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 The infrared spectra of four saturated alipha-

tic acyclic imides and their N-deuterated com-

pounds in the crystalline state have been 
measured and compared with those of diacet-

amide and diacetamide-d reported previously1). 

The crystals of these higher homologs show 

the same characteristic absorption bands as 

those of the form B of diacetamide. This suggests 

that in the crystalline state, these higher 

homologs take a configuration similar to that 

in the form B of diacetamide. Vibrational assign-

ments have been given to the characteristic 

bands in the sodium chloride region in analogy

with the case of monosubstituted amides2,3). 
The influence of an adjacent carbonyl group 
on the characteristic frequencies of the-CONH-
group has been discussed. The present result 
gives support to the trans-trans planar structure 
for the crystals of these higher homologs as 
well as for the form B of diacetamide. 

Results and Discussion 

 The infrared spectra of these acyclic imides 
and their absorption frequencies are shown in 
Fig. 1 4) and Table I4). As seen from Fig. 1, 
the infrared spectra of the crystals of those

Fig. 1. Infrared spectra of higher homologs of diacetamide in the crystalline state. 
 Solid line: the undeuterated species, broken line: the N-deuterated species.

 1) T. Uno and K. Machida, This Bulletin, 34, 545 
(1961). 
 2) T. Miyazawa, T. Shimanouchi and S. Mizushima, J. 

Chem. Phys., 24, 408 (1956); ibid., 29, 611 (1958). 
 3) T. Miyazawa, J. Chem. Soc. Japan, Pure Chem. Sec.,

(Nippon Kagaku Zasshi), 77, 171, 321, 526, 619 (1956). 
 4) Abbreviations used in Fig. 1 and Tables I-IV are: 

AA: diacetamide, AP: N-acetylpropionamide, PP: 
dipropionamide, PB: N-propionyl-n-butyramide, BB: 
di-n-butyramide.
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 TABLE 1. INFRARED ABSORPTION FREQUENClES OF ACYCLIC IMIDES (incm-1)

vs: very strong, s: strong, m: medium, w: weak, sh.: shoulder, br.: broad

higher homologs of diacetamide measured in 

the present study are quite similar to that of 

the form B of diacetamide, so that these crystals 

will also be called form B hereafter. Since 

both acyclic imides R-CONHCO-R' and 

monosubstituted amides R-CONH-R' contain 

the-CONH-group, their infrared spectra are 

expected to be closely related with each other. 
In fact, these acyclic imides and N-deuterated 

acyclic imides exhibit a number of absorption 

bands whose frequencies and intensities cor-

respond to those of the characteristic bands of 

monosubstituted amides and their N-deuterated

compounds2,3). Thus, it appears that similar 
vibrational modes are responsible for the cor-
responding absorption bands of acyclic imides 
and monosubstituted amides. The characteristic 
frequencies and their vibrational assignments 
of these imides are shown in Table II1) along 
with those of N-methylacetamide2)for com-
parison. Detailed discussion for each chara-
cteristic frequency is as follows. 

 Imide I (Carbonyl Stretching) Band.-All the 
undeuterated and N-deuterated species of these 
acyclic imides show a strong band clearly due 
to the C=O stretching vibration near 1735cm-1.
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TABLE II. THE CHARACTERISTIC FREQUENClES OF ACYCLIC IMIDES (incm-1)

* The corresponding amide characteristic frequencies of N-methylacetamide (liquid)2). 
** Parentheses indicate the overlapping frequencies. 

 TABLE 111. THE C-H DEFORMATION FREQUENClES OF ACYCLIC IMIDES (incm-1)

* a,(3and T indicate the position of the methyl or the methylene group with respect to
 the carbonyl group. 

** Parentheses indicate the overlapping frequencies .

Such high C=O frequencies have been re-

ported5-8) for a number of imides and explained 
as resulting from the appreciable double bond 

character of the imide C=O bond. To dis-

tinguish the C=O stretching bands of imides 

from the amide I band whose lower frequencies

indicate the decreased double bond character 

of the amide C=O bond, we may call the 

former the imide I bands. In contrast with 

amides, imides may show two bands in the 6p 

region as many other dicarbonyl compounds 

do. In fact, the duplication of the C=O 

stretching band of several diacyl derivatives of 

aromatic amines have been reported and 

attributed to a vibrational coupling between 

two C=O stretching modes2). In general, an 

acyclic imide can exhibit the symmetric and 

the antisymmetric imide I band if the molecule

 5) B. Witkop and J. B. Patrick, J. Am. Chem. Soc., 74, 
3861 (1952). 
 6) R. A. Abramovitch, J. Chem. Soc., 1957, 1413. 
 7) J. F. Grove, P. W. Jells and D. W. Rustidge, ibid., 

1956, 1956. 
 8) S. F. D. Orr, P. Sims and D. Manson, ibid., 1956, 

1338.
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has a symmetry operation permuting those two 
C=O bonds. Furthermore, if the transition 
moment of the stretching vibration of each 
C=O bond is nearly parallel to the bond itself, 
the intensity ratio of the antisymmetric imide 
I band to the symmetric one will increase with 
the angle between those two equivalent C=O 
bonds. In the present study, besides the above 
mentioned strong band near 1735cm-1, the 
undeuterated species of some imides show a 
weak band near 1700cm-1, which disappears 
on deuteration. On the other hand, a weak 
band near 1675cm-1 is observed for all the 
N-deuterated acyclic imides in form B regard-
less of the presence of the band near 1700cm-1 
for the corresponding undeuterated species. 
Weak as it is, the band near 1675cm-1 must 
be a fundamental one because it is unlikely 
to expect a constant overtone or combination 
frequency in this region throughout all the 
N-deuterated species of these acyclic imides. 
Thus, a similar fundamental frequency for the 
undeuterated species can be expected and it is 
quite probable that the band near 1700cm-1 
actually exists for all the undeuterated species 
of these acyclic imides although in some cases 
this band is covered with the shoulder of the 
strong band near 1735cm-1. These considera-
tions lead to a reasonable assignment of the 
above bands to the symmetric and the antisym-
metric C=O stretching vibration on the basis 
of the trans-trans planar structure proposed 
for the form B in the preceding paper1). Thus, 
the antisymmetric imide I band (near 1700 
cm-1) is expected to be weak, just as is 
observed, since in this configuration two C=O 
bonds are nearly parallel to each other. The 
low-frequency shift of this weak band on 
deuteration may be due to some contribution 
of the N-H deformation mode, whereas the 
strong symmetric imide I band (near 1735cm-1) 
does not shift on deuteration because there is 
no coupling between the C=O symmetric stret-
ching and the N-H in-plane deformation mode. 
As will be discussed later, the antisymmetric 
imide I band near 1700cm-1 is considered to 
combine with the band near 1500cm-1 and to 
give rise to a combination band near 3200cm-'. 

 Imide II and II' Bands.-Detailed discussions 
have been given to the band near 1500cm-1 
observed for the form A and the form B of diacet-
amide'. All higher homologs of diacetamide 
in the present study show a similar band near 
1505cm-1 which disappears on deuteration. 
On the basis of the trans-trans planar structure, 
this band is assigned to the vibration in which 
the coupling between the C-N-C antisymmetric 
stretching and the N-H in-plane deformation 
mode is considerable, and will be called the 
imide II band hereafter. As seen from the

frequency difference between the imide I and 

the amide I bands, the double bond character 

of the C=O bond is greater for acyclic imides 

than for monosubstituted amides. Consequent-

ly, the C-N bond order of acyclic imides 

should be less than that of monosubstituted 

amides, and it is quite reasonable that the 

imide II frequency of acyclic imides in the 

trans-trans configuration is lower than the 

amide II frequency of monosubstituted amides 

in the trans configuration, since the C-N 

stretching force constant is one of the impor-

tant factors which determine the imide II and 

the amide II frequency. Further studies such 

as normal vibration calculations are necessary 

for a more detailed elucidation of the nature 

of the imide II band since the structural dif-

ferences between the-CONH-and the 
-CONHCO-group must be taken into account . 

As is the case of the C=O stretching vibra-

tions, the trans-trans configuration of the 
-CONHCO-group must exhibit the C-N-C 

symmetric stretching vibration as well as the 

antisymmetric one. Since there is no possibility 

of remarkable vibrational coupling, which 

would give rise to the high imide II frequency 

for the antisymmetric vibration, the C-N-C 

symmetric stretching frequency is expected to 

be considerably lower than the imide II fre-

quency. In fact, diacetamide, dipropionamide and 
di-n-butyramide show a weak band due pro-

bably to the C-N-C symmetric stretching mode 

at 1295, 1263 and 1230cm-1 respectively. These 

bands do not shift on deuteration. Since the 

angle between two C-N bonds in the imide 

group is nearly 120, the vibrational transition 
moment of the C-N-C symmetric stretching 

mode is expected to be so small as to result 

in these weak bands. 

The form B of diacetamide-d shows a band 

at 1348cm-1, which clearly corresponds to the 

amide II' band of N-deuterated monosubstituted 

amides. This band, which may be called the 

imide II' band, is assigned to the C-N-C 

antisymmetric stretching mode. It is obvious 

that the difference in the C-N bond order 

between imides and amides contributes to the 

frequency difference between the imide II' and 

the amide II' bands. As for the N-deuterated 

species of the higher homologs of diacetamide, 

the imide II' band appears in the region 1350 

to 1300cm-1, taking somewhat complicated 

features. In this case, there are several vibra-

tional modes belonging to B2 species in this 

region and they may contribute to the imide 

II' band in various ways. This effect results 

in the splitting of the imide II' band in the 

case of di-n-butyramide-d. The antisymmetric 

CH2 wagging modes may be examples of such 

participating vibrational modes.
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 Imide III and III' Bands.-As previously 

reported1), the form B of diacetamide shows a 

strong band at 1236cm-1. N-Acetylpropion-

amide also shows an analogous band at 1240 

cm-1 together with another strong band at 

1180cm-1. The other three higher homologs 

containing no acetyl group show only one 

strong band near 1180cm-1. All these bands 

disappear on deuteration and an alternative 

medium band appears in the region 990 to 950 

cm-1 for each of these N-deuterated acyclic 

imides. In analogy with the case of mono-

substituted amides, these bands of the undeu-

terated species of acyclic imides in the region 

1250 to 1150cm-1 may be assigned to the 

vibration to which both the C-N-C antisym-

metric stretching and the N-H in-plane defor-

mation mode mainly contribute and the medium 

band of the N-deuterated species in the region 

990 to 950cm-1 to the vibration to which the 

N-D in-plane deformation mode mainly con-

tributes. Thus, these bands are considered to 

be characteristic of the-CONHCO-or the 
-CONDCO-group . Hereafter, the former and 

the latter bands will be called the imide III 

and the imide III' bands of acyclic imides 

respectively. To explain the appearance of 

two strong imide III bands for N-acetylpropion-

amide, somewhat different fashions of vibra-

tional coupling between the N-H in-plane 

deformation and the C-N streching vibrations 

must be considered. Because the C-N bond 

order of acyclic imides is less than that of 

monosubstituted amides, the imide III frequen-

cies are lower than the amide III frequencies. 

On the other hand, it is noticed that there is 

no appreciable difference between the imide 

III' and the amide III' frequencies. Since 

there are many factors affecting such deforma-

tion frequencies, estimation of the difference 

in the deformation force constant of the angle 

C-N-H between monosubstituted amides and 

acyclic imides is not so simple as that in the 

stretching force constants. These problems 

will be discussed later with the aid of the 

normal vibration calculation for diacetamide. 

 Imide V and V' Bands.-There is a medium 

band near 735cm-1 for the undeuterated 

species while there is a somewhat weaker 

band near 540cm-1 for the N-deuterated species 

of each higher homolog of diacetamide in the 

present study. The presence of these bands 
clearly indicates that the crystal form of higher 

homologs corresponds rather to the form B than 

to the form A of diacetamide. These two bands 

correspond to the amide V and the amide V' 

band of monosubstituted amides and their N-

deuterated compounds respectively. The N-H 

or the N-D out-of-plane deformation mode is 

considered to contribute mainly to these bands.

Hereafter, the band of the undeuterated species 

near 735cm-1 and the band of the N-deuterated 

species near 540cm-1 will be called the imide 

V and the imide V' band, respectively, of 

acyclic imides. A discussion concerning these 

bands has already been made in the preceding 

paper on diacetamide1). There are few differ-
ences between the imide V and the the amide 

V frequency and between the imide V' and 

the amide V' frequency. Namely, together 

with the case of the imide III' and the amide 

III' frequencies, it can be said that no appreci-

able frequency difference is observed between 

the bands of trans monosubstituted amides and 

those of trans-trans acyclic imides as far as 

nearly pure N-H deformation modes are 

concerned. 

 Imide IV, VI and VI' Bands.-The other 

bands in the potassium bromide region observed 

for diacetamide and diacetamide-d were assign-

ed before1). The correspondence between these 

bands and the amide IV, VI and VI' bands of 

monosubstituted amides is obvious. In analogy 

with the case of monosubstituted amides, the 

C=O in-plane and the C=O out-of-plane defor-

mation bands of the undeuterated species will 

be called the imide IV and the imide VI bands 

respectively, and the C=O out-of-plane defor-

mation bands of the N-deuterated species will 

be called the imide VI' bands. The imide IV 

bands which do not shift on deuteration are 

observed at 609 and 559cm-1 for N-acetylpro-

pionamide and the weak imide VI' band 
appears at 620cm-1 for N-acetylpropionamide-

d. For the other three acyclic imides con-

taining no acetyl group, two weak bands are 

observed near 610 and 590cm-' for the undeu-

terated species. They are probably due to 

some C=O deformation modes. However, be-

cause of ambiguous spectral change on deute-

ration in this region, the assignment of these 

bands is still uncertain. 

 N-H and N-D Stretching Bands.-Two strong 

bands near 3280 and 3200cm-1 are observed 

for the undeuterated species of these acyclic 

imides in the form B. These bands are related to 

the N-H stretching vibration, and their frequ-

encies clearly show the presence of hydrogen 

bonds. Their distinguished sharpness, however, 

together with the high C=O stretching frequen-

cies previously mentioned, suggests that the 

nature of hydrogen bonds involved in the form B 

is markedly different from those known for 

monosubstituted amides and related compounds. 

As for the N-D stretching vibration, except 

for the band near 2410cm-1, N-deuterated 

acycilc imides in the form B show no strong 

band in the region 2500 to 2300cm-1. Thus, 

it is seen that the remarkable band splitting 

observed for the undeuterated species vanishes
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TABLE IV. ANALYTICAL DATA AND MELTING POINTS OF ACYCLIC IMIDES

on deuteration. This situation will be dis-

cussed in the next paper, where the dichroic 

properties of those two bands of the undeu-
terated species will also be treated. 

C-H Deformation Bands.-Two or three 

bands are observed for each of the undeu-

terated species of these acyclic imides in the 

region 1460 to 1370cm-1. These bands are 

assigned to the CH3 or the CH2 deformation 

modes in analogy with the case of other com-

pounds containing acyl groups. The results 
are summarized in Table III4), where it is 

noticed that acyclic imides which contain the 

ethyl or the n-propyl group, show a sharp and 

strong band due to the bending vibrations of 

the a-methylene group near 1420cm-1. For 

the molecules containing the structure-C-CH2-

CONHCO-CH2-C-, this band is the strongest 

among the C-H deformation bands in this 

region. Changes in features and intensities of 

these C-H deformation bands also take place 

on deuteration. In general, the intensity of 

the band near 1420cm-1 decreases while that 

of the band near 1380cm-1 increases. This 

fact shows that, in connection with the com-

plicated features of the imide II' bands of 
these higher homologs, certain C-H deforma-

tion vibrations may be involved in the cou-

plings which give rise to the imide characteristic 
bands in this region.

 Conclusion 

On the basis of the trans-trans planar struc-

ture of the-CONHCO-group, almost all the 

assignments as well as the interpretation of 

the frequencies and the intensities have been 

given to the characteristic bands of those 
saturated acyclic imides in the form B. These 

results give support to the internal rotation 

mechanism for the dimorphism of diacetamide 

by confirming the configuration of the

-CONHCO-group in the form B . There are few 

deviations in the imide I, II, V and V' frequen-

cies of these acyclic imides while the dif-

ference in the alkyl residues affects the imide 

II', III and III' frequencies as well as their 

band features. Further evidences of the trans-

trans planar structure for form B will be given 

in the next paper which deals with the infrared 

dichroism of some acyclic imides. 

 Experimental

 The four acyclic imides in the present paper were 
prepared by the acylation of primary amides with 
the mixture of acid chlorides and acid anhydrides 
according to Polya's method9). In the preparation 
of asymmetric acyclic imides, the smaller acyl 
groups were chosen to be in primary amides. These 
acyclic imides were recrystallized two or three times 
from petroleum ether10). Table IV4) shows the 
analytical data for these preparations and their 
melting points together with those in the literatures. 
The N-deuterated species of these acyclic imides 
were prepared by the exchange reaction with deu-
terium oxide10). These preparations were subjected 
to measurements with the same instrument and 
technique as those described in the preceding 
paper1). 
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 9) P. Dunn, E. A. Parkes and J. B. Polya, Rec. tray. 
chim., 71. 676 (1952). 

10) Crystals from water show the identical infrared 
spectra with those of crystals from petroleum ether. 

11) Q. E. Thompson, J. Am. Chem. Soc., 73, 5844 (1951). 
12) D. Davidson and M. Karten, ibid., 78, 1066 (1956). 

 13) M. Tarbouriech, Compt. rend., 137, 326 (1903).


