350 

ml) was placed in a Pyrex immersion irradiation vessel. The 

solution was degassed with nitrogen for 0.5 hr and irradiated 

with a Hanovia Type A 550-watt lamp for 21 hr. The progress 

of the reaction was followed by periodically removing aliquots 

and measuring their infrared absorption. The carbonyl band of 

the acid (5.95yx) continually deminished throughout the course 

of the reaction and was replaced by a band at 5.42/1 . At the 

end of the irradiation the acid carbonyl band was completely 

removed. The solvent was removed vjider reduced pressure giving 
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a lijht yellow solid, "he n;nr (CDCl^) of t:i3 crude piiotoprod-

Lict showed two AB proton patterns 7. =85.12, 7, =35.68 

(J,_=7.0 cps); }%'= 84.59, 'y^'= 8 5.37; (J.,,=4.5 cps) in the 

ratio of about 3:1 respectively. Recrystallization from bcn-

sene-pentane gave cis- o<., {] -diphenyl- ̂ -prooiolactone (L/DDIIII, 

3.10 g, 79^, np 120-121°). The infrared and nar spectra are 

shown in l"'igure 3, page 32, and Figure 5, page 47, respectively. 

The r.iass spectrum exhibited a very weak parent ion rn/e 224 and 

the fragment ions are shov/n in Table 6. 

Table 6. Has s spectruin of cis- o<, /? -
diphenyl- /] -propiolactone. 

in/e of base n/a '/b of base 

I8l 2.1 152 4.3 

180 16.4 151 2.5 

179 12.0 119 8.9 

178 7.7 118 100 

177 1.4 90 25.4 

176 0.8 88 21.2 

166 1.9 78 5.0 

165 15.7 76 7.8 

153 0.9 44 16.5 

Anal. Calcd. for 0, 80.34; H, 5.39. Found: C, 

80.48; H, 5.39. 
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Attempted photo-isonerization of c 1 rs and trans-

<X, p -diphenyl-y3 -propiolacxone ( L. Iaa I I I ) ;  

A mixture of cis and trans-^-lactone obtained from the 

irradiation of cis- cK - phenyl c inna:.ii c acid (LXXVII) in the 

ratio of 31:12 respectively was dissolved in benzene, placed 

in a Pyrex vessel and irradiated using a Hanovia Type A 550-

watt lamp for 24 hr. The solvent was removed under reduced 

pressure giving a solid. The nmr spectrum (CLCl^) showed the 

ratio of the -lactone mixture was unchanged. 

Irradiation of trans- o<-phenylcinnamic acid (LXXXVIII) 

A solution of LXXXVIII (2.0 g, 0.009 mole) in benzene 

(300 ml) was placed in a Pyrex immersion irradiation vessel 

and degassed with nitrogen for 0.5 hr. The solution was irrad

iated for 46 hr using a Hanovia Type A 550-watt lamp. The 

progress of the reaction was followed by removing aliquots and 

observing the loss of the carbonyl absorption of the acid 

(5.90jx) and the appearance of the lactone carbonyl (5.42jx ) 

in the infrared. At the end of the irradiation the acid car

bonyl band was completely removed. Removal of the solvent 

under reduced pressure gave a red oil which was dissolved in 

boiling hexane, filtered and cooled, giving light yellow crys

tals (0.25 g, 12.5^1, 120-121°). No attempt was made to maxi

mize the yield of cis-lactone from the trans- oC-phenylcinnamic 

acid. The infrared (K3r) was identical to that of cis- oj, -

diphenyl-^2-propiolactone (LXXXIII) obtained from the irradia

tion of the cis-acid. 

1 
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Thermal-decomposition of cis- o( , -

diphenyl-y3 -propiolactone (lyDCCÏIï") 

A. The /2-lactone LICCvIII (53.4 mg) v/as heated at 163° 

for 5 hr under a positive nitrogen atmosphere, and the evolved 

carbon dioxide was bubbled through a solution of 0.1 Li barium 

hydroxide. The solution was filtered yielding barium carbon

ate (51.2 mg, 9270. 

B. A benzene solution of L^OCXIII was pyrolyzed on an 

Aerograph Model 512 vapor phase chromatograph using a 7 ft, 

1/4" column packed with 20yb S3-30 on Chromosorb P, 60-60 mesh. 

The column temperature was set at 205°, and the helium flow 

was maintained at 67 cc/min. The -lactone gave two peaks 

with retention time of 4.5 and 8.0 min, with areas of 96+1 and 

4+1 respectively. The largest peak corresponded to cis-stil-

bene and the smaller peak to trans-stilbene (determined by 

injection of the authentic compounds). 

0. The reaction was carried out in vertical glass column 

packed with glass helices and heated by an electrical furnace. 

The -lactone (O.l g) in benzene (2.0 ml) was dropped onto the 

column from a 5 ml syringe attached to the top and collected in 

a Dry Ice cooled trap. The temperature of the furnace 280° 

(measured with a thermocouple). The system was flushed with 

nitrogen for 1 hr and the material was allowed to drop on the 

column over a 30 min period, the pressure difference being 

maintained by a flow of nitrogen. 

When the reaction was complete, the column was cooled and 



www.manaraa.com

"the helices wore v/ashod with benzene. fhe solution;: were 

combine and evaporated giving -- colorless liquid (60 mg, loio), 

The liquid was analyzed by vpc ( 2C>o 33-30 on Chrornosorb ?, 

column temperature 205, helium flow rate 67 cc/:.iin). The cis ; 

tran3-31i1bene isomer ratio was shown to be 39:1. 

Irradiation of cis- oi, -diphenyl- ̂-propiolactone (LXXXIII) 

A solution of the /^-lactone LXXXIII (0.91 g, 0.004 mole) 

in anhydrous ether (250 ml) was degassed with nitrogen for 0.5 

hr. The solution was irradiated in a quartz immersion irradi

ation vessel using a Hanovia Type A 550-watt lamp for 7 hr. 

The progress of the reaction was monitored by following the los 

of the carbonyl absorption band of the lactone (5.4-5/1 ) in the 

infrared. The solvent was removed under reduced pressure giv

ing a yellow oil. The infrared (CCI.) showed bands at 3.40 

(broad), 6.25, 6.90, 7.30, 9.00 (broad) Analysis by tic 

indicated at least 5 compounds were present. The oil was dis

solved in a small volume of benzene and chromâtographed on a 

Silica Gel column (25 g), 50 ml fractions being collected. 

Bluent Fraction number Product composition 

Skelly B 1 nil 

" 2-4 solid (mp 77-92°) 

5-8 oil 

" 9-13 oil 

14-16 oil 

5'/i benzene in Skelly B 17-20 oil 

" 21-26 oil 

27-31 oil 

50^ benzene in Skelly B 32-40 nil 
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Zluont ïracûion "unber Product comoosition 

benzene 41-4? nil 

ether 46-50 oil 

The appropiate fractions were combined (analyzed by tic) 

and the solvent removed under reduced pressure. Fractions 

2-4 were recrystallized from 95/" ethanol giving a white c.ys-

talline solid (0.27 g, 37.6^0 mp 98.5-100°, lit (109) %P 98-

99°; infrared (%Br) 6.87, 7.00, 7.70, 8.05, 9.78, 10.54, 11.46, 

12.22, 13.65, 14.03The infrared spectrum was identical to 

that of phenanthrene. A mixture of the crystals with an au

thentic sample of phenanthrene failed to depress the melting 

point. 

Fractions 14-31 and 46-50 showed bands in the infrared 

(CHOI.) at 3.50, 5,85,  6.25, 6.70, 7.30, 9.25jW-. Fractions 

5-13 were void of carbonyl absorption but gave bands at 6.25, 

6.75,  6 .92,  9.25/x. These fractions were not characterized. 

Irradiation of cis- oC, /3-diphenyl- /^-propiolactone 

(IjvXXIII) in the presence of tetramethylethylene 

A solution of /3-lactone LXXXIII (1.0 g, 0.0045 mole), 

tetramethylethylene (20 g) in ether (20 ml) was placed in a 

quartz irradiation vessel and degassed with nitrogen for 0.5 

hr. The solution was irradiated externally using a low pres

sure mercury lamp (Hanovia, Model 688A45) for 8 days. At the 

end of the irradiation the lactone carbonyl band in the infra

red was completely removed. The solvent was evaporated under 

reduced pressure affording a yellow solid. The infrared 
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spectru"; (iGr) showed bands at 3.40, 6.23, 6.65, 6.90, 7.30, 

9.73, 12.60, 13.40; 13.60, 14.27. The solid was dissolved 

in a lainiLiu-Ti voluine of 1:1 Skelly 3-benzene and chrornatographed 

on a Silica Gel uolunm (25 g), 100 :nl fractions being collected, 

fluent P.-actior number Product composition 

Saeliy B 
(I 

10^ benzene in Skelly 3 

30yo benzene in Skelly B 

benzene 

benzene 

1 - 2  

3 

4 

5-7 ' 

8-11 

12-16 

17-21 

22-26 

nil 

solid (np 105-106°) 

solid (rap 105-106°) 

nil 

nil 

. oil 

oil 

nil 

Fractions 3 and 4 were combined and recrystallized from 

hexane giving trans-1, 2-diphenyl-3,3,4,4-tetraraethylcyclobu-

tane (IXXVIII, 1.00 g, 85/'^ mp 106-107°). The infrared spec

trum (j.{3r) was superimposable on that of the photo-adduct 

obtained from the photolysis of trans-stilbene in the presence 

of tetramethylethylene. 

The remaining fractions (total weight 0.17 g) were not 

characterized. 

Reaction of trans-1,2-diphenyl-3,3,4,4-

tetramethy1cyclobutane (DCXVilI) with bromine 

A solution of KCSVIII (1.0 g, O.OO38 mole) and bromine 

(2.3 g, 0.0145 mole) in carbon tetrachloride (25 ml) was ir

radiated with a sun lamp for 4 hr. The solution was washed 

successively with a 20fô aqueous solution of sodium thiosulfate 

and water. The organic layer was separated and concentrated 
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undsr reduced pressure to give an oil. Crystallization frora 

ethyl acetate gave 1,2-(di-2-bro%ophenyl)-3,3,4,4-tetr&aethyl-

cyclobunene (LXXX, 0.5 S, ?2'p, ko 103-104°); infrared (IQr), 

3.40, 6.75, 0.37, 9.52, ^.57, 11.97, 12.07, 12.25, 12.82^,; nmr 

(001^) eight-proton pattern, 7^=8 7.14, 7^= 8 7.39, (J^= 

8.5 ops), twelve-proton singlet 8l.2o (nethyl protons) ;Xnax 

(95^ ethanol) 289 rnji(e 10,000), 240 (15,600). The mass spec

trum exhibited an intense parent ion (n/e 418, 20'/j of base), 

and a P + 2 radical cation (n/e 420, 206# of parent ion). 

An&l. Calcd. for CggHgoBrg: C, 57.41; H, 4.79; Br, 37.80. 

Pound: C, 57.54; H, 4.89; 3r, 37.86. 

Haaction of trans-1,2-diphenyl-3,3,4,4-

tetramethyloyclobutane ^.SXVIII] with A'-bromosuccininiide 

The trans-1,2-diphenyl-3,3,4,4-tetramethylcyclobutane 

(1.4 g, 0.005 mole), N-bromosucciniraide (1.5 g, 0.008 mole) and 

benzoyl peroxide (0.1 g) were mixed in carbon tetrachloride 

(100 ml). The heterogeneous solution was irradiated with a 

sun lamp for 4 hr. The succinimide was filtered, and the 

filtrate was washed successively with sodium bicarbonate and 

sodium thiosulfate. The organic layer was dried over anhy

drous magnesium sulfate, and the residue obtained upon evapor

ation of the solvent was crystallized from methanol giving 1, 

2-diphenyl-3,3,4,4-tetramethylcyclobutene (LXXXIX, 1.1 g, 80'/i, 

mp 92-93°)- The infrared and nmr spectra are shown Figure 1, 

page 23 and Figure 2, page 25, respectively. The mass spec-

tru.m showed an intense parent ion at m/e 262, (100^ of base). 
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-he ultraviolet 3pectru:n £,-vo X max ( ethanol), 278 in^ j 

( f  6 , 3 0 0 ) ,  2 2 ;  ( 1 0 , 0 0 0 ) .  

Inal. Calcd. for CggKg?: C, 91.60; H, 8.40. r'ound: C, 

31.54; H, 8.36. 

Irradiation of diphenylaoetylene in the 

presence of"tetrameûhylethylene 

A solution of diphenylactylene (2.0 g, 0.011 mole), tetra-

methylethylene (5.0 g, 0.059 mole) in ether (100 ml) v/as de

gassed v/ith nitrogen for 0.5 hr. The solution was irradiated 

in a quarts vessel using a Rayonst (iVIodel SPH-100) reactor 

equipped with 3000 ?. lamps. 'The progress of the reaction was 

followed by ûlo until no change was observed upon further ir

radiation, After 13 hr the solution was concentrated under 

reduced pressure to give a light yellow oily residue. The nmr 

showed an aromatic multiplet at g 7.60-7.00 and 5 singlets at 

S 3.55, 1 .50, 1.30, 1.10; and 0.80. The residue was dissolved 

in Skelly 3, Alumina (Woelm, activity I, 4-0 g) was added and 

the solvent was removed under reduced pressure. The absorbed 

residue was placed on a 2.5" X 20" column, prepared with Alumi

na (Woelm, activity I, 150 g) and chromâtographed, 100 ml frac

tions being collected. 

fluent Fraction number Product composition 

Skelly B 1 nil 

" 2-6 solid (mp 93-95°) 

7-9 solid (mp 61-73°) 

" 10-17 solid (mp 62-64°) 

" 18 oil 

10/S benzene in Skelly B 19 oil 
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Fractions 2-6 were combined and recrys'uallized from meth

anol giving colorless crystals (0.7 g, rnp 92-93°). Fractions 

7-9 were mixture of the photo-adduct and diphenylacetylene. 

Fractional recrystallization from methanol yielded crystals 

(0.1 g, mp 92-93°). 'These solid fractions were combined ûo 

give 1,2-diphenyl-3,3,4,4-tetramethylcyclobutene (UDCIX, 0.8 

2, 30>î)' The infrared spectrum (lC3r) was superimposable on 

that of the authentic olefin. A mixed melting point determin

ation gave no depression. 

Fractions 10-17 were recrystallized from methanol-water 

to give diphenylacetylene (1.0 g). Fractions 18 and 19 were 

a mixture of three compounds (total weight 0.2 g) and were not 

characterized. 

Réduction of 1, 2-diphenyl-3,3,4,4-tetramethylcyclobutene (LiCXIZ) 

This used procedure is similar to that of \7. 3. Johnson 

(110). 1,2-Diphenyl-353,4,4-tetramethylcyclobutene (460 mg, 

0.0017 mole) v/as dissolved in ether (20 ml) and liquid ammonia 

was added until the total volume was 100 ml. While the homo

geneous solution was stirred, potassium (600 mg, 0.015 mole) 

was added over a 5 min period. The mixture was stirred for 20 

min, then absolute ethanol (10 ml) in ether (7 ml) was added 

dropwise over another 20 min period. As soon as the blue color 

disappeared, the ammonia was evaporated, benzene and ice water 

were added, and the aqueous layer was extracted with benaene. 

The organic layers were combined and dried over anhydrous 
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i;:a,3r-esiu:.i sulfate. Evaporation of the Loivent gave a solid 

(450 ::g) which v/as crystallised irc;.i hexanc i;o give trans- 1, 

2-diphonyl-3 ,3,4,4-oetrar.ie ohylcyclooutane (DKVIII, 440 rj, 

95/"-, r.p 105-106°). The infrared spectrum (iGr) was identical 

to that of trans-1 , 2-diphe-.„.'l-3 ,3,4, 4-tei;ra:nethylcyclobutane 

(LiCXVIIl) obtain d from the photoaddition of cis- cK-ohonylcin-

namic acid to tetrarr.ethylathylene. A mixed melting point 

determination gave no depression. 

'2rythro-3-bromo-2, 3-diphenylpropanoic acid (LXX^-CIX) 

3rythro-3-bromo-2J3-diphenylpropanoic acid was prepared 

following the procedure of Kagman (ill). A solution of cis-cC-

phenylcinnamic acid (LlOiyJI, 10.0 g, 0.045 mole) in acetic acid 

was saturated with gaseous hydrogen bromide and allowed to 

stand for 7 days at room temperature. The heterogeneous solu

tion was poured into cold water and extracted with chloroform. 

The organic layer was washed several times with water, dried 

over magnesium sulfate and concentrated under reduced pressure 

giving a solid (13.1 g). The solid was decolorized with char

coal and crystallized from acetone-water yielding LXXXIX (10.4 

g, 73/0, rap 201-202°); infrared (lŒr) 2.80-3.90 (broad), 5.90, 

6.25, G.68, 6.88, 7.05, 7.85, 8.53, 9.34, 13.10, 13.75, 14.50 ̂ . 

Anal. Calcd. for C^^H^jBrOg: 0, 59.00; H, 4.27; Br, 

26.21. Pound: C, 58.89; H, 4.28; Br, 26.26. 

trars- o( „ /J-Diphenyl- ̂^-propiolactone (XC) 

A solution of erythro-3-bromo-2,3-â.iphenylpropanoic acid 
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(lOOCZIX, 1 .0 C.0033 noie), sodiur.: carbonate (0.31 g, 0.003 

mole) in v.ater (20 nl) and chloroform (20 :;il^ v/as stirred for 

2 hr at 0^. The solution was maintained at pH 8-9 throughout 

the course of the reactio. jy adding additional sodium carbon

ate. The organic layer was separated, washed successively 

with sodium bicarbonate solution and water, dried ove_' mag

nesium ...Ifate and concentrated under reduced pressure afford

ing a colorless solid (0.54 g). The nmr and infrared spectra 

showed the product to be a mixture of rrans-stilbene and a 

small quantity of a -lactone. Two successive recrystalliza-

tions from benzene-p'entane gave trans-stilbene (0.32 g). The 

filtrate v/as concentrated under reduced pressure giving a 

solid (0.22 g). The infrared gave absorption bands at 5.46, 

6.27, 6.70, 6.90, 9.36, 10.41, 13.10, 14.50^ . The nmr 

(CBCl^) exhibited an aromatic multiplet at57.55-7.10, vinyl 

proton singlet (trans-stilbene) S 7.05, an jU3 proton pattern 

7j,=^4.62, 7g=f5.39, (J^=4.5 cps). The /^-lactone, trans-

stilbene ratio was 3:7 respectively. 

Irradiation of cis-c<-(p-tolyl)-cinnamic acid (XCIII b) 

A solution of XCIII b (2.0 g, 0.0084 mole) in benzene (250 

ml) was placed in a Pyrex immersion irradiation vessel and de

gassed with nitrogen for 0.5 hr. The solution was irradiated 

for 23.5 hr using a Hanovia Type A 550-watt lamp. The progress 

of the reaction was monitored by observing the loss of the 

carbonyl function of the acid (5.95/x) and the appearance of 

the /^-lactone carbonyl band (5.45/1 ) in the infrared spectrum. 
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At "bha end of the irradiation uhy acid carbonyl band v/as co;;:-

pletcly ro.::ov£d. Ths solvent v/aa removed under reduced pres

sura giving a yellow solid (2.0 r]. The nrnr (CliCl^) of the 

crudc material shows - 8 5.03, 8 5.60, (J\^=7.0 cps); 

y,'=g4.50, "/_'=§ 5.30 ( J, _= 4.5 cps) in the ratio of 6:7 re

spectively. The solid was dissolved in benzene, decolorized 

with norite and concentrated under reduced pressure, ^^crys

tallization from bensene-pentane gave cis-cK-p-^olyl-/?-phenyl-

/j-propiolactone (XCIV b, 0.4 g, 20;o, rnp 111-112.5°). The 

infrared spectrum (lC3r) gave 5.47, 6.6C, 6.30, 3.04, 8.95, 

10.48, 10.58, 11.20, 12.05, 13.25, 13.85, 14.35^; nrnr (CDCl.) 

five proton singlet 8 7.13, four proton singlet 8 6.87, AB 

proton pattern 7^= 8 5.25, ^ 5.83, ( Jj^=7.0 cps), three 

proton singlet 8 2.15. The mass spectrum exhibited a very 

weak parent ion at m/e 238 and the fragment ions are shovm in 

Table 7. 

Table 7. Kass spectrum of cis- c<-( p-tolyl)-
0-phenyl-^2-propiolactone (XCIV b) 

n/e fo of base m/e fo of base 

43 2.0 178 1 .9 

103 1.9 179 24.6 

132 100 194 38.4 

133 0.9 

Anal. Calcd. for C^gH.^Og: 0, 80.67; H, 5.88. Pound: 

C, 80.65; H, 5.99. 
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Irradiation of cis- K-pnonyl-o-rnathylcinnaaic a c i d  (XCIII b) 

A solution of XOIII c ( 2 . 0  g. 0.0054 noie) in benzene 

(250 :.ù) irradiated in a nannor analogous to the proce

dure described above. After 2 6 . 5  k r  u h e  acid absorption in 

the infrared spectrum v/as about 5y^ of its original value. The 

solvent v/as r emoved under reduced pressure giving a  solid ( 2 . 0  

g). The ninr of the crude product showed two AL proton patterns 

7:= 5 5 . 0 5 ,  y2=8 ' 5 . 6 2  ( J ^ = 7 . 0  o p s ) ;  /,/=S4 . 5 3 ,  7^'= g 5 . 3 4  

(j,_=4.5 ops) in the ratio of 3:1 respectively. Hecrystalliz-

ation from benzene-pentane gave cis-^-phenyl-/]-( p-tolyl )-Q-

propiolactone (XCIV c, O.4I g, 21 ,̂ mp 98-99°)- The infrared 

spectrum ( i C B r )  gave absorption bands at 5 . 5 0 ,  6.66, 6 . 8 9 ;  7 . 9 4 ,  

8 . 8 2 ,  8 . 9 2 ,  1 0 . 4 6 ,  1 1 . 6 6 ,  1 2 . 2 5 ,  1 2 . 4 5 ,  1 2 . 6 0 ,  1 3 . 5 0 ,  1 4 . 3 7 ^ ;  

nmr (OLGl^) nine proton multiplet centered at g 7.15, A3 proton 

pattern 7^= § 5.29, '/g- 8 5.84 (J^2=7.0 ops), three proton 

singlet S 2.19. The mass spectrum shows a very weak parent ion 

at m/e 236 (0.7#) and the fragment ions are shown in Table 8. 

Table 8. Mass spectrum of cis-o<-phenyl-/? -
(p-tolyl)-/3-propioTactone (XCIV c) 

m/e fo of base m/e fo of base 

4 4  3 0 . 3  1 7 9  5 7 . 6  

8 8  1 3 . 0  1 9 3  1 8 . 0  

9 5  1 1 . 1  1 9 4  1 0 0  

1 1 8  4 0 . 6  1 9 5  1 5 . 6  

1 7 8  3 9 . 6  
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^vial. Calcd. for C, 60.67; H, 5.88. Pound: 

C, 30.oO, K, 5.97. 

Irradiation o: c i g- o< - phenyl- o-chl o r o c inna.vii c acid (XCIII d) 

A coluoion of ZCIII d (2.0 g, 0.0078 racle) in benzene 

(250 rnl) v/aa irradiated as described above for 26 hr. The acid 

carbonyl absorption (5.95fi) vvaa concletely removed in the in

frared spectrum. The solvent was removed "under reduced pres

sure giving a ser.ii-solid. The nrar ( 0D01-, ) of the crude product 

showed 7\= 8 5.16, 7^^8 5.69 (J^3=7.0 cps); ya/=8 4.59, 

y ' = 8 5.33 (J,-,t,=4-5 cps) in the ratio of 5:5 respectively. 

Recrystallization from benzene-pentane gave cis- cK-phenyl- (3-

(2-chlorophenyl)-^-propiolactone (XCIV d, 0.30 g, 15^», rap 103-

104°). The infrared spectrum (ivBr) gave absorption bands at 

5.50, 6.70, 8.07, 8.67, 8.90, 9.20, 10.53, 11.17, 12.07, 12.26, 

13.20, 14.02, 14.34^1 ; nmr (CDCl^) nine proton multiplet cen

tered at 8 7.05, AB proton pattern 5.32, 'Xg=S 5 .36  (  J^=  

7.0 cps). The mass spectrum exhibited a weak parent ion (m/e 

253, 0.03'/j of base) and the fragment ions are shov/n in Table 9. 

Table 9. Mass spectrum of cis- (X-phenyl- -
(2-chlorophenyl)-y2-propiolactone (XCIIId) 

m/e fo of base m/e fo of base 

44 18.7 118 100 

76 10.9 119 8.2 

88 16.9 178 2.3 

90 17.1 179 2.2 
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. Ca].cà. for C, ou.','? ; H, 4.26; 01, 13.52. 
- i J I ! f-, 

7 o u n a :  C ,  6 5 . 6 2 ;  K ,  4 . 3 4 ;  C l ,  1 3 . 3 3 .  

Tho : 11 urate vv:.3 concor jratod urûor reduced pressure and 

poured onto a 1.0" X 20" column prepared wiuh' 50 g of Silica 

Gel. ïlie colunn v/as eluted with benzene (250 nil) which upon 

evaporation gave tr ans- n- chlor o s t il b s ne (0.3 g, 16^^, mp 129-

1 3 0 ° ,  l i t .  ( 1 1 2 )  1 2 9 ° ) .  

A n a l .  C a l c d .  f o r  . 0 1 :  C ,  7 8 . 5 0 ;  H ,  5 . 1 5 ;  C I ,  1 5 . 4 0 .  

F o u n d :  C ,  7 8 . 3 1 ;  H ,  5 . 1 3 ;  C I ,  1 6 . 3 8 .  

Irradiation of c i s -  c < - (  p-chlorophenyl)-cinnar.iic acid (XCII e) 

A solution of XGIII e (2.0 g, 0 . 0 0 7 8  m o l e )  in benzene was 

irradiated as described above for 76 hr. The solveno was re

moved under reduced pressure giving an oil (2.0 g). The infra

red spectrum (OHCl̂ ) showed bands at 2.80-3-75 (broad) 5.46, 

5 . 8 0 ,  5 . 9 0 ,  6 . 2 5 ,  6 . 7 0 ,  8 . 5 0 - 9 . 5 0  ( b r o a d )  9 . 8 6 ,  1 0 . 4 0 ^ .  T h e  

nrar exhibited two AE p r o t o n  patterns 7 « =  6  5 . 0 9 ,  y g =  8 ' 5 . 6 7  

(J,^^=7.0 cps); 7 '̂ = 8 4.55, 7g' = 8 5.35 ops) in the 

ratio of 9 : 5  respectively. Attempted crystallization from pen-

tane, hexane, and benzene and mixtures thereof was futile. 

Irradiation of cis-o^-(p-fluorophenyl)-cinnarriic acid (XGIII f) 

A solution of XCIII f (2.0 g, 0.0083 mole) in benzene ( 2 5 0  

rnl) was irradiated for 41 hr using the method described above. 

The solvent was evaporated under reduced pressure giving a 

semi-solid (1.97 g). The infrared spectrum (CHGl^) showed bands 

a t  2 . 7 5 - 3 . 7 5  ( b r o a d )  5 . 4 5 ,  5 . 8 6 ,  6 . 2 5 ,  6 . 6 5 ,  6 . 9 0 ,  8 . 6 5 ,  8 . 9 5 ,  
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10.4-1 , 11.22 jU.. The n.nr (CJCl., ) ahowed two A3 proton patterns 

7:= S 5 . 1 5 ,  1/^= 8  5 . 7 2  ops); 7\'=8 4 . 5 0 ,  7^/ =  8 5 . 3 5  

(j,.,=:4,5 c_.s) in t h e  ratio of 1:1. A t t e m p t e d  crystallization 

f r o m  pcntane-benzene or benzene was not s u c c e s s f u l .  

Irradiation of cis-o<-(n - c y a n o p h e n y l ^ c i n n & m i c  acid (ZCIII g) 

A s o l u t i o n  of XOIII g (2.0 g, 0.0030 mole) in benzene 

(250 ml) was irradiated using the procedure described above 

for 72 hr. The solvent was removed under reduced pressure 

giving a light, yellow oil. The infrared spectrum (cap film) 

showed bands at 2.80-3.70 (broad), 4.47, 5.45, 5.85 (broad), 

5 . 2 1 ,  6 . 6 2 ,  6 . 6 7 ,  7 . 0 5 ,  8 . 0 0 - 9 . 0 0  ( b r o a d ) ,  1 0 . 4 7 ,  1 2 . 0 0 ,  1 3 . 2 5 ,  

'14.30/J,. The nmr spectrum (CDCl^) exhibited a single AB proton 

pattern y,,= S 5.37, 7-3= 8 5.8g (J._=7.0 ops). Attempts to crys

tallize the oily mixture failed. 

Irradiation of cis-cC-phenyl-o-cyanocinnamic acid (XCIII h) 

A solution of XCIII h (2.0 g, 0.0080 mole) in benzene ( 2 5 0  

ml) was irradiated for 5 hr. The solvent was removed under re

duced pressure yielding a light, yellow oil (2.0 g). The in

frared spectrum (cap film) showed bands at 4.50, 5.45, 9.05, 

10.50, 11.15; 12.06, 13.25; 14.32p. . The nmr spectrum (CDCl^) 

exhibited two AB proton patterns 7 ^ =  8 5 . 3 7 ,  7 ^ =  8  5.87 ( J ^ =  

7.0 cps); 7^' = 8 4.66, 7g' = 8 5.50 ops) in the ratio 

of 3:2 respectively. All attempts to crystallize the oil fail-
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irradiation of cis- cC -( o-nitrophenyl )-cinna:uic acid (XGIII i) 

A solution of XCIII i (2.0 g, 0.0074 mole) in benzene 

{250 rnl) was irradiated for 94 iir using the procedure describ

ed above. Only a very snail -lactone absorption was observed 

in the infrared spectrum during the irradiation. The solvent 

'.vas evaporated under reduced pressure giving a brown solid (2.0 

£, :;:p 212-218°). The infrared spectrum (K3r) showed bands at 

2.75-4.00 (broad), 6.00, 6.27, 6.60, 7.04, 7.45, 7.92, 13.35, 

14.03, 14.45 ft. Hecrystallization from ethanol gave cis-cX -

(p-niûrophenyl)-cinnamic acid (ZOIII i), 1.4 g, mp 216-217°. 

Irradiation of cis-c^-phenyl-p-nitrocinnainic acid (XCIII j) 

A solution of XCIII i (2.0 g, 0.0074 mole) in benzene 

(250 ml) was irradiated for 36 hr using the procedure described 

above. At the end of this period the /2 -lactone and acid car-

bonyl absorptions were approximately equal in the infrared 

spectrum. The solvent was removed under reduced pressure giv

ing a dark brown-red oil (1.96 g). The infrared spectrum (cap 

film) showed bands at 2.75-3.75 (broad) 5.45, 5.93, 6.26, 6.60, 

7.45, 9.05, 10.52, 11.13, 11.75, 13.30, 14.35/1. The nmr spec

trum (CDOlj) exhibited two AB proton patterns 7^= 8 5.35, 

73=85.88 (JA3=7.0 ops); y^'=8 4.69, 'yB'=8 5.52 (JA2=4.5 ops) 

in the ratio of 1:1. Crystallization from benzene-hexane gave 

a mixture of cis and trans- cx^-phenyl-p-nitrocinnamic acid 

(XCIII j, 200 mg, mp 209-211°). The infrared spectrum (KBr) 

snowed bands at 2.75-4.25 (broad) 5.96, 6.18, 6.27, 6.57, 7.07, 
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7 . 4 0 ^  G . C 5 ,  1 1 . 7 2 ,  1 4 . 0 7 ;  1 4 . 5 7 ^ .  

Irradiation o f  cis- -x'-ph.enyl-p-r::e";:hoxycinna:nic acid (XCIIÏ k) 

A solution of XCIII k (2.0 g, 0.0073 mole) in benzene 

(230 rnl) was irradiated for 96 lir. No lactone band was ob

served in the infrared spectrum throughout the course of the 

irradiation. The solvent was removed under reduced pressure 

giving a yellow solid (2.0 g, mp 164-176°); infrared (K3r) 

2.75-4.25, 6.20, 6.45, 6.62, 7.25, 8.20, 8.72, 10.00, 12.25, 

13.03. 14-50/ X .  The nmr (GDCl^) showed the photoproduct to 

be a mixture of cis and trans- o^-phenyl-p-methoxyphenylcirinam-

ic acid; cis: 8 7.90 (lH,s), 8 7.40-7.20 (5H,m), proton 

pattern 7^= 8 6.65, 7^= 0 7.00 (J,^=9.0 cps), 8 3-77 (3H,s); 

trans : 8 7.50-6.80 (lOH,m), S 3.70 (3H,s). The ultraviolet 

spectrum (95'/° ethanol) showed absorption bands at 312 and 

222 3^. 

Hecrystallization from ethanol-vvater gave a mixture of 

ois and trans-c^-phenyl-p-methoxycinnamic acid (1.9 g, rap 133-

1 8 7 ° ) .  

Irradiation of cis- o(-(p-methoxyphenyl)-cinnami0 acid (XOIII 1) 

A solution of XGIII 1 (2.0 g ,  0.0074 m o l e )  in benzene 

(250 ml) was irradiated for 10.5 hr using the procedure de

scribed above. The solvent was removed under reduced pressure 

giving a yellow semi-solid (1.96 g). The infrared spectrum 

(CHClj) showed bands at 5.46, 6.20, 9.00, 10.50^. The nmr 

(ODCl^) showed two A3 proton patterns 7^= 8 5.05, 7^=8 5.62 
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(J,..-7.0 cos), 7 , ' = 5  4 . 5 1 ,  7 - 0 '  =  8  5 . 2 S  ( J,_.='4.5 c o g) in the 

ratio of Crystallization from acstonitrile gava trans-

2-^^^hoxyctilbene (0.2 g, 12.6/j, ;np 134-135^, lit. (113), mo 

1 3 6 - 1 3 7 ° ) ;  i n f r a r e d  ( % B r )  6 . 2 5 ,  6 . 6 3 ,  5 . 0 5 ,  8 . 5 1 ,  9 . 7 4 ,  1 0 . 3 7 ,  

12.10; 12.35, 13.37, 14.57/1. The mass spectrum exhibited a 

strong parent ion at m/e 210, 10O70 of base. 

Ana].. Oalcd. for O ^ - H ^ ^ O :  0 ,  8 5 . 7 1 ;  K ,  6.66. P o u n d :  

C ,  8 5 . 8 8 ;  H ,  6 .75 .  

Irradiation o f  trans-cinnamic acid 

A solution of trans-cinnamic acid (1.0 g, 0.0068 mole) in 

benzene (250 ml) was placed in a Pyrex immersion irradiation 

vessel and degassed with nitrogen for 0.5 hr. The solution was 

irradiated with a Hanovia Type A 550-watt lamp for 56 hr. The 

progress of the reaction was monitored in the infrared spectrum 

and no band ascribable to a p-l&otone was observed. The sol

vent was removed under reduced pressure giving a yellow solid 

(1.0 g). Recrystallization from benzene-pentane gave a mixture 

of cis and t ran s-cinnamic acid (0.96 g, mp 110-130°). The nmr 

(CDCl-, ) exhibited tv/o AB proton patterns; trans : 86.37, 

7 2 = 5 7 . 7 3  ( J ^ = 1 6 . 0  o p s ) ,  c i ^ :  7 ^ = 8 5 . 9 0 ,  7 g = g 6 . 9 3 ( J ^ =  

1 3 . 0  C D S ) .  

Irradiation of o<-phenylcrotonic acid (XCV c) 

A solution of XCV c (2.0 g, 0.0123 mole) in ether (250 ml) 

was placed in a quartz immersion irradiation vessel and degas

sed with nitrogen for 0.5 hr. The solution was irradiated with 
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a Type A 550-watt lanp for 4 hr. ïho reaction ^as 

followed, in the infrared 3pectru;:i and after 4 hr the [} -lac

tone band (5.50 v/as one-third that of the acid carbonyl 

abuor^vion (5-35/i). Longer irradiacicn periods destroyed the 

y3-laotone. The solvent was removed under reduced pressure 

giving a yellow oil (2.0 g). The residue was dissolved in 

ether and extracted twice witn an ice-cold sodium bicarbonate 

solution. The ethereal solution was washed with water, dried 

over raagnesiuM sulfate and evaporated under reduced pressure 

giving an oil (1.0 g). The infrared (cap filr.i) showed absorp

tion bands a t  2.75-3.50 (broad), 5.47, 5.66, 5.80-5.85 ( b r o a d ) ,  

6.25, 6.68, 6.87, 7.21, 8.90, 9.78, 12.04, 12.70, 13.20, 14.30^.. 

The nrnr ( C D O l ^ )  showed an aromatic multiplet 8  7 . 5 0 - 6 . 8 0 ,  

niethine proton multiplet § 5.00-4.20, raethine proton doublet 

8 4.30, (J=4.0 ops), methyl proton doublet 81.10 (J=6.0 ops). 

All attempts to crystallize the oil were futile. 

Irradiation of iX-methylcinnaraic acid (XCV b) 

A solution of XCV b (3.0 g ,  0 . 0 1 8 5  m o l e )  in benzene (250 

ml) was placed in a Pyrex immersion irradiation apparatus and 

degassed with nitrogen for 0.5 hr. The solution was irradiated 

using a Kanovia Type A 550-watt lamp for 16 days. The progress 

of the reaction was followed in the infrared spectrum until no 

further change in the intensity of the carbonyl bands of the 

acid and the -lactone took place. At the end of the irradi

ation the intensity of the lactone carbonyl band was approxi

mately one-half that of the carbonyl band of the acid. The 
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Gcivonû w a s  re;novod under r e d u c e d  pressure giving a light, 

yelio-,7 oil (2.9 s). The infrared spectrura (cap film) showed 

a b s o r p t i o n  b a n d s  a t  2 . 4 5 - 4 . 0 0  ( b r o a d ) ,  5 . 4 5 ,  5 . 9 5 ,  6 . 1 5 ,  6 . 7 0 ,  

6 . 7 5 ,  G .go,  7 . 0 7 ,  7 . S O ,  8 . 3 0 ,  3 . o 7 ,  1 0 . 6 5 ,  l j . 1 0 ,  1 3 . 5 5 ,  1 4 . 3 5 ,  

14.75^ . The oil v/as dissolved in ether and extracted several 

times with cold sodium bicarbonate solution. The organic was 

washed with water, dried over magnesium sulfate and concentrat

ed under reduced pressure giving a light, yellow oil (0.44 g). 

The infrared spectrum (cap film) gave a strong absorption band 

at 5.45 fi and less intense bands at 5.62 and 5.80/i. The nmr 

(GUClj) showed an aromatic multiplet at 8 7.50-7.00, methine 

proton doublet S 5.55 (J=6.5 ops), methine proton multiplet 

S 4.18-3.30, methyl proton doublet 8 0.85 (J=8.0 cps). All at

tempts to crystallize the oil failed. 

Irradiation of o<l-phenylacrylic acid (XCV e) 

A solution of XCV e ( 1 . 0  g, 0.0067 mole) in ether ( 2 5 0  ml) 

was placed in a quartz irradiation vessel, degassed with nitro

gen for 0.5 hr and irradiated using a Hanovia Type A 550-watt 

lamp for 12 hr. During the course of the irradiation a weak 

absorption band ( 5.47 ) attributable to a -lactone was ob

served in the infrared spectrum. The solvent was removed under 

roducod pressure giving a yellow oil (1.50 g). The nmr (CDCl^) 

showed the mixture to be mainly a polymer with broad multiplets 

at 8 7.50-6.80, $ 4.00-3.00, and 5 1.50-0.70. The oil was dis-

solved in ether and extracted seven times with ice-cold solu

tion of sodium bicarbonate. The ethereal solution was washed 
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with water, dried over magnesium sulfate and concentrator under 

reduced pressure giving an oil (0.3 g). The infrared spectrum 

(cap film) gave absorption bands at 2.90-3.50 (broad), 5.45, 

5 . 6 1 ,  5 . 8 0 ,  6 . 2 5 ,  6 . 6 8 ,  6 . 9 0 ,  7 . 3 0 ,  9 . 1 0  ( b r o a d ) ,  1 3 . 2 0 ,  

14.28/a. The nmr was not very descriptive due to the presence 

of the polymer. Attempted crystallization from several aprotic 

solvents was futile. 

Irradiation of crotonic acid 

A solution of crotonic acid (2.0 g, 0.0125 mole) in ether 

(250 ml) was placed in a quartz immersion irradiation vessel 

and degassed with nitrogen for 0.5 hr. The solution was irrad

iated with a Hanovia Type A 550-watt lamp for 48 hr. The infra

red spectrum failed to reveal an absorption band attributable 

to a /3-lactone. The solvent was removed under reduced pressure 

yielding a light, yellow oil (2.2 g). The infrared spectrum 

(cap film) gave absorption bands at 2.75-4.00 (broad), 5.65 

(broad), 6.10, 7.10, 7.75, 8.15, 9.10, 10.75/i. The nmr spec

trum (CDClg) revealed a mixture of cis and trans-crotonic acid 

and 3-butenoic acid (67).; trans-crotonic acid: §7.30-6.90 

(lK,ra), 8 6.10-5.60 (lH,m), S 2.00-1.80 (3H,q); cis-crotonic 

a c i d :  8  7 . 3 0 - 6 . 9 0  8  6 . 1 0 - 5 . 6 0  ( 1 H , % ) ,  8  2 . 2 0 - 2 . 0 0  ( 3 H ,  

q); 3-butenoic acid: 8 5.90-5.60 (lH,m), 8 5.40-4.90 (2H,m), 

8 3 . 2 5 - 3 . 0 0  ( 2 H , m ) ,  

Irradiation of ,/2-diphenylGinnamic acid (XCV d) 

A solution of XCV d (I.O g ,  0 . 0 0 3 3  m o l e )  i n  b e n z e n e  
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(250 ral) was de&assed with nitrogen for 0.5 hr. The solution 

wao irradiated in a Pyrex immersion irradiation vessel using 

a Hanovia Type A 550-watt lamp. After 12 hr the infrared spec

trum showed an intense ^-lactone band (5.45fi ) and a weak 

acid carhonyl hand (5.90/x). The solvent was removed under re

duced pressure giving a semi-solid (0.95 g). The nmr (CDCl,) 

showed an aromatic multiplet at S 7.50-6.90, and a methine 

proton singlet at S 5.43. The residue was dissolved in benzene-

pentane and cooled giving c<,y3-diphenylcinnamic acid (0.28 g). 

The filtrate was concentrated under reduced pressure yielding 

a yellow oil. The infrared and nmr spectra confirmed the pres

ence of the -lactone and also an increased amount of triphen-

ylethylene. Crystallization of the oil from hexane gave tri-

phenylethylene (0.16 g, mp 67-68°). The infrared spectrum (KBr) 

was superimposable in that of the authentic olefin.' Further 

attempts to crystallize the residue failed. 

Irradiation of (2 -phenylcinnamic acid 

A solution of -phenylcinnamic acid (2.0 g, 0.0089 mole) 

in benzene (250 ml) was placed in a Pyrex imraersion irradiation 

vessel and purged with nitrogen for 0.5 hr. The solution was 

irradiated with a Hanovia Type A 550-watt lamp for 39 hr. The 

irradiation was monitored in the infrared spectrum and no 

change was observed. The solvent was removed under reduced 

pressure giving a yellow solid. Recrystallization from acetic 

acid gave -phenylcinnamic acid (1.7 g, 85'/^). 
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Irradiation of biphenyleneacrylic acid 

A solution of biphenyleneacrylic acid (2.0 g, 0.00. noie) 

in benzene (250 ml) was placed in a Pyrex immersion irradiation 

vessel and purged with nitrogen for 0.5 hr. The solution was 

irradiation with a Hanovia Type A 550-watt lamp for 40 hr. The 

infrared spectrum gave no evidence for the formation of a -

lactone. The solvent was removed under reduced pressure giving 

a yellow solid. Recrystallization from acetic acid gave bi

phenyleneacrylic acid (1.8 g ,  90;j) .  

Irradiation of cis-o^-phenylcinnamamide (GUI) 

A solution of GUI (4.0 g, 0.018 mole) in benzene (450 ml) 

was placed in a Pyrex immersion irradiation vessel and irradi

ated with a Hanovia Type A 550-watt lamp while being continu

ously degassed with purified nitrogen. The reaction was moni

tored by observing the change in the infrared spectrum during 

the irradiation. After 60 hr, bands at 5.68/x and 5.96yx failed 

to change on further irradiation. Total irradiation time was 

70 hr. The solvent was removed under reduced pressure giving 

a yellow oil. Analysis by nmr and tic of the' crude photolysate 

showed at least 3 photoproducts were present. The oil was 

dissolved in a small volume of benzene and chromâtographed on a 

Silica Gel column (300 g), 300 ml fractions being collected. 
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fluent Fraction number Product composition 

Benzene 1  nil 
U  2-3 solid (mp 1 1 6 - 1 2 3 ° )  
I t  4-8 nil 

5)0 chloroform in benzene 9 - 1 1  •  nil 

10;^ I t  1 1  1 2 - 1 5  nil 
2 0 / O  

M  1 1  1 6 - 1 8  nil 

30/6 I t  n  1 3 - 2 1  nil 

4 0 ) 6  
I I  I I  22-24 nil 

509& u  n  25 nil 

5 0 i / b  
I t  II 2 6  solid (mp 1 2 4 - 1 2 5 ° )  

5 0 : ; ^  
I I  I I  27 solid (mp 1 1 2 - 1 2 2 ° )  

5 0 ? ^  
I I  f t  2 8  solid (rap 1 6 1 - 1 6 5 ° )  

5'O^S 1 1  H  29 solid (mp 1 5 5 - 1 7 0 ° )  

60^0 I I  I t  3 0  solid (mp 1 4 4 - 1 5 0 ° )  

oO'fo I I  t l  3 1  solid ( mp 1 1 8 - 1 2 7 ° )  

6 0 ^  
I f  I I  3 2  solid (mp 1 1 7 - 1 2 7 ° )  

6 0 ^  
I I  I I  3 3  solid (mp 1 2 0 - 1 2 6 ° )  

6 0 ; 4  
f )  I I  3 4  solid (mp 1 2 4 - 1 2 7 ° )  

6 0 ^  
1 1  11 3 5  solid (mp 1 2 4 - 1 2 7 ° )  

6 0 9 ^  
I t  I I  3 6  solid (mp 1 2 4 - 1 2 7 ° )  

The nmr and tic analysis showed all fractions to be a 

mixture of two or more compounds. Secrystallization of frac

tions 2 and 3 from hexane gave trans-stilbene (80 mg, 

mp 124-125°). The compound was identified by comparison with 

the infrared spectrum of an authentic sample of trans-stilbene. 

Fraction 26 was recrystallized from benzene-pentane four 

times giving trans-],4-diphenyl-2-azetidinone (CV, 110 mg, 

mp 124-125°). The infrared and nmr spectra are shown in Figure 

7, page 53, and Figure 8, page 55, respectively. The mass spec

trum is shown in Table 10. 
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Table 1 0 .  Mass spectrum 
diphenyl- 2-az 

of tra 
Gtidino 

VIS—J, 4— 
ne(Cy) 

ra/ e /S of base ra/e 'p of base 

8 8  3 4 . 4  1 7 8  2 0 . 7  

90 4 0 . 0  1 7 9  3 9 . 0  

1 0 6  1 6 . 1  1 8 0  1 0 0  

1 1 8  6 9 . 0  I 8 l  1 8 . 0  

1 6 5  1 9 . 8  2 2 3  1 0 . 7  

Anal. Calcd. for C, 80.72; H, 5.83; K, 6.28. 

Pound: C, 80.82, H, 5.84; K, 6.27. 

Repeated recrystallization of fraction 30 from benzene-

pentane afforded an analytical sample of cis-3,4-diphenyl-2-

azetidinone (CIV, 500 rag, 13^», rap 154-155°). All the yields 

are bases on unreoovered starting material. The infrared and 

nrar spectra are shown in Figure 7, page 53, and Figure 8, page 

55, respectively. The mass spectrum is shown in Table 11. 

Table 11. Mass spectrum of cis-3,4-diphenyl-
2-azetidinone (CIV) 

ra/e ia of base ra/ e ^ of base 

43 4 3 . 0  119 8 . 0  

5 8  15.1 1 6 5  6 . 8  

8 8  1 8 . 1  1 7 8  7.9 

90 3 0 . 4  179 13.3 

1 0 6  1 8 . 2  1 8 0  2 4 . 8  

1.18 1 0 0  223 3 8 . 2  

Anal. Calcd. f o r  C^ ^ H ^ ^ N O :  C, 8 0 . 7 2 ;  H ,  5 . 8 3 ;  N ,  6 . 2 8 .  
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Found: C, 80.91; H, 5.89; N, 8.22. 

Repeated recrystallization of fraction 2Û from benzene-

pentane gave colorless crystals (0.25 g, 6.2^, rap 164-165°). 

The product was very difficult to obtain in the pure state and 

sublimation at 140° gave an analytical sample. The infrared 

spectrum (I-CBr) 2.90 (broad), 5.96, 6.T2, 6.26, 6.70, 7.23, 7.90, 

13.20, 14.35 ft-; nmr (CDOl^) one proton multiplet centered at § 

9.15, an aromatic proton multiplet centered at 5 7.20 and an 

AgB proton pattern 'X_^= 83.185 7^= 8 3.80 (J=8.2 ops). The 

mass spectrum is shown in Table 12. The structure of the 

Table 12. Mass spectrum of 3-piienylhydrocarbostyril(CVl) 

m/e io of base m/e 70 of base 

9 0  3 2 . 2  1 7 8  1 8 . 6  

106 32.2 194 29.3 

1 1 8  3 0 . 0  2 2 3  1 0 0  

131 15.2 

compound is tentatively assigned as 3-piien.ylhydrooarbostyril 

(CVI). 

Anal. Galea, for C^^H^jNO: 0, 80.72; H, 5.83; N, 6.28. 

P o u n d :  C ,  8 0 . 5 5 ;  H ,  5 . 8 9 ;  N ,  6 . 2 7 .  

Fractions 31-35 were combined and recrystallized from 

acetone-water giving cis- c<-phenylcinnamamide (OUI, 1.10 g, 

a p  1 2 7 - 1 2 8 ° ) .  

Irradiation of cis-^-phenyloinnamanilide (XOVI) 

A solution of XOVI (3.0 g, 0.01 mole) in benzene (300 ml) 

was placed in a Pyrex immersion irradiation vessel and degassed 

I 
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with nitrogen for 1 hr. The solution was irradiated using a 

Kanovia Type A 550-v,'att lazp for 23 hr. The progress of the 

reaction was monitored by infrared analysis until no further 

change v/as observed. The a:nide absorption band (5.98jii ) grad

ually diminished and was replaced by an intense band at 5.73/x 

The solvent was evaporated under reduced pressure giving a 

solid (3.0 g). The nmr exhibited two overlapping A3 proton 

p a t t e r n s ;  7 ^ = 5 4 . 2 5 ,  ' / % =  8 4 . 9 4  ( J ' ^ ^ = 3 . 0  c p s ) ,  a n d  4 . 9 6  

8 5.44 (^^2=7.0 cps). The solid was dissolved in a small 

volume of benzene and chromâtographed on a Silica Gel column 

(150 g), 250 ml fractions being collected. 

Eluent Fraction number Product composition 

Benzene 1-3 nil 
( i  4 solid (mp 1 1 0 - 1 4 3 ° )  
H  5  solid (rap 1 1 6 - 1 5 6 ° )  
I I  6 solid (rap 1 1 8 - 1 6 3 ° )  
I I  7 solid ( r a p  1 1 9 - 1 7 4 ° )  
1 1  8 solid (rap 1 6 2 - 1 8 0 ° )  
I I  9 - 1 3  nil 

10^ chloroform in benzene . 14-18 nil 

20)^ U I I  19-23 nil 

30 ;̂̂  1 1  I I  24-27 nil 

40  ̂ I I  I I  27-29 solid ( r a p  2 1 9 - 2 2 0 ° )  

50^ I I  I I  29-31 nil 

Analysis of Fractions 4-8 by nrnr and tic revealed a mix

ture of two products. These fractions were combined and frac

tionally recrystallized from benzene-pentane giving cis-1,3,4-

triphenyl-2-azetidinone (XOVII, 1.1 g, 37#, rap 182-163°). The 
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infrared and n.nr spectra are shown in figure 5, page 49, and 

Figure 5, page 47, respectively. The mass spectrum is shown 

in Table 13. 

Table 13. Mass spectrum of cis-1,3,4-triphenyl-
2 - a z e t i d i n o n e  ( X O V I I )  

m/e fo of base m/e '/o of base 

1 6 5  8 . 4  1 8 1  1 0 0  

1 7 8  1 4 . 0  1 8 2  

vo C
O

 

1 7 9  2 4 . 4  299 3 0 . 0  

1 8 0  8 6 . 0  

Anal. Calcd. for C, 84.29; H, 5.69; N, 4.68. 

Pound: C, 84.35; H, 5.71; R, 4.74. 

The filtrate was concentrated under reduced pressure giv

ing a solid (0.9 g). The fourth recrystallization from iso-

propyi alcohol gave trans-1,3,4-triphenyl-2-azetidinone (XCVIII, 

700 mg, 2.3^1, mp 127-128°). The infrared and nmr spectra are 

shov/n in ?igure 6, page 49, and Figure 5, page 47, respectively. 

The mass spectrum is shown in Table 14. 

Table 14. Mass spectrum of trans-1,3»4-triphenyl-
2-azeoidinone (XCVIII) 

m/e "/o of base m/e fo of base 

1 6 5  7 . 8  1 8 0  1 0 0  

1 7 8  1 3 . 1  1 8 1  3 3 . 8  

1 7 9  2 2 . 8  2 9 9  9 . 8  
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Anal. Calcd. for C, 84.29; H, 5.69; I\, 4.66. 

Found: C, 54.42; H, 5.70; 11, 4.66. 

Reorystallization o f  Fractions 27-29 from benzene-pentane 

gave colorless crystals (0.15 g, S.O î, rap 21 9-220°); infrared 

spectrum (l'3r) 2.87 (broad), 5.98, 6.23, 6.72, 6.89, 7.32, 

13.10, 13.65, 14.28^; nnr (CDCl.) one proton singlet at g 9.35, 

an aromatic multiplet centered at 87.10 and an A3 proton pat

tern 7;,= 0 4. 17, 7%= 5 4.43, (J,-,-=6.0 cps). The mass spectrum 
A iJ 

exhibited an intense molecular ion at m/e 299 ( 10O/o) and frag

ment ions m/e 78 (40.0)^), m/e 180 (67.0/b). The structure was 

tentatively assigned as cis-3,4-diphenylhydrocarbostyril (XCIX) 

based on the small coupling constant. 

Anal. Calcd. for C, 84.29; H, 5.69; N, 4.68. 

Found: C, 84.25; H, 5.79; N, 4.75. 

trans-1,3,4-Triphenyl-2-azetidinone (XGVIII) 

To a solution of benzalaniline (I.8I  g ,  0.01 mole) and 

triethylamine ( I . O  g ,  0.01 mole) in anhydrous ether (35 m l )  

was added dropwise to a solution of c<-phenylacetyl chloride 

(1.55 g, 0.01 mole) in ether (15 ml). A precipitate formed 

immediately, and the mixture was stirred for 0.5 hr. The re

action mixture was filtered and the filtrate was evaporated 

giving an oily residue. The oil was dissolved in a small vol

ume of dichloromethane and poured onto 1.0" X 20" column 

prepared with 50 g of Silica Gel. The column was eluted with 

benzene (250 ml) which upon evaporation afforded an oil. 

Crystallization from iso-propyl alcohol gave 
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tran3-1 , 3 , 4-oriphenyl-2-a2etidinone (XCVIII, 1 G O  ng, 6/», rnp 

127-128°, lit. (114,115), mp 133-134°).* The infrared spec-

trUiH (K3r) was superimposable on the trans-/? -lactam XCVIII 

isolated from the photolysis of cis--phenylcinnamanilide 

(XCVI). A mixed melting point determination showed no depres

sion. 

\ 

• " W H _ • I 
The analysis of the trans-lactam XCVIII reported by 

Kirmse and Horner (114) leave much to be desired. They report 
the theoretical percent carbon in Cp^H.to be 86.37^ and 
found 86.170 whereas the correct carbon percentage should be 
84.290. The values reported by Pfleger and Jâger (115) were 
acceptable. 
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Irradiation of cis--phenylcinnaraic acid (LiOCVIl) in the 

presence of xetraraethylathylene gave only trang- 1 , 2-diphenyl-

3 5 3 , 4 ,4-tetramothylcycloLutane (L^CXVIII). The atrucourc of the 

product was established by oxidation with K-bromosuccinimide to 

1,2-diphenyl-3,3,4,4-tetraniethylcyclobutene (LXl'LIX) which was 

identical to an authentic sample prepared by photocycloaddition 

of diphenylacetylene to tetraniethylethylene. Reduction of 1 , 2 -

diphenyl-3,3,4,4-tetraraethylcyclobutene (IXXIX) with potassium 

in liquid ammonia gave trans-1 , 2-diphenyl-3,3,4,4-tetraraethyl-

cyclobutane (LXX*/III). The irradiation of cis or trans- «X-

phenylcinnauic acid (LXXVII, LXXXVIII) in benzene gave cis-c<, 

/ 3 - d i p h e n y l - / 3 - p r o p i o l a c t o n e  ( L X i Œ I I l ) .  I r r a d i a t i o n  o f  c i s - ,  

/3-diphenyl-/3-propiolactone (LXiCXIII) in the presence of tetra-

raethylethylene afforded trans-1, 2-diphenyl-3,3,4,4-tetrarnethyl-

cyclobutane (LXXVIII), while irradiation in the absence of 

tetramethylethylene gave phenanthrene (XCII). Photocycloaddi

tion of cis or trans-stilbene to tetramethylethylene gave only 

trans-1,2-diphenyl-3,3,4,4-tetramethylcyclobutane (LXXVIII). 

The scope and substituent effects of the -lactone formation 

were investigated. 

Irradiation of cis- ̂ -phenylcinnamamide (GUI), and cis-

c^-phenylcinnamanilide (XCVI) gave cis and trans- -lactams to

gether with other products. 

The bond orders and formal charge densities were calculated 
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l o r  t h e  acid and air.ide systems. Alternative mechanisms for the 

-lactone and /3-lactam formation are discussed in light of 

these results. 
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1 2 0  

The acid and amide systems 
were numbered as shown below. 



www.manaraa.com

vlcinTiar 
PSI( 1) 

lie a c .1 rl 
= V..' • 4375 

0. 3935( 
0C32( 

G. 1476: 
-i- 0. 0%32( 
-i- 0. 0497( 

{ 1) + C.4763 : 
4 ) 0-2777{ 5 ) 
7)+ O.C711( 
10}v 0.221S{11)+ 
13)+ 0.0497(14)+ 
16)-> 0.04:1(17) + 

2) + 0.4375 
0.1476( 6) 
0.0c«2( 9) 
0.1565(12) 
0.0532(15) 

PSK 2) 2973 ( 1) 0.2075 ( 2) +-0.2973 
0 w 0936( r V • 1632c 5) -I- C; » 1269; 6) 

+ 0. 106C( 7) + C V 10C3( S) -> 0 u. 1C68( 9) 
+ 0, 1269( ]_ 0 ) + c. 2435(11) -> 0 o 4246(12) 
+ c » 3300( ]_ 3) + 0-2777(14) » 

o
 3300Î15) 

PSK 3) 
0.2777(16) + 

= - 0 . 1 0 6 2  (  1 )  
+ 0.1015( 4)+ 
+ 0.3166( 7)+ 
+ 0.3404(10)+-

0.2610(17)+ 
+-0.1139 2  >  —  0 .  

5{ 

PSI( 4) = 

1062 
5)+ 0.3404( 6) 

0.3C87( 3)+ 3.3166( 9) 
0594 ( li }+-:;.2234( 12) 

+-0.1993(13)+-0.1854(14)+-v.l993(15) 
+-0.1854(lô)+-G.13G3(17)+ 
=-0.2143 ( 1) +-0.0010 { 2) +-C.2148 

6 ) + 0.3851( 4)+ 0.1947( 5)+-0.0461( 
+-0.2641( 7)+-0.3511( 8)+-0.2641( 9; 
+-0.0461(10)+ 0.3856(11)+ 0.1950(12) 
+-0.0462(13)+-0.2644(14)+-0.0462(15) 
+-0.2644(16)+-0.35I6(17)+ 

PSK 5) =-0.7071 ( 1) +-0.0000 ( 2) + 0.7071 
+ O.OOOOf 4)+ O.OOOOV 5)+-O.OGOO( 6) 
+-O.OOCO( 7)+-0.0000{ 6)+-O.OCOO{ 9) 
+ - 0 . 0 0 0 0 ( 1 0 ) +  0 . 0 0 0 0 ( 1 1 ) +  0 . 0 0 0 0 ( 1 2 )  
+- 0 . 0 0 Û 0 ( 13 ) + - 0 . 0 0 0 C i i 4 ) + - 0.0 0 00 ( 15 ) 
+-O.0C00(16)+-0.0000(17)+ 

PSK 6) = 0.0797 { 1) +-0.0300 ( 2) + 0.0797 
+-0.1784( 4)+-0.37i0{ 5)+-0.1262( 6) 
+ 0.2245( 7)+ 0.3869{ 8)+ 0.2246( 9) 
+-0.1262(10)+ 0.1940(11)+ 0.4036(12) 
+ 0.1373(13>+-0.2443(14)+ 0.1373(15) 
+-0.2442(16)+-0.42C3(17)+ 

PSK 7) =-0.0000 ( 1) 1.0000 ( 

PSK 8) 

2 )  
+-0.0000( 4)+-0.0CC0( 5)+ 0.5C00( 6). 
+ 0.5000( 7)+ 0.0000( 3)+-0.5000( 9) 
+-0.5000(10)+ 0.0000(11)+ 0.0000(12) 
+ 0.0030(13)+ 0.0030{14)+-0.0030(15) 
+-0.0030(16)+-0.0000(17)+ 
= 0.0000 ( 1) +-0.C000 ( 2) + 0.0000 
+-0.0000( 4)+ 0.0000( 5)+ 0.0030{ 6) 
+ 0.0030( 7)+-0.0GC0{ 0)+-0.0C30( 9) 

( 3) 

( 3) 

( 3) 

0.0000 ( 3) 

PSK 9) 

+-0.0030(10)+-0.0000(11)+ 0.0000(12) 
+-C.5000(13)+-0.5000(14)+ 0.5000(15) 
+ 0.5000(16)+ 0.0000(17)+ 
= 0.1733 ( 1) +-0.1760 ( 2) + 0.1733 
+-0.4151( 4)+ 0.2691( 5)+ 0.2864( 6) 

3) 

( 3) 
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_ I- - C 1 3 î i : 1 • 
: - 2 c 6 -• / - Z L 11 r w z, 12 ) 

-> c .222C i - •- ^ 2 3 2 C ( 15 } 
( le H -C 17 

PSI ! 1C ; .2141 : 1) 2 'j •: .2 141 'v 

c -1711 4 : —c î w - Zc • c) 
1 / r r c } 

1 j w ""l ^ c J 

-> c . 143c c ;v c V " s ' 
r ; -, 1 ; * 2Cci 12 j 

.2532 ( 1 i} { 14 )v • 2 933 i 15) 

V — c .C41: •: 1 c ') c 17 

PSI ill) » ~ 1 î : J -Ce,: 2 1 / 2 ] C ^ i 951 / 
•V 3 

C . " 2 ' 4 H- c .437 r Z ) V - Z é C 4 ! c 

.2(13 ( 7H- c . 4 4 3 { C ) <- u 2 {13( 

.2fC4 ( 1 C ) •> c ( 11 )'.• w w ÇEC( 
V c « C 5 S 3 / 13 ; .C4i ( i 4 + C • L, 5 c 3 'i 15 j 

C . C 4 5 1 ( itx-— 2 .C9S n V 17 ) +  

PSI (12) = C •-CCCC ( 1) — C o <1 C C ( 2 J C .C CCC i 3 

V c . C c c c ( 4 r . C c ' 5 ) + C -5 CCCi c ; 

V- C ( 7 ; -> Z .CCL r ( S ;  +   ̂ :: C c c { 9 •; 

— c . 5 c c c ( IC -c .ccc U ( 11 ) + -C w c CCCî 1 2 ) 

-r—c .CC6C { 13) + c .C(cC ( 14 ) + r • C C cC î 1 s • 
J. ^ V 

.CC6C ï 16) + -c dCCC r ( 17 ; + 

p  s  ï  viSi ~~C .c:cc { 1) "V c .( C C ( 2) - c « c CCC ( 3 

.cccc ( 4 ) -i- r .cc: V. 
;  +  r V L c c c i 6 J 

-i-c .CC6C ( 7 C f r r ̂  
w w V> *s. ^ ( 6 ) + C « c :6C( 9 : 

c .CCcC IC )<• . ccc  c c 11 5  + C .c r f r ] ^ V. N» 12 : 
•i- c -5CCC i  l3)-> -c v5GC < 14 5  + - c In CCCC 15; 
V c . 5 C G C  ( lc)-> c .CCC c ( 17 ) + 

PSI (14) .0733 { 1) C. 2 9 c ( 2 ) -C.C733 / •J 

C .1316 4 } + c .2196 ( 5 }  +  -C .C6 59; 6 ; 
-c—C .14C7 i 7) + c .224 7 { S ) + - c 4C7( 9) 

.C65S { l o -c -251c( 11 ) +  c .4696( 12) 
-3-— C .1406 i is )-> -c . 3 C C  3 { 14 5 + -c 1 4C8( 15) 

C . 2 C C 7  { 1 6 )  +  c .5C1 5 r 17 ) + 
PSI(15) = - C  .1C24 ( 1) C « 3 c 1 i 2 ) - C . 1 C 2 4  / 

— 

•i—C .4ZCC { 4 ) ' c J C 6 :  C i 5 )-> C • 1 :56{ 6 } 
^-c .3252 i 7 )-i- .c .3EE 9 i £ )-> -C .3 254 ( 9) 

C .1556 ( 1C) + c .276 6 i 11 ) • •  -c 42E{ 12) 

-:-C - 1 C 2 4  i 13 } + L . 2 1 4  ( 14 ) + -c . 1 C 2 4 ( 1 5 )  
C . 2 1 4 3  { 16) + —c  .256 1  ( 1 7  ) + 

PSI (16) =-c  . C 1 5 7  ( i) -> C « C c 2  4 C  2  }  -i- —  C u C  1 5 7  ( 3 
-i—c .ICIC ( 4  )  +  c .  2  f c  3  C ( 5  ) +  —  G  .  2  4 3 1  {  £ ) 
-> c .22CC { 7) + —c . 2 1 2  4 (  S ) +  L  .22CC( 9 ) 
-> - c . 2 4 3 1  ( 1 0  )  +  -c V 136 c 1 1  ) + r . 3  E45( 12) 
->-C .3297 ( 1 2  5  +  r .298 ( 1 4  ) + ~C . 3 2 9 7 {  1 5 )  
-> c . 2 9 8 2  ( 16) + - c . 2 £ £ 1  î 1 7  ) + 

PSI Î17) =—c  .C544 (  1 )  2  9  C  { 2) -C.G 544 3  
•i—c .4256 4 ) + c J 4 1 7  £ ( 5  ) +  -  2  64g( 6 )  

G  .1276 i 7 )  +  -c .164 ( S 5  +  C  . 1  £7c{ 9 )  
v-C .2646 ( 1 C )  + r V  M 32 c 2  ( 1 1  ) +  ~ C- o 2 C 2 (  1 2 )  

C  . 2 C 3 C  ( 1 3 )  +  —  G  . 1 4  3  8 { 1 4  )  +  C  . 2 C3C( 15) 
•i—C .1438 { 1 6 )  +  c . 1 2 5  8  i 1 7  ) +  
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;••/-cinnarriic acic 
PS:I 1; 

PSK 2) = 

PSIv 3) 

PSK 4) = 0 

PSÏ( 5) 

PSK 6) = 

PSÏ( 7) = 

PSIi S) =-( 

p s n  9 )  

Z12'J ( li G.346 9 ; ;:) + 3.3125 

3:<3( 4 ) + V-  s. 2CV3( 5) 0 .1C97( ^) 

0 •J  6 4  6 I 7 : Ow 0L17' JO - r  Cj %) 

Û 1C07( 10) + 2 C 3 9 •' 11; . 2 C -J 3 12 ; 

0 1542( 13) + o  •# 1 o 0 ['• V 14} J .1545(1U) 

0  1800( 16  / •J w 2974 i 17) + 0 .4769(1^) 

0 319Û ( 1) 0.336 7 { 2) + 0.319H 
-> c 24un{ 4} + 0. 1031 ( 5: + c .0992Î 6) 

0 C612( 7) + Ow 0503( C} ''J .0612( 9) 

0990( 10) + 0» 0&G7i 11) . V .'J i 5 i i J. ; 
u 0829! ]. 3 ) + — 0 w 1715( 14) .Oc29(15) 

0  171 5 V 16/ + -0. 336 S { 17) %— 0 .6017(13) 
= 0 3411 i li 0.2209 ( ?.) + 0.3411 

0 154D( 4 3 + — Go 3C:4( 5) .3191; 6) 

0 2343( 7) + —0 . 273C( 8) .2243( 9) 

G 3191 ( 10) + —G • 1612( 11) V18lo{ 12 ) 

0 1287 { 13) + —Go 0446( 14) .1007(15) 

0 0446(16)+ û « 015 S ( 17) + 0 .1526(13) 

0 0533 ( 1) 0.027 3 I 2) + 0.0533 

S-— Û C424( 4) + Oo 16G7( 5) + 0 .17a0( 6) 

-i- 0 1S99{ 7) + Ov 1937( 8) + 0 .1899( 9) 
<- V 17G8{ 10) + —0  « 2712( 11) +-0 .4295(12) 
0 3444 ( 13) + -0 .  1859( 14) "i— 0 .3444v15) 

•J— Q 1859(16)+ n 0202( 17) + 0 .4153(18) 
7071 ( 1) 0.0000 ( 2) +-0,7071 

0 030C( 4) + C 0 C 0 { 5) + 0 .0000( 6) 

0 0000( 7) + 0. 0 C 0 0 ( 0) + 0 .OCOOf 9) 
i- 0 000C( 10) + -0-0000(11) +-:: .0000(12) 

-r 0 000G( 13) + 0 « OGOC( 14) + 0 .0:00(15) 
0 OûùO(16)+ Co 0000( 17) +-G .0000(18) 

= 0 2192 ( 1) -r-0.016 S ( 2) + 0.2192 
0 4186( 4 ) + -0. 27S8( 5) + 0 .0G9S( 6) 

0 2929( 7) + 0. 4093( 8) + 0 .2929( 9) 

0 0098(10)+ — 0 • 3C34( 11) .0156(12) 

+ 0 1406 ( 13) + 0 » 2167 ( 14) + 0  .140c(15) 
c 2167! 16) + 0 o 1696( 17) -i 0 .2385(18) 

= 0 0193 ( 1) -!— 0.0100 { 2) + 0.0198 

0 0460{ 4 ) + -0. 3371 ( 5) +— 0 .1533( 6) 
-> 0 1769 ( 7) + 0« 3382( 3) + 0 .1768( 9) 
•i— 0 1533(  10 )  +  0. 2990(11) + 0 .3587(12) 
-i- 0 038  1( 13) + -0 .  3189( 14) + 0 .0381(15) 
•i— û  3189 (  16) + -0.3716(17) +  0  .3115(13)  
= — 0  0000 ( 1) 0.0000 ( 2) +-Û.0  000  
-r  0 0000( 4) + 0 .  0000( 5) +  0  .5COO( 6) 

0  5000 ( 7) + —0 « 0000( 3) +-0 .5COO( 9) 
0 5000( 10) + -0 .  11; .0000(12) 

-i-— û 0070(13 )+  -C-0069( 14) +  0  .0070(15) 
4- 0  0070 (16 )+  OCOO{ 17)  +-0 . 0000 (10 )  
= 0  0000 ' (  1 )  +-0.000 0  (  2) +  0 .0000  
+-0 0000( 4) + -0. 00C0( 5)  +-0 .007C( 6) 

{ 3) 

( 3) 

( 3) 

( 3) 

{  3 )  
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PSKIC) =-

PSI(11) 

V » oo7:( 7 ) 0 « 0 C' f C { ci ) w 0 r "j 9) 

0« 0070( 1 0} + 0 « oc L ( 11) -> 0. 0 000 : 12) 
Q 5000( 1 3 0 L' '1 ( 14) 5 15; 
D. 5 C G G i 16 j 0 ̂ g 2 C ; 11) r Ij w c 0 0 { 

0. 1761 ( 1 ) -l- c. 1 r. 6 1 ( 2 ) 7 c 1 
0 W 4192( 4 )+- .24 2 ( 5 i <— C' - 2 755( ô ) 
0 « 0890( 7 } + 0 -32 4 3 ( 3 j -r V 390( 9} 

V W 2755( 1 ; + 0 .2c r V 11 ; 2 c32( 12) 

ù. 2143( 1 3 ) + . 14 5 5 ! 14) G-2 143( 15) 

C. 1456{ 1 6 ) + u ̂ 29 4 2 ( 17; 0. 1 622( 13} 
G . 2130 ( 1) ->• -0. 4 2 52 ( 2) 0.2 13C 

-i—0 . 2573 ( 4} S—0 o 0623 ( 5 ) + 0.1279i 
+ 0. 0214 ( 7) -î Ce 1442( 8) + 0.0214( 
+ 0 • 1379 (10) C w ScSci 11) + 0.0902( 
+—0 « 2953 (13) -V*~"0 o 0026( 14 ; +— 0.2953( 
+-Û. 0C26 (16) •r u « 2960( 17)+-0.1031-

o ; 
9) 

PSI (12) =-0.1917 { 1) 0*5134 ( 2) +-0.1917 
-r—0.1223( 4 ) "i"" 0 » 4444 { o)''' 'Ju2C.d4v O; 
•r û.2047( 7)+-C.4497( 8)-:- 0.2C47{ 9) 
+ 0.2634(10)+ 0.0423(11)+ 0.0838(12) 
+-0.0593( 13)->-0o029o( 14)-:—0. 0393 v 15; 
+-0-0293(16)+ 0.0864117)+-0.0238(18} 

PSI (13) = 0.0 C 0 0 ( 1 ; — 0 » 0 U G 0 ( 2 ) - UvOvOu 
C.OCOO( 4)+-0.0000( 5)+ 0.3572i 6: 

+-0.3572{ 7)+-0.00C0( 0)-:- 0.3572( 9) 
+-0.3572(10)+ O.OOCO(11)+-O.OGOO(12) 
+-0.3499(13)+ 0.3499(14)+ 0.3499(15) 
+-0.3499(16)+-0.0000(17)+ 0.0000(18) 

PSI(14) = 0.0000 ( 1) +-O.COOO ( 2) + 0.0000 
+ O«00C0( 4)+-0.0GD0( 5)+-0»3499( 6 )  
+ 0.3499( 7)+—0.0000( 8)+—Ou3499( 9} 
+ 0.3499(10)+ 0.0000(11)+-0.0000(12) 
+-0.3572(13)+ 0.3572(14)+ 0.3572(15) 
+-0.3572(16)+-0.0000(17)+ 0.0000(18) 

PSI(15) =-0.0796 { 1) + 0.2431 ( 2) +-0.0796 
+-0.1605( 4)+ 0.2109( 5)+-0.0515( 6) 
+-0.1466( 7)+ 0»2346( 8)+-0.1466( 9) 
+-0.0515(10)+-0.2536(11)+ 0.4773(12) 
+-0.1714(13)+-Û.2632114)+-0.1714(15) 
+-0.2632(16)+ 0.5002(17)+-D.1231(18) 

PSI(16) = 0.0985 ( 1) +-0.3488 ( 2) + 0.0905 
+ Û.4107( 4)+-0.0512( 5)+-0.1622( 6) 
+ 0 - 3 2 ̂1- 6 ( 7 ) "̂ — 0 . 3 8 51 ( 8 ) + 0 - 3 2 4 6 ( 9 ) 
+-0.1622(10)+-0.2923(11)+ 0.0821(12) 
+ 0.0770(13)+-0.2118(14)+ 0.0770(15) 
+-0.2118(16)+ 0.28G2(17)+-0.0608(18) 

PSI(17) =-0.0187 ( 1) + 0.0746 ( 2) 4—0.0187 
+-0.1219( 45+ 0.2939{ 5)+-0.2454( 6) 
+ 0.2179( 7}+-0.209b( 8)+ 0.2179( 9) 

•+-0.2454(10)+-0.1143(11)+ 0.3603(12) 
+-0.3135(13)+ 0.3038(14)+-0.3185(15) 
+ 0.3038(16)+-0.3151(17)+ 0.0617(18) 
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c<-Paen;[ 1 - o-cyano c c ac id 
ps:( 1) = 0.4338 ( 1) + 0.472 5 ; 2 )  J. 4 33.n 

-i- a.3923( 0.2764i 5) + 0. 1<67( 6) 
V 0.0S76( 7) + '•J . O » 0 V 3 ) + ' /. 0^73( V } 

0.1467( 10; + C.224:i 1 1 )  0. 113 o i  12 .  ) 
Û . 0909 •' 13) + 0 •> 0 610 { 14) 0. 09G9( l:i) 
0.0619! 16) + 0.0627( 17; + c. 0317i i 9 ; 
0.0160( 19) + 

PSI( 2) - -̂ .2056 ( I) -•— 0.161 4 ( 2) +-0.2 0 5 6 
0.014'')( o.ci7:( 5) + i;. 0119( 6; 

V 0.0092( 7 ) + .J ^ V Û) 0. 009-2 ( 9) 
0.0119( 10} + 0 « 17 5 - i  11 ) + C. 3723( 12; 

•i- C.3232( 13) + 0.34C2( 14) + 0. 3232( 15) 
-r 0.3400( 16) + 0.4289( 17) + 0. 2647( IS) 

0.1551(19)+ 
PSI( 3) 0.2850 ( 1) + 0.179 3 { 2 ) + 0.2850 

0.1414( 4 ) "•— 0.4i40{ 5) V—0. 3573i 6) 
0.3247( 7 ) — 0.3141( 3) <— G « 3247( 9; 

{  3 }  

->-0.3 573 ( lQ)-r-Oo0531- 11}-> 0.0213(12) 
0.0510(13)+ 0.0643(14)+ 0.0510(15) 

+ 0.0843(16)+ 0.1232(17)+ 0.0862(13) 
+ 0.0550(19)+ 

PS:( 4) = 0.1402 ( 1) + 0.0335 ( 2) + 0.1402 ( 3) 
+-0.1949( 4)+-O.C094( 5)+ G.0893( 6) 
+ 0.1627( 7)+ 0.1897( 8)+ 0.1627( 9) 
+ G.0893(10)+-0.3583;ll)+-0.4197(12) 
+-0.1808(13)+ 0,IC96(14)+-0.1808(15) 
+ 0.1096(16)+ 0.3622(17)+ 0.4134(18) 
+ 0.3402(193+ - -

P S l i  5 )  =-0.7071 ( 1) -[-0.0000 ( 2) + C.7071. ( 3) 
+ 0.0000( 4)+ 0.000G( 5)+-0.0CC0( 6) 
+-C.0000( 7)+-0.0000( 8)+-O.OCOO( 9) 
•+ 0.0000(10)+ 0.0000(11)+-0.0000(12) 
+-0.0000(13)+-C.OOGO(14)+-O.OCOO(15) 
+-0.0000(16)+ 0.0000(17)+ 0.0000(18) 
+ 0.0000(19)+ 

PSI( 6) = 0.1913 ( 1) +-0.0296 ( 2) + 0.1913 ( 3) 
+-0.3847( 4)+-0.3286( 5)+-G.0313{ 6) 
+ 0.2861( 7)+ 0.4205( 8)+ 0.2cl61( 9) 
+-0.0313(10)+-0.1651( 11)+ 0.1600( 12) ' 
+ 0.1914(13)+ 0.1004(14)+ 0.1914(15) 
+ 0.1004(16)+-0.0547<17)+-0.2754(18) 
+-0.3199(19)+ 

? S l i  7) = 0.0000 ( 1) +-O.OOOC ( 2) + O.OOOC ( 3) 
+ - 0 . 0 0 0 0 (  4 ) + r 0 . 1 6 8 9 (  5 ) + - 0 . 1 4 5 9 (  6 )  
+ 0.0230( 7)+ 0.1689( 8)+ 0.1459( 9) 
+-0.0230(10)+ 0.1689(11)+ 0.1689(12) 
+ 0.3918(13)+ 0.2229(14)+-0.3918(15) 
+-0.5607(16)+-0.1689(17)+ 0.1689(18) 
+ 0.3378(19)+ 

PSK 8) =-0.0000 ( 1) + O.OOOC ( 2) +-0.0000 ( 3) 
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+ G . Û oc J ( } +—0 « 0 1 2 3': 5 ; •J -
0 .4 ;:4 { 7 ] 0. c 1 23( 

+ C .4 G 4 1 r< ) + 0 u G 23 ; w 

+—0 .0 94 2 ( ]_ 3 } +—0 0 1 0 65 i 14) + 
+ 0 V G SI 9 i 1 6 \ V 23( Ov 
-i- G oO 24 6 V G } 

9 

PSK 9; =-
\ 

O.OOCO ( 1) 
C.uCCO( 4)+ 
0.iS45( 7;v 

0.2960(13)+ 
0.0764(16)+ C.2196(17)+-0.2i9ô(13) 
0.4393(19)+ 

COÛO : 2) +-C.0! 
.96{ 5/+ G ̂ 0 351( 

r-Cu2196( 8}+-0.0351( 9; 
^-0.2196(12) -0.2:96( 1 1 ,  

L^5157(14)+-0.2960(15) 

PSKIC) =-=-C. 1671 ( ]_ ) G 0 17 09 : 2) Gol 671 
+ 0-399 B ( 4 ; -0 « 2 535 5 )+-G .27 33 ( 6} 
+ G . 095 1 ( 7 ) + V . 3 284 ( 3 )+ 0 0 'J V 51( 9 ; 
-•— 0 « 273 3 ( T G } G 0 3 141 2 .21 73 i 12) 0

 1 220 1 3 ) + 0 0 G 902 14 )+-0 .2201( 15) 

( 3) 

0.0902(16)+ 
-0.2855(19)+ 

PSItll) =-0.1950 ( 1) 
0.2791( 4)+ 

+—0.0143( 7)+ 
>-0.1437(10)+-
0.2506(13)+ 
0.1391(16)+-
0.3217(19) + 

PSIÎ12) = 0.1348 { 1) 
+-0.G226( 4)+-
+ 0.0079( 7)+-
+  0 . 0 1 8 1 ( 1 0 ) +  
+-C.1059(13)+ 
+ 0.2930(16)+-
+ 0.4457(19)+ 

0.1714 I 1) 
0.1149( 4)+ 

+-0,2156( 7)+ 
+-0.2709(10)+-
+ 0.0613(13)+-
+-0.0422(16)+ 
+-0.0740(19)+ 
=-0.0000 ( 1) 
+-O.OCCO( 4)+ 
—0.5000( 7)+ 
—0.5000(10)+ 
0.0030(13)+-
0.0030(16)+ 
0.0000(19)+ 

PSK 15) = 0.0000 ( 1) 
+ 0.0 0 0 0 ( 4 ) -̂ — 
+ 0.0030( 7)+ 
+ 0.0030(10)+ 

0.2724(17)+-0.0227(10) 

2 )  + -+ C.3674 
0.0425( 

1950 
(  6 ;  

{ 3) 

Q "i 0.1465( 8)+-0.0143( 
-0.4644(ll)+-0.1331(12) 
0.1391(14)+ 0.2506(15) 
•0.2779(i7i+-0.223S(13) 

+-C.3259 ( 2) 
0.0202( 5)+ 

1348 ( 3) 
0.0131( 6) 

d)+ 0.0G79( 9) 

PSI(13) = 
+ 

0.0235( 
0.3614(ll)+-0.2214(12) 
0.2930(14)+-0.1059(15) 
0.0919(17)+-0.5233(IS) 

+-0.4606 ( 2) + 0.1714 
0.4646( 5)+-0.2709( 6) 
0.4691( 8)+-0.2156( 9] 
0.1G96{11)+-0.0142(12) 
0.0422(14)+ 0.0613(15) 

( 3) 

psni4) 

1-
+ 

-0.0225(17)+ 0.1051(18) 

+ 0 .0000  {  2 )  + -0 .0000  
0.0002( 5)+ 0.5COO( 6) 
0.0000( 8)+ O.5C0ù{ 9) 
0 . 0 0 0 0 ( 1 1 : +  o . o c o o ( 1 2 )  
C.003C(14}+-0.0030(15) 
O.GCOC(17)+-0.0C00(18) 

+-O.GOOO { 2) +-O.OCCO 
0.0C00( 5)+-O.C030( 6) 
0.0000( S)+-0.0C30( 9) 
0.0000(11)+-0.00C0{12) 

( 3) 

{  3 )  
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— 'j - d • 

V w V v; L 
r. 

PSIil6) =-0.0977 
Û V 2 ; 

PSI(18) 

• L V J. V c- / 

i. o / u 
19) + 
( 1; 
4 / Û. 

u 1 
•.. V .L ; 

C.slG? ( 2) ̂ -CvOC77 
.1C47< 5)-:- O.C:%2( 6) 
,273G( C)+-:.1965{ 9) 

PSI(17) 

+ O.CC32( 1C; + -0 .099 4 ( 1 i } + -J « 1 . 2 ) 
+-C.2547( 13 ) -c «.0^3 -/ / 14) 2347: 5 ; 
+-0.0587( 16 ; 0 .333 9 ( 17} — C, 36 90 » 1 y ) 
+ G.19G7( 19) + 
=-C.0755 ( 1) 0.2 722 i 2) +— U V 0 i7 55 

—0 «0156; 5; + . 18 3 4 ( 6 ; 
'•— 0.3 G S ' 7) + 0 .349 It 3; — 0 . 3G49( 9 ) 

G-1334( 10; + 0 «336 7i 11 ) — G . 24G4i l 2) 
+ OwC486( 13) + 0 a 153 5C 14) + G V G4G6( 5; 
0.1635t 16; + -0 .334 2i 17) + G. 2567\ G ) 

+-0.1143{ 19) + 
=-0.0296 ( 1) 0.1 196 ( 2) +-C.029a 
+-S.2C24( 4) + 0 U ti'jj 1{ 5) 25é9î G ) 
+ 0.2139( 7; + -0 .200 ?.{ S) + 0. 2139( 9} 
-r-0.2569( 10 ) +• .022 3 ( il) + 0. 2200i 1 2; 
+-C.2560( 13) + 0 .297 0 ( 14) +-0-25601 i 53 
0.2970( 16 )<—0. .375: 3{ 17) + 0. 2155: 1 3) 
.0817(19)+ 

PSI(19) =-——G .C494 ( 1) 0.2086 ( 2) +-C.0494 
+-0 .3912( 4 ) + 0-3714( 5) +— 0 - 2317( C ; 
+ 0 .161G( 7 ) + — 0. 14n6( 8) + 0. 1613( 9) 

1 û
 

.2317( 10 ) + 0 . 3202(11) +-0. 3455( 12) 
+ 0 .2375( 13 ) + -û. 2009(14) + 0. 2375( 15) 

.2009( 16 ) + 0. 2249(17) 1 o
 

1157( 13) 
+ 0.0413(19)+ 

Electron Densities 

3 j 

3) 

A"ôo'.Ti( 1 )'-
Ator.':( 4): 
AtO%( 7): 
AtOz( 10): 
AuO%(l2)= 
Aton( 16): 
At era ( 19) = 

n.79l8 
^.0397 
#.9997 
^.0044 
:0 .9662 
0.9686 
^.2693 

At 0,71 ( 2) 
At o:n( 5) 
Atora( 8) 
Aton(11) 
Ato%(14) 
Atom(17) 

=0.6264 
=0.9947 
= 1 .0027 
=0.8310 
=0.9666 
=0.9864 

Ator;'( 3) =: 

Ato%( 6) 
At03.( 9) =0 
Ato:.i( 1 2) = 0 
Ator.i( 15) =0 
Atorïi( 18) =0 

79' 

9997 r, S : c 

Bond( 
Eond( 
Bond( 
3ond( 

Bond Orders 

2)=0.520i 
5)=0.3883 
7)=0.6787 

8, 9)=0.6583 

1, 
4 > 
6, 

BonddO, 5)=0.6117 

Sond( 2, 4)=0. 4621 
3ori,u( 5. 6 )=0. 6117 
Eûnd( 7, 8 )=0. 6583 
Bond( 9, 10)=0. 6787 
Bond( A 

? 
11)=0. 7150 

\ 
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23orLd( 11,1 2)=0.466l 
3o:id( 13,1 4- ) =0.6992 
BnKd(l7,iG)=0.59j8 
3ond(l5,12)=0.28l4 
3ona(17,i8)=0.4211 

Bond(l2,13)=0.5Gl4 
Bond(l4,17)=0.;93o 
Bond(16,15)=0.6992 
3ond( 2, 3)=0.5201 
3ond(16,19)=0.d706 
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c<-[ p-!.:e thoxypi'icn. 

PSI{ i) = 

acib 

PSK 2) =-

P S l i  3 )  =  

PSK 4) = 

PSK 5) = 

PSK 6) = 

PSK 7) = 

_ 0 .1496 ( 1) 0.1 5 5 i 2 ) 496 

0 .222S( 4} • J - i 4 \ b ; .  -J c  l ;  ̂  6  j  

0 .C453( 7} 0.02ô2i G: .0Z15( 9 ) 

G . 0  2ù  £ (  10 } 0 U 0-. 55 ( 11 ) .2458( 12) 

V .1949Î i3;-r 0.2392(14) C' U1 s49{ 15) 

U .2393( 16vV 0 - 4 G 2 v 1 / ; + 3 .6549( Ifî) 
= — 0 .3753 { 1) +-0.4:45 { 2; — G o 3 753 

-r — 0 .3552( 4)-.--0.2336( 5) .19^7( 6) 

— Q .1155( 7)v -O.C762( S) .G645( 9) 

-i--0 .G762( 10 )-r -0.1155(11) .2C03( 12) 

— 0 .0596( 13'j-> 0.Ù6GC(14) .0596( 13; 

0 .OùvOf 16 ) V 0.2013(17) C .4445i 10) 
= 0 .2794 ( 13 -:- 0.2103 • 2 ) 0.2 794 

.0G48( 4 î - û w 215 3 ( 5 ; 0 .4478i 6) 

— 0 .3631( 7)-> -0.3155i 0) +— C .3C01{ 9) 

-0 .3155( 10 ) -0.3631(11) .0C51( 12) 
-> -0 .0030( 13 ) -i--0.0012(14) .0030( 15 ) 

—0 .0012( 16)-;- 0.3006(17) .C 044( IS) 
= G .3027 { 1) + 0.1567 ( 2) + 0.3 027 
-> -G .1844( 4)-:--0.0553{ 5) -1- G .0725{ 6 ) 

- r  0  .1020( 7)-r 0.1132C 8) + 0 .1235( 9) 
•> 0 .1182( 10 ) 0.1028(11) -i—0 .4543( 12) 

-C .3426( 13) + -0.2015(14) -i—0 .3426( 15) 

—0 .2015( 16) + -0.0430(17) + 0 .4007( 18) 

0 .7071 { 1) + 0.0000 ( 2} +-0.7 071 
<--0 .0000( 4) + -O.OGOCC 5; .OGOO( ' 6 ) 

-5-- 0  .0000( 7) + O.OOCOi S) V û 
r 

. U L U V 9j 

4- 0  .C000( 10) + -0.0000(11) + Û .0Û00( 12) 
4- Û .0000( 13) + 0.0000(14) + 0 .OCOGi 15) 

+ 0 .0C00( 16) + 0.0000(17) +-0 .0C00( 18) 

0 .1834 ( 1) +-0.0163 ( 2) + 0.1 234 
-> -0 .31ô8( 4 ) + -0.4184{ 5} -:— 0 .28C9( 6) 

-Î- 0  vûC05( 7) + 0.2931( S) + C .4102( 9) 
-Ï- û .293K 10) + 0.0035(11) — 0 .0180( 12) 

0 .1456( 13) + 0.2260(14) + 0 .1456(15) 
-j- 0 .2260{ 16) + 0.1773(17) .2483( 12) 

û .1341 V 1 ) +-0.0725 i 2) + 0.1 341 

-0  .2919{ 4 ) + 0.0744{ 5) + 0 .3713( 6) 
û .1609( 7) + -0.1995( 3) i— 0 .3739( 9) 

+ -û .r995{ 10) + 0.1610(11) C .3134( 12) 

-ù .0213( 13) + 0.2907(14) +-0 .0213( 15) 
i - û .29C7( 16) + 0.3316(17) -;— 0 .2e44( 18) 
= 0  .0000 {  1 )  +-O.COOO ( 2) + G. 0 GCO 
4- - 0  .0000( 4) + -O.OOOOC 5) + 0 .OCOOf 6) 

0 ,Û276( 7 ) + 0.0276( 3) +-0 .0000( 9) 
-J- - 0  .027ô( 10) + -0.0275(11) +— 0 .OGOO( 12)  
r c  .4992( 13) + 0.4993(14) .4S92( 15) 

-J-- 0  .4992( 16)  +  0.0000 £ 17) +-0 .0C00( 18) 
,= -0  .0000 i 1) +—ûoOOOO ( 2)  +—0  « 0000 
+ 0 -Cû00{ 4) + -C.OCOO( 5)+-0 .OGOOC 6)  

( 3) 

( 3) 

^ ) 

i 3) 

{ 3) 

3) 

£ 3) 
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PS:(10) =-

PSI ill ) 

4992( 1 ) 4992( 0 U OC 00 { 
4992( 0 ) + 0 U 4992( « 0 00 \ 12) 

J « 0276( •; 3) + ".J 0275( 14} - •J 276 \ 
0. :276( l W 17) + w 0 L / IP/, 

0. 1597 L i 0.191 3 •: 2} -> - 597 

L' « 3392( 4 5 V G o 3 2 61( b ]' » e 25 ( O 4 
G o 2125 ( 7; + 0 a 0674( o i 2 90 9 ] 
L' » 0674( l o;+-û W 2125( 11; w 3 2 29 i 12) 
Û. 2670( 3} + 1782i 14} » 2 O 7 G ( 15 J 
u » 1702i 1 6 ) - Q 3636( 17) w i. 9 94 18} 
Oo 2179 i 1) 0,4732 ; 2) — ».• ^ 2 179 

Û« 2362( 4 : C 5 ) •i C 43 ; 6 ; 
0. 2900( 7 i + 0 0354 i 2; t» 2 9 34 / V 9) 

0. 0354(1 G) + 0 o 2900! + 'J v 2 V 12) 

PSI(12) = 

PSI(13) = 

PSI(14) = 0 
û 

4—0 
0. 

s- 0 • 
-i- 0. 

PSI(15) = 0. 
%- 0 « 

-i- G -
-> 0 « 

-5- 0. 

0. 
PSI(16) =-0. 

Û 

-0.1212(13)+ 
0.0029(16)+ 
0.1769 ( 1) 
0.2Clù( 4)+-
0.0953( 7)+ 
0.0737(10)+ 
-0.2799(13)+-
-0.1403(16)+ 
0.0000 (  1 )  
O.OOOOÎ 4)+-
0.0048( 7)+' 
0.0043(10)+-
0.5000(13)+' 
0.5000(16)+ 

0000 { 1)  
0000( 4)+-

PSI(17) 

+  0 -
+— 0. 
= 0 4 
+ 0. 
+ 0. 
+-0. 
+ G, 
+—0, 

^C00( 7)+ 
. 5000(10) + 
,0048(13)+-
.0048(16)+ 
,0443 ( 1) 
,1104( 4)+ 
,1327( 7)+ 
,2969(10)+ 
^082(13)+ 
1397(16)+-
0844 ( 1) 
4330( 4)+ 
1104( 7)+ 
2189(10)+-
1160(13)+-
3150(16)+ 
0098 ( 1) 
0754( 4)+ 
32961 7)+-
2952(10)+ 
2369(13)+" 
2283(16)+ 

0.0029(14) 
0.1205(17) 
+-0.5326 ( 
-0.0448( 5) 
O.G737( 8) 
0.0952(11; 
-0.1403(14) 
0.4074(17)' 
-i— Ou 0 0 0 C ( 
-O.OCCO( 5)-
-0.0G43( 8)' 
-0.0048( 11)-
-0.5000( 14)' 
0.0000(17)' 
+-0 .0000  (  
-0.0000( 5)' 
0.5000(. 8) 
0.5000(11)-
-0.0048(14)' 
0.0000(17)-
+-0.1500 ( 

U u 

+-0, 
2 )  +  

2) 
— 0, 

Lf w 

7 1 

0.2871( 5) 
0.2969( 8) 
0.1327(11) 
0.1397(14) 
-0.2769(17) 
+ 0.3364 ( 
0.2758( 5) 
0.2189( S) 
^.1104(11) 
-0.3150(14) 
0.4158(17) 
+-0.0438 ( 
0.1513( 5) 
0.2952( 3) 
0.3296(11) 
-0.2283(14) 
0.2376(17) 

( 3) 

212(15) 
0431(18) 

0.1769 
+-C.16C3( 6) 
+-0.1623( 9) 
+ 0.3947(12) 
+-0.2799(15) 

V o 

3) 

+ - 0 . 1 1 2 0 ( 1 8 )  
0.0000 ( 3j 

,OÛOO( 6) 
OCOOÎ 9) 
,ÛC00(12) 
5COO(lï) 
0000(10) 
+ 0.0000 ( 3) 

+  0 . 0 0 0 0 (  6 )  
+ 0.0000( 9) 

-  0 . 0 0 0 0 ( 1 2 )  
--0.0048(15) 
-0.0000( 18) 
2) + 0.0443 ( 3) 
--0.4572( 6) 
+-0.4914( 9) 
+-0.2704!12) 
+ 0.1C82;15) 
+ 0.0691(18) 
2) +-0.0844 ( 3) 

+-0.0326( 6) 
+-0.2593( 9) 
+ 0.1190(12) 
+ 0.1160(15) 
-î— 0.09C2( 10) 
2) + 0.0098 ( 3) 

+-0.3900( 6) 
+ 0.2S41( 9) 
+-0.2642(12) 
+ 0.2369(15) 
T—0.0466( 18) 
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oh en: )-0innani c ùcid 

psi; 1) = !) .355% ( 1) U „ J' 6 7- ( 2 } 

C .4125( 4)+ 0.251 ( 5 ; + .lS44i 6) 

0 .lC9Ci 7)+ 0. C 6 P. ! i C) + .0569( v) 

0 .0687(10)+ 0.LG90( 3 .3379(12) 
-j- 0 .2J17(13)+ 0.1490( 14) + .2017(15) 

.14%0(16)+ 0.1500( 17) + .0235(1%) 

-Î- .Û43A(19)+ 

PSIf 2; •— -0 .2950 ( 1) +-C.235 7 i 2) — 0.2950 

-G .C322( 4)+ -0.0641( 5 V + .1049( 6) 

-0 .OyG2( 7)+ —0 « 0 666i S ) + -0 .0622( 9) 
<--0 .0666(10)+ -0.0802( 11) + C-.2308(12) 

G .2630(13)+ 0.33ie( 14) + û .2 63C(15) 

0 .3318(161+ 0.4462( 17) + G .2922( 18) 

Û .1783(19)+ 
PSI( 3) — 0 .2683 ( 1) + 0.202 0 ( 2) + 0.2683 

— G .0G47( 4)+ -0.2172i 5 ) + .4519( 6) 

-0 .3 664{ 7 / + O «  ̂-M. Ci ""l' t o ) + -0 .3029( 9) 

-0 .3134(10)+ —0 •- 3 6 6 4 c 11) + 0 .0053(12) 

0 .0080(13)+ 0.0114( 14) + 0 .0080(15) 
-> 0 .0114(16)+ C.0160( 17) + 0 .0108(10) 
-4- 0 .0067(19)+ 

PSI( 4) = 0 .2657 ( 1) + C o 0 6 5 3 ( 2) + 0.2657 
• -0.3143( 4)+ -0.1966( 5) + -G .0192( 6) 

0 .0320( 7)+ 0.1583( 3 5 + .1866( 9) 

0 .1583(10)+ Û.0820( 11) + -0 .4020(12) 
<--0 .1838(13)+ 0.0901{ 14) + -0 .1838(15) 
-Î- c 

0 
.0901(16)+ 
»326S(19)+ 

0.3366( 17) + 0 .3910(18) 

PSÏ ( 5) = '  -0 .7071 ( 1) 0.000 0 ( 2) + 0.7071 
-G .G000( 4)+ -O.OOOOi 5) + -0 .0C00{ 6) 

-> Û .0000( 7)+ O.OOOOf 8 ) + 0 .0C00( 9) 

0 .0 000(10)+ O.OCOOf 11) + .CC00(12) 
+ -0  .0000(13)+ -O.OOOOi 14 ) + -0 .0000(15) 

0 .0000(16)+ O.OCOOi 17) + û .0000(10) 
<- c .0000(19)+ 

PSI ( 6) û .0981 ( 1) +-C.0182 ( 2) + O.OSâl 
<- —0 .1815( 4)+ -0.3863( 5 ) + —0 .34C7{ 6) 
•i--0 .0371( 7)+ 0.29G5( 3) + 0 .4298( 9) 

0 .2905(10}+ -0.0371( 115 + G .1591(12) 
-c- û .1983(13)+ D.1G9G( 14) + 0 .1933(15) 
-i- 0 .1090(16)+ -0.0510{ 17) + -0 .2868(18) 
s--0.3368(19)+ 

PSK 7) = G .1299 ( 1) +-Û-0776 { 2) + 0.1299 
-5--0 .2872( 4)+ 0.Û2C3( 5) + 0 .3080( 6) 
-r 0 .1472( 7)+ -0.1575( 8) + -0 .3C82( 9) 
->• -Û .1575(10)+ 0.1472{ 11) + -0 .2363(12) 
-i- 0 .0229(13;+ ù.2596{14)+ 0 .0229(15) 
-> 0 .2596(16)+ û.2425{ 17) + -0 .2714(18) 
— 'J .5199(19)+ 

PSI( 8) =• -c .0000 ( 1) + 0.0000 ( 2) +-0.0G00 

( z) 

( 3) 

3 ) 

( 3) 
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o «./' V • . s «V / • / w ^ V . V ' 

COZAi 7)^ 0.:':2c! 8):- t) 
c:26;iv)+-c_cc2:iii;^ c.occ:.;:?) 

i. l.-j J--- Lo2, /.. ^ .•—-, ^.:r 
+-o.s':co(iù)+-c.cc:c(i7)+ c. ccociie, 

C-OOCOC iv 
V ;  =  — O  «  V  J ' . •  . j  l  1 .  j  - • "  . .  V  . '  V  U  ' .  i .  1  - ; •  

5 } -;- 0 w c c c 'K ô j 
C0( 8)-:- C.CCùO; 9) 
:  G  G  '. l i } v — C v O C C C (  1 2 ;  
26(14)+ C.CC26{i3; 

ù.GCOO;17)^-0.OCGDÎ18) 
u'jiju v (19) + 

PSI(10) = 0.1651 ; 11 V-G.inc3 ( 2) + :,1651 { 3) 
+-0.3748: 4)+-0.3023{ 51+ %.1S72{ ô) 
+ ù.2091( 7)+-0.v743( 0;+-0.2527î 9) 
+-0.0743(10)+ 0.2C91(11)+ 0.2703(12) 
+ 0.2663(13)+-G.1134(14)+ 0,2662(15) 
+-:.1134(lô)+-û.3335{175+ 0.0309(15) 
+ 0.3516(19)+ 

PSI(11) = 0.1945 ( 1) +-G.4177 ( 2) + 0.1945 ( 3) 
+-0.22C0( 4)+ 0.5652( 5)+ O.G967( 6) 
+-0.2932( 7)+-0.0328( o)+ 0.3CC3( 9) 
+-G.0320(1C)+-0.2932(11)+-0.0996(12) 
+ 0.1209(13)+ 0.0732(14)+ 0.1209(15) 
+ 0.0732(16)+-0.1368(17 ;+-0,1165( 18) 
+ 0.1623(19)+ 

PSI(12) =-0.1411 ( 1) + 0.3562 ( 2) +-0.1411 ( 3) 
+ 0.0405{ 4)+-0.0389{ 5;+-0.0203( 6) 
+ 0.Ù247( 7)+ 0.0074( 0)+-0.0206( 9) 
+ 0.0074(10)+ 0.0247(ll)+-0.3334(12) 
+ 0.0677(13)+ 0.3032(14)+ 0.0677(15) 
+ 0.3032(16}+-C«2253(17)+-0.4892(18) 
+ 0.4796(19)+ 

PSI(13)' = 0.0000 { 1) +-O.GOOC ( 2) + 0.00:0 ( 3) 
+ 0.0000( 4)+ O.OOOOi 5)+-0.0CC0( 6) 
+ 0.4931{ 7)+-0.4931( 8)+-0.0CC0( 9) 
+ 0.4931(10)+-0.4931(11)+ 0.0000(12) 
+ 0.0827(13)+-0.0S27(14)+-0.0827(15) 
+ 0.0827(16)+ 0.0000(17)+-0.0c00(18) 
+ 0.0000(19)+ 

PSI(14) =-0.0CG0 ( 1) + O.OCOO ( 2) +-0.000G ( 3) 
+-0.000D( 4)+-0.0C0G( 5)+ 0.0C0C( 6) 
+-D.0827( 7)+ 0.0827( 8)+ O.OCOO( 9) 
+-0.0827(10)+ 0.0827(ll)+-0.0000(12) 
+ 0.4931(13)+-0.4931{14)+-0.4931(15) 
+ 0.4931(26)+-0.C0C0(17)+ 0.0000(18) 
+-0.0000(19)+ 

PSI(15) = 0.1561 ( 1) +-0.4991 ( 2) + 0.1561 ( 31 
+ 0.2788( 4)+ 0.0600( 5)+-3.3424( 6) 
+ 0.1512( 7)+ 0.1S22( 8)+-0.3442( 9) 
+ 0.1822(10)+ 0.1513(11)+ 0.1439(12) 
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4-0 

u 2 15 6 1 13) + 0 4 •; 14} 56 { 13 Ï 
+ C u  0%44( 16 1 + U u 126 2( 1 ' ) 24: 1 :{ ) 
+ 0 V 94G( 19) + 

PSI (16) d j  0 274 ( i ) 96 V V 2) -0 . c 274 
« 0312i 4) + 0 .331 2i 5) 32 ( 6 ] 

G « 625( 7) + 0 .26% ̂ ( 0 } .4 p -/ ;• 9 j 
2 600 ( 1 0 )  +  Û .062 11} .3 2 14 C 1 2 )  

+ Û w 2 499 ( 13 ) — 0 .004 2 (  14) + 0 .24 9 9 { 15) 
u :42i 0 .244 5i 17) + 0 269{ 1 0 )  

+-C V %13( 19 3 + 
P S  I  (17) V 0 736 (  I )  0.3C3 6 ( 2 )  C.0736 

-r—0^4-233{ 4-/<•' C-?.u92i. 5 j 
+-0.l3l4( 7)+ 0.22:3: 3)^-J.2449( 9: 
-y C - 2 2 C' 3(1 'J } v~0 » 1 i V (I 1 ̂  J - 2 2 /7 •, 12 i 
v-0uu 175 {13)Co 226G ( 14)G.Oi7ô( 1^ ; 
-r—G » 2 2 6 C {16 ) -r 0 • 4 2 4 2 V 17 j "• J » 511 vj i 1 o ; 
+ 0.1353(19)+ 

PSIiia) =-G.0G40 ( 1) + 0.G1G2 ( 2) +-C.0C4G ( 3: 
+-0.C319/ 4)+ G.21G9( 5)+-0.4132{ 6) 
+ 0.3305{ 7)+-G.2843( 8)+ 0.2694{ 9) 
+-0.2343(10)+ 0.3305(ll)+-0.1613(12) 
+ 0.1S66(13)+-0.2321(14)+ 0.1366(15) 
+-0.2321(16)+ 0.3C3i;i7)+-0.1755(l%) 
+ 0.0672(19)+ 

PSI(19) = 0.0421 ( 1) +-C.2C01 ( 2) + 0.0421.i 3) 
+ 0.3939( 4)+-0.28C7{ 5)+ 0.2717( 6) 
+-0.1682( 7)+ 0oil74( 3)+-0.iC18( 9) 
+ 0.1174{10)+-0.1688{11)+-G.4193(12) 
+ C.2863(13)+-C.2407(14)+ 0.2863(15) 
+—G.2407(16)+ 0.2687(17)+—0.1379{13} 
+ 0.0491(19)+ 

electron Densities 

Atorr.( 1 )=1 .8200 
Ato:T.( 4) = 1 .0520 
Atcn(  7)=0.9521 
Ato.%(10) = 1.0006 
Atorr;( 13 ) = 1 .0095 
Ator.:( 1 6 )=0.9654 
Ato%(l9)=1.2957 

Atoin( 2)=0.6156 
Atoz( 5)=0.7883 
Atom( 8)=1.000o 
Atora( 11 )=0.9521 
Atoa(14)=0.9654 
Atora( 17) = 1 .0217 

Bond Orders 

5ond(  1 ,  2)=0.4857 
Borid( 4, 5)=0.6323 
3ond( 6, 7)=0.-5856 • 
3ond( 8, 9)=0.65 24 
3ond(10,11)=0.6859 

Ato%( 3)=1.8200 
Aton( 6)=1.00o3 
Au0."i( 9)=0.9545 
Ato^i12)=0.9565 
Atora( 1 5 ) = 1 • 0095 
Atom(18)=0.8046 

3ond( 2, 4)=0.5001 
3ond( 5, 6)=0.4716 
3ond( 7, 8)=0.6859 
Bond( 9,10)=0.6524 
Bond(.4,12)=0.3919 
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U7 

jond( i2, 13) =0. 5021 
2c::d( 14, 17) = 0 « 5931 

16, 15) — 0. o952 
3ci:d( 2, 3) = 0. 4857 
3cnd( 13, 19) = 0. 8543 

3ond( 1 3, 14) =:0 . GS63 
JGnd( 17, 1 6) =0. 5951 
l]oncL( 15, 12) —0. oC2i 

17, 13) — 0 o 4232 
ijond( 11, 6) -0. 5356 
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; yy *rj_ ci .JIc; ...iC,!;; 1 0 

PSI 1 ) „ fi 4 { 4 ( 2 J 13 

V 0 265 4 / 1. 7 6 5 « 
1 I -7 - ' 6 , 

-- V; G 74 3 7"; + Cu 36 7 ; ; 9; 

17 1 0 + 3: 9 ; o 3 73{ _ 2 ) 

-r 0 •) 9C 3 / V' 3) + , , w 12 C- ( 14 ) 1 - •J J- I 5) 

*•" c 20 7( 1 Ô ) + U V 19 17 ; 

PSI ( 2) — •" C' 2 4 ( 1) w 2 4 2 { 2/ — G.G 2 19 

2 Co.5 4) + \J u 43 o : 5 ; w 3 7 3G( 6) 

3 27 0 { 7 ) + 31 2 ) -> ij w 3 2 7 •! 9} 

3 73 0 I — ij w A i 11 ) -1.' W C a2( 1 2 ; 
-> — G 039 6 / 3 ) + — U V C3 "') 7 ) * 0331( I 5) 

—0 34 7 ( 1 6 ) + — G « •J 3 9 6 17 ) -r 

PS: ( 3) 396 3 ( 1 ) — 2 5 9 C ( 2) 0. 0 64 

0 Co 1 ( 4 / + 06 2 Ô { 0 ) -r— G • C 5 93 ( 6 ; 

57 4 ( '{)-> -Cv w 7 { ; G 5 74 ( 9 J 

0 0 59 1 0) + — 0.. 253 2 V J V 0 » 3 o 08 ( 12 J 

+ 0 3 41 7 i 13) + 0-33 5 14 ) -> c . 3 2 67 i 1 5) 
3 S> 5 ( 16) + 0. 34 7 17 } 

3} 

O.C021 2) + — 0 o 3 6  07 
1G33( 5) + 0.0 •: C }  
3299( 3 }  + 0.24G1 ( 9 )  
0042(1 1) 227 f 2 )  
2473(1 4) +  0 .3  290 { 15) 
0430:1 7) 
0.1731 ( 2 ; + 0 .  0  20  
2197( 5  ' i  +—0.  0  516 \ 6  ;  
2463: 3 )  +  0 .1  540 : ; 9) 
6723(1 1 )  + 0.0 C26 ( 1  2)  

1 

p s : (  4 )  
+-0.361C; 4)+-0, 

C.2431( l\-> 0. 
+ 0.0431(10)^ 0. 
X- 0.0430(13)? Cv, 
+ 0.2473(16)? G. 

PSIi 5) =-0.5709 ( 1) 0.1731 ( 2; 0.0020 ( Ù) 
+-0.17311 4)*-0. 
+ 0.154S{ 7)+ 0. 
+-0.0516(10)+ 0. 

G.0006(13)+-0.cûl3(14)+-c.0029(15) 
+-0.0018(16)+ 0.0006:17)+ 

PSI{ 6) = 0.1017 ( 1) +-0.0449 ( 2) + 0.1733 ( 3) 
+-0.1523( 4)+-0.3479( 5)+-0.1233{ c) 
+ 0.2C64( 7)+ 0.3601( S)+ 0.2064{ 9) 
+-0.1233(1G)+-0.3G62(11)+ 0.3959(12) 
+ 0.1403(13)+-0.2349(14)+-0.4C9e(15) 
+-0. 2349 ( 16 :•+ 0.1403 ( 17 5 + 

psn  7) =-0.0000 (  1 )  +-0.0000 ( 2) +-0.0000 ( 3) 
+—O.OOOC( 4)+—Ou COCO' 5)+—0.49971 6) 
+-0.4997( 7)+-O.OGCO( 8)+ 0.4997( 9) 
+ 0.4997(10)+ 0.0000(11)+ 0.0000(12) 
+-0 .0165 (13)+-C.0165(14}+-0.0C00(15 )  
+ 0.0165(165+ 0.0165(17)+ 

PSK 8) = 0.0000 ( 1) +-O.OOCO ( 2) +-O.OCCO ( 3) 
+-O.OOGb( 4)+ O.QOCOv 5)+ 0.0165( 6) 
+ 0.0165( 7)+-0.0000( S)+-0.0165{ 9) 
+-0.0165(10)+ 0.0000(11)+-0.0000(12) 
+-0 . 49 97 i 13 } +•-0 . 49 9 7 i 14 ) + -0 . 0 0 0 0 { 15 ) 
+ 0.4997(16)+ 0.4997:17)+ 

PSK 9) =-0.1011 ( 1) + 0.1189 ( 2) + 0.4172 ( 3) 
+ 0.362G( .4)+-0.2147( 5)+-0.2410( 6) 
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PSI(11) 

PSI(12: = 

PS 1(13; = 

PSI(14) = 

r. .0799; 7 ;• V 2;:57- 1 -> 799{ ) 
.24i:( 10) + ) -r / 7.-; : <1 2) 

.277:( 13.+ 0 0 21 i ] - : •  '•j « 2/ 293{ i 
0 .vS21( 16 j-:-— j. 7 7 7 ' 17 ) + 

=: -0 .1642 ( 1) 0.370 9 \ 2 ) 0-3 

.5393{ 4 1 + — U . 1359( P j + p v05 { r. ) 
0 .C46C( ?} + v/ w 3 C 4 0 { O } + •.'}. 46xi 9) 

Qi .2905{ 10 ) + — 0 w 2c3C( 1 1 C„ 0 759/ 2) 

— 0 .1625( 13) + -G. G 2.61 ( 14 ) + 0. - 793( 1 5 ) 

-û .C261( 16) + ~ yj - 1623( 17 ; + 
=: 0 .1679 ( 1} 0 o 11 9 { 2) „ G t; 23 

.013 0( 4 ; v703( 5 ) - 0 i y 3 ( 6} 
G .G332( 7) + — 0 » C7C7{ S ) + 0. 0332( 0 
(j .0395( 10 ) + 0 . 263g{ ) + 4 473( 1 2) 

—G .2513( 13 ) + ~Vj » 2112{ 14 ; + 0 . 4 497: 5) 
-0 .2112(16)+ —0. 2513( 17 ; + 
0 .0000 ( 1) 0.000 G .( 2) <--3.0 

-r -Û .OCOOi 4 ) + 0. 000 ;( 3 3 + ~ J -4 999( 6} 

C .4S99( 7 j + 0 . OCOO{ 8 ) + — 0 . 4 999{ 9) 
C .4999( 10) + Oo OOOOf 11 ) + 0 v 0 UOO l 2) 

-0 .0123( 13) + 0 o 0123{ 14 } + Ow OCOO( 5 ) 

-0 .0123( 16) + 0 . C123{ 17 } + 
0 .0000 ( l; O.CCOO ( 2) 01> û r 00 
Q .aooof 4) + -0. OOUO ; 5 J + -0. V 123{ 6 ) 
0 .0123( 7 ) + —0 « OOCj{ 8 } + — 0 . 0 123{ 9) 

0 .0123( 10) + 0. 000C( 11 5 + 0. 0C00( 2) 
K- 0 .4999( 13; + —0 . 4999( 14 ) + 0. 0 û 0 0 { 1 5) 

-i- 0 .4990( 16) + -0. 4999( 17) + 
û .0705 ( 15 0.236 4 ( 2) i- 0.1 225 
0 .2901( 4 ) + — 0. 4718( 5 } + 1 390( ô) 

<- C .3G44{ 7) + — 0 « 5056 { S ) + 3 C44( 9) 

-î- •c .1390{ 10) + 0 v. 1081{ 11 î + 1 992( 2) 

0 ̂C587( 13) + û v 12G5( 14 ) + — 2 135( 15) 

0 .1285< 16) + 0 . 0587( 17 ) + 
PSI(15) = 0.0939 { 1) 

'j.2675( 4)+ 
-0.21C1{ 7)+ 
0.1036(10)+ 

+-0w3737 { 2) + D.4141 
0.0358( 5)+ 0.1C36( 6) 
Ù.2493{ 8)+-0.2101( 9) 
0.1393(11)+-C.0554(12) 

PSI(16) = 

PSI(17) = 

-i--0.1604( 13) + Oc 3253( 14) +-0.3363( 15) 
+ 0.3253( 16) -r — 0 a 1604{ 17) 
= -0.0144 ( 1 ) + 0.064 2 C 2) — 0 o 1 006 
-I--0.1377( 4) + 0. 365g( 5 ) — 0 V 3307( 6) 

0.2991( 7) -0. 28nO( o ; + 0. 2991( 9) 
4--0.3307( 10) + -0„ C2C9{ 11) + 0 o 281o{ 12) 
-0.2416( 13) 0. 2185( 14) -•— 0 . 2110( 15) 
+ 0.2185( 16) + -0. 2416( 17) -î-

0.Û497 ( 1 ) +~ 0.235 6 ( 2) + 0.4272 
-0.3259( 4) 0 a 3181 ( 5) — 0 o 2C11( 6) 

0.1421( 7) + -c. 1242( 0) + 0. 1421( 9) 

-0.2011i 10) + Oo 0716( il) +—0 « 4175( 12) 
-}• 0.2639( 13) -0. 1865; 14) O

 
« 1630(15) 

+ -0.1865(16) + 0. 2639(17) + 

i 1 

3) 

( 3) 

( 3) 

{ 3) 

( 3) 

( 3) 

( 3) 
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11)1 

c^-Phenylcinn&noniliae 

PSIi 1) 

PSI( 

r .2779 {  1  ) + G-4 -/ { 2) 0.3 2 39 
r, .1756( 4 5 + C •J 2 1 5 ) .0 6 10 { c ) 

G .035 4{ 1 )  + 0 0 K 0 J  r w V 3 5 4 ( 0 5 
C .0610( 10) + 0 21 n 11 J  + 1 26 ( 2 )  

u. .0653( 13 5 + c 05 9 { 14 ) o  c 53 ( 1 5 ) 

0 .1126( 15 ) to 57 5 0 { 17 \ J  .3 C 97( i 8) 

G .1599( 19 ) w 09281 20 V + 0 .0 7 37 ( 2 1) 

.0928(22) + 0 » 9 9( 23 Î + 

0 .0134 I 1 ) + -u . J 163 { 2) n-— 0 o 2 686 

0 .2606( 4) +—G a 30 O K 5 y .2 1 23( 6 ; 

+-0.1615( 7 
+-0.2123(10 
+-0.1665(13 
+-C.2108(16 
+ 0.2003(19 
+ 0.1524(22 

3) = 0.0 560 ( . 
+-0.1337( 4 
->-0.2921 ( 7 
+-0.3228(10 
+ 0.2170(13 
+ 0.2393(16 
+-0.0753(19 
i ~ 0 . 0 6  o i I ( 2 2  

PSK 4) 

+ 

) + 

=-0.3329 ( 
%— 0 • 0 3 0 4 ( 4 
+ 0.Ù645( 7 
+ 0.0560(10 
+ 0.2141(13 
+ 0.1859(16 
+ 0.2734(19 
+ 0.3149(22 

PSK 5) =-0.1311 ( 
+-0.2751( 4 
-r 0.1912( 7)+ 0 
+ 0.0536(10)+—0 
+ 0.2238(13)+ 0 
+ 0.0627(16)+ C 
+-0.0671(19)+-0 
+-0-2394(22)+-0 

PSI( 6) = 0.6176 { 
+-0.277S( 4)+-0 
+ 0.2090( 7)+ 0 
+-0,0269(10)+-0 
+ 0.0978(13)+ 0 
+-0.0126(16)+-0 
+-0.0158(19)+ 0 
+ 0.1463(22)+-0 

PS:( 7) = 0.2294 ( 1) 
+ 0.1616( 4)+ 

-I— 0 

-i—0 
+ 0 
+ 0 
+ 0 

1457( 
. 318 6 t11)+-C 
, 15 0 2 ( 14 ) -i— 0 
3074(17)+ 0 
,1524(20)+ 0 
,2003(23)+ 

+ 0.0599 { 2) 
-0.3763( 5)+-G 
-0.2S21( 8)+-C' 
0.2795(11)+ 0 
0.2096(14)+ 0 
-0.0390(17)+-0 
-b.0631(20)+-0 
-0.0753(23)+ 
+-G.3C41 ( 2) 
0. 
0. 
0. 
0. 
-01 
0. 
0< 

r-C „ 1615 ( .< ; o ̂ 

. 2 1 0 8 ( 1 2 )  
1 Aft o D r- V 

0427( 5)+ 
,0674{ 8)+ 
,1416(11)+ 
2237(14)+ 
,1853(17)+ 
3149(20)+ 
,2734(23)+ 

/ 

0.0560( 6) 
0.0645{ 9) 
,1859(12) 
,2141(15) 
,2C03(18) 
,3291( 21) 

.1G76( 5)+ 

.2450( 8)+ 0 
,1259(11)+ 0 
.2867(14)+ 0 
.4305(17)+ 0.1346(18) 
,2394(20)+-0.3066(21) 
.0671(23)+ 
0.2170 ( 2) 
.2454( 5)+-C 
,3094( 8)+ 0 
.1148(ll)+-0 
.1448(14)+ 0 
,2431(17)+-G 
.1463(20)+ 0 
.0188(23)+ 
0.0342 ( 2) 
,3636( 5)+ 0 

35 

.2917(10) 

.1375(21) 

+ 0.0993 ( 3) 
.322C( 6) 
.2921( 9) 
.2393(12) 
.2170(15) 
.0873(18) 
.0658(21) 

3) 

2) +-0.3220 ( 3) 
0.0536( 6) 
.1912( 9) 
.0627(12) 
.2238(15) 

+-0.13CO ( 3) 
.0269( 6) 
.2090( 9) 
. 0 1 2 6 ( 1 2 )  
.0978(15) 
.1718(18) 
. 2 1 6 6 ( 2 1 )  

+-0.1779 ( 3) 
.1231( .6) 
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52 

? s : (  à )  - -

P S l i  9) = 

PSI(10) = 

PSI(11) = 0.3 

PSI(12) =-

PSI (13) .=-

.2:64 { 7i-;- „ ' 7 6 ( G V — C' ̂  2 À 6-v \ 9 ; 

0 « ] 2 1 (10) + .40j2 ( 11 .14 IC ( 12 ] 
c « 2 3 o 2 { 13) -> C ; ]_ 4 ) -r . 2 ?.2 ; — V 

-0 .1410 '16) + -0 » C 1 { 17 J — L' .0275: .-1 \ ^ \ > J 
-0 U 0 C 9 7 (19) + 0 .0164 i 20) V ,0205; 21) 

c «0164 (22) + ,0C97 (23: 
= « 0 0 û 0 ( i; -C.C2 2) + 0 - 0 

.GDOC ( 4 ; + —J w V L' J 
- \ .024%( 6 J 

-r û .0248 ̂ 7) + "j ( 2} .0240: 9: 
' '• 1 % ^ 4 5 9  4  ;  12 ) 0 . U "i'L l io J '' — vj M \J 's.. V' 

0 .4^94 (13) + .0000 ( 14) .4594: 15) 

-0 .4994 (16/ + -0 .0000 -17) 0 . 0 0 C C ' la) 

0 .0003 (19) + 0.0003 (20) -0 .0000( 21) 

-G .0003 (22) + —0 .0003 (23: 
= 0 .0000 ( 1) o.co LJ v; 2; +-0 - oc00 

0 .0000 ( 4) + 0 i 5) -0 .4993( 6 ] 

-0 .4993 i 7) + — 0 ( S; .4993( 9) 

i- 0 .4993 ; 10 ) + -0 .0000 (11) 0 .0248( 12) 

0 .0243 (13) + 0 .00 0 i 14) -0.0248( 15) 

-0 .0248 (16) + 0 » 0 C10 [ 17) 0 o 0 C 0 U ( 13) 
U >» O W ô O (19) + 0 .0066(20) .0000( 21) 

-G .0066 (22) + —c -a 0 O O (23) V 

= . 0 c 0 0 ( 1) 4--0.00 00 ( 2) +—0.0030 

-0 .OOGO ( 4) + 0 .OOCOf 5) 0 . 0066 6 ) 

V 0 . 0066 ( 7 ) + -0 .0000 ( 8) + C' .0066( 9) 

— U .0066(10)+ —0.ûGOO ( 11) -0 .0C06( 12) 
-0 .0006 (13) + 0 .0000 (14) û .0006{ 15) 
c .0006 ( 16 ) + 0 { 17) V -0 .0000( 18) 
0 .5000 (19) + 0 .5000 (20; 0 .0000( 21) 

-}• -0 .500 0 (22) + -0 .5000 (23) %-

= 0 .3141 ( 1) -0.07 14 ( 2) — 0 » 0 430 
-> -0 .0202 ( 4) + 0 .0274 ( 5) -> 0 .0207( 6 ) 
-û .0114 { 7)-:--0 .0295 ( 3; -0 .0114( 9) 

û .0207(10)+ 0 .0503 (11) G .0441( 12) 
—0 .0243 (13) + -0 .062H(14) + -0 .0243( 15) 
c .0441 ( 16) + —0 .4077(17) 0 .4420( 10) 

0 .3339(19)+ -0 .1839 (20) -r -0.4760(21) 
—0 .1839(22)-:- 0 .3339 (23) 
-0 .2360 ( 1) <- 0.1057 ( 2) + 0.4133 

K- 0 .3638 ( 4) + -0 .2119( 5) -0 .2406( 6) 
-r û -0787 ( 7)-:- 0 .2841 ( 8) + 0 .0787{ 9) 
-> —G .2406(10)+ —0 .2407(11) -0 .2733(12) 
4- 0 .0894(13)+ 0 .3223 (14) 0 .0294( 15) 

-c .2733(16)+ -0 .1474 (17) + 0 .0687( 18) 
0 .0730 (19) + -0 .0255(20) + — 0 .0921( 21) 

-i-—0 .0255(22)+ 0 .0780(23) 
= —G .2369 ( 1) 0.3738 ( 2) + 0.2957 
+ .5367( 4)+ -0 .1332{ 5) 0 .28S5{ 6 ) 

0 .0458( 7>+ "~0 .3024( 8) -> 0 .0458( 9) 
-> 0 .2885 (10) + 0 .0734 i 11) <--0 .15891 12) 
—0 .0252(13)+ 0 .1666(14) -r -0 .0252( 15) 

T -û .1589(16)+ -0 .1525(17) — 0 .0303(18) 

jj ) •  

v o y 

i 3) 

( 3) 
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-1- V - u :> C) ; ̂ V ; s-
+ 0.0104(22:+ 

PSI(14) =-0.2496 ( 1) 
.+ C.0264( 4)+ 
+-C.0419( 7)+ 
+-3. 05415 (10)+-
+ 1222(13)+-
+ 0.2377(16)+-

1 

PSI(15) = 

V w U 1 "r ; 2 \1 ) 
• •' ! n •.> •• . 
V/ w ^ J 
+ 0.4757 ( 
0  ̂ C 913 ( 3 ) • 
G.:923( S)' 
-0.3972(11)-
-0v4030:14)-
-C.0^25il7)-
CwlC45(20)-

7(21) 

0.2377(1?) 
v-1825(15) 
-0.227^(13) 

2307(21) 
o 1 5 ( 22) + 0 I 36 I ( 23) + 0

 1 
ii 

-0 

o
 
o
 ( 1) g . 0 00 G ( 2) 0 o 0 GOG 

. 0 OGO ( 4 5 + 0 o GO \ t 5) + « 0 C Cl( 
+ —Û oO DC i ( 7) + -c GG 0( 3Î + ^ J c OK 9) 
. 0 0G1( 10) + -0 y OOOOi 11) + u QC 35( 12) 

+-0 .0 035( 13) + -0 * c 00 C( 14) + 0 u O C  35 ( 1.5 ) 
-•—c .0 G 3 5 ( 16) + -G o 00 . 0 0  13; 
+-0 .5 GOO ( 19) + 0 U 5 00 Û ( 20) + 'J . OG 00 ( 21) 
. 5 000(22)+ c 5 GO 0 ( 23) + 

PSKlô) = 

?.SI{17) = 

= 0 .OOOG ( i) -0,0000 ( 2) + OoOGCC 
+ 0 .0000( 4 ) + —0. G G 0 G C 5) 0. 4954( 6) 
— 0 .4954( 7) + —0. 0 G 0 0 ( 3 j + 0-4954( 9) 
— 0 .4954( 10) + —0» 0 0 G 0 ( i 1 ) 067S( 12) 

+ —0 .0670( 13) + —0 . 00G0( 14) + G. 0678( 15) 
— 0 .067S( 16) + 0. OOOOi 17;. + 0. 0CCG( 13) 

+ 0 .0C06( 19) + — Co 0C06( 20 ) + 0. 0000(21) 
+ 0 .0006(22)+ — 0 . C0C6( 23} + 
= 0 .0003 ( 1) 0.0000 ( 2) + G.0000 
+ 0 .0000( 4 ) + — 0 « 0000( 5) + -0. 0678( 6 ) 
+ 0 .0678( 7) + — 0. OCOO( 3) -0. 0673( 9) 
0 .0678( 10} + O u CCOO( 11 ) + 0. 4954( 12) 

+• -0 .4954( 13) + 0. 0000( 14) G . 4954( 15) 
-i—0 .4954{ 16) + -0. C000( 17) JU 0. CCOO( 13) 
+ 0 ,0034( 19) + 0 « 0034( 20) 0» 0000(21) 

PSKIS) = 

PSI(i9) = 

0.0G34(22)+-0.0034(23) 
0.0591 ( 1) +-Û.1244 ( 
-0.0345( 4)+ 0.1120( 5) 
-0.u629( 7)+ 
-0.0446(10)+ 
-0.1349(13)+ 
-0.0957(16)+ 
0.1967(19)+ 
0-2774(22)+ 
0 . 1 1 6 8  (  1 )  
0.2928( 4)+' 

C.1139( 8) 
0.2405(11) 
0.2446(14) 
0.1901(17) 
0.2774(20) 
0.1967(23}+ 

2) +-0.0740 
— J » 0 4 6 ( 6 ) 
+-0.0629( 9) 
+-0.0957{12) 
+-0»1349(15) 
+-0.4944(10) 
+-0.5027(21) 

+-0.2584 ( 
. Ai oo ( I 5 5 

+ 0.2930( 7)+ 
+ 0.1299(10)+ 
+ 0.1022(13)+ 
+ 0.0445(16)+ 
+ 0.0427(19)+ 
+ 0.0980(22)+ 

PS:(20) =-0.1387 ( 1) 
+ 0.2647( 4)+ 

2) + 0.1CG4 
+ C.1299( 6) 

3.29G0( 9) 
+ 0.0445(12) 

0 .1022 (15 )  
p 1 t-0.1490(lk; 

-0.4914( 3)' 
-0.1562(11}-
-0.1634(14)-
0.12C'4( 17)-
0.093C'20)+-0.1616(21) 
0.0427:23)+ 
+ 0.3720 ( 2) +-0.410Ô 

-0.0349; 5)+-G.lC30( 6) 

( 3) 

( 3) 

( 3) 
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i p'r 

PSI(21) 

PSI(22) 

PSI(23) = 

0 .2182( -0 .2473( S ) 0) 
~ 5 v7 ( 1 2 ) . 1 v'.l l i 0 ; V 0 «< •V ^ <1. « »' 

.3229(13)+ A .333S( 1/;) +— 0 .3229( j. 5} 

0 .1597(16)+ .0961; 11) « C 1 ]. ( 1M : 
4- G .0299(19)+ .Ù604( 2 G } + V .071C{ 21 ) 
0 .0604(22)+ C' .C299( 23) 
.G13S ( 1) 0 - 0 41 a ( 2) + ij' s. L 136 
.0052( 4)+ .0262( 5) + 0 .0241( 6 ) 

-s—c .022%( 7)+ G .:224( 8; .022o( 9; 
Q .0241(10)+ -G .C72n( i I ) + 0 .0724( 12 j 

—C .06B7(13)+ .067!3 •; 14) -,— G .06B7{ 13) 
-r 0 .0724(16)+ -Û .1C37( 17; + 0 ̂ 4 3 0 9 1 18) 
V —U .4034(19)+ 0 .3326( 2C ) — 0 .3757( 21) 

r, .3826(22)+ -C .4034( 23) 
= 0 .0230 ( 1) -0.0705 ( 2 ) + l; « 0 9e 0 

C .1395i 4)+ .3&7C( 5> « 3 312 ( 6) 
0 .2993( 7)f 0 .2SC9( 2 ) .2993( 9 ) 

-r Û .3312(10)+ -C .2721( 11) + 0 .2322i 12) 
—0 .2104(13)+ 0 .2031( 14) .2104( 15) 

V 0 .232&(16)+ -0 .G314( 17) —0 .0697( 10 ) 
V Q .0597(19)+ -0 .0539 i 20) + ù .0521( 21) 
i—0 .0539(22)+ 0 .0597( 23) 0

 
II .0729 ( 13 -0.24C 0 { 2) + 0 0 4 263 

-i—C -3243( 4)+ 0 .3156( 5} -r — t ) .1991( 6} 
.14Û3( 7)+ -0 .1227( 3 ) 0 .1405( 9) 
.1991(10)+ —û .4162( 11) + 5 .2626( 12) 
.1852(13)+ û .1617( 14) -!— 0 .1852( 15) 
.2626(16)+ 0 .0606( 17) —0 .0471( 13) 

C .0297(19)+ .021C( 20) + 0 .0183(21) 
"5—0 .0210(22)+ c .0297( 23) + 

( 3} 

C ( 3) 

îlectron Densities 

%on( 

u v 

7) 
10) 

) )  
xor;i( 1 6) 

•cûrn(22) 

i( 
;cr:.( 

i:orr.( 1 

z l  . 5 2 6 0  
=0.8586 
: 1 ,00W? 
:0.968o 
=0.9997' 
=1 .0064 
=1.0373 
=0.9982 

3ond( ' , 
3ond( • 3, 
5ond( 5, 
Bond( 7, 

to%( 2)=0.698l 
' 1.0052 

0.9708 
0.9955 
1.0049 
1.7873 
0.9982 
1.0373 

Atom( pj=' 
Atom( 8)= 
Atorn( 11 )= 
Auom( 14 ) = 
Atorn( 17) = 
Atom(20)= 
Atom(23)= 

2)=0.6696 
4)=0.7276 
6)=0.5912 

Bond Orders 

Bond( 

'A j)=1.0439 
c o Atom( o)=0.9c 

\=1.0005 Atoni( -j j 
Aton(12)=1.0Cc4 
Atom(15)=0.9997 
Atoni( 1 8)=0.961 1 
Atorn( 21 ) = 1 .0276 

3)=0.4455 
i>ond( 4, 5)=0.4585 
3ond( 6, 7)=0.6842 
Eond( 8, 9)=0.6540 
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