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ABSTRACT: Peptides have become valuable as catalysts for a variety of different reactions but little is known about the 
conformational properties of peptidic catalysts. We investigated the conformation of the peptide H-DPro-Pro-Glu-NH2, a highly 
reactive and stereoselective catalyst for conjugate addition reactions, and the corresponding enamine intermediate in solution by 
NMR spectroscopy and computational methods. The combination of nuclear Overhauser effects (NOEs), residual dipolar couplings 
(RDCs), J-couplings, and temperature coefficients revealed that the tripeptide adopts a single predominant conformation in its 
ground state. The structure is a type I β-turn, which gains stabilization from three hydrogen bonds that are cooperatively formed 
between all functional groups (secondary amine, carboxylic acid, amides) within the tripeptide. In contrast, the conformation of the 
enamine intermediate is significantly more flexible. The conformational ensemble of the enamine is still dominated by the β-turn 
but the backbone and the side chain of the glutamic acid residue are more dynamic. Key to the switch between rigidity and 
flexibility of the peptidic catalyst is the CO2H group in the side chain of the glutamic acid residue, which acts as a lid that can open 
and close. As a result, the peptidic catalyst is able to adapt to the structural requirements of the intermediates and transition states of 
the catalytic cycle. These insights might explain the robustness and high reactivity of the peptidic catalyst, which exceeds that of 
other secondary amine-based organocatalysts. The data suggest that a balance between rigidity and flexibility, which is reminiscent 
of the dynamic nature of enzymes, is beneficial for peptidic catalysts and other synthetic catalysts. 

In t r o d u c t io n  
In recent years more and more catalytically active peptides 
have been developed for different asymmetric reactions.1-11 
These catalysts are composed of amino acids, the building 
blocks of enzymes, but have molecular weights that are 
comparable to those of synthetic man-made catalysts. Several 
examples showed that peptidic catalysts can have impressive 
stereo-, chemo-, and regioselectivities, features that are 
hallmarks of enzymes.2-11 Yet, peptidic catalysts often have 
also a broad substrate scope, a highly desirable feature of 
synthetic catalysts that is rarely observed for enzymes. Thus, 
these peptides combine features of enzymes and man-made 
low-molecular-weight catalysts.  

Whereas several studies have explored the dependence of the 
reactivity, stereo-, chemo-, and regioselectivities of peptidic 
catalysts on their amino acid sequence, significantly less is 
known about their conformational features.1 In general, 
α-peptides of small or medium size (3–20 residues) are 
conformationally flexible and able to adopt several conformers 
that are in rapid equilibrium unless constraints are 
implemented.12 Recent studies by Miller as well as Thiele and 
Schreiner showed that even peptidic catalysts with rigidifying 
turn motifs adopt more than one structure but can be highly 
stereoselective.13-16 Despite these examples, there is still little 
knowledge about the conformational features that are ideal to 
achieve highly reactive and stereoselective peptidic catalysts.  

Our group introduced tripeptides of the type Pro-Pro-Xaa as 
catalysts for aldol reactions and related C–C bond 
formations.5-11 For example, H-DPro-Pro-Glu-NH2 1 is a 
highly stereoselective and reactive catalyst for conjugate 
addition reactions of aldehydes to nitroolefins.6-8 As little as 
1 mol%, or less, of the tripeptide is necessary to obtain a broad 
range of addition products in high yields and 
stereoselectivities. This level of reactivity is remarkable as 
other chiral amine-based organocatalysts, including other 
peptidic catalysts, typically require catalyst loadings of 10–30 
mol%.1,17 These findings suggest that not only the functional 
groups but also the conformational features of Pro-Pro-Xaa-
type peptides are important for their stereoselectivity and 
reactivity. The tripeptides are also so robust that immobilized 
analogs of 1 can be reused countless times, even in a flow 
reactor, without a noticeable decrease in their catalytic 
performance.18 A similar robustness has not been achieved 
with other amine-based catalysts17,19 further indicating that 
detailed insight into the behavior of 1 is valuable for a deeper 
understanding of organocatalysis with chiral amines.  

Mechanistic studies elucidated that the conjugate addition 
reactions catalyzed by 1 proceed via an enamine intermediate, 
which is involved in the subsequent rate- and 
enantioselectivity-determining C–C bond formation with the 
nitroolefin (Scheme 1).8,20,21 Protonation of the resulting 
iminium nitronate (1-Nit) by an intramolecular proton transfer 
from the carboxylic acid moiety and hydrolysis of the imine 
provides the product and completes the catalytic cycle.21 Thus, 
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knowledge on the conformation of the ground state of catalyst 
1 and the enamine intermediate 1-En is important for a deeper 
understanding of the observed high stereoselectivity, 
reactivity, and robustness of the peptidic catalysts.22 

A recent study showed that the higher the trans:cis ratio 
around the tertiary DPro-Pro amide bond of DPro-Pro-Xaa-
type catalysts is, the higher is their dia- and 
enantioselectivity.23 Crystal structures of DPro-Pro-Xaa 
peptides all show a β-turn-like structure with a significant 
degree of structural variability at the C-terminal residue.24 
However, crystal structures are per se static and therefore not 
able to provide information about the dynamic nature of the 
peptides. 

Scheme 1. Catalytic cycle of conjugate addition reactions of 
aldehydes to nitroolefins catalyzed by H-DPro-Pro-Glu-NH2 (1). 

 
Herein, we explored the conformational properties of peptidic 
catalyst 1 and of an enamine derived from H-DPro-Pro-Glu-
NH2 (1-En) in solution by NMR spectroscopy under near-
catalytic conditions. In addition to nuclear Overhauser effects 
(NOEs) and J-couplings (3JH,H and 3JC,H), the conformational 
analyses included residual dipolar couplings (RDCs) and 
variable temperature experiments. The data revealed that 1 
adopts a well-defined turn conformation that is stabilized by 
three intramolecular H-bonds, including a salt-bridge that 
shields the reactive amino group. In contrast, the conformation 
of the intermediate enamine 1-En is distinctly more flexible. 
These findings were supported by computational studies and 
imply that fine-tuning the balance between rigidity and 
flexibility along the catalytic cycle offers new opportunities 
for catalyst design.   

R e s u lts  a n d  D is c u s s io n  
We sought to gain insight into the conformation of the ground 
state of peptide 1 and the enamine intermediate (1-En), which 
is involved in the rate- and enantioselectivity-determining step 

of the conjugate addition reaction (Scheme 1).8,20,21 Enamines 
such as 1-En that contain an acidic proton are highly reactive 
and therefore difficult to characterize.25 We therefore started 
by analyzing the structure of the ground state of H-DPro-Pro-
Glu-NH2 (1). The optimal solvent for conjugate addition 
reactions catalyzed by H-DPro-Pro-Glu-NH2 (1) was found to 
be CHCl3:iPrOH 9:1.6 To stay as close as possible to the 
catalytic conditions all spectra were recorded in a solution of 
CDCl3:CD3OH 9:1.26 A combination of HSQC, TOCSY, 
DQF-COSY, and HMBC allowed for the assignment of all 
carbon and proton resonances of peptide 1, except for the 
diastereotopic protons of the proline residues that were 
assigned based on a J-coupling analysis.27,28 The assignment of 
the diastereotopic protons at Cγ of the Glu residue (E-Hγ1 and 
E-Hγ2) was only possible via an extensive analysis using a 
combination of NOEs, RDCs, and J-couplings.27 The cross-
peak volumes in the ROESY spectrum were converted into 
distances by calibration with known distances, which allowed 
for a quantitative analysis of the NOEs (Figure 1a).27 All 
spectra show one major set of signals (>100:1), which was 
unambiguously assigned based on characteristic ROESY 
correlations to a conformation where the tertiary amide bond 
between the two proline residues is trans. 

Backbone conformation of H-DPro-Pro-Glu-NH2 (1). The 
DPro-Pro motif is a turn-inducing element in cyclic and linear 
peptides.24,29-32 When embedded in a peptide chain, the turn is 
stabilized by two H-bonds that form consecutive β-turns.29,32 
In case of catalyst 1 where this motif is at the N-terminus only 
one H-bond can form. To evaluate whether peptide 1 adopts a 
turn conformation in solution we started by analyzing the 
interresidual NOEs (Figure 1a). Strong sequential NOEs 
corresponding to distances of 2.2 Å and 2.7 Å, respectively, 
were observed between the proton at Cα of the N-terminal 
DPro residue (p-Hα) and the protons at Cδ of the central LPro 
residue (P-Hδ1/Hδ2). Additional NOEs corresponding to 
distances of 2.6 Å and 3.0 Å, respectively, were identified 
between the protons at Cβ of DPro (p-Hβ1/Hβ2) and P-Hδ1, the 
proton at Cδ of LPro on the bottom face. These NOEs validate 
the trans amide bond between the proline residues and suggest 
a ψ dihedral angle close to -120° for the DPro residue.32  

 
Figure 1. a) Selected NOEs of 1 with distances in Å. b) 3JH,H 
(blue) and 3JC,H (green) coupling constants of the Glu residue 
indicative of a type I β-turn.  

A strong NOE was also found between the amide NH of the 
glutamic acid residue and one of the C-terminal amide protons 
(E-NH/CONH1, 3.0 Å) and a weaker NOE occurs between P-
Hα and CONH1 (3.7 Å) (Figure 1a). These distances are 
characteristic of a β-turn conformation with a H-bond between 
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the carbonyl group of the DPro residue and the amide proton 
of the C-terminal amide.33-35 Furthermore, the NOE-derived 
distance between P-Hα and E-NH  of  3.5 Å  points to a type I 
β-turn conformation since a shorter distance would be 
expected for a type II β-turn, where the amide between the Pro 
and Glu residues is flipped by 180°.33-35 Further support for a 
type I β-turn came from analysis of the φ dihedral angle of the 
glutamic acid residue. This analysis was based on the 3J(E-
NH,E-Hα) proton-proton coupling as well as the heteronuclear 
3JC,H couplings accessible by a combination of HSQC-
HECADE and refocused HMBC experiments.36 Although 
significantly more difficult to obtain than 3JH,H coupling 
constants, the heteronuclear J-couplings provide essential 
information because the φ angle is often not sufficiently 
characterized by 3JHN,Hα alone.34 The observed values of 5.5 Hz 
for 3J(E-NH,E-Hα) and 0.7±0.1 Hz for 3J(E-NH,E-CO) were 
evaluated using the Karplus curves by Wang and Bax for φ 
dihedral angles in proteins (Figure S3).37 They are both in 
excellent agreement with a backbone dihedral angle φ of 290°, 
close to the value of 270° expected for canonical type I β-turns 
(Figure S3).38 This finding is further corroborated by coupling 
constants 3J(E-NH,E-Cβ) and 3J(P-CO,E-Hα) of 2.5±0.2 Hz 
and 2.0±0.1 Hz, respectively. 

Conformation of the glutamic acid side chain in peptide 1. 
Vicinal coupling constants between protons at Cα, Cβ, and Cγ 
in glutamic acid residues are close to 7 Hz if the side-chain is 
completely flexible. In peptide 1 these coupling constants are 
between 3.8–4.5 Hz (Figure 2). These small values suggest 
distinct conformational preferences of the side-chain dihedral 
angles χ1 and χ2 within the Glu residue side chain.  The 
complete set of experimentally available coupling constants, 
also incorporating 3JC,H couplings, is in good agreement with 
glutamic acid side chain dihedral angles of ~60° for χ1 and 
~300° (-60°) for χ2 (Figures 2 and S4).39  

 
Figure 2. Dihedral angles of the side chain of the Glu residue 
derived from 3JH,H (blue) and 3JC,H (green) coupling constants. 

Importantly, the observed 3JC,H couplings of 7.4 Hz for 3J(E-
Cγ,E-Hα) and 9.5 Hz for 3J(E-Cα,E-Hγ1) are in close 
proximity to the global maximum of the respective Karplus 
curves (Figure S4). Thus, significant contributions from other 
conformations can be excluded. The resulting torsion angles 
indicate a conformation in which the side chain of the Glu 
residue points towards the DPro-Pro moiety.  

Residual Dipolar Couplings (RDCs) and Simulated 
Annealing. The analysis of NOEs and coupling constants 
suggests that both the backbone and the glutamic acid residue 
side chain of tripeptide 1 adopt a well-defined dominant 
conformation in solution. Using a simulated annealing 
calculation we wanted to probe how well the overall peptide 

conformation is defined by the experimental data and whether 
the NOE-derived distances are self-consistent and in 
agreement with the J-coupling-derived dihedral angles. Given 
a sufficiently high density of NMR restraints, a self-consistent 
set of NOE-derived (especially long-range) distances and good 
agreement between distances and J-couplings are indicative of 
a homogeneous conformational ensemble dominated by a 
single structure. Yet, conventional NMR restraints are usually 
sparse for small molecules and it is important to complement 
these data with other sources of structural information for 
cross-validation. We therefore also determined residual 
dipolar couplings (RDCs) that provide insight into the 
orientation of bond vectors relative to a global frame of 
reference.40,41 In contrast to J-couplings and NOEs that both 
give short-range insight (usually up to 3 bonds and 5 Å, 
respectively), RDCs provide long-range information. RDCs 
can only be observed if the molecule under study is partially 
oriented (aligned) with respect to an external magnetic 
field.40,41 While it is common to use RDCs in protein structure 
determination, only a few studies have included RDCs in the 
conformational analysis of peptides.16,41,42 We succeeded in 
aligning peptide 1 in stretched cross-linked poly(vinyl acetate) 
(PVAc),43 an alignment medium that is compatible with both 
chloroform and methanol, and observed in total 13 one-bond 
13C–1H RDCs and two geminal 1H–1H RDCs in the range from 
-13 Hz to +18 Hz (Table S7).  

All NOEs, RDCs, and the dihedral angles E-χ1, E-χ2, and E-φ 
were included as restraints in a simulated annealing 
calculation using XPLOR-NIH.27,44, The resulting 48 structures 
are almost identical with respect to their backbone dihedral 
angles as well as the orientation of the glutamic acid residue 
side chain (Figure 3a). The identified global structure is in 
excellent agreement with all NMR spectroscopically derived 
restraints (e.g., RDCs in Figure 3b).27 This finding further 
corroborates that peptidic catalyst 1 adopts a dominant 
conformation in its ground state.  

 
Figure 3. a) Bundle of the 48 structures obtained by simulated 
annealing using NOE-, dihedral angle-, and RDC-restraints. 
Superposition over all C-atoms of all 48 structures (RMSD: 
0.18±0.09 Å). b) Plot of experimental versus back-calculated 
RDCs. c) Representative low energy structure and average 
backbone dihedral angles including standard deviation.  
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The structure is a type I β-turn with a H-bond between the 
C=O of the N-terminal DPro residues and the C-terminal 
amide NH2 as indicated by N-H���O distances of <2.4 Å and 
N-H���O angles within 180°±35° in 29 of the 48 calculated 
structures (Figure 3c).45 An additional hydrogen bond between 
the backbone NH and the carboxylic acid group of the 
glutamic acid residue occurs in 20 of the 48 calculated 
structures as judged by the same criteria for H-bonds. This 
intraresidual hydrogen bond is also indicated by the very low 
field chemical shift of the backbone NH of Glu, which appears 
at 9.8 ppm, whereas amide protons typically appear at values 
below 9 ppm. Noteworthy is also the short distance between 
the N-terminal amine and the carboxylic acid group of the 
glutamic acid side chain in all of the obtained structures. This 
close proximity suggests an interaction between these two 
moieties, which would explain the dominant conformation of 
the glutamic acid side chain and the well-defined overall 
structure of peptide 1.  

Probing the intramolecular interactions in peptide 1. To 
validate the predicted intramolecular H-bonds, we monitored 
the temperature dependence of the 1H chemical shift of the 
amide proton signals. The change of their chemical shift upon 
heating provides temperature coefficients (ΔδHN/ΔT) that are 
good indicators for intramolecular hydrogen bonds within 
peptides.46-48 We recorded 1H NMR spectra of 1 from -60 °C 
to 55°C and observed a linear correlation for all three amide 
NH protons up to a temperature of ~25 °C; beyond 25 °C, a 
non-linear temperature dependence indicates a partial loss of 
secondary structure (Figure 4a).47 For consistency with later 
experiments (vide infra), the temperature coefficients were 
determined between -60 °C and 10 °C.27 This resulted in small 
 

 
Figure 4. a) Temperature coefficients for the amide protons of 1 
derived from the observed changes in their chemical shifts upon 
heating. b) Signals of the protons of the N-terminal amine in the 
15N-HSQC spectrum of 1 in 9:1 CDCl3:CD3OH recorded without 
decoupling at -70°C.  

values of -1.6 ppb/K for E-NH and -2.1 ppb/K for CONH1, 
which are indicative of hydrogen bonded amides.49  In 
contrast, the other C-terminal amide NH (CONH2) has a 
temperature coefficient of -7.7 ppb/K that is typical for solvent 
exposed amide protons.48 These findings corroborate the 
calculated structure with intramolecular H-bonds formed by 
both amide NH groups.    

The evaluation of the putative interaction between the N-
terminal amine and the carboxylic acid moiety of the Glu 
residue required studies at low temperature as their protons are 
not detectable at room temperature, most likely due to fast 
exchange with the solvent. Upon cooling the solution of 
peptide 1 in CDCl3:CD3OH 9:1 to -70 °C, two new broad 
signals at 8.6 ppm and 11.1 ppm became visible in the 
1H NMR spectrum (Figure 4b). A 15N HSQC spectrum 
confirmed the connectivity of both protons to the same 
nitrogen.  The strong low field chemical shift of one of the 
protons is typical for a hydrogen-bonded ammonium ion NH 
moiety and supports the predicted interaction with the 
carboxylic acid group of the Glu residue. In agreement with 
this conclusion, the two protons exhibit different 1JH,N 
coupling constants of –72.3 Hz (H at 11.1 ppm) and –75.1 Hz 
(H at 8.6 ppm, Figure 4b). The more positive coupling 
constant of the proton at low field indicates a longer N–H 
bond and thus further supports a hydrogen bond.50 
Interresidual NOEs of this NH with p-Hα and p-Hδ2, but not 
with p-Hδ1, show that the proton involved in the H-bond is on 
the Si face of the amine nitrogen (Hpro-S).27 These data show 
that the proton of the carboxylic acid is at least in part, if not 
fully, transferred to the N-terminal amine of peptide 1 in a 
solution of CDCl3:CD3OH.  

Pyrrolidine ring puckering in peptide 1. The NMR 
spectroscopic data clearly show that the backbone and the 
glutamic acid side chain of peptide 1 adopt one predominant 
conformation and exhibit only a limited amount of flexibility. 
Finally, we examined whether the ring puckers of the proline 
residues also show a preference for a single conformation. 
Proline residues generally adopt either a Cγ-exo pucker, which 
is characterized by small 3J(Hγ2, Hδ1) values (2–3 Hz), or a 
Cγ-endo pucker, which exhibits small values for 3J(Hα,Hβ2) 
and 3J(Hγ1,Hδ2) due to near 90° dihedral angles.28,51,52 All 
observed 3JH,H couplings of the DPro residue are in a range of 
7.2–9.5 Hz.27 This indicates flexibility of the proline ring 
without preference for Cγ-exo or Cγ-endo puckering. For the 
Pro residue, values of 3.6 Hz for 3J(Hα,Hβ2) and of 4.5 Hz for 
3J(Hγ1,Hδ2) were observed and are close to the range expected 
for an exclusive Cγ-endo pucker. Yet, the slightly elevated 
coupling constants also suggest a smaller but significant 
population of Cγ-exo pucker and thus again point to a dynamic 
equilibrium between the two ring conformations.27 

Overall, the NMR spectroscopic data show that tripeptide 1 
adopts one major conformation that is stabilized by three 
intramolecular hydrogen bonds. Thus, the ground state of 
catalyst 1 is a well-defined structure, where only the 
pyrrolidine rings of the two proline residues exhibit a 
significant degree of flexibility. 
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Synthesis and NMR spectroscopic analysis of enamine 1-
En’. Previous mechanistic studies had shown that the enamine 
intermediate 1-En is involved in the rate- and 
enantioselectivity-determining step of the catalytic cycle.20,21 
The conformation of 1-En is therefore key for the 
stereochemical outcome of the reaction. Enamines formed by 
amine-based catalysts that bear an acidic moiety are highly 
reactive, in particular in protic solvents, and therefore difficult 
to characterize.25,53 Prior structural studies on enamines 
derived from organocatalysts (e.g., proline and prolinol-based 
catalysts) were mainly carried out in aprotic solvents (e.g. 
DMSO, DMF, acetonitrile, CDCl3).25,54-58 In contrast, a 
detailed conformational analysis of an enamine derived from 
an acidic proton-containing catalyst in a protic solvent has so 
far remained elusive.59,23 Thus, analysis of the conformation of 
1-En was expected to be challenging.  Indeed, initial attempts 
to characterize an enamine formed by peptide 1 with butanal 
failed, as the enamine did not form quantitatively. We 
succeeded to obtain the resonance-stabilized enamine 1-En’ 
from catalyst 1 by reaction with phenylacetaldehyde 
(1.2 equiv.) in dry CDCl3:CD3OH 9:1. The water formed in 
the condensation reaction was trapped by activated powdered 
molecular sieves (4 Å) that were added to the NMR tube. 

The 1H NMR spectrum of 1-En’ shows the characteristic 
signals of an enamine species along with unreacted aldehyde 
and a hemiacetal resulting from reaction of deuterated 
methanol with the aldehyde. At room temperature, the the 
enamine was not sufficiently stable and formation of side 
products further complicated the analysis of the NMR 
spectra.60 Thus, more detailed studies were carried out 
at -20°C, where side products formed only to a minimal extent 
even after 4–5 h. Unfortunately, enamine 1-En’ is not 
sufficiently stable to allow for the measurement of RDCs in 
cross-linked PVAc since the swelling process to obtain the 
stretched gel takes several days. Thus, the structural analysis 
relied solely on data collected in isotropic environment. 
Resonance assignment of enamine 1-En’ was straightforward, 
using a combination of two-dimensional NMR experiments as 
well as comparison with the spectra of 1.27 The ROESY cross-
peak volumes were converted into distances by the same 
method as used for peptide 1.  

Conformation of the enamine moiety of 1-En’. We started 
by analyzing the conformation of the enamine moiety of 
1-En’. The two signals of the enamine-protons H1 and H2 
appear in the 1H NMR spectrum at 5.2 ppm and 6.9 ppm as 
doublets with a coupling constant of 13.9 Hz, which is 
indicative for an E-configured enamine. Their connectivity 
was confirmed by a cross-peak in the DQF-COSY spectrum. 
The ROESY spectrum shows a strong NOE between H1 and 
the proton at Cα of the DPro residue (p-Hα), but only a weak 
NOE of H1 with the protons at Cδ of DPro (p-Hδ1/Hδ2). 
Conversely, H2 has strong NOEs with p-Hδ1/Hδ2 and only a 
weak NOE with p-Hα (Figure 5).27  

 
Figure 5. Equilibrium between s-trans and s-cis conformers of 
enamine 1-En’ and observed NOEs.   

These findings indicate that the conformation of the enamine 
moiety in 1-En’ is predominantly s-trans. Comparison of the 
NOE-derived H1/p-Hα and H2/p-Hδ1/Hδ2 distances with pure 
s-cis and s-trans enamine structures that were generated 
computationally suggests a s-trans:s-cis conformer ratio of 
approximately 70:30.27,55,58  

Backbone conformation of the enamine 1-En’. Next we 
explored whether the structural features observed for 1 are still 
intact in enamine 1-En’. Within the DPro-Pro moiety, the NOE 
between p-Hα and P-Hδ2 is weaker and the one between p-
Hβ1 and P-Hδ1 is stronger in 1-En’ compared to those in 1 
(Figure 6a). These differences indicate that the two proline 
residues are either more twisted in 1-En’ than in 1 or they 
reflect increased flexibility in the DPro-Pro unit of 1-En’ 
compared to that in 1. The NOEs between the C-terminal 
amide CONH1 and E-NH as well as P-Hα are weaker in the 
ROESY spectrum of 1-En’ than those observed for 1 
(Figure 6a). These longer distances indicate that 1-En’ still 
adopts a β-turn conformation, but one that is less pronounced 
compared to that of the ground state catalyst 1. This finding is 
supported by a stronger NOE between P-Hα and E-NH, which 
indicates a shorter distance between these two protons and 
points to a lower population of a type I β-turn.33-35  

 

Figure 6. a) Comparison of the NOEs and distances indicative of 
the β-turn conformation in peptide 1 and enamine 1-En’. b) 
500 MHz 1H NMR spectrum of 1 (top) and 1-En’ (bottom) in 
CDCl3:CD3OH 9:1 recorded at -20°C. Temperature coefficients of 
amide protons (ppb/K) determined from spectra recorded between 
-60°C and 0°C in red. 
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Destabilization of the β-turn conformation of 1-En’ compared 
to that of 1 was further corroborated by a significantly higher 
temperature dependence of the C-terminal CONH1 amide 
proton chemical shift in enamine 1-En’ (-3.4 ppb/K) than in 
peptide 1 (-2.1 ppb/K, Figure 6b). In addition, the 3J(E-NH,E-
Hα) coupling constant, which corresponds to the φ-dihedral 
angle of the Glu residue, is larger in 1-En’ (7.1 Hz, at -20°C) 
than in 1 (5.5 Hz, at -20°C). A value of 7.1 Hz is still in 
agreement with a dihedral angle close to 270°, expected for a 
canonical type I β-turn,38 however, 3JHH-coupling constants of 
7–9 Hz are not diagnostic for folded conformations, since 
similar values are also expected for unfolded peptides.34,35  

Conformation of the glutamic acid side chain in enamine 
1-En1. The glutamic acid side chain CO2H group in peptide 1 
forms a H-bond with the N-terminal amine. This stabilizing 
interaction is no longer possible in the enamine 1-En’ and 
hence, we expected the side-chain of the Glu residue to exhibit 
a higher degree of flexibility. The amide NH of Glu (E-NH) 
appears at significantly higher field in 1-En’ (8.23 ppm 
at -20°C) compared to 1 (9.93 ppm at -20°C, Figure 6b). This 
shift to higher field suggests a weakening or loss of the 
intraresidual H-bond between the CO2H group and the amide 
NH of the Glu residue. This finding is further corroborated by 
a low temperature coefficient of -7.0 ppb/K observed for E-
NH in 1-En’ (-1.6 ppb/K in 1), which is close to values found 
for solvent exposed amide protons.48 Although the limited 
stability of 1-En’ precluded determination of heteronuclear 
coupling constants, useful additional information was gained 
from analysis of the multiplet fine structure in the 1H NMR 
spectrum. The 3JH,H coupling constants between E-Hα and E-
Hβ1 and E-Hβ2 are 9.7 Hz and 3.3 Hz, respectively.61 These 
values are in agreement with a strong preference (>80%) of E-
χ1 to adopt a torsion angle close to -60° or 180°. Regardless of 
which conformation is mainly populated, the orientation of the 
glutamic acid residue side chain in 1-En’ differs significantly 
from that of 1 where E-χ1 is exclusively ~+60°. The value of 
the dihedral angle E-χ2 could not be extracted from the NMR 
data as the signals of E-Hγ1 and E-Hγ2 are isochronous.62 
Overall, the data shows that the side chain of the Glu residue 
undergoes a significant conformational change upon formation 
of the enamine 1-En’ from the ground state catalyst 1.  

Pyrrolidine ring puckering in enamine 1-En’. Insight into 
the ring puckers of the proline residues in 1-En’ was again 
gained from the 3J(Hα,Hβ2) couplings of p1 and P2. The 
coupling constants 3.4 Hz (p1) and 3.3 Hz (P2) are small, 
which suggests that both residues adopt Cγ-endo puckers 
preferentially. This is in contrast to the free catalyst, where 
only the Pro residue shows a preference for the Cγ-endo 
conformation. Signal overlap in the 1H NMR spectrum of 
1-En’ did not allow for the determination of additional 3JH,H-
couplings for more detailed analysis.63  

Computational structural analysis of enamine 1-En’. The 
NMR spectroscopic data showed that the enamine 1-En’ is 
more flexible than 1 and adopts more than one conformation. 
Thus, the data does not allow for a classic simulated annealing 
approach that provides one structure in atomistic detail. We 

therefore performed computational studies and compared the 
resulting conformers and their predicted populations with the 
NMR spectroscopic data.64  

We used the program MacroModel65 with the OPLS3 force 
field66 and the GB/SA solvent model for CHCl3

67 to sample 
the conformational space of 1-En’. The calculations started 
from a random extended conformation and provided 2591 
conformers within 10 kcalmol-1 of the global minimum.27 
These conformers were clustered according to the root mean 
square deviation (RMSD) of the heavy atoms and 39 
representative conformers were optimized by DFT using the 
M06-2X-D3/6-311+G** level of theory.27,68,69 The DFT 
calculations were performed with Gaussian 0970 using the 
PCM CHCl3 solvation model.71 The Boltzmann populations of 
the individual conformers were obtained from the free 
energies calculated by DFT.27 In the following, members of 
the conformational ensemble generated with this procedure 
will be referred to as “DFT-structures” wherever it is 
necessary to distinguish them from experimentally-derived 
structures. 

In order to evaluate whether this computational procedure is 
suitable to reflect results obtained by the NMR-spectroscopic 
analysis we firstly performed calculations with peptide 1. The 
computational studies yielded two closely related lowest 
energy conformations of 1 (ΔE = 0.54 kcalmol-1) that account 
for > 99% of the Boltzmann population and are very similar to 
the NMR-spectroscopically derived conformation (all carbon 
RMSD = 0.42 Å and 0.48 Å, Figure S9). The two structures 
differ essentially only in the pucker of the N-terminal proline 
ring, where also the NMR-spectroscopic studies had revealed 
flexibility (vide supra). Thus, the results from the 
computational studies for peptide 1 are in very good 
agreement with the structure obtained by NMR spectroscopy.27 

For the peptide-enamine 1-En’ the computational protocol 
yielded a lowest energy structure that accounts for 67% of the 
conformational ensemble. This structure is a type I β-turn with 
the enamine moiety in a s-trans conformation. An overlay of 
the lowest energy structures of 1 and 1-En’ resulting from the 
conformational searches and DFT optimization shows that 
they differ significantly in the ψ angle of the DPro residue and 
the orientation of the glutamic acid side-chain (Figure 7a).  

 
Figure 7. a) Overlay of lowest energy DFT-structures found for 1 
(blue) and 1-En’ (green). b) Overlay of the four calculated 
structures within 2 kcalmol-1 of the lowest energy structure of 
1-En’. For clarity, nonpolar H atoms and the phenyl moiety of the 
enamine are not shown 

b)a)
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Amongst all 39 conformers, four are within 2 kcalmol-1 of the 
lowest energy structure and represent more than 96.4% of the 
conformational ensemble (Figure 7b). Most conformers adopt 
a s-trans enamine conformation (83%) while the s-cis 
conformers account for only 17 %. The presence of a minor 
population of s-cis conformers is in agreement with the 
predicted ratio of ~70:30 from the NMR spectroscopic 
analysis. Most of the lower energy structures (88.7%) adopt a 
β-turn conformation, a γ-turn is only observed in higher 
energy structures (0.1%). In addition, a significant population 
(11%) of a different conformation was found, in which the 
carbonyl group of the DPro residue forms a H-bond with the 
CO2H group of the glutamic acid side chain. These findings 
are in agreement with the NMR data where the large 
temperature dependence of E-NH excludes a γ-turn and 
revealed that other conformations besides a β-turn must be 
present in solution.  

Based on the available homonuclear coupling constants, we 
concluded that one of the staggered conformations of E-χ1 is 
mainly populated in 1-En’ but it was not possible to decide 
whether it is E-χ1 = -60° or 180° (vide supra). Now we 
compared the experimentally-determined coupling constants 
with the predicted values. To enable this comparison we 
converted the respective dihedral angles of the DFT-structures 
into population-weighted J-couplings using the Karplus 
equation.27 The values for 3J(E-Hα, E-Hβ1) and 3J(E-Hα, E-
Hβ2) are 3.1 Hz and 10.4 Hz, respectively, and close to the 
experimentally-determined values of 3.3 Hz and 9.7 Hz. Since 
conformations with E-χ1 = ~-60° prevail in the DFT-generated 
conformational ensemble (94%), the calculations support this 
angle as the dominant conformation within the Glu-side chain 
in 1-En’. In the case of the J-coupling between E-NH and E-
Hα, the back-calculated value is 5.8 Hz. This value is closer to 
the experimental value found for 1 (5.5. Hz) than that 
observed for 1-En’ (7.1 Hz). Since 3JH,NHα values smaller than 
7 Hz point to a distinct preferred conformation,34,35 the smaller 
value back-calculated from the DFT-structures of 1-En’ 
indicates that the conformational flexibility in E-φ of 1-En’ is 
not sufficiently mirrored by the DFT-derived conformational 
ensemble. 

Finally, we compared the distances derived from the NMR 
spectroscopic analysis with the population weighted distances 
obtained from the calculated conformational ensemble.27 All 
of the calculated distances are in agreement with the NOE-
derived distances when the entire conformational ensemble is 
taken into account. In contrast, three interresidual distances are 
violated when the NOE-derived distances were compared only 
with the distances in the DFT-structure with the lowest energy. 
This finding demonstrates that the NOE-derived distances 
observed for 1-En’ are in better agreement with an ensemble 
of different conformations than with that of a single lowest 
energy structure.  

Comparison of the conformations of the ground state and 
the enamine of 1 – Implications for catalysis. The NMR 
spectroscopic and computational analyses revealed that 
peptidic catalyst 1 adopts in its ground state a single 

predominant conformation. This structure is a type I β-turn 
conformation, which gains further stabilization from an 
additional hydrogen bond and a salt-bridge to the glutamic 
acid side chain carboxylic acid group. Thus, the N-terminal 
amine, the carboxylic acid and all amide groups are involved 
in stabilizing interactions and contribute cooperatively to the 
structural stability of the tripeptide. Upon formation of the 
enamine, the intramolecular salt-bridge between the N-
terminal amine and the carboxylic acid moiety is broken up. 
This loss of a stabilizing interaction is accompanied by a 
weakening of the remaining H-bonding interactions and 
results in a significantly higher conformational flexibility of 
the enamine intermediate compared to the ground state 
catalyst 1. A type I β-turn conformation still dominates the 
conformational ensemble of 1-En’, but the glutamic acid side 
chain and the backbone of 1-En’ are significantly more 
flexible than in 1.  

These results show that the peptidic catalyst undergoes a 
significant structural change upon formation of the key 
intermediate in the rate- and stereoselectivity-determining step 
of the reaction (Scheme 2). The CO2H moiety within the side 
chain of the glutamic acid residue plays a crucial role for this 
change between rigidity and flexibility of the tripeptide. In the 
ground state, the interaction with the secondary amine 
stabilizes one predominant conformation. In contrast, this 
interaction is lost in the enamine. As a result, the conformation 
of the enamine is sufficiently adaptable to accommodate the 
incoming nitroolefin for C–C bond formation. The 
conformational change of the peptidic catalyst is accompanied 
by “opening” and “closing” of the side chain of the glutamic 
acid residue, similar to a lid that opens and closes.72 These 
insights show that the carboxylic acid moiety serves not only 
as a proton donor but contributes significantly to the 
conformational properties of peptidic catalyst 1.  

Scheme 2. Schematic catalytic cycle depicting toggling between 
conformations with greater or lesser rigidity of peptidic catalyst 1.  

 

The salt-bridge formed between the carboxylic acid moiety 
and the N-terminal amine in the ground state might also 
contribute to the high robustness and ensuing reusability of the 
catalyst since the protonation shields the reactive amine.73 
Furthermore, the stability of the zwitterionic ground state of 
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the catalyst might also be a driving force for product release 
from the catalyst.   

It is conceivable that the observed alteration between rigidity 
and flexibility of the ground state of the catalyst and the 
enamine intermediate continues in the catalytic cycle. Upon 
reaction of the enamine with the nitroolefin, the imminium-
nitronate 1-Nit is protonated intramolecularly by the 
carboxylic acid group to form imminium ion 1-Im (Schemes 1 
and 2). Imminium-nitronates are too reactive to allow for 
NMR spectroscopic characterization of the conformation of 1-
Nit, but interaction between the nitronate and the carboxylic 
acid moiety makes it plausible that the structure of 1-Nit is 
more rigid than that of the enamine 1-En. Within the resulting 
imminium ion 1-Im the carboxylic acid is once again lacking 
an interaction partner and 1-Im is therefore likely more 
flexible than either 1-Nit or the ground state catalyst. Thus, 
our findings suggest that the structure of the peptidic catalyst 1 
is sufficiently adaptable to adjust its conformational properties 
to each state of the catalytic cycle (Scheme 2).  

C o n c lu s io n s  
Detailed NMR spectroscopic analyses, which included RDCs, 
J-couplings, NOE-derived distances, and temperature 
coefficients, enabled insight into the conformational properties 
of the tripeptidic catalyst H-DPro-Pro-Glu-NH2. The studies 
showed that the peptide adopts in solution a predominant β-
turn conformation with two additional intramolecular H-bonds 
in its ground state.  In contrast, the corresponding enamine still 
adopts predominantly a β-turn but is significantly more 
flexible since the additional H-bonds are weakened or no 
longer realized. Key to the conformational properties is the 
carboxylic acid moiety in the side chain of the glutamic acid 
residue, which acts as a lid that can close to restrict the 
conformational space of the catalyst or open to allow for an 
accommodating structure. Thus, the conformation of the 
peptidic catalyst is sufficiently adaptable to adjust to the steric 
and stereoelectronic requirements of the intermediates and 
transition states that form during the catalytic cycle. This 
modulation of conformational flexibility is likely critical for 
the catalytic activity of the peptidic catalyst, which is 
significantly higher compared to other secondary amine-based 
catalysts. The observed balance between rigidity and 
flexibility is also reminiscent of the dynamic nature of 
enzymes, which is recognized as essential for substrate 
binding, product release, and the need to access competent 
conformations along the reaction pathway.74,75 The presented 
insights suggest that peptidic catalysts – and other synthetic 
catalysts of low molecular weight – also benefit from a certain 
degree of conformational flexibility that allows toggling 
between rigid and accommodating states during the course of 
the catalytic cycle.  
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