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A detailed exploration of the configurational and conformational space of hydroxyformaldoxime (hfaox) has
been carried out with the aid of first principles quantum chemical techniques at the HF, MP2, B3LYP, and
CCSD(T) levels of theory using the 6-31G(d), 6-311G(d,p), 6-311+G(2df,2p), and 6-311++G(2d,p) basis
sets. The most stable configuration among the eight possible hfaox conformers corresponds to the (Z)-(s-
cis,s-trans) configuration, while the highest energy (E)-(s-trans,s-cis) conformer was found at 15.26, 15.31,
14.34, 14.91, and 14.78 kcal/mol higher in energy at the HF, MP2, B3LYP, MP4SDQ, and CCSD(T) levels
of theory, respectively, using the largest 6-311++G(2d,p) basis set. Calculated structures, relative stability,
and bonding properties of the conformers are discussed with respect to computed electronic and spectroscopic
properties, such as charge density distribution, harmonic vibrational frequencies, and NMR chemical shifts.
From a methodological point of view, our results confirm the reliability of the integrated computational tool
formed by the B3LYP density functional model. This model has subsequently been used to investigate the
dehydration reactions of hfaox. Upon dehydration, hfaox could afford a number of isomeric CHNO species.
All dehydration processes, except those yielding cyanic acid, are predicted to be endothermic. The most
endothermic one is the dehydration reaction of the more stable (Z)-(s-cis,s-trans) conformer,7, to formylnitrene,
with the computed heat of reaction (∆RH) being equal to 51.34 kcal/mol. On the other hand, the most exothermic
dehydration process is the dehydration reaction of the (E)-(s-trans,s-cis) conformer,14, to cyanic acid with
the computed heat of reaction being equal to-26.16 kcal/mol at the B3LYP/6-311G(d,p) level of theory.
The reaction pathway for the addition of water to fulminic acid is predicted to occur via an activation barrier
of 68.18 kcal/mol at the B3LYP/6-311G(d,p) level. The interaction of Cu+ ions with the CHNO isomers, as
well as their precursor hfaox conformers, was also analyzed in the framework of DFT theory, illustrating that
the Cu+ ions show a higher affinity for the N donor atoms. Depending on the conformer, the computed
interaction energies for the Cu-N, Cu-ON, and Cu-OC associations in the Cu(hfaox)+ complexes were
found in the range of 62.61-75.29, 44.75-57.43, and 38.84-58.46 kcal/mol, respectively. In summary, the
calculations threw light on the bonding properties of the CHNO species, being the simplest model of the
HN-CO peptide linkage to biologically important Cu+ ions. Of particular interest is the prediction that Cu+

ions catalyze the dehydration reactions of hfaox to form CHNO isomers and are involved in a novel reaction
of the oxidation of organic nitriles with hydrogen peroxide to yield oximes, the latter process providing a
novel synthetic route for oxime derivatives. The energetic and geometric profiles of these reactions were
fully investigated in the framework of DFT theory, and their mechanisms are thoroughly discussed.

Introduction

The isomeric CHNO molecules and their substituted deriva-
tives C(X)NO (X) F, Cl, OH, NH2, CN, alkyl and aryl groups)
are an important class of compounds that have a large variety
of applications in organic, bioorganic, and polymer chemistry.1

The decomposition reactions of the CHNO isomers play an
important role in the combustion of N-containing hydrocarbon
fuels.2 Moreover, these reactions are characteristic reactions of
the practically important rapid reduction of nitrogen oxides
(RAPRENO) process, which involves removal of NOx combus-
tion products by the injection of cyanuric acid, (HOCN)3, into
the exhaust stream.3 Detailed investigation of the CHNO
potential energy surface4-10 suggested that the more stable

CHNO isomers are the isocyanic (1), cyanic (2), fulminic
(formonitrile oxide,3), and isofulminic (carboxime,4) acids
(Scheme 1). Isocyanic and fulminic acids have been experi-
mentally well-characterized molecules; the other two isomers
are likely to be reasonably stable species and should be
observable under suitable conditions.11 Other conceivable
CHNO isomers such as formylnitrene (5), and oxazirine (6) were
found to collapse with little or no activation to more stable
isomers.

Global potential energy surfaces (PES) of the [H,C,N,O]
system in singlet and triplet states have thoroughly been
investigated by Mebel et al.9 at the B3LYP/6-311G(d,p) level
of theory. The global features of the singlet and triplet PES
have been applied to several important fragmentation and
decomposition reactions, their major product channels have been
speculated, and the activation energies have been reported.
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Moreover, an exhaustive ab initio quantum chemical study of
the PES governing the isomerization and dissociation reactions
of the CHNO isomers has recently been reported by Shapley
and Bacskay.10 It was found that the lowest energy pathways
for the isomerization of the open-chain species are two-step
reactions that proceed via cyclic intermediates.

Some of the CHNO molecules react not only with unsaturated
substrates to afford 1,3-dipolar cycloaddition products but also
with nucleophilic reagents, including both anionic and neutral
nucleophiles, providing thus open-chain oximes as products. The
ease of deformation of formonitrile oxide, the formation of
hydrogen-bonded complexes with water, and the reaction
pathway with water as nucleophile (HCNO+ H2O f HOCHd
NOH) have been studied earlier12 at the HF/STO-3G level of
theory and reinvestigated later13 at higher levels of theory (HF/
3-21G, HF/6-31G*, MP2/6-31G*, MP4-SDQ/6-31G*, and
MP2/6-31G**) to determine whether the mechanism of neutral
nucleophilic addition to nitrile oxide is concerted or stepwise.
In the present paper, we thought that it would be advisable to
further investigate through first principles quantum chemical
techniques of high quality the configurational, conformational,
energetic, electronic, and spectroscopic properties of hydroxy-
formaldoxime (hfaox), HOCHdNOH, and its possible dehydra-
tion CHNO products (Scheme 1). In addition, we report on the
details of the exploration of the coordination ability of hfaox
and its dehydration products toward Cu+ ions, pursuing a
threefold objective: (i) the examination of the preferred
coordination sites of the hfaox conformers and their dehydration
CHNO isomeric products to Cu+ ions; (ii) the exploration of
the role played by the Cu+ ions in the dehydration reactions of
hfaox conformers; (iii) the understanding of the bonding
properties of the HNCO species, being the simplest model of
the HN-CO peptide linkage to biologically important Cu+ ions.
The structural, energetic, electronic, and spectroscopic (IR,
NMR) properties were computed by a variety of theoretical
methods (HF, MP2, MP4SDQ, CCSD(T), and B3LYP) using
6-31G(d), 6-311G(d,p), 6-311+G(2df,2p), and 6-311++G(2d,p)
basis sets wishing to identify levels of theory suitable for general
application. The effect of level of theory on the structural,
energetic, electronic, and spectroscopic properties of the com-
pounds was also examined, and the results are discussed in
relation with available experimental and theoretical data.

Computational Details

Standard ab initio molecular orbital theory14 and density
functional theory (DFT)15 were carried out using the Gaussian

98 program suite.16 The geometries of the hydroxyformaldoxime
(hfaox), HOCHdNOH, conformers were fully optimized at the
HF, MP2, CCSD(T), and Becke’s three-parameter hybrid
functional combined with the Lee-Yang-Parr correlation
functional, abbreviated as B3LYP, level of density functional
theory using 6-31G(d), 6-311G(d,p), 6-311+G(2df,2p), and
6-311++G(2d,p) basis sets. Moreover, single-point energy
calculations used the MP4SDQ and CCSD(T) methods com-
bined with the largest basis set. The geometries of the CHNO
isomers and their complexes with Cu+ ions were fully optimized
at the B3LYP level of theory using the 6-311G(d,p) basis set.
In all computations, no constrains were imposed on the
geometry. Full geometry optimization was performed for each
structure using Schlegel’s analytical gradient method,17 and the
attainment of the energy minimum was verified by calculating
the vibrational frequencies that result in absence of imaginary
eigenvalues. All of the stationary points have been identified
for minimum (number of imaginary frequencies (NIMAG))
0) or transition states (NIMAG) 1). The vibrational modes
and the corresponding frequencies are based on a harmonic force
field. This was achieved with the SCF convergence on the
density matrix of at least 10-9 and the rms force less than 10-4

au. All bond lengths and bond angles were optimized to better
than 0.001 Å and 0.1°, respectively. The computed electronic
energies, the enthalpies of the dehydration reactions (∆RH), and
the activation energies (∆Gq), were corrected to constant
pressure and 298 K for zero-point energy (ZPE) differences and
for the contributions of the translational, rotational, and
vibrational partition functions. For transition states geometry
determination, QST2 and QST3 computations were performed,
giving identical results for each reaction separately. Moreover,
corrections of the transition states have been confirmed by
intrinsic reaction coordinate (IRC) calculations, while intrinsic
reaction paths (IRPs)18 were traced from the various transition
structures to make sure that no further intermediates exist.
Magnetic shielding tensors have been computed with the GIAO
(gauge-including atomic orbitals) DFT method19 as implemented
in the Gaussian 98 series of programs16 employing the B3LYP
level of theory.

Results and Discussion

Configurations and Conformations of Hydroxyformal-
doxime. Hydroxyformaldoxime (hfaox), HOCHdNOH, can
exist in eitherZ or E configurations with respect to the CdN
double bond and in the conformationss-cis ands-trans with
respect to the C-O and N-O single bonds. The eight possible
conformers of hfaox, along with their structural parameters,
relative stability, and dipole moments computed at the B3LYP/
6-311G(d,p) level of theory, are shown in Figure 1. All structures
corresponding to local minima in the PES exhibit planar
geometry. The optimized structures (under the constrains of
keeping the CH and OH bond lengths constant) and relative
energies of hydroxyformaldoxime isomers have been computed
two decades ago at the minimal-basis HF/STO-3G level of
theory as part of a theoretical study of the reaction of water
with the 1,3 dipoles fulminic acid and acetonitrile oxide.12

Calculated Structures and Stability.The computed equilib-
rium structures of all (eight) possible conformers of hfaox at
the selected levels of theory are summarized in the Supporting
Information (Tables S1 and S2). The HF method underestimates
the bond lengths by up to 0.045 Å with respect to the correlated
MP2, B3LYP, and CCSD(T) methods, the latter being used to
produce benchmark results. The B3LYP approach gives almost
identical bond lengths (bond lengths differ less than 0.009 Å)

SCHEME 1: Possible Dehydration Products of
Hydrohyformaldoxime
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to those of the CCSD(T) method. The same is also true for the
correlated MP2 approach which produces bond lengths in close
agreement with those of the highest level CCSD(T) method for
each basis set used. In all conformers, because of resonance,
the NO single bond is shorter than a NO single bond (r(N-O)
) 1.44 Å) and the CN bond is longer than a CN double bond
(r(CdN) ) 1.265 Å). In general terms, bond angles are little
sensitive to the level of calculation and enlargement of basis
set from 6-31G(d) to 6-311++G(2d,p). There is only an
overestimation of the∠ONC,∠HOC, and∠HON bond angles
by up to 2°-3° at the uncorrelated HF method as compared to
MP2, B3LYP, and CCSD(T) methods. Interestingly, the quality
of basis set has also no significant effect on the structural
parameters of the hfaox conformers. The good performance of
computationally less-expensive methods, particularly B3LYP
and MP2 in conjunction with basis sets incorporating at least
polarization functions, offers a reliable alternative for geometry

predictions of hfaox conformers. Therefore, we decided to
choose the computationally less-expensive B3LYP/6-311G(d,p)
procedure for the investigation of the structural and spectro-
scopic properties of the hfaox conformers, the dehydration
products, and their associations with Cu+ ions.

In general terms, relative stability of hfaox conformers is little
sensitive to the level of calculation, and enlargement of the basis
set never changes B3LYP relative energies by more than 1.0
kcal/mol (Table S3, Supporting Information). Our best estimate
of the relative stability of hfaox conformers is obtained at the
more sophisticated CCSD(T)/6-311++G(2d,p)//B3LYP/6-
311G(d,p) level of theory and these results are again used as
benchmark results (Figure 1). It can be seen that the chosen
computationally less-expensive B3LYP/6-311G(d,p) model
for all calculations predicts relative stabilities of conformers
very close to those of the more sophisticated CCSD(T)/6-
311++G(2d,p)// B3LYP/6-311G(d,p) one, the changes observed
being less than 1.2 kcal/mol.

The highest energy conformer corresponding to the (E)-(s-
trans,s-cis) isomer,14, was found at 14.39 kcal/mol higher in
energy than the more stable (Z)-(s-cis,s-trans) isomer,7. The
(Z)-(s-cis,s-cis) isomer,13TS, possesses one imaginary fre-
quency and therefore is the transition state for a possible
s-trans,s-cis f s-cis,s-trans isomerization process of the con-
formers with aZ-configuration, namely, the11 f 7 isomer-
ization with an activation barrier of 4.95 kcal/mol at the B3LYP/
6-311G(d,p) level of theory. The high stability of7 could be
attributed to hydrogen bond formation between the H atom of
the C-OH group and the O atom of the N-OH group. All
conformers withZ-configuration are slightly more stable than
those having theE-configuration. Considering that the electronic
factors of the hfaox isomers are similar, their relative stability
could be accounted for by steric factors. The interconversion
processes of the conformers involve rotation around the N-O
or C-O single bonds, the computed rotation barrier being equal
to 4.0-7.0 kcal/mol. These results are in line with other reported
studies ons-cis,s-trans isomerization.12,20

Electronic Properties and Bonding.The sequence of Kohn-
Sham molecular orbitals (MOs) deduced for the conformers7,
9, 11, 12, and 14 is ...(11a′)2(1a′′)2(12a′)2(2a′′)2(13a′)2(3a′′)2.
For conformers8, 10, and13TS, there is an inversion of the
11a′ and 1a′′ and 12a′ and 2a′′ MOs and the sequence is
...(1a′′)2(11a′)2(2a′′)2(12a′)2(13a′)2(3a′′)2. The 3a′′ HOMO (high-
est occupied molecular orbital) of all hfaox conformers corre-
sponds to a CdN bonding in conjunction with C-O and N-O
antibonding combination ofπ-type orbitals spanning all heavy
atoms. The LUMO (lowest unoccupied molecular orbital)
exhibiting a′ symmetry (14a′ MO) corresponds to a nonbonding
MO localized either on the H atom of the H-O-C moiety
(conformers9, 10, 11, 13TS, and 14) or the H atom of the
H-O-N moiety (conformer12) or on both (conformers7 and
8). The respectiveπ* -MO exhibiting also a′ symmetry corre-
sponds either to LUMO+1 (conformers7, 11, and13TS) or
LUMO+2 (conformers8, 9, 10, 12, and 14). The HOMO-
LUMO energy gap being equal to 6.35-7.34 eV follows the
trend7 > 8 > 12 > 9 > 14 > 10 > 11 > 13TS.

According to the Mulliken population analysis given in the
Supporting Information (Figure S1), there are no significant
changes on both net atomic charges and bond overlap popula-
tions (bop) in hfaox conformers. In conformers7-10, the
hydrogen atoms of the NO-H moiety acquire a little more
positive net atomic charge with respect to those of the CO-H
moiety. However, the opposite is true for conformers11, 12,
13TS, and 14. The positively charged NO-H and CO-H

Figure 1. Equilibrium structures (bond lengths in Å, bond angles in
deg), relative stability (in kcal/mol) and dipole moments of hfaox
conformers, computed at the B3LYP/6-311G(d,p) level of theory.
Figures in parentheses are the relative energies computed at the
CCSD(T)/6-311++G(2d,p)//B3LYP/6-311G(d,p) level of theory.
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hydrogen atoms combined with the nature of the LUMO
comprise the electrophilic centers of the conformers. On the
other hand, both oxygen atoms are more negatively charged
relative to the nitrogen atom and in conjunction with the nature
of the HOMO are the nucleophilic centers of the con-
formers. Moreover, the C-O bond is much stronger than the
N-O one.

Infrared Spectra.We only analyze the infrared spectra of the
more stable conformer,7, as most of the computed harmonic
vibrational frequencies and the corresponding normal modes
are not sensitive to configurational and conformational changes.
The computed harmonic vibrational frequencies and the corre-
sponding normal modes for all hfaox conformers at both the
MP2/6-31G(d) and B3LYP/6-31G(d) levels of theory are listed
in detail in the Supporting Information (Tables S4, S5). The
two high-frequency normal modes in the region of 3600-3800
cm-1 could be assigned toν(O-H) stretching vibrations of the
N-OH and C-OH moieties, the former absorbing at higher
frequencies. The next strong band in the region of 1706-1781
cm-1 originates from theν(CdN) stretching vibration. Values
for this fundamental in the CH3(H)CNOH,21 (CH3)2CNOH,22

and X2CNOH20 (X ) Cl, Br) oximes are 1655, 1675, 1603,
and 1597 cm-1, respectively. Obviously, the computed harmonic
ν(CdN) stretching frequency is in surprisingly good agreement
with the above values, considering the well-known overestima-
tion of the harmonic vibrational frequencies by the ab initio
computational techniques. The frequency scaling factor suitable
for fundamental vibrations at the MP2/6-31G(d) and B3LYP/
6-31G(d) level was evaluated23 to be 0.9427 and 0.9614,
respectively. In the region of 1111-1501 cm-1, the relatively
strong IR bands ascribable toν(C-H) stretching strongly
coupled with NOH and COH bending vibrations are predicted
to occur. Theν(N-O) stretching vibrational frequency appearing
in the region of 920-1007 cm-1 is shifted by about 30-70
cm-1 to higher wavenumbers inE-conformers with respect to
Z-conformers. Therefore, theν(N-O) band can be used as a
good criterion for distinguishing theZ- and E-conformers of
hfaox. It should be noted that the NO stretch in oximes typically
appears around 930 cm-1. The band in the region of 380.0-
622.0 cm-1 showing a C-type envelope is assigned to COH
torsion strongly coupled with CNOH out-of-plane deformation,
while the weak band at very low frequencies, namely, at 114-
288 cm-1, is ascribed to strongly coupled NOH and COH
torsional vibrations. Both of these bands, being sensitive to
configurational and conformational changes, could be used as
a guide for distinguishing experimentally by IR spectraZ/E-
configurations ands-cis,s-trans conformations of hfaox.

NMR Spectra.By employing gradient-corrected levels of
DFT, 13C, 15N, 17O, and1H chemical shifts were calculated at
the GIAO/B3LYP/6-311+G(2df,2p) level of theory using the
B3LYP/6-311G(d,p) optimized geometries. The calculated
absolute isotropic shielding tensor elements (σ, ppm) for hfaox
conformers are summarized in the Supporting Information
(Table S6). The absolute isotropic shielding tensor elements for
the CH4, NH3, and H2O molecules used as external reference
standards in the gas-phase NMR are also given in Table S6.
Notice that the computed NMR spectra of hfaox conformers
are predictions because there are no experimental data available
so far. The calculated chemical shift (δ, ppm) equals the
difference between the shielding of the reference and the
shielding of the molecule of interest,δ ) σref - σ. Therefore,
it is easy to convert absolute to relative chemical shifts. The
conformational averaged GIAO/B3LYP13C, 15N, 17O, and1H
chemical shifts are summarized in Table 1.

The computed13C chemical shifts of the hfaox conformers
found in the range of 150.7-164.5 ppm are characteristic of a
nearly sp2-hybridized carbon atom (compare with the experi-
mental values of 130.6, 136.3, 137.9, 152.9, and 156.7 ppm for
the ethene, formaldehyde, benzene, 2-hydroxyaryl ketoxime, and
monoprotonated guanidine molecules, respectively, as well as
to many other oxime molecules).24-26 There is a small deshield-
ing effect (2.9-10.3 ppm) going fromZ- to E-configurations.

The 15N chemical shifts found in the range of 330.9-361.0
ppm show a good agreement with the experimental values for
oxime molecules.27 Notice also that the experimental values28,29

of 15N chemical shift for NNO, 5-methylisoxazole and 3,5-
dimethylisoxazole are 253.2, 254.6, and 263.9 ppm, respectively.
The 15N chemical shifts are more sensitive to configurational
and conformational changes. There is a stronger deshielding
effect (4.5-23.1 ppm) going fromZ- to E-configurations.

The17O(NOH) chemical shifts of the hfaox conformers found
in the range of 159.6-184.9 ppm are very close to the
experimental value24 of 143.4 ppm for the NNO molecule. For
the couple of conformers9-10 and11-14, a shielding effect
amounting to 16.0 and 7.2 ppm, respectively, is observed, while
for the couple of conformers7-8 and12-13TS, a deshielding
effect amounting to 5.1 and 0.3 ppm, respectively, is observed.

The 17O(COH) chemical shifts of the hfaox conformers are
found in the range of 104.1-131.0 ppm. They all show an
opposite behavior to that of13C chemical shifts exhibiting a
shielding effect going fromZ- to E-configurations, being more
pronounced for the7-8 and9-10couples (20.9 and 14.4 ppm,
respectively). Unfortunately, no experimental data are available
so far for comparisons to be made.

The1H(COH) and1H(NOH) chemical shifts are found in the
range of 3.3-8.6 ppm. In general terms, in conformers7, 11,
and14, the1H(COH) chemical shifts are higher than1H(NOH)
chemical shifts, while the opposite is true for conformers8-10.
In conformers12 and13TS, 1H(COH) and1H(NOH) chemical
shifts are nearly the same. Surprisingly, the1H(NOH) chemical
shifts are almost insensitive to configurational and conforma-
tional changes. The computed1H(COH) and1H(NOH) chemical
shielding tensor elements (absolute chemical shifts,σ, ppm)
given in Table S6 (Supporting Information) compare well with
those of CH4, NH3, and H2O molecules at the B3LYP/6-
311+G(2df,2p)//B3LYP/6-311G(d,p) level, being 31.5, 31.8,
and 31.3 ppm, respectively. Notice that the experimental values
of the1H NMR chemical shifts of CH4, NH3, and H2O molecules
are 30.93( 0.33, 30.68( 0.6, and 30.03( 0.6, respectively.

Finally, the1H(HCO) chemical shifts found in the range of
6.7-8.5 ppm are characteristic of1H NMR chemical shifts of
hydrogen atoms bound to nearly sp2-hybridized carbon atoms.
They all show a parallel behavior to that of13C chemical shifts
exhibiting a shielding effect going fromZ- to E-configurations.

TABLE 1: The Conformational Averaged GIAO/B3LYP/
6-311+G(2df,2p)//B3LYP/6-311G(d,p)13C, 15N, 17O, and 1H
Chemical Shifts for Hydroxyformaldoxime Conformers

nucleus δ (ppm)a

13C 157.9
15N 341.5
17O (N-OH) 169.3
17O (C-OH) 114.8
1H (C-H) 7.4
1H (N-OH) 5.1
1H (C-OH) 5.0

a The external reference standards used for the13C, 14N, 17O, and1H
NMR spectra were the CH4, NH3, H2O, and TMS molecules, respec-
tively.
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Dehydration Products of Hydroxyformaldoxime Con-
formers. Hydroxyformaldoxime is expected to exist in aqueous
solutions of formonitrile oxide, as a result of the reaction with
water nucleophile according to the chemical equation

Among the 38 possible, topologically different, bound CHNO
isomers we focus our attention on the six potentially stable
species, given in Scheme 1, that are possible dehydration
products of hfaox. The dehydration reaction of the more stable
conformer7 could afford directly, via an intramolecular water
elimination reaction, either5 (or its cyclic oxazirine isomer,6)
or 4. Conformer11 is dehydrated either to3 or 4. Isofulminic
acid could also be the dehydration product of conformers9,
10, and14, while cyanic acid could result from dehydration of
conformers8, 12, and14. Finally, isocyanic acid could not be
a direct dehydration product of hfaox conformers. Obviously,
aqueous solutions of all isomers, except isocyanic acid, might
be expected to contain significant amounts of hfaox conformers.

Calculated Structures, RelatiVe Stabilities, and Bonding.The
equilibrium structures and relative stability of the CHNO
isomers in both their singlet and triplet states have thoroughly
been investigated by Mebel et al.9 at the same level of theory.
Overall, our results are identical to those reported by Mebel et
al.,9 and therefore, only the more significant points of the
structures of CHNO species related to their association with
Cu+ ions and the dehydration of hfaox conformers will be
stressed herein. The equilibrium structures of the six CHNO
isomers along with the net atomic charges, bond overlap
populations, relative stability, and dipole moments computed
at the B3LYP/6-311G(d,p) level of theory are summarized in
Supporting Information (Figure S2). All CHNO isomers exhibit
planar geometry in their1A′ ground state. The computed
structure of the cyclic oxazirene isomer corresponds to the
formylnitrene open structure because the N-O bond distance
is too long (1.792 Å). Attempts to locate the oxazirene structure
as a local minimum in the PES were unsuccessful because for
any starting geometry the stationary point converged to the
formylnitrene structure. We have also found in the PES a local
minimum corresponding to the cyclic isomer oxaziridinylidene,
15 (Figure S2, Supporting Information), which adopts a non-
planar geometry with the N heteroatom being pyramidal (the
∠H-N-C-O dihedral angle is equal to 93.7°). A planar
oxaziridinylidene structure,16TS (Figure S2, Supporting In-
formation), corresponds to a transition state for the inversion
process of the pyramidal N heteroatom, the inversion barrier
being equal to 17.95 kcal/mol. In general terms, the computed
structures of the CHNO isomers are in excellent agreement with
available theoretical data.4-10,30-34

The relative stability of CHNO isomers (Figure S2, Support-
ing Information) with respect to the more stable isocyanic acid
computed at the B3LYP/6-311G(d,p) follows the trend predicted
previously by Mebel et al.9 at the same level of theory as well
as by the more sophisticated G2 calculations.10 Most important
is the close agreement (generally within 3.6 kcal/mol) of the
B3LYP/6-311G(d,p) relative stabilities to the G2 ones, which
are 25.4, 70.1, and 83.8 kcal/mol for cyanic, fulminic, and
isofulminic acids, respectively. We have also calculated the
relative stabilities at the CCSD(T)/6-311++G(2d,p) level and
found the values of 24.21, 70.01, 82.12, 85.23, and 107.04 kcal/
mol for isomers2, 3, 4, 5, and15, respectively. It can be seen
that the CCSD(T)/6-311++G(2d,p) relative stabilities of CHNO
isomers, following the same trend, are in closer agreement
(generally within 1.7 kcal/mol) to the G2 ones.

The negative net atomic charge is accumulated on the N and
O atoms in isomers1, 2, 5, and15, on the C and O atoms in4
and only on the O atom in3. Obviously, these centers compose
the nucleophilic centers of the isomers toward electrophiles, such
as Cu+ ions. In isofulminic acid, the negative net atomic charge
on the C atom is very small. The same is also true for the N
atom bearing very small positive net atomic charge. Therefore,
both atoms could be considered as almost neutral, consistent
with a carbene-like structure for isofulminic acid. On the other
hand, the charge distribution on the N and O atoms of fulminic
acid reveals the presence of aσ dative N f O bond
characteristic of nitrile oxides.

The sequence of MOs deduced for all CHNO isomers is
...(7a′)2(1a′′)2(8a′)2(9a′)2(2a′′)2. The HOMO of all isomers
exhibiting a′′ symmetry corresponds to doubly degenerateπ-type
molecular orbitals delocalized on the entire nuclear skeleton.
They are constructed from the linear combination of p AOs of
C, N, and O atoms, being in-phase for the C and N atoms and
out-of-phase for the O atom. It should be noted that the bonding
component of the HOMOs is much stronger than the antibonding
one. The LUMO of CHNO isomers, except those of2 and4,
exhibiting a′ symmetry corresponds to doubly degenerateπ* -
type MOs delocalized on the entire nuclear skeleton. They are
constructed from the antibonding combination of p AOs of C,
N, and O atoms. In isomers2 and 4, the analogousπ* -type
MOs correspond to LUMO+1, while their LUMOs exhibiting
also a′ symmetry correspond to antibonding orbitals localized
mainly on the H atoms. The nature of the frontier molecular
orbitals of the CHNO isomers reveals that electrophilic attack
of the isomers would be expected to occur at the CN bonds,
where the HOMO has its higher component, while nucleophilic
attack would take place at the H atoms, where the LUMO has
its higher component. The HOMO-LUMO energy gap is equal
to 7.32-8.44 eV for isomers1-4, 6.22 eV for15, and 4.29 eV
for 5. The lower HOMO-LUMO energy gap of5 suggests that
a triplet state could possibly be the ground state of formylnitrene.
In effect, B3LYP/6-311G(d,p) calculations indicated that the
triplet state (3A′′) of formylnitrene, (structure19, Figure S2,
Supporting Information) exhibiting an open-chain structure, is
a local minimum in the PES at 9.02 kcal/mol lower in energy
than the singlet state. It should be noted that the optimized
structural parameters are in good agreement with those computed
earlier10b at the MP2/6-31G(d) level as well as at the SCF and
GVB levels.31 Surprisingly, according to G2, the3A′′ state is
2.9 kcal/mol above the1A′ state of formylnitrene.10b However,
calculations of the energy separation of these two states at the
more sophisticated CASPT2/cc-pVTZ//CASSCF/cc-pVDZ and
QCISD(T)/cc-pVTZ//CASSCF/cc-pVDZ levels placed the triplet
below the singlet state by 3.5 and 0.7 kcal/mol, respectively.10a

The 3A′′ state is also the ground state of formylnitrene at the
SCF and GVB level.31

Infrared Spectra.The predicted harmonic vibrational fre-
quencies of the CHNO isomers along with the assignment of
their normal vibrational modes are listed in Supporting In-
formation (Table S7). The experimental fundamentals of
isomers1-4 in the gas phase and in argon matrixes5,35-38 have
also been included in Table S7. Despite the large number of
papers devoted to the theoretical investigation of the global
potential energy surfaces of the CHNO isomers,4-10 only a
few5,7,35 deal with the calculation and assignment of their
harmonic vibrational frequencies. In general terms, the computed
harmonic vibrational frequencies at the B3LYP/6-311G(d,p)
level of theory are in good agreement with the experimental
fundamentals.

HCNO + H2O f HOCHdNOH
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For isocyanic acid, only five of the six fundamentals were
found in argon matrixes. Notice the excellent agreement of the
computed low-frequency normal modes to the experimental
ones, the deviation being less than 2%. For the high-frequency
normal modes assigned toνasym(NCO) andν(NH) stretching
vibrations, the deviation is larger amounting to 4%-5%. The
same is also true for the low- and high-frequency vibrational
bands of cyanic acid.

Fulminic acid is of special interest because its bending
vibrational modes and particularly theδ(HCN) band are strongly
dependent on the nature of the matrixes. In HCN andn-hexane
matrixes at 80 K, no vibrational bands were observed37 below
500 cm-1. On the other hand, Bondybay et al.38 have identified
bands at 243 cm-1 (in argon matrix) and 239 cm-1 (in neon
matrix), but their intensities were not given and the IR spectrum
is only shown to 400 cm-1. Moreover, Maier et al.5 have
measured the spectrum of fulminic acid, isolated in an argon
matrix at 10 K, with a resolution of 0.5 cm-1 and also found a
band at 243.6 cm-1, but this band was attributed to instrumental
artifact. Among the three bands observed below 600 cm-1, the
broader one was assigned toδ(HCN). According to our
calculations, the band at 241.3 cm-1 is definitely assigned to
δ(HCN). It is important to note the excellent agreement of the
computedδ(HCN) to those found by Bondybay et al.38 in argon
and neon matrixes and the band attributed to instrumental artifact
by Maier et al.5

For isofulminic acid, the agreement between calculated and
observed bands is only fair. The frequency of theν(OH) band
is 7.6% higher than the experimental one but close to the
corresponding band in the IR spectra of substituted formoximes
(around 3600 cm-1). Theν(NC) band occurs in isofulminic acid
178.1 cm-1 lower than in cyanic acid, indicating that the NC
bond acquires a double bond character. The computedν(NC)
frequency is only 0.8% higher than the experimental one. The
largest discrepancies between theory and experiment are in the
ν(NO) and the bending vibrations. Thus, the computedν(NO)
stretching vibration is 35.8% higher than the experimental one,
but the theoretical frequency seems to be more reasonable
becauseν(NO) stretching vibrations are expected to occur at
around 900 cm-1. Notice that, in formoxime,39 it lies at 888
cm-1 and in hydroxylamine40 at 895 cm-1. Compare also the
ν(N-O) stretching vibrational frequency of isofulminic acid to
the corresponding band of the hfaox conformers appearing in
the region of 920-1007 cm-1. For the R′ and R′′ δ(ONC)
vibrations, the computed frequencies are 39.6% and 19.2%
lower than the experimental ones. The large discrepancy
between calculated and observed bands suggests a more precise
measurement of the IR spectrum of isofulminic acid in the gas
phase.

The assignment of the bands in formylnitrene was based on
the comparison of the computed frequencies of the singlet and
triplet states. Thus, theν(CH) stretching vibration of the singlet
state at 3181.8 cm-1 is shifted to lower wavenumbers in the
triplet state as a result of the weakening of the C-H bond. The
variations of theν(CO) andν(CN) stretching vibrations between
the singlet and triplet states follow the variations of both the
bond lengths and bond overlap populations of the respective
bonds in the two states. The stretching vibrational frequency
of the CN bond decreases by 679.5 cm-1 with respect to the
corresponding vibration of cyanic acid. This is not an unexpected
result because the CN bond in formylnitrene is close to a double
bond while in cyanic acid it is close to a triple bond. Theν(CO)
stretching vibration at 1331.8 cm-1 is indicative of a carbonyl
CdO bond exhibiting a partially double bond character.

Finally, for the oxaziridinylidene isomer, the expected six
fundamentals have been identified. Theν(NH) stretching
vibration is shifted to lower wavenumbers (198 cm-1) with
respect to the corresponding frequency of isocyanic acid. On
the other hand, theν(CO) stretching vibration is shifted to higher
wavenaumbers (167 cm-1) with respect to the corresponding
frequency of the formylnitrene isomer. The same is also true
for the ν(NO) stretching vibration, which is shifted by about
211 cm-1 toward higher wavenumbers with respect to the
corresponding band of the isofulminic isomer.

NMR Spectra.The 13C, 15N, 17O, and1H chemical shifts (δ,
ppm) in the NMR spectra of CHNO isomers calculated at the
GIAO/B3LYP/6-311++G(2d,p)//B3LYP/6-311G(d,p) level of
theory are given in Table 2. The calculated absolute shielding
tensor elements (σ, ppm) are summarized in Supporting
Information (Table S8). Notice that the computed NMR spectra
of CHNO isomers are predictions because there are no
experimental data available so far.

The fulminic acid has the lower13C chemical shift (δ ) 24.7
ppm), and oxaziridinylidene has the higher one (δ ) 293.0
ppm.). Obviously, the high shielding of the C atom in fulminic
acid is the result of its bonding characteristics, being an sp-
hybridized C atom triply bonded to a N atom. This is
substantiated upon comparing the computed13C chemical shift
of isofulminic acid to that of HCN computed at various levels
of theory.41 The high shielding of the C atom in fulminic acid
could be attributed to the high anisotropic shielding character-
izing the linearπ systems.42 In the framework of the analysis
given by Pople,42 when the molecular axis is aligned parallel
to the applied magnetic field, there is only a diamagnetic
contribution, σd, to the magnetic shielding. For symmetry
reasons, the paramagnetic contribution,σp, to the magnetic
shielding is zero. In that case, the shielding along the molecular
axis is much higher than that perpendicular to the axis, and
therefore, the total isotropic shielding,σiso, is increased. This
explanation was substantiated by the observed13C and 15N
chemical shifts in a series of compounds determined experi-
mentally by solid state and liquid crystal NMR spectroscopy43,44

as well as by means of ab initio quantum chemical techniques.45

The small bending of the OCN moiety in cyanic acid accounts
for the deshielding of the C atom with respect to that of fulminic
acid. On the other hand, the high deshielding of the C atom in
oxaziridinylidene is reflected on its bonding characteristics,
being an sp3-hybridized C atom singly bonded to a N atom
(compare the bond overlap population of the respective bonds).
Finally, isomers1, 4, and5 exhibit 13C chemical shifts in the
range of 130.5-182.9, being expected for a nearly sp2-
hybridized C atom doubly bonded to a N atom. It can be seen
that13C NMR spectroscopy can be used to distinguish fulminic
acid and formylnitrene, the two possible dehydration products
of the most stable (Z)-(s-cis,s-trans) hfaox conformer.

TABLE 2: The GIAO/B3LYP/6-311 +(2df,2p)//B3LYP/
6-311G(d,p)13C, 14N, 17O, and 1H Chemical Shifts (δ, ppm)a

for the CHNO Isomers

species 13C 14N 17O 1H

HNCO,1 141.6 28.9 146.0 2.6
HOCN,2 119.8 183.9 37.1 3.6
HCNO,3 24.7 216.8 126.5 2.1
HONC,4 130.5 182.7 133.9 5.4
formylnitrene,5 182.9 657.8 214.5 10.5
oxaziridinylidene,15 293.0 173.9 315.8 2.7

a The external reference standards used for the13C, 14N, 17O, and1H
NMR spectra were the CH4, NH3, H2O, and TMS molecules, respec-
tively.
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The isocyanic acid has the lower15N chemical shift (δ )
28.9 ppm), and formylnitrene has the higher one (δ ) 657.8
ppm). In the isomers2, 3, 4, and 15, the 15N chemical shifts
were found in the range of 173.9-216.8. The high shielding of
the N atom in isocyanic acid is due to both its high electron
density and the nearly linear NCO moiety. The strong deshield-
ing effect observed for the15N chemical shift of the linear
fulminic acid might be due to the low electron density on the
N atom (the N atom acquires positive net atomic charge). The
linearity along with the electron density distribution and bonding
features could account for the computed15N chemical shifts of
isomers2, 3, 4, and15.

The cyanic acid has the lower17O chemical shift (δ ) 37.1
ppm), and oxaziridinylidene has the higher one (δ ) 315.8
ppm.). Similar arguments could also explain the observed17O
chemical shift of CHNO isomers. Generally, the terminal O atom
in a -NCO moiety shows a shielding effect with respect to
other carboxylic O atoms,46 amounting to about 200 and 400
ppm with respect to amides and carbonyl compounds,47

respectively, and a deshielding effect only toward the isoelec-
tronic CO2 molecule.48 It is important to note that the atoms
showing the highest shielding effects in CHNO isomers are those
bonded to the hydrogen atom and therefore the H atom should
be the key factor for the high shielding of the atoms to which
it is bonded.

Finally, the1H chemical shifts are found in the range of 2.1-
10.5 ppm. The higher deshielding of the H atom in formylnitrene
could probably be due to its lower electron density. In general
terms, the1H chemical shifts are dependent on the nature of
the atom with which it is bonded.

Heats of Dehydration Reactions of Hydroxyformaldoxime
Conformers.The heats of dehydration reactions (∆RH) of hfaox
conformers computed at the B3LYP/6-311G(d,p) level of theory
are listed in Table 3. All dehydration processes, except those
yielding cyanic acid, are predicted to be endothermic. The most
endothermic one is the dehydration reaction of the more stable
(Z)-(s-cis,s-trans) conformer,7, to formylnitrene, with the
computed heat of reaction being equal to 51.34 kcal/mol. On
the other hand, the most exothermic dehydration process is the
dehydration reaction of the (E)-(s-trans,s-cis) conformer,14, to
cyanic acid with the computed heat of reaction being equal to
-26.16 kcal/mol. All dehydration processes yielding cyanic acid
are exothermic, while those yielding formylnitrene, fulminic
acid, or isofulminic acid are endothermic. Notice that isocyanic
acid could not be a direct dehydration product of hfaox
conformers. Obviously, aqueous solutions of formylnitrene,
fulminic acid, and isofulminic acid might be expected to contain
significant amounts of hfaox conformers. The reaction pathway
for the addition of water to fulminic acid is predicted to occur
via the transition state20TSwith an activation barrier of 68.18
kcal/mol at the B3LYP/6-311G(d,p) level (Figure 2). The
imaginary frequency at 1464i cm-1 corresponds to vibration
mainly along the forming H‚‚‚ON bond. Intrinsic reaction paths
were traced from the20TSstructure on either side of the saddle
point to make sure that no further intermediates exist. The
structure of20TSdiffers from that reported previously13 because
it corresponds to a more synchronous mechanism. The O-H
bond-breaking and O-H bond-forming processes are almost
synchronous in the transition state with proton transfer taking
place at the TS. This could account for the much higher
activation barrier computed at the B3LYP/6-311G(d,p) level
with respect to that of 31.5 kcal/mol computed at the HF/6-
31G* optimized geometry of a reactant-like transition state. The
formation of the transition state involves as a first step the

deformation of fulminic acid. In theE-trans mode, the water
approaches the electrophilic carbon atom; this determines that
the product will have theZ-configuration, as experimentally
observed in all analogous reactions.49 The second step involves
the transfer of one of the H atoms of the water molecule to the
O atom of the deformed fulminic acid with the concomitant
formation of the C-O bond, thus leading to the hfaox conformer
with the (Z)-(s-trans) configuration. It should be noted that the
hfaox conformer formed is the (Z)-(s-trans,s-cis) conformer,11,
in line with the previously reported results,12,13 which further
isomerizes to the more stable (Z)-(s-cis,s-trans) conformer7 via
13TS (Figure 2). A comparison of the net atomic charges and
bops of 20TS (Figure 2) to those of11 reveals that an
anticlockwise cyclic electron delocalization occurs from the O
atom of the approaching water molecule toward the C atom of
the highly deformed fulminic acid. Most of the delocalized
electron density in20TS is withdrawn from the C atom and
accumulated on the N atom, thus resulting in the reinforcement
of the C-N bond in the final product11. On the whole, the
B3LYP/6-311G(d,p) results confirm the previous predictions12,13

that the addition of water to fulminic acid is concerted. The
computed B3LYP/6-311G(d,p) heat of reaction for the addition
of water to fulminic acid amounting to-19.54 kcal/mol

TABLE 3: Heats of Reactions,∆RH (kcal mol-1), for
Dehydration Reactions of Hydroxyformaldoxime Conformers
Computed at the B3LYP/6-311G(d,p) Level of Theory
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compares well with the previously13 estimated value of-23.9
kcal/mol including∆E (MP4/6-31G(d,p) and ZPEs.

Coordination of CHNO Isomers to Cu+ Ions. The interac-
tion of Cu+ ions with the CHNO isomers was analyzed in the
framework of DFT theory. The equilibrium structures of the
Cu+ complexes of the CHNO isomers, along with the net atomic
charges, bond overlap populations, relative stability, and dipole
moments computed at the B3LYP/6-311G(d,p) are summarized
in Figure 3.

Calculated Structures, RelatiVe Stabilities, and Bonding.
Perusal of Figure 3 shows that, with the only exception of the
Cu+ complex of isofulminic acid, the relative stability of the
complexes follows that of the respective free ligands. In both
the (HNCO)Cu+, 21, and (HOCN)Cu+, 22, complexes, the Cu+

ions show a selective binding to the N donor atoms. Notice
that the N donors atoms have the higher negative net atomic
charge in both the HNCO and HOCN isomers. Attachment of
Cu+ ions to O donor atoms, being also negatively charged,
seems to be impossible. All attempts to identify a stationary
point in the PES corresponding to HNCO-Cu+ and HO(Cu+)CN
complexes failed, even starting with the computed geometry of
the HNCO-Cu+ complex at the same level of theory reported
recently.50 This may be due to higher convergence criteria used
in our calculations with respect to those normally used in the
Gaussian program suite. With these convergence criteria, the
total electronic energy of the free Cu+ ion was found to be 2.17
× 10-4 hartree lower than that computed using the default

convergence criteria of the Gaussian program.51 The preference
of both HNCO and HOCN isomers to be coordinated to the
Cu+ ion through the N donor atom is not an unexpected result
because their HOMO and HOMO-1, being the donor orbitals,
are primarily localized on the N atom. Interestingly, upon
coordination of HNCO and HOCN to Cu+ ions, there is a
significant increase of the negative net atomic charge of the N
donor atoms as a result of the strong inductive effect of the
Cu+ ions. This is also reflected in the increase of the positive
net atomic charge of the H atoms, thus exhibiting higher acidic
character. The induced charge redistributions are mirrored on
the net atomic charges of all other atoms as well as on the bond
overlap populations and bond lengths. The C-N bonds directly
affected by coordination are significantly activated, while
concomitantly the N-O bonds are reinforced upon coordination
in both complexes. Notice that the Cu-N coordination bond is
stronger in complex22 than that in21 (compare the calculated
bond lengths) in line with the computed interaction energies,
being 65.31 and 48.23 kcal/mol, respectively. Surprisingly, the
Cu-N bond overlap populations are in reverse order with
respect to the bond lengths and interaction energies, thus
suggesting that the ionic component has a significant contribu-
tion in the Cu-N bonding. In complex22, the charge transferred
to the Cu+ ion is only 0.09 charge unit, while in21, it is much
higher amounting to 0.22 charge unit.

Figure 2. Energetic (kcal/mol) and geometric profile of the nucleophilic
addition of water to fulminic acid computed at the B3LYP/6-311G(d,p)
level of theory (a); the structural parameters (bond lengths in Å, bond
angles in deg) (b), and Mulliken net atomic charges and bond overlap
populations (figures in italics) of transition state29TS (c.) Figure 3. Equilibrium structures (bond lengths in Å, bond angles in

deg), relative stability (in kcal), and dipole moments of the Cu+

complexes of the CHNO isomers computed at the B3LYP/6-311G(d,p)
level of theory.
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Isofulminic acid prefers to coordinate with Cu+ ion only
through the terminal C donor atom, as expected from the nature
of its HOMO and HOMO-1 donor orbitals, which are mainly
located on that atom. Attempts to identify a stationary point in
the PES corresponding to a HO(Cu+)NC complex with attach-
ment of the Cu+ ion at the O donor atom bearing the higher
negative net atomic charge failed. The Cu-C bond in the
HO(Cu+)NC complex is predicted to be stronger than the Cu-N
bonds in HN(Cu+)CO and HOCNCu+ complexes, the Cu-C
interaction energy being 73.68 kcal/mol. Surprisingly, attach-
ment of Cu+ ion at the C donor atom of HONC ligand does
not lead to significant charge redistributions. The charge
transferred to the Cu+ ion is only 0.06 charge unit. Moreover,
in contrast to HN(Cu+)CO and HOCNCu+ complexes, the C-N
bond in 23 directly affected by coordination is significantly
reinforced (the bop of the complex is 0.742 as compared to the
0.475 value of the free ligand), while all other bonds, except
the H-O bond, are only slightly reinforced upon coordination.
The bop value of 0.745 indicates that upon coordination of
isofulminic acid the C-N bond becomes closer to a triple bond
analogous to those existing in cyanic and fulminic acids. This
is substantiated from the linearity of the Cu-C-N moiety,
compatible with an sp-hybridized C atom. Moreover, the charge
distribution in complex23 reveals that the Cu-C bond exhibits
a higher covalent character than the Cu-N bond in complexes
21 and22.

Fuminic acid acts as an ambidentate ligand via either the C
or O donor atoms as expected from the nature of its HOMO
and HOMO-1 donor orbitals having nearly equivalent com-
ponents on both atoms. Attempts to identify a stationary point
in the PES corresponding to a bidentateη2-C,O bonding of
HCNO ligand forming with Cu+ ion a four-member chelate ring
failed. The attachment of the Cu+ ion at the O donor atom of
HCNO was found to be slightly more stable than the attach-
ment at the C donor atom by only 0.66 kcal/mol. The com-
puted interaction energies for the Cu‚‚‚O and Cu‚‚‚C inter-
actions are 45.78 and 45.13 kcal/mol, respectively. Attach-
ment of the Cu+ ion at the C or O donor atoms of the HCNO
ligand leads to significant charge redistributions. The bonds
directly affected by coordination, the N-O and C-N bonds in
HCNO-Cu+ and HC(Cu+)NO complexes, respectively, are
significantly activated, while concomitantly the C-N and
N-O in the respective complexes are reinforced upon coor-
dination in both complexes. In both complexes, the C-H
bonds are weakened upon coordination. The charge transferred
to the Cu+ ion is 0.13 and 0.08 charge unit in HCNO-Cu+

and HC(Cu+)NO complexes, respectively. Interestingly, in
HC(Cu+)NO, the C donor atom acquires high negative net
atomic charge, and the same is also true for the O donor atom
in the HCNO-Cu+ complex.

Formylnitrene is the only CHNO isomer forming with Cu+

ion a four-member chelate ring with the Cu-N bond a little
stronger than the Cu-O one. The interaction energy was found
to be 67.86 kcal/mol. It is worth noting that in complex26 a
charge transfer occurs toward both the O and N donor atoms
following two different pathways. The first pathway involves
the charge transfer from the Cu+ ion, which loses 0.15 charge
unit, and the second one involves the charge transfer from C
and H atoms to the donor atoms increasing the positive net
atomic charge of the C and H atoms by 0.12 and 0.09 charge
unit, respectively. Both the C-N and C-O bonds directly
affected by coordination are significantly activated, while the
∠O-C-N bond angle is opened by 15.6°. Obviously, the
nonisolable formylnitrene isomer readily collapsing to the more

stable CHNO isomers could be stabilized upon coordination with
a Cu+ ion.

Finally, the oxaziridinylidene ligand is selectively coordinated
to the Cu+ ion through the C donor atom, which is more
contributing to the HOMO. The computed interaction energy
of 68.00 kcal/mol compares well to that of isofulminic acid, in
line with the similar bonding modes of the two ligands to Cu+

ions. Attachment of the Cu+ ion at the C donor atom of the
oxaziridinylidene ligand strengthens significantly both the C-O
and C-N bonds directly affected by coordination, while
concomitantly the N-O bond is weakened. Because of the
charge redistribution resulting from coordination of the ligand,
the O donor atom acquires a positive net atomic charge.
Moreover, the charge transferred to the Cu+ ion amounts to
0.07 charge unit.

Infrared Spectra.The predicted harmonic vibrational frequen-
cies of the Cu+ complexes of the CHNO ligands along with
the assignment of their normal vibrational modes are listed in
detail in the Supporting Information (Table S9). We will only
analyze the most characteristic features of the infrared spectra
of the complexes in comparison to those of the free ligands. In
general terms, all observed shifts of the vibrational frequencies
resulted from the association of the Cu+ ion with the CHNO
isomers are in line with both the observed structural and charge
distribution changes introduced by the coordination.

Upon attachment of the Cu+ ion at the N atom of isocyanic
acid, theν(NH) frequency appears shifted 181 cm-1 to the red.
The same is also true for theδ(HNC) frequency, which is red-
shifted by 420 cm-1. Theνasym(NCO) is shifted 9 cm-1 to the
red, while theνsym(NCO) is blue-shifted by 29 cm-1. A red
shift is also observed for theν(OH) frequency in the HOCN-
Cu+ complex amounting to 75 cm-1, while both theν(CN) and
ν(CO) are blue-shifted by 75 and 114 cm-1, respectively. Of
special importance is the strong red-shift of both theν(CH) and
νasym(CNO) frequencies in the HC(Cu+)NO positional isomer
by 489 and 160 cm-1, respectively. In the other positional
isomer, HCNO-Cu+, the observed shifts of the bands are
smaller. Thus, theν(CH) frequency is red-shifted by only 80
cm-1, while theνasym(CNO) andνsym(CNO) become separated
as pureν(CN) andν(NO) vibrations at 2348 and 1212 cm-1,
respectively. In the Cu+ complex of isofulminic acid, theν(OH)
frequency is red-shifted by 71 cm-1, while theν(CN) frequency
is blue-shifted by 143 cm-1. Moreover, theν(NO) frequency is
also red-shifted by 115 cm-1. The coordination of Cu+ ion to
the bidentate formylnitrene ligand introduces a red shift in both
the ν(CN) andν(NO) vibrations by 159 and 36 cm-1, respec-
tively, while theδ(ONC) vibration is blue-shifted by about 260
cm-1. Finally, the attachment of the Cu+ ion to the C atom of
oxaziridinylidene results in a blue-shift ofν(CO) andν(CN)
vibrations by 113 and 192 cm-1, respectively, while theν(NO)
vibration is red-shifted by about 53 cm-1.

NMR Spectra.The13C, 15N, 17O, 1H, and29Cu chemical shifts
(δ, ppm) in the NMR spectra of (CHNO)Cu+ complexes
calculated at the GIAO B3LYP/6-311+G(2df,2p) level of theory
using the B3LYP/6-311G(d,p) optimized geometries are given
in Table 4. The calculated absolute isotropic shielding tensor
elements (σ, ppm) are summarized in Supporting Information
(Table S10).

Generally, the association of Cu+ ion with the CHNO isomers
has, as expected, a deshielding effect on the coordinated donor
atom, while all other atoms are shielded. In complex21, the N
donor atom is deshielded by 18 ppm, while the terminal O atom
exhibits an unexpectedly high shielding by 115.5 ppm. The N
donor atom in complex22 shows a stronger deshielding effect
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by 74.8 ppm. The attachment of Cu+ ion to the C donor atom
of isofulminic acid in23deshields the donor atom by 31.9 ppm,
while the rest atoms of the complex are weakly shielded.
Coordination of the Cu+ ion to the O donor atom of fulminic
acid results in the deshielding of both the O donor and the
neighboring N atoms by 52.2 and 23.5 ppm, respectively, while
the C and H atoms are shielded by 27.0 and 1.9 ppm,
respectively. On the other hand, coordination of the Cu+ ion to

the C donor atom of fulminic acid introduces a shielding effect
to all atoms, which is surprisingly very strong for the non-
coordinated N and O atoms amounting to 179.5 and 334.4 ppm,
respectively. Even the C donor atom is slightly shielded by 0.6
ppm. Most important is the strong deshielding effect on the N
donor atom in complex26 amounting to 426.8 ppm followed
by a concomitant strong shielding of the C atom by 501.3 ppm.
The O donor atom involved in the four-member chelate ring is
only slightly deshielded by 33.8 ppm. Finally, in complex27,
the C donor atom is deshielded by 46.0 ppm, while the
neighboring N and O atoms are shielded by 57.1 and 3.4 ppm,
respectively.

Coordination of Hydroxyformaldoxime Conformers to
Cu+ Ions. The interaction of Cu+ ions with the hfaox conform-
ers was also analyzed in the framework of DFT theory. The
equilibrium structures of (hfaox)Cu+ complexes corresponding
to global and local minima in the PES along with the relative
stability and dipole moments computed at the B3LYP/6-
311G(d,p) are summarized in Figures 4-6. Moreover, by
searching the conformational space of (hfaox)Cu+ complexes,
a number of transition states were also located on the PES with
their structures, relative stabilities, and dipole moments included
also in Figures 5 and 6. The hfaox ligands, disposing three donor
atoms, could be coordinated to the Cu+ ion according to the
following bonding modes: (i) through the N donor atom, (ii)
through the O donor atoms in a unidentate bonding mode, and
(iii) through the O donor atoms in a bidentate bonding mode.

TABLE 4: The GIAO/B3LYP/6-311 +(2df,2p)//B3LYP/
6-311G(d,p)13C, 14N, 17O, and 1H Chemical Shifts (δ, ppm)a

for the Complexes of CHNO Isomers with Cu+ Ions

speciesb 13C 14N 17O 1H

(HNCO)Cu+, 21 151.5 10.9 230.5 4.4
(HOCN)Cu+, 22 121.0 109.1 44.5 5.8
(HONC)Cu+, 23 98.6 192.2 133.8 6.9
(HCNO)Cu+, 24 51.7 193.3 74.3 4.0
(HCNO)Cu+, 25 25.3 377.5 460.9 5.9
(formylnitrene)Cu+, 26 684.2 231.0 180.7 11.7
(oxaziridinylidene)Cu+, 27 247.0 231.0 319.2 6.6

a The external reference standards used for the13C, 14N, 17O, and1H
NMR spectra were the CH4, NH3, H2O, and TMS molecules, respec-
tively. b The atoms in bold are the donor atoms in the complexes.

Figure 4. Equilibrium structures (bond lengths in Å, bond angles in
deg), relative stability (in kcal), and dipole moments of Cu+ complexes
of the hfaox conformers computed at the B3LYP/6-311G(d,p) level of
theory.

Figure 5. Equilibrium structures (bond lengths in Å, bond angles in
deg), relative stability (in kcal), and dipole moments of Cu+ complexes
of the hfaox conformers computed at the B3LYP/6-311G(d,p) level of
theory.
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Perusal of Figures 4-6 illustrates that the Cu+ ions show a
higher affinity for the N donor atom followed by the O donor
atom of the oxime (-NOH) group and the O donor atom of
the C-OH moiety. The computed interaction energies of the
Cu+ ion with the hfaox conformers for all possible bonding
modes are collected in Table 5. The important issue of the Cu+

ion preference for the association with the N donor atom of
hfaox ligands has been addressed to a frontier-orbital-controlled
rather than to a charge-controlled mechanism because the N
donor atom has much lower negative net atomic charge than
the two O donor atoms. In effect, the HOMOs of the hfaox
conformers involved in the formation of the dative coordination
bond upon interaction with the vacant d orbitals of the Cu+ ion
exhibit a higher component on the N donor atom. On the other
hand, the charge-controlled mechanism seems to be operating
in the bonding mode of the Cu+ ion to the O donor atoms. As
can be seen in Table 5, there are some general trends and
evidences common to all coordination modes, and they will be
used as a starting point of the discussion.

The attachment of the Cu+ ion to the N donor atom of
conformer7 is 17.86 and 21.39 kcal/mol more favorable than
the attachment to the O donor atoms of the-NOH and-COH
moieties, respectively. Interestingly, the same is also true for
the attachment of the Cu+ ion to the N donor atom of conformer
13TS, which results in the formation of29, being the optical
isomer of complex28, with the H atom of the-NOH moiety

pointing on each side of the molecular plane. Notice that both
conformers7 and 13TS afford complexes37 and 41 upon
attachment of the Cu+ ion to -NOH and -COH moieties,
respectively. The association of the Cu+ ion with conformer9,
either toON or OC donor atoms results in anη2-bonding mode,
34, with the interaction energy being 11.11 kcal/mol less than
that for the association of the Cu+ ion to the N donor atom.
Complex34 is also obtained upon attachment of Cu+ ion to
the OC donor atom of conformer11. The attachment of Cu+

ion to the N donor atom of conformers9 and11affords complex
30. Surprisingly, the COCu bonding mode is favored by 2.31
kcal/mol with respect to NOCu one upon association of Cu+

ion with conformer11. It is important to note that complex31
is formed upon interaction of conformer10 with Cu+ ion
following either the trajectory of the attachment of Cu+ ion to
theOC or theON donor atoms. In both cases, the formation of
complex31 proceeds through the transition state42TSwith an
activation barrier of 22.33 kcal/mol. On the other hand,
following the trajectory involving the attachment of the Cu+

ion to the N donor atom of conformer10, the expected complex
31 is obtained. Attempts to locate a local minimum in the PES
of 8, NCu, failed because of convergence problems of the
calculations. The association of Cu+ ion to theON and OC
donor atoms of8 affords 36 and 44. The attachment of Cu+

ion to the N donor atom of conformer12 is 13.50 and 25.96
kcal/mol more favorable than the attachment to the O donor
atoms of the-NOH and-COH moieties, respectively. Finally,
the attachment of Cu+ ion to the N donor atom of conformer
14 is 16.45 kcal/mol more favorable than the attachment to the
O donor atom of the-NOH moiety. Surprisingly, approaching
the Cu+ ion to the N orOC donor atoms of conformer14 results
in the attachment of Cu+ ion to the N donor atom (14, NCu,
32).

Attachment of the Cu+ ion to the N donor atom of hfaox
ligands leads to structural changes accompanied by significant
charge redistributions as well. The net atomic charges and bops
computed at the B3LYP/6-311G(d,p) level are given in Sup-
porting Information (Figures S3 and S4).

Figure 6. Equilibrium structures (bond lengths in Å, bond angles in
deg), relative stability (in kcal), and dipole moments of Cu+ complexes
of the hfaox conformers computed at the B3LYP/6-311G(d,p) level of
theory.

TABLE 5: Interaction Energies (kcal/mol) of Cu+ Ions with
Hydroxyformaldoxime Conformers for All Possible Bonding
Modes Computed at the B3LYP/6-311G(d,p) Level of
Theory

conformer complex interaction energy

(Z)-(s-cis,s-trans), 7 7, NCu,28 62.61
7, NOCu,37 44.75
7, COCu,41 41.22

(Z)-(s-trans,s-trans), 9 9, NCu,30 68.14
9, NOCu,34 57.03
9, COCu,34 57.03

(Z)-(s-trans,s-cis),11 11, NCu,30 69.67
11, NOCu,35 56.15
11, COCu,34 58.46

(Z)-(s-cis,s-cis),13TS 13TS, NCu,29 75.29
13TS, NOCu,37 57.43
13TS, COCu,41 53.90

(E)-(s-cis,s-trans),8 8, NCu
8, NOCu,36 47.97
8, COCu,44 40.98

(E)-(s-trans,s-trans), 10 10, NCu,31 69.16
10, NOCu,31 69.16
10, COCu,31 69.16

(E)-(s-cis,s-cis),12 12, NCu,33 64.80
12, NOCu,39TS 51.30
12, COCu,46 38.84

(E)-(s-trans,s-cis),14 14, NCu,32 72.77
14, NOCu,40 56.32
14, NCu,32 72.77
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In the NCu bonding mode, the C-N bond is lengthened by
about 0.02 Å, while the N-O bond (except in complex33) is
shortened by about 0.01 Å. In complex33, the N-O bond is
lengthened by about 0.02 Å. The adjacent C-O bond is also
reinforced upon coordination being shortened by about 0.03-
0.05 Å. The charge transferred to the Cu+ ion is 0.14-0.18
charge unit. Interestingly, the N donor atom directly involved
in the bonding acquires a significantly higher negative net atomic
charge amounting to 0.2-0.3 charge unit with respect to the
free ligand. The two O atoms show a smaller increase of their
negative net atomic charge, while the C atom acquires a
significantly higher positive net atomic charge amounting to
0.1-0.2 charge unit. The bop reflects the corresponding
structural changes.

In the η2-bonding mode,34, the NOCu interaction is much
stronger than the COCu one as is mirrored on both the Cu-O
bond distances and the bop values. The charge transferred to
the Cu+ ion is only 0.10 charge unit. The two O donor atoms
acquire higher negative net atomic charges, by 0.18 and 0.07
charge unit, respectively, while there is a small charge transfer
from both the C and N atoms toward the O donor atoms.

Considering the NOCu bonding mode, it can be seen that
the N-O bond is significantly activated being lengthened by
about 0.03-0.10 Å, while the C-O bond is shortened by about
0.03 Å. The adjacent C-N bond is lengthened by about 0.01-
0.02 Å. The charge transferred to the Cu+ ion is 0.11-0.13
charge unit. The O donor atom directly involved in the bonding
acquires a significantly higher negative net atomic charge
amounting to 0.2-0.3 charge unit with respect to the free ligand.
The OC and the N atoms show a smaller decrease of their
negative net atomic charge, while the positive net atomic charge
of the C atom increases by 0.05-0.10 charge unit. The bop
again reflects the corresponding structural changes. Notice the
strong activation of the N-O bond (bop values of only 0.03-

0.07), suggesting the formation of a Cu-OH moiety weakly
interacting with the rest of the hfaox molecule.

Finally, in the COCu bonding mode, the C-O bond is
lengthened by about 0.6 Å, while the C-N bond is shortened
by about 0.01 Å. The more distant N-O bond is also shortened
by about 0.03-0.04 Å. The charge transferred to the Cu+ ion
is 0.07-0.13 charge unit. The O donor atom directly involved
in the bonding acquires a significantly higher negative net atomic
charge amounting to about 0.20 charge unit with respect to the
free ligand. TheON and the N atoms show a smaller decrease
of their negative net atomic charge amounting to 0.02-0.09
and 0.05-0.08, respectively, while the positive net atomic
charge of the C atom increases by 0.02-0.07 charge unit.

Oxidation of HCN to Hydroxyformaldoxime by Hydrogen
Peroxide.The observed strong activation of the N-O and C-O
bonds induced by the coordination of hfaox ligands to Cu+ ion
prompts us to investigate further the mechanism of the respec-
tive reaction. Surprisingly, a search of possible reaction
pathways revealed the formation of a mixed-ligand (hydro-
cyanide)(hydrogen peroxide)copper(I) complex as the final
product. Therefore, we thought it would be advisable to
investigate the mechanism of the reverse reaction, namely, the
oxidation of HCN with hydrogen peroxide to yield hydroxy-
formaldoxime, and explore the role played by the Cu+ ions.
Notice that this is a novel reaction, which could be generally
used to convert organic nitriles to oximes under oxidation with
hydrogen peroxide. The energy profiles of the reactions are
depicted schematically in Figure 7, while the most significant
geometrical parameters of all of the stationary points located
on the PES governing the reaction are shown in Figure 8. The
net atomic charges and bops along with additional structural
parameters computed at the B3LYP/ 6-311G(d,p) level are given
in Supporting Information (Figures S5 and S6). It can be seen
that HCN could react with H2O2 to yield conformer7 through

Figure 7. Energetic (kcal/mol) and geometric profile of the oxidation of organic nitriles with hydrogen peroxide to form oximes with and without
the presence of Cu+ ions computed at the B3LYP/6-311G(d,p) level of theory.
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a product-like transition state,48TS, mirrored on both their
structural and electronic parameters. The bop value of 0.001
for the O‚‚‚O separation in48TS indicates weak bonding
interactions as compared to the antibonding ones in7 (bop )
-0.013). The imaginary frequency at 203i cm-1 corresponds
to movements of H(4) and H(7) along thez axis to reach the
planarity of 7. The oxidation of HCN by H2O2 to yield con-
former7 is almost thermoneutral (∆RH ) -1.11 kcal/mol) and
has to surmount an energy barrier of 34.38 kcal/mol. In the
presence of Cu+ ions, the first step involves the formation of
the mixed-ligand (hydrocyanide)(hydrogen peroxide)copper(I)
complex,49, found at 108.00 kcal/mol lower in energy than
the reactants. Complex49 is transformed to51a through50TS
with an activation barrier of 20.12 kcal/mol. The transformation
of 49 to 51a corresponds to an endothermic process (∆RH )
11.47 kcal/mol). We have also located on the PES a local
minimum at 12.09 kcal/mol higher in energy with respect to
51a corresponding to an isomeric (hydrocyanide)(dihydroxy)-
copper(I) complex,51b. In complex 51b, the Cu+ ion is
coordinated to HCN and two hydroxide ligands symmetrically
arranged in a trigonal planar coordination geometry of Cu+

without any HO‚‚‚OH interaction (bop) -0.008), as is the
case in51a. Complex51a is subsequently transformed to28 or
35 via 52TS with an activation barrier of 49.38 kcal/mol. The
transformation of51a to 28 corresponds to an exothermic

process (∆RH ) -11.81 kcal/mol), while transformation to35
is slightly endothermic (∆RH ) 2.84 kcal/mol). On the other
hand,51b is transformed to53, being also a local minimum in
the PES, through the same transition state52TS, with a lower
activation barrier of 37.74 kcal/mol. In complex53, the Cu+

ion is coordinated to an OH group and the remaining HCNOH
moiety via anη2-C,N bonding mode. The intermediate53
evolves to yield31, through the transition state54TS, with an
activation barrier of 19.48 kcal/mol. The transformation of53
to 31 is predicted to be an exothermic reaction (∆RH ) -50.12
kcal/mol). It is obvious that Cu+ ions have no catalytic effect
on the oxidation of HCN to hydroxyformaldoxime by H2O2,
but their role is restricted to the stabilization of the intermediates
and products formed.

Dehydration Reactions of Hydroxyformaldoxime Con-
formers Catalyzed by Cu+ Ions. A thorough inspection of the
structures of the Cu(hfaox)+ complexes given in Figures 4-6
illustrates that in some of them, namely, complexes28, 29, 30,
35, 36, and41, there exist favorable intramolecular interactions
leading to elimination and concomitant coordination of a water
molecule to the Cu+ ion affording the Cu(CHNO)(OH2)+

complexes. Upon the basis of the geometry of the Cu(hfaox)+

complexes, one would expect the most possible complexes
formed to be Cu(HCNO)(OH2)+, 58, and Cu(formylnitrene)-
(OH2)+, 59. The energy profiles of the reactions are depicted
schematically in Figure 9, while the most significant geometrical
parameters of all of the stationary points located at the B3LYP/
6-311G(d,p) level on the PES governing the dehydration reaction
are summarized in Figure 10. The coordination of the water
molecule to Cu(HCNO)+ and Cu(formylnitrene)+ complexes
to form 58 and59, respectively, is an exothermic process, the
heat of reaction being 53.92 and 54.30 kcal/mol, respectively.
The computed interaction energy of the water molecule with
Cu(HCNO)+ and Cu(formylnitrene)+ complexes, being 53.26
and 54.97 kcal/mol, respectively, suggests the formation of a
relatively weak Cu-OH2 bond, which is also reflected in the
small value of the bond overlap population (0.08). Moreover,
the charge transferred from the water molecule to the Cu+ ion
amounts to 0.11 and 0.05 for complexes58and59, respectively.

The transformation of37 to 58 (Figure 9a) proceeds via a
reactant-like transition state,55TS, with a negligible activation
barrier of only 4.31 kcal/mol and corresponds to an exothermic
process (∆RH ) -27.21 kcal/mol). The activation barrier for
the reverse reaction was predicted to be 33.60 kcal/mol, which
is about half the value of the noncatalyzed reaction (Figure 2).
Notice that37 is stabilized with respect to the isolated reactants
7 and Cu+ by 45.35 kcal/mol. The dehydration of both28 and
41 (Figure 9a) was predicted to be a one-step process proceeding
through56TSand57TS, with activation barriers of 53.49 and
39.35 kcal/mol, respectively. Both reactions are endothermic,
the computed heats of reactions being 44.56 and 23.17 kcal/
mol, respectively. Most important is the catalytic effect of Cu+

ions on the reverse reaction, the addition of the water nucleophile
to fulminic acid. The computed activation barriers for the
exothermic addition reactions yielding28 and41 are 8.78 and
16.16 kcal/mol, respectively, much lower than the uncatalyzed
reaction (Figure 2). Both transition states56TS and57TS are
product-like with respect to the water addition reactions. In
56TS, the water molecule approaching the C atom of24 is
symmetrical with respect to the plane defined by the O(1), C(2),
N(3), and O(4) atoms. The C-O bond is lengthened by 0.18
Å, and the N-O bond is shortened by 0.14 Å in56TS with
respect to28. Moreover, 0.18 charge unit are transferred from
the nitrogen mainly toward the electrophilic carbon atom. The

Figure 8. Equilibrium structures (bond lengths in Å, bond angles in
deg) of possible species involved in the oxidation of organic nitriles
with hydrogen peroxide to form oximes in the presence of Cu+ ions
computed at the B3LYP/6-311G(d,p) level of theory.
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imaginary frequency of56TS at 385i cm-1 corresponds to
movements of the H atoms of the water molecule on thexy
plane but in opposite directions. In57TS, the C-O bond is
strongly lengthened by 0.88 Å and the N-O bond is shortened
by 0.09 Å with respect to41. On the other hand, the C-N bond
is shortened by 0.09 Å, while concomitantly the H atom of the
HON- moiety is involved in the formation of a strong hydrogen
bond with the O atom of the-COH moiety (bop) 0.10).
Moreover, 0.17 charge unit is transferred via a cyclic pathway
from the oxygen atom of the HON- moiety mainly toward the
other oxygen atom, which acquires a higher negative net atomic
charge by 0.27 charge unit with respect to41. Part of this
electron density comes also from the coordinated Cu+ ion, which
loses 0.12 charge unit with respect to41. The imaginary
frequency of57TSat 363i cm-1 corresponds to vibration mainly
along the breaking C-O bond.

Finally, it was found that the alternative pathway of the
dehydration of28 to yield 59 proceeds in two steps (Figure

9b). The first step involves the insertion of the Cu+ ion into
the N-OH bond of28 to afford the intermediate60 through
the transition state61TS, where the Cu+ ion is coordinated to
both the N and O atoms of the N-OH moiety. The computed
activation barrier is 18.96 kcal/mol. The imaginary frequency
of 61TSat 146i cm-1 corresponds to movements of almost all
atoms of the molecule. A transfer of 0.08 charge unit of electron
density occurs from Cu to the coordinated O atom with a
concomitant transfer of 0.08 charge unit from the N to the C
atom in61TSwith respect to28. The second step involves the
transformation of the intermediate60 to 59 via the transition
state62TSwith a relatively low activation barrier of 5.07 kcal/
mol. The imaginary frequency of62TS at 604i cm-1 corre-
sponds to movements of the H atoms of the water molecule
along thex coordinate leading to59 or 60. It should be noted
that62TSexhibits a cyclic structure involving a strong hydrogen
bond (bop values of the two O-H bonds being equal to 0.20
and 0.16, respectively). Considering now the reverse transfor-

Figure 9. Energetic (kcal/mol) and geometric profile of the dehydration of hfaox to yield fulminic acid (a) or formylnitrene (b) in the presence of
Cu+ ions computed at the B3LYP/6-311G(d,p) level of theory.
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mations59f 60and60f 28, it can be seen that the activation
barriers are 29.43 and 4.03 kcal/mol, respectively, being much
lower than that of the uncatalyzed reaction. In summary, there
is no doubt that the Cu+ ions catalyze the nucleophilic addition
of water to nitrile oxides to form hydroxyformaldoxime
conformers. Finally, it is worth noting that the water molecule
in both complexes58 and59 is coordinated in a trans position
with respect to the O donor atom of the coordinated fulminic
and formylnitrene ligands (the O-Cu-OH2 moiety is almost
linear).

Conclusions

The use of first principles quantum chemical techniques at
the HF, MP2, B3LYP, and CCSD(T) levels of theory using the
6-31G(d), 6-311G(d,p), 6-311+G(2df,2p), and 6-311++G(2d,p)
basis sets in the exploration of the conformational space of hfaox
yielded some interesting results. The most stable configuration
among the eight possible isomers corresponds to the (Z)-(s-
cis,s-trans) configuration, while the highest energy (E)-(s-trans,s-
cis) conformer was found at 15.25, 15.31, 14.37, and 24.47 kcal/
mol at the HF, MP2, B3LYP, and QCISD(T) levels of theory,
respectively, using the largest 6-311++G(2d,p) basis set. From
a methodological point of view, our results confirm the reliability

of the integrated computational tool formed by the B3LYP
density functional model. This model has subsequently been
used to investigate the dehydration products of hfaox and their
associations with Cu+ ions in an attempt to elucidate the role
of Cu+ ions in the hydration reactions of the CHNO isomers
producing the hfaox conformers. Upon dehydration, hfaox could
afford a number of isomeric CHNO species, the most stable
being the isocyanic, cyanic, fulminic, and isofulfulminic acids,
formylnitrene, and oxaziridinylidene. All dehydration processes
are predicted to be endothermic. The reaction pathway for the
addition of water to fulminic acid is predicted to occur via an
activation barrier of 68.18 kcal/mol at the B3LYP/6-311G(d,p)
level. The interaction of Cu+ ions with the CHNO isomers and
their precursor hfaox conformers for all possible bonding modes
was also analyzed in the framework of DFT theory, illustrating
that the Cu+ ions show a preference for coordination with the
N donor atoms. It was also found that Cu+ ions have a strong
catalytic effect on the dehydration reactions of hfaox to form
CHNO isomers and are involved in a novel reaction of the
oxidation of organic nitriles with hydrogen peroxide to yield
oximes, stabilizing the reactants, products, and intermediates.
The mechanisms of the respective reactions along with the
structures and energetics of all copper(I) complexes, transition
states, and intermediates are thoroughly discussed.

Supporting Information Available: Figures S1, S3, and
S4 showing the Mulliken net atomic charges and bond overlap
populations of hfaox conformers and their complexes with Cu+

ions, Figures S2, S5, and S6 showing optimized geometries and
relative stabilities of CHNO isomers and all possible species
involved in the oxidation of organic nitriles with hydrogen
peroxide to form oximes in the presence of Cu+ ions, Tables
S1 and S2 showing optimized structural parameters of hfaox
conformers at selected levels of theory, Table S3 showing the
relative energies,∆E (kcal/mol), of the hfaox conformers at the
selected levels of theory, Tables S4, S5, S7, and S9 showing
the harmonic vibrational frequencies (cm-1) and assign-
ments of the bands of hfaox conformers, their dehydration
CHNO isomeric products, and their complexes with Cu+ ions,
and Tables S6, S8, and S10 showing the GIAO/B3LYP/6-
311+G(2df,2p)//B3LYP/6-311G(d,p)13C, 14N, 17O, and 1H
shielding tensor elements (σ, ppm). This material is available
free of charge via the Internet at http://pubs.acs.org.
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