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Introduction

Simple amides are neutral compounds with infrared absorptions charac-
terized by a strong carbonyl absorption, N-H absorptions, and other less
significant and unassigned absorptions. Lack of basic nature of amides
has been attributed to strong resonance of the unshared pair of electrons
on nitrogen with the G20 double bond, This stabilizes the molecule to
an extent not possible when the electron pair on nitrogen is protonated,
since resonance stabilization of such an ammonium structure is no longer
possible.

It seemed of interest to see what effect ring size might have on the
nature of cyclic amides (lactams), The use of infrared spectrophotometry
was deemed of prime importance, as it should perhaps differentiate between
strong amide~type resonance and lack of it by the location of the carbonyl
sbsorption. This should logically follow from the fact that without reso-
nance, the higher force constant between the C and O atoms of the carbonyl
group should sbsorb energy of lower wave length (higher frequency) than in
the case where amide~type resonance is strong.

Furthermore, enol form of the carbonyl should perhaps be detectable in
any cases in which such a tautomer is present in any large percent.
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Historical

When a beam of light of nearly monochromatic nature but of continuously
increasing wave lengths (ranging from 1 to 100 microns) is passed through a
sample of material, an infrared spectrum is produced due to varying amounts of
quantized energy absorbed by the sample. The spectrum will show absorptions
of this monochromatic light at fixed wave lengths caused by different modes
of vibration and rotation of the atoms within the material being analyzed.

The pure rotational spectra of molecules will occur at very long wave lengths,
beyond 25 M (knom as the ®far infrared®), At shorter wave lengths (the
"near infrared” region of 1 U to 25 A ) the light has sufficient energy to
cause changes in the vibrational as well as the rotational levels of the mole-
cule, It is this shorter wave length region which will be discussed in this
paper, \

The number of modes of vibration possible for a particular molecule is
mathematically fixed by the formula 3n-6 for ecyelic or aromatic compounds and
3n~5 for linear ones where "n® is the number of atoms in the molecule, For
example, toluene would have 3(15)-6 or 39 possible modee of vibration and
rotation, If a molecule is highly symmetrical, as is the case with benzene,
fewer than the theoretical number of absorptions may be noted, mn symmetrical
vibrations of parts of a molecule ocour which result in no change in dipole
moment due to these vibrations, no absorption of infrared light energy at that
wave length will occur, There can, however, never be more fundamental absorp-
tions than the various modes of vibration and rotation, On careful examination
one may often find that what appears to be an "extra" absorption in reality
is nothing but a hammonic (overtone) of a fundamental absorption. The exact
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location of some of the fundamental absorptions may be mathematically deter~
mined (1), This method has been found to be quite complex (2) and, consequently,
comparison of large numbers of absorption spectra of véiunar compounds has been
found to be more practical, Also, further complexity of absorption spectra
may result due to combination tones (the sum of two or more different absorption
" frequencies) and difference tomes (the difference between two frequencies).

It has been mentioned previocusly that in the “near infrared" the energy
of the light is sufficiently high to cause changes in the rotational and
vibrational energy levels of the molecule. The atoms of any molecule are
constantly oseillating about their positions of equilibrium, and these oscilla-
tions are of the same range of frequencies as the infrared radiation. When
the incident monochromatic light is of exactly the same frequency as one of
the molecular vibrations, a change of dipole moment occurs caused by the
absorption of 8ll or part of the infrared radiation, thus causing an absorption
of the infrared light.

The infrared spectrum of a particular compound is & record of that com-
pound's absorption of infrared radiation of varying wave lengths from 1 to
100 microns, Since no two compounds can ever have exactly the same modes of
rotation and vibration, the infrared radiation camnot interasct in the same
manner for both, and absorptions will be located at different wave lengths in
each compound, It is obvious then that the infrared spectrum of any pure
compound is unique for that substance and serves as & "fingerprint" method of
qualitative analysis,

The amount or percent of the initial infrared intensity absorbed at one
particular wave length serves as a quantitative measure of the oseillation



Page |

causing the absorption. For example, an infrared beam having a wave length
of approximately 2.90 microns will be absorbed by O-H stretehing vibration;
the amount of light absorbed by ethyl alecohol at that wave lemgth is pro-
portional to the amount of hydrogen bonded O-H present, providing none of the
impurities contain this same bond. Exeept for special cases where inter-
molecular action occurs, the amount of light transmitted by a sample is
governed by Beer's law:

I ~kex

o

| "I," is the intensity of the beam inocident on the sample; "I® is the intensity
of the beam transmitted by the sample; "k" is the absorption coefficient of

the material being analyzmed; ™e® is the concentration of the material; and

"x" is the thickness of the sample, The sbsorption coefficient "k" is primarily
a function of molecular structure, but the physical state of the material

being analyzed does cause some slight variations due to interactions with
neighboring molecules, Temperature and pressure have practically no effect

on "k", Since infrared absorption obeys Beer's law, it enables guantitative
analysis of pure organic compounds or simple mixtures.

A grest deal of information concerning the configuration of a molecule
may also be obtained by a careful investigation of its absorption spectrum,
Such infommation ineludes cis-trans or ortho-, meta-, and para- iamrj.hn,
hydrogen bonding, and keto-enol tautomerism., For example, the spectrum of a
pure ketone will show a very strong absorption at approximstely 5.85 microns
due to the stretehing vibration of the C=0 bond, If an absorption also
appears around 2,90 microns which is separate from amy harmonie of the G=0
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absorption, an O-H bond is present and the pure ketone exists in both the
enol and keto forms., This subject of the uenfigmtipn will be considered

in this thesis.

: The portion of the infrared spectra used for the configurstion deter-
 minstions is usually limited by the optical equipment availsble, The standard
infrared spectrophotometer is normally equipped with & sodium chloride prism

~ which has been found to be a fair nowhmﬁr over the infrared range of

2 to 15 microns-a region of great importance when studying organic molecules.
Many of the important bond stretehing vibrations in the region of 2 to 7.3
microns include O-H, N-H, C-H, C=0, C=N, and C=C, The region of 7.3 to 1§
microns, known as the “fingerprint® ares, is slso of importance s it contains
other organic bond stretehing vibrations as well as bond bending and roeking
absorptions. Although the sodium chloride prism allows investigation in only
a small segment of the infrared spectrum, this portion is very important and
is the spectrum area most completely understood.



Page 6

Experimental

1. Preparation of Cyclopentanone
The method used for the preparation of cyclopentanone was that of

Thorpe and Kon (3):
HOOG~(GHy ), —000H ET?WT?’ Tnz Gg/{t‘se + G0 + Hy0
Oy — Oy

In & l-liter distillating flask, fitted with a thermometer reaching
within 5 mm, of the bottom, was placed an intimate mixture of 189 g. (1.26
moles) of powdered adipic acid and 10 g. of finely ground, orystallised
barium hydroxide., Since & fusible alloy bath was not available, the mixture
was gradually heated by a carefully controlled flame to 285-295°, (If the
temperature goes above 300°, the adipic acid begins to distill quite rapidly.)
It has been found best to hold the temperature as near 290° as possible,
~ until only a small amount of dry residue remains in the flask, This required
sbout 3% hours. The cyclopentanone distilled slowly, accompanied by small
quantities of adipie acid. |

The ketone layer was separated from the water and the agqueous layer was
extracted with a little ether, The ketone and ether extract were washed
with a little aqueous alkali and then with water, dried over calcium chloride,
and distilled through s good fractionating coluan, Cyclopentancne is some-
what volatile with ether vapor, and careful fractionation was necessary. The
fraction boiling at 129-130° C, was cyelopentanone, The yield was 72 g.
(66.3% of the theoretical amount).
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The method used for the preparation of cyeloheptanone is that of Dauben,

Ringold, Wade, Pearson, and Anderson (hL):

i TRGIR oy S S
N PN IR
(R = (8= 2R
N g N4
GK30005
‘ 32, Raney Ni
ij : m\a /“2“2 * HOOCGH,
w o
o . = i W
Bl ——CH, CH,

A solution of sodium ethoxide was prepared by adding 19.2 g. (0.83

gram atoms) of clean sodium to LOO ml. of sbsolute ethanol in a l-liter
three-necked flask equipped with a reflux condenser fitted with a drying
tube, a sturdy sealed stirrer, and a dropping fumnnel, After the sodium

had dissolved, the solution was cooled to LO® and the condenser was replaced
by a thermemeter extending into the liquid, A mixture of 82 g. (86.5 ml.)
(0.83 moles) of cyelohexanone and 66 g. (58 ml.) (1.80 moles) of nitremethans
was added dropwise with vigorous stirring over the course of about three
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hours at & rate that maintained an internal temperature of LS + 3° After
addition was complete, the white, pasty mass was stirred for an additional
three hours without cooling or heating and then was allowed to stand overnight.
The resulting suspension was cooled with an ice bath, and the white sodium
salt of 1-(nitromethyl) cyclohexanol was collected on a Buchner funnel and
dried by suction for about one hour. The sodium salt cake was broken up and
transferred to a 2-1, beaker equipped with a stirrer and immersed in an ice
bath, A cold solution of 61 g. (58 ml,, 0.97 moles) of glacial iolti.c acid
in 420 ml, of water was added in a single portion, and the mixture was stirred
for 30 minutes to complete dissclution, The oily layer of 1-(nitromethyl)
cyclohexanol was separated, and the squeous layer was extracted with three
50-ml, portions of ether., The ether extracts and the l-(nitromethyl) eyclo-
hexanol were combined, dried briefly over magnesium sulfate, and oonenﬁtutod
by distillation rm a steam bath with 2 water aspirator at 70 mm. to remove
ether and excess nitromethane, The crude, undistilled l-(nitromethyl) eyeclo~-
hexanol wa¢ dissolved in 150 ml. of glacial acetic acid in an externslly
cooled glass hydrogenation bottle. Wel; Raney nickel catalyst was added, and
the mixture was shaken with hydrogen at LO-4S p.s.i, with cooling to maintain
the tempersture below 35, until sbout 90% of the theoretical amount (2.5 moles)
of hydrogen was taken up and sbsorption ceased. The catalyst was separated
by filtration with suction through Filter-Cel; and the green filtrate containing
the acetic acid salt of 1-(aminomethyl) eyelohexanol was used directly in the
- next step.

The filtrate was transferred to a 2-1. round-bottomed flask,; immersed
in an ice-salt mixture, and equipped with a stirrer, a themometer, and a
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dropping fumnel., The solution was diluted with 770 ml, of ice water; then

an ice-cold solution of 97 g. (l.h moles) of sodium nitrite in 250 ml. of
water was added dropwise during a period of about one hour with stirring and
 cooling (lce-salt bath) to maintain the temperature at 0% The mixture

was stirred for an additional period of one hour and then allowed to come to
room temperature overnight as the ice in the cooling bath melted, The scetic
 aeid in the reaction mixture was neutrslized by the addition of small portions
of solid sodium bicarbonate, and the neutral (to litmus paper) solution was
then stean-distilled until about 700 ml. of distillate was collected, The
oily eycloheptanone layer was separated, the aqueous layer was extracted with
 three 50 ml. portions of ether, and the combined organic layers were dried
briefly over magnesium sulfate., Most of the ether was removed by distillation
through a short, ghia bubble~cap ¢olumn at atmospheric pressure, The residue
was then distilled through the seme column, and the fraction boiling at

75-80° at 22 mm, was collected. The yield of eycloheptanone was 37.L g.
(39.9%).

3. P tion of Cyclohexanone Oxime
The method used for the preparation of cyclohexanone oxime is that of

Bek and Marvel (5):

i ks

¢ ¢
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azc\ /032 3 820\ /ﬂz
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In a 21, flask, fitted with an efficient u&u’nical stirrer and a
7 mm. glass inlet tube reaching to within 5 em. of the bottom of the flask,
were placed 500 g. of cracked ice and a solution of 61 g. (0.83 moles) of
technical sodium nitrite (95%) in 170 ml. of water, The flask was placed in
an ice-salt mixture, and a cold (~8°) solution of sodium bisulfite was added;
this was prepared by saturating with sulfur dioxide a solution of 48 g.
(0.45 moles) of anhydrous sodium carbonate in 200 ml. of water. While the
temperature was kept below 5° a moderate stream of sulfur dioxide was passed
into the mixture umtil it was aeid to congo red and then just enough longer %o
remove the dark color which appeared shortly before the solution became seid.

To this solution were added 72 g. (0.7h moles) of technical cyelo~-
hexanone and 170 ml. of 85% ethyl alechol. The cooling bath was replaced
by @ steam bath, the stirrer started, and the mixture heated to 75°, The
flask was then packed in sawdust and allowed to cool slowly, with effective
stirring, for 48 hours, The solution at room temperature was exactly neu~
tralised to litaus with a 50% solution of sodium hydroxide, with cooling and
stirring. About 150 g, of sodium hydroxide was required (large amounts of
inorganic sodium salts separated from solution).

The aqueous solution was extracted with three 75 ml, portions of ether,
The ether and other impurities were removed by distillation from a 125 ml.
claisen flask having a 15 em, fractionating tube, It was found that the
boiling point and melting point of cyclohexanone oxime at 10 mm. are quite
close, The cyclohexanone oxime was purified by reerystallisation from
petroleum ether until a melting point of 85-87° was obtained for the 50 g,
vield (60.2%).
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L. Preparation of Gyclopentanone Oxime

The method used for the preparation of cyclopentanone oxime was the

same method used for the preparation of cyclohexanone axime (S):

i e
4 ﬁ\ / (!\
By o uam, he
ARG e
The preparation of cyclopentanone oxime was also carried out uini the
same molar amounts of chemicals and the same equipment as were used in the
pmioﬁs preparation, Again during the neutrslization with sodium hydroxide,
large amounts of inorganic sodium salts were noted separating from solution,
The cyelopentanone oxime did not separaste from the agueous solution as an
oily layer either, but was finally separated by the ether extraction,
63 g of o}elnpnnmm was used to prepare the 29 g. (39.2% yield) of
cyclopentanone oxime which was found to have a boiling point of 90-92° at
10 mm. and a melting point of 57.5-55.5".

| Preparation of Cycloheptanone
The method used for the preparation of cycloheptanone oxime is the same
method used for the preparation of the other oximes (5):

0 H-0H
I I
¢ L4

F LN

T o e
O
nzclz——au, o A
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The preparation of cycloheptanone oxime was carried out with one~half
the molar amounts of chemicals (and proportionally sised equipment) which
were used in the preparation of the previous two m:. The eyecloheptanone
oxime did separate from the aqueous solution as an oily layer after the
neutralization; however, large amounts of inorganic sodium salts also
 separated.

37.i go of cycloheptanone was used to prepare 29.9 g. (70.4% yield) of
eyoloheptanone oxime which was found to have a boiling range of 112-116° C.
at 10 mm, and a melting point of 12° C,

The method used for the preparation of co-hexanolactam is that of Marvel

and Eek (6):
H-OH 0
I I
AN T
i - N O
CH, Hp0—CH,

The Beckmann rearrangement of 30 g. (0.26 moles) of pure cyclohexanone
oxime was cgrr;admmthmloz. portions in a 1-1. beaker with 20 ml,
of 85% sulfuric acid with each sample of the oxime, The beaker was heated
with a low flame until bubbles first appeared. The beaker was then removed
from the flame immediately, and the violent resction, which lasted a few
seconds, was allowed to subside.
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The acid solutions of co~hexanclactam from the three runs were combined
in a 1-1, round-bottomed flask which was fitted with a mechanical stirrer and
a separatory funnel and packed in an ice-salt mixture. The solution was
cooled to 0° and carefully made faintly alkaline to litmus by the addition
of 2% potassium hydroxide, added slowly over a period of about three hours
with good cooling. About LOO ml, of the slkaline solution was needed. The
temperature was kept below 10° to avoid hydrolysis during this stage of the
preparation,

The potassium sulfate which bad separated was then removed by filtration
and washed with two 50 ml., portions of chloroform. The faintly almm
‘aqueous solution was extracted with about five 50 ml, portions of chloroform.
(Some trouble was encountered with emmlsions believed to be caused by the
fairly high water solubility of w ~hexansolactam.)

The combined chloreform solutions were washed once with 20 ml, of water
to remove any alkali., The chloroform was then distilled and the product
fractionated under reduced pressure. The yleld of c ~hexanolactam, boiling
at 137-139° G, at 10 mm, pressure and melting st 67-68°, amounted to 15.3 g,
(51.0% of the theoretical amount),

The method used for the preparation of wepentanclactam is the same
method used for the preparation of co~hexanolactam (6):

g i
c e
"4
Hy \f”z 50, » 'fﬁ
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The preparation was carried out with 17 g. 61‘ eyclopentanone oxime and
two-thirds of the molar amounts of chemicals (in proportionally sized equip-
ment) which were used in preparation of w ~hexanolactam. A great desl of
difficulty with emulsions was noted during the chlorofomm separation., 2.6 g.
(15.3% yield) of w -pentanolactam was prepared and was found to have a boiling
range of 128-139° at 10 mm, and melted st 38-40°,

+ 8s The Preparation of < -Heptanolactam

The method used for the preparation of Co ~heptanclactam is the same
method used for the preparation of the previously mentioned lactams (6):

c
£ / N\
A pms TR
LB T
i HpG, Gl
%

The preparation of co-heptanclactam was carried out using 20 g. of
cycloheptanone oxime with proportional molar amounts of those chemicals used
in the previous preparations. Practically no difficulty was encountered
with emulsions during the ehloroform mﬁuon. 12,5 go (62,5% yield) of
@ ~heptanolactam was prepared snd was found to have a boiling range of 153~
155° and melted at 27-28°%, |

Numerous sttempts were made to prepare c~butyrolactam from butyrolactone
as shown by the following equation:
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0 0 H 0
g Bt /!1\
AN, > SR
i & > 7 Ts
H,C——CH, H N—Hy0—— H,0——CH,

Various solvents were tried including water, acetonitrile; tert-butancl,
and the butyrolactone itself at temperatures ranging from 6 to 203°; none
yielded ¥wamino butyric acid. The method of Gresham & Shaver (7) for the
preparation of p~amino propionic acid was tried with no more success, It
was believed that the hydroxy saide was prepared rether Shan the swive acid,
although this was not proved as the hydroxy amide would reconvert to the
lactone on heating, liberating ammonia,

Since the first step of the w ~butyrolactam preparation was unsuccessful,
T-amino butyric acid was employed., 0.0 g. of this material was slowly
‘heated in a test tube to 200° and held at this temperature until the bubbling
ceased (liberation of water vapor), The remaining liquid, (v ~butyrolactam,
which was prepared in nearly 100% yield, was found to have & melting point
of 25° C. (This was desiccated and its spectrum taken without further purie
fication. Justification of lack of recrystallisations seems probable from

its spectrum.)

An attempt was made in preparing o epropriolactam, A mixture of
P ~alanine and alumis was heated to 270° in & sealed tube by means of a sand
bath, It seemed possible that the following reaction might occur if ammonia
were not allowed to escape:
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30—? ﬁ
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Instead, Mﬁ aluminum salt of aerylic acid was believed to have been pro-
du«dbydintutioncfm’. The gummy mass removed from the sealed tube
was insoluble in chloroform but.did dissolve in concentrated Mr&c
acid, The aeid selution was extracted with ether. After the ether was
removed, a yellow liquid was found having a melting point of 10° which was
believed to be acxylic acid, '

smm compounds which were not synthysized were obtained from chemical
supply houses for infrared spectra comparisons,

The procedure followsd in studying the infrared light absorption was
to prepare solutions of one molar concentration of each of the lactams (as
well as the oximes) in chlovoform, These were placed in sodium ehloride cells
of 0,1 mm, sample thickness. The ketones were placed as neat liquids in a
0,025 mm, sample cell (sodiun chloride ﬁm) for their absorption spectra,
The spectrophotometer used was the Perkin Elmer model 21 infrared spectro-
photometer, & gift to Union College by the Schenectady Varnish Company.



Page 17

Discussion

The purpose of the lactam investigation was to ascertain information
concerning the structure of this type of compound by means of infrared
spectra., It was hoped that examination of the spectra would lead to con-
clusions concerning the degree of amide resonance as influenced by the lactam
ring size, The infrared spectra of these compounds might also indicate the
existence of enol~keto tautomerism of the carbonyl grouping in m.

In studying the family of eyelic amides known as lactems, the investi-
gator is met with an immediate problem--lactams are not available from the
common sources of chemical supply. It was, therefore, found necessary to
prepare the needed compounds, There are several methods for the preparation
of lactams, but the most practical and the most universally used method is
the Beckman magmgmut of the corresponding eyelic oximes, Since the
ms are also rather uncommon, it is often necessary to prepare them from
thoir corresponding cyclic ketones., As one may have already concluded, the
oyelic ketones are not to be Pound on every laboratory shelf either,

The infrared ah:omuﬁ spectra of nearly all erganic compounds are very
complex, It should be emphasized that to understand the cause of all
absorptions of any common organic substance is an impossibility at the pﬁunt.
state of knowledge about this subject, While the spectra of the compounds
prepared for this thesis are recorded for the range of 2 to b , the dis-
cussion will be limited largely to the regiom of 2 to 7.3 y and will not
include the "fingerprint® area. 7The interest in the region which is considered
here is based on the fact that this is the region where most of the bond
stretching vibration frequencies of functional groups will be located,
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The actual sbsorption spectra used as the 'bﬁuu for the following
discussion are to be found in the Union College Chemistry Department Infrared
Library, and where cited, the number of a reference spectrum will be given
~ after the neme of that compound., The absorption spectra included in this
thesis are reproductions of the reference spectra.

In studying infrared sbsorption of lactams, it seems worthwhile first
to investigate absorptions of the corresponding cyclic ketones and their
oxime derivatives which were used in the lactam syntheses.

‘m, ¢ Ketones

One of the most cbvious absorptions in the spectrum of a ketone is that
| of the C=0 carbonyl stretehing vibration:. In the case of cyclopentanone
(55-1)s cyelohexanone (55-1k), and cyclohsptanone (55-13), this C=0 stretching
absorption sppears at 5,75, 5.82, and 5,90 y mpowtiwly.' The slight shift
to shorter wave lengths with decreasing ring sise is believed to be caused
by corresponding inereasing ring strain which in turn strengthens the C=0
bond (8). Sinee this bond would have become stronger with inereased ring
-at.ﬁnin, it would require more energy té cause a change in its dipole moment
and absorb at a shorter wave length where quanta of light have higher emergy,
One might expect these three ketones to exist as an equilibrium mix-
ture of the enol and the keto form., At first glance it appears that such
equilibrium exists because of the weak absorption in the 2,90 )\ wave length
region where the O-H stretching absorption occurs, However, on close exam-~
ination it will be noted that this absorption is actually a harmonic of the
very strong O=0 stretehing absorption. In the case of cyclopentancne the
harmonic is locsted at 3.81/; » in cyclohexanone it may be either of two
absorptions at 2,85 and 2,92 i1 and in eycloheptanone it is found at 2.91/.( .
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The spectra indicate that no appreciable percent of enol form exists for
¢yelopentanone and cycloheptanone. For cyclohexanone, the two absorptions
near 2,9 4 appear to be harmonies of the doublet sbsorption in the carbomyl
region near 5.8 u . The presence of a carbonyl doublet is hard to explain

~ here unless due to some impurity, mt such a large percent as the doublet
would imply seems highly unlikely; one may rather be an additive absorption
of two other frequencies of absorption., At any rate, the stabiliszation of
tyclohexanone by forming its enol tautomer seems unlikely newming to a
cheok with Hirschfelder atomic models.

When investigating organic compounds the C«H stretehing absorption is
perhaps the most common of all asbsorption maxima. In studying the three
ketones it was evident that two distinet C-H stretching absorptions were
present for each compound: at 3.38 and 3.47 W for cyclopentanone, 3.43 and
3.48 /u. for eyclohexanone, and 3.4k and 3,50 4 for cycloheptanone., These two
abuzptim correspond to the inephase and out-of-phase stretching vibrations
of the hydrogen stoms, a phenomenon characteristic of compounds containing
~CHy~ groups (9).

Not only is the C~H stretching absorption present in the region of
infrared investigation, but also the C«H bending (deformation) absorption,
Por eyclopentanone the C~H bending sbsorptions oceur at 6,80 and 6,86 5L
for eyclohexanone at 6,82 and 6.88/& » and for cycloheptanone at 6,87 and 6,92
M The faet that two absorptions exist for this one type of vibration can
perhaps best be explained similarly to the case of two C~H stretch sbsorptions,
namely, in-phase and out-of-phase bending in this case.
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8t411 another C~H bending absorption will be located at approximately
7.10 o which is caused by the CH, group adjacent to the carbonyl, This growp
exhibits a shift to a longer wave lengbh as a result of activation due to a
 double bond (10). For example, in cyclopentanone this absorption is loecated
v' at 7.10 M s in oyclohexanone at 7.02 M and in oyelcheptanone at 7.10 M e

If the enol form should not exist for these three ketones, the C=C
stretching vibration should not appear in the infrared spectra, The main
. absorption for this particular vibration would be partially hidden by the
stronger C=0 absorption and would sppear as a “shoulder® of the nWr one.
Such a C=C sbsorption may occur in the cyelopentanone spectrum at 6,15 b AL 3
cye¢lohexanone spectrum at 6,10 )M » and eycloheptanone at 6,02 o The shift
with ring size may be caused by one of two phenomena or a combination of the
twos the relative strain of the ring in question or vibrational interference
from the C=0 absorption. Again, these are only mwlaumq and there is no
proof to support either theory.

Cyelie Ketoximes
The incresse in yield with the inecrease in ring sise of the oximes can

be explained by their water solubilities. The polar portion of the ring
remains the same while the sige of the hydrocarbon grouping increases causing
increasingly lower water sclubility with increased ring size, Thus, the mole-
cules of higher molecular weight are more completely extracted from the agqueous
layer by the ether. It will be noted that of the thiee oximes only the one of
highest molecular weight was insoluble enough in water to separate as an oily
layer while the other two were completely dissolved in the agueous solution,
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The oxime derivatives of the previously mentioned cyclie ketones exhibit
strong O-H stretching absorptions as would be expected, For example, cyclo-
pentanone oxime (55-16), eyclohexanone oxime (55-15), and eycloheptanone
oxime (55-17) produce extremely strong O-H stretohing absorptions at 3.11,
3413, and 3,20 4 rvespectively, Strong shoulders on the latter two O-H absorp-
tions are not readily explained unless as some addition tone, These three
0-H absorptions indicsted hydrogen-bonded O-H (o N of adjacent molecules).

The C-H stretching vibrations of the thiree oximes appear as two distinet
sbsorptions as they did in the spectra of the gyclic ketones for the same
reason; that is, inephase and out-of-phase stretehing (9). For cyclopentanone

~oxime the two absorptions are located at 3.39 and 3.47 M , for cyclohexanone
 oxime at 3.45 and 3,50 u , and for cyclobeptanone at 3.LS and 3.504 .

Since the oxime derivatives do not affect the C~H bond structure of the
eyelic ketones, it is not surprising to find the corresponding C-H bending
absorptions in the oxime spectras, too. These appear at 6,87 and 7.02 L in
the cyclopentanone oxime spectrum, 6.90 and 6,96 4 in the cyclohexanone
oxime, and 6,90 and 7.00 AU in cycloheptanone oxime,

A bond found in the oximes, which 1s not present in the ketones, is the
C=N double bond. The streteching vibration of this bond causes absorption at
5.91, 6,00, and 6,07 M for eyclopentanone oxime, cyclohexanone oxime, and
cyeloheptanone oxime respectively. The steady increase in the wave length
(sbsorptions of energies of lower levels) with inerease in ring size is similar
to the C=0 absorption shift of the gyclic ketones and may be due to the
decrease in ring strain (11). The fact that the location of these absorptions
is roughly the same as in the corresponding ketones suggests that there is
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some correlation between the carbonyl absorption and the oxime absorption.
This would bring to mind the possibility of a keto tautomer of the oxime
& 8 N0 ). However, since nitroso alkanes are highly colored

this seems unlikely since oximes are colorless.

The N-0O sbsorption is found at 10.70 i for eyclopentenone oxime,

10,62 u for eyelohexanone oxime, and 10.66 M for eycloheptanone oxime (12).

It was first believed that absorption located in the k.12 L region was
caused by intermolecular hydrogen bonding of the hydroxyl group to the unshared
' e@lectrons of the nitrogen of another molecule., During Mthcr investigation,
however, this same sbsorption was found in the speetrum of a disubstituted
amide where hydrogen bonding would be impossible. The present theory concerning
this absorption, therefore, is that it is probably a harmonic of a fundamental
located at approximately 8.15 U . In the case of cyclopentanone oxime the
harmonic appears at 4,10 « and the fundamental at 8,13 U 5 in eyelohexanons
oxime at 4,12 u and 8.])4/4 s and in cycloheptanone oxime at h.n/u nnd‘a.ls/u "

Lactams

The problem of emulsions during the chloroform separation of the three
lactams prepared by the Beckman rearrangement can be explained by water
solubilities: as the molecule becomes larger, its water solubility decreases
and its emulsifying power lessened. Further indication of deereasing mﬁr
solubility with increasing moleeular weight (or ring size) is the relative
yields of these three compounds where their isclation depends on a chloroform
extraction from an aqueous solution, -
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Previous work with infrared spectra of lactams concerned only the
location of the carbonyl stretehing absorption (13).

The carbonyl C=0 stretching vibration of the lactams absorbs energy of
a longer wave length than that of the corresponding cyclie ketones. For
example, the carbonyl absorption is located at 5.90 u for co ~butyrolactam
(55-29), at 6.05 u for co-pentanolactam (55-19), at 6.00 4 for co-hexanolactam
(55-18), and at 6,05 i for co -heptanolactam (55-20). Since all amides exhibit
a very strong carbonyl absorption in the range of 6.0-6.2/4 (1h), the values
for the three largest lactams agree well with regular amide carbonyl absorp-
tions even though there is a definite shift toward longer wave length as
compared with the carbonyl absorption in the corresponding ketones. The
smallest lactam studied shows this absorption to be below the lower limits
expected for amides and is probably attributable to ring strain. The lower
wave length absorption of the carbonyl growp in w ~butyrolactam shows that
there is more O=0 double bond character, and therefore less amide resonance,
due without doubt to ring strain inhibiting this resonance. The fact that
N-methyl-2-pyrrolidone has a carbonyl more nearly that of the other lactams
would indicate that the inductive effect of the methyl group overcomes this
lowered resonance to some degree,

In studying the lactams it is not surprising to find that the harmonies
of the carbonyl stretching absorptions appear in the lactam spectra as they
do in the cyclic ketone spectra., The harmonic absorptions are located at
2,904 in the spectrum of co ~butyrolactam, at 2.9 M in @ -pentanolactam, at
2,94 M in w ~hexanolactam, and at 2.9k M in w ~heptanclactam, From the spectra

it appears uncertain if any emolization oceurs in the lactam carbonyl since
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the only absorption that could possibly be associated with an O-H vibration
would appear st the same location as the harmoniec of the carbonyl absorp-
tion. |

An gbsorption which has not been 'mmantoud earlier during this
investigation of the ketones or oximes is the absorption caused by the N-H
stretching vibration in the lactams. In reality there are usually two absorp~
tions for secondary smides in concentrated solution-~one caused by the free
unassociated N-H stretching vibration and a second at a longer wave length
caused by the associated (intermolecular hydrogen bonded) NeH stretching
vibration. In the case of w ~butyrolactam the free absorption and the
associsted absorption are located at 3.02 and 3.12 u respectively; similarly
these oceur in o -pentanclactam at 3.05 and 3.13 Moy in wahmnolncm at
3.05 and 3,10 u , and in co~heptanclactam at 3.05 and 3.12 u .

Not only is the N-H stretehing vibration to be found within the region
of investigation, but also the N-H bending vibration., Whether this vibration
causes an sbsorption in the case of cyclic lactams is a subject of much
qmauoh gg;‘ In the case of primary amides, the N-H bending vibration
causes absorption close to the carbonyl absorption and usually on the side of
longer wave length, but some compounds show the location to be of lower wave
length than the carbonmyl (17). It appears that such a shift may exist in
these lactam spectra, If this were the case, what had appeared to be an
absence of the absorption might actually be a shift to an unpredicted vlocation.
On the basis of this theory the N-H bending absorption might appear at 6,08 | L
in o ~butyrolactam, at 5,65 u in w-pentanolactam; at 5.84 u in co ~hexanolactam,
and at 6,23 4 in co~heptanclactam. The shift of the N~H bending absorption
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might be caused by the interference of the C-H groupings meighboring the
NeH, therefore allowing the N-H of cw ~heptanolactam more freedom for bending
than that of the more hindered co -pentanolactam. However, this is only
speculation, and these absorpitions might be addition or difference tones,

The absorption eaused by the C-N stretching vibration is a little better
understood and will usually be located within the range 6.46.6 M (18)e m
all four lactams being investigated absorption appears at slightly lomger
vave length (6.69 4 ), which may be due to C-N stretch.

The absorptions esused by the C-H stretehing and bending vibrations are
located in the expected positions. In w ~butyrolactam the stretching vibrations
absorb at 3.38 and 3.46 u while the deformation absorptions are located at
6.82 and 7,00 1 3 in w ~pentanolactam the stretehing sbsorptions appear at 3.40
and 3.h7/.L and the bending absorptions at 6.80 and 6.90/1. 3 in w ~hexsnolactam
the stretehing absorptions appear st 3.43 and 3.50 u while the deformation
absorptions are located at 6.75 and 6.95 4 ; and in w ~heptanclactem the streteh-
ing absorptions appear at 3.hh and 3.50 and the bending sbsorptions at 6.80
and 6.90 U .

fhe bending sbsorptions of the C-H bonds in the CHy group adjacent to
the carbonyl also appear in the lactams as they did in the case of the eyclic
ketones, Incw -butyrolactam this absorption appears at 7.03 U 3 in w ~pentano-
lactam at 7.08/.4. s in @ ~hexanolactam at 7.05/1 » and in  <heptanolactam at
7408 1 » '

As in the spectra of the oximes, the 4,10 4 absorption appsars in the
lactams, too. In c ~tutyrolactam this absorption is located at L.06 u , in
@ ~pentanolactam at 4.05 u , in w ~hexanolactam at k.o7/u » and in w <heptanolactam
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at h.oﬁﬂ . These sbsorptions can be explained as hamonics of the fundamental
absorptions located in the 8.15/; region,

For purposes of comparison the spectra of two other amides were made,
Nemethyl-2-pyrrolidone was used, as a 1,00 molar solution in chloroform, and
acetamide was used as both a ,71h molar solution and ,200 molar solution in
chloroform. As would be expected, the ﬁmﬁlvl-%—grmudons (55-30) shows
no NeH vibrational absorptions since it is a disubstituted amide, The .7
molar acetamide (55-31) does show the free N-H absorption at 3.62 4 and the
assoclated N~H absorption at 3.15/4 « The reduction in concentration of the
acetamide to .200 molar (55-32) shows that both the unassociated and the
 associated N-H bonds still are present at 3.00 I and 3,16 ) respectively.,

The very strong 0=0 stretching vibration does cause the expected absorp~
tion at 6,00 u for N-methyl-2-pyrrolidone, at 6,00 u for T} molar acetamide,
and at 5,95 L i’or the ,200 molar acetamide., There is an upward shift in the
wave length of absorption in Nemethyle2-pyrrolidons as compared with > -
butyrolactam itself. This suggests mt the inductive effect of a methyl
group (ineressing rescnance stabilisation of an ionic carbonyl) causes longer
wave length sbsorption (less double bond character) of the Cz0 earbonyl
gToup,

The usual two C-H stretehing absorptions (in-phase and out-ofephase)
sppear in the spectrum of Nemethyl-2-pyrrolidone at 3.h3 and 3.48 u . In the
case of acetamide where there are no OH, groupings but only CHj, the two C-H
absorptions are caused by asymmetrical and symmetrical modes of vibration
rather than the in-phase and out-of-phase modes of vibration (19). For
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exsmple, in the spectrum of .71h molar acetamide the two are located at 3.35
~and 3.39 4 5 and in ,200 acetamide at 3.36 and 3.hh/u » The differences are
apparently only due to solvation effects in this case of concentration
ditfamm.

The spectra of the three show the C~N asbsorption to be located at the
expected wave length region. Ne-methyle2-pyrrolidone has its C-N absorption
ab 6,654 5 471k and +200 molar acetamide solutions both at 6aTLik o

It will be noted that the N-H bend appears in the acetamide (both concen~
trations) at 5.85 M s but is naturally absent of the Nemethyl-2-pyrrolidone
spe ot rum, ,

The spectrun of the Nemethyl-2-pyrrolidone has the L.08 u absorption;
this supports the proposal that the h.lo/u absorption is probably a hammonic.
Since there are no N-H bonds in this compound, no hydrogen bonding can exist.
This absorption appears in the unsubstituted .7lh molar acetamide at 4,08 u
and in the 200 molar acetamide at h«ﬂ}u .

The other sbsorptions of these three spectra coincide well with absorptions
of the ketones, oximes, and lactams previously investigated (C=0 harmonics,
C-H bend, etec.).
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Swmnary and Conclusions

The following compounds have been prepared: oyeclopentanone, cyclo-
heptanone, eyclopentanone oxime, cyclohexanone oxime, cycloheptanone oxime,
® ~butyrolactan, 2 -pentanclactam, c>-hexanolactam, and co-heptanolactam. Both
cycloheptanone oxime and w-haptmlaetm have been prepared for the first
‘time as far as a litersture search reveals, Infrared spectra of the above
compounds were made with a model 21 Perkin-Elmer Infrared Spectrophotometer.

The investigation of the infrared absorption spectra of the four lactams
and related compounds has lead to seversl conclusions concerning their struc-
ture:

1. The infrared spectra indicate that no intermolecular hydrogen
bonding (as in an encl form) exists in cyclopentanone, ¢yclohexanons,
or cycloheptanone. On the other hand, their oxime derivatives
showed almost exclusively the hydrogen-bonded O-H sbsorption.

2. The infrared absorption spectra indicate that the molecules of a
lactam (as well as an unsubstituted amide) are held together in
iolution by intermolecular hydrogen-bonding:

11'2 H |
Vol P
By0{ DE= et \lm2
c—¢C
Hp gz .820 682
\(m/2

This is true for w ~butyrolactam, «pentanolactam, co ~hexanolactan,
w ~heptanolactam, and acetamide,
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No definite conclusion could be reached as to enol content in the
eyelic ketones studied because the carbonyl harmoniec obscured the
region of hydroxyl absorption. v

No definite conclusion could be reached as to enol content in the
lactams studied because the carbonyl harmonic obseured the region
of hydroxyl absorptien,

In the spectrum of a lactam, an unsubstituted amide, & monosub-
stituted smide, a disubstituted amide, or an oxime, a weak sbsorption
will probably sppear in the range of L.05-4.15 4 which is the
hamonic of an absorption located at approximately 8,15 >j4 » This is
true of all such compounds investigated here.

Finally, the lower wave length absorption of the carbonyl group in
@ ~butyrolactam shows that there is more (=0 double bond character,
and therefore less amide resonance. The faet that Nemethyl-2-
pyrrolidone has a carbonyl more nearly that of the other lactams

' shows that the inductive effect of the methyl group overcomes this

lowered amide resonance of the five membered ring to some degree,



Page L3

Bibliograp.

1. Willard, Merritt, and Dean; Instrumental Methods of Analysis; D,
Van Nostrand Co.s New York; BSecond Printing; 19495 p. hé

2, Barnes, Gore, Liddel, and Willisus; Infrared Spectroscopys Reinhold
3, Gilmen snd Blatt; Organic Synthesis; John Wiley and Sons, New York;
Second Editions 19L1; Vol. 13 p. 192
L. Johnson, W, S.; Organic Synthesis; John Wiley and Sons, New York;
195h; Vole 3Ls p. 17
§, Blatt, A. H.j Organic Synthesis; John Wiley and Sons, New !oi-k;
Fourth Printing; 19473 Vol. 23 Pe 76
6, Blatt, A, He; Organic Synthesis; John Wiley and Sons, New York;
Fourth Printings 19473 Vel. 2; p« 3T1
‘7. Gresham and Shaver; Journal of the American Chemical Society; 1951;
'8, Bellamy, Le Joj The Infra-red Spectra of Complex Molecules; John
Wiley and Sons, New York; 19543 p. 128
9, Bellamy, L. J.3 The Infra-red Spectra of Complex Molecules; John
Wiley and Sons, New York; 195h; p. 15

10. Bellamy, L. Jo; The Infra-ved Spectra of Complex Molecules; John
Wiley and Sons, New York; 195h; pe 21

11. Bellemy, L . The Infra-red Spectra of Complex Molecules; John
Wiley and Sons, New Yorks 195h; p. 227 |

12, Personal communication with Dr. John F, Brown, Jr., of the General
Blectric Research Laboratory, Schenectady, New York .

13, Bellamy, L. Jsj The Infra-red Spectra of Complex Molecules; John
Wiley and Sons, New York; 1954s pe 183

14, Randall, Fowler, Fuson, and Dangl; Infrared Determinations of Orgnﬁic
Structures; D. Van Nostrand Coss New York; First Edition; 1949
ps 10 ,

15. Bellamy, L. J»j The Infra-red Spectra of Complex Molecules; John
Wiley and Sons, New Yorkj 1954s p. 186



Page Lk

16. Randall, Fowler, Fuson, and Dangl; Infrared Determinations of
Organic Structures; D. Van Nostrand Co., New York; First Edition;

19h49; p. 12 ‘
17, Bellamy, L. Je; The Infra-red Spectra of Complex Molecules; John
Wiley and Sons, New York; 19543 ps 185

18. Randall, Fowler, Fuson, and Dangl; Infrared Deteminations of
, Organic Structures; D. Van Nostrand Oo., New York; First Edition;

19495 pe 11

19, Bellamy, L. J.; The Infra-red Spectrs of Complex Molecules; John
Wiley and Sons, New York; 195L; ps 14



