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ABSTRACT
Rotation about the C-N bond in amides can be catalyzed by
Brønsted and Lewis acids, as well as nucleophiles and bases.
Catalysis of amide isomerization occurs in biological systems via
“rotamase” enzymes; however, the mechanisms by which these
proteins operate are not completely understood. We outline
investigations that provide experimental support for mechanisms
believed to be feasible for the catalysis of amide isomerization and
present practical applications that have resulted from this work.

Introduction
The observation of slow cis-to-trans isomerization (rota-
tion) about the C-N bond in amides (eq 1) and its
implications for structure and reactivity have fascinated
chemists for many years. As with many other “slow”

processes, chemists have sought ways to “speed it up”,
i.e., catalyze it by a variety of mechanisms, involving
Brønsted and Lewis acids, as well as nucleophilic and
basic catalysis. Nature has also devised ingenious ways
to catalyze amide rotation by means of “rotamase”
enzymes, otherwise known as the peptidyl prolyl isomer-
ases (PPIases). Much attention has recently been paid to
these novel enzymes due to their importance as biological
receptors for the immunosuppressive drugs cyclosporin
A and FK-506. Additionally, they may play other roles in
vivo, including the catalysis of protein folding, functioning
as auxiliary enzymes in HIV-1 protease-mediated reac-
tions, modulation of calcium release, and in mitotic
regulation. The mechanisms by which these enzymes,
including the FK506 binding proteins (FKBPs), cyclophi-
lins, and the newly discovered parvulin class, isomerize
amides are not completely understood. In various guises,

distortion, desolvation, Brønsted acid/base catalysis, and
nucleophilic catalysis have been proposed to play pivotal
roles in the enzymatic mechanisms of action.1 It has
proven challenging in these biological systems to decon-
volute each contributing factor to discern fundamental
mechanistic characteristics of the enzymes. Recently,
model systems have been devised in which the viability
of several of these mechanistic candidates could be
evaluated, free from other interfering effects. In this
Account, we document biologically relevant intramolecu-
lar catalysis and nucleophilic catalysis of amide isomer-
ization; base-catalyzed amide isomerization and Lewis
acid-catalyzed amide isomerization are also discussed in
turn. Although the biological relevance of these last two
mechanisms remains to be established, Lewis acid cataly-
sis would seem to be a possible way to catalyze protein
folding in vitro, and experiments along these lines on
collagen model systems are discussed. Finally, we also
reveal how the catalysis of amide isomerization may relate
to the reaction chemistry of N-acylaziridines.

The Amide Group: A Brief Overview
The amide is one of the most significant functional groups
in all of chemistry, forming the basic building block of
biologically important polymers such as peptides and
proteins, as well as commercially important ones such as
nylon. The resonance theory Pauling advanced many years
ago explains many properties of amides, such as short
C-N bond lengths,2 carbonyl stretching frequencies in the
IR spectrum,3 kinetic stability toward nucleophilic attack,4

and the barrier to rotation about the C-N bond.5 As
explained by resonance theory, amides are essentially
planar due to delocalization of the lone pair of electrons
on nitrogen into the π-orbital of the carbonyl group,
resulting in substantial double-bond character in the C-N
bond (form 1b).6,7

The observation of hindered rotation about the C-N
bond in amides was realized in the earliest days of NMR
spectroscopy and represents the first application of dy-
namic NMR to mechanistic organic chemistry.8 Although
the barrier to C-N rotation is readily surmountable at
room (or physiological) temperature, the reaction is slow
on the NMR and biological time scales; for instance, the
barrier to rotation (∆Gq) of neat dimethylacetamide at 25
°C is about 18 kcal/mol,9 which leads to a rate constant
of 0.4 s-1. In more heavily substituted amides, ∆Gq can
approach 22 kcal/mol (5 × 10-4 s-1), and it is easy to
imagine that any reaction dependent upon cis-trans
interconversion could be rate limited by such a process.
In fact, it is now well known that the cis-trans isomer-
ization of proline residues is the slow step in the folding
of a number of peptides and proteins.1b
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Solvent effects are well known to play a large role in
the barrier to C-N rotation. For instance, ∆Gq can be
increased by up to 3 kcal/mol (>100-fold rate decrease)
simply by changing the environment from a nonpolar,
non-hydrogen-bonding solvent to water.10 This effect has
been explained by selective stabilization of the more polar
ground state in water, versus the transition state of
isomerization, wherein amide resonance is disrupted and
charge separation diminished.9 The reverse process, trans-
fer of an amide from water to a hydrophobic environment,
termed “desolvation”, has been proposed to be important
biologically as a mechanism for the catalysis of amide
isomerization.11

The Brønsted acid-catalyzed isomerization of amides
has also been well studied.1a Even though the carbonyl
oxygen is universally believed to be the thermodynami-
cally preferred site of protonation in amides (2a),12 the
catalysis of amide isomerization by strong Brønsted acids
is a well-known process that is most easily rationalized
as occurring through a small but kinetically significant
quantity of N-protonated intermediate 2b.13 For example,

the rate of amide isomerization of dimethylacetamide
increases 130-fold when the pH of the solution is changed
from 7.0 to 1.8.14 Other investigations into the isomeriza-
tion of amides have focused on isotope15 and substituent
effects.16 Collectively, these mechanistic observations sug-
gest that the resonance model is a useful guide for
understanding the reactivity of the amide group, and they
also indicate that interactions which disrupt resonance
should, in theory, catalyze amide isomerization.

Intramolecular Catalysis of Amide
Isomerization
In a notable theoretical study,17 Karplus proposed that
intramolecular catalysis of amide isomerization, by dona-
tion of a weak hydrogen bond from the backbone NH of
a proline residue to the amide nitrogen (Na), plays a role
in the mechanism of FKBP-catalyzed peptide folding
(Figure 1A). This stabilizing interaction was postulated to
contribute 1.4 kcal/mol of the 6.2 kcal/mol decrease in
∆Gq for FKBP-catalyzed proline isomerization. On the
other hand, cyclophilin is believed to bind substrates in
a so-called type VIb proline turn, in which the adjacent
amide proton is not properly aligned to induce intramo-
lecular catalysis. However, there is an Arg residue close
in the tertiary structure within the active site of cyclophilin
(but not in FKBP) that may act as the hydrogen bond
donor during catalysis (Figure 1B).17 In an earlier study
of the folding of dihydrofolate reductase (DHFR), the
authors proposed that an analogous intramolecular inter-
action between an Arg residue and a key Pro catalyzes
folding.18 In fact, intramolecular hydrogen bonding be-
tween a prolyl nitrogen and nearby H bond donors is

commonplace in structural protein chemistry,19,20 yet its
role in the folding and stabilization of proteins is yet to
be defined.

In an effort to provide experimental support for this
mechanistic hypothesis, we postulated that small peptides
containing the correct structural features should show
intramolecular catalysis in an organic medium that mim-
ics the hydrophobic environment of the FKBP active site.
For example, it seemed reasonable that if the activation
barriers for two sterically similar prolines were compareds

one proline containing the catalytic NH general acid in
the side chain, the other notsin both organic and in
aqueous solution, the difference in the barriers would be
a reflection of intramolecular catalysis. Amides 3 and
esters 4 fulfill these requirements. In nonpolar solution,
it is expected that the cis form of amides 3 contains an H
bond between the side chain and the prolyl Na (a 5-NH- -
Na bond); this interaction should be strengthened in the
transition state for cis-to-trans amide isomerization as Na

becomes more basic (eq 2). It was expected that, in

aqueous solution, intramolecular catalysis would be elimi-
nated by competition from the strongly H-bond-accepting
solvent molecules. Intramolecular catalysis (IC) was thus
defined as ∆(∆Gq) in the change from aqueous solution
to an organic solvent for model amides, with the analo-
gous ∆(∆Gq) for model esters subtracted (eq 3). However,
for isosteric substrates, there is no reason to believe that
the simpler eq 4 would not serve just as well and can
expand the range of model systems amenable to investi-
gation due to the often unfavorable separation of NMR
resonances in aqueous solution.21

FIGURE 1. Intramolecular catalysis in biological systems.

Intramolecular Catalysis in Terms of ∆Gq

(with Aqueous Correction):

IC ) [∆Gq
amide(aqueous) - ∆Gq

amide(organic)] -

[∆Gq
ester(aqueous) - ∆Gq

ester(organic)] (3)

Intramolecular Catalysis in Terms of ∆Gq:

IC ) [∆Gq
ester(organic) - ∆Gq

amide(organic)] (4)
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We began our study by obtaining kinetic data for the
cis-trans isomerization of prolinamide 3a (R ) 2-fluo-
rophenyl; R1 ) hexyl) and control ester 4a (R ) 2-fluo-
rophenyl; R1 ) hexyl).22 In 60% MeOD/D2O,23 the bar-
riers to amide isomerization of amide 3a and isosteric
ester 4a were found to be identical, as expected. The
equilibrium constants (K ) [trans]/[cis]) were also roughly
equivalent. In CDCl3 however, ∆Gq in amide 3a dropped
by 2.4 kcal/mol for trans-to-cis isomerization, and by 3.6
kcal/mol for cis-to-trans, whereas in ester 4a the respec-
tive barrier lowerings were both 1.0 kcal/mol (in line with
a simple solvent effect).10a Employing eq 3 thus provides
differences of 1.4 kcal/mol (trans-to-cis) and 2.6 kcal/mol
(cis-to-trans) that are attributed to intramolecular catalysis
from the 5-NH- -Na H bond.

Prolinamides and controls with anilide side chains of
different acidities were also analyzed kinetically. Amide
3b (R ) methyl; R1 ) phenyl) affords intramolecular
catalysis of 2.8 kcal/mol (cis-trans) at 25 °C in CD2Cl2.
Electron-donating substituents (3c, p-OMe; 3d, p-NMe2)
remotely placed on the aryl group show less catalysis (2.5
and 2.2 kcal/mol, cis-trans), whereas a remote electron-
withdrawing substituent (3e, p-COOMe) exhibits the
greatest degree of catalysis (3.3 kcal/mol, cis-trans). This
latter result represents a 260-fold rate enhancement of
amide isomerization over the corresponding control ester.
A Hammett plot of the data indicates that the relative rate
of catalysis is directly proportional to the acidity of the
side chain NH, supporting the mechanistic hypothesis.
The proposed hydrogen-bonding interaction was also
examined by IR spectroscopy, wherein a stretch at 3430
cm-1 was assigned to the 5-NH- -Na H bond. Additional
evidence for a 5-NH- -Na H bond was obtained by X-ray
crystallography of amide 5 (R ) p-bromophenyl), which
is “locked” in the cis form. The structure revealed a

distance from the backbone NH hydrogen to the ring Na

of 2.35 Å, an N-N distance of 2.79 Å, and a NH- -Na bond
angle of 120 ( 4°. These bond distances and correspond-
ing angles classify the observed 5-NH- -Na interaction as
a weak H bond.24 Further spectroscopic and kinetic
investigations on prolyl carbamates provided additional
support for the proposed mechanism of catalysis.22

Charged Donors for Intramolecular Catalysis of
Amide Isomerization
Although N-protonated amides are unknown species, we
felt it would still be worthwhile and feasible to observe
strong H bonding to the amide nitrogen, given a ap-
propriate, spatially proximate charged donor.25 To realize
this goal we synthesized amide 6, based on the proton
sponge scaffold, with the hope that the amino group,
when protonated, would act as a donor suitably positioned
to engage in a strong intramolecular H bond with the

amide nitrogen rather than with the carbonyl oxygen (eq
5). Spectroscopic and crystallographic investigations of

6-H+ were consistent with such a species. For example,
upon protonation of 6a in acetonitrile-d3, the amide
CdO stretch shifts +47 cm-1 from 1637 to 1684 cm-1,
consistent with a more ketone-like carbonyl. Additionally,
the X-ray structure of 6b-H+ reveals a bridging hydrogen
placed between the amino and the amide nitrogens. The
H bond distance of 2.17 Å and angle of 136° in 6b-H+

classify it as a “moderately strong” H bond.24 Further
evidence in support of a strong interaction was obtained
by examining the pyramidalization of the amide nitrogen
in 6b-H+ and comparing it to the X-ray structure of the
free base 6b.25

As expected, this H bond leads to a large increase in
the rate of rotation about the C-N bond (eq 6).26 Upon

the addition of 0.5 equiv of chloroacetic acid, the rate of
amide isomerization of 6 increased greatly, with ∆Gq

lowered from 20.9 to 15.9 kcal/mol at room temperature.27

This corresponds to a 2500-fold rate acceleration at room
temperature, the largest degree of intramolecular catalysis
we have accurately observed. Stronger acids catalyzed the
process so efficiently that we could not perform kinetic
analyses. In summary, these observations of intramolecu-
lar catalysis with both neutral and charged donors provide
experimental support for the action of analogous mech-
anisms in enzymatic systems.

Nucleophilic Catalysis of Amide Isomerization
Nucleophilic catalysis, in which the formation of a tetra-
hedral intermediate disrupts amide resonance and thus
facilitates rotation about the C-N bond (eq 7), has had a
tortuous history in the biochemical literature. Fischer et

al. originally proposed that nucleophilic catalysis, involv-
ing attack of a cysteine-based sulfur on the amide carbonyl
to form a hemithioorthoamide intermediate, plays a key
role in the mechanism of cyclophilin-catalyzed prolyl
isomerization.28 Subsequent studies involving site-directed
mutagenesis (SDM) on the native enzymes,29 as well as
kinetic isotope effects on small peptidic substrates,30 have
suggested that this hypothesis was incorrect for the
cyclophilins and the FKBPs. However, the recent discovery
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of the parvulin rotamases31 has regenerated interest in
enzyme-mediated nucleophilic catalysis. For instance, the
human PPIase Pin1 and the closely related Ess1 in yeast
are essential in the regulation of mitosis.32 A nucleophilic
component to the catalytic mechanism was proposed on
the basis of the X-ray structure of a Pin1-AlaPro dipeptide
complex, and on site-directed mutagenesis experiments.1c

The mutation Cys113 f Ala113 diminishes krel by a factor
of 120, and led the authors to propose that the active site
His59 deprotonates Cys113, which then attacks the amide
carbonyl to catalyze cis-trans isomerization; however, no
direct evidence for such a pathway was provided.

To synthesize a model system for the documentation
of nucleophilic catalysis, we once again exploited the
favorable juxtaposition of the peri-substituents in substi-
tuted naphthalenes. It was anticipated that amide 7,
following deprotonation of the amino proton, would
produce tetrahedral intermediate 8. If formation and
breakdown of 8 are faster than the rate of uncatalyzed
amide isomerization, interconversion of cis- and trans-7
will be catalyzed (eq 8). The 1H, 19F, and 13C NMR as well

as IR spectra of 7 in CD3CN with substoichiometric
amounts of potassium bis(trimethylsilyl)amide indicated
the presence of stable tetrahedral intermediate 8, whose
formation and breakdown were slow on the NMR time
scale.33

X-ray analysis of the potassium salt of 8 revealed an
anionic tetrahedral intermediate derived from nucleophilic
attack on an amide carbonyl, a species that is widely
accepted as an intermediate in the action of serine and
cysteine proteases. Two notable examples of amide tet-
rahedral intermediates precede ours. In the first, Kirby et
al. reported the synthesis of a remarkable hydrated amide
tetrahedral intermediate 9 based on the adamantylamide
framework.34 Additionally, an X-ray structure of anionic
tetrahedral intermediate 11 was reported by Adler et al.35

What is especially remarkable about this structure is that
it resulted solely from an intermolecular reaction of
phenyllithium with N,N-dimethylbenzamide.

The slow breakdown of intermediate 8 led us to
investigate the more biologically relevant system 12, in
which the attacking nucleophile is sulfur. In this system,
breakdown of tetrahedral intermediate 13 is, in fact, fast
on the NMR time scale. Note that the C-N bond of

intermediate 13 cannot undergo uninhibited rotation (as
in the simple analogue in eq 7) because it is constrained
within a ring. However, interconversion of the two sofa
conformers of 13, sofa I and sofa II, followed by their
respective breakdown, also interconverts the cis and trans
rotamers (Figure 2); theoretical calculations indicate that
interconversion of sofa I and sofa II should be very fast.

We measured the rate of isomerization of 12 in
CD3CN by 1H saturation transfer NMR, and the cis-trans
interconversion was found to occur with ∆Gq ) 19.0 kcal/
mol at 25 °C, ∆Hq ) 18.0 kcal/mol, and ∆Sq ) -3 ( 3 cal
mol-1 K-1. Upon addition of 1 equiv of potassium imid-
azolate (K-Im), the 1H NMR remained essentially unaltered
with the exception of a modest change in the cis:trans
ratio. The IR stretch of the carbonyl moved -20 cm-1 to
1636 cm-1, consistent with increased electron density of
the naphthyl system due to deprotonation of the thiol.
Attempts to observe the putative tetrahedral intermediate
13 by 13C NMR were unsuccessful, presumably due to its
extremely short lifetime and/or small population. How-
ever, kinetic analysis of the cis-trans isomerization was
straightforward: ∆Gq ) 16.2 ( 0.3 kcal/mol at 25 °C, ∆Hq

) 5.8 ( 0.3 kcal/mol, ∆Sq ) -35 ( 4 cal mol-1 K-1,
indicating a 2.8 kcal/mol lowering of ∆Gq due to nucleo-
philic catalysis. Additionally, if we analyze the results at
-25 °C, a sizable 4.3 kcal/mol reduction in ∆Gq is
observed.

We found that the degree of catalysis observed was
proportional to the quantity of base added, as 1 equiv of
K-Im produced an approximately 3-fold greater rate
increase than 0.25 equiv of K-Im. Numerous control
reactions were performed to rule out intermolecular
interactions, as well as undesired through-bond electronic
effects. For example, kinetic investigations indicate that
the rate of isomerization of 12 with 1 equiv of K-Im is
first order in substrate concentration between 5 and 20
mg/mL, and remote thiolates do not have a barrier-
lowering effect on the rate of amide isomerization. The
2.8 kcal/mol lowering of ∆Gq relates to a 110-fold increase
in the rate of cis-trans isomerization at room temperature
and represents a well-documented experimental observa-
tion of nucleophilic catalysis of amide isomerization in a
model system.

FIGURE 2. Proposed pathway of amide isomerization in 12.
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Future Directions: Base Catalysis of Amide
Isomerization
Enolization at the R-position of amides is also expected
to diminish amide resonance, thus substantially lowering
the barrier to rotation about the C-N bond. Although a
simple enough concept, it has not been well demonstrated
to date. Streitwieser et al. recently reported an effort to
measure the C-N rotational barrier in an amide enolate;
however, the attempt was unsuccessful due to the fact that
C-N rotation in this case was presumed to be too fast.36

In principle, only a very small amount of enolate need be
present in solution to dramatically lower the observed
barrier, if there exists fast proton exchange between the
two componentssnot a trivial assumption, considering
the well-known tendency of carbon acids to exhibit
kinetically slow proton exchange.37 The barriers to C-N
bond rotation in amide enolates can also provide useful
information on the extent to which “amide character” is
retained, depending on the precise nature of the substit-
uents and counterions. We have obtained unpublished
preliminary data that amide 14, containing a highly acidic
R-proton, undergoes a barrier lowering of 4.1 kcal/mol
upon treatment with 10 mol % sodium methoxide in
methanol (eq 11). Most notably, 1.1 equiv of proton

sponge produces a 2.2 kcal/mol lowering in this system.
Although the isomerization may proceed through the
putative intermediate 15, thorough follow-up studies are
underway to fully document the phenomenon.

Metal-Catalyzed Amide Isomerization
Historically, investigations into the effect of metal ions on
the cis-trans isomerization of amides indicate that metal-
based Lewis acids, in general, raise the barrier to rota-
tion.6,38 This finding is easily rationalized by assuming that
metal coordination occurs on the more basic oxygen atom,
reinforcing the double bond character of the C-N bond.
On the other hand, coordination of the metal to Na should
disrupt amide resonance and catalyze amide isomeriza-
tion (eq 12). In fact, an early computational study predicts

a lowering of ∆Gq upon coordination of Li+ ions,39 and
experimental investigations have indicated that very high
concentrations of Ag+ ions in solution can reduce the ∆Gq

for the isomerization of N,N-dimethylacetamide.40

Whether metal ion catalysis of amide isomerization has
any biological relevance remains to be determined. To
date, only one PPIase, SlyD (a member of the FKBP class),
is known to be regulated by metal binding;41 however, the
activity of SlyD is shut off upon binding nickel ions,

suggesting a purely structural role for the metal. Still, the
possibility remains that an unidentified class of enzymes
exists that utilizes catalytically active Lewis acids. It is
recognized that slow protein folding reactions in vitro can
experience problems due to misfolding of intermediate
structures and subsequent aggregation. A proposed origin
of these complications is the slow cis-trans isomerization
of critical proline residues in proteins.42 The development
of small, synthetic catalysts that do not suffer from the
known inability of the PPIases to catalyze the isomeriza-
tion of partially buried prolines43 could be applied to the
refolding of denatured proteins in vitro. We felt metal ions
could potentially aid in the synthetic catalysis of protein
folding, although many potential pitfalls can be imagined.
This section describes some initial efforts toward such a
goal.

Previous results with protic acids suggest that metal-
based Lewis acids, with help from other properly oriented
binding groups, could possibly be induced to coordinate
preferentially with the amide nitrogen rather than oxygen.
This tendency should be enhanced by more azaphilic
metals, such as low-valent, late transition metals, rather
than harder, more oxophilic metals. The first amides that
were tested for Lewis acid catalysis were highly “rigged”
for N coordination on both steric and entropic grounds.
For example, the bis-pyridyl amide system 16 should
provide an ideal environment for N coordinations

treatment of 16 with an azaphilic metal should produce
tight tridentate complex 17 containing two five-membered
rings involving Na (eq 13). If the metal were to coordinate

to the oxygen, it would have to do so through a less
favored seven-membered chelate. In fact, ligand 16d has
been reported to undergo an unusual hydrolysis reaction
in the presence of Cu(II) ions, presumably through a
mechanism involving Cu-Na coordination.44

A number of more “azaphilic” transition metals were
initially screened for their ability to catalyze the isomer-
ization of 16.45 Of the metals screened [Cu(I), Cu(II), Ni(II),
Zn(II), Ag(I), and Pd(II)], Cu(II) was found to be the most
effective catalyst for the reaction; however, paramagnetic
broadening in the 1H NMR limited the useful range of
Cu(II) to 2-10 mol %. Additionally, highly dissociable
triflate counterions were advantageous, as the tighter
binding chloride ions produced significantly less catalysis.
The rotational barriers for tridentate amides 16a-c were
measured under various conditions in the presence of
Cu(II) ions, and we observed as much as a 6 kcal/mol
reduction in ∆Gq (in the case of 16c) with only 5 mol %
Cu(OTf)2, representing a 25 000-fold rate enhancement.
In general, we found that the potential for barrier lowering
is greatest in amides with the highest rotational barriers.
The other metals screened, especially Cu(I), Zn(II), and
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Ag(I), produced catalytic effects comparable to that ob-
served with Cu(II), but required a substantially higher
loading of metal.

Bidentate amide 18, in which we expect less efficient
catalysis due to reduced binding ability to Na, undergoes
a reduction in ∆Gq of only 1.1 kcal/mol with 10 mol %
Cu(OTf)2. In this case, we used 19F saturation transfer NMR
to measure the barrier in the presence of a relatively large
amount of paramagnetic metal, demonstrating the useful-
ness of the 19F nucleus for this purpose. Substoichiometric

amounts of metal confirm that Cu(II) undergoes fast
exchange and is a true catalyst, while the lack of any
catalysis in the simple amide 19 emphasizes the impor-
tance of additional binding sites. We also found that
preformed complexes can catalyze amide isomerization,
a fact that has importance for the flexible design of soluble
synthetic catalysts. Unfortunately, measuring catalyzed
amide isomerization when amides 16 are treated with the
Cu(OTf)2-bis(imine) complex 20a is impossible due to
paramagnetic broadening in the 1H NMR spectrum;
however, the Zn(II) complex 20b (25 mol %) lowers the
barrier of amide 16a by 2.5 kcal in CDCl3.

We also gathered evidence that a Cu-Na interaction
was present in solution. To this end, we first studied the
change in the carbonyl stretching frequency of amides 16
in CH2Cl2 upon the addition of 1 equiv of Cu(OTf)2. For
instance, the carbonyl stretch of 16b shifts from 1635 cm-1

in the free ligand to 1730 cm-1 upon the addition of metal,
a shift of 95 cm-1 that is indicative of a more ketone-like
carbonyl. Similar shifts of 50-100 cm-1 were observed by
Maslak in his Cu(II)- and Ni(II)-Nurea complexes, whereas
the O-bound Zn(II) produced a shift of -50 cm-1.46

Evidence for Cu-Na coordination was also obtained from
EPR spectroscopy, as pictured in Figure 3. A notable
difference in superhyperfine splitting in the spectra of 16b‚
Cu(OTf)2 at -110 °C in CH2Cl2 was observed when 15Na

was substituted for 14Na, a result consistent with direct
Cu-Na bonding.47

The best evidence for catalysis by N coordination is the
X-ray structure of a crystalline 16b‚CuCl2 complex (21)
that reveals clear Na coordination by Cu(II). In the crystal,

Cu(II) is approximately trigonal bipyramidal, and the Cu-
Na distance of 2.49 Å is well within bonding distance.
Support for a significant Cu-Na interaction is also revealed
by the lengthening of the C-N bond distance from 1.34
Å in analogous uncoordinated amides to 1.39 Å in 21; Na

is also significantly pyramidalized. To our knowledge, 21

represented the first proof of metal coordination to Na of
a tertiary amide.48

Toward our goal of developing synthetic catalysts for
peptide folding, we sought evidence that metal-based
Lewis acids could catalyze the isomerization of substituted
prolines, not just “rigged” tridentate amides such as 16.
Because of their cyclic structure and their conformation
in solution, prolines in peptides contain what appears to
be a natural binding site for metals involving Na (eq 14).
Due to A1,3 strain, the proline unit should prefer to dispose

its CR substituent pseudoaxially, and when the CR carbonyl
is endo, it is poised to form a five-membered metal chelate
containing the ring Na (cis-23). Even though the prolyl Na

is known to be more highly pyramidalized (and thus more
basic) than “normal” tertiary amides,49 the amide carbonyl
of the side chain is not expected to bind as favorably to
azaphilic metals as did the pyridyl nitrogens in ligands
16.

Treatment of prolyl amide 22a with 5 mol % Cu(OTf)2

in THF lowered ∆Gq from 17.8 to 16.8 kcal/mol [∆(∆Gq )
1.0 kcal/mol] for trans-to-cis isomerization, as monitored
by 19F ST NMR. Catalysis was enhanced in prolyl carbam-

ate 22c (1.3 kcal/mol), which contains a more electron-
rich Na. Under the same conditions, the barrier in prolyl
amide 22c dropped by 2.0 kcal/mol, and we observed the
largest energy lowering (4.3 kcal/mol) in proline 22d.50

Ag(I) was also found to be effective for these isomeriza-
tions, but, with substrate 22a for instance, 50 mol % Ag(I)
lowered the barrier by the same amount as only 5 mol %
Cu(II), confirming the superior nature of Cu(II) as a
catalyst for the reaction. There was no perturbation of the
cis:trans equilibrium constants in any of these systems,
consistent with the metal’s role as a catalyst. In both
N-acetylpyrrolidine and N-Cbz-pyrrolidine, no energy

FIGURE 3. EPR spectra of a 1:1 complex of 16b‚Cu(OTf)2 in CH2Cl2
at -110 °C. The top spectrum is for 16b of natural abundance; the
bottom spectrum is 16b that was enriched (>98%) with 15N at the
amide nitrogen.
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lowering occurred under standard conditions with 5 mol
% Cu(OTf)2. Interestingly, less catalysis was observed when
an ester side chain, as in 24, was substituted for the amide.
Additionally, the barrier to rotation about the side chain
amide bond, easily measured for 22b, was not altered
upon the addition of Cu(II). Taken together, these obser-
vations are consistent with the ability of the side chain
amide group to bind the metal (through oxygen, structure
23) and catalyze amide isomerization in proline-contain-
ing peptides.

Studies were also performed to determine the effect of
Lewis acids [mainly Cu(II) and Ag(I)] in water on the
barrier to isomerization in water-soluble prolines, such
as 25; however, the results are preliminary at this point,
and no certain conclusions can be drawn as of yet. It was
also found that a metal-bound phosphine was capable of
catalyzing proline isomerization in organic solvents; for
example, the barrier to rotation in 22b was reduced by
1.3 kcal/mol by 50 mol % of a Pd(II)-BINAP complex in
THF. We also sought evidence that Lewis acid catalysis of
amide isomerization could occur by through-bond effects.
For example, tight coordination of a metal to the side
chain of a proline (such as in titanate ester 26) could be
expected to withdraw electron density from the amide
nitrogen by a though-bond mechanism. However, no
barrier lowering was observed upon complexation of
oxophilic metals such as titanium to the sodium salts of
N-acyl prolines.

Metal-Catalyzed “Folding” in a Model System
Poly-L-proline is a remarkably structured “switch” polypep-
tide that reversibly interconverts between all-cis (PPI,
right-handed helix) and all-trans (PPII, left-handed helix)
forms, depending on the solvent environment.51 PPII helix
conformations have been found to be important structural
motifs for both protein structure and biorecognition,52 and
poly-L-proline has been studied as a model for the folding
of the collagen triple helix, one of the few documented
cases of PPIase-catalyzed folding in vivo.53 As a prelude
to the study of more complex systems, we investigated
the ability of Cu(II) ions to catalyze the interconversion
of PPII to PPI in CD2Cl2. In the presence of Cu(OTf)2 (10
wt % Cu(II) relative to poly-L-proline), we found that the
rate of trans-to-cis conversion increases by a factor of 10
at 23 °C (1.4 kcal/mol of catalysis). As a logical extension
of our work with poly-L-proline, we are currently inter-
ested in the catalysis of protein folding by Lewis acids in
aqueous solution. Recent work has demonstrated the

stability and activity of certain Lewis acids in water,
including those based on lanthanide(III) ions, Cu(II) and
Ag(I).54 Collagen, or especially proline-rich synthetic model
systems thereof, present interesting targets for catalysis
of folding in aqueous solution.

Reaction Chemistry Involving Possible
Metal-Amide N Coordination. “Orthogonal”
Lewis Acids: Catalyzed Ring Opening and
Rearrangement of Acylaziridines
To this point, we have discussed reversible cis-trans
amide isomerization. The question arises as to whether
N coordination of metals and protons, effective at cata-
lyzing isomerization, can also impart interesting reaction
chemistry. A good place to address this issue is in the case
of N-acylaziridines, which possess highly pyramidalized
amide nitrogens that may be basic enough to bind metals
in competition with the corresponding carbonyl oxygen.
Experimental as well as theoretical evidence indicates that
acylaziridines may undergo N-protonation.55 They rear-
range to oxazolines56 and can function as electrophiles57

or as possible probes for Lewis-acid-catalyzed reaction
pathway selectivity. We postulated that coordination of a
Lewis acid to the amide nitrogen of acylaziridines (27)
might be expected to catalyze a rearrangement to the
oxazoline, whereas coordination to the carbonyl O (28)
may be better at activating the acylaziridine toward
external nucleophilic attack. These predictions have borne
out in practice.58

We found that catalytic quantities of relatively oxophilic
metals activate N-acylaziridines predominantly toward
external nucleophilic attack, whereas more azaphilic, or
“orthogonal”, Lewis acids catalyze the oxazoline rear-
rangement (Figure 4).59 Along these lines, the reaction of
acylated cyclohexenimine derivatives 29 was studied.
Compounds 29a-d were converted to ring-opened prod-
ucts 30a-d by TMSN3 in the presence of 10 mol % Yb-
(2,2′-biphenol)OTf. The complexes Zr(Cp)2(SbF6)2 and
Ti(OiPr)4 were also found to catalyze nucleophilic attack
of TMSN3. Remote electron-withdrawing substituents
accelerate the reaction, as indicated by a linear correlation
of log[k/k0] to Hammett σ values. More “azaphilic” Lewis

FIGURE 4. Rearrangement and ring opening of acylaziridines.
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acids, such as Zn(OTf)2, Cu(OTf)2, and Sn(OTf)2, did not
catalyze the addition of nucleophiles to acylaziridines, but
instead promoted the rearrangement of 29a-d to 2-aryl-
oxazolines 31a-d, even in the presence of nucleophiles.
Competition experiments lead to the conclusion that
electron-donating substituents increase the rate of reac-
tion, a trend opposite to that of the oxophilic Lewis-acid-
catalyzed additions analyzed above. Mechanistic infor-
mation derived from stereochemical and solvent polarity
studies suggests that the reaction proceeds through a tight
ion pair. This study represents the first instance where
control of reaction pathway is governed by the identity
of a Lewis acid, and the products are valuable precursors
to chiral ligands and natural products.

Conclusion
In summary, we have outlined recent investigations that
provide experimental support for several mechanisms by
which amide isomerization can be catalyzed, accompa-
nied by a synthetic application manifested from this work.
It would be appropriate to mention here future possibili-
ties for the catalysis of amide isomerization. For example,
one study underway in our laboratories involves the
catalysis of cyclic peptide formation. The formation of
cyclic peptides is often impeded by rate-determining
isomerization of a thermodynamically stable trans amide
to a less stable cis amide. Theoretically, the rates of such
cyclizations could be accelerated by the catalysis of amide
isomerization. Consequently, the effect on product dis-
tributions and yields of these chemical reactions could
be beneficial. Accordingly, we are attempting to couple
cyclization reactions with fast trans-to-cis isomerization
of peptides to afford a practical benefit to the theoretical
groundwork of amide isomerization laid over the past
decades.
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Klimkowski, V. J.; Schäfer, L.; Momany, F. A. Ab Initio Studies of
Molecular Geometries. 27. Optimized Molecular Structures and
Conformational Analysis of N-R-Acetyl-N-methylalaninamide and
Comparison with Peptide Crystal Structure Data and Empirical
Calculations. J. Am. Chem. Soc. 1983, 105, 3438-3445.

(20) See, for example: (a) Karle, I. L. Conformation of the Cyclic
Pentapeptide Gly-L-Pro-L-Ser-D-Ala-L-Pro in the Crystalline State
and an Example of Rotational “Isomerism” Between Analogues.
J. Am. Chem. Soc. 1979, 101, 181-191. (b) Springer, J. P.; Cole,
R. J.; Dorner, J. W.; Cox, R. H.; Richard, J. L.; Barnes, C. L.; van
der Helm, D. Structure and Conformation of Roseotoxin B. J. Am.
Chem. Soc. 1984, 106, 2388-2392. (c) Montelione, G. T.; Arnold,
E.; Meinwald, Y. C.; Stimson, E. R.; Denton, J. B.; Huang, S. G.;

Synthetic Catalysis of Amide Isomerization Cox and Lectka

856 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 33, NO. 12, 2000



Clardy, J.; Scheraga, H. A. Chain-Folding Initiation Structures in
Ribonuclease A: Conformational Analysis of trans-Ac-Asn-Pro-
Tyr-NHMe and trans-Ac-Tyr-Pro-Asn-NHMe in Water and in the
Solid State. J. Am. Chem. Soc. 1984, 106, 7946-7958. (d) Shoham,
G.; Lipscomb, W. N.; Wieland, T. Conformations of Amatoxins in
the Crystalline State. J. Am. Chem. Soc. 1989, 111, 4791-4809.

(21) The kinetics of amide isomerization discussed herein were
measured by 1H or 19F saturation transfer (ST) NMR. Perrin has
refined this method and applied it to the study of amide isomer-
ization rates; see: Perrin, C. L.; Thoburn, J. D.; Kresge, J.
Secondary Kinetic Isotope Effects in C-N Rotation of Amides. J.
Am. Chem. Soc. 1992, 114, 8800-8807.

(22) (a) Cox, C.; Young, V. G., Jr.; Lectka, T. Intramolecular Catalysis
of Amide Isomerization. J. Am. Chem. Soc. 1997, 119, 2307-2308.
(b) Cox, C.; Lectka, T. Intramolecular Catalysis of Amide Isomer-
ization: Kinetic Consequences of the 5-NH--Na Interaction in
Prolyl Peptides. J. Am. Chem. Soc. 1998, 120, 10660-10668.

(23) A mixed solvent system (D2O/MeOD) was necessary due to lack
of solubility in pure water; in general, we find that the barriers to
rotation of water-soluble amides in pure water are not greatly
different than those in MeOD/D2O mixtures.

(24) Jeffrey, G. A. An Introduction to Hydrogen Bonding; Oxford: New
York, 1997; Chapter 2.

(25) Cox, C.; Wack, H.; Lectka, T. Strong Hydrogen Bonding to the
Amide Nitrogen of an “Amide Proton Sponge”: Consequences
for Structure and Reactivity. Angew. Chem. 1999, 111, 864-867;
Angew. Chem., Int. Ed. Engl. 1999, 38, 798-800.

(26) It should be noted that, although not directly related to the topic
at hand, this interaction imparts other interesting reactivity on
the amide functionality. For instance, the protonated species 6-H+,
when treated with anhydrous HCl, actually reverts to the corre-
sponding amine and acyl chloride, a transformation that can be
thought of as the “reverse” of normal peptide bond formation.
For more information, see ref 25.

(27) Cox, C.; Lectka, T. Intramolecular Acid-Catalyzed Amide Isomer-
ization in Aqueous Solution. Org. Lett. 1999, 1, 749-752.

(28) Fischer, G.; Wittmann-Liebold, B.; Lang, K.; Kiefhaber, T.; Schmid,
F. X. Cyclophilin and Peptidyl Prolyl Cis-Trans Isomerase are
Probably Identical Proteins. Nature 1989, 337, 476-478.

(29) (a) Liu, J.; Albers, M. W.; Chen, C.-M.; Schreiber, S. L.; Walsh, C.
T. Cloning, Expression, and Purification of Human Cyclophilin in
Escherichia coli and Assessment of the Catalytic Role of Cysteines
by Site-Directed Mutagenesis. Proc. Nat. Acad. Sci. U.S.A. 1990,
87, 2304-2308. (b) Park, S. T.; Aldape, R. A.; Futter, O.; DeCenzo,
M. T.; Livingston, D. J. PPIase Catalysis by Human FK506-Binding
Protein Proceeds Through a Conformational Twist Mechanism.
J. Biol. Chem. 1992, 267, 3316-3324.

(30) (a) Harrison, R. K.; Caldwell, C. G.; Rosegay, A.; Melillo, D.; Stein,
R. L. Confirmation of the Secondary Isotope Effect for the Peptidyl
Prolyl Cis-Trans Isomerase Activity of Cyclophilin by a Competi-
tive, Double-Label Technique. J. Am. Chem. Soc. 1990, 112, 7063-
7064. (b) Harrison, R. K.; Stein, R. L. Mechanistic Studies of
Enzymic and Nonenzymic Prolyl Cis-Trans Isomerization. J. Am.
Chem. Soc. 1992, 114, 3464-3471.

(31) (a) Rahfeld, J.-U.; Schierhon, A.; Mann, K.; Fischer, G. A Novel
Peptidyl Prolyl Cis/Trans Isomerase from Escherichia coli. FEBS
Lett. 1994, 343, 65-69. (b) Scholz, C.; Rahfeld, J.; Fischer, G.;
Schmid, F. X. Catalysis of Protein Folding by Parvulin. J. Mol.
Biol. 1997, 273, 752-762.

(32) Lu, K. P.; Hanes, S. D.; Hunter, T. A Human Peptidyl Prolyl
Isomerase Essential for Regulation of Mitosis. Nature 1996, 380,
544-547.

(33) Cox, C.; Wack, H.; Lectka, T. Nucleophilic Catalysis of Amide
Isomerization. J. Am. Chem. Soc. 1999, 121, 7963-7964.

(34) Kirby, A. J.; Komarov, I. V.; Wothers, P. D.; Feeder, N. The Most
Twisted Amide: Structure and Reactions. Angew. Chem. 1998,
110, 830-831; Angew. Chem., Int. Ed. Engl. 1998, 37, 785-786.

(35) Adler, M.; Marsch, M.; Nudelman, N. S.; Boche, G. [(Ph)2(NMe2)C-
(OLi)‚THF]2: Crystal Structure of the Tetrahedral Intermediate
Formed in the Reaction of N,N-Dimethylbenzamide and Phenyl-
lithium. Angew. Chem. 1999, 111, 1345-1347; Angew. Chem., Int.
Ed. Engl. 1999, 38, 1261-1263.

(36) Kim, Y.-J.; Streitwieser, A.; Chow, A.; Fraenkel, G. Aggregation
and C-N Rotation of the Lithium Salt of N,N-Dimethyldiphenyl-
acetamide. Org. Lett. 1999, 1, 2069-2071.

(37) In fact, we have experienced major problems due to slow proton
exchange in systems which contain R-protons which are less
acidic than those in 14; for example, in amides derived from
substituted phenylacetic acids (Cox, C.; Lectka, T., unpublished
results).

(38) Fussenegger, R.; Rode, B. M. The Effect of Metal Ion Bonding to
Amides on the Character of the C-N Bond of the Ligand Molecule.
Chem. Phys. Lett. 1976, 44, 95-99.

(39) Armbruster, A. M.; Pullman, A. The Effect of Cation Binding on
the Rotation Barrier of the Peptide Bond. FEBS Lett. 1974, 49, 18-
21.

(40) (a) Temussi, P. A.; Quadrifoglio, F. J. Complexes of Amides with
Cations of Low Charge Density: 1H Nuclear Magnetic Resonance
Study of the Ag+-Dimethylacetamide Complex. J. Chem. Soc.,
Chem. Commun. 1968, 844-845. (b) Waghorne, E. E.; Ward, A.
J. I.; Clune, T. G.; Cox, B. G. Effect of Different Cations on the
N-CO Rotational Barrier of N,N-Dimethylacetamide. J. Chem.
Soc., Faraday Trans. 1 1980, 76, 1131-1137.

(41) (a) Wülfing, C.; Lombardero, J.; Plückthun, A. An Escherichia coli
Protein Consisting of a Domain Homologous to FK506-Binding
Protein and a New Metal Binding Motif. J. Biol. Chem. 1994, 269,
2895-2901. (b) Roof, W. D.; Horne, S. H.; Young, K. D.; Young, R.
SlyD, a Host Gene Required for φX174 Lysis, is Related to the
FK506-Binding Protein Family of Peptidyl Prolyl Cis-Trans
Isomerases. J. Biol. Chem. 1994, 269, 2902-2910. (c) Hottenrott,
S.; Schumann, T.; Plückthun, A.; Fischer, G.; Rahfeld, J.-U. The
Escherichia coli SlyD is a Metal Ion-Regulated Peptidyl Prolyl Cis/
Trans Isomerase. J. Biol. Chem. 1997, 272, 15697-15701.

(42) Gething, M.-J.; Sambrook, J. Protein Folding in the Cell. Nature
1992, 355, 33-45.
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