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The electronic structure and geometries of (Z)- and (E)-H-CON-N+(CH3)3 have been examined at two levels
of theory: B3LYP (basis sets 6-311+G(d,p), 6-311++G(d,p), and 6-311G(3df,3pd)) and MP2(full)/6-
311++G(d,p). The (Z) conformation about the C(O)-N- bond is thermodynamically preferred over the (E)
configuration. Natural bond orbital calculation locates one lone pair of the N- in the HOMO, which is the pz
natural hybrid orbital (perpendicular to the OdCN-N+ plane). The second lone pair (of lower energy) of N-

occupies the HOMO-3, which is the natural hybrid orbital sp1.12 (sp1.01 for the (E) conformation, sp1.74 in the
rotational transition state). The carbonylπ bond is the HOMO-2. The charge-transfer ability of the negative
nitrogen in H-CON-N+(CH3)3 is more powerful than that of the neutral amidic nitrogen in dimethylformamide.
The following facts convincingly sustain this view: (1) the higher rotational barrier (stronger C-N- bond)
in the case of H-CON-N+(CH3)3, (2) natural resonance theory analysis predicts almost equal weights for
the (Z)-H-C(dO)N-N+(CH3)3 and the (Z)-H-C(O-)dNN+(CH3)3 canonical resonance structures whereas
the weight of the HCON(CH3)2 structure is almost twice as large as that of HC(O-)dN+(CH3)2, and (3) the
second-order perturbation stabilization, as a result of the donor (N-)/acceptor (carbonyl) interaction, is 101.3
kcal/mol for H-CON-N+(CH3)3 and only 64.4 kcal/mol for dimethylformamide.

Introduction

Aminimides consist of an ylide group (N-N+) in which the
electron-rich (negative) nitrogen is attached to a carbonyl
function, a very good electron acceptor. Classic examples are
the 1-acyl-2,2,2-trisubstituted diazan-2-ium-1-ides,1,2 R-CON-N+-
R1R2R3, which were discovered in 1959.3 Despite this long
history, the electronic properties of the-CON-N+ functionality
remain largely unexplored, although a few recent studies have
provided some insight. For example, the ylide segment-N-N+-
(CH3)3 is claimed to be the strongest electron donor among the
uncharged organic substituents.4 Therefore, one might expect,
for example, that the insertion of the CON-N+ functionality in
an appropriate position within a polyamide chain would
strengthen the hydrogen bonding even more than an amide
functionality. Indeed, a R-CON-N+R1R2R3 tetrapeptide isostere
scaffold was found to be a more potent inhibitor of HIV-1
protease than the parent peptide.5

It may seem surprising that in aminimides the sequence
-N-N+R1R2R3 “survives” and does not collapse (spontane-
ously?) to yield the more thermodynamically stable neutral
hydrazine derivative-NR1NR2R3. In fact the conversion of
-N-N+R1R2R3 into -NR1NR2R3 only occurs at high temper-
ature, close to the melting point of the respective compound.
This rearrangement reaction of aminimides, known also as the
Wawzonek rearrangement,6 has only been observed when R1

is an allyl or benzyl group. Although the Wawzonek rearrange-
ment is an interesting phenomenon per se, we will examine this
topic in a future contribution.

In amides and R-CON-N+R1R2R3 the nitrogen lone pair is
π-delocalized over the adjacent CO group. Intuitively, one
expects charge delocalization in R-CON-N+(CH3)3 to be
stronger than in amides since charge transfer is easier from a
negatively charged species (in this case the negative nitrogen)
than from a neutral atom (nitrogen from an amide function).
Consequently, the oxygen atom (from the CO group in
R-CON-N+(CH3)3) becomes a much better hydrogen bond
acceptor than the amidic oxygen. Indeed, the hydrogen bond
basicity of oxygen in benzoyl-2,2,2-trimethyldiazan-2-ium-1-
ide (C6H5-CON-N+(CH3)3) is larger than that of the oxygen in
N,N-dimethylbenzamide, (C6H5-CON(CH3)2).4 Additionally, the
ylide structure of RCON-N+R1R2R3 provides an intrinsic large
dipole moment, which would ensure stronger interaction with
polar compounds or polar substructure. Therefore, it is not
surprising that aminimides have been studied as pharmacophores
and nonlinear optical materials.4 Furthermore, the aminimide
class R-CON-N+R1R2R3 can also control the growth of plants,7

and have antimicrobial,8-11 vasodilation,12 and diuretic and
antihypertensive13 effects. Aminimides have been successfully
tested as carrier molecules for uphill transport through liquid
membranes, as a model for assisted transport across the cell
membrane.14 Additionally, aminimides have become of interest
to polymer chemists15-24 as monomer or as isocyanate precur-
sors.

Although aminimides are formally related to amides, the latter
have been much more extensively studied. Because of its
paramount importance in understanding the conformation of
proteins, there has been a wealth of computational studies
regarding the amide linkage.25 This is in sharp contrast to the
few computational and experimental studies devoted to
R-CON-N+R1R2R3 which have been concerned mostly with
charge calculations at the AM1,26 PM3,27 and ab initio Hartree-
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Fock levels of theory (basis sets Gaussian 4-31G, 6-31G*,
6-31G**).4 A related ylide,28 NO2-N-N+(CH3)3, has been
subjected to low-temperature high-resolution X-ray diffraction
measurements and the experimental charge density topological
properties have been examined in terms of Bader’s atoms in
molecule (AIM) concepts.29

To fill the knowledge gap for the properties of R-CON-N+-
R1R2R3, we have embarked on a more comprehensive analysis
by means of density functional theory (DFT) and Møller-Pleset
second-order perturbation theory (MP2) of the electronic and
molecular structure aspects of model compounds R-CON-N+-
(CH3)3. Our findings regarding H-CON-N+(CH3)3 are reported
here (Part I), while the substituent effects (R-CON-N+(CH3)3)
will be examined in a future submission.

Computational Details

All calculations were carried out with Gaussian 9830 and 0331

codes. Geometries of all structures were fully optimized at two
levels of theory, namely Density Functional Theory32,33 and
Møller-Pleset34 second-order perturbation theory, MP2(full).
The density functional calculations employed the popular35,36

hybrid functional B3LYP. It consists of the three-parameter
hybrid exchange functional of Becke37 and the nonlocal gradient-
corrected correlation functional of Lee, Yang, and Parr.38

Stationary points have been characterized by harmonic frequency
analysis as local minima (no imaginary frequency) or first-order
saddle point (one imaginary frequency). The computed rotational
transition states (RTS) gave only a single imaginary frequency
which when animated has the valid motion. Since H-CON-N+-
(CH3)3 possesses several lone pairs of electrons to examine it
inclusion of diffuse functions in the basis set is obligatory,39,40

while weak contacts such as hydrogen bonding are better
described by using polarization functions. The B3LYP method
was run with the following triple-ú basis sets like 6-311+G-
(d,p), 6-311++G(d,p), and 6-311G(3df,3pd) while the MP2
method the basis set used was 6-311++G(d,p). Whenever in
the present paper no reference is explicitly provided concerning
the model of computation to a specific computed molecular
property, by default it should be considered to be B3LYP/6-
311+G(d,p). The latter model is also consistent with our
calculation that will be presented in a forthcoming paper
dedicated to the substituted aminimides (larger molecules).
Computed geometries, at B3LYP/6-311+G(d,p) and MP2(full)/
6-311++G(d,p) levels, for the (Z) and (E) rotamers and for
the RTS are virtually identical. However, the relative Gibbs free
energy of the rotamers and the free energy of activation is ca.
1 kcal/mol larger when calculated with MP2 than with B3LYP.
In this paper electronic structure will be discussed in terms of
the Natural Bond Orbital (computed with NBO-341 and NBO-
542,43), 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).44,45Then, the NAO are transformed into natural hybrid
orbitals (NHO).46 Third, atom A could acquire a lone pair in
the NHO (abbreviated throughout this paper as LP) or a
localizedσ or π bond (NBO) 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, andπAB are termed “Lewis”
type or donor orbitals, and 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 1):

where Ĥ is the effective orbital Hamiltonian,εi is the donor
NBO energy andε* j is the acceptor NBO energy.

Finally, as a result of the “delocalization” the starting NBO
acquires a weak antibond “tail”. The “new” orbital termed
Natural (semi-) Localized Molecular Orbital (NLMO)47 is a
linear combination of the parent Lewis-type NBO (LP,σi, πi)
and the (weak,λ as coefficient) contributions of the non-Lewis
NBOs (LP*, σ* j, or π* j). Natural resonance theory (NRT)48-50

provides the weight of the contributing Lewis structure to the
DFT wave function.

Although partial atomic charge is frequently invoked in many
papers, this concept is poorly defined.51 Partial atomic charge
is not a quantum observable. There are several procedures,
definitively none of them accepted as the “best” for computing
partial charges. Therefore, after comparing the outcome of
several methodologies such as (i) Merz-Kollman-Singh
(MKS)52,53electrostatic potential-derived charge, (ii) the Bren-
eman-Wiberg (BW) model,54 (iii) natural population analysis
(NPA),45 and (iv) Mulliken55-58 population analysis, we have
chosen in the present work to display only the MKS charges
on the grounds that they mirror the charge on all atoms as
illustrated by the chemical structure H-CON-N+(CH3)3. For
example, NPA and Mulliken analyses predict a negative charge
on the positive nitrogen atom. On the contrary, BW and MKS
computed charges are positive on the ammonium nitrogen.
Topological properties of the electron density were characterized
by using the atoms-in-molecules (AIM)29,59-63 methodology.
The following relevant parameters at the bond critical points
(BCP, e.g., saddle point in the density between two atoms) have
been examined: charge densityF(rBCP), Laplacian of the charge
density∇2F(rBCP), and bond ellipticityε(rBCP). Intramolecular
hydrogen bonding CH- - -OdC was observed for one hydrogen
of each of the two methyl groups cis to the carbonyl oxygen

Figure 1. Donor-acceptor interaction diagram.∆E(2) is the second-
order stabilization energy calculated from eq 1, which lowers theεdonor

energy level, and [(LP,σAB, andπAB) + λ(LP*, σ*AB, andπ*AB)] is
the corresponding “delocalized” molecular orbital incorporating the
antibond “tail” through the weighing coefficientλ.

∆Eifj
(2)

* ) -2
〈σi|Ĥ|σ* j〉

2

εj* - εi
(1)
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(see Figure 5). These weak hydrogen bonds have been charac-
terized by the location of the bond and ring critical points,
Laplacian of density, and ellipticity. All illustrations in Figure
4 are generated with GaussView 3.08, at isoval) 0.02, number
of points 60, 49, 54, and resolution 0.333333, 0.333333,
0.333333. The lone pair assigment is displayed in Figure 2. LP-
(1) are the lower energy lone pairs on both oxygen (sp0.62) and
nitrogen (sp1.12). LP(2) are the lone pairs of higher energy, both
in p orbitals. On nitrogen, the p orbital is parallel to theπCO

orbital. The oxygen LP(2) orbital is perpendicular to theπCO

orbital. Note that for the oxygen lone pair orbitals, NBO analysis
provides an alternative directionality64-66 compared to the two
equivalent sp2 lone pair representation described in some
textbooks.67-70 The two descriptions are in fact equivalent.

Results and Discussion

We begin the discussion of our findings for the model
compound HCON-N+(CH3)3 by displaying, for brevity, only
the upper part of the electronic configuration and comparing it
with that of related amides, anions of amides (amidates), and
anions of hydrazides. Then, we examine the charge transfer from
the LP(2) of N- to the CdO group, which is in agreement as
a trend with the Natural Resonance Theory analysis. Finally,
we discuss the key metrics of the OdC-N-N+ functionality,
the conformation, and the height of the rotational barrier around
the CO-N- bond and provide a rationale for the conformational
preference of formaminimide by examining the anatomy of those
accountable interactions such as negative hyperconjugation,
hydrogen bonding, and electrostatic attraction.

Electronic Structure of HCON-N+(CH3)3. The-CON-N+

functionality could be regarded as constructed from a CdO
functionality that is “perturbed” by the N-, just as the amide
functionality, -CONH2, is currently described as constructed

from the interaction of CdO and-NH2 groups. Undoubtedly,
amides and aminimides are related, but one anticipates also
dissimilarities. In both functionalities the CdO bond interacts
with the electron donating nitrogen atom. However, in the amide
the lone pair of the nitrogen that interacts with the carbonyl
group is in a different charge environment. In amides the
nitrogen is neutral, while in aminimides it is negative. Further-
more, we have included in Table 1, for the sake of comparison
and to uncover specific facets regarding the mechanism by
which the negative nitrogen interacts with the carbonyl, DFT
computational results on amidate (amide anion) and the anion
of hydrazide. Before presenting our results concerning the
electronic and molecular structure of H-CON-N+(CH3)3 it is
perhaps of interest to summarize the significant electronic
features of the (seemingly) related amide bond. Traditionally,
the electronic structure of amides is described by two major
resonance contributors (A andB, see Scheme 1).71,72However,
according to Wiberg and some other authors54,73-87 the
resonance structureC (not B) is a major contributor to the
overall π electron charge distribution in amides, because the
nitrogen preferentially transfers electron density to the vicinal
carbon atom rather than to the wholeπCdO bond, as is argued
by the defenders of the classical view.88-94

Because we regard amides as a reference for comparison with
aminimide electronic structure, let us briefly review some of
our computational (B3LYP/6-311+G(d,p)) results on the amide
functionality. The calculated MKS electrostatic potential-derived
charges for H-CON(CH3)2 in the ground and in the rotational
transition state (RTS) state are given in Table 2. In the process
of rotation around the CO-N bond the oxygen loses a minimal
0.031 e charge, while the carbonyl carbon releases 0.430 e.
Rotation strongly influences the geometry of the amide function.
In the RTS, when allπ interaction is shut off, the C-N bond
becomes 0.078 Å more elongated than in the ground state.
Relatively less affected is the CdO bond, because the bond

Figure 2. Oxygen and the negative nitrogen NBO lone pair assign-
ments.

TABLE 1: Energy (au) and Occupancy of Frontier NBOs (LUMO and HOMO), HOMO-1, HOMO-2, and HOMO-3 of
Formaminimide and Some Congeners

HCON-Meb HCON-NMe2
b HCON-N+Me3

NBO H2COa HCONMe2
a Z E Z E Z E

LUMO π*CO π*CO π*CN π*CN π*CN π*CN π*CO π*CO

energy -0.018 0.010 0.225 0.220 0.219 0.209 0.031 0.041
occupancy 0.000 0.288 0.359 0.371 0.371 0.377 0.380 0.344

HOMO OLP(2) OLP(2) OLP(3) OLP(3) OLP(3) OLP(3) N-
LP(2) N-

LP(2)

energy -0.296 -0.249 -0.026 -0.023 -0.037 -0.032 -0.187 -0.184
occupancy 1.878 1.984 1.633 1.621 1.633 1.613 1.577 1.605

HOMO-1 πCO NLP(1) OLP(2) OLP(2) OLP(2) OLP(2) OLP(2) OLP(2)

energy -0.414 -0.258 -0.032 -0.028 -0.046 -0.037 -0.226 -0.206
occupancy 1.999 1.666 1.881 1.873 1.875 1.875 1.871 1.850

HOMO-2 πCO πCN πCN πCN πCN πCO πCO

energy -0.368 -0.085 -0.089 -0.112 -0.101 -0.331 -0.324
occupancy 1.998 1.957 1.949 1.973 1.965 1.994 1.997

HOMO-3 N-
LP(1) N-

LP(1) NLP(1) NLP(1) N-
LP(1) N-

LP(1)

NHO (sp1.87) (sp1.96) (sp4.43) (sp4.03) (sp1.12) (sp1.01)
energy -0.139 -0.135 -0.117 -0.136 -0.410 -0.413
occupancy 1.918 1.894 1.872 1.894 1.941 1.936

a OLP(2) is a p NBO whose axis is coplanar with the OdCH2 plane. NLP(1) (HCONMe2) is a p NBO perpendicular to the OCN plane.b OLP(3) is
a p NBO whose axis is perpendicular to the OCNN frame. OLP(2) is a p NBO whose axis is coplanar with the OCNN frame.

SCHEME 1: Resonance Structure of Amides
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contraction in the RTS is only-0.016 Å. In the ground state
of amides the lone pair of the planar nitrogen is interacting
(delocalized) with theπ* antibond of the CdO group. The
partial charge transfer (0.288 e, see Table 1) from the lone pair
of nitrogen will be directed mostly to the vicinal carbon atom,
because it has the largest coefficient (0.8411) in theπ*CO NBO,
and much less to the oxygen, which has a smaller coefficient
(0.5409). As a result of the charge transfer the second-order
stabilization energy (see eq 1) is 64.4 kcal/mol. The highest
occupied natural localized molecular orbital NLMO (HO-
NLMO) is made up of 83.1% of the LP(1) of nitrogen NHO.
The remainder is mostly the weak contribution (ca. 13%) of
the π*CO NBO.

To assess the evolution of theπCO in different nitrogen
environments, NBO analyses have been carried out for H-CON--
CH3, H-CON-N(CH3)2, and H-CON-N+(CH3)3. Compounds
H-CON-CH3 and H-CON-N(CH3)2 command attention due to
their formal resemblance to the CON- segment from H-CON-N+-
(CH3)3. Remarkably, the computational results prove thatπCO

(HOMO-2) no longer exists for H-CON-CH3 and H-CON-N-
(CH3)2. It is replaced byπCN (see Table 1). The two anions are
described by theB Lewis structure (Figure 3). For both anions
the HOMO is occupied with the LP(3) and HOMO-1 with the
LP(2) of the negative oxygen. The Gibbs free energy difference
between the (Z) and (E) conformers is relatively larger for
H-CON-CH3 (∆G ) 2.3 kcal/mol) than for H-CON-N(CH3)2

(∆G ) 0.34 kcal/mol).
The next step is to attach to the CO the ylide segment

-N-N+, to form H-CON-N+(CH3)3. By examining the NBOs,
it is remarkable to note thatπCO has been restored. At this point
let us clarify the electronic configuration of H-CON-N+(CH3)3.
The computed “upper” part of the electronic configuration of
H-CON-N+(CH3)3 is ...(N-sp1.12)2(πCO)2(OLP(2))2(N-

LP(2))2, where
(see Figure 4) N-sp1.12 is the NHO on the negative nitrogen
filled with the lower energy lone pair LP(1),πCO is the carbonyl

π NHO, OLP(2) is the p NHO on the carbonyl oxygen that is
perpendicular to theπCO, and N-

LP(2) is the p NHO on the
negative nitrogen occupied by the second nitrogen lone pair.

The first dissimilarity between HCON-N+Me3 and HCONMe2
is the fact that the HOMO’s for the two compounds are different.
In the case of the amide the HOMO NBO is the oxygen LP(2)
orbital that lies orthogonal to the filled amideπCO bond. The
HOMO of HCON-N+Me3 is the LP(2)N- NBO occupied with
an negative nitrogen lone pair (see Figure 4c). However, two
NBOs are similar in HCON-N+(CH3)3 and HCON(CH3)2,
namely LUMO NBO (π*CO) and HOMO-2 (πCO).

A second dissimilarity between HCON-N+(CH3)3 and HCON-
(CH3)2 is revealed by examining the data from Table 1 regarding
the degree of nitrogen lone pair charge transfer. Thus
HCON-N+(CH3)3 features a more “intense” charge transfer
from nitrogen LP(2) to CdO than in HCON(CH3)2. The
negative nitrogen donor transfers ca. 0.38 e into theπ*CO

acceptor, while in the amide HCON(CH3)2, the similar charge
transfer from the nitrogen donor lone pair into the acceptorπ*CO

is only ca. 0.29 e. The more intense charge delocalization in
aminimides than in amides is also supported by Natural
Resonance Theory49,50(NRT) analysis by which the weights of
various canonical structures are assessed. NRT predicts nearly
equal weights of the resonance structures for the (Z)-formamin-
imide (see Scheme 2).

TABLE 2: MKS Electrostatic Potential Derived Charges on
Oxygen, Carbon, and Negative Nitrogen, and CdO, C-N-,
and N--N+ Bond Distances in HCON-N+(CH3)3 and Some
Congeners

compound O C N- CdO CN- N--N+

HCON(CH3)2
ground state

-0.529 0.343 0.072 1.217 1.363

TS (∆Gq ) 22.2
kcal/mol)

-0.498 0.773-0.457 1.201 1.441

HCON-CH3

(Z) -0.857 0.912-1.110 1.265 1.318
(E) -0.796 0.949-1.103 1.247 1.325

TS (above (Z) with
∆Gq ) 24.4 kcal/mol

-0.844 0.826-0.915 1.254 1.316

HCON-N(CH3)2

(Z) -0.822 0.819-0.822 1.260 1.325 1.444
(E) -0.880 0.982-0.732 1.252 1.329 1.454

TS (above (Z) with
∆Gq ) 28.8 kcal/mol)

-0.683 0.742-0.760 1.236 1.355 1.438

HCON-N+(CH3)3

(Z) -0.706 0.669-0.843 1.243 1.338 1.486
(E) -0.625 0.716-0.704 1.226 1.348 1.487
TS -0.604 0.876-0.817 1.219 1.392 1.429

Figure 3. Conformational structure for (A) aminimides and (B) amidate
and hydrazide anion.

Figure 4. (a) The main atomic framework of (Z)-HCON-N+(CH3)3.
For the sake of clarity hydrogen atoms were omitted. In b-f the main
atomic frame is viewed from the same angle: (b) LUMO,π*CO; (c)
HOMO (LP(2) of negative nitrogen); (d) HOMO-1, the oxygen LP(2)
p NBO; (e) HOMO-2,πCO ) 0.5078Cp + 0.8615Op perpendicular to
the OCN-N+ frameworkl; (f) HOMO-3, a sp1.12 NBO located on the
negative nitrogen atom.
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However, in the case of the (E)-formaminimide, the structure
of the ylide with the negative nitrogen is significantly more
important than that of the ylide with the negative oxygen (see
Scheme 2). This result clearly suggests a configuration depen-
dence of delocalization ability of the aminimide negative
nitrogen.

For the sake of comparison, we have carried out similar NRT
analysis for the dimethylformamide. Because neutral nitrogen
transfers less charge to the CO function than the negative
nitrogen, the classical representation outweighs the ionic
structure by a margin of almost 2:1 (see Scheme 3).

A third dissimilarity is the fact that the gain in stabilization
(see eq 1) as a result of the charge transfer is 100.3 kcal/mol
for (Z)-HCON-N+(CH3)3, while in the case of HCON(CH3)2

the gain in stabilization is only 60 kcal/mol. Examination of
Natural Localized Molecular Orbitals (NLMOs) resulting from
the partial donation of the lone pair of nitrogen into the acceptor
π*CO reveals that an antibond “tail” from a non-Lewis (delo-
calization) structure adds to the nitrogen lone pair NBO. Thus
for HCON-N+(CH3)3 in the highest occupied NLMO the
original NBO nitrogen LP(2) contribution is 78.8% (Z con-
former) and 80.2% (E conformer), respectively, compared to
the N,N-dimethylformamide NLMO in which 83% of the
nitrogen LP(2) NBO is preserved.

A short comment on the role of the positive nitrogen is
pertinent here. In contrast to amidate and hydrazide anions, the
πCO NBO is restored in (Z)-HCON-N+(CH3)3. This fact is
attributable to the electron-withdrawing ammonium cation
(-N+(CH3)3) substituent linked to the negative nitrogen. It was
observed by X-ray photoelectron spectroscopy that the electron
density on this ammonium nitrogen is larger than that in
ammonium salts.95-97 This means that theσ electrons in the
N--N+ bond are more displaced toward the positive nitrogen
and thus diminish the ability of the negative nitrogen to transfer
charge into theπ*CO. In the amidate and the hydrazide anion
the lack of the ammonium withdrawing substituent on the
negative nitrogen makes possible more charge transfer, which
ultimately gives rise to the formation of aπCN bond.

The Key Metrics and the Conformation of H-CON-N+-
(CH3)3. There are two remarkable features in the computed

geometry of (Z)-H-CON-N+(CH3)3: (i) the relatively long Cd
O bond distance and (ii) the strong preference for the (Z)
configuration around the C-N- bond. Unfortunately, there are
only three experimental CO bond distances for aminimides
available in the literature.98-101 All of them are for aryl-
substituted aminimides (Ar-CON-N+(CH3)3 and C6H5-
CON-N+(CH2CHOHCH3)(CH3)2). The X-ray determined CO
bond distance interval is 1.243-1.258 Å, longer than a normal
CdO bond and reminiscent of the CdO bond length of urea
(1.265 Å).102,103 The computed (at B3LYP and MP2 levels)
carbonyl bond lengths in (Z)-H-CON-N+(CH3)3 are in the
interval of 1.238-1.246 Å (see Table 3), which is very close
to the X-ray determined value by Cameron98,99 for (Z)-C6H5-
CON-N+(CH3)3 and to our results101 for (Z)-C6H5-CON-N+(CH2-
CHOHCH3)(CH3)2, but shorter100 than the value for (Z)-ClC6H4-
CON-N+(CH3)3. Interestingly, the computed carbonyl bond
length in (E)-H-CON-N+(CH3)3 is shorter than that in (Z)-H-
CON-N+(CH3)3 and is similar to the carbonyl distance in
H-CON(CH3)2. This results from the fact that more electron
density is transferred into the carbonyl group of the (Z)-H-
CON-N+(CH3)3 conformer (weakening the CO bond) than in
the case of the (E) rotamer. The computed value for the bond
CO-N- in (Z)-HCON-N+(CH3)3 is 1.330 Å, shorter than the
CO-N bond distance of both H-CON(CH3)2 (experimental
1.391 Å,104 computed here to be 1.363 Å) and the hydrazide
C6H5CON(CH3)N(CH3)2 (experimental 1.343 Å,105 computed
here to be 1.383 Å). The shortening of this particular bond in
aminimides is clearly due to a larger degree of electron transfer
from the LP(2) of the negative nitrogen into theπ*CO.

The (Z)- and (E)-H-CON-N+(CH3)3 rotamers around the
CO-N- bond (see Figure 3A) have different thermodynamic
stability. (Z)-HCON-N+(CH3)3 is thermodynamically more
stable than (E)-HCON-N+(CH3)3. The calculated Gibbs energy
gap,∆G, is 11.7 kcal/mol at the B3LYP/6-311+G(d,p) level
of theory and 12.9 kcal/mol at the MP2(full)/6-311++G(d,p)
level. The fact that acyclic aminimides assume only the (Z)
conformation is in agreement with X-ray measurements98-101

and dipole moment studies.106What makes the (Z) configuration
relatively more stable?

(i) The prominent factor that makes (Z)-HCON-N+(CH3)3

thermodynamically more stable is the more favorable interaction
environment in the (Z) than in the (E) conformer for the N-

sp1.12 lone pair to interact with variousσ* acceptors (negative
hyperconjugation) and Rydberg* antibonds. The magnitudes are
assessed by deleting all the off-diagonal elements in the Fock
matrix resulting from the LP(1)N- interactions with the acceptors
antibonds. Thus, there is a loss of stability (meaning a stronger
effect) for the (Z) conformer of 60.7 kcal/mol versus of 51.6
kcal/mol for the (E) conformer. Therefore, out of the total 12
kcal/mol difference in stability (see Figure 6), ca. 9 kcal/mol is
accounted for due to the negative hyperconjugation. In what
concerns specific interactions, for example, in the (Z) conformer,
the most notable is the anti-periplanar interaction of the nitrogen
lone pair LP(1) with the acceptorσ*CO NBO.

(ii) The next factor, CdO‚‚‚H-CH2N+ hydrogen bonding,
accounts for less than 25% of the energy gap between the (Z)
and (E) conformer, respectively.

Such bonds are nicely and firmly revealed by AIM analysis.
Indeed, two hydrogen bonding interactions occur between
hydrogens, one from each CH3 group that is properly oriented
with the oxygen atom (see Figure 5). For both N+C-H- - -Od
C hydrogen bonds at the bond critical point the charge density
F(rBCP) is 0.01767 au, the Laplacian of the charge density
∇2F(rBCP) is 0.06146 au, and the bond ellipticityε(rBCP) is

SCHEME 2: Leading NRT Structures for
HCON-N+(CH3)3 Conformers and Their Corresponding
Weights

SCHEME 3: Leading NRT Structures for HCON(CH 3)2
and Their Corresponding Weights
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0.1868. The low value of theF(rBCP) and the positive sign and
the∇2F(rBCP) are typical for weak interactions such as hydrogen
bonding.107,108Two six-membered rings comprising the hydro-
gen bonding are formed from OdC-N--N+-C-H atoms (one
C-H from each methyl group). Obviously, the hydrogen bonds
that are stabilizing the (Z) conformation are missing in the (E)
structure. How does the weak hydrogen bonding arise? Intu-
itively, 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. As a result
of LP(2)N- donation the proton acceptor group (the oxygen from
the CO) has relatively higher electron density (see Table 2).
Because the CH 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. Our finding

parallels Houk’s109,110conclusion concerning the importance of
R3N+C-H‚‚‚OdC hydrogen bonding in conformational analy-
sis. The computed bond distances (2.236 Å) in the case of (Z)-
HCON-N+(CH3)3 are shorter than the sum of the van der Waals
radii of C-H (ca. 1.2 Å) and CdO (1.5 Å).111 Historically,
such a weak C-H‚‚‚O hydrogen bond had been suggested by
Glasstone112 more than 60 years ago. Yet, for many years this
idea has been abandoned113 and even disputed. Conclusive
evidence regarding the existence of the C-H‚‚‚O hydrogen bond
in crystals came in 1982, when Taylor and Kennard111published
their survey of crystallographic data. Presently, CdO‚‚‚H
bonding is increasingly recognized as a structural element in
chemistry114-122 and biology.123 The weak C-H‚‚‚OdC bond
is estimated to be half the strength of the N-H‚‚‚OdC bond.124

This means that the two C-H‚‚‚OdC hydrogen bonds in (Z)-
HCON-N+(CH3)3 are equivalent in strength to a N-H‚‚‚OdC
bond.

(iii) There is more electron transfer from the LP(2) of the
negative nitrogen into theπ*CO for the (Z) conformer (0.385 e)
than for the (E) conformer (0.344 e). As a result of relatively
more charge transfer, the “tail”π*CO (π*CO ) 0.8615Cp -
0.5078Op) in the (Z) conformer HO-NLMO is relatively larger
than that for the (E) conformer. Consequently, the CO-N- bond
in the (Z) conformer (1.338 Å) becomes shorter (stronger) than
that for the (E) conformer (1.348 Å). The donor-acceptor
stabilization (eq 1) is 100.3 kcal/mol for the (Z) conformer and
only 85.0 kcal/mol for the (E) conformer.

(iv) The (Z) configuration enhances the favorable electrostatic
interactions by bringing the oppositely charged atoms closer
together and the negatively charged atoms further apart. In the
(Z) configuration the negative nitrogen LP(1) occupying the
sp1.12hybrid NBO is relatively more distant (trans configuration)
from the partially negatively charged oxygen than it is in the
(E) configuration. Further, the attractive interaction between the
partially negatively charged oxygen and the N+ atom is larger
in the (Z) configuration than in the (E) configuration.

The Rotational Barrier in HCON -N+Me3. Isomerization
of the (Z)-HCON-N+(CH3)3 to the (E)-HCON-N+(CH3)3

conformer occurs through a rotational transition structure (RTS)
in which the CdO makes a dihedral angle approximately of
90° with the N-N+ bond. Consequently, in the RTS the LP-
(2)N-/π*CO interaction is turned off. The computed rotational
barrier (∆Gq at 25°C) in going from (Z)-HCON-N+(CH3)3 to
(E)-HCON-N+(CH3)3 is 30.3 (B3LYP/6-311+G(d,p)) and 31.2
kcal/mol (MP2(full)/6-311++G(d,p)). Compared to HCON-
(CH3)2 it is larger by about 8-12 kcal/mol.125-127 The greater
rotational barrier in aminimides occurs because rotation of the

TABLE 3: Calculated Bond Distances (Å) and Bond Angles (degree) in (Z)-, (E)-, and RTS-HCON-N+(CH3)3

compound CdO C(O)-N N-N O-C-N C-N-N

1. (Z)-HCON-N+(CH3)3

B3LYP/6-311+G(d,p) 1.243 1.330 1.480 130.84 113.22
B3LYP/6-311++G(d,p) 1.243 1.338 1.487 130.84 113.08
B3LYP/6-311++G(3df,3pd) 1.238 1.335 1.481 130.91 112.87
MP2(full)/6-311++G(d,p) 1.246 1.345 1.465 130.43 112.46

5. (E)-HCON-N+(CH3)3

B3LYP/6-311+G(d,p) 1.226 1.340 1.480 124.12 113.20
B3LYP/6-311++G(d,p) 1.226 1.348 1.487 124.12 113.06
B3LYP/6-311++G(3df,3pd) 1.219 1.347 1.480 124.13 113.30
MP2(full)/6-311++G(d,p) 1.231 1.354 1.463 124.23 112.44

6. RTS-HCON-N+(CH3)3

B3LYP/6-311+G(d,p) 1.219 1.392 1.429 126.11 114.34
B3LYP/6-311++G(d,p) 1.219 1.392 1.429 126.10 114.34
B3LYP/6-311++G(3df,3pd) 1.213 1.389 1.422 126.05 114.54
MP2(full)/6-311++G(d,p) 1.226 1.398 1.428 125.86 111.62

Figure 5. C-H- - -OdC interactions and location of bond and ring
critical points in (E)-HCON-N+(CH3)3. The H (white balls)- - -O (red
ball) bonds are depicted together with the location of the bond and
ring critical points (magenta).

Figure 6. Calculated Gibbs free energies at 25°C (B3LYP/6-311+G-
(d,p) and MP2(full)/6-311++G(d,p), in parentheses, in italics) for (E)-
HCON-N+(CH3)3 and the RTS connecting the two conformations
relative to (Z)-HCON-N+(CH3)3.
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CdO bond relative to the N--N+ bond causes the relatively
stronger CN bond to be broken.

The height of the computed activation barrier for the
conversion of the (Z) to the (E) conformer and the difference
in energy among the conformers provides a reasonable explana-
tion to understanding the failure of variable-temperature NMR
to interconvert the two conformers. In the-80 to +110 °C
range, the1H NMR of (Z)-C6H5CON-N+(CH3)3 is virtually
unchanged.99 Unfortunately, the temperature cannot be raised
further because aminimides undergo N-N+ bond cleavage,
rearrangements and elimination reactions near their melting
point.128-130

In the RTS the HOMO NBO is overwhelmingly a p orbital,
contaminated with 13% s orbital (actually a sp6.74NHO), which
is rotated to∼90° with respect to theπCO NBO plane. The LP-
(1) of the negative nitrogen fills a sp1.74 hybrid NBO (HOMO-
2) parallel to theπCO. Although geometrically the HOMO-2 is
correctly oriented in the RTS to interact (donate) with theπ*CO

orbital, the LP(1) of N- is only slightly delocalized into the
CdO antibond. The relatively lower energy level of the LP(1)
is responsible for the diminished interaction with theπ*CO

orbital. Thus, the donation of the negative nitrogen LP(1) sp1.74

hybrid into the acceptor (π*CO) brings about only 14.3 kcal/
mol in stabilization.

What are the effects of turning off the LP(2)N-/π*CO interac-
tion? First, in RTS-HCON-N+(CH3)3 there is a shortening of
the CdO bond and a lengthening of the C-N bond (see Table
2). The C-N bond length increase is more substantial than the
shortening of the CdO bond. This trend is reminiscent of
amides;131,132however, in the latter this effect is relatively larger.
Moreover, as a result of the rotation around the OdC-N bond,
the relative charge changes of the carbonyl carbon and the
carbonyl oxygen display similar trends in aminimides and
amides. Thus, the MKS electrostatic potential derived charge
on the carbonyl carbon in RTS-HCON-N+(CH3)3 becomes more
positive than that for (Z)-HCON-N+(CH3)3, while the “positi-
vation” of the oxygen is approximately half of that of the carbon.
As is illustrated in Table 2, in RTS of HCON(CH3)2 the carbon
becomes substantially more positive than the oxygen compared
to the electrostatic charges of the respective carbonyl atoms in
the ground state.

Structures with negative nitrogen linked to a CO group such
as HCON-R (amidates, R) CH3; hydrazide anions R)
N(CH3)2) should be formally more closely related to HCON-N+-
(CH3)3 than to amides. For example, similarly to the case of
HCON-N+(CH3)3, the two nitrogen lone pairs in HCON-CH3

and HCON-N(CH3)2 fill a p NBO and a hybrid sp NBO,
respectively, with the two orbitals oriented orthogonal to each
other. However, in HCON-CH3 and HCON-N(CH3)2 (unlike
formaminimide) the leading resonance structure,R1, has a Cd
N bond (see Scheme 4).

In formaminimide the strong electron withdrawing group N+-
(CH3)3 is modulating the ability of the negative nitrogen to

donate electrons to the CdO bond such as to make theR2
structure (X) N+(CH3)3) the leading resonance structure.

Conclusions.We explored the geometric and the electronic
structure of formaminimides using two levels of theory: B3LYP
(basis set 6-311+G(d,p), 6-311++G(d,p), 6-311G(3df,3pd)) and
MP2(full)/6-311++G(d,p). There are no significant differences
in the predicted geometries of formaminimides as a function of
computational level DFT or ab initio Hartree-Fock, or basis
set size. However, for the free energy difference between the
(Z)-HCON-N+(CH3)3 and (E)-HCON-N+(CH3)3 rotamers and
the height of the energy barrier for conversion of (Z) into (E)
rotamer, MP2 predicts ca. 1 kcal/mol larger difference than
B3LYP in both relative stability and free energy of activation.
The major stabilizing factor of the (Z) configuration, negative
hyperconjugation (such as delocalization of the N- sp1.12 lone
pair into σ*CO), accounts for ca. 75% of the ca. 12 kcal/mol
that separates the two rotamers. The remainder of the stabiliza-
tion energy is provided by two other factors: (1) the two
intramolecular hydrogen bonds between the carbonyl oxygen
and the C-H bonds, each one from a different ammonium
methyl group, and (2) the favorable electrostatic interaction
between the ammonium nitrogen and the enriched carbonyl
oxygen by electron donation from the negatively charged
nitrogen. The calculated upper electronic configuration of (Z)-
formaminimides is as follows. The HOMO is the p orbital of
the negative nitrogen parallel to theπCO, while the second lone
pair of nitrogen is in an sp hybrid (HOMO-3) lying in the plane
of the OCNN framework. HOMO-1 comprises the oxygen lone
pair and HOMO-2 is theπCO. Charge transfer from HCON-N+-
(CH3)3 assumes a (Z) configuration around the CO-N-N+ bond.
The (E) conformer is less stable thermodynamically. Because
of the stronger C-N- bond, we predict that interconversion of
the (Z) conformer into the (E) conformer requires 1.5 times more
energy than for an identically substituted amide. The Natural
Resonance Theory analysis predicts that for formaminimide the
canonical ylide structure with negative nitrogen has nearly equal
weight with the ylide structure with negative oxygen, indicating
the enhanced ability of the negative nitrogen of aminimides to
donate electrons relative to the neutral nitrogen of amides.
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