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For the first time, infrared spectra of 2-(hydroxyimino)propanohydroxamic acid (hpha) and oxalodihydroxamic
acid (oxha) isolated in argon matrices at 15–18 K have been recorded. The interpretation of the spectra has been
aided by DFT and MP2 calculations of possible structural isomers. Calculations were performed on the relative
isomeric abundances of these compounds, with different conformations around the C–C and the hydroxamic
C–N bonds, and with different configurations around the oximic C–N bonds. Although the computations
suggested the presence of other isomers in the matrix-isolated spectra, only the most stable isomer was observed
for hpha and oxha. The optimized geometries for both compounds show a preference for the keto form, with
entgegen and zusammen arrangements around the C–C and the C–N hydroxamic bonds, respectively. The
B3LYP/6-31G(d) level of theory is shown to predict the experimental spectra quite well.

1 Introduction

Organic compounds containing a hydroxamic group (O=C–
N(–H)–O–H) exhibit a strong chelating ability and are known
to be involved in iron transport phenomena1 and the inhibition
of activity of metalloproteinases,2 such as urease3,4 and Alzhei-
mer Amyloid Precursor Protein a-secretase.5 Hydroxamates
also demonstrate some anti-tumor functions.6 The potential
therapeutic use of this class of compounds is based mainly
on their capacity to bind metal ions. In the search for versatile
and strongly complexing hydroxamic acids, other than mono-
hydroxamic acids,7,8 aliphatic dihydroxamic acids with the
structure HON(H)OC(CH2)nCON(H)OH (n ¼ 3–8) have been
synthesized and found to exhibit strong coordinational proper-
ties.9–11 Recently, it has been shown that newly synthesized
dihydroxamic acids with n ¼ 0 or 1 are more promising chelat-
ing agents, due to their unique N-bonding via deprotonation of
the N–H hydroxamic groups. The latter increases the stability
of metallocomplexes created by hydroxamate through a sec-
ond donor group, such as a hydroxamic or oximic moiety, in
close proximity to the hydroxamic moiety.12 Oxalodihydroxa-
mic acid (oxha, n ¼ 0), containing two adjacent hydroxamic
functions, as well as 2-(hydroxyimino)propanohydroxamic
acid (hpha), containing both oximic and hydroxamic groups
close to each other, have both been proven to create stable che-
lates with metal ions in solution.12,13

In the present paper the infrared absorption spectra of the
above-mentioned ligands isolated in argon matrices are pre-
sented. The experimental data are supported by theoretical
calculations (DFT and MP2).

2 Computational methods

All calculations were performed using the Gaussian 98 suite of
programs.14 The geometries of all structures were optimized
using the DFT method employing the B3LYP functional,
which is the combination of Becke’s three-parameter hybrid
exchange functional with the Lee–Yang–Parr gradient-
corrected correlation functionals.15 Harmonic frequencies were
calculated for specific structures in order to prove that they are
at a potential energy minimum (no imaginary frequencies).
MP2 theory was also used to calculate the optimized geometry
and harmonic frequencies for the most stable isomers in both
cases for comparison with DFT results. Both of these compu-
tational methods have previously been shown to reproduce the
H-bonding in acetohydroxamic acid.16

The 6-31G(d) basis set used in all computations is a double-
zeta basis set, with one additional set of polarization functions
on the heavy atoms. This is a standard spectroscopic basis set
which adequately predicts harmonic frequencies. Polarization
functions were added to increase the flexibility of electronic
wave functions in the presence of an electric field.17

The computed harmonic frequencies were scaled by factors
of 0.9614 (B3LYP/6-31G(d)) and 0.9434 (MP2/6-31G(d)) to
adjust for anharmonicity effects.18 Scott and Radom optimized

y Electronic supplementary information (ESI) available: the optimized
bond lengths and angles of the zEe- and zEz-keto isomers. See http://
www.rsc.org/suppdata/cp/b3/b302498a/
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these scale factors through a least-squares procedure by fitting
theoretical and experimental frequencies.18

3 Experimental methods

Hpha and oxha were synthesized using known methods.19,20

The elemental analysis for hpha is: C, 30.39%; H, 5.20%; N,
23.93%, found; and C, 30.51%; H, 5.12%; N, 23.72%, calcu-
lated; for oxha is: C, 20.15%; H, 3.36%; N, 23.03%, found,
and C, 20.00%; H, 3.73%; N, 23.33%, calculated.
FT-IR spectra were recorded using a Nicolet Magna 560

spectrometer in the range of 700–4000 cm�1 with 1 cm�1 reso-
lution. Matrices were prepared by trapping the vaporized spe-
cies from a quartz oven on a cryogenically cooled BaF2 or CsI
window with argon isolant gas (Matheson, 99.9995% purity).
Deposition temperatures between 15 and 18 K were obtained
with a Displex closed cycle helium cryostat. The IR spectrum
of matrix-isolated hpha was obtained after depositing for ca.
165 min with an oven temperature of �322 K. Oxha was
deposited for ca. 95 min with an oven temperature of �333 K.

4 Results and discussion

4.1 Geometries

4.1.1 2-(Hydroxyimino)propanohydroxamic acid (hpha). It
has been demonstrated that various hydroxamic acids exist
in keto form in the solid state as well as in different sol-
vents.21–25 Very recently it has been shown that the simplest
acid from this group of compounds, i.e., formohydroxamic
acid (HC(O)N(H)OH) exists also in the keto form stabilized
with an intramolecular H-bond in the argon and nitrogen
matrices.26 These data supported earlier results obtained by
infrared spectroscopy in the solid film27 and in KBr disc and
nujol mull.28

Despite these data, various rotameric structures can be
assumed for these compounds due to the presence of the
hydroxamic C–N and the freely-rotating C–C bonds. Different
arrangements of atoms around either the oximic C–N bond
(cis and trans isomers) or the C–C and the hydroxamic C–N
bonds yield six possible isomers. The optimized geometries
of these isomers are presented in Fig. 1. Both the DFT and
MP2 approaches gave very similar optimized structures for
the two most stable hpha isomers. The first letter in the nomen-

clature of hpha in Fig. 1 defines the conformation around the
C–N hydroxamic bond (z ¼ zusammen and e ¼ entgegen). The
second and third letters indicate the conformation of the C–C
bond and the configuration of the C–N oximic bond, respec-
tively. The ‘‘keto- ’’ designation refers to the tautomer with a
double C–O bond in the hydroxamic group, while ‘‘ imino-‘‘
refers to a double C–N bond in the hydroxamic group.
Table 1 presents the zero-point corrected electronic energies

(relative to zEe-keto isomer) along with the Gibbs free energies
(the sum of electronic and thermal free energies) for the opti-
mized structures. The relative abundances of the isomeric
structures in the chosen isomer population were calculated
using DG ¼ �RT ln KI .

29 DG denotes the difference between
Gibbs free energies for two isomeric forms and KI is the iso-
meric equilibrium constant equal to the quotient of the two
isomeric concentrations. Solving n equations, KI

1�2 ¼ [I2]/
[I1],. . ., KI

1�n ¼ [In]/[I1], with the sum of the relative abun-
dances of the isomers (S I) equal to 1, allows the computation
of the relative abundance of a particular isomer in the mixture.
In hpha, the zEe-keto isomer is significantly more stable

than the others at 298.15 K and 1 atm (cf. Table 1). Since
the calculated abundance of the zEe-keto isomer is greater
than 96%, it should be the predominant structure in the matrix
experiments. These results agree with those of Kontecka-
Gumienna et al.,13 who also found the zEe-keto isomer to be
the most stable.
A hydrogen bond between the carbonyl and the hydroxamic

hydroxyl group with a bond length of 2.000 Å (2.008 Å) is sug-
gested from DFT (MP2) calculations. Intramolecular H-bonds
involving the hydroxamic group are also expected in formo-
and acetohydroxamic acids,16,30–32 where they stabilize the
C–N hydroxamic bond in the z-keto arrangement. On the
other hand, an intramolecular H-bond involving the hydroxa-
mic group can also occur in the zZz- and zEz-keto structures.
The relative abundance of the latter is estimated as �3%, with
an energy difference (DEcorr) of 7.5 kJ mol�1. Other expected
structures, which are considerably less stable, are not discussed
here. It is worth mentioning though, that both iminol tauto-
mers are significantly less stable than the keto forms. It has
to be emphasized that hpha differs markedly from acetohy-
droxamic acid, for which one of the z-iminol forms was calcu-
lated to be relatively stable. The energy difference, relative to
the most stable structure, is �0.9 kcal mol�1 (about 3.8 kJ
mol�1), calculated using MP2(FC) theory with the cc-pVDZ
basis set.33 Steric hindrance, produced by replacing the

Fig. 1 Geometries of optimized structures of the hpha isomers. The left e(z), the capital E (Z) and the right e(z) denote the arrangement around
the C–N hydroxamic, the C–C, or the C–N oximic bond, respectively. Values in parentheses denote the differences of zero point corrected energies
(in kJ mol�1) relative to the most stable isomer.
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relatively small methyl group with the oximic group, may be
important in destabilizing the hpha iminol tautomers.
For the zEz geometry the distance between the carbonyl

oxygen and the hydrogen of the hydroxyl group is 1.961 Å
(DFT level, 2.000 Å for zEe) and the torsion angle O5–
H10� � �O3–C2 (cf. Fig. 2) is equal to 1.5� compared to 2.4� for
the zEe-keto model. The calculated flattening of the pseudo
five-membered ring in the zEz-keto isomer should produce a
stronger H-bond relative to the zEe-keto form.
Additionally, the methyl group eclipses the carbonyl oxygen

in the zEz structure in opposition to the zEe form. Nino et al.16

established that the anti-eclipsed conformation for acetohy-
droxamic acid is due to steric hindrance and the existence of
an H-bond. However, in this case, the conformation of the
methyl group seems to be determined more by the arrangement
around the oximic C–N bond than H-bond creation.
The optimized bond lengths and angles of the zEe- and

zEz-keto isomers are given in the supplementary data.y

4.1.2 Oxalodihydroxamic acid (oxha). The optimized geo-
metries of the oxha structures are presented in Fig. 3. The
numbering scheme for the most stable isomer, zEz-keto, is
shown in Fig. 4. The entgegen and zusammen notation are
again used. The uppercase letter denotes the arrangement
around the C–C bond, while the lowercase letters indicate
the conformation at the hydroxamic C–N bonds.
In the solid state, oxha exists in the zEz-keto structure as

shown by X-ray studies.34,35 Both these studies suggested inter-

molecular H-bonding, while Begum et al.34 assumed oxha
dimer formation in the lattice. NMR data obtained on a series
of dihydroxamic acids, with n equal to 0, 1, 2 and 4 (where
n ¼ number of CH2 groups), assumed that oxha was in the
zEz-keto form in CDCl3 solution.

36 Oxha differed from others
in the series, as well as from higher dihydroxamic acids (n ¼
3–8, 10), because it did not show a statistical distribution of
the entgegen form at the C–N bonds,37 which is also clearly
demonstrated in this study. The absence of NMR peaks,
related to the entgegen conformation around the C–N bond,
was explained by the strong interaction between close-lying
hydroxamic groups. This is supported by the increasing parti-
cipation of entgegen rotamers with increasing number of CH2

groups in the molecule.
Due to higher rotational freedom in the gas phase compared

to solution, computations carried out on a series of tautomeric
and rotameric forms of oxha showed that the zEz structure has
a 79% relative abundance, while the population of the eEz
structure was estimated at �21% (cf. Table 2). Other forms
constitute less than 1%. MP2 computations show longer
C–O and N–O bonds, but a shorter C–C bond in the zEz iso-
mer compared to B3LYP. As expected, the zEz-keto form is
stabilized by symmetric H-bonds between the carboxyl and
hydroxyl moieties. H-bond distances are estimated as 2.088
and 2.087 Å by DFT and MP2 calculations, respectively.

Fig. 2 The numbering scheme for the zEe-keto hpha optimized geo-
metry (B3LYP/6-31G(d)).

Fig. 4 The numbering scheme for the zEz-keto oxha optimized geo-
metry (B3LYP/6-31G(d)).

Fig. 3 Geometries of optimized structures of the oxha isomers. The
small e(z) and the capital E (Z) letters denote the arrangement around
the C–N and the C–C bond, respectively. Values in parentheses denote
the difference of zero point corrected energies (in kJ mol�1) relative to
the most stable isomer.

Table 1 Zero-point corrected energy relative to the most stable iso-

mer (DEcorr) and sum of electronic and thermal free energies (G) for

optimized structures of hpha, and the relative abundance of the given

isomer (%IS). All geometries in symmetry C1

Structurea DEcorr/kJ mol�1 b G/kJ mol�1 c %IS

zEe-keto 0.0 �1189152.5 96.5

zEz-keto 7.5 �1189143.9 3.0

zZz-keto 13.5 �1189136.4 0.1

eEe-keto 14.3 �1189138.4 0.3

zEe-imino 39.8 �1189113.2 1.3� 10�5

zZz-imino 44.8 �1189106.7 8.8� 10�7

a B3LYP/6-31G(d). b Zero-point corrected energy with ZPC scaled

by scaling factor of 0.9614 (Ecorr ¼ �452.89229 Hartrees molecule�1

for zEe-keto structure, the conversion factor 1 Hartree

molecule�1 ¼ 2625.513 kJ mol�1). c The conversion factor as for

DEcorr .
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The eEz form may also form H-bonds. The hydroxyl bond
(O6–H7) may be directed toward the carbonyl C3–O4 bond at
a distance of 1.749 Å. As a result, the C3–O4 and C–C bonds,
as well as bonds in the ‘‘entgegen part ’’ (C2–N5 , N5–O6 , O6–
H7) are elongated to create the six-membered, H-bonded
pseudo-ring. However, since the C3–O4 carbonyl bond partici-
pates simultaneously in the quasi-ring of the ‘‘zusammen
part ’’, stabilization of the molecule is less than in the zEz-keto
case. Thus, the carbonyl oxygen acts as a double proton accep-
tor, an effect known as negative H-bond cooperativity.38

The comparison between the lengths of the bonds in both
studied compounds yields the difference in the lengths of the
hydroxamic C–N and N–O bonds and the C–C bond linking
the hydroxamic group in oxha (C2–C3) or the hydroxamic
group with the oximic moieties in hpha (C1–C2). The values
of the lengths of the C–N and N–O hydroxamic bonds are
smaller in oxha compared to hpha. It suggests that in oxha
the electron density is localized on those atoms in the higher
degree than in hpha. This effect is consistent with the length
of the C–C bonds, since the latter is longer in oxha molecule.
It is due to the presence of the double C–N bond and the elec-
tron-donating methyl function in the close proximity of the
C1–C2 . The lengths of the N–H, the hydroxamic O–H and
the C–O bonds are comparable in both molecules on the con-
trary to the H-bond length, which is longer in hpha. However,
it seems that the latter influence the length and the arrange-
ment of the C–O and O–H bonds.
The computed bond lengths and angles of zEz- and eEz-keto

isomers of oxha are given in the supplementary data.

4.2 Infrared spectra in argon matrices

4.2.1 (Hydroxyimino)propanohydroxamic acid (hpha).
Infrared spectra of hpha in Ar at 15–18 K are presented in
Fig. 5 (700–1800 cm�1) and Fig. 6 (2700–3700 cm�1). The the-
oretical IR spectra (B3LYP/6-31G(d), MP2/6-31G(d)) for the
most stable zEe-keto hpha isomer are also given for compari-
son. The gas phase enthalpy difference between the zEe and
zEz structures is small enough that some of the latter might
be observed in the experimental spectrum. However, the match
between the theoretical and experimental spectra does not sig-
nificantly improve by including the calculated 3% relative
abundance of the zEz-keto rotamer. That leads to the conclu-
sion that in solid argon at 16 K only the zEe-keto form is pre-
sent. This is consistent with the relative integrated matrix band
intensities at 16 K and at 30� 2 K. The ratio of the 30 to 16 K
band intensities are from 0.72–1.07. This is interpreted to
mean that the band intensities are the same at both matrix
temperatures and that no higher energy isomers contribute
to the IR spectrum.

The analysis of the normal vibrations, based on B3LYP/6-
31G(d) calculations for the zEe-keto isomer, is presented in
Table 3. Bands observed at 3621, 3618, 3614 and 3611 cm�1

can be attributed to the oximic hydroxide stretching vibrations
(B3LYP: 3601 cm�1; MP2: 3535 cm�1). N–H stretches are
observed at 3474, 3468, 3459, 3453 cm�1 (B3LYP: 3478
cm�1; MP2: 3418 cm�1) and the hydroxamic O–H group
stretches are observed at 3361, 3346 cm�1 (B3LYP: 3392
cm�1; MP2: 3363 cm�1). The observed red-shift of the latter
bands relative to the oximic band frequencies can be attributed
to the hydrogen bonding of the O–H of the hydroxamic group.
The splitting of the bands is probably the result of different
orientations of O–H and N–H groups in the matrix.
The biggest discrepancies were seen for the C–H stretching

vibrations. Usually the IR absorption of these bands is rather
low, thus their definitive assignment is difficult. In hpha the
C–H stretch bands appear at � 2979, 2934, 2865 cm�1 or
2979, 2940, 2934 cm�1, while calculations predict these fre-
quencies at 3058, 2999, 2946 cm�1 (B3LYP) and 3060, 3015,
2941 cm�1 (MP2). Still, the agreement is considered to be fairly
good with the relative deviation smaller than 3%.
In the lower frequency range, the agreement is very good.

The intense band at 1680 cm�1 is assigned to the stretching
of the H-bonded C–O moiety (so-called amide I band,

Fig. 5 The experimental (the lowest) and calculated B3LYP/6-
31G(d) (in the middle) and MP2/6-31G(d) (the uppermost) spectra
of hpha in the range 700–1800 cm�1. Calculations are based on the
zEe-keto hpha model. * denotes water vibrations.39,40

Fig. 6 The experimental (the lowest) and calculated B3LYP/6-
31G(d) (in the middle) and MP2/6-31G(d) (the uppermost) spectra
of hpha in the range 2700–3700 cm�1. Calculations are based on the
zEe-keto hpha model. * denotes water vibrations.39,40

Table 2 Zero-point corrected energy relative to the most stable iso-

mer (DEcorr) and sum of electronic and thermal free energies (G) for

optimized structures of oxha, and the relative abundance of the given

isomer (%IS)

Structurea DEcorr/kJ mol�1 b G/kJ mol�1 c %IS

zEz-keto 0.0 �1283505.8 78.8

eEz-keto 7.4 �1283502.5 21.0

eEe-keto 12.8 �1283491.5 0.2

zZz-keto 34.6 �1283469.8 3.9� 10�5

zEz-imino 65.1 �1283439.5 1.9� 10�10

eEe-imino 114.1 �1283389.3 3.1� 10�19

a B3LYP/6-31G(d), the eEz-keto isomer optimised in symmetry C1 ,

zEz-imino – Cs , all others – C2 .
b Zero-point corrected energy with

ZPE scaled by scaling factor of 0.9614 (Ecorr ¼ �488.829338 Hartrees

molecule�1 for zEz-keto structure, the conversion factor 1 Hartree

molecule�1 ¼ 2625.513 kJ mol�1). c The conversion factor as for

DEcorr .
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B3LYP: 1678 cm�1; MP2: 1660 cm�1). The oximic C–N stretch
is placed at 1647 cm�1 (B3LYP: 1648 cm�1; MP2: 1588 cm�1).
The amide II (mainly the hydroxamic C–N stretching vibra-
tions) and amide III (the C–N–H bends) bands are observed
at 1524 and 1406 cm�1, respectively (B3LYP: 1524, 1387
cm�1; MP2: 1502, 1385 cm�1). Both are mixed with the hydro-
xamic O–H bending vibrations. The broad band at 1448 cm�1

and the intense band at 1370 cm�1 are assigned to C–H bends
mixed with C1–C6 stretches calculated at 1454, 1450, 1370
cm�1 (B3LYP) and 1457, 1452, 1369 cm�1 (MP2). The peak
at 1349 cm�1 and the split bands at 1272, 1269 cm�1 are
ascribed to C–C vibrations, the former mainly to C1–C6 and
the latter to C1–C2 stretches (B3LYP: 1355, 1252 cm�1;
MP2: 1329, 1258 cm�1).
Vibrations in which the hydroxamic and oximic N–O

stretches are involved are observed at 1041, 1034, 1011 and
976 cm�1 (B3LYP: 1030, 1022, 1016, 962 cm�1; MP2: 1019,
1013, 993 and 954 cm�1). Lower-frequency bands include
mainly deformation vibrations, however, they show very good
agreement between experimental and computed data.

4.2.2 Oxalodihydroxamic acid (oxha). IR spectra of oxha
are presented in Fig. 7 (700–1800 cm�1) and Fig. 8 (3200–
3600 cm�1) along with the computed IR spectrum of the
zEz-keto isomer. Inclusion of eEz-keto tautomer in the theore-
tical spectrum led to no improvement in the match with the
experimental spectrum. This result and warming the matrix
to 34 K (�2) also proved that all peaks originated from one
species, the zEz-keto isomer (the ratio of the warmer to the
cooler matrix was 0.83–0.94). Therefore, a strong preference
for the z-conformation around the C–N bond is observed in
the solid matrix. No evidence is seen for the e-rotamer, pre-
dicted by calculations to comprise 21% of the total conformer
mixture.
The spectral analysis presented in Table 4 is based solely on

the zEz-keto isomer computations (B3LYP/6-31G(d)). In the
higher frequency range, bands are assigned to N–H and

O–H stretching vibrations. The former is split into two peaks
at 3469 and 3458 cm�1 (B3LYP: 3508, 3507 cm�1; MP2: 3451
cm�1), while the latter is observed at 3392 cm�1 (B3LYP: 3410,
3409 cm�1; MP2: 3370, 3369 cm�1). As in the IR spectrum of
hpha, the N–H stretching frequency is increased to around
3500 cm�1. In analogy to hpha, the positions of the O–H
and C–O stretches suggest their participation in H-bonding.
The C–O stretching vibrations (amide I band) are observed
at 1697 and 1669 cm�1, in the excellent agreement with the cal-
culated B3LYP values at 1698 and 1665 cm�1 (MP2: 1689,
1659 cm�1). The low-intensity band at 1557 cm�1 and the med-
ium-intensity band at 1531 cm�1 are assigned to the stretching
vibrations of the hydroxamic N–C group (amide II) mixed
with the O–H and the N–H bends (B3LYP: 1546, 1542
cm�1; MP2: 1530, 1516 cm�1).
The amide III band and the N–C–H bending vibrations

(again mixed with the O–H bends) are predicted by B3LYP
to fall at 1417 and 1384 cm�1 (MP2: 1406, 1362 cm�1), while
they are observed as weak and medium-intensity bands at
1408 and 1392 cm�1, respectively.
The C–C stretching modes (coupled with N–H bends) are

found at 1239 and 1191 cm�1. Theory predicts two bands in
this region, at 1225, 1174 cm�1 and 1220, 1169 cm�1 for

Table 3 Experimental (Ar matrix) and calculated (zEe-keto structure,

B3LYP/6-31G(d)) frequencies of hpha (cf. Fig. 1). The relative band

integral intensity values are given in parentheses

nexp/cm
�1 ncalc

a /cm�1 Assignmentb

3621, 3618,

3614, 3611 (100)

3601 (39.53) n(O–H) (ox)

3474, 3468, 3459,

3453 (84)

3478 (24.71) n(N–H)

3361, 3346 (33) 3392 (18.04) n(O–H) (hox)

2979 (vw) 3058 (0.49) n(C–H12)

2934 (vw) 2999 (3.04) n(C–H11), n(C–H13)

2865 (vw) 2946 (2.06) n(C–H13), n(C–H11), n(C–H12)

1680 (94) 1678 (67.23) n(C=O)

1647 (23) 1648 (11.91) n(C=N)

1524 (15) 1524 (13.30) n(C–N), d(N–H), d(O–H) (hox)

1448 (42) 1454 (4.92) d(C–H), n(C1–C6)

— 1450 (14.41) d(C–H), n(C1–C6)

1406 (90) 1387 (100.00) d(C–N–H), d(O–H) (hox)

1370 (30) 1370 (22.74) d(C–H), n(C1–C6)

1349 (14) 1355 (9.04) n(C1–C6), d(O–H) (ox)

1272, 1269 (28) 1252 (13.12) n(C1–C2), d(C–N–H)

— 1150 (0.22) d(C–N–O), n(C1–C6)

1041 (79) 1030 (75.60) n(N–O) (hox), n(N–O) (ox)

1034 (7) 1022 (13.83) n(N–O) (hox), n(N–O) (ox)

1011 (46) 1016 (31.60) n(N–O) (ox), n(N–O) (hox)

976 (24) 962 (22.47) n(N–O) (ox), n(N–O) (hox)

895 (vw) 878 (8.33) d(C–N=O), d(C1–N=O)

733 (vw) 716 (9.31) d(C–N=O), d(C6–C1–N=O)

a Frequencies are scaled uniformly by factor of 0.9614. b Ox denotes oxamic

and hox denotes hydroxamic group, vw indicates very weak intensity of the band

(estimation of the integral frequencies not possible).

Fig. 7 The experimental (the lowest) and calculated B3LYP/6-
31G(d) (in the middle) and MP2/6-31G(d) (the uppermost) spectra
of oxha in the range of 700–1800 cm�1. Calculations are based on
the zEz-keto oxha model. * denotes water vibrations.39,40

Fig. 8 The experimental (the lowest) and calculated B3LYP/6-
31G(d) (in the middle) and MP2/6-31G(d) (the uppermost) spectra
of oxha in the range of 3200–3600 cm�1. Calculations are based on
the zEz-keto oxha model. * denotes water vibrations.39,40
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B3LYP and MP2, respectively. The former is expected to be
very low intensity.
One N–O stretching vibration is predicted at 998 cm�1

(B3LYP) and 977 cm�1 (MP2), while another band at the
higher-frequency (B3LYP: 1087 cm�1; MP2: 1069 cm�1) is
nearly inactive. The former is observed at 1007 cm�1. The
bands below 1000 cm�1 are mainly due to deformation vibra-
tions.
For hpha, MP2 underestimated the N–H and the oximic

O–H frequencies, while the hydroxamic O–H frequency was
reproduced more accurately with DFT calculations. In the case
of oxha both the hydroxamic N–H and O–H bond frequencies
were computed with higher accuracy by MP2, but B3LYP pro-
duced better agreement in the lower frequency range for both
compounds. The highest discrepancy was observed for the oxi-
mic C–N bond in hpha, which was underestimated for 60 cm�1

by MP2 level of theory (1 cm�1 for B3LYP).
To the best of our knowledge, only one paper on a matrix-

isolated hydroxamic acid (viz., formohydroxamic acid) has
been published to date.26 The authors of this work explain that
due to the decomposition of the sample, contaminants such as
CO2 , NH3 , hydroxylamine, formamide and formic acid, were
detected together with formohydroxamic acid, making the
spectra difficult to interpret. In our case, because of the good
match of the theoretical with the experimental spectra, we
can conclude that decomposition did not occur and that the
assignment of the experimental spectrum is unambiguous.

5 Conclusions

The infrared spectra of hpha and oxha were obtained for the
first time in argon matrices. The most stable isomers of hpha
and oxha exist as keto tautomers with entgegen and zusammen
arrangements at the C–C and C–N hydroxamic bonds, respec-
tively. The latter conformation permits the formation of a
5-membered pseudo-ring closed by an intramolecular, med-
ium-strength41 hydrogen bond between the carbonyl and the
hydroxyl moieties. The entgegen configuration of the oximic
C–N bond in hpha probably results from steric constraints.

Computation of the relative abundance of the different iso-
mers in a given isomeric population yields about 3% abun-
dance for the form with a zusammen configuration at the
C–N oximic bond in hpha. The oxha computations suggest that
the structure with one entgegen and one zusammen arrange-
ment at the C–N hydroxamic bond has a relative abundance
of more than 21%. In the matrix spectra, however, only the
most stable isomers of hpha and oxha were observed, which
suggests that the z-conformation around the hydroxamic
C–N bond is strongly stabilized in matrices.
The presence of H-bonding is visible in the infrared spectra

of the studied compounds. The bands assigned to the O–H
stretch of the hydroxamic group are present at 3361 and
3346 for hpha and 3392 cm�1 for oxha while the C=O stretch
is observed at 1680 cm�1 for hpha and 1697, 1669 cm�1 for
oxha. The experimental spectra, are reproduced well using
B3LYP/6-31G(d) level of theory. This allows for unambigu-
ous assignment of the isomers present in the matrix, as well
as an estimation of their geometrical parameters.
In general, the agreement was better using B3LYP/6-31G(d)

approach than for MP2/6-31G(d) for studied compounds.

Acknowledgements

The authors wish to thank Dr. I. O. Fritsky, Department of
Chemistry, Shevchenko University, Kiev, Ukraine, and Mr.
Z. Urbanek, The Faculty of Chemistry, Jagiellonian Univer-
sity, Krakow, Poland, for the synthesis of ligands used in this
paper. All calculations were done at The Academic Computer
Center Cyfronet, Krakow, Poland, which is acknowledged for
computer time. Part of this research was supported by Grant
4T09A064 22 from the Polish State Committee for Scientific
Research to LMP.

References

1 K. N. Raymond, Coord. Chem. Rev., 1990, 105, 135.
2 S. Pikul, K. L. M. Dunham, N. G. Almstead, B. De, M. G.

Natchus, M. V. Anastasio, S. J. McPhail, C. E. Snider, Y. O.
Taiwo, L. Chen, C. M. Dunaway, F. Gu and G. E. Mieling,
J. Med. Chem., 1998, 42, 87.

3 A. J. Stemmler, J. W. Kampf, M. L. Kirk and V. L. Pecoraro,
J. Am. Chem. Soc., 1995, 117, 6368.

4 M. A. Pearson, L. O. Michel, R. P. Hausinger and P. A. Karplus,
Biochemistry, 1997, 26, 8164.

5 S. Paravathy, I. Hussain, E. H. Karran, A. J. Turner and N. M.
Hooper, Biochemistry, 1998, 37, 1680.

6 S. K. Choudhuri, S. Das Dutta, R. Chatterjee and J. R.
Chowdhury, Chemotherapy, 1991, 37, 122.

7 B. Kurzak, H. Kozłowski and E. Farkas, Coord. Chem. Rev.,
1992, 114, 169.

8 B. Kurzak, W. Bal and H. Kozlowski, J. Inorg. Biochem., 1990,
38, 9.

9 D. A. Brown, R. Gerathy, J. D. Glennon and N. N. Choileain,
Inorg. Chem., 1986, 25, 3792.

10 B. Kurzak, L. Nakonieczna, G. Rusek, H. Kozlowski and E.
Farkas, J. Coord. Chem., 1993, 38, 17.

11 E. Farkas, E. A. Enyedy and H. Csoka, Polyhedron, 1999, 18,
2391.

12 J. Swiatek-Kozłowska, I. O. Fritsky, A. Dobosz, A. Karaczyn,
N. I. Dudarenko, T. Yu Sliva, E. Gumienna-Kontecka and
L. Jerzykiewicz, Chem. Soc., Dalton Trans., 2000, 4064.

13 E. Gumienna-Kontecka, G. Berthon, I. O. Fritsky, R. Wieczorek,
Z. Latajka and H. Kozlowski, J. Chem. Soc., Dalton Trans., 2000,
4201.

14 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery,
Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam,
A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C.
Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala,
Q. Cui, K. Morokuma, P. Salvador, J. J. Dannenberg, D. K.

Table 4 Experimental (Ar matrix) and calculated (zEz-keto structure,

B3LYP/6-31G(d)) frequencies of oxha (cf. Fig. 3). The relative band

integral intensity values are given in parentheses

nexp/cm
�1 ncalc

a /cm�1 Assignmentb

3458 (5) 3508 (0.58) n(N–H) asym.

3469 (100) 3507 (58.93) n(N–H) sym.

— 3410 (0.08) n(O–H) asym.

3392 (21) 3409 (17.48) n(O–H) sym.

1697 (2) 1698 (0.28) n(C=O) asym.

1669 (99) 1665 (100.00) n(C=O) sym.

1557 (4) 1546 (0.03) n(C–N), d(O–H), d(N–H)

1531 (12) 1542 (15.38) n(C–N), d(O–H), d(N–H)

1408 (0.3) 1417 (0.05) d(C–N–H), d(O–H)

1392 (40) 1384 (73.14) d(C–N–H), d(O–H)

1239 (vw) 1225 (0.25) n(C–C), d(N–H)

1191 (11) 1174 (14.62) n(C–C), d(N–H)

— 1087 (0.005) n(N–O)

1007 (49) 998 (61.24) n(N–O)

946 (vw) 952 (0.46) d(N–C=O)

852 (17) 831 (9.63) d(N–C=O)

733 (vw) 734 (0.001) d(C–C)

a Frequencies are scaled uniformly by factor of 0.9614. b Ox denotes

oxamic and hox denotes hydroxamic group, vw indicates very weak

intensity of the band (estimation of the integral frequencies not possi-

ble), asym. and sym. means asymmetric and symmetric vibrations,

respectively.

2342 Phys. Chem. Chem. Phys., 2003, 5, 2337–2343



Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J.
Cioslowski, J. V. Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu,
A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L.
Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A.
Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson,
W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M. Head-
Gordon, E. S. Replogle and J. A. Pople, Gaussian 98, Revision
A.11, Gaussian, Inc., Pittsburgh PA, 2001.

15 A. D. Becke, J. Chem. Phys., 1993, 98, 5648.
16 A. Nino, C. Munoz-Caro and M. L. Senent, J. Mol. Struct.

(THEOCHEM), 2000, 530, 291.
17 M. D. Halls and H. B. Schlegel, J. Chem. Phys., 1998, 109,

10 587.
18 A. P. Scott and L. Radom, J. Phys. Chem., 1996, 100, 16 502.
19 W. Ruiqin, Y. Xiaolan, F. Zhenye, M. M. I. Haq, M. M. P.

Khurshid, T. J. Rayner, J. A. S. Smith and M. H. Palmer,
J. Am. Chem. Soc., 1989, 111, 114.

20 G. Ponzio and I. De Paolini, Gazz. Chim. Ital., 1927, 57, 633.
21 L. Bauer and O. Exner, Angew. Chem., Int. Ed. Engl., 1974,

13, 376.
22 I. K. Larsen, Acta Crystallogr., Sect. B, 1988, 44, 527.
23 B. H. Brecker and R. W. Small, Acta Crystallogr., Sect. B, 1970,

26, 1705.
24 E. Lipczynska-Kochany and H. Iwamura, J. Org. Chem., 1982,

47, 5277.
25 I. K. Larsen, Acta Crystallogr., Sect. B, 1978, 34, 962.
26 M. Saldyka and Z. Mielke, J. Phys. Chem. A, 2002, 106, 3714.
27 W. J. Orville-Thomas and A. E. Parsons, J. Mol. Spectrosc., 1958,

2, 203.

28 H. P. Fitzpatrick and O. E. von Stetten, Z. Naturforsch., B, 1969,
24, 947.

29 H. Meghezzi and A. Boucekkine, J. Mol. Struct. (THEOCHEM),
1992, 257, 175.

30 M. Remko and J. Sefcikova, J. Mol. Struct. (THEOCHEM),
2000, 528, 287.

31 J. E. Yazal and Y.-P. Pang, J. Phys. Chem. A, 1999, 103, 8346.
32 C. Munoz-Caro, A. Nino, M. L. Senent, J. M. Leal and S. Ibeas,

J. Org. Chem., 2000, 65, 405.
33 C. Munoz-Caro, A. Nino and D. C. Moule, Theor. Chim. Acta,

1994, 88, 299.
34 A. S. Begum, V. K. Jain, C. L. Khetrapal and N. C. Shivaprakash,

J. Crystallogr. Spectrosc. Res., 1987, 17, 545.
35 C. K. Lowe-Ma and D. L. Decker, Acta Crystallogr., Sect. C,

1986, 42, 1648.
36 J. Schraml, M. Kvicalova, V. Blechta, L. Soukupova, O. Exner,

H. M. Boldhaus, F. Erdt and C. Bliefert, Magn. Reson. Chem.,
2000, 38, 795.

37 D. A. Brown, R. A. Coogan, N. J. Fitzpatrik, W. K. Glass, D. E.
Abukshima, L. Shiels, M. Ahlgren, K. Smolander, T. T.
Pakkanen, T. A. Pakkanen and M. Perakyla, J. Chem. Soc.,
Perkin Trans. 2, 1996, 2673.

38 S. Scheiner, Hydrogen Bonding, A Theoretical Perspective, Oxford
University Press, Oxford, 1997.

39 A. Behrens and W. A. P. Luck, J. Mol. Struct., 1980, 60, 337.
40 W. B. Person, J. E. DelBene, W. Szajda, K. Szczepaniak and

M. Szczesniak, J. Phys. Chem., 1991, 95, 2770.
41 H. Rostkowska, M. J. Nowak, L. Lapinski and L. Adamowicz,

Phys. Chem. Chem. Phys., 2001, 3, 3012.

Phys. Chem. Chem. Phys., 2003, 5, 2337–2343 2343


