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Photochemistry of Formaldoxime—Nitrous Acid Complexes in an Argon Matrix:
Identification of Formaldoxime Nitrite
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We have studied the structure and photochemistry of the formaldoxime—nitrous acid system
(CH,NOH—HONO) by help of FTIR matrix isolation spectroscopy and ab initio methods. The MP2/6-
311++G(2d,2p) calculations show stability of six isomeric CH,NOH+++-HONO complexes. The FTIR spectra
evidence formation of two hydrogen bonded complexes in an argon matrix whose structures are determined
by comparison of the experimental spectra with the calculated ones for the six stable complexes. In the matrix
there is present the most stable cyclic complex with two O—H-*++N bonds; a strong bond is formed between
the OH group of HONO and the N atom of CH,NOH and the weaker one between the OH group of CH,NOH
and the N atom of HONO. In the other complex present in the matrix the OH group of formaldoxime is
attached to the OH group of HONO forming an O—H-*++O bond. The irradiation of the CH,NOH++-HONO
complexes with the filtered output of the mercury lamp (4 > 345 nm) leads to the formation of formaldoxime
nitrite, CH,NONO, and its two isomeric complexes with water. The main product is the CH,NONO-++H,0
complex in which water is hydrogen bonded to the N atom of the C=N group. The identity of the photoproducts
is confirmed by both FTIR spectroscopy and MP2 or QCISD(full) calculations with the 6-3114++G(2d,2p)
basis set. The intermediate in this reaction is iminoxyl radical that is formed by abstraction of hydrogen atom

from formaldoxime OH group by an OH radical originating from HONO photolysis.

Introduction

The oxidation of oximes with nitrous acid in solutions is a
long known procedure for the recovery of aldehydes and ketones
from the parent oximes.'? Although the mechanism of the
reaction was studied very extensively prior to the 1990s>* its
stoichiometry is still not well-defined and the nature of
intermediates is only partly understood. The recent, growing
interest in regeneration of carbonyl compounds from stable and
readily prepared oximes>® is due to increasing synthetic
importance of this method for carbonyls production. It is
desirable to develop a method that is environmentally benign
and can be applied to a wide range of aldoximes and ketoximes
with high selectivity and easy product isolation. In this respect,
the photochemical production of carbonyl compounds from
oximes has also been explored.® It was reported recently that
singlet oxygen generated by photosensitization reacts with
aldoximes and ketoximes to produce their corresponding car-
bonyl compounds.® Reasonably good yields of carbonyl com-
pounds from the oximes were obtained through the use of a
photosensitized electron-transfer reaction.’

Oximes are usually smoothly degraded to ketones by nitrous
acid in the presence of mineral acid. However, when the site of
the oxime is sterically hindered, nitrogen containing compounds
may be isolated.>* The structures of these compounds, that are
intermediates in the oxidation reaction of oximes, and the
mechanisms of their formation have been the subject of long,
vigorous discussion without universal agreement being reached.
One of the postulated reaction intermediates at that time was
oxime nitrite, >C=N—O—N=0; however, according to our
knowledge, no oxime nitrite has been characterized so far.
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The reaction of oximes with nitrous acid is usually conducted
in the presence of an excess of mineral acid. Kliegman and
Barnes? studied the reaction of butyraldoxime with nitrous acid
in the presence of excess and without excess of mineral acid.
On the basis of the products distribution the authors concluded
that the mechanism of the reaction is different in the two cases.
In the presence of mineral acid a rapid reaction takes place to
give the nitrosonium ion, and it is NO' which is an oxidizing
agent:

H' + HNO, < H,NO,"
H,NO," < H,0 + NO*

On the other hand, when there is no excess acid present, it is
nitrous acid which is reacting with butyraldoxime to give the
iminoxyl radical, NO and water.

RCH=NOH + HNO, — RCH=NO + NO + H,0

The iminoxyl radical, RCH=NO, was also proposed as an
intermediate product of the reaction of oximes with such
oxidizing agents as ceric ion, palladium(IV) acetate, lead
tetraacetate and NO,.> It has been suggested recently that
iminoxyl radical is an intermediate in deprotection of oximes
to their corresponding carbonyl compounds through the use of
photosensitized electron-transfer reactions.’

In this paper we report the study of the photoinduced reaction
between the simplest oxime, which is formaldoxime, and nitrous
acid in solid argon. The photoproducts of the reaction are water
and formaldoxime nitrite that is identified for the first time. The
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formation of formaldoxime nitrite evidence that iminoxyl radical
is an intermediate in this reaction.

Experimental and Computational Methods

Infrared Matrix Isolation Studies. Formaldoxime and HONO
were obtained in the same way as previously described.'®!3
Crystalline ammonium nitrite (NH4;NO,) was used as a source
of gaseous HONO, and ND4NO, was used as a source of
DONO. Formaldoxime, CH,NOH, was generated from form-
aldoxime trimer hydrochloride salt (Aldrich, >98%). HONO,
CH,NOH and Ar were deposited simultaneously onto a gold-
plated copper mirror held at 17 K by a closed cycle helium
refrigerator (Air Products, Displex 202A). No exact matrix ratio
could be determined, but the concentration of the CH,NOH/
HONO/Ar mixture was varied by changing the flow rate of
argon gas and the temperatures of the solids. After the infrared
spectra of the initial deposit had been recorded, the sample was
subjected to the filtered radiation of a 200 W medium pressure
mercury lamp (Phillipps CS200W2). A 10 cm water filter served
to reduce the amount of infrared radiation reaching the matrix;
a glass long-wavelength pass filter (Zeiss WG345) was applied
to cut off the radiation with 4 < 345 nm. The spectra were
registered after 10, 30, 60, and 120 min of matrix irradiation.
After the irradiation process was completed, the samples were
annealed to 30 K for 15 min and recooled to 11 K, and the
spectra of annealed matrices were recorded. The infrared spectra
(resolution 0.5 cm™!) were recorded in a reflection mode with
a Bruker 113v FTIR spectrometer using a MCT detector cooled
by liquid No.

Computational Methods. Optimization of all the structures
as well as calculation of harmonic vibrational spectra were
performed with the Gaussian03 suite of programs.'* All-electron
MP2/6-311++G(2d,2p) calculations'>!® were done to optimize
the structures and to calculate the energies and harmonic
frequencies of all considered species. The QCISD(full)/6-
311++4G(2d,2p) method'”'® was used to optimize the structure
of formaldoxime nitrite and its complexes as well as to calculate
its harmonic spectrum. Interaction energies were corrected by
the Boys—Bernardi full counterpoise procedure.' The calculated
frequencies were used to account for the zero-point vibrational
energy contribution.

Results and Discussion

Formaldoxime—Nitrous Acid Complexes. The ab initio
calculations show six true minima on the potential energy
surface of the CH,NOH—trans-HONO system, and the corre-
sponding structures are depicted in Figure 1. The interaction
energies of the six complexes are also presented in Figure 1.
The global minimum corresponds to a planar, hydrogen-bonded
complex, Iyg, in which the OH group of nitrous acid is attached
to the nitrogen atom of formaldoxime forming a strong
O—H-++N bond. The calculated parameters suggest an additional
weak O—H-+++N bond in this complex between the OH group
of formaldoxime and the nitrogen atom of the acid. The lack
of the weak O—H-++*N bond in the IIyr complex leads to a
decrease of the interaction energy by ca. 5 kJ mol~! (from 27.54
kJ mol™! to 22.45 kJ mol™!) in this complex as compared to
the Iyr one. The other four isomeric structures are nonplanar.
In the complexes Illyr and IVyr that exhibit similar stability
(17.18 and 16.81 kJ mol™!, respectively), the O—H-++O
hydrogen bonds between the OH group of HONO and the oxygen
atom of formaldoxime are formed, however the elec-
trostatic forces probably play an important role in the stabiliza-
tion of these two complexes. In the complex Vg the OH group
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Figure 1. The structures of the CH,NOH—HONO system optimized
at the MP2/6-311++G(2d, 2p) level. In the parentheses the interaction
energies (E?(ZPE) are given (kJ mol™").

of formaldoxime serves as a proton donor toward the oxygen
atom of nitrous acid OH group forming relatively strong
O—H-+++0 bond. The Vyr complex is ca. 3 kJ mol~! less stable
than the Il and IV ones and is ca. 8.5 kJ mol™! more stable
than the less stable non-hydrogen bonded complex VlIgg. In
Table 1 the selected parameters describing the Iyr and Vyg
complexes (that are present in the studied matrices as discussed
below) are collected; the structural parameters of all optimized
structures and their harmonic frequencies are collected in Tables
1 and 2 in the Supporting Information.

The selected regions of the infrared spectra of the argon
matrices doped with formaldoxime and nitrous acid are shown
in Figures 2 and 3. A set of new bands appear in the spectra of
CH,NOH/HONO/Ar matrix that are not observed in earlier
reported spectra of CH,NOH /Ar and HONO/Ar matrices.'!!?
The bands can be separated into two groups taking as a criterion
their behavior during matrix irradiation. The intensities of the
bands belonging to the group I (see Figure 3A) decrease more
quickly when the matrix is subjected to filtered (4 > 345 nm)
or unfiltered radiation of Hg lamp than those belonging to the
Is group (see Figure 2). The Iz bands disappear after ca. 30
min whereas the I, bands are still visible even after 2 h of matrix
irradiation. The counterparts of the I, and Iy bands observed in
CH,NOH/HONOY/Ar experiments were identified in the spectra
of CH,NOH/DONO/Ar matrices.

The frequencies of all bands assigned to groups I, and I in
HONO and DONO experiments are collected, respectively, in
Tables 2 and 3. Four I, bands appear in the regions of the
v(OH), 0(NOH), v(NO) and 7(OH) frans-HONO vibrations
(Table 2). The other identified I, bands occur in the proximity
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TABLE 1: Selected Parameters Describing the CH,NOH

and HONO Monomers (M) and the Iy, Vg Structures of
the CH,NOH—trans-HONO Complex (Labeling Refers to

Figure 1)*

parameter M Tur Vur
r Ci—H, 1.077 1.077 1.077
r Ci—Hj 1.083 1.082 1.083
r Ci—Ny 1.278 1.277 1.279
r Ny—Os 1.409 1.394 1.400
r Os—He 0.961 0.969 0.968
r O7—Ng 1.178 1.193 1.162
r Ng—Oqg 1.439 1.382 1.509
r Oy—Hjo 0.967 0.989 0.968
R Hg++*Ng 2.126
RH]()"'N4 ]816
RHG".OQ 1.938
0 C;—N,;—Os 110.5 112.3 111.2
0 Ny—Os—Hg 102.2 102.4 101.7
0 O;—N3g—0y 110.9 112.8 110.4
0 Ns—O9—Hjo 101.4 100.8 100.8
0 Os—He—Ng 146.3
0 Os—Hg—0y 159.9
0 Og—H;p—N,4 159.9
@ N4705*H67N3 0.0
@ Ng*Og*H]()*N4 0.0
@ N47057H6709 1.7

“ Distances are in A and angles in deg.
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Figure 2. (A) The spectra of the CH,NOH/HONO/Ar matrix in the
v(OH) region and (B) the spectra of the CH,NOH/DONO/Ar matrix
in the ¥(OD) region; (a) the spectra recorded after matrix deposition
and (b) the spectra recorded after the matrix was subjected to 4 > 345
nm radiation for 120 min. The bands due to the CH,NOH++--HONO
complexes are marked by I, and those due to the photoproducts by
IFNW and HFNW~
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Figure 3. The spectra of the CH,NOH/HONO/Ar matrix in the
1750—1680 cm™! region (A) and in the 980—720 cm™' region (B); (a)
the spectra recorded after matrix deposition and (b) the spectra recorded
after the matrix was subjected to 4 > 345 nm radiation for 120 min.
The band due to the CH,NOH -+ HONO complex is marked by Iy and
the bands due to photoproducts by Ign, Ipnw and Hpnw.

of the formaldoxime monomer bands. Among five identified Iy
absorptions two occur in the regions of the ¥(N=0) and 6(NOH)
trans-HONO vibrations, and the other three in the vicinity of
the formaldoxime vibrations (Table 3). The two groups of bands,
Ix and Ig, are assigned with confidence to two types of the
CH,NOH:***trans-HONO complexes. No band could be as-
signed to the complexes formed by the cis-HONO isomer. The
lack of observation of the complexes of cis-HONO isomer is
due to its small concentration in the matrix.'? In earlier reported
spectra of HONO complexes with various bases, only one or
two of the most intense bands of bonded cis-HONO were
identified.!>%

The I, bands due to the perturbed trans-HONO vibrations
have frequencies close to those observed for the trans-HONO
complex with ammonia.'? The characteristic feature of the two
complexes, CH,NOH *«+ trans-HONO and NH;++* trans-HONO,
is very strong perturbation of the NOH group vibrations. The
OH stretch is ca. 750, 820 cm™! red-shifted and the NOH bend
is ca. 158, 180 cm™! blue-shifted, respectively, in the complexes
with formaldoxime and ammonia. This indicates that in the
formaldoxime complex, as in the ammonia one, the trans-HONO
molecule acts as a proton donor toward the nitrogen atom of
CH,NOH forming a very strong O—H-+++N hydrogen bond. As
discussed earlier, the calculations indicate that the two most
stable structures, Iyr and g, are stabilized by the O—H-+*N
bond between the OH group of HONO and the N atom of
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TABLE 2: The Observed (I,) and MP2/6-311++G(2d,2p) Calculated (M) Frequencies (cm ') and Frequency Shifts (Av =
Veomp — Vmon) for the CH,NOH, HONO and DONO Monomers (M) and Their Iyr and IIyy Complexes

CH,NOH +*+trans-HONO

CH,NOH +* trans-DONO

exptl caled exptl caled
M Ia M Inur I M Ia M Iyr
approx deSCTiPtiOH Vexp Vexp Avexp Veale A'ch\lc Av(za\lc Vexp Vexp Avexp Veale A'Vcalc
CH,NOH
v(OH) 3620.7 3513.2 —107 3861 —145 —12 3620.7 3513.4 —107 3861 —146
v(C=N) 1636.6 1666.9 +20 1667 +20 +3 1636.6 1666.7 +30 1667 +19
O0(CHy) 1408.3 1440.6 +34 1468 +35 +8 1408.3 1437.2 +29 1468 +33
1443.7
O(NOH) 1314.2 1358.8 +44 1348 +53 +12 1314.2 1357.5 +43 1348 +54
1357.1
o(CHy) 953.1 970.1 +18 974 +12 +26 953.1 972.8 +20 974 +11
972.9
Y(N—0) 886.4 909.9 +27 914 +32 +29 886.4 914 +32
880.2 880.2
7(NOH) 400 402 +184 —31 400 402 +178
trans-HONO trans-DONO
v(OH)/v(OD) 3572.1 2823.3 =747 3789 —456 —234 2635.0 2306.2 —333 2759 —327
3568.1 2638.1 2301.4
v(N=0) 1689.1 1644 0 —10 1682.6 1633 —46
1688.0 1681.6
O(NOH)/6(NOD) 1265.8 1423.8 +159 1291 +179 +128 1013.9 1013.1 +100 1022 +128
1263.9 1011.4
v(N—0) 800.4 871.4 +73 794 +132 +94 748.9 872.2 +126 741 +160
796.6 744.3
0(ONO) 608.7 583 +120 +107 602.4 576 +111
601.5
7(OH)/t(OD) 549.4 844.3 +323 582 +373 +251 440 +261
548.2

TABLE 3: The Observed (Iz) and MP2/6-311++G(2d,2p) Calculated (Vyr) Frequencies (cm™!) and Frequency Shifts (Av =
Veomp — Vmon) for the CH,NOH, HONO and DONO Monomers (M) and Their Complexes

CH,NOH -+-trans-HONO

CH,NOH ++*trans-DONO

exptl calcd exptl calcd
M Is M Ve M Is M Ve
approxim description Vexp Vexp Aveyp Veale AVeie Vexp Vexp Aveyy Veale AVeae
CH,NOH
v(OH) 3620.7 3861 —144 3620.7 3861 —145
(C=N) 1636.6 1667 +3 1636.6 1667 +3
O(CH,) 1408.3 1468 +26 1408.3 1468 +26
O(NOH) 1314.2 1345.7 +32 1348 +43 1314.2 1348 +43
w(CH,) 953.1 974 =5 953.1 974 —4
(N—0) 886.4 901.2 +18 914 +16 886.4 901.9 +19 914 +16
880.2 880.2
7(NOH) 400.0 647.0 +247 402 +295 400.0 +286
402.0
trans-HONO trans-DONO
v(OH)/v(OD) 3572.1 3789 -9 2635.0 2759 =7
3568.1 2638.1
(N=0) 1689.1 1707.8 +19 1644 +55 1682.6 1708.6 +26 1633 +62
1688.0 1681.6 1707.5
O(NOH)/6(NOD) 1265.8 1231.5 =35 1291 —58 1013.9 970.2 —43 1022 —49
1263.9 1227.9 1011.4
(N—0) 800.4 794 =72 748.9 741 —82
796.6 744.3
0(ONO) 608.7 583 —165 602.4 576 —159
601.5
7(OH)/t(OD) 549.4 582 —56 440 —32
548.2

CH,NOH. In addition, in the Iyr complex the second much
weaker O—H-++N bond is formed between the O—H group of
CH,NOH and the nitrogen atom of HONO. The second
interaction is reflected in much stronger perturbation of the NOH
group vibrations of formaldoxime in the Iyr complex than in

the IIyr one. In Table 2 the observed frequency shifts of the I
bands with respect to the corresponding bands of CH,NOH and
trans-HONO monomers (AVex, = Veom — Vmon) are compared
with the calculated shifts for the Iyr and IIyr complexes. As
one can see there is good agreement between the observed
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frequency shifts and the calculated ones for the Iyr complex.
This fact indicates that the I, bands correspond to the
CH,NOH «+trans-HONO complex of structure Iy.

The most informative on the structure of the CH,NOH + - trans-
HONO complex, characterized by the Iy group of bands, are
the two absorptions at 1707.8 cm™! and at 1231.5, 1227.9 cm™!
corresponding to the perturbed ¥(N=0) and 6(NOH) vibrations
of trans-HONO. The N=O stretch is shifted toward higher
frequencies and the NOH bend toward lower ones with respect
to the corresponding trans-HONO vibrations. The earlier studies
of HONO complexes with HCl and HF showed that such
perturbation of HONO vibrations is characteristic for the
structures in which the oxygen atom of HONO serves as a
proton acceptor for a proton donor.” Among the optimized
CH,NOH +*trans-HONO structures the Vyg is the only one in
which OH of trans-HONO acts as a proton acceptor for the
OH group of formaldoxime. In Table 3 the experimental
frequency shifts of the identified vibrations are compared with
those calculated for the Vyp structure. There is reasonable
agreement between the observed and calculated frequency shifts
for both the identified CH,NOH and HONO vibrations. In
particular, the observed perturbations of the three identified NOH
group vibrations of formaldoxime show very good agreement
with the calculated shifts. So, we may assign with confidence
the Iy group of bands to the Vyr structure.

The fact that in matrices there is present the most stable
complex Iyr and one of the complexes corresponding to local
minima, namely Vg, indicates that the formation of the
complexes is controlled not only by thermodynamics but also
by the kinetics. The formation of the particular structure may
be controlled by the initial orientation of the two interacting
molecules. Once the structure corresponding to one of the local
minima is formed, it may be stabilized in the matrix if the energy
barrier corresponding to its conversion to another local structure
or to the global minimum is larger than the system energy.

Photochemistry of the CH,NOH::trans-HONO Com-
plexes. Identification of the Photoproducts. The CH,NOH/
HONO(DONO)/Ar matrices were subjected to A > 345 nm
irradiation and to the full output of the mercury lamp. The
photochemistry of HONO in argon and nitrogen matrices has
been reported earlier.>!>> Nitrous acid trapped in solid argon or
nitrogen and subjected to 4 > 345 nm radiation photodissociates
into OH and NO radicals. The secondary reactions lead to the
formation of NO,, N,O3 and H,O products. The concentration
of the secondary reactions products increases with an increase
of HONO concentration in the matrix.

When the CH,NOH/HONO/Ar matrix is subjected to 4 > 345
nm radiation, the I, and Iz bands of the CH,NOH:--trans-
HONO complexes gradually diminish, and, in addition, the
bands due to HONO monomers also slightly diminish. In the
spectra recorded after photolysis, the bands characteristic for
the primary and secondary HONO photolysis products appear
and, additionally, a set of new bands is observed characteristic
for the products of the photochemical reactions that undergo
the CH,NOH ++*trans-HONO complexes. All the main photo-
products discussed in this paper are formed when the matrix is
subjected to A > 345 nm irradiation. The irradiation with the
full output of the Hg lamp just helped us to assign the new
bands to different photoreaction products. The new bands are
separated into three groups, marked by Igy, Irnw and pnw, on
the basis of their behavior in all performed experiments. The
bands belonging to particular group, Ign, Ienw or Ilgnw, have
the same relative intensities in all performed experiments. The
relative intensities of the Igy, Ipnw and Ilpnw bands vary slightly
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in experiments with 4 > 345 nm radiation. Moreover, the relative
intensities of the Igy, IIpnw bands increase with respect to the
Ipnw Ones in experiments in which the matrix is irradiated with
the full output of Hg lamp. However, in all performed
experiments the Ipyw bands are much more intense than the
bands of the other two groups, Igy and Ilgyw. The frequencies
of the bands assigned to the three groups are presented in Table
4. The corresponding bands of the Ign, Ipnw and Ilpnw groups
were also observed in the experiments with CH,NOH/DONO/
Ar matrices and their frequencies are also collected in Table 4.
In Figures 2 and 3 curves (b) present the spectra of the
CH,NOH/HONO/Ar and CH,NOH/DONO/Ar matrices re-
corded after photolysis.

As one can see in Table 4 all three groups, Ign, Ipnw and
IIgnw, involve three bands that appear in the same frequency
regions. The two strongest bands occur in the 1720—1697 cm™!
and 744—736 cm™! regions, respectively, and the weaker one
in the 993—958 cm™! region for all three groups. This fact
suggests that the three groups correspond to one species possibly
perturbed by the interaction with another molecule (or mol-
ecules) present in the matrix. Moreover, each group contains a
band that appears in the region of the water stretching vibration
suggesting that water may be also a photoreaction product. One
has to remember, however, that water may be a secondary
product of HONO photodissociation, as it is formed in
recombination reaction of OH radicals. Two facts evidence that
water is a photochemistry product of the CH,NOH:*-*trans-
HONO complex. First, the bands appearing in the region of
the water stretching vibrations and belonging to Ienw, mww
groups are quite strongly perturbed and they do not appear in
the spectra of photolyzed HONO/Ar matrix. Second, in the
experiment with DONO the bands due to HDO vibrations are
identified. The deposited nitrous acid was deuterated in ca. 90%,
so, one may expect that HDO is formed in reaction of OD
radicals with CH,NOH.

As discussed in the Introduction, Kliegmann and Barnes®
suggested that the reaction between oxime and nitrous acid in
solution may lead to the formation of iminoxyl radical, NO,
and H,O when is performed under certain conditions. One can
expect that in the matrix environment iminoxyl radical reacts
with NO trapped in the same cage leading to the formation of
formaldoxime nitrite. The two molecules, formaldoxime nitrite
and water, being trapped in the same cage may interact with
each other forming a complex.

Formaldoxime Nitrite and Its Complexes with Water. No
oxime nitrite molecule has been identified so far, so, we
optimized the structure of formaldoxime nitrite (FN) and its
two most stable hydrogen bonded complexes in which water is
attached to the nitrogen or to the bridge oxygen atom of
formaldoxime nitrite (FNW1 and FNW2). The optimized
structures of the most stable formaldoxime nitrite isomer and
its complexes with water are shown in Figure 4.

Although the MP2 results obtained for formaldoxime nitrite
and its complexes with water seemed reasonable, we encoun-
tered a singlet—triplet instability of the reference Hartree—Fock
wave function indicating that the molecule may share some
diradical character. Nontrivial electronic state is probably a result
of unusual net of NONO bonds and is also reflected in relatively
long Os—Nj distance.

As it is difficult to assess how this effect burdens the MP2
results, we compared them with the ones obtained with a much
more elaborate method, namely quadratic configuration interac-
tion'” with single and double substitutions. Not only does this
method work relatively well for more complicated electronic
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TABLE 4: The Observed and Calculated Frequencies (cm™!) for Formaldoxime Nitrite (Iry) and Its Complexes with H,O and

HDO (Iexw, Hpnw)*

exptl caled”
Ien Iew enw FN¢ FN¢ FNW1° FNW2¢
approx description Vexp I Vexp I Vexp 1 Veale 1 Veale 1 Veale 1 Veale 1
CH,NONO
Vas(CH) 3267 2 3288 1 3290 1 3286 1
vs(CH) 3142 4 3152 4 3154 4 3152 5
v(N=0) 1697.5 3 1720.1 16 1704.4 2 1763 232 1705 252 1726 291 1713 286
Y(C=N) 1625.9 2 1702 50 1635 53 1638 54 1638 53
O0(CH,) 1360.4 0.1 1363.7 0.1 1459 6 1441 8 1445 8 1456 4
p(CHy) 1233 0 1209 0 1221 1 1219 0
w(CHy) 958.5 0.1 977.4 2 992.1 0.2 1021 32 982 37 996 36 1010 36
v(NO) 1006 9 958 15 966 17 948 18
o(NO) 805 0 802 1 809 1 813 1
v(NO) 740.7 22 743.2 100 736.8 17 814 511 728 451 733 428 721 431
O0(CNO) 627 3 592 3 594 10 599 2
H,O
Vas(OH) 3733 3707.2 5 3719.0 0.4 3986 74 3945 117 3953 135
vs(OH) 3638 3865 10 3741 297 3811 98
O(HOH) 1660 66 1679 22 1661 15
HDO
v(OH) 3688 3691.5 3928 46 3930 47 3924 50
v(OD) 2709 2623.0 2851 21 2731 193 2791 97
O(HOD) 1398 1455 57 1446 29 1442 30

“The relative observed intensities and calculated intensities (km mol™') are also presented. ” FN, FNW1, FNW2: formaldoxime nitrite
monomer (FN) and its two complexes with water (FNW1, FNW2).  The relative intensities were measured with respect to the most intense
v(NO) band. ¢ Calculated by the help of the QCISD(full)/6-3114++G(2d,2p) method. ¢ Calculated by the help of the MP2/6-311++G(2d,2p)

method.
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Figure 4. Two structures of the complex between the most stable
formaldoxime nitrite isomer and water optimized at the QCISD(full)/
6-3114++G(2d, 2p) level.

structures, but it also provides a tool to estimate reliability of
single-reference correlation approach in such cases.'® Q1
diagnostic, which is an analogous to T1 diagnostic for the
coupled cluster method, up to 0.02 is considered to be the
criterion for the adequacy of single-reference treatment.

The QCISD method showed stability of three conformers for
formaldoxime nitrite, and they are presented in Figure 2 in the
Supporting Information. Their selected structural parameters and
calculated harmonic frequencies are presented in Tables 3 and
4 in the Supporting Information. The most stable formaldoxime
nitrite conformer is calculated to have 6.09, 21.84 kJ mol™!
lower energy, respectively, than the other two conformers. The
comparison of the calculated spectra with the observed ones
evidenced that the most stable conformer, shown in Figure 2 in
the Supporting Information, is formed in the matrix, and in
further discussion we refer to this conformer only.

In Table 5 the geometrical parameters for formaldoxime
nitrite calculated using QCISD are compared with those obtained
by MP2. As one can see the QCISD parameters are very close
to the values from MP2 calculations. The largest difference, as
might be expected, is in the case of the Os;—Ng bond length.

TABLE 5: Selected Parameters Describing the
Formaldoxime Nitrite, FN, and Its Complexes with Water,
FNW1 and FNW2 (Labeling Refers to Figure 4)

MP2? QCISD
parameter FN/H,O FN/H,O FNW1 FNW2
r C,—H, 1.078 1.078 1.078 1.079
r C;—Hj 1.083 1.083 1.082 1.082
r Ci—Ny 1.279 1.271 1.271 1.272
r N4—Os 1.400 1.404 1.400 1.413
r Os—Ng 1.531 1.458 1.459 1.452
r Ng—Oy 1.161 1.164 1.164 1.166
r Og—Hg 0.958 0.956 0.961 0.958
r Og—Hjo 0.958 0.956 0.955 0.955
R N4"'H8 2.062
R Os"'Hg 2.202
R Og"'H3 2.360
6 C,—N4—0Os 110.5 110.1 110.9 109.9
6 Ny—O5—Ng 104.5 105.9 105.8 106.2
6 Os—Ng—0O; 109.7 109.5 109.5 109.4
6 Ns—C,—H, 115.7 116.1 115.8 115.3
6 Ny—C,—H; 122.9 123.0 122.7 123.6
6 H,—C,—H; 121.4 120.8 121.5 121.1
6 Hs—0y—Hj, 104.8 104.6 105.3 105.5
6 N4_Hg_09 1493
@ C;—N4—05—Ng 180.0 180.0 179.7 179.9
@ N4—05—Ng—05 —180.0 —180.0 179.9 179.9
@ H,—C,—N4—Os —180.0 —180.0 —-179.6  —179.9
@ H3_C1_N4_05 0.0 0.0 0.1 0.0
@ 05_N4_H3_09 168.9
@ N4_O5_H8_09 2.2

“ Distances are in A and angles in deg. ” In calculations by MP2
and QCISD methods the 6-311++G(2d,2p) basis set was applied.

The distance in formaldoxime nitrite calculated on the MP2 level
is 1.531 A, whereas the QCISD method provides a value a bit
shorter, namely 1.458 A. IR spectra calculated using both
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methods (Table 4) are qualitatively the same and quantitatively
similar. Again, the largest difference is in the case of ¥(NgOs),
which is 728 cm™! (MP2) and 814 cm™! (QCISD). Q1 diagnostic
for this molecule reaches the acceptable value 0.0204, which
indicates that the QCISD method provided reliable results and
static correlation is not critical. Geometrical parameters for
complexes formed by formaldoxime nitrite and water molecule
calculated using QCISD (Table 5) and the MP2 method (Table
5 in the Supporting Information) are almost the same apart from
the Os—N, bond length, which is about 0.073 A longer at the
MP2 level. All these results let us assume that the MP2 method
can also be used to interpret experimental IR spectra of the
complexes. Therefore, in Table 4 for the complexes the IR
spectra calculated using only the MP2 method are presented.
More precise results need, however, advanced treatment.

In Table 4 the observed frequencies belonging to the gy, Ienw
and IIgyw groups are compared with the calculated harmonic
frequencies for formaldoxime nitrite and its two complexes with
water.

As one may notice, the distinctive feature of the calculated
formaldoxime nitrite spectrum is the large intensity of the
Y(N=0) and v(N—O) stretching vibrations. The absorptions due
to the N=0 and N—O stretches are predicted to be ca. 5 times
and 9 times more intense than the absorption due to the C=N
stretching vibration which is the third one with respect to
intensity. This is in accord with the experimental spectra
observed for the photoproducts characterized by the Ign, Tenw
and Ilgyw groups of bands. The Ipnw bands at 1720.1, 743.2
cm™! appearing in the N=0 and N—O stretching regions are
much more intense than the 1625.9 cm™! absorption identified
for the v(C=N) vibration. The absorptions belonging to the other
two groups, Igy and IIpnw, are much weaker but exhibit similar
characteristics. Such a spectral characteristic with two bands
dominating the spectra is also observed for methyl and propyl
nitrites, CH;ONO? and C3;H;ONO.?* The comparison of the
experimental frequencies of the Ipy, Ilpnw and HIpnw sets of
bands with the frequencies calculated for formaldoxime nitrite
and its two complexes with water, FNW1 and FNW2, allows
us to identify the reaction photoproducts unambiguously. The
most intense among the three groups, Ignw bands belong to
the more stable FNW1 formaldoxime nitrite complex with
water. In turn, the Igy bands are due to the formaldoxime
nitrite monomer and the Ilgyw ones to the FNW2 complex.
Such assignment of the Igy, Ipnw and IIgnw bands is in accord
with the observed and calculated frequency values of the
y(N=0) and v(N—O) stretching vibrations of the three
species. The observed frequencies similarly to the calculated
ones are increasing in the order ¥(N=0)N < y(N=0)IF\W <
v(N=0)"™W and v(N—O)™"WV < »(N—0)™ < p(N—O)F\W,
From the two identified perturbed water frequencies, the v(OH)
corresponding to the stronger FNW1 complex is more perturbed
than the ¥(OH) of the slightly weaker FNW2 complex, as expected.
The concentration of the FNW1 complex is much larger than the
concentration of the less stable FNW2 complex and the formal-
doxime nitrite monomer, FN, as indicated by the relative intensities
of the »(N=0) bands corresponding to the three species.

Reaction Mechanism. As it is well-known the photodisso-
ciation of nitrous acid with radiation 4 > 345 nm leads to the

formation of OH and NO radicals with quantum yield close to
1:»

HONO — OH + NO

The formaldoxime molecule is not affected by this radiation, so
the observed products are formed in the reaction of the OH and
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NO radicals with formaldoxime. The reactive OH radical may
abstract a hydrogen atom from formaldoxime to produce iminoxyl
radical and water molecule:

OH + CH,NOH — CH,NO + H,0

The formation of HDO in the photochemical reaction of CH,NOH
with DONO evidences that the OD radical abstracts the hydrogen
atom from CH,NOH. The iminoxyl radical thus produced can now
react further with NO trapped in the same cage to give formal-
doxime nitrite:

CH,NO + NO — CH,NONO

The two molecules, CH,NONO and H,O, being trapped in the
same cage interact with each other and form complexes.

CH,NONO + H,0 — CH,NONO- - -H,0

The available literature data and the final products identified in
the studied reaction do support the above postulated mechanism
of the hydrogen atom abstraction from the OH group of the
formaldoxime molecule and not from the CH, one. As stated in
the Introduction Kliegman and Barnes® postulated such a mecha-
nism for the reaction between oximes and HONO in solutions.
Preliminary mechanistic studies of deprotection of oximes to their
corresponding carbonyl compounds through the use of electron-
transfer reaction also suggest the involvement of an iminoxyl radical
as an intermediate.” The formation of formaldoxime nitrite in the
present study evidences that the reaction of CH,NOH with OH
goes via abstraction of H from OH group of CH,NOH. The
abstraction of hydrogen from the CH, group produces the CHNOH
radical that is expected to form CH(NO)NOH and not CH,NONO
in reaction with NO. Moreover, our calculations reveal that
formation of iminoxyl radical is much more thermodynamically
favorable. Two possible isomers of CHNOH are 73.62 and 87.55
kJ mol™! less stable than iminoxyl radical.

As reported recently, the OH radical may abstract the
hydrogen atom from the OH group of carboxylic acids and
alcohols.”®?” The theoretical studies of the reaction between OH
radical and formic acid indicated that the main reaction path
occurs via abstraction of the hydrogen atom from the OH group
and not from the CH one.?® The reaction of OH with methanol
may also occur via hydrogen abstraction from the OH group.?’

The infrared spectrum of iminoxyl radical isolated in an argon
matrix has been reported.?® The radical was obtained through
transfer of CH, from ketene to NO by photoexcitation of
reactants in solid argon. We observed no absorption due to the
CH,NO radical in the studied spectra. This can be explained
by a very low concentration (if any) of the radical due to its
rapid reaction with NO that is its nearest neighbor enclosed in
the same cage.

Conclusions

The FTIR matrix isolation and MP2/6-311++G(2d,2p) study
of the complexes between formaldoxime and nitrous acid
indicate that two types of complexes are present in the matrix.
The cyclic complex corresponding to a global minimum on PES
is stabilized by two O—H-++N bonds: a strong one between
the OH group of HONO and the nitrogen atom of CH,NOH
and a weak one between OH of formaldoxime and the nitrogen
atom of HONO. In the other complex present in the matrix the
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OH group of formaldoxime acts as a proton donor toward the
OH group of HONO. The products of the photochemical
reactions induced by the irradiation (A > 345 nm) of the
complexes are formaldoxime nitrite and water. The two
molecules being trapped in one cage form two types of
complexes with water attached to the nitrogen or bridge oxygen
atoms. The intermediate in this reaction is iminoxyl radical that
is formed in the abstraction reaction of hydrogen atom from
OH group of formaldoxime by OH radical. The iminoxyl radical
reacts readily with NO to form formaldoxime nitrite which is
identified for the first time. The MP2 and QCISD(full) calcula-
tions with the 6-311++G(2d,2p) basis set confirm the identities
of the reaction photoproducts.
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