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ABSTRACT

Title of Dissertation: The Photochemistry of Amides and
Phthalimides

Michael William Bowen, Doctor of Philosophy, 1977

Dissertation directed by: Dr. Paul H. Mazzocchi
Associate Professor of

Organic Chemistry

N-Alkyl amides undergo photodecomposition much slower

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

Type 11 process in amides is also less important than in

+hese 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%.
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 acetamides, alkenes, and

unsubstituted amides. The preferred peaction mode was the

¥oppish Type I process where the OZC%—N bond or the O:C_Pc

bond was cleaved to yield either an acyl radical and amine

radical or an acyl radical and alkyl radical. These photo-

chemically unstable radicals, once produced, rapidly under-

d smaller molecules. These

went secondary reactions to yiel

molecules were detected, underwent further reactions (poly-

or interacted with the solvent.

merization; photoreduction),

ane and cyclohexane, created via hy-

The dimers of diox

drogen abstraction, were t+he 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 dioxanes and cyclo-
hexanes and the two diastereomers of (Q—p—dioxyl) ethanol

as other major products. The alcohols were also produced

by photoreduction of acetaldehyde and hexanal as well as

by direct photodecomposition of dioxane.

Tertiary amides reacted faster than secondary amides.
The Type I reaction was accelerated by electronic (inductive)
factors. The Type II reaction was also more efficient due
to geometric and electronic factors. The Type I amine prod-
uct, dihexylamine, was observed as an intermediate in the
photodecomposition of N,N-dihexylhexanoamide.

Unsymmetrical anilide imides photodecomposed in dioxane
to yield a wide variety of products. The Photo-Fries decom-
position mode was most favored where acyl groups migrated to
positions ortho and para to the amine substituent. For ex-
ample, N-acetyl-butyranilide decomposed to yield o- and p-
acetoaniline, o- and p-butyraniline, o- and p-acetobutyrani-

lide, and o- and p-butyracetanilide. Very little Type IT

decomposition was observed, that is, N-acetyl-butyranilide
yielding N,N-diacetylaniline or o- and p-acetoacetanilide.
N-Alkylphthalimides were the sole group of amides or

imides reported in the literature to undergo efficient y-

hydrogen abstraction. These compounds underwent initial

Y-hydrogen abstraction to yield a l,4-biradical followed by

ring closure to form an azacyclobutanol intermediate. The



intermediate then underwent petrotransannular ring opening
to yield various 3,4-benzo-6,7-dihydro(1H)azepine-2,5-diones.
Dihydrophthalimide alkenes were minor products in acetoni-

tprile which arose after the initial Y-hydrogen abstraction

via subsequent &-hydrogen transfer.
Quantum yield determination as well as mechanistic

investigation was conducted. The quantum yilelds varied

from 0.023 to 0.003. Photolysis of an optically active
phthalimide with an asymmetric y-position to yield start-

ing material of the same activity proved that the initial

hydrogen abstraction was ipreversible. A Type I cleavage

to yield phthalic anhydride on treatment with silica gel

and heat was important when the Y-position was tertiary.

A quenching study of these N-alkylphthalimides with

piperylene showed acceleration of starting material dis-

appearance but decrease in product formation. An additional

peaction 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-Methylphthalimide, which could not ring expand, was

ippadiated with various alkenes to produce analogous N-

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

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

polar azacyclobutane intermediate. The intermediate with

a retrotransannular ring opening yielded the observed 3,4-

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



tions prove that the C-N bond in phthalimide is of a sub-

stantial double bond character.
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PART 1

Photochemistry of Amides



§1. INTRODUCTION
Considerable interest has been shown in the design and

synthesis of photo- and biodegradable polymers. Nylon, which

contains amide linkages, was selected for investigation be-

cause of its similarity to compounds occurring in living

systems. I+ was believed that this similarity might be used

to our advantage for preparation of a biodegradable polymer,

Guilletl demonstrated that polymers of olefins with

side chain carbonyl groups quite efficiently underwent a

photochemical cleavage which severed the "backbone" of the

polymer and thereby peduced the molecular weight. These lower

molecular weight products could be isolated and tested for

degradability. The photochemistry of these products could
also be studied.

The photochemical decomposition of amides was documented

but not extensively studied. Cleavage similar to that reported

7 . L2
for the polyolefin reactlon was proposed by Norrish™ for the

decomposition of amides, and it was assumed that the basic

monomer units of a polymer would degrade by the same mechanism

as the polymer itself. Different N-alkylamides would be

used as models, and their study could be applied to the de-

sign of more complex amides and hence to polymers. In order

for a monomer to be useful in a polymer design, that monomer

must readily photodegrade.

Previous work in our research group indicated that prior

work on amide photochemistry might be in error. N-alkylamides

did not decompose as readily as expected, based on earlier

A_ Q



information. Recent work in the literature, by other
investigators, has substantiated these observations.

The photochemistry of various N-alkylamides was
investigated under the conditions reported by the previous
researchers. Various inconsistencies concerning amide

reactivity and the mechanism of these reactions were recon-

ciled in this study.



§2. HISTORICAL

Previous work on the photochemistry of amides was
mostly based on the experiments of Booth and Norrish.
Norrish believed the primary decomposition processes were
similar to the Type I and Type II processes in ketones and

aldehydes shown below:

0 0
f v hv ',1
. . 1
RCHQCHQCHQCR SRR S RCHQCHQCH2v + R
Type I
ﬁ hv ﬁ
1 . .
RCH20H2CH2CR — RCH20H2CH2 + CR"
hv ﬁ
i e IT RCH.CH CH_CR'" ——> RCH= 1
yPp 9 9 2 CH2 + CH3CR

Their work was done with unsubstituted amides, aceta-
mide, proprionamide, butyramide, valeramide, and hexanoamide.
These reactions were conducted in dioxane or in hydrocarbon

solvents. Dioxane was used as a solvent because it was supe-

rior to hexane for dissolving amides and because it was a

better hydrogen source for any radicals produced. The irradi-

ations were conducted under vacuum with a 400 Watt mercury

lamp at room temperature.
The photodecomposition of hexanoamide, valeramide,

butyramide, and acetamide, followed by removal of the gas

fraction at liquid nitrogen temperature, yielded hydrogen and

carbon monoxide. The relative amounts of these products



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 yielded
propene, and hexanoamide yielded l-butene. In contrast,
proprionamide yielded ethylene as the unsaturation product.
Ethylene was an unlikely product 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:

a hv

Il
CH, CH,CH,CNH, — CH,CH,CH)NH, + CO Type I

Primary processes

0 0
I hv
— CH =CH, + C ; ‘
CHSCHQCHQCNH2 5 5 HSCNH2 Type ITI
Secondary procesSses
hv
- i . .
CHBCHQCHQNH2 CH3CH2CH2NH + H
ﬁ hv
—— +
CH3CNH2 CH3NH2 CoE Type I



hv

CHBNHQ——+ CH3NH + He

He + solvent—> 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.
Type I and Type II processes were also proposed for the amines.

(Naturally the secondary processes for amides would be those

discovered for amines.) It must be pointed out that propyl-

amine (the product of carbon monoxide extrusion) was not

positively identified as a product in the photodecomposi-

tion of butyramide. Chemical 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 radicals,which either abstract hydrogen to

give aldehydes or combine to yield «a,B-diketones as shown

below:
0] 0
TR I
CH CHQCHQCNH2—~+ CH3CH2CH2C' + *NH, (Type I-ketone type)
0 0

[l
/F'“\O — CP{ CH CH CH + O \O (abstraction)

[l /-
CH,CH,CH,C* + O\*v/ 9 \

0 0 0

l [ Il
. c* -+ CH,C -
CHBCHQCHQC + CH,CH,CH, 4CH,CH,C ﬁCHQCHQCH3



When neither aldehydes nor diketones were detected,

this Type I process was discounted as a decomposition mode

where no Type II process was possible. If the Type I ketone

process were significant, then the following scheme would

be operative:

0 0]
Il |
CH3CNH2——+ 'CH3 + °CNH2 (Type I ketone)

Several conclusions which have affected subsequent work
and understanding of amide photochemistry,were made by Booth

and Norrish. The 1light absorbing moiety was shown to be

ﬁ—NH rather than the carbonyl or amine function independently.

The decomposition mechanism was similar to aldehydes and ke-

tones. Scission next to the carbonyl in the ketone Type I

reaction was discounted due to the absence of aldehydes and
o ,B-diketones,which were not detected in chemical tests.

They concluded that the important pathway was the Type II

process which yielded alkenes and acetamide. Secondary pro-

cesses and aldehyde Type I processes accounted for carbon

monoxide and hydrogen production as well as the presence of the

primary amines.

- . -
Spall and Steacie 1investigated the photodecomposition

of acetamide at elevated temperatures. Their results par-

tially agreed with those of Booth and Norrish but differed
on some major points. The major components of acetamide de-

composition were acetonitrile, water, carbon monoxide, methane,

processes which lead

ethane, and ammonia. The mechanistic



to these products are shown below:

0
h\) “
CH.C === CH_® % o
H3”NH2 3 NH2
0
hy
PR <% O
CH35NH2 CH3CN + H2
0

e + — CH, + *CH,CNH
CH3 CHSﬁNHQ L 2 2
0 0

thermal
————— CH,.CN + H,O
(CHaﬁNHQ CH,4 5 )

0

0
Il
. . —— CH, + HNC
CHg* + CNH,, u HNCO

o . — H_C
CHS + CH3 c 3 H3

hv
'CNH2 ey G0 -k ‘NH2

I thermal
» CO + °*NH
2 2

0 0
> NH, + <CH QNH
3 2 2

0 0
|

[l I
Re + -CNH2—~—+ R—CNH2



NH,.* + Re— RNH

0
Il hv
(CH3C"_—+'CH3 + CO)

thermal
(CH3C~ ——— O # 'CH3)

The first two reactions in the scheme were designated

as the primary processes. It was determined that the for-

mation of acetonitrile and water, however, occurred without
ippradiation under similar conditions. The other primary re-
action was the Type I of Booth and Norrish. The hydrogens
on nitrogen were replaced with deuterium in order to deter-

mine which hydrogens were abstracted by the methyl radicals.

The methane produced was analyzed by mass spectroscopy, and

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

that the o-hydrogens rather than nitrogen hydrogens were

being abstracted.

Steacie did not overlook the fact that ammonia, carbon

monoxide, and methane could have been produced by initial

C-N bond cleavage to form an acetyl and an amine radical as

shown below:

0 0
L
CHSCNH2 3 + NH2

0]

ll
¢ —> + C
CH3C co H3



8 0
I
.+ + —~—— CH + +C
CH3 CHBCNH2 i H2CNH2

CH3° + -CH3-—~+ CHBCH3

Although it was not conclusively shown that C-N bond
cleavage did not occur, it was assumed that C-C Dbond cleavage
would occur for the following reasons.

If C-N bond cleavage occurred, the ratic of (2 x ethane
+ methane)/CO should be one or less because the acetyl radi-

cal would decompose efficiently thermally as shown above.

0
bond cleavage would yield CH,_ - and -ENH . If the

E=L 3 2

second radical did not always decompose spontaneously, the

numerator of the expression (methane + 2Xethane) would be

larger than the denominator (CO).  This condition was ob-
served.
Secondly, when bond energies are considered, a C-C

bond scission is favored over C-N. The bond dissociation

energies are 75 Kcal/mole and 94 Kcal/mole respectively,

a2 difference of 19 Kcal/mole. (Although C-C bond cleavage

is favored, other factors such as radical stability in the tran-

sition state lower the C-N bond energy and favor this

cleavage.)

Thirdly, change to shorter wavelength irradiation

favored production of carbon monoxide over methane and ethane.

If the assumption is made that excess energy is divided be-
0
M

tween the two incipient radicals according to mass, the +CNH,

*Methane + 2xethane = methyl radicals produced because two
methyl padicals are used for each molecule of ethane.
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radical would possess 28 Kcal/mole at 2537Z and 37 Kcal/
(o)
mole at 2300A. The calculated bond dissociation energy of
-th - - » A
e radical to yield CO and NH2 1s on the order of 35 Kcal/

mole or approximately the excess energy available. The

probability of spontaneous decomposition for *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 observed. The same con-

ditions would be true for CHsﬁ- as an intermediate.
()

No Type II reactions were possible for acetamide, but
Spall and Steacie did reaffirm the Type I reaction of the
It was significant, however, that no methyl-

ketone type.

amine, the product of Booth and Norrish's Type I aldehyde
process, was detected.

Further evidence for the Type I (ketone) reaction in
amides was reported by Rideal and Mitchells. Irradiation
at 2350—25002 of a uniform monolayer of stearanilide 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-benzylstearamide and

N-B-phenylethylstearamide according to Carpenter6 photo-
degrade similarly to yield stearic acid and benzylamine and

B-phenylethylamine respectively. These amides, however,

also contained other chromophores.

The next step in the elucidation of the photodegradive

mechanism of amides, and the first significant investigation
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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.

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

oxidation occurred very slowly as evidenced by the low con-

sumption of oxygen. Ippadiation at, §0°C for K 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,M—dinitrophenylhydrazone derivatives. The only positively
identified gaseous products were CO and COQA

ﬁ hv ﬁ ﬁ
CH3CH2CH2CHQCH2CNH(CH2)HCHS—? CH,(CH,), COH + CH, (CH,) ,COH

2
major major
e B
0 ? 0
+ CHaCHQQOH + CHSE—OH + CH3(CH2)3gH
minor minor major

f Il
CH,CHL,CH +
+ CHSCHQCHQCH o g“ty CH3CH

minor minor

3 £ H

~

minor
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i
l
- CH
+ CO + 002 3(CHz)uCNH2
major
z ) K

~o

. 1y
In order to determine the mechanism three (¢ labelled

amides were used. The relative radioactivities of the prod-

ucts were measured, and the results are shown below:

0 hv
I 14 . 2 o
— % A (inactive) + B (88%) +
CH3(CH2)3CH2CNHC H2(0H2)3CH3 A e ®
2 £ (96%) + F (inactive) +
G (inactive) + 0 (7%) +
by (20%) + J (41%) + K (9%)
ﬁ hv
I A (85%) + B (inacti +
CH, (CH,) CH € NHCH, (CH,) g C= & (082 + B (laactiva)
2 E (inactive) + £ (inactive) +
E (inactive) + R (inactive) +
I (inactive) + J (18%)
I e
1y — A (98%) + B (7%) + E (6%) +
CH,(CH, ) C" 'H,CNHCH,(CHy)gCHy— 4 t) + B (7%) # E (6%)
3 278 02

F (inactive) + E (inactive) +

~

quantities of H, I, and J(nil).

sharkey's evidence from the previous experiments indi-

ted that the hydrogens on the carbon adjacent to nitrogen
cate

active in photooxidation- In order to further test
were

ion a i i i ey the sta-
. geries of amides was studied where
this conclusi

bilit f the radicals formed or the number of abstractible
ility ©
hyd s was varied. The efficiencies of the reactions were
ydrogen

ed by the quantities of oxygen consumed and the acid
measur
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titers of the individ i i
ual reactilon mixtures T
. ert-amyl hex-
anoamide consumed no oxygen, as expected, since there were

no hydrogens on the carbon adjacent to nitrogen. Multiple

substitution on the carbon 0o to the carbonyl (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 o 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:

0
by

I
RCNHCH R' ——# RC* %

o '
5 NHCHQR

¢ .0
l .
RGe < RCNHCHQR'———* RCH + RCNHCHR'

0 0
JIiL g

I
R'CHQNHo + RCNHCH?R' > R'CHQNH2 + RCNHCHR'

0 0 0O 0-0°¢
- & 2l
RONHGHR' —> RCNHCHR?
¢ o g o
RCNHCHR' + RCNHCH,R' RCNHCHR' + RgNHéHR'
0o 0-0H 0O O-

I [
RONHCHR'—> +OH + RCNHCHR!
0 0
I

[ .
RCNHCHQR' + «OH — HQO + RCNHCHR'
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oo i g i
| .
RCNHCHR' + RCNHCHQR'-——+ RCNHCHR' + RCNHCHR'

v i i
RCNHCHR' —> RCNH, + R'CH
Il Il
R'CH + 0,—* R'COH
0
Il Il
RGH + Uy=—* REGH

0 0
[l hv [l
(One assumes RCNH2 —> RC=* + 'NHQ etc.)

No direct evidence for Type I (ketone) reaction was

found since neither hexanal nor pentylamine was isolated.

Both, however, may have been formed but further oxidized

to hexanoic acid, valeraldehyde, or wvaleric acid. The

initial 10g N—pentylhexanoamide yielded 260 mg (<4%)

hexanoamide,which was equivalent to the sum of valeric acid

and valeraldehyde produced.

8 -
Lock and Sagar showed that various N-alkylamides

autooxidized thermally, catalytically, or photochemically

to yield products not previously reported by Sharkey and

Mochel7, The major products reported were N-acylamides

(In addition

For example, the major product of N-propylproprionamide was

N—proprionoylproprionamide. The reaction scheme should be

pevised to show:

N-formylamides were formed in thermal reactions).
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@ 3410
RQNHgR'
0 e
/h 0

Il
RCNH2 + R'CH

Moore9 investigated the photodecomposition of poly-

amides and found that, following irradiation, nylon showed

a loss of tensile strength and color. Products were analyzed

following hydrolysis of the polymer. For example, when

Nylon 66 was photodegraded and hydrolyzed, besides the ex-

pected adipic acid and hexane diamine, carbon monoxide, car-

bon dioxide, pentylamine, pentanoic acid and acetic acid

were produced. The reaction was essentially a photooxidation

at long wavelengths, but at shorter wavelengths other re-

actions not requiring oxygen took precedence. On the basis of

the isolated products, the following mechanistic scheme was

proposed:
~COCH,_, + CH_,=CH
Type L4 3 2 CH?TO

—> ~NHCH_CH 3
. HC 2C 2CHQC‘HQCHQCHQNH

5 H_CH,CO
COCH,CH,CH, 2

H, CH,NH
~NHCH,CH,CH CH,CH,CH,

NCOCHQCH CHQCH Co +

2 2

E————— S Y
"y NHCHQCHQCHQCHQCH2CH2NH

Type I

. Type I
GOl ———=2 L0 'CHQCH

CH,.CH,CO~
2 hv 22

COCH,CH,CH, 5 5

O~ + X —> CH3CH CH,CH,CO~ + °*X

'CHQCHQCHQCHQC ) 2 2

The oxidative process, however, was described differently:
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oQ,X‘
“CO(CHQ)MCONH—CHQ —_— f@O(CHz)uCONHCH + XH
hv
NH(CH2)5 (CH2)5
e
”CO(CHQ)uCONHCH ——g——+ ”CO(CHz)uCONHCH
?)
~ ~NH-(C
NH(CH2)5 ( H2)5
0-0-+ X

I
NCO(CHQ)MCONHCH T T NCO(CHQ)HUOHCH—O—OH

NNH(CHQ)5 NNH—(CH2)5

H
NCO(CHQ)HCONHéOOH ——> ~CO(CH,) CONHCHO* + +OH

NNH—(CHQ)S NNH(CHQ)S
Path 1
~CO(CH,.) CONHCH-O- — ~CO(CH,), CONHCO + XH
21 5o 2 2l
~NH(CH2)5 mNH—(CH2)5
Path 2

ey mco(CHQ)uCONHCHO +

”NHCHQCHQCHQCHQCHQ

Path 3
—_— X o+ NCO(CHQ) CONHCH-O0H
XH 4

~NH- ( H?)5



e M RS s e S et N S B T T o i AR AT AN LANGT LLELELLTLT

1.7

~CO(C ~ ——> ~CO(CH,),CONH, + ~
CO(CH, ), CONHCH-OH CO(CH,), H, NH(CH, ), CH,CHO

NNH(CHQ)5

XH

. . ~ C C
NNHCHQCHQCHQCHQCHQ — X+ + ~NH( H2)u H3

In order to better elucidate the mechanism of polyamide

photodecomposition, Moore also investigated the decomposition

of simple N-alkylamides. Most irradiations were conducted

on neat solutions at elevated temperature (40°C) in oxygen

flow systems. For example, when N-hexylhexanoamide, N-

butyloctanoamide and N-heptylhexanoamide were irradiated

neat in the presence of oxygen, the following products were

isolated:

hv
[ =
CH3(CH2)4CNH(CH2)5CH3'—g* CH2 CH(CH2)20H3 + CHs(CHQ)SCHB +
2
CHS(CHQ)BCHQCHO + CH3(CH2)4COOH +
(major)
CH3(0H2)3COOH + CH3(CH2)QCOOH +
CH3CH2COOH + CH3COOH + co2 +
CH3(CH2)HCONH2
i hy .
CHB(CHQ)BCNH(CH2)3CH3‘z;* H,0 + CO, + CO + CHg(CHQ)SCHa (major) +
5

: CH, +
CH3(CH2)HCH3 5 CH3(CH2)3 3

CH2=CH(CH2)4CH3 + CH2=CH(CH2)3CH3 +
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LHQiCH(LHQ)uCH
(major)
CHS(CHQ)GCOOH (major) +

+ GH_ € B :
3 (‘HS(,II?(‘HQCHO +

0
CH3(CH2)QC OH + CHSCHQCOOH iz

CH3COOH * CH3(CH2 )6CONH

2
hv
CHg(CHz)uCONH(CH2)6CH3_+O HQO + 002 + CH3(CHQ)]+CH3 (major) +
2

+ CH_.(CH
CH3(CH2)3CH3 3( 2)2CH3 +

+ CH2=CH(CH2)?CH +

3

CHQZCH(CHQ)BCH3

(major)

CH3(CH2)5CHO + CH3(CH2)5COOH 4
CH3(CH2)HCOOH (hydrolysis) +

CH3COOH (hydrolysis) + CHS(CHQ)HCONH2

Oon the basis of these products the following mechanistic

scheme was proposed for the photooxidation, analogous to that
of Spall and Steacie:

RCONHCH,R' + X+ — XH + RCONHCHR'

o
RCONHCHR' + 0, — RCONHCHR'
O_Oo O"‘OH

|
RCONHCHR' + XH ——— RCONHCHR' + X

0-0H ?-
> «0H + RCONHCHR'

RCONHCHR'
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1
7,RCONHCOR + XH

~

1::::/; RCONHCHOHR

<i::::? RCONH, + OHCR!
RCONH,CHO + *R"

2

(’)'
RCONHCHR'

Again, as with Sharkey and Sagar, the primary reactive site

was the methylene group o to nitrogen. The mechanistic

routes to isolated products could be easily drawn fop both

the simple amides and polyamides.

Moore also irradiated N-butyloctanoamide under nitrogen’

in vacuum, and in cyclohexane solvent. N—heptylhexanoamide

was irradiated neat in vacuum. The products isolated are

shown below:
- CH3(CH2)5CH3 0 CH2=CH(CH2)3CH3

N flow
) + CH3(CH2)6COOH

hv
CH_(CH.)_CH_ + CH =CH(CH.) CH_ +
CH,(CH,), CONH(CH,)CH r CHg(LH, X 2 :
3( 276 2°3° 3 vacuo . =5
CH2=CH(CH2)3CH3 (major) +
CH_ =CH(CH =
5 ( 2)QCH3 + CH2 CHCHQCHs
4+ i@ !
H3(LH2)6COOH
hv

—> No alkenes

Cyclohexane
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hv

-+ CH_(C
3( Hg)ch
vacuo

+ CH =CH
) (CHQ)QCHg

CHS(CHQ)MCONH(CHQ)GCH3 ,

+ CH3(CH2)4COOH (with and without
hydrolysis) + CHSCOOH (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—CH2 bond was assumed to be the

weaker because the CO-N would be strengthened by resonance

energy from the amide linkage. These bond energies were

measured for homolytic splitting to free radicals where intra-

molecular scission would alter the relative bond energies.

Mazzocchi and Thomas found that application of ground state

bond energies toO excited state reactions is often incorrect.

For example, in the photolysis of N-alkylpyrrolidinones, despite

higher bond energy in the ground state, the important amide

cO-N rather than CHQ—CO or N-CH,. On the

cleavage 1is ,

basis of the relative ground state bond energies and the

products obtained, Moore proposed the following mechanistic

scheme for non-oxidative photodecomposition of amides,which

has many steps in common with those in the scheme of Booth

and Norrish:

hv
Rt—> RCH CHQCH CO + °*NHCH CHQR'

: - CH
(1) chanCHQ CONHCH,CH, . , ,

. hv .
e Y
(2) RCHQCHQCHQCO RCHQCHQC 9 + CO
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: + RCH_C CH_CH=
(3) RCH,CH,CH, CH, CH, CH, > RCH, CH, + RCH,CH,CH_

(u) RCHQCHQCH + XH

X.
5 > RCHQCH CH,, '#F

2 3

: . X i + X
(5) R CHQCH2NH + XH > R CHQCHQNH2

or

(6) R'CH,CH NH > polymer (2)

2

0

[l hv
"H_CNHCH
(7) RCHQCHQCHQFN

5 ' gl 1
CH,R'-—— CO + RCH,CH,CH,NHCH,CH,R

2
0

Ha
. |l
» RCH CHQCNH ¢ CHQCHQR

hy
|

] ) 1
(8) RCHQCHQCHQCNHCHQCHQR 5

(9) RCH CHQCHQCoﬁH + XH —> RCH + X

g CHQCH CONH

2 2 2

v c 'CH, CH — R’ 'CH=
(10) R'CH,CH, + R'CH,CH, > R'CH,CH, + R'CH= CH,

(11) R'CH.CH,. + XH ——— R'CH,CH, + X-

Type II
(12) RCHQCHQCH?CONHCH CH,R'" ——— RCH.CH CHQCONHQ +

22 by 2° 7 2

= 1
CH2 CHCHQR

0

H,.CH_R!
(13) RCHQCHQCHQCNHCHQ 9

———*  RCH = ¢l
hy 5 + CH3CONHCH2

. ;
LHQR

Equations (1)-(11) pertain to the products arising
from an initial Type I reaction. Equations (1), (2), and
(4) explain the formation of heptane from N-butyloctanoamide

decomposition and of pentane from N-heptylhexanoamide de-
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composition. Isolation of 1l-pentene fron N-heptylhexano-
amide and 1l-heptene from N-butyloctanoamide decomposition
would be explained by Equation (3). Equations (9)-(11)

illustrate an alternate Type I process, which accounts for

the formation of butene from N-butyloctanoamide decomposition

via cleavage of the "weaker" N—CH2 bond.

An alternate means for the production of the major

alkene product, pentene, from N-hexylhexanoamide and

N-heptylhexanoamide according to Moore would be:

CHQCONHR”——hY-> RCH,CH=CH, + OCHNR™".

RCHQCH2 )

This process could not be proven by hydrolysis because for-

mic acid and acetic acid were indistinguishable with the

analytical method used.

The carbon monoxide extrusion process of Booth and

Norrish is shown in equation (7). It is significant that

Moore claimed to find heptylamine, the product of initial
standard Type I reaction followed by hydrogen abstraction
by the amine radical (equations (1) and (5)), condensed  in

a cold trap when N-heptylhexanocamide was irradiated under

vacuum. When N-butyloctanoamide and N-heptylhexanoamide

were irradiated under vacuum, N-butylheptylamine and

N-pentylheptylamine respectively should have been isolated

either in the cold traps or from reaction mixture if the

carbon monoxide extrusion process were important.
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Equations (11) and (12), which Moore viewed as import

ant in the amide photodegradation, illustrated the Type II

process of aldehydes and ketones also proposed by Norrish

Although hexanoamide was present in the N-heptylhexano-

amide reaction mixture, and octanoamide was present in the

N-butyloctanoamide peaction mixture under photooxidative

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

ation was conducted under nitrogen or in a vacuum The
- (>

second product from this Type II cleavage would be l-heptane

(from N—heptylhexanoamide), 1-butene (from N-butyloctano-

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

these products were detected in the respective reaction

mixtures.

The second Type II reaction (Equation (13)) would yield

an acetamide as well as an alkene. Acetamide when hydrolyzed
> yze

would yield acetic acid, which was generally detected in the

oxidation reaction mixture following hydrolysis Parent

photo

ions should be detectable for N-hexylacetamide, N-butyl-

acetamide, and N_heptylacetamide in the amide photoreaction

nixtures of N_hexylhexanoamide, N-butyloctanoamide and

N—heptylhexanoamide respectively, but only N-heptylacetamide

was detected. N~heptylacetamide, however, was only detected

in minor amounts in photooxidative processes and no evi
t 2 DD -

. » +
in mass spec at m /e 129 and 116 was

dence other than a peak

presented. The alternate alkene product l-hexene, however
. e, er ,

was observed for decomposition of N-butyloctanoamide in the

absence of oxygen.
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Although Moore stated that Type I, Type II, and

carbon monoxide extrusion processes were important in amide

and polyamide decomposition, the experimental evidence indi-

cated that only the Type I process, with some variations,

would serve to explain the observed photo-products. Ad-

mittedly the analysis procedures used would have failed to

detect some minor products. Also, reaction modes for neat

samples would differ markedly from 2% solutions, but the

photolysis with cyclohexane showed no isolated products,

only the absence of alkenes. Type II and extrusion products

were either present in minor amounts or absent.

Nicholls and Leermakers further substantiated the

lack of importance of Type II peactions and carbon monoxide

extrusion in the amide photodecomposition. When the rela-

tive photodecomposition rates of various carbonyl compounds

were compared, Leermakers observed that aliphatic acids

and amides reacted considerably slower than aldehydes, ke-

. . % O
tones, and esters. Prolonged irradiation at 2537A of um-

substituted amides in dioxane and acetonitrile showed no

reaction.

Wwhen solutions of N,N-dimethylamides in dioxane and

(e]

cyclohexane were ipradiated at 2537A, the reaction rate

was greatly accelerated. The relative rates of reaction

and quantum yields were virtually equal for N,N-dimethyl-

butyramide, N,N—dimethylproprionamide, and N,N-dimethyl-

acetamide. Glpc analysis of the N,N-dimethylbutyramide

reaction mixture showed none of the Type II product, N,N-

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

decomposed before detection,

with
with
In)ne
other amide.
evidence that
Although

phatic acids,

N,N—dimethylacetamide and

N,N—dimethylacetamide and

a cophotolysis was conducted
N,N-dimethylbutyramide and

N,N-dimethylproprionamide.

ither case did the acetamide disappear faster than the

The nearly equal preaction rates were further
the Type II reactions were not oceurring.
Type II reaction was found to occur in ali-
Type I reactions were found by Leermakers to

cant for aliphatic amides. Relative de-

be the most signifi

composition rates and therefore Type I processes were accel-

epated by adding alkyl groups to nitrogen. He proposed the

following simple mechanism to explain the decomposition:

c
ﬁ N ot LY I /M
CH,C- ¢ O E s
(1) CH,CH,CH,C-N HyCH,CH,Co + N
CcH c
3 “Hy
0

I .
PppEe— iy 5. S
CHQC CHSCHQCH

(2) CH,CH, 0

itial reaction was the Type I C-N bond cleavage

The in

followed by fragmentation of the acyl radical to yield car-

bon monoxide. Propyldimethylamine, which could have been

was detected in small

formed by carbon monoxide extrusion,

quantities in the N-N-dimethylbutyramide reaction and postu-

lated to arise via recombination of the propyl radical with

the dimethylamine padical. Regardless, Type II reactions

wepe not observed in simple or N,N-dimethylamides by
1.2
Leermakers.
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§3. RESULTS AND DISCUSSION

When 2% solutions of N-hexylhexanoamide were irradi-

4ted in dioxane or methanol, the results differed from

: 2 . .
those predicted by Booth and Norrish. 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 25002 wavelength irradiation (i.e., Corex filtered

(e}
or selective monochromator irradiation at 2537A) after

more than 100 hours. gimilar solutions showed considerable

starting material disappearance when irradiated through

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

According to Norrish the predicted Type I, Type II,

and carbon monoxide extrusion products of a 2% N-hexyl-

hexanoamide in dioxane irradiation would be as follows:

0 0
i hv 1
cH3(CH2)uCNH(CH2)5CH3 ey CH3CH2CH2CH2CH2CH +
Type I
CHBCHQCHQCHQCHQCHQNHQ
hwv
> CH =CHCH.CH, +
Type IT £ £ -
CH QNH(CH ) CH
3 25773
hv
___ _ __» CH_ =CH(CH,).CH_, *+
Type I1I ) 27878

I
|
CH3(CH2)4CNH2



2

hv

' co + CH3(CH2)5NH(CH2)uCH3
CO extrusion

Glpc analysis of the reaction mixture samples taken at vari-

ous intervals showed none of the above mentioned products.

In addition, the reaction rates for disappearance of starting

mnaterial were much lower than for other types of carbonyl

compounds .
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Carbonyl Photoreactivities

It was observed that amides were mnearly unreactive

when compared with other carbonyl compounds such as alde-

hydes, ketones, and esters. Starting material disappearance

is one measure of the reactivity of a compound. A second

method to measure the reactivity is the quantum yield ¢

which is defined as follows:

® = moles product/einsteins

In the equation moles of product produced is self-explanatory,

and einsteins is defined as the moles of photons absorbed by

the sample. Since several different photochemical mechanisms

can be operating simultaneously, the total quantum yield is

the sum of the quantum yields of the individual reactions

or processes occurring.

The photochemistry of carbonyl compounds is described

by two types of reactions, the Norrish Type I and the Norrish

Type II. Many carbonyl compounds react by both processes

to yield products. The relative amounts of Type I vs.

Type II for a given compound are usually expressed in terms

of quantum yields, may vary according to irradiation wave-

length, and are determined by a combination of electronic

and geometric factors.

The Norrish Type I process involves initial scission

of the carbonyl carbon-0 atom bond (C, H, N, 0 etc.) to

yield an acyl radical and another radical whose type depends



on the starting material.
secondary decarbonylation

primary alkyl radical or

starting material molecul

29

The acyl radical can then undergo
to yield carbon monoxide and a
ract hydrogen from another

can abst

e or the solvent to yield an aldehyde.

0 0
I LE I
R-CH "’C—X-R' — R-CH Qe & ¥R
2 2
Type I
or
o I
. s R-CH_ % + C-X-R'
2
Type I
I
- - « —> —-.
R»CH2 C co + KR CH2
i
R'—X—C"“—-“‘+ cO + R'-X-
0 0
[l [l
R—CHQ—C' 4+ ZH—" Z4°* R—CHQ—C—H
0 0
!é Il
R'-X-Ce* + gH —> Z° + R'-X-C-H
X =C, 0, N

Norrish Type II reac

six-membered transition S

"

from the carbon

The diradical can cleave

compound as shown below.

to the carbonyl to yield a

tions usually proceed through a

tate where hydrogen is abstracted

1,4-dirvadical.

to yield an olefin and carbonyl

An alternate process, shown by
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13 iy,
Wagner and Yang  , is closure of the diradical to yield a

cyclobutanol. Another secondary process is 6-hydrogen trans-

fer to yield an alkene alcohol of the type R-CHOH-X-CH -CH=CH-R"
2

X = CH,» NH, O
. 2
.
0 CH-R' OH *CHR"
T T S
2 2
N R/ \X/
A B
&
OH H R
/u : >/é\+ \ﬁ/
R \\XH R X CH2

Figure 1. Type II Reaction Mechanisms for Carbonyl Compounds

In the case of ketones Calvert and Pittsl5 observed

that all known aliphatic ketones with yY-hydrogens reacted
to some extent by the Type II reaction. Fop methyl n-butyl

ketone the ratio of Type II to Type I quantum vields was

o 9 16
~7 at 3100A and ~4 at 2537A. Photolysis of labelled

=

O
2-pentanone showed a ratio of ~0.5 at 3130A and 1l at

() . .
2537—2650A.l7 For ketones with longer side chains, such as

methyl hexyl ketone or methyl heptyl ketone,18 Type II pro-

cesses are nearly exclusive while Type I is proposed merely

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

1
coworkers for esters and carbonates. Their experiment
ents

indicated that the oxygen @ 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 energ
=rgy

would be a large determining factor in Type Il reactions

for esters, as well as for other carbonyl compounds Ear

1ier work by Ausloos and Wijnen21 showed the importance

of Type II processes in the photodissociation of propyl

(o]
acetate where QType 11/Type I 3.7 (<2400A), isopropyl

o
= 8 (<2400A), and propyl

acetate where QType I1/Type I
28 .28

e the ratio was 0.5. Gano also ob

proprionate wher

sepved the high efficiency of Type II processes in ester

peactions contribute heavily in the photo-

Type II
decompositions of aldehydes, although there is only one
possible cleavage. CalvertQu determined ¢ o
Type T (@] e

and the reaction mode amounted

tion. Trottman—Dickenson25

0.17 for Q—methylbutanal,

to 20% of the overall reac

showed that Type IT elimination was a major process in

i 3. 26
Norrish determined ¢ - 0.7

valeraldehyde.
Type II/Type 1

for isovaleraldehyde.

pliphatic carboxylic acids also undergo Type II reac-

tions- Nicholls and Leermakers investigated the formation

of acetic acid from butyric and valeric acid at 25372 The

1ds for acetic acid formation were 0.05 and 0 08

quantum yie

respectively, which, when compared with quantum yields
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for starting material disappearance, shows 33% and 50%

of the reactions respectively 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 due to the phenyl ring.

Even anhydrides have been observed to undergo a varia-

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

Acetic anhydride decomposition is ~50% Type II according

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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Electronic Effects in Amide

Type II Reactions

A cursory comparison of Type II quantum yields for

an amide like N-hexylhexanoamide and a ketone like 2-hex-

anone reveals a great difference in their photoreactivity.

The factors which allow Type II reactions in ketones are

evidently absent or altered in amides.

the quantum yield for the Type II processes
16,28,29

For example,

for 2-hexanone has been accurately determined by Noyes

at ~0.45. N—hexylhexanoamide has four Y-hydrogens avail-

able for abstraction or twice as many as 2-hexanone. Type II

quantum yields for this amide and other secondary aliphatic
amides studied, based on the long irradiation period with

a quartz—filtered Hanovia lamp, are estimated to be at least

an order of magnitude less than 0.01.

The Type II peactivity of carbonyl compounds must de-

pend to no small degree oOn the bond strength or bond dis-

sociation energy of the y-hydrogens. The easier the Y-

hydrogen bond is to break the higher the reaction rate for

g 13
hydrogen abstraction would be. Wagner and Yang30 showed

that for a series of butyrophenones where the +y-hydrogen

rtiary, the overall reaction

was varied from primary to te

rate increased but not the quantum yield for Type II reac-

tion as shown in Table TI.
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Table I

13
Effects of y-Substituents on Triplet State Reactivity
pe II Quantum Yyield for gubstituted Butyrophenones

and Ty
__8 =
Compound -Hyd 1
p vy-Hydrogen 10 kr(sec ) Type IT
PhCOCHQCHQCH3 1 0.08 0.36
PhCOCHQCHQCHQCHs 2 153 0.33
PhCOCH,CH,CH (CH,) - 3
Pt ke A B e 0.25
£ 0.20 0.36

PhCOCHQCHz(CHB)2

PhCOCHQCHQCH(CHg)OCH33l 2 7.0 0.21
PhCOCHQCHQCHQC(CH3)3 2 2.0 0. 2
PhCOCHQCHQCHQPh benzylic 4.2 0.50
PhCOCH20H20H20H=CH2 allylie 5.0 0.26
PhCOCHQCHQCH2OH 1 3.9 0.31
PhCOCHQCHQCHQOCH3 1 6.2 G 28
PhCOCHQCHQCHQN(CHB)Q 1 4.0 0.03
PhCOCHQCHQCHQCl 1 0.3 0.09
PhCOCHQCHQCHQCOQCHS 1 0.1 0.50

1 0.05 0.30

PhCOCHQCHQCHQCN
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Several observations can be made from the table.

Namely the quantum yield for Type IT reactions ( ® Type II1)

does not parallel the ketome regetivity . This fact ds dillus-

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 Type II quantum yield decreased from

0.35 to 0.25. Another interpretation of these results,

from the standpoint of induction,is that an increase in the

number of methyl groups either increases the stability of

the incipient 1,4-diradical or increases the electron den-

sity (nucleOphilicity) of the hydrogen. This interpretation

is substantiated by the increased reactivity of H4-methoxy-

butyrophenone and H—N,N—dimethylaminobutyrophenone over

Withdrawing groups such as COQCH and CN

butyrophenone. 3

in the y-position greatly decrease the reactivity of the

butyrophenones. In Table II withdrawing groups in the &-

position of valerophenone are compared with their Hammett

o, values, peactivities, and Type II quantum yields.
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Table II

< 143 :
Inductive Effects on Triplet State Reactivity

of §-Substituted Valeropaienones (PhCOCH2CHQCH2CH2R)

- -1
Substituent (R) 9 10 8<r(sec ) ¢ Type II

Alkyl -0.05 L.5 0. ‘30
H 0 L3 0. 28
CH,C1 0.20 DB 0.uL

0.28 D 5 0.34
COQCGH5

0.30 0.4 0.63
Co,CH,
C02H13 0.4 0.27 0.55
el 0.47 0.2 ' 0.58
CN .56 0. 0.46

Once again reactivity and Type II reaction quantum yield
have no consistent relationship. There is good correlation
between the reaction rate constant and the OI. s before

the stronger withdrawing groups exerted the greater deacti-

vation, even from the €-position. From a graph of Table II
a p-value of -2 was determined.
32 33 %
Yang and Wagner found that substituents on the ben-

zene ring also influenced reactivity and quantum yield.
Yang observed that for photoreduction of acetophenone do-
nating groups on the ring reduce reactivity while withdraw-
ing groups such as trifluoromethyl increase reaction rate.

Wagner observed that varying substituent rinpg position
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changed the reactivities of valerophenones. In addition,

he found a p-methoxy substituent strongly electron donating,
had a rate constant lo—gkr(sec_l) = 0.66 compared with 20
for p-methyl (weakly donating) and 140 for unsubstituted
valerophenone.

The -2p value for substituents in the 6 position,
deactivation by donating grcups on the aromatic ring for
phenones, activation by donating groups in the Yy-position,
and deactivation by withdrawing groups in the Yy and §

31,34
g that

positions substantiate the assertion of Wagner
the carbonyl oxygen in Type II reactions is electrophilic,
and that ketones are more reactive when the Y-hydrogen is
more nucleophilic. He was cble to show a similarity between
the intermediate in ketone Type II reaction and the tert-
butyl alkoxy radical. Compérison of the reactivity of
(CHS)SC—O° with an analogous series of Y-hydrogens and the

reactivity of the various Yy and 8§ substituted phenones

showed marked similarity.

’ . 85 S
Earlier studies by Walling originated the concept of
oxygen's electrophilicity in Type II reactions. The elec-
tronic excitation of interest is n >I* where an electron

is promoted from one of oxygen's lone pairs to the lowest
empty orbital, the antibonding carbonyl Il orbital. A reso-
nance form of the ketone excited state shown below illus-

v 36 ;
trates a positive charge on oxygen > which would make the

b

oxygen electrophilic.
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hv © €)

RQC = 0 ——~9'R2C — Q <> RQC = é:

Walling observed that inductive effects for hydrogen ab-

straction from toluene by tept-butoxy radicals proceeds

:in the order p-methoxytoluene > toluene > p-chlorotoluene

Benzophenone triplets were observed to abstract in the same

order,which was similar to the inductive effects observed

by Wagner for other ketones.

N—hexylhexanoamide has secondary hydrogens in the

y-position. The difference between the amide, and ketones

l1ike 2-hexanone, must be other than Y-hydrogen bond strength

Nitrogen is more electronegative than carbon. By induction
N 2

therefore, the nitrogen would be a O withdrawer, and the
5 :

carbonyl oxygen would be more electrophilie and should

increase Type Il peactivity.

Amides, however, are often shown with their dipolar

resonance structure

0 R Oe R!
[l -/ g
R —C—N &—> R — C =

V@
R" \R"

The major contributing structure was presumed to be the

amide form, and Beak substantiated the assumption with

a collection of ultraviolet data on select compounds.
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Specker and Gawroch's work on the above tautomers pro-

vided the foundation for Beak's work by showing that the

equilibrium lies far in Ffavor of the amide despite the

extra stability to be attained with the aromatic ring sys-

tem in the iminol form.

The iminol form with negative charge on oxygen shows

a nucleophilic pather than electrophilic oxygen. The di-

: : 39 .
polar form, according to Pauling contributes to the point

whepe the C-N bond has 40% double bond character. TIdoux

and Zarrillo substantiated the I character of the C-N

bond by proving that the bond would transmit conjugation

in one direction. The low Type II reactivity of amides T

be a reflection of the high electron density on oxygen i

the excited state.

: . 41 ]
Physical studies by Nakagura on formamide and acro-

[0}
lein show that the 1717A Dband of formamide arises from the

charge transfer species rather than from an absorption analo-

o]
gous to the 1560A band of formaldehyde. His wave functions

show that the amount that the charge transfer species con-

tributes varies from 50% in the ground state to 60% in

the excited state. The electronic transition involves sub-

stantial electron tpansfer from a donating to an electron

accepting group. Nakagura used a polarized ultraviolet ab-

1" 42
sorption study of Peterson and Simpson to prove that the

o o]
1717A band of formamide corresponds to the 1860A band of

formaldehyde. The direction of the transition moment for

myristamide was inclined by 5-9° toward the carbon-nitrogen
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axis and away from the oxygen-nitrogen axis,which shows

this interpretation of the absorption spectra to be in
line with the calculations.
The Mullikin electron population distribution is

applied to the I electrons in the formamide ground state

in Table IIT.

Table III

Charge Density in the Formamide Ground Stateu
Atom Net Charge II Electron Density
i +0.357 0

HQ* +0.368 0

Ha* $0.152 0

C +0.258 0.695

N -0.758 1.806

0 =10,.377 1.499

The nitrogen in the ground state evidently loses 0.21

electrons to the carbonyl, which is already imbalanced to-

ward oxygen. The nitrogen, although 1T electron-poor,

all electron-rich with a net charge of -0.758, which

is over

substantiates the assertion that nitrogen is a I donor

and a o acceptor. Under these conditions another resonance

==Hl, H2 and H3 were assigned in formamide as shown:
HZ 0
N 4
N-— C

Hl// \\HB
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which must be included on an equal basis with the

form,

iminol form, is another dipolar structure.

0©

P
H—C®
NH

The theoretical excited states for formamide were cal-

culated using two molecular orbital methods. The fiprst is

the virtual orbital theory which shows electronic configur-

ations of electrons promoted from higher occupied orbitals

to lower unoccupied (virtual) orbitals. The weakness of

+his method is that it disregards correlation energy changes

o the alteration of electron pairs in the closed shell

due t
ground and open shell excited state, and the disregarding of
electronic rearrangement,which certainly occurs with the un-

excited electrons. Where these factors cannot be overlooked,

g calculations are performed. Table IV shows that

Rydber
there is fair agreement of the two methods on the orbital
population densities of interest.

A comparison of the ground, n 7 M#%, and I »1I%
states shows a large change in the 3a'", 10a', and 0g M

molecular orbitals. The =n orbital (10a') shows oxygen

of the orbital in the ground state, but in the

with 78%

n - [I* state the oxygen holds 94% of the orbital. A
similar rearrangement occurs for the 2a'" molecular orbital
in the M0 = II#® tpansition. These calculations reaffirm

I

” . 85 )
the previous experimental assertion of Walling and Wagner



R —— R e e e

42

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

snd indieates I donation. These calculations also sub-

te the assertion that the polarized excited state re-

45
flects the ground state configuration.

stantia

Table IV

Orbital Population Analysis for Formamide
oo Sh s SR

Swouns BLave (tii%plll_ze:t) (tii;li:t)
Atom n(10a') (2a") (8a'") 1l0a’ 3a" 2a" 3a"
Rydberg Calculation

Hy 0.009 0.0 0.0 0.003 0.0 0.0 0.0

H, 0.007 0. © 0.0 0.001 0.0 0.0 0.0

H,, 0.110 0.0 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 0.124
0(val) 0.781 0.458 0.006 0.945  0.074 0.074 0.199

Virigiiﬁggi?cular Orbital Calculation

Hy 0.008 0.0 0.0 0.008 0.0 0.0 0.0

H,, 0.007 0.0 0.0 0.002 0.0 0.0 0.0

B, 0.112 0.0 0.0 0.030 0.0 0.0 0.0
c(val) 0.033 0087 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

0(val) 0.782 0.461 0.209 0.944  0.074 0.713 0.213
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Donation of n

nitrogen is also possible.

yields an N-amidyl radical. With

3] electron system would be analogous

or a dipolar iminol and would make the

well as the nitrogen. The radicals in

shown below:

Johnson and Greene irradiated

pentyl) acetamide in cyclohexane.

nitrogen were reactive, there would be
Type II 1,5-hy

following reaction schemes:

Ko~

il
-

[
o S \

-

i

OH OH * ~"
e

\_N/ ’W /J\N
l 1

Irradiation of

reverse 11

electrons from the carbonyl to the

N-haloamides
donation the

to an allyl radical

oxygen reactive as

the ground state are

N-chloro-N-(1l,l-dimethyl-

If both the oxygen and

two possible Norrish

drogen abstractions,which are shown in the

v AR

N
C6H12 N
Path A

wu] B
L >
A

He. J

= OH ﬁ
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The investigators observed nearly quantitative formation

(95%) of N_(l,1—dimethyl—u—chloropentyl) acetamide with

the remaining 5% being N-(1l,l-dimethylpentyl) acetamide.

The chlorinated amide products arising from Pathway A, how-

ever, were not observed, although a pair of secondary and

y hydrogens were available for 1l,5-abstraction.

six primar

When a quencher was added to stop the HC1 propagation

chain, the yield of Path B product increased to 100%. The

following irradiations substantiated these results.

0
h o ¥ CH. . b1
C H /}\ g1l
6 12 N
H

by it > /l J\\A/ C1
H

¢ .H

|
0 Cellyo

1
/J\ 2 /‘ N /v c. . H
< : H\{

5 hv

clL
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hv 0
c_H ///lL\\\\\//:> .
o ~—_~—" 65
N c1
H

e o e

CH
6 12 H
0
hv |
}\/\/\/ g /\/\/\Y !
o c1 H el
/k(\'/‘ /
H @i, i,

The 1,5-hydrogen abstraction by nitrogen was favored over
2

that by oxygen despite the deactivating chlorine Yy to
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the nitrogen. There is no 1 back donation as the oxygen

does not abstract hydrogen,which substantiates the obser-

n
vation of Chow and Joseph that the reactivity of the

oxygen is nil.

Amides then show lack of Type II reactivity due to the

combination of the nitrogen's ¢ withdrawal from its

electronegativity and I donation by the lone pair. The

combination puts high electron density on oxygen making

the oxygen nucleophilie rather than electrophilic as re-

quired for Type 11 peactivity. The adjacent oxygen in

esters, however, is also electronegative and has two lone

pairs available for T donation. Under the conditions

above the esters should not undergo Type II reactions. T&

e
has already been noted that Scala concluded that esters

efficiently undergo Type 11 reactions.

This discrepancy can be resolved by using the work of

i ) 48 .
Pople, Del Bene, and Ditchfield. The calculations showed

excitation energies for a series of substituents

the relative

The excitation energies were found to decrease

on HOO-X.

in the order X = NH2> o > T >CH3. The total excitation

rtially the sum of two components, o with-

energy wWas pa

dpawsl and I donation. Variation of the X substituent

effects O withdrawal in the order I > OH >NH2 > CHB' The

I donation by X in the order NH, =

variation effects

OH > >CH, .
H>F 3

The change in electronic excitation energy is due to

changes in the individual orbital energies. There are four
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main effects of which two are a direct result of II do-

nation. The II*¥ orbital energy is increased. The

donation increases the negative charge on the carbonyl oxy-

gen (relative to HCHO), which effects a lower effective

nuclear charge on OxXygen causing the lone pair to be less

tightly held. The O withdrawal, however, stabilizes the

carbonyl oxygen lone pair. The withdrawal also lowers the

effective nuclear charge on oxygen and carbon which lowers

the II®* orbital energy-

The overall n > NI* excitation energy is the sum of

theae competing effects. The NH of amides has greater Il

donation but lesser o withdrawal than OH. Decreased I

denation tends to decrease the n - II* +transition energy,

but all effects must be considered before explaining calcu-

lated values of n and II* orbitals in monosubstituted
carbonyl compounds -

The comparative Type II peactivities of esters and
amides can be expl

and I donation apparently operate in opposite directions

to give a net result that the n = % +transitions for amides

and esters are of nearly equal magnitude as shown in

Figure 2.

ained under these terms. The o0 withdrawal
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AE = 5.6\lijev =~ H*\\
n~ —
N-amides HCHO

(strong 1 donor)

Figure 2.
Ketones

in Esters and

In esters both the =n and I% orbitals

due to O withdrawal. In amides the n

have raised energy due to the

The individu
ently raised o

same electronil

oxygen in amides due to I donation has

density,which as previously mentioned is

Type II preaction. Thus, although the n

energy is nearly the same, the nature of

of the two compounds are different.

¢ structure (configuration).

O-esters
(strong

0O withdrawer)

Comparative M and o Effects on n »II* Transitions

have lowered energy

and II* orbitals

I donation of nitrogen.
al orbitals in amides and esters, although appar-

p» lowered to the same degree, do not have the

The carbonyl
a high electron
not condusive to
+ II* +transition

the reactivities
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ESEEEEEEE EEEESEE EE Amide Type II Reactions

A second factor which could effect the Type II reac-

tivity of amides is the geometry of the amide bond. It has

already been noted that the C-N bond has substantial dou-

ble bond character due to I donation,which at least would

: 13
restrict bond rotation. Wagner observed that molecules

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

six-member tpansition state, would undergo Type II reaction

relatively inefficiently. For example, Y abstraction is

preferred to § abstraction by a factor of 20:1. Padwa

50
and Padwa and Eastman observed that the close proximity

of the hydrogen to the carbonyl oxygen is essential for

Type I1 reactions. In exo-2-benzoylbicyclo [2.1.1] 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 cycloalkyl ketones

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

a4 pesult the triplet of phenylcyclopentyl ketone is 1/8

as reactive as that of valerophenone. Phenylcyclohexyl ke-

oes not undergo the Type II reaction.

8.1
The steric requ1wwmontﬂ

tone d

for Type II reactions make

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 peactions less efficient. Simple alkyl

substituents on the Q, B, y, and 6 positions show only
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inductive effects for Y-hydrogen abstraction rather than

the expected steric effects. Hence, the o, B and B,y

c-C bonds must have staggered conformations.

At first, it was assumed that the oxygen, hydrogen, and

y-carbon must be coplanar for abstraction. That conformation

would result in eclipsed conformations and torsional strain

and be susceptible to steric substituent effects. In addi-

tion, this tpansition state conformation would appear to

favor O abstraction over Y abstraction from the stand-

point of angle and torsional considerations (all atoms co-

planar, at 120° optimum). A six-membered chair conformation,

however, allows for the strain-free system and a minimum

of steric hindrance for most alkyl substituents as shown be-

low. This conformation accounts for the
R //]\ R
H ~——~o\\ H=---0g
~ -
ketone alkoxy radical

gimilaritysalluded To previously,of the mn = % Type II
abstraction in alkoxy

hydrogen abstraction and the hydrogen

52
radicals. (Hesse observed the C-H-0 angle to be much

less than 180° for abstraction in alkoxy radicals.)

Hydrogen abstraction from the § position requires a seven-

membered transition state with its inherent torsional strain.

The strain accounts for the lower OJ-hydrogen abstraction

rate.
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gubstituted amides of the form RCONHR' exist in two

rotameric forms shown below:

&
(@)

/ N/ NS
AN X

H

@)

trans

There 1is 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 R'" = CHB’ CHQCH3’ CH(CHg)Q, and

C(CH3)3' The cis form becomes increasingly important in

formamides as the R' group becomes bulkier, for example,

teprt-butyl. Dimerization, which occurs with formanilides

in solution, requires the cis form, and as the concentration

of amide 1is increased, the cis form becomes more favored. The

cis form is more important in formanilides in general than

for any of the N-alkyl amides.
Unsymmetrically disubstituted amides show conformational
preferences according to steric considerations. In acetamides

the bulkier group prefers to be cis to the oxygen and trans
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to the methyl group. In formamides La Planche and Rogerss

have found the reverse to be true for methyl N-alkyl form-

amides. The larger alkyl group prefers to be cis to the

formyl H, and the preference 1is larger as the alkyl group

becomes bulkier. Hence, the geometric preference about the

hindered C-N bond appears to favor Type IT reaction for

the amides studied.

It was also observed experimentally that the C-C=0

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

substituents on the carbons showed geometric preferences.

The two angles of interest in describing these preferences

Y and ¢ shown below.

are
0 H R
Ri 'c’ e \cf
| ¥ ? H
H

. 56
Haigler, Leiserowlitz, and Tuval measured the torsion

angle ¢ for different N-methyl amides and ¢ for dif-
by X-ray crystallography.

ferent N—substituted acetamides

The preference for ¢ is an angle in N-methyl compounds

where one C-H bond is anti to the O0C-N bond. The pre-

ferred angle Y in acetamides results in one C-H bond

being eclipsed with the O0C-N bond. (Acetyl glycine appeared

to have free rotation and no preference with respect for Y.)

Hammaker and Gugler proposed the following confor-

mation for N,N—diethylacetamide on the basis of chemical

shifts in the NMR:
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0 CH 3
’C‘ !, oW H
///// \\\\\ ///// ~“.H
CH N
3
H//I/,,‘ I
do CH

S,

Although the spectroscopic data appears to be weak, steric

considerations make the structure a logical selection. TH &

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

be consistent with that necessary for Type II reactions.

Although no work was available to list the geometric

preferences on the carbonyl or the nitrogen side of mono-

alkyl 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

sould attain the conformation necessary for Type II reac-
n is not necessarily preferred

tion. gince that conformatio

r Wagner13 observed it to be for ketones, geometry could

mides but not by the amount

reduce the Type 11 yield in a

observed for eaters.
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Photolys%i of N-hexylhexanoamide

N-hexylhexanoamide 1~ was prepared by addition of a

hexanoyl chloride in THF solution to a hexylamine solu-

tion in 10% sodium hydroxide and purified by vacuum dis-

tillation. A 2% solution of 1 in spectrograde dioxane

was irradiated for 125 hours with a Hanovia 450W mercury

arc. Samples were taken and analyzed by glpc. None of the

products expected from either Type I o Type IT reactions

was observed.

There were, however, +thpree main products in the reac-

tion mixture which were isolated by wvacuum distillation and

purified by preparative glpc. The major product was diffi-
cult to characterize by NMR. The NMR showed a pair of

alkyl doublets with a substantial absorption in the 3 - 4§

region where protons on the dioxane ring generally absorb.

A second column divided the product into two components,

each containing the dioxyl signal and an alkyl doublet. The

. + .
parent ion at m /e 132 and OH Dband In the IR character-

1zed the Fipst TWO products as the two diastereomeric o-

methanols 2 and 3. The other two products

methyl dioxane

were characterized by spectra and melting points as the two

diastereomeric dimers of dioxane, I and 5. The dimers
2

and 5 were also observed in other photochemical reac-

o o

tions with dioxane by Pfordte.

The same peaction was run in a stoppered quartsz tube.

The peaction mixture wWas solidified in dry ice-acetone,
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and gas IR of the vapor phase failed to show any of th
e

expected l-butene. Gas IR did show the presence of CO

Low temperature glpe of the sealed tube reaction mi
ix-

tupe failed to show any 1-hexene. Pentane and a trace of
O

1-butene were verified by coinjection. The results obs
erv-

ed are detailed in the scheme.

Il hv
CH3(CH2)4CNH(CH2) CH3

&

LB
(o

CO & C5H12 + CHQZCHCHQCH3

The formation of 4 and 2 is a clear indication that

radical processes are occurring. There are several poOsS-—

sible reasons why none of the Type I or Type II products

These products may be photochemically uwn -

were observed.

stable undergoing polymerization, secondary reactions, or
fant . 2
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op interaction with solvents.

In order to determine the source of 2 and 3 a 3%
sample of acetaldehyde in dioxane was irradiated for ten
hours with the Hanovia lamp. Acetaldehyde was observed to

uction to yield 2 and 3.

)

CH3CHO _— 2}+ 3 + 4 + 5
ok ~ ~ o

undergo photored

This reaction is analogous to the one observed by Shima and

TSutsumi59 where acetone photochemically added to dioxane

ne methanol. Other ketones were

eld d,u—dimethyl dioxa
60,61

to yi

also observed to undergo photoreduction with dioxane.
Acetaldehyde was a possible intermediate in the decomposi-

tion of 1 and could be envisioned as arising via decomposi-
the expected Type I products.

tion of hexanal, one of

An independent photolysis of hexanal in dioxane was

also found to yield 2 and 3. After 30 minutes irradiation
acetaldehyde was detected as expected via an initial Type 11
must also yield l-butene, although

peaction. The reaction

its presence Was not verified. Pentane was formed as a

result of initial Type I cleavage followed by hydrogen

abstraction fprom solvent.
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59

I
CH,(CH,) ,CH

Type II [Oj
0
o hv
i [
CH,=CHCH,CHy hv | Type I CH,(CH,),CH, +-CH
v oo

+ CH,CHO
3 I

) | w

0

A
CHB(CHQ)30H2

+ CO

.

CHg(CH2)3CH3 S
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Acetaldehyde build up was observed for two reasons The

concentration of hexanal was much greater than acetaldehyd
e

and because they have virtually the same UV absorption

hexanal would be favored to react over acetaldehyde Type II

reactions are also more cfficient and occur more rapidly

Thus, the hexanal would react

than the photoreduction.

papidly to yield acetaldehyde,which would photoreduce at
he Type II reaction or the photo-

a slower rate. Either t

however, would be much faster than the

reduction of hexanal,

photodecomposition of L3 hence intermediates would not

build up in the reaction mixture and would be undetectable

It is significant to note that Watterson and Shama
in their study of the photochemical decomposition of acid

hydrazides generated N-amidyl radicals,which abstracted

hydrogen to yield simple amides. They observed only Type I
peaction from these amides and were able to observe alde-

he peactiom. Also products of amine radi-

hydes formed in T

cals were detected.

gince initial Type 1 cleavage of 1 is proposed, the
~ = )
disappearance of the hexylamine radical must be explained

Amine iprradiation in cyclohexane yielded addition products
L),

solvent dimer, and polymer. Under our reaction conditions

adiation with the Hanovia lamp) no volatile

(125 hours irr

ining products were observed when a 2% hexyl-

nitrogen conta

amine in dioxane solution was ippradiated. Presumably they

gepe sonwiained in the polymeric residue.
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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-

nsparency in the UV region of

xane . The solvent has tra

interest. The last and most important reason is that dioxane

was the solvent used by Booth and Norrish-2 The products

2 g, 4, and 3 were common not only to the studies on

work of Mazzocchi and

amides but were also present in the

d imides. There was the

.. 64 ;
Bodurgil on N-alkyl substitute

possibility that these products arose from the solvent itself.

A 200 ml sample of spectrograde dioxane was purged

with nitrogen and ipradiated through quartz with the Hanovia

lamp for 200 hours. The reaction progress was monitored

by glpc. Formation of 2, 3 e and 5 was detected by

glpc. Product isolation by vacuum distillation and prepara-

c verified the analytical glpc results.

tive glp
- e
hv ; D CH
R r 3 3
450 W H H
0]
200 hours
2

T

~
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i and 5 can be explained

~

The formation of the dimers

by initial formation of a dioxyl radical by hydrogen ab-

straction from dioxane. In a preaction such as amide photo-

decomposition the radical source is obvious. For dioxane

the radical probably arises via C-H bond excitation at

ilap radicals have been observed for alcohols

4 in this UV region.65

o
1850A. Sim

irradiate

The incipilent dioxyl radical could either abstract hy-

drogen from another dioxane molecule with no net change

or underge C=0 bond cleavage to give the open chain #ad L mail
shown in Scheme I1. Subsequent hydrogen abstraction would

yield ethoxyacetaldehyde. Ethoxyacetaldehyde would be ex-
pected to undergo efficient Type II reaction to yield two
Methoxyacetone was observed by

molecules of acetaldehyde.

to undergo efficient Type II reaction (&6 = 0.32)

Sprinivasan

acetone and formaldehyde. It has been shown by

to yileld
51,34 dj t to h ;
Wagner that oxygen adjacen o hydrogen dramatically
increases the amount of abstraction by a factor of up to 80

(either Substituent) for vy and § hydrogens in ketones.

The analogous n—octyloxyacetaldehyde in dioxane was observed

to yield small steady-state quantities of acetaldehyde as

which are the proven photoreduction prod-

well as 2 and 3,
dehyde.

ucts of acetal
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hv Y ﬁ
s > *CH_CH_OCH_,CH
2 2 2
|

b+ s 0~
H
CHSCﬁ// i
amtiafl ]
\ O"/!
CH
?) \\H
Type II
[ji] hv
2 + 3 <« QCHSCHO

In order to test the viability of the ethoxyacetalde-

hyde intermediate, @ solution of dioxane and a catalytic

amount of benzoyl peroxide was heated to 125° for 96

alysis of the peaction mixture showed one

hours. Glpc an

which could not be isolated. Attempts to

minor product

prepare the DNPH derivative of the aldehyde from solution

were also unsuccessful.

Quantitative studies on amides in dioxane were rendered

difficult by formation of u and 5. The presence of acet-

aldehyde could exert either sensitizing or quenching effects.

Determination of how much, if any, 2 and 3 was produced

via amide photodecomposition versus solvent photodecomposi-

+ion would be impossible since no other photoproduct of 1

could be quantified.
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Photolysis of N-hexylproprionamide

In order to determine how much 2 and 3 was produced

by amide decomposition, an amide was selected which would

not yield 2 and 3. N-hexylproprionamide 6 would yield

~

a proprionyl radical after the proposed initial Type I clea-

vage. Hydrogen abstraction would yield proprionaldehyde,

which would not undergo the secondary Type II reaction. Prop-

be expected to undergo photoreduction

rionaldehyde might then

with dioxane similar to acetaldehyde.

A two percent solution of 6 in 500 ml spectrograde

dioxane was ippadiated with the Hanovia lamp for 204 hours.

The reaction wWas monitored by glpc, and 2, 83, 4, and >3

wepe jdentifiedy Vacunl distillation followed by preparative

glpc afforded 2 and another product, which was characterized

by its mass m+/e 16, IR OHstretch, and NMR as the expected

cohol of proprionaldehyde photoreduction.

dioxane al

hv

8 OH
S .
6 2 3+ ,)i t §1 * ( j\’;, “H 275
-~ ~ H
\] -
7 7
0 K

i ///E“MM'CQHS

[; 4 OH

A five percent solution of proprionaldohyde in spectro-
with the Hanovia

grade dioxane was irradiated for 10 hours



lamp. Vacuum distillation followed by preparative glpc on
two columns yielded the two diasteromeric l-dioxane propanols,

Z and g.

hw
CH.CH CHO ———>» 7 + 8 + 4 + 5§
3 2 0 ~ -~ ~ ol
8
o

Alcohols 7 and 8 are sscondary photoproducts from
6. Clearly 2 and 3 in this case cannot result from
amide decomposition. The results suggest that part of the
alcohol products arise via solvent decomposition in all of
the amide-dioxane photoreactions.

An analogous reaction was observed with isobutyralde-
hyde in dioxane which, like prodrionaldehyde, cannot undergo
the Type II reaction. A solution of 10 g isobutyraldehyde
in 200 ml dioxane was irradia-ed for 10 hours with the
Hanovia lamp. Traces of 2 and 3, minor amounts of U4

and 5, and two other major products were isolated after
vacuum distillation and prepara-ive glpc of the reaction
mixture. Spectra were interprezed for the major products
by analogy to those of 2 and 3 and 7 and 8. The

major products were identified as the diastereomers of

o-isopropyl dioxane methanol.
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hv
CH3 10 hours
—_—
CH_CHCHO
3 0
[\
O//

Theoretically, the aldehyde addition to solvent could

be used synthetically. Benzaldehyde, p-tolualdehyde,

Phenylacetaldehyde, and any of the previous aldehydes,which
e IT reaction, could be added

could not casily undergo Typ

to dioxane or @ similar solvent without numerous side reac-

tions.
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Photolysis of N—hgxylhexanoamide-a_d
—1

An alternate means of determining the amount of 2

and 3 arising via decomposition of 1 versus direct de-
is to irradiate an amide labelled in

composition of dioxane

This amide would produce 2 and 3 la-

s

the o position.

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

lated and the alkyl versus dioxyl region could be compared

+
by NMR or the m /e 133 and 132 peaks could be compared

by mass spec.

The labelled acid was prepared by a method analogous

; ; 67
to that of pPfeiffer and Silbert. The dianion of hexanoic

acid was generated with lithium diisopropyl amide and quenched

Vacuum distillation of the acid followed by anal-

wit D,O.

ith 5

ysis by NMR and mass sSpec showed the acid to be labelled
u8% u—dl some of the u—dl label was lost in the gener-

ation of the aecld chloride with thionyl chloride. The amide

was prepared by the general method and observed to be a-d
1

28% over the unlabelled amide.

CH3 ﬁ

& B |
2 L N(CHCHB)2 + CH3(CH?)3CH2C—OH

HMPA ) ﬂ D,0
_____,_-..-—————"‘"‘- - . -
» CHg(CH,)4CHC 0 S
>

0
CH,(CH,) CH—H—OD + socCl
5 -2 &) 2
D
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0 C H. _NH

D

CH,(CH,) é !
4 (CHy) gCHC-CL S
THF/10% NaOH

0
Il
CHS(CHQ)SCHCNH(CHQ)SCHB

D

A two percent solution of the labelled amide in dioxan
K e

hours with the Hanovia lamp. Approx-

was ipradiated for 138

imately 50% of the amide was decomposed at this point
The partially labelled alcohol was collected as before and

m+/e 133/132 peak ¢
belled amide. The comparison of 0.136

the omparison was made with a sample of

alcohol made from unla

mide and 0.092 from the unlabelled

from the labelled a
amide showed a deuterium enrichment of 4.4%. When the en-

richment of the alcohol was compared with the 28% enrich-

ment in the amide, it was concluded that 15% of the alcohol
was produced by amide decomposition and the remaining 85%

by solvent decomposition.
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Photolysis of Amides in Cyclohexane

In order to alleviate the difficulty of solvent par

ticipation when dioxane was used, sever s . ; i
p 5 al amides werpe irradi-

ated in cyclohexane, which, like dioxane, was a solvent of

choice in many photochemical reactions. Although the non

polar character of cyclohexane results in poor solubility

of amides, cyclohexane exhibits the desired UV transparency

in the wavelength range of the irradiation.

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

was irradiated for 115 hours, glpc analysis showed the

reaction mixture to be complex. One major product and num-

erous minor products were formed. The products were identiq-

fied, by comparison with authentic samples following vacuum

distillation and preparative glpc, as butyleyclohexane 11
} 11,

methyl cyclohexyl carbinol 13,

pentylcyclohexane 12,
and bicyclohexyl 14 (the major product). Pentane was

detected in the reaction mixture, but hexylcyclohexane, the

product of initial Type II reaction to yield hexanoamidg,

was not detected.

The product yields were determined in a separate re-

action where the irradiation was conducted with internal

eicosane and hexadecane. The calculations were

standards,
made on the basis of response factors for expected products
and amounts of reacted starting material. The yields of

the three hydrocarbon products varied from sample to sample.

The exact details of the product percent yields are given
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in the experimental section, and the percent yields of three

products are shown in Table V.

Table V
Percent Yields for Photodecomposition of
N-hexylhexanoamide in Cyclohexane

Time n-Butylcyclohexane n-Pentylcyclohex i
HOLII‘S o >Xane BleClohexyl

" 1.4% b.1% 29.9%

" 5.0% 5.1% 33.6%
13 2.6% 5.2% 40.0%

From the experimental section it was observed that the ratio

of standards to each other was constant during the irradia-

tion, which indicated that neither standard was in sufficient

concentration to sect as a hydrogen source or participate

in the reaction. Another reaction was carried out in a stop-

pered tube, and IR of the head space gas showed carbon monox-

ide to be present.

__,_,-—> n Tl g oo ‘
1 #ih et il e g e
+ +

11 ~2% 12
5%
OH
\ l\CH - i’
5 .
+ €O + C
AR T
,/ ~ « /”//‘ \\\.vr/,"
13 1l
<1% 34%
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By no stretch of the imagination do the product yields

account for the amide decomposed. It must be noted. howev
) el

that all reactions to yield the above products are not equall
¥

each molecule of 12 and 14 re-

~s

efficient. For example,

quires a combination of two radicals, or these could account
T

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

material.

Acetaldehyde, when irradiated in cyclohexane, yielded

three products, %g, %5, and methyl cyclohexyl ketone. The

major product was 1k, and the other two products appeared

to be produced inefficiently. An irradiation of acetalde-
hyde in cyclohexane with an internal standard was conducted
until nearly total conversion of starting material was attained

Under glpc conditions where the alcohol and ketone had the

same retention time the yield for both was calculated to be

7.2%. The inefficiency of this photoreduction suggests that

acetaldehyde, the secondary product of initial Type I amide
cleavage, 1S formed in the amide decomposition in reasonable

The acetaldehyde yield could be 10% of the total

yield.
more than initial product anal-

reaction yield, which is much

ysis for 13 would indicate.
proposed for the photodecompo-

The following mechanism 1s

sition of 1 in cyclohexane ©On the basis of experimental

evidence:

hv . ﬁ
CH.C H_CE + . ; SEeRt )
1 ,T_;;;\—»I 3 HQCHQC 2CI CNHCHQCH2(‘,HQCHQCHQUI3 (1)
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hv i
1 > CH CH_CH_CH_CH,C® + *NHCH, CH_CH,CH_CH,CH
— 372 27722 R Rl Rl Rl R V2)
I
. .
CHacHQCHQCHQCHQC ——> CH,CH,CH,CH,CH; + CO m
ge 4 (] — "
CHSCHQCHQCHQC 5 @ > CH,CH,CH,CH,CH, + (/\l Bis
0 0
CH,CH, 'c N ——> CH_CH,CH_,CH ! .
CH,CH,CH,CH, + () ,CH,CH,CH,CH,CH +Lj (53
0 0
H,CH,CH 'cIH ——h—\)-»CH IcIH + CH=CHCH
CH,.C = CH (6)
3 B Type L 2 2 3
- 2 T e
+ f FECR T i
CH3CHQCHQCH2CH2 J ) (7}

O O O O @

CHQ:CHCH CH3

0
“ hv __OH
CHng ¥ Q = (Ov %
13
r : [/\J > (\J L”j (10)
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'NH(CH2)3CH3 ——— Polymer izerl

hv
1

~

CHS(CHQ)MCONHQ + CH2=CH(CH2)3CH3 (9
. _ AN
O + CH,=CH(CH,) CH, -—\—\—* (J - S v E
NP e N
@ A

Type II

As previously stated on page 20, Mazzocchi and Thomasll

observed in their work on N-alkylpyrrolidinones that the

Type I reaction involves cleavage of the C-N Dbond only

and not the c-C bond shown in equation (1). Equationms

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

ate only inefficiently.

To verify the proposed mechanism, 6 was irradiated

in cyclohexane. The major product was again 14 with

small amounts of ethyl cyclohexyl carbinol and ethyl cyclo-

hexyl ketone. No methylcyclohexane was observed. Proprion-

aldehyde ipradiated in cyclohexane yielded the same three

otodecomposition of 6, as
~

products observed in the ph

expected.
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Solvent Effects on Amide Photodecomposition

It has been stated that the carbonyl oxygen in the

Type II excited state in ketones is electrophilic It

31,34 )
was shown by Wagner that protic solvents such as

tert-butanol or methanol enhance Type IT reactivity The

polar colvating power apparently stabilizes the incipient

olar transition state. Cyclohexane, diisopropyl

partially P

ether, dioxane, acetonitrile, and methanol were selected

to represent a solvent polarity spectrum. Irradiation in

of solvents should indicate whether solvent polar-

this set

ity affects amide photoreactivity in general and can increase
amide Type II reactivity in particular.
Solutions of 1 containing internal standards were

ippadiated, and Type IT product formation and starting mater-
jal disappearance were monitored by glpc for samples taken
at different times. The method for Type II product yield

determination is listed in detail in the experimental sec-
tion. Product yields were calculated using the response
factors for hexanoamide and N-hexylacetamide (the primary
Type II products) on the basis of starting material decom-
position. The predominant product of the Type I1 products

o the total response factor used in

was N—hexylacetamide s

as weighted in favor of the acetamide.

the yield calculation W

The maximum Type 1] combined product yields are shown

in Table VI.
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T"able VI

from Photodecomposition of 1

Moles 1 Moles Type
Time Decomposed IT Product P X

Solvent (Hrs.) -5 -6 ercent Yield

x 10 x 10 Type 11 Product
Cyclohexane 10 18.4 8.3 b.5
Diisopropyl 10 7:5 3.8 5.0

ether

Dioxane 10 T 6.4 8.3
Acetonitrile 10 1.4 6.7 4.8
Methanol 21 17.0 2.7 1.6

The expected increase in Type II products with increasing

polarity, especially methenol, did not occur. It can also

be observed in Figure 3 and Table XVII that starting ma-

terial decomposition was not accelerated by increased sol-

vent polarity. Since a maximum of 8% product was formed

.,

via Type TI1I reaction, 90%

the remaining of the reaction

must be Type I. Recent wcrk by Lewis and Heine68 on substi-

tuted deoxybenzoins indicates that in Type I reactions the

early transition state has a moderate degree of ionic char-

acter as shown:

0E_ D
"'/_A\\ /’"/—k| . "
X’*-(@ ' (5 VT -
+
N g 2 (S 4]
This 8% yield was the largest Type I1 yield observed for

any of the monosubstituted alkyl amides. In no other ex-

periment was >4% Type II product observed.
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Donating 2 substituents accelerate the reaction by sta

positive charge while X withdrawers stabil-

bilizing the

ize the negative charge on the carbonyl carbon. A polar

solvent, such as methanol, should accelerate Type I photo
decomposition by stabilizing a charged species, but Figure 3

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

actions. It may be that the initial reaction is not affected
by solvent, and the incipient radicals are affected only by

the ease (relative number) of hydrogen abstraction.
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Determination gf_Mechanism by Competitive Reacti
e l1ons

There is the possibility that the Type II product
S

were more photoreactive than the starting material &
an

that the long irradiation times required to decompo 1
B5e

would also decompose any reactive Type II products fo d
rmed .

Any peactive Type 1T product would not be detected unl
ess

the initial peaction was efficien: o
nt. For exam
> ple, l-hexen
@
2

a Type Il reaction product, could react several times

faster than 1 under the reaction conditions and would not
: ot

be detected by glpc.

The first Type II product to be tested by competitive

reaction was N—hexylacetamide. Independent photolysis of

a 2% solution of the amide in dioxane with an intermnal
standard showed that this amide decomposed at approximatel
arteLy

the same rate as 1. The products of decomposition were 2
ere 2,

3, 4, and 5 as well as carbon monoxide. The similarity of
~o ~ ~ o o O

d reaction rates indicates that the added

the products an

r Type II reaction in 1 does not alter the

possibility fo

mode or rate of reaction because the UV absorbing amide

moiety is the same in both cases.

To test the possibility that N-hexylacetamide is an
intermediate im the photodecomposition of 1 a solution of

1, N—hexylacetamide, and an intermal standard in dioxane

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

hours. The samples were analyzed by glpc. The ratio of

the area of the acetamide to that of 1 should be constant
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for all samples including the zero hour sample if the rate

Gt decomposition is the same for both amides. The ratio
25

was found to be constant at 0.

kl
1 — 5
hv [O\‘ <
-

hv k2

Type II
I

CHBCNH(CHQ)SCH3
The rates kl and k are equal, hence, any loss of 1
acetamide. Under

would be accompanied by a similar loss of

mstances N—hexylacetamide is not an intermediate

these circu

of e

~

The alternative Type II process in the photodecomposi-

tion of 1 yields 1-hexene and hexanoamide. Theoretically
amounts of both, but hexanoamide was

there should be equal

le in dioxane. Other long-chained-

only sparingly solub
alkenes such as 1-octene and ]1-decene were observed by Elad6
to react with dioxane and 1,3-dioxolane in an inefficient

addition peaction (5% yield).

Ipradiation of a 10% solution of freshly distilled

1-hexene in dioxane for 10 hours yielded a product L o

todecomposition of 1. Vacuum

was not present in the pho

distillation of the reaction mixture followed by preparative
glpc yielded a small quantity of liquid characterized by its
spectra and analysis as hexyldioxane 195. The reaction 1is

€
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obviously analogous to that observed by Elad69 e, &k
El e

mechanism for its formation is analogous to that previousl
usly

r formation of butylcyclohexane.

hv
st T Q/\/\/\

L5

~

proposed fo

[ft] + CH2=:CH(CH
0

A solution of 1 and l-hexene and internal standards

cyclohexane and hexadecane in dioxane was irradiated with
the Hanovia lamp. Samples were taken at 0, 6, 17, 40, 65%

L} 9 D s
hours and immediately analyzed by glpc. The re-

and 98

sults of the glpe analysis are shown in Table XIX.
A plot of the relative rates of disappearance of

starting materials and of appearance of products b, 5 —
s 4, 5,
s ratios with the internal standards is shown in Figure 4

k? a
were modified to better show the

The ratios from Table XX

a. 1 @
1 hexadecane x %

peaction rates as follows:
b. l-hexene: cyclohexane X 1; c. 4 + 5: hexadecane X 10
s o = - 9

and d. 15 hexadecane X 5
Fpom Figure IV several observations can be made The

rate of disappearance for 1 is much slower than that for
1-hexene, which might account for the absence of the alkene
in previous photodecompositions of L. Formation of l-hexene,
however, must be accompanied by hexanoamide formation, which

could be detected. 1In addition, l-butene, the product of
a secondary Type II peaction, was detected under similar
reaction conditions. Neither hexylcyclohexane nor 15

, 15y
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products of l-hexene and solvent, was detected. The pro-
duction of 4 and 5 ©paralleled decomposition of 1,
slow but fairly constant. The production of 15 and de-
composition of l-hexene were rapid at first until reaching
steady state levels.

Several conditions make l-hexene and hence hexanoamide
(initial Type II reaction products) unlikely intermediates
in the photodecomposition of 1. Although l-hexene photo-
decomposes faster than 1, either l-hexene or one of its
solvent addition products should be observed, since an anal-

ogous alkene, l-butene was observed. Hexanocamide was ob-

served in only trace amounts.
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Photolysis of Other N-alkylamides

In order to determine whether the results observed in

could be applied to other N-alkylamides

the photolysis af 4

several other amides were photolyzed. For the following

tent with those For L.

amides the presults were consis

t hv
RCHQCNHR' -——7;——> 2+ gt Bt EH co + RCH, + R=CH,
N
15 p
R R!
16a G, B CH
16b C, Hg CeHyg
lgc H C6H13
16d Colys CpPig
16e Cylg Celag
16f ®CH, CeHyg
16g (CHB)QCHCHQ Celig
16h Cqu CHQCH(CHs)2
161 C Hq C,H;
163 CyHg CyHg
16k ¢, Hq CoHyq
161 ¢ Hg CH(CHB)(CH2)MCH
16m H CH(CHB)(CHQ)HCH

I+ is apparent that the same mechanism operates for this
series of amides that operates for 1, an initial Type 1

cleavage toO afford an acyl radical. The padical then
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abstracts hydrogen to yield an aldehyde,which undergoe
? s

subsequent Type IT peaction to yield acetaldehyde Th
® e

acetaldehyde is then photoreduced to yield 2 and 3

To verify the mechanism a 2% solution of N-hexyl-

Q—methylvaleramide in dioxane was irradiated. The usual

products 2, 3, M and 5 were identified, but in addi
tion small quantities of 7 and 8 were observed Th
~ ~ : B e
only explanation for 7 and 8 is initial Type I clea-

1 padical. Subsequent hydrogen ab-

vage to yield the acy

straction followed by the predicted Type ITI reaction of the
ould afford proprionaldehyde,which inefficiently

educes in dioxane to yield 7 and 8. The Type II

aldehyde W

photor
reaction is analogous toO that observed in 2-methylbutanal

by Gruver and Calvert. It was observed by Bamford and

ovaleraldehyde also underwent Type II

Norrish that 1is

reaction efficiently: No 6 (hexylproprionamide) or 2-

methylvaleramide was observed in the reaction. The follow-
ing mechanistic scheme jllustrates the photodecomposition

of N—hexyl—2-methylvaleramide:

CHj Q;] ?Hg

NH(CH,.) . CH, — - . S
(1) CHBCHQCHQéHﬁ H(CH,)5CHy — CH4CH,CH, CHE + NH(CH,) CH
N N 3
0
?Ha ?HB

() CH,CH,CH,CHC® ¥ /Oj — "+ cH,C

) JCH,CH,CHE 3CH,CH, CHEH

0

0
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CH3 hy
= - CH,CH=CH, + C
(3) CH3CH2CH2CH FH - . H ,CH, CHO
0 Type
hv
(w) CH3CH2CHO ——Eiiﬂé 748
?H3 hv
(5) CH,CH CH_CHCNH(CH ) CH '~———“+ CH . =CH(CH,.)_ CH_  +
37722 ﬁ 27573 rype D1 2 57 3CH,
0
b
CH CHz-CH
4CH,CH, HﬁNH2
0
__jiivr
> CH,=CHCH_ +
Type II 2 3
CH,CH QNH(CH
3-"9 2)5CH3
Several anomalies, however, were observed. Styrene
was not observed, and propylbenzene was observed in smaller
quantities in the photolysis of 16f than pentane in the

photolysis of 1- The probable

group alters the

Despite random

tected for the series of amides.

photodecomposition rates

decomposed at nearly the same rate,

from ketones where the rate of

fers significantly for primary,

photoreactivity of the

sampling during peactions,

A rough

of these amides

secondary,

reason is that the phenyl

secondary products.

no amine was de-

estimate of the

showed that they

which is quite different

y-hydrogen abstraction dif-

and tertiary

sites.
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Relation of y-Position to Amide Photoreactivit
- N

y-position in ketones is a

As previously noted the

determining factor in their photoreactivity Tapt {5
: ry

hydrogens are more reactive than secondary hydrogens b
y a

factor of #3,.5 LB butyrophenones despite a 2:1 rati
: a1t Lo
of <Yy-hydrogens: The peactivity per hydrogen would favo
i

tertiary hydrogens by a factor of ~7:1 over secondary

Two reasons for the increased reactivity could be decreased
> se

trength for the tertiary y-hydrogen or the electron

<tra methyl group, which increases

bond s

donating effect of the e

the nucleophilicity of the tertiary hydrogen.
Two amides were selected with tertiary <Y-positions
and masses similar to 1. Three solutions of freshly A 4o

lvaleramide, isobutylhexanoamide, and
2 |

tilled N—hexyl—u—methy
1 in sodium-dried t-butanol with an internal standard were
irradiated simultaneously in sealed tubes following freeze-
pump-thaw degassing. The system selected allows comparison
secondary hydrogen abstraction even in

of tertiary versus

Under careful scrutiny it can be ob-

the same molecule.
e nature of the hydrogen to be abstracted

served whether e

t of Type Il reaction in amides. Tertiary

affects the amoun

the carbonyl and amine sides were com-

hydrogens on both
pared with secondary hydrogens.

The solutions were jpradiated for 2 hours with the

I i
10% starting material

according to Wagner,gu

Hanovia lamp., which yielded just over

conversion. The solvent, teprt-butanol,
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gshould promote Type 1T reaction. Glpc analysis of th
e

ippradiated samples showed no Type II product for any F
o

pared to the ratios of amide to

the three amides. When com

standard in the zero-hour samples, the same ratio in th
e

ippadiated samples showed that the three amides had de
oM~

posed at approximately the same rate. The ratio T./T
.o

was the same at 0.89 for all three amides.
ect on the photodecom-

The Y-position t+hus had no eff
position of amides despite decreases in bond energy, in
ey, ”

in stability of the incipient radical, and an

licity of the hydrogen to be ab-

creases

increase in the nucleophi

Indirectly, this evidence shows again that

stracted.
o not operate efficiently for N-alkyl-

Type II reactions d
amides, and the important process is Type I in the amide

photodecomposition.
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Photolysis gf_Unsubstituted Amides

In order to exactly duplicate the work of Booth and

] 2 .
Norrish a series of unsubstituted amides was synthesized
size

from the acid chlorides, purified, and irradiated in di

oxane solutions. Norrish observed mno aldehyde formatio
; n

and hence assumed Type I peactions were mnot important

neration of carbon monoxide and unidentified

The ge

was evidence for a carbon monoxide extru-

primary amines

Ipradiation of the unsubstituted amides

sion process:.

showed the presence of carbon monoxide in the infrared spe
= = > C -

tpum of the head space gas. No amines were detected due to
g irradiation period. Generation

photoinstability for the lomn

explained as a secondary product

of carbon monoxide could be

following initial Type I cleavage.
hv

RCONH2 —— > RCO+ + °NH

Type 1 2

RCOe — 7 Re + CO

The primary & 10y L amines observed by Booth and Norrish

would arise via radical pecombination or combination of

the amine with the decomposing solvent.

recombination appears to be statis-

Although radical

tically unlikely, the recombination can occur with surpris-

a phenomenon called the cage effect.

ing efficiency due to

Primary ipvestigation of the cage effect was conducted by
Frank and Rabinowitch. When the excited state dissociates
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to radicals, the radicals must escape a cage of solvent

molecules to avoid pecombination or solvent interactio
T

Thus, there would be a high probability of recombination

diffusion rate or in viscous

with radicals having a 1low
s cannot escape. For example
9

solvents where the radical

the cage effect would be very important when tert-butanol
is the solvent. Previously it has been stated that all th

e
main products of N-alkylamide decomposition result from

solvent interaction. Indeed many Type I reactions and

photoreductions such as with benzophenone7l require solvent

interaction.
2

Three compounds investigated by Booth and Norrish
- k]

butyramide, valeramide, and hexanoamide, ostensibly could

eactions to yield an alkene and acetamide

undergo Type TLE T

g alkyl-groups on nitrogen should increase

Electron donatin

n and thereby decrease the electrophilicity

the I donatio
of the oxygen. Electrophilic oxygen is necessary for Type II
. . 31,3U '
reactions according to Wagner. Unsubstituted amides

e no donating groups on nitrogen then should

where there ar
undergo Type 1T reaction more readily than N-alkylamides

n alkyl donating group. Presence of these ex-

which have &
pected alkenes was their evidence for the importance of

tions despite the absence of acetamide. Al-

Type 11 reac

nes were not observed directly, minor quantities

though alke

of addition products analogous to that observed by photo-

reduction of l-hexene in dioxane were detected.
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camide in dioxane was observed to yield 2, 3, 4
&9 X% o2

Hexan
and 5. Under the predictions of Booth and Norrish 1-
butene and acetamide should be major products of Type II

reactions. AS previously shown, in the case of the irradi
l_

ation of 1 versus N-hexylacetamide in dioxane only the

Consequently, there should be

amide moiety absorbs light.

a detectable acetamide build up if initial Type II reacti
B on

is important. The hexanoamide would absorb most of the

1ight since it would be the major constituent of the reac-

tion mixture. No l-butene or acetamide was detected

The Type II products predicted by Booth and Norrish

he photodecomposition of butyramide would be acetamide

de was detected, and the infrared

For T

and ethylene. No acetami
tpum of the head space gas showed carbon monoxide but

spec
y addition product of ethylene and

no ethylene. A secondar
dioxane was isolated from the reaction mixture and purified
by glpc. The product was characterized as ethyl dioxane by

+
he NMR and m /e 120. The major prod-

the ethyl pattern jimm t

~

2, 3, 4, and 5, were arising via

ucts of the reaction,

Type 1 peaction.

One possible peason why neither ethylene nor l-butene
as detected is that both are volatile and may have escaped

W

from the reaction vessel. A Type L photodecomposition of

octanoamide would yield 1-hexene and acetamide. This al-
in solution. Only

kene is less volatile and would remain
traces of acetamide and no l-hexene were detected in the

reaction mixture. The major products of the reaction were
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again 2, 3, 4, and 5. A small quantity of hexyldioxane
)
15, was also jetected. Thus, mostly Type I with only a

possibility of a trace of Type II reaction, was observed

for octanoamide.

Type II photodecompOSition of U4-phenylbutyramide

would yield an intermediate benzyl radical, which would be

pelatively stable compared with the previous secondary

pradicals. This added padical stability did not increase

the amount of Type 11 reaction. Neither of the Type ITI

products, acetamide and styrene, was observed. The major

products were 2 % 3+ M + 5, which arose as a result of
the Type I reactions previously mentioned. Although only a

small quantity of propylbenzene, the product of the decar-
bonylation of the u—phonylbufvryl radical, was observed.
Type 1 reaction 1is still the primary process. An alterna-
tive reaction of the u-phenylbutyryl radical would have
been closure to yield a-tetralone, which was not detected.
I reactions are not important even

It is obvious that Type I

when the incipient radical is benzylic.

valid comparison with N-alkylamides

In order tO make a

ppoprionamide was ipradiated in dioxane. As with the alkyl-
amide 6 there wepre the same six major products, 2, 3, 4,
5, 1> and 8- Therefore, the mechanism proposed for the

N-alkylamides apparently applies for

photodecomposition of

unsubstituted amides also.
The following scheme illustrates the series of amides

studied and the products observed:



OH
0 hv //'
RONH, ———> 4 + 5+ [if] T~R'
2 LR 3
5 H

18

~

O~ ——R" D, R" L
- OH g )
O ~ O./

19 20 (minor)
17 8 19 20
R R'! R? R
. 8
17a n CBH7 18a CH3 19a CH3 20a C2H5
=i . H 18b CH 19b
igp m-lglyy ~ 3 LR 20c n-CgH, 4
17c¢ 18c CH 19¢ CH
~ - H ~ 3 ~
n C7 15 3
CH i,
17d ¢cu, CH,CH 18 =53 L
272
& CH %
17e CHSCH2 18e CH2 3 19e CHQCH3
and CH and CH
3 3

An alternate explanation for the presence of alkenes
in Booth and Norrish's investigation and the secondary
products previously mentioned are shown in the following

tic scheme:

mechanis
I ke I
RCH,.CH CH _ CNH *—~—“~+ RCH=CH + CH_CNH
2 2 2 2 2 3 2
Type II

*:4 is obvious that R':CQH5 in 18e and 19e arises via amide
osition while R':CH3 in 18e and 19e arises

photodecomp
position.

fpom solvent decom
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0
RCH _CH_CH ! hv ﬁ
o CH, CH, CNE, + RCH,CH,CH,C* + *NH
Type i 2
@ 0
RCH CH,CH g Il
¢ —_—
,CH,CH, + XH RCHQCHQCH2CH b ey
0
[ hv
—_—
RCHQCHQCHQCH CH,CHO + RCH=CH,
Type Il
hv
EH TR e 2 + 3

- it 9

hv /0
e CH
RCH,CH, . LY;]\\* ,CH,R

Thus, Type I peactions are the most important for unsub-
stituted amides. Type I1I reactions, contrary to Booth

and Norrish, are pelatively unimportant, and their carbon

monoxide extrusion can be explained by initial Type I of
bond, followed by fragmentation of the hexyl radi-

the C-N
o f the amine and alkyl fragments in

cal, and recombination

the solvent cage.
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Photolysis of N,N-dialkylamides

N,N-dialkylamides photodecomposed much fasterp than the
monosubstituted amides. For example, a 2% solution of N.N
,N-

dihexylhexanoamide was completely decomposed after 68 hours

Nicholls and Leermakers also observed increased reaction

rates for N,N-disubstituted amides over monosubstituted

and unsubstituted amides. Previous observations showed

important for the unsub-

Lewis and Heine'sBB

that Type I reactions were the most

stituted and monosubstituted amides.
illustration of the transition state for Type I reactions
E s,

shown on page 73, is consistent with the rate data. The

extra donating group on nitrogen has the effect of stabili-

zing the partial positive charge in the transition state.

C\
/(_S /
R +N
§ \\\

R'V

(,}<D

RV

Nicholls and Leermakers had identified the products

of the photodecomposition of several N,N-dialkylamides. In

a preliminary investigation the products were tentatively

identified on the basis of glpc analysis on two columns,
and mechanisms for their photodecomposition were tentatively

proposed. A symmetrically disubstituted amide, N,N-dihexyl-
hexanoamide, 21, and an unsymmetrically disubstituted
amide, N-methyl-N-butylhexanoamide, 22, were irradiated
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in order to clarify the decom il
position procedure
. A solution

of #g 21 in 910 ml freshly distilled dioxane was irradi
radiated

68 hours with the Hanovia lamp. Samples were taken at O
a , 13,

20, 21, and 68 hours and immediately analyzed by gl
d pPC.

Low temperature glpc showed the presence of pent
antane

and l-butene, which were previously proposed to ari :
se via

secondary Type II reaction of hexanal after the initial
Type I cleavage of the amide. In addition, a substantial

o was detected. This product could only

quantity of l-hexen

arise via initial Type [T reaction of 21.
other Type Il products were also detected. N,N-di
: =

de was the other Type II product from the gen-

hexylacetami

spation of l-butene. N-hexylhexanoamide, 1, was generated
in the Type IT process which yielded l-hexene. N-hexyl-
two Type II reactions, was also

acetamide, the product of

detected. Since N-hexylacetamide is not a major product i
proc in
the photodecomposition of 1, it is unlikely that 1 is the

its formation here. The N-hexylacetamide is

intermediate in

ary Type 1I product of N,N-dihexylacetamide

probably a second

ties of the Type II products were not measured

Relative quanti
The Type I peaction was still important. Although 2
= ’ 1,

3, U. and § were identified, they were not the predominant

sole products of the previous N-alkylamide and unsubstituted

amide reactions. Another factor afforded by N,N-dialkyl-
amides 1is the increased stability of the amine radical pro-
duced by initial Type I reaction. In the 13 and 20
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hour samples N,N—dihexylamine was detected as a major prod-
uct. From this evidence N,N-dihexylamine is the only initial

Type I product to be directly identified.

The reaction scheme depicting the photodecomposition

of 21 is shown. The identified products are underlined

~

ﬁ /C6Hl‘3 hv ﬁ
cH.(CH,),CN cH.(CH,) CN(CH_,)_CH, +
3 27k \\c ; Type II 3 27y 2/g5 3
6 13
H,=CH
CH, (CH2)3CH3
Type I1 hv
0] c_ H
| 613
CcH =CHCH,CH, * CH,CN
2 2773 3 \
Type I |hv i T e CH
6 183

i
N T =
CH,CNC H, o + CH =CH
8
( H2)3CH3
0
) be s + '
CH3(CH2 n
" h
CHg(CHg)q + CO v
8
[pj Type 11
O

o -
CH2 HCHQCH3 e CHSCHO

CHg(CH2)3CH3
L —
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CchHO-—-———%'gV + 3
hv

Photolysis of the unsymmetrical amide 22 verified

the previous results obtained from irradiation of 21 A

solution of 4 g 22 in 510 ml dioxane was irradiated
to nearly complete decomposition in 48 hours with the
Hanovia lamp- Samples were taken at 9, 18, 31, and 48
hours and immediately analyzed by glpc. Volatile produéls

n identified. This time
-9

1-butene and pentane were agai

the 1l-butene could be produced by elthay initial

or initial Type I followed by sec-

however,

Type II peaction of 22
ondary Type Il peaction of the aldehyde.

Other Type II products were also identified in the
peaction mixture. Tdentification of N-methylhexanoamide

pt of the l-buteme was being produced via

showed that Ppa
Type II peaction. Strangely N-butylhexanoamide, which
re generation of a methyl radical, was also pro-

would requi
ide, which would yield 1l-butene

N-methyl-N—butylacetam

duced.
as also identified.

as the alternate product, W
identified as an initial

N—methyl—N—butylamine was

Type 1 product. Other products arising from initial Type I
reactions were also identified as 2, B, 4, 8, pentane, and
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1-butene. The following reaction scheme is proposed for the

photodecomposition of 22 and identified products are

underlined.

CH
3 hv u
CH (CH ) AN _— CH3(CH2)u NHCHgy +
(CH ) 4CH, Type Il
CH =CH
CHQCH3
Lk ;:\;?\\\\\\\&
O
CH (CH ) CNH(CH ) CH
Type 11

o)

+ CHu.
HS

CH3CN
\
(CHQ)SCHu + CH2=CHCHQCH3
hv 1Type LE?
hv Type & 0
[
CHBCNHCH3

| 7
cy (cH,),C* ¥ 'N\\ H-N\\‘ +

N (cH,),CH (CH,),CH
\\\

~

S\ ﬁ hv
=
CH3(CH ),,CH ——— CH,=CHCH,CH, *+
Type 1T ——
CH,CHO

XH
¢ —— + X-
o+ CHB(CH2)3CH2 CHg(CH2)3CH3
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| 2w

NG o~
+ [; —> 4+
O f—
hy
CHSCHO # \] —— g
O/r —_— J—

the two amides can be sum-

a0
+
w

The results obtained from

ized as follows. Type I peactions are accelerated by

extra alkyl group on nitrogen.

mar

the inductive effect of the

The amides decomposeé too rapidly for solvent decomposition

2y By By and 5 are not the

to be significant. Thus ,

predominant products as they are in N-alkylamides and un-

Pentane and l-butene (in part) are

substituted amides.

r fashion to the other amides. The

produced in a simila

best evidence for initial Type I reactions is identifica-

tion of the secondary amines.

There may be several reasons for the increased Type II

reactivity of the amides. From a purely electronic consid-
eration the electron donation of the extra alkyl group
should decrease O withdrawal and increase the II donation
of nitrogen. The previous arguments indicate that this com-

decrease Type IT reactivity by making the

bination should

oxygen more nucleophilic. The reason for the increased

y then must not be electronic.

Type I1 reactivit

It has been stated on page 49 that PadwaL‘Lg observed

cases where ability or tendency to attain the proper geo-
metry had great effect on Type 11 preaction rates. The
previous observation was that N-alkylamides should be able
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the proper geometry for Type II reaction. In

to attain

the dialkylamide shown the R-0H, group ferces the B

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 positiom. This geometric,albeit B 1 T
may then be the cause of increased Type II reaction in

N,N-dialkylamides.
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Photolysis of Aniline Imides

One way to increase the Type II reactivity of amides

would be to decrease the ability of the nitrogen to I

donate. A withdrawing group on nitrogen would prevent the

lone pair from being donated to the carbonyl, and the oxy-

gen would be more electrophilic. Mazzocchi and Jameson

at dialkylimides would indeed undergo Type II reac-

found th

73
Kanaoka showed that N-

tions more peadily than amides.

alkyl succinimides, and glutarimides would undergo Y-

hydrogen abstraction (Type II reaction) followed by closure

to yield cyclobutanols."

The reactions observed by Mazzocchi and Jameson

showed two types of Type II cleavage.

CHSOH

Qi‘ 0 0
1 ' /“\ N/]k

H 0 CHSOH 0

\\//\\T//' hv '
JO — 4 H7CH G20 ———* C H, 1 196 H
oﬁﬁd\‘nN/fl\\' Type 11 CH,4 NH,,

ed at greater length

This peaction will be discuss

in Part II.
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The type of cleavage evidently depends on the geometry of

the compound. For example, the top rotamer can undergo two

possible Type II peactions while the bottom rotamer has

only one Type II possibility. The combined quantum yield

from the singlet and triplet state for N-acetyl-N-4-methyl-

valeramide was 0.08, which is much less than that measured

13 .
Determination of the rate

for the corresponding ketone.

constant shows it to be much smaller (0.05) +han that of

the corresponding ketone.

Mazzocchi and Bodurgil ipradiated a series of N-alkyl-

N,N—diacetamides where the alkyl group was varied. The

y-position on the nitrogen chain was varied from primary

to secondary, tertiary, and benzylic. The products observed

were N-alkylamides, which were produced as Type I products
from the initial C-N bond scission or by the Type II
peaction shown by Mazzocchi and Jameson. N-alkyl-N-acetyl-

mides were also iprradiated, and Type II reaction of

hexanoa
d to yield N-alkyl-N,N-diacet-

the carbonyl chain was promote
amides. In no case, however, when Type 11 reaction of the
amine group was possible, was Type II1 cleavage of that group

as expected, that the N-alkyl

detected. It also appeared,

groups peduced Type 11 peactivity, presumably as in pre-
viously cited cases, by making the carbonyl oxygens more

nucleophilic.

selected for study in order

N,N—diacylanilines were

T donation of nitrogen. The aromatic

to further peduce the

ring would serve as an additional I system for delocali-



101

ofe

zation of the nitrogen lone pair,‘ and donating and with-

drawing groups on the ring would afford an excellent in-

sight on Hammett correlation for Type II reactions.

The imides were prepared by a method analogous to that

of Heyns and FPyrus where the anion of an amide is generated

with a Grignard reagent. Reaction of the anion with an acid

chloride yields the imide. The imide is purified generally

by distillation after unreacted amide is removed with a

saturated K2C03 solution.

0
CH 'cl — Bt 0 Mgx
3 ﬁ + RMgX ———> RH +
N 0
R'-C-C1 /J\
> '
N CH
R i X
imides,

Other methods, which were attempted to prepare the

were largely acyl exchanges and had very low yields of the
desired products in complex mixtures. In all imide prepara-

s a contaminant. N-acetylvaler-

tions N,N—diacetylaniline wa
n the reaction mixture, could

anilides, after detection 1

tly the heat of distillation or

not be purified. Apparen

of propene to yield the diacetyl

glpc passage caused loss

at anilides can transmit
L0

.

"1t has already been stated th

conjugation in omne direction.
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compound. Similar, althcocugh lesser, loss of ethylene from
the N-acetylbutyranilide accounts for diacetylaniline as
well as acetanilide and butyranilide impurities.

The photochemistry of anilides, amides and imides is
best described by the Photo-Fries reaction. This peaction
is the same as the ground state Fries rearrangement, which
uses a Lewis acid catalyst.

0
Il
Q.C

O

CH OH O

i AlClg f// I

—_ t(:) CH, /[gia/'i\CH3 -
e e

AN

« o [OF "t e
on

77 ;
Kanaoka and Hatanaka showed that certain phenyl hetero-
cyclic esters photodegrade as above to yield o and p-keto-

phenols in combined yields ranging from 25 to 60%,

@'“@ = O OO

oo > oY G o.

X =0, S, N-CH,
The photoanilide reaction was discovered by D. Elad,
D. Rao, and V, Stenberg,78 who irradiated acetanilide,

proprionanilide, butyranilide, and benzanilide. The results
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were analogous to those for esters. The para and ortho

isomers of the ketoanilines were isolated as well as aniline
30-70%.

in combined yields ranging from

. NH

R—'C‘—NH —@ L R_ICI 0 NH, /NH2
ICNEN©

The obvious radical formation necessary to form these prod-
ucts is clearly subject to the cage effect due to the high

pate of recombination and lesser solvent participation.
The analogous peaction also occurs for N-phenyl lactams

in moderate yields according to Fischer.

(eH, )
2
hv —

N £
&= &< L

s were proposed for the reaction,

0 l——————-N,H

The following intermediate

which could only be characterized as Type I.

(CHy), (CH,)
=0 N \(,_O N - (CH.)
. e L~— \ ? Tl
«—> . PR | +C=0
» L.
; c*,

P isomer

n=6,7,11
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The generated diradicals formed are forced to recombine
inter or intramolecularly independent of the "cage effect".
80 . o
Kan and Furey investigated the photodecomposition of

N,N-dibenzoylaniline.

0 0

4 /JL
& g 9
)

N

9 @

RH /0
2
0“4
RH
(fﬂ‘ /'COQH
{
\\_/‘
o
17% ﬁ
L 4 C-NH,,
NHC
~ by
O] ——
A 11%
B hv
0

y-q) A~ NH,,
o

N
1O
HQN ,

20

Any of these reactions could hardly be construed as Type II

reactions, due to the lack of Y-hydrogens. Katsuhara and
80 : ]

coworkers8l expanded on the work of Kan. They irradi-

ated N,N-diacetylaniline and N-acetyl-N-benzoylaniline.
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I
HCCH

It is interesting to mnote here that no secondary photo-
p-acetoaniline, or aniline

products such as o-acetoaniline,

were detected. The explanation for the absence: of these

products was that the acetophenone moiety would be excited

by the light rather than the acetanilide moiety .

There is the possibility of Type II reaction in the

diacetyl compound with the proper geometry.

CH

N—acetyl—N—benzoylaniline yielded 2-(8%) and UY-acetamino-
benzophenone (16%), acetanilide (54%), benzanilide (18%),

These results suggest that the

and benzoic acid (15%) -
predominant dissociation is to benzoyl and acetanilide radi-
cals rather than acetyl and benzanilide radicals, despite
the possibility for Type II dissociation in the latter case.
N—acetylbutyranilide can undergo three possible Type II

reactions depending on the geometry.
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Type 1‘_;/ \ype T

NHCCH CH CH

2 S (5

Ea g

A recent NM

ducted by Noe and Raban,

c-N Dbonds in the imides we

restriction to rotatil
lone pair with
favored con

7,7 form. This form would be

AN

formation to be the

indicated,

he two carbonyl systems.

trans-trans, which

e 3
- =)
Oy
o S
0 € H

hv|Type II

0
Il
NHCCH
3

®

R study on the geometry of imides, which was con-

as expected, that the

re not freely rotating. This

ion is due to the overlap of the nitrogen

expected because the M overlap would

kaﬂ)af

One may expect the

is called the
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allow the resonance at the right to increase stability

similar to aromatic systems. NMR data on diformamide
showed no evidence for the iminol forms possibly due to

the decreased I donating ability of the nitrogen The

major contributing structure by NMR in diformamide is the

E,E (R, R', R = H).
R RIV
RH
E B! /L\\ //l\\\ E,2! ,/L
7 T X R T/ \\o
R! R'

nd a study by Pellessier83 most substituted

In this work a
imides preferred the E,Z form. For example, N,N-diacetyl-
p—chloroaniline and N,N—diacetyl—p—toluidine exist solely

4z the E,2 form to the point that the bond rotation ener-

gies have been measured for conversion to the other forms

The reported compound wh

l_N_Q,2—dimethylproprionylaniline,

ich relates best to the imides of

this study is N-acety

which also exists in the E,Z form. The compound has two

The dipole moment study by Pellissier

possible E,7Z forms.

suggests that 23 predominates over 214

0
!
07 CH (CH3)3C//
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Substituted N—acetylbutyranilides then have the proper

metry to undergo Type II reactions. The possible Type II

geo

peactions and products are shown. All three can be detected

i3H7 0 0 "
\\‘O H C/ /L%H NHCCH3 NHCC3H7

O © 0O O

Type II

0

28 26 27

~

AN
tOo

apart from starting material by glpc. When an impure sample

of N—acetylbutyranilide was irradiated in dioxane for 104

(o]
hours (2537A), three major products were generated.

Butyranilide, 27, was not detected, and the other Type II

) € which were impurities in the start-

products, 26 and 28,

decreased during the course of the reaction

ing material,

pather than accumulated (as if being generated by decompo-

sition of starting material).

The three major products were isolated by preparative

glpc. The first peak was characterized as o-acetoaniline

by glpc coinjection and comparison with spectra from liter-

ature and authentic samples. The para isomer may be assumed

it was not isolated. The second

to be present although

product was o-butyroaniline isolated and characterized in

the same fashion as the previous product. The para isomer

could not be isolated because its retention time was equal

to the starting material.
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The third and major product was actually a mixture of

four products: o-acetobutyranilide and o-acetanilide,

p_acetobutyranilide and p—butyroacetanilide. The NMR was

difficult to interpret except Tto say that there was a mix-

* . @
ture. In the mass spec 1 /e 205 indicated the proper mass.

TR showed the presence of ketone and amide C€=0 stretch.

These products could not be separated by glpc or TLC.

A purified sample of N-acetylbutyranilide was irradi-

o
ated in dioxane for W2 hours with 2537A 1light. Samples

wepe taken at D, 3, 6, 14, 25, and 42 hours and analyzed

The same three major products of the previous re-

by glpc-
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