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N-Alkyl amides undergo photodecomposition much slower 

than their ketone, ester, and aldehyde analogs . The Norrish 

Type II process in amides is also less important than in 

these other classes of compounds due to electronic and geo-

metric effects . Type II products account for less than 10% 

of the decomposed amides in all cases and usually less than 

5 g, 
0. 

A 2% solution of amide in dioxane, when irradiated 

through quartz with light >200 nm, did not decompose in the 

Type II fashion to yield N-alkyl acetamid es, alkenes , and 

unsubstituted amides . Th e preferred reaction mode was the 

Norrish Type I process where the O=C+N bond or the O=C-~ C 

bond was cleaved to yield either an acyl radical and amine 

radical or an acyl radical and alkyl rad i cal . These photo-

chemically unstable radicals, once produced, rapidly under-

went secondary reactions to yield smaller molecules. These 

molecules were dc ·Lectcd, underwent further reactions (poly

merization; photoreduction ), or interacted with the solvent . 

The dimers of dioxane and cyclohexane, created via hy

drogen abstraction, were the main products of amide photode-



composition in these solvents . Small aldehydes and alkenes 
produced as intermediates, underwent inefficient photore 
ductions with solvent to afford alkyl dioxa n es and cyclo
hexanes and the two diastereomers of ( 2-p-dioxyl ) ethanol 
as other major products . The alcohols were also prod u ced 
by photoreduction of acetaldehyde and hexanal as well as 
by direct photodecomposition of dioxane . 

Tertiary am i des reacted faster than secondary amides . 

, 

The Type I reaction was accelerated by electronic (indu ctive ) 

factors . The Type II reaction was also more efficient due 
to geometric and electronic factors . The Type I amine prod-
u ct , dihexyla min e , was observed as an intermediate in the 
photodecomposition of N,N-dihexylhexanoamide . 

Unsymmetrical anilide imides photodecomposed in dioxane 
to yield a wi de variety of products . The Pho t o-Fries decom
position mode was most favored where acyl groups migrated to 
pos iti o n s ortho a nd para to the a min e s ub st itu nt. for ex
ample , N-acetyl-butyranilide decomposed to yield o- and p
acetoaniline , 0 - and p-butyraniline , o- and p-acetobutyrani
lide, and o- and p-b ut yraceta nilid c . Very little Type II 
decomposition was observed , that is, N-acetyl-butyranilide 
yielding N,N -d i acetylanili n e or o- and p-acetoacetan ili dc . 

N-Alkylphthalimides were the sole group of amides or 
imides reported in the literature to und ergo effic i enl y-
hydrogen abstractio n. These compounds underwent initial 
y-hydrogen abstraction to yield a 1,4-biradical followed by 
ring closure to form an azacyclobutanol intermediate . The 



intermediate then underwent retrotransannular ring opening 

to yield various 3,4-benzo-6,7-dihydro(lH)azepine-2,5-diones. 

Dihydrophthalimide alkenes were minor products in acetoni

trile which arose after the initial y-hydro gen abstraction 

via subsequent 0-hydrogcn transfer. 

Quantu m yield determination as well as mechanistic 

investigation was cond u cted . The quantum yie ld s varied 

from 0 . 023 to 0.003. Photolysis of an optically active 

phthalimide with an asy mm etric y-po sit ion to yield start

ing material of the same activity proved that the initial 

hydrogen abstraction was irreversible. A Type I cleavage 

to yield phthalic a nh ydride on treatment with silica gel 

and heat was important when they - pos iti on was tertiary. 

A quenching st udy of these N-alkylphthalimides with 

piperylene showed accelerat i on of starting material dis-

appearance but decrease in prod u ct formation. An additio n al 

reaction process was interfering with the azepinedione for-

mation. 
Liquid chromatography showed formation of several 

highly alkylated products which could not be isolated in 

pure form. 

N-M et hyl pht hali mid e , which could not ring expand , was 

irradiated with various alkenes to produce analogous N

methyl-azepinediones. The mechanism involved a 2 + 2 cycle

addition of the double bond to the C-N bond to yield a di-

polar azacyclobutanc int ermediate . 
The intermediate with 

a retrotransannular ring opening yielded the obs rved 3, 4-

benzo-6,7-dihydro-l-methylazepine-2,5-diones. These reac-



tion s prove that the C-N bond in phthalimide i s of a s ub

stantial double bond c hara cter . 
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PART 

Photochemistry of Amides 



§ l. INTRODUCTION 

Considerable interest has been shown in the design and 

synthesis of photo- and biodegradable polymers. Nylon, which 

contains amide linkages, was selec ted for inv stiga tion be

cause of it s sim ilarity to compounds occurring in living 

systems. It was believed that this similarity might be u sed 

to our advantage for preparation of a biodegradable polymer . 

l Guill t demonstrated that polymers of olefins with 

side chain carbonyl groups quit eff ici e ntly und rwent a 

photochemical cleavage which severed the " backbone " of the 

polymer and thereby reduced the mol ec ular weight. These lower 

molecular weight products could be isolated and tested for 

degradability . 

also be st udi ed . 

The photochemistry of these products could 

Th e photochemical decomposition of amids wa s documented 

but not extensively studied. Cl.avage s imilar to that reported 

f 
. db N . 2 

or t h e polyolefin reaction wa s propose y orrish for th 

decomposition of amides, and it was assumed that the basic 

monomer u ni ts of a polymer would degrade by th sa me mecba ni s m 

as th e polymer itself. Different N-alkylamid es would be 

u sed as models, and tbeir study could be appli d to th e de-

s ign of more complex amides and hence to polymers . In order 

for a monomer to be u seful in a polymer design, tb t monomer 

mu st readily photodegrade. 

Previou s work in our res arch group indicated that prior 

work on amid photochemistry mi ght be in error . N- alky lamid es 

did not decompose as readily as expected , based on earlier 

l (J 
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information . Recent work in the literature , by other 

investigators, has substantiated these observations . 

The photochemistry of various N-alkylamides was 

investigated under the conditions r ported by the previous 

researchers . Various inconsistencies concerning amide 

reactivity and the mechanism of these reactions were recon

ciled in this study . 
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§ 2 . HISTORICAL 

Pr e viou s work o n th e photo c h e mi s tr y of a mid es was 

mo s tly b ase d on th e e x pe rim e nt s of Bo oth and Norri s h . 
2 

No rri s h b e li e v e d th e primar y d eco mpos ition pro cesses we r e 

s imil ar t o t h e Ty p e I a n d Ty pe II p r ocesses in k e ton cs a n d 

a lde hyd es s h o wn b e l o w: 

Ty pe I 

Typ e II 

hv -
Th e ir work wa s don e with un s ub s titut e d 

• R ' 

0 
II 

+ • CR ' 

mid s , a ce ta-

mid e , prop r iona mid e , but y ramid , val e ramid e , and h exa n oa mid e . 

Th ese r eact i o n s we r e condu c t e d in di ox an e o r in h y dr oca rb o n 

so lv e nt s . Di oxa n e wa s u se d as a so lv e nt b eca u se it was s upe-

r i 
O

r t O 1
1 
c x a n C) for d i s s o l v in g am id e s an d b e c a u s e i t w as a 

b e tt e r hydro g n so u rce fo r a ny r a di ca l s p r o du ce d. Th e irr a d i -· 

cJ. L i o n ~:; w r e co ndu c t e d und er v a uum with a 400 Wa tt me r c ur y 

la mp a t r oo m t mpe r a tur e . 

Th e p h o t o d eco mp os ition o f h ex an o amid e , v a l e r a mid e , 

butyramid e , and a ce t a mid e , f o ll o we d by r ~mov l of th e gas 

fracti o n a t li q ui d n itr oge n t e mpera tur e , y i e ld e d h yd r og n a nd 

ca rbon mo n ox id e . Th e r e l a ti ve a mo unt s of th se p r od u c l s 
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could be altered by filtering out low wavelength light. 

When the wavelength of irradiation was increased, the amount 

of hydrogen produced decreased relative to the yield of car

bon monoxide . 

A sample of butyramide, which was irradiated in dioxane, 

decomposed to give ethylene, ostensibly the alkene product 

from a Type II decomposition. Similarly, valeramide yi lded 

propene, and hexanoamide yielded 1-butene . In contrast, 

proprionamide yielded ethylene as the unsaturation product . 

Ethylene was an unlikely prod u ct because what was understood 

to be the conventional Type II decomposition of proprionamide 

should generate a methyl radical,which would subsequently pro-

duce methane . (Methane was not observed . ) 

In order to explain these reactions Booth and Norrish 

proposed the following mechanistic scheme: 

Type I 

Primary processes 

Type II 

Secondary processes 

hv 

hv 
Type I 
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+ H • 

H• + solvent--r H2 + solvent • 

Booth and Norrish's work also included a study of alkyl 

amines . These amines on irradiation yielded unsaturated 

hydrocarbons, hydrogen, and simpler amines plus polymer . 

Typ I and Type II processes were also proposed for the amines . 

(Naturally the secondary processes for amides would be those 

discovered for amines .) It mu st b pointed out t h at propyl-

amine (t he prod u ct of carbo n monoxide extrusion ) was not 

positive l y identified as a produc t in the photodecompo s i-

tion of butyramide . Che mi cal tests indicated only that pri-

mary amines were formed . 

Booth and Norrish differentiated Type I reactions for 

aldehydes from those for ketones and stated that amides 

follow the aldehyde process . Type I reactions of the ketone 

type yield acyl rad i cals,which either abstract hydrogen to 

give aldehydes or co mbine to yield a,S-diketones as shown 

below : 

• NH 
2 

(T ype I-ketone type) 

(abstraction ) 

0 
Ii 

CH 3 CH 2 CH 2 C-~CH 2 CH 2 CH
3 

0 
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Wh en n e ith er a ld e hyd es nor diketones were do ccte d , 

this Ty pe I process wa s discounted as a d eco mpos ition mod e 

where no Typ e II process wa s posslble . I-f tho Typ e T ketone 

process were s i g nifi can t, then the following sc h e me would 

be operative : 

0 
II 

• CNH 
2 

(T ype I k eto n e ) 

Se v eral conclu sio n s ,whi c h h a v e affec t ed s ub seq u e nt work 

and und erstandin g of amide p hoto c h e mi s try,were made by Booth 

and Nor r i s h. Th e li g ht absorbing mo i ety was s h o wn to be 

rather than th e carbo nyl or amin e function ind epe nd e ntl y . 

Th e decom pos ition mecha ni s m was s imilar t o aldehyde s a nd ke-

tones . Sciss ion n ex t to the carbonyl in th k eto n e Ty pe I 

reaction was discounted due to the a b se n ce of a ld ehydes and 

a , B - diketones ,whi c h were not detected in chemical te s ts . 

They co n cluded that the im portant path way was the Ty pe II 

process whi c h yielded a lk e n es a nd ace tamid e . Secondary pro-

cesses a n d a ld ehyde Type I processes acco unt d for carbo n 

mo n ox id e a n d hydrogen production as well as lh o pr0Gonc0 of Lhe 

pr imar y a min es . 

Spall and Steac i e 
3 

inv est i gated the p h otodeco mpos iti o n 

of aceta mid e at e l eva t ed t e mpera tur es . Th e ir re s ult s par-

tially agreed with those of Booth and Norr i s h but d iff ered 

on so me major poi nt s . Th e major co mponent s of acetamidc de-

co mp os i tion we re acetonitrile , water , carbo n monoxide , met hane, 

etha n e , a nd a mm on i a . Th e mechanistic processes which l ead 
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to these prod u cts are shown below: 

0 
11 

CH • + • CNH 
3 2 

CH3 • + CH3IT NH 2 --+ CH4 + · CH 2TT NH 2 

0 0 

thermal 
► CH

3
CN + H

2
0 ) 

CH • + • CH 
3 3 

0 
II 

• CNH
2 

0 
II 

• CNH 
2 

hV 

thermal 

0 0 

NH
2

• + CH
3

~ NH
2
-+ NH

3 
+ • CH 2 ~N !! 2 

0 0 
11 II 

R • + • C NH 2 --► R - CNH 2 
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NH • + R•----+ RNH
2 2 

0 hV II 
(CH

3
C• ---+"CH + CO) 

3 

0 
thermal II 

(CH
3

C • co + • CH ) 
3 

The first two reaction s in the scheme were designated 

as th e primary processes . It wa s determined that the for-

mation of acetonitrile and water, however, occurred without 

irradiation und e r similar conditions . Th e other primary r e-

action wa s the Typ e I of Booth and Norrish . Th e hydro ge n s 

on nitro ge n were replaced with deut e rium in ord e r Lo d e t e r

min e which hydro ge n s were abstracted by the methyl radicaJs. 

Th e met h a n e p rodu ce d was analyzed by ma ss spectroscopy , a nd 

the ratio of 17:16 mass was found to be very low implying 

that th e a -hydro ge n s rather than nitro gen h ydrogens were 

being abstracted. 

Steac i e did not overlook the fact that a mmoni a , carbo n 

monoxid e , a nd me than e co uld hav e been produced by initial 

c-N b ond cleavage t o form an acety l and an amine radical as 

show n below : 

hv 

0 
II 

CH C • --+ CO + • CH 
3 3 

• NH 
2 
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CH
3

• + •CH --+ CH CH 
3 3 3 

Although it was not conclusi v e ly s h own that 

cleavage did not occur , it wa s assumed that 

wo uld occur for the following r easo n s . 

C- N 

C-C 

I f C-N bond cleavage occ ur red, th e ratio of 

bond 

bond clrc.1vage 

( 2 x e than e 

+ me than e )/ CO s hould b e one or l ess b eca u se th e acetyl radi-

cal would d eco mpose eff i cie ntly thermally as s hown above .
4 

c-c bond cleavage would yield CH • 
3 

and If the 

seco nd radical did not alway s d eco mpo se spo ntan eo u s ly, 1 he 

num era tor of the ex pression 

larger than th e denom i nator 

ser v ed . 

(m et han e + 2xethane ) would b e 

(co). Thi s co ndition was ob-

Secondly, wh e n bond e n erg i es are considered, a C-C 

bond sciss ion i s favored over C-N . Th e bond dissociation 

e n e rgi es are 75 Kca l/mol e a nd 94 Kcal/mole respec t ively , 

a difference of 19 Kcal/mole . ( Although C-C bond c l eavage 

i s favored, other factors s uch as radical s t ab ility in L lH' 1 i·c1n-

s ition s t a t e low e r the 

cleavage .) 

C-N bond e n e r gy a nd favor this 

Thirdl y , change to s hort e r wav ele n g th irr ad iati o n 

favored production of car b o n monoxid e over met h ane a n d et h ane . 

If th e ass umption i s made that excess energy i s divided be-

0 
II 

tw ee n th e two in c ipi e nt r ad i cals accordi n g t o mass , Lh c • CNII 2 

*M e than e + 2xethane = met h y l radicals prod u ced because two 
me thyl radicals are u sed for eac h molec ul e of et h a n e . 
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0 
radical would possess 28 Kcal/mole at 2537A and 37 Kcal/ 

0 

mole at 2300A . The calculated bond dissociation energy of 

the radical to yield CO and ·NH
2 

is on the order of 35 Kcal/ 

mole or approximately the excess energy available . The 

0 

probability of spontaneous decomposition for 
II 

· CNH would be 
2 

increased . Shorter wavelength irradiation should further 

induce decomposition and a lower (methane = 2 x ethane)/CO 

ratio . All these conditions were observ d . The s m 

ditions would be true for CH 3 fi · as an intermedi te . 
0 

con-

No Type II r actions were possible for acetamide, but 

Spall and Steacie did reaffirm the Type I reaction of the 

ketone type . It was significant, however, that no methyl-

amine , the product of Booth 

process, was detected . 

nd Norrish ' s Type I aldehyde 

Further evidence for the Type I (ketone) reaction in 

amides was reported by Rideal and Mitche11
5

. Irradiation 
0 

at 2350-2500A of a uniform monolay r of 1;tearanilide in 

aqueous acid support yielded stearic acid and aniline . These 

products arose from the reaction of the incipient acyl and 

imine free radicals with water . N-benzylstcaramide and 

6 N-(3-phenylethylstearamide accordinp; to Carpenler pholo-

degrade similarly to yield stearic acid and benzylarn.ine and 

(3-phenylethylaminc respectively . 

also contained other chromophores . 

These amides , howcv r, 

Then xt step in th~ elucidation of th photodcgrcJli i.vc' 

mechanism of amides, and the firsl significanl inv'~ljgaL.ion 
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of simple N-alkyl amides was the work of Sharkey and 

7 Mochel . The study was one of photooxidation rather than 

a strict decomposition. 

N-Pentylhexanoamide was Sharkey ' s amide of choice be

cause its low melting point allowed study in the liquid state . 
0 

When the lower wavelengths (<3000A) were filtered out, the 

oxidation occurred very slowly as evidenced by the low con-

sumption of oxygen. Irradiation at so 0 c for 285 hours 

yielded aldehydes, acids, and hexanoamide . The acids were 

identified by comparison of chromatographic elution rates 

with those of known samples . Aldehydes were identified by 

the isolation by column chromatography of their individual 

2,4-dinitrophenylhydrazone derivatives. The only positively 

identified gaseous products were 

0 
II hv 

CH CH CH CH CH
2

CNH(CH 2 ) 4 CH 3--+ 
3 2 2 2 O 

2 

0 0 

II ii 
+ CH

3
CH 2 COH + CH

3
C-OH + 

minor minor 

C D 
rv 

0 0 

II II 

+ cH
3

CH
2

CH 2 CH + CH
3

CH 2 CH 

minor minor 

l 
G 
rv 

CO and 

major 

A 

0 
II 

CH
3

(CH
2

)
3

CII 

major 

E 
rv 

0 
11 

+ CH
3

CH 

minor 

H 
~J 

major 

B 
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0 

co CO
2 

II 
+ + + CH

3
(CH

2
)

4
CNH

2 

I J 
ma jor 

r~ K 
rv 

In order to determine the mec hani s m thr ee 
Cl4 labelled 

amides were used. Th e relative radioactivities of the prod-

ucts were measured , and the results are sho wn b e l o w : 

A (in act iv e ) + B ( 88% ) + ,..__, ~, 

f (96 %) + [ (in active ) + 

G (in ac tiv e )+ H (7 %) + ,..__, 

L c 2 0 %) + i (41 %) + ~ ( 9% ) 

t (8 5% ) + f (in active ) + 

f (in active ) + r (inactive ) + 

~ (in act iv e ) + H (in active ) + 
rv 

L (inact iv e ) + l (1 8% ) 

14 ~ h v 
CH 3 ( CH ) C H 2 C NH CH 2 ( CH 2 ) 3 CH 3-► t ( 9 8 % ) + f ( 7 % ) + f ( 6 % ) + 

2 3 O 2 F (in active ) + G (in active ) + ,..__, rv 

q u a ntiti es of H rv , 
I, and J(nil). 
rv rv 

Sharkey ' s evidence from the previous experi me nt s indi

cated that the hydrogens o n the carbon adjacent to nitroge n 

were active in photooxidation . 
In order to f u rther test 

this co n clus i o n a ser i es of amides wa s studied where the s t a

bility of the radicals for med or the number of abstractible 

h ydroge n s was varied. 
The efficiencies of the reaction s wer 

meas u red by the quantities of oxygen cons um ed and the acid 
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titers of the individual reaction mixtures. Tert-amyl hex-

anoamide consumed no oxygen, as expected , since there were 

no hydrogens on the carbon adjacent to nitrogen . 

substitution on the carbon a to the carbonyl 

Multiple 

(N-pentyl-

2 , 2 - dimethylhexanoamide) did not affect the amount of oxygen 

consumed over a set of irradiation times. In contrast to 

the earlier findings of Spall and Steacie these results show 

that the hydrogens on the carbon a to the carbonyl are not 

easily abstracted . When the number of hydrogens on carbon 

adjacent to nitrogen was increased (N-methyl-N-ethylhexano-

amide), the amount of oxygen consumed was increased . 

In view of the observed evidence Sharkey proposed the 

following mechanism : 

hv 
0 
II 

RC • + • NHCH R ' 2 

O O O 0 
11 11 II 11 • 

RC • + RCNHCH 2 R ' -► RCH + RCNHCHR ' 

0 
II • 

RCNHCHR ' 

0 0-0 · 
II I 

RCNHCHR ' 

0 0-0 • 
11 I 

RC NHCHR ' 

0 0-0H 
II I 

RCNHCHR ' 

O 0-0H Oil 0/ • 
II I RCNHCHR ' - • OH+ RCNHCHR ' 

0 
11 • 

• OH-► HO+ RCNHCHR ' 
2 

0 
11 • 

+ RCNHC HR ' 
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0 0 . 0 0 OH 0 
II I II II I Ii . 

RCNHCHR ' + RCNHCH
2

R ' ---+ RCNHCHR ' + RCNHCHR ' 

0 OH 0 0 
II I II II 

RCNHCHR ' - RCNH
2 

+ R ' CH 

0 0 
ii II 

R ' CH + 0 -
R ' COH 

2 

0 0 
II II 

RCH + o- RCOH 
2 

0 0 
II hV II 

(On e ass um es RCNH
2 
~ RC • + · NH e t c . ) 

2 

No direct ev id e n ce for Type I (k e ton e ) reactio n was 

found si n ce n eit her hexanal nor pe nt y l a min e was isolated . 

Both, however, may hav e been formed but further oxid iz e d 

to hexanoic acid, valeraldehyde, or valeric acid . The 

initial l 0g N-p e n t y lh exanoa mid e yie ld ed 260 mg ( <4 %) 

hexanoamide,which was equivalent to th e sum of valeric acid 

and valeraldehyde produced. 

8 
Lo ck and Sagar sho wed that various N- a lkyl a mid es 

autooxidized thermally, catalytically , or photoc h e mi cally 

to yield prod u cts n ot previously reported by Sharkey ,111 cl 

7 
Mochel The ma j or prod u cts reported were N-acyla mides 

( I n add iti o n N-f or my l a mid es were formed in ther mal reaction s ) . 

for exa mple , the ma j or product of N- propylpropr i ona mid e was 

N-pr oprio n oylproprionamid e . 

revised to show : 

The reaction sche me s h o uld be 
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0 
II 

R ' CH 

Moore 9 investigated the photodecomposition of poly

amides and found that, following irradiation, nylon showed 

a l oss of tensile strengt h and color. 

following hydrolysis of the polymer . 

Products were analyzed 

For examp l e , when 

Nylon 66 was photodegraded and hydrolyzed, besides the ex

pected adipic acid and h exa n e diamine, carbon monoxid e , car

bon dioxide, pentylamine, pentanoic acid and acetic acid 

were produced. The reaction was essentia ll y a photooxidation 

at long wav e l e ngth s , but at short er wavelengths other re-

actions not requiring oxygen took precedence. On the basis of 

the isol ated products, the following mechanistic scheme was 

proposed: 

~COCH CH CH 2 CH 2 CO 
2 2 I 

~ NHCH CH CH CH CH 2 CH 2 NH 
2 2 2 2 

. 
~COCI--1

2 
CH

2 
Cll

2 
CH 2 CO 

• CI-I CH CH c1-1 2 co~ + XH 
2 2 2 

Type II 
~COCH

3 
+ CH =CHCH CO 

2 2 , 

h\! 

r,,NI-ICH CH CH Cll Cll CH NH 
2 2 2 2 2 2 

Type r~COCH2CH2Cll2CH2~0 + 

Type I 
co+ 

h \! 

• C H 
2 

C H ? C H 
2 

C 11 
2 

C O~ 

The oxidative process, however, was descrjhed djfferently: 
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0 X • 
2 ' 

r,c o( CH 2 )4 CO NII CH + XH 
hv / 

' ,c O ( C 1-l 
2 

) 
4 

C O I J ff C 1-l 

I 0
2 

~' NH ( C H ) 
2 5 

?-O• X H 
~CO ( C H 

2 
) 

4 
CO I H CH 

I 
N NH( C J-! 2 ) 5 

Pa th l 

~ NH( C!-!
2

)
5 

0- 0 • 
I 

~ c O ( C H 
2 

) 
4 

C O N I I C H 

I 
~, NH - ( CH) 

2 5 

X • + ~CO ( CH 
2 

) 
4 

(' 0 IC' 11 - 0 - 0 H 

I 
~,N f-l - ( CH 

2 
) S 

~CO ( C H , ) C O ~HI C H O • + • 0 H 
2 4 I 

~ NH ( C f-l 2 ) S 

~ CO ( CH ) CO NH CH- 0 • 
2 4 I - ~ CO ( C f-l

2 ) 4 CO NH CO + X H 
X . I 

~ NH( C H
2

)
5 ~ Nf-l - ( C l-1 2 ) 5 

Path 2 
~ CO ( CH

2
)

4 CO NH C HO + 

Path 3 

XH 
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~CO ( CH
2

) 4
CONH + ~ NH( CH ) CH CHO 

2 2 4 2 

XH 

I n order to bette r el u c i dat t h e mec h a ni s m of polya mide 

p h o t o d ecompos it ion , Moore a l so in ves ti ga t ed t h e d eco mposition 

of s im ple N- al k ylami des . Mos t i r r ad i a ti o n s were co n d u c t ed 

o n neat solut i o n s a t e l eva t e d t e mperat u re in oxyge n 

flo w systems . Fo r exa mple , wh e n N-h exy lh exa n oamid e , N-

b ut y l octa n oa mi de a n d N- hep t y lh exa n oa mi de were i r r ad i a t ed 

neat in t h e prese n ce of oxyge n, the follo win g prod u c t s were 

i solated : 

h V 
--->- CH

2
~ CH( CH

2
)

2
CH

3 
+ CH

3
( CH2

)
3

CH
3 

+ 

02 

CH
3

( CH
2

)
3

CH
2

CHO + C H 3 ( CH 2 ) 4 C □ OH + 

(m ajor ) 



18 

CH,..,=CH(CH
2

) Cl! + CII CI! CH CHO + 
"- L~ 3 3 2 2 ' 

(major) 

CH
3

( CH
2

)
5

COOH (major) + 

CH 
2
= CH ( CH 

2 
) 

3 
CH 

3 
+ CH 

2 
=CH ( CH 

2 
) ? CH 

3 
+ 

(major) 

CH 
3 

COOH (hydroly s i s ) + CH ( CH ) CON!! 
3 2 4 2 

On the basis of these products the following mechani stic 

scheme was proposed for th e photooxidation , analogous to Lliat 

of Spall and Steacie: 

. 
XH + RCONHCHR ' 

RCONHCHR ' + 02 

0-0 · 
I 

RCONHCHR ' + XH ----

0-0 • 
I 

RCONHCHR ' 

0-0H 
I 

RCONllCHR ' + X • 

0-0H O· 
I I 

RCONHCHR ' -➔ • OH+ RCONHCHR ' 



0 • 
I 

RCO NHCHR ' 
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RCONHCOR ' + XH 

,~ RCONHCHOHR ' 

RCONH
2 + OHCR ' 

RCONH
2

CHO + •R ' 

Again , as with Sharkey and Sagar , the primary reactive site was the methylene group a to nitrogen . The mechanistic 
routes to isolated prod u cts could be easily drawn for both 
the simple amides and polya mides . 

Moore also irradiated N-butyloctanoamide und r nitrogen , 
in vacuum , and in cyclohexane solvent . N-heptylhexanoamide 
was irradiated neat in vacuum. 

The products isolated are 

sho wn below : 

h\! 
CH

3
( CH

2
)

5
CH

3 
+ CH =C !l ( CH ) CI I 2 2 3 3 -----+ 

h\! 
>- CH

3
( CH

2
)

5
CI! + CH,.,=Cll(Cll ) CII + 3 / ? tr 3 vacuo 

hv 
no alkenes 

Cyclohexane 
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h\) 

(with and without 

hydrolysis) + CH
3

COOH (hydrol-

ysis) + heptylamine 

10 
Using the work of Cottrell , Moore assumed that the 

C-N bond was the weakest bond in the amide molecule . Of 

the two amine bonds the N-CH 
2 

bond was assumed to be the 

weaker because the CO-N would be strengthened by resonance 

energy from the amide linkage. These bond energies w r 

measured for hemolytic splitting to free radicals where intra

molecular scission would alter the relative bond energies. 

Mazzocchi and Thomas 11 found that application of ground state 

bond energies to excited sta te reactions is often incorr ct . 

1 · 
0 

r exa m p l e , i n L Ii e pl, o to J Y ~ i ::; of N - a l k y 1 r v r r o J i d i n O n L' ,; , a esp 1 Le 

higher bond energy in the ground state, the important amide 

cleavage is CO-N rather than On the 

basis of the relative ground state bond en rgies and the 

products obtained, Moore proposed the following mechani s tic 

scheme for non-oxidative p h otodecomposition of amides,which 

has many steps in common with those in the sc h e me of Booth 

and Norrish: 

( 2 ) 
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. 
( 3 ) RCH

2
CH

2
CH 2 + RCH

2
c11

2
c H

2
-->- RCH 2 CH =CH 2 + RCII

2
CH

2
CH

3 

. 
( 4 ) RC H 2 CH 2 CH 2 + X H -->- RC H 

2 
CH 2 CH 3 + X • 

or 

. 
( 6 ) R ' CH CH NH 

2 2 
po lymer (?) 

( 7 ) 

0 
II 

RCH CH CH CNHCH 2 CH 2R' 2 2 2 

. 

hv 

(1 0 ) R' CH
2

c1-1
2 

+ R ' CH 2 CH 2-- R ' CH2 CH 3 + R ' CH= CH
2 

Ty pe II 
( 12 ) RCH CH CI-I CONI-!Cll 2 CH 7R ' 

2 2 2 -

Typ I I 

RCH = CII2 + CI-13CO NI-I CIH2 
hv 

Equations ( l ) -(11) )e rtain to th e products arising 

CI-I R ' 
2 

from a n initial Type I reactio n . Equations ( 1 ), ( 2 ), and 

(4) explain the formation of h epta n e from N-butylo ctanoa mid e 

decomposition and of p e ntane from N-heptylhexanoamide de-
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composition . Isolation of 1-p e nten e from N-he p tylh exano -

amide and 1-hept e ne from N-but yloctanoamide decomposition 
would be e xplained by Equation ( 3 ) . Equation s ( 9 ) - (11) 
illustrat e a n alternate Typ e I proc ss , which accounts for 
th e formation of b ut n e fr o m 

via cleavage of th e " wea k r " 

N- b ut yloctanoa mid e d eco mpos iti o n 

N-CH 
2 

bond . 

An altern ate mea n s for th e production of the major 
a lk e n e product , pentene , from N-h exylhexanoa mjd e and 

N-h ep tylhexanoamid e acco rding to Moor e would b e : 

hV -->-

Thi s process co uld not b proven by hydroly s i s because for-
mic acid and ace ti c acid were indi s tin g ui s habl e with th e 
analytical me thod u se d . 

The car bon mo noxid e extrusion p ro c ss of Booth and 
Norr i s h is s hown in eq uation (7). It i s s i g nifi ca nt that 
Moor e cJai me d to find h epty lamin e , the prod u ct of initial 

st andard Ty p 
I reaction followed by hydr oge n abstrac li o n 

by the amine rad i ca l ( eq u at ion s ( 1 ) nd ( 5 )), conde n sed in 

a cold trap when 
N-h epty lh exanoamid e was irradiat . d und er 

vacuu m. Wh e n N-butyloctanoamide and N-h epty lh . xa n oa mid e 

were irradiated und e r va cu um, N- b ut y lh ptyldmine a nd 

N-p e ntylh epty l a min e 
respectively sho uld h ave been isola ed 

e ith er in the co l d traps or from reaction mi xture if the 
ca rbon mo n ox id e ex tru s i on process w c' r<· i 111 P" t' t ;int . 
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Equations (11) and (1 2 ), which Moore viewed as import

ant in the amide photodegradation, illustrated the Type II 

process of aldehydes and ketoncs also proposed by Norrish . 

Although hexanoamide was present in the N-heptylhexano

amide reaction mixture, and octanoam id e was present in the 

N-butyloctanoamidc reaction mixture under photooxidative 

conditions , the N-alkyl amides were absent when Lhe irradi

ation was conducted under nitrogen or in a vacuum . Tlic 

second product from this Type IJ cleavage would be 1-heptane 

(fr om N-heptylhexanoamide), 1-butene ( from N-bulyloctano

amide ), or 1-hexene ( from N-hexylhexanoamide), but none of 

these products were detected in the respective rcaclion 

mixtures. 

The second Type II reaction (~quation (1 3 )) would yiPld 

an acetamide as well as an alkene . Acetamide when hydrolyzed 

would yield acetic acid, which was generally detected in the 

photooxidation reaction mixture following hydrolysis. Pc1rent 

ions should be detectable for N-hexylacetamide, N-hut·yl

acetamide , and N-heptylacetarnide in the amide photoreaci•ion 

mixtures of N-hexylhexanoamide, N-hutyloctanoamide and 

N-heptylhexanoamide respectively, but only N-heptyJaccLc1mide 

was detected. 
N-heptylacetarnide, however, was only delec~ed 

in minor amounts in photooxidative processes , and no evi-

. + 
dcnce other than a peak in mass spec at m /e 129 and 116 was 

prP.sented . 
The alternate alkRne product 1-hcxenc, however, 

was observed for decomposition of N-11u'lyloctanoam ·iclr' in Lh0 

absence of oxyg 0 n . 
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Although Moor e s tated that Typ e I, Type II, and 

carbon monoxide ex tru s ion processes wer e important in amide 

and polyamide d eco mpo s ition, the expe rim e ntal e vid ence indi

ca ted that only th e Ty pe I process, with so me variations, 

would se rv e to exp lain the observed photo-products. Ad 

mitt e dly the a naly s i s procedures u sed would hav e f ai l ed to 

detect so me minor products . Also, reaction mod es for n ea t 

sampl es would differ ma rk e dly from 2% sol uti o n s , but the 

p hotoly s i s with cyc loh exa n e s how ed no isolated products , 

only th e absence of alkenes. Typ e II and extr u s i o n products 

were e ither present in minor a mount s or absent. 

1 2 
Nicholl s and Le ermak ers further s ub stantiat ed th e 

lack of im por tanc e of Ty pe II reactions a nd carbo n monoxide 

ex tru s ion in the amide photodecomposition. Wh en th e rela-

tive photodecomposition rates of various carbonyl co mpo und s 

were co mpare d, Lee rmak ers observed that a liph atic acids 

a nd amides reacted considerably s l o wer than a ld e hy dcs , kc-
0 

tones, and esters . Pr olonged irradiat i o n a t 2 5 3 7 /\ of un-

s ub s titut ed amides in dioxane a n d acetonitril s how e d no 

reaction. 

Wh e n soluti o n s of N,N-dim et h y lamid es in dioxanc a nd 

0 

cyclo h exa n e we r e irr ad i ated at 2537/\ , the reac ti o n rate 

wa s greatly acce l erated . Th e relative rates of reaction 

a nd quantum yields were virtually eq ual for 

N,N-dim et h ylproprio n amide , and 

N ,N-dim et hyJ -

N,N -di me t.h yl-
butyramide, 

acetamide. Glpc analysis of the N,N-dim et hylbutyr a mid e 

reaction mi xt ur e sho wed none of the Type II prod uct , N,N 

dimethylacetamide. 
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In case the Type II product was produced but further 

decomposed before detection, a cophot o l ys i s wa s cond u cte d 

with N,N-dim et hyla ce tamid e and N,N-dim e thylbutyr a mid e a nd 

with N,N-dim ethylacetamid e and N,N-dim e thylpr oprio n amide . 

In n e ith er case did th e acetamide disappear faster th a n the 

other amide. The nearly e qu a l reaction rates were further 

ev id e n ce th at the Ty pe II reactions were no t occurr jn g . 

Although Type II reaction was found t o occur in ali

phat i c acids , Typ e I reactions were found by Leermakers to 

be the mo st s i gnificant for aliphatic amides . Relative de-

compos ition rates a nd therefore Type I processes were accel -

erated by addi n g alkyl groups to nitrogen. He proposed the 

follo win g si mpl e mec h a ni s m to explai n the decomposition : 

0 CH 
II / 3 

( l ) CH CH CH
2

C-N 
3 2 "' CH

3 

Th e initial reaction was the Type I C- N bond cleavage 

followed by fraimentation of the acyl radical to y i e ld car-

bon monoxide . 
Propyldimethylamine, which co ul d have been 

formed by carbo n mo n oxide extrus i o n, was detected in s mall 

quantities in the N-N-d1met11ylbutyramidc reaction and postu

lated to arise via recombination of the propyl radical wilh 

the dimethylamine radical. Regardless, Type II reactions 

were not observed in simple or 

12 
Leermakers. 

N,N -dimethylamides by 
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§3 . RESULTS AND DISCUSSION 

When 2% solutions of N-hexylhexanoamide were irradi-

ated in d i oxane or methanol, the results differed from 

those predicted by Booth and Norrish .
2 

Irradiations were 

unproductive when short wavelength light was filtered out. 

Solutions containing amide and hydrocarbon internal stan

dard showed no appreciable starting material disappearance 

with 
0 2500A wavelength irradiation (i.e . , Corex filtered 

0 

or selective monochromator irradiation at 2537A) after 

more than 100 hours. Similar solutions showed considerabl 

starting material disappearance when irradiated through 
0 

vycor 
0 

(>2100A) or quartz (>1950A). 

According to Norrish the predicted Type I, Type II, 

and carbon monoxide extrusion products of a 2% N-11exyl-

hexanoamide in dioxane irradiation would be as follows: 

0 h \! 
0 

II 
II 

cH
3

(cH
2

)
4

CNH(CH 2 ) 5 CH 3 
r CH

3
CII

2
CH

2
CH

2
CH

2
CH + 

Type I 

CH
3

CH
2

CI-I
2

CH
2

CJ-l Cl! NH 
2 2 2 

h \! 

➔ CH
2
=CHCH

2
CH

3 + 
Type II 

0 
II 

CH
3

CNH(CH
2

)
5

CII
3 

h\! 

CH
2

=Cll(CH ) CH + 
Type II 

2 3 3 

0 
II 

CH
3

(CIJ
2

)
4

CNII 2 
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hv 

CO extru s ion 
CO+ CH (CH ) NH( CH ) CH 

3 2 5 2 4 3 

Glpc analysis of th e r eact ion mixtur e sampl es tak e n at v ar i

o u s intervals s how e d non e of th e above me ntion ed products . 

In ad dition,th e reaction rates for disappearance of s t art in g 

mater i al were mu c h low e r than for other types of carbo nyl 

co mpounds . 
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Carbonyl Photoreactiviti es 

It wa s observed that a mid es were nearly unr eac tiv e 

when compared with other carbonyl compounds s u ch as ald e -

hydes, ketones, and esters. Starting ma terial di sappeara nc e 

is one mea s ur e of the reactivity of a compound . A seco nd 

method to measure th e reactivity is the quantum yield ¢ 

which is defined as follows : 

= moles product/einsteins 

In the equati on mol es of product produced i s se lf- exp lanatory, 

and einsteins i s d ef in e d as th e mol es of photons absorbed by 

the sample . 
Since several differe nt photochemical mec hani s ms 

can be operating simult aneously , th e total quantum yield is 

the sum of the quantum yields of th e individual reactions 

or processes occurring. 

Th e photochemistry of carbonyl co mpound s i s described 

by two types of reactions , the Norri s h Typ e I and the Norrish 

Type II. 
Many carbonyl compounds r eact by both pro cesses 

to yield products. 
Th e relative amounts of Type I vs . 

Typ e II for a g iv e n compound are u s ually exp r essed in terms 

of quantum yields, may vary accord in g to irradiation wav e

l e ngth, and are det e rmined by a combination of e l ec troni c 

and geometric factors . 

Th e Norri s h Typ e I process involv es initial sc i ss ion 

of the carbonyl carbon-a a tom bond (C, H, N, 0 t c . ) to 

yield an acyl radical and another radical who se type depends 
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on the star ting mat erial . The acyl radical can th e n und ergo 

seco ndary decarbonylation to yield carbon monoxid e and a 

primary alkyl radical or can abstract hydro ge n from another 

start ing mater ial mol ec ul e or the solve nt to yield an aldehyde. 

0 
II 

R-CH -C-X-R ' 
2 

hv 

Ty pe I 

or 

hv 

0 
ii 

R-CH - C• + 
2 

• X-R ' 

R- CH · 
Typ e I 

2 

0 
11 

+ •C-X-R ' 

0 
II • 

R-CH -C • - CO+ R-CH 
2 2 

0 
II 

R' -X-C • - CO + R ' -X • 

0 0 

II II 
R-CH -C • + ZH -➔ Z• + R-CH -C-H 

2 2 

0 
0 

R ' -X-~ • 
II 

+ ZH --➔ Z • + R ' -X-C-H 

X = C, 0 , N 

Norri s h Ty pe II reactions usually proceed through a 

s ix-m e mb ered transition state where hydrogen is abstracted 

from the carbon y to the carbonyl to yield a 1,4-diradicul . 

The diradical can cleave to yield an olefin a nd carbo n yl 

co mpound as sho wn below. An alternat process , shown by 
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13 14 Wagner and Yang , is closure of the diradical to yield a 
cyclobutanol . Another secondary process is ◊-hydrogen trans-
fer to yield an a l kene alcohol of the type R-CHOH-X-CH -CH=CH-R ' 2 

X = CH
2

, NH , 0 
H 

0 CH-R ' 
II I 

/C"' /CH 2 
R X 

hV 

B 

Figure 1 . 
Type II Reaction Mechanisms for Carbonyl Com()ounds 

In the case of ketones Calvert and Pitts
15 

observed 
that all known aliphatic ketones with y-hydrogens reacted 
to some extent by the Type II reactjon . F or m c t h y l n - 1) u t y 1 
ketone the ratio of Type II to Type I quantum yields was 
~7 at 3100~ and ~4 at 2537~ .

16 
Photolysis of labelled 

0 2-pentanone showed a ratio of vQ . 5 ai• 3130A and l al 
0 17 2537-2650A . for ketones with longer s ide chains, such 

18 methyl hexyl ketone or meihyl heptyl ketone, Type JI pro-

cesses 
are nearly exclusive while Type 1 i s proposed merely 

from analogy with other ketones . 
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Type II processes were investigated by Scala and 

19 coworkers for esters and carbonates . Their experiments 

indicated that the oxygen a to the carbonyl favors Type II 

transition state formation more than a methylene group. 

The transition state involves OH bond formation as well as 

Y-H bond scission , hence , the C-H bond dissociation encrEY 

would be a large determining factor in Type II reactions 

for esters, as well as for other carbonyl compounds . I:ar-

20 d w·. 21 
lier work by Ausloos an iJnen showed Lhe importance 

of Type II processes in the photodissociation of propyl 
0 

acetate where 

acetate where 

¢Type I I /Type I= 3 . 7 (<2400A), isopropyl 
0 

¢Type II/Type I= 8 (< 24 ooA ) , and propyl 

proprionate wh ere the ratio was 0 . 5 . C 
22,23 

ano also ob-

served the high efficiency of Type II processes in esters . 

Type II reactions contribute heavily in the pholo

decompositions of aldehydes, although there is only one 

possible cleavage . 
21.J 

Calvert determined ¢ 
Type II 

lob 

O. l7 for 2-methylbutanal, and the reaction mode amounted 

to 20% of the overall reaction . 
··r . • 2 s rottman-D1ckenson 

showed that Type II eliminaLion was a major process in 

valeraldehyde . 
. h26 d . d ffi Norris et ermine ~ Type II/Type I -

for isoval raldehyde. 

0 . 7 

Aliphatic carboxylic acids also undergo Type II reac-

tions. 0 
Nicholls and l 

12 
Leerrna<ers invesligatcd the forrnalion 

of acetic acid from butyric and valeric acid at 2537A . Thr 

quantum y ields for acetjc acid formalion were 0 . 05 and 0 . 08 

respectively, which, when compar d with quanlum yi lds 
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for starting material disappearance , shows 33% and 50% 

of the reactions respective l y went by the Type II process . 

Photolysis in cyclohexane of 4-phenylbutyric acid and 5-

phenylvaleric acid showed little starting material disap-

pearance and no acetic acid formation . What reaction had 

occurred was primarily d u e to the phenyl ring . 

Lven anhydrides have been observed to undergo a varia

tion of the Type II process to yield an acid and ketene . 

Acetic anhydride decompositio n is ~50% Type II according 

27 
to Ausloos . He further stated that proprionic anhydride 

yields methyl ketene and proprionic acid for about 50% 

of the detected product . 

Consequently, it can be seen that Type II reactions 

are significant for nearly every type of carbonyl compound 

photodecomposition . The amount of Type II varies within 

a class of compounds and between classes of compounds. 
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El ec tronic Effects in Amid e 

Typ e II Reactions 

A cursory comparison of Ty pe II quantum yi e ld s for 

an amide lik e N-h exy lh exa noamid e and a k eto n e lik e 2 -h ex -

anone reveals a great diff ere nc e in th e ir photoreactivity . 

Th e factors whi c h allow Typ e II reactions in k e ton es are 

ev id e ntly absent or altered in amides . 

for exampl e , the quantum y i e ld for th e Typ e II processes 

for 2-hexanone ha s b een accurately d e t ermin ed by Noy es 16 , 28 , 29 

at ~ 0.45. N-h exyl h exanoamid e has four y-hydr oge n s ava il-

able for abstraction or twice as many as 2 -h exano n e . Typ e II 

quantum yields for thi s a mid e and other secondary al i pha ti c 

amides s tudi ed , based on the Jon g irradi a tion per i od with 

a quartz-filtered Hanovi a l a mp, are es tim a t ed to be at least 

an order of magnitud e l ess than 0. 01 . 

Th e Ty pe II r eact ivity of carbo n yl co mp ou nd s mu st de

pend to no s mall degree on th e b o nd s tr e n gth or bond dis-

soc iation e n e rgy of th e y-h ydrogens . Th e easier the y -

hydro ge n bond i s to break the higher the r eact i o n rate for 

h ydroge n abstraction wo uld be. W 
13 30 

ag n er a nd Yang showed 

that for a se ri es of butyrophenones where the y - h ydroge n 

wa s varied from primary to tertiary, the overall reaction 

rate increased but n o t the quantum y i e ld for Ty pe II reac

tion as sho wn in Tab l e I. 
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Table I 

13 Effects of y-Substituents on Triplet State Reactivity 

and Type II Quantum Yield for Substituted Butyrophenones 

y-Hydrogen 10- 8 1< -1 

Compound 
( sec ) Type II 

r 

PhCOCH 2
CH 2 CH 3 

l 0.08 0.36 

PhCOCH
2

CH 2 CH 2 CH 3 
2 l. 3 0.33 

PhCOCH
2

CH 2 CH 2 (CH 3 ) 2 
3 J. 3 4.8 0.25 

PhCOCH
2

CH 2 (CH 3 ) 2 
l 0 . 20 0.36 

PhCOCH
2

CH
2

CH(CH 3 )0CH 3 
31 2 7. 0 0.21 

PhCOCH
2

CH
2

CH 2 C(CH 3 ) 3 
2 2 . 0 0.24 

PhCOCH 2
CH 2 CH 2 Ph 

benzylic lf • 2 0 . 50 

PhCOCH
2

CH 2
CH 2 CH=CH2 

allylic 5.0 0.26 

PhCOCH
2

CH 2 CH 2 0H 
l 3 . 9 0.31 

PhCOCH
2

CH 2 CH 2 0CH3 
l 6.2 0.23 

PhCOCH
2

CH 2 CH 2 N(CH 3 ) 2 
l 4.0 0.03 

PhCOCH
2

CH 2 CH 2 Cl 
l 0.3 0.09 

PhCOCH
2

CH 2
CH 2 C0 2 CH 3 

l 0.1 0.50 

PhCOCH
2

CH 2 CH 2 CN 
1 0.05 0.30 
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Several observations can be made from the table. 

Namely the quantum yield for Type II reactions ( <P Type II) 

does not parallel th e ketone reactivity. Thi s fact is illus-

trated where the reactivity increased by a factor of 6 from 

primary to tertiary for y-hydrogens, as expected from the 

bond strengths , but the Typ e II quantum yield decreased from 

0.35 to 0. 2 5 . Another interpretation of these results ' 

from the standpoi nt of induction, is th at an increase in the 

number of methyl groups either increases the stab ilit y of 

the inci pient 1,4-diradical or increases the electron den

sity (nucl eophilicity ) of the hydrogen. This interpretation 

is s ub stantiated by the increased reactivity of 4-m ethoxy-

butyrophenone and 
4-N,N-dim ethylamin obutyrophenone over 

butyrophenone . 
Withdr awing groups such as and CN 

in the y-position greatly decrease the reactivity of the 

butyrophenones. In Tabl e II withdrawing groups in the a

positio n of valerophenone are compared with their Ilammett 

aI values, reactivities, and Type II quantum yields. 
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TabLe II 

. 13 
Indu c tiv e Effects~ T~iplet Stat e Reactiv ity 

of 6 - Su bs titut ed Val erop ~e n ones 

( R ) 10- 8 < 
-1 

S ub s titu e nt a ( sec ) <P Type II - I- r 

Alkyl -0 . 05 L. 5 0 . 30 

H 0 L . 3 0.33 

CH2 Cl 0 . 20 I) . 6 0 .44 

C0
2

C
6

H5 
0 . 28 I). 5 0 . 3 Lt 

C0
2

CH
3 

0 . 30 0 . 4 0 . 63 

co 2 H 
13 0 . 4 0 . 2 7 0.5 5 

Cl 0 . 47 0 . 2 0. 58 

CN 0 . 56 0. 1 0 .4 6 

Once agai n r eactiv it y and TJpe II reaction quantuw. yield 

hav e n o co n s i s tent rela ti onship . Th e r e i s good co rr e l atio n 

b e tween th e r eac ti o n rat e co n s tant a nd the a 
I 

/\ s before 

th e s trong er withdr awing groups ex rted th e great rd acti-

vation , eve n from th e E- posit~on . Fro m a grap h of Table II 

a p - value of - 2 wa s determined . 

3 2 3 3 
Yan g and Wag n er fo un d that s ub s tituc 11 l :; on t lie• 1>e11-

zene rin g a l so influen ced r eac tivity and quantum yi e ld . 

Yan g observed that for photor e du ct ion of acetophenone do

nating groups o n the ring reduce rea c tivity while withd ra w

ing groups s uch as trifluoromcthyl in crease reactio n r Le . 

Wagner observed that varying f;ubst itue nl ri 11 1•, po:~i l i o 11 
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changed th e r e activiti es of valerophenone s . In additio n, 

he found a p-m e th o x y s u bs ti l uent strong l y electron donating , 

had a ra e 
- 8 - 1 

con s t a nt 10 k ( s c ) = 0 . 66 co mpared with 20 
r 

for p-m e thyl (w ea kl y don a li ng ) and 140 for unsubstitut e d 

valeroph e none . 

Th e - 2 p valu e f o r s u bs lituent s in th e 6 position , 

d e activation b y d o nalin g g r cups on the aromatic ring for 

ph e non es , activa ti o n by d o n a ting groups in th e y-po s ition , 

and d e a c tivation by with draw ing g roup s in th y and 6 

po s ition s s ub s tan t i ate 
31 34 

Lh c asse rtion of Wa g n e r ' that 

th e carbonyl oxy ge n in Type II r e action s i s e l e ctrophilic , 

and that k e ton es a r e more reactiv e when th e y-hydro ge n is 

more nucl e ophili c . He was able to s how a s imilarity b e tw ee n 

th e int e rm e diat e in ke t o n e ly p e II r e action and th e Le rt-

butyl alkoxy radi ca l . Co mp, ri s on of th e r e activity of 

( CH ) C-0 • with an an a J ogo u : se ri es of y-hydroge n s and the 
3 3 

r e activity of t h e v a ri o u s y and 6 s u bs titut e d ph e non es 

s how e d mark e d s imil ar i ty . 

) . 3 5 . . d 
Earli e r s tudi es by ~ a ll1n g originat e th e conc e pt of 

oxygen ' s e l ec tr op hili c i ty in Typ e II r e action s . Th e l ee -

tronic excitati o n of int c r o~ t i s wh r e an e l ec tron 

is promot e d fr o m o n e of oxy ge n ' s lon e pair s t o the low s t 

empty orbital , t h e a n t i ho n d: ng carhonyl IT orbital. A r es o-

nance form of th e kc t o n P exc it e d s tat e s hown b e low illu s 

trat es a pos itiv e cl 1a r g0 on oxy ge n
3 6

, which would mak e th e 

oxy ge n e l ec trophili c . 
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hv 
0 : 0 __,. 

Wallin g observed that inductiv e e ff ects for hydro ge n ab 

straction from toluene by tert-butoxy radical s proceeds 

in th e order p -m et hoxyt o lu e n e > toluene > p-chlorotoluene. 

Benzophenone triplet s were observed to ab s tract in th e same 

order,which was s imilar to the inductiv e e ff ects observed 

by Wa g n er for oth e r ketones . 

N-h ex ylh ex anoamid e has secondar y hydr oge n s in th e 

y- pos ition . 
The difference between the amide, and k e t o n es 

lik e 2-hexanon e , mu st be other than Y-h ydroge n bond st r e n g th . 

Nitro ge n is mor e electronegat iv e than carbo n . By induction, 

therefore, th e nitroge n would be a a withdraw r, and th e 

carbonyl oxygen would be mor e e l ectroph ili c a nd ~ho uld 

increase Typ e II reactivity . 

Amid es , how e v er , are often s hown with t h e ir dipolar 

r esona n ce s tru ct ur e 

0 
11 

R - C 

R ' 0
8 

N / ~<- ~> R - t = 

""R " 
Th e maj o r contributing str u ct ur e was pres um ed lo be Lh e 

37 
amide form , and Beak s ubstantiated the ass um pL i o n with 

a co ll ec Lion of ultrav i ole t data on se l ect co mp o und s . 

O~o 
N 

R 
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38 
Specker and Gawroch ' s work on th e above tautom e rs pro-

vid e d th e foundation for Bea k ' s work by sho win g that th e 

equilibrium lie s far in favor of th e amide d esp it e th e 

ex tra stab ility to be attained with th e aromatic rin g sys -

t e m in the iminol form . 

Th e iminol form wit h n ega tiv e c har ge on oxygen sho ws 

a nu cleophilic rather than e l ec trophili c oxygen. Th e di-

d
. p 1 · 39 "b polar for m, accor ing to a u ing contri u tes to th e point 

where th e C-N bond has 40 % double bond c harac t er . Id o u x 

a nd Zarrillo 40 s ub s tantiat ed the c h arac t er of the C-N 

bond by prov in g that the bond would tran s mit co nju gatio n 

in one direction . 
Th e low Ty pe II reactivity of am id es co uld 

b e a r ef l ec tion of th e hi g h e l ectro n density on oxyge n in 

the exci t ed sta t e . 
lf l 

Phy s i cal s tudi es by Na ka g ur a o n formamide a nd aero-

lein s how that th e 
0 

1717A band of formamide arises fro m the 

charge tr a n sfe r spec i es rather than from a n absorpt i on a n a l o-

go u s to the 
1560A band of for ma ld hyde. 

0 Ili s wav e functions 

s h o w that the amount that the charge trans er spec i 8 co n-

tribut es varies from 

the exc it ed s tat e . 

20% in the ground state to 60% 1n 

The e l ectroni c transition inv o lv es s ub-

s t a nti al electron transfer fro m a donating to an electro n 

accepting gro up. 
Nakag ur a u sed a polarized ultraviol tab-

0 

d 
. 4 2 

sorpt ion study of Peterson a n Si mpso n to prove thal the 

0 

1717A ba nd of forma mid e corresponds to the l 8 6 0/\ band of 

formaldehyde. The direction of th 

myr i s t am i de was inclined by 

transition mo me nt for 

toward lhc carbon-ni l rogen 
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axi s and away from th e oxyg e n-nitrog e n axi s ,whi c h s how s 

thi s interpr e tation of th e ab s or p tion s p ec tra to b e in 

lin e with th e ca lcul a tion s . 

Th e Mullikin e l ec tron popul a tion di s tributi o n l S 

a ppli e d to th e 

in Tabl e III . 

JI e l ec tron s in th e for ma mid e g r o und s t a t e 

Tabl e III 

L( 3 

Ch a r ge De n s ity in th e F o rm a mid e Gr o und S t a t e 

Atom Ne t Char ge JI El e ctron De n s ity 

H 
l ,': 

+0.357 0 

2 ,': 
+0 . 368 0 

H 

H 
3 ,·: +0.152 0 

C + 0 . 2 58 0.69 5 

N -0.758 1. 8 06 

0 -0. 3 77 l. 4. 9 9 

Th e nitr oge n in th e g round s tat e e vid e ntly l oses 0. ? 11 

e l ec tr o n s to th e c a rbonyl, whi c h i s a lr ea d y imb a l a n ce d t o-

wa rd ox y ge n. Th e nitr oge n, alth o u g h 11 e l ect r o n -poor , 

i s o v erall e l e ctron-ri c h with a n e t c h a r ge of 

s ub s t a nti a t es th e assert i o n th a t nitr oge n i s a 

-0.7 58 , whi c h 

11 do n o r 

a nd a 0 acceptor . Und e r th ese co n d iti o n s a n o th e r r cso n a n cG 

,•: l 
H a nd we r e ass i g n e d in for ma mid e as s h o wn: 
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form, which mu st be included on an equal basis with the 

iminol form, is another dipolar structure . 

/ 
H-C© 

G 0 

~NH 
2 

The theoretical excited states for formamide were cal-

culated using two molecular orbital met hod s . The first is 

the virtual orbital theory which s how s electronic configur

ations of electrons promoted from higher occupied orbitals 

to lower un occ upi ed (virtual) orbitals. The weakness of 

this method is that it disregards correlation energy changes 

due to the alteration of electron pairs in the closed shell 

gro und and open shell excited state , and the disregarding of 

electronic rearrangement,which certainly occurs with the un-

excited electro n s . 
Wh ere these factors can n ot be overlooked 

Rydberg calculations are performed . Table IV shows that 

there is fair agreement of the two methods on the orbital 

population densities of int erest . 

A comparison of the ground , 

states shows a large change in the 

molecular orbitals . The n orbital 

and IT ➔ n,·: 

3a " , 10a ', and 2 a " 

(l Oa ' ) shows oxygen 

with 78% 
of the orbital in the ground state, but in the 

n ➔ rr,': state the oxygen h olds 94% of the orbital. A 

similar rearrangement occurs for the 2~ •• molecular orbital 

rr ->- rr ,•: transition. These calculations reaffirm 

, 

in the 
. f 1· 35 3 '-1 

the previous experimental assertion o Wal ing and Wagner 
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that there is substantial electron density on oxygen in 

the excited state . The calculations show as well that there 

is some double bond character between carbon and nitrogen 

and indicates TI donation . These calculations also sub -

stant i ate the assertion that the polarized excited state 

45 
fleets t h e gro und state conf i guration . 

Table IV 

Orbital Pop ul atio n Analysis for formamide 
44 

n -+ JI;': n ->- IT>': 

Ground State (triplet ) (tri plet ) 

Atom n(l Oa ') ( 2a ") ( 3a ") l Oa ' 3a " 2 a " 3a " 

Rydberg Calculation 

Hl 0 . 009 o.o 0 . 0 0 . 003 0 . 0 0.0 0 . 0 

II 2 0 . 007 o. o 0.0 0 . 001 0 . 0 0 . 0 0 . 0 

H3 O. llO o. o 0 . 0 0 . 030 0 . 0 0 . 0 0 . 0 

C(val ) 0 . 033 0 . 016 0.003 0 . 004 0 . 849 0 . 081 0 . 666 

N(val) 0 . 058 0 . 519 0 . 003 0.019 0 . 079 0 . 210 0 . } 2lf 

O(val) 0 .7 81 0 .458 0 . 006 0 . 94 5 o. 07 11 0 . 07 4 0 .199 

Virtual Molecular Orbital Calculalion 

Hl 0 . 008 o.o o. o 0 . 003 0 . 0 0 . 0 o.o 

H2 o. 007 0 . 0 0.0 0 . 002 0 . 0 0 . 0 0 . 0 

H3 O. ll2 o. o 0 . 0 0 . 030 0 . 0 0 . 0 0 . 0 

C(val ) 0 . 033 0.017 0 . 724 0 . 002 0 . 846 0 . 099 0 . 662 

N(val) 0 . 058 0 . 522 0 . 067 0 . 019 0 . 080 0 . 188 0 . 125 

O(val ) 0 . 782 0 .461 0.209 0.CJ L14 0 . 07 11 0 . 713 0 . 213 

re-



43 

Donation of e l ect ron s from th e carbonyl to the 

nitrogen is also possible . 

yields a n N-amidyl radical. 

Irradiation of N-haloamid es 

With reverse TI donation th e 

3TI electron system would be analogous to an allyl radi cal 

or a dipolar iminol and would mak e the oxygen reactiv e as 

wel l as th e nitrog e n . 

s hown b e low: 

Th e radicals in th e g round s tat e arc 

0 0 0 0 . 

II t R 1 b . R' J 
C R ' ~ 

R ' 

/ ""' ·· / / ·~ / R/ '\_N / R/ N/ 
R N R N 

In TI Io 

46 . d . d 
John so n and Greene irra iat e N- c hl oro -N-(1,1-dim et hyl-

pe ntyl) ace t a mid e in cyc loh exa n e . If both th e oxygen and 

nitro gen were reactive , there would be tw o possible Norr i s h 

Typ e II 
1,5-hydrogen abstractions,which are s hown in th e 

following reaction sc h e mes : 

hv 

Path B 

l l 
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J J 

Cl 

Th e inv est i ga t ors observed nearly quantitative formation 

(95 %) of 
N-(l,l-dim e thyl-4- c hl oropen tyl) acetamide with 

the remaining 5% being N-(1,1-dim e thylp entyl ) acetamidc. 

Th e ch lorin ated a mid e products arising f r o m Palhway A, h o w

ever , were not observed , although a pa ir of secondar y a nd 

s i x primary hydrogens were available for 

Wh e n a quencher was added to s t op the HCl 

1,5-abstraction . 

propogation 

chain,th e yield of Path B product in creased t o 100%. 

following irradiations s ub stantiated these results. 

0 

~ 
hv >-

C61112 

CJ 

_ l}~ ->-

C61ll2 

C II 
6 1? 

;><_/CG 11 i: 
N - ::i 

Cl 

0 

~~ + c
6

11
11 

Cl 

N I 

0 

/" 

H 

~/CJ 

N 
H 

'-./ 
N/~('6

11
:, 

I I I! II 

Th e 



R 
/V'--.__/--......___/ 

1 "' 
Cl Cl 

hv 

hV 

45 

Ii 

0 

I! 
/Y"'/Y 

1-l Cl 

~/;< 
Cl Cl 

C H 
6 5 

+ 

T h e 1 , 5 - Ji y d r o g e n a b s L r a c L i o n by n i t r o g c n w c1 s f c1 v o r P d o v (' r 

that by oxygen despite the deact i vating c h lorine y to 
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TI back donation as the oxygen 

does not abstract hydrogen,which s ub stantiates the obser-

the nitrogen . There is no 

vation 
47 

of Chow and Joseph that the reactivity of the 

oxygen i s nil . 

Amides then show lack of Type II reactivity due to the 

combination of the nitrogen ' s a withdrawal from i~s 

electronegat ivity and 
donation by the lone pair. The 

combination puts high electron density on oxygen maki n g 

the oxygen nucl eophil i c rather than electrophili c as re-

quired for Type II reactivity . Th e ad j acent oxygen in 

esters , however, is also electronegative and has two lone 

pairs available for TI donation. Under th e conditions 

above the esters should not undergo Type II reaction s . It 

19 
has already been noted that Scala concluded that esters 

eff i cientl y undergo Type II reactions . 

This discrepancy can b e resolved by u s in g the work of 

Pople, Del Bene, 
and Di t Ch fie 1 d . 

4 8 T 11 C Ca 1 C' l I l c1 I i O n ,; i; h O hi(' d 

the relative excitation energies for a scri s of s uhstitucnts 

on HCO-X . 
Th e excitation energies were found to decrease 

The total excitation 
in the order 

energy was partially the sum of two compone nt s , a with-

drawal and TI donation . Variation of the X s ub fi tjtuenl 

effects a withdrawal in the order 
The 

TI don a ·t ion by X in the ord r Nll > 
2 variation effects 

OH > F > CH . 
3 

The change in el ctronic excitation energy i s due Lo 

changes in the individual orbital e n e rgi es . 
There are four 
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main effec t s of which two are a direct result of II do

Th e 
nation . The orbital e n ergy is increased. 

donation incr eases th e n egat iv e charge on the carbonyl oxy-

gen (r ela tiv e to HCHO), which effects a lower effect iv e 

nuclear charge on oxygen causing the lon e pair to be less 

tightly h e ld. The a withdrawal , however , stabilizes the 

carbo nyl oxygen lone pair. Th e withdrawal also lowers the 

effective nuclear charge on oxygen a nd carbon which lowers 

the orbital energy . 

Th e overall n ➔ II''' exc itation e n ergy is the s um of 

these competing effects . The NH of amides has greater II 

donation but lesser 
o withdrawal than OH. Decreased II 

donation t ends to decrease the n -+ II"' transition energy, 

but all effects must be considered before explai nin g ca lcu-

lated values of n and II ·'· .. orbitals in mono substituted 

carbonyl compounds . 

Th e comparative Type II reactivities of esters and 

amides can be exp lain ed und er these terms. Th e 0 withdrawal 

and II donation apparently operat in opposite directions 

to give a net result that the 
n ➔ II:', transjtions for a mid es 

and esters are of n ear ly equal magnitude as s hown in 

Figure 2 . 
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t -- .... ..... ..... 

= 5 . 66 
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ev 
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..... ..... -

N-a mides HC HO 

(strong JI donor ) 

4 8 

.,,·: 
JI .... .._ ..... --

t 
ll r; = 5 . 6L[ ev 

n - .._ J, -- --

0-esters 

( strong 0 withdrawer ) 

figure 2 . Comparative TI and 0 I:ffecls on n ->- II"' Trans j_tions 

in Esters and Kctones 

In esters both the n and orbitals have lowered energy 

due to a withdrawal . In amides the n and JI .,. ,. orbitals 

have raised energy due to the JI donation of nilrogen . 

The individual orbitals in a mides and esters, although c1ppc1r

ently raised or lowered to the same degree , do not have the 

same electronic structure ( configuralion ) . The carhonyl 

oxygen in amides due to JI donation has a high elcclron 

de n s it y , whic h a s previously m c n t ion c d i s no t c O 11 d u ~; i v (' t· 0 

Type II reaction . Thus , although the trunsition 

energy is nearly the sa me , the nature of the rcaclivilics 

of the two compounds are different . 
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Geometric Effects in Amide Type_!_! Reactions 

A seco nd factor which could effect the Type II 

tivity of amides is the geometry of the amide bond. 

reac-

It has 

already been noted that the 

ble bond character due to 

C-N bond has substantial dou-

donation,which at least would 

restrict bond rotation. 
13 Wagner observed that molecules 

without the ability to attain a proper geometry, that is a 

six-me mb er transition state, would undergo Type II r action 

relatively inefficiently . for example, y abstraction is 

c5 abstraction by a factor of 2 0: l. 
49 

Padwa 
preferred to 

50 
and Padwa and Eastman observed that the close proximity 

of the hydro gen to the carbonyl oxygen is essential for 

Type II reactions. 
In exo-2-be n zoylb icy clo r 2.l.l j pentane 

the y-hydrogens are in closer proximity to the oxygen in 

the triplet state than normal and are more reactive than the 

y-hydrogens of valerophenone. 
In phenyl cyclodll, yl i-l'Lones 

the 
y-hydrogens are held away from the carbonyl oxygen . As 

a result the triplet of phenylcyclopentyl ketone is 1/8 

as reactive as that of valeroph none. Phenylcyclohexyl ke-

tone does not undergo the Type II reaction. 

it important that no additional torsional strain be intro

duced during rotation to the transition state conformation. 

Any partially eclipsed conformation might be expected to 

make the Type II reactions less efficient. Simpl•' alkyl 

substituents on the a, 13, Y, and c5 positions show only 
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inductive effects for y-hydrogen abstraction rather than 

the expected steric e ffects. Henc e , the a, B and B,y 

C-C bonds must hav e s tagg e red conformations. 

At first, it wa s assumed that th e oxygen, hydro ge n, and 

y-carbon mu s t b e coplanar for abstraction . That conformation 

would result in ec lip se d conformations and tor s ional s train 

and be s u scep tible to ster i c s ub s titu e nt effec t s . In addi-

tion, this transition sta t e conformation would appea r to 

favor cS abstraction over y abs tr ac tion f ro m th e s t a nd-

po int of angle and tor s ional considerations (all ato ms co -

planar, at 120° optimum) . 
A s ix-m e mb ered chair conformation 

how e v e r, allows for th e s train-fr ee sys t e m and a minimum 

of ster i c hindrance fo r mo s t alkyl subs titu ents as s h o wn b e-

low. 
Thi s conformation accounts for th e 

k e ton e alkoxy radical 

s imilarity,allud e d to previously,of t h e 
n ➔ rr,·, Ty pe II 

hydrogen abstraction a nd the hydrogen abs traction in a lk oxy 

52 radicals. (H esse o b served the C-H-0 angle to be mu c h 

less than 180° for abstraction in alkoxy r ad i cals. ) 

Hydro ge n abstraction from th e cS position requires a seve n -

, 

me mb ered transition sta t e with its inherent torsional stra in. 

The stra in accou nt s for t h e lower 
cS-hydrogen abstrac t ion 

rat e . 
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Substituted amides of the form 

rotameric forms shown below : 

0 

I I 
C R' 

/ "" / R N 

"" l-1 

trans 

RCONHR' exist in two 

cis 

There is a substantial barrier to rotation , on the order 

of 15 Kcal , 
which varies with the nature of the R and 

R' 
groups , to prevent the interconversion . The cis form 

would be analogous to the phenyl cycloalkyl ketones where 

the hydrogens were too far from the oxygen for Type II reaction . 

53 
La Planche and Rogers showed by low temperature NMR 

that the cis form was practically non-existent where R 

was a methyl or larger group for a spectrum of mono-substi-

tuted amides where 
and 

The cis form becomes increasingly important in 

Jormamjdc:; ar; ille R ' group becomes bulkier, for example, 

tert-butyl. 
Dimerization, which occurs with formanilides 

requires the cis form, and as the concentraLion 
lD solution , 

of amide is increased, the cis form becomes 

c.is form lS more 

for any of the 

important in formanilides 

5 Lf 

N-alkyl amides. 

more ravored . Th C' 

l n eeneral than 

Unsymmetrically disubstitutcd amides show conforrnat i onul 

preferences according to sLeric consideraLions. 
In uccl.:imides 

the bulkier group prefers to be cis Lo Lh 
oxygen and Lr an 1.; 



52 

to the me thyl group . In formamides La Plan c h e a nd Rogers
55 

hav e found the reverse to be tru e for me thyl N-al kyl form-

amides. Th e larger alkyl g roup prefers to be cis to the 

formyl H, a nd the preference i s lar ger as the alkyl gro u p 

b eco mes bulki er . Hence , the geo metr i c preference abo ut the 

hind ered 
C-N bond appears to favor Ty pe II r eactio n for 

the amides s tudi ed . 

It wa s also obse rved exper im e ntally that the C-C=O 

and OCN-C bonds were not freely rotating as xpectecl , and 

s ub s titu e nt s on th e carbo n s s h o we d geo metric pref rcnces. 

The two a n g l es of int erest in describing these prefere n ces 

a r e wand~ s hown be low . 

56 
Ha i gler , Leiserowitz, and Tuval meas ur e d the torsion 

angle 
for different N-m e thyl a mid es a nd for dif-

ferent N- s ub st itut e d ace tamid es by X-ray crysta ll ograp hy. 

Th e preference for 
i s an a n gle in N-m cthy] co mp ounds 

wh e r e o n e C-H bo nd is ant i to the OC- N bond. 

ferred a n gle 
in acetamid es resulls in one C- H 

The pre

bond 

being eclipse d with the OC-N bond. (A cetyl glycine appeared 

to have free rotation an d no preference with respect For w.) 

5 7 
Hammaker a nd Gugl er proposed the followi n g co n for-

matio n for 
N,N-diet h ylacetamide on th e basis of c h emical 

shifts in the NMR: 



53 

Although the spectroscopic data appears to be weak, steric 

considerations make the str u cture a logical selection. The 

geometry in this case of an N,N-di alkyl amide appears to 

be consistent with that n ecessary for Type II reactions. 

Although no work was available to list the geometric 

preferences on the carbonyl or the nitrogen side of mono

alky l amides, steric considerations would indicate that R 

groups, 
such as pentyl , would rotate away from the center 

of the molecule. 
The carbon-carbon single bonds remote 

from the carbonyl, however, would experience only very slight 

restriction to rotation and on either side of the carbonyl 

could attain the conformation necessary for Type II reac-

tion. 
since that conformation is not necessarily preferred 

as 
Wagner 13 observed it to be for kctones, gcomclry could 

reduce the Type II yield in amides but not by the amount 

observed for PS L ers . 
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Ph o toly s i s of N-h exy lh exa noamid e 

N- hexylh exa noamide 1 wa s prepared by addition of a 

h exanoyl c hlorid e in THF s olution to a h exy lamin e so lu -

tion in 10% so dium hydroxid e and p urifi ed by vacuum dis-

tillation . A 2% so lution of l 
rv 

in sp e c tro g rad e diox a n e 

was irradiat ed for 125 hours with a Hanovi a 4 5 0W me r c u ry 

arc . Sa mp l es were taken and a n alyzed by glpc . None of th e 

prod uct s expected fro m e ither Ty pe I or Typ e IT r eactio n s 

was observed . 

There were , however, three main products in the reac-

tion mixtur e whi ch were i solated by vacuum disLillation a nd 

purifi e d by preparative 

c ult to c hara cteriz e by 

g l pc . 

NMR . 

Th e maj or product was diffi-

Th e NMR s h o wed a pair of 

alkyl doublets with a s ub stantial absorpt i o n in the 3 - 4 o 

region wh ere pro ton s on the dioxane ring ge n era ll y absorb . 

A seco nd co lumn divided the prod u ct int o two components , 

eac h co ntainin g th e dioxyl signal and an alkyl doublet. Th e 

pare nt ion a t 
a nd 0 11 band in the IR c haracter-

ized the first two products as the t wo diastereomeric a-

me thyl dioxane methanols 2 and 3 . The other Lw o prod u cts 
rv 

were c h aracterized by spectra and melting points as the two 

diastereomeric dimers of dioxanc, 4 and 5 . 
rv 

The dimers 

a nd 5 
were also observed in ot h er photoche mical rcac-

,,., 
58 

tions wi t h dioxane by Pfordte . 

The sa me reactio n was run in a stoppered quarlz t· ube. 

The reaction mixture was sol i dified in dry ic -acetone , 
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and gas IR of the vapor phase failed to show any of the 

expected 1-butene . Gas IR did sho w the presence of co. 

Low temperature glpc of the sealed tube reaction mix-

ture failed to s how any 1-hexene. Pentane and a trace of 

1-butene were verified by coinjection . 

ed are detailed in the scheme . 

The resul~s observ-

+ 

3 
rv 

hV 
~ 

o-o 
4 

Oil 

2 
rv 

+ 

The formation of~ and 1 is a clear indic<ltion lhal 

radical processes are occurring . There arc several pos-

sible reasons why none of the Type I or Type Tl pPoductG 

were observed . These pi'ocluc l::_; m<ly be pllol:ochomicc1 I I y un-

stable undergoing polym'rizalion, :Jceondary roc1clion:;, or 
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or interaction with solvents . 

In order to determine the source of 2 and 3 a 3% 

samp l e of acetaldehyde in dioxane was irradiated for ten 

hours with the Hanovia lamp . Acetaldehyde was observed to 

undergo photoreduction to yield 2 and 3 . 

0 
CH 3 CIIO 2 + 3 + 4 + 5 

hv 

This reaction is analogous to the one observed by Shima and 

Tsutsumi 59 where acetone photochemically added to dioxane 

to yield a,a-dimethyl dioxane methanol . Other ketones were 

also observed to undergo photoreduction with dioxane .
60

,
61 

Acetaldehyde was a possible intermediate in the decomposi

tion of 1 and could be envisioned as arising via decomposi

tion of hexanal, one of the expected Type I producl:s . 

An independent photolysis of hexanal in dioxan was 

also found to yield land~-
After 30 minutes irradiation 

acetaldehyde was detected as expected via an initial Type II 

reaction . 
The reaction must also yield 1-butenc , although 

its presence was not verified . 
Pentane was formed as a 

resu lt of initial Type I cleavage followed by hydrogen 

abstraction from solvent . 



Type II 

hV 

57 

hV Type I 

0 
II 

CH
3

(CH
2 ) 4 C · 

+ H· 

+ co 

+ 4 + 5 ,__, .._, 

hV 

Co) 
0 
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Acetaldehyde build up was observed for two r asons. Th 

concentration of hexanal was much greater than acetald hyde 

and because they have virtually the same UV absorption 

h exanal would be favored to r eact over acetaldehyde. Type II 

reactions are also more efficient and occur mor e rapidly 

than the photoreduction. 
Thu s , the h exa nal would react 

rapidly to yield acetaldehyde,which would photoreduce at 

a s low er rate . 
Either the Typ e II r action or the photo-

reduction of hexanal, however, would be much faster than the 

photodecomposition of ~; 
hence int ermediat es would not 

build up in the reaction mixtur e and would be und etectable . 

It i s significant to not e that Watt erso n and Shama
62 

in their study of the photochemical decomposition of acid 

hydrazid es generated N-amidyl radicals,which abstracted 

hydrog e n to yield simple amides. 
They observed only Typ e I 

reaction from these amides and were able to observe ald _ 

hyd es formed in the reaction. 

cals were detected. 

Also products of amin radi-

since initial Type I cleavage of l is proposed , the 

disappearance of the h exyla min e radical must be explained . 

Amine irradiation in cyclohexane yield d addition products, 

63 
solvent dimer, and polymer. 

Under our re ct ion co nditi ons 

(1 25 
h urs irradiation with the Hanovia lamp) no volatile 

nitro gen co ntainin g products were observ d when a 
2% h xyJ-

amine in dioxane solution was irradiated. 

were contained in the poly meric residue. 

Presumahly Lhey 
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Photolysis of Dioxane 

Dioxane was chosen as a solvent for the amide study 

for three reasons . The amides have good solubility in dio-

xane . The solvent has transparency in the UV region of 

interest. The last and most important reason i s that dioxan 

was the so lvent u sed by Booth and 
. h 2 

Norri s . The products 

and 5 were common not only to th e s·tudle s on 
rv 

amides but w re also present in the work of Mazzo cch l and 

Bodurgi1
64 on N-alkyl substituted imides . There was the 

possibility that the se products arose from Lh e so l.v e nt it:se lf. 

A 200 ml sample of spectrograde dioxane wa s purged 

with nitrogen and irradiated through quartz with the llanovia 

lamp foy, 200 hours. The reaction progress wa s monitored 

by glpc. Formation of 3 , 4 , 
rv ~, 

and 5 
rv 

was detected by 

glpc. Product i solat ion by vacuum distillation and prepard-

tive glpc ·ve.f'ified the analytical glpc results . 

0 
hV o_____!_c11, cY~ + 

Cl! 

ll 50 W II H 
3 

200 hours 
0 

2 3 
~ 

,. , 

Ol) 0-() 
LI 

,, 
, 
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Th e formation of the dimers 4 a nd 5 ca n be explai n ed 

by initial formation of a dioxyl radical by hydrogen ab -

strac ti o n from dioxane . 
In a reaction s u c h as a mid e photo-

d eco mpo s ition th e radical so ur ce is obvious . For dioxane 

the radical probably arises via C-H bond exc it a tion a t 

0 

1850A . 
Similar radical s h a v e been observed for a l co h ols 

irr ad i ated in this UV 
65 

region . 

Th e in cip i e nt dioxyl radi cal co uld e ith er abs tra thy

drogen from a noth er dioxane molec ul e with n o net c h ang 

or und ergo C-0 bond c l eavage to give the ope n c h a in radical 

s hown in Sc h e me II . 
Subsequent hydrogen abstract i on wo uld 

y i eld et hoxyace tald e hyd e . 
Ethoxyacetaldehyde would be ex -

p ected to und ergo eff i cie nt Ty pe II .react i on to yield two 

mol ec ul es of ace tald ehyd 
Methoxyacetone was observed b y 

Sr iniv asa n 66 to und e r go eff ici e nt Typ e II reaction (<P = 0 . 32 ) 

to yield aceto ne and formaldehyde . 
It has been sho wn by 

51 3 4 d. h d Wag n er ' that oxygen a Ja cent to y rogcn dramaticalJy 

in creases the amount of abstract i on by a fa tor of ur> Lo 80 

( e ith er s ub sti tu ent ) for y and 0 hydrogens ink tones. 

Th e a n lo go u s n- oc t yloxyace t aldehyde in dioxane w s observed 

to yield s mall steady - state q u a ntiti s of acctald hyde us 

we ll as 2 
a nd 1 , whi ch arc the prove n photor ducl l o n prod-

u cts of acetaldehydc. 
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In order to test the viability of the thoxyacetalde-

hyde intermediate, a solution of dioxane and a catalytic 

amo u nt of benzoyl peroxide wa s heat d to 
125° for 96 

hours . 
Glpc ana J ysis of th e reaction mix ur e s how ed one 

minor product which could not be isolated . 
Atlempts to 

prepare th e DNPH 
derivative of th e aldehyde from so lution 

were also un s ucc essful . 

Quantitative stu di es on amides in dioxan e we r 
rend reel 

difficult by formati .on of 
Lt and 5 . Th e presence of acct-

r-J 

aldehyde could exert either se n s iti z inR or quenchinR ef,ec l s . 

Determination of how much , if any, 
Z and A wa s produc d 

via amide photod co mpo s iti on versu s solvenl phoLodecompotii-

tion would be jmpo ss ibl P si n ce no o th er pho l oprod u ct of 

could be quantified . 

] 
'' 
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Photolysis of N-hexylproprionamide 

In order to determine how much 2 and r, l was produced 

by amide decomposition , an amide wa s se lected which would 

not yield 2 and 3 . 
rv 

N-hexylproprionamide 6 
rv wo u ld yield 

a proprionyl radical after the proposed initial Type I cl a-

vage . Hydrogen abstraction would yield proprionaldehyde , 

which would not und e rgo ·the seco ndary Typ e II r eac tion . Prop-

rionaldehyde might th e n be expected to und e rgo photoroduction 

with dioxan e s imilar to acetaldehyde . 

A two perc e nt so lution of 6 
rv 

in 5 0 0 rr:l spec trop_;rad e 

dioxa n e was irradiat e d with the Hanovia lamp for 204 hour s . 

The reaction was monitored by glpc, and and 

we re identified . 

glpc afforded 2 
rv 

Vacu u m di s tillation followed by preparative 

and another product , which wa s c haract e rized 

hy its mass m+ / e 14 G, IR OH s tr etc h, and NMR as th e e xpect ed 

dioxane alcohol of proprionaldehyd e photoreduction . 

0 Ol! 

hv 
2 + 3 + L/ + 5 + Q~ C? lJ 5 

6 ,,., ,..,., 
rv 

('J 7 

a 
rv 

8 

A five percent so luli on of propri o nald rhyclc 1n ,;pcclro-

grade dioxan e wa s irradiat ed for ]() l 1 0 u r s w i L l 1 t h C' H cl n O V j cl 



G3 

lamp . Vacuum dislillation follJwed by preparative glpc on 

two col umn s yielded the two diastero meric 1-dioxan propanols , 

7 a nd 8 . 
rv 

Alcohol s 7 and 

6 . Clearly 2 and 
--v 

amide decompo s ition. 

3 

8 

hv 
----;,. 7 + 

~ 8 + , . ., 4 + 5 ~ ~ 

a r ,-. c; ~ con d a r y photo prod u c L s fro m 

in this case cannot result fro m 

The results s ugge s t that pari of L h e 

alcoho l products arise via ~olve nt decomposition in all of 

t h e amide - dioxane photoreacti.on3 . 

An an a logo u s r e a ct i on w a :; Db se rve cl w j th is ob u t yr al d e -

hyde in dioxane which, Jike nroJ ri o nald e hyde, can n ol und erfo 

the Type II rear.Lion . A solulion of 

in 200 ml dioxan0 was irrc.1cl ic1-ed for 

!Ian ov ia lamp . 

10 g 

10 

i.sobutyraldehyde 

h o u r E; w i L h t h e 

mi nor amo unt s of 4 
~, 

and t-wo other major productc; were i solated fler 

vacuum distillation and pr0par,1_ iv c glpc of 1-h0 r eac li.on 

mixture. Spec t r a w r> re int <' l' [l r,' : d for t h e ma 7 or prod u c L s 

by analogy to Lho1;0 o f ? 7 and 
' , 8 . ThP 

major produ cls wcr i dc,n 1· jfj,,c] ,1s the diastereom0rr; or 

a-i.sopropyl dioxane m0tha n o J . 
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hv 
0 ]j 

CH 3 10 hours 
c;-CHCH I 

CH 3
CHCHO 

C) 
.H l-1 / 

3 
+ 

CH 3 

9 
0 rv 

c)!a~~r:H3 
10 ,..., 

Theoretically , the aldehyde addilion Lo solv0nt could 

be u sed sy n thet i cally . Benzaldehyde , p-tolualdehyd , 

phe n ylacetaldehyde , and any of the previo u s aldehydcs , which 

co u ld not easily un dergo Type II reaction , could be added 

to dioxane or a s im i l ar solvent wiLhout numerous side reac-

tio n s . 
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Photolysis of N-hcxylhexanoamide-a-d -1 

An alternate means of determining the amount of 2 ~., 

versus direct de-
3 arising via decomposition of 1 

composition of dioxane is to irradiate an amidr labell d in 

the a position . This amide would produce I and 3 ,., la-

belled on the methyl group . 
The product could then be iso-

lated and the alkyl vers u s dioxyl region could b compared 

+ m /e 133 and 132 
by NMR or the 

peaks could bE.' compared 

by mass spec . 

The labelled acid was prepared by a method analogous 

. 67 
to that of Pfeiffer and Silbert. 

The dianion of hexanoic 

acid was generated with lithium diisopropyl amide and quenched 

Vacuum distillation of the acid followed by anal-

ysis by NMR and mass spec showed the acid to be labell d 

Some of the a-d 
l 

label was lost in the gener-

ation of the acid chloride with thionyl chloride . Th0 amide 

was prepared by the general melhod and ohserved to hr 

28% over the unlabelled amjd 

0 
JIMPA - II 

----> CH
3

(cH
2

) 3 CHC-0 

0 
II 

Cll (CH )
3

CH-C-OD 
3 2 I 

+ 

D 

a-d 
l 
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THF/ 1 0% NaOH 

0 
II 

CH
3 

( CH
2

) 
3

jHCNll ( CH 2 ) 5cH 3 

D 

A two percent solution of the labelled amide in dioxane 

was irradiated for 
138 hours with the Ha n ovia la mp . Approx-

imai.ely 
so% of the amide was decomposed at this po i nl . 

The partially labelled alcohol was collecled as before and 

the m+ /e 133/132 peak comparison was made with a sample of 

alcohol made from u n labelled amide . 

from the labelled amide and 
0 . 092 

The comparison of 

from the unlabelled 

0 . 136 

amide showed a de u teri u m enrichment of 4 . 4% . 

richment of the alcohol was compared with the 

W h en t· h e en -

28°0 enrich-

ment in the amide , it was concluded thal 15% of lilr nLcohol 

was produced by amide decomposition and Lhe rcmainin~ 85% 

by solvent decompos i tion . 



67 

Photolysis of Amides in Cyclohexane 

In order to alleviate the difficulty of so lv ent participation when dioxane was used , several amides were irradiated in cyclohexane , which , like dioxane , was a solv nl of 
choice in many photochemical reactions . Although the non-
polar character of cyclohexane results in poor solubilily of amides , cyclohexane exhibits the desired UV transparency 
in the wavelength range of the irradiation . 

210 ml of a 2% solution of 1 in cyclohexane 
When 

was irradiated for 115 hours, glpc analysis showed the 
reaction mixture to be complex. 
ero u s minor products were formed . 

One major product and num

The products were identi-
fied , by comparison with authentic samples following vacuum 
distillation and preparative glpc , as bulylcyclohexane 11 

~, 

pen tylcyclohexane lcJ, methyl cyclohexyJ carb inol 13, 
and bicyclohexyJ 14 (th e major product ). Pentane was detected in the reacLion mixture , but hexylcyclohcxane , lhc 
product of initial Type II reaction 

was not detected -

to yield hexanoamidc . , 

The product yields were determined 1n a separate re
action where the irradiation was conducted with internal 
standards , eicosane and hcxadccane. 

The calculations wrrc 
made on the basis of response factors for expected produci 1

; 
and amounts of reacted startinE material . 

The yields of 
the ·three hydrocarbon products varied from r.amplr Lo :;ampl<> . The ex a c t de t a i 1 s of t he prod u c t pc r c en l y i 0 l d i; arr p, i v c' n 
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in the experimental se ction, and th e percent yields of three 

product s are shown in Tabl e V. 

Tim e 
Hour s 

4 

8 

13 

Tabl e V 

P e rc e nt Yi e ld s for Photodecomposition of 

N-h exy lh exanoamid e in Cyclohexane 

n-Butylcycloh exan e n-Pentylcyclohexane 

l. 4 % 4. l 96 

2 . 0 96 
5 . 1 % 

2.6% 5 . 2% 

Bicyclohcxyl 

29 . 9% 

33 . 6% 

40 . 0% 

From the experimental section it wa s observed that the ratio 

of standard s to each other wa s constant durin g the irradia

tion which indicated that n e ith e r standard was in s uf ficie nt 

, 

concentration to act as a h yd r oge n so ur ce or part i c ip a t e 

in the reaction . Anoth er reaction was carried o ul in a slop-

pered t ub e ,and IR of the head space gas showed ca r bon mo n ox

id e to be present . 

hv 

l 

0 
OH 

ere!/: () -c I +en+ c ,I1 
, l I:;:> 

13 
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By no stretch of the imagination do the product yields 

account for the amide decomposed . It must be noted, how eve r, 

that all reaction s to yield the above products are not eq ually 

efficient. 
For example, each mol ecule of 12 

rv 
and re-

quires a combination of two radicals, or these could account 

for as much or more than 78% of the decomposed starting 

mat erial . 

Acetaldehyde, when irradiated in cyclohexane, yielded 

and methy l cyclohexyl ketone. The 
three products, 

major product wa s 
and the other two products appeared 

to be produced in eff ici ently . 
An irradiation of acetalde-

hyd e in cyclohexane with an internal standard was conducted 

until nearly total conversion of startin8 material was attained . 

Under g lpc conditions where the alcohol and ketone had the 

same retention time the yield for both was calculated Lo be 

7. 2 % • 
Th e inefficiency of this photoreduction s u ggests that 

acetaldehyde, the secondary product of initial Type I amide 

c l eavage , is formed in the a mid e decomposition in reasonable 

yield. 
The acetaldehyde yield could be 10% of the lo tal 

reaction yield, which is much more than initial prod u ct anal-

ysis for 13 would indicate. 

Th e following mechani sm is proposed for Lhc photodecompo-

s ition of 1 
in cyclohexane on the basis of experime n tal 

ev i dence: 

1 
rv 

hV 
\\+ C H 

3 
C H 

2 
CH 2 C H 2 C 11 

Type I 

+ ( l ) 
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II 0 cII 3 CH + 
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+ • NHCH
2

CJ-I
2

CII Cl! CH CH 
2 2 2 3 

('( C'~ 
12 
rv 

(1~ ':> (,i ( f 
0 

+ 

11 
rv 

hv /' OH 
),- l_) \. 

13 

> ( 1 

14 

( 2 ) 

( 4 ) 

( 5 ) 

( 6 ) 

( 7 ) 

( 8 ) 

( Q ) 

(lo) 
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Polymer (11) 

h \! \\ ( 1 ? ) 

( 13) 

As previously state d on page 20, Mazzocchi an d Th o ma s
11 

observed in their work on N-alkylpyrrolidinones that the 

Typ e I reaction involv es cleavage of the C-N bond on l y 

a nd not the C-C bond shown in eq uation (1). Equations 

(12) and (13), involvin g an initial Type II reaction, oper-

ate only inefficiently. 

To v er ify the proposed mechani s m, z was irradiated 

in c y c 1
0 

h e x an e . Th e ma j or prod u ct w a s a g a in 1~ w -i. t h 

s mall amounts of et h y l cyc loh exyl carbi n ol a nd ethyl cyclo

hexyl ketone. No rn et h y l cyc l ohexa n e was observed. Proprion

a ld ebyde irradiat ed in cyclo h exane yielded the sa me thrc 

prod u cts observe d in the photodecomposltion of f , as 

expecte d. 
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Solvent Effects on Amide Photodecomposition 

It has been stated that the carbonyl oxygen in the 

Type II excited state i n ketones is electrophllic. 

31 3 4 
was shown by Wagner ' that protic solvents such 

It 

as 

tert-butanol or methanol enhance Type II reactivity . The 

polar solvating power apparently stabilizes the incipient 

partially polar transition state . 
Cyclohexane, dlisopropyl 

ether , dioxane , acetonitrile , and methanol were se l ected 

to represent a solvent polarity spectrum . Irradiation in 

this set of solvents should indicate whether solvent polar

ity affects amide photoreactivity in general and can increase 

am i de Type II reactivity in particular . 

Sol u tions of l ~ 
containing internal standards were 

irradiated, and Type II product formation and slarling mater

ial disappearance were monitored by glpc for samples Laken 

at different times . 
The method for Type II producl yield 

determination is listed in detail in 
the experimental sec-

tion . 
Product yields were calculaled using the rosponse 

factors for hexanoamide and N-liexylacetamide ( the primary 

Type II products) on the basis of starting material decom

Thc predominant product of the Type II products 
position . 

was 
N-hexylacetamide so the total response facLor used in 

the yield calculation was weighled in favor of the ac Lamide. 

The maximum Type II combined product yields are shown 

in Table VI. 
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':'able VI 

Type II Product Yi e lds from Photodeco mposition of l 

MoJ es l Moles Type 
Time Decompos"e'd II Product 

Percent Yield 
Solvent ( Hr s . ) X 10-S - 6 

X 10 Typ II Pr oduct 

Cyclohexane 10 18 . 4 8 . 3 4 . 5 

Diisopropyl 10 7 . 5 3 . 8 5 . 0 
ethe r 

Di oxane 10 7 . 7 6 .4 8 . 3 

Ace tonitrile 10 l. 4 6 . 7 4 . 8 

Methanol 21 17 . 0 2 . 7 l. 6 

The expected incre ase in 1yp e II product s with in c r e a s ing 

polarity , es p e cially mP th ~nol , did not occur . It can al s o 

be ob s erv e d in Fi g ur e 3 and Table XVII that startjng ma-

terial d e compo s ition was ~ot acc e lerated by incr e a se d s ol-

vent polarity . S in ce a ma ximum of 8% product wa s form e d 

via Type II r e acti o n , t l, E re maining 90% of th r e a c lion 

mu s t he Typ e I . Re c e nt wc rk by Le wi s and J-1 
. 68 
J_n e on s ub s ti-

tuted deoxyb e nzoin s indi ca t es that in Typ e 1 r P action s th e 

early tran s ition s t ale h as a mod e ral e d e gr e e of ionic c har -

acter as s hown : 

This 8% yi e ld wa s I h e lar g e s t Type II yi e ld ob se rv e d for 
any of th e mono s ub s titut c d alkyl amid es . In n o olh e r P X
perim e nt wa s > 4 % Ty pe II product ob se rv e d . 
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Fi g ur e 3. Solvent Effects on Amide Photodecomposi l ion 
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Donating z s ubstituents acce l erate the reaction by sta-

b i lizing the positive charge while X withdrawers stabil-

ize the negative charge o n the carbonyl carbon . A polar 

solvent , such as methan ol , should accelerate Type I photo

decomposition by stabilizing a charged species , but figure 3 

and Table XVI show no significant advantage in Type I ro-

actions . It may be that t h e initial reaction is not affected 

by solvent , and the incipient radicals are affecled only by 

the ease ( relative number ) of hydrogen abstraction . 
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Determination of Mechanism by Competitive Reactions 

Th ere is the possibility that the Type II products 

were mor e photoreactive than the starting material a nd 

that the long irradiation times required to decompose l 
would also decompose any reactive Type II produc ·ts formed . 

Any reactive Type II product would not be detected unl ess 

the initial reaction was efficient . 
For exa mple , 1-hexene, 

a Type II reaction product , co uld react several times 

faster t han 1 und er the reaction conditions and would not 
~ 

be detected by glpc . 

The first Type II prod u ct to be tested by competitive 

reaction was N-hexylacetamide . 
Independent photolysis of 

a 2% sol u tion of the amide in dioxan0 with an internal 

standard showed that this amide decomposed at approximately 

the sa me rate as 1 · The products of decomposition were z, 
3 4 and 5 as well as carbon monoxide . The similarity of 

rv ' rv ' rv 

the products and reaction rates indicates that the added 

possibility for Type II reaction in 1 does not alter t h e 

mode or rate of reaction because the UV absorhing amide 

moiety is the same in both cases . 

To test the possibility that N-hexylacetamidc is an 

intermediate in the pho t odecomposition of la so luti on of 

1• N-h exy l acetami de , a n d an internal standard in dioxane 

was irradiated, and samples were taken at 0 , 4, 8, and 12 

hours-
The samples were analyzed hy glpc . 

The ralio of 

the area of the acetamide to that of 1 should he con1~lanl 
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for all samples including the zero hour sample if the rate 

of decomposition is the same for both amides . The ratio 

was found to be constant at 0 . 2 5 . 

l 
2 + ). + 4 + 5 

r, r, ' 
hV Q 

hv 

11v 

Type II 
(OJ 

0 

The rates and 
are equal, hence, any lo ss of 1 

would be accompanied by a similar loss of acetamide. 
Und er 

these circumstances N-hexylacetamide is not an interm e dial e 

of l · 
The alternative Type II process in the photodecomposi-

tion of l yields 1-hexen e and hexanoamide . 
r' 

Th eore ti cally 

there should be equal amounts of both , but h exa noamid e wa s 

only sparingly soluble in dioxanc. 
Other long-chained-

alkenes s uch as 1-octene and 1-decene we re ohserved hy LladG~ 

to react with dioxane and 1,3-dioxolan e in an inefficient 

addition reaction (5% yield) . 

Irradiation of a 10% solution of freshly distilled 

1-hexene in dioxane for 10 hours yielded a product which 

was not present in the photodecomposition of 
Vacuum 

di st illation of the reaction mixtur e followed by preparative 

spect ra and analysis as hexyldioxane 
15. ~ 

glpc yielded a s mall quantity of liquid c hara cter i zed by Ls 

TIH' rec1clion i s 
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obviously analogou s to that observed by Llad
69 

' 
and the 

mec hani s m for it s formation 
is analogous to that previously 

proposed for formation of butylcyclohexane. 

hV 

0 + 

15 
rv 

A so lution of l and 1-h exe n e and internal stan dard s 

cyclohexane and hexadecane in dioxane was irradiat e d with 

o, 6 , 17, 40, 65½, 
the Hanovia lamp . 

Samples were taken at 

and 98 
hour s and immediately analyzed by glpc. The re-

sults of the glpc analysis are sho wn in Table XIX . 

A plot of the relative rat es of disappearance of 

s tartin g mat e rial s and of appearance of products 4, 5 , a nd rv rv 

l,J a s rat i 
O 

s with t h e in t er n a l s t an d a rd s i s s h own in r i g u re 4 . 

The ratios from Table XX wer e modified to better s how Lhe 

reaction rates as follows : 
a . l 

rv 
hexadecane x ½; 

b . 1-hexene: cyclohexane x l; 
c. 4 + 5 : hexadecane x 10; 

and d . 15 
hexadecane x 5 . 

From figure IV several observations can be made. The 

rate of di sappearance for 
l is much slower thc1n that for 

1-h exe n e , which might account for the absence of the alkcne 

in previous photodecompositions of 
formation of 1-hexene, 

howeve~ mu st be accompanied by hexanoamide formation, which 

coul d be detected. 
In addition, 1-hutene , the produc l of 

a secondary Type II reaction, was derecLed under s imilar 

reaction conditions . 
Neither hexylcyclohexane nor 
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products of 1-hexe n e and so l v e nt, was detected . The pro-

duction of ~ and ~ para l l eled decomposition of l , 

slow but fairly constant . T1e production of 15 and de-
r-.., 

co mp osition of 1-h exe n e were rapid at first until reaching 

steady state l evels . 

Several conditions make 1 - hexene and hence hexanoamide 

(initi al Typ e II reaction pr od u cts ) unlikely int e rm e diate s 

in the photodecompo s iti o n of l · Although 1-hex e n e pho - o-

decompo ses fa ste r than l , e ither 1-h exe n e or o n e of it s 

solvent addition product~ s ho uld be ob se rved , since an anal-

ogous alken e , 1-bu cne was o bserved . 

served in only trac e amount " . 

Hexanoamide wa s ob-
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Phot o l ys i s of Oth e r N-alkylamid es 

In ord e r to d e t e rmin e wh e th e r th e r es ult s o b se rv e d in 

th e p hotolys i s of 1 
rv 

could b e a p pli e d to oth e r N- a lkyl a mid es , 

se v e ral oth e r amid es we r e photoly ze d . 
For th f o ll o win g 

amid es th e r es ult s we r e con s i s t e nt with tho se f o r l· 

0 hV 
II 

RCH
2

CNHR ' 2 + 3 + 4 + 5 + co + RC H3 + R=CH2 

0 
rv , v 

1 6 
rv 

R R ' 

1 6a C4H 9 
CH

3 
rv 

1 6b C2 H5 C6 Hl 3 
rv 

1 6 c H C6 H1 3 

1 6d C7Hl 5 C6 Hl 3 
rv 

1 6e C Lf Hg C6 Hl 3 

16f 
<PC II 2 

C6 Hl 3 

l fg 
( CH

3
) 2CHCH2 C6 Hl 3 

1 6h c 4 Hg 
CH

2
CH( CII 3 ) 2 

'V 

1 6 i 
c 4 H9 

C 
2

11
5 

~ 
l f>) C 4 H <J 

C 4 1-l q 

1 6k c 41-1 9 C 8111 7 
,.., 

1 6 1 C4H g 
CH( C!-1

3
)( Cil 2 ) 4 CH 

rv 

1 6m 11 
CH( C!1

3
) ( CH2 ) 11 CII 

It i s appa r e n t th at t h e sa me mecha ni sm opera t es for t h i s 

se ri es of a mid es t h at opera t es for l , a n in i ti a l Type T 

c l ea v age to af f o rd a n acyl radical . 
T he rad i ca l l h c n 
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abstracts hydrog en to yield an aldehyde,which undergoes 

s ub sequent Typ e II reaction to yield acetaldehyde . The 

aceta ld ehyde is then photoreduced to yield 2 and 3 . 

To verify the mechani sm a 2% solution of N-hexyl-

2-methylvaleramide in dioxane was irradiated. The usual 

2 , 3, 4, and 5 were identified, but in addi-
products rv rv ,v 

rv 

tion sma ll quantities of 7 and 

only explanation for and 8 

vage to yield the acyl radical. 

8 were observed . The 

is initial Type 1 clea

Subsequent hydrogen ab-

straction followed by the prcdlcLed Type IT r0aclion of Lhe 

aldehyde would afford proprionaldehyde,which inefficiently 

photoreduces in dioxane to yield 7 
and 8 . The Type II 

r eact ion is analogous to that observed in 2-methylbuLanal 

24 
by Gruver and Calvert . 

It was observed by Bamford and 

Norrish 26 that isovaleraldehyde also underwent Type II 

reaction efficiently . 
No 6 ~ 

( hexylproprionamide ) or 2-

methylvaleramide was observed in the reaction . 
The follow-

ing mechanistic sche me illustrates the photodecompo~ i tion 

of N-hexyl-2-methylvaleramide: 

( 2 ) 

CH 3 

cH
3

cH
2

cH
2

dHnNH ( CH 2 ) 5 Cll 3 · 

0 

9113 

CH CH
2

CH
2

CHC • + 
3 II 

0 

0 . 
t Nll(CH

2
) Cll 

. 5 3 
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7 + 8 ~ ~J 

hv 
\\ ► CH

2
=C II ( Cl! ) CH + 

Type II 2 3 3 

yH3 

CH
3

CII
2

CH tHCN H 
. 2 II 2 

0 

\ \ +- CH
2
==CHC11

3 
+ 

Type II 
0 
II 

CH
3

CH
2

CNH ( CH ) CH 
2 5 3 

Several anomalies , however , were observed . SLyrPnc 

was not observed , and propylbenzene was observed in smaller 

quantities in t h e photolysis of 

photolysis of l . 

tect.ed for t h e series of amides . 

16f 
r-., 

than pen Lane in the 

The probable reason is that the phenyl 

group alters the photoreactlvlt.y or Lhe secondary produc Ls . 

Despite random sampling during reactions , no amine wac. de-

A rough csLimatc of the 

photodecompos i tion rat.es of Lhese am i des s h owed thal they 

decomposed at nearly the same rate , which is quiLe different 

fro m ketones where the rate of y-hydrogcn alir;traction dif-

fers significantly .for primary , secondary , ancl t.erl i.:iry :,i t·ci,. 
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Relation of 
y-Position to Amid e Photoreactivity 

As previously noted the 
y-position in ketones is a 

determining factor in thejr photoreactivity . Tert iary 

hydrogen s are more reactive than secondary hydrog e n s by a 

13 
factor of ,.,3 . 5 in butyrophenones despite a 2 : l ra Lio 

of y-hydrogens . 
The reactivity per hydrogen would favor 

tertiary hydrogen s by a factor of ~7 : 1 
over secondary. 

Two reasons for the i n creased reactivity could be decreased 

bond strength for the tertiary 
y-hydrog en or l he electron 

donating effect of the extra methyl group , which in creases 
31 

the nucleophilicity of the tertiary hydrogen . 

Two amides were se lect ed with tertiary 
Y-po sitions 

and ma sses si milar to 
Thr ee sol ution s of freshly dis-

tilled N-hexyl-4-methylvaleramide, isobutylh xanoamidP, and 

l in sodi um-dri ed t-butanol with an int ernal s landard were 

irradiated sim ultan eo usly in sealed tubes following freeze-

pump-thaw degassing . 
Th e system selected allows co mpari so n 

of tertiary v ers us secondary hydrog e n abstracLion even jn 

the same molecul e . 
Under careful scruL iny iL ca n be ob-

served whether the nature of the hydrogen to be absLracLod 

affects the amount of Type II reaction in amidPs. 
Tc>rt:iarv 

hydrogens on both the carbonyl and amine sides were com-

pared with secondary hydrogens . 

The solution s were irradiated for 
2 hours wilh t:hP 

Hanovia lamp , which yielded just over 
10% s L c1 r L i n r; m ,1 t c r i a 1 

conversion. 
The solvenL , tert-bulanol, accord 5n r; lo 
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should promote Type II reaction . 
Glpc analysis of the 

irrad i ated samples showed no Type II product for any of 

the three amides . 
When compared to the ratios of amide to 

standard in the zero-hour samples , the same ratio jn the 

irradiated samples showed that the three amides had decom-

posed at approximately the same rate . 
The ratio 

was ·the same at 0 . 89 for all three amides . 

T . /T 
l Q 

The y-position thus had no effect on the pholodecom-

position of amides despite decreases in bond energy, in-

creases in stability of the incipient radical, and an 

increase in the nucleophilicity of the hydrogen to be ab-

stracted . 
Indirectly, this evidence shows again that 

Type II reactions do not operate efficiently for N-alkyl-

amides, and the important process is Type I in the amide 

photodecomposition . 
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Photolysi s of Unsubstituted Amid es 

In order to e xactly duplicat e the work of Booth and 

Norrish 2 a series of unsubstituted amides wa s synth es iz e d 

from the acid chlorides, purified, and irradi a t e d in di-

oxane s olutions. 
Norrish observed no ald e hyde formation 

and henc e assumed Type I reaction s we r e not imporLant. 

The generation of carbon monoxid e and unid e ntifi e d 

primary amin es wa s e vid e nc e for a carbon mono x jd e ext ru-

sion process . 
Irradiation of th e un s ub s titut ed amides 

s howed the presence of carbon monoxid e 1n th e infrar ed spec-

trum of the h ea d sp ac e gas . 
No amines we r e detected due to 

Ge n e ration 
photoinstability for th e long irradiation period. 

of carbon monoxide could be exp lain ed as a seco ndary prod u ct 

followin g initial Type I cleavage . 

hV 
RCO • + • NH 

2 
Typ e I 

RCO • ----+ R • + CO 

The primary alkyl amines ob serv ed by Booth and Norri s li 

would ari se via radical recombination or co mbin ation of 

the amine with the decomposing sol v ent . 

Although radi ca l r eco mbin ation appears to be s Latis-

tically unlikely, the r eco mb in ation can occ ur witl1 s ur pr i s-

ing efficiency du e to a phenomenon ca ll ed the cage cffecl . 

Primary inv es Li gat ion of the cage effec t wa s cond u c t ed hy 

Frank and Rabinowitch. 70 Wh Pn th e excited state dissociale~ 
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to radicals, the radicals must escape a cage of so lv e nt 

mol ec ul es to avoid recombinatlon or so lvent interaction. 

Thu s , there would be a high p robability of recombination 

with radicals having a low diffu s ion rate or in vi sc ous 

solven t s where the radicals cannot escape . 
For exa mpl e , 

the cage effect would be very important when tert-butanol 

is the so lv e nt. 
Previo u sly it ha s been s tat e d that all th e 

main products of N-alkylamide deco mp osi tion r es ult from 

s olvent interaction . 
Ind eed many Type I r e acLion s and 

71 
photoreduction s such as with benzophenone r eq uir e so lv e nl 

interaction . . 2 
Thr ee compound s investigated by Booth and Norr~ s h, 

butyramide, valeramide, and h exa noamide, ostensibly could 

undergo Typ e II reactions to yield an alkene and acP l amide . 

El ec tron donating alkyl groups on nitro ge n s h o uld in c r ease 

th e IT 
donation and thereby d ecrease the e l ec lrophili c ity 

of the oxygen . 
Electrophilic oxygen i s n ecessary for Type II 

31, 3 4 
reactions according to Wagn e r . 

Unsubstituted amides 

wh e r e ther e are no donating g r o up s on nitrog e n Lh e n s h o uld 

und e rgo Typ e II r eaction mo r e readlly than N-al kylam id es , 

which hav e an alkyl donatin g g roup. 
Presence of Lh ese ex -

pected alkenes wa s their e vid e n ce for th e imp or l ance of 

Type II r eac tion s d es pit e th e absence of aceLamide . Al-

though alkenes were not observed dir ec tly, minor quanLiLles 

of addition products analogous Lo t h at observed by pl10Lo-

reduction of 1-h exene in dioxane were detected . 
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~ ' ~ ' ~' Hexanoamide in dioxane was observed to yield 2 3 

and 1· Under the predictions of Booth and Norrlsh 1-

butene and acetamide sho uld be major products of Typ e II 

reactions . 

ation of l 

As previously shown , in the case of the irradi

versus N-hexylacetamide in dioxane only t he 

amide moiety absorbs light . 
Consequently, there sho uld be 

a detectable acetamide build up if initial Type II reaction 

is important. 
Th e hexanoamide would absorb mo st of the 

light since it would be the major constituent of Lhe reac-

-t ion mix t ur e . 
No 1-butene or acetamide was detected. 

Th e Typ e II products predicted by Booth and Norri sh 

for the photodecomposition of butyramide would be acelamide 

and ethylene . 
No acetamide was detected , and the infrared 

spectrum of the h ead space gas showed carbon monoxide bul 

no ethyle n e . 
A seco ndary addition product of ethyle n e and 

dioxane was i solated from the reaction mixture and purified 

by glpc . 
Th e product was characterized as 0thyl dioxane by 

+ 
the ethy l pattern in the NMR and m /e 120 . 

The major prod-

uct s of the reaction, 
and ,2, , were arising via 

Type I reaction . 

one possible reason why n either ethylene nor ].-butene 

was 

from the reaction vessel . 

detected is that both are volatile and may have escaped 

A Type IJ photodccomposilion of 

octanoamide would yield 1-hexene and acelamide. 
This al-

kene is less volatile and would remain in sol uLi o n. On l y 

traces of acetarnide and n o 1-hexene were det:ect:ecl in th e 

reaction mixtur e . 
The major producls of Lhr rcacLion wcrr 
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again :?_, , 1 , _it, and 5 . 
"' 

A sma ll quantity of hexyldioxane, 

Thus, mo stly Typ e I with only a 
lJi , was also detected . 

possibility of a trace of Type II reaction, wa s observed 

for octanoamide . 

Typ e II photodecomposition of 
4-ph e nylbut yramid e 

would yield an intermediate benzyl radical, which would be 

relatively stable compared with the previous secondary 

radicals . 
Thi s added radical stability did nol in crccJse 

the amount of Typ e II reaction . 
Neither of the Type II 

products , acetamide and styren e , was observed. 

which arose as a r s ult of 

The ma-jar 

products were l + 1 + ~ + 1 , 
the Type I reactions previously mentioned . 

AJthough only a 

s mall quantity of propylbenzene , the producl of the dccar-

!,onylation of tlH' L/-fJh<'nyJliutvryL r ,1rliC"c1l, w,1:: ol:;,,pvc•cl. 

Typ e I reaction is still the primary proce ss . 
An cJltcrna-

tive r eaction of the 4-ph enylbutyryl radi.ccJl would have 

been closure to yield a-tetralone, which wa s not dotccLed. 

Jt is obvious that Type JI reaction s are not important even 

when the incipient radical is benzylic. 

In order to make a valid compariso n with N-alkylamide s 

proprionamide was irradialcd in dioxan 
Ac, w i L Ji t 11 e a 1 k y 1 -

a mid e 6 there were the same six major produr:Ls , 

and ~ · 
Therefore, Lhe mechanism propos e d ror t·he 

p hotod ecomposition of N-alkylamides apparen LJy applie s for 

unsubsLituted a mid es also . 

T ]1 e f o 11 ow i n g s c h e m e i 11 u s L r a t s t h 0 s c r i c' s o f r1 m i d e_, :; 

st udi ed and the products observed : 
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0 hV 
Tl 

JI 
RCNH 2 

4 + 5 + () __ \ _ R 1 

17 0 O II 

A, 

18 ~ 

(°) 
1\-R ' .0 R II 

- \ + ( 1--
OH 

0 
0 ,... 

19 20 (min or ) 

J 7 
18 19 20 

A, 

rJ 

R ' R ' R II 

R 

l J__,a n-C 3H7 
18a CH 3 

19a CH3 
20a C2H5 

r ·J 
r, r-., 

l 7 b n-CSHll 
J.Bb CH3 

lJ,b CI-13 ?Oc n-C G 11 
r, · 13 

17c 
18c CI-13 1 9c CH 3 

r -, n-C H "' 
7 15 

1 7 d ¢CH
2

CH
2

CH 2 
l~d Cl-l3 19 cl Cl! 3 

r , , 

17e CH
3

CH 2 
J.~e''' CH

2
CH 3 

l 9e ''' c11 2 c 11
3 

r-J 

,.., 

a nd Cl-l 3 and Cl! 3 

in 

An alternate explanation for Lhe presence of alke n es 

• I • • • 2 
Booth a nd Norri sh s investigation a nd the s econdary 

prod u cts previo u s l y mentioned are s h own in the fo Jl ow in g 

mechanistic scheme : 

~': It is obvious that R ' =C H in 18e and 19e ari s e s via amide 
? 5 ~ ~ 

photodeco mposition wh~l~ R '= CH 3 ~n 18e and Jgc ari s e s 

from sol v e n t decomposition. 



f)J 

hv 

Type II 

hv 

CH 3 
CHO 

0 
2 + 3 
rv rv 

hv 

RCH
2

CH2 
CJ 

Thus , Type I reactions are the most important for unsub-

stituted amides . Type II reactions, conlrary to BooLh 

and Norrish , are relatively unimportant , and their carbon 

monoxide extrusion can be explained by initial Type I of 

the C-N bon~ followed by fragmentation of the hexyl radi-

] and recombination of the amine and alkyl fragments in 

ca _, 

the solvent cage . 
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Photolysis of N , N-dialkylamides 

N , N-dialkylamides photodecomposed much faster than the 

monosubstituted amides . for example , a 2% solution of N , N

dihexylhexanoamide was completely decomposed aFter 68 hours . 
12 

Nicholls and Leermakers also observed increased reaction 

rates for N , N-disubstituted amides over monosubslituled 

and uns u bstituted amides . Previous observalions showed 

that Type I reactions were the most important for the unsub-

stituted and monosubstituted amides . L . d H . 68 ewis an einc ' s 

illustration of the transition state for Type I reactions, 

shown on page 73 , is consistent with the rate data. The 

extra donating group on nitrogen has the effect of stabili

zing the parLial positive charge in the transilion state . 

R " 

12 
Nicholls and Leermakers had idcn ti fied t·hc product:; 

of the photodecomposition of several N,N-dialkylamides. Jn 

a preliminary investigation the producls were Lentalively 

identified on the basis of glpc analysis on two columns , 

and mechanisms for their phoLodecomposi Lion were tent·at ive]y 

proposed . A symmelrically disuhstitut0d amid0, N,N-dihl'xyl-

hexanoamid0 , and an unsymmetrically disulii,t it-utC'cl 

amide , N-methyl-N-butylhexanoamide, Z], were irradic1Lecl 
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in or d er to clarify the decomposition procedure . 

i n 210 ml freshly distilled dioxane was 

A solution 

irradiated 
of 4 g 21 

68 ho u rs with the Hanovia lamp . 
Samples were taken at 0 

' 

20, 21 , and 68 hours and im mediately analyzed by glpc . 

Low temperature glpc showed the presence of pentane 

and 1-bu tene , which were previously proposed to arise via 

secondary Type II react i on of hexanal after the initial 

Type I cleavage of the a mide . 
In addition , a substantial 

13 , 

quantity of 1-hexene was detected . 
This product couJd only 

arise via initial Type II reaction of 2,J- . 

Other Type II products were also detected . N , N-di-

hexylacetamide was the other Type II prod u ct from the gen-

erat i o n of 1 -b u te n e . 
N-hexylhexanoamide , 1, was generated 

in the Type II process which yielded 1-hexene . 
N-h xyl-

acetamide, the product of two Type II reactions , was also 

detected. 
Since N-hexylacetamide is not a major product in 

the photodecomposition of 1 , it is unlikely Lha ·t 1 is thP 

The N-hexy J acelamide lS 
intermediate in its formation here . 

probably a secondary Type II prod u ct of N , N-dihcxylaceLamlde. 

Relative quantities of the Type II products were not measured . 

Allhough ,?.,, 
The Type I reaction was still important . 

A, ~- and 1 were identified , they were not the prrdominanl 

so l e products of the previous N-alkylamide and unsuh~tiluied 

amide reactions . Another factor afforded by N, N-dialkyl

amides is the increased stabiJily of the amine radic~l pro-

and ?O 
duced by initial Type I reaction. 

In the 13 
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hour samples N,N-dihexylamine was detected as a major prod-

uci. . 
from thls evidence N , N-dlhexylamine is the only initial 

Type I product to be directly identified . 

The reaction scheme depicting the photodecomposition 

of 21 is shown . 
Th e identified products are underlined . 

hV 

Type II 

Type II hV 

Type I hv 

+ 

h v 1 Type II 

0 
II 

Cll
3

CNC 6H13 

/C6 Hl3 
l!N 

C6Hl3 

o· 
+ o· 

h\! 

·➔ 

Typ <> 1 I 

CH =CHCH CII 3 2 2 
+ c11

3
CIIO 
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4 + 5 ~ ~ 

0 
2 + 3 
~ ~ 

hv 

Photolysis of the unsymmetrical amide 22 
rv 

verified 

the previous results obtained from irradiation of 21. 
rv 

A 

so lution of 4 g 22 ~ 
in 210 ml dioxane was irradiated 

to nearly complete decomposition in 48 hours with the 

Hanovia lamp . Samples were taken at 2 , lJl, :U- , and 48 
rv 

hours and immediately analyzed by glpc . Volatile products 

I-butene and pentane were again identified . This time, 

however, the 1-butene could be prod u ced by either initial 

Typ e II reaction of 22 or initial Type I followed by sec-

ondary Type II reaction of the aldehyde. 

Other Type II products were also jdenlifjed 1 n lhe 

reaction mixture . Identification of N-methylhexanoamide 

showed that part of the 1-butene was being produced via 

Type I I reaction . Strangely N-butylhexanoamide, which 

would require generation of a melhyl radical, was also pro-

duced . N-methyl-N-butylacetamide, which would yield 1-bulene 

as the alternate product, was also identified. 

N-methyl-N-butylamine was identified as an initiQl 

Type I product. Other products arisinB from initial Type r 

reactions were also identifi ed as 2, 3 , 4, §,, pentane , ~nd 
"-' r .I ,-..,.,, • "" 
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1-butene . Th e following reaction sc h e me i s proposed for the 

photodecornposition of 2,J and id e ntified products are 

und erlined . 

hv Typ e I 

0 
11 

h \/ 

CH (CH ) C • + 
3 2 4 

hv 

Typ e II 

hv 

Type II 

Type II 

?i /c 11 3 

CH 3 CN~ 
( CH

2
)

3
CH

4 
+ CH 2=CHCll 2 CH 3 

lw l Type II? 

0 

hv 

Type I I 

XH 

o· 
CI-I

2
=C HCll

2
CII 3 + 

CH
3

Cll 0 
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c)· + C) ·~ L[ + 5 
rJ ~ 

(J liv 

CH 3
CHO + ~ 2 + 3 ~ ~ 

Th e re s ult s obtained from the two amides ca n be s um-

mariz e d as follows . Typ e I r eact ion s are acce l erated by 

the inductiv e effect of th e ex tra alkyl g roup on nitroge n . 

Th e amides d eco mpo se too r a pidly for so Jv e nt decompositjon 

to be s ignificant . Thus , and 5 
~ are n o t the 

pr e dominant products as they ar e in N-alkylamid es and un-

substit u ted amides . Pentane and 1-bute n e ( in part) are 

produced in a s imilar fashion to the other amides. Th e 

be st evidence for initial Typ e I reactions i s id e ntifi ca

tion of the secondary amines . 

Th e re may be se v e ral r easo n s for the in c r eased Type II 

r eact ivity of th e amides . From a purely electron i c cons [d-

e ration th e e l ec tron donation of the extra a lk y l group 

sho uld d ecrease a withdr a wal a nd increase the donation 

of nitro ge n . Th e previous argu me n -1-s indicate that this co m-

bination s hould decrease Type II reactivity by making Lhe 

oxygen mor e nucl eop hili c . Th e reason for the in creased 

Typ e II r eact ivity then mu st not be electronic . 

It ha s bee n stated on page 4 9 
4 9 

that Padwa observed 

c a s e s w h ere ab i l i t y or t e n d e n c y L o a L" t a i n 1· h e prop c r P, c o -

metry had great effect on Type IT reaction rates . The 

pre vi o u s ob s er vat i o n w a s t· ha ·t· N - a l k y l a m i d e s s h o u l cJ h c a i.J l <' 
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to attain the proper geometry for Type II reaction . In 

the dialkylamide shown the R-CH 
2 group forces the olher 

groups 

from the carbonyl and amine side toward the oxygen for a 

larger fraction of the time than these groups spend with 

H in that position . This geometric,albeit steric faclor 

may then be the ca u se of increased Type II reaction 1n 

N , N-dialkylamides . 

, 
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Photolysis of Aniline Imides 

One way to incr ease the Type II r e activity of amjdes 

would be to decr e a se th e ability of the niLro ge n to IT 

donate. A withdrawing gro u p on nitrogen would pr e v e nt the 

lone pair from being donat e d to th e carbonyl , and th e oxy-

gen would be mor e electrophilic . M 1 · 7 2 
azzocc11 and Jam eso n 

found that dialkylimid es would ind ee d und e r go Typ e TI r cac-

tions more r e adily than amides. 
73 

Kanaoka s how e d that N-

a l k y l s u c c i n i m i d e s , a n d g 1 u L a r i m i d o c, w o u J. cl u 11 cl c> P r; o y -

hydro ge n absLracL· ion (T ype II reaction) [o/Jowccl by c l o:; u1'<' 

to yield cyclobulanols . 
7 2 

The reaction s observed by Maz zocc hi and Jam eso n 

s how ed two types of Typ e Il c l ea v age . 

hv 

Type II 

hv 

Type IT 

]JV 

TypP. IT 

0 
II 

c11 3coc 11 
1 

T h i s r e a c t i on w i 11 b e d i s c u s s c d a t g r c a l r r l c~ n g 1· h I n P i1 r t I r • 
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The type of cleavage evide ntly depends on the geo metry of 

the compound . For exampl e , the top rotamer can und ergo two 

possible Type II reactions while the bottom rotamer has 

only one Type II possibility . Th e combined quantum yield 

from the s ingl et and triplet state for N-acetyl-N-4-methyl-

valeramide was 0 . 08 , which is mu ch less than that measured 

13 

for the corresponding ketone . Determination of the rate 

constant shows it to be much smaller 

13 

(0.0 5 ) than that of 

the corresponding ketone . 

. d d · 1 64 . d" d 
Mazzocchi an Bo ur gi irra iate a series of N-alkyl-

N,N-diacetamides where the alkyl group was varied. The 

y-position on the nitroge n chain was varied from primary 

to secondary , tertiary, and benzylic . The products observed 

were N-alkylamides, which were produced as Type I producls 

from t h e in i ·t i al C-N bond scission or by the Type II 

72 

reaction shown by Mazzocchi and Jameson . N-alkyJ-N-acelyl-

hexanoamides were also irradiated, and Type II reacl i on of 

the carbonyl chain was pro moted to yield N-alkyl-N,N-diacel-

amides . In no case , however, when Type II reaclion of th 

amine gro up was possible , was Type II cleavage of that group 

detected. It also appeared , as expected , that the N-alkyJ 

groups reduced Type II reactivity, presumably as Ln pre

viously cited cases, by making the carbonyl oxygens more 

nucleophilic . 

N,N-diacylanilines were selected for study in order 

to further reduce the IT donation of nitrogen . Th aromat JC 

ring would serve as an addit i onal IT system for dclocal i-
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•/: 

zation of the nitrogen lone pair , and donating and with-

drawing groups on the ring wou l d afford an excellent in

sight on Ham mett correlation for Type II reaction s . 

The imides were prepared by a method analogous to that 

74 
of Heyns and Pyrus where the anion of an amide i s generated 

with a Grignard reagent . Reaction of the anion with an acid 

chloride yields the i mide . Th e imide i s purified generally 

by distillalion after unreact e d amide is removed with a 

saturated so lution . 

+ RMgX 

0 
11 

R' -C-Cl 

RH + 

.AA 
R N Cl! 

l 3 
; 

[(J] 

+ 
Mp;X 

OL:her method s , which were attempted l:o prepare lhe imid C's , 

were larg e ly acyl cxcl1un£,('i~ and had very low yic>lds of" th e 

desired producls in complex mixture s . In all imidr. preprira-

L:ions N , N-diac e tylanilin e was a contaminanL. N-acclylvc1l cr-

anilides , afler deL:ecLion in LhP rPAction mix1ur 0 , cou lrl 

nol be purifiC'cl. Apparenl:ly LhP h Pal of djsL i1 I ill i on or 

glpc passage caused lo ss of proponC' to yiPlc1 t· hr dincr,tyl 

-,,': 
I t h a s a l re a d y b e e n s t a L: e d L Ii a l a n j 1 i. cl e s c a n 1- r a n s m i t 

• • • • • t1 0 

conJugation 1n one d1recl1on. 
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compound . Si mil ar , although l esse r, lo ss of et hyl e n e from 

the N-ac e t y lbutyranilid e accounts for diacetylaniline 

well a s acetanilid e and b J tyranilide impuriti es . 

Th e photochemi stry of anilid es , a mid es and imides 

as 

lS 

bes t d escribed by the P hoto-Fri es r eact ion . Thi s r eact i o n 

i s the sa me as the gro und 3tat e Fri es r ear rangem e n t , which 

u ses a Le wi s ac id catalyst . 

0 
II 

~CH
3 

OH 0 

J§r ~CH 3 

AlCl3 ~" ~ (o CH3 

hv OH 
75 

@c 0 

~~ J§J,.) C/-13 C 11
3 

OH 

76 

77 
Kanaoka and Hat a nak a showed that ce r tain p h enyl h e t e ro-

cyc li c este r s p hot odegrade a s abo v e to yield o and p-keto-

phe n o l s in co mbin ed yie l ds ranging fro m 25 to 60% . 

hV 

hv 

X = 0 , S , N-CII
3 

Th e p hot oa nili de reaction wa s discovered by D. C l ad , 

D. Rao , a n d V . 
78 

S t e n berg , who irradiat ed acetani li de , 

propr ion a nilid e , b u tyranilide , and benzanilide . T h c r c ,., u J 1· s 
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were analogous to those for esters . The para and ortho 

i somers of the ketoanilines were i so lat ed as well as aniline 

in combined yields ranging from 30-70% . 

0 
II ~ 

R-C-NfJ \_C}_; hV 
0 
Ii 

R-C 

The obvious radical formation nec essary to form Lhese prod

uct s is clearly s ubject to th e cage effect due to the hi g h 

rate of recombination and l esser solve nt participalion . 

The analogous reaction also occurs for N-phenyl lactams 

. r. ·1 79 

1 n moderate yields accord1ns to 1sc1er . 

+ 

Th e following intermediates were proposed for Lhc react· ion, 

whi ch could only be characterized as Typ I. 

t 
n = 6 ,7,lJ 0 J somc'r 
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The generated diradical s for med are forced to recombine 

i nter or intramol ec ular l y indep e ndent of the " cage effec t " . 

I< d F 
80 · · d t h h d · an an urey investigate e p oto eco mpo s itio n of 

N , N-dibenzoylaniline . 

0 0 

~ N/1 '¢ 0 

© ii 
hv ©(\ _____.,.. 

I 

f, 

·/g~ 
N 

© /7 
----,. 

RH 

0 
II 

©(NHc-q)_h_v~ 

hv 

NJ-I~-<D 

(y(B-¢1,,% 
~ 

Nl!C-Q,) 

~ 
0 
II 
C-NI I 

(Q) 211% 

Any of thes reactions could hardly be construed as Typ e II 

reaction s , due to th l ack of y-hydro ge n s. Katsuhara a nd 

81 80 
coworkers <'xpan<ietl on tho work of Kan . They i-rr adi-

ated N , N-diacetyl niline and N-acctyJ-N-benzoylaniline . 
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It is inter es ting to note her e that no seco ndary photo

products such as o-ac etoa nilin e , p-acetoaniljne, or aniline 

were det ecte d . 
The explanation for the absence of Lhese 

products was that the acetophenone moiety would b 

by the light rather than the acetanilide moi ety . 

exc it ed 

There i s the possibility of Typ e II reaction in the 

diacetyl compound with the proper geometry. 

N- ac tyl-N-benzoylaniline yielded 
2-(8%) and 4-ac tamino-

benzophenone ( 1 6% ) , acetanilide (54 %), henzanilide (18 %), 

and benzoic acid (15%) . 
These resulls s u p;g st Lhal Lh c 

predominant di ssociation i s to ben7,oyl and acetanjlide radL-

cals rather than acetyl and henzanilide radicals,despi le 

the possibility for Type II dissociaLion in the l at t er case . 

N-acetylbutyranilide ca n und ergo LhrPr> possihJc Type II 

r eact ion s depending on the geometry. 
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Type I ilv 
Type II 

hv Type II 

A recent NMR study on the geometry of imid0~;, which was con-

82 . d. d 

ducted by Noe and Raban , in icate , as expected, that the 

C-N bonds in the imides were nol freely rotating. Thi~; 

r e s t r i c l i on t o r o L a t i o n i s d u e l o t· J 1 €' o v e r l a p o f I J 1 0 11 i 1. r O 
,~ 

0 
n 

lon e pa Lr wLlli lh c lw o carbonyl ::y:,l0m:, . 011" may <'Xpr•c l 11,
0 

favorPcJ conformal i on l o l>c tile Lranr,-trc111:,, whic/1 j ,, Cil)lt'd the 

7, , 7, f O rm . T h i s form w o u 1 d b P e x p <' c t· e <l h P c ,1 u s ,, I Ii r TT o v , r l ,1 p w 
O 

u .l d 

() 

)J 
II 

fl 
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allow the resonance at the right to increase stab ility 

s imilar to aromatic systems . NMR data on diformamid e 

showed no evidence for the iminol forms pos sibly due to 

the decr eased 
IT donating ability of the nitrogen . The 

major contributing st ructure by NMR in diformamide is the 

E,E (R, R ' , R " = H) . 

R ' 

In this work and a st udy by Pellessier
83 

most substituted 

imides preferred the E,Z form . for example , N,N-diacetyl-

p-chloroaniline and N , N-diacetyl-p-toluidine exist Rolely 

as the E, Z 
form to the point that the bond rotation cner-

gies have been meas ur ed for conversion to the other forms. 

The reported compound which relates best to Lhe imid es of 

this study is N-acetyl-N-2,2-dimethylproprionylanilinc, 

which also exis t s in the I: , Z form. Th e comp ou nd has Lwo 

possible r:: 'z forms . Th e dipole moment study by Pellissier 

suggests that 23 predominates over 24. 
rv 

23 
24 
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Substituted N-acetylbutyranilides then have the proper 

geometry to undergo Type II reactions . The possible Type II 

reactions and products are shown . 
All three can be detected 

apart from starting material by glpc . 
When an impure sa mple 

of N-ac e tylbutyranilld e wa s irradiat ed in dioxanc for 104 

hours 
0 

( 2537A ) , 
three major products wer e generated. 

Butyranilide , 
was not d e tected, and th e other Typ e JI 

products , 26 and 2Jl, which wer e impurities J.n the s lart-

ing material, decrea se d during the course of the reaction 

rather than accumulated ( as if being generated by deco mpo-

s ition of starting mat e rial) . 

The three major products were i so lat ed by preparative 

glpc. 
Th e first peak wa s characterized as o-acetoaniline 

by glpc coinjection and co mpari son wilh spectra from liL er-

ature and authentic samples. 
The par a i so m C' r may b c a i; s um e d 

to be present although it wa s not isolaled. Th e seco nd 

product was o-butyroaniline i so l a t ed and character i zed 1n 

the sa me fashion as the previous producl. 

could n ot be i solated because its rrtention 

to the s tartin g mat e rial . 

The para i so mer 

im <> wa': oq ual 
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The th i rd and major product was actually a mixture of 

four products : o - acetobutyranilide and o-acetanllide 
' 

p-acetobutyranilide and p-butyroacetanilide . The NMR was 

difficult to interpret except to say that there was a mix-

ture . 
+ 

In the mass spec m /e 205 indicated the proper mass . 

IR showed the presence of ketone and amide C=O stretch. 

These products could not be separate d by glpc or TLC . 

A purified sample of N-acctylhutyraniJ.ide was irradi-

0 

ated ln dioxane for 42 hours with 2537A light. Samples 

were taken at 0 ' 3 ' 6 ' l L. ' 2 5 , and 42 hours and analyzed 

by glpc . The same three major products of the previous re-

action were present . In contrast , the Lhree Type II prod-

ucts , 2 7 , 
rv 

and 28 were only minor product~ of 

reaction . 

The reaction can be proposed as follows : 

Xll 

Type I 

0 
II 

~c,,~ 

0 

~3

11

7 

0 
II 

!ICC 11 
3 7 

I hr, 
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0 0 
II ii 

0 -~CCH 3 NHCCfl 
/"-..../ 1· I 3 

hV 
) (oJ XH 

(U] + + Type I 

0 ~--- /~ 
0 

0 . 
II 

~ HCCH 3 NII~Cll 

©' LgJ + 

hv 

Type II ?§ + ?,] + 28 

(rnfoor) 
0 

NH§CH
3 

II 
NH2 0 9c!I3 cg hV ©__.--",rn 3 CCJ1 + 

Type I ..__,,,. 
I 
Nfl

2 

A second p u r i f i 0 d i m i d r w i t I 1 cl r; t r on g <' J 0 c t r on w i t h -

d raw in g gr o u p on t h e p h P n y 1 r i n g w a ~; i r r a d i c1 t 0 d . T Ji r or <' t· j -

ca 11 y , L h e w j L· h d r cl w i n g gr o 11 p 1; h o u l <l i n c r 0 a :; 0 Ty p <' I I r t' ,1 c -

tions by makinp, the carbonyl oxy.r;r•ns more' p)(•clrophilir . 

Of the possihlr ,:;tronp; wilhdrawing p;roup:, only ti,,, lrif"luoro

rn e t h y l w o u 1 d no L in i er f 0 rt' h v c1 Ii r. or h i n g 1 i P. Ii I c11Hl r o c-; I 0 r i n g 
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secondary r eactions . The large multitude of producls gen

e rat ed by the photodecomposition of N-acetyl-N-butyryl-m-

a , a , a-trifl u oromethy l aniline was not idenlified . The pro-

jected Type II products were prepared . Wh en coinjec l ed 

wit h the sampl es taken from the reaction mixtur e , it wa s 

obvious that these Type II products were only min or . 

Thi s st udy has thus shown that a nilid e imides do not 

und e rgo Typ e II react i ons efficien t ly despj re the ex l ra 

wit hd rawing group on ni troge n and Lh e presence of -~he pheny J 

ri n g with an additional withdrawing group . The ben7,e n e 

ring is the determining factor as lt alters ·the UV spec lr a 

of the compo un ds causing reactions not characteristic of 

N-alkyl imide s . 
The predominant reactions were Photo-fries 

reactions , which were shown to be Type I by previous i11V<' ";t 
1

-

gators . 
The Type II processes may be even less important 

than observed since only N,N-diacelylaniline can be unequiv-

oca lly traced to a Type II reaclion. These ani lid e syst ms 

were not investigated furLher sine - only Lhc Pholo-rrirs 

reaction and not the Type II reaction was shown to be imp or-

tant . 
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§4. CONCLUSIONS 
. . h2 g 

The assertions of Norris and Moore that Type II re-

actions are important in amide photochemistry are false . 

Neither their experimental evidence nor evidence obtained 

from the photolysis of N-alkylphthalimides and unsubstituted 

amides substantiates the efficiency of the Type II mechanism . 

. · h h f 12 
Our results are consistent wit t ose o Leermakers who 

found Type I reactions to be the signific nt photodecomposi

tion pathway for amides . The significant producls identified 

in the reactions were due to the interaction of radicals from 

initial Type I reaction with solvents such as dioxane and 

cyclohexane . 

Solvent effects on the rate of photodecomposition of a-

mides were not significant . 
Polar solvenls do not promote 

Type II reactions in amides as in ketones . Significanlly, 

dioxane, which has been a solvent of choice in many photo

chemical reactions, undergoes pdrtial decomposition and sub

sequent product formation when irradiated for the long per

iods required for amide decomposition . 

There are two possible reasons for decreased Type II re-

activity in amides . 
The IT donaLion of the nilrogen lone pcJir 

makes the carbonyl oxygen nucleophilic where Type r I reuc L i.ons 

in ketones require the oxygen to be electrophilic . 
Type 11 

reactivity and decomposition were apparenLly not affected by 

changes in y-hyclrogen bond sLrcngLhs . 
A r; t C I' j_ C C' 0 11 ~, j_ J C r cJ l i O 11 

may also be necessary since Type I I rcac Lions were' o hr;· rvcd 

w it h N , N - d i a l k y lam id e s , w h 0 re t h c s id c c l1 cJ in s cJ r c f o r c L' d t o -

ward the carbonyl . 



PART II 

Photochemi s try of Phthalimid es 
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§ 1 . INTRODUCTION 

It has been s hown in the previous sect ion that mo st 

amides and imide s s tudied underw e nt Typ e II r eac tion only 

inefficiently . 
Alkyl imid es had low quantum yields, and r e-

action constants for Typ e II reaction s wer e much lower than 

those in the corresponding ketones . 
Anilid e imid es we r e 

s hown to under go Photo-Fries r eact ion s predominantly. 

84 Kanaoka asserted that N-alkylphthalimid es in a vari e Ly 

of so lv e nt s would undergo eff ici e ntl y 
y-h ydroge n abs tra ct i o n 

and subsequent rin g closure to yield an azacyclobutanol. 

Due to the instabilit y of the int erme diat e , the azacyclo

butanol cleaved to yield a ser i es of subst itut ed , 3,1!-bC'nzo-

6,7-dihydroazepine-2,5-diones. 
In o rd er to delermine th e 

ef ficiency of th e reaction a series of N-alk ylphthal lmid es 

wa s synthesized and irradiat ed , a nd th e q uantum yields were 

me a s ur e d for th e rin g expansion p roduct s of eac h phthalimide. 

An optically active phthal imid e was synt h es i zed and 

irradiat e d in order to e lu cidate the mechanism. Thi_ s reac-

tion determined th e irreversibility of the y-h ydroge n ab-

s tracti o n. 
In addition, a dibenzoyl a min e was irr adiated 

to d ete rmin e wh ether the 
y-hydr oge.n abslraction was peculiar 

to the phthalimide system alo n e , and whether th e reaction 

had other synth et i c implications. 

Quenching st udi es on the phthalimides revealed an int er-

est in g reaction. 
New products were produced when th,~ p hLll ol-

imid es we r e irradjat: ed in Lhe presence of J , 3-pentadi" n 0 . 
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Th e products we r e isolated for the reaction of several other 

alk e ne s and N-m ethy lphthalimid e . Th e mechan i sm of the prod

uct formation i s proposed to be a 2+2 cycloaddition followed 

by rin g expansio n to yield s ubstitute d l-methyl-3 , Ir-b e n zo-

6 , 7-dihydroaz ep ine-2, 5-d ion es . 
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§2 . HISTORICAL 

The predominance of photochemical inve s tigation s on 

phthalimides was conductEd by Kanaoka and co-workers in a 

series of papers. Until th e fir s t paper wa s publi s h e d, 

ther e was no conclu s iv e Evidenc e to s ub s tantiate th e a s s e r

tion that Type II r e acticn s were e fficient for amid e and 

imid e system s . High effici e ncy of Typ II r e action s for 

phthalimide s would b e contrary to th e ob se rvation s mad e for 

. . d 7 2 many amide s and imi e s . 

85 
Initial inves ti g ation s we r e mad e by Kanaoka on N-

phthaloyl d e rivativ es of a amino a c id s . Irradiation of 

a s eries of th es e compound s wa s s hown to promote decarbonyl-

ation . Th e product yi e lds we r e ob se rv e d t o b e v e ry so lv e nt 

d e p e nd e nt , that i s , protic s olv e nt s low e r e d th e yi e ld of d . -

carbonylation product . Th e me anin g of thi s ob se rvati o n i s 

cl e arly that th e acid h y dro ge n mu s t int e ract wi t h on 

carbonyl oxyg e n s . 

o f th e 

In addition to th e dec arbonylation product s , se v e ral 

other product s w r e al so i s olat e d . For e xampl e , v ·in y lpill hc1l -

imide was i s olat e d from N-phthaloyl s erin e in 30 % yi e ld 

and from diphthal o yl c y te in e in 20% y i ld . An addjtion 

product can b e i s olat e d in a ce t o n e from N-phthaloyll e u c in 

at 3% yi e ld, which v e rifi es th e diradi c al c hara c t e r o f th 

interm e diat e . On th e ba s i s o f th e exp e rim e ntal vid n ee , 

Kanaoka propo se d h e f o ll~win g me chani s m: 

~': 
N-vinylphthalimid e co uld be co n s id e r e d as vid e n c f o r 
dipolar int e rm e diat e . 
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OH 

©G~-~HR 
0 

or 

C01 )-CHR 
aceton1/ 0 

l 
+ CH 

HO o,ic~3 

-c~R 

0 

Th e question of a dipolar v ers u s a diradical intermed

iat e wa s not r eso lv ed in this pape r but wa s addressed in a 

lat er publication . 
Initial y-h y dro ge n transfer was nec~s-

sary , 
however, in e ith e r case . It ma y be arg u ecl tli al 

o-H bond energy i s not eq u al Lo the C- H bond e n ergy or that 

th e hydr oge n transfer is not diradical in nature, and Lhu s 

comparison wi th ketone Typ e II reactions wo uld nol he valid . 

Th e first e vid ence for C- 11 bo nd cleavage wa s presented 

86 
by Kanaoka a nd Koyama . 

Irradiation of o-N-ph th a l oy l-

toluene yielded products which cou ld on l y ar i se vi.:1 benzyl ic 

hydro ge n absLract · i on . 
A s s h own in L h e me c h a n i r; m , c1 s e v r' n -
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membered transition state is required. The molecule studied 

had n o Y-hydro gens available for abstraction. 
34 

Wagner 

showed that 6-hydrogen abstraction would in some cases pre-

dominate over y-hydro gen abstraction in ketones. The dj-

radical int e rmediat e that was proposed would account for 

the seco ndary so lv ent addition product, whi ch was also ob

se rved . 

The solve nt would also act as a hydrogen so urc e lo 

yield the photoreduction product 29 . Additional ev Ld e n ce 

for the diradical int er mediate was isolation of the 

product of diradlcal cyclization . The structure of 30 was 

verified following acid treatment to yield the dehydration 

product . The following dira.d ical mcchc1nisrn wc1 0 propo:;cc.l 

·k 

to account for formation of the three products . 

,k:. 

+ 

2CJ 
rv 

R,R ' = H, CH
3 

hv r(J) -1\ __ ry 
(- ~\>~/ 
o. IICHR 

H 

l 8-11 
lransfcr 

[Qr Jo) 
( ; 
OJI 

0 C'JIP 

closure 

Yields of 30 were increased when l:eri--butanol Wils lh c> 

s o l v e n t b e c au s e on l y e t ha n o l a n d me t h a n o J form c> d t lw s O J v O n t. 

addition products. 



118 

The hydrogen abstraction i s affected by neighboring 

l] l h · Kanaoka and M1"g1· ta 87 · 

gro u ps on the a <y c ain • 
irradiated 

a number of N-alkylphthalimides with oxygen in different 

positions on th e alkyl cha in. In contrasL to other carbony l 

compo un ds,Kanaoka states that ◊-hydrogen abstract·ion was 

preferred over y-ab straction in phlhalimides . from the 

ser i es of co mpound s selected for study s u ch a co n clusion 

would be hard to substantiate since not all compo und s studied 

contained y-hydrogen s , and the presence of an oxygen acti

vating group alters the u s ual pattern of hydro gen abslrac-

tion . The following scheme shows the ev id ence Kanaoka ' s 

conclusion was based on : 

+ 

hv 
( l ) 
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h V 

hV 

hv 

hv 

30% 

©-\-, 65% 

/ () 

OH '-/ 

6 
-._/ 

several minor 

u n i d <' n L i r i e (I p r o cl -

ucts ( no azacyclo

but:anol ) 

( 2 ) 

( 3 ) 

I 
( 5 ) 

/ 

In the f .i rs t three re a c t· ion s L her c> we r c on Ly o - Ii yd r O -

gens , n o y-hydrogens . Re a c t i on i; ( 4 ) an d ( '.i ) w er c t h c ma i n 

s ub stance of Ka n aoka ' s conclusion . Despite " acl iv atcd " 

y-hydrogens no azacyclobutanol was isolated, and or1ly smn ll 

quanti t· ies of unidentified product·s were obsPrv<'cl, prrsum-
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ably due to an absence of a-hydrogens. Reaction (5 ) shows 

almost quantitative product formation due to a-hydrogen ab

straction despite the presence of Y-hydrogens and apparent

ly activated ~-hydrogens . The explanation is clearly that 

in (5) the eight-membered transition state requlred is too 

difficult to attain due to entropy considerations and added 

ring strain . The a-hydrogens have been activated for ab

straction in reaction (5) more than the y-hydrogcns. The 

results from reaction (4) could be explained by the instdbll

ity of azacyclobutanols formed in the reaction mixture or 

under the analysis conditions . 

Kanaoka proposed that the increased yields for the cyclo-

pentanol products could be predicted by the increased sta

bility of radicals formed after the a-hydrogen transfer . 

For examp l e , in reaction (3) a benzyl radical leads to a 65% 

product compared with 30% product from a secondary radlcal 

and 12% product from a primary radical . At this poinL, 

significantly, some control of hydrogen abstraction and re-

activity could be demonstrated. 

Studies on heteroatom control over reactivily and hydro-

gen abstraction were extended to sulfides by Kanaoka dnd co-

This study showed that not only y and a-hydrogen 88 
workers. 

abstractions take place but also that hydrogens could be <lb

stracted from more remote parls of the chain wilh the proper 

adjacent substituent . Characteristically, Type II hydror,en 

abstractions in ketones have progressed in the order' 

y > a> E: . 
Kanaoka was able to show abstraction not 
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only from the E -position but also for the first time from 

the i';; - position . This diradical closes ~o yield a cyclo-

heptanol . Several points are illustrated in the following 

reaction scheme : 

hv 
--+ 

0 

~N-/ 
HO~ 

hv 

30 I 
'o CH 

hv 

3 

~~ 
~~) 

HO \_s 
47% 

(3) 

(4) 
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~ CH
3 hv 

/CH,CH2shHcH3 ©QN- ( 5 ) 

>r-) 16% 0 
CH

3 CH
3 

oocH2CH2CH2CH2scH, 

h \J (Q()N ( 6 ) > ;/tc? 68% 

0 

hv 
( 7) 

hv ( 8 ) 

86% 

hv ( <J ) 

80% 
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hv 

hv 

M r, 
~NCH2

CH2CH2SCHCH3 

0 

hV 

0 

) 
(Q 

©9~ 
33% SCif( CH ) 

+ 

17';, 

CH 
3 

3 2 

Reaction (l) illu s tralr s the g0n0ra l r Pac lion for N

a l k y 1 1i h th al i mid es cont <l in in .r~ :, u 1 f u r . 

s how that t h e products of Y or 6-hydrogen abslraction 

often do not form wh e n E and l;-hydror,Pn abs t· rac ti on procl -

u ct s are e q u a 11 y favored du e to t lw po s i t i on o r I: h e s u J fur . 

For examp l e , in reaction s (4) and ( ~ ) th0 s tarlin g mat0ri~J~ 

Cl o ) 

(11) 
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have both y and 
€- h ydrogens a dj ace nt to the s ulfur. In 

those reactions only products arisinf from 
€-hydroge n ab-

straction are formed . 
In reaction s (8), 

s- h ydroge n abstraction was favored over 

( 9 ), (10), a n d (1 1 ) 

6- h ydrogen abstrac-

tion. Th e lar ger ringed products wer e formed almost quani: i

t atively in reactions (8) and ( 9 ). 

Reactio n s ( 3 ) and (7), which star t e d with tert-b ulyl 

s ulfid es , for med s maller ring s since there wa s no hydro ge n 

more remote adjacent to s ulfur . Unlike previous cases , suc h 

as phtha limid e et h ers , increas e d yield could not correspond 

to the stab ilit y of the incipi e nt diradical as in r eac tion (l l ), 

wh ere the yield of azacyclothioheptanol i s 
54% for a benz-

y li c radical. 
In comparison , in r eact ion s ( 8 ) and ( 9 ) th e 

yie ld s were 86% and so% respectively for the correspond

ing product s from primary and secondary radicals . 

Reaction (1 2 ) appears to be an except i on s in ce 

h ydroge n abstraction product i s preferred over th e 

lh e 6-

s-hydro-

gen abstraction p r od u cL by 
2 : l. I n olher reactions , h ow 0 vf'r ' 

only one product wa s formed . The fact t·hat both products 

were formed in s ignificant quantities alone mak es reaction (1 2 ) 

differ e nt . 

Reactjo n ( 2 ) shows that Lile c> limination produc t· N-mr-lhy l -

pht h alimide i s favored over the product of 
6-hydrogen al,-

st raction. 
Thi s observation is decidedly in opposition t o 

the observations mad e on Lhe phthalimido et h ers whon t hr> 

oxygen was in th0 
- u - 1 y r o g C' n i1 , s t r il c l I on po r; ~; i b I O ) • 

Y-nosition ( s: l d l · 

A 1 t hou gh a f iv e - me mb ered r in p; was r r o cl u c (' d t n r f' r1 c t i o n ( 1 ? ) , 
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the s ulfur wa s not included in the ring. 
The low yield 

of ring clos ur e prod uct t h e n may be a re s ult of the large 

the electronic config ur atio n of th e s ul f u r atom ' 
s i ze or 

which would hav e a greater effect in formation of ring s with 

less than five me mbers . 

It i s obvious that the mechani s m proposed for other 

phtha limid e d eco mpo s ition s was inconsistent at best for 

describing the p hot odecomposition of phthalimide s ulfid es . 

Th e mechani s m, as we ll as scope of t:he s ulfid e 
89 

co - work c 1' s . 

wa s 
further st udied by Kanaoka and 

reacLion 

It wa s s h o wn 

that th e hydrogen ab straction was indeed regioseleclive and 

that rin gs as large as sixteen me mb e r s co uld be formed fairly 

efficiently . 
In light of the entropy factor and torsional 

strai n involv ed , these products were unJik cly. 
Tl1c jrrc1ciic1-

tions yielded two products of the type that were shown in 

the genera l r eact ion (1). 

also i so lat ed . 

A dehydrated producl as well was 

Th e mecha ni sm for the sulfide rcacrion mu sl be differen t· 

than that proposed for the phlhalimides for severa l 
reasons . 

Wh e n sulfur is r ep l aced with oxygen 1n Lhe l o n ger chai n co m-

pounds, the large ring products do not form . 
No rcacrion 

is effic i e nt wit h an e th er when hydrogen ahstr~ction i s r0-

quired from further than t· he a-posit i on . SeccncJLy , p1•orl11,·t 

yields for the s ulfid e reactions were s i g nifi cc3.nt l y higher 
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than those observed for the o-tolylphthalimi des , wh e re 

only a seven -m e mbered t ran sition state was required. The 

difference in the mec h a ni sm mu st be due to the s ul fur atom , 

either its size or electron i c structur e . On thi s basis , 

Ka n aoka proposed the followi n g mechani s m: 

- (CII
2

) 
I n 

HO 
(s 
R 

The proposed dipolar intermediate could accouni for the 

formatjon of larg e rings 1n several ways . T h 0 p r o l o n L r rJ n r; -

fer would be accelerated by the proximity of lh r meLhylm0r

capto cat i on and imid e anion due to e l ectrosta ti c forces . 

Thi s donor-acceptor complex 1n t·he rxcited s l ate I f; analogou,•: 

to th e amide case and observaLions hy Di t:chfird<J dnd 
ti 8 

Pop J ,, 

on other hetero double bond exc it ed ~lates. l<d naoka was 
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unable to show a n y intramolecular interaction s with th e 

su l fides , b u t in the UV , a sol u tion of N- methylphthalimide 

a n d buty l s ulfid e i n e tha n ol was ob se rv e d to hav e a charge-

transf e r band . 
This band shows that there i s so me d eg r ee of 

int e r molecular int e raction in th e gro und s tat e . Smaller 

rin g prod u cts may not be formed du e to the in ub ilit y of th e 

radical to bend with the s ulfur , or s t e ri c interference of 

s u lfur to radical r ecombination . 

Th ese r eac tion s do hav e s i gnificant synth e ti c ramifi-

cations s ince the Type II r eaction appears t o occur without 

interfering with other chromophores . 
For exa mpl e , r eac tion 

( lO) on page 123 shows th e Type II adjacent to s ulfur with-

out int e rf e r e nc e from th e es t er g roup . 
Th e following ex-

ample from Kanaoka ' s paper s how s the photopr ep c1ration o [ 

cyclic amides : 

Thi s r eact ion sho ws the for mati o n, in good y i e ld, of 

e ight a nd ten-membered r in gs , which conl ai n a n a mid e c hr o mo-

phore . 
Th e r equi red geomet r y of the amide appar nlly does 

not int erfere with the ring for mation, which mi g ht be ex-

pected in rings this large. 
Apparently Lh e hydrogens adia-

cent to nitr oge n were not acLiva Led for abs tr ac t i on . Th e> 

r eactio n do es , however, s how t h 

photoreaction . 

versatility of t:lle ,,u Jr"icl o 
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Jiydrogen abstraction adjacent to nitrogen was s hown by 

go . b ' ( h h 1 · . 
Roth and Schwarz to occur in is Pt a im ido met h yl ) methyl-

amine by the follow in g reaction: 

0 

Th e reaction is actually a double reaction Lhal shows Lhe 

prefere n ce of hydrogen abstraclion adjacent to nllro ~vn . 

I ni tial abstraction from Lhe methyl group l,, preferred, pre-

sumably for steric reasons . 
The second hydrogen abslracl ion 

occurred only between the Lwo nitrogens rather Lhan belw en 

nltrogen and the hydroxy group formed in Lhc in i tjal reaclion . 

An additional observatjon, nol made by Kan,1okc1 in the prc'

viously cited papers , is that secondary reactions will occur 

when possible . 

1rradiat:ion of bis ( phtha limid omelhyl ) isoliulylamin<' 

s how ed , in addition to hydrogen abs lra c Lion ad1<lccnl Lo 

nitrogen , an e liminali on lo yield ph th<llim i dc . 
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0 

©Q-H 
0 

The other reaction, 
to yield the polycyclJc producl, rP-

quired formation of a secondary radical adjacent to nitrogen 

from the 
8-position rather than a tertiary radical from 

E-position . 
The secondary reaction show0d preference the 

for a secondary radical from Lhe 

over 
a tertiary radical from Lhc 

8-posilion Lo be fRvnrcd 

o-posjLion . 

Irradiation of bis ( phthalimidom0thyl) benzylamine 

showed a different eljmination product as well as Ilic> poly-

cyclic products . 
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This reaction also c l early shows that there is prPference 

in hydrogen abstraction for the 6-position and adjacent. 

to nitroge n. 

Roth , Schwarz , and Hundeshagen
91 

showed Lhat th<' pro-

posed elimination product was actually a radical rocomlii-

nation . 
Photolysis of N- (11101'pltoli_ 11om('Ll1yl) pht· lia]imiclP 

in methanol yielded two products of radical recomhinalion . 

+ 
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31 

Irradiation of N- (dim ethylaminornethyl ) phthalirnide in 

methanol yielded two recombination products, a primary 

photoproduct and a secondary photoproduct, 

0 

0 

/CH 3 
N-CH 2 N, 

CH
3 

hv 

31 . 
rv 

+ 31 

Irradiation of N- (dii sobutylaminomethyl) phthalimide in 

methanol resulted in formation of Lwo products. 

primary photoproduct was hard to explain excepL by an clim-

ination mechanism . The secondary photoproduct was 31 . 
rv 

0 

h V 

rQc}7 
0 N _)--

·t- ~l l. 
rv 

[odN-1 
--i 

0 
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Th e s tability of th e phthalimid e moi e ty ma y b e qu es -

tion e d . No product s of phthalimid e d ec ompo s ition hav e b ee n 

i s olated . 
9 2 . . 

Scharf and Fuchs inves t ig a te d th e photor e ac-

tivity of dihydrophthalimide indir ec tly and i s ol a t e d fiv e 

product s . 

hv 

- H 

+ 

25 % 

+ 

3% 

hv 
~ 

18 % 

r6l 
1 6% 

Irr a diation o f th e t ri cyc li c imi de y i <' l cl ed Lh ,, ! i vC' 

pr o du c t s , h e n ce , dih y drophth a limid P was p r opose d as a n t n -

t e rm e diat e . A mec h a ni s m was a l so proposccl f or LlH' f or ma-

tion of th e p r o du cts . 
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6 

~~: 
o\_f 

11 ° 

W
6 0 

4 3 

l -
0 

co 

A l,_·~ ']y.NH 
✓ / . ©- II 

0 

Nil 
2 

0 

It is unlik e l y that these reactions, which require long 

irradiation periods, would interfere with the pri mary re

actions on tbe alkyl chain , which require comparatively 

brief irradiation periods. 
SL! 

Kanaoka and co-workers did Lhe most signi[i cr1n l work 

0 

n Type I I hydrogen abstract ion o f' p ll L h c11 i m i <I e ::; by :; L u LI y in g 

N-alkylphthalimides. 
The alkyl chai n s from which the 

hydrogens were absLracted were not acLivated hy heLcro 

ato ms or phenyl systems . 
The predominant ahsLraction was 

from the 
y-position, with minor amounts of o-hydroi:r,en 

abstraction . 

Th e ab s L r a c t i on w a s n o L o h s er v P d t h r o u g li cl i re c t· r i n g 

c 1 o s u re bu L r a t h 0 r by i n re r 0 n c P L hr o u g l1 i s o 1 i1 l i on o r s (' c -
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ondary and tertiary photoproducts . The initial Y-hydro-

gen abstraction was undoubtedly followed by ring closure 

lL, 13 

to yie ld a cyclobutanol as proposed by Yang and Wagner 

for Typ e II reactions in ketone s . The azacyclob ut a n ols 

formed in this ca se , however, are unstabl e and undergo 

retrotransannular ring opening to yield ring expa n s ion prod-

ucts, namely s ubstituted 3 , 4- be n z o - 6 , 7 - d i_ hydro ( 111) a z e pine -

2,5-diones . The following series of reaction s illu s tral es 

the various types of prod u cts attain ed by irradiating 

N-alkylphthalimides . 

0 

hv + 

0 

( l) 

©QcH,c112 cH2cH3 

0 

hv + cw~: ( 3' 

' 11 
OH t'll!'l l 

' l 
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0 

hv + ©(J' 
0 

+ 

©=;CH~_) 
)I 

hv 

) 0 

}-N-ll 

©r/CH2CHO hv 

It may be clearly seen that all photoproducts Pxcepl on 0 

in reaction ( 4 ) arise via inilial y-hydrogen abslraclion . 

(4) 

( 5 ) 

( 6 ) 

That product arises via 6-hydrogen abstract ion and closure . 

Reactions ( 2 ), ( 3 ), and ( L1 ) each cont·ain major alk ne prod

ucts, which presumably are formed hy secondary 

transfer rather than ring closure . The se alkene product s 

were ob s e r v 0 d w h en L h e re a c t i o n w a s co n d u c L 0 d i n ,H' (' l on i -

trilc clIHl <1cclon0 bul 11ol 1.n LL'l'L-liul ,1110! . 111 l't'<it'l in11 ~; (3), 
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( 4 ), and ( 6 ) parts of the alkyl chain were eliminated, and 

no r i ng-expansion product containing all of the chai n was 

isolated . This observation could be rationalized as a 

ondary Type II elimination in the ketone moiety of the 

ring-expansion product . Kanaoka proposed the following 

mechanis m to acco u nt for the product formation : 

y-hydrogen 
transfer 

hv 

Type II 

Eljmination 

Type lI 
cyclization 

hv 

~-·-CH
2 

l ~~. &11 

l!O HJHR 

a-hydrogen 
transfer 

a-hydrogen transfer 

Type II cyclization 

R 

sec-



R' CH + 
II 
CH 2 
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0 retrotrans-

0 

annular 

ring 
opening 

Type II 

Elimination 

y(E )hydro - 1 
gen 

transfer 

The bottom ser i es of reactions shows that starting mater

ials with E-hydrogens undergo, as predicted , the Type II 

elimination following ring opening . This elmination from a 

ketone is presumably more efficient than the initial Y-hydro

gen abstraction and ring closure , hence, no azepinediones 

with groups larger than methyl a to the ketone have been 

isolated . 

Reaction (5) opened the possibility for synthesis of a 

series of spiro compounds in one step . A degree of syn-

thetic control could be introduced with a hetero atom . 

93 

Kanaoka and co -workers demonstrated that various 0-ter-

tiary hydrogen abstractions in chains containing oxygen 

were more efficient than normal y or ◊-tertiary hydrogen 

abstractions . These abstractions from hydrocarbon chains 

had been found to be highly efficient
84 

and afford prod-
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ucts only in small yields . The oxygen greatly enhanced 

the product yield (33-53%) for five to eight-membered rings 

in the following ge neral reaction . 

The reaction shows that the excited state of the 

phthalimide carbonyl is similar to a regular triplet car-

bonyl. The versatility of the phthalimide reaction is 

sho wn by the spiro products formed . These products would 

be difficult to prepare by conventional means due to steric 

interference . 

Although tertiary hydrogens were difficult to abstract 

(unl ess adjacent to oxygen) from the standpoint of spiro-

84 

product formation, secondary hydrogens afforded increased 

product yields in hydrocarbon chains . The possibility for 

fused polycyclic syste ms was st udi ed by Kanaoka and co-

94 
workers . The following reaction illustrates the pri n ciple : 

0 
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The benzazepinedione product was formed in yields of 30-S0% 

on l y when the ring contained five , six or eight members . 

The product isolated with a cycloheptane ring was 

different from the others , with IR bands characteristic of 

an alcohol rather than the ketone present in the other cases . 

The product was characterized by NMR, and the structure of 

the O-acctylatcd derivative was verified by x-ray studies 

as l , 2 , 2a , 3 , 4 , 9b-hexahydro-9b-acetoxy-l,3-propano-5H-cyclo-

buta [ d][2] benzazepin-5-one . formation of this product 

was explained by the following reactions : 

hv 

hv 

ketone 

Type TI 
H y 

49 

As in the reactions ohserved by Padwa, Padwa and 

5 0 13 

Eastman, and Wagner the geometry of Type IT reactions 

is very important . The y - h y d r o gen mus ·t h a v e b e e n 1 n t h c 

proper geometry for Type II reaction only in the fused 

cycloheptyl product . The high yield of this product, 5 'i % , 

is further evidence of the increased efficiency of kolone 

Type II reactions when proper geometry is a~tained. Simi-

lar secondary reactions ·to form more complex product·s d i d 
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93 
not occur with the spiro compounds because there was 

only an amide moiety after the cyclopentanol formation . 

95 , 96 
co-workers extended their original 

Kanaoka and 

study of N-aryl and N-alkylphthalimidcs. Synthetic con-

trol was exhibited due to electronic considerations . Photo-

chemically unreactive substituents on the aromatic rings 

influenced the position of hydrogen abstraction from the 

alkyl chain 95 and could determine which carbonyl would be 

96 
excited and undergo Type II reaction . 

Both processes 

were naturally investigated through product analysis. 

Investigation of substituted terminal phenylalkyl

phthalimides95 showed that the optimum ring size for these 

phthalimide reactions was 

stituted compounds where n 

n = 4 

was 

for a series of aryl sub-

3, 1+, and 5. 

This conclusion was reached because the series 
n = 3 

afforded significantly lower product yields than the 

series, and except for the formation of the p-methoxy prod-

uct, the n = 5 
series did not cyclize. It is signlfican ·L 

to note that the preferred transition state for these 

phthalimides (from 
s-hydrogen abstractjon) was eight-

membered as opposed to the preferred six-membered transi-

. 34 
t1on state in ketones . 
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The yields obtained with the methyl and melhoxy sub-

stituents far exceed the yield obtained for the uns u bsti-

tuted starting material . 

34 

Donating groups , as predicted by 

Wagner, make the hydrogen to be abstracted more nucleophilic 

and , hence , enhance ketone Type II reactivity . In this 

respect lhe Type II reactivily of phthalimides corresponds 

to thal of ketones . 

The second study of Kanaoka
96 

on substituted o-tolyl

phthalimides extended the investigation of electronic ef-

fects on Type II reactions in phthalimides . Substitution 

on the o-tolyl ri n g gave somewhat ambiguous results . No 

trend in prod u ct yield was observed with donating groups . 

A nitro substit u ted compound , however , was lhe only phthal

imide which did not undergo cyclization . 

Substitution on the phthalimide ring would be expected 

to favor abstraction by one carbonyl over the other . 

er donating groups do not form cyclized produc t s , whil 

Slrong-

withdrawing groups cyclized, but the products were mixtures 

of isomers . Stanger withdrawing groups did not increase 

product yields but were consistent with th observalions 

for ketones . The withdrawing groups would remove electron 

density from oxygen making it clectrophi.lic . Lc1ck o I 

cyclization in phthalimides with donating Rroups would indi.-

cate extra electron density in oxygen . The electronic con-

siderations in phthalimides are consistenl with thosp for 

34 
ketones as observed by Wagner . 
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Another early observation by Kanaoka 86 was further 

investigated by his and other groups . The original obscr-

vation was that acetone would add to the diradical formed 

in the photolysis of phthalimide derivatives of amino acids . 

In addition, Kanaoka had observed the addition of certain 

alcohols to form hemiacetals in a type of photoreduction 

85 
of the N-o-phthaloyltoluenes . 

Another addition reaction was discovered by Tanabe, 

. 97 
Dehn , and Bramhill. Irradiation of imidan , 0 , 0-dimethyl-

S-phthalimidomethylphosphorodithioatc , in diethyl cth r, 

produced two products in low yields , N-methylphthalimide 

and N-methoxymethylphthalimide . 

explains the product formation : 

The following mechanism 

s 
• II 
SP ( OCIJ) 

3 2 

J 
unknown 

In this case no hydrogen abstraction and subsequent 

closure is likely . One of the primary products, N-methyl-

phthalimide, was shown to undergo subsequent photoreaclion 

to yield three products . The first product was due to 

photoreduction while the second and third were the dia-

stereomeric addition products of methylphthalimide and 



143 

diethyl ether . The following mechanism illustrates their 

formation : 

98 
Roth and Schwarz found that another ether , tetra-

hydrofuran , would photochemically add to phthali mide and 

to phthallmidoyl acetic acid . Photoreduction and radical 

reco mbination products were also observed for phthaJimide . 

Irradiation of the acetic acid in acetone yielded only the 

decarbonylation product . Products of addition and photo-

reduction were isolated following irradiation of N- methoxy-

methylphthalimide in THf . In addition, thalidomide was ob-

served to undergo photoreduction in THf . 

illustrated in the following scheme : 

These points are 

~ .. ~I HOO 
~-H hv ~-H + ©JI! + 

0 0 0 ~ 
32 



0 

~ hv 

~-CH2COOH 

0 

0 

0 

hV 
COO!-! 

Cl-!2 acetone 

hv 

0 

144 

-!-I !-I-

31 
"' 

hv ~ OON o 

~-
0 Q 
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99 
Roth and Hundeshagen expanded the previous work on 

solvent photointeraction with phthalimide . Ethanol added 

to phthalimide to yield 21% product while isopropanol yield

ed 4 5% of the product obtained through acetone addition , 33. 

Phthalimide underwent only photoreduction and radical recom-

bination with methanol . A dioxane addition product analo-

gous to that with THF was isolated in 20% yield from the 

irradiation of phthalimide in dioxane/acetone . 

ing scheme illustrates Roth ' s findings : 

HO 

+ 31 + 32 
' J 31 + 32 33 

The follow-

0)1 
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100 
Kanaoka and Hatanaka showed that olefins as well 

as ethers would add to N-methylphthalimide. THF formed 

products with N-methylphthalimide analogous to those ob

served by Roth for phthalimide arising via photoreduction 

and solvent addition . 

+ 

Similar results were observed for diethyl ether and dioxane . 

N-methylphthalimide, when irradiated in a 2M so lu-

tion of cyclohexene or cyclopentene in acetonitrile , afford

ed addition products in small y i elds . 

0 

0 
-Cl! 

3 

The oxetane formation observed in the photoreaciion of k c

tones and alkenes , Paterno-Buchi reaction, did noL occur 

with phthalimides and olefins . 
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101 
Kanaoka and co-workers showed that amines and tolu -

e n es would a l so add to N-methylphthalimide . Intramolecular 

hydrogen abstraction fro m an o-tolyl substituted phthali-

85 

mi de was already reported . The addition reaction as well 

as photoreduction was observed for a number of alkyl sub

s tituted toluenes as illus~ratcd by t11e following reaction : 

The two amines investigated, N,N-dimethylaniline and 

N, N-dimethylcyclohexylamine, added to N-methylphthalimide 

in acetonitrile to yield a variety of addition and reduc

tion products . 

35 
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~-CH3 
CH

3
CN 

h\) co1
3 

-Cl! 
3 

II 
HO 

+ -CH + OO-CH3 3 + 35 , , 

110 CH6H' 34 ,., 

The product, 
~ ' was isolated only with N,N-dimethyl-

cyclohexylamine and unfilt ered mercury arc light for 10 

hours . 
Th e photoreduction product, dihydromethylphthali-

mid e , was not detected with N,N-d im ethylaniline . All prod-

ucts but 
34 were observed with N,N-dimethyJdniline . 

The following mechanism was proposed by Kanaoka to cxpl<lin 

the product formation : 



149 

0 

CQJ):-CH3 
1-10 Cl-! NR R 

2 l 2 

It can be seen that solvent addition and int eraction 

are important factors in phthalimide photochemistry . 

The photoche mi cal addition of a variety of types of com

pounds to phthal imi des is synthetically useful and perhaps 

will aid in the eluci d ation of the mechanlsm of ~ubstituted 

phthalimide decomposition . 

Phthalimides were not the only imide syste ms to un der-

go Type II reactions. A . l . d 73 
s previous y mentione s ubsti-

tuted glutarimides and succinimides also undergo Y-hydro-

gen abstraction. The scope of this reac ·tion is probably 

as vast as for phthalimides . 

be seen below : 

hLJ 

hLJ 

Some of the applications can 

0 

0 
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hLJ 
27% 

0 

0-o 
0 

hLJ 28% 

Th e reactions show formation of aclivated spire comro und s 

as we ll as the fused rings analogous Lo the phthalimide re-

actions. The mec hani s m proposed for Lhese phoiodccomposi-

tions by Kanaoka and Ilatanaka is si mil ar to Lhal: propor.ed 

for c.tlkylphtltalimidc decomposition. 

format ion of a d i rad i cal vi a y- Ii yd r o gen abs 1· r a c 1 i on [ o 1-
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lowed by closure to yield an azacyclobutanol intermediate . 

The intermediate, due to its instability , undergoes ring 

cleavage to yield the ring-expanded producL . 

hv 

0 

retrotrans
annular 

opening 

Q-CH2CHR 
Ofl 

/ 
R 

It was not established how efficient these Type II 

and addition reactions were in phthalimidcs and other 

lmidic compounds st u died . Quantum yield determination 

of these reactions is necessary for comparison wiLh olher 

carbonyl compounds . The reversibility of 1he individual 

steps could be verified by irradiaLion of specific compounds. 
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§3 . RESULTS AND DISCUSSION 

Th e Type II reactions that were proposed by Kanaoka 

and other investigators for phthalimides and related com

pounds have been sho wn in the first section to be important 

in the photodecomposition processes of other carbonyl com-

pounds . 
Relative quantum yield mea sure menls provide a 

quantitative handl e for comparison of Typ e II reactions 

in phthalimides with those in the other compounds . Th e 

quant um yield of each compound can be related to s ·tartin g 

material di sappearance to give the eff ici e ncy of the reac-

13 Wagner showed that the Typ e II quantum yields tion . 
in 

s ub st ituted butyrophenones did not correlate with Type II 

reactivity. 

The series of compounds selec t ed for st udy could not 

undergo the secondary Type II reaction shown on page 137 

for N-alkylphthalimid es with 
E-hydrogens . The accurate 

measurement of quantum yields requires isolation of all 

Type II products as well as determination of Lhe quantity 

of light absorbed by the r eactio n mixtur e . The trends 

s hown by the quantum yields would allow further co mparison 

of electronic and geo metrjc effpcls wiLh tl1 osc from o lh er 

carbonyl compounds. 

It bas been stated thal other alkyl imid cs do not 

· f · 72 undergo Type II reactions or a variety of reasons. 

Irradiation of a dibenzoyl amine would sho w whether the 

Type II reactivity of phlhalimides is due to con ·ju gation 

with the benzene system or the specific geome try of the 
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phthalimide, which allows extended IT overlap of lhe two 

carbonyls as well as the benzene ring . A Typ e II reaction 

analogous to the phthalimides would have further synthetic 

implications . 

The several step mechanism proposed by Kanaoka for the 

decomposition of N-alkylphthalimides has noL been verified . 

Several of the proposed steps may be reversihle, and experi-

ments can be designed to show the reversibiJiLy . Th e act-

ual excited state of the phlhalimides proposed by Kanaoka 

had been determined by quenching studies , which sho uld be 

repeated . 

In general the primary and secondary N-alkylphthali

mides were prepared by the action of potassium phthalimide 

on the appropriate alkyl bromide or iodide in refluxing DMF . 

R-X D:F> KX + 00-R 
0 

Tertiary phthalimides like lert-butylphthalimide were 

. f tl d " 10? 
prepared ind1reclly ram 1e correspon 1ng urea . A 

mixture of tert-butanol , urea , and concentrated sulfuric 

acid was si.irred overnight at room lemperature. The reiJ c-

tion mixture was neutralized, and substituled urea was re-

covered . Pyrolysis of the urea and phthalic Anhydride 

followed by recrystallization from waler/ethanol yiel<l0d 

pure terl-bulylphlllalimide . 



CH
3 I 

CH -C-OH + 
3 I 

CH
3 

154 

©rJ 
0 

Preparative irradiations in general were conducted 

through a quartz well with a 450W medium pressure mer-

cury Hanovia lamp unl ess otherwise stated . The solutions 

irradiated genera lly contained 1% by weight of 1·ho phlhal-

imide in spectrograde solvent . In general, zero-hour sam-

ples were compared by TLC with irradiated sa mples. 
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Photolysis of N-propylphthalimide 

Irradiation of p r opy l phtha limi de in acetonitrile 

yielded two prod u cts , as expected on the basis of Kanaoka ' s 

84 
work , which were isolated by preparative TLC. The prod-

uct with the higher Rf was assigned th e structur e of 3 _ 

dihydrophthalimidopropene on the basis of the NMR and IR 

. 84 

data and Kanaoka ' s assignments . 

The second product was also isolated by TLC and puri-

fied by recrystallization from benzene/Skelly B . The com-

pound , wa s assigned the structur e 3 ,4 -benzo-G , 7-

dihydro-6-methyl ( lH ) azepine-2 , 5-dione on the basis of 

8 Li 

sp ectr a l data . 

h u 

+ 

0 

36 ~, 

The irradiation was repeated in tert-butanol. Only 

one product , wa s identified 1n the reaction mi xt u re 

and isolated . 
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Photolysis of N-ethylphthalimide 

Solutions of N-ethylphthalimide in acetonitrile and 

tert-butanol were irradiated . In both case l son Y one prod-

uct was present, which was isolated by preparative TL C . 

IR and NMR were consistent for Kanaoka ' s reported d pro uc L, 

3,4-benzo-6,7-dihydro(lH)azepine-2,5-dione, 37 . ~, 

0 

hu 

CH
3

CN 

37 
~ 

Photolysis of N-isobutylphthalimide 

Irradiation of a soluLion of N-isobutylphthalimide 

in acetonitrile yielded three products . Silica gel column 

chromatography afforded a white solid with m0lhylene chlor

ide, which was characterized by IR , NMR, and m. p . (1300) 

as phthalic anhydride (~15% ). A further discussion of the 

formation of phthalic anhydride will be giv0n in the photo

lysis of N-2-methylbutylphthalimide section . 

The second product isolated was purified by prepara-

tive TLC. The IR was analogous Lo the di.hydrophlhalimide 

alkene isolated in the photolysis of N-propylphllla1imjcJe . 

Th e N MR of ·t· h e s o l i d ( m . p . 7 8 - 8 0 ° ) s h owe d a n a J ky ] : : i 11 !', I , , 1 , 

which was consistcnl for one of the two products proposrd 
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by Kanaoka. The structur e wa s assigned as 3-dihydro-

phthalirnido-2-methyl-propene , ~~-

The third product was i solated by column chromatography 

and purified by preparative TLC and by recrysLalliz<ltlon from 

ace"Lonitrile. The IR was analogous to those proposed for 

the two previously proposed azcp incdione~ . The NMR con-

tained three signals , a six hydrogen alkyl s in g l et , cl Lwo 

hydrogen doublet , and a five hydrogen multiplet conLaining 

the phenyl and N-H signals . Th e IR and NMR were cons i s -

tent wi"Lh 

2,5 - dione 

3 , L~-b e nzo-6, 7-dihydro-6 , 6-dime"Lhyl( lll )a zepine

which would exp lain Lh e dime"Lhyl s in glet 

and alkyl doublet of two hydrogens adjacent to N-ll. 

~ CH 3 

~N-cH)HcH3 
h u 

0 

+ 
38 

CH 
3 

39 0 

Irradiation of the phthalimide 1n ter"L-bulonol yielded 

only 3 9 . r, The dihydrophthalimide alkene was not obs rved 

in this reaction . Presence of phlhalic anhydride wa:., not 

co nfirmed or disproved . 
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Photolysis of N-isopropylphthalimide 

Irradiation of N-isopropylphthalimide 1· n t · - ace onitrile 

and tert-butanol yielded only one product , which wa s iso-

lated by preparative TLC . Th e reason for the absence of an 

alkene product was obvio u s ly due to the absence of 8-hydro-

gens . Th e IR wa s analogous to those for the previous benz-

azepi n ed iones . The NMR contained an 

consistent with the product proposed 

alkyl doublet and wa s 

84 
by Kanaoka, 3 ,4 -benzo-

6 , 7-dihydro-7-methyl ( lH)azepine-2,5-dione, 

hu 

0 

40 
rv 

4 0 . 
rv 

-CH 
3 

Photolysis of N-tert-butylphthillimi.de 

Irradiation of solutions of N-Lerl-butylphtlwlimicle 

in acetonitrile and tert-butanol yielded onJy one producl 

which was isolated by preparative TLC and purified by re-

crystallization from benzene/Skelly B . On the basis of Ill e 

spectral data this material was assigned t:l1c :...; L rue L lll'L' 0 ( LJ l 
'" 

( 3 , 4 - b en z o - 6 , 7 - d i hydro - 7 , 7 - d i me t h y l ( 11-1 ) a z e p i n e - 2 , 5 - d _i o n o ) , 

h . . . '-1 K k ' . 9 11 

w ich wa s consistent wi, 1 anao a s ass 1 gnmen l. 
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hu 

CH3
CN 

0 

41 
rv 

Photolysis of N-butylphthalimid e 

Irradiation of a solutio n of N-butylphthalimide in 

acetonltrile yielded three products . Thi s phthalimide was 

of interest for two reasons . Th e major product reported 

by Kanaoka was which co uld be produced only in small 

q uantiti es by irradiation of N-ethylphthalimide . Pure 37 
-v 

in s ub stantia l quantities was necessary for the quantum 

yield determination . Th e second reaso n would be to observe 

the seconda ry Typ e II reaction previously me nLion ed on 

page 137- N-butylphth ali mid e was not used for quantum 

yield determination because the secondary Type II cleavage 

by the ketone moiety would complicate the resulLs . 

The products were isolated by s ili ca gel colu mn 

chromatography . The IR and NMR spectra of Lhe first Lwo 

products were analogous Lo Lhose of the diilydrophthallmide 

alkenes observed for the photolysis of i~;obuLylphtlic11.jmid<' 

and propylphthalimide. On the basis of Lhe spectra and 

Kanaoka ' s observa Lions, the compo und s were ass i p;ncd a:; the 

cis and trans isomers of 4-dihydropht.hali micl o-2-but.cnc . 
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The third product was isolated and purified by prep

arative TLC and recrystallization from benzene/Skelly B . 

The spectra and melting point match those for 37 . Iso-

lation of 37 
rv 

shows that the secondary Type II reaction 

does occur very efficiently in N-alkylphthalimides wjth 

both y and E:-hydrogens . None of the intermedjate to 

formation of 37 was observed , that is , the substituted 

6-ethylazepinedione . This is qualitative evidence in one 

experiment that Type II reactions in ketones ar probably 

more efficient than in phthalimides . 

cis and 
trans 

0 
hu/43cN 

@=/-cH2CH2CH2CH3 

0 hu CH CN 
3 

~-CH2CH•CHCH 3 

HO H 

hu 
~ 

0 
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Photolysis of N-sec-butylphthalimide 

Irradiation of this phthalimide allows comparison of 

primary v e r s u s secon dary hydrog e n abstraction in Llie sa me 

molecule because sec - butylphthalimide ha s both in the Y-

position . 
13 

In ketones , Wagner s how e d that secondary hy-

drogens wer e easier to abstract Ll1an primary hydrog e n s du e 

to th e increa se d nucl eop hilicity of the hydrog e n 31 from 

the e l ec lron donating power of the met hyl g roup . Th eo r ct i-

cally , se v era l products could resul ·t from Lh e phololysis 

via initial Y-hydrogen abstraclion: 

hu 

4 2 
rv 

C!l
3 I 

-CHCII=CJI
2 

- Cf! 
3 

Li 3 cis and trans 
rv 

+ 
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The secondary hydrogen abstraction du e to the diradi

ca l int e rm e diat e would yield th e cis and tran s i so me r s of 

the 6 , 7-dimet hylaz ep in e dion e (LGJ ) as we ll as th e dihydro

phthalimide alkene , which as previously shown~ arises via 

seco ndary 6-hydrogen tran sfer . Th e 7-e thyl co mpound, 4 2 , 
rv 

may be i sola t ed or und e r go a secondary Typ e II reaction 

a nd s ub sequ e nt cyclization to yield a secondary prod u c t. 

Thi s would be analogous to Kanaoka ' s multi cycl i c sys t e m syn-

thesis. 
Pr od u ct analysis would determine which o n e or if 

both processes operate . 

Irr ad i a tion of the phthalimide yielded two main prod-

uct s , which we r e i so lat ed by preparative TLC . Th e prod u ct 

with the hi g h es t Rf wa s further p urifi ed by preparat iv e TL C . 

Th e IR of th e compound wa s analogous to those of previous 

dihydrophthalimide alkenes . 
Th e NMR sho wed a n alkyl d a ub-

let at '"'1. 4 56 
as wel l as an OH s i gnal a nd vinyl s i g nal s . 

Th e struc tur e of th e co mpo und wa s assigned as 3 - (l i l1y<1 1, 01 ,1 1 l l id L

i_mi do -1-but c n c o n the ba:;is of Lhc !;pcctr,1J data. 

Th e second and major prod u c t was i solated as an o il, 

purified by p r epara tive TLC, and recrystallized from ben-

zcne/Skelly B . 
Th e IR had the c h aracteris ti cs of the ot h er 

benzazepinedioncs rather 
than the s in gle carbonyl of 4 3 . rv 

The alkyl region of the NM R was comp]0x , but no ethyl group 

pattern c h arac t er i st i c of l!J was observed . 
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The melting point, NMR, IR, and ma ss spec match those 

obtained for cis and trans - 3,4-benzo-6,7-dihydro-G,7-

dimethyl(lH)azepine-2,5-dione by Koch 103 in the photo

c h e mi cal addition of 2-butene to ethoxyisoindoJene . 

Under the recJ.ction conditions it is appaPent tha.t 

secondary hydrogen abstraction is preferred over primary 

hydrogen abstraction. 

Ph ot oly s i_~o_f_ Inactive N- 2-me thy lbuty lph th al i mi de 

Irradiation of N-2-methylbutylphthalimide in aceto

nitrile served as a model for the optically active matePial . 

This phthalimide would also be expected to undePgo a sec-

ondary Typ e II eliminati on to yield 36 
"-' ' and its Peactivity 

sho uld be similaP to that of isobutylphthalimide. The 

alkyl halide required to prepare this phthalimide would 

be the si mple st to have an asymmetric carbon in the y

position . 

Th e phthalimide was prepared by the general procedure, 

b ut the alkyl bromide had to be prepured from the alcohol 

via the tosylate by a method analogous to Lhat of l<jer and 

F 
. . l Qlf 

ri:LS . 
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~--C H2 6HCH 2 CH 3 
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0 
N 

DMF 6 

CH 
I 3 

CH 3 CH CHCTJ OTs 
2 2 

LiBr I Aceione 

The reaction of inactive 2-methylhutanol and tosyl 

chloride ( Skelly B ) in pyridine at required 24 hours 

for quantitative conversion to the tosylate . The tosyla-i.-e 

was quantitatively converted to the bromide with lithium 

bromide in acetone under reflux . After distillation the 

bromide was converted to the phthalimide by the general 

procedure . 

Photolysis of the inactive phthalimide in acctonitrile 

yielded two products, which were isolated by silica gcJ 

column chromatography. One product was idcntifi0d by its 

spectra and melting point as phthalic anhydride . The sec-

ond product was purified by preparative TLC and identifi d 

by its spectra and le retention time as 36 . 
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~·-cH2f:iH2CH3-h_u_ '01---\\o 
~ CH3CN~ 

0 

It is apparent from the formalion of 

~©rr 
Y\ 

0 CH 

36 

3R that the 

secondary Typ e II ketone process i s occu:rrinr; a ,. 
c> i. L did 

with the intermediate product of N-butvlphthalimid e . 

Typ e II reaction s in ketones h0d been sho wn to he quenched 

with cis-1 , 3-pentadiene by investip,ators. It i s possible 

that L/,4 could be isolat ed when a quencher was added to 

the photolysis mixtur e ( s e nage 207 ) . 

An irradiation was conducted through a Corex filter 

with the inactive phthalimide and quencher in sodi um dried 

tert-butanol . Two products were formPd , and the minor 

product was identified as 36 hy TLC' and NMR . The major 

product was isolated by preparative TLC, having a much 

higher 36 but slightly less than Lhe starlin~ 

material. The NMR of the prod uct would be expec t ed Lo s how 

an alkyl si n gJet and an ethvl pattern . The alkyl ree.ion 

of the NMR had characteristics of the startine material 

as well as additional siRnals and a vinyl paltern. Th" r R 

showed no bands in the OH, NH region . l,,· analysis showecl 

3 
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the presence of mor e than one product . further puri.fi-

cation was not attained . 

Th e presence of phthalic anhydride in th e original 

r eac tion could be exp lain ed by the following mec hani s m : 

~ TH3 
~N-CH2CHCH2CH 3 

0 

~ 
0 

hu 

Type I 

45 

~ CI-13 

[iCJl )HcH2
cH

3 
I • 

0 

re hybridi ze 
rotate 

In mo st cases , Typ e I r eact i o n s would not be observed e i

ther because the Type II reaction is mu c h more eff i c i e nt 

or because th e in ci d e n ce of th e revers 0 r eac Li o n i s mu c h 

high e r than rotation, rehybridization, and clos ur e . The 

imine compound 45 
rv 

i s not observed beca u se the s li ~htJ y 

acidic cond ition of the sil i ca ge l co lumn hydr olyzes th 0 

imin e , and th e h eat of the workup co mpl 0 tc~s t:l1e co nv 0 r r, i o n 

to phthalic anhydride. Thi s producl i s obser v ed on l y wh 0 n 

th e Y-hydro ge n i s terliary . Qua ntum y i ~ ld determination 

will s how if this observation is du e Lo the in eff i c i e n cy 

o f t h e T y p e I I r e a c t i o n f or L P r l i c1 r y y - h y cJ r o g e n a h s t· r c1 c -

tion. 
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Quantum Yield Determination in Alkyl Phthalimides 

The quantum yield of a photochemical reaction provides 

common ground for comparison with other photochemical reac

tions . Quantum yields can be measured for starting mate

rial disappearance or any process where there is a product 

or detectable evidence of product formation . Although the 

quantum yield does not necessarily imply the reactivity of 

13 
a compound, the quantum yields for Type II reactions in a 

series of alkyl phthalimides could show trends in reactivity 

as well as how phthalimide Type II reactivity compares with 

that of ketones , esters, acids, etc . 

The quantum yield ~ is defined as the quotient of the 

moles of the product formed and the einsteins of light in-

cident to the reaction mixture . The moles of product formed 

can usually be measured by glpc using an internal standard . 

There are numerous ways to measure the light quanliLy, which 

include monitoring a reaction of known quanlum yield (acli

nometry) . 

The first method for determination of light quantity 

. h t f D . d 'f 1 lOS · 

to be discussed is ta o union an rum)ore, wh1cli 

uses cyclopenlanone actinometry . Cyclopentanone was ob

served to photodegrade to yield 4-pentenal by a number of 

. . 106 
investigators. The quantum yield has been accurately 

measured and documented at 0. 37 i 0 . 02. Samples of cyc]o-

pen~anone containing an inlernal standard are irradialed 

at the same time and under the same conditions as 111c com-
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pound whose quantum yield is to be determined . The quan-

tity of 4-pentenal produced co u ld be determined from the 

glpc ratio of 4-pe n tenal area to an i n ternal standard area 

and the molar response factor of 4 - pentenal . The exact meth-

od is disc u ssed in the experimental section dealing with 

quant u m yields . The light q uantity incident on the samnles , 

measured i n einsteins , is the ratio of the moles of 4-pen

tenal and the quantum yield for the reaction, 0 . 37 . 

A second method for meas u ring light quantity 1
° fer-

The method of Parker and HatchardlO? 
rioxalate actinometry . 

is the most popular d u e to the ease of operation and em

ploys the photochemical redox reaction of potassium fer-

rioxalate solution in an acidic aqueous medium . 
The oxalctle 

is oxjdized to carbon dioxide , and the iron is reduced from 

the ferric to the ferrous state . 
The quantum yield of this 

reaction has been measured accurately for irradiation 

the range of wavelengths of interest , 250-255 nm . 

J n 

After the acid solution of ferrous ions is buffered 

the ions form an orange complex with 1 , 10-phenanthrolenc 

solution. 
The intensity of the orange color in soluLion 

is dependent on the original ferrous ion concen t ration . 

, 

The concentration of ferrous ion can then he calculated 

from the uv absorbance of the solution at 510 nm as relnted 

by Beer ' s Law. 

A= £:XbXc 

where b = 1 cm and E at 25Ltnm = l . 1Xl0lj. 
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The actual procedures used in the determination of 

light quantities by ferrioxalate actinometry were a refine-

108 

ment of those designed by J . J . Thomas . Two adaptations 

of the procedure were us e d . In order to understand the 

theory and explanation of the procedures, the apparatus 

used mu st be defined. 

l. 

2 . 

3 . 

Monochromator 

Quartz collimating 

l e n s 

Optically clear 

quartz r e fl ec tor 

4 . Sample cell 

5 . Reference cell 

6. Backup cell 

Figure 5 . Black Dox Photolysis Apparatus 

Figure 5 s how s th e apparatus u se d for th e determination 

of light quantity by ferrioxalat e actinomclry . Th e r e are 

two me thod s for th e determination, sp lit ratio and dir ec t 

irradiation . Both method s u se the sa me apparatus with a 

number of modification s . I t· i s a s s um e d i n I) o t h m c t h o rl i, 

Lliat tl1e monocli1•om<1l:01' prod1 1, ·e :; i )',ii l 01 d <'Oll:; l , 111[ Ill 

t e n s it y , h owe v e r , m e a s u r e s c a n b e t a k e n in h o I: h ca s e s I o 

correct for incon s i s t e ncy. 

In the sp lit ratio determination th e quartz r eflector 

sp lits th e light beam into Lwo un eq ual components ( accord

in g to the r e fl ector angle) with the s mal l beam, 1 . e . !)1J0 , 
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diverted to the reference cell . The sample , reference, and 

backup cells were filled with the actinometer s olution and 

irradiated with stirring for 30 minute s . Each so lution wa s 

treated with phenanthrolene solution and buffer so lution in 

preparation for uv analysi s as di sc uss e d in th experimental 

section . The s plit ratio is defined as follows : 

mole s Fe
2

+ - mol es r e 2 + 
s ample backup 

Split Ratio = mol es Fe 2 + 
reference 

2+ 
The mole s of Fe that were produced in each c e ll are di-

rectly related to the absorbance of each ai: 510 nm as are 

the dilutions used in the sample preparations in the fol

lowing fashion from Beer ' s Law: 

C = 
A 

4 
1.1x10 

and C = 
2+ 

mol es re 

v
1 

is the vol u me of actinometer photolyzed, v
2 

i s the vol

um C' 0 f 'L ll c a J i q u o t o f t h c I) Ji o Lo l Y L c , V 
3 

1 ,, L I 1,' L u L 1 I 

dilution volum e . 

2+ 
mol es Fe = X 

V V 
l 3 

V 
2 

In thi s eq uation all quantii:ies ar e known or can be eas ily 

me a s ur e d . 

The actual quantity of li ghi: or mol es of li ght part i

cles/unit time is d efi n e d as the inlcnsiLy and can he 
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expressed in terms of the moles of ferrous ions produced by 

the fo l lowing quantum yield expression : 

I = 

2+ 
moles Fe 

<fl X t 

where <P = 1 . 25 at 254 nm and t = time of irradiation in 

seconds . Intensity of light can then be expressed in all 

known or measured quantities . 

I = 

A 
4 

1.1 X 10 

t 

The split ratio can then be calcuJ.ated in Lerms of known 

and measurable quantities from the following equation: 

V V V V 
l 3 1 3 

Split Ratio= 

A X 

Sample 
V - A X -V--

2 Backup 2 

vlv3 
A X 

Reference v-:;-

In all cases it was experimentally determined Lhal the ah

sorbance in the backup cell was O, hence, i he spli l ra l io 

was mcrC'ly: 

Split Ratio= 

A X 
Sample 
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The spli t ratio was measured before and after each quantum 

yield irradiation . In all cases the spl it ratio was the 

same before and after irradiations, within experimental 

limits. 

While samples were irradiated, a reference and a backup 

cell were maintained with actinometer solution . The absorb -

ance of each solution was measured following complexation . 

With the absorbance the quantity of light absorbed by th 

sa mpl e can be expressed by the following equatio n s : 

Einsteins = 
moles Fe

2+ x Split Ratio - moles Fc 2+ 

Reference 
Backup 

where again~= 1 . 25 or 

V V vl v3 
l 3 

A X v2 - A X -v-;-
Reference Backup 

Einsteins = 

1.1 X 10
4 

X 1.25 

It is easily seen from the split ratio that a known co n stanL 

fraction of the light is diverted to the r ferenc cell . (Th e 

quantity of light absorbed by the sample is th n the product 

of the quantity of light, which passed through <lnd was mecls-

ured in the backup cell , and the split ratio .) The add dad-

vantage of this method is that any deviation in lighL int nsiLy 

during th e quantum yield irradiation could b detected by 

constant monitoring. A number of lighL quanLiLy C<llcu-
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lations using the split ratio and split ratio calculations 

as well as detailed derivation of the previous equation is 

given in tlie experimental section on pages 361 -365 . 

lt was observed in the split ratio determination lhat 

the light inte n sity was constant . The light source , a Bausch 

a n d Lomb monochromator , is known to produce light of con-

stant intensity for 200 hours . Th e pro c e du re for d C' I: er m i -

nation of light quantity could be simplified ·to eJiminate 

the spljt ratio . 

An inte n sity measurement before and after each quanLum 

yield irradiation was conducted without the quartz reflector . 

Actinometer sol u tion in the sample and backup cells Wds 

irradiated for an accurately measured interval. Irrad ia I ion 

of the sample whose quantum yield is Lo be determined was 

accompanied with a backup cell , once again , to measure ~he 

light passing through the sample cell . The lighL quanLiLy 

for the sampl0 irradiations could be calculaLecJ from Lhc 

intensity measured for the short period . Tho light quanliLy 

mcasurPd by this dirPct irrad iai. ion mP thod ccin !J0 PXprcss0rl 

in terms of known and measurable quantj tir>s, sjnce tile cib

sorbance of lhe backup cell wa s neglir.;jhle. 

Einsteins= t X 
I E X 

A 
X 

'L O = time in second s of irradiation for in I <'11 '.: i I y 

measurement 
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tI = time in seconds of irradiation for quantum 

yield determination 

Since the denominator of the quantum yield expression 

has been determined, a method must be devised to determine 

the product yield. 
It is necessary to choose subsliturcd 

phthalimides for the quantum yield study, whicl1 canno~ under-

go secondary processes . 
In order to eliminate this obvious 

problem no compound with €-hydrogens can be used. 

In order to compare primary, secondary, and tertiilry 

hydrogen abstract i on, compounds with 8-hydrogens are nee-

essary . 
As previously stated, 8-hydrogen transfer occurs 

109 
to an unspecified degree in acetonitrile . 

Wagner studied 

the effect of solvent on hydrogen transf0r ancl 1ouncl t ha 1 

Type II reactions, which proceed through a diradical, could 

lead to products by three routes: 

~ > PhCCH
2

c11
2

c11 2 cH 3 

OH 

JJ 
Ph 

I 
PhC=CII

2 
+ CIJ

2
=CIICil 3 

It was shown that product dislribution could be altered lly 

changing the polarity of the solvenl . 

illustrates the effect : 

The following ~;chcmp 
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/ 

rv5 4 % PhA) 
~ 

p;;r 40% ( PhCOC H
3 

+ 

non-polar ~ HO~cH3 
Ph ~H 

~ HO fl 

Ph~c 11 3 

,S ~9 0 °6 ( , 
____----+ PhCOCH

3 
+ 

,JI 

JJ 7% 
S- -HO CH 

PhtJ<H 3 
Pn 

polar 

3% 
S ···HOtJ<H 

Ph/ ~CH 
3 

It can be seen here that polar solvents prevcnl Lile reverse 

reaction to starting material . Relative disLr i lJution of 

the yields of the isomeric cyclobutanols was also chanEcd 

with tert-b u tanol . It was proposed that the alcohol com-

plexes with the Y-hydrogen thal was transferred . The corn-

plex would then prevent back transfer of tho hydrogen to 

y i e l d s t a rt i n g ma t e r i a 1 a n d h i n de r c I o c; Ll r l' L o c y c l o Ii u L t -

nol in the case of the methyl gro u p trans Lo phenyl . We 

had observed , 
8 lj 

as well as Kanaoka , thal only ring cxpan-

s ion products we r 0 for rn e d w 1J 0 n t he photo 1 y s i s of t· h 0 p il t Ii a J -
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imides was conducted in tert-butanol. 

Solutions of the phthalimides to be studied containing 

an internal standard in tert-butanol were purged by freeze-

pump-thaw degassing . Loss of starting material could be 

monitored by glpc with the internal standard . 

ly, the products were not detectable by glpc . 

Unfortunate

The ana1ylical 

TLC separation showed that the products would he readily 

distinguishable by high pressure liquid chromatography . 

Only external standards could be used to moniLor product 

formation since the hydrocarbon internal standard would not 

be uv detectable, and any detectable standard present during 

irradiation would absorb light . An aliquot of the photolyte 

and an aliquot of the standard solution were mixed for tho 

product analysis, while the photolyte alone was sufficient 

to monitor starting material loss by glpc. 

In order to determine the exact producl yield Jc re-

sponse factors for each producl were determined. The prod-

uct yield can be calculated from known and measur0d ~uant i ti 0 s 

by the following equation : 

_ Response factor x Moles Standard x Arca Produrl 

Moles Product 
Area Standard 

The response factors for the products of the phthali

mides studied were calculated in the experimental scrlion 

and shown in Tahle XXIV on page 370. T l I p r e c; u J ,- s () r I h (> 

quantum yield calculations are shown in TabJc VJJ. 
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Table VII 

Quantum Yields of N-alkylphthalimides 

by Cyclopentanone Actinometry 

Starting Material Moles Product 

N-propylphthalimide 6.68 x10-
6 

N-ethylphthalimide 2 . 5 x 10 
-6 

N-isobutyl- 7 . 8xl0 

phthalimide 

N-isopropyl

phthalimide 

N-tert-butyl

phtha1imide 

N,N-di benzoyl

isobutylamine 

-6 
7 . 38 xlO 

-5 
2 . 31 x]_O 

0 

0 

Moles Light 
( einsteins) 

-4 
9 . 35 x]_O 

-4 
CJ . 35 xlO 

-4 
9 . 35 x10 

-4 
9 . 35 x10 

Quani-um 
Yield 

0 . 0071 

0 . 0027 

0 .0 083 

0 . 0079 

0 

The irradiation was with ?537A ljp:lll, and t·h0 Up;ht 

quantity was measured by cyclopentanono aclinom0try. Du p J 1 -

cate tubes of each phthaJjm_iclc were i.r.r<1cliatccl r:imuJl,1ne-

ously . The actual quantity of lir,ht from the cyclopcnLanono 

was determined jn a separate irracliaLion in which l]H' quc1n

L um y i e 1 d for N - e t h y 1 p h L h a 1 i m i d o w a ,, mo a s u r 0 d an cl r o u n cl t 0 

be consistenL with the second irradiaLion. Trr,1dialion ror 

12 hours resulted in between 'J and :?Li% st-ar1 · ing mc1to1'ic1l 
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conversion . The quantum yield for N-tert-butylphthalimide 

0 . 02L/7, was checked by potassium ferrioxalate actinometry 

and determined to be 0 . 023 ( within experi mental limits ). 

, 

Another meas ur e of the effect iv eness of the Type II 

action i s the percent efficiency, which is defined to be 

moles of product formed divided by the moles of starting 

re-

the 

material decomposed . Tabl e VIII shows thesn relativp effi-

ciencies as well as the q uantiLie s necessary for their deLer

mination . 

Th e trends in quantum yields a nd eff i cie n cins appear 

to be the reverse of the observations made for pr imary ver

s u s secondary ver s u s tertiary hydrogen abstraction in kP-

tones and esters . Several possible reasons are given in Lhc 

section on geometric and electronic effecls . 
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Table VIII 

Efficiency of Ring Expansion for N-alkylphthalirnides 

Moles 

% Starting Moles Starting 

Moles Material Starting Material % I:ffi-

Phthalimides Product Conversion Material Decomposed ciency 

N-propyl- 6 . 68Xl0-S ll.J . 7 l. 3 5XlQ -LI l.<JC)XlQ-5 33 . 6 

phthalirnide 

N-ethyl- 2 . s2x1 0- 6 8 . 9 l. 47 XlQ-Lf 1.12 x10- 5 
22 . 5 

phthalirnide 

N-isobutyl- 7 . 8 Xl Q-S 21.l l. 26Xl0- 4 2 . 66XJQ-S 2CJ . 3 

phi.halimide 

N-isopropyl- 7 . 38Xl0- 6 
<) . 6 l. 35x10-LJ l. nx10-s 57 . 2 

phthaljmide 

N-tert-butyl- 2 . 31Xl0-s 23 . 9 l. 26Xl0-Lj 3 . 0lXlO-S 76 . 7 

phthalimide 

N,N-dibenzoyl- 0 o ( <. 2 ) l. 39x10- 4 
0 0 

isobutylamine 
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Irreversibility of Y-Hydro gen fbstraction 

In addition to the difference observed for Y-hydro gen 

abstraction , the quantum y i e ld s were quit e low in compari-

h f d W 
109 

son toot er types o compoun s . agner stated , as noted 

in the previous section, that the hydrogen abstracted may 

be tr a n sferred back from oxygen to carbon as a possible de

composition pathway of the 1,4-d i radical intermedialc . Re

versible hydrogen abstraction does not l ead to producLs and, 

hence, is a quantum wasting step . 

Th e most logical way to determine Lhe reversibility of 

the reaction would be to irradiate a compo und where the Y-

carbon is asymmetric. The proposed initjal y-hydro gen ah-

straction to yie ld a 1,4-diradical would show parLial race

mization after rotation of the radical and back Lrans[er l o 

yield starli n g mat eria l. 

Wagner, Kelso, and Zepp
110 

irradiated (4 S )-(+) - 4 -

met h y 1- 1- p h en y 1- 1- hex anon e in a var i e t y of so l v c n ·t· ~, . Rapid 

racernization was observed in irradiations done 1n non-polar 

solvents such as benzene . As Lert-bulanol concenlra·t ion 

in the solvent was increased, Lhe photoelirnination and i,hoto-

cyclization increased. Accordingly, back transfer and , 

The original rotalion of 
hence, racemizaiion decreased. 

the starting material [aJ
25 

+ 9 . 81 ° i s gr ea t 1 y rl c c r ca :, (' d 

D 

in th P subs t it u le cl c y c 1 ob u L an o J i so la L e d from i r r u cl i a 1· i o 1, 

in 
25 

tert-butanol [aJ 548 
-0.25° . This small angle woulrl indi-

cate thai• the diradical lifetime is noi sufficiPnt lo pc'rmi 1 
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complete racemization , either through loss of radical chi-

rality or bond rotation . 

Yang , . d . 111 . d . d 
Elliot , an Kim 1rra iate ( S ) - ( + ) -5-methyl-

2 - heptanone in hexane and in terl-bulanol , with and without 

quencher . Racemization was observed in both solvenli; with-

out quencher . As with Wagner raccmization of starting ma-

terlal was decreased in terl-butanol . No analysis was done 

on the optical activily of the cyclobutanones. 

in t h e pre s en c e of q u en c h er s h owe d n o r> a c em i 7. a 1- i on , w h i ch 

indicates decomposition from lhe singlet (as well a~ pre

dominating triplet state withoul quencher) stale and r>c.1dical 

lifetime shorter than that required for bond rot·at ion or 

spin inversion . 

Mazzocch i , . . d Th 112 . l. 
Danisi , an omas 1rrac1aled the opti-

cally active N-2-methylbutylpyrr>olidone in isopropanol in 

order to determine if polyvinylpyrrolidones wc•re photode-

gradable . As an an a logy to Gu i 11 e t ' s oh[; r• r v a t· i o 11 r or p O 1 y-

( melhyl v Lnyl kclone)
1 

lhf' followinP, Type 11 mr'ch,1ni:;m wc1:, 

Lnvestigated : 

lNJo 
h \J l-) ~ l~✓l~11 CJ ~ 011 

CHkH 

I OH 

~ 
C!l

3
~ 1 

T h e r> ea c-t i on l o _y i e l d a l k I? n e a n d i m i n o l w .=-i ':; n o I o b ,; ,., 1, v P cl . 

In order to de I ermine if the Y-hydrop-c,n alislracl 10 11 w.1:; l'l'

versible , thP startinp; materLal was recovcr>r'd <1f· lr'r !i<J~, 

conversion . Racemizat ion was nol· oh ~;0rved c1s l IJr, rol di ion 



was 
20 

[ a ] 213 = -6 . 3 ° .t . 2 

182 

in the unirradiated sample and 

2 0 
,,, 

was 

[ a J 313 = - 6 . 2° r . 2 after irradiat i on . Consequently , re-

versible y-hydrogen abstraction and , hence , Type II processes 

were not important in the photodegradation of poly ( vinyl

pyrrol idon es ) . 

Two irradiations were conducted on the optically active 

N-2 - methylbutylpht hal im ide with an inter nal standard i n tert-

b u tanol . 
. y 111 . 

According to ang reversible hydrogen transfer 

wo u ld be impaired but not stopped. The first irradiation 

was conducted for 21 hours to a 11-12% starting material con-

vers i on . Unreacted starting material was recovered by prep-

arative glpc . The optical rotation of u nirradiated starting 

mater i al , purified in the sa me manner, showed I
. 2 5 
a ] 370 = +8 . 680 

25 
at 0 hours and [ a J

370 
= +8 . 64° at 21 hours . Similar con-

sistency of rotation was also observed at 390 nm . 

The second irradiation was conducted in Lhe S<lme man

ner , however , samples were taken al 10 , 15, 20, 25, <lnd 31 

hours . Starting material disappearance was monitored by 

glpc . The ORD of each sample was measured . The Jow dif-

fcrence in starting material conversion rendered accurate 

[ ] 20 . . ' bl 
a calculations impossi e . The individucil lines were 

concentric and nearly parallel diverging at the low wave

le n gth end of the spectrum , as was observed in the first 

irvadiation . 

Product analysis for 3G wa3 conducted on ul iquots or 
,..., 

each sample . The calculations und numbers for ,;tdrling 

It may be noted here that the alcohol solvent may prcvcnL 

l'C' V<..' 1•:;c' 11yd 1'0/',<'ll 
I O CJ I I 0 

W cl g 11 l' l' . ' . 
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material disappearance and product generation are shown 
1 n 

the experimental section in Tables XXVIJJ and XXIX . figure 6 

shows the starting material disappearance and product gen-

eration versus time . It js apparPnt from lhese studies 

that the initial Y-hydrogen abstrac ·tion is nol reversible 

in tert-butanol . The argumenl of reversible y-hydrogen ab-

s t r a c t i on t o exp la in t h e qua n L um w a s i: i n g an d L Ii e l ow <l u a n t u m 

yields for substituted phlhalimides in lerL-buLanoJ. does noL 

apply . 
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Photolysis of N,N-dibenzoylisobutylamine 

Kanaoka asserted in a number of his papers that the 

rigid geometry as well as the overJap with the addiLional 

carbonyl and benzene ring contributed to the Type II reac-

tivity of phthalimides . 
73 

Kanaoka and Ilatanaka showed ,n 

their irradiation of substituted succinimides and glut·ar

imides that the extra carbonyl and the rigidi Ly of st·ruclure 

may be a factor in Type II reactivity . Photolys ·is of an 

N , N-dlbenzoylamine could show the role of the benzene moiety 

and rigidity of the imide structure in determining reaclivity. 

In phthalimides and other imide compounds studied by 

Kanaoka,
73 

the nitrogen lone pair and ring structure of lhe 

starting materials prevent complete cleavage after the pro 

posed cyclobutanol formaLion. 

~~~" 
R 

IL may be in Leresting to study n compound where rinp cl0,1v

age yields dissociation to an aJkyl chain rat lier 1·!1cJn ,, 

ring . If Type II reactions are efficient: for N,N-dih0117.oyl 

compounds (a.ssuming reaction operates by Lhc same m,,chani :; m) 

the cleavage of the cyclobutanol inlermediate would yioJd 

a subs t j t· u ·t c d /3- k e i o amide . 
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hv) 

45 

The reaction may then have signlficant synl'IJetic util-

ity, and substituent effects on the benzene and amine chain 

could be observed . Phenacylamines w re shown by Hyalt 63 
lo 

undergo Type II reacLion , presumably, according L'o 3lf 31 
Wc1gner ' 

d - · 35 d t·h . d l ➔ d . 

an Walling , ue to· e increase e ecLron ens1Ly on Lhe 

hydrogen with the neighboring nitrogen ' s lone pair. In the 

case of ~;"i the carbonyl is further removed , and the lone 

pair is less able to donate due to the elec t ron withdrawing 

carbonyl . As an amide and as a ketone wi thou L casi 1 y c1li-

siractahle y-hydrogens, 45 or its cyclohul'anol precursor 

s b o u l d s h ow a h u i l d up an d IJ en c P be cl 0 l e c t. <' d d u r i n g I h P c n u r :c; 0 

of the reaction. 

Irradiation of N,N-dihenzoyllsohuiylarnine yieldc,cJ onP 

minor producL, N-isohutylhenzamide . Tho rho t o 1 y s (' s 1 n 1 > o t h 

terr-butanol and acetonitriln required conf;icJPrahly Jo iip,,, 1, 

per i o d s of i r rad -j at i on L' hon an y o f I he r; uh s t i t· u 1 · r, cl p Ii I 11 <1 I i -

0 

midcs . I r r a d i a t i o n a L 2 S 3 7 A s h o w P cl n o r; I c1 r l i n r, m a t c' r i c1 l 
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disappearance or product formation . Glpc and TLC analysis 

of sampl es taken during the quartz-filtered irradiation 

showed only the one product present in mor e than Lrace a-

mounts. 

hv 

Quantum yield meas ur e ment s attempted und er th e sa me 

conditions, wh ere s ub stituted phthaJimide decomposition was 

meas ur ed ,fail ed to show product formation on 0.2% s tarlin g 

material disappearance . The q uantum yield mu st thus be lei:r; 

than 0 . 0003, ( on the basis of 22% versus 0.2% starlinp, ma

terial conversion for the same quanti.Ly of lip,hl), which 

much l ess than that obcerved for the correspond in e N-iso-

butylphthalimide. r-t is then obvious that one of Llw dr'-

termining factors in the increased Type IJ reacl ivily may 

include the rigidity of the struct ur 0 1n phthalimides. 

Since Type II reactivity was low and tho compound appar0 nt 

ly decomposed by Type I reaction, Lhcre wds n o further in

terest in these compounds. 
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Electronic and Geometric Effects in Typ II R e eacLions 

of PhLllaljmides 

Presumably , the same conditions stated 1n PnrL I, 

which inhibit Type II reactions in amides , would determine 

Type II reactivity in substituted phthalimid0s. WIH'n com-

parison wiLh the Type II quantum yields of kcLones and 

was altcmptcd , the Type II quc1ntum yields mcc1i,urccl for pllth<1l-

imides were considerably lower . in 

the Type II quantum yields was also diff0rc-"nt for plilhrJ l i-

mides than for ketones. Il had been asserted by l<unc1oka J n 

a number of his works that Lhe Type II reactiv"Ly wc1u due lo 

the rigid geome Lric structure und the molecuL1r c J c'c t:ron j c 

configuration . 

The largest" electronic effect· in Type II r0,1ct ion:, , 

31 , 34 
according to Wagner , is the clectrophilicity of the 

car b on y l ox y g en an d I h e n u c l e op Ii i l i_ c i l y o f t l, c' Ii y d r o p, r' n 1 0 

be abstracted . Thjs c'lectronic con~:ideral ion in pl1lh,il i-

rnides can be d0fined by Lhe cleclronic configuralion::, which 

were predicted hy dipole rnornenl studies. Till' follow in g 

r e s on a n c e s t r u c l" u re s ca n 1) e d rd w n on I ll P Ii a t--; i s o f 1· I, r, cl i -

pole studies . 

+ 
-H -II 

t-
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-H < > M. 
~~-II 

0 

In a dipole moment study of monosubstituted phthalimides , 

113 

Caswell and coworkers originally assumed that Lhe mole-

cule was planar, the vectors of the gro up momenls were in 

the plane, the imide moiety was electron willidrawing, and 

the benzene as a perfect hexagon made no contrib uti on io 

the total dipole moment . When the dipole momenls of a num-

ber of mono s ub stit ut ed phthalimides were calculated , using 

the above assumptions, the experimental results only coin-

cided with the calculations in a few cases. It was then 

determined that the interaction from the benzene moiety in 

the resonance forms shown above accounted for the difference. 

Resonance in the planar struct ur e would predicL a grea t· 

f 
.. d 114 

degree of IT overlap in any ree 1m1 e gro up. The di-

polar resonance form often shown for am id es would leave a 

posiLive charge on nitrogen. In order to stabi .Lize tile 

charge , some donation from ihe other carbonyl would be ex

pected, whi ch would make the oxygen of tl1a1 · carllonyl more 

eleclrophilic . In other words, Lhe extra carJionyl would 

make the nitrogen a poorer IT donor as well c:is a lwt· Lcl' a 

wi thrlr:Jwer. 
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Other carbonyl compounds have shown increased Type II 

reactivity when electrophilicity of oxygen was increased . 

Wagner also showed that Type II reactivity in ketones was 

increased by raising the nucleophilicity of the hydroBcn to 

be abstracted with extra donating groups . I n s u b s t i t u ·1 e d 

phthalimides the increased nucleophilicily of Lhe y-hydrogen 

d[d not result in hig h er Type JI quantum yield s , and even 

with the extra carbonyl , no compound had a Type II quanlum 

yield of the magnitude of mosi ketones . 

In conjunction with the electronic factors , a number 

of geometric considerations should promote Type II reactivity . 

In the freely rotating alkyl imides the cis-1rans ro1amer 

is the most stable , hence the most prcvalenl . Only one 

form is possible in the case of suhsliiuied phlhalimides , 

the cis-cis . In the rigid planar c1s-c1s form, 360° rota-

tion of the nitrogen-carbon bond brings prospectively reac

tive y-hydrogens in proximity Lo Lwo reactive sites. The 

extra reactive site does not increase Type II qu~nlum yieJds 

over those of aldehydes , ketones , and esters (pages 30-32) , 

which have been shown to efficiently undergo Type ll reac

tion . 

In other compounds , restriction of bond s or s leric 

hindrance produced a dislorted six-membered transition slate 

and decreased Type II reactivity. A s op po s 0 d l o l h r' a m i d r' 

case , for most carbonyl compounds six-membered rc1n"i.1 io n 

states are known Lo pref0r Type II rec:1ction s lo inlet'iJclion 

. h 11 !'i 
w1t solvent. 

8 6 \J 'l 

Although Kana.aka and Rolh ~~liowc>cl lll c1 l 
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certain alcohols would react with the diradical inLermediales , 

neither acetonitrile nor tert-butanol had been observed to 

combine with the phlhalimides . It must be assumed that other 

quant u m wasting processes must be occurring , wliich do not 

lead to Type II products and do not appreciably decompose 

starting material . 

Valid comparison cannot be made with ol:her carbonyl 

compounds since alkylphthalimides are ac ·Lually semi-conju

gated dicarbonyls . A comparison wilh a-keloeslcrs , a-kelo

acids , a-diketones , and a-methylene ketones may be more V<ll

id . These types of compounds also have ex l ra carbonyls or 

double bonds either in conj u gation with the chromophorP of 

interest or in a position Lo delocalize any radicals or 

charges formed . These compounds , in general , were observed 

like the alkylphthalimides to undergo Type II ring closurr 

to yield cyclobulanols . 

116 . d ' d,.., 

Hemperly , Wolff , and Agosta 1rra .Lale ,,-melliylenr-

cyclododecano n e , an a-melhylene ketone . The only product, 

which was obtained in high yield , wa.s 12-melliylene-cis-

bicyclo [ S . 2 . 0 ] dodecan-1-ol . The followin~ Type II m ch-

anism would be assumed to operate : 

hV 
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The initial Y-hydrogen abstraction would be promoted by the 

rigid starting material structure . The interme diate diradi-

cal contained ostensibly an allyl radical. Alt e rnat e clos-

ur e to a cyclobutyl ketone did not occur du e to the resLricted 

bond rotation . In this case , no quanlum yield wa s meas ur e d 

for the Typ e II reaction ; however, the irradiation period 

required for the conversion to the cyclobutanol would indi

cate a low Type II quantum yield . 

Irradiation of i so mesi tyl oxide by Yang and Th ap 117 

s how ed another interactio n of an alkene in lh e pholocllemislry 

of a ketone . Th e doubl e bond wa s nol co n7u ga l ed wilh lh e 

carbonyl, and the product s isolated we r e due e i. th er lo fra g 

me ntation followed by recombination or Typ e II c l eavage to 

yield l-methyl-3-met hyl e n ecyc lobut a nol. No Ty pe II e li.mi-

nation produc·ts we r e observed, and th e quantum yield for 

cyclobutanol formation wa s meas ur ed at 0 . 05 . 

Re s ult s with a-k etoes t ers we r e ambiguous. Yang anci 

· llB f d T II d l 
Morduchowitz oun no ype pro uc s 1n the irradia ti.on 

of et hyl pyruvate, despite th e hydrogen Y lo lh e ketone 

and adjacent to th e oxygen . Th e products obser v ed were 

diethyl dim e thyl tartrate and a s mall amount of e t.l1yl l acla Le . 

11 9 

Lee rmak e r s , Warr e n, and Vesley, in conlradicLion 

to Yan g ,
11 6 found aldehyde products for a vari e ly of s ub-

st itut e d pyruvates. 

by Type II proc esses . 

Th e aldehydes could o nly be altained 

Ty pe II r eactio n s co ntl"ibul cci Lo t lw 

only significant product formation, and the ketone carbony l 

wa s again the hydro gen abslracling moiely . The q u anl um 
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yields for the reactions measured 0 .0 6 Lo 0 .1 9 (much higher 

than any of the qua ntum yields measured for the alkylplitha l-

imides) . 

Investigation of the photochemistry of a number of 

120 

a-diketones by Urrey and Trecker showed one similariLy . 

In mo st of the cases studied only one major product was 

formed, s ub stit ut ed 2-hydroxycyclobutanones . Tn order Lo 

explain ~the product formation Lhe follow:inp, mechanism was 

proposed: 

4 

CL 11 
I ~ 

6 
hv 

I I 

C'2H 
- 5 

The mechanism suggested Lhat besides the known Lransoid con

formation of the carbonyls thal carbons 4, 5 , G, and 7 were 

essentially coplanar, and the bond belween carbons~ and 6 

had a substantial double bond character . IJcspite another 

possible Y-hydrogen abstraclion, tho only abslracl i on ob

served required a Lransition slale where the 1;econd ketone 

pc1rticipated . Due to ·the formalion of a number or producL~ , 

including cleavage producls , by dif1ercnl Y-hytlror;cn cJb

stracl:ions , il' is obvious Lhal l:l1e Sl'Cond carlio11yL !Jy it ~. 

parLicipation governs the phorocliemi_cal dccompo~;i t ion pc1ll1-

way . 
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There is one notable exception where an adjacent car

bonyl group is not proposed to interact in Lhe excited state 

but rather the opposite . Irradiation of a-keloacids like 

1 21 

a-ketodecanoic acid by Leermakers and Evans yielded main-

ly Type II cleavage products . Again the other carbonyJ was 

proposed to participate in the reaction . 

positions were possible : 

1 J 

I 
CH (CH ) n COOII 3 2t-"-t 

1-hep t ene 

+ 

OH 

Two Type II decom-

1-oclene 

+ 

, 
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The products observed in the reaction exclusively 

arose via Path A. In this case the alkene and pyruvic acid 

were produced as the only major products . from the possible 

products predicted by the mechanism, it is obvious that the 

chromophore promoting the reaction is the ketone function. 

In a reversal from the a-diketones, I was proposed as a bet

ter representation of the intermediate than II . 

I 

p· 
RCH-C -C-OH 

-. - i/ 
0 

II 

The quantum yield was high for aliphatic carboxylic acids, 

0 . 21, but not for ketones. Formation of 1-heptene was com-

pletely quenched in the presence of sufficient 1,3-cyclo-

hexadiene. Since Type II reactions are not completely 

quenched for ketones, a-ketoacids must be assumed Lo be a 

special case in the photochemisLry of a-ketocarbonyl com-

pounds . 
122 

More recently, Wagner and Turro reopened the invesLi-

gation of a-diketones . Spectroscopic studies had allered 

their concept of the relative positions of Lhe exciLcd 

state energy levels in a-diketones . One reaction not ob-

120 
served by Urrey and Trecker was 1,4-hydrogen Lransfer: 

Further definition of quenching will be given .Ln t:lie nexL 

section. 
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p~~ Ph~ 

OH 

hv 
Pl~~ ----+ 

• 0 o. 

~ J 

Ph~!! 

OH 
Oll 

~ 
Ph~ ~ Ph _ R 

0 

Thi s reaction wa s observed due to the stab ility of Lh e oxy

allyl radical . 

The 1,2-carbonyl diradicals observed in exciLed ke

tones were actually radicals electronically , however, 1 n a

diketones , a number of valence bond str u clures ca n be druwn 

in which the excited stale could be depicted in a dipolar 

fashion . 

: 0 : 

A /"----
Ph--- . / R 

: O· 
+ 

:0 : 

.... -.-~» A+~ 
Ph I R 

·o: 

From the str uctur e at Lhe lefl l,L~-hydrogen abslra'L i on 

would be envisio n ed as Lhe ini Lially dipolar procesr; ::.: liown 

below : 

: 0 : H 

Ph~ 

·o: 
+ 

~ 

L . d . 12 3 ,_ d L l 
ewis an Heine also asserce · 1al 

O!! 

~~R 
PI{' . II 

0 

Lherc was ionic char-

acter in Type JI reacL·ions altho u gh not as much as in Lile 
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Type I . Alkyl phthalimides can be shown as a resonance 

form analogous to the a-diketones. 

On the basis of the observations made on other com

pounds , several statements can be made regarding the quan

tum yields and the mechanism of decomposition of N-alkyl

phthalimides. The quantum yields for the series of compounds 

were low in comparison with other types of simple cHrbonyl 

compounds and a-ketocarbonyls with the exception of a-keLo

acids . The efficiencies of the reactions (moles of Type II 

product formed/moles of phthalimide decomposed) were higher 

than expected from the quantum yields . Only the high effi

ciency of the reaction allowed measurement of such sm,11 

quantum yields . 

Comparison of the quantum yielrl.s and Type II efficien

cies of the compounds showed that tert-butylphthalimide has 

the highest quantum yield and had the most effici.enl Type II 

decomposition . Isobutylphthalimidc had the second highest 

quantum yield but the fourth efficiency . The quantum yield 

of isopropylphthc1limide was nec1rly equal to thc-1t or [,;o-

b u ty l p h t ha l j m id e , h o w ever , t h e c ff i c i e n r y w c1 s mu c h h i .'~ lw r , 

second in the series and double that of the isohutyL. Prop

ylphthalimide was fifth in both mcc1surrments. 

On the basis of Wagner ' s obscrva tions on bu tyroph<~

nones, the isobutyl having a 3° y-hydrogcn woulcl he •'xpcctecl 

to have the hir,hcst quantum yield followed by n-propylpillh,tl.

i m id e ( 2 ° ) , and fin a l l y t er t - bu L y l , i sop r op y l , ,lll d l 'l h y I -

phthalimide (due to Lhe number of y-hyclrogen:-;), which <1II 
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had primary Y-hydrogens. The observed order in quanLum 

yields was 1° Ct-butyl ) > 3° (i sob uL yl ) > 1° (i sopropyl ) > 

(propyl) > 1° (ethyl) . The series of efficiencies was 

1° ( tert-butyl) > 1° (i sopropyl ) > 2° (n -propyl ) > 3° (i so

butyl ) > 1° ( ethyl ). There are several possible explanations 

for the orders of the series . 

The number of Y-hydrogens involved in each case does 

not explain the large differences in the two measuremenls . 

Within the series of primary Y-hydrogens, it can he seen 

that the tert-butyl has a methyl group in position Lo reacl 

three times as often as the ethyl and 1 . 5 times as oflen as 

the isopropyl . 

? H H 

N-\/ 
0 f \ H 

H H 

II 0 "c.:ll 
I II II -C-C: II 

\ !I 

0 ..,.t---- II 
fl 11 

The difference in quantum yield and efficiency was too large 

to be accounted for by this superficial obscrval ion. 

In additjon to the grealer number o[ Y-hydrogcn:;, r;cv

e r al g e om e t r i c c on s j_ d e r a t i on s may b e i mp or L an L i n p 11 l 1, a .L i -

mide photochemislry . In tert-buLylphthalimide, nol only 

are the Y-hydrogens in the proper position for virtually 

the entire N-C bond rotation, but Lhe p;comctry or the cJj-

radical intermediate is also importanl. Inspect ion or Lile 

various diradicals will jllustrate the poinL . 
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The two radical sites in the tert-buLyl case would be forced 

in closer proximity by the two melhyl groups adjacenl lo 

nitrogen , which should appreciably increase the amounL of 

cyclobutanol formed . IL is obvious that once Lho cycle-

butanol undergoes relrotransannular rine opening, reclosure 

from the azepinedione is impossible . The same forcccl clos-

ing of the diradical should be Lrue lo a lesser oxlcnL for 

isopropylphlhalimide . 

The closure of the elhyl and n-propylphthaJ imidc r.Jirad-

i cals should remain unaffected . Probaldy, l he ? 0 Y-hydrogen 

abstraction is eas _i_ er in the n-propylphthalimir.le l.l!an Lile 

primary y-hydrogen abstraction i.n Llie elllylphlhaJ irnidt' , 

b u t l h e s u b s e q u e n L c l o s u re i s s u b j e c t L o n o s u k;t c1 n L i c.1 l cl i J -

ference in eeometrlc effects . 
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Isobutylphthalimide is a special case . In contrast to 

the other phthalimides, isobutylphthalimide appears Lo be 

photochemically reactive but not Lo yield the azepinedione . 

Th e Y-h ydrogen abstraction should be favored either by Lhe 

stability of the tertiary radical formed or the increased 

nucleophilicity of the hydrogen Lo be abstracted, due to Llic 

two methyl gro up s . The methyl groups , however, slerically 

hinder the diradical closure to the cyclobulano l . 

Only in the case of isobulylphlhalimide and 2-melhy~ 

butylphthdlimide was phthalic u.nhyclridc isolc.1tecl . 

product was previously attributed as the only r cogn~zable 

product of Type I reaction. Observation of 4G in the rcac-

Lion mixture of N-methylphthalimide ancl diene::; Lll aceLoni

trilc by Mazzocchi and Narain
124 

would be evidence of Type 

cleavage followed by rehybridization, rolalion, and reclos-

ure, however, 46 was not observed . 
rv 

hv 

0 
L[G 

It was shown .1n the photolysis of oplically u.cl i vc> 2-mctliy l 

butylphthalimide that there is no reverse hydrogc>n tran:;lcr 

in tert-butanol . Other hydrogen tranr; fers s u ch as a-hydro -

gen transfer were also nol observed Ln L]ijs so JvcnL . T ll u:,, 

when they-hydrogen has been init:ic.1.lly transferred Lo yield 

the di radical , the d i radical mu i; L cl o s c L o y i e 1 d L I 1 e c y c 1 o -
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butanol or proceed by another route to yield some as yet 

undetected and unidentified product . 

An alternate explanation for the relative order of Lhe 

125 

quantum yields was given by Agosta with regard to the 

electronic configuration of the excited slate . The exciLed 

oxygen proposed would be partially anionic and would ab

stract most efficiently the Y -hydrogen which would give Lhe 

most stable carbanion . 

A similar proposal had been noted earlier in the case oI a-

d
. 122 
iketones . Such a proposal would account for tile 1° Y-

hydrogen abstraction having the highest quantum yield over 

2° and 3° hydrogen abstraction . 

trans-6,7-dimethyl azepinedion 

(formation of the cis c:1nd 

in the photolysis of Llcc-

butylphthalimide would tend to refute this electronic argu

ment ) . 

Type II reactions in N-alkylphlhalimidcs arc incffi-

cient . The high effjciency of these rcaclions com!Jjned wil.ll 

th e low qua n t um y i e l d i n d i ca t e s t h a l: e i t h c r 13 om t: t' e v c r f1 i I Jl l' 

process , such as the Type I process shown on page JGG or r.1 

pho tophys ical decay process ( f luoresccncc , phospilor'0:;ccncr) 

must be wasting the available light.:. On Lhc basis of 

B l.J • l I 
Kanaoka ' s work, analogy W_LL1 ol 1er Lype:c; of compounds, iJnd 
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the experimental evidence the following mechanism can be 

proposed for the photochemical decomposition of N-alkyl-

phthalimides . 

c5+ 
N-C!l

2
CH 2CH2CH2R 

- ( R') 
0 cS 

h\! 

Type I 1 l 
~N-R• 

0 

l 

©Q 
0 

0 

0 

+ RC1l=CH 2 

h\! 

Type II 

-< II 

0 

-11[2 

Cll 
H jl 

OH CllCll R 
2 

h \! 

Type II 

o-hydrogen 
trans for 

closure 

l 
Cll{ll?R 

rt' Lro L rc1n:;

annular opC'ning 

0 
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Quenching Studies of N-alkylphthalimides 

In order to confirm or rejec ·t this mechanism , some def-

inition of the excited state is required . 
Kanaoka observed 

significant quenching by c j s-1 , 3-penladiene in the photolysis 

f N h 
. . d ss 

o -p thaloyl amino aci s . 
In preliminary s l udies , tlie 

pholocyclizalion of tolylphthalimides was significdnlly 

l d 
. 8G 

quenc1e by isoprene . 

In order to explain the informaLion obtained in c1 

quenching st u dy , certajn Lerms musL be defined. 
Quenching 

implies inhibition of a process , in this case a pilolochemi

cal process , by a transfer of energy from the excited mole-

cule , to the quenching agent , usually a d i en 
Delce lion 

of the quenching process is conducted by analyzing tile f)rod

uct to be quenched over a series of quencher concentrations . 

A decreasing product yield as tile dienc concentraLion i.s 

increased indicates tile quenching of the proces~; Lhal leacls 

to lhe product . 

The quenching pro c e s s a 1 J ow" so m c' de f i n i t· j on o r L h P 

nature of the excited slate sLudied . 
Dienes specifically 

quench one type of excited ~;tale , LhP triplel . 
lrrcJdiaLion 

o f a gr o u n d s l a t e k e t on e , for e x cJ. mp 1 c , p r o cl u cc• f; t he i; i 11 g 1 < i l 

excited stcJ.tc , where one e.lcclron of c1 pajr i:; promolcll c_1nd 

retains its spin ( the electrons hav<' opposiLC' spin) . Tlte 

s in g l c t s t a t e i s c on v e r L e d L o L h C' L r i p 1 e L : ; t. d L <' , w h c r C' l Ii" 

spins of both el.ecLrons are lhc ,,cJmc, l>y c1 ri:1<li,1l ionle r::; 

decay process called inLer ~;ystc>m cror;:;ing . 
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mation of products from the triplet state that is quenched 

by the diene . 

An alternate means to prove a quenching process is 

occurring would be to plot ¢/¢ 0 v rsus [ Q] . Each point on 

the graph is determined with the ordinate as the ratio of 

the quantum yield of the reaction at a given quencher con

centration to the quantum yield of the reaction at O qu ocher 

concentration and the abscissa as that quencher concentration . 

When the resulting plot , called a Stern-Volmer plot , is a 

straight line, the evidence suggests that a competition 

. 115 

exists with the normal reaction . 
The competition is then 

the quenching process . 

A quenching process with diencs is evidence that whdt

ever fraction of the reaction was quenched came from the 

triplet state . 
Ketone Type II reactions hav been shown to 

be partially quenched by diene . 
The Type II process in a-

ketodecanoic acid was completely quenched by l,3-cycloh'xc:::t-

d
. 121 
1.ene . 

. . . 85,86 l 

Kanaoka ' s investigations suggestcc 

substantial portion of the Type II photocyclizations were 

being produced from the triplel state. 

Solutions of tert-butylphtha.limi.de and isobulylphl:hal-

imide with internal standards were irradiated in sodium-

dried tert-butanol . 
Three quencher concentrations, O. IM, 

lM, and JOM were used for each phlhalimidc. 
Two t:u b s o 1· 

each q u n ch er con c en tr a t ion for b o t: h p h L h i.l L j m id c :; w c r ' 

irradiated . 
A quenching study check on isobutyJphlhulimicl' 

was conducted to verify the results from the firsl sludy . 
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Starling material disappearance was measur d Ly glpc <lnd 

product analysis was conducted by le . 

sLudies are shown in figure 7 . 

The resulls of Lh se 

In general, the results show that the Type II r ction 

to yield the azepinediones was b ing ([U nchcd . IL was then 

hoped t hat perhaps the in Le rm e di ate prod u c L L~1 of the p Ii O L O _ 

lysis o.f N-2-me thylbutylph thalimide might Ll' ii:ola led by 

the quenching of the secondary ketone Type IT reaction Lo 

yield 36 . The glpc analysis of starting material disappear-

,v 

ance, however , showed Lhat an increase in the ctuenc!Pr con

centration resulted in an increase in the starling malcrial 

disappearance . In addition , le producl analysis showed for-

mation o.f a second product . J L w a s c1 i; s urn o d t h a t a n y t r i p l , L 

state formed in the photore ction of N-c1lkylplil:h,llimidc:; 

could not be quenched wilh diene because the dicne reacled 

wilh slarting malerial . Th- rC'aclion of the phLlial.i.mid,~u 

with dien s was inv sl i gated furl.her . 
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Photochemical _?_!_2 Addition Reacl ion 

to N-alkylphthalimide s 

IL was assumed in the previous section Lhat the new 

products observed in the tert-butyl and lsobulylpl1thalimide 

q u enching st udi es were formed by the reaclion or the diene 

with the starting material . Alkenes and dicnes have been 

shown to photochemically add to alkenes , carbonyls , and v rn 

t . d 126 
o ami es . The addition is u sually a 2 + ?. l'eaction yi.cld-

ing a cyclobutanc or other s ub sl i.Lut ed four-membered rings . 

The addition of an alkene to a ketone, Lhe Palorno-

Buchi reaction, yields an oxetane . 

hv 

+ X l-1 
The reaction also covers lntramolecular addiLions as shown 

127 
by Meinwald and Hamner . 

hv 

I b I 
12 8 

Substituted acrylamides were s1own y c,apman lo undergo 

l n Lr am o l cc u la r 2 f- 2 p ho l ore a c L i on s to y j cl d S -1 a c l ,1 m ,; . 

hV H)Ch 
Ph II 

+ 

2 . 5% 16% 

( ci:; c1nc.J. lr,.rn:; ) 
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Alkenes a nd isolated dienes were shown by Elad 129 ,1 3 0 to 

und ergo photoarnidation with for rn arnide . 

6 + 

hv 
CH

3
CONHCIJ Cl! CH R 

2 2 2 

rnujor 

+ R C ll ,.., C II ,.., C I I C O N H C I J 
/.. ,, 2 3 

minor 

Photoalkylation of 2-pyrrolidone is initiated by aceton 

which acts as a 
. . 131 

ensit1zer . 

H H 

H --,,'-: I I 
I a (CH

3
)

2
C=O ·Go Cr° + 

hv 

+ 

J 1 RCII=CH
2 

Ii 
H 

I 
I 
N 

RCH2Cll? o.,.C (_::r CH
2 

Cl/
2 

R 

It has thus h en s en Lhal the amide ,1nrl r,1rhonyl nlnnP 

are capable of undergoing photoreact ion with alk0n01,. TIH' 

interrnediale resonance slrucL·urc of lhe phi ha] imicl0 woulcl 
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be an iminol , and the photochemistry of this form should be 

analogous to that of imino ethers , which have been studied 

by a number of investigators . 

P d Wh . l 132 b 
aquette , Barton , an ipp e egan the slutly of?-

methoxyazabullvalene with the 6-lactam , which was converLed 

+ -

to the imino ether with (CH
3

)
3
o BF

4 
. The NMR of lhe elher 

on heating to 150° show d thal certajn peaks coalesced , which 

could only be rationalized via a combinaLion of two rap i d 

Cope rearrangemenls . P tt and K ,,.,ow 133 Ll . 
aque · e .L 1en slud.tC'cl Lhe 

p h o to c he mi s try o f t h i s flu c 1 u a t i n g s y s t cm w i t h l: he re' 1, u l L 

that no intramolecular 2 + 2 cycloaddi 1 ion was observ . cl w i Lh 

the imino ether double bond . 
134 

Paquette and Malpass and 

Paquette , d K 
135 . . d 

Malpass , an row 1nvcsl1gale the pholochcmi-

cal and thermal transformations of an imino eLller to yield 

a benzazabullvalene (3-methoxy-4-aza-6,7-benzolricyclo-

[ 3 . 3 . 2 . 0 l deca - 3 , 6 , 9-triene ). Sjmilar resulls were obt;ervcd 

in a photolysis of the S-laclam followed by Lr'ealmcnl of the 

products wilh Lrime1hyl oxonium fluoroboratc . 
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hV 

hv 

At this point , no additions to Lhe imino ether moiety 

had been observed . 
135 

Odum and Schmall showed L11al Lhe in-

tegrity of the imino ether was not disturbed in Lhc photo

reaction of the non-fluxional molecule shown . 

[I) 0 _hv 

'or:L 

OEt 

L37 l l . 

Koch and Brown , however, s1owoc 1n the follow1n8 conju-

gated imino elher thal allhour,h Jn mosl 0olventr, Llw com-

pound would not reacl , in certain solvent syslems or wjLJi 

a sensitizer inlramolecular addjtjon to Lhe imi110 cllier 

bond wo u ld occur . 
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silica 

gel 

>CP 

yYOr::t 

. \_ -;- CHO 

>C(i,o + 

q 
In the following r action , Koch , Gcig l, and Tsai

138 

showed that intramolecular insertion did not work in some 

cases . 

N~ 
OCH

3 

hv 
OCJI

3 

)\_ 
CII

3
0H \ :3 

sens 

~ / ~ 
DOCll3 µ-C 

'c11
2 3 

The quantum yields measur d showed Lhat formal ion of t Ii' 

azepine was not: dependenl on which senslLizcr' w<.1:-. used, Lut 

t h e d i me r i z a t i on an cl d e c o mp o !, i L i on q u c1 n t u m y i c l cl '.: d (' p <' n d e cl 

to a greal degree on wh Lher th 
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phenone or triphenylamine as a se n sit iz r. The reaclion 

shows that intramolecular addition to the double bond of 

the imin o et h er is not univ ersal but may depend on the sub-

stituents of the other double bond 
swell as the photo ly sis 

conditions . 

More recently , Koch, Olesen , and DeNiro
139 

investigated 

the p h otochemistry of the irnine shown , whi c h underwent photo

dimerization in isoprcpanol . 

-1 hV \-1113 ____ >-_0_2_0H 

Koch originally studied Lile compound due to the unusually 

low bond strength of the C-C bond in the dimer . 
Th(' mos ·t 

important concept shown is the photoreactivily of Lhc irninc. 

l'-10 
Koch and Rod0hors l irr•c1dic1t<'<l ?-ph<'llyl-2-ox<1Li 11- '1 -0 1w 

u n d c 1' v d 1' i_ o u c.; v o 11 d i. l i_ o 11 ~; • WI!<~ 11 L 11,' , ·nm p n II r 1 d w" : ; i 1 • , , , r .J i d L,' d 1 11 

glyme , the initial prod u ct wc1s an is cya n at , which rcdr-

ranged as shown on silica geJ . 

hV 
N=C=O 

v<h 
r; .i 1 i cu 

ge l 

Th e compound was, however, shown Lo underr,o 2 I- 2 ,·y
1

• 1 n.rdd i -

tion in high yield wh n alkcn<•S were present . 
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hv 

hV 

Ph 

It was determined by Howard and Koch
103 

that an analo

go u s isocyanate product was produced in the photolysis of 

2-ethoxypyrrol in- 5 - one . 

0 

0,)(/l 

I lOC' II 
? '> 

The in t: ere s t J. n this mo l cc u l c is th ,ll: .i. t c 1 o s c Ly re pr<' s e 11 l: r; 

1.he dipolar resonance form of a suhsl.itutcd phlhdi i_mi_ de . 

S·tudies on the photochemjsLry of 3-cthoxyisoindolc1H' .incl 

al k e n e s would e x a c t 1 y s how t h e p 11 o t o c It(' m i s l r y o r L h <~ d i po L1 r 

resonance form of the ph thal imidc wi Lh d l ken0:;. 

o f a l k e n 0 s we r e f; h o w n L o c1 cl ti L o 3 - l' L Ii o x y i_ . ; o i_ 11 ti o I t' n , ' b y d ') !· 2 

cycloaddition as well as by otil r mechanisms: 
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0 

N + 

.J-----1----11-C II 3 
Ci!

3 

I>! ,CI! ,.. 3 

, ---N 1 ~0-
51 

+ ,'---0---l.:~ 
OC' 11 '2 f) 

eaqj~:~;((J ) 
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ll 
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2
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0 

0 

~"/( 
hv 

N 

I 
+ ( 7 ) 

C2ll5 X --LOC21!5 

55 
r ; 

~ + 

53 
0 

rv 
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Th e ring expa n s ion products produced by acid hydrolysis of 

the 2 + 2 adduct are the benzazepinediones observed in the 

photolys i s of N- alkylphthalimides. 
The first three reac-

tions proceed via 2 + 2 cycloaddition exclusively , but the 

ring expans ion product from the photoaddition of furan and 

secondary hydroly sis wa s not observed because the inter-

mediate decomposed to starting material with l1eat. 
The lc1sl 

four reactions contained products not produced by 2 + 2 

cycloaddit ion. 
Isolation of ~3 in the reaction of N-methyl-

phthalimide with tetramethylethylene was unique and could 

only be explained by the following mechanism : 

+ 

closure 
-< 

hV 

l 

+ 
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j 

The process common to reactions (4)-(7) to yield ~O, 

and 55 
rv 

( on pages 215 to 216) was cal.led the " enc.' reaction " 

and is analogous to the secondary O-hydrogcn t:ransfcr ob

served in the photolysis of N-alkylphthalimidcs contdining 

a-hydrogens in acetonitrile. 

The presence of ~3 ga vc ins igli L Lo L he proc r's s oc c Ul' -

ring in the attempted quenching of N-c1lkylphthc1Li.midC's by 

indicating a de gre c of double bond c h<1rac t E'l" 1 n t: he CO-N 

bond . It was certain in th c quench in g s tu cl i cs th <1 t c1 pt' o d -

uct was being formed with the dicnP . A numbc.'r of c1Jkc•11cs 

were photoreacted with N-methylpht:halimide and phL'1<1Jimi.dc . 

N-methylphl:halimide was choi;cn due Lo t:he l.ack o[ Y-hyclro

gens necessary Lo form the ( lll)uzcpincdione pt'oducl ;, <1,,_ 

scribed earlier . 
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Reaction with furan and N-methylphthalimide failed 

to yield a product . Other alkenes such as cyclohexene , 

which did not undergo the " ene reaction " with 3-ethoxylsoindo-

lene , 
100 

had been observed by Kanaoka to add to the carbonyl 

in N-methylphthalimide by photoreduction. ( See page J11G) . 

Several alkenes , s u ch as trimethylcthylene and telramethyl

ethylene , with N-methylphthalimide produced too many prod-

ucts to be isolated and identified . The in Lermediate 

azacyclobutanol would be assu med to open re ·LroLransdnnularly 

to a 1 -m et hyl azepinedione analogous to the uzepinedlones 

observed earlier . For example , assuming only 2 + 2 cycle-

additio n, the photoreaction of cis 1 , 3-pentadiene with N

methylphthalimide would yield four inseparable products 

since there are two double bonds in the dienc. 

~N;~H3 
n\...-£:,H3 

H 
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(Th ere was no observed 2 + 2 addition of alkenes to phthali

mide with isobutylene and cyclohexene ). 

It was hoped that an intramolecular 2 + 2 photocyclo

addition would be produced in the photolysis of 2-propenyl

phthali mid e . 

Cir
2

CJJ 
-11 
Cll

2 

hv 

0 

After prolonged irradiation, however, no product formaLion 

was detected by analytical TLC or by NMR . Three alkenes 

were observed to add in a 2 + 2 fashion to N-methylphthali

mide giving one or two products . 

Photolysis of N-methylphthalimide and Isobutylene 

Irradiation of a chilled solution of N-mclliylpllll!ctli

mide and a large excess of isobuLylene in acelonitrilc for 

Lf hours yielded only one product by c1nalyticaJ TLC and NMR 

of the residue of the evaporated rc>action mixture. rol]ow

i n g is o L1 t j on by prep d rd t iv c 'I' LC c1 n cl p u t' i f i c c1 L ion I> y 

recrystallization, the mc1ss spec of Lhc product shoWL'd a 

parent ion at m+/e 217 , which indicated t.he isobulyl0ne had 

added . In the IR of th c prod u c t <l h s c n c e of a ban cl d l :3 I.!> 0 -

4000 cm-l indicated no amide or c1lcohoJ was pr0st'nL . Tll,, 
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NMR of the product showed three singlets of G, 3 , and 2 

hydro g e n s be s i de s t h e p he n y l s i g n al s , w h i c h w o u l cJ b e c o n : ; i c; -

tenl for eit h or 2 + 2 adducL, 56 or 57 . 
·v rv 

'i 7 

The chem i cal ~;hift: of t:l1r' t:wo-hycJrogcn si111_1;l0L wc1.::; 

grl'atcr than that for Lhe N-Cll
3 

group , which indicdterl Lhc' 

only product of the reaclion w,1:: SG . ThP appa 1• cnt: :reg.i.o,;r'-

1cctivr a1kcnc add iti on mak(!f, ,;ove:ral demands on Lhr p:rocc::,~ 

by which the product wa:; 1 ormPd . A 1 t h o u /_', l 1 s L t~ :r c o r; (' l c• l • l i v i L y 

co uld not be tested in Ll1is case , regiosclecLivily w i ll1oul. 

[, t er cos c> le c ti vi 1.. y implies a cl i r c1 cl .i. c cl J in L l' rm e d j d t: r' as i n -

VO k L' J I 11 L It<' '.2 t- '.) C y l' ] 0 cl cJ d _j l. LO 11 l O J - <' L It OX y i : ; U i Ill I U I 1' 111' • T ll :r l 'o 

hc1d previously observecJ t.Ji,, mc'c!t.in.i.sm in l lie' pl1ol Oc'it<·m i.,·,1 I 

addi.tion of olefins 

addition of aromat i c 

I 'I l 
Lo kl' tones c1ncJ Lhc' pholoch<'lll i cc1 l 

t o rn u l L i. p I (' On 

baJis of t:hL' r1bovC' .informat.i.on Ll1c fol Lowing mc'ci1d11i.~111 w,u; 

r r op o s e d for ·t: h <' p li o L o c hem i c d J ,i cl cl i L i on o f L: o Ii u t y l , , 11" I n 

N-m cthylphlhalirnicle . 
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hv 

5 (i 
CV 

Photolysis of N-m et hylphthalimid e and 1,3-butadicnc 

Irradiation of a chilled sol ution of N-methylphthali

mide and a large excess of 1 , 3 -but adi ene in c1cc'to11iLi>iLe 

yielded two products . Addition of butadiene, if it proceeds 

through the sa me mechanis m earlier proposed for l,3-pentc1-

diene and isobutylene, would yield only Lwo products, where 

l,3-p e ntadi ene would yield four possible products . The 

prod u cts of this reaction would then show the course follow

ed by the atte mpted quenching reaction . 

The products were not equc.1lly produced in the reaclion . 

The relative amounts of Lhe two products in L11c cvc1poPaLL·d 

residue of the reaction mixture were analyzed by NMR . The 

product ratio was 2 :1 when the irradiation wc.1s co ndu cted 

througl1 a Corex filter and 4:1 with quarLz-filL0rcd Jight . 

The mo.jar product was isolated by prcparc1tivc TLC ancl pur i -
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fied by recrystallization . Mass spec of the product had a 

parent ion at m+/ e 215, which indicat ed that the 1,3-buta-

diene had added . The IR of the products wa s analogous to 

that observed for 56 . Th e NMR of the prod uct showed a 
rv 

doublet at 1.9-2.lcS as an allyl signal adjacent to one hy-

drogen . 

addition : 

58 
rv 

60 

There are four possible products of the 2 -,- 2 cyclo-

0 Cl! 
3 

0 

0 
/CH 3 

-I 

0 61 
0 

rv 

Besides the N-methyl singlet al 3 .1- 3 . 2 cS c.1 [,econd sinr., l cL 

of Lwo hydrogens at 4 . 2cS indicates that 58 and 59 arc more 
rv 

likely . The che mi cal shifts expected for mcthyle11 ilydro

g e n s i u G o a 11 d 6 l a s a c o m b i 11 a t ion o f a L o a k e to n C' a 11 d 

allylic would b'-' much less Lhan the ol>servcd sh _i_[ L. The 

vinyl quartet had a chemical shift of 6 . CJ-7 . 30 in the mc1jor 

product and 6 . 2-6 . 7cS in the minor product . In s Lruc Lure !~~ 

the che mi c a 1 s 11 i ft of t h c vi n y J s i g 11 a J w o u l J b <' ll i g h c> r L 11 cl n 

in 59 . 
rv 

Th final products may aris0 via secondary 
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photoconjugation with the ketone . Steric consideraLions 

would make 58 more favorable than 59 . 
Thus, the major prod-

uct of t he react i on is ~8 , and the minor product , 59 . The 

products must arise via the following mechanism: 

~ major 
0 Ii 

hv 

f 

minor 

hv 

+-

h
. d N . 14 3 · r · d 

More recent work by Mazzocc 1 an arain V('r'L ·ie 
t: he 

above mechanism in t:he irradiaLion of isopren • and N-meLhyl-

phthalimidc . 
Du<> t o t h c me L 11 y l gr o up on L h c ~1 e v c n - m <) m b c red 

ring , the double bond cannot· phoLoconjup,alc' . 
Tile compound 

with the unconjugaLcd double bond was i solated , ai; well c1:; 

the conj u gated product: from photoaddiLion to the ot·her 

double bond. 
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Photolysis of N-m_cthylphthalimic1e and I:Lllyl Vinyl f,ther 

Irradiation of N-methylphthalimide and exc•ss Lhyl vinyl 

ether in acetonilrile yielded two producls , wl1ich were iso-

lated by preparative TLC . Th e prod u c L , an a logo u s t o !Li , w a s 

purified by recrystallization . 

ed a parent ion with m+/e 189 . 

Mass soec of the product show

The IR was analogous Lo~~ -

The NMR showed two multiplets at 36 and 3 . G6 , which corre-

spond to the signals in D · I:vid nee of an e tl1oxy pat l ern 

was conspicuously absent . 
The secondary Type II ketone rc~c-

tion was possible as shown and accounts for one of the prod-

ucts , 3 , 4-benzo-6 , 7-dihydro-l-methylazepino-2,~-dione, G2 . 
~ 

() 

ltv rc5J:;+/c113 
-C!J 3 

N-

J .I 
0 n 

) 
-o 1, 

0 
0 

\ ✓ c11 3 
\\__ /(' 113 

r~ll3 ) 
hV rnr/ \ 

Typo 11 ,O,y 
r o 'a 

0 1,-h11c11
3 

Ol'll'.>l'll:3 

G2 
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The other product was considerably more difficult to 

isolate and identify . Repeated preparative TLC s]1owed con-

tamination with starting material . Mass spec of the prod-

uct showed a small amount of starting material (m +/e 161) 

and a parent ion for the product at m+/e 159 . The IR showed 

no amides or alcohol bands , and lhe NMR was quite simple . 

Besides the phenyl and N-CH
3 

singlet there were a pc1ir of 

doublets in the vinyl region corresponding to one hydrogen 

each . The doublets were shown to be coupled in a decoupling 

experiment , and the coupling constant of 2l!z was indicalive 

of gem in a l co u p l in g j n a t ('rm i n a l m C' t· h y 1 c 11 , , g I' o u p . 0 n L h C' 

bas is of s p e ctr al data the structure of 6,J , 3 - met h y J en e - 2 -

methyl-2-azaindanone, was assigned . 

Generai_ion of the indanone could only be explc1incd by dirccl 

addition to the carbonyl, a Paterno-Buchi reaclion . Suell 

100 

a re a c t i o n h ad n o t. b e en ob s e r v e d by Ka n c1 o k a . T Ji c f o l .L o w -

in g me ch a 11 i s m would e x p la j n l: he [or m ,1 L i on o L l h c .i n d cl n o n t' : 
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0 

227 

Th reverse reaction to N-methylphthalimide i s probably im

portant, but because no product is seen , it is not detecled. 

(Th e odor of triethylorthoformate was pr,sent in the reac-

tion mixture . ) 
This is the only observed case of a Palerno-

Buchi r action in the photochemistry of N-alkyLµhthulimldes 

and shows that the carbonyl also reLains som~ doubl• bond 

character . 

The general mechanism proposed for the pho toclwmical 

addition of certain alkenes and dienes to N-methylphthali-

mide involves the dipolar resonance sLructure . 
Th' alkl'Ill' 

or diene adds to the dipo.Lc via a non-concertc>d <1i1'.1di,,.1l, 

which promotes the regioselcctiviLy . 
Closure of tile dlradi-

cal to the unstable azacyclobuLanoL is followed by ring ex

pansion to the azcplnedioncs as shown . 
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0 ln> 

0 N-CH3 Rl)I' 
R3 ~Li 

Pho to conj u g a L ion w i l l occur , w h 0. n poss i l.J 1 e , j f d i P n <' s 

1rP added . Secondary Typ II ketone processes wi 11 ulso 

occur when possible . Addition to LhP. carbonyl mcJy also 

occur . 
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§ 4 . CONCLUSIONS 

The products isolated in the photolysis of N-alkyl-

phth 1
. "d h "d . f . db 

84 

a 1m1 es were t ose 1 e nti 1e y Kanaoka . The Typ 

II reaction proposed by Kanaoka was not as effic i enL 

Type II reactions in aldehydes , kelones , and esters . 

magnitude of the quantum yield at 0 . 023 (·tert-butyl) 

as 

The 

was 

very low for several reasons . 
The high efficienci s of Lh 

reactions allowed determinatjon of these low quantum yields . 

Reversible Typ e I reactions would be q u antum wasting . In 

addition , the usual fluorescence and phosphor scencc would 

account for the quantum wasling . 

Irradiation of a phthalimide optically act iv e in the 

y - position showed that Lhe in i tial hydrogen abstracLion wils 

not reversible in tert-butanol (tl1 e solvent for the quan-

tum yield determination) . 
This process would have been a 

well documented quantum waster . 

. f k l . . d Sli 

Kanaoka , in his sludy o · al ylpht 1al1mJ. es 
and rigid 

cyclic imides, 73 asserted thal the rjgid g omelry and Lhe 

IT-overlap with the addjLional carbonyl were responsible 

for their Type II reacLivity . 
Phololys i s of non-rigid N,N-

dibenzoylisobulylaminc showed Lh _i !3 to be the cd~;r . 

Kanaoka asserts 
hal phlhalimicle Type lI rc<1cl i vity 

is determined by Lhe sLaliiljty of the inL ermedic1Le di.rt1di-

cal withoul measuring the quc1nlum yield:; . 
The re Lc1 l i Ve' 

quanlum yields ind_icate thal Lhis approach i~; ovorsimpli-

fied . 
Ster i c hindrance may pre v c n L t h c i n L f' I'm t' d i c1 t <' c I o -
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sure of the tertiary diradical to an azacyclobutanol. 

Additional evidence sho ws that the excited stale may 

be dipolar in nature. ~ttempted quenching of tert-butyl

phthalimide and isobutylphthalimide triplet states showed 

decreased Typ e II producl formation and increased star~ing 

mat eria l disappearance with increased quencher concentra-

tions . IL was de~ermined that 1,3-butadiene, isobulylene, 

and ethyl vinyl ether would add Lo N-melhylphll1alimid by 

a variety of 2 + 2 cycloaddi tions. 
The additions were shown 

to be regioselective, which implies a diradical inLermediate . 

The alkene addition is due to the dipolar character of the 

phthalimide and proceeds via diradical, closure to an aza

cyclobutanol, and retrotransannular ring opening to yield 

s ub s·tituted 3, 4-benzo-6, 7-dihydro-l-methyL12<,p i.1H' -? , !.i-

diones . 
The intermediate diradical and unstable azacyclo-

butanol can only be shown as dipolar structures . 
Photo-

conjugation a nd s condary keLone Type II reaction occur 

when possible . 
In addition , we isolated in impure form 

the first evidence of a Paterno-Buehl reacLion in pht.liaJ.i

mides . 




