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Studies on the Brønsted acid-catalyzed cis-trans isomerization

of amides have served as an elegant testing ground for a number
of classical NMR techniques in physical organic chemistry.1 A
potentially complementary process, the nucleophilic catalysis of
amide isomerization, whereby the formation of a tetrahedral inter-
mediate disrupts amide resonance and facilitates rotation about
the C-N bond (eq 1), remains uncharacterized although a number

of intriguing proposals imply its biological significance. For
example, the human PPIase Pin1, and the closely related Ess1 in
yeast, are essential in the regulation of mitosis2 and are thus po-
tential therapeutic targets for cancer chemotherapy. Noel and co-
workers have recently suggested a nucleophilic component in the
mechanism of Pin1 catalysis based on the X-ray structure of a
Pin1-AlaPro dipeptide complex, as well as on site-directed muta-
genesis data.3 These authors propose that the active site His59

deprotonates Cys113, which then attacks the amide carbonyl and
catalyzes cis-trans isomerization; however, no direct evidence
was provided to support this hypothesis. In this report, we unveil
a model system in which nucleophilic catalysis of amide isomer-
ization is characterized for the first time, as well as the first X-ray
structure of an anionic tetrahedral intermediate resulting from
nucleophilic attack on an amide carbonyl.4

We postulated that amide1, following deprotonation of the
amino proton, would produce tetrahedral intermediate2. If forma-
tion and breakdown of2 are faster than the rate of uncatalyzed
amide isomerization, interconversion of cis and trans1 will be
catalyzed (eq 2). The1H and13C NMR spectra of1a in CD3CN

indicated a predominance of one species (cis/trans>20:1), and
the13C shift of the labeled carbon at 172.5 ppm was as expected
for an amide carbonyl. Additionally, the IR spectrum of1b in
CD3CN showed a typical amide carbonyl stretch at 1657 cm-1.
However, upon addition of 1 equiv of potassium hexamethyl-
disilazane (KHMDS),13C NMR revealed a single resonance at
102.5 ppm, and no carbonyl stretch was visible in the IR. The

upfield shift of 70 ppm for the13C resonance is diagnostic for a
carbon that underwent a change in hybridization5 from sp2 to sp3

and, along with the IR data, indicated the formation of stable
tetrahedral intermediate2. This conclusion was confirmed by
X-ray analysis of the potassium salt of2c, as pictured in Figure
1.6 To our knowledge, this is the first X-ray structure of an anionic
tetrahedral intermediate derived from nucleophilic attack on an
amide carbonyl, a species believed to be involved in the
mechanism of peptide hydrolysis catalyzed by serine and cysteine
proteases.7

With evidence for the ability of1 to form the key tetrahedral
intermediate, we investigated the behavior of this system with a
substoichiometric quantity of base. When 0.5 equiv of KHMDS
was added to1a in CD3CN, 13C NMR revealed resonances at
172.5 and 102.5 ppm with approximately equal intensity; thus,
tetrahedral intermediate2 appeared to be too stable, and its
breakdown was expected to be slower than background amide
isomerization. This conclusion was supported by the investigation
of 1b by 19F saturation transfer (ST) NMR.8 With no base present,
the cis and trans conformers interconverted with∆Gq ) 16.8(
0.2 kcal mol-1 (cis-to-trans9). Upon addition of 0.5 equiv of
KHMDS, a third19F resonance appeared (attributed to the form-
ation of 2), but the rate of isomerization remained unchanged.

The slow breakdown of tetrahedral intermediate2 led us to
investigate the more biologically relevant system3, in which the
attacking nucleophile is sulfur. In this system, breakdown of tetra-
hedral intermediate4 was expected to be faster, owing to the
greater stability of the attacking/leaving thiolate (eq 3), but the

possibility of transesterification to form a thioester was a potential
pitfall. Consideration of intermediate4 indicates that, unlike the
hypothetically simple open chain analogue in eq 1, the C-N bond
cannot undergo uninhibited rotation because it is constrained
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within a ring. However, interconversion of the two sofa10 con-
formers of4 (Scheme 1), sofa I and sofa II, followed by their
respective breakdown, also interconverts the cis and trans rota-
mers. We performed density functional (DFT) calculations to
model this conformational interconversion, and at the pBP/DN*
level of theory, the relative energy of the simplified planar form
4c (R1 ) H; R2 ) CH3) is only 5.7 kcal/mol higher than that of
sofa I and 1.6 kcal/mol higher than sofa II; thus, a low barrier
may separate the two forms and catalysis should be observable.

The1H NMR spectrum of3b in CD3CN indicated two isomers
in equilibrium with a cis/trans ratio of 7:1, and IR analysis
revealed an amide carbonyl stretch at 1656 cm-1. Additionally,
13C NMR of 3a revealed amide carbonyl resonances at 171.2 and
169.9 ppm corresponding to the cis and trans rotamers. The rate
of isomerization of3b in CD3CN was examined by1H ST NMR,
and the cis-trans interconversion was found to occur with∆Gq

) 19.0( 0.2 kcal mol-1 at 25°C, ∆Hq ) 18.0( 0.3 kcal mol-1,
and∆Sq ) -3 ( 3 cal mol-1 K-1 (Table 1, entry 1). Upon addi-
tion of 1 equiv of Proton Sponge [1,8-bis(dimethylamino)naph-
thalene], we observed a small but measurable decrease of 0.5
kcal mol-1 in ∆Gq (entry 2). The1H NMR of this mixture revealed

little deprotonation of the thiol, and a stronger base was required
to increase the catalytic effect. The potassium salt of imidazole
(K-Im) was found to be an excellent base that did not promote
transacylation under strictly anhydrous conditions.

Upon addition of 1 equiv of K-Im to3b in CD3CN, the 1H
NMR remained essentially unaltered with the exception of a
modest change in the cis/trans ratio.11 The IR stretch of the
carbonyl moved-20 cm-1 to 1636, consistent with increased
electron density of the naphthyl system due to deprotonation of
the thiol.12 All attempts to observe the putative tetrahedral
intermediate4aby 13C NMR were unsuccessful, presumably due
to its extremely short lifetime and/or small population. Neverthe-
less, kinetic analysis of cis-trans isomerization of3b with 1 equiv
of K-Im was straightforward:∆Gq ) 16.2( 0.3 kcal mol-1 at
25 °C, ∆Hq ) 5.8 ( 0.3 kcal mol-1, and∆Sq ) -35 ( 4 cal
mol-1 K-1, indicating a 2.8 kcal mol-1 lowering of ∆Gq (110-
fold rate increase) due to nucleophilic catalysis (entries 1 and
3).13 The large negative∆Sq is indicative of a highly ordered
transition state and is consistent with rapid formation and break-
down of putative tetrahedral intermediate4b as being the cata-
lytically competent mechanism of action. The concentration of
charge from the delocalized thioaryloxide anion5 to the oxygen

in 4, with attendant strengthening of solvent and counterion
coordination, may also be in part responsible for the magnitude
of ∆Sq.14 The amount of catalysis 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. Addition-
ally, if we analyze the results at-25°C (entries 4 and 5), a sizable
4.3 kcal mol-1 reduction in∆Gq is observed. Control compound
6 in the presence of potassium thiophenoxide or K-Im showed
no lowering of∆Gq (entries 6-8), suggesting that the well-defined
intramolecular nature of3 is paramount to the success of the
catalytic interaction.15
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Figure 1. X-ray crystal structure of the potassium salt of tetrahedral
intermediate2c (50% ellipsoids); the potassium cation coordinated to
the oxygen has been excluded for clarity. The structure is perfectly
symmetrical, with atoms C5, C6, C8, O1, C9-C14, and Br1 in a plane
that bisects the naphthyl ring. Selected bond distances (Å): N1-C8,
1.517(3); O1-C8, 1.314(4). Selected angles (deg): O1-C8-N1, 110.3(2)°;
N1-C8-C9, 109.3(2)°.

Scheme 1

Table 1. Kinetic Parameters for the Catalyzed and Uncatalyzed
Amide Isomerization of3 and6a

entry substrate T (°C) additive ∆Gqb cis/trans ratio

1 3b 25 19.0 7:1
2 3b 25 1 equiv of PSc 18.5 8:1
3 3b 25 1 equiv of K-Im 16.2d 12:1
4 3b -25 18.8d 10:1
5 3b -25 1 equiv K-Im 14.5 20:1
6 6 25 17.8 7:1
7 6 25 1 equiv of PhS- K+ 17.6 7:1
8 6 25 1 equiv of K-Im 17.8 7:1

a Kinetic measurements were performed at 10 mg/mL in CD3CN
by 1H ST NMR. b Cis-to-trans;( 0.2 kcal mol-1. c PS) Proton Sponge.
d Calculated from the Eyring plot;(0.3 kcal mol-1.
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