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Photoreactions induced by UV-B (29320 nm) irradiation were studied for 1-methyl-B{}tpyrimidinone

and 1-methylcytosine monomers isolated in low-temperature inert gas matrixes. A Norristoiygheavage
reaction leading to open-ring conjugated isocyanate was observed for 1-methy®({Ilmidinone. The
structure of the photoproduct was identified by comparison of its experimental IR spectrum with the spectrum
theoretically calculated at the DFT(B3LYP)/6-8+G(d,p) level. The main indication of isocyanate as a
photoproduced species was the appearance in the infrared spectrum recorded after UV irradiation of a very
strong band at a characteristic frequency of 2263'c@bservation of a new band at nearly the same frequency

in the spectrum of UV-irradiated monomeric 1-methylcytosine may suggest that also in the case of this
compound a conjugated isocyanate is photoproduced.

Introduction were observed as early as 196 he classic examples of such

) o ) ) ) o a reaction leading to conjugated ketenes as primary photoprod-
Ultraviolet light induces photoreactions in chromatin of living  cts are those observed for 2 4-cyclohexadieHoR® and
cells. As a result of these photoreactions, lesions occur in the o _,yrone21-23 For these compounds, the single bone-Cor

genetic material that can be carcinogenic or lethal to irradiated c—0) s cleaved upon UV excitation. The production of
cells. The known photoreactions of nucleic acid bases yield conjugated ketenes as direct photoproducts was proven by
photoproducts such as cytosine photohydrates, pyrimidine ghservation of characteristic, very intense bands at ca. 2140
cyclobutane dimers, pyrimidine (6-4) pyrimidone adducts, and ¢m-1in the IR spectra of UV-irradiated monomeric compounds
their Dewar valence isomets® An important class of changes  trapped in low-temperature matrixes. Conjugated ketenes were
in irradiated chromatine is UV-induced DNAprotein cross-  gjsq identified as primary photoproducts through the appearance
linking.* Shetlar and co-workets’ proposed that one of the ¢ |R pands in the 21392131 cntl spectral region in
mechanisms of radiation-induced cross-linking can be a pho- experiments in which matrix-isolated nitrogen heterocyclic
toreaction of cytosine with amino groups of histone amino acids, ¢ompounds such as 24}-pyridinone2* 4(3H)-pyrimidinone?:26

for example, lysine. In a series of investigations, these authors g, 3(2H)-pyridazinone?” were irradiated with UV light. For
demonstrated_that_ UV irradiation of cytosine dissolved in tpese compounds, the ring-opening photoreaction went through
aqueous solutions in the presence of amines or alcohols leadsne spiitting of the alpha €N single bond.

to open-ring photoproducts in which the cytosine and amine | principle, generation of conjugated isocyanates in analo-
(or alcohol) moieties are covalently bound. The mechanism of ¢,,5 photoprocesses could be expected. Furthermore, detection
these photoreactions was not elucidated. Nishio and co- st photoproduced species with isocyanate groups should be easy
workers™* studied photoreactions of 1-aryl-2{)-pyrimidi- in a matrix isolation experiment combined with FTIR spectros-
nones dissolved in benzene solutions containing amines Ofcopy: the isocyanate moiety should manifest itself by a very

alcohols. Open-ring photoproducts analogous to those obtaineqpense infrared absorption band appearing within the charac-
from cytosine were isolated from the UV-irradiated solutions. iayistic frequency range 228@260 cnrl. Intense bands lying

Conjugated isocyanate, generated in a Norrish typeleavage ithin this frequency range were observed in the infrared spectra

process, was proposed to be a primary product of the photore-q¢ gimple, stable isocyanates: methylisocyarfétand ethyl-

actiqn, although no direct proof of transient isocyanate was isocyanaté? However, to the best of our knowledge, conjugated

provided. isocyanates produced in arcleavage photoreaction have never
Norrish type lo-cleavage reactions are among the classic peen directly observed so far.

reactions of organic photochemistry. In a series of recent papers, |n the present work, we used matrix isolation technique

Diau et al**"'> presented a contemporary insight into the combined with FTIR detection to directly observe primary

fundaments of the mechanism of this class of photoreactions. products of the photoreactions occurring upon UV-B irradiation
For cyclic carbonyl compounds, in which the carbonyl group of 1-methyl-2(H)-pyrimidinone and 1-methylcytosine.

is attached directly to a six-membered ring and linearly

conjugated with two €&C double bonds, Norrish type | reactions Experimental Section

1-Methylcytosine (98%) was obtained from Aldrich and was

. ;Jgd‘a’h?m correspondence should be addressed. E-mail: minow@ \;sed without further purification. 1-Methyl-2()-pyrimidinone
i p'onsr',pA'Cﬁdemy of Sciences. was prepared by methylation of the parentt)pyrimidinone,

* University of Coimbra. using the method described by Curd and Richard8&rior to
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CHART 1: 1-Methyl-2(1H)-pyrimidinone ]
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the matrix isolation experiments, the compound was purified i
by recrystallization from ethanol and by vacuum sublimation. 00— N L}q Ul L B
To prepare the matrixes, the compounds were sublimated from L L B NN LA B
a miniature glass oven placed in the vacuum chamber of a 2500 2000 1500 1000 500
continuous flow helium cryostat using electrical heating. The wavenumbers / cm”’

vapors of the compound were frozen together with a large exceSSFigure 1. Infrared spectrum of 1-methyl-2l)-pyrimidinone isolated

of the inert gas (argon or nitrogen) on a Csl window cooled t0 jn"an Ar matrix: (A) after deposition of the matrix; (B) afté h of
10 K. The argon and nitrogen matrix gases were of spectral Uv (1 > 320 nm) irradiation.

purity, as supplied by Linde AG and Technische Gase, Leipzig.

The infrared spectra were recorded with 0.5 €émesolution  In agreement with the experimental observations, DFT calcula-
in the range 4000400 cn1?, using a Thermo Nicolet Nexus  tions predict an extremely high intensity for the “antisymmetric”
FTIR spectrometer equipped with a KBr beam splitter and a —N=C=0 stretching band (1772 km md) of the open-ring,
DTGS detector. Integral intensities of the IR absorption bands conjugated isocyanate and a considerably lower intensity (526

were measured by numerical integration. km mol~Y) for the carbonyl stretching band of the closed-ring
Matrixes were irradiated with light from the HBO200 high-  species.

pressure mercury lamp, fitted with a water filter and a cutoff
filter transmitting light withA > 320 nm,A > 295 nm, ori >
270 nm. Typical irradiation time was 1 h.

Upon subsequent UVA(> 270 nm) irradiation, a reverse
photoreaction leading to a partial (ca. 25%) recovery of the
initial closed-ring form was observed. This experimental result
(presented in Figure 2) clearly indicates that the studied
photoreaction is a photoisomerization and not a photodecom-

Molecular geometries were optimized using the density position process. Not equal decline of the components of the
functional theory with the Becke’s three-parameter exchange complex absorption at 2263 crhupon the UV 4 > 270 nm)
functional and gradient-corrected functional of Lee, Yang, and irradiation suggests that more than one conjugated isocyanate
Parr (DFT(B3LYP))3! All calculations were performed using  isomer was photoproduced. The phototransformations of 1-methyl-
the Gaussian 98 prograthThe standard 6-3&+G(d,p) basis 2(1H)-pyrimidinone monomers isolated in a nitrogen matrix
set was used in all cases. At optimized geometries, the DFT-were analogous to those observed for the compound isolated in
(B3LYP) harmonic vibrational frequencies and IR intensities solid argon (see Figure S1, Supporting Information).
were calculated. To correct for systematic shortcomings of the  Conjugated ketené&2123resulting from the photochemical
applied methodology (mainly for anharmonicity), the predicted ring opening of compounds such agyrone or 2,4-cyclohexa-
equal to 0.98. 2). However, it seems improbable that this conformation really

The barriers for transition from one structure to the other were corresponds to the species frozen in low-temperature matrixes.
calculated at the MP2/6-3++G(d,p) levef?® using the coordinate- The barrier between such a structure and the deep minimum of
driven minimum energy path method. For a series of fixed the closed-ring moleculgis very low. In the case of 1-methyl-
values of the driving coordinate, all other parameters defining (1H)-pyrimidinone, theoretical calculations predict for the

Computational Section

molecular geometry were optimized using the pajht option open-ring structur@ an energy barrier for ring closure as low
of the Gaussian program. Energy was calculated for each of 535 2 1 kJ moit (MP2), see Figure 3. With such a low-energy
the optimized geometries. barrier, the open-ring molecule, which still possesses excess

energy after excitation, can easily revert to the much more
energetically stable closed-ring structure. Strucgiatso does
Photoreaction of 1-Methyl-2(1H)-pyrimidinone. The in- not seem to correspond to one of the observed isomers of the
frared spectrum of 1-methyl-2€)-pyrimidinone monomers  photoproduct. The barrier for the flip of the isocyanate group
(Chart 1) isolated in Ar matrix is presented in Figure 1A. This leading from structur@ to structure? is also very low (1.7 kJ
spectrum is essentially the same as that previously reported bymol~1, MP2), and the energy of structugds higher than that
Smets et at* Upon UV (1 > 320 nm) irradiation, the initial of structure2. Therefore, structur@ can easily convert t@
spectrum of 1-methyl-2@)-pyrimidinone disappeared almost and, subsequently, to the stable closed-ring form. Strucaes
completely. A new spectrum with a dominating extremely and 3a are overcrowded and were not predicted by the
strong, comparatively broad, and structured band at 2263 cm theoretical calculations to correspond to energy minima. The
emerged (Figure 1B). The frequency, complex pattern with four structures mentioned above have a cis orientation at the
many maxima, and very high intensity are characteristic of a C4=C5 olefinic bond. The stabilization of these four forms in
band due to the “antisymmetric” stretching vibration of the UV-irradiated matrixes seems improbable. However, there is
isocyanate{+N=C=0) group?®?°The integral intensity of this  experimental evidence of the presence in UV-irradiated matrixes
new band was more than twice that of the band correspondingof other cis structures. The clearly seen feature in the experi-
to the C=0 stretching vibration in the initial closed-ring form.  mental spectrum of the photoproduct is the (relatively strong)

Results and Discussion
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Figure 2. Portions of the infrared spectrum of 1-methyl-2(1
pyrimidinone isolated in an Ar matrix: (a) after deposition of the matrix;
(b) after 1 h of UV (1 > 320 nm) irradiation; (c) after subsequent 16
min of UV (4 > 270 nm) irradiation. Traces between traces b and c
present the progress of the U¥ & 270 nm)-induced photoreaction
and correspond to irradiation times of 2, 4, and 8 min.

band at 774 cm! (Figure 4A). Analogous absorption was
observed at 779 cm in the spectrum recorded after UV
irradiation of 1-methyl-2(H)-pyrimidinone isolated in the N
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Figure 3. MP2/6-3H+G(d,p) calculated potential energy curve for
conversion from the open-ring for@to the closed-ring structure of
1-methyl-2(H)-pyrimidinone (deep minimum at 1.42 A). Each point
was calculated by fixing the value of the distance between atoms N1
and C2 and optimizing all other parameters defining the geometry of
the system. The calculated energy at the closed-ring minimum was
—377.790 753 6 hartree.

CHART 2: Structures of the Conjugated Isocyanate
Photochemically Generated from
1-Methyl-2(1H)-pyrimidinone
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matrix. According to the theoretical calculations, this band
should correspond to the concerted out of plane (wagging) in-
phase vibration of the two cis hydrogen atoms at the=C8
double bond. The DFT(B3LYP)/6-31+G(d,p) calculations
predict a medium-intensity band in this frequency range only
for the cis isomers of the conjugated isocyanate molecule (Figure
4C). In the predicted spectra of all trans isomers, the whole
900-650 cnt region is free from bands of significant intensity.
On the basis of the comparison between the experimental
observation and the spectra theoretically predicted for all
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Figure 4. Infrared spectrum of (A) the photoproduct obtained by UV>( 320 nm) irradiation of 1-methyl-2()-pyrimidinone isolated in an Ar
matrix (bands due to the remains of nonreacted 1-methyiRfyrimidinone were removed by subtraction of the initial spectrum, multiplied by
a scale factor, from the spectrum recorded after irradiation), (C) the4arhthe conjugated isocyanate calculated at the DFT(B3LYP)/6-3G-
(d,p) level, (D) the formb of the conjugated isocyanate calculated at the DFT(B3LYP)A6-8G&(d,p) level, and (B) the superposition of traces C
and D.

possible structures of the conjugated isocyanate (see Chart S1 108 —
in the Supporting Information), we may then postulate that .
isomers of the photoproduct with the cis orientation at the=C4 106 —
C5 double bond are observed. This, of course, does not exclude
the possible simultaneous presence of some trans forms in the
UV-irradiated matrix. As mentioned above, among the eight
possible cis structures, forns 2a, 3, and3a do not seem to

be good candidates for species stabilized after the photoreaction.
Hence, the discussion can be simplified to consideration of only
the four remaining cis forms, which can be divided into two
groups: one consisting of structurésand5 and the other of T
4aand5a. Forms5 and5a are higher in energy than fornas 98
and4a, respectively. The barrier separatiigind5 (or 4a and I e e e e e IR e

5a) is the barrier for the torsion of the isocyanate group. The -60 0 60 120 180 240

results of the theoretical calculation of this barrier are presented

in Figure 5. The low predicted barrier of 3.1 kJ mbsuggests Torsion angle C2-N3-C4-C5

that the shallow minima corresponding to forand5a should Figure 5. MP2/6-31+G(d,p) calculated potential energy curve for
be depopulated when the open-ring system still possesses excedaterconversion between formsand 5 of the open-ring conjugated
energy after the photoreaction. Therefore, only two structures ::r?cl)éagazt—ef\lga?4p%rg ‘g’r"’]‘s %a'gﬁztﬁ]d bgdIﬂgltﬂirthea\::#(eitzfr;hgé?i:ﬁlr?nal
(4 and 43) with cis orientation of the groups attached to the theggeometry of the system. Ignergyc?fthe closecri)-ring form was chogsen
C4=C5 bond can be _expected to be experlment_ally observed. 55 the reference (zero relative energy) level.

Among the predicted infrared spectra for all possible structures

104 — S

102 H

Energy / kJ mol ™

100 —

4

of the conjugated isocyanate, those calculated for isosansl In the trans isocyanate isomers, the concerted out of plane
4a best reproduce the experimentally observed pattern (thevibration of the three hydrogen atoms attached to the carbon
calculated spectra of isomers and 4a are very similar). atoms in the open-ring chain gives rise to IR band(s) predicted

Comparison of the experimental spectrum of the photoproduct in the region around 950 crh No bands of significant intensity
with the calculated spectrum of fordhis presented in Figure  were predicted at these frequencies for the cis isomers. Two
4, bands are clearly observed (in Ar matrix at 952 and 938¢cm
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SCHEME 1: UV-Induced Ring-Opening Reaction in
1-Methyl-2(1H)-pyrimidinone 0.9
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in N> matrix at 956 and 940 cm) in this region of the 2 A
experimental spectrum, and this fact suggests that trans isomers © 0.0 —
of the open-ring isocyanate were also produced in the studied
photoreaction. On the basis of considerations similar to those 0.1
described above for the cis isomers, strucuceuld be selected B
as the most probable trans form stabilized in the matrix. A 0.0 -
graphical comparison of the superposition of the theoretical 1
spectra of the formd and6 with the experimental spectrum of 0.5
the photoproduct generated upon UV irradiation of 1-methyl-
2(1H)-pyrimidinone is presented in Figure 4. Good agreement 1 o]
between the experimental spectrum and the results of the 0.0 o R
theoretical simulations strongly supports (i) the assignment of LI B R AL B B AL R B
the conjugated isocyanate as the photoproduct and (ii) the 2500 2000 1500 1000
conclusion that the most stable cis and trans forms of the wavenumbers / cm”
Isocygnate (both Wlt.h a stretched molecular backbone) are Figure 6. Infrared spectrum of (A) 1-methylcytosine isolated in an
stabilized in the matrixes (Scheme 1). Ar matrix recorded immediately after deposition, (B) 1-methylcytosine

Photoreactions of 1-MethylcytosineThe infrared spectrum isolated in an Ar matrix afte2 h of UV (1 > 295 nm) irradiation, and
of 1-methylcytosine monomers isolated in Ar matrix (Figure (C) UV-irradiated (1 hA > 320 nm) 1-methyl-2(#)-pyrimidinone.
6A) is the same as those reported previodsiy’ About 6-8% ] . :
of the matrix-isolated 1-methylcytositfeadopts the imino-oxo CHART 3: AmMino-oxo and Imino-oxo Forms of
tautomeric form (Chart 3), which coexists in the matrix with 1-Methylcytosine
the dominating amino-oxo tautomer. Szczesniak &t mported H\N/H N/H N
that the syn and anti isomers of the imino-oxo form interconvert " | . |
between each other upon UV irradiation of the matrix. In the NZ | N N
experiments on 1-methylcytosine carried out within the present )\ l )\
work, the syn and anti isomerization of the imino-oxo tautomer o~ N 0~
upon UV @ > 320 nm) irradiation was also observed. When CHg CHg
the matrix-isolated 1-methylcytosine was irradiated with the UV anti
(4 > 295 nm) light, a decrease of the IR bands of the dominating
amino-oxo tautomer occurred, along with the anti syn isolated 1-methyl-2(#)-pyrimidinone and 1-methylcytosine
photoreaction of the minor imino-oxo form. This was ac- upon near UV irradiation (Figure 6, traces B and C), as well as
companied by the appearance of a new, comparatively broad,the structural similarity of both compounds, could suggest that
and structured band with peak intensity at 2261 €iffFigure ring opening to conjugated isocyanate occurs also for 1-meth-
6B). Although the spectral position of this new band nearly ylcytosine. However, we want to stress that in the case of
coincides with that of the band at 2263 chobserved in the  1-methylcytosine the observations made within the present work
case of irradiated 1-methyl-2()-pyrimidinone, the analogy  should be treated only as an indication of the possibility of
between the photoreactions of the two compounds is not conjugated isocyanate photoproduction and not as a basis for
completely straightforward. First, the intensity of the new band positive identification of the photoproduct structure.
at 2261 cml, corresponding to consumption of 82% of the Discussion. Interpretation of the observed effects of UV
initial form of 1-methylcytosine, is several times lower than irradiation of both matrix-isolated pyrimidinones in terms of
that of the band at 2263 crhobserved in the case of 1-methyl-  ring-opening Norrish type | reactions with conjugated isocy-
2(1H)-pyrimidinone. Second, the bands of the syn imino-oxo anates as primary photoproducts would lead to a simple
photoproduct dominate the spectrum recorded after UV irradia- interpretation of the experiments previously carried out for
tion. These bands complicate, or make practically impossible, 1-aryl-2(1H)-pyrimidinone&® and cytosines’ dissolved in
a detailed analysis of the IR spectrum of other photoproducts solutions containing alcohols or amines. Reactions of isocyanates
in the IR region below 1800 cmi. with alcohols or amines are well-known and widely used in

An almost exact coincidence of the frequencies of the bands the polymer industry. The carbon atom in thBl=C=0 moiety
at 2263 and 2261 cm, appearing in the spectra of matrix- is electrophilic and susceptible to the attack of nuceophilic

N
|

o~ N

CHg

syn
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SCHEME 2: Reactions of Isocyanates with Alcohols and
Amines

Ho 0
R—N=C=0 + R—OH —» /N—<
R O—R
H o)
e Ny
R—N=C=0 +  R—NH, —> /N——<
R NRH

SCHEME 3: The Reaction between a Conjugated
Isocyanate and an Alcohaot

R H

\
N= N=C=0 + R"—OH —
H R
R
| HH 0 R H g
— N== N— = N N—C
— P / \ / \
O—R H O—R
H R H R

@R = CHg (this work), H (ref 6), aryl (refs 9 and 11);'R= H (for
2(1H)-pyrimidinone), NH (for cytosine); R = aliphatic.

SCHEME 4: The Reaction between a Conjugated
Isocyanate and an Aminé

R\ H
N= N=C=0 + R"—NH, —>
H R
R H H\ //O R\ H //o
— N== N—C = N N—C
_— - SN g N
NR"H H NR"H
H R H R'

@R = CHs (this work), H (ref 6), aryl (refs 9 and 11);'R= H (for
2(1H)-pyrimidinone), NH (for cytosine); R = aliphatic.

Lapinski et al.

strong band appearing at the characteristic frequency of 2263
cm~1in the IR spectra recorded after UV irradiation, as well as
the general agreement over the whole mid-IR range between
the spectrum of the photoproduct and the spectrum theoretically
predicted for the open-ring structure, proves that the conjugated
isocyanate is the primary product of the photoreaction. The
presence of the band at 2261 chin the IR spectra of UV-
irradiated 1-methylcytosine suggests that a conjugated isocyanate
could be a photoproduct (or one of the photoproducts) also in
the case of this compound. Interpretation of the observed
photoreactions in terms of Norrish type | ring-opening processes
allows a simple explanation of photochemical experiments
carried out previously for 2@)-pyrimidinone compounds
dissolved in benzene or aqueous solutions and opens an
interesting possibility to explain one of the mechanisms of
photoinduced DNA-protein cross linking.
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Supporting Information Available: Figure S1 providing
the infrared spectrum of 1-methyl-24}-pyrimidinone isolated
in a N, matrix before and after UVA(> 320 nm) irradiation
and Chart S1 showing all possible structures of the conjugated
isocyanate photochemically generated from 1-methyH2{1
pyrimidinone. This material is available free of charge via the
Internet at http://pubs.acs.org.
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