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Dihydropyrazine, a compound derived from sugars, possesses DNA strand-breakage activity. The relation-
ship between the activity as assayed using pBR 322 ccc-DNA and the chemical structures of derivatives of dihy-
dropyrazine (DHPs) has been investigated. The addition of Cu’>* enhanced the activity remarkably. The intro-

duction of a methyl or phenyl group onto the DHP ring
creased the activity. These properties indicated that the

or a cyclohexyl group fused onto the DHP ring also in-
activity was due to the facility of electron release from

the DHP ring, followed by radical generation. The determination of ionization potential and electrostatic poten-
tial values, and bond dissociation energy via semi-empirical MO calculations suggested strongly that the activity

is induced by a DHP ring structure that contains a config
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We have previously described the DNA strand-breaking
activity!”? and other characteristics (e.g., generation of radi-
cal species®® and high chemical reactivity> ") of dihydropy-
razines (DHPs) in vitro. More recently, we have examined the
biological effects of DHPs, such as induction of apoptosis®
and mutagenesis,” in vivo. The various phenomena caused
by DHPs cannot be explained on the basis of one particular
reaction mechanism. In this paper, we attempt to illustrate
the relationship of the chemical structure of DHPs on DNA
strand scission.

Experimental

Synthesis of Dihydropyrazine Derivatives The dihydropyrazine deriv-
atives (Fig. 1) employed were synthesized by the condensation of diketones
and diamines. 2,3-Dihydro-5,6-dimethylpyrazine (1), 2,3-dihydro-2,5,6-

cis)

uration suitable for hyperconjugation.

dihydropyrazine; DNA strand-breakage; ionization potential; bond dissociation energy; semi-empirical calculation

trimethylpyrazine (2), 2,3-dihydro-2,2,5,6-tetramethylpyrazine (3), cis-2,3-
dimethyl-5,6,7,8,9,10-hexahydroquinoxaline (4-cis) and trans-2,3-dimethyl-
5,6,7,8,9,10-hexahydroquinoxaline (4-trans) were synthesized by the method
of Yamaguchi et al.V Their derivatives (3a,” 2a,” 1c,” 1b”) and dihy-
drofructosazine'” were synthesized according to literature procedures, and
1a was synthesized from aminoacetone hydrochloride'” by dehydrochlorina-
tion.!” Similar methods were also used to replace the methyl group of 1
and 4-trans by a phenyl group to generate 2,3-dihydro-5-methyl-6-
phenylpyrazine (5)'® and trans-2-methyl-3-phenyl-5,6,7,8,9,10-hexahydro-
quinoxaline (6),'> respectively (Table 1), and the mixture (7)'¥ of
2,3,5,6,7,8- and 1,2,3,5,6,7-hexahydroquinooxalines (Chart 3).

Assay of DNA Strand-Breaking Activity The method to assess the
DNA strand-breakage activity of DHPs, using a covalently closed circular
duplex DNA (ccc-DNA) of plasmid pBR322 was described previously."

Semi-empirical MO Calculations The ionization potential (IP) based
on Koopman’s theorem, electrostatic potential (ESP), heat of formation
(AH,) and bond dissociation energy (BDE) values based on AM1, PM3 and
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Fig. 1. The Order of DNA Strand-Breakage Activity

* Existence as a single material was not possible to due to air oxidation to the aromatic c
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ompound, as observed in the UV spectrum.
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Chart 1.

PMS5 calculations were discussed as a measure of the DNA strand-breakage
activity. The calculations were performed using MacSpartan Pro and Win-
MOPAC 3.5.

Results and Discussion

DNA strand-breakage activity was assayed using pBR322
ccc-DNA. The addition of Cu** enhanced the activity re-
markably. The presence of various inhibitors" suggested that
the reactive intermediate might be a radical species, and in-
deed, oxygen radicals and carbon-centered radicals were de-
tected in the ESR spectrum® as shown in Chart 1. From this
it can be deduced that the DNA strand-breaking reaction oc-
curs via the attack of a radical species? generated from the
interaction of DHPs with Cu?* and dissolved oxygen in the
reaction system.

Figure 1 shows the order of DNA strand-breakage activ-
ity" of DHPs under millimolar concentrations in the pres-
ence of Cu’* (1mm). As shown in the order (3>2>1) of
compounds, the increase in activity is due to the introduction
of electron-donating methyl groups on the DHP ring. Ac-
cordingly, Cu®* was reduced to Cu'* by electron transfer
from the DHPs." The electron density (ED) in the DHP ring
can be estimated by the ED of the nitrogen atom on which
the electron is localized. Therefore, the ED and electrostatic
potential (ESP) of two nitrogen atoms were calculated by
AM1 as follows: (compound: ED/ESP) 1: —0.15/—0.52 and
—0.15/—0.52; 2: —0.15/—0.55 and —0.15/—0.59; 3: —0.15/
—0.62 and —0.15/—0.56. Although the ED values were simi-
lar, the order of total ESP values was 3 (0.62+0.56)>2
(0.55+0.59)>1 (0.52+0.52), which is in agreement with
their DNA strand-breakage activity. The order of 4-cis>the
mixture of 4-cis and -trans>4-trans, and 1a>1 implies that
the activity was also affected by steric factors. The order
shown in Fig. 1 suggests that there are three factors relating
to the activity: electron density in the DHP ring, sterics, and
mutual interaction with Cu**.

The introduction of a phenyl group, which is not an elec-
tron-donor, into the dihydropyrazine skeleton increased the
activity also, as shown in Table 1. The order of the breakage
activity is 5>1 and 6>4-trans. Because compound 5 has the
weakest reducing ability” among DHPs 1, 2, 3 and 5, its ac-
tivity is attributed to the facility of radical generation and the
subsequent release of an electron from the dihydropyrazine
ring and not the electron density of the dihydropyrazine ring.
This will be discussed later.

Ionization potential was used as another measure of the
relative activity for DNA scission. The ionization potential
(IP) values on the basis of the AM1, PM3 or PM5 calcula-
tions are summarized in Table 2. The order (3>2>1, 4-
cis>4-trans, 3a>2a) for the breakage activity shown in Fig.
1 is entirely opposite to the order (3<<2<<1, 4-cis<<4-trans,
3a<<{2a) of the IP values shown in Table 2. These data indi-
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Table 1. Effect on the Cleaving Activity of an Additional Methyl Group
and Replacement of a Methyl Group with a Phenyl Group

Remained ccc-DNA (%)

Test compound Conc. (mm)
3h +Cu** 1h

/Nj 0.1 100 95
N 1.0 94 47
1 10.0 84 21
AN 0.1 100 92
1.0 91 44

N
) 10.0 63 0
N 0.1 97 64
1.0 91 0

N
N 10.0 71 0

0.1 99 93
1.0 96 71
10.0 86 0

o

N
Z
)
N N
N 0.1 99 45
zZ
:[ :O 1.0 69 0
S 10.0 24 0

4-cis

Ne o 0.1 100 84
PN

I j\j 1.0 100 60
Y 10.0 96 5

4-trans

P 0.1 100 84
1.0 93 23

X
g 10.0 65 0

Plasmid pBR322 ccc-DNA was incubated with various concentrations of DHP in
50 mm Tris—HCI buffer (pH 7.2) at 37 °C for 1 h with 1 mm CuCl, or 3 h without CuCl,.
It is indicated that the breakage activity is as strong as the amount of remaining ccc-
DNA is small.

Table 2. The Ionization Potential Values Calculated by AM1, PM3 and
PMS5 Methods, and DNA Breakage Acyivity

Calc. method

ccc-DNA
Compound remaining (%)”
PM3 AM1 PMS5
1 9.798 9.714 9.341 95
1a 9.756 9.640 9.328 —
1b 9.268 9.111 — —
1c 9.023 8.728 — —
2 9.776 9.630 9.298 92
2a 9.457—9.517 9.589—9.617 — —
3 9.721 9.565 9.229 64
3a 9.363 9.561 — —
4-cis 9.701 9.530 9.192 45
4-trans 9.770 9.549 9.227 84

@) This data was cited from our privious papaer.” It indicated that the breakage
activity is as strong as the amount of remaining ccc-DNA is small.
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Fig. 2. The Relationship between IP Values and DNA Breakage Activity

cate that the breakage activity increases as the IP value gets
smaller, at least in structurally similar compounds. Unfortu-
nately, this idea cannot be applied uniformly to all com-
pounds listed in Fig. 1, because several (1b, 1c, 2a, 3a) are
significantly different in their structures from 1. The relation-
ship between the IP values calculated by PM3, AM1 or PM5
and DNA breakage activity" were illustrated graphically in
Fig. 2, which depicted only five compounds (1, 2, 3, 4-cis, 4-
trans). The correlation coefficient value (R*=0.9543) on the
case of PM3 calculated IP value is to be preferred over the

net atomic charge

-0.2805 -0.0161

CHy

2a :R1=CH3,R2=H
3a :RI=R2=CH3

Chart 2. Chemical Reactions via an Intermediate from Dihydropyrazine
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case of AM1/PM5 calculated one (R*=0.581/0.7553). This
suggests that the PM3 method is the most suitable for IP
value estimation.

The transformation of the highly reactive DHPs is illus-
trated in Chart 2. A key intermediate (Int. 1) can be con-
verted into some products such as 1b, 1c, 2a and 3a upon nu-
cleophilic attack or ene reaction.’ " The preferential reactiv-
ity of DHPs may be enhanced by the formation of an enam-
ine moiety and the breakage activity also might require this
isomerization. To test this hypothesis we attempted to synthe-
size a hexahydroquinoxaline compound, where the exo-type
isomer predominates'® due to steric factors in the fused ring
(Chart 3).

An oily product (compound 7) showed a mixture of endo-
and exo-type isomers (as shown in the bottom entry of Table
3) in the NMR spectrum. The ratio of endo-7 and exo-7 was
1:5 in CDCI, at room temperature, and varied depending on
solvent and temperature.'? The ratio of endo-7 and exo-7
was 1:1.1 in an equilibrium solution (in CDCl, at 50 °C). In-
spection of the RHF/6-31G* heat of formation (AH,;) in the
gas phase indicated that endo-7 was more stable than exo-7
with a difference of AH;=3.74 kcal/mol, although the AH; of
7 based on PM3 and AMI1 indicated the superiority of endo-
type as shown in Table 3.

Compounds 1 and 5 actually showed the presence of only
the endo-type isomer in the NMR spectra, however 7 showed
signals for both the endo- and exo-type structures. Thus, it is
clear that the breakage activity of 7 was the strongest among
the three DHPs (1, S, 7). Some derivatives of 7 also have
been assayed for comparison with derivatives of 1 and §
(data not shown). The order of the breakage activity was
7>5>1 (unpublished results). This result indicates that the
breakage activity was due to the presence of Int. 1 (exo-type

N N
(o] H,N——CH, Z
+ | _— +
Ho,N——CH, AN X
o N N
endo-7

exo-7

Chart 3. The Synthesis of Dihydropyrazine Derivatives Which Should be
Predictable to Reveal DNA Strand-Breakage Activity

HoN
H2N:|
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Table 3. Comparison of the Data Calculated by AM1 and PM3 for the
endo- and exo-Type DHPs and Pyrazine

Calculation Calculation
endo-Type exo-Type

AMI PM3 AM1 PM3
33.682%  20.905 " 50.438  41.658
035399 —03644 A S —0.2901 —0.2917
—9.63059 —9.9168 \J - « I —78051 —7.9370
9.28% 9.55 e Moo 7.60 7.64
27260 15569 we  w wo N 33.423  24.756
—0.3570  —0.3600 Ij = j:j —0.3256 —03275
—9.7146  —9.7980 we” Sy S —8.8660 —8.9106
9.36 9.43 ! exo-1 8.54 8.59

Me. N H,C. N
62.699  50.860 /j . j69.196 59.818
—0.3487 —0.3537 Sy = N —0.3233 —0.3286
—9.4891 —9.6238 s exo-s  —8.7969 —8.9405
9.14 9.27 . W 847 8.62
Z

20543  14.155 O;j _ CE j 22.043  16.638
—0.3533  —0.3566 N N7 —0.3166 —0.3203
—9.6043  —9.7026 endo-1 exo?  —8.6167 —8.7153
9.25 9.35 8.30 8.39

a) Heat of formation: kcal/mol, b)) LUMO: eV, ¢) HOMO: eV, d) LUMO—HOMO.

Table 4. IP Values and the Differences between LUMO and HOMO En-
ergy Levels
exo-1 exo-59 exo-7
AM1 1P 8.86 8.80 8.62
L-H 8.54 8.47 8.30
PM3 1P 8.91 8.94 8.71
L-H 8.59 8.62 8.39
PMS5 1P 8.83 8.88 8.57
L-H 9.02 8.88 8.79

a) The conjugation energy between the phenyl and azadiene moieties seems to be
underestimated, affecting the HOMO energy level. The HOMO energy levels of several
conformational isomers based on the DFT-calculated geometries [B3LYP/6-31(D)]
range from 8.63 to 8.88eV.

DHP) as shown in Chart 2.

FMO data based on AM1 and PM3 calculations are com-
pared in Table 3. The dimethylpyrazine (first entry) that did
not exhibit the breakage activity also cannot isomerize to the
exo-type isomer, because the heat of formation (AH;) of the
exo-type is considerably higher than that of the endo-type
due to the latter’s aromaticity. If the pyrazine were converted
into the exo-type, the breakage activity could be significantly
higher than the parent DHPs. It is predicted that isomeriza-
tion to an enamine structure is required and the endo- to exo-
type ratio affects the breakage activity. The breakage activity
is as strong as the AAH; is small, according to the differences
(AAH=AH; of exo-type—AH; of endo-type) obtained from
Table 3. When the endo-type is converted into the exo-type,
the LUMO-HOMO (L-H) energy gap becomes smaller, re-
sulting in enhancement'® of the reactivity of DHPs.

The assay of the breakage activity was performed in incu-
bation periods of 1 or 3h in aqueous solution. The exo-type
isomer was consumed rapidly at an early stage, and then the
equilibrium (endo-typesexo-type) shifted to the right to-
wards the formation of the exo-type. Thus, we evaluated the
IP values of the exo-type structures.

As summarized in Table 4, the IP and L-H gaps follow the
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Table 5. The Differences (AAH;) in the Heat of Formation (AH;) between
exo-Type and endo-Type DHPs, Considering the Participation of Water Mol-
ecule (EPS=78.4)

endo-Type exo-Type AAH;

PMS5 1 0.946 6.687 5.741
5 29.872 35.147 5.275

7 —4.736 —4.148 0.588

AM1 1 14.410 20.029 5.619
5 47.462 52.854 5.392

7 8.231 8.435 0.204

PM3 1 4.230 13.184 8.954
5 37914 46.602 8.688

7 3.178 5.840 2.662

trend (7>5>1) of the breakage activity: as the values be-
come smaller, the activity increases. To determine the solvent
effect on the endo/exo ratios of DHPs, the heats of formation
(AH,) were calculated using the COSMO continuum solva-
tion models. The differences (AAH;) in AH; between endo-
type (1,4-diazadiene) and exo-type (l-azadiene) isomers are
summarized in Table 5. All calculation methods (EPS=78.4)
showed that the energy difference of 7 is considerably
smaller than those of 1 and 5, indicating that isomerization to
the exo-type easily occurs. The isomerization to the exo-type
isomer is favorable in the order of 7>5>1, in agreement
with the breakage activity.

In addition, the bond dissociation energies (BDE) of exo-
type DHPs were calculated for comparison to the order of the
breakage activity, because the DNA breakage reaction pro-
ceeded by the generation of radical species from DHPs. In
the ESR spectrum,® carbon-centered radical signals were de-
tected as DMPO-adducts (detailed results will be described
in a following paper). As a precursor of the radical species
(as shown in Chart 4) which was speculated by the orbital
shapes on SOMO of the exo-type DHP and obtuse angle sig-
nals in the ESR spectra, the structure (-N—R) was postulated
on the basis of the bond energies of 98.8 (H-C) and 93.4
(H-N) kcal/mol. The order of BDE values for the compari-
son of exo-type DHP and a precursor structure (N-R) were
7:27.07<5: 29.24<1: 30.51 by PMS5, 7: 29.08<5: 30.83<1:
31.73 by AMI1 and 7: 25.57<5: 27.42<1: 29.85 by PM3,
supporting the breakage activity. As the BDE value gets
smaller, the breakage activity increases, indicating that facil-
ity towards radical generation is also important for activity.
The generation of a radical species from DHPs, initiating the
change from a precursor structure (-N-R) to a carbon-cen-
tered radical species, needs to be studied further in order to
determine the driving force of this reaction.

While there have been few reports'®—'? related to carbon-
centered radicals, we propose that the DNA breakage activity
is due to carbon-centered radicals generated from DHPs as
described in a previous paper.” Furthermore, there are few
reports'® 2" related to DHPs with DNA strand-breakage ac-
tivity except for ours, and even fewer reports concerning the
mechanism of the breakage activity. The IP hypothesis that
we propose is but one step towards explaining the mecha-
nism. Although the hypothesis that the breakage activity is as
strong as the IP values are small is incomplete at present, it is
useful for the synthetic design of compounds having DNA
strand-breakage activity.



536

H

§

Me /N H AN
-
X
A
Me N Me N
19.84 kcal/mol ec 25.87 kcal/mol

* N-R precusor

.
Hi ® H 47 .63 keal/mol
“ N H
N
HT O N — H
HTYS j
A x
. N ®H Me N e SN
Charge= +1 47.79 keal/mol
206.30 kcal/mol 55.82 kcal/mol
N
X
Me N
75.05 keal/mol

Chart 4. The Heats of Formation Energy Calculated on the Basis of PM5
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