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Intramolecular hydrogen-atom migrations in 2-hydroxy-3-nitropyridine have been investigated by low-
temperature matrix-isolation infrared (IR) spectroscopy with the aid of density functional theory (DFT)
calculation. An IR spectrum measured after deposition was assigned to an enol isomer, the conformation of
which is anti in relation to OH versus N in the pyridine ring. When the matrix sample was exposed to UV
and visible light (λ > 350 nm), an IR spectrum consistent with a keto product was observed. During the
irradiation, an IR spectrum of a transient species, a photoreaction intermediate betweenanti-enol and keto,
was observed, which was assigned tosyn-enol. The bands ofsyn-enol disappeared completely when the
irradiation was stopped, while those of the original isomer,anti-enol, reappeared. No reverse isomerization
was observable in the corresponding deuterated species. This led to the conclusion that the isomerization
from synto anti occurs through hydrogen-atom tunneling. On the other hand, anaci-nitro form was produced
by UV irradiation (λ ) 365( 10 nm) without visible light. The conformation around theaci-nitro group was
determined to be cis-cis by comparison with the spectral patterns obtained by the DFT/B3LYP/6-31++G**
calculation. The dynamics of the hydrogen-atom migrations betweenanti- andsyn-enols,syn-enol and keto,
andanti-enol andaci-nitro are discussed in terms of the potential surfaces obtained by the DFT calculation.

1. Introduction

2-Hydroxypyridine is one of the simplest model compounds
for nucleic acids such as uracil and thymine. The intra- and
intermolecular hydrogen bonds between the hydrogen atom in
the OH group and a lone pair of the nitrogen atom play
important roles in biological and chemical reactions. The
intramolecular hydrogen-atom migration to the nitrogen atom
produces a keto isomer, 2-pyridone (see Scheme 1). The keto-
enol equilibrium has been investigated under various experi-
mental conditions.1-11 It is well-known that keto mainly exists
in crystals1-3 and in polar solutions,4,5 while enol and keto
coexist in diluted nonpolar solutions,6 in the gas phase,5,7-9 and
in low-temperature rare-gas matrices.10,11The energy difference
between the two isomers in the isolated states is reported to be
a few kilojoules/mole, where enol is more stable than keto.
Numerous quantum chemical calculations were also performed
to predict the relative stability between keto and enol using
various calculation methods and basis sets.12-17 In contrast to
the experimental results in the isolated states, some recent
quantum chemical calculations lead to the conclusion that keto
is more stable than enol. So far the inconsistency between the
experimental and calculation results remains unsettled.

The enol isomer of 2-hydroxypyridine has two conformations
around the C-O bond, i.e.,synandanti in relation to the OH
group versus the N atom. Matsuda et al. obtained the relative
energies forsyn and anti at the HF/6-31G level and reported
thatanti is ca. 32 kJ mol-1 less stable thansynbecauseanti is
destabilized by the repulsion between the lone pairs of the

oxygen and nitrogen atoms.18 No experimental report onanti
has yet been published.

In the present study, 2-hydroxy-3-nitropyridine, hereafter
called HNP, is a target molecule to be investigated. The keto-
enol equilibrium of this molecule was previously studied by
NMR spectroscopy,5,19 which showed that keto mainly exists
in the solution with a small amount of enol. The understanding
of the keto-enol equilibrium in this molecule may be more
complicated than that in 2-hydroxypyridine, because HNP has
another intramolecular hydrogen bond of OH‚‚‚ONO besides
the O-H‚‚‚N found in 2-hydroxypyridine. The stabilization
caused by the OH‚‚‚ONO intramolecular hydrogen bond should
makeanti-enol more stable than keto (see Scheme 2). One of
the purposes of the present study is to examine the conforma-
tional change around the C-O bond in the matrix-isolation states
with the keto-enol equilibrium.

The photoreaction mechanism of 2-nitrophenol has recently
been investigated.20,21The vibrational assignments with the aid
of the density functional theory (DFT) calculation lead to the
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conclusion that anaci-nitro form was produced by the hydrogen-
atom migration from the OH group to the nitro group upon UV
irradiation (see Scheme 3). In the present study, we examine
the three kinds of hydrogen-atom migrations in HNP by low-
temperature matrix-isolation infrared (IR) spectroscopy and the
DFT calculation method: between (1) enol and keto, (2)anti-
and syn-enols, and (3) enol andaci-nitro. These reaction
pathways in relation to the intramolecular hydrogen bonds are
complicated, but the matrix-isolation technique combined with
the DFT method should make it possible to elucidate the
hydrogen-atom migrations in HNP, since the observed IR bands
are sharp enough to distinguish each of the isomers in dense
spectra.

2. Experimental and Calculation Methods

A sample of HNP was purchased from Tokyo Chemical
Industry Co. Ltd. A deuterated sample was synthesized by
mixing HNP in acetone with an excess amount of D2O. Each
sample placed in a deposition nozzle with a heating system was
vaporized at 370 K. Pure argon (Nippon Sanso, 99.9999%) was
flowed over the sample, and the flow rate of argon gas was
adjusted to obtain sufficient isolation. The mixed gas was
expanded through a stainless steel pipe of 1/16 in. in diameter
and deposited in a vacuum chamber on a CsI plate, cooled at
20 K by a closed-cycle helium refrigerator unit (CTI Cryogenics,
model M-22). UV radiation from a superhigh-pressure mercury
lamp (Ushio, SX-UI-500HQ) was used to induce photoisomer-
ization, where a water filter was used to remove thermal
reactions and U330, UV36 (HOYA), L42 (Toshiba), and CVI
(CVI Laser) optical filters adjusted the irradiation wavelength.
IR spectra of the matrix sample were measured with an FTIR
spectrophotometer (JEOL, model JIR-7000). The band resolution
was 0.5 cm-1, and the number of accumulation was four in the
experiments on the tunneling reactions and 64 otherwise, where
it takes ca. 4 s for one scan. Other experimental details were
reported elsewhere.22,23

DFT calculations with the 6-31++G** basis set were carried
out using the Gaussian03 program.24 Beck’s three-parameter
hybrid density functional,25 in combination with the Lee-
Yang-Parr correlation functional (B3LYP),26 was used to
optimize the geometrical structures.

3. Results and Discussion

Quantum Chemical Calculations. Among many possible
isomers of HNP, the geometries of one keto, two enols (syn
andanti), and twoaci-nitro forms [trans-cis (TC) and cis-cis
(CC)] were optimized at the DFT/B3LYP/6-31++G** level
of calculation (see Figure 1). The most stable isomer isanti-
enol, the conformation of which isanti in relation to OH versus
N in the pyridine ring. As described in the Introduction, the
correspondinganti-enol of 2-hydroxypyridine has yet been
undetectable, since it is destabilized by the repulsion between
the lone pairs of the oxygen and nitrogen atoms. We optimized
the geometries of 2-hydroxypyridine by a similar quantum
chemical calculation and found thatanti is less stable thansyn
by 22.4 kJ mol-1. In contrast to 2-hydroxypyridine,anti-enol
of HNP is more stable thansyn-enol by 19.5 kJ mol-1. This

stabilization is caused by the intramolecular hydrogen bond
between the OH and ONO groups. The stabilization energy can
be estimated to be 41.9 kJ mol-1 as the sum of 22.4 and 19.5
kJ mol-1. This value is nearly equal to the energy difference
betweensynandanti of 2-nitrophenol, 44.8 kJ mol-1.20 Then
we conclude that the intramolecular hydrogen bond of OH‚‚‚
ONO in HNP is as strong as that in 2-nitrophenol. The influence
of the hydrogen bond appears in the results of calculation on
the O-H bond, where the distance ofanti-enol, 0.986 Å, is
0.014 Å longer than that ofsyn-enol.

The second stable isomer is keto (see Figure 1). The relative
energy againstanti-enol, calculated to be 18.8 kJ mol-1, is nearly
equal to that ofsyn-enol, 19.5 kJ mol-1. This is consistent with
the results on 2-hydroxypyridine obtained by the DFT calcula-
tions, where the corresponding keto is a few kilojoules/mole
more stable thansyn-enol. The ONO planes for keto andsyn-
enol of HNP are out of the pyridine-ring plane, the torsional
angles around the C-N bond being 27° and 12° respectively,
implying that these isomers are destabilized by the repulsion
between the lone pairs of the oxygen atoms in ONO and OH
or CdO. It is noted thatanti-enol of HNP is planar due to the
intramolecular hydrogen bond and more stable thansyn-enol
and keto.

The aci-nitro form has two conformations around the CdN
and N-OH bonds, resulting in four isomers. We call them TT,
TC, CC, and CT, as defined in 2-nitrophenol.20 The optimized
geometries of two isomers, TC and CC, were obtained by the
DFT calculations, where their relative energies againstanti-
enol were ca. 114 kJ mol-1. On the other hand, CT and TT are
transient structures; the former changed to CC without any
potential barriers in optimization when it was assumed as an
initial geometry in any input data, while the latter changed to
anti-enol by an intramolecular hydrogen-atom migration.

IR Spectrum of anti-Enol. An IR spectrum of HNP in an
argon matrix measured before irradiation is shown in Figure
2a. A broad band was observed at 3234 cm-1 in the O-H
stretching region. This wavenumber is ca. 300 cm-1 lower than
those of normal O-H stretching modes, implying that HNP has
a strong hydrogen bond. Then we assigned the observed bands
to anti-enol, which has an intramolecular hydrogen bond of OH‚
‚‚ONO. The calculated spectral pattern ofanti-enol obtained
by the DFT calculation reproduces the observed spectrum
satisfactorily, as shown in Figure 2b, although the observed one
shows splitting due to Fermi resonance and a few additional
bands due to combination modes. Since neither free O-H
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Figure 1. Possible isomers of HNP and their relative energies in
kilojoules/mole calculated at the DFT/B3LYP/6-31++G** level.
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stretching band nor free N-H stretching band was observed in
the observed spectrum, the amounts ofsyn-enol and keto seem
to be negligible in the matrix. This result is supported by the
population ratio of anti-enol, 99.5%, estimated from the
calculated relative energies based on the assumption of the
Boltzmann distribution law at the deposition temperature of 370
K. The observed and calculated wavenumbers and relative
intensities are summarized in Table 1.

To confirm our assignments further, we performed a similar
experiment using a deuterated sample. The observed IR
spectrum is compared with the calculated spectral pattern of
deuteratedanti-enol in Figure 2c,d. The O-D stretching band
with a broadening due to the hydrogen bond was observed at
2436 cm-1. The observed and calculated wavenumbers for the
deuterated species are summarized in Table 1 with those for
the normal species.

IR Spectra of Keto and a Transient Species,syn-Enol.
When the matrix sample was exposed to UV and visible light
through a UV36 short-wavelength cutoff filter (λ > 350 nm), a
spectral change was observed. A difference spectrum between
the spectra measured after irradiation minus that before 10-min
irradiation is shown in Figure 3a, where the band intensities of
the reactant,anti-enol, and a product decreased and increased,
respectively. The strongest band of the product appearing at
1733 cm-1 is assignable to the CdO stretching mode and the
3419 cm-1 band to the N-H stretching mode. Then we
tentatively identified the product as keto. The calculated spectral
pattern of keto shown in Figure 3b reproduces the increasing
bands satisfactorily within ca. 20 cm-1, as summarized in Table
2. It is noted that this photoisomerization from enol to keto is
in the opposite direction to that of the parent molecule,
2-hydroxypyrinde, in a low-temperature matrix reported by
Nowak et al.10

The hydrogen atom in the OH group foranti-enol is located
at a long distance from the nitrogen atom in the pyridine ring,
while the corresponding hydrogen atom forsyn-enol is close to
the nitrogen atom. One may consider that the hydrogen-atom
migration to produce keto occurs insyn-enol instead ofanti-
enol after the rotational isomerization around the C-O bond
from anti-enol tosyn-enol. This idea is reasonable because the
potential barrier fromsyn-enol to keto, ca. 150 kJ mol-1, is
lower than the photon energy used in this experiment, ca. 350
kJ mol-1, but the dissociation energy of hydrogen atom for the
direct isomerization fromanti-enol to keto, over 400 kJ mol-1,
is higher than the photon energy. To obtain an answer to the
question whethersyn-enol is a photoreaction intermediate

betweenanti-enol and keto or not, we tried to measure an IR
spectrum of a transient species existing only during UV and
visible-light irradiation.

Figure 4a shows a difference spectrum between the spectra
measuredduring irradiation minus thatbeforeUV and visible-
light irradiation through a UV36 short-wavelength cutoff filter
(λ > 350 nm). The increasing bands marked with solid squares
are due to keto, which is not a transient species but the final
product. The other increasing bands are due to a transient species
existing only during UV and visible-light irradiation. They
completely disappeared when the irradiation on the matrix
sample was stopped, as shown in the difference spectrum
between the spectra measuredafter irradiation minus thatbefore
irradiation (see Figure 3a). On the other hand, the difference
spectrum between the spectra measuredafter irradiation minus
thatduring irradiation in Figure 4b displays that the bands for
the transient species decrease and those for the original isomer,
anti-enol, increase. These findings suggest one possibility that

Figure 2. Observed and calculated IR spectra ofanti-enol and its
deuterated species: (a) observed IR spectrum of normal species
measured after deposition, (b) calculated spectral pattern of normalanti-
enol, (c) observed IR spectrum of deuterated species after deposition,
and (d) calculated spectral pattern of deuteratedanti-enol. Scaling
factors of 0.95 and 0.98 are used in the regions higher and lower than
3000 cm-1, respectively, in b and d.

TABLE 1: Observed and Calculated Wavenumbers of
anti-Enol

normal deuterated

obsd calcd obsd calcd

ν̃ inta ν̃b intc ν̃ inta ν̃b intc

3234 m 3282 94
3079 1 3078 1
3062 1 3062 1
3021 6 3021 5

2436 m 2465 46
1611 s 1627 100 1612 s 1624 100
1585 } s 1584 98 1578 } s 1579 82
1583 1573
1545 m 1561 27 1534 } m 1544 25

1526
1482 w
1461 w 1472 60 1466 } s

1471 56
1458

1451 } s 1452 95
1437} s 1439 40

1446
1352 s 1383 34
1327 } w 1350 5 1354 } s 1352 14
1320 1345

1317 s 1329 35
1286 s 1299 66
1273 } s 1282 88

1271 } s 1284 631267 1264
1257 1254

1230 w 1254 44
1234 w
1195 } m 1193 39
1183
1155 w 1153 1 1155 w 1153 1
1088 w 1082 4 1098 } m 1087 13

1089
1040 m 1044 6 1062 w 1063 3
980 w 978 <1 980 w 978 <1
967 w 973 <1 972 <1

953 } m 968 25
946

892 m 886 8 885 m 880 4
833 m 825 9 834 m 824 7
811 w 797 9 811 w 797 7
708 m 770 23
769 m 741 33 769 s 744 13
727 w 717 2 727 w 717 1
675 w 673 2 673 w 672 2

a Letters represent relative intensities; s, m, and w denote strong,
medium, and weak, respectively.b Calculated at DFT/B3LYP/6-
31++G** level. Scaling factors of 0.95 and 0.98 are used in the regions
above and below 3000 cm-1, respectively.c Relative intensities.
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the transient species changes to keto by absorption of the second
photon but returns immediately toanti-enol without photons.
This transient species has a split band at 3553 and 3546 cm-1,
which is assignable to a free O-H stretching mode. Then we
have identified this transient species assyn-enol. The calculated
spectral pattern ofsyn-enol, shown in Figure 4c, is consistent
with the decreasing bands for the transient species in Figure
4b.

A similar experiment for the deuterated sample was per-
formed. A difference spectrum between the spectra measured
after irradiation minus thatbeforeUV and visible-light irradia-
tion (λ > 350 nm) is shown in Figure 5a, where the increasing
and decreasing bands are due to the product and the reactant,
respectively. We had first expected that deuterated keto was
produced by the deuterium migration from the OD group to
the N atom in the pyridine ring like normal species. However,
the product has a split band appearing at 2623 and 2610 cm-1

in the O-D stretching region, which corresponds to the O-H
stretching band of normalsyn-enol. In addition, the product has
no band in the CdO stretching region around 1700 cm-1. Then
we tentatively identified the product assyn-enol instead of keto.
This identification has been confirmed by comparison of the
increasing bands in Figure 5a with the spectral patterns of
deuteratedsyn-enol in Figure 5b and keto in Figure 5c. Thus,
we conclude that deuteratedsyn-enol was produced instead of
keto as the final product instead of a transient species. This

significant isotope effect is discussed below in terms of tunneling
reactions. The observed and calculated wavenumbers and
relative intensities for normal and deuterated species ofsyn-
enol are summarized in Table 3.

IR Spectrum of aci-Nitro Form and Reverse Isomeriza-
tion. When the matrix sample was exposed to UV light emitted
from a superhigh-pressure mercury lamp through a U330 optical
band-pass filter (220 nm< λ < 410 nm), the bands of a new
photoproduct appeared with a decrease in theanti-enol bands.
Figure 6a shows a difference spectrum between the spectra
measured after irradiation minus that before UV irradiation
without visible-light irradiation. The bands marked with solid
squares are due to keto, as assigned in the previous section.
The increasing bands marked with † are due to a new
photoproduct. When the matrix sample was exposed to visible
light through an L42 optical cutoff filter (λ > 410 nm) following
the UV irradiation (220 nm< λ < 410 nm), a reverse
isomerization to the original isomer,anti-enol, was observed,
as shown in Figure 6b, where the keto bands marked with solid
squares are unchanged. A similar reversible isomerization was
found in 2-nitrophenol;20 anaci-nitro form was produced from
2-nitirophenol by UV irradiation and returned to the original
isomer by visible-light irradiation. Since this new product has
the 3510 cm-1 band assignable to the free O-H stretching mode
and the strong bands at 1700, 1514, 1296, and 938 cm-1

corresponding to the bands (1678, 1522, 1292, and 930 cm-1)
of the aci-nitro form of 2-nitrophenol, we identified the new
product as theaci-nitro form of HNP. The calculated spectral
patterns for the CC and TC isomers ofaci-nitro are compared

Figure 3. Observed and calculated IR spectra of keto: (a) observed
difference spectrum between the spectra measured after irradiation
minus that before irradiation of 10-min UV and visible light (λ > 350
nm) and (b) calculated spectral pattern of keto, where scaling factors
of 0.95 and 0.98 are used in the regions higher and lower than 3000
cm-1, respectively. The band marked with/ is due to H2O in the matrix.

TABLE 2: Observed and Calculated Wavenumbers of Keto

obsd calcd obsd calcd

ν̃ inta ν̃b intc ν̃ inta ν̃b intc

3419 s 3415 14 1151 2
3087 <1 1141 w 1135 3
3062 <1 1054 w 1058 3
3059 <1 1047 w 1039 1

1733 } s 1750 100
970 1

1712 939 <1
1600 w 1626 6 890 w 881 2
1554 m 1569 26 818 w 804 5
1543 } s 1553 21

812 w
1538 780 <1
1473 w 1467 4 756 m 750 15

1425 1 719 w 723 2
1350 m 1349 39 686 w 687 4
1326 m 1321 24 649 w 647 2
1216 m 1218 10

a Letters represent relative intensities; s, m, and w denote strong,
medium, and weak, respectively.b Calculated at DFT/B3LYP/6-
31++G** level. Scaling factors of 0.95 and 0.98 are used in the regions
above and below 3000 cm-1, respectively.c Relative intensities.

Figure 4. Observed and calculated IR spectra ofsyn-enol: (a)
difference spectrum between the spectra measuredduring irradiation
minus thatbeforeUV and visible-light irradiation (λ > 350 nm), (b)
difference spectrum between the spectra measuredafter irradiation
minus thatduring the irradiation, and (c) calculated spectral pattern of
syn-enol, where scaling factors of 0.95 and 0.98 are used in the regions
higher and lower than 3000 cm-1, respectively. Bands marked with9
represent keto.

Figure 5. Observed and calculated IR spectra of deuteratedsyn-enol:
(a) difference spectrum between the spectra measured after irradiation
minus that before 5-min irradiation of UV and visible-light (λ > 350
nm) and (b and c) calculated spectral patterns of deuteratedsyn-enol
and deuterated keto, respectively.
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with the observed spectrum in Figure 6, resulting in that CC
reproduces the observed bands marked with † more satisfactorily
than TC. The reason why TC is undetectable is that it easily

changes to TT by rotation around the N-OH bond in vibrational
relaxation and then immediately to the originalanti-enol by the
migration of hydrogen atom with no essential potential barrier.
A similar discussion has been made on the results of the
photoreaction of 2-nitrophenol.20 The observed wavenumbers
are consistent with the calculated values of CC within 20 cm-1,
as summarized in Table 4 with the relative intensities. The IR
spectrum of CC was also observed using a CVI band-pass filter
(355 nm< λ < 375 nm), similarly to 2-nitrophenol.20

Photoreaction Mechanism.The above-mentioned photo-
reaction mechanisms of HNP are summarized in Scheme 4. Only
the most stable isomer, anti, exits in the gas phase and in the
matrix. Theanti-enol isomerizes toaci-nitro by the migration
of H in the OH group to the nitro group upon irradiation of ca.
365 nm. Theaci-nitro form returns to the originalanti-enol by
visible-light irradiation (λ > 410 nm). Theanti-enol isomerizes
to keto by UV and visible-light irradiation (λ > 350 nm) via
an intermediate,syn-enol, produced by the rotation around the
C-O bond.

Here, the question arises how the transient isomersyn-enol
returns to the original isomer,anti-enol. As described before,
syn-enol exists only during UV and visible-light irradiation and
returns toanti-enol instead of keto by stopping the irradiation.
We consider the three possibilities for this reverse isomerization
as follows: (1) thermal isomerization caused by infrared
radiation from the source of an FTIR spectrophotometer, (2)
thermal isomerization over low potential barriers in low-
temperature matrices, and (3) isomerization by hydrogen-atom
tunneling.

It is known that the rotational isomerization around the O-H
bonds in alcohols, carboxylic acids, and nitrous acids occurs
by infrared radiation with wavenumbers higher than 3000
cm-1.27-31 To confirm the possibility of the infrared-induced
isomerization in HNP, we measured the spectral changes under
two experimental conditions: (i) continued exposure of the
matrix sample to the infrared beam of an FTIR spectrophotom-
eter and (ii) elimination of the IR beam by shielding all the
windows of the vacuum chamber with a sheet of aluminum foil
except in the measurement of the IR spectra. The number of
spectral accumulation was decreased to 4 to minimize the
influence of the IR beam. As a result, no difference was
observed between the results obtained under the two experi-

TABLE 3: Observed and Calculated Wavenumbers of
syn-Enol

normal deuterated

obsd calcd obsd calcd

ν̃ inta ν̃b intc ν̃ inta ν̃b intc

3553 } s 3667 34
3546

3178 1
3178 1 3160 1
3160 1 3124 3
3124 3

2623 m 2667 18
2610

1638 } m 1628 100 1618 } s 1626 100
1616 1604
1592 s 1599 27 1583 m 1592 25
1547 } s 1565 41 1545 s 1563 30
1545
1471 s 1471 19 1469 w 1464 35
1457 m 1461 13 1456 w 1453 3
1349 s 1356 77 1354 s 1352 70
1330 m 1329 11
1307 m 1319 42 1308 w 1325 1
1262 m 1277 26 1269 w 1297 36

1246 w 1252 15
1170 } s 1166 29
1168
1152 w 1145 9 1154 w 1150 <
1083 m 1082 7 1083 4
1049 w 1046 6 1070 w 1069 3

981 1 981 1
968 <1 968 <1

948 } w 936 26943
940

890 s 884 10 888 w 881 7
831 m 819 10 821 w 812 8
825 w 806 5 811 w 805 4
767 s 758 16 767 m 757 14

a Letters represent relative intensities; s, m, and w denote strong,
medium, and weak, respectively.b Calculated at DFT/B3LYP/6-
31++G** level. Scaling factors of 0.95 and 0.98 are used in the regions
above and below 3000 cm-1, respectively.c Relative intensities.

Figure 6. Observed and calculated IR spectra ofaci-nitro form: (a)
observed difference spectrum between the spectra measured after
irradiation minus that before 5-min irradiation of UV (220 nm< λ <
410 nm), (b) difference spectrum between the spectra measured after
irradiation minus that before 5-min irradiation of visible light (λ >
410 nm) following the measurement of a, c, and d calculated spectral
patterns of CC and TC ofaci-nitro form, respectively. Scaling factors
of 0.95 and 0.98 are used in the regions higher and lower than 3000
cm-1, respectively. Symbols of † and9 represent CC ofaci-nitro form
and keto, respectively.

TABLE 4: Observed and Calculated Wavenumbers of
aci-Nitro Form

CC TC CC TC

obsd calcd calcd obsd calcd calcd

ν̃ inta ν̃b intc ν̃b intc ν̃ inta ν̃b intc ν̃b intc

3510 s 3528 43 3495 49 1253 m 1255 53 1273 116
3085 1 3073 1 1166 m 1157 9 1145 5
3056 1 3055 1 1101 3 1078 9
2981 8 3075 9 993 w 990 5 1020 54

1700 } m 1718 100 1700 60
976 <1 978 <1

1695 967 <1 976 12
1642 6 1645 19 938 s 933 50 973<1

1636 s 1631 49 1617 100 829 m 831 19 880 1
1514 s 1522 65 1536 79 780 3 781 1
1436 w 1439 3 1436 3 751 w 757 12 763 13
1383 w 1387 4 1389 12 695 4 701 1
1335 m 1326 11 1315 17 637<1 647 1
1296 s 1299 44 1284 2

a Letters represent relative intensities; s, m, and w denote strong,
medium, and weak, respectively.b Calculated at DFT/B3LYP/6-
31++G** level. Scaling factors of 0.95 and 0.98 are used in the regions
above and below 3000 cm-1, respectively.c Relative intensities.
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mental conditions. Thus we conclude that the reverse isomer-
ization fromsyn to anti is not caused by IR radiation.

The thermal isomerization around the C-O bond in alcohols
is possible even in low-temperature matrices, if the potential
barrier is lower than 6 kJ mol-1.32 To distinguish thermal
isomerization and tunneling isomerization, we tried to determine
the rate constants for the isomerization of normal and deuterated
species by an analysis of the kinetics. If the rate constant for
the deuterated species is smaller than that of the normal species
by a few orders of magnitude, tunneling isomerization is highly
probable. Otherwise the isomerization fromsyn to anti occurs
thermally over the potential barrier.

Figure 7 shows the absorbance changes of the normalsyn
(3553 cm-1) and anti (1183 cm-1) bands and the deuterated
syn(2623 cm-1) andanti (2436 cm-1) bands after stopping the
5-min UV and visible-light irradiation (λ >350 nm). The number
of spectral accumulation was decreased to four since the
isomerization rate was fast. Thesynband at 3553 cm-1 and the
anti band at 1183 cm-1 for the normal species rapidly decreased
and increased, respectively, after stopping the irradiation. On
the other hand, the deuteratedsynband at 2623 cm-1 and the
deuteratedanti band at 2436 cm-1 were unchanged. We assumed
the first-order reaction in a least-squares fitting and determined
the rate constants to be 1.32( 0.06 and 0.0000( 0.0003 min-1

for the normal and deuterated species, respectively. The
calculated absorbance is drawn in a solid line in Figure 7. Since
the rate constant for the deuterated species is smaller than 0.0003
min-1, i.e., 1/1000 of that for the normal species, we conclude
that the reverse isomerization fromsyn to anti is due to a
hydrogen-atom tunneling reaction.

As mentioned in the foregoing, the isomerization fromsyn-
enol to keto occurs upon UV and visible-light irradiation for
the normal species. On the other hand, the spectral change due
to this isomerization, as well as the reverse isomerization from
syn-enol toanti-enol, was undetectable in the deuterated species,
even when the matrix sample was exposed as long as 80 min.
This remarkable isotope effect can be ascribed to a tunneling

reaction, as found in the related compounds.33-36 However, the
tunneling reaction in the electronic ground state seems to be
difficult because the potential barrier for the isomerization is
too high, estimated to be 146 kJ mol-1 in our DFT calculations.
Another possibility to explain the large isotope effect is a
tunneling reaction in electronically exited states. Unfortunately,
we have little information on the electronically excited states
of HNP. This problem remains unresolved at the present stage.

4. Conclusion

A comparison of the IR spectrum measured after deposition
with the calculated spectral patterns of 2-hydroxy-3-nitropyridine
showed thatanti-enol, with the conformation ofanti in relation
to OH versus N in the pyridine, exists in the gas phase and in
the low-temperature matrices. No other isomers were detectable
in the spectrum. When the matrix sample was exposed to UV
light (355< λ < 375 nm), the hydrogen atom in the OH group
migrated to the nitro group to produce anaci-nitro form. The
conformation of theaci-nitro group was assigned to CC, by
comparison with the calculated spectral pattern. It was specu-
lated from the results of the photoreaction of 2-nitrophenol that
the other possible isomer, TC, was undetectable because it
returned to the original isomer,anti-enol, through a transient
isomer, TT, in vibrational relaxation. When the matrix sample
was exposed to UV and visible light (λ > 350 nm), the
hydrogen-atom migration around the C-O bond from the
position ofanti to that ofsynoccurred. By measuring the IR
spectrum of a transient species existing only during irradiation
of UV and visible light, it was concluded that keto was produced
via syn-enol. The transient species,syn-enol, returned to the
original isomer,anti-enol, immediately after termination of the
irradiation, whereas the deuteratedsyn could not return.
Therefore, we ascribed this reverse isomerization to the
hydrogen-atom tunneling reaction.
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