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Abstract: NMR substituent chemical shifts (SCS) for the acyl methyl protons of 32 N-monosubstituted acetamides,
CH3;CONHR’, have been measured in CCls. The variation in SCS can be accounted for by steric effects from the R’ group,
but not in terms of only the steric substituent constant £. That is, groups in the 7 position of R” (from the carbonyl oxygen as
position 1) exert an influence not accounted for by E€. Reevaluation of reaction and nonreaction properties of carboxylic acid
derivatives demonstrates that a 7-position proximity effect of general significance operates from the nonacyl on the acyl por-
tion of these molecules and is thus a factor of importance in considering properties associated with the acyl portion. Data dem-
onstrating the interinfluence of proximate groups in some selected noncarboxylic acid systems suggest that a 7-position prox-

imity effect may be operating in those systems as well.

Studies of substituent proximity and steric effects and
their influence on molecular properties have provided con-
siderable information concerning the various contributory
factors of substituents and many of these studies have produced
quantitative relationships which account for the influence of
these factors.2? In the case of carboxylic acids and esters,
Newman? has demonstrated that the 6-number of a substituent
(i.e., the number of atoms in the 6 position from the carbonyl
oxygen atom as atom number 1) makes a large contribution
to the total steric effect of that substituent and is thus an im-
portant factor in considering the esterification of carboxylic
acids and the saponification of the corresponding esters. In an
attempt to refine the 6-number concept, Hancock and his co-
workers® recognized that the steric 6-number effect was al-
ready included in the overall or total corrected® steric sub-
stituent constant E¢ for a particular substituent when in the
acyl portion of an ester (R of RCO;R’); but was not necessarily
correctly included in E° for the same particular substituent
when placed in the alkyl portion of the ester (R’ of RCO;R").
The latter observation arises because in moving a particular
substituent from the acyl to the alkyl portion of an ester the
6-number may, depending upon the structure of the substitu-
ent, increase, decrease, or remain the same. In order to account
for this variability, Hancock and his co-workers® proposed and
demonstrated that the change in 6-number, A6 (i.e., the 6-
number of a substituent in the acyl portion of an ester minus
the 6-number of the same substituent in the alkyl portion of
the ester) provides the necessary steric 6-number correction
to E¢ when E is used for a substituent in the alkyl portion of
an ester. Kan’ and independently Hancock and his co-workers®
have shown that various 6-number effects are also of impor-
tance when considering nonreaction properties such as NMR
substituent chemical shifts (SCS) of the methyl protons for
acetate esters (CH3COOR’), and more recently the alkaline
hydrolysis and NMR substituent chemical shifts (SCS) for
thiolacetates (CH3COSR’) have been treated in a similar
manner.? For the SCS data on both the oxygen and sulfur es-
ters, the 6-number effect of the R’ group was found to be best
represented in terms of the carbon 6-number (i.e., the number
of carbon atoms in the 6 position). In these same cases, the
6-number, the A6 number, and the hydrogen 6-number were
apparently not important. While these results are of interest
and do provide further demonstrations of the ability of remote
substituents to influence properties conformationally and/or
sterically, no adequate indication of the nature of these effects

for substituents in the nonacyl portion of a carboxylic acid
derivative has been advanced. In particular, if the number of
carbon atoms in the 6 position of the nonacyl portion of the
molecule is an important factor in considering the SCS’s for
the acyl methyl protons in acetates and thiolacetates, it seems
reasonable to assume that atoms directly attached to the 6
position might be influential also and in fact might be the
primary factor responsible for the origin of the 6-number ef-
fect. In order to investigate these points and to provide data on
another important class of carboxylic acid derivatives, which,
in addition, serve as a simple model peptide bond system, we
have prepared an extensive series of N-monosubstituted ace-
tamides (CH3CONHR’) and have determined the NMR
SCS’s for the acyl methyl protons of these compounds. The
present paper reports the results of this study, evaluates pre-
viously reported data on carboxylic acid derivatives in terms
of these results, and provides an indication of the origin of 6-
number effects from the nonacyl portion in carboxylic acid
derivatives.

Results and Discussion

The chemical shifts in hertz for the acyl methyl protons of
the N-monosubstituted acetamides were measured vs. MesSi
at 37 °C in a 10% CCly solution. These data are reported in
Table I as substituent chemical shifts (SCS) where SCS =
chemical shift of the acyl methyl protons of CH;CONHR’
minus the chemical shift of the acyl methyl protons of
CH3;CONHCH3. A positive SCS then represents a downfield
shift from the acyl methyl protons of CH;CONHCH3, while
a negative SCS indicates an upfield shift. Also reported in
Table I are a number of substituent parameters for the R’
group of CH;CONHR'.

Inspection of these data indicates that the various upfield
and downfield SCS’s are not simple functions of just polar
effects (as represented by o*) or steric effects (as represented
by E€) or steric “correction site” parameters (as represented
by 6-no., A6, C-6no., or H-7no.). That is, for several of the
isomeric alkyl group sets (no. 5-8; 9-14; 15-20; 21-24; 25-26)
and for the polar group set (no. 27-32), the SCS’s present an
apparent scatter in order and magnitude. In an attempt to
quantify these qualitative assessments and to understand the
SCS’s for these amides in terms of the variations in structure,
we have followed the lead of previous investigators who have
studied carboxylic acid derivatives and have subjected some
of these SCS data to correlation analysis>19 via the extended
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Table I, Substituent Chemical Shifts (SCS) and Substituent Constants for 32 N-Monosubstituted Acetamides, CH;CONHR’

No. R’in CH3;CONHR’ SCS, Hz¢ o*b Egce 6-no.© A6S C-6no.&8  H-Tno.”
| Me 0 0 0 0 0 0 0
2 Et -1.3 -0.100 -0.38 3 -3 0 0
3 n-Pr -1.5 -0.115 -0.67 3 0 1 3
4 [-Pr =2.1 -0.190 —-1.08 6 -6 0 0
5 n-Bu -1.3 -0.125 -0.70 3 0 1 2
6 i-Bu -0.2 -0.130 -1.24 3 3 2 6
7 s-Bu -1.6 -0.210 -1.74 6 -3 1 3
8 1-Bu —4.1 -0.300 —-2.46 9 -9 0 0
9 n-BuCH; -1.3 -0.13 -0.71 3 0 1 2

10 i-BuCH, -1.3 -0.13 —-0.66 3 0 1 1
11 s-BuCH; 0.2 -0.143 3 3 2 5
12 1-BuCH, 1.7 —-0.165 -2.05 3 6 3 9
13 i-PrCHMe 1.9 -0.230 6 0 2 6
14 Et(Me),C =3.7 -0.315 9 -6 1 3
15 1-Bu(CHa,)» -1.7 —0.654 3 0 1 0
16 1-BuCHMe 0.7 —0.265 6 3 3 9
17 i-Pr(Me),C —-4.8 -0.330 9 -3 2 6
18 s-BuCHMe 0.5 -0.243 6 0 2 5
19 i-BuCHMe -1.5 -0.230 6 -3 1 |

20 (Et);MeC —-4.7 -0.330 9 -3 2 6
2 (i-Pr),CH =0.1 —0.260 6 6 4 12

22 1-Bu(Me),C —-4.3 -0.365 —4.82 9 0 3 9

23 s-BuCH,CHMe =1.1 -0.229 6 -3 | |
24 i-BuCH,CHMe -1.6 -0.227 6 -3 1 2
25 (n-Bu)(Et)CHCH, -0.6 -0.150 3 3 2 4
26 1-BuCH»(Me),C -6.1 -0.334 —3.494 9 -6 1 0
27 (Me),NCH,>CH> -1.8 0.079 3 -1 0

28 MeOCH,CH,» -1.3 0.238 3 =2 0

29 CICH»CHj> -0.8 0.385 3 -3 0

30 H,C=CHCH, =0.1 (0.12-0.20) 2 0 | 2
31 HSCH,CH,» 1.5 0.169 3 =2 0 1
32 EtO(CH,); -1.9 3 0 1 0

9 SCS = chemical shift of the acyl methyl protons of CH3CONHR’ in 10% CCl, minus the chemical shift of the acyl methyl protons of
CH3;CONHCH3 in 10% CCly. Chemical shift of the acyl methyl protons of CH3CONHCH; (10% CCly) vs. MesSiis 115.8 Hz. ® From ref
2 or from P. R. Wells, “Linear Free Energy Relationships”, Academic Press, New York, N.Y., 1968, Chapter 2, or calculated by Taft’s additivity
principle (see ref 2 and/or ref in footnote d, Table I, p 369). ¢ See ref 2 and 6. ¢ E from O. A. Reutov, “Fundamentals of Theoretical Organic
Chemistry”, Appleton-Century-Crofts, New York, N.Y., 1967, p 371. E€ calculated as described in ref 6. ¢See ref 4./ See ref 5. ¢ Number
of carbon atoms in the 6 position. # Number of hydrogen atoms in the 7 position.

Taft equation. The resulting equations, eq 1-4, represent
correlations for 14 of the amides in Table I (1-10, 12, 15, 22,
26) for which both polar? (o*) and steric® (£°) substituent
constants were available. In each of these equations the addi-
tional parameter is a 6-number steric “correction site” con-
stant, R? is the square of the correlation coefficient!12 ex-
pressed as a percentage (provides an indication of percent
variation in SCS accounted for by the particular relationship)
and s!12 is the standard deviation from regression. The num-
bers in parentheses below the various parameters are the sig-
nificance levels as determined by “Student’s” # test.!1 This
statistic, recommended earlier by other chemists,!213 has re-
cently been suggested!* as an appropriate goodness of fit cri-
terion for expressing the confidence with which a regression
coefficient is known. We endorse these recommendations and
have used this statistic here for comparing the significance of
the parameter combinations in the various correlation equa-
tions.!3

SCS =0.94 — 4.1006*% — 0.24FE + 0.83 (6-no.),
(>0.500) (0.500) (0.14)

R2=74.6%5s=118 (1)

SCS = —0.20 + 10.840* + 1.01 E, + 0.35(A6),
(0.500)  (0.016) (0.001)
R?2=1843%,5s=091 (2)

2.660% + 0.36E — 0.58 (H-6n0.),
(>0.500) (0.500), (0.025)

R?2=180.8%,5s =1.02 (3)

SCS = —0.14 + 9.370* + 0.85E,° + 1.23(C-6no.),
(0.260)  (0.230) (0.006)
R2=1854%,5s =089 (4)

For example, in eq 1-4, the ¢ test indicates that the least sig-
nificant variable is ¢*. Rejecting this variable, eq 5-8 are ob-
tained.
SCS = 0.97 — 0.38E° — 0.74(6-n0.),
(0.400) (0.003)
R2=173.4%,5s=1.09 (5)
SCS = —0.25 + 0.77E° + 0.32(A6),
(0.002) (<0.001)
R2=81.4%,5s =091 (6)
SCS =0.63 + 1.52E — 0.51(H-6no.),
(0.400) (0.001)
R2=280.5%,5 =098 (7)
SCS = —1.07 + 1.54E° + 1.44(C-6no.),
(<0.001) (<0.001)
R?=180.6%,5 =093 (8)

While none of these equations are highly significant, eq 8 in-
volving the C-6no. parameter provides the best overall corre-

SCS=0.33 -
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lation.!® In general, this result was obtained by previous
workers on studies of oxygen and sulfur esters.8-? That is, the
number of 6-carbons appears to make some contribution to the
total steric effect of a substituent and is not included in the £
value for that substituent in the nonacyl portion of a carboxylic
acid derivative. While previous workers have given little further
attention to the nature of this effect, it seemed reasonable to
us that if the 6-carbon is an important factor in these consid-
erations that hydrogens attached to these carbons (i.e., 7-
hydrogens) might also be influential. In order to assess this
consideration, we have carried out an additional correlation
using the hydrogen-7 number as a steric ‘‘correction site” pa-
rameter to obtain

SCS = —0.37 + 4.800* + 1.15E + 0.44(H-Tno.),
(>0.500) (0.09)  (<0.001)

R2=190.8%,s =0.71 (9)

As in eq 1-4, the 1 test indicates that o* is the least significant
variable. Rejection of this variable yields

SCS = —0.73 + 1.53FE¢ + 0.48(H-7no.),
(<0.001) <0.001)

R2=90.4%, s = 0.66 (10)

A comparison of eq 8 and 10 as well as application of an F
test!!e-17 (analysis of variance) indicates that the hydrogen-7
number provides a significant improvement in the correlation
and that it is the steric “‘correction site” parameter of primary
importance in considering the SCS’s for the N-monosubsti-
tuted acetamides. A more complete appreciation of this can
be obtained by considering the various structural features of
an N-monosubstituted acetamide. That is, N-monosubstituted
acetamides exist predominantly in the trans conformation I18.19
and are resonance hybrids with structures I, 11, and III being

"0 ]
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the main contributors. However, the relative importance of
these contributing structures in any particular amide is a
function of the steric and conformational effects of the R’
group, so that properties influenced by varying degrees of
contribution from structures I, I, and I1I will be affected. In
these terms, N-monosubstituted acetamide models indicate
that 6-no. groups in the R’ portion of the molecule experience
minimal conformational differences with respect to the car-
bonyl oxygen in contributing structures such as II and III.
However, 7-no. groups in R’ are conformationally further re-
moved from the carbonyl oxygen in a contributing structure
such as I1 than they are in a structure such as III. In terms then
of the number of hydrogens in the 7 position, the greater the
H-7no. of R/, the greater is the contribution from a structure
such as II, the greater then is the partial positive character of
the carbonyl carbon and, therefore, the greater is the de-
shielding experienced by the acyl methyl protons. As a con-
sequence, the downfield shift of the acyl methyl protons of an
N-monosubstituted acetamide (from that of the parent com-
pound N-methylacetamide) tends to increase as the H-7no.
increases. In more general terms, this effect originates pri-
marily from the 7 position, but is not limited to just hydrogens
in that position. For example, for the first five compounds
shown in Table II, the 7 position is occupied by unshared
electron pairs or by = electrons. In these cases, the SCS of the
acyl methyl protons tends to become more positive (repre-
senting a downfield shift) as the van der Waal’s radius of the
atom associated with the 7-position electrons increases and/or
as the number of 7-position electron pairs increases. The order
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Table II, Substituent Chemical Shifts (SCS) for Some N-
Monosubstituted Acetamides of General Formula

CH;CONHCH,CH,X
van der Waals
radius of

SCS (Hz)“ X o*CH,CH,X? first atomin X, A¢
-0.5 NMe, 0.079 1.55

0 OMe 0.238 1.52

0.5 Cl 0.385 1.75

1.2 CH,CH=CH, 0.12-0.20 (1.77)4

2.8 SH 0.169 1.80
-0.6 CH,OEt
-0.4 1-Bu
-0.2 Me

9 SCS = chemical shift of the acyl methyl protons of
CH3;CONHCH,CH»X minus the chemical shift of the acyl methyl
protons of CH3CONHCH,CHj3. ¢ From references given in Table
I. ¢ A. Bondi, J. Phys. Chem., 68, 441 (1964). ¢ Average half-width
of aromatic ring.

“of these SCS’s is not in the direction which would be predicted

by simple polar effects (as indicated by o*), but again reflects
a 7-position effect which influences the relative importance of
the various contributing structures of the resonance hybrid.
Movement of the unshared electron pairs to the 8 position (X
= CH,O0Et in Table I1) or substitution of a large number of
hydrogens at the 8 position (X = ¢-Bu in Table II has H-7no.
= 0 and H-8no. = 9) show no effect comparable to such groups
in the 7 paosition and exhibit acyl methyl proton SCS’s on the
order of that for N-n-propylacetamide (X = Me in Table
ID).

Other Applications of a 7-Position Proximity Effect from
the Nonacyl Portion of Carboxylic Acid Derivatives. 1a. Al-
kaline Hydrolysis of Acetamides, Acetates, and Thiolacetates.
All carboxylic acid derivatives are resonance hybrids and have
the potential of drawing contribution to their overall structure
from forms such as I, I, and III represented above for N-
monosubstituted amides. For the alkaline hydrolysis of these
acid derivatives, the rate-determining step in the reaction?®
involves coordination of hydroxide ion with the carbonyl car-
bon, so that this step should be fastest for those compounds
which have the greatest contribution from a structure in which
the carbonyl carbon has partial positive character (form II).
For example, the alkaline hydrolysis rate constants shown in
Table I11 for series of alkyl thiolacetates, alkyl acetates, and
N-alkylacetamides are in an expected order based on the rel-

Table III, Alkaline Hydrolysis Rate Constants for Carboxylic Acid
Derivatives, CH;COGR’

k, L mol~! min—!

R’ G=-§8-¢ G=-0-* G = -NH-¢
Et 9.58 8.9 10.8 X 1073
n-Pr 7.40 (1.4)4 6.75 (—0.3)4 6.62 X 1073
n-Bu 6.30 (0.3) 5.38 (—0.8) 6.17 X 1073
i-Bu 6.23 (0.7) 3.95 (0) 3.85 X 1073
i-Pr 5.74 (=0.5) 1.84 (=2.5) 2.20 X 1073
s-Bu 4.14 0.954
1-Bu 2.52 0.103

7 In 40% aqueous p-dioxane at 35 °C; ref. 9. ® In 40% aqueous
p-dioxane at 35 °C; ref 5 and 6. © In aqueous 1 N NaOH at 75 °C.
T. Yamana, Y. Mizukami, A. Tsuji, Y. Yasuda, and K. Masuda,
Chem. Pharm. Bull., 20,881 (1972). ¢ Numbers in parentheses are
SCS values for the acyl methyl protons of the alkyl thiolacetates (ref
9) and alkyl acetates (ref 8).
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ative contribution which forms such as I, II, and III make to
the reactant molecules.®-21-23 That is, thiolacetates, in which
a form such as III has little contribution relative to that for an
acetate, react faster under identical reaction conditions than
do the corresponding acetates, while the N-alkylacetamides
react considerably slower even at higher temperatures. The rate
constants for the alkaline hydrolysis of the thiolacetates are
represented fairly well by eq 11 with steric effects, as repre-
sented by E£°in eq 12, having the greater influence.
log k = 1.14 + 0.660* + 0.23E,

(0.010) (<0.001)

R? =95.5%,s = 0.061 (11)

log k = 1.15 + 0.31E¢, R? = 87.6%, s = 0.094 (12)
(<0.001)

In addition, neither of these relationships is significantly im-
proved by inclusion of a “correction site” parameter. The ap-
parent absence of a general 7-position effect for the thiolace-
tates can be accounted for in terms of the geometry about the
C-S-R’ portion of the molecule and because of the predomi-
nant influence of a form such as Il relative to I1I. However, a
7-position effect is operative to the extent that the order and
magnitude of the rate constants for certain of the compounds
differ from what would be predicted. For example, the fact that
the i-Bu substituted compound reacts faster than the i-Pr even
though E for the i-Bu group is larger than that for the /-Pr
can be accounted for in these terms. That is, the i-Bu group,
with a H-7no. of 6, favorably (for the alkaline hydrolysis re-
action) affects the relative importance of the various contrib-
uting structures for its resonance hybrid compared to the i-Pr
group with a H-7no. of 0. Also, the #-Pr substituted compound
(H-7no. = 3) reacts faster than the n-Bu compound (H-7no.
= 2) in spite of the fact that the #n-Pr and n-Bu groups have
essentially identical E¢ values. As indicated by the data in
Table 111, these same considerations apply to the corresponding
alkyl acetates and N-alkylacetamides. In addition, for each
of these series, the H-7no. is a variable of general significance
in the quantitative structure-reactivity relationships repre-
sented by eq 13 for the alkyl acetates and eq 14 for the N-
alkylacetamides.?4

log k = 1.31 4+ 1.106* + 0.78 E¢ + 0.068(H-7no.),
(<0.001) (<0.001) (<0.001)

R2=99.8%,5=0.044 (13)

log k = —1.67 + 0.90E¢ + 0.056(H-7no.),
(<0.001) (0.008)

R? =98.4%, s = 0.056 (14)
Descriptions similar to those given above for the alkaline hy-
drolysis data and for the SCS data on the N-monosubstituted
acetamides can also be made for the acyl methyl group SCS’s
of the alkyl thiolacetates and the alkyl acetates. These data
(numbers in parentheses in Table I1I) indicate a trend for SCS
similar to that for the second-order alkaline hydrolysis rate
constants. That is, the SCS’s for i-Bu and n-Pr substituted
compounds are more positive than those for the i-Pr and n-Bu
substituted compounds, respectively, and again reflect a 7-
position influence from the nonacyl portion of the com-
pound.

1b. Alkaline Hydrolysis of Alkyl Lactates,

CH3;CHOHCO;R’, and of Alkyl Benzoates, CéHsCO:R’. In
his original paper?® proposing A6 as a correction factor for E,
Hancock showed that the alkaline hydrolysis rate constants
in water at 10 °C for nine alkyl lactates?> and in 60% aqueous
p-dioxane at 35 °C for 11 alkyl benzoates2® were represented
more significantly by eq 15 (lactates) and 16 (benzoates)

log k = 1.71 + 2.316* + 0.37E< + 0.067(A6),
(<0.001) (0.001)  (0.002)
R2=099.2% 5 =0084 (I5)

log k =0.14 + 1.150* + 0.65E° + 0.039(A6),
(0.004) (<0.001) (0.018)

R? =98.4%,s5 = 0.089 (16)

than by relationships not involving A6. We now recognize that
A6 is of importance in these correlations because of its relation
to the number of 6-carbons and thus in turn to a 7-position
effect in terms of the H-7no. Substitution of H-7no. for A6 in
eq 15 and 16 give overall improved correlations for the lactates
(eq 17) and benzoates (eq 18).

log k = 1.67 + 2.650* + 0.58E + 0.091(H-7no.),
(<0.001) (<0.001)  (<0.001)
R2 = 99.6%, s = 0.065

log k =0.12 + 1.460* + 0.78E¢ + 0.065(H-7no.),
(<0.001) (<0.001) (0.001)

R?=99.0%,s =0.070 (18)

2. Acid-Catalyzed Hydrolysis of Alkyl Acetates,
CH3COOR'. For the acid-catalyzed hydrolysis of several alkyl
acetates, Yates and McClelland have reported?’ that reaction
at low acidities occurs via an Axc2 type of mechanism?® in
which a protonated ester molecule is attacked in the rate-
determining step by two water molecules. They suggest a
transition state (IV) involving one water molecule acting as

(17

8+ OH 8+, . oH
+2H,0—> |CHy— € Zmmm-m-0 T O

LOH
CH3—C'+
“OR' SoR M,

¥

a nucleophile with the second assisting in dispersing the positive
charge developing on oxygen. While attack of the nucleophilic
water molecule might be expected to be sterically hindered by
R’ in a transition state such as IV, the order of hydrolysis (R’
= Me > n-Pr > Et > 5-Bu > i-Pr) indicated by the data in
Table IV is not that expected based on the E ¢ values of the
various R’ groups. However, the observed order of reactivity
is expected based on the H-7no. of the R” group relative to the
water molecule hydrogen H(1) in IV. This order of reactivity
is predicted fairly well by

log k = —1.78 — 0.042(H-7no.),
(0.012)
R? =186.6%,s =0.046 (19)

and would appear to give credence to a transition state such
as IV relative to a cyclic structure such as V.27

R' +

Hao 7
C :’/\C N
HO”

'@ SOPER

H” \H,-"O\H
¥

3. Infrared N-H Stretching Frequencies of N-Monosubsti-
tuted Amides, RCONHR'. Recorded in Table V are the in-
frared N-H stretching frequencies determined in dilute CCly
and reported by Nyquist?® for several series of N-alkyl-sub-
stituted w-substituted amides. The effect of the N-alkyl group
on the N-H stretching frequency is general for these various
amide series. That is, in each case the N-Me compound ex-
hibits the highest yny. The N-i-Bu compound’s yny is always
next highest (7-11 cm™! less than the N-Me), the N-Et,
N-#-Pr, and N-z-Bu occur next as a group (12-21 cm™1 less
than the N-Me), and the N-i-Pr, N-s-Bu, and N-z-Bu occur
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Table IV, Acid-Catalyzed Hydrolysis Rate Constants in 14.1%
H,SO04 at 25 °C for Alkyl Acetates, CH3;COOR’

R’ 102k @ 102k? Es¢ H-7no.c
Me 1.50 1.66 0 0
Et 1.39 1.24 -0.38 3
n-Pr 1.47 1.37 -0.67 2
i-Pr 0.890 0.927 -1.08 6
s-Bu 0.964 1.02 ~1.74 5

@ Pseudo-first-order rate constants in L mol~! min~! from ref. 27.
b Calculated from eq 19. ¢ Number of hydrogen atoms in 7 position
of R’ from H(1) hydrogen of water molecule in structure IV as atom
1.

Table V. Infrared N-H Stretching Frequency Shifts (Avnp, cm™})
for N-Monosubstituted Amides, RCONHR’4

Avnn, cm™1 e

R=
R= = R= R= p-OMe-

R’ Me CClj, CHBl‘z p-ClPh Ph
Me 0 0 0 0 0
Et -6 -13 =11 =21 -18
n-Pr -17 -14 -12 =21 -17
n-Bu -18 -17 -13 -18 =17
i-Bu -7 -11 -10 -12 -12
i-Pr =27 =23 =23 =31 =25
s-Bu -28 -24 -28 =30 -30
1-Bu =25 =27 =25 =30 =29

@ Reference 29.  Avny = vNy of substituted compound minus vxH
of N-Me compound.

as a group at the lowest frequency (23-31 cm™! less than the
N-Me). With the exception of the »np for the N-i-Bu com-
pounds, these results can be rationalized fairly well in terms
of the ability of R’ to inductively stabilize a contributing
structure such as III (a form favoring a lower frequency vny)
relative to a structure such as II. However, for the N-i-Bu
compounds, the inductive stabilization of III is offset by 7-
position destabilization. That is, as described earlier for N-
monosubstituted amides, the importance of 111 relative to I1
decreases as the H-7no. of the N-substituent increases. For the
vNH data shown in Table V, the i-Bu group has the largest
H-7no. and thus the N-i-Bu compounds exhibit the largest
effect. A similar result is observed for the acyl methyl group
SCS data reported in Table I for N-monosubstituted aceta-
mides.

4. Conformational Analysis of Model Dipeptides, a-Sub-
stituted Monomethylamides of N-Acetyl-a-amino Acids,
CH3;CONHCHRCONHCH;. Marraud and Neel and co-
workers have reported a number of spectroscopic studies in
dilute CCly dealing with the conformational possibilities of
dipeptides3®-32 and model dipeptides33-36 and for those model
systems derived from N-acetyl-a-amino acids have postulated
the existence of the conformation shown in VI. Such a form

'?1 """" ?2
CH N C CH
Ne” N NS
C, Ce N2
i H )
of R Hy
¥

implies intramolecular interaction between H(1) and O(2) so
that these two atoms along with C, are involved in a five-
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Table VI. Rotation Angle (¢% N(1)-C,) and Frequency Shift
(AvN(1yH(1), cm™1) for a-Substituted Monomethylamides of N-
Acetyl-a-amino Acids, CH;CONHCHRCONHCH; (VI)“

R ¢0b AvN(H(1) cm~le ES H-7no.4
Me 20 31 0 0
Et 23 28 -0.38 3
n-Bu 24 20 -0.70 2
i-Pr 28 15 —1.08 6
i-Bu 26 17 -1.24 |

a Reference 35. # Rotational angle about the N(1)-C, bond in
structure V1. ¢ for R = H is zero. ¢ Bonded vn¢1yH(1) minus nonbonded
yN(H()- AvnapH() for R = His 43 em™!. 4 Number of hydrogens
in the R group in structure VI relative to O(1) as atom number 1.

membered ring. Marraud and Neel further suggest that be-
cause of the possibility of repulsive interactions between R and
O(1) that the H(1)-O(2) interaction should become pro-
gressively weaker and the five-membered ring conformation
progressively distorted out of planarity as R becomes in-
creasingly more bulky. These assessments are fairly well
confirmed by the data shown in Table VI for the bonded vs.
nonbonded yn(1)u(1) absorptions®® and for the estimated angles
of rotation (¢)** about the N(1)-C, bond, since ¢ tends to
increase as the frequency shift Avn¢ynq) (bonded vN(nyu()
minus nonbonded vn(1)H(1)) decreases. However, ¢ is ap-
proximately the same for both R = Et and R = n-Bu even
though E¢ for n-Bu is twice that of Et and ¢ is larger for R =
i-Pr relative to R = /-Bu even though E ¢ for j-Pr is smaller
than that of /-Bu. Additional considerations of the effect of R
on O(1) and thus on ¢ in terms of a 7-position effect account
very well for the observed order of ¢. That is, the effect of Et
and i-Pr relative to n-Bu and i-Bu, respectively, is greater than
expected based only on the E¢ values because of the corre-
spondingly greater H-7no.’s for Et and i-Pr. As indicated

by

¢ =20.4— 5.59E, R? = 87.2%, s = 1.25 (20)
(0.011)

¢ =199 —-452EF + 0.52(H-7no.),
(<0.001)  (<0.001)

R?2=99.8%,5s =0.17 (21)

quantitative assessment of the effect of R on ¢ leads to a
markedly improved correlation when H-7no. is included.

5. Application of a 7-Position Proximity Effect to Systems
Other Than Carboxylic Acid Derivatives. The conformational
influence of 7-position groups in the nonacyl portion of a car-
boxylic acid derivative and the resultant effect on the properties
of these compounds has been adequately illustrated by the
above discussion. However, such an effect, in terms of 7-po-
sition interaction between proximate groups, may also be of
importance in considering certain properties or characteristics
of other systems. Three selected examples are indicated
below:

a. The strongest type of intramolecular hydrogen bond37.38
is one usually associated with formation of a six-atom ring such
as that shown in VII. This formation can in effect be viewed

o .
H

O

yr

as a 7-position interaction between the unshared electron pairs
of the atom serving as the basic site and the hydrogen of the
subsequent hydrogen bond.

o-
Ve
N
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Table VII, Physical Properties for Eight N-Monosubstituted
Acetamides, CH3CONHR’4

R’ Bp (mm) or mp, °C
i-PrCHMe 99 (3.5)
Et(Me),C 95(0.2)
EtO(CH3y);? 99 (0.8)
s-BuCHMe« 112 (0.9)
l-Bu(CHz)zd 86 (0.,3)
s-BuCH,CHMe* 119 ¢1.1)
i-BuCH>CHMe 116 (1.5)
(i-Pr),CH/ 93-96

7 Combustion analytical data for C, H, and N were within £0.3%
of theory except where noted as calculated/found. ® H 10.41,/10.85.
“N 9.78/9.30. 9H 11.96/11.52. ¢C 68.74/68.28. / C 68.74/
68.30.

b. In N-monosubstituted-2,4,6-trinitroanilines, the 3 and
5 ring protons become nonequivalent at low temperatures.3®
It has been suggested3? that this nonequivalence is due to dif-
ferent orientations of the 2- and 6-nitro groups as indicated by
an increase in the difference between the chemical shifts of the
ring protons as the size of the N-monosubstituent increases.
In terms of structure VIII, these differences can be viewed as

NO,
H

e

-0
N
)

‘~.H/N\ o R|
$\R2

o)
o-Z

Ry

yir

a 7-position interaction between the oxygen of the 2-NQO; and
the R groups of the N-monosubstituent. That ijs, ifRi=Ry=
H, the chemical shift differences for the ring protons remain
essentially constant regardless of the size or nature of Rj
(where R3 = n-alkyl groups with 1-18 carbons, CH,Cg¢Hs, or
CH,CH,COOH). However, if the first atom of Ry and/or R,
>« H, the 7-position interaction increases and the chemical shift
differences for the ring protons increases. That is, the effect
OfR| = H,R2= R3= MC<R1 = H,R2= R3=CH20ny-
clohexyl < Ry = H, R, = Me, R; = Et is approximately the
same as R; = Ry, = R3; = Me.

c. A recent report*® concerning the magnetic deshielding
effect by a triple bond on proximate protons provides another
potential example of a 7-position interaction. For example, in
5-ethynyl-1,4-dimethylnaphthalene (I1X), the 4-methyl group

H
|
C

1l
cHy ¢

Q0

CH;

X

protons occur some 0.45-ppm downfield from those for the
1-methyl group. While the 1-methyl group protons are ex-
tremely remote from the triple bond; the 4-methyl group
protons are in a 7 position relative to the center of the triple
bond as position 1. We are currently conducting a study aimed
at determining the distance-deshielding effect of a proximate
proton-triple bond interaction. Preliminary results*! on o- and
p-alkyl substituted phenylacetylenes indicate that ortho group
protons in a 7 position relative to the center of the triple bond

are shifted downfield relative to either ortho group protons in
a 6 position or para group protons.

Experimental Section

The N-monosubstituted acetamides which were not commercially
available were prepared either by reaction of an amine with acetyl
chloride or by reaction of an alcohol with acetonitrile-concentrated
sulfuric acid. The properties of those amides prepared previously by
other workers agreed with the values reported in the literature. The
amides reported in Table VII have not been prepared previously.

The chemical shifts in hertz for the acyl methyl protons of the N-
monosubstituted acetamides were measured on a Varian T-60 spec-
trometer vs. Me4Siat 37 °Cin a 10% CCly solution. The values used
to calculate the substituent chemical shifts (SCS) reported in Table
I were the average of at least three determinations. The maximum
deviation from the mean of replicate chemical shift values did not
exceed 0.25% for any of the compounds studied.

The multiple and linear regression analyses were performed on an
IBM 360-75 computer using the Ohio State University interactive
regression program MULREG. Correlation coefficients, standard
deviations, “Student’s” 7 test values, F values, and parameter coef-
ficients are all provided by the MULREG program.
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The Site of Protonation in Aniline
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Abstract; We have applied experimental pulsed ion cyclotron resonance spectroscopy and ab initio molecular orbital theory to
the problem of the identification of the preferred site of protonation in aniline. Our analysis concludes that, in the gas phase,
(1) aniline is a nitrogen base and (2) that protonation on the aromatic ring is some 1-3 kcal/mol less favorable than protona-
tion at nitrogen. The small magnitude of this difference indicates that both substituent and solvent effects should be capable
of bringing about observable shifts in the order of nitrogen and carbon basicities of anilines.

The question of the preferred site of protonation of substi-
tuted aromatics in the gas phase has been the subject of nu-
merous recent publications.? The techniques of high pressure
mass spectrometry? and ion cyclotron resonance (ICR) spec-
troscopy* make possible the accurate determination of the
relative stabilities of ions in the gas phase. However, such
methods provide no direct information as to the geometrical
structures of the species under scrutiny since the concentrations
of ions present are too small to permit their absorption spectra
to be obtained.> It has been necessary, therefore, to turn to
a variety of indirect approaches in order to extract structural
information from the gas-phase experiments. These have in-
cluded the detailed comparison of experimental and theoretical
relative ion stability data?d and the employment of isotopic
labels as tracers to the course of reaction.?®:4 Another ap-
proach, in which substituent effects are used to distinguish
between ring and substituted protonation, is illustrated by the
study presented herein.

Theoretical and Experimental Methods, Results and
Discussion

The enthalpy of nitrogen protonation in aniline may be es-
timated theoretically” by combining the calculated energy for
the isodesmic'! processes (eq 1) with the experimental proton

+
NH4

NH3
@ + CH3NH, —_— @ + CHyNHy )

AE = —-2,5 keal/mol

affinity of methylamine (211.2 kcal/mol!?). The value which
results, 208.7 kcal/mol, is in good agreement with the exper-
imental proton affinity of aniline, 208.8 kcal/mol.!2:13 Con-
sider, however, the possibility for aniline to protonate at a site
other than on the nitrogen, in particular, on the aromatic ring
para to the NH; substituent. An estimate for this quantity may
be obtained by biasing AE for the isodesmic reaction 2 by the
experimental proton affinity of toluene (188.7 kcal/mol).12

The resultant affinity is 208.5 kcal/mol, which, well within the
limits of confidence of the theory, is identical to both the cal-
NH; CHy NH, CHa
+ @ — @ + (2)
H H H H
AE =19.9 keal/mol

culated nitrogen affinity and to the experimentally determined
quantity.!'4 It is apparent, therefore, that the calculated ring
and nitrogen proton affinities of aniline are too close to enable
the theory to cleanly assign which, in fact, is the higher.

If the theoretical prediction regarding the closeness in sta-
bilities of ring and substituent protonated aniline is correct,
then it should be possible to shift the energetic balance to either
side by the use of substituents. For example, we might expect
that the ring methyl substituent present in m-toluidine would
lead to only a very small increase in the affinity of aniline to
protonate at nitrogen. Thus, the difference in the observed
proton affinities of N,N-dimethyl, m-toluidine, and N,N-
dimethylaniline's (both of which are, of course, nitrogen bases)
is only 1 kcal/mol. On the other hand it is likely that the effect
of the methyl group on the energy of protonation on the aro-
matic ring would be much more substantial. For example, we
have found that the proton affinity of #2-xylene is 6.1 kcal/mol
greater than that for toluene, indicating a significant level of
stabilization to the ion because of the second “ortho” Methyl
group.!6 The observed difference in the proton affinities of

CHy CHy CHy CHa
;0 — QG o
o~ CH; CHs ’
H H H o h

AH°(ICR) = 6.1 keal/mol'$

m-toluidine (211.6 kcal/mol) and aniline is, however, only 2.8
kcal/mol, far smaller than that expected on the basis of com-
parison of the relative proton affinities of m-xylene and toluene,
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