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residues on treatment with aqueous solutions of S-benzyl-
thiouronium chloride gave crude salts, which were crys-
tallized from water and dried. The m.p.’s were: pure
authentic S-benzylthiuronium g-(4-iodophenoxy)-ethane-
sulfonate (X), 155-156°; salt from VI, 153-156°; mixed
m.p. of X with salt from VI, 1563-156°; salt from IX, 153—
155°; mixed m.p. of X with salt from IX, 153-156°.

4-(Carboxymethoxy)-diphenyliodonium Iodide (XI),—
To a stirred solution of 7.2 g. (22.4 minoles) of phenyl-
iodoso diacetate in 20 nil. of acetic anhydride held at or be-
low 0° there were added first 1.2 ml. (22.4 mimoles) of con-
centrated sulfuric acid and then a suspension of 3.4 g. (22.4
mmoles) of phenoxyacetic acid in 30 ml. of acetic anliydride.
The solution was allowed to warm to rooin temperature and
was stirred overnight.

After solvent had been removed ixn racuo below 70°, the
residue was dissolved in 40 ml. of water, extracted three
times with ether and treated witl aqueous potassiuni iodide
(3.7 g., 22.4 mmoles). The solution stood for several hours
at 0° giving a colorless precipitate of 4-(carboxymethoxy)-
diphenyliodonium iodide (XI), which after drying weighed
9.15 g. (19 mmoles, 85%). Recrystallization from water
gave a constant m.p. of 108-111° (introduced onto Kofler
liot-stage at 95°).

Anal. Caled. for CyHp1.05: C, 34.88; H, 2.51.
C, 34.79; H, 2.27.

4-(Carboxymethoxy)-diphenyliodonium Betaine (XIa).—
A sample of the above acid XI (1.8 g., 8.7 minoles) was dis-
solved in hot water and titrated with 0.1 N sodium hydrox-
ide to a brom plienol blue end-point (pH 6.0-7.6). (Po-
tentiometric titration hiad shown the end-point to be near
pH 6.5.) Dilution of the solution with acetone precipi-
tated tlie betaine X1Ia as a colorless powder. Recrystalliza-
tion could be accomplished by solution in liot water and ad-
dition of acetone to incipient turbidity, followed by keeping
near 0° for several hours. After drying for three hours at
100°, such material had a m.p. of 205-207° (introduced
otito Kofler hot-stage at 190°),
Anal. Caled. for CiyHi10;: C, 47.48; H, 3.13. Found:
C, 47.20; H, 3.32.
4,4’-Bis-(carboxymethoxy)-diphenyliodonium Betaine
(XIla).—After 1.4 ml. (25 mmoles) of concentrated sulfuric
acid had been added to a solution of 40 mnoles of iodine(I11)

Found:
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trifluoroacetate in 50 ml. of aceti¢ anhydride at —20°, the
solution was cooled to —40°, and 24.3 g. (160 mumoles) of
phenoxyacetic acid was added in small portions and with
good agitationn. The solution was allowed to wari1 to room
temnperature over four hours, solvent was ranoved in wicuo
below 70°, and 75 wl. of water was added. The aqueous
suspeusion was extracted thoroughly with etlier and was
then filtered. The clear filtrate was madc slightly alkaline
with barium hydroxide, treated with carbon dioxide, filtered
and passed througl a Dowex-50 ion-exchange column in the
acid formi, The chilled eluate gave 4.0 g. (9.4 uunoles,
23%) of 4,4’-bis-(carboxyuiethoxy )-diphenyliodoniun  be-
taine (XIIa). Recrystallization from: water—acetone and
vacuum drying at 100° gave waterial of in.p. 212-215° (in-
serted onto Kofler liot-stage at 195°), unchanged by further
crystallization.

Anal. Caled. for CisHplOs: C, 44.88; H, 3.06. Fouud:
C, 45.07; H, 3.27.
4,4'-Bis-(carboxymethoxy)-diphenyliodonium Iodide

(XIT).—Betaine XIIa (337 mg., 0.79 nunole) dissolved in
20 ml. of ot 204 hydriodic acid gave ou cooling colorless
needles, which were dried % vacuo, washed with anhydrous
ether and redried, giving 354 ing. (0.64 mmole, 819;) of
4,4'-bis-(carboxymethoxy)-diphenylicdonium iodide (XII)
as a vellow powder, m.p. 162-164°.

Anal. Caled. for Cigl;31:06: C, 34.55; H, 2.54.
C, 34.45; H, 2.83.

Attempts to crystallize X1I from water gave mixtures of
NXII and XIIa (formed by loss of hydrogen iodide).

Structure Proofs for Salts XI and XIT from Phenoxyacetic
Acid.—A sainple of 4-(carboxymethoxy)-diphenyliodoniun
iodide (XI) wuas heated at 120° for 2 hours, The product
was crystallized twice from methylene chloride and twice
fromi ethanol-water to give 4-todophenoxyacetic acid of m.p.
158-160°, undepressed by admixture with an authentic
sample.

Similarly, the decomposition of 4,4'-bis-(carboxyincth-
oxy)-diplienyliodonimn iodide (XII) at 165-170° gave 4-
iodoplienoxyacetic acid of m.p. 156-158° after two crystalli-
zatious from methylene chloride and one from ecthanol-
water; 10 depression of m.p. o admixture with an authen-
tic sample.

BrooxkLyY~N 1, N. Y.
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Mechanism of the Photooxidation of Amides

By W. H. SHARKEY AND W. E. MocHEL
RECEIVED JUNE 20, 1958

The photodxidation of N-alkyl amides has been studied using N-pentylliexanamide as a representative of this class.

The

major products formed were n-valeraldehyde and valeric acid from the amine part of the molecule and hexanoic acid and

liexanamide from the acid part of the molecule,
attack on the methylene group adjacent to nitrogen.
stituted with alkyl groups at various positions,

There are a number of reports in the literature on
the photochemistry of amides. Examples include
studies of the photodegradation of serum albumin'
and of polyamides.? It has been suggested that
photodegradation involves reactions of acyl and
imino free radicals generated by photolytic scission
of the amide group. That photolytic scission oc-
curs under certain conditions was demonstrated
by Rideal and Mitchell® who irradiated monolay-
ers of stearanilide upon aqueous acid supports with

(1) E, X, Rideal and R. Roberts, Proc. Roy. Soc. (Londosn), A208,
391 (1931); R, Roberts, J. Soc. Dyers and Colourists, 68, 699 (1949).

(2) B. G. Achhammer, F. W. Reinhart and G. M. Kline, J. Research
Natl. Bur. Standards, 46, 391 (1951).

(3) E. K. Rideal and J. S. Mitchell, Proc. Roy. Soc. (London), A1589,
206 (1937).

Formation of these products indicates that pliotodxidation involves oxygen
This conclusion has been substantiated by exainination of amides sub-

light of wave length 2350-2500 A. The photolysis
products, stearic acid and aniline, appeared to
have been formed by reaction of acyl and imino free
radicals, respectively, with water. Later, Carpen-
ter* reported that N-benzylstearamide and N-8-
phenylethylstearamide were degraded in the same
manner.

Since comparable studies on simple N-alkyl am-
ides have not been reported, an investigation of the
photodxidation of a representative member of this
class was undertaken. N-Pentylhexanamide was
chosen for study principally because of its low
melting point (37-38°). This amide could be ex-
amined in the liquid state at temperatures low

(4) D. C. Carpenter, '[u1s JoURNAL, 62, 289 (1910).
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enough to avoid complicating side reactions
brought about by heat. Because we were inter-
ested in reactions that would occur in sunlight,
which has very little radiation below 3000 A., ex-
posures were made in Pyrex glass equipment using
a medium pressure mercury lamp. Photooxida-
tion proceeded at a significant rate even though the
light employed is absorbed only weakly by the
amide. However, long exposures were required to
obtain gross amounts of photosxidation products.

Oxygen was absorbed during ultraviolet irradia-
tion of N-pentylhexanamide at 50° to the extent of
about 300 ml. in 285 hours. A variety of products
were formed including acids, aldehydes and, sur-
prisingly, hexanamide. Evidence for the pres-
ence of amines was not obtained. Other nitrogen-
containing compounds that might be expected as a
result of complicated transformations, such as am-
monia, hydroxylamine and hydrazine, were also
absent.

The acids formed were separated chromato-
graphically®® and identified by comparison of elu-
tion times with authentic samples and by prepara-
tion of anilide derivatives. Ina typical experiment
in which 10 g. of N-pentylhexanamide was exposed
for 285 hours, roughly 500 mg. of mixed acids was
formed. Of this amount 250 mg. was hexanoic acid
and 150 mg. was valeric acid. The remainder was
composed of formic, acetic and propionic acids to-
gether with a small unknown fraction.

Aldehydes were isolated as 2,4-dinitrophenylhy-
drazones. The latter were separated chromato-
graphically” into the five fractions shown in Table
I. Four of these aldehyde derivatives were identi-
fied by correspondence of their X-ray diffraction
patterns to those of authentic samples. The major
constituent of the mixture was the 2,4-dinitrophen-
ylhydrazone of n-valeraldehyde.

TABLE I

CHROMATOGRAPHIC SEPARATION OF ALDEHYDE 2,4- DINITRO-
PHENYLHYDRAZONES OBTAINED DURING EXPOSURE oF 10 G.
OF N-PENTYLHEXANAMIDE FOR 285 HOURS

2,4-Dinitro-
M.p.. °C. of phenyl-
Tocation on prodict hydrazone,
column Aldehyde 1solated mg.
Top band Acetaldehyde 146.5~150.5 <1
Second band Propionaldehyde 143148 1
Third band n-Butyraldehyde 4
an unknown 109-121 16
Fourth band n-Valeraldehyde 106-109 110
IFraction washed
through column Unknown 136-141 1-2

The other major product, hexanamide, was found
in the solid residue obtained by evaporation of
water extracts of exposed N-pentylhexanamide.
Because of purification difficulties, measurement of
the amount formed was less accurate than those for
the acidic and aldehyde components. However,
best estimates indicated that 240 mg. (1.83 X
10~% mole) of hexanamide was formed from 10 g. of
N-pentylhexanamide during 285 hours of irradia-
tion. This is equivalent to the combined amounts

(8) L.L.Ramsey and W. I, Patterson, J. Assoc. Offic. Agr. Chemists,
31, 139 (1948),

(6) C. 8. Marvel and R, D. Rands, Jr., THIS JOURNAL, 72, 2642
(1950).

(7) J. D. Roberts and C. Green, Ind, Eng. Chem., Anal. Ed., 18,
335 (1946).
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of valeraldehyde (35 mg., 0.41 X 10~% mole) and
valeric acid (143 mg., 1.40 X 10~% mole) isolated
from similar exposures.

The only gaseous products positively identified
were carbon dioxide and carbon monoxide. An es-
timation of the rate of formation of these gases was
hampered by poor reproducibility of the analyses.
However, a typical analysis of the gas over the am-
ide after 285 hours exposure as compared to initial
composition of the oxygen used is given in Table II.

TaBLE II

GaseEous ProbuceTs FORMED BY ULTRAVIOLET IRRADIATION
OF N-PENTYLHEXANAMIDE

Analysis of the gas over the amide
Before exposure, After exposure,

mole %, mole 9
Carbon dioxide Nil 1.4
Carbon monoxide 0.6 1.0
Hydrocarbons Nil 0.3
Hydrogen 0.3 0.4
Nitrogen 0.3 3.7
Oxygen 98.8 93.2

From these data it was calculated that roughly 20
mg. of carbon dioxide and 10 mg. of carbon monox-
ide were formed. The assay for hydrogen is within
the limits of experimental error. Nitrogen ap-
peared in all experiments despite careful efforts to
avoid contamination from the air.

The parts of the amide molecule from which
these products were derived were determined une-
quivocally by use of carbon-14. Phototxidation of
N-pentyl-1-C'*-hexanamide, in which the radioac-
tive atom is in the amine part of the molecule adja-
cent to nitrogen, gave radioactive valeraldehyde
and valeric acid. This is illustrated in Table III.

TaBLE III

DISTRIBUTION OF RADIOACTIVITY IN PRODUCTS FORMED BY
PHOTOOXIDATION OF RADIOACTIIVE AMIDES

Activities are given in percentage of the maximum theo-
retical activity calculated assuming all of the compound
came from the labeled position. These activities were
measured on samples prepared by plating the compound or
a derivative of it on planchets. In some cases the com-
pounds were converted to CO, and counted in the form of
barium carbonate.

CsHuCO-
NHCUH, CsHuClO-  Cy4HClH,-
CsHy NHC:Hn CONHCsHn
n-Valeraldehyde 96 Inact, 6
n-Butyraldehyde +
an unknown Inact. Inact. Inact.
Propionaldehyde Inact. Inact. Inact,
Acetaldehyde 7 Inact. Nil
Valeric acid 88 Inact. 7
Hexanoic acid Inact. 85 98
Hexanamide 9 .. ..
CO, 41 18 Nil
cO 20 Inact. Nil

The hexanoic acid isolated was completely inactive.
Activity of the hexanamide was very low and was
probably the result of contamination with small
amounts of unchanged N-pentyl-1-C'*-hexanamide.
N-Pentylhexanamide-1-C' and N-pentylhexanam-
ide-2-C!* gave radioactive hexanoic acid, but in-
active valeraldehyde and valeric acid. Thus, it
was established that valeraldehyde and wvaleric
acid came from the amine part of the molecule, and
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hexanoic acid and hexanamide were derived from
the acyl group.

It is to be noted that significant proportions of
the carbon dioxide and carbon monoxide were de-
rived from the methylene group adjacent to nitro-
gen. Essentially none of these compounds arose by
oxidation of the methylene adjacent to carbonyl.
n-Butyraldehyde, propionaldehyde and acetalde-
hyde were inactive and thus did not include any of
of the labeled positions. It is suggested that they
were formed by decomposition of valeraldehyde
and valeric acid.

The discovery that n-valeraldehyde is formed
by oxidation of the amine part of the molecule and
the isolation of hexanamide suggest that photo-
oxidation involves oxygen attack at the methylene
group next to nitrogen. That such is the case has
been established with certainty by examination of
amides substituted with methyl groups in various
parts of the molecule.

The amides listed in Table IV were exposed to
ultraviolet radiation in the presence of oxygen under
the same conditions used for N-pentylhexanamide.
These amides are previously unreported comni-
pounds. Oxygen absorption and acid formation
were used as criteria of the destruction of amide by
photodxidation.

TABLE IV
PHaoTOONIDATION OF SUBSTITUTED AMIDES

Oxygen Actd

consumed” titerd

11 C;H,CONHC(CH)HCH, 23 0.25
11 C.HiuCONHCH,C(CH;).CH; 130 0.83
IV CH;C(CH;);CONHC;Hy, 337 1.30
Vo GHyCONHCHy, 330 2.70
V1 CHuCON(CH,)C.H; 380 2.86

* M. of oxygen absorbed by 10 g. of amide in 285 hours
at 50°. * Ml1. 0.1 ¥ NaOH per gram of exposed amide.

As shown in Table IV, N-(1,1-dimethylpropyl)-
valeramide (I) did not absorb oxygen even when
exposed for as long as 285 hours at 50°. Under
similar conditions an amide containing one methyl
group at the carbon next to nitrogen, N-(1-methyl-
propyl)-hexanamide (II), was also surprisingly re-
sistant to photodxidation although it did absorb
appreciable amounts of oxygen. Substitution at
the second carbon away from the amide group, il-
lustrated by N-(2,2-dimethylpropyvl)-hexanamide
(III), gave much less protection. The carbon
atom next to carbonyl in the acid part of the mole-
cule is not attacked to any appreciable extent. This
was shown by use of N-pentyl-2,2-dimethylbutyr-
amide, which consumed oxygen at the same rate
as a straight chain amide, N-pentylhexanamide
(V). N-Methyl-N-ethylhexanamide (VI) reacted
with oxygen more rapidly than the other amides ex-
amined, which indicates that amides having two al-
kvl groups on the nitrogen are more susceptible to
photodxidation than monoalkyl amides.

Of the products formed during photodxidation of
amides, the most easily detected are acids. Titra-
tion of the exposed amide samples (Table IV) dem-
onstrated that amounts of acids produced during
photooxidation follow closely the pattern set by
oxyvgen absorption. Degradation to acids of the
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amide completely substituted with methyl groups
at the methylene nest to nitrogen (I) was very low.
This is in contrast to amides substituted in the acid
portion (IV), the unbranched amide (V) and the
dialkyl amide (VI), all of which were photooxidized
to acidic products in considerable quantities. Only
small amounts of acids were formed from the amide
substituted with one methyl group on the carbon
next to nitrogen (II).

Another measure of amide oxidation, namely,
generation of ultraviolet-absorbing materials, was
investigated. All of the amides used in this study
absorbed very weakly in the region 2600-3000 A.
Examination of the ultraviolet spectra of these
amides after exposure, given in Fig. 1, shows the
amide substituted at the carbon next to nitrogen
(I) was not degraded to ultraviolet-absorbing comn-
pounds. All of the other amides forined ultraviolet-
absorbing compounds. The dialkyl amide VI,
which has the greatest number of hydrogen atoms
next to nitrogen, showed the greatest increase in
ultraviolet absorption. Only a small increase in
absorption was obtained with the amide having
only one hyvdrogen next to nitrogen (II).

These data and the discovery that photodxidation
of the unbranched amide attacks initially the amine
part of the molecule lead to the conclusion that the
major reaction in amide photodxidation is oxygen
attack at the methylene adjacent to nitrogen. The
following mechanism is proposed to account for the
breakdown of a straight chain amide.

Tnidation

RCONHCH,R' % reo. + .NHCHR' (1)
RCO- + RCONHCH.R' —> '
RCHO + RCONHCHR' (2)
R/CH.NH. + RCONHCILR' —>
R’CIL,NH, + RCONHCHR' (3)

Propagation

0—O0-
|
RCONHCHR’ + O—> RCONHCHR'  (4)
0—0:
|
RCONIICHR’ + RCONHCH.R' —>

O—-0OH

| : :
RCONHCHR’ + RCONHCHR' (5)

6]0) 58 O

! !
RCONHCHR' —> RCONHCHR' + O  (6)
-OH + RCONHCH,;R' —> RCONHCHR’ + H.O (7)
0.
|
RCONHCHR’ + RCONHCHR' —>
OH
RCONHCHR’ + RCONHCHR' (8)
A\ S!
Subsequent reactions
OH

\
RCONHCHR’' —> RCONH. + R'CHO ')
R'CHO + O« —> R'CO.H (10)

Photolytic scission of an amide bond to imino and
acyl free radicals as postulated in reaction 1 has
been suggested by Rideal and Mitchell.? No evi-
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dence for it was obtained in the present work since
fieither hexanaldehyde nor pentylamine was
found in the photodxidation products of N-pentyl-
hexanamide. However, both could have been
formed and oxidized to hexanoic acid and valeral-
dehyde, respectively, which are major photooxida-
tion products. Initiation by other photoactivated
species, e.g., a triplet state diradical of the original
amide, is also possible.

The propagation reactions are postulated to ac-
count for the formation of the hydroxyalkyl amide
VII. Since hydroxyalkyl amides decompose to al-
dehydes and primary amines,® VII is believed to be
the precursor of hexanamide and n-valeraldehyde
found in photodxidation products from N-pentyl-
hexanamide. Reaction 4 is a transformation that
has long been recognized to occur. The radical
formed would be expected to stabilize itself by ab-
straction of a hydrogen atom from the most labile
positions available, which would suggest reaction
5 as the next step. Decowmposition of hydroperoxy
radicals to alkoxy and hydroxyl radicals as proposed
in reaction 6 has many analogies.? As shown in re-
action 8, VII could be formed as a result of abstrac-
tion of a hydrogen atom by the alkoxy radical from
a neighboring amide molecule. Addition of reac-
tions 4 through 9 gives one free amide radical from
the initiation steps reacting with one molecule of
oxygen and three molecules of amide to form three
amide free radicals and one molecule each of water,
primary amide and aldehyde.

Experimental

N-Pentylhexanamide (V).—Pentylamine (87 g., 1 mole)
and freshly distilled hexanoic acid (116 g., 1 mole) were dis-
solved in 200 ml. of xylene and the resultant reaction mix-
ture was heated under reflux for 40 hours. Water (18 ml.)
was removed continuously as formed. The reaction mixture
was then washed consecutively with 59, sodium hydroxide,
5% hydrochloric acid and water. The xvlene solution was
dried with niagnesium sulfate and evaporated i vacuo. The
residue, whicli crystallized when cooled to room temperature,
amounted to 156 g. (849;) and melted at 37.5°, It was puri-
fied by recrystallization from petroleum ether at —50° to
obtain spectroscopically pure N-pentylhexanamide, & = 126
X 107% at 2500 A., 4 X 107* at 2800 A., 1.6 X 107¢ at
3000 A., 0.8 X 107#at 3200 A., and 0.0 at 3300 A.

Anal. Caled. for CyH»xNO: C, 71.35; H, 12.43; N,
7.57. Found: C,71.12; H, 12.51; N, 7.52.

N-Pentylhexanamide-1-C!4,—Sodium hexanoate-1-Cl
was obtained from the Oak Ridge National Laboratory on
authorization from the Isotopes Division, U.S. Atomic En-
ergy Cominission. This sample, which had an activity of
about 1 millicurie, was added to a solution prepared by
neutralizing 24 g. of redistilled hexanoic acid with 209, so-
dium hydroxide. The hexanoic acid was recovered by acidi-
fication and extraction with miethylene chloride. It was
diluted again by addition of 25 g. of hexanoic acid and
converted to hexanoyl chloride. Reaction of pentylamine
with this acid chloride gave 66 g. (859;) of N-pentylhexan-
amide-1-C, m.p. 37.5°, not depressed when mixed with
pure inactive amide.

- §12nal. Caled. for CyHyNO: N, 7.57. Found: N, 7.31,

Hexanoic Acid-2-C'4,—Sodium valerate-1-C!4 of about 2
millicuries activity, also obtained from the Oak Ridge Na-
tional Laboratory on authorization from the Isotopes Divi-
sion, U.S. Atomic Energy Commission, was added to a solu-
tion formed by neutralizing 10 g. of valeric acid with 209

(8) J. F. Walker, *"Formaldehyde,” second edition, Reinhold Pub-
lishing Corp.. New York, N. Y., 1953, p. 291.

(9) A. V. Tobolsky and R. B. Mesrobian, '‘Organic Peroxides,”
Interscience Publishers, Inc., New York, N. Y, 1954, p. 91.
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Fig. 1.—Ultraviolet spectrum of amides after exposure:
I, N-(1,1-dimethylpropyl)-valeramide; II, N-(l-methyl-
propyl)-hexanamide; III, N-(2,2-dimethylpropyl)-hexan-
amide; IV, N-pentyl-2,2-diinethylbutyramide: V. N-pentvl-
hexanamide: VI, N-methyl-N-ethylhexanainide.

sodium hydroxide., The resultant solution was extracted
with methylene chloride to remnove non-acidic impurities.
It was acidified with hydrochloric acid and again extracted
with methylene chloride. The extract was added to 80 g. of
valeric acid and the wlole distilled at 100° (28 mm.). The
radioactive valeric acid was reduced with lithjum aluminun
hvdride according to the method of Brown!® to obtain 38.4
g. (89%) of 1-pentanol-1-C!4, b.p. 136-137.5°. The alcohol
was converted to l-bromopentane-1-C!* by reaction with
liydrobromic acid."! The yield was 81.7 g. (73.59,), b.p.
125-128°, A mixture of the 1-bromopentane-1-C!, sodium
cyanide (32.5 g., 0.68 mole), water (42 ml.) and alcohol (82
ml.), was heated under reflux for 30 hours, After cooling
and removal of sodium bromide by filtration, the residue
was hydrolyzed with aqueous sodium hydroxide and 51.7 g.
(829%) of hexanoic acid-2-C!4, b.p. 96-98.5° (10 mm.), ob-
tained.

N-Pentylhexanamide-2-C!{.—A mixture of the above acid
(0.45 niole), pentylaniine (43.5 g., 0.50 mole) and tolucne
(100 mil.) was heated under reflux. Water (8 ml., 0.44 mole)
was collected as formed. After removal of toluene, the re-
sidual ainide was purified as described above, m.p. 37-38°.
not depressed upon mixture with inactive ainide. The
vield was 72 g. (87%,).

Pentylamine-1-C'*.—Sodium cyanide-C!4 (2 millicuries,
obtained from Tracerlab on authorization from the Isotopes
Division, U.S. Atomic Energy Commission) was diluted with
37.6 g. of inactive sodium cyanide and allowed to react
with 100 g. of n-butyl bromide using the method of Adams
and Marvel.!? The yield of valeronitrile was 35.3 g. (58.5%;
based upon sodium cyanide), b.p. 138-142°. This was

(10) W. G. Brown, *‘Organic Reactions.”” John Wiley and Sons
Inc., New York. N. Y., 1951, Vol. VI, p. 486.

(11) ““‘Organic Syntheses,"”” John Wiley and Sons, Inmec., New York,
N. Y., 1646, Coll. Vol 1, p. 27,

(12) R, Adams and C. S, Marvel, Ti1s JOURNAL, 42, 310 (1320).
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diluted by addition of 25 g. of inactive valeronitrile, whicl
reduced thie activity to about 0.84 millicurie per mole.

The radioactive valeronitrile (60 g., 0.7 mole), 30 g. of
ammonia (1.8 moles) and 5-10 g. of Rauev cobalt were placed
in a shaker tube and pressured to 2500 ib./sq. iu, with hy-
(lr()gen The teinperature was mcreised gradually to 120-
125° and kept at that level for 1.5 hours. The total pressure
drop was 1800 1b./sq. in., which corresponds to 1.5 moles of
hydrogen. Frowm the reaction inixture there was recovered
40.2 g. (649)) of pentylamine-1-C!4, b.p. 105°,

N-Pentyl-1-Clt-hexanamide.—Pentylamine-1-C!* (40 g.,
0.46 mole) and hexanoic acid (59 g., 0.51 mole) were al-
lowed to react in 200 ml. of toluene as described ahove. The
vield of pure amide was 66 g, (77.59%).

; Amnal. Caled. for CyHuNO: N, 7.57
A6,

N-(1,1-Dimethylpropyl)-valeramide (I).—A modification
of tlie metliod of Ritter and Minieri!® was employed. Sul-
furic acid (250 g.) was added dropwise with stirring to a mix-
ture of valeronitrile (166 g., 2 moles) and 2-methyl-2-bu-
tanol (250 g., 2.82 moles) cooled to 10-15°. Afteraddition
was L()mplcte the reaction mixture was stirred for 16 lhours
at rooin temperature and then poured onto ice. The water-
insoluble oil that separated was waslied first with water and
then with sodium bicarbonate solution., After drying with
magnesium sulfate the product was distilled. The fraction
boiling at 88-89° (1 mn1.), (214 g., 637, yicld), n*p 1.4461,
d%,; 0.8656, was collected as pure N-(1,1-dimethylpropyl)-
valeramide; ultraviolet absorption spectra: k = 114 X

10— 4at2500A 7 X 10™at 2800 A., 3 X 10~*at 3000 A.,
0at 3200 A.

Anal. Caled. for C¢HyNO: C, 70.58; H, 12.28; N,
8.19. Found: C, 70.30; H, 12.34; N, 8.05.

N-(1-Methylpropyl)-hexanamide (I1).—sec-Butylamine
(90 g., 1.23 moles) and hexanoic acid (144 g., 1.30 moles)
were dlssolved in 200 ml. of toluene, This mixture was
heated underreflux and water (20ml.) was removed as formed.
Toluene was removed by distillation at rooin temperature
under reduced pressure and the residue was washed with
5% hydrochloric acid, 5% sodium hydroxide and finally
with water. The organic layer then was dried with potas-
siuin carbonate and distilled. The fraction boiling at 90—

5° (0.35 mm.) was collected as N-(1-methylpropyl)-hex-~
anamide (139 g., 819, yield). Redistillation gave a pure
fraction boiling at 93° (0.35 mm.), #%p 1.4434, d%, 0.8556;
ultraviolet spectra: k& = 42 X 107*at 2500 A, 12 X 107*at
2800 A.,7 X 10~*at 3900 A., and 2 X 10~4at 3300 A,

Anal. Caled. for Cy ol NO: C,68.79; H, 12.10. Found:
C, 68.95; H, 12.22.

N-(2,2-Dimethylpropyl)-hexanamide (I1I).-2,2-Diniethyl-
propylamine (50 g., 0.57 mole) and liexanoic acid (70 g.,
0.60 mole) were dissolved in 200 ml. of toluene and heated
under reflux. Water was removed as formed until 10.5 ml.
had been collected. Toluene was remnoved by distillation
and the amide remaining was washed with 109 sodium hy-
droxide and then with water. Distillation of the amide gave
72.5 g. (689 yield), b.p. 97-98° (0.28 mm.). Redistilla-
tion gave pure amide, b.p. 100° (0.45 mn1.), #%p 1.4450,
d»; 0.8656; ultraviolet spectra: k = 27 X 107*at 2500 A,
9 X 10~+at 2800 4., 5 X 10~+at 3000 A., and 1 X 10~ ‘*at
3200 A.

Anal. Caled. for CnHxNO: C, 71.35;
7.57. Found: C,71.38; H, 12.55; N, 7.58.

N-Pentyl-2,2-dimethylbutyramide (IV).—To 2.2-dimeth-
ylbutyroyl chloride (53 g., 0.39 mole) dissolved in ether was
added an etlier solution of pentylamine (75 g., 0.99 mole)
dropwise. After 24 hours the reaction mixture was filtered
to remove pentylamine hydrocliloride and the filtrate was
washed with 59, hydrochloric acid and then with water.
After drying with magnesium sulfate, ether was removed and
the residue distilled. The fraction boiling at 102-103° (1
mu.) (42 g., 589 yield) was N-pentyl-2,2-dimethylbutyr-
amide, #%p 1.4476, (_1254 0.8772; ultraviolet spectra: k=
360 X 107*at 2500 A., 10 X 107*at 2800 A., 2 X 10~ at
3200 A,

Anal. Caled.
7.57. Found: C,

Found: N, 7.48,

H, 12.43; N,

for CyHxNO: C, 71.35; H, 12.43; N,
71.41; H, 12.57; N, 7.58.

(13) J. J. Ritter and P. P. Minieri, THiS JourNaL, 70, 4045 (1948).
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N-Methyl-N-ethylhexanamide (VI).—Hexanoyl clilo-
ride (8 g., 0.63 nole) was added dropwise to a mixture of
methylethylamine hydrocliloride (60 g., 0.63 1mole) and
sodium hydroxide (50 g., 1.26 moles) in 150 ml. of water
while cooling in ice. After reaction was complete the organic
layer was separated and washed first witlt 594 hydrochloric
acid and then with water., The product was dried with an-
hydrous maguesium sulfate and distilled to give 59 g. (607
vield) of a pale yellow amide, b.p, 108-110° (10 nun.).
Colorless N-nethyl-N-ethylhexanamnide, b.p. 115° (15
nun.), #%p 1.4443, d%; 0.8821, was obtained by two addi-
tional fractional detllthIOll% ultraviolet spectra: k = 450
X 107* at 2500 A,22x 107%at 2800 AL, 8 X 107 at 3000
A, and 3 X 10-+at 3200 A.

Anal. Caled. for CHyNO: C, 68.79; H, 12.10. Pound:
C, 68.95, 68.88; H, 12,22, 12.25.
Ultraviolet Exposure of N-Pentylhexanamide.—Tle

amide was exposed in a Pyrex glass cell 30 inm. in diameter
and 60 mm. in length. The cell contained a side arm large
enotuglh to admnit a small glass-covered magnetic stirrer bar,
a thermocouple well, and a water jacket. This vessel was
designed for irradiation fromn the top through a window of
optically flat Pyrex glass. To the vessel was added 10 g.
(0.054 mole) of N-pentylhexanamide together with a glass-
covered magnetic stirrer bar, It was then connected to a
gas buret. Theamide was mnelted, degassed, and then frozen
by iiminersion of the cell in a solid carbon dioxide—acetoie
mixture. Air in the system was replaced withh oxygen by
evacuation followed by adinission of oxygen of kiown pur-
ity. Tlie cooling mixture was removed and water at 50°
from a thermostat was circulated through thie jacket. As
soon as the amide melted, stirring was started and the lamp
turned on, Tle ultraviolet source was a Hanovia analytie
model lamp with a type L burner placed 25 ain, froin the sur-
face of the sainple. The progress of the photodxidation was
followed by mieasuring oxygen consumption. During these
exposures the temperature of the ainide was 51-52°. Shni-
larly, 10-g. samples of each of the ainides described in Table
IV were exposed for 285 liours at 50°,

Samples of gaseous products were obtained by interposing
a gas collecting tube between the exposure vessel and the gas
buret. Tlie composition of the gas over the reaction mix-
ture after exposure is given in Table 11,

Analysis of Products.—Acids present in exposed amide
were neutralized with excess 209, sodium hydroxide. Non-
acidic materials were removed by exhaustive continuous
extraction with methylene chloride. The aqueous solution
was acidified with phosphoric acid and steam distilled,
Volatile acids were obtained from the distillate by methylene
chloride extractionn. Acidic products were obtained by dis-
tillation of the extract. Titration demonstrated that neg-
ligible amounts of acids were lost during removal of the
methylene chloride. Hexanoic and valeric acids were sep-
arated by partition cliromatography according to the pro-
cedure of Ramsey and Patterson.’ Tlie hexanoic acid re-
covered from tlie chromatogram forined an anilide, ni.p. 91—
93°, that showed no depression in melting point when mixed
with authentic hexananilide. The valeric acid isolated froin
the chromatogram also was converted to an anilide, m.p.
51-51°, mixed m.p. with authentic valeranilide 51-56°.
C;-Cy monobasic acids were determined by the partition
chroinatographic method of Marvel and Rands.®

Aldehydes were isolated by modification of the exposure
apparatus to permit continuous passage of oxygen through
the amide during irradiation. Exit guses were passed into a
trap containing 20 ml. of 2,{-dinitrophenylhydrazine re-
agent.!* During the course of the exposure 2.4-dinitro-
phenylhyvdrazones were formed in the tiap. The total pre-
cipitate obtained after 285 hours of exposure amounted to
750 mg., about half of which was unchanged 2,4-dinitro-
phenylhydrazine. Chromatographic separation of the phen-
ylhvdrazones by the nmiethod of Roberts and Green” gave the
five fractions described in Table I. These derivatives were
recovered fron: the respective fractions by evaporation of the
eluting solvents. Amounts of aldeliydes present were esti-
mated from recovery of the phenylhydrazones, Tle identity
of these derivatives was established by the correspondence of
their X-ray diffraction patterns to patterns given by an-
thentic samples.

(14) R. T.. Shriner aud R, C. Fuson, *'Identification of Organic
Compotinds,” third edition. Jolin Wiley and Sons, Inc., New York,
N. Y, 1048 p. 171.
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Exposed samples of N-pentylhexanamide were extracted
with water and the extract evaporated to dryness. The low-
melting residue was recrystallized from isodctane to obtain
white crystals melting at 88-90° (hexanamide nielts at 97—
98°). The identity of these crystals as hexanamide was es-
tablished by the exact correspondence of the X-ray diffrac-
tion pattern obtained froin them with that given by au-
thentic hexanamide.

Addition of 109, sodium hydroxide solution to photo-
oxidized N-pentylhexanamide caused evolution of sufficient
amounts of either aimnmonia or an amine to be detected by
litmus paper. Quantitative estimation by the ninhydrin pro-
cedure and by the method of Van Slyke and Cullen!s estab-
lished that less than 2 mg. of ammonia was formed upon
exposure of 10 g. of N-pentylhexanamide for 285 hours.
Qualitative tests for hydroxylamine and hydrazine!® were

(15) P. B. Hawk, B. L. Oser and W, H. Summerson, ‘“‘Practical
Physiological Chemistry,’ twelfth edition, Blakiston Co., Philadel-
phia, Pa., 1947, p. 50,

(16) T. Feigl, ""Spot Tests,” translated by R. E. Oesper, third
edition, Elsevier Publishing Co., New York, N, Y., 1047, p. 186,
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negative, Infrared spectra of irradiated N-pentylhexanam-
ide and of the residual amide after acids had been removed
showed no indication of nitriles. .

Gas samples were analyzed by the Orsat procedure using
a Burrell build-up laboratory model analyzer, Carbon di-
oxide, oxygen and unsaturated hydrocarbons were deter-
mined by usual absorbing reagents. Hydrogen and carbon
monoxide were deterinined by combustion over hot copper
oxide in the normal way. Oxygen was added and paraffin
hydrocarbons were burned to carbon dioxide over platinized
silica at 500°. Inert residual gas was reported as nitrogen.
Identity of tlie inert gas was verified by 1nass spectrometric
analysis.
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Thiyl radicals from a-thioglycerol and from sun lamp irradiation of bis-(2,2'-carboxyphenyl) disulfide (II) failed to ab-
stract hydrogen from acetic acid or an electron from acetate anion, and irradiated II failed to undergo intramolecular hydrogen

or electron transfer,
oxidized to II by acectone,.
and of reduction of acetone by thiosalicylic acid.

On irradiation, IT was reduced to thiosalicylicacid I by ethanoland 2-propanol, and comnpound I was
Pinacol appeared to be the major product of oxidatinn of 2-propanol by di-z-butyl disul‘ﬁde
Disulfide IT was not reduced under our conditions by {-butyl alcohol, diiso-

propyl ether, isopropyl acetate, benzene, toluene, chloroform and lactic acid, but appeared to be reduced by ethyl lactate,

leading to ethyl pyruvate.

In the course of our study of the exchange of
diphenylmethyl radical, produced from azo-bis-
diphenylmethane, with diphenylmethane, we have
observed?® catalysis of this process by thiophenol
by the reversible process 1. Conditions were

a
(CGH.’;)?CH‘ + CGHJSH - (CGHa)QCHZ + CsHaS' (1)
b

found under which approximately half of the di-
phenylmethyl radicals which became free reacted
with mercaptan (reaction la) before dimerizing
or reacting with thiyl radical, while approximately
one-fourth of the thiyl radicals so formed abstracted
a-hydrogen from solvent diphenylmethane (re-
action 1b) before dimerizing or reacting with di-
phenylmethyl. It seemed desirable to review and
investigate hydrogen transfer reactions of mercap-
tans and thiyl radicals.

Mercaptans are oxidized by a variety of reagents,
including organic free radicals,® the first product
normally isolated being the disulfide. The tran-
sient thiyl radicals may, before entering into radi-
cal combination processes, act as hydrogen ab-
stracting agents. Thiyl radicals, formed by re-
action of 2-cyano-2-propyl radicals with mer-
captans,® oxidize 9,10-dihydroanthracene to a
derivative of 9,9’-dianthranyl,* an aliphatic azo
compound to an azine,* and a disubstituted hy-

(1) To whom inquiries should be addressed.

(2) C. H. Wang and 8. G. Cohen, THis JoUrRNAL, 79, 1924 (1957).

(3) P. Bruin, A. F. Bickel and E. C. Kooyman, Rec. {rav. chim., 71,
1115 (1952).

(4) A. F. Bickel and IZ. C. Kooyman, Nafure, 170, 211 (1952).

Tlie course of these reactions is discussed.

drazine to an aliphatic azo compound.® They
may also abstract hydrogen from the carbonyl
carbon of aldehydes, catalyzing their decarbonyla-
tion,%leading in this case to chain reactions.

The disulfides are also very reactive, undergoing
rupture of the S-S linkage under acidic™P and
basic’™< catalysis and by radical dissociation.s2P
The dissociation into thiyl radicals may be thermal,
at elevated temperature,® and this may be facili-
tated by radical-type initiators,* or it may be in-
duced by light. Diisoamyl disulfide, presumably
acting by formation of thiyl radicals, aromatizes
tetralin and ionene,* and diphenyl disulfide aroma-
tizes'® tetralin and other hydroaromatics at 260°
and is reduced by cyclohexene at 140°. The
photolysis of disulfides initiates the polymeriza-
tion of styrene,!' catalyzes the addition of mer-
captans to olefins'? and converts diphenyl-
methane to tetraphenylethane.? Disulfides in

(5) M. Okawara, J. Chem. Soc. Japan, 68, 142 (1955); C. 4., 50,
4012 (1956).

(6) (a) E. F. P. Harris and W. A. Waters, Na/ure, 170, 212 (1952);
(b) K. E. J. Barrett and W. A, Waters, Disc. Faraday Soc., 14, 221
(1953).

(7) (a) A. P, Ryle and F. Sanger, Biochem. J., 60, 5335 (1955); (b)
R. E. Benesch and R. Benesch, TuIis Jour~aL, 80, 1666 (1958); (c)
A. Fava, A, Nliceto and E. Camera, tbid., 79, 833 (1957).

(8) (a) G. Leandri and A. Tundo, Anu. chim. (Rome), 44, 63 (1954);
(b)Y H. Z. Lecher, Science, 130, 220 (1954).

(9) (a) A. Schénberg, E. Rupp and W. Gumlicli, Ber., 66, 1932
(1933); (b) J. J. Ritter and E. D. Sharpe, TuIis JournNal, 59, 2351
(1937).

(10) M. Nakasaki, J. Chem. Soc. Japan, T4, 403, 518 (1953).

(11) T. Otsu, J. Polymer Sci., 381, 559 (1956).

(12) M. S. Kharasch, W, Nudenberg and T, H. Meyer, J. Org.
Chem., 18, 1233 (1953).




