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Abstract

:

Quantum calculations are used to examine how various constituent components of a large molecule contribute to the formation of an internal CH∙∙∙O H-bond. Such a bond is present in the interaction between two amide units, connected together by a series of functional groups. Each group is removed one at a time, so as to monitor the effect of each upon the H-bond, and thereby learn the bare essentials that are necessary for its formation, as well as how its presence affects the overall molecular structure. Also studied is the perturbation caused by change in the length of the aliphatic chain connecting the two amide groups. The energy of the CH∙∙∙O H-bond is calculated directly, as is the rigidity of the entire molecular framework.
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1. Introduction


There are numerous factors that are known to influence the three-dimensional structure adopted by molecules within crystals [1,2,3,4,5,6,7,8]. In terms of short-range forces the strengths of the covalent bonds are reflected in their equilibrium internuclear distances, and the bond and dihedral angles are a product of orbital interactions and interelectronic repulsions. Coulombic forces are typically the most important component of longer range interactions, acting between buildups and depletions of electron density that are sometimes considered in terms of partial atomic charges. London forces are of much shorter range, serving as an attractive element although they are sometimes masked by stronger electrostatic interactions.



In addition to the aforementioned general sorts of forces, there are a range of more specific noncovalent forces. Examples from the recent literature include halogen [9,10,11,12,13,14,15,16,17], chalcogen [18,19,20,21,22], and pnicogen [23,24,25,26,27,28,29,30] bonds where an atom from one of these families is attracted to an electronegative atom, such as O, S, or even P. This attraction is facilitated by a highly anisotropic charge distribution. That is, a halogen atom X, for example, is characterized by an overall partial negative charge. But a deeper analysis reveals a distribution of electron density in which a belt of negative potential surrounds a crown of positive charge, usually opposite the C–X bond, which can be attracted to a negative atom on the other subunit. This Coulombic attraction is supplemented by charge transfer from the O atom to a σ* C–X antibonding orbital, as well as dispersive forces.



Perhaps the most well-known and best understood noncovalent force is the hydrogen bond (HB), wherein a H atom acts as a bridge [31,32] helping to hold together a pair of electronegative atoms, commonly conceived as F, O, or N. The proton acceptor atom donates a certain amount of electron density from one of its lone electron pairs to form what might be described as a 3c–4e bond. Analyses of crystal structures commonly account for these attractive forces, not only between neighboring molecules, but also HBs internal to each molecule. And indeed, the presence of such HBs are well known to produce crystal structures that differ from those that would occur in their absence.



However, a good deal of work has demonstrated that the HB is a more general phenomenon [26,33,34,35,36,37,38,39,40,41]. For example, the proton acceptor need not use a lone electron pair as an electron source, but can make use instead of individual π or σ bonds, or even a larger aromatic π system. Another acceptor can be a hydride atom [42,43,44,45], in what has come to be called a dihydrogen bond. Nor is it necessary that the bridging H atom be covalently bound to a highly electronegative atom, as SH and ClH can participate as well [46,47,48,49,50,51]. In fact, even the C atom with an electronegativity comparable to H, has been shown to be a potent proton donor in certain circumstances [52,53,54,55,56,57,58,59]. With specific regard to CH∙∙O HBs, a good deal has been learned about them in recent years. Electron-withdrawing substituents placed near to the pertinent CH group enhance its potency as a proton donor. C atoms with sp hybridization are considerably stronger donors than are sp2 or sp3-hybridized systems. And CH∙∙∙O HBs sometimes manifest an intriguing distinction from more conventional HBs: Rather than the usual red shift of the OH covalent bond stretching frequency that is commonly observed in the IR spectra of OH∙∙O HBs, some (but not all) CH∙∙∙O HBs display a blue shift of the analogous C–H stretch. Taking these issues into consideration, certain CH∙∙∙O HBs have been shown to have strength comparable to, and sometimes even exceeding, those of conventional HBs.



Given the potential strength of CH∙∙∙O HBs, it would be imprudent to ignore the effect that they can exert upon crystal structures. Indeed, the literature is replete with cases where the presence of one or more such bonds have influenced the structure [60,61,62,63,64,65,66]. Recent work [67] has shown for example, that a CH∙∙O HB can override the normal trans-planar conformational preferences of α-fluoroamides. In the biological realm too, CH∙∙∙O HBs play quite an important role [53,68,69,70,71,72,73,74,75] in systems varying from interhelical interactions in proteins to structures of oligosaccharides and carbohydrates and nucleic acids [76,77,78,79]. There is some evidence that CH∙∙O HBs may play a previously overlooked role in the structure of such protein stalwarts as the β-sheet [80,81]. Their importance is clear as well in the catalytic mechanism of a family of lysine methyltransferases [82,83].



While much of the earlier work was strongly indicative of the influence of CH∙∙∙O HBs, there has been little direct information concerning just how different the structure might be in their absence. Nor is there substantial data dealing with how the structure is altered by small changes in the nature of substituents, especially those that are not directly associated with the HB of interest. The present work attempts to open a window into some of the subtleties of the CH∙∙∙O HB. A molecule is taken as a case study, for which there is a crystal structure available. In this way, the quantum calculations have a secure starting point to be sure that the computed structure matches experiment. A CH∙∙∙O HB connects a pair of amide groups, which are separated from one another by a series of units, notably a substituted phenyl ring and an ether functionality. Then small alterations are made to various parts of the molecule, after which the geometry and energetics of the internal CH∙∙∙O HB is carefully monitored. Some of these alterations include the removal of first an electron-withdrawing CF3 substituent on the phenyl ring, and then the aromatic system itself. The length of an aliphatic system that links the proton donor and acceptor is tested, to see how the HB is affected by their degree of separation. And the application of quantum calculations allows a determination of the energy of the CH∙∙∙O HB, in isolation from the accompanying NH∙∙∙O bond, for each of the modified structures.




2. Computational Methods


All calculations were carried out using the Gaussian-03 [84] suite of programs. The polarized 6-31+G** basis set, augmented by diffuse functions, was applied to the system at both the B3LYP and MP2 levels of theory. Geometries were fully optimized except as noted below. Minima were verified via a lack of imaginary frequencies. Atoms in Molecules (AIM) calculations [85,86] supplied quantitative data about bond strengths.




3. Results


Molecule I, displayed in Figure 1, was taken as the starting point for this study. I contains a pair of amide units, which are capable of forming both a NH∙∙O and CH∙∙O HB with one another. The relative orientation of these two amide units is conditioned on the separating groups, including a phenyl ring with CF3 substituent, and an ether group. The geometry of I was fully optimized at the B3LYP/6-31+G** level. The structure obtained is illustrated in Figure 1, which also includes the labeling that is used below, and the interatomic distances of a number of possible HBs. There are a number of intramolecular interactions that may influence the preferred geometry of this molecule. The aryl hydrogen atom, HC1, may engage in a CH∙∙∙O H-bond with the O atom of the upper amide group. The R(H∙∙∙O) distance of 2.18 Å is certainly short enough to support such a supposition. This attraction may help guide the preferred orientation of this amide. With regard to the lower amide, there is clearly a conventional NH∙∙∙O H-bond with the NH of the upper amide, which probably affects the orientation of both. There is also a possible CHC2∙∙∙O interaction, with R(H∙∙∙O) = 2.517 Å, which would affect not only the amide orientation, but the rotational preference of the upper methyl group as well. The presence of such a bond is verified by the presence of a bond path between the two atoms, with a density of 0.008 au at the bond critical point, illustrated by the red number in Figure 1 (in units of 103 au). This bond is weaker than the nearby NH∙∙∙O HB with a density of 0.012 au. It is notable in this respect that the methyl group does not seem to form an intra-amide CH∙∙∙O H-bond, preferring instead the interamide variety. In other words, the dihedral angle φ(OCCHC2) of 171° is such that neither of the dihedral angles involving the other two methyl hydrogens are less than 50°. Lastly, HN lies within 2.14 Å of the ether O atom of the backbone.



Optimization of this structure at the MP2 level, with the same 6-31+G** basis set, leads to a very similar geometry. The H-bond lengths are displayed in the second column of Table 1 which shows only minor perturbations from the B3LYP details. There is a 0.01 Å lengthening of R(HC1∙∙∙O) and a 0.10 shortening of the other putative CH∙∙∙O H-bond. The computed distances are similar to those obtained in the crystal structure [87], reported in the last column of Table 1. These similarities lend support to the idea that the calculations properly capture the essential aspects of the structural components of I.
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Figure 1. Optimized geometries of indicated molecules, showing atomic labels. Densities at Atoms in Molecules (AIM) bond critical points are reported in red, in units of 10−3 au. 
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With specific respect to the orientations of the upper and lower amide groups, the φ(CCNC) dihedral angles describe the rotations around the C-N bond of interest in each case. As reported in the last rows of Table 1, the upper amide group is approximately coplanar with the phenyl ring, with a φ(CaCbNCc) dihedral angle of approximately 180°. The lower amide, on the other hand, is approximately perpendicular to the relevant Ca’–Cb’ bond of the backbone, with a corresponding dihedral angle of around −90°. Given the nearly fully extended structure within the backbone between the two amide groups, these dihedral angles lead to a nearly perpendicular disposition of the two amides relative to one another which optimally positions the O of the lower amide to interact with the NH and CH donors of the upper amide. It may be noted that both the B3LYP and MP2 structures provide near coincidence with the X-ray values of the dihedral angles.
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Table 1. H-bond distances (Å) and dihedral angles (degrees) in computed and X-ray structure of I. Calculated results with 6-31+G** basis set.







Table 1. H-bond distances (Å) and dihedral angles (degrees) in computed and X-ray structure of I. Calculated results with 6-31+G** basis set.







	
H-bond

	
B3LYP

	
MP2

	
X-ray






	
HN∙∙∙O

	
2.276

	
2.116

	
2.364




	
HC2∙∙∙O

	
2.517

	
2.417

	
2.538




	
HN∙∙∙Oe

	
2.136

	
2.155

	
2.163




	
HC1∙∙∙O

	
2.183

	
2.196

	
2.261




	
φ(CaCbNCc)

	
180

	
−169

	
−171




	
φ(Ca’Cb’NCc’)

	
−92

	
−90

	
−93









As noted above, the conformation of the upper terminal methyl group is such that there is no interaction of any of its H atoms with the O atom of the adjacent amide. It was wondered whether the optimized structure of I was perhaps not the global minimum, and that a rotation of the methyl group might lower its energy. The methyl group was therefore rotated by about 60° so that a dihedral angle φ(OCCH) was set equal to 0°, and then the structure reoptimized. However, the methyl group simply rotated back to that in Figure 1, indicating that a geometry of this altered type does not represent a minimum on the surface. This observation supports the idea that a CHC2∙∙∙O HB with the lower amide group is stronger than any intra-amide interaction that might develop. One might wonder how strong this preference is on a quantitative energetic level. It was found that the aforementioned 60° rotation of the terminal methyl group, which effectively breaks any interamide H-bond and forces an interaction between a methyl H and the adjacent O on the same amide unit, raised the energy of the system by 0.6 kcal/mol. This quantity may be taken as a crude estimate of the differing strengths of the inter- and intra-amide CH∙∙∙O interactions.



Another issue concerns the rigidity with which the upper amide group is held in the orientation of the global minimum of Figure 1. A quantitative measure of this rigidity was obtained by a forced rotation of the entire upper amide group, NHCOCH3, around the Cb–N bond. This rotation was followed by a geometry optimization, but holding this particular dihedral angle fixed. It should be stressed that such a rotation strains not only the CHC2∙∙∙O H-bond, but also another CH∙∙∙O H-bond involving the aromatic HC1, as well as the conventional NH∙∙∙O H-bond. It was found that a rotation in one direction by 30° raised the energy of the complex by 1.9 kcal/mol, and the energy rose by 2.5 kcal for a rotation in the other direction, providing an indication of the rigidity with which this amide is held in place.



3.1. Related Model Molecules


One might wonder about the influence of the CF3 group of the aromatic ring upon the structure of this molecule. As a strongly electron-withdrawing group, CF3 might be expected to strengthen the HC1∙∙∙O interaction by making HC1 more electropositive. Replacement of CF3 by a simple H atom, leading to structure II in Figure 1, lengthens this HB but only by 0.02 Å, suggesting only a marginal weakening. Also, as may be seen in the first column of Table 2, a greater perturbation is observed in the NH∙∙∙O HB which stretches by 0.05 Å even though it is further removed from the site of substitution. It is not only the HB length that influences its strength, but also the angles. Most particular in this regard is the N/CH∙∙∙O angle, to which HB energies are most sensitive. The first row of Table 2 shows that the two H-bonds between the upper and lower amides are within 15–28° of linearity, but that there is a 60° deviation in the θ(CHC1∙∙∙O) angle. It is important to note that these distortion angles are essentially unchanged when the CF3 of I is replaced by H in II.



In concert with the geometries and AIM quantities, an alternate indicator of the strength of a given HB is the amount of charge transfer from the proton acceptor to the donor. Natural bond orbital (NBO) analysis [88,89] provides an energetic measure of this transfer in the form of the second-order perturbation energy E(2) into the σ* antibonding orbital of the proton donor. In contrast to the AIM bond critical point densities which are little changed, comparison of these quantities for structures I and II in Table 3 indicates a small but significant weakening of H-bonds of both NH∙∙∙O and CH∙∙∙O type, with the exception of the NH∙∙∙O interaction involving the ether O atom Oe.
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Table 2. Calculated H-bond distances (Å) and angles (degrees) in I and its various derivatives.
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Structure

	
r(HN∙∙∙O)

	
r(HC2∙∙∙O)

	
r(HN∙∙∙Oe)

	
r(HC1∙∙∙O)

	
θ(NHN∙∙∙O)

	
θ(CHC2∙∙∙O)

	
θ(NHN∙∙∙Oe)

	
θ(CHC1∙∙∙O)






	
I

	
2.276

	
2.517

	
2.136

	
2.183

	
165

	
152

	
106

	
120




	
II

	
2.327

	
2.520

	
2.135

	
2.206

	
165

	
154

	
106

	
120




	
III

	
2.101

	
–

	
2.161

	
2.235

	
166

	
–

	
104

	
120




	
IV

	
2.377

	
2.579

	
2.118

	
2.213

	
164

	
154

	
107

	
120




	
V

	
2.198

	
2.850

	
2.198

	
–

	
158

	
143

	
99

	
–




	
VI

	
2.234

	
2.784

	
2.449

	
–

	
163

	
145

	
97

	
–




	
VII

	
2.135

	
–

	
2.477

	
–

	
163

	
–

	
95

	
–
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Table 3. Natural bond orbital (NBO) values of E(2) (kcal/mol) for potential H-bonds in structures I-VII.







Table 3. Natural bond orbital (NBO) values of E(2) (kcal/mol) for potential H-bonds in structures I-VII.







	
Structure

	
NHN∙∙∙O a

	
CHC2∙∙∙O

	
NHN∙∙∙Oe

	
CHC1∙∙∙O






	
I

	
3.80

	
1.49

	
2.65

	
3.62




	
II

	
3.17

	
0.97

	
2.68

	
3.25




	
III

	
7.30

	
–

	
2.38

	
3.19




	
IV

	
2.63

	
0.79

	
2.92

	
3.18




	
V

	
4.81

	
–

	
0.90

	
–




	
VI

	
4.28

	
–

	
0.59

	
–




	
VII

	
5.89

	
–

	
–

	
–








a includes electron donation from both O lone pair and CO π bond.







In addition to the H-bond geometries, there are a number of measures of the relative orientations of the two amide units. First of these are the two φ(CaCbNCc) dihedral angles that describe the rotation of each amide around the relevant C–N bond axis. As indicated in Table 4, these angles are respectively 180° and −92° for the upper and lower amide units in I. This difference would suggest the two amide units are roughly perpendicular to one another. And indeed the angle between the two amide planes, as defined by their O–C–N linkages, θ(a–a’), is rather close to perpendicular, at 74°. Note that this angle is unchanged in II after removal of the CF3 group. Another means of considering the interamide orientation has to do with sighting down the Cb–Ca–O–Ca’–Cb’ backbone, and evaluating the separation of the two units around this axis. An angle of 180° would correspond to the two amides being on direct opposite sides of the backbone, and the angle would be 0º if precisely lined up behind one another. This dihedral angle φ(a–a’) is defined as φ(NCbCb’N) and is equal to 57° for both I and II. The geometric data, therefore, argue for very little influence of the CF3 group upon the preferred structure.



Another perspective on the effect of the CF3 group arises if one compares the energetics of rotation of the upper amide group both with and without this group. If the CF3 indeed strengthens the HC1∙∙∙O attraction, then its removal ought to permit a freer rotation of the amide. However, as reported in Table 5, after this group was replaced by H, the energy of ±30° rotation of the amide was unaffected, further supporting the idea that this group has a minimal effect on any such CH∙∙∙O H-bond. Just as rotation of the upper NHCOCH3 group will strain the H-bonds between the upper and lower amides, so too will a rotation of the lower amide. The results in Table 5 indicate the degrees of flexibility of the two amide groups are comparable to one another. Further, the data indicate that the removal of the CF3 group has only very minor effects on this flexibility.
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Table 4. Angles (degrees) that define the relative orientation of the two amide groups. See Figure 1 for labeling.
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Structure

	
φ(CaCbNCc)

	
φ(Ca’Cb’NCc’)

	
θ(a-a’) a

	
φ(a-a’) b






	
I

	
180

	
−92

	
73.8

	
57




	
II

	
180

	
−92

	
74.2

	
57




	
III

	
−178

	
−91

	
65.7

	
53




	
IV

	
178

	
−92

	
73.1

	
57




	
V

	
179

	
−92

	
90.5

	
57




	
VI

	
−136

	
−92

	
77.3

	
34




	
VII

	
−131

	
−92

	
78.7

	
33








a angle between amide planes (O-C-N links) b dihedral angle φ(NCbCb’N).
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Table 5. Distortion energies (kcal/mol) computed for ±30° rotations of upper and lower NHCOCH3 groups for I and its derivatives.
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Structure

	
Upper Amide

	
Lower Amide




	
+30

	
−30

	
+30

	
−30






	
I

	
1.94

	
2.51

	
2.57

	
1.98




	
II

	
1.90

	
2.46

	
2.73

	
1.69




	
III

	
2.21

	
2.49

	
2.51

	
2.07




	
IV

	
2.02

	
2.40

	
2.47

	
2.00




	
V

	
2.73

	
2.85

	
2.21

	
2.05




	
VI

	
1.98

	
2.82

	
2.12

	
2.14




	
VII

	
2.20

	
2.47

	
2.09

	
2.20









The interamide CHC2∙∙∙O H-bond can be eliminated almost entirely by replacing the upper methyl group by a H atom. The optimized structure of III illustrated in Figure 1 shows that the distance from the carbonyl O of the lower amide to the substituted H is more than 3.2 Å, beyond the range where any such H-bond would contribute much to the energy. And indeed, both AIM and NBO analysis supports the absence of such a H-bond, as in the third row of Table 3. This replacement does have the effect of shortening the NH∙∙∙O H-bond by some 0.26 Å relative to I, so a strengthened NH∙∙∙O may compensate for the lost CH∙∙∙O. The NBO measure of NH∙∙∙O H-bond strength is in fact approximately doubled in III relative to I and II, and the AIM density grows to 0.017 au. Note also that the removal of the methyl group has little effect upon the geometry of the CHC1∙∙∙O H-bond, or its value of E(2) in Table 3. The first two columns of Table 4 show that this replacement does not perturb the orientations of the two amide groups very much, less than 2°. On the other hand, there is a noticeable alteration in the angle between the planes of the two amides, as θ(a–a’) drops from 74° to 66°. This small increase in the deviation from perpendicularity may reflect the increased importance of the NH∙∙O H-bond. The rigidity parameters in Table 5 are virtually unaffected by removal of the CHC2∙∙∙O H-bond. One might conclude, then, that this particular CHC2∙∙∙O H-bond in and of itself has little influence upon the conformation; any loss is compensated by a strengthening of the other interamide H-bond, of the conventional NH∙∙∙O type.



It is reasonable to presume that the isopropyl group of I has little effect upon the preferred orientations of the two amide groups, or the energetics of twisting them. When the isopropyl group was replaced by H, in addition to the removal of the CF3 group, the geometrical parameters reported for IV in Table 2 and Table 4 (see Figure 2) indicate only minor changes. There are short elongations of three H-bonds, accompanied by small reductions in E(2) and ρBCP, but the orientations of the two amides remain unchanged. With regard to energetics of distortion, there are only small differences caused by removal of the isopropyl group, on the order of 0.3 kcal/mol, which confirms the small changes of the structure, and the lack of influence of the isopropyl group.
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Figure 2. Optimized geometries. Distances in Å. Densities at AIM bond critical points are reported in red, in units of 10−3 au. 
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One might anticipate that the largest contribution of the aromatic ring to the orientations of the two amide groups is associated with the presence of a possible CHC1∙∙∙O H-bond. Removing the phenyl group, and its potential H-bond entirely, replacing the aromatic linkage by a simple HC=CH linkage, leads to structure V illustrated in Figure 2. The dihedral angles that describe the orientations of the two amide groups relative to the backbone remain unchanged. The removal of a possible CHC1∙∙∙O H-bond elongates the other CH∙∙∙O H-bond between the two amides, while shortening the NH∙∙∙O H-bond to the same O atom. The E(2) and ρBCP values reflect these changes in H-bond length; indeed, the magnitude of E(2) for the CHC2∙∙∙O HB drops below the 0.5 kcal/mol threshold. At the same time, both of these H-bonds become a little less linear, differing from I by 7–11°. These small changes are accompanied by a very nearly perfectly perpendicular arrangement of the two amide planes with a θ(a–a’) angle of 90.5° As may be seen in Table 5, this simplification has little effect on the energetics of rotation of the lower amide, but would appear to make it a bit more difficult to rotate the upper amide. This observation implies that, rather than holding the upper amide in place, any CHC1∙∙∙O H-bond involving the phenyl CH adds a small amount of flexibility, perhaps by countering the interactions with the lower amide.



The entire system can be made more symmetric by replacing the alkenyl spacer by alkane only, with a CH2CH2OCH2CH2 spacer, as in structure VI. This change leads to a small stretch in the NH∙∙∙O H-bond which is accompanied by a contraction in the CH∙∙∙O bond. But these changes have no substantive effect on the H-bond strengths relative to V as measured by ρBCP. There is also a 43° change in the dihedral angle associated with the upper amide, some of which arises from the different hybridization around the Ca and Cb atoms to which it is attached. This rotation of the upper amide group takes the two amide planes back to an angle which more closely approximates the value of θ(a–a’) in the parent molecule I. However, the alkane spacer causes a 23° reduction in the relative positions of the two amides around the backbone axis, with φ(a–a’)= 34°. The change from alkene to alkane spacer has minimal effect upon the energetics of rotating the lower amide, but does flatten out the potential for the upper amide, albeit in only one direction, toward positive direction of rotation.



Finally, in order to examine the possible effects of the CHC2∙∙∙O H-bond on this scaled down version of the molecule in VI, the methyl group was removed from the upper amide, replaced by a H atom. After reoptimization of this structure VII, the geometry obtained is illustrated in Figure 2, where a small contraction of the remaining NH∙∙∙O H-bond may be seen, along with a growth in ρBCP. As in the earlier case of methyl replacement, the remaining H atom is too far from the O to pose a significant attraction, leaving NH∙∙∙O as the only interamide attractive force. Nonetheless, there is only a small change in one of the dihedral angles, in that the upper amide rotates 5° relative to VI. The energetics of rotation of the two amide groups, reported in the last row of Table 5 are only slightly changed from VI. The data would thus support the supposition that it is primarily the NH∙∙∙O H-bond, rather than either possible CH∙∙∙O that is responsible for the mutual arrangements of the two amide groups in I, as well as for the energetics holding the two amide groups in place.




3.2. Direct Evaluation of H-Bond Energies


Given the foregoing findings, it would be desirable to have a more direct estimate of the energetics of each type of H-bond. However, there is no clear means of computing an interaction energy for an intramolecular interaction. In order to provide some estimate of the strength of the individual NH∙∙∙O and CH∙∙∙O interactions between the two amide units, a philosophy was followed that was used earlier for a similar problem involving amide units in the β-sheet of proteins [80,90] and other systems [91]. The fully optimized geometry of molecule I was taken as a starting point, Figure 3a, and the two amide units were extracted, leaving their relative orientations unchanged from that in Figure 3a. The amide dimer Figure 3b contains both the NH∙∙∙O and CH∙∙∙O interactions. In order to compute each separately, the replacement of the upper CH3 group in Figure 3b by a H atom, leads to the pair in Figure 3c which leaves only the NH∙∙∙O interaction. Likewise, the replacement of the upper NH2 group in Figure 3b by H leads to dimer Figure 3d which contains only CH∙∙∙O. It should be reiterated that the geometries of the subunits in each case were held in the structures in the full molecule Figure 3a, so the interaction energies of Figure 3c,d ought to represent at least a reasonable approximation of the NH∙∙∙O and CH∙∙∙O H-bond energies, respectively. These quantities were corrected for basis set superposition error [92] by the counterpoise procedure [93]. They were computed to be −4.74 kcal/mol for NH∙∙∙O and −2.06 kcal/mol for CH∙∙∙O, a little less than half the NH∙∙∙O value. These values correspond nicely with other calculations designed to compute these HB energies in other systems [60,68,81,94,95,96].
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Figure 3. Scheme for partitioning total interaction energy between pair of amides into separate contributions from NH∙∙∙O and CH∙∙∙O. 
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The substantial interaction energy for NH∙∙∙O comes even at the expense of a H-bond that suffers certain distortions from the intermolecular orientation it would adopt in the absence of intramolecular constraints associated with the full molecule I. The θ(NH∙∙∙O) angle is fairly close to linearity, at 165°, which should not induce too much distortion energy. On the other hand, the bridging NH proton lies well out of the plane of the other amide which contains the two carbonyl O lone pairs. Specifically, its 78° deviation from this plane is largely responsible for reducing the H-bond energy from what it might be otherwise. In contrast, the bridging CH proton is only 40° from this same plane, although the θ(CH∙∙∙O) angle is 28° from linearity. But the bottom line is that the CH∙∙O H-bond energy is estimated to be roughly 40% of the NH∙∙∙O interaction, a proportion that conforms to a number of other calculations of these two quantities [57,60,97,98,99].




3.3. Consideration of Other Possible Minima


In any study of this type, there is always the question as to whether the X-ray structure, which pertains to one molecule surrounded by others, which can interact with it in numerous ways, also represents the global minimum on the surface of a single molecule. In other words, are there other minima on the surface of the single molecule which might be lower in energy than that which closely resembles the X-ray geometry? In order to test this notion, a number of different structures were taken as starting points, from which a geometry optimization was carried out.



The first candidate was one in which both the upper and lower amide groups were rotated by roughly 180°, around the Cb–N and Cb’–N bonds, respectively. The structure contains a NH∙∙O H-bond between the two amides, but this H-bond involves a C=O from the upper amide, and N–H from the lower, opposite to that in I above. Geometry optimization yielded a minimum which retains this H-bond, but this structure was 4.8 kcal/mol higher in energy than conformation I. A second possible starting point orients the two amide groups parallel to one another in a stacked arrangement, with no interamide H-bond, a structure which prior calculations have indicated might represent a minimum [100]. The minimum obtained for this structure was 6.0 kcal/mol higher in energy than I. Also explored was the possibility of a reorientation within the backbone. A ~120° rotation around the Ca’–Cb’ bond removes the two amide groups from the vicinity of one another, eliminating any interamide H-bonds. The optimized structure was found to be 2.1 kcal/mol higher than I. Likewise for a rotation around the Oe–Ca’ bond: a 120° rotation, followed by optimization, leads to a higher energy, in this case by 5.3 kcal/mol.



The probing for a possibly lower energy structure was not limited to rotations of only one bond at a time. For example, the rotations were also considered around the Cb–N and Ca’–Cb’ bonds, and in each case a range of different starting angles were considered. Also considered were different starting points for the Cb–N and Ca’–Oe dihedral angles. In all cases, the optimized structures were of higher energy than I. These various attempts lead to the conclusion that the X-ray structure represents the global minimum of this molecule.




3.4. Nature and Length of Spacer Group


Another question relates to the nature of the backbone that lies between the two amide groups. As described above, changing the alkene group of I to an alkane (V→VI) has only a modest effect on the system, the primary influence being a 40° change in the φ(CaCbNCc) dihedral angle between the chain and the upper amide. However, this change is due in part to the change in hybridization of the related C atoms, and does not reflect as much of a change in the relative orientation of the two amide units which readjusts by some 13–17°. Importantly, there are only small changes in the two H-bond geometries.



There are five atoms that separate the two amide groups in I; the central atom is an ether-type O atom. Changing that O atom to a CH2 group takes the spacer to a simple alkane of length 5. The conformation of this molecule, denoted 5, is illustrated in Figure 4, where it may be seen that the replacement of O by CH2 causes the two amide groups to separate from one another, breaking any interamide H-bonds. The reason for this separation would appear to be that the replacement of O by CH2 places one of the methylene H atoms in close coincidence, ~1.7 Å, with the NH proton of the upper amide. The steric repulsion between these two atoms outweighs any attraction of the NH to the lower carbonyl O, causing the geometry to move off to structure 5. However, this factor is eliminated when the central methylene group is removed. Substitution of the 5-carbon spacer group in 5 by the shorter 4-C chain leads to geometry 4 in Figure 4, from which it may be seen that the two amide groups once again reestablish their H-bonds, both NH∙∙O and CH∙∙O, although the latter bond is long enough that one may question its contribution to the stability. The problem arising from overly short H∙∙∙H contacts in 5 when the two amide groups lie within H-bonding distance is eliminated in 4: The NH proton lies no closer than 2.3 Å to any of the methylene H atoms of the spacer chain.
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Figure 4. Optimized geometries of derivatives of I, where spacer groups consist of simple alkane chains of various lengths. Number of molecule is equal to number of methylene groups in spacer chain. Distances in Å. Densities at AIM bond critical points are reported in red, in units of 10−3 au. 
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The orientation of 4 remains, albeit with some small changes when the number of links goes down to 3 and 2, although the CH∙∙∙O distance of >3.3 Å in 2 and 3 suggests the absence of a pertinent H-bond. Leaving only a single C link changes the structure a great deal. The very short spacer no longer allows the two amides to approach one another. The only options remaining in the way of H-bonds are the very strained geometries depicted for 1 in Figure 4, which may be categorized as 6-membered rings. The θ(NH∙∙∙O) angles of 95° push the limits of allowable deviation from linearity for a true H-bond. Moreover, the H and O atoms are separated by nearly 3 Å, quite long for a H-bond.



Given the dramatic transition from VII to 5, wherein the two amide groups separate from one another when the ether Oe is replaced by a methylene group, it would be natural to wonder if perhaps this O atom holds the two amide groups together by virtue of interaction with NH of the upper amide. However, there are two factors that argue against this idea. In the first place, any such NH∙∙∙O H-bond is highly distorted. The θ(NH∙∙∙O) angles in structures I-VII vary from 95° to 107°, all quite far from the optimal 180° of a linear H-bond. In the second place, if the loss of this putative NH∙∙∙O H-bond were indeed the cause of the amide separation in 5, then it is difficult to explain why the two amides are able to come together again in 4, 3 and 2, none of which contain an ether O atom. It is concluded that while one cannot argue with a certain amount of attraction between an ether O and the NH proton of the upper amide which is lost when the Oe is replaced by CH2, the driving force for the amide separation in 5 is more likely to be steric repulsion between this NH proton and the methylene hydrogens.





4. Summary and Conclusions


The geometry of molecule I contains a pair of amide units that interact directly with one another. The upper amide is approximately coplanar with the neighboring phenyl ring, and the lower amide is roughly perpendicular to the first. The conformation is stabilized by a pair of HBs, an interamide NH∙∙∙O, supplemented by a CH∙∙∙O to the same O proton acceptor by the terminal methyl group. The latter HB prevents the normal HB between this methyl group and the adjacent O atom.



The optimized conformation, and its associated interamide HBs, are not significantly affected by the removal of the CF3 group from the phenyl ring, nor is there an appreciable change in the rigidity with which the amide groups are held. Another group with little influence upon the molecular geometry is the pendant isopropyl group. Removal of the entire aromatic ring, on the other hand, induces a shortening of NH∙∙O and a concomitant lengthening of CH∙∙∙O. A small perturbation, opposite to that associated with removal of the phenyl ring, is introduced by saturation of the alkenyl spacer with a simple alkyl chain of the same length.



A direct evaluation of the interaction energies associated with the pertinent interamide NH∙∙O and CH∙∙O HBs yielded values of 4.7 and 2.1 kcal/mol, respectively. If the CH∙∙∙O HB is destroyed by eliminating the proton donor methyl group, the remaining NH∙∙∙O HB compensates by strengthening its own interaction with the O proton acceptor of the lower amide and shortening R(NH∙∙∙O). This trend is true whether it is the entire molecule I under consideration, or the scaled down model lacking CF3, the phenyl ring, or the alkenyl spacer.



If the ether O atom that separates the two amide units is replaced by a CH2 methylene group, interatomic repulsions force the two amide groups to separate from one another, breaking their HBs. But these interamide HBs return when this methylene spacer group is removed, shortening the spacer group to four atoms. This same interamide conformation, with its NH∙∙∙O and CH∙∙∙O HBs persists when the spacer chain is shortened further, to three and even to two atoms, although the CH∙∙∙O HB is somewhat longer in the latter two cases.



In summary, it appears that the CH∙∙∙O HB is a real contributor to the geometry adopted by this molecule. This HB, along with the stronger NH∙∙∙O HB, is not an artifact of the particular substituents, persisting even when the molecule is stripped down to its bare essentials.
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