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1-Methyl- and 1-ethyl-5,6-diphenylpyrazin-2-one crystallize
in two modifications, one of which is light-stable and the
other light-sensitive. The light-sensitive modification is
known to undergo photodimerization in the solid state. This
polymorph crystallizes in the monoclinic space group P21

with two crystallographically independent molecules in the
asymmetric unit. The molecules are packed in stacks running
parallel to the unique b axis. The two independent molecules
are arranged alternately along the stack. In principle, there
are two different pairs of molecules within a stack that can
undergo photodimerization, and each should form a different
enantiomer. A large crystal was irradiated and a solution of
the product was separated by HPLC. The optical purity of
the (+)-enantiomer sample was estimated to be greater than

Introduction

1-Methyl- and 1-ethyl-5,6-diphenylpyrazin-2-one are in-
ert to photolysis in benzene or methanol solution; however,
it has been reported that irradiation of the methyl derivative
(1) in the solid state at 253 nm for 4 h results in the forma-
tion a [4 + 4] dimer.[1] In principle, four different cyclodi-
mers may be anticipated (as shown in Scheme 1): The anti-
trans isomer with an inversion center, the anti-cis isomer
with twofold symmetry in the plane formed by the two
bonds connecting the monomers, the syn-trans isomer with
twofold symmetry perpendicular to the plane of the two
bonds connecting the monomers, and the syn-cis isomer
with mirror-plane symmetry. The solid-state photoreaction,
however, led only to a single isomer, the syn-trans dimer.
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90%. This finding indicates that only one of the two pairs
undergoes photoreaction. The structure of a single crystal of
the pyrazinone was elucidated by X-ray diffractometry be-
fore and after irradiation with a laser at a wavelength of
488 nm to 19% conversion. The results of the crystal-struc-
ture determinations provide additional evidence that only
one of the two pairs of molecules undergoes photodimeri-
zation although there are no significant differences between
the distances between the reacting centers. Furthermore, the
latter results suggest that weak hydrogen bonds are a domi-
nant factor that determines which of the two pairs is dimer-
ized upon irradiation.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

The solid-state photochemical dimerization of 1-methyl-
5,6-diphenylpyrazin-2-one (1) was discussed in 1984 in two
publications.[2,3] The compound crystallizes in two different
polymorphic modifications: a light-sensitive form and a
light-stable one. An interesting feature emerges from the
crystal structure of the light-sensitive modification. This
polymorph crystallizes in the chiral space group P21 with
two crystallographically independent molecules in the
asymmetric unit (see Figure 1). Since there is no stereogenic
center in the molecule, the difference in the handedness be-
tween enantiomorphs is determined by the relative rotation
of the phenyl substituents to the pyrazinone ring. It has
long been recognized that the chemical transformation of a
chiral crystalline specimen of one handedness into an op-
tically active reaction product would constitute a novel
asymmetric synthesis.[4] Extensive studies on solid-state
photodimerization reactions of olefinic and related systems
have shown that the space symmetry that relates two reac-
tant molecules in the starting material uniquely dictates the
point symmetry of the dimeric photoproduct.[5,6] It has
been shown that in [2 + 2] cyclodimerization, if the pre-
reacting molecules are related by a twofold axis parallel to
the plane of interaction, an optically active product is
formed.[6]

However, such solid-state photodimerizations are not
common. If the monomers crystallize in isolated pairs, a
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Scheme 1.

Figure 1. Stereoscopic view of the unit cell of pyrazinone 1 down the b axis, at 150 K

product with 100% optical yield is expected. If, on the other
hand, each monomer has two potentially reactive neigh-
bors, then either a racemate or a nonracemic mixture of
enantiomers may be obtained. The last statement is valid
for the photodimerization of 1 in the solid state. The mole-
cules pack in stacks running parallel to the b axis. The two
independent molecules in the asymmetric unit that are lying
in the stack are related by a pseudo-twofold rotation axis
perpendicular to the stack. The alternating arrangement of
the two molecules enables photodimerization in two dif-
ferent ways, as shown in Scheme 2.

Irradiation of a single crystal of one handedness might
lead to one of the following results: (a) the pairs (AB) will
photodimerize and the dimer will be optically active with
the configuration (S,S,S,S; see 2a in Scheme 2); (b) the pairs
(BA) will photodimerize and the other enantiomer would
be obtained (R,R,R,R; see 2b in Scheme 2); (c) both pairs
will photodimerize and a racemic mixture will be obtained.
A fourth possibility is unequal AB–BA photodimerization.
Unfortunately, all attempts to find the absolute structure of
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photoproduct 2 by single-crystal X-ray diffraction methods
failed. Replacement of the oxygen atom by a sulfur atom
with the expectation that the pyrazinethione will be iso-
morphous with pyrazinone 1 and thereby enable the deter-
mination of the absolute structure failed as well. The pyra-
zinethione was found to be light-stable, with a different
crystal structure from that of the pyrazinone.[7]

Alternative experiments leading to the discrimination be-
tween the possible courses of the photodimerization are de-
scribed below.

Results and Discussion

The enantiomeric excess of the solid-state photoproduct
2 was determined by chiral HPLC. Crystals of pyrazinone
1 from one recrystallization batch were found to give the
same enantiomer of photoproduct 2 upon solid-state pho-
tolysis. Since no racemic sample of product 2 could be ob-
tained directly from the solid-state photolysis of pyrazinone
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Scheme 2.

1, a nonracemic sample was prepared by mixing the (–)-
enantiomer of photodimer 2 with the corresponding (+)-
enantiomer. The corresponding HPLC trace for this sample
is given in Figure 2. Another sample of the (+)-enantiomer
of photodimer 2 was also injected onto the chiral HPLC
column, and the trace is shown in Figure 3. It was found
that the signal peak of the (+)-enantiomer of photodimer 2
is sharper than the signal peak of the (–)-enantiomer, but
both enantiomers gave signals with long tails: no baseline
separation of signals was achieved in this experiment. The
estimated experimental error is less than 10%, and the op-
tical purity of the (+)-enantiomer sample shown in Figure 3
is estimated to be greater than 90%. The optical rotation
of this sample was measured as [α]D = +208.0 (at room
temperature, in 10 mg mL–1 chloroform solution). The
meaning of these surprising results is that the photodimeri-
zation of pyrazinone 1 is enantiospecific. These results are
especially surprising in light of the geometrical information
available from the crystal structure of pyrazinone 1 (see be-
low). Since there are no significant differences between the
distances of the reacting centers in both pairs, it is therefore
important to find out which of the two possible pairs of
molecules (AB) or (BA) photodimerize.

In a series of publications, Enkelmann and coworkers
have described the use of irradiation in the long-wavelength
tail of the absorption band for the study of solid-state pho-
tochemical reactions.[8–13] Under these irradiation condi-
tions the solid-state photoreaction proceeds homogeneously
through a solid solution of reactant and product over the
entire range of conversion. Following these conditions and
irradiating a single crystal of pyrazinone 1 to partial con-
version one might obtain an insight into the photodimeriz-
ation and distinguish between the possible reacting pairs.
The ultraviolet spectrum of 1 in EtOH shows absorption
maxima at 261 and 351 nm.[1] Accordingly, a single crystal
of pyrazinone 1 was mounted for X-ray diffraction intensity
measurements at low temperature. The diffraction inten-
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Figure 2. The HPLC trace of a nonracemic mixture of photodimer
2

Figure 3. The HPLC trace of the (+)-enantiomer of photodimer 2

sities were measured at 150 K before and after irradiation
by a laser at 488 nm. The results are summarized below.
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Crystal Structure of Pyrazinone 1

The crystallographic data for pyrazinone 1 before and
after irradiation are given in the Experimental Section.
Fractional atomic coordinates, anisotropic atomic displace-
ment parameters, and tables of bond lengths and angles
have been deposited (see note in the Experimental Section).
A stereoscopic view of the unit cell at 150 K before irradia-
tion is shown in Figure 1.

The molecules are packed in stacks running parallel to
the b axis. The two independent molecules within a stack
are related to each other by a pseudo-twofold rotation axis
running parallel to the central ring plane. There are two
nonidentical pairs of molecules along the stack, denoted as
(BA) and (AB). The pair denoted as (BA) consists of mole-
cules whose central rings are lying at y = –0.25 and 0.25,
respectively (see Figure 4 top) and the pair denoted as (AB)
consists of molecules whose central rings are lying at y =
0.25 and 0.75, respectively (see Figure 4 bottom). The two
independent molecules are practically parallel [the angle be-
tween their central ring mean plane is 2.43(1)°]. Therefore,
the mutual orientation and lateral displacement of the two
independent molecules in each pair within the stack are
practically equal (see Table 1). The geometry of the reaction
centers of the two different pairs is very similar (see Fig-
ure 4). The distances between the reacting atoms are practi-
cally the same (the largest difference is 0.06 Å): C2a···C4b
= 3.500(3), C4a···C2b = 3.505(3) Å in the pair (AB), and

Figure 4. Stereoscopic view of the two pairs (BA, top) and (AB, bottom); hydrogen atoms have been omitted for clarity; the broken lines
are drawn between the atoms that will be bonded to form the dimer, and dashed lines represent hydrogen bonds
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C2b···C4a = 3.505(3), C4b···C2a 3.566(3) Å in the pair
(BA).

Table 1. Comparison of interatomic distances [Å] between the cen-
tral rings of the two pairs (BA) and (AB); the distances between
the reacting atoms are in bold

(BA) (AB)

O1a···C5b 3.324(2) 3.294(2)
C5a···O1b 3.369(2) 3.325(2)
N1a···C1b 3.374(3) 3.245(3)
C1a···N1b 3.356(3) 3.241(3)
N2a···C3b 3.530(3) 3.751(3)
C3a···N2b 3.569(3) 3.743(3)
C2a···C4b 3.566(3) 3.500(3)
C4a···C2b 3.505(3) 3.505(3)
∑ 27.593 27.604

Crystal Structure of the Irradiated Crystal of Pyrazinone 1

The irradiated crystal is a homogeneous solid solution
consisting of 81% unreacted monomer and 19% of the pro-
duct dimers (see Figure 5). For atomic notation see Figure 4
and Figure 6. The crystal lattice of the parent compound is
not affected by the formation of the solid solution, therefore
the space group remains P21. The most significant change
in the molecular geometry resulting from the dimerization
is the variation of the hybridization of atoms C2 and C4 (of
the two independent molecules) from sp2 to sp3, followed by
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a conformational change of the central six-membered ring
from planar to a boat. The formation of the dimer was ob-
served by the accumulation of electron density between C2
of one molecule and C4 of the other. The refinement details
are given in the Experimental Section. The electron density
was detected only between the molecules of the pair (AB).
No electron density was found between the molecules of the
pair (BA). This implies that, upon irradiation, only the
pairs of type (AB) photodimerize. The structure of the di-
mer is shown stereoscopically in Figure 6. As a result of
the dimerization the phenyl rings are shifted and rotated
compared to the structure of the monomer. The relative ro-
tations range between 7.16° (C6a–C11a, C6c–C11c) and
10.22° (C12a–C17a, C12c–C17c).

As mentioned above, one of the nonbonding distances
between the photoreactive centers (C4a···C2b) is equal
(3.505 Å) in the two pairs (AB) and (BA); the second non-
bonding distance (C2a···C4b) differs by 0.061 Å.[14] It is
hard to believe that such a small difference is the reason for
the discrimination between the two pairs. The answer to the

Figure 6. Stereoscopic view of the dimer

Figure 7. Left: two stacks of the monomer related by a screw axis showing the hydrogen bonds; right: the stacks after irradiation, showing
the dimers
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Figure 5. Stereoscopic view of the dimer (19% marked by circles)
within the monomer (81%); the phenyl rings of the dimer have
been omitted for clarity

question of why the reaction takes place between the pair
of molecules denoted as (AB) and not between the pair of
molecules denoted as (BA) is attributed to the two
C=O···.H–C hydrogen bonds that exist in (AB) but not in
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(BA). The geometry of these hydrogen bonds is as follows:
O1b···H7a = 2.487(3) Å, O1b···C7a = 3.364(3) Å,
O1b···H7a–C7a = 157.3(3)°, and O1a···H11b = 2.560(3) Å,
O1a···C11b = 3.447(3) Å, O1a···H11b–C11b = 155.0(3)°;
the closest intermolecular O···H distances in (BA) are
O1a···H7b and O1b···H11a [3.708(3) and 3.527(3) Å,
respectively]. The hydrogen bonds hold the two molecules
together, thus facilitating the photochemical reaction (see
Figure 7).

The position of the hydrogen atoms of the dimer could
not be located; however, the distances between the oxygen
atoms and carbon atoms involved in the hydrogen bonding
do not vary significantly: O1b···.C7a = 3.487 Å, and
O1a···C11b = 3.515 Å. These results imply that hydrogen
bonding is essential for the discrimination during the pho-
todimerization.

Conclusions

We have carried out the single-crystal irradiation and
crystal-structure determination of three different crystals
and found that in these cases a photodimer is formed be-
tween the two molecules that are held together by hydrogen
bonds. It should be noted, however, that the experiments
were performed on a single crystal. One cannot rule out the
possibility that crystals of the monomer having the opposite
chirality will photodimerize to the dimer of the opposite
handedness. Therefore the main conclusion of this work is
that intermolecular interactions can be dominant in the de-
termination of photoproduct.

Experimental Section
Preparation of the Materials: Commercially available reagents were
purchased from Aldrich and used without further purification.
Thin-layer chromatography (TLC) was carried out using alumin-
ium sheets precoated with silica gel 60F (Merck 5554). The plates
were inspected under UV light. Column chromatography was car-
ried out using silica gel 60F (Merck 9385, 0.040–0.063 mm). Infra-
red spectra were recorded with a Nicolet Impact 400 Fourier trans-
form spectrometer using KBr pellets. 1H and 13C NMR spectra
were recorded (at room temperature) with a Bruker Avance 200
spectrometer (200 MHz), using residual solvent as the internal
standard. All chemical shifts are quoted on a δ scale, and all coup-
ling constants (J) are expressed in Hertz (Hz). Samples were pre-
pared using CDCl3 or [D6]DMSO purchased from Aldrich.

2-Hydroxy-5,6-diphenylpyrazine: Sodium hydroxide (12.5 m, 3.2 mL
40 mmol) was added over 30 minto a refluxing mixture of glycine
amide hydrochloride (2.2 g, 20 mmol), benzil (4.2 g, 20 mmol), and
50 mL of methanol. After refluxing for another 30 min, the mixture
was treated with 2.5 mL of 12 m hydrochloric acid, followed by 2 g
of solid potassium hydrogen carbonate. The yellow solid formed
was filtered off, washed well with water, and recrystallized from
tert-butyl alcohol. Yellow needles of 2-hydroxy-5,6-diphenylpyr-
azine were obtained after filtration (3.0 g; yield: 60%). M.p. 240–
250 °C. IR (KBr): ν̃max = 3050–2500 (broad), 1657, 1588, 1562,
1496, 1438, 1376, 1228, 1163, 1026 cm–1. MS: m/z (%) = 248 (100)
[M+], 229 (5), 219 (62), 165 (28). 1H NMR ([D6]DMSO, 200 MHz):
δ = 12.25 (br. s, 1 H, OH), 8.18 (s, 1 H, 3-H), 7.30 (m, 5 H) ppm.
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1-Methyl-5,6-diphenylpyrazine-2-one (1): Dimethyl sulfate (0.252 g,
2 mmol) was added dropwise at room temperature to a stirred solu-
tion of 2-hydroxy-5,6-diphenylpyrazine (0.5 g, 2 mmol) and sodium
methoxide [formed from 64 mg (2 mmol) of sodium and 40 mL of
methanol] and the reaction mixture was refluxed for 1 h. The solu-
tion was then concentrated under reduced pressure, poured into
10% HCl solution, and extracted with dichloromethane. The ex-
tract was washed in turn with 10% NaHCO3 solution and water
and dried with anhydrous magnesium sulfate. After removal of the
of the solvent, the residue was chromatographed with diethyl ether
and petroleum ether (50:50, v/v) to give 1 (0.4 g; yield: 76%), which
was recrystallized from ethanol to afford yellow prisms. M.p. 165–
167 °C. IR (KBr): ν̃max = 3027, 1646 (C=O), 1578, 1556, 1483,
1442, 1414, 1319, 1241, 1185, 1155 cm–1. MS: m/z (%) = 262 (74)
[M+], 233 (100), 218 (11), 165 (66), 118 (32), 89 (42), 77 (45). 1H
NMR (CDCl3, 200 MHz): δ = 8.30 (s, 1 H, 3-H), 7.42–7.12 (m, 10
H), 3.32 (s, 3 H, CH3) ppm. 13C NMR (CDCl3, 200 MHz): δ =
156.09 (C=O), 146.54 (3-C), 138.59, 137.40, 133.85, 132.11, 129.90,
129.67, 129.17, 129.12, 127.81, 127.12, 33.80 (CH3) ppm.

(1α,2α,5α,6α)-3,7-Dimethyl-2,6,10,12-tetraphenyl-3,7,9,11-tetraaza-
tricyclo[4.2.2.22,5]dodeca-9,11-diene-4,8-dione (2): Photodimer 2
was isolated after the solid-state photolysis of pyrazinone 1. A typi-
cal photolysis is given below: a single crystal of 1 (23 mg,
0.09 mmol) was photolyzed for 20 h with a medium-pressure mer-
cury lamp equipped with a Pyrex filter. The resulting solid was
dissolved in a small amount of ethyl acetate, and the photodimer
2 was isolated by column chromatography with 20% diethyl ether
in petroleum ether (v/v). Recrystallization from ethyl acetate gave
colorless needles (17 mg; yield: 74%). M.p. 148–150 °C. IR (KBr):
ν̃max = 3058, 2967, 1657 (C=O), 1494, 1446, 1423, 1387, 1266, 1098,
1039, 1001 cm–1. MS: m/z (%) = 262 (100), 233 (82), 165 (83), 118
(90), 89 (79), 77 (90). 1H NMR (CDCl3, 200 MHz): δ = 7.35–6.85
(m, 20 H), 6.30 (s, 2 H), 2.52 (s, 6 H, CH3) ppm.

Determination of Enantiomeric Excess: The enantiomeric excess of
the solid-state photoproduct 2 was determined by chiral HPLC
Chiral Column: Chiralcel OD, Chiral Technologies Inc. Detector:
UV detector at λ = 261 nm. Solvents: 2-propanol 1%, hexane 90%.
Flow Rate: 1 mL min–1.

Irradiation: The irradiation system consisted of an Osram Xe short-
arc lamp (150 W) using a commercial glass filter that blocks light
of wavelengths lower than 450 nm. A single crystal of pyrazinone
1 was attached with grease to a thin piece of glass connected to a
solid piece of metal, and mounted on a device that revolved at
1 rpm. The crystal was irradiated for 6 h. Similar results were ob-
tained with a laser at 488 nm. A single crystal was cooled during
the irradiation for 3 h.

Crystal-Structure Determination and Refinement: Details of crystal-
lographic data collection and crystal structure determination are
given in Table 2. The refinement procedure of the irradiated crystal
needs some comments. After locating the atomic positions of the
dimer, the refinement proceeded as follows: the site occupancy of
the atoms belonging to the monomer was refined as a free variable,
which, after refinement, converged at 0.81 for the monomer (0.19
for the dimer). All the atoms of the dimer were refined isotropically,
and the phenyl rings were refined as rigid groups. The absolute
structure of the crystal of the monomer and of the dimer could not
be assigned. The diffractometer intensities were collected with a
Nonius KappaCCD diffractometer. The software programs used
for data collection and reduction were KappaCCD[15] and DENZO
SMN;[16] for structure solution and refinement SHELXS-97
and SHELXL-97;[17] and for graphic presentations ORTEP-3 for
Windows.[18] CCDC-216315 (for the monomer) and CCDC-216316
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(for the dimer) contain the supplementary crystallographic
data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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