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ABSTRACT: Twisted amides containing nitrogen at the
bridgehead position are attractive practical prototypes for the
investigation of the electronic and structural properties of
nonplanar amide linkages. Changes that occur during rotation
around the N−C(O) axis in one-carbon-bridged twisted
amides have been studied using ab initio molecular orbital
methods. Calculations at the MP2/6-311++G(d,p) level
performed on a set of one-carbon-bridged lactams, including
20 distinct scaffolds ranging from [2.2.1] to [6.3.1] ring
systems, with the CO bond on the shortest bridge indicate
significant variations in structures, resonance energies, proton
affinities, core ionization energies, frontier molecular orbitals,
atomic charges, and infrared frequencies that reflect structural changes corresponding to the extent of resonance stabilization
during rotation along the N−C(O) axis. The results are discussed in the context of resonance theory and activation of amides
toward N-protonation (N-activation) by distortion. This study demonstrates that one-carbon-bridged lactamsa class of readily
available, hydrolytically robust twisted amidesare ideally suited to span the whole spectrum of the amide bond distortion
energy surface. Notably, this study provides a blueprint for the rational design and application of nonplanar amides in organic
synthesis. The presented findings strongly support the classical amide bond resonance model in predicting the properties of
nonplanar amides.

■ INTRODUCTION1

The amide bond is one of the most important functional
groups in chemistry and biology.1,2 The properties of amide
linkages have been extensively studied from both theoretical3

and experimental perspectives.4 The nN → π*CO conjugation
and the resulting planarity control the vast majority of the
physicochemical properties of amides (Figure 1A), including
(1) high barriers to cis−trans rotation of approximately 15−20
kcal/mol,5 (2) coplanarity of the six atoms comprising the
amide bond,6 (3) short N−C(O) bonds (e.g., formamide, 1.349
Å),7 (4) long CO bonds (e.g., formamide, 1.193 Å),7 (5)
thermodynamically favored protonation at oxygen by approx-
imately 10−15 kcal/mol,8 and (6) high resistance toward
nucleophilic addition and hydrolysis (e.g., t1/2 for neutral
hydrolysis of Ac-Gly-Gly of approximately 500 years).9

In contrast to planar amides, relatively little is known about
the properties of distorted amides10 despite their profound
implications for structure11 and reactivity12 and, most
importantly, their far-reaching significance in biology and

medicinal chemistry (e.g., amide bond proteolysis,13a−c isomer-
ization of cis−trans peptides,13d−f protein splicing,13g−j

enhanced activity of strained β-lactam antibiotics,13k,l modu-
lation of conformational preferences of peptides and
proteins,13m−o new lead structures in chemical space13p−s).
More fundamentally, examination of the reactivity of nonplanar
amides that are characterized by ground-state distortion to
systematically evaluate the effect of structural changes that
occur during the amide bond rotation provides crucial insight
into the amide bond resonance.1,2 Thorough predictions
question the classic resonance model with the polarized
canonical structure (III in Figure 1A; polarization model)
proposed to account for the hindered cis−trans isomerization
in amides.14 This model provides an explanation for the
changes in bond lengths (the C−N bond lengthens
approximately 8 times more than the CO bond shortens)
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and charge densities (less variation in electron density at O
than N) during the amide bond rotation;14d however, the
validity of the polarization model is a question of ongoing
debate.1−4,14

Several methods have been used to force geometrical
transformations of amide bonds (Figure 1B).10 The most
general synthetic approach involves steric restriction by
constraining the amide bond in a bicyclic ring system in
which the nitrogen atom is placed at a bridgehead position
(Figures 1C and 2; bridged lactams, twisted lactams).10a−c

Bridged lactams are classified as amides in which the N−
C(O) bond is placed on a one-carbon bridge (type [m.1.n]) or
a larger bridge (type [m.n.o]) (Figure 1C and Table 1).10 To
date, extensive studies have focused on lactams in which the
N−C(O) bond is placed on a bridge that is larger than one
carbon.15−26 In particular, 2-quinuclidone derivatives with the
first recognition of the analogy to anti-Bredt olefins by Lukes ̌ in
1938,15 synthetic studies by Woodward,16 Yakhontov,17 and
Pracejus,18 and the landmark 2006 synthesis of the parent 2-
quinuclidonium tetrafluoroborate by Stoltz19 occupy a unique
place in advancing our knowledge of the hyper-reactivity of
nonplanar amides and their tendency to undergo rapid
hydrolysis.13a−c The synthesis of 2-quinuclidone derivatives
by Brown20 and Shea21 as well as the design and preparation of
the essentially perpendicular 1-aza-2-adamantanone by Kirby22

and its extended analogues by Coe23 are other noteworthy
advances in the field. In recent years, several theoretical studies
of bicyclic bridged lactams in which the N−C(O) bond is
placed on a larger bridge have been reported.24−26 Most

importantly, Greenberg and co-workers determined the
electronic and structural properties of bridgehead bicyclic
lactams and demonstrated the hyperstability of larger lactams in
the series.24 Other studies have addressed the enhanced
hydrolysis of twisted amides.25 Theoretical investigations of
the stability of the highly constrained 1-aza-2-adamantanone
(Kirby’s amide) have been reported.26

Despite these remarkable theoretical advances, bridged
lactams in which the N−C(O) bond is placed on a larger
bridge have had limited practical applications for several
reasons:27 (i) The scope of the synthesis and the ease of
scaffold modification and diversification are severely limited
because of the lack of reliable synthetic protocols. (ii) Lactams
from this class are often hydrolytically unstable, which
necessitates excessive steric hindrance around the amide bond
to enable their preparation and handling. These synthetic
modifications negatively impact other reactive properties of the
amide linkage. (iii) Most importantly, because of the relative
f lexibility of ring systems containing amide bonds, these lactams do
not span the whole spectrum of amide bond distortion and thus do
not serve as good models for a comprehensive examination of the
ef fect of geometry on the structures and energetics of nonplanar
amides.
In contrast, bridged lactams in which the N−C(O) bond is

located on a one-carbon bridge (one-carbon-bridged lactams)
have recently received considerable attention as highly
promising models to test the effect of amide bond distortion
(Figure 1C and Table 1).10a,b In 2007, Aube ́ and co-workers
reported the classic synthesis of one-carbon-bridged lactams28

employing electronically-controlled29 intramolecular Schmidt
rearrangement30 of 2-azidoalkyl ketones by means of electro-
static cation−π interactions to direct the regiochemistry of the
migrating bond. Efficient methods for the synthesis of other
one-carbon-bridged twisted amides have been reported,31

providing robust protocols for the synthesis of a diverse array
of compounds with a systematically varying distortion range
(Winkler−Dunitz parameters; vide infra).32 Seminal studies on
the reactivity of one-carbon-bridged amides demonstrated that
these amides participate in a striking cleavage of unactivated σ
C−N bonds adjacent to the nonplanar amide bond under mild
hydrogenolysis conditions.33 This transformation is initiated by
activation of amide bonds by N-protonation. Furthermore, the
first examples of isolated N-protonated one-carbon-bridged
lactams featuring easily accessible medium-sized rings (cf. fully
perpendicular 2-quinuclidone or 1-aza-2-adamantanone deriv-
atives)12,19,22 have been reported and structurally characterized,
including the first direct comparison of N-protonated amides
with the parent neutral precursors.34 Importantly, one-carbon-
bridged lactams are hydrolytically robust because transannular
scaffolding effects of medium-sized rings stabilize the closed
lactam conformation (cf. the open amino acid form),35 thus
strongly suggesting that generic lactams characterized by a
considerable distortion of amide bonds can be evaluated under
standard laboratory conditions, which stands in sharp contrast
to other classes of nonplanar amides.10,36

Despite the aforementioned developments, a theoretical
investigation of one-carbon-bridged lactams using a high level
of theory has not been reported to date.3,14,24,37 This hampers
further advances in the rational application of hydrolytically
robust twisted amides, including as practical models to
elucidate the structural and energetic changes that follow
rotation around the N−C(O) bond during cis−trans isomer-
ization of amides.13d−f

Figure 1. (a) Resonance description of amide bonds. (b) Geometric
transformations resulting in nonplanarity of amides. (c) Conforma-
tional restriction of amides as bicyclic bridgehead lactams.

Figure 2. Selected examples of nonplanar bridged lactams reported
previously.
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Herein we report a computational study to gain insight into
the structures and energetic parameters of one-carbon-bridged
twisted lactams. The presented results provide new insights
into the fundamental question of amidic resonance upon amide
bond rotation1−4 and should enable further developments in
the design of new generic modes of reactivity of nonplanar
amides.10a The current study was stimulated by the advances in
the area of one-carbon-bridged twisted lactams (vide
supra)28,33−35 as well as by the recent discovery that
thulium(II) iodide (TmI2), a single-electron-transfer
lanthanide(II) reagent, promotes the cleavage of unactivated
σ C−N bonds adjacent to amide bonds in simple amides,38 a
process that is formally analogous to the previously observed
C−N bond scission in one-carbon-bridged amides via hydro-
genolysis (Scheme 1).33 The aim of the current study was to

determine the distortion and energetics of small- and medium-
sized one-carbon-bridged lactams, with the major focus on
understanding the changes that occur during rotation around
the N−C(O) axis and their effect on the pyramidalization at
nitrogen.24 We hypothesized that mapping the amide bond
distortion along energetic parameters of amide bonds over a
sufficiently large distortion range should enable elucidation of
the role of strain and the overlap of the nitrogen lone pair and
the carbonyl π system on the reactivity of nonplanar amides.
From the outset, we recognized that if a correlation between
structure and energetics could be realized, then the study would

shed light on the amide bond resonance model using nonplanar
amides that have already been synthesized in a laboratory
environment (cf. theoretical investigation) and validated
experimentally.
The data described in this article show the following

important features: (1) There is a direct correlation between
structures and energetics in nonplanar distorted amides with
gradually varying distortion that spans the whole spectrum of
distortion range: τ = 11.32−90.0°; χN = 5.99−71.44°; χC =
0.0−16.67°.32 (2) Energetic parameters explain the chemical
reactivity of one-carbon-bridged twisted lactams, including the
C−N bond cleavage, acyl substitution reactions, and hydrolytic
stability observed experimentally in previous studies.33−35 (3)
One-carbon-bridged twisted amides span a diverse range of
distortion and electronic parameters, which demonstrates that
these compounds may serve as formal “amino-ketone”
equivalents with tunable nN → π*CO donation.8,10,12 (4)
Examination of amides that cover the whole span of distortion
range sheds new light on the amidic resonance, including an
answer to the long-standing question of what structural factors
govern the N- versus O-protonation switch in nonplanar
amides.24 (5) The structural and energetic changes that occur
during the amide bond rotation in these model systems
strongly support the classical amide resonance model.1−4,14,24

■ RESULTS AND DISCUSSION

The conceptual advantage of using one-carbon-bridged twisted
amides (cf. analogues with two-carbon or larger bridges)10 is
evident from their stability toward hydrolysis,35 their successful
use as a platform for the discovery of new reactivity of amide
bonds,33,34 and the accessibility of diverse ring systems.31

Figure 3 depicts one-carbon-bridged amides selected for the
present study. These compounds were selected on the basis of
their synthetic accessibility and distortion range of amide
bonds. Amides in which the overall sum of carbon atoms
forming the core 1-azabicyclo scaffold is less than five were
excluded from the study because these compounds are too
strained to exist. Conversely, amides in which the sum of
carbon atoms is more than ten feature more flexible ring
systems with properties analogous to those of planar amides.
These compounds are outside the scope of the current

Table 1. Summary of Structural Parameters of Representative Planar and Bridged Amides

entrya amide N−C(O) [Å] CO [Å] τ [deg] χN [deg] χC [deg]

1b 1 1.526 1.192 89.1 59.5 0.2
2c 4 1.473 1.196 85.8 61.7 5.5
3d 10 1.414 1.200 35.3 57.1 6.0
4e 11 1.374 1.201 20.8 48.8 5.9
5f 12 1.399 1.215 16.7 54.9 1.6
6g 13 1.367 1.227 42.8 34.1 16.5
7h 14 1.384 1.212 16.6 49.8 4.5
8i 15 1.328 1.199 23.9 54.9 7.0
9j N-methylvalerolactam 1.329 1.242 2.8 2.6 1.7
10k formamide 1.349 1.193 0.0 0.0 0.0

aEntries 1−9 present X-ray data. Entry 10 shows calculated values. bReference 29. cReference 22a. The CO group is disordered over two sites.
Mean values of bond lengths and dihedral angles are shown. dReference 31f. eReference 27b. fReference 21. gReference 34a. hReference 27e.
iReference 27f, bond lengths (X-ray); ref 27g, distortion parameters (calculated values). jReference 27h. kReference 24.

Scheme 1. Cleavage of Activated and Unactivated σ C−N
Bonds in Amides
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investigation. Three general classes of compounds were
selected for the study: parent scaffolds (Figure 3A), olefin-
containing analogues (Figure 3B), and substituted analogues of
the [4.3.1] system, which has been the most studied ring
system of bridged amides to date (Figure 3C).
Bridged lactams containing the selected parent scaffolds

(Figure 3A) have been previously reported,28,31,33 although the
amides containing the first two rings in the series may be too
strained to be isolated. (i) A bridged amide containing the
[2.2.1] ring system has been proposed as an intermediate in the
biomimetic synthesis of communesins.31g (ii) Bridged lactams
containing the [3.2.1] amide ring system were prepared (but
not isolated) by Murphy31d and Nazarenko31h via the
intramolecular Schmidt reaction and the intramolecular
amide−imine condensation, respectively. (iii) The [3.3.1]
amide ring system was synthesized via transannular amidatio-
n.31a This ring system was predicted to contain a perpendicular
amide bond on the basis of its reactive and spectroscopic
properties.31e (iv) The [4.1.1] amide ring system was
synthesized by Williams31f via Rh-catalyzed carbene insertion
into the NH bond. This is the only example in the selected
series featuring an azetidine ring; the properties of these
lactams are influenced by the inherent strain of the β-lactam
ring despite their bridged structures.13k,l (v) Amides containing
[4.2.1], [4.3.1], and [5.3.1] ring systems are readily available via
the intramolecular Schmidt reaction using cation−π28,31c and
cation−n31b regiochemistry-controlling elements. (vi) Amides
containing [4.2.1], [4.3.1], [4.4.1], [5.2.1], [5.3.1], and [6.2.1]
ring systems have been synthesized via transannular amidatio-
n.31a Several of these scaffolds were prepared by Schill and co-
workers during the synthesis of vinca alkaloids.31i−k (vii)
Amides containing [5.4.1] and [6.3.1] ring systems were

synthesized by Schill31k and Ban31l via transannular amidation
and intramolecular alkylation, respectively. (viii) The syntheses
of several larger ring systems have been reported.31m−o On the
basis of the reactive properties and available X-ray crystallo-
graphic studies10a (vide infra), we hypothesized that the
selected series of 12 lactams would be characterized by a
gradually decreasing distortion of the amide bond and thus
would offer a systematic approach for probing the effect of
structure on the properties of distorted amide linkages.
Amides featuring endocyclic olefins were selected as the

second class of compounds for the study (Figure 3B). On the
basis of the experimental reactive properties,31a,33,34a we
hypothesized that this simple modification would provide
amides with structural and energetic parameters that do not
overlap in the distortion space with unconstrained lactams.
Moreover, systematic determination of geometries and
energetics would provide insight into the C−N hydrogenolysis
reaction of nonplanar amides;31a,33 experimentally, it has been
shown that the reactivity of amides bearing internal olefins
toward C−N hydrogenolysis decreases in the order [4.3.1] ring
system (3:1 cleavage selectivity) > [4.4.1] ring system (1:1
cleavage selectivity) > [4.2.1] ring system (cleavage not
observed)31a and is lower than that of tricyclic bridged amides
bearing the [4.3.1] ring system (vide infra).33 The effect of
migrating the endocyclic olefin within a larger ring was tested
using a representative [5.3.1] ring system. This variation was
introduced to probe the effect of additional rigidity on the
properties of amide bonds. The amide scaffolds presented in
Figure 3B have been synthesized via ring-closing metathesis/
transannular amidation, including a one-pot procedure.31a

Substituted analogues of the [4.3.1] ring system were
selected as the third class of compounds (Figure 3C). To
date, one-carbon-bridged twisted amides containing the [4.3.1]
ring system have been the most comprehensively studied in the
literature.10a We hypothesized that detailed information about
structures and energetics would provide insights into the factors
governing their experimentally observed reactivities and
facilitate the rational design of novel analogues. Specifically,
we sought to probe the structural and energetic differences
determining the C−N bond cleavage reactivities as well as the
enhanced stability of some of these amides as determined
experimentally.31a,33,34a Experiments have shown that tricyclic
bridged lactams containing [4.3.1] ring systems are more
reactive than the corresponding bicyclic bridged lactams,33,34a

and the presence of an additional α-substituent enhances the
hydrolytic stability in the series.35 Amides for this study were
selected on the basis of their synthetic availability,28,31,33−35

supported by the experimental reactivity studies,31a,33−35 and
include the following compounds: (i) tricyclic amides prepared
via domino Diels−Alder/Schmidt reactions,28 (ii) bicyclic
lactams containing α-heteroatom substituents synthesized via
cation−n-controlled Schmidt reactions,31b (iii) bicyclic lactams
containing an α-methyl substituent prepared via 1,3-diaxial-
interaction-controlled Schmidt reactions,28 and (iv) bicyclic
lactams containing α-carbonyl groups synthesized via trans-
annular amidation.31a α-Functionalized bicyclic analogues have
been previously described;31c these compounds are also
accessible via bridgehead deprotonation/alkylation, as reported
by Hayes and Simpkins.39 Additionally, a tricyclic saturated
bridged lactam was selected for the study because previous
work has shown that modifications of the distal olefin in the
tricyclic [4.3.1] ring system result in significant changes in the

Figure 3. Structures of small- and medium-sized one-carbon-bridged
lactams calculated in the current study.
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amide bond distortion (e.g., τ changes from 51.5° to 72.4°
upon hydroxylation of the olefin).10a

Ab initio molecular orbital calculations were carried out at
the MP2/6-311++G(d,p) level. This method has been shown
to be accurate in predicting properties and resonance energies
of amides3h,24a (e.g., for the resonance energy of N,N-
dimethylacetamide, the experimental and calculated values are
16.8 ± 1.3 and 16.4 kcal/mol, respectively). This method was
further verified by obtaining good correlations between the
calculated structures and available X-ray structures in the series;
the parent [4.3.1] bridged bicyclic lactam (τ = 41.78°; χN =
36.01°; χC = 15.42°) versus the X-ray structure of an α-4-
methoxyphenyl derivative (τ = 42.8°; χN = 34.1°; χC =
16.5°),34a which is one of the few available twisted amide
geometries that has been determined in the solid state.10a

Several X-ray structures of one-carbon-bridged lactams have
been reported;10a however, these structures are exclusively
limited to derivatives of the [4.3.1] ring system28,34a and one X-
ray structure of the [4.1.1] ring system (τ = 35.3°; χN = 57.1°;
χC = 6.0°),31f for which a very accurate calculated structure at
the MP2/6-311++G(d,p) level has also been found (parent
lactam: τ = 38.23°; χN = 57.48°; χC = 6.33°). Because of the
conformational constraint of bridged systems, calculations of
energy minima of unsubstituted medium-bridged bicyclic
lactams typically result in a significant reduction of computa-
tional time compared with similar molecules with large degrees

of conformational freedom.24 The use of lower-level methods
to compute the properties of amides has been shown to be
problematic because of inaccuracies in the treatment of N-
inversion barriers.3a,h,24,37 To the best of our knowledge, the
optimization of structures of nonplanar amides using a high
level of theory has not been reported to date. Computational
methods and Cartesian coordinates and energies for all of the
reported structures are given in the Supporting Information
(SI).40

Structures and Total Energies. Total energies of one-
carbon-bridged twisted lactams together with values including
zero-point energy and thermal corrections as well as selected
structural parameters are listed in Table 2. Optimized
geometries of the major lactam ring systems (Figure 3A) as
well as Newman projections along the N−C(O) axis are
presented in Figure 4. Optimized geometries of the more
advanced ring systems (Figure 3B,C) and Cartesian coordinates
with energies for all of the computed structures are presented in
the SI (Figure SI-1). Optimized total energies for all of the
species calculated in the current study (bridged amides, amines,
ketones, and hydrocarbons) are presented in the SI (Table SI-
1). In this section, the discussion focuses on the properties of
the major ring systems (Figure 3A), followed by correlations
using the more advanced scaffolds (Figure 3B,C).

Geometries of One-Carbon-Bridged Lactams. The results
in Table 2 validate the use of small- and medium-sized one-

Table 2. Total Energies and Selected Geometric Parameters for Optimized Structures of Bridged Amides Calculated at the
MP2/6-311++G(d,p) Levela

entry amide −ET [au] −ET (corr) [au] N−C(O) [Å] CO [Å] τ [deg] χN [deg] χC [deg]

1 A 363.06051 362.90686 1.474 1.201 90.00 71.44 0.00
2 B 402.27281 402.08837 1.447 1.209 65.40 63.10 7.66
3 C 441.46867 441.25388 1.446 1.212 90.00 53.20 0.00
4 D 402.25553 402.07156 1.422 1.207 38.23 57.48 6.33
5 E 441.47896 441.26376 1.401 1.218 36.90 47.69 11.17
6 F 480.67239 480.42708 1.391 1.225 41.78 36.01 15.42
7 G 519.86734 519.59194 1.409 1.223 47.52 41.78 11.53
8 H 480.68637 480.44070 1.381 1.223 21.97 32.11 7.62
9 I 519.87533 519.59957 1.372 1.230 25.53 17.39 10.67
10 J 519.88300 519.60699 1.365 1.228 11.32 5.99 4.94
11 K 559.05973 558.75395 1.378 1.231 37.94 14.10 13.87
12 L 559.07658 558.77041 1.367 1.233 18.84 12.19 7.97
13 M 440.26254 440.07230 1.406 1.216 33.49 52.09 9.47
14 N 479.45319 479.23261 1.401 1.222 43.15 46.71 13.10
15 O 518.64480 518.39414 1.409 1.222 46.21 44.37 11.42
16 P 479.45540 479.23436 1.384 1.221 19.44 37.02 7.60
17 Q 518.66161 518.41086 1.392 1.223 34.53 28.55 9.04
18 R 518.65817 518.40698 1.370 1.226 22.39 20.60 9.17
19 S 518.65131 518.40072 1.386 1.224 30.34 23.29 10.15
20 T 518.65687 518.40558 1.380 1.228 27.33 30.52 10.35
21 U 518.65511 518.40388 1.375 1.228 24.59 27.03 9.10
22 V 597.06436 596.75198 1.415 1.219 58.20 45.09 11.54
23 W 595.85508 595.56744 1.415 1.220 56.95 44.08 11.56
24 X 635.05765 634.74062 1.409 1.222 54.93 41.33 11.92
25 Y 519.87486 519.60044 1.388 1.226 41.93 33.76 15.67
26 Z 632.95910 632.67347 1.384 1.227 41.01 35.53 15.99
27 AA 594.92748 594.64720 1.384 1.226 42.84 30.26 17.53
28 AB 917.53720 917.25992 1.386 1.225 42.93 31.55 16.67

aFor X-ray data on the 2-(tert-butoxycarbonyl)-3-keto-8-methyl derivative of D, see ref 31f. For X-ray data on the 3-tert-butyl-6-(4-methoxyphenyl)
derivative of E, see ref 34a (also see Table 1). For X-ray data on benzo-fused derivatives of 2-quinuclidone, see ref 20a. For computational data (6-
31G*) on 2-quinuclidone derivatives, see ref 24a,b. For X-ray data on bicyclo[n.3.1] (n = 3−5) bridgehead lactams/olefins, see ref 21. See Figure 3
for structures A−AB.
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carbon-bridged twisted amides28,31,33−35 as models for a
systematic study of geometric changes that occur during
amide bond rotation.1−4 The selected set of bridged amide
homologues covers the whole spectrum of amide bond
distortion geometries.32 The twist angle changes from
essentially planar to fully perpendicular (τ = 11.32−90.0°),
while the pyramidalization at nitrogen varies from essentially
sp2-hybridized to fully sp3-hybridized nitrogen (χN = 5.99−
71.44°). In contrast, the pyramidalization at carbon remains
relatively unchanged with the carbonyl carbon essentially planar
in the series (χC = 0.0−15.42°), which is consistent with the
previous observations regarding amide bond distortion.10−12 In
agreement with the amide bond distortion parameters, the
length of the N−C(O) bond varies between 1.474 and 1.365 Å
for the [2.2.1] and [6.2.1] ring systems, respectively, while the
length of the CO bond is between 1.201 Å for the [2.2.1]

ring system and 1.233 Å for the [6.3.1] ring system (1.228 Å for
the [6.2.1] ring system).
The most distorted amide in the series is compound A,

[2.2.1]. This amide features the perfectly orthogonal amide
bond and the pyramidal nitrogen atom (τ = 90.0°; χN =
71.44°). Interestingly, the least distorted compound in the
series is amide J, [6.2.1] (τ = 11.32°; χN = 5.99°) rather than K,
[5.4.1] (τ = 37.94°; χN = 14.10°) or L, [6.3.1] (τ = 18.84°; χN =
12.19°) despite their apparently more flexible ring systems.41

Thus, the data in Table 2 indicate that the use of five-
membered rings to constrain the amide bond geometry is less
efficient than the use of six- or even seven-membered rings
(e.g., compare [4.3.1], [4.4.1], and [5.2.1] lactam scaffolds),
which likely results from the inability of five-membered rings to
adopt a pseudochair conformation in a strained bicyclic ring
system. The role of transannular strain on the increased

Figure 4. Optimized geometries of bridged lactams A−L (MP2/6-311++G(d,p)). The insets show Newman projections along the N−C(O) axis.
For clarity, the Newman projections are presented in the same orientation as the lactam geometries. Bond lengths are given in Å. For optimized
geometries of bridged lactams M−AB (MP2/6-311++G(d,p)), see the SI. See Figure 3 for structures A−L.
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distortion of bridged oxazinolactams42a−c and 1,2-diazines42d

bearing larger ring systems has been noted. In the remaining
compounds in Table 2, gradual changes in the amide bond
distortion correlate well with the relative flexibilities of the ring
systems (Table 2 and Figure 4). One amide that deserves a
comment is lactam C, [3.3.1] (τ = 90.0°; χN = 53.20°). To our
knowledge, this is only the third twisted lactam containing a
perfectly orthogonal amide bond that has been synthesized and
characterized experimentally to date31e (the other two being 1-
aza-2-adamantanone, 422a and 2-quinuclidonium tetrafluorobo-
rate, 119). The data in Table 2 suggest that this amide would be
an interesting system for further reactivity studies.10a,33−35 In
summary, the results in Table 2 show that the studied lactams
can be divided into two categories based on the degree on
distortion. A cutoff point for significantly distorted amides is
located around the [4.4.1] ring system; however, even the less
distorted scaffolds such as [5.2.1] to [6.3.1] contain decidedly
nonplanar amide bonds (e.g., the second least distorted amide
in the series, J, [6.2.1], suffers 21% of the maximum twist angle
distortion, while its χN value corresponds to sp2.20 hybridization,
or approximately 20% of the loss of the nN → π*CO
conjugation).
Interestingly, a plot of nitrogen pyramidalization versus twist

angle gives a good correlation in the series (12 parent lactams,
applying outlier analysis, lactam D, [4.1.1],31f Y = 0.69X + 5.17,
R2 = 0.74), which indicates that the N−C(O) bond rotation is
generally followed by changes in the pyramidalization at
nitrogen; however, scattering characteristic of medium-sized
ring scaffolding is also observed (Chart 1).10a,42 Thus, one-

carbon-bridged lactams can be compared with anomeric
amides,36a,b which are characterized by changes in the
pyramidalization at nitrogen, and with sterically distorted
amides,10d,36c featuring changes in the twist angles as the main
geometric transformation of the amide bond (Figure 1B).
Extended correlations involving other compounds in the study
(Figure 3A−C) are presented in the SI. In general, good

agreement between the major and substituted ring systems was
found; however, in some cases structural and energetic
parameters are influenced by substitution, as expected.

Relationship between Distortion and Amide Bond
Geometry. A more detailed analysis of the structural data
presented in Table 2 demonstrates the effect of amide bond
distortion on its geometry, including changes in the bond
lengths and relevant dihedral angles.24 In agreement with the
classical resonance model,1−4,14g disruption of the nN → π*CO
delocalization should result in a significant lengthening of the
N−C(O) bond, while the CO bond should experience
relatively minor shortening. The effect of N−C(O) bond
rotation on the geometric properties of amides has been the
subject of numerous theoretical studies employing amides that
are planar in the ground state.3a,h,5,14a In contrast, few
investigations have been reported that systematically address
the relationship between distortion and geometric features of
amides in readily accessible practical models that are nonplanar
in the ground-state conformation.24 The present study validates
structural changes that occur with the N−C(O) bond rotation
as a function of the twist angle and the pyramidalization at
nitrogen. Several features are noteworthy (Figure 4, Chart 2).
For the N−C(O) bond, a plot of N−C(O) bond length

versus twist angle gives a good linear correlation in the series
(12 parent lactams, Y = 0.0013X + 1.35, R2 = 0.87; Chart 2A).
Moreover, a plot of N−C(O) bond length versus nitrogen
pyramidalization gives a good linear correlation (12 parent
lactams, Y = 0.0016X + 1.35, R2 = 0.88; Chart 2B). Most
importantly, a plot of N−C(O) bond length versus the sum of
the twist angle and nitrogen pyramidalization, Σ(τ+χN) gives an
excellent linear correlation over the observed range of amide
bond geometries (12 parent lactams, Y = 0.00078X + 1.34, R2 =
0.97; Chart 2C).
For the CO bond, a plot of CO bond length versus

twist angle gives a relatively scattered negative linear relation-
ship (12 parent lactams, applying outlier analysis, Y =
−0.00031X + 1.24, R2 = 0.75; Chart 2D). A plot of CO
bond length versus nitrogen pyramidalization gives a negative
linear relationship (12 parent lactams, Y = −0.00046X + 1.24,
R2 = 0.90; Chart 2E). Finally, a plot of CO bond length
versus N−C(O) bond length gives a negative linear correlation
in the series (12 parent lactams, Y = −0.274X + 1.605, R2 =
0.88; Chart 2F).
There is also a linear correlation between the lengths of the

C−N bonds adjacent to the amide bond and the sum of the
twist angle and nitrogen pyramidalization, Σ(τ+χN), with a more
accurate fit for the length of the C−N bond that is more
distorted from planarity with the carbonyl group (12 parent
lactams, Y = −0.00023X + 1.45, R2 = 0.80; not shown).
Correlations of the pyramidalization at carbon and the length of
the C−C bond adjacent to the carbonyl group with other
geometric parameters of the amide bond give scattered results.
Overall, these structural features indicate that an increase in

the amide bond distortion results in a significant lengthening of
the N−C(O) bond, while the CO bond remains relatively
unchanged in the studied family of nonplanar amides. This
provides a strong support for the classical resonance
model.1−4,14g Interestingly, changes in the CO bond length
more closely follow variations in the pyramidalization at
nitrogen than rotation around the N−C(O) axis. The
pyramidalization at carbon and the length of the C−C bond
adjacent to the amide bond are relatively insensitive to the

Chart 1. Correlation of the Pyramidalization at Nitrogen
(χN) with the Twist Angle (τ) for Amides A−La

aLeave-one-out analysis: the outlier, with τ = 38.23° and χN = 57.48°,
represents compound D, [4.1.1] (azetidine). For an extended plot of
χN versus τ, see the SI.
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changes in geometry upon rotation. Studies involving other
classes of distorted amides are ongoing to verify the generality
of the observed structural effects. In addition, solvent effects are
known to influence the extent of amide bond resonance (e.g.,
by hydrogen bonding) and thus may modify the observed N−
C(O) rotational effects.24b The ability of nonplanar amides to
access higher-energy intermediates (e.g., via conformational
changes) should also be taken into account when predicting
properties of nonplanar amides.12c

A more detailed analysis reveals an interesting structural
feature in that the N−C−O angles are smaller than the C−C−
O angles, which is indicative of the early stage of the N−C(O)
bond cleavage (three exceptions in the series are noted
below).13a−c,24a,25 A comprehensive list of N−C−O and C−C−
O angles as well as other geometric parameters is presented in
the SI (Table SI-2). There appear to be a negative linear
correlation between the CO bond length and the difference
in the C−C−O and N−C−O angles, Δ(CCO−NCO) (12 parent
lactams, Y = −0.0044X + 1.23, R2 = 0.84; not shown, see the
SI) and a positive linear correlation between Δ(CCO−NCO) and
the pyramidalization at nitrogen (outlier analysis, [6.2.1]
scaffold, Y = 0.101X − 2.25, R2 = 0.80; not shown, see the
SI), providing further support for the initial stages of the amide
bond cleavage. The average difference between the C−C−O
and N−C−O angles is significantly larger than in the previously
computed 1-azabicyc lo[2 .2 .2]octan-2-one and 1-
azabicyclo[3.3.1]nonan-2-one systems (12 parent amides,
average of 1.85° vs 0.45°),24a which appears to be characteristic

of twisted amides supported by the transannular effects of
medium-sized rings.10a In the following amides, the N−C−O
angles are larger than C−C−O angles: (i) F, [4.3.1]
(Δ(CCO−NCO) = −0.03°); (ii) K, [5.4.1] (Δ(CCO−NCO) =
−0.80°); (iii) L, [6.3.1] (Δ(CCO−NCO) = −1.09°). In particular,
the presence of amide F in this group is unexpected and
suggests that the [4.3.1] scaffold exhibits higher stability due to
conformational effects, which is consistent with the enhanced
stability of the [4.3.1] ring system observed experimen-
tally.33−35

Advanced Ring Systems. Geometric parameters for one-
carbon-bridged lactams containing olefins31a and substituted
[4.3.1] ring systems28,31b,c,33−35 (Figure 3B,C) are presented in
Table 2 (entries 13−28). The data in Table 2 reveal that
restriction of the conformational flexibility of one of the rings
results in a significant increase in the amide bond distortion. A
considerable increase is observed in larger ring systems such as
Q, [5.3.1] and R, [6.2.1]; however, appreciable changes to the
amide bond geometry are also present in more flexible lactams
such as N, [4.3.1]. The data suggest higher reactivity of the
amide bond in bridgehead lactams containing internal olefins,
as observed experimentally.31a Systematic positional migration
of the double bond in a representative scaffold, [5.3.1], reveals
that the internal double bond determines the degree of
distortion, with the maximum observed for the most conforma-
tionally restricted ring system.41 Overall, these findings
demonstrate that structural changes at positions distal from
the amide bond can have a significant effect on its distortion. A

Chart 2. Correlations between Distortion and Geometric Features for Amides A−La

aThe following correlations are shown: (A) Correlation of N−C(O) bond length with twist angle (τ). (B) Correlation of N−C(O) bond length with
pyramidalization at nitrogen (χN). (C) Correlation of N−C(O) bond length with the sum of the twist angle and pyramidalization at nitrogen
(Σ(τ+χN)). (D) Correlation of CO bond length with twist angle (τ). Leave-one-out analysis: the outlier, with CO bond length = 1.207 Å and τ =
38.23°, represents compound D, [4.1.1]. (E) Correlation of CO bond length with pyramidalization at nitrogen (χN). Leave-one-out analysis: the
outlier, with CO bond length = 1.228 Å and χN = 5.99°, represents compound J, [6.2.1] (Y = −0.001X + 1.240, R2 = 0.945; not shown). (F)
Correlation of CO bond length with N−C(O) bond length. For extended plots, see the SI.
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related increase in the amide bond distortion by the presence of
distal substituents has been noted in the literature.42

Importantly, our results indicate that a judicious choice of
ring substitution may result in a range of amide bond
distortions within the same scaffold of bridgehead lactams.
This in turn can be exploited to f ine-tune the reactivity10a as well as
drug−receptor interactions43 f rom the experimental perspective.
The data in Table 2 reveal structural changes in substituted

[4.3.1] ring systems (Figure 3C). The computed structures of
tricyclic bridged lactams containing the [4.3.1] scaffold (Table
2, entries 22−28) confirm that the amide bonds contained in
these tricyclic ring systems are considerably more strained than
the amide bonds contained in the corresponding bicyclic rings.
This rigidifying effect is analogous to structural properties of
bridged lactams containing endocyclic olefins (Figure 3B); in
this case, however, restriction of the conformational flexibility
results from the presence of an additional ring rather than an
internal olefin. It should be noted that this conformational
arrangement provides yet another method to increase the
distortion of amide bonds. The data in Table 2 indicate that the
presence of an α-substituent results in a decrease in amide bond
distortion as manifested by changes in bond lengths and
distortion parameters. While the effect is relatively small, it
likely contributes to the lower stability of α-unsubstituted one-
carbon-bridged twisted amides observed experimentally.35

There are no significant changes to the amide bond geometry
when electronically differentiated substituents are present at the
α-position of the amide bond (vide infra, Protonation Sites and
Proton Affinities). Overall, these findings highlight the
importance of conformational constraints in achieving gradual
levels of distortion of amide bonds within the same ring system of
bridged lactams and provide significant insight into the
experimental results observed previously.
Additive Twist Angle/Pyramidalization at Nitrogen Geo-

metric Parameters. Analysis of the results presented in Table 2
demonstrates that description of the amide bond distortion by
the sum of the twist angle and nitrogen pyramidalization,
Σ(τ+χN) provides a more accurate representation of the
geometric properties of nonplanar amides than the twist
angle or the pyramidalization at nitrogen alone (Chart 1).
Previous studies demonstrated that 1-azabicyclo[3.3.1]nonan-2-
one (X-ray data for a phenyl analogue: τ = 20.8°; χN = 48.8°; χC
= 5.9°; Σ(τ+χN) = 69.6°)27b,34b and derivatives of one-carbon-
bridged amides containing the [4.3.1] ring system (X-ray data
for an aryl analogue: τ = 42.8°; χN = 34.1°; χC = 16.5°; Σ(τ+χN) =
76.9°)34a feature amide bonds that are predominantly
protonated at nitrogen. It was subsequently proposed that a
twist angle of as low as 40−50° alone may be sufficient to
promote N-protonation of amide bonds.34a,b Additionally,
earlier reports by Brown demonstrated that extended 2-
quinuclidone analogues favor N-alkylation (X-ray data for the
[3.2.2] amide ring system: τ = 33.2°; χN = 52.8°; χC = 11.0°;
Σ(τ+χN) = 86.0°) or O-alkylation (X-ray data for the [3.3.2] ring

system: τ = 15.3°; χN = 38.6°; χC = 4.3°; Σ(τ+χN) = 53.9°);44

detailed experimental results were not disclosed. The additive
parameter Σ(τ+χN) normalizes these results and reveals that a

Σ(τ+χN) value of 60−70° appears to be close to a barrier between
N- and O-protonation of amides. It should be noted that this
value is much lower than the distortion that would correspond
to a fully perpendicular amide bond (Σ(τ+χN) = 150.0°), which

has been proposed to be required for N-protonation.10,19,22

Given the availability of distorted amides in the moderate
distortion range,10a,11 our data suggest that a wide range of
amide analogues can be readily applied to probe the
unconventional reactivity of amide bonds via N-protonation.45

In the case of one-carbon-bridged lactams, the data in Table 2
suggest that one-carbon-bridged twisted amides ranging from
A, [2.2.1] to G, [4.4.1] should predominantly undergo
protonation/alkylation at nitrogen, while other amides in this
series (H, [5.2.1] to L, [6.3.1]) may require more forcing
conditions and/or further destabilization of the ground-state
geometry to effect protonation/alkylation at the nitrogen atom
(vide infra Protonation Sites and Proton Affinities for
verification of this analysis).

Resonance Energies. A large barrier to rotation around the
N−C(O) bond of approximately 15−20 kcal/mol is an
inherent and well-studied property of planar amides.1−4

Geometrical distortions of the amide bond lead to disruption
of the nN → π*CO delocalization, which results in lower
barriers to cis−trans isomerization of amides.13d−j This effect
can have profound implications for the reactivity of amide
bonds.10 Despite the importance of resonance energies, few
studies probing the effect of resonance on the physicochemical
properties of nonplanar amides have been reported.24 The lack
of theoretical studies hampers the understanding of the
chemical consequences of amide bond distortion and inhibits
the rational design of new analogues.
Several methods for the calculation of resonance energies of

amide bonds have been described in the literature.3h,24b In the
present study, isodesmic equations utilizing the carbonyl
substitution nitrogen atom replacement (COSNAR) method
have been used to calculate resonance energies (REs) of one-
carbon-bridged lactams (eq 1).24a,b There are several
advantages of the COSNAR approach. First, this method has
been shown to be the most accurate in predicting resonance
energies of strained amide bonds.24b Furthermore, this method
provides calculated structures and energies of the correspond-
ing amines, ketones, and hydrocarbons, which are available for
detailed examination of the structural changes that occur during
the amide bond rotation in comparison with standard amide
bond analogues.

− = − + −E E E ERE [ ]T(amide) T(amine) T(ketone) T(hydrocarbon)

(1)

Resonance in One-Carbon-Bridged Lactams. Table 3 lists
the resonance energies together with values including zero-
point energy and thermal corrections for one-carbon-bridged
lactams calculated in the current study. Total energies for all of
the compounds calculated in the present study with zero-point
energy and thermal corrections are listed in the SI. The data in
Table 3 show that the parent one-carbon-bridged lactams
(Figure 3A) can be comfortably classified into three groups: (i)
lactams in which the resonance virtually disappears or is very
low (the [2.2.1] (2.7 kcal/mol), [3.2.1] (4.2 kcal/mol), [3.3.1]
(1.4 kcal/mol), and [4.4.1] (5.1 kcal/mol) ring systems); (ii)
lactams in which the resonance is calculated to be moderate,
with values around 10 kcal/mol (the [4.2.1] (10.7 kcal/mol),
[4.3.1] (9.6 kcal/mol), [5.4.1] (9.7 kcal/mol), and [6.3.1] (9.4
kcal/mol) ring systems); and (iii) lactams in which the
resonance is calculated to be around 16−18 kcal/mol, which
corresponds to a typical amide bond (the [5.2.1] (18.0 kcal/
mol), [5.3.1] (16.0 kcal/mol), and [6.2.1] (16.9 kcal/mol) ring
systems). In addition, the resonance energy of the azetidine-
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containing bridged scaffold [4.1.1] was calculated to be 13.5
kcal/mol, which is in agreement with the resonance energies of
other nonbridged β-lactams and penicillins.3h

The calculated resonance energies for the advanced ring
systems containing endocylic olefins and the substituted [4.3.1]
scaffolds (Figure 3B,C) follow the trend expected from their
geometric properties (vide supra, Table 2). There are two
interesting points that deserve a comment: (i) almost a
complete disappearance of resonance energy in the tricyclic
[4.3.1] bridged systems (3.8−4.6 kcal/mol) (cf. bicyclic [4.3.1]
bridged systems, with resonance energies of approximately 10
kcal/mol) and (ii) minimal influence of the substituents at the
α-position on the resonance energy (9.6−11.3 kcal/mol). More
importantly, the calculated resonance energies of the tricyclic
amides provide an explanation for the reactivity differences
observed experimentally.33−35

Relationship between Resonance and Amide Bond
Geometry. The present study verifies the effect of amide
bond geometry on the resonance energies as a function of N−
C(O) rotation. The following points are noteworthy:
(1) There appears to be a negative linear relationship

between the resonance energy and the N−C(O) bond twist
angle (12 parent lactams, Y = −0.204X + 19.04, R2 = 0.79;
outlier analysis, [6.3.1] scaffold, Y = −0.224X + 20.42, R2 =

0.87; Chart 3). Interestingly, a more accurate negative linear
relationship is found between the resonance energy and the

sum of the twist angle and pyramidalization at carbon, Σ(τ+χC),
in the series (12 parent lactams, Y = −0.228X + 21.93, R2 =
0.82; outlier analysis, [6.3.1] scaffold, Y = −0.256X + 23.96, R2

= 0.92; not shown, see the SI)
(2) There appears to be a negative linear relationship

between the resonance energy and the sum of the N−C(O)
and CO bond lengths (12 parent lactams, Y = −0.003X +
2.66, R2 = 0.73; outlier analysis, [6.3.1] scaffold, Y = −0.003X +
2.66, R2 = 0.79). However, plots of resonance energy versus the
N−C(O) and CO bond lengths reveal scattered correlations
(not shown). In addition, the resonance energy gives poor
correlations with the pyramidalization at nitrogen and the
pyramidalization at carbon.
Overall, these findings suggest that in the studied family of

lactams the loss of resonance energy is predominantly
determined by the twist of the N−C(O) bond rather than by
variations in the pyramidalization at nitrogen toward sp3

hybridization. Interestingly, in the series of 2-quinuclidones
with extended ring systems previously reported by Green-
berg24b there appears to be a good correlation between the loss
of resonance energy and the pyramidalization at nitrogen (nine
lactams, Y = 0.383X − 1.53, R2 = 0.86; not shown) but not
between the loss of resonance energy and the twist angle. The
fact that two different structural parameters can be correlated
with the resonance energy in these systems suggests that the
twist angle and the pyramidalization at nitrogen are the
respective major contributors to the factors governing the
amide bond distortion in these amides. Further studies will
focus on elucidating the origin of structural differences in
nonplanar lactams.

Protonation Sites and Proton Affinities. As predicted by
the resonance theory, planar amides undergo protonation at
oxygen (e.g., formamide: O-protonation is favored over N-

Table 3. Resonance Energies (RE) Calculated using
Carbonyl Substitution Nitrogen Atom Replacement Method
(COSNAR) (MP2/6-311++G(d,p))a

entry amide ring system −RE [kcal/mol] −RE (corr) [kcal/mol]

1 A [2.2.1] −2.46 −2.70
2 B [3.2.1] −4.14 −4.23
3 C [3.3.1] −1.16 −1.35
4 D [4.1.1] −13.87 −13.51
5 E [4.2.1] −10.97 −10.65
6 F [4.3.1] −9.81 −9.60
7 G [4.4.1] −5.25 −5.14
8 H [5.2.1] −18.65 −18.00
9 I [5.3.1] −16.36 −15.96
10 J [6.2.1] −18.10 −16.91
11 K [5.4.1] −10.11 −9.67
12 L [6.3.1] −10.23 −9.38
13 M [4.2.1] −10.96 −10.74
14 N [4.3.1] −7.31 −7.15
15 O [4.4.1] −5.55 −5.43
16 P [5.2.1] −19.55 −18.94
17 Q [5.3.1] −12.31 −12.02
18 R [6.2.1] −19.06 −18.37
19 S [5.3.1] −5.97 −6.21
20 T [5.3.1] −15.02 −14.53
21 U [5.3.1] −16.14 −15.64
22 V [4.3.1] −3.67 −3.76
23 W [4.3.1] −4.02 −4.07
24 X [4.3.1] −4.55 −4.64
25 Y [4.3.1] −10.20 −9.97
26 Z [4.3.1] −10.97 −10.75
27 AA [4.3.1] −11.53 −11.33
28 AB [4.3.1] −10.28 −10.05

aUncorrected values and values with zero-point energy and thermal
corrections are presented. Total energies of optimized structures
calculated in the current study including zero-point energy and
thermal corrections (MP2/6-311++G(d,p)) are listed in the SI (Table
SI-1). See Figure 3 for structures A−AB.

Chart 3. Correlation of Resonance Energy (RE) with Twist
Angle (τ) for Amides A−La

aLeave-one-out analysis: the outlier, with RE = 10.2 kcal/mol and τ =
18.84°, represents compound L, [6.3.1]. It should be noted that leave-
two-out analysis (compound G, [4.4.1]) gives R2 = 0.92. For an
extended plot of resonance energy versus τ, see the SI.
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Table 4. Total Energies and Selected Geometric Parameters for Optimized Structures of N- and O-Protonated Bridged Amides
Calculated at the MP2/6-311++G(d,p) Levela

entry amide −ET [au] −ET (corr) [au] N−C(O) [Å] CO [Å] τ [deg] χN [deg] χC [deg]

1 A-NH+ 363.43156 363.26356 1.605 1.178 90.00 66.46 0.00
A-OH+ 363.37084 363.20378 1.388 1.266 90.00 72.05 0.01

2 B-NH+ 402.64500 402.44620 1.569 1.185 73.13 59.56 1.52
B-OH+ 402.60627 402.40841 1.336 1.299 51.13 57.78 18.94

3 C-NH+ 441.84667 441.61699 1.545 1.193 90.00 50.02 0.00
C-OH+ 441.80491 441.57657 1.332 1.308 54.89 48.50 22.80

4 D-NH+ 402.61759 402.42005 1.624 1.173 48.46 61.79 0.72
D-OH+ 402.59522 402.39749 1.319 1.299 32.41 46.64 12.33

5 E-NH+ 441.84203 441.61286 1.577 1.186 50.27 54.68 0.37
E-OH+ 441.82949 441.60064 1.308 1.309 31.69 37.31 17.74

6 F-NH+ 481.03828 480.77865 1.558 1.194 58.70 49.37 1.42
F-OH+ 481.03090 480.77188 1.306 1.319 37.15 25.34 21.34

7 G-NH+ 520.24115 519.95125 1.551 1.197 67.87 46.14 1.04
G-OH+ 520.22374 519.93443 1.310 1.322 38.53 29.91 20.99

8 H-NH+ 481.03737 480.77806 1.585 1.186 29.47 50.50 0.07
H-OH+ 481.04575 480.78644 1.303 1.314 20.90 22.42 10.73

9 I-NH+ 520.23223 519.94247 1.557 1.195 64.53 48.29 1.50
I-OH+ 520.23919 519.94961 1.302 1.319 22.69 13.42 12.44

10 J-NH+ 520.22450 519.93517 1.579 1.187 14.97 49.82 2.08
J-OH+ 520.24525 519.95557 1.299 1.315 10.92 6.32 5.02

11 K-NH+ 559.42582 559.10551 1.547 1.199 82.69 44.59 3.21
K-OH+ 559.42406 559.10411 1.305 1.323 28.36 3.45 12.98

12 L-NH+ 559.42364 559.10367 1.578 1.193 24.19 47.27 5.57
L-OH+ 559.44407 559.12408 1.301 1.324 15.09 1.39 5.98

13 M-NH+ 440.62131 440.41706 1.575 1.186 48.06 55.89 1.84
M-OH+ 440.61051 440.40658 1.310 1.306 28.44 42.40 15.65

14 N-NH+ 479.82019 479.58548 1.545 1.195 68.23 50.35 3.00
N-OH+ 479.80774 479.57345 1.306 1.319 35.84 33.18 19.61

15 O-NH+ 519.01747 518.75232 1.548 1.195 64.69 48.49 0.48
O-OH+ 518.99831 518.73380 1.309 1.320 37.56 32.33 20.99

16 P-NH+ 479.80429 479.56968 1.590 1.184 26.87 50.94 1.47
P-OH+ 479.81256 479.57778 1.303 1.311 17.00 27.05 10.78

17 Q-NH+ 519.02103 518.75617 1.575 1.191 47.34 45.00 2.16
Q-OH+ 519.02379 518.75900 1.307 1.315 30.69 20.50 10.96

18 R-NH+ 519.00978 518.74513 1.573 1.188 33.60 50.55 0.07
R-OH+ 519.01927 518.75443 1.301 1.316 20.20 12.63 11.16

19 S-NH+ 519.00486 518.74024 1.574 1.191 51.78 45.85 0.41
S-OH+ 519.01272 518.74859 1.306 1.315 25.34 17.27 12.34

20 T-NH+ 519.01199 518.74697 1.559 1.194 43.97 46.76 0.31
T-OH+ 519.01626 518.75117 1.302 1.319 23.97 20.94 13.05

21 U-NH+ 519.01040 518.74538 1.552 1.194 41.18 49.11 4.80
U-OH+ 519.02031 518.75545 1.302 1.320 29.21 14.12 13.04

22 V-NH+ 597.44182 597.11466 1.541 1.196 73.07 48.11 2.46
V-OH+ 597.42070 597.09439 1.311 1.320 46.12 30.26 20.05

23 W-NH+ 596.23063 595.92835 1.550 1.195 72.41 47.83 1.72
W-OH+ 596.20966 595.90816 1.311 1.319 45.87 29.57 19.54

24 X-NH+ 635.43324 635.10145 1.556 1.196 70.17 46.65 1.87
X-OH+ 635.41439 635.08352 1.312 1.320 45.27 28.48 18.43

25 Y-NH+ 520.24121 519.95240 1.562 1.195 57.93 48.50 1.54
Y-OH+ 520.23477 519.94666 1.307 1.319 37.42 24.42 20.96

26 Z-NH+ 633.31598 633.01643 1.556 1.197 55.12 49.60 3.19
Z-OH+ 633.32471 633.02569 1.314 1.298 37.76 24.76 20.09

27 AA-NH+ 595.29074 594.99640 1.565 1.192 61.91 47.94 0.91
AA-OH+ 595.28062 594.98700 1.307 1.320 38.26 21.88 23.64

28 AB-NH+ 917.89975 917.60847 1.570 1.193 58.03 48.18 2.71
AB-OH+ 917.90101 917.61009 1.307 1.311 37.36 24.17 20.76

aIn all of the O-protonated structures, the proton is attached trans to nitrogen (see Figure 6). For X-ray data on N-protonated derivatives of E, see
ref 34a. For computational data on protonated 2-quinuclidone derivates, see ref 24a,b. For X-ray data on O-protonated dimethylacetamide
hydrochloride, see ref 46f. See Figure 3 for structures A−AB.
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protonation by ca. 11.5 kcal/mol).1−4 O-protonation of planar
amides shortens the N−C(O) bond and significantly reinforces
the double-bond character of amides (the RE of O-protonated
amides is ca. 40 kcal/mol).46 The design and isolation of N-
protonated amides has been considered a major challenge in
organic synthesis.34 N-protonation of amides is critical in
numerous biological processes, including amide bond proteo-
lysis13a−c and protein folding,13d−f as well as in organic
synthesis as a method to activate amide bonds toward novel
reactivity.33,34 N-Protonation of amides has been shown to
result in disruption of the amide bond resonance,47 which can
be used to catalyze the isomerization of amide bonds and to
promote reactions of C−N bonds adjacent to the carbonyl
group in amides. Previous studies demonstrated that nonplanar
amides characterized by the approximate distortion parameters
τ = 20°, χN = 50° (for a 1-azabicyclo[3.3.1]nonan-2-one
derivative)34b and τ = 50°, χN = 30° (for derivatives of a [4.3.1]

ring system)34a are predominantly protonated at nitrogen. At
present, the structural factors that govern the N- versus O-
protonation aptitude in amides are poorly understood.
Total energies of N- and O-protonated one-carbon-bridged

twisted lactams together with values including zero-point
energy and thermal corrections as well as selected structural
parameters are listed in Table 4. The optimized geometries of
the N- and O-protonated parent lactam ring systems (Figure
3A) as well as Newman projections along the N−C(O) axis
illustrating changes that occur during protonation of the amide
bonds are presented in Figure 5 (N-protonation) and Figure 6
(O-protonation). Cartesian coordinates for all of the computed
N- and O-protonated structures (Figure 3B,C) are presented in
the SI. For all of the O-protonated lactams, the proton was
attached trans to nitrogen following the published X-ray data
for O-protonated dimethylacetamide (DMA)46f and previous
studies.24a,b

Figure 5. Optimized geometries of N-protonated bridged lactams A−L (MP2/6-311++G(d,p)). The insets show Newman projections along the N−
C(O) axis. For clarity, the Newman projections are presented in the same orientation as the lactam geometries. Bond lengths are given in Å. For
optimized geometries (Cartesian coordinates) of N-protonated lactams M−AB (MP2/6-311++G(d,p)) see the SI. See Figure 3 for structures A−L.

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.5b00881
J. Org. Chem. 2015, 80, 7905−7927

7916

http://dx.doi.org/10.1021/acs.joc.5b00881


N- and O-Protonated One-Carbon Bridged Lactams.
Examination of the data in Table 4 leads to several important
observations. Notably, N-protonation results in a significant
lengthening of the N−C(O) bond (12 parent lactams, Δ =
0.099−0.214 Å, average lengthening of 0.169 Å), while the C
O bond undergoes moderate shortening (12 parent lactams, Δ
= 0.019−0.041 Å, average shortening of 0.031 Å). The increase
in the N−C(O) bond length is due to several effects: (i) the
large covalent radius of quaternized nitrogen (the adjacent C−
N bonds undergo substantial lengthening by averages of 0.042
and 0.049 Å, respectively);48 (ii) a substantial increase in the
pyramidal character of the nitrogen atom (all amides in the
series contain essentially pyramidalized nitrogen atoms: χN =
44.6−66.5°; average increase of 14.7°).24 The most pro-
nounced effect is observed in amides that are less distorted in
the ground state (e.g., J, [6.2.1] experiences an impressive
increase in the χN value from 6.0° to 49.8°, Δ = 43.8°), as

expected. Changes in the pyramidalization at nitrogen are
followed by rotation around the N−C(O) axis (an average
increase in the twist angle of 14.1°, with the [5.3.1] and [5.4.1]
ring systems experiencing the most dramatic increases in
distortion: Δτ = 39.0° and Δτ = 44.8°, respectively). Taken
together, these effects result in a net increase in the distortion
of N-protonated amide bonds.
Moreover, significant changes are observed with regard to the

amide bond geometry. Most importantly, the C−C−O angle
dramatically opens (Δ = 6.6−9.9°, average of 8.2°), while the
N−C−O angle significantly closes (Δ = 3.9−8.4°, average of
6.0°).49 These effects are consistent with the beginning of
collapse of the N−C(O) bond upon N-protonation. A
comprehensive list of N−C−O and C−C−O angles as well
as other geometric parameters for all of the studied N- and O-
protonated lactams is presented in the SI (Tables SI-3A and SI-
3B).

Figure 6. Optimized geometries of O-protonated bridged lactams A−L (MP2/6-311++G(d,p)). The insets show Newman projections along the N−
C(O) axis. For clarity, the Newman projections are presented in the same orientation as the lactam geometries. Bond lengths are given in Å. For
optimized geometries (Cartesian coordinates) of O-protonated lactams M−AB (MP2/6-311++G(d,p)), see the SI. See Figure 3 for structures A−L.
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Table 4 reveals that O-protonation of the studied amides
results in a considerable lengthening of the CO bond (12
parent lactams, Δ = 0.065−0.099 Å, average lengthening of
0.090 Å), while the N−C(O) bond shortens to a similar extent
(Δ = 0.066−0.114 Å, average shortening of 0.087 Å). In eight of
the O-protonated lactams, the CO bond is longer than the N−
C(O) bond, which provides compelling support for the amide bond
resonance theory (Table 4, entries 5−12).1−4 A moderate
decrease in the pyramidalization at nitrogen (average loss of
7.3°) and the twist angle (average loss of 7.6°) was calculated
for O-protonated amides in comparison with neutral amides (a
dramatic difference in the pyramidalization at nitrogen and the
twist angle between N- and O-protonated lactams can be seen
in Table 4). This effect is consistent with a net decrease in the
amide bond distortion to enhance the nN → π*CO
conjugation during O-protonation,46 and with previous
studies.24 O-Protonated amides are more stable than neutral
amides (RE of 35−45 kcal/mol vs RE of 15−20 kcal/mol).24,46
Additionally, significant geometric effects are observed upon O-
protonation. In the O-protonated structures, the N−C−O
angle is closed dramatically (Δ = 4.8−6.6°, average of 5.7° vs
neutral amides) while the C−C−O angle remains practically
unchanged (Δ = −1.3 to 3.1°, average of 0.7°), consistent with
the enhanced nN → π*CO resonance stabilization in O-
protonated amides in the series.49

Interestingly, a plot of the pyramidalization at nitrogen in the
O-protonated amides versus the pyramidalization at nitrogen in
the neutral amides gives a linear correlation (12 parent lactams,
Y = 1.022X − 8.17, R2 = 0.96; Chart 4). Similarly, there appears

to be a good correlation between the twist angles in the O-
protonated and neutral amides (12 parent lactams, Y = 0.775X
+ 2.18, R2 = 0.87; not shown, see the SI). The analogous
correlations employing N-protonated amides give scattered
results (R2 = 0.64 and 0.71, respectively; not shown). In
addition, a plot of the difference in the pyramidalizations at
nitrogen in the N-and O-protonated amides, Δ(χN,NH+−χN,OH+)

versus the pyramidalization at nitrogen in the neutral amides
(χN) gives an accurate linear correlation for this series of amides

(12 parent lactams, Y = −0.772X + 51.1, R2 = 0.94; not shown,
see the SI). The latter effect is indicative of the more
pronounced changes in the geometry upon N-protonation in
amides that are less distorted in the ground state.
In summary, these results provide insight into the changes

that occur upon N- vs O-protonation of amide bonds. N-
Activation severely disrupts the amide resonance, while O-
protonation enhances the planarity of amide bonds in the series
of one-carbon-bridged lactams. These findings validate previous
experimental observations on the role of N-protonation,10a

including activation of moderately distorted amides,33,34a,31a

and provide another argument to verify the classical amide
bond resonance theory.3a,24a,b

Proton Affinities. Table 5 lists proton affinity (PA) values
and differences between the N- and O PAs (ΔPA) for the series

of studied lactams together with values including zero-point
energy and thermal corrections.24,46 The absolute N and O PA
values differ by approximately 8.7 kcal/mol after zero-point
energy and thermal corrections, but the proton affinity
differences (ΔPA) are similar (average difference of 0.25
kcal/mol) for the corrected and uncorrected values, in accord
with previous studies.24b In the series of parent lactam scaffolds,
the highest proton affinity was calculated for N-protonation of
the [3.3.1] ring system, consistent with the nitrogen atom in
this scaffold being the most basic and its reactive properties as
an amino-ketone equivalent.31e The lowest proton affinity was
found for O-protonation of the [2.2.1] ring system, which is in
agreement with the highly strained amide bond in this
lactam.31g

A detailed analysis of the results in Table 5 reveals that the
studied lactams can be divided into two groups: (i) amides that
favor protonation at nitrogen (ΔPA = 4.3−37.5 kcal/mol:
scaffolds A−G, [2.2.1], [3.2.1], [3.3.1], [4.1.1], [4.2.1], [4.3.1]),
and (ii) amides that favor O-protonation (ΔPA = −4.5 to
−12.8 kcal/mol: scaffolds H−J and L, [5.2.1], [5.3.1], [6.2.1],
[6.3.1]). An exception is the [5.4.1] ring system (scaffold K),

Chart 4. Correlation of the Pyramidalization at Nitrogen in
the O-Protonated Amides (χN,OH+) with the Pyramidalization
at Nitrogen in the Neutral Amides (χN) for amides A−L (For
an Extended Plot of χN,OH+ versus χN, See the SI)

Table 5. Proton Affinities (PA) and Differences in Proton
Affinities (ΔPA) [in kcal/mol] Calculated for One-Carbon-
Bridged Lactams at the MP2/6-311++G(d,p) Levela

uncorrected corrected

entry amide PAN PAO ΔPA PAN PAO ΔPA

1 A 232.9 194.8 38.1 223.9 186.4 37.5
2 B 233.6 209.3 24.3 224.6 200.9 23.7
3 C 237.3 211.1 26.2 227.9 202.6 25.4
4 D 227.3 213.2 14.0 218.7 204.6 14.2
5 E 227.9 220.0 7.9 219.1 211.5 7.7
6 F 229.7 225.0 4.6 220.7 216.4 4.3
7 G 234.6 223.7 10.9 225.5 215.0 10.6
8 H 220.3 225.6 −5.3 211.8 217.0 −5.3
9 I 224.0 228.4 −4.4 215.2 219.7 −4.5
10 J 214.4 227.4 −13.0 206.0 218.8 −12.8
11 K 229.8 228.7 1.1 220.7 219.8 0.9
12 L 217.9 230.7 −12.8 209.27 222.0 −12.8

aFor an extended table, see the SI. Uncorrected values and values with
zero-point energy and thermal corrections are presented. For
calculated proton affinities of 2-quinuclidone derivatives, see ref
24a,b. For experimental studies on N-protonation of nonplanar
amides, see ref 34a. For experimental studies on N-methylation of
nonplanar amide bonds, see refs 17b, 18, 34a, and 44. See Figure 3 for
structures A−L.
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which is calculated to favor N-protonation by only 0.9 kcal/
mol. This ring system is predicted to undergo both O- and N-
protonation close to equilibrium.24a The first three amides in
the series (the [2.2.1], [3.2.1], and [3.3.1] ring systems) favor
N-protonation over O-protonation by 24−38 kcal/mol, which
compares favorably with the ΔPA value of 22.8 kcal/mol
determined earlier for the perpendicular 2-quinuclidone19,24a as
well as with the ΔPA value of 26.3 kcal/mol calculated for 2-
quinuclidone at the MP2/6-311++G(d,p) level. Four other ring
systems calculated in the current study (the [4.1.1], [4.2.1],
[4.3.1], and [4.4.1] ring systems) favor N-protonation over O-
protonation by 4.3−14.1 kcal/mol, which compares favorably
with ΔPA value of 1.4 kcal/mol determined earlier for 1-
azabicyclo[3.3.1]nonan-2-one.24a,34b

The crossover point from N- to O-protonation in the studied
series of lactams is located around the geometry region defined
by the [5.4.1] ring system. There is an excellent linear correlation
between ΔPA and the sum of the twist angle and the
pyramidalization at nitrogen (12 parent lactams, Y = 0.34X −
20.65, R2 = 0.98, Chart 5; all lactams, Y = 0.35X − 22.32, R2 =

0.97, see the SI), which can be compared with the correlation
between ΔPA and the twist angle (12 parent lactams, Y =
0.577X − 17.88, R2 = 0.90; not shown, see the SI) and the
correlation between ΔPA and the pyramidalization at nitrogen
(12 parent lactams, Y = 0.67X + 17.93, R2 = 0.86; not shown,
see the SI). This finding validates the use of additive descriptors
of the geometric transformations of amide bonds to predict
reactive properties of nonplanar amides (vide supra).
Importantly, this equation provides a very useful tool to
predict N- versus O-protonation sites of twisted amides, as only
a single determination of the amide bond geometry from X-ray
crystallography or calculations is needed to provide a reliable
prediction of ΔPA.3,4 Since our calculations have already shown
that Σ(τ+χN) can be correlated with the N−C(O) bond length
(vide supra), this can be used in conjunction with amide bond
distortion parameters to accurately predict ΔPA in one-carbon-
bridged amides. Overall, this f inding provides a compelling answer
to the long-standing question of structural factors governing the N-
versus O-protonation switch in nonplanar lactams and determines

that a Σ(τ+χN) value of ca. 50−60° should be suf f icient to promote
N-protonation of amides.1−4,10−12,24,33−35

Interestingly, there appears to be a more accurate correlation
between the proton affinity at oxygen and the pyramidalization
at nitrogen (Y = −0.44X + 228, R2 = 0.81; not shown) or the
twist angle (Y = −0.35X + 227, R2 = 0.73; not shown) in
neutral amides than between the proton affinity at nitrogen and
the pyramidalization at nitrogen (Y = 0.23X + 210, R2 = 0.55;
not shown) or the twist angle (Y = 0.23X + 209, R2 = 0.73, not
shown) in neutral amides, including additive parameters (R2 =
0.85 vs R2 = 0.71; not shown), which could indicate that the
loss of oxygen basicity is the major factor contributing to the
reactivity of these amides. It should be noted that strain in
smaller bridgehead bicyclic ring systems, charge dispersion, and
solvent effects may also contribute to the relative proton
affinities in synthetic studies24,25. Solvent effects have been
shown to enhance the ability of oxygen to undergo protonation
as a result of steric effects.3,24,25

Analysis of the proton affinities of the advanced ring systems
of bridged lactams containing endocyclic olefins31a and
substituted [4.3.1] ring systems28,31b,c,33−35 (Figure 3B,C)
leads to several important observations. First, a significant
increase in favor of N- versus O-protonation was calculated for
olefin-containing bridged lactams in comparison with their
saturated analogues (cf. the [4.3.1] and, in particular, [6.2.1]
ring systems). Second, a dramatic increase in favor of N-
protonation was calculated for amide bonds embedded in
tricyclic [4.3.1] ring systems in comparison with simple bicyclic
[4.3.1] ring system analogues (tricyclic amides favor N-
protonation over O-protonation by ca. 13−14 kcal/mol vs
4−5 kcal/mol for bicyclic amides). Third, polar substituents
(R) placed at the α-position in the [4.3.1] ring system show a
strong activating effect (R = OMe, 6.4 kcal/mol) or a very
strong deactivating effect (R = C(O)Me, −5.5 kcal/mol; R =
SMe, −0.8 kcal/mol) on the adjacent nonplanar amide bonds
toward N- versus O-protonation. These effects result from the
following geometric features:

• The higher affinity for N-protonation in the olefin-
containing and tricyclic systems is consistent with the
increased rigidity of these rings, which results in
enhanced distortion of the amide linkage.34a The high
proton affinities at nitrogen are likely to contribute to the
enhanced reactivity of these amides observed exper-
imentally;28 however, an explanation for this effect has
remained elusive to date.

• The effect of polar substituents at the α-position results
from inductive effects and the presence of an internal
hydrogen bond and is consistent with the reactivity of
these amides observed experimentally. For example,
degradation of α-OMe-containing twisted amides has
been noted during their synthesis,31b while the
structurally homologous α-SMe-substituted lactams
have been found to be robust toward storage and
isolation conditions.31b Differences in the stability of α-
carbonyl-containing bridged lactams have also been
noted.31a,c,35

Overall, these findings demonstrate that modification of the
relative proton affinity values by substituents placed in close
proximity to the amide bond should be considered when
designing new analogues of nonplanar amides.
In summary, the analysis of proton affinities indicates that

one-carbon-bridged lactams are well-suited for elucidation of

Chart 5. Correlation of ΔPA with the Sum of the Twist
Angle and Pyramidalization at Nitrogen, Σ(τ+χN), for amides

A−L (For an Extended Plot of ΔPA versus Σ(τ+χN), See the
SI)
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the structural requirements for the O- versus N-protonation
switch because the crossover point is clearly defined in this
series. Notably, a plot of ΔPA versus the sum of the twist angle and
pyramidalization at nitrogen reveals an excellent linear correlation,
which determines that distortion of an amide linkage by about 30−
40% from the maximum value (ca. 50−60° out of 150°) should
be suf f icient to promote N-protonation reactions in this series. The
calculated ΔPA values in the series indicate that new ring
systems of one-carbon-bridged lactams may participate in the
intriguing N-protonation (N-activation) reactions.50 These
findings should facilitate further synthetic applications of
nonplanar amides.
Core Ionization Energies and Atomic Charges. As

predicted by the resonance theory, distortion of amides should
decrease the contribution of the polar resonance form, leading
to more negative nitrogen, more positive oxygen, and more
positive carbon atoms in nonplanar amides compared with
planar amides.2−4 Determination of the charges at N, O, and C
in nonplanar amides is expected to facilitate prediction of the
reactive properties of twisted amides.3,24

Calculated core ionization energies51 and atomic charges52 of
the studied one-carbon-bridged lactams are listed in Tables 6
and 7, respectively. Experimental studies to determine the core
ionization energies of one-carbon-bridged twisted lactams have
not been reported to date.51a The aims of determining charges
in the current study were as follows: (i) to compare the core
ionization energies of one-carbon-bridged lactams with the
previously reported values for 2-quinuclidone derivatives;24a,b

(ii) to elucidate a correlation with the geometric parameters of
nonplanar lactams to test the validity of the classical resonance
model;1−4 and (iii) to determine whether atomic charges could
serve as a useful tool in predicting the reactive properties of
one-carbon-bridged twisted amides.3a

Core Ionization Energies. Examination of the data in Table
6 reveals several points. The highest O 1s ionization energies
(least negative O) were calculated for amides A−C, in which
the contribution from the polar resonance form is geometrically
prohibited. In agreement with the geometric argument, lactams
A−C have the highest C 1s ionization energies (most positive
C); however, there is no apparent correlation between the N 1s

ionization energy and the nN → π*CO conjugation, with the
lowest N 1s (least positive N) calculated for the [4.4.1] ring
system.24a,b

A more detailed analysis reveals several noteworthy features:
(1) A plot of the C 1s ionization energy versus the O 1s
ionization energy gives a linear correlation (12 parent lactams,
Y = 0.805X + 138.5, R2 = 0.88; Chart 6A). (2) Interestingly,
plots of the N 1s ionization energy versus the C 1s and O 1s
ionization energies give poor correlations. (3) There appears to
be an excellent linear correlation between ΔPA and the O 1s
orbital energy (12 parent lactams, Y = −0.021X − 550.7, R2 =
0.97; Chart 6B). (4) In addition, there are several good linear
correlations between the amide bond geometric distortion
parameters and the O 1s ionization energy, including (i) O 1s
ionization energy as a function of the pyramidalization at
nitrogen (12 parent lactams, Y = −0.014X − 550.3, R2 = 0.84;
not shown), (ii) O 1s ionization energy as a function of the
twist angle (12 parent lactams, Y = −0.012X − 550.3, R2 = 0.87;
not shown), and (iii) O 1s ionization energy as a function of
the length of the N−C(O) bond (12 parent lactams, Y =
−9.54X − 537.5, R2 = 0.99; not shown). As expected, the O 1s
ionization energy can be correlated with the CO bond length
(12 parent lactams, Y = −30.6X + 588.2, R2 = 0.87; not shown),
while the C 1s ionization energy can be correlated with other
geometric structural parameters (vide supra). In contrast,
changes in the N 1s ionization energy appear to be independent
of the amide bond geometric parameters in the studied
series.24a,b,51a

Charges. Table 7 provides calculated natural bond orbital
(NBO) atomic charges of one-carbon-bridged lactams.52 The
data in Table 7 reveal that charges serve as good predictors of
the reactive properties of nonplanar amides. The most distorted
lactams, A−C, are characterized by the highest charge densities
at oxygen (least negative O) in the series. There is a noticeable
tendency of the charge on nitrogen to decrease toward that of
the least positive N with increasing distortion within the same
ring system of one-carbon-bridged lactams (cf. [3.3.1], [4.3.1],
[5.3.1] and [4.2.1], [5.2.1], [6.2.1]). Thus, the calculated
atomic charges in this series of lactams are consistent with the
classical amide bond resonance model.1−4

A more detailed analysis provides significant insight into the
use of atomic charges for the prediction of reactive properties
of nonplanar amides. Importantly, there is an excellent linear
correlation between ΔPA and the charge on oxygen (qO) (12
parent lactams, Y = 0.003X − 0.715, R2 = 0.98; Chart 6C), and
this simple calculation of the charge on O can be used to accurately
predict protonation sites of nonplanar bridged lactams. There
appear to be linear correlations between the O 1s ionization
energy and qO (12 parent lactams, Y = −0.142X − 79.18, R2 =
0.98; Chart 6D) and the N 1s ionization energy and the atomic
charge on nitrogen (qN) (12 parent lactams, Y = −0.083X −
35.53, R2 = 0.81; not shown, see the SI). Moreover, a plot of qO
versus the N−C(O) bond twist angle gives a linear correlation
(12 parent lactams, Y = 0.001X − 0.772, R2 = 0.91; not shown);
however, correlations involving other geometric parameters and
the charges on nitrogen and carbon appear to be scattered.
In summary, the calculated core orbital energies in the series

of nonplanar one-carbon-bridged lactams are consistent with
the classical resonance model, but quantification of the charges
at nitrogen is more complex because of additional steric and
electronic effects. Importantly, determination of the core orbital
energies in the present series argues against the presence of the
C+−O− resonance form as a significant contributor to the

Table 6. Calculated O, C, and N Core Ionization Energies
for One-Carbon-Bridged Lactams at the MP2/6-311+
+G(d,p) Levela

ionization energy [eV]

entry amide C 1s O 1s N 1s

1 A −305.55 −551.56 −418.62
2 B −305.23 −551.27 −418.50
3 C −305.15 −551.35 −418.38
4 D −305.34 −551.12 −418.77
5 E −304.92 −550.88 −418.54
6 F −304.86 −550.74 −418.46
7 G −304.97 −550.94 −418.39
8 H −304.80 −550.63 −418.71
9 I −304.66 −550.59 −418.61
10 J −304.70 −550.57 −418.83
11 K −304.66 −550.72 −418.47
12 L −304.71 −550.52 −418.80

aFor an extended table, see the SI. For calculated core ionization
energies of 2-quinuclidone derivatives, see ref 24b. For experimental
studies, see ref 51a. See Figure 3 for structures A−L.
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amide bond resonance (i.e., the polarization model)14 because
an excellent fit between the charge density at the oxygen atom
and the N−C(O) bond twist angle has been found in the series.
Finally, this study demonstrates that atomic charges may be
used to accurately predict the reactive properties of nonplanar
amides.
Frontier Molecular Orbitals. Table 8 lists orbital energies

for the highest occupied molecular orbital (HOMO), the
lowest unoccupied molecular orbital (LUMO), and the first
HOMO subjacent (subj) orbital for each of the parent ring
systems of one-carbon-bridged lactams addressed in the current
study. Orbital energies for each of the one-carbon-bridged

lactams were also calculated using the NBO method. These
energies are listed in the SI (Table SI-4). Graphical
representations of the HOMOs calculated for representative
lactams bearing [2.2.1], [4.3.1], and [6.3.1] scaffolds spanning
the whole range of amide bond distortion are presented in
Figure 7. Graphical representations of the HOMO and LUMO
calculated for each of the parent ring systems of bridged
lactams are presented in the SI (Figure SI-2).

Chart 6. Energy, Proton Affinity, Charge, and IR Frequency Correlations for Amides A−La

aThe following correlations are shown: (A) Correlation of carbon ionization energy (EC) with oxygen ionization energy (EO). Leave-two-out
analysis: outliers represent compounds C, [3.3.1] and D, [4.2.1]; analysis gives Y = 0.8354X − 155.3, R2 = 0.948. (B) Correlation of ΔPA with
oxygen ionization energy (EO). (C) Correlation of ΔPA with the atomic charge on oxygen (qO). (D) Correlation of oxygen ionization energy (EO)
with the atomic charge on oxygen (qO). (E) Correlation of ΔPA with the energy of the HOMO (EHOMO). (F) Correlation of the carbonyl infrared
frequency for neutral amides (νCO) to that for N-protonated amides (νCO,NH

+). For extended plots, see the SI.

Table 7. Calculated NBO Atomic Charges for One-Carbon-
Bridged Lactams at the MP2/6-311++G(d,p) Levela

entry amide qN [e] qO [e] qC [e]

1 A −0.640 −0.607 0.852
2 B −0.653 −0.638 0.863
3 C −0.668 −0.621 0.866
4 D −0.640 −0.671 0.866
5 E −0.653 −0.693 0.870
6 F −0.664 −0.707 0.872
7 G −0.667 −0.682 0.875
8 H −0.633 −0.733 0.871
9 I −0.648 −0.733 0.862
10 J −0.629 −0.746 0.862
11 K −0.673 −0.719 0.874
12 L −0.643 −0.755 0.864

aFor an extended table, see the SI. See Figure 3 for structures A−L.

Table 8. Energies of the Frontier Molecular Orbitals for
One-Carbon Bridged Lactams at the MP2/6-311++G(d,p)
Levela

entry amide EHOMO [eV] Esubj [eV] ELUMO [eV]

1 A −10.75 −11.30 0.95
2 B −10.26 −11.31 0.94
3 C −9.86 −11.39 0.95
4 D −10.12 −11.35 0.93
5 E −10.02 −11.10 0.96
6 F −9.79 −11.07 0.97
7 G −9.76 −11.14 0.98
8 H −9.90 −10.99 0.98
9 I −9.81 −10.83 0.98
10 J −9.92 −10.90 0.98
11 K −9.78 −10.85 1.00
12 L −9.93 −10.88 0.97

aFor orbital energies calculated using the natural bond orbital (NBO)
method, see the SI. For graphical representations of the orbitals, see
the SI. For calculated frontier molecular orbitals of 2-quinuclidone
derivatives, see ref 24b. See Figure 3 for structures A−L.
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The role of frontier molecular orbitals in the context of
distortion of amide bonds has been previously investiga-
ted.24b,53 Rademacher determined molecular orbitals in 1-
azabicyclo[3.3.1]nonan-2-one using photoelectron spectrosco-
py.53a−d Greenberg calculated frontier molecular orbitals in
unsubstituted 2-quinuclidones with extended ring systems.24b

Brown determined frontier molecular orbitals for benzene-
fused 2-quinuclidones with gradually increasing distortion.53e

Brown’s study suggested that distorted lactams in which the
HOMO is located at an O lone pair may be protonated at
oxygen, while amides in which the HOMO is located at the N
lone pair may undergo protonation at nitrogen; however, this
investigation was limited to four 2-quinuclidone derivates
bearing additional benzene rings, which complicated the
analysis because of significant n−p mixing with aromatic rings
located in close proximity to the amide bonds.
Examination of the HOMO of lactam A, [2.2.1] (Figure 7A)

reveals that this orbital is dominated by nN with a small
contribution from nO. A similar-looking HOMO was obtained
for lactam F, [4.3.1] (Figure 7B) with the major contribution of
electron density around the nitrogen atom; however, the
contribution from nO is significantly larger than in the fully
perpendicular [2.2.1] ring system. In contrast to this, the
HOMO of lactam L, [6.3.1] (Figure 7C) was calculated to be
predominantly nO in character, which is consistent with the
relative distortion of the amide bond in the series. As expected,
the HOMOs of other lactams in the series are positioned
between the extremes defined by the [2.2.1] and [6.3.1] ring
systems (Figure SI-2).
In agreement with the literature,24b a closer analysis of the

data in Table 8 reveals very little variation in the energies of the
orbitals across the range of studied lactam geometries. For

example, the HOMO energies for the perpendicular [3.3.1]
ring system, the practically planar [6.3.1] ring system, and the
moderately distorted [4.3.1] scaffold were calculated to be
−9.86, −9.93, and −9.79 eV, respectively. This flattening out
effect observed in the orbital energies has been proposed to
result from a significant contribution from nN.

24b,53,54

Interestingly, the use of NBO analysis provides a valuable
quantitative description of the role of the frontier molecular
orbitals on the reactivity of distorted amides across the range of
nonplanar geometries in the series (see Table SI-4). Most
significantly, a plot of ΔPA versus the EHOMO gives a linear
correlation over the range of geometries (12 parent lactams, Y
= 16.61X − 171.4, R2 = 0.91; Chart 6E). Similarly, a plot of
ΔPA versus the energy difference between the HOMO and the
HOMO subjacent orbitals, Δ(LPO−LPN), gives a linear correlation
over the range observed (12 parent lactams, Y = 13.40X +
12.63, R2 = 0.84; not shown, see the SI). Thus, this equation
can be used to predict ΔPA if orbital energies are known from
NBO calculations.

Infrared Frequencies. Table 9 lists calculated carbonyl
frequencies and intensities for the one-carbon-bridged lactams

examined in the current study. Historically, infrared spectros-
copy has been used as one of the most valuable methods to
determine the distortion of amide bonds17,18 because carbonyl
stretching frequencies (νCO) accurately reflect changes in the
local geometry of carbonyl groups and these stretches are well-
isolated.55 The frequencies of the infrared vibrations reflect the
strength of the carbonyl group (νCO increases as the CO
bond length shortens), while the intensities in the infrared
spectrum are proportional to changes in the dipole moment of
the carbonyl group during a vibration.55 During amide bond
rotation, the nN → π*CO overlap gradually decreases, which
results in a net increase in the carbonyl stretching frequency in
the infrared spectrum.10d In theory, N−C(O) vibrations could
also provide a valuable measurement of the changes in the
amide bond resonance;24,55 however, these vibrations are
typically mixed with other C−H and C−C vibrations, and their

Figure 7. (left) Representations of HOMOs and (right) correspond-
ing ball and spoke representations for representative lactams: (A) A,
[2.2.1]; (B) F, [4.3.1]; (C) L, [6.3.1]. For graphical representations of
the HOMOs and LUMOs of lactams A−L, see Figure SI-2.

Table 9. Calculated Infrared Carbonyl Stretching
Frequencies for One-Carbon-Bridged Lactams at the MP2/
6-311++G(d,p) Levela

entry amide
νCO (uncorr)

[cm−1]
νCO (corr)

[cm−1]
ICO

[km/mol]

1 A 1846.2 1771.8 278.8
2 B 1808.6 1735.7 263.3
3 C 1778.7 1707.0 223.1
4 D 1833.8 1759.9 370.1
5 E 1778.9 1707.2 275.6
6 F 1732.1 1662.3 245.8
7 G 1721.0 1651.6 205.0
8 H 1766.9 1695.7 324.4
9 I 1728.9 1659.2 278.5
10 J 1759.5 1688.6 326.2
11 K 1706.9 1638.1 228.5
12 L 1713.8 1644.7 263.6

aFor an extended table, see the SI. For calculated infrared carbonyl
frequencies of 2-quinuclidone derivatives, see ref 24b. For
experimental infrared data on nonplanar lactams, see ref 10d. For
calculated infrared carbonyl frequencies of N-protonated lactams A−
AB, see the SI. Correction factor = 1.042. Calculated average using
literature experimental values for lactams C−J. See ref 31a. See Figure
3 for structures A−L.
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analysis is not straightforward. A comprehensive study of the
effect of structure and energetics on νCO in twisted lactams
has not been reported to date. For an extended discussion and
additional correlations involving infrared frequencies in the
studied one-carbon-bridged lactams, see the SI.
The νCO values presented in Table 9 have been corrected

using experimental data obtained for the [4.3.1] ring system of
one-carbon-bridged lactams and related analogues.31a A good fit
between the experimental and corrected carbonyl frequencies
was found for all of the studied compounds.24b In the series of
parent bridged lactams, with the exception of the [4.1.1]
scaffold, which constitutes a special case, the highest νCO
values were calculated for the [2.2.1] and [3.2.1] rings while the
lowest value was found for the [5.4.1] scaffold, which agrees
well with the relative distortion parameters of the amide bonds
(vide supra). Importantly, the stretching frequencies in this
series cover approximately 100 cm−1 in the infrared spectrum
(ranging from ketone-like, ca. 1800 cm−1, to amide-like, ca.
1700 cm−1),55 which validates that the geometries of the
studied amides span the whole range of the amide bond
distortion surface.24b,31a A detailed comparison of the amide
bond distortion parameters with the νCO values reveals a
linear correlation between νCO and the pyramidalization at
nitrogen (12 parent lactams, Y = 2.156X + 1677, R2 = 0.80; not
shown, see the SI). Interestingly, a plot of νCO versus the C
O bond length gives a more accurate correlation (12 parent
lactams, Y = −4155X + 6834, R2 = 0.88; not shown, see the
SI).10d The high carbonyl stretching frequencies observed for
some of these amides verify the classic view that the attachment
of N significantly changes the double bond strength in these
amino-ketones (cf. the cyclobutanone νCO stretch at ca. 1810
cm−1).16,22c

Infrared spectroscopy provides valuable information about
geometric changes that occur upon N- and O-protonation of
amides.34a,b The calculated infrared frequencies of the N- and
O-protonated lactams examined in the current study are
presented in the SI (Table SI-5). Upon N-protonation, infrared
carbonyl stretches move to higher frequencies by approximately
100 cm−1 (average of 119 cm−1), consistent with the more
ketone-like character of N-protonated amide bonds.45 Con-
versely, O-protonation results in the formation of an alcohol; in
these cases, a new stretching vibration appears at around 1700
cm−1 (average 1717 cm−1) corresponding to the NC stretch,
consistent with the literature values for vibrations of imines
(νCN stretching at ca. 1640−1690 cm−1).56 A detailed analysis
reveals a good correlation between the infrared carbonyl
stretching frequencies of neutral and N-protonated lactams (12
parent lactams, Y = 0.919X + 261, R2 = 0.91; Chart 6F).
Moreover, plots of infrared stretching frequencies in the N-
protonated amides versus geometrical parameters of the amide
bond give linear correlations in the series (see the SI).
Examination of the infrared carbonyl stretching frequencies

in the amide featuring an α-ketone moiety (amide Z, [4.3.1], R
= C(O)Me) reveals that in the ground state the amide bond
(νCO = 1715 cm−1) vibrates at an approximately 40 cm−1

lower frequency than the ketone moiety (νCO = 1754 cm−1),
consistent with the higher electrophilicity of the carbonyl
group. Upon N-protonation, the amide bond (νCO = 1830 cm−1)
becomes signif icantly more electrophilic than the ketone (νCO =
1773 cm−1) and should become the more reactive site in this
molecule. This change is further reflected by the CO bond
lengths in the neutral and N-protonated amides (amide/ketone
CO bond lengths of 1.227/1.220 Å in the neutral amide and

1.197/1.211 Å in the N-protonated amide). From an
experimental perspective, this finding suggests that chemo-
selective transformations of N-activated amides in the presence
of carbonyl functionalities should be feasible. Notably, N-
protonation of amides containing the [4.3.1] ring system is
facile under standard laboratory conditions.10a,34a,b

In summary, the calculated infrared carbonyl stretching
frequencies have been found to be in good agreement with the
classical amide bond resonance model: an increase in νCO has
been observed with increasing pyramidalization at nitrogen,
which reflects the extent of the nN → π*CO conjugation. We
have demonstrated that infrared spectroscopy gives very
accurate predictions of the amide bond distortion parameters,
including those of N- and O-protonated amides. Thus, a simple
infrared measurement in conjunction with the τ and χN
correlations can be used to provide an estimate of the amide
bond distortion in nonplanar amides.

■ CONCLUSIONS

Changes that occur during rotation around the N−C(O) axis in
one-carbon-bridged twisted amides have been studied using ab
initio molecular orbital methods. The calculated structures and
energies of more than 20 distinct scaffolds ranging from [2.2.1]
to [6.3.1] ring systems validate the use of small- and medium-
sized one-carbon-bridged twisted amides as models for a
systematic study of geometric changes that occur during the
rotation of amide bonds. The selected set of bridged amides
covers the whole spectrum of amide bond distortion geo-
metries. In the 12 parent scaffolds, the twist angle changes from
essentially planar to fully perpendicular (τ = 11.32−90.0°),
while pyramidalization at nitrogen varies from essentially sp2-
hybridized to fully sp3-hybridized nitrogen (χN = 5.99−71.44°).
In contrast, the carbonyl carbon remains essentially planar in
the series (χC = 0.0−15.42°). The length of the N−C(O) bond
varies between 1.474 and 1.365 Å, while the length of the C
O bond is between 1.201 and 1.228 Å. Thus, an increase in the
amide bond distortion results in a significant lengthening of the
N−C(O) bond, while the CO bond remains relatively
unchanged. This provides strong support for the classical
resonance model. Determination of the structural parameters
and energies of the more advanced ring scaffolds provides
significant insight into previous experimental results and
highlights the importance of conformational constraint to
achieve gradual levels of distortion of amide bonds within the
same ring system of bridged lactams.
The calculated resonance energies indicate that the parent

one-carbon-bridged lactams can be classified into three groups:
(i) lactams in which the resonance energy virtually disappears
or is very low (1.4−5.1 kcal/mol), (ii) lactams in which the
resonance energy is calculated to be moderate (9.4−10.7 kcal/
mol), and (iii) lactams in which the resonance energy
corresponds to that of a typical amide bond (16.0−18.0 kcal/
mol). N-Protonation results in a significant lengthening of the
N−C(O) bond (average lengthening of 0.169 Å), while the
CO bond undergoes moderate shortening (average short-
ening of 0.031 Å). O-Protonation results in a considerable
lengthening of the CO bond (average lengthening of 0.090
Å), while the N−C(O) bond shortens to a similar extent
(average shortening of 0.087 Å). In eight of the O-protonated
lactams, the CO bond is longer than the N−C(O) bond,
which provides a compelling argument for the classical
resonance theory.
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Calculation of proton affinities reveals that the studied
lactams can be divided into two groups: (i) amides that favor
protonation at nitrogen (ΔPA = 4.3−37.5 kcal/mol), and (ii)
amides that favor O-protonation (ΔPA = −4.5 to −12.8 kcal/
mol). An exception is the [5.4.1] ring system, which is
calculated to favor N-protonation by only 0.9 kcal/mol. This
ring system is predicted to undergo both O- and N-protonation
close to equilibrium. Notably, an excellent linear correlation
between ΔPA and the sum of the twist angle and
pyramidalization at nitrogen has been found. This provides a
compelling answer to the long-standing question of structural
factors governing the N- versus O-protonation switch in
nonplanar lactams. The Σ(τ+χN) value of around 50−60° appears
to be close to a barrier between N- and O-protonation of
amides. This is much lower than the distortion that would
correspond to a fully perpendicular amide bond (Σ(τ+χN) =
150.0°), which has been proposed to be required for efficient
N-protonation.
The calculated core ionization energies, atomic charges,

frontier molecular orbitals, and infrared frequencies provide
further insight into the electronic changes in amide bonds that
occur during rotation along the N−C(O) axis. The energies of
the frontier molecular orbitals can be correlated with ΔPA, and
this can be used as a valuable predictor of the protonation sites
of the bridged lactams. Furthermore, the infrared carbonyl
stretching frequency (νCO) serves as an accurate predictor of
the amide bond distortion parameters, including those of N-
protonated amides.
Notably, the presented arguments strongly support the

classical amide bond resonance model in predicting the
properties of nonplanar amide linkages. More specifically, the
changes in bond lengths, pyramidalization at nitrogen, N- and
O- protonation, charges, core ionization energies, and infrared
carbonyl stretching frequencies that occur upon rotation from
planarity to the perpendicular transition state support the
classical resonance model. The linear correlation involving the
twist angle and pyramidalization at N is further consistent with
the classical resonance model. We hope that the understanding
of the effects of amide bond rotation provided here will
contribute to the rational application of nonplanar amides in
medicinal and organic chemistry. For example, a wide range of
applications to expand the scope of the intriguing C−N
hydrogenolysis reactions of bridged lactams can be readily
envisioned. Theoretical investigations of other classes of
nonplanar molecules are ongoing, and these results will be
reported shortly.
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