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The photochemistry of salicylaldoxime in solid argon has
been investigated by FTIR spectroscopy and DFT calcula-
tions. The salicylaldoxime molecule trapped in the matrix
from the vapor above the solid sample has the most stable
synl conformation with an intramolecular hydrogen bond. Ir-
radiation (4 > 320 nm) leads to conversion of the syn! con-
former into the syn3 one, in which the C(H)NOH and (C)OH
groups are rotated around the C-C and C-O bonds, respec-
tively, and the intramolecular hydrogen bond is broken. The
photochemistry of syn3 involves three possible routes:
(i) conversion of syn3 into anti2 conformer, this process re-
quires rearrangement of the NOH group with respect to the

C=N bond; (ii) photodissociation of salicylaldoxime into 2-cy-
anophenol and water, which form a hydrogen-bonded com-
plex; and (iii) regeneration of the syn! conformer. The third
route is a very small contribution to the overall process. The
study performed with [D,]salicylaldoxime indicates that the
dehydration reaction of salicylaldoxime involves cleavage of
the N-O bond and formation of OH and Ph(OH)C(H)N radi-
cals in the first step. Then, the OH radical abstracts a hydro-
gen atom from the CH group to form 2-cyanophenol and
water molecules. When the sample is exposed to the full out-
put of the mercury lamp the 2-cyanophenol complex with
water becomes the dominating product.

Introduction

Oximes constitute an important and very interesting
class of organic compounds owing to their ambifunctional
nucleophilic properties. They have found wide application
in synthetic organic chemistry!'! mainly as protecting
groups for carbonyl compounds. Many oximes are used as
agricultural chemicalsi?! and in pharmacology as antidotes
for organophosphorous poisoning.?-¢ They are also con-
sidered to be potential source of NO in living organisms.[”-®!

The photochemical reactions of oximes have received
considerable attention.[®'4 The three most important reac-
tions resulting in excitation of the C=N bond are isomeriza-
tion, rearrangement, and hydrolysis. Photoinduced syn—anti
(or anti-syn) isomerization reactions in oximes are among
the first photoreactions ever described. The photoisomer-
ization reactions of aromatic oximes have been studied by
several groups;!!] the infrared spectra of syn and anti iso-
mers of benzaldoxime in solid argon and nitrogen have been
recently reported.!'# Irradiation of oximes may also induce
the photo-Beckmann rearrangement reaction that results in
the formation of amides or carbonyl compounds.!®

Haley and Yates investigated thoroughly the photochem-
istry of aromatic oximes subjected to radiation at 1 = 254
and 300 nm.['”-18] They found that both aromatic aldoximes
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and ketoximes undergo photohydrolysis through their low-
est singlet state (with relatively low quantum yield), yielding
the corresponding carbonyl compound.

Some syn—anti isomerization was also observed and was
suggested to occur from the lowest triplet excited state.['”]
The photochemistry of o-hydroxy-substituted aromatic ox-
imes in aqueous solutions exposed to 350, 300, and 254 nm
radiation has also been reported.'82°! The major result of
photolysis of salicylaldoxime was cyclization to give benz-
oxazole; however, photohydrolysis producing salicylalde-
hyde was found to be competitive with cyclization, espe-
cially in acidified solutions.'® In irradiated aqueous base
solution of salicylaldoxime some amount of 2-cyanophenol
and a trace amount of salicylaldehyde were identified in
addition to the cyclization photoproduct benzoxazole.!'*]

Haley and Yates!!®! suggested the mechanism of the cycli-
zation reaction of salicylaldoxime. On the basis of the fluo-
rescence emission and excitation spectra of salicylaldoxime
the authors put forward a hypothesis on the existence of
two major ground-state conformers of the molecule, one
having an intramolecular hydrogen bond and the other be-
ing hydrogen bonded to the solvent. The population of the
two conformers was dependent on the solvent; in water and
in solvents capable of strong hydrogen bonding, the confor-
mation with an intermolecular hydrogen bond was stabi-
lized, whereas in nonpolar solvents like pentane and cyclo-
hexane the conformer with an intramolecular hydrogen
bond was also populated. The cyclization reaction was be-
lieved to occur by two different mechanisms, arising from
the inter- and intramolecularly hydrogen-bonded conform-
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ers, respectively. One mechanism was proposed to involve
cyclization via the phenolate ion, whereas the other one was
believed to involve intramolecular proton transfer to give
a zwitterionic intermediate. The conformational studies of
salicylaldoxime in [Dg]DMSO have been performed by help
of 13C NMR spectroscopy.[*!-??l In an earlier report®!l the
authors claimed that there is a mixture of the “free” and
“intramolecularly hydrogen-bonded” forms of salicylaldox-
ime in [Dg]DMSO, whereas the more recent study??! re-
sulted in the presence of the latter conformer only.

There has been recently a renewed interest in the chemis-
try of salicylaldoxime and its derivativest?> 71 owing to
their application in synthetic chemistry, among others in the
synthesis of benzoxazole.?’] There are still many questions
concerning the photochemical behavior of salicylaldoxime
and up to now the infrared spectra of its conformers have
not been characterized. We performed the study of the pho-
tochemistry of salicyladoxime by help of the matrix isola-
tion technique coupled with infrared spectroscopy. Matrix
isolation has proved to be an extremely powerful technique
in conformational studies®® and in the identification of re-
action intermediates.’!

Results and Discussion

Photochemistry of Salicylaldoxime

Figure 1 presents various spectral regions of the argon
matrix doped with salicylaldoxime. The spectra were re-
corded directly after matrix deposition and after its irradia-

Absorbance

2200

3630 3600 2250

3660
c Wavenumber/icm™
044 |
i
0,34
A d
3 A2
/
3 0,2
s c
2
<
) //\JJ\VZ\\__,; b
0,0 a
1220 1210 1200 1190 1180 1170

Wavenumber/cm™

tion with 2 > 320 nm followed by irradiation with the full
output of the mercury lamp. As one can see, the bands ob-
served in the spectra recorded directly after matrix deposi-
tion (Figure 1, marked S1) strongly diminish during irradia-
tion, whereas new bands start to appear. These new features
can be divided into three groups (Figure 1, marked S3, A2,
and C) on the basis of their response to exposure of the
matrix to the mercury lamp radiation. Absorptions in a
particular group exhibited a constant relative intensity
through a single experiment and between different experi-
ments and may, therefore, be associated with the same spe-
cies. In Figure 2 time evolution of salicylaldoxime (S1) and
photoproducts (S3, A2, and C) in a salicylaldoxime/argon
matrix after its exposure to 4 > 320 nm radiation is pre-
sented. During the first 10 min of matrix irradiation, pho-
toproduct S3 is formed at the expense of salicylaldoxime
S1, and the yield of photoproducts A2 and C is very small.
During the next 70 min, the concentration of S3 decreases,
whereas the concentrations of A2 and C increase. When the
matrix is photolyzed with the full output of the mercury
lamp photoproduct C grows at the expense of S3 and A2.
A very small amount of S1 is present in the matrix even
after a long irradiation time.

In Table I the frequencies of the most intense absorp-
tions characteristic for salicylaldoxime S1 and for pho-
toproducts S3 and A2 are collected; the full sets of fre-
quencies identified for S1, S3, and A2 are presented in the
Supporting Information (Tables S2-S4). Many bands char-
acteristic for S1, S3, and A2 appear at very close fre-
quencies, which suggests that they correspond to three dif-
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Figure 1. The 3660-2200, 1640-1440, 1220970, and 970-780 cm ™! regions in the spectra of salicylaldoxime/Ar matrix recorded directly
after matrix deposition (a), after its irradiation for 2 and 90 min with 4 > 320 nm (b and c, respectively) followed by irradiation with full
output of a mercury lamp for 25 min (d). Bands labeled “w” are due to water contamination.
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Figure 2. Time evolution of photoproducts S3, A2, and C and de-
posited salicylaldoxime sample S1 after photolysis of salicylaldox-
ime/Ar matrix at 11 K with the filtered mercury lamp radiation 4
> 320 nm. Integrated intensities of the absorptions at 788.6, 814.2,
and 840.1 cm™! were used for salicylaldoxime conformers S1, S3,
and A2, respectively, and integrated intensity of the absorption at
1215.0 cm™! was used for photoproduct C.

ferent conformers of the salicylaldoxime molecule. The as-
signment of the three sets of frequencies to the particular
conformer will be discussed further. The most characteristic
bands of product C appeared in the regions of the OH
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(3716.6, 3620.4, 3584.4cm™') and C=N stretching vi-
brations (2228.8, 2226.0 cm™'). The 3716.6 and 3620.4 cm™!
frequencies suggest that water is the photoreaction product.
The dehydration of salicylaldoxime may lead to the forma-
tion of 2-cyanophenol, which was postulated to be a minor
photolysis product in irradiated hexane and aqueous base
solution of salicylaldoxime.['”] The comparison of the fre-
quencies characteristic for C with the reported infrared
spectra of 2-cyanophenol?%31 confirms, indeed, formation
of the latter molecule in the studied photoreaction. The
water and 2-cyanophenol molecules are both proton donors
and acceptors, so, being trapped in the same matrix cage
after salicylaldoxime is photodissociated, they may form a
hydrogen-bonded complex. On the basis of the experimen-
tal data, product C was tentatively identified as the 2-cya-
nophenol-H,O hydrogen bonded complex. The performed
calculations for the 2-cyanophenol-H,0O complexes support
this conclusion. In Table 2 the experimental frequencies
identified for product C are compared with the calculated
frequencies for the 2-cyanophenol-H,O complex and with
the reported experimental frequencies for 2-cyanophe-
nol.3%31 DFT/B3LYP/6-311++G(2d,2p) calculations re-
sulted in a number of stable structures for the 2-cyanophe-
nol-H,O complexes. The seven most stable structures of the
2-cyanophenol-H,O complex (in three structures the cya-

Table 1. Comparison of the observed and calculated frequencies (cm™') for the three salicylaldoxime conformers (synl, syn3, and anti2)
identified in argon matrices. The DFT/B3LYP/6-311++G(2d,2p) calculated anharmonic frequencies are presented, the intensities
(kmmol ") correspond to their harmonic counterparts. The approximate assignment is given on the basis of the calculated PED.[!

S1, synl S3, syn3 A2, anti2
Vabsd. J Vealed,  deated. | Vobsd. 1 Vealed,  Leated, Vobsd. 1 Veaied.  laiea. | APproximate Assignment
3624.1 'S 3659 146 3647.0 S 3664 65 3640.1 w 3637 66 vOH
3258 - Vs 3185 258 3627.9 'S 3664 149 3625.6 ' 3634 142 vOHyg, vVOH
3195
1630.9 w 1638 21 1633.0 w 1647 11 1644 7 VCN+3(NCH+CCH)
1503.1 VW 1498 15 SCCHiingtvCCring
1493.7 s 1494 40 S8CCH;ingt6COH
1475.6 w 1470 51 VCCiingt6CCHiingtvCO
1461.4 S 1459 65 1459.3 s 1461 54 SCCHiingtVCCring
1417.5 VW 1460 12 SNOH+8COH+3(NCH+NCC)
1404.8 s 1415 28 S(NCH+NCC)+3NOH
1301.1 w 1302 39 VCCiingtOCCHying
1396.5 VW 1394 59 3COH+3CCH;in +3(NOH)
1329 m | 1329 49 VCCiingSCOH+8CCHing
1377 13 S(NCH+NCC)+3NOH
1318.0 VW 1313 14 1302.4 m 1302 15 VCCiingt6CCHring
1273.3 Vs 1280 62 1272.2 s 1280 93 1325.0 m 1325 86 SNOH+8(NCH+NCC)
1269.8
1320.0 w 1333 48 SCCHyiingtvCCiingt6COH
1266.8 S 1273 121 VCO+SNOH+8CCCring
1248.6 s 1240 66 1250.1 m 1235 98 vCO+VCCiing+3(NCH+NCC)
1197.3 m 1203 43 1216.5 VW 1209 28 1193.5 w 1188 36 VCC(N)+vCCiingtd(NCH+NCC)
1169.8 m 1174 55 1190.5 w 1183 84 S8COH+3CCHying
1094.9 m 1096 57 1090.1 w 1096 31 VCCiingt0CCHring
977.3 s 974 153 950.3 m 956 207 919.2 w 908 171 VNO+3(NCH+NCC)
900.6 m 898 54 883.1 VW 878 38 SCCCiingtO(NCH+NCC)
788.6 w 790 15 814.2 w 817 37 840.1 VW 837 58 VCCiingtVCO+SCCCring
753.2 s 757 48 751.5 s 765 60 753.0 s 767 64 YCCH;ingtYCCCO+TCCCCring
686.9 VW 679 109 1COH
650.9 m 657 36 631.3 w 640 24 SCCCiingtO(NCC+NCH+CCH)

[a] PEDs for synl, syn3, and anti2 isomers are presented in Tables S2-S4 (Supporting Information). [b] Relative experimental intensities:
vs — very strong, s — strong, m — medium, w — weak, vw — very weak.
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Table 2. Comparison of the observed and calculated frequencies (cm™!) for the 2-cyanophenol-H,O and 2-[D;]cyanophenol-HDO com-
plexes identified in argon matrices. The DFT/B3LYP/6-311++G(2d,2p) calculated harmonic and anharmonic frequencies are presented;
the intensities (kmmol ') correspond to the harmonic frequencies. The approximate assignment is given on the basis of the calculated

potential energy distribution (PED).[

2-Cyano- 2-Cyanophenol-H,O 2-[DJeyanophenol-HDO Approximate description
phenol% Experimental Calculated Experimental Calculated
Vobsd. 1[ ol Vharm 1 Vanharm Vobsd. 1 Vharm 1
3716.6 s 3903 109 3708 3685.6, 3696.8 m 3878 47 vOH (H,0)/vOH (HDO)
3620.4 w 3786 49 3605 2648.1 w 2770 58 vOH (H,0)/vOD (-DO)
3586 3584.4 s 3778 71 3577 2599.2, 2585.4 m 2750 49 vOH/NOD
2223 2228.8, VS. 2298 94 2268 2228.7, 2226.0 w 2298 94 vC=N + vC-C(N)
2226.0
1603 1620.0 m 1652 36 1608 1614.7 VW 1646 55 VCCiing + 0CCH iy + 0CCChing
1597.2 Vs 1644 108 1584 1399.3 s 1432 67 8H,0/6HDO
1590 1581.8 m 1611 43 1555 1581.8 VW 1606 27 VCCiing + 0CCHiipg
1506 1494.6 s 1520 73 1482 1494.8, 1492.7 vs 1519 75 O0CCHyipg + VCCiing
1468.4 w 1498 31 1462 1460.5 s 1491 40 O0CCHyipg + VCCiing
1368 1340.7 w 1377 23 1340 O0CCHyjpg + VCCiipg + 0COH
1275 1307.0 m 1331 26 1301 VCCiipe + VCO + 0CCHyipg
1246 1262.2 w 1277 29 1248 1259.5,1253.0 w 1274 64 VCCiipe + VCO + 0CCHyipg
1215 1215.0 Vs 1243 132 1204 6COH + 0CCHy4pg + VC-C(N)
1182 1182.5 m 1201 29 1176 O0CCH,ipg + VCCiiye + 0COH
1160 1150.1 m 1180 35 1164 1178.6 VW 1183 10 0CCH;ing + VCCiing
1154.3
1104 1115.7 w 1138 25 0CCChipg + VCCiing + 0CCH,ipg
1034 1034 w 1052 10 1035 1055 3 VCCiing + 0CCHiipg
936.5 vs 960 87 0COD + dCCChipe
847 847.8 w 860 11 844 847 1 O0CCCyipng
767 762.2, 765.3 s 776 63 769 762.0 s 776 67 yCCH
732 724.0 VW 748 0 762 748 0 TCCCCiyg

[a] PEDs for the 2-cyanophenol-H,O and 2-cyanophenol-HDO complexes are presented in Tables M9, M10. [b] Relative experimental
intensities; vs — very strong, s — strong, m — medium, w — weak, vw — very weak.

nophenol has the s-cis conformation and in the other four
the s-trans one), their corresponding interaction energies,
and their calculated vibrational frequencies are presented in
the Supporting Information (Figure S4; Tables S11 and
S12). There are small differences between the frequencies
calculated for the optimized sets of structures; most infor-
mation concerning the structure of the complexes is pro-
vided by the three OH stretching vibrations. The relatively
low value of the frequency identified for the (C)OH stretch-
ing vibration of 2-cyanophenol (3584.4 cm™!) indicates that
the s-cis 2-cyanophenol isomer is present in the matrix with
a weak intramolecular hydrogen bond. From the three opti-
mized structures of the s-cis 2-cyanophenol complex the
one in which the (C)OH group serves as a proton donor
toward water molecule can be safely rejected as the (C)OH
stretching frequency in this complex is expected to have
much lower value (3222 cm™!) than the identified frequency
(3584.4 cm™) of the complex present in the matrix. The two
identified water stretching vibrations (3716.6, 3584.4 cm™!)
indicate that water serves as a proton donor in the complex.
Unfortunately, the obtained experimental set of frequencies
does not allow us to conclude whether water is attached to
the C=N group or to the oxygen atom of the (C)OH group;
the two structures that are presented in Figure 3 are charac-
terized by very similar sets of frequencies. In Table 2 the
frequencies identified for product C are compared with
those calculated for the complex in which water serves as a
proton donor toward the C=N group of salicylaldoxime.
5304
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In the Supporting Information (Table S8), the selected
structural parameters for the two complexes are presented
and their calculated frequencies are collected (Tables S9 and
S10).

Figure 3. The structures of the 2-cyanophenol-H,O complexes that
are possibly formed after photodissociation of salicylaldoxime. The
structures were optimized by DFT/B3LYP/6-311++G(2d,2p) calcu-
lations.

No absorptions characteristic for benzoxazole? were
identified in the spectra of the irradiated matrices; benzo-
xazole was reported to be the major photolysis product of
salicylaldoxime in aqueous solutions.['®]

Photochemistry of [D,]Salicylaldoxime

In the spectra of the irradiated matrices doped with [D,]-
salicylaldoxime the counterparts of the four sets of bands,

Eur. J. Org. Chem. 2010, 5301-5309
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S1, S3, A2, and C, observed in the spectra of the hydroge-
nated samples were identified. As already mentioned, the
S1, S3, and A2 bands are assigned to the three salicylaldox-
ime conformers. In the Supporting Information the spectra
of [D»]salicylaldoxime/Ar matrices are shown (Figure S2)
and the frequencies of the S1, S3, and A2 conformers iden-
tified for [D,]salicylaldoxime are compared with their coun-
terparts in salicylaldoxime (Tables S2-S4). The band set C
corresponding to the 2-cyanophenol-H>O complex shows
some interesting features. The deuterium counterparts of
the 3584.4 cm ™' v(OH) and 1215.0 cm ' §(COH) vibrations
of 2-cyanophenol are identified at 2599.2 and 938.4 cm™!,
respectively, in the spectra of 2-[D;]cyanophenol (that is
formed from [D,]salicylaldoxime) as expected. The fre-
quencies of the bonded water molecule are identified at
3685.6, 3696.8, 2648.1, and 1399.3 cm™!, which evidences
the formation of HDO molecule in the experiment with
[D,]salicylaldoxime. The 3685.6, 3696.8 cm™!' doublet corre-
sponds to the OH stretch, the 2648.1 cm™! band to the OD
stretch, and the 1399.3 cm™! one to the HDO bend. The
2648.1 cm™! band is a counterpart of the 3620.4 cm™! ab-
sorption in the spectra of the nondeuterated sample, which
indicates that the OD group of the HDO molecule acts as
a proton donor in the 2-cyanophenol-HDO complex. The
2648.1 cm™! band is shifted ca. 62 cm™! toward lower fre-
quencies with respect to the corresponding vibration of
the nonperturbed HDO molecule (observed at ca.
2710 cm1),33 whereas the 3685.6, 3696.8 cm~' doublet has
very close frequencies to the OH stretch of nonperturbed
HDO (ca. 3687 cm™1).[3%

Conformational Analysis

The performed DFT/B3LYP/6-311++G(2d,2p) calcula-
tions resulted in 16 true minima on the potential energy
surface of salicylaldoxime. The structures of all 16 opti-
mized conformers, their energies, and calculated vibrational
frequencies are presented in the Supporting Information
(Figure S1, Tables S5 and S6). The calculations were also
performed by the MP2/6-311++G(2d,2p) method that re-
sulted in similar structures and their corresponding energy
values like those performed by DFT method (Figure S1).
The three salicylaldoxime conformers that are identified in
the spectra of the studied matrices are depicted in Figure 4.
In Table 1 the observed frequencies for the three conformers
are compared with the theoretical ones.

In the Supporting Information (Tables S1-S4), selected
structural parameters and the full sets of calculated fre-
quencies for the three conformers are collected. The theo-
retical relative abundances (calculated from the Gibbs free
energies at 298 K) of the three conformers in the gas phase,
in selected nonpolar and polar solutions, are shown in
Table 3; the calculated abundances for all conformers are
presented in the Supporting Information (Table S7).

The global minimum corresponds to a syn/ conformer
in which the C(N)-H and N-O bonds are in the eclipsed
position and the (C)OH group forms an intramolecular hy-
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Figure 4. The DFT/B3LYP/6-311++G(2d,2p) optimized structures
of the three salicylaldoxime conformers identified in the matrices.

Table 3. The abundances of the most populated conformers of
salicylaldoxime in various environments.

Environment synl syn3 anti2
Solid argon 99.9 0.0 0.0
Heptane 99.5 0.3 0.0
Cyclohexane 99.4 0.1 0.0
Water 57.2 38.4 0.5
Acetonitrile 60.8 35.9 0.5
Ethanol 65.0 322 0.5

drogen bond with the nitrogen atom. The experimental fre-
quencies observed in the spectra recorded directly after ma-
trix deposition (set S1) show a very good agreement with
the theoretical ones calculated for the syn/ conformer
(Table 1), which evidences the presence of the syn/ isomer
in the matrix. The observed splitting of the S1 bands (Fig-
ure 1, Table S2) is due to site effects as evidenced by the
different splitting pattern of the S1 bands in the spectra of
argon and nitrogen matrices. The spectra of salicylaldoxime
in argon and nitrogen matrices are presented in Figure S3
(Supporting Information). No other salicylaldoxime con-
formers were detected in the spectra of the matrices re-
corded directly after deposition, which is in accord with the
calculated abundance of syn/ equal to ca. 100% in neutral
environment. It is known that the conformational popula-
tions characteristic of the gaseous equilibria prior to depo-
sition is preserved in the matrix if the barriers between vari-
ous conformers are relatively high.* The presence of the
intramolecular hydrogen bond is manifested in the spectra
of synl salicylaldoxime first of all by appearance of a strong
broad absorption in the 3258-3195 cm™! region due to the
OH stretching vibration in the (C)O-H-*N bond (Support-
ing Information, Figure S3). The band is shifted ca.
400 cm™! toward lower frequencies as compared to the cor-
responding band of the nonbonded OH group. The low fre-
quency shift of the v(OH) frequency is accompanied by a
shift of the COH in-plane and out-of-plane bending vi-
brations toward higher frequencies with respect to the cor-
responding vibrations of the nonbonded COH group. The
OH out-of-plane vibration appears at 686.9 cm™!, and the
COH in-plane internal coordinate contributes to the three
normal modes observed at 1493.7, 1417.5, and 1396.5 cm ™.
As can be seen in Table 1 the vibrations of the internal co-
ordinates are strongly coupled, two or more internal coordi-
nates give contribution to the potential energy of the nor-
mal modes of synl (with the exception of the modes charac-
5305
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terized by 3624.1, 686.9 cm™! frequencies). The strong cou-
pling of the internal modes is also manifested in the spec-
trum of the syn/ conformer of the [D,]salicylaldoxime mo-
lecule. In the Supporting Information (Table S2) the experi-
mental frequencies of synl of [D,]salicylaldoxime are
compared with the calculated ones for this molecule; the
agreement of the two sets of frequencies gives additional
support for the correct identification of the conformer pres-
ent in the matrix after deposition. Matrix irradiation leads
to conversion of syn/ into two other conformers of salicyl-
aldoxime. The disappearance of the 3258-3195cm™! ab-
sorption characteristic for the hydrogen bond in the synl/
conformer and growth of the bands in the region of the
vibrations of nonbonded OH group indicates that the hy-
drogen bond dissociates during irradiation. Comparison of
the experimental frequencies for product S3 with the theo-
retical ones calculated for the optimized conformers with-
out an internal hydrogen bond suggests two possible struc-
tures for product S3, namely, syn3 (Figure 4) and syn4 (Fig-
ure S1, Supporting Information). In syn3, the C(HYNOH
group is turned around the C-C(N) bond by 180° and
simultaneously the (C)OH group is turned around the C-C
bond also by 180° with respect to synl, whereas in syn4
only the C(H)NOH group is rotated. The differences in fre-
quencies between syn3 and syn4 triggered by rotation of the
OH group are very small (Tables S2 and S5, Supporting
Information). However, careful comparison of the observed
frequencies for product S3 with the calculated ones for the
syn3 and syn4 conformers led us to the conclusion that
product S3 can be identified as the syn3 salicylaldoxime al-
though the presence of syn4 in the studied matrices cannot
be excluded. In Table 1 the identified frequencies for prod-
uct S3 are compared with the calculated ones for the syn3
conformer; as one can see, the agreement between the ex-
perimental and calculated frequencies is very good. In the
irradiated matrices doped with partially deuterated sample,
the syn3 [D,]salicylaldoxime conformer was identified and
characterized spectroscopically. The identified frequencies
of partially deuterated syn3 [D,]salicylaldoxime are in ac-
cord with the calculated ones for this species (Table S3,
Supporting Information), which provides additional evi-
dence for the correctness of the identification of product
S3. Product A2 is safely identified as anti2 salicylaldoxime
(Figure 4). In anti2 salicylaldoxime, the NOH group is re-
arranged with respect to the C=N bond as compared to the
syn3 conformer. This is reflected in different frequencies of
the normal modes of the two isomers to which the internal
coordinates of the C(H)NOH group give contribution. For
example, the normal modes corresponding to the coupled
v(NO) + §(NCH+NCC) internal coordinates are identified
at 950.3 cm™! in syn3 and at 919.2 cm™! in anti2 salicylal-
doxime conformers. In Table 1, the identified frequencies
for product A2 are compared with the calculated ones for
anti2 salicylaldoxime and in the Supporting Information
(Table S4), the frequencies identified for A2 in experiment
with [D»]salicylaldoxime are compared with the theoretical
ones for the anti2 [D,]salicylaldoxime molecule. for both
the hydrogenated and partially deuterated salicylaldoxime
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molecules a good agreement between the experimental and
theoretical frequencies is observed, which evidences the cor-
rectness of the identification of the A2 product.

Mechanism of Reaction

The analysis of the spectra recorded after matrix deposi-
tion evidences that the salicylaldoxime molecule trapped in
the matrix has the syn/ conformation with an intramolecu-
lar hydrogen bond. This is in accord with the results of the
calculations that indicate the syn/ conformer to be the most
stable one among all optimized structures, with the abun-
dance close to 100% in neutral environment (Table 3). The
graph presented in Figure 2 demonstrates that irradiation
of the matrix with 4 > 320 nm leads to the photoconversion
of the synl conformer into the syn3 conformer of salicyl-
aldoxime, which is the primary product. In the syn3 con-
former, the C(H)NOH and (C)OH groups are rotated by
180° around the C-C and C-O bonds, respectively, as com-
pared to their arrangement in syn/ salicylaldoxime. The
yields of the other two products: anti2 salicylaldoxime and
2-cyanophenol-H,O complex, increase noticeably with an
increase in the syn3 salicylaldoxime concentration in the
matrix. The structure of the anti2 conformer as well as its
growth curve during matrix irradiation indicate that it is
formed as a secondary product from the syn3 conformer.
The conversion syn3—anti2 salicylaldoxime requires a re-
arrangement of the NOH group with respect to the C=N
bond. The syn—anti isomerization of oximes has been exten-
sively studied both experimentally and theoretically;[®! it
was found that the isomerization may proceed through a
rotation or inversion mechanism or a mixture of both.
However, it cannot be excluded that in the performed ex-
periment the anti2 isomer is formed in recombination reac-
tion of Ph(OH)C(H)N and OH radicals, as discussed later.
During prolonged matrix photolysis with 4 > 320 nm radia-
tion, the yield of the 2-cyanophenol-H,O complex increases
at the expense of syn3 salicylaldoxime. When the matrix is
photolyzed with the full output of the mercury lamp the
yield of the 2-cyanophenol-H,O complex strongly increases
at the expense of both the syn3 and anti2 conformers (Fig-
ure 1). The photochemical reactions observed in the studied
matrices are summarized in Scheme 1.

The experiment with [D,]salicylaldoxime, in which the 2-
[Dy]eyanophenol-HDO complex is produced, indicates that
the water molecule is formed in a dehydration reaction of
the C(H)NOH group. This hypothesis is supported by the
photodissociation studies of simple oximes in the gas
phase.’®39 Flash photolysis studies of oximes with tran-
sient absorption detection under isothermal and adiabatic
conditions evidenced that the predominant primary photo-
chemical reaction in the gas phase is the formation of OH
and R;R,CN radicals.*¥! The photodissociation study of
acetaldoxime led to the conclusion that the singlet '(m,n*)
excited acetaldoxime undergoes intersystem crossing to the
triplet state, followed by dissociation to generate the
CH;C=N and OH radicals.’® A similar photodissociation
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Scheme 1.

process may occur for salicylaldoxime, leading to the for-
mation of the Ph(OH)C(H)N and OH radicals. The OH
and the Ph(OH)C(H)N radicals trapped in the same cage
may produce anti2 or synl conformers of salicylaldoxime
or OH may abstract a hydrogen atom from the CH group
of Ph(OH)C(H)N to form H,O and 2-cyanophenol. The
two molecules trapped in the same cage form a complex.
Scheme 2 presents the reaction channel leading to a forma-
tion of the 2-cyanophenol-H,O complex.

As already mentioned in the Introduction, earlier stud-
ies!®191 indicate that the major result of salicylaldoxime
photolysis in polar solvents like water or ethanol and non-
polar ones like hexane or pentane is cyclization to give
benzoxazole. Photohydrolysis reaction leading to the for-
mation of salicylaldehyde is a minor reaction channel, how-
ever, may become important in the acidified solutions.
Ferris and Antonucci reported also 2-cyanophenol to be the
minor photoproduct of salicylaldoxime photolysis in hex-
ane solutions; however, the mechanism of this reaction was
not proposed. No benzoxazole was detected in our experi-
ments, which is in accord with an earlier proposed mecha-
nism of its formation in solutions through the excited phe-
nolate anion;!!%! the phenolate anion cannot be formed in
the cryogenic matrices under the conditions of our experi-
ment. However, according to Haley and Yates, the mecha-
nism with the phenolate ion as an intermediate applies only
to the conformer(s) with intermolecular hydrogen bonds,
and for the conformer with an intramolecular hydrogen
bond the authors proposed a more complicated mechanism
with a direct transfer of the hydroxy proton to the nitrogen
atom and formation of a zwitterion in a first step; the zwit-
terion reacts further to form benzoxazole. The authors con-
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cluded that in solution both conformers with intra- and
intermolecular hydrogen bonds exist. In the gas phase and
in nonpolar solvents, the abundance of the synl salicyl-
aldoxime conformer is close to 100%, whereas in polar sol-
vents the abundance of the syn3 conformer increases to ca.
32-38% at the expense of the syn/ conformer (see Table 3).
The summarized abundance of all other conformers is be-
low 2.5%. So, the calculations confirm the existence of an
equilibrium between the conformers with and without in-
tramolecular hydrogen bonds in polar solvents. The per-
formed experimental studies suggest however that the first
step in the photochemical reaction of the syn/ salicylaldox-
ime conformer in solution may be its conversion into the
syn3 conformer in which the intramolecular hydrogen bond
is replaced by intermolecular hydrogen bonds with the sol-
vent molecules. The yield of this reaction will strongly de-
pend on the type of solvent and on the solvation shell of
the salicylaldoxime molecule.

Conclusions

The FTIR matrix isolation and DFT/B3LYP/
611++G(2d,2p) study of salicylaldoxime indicate that the
most stable syn/ conformation stabilized by an intramolec-
ular (C)O-H-+-N hydrogen bond is trapped in an argon ma-
trix. The irradiation of the matrix with 4 > 320 nm leads
to the conversion of the syn/ conformer into the syn3 con-
former in which the C(H)NOH and (C)OH groups are
turned by 180° around the C—C and C-O bonds, respec-
tively, and the intramolecular hydrogen bond is broken. The
syn3 salicylaldoxime reacts further along one of the three
pathways, including syn3—anti2 isomerization reaction,
dissociation of syn3 salicylaldoxime into 2-cyanophenol
and water, or conversion reaction of syn3 back to syni; re-
generation of the synl conformer gives very small contri-
bution to the overall reaction. After prolonged photolysis
with 4 > 320 nm radiation or with the full output of the
mercury lamp, both the syn3 and anti2 conformers photo-
dissociate to give 2-cyanophenol and water, which form a 2-
cyanophenol-H,O complex. The experiments with partially
deuterated [D,]salicylaldoxime provide information on the
mechanism of formation of the 2-cyanophenol-H,O com-
plex. Salicylaldoxime photodissociates into Phn(OH)HC=N
and OH radicals, then the OH radical abstracts a hydrogen
atom from Ph(OH)HC=N to produce 2-cyanophenol and
water that form a hydrogen-bonded complex. Recombina-
tion of Ph(OH)HC=N and OH radicals may also lead to
the formation of the syn/ and anti2 conformers. The ob-

o Hs
(©) N
' 2 N H ot ™ | H
Ny (Al\ H o il é
o hv O_ + OH O andior
H Oy . i
Oy
H

Scheme 2.
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tained results also suggest that in solution the photolytic
conversion of the syn/ and syn3 conformers (with and with-
out intramolecular hydrogen bond) into benzoxazole may
occur by the same mechanism of phenolate ion formation.
However, in the case of the syn/ conformer with the intra-
molecular hydrogen bond, a first step of an overall reaction
is synl—syn3 conversion.

Experimental Section

Infrared Matrix Isolation Studies: The salicylaldoxime/argon(nitro-
gen) matrices were obtained by simultaneous deposition of vapor
above solid salicylaldoxime kept at 318 K and argon on a gold-
plated copper mirror kept at 11 K by a closed cycle helium refriger-
ator (Air Products, Displex 202 A). The matrix concentration was
controlled by the matrix gas flow rate that was adjusted to mini-
mize the concentration of salicylaldoxime dimers and higher aggre-
gates. The salicylaldoxime/argon matrices were irradiated with the
output of the mercury lamp. After the infrared spectra of the initial
deposits have been recorded, the samples were subjected to the fil-
tered radiation of a 200 W medium pressure mercury lamp (Phil-
ipps CS200W2). A 5 cm water filter served to reduce the amount
of infrared radiation reaching the matrix; the glass long-wavelength
pass filters (Zeiss WG 320, Zeiss WG 305) were applied to cut off
the radiation with 4 < 320 or 305 nm; in some experiments the
matrices were irradiated with the full output of mercury lamp. Sal-
icylaldoxime was obtained from Aldrich with specified purity 98 %.
The partially deuterated [D,]salicylaldoxime was obtained by dis-
solving salicylaldoxime in D,O and evaporating the heavy water,
the procedure was repeated three times. The matrices were prepared
in the same way as for the nondeuterated sample. The infrared
spectra (resolution 0.5 cm™') were recorded in a reflection mode
with Bruker 113v FTIR spectrometer by using a MCT detector
cooled by liquid N».

Computational Methods: Optimization of all the structures as well
as calculation of harmonic and anharmonic vibrational spectra
were performed with the Gaussian03 suite of programs.*”) DFT/
B3LYP/6-311++G(2d,2p) calculations were done to optimize the
structures and to calculate the harmonic and anharmonic fre-
quencies The MP2/6-311++G(2d,2p) method has also been applied
to optimize the structures of salicylaldoxime conformers however
only the harmonic frequencies were calculated by the MP2 method.
For all energies the zero-point energy values have been considered.
All the stationary points were unambiguously characterized as mi-
nima or transition states by their vibrational spectra. To investigate
the effects of a polar environment on the structure and energetics
of the salicylaldoxime conformers the Conductor-like Polarizable
Continuum Model (CPCM) at the B3LYP/6-311++G(2d,2p) levels
was applied. A potential energy distribution (PED) of the normal
modes was computed in terms of natural internal coordinates with
the Gar2ped program.!]

Supporting Information (see footnote on the first page of this arti-
cle): Optimized structures of 16 salicylaldoxime conformers and 7
2-cyanophenol-H,O complexes; calculated vibrational frequencies
for all optimized salicylaldoxime conformers and all optimized 2-
cyanophenol-H,O complexes; experimental infrared spectra of
[D,]salicylaldoxime matrices; selected structural parameters and
comparison of experimental frequencies with theoretical ones for
the 3 salicylaldoxime and [D,]salicylaldoxime conformers and 2 2-
cyanophenol-H,O and 2-[D;]cyanophenol-HDO complexes iden-
tified in the present study.
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