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Substituent effect on infrared carbonyl stretching vibrations and 
hydroxyl frequency shifts of para- and meta-substituted N,N- 
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(Receiwed 6 June 1971) 

Ab&ra&-Carbonyl stretching frequencies vcIXo aud hydroxyl frequency shifts AvoH of phenol 
tas a proton donor, of series of para- and nzeta-substituted N,N-dimethylbenzamidea aud 
-ciuuamamides were measured iu Ccl,. 

Results are correlated with the substituent coustmts of SW~LIN and LTJPTON [2] aud with 
the carbonyl m-bond orders and the oxygen m-electron densities obtained iu au HMO. (0 = 1.4) 
calculation. Infrared frequencies are correlated with the amide rotational barriers. 

IIVCRODUCTION 

IN CONNECTION with our investigations concerning the substituent effects on the 
amide rotational barriers in N,iV-dimethylcarboxamides, we studied the carbonyl 
stretching frequencies of some pa;ra- and me&substituted N,iV-dimethylbenzamides 
and -cinnamamides of dilute solutions in carbon tetrachloride. The absorption 
due to the carbonyl stretching vibration is shifted when the electronic distribution 
is changed. These shifts have been correlated with the substituent constants e.g. 
in substituted aoetophenones [3], benzophenones [4], benzoylchlorides [6] and 
recently in chaloones [6], substituted in both aromatic rings. 

Additional information on the charge distribution in the amide group may be 
obtained from a study of the OH-stretching frequency shifts, Avon, of a standard 
proton donor such as phenol. Such systems of a proton donor and a proton acceptor 
have been studied extensively (for a recent review, see Ref. [7]). GRAMSTAD and 
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FUULEVIK [8] studied the intermolecular hydrogen bond association of NJ-di- 
substitu~ amides with phenol and ~nta~~orophenol as proton donors. They 
found linear relationships between the frequency shift Avou and AH, A@, AE?, the 
thermodynamic parameters for the association and vi/s and smbl x vlla. They 
observed a linear correlation between vg=-o and Arou, which is a measure for the 
ability of the amide to form a hydrogen bond. 

As both the i.r. frequencies and the amide rotational barriers are modified on 
substitution we correlated vwo with A@&,,.,. The ro~tio~al barriers will be dis- 
cussed in a subsequent paper. 

Linear free energy relatianshi(ps 
The empirical relationships between structure and reactivity involve the log- 

arithms of rate- or equilibrium-constants and are, as such, linear free energy (A@) 
relations~ps. Since the formulation of the earliest relations~p, the Br&rsted 
catalysis law (1.924), I%UZMETT [9] has developed the familiar equation (I), especially 
for aromatic systems : 

log (k/k,) = pu. (1) 
With this relation one can describe quantitatively the influence exerted by para- 
and ~~a-substituents on the rate of aromatic side chain reactions. IIowever, the 
substituent ‘~const~ts” C, which should be ideally ~dependent of the nature of 
the reaction, (characterized by p) have turned out not to be unique. To solve this 
problem many suggestions have been made (for recent reviews see SHORTER [lo] 
and SWAIN and LUPTON [Z]). 

In our opinion, the most elegant method is the one recently introduced by 
SWAIN and LUPTON [2], who showed that any set of substituent co~tants (a,, 
o,, G’ etc.) is a linear combination of any two others. They introduced two new 
sets, P and R, the so called field- and resonance-constants. The linear combination 
fF + rR replaces the classical 0 value. The field- and resonance-capabilities of a 
substituent in any circumstances are mixed as required for the actual process. 
This removes the problem of the duality of substituent constants [ll] and forms an 
extension of WEPSTER’S <‘sliding scale” [12]. 

F and R are proposed f2] as more accurately defined and physically significant 
independent variables for correlating or predicting substituent effects on all kinds 
of rates, equilibria and physical properties. 

As the resonance ability of a substituent is different in meta- and para-positions, 
the SWAIN and LUPTON method should be applied to meta- and pa?+substituted 
series separately. Any substituent-effect can thus be quantitatively expressed by a 
field- and resonance-component, pf’F and pr’fk respectively, with the reaction 
constant p, the weighting factors f’ and T’ characteristic for the type of reaction 
and F and R characteristic for the substituent. In correlations of observed proper- 
ties, p cannot be independently determined and pfl and pr’ are replaoed by f and r 
respectively. 

[8] T. GRAX~TAD md W. J. FUULIWIK, Acta Chem. &ad. lf3, 1369 (1962). 
[Q] L. P. Hnmm, Chess. Rev. 17,125 (1936). 
[lo] J. SHORTER,C~~. Brit.6,269 (1969). 
[II] L.P. HAMNETT, Physical OrganicChemiet~. McGraw-Hi&New York (1940). 
(121 H.VAN BEKKUN,P.E.VERKADE mdB. M. WEPSTER, Rec. Trav.Chim. 78,815 (1959). 
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It is preferable to use a three parameter equation (like equation (2)) to avoid 
forcing the collation to go through the origin, since m~~rnent on the unsubsti- 
tuted compound with P = 0, R = 0, are no more accur&e than those on substitu~ 
ones. From A@ =jY’+rR + A@,+ (2) 
one calculates f, r and AQOz. 

SWAIN and LTJPTON [2] further define the sensitivity to resonance effects as the 
“$3r cent resonance” : 

%a = 22.8 bjf(0.365 jf[ + 0.228 ]rJ). (3) 

The scaJing factors (0.365 and 0.228) have been introduced “to correct for the fact 
ths,t f values on the average will be smltller than r values,” because the average 
variation of F is greater than that of R. 

Error limits of %R me easily obt&ned [2], assuming thst the errors off and r 
are not correlsted. Standafd deviations off and r and AQ0# are obtained in the 
least squares calculation. 

As we now have available a set of substituent constants (F and R) which might 
be “orthogonal and complete,” i.e. independent and with the possibility to account 
for any substituent effect, it is interest&g to apply them on some physical properties 
[ 11 of ~,~-~methyl~mides. 

It should be kept in mind, however, in all ~c~sio~ on the %R found, that the 
separation of field- and resonsnce-effects is rather artif?& and that the actual 
calculation of the %R with the introduced scaling factors is somewhat arbitrary. 

RESULTS AND DISCUSSION 

Carbonyl stretching frequencies y-o, hydroxyl frequency shifts APO=, together 
with the amide rotations,1 bsrrier A@&s.z, obtained from s, tot& line shape an&y& 
at 0.25 M in CD& are presented in Table 1. T-Bond orders of the C-N and C-0 
amide bonds and the v electron density of the carbonyl oxygen are obtained with 
an H.M.O. (Q = 1.4) caloulation. 

Field- and t+e,wnunce-e#ects 
ReoentIy SILVER and BOYKIN [6] tried to correlate the carbonyl stating 

vibrations of acetophenones, benzophenones and chalcones with the substituent 
constants F and R of SWAXN and LIJPTON [2]. The poor results of this fist reported 
treatment of the i.r. data are partly due to the fact that the data of the Papa- and 
me&-substituted compounds were lumped together. Considering only para-sub- 
stituted compounds, we rec&n&ted their d&t&, using & multi-corr&tion-Ieast- 
squares program* and t&buI~ted the results together with our ex~rirnent~~ work, 
in Table 2. 

Let us first consider the substituent effect as calculated from the r)xO values, 
for six pctru-substituted benzoic acids and six cinnamio acids. 

p-benzoic r)xa = -(0.66 f O.Ol)F - (1.03 & 0.02)R + (4.19 f 0.01) 
acids : SD. = 0.01 C.C. = 1.000. 

p-eirmamic ~)x~ = -(0.28 f 0.07)P - (0.46 j, 0.14)R + (4.46 r%. 0.05) 
acids : S,D. = 0.06 C.C. = 0.953. 

* We are indebted to Dr. C. W. F. KORT for valuable discussions and use of his progrrcm 
IA-8, written in ALGOL 60 for the Electrologioa-X8 computer. 
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r __. 13’ . P-CH3 

\ m-CH3. p_F . . 

;-&m-F ;n-CN 

260. 

1640 , 1650 

- 3,=, 

1660 cm -1 11 70 

Fig. 1. Infrared hydroxyl frequency shift of phenol (Av,,) v.9. carbonyl stretching 
frequency (~~0) of N,N-dimethylbenzamides (B) and -cinnamamides (C). 

For the benzoic acids we calculate %R = 53 f 1, exactly the same value 
as was reported by SWAIN [Z] for the %R in 0,. The cinnamic acids show a 
smaller substituent effect. As both f and T are halved, the per cent resonance is the 
same ( %R = 51 f 10) as for the benzoic acids. The correlation, however, is much 
poorer! 

Although most of the correlation coefficients for the i.r. data in Table 2 are 
satisfactory, the error limits of the %R are such that the per cent resonance 
in all para-substituted series does not differ significantly from 63 per cent, which 
means that a comparable correlation would have been obtained with the ordinary 
u, values. However, in m&a-substituted compounds the observed (%R = 34) 
per cent resonance is significantly larger than that of Hammett’s 0, (%R = 22, 
Ref. [2]). Tin ‘s means that the meta-substituents in these amides seem to exercise 
a somewhat larger resonance effect on vc=o and Avon, than they do in the dissocia- 
tion reaction of benzoic acids. 

Figure 1 shows a satisfactory correlation of Av OH and vc=o of the substituted 
N,N-dimethylbenzamides, whereas the data of the cinnamamides show more 
scattering. 

Benzamides : AvOH = -(5.200 f 0.4)~c=~ + (8864 f 656) 

S.D. = 4.6 C.C. = 0.959. 

Cinnamamides: Avon = -(5.202 f l.O)~c=~ + (8953 f 1680) 

S.D. = 6.4 C.C. = 0.793. 

From the correlation of the benzamides we expect the carbonyl stretching vibration 
of the cinnamamides to be around 1640 cm-l, which is 20 cm-1 below the observed 
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value. As we ham shown before [13] this difference is due to the s&s conformation 
of the NJ-dimethylcinnamamides. 

H$h%ei? molecular orbital (i2 = 1.4) treatment 

In the substituted NJ-dimethylbenzamides and -cinnamamides there is a 
cross-conjugation of carbonyl and nitrogen, (the amide resonance), and of carbonyl 
with the rest of the molecule: 

CH, CH3 CH, 

The amide resonance will reduce the substituent effect on the carbonyl stretching 
vibration, as KORVER [14] concluded from a comparison of the series of substituted 
benzamides with the benzoic acids and acetophenones. In addition, in the series of 
N,N-dimethylbenzamides, the non-planar arrangement of the amide plane and the 
benzene ring will reduce the substituent effect on Y-O and Atron. It is difEcult to 
predict from a discussion of the mesomeric structures whether the r-bond orders 
p-0 and pc-_N will be similarly affected by the substituent. An H.M.O. (Q = 1.4) 

cahmlation shows that po-_N and pe=o are linearly correlated: 

Benzamides : pC_N = (0.8202 & 0.06)pc=o - (0.2492 f 0.06) 

S.D. = 0.0004 C.C. = 0.962. 

Cinnamamides : p CN = (0.8431 f 0.04)$+0 - (0.2626 f 0.03) 

S.D. = 0.0001 C.C. = 0.985. 

But then we may expect a correlation for the rotational barrier AG$, which will be 
related to pC_N and the carbonyl stretching vibration ~~~0. Indeed (Fig. 2) both 
series show fair correlations : 

para-subst . AGZ = (0.1619 & 0.03)~~,-, - (251.1 f 55) 

benzamides : S.D. = 0.29 C.C. = 0.904. 

para-subst. AC’ = (0.1563 f O.OQ)Y~,~ - (242.7 f 41) 

cinnamamides : S.D. = 0.10 cc. = 0.922. 

It is noteworthy that Y~=O of para- and meta-substituted iV,N-dimethylbenza- 
mides and -cinnamamides show a very poor correlation with pcEo (Fig. 3) : cc. N 
0.85 for all four series. 

From I?ig. 4 we learn that the v-density on the carbonyl oxygen, as obtained from 
an H.M.O. (Q = 1.4) calculation, roughly correlates with AYO= of the whole series 
of para- and meta-substituted benz- and cinnamamides. The meta series show very 
poor correlations (c.c. 0.842 and 0.662 for benz- and cinnamamides respectively), 

[13] C. KRIIE and K. SPAARUAREN, S~ectvochim. Acta S?A, 77 (1971). 
[14] P. K. KORVER, Thesis, Amsterdam (1966). 
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Fig. 2. Amide rotational barrier (A&) ~8. ix. carbonyl stretching frequency 
(v-) of para-substituted N,N-dimethylbenzamides (B) and -cinnamamides (C). 
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from H.M.O. (a = 1.4) calculation of N,N-dimethylbenzamides (B) and -cinnam- 

amides (C). 
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which is not~ surprising, since the substituent effect is so small. Thrj calculated 
standard do~~at~o~ are of the same order as the pimento ~~e~~t~~ ( fif5 
cm--f)_ 

ctr-’ 4% 

1.37511 e 

~~~~~~T~ 
Gwen 

N,~~~~~zzet3iyttienzu~~~e$~ The ~WG- and m&a:&-substituted ~,~-~imethy~be~~- 
amides wcare synthesized from the corresponding acid clhlorides and dimethylamine 
in ethereal solution. Details and physical oonstants were reported by KOEWER [14]. 

~~~-U~$~~~~~~~ N,W-~~~t~~~~a~~~. Whenever axklabje, commercial 
Gnnamie &ds were nsed &s the starting material ; ~t~~~~~ they were s~the~~ed 
from the ~o~~~~~g &~deh~d~ by 8 ~oe~n~el ~ond%~~t~o~, with malonie 
acid in pyridinefpiperidinq analogous to the method of DUTT [15]. 

[15] S. DUTT, Chem. Zen&. 8, 1863 (1925). 
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Table 3. Melting points (uncorrected) after crystallization from various solvents of 
N,N-dimethylcinnamamides 

X 

Melting point 

Exp. “0 Lit. V 
Reoryst&ized from Ref. 

P-NO, 
p-CN 
p-Br 
p-Cl 

P-F 
H 

P-CH, 
p-OCH, 
m-NO, 
m-CN 
m-Br 
m-Cl 
m-F 
7B-CH, 
m-OCH, 
H(aC%J 
H(aC,H,) 

175-178 
188 

126-127 
127-12s 

100 
100 

108-109 
107-108 

149 
170-171 

101 
88-89 
70-77 

72 
88 

91 

126.2-125.6 

101-102 

100.0-100.8 

84-85 

chloroform/ether 
light petroleum (40-60) 
carbon tetrechloride 
light petroleum (40-60) 
light petroleum (40-60) 
benzene 
light petroleum (40-60) 
ether 
carbon tetreahloride 
carbon tetrachloride 
carbon tetmchloride 
light petroleum (40-60) 
pentam 
pentam? 
light petroleum (40-60) 
(prep. G.L.C. eihcon S.E. 30) 
light petroleum (40-60) 

[I71 

WI 

[I71 

WI 

Trans-a-methyl-cinnamic acid was prepared according to KUSKOV [16] from 
benzaldehyde and propionic anhydride with boron trioxide. The cis- and trans-acids 
were estersed with diazomethane and separated by G.L.C. (column: 3 m silicone 
SE 30, temperature 19O’C). 

The trans-a-methyl-cinnamate was saponified with alcoholic potassium hydroxide 
and recrystallized. Thionyl chloride was added to the cinnamic acid and, after three 
hours of refluxing, the excess of thionyl chloride was evaporated at reduced pressure. 
To suppress formation of byproducts, a calculated amount of dimethylamine (in 
ether) was added slowly to the cooled ethereal solution of the crude cinnamic acid 
chloride. After two hr of refluxing, the mixture was poured into water/chloroform. 
Compounds were purified by recrystallisation (see Table 3). 

NJV-dimethyl-(trans)-2-butenamide and -(trans)-2-methyl-2-butenamide were 
prepared in a similar way. 

Infrared spectra 

Infrared spectra were taken on a Perk&Elmer model 126 grating spectrometer. 
The instrument was flushed with nitrogen. All measurements were carried out at 

[10] V. K. KUSKOV and G. N. UTENKOVA, J. Ben. Chem. aS,3990 (1969). 
[17] A. D. DELANEY, D. J. CURRIE and H. L. HOLMES, Can. J. Chem. 47, 3273 (1969). 
[lS] D. PAPA, E. SOHWENK, F. VILUNI and E. KLINUSBERG, J. Am. Chem. Sot. Z&3886 (1960). 
Cl@] R. FLIES, R. BUVLE md H. G. VIEHE, Angetu. Chem. 78, 594 (1966). 
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Table 4. Coulomb- and resonsnce integrals of hetero substituents for H.M.O. (a = 1.4) 
calculation 

Substitutmt U V hu k UV 

OCH, 
F 
Cl 
Br 

NH, 
N(CH,), 
CN 

0 
F 
Cl 
Br 
N 
N 
C 
N 
N 
0 
C 
C 

C 1.76 0.8 
C 2.6 0.7 
C 2.0 0.4 
C 1.6 0.3 
C 1.5 0.8 
C 1.0 0.8 
C 0.0 0.9 
C 1.6 1.25 
C 2.0 (1.8) 0.8 (0.9) 
N 1.0 (1.5) 0.7 (1.7) 
C 0.0 1.1 
C 0.0 0.9 

inductive model he,: -0.6 

34”C, in 10 mm cells. The absorptions of the carbonyl stretching vibrations (~~0) 
were measured in dilute solution (10 mg/lO ml) of Ccl,, dried over P,O,. Pesk 
positions were determined by averaging the results of three measurements and are 
believed to be accurate to f0.4 cm-l. The calibration of the instrument was 
checked agsinst indigenous water v&pour in the air. 

The hydroxyl stretching frequency shifts (Avon) were measured in dilute solu- 
tions (10 mg/lO ml) of Ccl,, dried over P,O,, to which 2 mg of phenol were added as 
the proton donor. Peak positions were determined by recording each spectrum 
three times and are believed to be accurate to f5 cm-l. 

H.M.O. (Q = 1.4) calculations 

In all calculations we used the parameters of Table 4 which were taken from 
Refs. [20, 211 except those for CN. Much better results were obtained with the 
NO,-parameters from Ref. [22], given in parentheses in Table 4. In addition the 
correction hCcrNO, = 0.25 was used in these cases. Reported results were calculated 
with the NO,-parameters taken from Ref. [22]. 
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