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 The negative charge in the title ylides is dispersed almost 
equally among the negative nitrogen, -N , and the oxygen of the 
C=O group, as it is computationally illustrated at DFT level of 
theory. As result, the C-N  group acquires partial double bond 
character and, therefore, display (Z)- and (E)- diastereoisomerism 
of substituents around this bond. Single crystal X-ray 
measurements for the title aminimides reveal the preference for 
the (Z)- diastereomer about the CO—N N⊕ bond. Computation-
ally, for example, at level B3LYP-D3/6-311+G** of theory, the 
(E)- diastereomer is at ∆G298 K = 14.4 kcal/mol higher than the (Z)-aminimide 1 (R=C6H5) and with 19.9 kcal/mol higher than the (Z)-
aminimides 2 (R = CF3CF2). The magnitude of the second order energy stabilization ∆F as a result of negative nitrogen lone pair 
(NNLP) charge transfer to the acceptor π*CO is always larger for (Z)- diastereomer than for the (E)- diastereomer. Additionally, the 
(Z)- configuration of both aminimide 1 (R=C6H5) and aminimide 2 (R=CF2CF3) is locked by several intramolecular hydrogen bonds: 
OH----N , CH(Me)---O=C, OH---F and HO---HC(Me), all characterized by bond critical properties (BCP) such as electron density 
ρ(rBCP), laplacian of electron densities ∇2(rBCP) and eigenvalues of the Hessian of the electron density λ1(rBCP), λ2(rBCP), and λ3(rBCP). 
Natural Bond Orbital (NBO) analysis predicts large charge transfer from the neighboring NNLP into the π*CO. As a result, the C=O 
bond is lengthened in comparison with the protonated RCO— NHN⊕  species, whereas the C-N  bond is shortened. Bond orders for 
C=O and CO—N N⊕  are close to 1.5. In accordance with the value of bond order, Natural Resonance Theory (NRT) analysis 
predicts almost equal weights for the O=C--N  and the O-C=N resonance structures.  

 
 

INTRODUCTION* 

Acyl aminimides consist of nitrogens ylide 
group (-N N⊕ ) with the electron rich transferred 
into the C=O functionality, the actual negative pole 
                                                 
* Corresponding author: mircea.gheorghiu@sjsu.edu 

of the ylide embraces both oxygen and nitrogen δ-

O-C-N1-δ. As a result of acquiring negative charge, 
the oxygen ability as hydrogen bond acceptor is 
enhanced making it superior to that of the oxygen 
from an amide functionality. Therefore, one might 
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speculate that the incorporation of an aminimide 
into a polypeptide or a protein framework could 
provide interesting and uncharted properties. The 
ylide segment -N 3 3N CH )⊕ CH3)3 is claimed to be 
the strongest electron donor among the uncharged 
organic substituents.2 Indeed, the hydrogen bond 
basicity of oxygen in benzoyl-2,2,2-trimethyl-
diazan-2-ium-1-ide (C6H5CCO- 3 3N CH ) )⊕ is larger 
than that of the oxygen in N, N-dimethylben-
zamide, (C6H5CON(CH3)2).2 

Aminimides have been studied as pharma-
cophores and non-linear optical materials.2 Fur-
thermore, the class RCO- N N⊕ R1R2R3 can also 
control the growth of plants,3 and has been studied 
for antimicrobial,4-7 vasodilation,8 diuretic and an-
tihypertensive9 effects. Recently, aminimides have 
been successfully tested as carrier molecules for 
uphill transport through liquid membranes.10 
Additionally, aminimides have become of interest 
to polymer chemists11-20 as monomers and isocy-
anate precursors. An aminimide tetrapeptide 
isostere scaffold was recently found to be a more 
potent inhibitor of HIV-1 protease than the parent 
peptide.21  

In the present paper, we report that the 
computational studies at DFT level of theory 
(geometry, energetics, Natural Bond and 
Topological Analysis) agree with the X-ray 
measurement carried on the racemic mixture of 
C6H5CON N⊕ (CH3)2CH2CHOHCH3 and 
CF3CF2CON N⊕ (CH3)2CH2CHOHCH3. A major 
finding of the present study is that, as it is shown in 
the chemical structures in Figure 1, the above 
mentioned aminimides have (Z)- configuration 
around the -CO—N N⊕ partial double bond. 

Despite the relative long history of R-
CON N⊕ R1R2R3, documented since 1959,22 only 
two X-ray structure studies concerning acyl 
aminimides, namely 1-benzoyl-2,2,2-trimethyl 
diazan-2-ium-1-ide (3)23,24 and 1-(4′-Cl-benzoyl)-
2,2,2-trimethyl diazan-2-ium-1-ide (4)25,26 have 
been published so far. 

A related ylide, NO2-N N⊕ (CH3)3,27 has been 
subjected to low temperature high resolution X-ray 
diffraction measurements and the topological 
properties of the experimental charge density have 
been examined in terms of Bader’s Atoms In 
Molecule (AIM) concepts.28  

 
 

 
Fig. 1 – The partial CO—N N⊕ double bond resulted from the partial NNLP delocalization into the C=O bond. 
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EXPERIMENTAL 
1. Synthesis 

Aminimides 1 and 2 have been synthesized according to 
literature protocols. The aminimides were prepared by mixing 
the corresponding methyl ester (R = C6H5 for 129 and R = 
CF3CF2 for 230) with equimolar amounts of 1,1-dimethyl-
hydrazine and propylene oxide in i-propanol at room 
temperature for 72 h. 

No attempts were made to separate the Z-S and Z-R chiral 
isomers. 

2. Computational details 

All DFT calculation were carried out using Gaussian 
03W31a and Spartan1831b codes. Geometries of all structures 
were fully optimized at Density Functional Theory (DFT)32 
level of theory. The DFT calculations (Gaussian 03W) 
employed the hybrid functional B3LYP:33,34 using basis sets: 
6-31+G(d,p), 6-31++G(d,p), 6-31++G(2d,2p), 6-311+G(d,p). 
Calculation using Spartan18 have been carried at B3LYP-
D3/6-311+G(d,p), ωB97X-D/6-311+G(d,p) and B3LYP/6-
311+G(d,p) level of theory. Sporadically, second-order 
Møller-Plesset MP2/6-31G(d) and MP2/6-611+G(d,p) level of 
theory have been performed in order to check the reliability of 
lower level results. AIM200044a critical points and the 
molecular graphs that map their connectivity were obtained by 
exporting the .wfn file from Gaussian and importing into 
AIM2000. NBO .47 files were exported from Gaussian and 
imported into NBO7.38 Stationary points have been 
characterized by harmonic frequency analysis as local minima 
(no imaginary frequency). In this paper, electronic structure 
will be discussed in terms of the NBO35a-f delivered by 
NBO7,38 which is closely associated with the familiar bonding 
concepts of Lewis.  

A brief summary of the terminology used in the present 
paper follows. In the NBO theory the input basis set is 
successively transformed into various localized basis sets. 
First, the input basis set is transformed to natural atomic 
orbitals (NAO).36,39 Secondly, the NAO are transformed into 
natural hybrid orbitals (NHO).41 Thirdly, atom A could 
acquire a lone pair (LP) in the NHO or a localized σ or π bond 
is formed between atom A and B as a result of the in-phase 
mixing of two NHO, namely hA and hB (σAB = cAhA+cBhB). 
The σAB is paired (to complete the span of the valence space) 
with a corresponding out-of-phase mixing of the same NHO 
(σ*AB = cBhA-cAhB). In the NBO jargon, orbitals such as LP, 
σAB and πAB are termed “Lewis” type or donor orbitals; LP*, 
σ*AB and π*AB are “non-Lewis” or acceptors. In an idealized 
Lewis structure the antibonds are empty. If LP*, σ*AB or π*AB 
turn out to have occupancy (which is usually weak, no more 
than 0.5 e) this is an indication of “delocalization effects” 
which represent an irreducible departure from an idealized 
Lewis picture. In the NBO representation the diagonal 
elements of the Fock matrix represent the energies of localized 
bonds, lone pairs, and antibonds. Off-diagonal elements 
represent bond/antibond, lone pair/antibond, and 
antibond/antibond interactions. The net result of delocalization 
(e.g. electron transfer from donor to acceptor orbital) is an 
energetic stabilization that can be estimated by second order 
perturbation theory (see Figure 2): 
 
   equation (1) 

 
where qi is the donor orbital occupancy, F(i,j) is the off-
diagonal NBO Fock matrix element, εi is the donor NBO 
energy and ε*j is the acceptor NBO energy, εi, ε*j are diagonal 
elements (orbital energies) of NBO Fock matrix. The larger 
the ∆E(2) value, the more intensive is the interaction between 
electron donors-electron acceptors and the greater is the extent 
of conjugation of the whole system. 

 

 
 
 

εdonor

ε*acceptor

∆E(2)

LP(2)

 π∗CO

 
Fig. 2 – Donor-acceptor interaction diagram. ∆E(2) is the second order stabilization energy  

calculated from eq. 1 which lowers the εdonor energy level. 
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Topological properties of the electron density were 
characterized using the atoms-in-molecules (AIM)28,29,40,43a 
methodology. The relevant parameters, calculated with AIM 
200044a/B3LYP/6-311+G(d,p) at the BCP (e.g. saddle point in 
the density between two atoms (derivative of electron density 
at BCP is zero, ∇ρ(rBCP)=0, and rings critical points (RCP)) 
have been examined using the electron charge density ρ(rBCP), 
Laplacian of the charge density ∇2ρ(rBCP), kinetic electron 
density G(rBCP), the potential electron density V(rBCP), and 
total energy density  as well as the eigenvalues of the 
Hessian of ρ(rBCP), namely λ1(rBCP), λ2(rBCP) and λ3(rBCP), 
which are the curvatures of the density. Critical points are 
classified according to their rank (ω) and signature (σ), and are 
symbolized by (ω,σ). The rank ω is the number of non-zero 
curvatures of ρ(rBCP) at the critical point. For an equilibrium 
structure ω=3. The signature, σ, is the algebraic sum of the 
signs of the curvatures, i.e. each of the three curvatures 
contributes ±1 depending on whether it is a positive or 
negative curvature. There are four types of stable critical 
points having three non-zero eigenvalues: (3,-3) nuclear 
critical point (NCP); (3,-1) bond critical point (BCP); (3,+1) 
ring critical point (RCP); and (3,+3) cage critical point 
(CCP). The analysis of BCP provides information on the 
nature of interatomic interaction: if the laplacian of electron 
density is negative (concentration of electron density), the 
shared interactions are covalent, when the laplacian of electron 
density is positive (depletion of electron charge), there are 
closed shell interactions like ionic ones or hydrogen bonding. 
The bond critical point (BCP) is the minimum of electron 
density on the bond path. For the structure in energy 
minimum, the bond path (BP) is the line of maximum electron 
density connecting two interacting atoms.44b The bond paths 
are usually the straight or slightly curved lines connecting 
interacting atoms (attractors). In some molecules, as for 
example diborane, the bonds path are strongly curved. It is 
very important to underline that the meaning of the bond 
path is not always coinciding to that of the bond.44c,d 

In Table 8 the laplacian electron density at BCP was 
expressed in terms of , because this term is a 
component of the virial equation (2): 

 
            equation (2) 

 
   equation (3) 
 

 has a positive value, whereas  has a 
negative value. One can see that if the modulus of the 
potential energy outweighs two times the kinetic energy, then 
the Laplacian is negative (equation 2). This implies the 
covalent character of interaction. However, there are such 
interactions where the modulus of the potential energy only 
one time outweighs the kinetic energy; in such a case, the 
Laplacian is positive, but  is negative (equation 3).  

Below, we are presenting some intramolecular hydrogen 
bonding. These hydrogen bondings are classified according to 
Rozas et al.44e on the basis of  and  
values. Weak and medium in strength hydrogen bonds show 
both positive  and  values. For strong H-
bonds,  is positive and  is negative. For 
very strong hydrogen bonds,  and, consequently 

 values are negative. It is assumed that hydrogen 
bonding AIM parameters are contained within the ranges: 
electron charge density <0.002 ρ(rBCP)< 0.040, and laplacian 
0.015 <  < 0.150 (see Table 7. Table 8). NRT36,41,42 
provides the weight of the contributing Lewis structure to the 
DFT (B3LYP/6-311+G(d,p)) wave function and has been 
computed with NBO738 package. 

3. X-ray Diffraction Studies45a 

Low temperature diffraction data were collected using a 
Siemens Platform three-circle diffractometer coupled to a 
Bruker-AXS Smart Apex CCD detector with graphite-
monochromated Mo Kα radiation (λ = 0.71073 Å), performing 
φ- and ω-scans. Data reduction was performed with the 
program SAINT (version 7.12),45b and semi-empirical 
absorption correction was performed using SADABS.46 The 
structures were solved by direct methods using SHELXS47 and 
refined against F2 on all data by full-matrix least squares with 
SHELXL-97.48 All non-hydrogen atoms were anisotropically 
refined. Hydrogen atoms connected to carbon were included 
into the model at their geometrically calculated positions and 
refined using a riding model. Except for the minor 
components of disorders, all torsion angles of the methyl 
groups were refined freely, to ensure that the direction of the 
methyl hydrogens are accurate. Hydrogen atoms connected to 
oxygen were taken from the difference Fourier synthesis and 
refined semi-freely with the help of distance restraints. 

 

  
                   (Z)-C6H5CO N N⊕  (CH2CHOHCH3)Me2 (1)                        (Z)-CF3CF2CO N N⊕  (CH2CHOHCH3)Me2 (2) 

Fig. 3 – X-ray structures of aminimides 1 and 2. Thermal ellipsoids area displayed at 50% probability.  
Only the major component of one of the two completely disordered crystallographically independent molecules is displayed. 
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RESULTS AND DISCUSSION 

1. Conformation and key metrics  
of the -CO- N N⊕  functionality 

(distances, bond angles, dihedral angles) 

The foremost result of our X-ray measurements 
is the fact that both aminimides 1 (R=C6H5) and 2 
(R=CF2CF3), respectively, exhibit (Z)-conforma-
tion around -CO—N N⊕ bond (see Figure 4). The 
comments regarding the “rigid” stereochemistry 
around -CO—N N⊕ are (conceivably) better 
illustrated using NBO jargon. As a result of the 
partial electron transfer from the LP(2) lone pair of 
-N  (donor orbital) into the π*CO (acceptor orbital), 
the -CO—N N⊕ bond acquires partial double 

bond character. Thus, in case of aminimide 1 
(R=C6H5) 0.39439 e is transferred into the 
antibond π*CO orbital, while in the case of 
aminimide 2 (R=CF2CF3) 0.40952 e is transferred 
into the antibond π*CO orbital (see Figure 4 and 
Table 1), which is an indication of the magnitude 
of the “delocalized effect.” As a result of electron 
transfer, the nitrogen LP(2) orbital occupancy is 
diminished to 1.60454 e (aminimides 1), and to 
1.55132 e (aminimides 2), respectively. The 
natural -CO—N N⊕ bond order, ideally 1.000 as a 
value, increases (see Table 1) to 1.4146 (for 
aminimide 1) and 1.4045 (for aminimide 2). This is 
equivalent to say that -CO—N N⊕ bond has ca. 
1.5 double bond character. As a result, aminimides 
display (E)- and (Z)- diastereotopicity. 

 
 

 
Fig. 4 – LP(2) lone pair donation from negative nitrogen -CO— N N⊕ into the antibond π*CO. In black aminimide 1 (R=C6H5) in 

red for aminimide 2 (R=CF3CF2). Calculation have been carried out using NBO-7 (B3LYP/6-311+G(d,p)). 
 

Table 1 

Major Donor (Lewis structures)-Acceptor (non-Lewis structure) interactions,  
the second order perturbation associated and the occupancy of acceptor NBO 

R 
Aminimide 

Steric 
exchange 

energy 
(kcal/mol) 

Donor(L) NBO → 
Acceptor(NL) NBO* 
Energies of donor, εI, 
and of acceptor, ε*j 

2

*

( , )
–i

i j

F i jF q
ε ε

∆ =  

kcal/mol 

ε*j-εi 
(au) 

F(i,j)2 
(au) 

Occupancy in 
the acceptor 

bond 

(Z)-C6H5 905.82 LP Np → π*CO 
-0.20806 0.02828 

90.20 0.24 0.130 0.39439 

(E)-C6H5 1055.57 LP Np → π*CO 
-0.20253 0.06204 

70.60 0.26 0.122 0.32474 

(Z)-CF3CF2 807.25 LP Np → π*CO 
-0.22265 0.00121 

104.41 0.22 0.136 0.40952 

(E)-CF3CF2 813.36 LP Np → π*CO 
-0.21968 0.05949 

64.45 0.28 0.120 0.33835 

(Z)-H 128.95 LP(3)O2 → π*CN 
-0.24379 -0.00136 

108.40 0.24 0.145 0.37657 

(E)-H 94.90 LP Np → π*CO 
-0.20372 0.02744 

86.30 0.23 0.126 0.35457 

*L stands for Lewis; NL stands for Non Lewis. 
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The second remarkable fact resulting from the 
X-ray measurements is the relative elongation of 
C=O bond and the shortening of the -CO— 

N N⊕ bond relative to similar bonds in amides. By 
“dumping” electrons into an antibond orbital, as 
result of donor-acceptor LP(2)/ π*CO interaction, 
the bond order for the C=O group is reduced from 
the “ideal” 2.0 to 1.6031 for aminimide 1 
(R=C6H5) and 1.6624 for aminimide 2 
(R=CF2CF3). Undoubtedly, the large electron 
density transfer from the nitrogen pz lone pair into 
the π*CO NBO is the main mechanism for both 
C=O elongation and the shortening of -CO— N N⊕  
bond. The X-ray C=O bond distances evidenced 
for aminimide 1 (R=CF2CF3) and aminimide 2 
(R=C6H5) are in the range of 1.235-1.246 Å (see 
Table 2). An eloquent fact concerning the validity 
that the donor-acceptor donation is accountable for 
the C=O bond lengthening, is to compare with the 
computed C=O bond distance in the protonated 
aminimide at the negative nitrogen, -CO- NHN⊕ . 

By protonation, the electron density at nitrogen 
vicinal to the C=O group is severely depleted to a 
value very close to that of nitrogen from an amide, 
-CONH2. For example, as it is depicted for C=O 
bonds in Table 2 (for aminimide 1) and Table 3 
(for aminimide 2), calculated at level of theory 
B3LYP-D3/6-311+G(d,p), the C=O distance of 
(Z)-aminimide 1 (R=C6H5) is 1.247 Å (for 
aminimide 2 C=O distance is 1.235 Å), while the 
same distance in the protonated at negative 
nitrogen is shorter. 

The relative lengthening of the C=O and 
shortening of the -CO—N N⊕  bond is nicely 
supported by NRT 35,36 analysis by which the 
weights of various canonical structures are 
assessed. NRT analysis predicts nearly equal 
weights (see Figure 6) of the resonance structures 
for the (Z)- diastereomer, one with -CO- N N⊕ and 
the second with O-C=N N⊕ segment. 

   
                                                (a)                          (b)                                                 (c)   

Fig. 5 – The case of the aminimide 2 (R=CF3CF2).  
(a) The calculated geometry; (b) the donor nitrogen lone pair and (c) the acceptor π*CO orbital. 

 
Tabel 2 

Aminimide 1 (R=C6H5): Calculated bond orders (Löwdin, Mulliken),  
bond length for C=O and -CO— N N⊕  and NBO7 bond orders 

Z-Aminimide 1 (R=C6H5) 
 Basis set 

6-311+G** 
Löwdin Mulliken bond length 

(Å) 
NBO/NBO7 
Bond orders 

 
C=O ωB97X-D 2.044 1.787 1.240  

 B3LYP 2.024 1.740 1.247 1.6031 
 B3LYP-D3 2.027 1.770 1.247  

-CO- N N⊕  ωB97X-D 1.585 1.378 1.342  
 B3LYP 1.584 1.427 1.349 1.4146 
 B3LYP-D3 2.138 1.838 1.347  

E-Aminimide 1 (R=C6H5) 
C=O ωB97X-D 2.156 1.860 1.226  

 B3LYP 2.137 1.849 1.233 1.6005 
 B3LYP-D3 2.138 1.838 1.223  

-CO- N N⊕  ωB97X-D 1.551 1.385 1.353  
 B3LYP 1.556 1.411 1.359 1.4364 
 B3LYP-D3 1.556 1.410 1.357  
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Tabel 3 

Aminimide 2 (R=CF3CF2): Calculated bond orders (Löwdin, Mulliken), bond length for C=O and 
 -CO— N N⊕ and NBO7 bond orders 

Z-Aminimide 2 (R=CF3CF2) 

 Basis set 
6-311+G** Lӧwdin Mulliken 

bond 
length 

(Å) 

NBO7 
Bond order 

C=O ωB97X-D 2.094 1.992 1.229 _ 
 B3LYP 2.080 1.933 1.235 1.6624 
 B3LYP-D3 2.082 2.011 1.235 _ 

-CO-N N⊕  ωB97X-D 1.640 1.283 1.325 _ 
 B3LYP 1.646 1.343 1.330 1.4045 
 B3LYP-D3 1.646 1.347 1.328 _ 

E-Aminimide 2 (R=CF3CF2) 
C=O ωB97X-D 2.140 1.842 1.223 _ 

 B3LYP 2.128 1.802 1.228 1.7004 
 B3LYP-D3 2.134 1.805 1.227 _ 

-CO-N N⊕  B97X-D 1.588 1.417 1.342 _ 
 B3LYP 1.592 1.465 1.348 1.3674 
 B3LYP-D3 1.589 1.471 1.347 _ 

 
Fig. 6 – Resonance weights (%) of the leading resonance structures for aminimides 1 and 2, respectively to 1.213 Å  

(for aminimide 2: 1.202 Å), because of less π*CO mixing. 
 

What value is expected to be a reference for 
C=O bond length in aminimides? Since the 
substituent CF3CF2 is electronically “neutral” in 
what would be an interaction with the aminimide 
C=O group, the bond distance of 1.235(2) Å could 
be considered the yardstick for the bond length of 
C=O group in acylaminimide. On the contrary, in 
aminimide 1 the C=O bond has an additional 
opportunity, besides the nitrogen lone pair, to 
interact also with π electrons of the aromatic ring 
because the phenyl ring and the carbonyl groups 

are almost coplanar. Therefore, it is not surprising 
that the C=O bond length of the benzoyl 
substituted aminimides 1a, 1b, 2 is even longer 
(1.243-1.258 Å). 

The -CO—N N⊕ bond distance is relatively 
unresponsive to carbonyl substituents effects. Thus, 
the C-N- bond distance from compounds 1b, 
aminimide 1 (R=C6H5) and aminimide 2 (R=CF2CF3) 
are very close to 1.338 Å (see Table 4). 

 
Table 4 

Experimental and calculated (B3LYP-D3/ 6-311+G**) of some significant bond lengths [Å] and angles [°] for the (Z) aminimides 
RCON N⊕ (CH3)2CH2CH(OH)CH3. Atoms numbering are in Figure 3 

Compound 2 (R=C6H5) Compound 3 (R=CF3CF2) 
Bond/Bond angle/ Dihedral 

angle 
X-ray 

 
Calc. Bond/Bond angle/ 

Dihedral angle 
X-ray Calc. 

C(1)-O(1) 1.2486(15) 1.246 O(1)-C(3) 1.235(2) 1.235 
C(1)-N(1) 1.3382(16) 1.349 C(3)-N(1 1.337(3) 1.328 
N(1)-N(2) 1.4691(13) 1.471 N(1)-N(2) 1.470(3) 1.463 

O(1)C(1)N(1) 129.86(12) 127.46 O(1)C(3)N(1) 133.07(18) 132.2 
C(1)N(1)N(2) 115.45(10) 114.34 C(3)N(1)N(2) 133.07(18) 114.7 

O(1)C(1)N(1)N(2) 0.43(17) 2.59 O(1)C(3)N(1)N(2) 7.2(4) 0.4 
C(11)C(1)N(1)N(2) -178.15(8) -178.01 C(2)C(3)N(1)N(2) -177.87(16) -179.0 
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2. Why the (Z)- diastereomer is more stable 

The preference for (Z)-diastereomer of noncyclic 
aminimides is supported by previously determined 
X-ray results for aminimides 323,24 and 4,25,26 dipole 
moment determination49 and by our theoretical 
calculation.50,51 We want to enlarge the number of 
examples by adding our two examples aminimides 
1 and 2, which display the preference for (Z)-
configuration, resulted from the X-ray measure-
ments (see Figure 3) and numerical experiments 
performed at DFT level of theory. Computationally 
the (E)- diastereomers are thermodynamically 
higher in energy than the (Z)- diastereomers by 
∆G298 K = 13.3-15.0 kcal/mol for aminimides 1 
(R=C6H5), and ∆G298 K = 19.9-23.8 kcal/mol for 
aminimide 2 (R=CF2CF3).  

Next, we want to qualitatively understand why 
the (Z)- diastereomer is more stable than the (E) 
isomer. There are two major reasons identifiable 
for the higher energy content of (E)-aminimide 1 
(R=C6H5) and only one for aminimide 2 
(R=CF2CF3). 

The first reason results from the inspection of 
the second order perturbation of Fock matrix 
off diagonal term in NBO basis ∆F (see equation 
2). The largest ∆F are those associated with the 
interaction (conjugation) of NNLP donation into 
the acceptor π*CO NBO (see Figure 7 for the case 
of (Z)-aminimide 1, a similar picture is applicable 
for (Z)-aminimide 2. For both (Z)-aminimides 1 

and 2, ∆F is larger for (Z)- diastereomer compared 
with the smaller charge donation (interaction) 
computed for both (E)- diastereomer. Thus, ∆F is 
90.2 kcal/mol for (Z)-aminimide 1 (R=C6H5), and 
only 70.60 kcal/mol for (E)-aminimide 1 
(R=C6H5). In the case of aminimide 2, there is a 
computed stabilization energy of 104.4 kcal/mol 
for (Z)-aminimide 2 (R=CF2CF3) and only 64.45 
kcal/mol for the (E)- diastereomer.  

Second, a reason valid only for (Z) and (E)-
aminimides 1 (R=C6H5) comes for the calculated 
geometry and X-ray results for (Z)-aminimide 1 
(R=C6H5), both reveal that there is a π conjugation 
among the phenyl ring with the C=O group. Thus, 
the through-bond donation from an aromatic Lewis 
πC=C bond into the non-Lewis acceptor π*CO deliver 
a stabilization of ∆F = 19.5 kcal/mol. In (E)- 
conformation, because the phenyl group and C=O 
are perpendicular, there is no π conjugation (see 
Figure 8). 

It is worth mentioning that negative nitrogen 
hydrogen bonding with HO-CH- is not a significant 
factor to justify a (Z)- preference versus (E)- 
configuration. For (Z)-aminimide 1 (R=C6H5) the 
calculated ∆F is 11.72 kcal/mol versus the slightly 
less, namely 10.55 kcal/mol for (E)-aminimide 1 
(R=C6H5). For aminimide 2 (R=CF2CF3) the situation 
is reversed, the (E)- conformer gain better 
stabilization (∆F = 4.39 kcal/mol) than the (Z)- 
conformer ((∆F = 2.48 kcal/mol). 

 

 
Fig. 7 – Np interaction into π*CO that gives a ∆F of 90.2 kcal/mol for aminimide 1. 

 

  
Fig. 8 – The computed geometry (left) for (Z)-aminimide 1 (R=C6H5) and (right) for (E)-aminimide 1 (R=C6H5). 
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It is appealing to examine if steric factors could 
rationalize the relatively large magnitude of ∆G298 

K among (Z)- and (E)- diastereoisomers. Thus, one 
can visually note a larger steric crowding in the 
(E)- compare to (Z)- configuration, although the 
steric crowding in the former is alleviated in part 
by increasing bond angles, for example, α and β of 
the (E) isomer with ca. 8-15 degrees larger than the 
similar bond angles in the (Z)- isomer. 

The steric exchange energy,43b,c although not 
very impressive as the magnitude of difference, 
indicates that the (Z)-configuration displays less 
crowding in (Z) configuration. The NBO7 
computed (Z)- aminimide 1 steric energy is 905.82 
kcal/mol, while for the (E) isomer is larger, namely 
912.35 kcal/mol. The steric exchange energy for 

(Z)-aminimide 2 is 807.25 kcal/mol, while for the 
(E)- isomer is higher, namely 813.36 kcal/mol. 

If all of the above invoked steric crowding is 
plausible to explain the Gibbs energy difference in 
stability of diastereomers, one would expect that if 
the large substituents of aminimides 1 and 2 are 
replaced with hydrogens like in aminimides 5a and 
5b, respectively, that the computed ∆G298 K to be 
much smaller than those for aminimide 1 (∆G298 K = 
13.3-15.0 kcal/mol) and aminimide 2 (∆G298 K = 19.9-
23.8 kcal/mol). Somehow surprisingly, it turns out to 
be in the rage of 15.5-17.2 kcal/mol, values just 
between the case of aminimides 1 and 2! Therefore, 
the steric effects are not relevant to rationalize the 
relative stability of the diastereomers. 

 

 
Fig. 9 – Calculated bond angles in the OC-N N⊕ ylide section. 

 

 
 

Tabel 5 

Relative calculated Gibbs energies (298 K) in kcal/mol 
 B3LYP-D3 

6-311+G(d,p) 
ωB97X-D 

6-311+G(d,p) 
B3LYP 

6-311+G(d,p) 
MP2 

(Z)-C6H5 0.0 0.0 0.0 0.0* 
(E)- C6H5 14.4 13.3 15.0 - 

(Z)-H 0.0 0.0 0.0 0.0 
(E)-H 15.6 17.1 15.5 17.2** 

(Z)-CF3CF2 0.0 0.0 0.0 0.0 
(E)- CF3CF2 19.9 21.5 23.8 21.7* 

*6-31G(d); **6-311+G(d,p) 
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Prior to comment the reason of (Z)- preference, 
let us disclose that the leading resonance structure 
has the πC=C instead of π*CO. The calculated 
leading resonance structure reveals that the 
negative pole of the ylide is on oxygen, however 
the ylide structure with negative nitrogen is the 
second leading structure. 

Certainly, the relative stability originates in the 
value of ∆F. The largest second order perturbation is 
∆F = 108.40 kcal/mol for (Z)-aminimide 5a, while 
for (E)-aminimide 5b is only 86.30 kcal/mol. It is 
safe to conclude that there is no remarkable steric 
reason to justify the stabilization of (Z)- 
diastereoisomer, because both the sterically crowded 
aminimides 1 and 2, as well as strain free aminimide 
5 display a preference for (Z)- conformation.  

Let us take a step further to understand what 
determines the actual magnitude of ∆F. One step in 
the anatomy of ∆F is to examine equation (1). A 
relative larger ∆F results if the numerator is 
relative larger and the denominator e*j-ei is relative 
smaller. Since ∆F is proportional with the orbitals 
overlap, it seems that in (Z)- diastereoisomer is a 
much better donor-acceptor overlap. The smaller is 
the donor-acceptor energy gap, the larger is ∆F. 
Indeed examining the results from Table 1 this is 
always the case of (Z) configuration for R= H, 
C6H5 and CF3CF2 aminimides. 

3. Intramolecular Hydrogen Bonding 

Intramolecular hydrogen bonding might play an 
important role in shaping the conformation of the 
two aminimide 1 (R=C6H5) and aminimide 2 
(R=CF2CF3). Experimentally, as inferred from  
X-ray measurements, the only hydrogen bonding 
in either aminimide 1 (R=C6H5) and aminimide 2 
(R=CF2CF3) is between the OH group hydrogen 
and the negative nitrogen (OH---NӧNӧ). This 
hydrogen bond length in aminimide 1 (R=C6H5) is 
of 1.915(13) Å, whereas in aminimide 2 
(R=CF2CF3) is larger, namely 2.068(17) Å. Thus 
the former hydrogen bond is stronger than the 
latter. Later in the paper, a rationale for this fact 
will be provided.  

Several additional weaker hydrogen bonds are 
computationally unveiled in aminimide 1 

(R=C6H5) and aminimide 2 (R=CF2CF3) by 
AIM2000 and NBO7 calculations. Typical for 
weak interactions, such as hydrogen bonding,51,52 
are the low value of the electron density denoted 
ρ(rBCP) (a physical observable) and the positive 
sign of the . AIM2000 and NBO7 
calculations have identified in both aminimide 1 
(R=C6H5) and aminimide 2 (R=CF2CF3) additional 
intramolecular hydrogen bonds (see Tabel 8), 
evidenced by the presence of (3,-1) bond critical 
points (BCPs) along the DH---A bond path (D 
stands for donor, A stands for acceptor) and the 
corresponding (3,+1) ring critical points.). The λ3 
eigenvalue of the Hessian is proportional to the 
bond strength.54 

In the case of aminimide 1, three hydrogen 
bonds have been computationally identified: 
negative nitrogen---HO- and two C=O---HC(CH3) 
and they are illustrated in Figure 11. The major 
hydrogen bond in aminimide 1 (R=C6H5) is the 
OH---N N⊕ bond (Figure 11 b). At the BCP the λ3 

has the highest value, 0.20564, (see Table 7) and 
the total electron density energy, , 
unexpectedly (however pleasing) is negative (see 
Table 8), that is typical for strong hydrogen bonds.  

The next two hydrogen bonds are among  
-N N CH⊕ ---O=C in each methyl groups from the 
ammonium group show with the blue arrows on 
Figure 10 (c). See the topological parameters in Table 
7 and Tabel 8. While the stronger hydrogen bond like 
in OH---N N⊕ is well established, the C-H---O=C 
hydrogen bonds are still arguable, although 
historically such weak hydrogen bond had been 
suggested by Glasstone55 more than 60 years ago. 
Yet, for many years this idea has been disputed, and 
even abandoned.56 Conclusive evidence regarding the 
existence of the C-H---O hydrogen bond in crystals 
came in 1982, when Taylor and Kennard56 published 
their survey of crystallographic data. Presently, C=O-
--H bonding is increasingly recognized as a structural 
element in chemistry58-66 and biology.67 How does the 
weak hydrogen bonding arise in aminimides? 
Intuitively, the more acidic the proton-donor (in our 
case from methyl C–H) and the more basic the 
acceptor (aminimide carbonyl oxygen) the stronger is 
the hydrogen bond. In the amimimide functionality 
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both the donor and the acceptor capacity is 
augmented by specific electronic effects. Because the 
C-H is linked to the quaternary N⊕ atom (a strong 
electron withdrawing atom), the net result is that 
protons from the methyl groups are relatively 
depleted of electron density, thus making the C-H a 
better proton donor. The acceptor capacity of the 
oxygen from the C=O bond is remarkably enhanced 
by the vicinal nitrogen lone pair donation. Our results 

concerning weak hydrogen bonding in aminimides 
parallels Houk’s68,69 conclusion concerning the 
existence and importance of -N N C⊕ –H---O=C 
hydrogen bonding in conformational analysis. The 
weak - N N C⊕ –H---O=C bond is estimated to be 
half the strength of the N–H---O=C bond.70 The two  
- N N C⊕ –H---O=C hydrogen bonds, although weak, 
add some stabilization within the (Z)-configuration. 

 
Table 6 

X-ray and calculated (B3LYP-D3/ 6-311+G**) hydrogen bonds for aminimide 1 (R=C6H5)  
and aminimide 2 (R=CF2CF3) [distances Å and angles in °] 

D-H---A  d(H...A) <(DHA) 
R=C6H5 

O(2)-H(2)---N(1)- X-ray 
Calc. 

1.915(13) 
1.895 

149.9(14) 
142.00 

C(2)-H(2A)---O(1)=C X-ray 
Calc. 

2.347 
2.212 

118.6 
117.78 

C(3)-H(3C)---O(1)=C X-ray 
Calc. 

2.345 
2.173 

120.4 
120.01 

R=CF3CF2 
O(2)-H(2)---N(1)- X-ray 

Calc. 
2.068(17) 

1.998 
141.2(19) 

134.1 
O(2)-H(2)---F(4) X-ray 

Calc. 
3.378(19) 

2.573 
140(2) 
156.58 

C(4)-H(4C)---O(1) X-ray 
Calc. 

2.402 
2.278 

119 
117.2 

C(5)-H(5A)---O(2) X-ray 
Calc. 

2.316 
2.266 

119 
119.9 

Atoms numbering are in Figure 3 
 

     
                                                                    (a)                                                                        (b) 

 
(c) 

Fig. 10 – (a) AIM 2000 predicted hydrogen bonds for aminimides 1 (R=C6H5): OH--- N N⊕− (red), and two -N N CH⊕ (CH3)---O=C 
(blue); (b), NBO7 charge transfer from the donor nitrogen sp1.22 hybrid orbital into the acceptor σ*

OH (hydrogen bonds); (c) the 
     AIM2000 calculated molecular graph and bond and ring critical points, the ring path have been omitted for the sake of clarity. 
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The fourth calculated hydrogen bond is among 
two hydrogens, one belonging to the -N N C⊕ –H 
methyl group that is interacting with the hydrogen 
belonging to CH from CHOH group, see the red 
arrows in Figure 10 (c). The major AIM2000 
parameters at BCP are included in Tabel 7. Note, 
that NBO7 does not “recognize” this interaction. 
Such a H---H bonding was evidenced, for example, 
among the bay hydrogens in phenanthrene.71 As 
one can note from Table 7 it is the weakest 
hydrogen bonding interaction, exhibiting the 
smaller charge density ρ(rBCP) and λ3 curvature. 

The geometry optimization of aminimide 2 
(R=CF2CF3) at ωB97X-D/6-311+G(d,p) level of 
theory revealed a shallow minimum of the energy 
surface. Two geometries with different orientation 
of the CF3CF2 side chains were identified within 
less than 1.00 kcal/mol apart in the energy caldera, 
therefore it is impossible to estimate relative 
stabilities. A different picture of the negative 
 

nitrogen---HO bonding is revealed for aminimide 
2. The charge density at this bond critical point, 
ρ(rBCP), is 0.02968 e. In the bifurcated hydrogen 
bond of structure 2a, the charge density at BCP of 
OH---N N⊕ bond is 0.01824 e and 0.00707 e at 
BCP of F---H hydrogen bond. It is interesting to 
note that the sum of ρ(rBCP) at the two BCP 
bifurcated bonds come very close to the value 
ρ(rBCP) of the single OH---N N .⊕  The λ3 in the 
case of 2 (R=CF2CF3) for O(2)H(2)---N(1)- 
hydrogen bond is approximatively half the value 
for the similar hydrogen bond in aminimide 1 
(R=C6H5) (see Table 7), therefore is a weaker 
hydrogen bond. This is undoubtedly the 
consequence of the fact that the acceptor σ*

OH 
aminimide 2 (R=CF2CF3) is interacting with two 
donors, namely negative nitrogen and the lone pair 
of fluorine. MP2/6-31G(d) calculations support the 
bifurcated hydrogen bonding shown in 2a. 

  
Table 7 

Toplogical (3,-1) BCP for intramolecular hydrogen bonds: charge densities, the laplacian of the charge density and the curvatures. 
Natural bond critical points (NBCP) are also included. For atoms numbering see Fig. 3 

 
 

Bond critical point ρ(rBCP) 2∆ ρ (rBCP) λ1 λ2 λ3 

 
Aminimide 1 (R=C6H5) 

AIM2000* 
N (1)---H(2)O(2) 0.03678 0.10332 -0.05317 -0.04914 0.20564 

NBO7: BCP 
NBCP 

 
0.0341 

0.0372 

0.0985 

0.0896 

-0.0476 

-0.0616 

-0.0440 

-0.0542 

0.1901 

0.2053 

AIM2000* 
C(3)H(3C)---O(1)=C 0.01934 0.06818 -0.02013 -0.01712 0.10544 

NBO7: BCP 
NBCP  0.0194 

0.0186 

0.0682 

0.0630 

-0.0202 

-0.0264 

-0.0172 

-0.0241 

0.1056 

0.1134 

AIM2000* 
C(2)H(2A)---O(1)=C 0.01881 0.06661 -0.01921 -0.01620 0.10202 

NBO7: BCP 

NBCP 
 0.0189 

0.0179 

0.0669 

0.0613 

-0.0193 

-0.0253 

-0.0163 

-0.0231 

0.1026 

0.1097 

AIM2000* 
H(2C)---H(5A) 0.01140 0.03946 -0.01099 -0.00490 0.05535 

 Aminimide 2 (R=CF2CF3) 

AIM2000 
N (1)---H(2)O(2)** 0.01824 0.05456 -0.01570 -0.01335 0.08362 

NBO7: BCP 
NBCP  0.0168 

0.0426 

0.0551 

0.0426 

-0.0158 

-0.0212 

-0.0131 

-0.0183 

0.0841 

0.0821 
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Table 7 (continued) 

AIM2000* C(1)F(2)---H(2)O(2)** 
0.00708 0.02549 -0.00625 -0.00253 0.03427 

NBO7: BCP 

NBCP 
 0.0064 

0.0073 

0.0267 

0.0274 

-0.0065 

-0.0094 

-0.0046 

-0.0088 

0.0378 

0.0457 

AIM2000* 
C(4)H(4C)---O(1)=C 0.01730 0.06130 -0.01724 -0.01416 0.09271 

NBO7: BCP 

NBCP 
 0.0173 

0.0159 

0.0613 

0.0549 

-0.0172 

-0.0224 

-0.0140 

-0.0201 

0.0925 

0.0974 

AIM2000* 
C(5)H(5A)---O(2)=C 0.01700 0.00599 -0.01675 -0.01384 0.09044 

NBO7: BCP 

NBCP 
 0.0162 

0.0151 

0.0567 

0.0514 

-0.0154 

-0.0207 

-0.0126 

-0.0190 

0.0847 

0.0910 

* Calculated at B3LYP/6-311+G(d,p) level of theory. 
** Corresponds for the bifurcated 2a calculated structure. 

 

 
         2a                       2b 

 

  
               Fig. 11 – Molecular graph and BCPs of 2a          Molecular graph and BCPs of 2b. 
            (arrows show the bifurcated hydrogen bonding). 

 
Two hydrogens, each one belonging to one of the 

two CH3 groups that are attached to the positive 
ammonium nitrogen, display hydrogen bonding 
ability according to AIM2000 calculations. Unlike in 
the case of C6H5CON N⊕ (CH2CHOHCH3)Me2, 

where two C-H---O=C bonds are predicted, in 
aminimide 2a (R=CF2CF3), each methyl attached 
to the positive nitrogen provides one hydrogen for 
interaction with the oxygen of the C=O group and 

the second with the O-H group, respectively (see in 
Fig. 11 the molecular graph for structure 2a). The 
former is as strong as the O(2)H(2)---N(1)-, while 
the latter is weaker (see corresponding values of λ3 
in Table 3). 

The molecular graph for structure 2b, evidence 
a similar hydrogen bonding distribution like in 
compound 1. 



36 Ana Racoveanu and Mircea Gheorghiu 

 
 

  
Fig. 12 – On the left the bifurcated hydrogen bonding: donor orbitals lone pair of nitrogen (sp1.22), lone pair of fluorine  

and acceptor σ*
OH orbital (acquires 0.01197 e). On the right the molecular framework of aminimide 2. 

 
Table 8 

Comparison among aminimides 1 and 2 (as 2b structure) of the main hydrogen bonds interaction 

Interaction: ρ(rBCP) 2∇
1
4

ρ(rBCP) BCPG(r )  BCPV(r )  BCPH(r )  

(Z)-Aminimide 1 (C6H5) 
-OH---N N⊕  0.0362 0.0243 0.0261 -0.0280 -0.0018 

C=O---H(3C)C(3) 0.0196 0.0177 0.0156 -0.0134 0.0022 
C=O---H(2A)C(2) 0.0192 0.0174 0.0153 -0.0131 0.0021 

(Z)-Aminimide 2 (CF3CF2)* 
-OH---N N⊕  0.0288 -0.0226 0.0218 -0.0210 0.0008 

C=O---H(4C)C(4) 0.0176 -0.0159 0.0139 -0.0119 0.0020 
C=O---H(5A)C(5) 0.0176 0.0159 0.0139 -0.0119 0.0020 

*calculated for the 2b structure 

 
CONCLUSIONS 

Both X-ray diffraction and computatiomal 
studies of the two aminimides, RCON N⊕  
(CH3)2CH2CH(OH)CH3 (R = C6H5 and CF3CF2) 
revealed that the (Z)- diastereoisomers about  
–-CO—N N⊕ bond is favorite. Computationally, 
(Z)- diastereoisomers are more stable than the (E)- 
isomers by 13-24 kcal/mol. The configuration of the 
(Z)-aminimides is locked by several hydrogen bonds 
like –N-…HO-, -CH….O=C and OH…F-. 

The standard C=O bond distance in amimimides 
is 1.235(2) Å (compound 2, R=CF2CF3). If C=O is 
conjugated with a phenyl ring, the C=O bond bond 
distance falls in the interval of 1.243-1.258 Å. The  
- CO—N N⊕ bond distance is 1.338 Å, e.g. longer 
than an amide C-N bond and its bond distance is 
insensible to the electronic nature of R. In 
comparison to amide, both the elongation of C=O 
and shortening C-N- bond distances are accounted by 
the remarkable lone pair delocalization from negative 
nitrogen -N N⊕ into the π*CO. NBO, AIM and NRT 
computations suggest that the C=O and the  
CO—N N⊕  bond orders are close to 1.5, meaning 

an equal weight of the O=C-N- and –O-C=N- 
resonance structure.  
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