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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), 6-3&12df,2p), and 6-31t+G(2d,p) basis

sets. The most stable configuration among the eight possible hfaox conformers correspond<}gshe (
ciss4rans) configuration, while the highest enerdy)-(s-transs-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 6-31G(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 st@pis-€is strans) conformer?, to formylnitrene,

with the computed heat of reactiofgH) being equal to 51.34 kcal/mol. On the other hand, the most exothermic
dehydration process is the dehydration reaction of B)g¢transs-cis) conformer,14, to cyanic acid with

the computed heat of reaction being equaH®6.16 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 @uns 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 GiIN, Cu—ON, and Cu-OC associations in the Cu(hfadxfomplexes were

found in the range of 62.6175.29, 44.7557.43, and 38.8458.46 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 Cions. 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 CHNO isomers are the isocyanid)( cyanic @), fulminic
(formonitrile oxide,3), and isofulminic (carboxime4) 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

The isomeric CHNO molecules and their substituted deriva-
tives C(X)NO (X=F, Cl, OH, NH,, CN, alkyl and aryl groups)
are an important class of compounds that have a large variety
of applications in organic, bioorganic, and polymer chemisry. observable under suitable conditiodsOther conceivable

The decomposition reactions of the CHNO isomers play an X : =
important role in the combustion of N-containing hydrocarbon CHNO isomers such as f(_)rmylmtrer@,(a_nd pxazwme(ﬁ) were
found to collapse with little or no activation to more stable

fuels? Moreover, these reactions are characteristic reactions Ofisomers
the practically important rapid reduction of nitrogen oxides ' .
(RAPRENO) process, which involves removal of Nédmbus- Global potential energy surfaces (PES) of the [H,C,N,O]

tion products by the injection of cyanuric acid, (HOGNhto system in singlet and triplet states have thoroughly been
the exhaust streafhDetailed investigation of the CHNO  Investigated by Mebel et 8lat the B3LYP/6-311G(d,p) level

potential energy surfaéel® suggested that the more stable of theory. The global features of the singlet and triplet PES
have been applied to several important fragmentation and

* To whom correspondence should be addressed. Tef:3() 997851, deécomposition reactions, their major product channels have been
Fax: (+031) 997851. E-mail: tsipis@chem.auth.gr. speculated, and the activation energies have been reported.
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SCHEME 1: Possible Dehydration Products of 98 program suité® The geometries of the hydroxyformaldoxime
Hydrohyformaldoxime (hfaox), HOCH=NOH, conformers were fully optimized at the
H HF, MP2, CCSD(T), and Becke’s three-parameter hybrid
>C=N\ functional combined with the Lee€Yang—Parr correlation
HO OH functional, abbreviated as B3LYP, level of density functional
Hydroxyformaldoxime theory using 6-31G(d), 6-311G(d,p), 6-3t®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 Cions 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 methiaahd the
attainment of the energy minimum was verified by calculating

V4 _ et the vibrational frequencies that result in absence of imaginary
H_C\ 8 C\N eigenvalues. All of the stationary points have been identified
N for minimum (number of imaginary frequencies (NIMAG)
5 § 0) or transition states (NIMAG= 1). The vibrational modes

Moreover, an exhaustive ab initio quantum chemical study of and the corresponding frequencies are based on a harmonic force
the PES governing the isomerization and dissociation reactionsfield. This was achieved with the SCF convergence on the
of the CHNO isomers has recently been reported by Shapley density matrix of at least 1§ and the rms force less than 0
and Bacskay? It was found that the lowest energy pathways au. All bond lengths and bond angles were optimized to better
for the isomerization of the open-chain species are two-step than 0.001 A and 0°] respectively. The computed electronic
reactions that proceed via cyclic intermediates. energies, the enthalpies of the dehydration reactiagsl), and
Some of the CHNO molecules react not only with unsaturated the activation energiesAG*), were corrected to constant
substrates to afford 1,3-dipolar cycloaddition products but also pressure and 298 K for zero-point energy (ZPE) differences and
with nucleophilic reagents, including both anionic and neutral for the contributions of the translational, rotational, and
nucleophiles, providing thus open-chain oximes as products. Thevibrational partition functions. For transition states geometry
ease of deformation of formonitrile oxide, the formation of determination, QST2 and QST3 computations were performed,
hydrogen-bonded complexes with water, and the reaction giving identical results for each reaction separately. Moreover,
pathway with water as nucleophile (HCNOH,0 — HOCH= corrections of the transition states have been confirmed by
NOH) have been studied earfiérat the HF/STO-3G level of intrinsic reaction coordinate (IRC) calculations, while intrinsic
theory and reinvestigated latéat higher levels of theory (HF/  reaction paths (IRP®were traced from the various transition
3-21G, HF/6-31G*, MP2/6-31G*, MP4SDQ/6-31G*, and  structures to make sure that no further intermediates exist.
MP2/6-31G**) to determine whether the mechanism of neutral Magnetic shielding tensors have been computed with the GIAO
nucleophilic addition to nitrile oxide is concerted or stepwise. (gauge-including atomic orbitals) DFT metH®ds implemented
In the present paper, we thought that it would be advisable to in the Gaussian 98 series of prografremmploying the B3LYP
further investigate through first principles quantum chemical |evel of theory.
techniques of high quality the configurational, conformational,
energetic, electronic, and spectroscopic properties of hydroxy- Results and Discussion
formaldoxime (hfaox), HOCHNOH, and its possible dehydra-
tion CHNO products (Scheme 1). In addition, we report on the  Configurations and Conformations of Hydroxyformal-
details of the exploration of the coordination ability of hfaox doxime. Hydroxyformaldoxime (hfaox), HOCHNOH, can
and its dehydration products toward Cions, pursuing a exist in eitherZ or E configurations with respect to the=éN
threefold objective: (i) the examination of the preferred double bond and in the conformatiossis ands4rans with
coordination sites of the hfaox conformers and their dehydration respect to the €0 and N-O single bonds. The eight possible
CHNO isomeric products to Cuions; (i) the exploration of conformers of hfaox, along with their structural parameters,
the role played by the Cuions in the dehydration reactions of ~ relative stability, and dipole moments computed at the B3LYP/
hfaox conformers; (iii) the understanding of the bonding 6-311G(d,p) level of theory, are shown in Figure 1. All structures
properties of the HNCO species, being the simplest model of corresponding to local minima in the PES exhibit planar
the HN—CO peptide linkage to biologically important Cions. geometry. The optimized structures (under the constrains of
The structural, energetic, electronic, and spectroscopic (IR, keeping the CH and OH bond lengths constant) and relative
NMR) properties were computed by a variety of theoretical energies of hydroxyformaldoxime isomers have been computed
methods (HF, MP2, MP4SDQ, CCSD(T), and B3LYP) using two decades ago at the minimal-basis HF/STO-3G level of
6-31G(d), 6-311G(d,p), 6-3#1G(2df,2p), and 6-311+G(2d,p) theory as part of a theoretical study of the reaction of water
basis sets wishing to identify levels of theory suitable for general with the 1,3 dipoles fulminic acid and acetonitrile oxitfe.
application. The effect of level of theory on the structural, Calculated Structures and Stabilitfhe computed equilib-
energetic, electronic, and spectroscopic properties of the com-rium structures of all (eight) possible conformers of hfaox at
pounds was also examined, and the results are discussed irthe selected levels of theory are summarized in the Supporting

relation with available experimental and theoretical data. Information (Tables S1 and S2). The HF method underestimates
. . the bond lengths by up to 0.045 A with respect to the correlated
Computational Details MP2, B3LYP, and CCSD(T) methods, the latter being used to

Standard ab initio molecular orbital theétyand density produce benchmark results. The B3LYP approach gives almost
functional theory (DF T were carried out using the Gaussian identical bond lengths (bond lengths differ less than 0.009 A)
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predictions of hfaox conformers. Therefore, we decided to
choose the computationally less-expensive B3LYP/6-311G(d,p)
LoseNS2 Jasof 1413 procedure for the investigation of the structural and spectro-
NER] C o N scopic properties of the hfaox conformers, the dehydration
IRELY S products, and their associations with ‘Cions.

T (L96

0.970 Jo.960 0 In general terms, relative stability of hfaox conformers is little
R 0.96% N sensitive to the level of calculation, and enlargement of the basis
Fe-clefrans 3 set never changes B3LYP relative energies by more than 1.0

AE = 0.00 (0.00) keal mol™! Erpclsymons kcal/mol (Table S3, Supporting Information). Our best estimate
p=1086D AE = 3.18 (4.11) kecal mol

=096 D of the relative stability of hfaox conformers is obtained at the

; more sophisticated CCSD(T)/6-31%+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-

1091/ 228 10V.8K | 413
1.267
1.A06

lol.o

(.962

y 9 10 311++G(2d,p)// B3LYP/6-311G(d,p) one, the changes observed
L-N-IFEHLs, S=IFans NPl S H
KB 6771650 Vel it " r‘.;.‘jj :sinnr B i being less than 1.2 kcal/mol.

#=214D 4=207D The highest energy conformer corresponding to Be($-
- transs-cis) isomer,14, was found at 14.39 kcal/mol higher in

U'f energy than the more stablg){(s-ciss4rans) isomery. The
® (2)-(sciss<is) isomer,13TS possesses one imaginary fre-
109 N200 LI71.595 guency and therefore is the transition state for a possible
112.5 (o= sd{ranss<is — s-Cis,strans isomerization process of the con-
L349f 121 formers with aZ-configuration, namely, th&1 — 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 @fcould be

11 0.965 W

P T attributed to hydrogen bond formation between the H atom of
AE = 8,19 (8.20) keal mol™! E u;n”;m‘;““ o the C-OH group and the O atom of the-NDH group. All
#=463D e conformers withZ-configuration are slightly more stable than

those having th&-configuration. Considering that the electronic
factors of the hfaox isomers are similar, their relative stability
could be accounted for by steric factors. The interconversion
390 processes of the conformers involve rotation around th€ON

or C—0 single bonds, the computed rotation barrier being equal
to 4.0-7.0 kcal/mol. These results are in line with other reported
studies ors-cis,strans isomerizatiof?:20

13TS 0961 14 Electronic Properties and Bondin@he sequence of Kohn
I o . F-s-trans, s-cis Sham molecular orbitals (MOs) deduced for the conforniers
R o, AE = 1439 (1478 keal mot” 9, 11, 12, and 14 is ...(11&2(1d")X(12d)X(2al"2(134)%(34")>.
i #=49%8D For conformers8, 10, and 13TS, there is an inversion of the

Figure 1. Equilibrium structures (bond lengths in A, bond angles in  11& and 1& and 12a and 2& MOs and the sequence is
deg), relative stability (in kcal/mol) and dipole moments of hfaox -(1d)4(11d)%(2d")¥(12&)?(13d)4(3d')%. The 38 HOMO (high-
conformers, computed at the B3LYP/6-311G(d,p) level of theory. est occupied molecular orbital) of all hfaox conformers corre-
Figures in parentheses are the relative energies computed at thesponds to a &N bonding in conjunction with €0 and N-O
CCSD(T)/6-31%+G(2d,p)//B3LYP/6-311G(d,p) level of theory. antibonding combination of-type orbitals spanning all heavy
atoms. The LUMO (lowest unoccupied molecular orbital)

to those of the CCSD(T) method. The same is also true for the €xhibiting & symmetry (14aMO) corresponds to a nonbonding
correlated MP2 approach which produces bond lengths in closeMO localized either on the H atom of the+D—C moiety
agreement with those of the highest level CCSD(T) method for (conformers9, 10, 11, 13TS, and 14) or the H atom of the
each basis set used. In all conformers, because of resonancej—O—N moiety (conformerl2) or on both (conformerg and
the NO single bond is shorter than a NO single barfti{O) 8). The respectiver*-MO exhibiting also asymmetry corre-

= 1.44 A) and the CN bond is longer than a CN double bond sponds either to LUM&1 (conformers7, 11, and13TS) or
(r(C=N) = 1.265 A). In general terms, bond angles are litte LUMO+2 (conformers8, 9, 10, 12, and 14). The HOMO-
sensitive to the level of calculation and enlargement of basis LUMO energy gap being equal to 6.33.34 eV follows the
set from 6-31G(d) to 6-3H+G(2d,p). There is only an trend7 >8> 12> 9> 14> 10> 11> 13TS
overestimation of thelONC, OHOC, andlJHON bond angles According to the Mulliken population analysis given in the
by up to 2—3° at the uncorrelated HF method as compared to Supporting Information (Figure S1), there are no significant
MP2, B3LYP, and CCSD(T) methods. Interestingly, the quality changes on both net atomic charges and bond overlap popula-
of basis set has also no significant effect on the structural tions (bop) in hfaox conformers. In conformers-10, the
parameters of the hfaox conformers. The good performance ofhydrogen atoms of the NEH moiety acquire a little more
computationally less-expensive methods, particularly B3LYP positive net atomic charge with respect to those of the-EGO
and MP2 in conjunction with basis sets incorporating at least moiety. However, the opposite is true for conforméds 12,
polarization functions, offers a reliable alternative for geometry 13TS, and 14. The positively charged N©OH and CO-H
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hydrogen atoms combined with the nature of the LUMO
comprise the electrophilic centers of the conformers. On the

Pantazis et al.

TABLE 1: The Conformational Averaged GIAO/B3LYP/
6-311+G(2df,2p)//B3LYP/6-311G(d,p)3C, 15N, 170, and H

other hand, both oxygen atoms are more negatively chargedChemical Shifts for Hydroxyformaldoxime Conformers

relative to the nitrogen atom and in conjunction with the nature
of the HOMO are the nucleophilic centers of the con-
formers. Moreover, the €0 bond is much stronger than the
N—O one.

Infrared SpectraWe only analyze the infrared spectra of the
more stable conformef, 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 363800
cmt could be assigned ta(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 370881
cm~! originates from the/(C=N) stretching vibration. Values
for this fundamental in the C4H)CNOH 2! (CH3),CNOH 22
and X%CNOH (X = Cl, Br) oximes are 1655, 1675, 1603,
and 1597 cm?, respectively. Obviously, the computed harmonic
v(C=N) 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 evaluatédto be 0.9427 and 0.9614,
respectively. In the region of 111501 cnt?, the relatively
strong IR bands ascribable ta(C—H) stretching strongly
coupled with NOH and COH bending vibrations are predicted
to occur. The/(N—O) stretching vibrational frequency appearing
in the region of 926-1007 cnt! is shifted by about 3670
cm! to higher wavenumbers iB-conformers with respect to
Z-conformers. Therefore, thgfN—O) band can be used as a
good criterion for distinguishing th&- and E-conformers of
hfaox. It should be noted that the NO stretch in oximes typically
appears around 930 crth The band in the region of 380-0
622.0 cnt! 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, at114
288 cntl, is ascribed to strongly coupled NOH and COH
torsional vibrations. Both of these bands, being sensitive to

nucleus o (ppmy
13C 157.9
15N 341.5
170 (N—OH) 169.3
170 (C—OH) 1148
1H (C—H) 7.4
1H (N—OH) 5.1
1H (C—OH) 5.0

aThe external reference standards used fotiGe!“N, 17O, and'H
NMR spectra were the CHNHs, H,O, and TMS molecules, respec-
tively.

The computed3C chemical shifts of the hfaox conformers
found in the range of 150-7164.5 ppm are characteristic of a
nearly sp-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 molecule%).?6 There is a small deshield-
ing effect (2.9-10.3 ppm) going fron¥- to E-configurations.

The 1N chemical shifts found in the range of 336.361.0
ppm show a good agreement with the experimental values for
oxime moleculed’ Notice also that the experimental valge®
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 fronZ- to E-configurations.

Thel’O(NOH) chemical shifts of the hfaox conformers found
in the range of 159:6184.9 ppm are very close to the
experimental valu# of 143.4 ppm for the NNO molecule. For
the couple of conformer8—10 and11—14, a shielding effect
amounting to 16.0 and 7.2 ppm, respectively, is observed, while
for the couple of conformerd—8 and12—13TS a deshielding
effect amounting to 5.1 and 0.3 ppm, respectively, is observed.

The O(COH) chemical shifts of the hfaox conformers are
found in the range of 104:1131.0 ppm. They all show an
opposite behavior to that dfC chemical shifts exhibiting a
shielding effect going fronZ- to E-configurations, being more
pronounced for thé—8 and9—10 couples (20.9 and 14.4 ppm,
respectively). Unfortunately, no experimental data are available
so far for comparisons to be made.

configurational and conformational changes, could be used as  ThelH(COH) and'H(NOH) chemical shifts are found in the

a guide for distinguishing experimentally by IR speciid-
configurations ang-cis strans conformations of hfaox.

NMR Spectra.By employing gradient-corrected levels of
DFT, 18C, 13N, 170, andH chemical shifts were calculated at
the GIAO/B3LYP/6-31#G(2df,2p) level of theory using the
B3LYP/6-311G(d,p) optimized geometries. The calculated
absolute isotropic shielding tensor elememtsppm) for hfaox
conformers are summarized in the Supporting Information
(Table S6). The absolute isotropic shielding tensor elements for
the CH;,, NHs, and HO 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

range of 3.3-8.6 ppm. In general terms, in conformetsll,
and14, the'H(COH) chemical shifts are higher thahl(NOH)
chemical shifts, while the opposite is true for confornm&r< 0.

In conformersl2 and13TS, *H(COH) and*H(NOH) chemical
shifts are nearly the same. Surprisingly, th&NOH) chemical
shifts are almost insensitive to configurational and conforma-
tional changes. The computéid(COH) andH(NOH) chemical
shielding tensor elements (absolute chemical shiffsppm)
given in Table S6 (Supporting Information) compare well with
those of CH, NHsz, and HO 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

are predictions because there are no experimental data availablef the'H NMR chemical shifts of Clj NHs, and HO molecules

so far. The calculated chemical shif6,(ppm) equals the
difference between the shielding of the reference and the
shielding of the molecule of interest,= ot — 0. Therefore,

it is easy to convert absolute to relative chemical shifts. The
conformational averaged GIAO/B3LYEC, 15N, 170, andH
chemical shifts are summarized in Table 1.

are 30.93+ 0.33, 30.68+ 0.6, and 30.03t 0.6, respectively.
Finally, the!H(HCO) chemical shifts found in the range of
6.7—8.5 ppm are characteristic 8l NMR chemical shifts of
hydrogen atoms bound to nearly?dpybridized carbon atoms.
They all show a parallel behavior to that'S€ chemical shifts
exhibiting a shielding effect going fro@ to E-configurations.
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Dehydration Products of Hydroxyformaldoxime Con- The negative net atomic charge is accumulated on the N and
formers. Hydroxyformaldoxime is expected to exist in aqueous O atoms in isomer§, 2, 5, and15, on the C and O atoms i
solutions of formonitrile oxide, as a result of the reaction with and only on the O atom if. Obviously, these centers compose

water nucleophile according to the chemical equation the nucleophilic centers of the isomers toward electrophiles, such
as Cu ions. In isofulminic acid, the negative net atomic charge
HCNO + H,O —~ HOCH=NOH on the C atom is very small. The same is also true for the N

. ) . atom bearing very small positive net atomic charge. Therefore,
Among the 38 possible, topologically different, bound CHNO poth atoms could be considered as almost neutral, consistent
isomers we focus our attention on the six potentially stable with a carbene-like structure for isofulminic acid. On the other

species, given in Scheme 1, that are possible dehydrationhand, the charge distribution on the N and O atoms of fulminic
products of hfaox. The dehydration reaction of the more stable acid reveals the presence of @ dative N — O bond

conformer? could afford directly, via an intramolecular water  characteristic of nitrile oxides.

elimination reaction, eithes (or its cyclic oxazirine isomei) The sequence of MOs deduced for all CHNO isomers is
or 4. Conformerllis dehydrated either t8 or 4. Isofulminic (74)2(18")X(84)2(9)%(2d')2. The HOMO of all isomers

acid could also be the dehydration product of confornggrs 4l f
. . h . exhibiting & symmetry corresponds to doubly degeneratgpe
10, and14, while cyanic acid could result from dehydration of molecular orbitals delocalized on the entire nuclear skeleton.

con_formers& 12, ¢_and14. Finally, isocyanic acid could not be They are constructed from the linear combination of p AOs of
a direct dehydration product of hfaox conformers. Obviously, C, N, and O atoms, being in-phase for the C and N atoms and
aqueous solutions Of. aII. is‘?r.”ers' except isocyanic acid, might OL,Jt-o,f-phase for thé O atom. It should be noted that the bonding
be expected to contain significant amounts of hfaox conformers. component of the HOMOs is much stronger than the antibonding
Calculated Structures, Relag Stabilities, and Bonding-he one. The LUMO of CHNO isomers. excent those2ofnd 4
equilibrium structures and relative stability of the CHNO exhi.biting 4 symmetry corresponds’to doSny degenevﬂté
Itfgerrrﬁfvgsggtai:etgil; T\I/Inegblg 2&&3%22??3;3? Tﬁ;‘ﬁghly type MOs delocalized on the entire nuclear skeleton. They are
- . . . constructed from the antibonding combination of p AOs of C,
Overall, our results are identical to those reported by Mebel et N, and O atoms. In isomer and 4, the analogousz*-type
al.’ and therefore, only t.he more significgnt poin_ts.of thg M’Os correspondlto LUM&1, while ,their LUMOs exhibiting
?:ttrﬁc'i[grr]essa(;f dctﬂle\l?jeshpedc;;etiso:]elsftel'?fatgxtieolLf?)?rsnoei?t\l/(\;i“ Vggh also a symmetry correspond to antibonding orbitals localized
Y mainly on the H atoms. The nature of the frontier molecular

?Stgﬁ’:?g Qlifglyn.w-:-tze tﬁguwgtr IZTO:;LUC;I;;Z eosf, tkg(camscljx oc\:llgi\ll ;?) orbitals_ of the CHNO isomers reveals that electrophilic attack
populations, relative stability, and dipole moments computed of the isomers would _be expected to occur at _the CN bon_ds,
at the B3LYP/6-311G(d,p) level of theory are summarized in where the HOMO has its higher component, while nucleophilic
Supporting Information (Figure S2). All CHNO isomers exhibit attah(_:khwould take placehat the H atoms, where the I.‘UMO lhas
planar geometry in theifA’ ground state. The computed 57'gz_egZZ%@P;qEJm:rgoy%gzMe%?gflrgya%zpf‘zgqg\?
structure of the cyclic oxazirene isomer corresponds to the for 5. The lower HOMO-LUMO energy gap o6 suggests that

formylnitrene open structure because the ® bond distance a triplet state could possibly be the ground state of formylnitrene
is too long (1.792 A). Attempts to locate the oxazirene structure . . )
g( ) s In effect, B3LYP/6-311G(d,p) calculations indicated that the

as a local minimum in the PES were unsuccessful because for, . | A of f i i 5

any starting geometry the stationary point converged to the triplet state tA") o formylnitrene, (structurdl§, rigure S2, .
formylnitrene structure. We have also found in the PES a local SUPPOrting Information) exhibiting an open-chain structure, is
minimum corresponding to the cyclic isomer oxaziridinylidene, a local minimum n the PES at 9.02 keal/mol lower in energy
15 (Figure S2, Supporting Information), which adopts a non- than the singlet state. It_ should be noted th_at the optimized
planar geometry with the N heteroatom being pyramidal (the structural parameters are in good agreement with those computed
OH-N—C—O dihedral angle is equal to 93)7 A planar earliet% at the MP2/6-31G(d) level as well as at the SCF and
oxaziridinylidene structurel6TS (Figure S2, Supporting In- ~ GVB levels™ Surpnsmg,Iy, according to G2, thg\” state Is
formation), corresponds to a transition state for the inversion 29 kcal/mol above théA’ state of fqrmylnltrené. However,
process of the pyramidal N heteroatom, the inversion barrier calculat|on§ Qf the energy separation of these two states at the
being equal to 17.95 kcal/mol. In general terms, the computed MOre sophisticated CASPT2/cc-pVTZ//CASSCF/cc-pVDZ and

structures of the CHNO isomers are in excellent agreement with QCISD(T)/cC-pVTZI/ICASSCF/ce-pVDZ levels placed the triplet
available theoretical datg10.30-34 below the singlet state by 3.5 and 0.7 kcal/mol, respectitfély.
The relative stability of CHNO isomers (Figure S2, Support- 1€ A" state is also the ground state of formylnitrene at the
i i i i ic acig SCF and GVB levet!
ing Information) with respect to the more stable isocyanic acid
computed at the B3LYP/6-311G(d,p) follows the trend predicted  Infrared Spectra.The predicted harmonic vibrational fre-
previously by Mebel et &l.at the same level of theory as well quencies of the CHNO isomers along with the assignment of
as by the more sophisticated G2 calculatighiglost important their normal vibrational modes are listed in Supporting In-
is the close agreement (generally within 3.6 kcal/mol) of the formation (Table S7). The experimental fundamentals of
B3LYP/6-311G(d,p) relative stabilities to the G2 ones, which isomersl—4 in the gas phase and in argon matri@&s® have
are 25.4, 70.1, and 83.8 kcal/mol for cyanic, fulminic, and also been included in Table S7. Despite the large number of
isofulminic acids, respectively. We have also calculated the papers devoted to the theoretical investigation of the global
relative stabilities at the CCSD(T)/6-3+#G(2d,p) level and potential energy surfaces of the CHNO isonfer®, only a
found the values of 24.21, 70.01, 82.12, 85.23, and 107.04 kcal/few®”3> deal with the calculation and assignment of their
mol for isomers2, 3, 4, 5, and 15, respectively. It can be seen  harmonic vibrational frequencies. In general terms, the computed
that the CCSD(T)/6-31t+G(2d,p) relative stabilities of CHNO  harmonic vibrational frequencies at the B3LYP/6-311G(d,p)
isomers, following the same trend, are in closer agreementlevel of theory are in good agreement with the experimental
(generally within 1.7 kcal/mol) to the G2 ones. fundamentals.
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For isocyanic acid, only five of the six fundamentals were TABLE 2: The GIAO/B3LYP/6-311 +(2df,2p)//B3LYP/
found in argon matrixes. Notice the excellent agreement of the ]?'31h1@éd|l|¥’)\}g?y N, 10, and *H Chemical Shifts (0, ppm)?
computed low-frequency normal modes to the experimental o' the Somers

ones, the deviation being less than 2%. For the high-frequency species Bc “N 0 H
normal modes assigned Qsy{NCO) andv(NH) stretching HNCO, 1 141.6 28.9 146.0 2.6
vibrations, the deviation is larger amounting to 4%%6. The HOCN, 2 119.8 183.9 37.1 3.6
same is also true for the low- and high-frequency vibrational :8“2,2 1:2;8-; iég-? ﬁgg %i
bands (-)f.cyan!c a,lCId' L . . formylﬁitrene,S 182.9 657.8 2145 10.5
Fulminic acid is of special interest because its bending oxaziridinylidene1l5 293.0 173.9 315.8 2.7

vibrational modes and particularly td¢HCN) band are strongly

i a fotiBelN, 17 H
dependent on the nature of the matrixes. In HCN md@xane The external reference standards used fof #B¢™™N, 'O, and

NMR spectra were the CHNHs, H,O, and TMS molecules, respec-

matrixes at 80 K, no vibrational bands were obsefVbelow tively.
500 cntl. On the other hand, Bondybay et®8have identified
bands at 243 cmt (in argon matrix) and 239 cmt (in neon Finally, for the oxaziridinylidene isomer, the expected six

matrix), but their intensities were not given and the IR spectrum fyndamentals have been identified. Th¢NH) stretching

is only shown to 400 cm'. Moreover, Maier et at.have  yipration is shifted to lower wavenumbers (198 Gjnwith
measured the spectrum of fulminic acid, isolated in an argon respect to the corresponding frequency of isocyanic acid. On
matrix at 10 K, with a resolution of 0.5 chand also found @ the other hand, the(CO) stretching vibration is shifted to higher
band at 243.6 Crﬁ', but this band was attributed to instrumental wavenaumbers (167 CT%D with respect to the Corresponding
artifact. Among the three bands observed below 600'cthe frequency of the formylnitrene isomer. The same is also true
broader one was assigned #{HCN). According to our  for the »(NO) stretching vibration, which is shifted by about
Ca'CUlationS, the band at 241.3 chis deflnltely aSSigned to 211 cnm! toward h|gher wavenumbers with respect to the
O(HCN). Itis important to note the excellent agreement of the corresponding band of the isofulminic isomer.

computeoB(HQN) to those found by _Bondyba_y et#lin argon _ NMR SpectraThe 13C, 5N, 170, andH chemical shifts ,
and neon matrixes and the band attributed to instrumental art|factppm) in the NMR spectra of CHNO isomers calculated at the

by Maier etaf? GIAO/B3LYP/6-311+G(2d,p)//B3LYP/6-311G(d,p) level of
For isofulminic acid, the agreement between calculated and theory are given in Table 2. The calculated absolute shielding
observed bands is only fair. The frequency of t@H) band  tensor elementso{ ppm) are summarized in Supporting

is 7.6% higher than the experimental one but close to the |nformation (Table S8). Notice that the computed NMR spectra
corresponding band in the IR spectra of substituted formoximes of CHNO isomers are predictions because there are no

(around 3600 cmt). Thev(NC) band occurs in isofulminic acid experimental data available so far.
178.1 cntt lower than in cyanic acid, indicating that the NC The fulminic acid has the lowé?C chemical shift$ = 24.7
bond acquires a double bond character. The compe(@) ppm), and oxaziridinylidene has the higher ode=t 293.0
frequency is only 0.8% higher than the experimental one. The ppm.). Obviously, the high shielding of the C atom in fulminic
largest discrepancies between theory and experiment are in theyqiq is the result of its bonding characteristics, being an sp-
¥(NO) and the bending vibrations. Thus, the computgdO) hybridized C atom triply bondedota N atom. This is
stretching vibration is 35.8% higher than the experimental one, ¢,,pstantiated upon comparing the compuf&@ichemical shift
but the theoretical frequency seems to be more reasonableys isofuiminic acid to that of HCN computed at various levels
because/(NO) stretching vibrations are expected to occur at of theory4 The high shielding of the C atom in fulminic acid
around 900 cm'. Notice that, in formoximé? it lies at 888 could be attributed to the high anisotropic shielding character-
cm* and in hydroxylamin® at 895 cmt. Compare also the  jzing the linearz systemg? In the framework of the analysis
v(N—O) stretching vibrational frequency of isofulminic acid to given by Poplé2 when the molecular axis is aligned parallel
the corr_esponding band of the hfaox conformers appearing inyg the applied magnetic field, there is only a diamagnetic
the region of 9261007 cn™. For the o’ and " 6(ONC) contribution, o9, to the magnetic shielding. For symmetry
vibrations, the computed frequencies are 39.6% and 19.2%ea50ns, the paramagnetic contributiof, to the magnetic
lower than the experimental ones. The large discrepancy shielding is zero. In that case, the shielding along the molecular
between calculated and observed bands suggests a more precisgis is much higher than that perpendicular to the axis, and
measurement of the IR spectrum of isofulminic acid in the gas therefore, the total isotropic shielding®®, is increased. This
phase. explanation was substantiated by the obserif&l and 15N

The assignment of the bands in formylnitrene was based onchemical shifts in a series of compounds determined experi-
the comparison of the computed frequencies of the singlet andmentally by solid state and liquid crystal NMR spectroséépy
triplet states. Thus, theg(CH) stretching vibration of the singlet  as well as by means of ab initio quantum chemical techniéfues.
state at 3181.8 cnt is shifted to lower wavenumbers in the  The small bending of the OCN moiety in cyanic acid accounts
triplet state as a result of the weakening of thekCbond. The for the deshielding of the C atom with respect to that of fulminic
variations of the/(CO) andv(CN) stretching vibrations between  acid. On the other hand, the high deshielding of the C atom in
the singlet and triplet states follow the variations of both the oxaziridinylidene is reflected on its bonding characteristics,
bond lengths and bond overlap populations of the respectivebeing an sp-hybridized C atom singly bondea ta N atom
bonds in the two states. The stretching vibrational frequency (compare the bond overlap population of the respective bonds).
of the CN bond decreases by 679.5dmvith respect to the Finally, isomersl, 4, and5 exhibit 3C chemical shifts in the
corresponding vibration of cyanic acid. This is not an unexpected range of 130.5182.9, being expected for a nearly 2sp
result because the CN bond in formylnitrene is close to a double hybridized C atom doubly bonded & N atom. It can be seen
bond while in cyanic acid it is close to a triple bond. THEO) that3C NMR spectroscopy can be used to distinguish fulminic
stretching vibration at 1331.8 crhis indicative of a carbonyl acid and formylnitrene, the two possible dehydration products
C=0 bond exhibiting a partially double bond character. of the most stableZ)-(scisstrans) hfaox conformer.
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The isocyanic acid has the low&IN chemical shift § =
28.9 ppm), and formylnitrene has the higher oe<{ 657.8
ppm). In the isomerg, 3, 4, and B, the >N chemical shifts
were found in the range of 173:216.8. 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 thé>N 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 computéd chemical shifts of
isomers2, 3, 4, and15.

The cyanic acid has the low&fO chemical shift § = 37.1
ppm), and oxaziridinylidene has the higher ode= 315.8
ppm.). Similar arguments could also explain the obseiéd
chemical shift of CHNO isomers. Generally, the terminal O atom
in a —NCO moiety shows a shielding effect with respect to
other carboxylic O atom® amounting to about 200 and 400
ppm with respect to amides and carbonyl compourds,
respectively, and a deshielding effect only toward the isoelec-
tronic CQ; molecule?® 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, the'H 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, the'H chemical shifts are dependent on the nature of
the atom with which it is bonded.

Heats of Dehydration Reactions of Hydroxyformaldoxime
ConformersThe heats of dehydration reactions:H) 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
(2)-(scisstrans) 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 thé&}-(s-transs-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 stat20TSwith an activation barrier of 68.18
kcal/mol at the B3LYP/6-311G(d,p) level (Figure 2). The
imaginary frequency at 1464i crh corresponds to vibration
mainly along the forming H-ON bond. Intrinsic reaction paths
were traced from th20TSstructure on either side of the saddle
point to make sure that no further intermediates exist. The
structure o20TSdiffers from that reported previousfbecause

it corresponds to a more synchronous mechanism. Thél O
bond-breaking and ©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
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TABLE 3: Heats of Reactions, AgH (kcal mol~1), for
Dehydration Reactions of Hydroxyformaldoxime Conformers
Computed at the B3LYP/6-311G(d,p) Level of Theory

Aglf(keal/mol)

Hydroxyformaldoxime conformer CHNO isomer

) ¢
51.34
A-ts-cis, s-trans, T formylnitrene, 5
— b-oe
46.86
isofulminic acid. 4
F — %—H -14.96
F-fs-cis, s-trans), 8 cyvanic acid, 2
h B \3‘.*. 40.10
A-(s-trans, s-transy, 9 tsofulminic acid, 4
ﬁ > }
3893
F=fy=trans, s-transi, 10 isofulminic acid, 4
h — —0-0-0 19.54
A-fx-trans, s-cis), 11 fulminic acid. 3
— %—"
38.67
isofulminic acid. 4
Q — %-0-. -20.53
F-f-cis, s-cix), 12 cvanic acid, 2
-n}) — > B—0--0 -26.16
E-fs-trans, s-cis), 14 cyanic acid. 2
= k—.‘
3247

isofulminic acid, 4

deformation of fulminic acid. In thé&-trans mode, the water
approaches the electrophilic carbon atom; this determines that
the product will have the&-configuration, as experimentally
observed in all analogous reactidlig he 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 G-O bond, thus leading to the hfaox conformer
with the @)-(s-trans) configuration. It should be noted that the
hfaox conformer formed is th&)-(s-transs-cis) conformer11,

in line with the previously reported resufs!® which further
isomerizes to the more stablg){(s-cis sirans) conformer via
13TS (Figure 2). A comparison of the net atomic charges and
bops of 20TS (Figure 2) to those ofll 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 iR0TS 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 producfil On the whole, the
B3LYP/6-311G(d,p) results confirm the previous predictié#d
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
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0.85 013
174.6 178.5

(HNCO)Cu', 21
AE =000 keal mol”
n=2.64D

(HOCN)Cu', 22
AE =11.56 keal mol”
u=164D

0.74 0.22
0201680 " 1754

(HONC)Cu™, 23
AE=61.83 keal mot”!
u=180D

(HCNO)OCu', 24 | (HCNOYCCu'™, 25
AE= nl.ﬁjo?l;c];] mol AE =71,26 keal mol”!
a=272

u=307D

H(7)-C(2)-N(3)-N4) = -110.6
O()-CR)}-NG)-OH = 7.7

(b)  H(5)-0()-C)NG3)= 86 (c)
H(5)-Ci(2)-O(1)-H(6) = 1404

H(7)-C(2)-0(1}-N(3) = 110.6
20 TS
Figure 2. Energetic (kcal/mol) and geometric profile of the nucleophilic 3%
addition of water to fulminic acid computed at the B3LYP/6-311G(d,p) (rm‘,lnjmm;&. 26 P .
A 3 : (oxaziridinylidene)Cu”, 27
level of theory (a); the structural parameters (bond lengths in A, bond

AE=72.12 keal mol™!

angles in deg) (b), and Mulliken net atomic charges and bond overlap p=145D

AE=92.26 keal morl!
populations (figures in italics) of transition sts28TS (c.)

u=320D
Figure 3. Equilibrium structures (bond lengths in A, bond angles in

) ) ) deg), relative stability (in kcal), and dipole moments of the"Cu
compares well with the previousfestimated value of-23.9 complexes of the CHNO isomers computed at the B3LYP/6-311G(d,p)
kcal/mol includingAE (MP4/6-31G(d,p) and ZPEs. level of theory.

Coordination of CHNO Isomers to Cu* lons. The interac- convergence criteria of the Gaussian progPaihe preference
tion of Cu" ions with the CHNO isomers was analyzed in the of both HNCO and HOCN isomers to be coordinated to the
framework of DFT theory. The equilibrium structures of the Cu" ion through the N donor atom is not an unexpected result
Cu* complexes of the CHNO isomers, along with the net atomic because their HOMO and HOM&€L, being the donor orbitals,
charges, bond overlap populations, relative stability, and dipole are primarily localized on the N atom. Interestingly, upon
moments computed at the B3LYP/6-311G(d,p) are summarized coordination of HNCO and HOCN to Cuions, there is a
in Figure 3. significant increase of the negative net atomic charge of the N

Calculated Structures, Relag Stabilities, and Bonding donor atoms as a result of the strong inductive effect of the
Perusal of Figure 3 shows that, with the only exception of the Cu" ions. This is also reflected in the increase of the positive
Cu' complex of isofulminic acid, the relative stability of the net atomic charge of the H atoms, thus exhibiting higher acidic
complexes follows that of the respective free ligands. In both character. The induced charge redistributions are mirrored on
the (HNCO)Cd, 21, and (HOCN)Cd, 22, complexes, the Cu the net atomic charges of all other atoms as well as on the bond
ions show a selective binding to the N donor atoms. Notice overlap populations and bond lengths. ThelCbonds directly
that the N donors atoms have the higher negative net atomicaffected by coordination are significantly activated, while
charge in both the HNCO and HOCN isomers. Attachment of concomitantly the N-O bonds are reinforced upon coordination
Cut ions to O donor atoms, being also negatively charged, in both complexes. Notice that the €N coordination bond is
seems to be impossible. All attempts to identify a stationary stronger in comple®2 than that in21 (compare the calculated
point in the PES corresponding to HNEQu* and HO(CW)CN bond lengths) in line with the computed interaction energies,

complexes failed, even starting with the computed geometry of being 65.31 and 48.23 kcal/mol, respectively. Surprisingly, the
the HNCO-Cu' complex at the same level of theory reported Cu—N bond overlap populations are in reverse order with
recently®® This may be due to higher convergence criteria used respect to the bond lengths and interaction energies, thus
in our calculations with respect to those normally used in the suggesting that the ionic component has a significant contribu-
Gaussian program suite. With these convergence criteria, thetion in the Cu-N bonding. In comple®2, the charge transferred
total electronic energy of the free Cion was found to be 2.17  to the Cu ion is only 0.09 charge unit, while i1, it is much

x 1074 hartree lower than that computed using the default higher amounting to 0.22 charge unit.
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Isofulminic acid prefers to coordinate with €iuon only
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stable CHNO isomers could be stabilized upon coordination with

through the terminal C donor atom, as expected from the naturea Cu’ ion.

of its HOMO and HOMG-1 donor orbitals, which are mainly
located on that atom. Attempts to identify a stationary point in
the PES corresponding to a HO(QNC complex with attach-
ment of the Cu ion at the O donor atom bearing the higher
negative net atomic charge failed. The -60 bond in the
HO(Cu")NC complex is predicted to be stronger than the-Gu
bonds in HN(Cd)CO and HOCNCHt complexes, the CuC
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 Cuion is only 0.06 charge unit. Moreover,
in contrast to HN(Cti)CO and HOCNCU complexes, the EN
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—0 bond, are only slightly reinforced upon coordination.
The bop value of 0.745 indicates that upon coordination of
isofulminic acid the G-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 €G—N moiety,

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 Cuion at the C donor atom of the
oxaziridinylidene ligand strengthens significantly both the@
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 thetGan amounts to
0.07 charge unit.

Infrared SpectraThe predicted harmonic vibrational frequen-
cies of the Cti 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

compatible with an sp-hybridized C atom. Moreover, the charge resulted from the association of the Cion with the CHNO

distribution in complexX23 reveals that the CaC bond exhibits
a higher covalent character than the-Nibond in complexes
21 and22.

isomers are in line with both the observed structural and charge
distribution changes introduced by the coordination.

Upon attachment of the Cuon at the N atom of isocyanic

Fuminic acid acts as an ambidentate ligand via either the C acid, thev(NH) frequency appears shifted 181 chio the red.

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 bidentateC,0 bonding of
HCNO ligand forming with Cti ion a four-member chelate ring
failed. The attachment of the Cuon 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 € and Cu--C inter-
actions are 45.78 and 45.13 kcal/mol, respectively. Attach-
ment of the Cd ion at the C or O donor atoms of the HCNO
ligand leads to significant charge redistributions. The bonds
directly affected by coordination, the-ND and C-N bonds in
HCNO—Cu* and HC(CU)NO complexes, respectively, are
significantly activated, while concomitantly the—@! and
N—O in the respective complexes are reinforced upon coor-
dination in both complexes. In both complexes, theHC

The same is also true for thi§HNC) frequency, which is red-
shifted by 420 cm?. The vasyn{NCO) is shifted 9 cm! to the
red, while thevs,(NCO) is blue-shifted by 29 cnt. A red
shift is also observed for thg(OH) frequency in the HOCN
Cu™ complex amounting to 75 cm, while both thev(CN) and
v(CO) are blue-shifted by 75 and 114 cthrespectively. Of
special importance is the strong red-shift of bothitfeH) and
vasyrlCNO) frequencies in the HC(G)NO positional isomer
by 489 and 160 cm, respectively. In the other positional
isomer, HCNG-Cu', the observed shifts of the bands are
smaller. Thus, the(CH) frequency is red-shifted by only 80
cm1, while thev,syn{CNO) andvsyn{ CNO) become separated
as purev(CN) andv(NO) vibrations at 2348 and 1212 ci
respectively. In the Cucomplex of isofulminic acid, the(OH)
frequency is red-shifted by 71 crh while thev(CN) frequency
is blue-shifted by 143 crii. Moreover, thes(NO) frequency is
also red-shifted by 115 cm. The coordination of Ctiion to

bonds are weakened upon coordination. The charge transferredhe bidentate formylnitrene ligand introduces a red shift in both

to the Cu ion is 0.13 and 0.08 charge unit in HCN@u*™
and HC(CU)NO complexes, respectively. Interestingly, in
HC(Cu")NO, the C donor atom acquires high negative net

the v(CN) andv(NO) vibrations by 159 and 36 cm, respec-
tively, while thed(ONC) vibration is blue-shifted by about 260
cm~L. Finally, the attachment of the Ction to the C atom of

atomic charge, and the same is also true for the O donor atomoxaziridinylidene results in a blue-shift a{CO) andv(CN)

in the HCNO-Cu' complex.

Formylnitrene is the only CHNO isomer forming with €u
ion a four-member chelate ring with the €N bond a little
stronger than the CuO one. The interaction energy was found
to be 67.86 kcal/mol. It is worth noting that in complgg a

vibrations by 113 and 192 crh, respectively, while the(NO)
vibration is red-shifted by about 53 crh

NMR SpectraThe13C, 15N, 170, H, and?®Cu chemical shifts
(6, ppm) in the NMR spectra of (CHNO)Cucomplexes
calculated at the GIAO B3LYP/6-3#1G(2df,2p) level of theory

charge transfer occurs toward both the O and N donor atomsusing the B3LYP/6-311G(d,p) optimized geometries are given

following two different pathways. The first pathway involves
the charge transfer from the Cion, which loses 0.15 charge

in Table 4. The calculated absolute isotropic shielding tensor
elements ¢, ppm) are summarized in Supporting Information

unit, and the second one involves the charge transfer from C(Table S10).

and H atoms to the donor atoms increasing the positive net

Generally, the association of Cion with the CHNO isomers

atomic charge of the C and H atoms by 0.12 and 0.09 chargehas, as expected, a deshielding effect on the coordinated donor

unit, respectively. Both the €N and C-O bonds directly
affected by coordination are significantly activated, while the
JO—C—N bond angle is opened by 18.60bviously, the
nonisolable formylnitrene isomer readily collapsing to the more

atom, while all other atoms are shielded. In comf®éxthe 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 comple22 shows a stronger deshielding effect
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TABLE 4: The GIAO/B3LYP/6-311 +(2df,2p)//B3LYP/
6-311G(d,p)13C, *N, 170, and 'H Chemical Shifts @, ppm)?2
for the Complexes of CHNO Isomers with Cu" lons

specied 3C 1N 0 H
(HNCO)Cu, 21 151.5 10.9 230.5 4.4
(HOCN)Cut, 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 3775 460.9 5.9
(formylnitrene)Cd, 26 684.2 231.0 180.7 11.7
(oxaziridinylidene)Cd, 27 247.0 231.0 319.2 6.6

2 The external reference standards used foti@eN, 'O, and'H
NMR spectra were the CHINH3, H.O, and TMS molecules, respec-
tively. ® The atoms in bold are the donor atoms in the complexes.
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Figure 4. Equilibrium structures (bond lengths in A, bond angles in
deg), relative stability (in kcal), and dipole moments of‘@omplexes

of the hfaox conformers computed at the B3LYP/6-311G(d,p) level of
theory.

by 74.8 ppm. The attachment of Cibn to the C donor atom
of isofulminic acid in23 deshields the donor atom by 31.9 ppm,

Pantazis et al.
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Figure 5. Equilibrium structures (bond lengths in A, bond angles in
deg), relative stability (in kcal), and dipole moments of @emplexes

of the hfaox conformers computed at the B3LYP/6-311G(d,p) level of
theory.

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 comple26 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 compl2%
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™ lons. The interaction of Ctiions with the hfaox conform-
ers was also analyzed in the framework of DFT theory. The
equilibrium structures of (hfaox)Cucomplexes 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-@8 Moreover, by
searching the conformational space of (hfaox)@omplexes,
a number of transition states were also located on the PES with

while the rest atoms of the complex are weakly shielded. their structures, relative stabilities, and dipole moments included
Coordination of the Ctiion to the O donor atom of fulminic  also in Figures 5 and 6. The hfaox ligands, disposing three donor
acid results in the deshielding of both the O donor and the atoms, could be coordinated to the ‘Cion according to the
neighboring N atoms by 52.2 and 23.5 ppm, respectively, while following bonding modes: (i) through the N donor atom, (ii)
the C and H atoms are shielded by 27.0 and 1.9 ppm, through the O donor atoms in a unidentate bonding mode, and
respectively. On the other hand, coordination of the' @ to (i) through the O donor atoms in a bidentate bonding mode.
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Figure 6. Equilibrium structures (bond lengths in A, bond angles in
deg), relative stability (in kcal), and dipole moments of @omplexes

of the hfaox conformers computed at the B3LYP/6-311G(d,p) level of
theory.

Perusal of Figures46 illustrates that the Cuions 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
Cut 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 o

J. Phys. Chem. A, Vol. 106, No. 7, 2002435

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

conformer complex interaction energy
(2)-(scisstrans) 7 7,NCu, 28 62.61
7, NOCu,37 44.75
7,COCu41 41.22
(2)-(stransstrans) 9 9, NCu, 30 68.14
9, NOCu,34 57.03
9, COCu,34 57.03
(2)-(stranss<is), 11 11 NCu,30 69.67
11, NOCu,35 56.15
11, COCu,34 58.46
(2)-(sciss<is), 13TS 13TS NCu,29 75.29
13TS NOCu,37 57.43
13TS COCu,41 53.90
(E)-(scisstrans),8 8, NCu
8, NOCu,36 47.97
8, COCu,44 40.98
(E)-(stranss-rans) 10 10 NCu,31 69.16
10, NOCu,31 69.16
10, COCu,31 69.16
(E)-(sciss<is), 12 12 NCu,33 64.80
12, NOCu,39TS 51.30
12, COCu,46 38.84
(E)-(stranss<is), 14 14 NCu,32 72.77
14, NOCu,40 56.32
14, NCu, 32 72.77

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

the OC donor atom of conformetl. The attachment of Cu

ion to the N donor atom of conforme®sand11 affords 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 conformerll. It is important to note that comple3d

is formed upon interaction of conforme0 with Cu* ion
following either the trajectory of the attachment of Cion to

the OC or theON donor atoms. In both cases, the formation of
complex31 proceeds through the transition std&TSwith an
activation barrier of 22.33 kcal/mol. On the other hand,

¢ following the trajectory involving the attachment of the Cu

hfaox ligands has been addressed to a frontier-orbital-controlledo" 0 the N donor atom of conform&, the expected complex

rather than to a charge-controlled mechanism because the

lis obtained. Attempts to locate a local minimum in the PES

donor atom has much lower negative net atomic charge than®f 8 NCu, failed because of convergence problems of the

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" @n

calculations. The association of Cion to the ON and OC
donor atoms o affords 36 and 44. The attachment of Cu
ion to the N donor atom of conformdr2 is 13.50 and 25.96

exhibit a higher component on the N donor atom. On the other kcal/mol more favorable than the attachment to the O donor
hand, the charge-controlled mechanism seems to be operatingitoms of the-NOH and—COH moieties, respectively. Finally,

in the bonding mode of the Cuon to the O donor atoms. As

he attachment of Cuion to the N donor atom of conformer

evidences common to all coordination modes, and they will be O donor atom of the-NOH moiety. Surprisingly, approaching

used as a starting point of the discussion.

The attachment of the Cuion 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 tidOH and—COH

the Cuf ion to the N orOC donor atoms of conformdr results
in the attachment of Cuion to the N donor atomi@, NCu,
32).

Attachment of the Ct ion to the N donor atom of hfaox

moieties, respectively. Interestingly, the same is also true for ligands leads to structural changes accompanied by significant

the attachment of the Cuon to the N donor atom of conformer
13TS, which results in the formation @9, being the optical
isomer of complex28, with the H atom of the-NOH moiety

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).
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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 Cuions computed at the B3LYP/6-311G(d,p) level of theory.

In the NCu bonding mode, the-€N bond is lengthened by  0.07), suggesting the formation of a €0H moiety weakly
about 0.02 A, while the NO bond (except in compleR3) is interacting with the rest of the hfaox molecule.
shortened by about 0.01 A. In compl&8, the N-O bond is Finally, in the COCu bonding mode, the—© bond is
lengthened by about 0.02 A. The adjacent@ bond is also  |engthened by about 0.6 A, while the-®! bond is shortened
reinforced upon coordination being shortened by about-0.03  py about 0.01 A. The more distantD bond is also shortened
0.05 A. The charge transferred to the ‘Cion is 0.14-0.18 by about 0.03-0.04 A. The charge transferred to the 'Con
charge unit. Interestingly, the N donor atom directly involved js 0.07-0.13 charge unit. The O donor atom directly involved
in the bonding acquires a significantly higher negative net atomic jn the bonding acquires a significantly higher negative net atomic
charge amounting to 0-20.3 charge unit with respect to the  charge amounting to about 0.20 charge unit with respect to the
free ligand. The two O atoms show a smaller increase of their free ligand. TheON and the N atoms show a smaller decrease
negative net atomic charge, while the C atom acquires a of their negative net atomic charge amounting to 6:0D9
significantly higher positive net atomic charge amounting to and 0.05-0.08, respectively, while the positive net atomic
0.1-0.2 charge unit. The bop reflects the corresponding charge of the C atom increases by 6-@207 charge unit.
structural changes. Oxidation of HCN to Hydroxyformaldoxime by Hydrogen
In the »*bonding mode34, the NOCu interaction is much  peroxide. The observed strong activation of the-® and G-O
stronger than the COCu one as is mirrored on both the@u  ponds induced by the coordination of hfaox ligands t6 @mn
bond distances and the bop values. The charge transferred tgrompts us to investigate further the mechanism of the respec-
the Cur ion is only 0.10 charge unit. The two O donor atoms tive reaction. Surprisingly, a search of possible reaction
acquire higher negative net atomic charges, by 0.18 and 0.07pathways revealed the formation of a mixed-ligand (hydro-

charge unit, respectively, while there is a small charge transfer cyanide)(hydrogen peroxide)copper(l) complex as the final
from both the C and N atoms toward the O donor atoms.

product. Therefore, we thought it would be advisable to
Considering the NOCu bonding mode, it can be seen that investigate the mechanism of the reverse reaction, namely, the
the N—O bond is significantly activated being lengthened by oxidation of HCN with hydrogen peroxide to yield hydroxy-
about 0.03-0.10 A, while the G-O bond is shortened by about  formaldoxime, and explore the role played by the*Gans.

0.03 A. The adjacent €N bond is lengthened by about 0:01 Notice that this is a novel reaction, which could be generally
0.02 A. The charge transferred to the *Cion is 0.1+0.13 used to convert organic nitriles to oximes under oxidation with
charge unit. The O donor atom directly involved in the bonding hydrogen peroxide. The energy profiles of the reactions are
acquires a significantly higher negative net atomic charge depicted schematically in Figure 7, while the most significant
amounting to 0.2:0.3 charge unit with respect to the free ligand. geometrical parameters of all of the stationary points located
The OC and the N atoms show a smaller decrease of their on the PES governing the reaction are shown in Figure 8. The

negative net atomic charge, while the positive net atomic chargenet atomic charges and bops along with additional structural
of the C atom increases by 0:68.10 charge unit. The bop

parameters computed at the B3LYP/ 6-311G(d,p) level are given
again reflects the corresponding structural changes. Notice thein Supporting Information (Figures S5 and S6). It can be seen
strong activation of the NO bond (bop values of only 0.63

that HCN could react with kD, to yield conformer7 through
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Figure 8. Equilibrium structures (bond lengths in A, bond angles in
deg) of possible species involved in the oxidation of organic nitriles
with hydrogen peroxide to form oximes in the presence of @mns
computed at the B3LYP/6-311G(d,p) level of theory.

a product-like transition statel8TS, mirrored on both their
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process AgH = —11.81 kcal/mol), while transformation &b

is slightly endothermicAgrH = 2.84 kcal/mol). On the other
hand,51bis transformed t®3, being also a local minimum in
the PES, through the same transition s&2&S, with a lower
activation barrier of 37.74 kcal/mol. In complé&8, the Cu

ion is coordinated to an OH group and the remaining HCNOH
moiety via anz?C,N bonding mode. The intermediats
evolves to yield31, through the transition stat4 TS with an
activation barrier of 19.48 kcal/mol. The transformation58f

to 31is predicted to be an exothermic reactidk = —50.12
kcal/mol). It is obvious that Cuions have no catalytic effect
on the oxidation of HCN to hydroxyformaldoxime by,©h,

but their role is restricted to the stabilization of the intermediates
and products formed.

Dehydration Reactions of Hydroxyformaldoxime Con-
formers Catalyzed by Cu" lons. A thorough inspection of the
structures of the Cu(hfack)complexes given in Figures—-6
illustrates that in some of them, namely, comple28s29, 30,

35, 36, and41, there exist favorable intramolecular interactions
leading to elimination and concomitant coordination of a water
molecule to the Cti ion affording the Cu(CHNO)(Ob™*
complexes. Upon the basis of the geometry of the Cu(hfaox)
complexes, one would expect the most possible complexes
formed to be Cu(HCNO)(Ok*, 58, and Cu(formylnitrene)-
(OHy)™, 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(formylnitren€) complexes

to form 58 and 59, 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(formylnitren€) complexes, being 53.26
and 54.97 kcal/mol, respectively, suggests the formation of a
relatively weak Cu-OH, 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 thé 6o
amounts to 0.11 and 0.05 for compleX&and59, respectively.

The transformation o087 to 58 (Figure 9a) proceeds via a

structural and electronic parameters. The bop value of 0.001reactant-like transition staté5TS, with a negligible activation

for the O--O separation in48TS indicates weak bonding
interactions as compared to the antibonding ones (bop =
—0.013). The imaginary frequency at 203i chrorresponds

to movements of H(4) and H(7) along tleaxis to reach the
planarity of 7. The oxidation of HCN by HO, to yield con-
former7 is almost thermoneutraAgH = —1.11 kcal/mol) and
has to surmount an energy barrier of 34.38 kcal/mol. In the
presence of Clions, the first step involves the formation of
the mixed-ligand (hydrocyanide)(hydrogen peroxide)copper(l)
complex, 49, found at 108.00 kcal/mol lower in energy than
the reactants. Complefdis transformed t&lathrough50TS
with an activation barrier of 20.12 kcal/mol. The transformation
of 49 to 51a corresponds to an endothermic procesSgH =
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
51acorresponding to an isomeric (hydrocyanide)(dihydroxy)-
copper(l) 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 HG--OH interaction (bop= —0.008), as is the
case inbla Complex5lais subsequently transformed28 or

35 via 52TSwith an activation barrier of 49.38 kcal/mol. The
transformation of5la to 28 corresponds to an exothermic

barrier of only 4.31 kcal/mol and corresponds to an exothermic
process AgH = —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 ba28 and

41 (Figure 9a) was predicted to be a one-step process proceeding
through56 TS and57TS, 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 yieldir& and41 are 8.78 and
16.16 kcal/mol, respectively, much lower than the uncatalyzed
reaction (Figure 2). Both transition stateé8TS and57TS are
product-like with respect to the water addition reactions. In
56TS the water molecule approaching the C atom2dfis
symmetrical with respect to the plane defined by the O(1), C(2),
N(3), and O(4) atoms. The-€0 bond is lengthened by 0.18
A, and the N-O bond is shortened by 0.14 A B6TS with
respect td28. Moreover, 0.18 charge unit are transferred from
the nitrogen mainly toward the electrophilic carbon atom. The
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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.

imaginary frequency o66TS at 385i cnt! corresponds to
movements of the H atoms of the water molecule onxye
plane but in opposite directions. BYTS, the C-O bond is
strongly lengthened by 0.88 A and the-H® bond is shortened
by 0.09 A with respect td1. On the other hand, the-N bond

is shortened by 0.09 A, 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).

9b). The first step involves the insertion of the “Cion into

the N—OH bond of28 to afford the intermediat€é0 through
the transition stat€1TS, where the Ctiion is coordinated to
both the N and O atoms of the-NOH moiety. The computed
activation barrier is 18.96 kcal/mol. The imaginary frequency
of 61TSat 146i cnT! 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

Moreover, 0.17 charge unit is transferred via a cyclic pathway concomitant transfer of 0.08 charge unit from the N to the C

from the oxygen atom of the HONmoiety mainly toward the

atom in61TSwith respect t®28. The second step involves the

other oxygen atom, which acquires a higher negative net atomictransformation of the intermedia&9 to 59 via the transition

charge by 0.27 charge unit with respect4t. Part of this
electron density comes also from the coordinated i, which
loses 0.12 charge unit with respect 41. The imaginary
frequency ob67TSat 363i cn! corresponds to vibration mainly
along the breaking €0 bond.

Finally, it was found that the alternative pathway of the
dehydration o0f28 to yield 59 proceeds in two steps (Figure

state62TSwith a relatively low activation barrier of 5.07 kcal/
mol. The imaginary frequency @2TS at 604i cnt! corre-
sponds to movements of the H atoms of the water molecule
along thex coordinate leading t69 or 60. It should be noted
that62TSexhibits a cyclic structure involving a strong hydrogen
bond (bop values of the two -€H bonds being equal to 0.20
and 0.16, respectively). Considering now the reverse transfor-
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deg) of the stationary points located at the B3LYP/6-311G(d,p) level
on the PES governing the dehydration of hfaox in the presence bf Cu
ions.

mations59 — 60 and60— 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 Cuions catalyze the nucleophilic addition
of water to nitrile oxides to form hydroxyformaldoxime
conformers. Finally, it is worth noting that the water molecule
in both complexe$8 and59 is coordinated in a trans position
with respect to the O donor atom of the coordinated fulminic
and formylnitrene ligands (the ©Cu—OH, 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), 6-3#1G(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 Zhést
ciss+rans) configuration, while the highest ener@)-(s-transs-

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 6-3t1+G(2d,p) basis set. From
a methodological point of view, our results confirm the reliability

J. Phys. Chem. A, Vol. 106, No. 7, 2002439

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 Cuions 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 Cuiions 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 Cd ions show a preference for coordination with the
N donor atoms. It was also found that Cions 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(l) 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'Cons, Tables
S1 and S2 showing optimized structural parameters of hfaox
conformers at selected levels of theory, Table S3 showing the
relative energiesAE (kcal/mol), of the hfaox conformers at the
selected levels of theory, Tables S4, S5, S7, and S9 showing
the harmonic vibrational frequencies (cHh and assign-
ments of the bands of hfaox conformers, their dehydration
CHNO isomeric products, and their complexes withGens,
and Tables S6, S8, and S10 showing the GIAO/B3LYP/6-
311+G(2df,2p)/IB3LYP/6-311G(d,p)}3C, N, 7O, and H
shielding tensor elements,(ppm). This material is available
free of charge via the Internet at http://pubs.acs.org.
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