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Abstract – Crystallographic evidence has been obtained in support of the ability 

of β-hydroxy-α-amino-γ-lactams to induce β-turn conformations within peptides. 

Two dipeptide model systems of these β-hydroxylated variants of the so-called 

Freidinger-Veber lactams were prepared from the reaction of 

N-(Fmoc)oxiranylglycine 2 with methyl m-amino benzoate and methyl lysinate, 

respectively, and crystallized from benzene or ether. In the solid-state, the lactam 

moiety was found to adopt dihedral angle geometry similar to extended as well as 

type II β-turn conformations contingent on the C-terminal amino ester moiety. 

The β-hydroxyl group of the trans-isomer was shown to point away from the turn 

suggesting its potential for interaction with receptors in conformationally rigid 

mimics of serine and threonine-containing peptides.

INTRODUCTION 

α-Amino-γ-lactam (Agl), so-called Freidinger-Veber lactam, has served a prominent role in peptide 

mimicry, because of its ability to locally constrain consecutive ψ- and ω-backbone dihedral angles 

(Scheme 1).
1
 Application of Agl residues in constrained mimics has led to a better understanding of the 

active conformation of biologically relevant peptides, including luteinizing hormone releasing hormone 

(LH-RH),
1,2

 angiotensin I and II,
2
 neurokinin A,

2
 and cyclodepsipeptide PF1022A.

2
 Moreover, sequential 

scanning of peptide sequences has recently been accomplished by employing six-member cyclic 

sulfamidate 1 as a bis-electrophile to alkylate and subsequently acylate peptide chains on resin (Scheme 

1). Employing this Agl scanning technique on growth hormone releasing peptide-6 (GHRP-6) and the 

interleukin-1 receptor modulator APG101.10 has led to an improved understanding of the active 

conformer of these peptides as well as to analogs with improved affinity and activity relative to the parent 

peptides.
3,4

 

                                            
†
 Dedicated in honor of Prof. Albert Eschenmoser on the occation of his 85

th
 birthday.  
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Scheme 1. Restraining dihedral angle geometry by lactam dipeptide synthesis via cyclic sulfamidate 1 

and oxiranylglycine 2 reagents 

 

The introduction of conformational constraint into a peptide by Agl has the consequence of losing side 

chain functionality. Considering the importance of serine and threonine side-chain hydroxyl groups (a) in 

recognition events, (b) in post-translational events such as phosphorylation and glycosylation,
5
 (c) in 

stabilization of peptide secondary structures, such as β-turns,
6
 as well as (d) in the synthesis of other 

side-chain functionality,
7,8

 we pursued an approach for the installation of β-hydroxy Agl residues into 

peptides. In particular, we and others have recently reported that oxiranylglycine is an efficient reagent 

for the direct installation of β-hydroxy-α-amino-γ-lactams into peptides (Scheme 1).
9,10 

Employing 

N-(Fmoc)oxiranylglycine methyl ester 2 in a modified solid-phase peptide synthesis protocol, analogs of 

APG101.10 were synthesized
9
 in order to study the consequence of the side-chain geometry of the 

threonine residue on biological activity, because the resulting β-hydroxy lactam provides additional 

constraint upon the χ dihedral angle. 

The conformational analysis of Agl residues in peptides by spectroscopic and computational methods has 

demonstrated the propensity for the amino lactam to induce turn conformations.
11-13

 Moreover, a series of 

Agl bearing peptides have been crystallized and examined by X-ray diffraction. For example, the X-ray 

structures of peptidomimetics 3a-c have shown that Agl may access type II and II‟ β-turn types 

contingent on amino lactam α-carbon stereochemistry (Figure 1a and 1b).
14,15,12

 Alternatively, more 

extended conformations were observed in the crystal structures of lactam tripeptides 3d and 3e (Figure 

1c).
12,13  
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Figure 1. Representations of crystal-state conformations of Agl peptide analogs displaying a) type II, b) 

type II‟ β-turn, and c) extended conformations 
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Although there have been a number of X-ray structures obtained of compounds bearing β-hydroxy Agl 

residues,
16-20

 to the best of our knowledge, these examples feature the lactam within additional ring 

systems,
16,17

 or possessing extra substituents at the ring positions,
18-20

 such that difficulty exists in 

discerning the exact consequence of the hydroxyl group on the conformation of the amino lactam residue. 

The synthesis, crystallization, and X-ray analysis of two dipeptide models 4a,b (Figure 2), which possess 

N-terminal β-hydroxy Agl residues, is now reported to provide the first evidence of the influence of the 

β-hydroxy group on the conformation of a γ-lactam peptide in the solid state. Crystallographic analysis of 

the β-hydroxy-α-amino-γ-lactam peptides 4 demonstrated that a linear conformation as well as type II 

β-turns may be adopted contingent on the C-terminal residue and stereochemistry. 
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Figure 2. β-Hydroxy-α-amino-γ-lactam dipeptides 4 

 

EXPERIMENTAL 

Protected hydroxy-lactam dipeptides 4 were synthesized by reaction of N-(Fmoc)oxiranylglycine with 

methyl m-amino benzoate and methyl lysinate, respectively, as previously reported.
9
 The slow 

evaporation of solutions of 4a in benzene and 4b in diethyl ether provided, respectively, crystals suitable 

for X-ray analysis. Upon isolation, the crystals were collected in paratone-N oil and placed under a 150 K 

nitrogen stream on the goniometer head of the diffractometer. X-ray crystallographic data were collected 

from a single crystal sample, which was mounted on a loop fiber. Data were collected using the program 

APEX2 on a Bruker SMART 6000 diffractometer, equipped with a Nonius FR591 rotating anode, a 

Charged-Coupled Device (CCD) Area Detector and a Montel 200 optics producing CuK radiation. The 

structures were solved by direct methods.
21

 All non-hydrogen atoms were refined anisotropically while 

hydrogen atoms were treated as idealized contributions (Riding model). The crystals obtained from 4a 

included a guest benzene molecule while for 4b, the fluorenylmethyl moiety was refined with a twofold 

disorder. 

 

RESULTS AND DISCUSSION 

The crystal structures of dipeptide mimics 4a and 4b and their physical properties are presented in Figure 

3 and Table 1. The C2-C5 fragment of 4a had a threo configuration, supporting our previously assumed 

diastereoselectivity upon installation of the C4 stereocenter. Given that the C3 stereocenter derives from 

D-Met, the absolute stereochemistry of 4a is illustrated as (3R,4S). A reasonably low Flack parameter
22

 of 

0.2(2) (Table 1) supports this assignment and suggests that C3 stereochemical integrity is maintained. A 

linear conformation was observed in the solid-state structure of 4a. 
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Figure 3. Crystal structures of hydroxy-lactams 4a • PhH (left) and 4b (right). For 4b, disorder in the 

fluorenylmethyl moiety occurred due to two slightly different conformations, one of which has been 

omitted for clarity 

 

Table 1. Crystal data and structure refinement for 4  

Compound 4a • PhH 4b 

CCDC# 779469 779470 

Empirical formula C27 H24 N2 O6 • C6 H6 C26 H30 N2 O6 

Formula weight 550.59 466.52 

Temperature, K 150 150 

Wavelength, Å 1.54178 1.54178 

Space group P21 P21 

Unit cell dimensions a = 4.9653(3) Å 

b = 13.6703(8) Å 

c = 20.3533(11) Å 

β = 95.949(3)° 

a = 14.1833(3) Å 

b = 6.0199(1) Å 

c = 14.6315(3) Å 

β = 105.559(1)° 

Volume, Å
3
 1374.08(14) 1203.49(4) 

Density, Mg/m
3
 1.331 1.287 

Absorption coefficient, mm
-1

 0.751 0.752 

F(000) 580 496 

Crystal color, description,  Colorless, needle Colorless, platelet 

Crystal size, mm 0.55 x 0.06 x 0.05 0.30 x 0.12 x 0.12 

Index ranges -5 < h < 6 

-16 < k < 16 

- 24 < l < 25 

-16 < h < 17 

-7 < k < 7 

- 18 < l < 17 

Reflections collected 17967 14307 

Independent reflections (Rint) 5162 (0.0486) 4540 (0.0408) 

No. refl. observed [I >2σ(I)]  4048 4006 

θmax (completeness) 72.41 (96.2%) 72.57 (98.7%) 

Data/restraints/parameters 5162/1/374 4540/118/351 

Goodness of fit on F
2
 1.067 1.055 

Final R indices [I > 2(I)] R1 = 0.0486 

wR2 = 0.1070 

R1 = 0.0408 

wR2 = 0.1027 
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R indices (all data) R1 = 0.0663 

wR2 =  0.1143 

R1 = 0.0477 

wR2 = 0.1063 

Extinction Coefficient 0.0044(4) 0.0035(5) 

Flack parameter
22

 0.2(2) 0.3(2) 

 

In the crystal structure of hydroxy lactam dipeptide 4b, a turn geometry may be inferred from the 5.3 Å 

heavy atom distance between the Fmoc oxygen and the methyl carbon of the ester (Figure 4). This 

distance compares well to the Cαi-Cαi+3 distance of less than 7 Å, which is a requirement of β-turn 

conformations. Similar to (R)-Agl, which has been shown to adopt a type II β-turn in peptides,
14,15

 

(3R,4S)-4-hydroxy-γ-lactam 4b exhibited dihedral angle parameters within (± 30°) the range of an ideal 

type II β-turn (Table 2).
6
 The ψ i+2 dihedral angle of 4b deviated significantly from that found in an ideal 

β-turn, likely because the ester moiety cannot participate in the conventional i ← i + 3 hydrogen bond. 

Instead, an n→π* Coulomb interaction between the Fmoc-carbonyl oxygen and ester carbonyl carbon 

may operate to rotate the ester moiety over 90° such that a Burgi-Dunitz trajectory of attack (104.6° vs 

ideal 107°) is adopted.
23

 A similar interaction has also been noted in the crystal-state structure of a 

4-fluoroproline derivative.
24

 The structural similarity between the conformations adopted by D-Agl and its 

β-hydroxy-γ-lactam counterpart demonstrates that the (S)-hydroxyl group does not perturb the normal 

preferences of the amino lactam moiety. 

 

 

Figure 4. β-Turn-like conformation of 4b. 
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Table 2. Comparison of ideal type II β-turn dihedral angles with 4b 

Dihedral angle Ideal type II β-turn
6
 4b 

ω i+1 180 176 

φ i+1 -60 -40 

ψ i+1 120 116 

ω i+2 180 -173 

φ i+2 80 96 

ψ i+2 0 -97 

 

The pyrrolidine ring in Agl is sufficiently flexible such that it may access several different puckering 

conformations. With the added 4-hydroxyl group, these conformations gain importance as they relate to 

the χ dihedral angle of the side chain. In the cyclopentane model, two stable ring puckers are respectively 

defined as the “twist” conformation, in which two adjacent atoms lie above and below the plane 

containing the remaining three ring atoms, and the “envelope” conformation, in which one ring atom lies 

above the plane containing the remaining four atoms.
25

 In these ideal conformations, 1-2 intracylic 

dihedral angles fall between 40-42°.
25

 In the solid state, the pyrrolidine ring of the Agl residue has 

displayed envelope, twist, and intermediate conformations, which were significantly flattened relative to a 

cyclopentane ring, with the largest dihedral angles falling in the 8-27° range,
12-15

 due to the planar amide 

bond. Likewise, 4-hydroxy-γ-lactams 4a,b displayed, respectively, a flattened envelope and twist 

conformation (largest dihedral angles: 25.9° and 28.6°). The β carbon of Agl and 4-hydroxy-γ-lactam is 

puckered in all cases, with additional puckering of the α or γ carbons for twist-like conformations.
12-15

 

The envelope conformation in the case of 4a might be enforced due to donation of the nitrogen lone pair 

into the periplanar aromatic ring. The lengthened N-C(2) bond and shortened C(2)=O bond in 4a relative 

to 4b support such an interaction, resulting in loss of pyramidalization at nitrogen for 4a (the sum of 

angles about N in 4a was slightly higher than that of 4b: 360° vs. 357.9°). Overall, the introduction of a 

hydroxyl group does not appear to have any influence on the conformational preferences of the 

pyrrolidinone ring in Agl. Similarly, more highly substituted and ring fused derivatives of hydroxy 

lactams have also shown the same types of puckering.
16-20

  

As puckering occurs at the β carbon, the hydroxyl group of α-amino-β-hydroxy-γ-lactams can be oriented 

equatorially or axially depending on the direction of pucker. The direction of pucker may be described as 

C
β
-endo vs. C

β
-exo relative to the α-amino group, both of which are represented by 4a and 4b, 

respectively (Figure 5).
26

 In the context of the β-turn like conformation of the latter, the C
β
-exo pucker 

causes an axial orientation of the hydroxyl group such that it points perpendicularly outward from the 

plane of the β-turn. As both dipeptides display D-threo stereochemistry, the observed difference in the 

N2-C3-C4-O2 torsion angles (i.e. χ dihedral angles)
27

 of 89.5° and 142.4° for 4a and 4b respectively are 

primarily a consequence of the C
β
-endo vs. C

β
-exo ring puckering of the pyrrolidine core. 
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Figure 5. Endo and exo puckering of the C
β
 atom in 4a (left) 4b (right) respectively. All hydrogens 

except those at C
α
 and C

β
, the Fmoc groups, and the benzene solvent in 4a have been omitted for clarity 

 

In conclusion, the first crystallographic evidence has demonstrated that β-hydroxy Agl may induce a 

β-turn conformation in the solid state; however, a linear conformation was also identified. The accessible 

conformations of β-hydroxy lactams appear to be analogous to those of traditional Freidinger-Veber 

lactams. 
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