
Organic &
Biomolecular
Chemistry
Cite this: Org. Biomol. Chem., 2011, 9, 27

www.rsc.org/obc EMERGING AREA

Medium-bridged lactams: a new class of non-planar amides
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Medium-bridged twisted lactams, in which a non-planar amide bond is achieved by incorporating the
nitrogen atom at the bridgehead position in a medium-sized heterocycle, offer an attractive setting in
which to study the properties of distorted amide linkages. This Emerging Area article will describe
progress in the preparation and study of these compounds. This work shows that compounds
containing an even moderately distorted amide bond display useful and unusual chemical properties
while retaining a measure of stability that enables their study.

Introduction

The amide bond is one of the most important functional groups
in chemistry and biology. Amides link amino acids in peptides
and proteins and are vital structural units in a myriad of
synthetic polyamides, natural products, and pharmaceuticals. The
properties of amide bonds result from the intervention of two
major canonical structures, leading to a partial double bond
character of the N–C(O) motif and manifest in a strong tendency
of amide bonds to preserve planarity.1

Nevertheless, not all amide bonds in peptides are perfectly
planar.2 Moreover, N–C(O) rotation has long been proposed to
occur in the enzymatic hydrolysis and cis-trans isomerization
of amide bonds.3 In addition, distorted amide bonds are key
elements of b-lactam antibiotics as first encountered in fungi
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and subsequently refined by medicinal chemists.4 Deviation from
planarity is accompanied by hybridization and geometry changes
at nitrogen and leads to a host of modifications in chemical
reactivity of amide bonds, only one of which is its hypersensitivity
to hydrolysis (Fig. 1).5

Fig. 1 Planar and distorted amide bonds.

All of this would seem to provide strong motivation for organic
chemists to prepare and study amides with a range of degrees of
twist. Indeed, some very important work has been registered in
this area for over 70 years,6 but with an almost complete focus on
highly twisted – and therefore extremely unstable – amides and the
detailed study of only a single reaction (amide hydrolysis).1,7
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We have begun to study amides that are substantially “twisted”
thanks to their incorporation in particular medium-ring lactam
scaffolds that permit the preparation and use of these compounds
in a variety of settings, including aqueous solutions. In this article,
we will argue that these compounds are readily prepared, display
unconventional chemical properties, and represent a new direction
for the study of non-planar amides.

Early work

Distortion of amide bonds can be achieved by geometric
restriction,6 steric repulsion8a–8b or electronic delocalization,8c–8d

however conformational restriction offers certain advantages over
the latter methods (Fig. 2). Of these, geometrically restricted
lactams are of special interest because they do not suffer from
excessive steric hindrance around the amide bonds or from
electronic influence of neighbouring substituents. Bridged lactam
scaffolds can also be more easily modified and diversified, when
compared to other classes of distorted amides.1

Fig. 2 Examples of compounds in which amide bonds are distorted by:
a) geometric restriction, b) steric repulsion, c) electronic delocalization.

The first mention of a bridged lactam dates back to 1938 (the
same time as the origin of Pauling’s resonance theory). In that year,
Lukeš proposed that incorporating a nitrogen at a bridgehead
position in a bicyclic ring system would result in a violation of
Bredt’s rule by the amide zwitterionic resonance structure.9 Being
unsuccessful in preparing some bridged amides by cyclizations
(Scheme 1), Lukeš concluded that such amides are “sterically im-
possible” and if they were ever made they would exhibit properties
of ketones rather than amides. In 1941, R. B. Woodward initiated a
research program directed towards the problem of synthesizing the
related [2.2.2] bicyclic 2-quinuclidone.10 Like Lukeš, Woodward
appreciated that such compounds would represent a new breed of
lactam structures.

Scheme 1 Attempted synthesis of anti-Bredt amides by Lukeš.

Subsequent investigators had more success in preparing bridged
bicyclic amides employing intramolecular condensations,11a–g

cycloadditions11h and transition metal catalyzed11i–j approaches
(Scheme 2). More recent work has expanded the palette to include
bridged lactams containing larger ring systems and heteroatom-
substituted versions (Fig. 3).12 However, these efforts usually
generated a limited set of analogs and produced some compounds

Scheme 2 Early examples of synthesis of bridged lactams.

Fig. 3 Selected examples of bridged lactams.

containing nearly planar amide linkages despite the bridged
structures. In general, the follow up chemistry associated with
these new compounds was not examined.

In 1998, Kirby, while studying the reverse anomeric effect,
achieved the synthesis of 1-aza-2-adamantanone, which he sub-
sequently described as the “most twisted amide” (Scheme 3a).13

This nearly perfectly perpendicular amide (twist angle,14 t = 90.5◦;
sum of three bond angles at nitrogen, q = 325.7◦) displayed some
very unusual keto-amine-like reactivity, including rapid hydrolysis
in water (t1/2< 50 s), high basicity of the amide nitrogen (pKa

~5.2) and spectroscopic properties typical of an amino ketone
(IR nCO = 1732 cm-1, d 13C NMR = 200.0 ppm). In 2003, Coe
utilized a homologue of 1-aza-2-adamantanone as an intermediate
in the synthesis of nicotinic receptor ligands by subjecting it to an
unprecedented Wolff–Kishner reduction (Scheme 3b).15 In both
of these studies, the rigid adamantane-type structures facilitated
the synthesis and influenced the properties of these lactams.

Scheme 3 Synthesis of adamantane-derived bridged lactams.

28 | Org. Biomol. Chem., 2011, 9, 27–35 This journal is © The Royal Society of Chemistry 2011



In 2006, Tani and Stoltz succeeded in synthesizing an iconic
twisted amide, 2-quinuclidone (isolated as its tetrafluoroborate
salt) using an intramolecular Schmidt ring expansion reaction
(Scheme 4).16 This method allowed for the scrupulously anhy-
drous conditions required for isolation of this extremely unstable
compound (in water, its t1/2 was less than 15 s). The X-ray structure
of the protonated amide indicated a fully orthogonal amide bond
(t = 90.9◦ and pyramidalization at nitrogen,14cN = 59.5◦).

Scheme 4 Synthesis of 2-quinuclidonium tetrafluoroborate.

Prior to our studies (described in detail below) the potential
of medium-bridged lactams could not be fully realized for the
following reasons: (a) lack of unified synthetic approaches to
medium-bridged lactams, (b) insufficient degree of distortion of
amide bonds in lactams of this type that had been prepared (and
thereby limiting new amide bond chemistry in these compounds)
or (c) inadequate aqueous stability.

Discovery and preparation of medium-bridged lactams

In 2002, we unexpectedly encountered a tricyclic bridged amide
in the context of a total synthesis of stenine (3a, Scheme 5).17

In this domino reaction sequence, an intramolecular Diels–Alder
reaction afforded an intermediate cis-decalone containing an axial
azidoalkyl chain. The lactams were obtained by the subsequent
C→N migration and loss of N2. Presuming migration of the
bond antiperiplanar to the diazonium cation, the intermediate
A containing the leaving group in a pseudoequatorial position led
to the fused lactam whereas migration of the bond antiperiplanar
to the N2

+ in the pseudoaxial orientation afforded the previously
unobserved bridged analogue. Importantly, the structure of tri-

Scheme 5 Synthesis of tricyclic planar and medium-bridged lactams via
domino Diels–Alder/Schmidt sequence.

cyclic bridged amides was confirmed by X-ray crystallography,
indicating that these compounds contain amide bonds from a
previously unknown distortion range (t = ca. 50◦), and suggested
some attractive possibilities for investigating the properties of
compounds containing “half-way” rotated amide bonds.18

In theory, when an azide-containing side chain is placed at the
carbon adjacent to the electrophile, two constitutional isomers
can be formed (Scheme 6).19 Formal insertion of the azide into
the proximal C–C bond of the reactive electrophile would give
a fused structure (path a), while the insertion into the distal C–
C bond would give a bridged system (path b). The formation of
3a (Scheme 5) was completely unexpected insofar as all previous
examples of the intramolecular Schmidt reaction had exclusively
given fused amides.19b

Scheme 6 Potential regiochemical outcomes in the intramolecular
Schmidt reaction of a-substituted ketones.

We had previously proposed that chairlike cyclohexanone
substrates can afford bridged products only when the azide-
containing side chain and the diazonium cation occupy pseudoax-
ial orientations (Scheme 7, ax-tether, ax-cation).19a This is because
other orientations – which are additionally favored for standard
conformational reasons – do not permit an antiperiplanar rela-
tionship between the leaving group and the bond necessary for
bridged lactam formation.

Scheme 7 Reactive conformations in the intramolecular Schmidt
reaction.
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Table 1 Cation-p directed Schmidt reaction

Yield (%)

Entry R1 R2 Bridged Fused

1 t-Bu C6H5 61 22
2 t-Bu 4-(MeO)C6H4 71 11
3 t-Bu 4-(NO2)C6H4 39 38
4 t-Bu H 17 57
5 H C6H5 0 96

We sought to expand these findings into a more general synthesis
of bridged bi- and tricyclic lactams. After a few false starts, we
proposed that an appropriately situated aromatic group might
be able to stabilize an axial N2

+ group via a through-space
non-bonded cation–p interaction and accordingly persuade the
desired bond to migrate. This was a risky proposition given that
cation–p interactions are rarely invoked in organic chemistry and,
to our knowledge, had not been previously used to influence
the regiochemistry of a chemical reaction.20 However, we had
previously deployed this idea in an asymmetric version of the
Schmidt reaction21 and also considered the intriguing possibility
that the same effect could be used to explain the complete
formation of a fused lactam in the reaction of 1c → 2c (cf. 1b →
2b + 3b, Scheme 5).22a

To test this hypothesis, a conformationally-locked a-phenyl
substituted azide was prepared and found to afford a bridged
lactam as the major product of its intramolecular Schmidt reaction
(Table 1, entry 1).22a In this breakthrough discovery, which was the
first time that the bridged product was observed to predominate
against a fused possibility, the regiochemical control was achieved
by the presence of both: (1) an axial tether and (2) the proposed
cation–p interaction in the key azidohydrin intermediate (Table 1,
box). Control reactions demonstrated that both the tert-butyl
substituent and the aromatic ring were necessary for the efficient
formation of the bridged products (entries 4–5). The observations
that the bridged/fused ratio increased with a more electron-rich
aromatic ring system and was found to be lower with an electron-
withdrawing 4-nitrophenyl group provided strong support for the
proposed cation–p interactions (entries 1–3).22b Subsequently, it
was found that coordination of Lewis acids to substituents on the
aromatic ring cannot be neglected in this system, emphasizing the
importance of selecting appropriate reaction conditions to obtain
maximum cation–p stabilization effects.

This concept could be extended to substrates containing an a-
heteroatomic group (Table 2).23 Importantly, the presumed cation–
n stabilization operating in this system obviated the necessity for
a locked conformation of the reactive azidohydrin intermediate.
This not only significantly expanded the utility of Schmidt reaction
for the synthesis of a range of one-carbon bridged lactams but
also permitted the installation of a functional handle that could
be subsequently converted to other useful chemotypes. The best
results were obtained by placing thiomethyl substituent in the
a-position (entries 1–3). From a theoretical viewpoint, these
experiments have so far all been in agreement with our original

Table 2 Cation-n directed Schmidt reaction

Yield (%)

Entry R1 R2 Bridged Fused

1 H SMe 65 15
2 H OMe 23 52
3 H SPh 35 32
4a t-Bu, trans SMe 86 14
5 t-Bu, cis SMe 0 75

a Bridged/fused ratio determined by 1H NMR; bridged lactam isolated in
74%.

Table 3 Synthesis of bridged orthoamides by Schmidt reaction

Entry R1 R2 n Yield (%)

1 t-Bu C6H5 1 88
2 t-Bu 4-(MeO)C6H4 1 86
3 t-Bu 4-(NO2)C6H4 1 94
4a H SPh 1 78
5 H C6H5 1 59
6 H C6H5 0 91

a TMSOTf.

ideas pertaining to the role of conformational effects in controlling
the outcome of these Schmidt-like reactions (entries 4-5).19a The
thiomethyl group was engaged in additional transformations to
obtain a family of structurally related bridged lactams.

Interestingly, a significant increase in regioselectivity was noted
when the Schmidt reaction was enacted on electrophilic species
derived from ketals (Table 3).24 Azide attack followed by rear-
rangement led to the formation of a relatively stable iminium ion
intermediate, the intramolecular capture of which provided access
to a set of unusual bridged orthoamides. These “a-amino ketals”
are analogous to tetrahedral intermediates of amide addition
reactions25 and can also be readily transformed into the parent
twisted lactams.

Besides providing the first examples of any intramolecular
Schmidt reaction affording exclusively bridged products, confor-
mationally flexible 2-phenyl substituted azides cleanly furnished
the bridged orthoamide (entry 5), while the [4.2.1] bridged scaffold
was prepared employing a shorter azide chain (entry 6). It is likely
that in the latter case, the fused product did not form due to
strain developing en route to the corresponding four-membered-
lactam containing fused product.26 The enhanced regioselectivity
observed with ketal-containing vs. ketone-containing azides was
ascribed to result from steric and electronic repulsion between the
diazonium cation and the ketal tether. In addition, these reactions
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were not hampered by the necessity of forming a strained non-
planar amide.

We thought it important to expand the availability of medium-
bridged lactams to other ring systems. To accomplish this, we
envisioned a new strategy based on the initial formation of a
medium-sized ring, followed by a transannular cyclization reaction
(Scheme 8).27 To this end, we found that ring-closing metathesis
of simple diene precursors followed by transannular amidation
provides a direct and straightforward access to a large family of
medium-bridged lactams. This methodology was applied to the
preparation of six different ring systems of one-carbon bridged
lactams. Hydrogenation of double bonds provided access to un-
constrained analogues. It should be noted that although synthesis
of medium-sized nitrogen-containing heterocycles is challenging,
the application of quaternary malonate esters facilitated these
RCM reactions, permitting efficient preparation of the precursors
for the final lactamization.

Scheme 8 Direct two-step strategy for synthesis of bridged lactams.

Importantly, although the medium-bridged lactams did not
contain perfectly orthogonal amide bonds, these compounds ex-
hibited more downfield shifts in the 13C NMR spectrum and higher
stretching frequencies in the infrared spectrum corresponding to
the amide bonds, which is consistent with a considerable degree
of twist and ketone-like character of these amides (Table 4).
Moreover, the infrared stretching frequencies of one-carbon
bridged lactams covered a spectrum that starts in the range for
planar amides (Table 4, entries 4–5), and ends close to that of a
traditional ketone (entries 1–2), suggesting that the family of one-
carbon bridged amides is well-suited for the systematic evaluation
of the effect of geometry on properties of amide bonds.

Table 4 Spectroscopic properties of medium-bridged lactams

Entry Ring System Lactam C O 13C [ppm] Lactam IR nC O[cm-1]

1 [4.2.1] 183.4 1716
2 [5.2.1] 180.1 1693
3 [6.2.1] 173.4 1685
4 [4.3.1] 181.0 1679
5 [5.3.1] 176.6 1647
6 [4.4.1] 186.3 1643

Reactivity of bridged lactams

Due to the limited conjugation of amide bonds, distorted amides
exhibit reactivity dissimilar to traditional amides. In general, the
C O group is more electrophilic than in planar amides, while
nitrogen, depending on the twist of the amide bond, might behave
as a basic amine. At the outset of our studies, however, there were
very few reports addressing twisted amide reactivity, with the vast
majority of studies in place focused almost exclusively on amide
bond hydrolysis.6 We thought that the intriguing reactivity profile
of non-planar amide bonds deserved a broader look and began,
like the pioneers before us, with hydrolysis chemistry.

Hydrolysis of medium-bridged amides

As a result of the enhanced electrophilicity of the amide carbonyl
group, the vast majority of bridged amides is unstable to aqueous
conditions. This hydrolytic instability complicates the synthesis
and isolation of some of the more distorted bridged amides and
is the single most important factor that has prevented a thorough
investigation of the properties of these lactams (Fig. 4).1,28

Fig. 4 Hydrolytic instability of twisted and distorted amides.

In sharp contrast, we determined that medium-bridged lactams
are remarkably stable in aqueous solutions (Scheme 9).29 Their
superior stability results from incorporation of the amide bond
into a one-carbon bridge placed across a medium-sized heterocycle
where it is subjected to scaffolding effects of medium-sized rings.
Although we found small differences in the hydrolytic stability
between tricyclic and bicyclic lactams, both types of structures are
stable under biologically relevant pH conditions (pH = 4–10). This
study culminated in the discovery of a bicyclic lactam that is not
only stable but also fully water-soluble, which represents the first
example of a significantly distorted bridged amide characterized
by such properties. We note that these observations open up

Scheme 9 Hydrolytic behaviour of one-carbon bridged lactams.
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the possibility of bridged lactam-containing scaffolds in various
biological applications.30

N-Activation of medium-bridged amides

Although oxygen is the protonation site of planar amide bonds,
N-activation of amides has been invoked in discussions of various
enzymatic processes and should at any rate provide access to new
reactivity profiles of amides.1 Specifically, we expected the limited
potential for nN→p*C O donation and the enhanced basicity of the
nitrogen in medium-bridged lactams to engender potentially new
reactivities of both theoretical and practical interest.

In fact, we experienced a surprise very early on in these studies
when we discovered that one-carbon bridged amides undergo
unprecedented C–N bond cleavage reactions under very mild
reaction conditions (Scheme 10).18 Strikingly, the hydrogenation
reactions were completely regioselective, with the C–N bond
furthest away from co-planarity with the carbonyl group in the
neutral lactam being selectively broken (Scheme 10a). It is likely
that the amide bond nitrogen is activated for these reactions by
forming a hydrogen bond with alcoholic solvents. Furthermore,
tricyclic amides were found to undergo novel functionalization
reactions on treatment with MeI and DDQ (Scheme 10b–c). These
experiments fully established that distorted amides (and not only
completely twisted lactams) display unique reactivity reaching
beyond the known enhanced rate of hydrolysis or ketone-like
reactions of amides. More recently, we found that the presence
of an internal double bond increases reactivity of bicyclic lactams
towards s bond C–N hydrogenolysis.27,31

Scheme 10 Regioselective cleavage of unactivated N–C bonds.

Given the potential importance of N-protonation of distorted
amides, we prepared several examples of N-protonated lactams
and examined their structures by X-ray crystallography (Fig. 5).32

This study provided the first direct crystallographic comparison
between any twisted amide and its corresponding salt. The
ball-and-stick representations taken from the X-ray data clearly
indicate a dramatic increase of pyramidalization around the C–
N amide bond. We were unable to make the analogous salts
from the moderately less distorted bicyclic analogs, which leads
us to hypothesize that the twist/not-twist border from a reactivity
perspective of amide bonds lies close to t = 50◦.

Fig. 5 (a) N-Protonation of tricyclic bridged lactams (close-up of the
amide region is shown in boxes, view along N–C(O) axis; ball-and-stick
depictions of the X-ray derived structures). (b) Full crystal structure of
N-protonated medium-bridged twisted amide.

Synthesis of stable tetrahedral intermediates

The geometric constraints of non-planar amides should also
greatly modify the chemistry of the affected carbonyl group and its
derivatives. For example, Kirby reported the synthesis and X-ray
structure of the N-protonated hydrate of 1-aza-2-adamantanone
(Scheme 11).13b This compound may be viewed as a model for a
cationic tetrahedral intermediate in acid-catalyzed acyl transfer
reactions.25 The structure was characterized by a long C–N bond
and a significantly shortened C–O bond, while its stability resulted
from the torsional restriction imposed by the adamantane scaffold.
Kirby had also reported the ketalization and Wittig methylenation
of 1-aza-2-adamantanone,13a while related hydrazine formation
was employed by Coe (Scheme 3).15 Aside from these examples,
when we began our work, there was very little information
available as to exactly how ketone-like twisted amides really were.

Scheme 11 Tetrahedral intermediates from 1-aza-2-adamantanone.

Conceptually, one might begin such a survey with simple
nucleophilic addition reactions. Along these lines, we determined
that medium-bridged lactams react with a mild reducing agent
(NaBH4) and the resulting hemiaminals are stable to reaction and
isolation conditions (Scheme 12a). When an electron-withdrawing
group was a to the twisted amide bond, an unusual C–C bond
cleavage reaction was observed (Scheme 12b).33

By subjecting our amides to organometallic additions of
increasing steric demand (H- to t-BuLi), we learned that the
resulting adducts undergo a transition from products having stable
tetrahedral carbons to the collapsed ketone isomers (Scheme 13a).
In some cases, intermediary products featuring intramolecular
N ◊ ◊ ◊ C O interactions could be observed under certain condi-
tions (Scheme 13b).33

Kirby- and Coe-like formations of ketals and other common
carbonyl derivatives were also observed (Scheme 14), solidifying
support for the idea that even moderately distorted twisted amides
really do behave like ketones.33

The introduction of strain into the amide adducts would provide
an even more severe test of the ability of the bridged amide
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Scheme 12 Hydride addition to medium-bridged twisted lactams.

Scheme 13 Transition from stable tetrahedral intermediates to ketone
isomers in a series of medium-bridged twisted lactams.

Scheme 14 Synthesis of bridged aminoketal and amidine.

to accommodate unusually stable “tetrahedral intermediates” of
this type. Accordingly, we found that a family of aminoepoxides
could be synthesized by direct Corey–Chaykovsky epoxidation
of medium-bridged lactams with dimethylsulfonium methylide
(Scheme 15).34 This transformation clearly benefits from the
limited overlap of the lone pair of electrons of the amide nitrogen
and the carbonyl systems. In strong analogy, we propose that

Scheme 15 Synthesis of bridged aminoepoxides.

the decreased nN-s*C–O delocalization of the epoxide adducts is
responsible for the stability of the resulting products.

We have begun to examine the reactivity of both a-amino
ketals (formed in the Schmidt reaction of azido alkyl ketals,
Table 3) (Scheme 16a)24 and epoxide adducts (Scheme 16b).34

These bridged heterocycles participate in a number of intriguing
reactions including ring opening of the bicyclic system, N-
protonation, and other rearrangements. The unusual reactivity
patterns uncovered provide evidence that bridged systems of this
type will accommodate bridged iminium ion intermediates and
warrant further study.

Scheme 16 Reactivity of bridged aminoketals and aminoepoxides.
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Conclusions

Medium-bridged twisted lactams contain distorted amide linkages
that, in contrast to traditional planar amide bonds, are vastly
unexplored. The Schmidt reaction and transannular cyclization
approach provide complementary routes to an unprecedented
number of structurally related bridged amides. The use of
electrostatic cation–p and cation–n interactions in the Schmidt
rearrangement as a product-controlling feature is unusual and
provides a potentially powerful new tool for stereoselective organic
synthesis in general.

The key advantages of one-carbon bridged lactams over other
known models of distorted amides include enhanced stability
in aqueous solutions, availability of systems with different ge-
ometries, and ease of structural diversification. Some intriguing
results have already emerged from our initial studies. For example,
reactions arising from N-activation of amide bonds, structural
characterization of N-protonated lactams, and the synthesis of an
array of previously unknown heterocycles have been described.
Due to their aqueous stability profile, another potential applica-
tion of medium-bridged lactams could be in drug discovery (i.e.,
as new scaffolds expanding available chemical space).30

Although non-planar amides and their properties have been
of interest for the better part of a century, the discovery of
medium-bridged twisted lactams constitutes a useful advance to
the field by (1) showing that modification of amide bond properties
does not require an all-or-nothing approach and (2) that this
class of compounds has real potential for uses beyond the study
of amide bond hydrolysis. We hope to contribute to this field
through further study. In addition to finding useful applications of
medium-bridged lactams, for example in total synthesis projects,
our future work will be focused on gaining more insight into the
quantitative evaluation of the distorted amide bonds contained in
these fascinating molecules.
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29 M. Szostak, L. Yao and J. Aubé, J. Org. Chem., 2009, 74, 1869.
30 For pioneering application of bridged amides in medicinal chemistry,

see: (a) E. E. Smissman, R. A. Robinson, J. B. Carr and A. J. Matuszak,

J. Org. Chem., 1970, 35, 3821; (b) W. J. Brouillette and H. M. Einspahr,
J. Org. Chem., 1984, 49, 5113; (c) W. J. Brouillette, G. L. Grunewald,
G. B. Brown, T. M. DeLorey, M. S. Akhtar and G. Liang, J. Med.
Chem., 1989, 32, 1577.

31 We also observed a similar enhanced reactivity of s C–N amide bond
in the synthesis of bridged thioamide: M. Szostak and J. Aubé, Chem.
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