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The free energies of activation for rotation about the carbonyl-nitrogen bond in a series of 14 tertiary formamides 
and 12 tertiary acetamides were correlated with steric (E,,u), inductive (UI,  u*), and resonance (uR) parameters. 
In all cases the steric parameter was the most significant variable, Le., accounted for more of the variability in 
AG'. The best correlation was obtained for the N-methylacetamides where R = 0.987 and the standard error 
was 0.24. The correlation for the combined set of formamidea and acetamides was improved by accounting for 
the carbonyl methyl group of the acetamides by adding the steric parameter for the methyl group but subtracting 
the inductive and resonance parameters for the methyl group from the parameters for the substituents of the 
nitrogen. The AG"s for N-methylformamide and -acetamide calculated from the regression equation were higher 
than the experimental values, suggesting that hydrogen bonding lowers the free energies of activation. 

Although substituents are generally believed to affect 
the rotational barriers in amides by some combination of 
steric and electronic effects,'$ the interplay of these effects 
has been quantitatively explored only for substitution at 
the carbonyl ~ a r b o n . ~ , ~  The results of these studies re- 
vealed that AG* for the rotational process could be cor- 
related with the steric parameter, u, and uI and uR-, and 
that the steric effect was of considerably greater impor- 
tance in explaining the barrier than the inductive effect. 

A qualitative examination of the available barriers for 
amides with simple substituents at nitrogen indicates the 
following: (a) an increase in size of the substituent on 
nitrogen lowers the barrier (A@) to rotation in acet- 
amides,'p2 but in formamides this trend is barely discer- 
nible;5i6 (b) an increase in electron-withdrawing ability of 
the substituent appears to increase the barrier'*5 although 
this generalization is drawn from comparisons of only a 
few cases such as HCON(CH3)2 (for which AG* = 20.6 
kcal/mol') and HCON(CH3)CH2CH2C1 (for which AG* = 
21.6 kcal/mo18); (c) an increase in resonance delocalization 
of electron density from the nitrogen to the substituent 
probably decreases the barrier, although this generalization 
is also based on only a few comparisons such as CH3CO- 
N(CH3)2 (AG* = 18.1 kcal/mo19) and CH3CON(CH3)C- 
H=CH2 (AG* = 16.6 kcal/mo18), where steric, inductive, 
and resonance effects cannot easily be disentangled. 

The present study was designed to determine whether 
the barriers to rotation in a variety of nitrogen-substituted 
amides could be correlated with substituent steric and 
electronic parameters by multiple regression analysis and, 
if so, to determine which effects are more significant in 
explaining the variation in barriers. Finally, these results 
can be contrasted to those obtained previously for sub- 
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stitution at the carbonyl carbon. 

Results and Discussion 
It is now firmly established that free energies of acti- 

vation for rotation are much less sensitive to experimental 
and calculational errors than other activation parameters 
such as LUP and E,.Q The free energy of activation is also 
usuaily not strongly dependent upon temperature and 
therefore AG* at the coalescence temperature was chosen 
as the activation parameter to be used as the dependent 
variable in the analyses. Actually a more pragmatic con- 
sideration also dictated its u semany  of the earlier barrier 
studies employed approximate methods which can produce 
only AG' at the coalescence temperature. All but a few 
studies of unsymmetrical N,N-disubstituted amides also 
used an approximate equation suitable only for the equal 
population case.l0 Because the populations of the two 
rotamers were in most cases not very disparate, this 
probably does not produce large errors in AG*. In the few 
cases where the free energies of activation of unsymme- 
trical amides were calculated either by total line shape 
analysis or approximate methods (such as that of Shan- 
an- Atidi and Bar-Eli") which incorporate rotamer popu- 
lations, the free energies of activation at coalescence were 
recalculated by using the equation k = ( ~ / 2 l / ~ ) ( A v )  and 
the Eying equation. The following free energies of acti- 
vation (kcal/mol) were judged to be the most reliable of 
those reported in the literature (recalculated values are 
designated by an asterisk) for HCONR'R2: (R1 = R2 = 
CH3,20.6;' R' = R2 = CH3CH2, 20.9! R' = R2 = (CH&CH, 
20.6;6 R' = R2 = (CH3)&!HCH2, 21.Q6 R' = R2 = Si(CHd3, 

R1 = C6H5, R2 = (CH3)&H, 18.2;15 R' = C6H5, R2 = (C- 
H3I3C, 18.1;*5 R' = C6H5, R2 = CH3CH2, 18.0;*5 R1 = 
(C,&)zCH, R2 = CH3, 20.0;15 R' = CICHzCHz, R2 = CH3, 
21.6;*8 R' = (CH3I3Si, R2 = CH3, 19.15.*16 For 
CH3CONR'R2: R' = R2 = CH3, 18.1;9 R1 = R2 = CH3CH2, 

11.6;12 R' = CH3, R2 = CH,=CH, 20.1;*8 R' = CH3, R2 = 
C&jCHz, 21.6;13 R' = (CH&CH, R2 = C&,CH2, 21.7;14 

17.75i6 R' = R2 = (CH3)2CH, 16.2;6 R' = CH3, R2 = 
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Table I. Multide Regression of AG* with Steric. Inductive, and Resonance Parameters 

formamides 
N-methyl 
excluding isobutyl and 

phenyl derivatives 
acetamides 

N-methyl 
formamides and 

acetamides 
h 

na 
14 
6 
10 

12 
8 
26 

26 

- 

variables in 
equation b F valuesC coefficientsd 
1 2 3  1 2 

32 5.8 
8.9 4.7 
21 6.1 

57 14 
139 37 
5.2 3.9 

36 3.4 

3 
0.08 
1.9 
0.02 

0.0 
4.5 
0.07 

3.1 

1 

-2.14 
1.48 

1.66 

-3.18 
-3.35 
0.79 

1.52 

2 3 constd 

2.11 2.94 23.84 
11.87 0.42 26.85 

1.38 0.06 21.63 
2.02 1.75 22.22 

10.63 -0.99 26.02 

9.86 -0.95 21.68 

1.51 -4.20 24.49 

Fe S f  

17.0 1.21 
4.1 0.57 
21.7 1.06 

20.6 0.38 
48.8 0.24 
3.6 2.0 

18.0 1.31 

Rg 
0.914 
0.927 
0.957 

0.941 
0.987 
0.573 

0.843 

a Number of compounds in series. Variables in regression equation AG* = aV, + bV, + cV, + constants. F values 
for variables when entered simultaneously. 
lation. f Standard error. Multide correlation coefficients. Addition of steric parameters, subtraction of electronic 

Coefficients and constant in regression equation. e F value for overall corre- 

parameters for methyl group withacetamides (see text). 

CH3CH2, 18.0;9 R' = CH3, R2 = CH3CHzCH2CH2, 17.9;9 

= C1CH2CH2, 18.1;*8 R' = CH3, Rz = C&CH2, 18.3;14 R' 

(CH3)3Si, 15.1.16 
The steric parameters employed in the multiple re- 

gression analyses included Charton's u values'' and E,  
 value^.'^ u120 and u* 21 were selected as inductive param- 
eters, while QR ( U R  = upz2 -uI) was used to represent the 
resonance effect. Use of uRO or uR- valuesa in place of uR 
did not significantly improve correlation. The use of molar 
refractivitie~'~ in place of any one of the other parameters 
(steric, inductive, or resonance) also did not significantly 
improve the correlation. A variety of constants could not 
be found and were consequently estimated E, CH2=CH 
(-2.99) and u (CH3)&HCH2 (0.93), both obtained from a 
least-squares relation between E, and u;  uR CGH&H~ 
(0.006) calculated from the correlation of the acidities of 
naphthoic acidsz4 with UI and uR; uR (C6H5)2CH (0.012) 
estimated as 2 X uR(C6H5CH2); up CH2=CH (-0.243) ob- 
tained from the least-squares relation between uG25 and 
up; up C1CH2CH2 (0.067) obtained from up(C1CH2) X 

Table I presents the results of correlations of AG* with 
these parameters. For each series of compounds at least 
four different sets of three independent variables (EB, uI, 
UR; E,, u*, UR, U, UI, UR; U, u*, uR) were used in separate 
correlations. Only the results of the best correlation, as 
measured by its F value, are reported in the table. The 
F values for each variable provide a means of assessing the 
significance of each variable in the equation (that is the 
relative extent to which it accounts for the variability in 
the dependent variable, AG*). The coefficients of the 
variables are those in the regression equation AG* = aV, 
+ bV2 + cV3 + constant. 

Correlations involving unsymmetrical tertiary amides 
are complicated by the fact that the effects of two different 
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17.14;'' R1 = CH3, R2 = CH,=CH, 16.6;*' R1 = CH3, Rz 

= C&jCH2, R2 = (CH&CH, 17.45;14 R' = CH3, R2 = 

[u*(C~CH~CH~)]/  [U*(CICHJ]. 

(17) J. C. Woodbrey and M. T. Rogers, J. Am. Chem. Soc., 84, 13 

(18) M. Charton, J. Am. Chem. Soc., 97,1552 (1975); J. Org. Chem., 
(1962). 

41, 2217 (1976). 
(19) C. Hansch, Prog. Phys. Org. Chem., 12, 91 (1976). 
(20) M. Charton, J. Org. Chen., 29, 1222 (1964). 
(21) J. Leffler and E. Grunwald. "Rates and Eauilibria of Organic 

Reactions", Wiley, New York, 1963: 

Chem., 10, 1 (1973). 

6, 188 (1968). 

(1964). 

1 

(22) D. H. McDaniel and H. C. Brown, J. Org. Chem., 23,420 (1958). 
(23) S. Ehrenson, R. T. C. Brownlee, and R. W. Taft, Prog. Phys. Og. 

(24) P. R. Wells, S. Ehrenson, and R. W. Taft, h o g .  Phys. Og. Chem., 

(25) C. D. Ritchie and W. F. Sager, B o g .  Phys. Og.  Chem., 2, 334 

substituents on nitrogen must be taken into account. 
Although these effects are probably not strictly additive, 
the assumption of additivity is certainly the simplest so- 
lution to the problem. Hence the values of the steric, 
inductive, and resonance parameters used in the correla- 
tions are actually sums of the values for each nitrogen 
substituent. 

As indicated in Table I, the best correlation of AG* for 
all 14 formamides was obtained with the variables E,, uI, 
and UR. The F value for each variable reveals that the 
steric parameter accounts for more of the variability in AG* 
than the other parameters. The second most significant 
variable is the inductive parameter. With few exceptions, 
the same trend was observed in all the series, regardless 
of the steric (E, or v) and inductive (uI or u*) constants 
employed. 

When the correlations were performed for only the 
N-methylformamides, the correlation coefficient increased 
and the standard error decreased, but the set consists of 
only six members. When the phenyl and isobutyl deriv- 
atives were excluded, the correlation also improved. The 
reason for this is not clear. The steric and electronic 
constants for these groups were adjusted through a fairly 
broad range, but no marked improvement in the correla- 
tion resulted. It is possible that some other interaction 
is important in these derivatives. Indeed these groups are 
among the largest and most polarizable in all the series. 
However, as indicated above, the inclusion of a 
"polarizability" constant (the molar refractivity) did not 
improve the correlations significantly. 

With the acetamides, the correlations were significantly 
better with a standard error of only 0.4, approximately the 
same as the experimental error involved in the measure- 
ment of AG*. The significance of the correlations was 
maximized by using u as the steric parameter and u* as 
the inductive parameter. The correlation of just the N- 
methyl derivatives was again significantly better, perhaps 
an indication that the additivity of constants is not com- 
pletely justified. (In the N-methyl series, the methyl group 
is present in all members of the series and thorefore ad- 
ditivity is of no consequence.) 

The final entries in Table I report the correlations ob- 
tained for the set (n = 26) containing both the formamides 
and acetamides. As expected, the correlation of AG* with 
the steric, inductive, and resonance parameters used in the 
previous correlations is poor. The formamides and acet- 
amides differ by a methyl group attached to the carbonyl, 
a difference that affects AG* by the greater size and 
electron-releasing effect of the methyl group. In an at- 
tempt to compensate for the carbonyl methyl group in the 
acetamides another correlation was performed with steric 
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parameters to which the E, or u value of a methyl group 
was added and with electronic parameters (q, u*, and aR) 
from which the uI, u*, or CTR value of a methyl group had 
been subtracted. For example, the E,  value used for di- 
methylacetamide was E, = 3E,(CH3), whereas uI was taken 
as ut = 2oI(CH3)-uI(CH3). Subtraction of the CH3 elec- 
tronic parameter was dictated by the opposite effects of 
substituents at  the carbonyl as opposed to the nitrogen. 
Electron-releasing substituents at the carbonyl lower the 
barrier, whereas at  nitrogen they increase the barrier. The 
correlation obtained with this procedure was definitely 
superior and produced a standard error only slightly worse 
than that obtained with the formamide series. 

All of the correlations discussed above involved only 
tertiary amides. When a secondary or primary amide such 
as N-methylformamide or acetamide was included in the 
correlations the correlations decreased dramatically. The 
value of AG’ for N-methylacetamide calculated from the 
regression equation for N-methylacetamide (for which R 
= 0.987, S = 0.24, F = 49) is 21 kcal/mol, a value that is 
3 kcal/mol &her than the 18.0 kcal/mol value reported.% 
Similar results were obtained for formamide and N- 
methylformamide (8 and 3 kcal/mol, respectively, higher 
than literature  value^)^',^^ from the regression equation. 
Several explanations for these “high’ barriers can be 
postulated: (a) that the steric, inductive, and resonance 
parameters for hydrogen lead to significant deviations from 
the regression “line” (it is well-known that the parent, 
unsubstituted derivative often exhibits the greatest de- 
viation from the least-squares line in Hammett-type plots) 
and (b) that hydrogen bonding or other interactions not 
accounted for by the steric and electronic parameters lower 
the barrier to rotation. The second explanation requires 
that hydrogen bonding (or other interaction) lowers the 
energy of the transition state relative to the ground state 
or causes an increase in the entropy of activation. Al- 
though this is possible through hydrogen bonding to the 
sp3 nitrogen of the transition state, most studies of the 
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effect of hydrogen bonding on rotational barriers have 
suggested that hydrogen bonding of protic agents with 
tertiary amides lowers the energy of the ground state 
thereby increasing the barrier.29,30 On the other hand, 
fairly large entropies of activation have been reported for 
acetamide and N-methylformamide and -acetamide in 
dimethylformamide where hydrogen bonding of the NH 
protons to the tertiary amide is presumably broken during 
the rotational process.3l Intramolecular hydrogen bonding 
has also been found to lower AG’ in o-hydroxy- and o- 
amino-N,N-dialkylbenzamide~.~~ 

Finally, although it would be interesting to contrast the 
effect of Substituents at nitrogen with their effect when 
attached to carbonyl, this is difficult because of (a) the 
small number of barriers reported for the same substituent 
at  both sites and (b) the difference in significance of the 
correlations reported for both sites. I t  is probably true, 
however, that the steric effect is the most significant de- 
terminant of AG* at both sites. 
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