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(Abstract) 

We performed the solution-phase synthesis of a set of model peptides, including homo-

oligomers, based on the 2-aminoadamantane-2-carboxylic acid (Adm) residue, an extremely 

bulky, highly lipophilic, tricyclic, achiral, Cα-tetrasubstituted α-amino acid. In particular, for 

the difficult peptide coupling reaction between two Adm residues, we took advantage of the 

Meldal’s α-azidoacyl chloride approach. Most of the synthesized Adm peptides were 

characterized by single-crystal X-ray diffraction analyses. The results indicate a significant 

propensity for the Adm residue to adopt γ-turn / γ-turn-like conformations. Interestingly, we 

found that a -CO-(Adm)2-NH- sequence is folded in the crystal state into a regular, incipient 

γ-helix, at variance with the behavior of all of the homo-dipeptides from Cα-tetrasubstituted 

α-amino acids already investigated, which tend to adopt either the β-turn or the fully-

extended conformation. Our DFT conformational energy calculations on the terminally 

blocked homo-peptides (n = 2-8) fully confirmed the crystal-state data, strongly supporting 

the view that this rigid Cα-tetrasubstituted α-amino acid residue is largely the most effective 

building block for γ-helix induction, although to a limited length (anti-cooperative effect). 
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Introduction 
 

Among the known four helices in a system of five-linked peptide units stabilized by consecutive 

intramolecularly C=O…H-N H-bonds [1-8] running in the common direction (i.e., from a 

downstream N-H donor to an upstream C=O acceptor), the α- [2,3], 310- [6,9,10] and π- [5] helices 

have been much more extensively investigated, both theoretically and experimentally, than the γ-

helix [6,11]. This latter 3D-structure should not be mixed up with either: (i) the “γ-helix” or 5.1-

helix proposed by Pauling 65 years ago [2,3] as an alternative possibility to its celebrated α-helix, 

but, although discussed by Prasad and Singh in 1981 [12], never found experimentally, or (ii) the 

“γ-helix” terminology proposed by Ramachandran [cited in ref. 13] to be used as a generic name for 

all polypeptide conformations strictly related to those of the three individual collagen helices. 

 A fully developed γ-helix, also termed 2.27-helix [6], is generated by a set of at least three 

consecutive γ-turns [6,11,14-24]. It is characterized by 2.2 amino acid residues per turn, a rise per 

residue of 2.75 Å, and seven atoms in the pseudo-cyclic (C7) structures closed by the C(1)=O(1) ← 

H(3)-N(3) intramolecular H-bond. When the side chain (R) of the single α-amino acid completely 

involved in this main-chain reversal motif is different from hydrogen, two stereoisomers can take 

place with their Cα-substituent located either in the axial or in the equatorial position relative to the 

H-bonded seven-membered pseudo-cycle. For an α-amino acid of the L-configuration, the φ,ψ 

backbone torsion angles are approximately 75°, -65° (the less stable, “classical” γ-turn) or -75°, 65° 

(the more stable, “inverse” γ-turn), respectively. Therefore, a regular and fully developed γ-helix is 

expected to exhibit the same position (either all axial or all equatorial) for the side chains of at least 

three consecutive residues with the same configuration and with identical sets (either all +/- or all -

/+) for the signs of their backbone torsion angles. However, in the case of a Cα-tetrasubstituted α-

amino acid, as the one discussed in this article (see below), the differentiation between classical and 

inverse γ-turns based on the spatial disposition of the single side chain of Cα-trisubstituted α-amino 

acids is not applicable because of the occurrence of two Cβ atoms in the former residue. As a result, 

here the two types of γ-turn become one the mirror image of the other.  

 No example of any of these two types of γ-helix (Figure 1) has been unambiguously 

authenticated experimentally to date, neither in synthetic peptides nor in proteins. However, to this 

aim, only a few compounds have been investigated and a few attempts have been made. Two 

incipient γ-helices (with only two consecutive γ-turns) were established in proteins by X-ray 

diffraction and reported in the literature. In the complex between an enzyme (porcine pancreatic 



4 

 

elastase) and an inhibitor (elafin), a severely distorted γ-turn is immediately followed by an inverse 

γ-turn [25]. In the complex between an enzyme (histone-H3 demethylase) and a derivative of a 

shortened H3, three γ-turns were observed, but two initial classical γ-turns are followed by an 

inverse γ-turn [26]. Also, in a solution NMR study it was shown that a peptide segment from the 

MUC1 protein core exhibits two (or perhaps three) consecutive γ-turns in the conformational 

equilibrium mixture [27]. Interestingly, two consecutive, intramolecularly H-bonded γ-turns in a 

linear peptide, with identical sets (-/+) for the signs of their backbone torsion angles, were seen in 

the crystal state for a terminally blocked dipeptide [28]. However, as in the heterochiral sequence -

L-Pro-D-c3Dip- (c3Dip, 2,2-diphenyl-1-aminocyclopropane-1-carboxylic acid, a Cα-tetrasubstituted 

α-amino acid; Figure 2) of this incipient γ-helix the amino acid at position 1 lacks the H-bonding 

donor N-H function, multiple elongation of the same dipeptide might at best give rise to a γ-turn 

ribbon spiral, similar to one of the two possible structures proposed by Venkataram Prasad and 

Balaram [29] for the (Aib-L-Pro)n (Aib, α-aminoisobutyric acid) polypeptide sequence, not to a 

regular, fully H-bonded, γ-helix. 

Among the variety of building blocks suggested as efficient γ-turn inducers or mimics [see, 

for example, refs. 11, 30-35] which might be useful for the construction of γ-helices, we selected 

the Cα-tetrasubstituted, achiral 2-aminoadamantane-2-carboxylic acid (Adm; Figure 2) because: (i) 

its preparation from the commercially available 2-adamantone [36-40] and (ii) an initial solution 

investigation by NMR and IR absorption [35] on one derivative, Ac-Adm-NHMe (Ac, acetyl; 

NHMe, methylamino) and one very short peptide, the terminally blocked dipeptide Ac-Adm-Gly-

NHMe, were already reported. In this latter publication, this α-amino acid was proposed as a 

“promising γ-turn inducer for synthetic peptides”. We were also intrigued by the opportunity to 

expand the large conformational versatility of the class of Cα-tetrasubstituted residues, already 

clearly demonstrated in our long-standing 3D-structural investigations, which goes from 310- and α-

helices [9,10] to the fully-extended conformation [41]. In the crystal state, only the 3D-structures of 

the free Adm amino acid itself [39,42] and a few derivatives [36,39,43-47] were reported. An NMR 

analysis of a terminally-free tetrapeptide containing an Adm residue at position 3 was published 

[48] but without any discussion on its preferred conformation. 

An additional, important motivation to unveil the 3D-structural propensity of peptides based 

on an amino acid residue (Adm) characterized by the diamondoid [49-52] adamantane [53-55] 

hydrocarbon cage, is related to its known properties and applications [36,39,43-45,56-58] in 
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medicinal chemistry, specifically in the areas of amino acid transport inhibition and neurotensin 

receptor antagonism for use in cancer research. 

 

 

 

 

Results and Discussion 
 

Adm Derivative and Peptide Syntheses 

 

Following the procedure reported by Baxendale et al. [36], we synthesized the free, rigid, highly 

lipophilic, tricyclic Adm α-amino acid hydrochloride [36-40] via a variant of the classical Strecker 

synthesis as the hydrolytic step of its last intermediate, 2-benzamidoadamantane-2-carboxylic acid, 

proceeds under relatively mild acidic conditions, affording the desired compound free from the 

impurities characteristic of the Bucherer-Bergs strategy. The last step of this latter reaction (basic 

hydrolysis of the hydantoin intermediate) requires very severe experimental conditions [37] 

resulting in the production of a significant amount of inorganic impurities. In our procedure, we 

identified the following synthetic intermediates, all of them described in the literature except the 

first: 2-hydroxyadamantane-2-carbonitrile (cyanohydrin), 2-aminoadamantane-2-carbonitrile 

[36,38,59], 2-benzamidoadamantane-2-carbonitrile [36,38], and 2-benzamidoadamantane-2-

carboxylic acid [36,38,39]. In the 3D-structure of the crystalline Adm cyanohydrin, solved by X-ray 

crystallography, two independent molecules characterize the asymmetric unit (Figure 3). In the 

packing mode, the hydroxyl group of molecule A is H-bonded to the cyano group of molecule B 

within the same asymmetric unit, while the hydroxyl group of molecule B is H-bonded to the cyano 

group of a (-x, -y, ½+z) symmetry equivalent of molecule A. As a result, H-bonded A and B 

molecules alternate in a sort of meander motif which propagates along the c direction. 

 The preparations of a very limited number of Adm containing peptides (all of them as short 

as dipeptides) were reported in the literature [35,60]. Three sequences of the general type -Adm-

Xxx- (where Xxx is Gly, L-Leu or L-Phe) were synthesized more than 40 years ago either via the 

Adm N-carboxyanhydride (NCA) or the N-acetyl / trifluoroacetyl (Tfa) Adm 5(4H)-oxazolone C-

activation methods in moderate to good yields. However, removal of the Tfa protection required 

unusually drastic alkaline conditions owing to the steric bulk of the nearby Adm residue. 

Interestingly, in the reaction with the Nα-unprotected Adm NCA the very poor reactivity of the 
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Adm α-amino function precluded further elongation of the dipeptides. However, two sequences of 

the general type -Xxx-Adm- (where Xxx is L-Leu or Gly) were prepared in good yields (77 and 

89%, respectively), in both cases using the strong Pht (phthaloyl)-Xxx-Cl C-activated derivative in 

the peptide coupling step. Removal of the Pht Nα-protection by use of the effective nucleophilic 

hydrazine reagent, however, afforded the Nα-dephthaloylated dipeptides in only poor yields. 

 In our present initial (not optimized) synthetic effort, in search of promising Adm model 

compounds potentially suitable to generate the peptide γ-helix, we envisaged two distinct routes: (a) 

preparation of -Adm-Xxx- (Xxx = protein amino acid) dipeptides, where the Adm residue, located 

at the N-terminus, is Nα-protected by an easily removable urethane-type moiety, obtained by a C-

activation method of current use, e.g. with the N-ethyl-N′-[3-(dimethylamino)propyl] carbodiimide 

(EDC) and 7-aza-1-hydroxy-1,2,3-benzotriazole (HOAt) [61], and (b) preparation of the unknown 

homo-oligopeptides of general formula -(Adm)n-. To date, we were able to synthesize and 

characterize chemically and crystallographically the following set of peptides: Z-Adm-Gly-OEt (Z, 

benzyloxycarbonyl; OEt, ethoxy) and Z-Adm-L-Ala-OMe (OMe, methoxy) following route (a); and 

“N3”-(Adm)2-NHiPr (NHiPr, isopropylamino), H-(Adm)2-NHiPr, Tfa-(Adm)2-NHiPr, and “N3”-

(Adm)3-NHiPr, in addition to the crystalline side product N,N′-bis-[(Adm)2-NHiPr]oxalamide 

isolated from the reaction between H-(Adm)2-NHiPr and the C-activating reagent oxalyl chloride 

[62-64] following route (b). 

 For the synthesis of the extremely sterically hindered Adm homo-peptides, we typically took 

advantage of the highly C-activated acyl chloride derivatives [62-65] in combination with the small-

size azido (termed in this paper “N3”) α-amino group precursor, following the general procedure 

developed by Meldal and coworkers [66-68]. In our synthetic approach, the Adm α-azido acid was 

converted in situ into its acyl chloride derivative by use of the valuable reagent oxalyl chloride. The 

“N3” group was modified to amine by Pt/C catalytic hydrogenation with a yield from good to 

moderate, decreasing with peptide lengthening. The promising yield (67%) obtained in the coupling 

reaction leading to the homo-dipeptide alkylamide unfortunately dropped to 9% in the case of its 

higher homolog. This latter poor outcome was the main reason which prevented us to appropriately 

modify by acylation or further elongate the Adm homo-tripeptide alkylamide chain to the level 

required for a potential crystallographic characterization of a fully developed peptide γ-helix (it is 

worth noting that the “N3” group, at variance with any amino protecting group bearing the C=O 

functionality, such as Z or Tfa used in this work, does not behave as a H-bonding acceptor). 
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Crystal-State Conformational Analysis 

 

The molecular structures of “N3”-Adm-NHiPr, Z-Adm-OH, Z-Adm-NHiPr, N,N′-bis-[(Adm)2-

NHiPr]oxalamide, Z-Adm-Gly-OEt, Z-Adm-L-Ala-OMe, H-(Adm)2-NHiPr, “N3”-(Adm)2-NHiPr, 

Tfa-(Adm)2-NHiPr, and “N3”-(Adm)3-NHiPr, as determined by single-crystal X-ray diffraction 

analyses, are illustrated in Figures 4-13, respectively.  Backbone torsion angles are listed in Table 1. 

For the structures belonging to a centrosymmetric space group, i.e. containing molecules of both 

handedness in the crystal cell, the molecule with a negative value of the φ torsion angle was 

selected as the asymmetric unit. Intra- and intermolecular H-bond parameters are reported in Table 

2. 

Bond lengths and bond angles (deposited; see Materials and Methods) are in general 

agreement with previously reported values for the geometry of the benzyloxycarbonylamino [69] 

moiety, the amide [70,71], ester [72] and azide [73] groups, and the peptide unit [74,75].  

In the 3D-structure of “N3”-Adm-NHiPr (Figure 4), the N1-C1A and C1-NT bonds are 

nearly perpendicular to each other, the value of the ψ backbone torsion angle being -92.80(14)°. 

The C-terminal amide unit is in the usual trans disposition (Table 1). It is worth recalling that for 

Adm residues in which the amino functionality is replaced by an azide moiety, a backbone φ torsion 

angle cannot be defined. In any case, the values adopted by the torsion angles N01-N1-C1A-C1, 

N01-N1-C1A-C1B1, and N01-N1-C1A-C1B2 [64.01(16)°, -61.04(18)°, and -179.16(14)°, 

respectively] suggest that a staggered disposition of the azide group relative to the C′ and the two Cβ 

substituents might be instrumental in minimizing unfavorable intramolecular steric contacts. Indeed, 

such g+,g−,t arrangement is also observed for “N3”-(Adm)3-NHiPr, whereas a g−,t,g+, disposition of 

the azide moiety is found for “N3”-(Adm)2-NHiPr. The packing mode is characterized by an 

intermolecular H-bond between the isopropylamide NT-HT group and a (x, -y, z+1/2) symmetry 

equivalent of the O1 atom (Table 2), which connects molecules along the c direction. 

In the 3D-structure of Z-Adm-OH (Figure 5), the disposition of the Z-urethane group, 

described by the θ1 and ω0 torsion angles, is the usual trans, trans or type-b conformation [69], the 

values of the C07-OU-C0-N1 and OU-C0-N1-C1A torsion angles being -179.18(13)° and 

179.96(12)°, respectively. The θ2 (C01-C07-OU-C0) torsion angle, which defines the disposition of 

the phenyl ring relative to the urethane moiety, is also trans [-168.7(13)°]. The Adm residue adopts 

a helical conformation, with φ,ψ = -57.44(15)°, -50.52(14)°. Two types of intermolecular H-bonds 
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characterize the packing mode, namely between the (urethane) N1-H1 group and a (-x+2, -y+1, -z) 

symmetry equivalent of the (carboxylic acid) OT atom, and between the (carboxylic acid) OT-HT 

group and a (-x+2, -y, -z) symmetry equivalent of the (urethane carbonyl) O0 atom, thus generating 

interconnected centrosymmetric dimers. 

In the 3D-structure of Z-Adm-NHiPr (Figure 6), the θ1 and ω0 torsion angles of the Z-

urethane group are both trans [-175.55(14)° and 178.05(12)°, respectively], whereas the value of θ2 

is 106.15(18)°. The C-terminal amide ω1 torsion angle, -170.58(14)°, does not deviate much from 

the trans-planarity. The conformation of the Adm residue is characterized by φ = -72.22(15)° and ψ 

= 91.66(14)°. These values, although not far from those expected for a γ-turn, do not allow the 

formation of an intramolecular H-bond between the NT-HT group and the (urethane carbonyl) O0 

atom of acceptable geometry. Indeed, as reported in Table 2, the NT…O0 distance, 3.045(17) Å 

would seem appropriate, but the H…O separation of 2.70 Å exceeds the commonly accepted limit 

of 2.50 Å for the occurrence of a H-bond, and the N-H…O angle, 105.3°, is much narrower than 

120° [76-79]. On these bases, we classify the conformation adopted by Adm in this structure as 

“open γ-turn”. The lack of the intramolecular H-bond that would stabilize the γ-turn might be 

related to the involvement of the NT-HT group in an intermolecular H-bond. Specifically, in the 

packing mode, the NT-HT group is intermolecularly H-bonded to a (-x+1, -y+1, -z) symmetry 

equivalent of the (urethane carbonyl) O0 atom (Table 2). An additional, intermolecular H-bond is 

observed between the (urethane) N1-H1 group and a (-x+1, -y, -z) centrosymmetric equivalent of 

the (amide) O1 atom. 

 N,N′-bis-[(Adm)2-NHiPr]oxalamide was obtained as a synthetic byproduct during the oxalyl 

chloride-mediated coupling of “N3”-Adm-OH with H-(Adm)2-NHiPr. In its crystal structure (Figure 

7) the corresponding backbone torsion angles in the two halves of the molecule are opposite in sign 

and have similar, but not identical, absolute values (Table 1). The difference is even larger at the 

level of the two terminal isopropyl groups, which are oriented in a way not amenable to a pseudo-

centrosymmetric arrangement, the values of the C2-NTA-CT1A-CT2A and C2-NTA-CT1A-CT3A 

torsion angles being 113.4(8)° and -124.3(7)°, respectively, in one half of the molecule, whereas in 

the second half the values of the corresponding C4-NTB-CT1B-CT2B  and C4-NTB-CT1B-CT3B 

torsion angles are 79.6(11)° and -60.1(11)°, respectively. The central oxalamide unit is trans-planar 

[N1-C0A-C0B-N3 torsion angle -179.6(6)°]. All amide and peptide bonds are trans, with deviations 

from the trans-planarity (180°) not exceeding ±7.7°. Both Adm residues proximal to the oxalamide 

linkage (numbered 1 and 3 in Figure 7 and Table 2) are folded in a γ-turn, stabilized by an 
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intramolecular hydrogen bond between the NH group of Adm(2) and the (oxalamide carbonyl) O0A 

atom in one half of the molecule, while between the NH group of Adm(4) and the (oxalamide 

carbonyl) O0B atom in the second half. Both H-bonds display more than acceptable geometrical 

parameters (Table 2). Torsion angles characterizing the two γ-turns are φ1,ψ1 = -74.5(6)°,85.9(5)° 

and φ3,ψ3 = 73.1(6)°,-80.4(5)°. The two C-terminal Adm residues [Adm(2) and Adm(4)] show 

torsion angles not dramatically dissimilar from those reported above for Adm(1) and Adm(3), 

respectively, except that the absolute values of the ψ torsion angles are significantly larger. 

Specifically, φ2,ψ2 = -69.3(6)°,97.9(6)° and φ4,ψ4 = 65.6(6)°,-100.8(6)°. As a result, the expected 

NTA-HTA…O1 and NTB-HTB…O3 intramolecular H-bonds do not occur (Table 2) and the 

conformations adopted by the two C-terminal Adm residues belong to the open γ-turn type. In the 

packing mode, the NTA-HTA and NTN-HTB groups are intermolecularly H-bonded, respectively 

to the (x, y+1, z) translational equivalent of the O3 atom and to the (x, y-1, z) translational 

equivalent of the O1 atom. The N2-H2 and N4-H4 groups, already intramolecularly engaged, do not 

participate in the intermolecular H-bonding scheme. Additional intermolecular H-bonds involve the 

OH groups of the two cocrystallized methanol molecules as the donors, and the O2 and O4 amide 

oxygen atoms as the acceptors (Table 2). 

 An open γ-turn at the level of the Adm residue is also observed in the 3D-structure of the 

terminally protected dipeptide Z-Adm-Gly-OEt (Figure 8 and Table 2), in which φ1,ψ1 are -

72.85(14)°, 98.50(12)°. The C-terminal Gly residue is semi-extended [φ2,ψ2 = 77.93(17)°,-

172.00(13)°. The conformation of the Z-urethane group is described by ω0 = 173.70(11)°, θ1 = -

179.09(11)°, and θ2 = 103.03(14)°. As for the C-terminal ethyl ester group [72], the ester bond is 

trans [ω2 = 179.37(19)°], and the value of the C2-OT-CT1-CT2 torsion angle is 179.92(19)°. Also 

in this case, the N-H group belonging to the open γ-turn, namely N2-H2, is intermolecularly H-

bonded, the acceptor being the (-x+1, -y+1, -z) centrosymmetric equivalent of the (urethane 

carbonyl) O0 atom. A second intermolecular H-bond connects the N1-H1 group to the (peptide) O1 

atom (symmetry equivalence: -x+1, -y, -z ). 

 Two independent molecules (A and B) characterize the asymmetric unit of Z-Adm-L-Ala-

OMe. In both molecules, the -Ala-OMe moiety is disordered and was refined on two sets of 

positions. The major conformers (70% occupancy) of the two molecules are illustrated in Figure 9. 

In the crystal they are arranged in a pseudo-centrosymmetric disposition (not shown) which is 

violated by the configuration of L-Ala, common to both molecules. The backbone torsion angles of 

molecule A are very close in absolute value but opposite in sign to those of molecule B. 
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Specifically, in molecule A, the Adm residue adopts an open γ-turn conformation with φ positive 

and ψ negative [φ1,ψ1 = 69.4(7)°, -94.5(6)°] and L-Ala is left-handed helical [φ2,ψ2 = 42.5(9)°, 

48.8(19)°], whereas in molecule B the Adm residue adopts an open γ-turn conformation with φ 

negative and ψ positive [φ1,ψ1 = -70.6(6)°, 93.9(6)°] and L-Ala is right-handed helical [φ2,ψ2 = -

45.0(10)°, -47.2(11)°]. In both molecules, the Z-urethane C=O and the Ala N-H groups are too far 

apart for the occurrence of an intramolecularly H-bonded C7 form (Table 2). The minor conformer 

of the -L-Ala-OMe moiety of molecule A is also left-handed helical [φ2,ψ2 = 66(2)°, 33(5)°] as its 

major counterpart, whereas the minor conformer of the -L-Ala-OMe moiety of molecule B is 

located in the “bridge” region [80] of the conformational map [φ2,ψ2 = -92.4(8)°, 12.1(5)°]. Again, 

the N-H groups belonging to an open γ-turn are intermolecularly H-bonded in the crystal packing. 

Specifically, the N2-H2 group of molecule A is H-bonded to the (x+1, y, z) translational equivalent 

of the (urethane carbonyl) O0B of molecule B, and the N4-H4 group of molecule B is H-bonded to 

the (x-1, y, z) translational equivalent of the (urethane carbonyl) O0A of molecule A (Table 2). 

Additional H-bonds are observed between the two independent molecules within the same 

asymmetric unit, namely from the N1-H1 group (molecule A) to the O3 atom (molecule B) and 

from the N3-H3 group (molecule B) to the O1 atom (molecule A). As a result, rows of alternating 

A-B-A-B molecules, each linked to the next by two H-bonds, are generated along the a direction  

The conformation of the molecule arbitrarily chosen as the asymmetric unit in the 

centrosymmetric structure of H-(Adm)2-NHiPr (Figure 10) is described by the following values for 

the backbone torsion angles: ψ1 = -71.4(3)°;   φ2,ψ2 = -80.5(4)°, 96.1(3)°. The values of the φ,ψ 

torsion angles adopted by the C-terminal residue, although not far from those expected for a γ-turn, 

do not allow the formation of the related (C7) intramolecular H-bond. Indeed, the NT…O1 and 

HT…O1 separations are 3.293(4) Å and 2.97 Å, respectively, and the NT-HT…O1 angle is 105°. In 

the packing mode, both the (amino) N1-H1A and the (peptide) N2-H2 groups are intermolecularly 

H-bonded to the (amide carbonyl) O2 atom of a (-x, -y, -z) symmetry related molecule (Table 2), 

thus generating a centrosymmetric dimer. In addition, the (amide) NT-HT group is H-bonded to the 

(1-x, -y, -z) symmetry equivalent of the (peptide) O1 atom, connecting molecules along the a 

direction. The second H-atom of the N-terminal amino group, H1B, is not involved in any H-bond. 

 The 3D-structure of “N3”-(Adm)2-NHiPr is illustrated in Figure 11. The backbone 

conformation closely mirrors that of H-(Adm)2-NHiPr described above. Indeed, the values of φ2,ψ2 

differ by less than 1.2° in the two compounds (Table 1), thus resulting in the same open γ-turn 

conformation. The ψ1 torsion angle is negative in both structures, and slightly larger for “N3”-
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(Adm)2-NHiPr [-81.6(2)°] than for H-(Adm)2-NHiPr [-71.4(3)°]. The only other significant 

difference, in terms of molecular conformation, between the two structures is found at the level of 

the C-terminal amide group, almost perfectly trans-planar in “N3”-(Adm)2-NHiPr [ω2 = 179.5(5)°], 

while slightly distorted in H-(Adm)2-NHiPr [ω2 = -169.9(3)°]. In the packing mode of “N3”-

(Adm)2-NHiPr, the N2-H2 and NT-HT groups are intermolecularly H bonded, respectively, to the (-

x+2, -y+1, -z) centrosymmetric equivalent of the (amide carbonyl) O2 atom and to the (-x+2, -y, -z) 

symmetry equivalent of the (peptide) O1 atom (Table 2). 

 In the 3D-structure of Tfa-(Adm)2-NHiPr (Figure 12), the N-terminal Adm is folded in a γ-

turn conformation stabilized by an intramolecular H-bond between the (peptide) N2-H2 and the 

(trifluoroacetamido) C0=O0 groups. The H…O separation, 2.54 Å, only marginally exceeds the 

commonly accepted upper limit of 2.50 Å for the occurrence of a H-bond, while the N-H…O angle, 

123°, is larger than 120° [76-79]. The observation that the N2-H2 and C0=O0 groups are not 

involved in any intermolecular H-bond supports the view that the N2-H2…O0 intramolecular 

interaction reported above is a true H-bond. The values of the φ,ψ torsion angles of the Adm(1) 

residue involved in the γ-turn are -78.7(3)° and 88.1(2)°. Conversely, the C-terminal Adm(2) 

residue, with φ2,ψ2 = -60.8(3)°, -65.5(2)° is helical. This structure offers a case study to unravel 

intramolecular features which may be different when an Adm residue is accomodated in the γ-turn 

or in a helical conformation. A number of C-H…H-N and C-H…O intramolecular contacts shorter 

than the sum of their van der Waals radii (H…H 2.40 Å, H…O 2.72 Å) are found for both Adm(1) 

and Adm(2) residues. Interestingly, the carbonyl oxygen of the Adm(1) residue involved in the γ-

turn sits quite comfortably right in between the H atoms of the (pro-S)-Cβ and of one of the Cγ 

atoms of the same residue, with H…O distances of 2.58 Å and 2.60 Å, respectively. Conversely, as 

a result of the different sign and value for the ψ torsion angle, the carbonyl oxygen of the helical 

Adm(2) residue is located at 2.64 Å from the (pro-R) β-CH, but much closer, 2.36 Å to one of the γ-

CH atoms. The intra-residue distances between the carbonyl oxygen and the side-chain β- and γ-CH 

groups are governed by the ψ torsion angle. It appears that the ψ value of Adm(1), 88.1(2)°, is 

associated to much less unfavorable short contacts than that of Adm(2), -65.5(2)°. Indeed, model 

building suggests that ψ values typical for regular, right-handed helices (-30° ÷ -45°) are strongly 

disallowed for Adm, as they would bring one of the γ-CH atoms at 2.10 ÷ 2.15 Å from the carbonyl 

oxygen. In the packing mode of Tfa-(Adm)2-NHiPr, the N1-H1 group is H-bonded to a (-x, -y, -z+1) 

symmetry equivalent of the (peptide) O1 atom, thus generating a centrosymmetric dimer. As for the 

remaining, potential H-bonding donor, the (isopropylamide) NT-HT group, the only acceptor within 
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reach is a (-x+1/2, y-1/2, -z+3/2) symmetry equivalent of the O2 atom, although the N…O and 

H…O distances are significantly long (Table 2). This latter, weak intermolecular H-bond connects 

molecules in a zig-zag motif along the b direction. 

 Finally, the crystal state conformation of “N3”-(Adm)3-NHiPr (Figure 13) is characterized 

by two, consecutive γ-turns at the level of the Adm(2) and Adm(3) residues. The N3-H3…O1 and 

NT-HT…O2 intramolecular H-bonds display more than acceptable geometries (Table 2), with 

H...O distances in the range 2.27 ÷ 2.44 Å and a value of 132° for both N-H…O angles. The sets of 

backbone torsion angles for the residues involved in the two γ-turns are φ2,ψ2 = -81.91(18)°, 

84.20(16)° and φ3,ψ3 = -72.98(19)°, 75.88(18)°. As both γ-turns share the same set of signs (i.e., -

/+) for the backbone torsion angles, they give rise to an incipient γ-helix. The ψ value of the N-

terminal “N3”-Adm residue is 77.87(17)°. All of the ω torsion angles deviate less than ±9° from the 

ideal trans-planarity (Table 1). Notably, the packing mode is not stabilized by any N-H…O 

intermolecular H-bond. Indeed, the only potential H-bonding donor not already intramolecularly 

engaged is the N2-H2 group, which is deeply buried between the proximal, bulky adamantane 

cages. Conversely, in addition to intermolecular van der Waals interactions, a few C-H…O or C-

H…N short contacts with H…O(N) distances in the range 2.69 ÷ 2.79 Å and C-H…O(N) angles 

within 144 ÷ 172° are observed, namely between the CT3 methyl group and a (x+1, y, z) symmetry 

equivalent of O3, between the C1G1 methylene of Adm(1) and a (-x+1, -y+2, -z+1) symmetry 

equivalent of the (azido) N02 atom, and between the C1G3 methylene of Adm(1) and a (-x+2, -y+2, 

-z+1) symmetry equivalent of the (azido) N1 atom. 

 Overall, in the 3D-structures described above, none of the N-H groups involved in a γ-turn 

characterized by an acceptable intramolecular H-bond geometry turns out to take part in the 

intermolecular H-bonding network. Conversely, for all of the cases which we classify as open γ-

turns, the N-H group potential donor for the occurrence of the intramolecularly H-bonded C7 form 

is always intermolecularly engaged. 

 In this work, the backbone conformations of fifteen examples of N-acylated Adm residues 

(i.e., not taking into account those in which the amino group at the N-terminus is free or replaced by 

an azido group) have been determined. The resulting φ,ψ scatterplot, normalized to the negative 

sign for the φ torsion angle, is illustrated in Figure 14 (left).  

We found only two examples of helical Adm residues (black triangles in Figure 14), 

including Z-Adm-OH which carries a free carboxylic acid group (at variance with all other Adm 

residues reported in Figure 14 which are followed by an amide or peptide bond). The φ values are in 
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the range -57° ÷ -61°, a common observation for helical Cα-tetrasubstituted α-amino acid residues 

[10], whereas the ψ values, from -51° to -66°, are larger in magnitude than those typical for 310-

helices (-30°) or α-helices (-42°) [9,81]. These findings compare well with the few occurrences of 

N-acylated Adm derivatives of the R-CO-Adm-OH or R-CO-Adm-OR′ type reported in the 

literature [36,39,43-47], from which the average values of φ,ψ = -54°, -55° can be calculated for a 

helical Adm residue. 

Our remaining thirteen examples of Adm residues, characterized by opposite signs for the φ 

and ψ torsion angles, broadly belong to the γ-turn region in the upper left quadrant of the 

Ramachandran map, an expanded view of which is shown in Figure 14 (right). Here, we 

differentiate between γ-turns (red triangles), for which a C=O…H-N intramolecular H-bond of the 

C7 type of “normal” geometry is observed (i.e., H…O distance < 2.55 Å, and N-H…O angle > 

120°; five examples), and open γ-turns (blue triangles), in which the H…O distance of the expected 

H-bond exceeds 2.55 Å (eight examples). In the five examples of γ-turns the φ values range from -

73° to -82° and the ψ values from 76° to 88°. In the eight examples of open γ-turns the φ values 

range from -66° to -81° and the ψ values from 92° to 101°. The average backbone torsion angles are 

φ,ψ = -76°, 83° for regular, H-bonded γ-turns, while φ,ψ = -73°, 96° for the open γ-turns. These 

findings indicate that the key parameter determining the occurrence or the absence of the 

intramolecular H-bond of the C7 type is the value of the ψ torsion angle, larger (> 90°) for the open 

γ-turns. Indeed, the value of ψ governs the orientation of the (i+1) N-H group. The observation that 

in all of our examples of open γ-turns the N-H group potential donor for the occurrence of the 

intramolecularly H-bonded C7 form is involved in an intermolecular H-bond suggests that such 

opening of the γ-turns could be at least in part related to crystal packing effects. However, from the 

set of structures reported here, combined with those of Adm acylated derivatives described in the 

literature [36,39,43-47], it appears that Adm tends in general to adopt ψ values larger than those 

common for Cα-tetrasubstituted α-amino acid residues, in all probability as a consequence of the 

severe steric hindrance of the bulky adamantane moiety. 

It is worth comparing the values of φ,ψ = -76°, 83°, averaged from the five examples of H-

bonded γ-turns found in this work, with those commonly considered typical for standard, inverse γ-

turns, φ,ψ = -75°, 65°. While the values of φ agree well, our average ψ value is significantly larger. 

Also, from their computational investigation [14], Némethy and Printz inferred that some rotation 

(∆ω) out of the trans-planarity of the peptide (amide) bonds is required for the formation of the 
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intramolecular H-bond in the γ-turn. Conversely, from our results, we observe that in four out of 

five γ-turns the amide bond following the Adm residue in the γ-turn is perfectly trans-planar (ω = 

180°) within ±1°. The only exception is represented by the peptide bond between residues 2 and 3 

in the structure of “N3”-(Adm)3-NHiPr, for which ∆ω = 6.4°. Interestingly, this latter peptide bond 

is also preceding the second, consecutive γ-turn at the level of Adm(3). Values of |∆ω| ranging from 

4.0° to 8.8°, but not all of the same sign, characterize the amide bonds preceding the four remaining 

γ-turns.  

From the analysis of the structures investigated in this work, an intriguing relationship 

emerged between the values of the bond angles at the quaternary α-carbon of Adm and the type of 

backbone conformation adopted. The results reported in Table 3 are normalized to the negative sign 

of the φ torsion angle. Specifically: (i) The N-Cα-C′ (τ) bond angle is significantly compressed if 

compared to the standard tetrahedral value of 109.5°. The value of τ averaged from the Adm 

residues adopting a γ-turn / open γ-turn conformation, 104.5°, is 2.4° smaller than that observed for 

helical Adm residues (106.9°). Values of τ comparable to that of Adm in the γ-turn / open γ-turn 

conformation (or even lower) were documented for Cα-tetrasubstituted α-amino acid residues 

adopting the fully-extended conformation [41]. (ii) The bond angle involving the two β-carbon 

atoms, internal to the Adm cage, is 108.2° for helical Adm residues, and 0.6° smaller for the γ-turn / 

open γ-turn conformation. (iii) The two β-carbon atoms are arranged asymmetrically with respect to 

the nitrogen atom. Specifically, the N-Cα-Cβ bond angle involving the (pro-S)-Cβ (Cβ1 in Table 3) is 

smaller than tetrahedral, and that involving the (pro-R)-Cβ (Cβ2 in Table 3) is larger, when the sign 

of the φ torsion angle is negative. In the molecules where Adm adopts a left-handed screw sense 

(i.e., φ positive), the reverse is true. The difference between the values of these two bond angles is 

5.3° both for the helical and the γ-turn / open γ-turn conformations, although the values of the N-

Cα-Cβ1 and N-Cα-Cβ2 bond angles are slightly different in the two conformations (N-Cα-Cβ1 106.9° 

versus 107.4°, respectively; N-Cα-Cβ2 112.2° versus 112.7°, respectively). (iv) On the carbonyl 

side, the C′-Cα-Cβ1 and C′-Cα-Cβ2 bond angles are equal (111.4°) when Adm is helical. Conversely, 

for Adm in the γ-turn / open γ-turn conformation with a positive sign of the ψ torsion angles, the 

value of the C′-Cα-Cβ2 bond angle (114.8°) is much larger than that involving the Cβ1 atom (109.6°). 

The difference between these two latter values, 5.2°, is much larger than any difference between 

corresponding bond angles at the α-carbon of Aib, for which a conformation and screw-sense 

dependent asymmetry is well documented [10,82]. 
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Conformational Energy Calculations 

 

The cooperative or anti-cooperative energy associated to the generation of a consecutive γ-turn 

conformation (γ-helix) in Adm homo-peptides was determined by calculating the CE parameter (Eq 

3 in Materials and Methods) for Ac-(Adm)n-NHMe with n ranging from to 2 to 8 arranged in an all-

γ-turn conformation. In these n homo-peptides, all residues were initially disposed in a γ-turn 

conformation, which was preserved after geometry optimization in all cases. According to the 

criteria defined in Eqs 1-3, CE is negative or positive in the presence of cooperative or anti-

cooperative effects, respectively. It should be noted that CE represents a valuable parameter, which 

was already used to study the intrinsic tendency of both coded and non-coded amino acid residues 

to adopt regular conformations [83-85]. Our results, displayed in Figure 15, reveal unfavorable CE 

values, independently of n. Moreover, CE grows linearly with the number of Adm residues. These 

results indicate that the γ-turn conformation generates accumulative internal strains, which 

eventually result in anti-cooperative energy effects. Overall, these findings clearly suggest that the 

stability of the consecutive γ-turn conformation is expected to decrease with increasing length of the 

homo-peptide. This situation is opposite to that typically found in peptide secondary structures with 

cooperative inter-residue H-bonds between unstrained residues (e.g., α-helix in Ala and Glu homo-

peptides), in which a stabilizing effect with negative CE values is obtained [83-85]. 

Moreover, a comparison was performed among complete geometry optimizations, using as 

starting point conformations those with a β-turn [18,19,86] or two consecutive γ-turns, of Ac-

(Adm)2-NHMe, Ac-(c3Dip)2-NHMe, and Ac-(Ac6c)2-NHMe (Ac6c, 1-aminocyclohexane-1-

carboxylic acid) sequences. As Adm, both c3Dip and Ac6c are Cα-tetrasubstituted α-amino acids. 

The former was studied because it represents the driving force for double γ-turn formation in the 

dipeptide published by Cativiela and coworkers [28], while Ac6c bears the six-membered annular 

system typical of the tricyclic Adm residue. Our results, displayed in Table 4, indicate that for Ac-

(Adm)2-NHMe the free energy (∆G) for the regular type-III β-turn conformation is unfavorable by 

4.5 kcal/mol if compared to that of the two consecutive γ-turns, whereas this energy penalty is more 

than suppressed for Ac-(c3Dip)2-NHMe. These data strongly support the view that the Adm 

chemical structure is remarkably more suitable to stabilize consecutive γ-turns than that of c3Dip 

[28]. More specifically, inter-residue interactions are very much repulsive for the regular type-III β-
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turn of Ac-(Adm)2-NHMe, in which the two adamantyl side cages face each other in close contact 

(Figure 16C). Conversely, the distance between the adamantyl groups increases considerably in the 

case of the two consecutive γ-turns (Figure 16A), resulting in a significant stabilization with respect 

to the regular β-turn. Moreover, the repulsive adamantyl···adamantyl interactions found for the 

regular type-III β-turn can be partially alleviated by considering a highly distorted type-II β-turn 

(Figure 16B), which nevertheless does preserve the characteristic i, i+3 intramolecular H-bonded 

ring of β-turns. In the type-II β-turn conformation the orientation of the central peptide bond is 

reversed if compared to those of type-I / type-III β-turns [86], thereby increasing the distance 

between the two Adm side groups and reducing their repulsive interactions. Consequently, the 

distorted type-II β-turn is 1.9 kcal/mol more stable than the regular type-III β-turn, although still 2.6 

kcal/mol less stable than the conformation with two consecutive γ-turns. Overall, our results 

indicate that the factors governing the conformational preferences of Ac-(Adm)2-NHMe are 

different from those of Ac-(c3Dip)2-NHMe. Indeed, the preferred conformation of the c3Dip homo-

dipeptide is induced not only by the onset of steric interactions between the two spatially close 

phenyl rings but particularly by the intriguing characteristics of the cyclopropane ring, which plays 

a crucial role owing to its intrinsic angular strain [87,88]. Finally, as for Ac-(Ac6c)2-NHMe, the 

regular (type-I) β-turn is favored by 0.4 kcal/mol with respect to the conformation with two 

consecutive γ-turns. This opposite trend was far from unexpected since the Ac6c cyclohexane 

moiety is monocyclic (not tricyclic fused as in Adm) and its size is large enough to avoid any 

internal geometric strain (as in c3Dip). 

 

 

 

Conclusions 
 

A regular γ-helix (produced by a repetition of at least three consecutive, intramolecularly H-bonded, 

γ-turns of the same type) still remains to be discovered in synthetic peptides and proteins. In the 

present experimental work we clearly showed by X-ray diffraction on a variety of Adm derivatives 

and Adm-rich peptides, including homo-peptides, that this residue is endowed with a significant 

propensity to adopt γ-turn / γ-turn-like conformations. Moreover, the onset of an incipient γ-helix 

(with two consecutive γ-turns) was assessed in the synthetic, terminally blocked homo-dipeptide 

amide sequence -CO-(Adm)2-NH-. Our conformational energy calculations on a large set of Adm 
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homo-oligomers strongly support the results arising from crystallography, specifically highlighting 

the unique property of this highly bulky Cα-tetrasubstituted α-amino acid residue in promoting this 

unprecedented peptide folded 3D-structure. We are confident that, when the current drawbacks in 

the synthesis of Adm long peptides will be overcome, this highly crystalline homo-oligomeric 

series will provide structural biochemists with the first experimental proof for the existence of this 

still missing peptide helix. 
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Materials and Methods 
 

Synthesis and Characterization of the Novel Adm Derivatives and Peptides 

Melting points were determined using a Leitz (Wetzlar, Germany) model Laborlux 12 apparatus 

and are not corrected. The mass spectra were recorded using a Mariner ESI-TOF (Perseptive 

Biosystem, Foster City, CA) mass spectrometer. The solid-state IR absorption spectra (KBr disk) 

were obtained with a Perkin-Elmer (Norwalk, CT) model 1720X FT-IR spectrophotometer. The 1H 

and 13C NMR spectra were recorded with a Bruker (Karlsruhe, Germany) model AC 200 

spectrometer. Measurements were carried out in deuterated dimethylsulfoxide (DMSO-d6) or 

deuterochloroform (99.96% d) (Aldrich, Milwaukee, WI, USA) with tetramethylsilane as the 

internal standard. Typical workup of the reaction mixtures and purification of the products included, 

as appropriate, washing of the organic solutions with aqueous KHSO4 and NaHCO3 (10% and 5%, 

respectively) and brine, and/or flash chromatography by use of a Merck silica gel 60 (40-63 µm 

mesh) stationary phase and CH2Cl2 / ethyl acetate or CH2Cl2 / MeOH solvent mixtures as eluants. 

All of the compounds were obtained in a chromatographically homogeneous state. 

2-Hydroxyadamantane-2-carbonitrile (cyanohydrin) was prepared from 2-adamantone and 

KCN in a CH2Cl2 / acidic water mixture at room temperature under stirring. Yield: 95%. M.p. ???? 

°C 198-200°C. IR (KBr): 3401, 2239, 1698 cm-1. 1H NMR (DMSO-d6, 200 MHz): δ 6.53, 2.07, 

2.01, 1.87, 1.67, 1.54, 1.48 ppm. 13C NMR (DMSO-d6, 50 MHz): δ 123.08, 72.44, 36.60, 36.07, 

34.31, 30.23, 25.90, 25.79 ppm. MS (ESI-TOF) [m/z]: [M]calc 177.12, [M+H]+
exp 178.15. Its 

chemical structure was  further characterized by X-ray diffraction. 

 “N3”-Adm-OH was prepared from HCl ⋅ H-Adm-OH and imidazol-1-sulfonylazide 

hydrochloride in MeOH in the presence of CuSO4 ⋅ 5 H2O and K2CO3 at room temperature under 

stirring according to ref. [89]. Yield: 90%. M.p. ???? °C. IR (KBr): 2102, 1711, 1360 cm-1. 1H 

NMR (CDCl3, 200 MHz): δ 2.29, 2.11-2.10, 1.84, 1.72, 1.65 ppm. 13C NMR (CDCl3, 50 MHz): δ 

175.69, 57.15, 37.16, 34.76, 32.72, 31.86, 26.49 ppm. MS (ESI-TOF) [m/z]: [M]calc 221.12, 

[M+H]+
exp 222.14. 

 “N3”-Adm-NHiPr was prepared from “N3”-Adm-OH and isopropylamine in anhydrous 

CH2Cl2 in an inert atmosphere in the presence of EDC and HOAt first at 0°C, then at room 

temperature for 24 h under stirring, according to ref. [61]. Yield: 72%. M.p. ???? °C. IR (KBr): 

3308, 2097, 1634, 1538, 1238 cm-1. 1H NMR (CDCl3, 200 MHz): δ 5.54, 4.28-4.03, 2.20-2.06, 

1.83-1.64, 1.19 ppm. 13C NMR (CDCl3, 50 MHz): δ 174.97, 57.11, 41.80, 37.24, 34.80, 33.01, 
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32.51, 26.54, 22.84 ppm. MS (ESI-TOF) [m/z]: [M]calc 262.19, [M+H]+
exp 263.19. Its chemical 

structure was  further characterized by X-ray diffraction. 

H-Adm-NHiPr was prepared by hydrogenation of “N3”-Adm-NHiPr in the presence of the 

Pd/C catalyst in MeOH at room temperature under stirring. Yield: 95%. M.p. ???? °C. IR (KBr): 

????????????? cm-1. 1H NMR (CDCl3, 200 MHz): δ 6.19, 4.18-4.01, 3.55, 2.16, 2.00-1.64, 1.17 

ppm. 13C NMR (CDCl3, 50 MHz): δ 173.33, 62.21, 41.56, 37.84, 34.86, 34.40, 32.33, 26.88, 26.70, 

22.63, 22.50 ppm. MS (ESI-TOF) [m/z]: [M]calc 236.19, [M+H]+
exp 237.20. 

Z-Adm-OH was prepared from HCl ⋅ H-Adm-OH and Z-OSu [90,91] in H2O / 1,4-dioxane 

mixture in the presence of an excess of trimethylamine at 0°C under stirring. Yield: 35%. M.p. 107-

109°C. IR (KBr): 3389, 3367, 2910, 1749, 1685 cm-1. 1H NMR (CDCl3, 200 MHz): δ 7.35, 5.11, 

5.06, 2.50, 1.76, 1.67, 1.54 ppm. MS (ESI-TOF) [m/z]: [M]calc 329.16, [M+H]+
exp 330.15. Its 

chemical structure was  further characterized by X-ray diffraction. 

Z-Adm-NHiPr was prepared from Z-Adm-OH and isopropylamine in anhydrous CH2Cl2 in 

the presence of EDC and HOAt at 0°C under stirring. Yield: 85%. M.p. . ???? °C. IR (KBr): 3364, 

1716, 1615, 1529 cm-1. 1H NMR (CDCl3, 200 MHz): δ 7.35, 6.73, 5.11, 4.81, 4.08, 2.62, 1.86, 1.77, 

1.64, 1.13 ppm. MS (ESI-TOF) [m/z]: [M]calc 370.23, [M+H]+
exp 371.21. Its chemical structure was  

further characterized by X-ray diffraction. 

Z-Adm-Gly-OEt was prepared from Z-Adm-OH and HCl ⋅ H-Gly-OEt in anhydrous CH2Cl2 

in the presence of diisopropylethylamine, EDC, and HOAt at 0°C under stirring. Yield: 72%. M.p. . 

123-125°C. IR (KBr): 3356, 1764, 1707, 1647, 1529 cm-1. 1H NMR (CDCl3, 200 MHz): δ 7.35, 

5.00, 4.80, 4.14, 3.95, 2.00, 1.76, 1.67, 1.54, 1.03 ppm. MS (ESI-TOF) [m/z]: [M]calc 414.22, 

[M+H]+
exp 415.21. Its chemical structure was  further characterized by X-ray diffraction. 

Z-Adm-L-Ala-OMe was prepared from Z-Adm-OH and HCl ⋅ H-L-Ala-OMe in anhydrous 

CH2Cl2 in the presence of diisopropylethylamine, EDC, and HOAt at 0°C under stirring. Yield: 

61%. M.p. . 120-122°C. IR (KBr): 3361, 1750, 1700, 1642, 1534 cm-1. 1H NMR (CDCl3, 200 

MHz): δ 7.35, 4.93, 4.75, 4.60, 3.80, 2.20, 1.96, 1.87, 1.64, 1.47 ppm. MS (ESI-TOF) [m/z]: [M]calc 

414.22, [M+H]+
exp 415.23. Its chemical structure was  further characterized by X-ray diffraction. 

 “N3”-(Adm)2-NHiPr was prepared from “N3”-Adm-OH and H-Adm-NHiPr in anhydrous 

CH2Cl2 in an inert atmosphere in the presence of oxalyl chloride and diisopropylethylamine first at 

0°C, then at room temperature for 24 h under stirring. Yield: 67%. M.p. ????°C. IR (KBr): 3391, 

3318, 2089, 1655, 1643, 1523 cm-1. 1H NMR (CDCl3, 200 MHz): δ 7.03, 5.57, 4.13-3.96, 2.72, 

2.27-1.50, 1.20 ppm. 13C NMR (CDCl3, 50 MHz): δ 170.78, 170.65, 71.06, 64.72, 41.40, 37.43, 

37.05, 34.58, 34.16, 32.97, 32.36, 32.30, 32.27, 26.74, 26.48, 26.39, 22.59 ppm. MS (ESI-TOF) 
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[m/z]: [M]calc 439.30, [M+H]+
exp 440.32. Its chemical structure was  further characterized by X-ray 

diffraction. 

H-(Adm)2-NHiPr was prepared by hydrogenation of “N3”-(Adm)2-NHiPr in the presence of 

the Pd/C catalyst in an EtOH / CH2Cl2 mixture at room temperature under stirring for 3 days. Yield: 

30%. M.p. ????°C. IR (KBr): 3376, 3350, 1654, 1631, 1542, 1525 cm-1. 1H NMR (CDCl3, 200 

MHz): δ 7.02, 5.57, 4.14-3.97, 2.72, 1.91, 1.15 ppm. MS (ESI-TOF) [m/z]: [M]calc 413.31, 

[M+H]+
exp 414.33. Its chemical structure was  further characterized by X-ray diffraction. 

Tfa-(Adm)2-NHiPr was prepared by heating at 50°C trifluoroacetic anhydride with H-

(Adm)2-NHiPr in anhydrous CHCl3 [37]. Yield: ??. M.p. ????°C. IR (KBr): ???????????? cm-1. 1H 

NMR (CDCl3, 200 MHz): δ ?????????? ppm. MS (ESI-TOF) [m/z]: [M]calc 509.29, [M+H]+
exp 

510.30. Its chemical structure was characterized by X-ray diffraction. 

 “N3”-(Adm)3-NHiPr was prepared from “N3”-Adm-OH and H-(Adm)2-NHiPr in anhydrous 

CH2Cl2 in an inert atmosphere in the presence of oxalyl chloride and diisopropylethylamine first at 

0°C, then at room temperature for 48 h under stirring. Yield: 9%.   M.p. ????°C. IR (KBr): 

???????????? cm-1. 1H NMR (CDCl3, 200 MHz): δ 7.11, 6.94, 5.58, 3.98, 2.69, 1.89, 1.10 ppm. MS 

(ESI-TOF) [m/z]: [M]calc 616.41, [M+H]+
exp 617.44. Its chemical structure was  further 

characterized by X-ray diffraction. 

N,N′-bis[(Adm)2-NHiPr]-oxalamide was obtained in an extremely limited amount as a 

crystalline side product in the synthesis of “N3”-(Adm)3-NHiPr upon reaction of H-(Adm)2-NHiPr 

with oxalyl chloride [62-64]. Its chemical structure was characterized by X-ray diffraction. 

 

X-Ray Diffraction 

X-Ray diffraction data were collected with a Gemini E four-circle kappa diffractometer (Agilent 

Technologies) equipped with a 92-mm EOS CCD detector. Graphite monochromated Cu Kα 

radiation (λ = 1.54178 Å) was used for all structures except for 2-hydroxy-adamantane-2-

carbonitrile, for which Mo Kα radiation (λ = 0.71069 Å) was exploited. Data collection and 

reduction were performed with the CrysAlisPro software (Agilent Technologies). A semi-empirical 

absorption correction based on the multi-scan technique using spherical harmonics, implemented in 

the SCALE3 ABSPACK scaling algorithm, was applied. The structures were solved by ab initio 

procedures of the SIR 2002 [92] or SIR 2014 [93] programs, and refined by full-matrix least-

squares procedures on F2, using all data, by application of the SHELXL-97 [94] or SHELXL-2014 

[95] programs, with anisotropic displacement parameters for all of the non-H atoms. In general, H-

atoms were calculated at idealized positions and refined using a riding model. Details of structure 
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solution and refinement specific to individual structures are given below. Relevant crystal data and 

structure refinement parameters are reported in the Supporting Information (Tables S1-S11). CCDC 

1503357-1503367 contain the supplementary crystallographic data for this paper. The data can be 

obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/structures.  

2-Hydroxy-adamantane-2-carbonitrile (cyanohydrin): The asymmetric unit is composed of two 

independent molecules (A and B). Interestingly, this achiral compound crystallizes in the chiral 

space group Pna21. Not unexpectedly, considering the lack of strong anomalous scatterers, the value 

of the Flack parameter was inconclusive [either 0.8(10) or 0.2(10) for the reported and the inverted 

structures, respectively]. On this basis, Friedel pairs were merged and no claim that the arbitrarily 

chosen enantiomorph corresponds to the absolute structure is made. The positions of the H-atoms of 

the hydroxyl groups were recovered from a difference Fourier map and subsequently refined using a 

riding model. 

Z-Adm-L-Ala-OMe: Two independent molecules (A and B) in a pseudo-centrosymmetric 

arrangement (apart from the configuration of L-Ala) characterize the asymmetric unit. In both 

molecules, the -Ala-OMe moiety is disordered and was refined on two sets of positions with 

population parameters of 0.70 for the major conformers (atoms C2B, C2, O2, OTA and CTA in 

molecule A, while C4B, C4, O4, OTB and CTB in molecule B) and of 0.30 for the minor 

conformers (atoms C2B′, C2′, O2′, OTA′ and CTA′ in molecule A, while C4B′, C4′, O4′, OTB′ and 

CTB′ in molecule B). Restraints were applied to the bond distances and bond angles involving the 

disordered atoms, as well as to the anisotropic displacement parameters of the latter ones. 

N,N′-bis[(Adm)2-NHiPr]-oxalamide methanol bis-solvate: The structure is pseudo-centrosymmetric. 

The two halves of the molecule are related trough a pseudo-inversion centre located at the midpoint 

of the C0A-C0B bond. Although the differences in the absolute values of the corresponding torsion 

angles of the peptide backbone in the two halves are small (< 5.5°), the dispositions of the two 

terminal isopropyl groups are different and not amenable to a centrosymmetric arrangement. 

Indeed, the structure was originally solved in space group P-1 with half molecule as the asymmetric 

unit, but the refinement was unsatisfactory, particularly at the level of the terminal isopropyl group. 

Therefore, space group P1 was chosen. 

H-(Adm)2-NHiPr: The positional parameters of the H-atoms of the free, N-terminal amino group 

were recovered from a difference Fourier map and subsequently refined with the N-H distances 

restrained to 0.89(1) Å. 

 

http://www.ccdc.cam.ac.uk/structures
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Conformational Energy Calculations 

Density Functional Theory (DFT) calculations on Ac-(Adm)2-NHMe, Ac-(c3Dip)2-NHMe, and Ac-

(Ac6c)2-NHMe were performed in the gas phase using the Gaussian 09 computer package [96]. The 

geometries of the different investigated systems were fully optimized without symmetry restrictions 

using the B3LYP [97,98] functional combined with the 6-31+G(d,p) [99,100] basis set. Frequency 

analyses were carried out to verify the nature of the minimum state of all the optimized geometries 

and to calculate the zero-point vibrational energies as well as both thermal and entropic corrections, 

these statistical terms being used to compute the conformational Gibbs free energies in the gas 

phase (ΔG) at 298 K. 

The possible cooperative energy effects associated to the generation of a repetitive γ-turn 

structure was determined by calculating Ac-(Adm)n-NHMe with n = 1-8 arranged in an all-γ-turn 

conformation (i.e., all Adm residues were forming a γ-turn conformation). The geometry of the 

homo-peptides was completely optimized using the B3LYP [97,98] functional combined with the 6-

31+G(d,p) [99,100] basis set.  The energy increment (EI) that results when a single residue is added 

to the peptide chain with the same γ-turn conformation was defined as follows: 

 EI = E[Ac-(Adm)1-NHMe] – E[Ac-(Adm)2-NHMe]  (1) 

Then, the predicted energy (Epred) for the nth homo-peptide Ac-(Adm)n-NHMe in such repetitive 

conformation could be calculated as: 

 Epred[Ac-(Adm)n-NHMe] = (n-1)·EI + E[Ac-(Adm)1-NHMe]  (2) 

The cooperative energy (CE) is defined by: 

 CE = E[Ac-(Adm)n-NHMe] - Epred[Ac-(Adm)n-NHMe]  (3) 

Accordingly, CE is negative or positive in presence of cooperative or anti-cooperative effects, 

respectively.  
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Table 1. Backbone torsion angles (°) involving the amino acid residues from the X-ray diffraction structures solved in this work 
 

Compound ω0 φ1 ψ1 ω1 φ2 ψ2 ω2 φ3 ψ3 ω3 

0. “N3”-Adm-NHiPr   -92.80(14) 173.48(13)       

1. Z-Adm-OH 179.96(12) -57.44(15) -50.52(14)a        

2. Z-Adm-NHiPr 178.05(12) -72.22(15) 91.66(14)b -170.58(14)c       

3. N,N′-bis- [(Adm)2-
NHiPr] oxalamide 

173.7(4)d 
-173.2(5)g 

-74.5(6) 
73.1(6) 

85.9(5) 
-80.4(5) 

179.3(4) 
-180.0(4) 

-69.3(6) 
65.6(6) 

97.9(6)e 
-100.8(6)h 

-176.3(5)f 
172.3(6)i 

   

4. Z-Adm-Gly-OEt 173.70(11) -72.85(14) 98.50(12) 177.20(12) 77.93(17) -172.00(13)j 179.37(19)k    

5. Z-Adm-L-Ala-OMe 
          molecule A 
 
          molecule B 
 

 
-165.0(5) 
 
164.4(5) 

 
69.4(7) 
 
-70.6(6) 

 
-94.5(6) 
 
93.9(6) 

 
178.8(5) 
 
179.1(5) 

 
42.5(9) 
[66(2)]l 
-45.0(10) 
[-92.4(8)]l 

 
48.8(10)m 
[33(5)]l 
-47.2(11)o 
[12.1(5)]l 

 
-179.3(10)n 
[-174(5)]l 
-173.8(10)p 
[164.6(5)]l 

   

6. H-(Adm)2-NHiPr   -71.4(3) 173.8(3) -80.5(4) 96.1(3)q -169.9(3)r    

7. “N3”-(Adm)2-NHiPr   -81.6(2) 167.56(16) -79.0(2) 94.88(19)q 179.5(2)r    

8. Tfa-(Adm)2-NHiPr 176.0(2) -78.7(3) 88.1(2) 179.1(2) -60.8(3) -65.5(2)q 178.3(2)r    

9. “N3”-(Adm)3-NHiPr   77.87(17) -171.21(13) -81.91(18) 84.20(16) 173.57(13) -72.98(19) 75.88(18)s -179.85(15)t 

 
aN1-C1A-C1-OT.  bN1-C1A-C1-NT.  cC1A-C1-NT-CT1.  dC0B-C0A-N1-C1A.  eN2-C2A-C2-NTA.  fC2A-C2-NTA-CT1A.  gC0A-C0B-N3-C3A.   

 (ctd) 
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  hN4-C4A-C4-NTB.  iC4A-C4-NTB-CT1B.  jN2-C2A-C2-OT.  kC2A-C2-OT-CT1.  lThe value in square brackets refers to the minor occupancy 

site of the -L-Ala-OMe moiety. mN2-C2A-C2-OTA.  nC2A-C2-OTA-CTA.  oN4-C4A-C4-OTB.  pC4A-C4-OTB-CTB.  qN2-C2A-C2-NT.  rC2A-

C2-NT-CT1.  sN3-C3A-C3-NT.  tC3A-C3-NT-CT1. 
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Table 2. Intra- and intermolecular H-bond parameters for the Adm derivatives and peptides investigated in this work by X-ray diffraction  

 

Compound 

Type Donor 

D-H 

Acceptor 

A 

Distance (Å) 

D…A 

Distance (Å) 

H…A 

Angle (°) 

D-H…A 

Symmetry 

equivalence of A 

0. “N3”-Adm-NHiPr Intermolecular NT-HT O1 2.9062(14) 2.12 152 x, -y, z+1/2 

1. Z-Adm-OH Intermolecular N1-H1 OT 3.1620(15) 2.40 147 -x+2, -y+1, -z 

 Intermolecular OT-HT O0 2.6705(14) 1.86 172 -x+2, -y, -z 

2. Z-Adm-NHiPr Open γ-turn NT-HT O0 3.0451(17) 2.70 105 x, y, z 

 Intermolecular N1-H1 O1 2.9117(16) 2.10 158 -x+1, -y, -z 

 Intermolecular NT-HT O0 3.1886(16) 2.37 158 -x+1, -y+1, -z 

3. N,N′-bis[(Adm)2-NHiPr] 
oxalamide methanol bis-
solvate 

γ-Turn N2-H2 O0A 3.009(6) 2.45 123 x, y, z 

 Open γ-turn NTA-HTA O1 3.038(7) 2.78 99 x, y, z 

 γ-Turn N4-H4 O0B 2.996(6) 2.40 126 x, y, z 

 Open γ-turn NTB-HTB O3 3.008(7) 2.77 98 x, y, z 

 Intermolecular NTA-HTA O3 3.232(7) 2.40 163 x, y+1, z 

 Intermolecular NTB-HTB O1 3.109(8) 2.38 142 x, y-1, z 

 Solvent-peptide O1M-H1M O2 2.792(9) 2.00 161 x, y, z 

 Solvent-peptide O2M-H2M O4 2.732(11) 1.93 166 x, y, z 

(ctd) 
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4. Z-Adm-Gly-OEt Open γ-turn N2-H2 O0 3.1502(15) 2.74 111 x, y, z 

 Intermolecular N1-H1 O1 2.9831(14) 2.17 159 -x+1, -y, -z 

 Intermolecular N2-H2 O0 2.8647(15) 2.12 144 -x+1, -y+1, -z 

5. Z-Adm-L-Ala-OMe Open γ-turn N2-H2 O0A 3.124(9) 2.71 111 x, y, z 

 Open γ-turn N4-H4 O0B 3.179(8) 2.75 113 x, y, z 

 Intermolecular N1-H1 O3 2.879(6) 2.07 157 x, y, z 

 Intermolecular N2-H2 O0B 2.908(7) 2.14 149 x+1, y, z 

 Intermolecular N3-H3 O1 2.980(6) 2.18 155 x, y, z 

 Intermolecular N4-H4 O0A 3.038(6) 2.21 161 x-1, y, z 

6. H-(Adm)2-NHiPr Open γ-turn NT-HT O1 3.293(4) 2.97 105 x, y, z 

 Intermolecular N1-H1A O2 3.131(4) 2.25 170 -x, -y, -z 

 Intermolecular N2-H2 O2 3.152(3) 2.44 141 -x, -y, -z 

 Intermolecular NT-HT O1 2.997(4) 2.21 152 -x+1, -y, -z 

7. “N3”-(Adm)2-NHiPr Open γ-turn NT-HT O1 3.232(2) 2.76 116 x, y, z 

 Intermolecular N2-H2 O2 3.170(2) 2.38 153 -x+2, -y+1, -z 

 Intermolecular NT-HT O1 3.178(3) 2.38 154 -x+2, -y, -z 

 

(ctd) 
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8. Tfa-(Adm)2-NHiPr γ-Turn N2-H2 O0 3.091(3) 2.54 123 x, y, z 

 Intermolecular N1-H1 O1 2.940(3) 2.11 162 -x, -y, -z+1 

 Intermolecular NT-HT O2 3.477(3) 2.66 158 -x+1/2, y-1/2, -z+3/2 

9. “N3”-(Adm)3-NHiPr γ-Turn N3-H3 O1 3.0792(19) 2.44 132 x, y, z 

 γ-Turn NT-HT O2 2.912(2) 2.27 132 x, y, z 
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Table 3. Average bond angles (°) at Cα for the Adm residue in different backbone conformations for the peptides investigated in this work by X-ray 
diffraction 
 
 
 N-Cα-C′  a N-Cα-Cβ1  b N-Cα-Cβ2 C′-Cα-Cβ1 C′-Cα-Cβ2 Cβ1-Cα-Cβ2 

γ-turn / open γ-turn 
(φ negative, ψ positive) 

104.5 107.4 112.7 109.6 114.8 107.6 

helical 
(right-handed) 

106.9 106.9 112.2 111.4 111.4 108.2 

 
aAlso termed τ. b Cβ1, (pro-S)-Cβ; Cβ2, (pro-R)-Cβ. 
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Table 4.  Results from the DFT conformational energy calculations for the N-acetylated Adm, c3Dip, and Ac6c homo-dipeptide methylamides in the 

gas phase at the B3LYP/6-31+G(d,p) level a 

 

ω0 ϕ1 ψ1 ω1 ϕ2 ψ2 ω2 ∆E ∆G Conformation 

Ac-(Adm)2-NHMe 

-179.5 -77.8 74.9 179.3 -72.4 77.4 -174.3 0.0 0.0 two consecutive γ-turns 

-179.9 -70.0 89.6 -170.1 60.1 49.4 179.5 2.7 2.6 distorted β-turn (type-II) 

-169.6 -62.6 -31.0 -177.4 -56.4 -36.6 -178.0 4.1 4.5 β-turn (type-III) 

Ac-(c3Dip)2-NHMe 

174.5 72.6 -47.3 170.0 72.3 -45.1 -179.9 0.0 0.3 two consecutive γ-turns 

-170.7 -66.5 -21.7 174.7 -71.9 -19.1 175.2 1.0 0.0 β-turn (type-I) 

Ac-(Ac6c)2-NHMe 

178.3 54.7 -73.9 -179.4 48.2 -75.0 -171.8 0.0 0.4 two consecutive γ-turns 

-168.4 -62.7 -27.5 -179.3 -66.7 -19.0 -179.3 0.0 0.0 β-turn (type-I) 

 
aPeptide torsion angles in (°); ∆E (relative energy) and ∆G (free energy) values in kcal/mol. 
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FIGURE LEGENDS 

 

Figure 1 Representations of the two γ-helices (or 2.27-helices) generated by multiple, consecutive 

γ-turns of the inverse type (top) and classical type (bottom). Adapted from ref. [11]. 

 

Figure 2 Chemical structures of the Adm and (S)-c3Dip residues. 

 

Figure 3 X-Ray diffraction structure of 2-hydroxyadamantane-2-carbonitrile with numbering of 

the atoms. The intermolecular H-bond between the two crystallographically independent 

molecules (A and B) in the asymmetric unit is represented as a dashed line. 

 

Figure 4 X-Ray diffraction structure of “N3”-Adm-NHiPr with numbering of the atoms. 

 

Figure 5 X-Ray diffraction structure of Z-Adm-OH with numbering of the atoms. 

 

Figure 6 X-Ray diffraction structure of Z-Adm-NHiPr with numbering of the atoms. 

 

Figure 7 X-Ray diffraction structure of N,N′-bis[(Adm)2-NHiPr] oxalamide with numbering of 

the atoms. The intramolecular H-bonds are represented by dashed lines. 

 

Figure 8 X-Ray diffraction structure of Z-Adm-Gly-OEt with numbering of the atoms. 

 

Figure 9 X-Ray diffraction structures of the two crystallographically independent molecules (A 

and B) in the asymmetric unit of Z-Adm-L-Ala-OMe with numbering of the atoms. In 

both molecules, only the major occupancy sites for the disordered -Ala-OMe moiety are 

shown. 

 

Figure 10 X-Ray diffraction structure of H-(Adm)2-NHiPr with numbering of the atoms. 

 

Figure 11 X-Ray diffraction structure of “N3”-(Adm)2-NHiPr with numbering of the atoms.  

 

Figure 12 X-Ray diffraction structure of Tfa-(Adm)2-NHiPr with numbering of the atoms. The 

intramolecular H-bond is represented by a dashed line. 
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Figure 13 X-Ray diffraction structure of “N3”-(Adm)3-NHiPr with numbering of the atoms. The 

intramolecular H-bonds are represented by dashed lines. 

 

Figure 14 Left: scatterplot of the φ,ψ sets for the 15 N-acylated Adm residues crystallographically 

documented in this work, normalized to the negative sign for the φ torsion angle. The 

different conformations are highlighted according to the following color code: black, 

helical; red, γ-turn; blue, open γ-turn (see text for details). Right: upper left quadrant 

expanded. 

 

Figure 15 Variation of the cooperative energy (CE) with the number of amino acid residues for the 

γ-turn conformations of Ac-(Adm)n-NHMe (n = 3-8). The resulting anti-cooperative 

effect follows a linear behavior (straight line). 

 

Figure 16 DFT calculated 3D-structures for Ac-(Adm)2-NHMe: (A) two consecutive γ-turns, (B) 

distorted type-II β-turn, and (C) regular type-III β-turn. The H…O distances (Å) and the 

N-H…O angles (°) for the intramolecular H-bonds are indicated. 
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