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Synthesis and Experimental Electron Density of Bis(heterocyclic) Azines:
The Case of 6,6'-Bis(chloromethyl)-2,2’-bipyrazine
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Enrique Espinosa,'l Nouzha Bouhmaida,™ and Abdelmalek Thalal™
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Electron density topology

The synthesis and reactivity of mono- and bis(chloromethyl)-
2,2'-bipyrazines toward nucleophiles are reported. The
reactivity of the bipyrazine ring is explained in terms of
allylic substitution and rearrangement mechanisms. A new
family of monofunctionalized bipyrazine derivatives as
molecular building blocks for supermolecules has been
obtained, opening access to unsymmetrical ligands. The low-
temperature crystallographic structure and the experimental
electron density distribution of 6,6'-bis(chloromethyl)-2,2'-

bipyrazine have been determined on the basis of high-
resolution X-ray diffraction data. The electron density of the
molecule has been accurately analyzed using the topological
properties of its gradient and Laplacian features. The
reactivity of these bidentate molecules in metal complexation
is related to the shape of the atomic basins and may be
explained in terms of a key/lock-type interaction. The results
are compared with corresponding data for 2,2’-dimethyl-
6,6'-diphenyl-4,4'-bipyrimidine.

The synthesis and chemistry of bis(heterocycles) is of
considerable interest with regard to the construction of new
supramolecular structures, as well as of strongly fluorescent
lanthanide cryptates or podates,'2~14 and of self-assemb-
ling metal complexes®*2®! in the form of helices, 33l
grids,[ ladders, ! etc. Among the bis(heterocycle) ligands,
2,2'-bipyrazine is less well studied and less often employed
compared to other bis(monoazines) (e.g. bipyridine, phen-
anthroline, etc.). However, the recent incorporation of 2,2'-
and 4,4’-bipyrimidine and 2,2'-bipyrazine moieties!®72~74:8]
into the backbones of supramolecular architectures has
given rise to interesting additional properties. For example,
enhanced fluorescence photophysical properties have been
observed in new lanthanide complexes, new complexation
properties have recently been reported for metal-chelating,
self-assembling supramolecular structures,!'” and a new
class of receptors has been developed.!'!! In continuation of
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our research into bidendate ligands as new building blocks
for constructing supramolecular assemblies, the present
paper deals with the chemical reactivity of 6,6’-bis(chloro-
methyl)- (2) and 6-chloromethyl-2,2’-bipyrazine (3) deriva-
tives towards nucleophiles. Moreover, the mechanisms of
these reactions are assessed on the basis of the results of
chemical and high-resolution crystallographic studies.

Considering aspects of the synthesis of bipyrazine molec-
ular building blocks, we set out (i) to follow a strategy based
on sequential Williamson condensations between bipyra-
zine monoalcoholate or dialcoholate (vs. monothiolate, di-
thiolate) components and monochloride or dichloride com-
ponents in order to obtain oligobipyrazine ligands such as
the trimeric ligand 22 (see below), and (ii) to synthesize the
diamino-2,2'-bipyrazine unit with the aim of constructing
new unsymmetrical cryptands using the one-step conden-
sation (1 equiv. diamine + 2 equiv. dichloride). Surprisingly,
the reactivity of 3 in the presence of various nucleophiles
led to the generation of positional isomers of the bis(hetero-
cycle), thereby potentially opening a route to chemically ac-
tive monofunctionalized bipyrazine ligands. Thus, we de-
cided to explore this avenue of investigation, mainly in view
of its great potential with regard to anchoring reactions of
cryptands that might allow us to introduce unambiguous,
stoichiometric binding sites on specific supports or soluble
biomolecules. Furthermore, low-temperature high-resolu-
tion X-ray data have been used to derive the electron den-
sity of 2 in the solid state. The topological electron density
characteristics have been scrutinized in order to understand
further the particular reactivity of bipyrazine. No reports
have hitherto described the synthesis and reactivity of such
units and we hope that this work will be helpful with regard
to the design of new series of ligands.
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Results and Discussion
Synthesis

The starting chloromethyl derivatives 2 and 3 were ob-
tained from 6,6'-dimethyl-2,2'-bipyrazine (1) by a radical
chlorination reaction.® All the synthesized products
(Scheme 1), apart from the thio (20, 21) and amino com-
pounds (17, 19) and the trimeric ligand 22, were obtained
from 2 or 3 in good to moderate yields by direct nucleo-
philic displacement reactions under various conditions. (see
Experimental Section). In all cases, the reaction yields a
mixture of isomeric substituted compounds as a result of
two mechanisms, namely a first-order nucleophilic substi-
tution (Sy1) at the allylic carbon atom, and a first-order
allylic rearrangement (Sy1’) in which the nucleophile at-
tacks at a y- or g-carbon atom!!?! (Scheme 2). The exper-
imental conditions clearly indicate that the reaction occurs
under Syl conditions (thermodynamic control) and fur-
nishes, as predicted in this case, isomeric mixtures arising
from attack of the nucleophile on stabilized intermediate

/N—\>_(=N TCC; AIBN /N_\>_<=
§=N \N ‘/% CCl,, reflux =N N
1 Cl 2

allylic carbocations (Scheme 2). Furthermore, the relative
amounts of the isomers obtained (Table 1), irrespective of
the solvent used, are in good agreement with the expected
relative stabilities of the allylic carbocation intermediates
(C1* > C3* > C2%) and conform to the so-called “product
spread” phenomenon. [ Finally, it should be pointed out
that the resulting monosubstituted 6,6’-dimethyl derivatives
may be halogenated for a second time, leading to 6,6'-bis-
(halogenomethyl) units, which represent desirable building
blocks for the regiospecific construction of monofunctiona-
lized supramolecular species.

In other systems, it is well known that a nucleophilic sub-
stitution at an allylic carbon atom can also take place ac-
cording to an Sy2 mechanism, without any allylic re-
arrangement. This seems to be the case in the present nucle-
ophilic substitution leading exclusively to the 6,6'-diazido
isomer 18 in high yield, as well as that giving the trimeric
compound 22. The latter is obtained by the reaction of bi-
pyrazine alcoholates with 6,6'-bis(iodomethyl)-2,2'-bipyra-
zine in dipolar aprotic solvents. Furthermore, allylic re-

N N =N
Cl 3

Cl

|

R=Nu

R
N =N N =N
Cl Cl

16 R=2,2"-bipyrazyl-CH2-O

18R=N;
19 R= NH,

20 R=SH

22 R= 2,2'-bipyrazyl-CH,-O

Scheme 1. Synthesized products
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15 R=2,2"-bipyrazyl-CH2-O

|

8 R=OCH;
11 R= O-(CH,),-0H

5 R=OH

7 R=0CH;

10 R= O-(CH;)-OH

13 R = p-NO,-C¢Hy-O

14 R= 2,2'-bipyrazyl-CH,-O
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4 R=OH
6 R=OCH;

9 R= O-(CH,);-OH
12 R= p-NO,-CgH,-0
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21 R=SH
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Scheme 2. Reactivity mechanisms

Table 1. Ratios of 2,2'-bipyrazine isomers obtained by nucleophilic
displacement reactions of 2,2'-bipyrazine dihalide 2 and monoha-
lide 3

Nucleophile Solvent R!', R> Relative isomer ratio in%o!
(6) (5) (3)
OH~ CH,CN/H,O CLH 47 0 18
CH,0~ anhyd. CHOH CLH 59 20 21
HO(CH.,,0~  HO(CH,,OH CLH 4l 17 18
P-NOyCgH)O~  anhyd. CH,CN  CLH 35 0 12.5
N, CH,SOCH, c.c 77 0 0
Bipyrazyl-CH,O~ anhyd. THF Cl, H 0 ca. 1 10
Bipyrazyl-CH,O~ anhyd. THF CLCl 0 31 21

41 (6), (5), and (3) are positions of substitution on the bipyrazine
ring.

arrangement could also take place under Sy2 conditions by
attack at the y- or e-carbon atom rather than at the usual
o position. This mechanism is called second-order allylic
rearrangement (Sn2’).!'4 It is sometimes encountered when
there is a sterically hindered a substituent present, when a
large nucleophile is used, or when certain leaving groups
are attached at the allylic carbon atom.['*! In the present
case, the second situation appears to be operative; the bulky
bipyrazine alcoholate nucleophile anion gives specifically
the isomers 14 to 16, which arise from an allylic rearrange-
ment process. One or two of the above factors are probably
responsible for determining the second-order-type mecha-
nisms that take place preferentially in these cases.

Another interesting point that merits discussion is that
the reactivity of the bipyrazine system differs greatly from
that of a true aromatic system. Indeed, bipyrazines react
preferentially as unconjugated heterodienes (Scheme 2b).
From a chemical point of view and for the sake of compari-
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son, it is noteworthy that the previously studied 2,2'-di-
methyl-4,4’-bipyrimidine’#! only undergoes substitution at
its 2,2’-methyl positions. No substitution takes place at the
other free carbon positions on the heterocycle ring. These
results and the lack of described reactions of this type with
other bis(heterocycles) (e.g. bipyridine, phenanthroline, etc.)
reflect the unique reactivity of the bipyrazine system.

Molecular Conformation and Crystal Stacking

Figure 1 shows an ORTEPI! representation and the
labelling scheme of the 6,6'-bis(chloromethyl)-2,2’-bipyra-

Jﬁ
Clybpz

Figure 1. ORTEP view of 6,6'-bis(chloromethyl)-2,2’-bipyrazine

Table 2. Principal bond lengths [A] and angles [°] in 6,6'-bis(chloro-
methyl)-2,2'-bipyrazine; the estimated standard deviations are
given in parentheses

distance distance
N1-C2 1.3349(5) N4-C3 1.3332(6)
NI1-C6 1.3372(5) N4-C5 1.3369(6)
C2-C3 1.4008(5) C5-C6 1.3964(5)
C6—-C7 1.4949(5) C7-Cl 1.8080(5)
C2—C2'll 1.4765(7)

angle
C6—N1-C2 117.14(3)
NI-C2-C3 121.32(3)
NI-C2—-C2'al 117.74(4)
C3—-C2—C2'al 120.94(4)
C2—-C3—-N4 121.64(4)
C3—N4-C5 116.68(4)
N4—-C5-C6 121.88(4)
C5—-C6—N1 121.14(3)
C7—-C6—NI1 117.42(3)
C7—-C6—-C5 121.44(4)
C6—C7-Cl 109.07(3)

[al Symmetry operation between the two pyrazine rings: —x, 2 —

» —z
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Figure 2. Molecular stacking in the crystal of 6,6'-bis(chloro-
methyl)-2,2-bipyrazine

zine (Cl,bpz) molecule. The molecule adopts an s-trans con-
formation in the crystalline state. The two connected pyra-
zine rings, related by the symmetry operation (—x, 2 — y,
—z), are planar, with a crystallographic center of inversion
being situated in the middle of the C>—C?’ vector. C’ and
C” lie in the plane of the pyrazine rings, but the chlorine
atoms reside 1.75 and —1.75 A from the mean plane of the
molecule defined by N'—C?—C?’. Table 2 gives the main
bond lengths and angles obtained after multipolar refine-
ment (see Experimental Section). C—N and C—C bond
lengths in the pyrazine ring are in good agreement with
those reported for 2,2'-dimethyl-6,6'-diphenyl-4,4’-bipyrim-
idine (Ph,bpm),['® but the C—C bond lengths are slightly
longer than those reported in a study of pyrazines by De

With et al.[”]e We note, however, that the C2—C?’ distance
of 1.4765(7) A is shorter than the distance found between
the corresponding carbon atoms in Ph,bpm [1.4891(7)
A].) The C7—Cl distance of 1.8080(5) A is significantly
shorter than the C—Cl distance of 1.8421(7) A found in
dichlorodioxane,'® the bond length in which is increased
owing to the anomeric effect. In the solid state, stacking
gives rise to two almost perpendicular planes, in which the
molecules are arranged as shown in Figure 2 (here, only the
cell translations b and *¢ are considered for the sake of
clarity). Each plane corresponds to one of the two mol-
ecules in the unit cell. In the intermolecular region, the
chlorine atom is surrounded by three hydrogen atoms:
Cl-H3(—0.5 — x, 1.5+, 0.5 — z) = 2.7551(1) A; CI-H"!
(0.5 = x, =0.5 + »,0.5 — z) = 2.8846(1) A; CI-H® (-1 +
X, ¥, z) = 2.9251(1) A. The two chlorine atoms of a given
Clybpz molecule are directed towards the centers of the
pyrazine rings of the two neighbouring parallel molecules
(Figure 2).

Experimental Electron Deformation Density

Table 3 lists the multipolar parameters for Cl,bpz, which
were used to calculate the static electron deformation den-
sity by means of the STATDENS program.['”) Following
the multipolar refinement, the atomic thermal motion and
the electron density distribution are deconvoluted. Thus,
the static bond deformation electron densities are generally
comparable to those derived from high-level ab initio SCF
theoretical calculations.?”) Figure 3 shows the static elec-
tron deformation density in the plane of the pyrazine ring
of Cl,bpz after the multipolar refinement. The main fea-
tures of this map are the good resolution of the nitrogen
lone pairs and a more pronounced concentration of elec-
trons in the C>—C® and C*—C’ bonds of the pyrazine ring.
The electron peak heights reach 1.2 eA™3 in the C>—CS and
C2—C3 bonds [C5—C® = 1.3964(5) A, C2—C3 = 1.4008(5)

o

A]. The longest C—C bonds in the Cl,bpz molecule exhibit

Table 3. P,,, and x multipolar parameters for 6,6'-bis(chloromethyl)-2,2'-bipyrazine after multipole refinement

N4 N1 c7 c6 Cs C3 2 al H71 H72 H5 H3
K 0.986(5) 0.988(5) 0.97(1)  LOI(1)  0.99(1)  0.99(1)  0.99(1)  0.9855) 1299 13109 14109  1.12(5
K’ 1.07(5)  0.954) 0995  0.96(5) 0.87(3) 0.99(5) 1.02(5  1.14(5)  1.000 1.000 1.000 1.000
Pou 5.06(7)  5.08(7)  446(18) 3.68(14) 4.35(14) 3.93(13) 4.13(9)  7.33(6)  0.61(9)  0.80(10) 0.64(9)  0.93(9)
dX —0.09(1) —0.192) 0.003)  0.02(2)  —0.04(4) 0.03(2) 0.0622) 0.022) 0.013) 0.154) 0.07(3)  0.20(3)
dy —-0.052) —0.032) —0.13(2) 0.03(3) 0.123)  —0.03(3) 0.06(3) —0.032) 0.002) —0.20(3) —0.02(2) 0.05(3)
dz 0.02(3) —0.022) 0.102) —0.07(2) —0.11(2) 0.03(2)
Qz —0.16(1) —0.172) 0.132)  —0.27(3) —0.32(3) —0.203) —0.14(2) 0.10(2)
QZX 0.05(3) 0.02(2)
QzZY —0.03(2) —0.03(2)
QXX-YY 0051) 0051) 0072) —0.022) 0.07(3) 0.023) 0.002) —0.082)
QXY —0.03(1) —0.01(1) —0.07(2) —0.02(2) 0.032) —0.022) 0.053)  0.07(2)
0777 0.05(2) —0.02(2)
0XZZ —0.04(1) —0.05(1) —0.19(3) 0.002) —0.06(2) —0.012) 0.002) —0.08(2)
oYZZ —0.02(1) —0.02(1) —0.19(3) —0.04(2) 0.08(2)  0.042)  0.032)  0.04(1)
0Z(XX-YY) 0.02(2) —0.02(1)
0XYZ 0.05(2) 0.01(1)
OXXX —0.11(1) —0.10(1) 0.193)  —0.38(2) —0.49(5) —0.30(4) —0.31(4) 0.10(2)
oYYY —0.01(1) —0.05(1) 0.082) —0.06(2) —0.03(3) —0.042) —0.04(2) —0.00(1)
1430 Eur. J. Org. Chem. 1999, 1427—1440
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electron density peak heights of 0.7 eA73, ie. in C2—C2
[§Z—C2’ = 1.4765(7) A] and C®—C7 [C®°—C7 = 1.4949(5)
A]. These values are in good agreement with those generally
observed for C—C single bonds in peptide molecules.?!! On
the other hand, the electron density peak heights in the
C—N bonds fall in the range 0.7-0.9 eA 3 and their max-
ima are situated 0.5 A from the carbon nuclei. We note that
the electron deformation density in the C—N bonds of the
pyrazine rings is systematically polarized towards the car-
bon atoms (Figure 3). Differences in electron density peak
heights between the C—C and C—N bonds in the pyrim-
idine ring of Ph,bpm!['® were not observed (on average 0.65
eA 3 in both the C—C and C—N bonds). Even though the
bond lengths in pyrazine and pyrimidine rings are quite
similar, the electron deformation density distribution seems
to be different with respect to the locations of the nitrogen
atoms. Compared to the pyrimidine ring in Ph,bpm, the
pyrazine ring in Cl,bpz displays less aromatic character.
The C>—C? and C>—C® aromatic bonds and the clockwise
polarization of the electron density in the N!'—C®—C> and
N#—C3—C? arms are in good agreement with the expected
chemical reactivity of Cl,bpz at its y (C°) and & (C?) posi-
tions, which constitute an unconjugated heterodienic-like sys-
tem (Scheme 2). Moreover, these two sites are significantly
differentiated by the valence populations (P, in Table 3),
corresponding to net charges of —0.35(14) and +0.07(13) e
for the y and ¢ sites, respectively. In contrast to our results,
the experimental electron deformation density derived for
pyrazine on the basis of X-ray diffraction data obtained at
184 K by Moss et al.[??! did not show a distinction between
C—C and C—N bonds. This discrepancy is probably due to
the high degree of atomic thermal motion in the pyrazine
molecule at this temperature.

Figure 3. Static electron deformation density in the pyrazine ring
of the 6,6'-bis(¢chloromethyl)-2,2-bipyrazine molecule; contour in-
tervals £0.1 eA~3; negative contours are dashed, zero contour
omitted

Eur. J. Org. Chem. 1999, 1427—1440

Topological Analysis of the Electron Density

In the framework of quantum theory, topological analy-
sis of the electron density p(r), as developed by Bader,>?!
permits characterization of individual atoms in molecules
and crystals. Interatomic interactions may be studied
through the topological properties of p(r) at the bond criti-
cal points rcp, i.e. the points of zero-gradient Vp(rcp) = 0.

After multipolar modelling of the experimental electron
density derived from X-ray diffraction data, we analyzed
this fundamental property in the Cl,bpz molecule using the
PROP program,?*! which calculates the gradient Vp(r) and
the Laplacian V?p(r) of the electron density. We focused on
the shape of the basin of the nitrogen atoms in the molecule
with a view to predicting the metal complexation reactivity.
For comparison purposes, the topological properties of the
pyrimidine ring in Ph,bpm are also reported.

The electron deformation density distribution in a mol-
ecule depends only on the atomic valence orbitals and the
charge transfer amongst the atoms. However, the quantum
mechanical properties of a system are based on its total
electron density and hence characterization of the atomic
and molecular bonds should be based on this latter observ-
able quantity. Consequently, we analysed the interatomic in-
teractions in the Cl,bpz molecule, as well as the reactivity
of the nitrogen atoms of the pyrazine ring, in terms of the
topological properties of the total electron density p(r) at
their (3,—1)-CPs [p(rcp), the Laplacian V?p(rcp), and the
eigenvalues of the Hessian matrix, A;(rcp), Ax(rcp), A3(rep)]
and the gradient vector field Vp(r). Table 4 gives the topo-
logical properties of the electron density at the (3,—1)-CPs
in the rings of both Cl,bpz and Ph,bpm, as well as the
distances of the nuclei from these critical points. As the CP
is situated on the interatomic surface, the longer the dis-
tance to the nucleus, the more extended the basin is in that
direction. Whereas among the C—N bonds the total elec-
tron density is systematically more concentrated in the py-
rimidine ring of Ph,bpm than in the Cl,bpz pyrazine ring
[V2p(rcp) values are more negative and p(rcp) values are
higher in the former compound], the C>—C? and C°—C®
bonds in Cl,bpz show a concentration of charge similar to
that found in the C*—C> and C°—C® bonds of Ph,bpm.
We note, however, that a localization of the double-bond
character in the rings is not apparent from these values. On
the other hand, the single C—C bond Laplacian V?p(rcp)
and the electron density values p(rcp) at the critical points
of the C*—~C*" bond in Clbpz [V*p(rcp) = —14.4 eA™>,
p(rcp) = 1.80 eA™ %] reveal similar concentration of electron
density than that found in the corresponding C*—C* bond
[V2p(rcp) = —15.7 €A™, p(rcp) = 1.92 eA3] linking the
pyrimidine rings in Ph,bpm. The same holds true for C—C
linkages when only one carbon atom belongs to the ring:
Co—C7 [V2p(rep) = —14.5 eA73, p(rcp) = 1.79 eA 3] in
Clbpz and C*—C"* [V?p(rcp) = —16.4 eAS, p(rep) = 1.93
eA 3] in Ph,bpm. Topological properties at the C—H bond
CPs involving a carbon atom of pyrimidine or pyrazine ring
have similar values of V>p(rcp) = —19.0 eAS, p(rcp) = 1.9
eA 3 for C5—H? in Ph,bpm and C3—H3 in Cl,bpz, respec-
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Table 4. Topological properties in Cl,bpz and Ph,bpm: distances from the critical point to the nuclei, the eigenvalues 1, 2, 3, the values
of the Laplacian V?p(rcp), and the electron density p(rcp) at the bond critical point CP

3B.-DHCP A-B da [A] dy [A] MEATT  M[eAT] A3 [eATT] Vep [eA™]  plrep) [eAT7]

Clybpz N4-C5 0.777 0.561 —18.0 —17.6 14.3 —21.3 2.26
N4-C3 0.787 0.548 —18.9 —15.9 16.0 —18.9 2.25
NI1-C6 0.759 0.578 —19.0 —17.6 15.3 -214 2.30
N1-C2 0.761 0.574 —17.8 —15.9 14.7 —19.0 2.19
C6—C7 0.756 0.740 —12.8 —11.8 10.0 —14.5 1.79
C6—C5 0.679 0.717 —18.5 —14.1 9.8 —22.9 2.23
C5—H5 0.707 0.370 —18.4 —16.1 19.9 —14.5 1.83
C3-C2 0.685 0.716 —17.7 —14.1 11.0 —20.8 2.18
C3—H3 0.702 0.375 —17.8 —16.1 14.5 —-194 1.85
C2-C2 0.738 0.738 —14.3 -10.9 10.9 —14.4 1.80

Ph,bpm N1-C2 0.724 0.615 —234 —19.3 20.3 —224 2.52
N1-C6 0.730 0.615 —22.7 —19.2 19.9 =220 2.49
N3-C2 0.747 0.592 —25.1 —20.3 19.9 =255 2.56
N3-C4 0.757 0.587 =233 —19.8 19.2 —23.9 2.50
C2—-Cl13 0.774 0.721 —15.9 —14.2 13.7 —-16.4 1.93
C4-C4 0.745 0.745 —16.2 —13.6 14.1 —15.7 1.92
C4-C5 0.712 0.681 —20.1 —15.1 13.5 —21.7 2.27
C5-C6 0.692 0.709 -20.4 —16.1 13.8 —22.7 2.29
C5—HS 0.741 0.335 —20.1 —18.7 19.8 —19.0 1.91
C6—C7 0.785 0.696 —16.1 —13.3 14.2 —15.0 1.91

tively, but the Laplacian value is different for C°—H? in \ i

Clbpz [Vp(rcp) = —14.5 eA~9]. i O

Figure 4 shows the gradient vector field of the electron \‘ ) Ao R )
density Vp(r) calculated for solid-state s-trans conformation S— J@ ?\; \ ) N
Cl,bpz (Figure 4a) and Ph,bpm (Figure 4b), respectively. In ~ =

the Cl,bpz molecule (Figure 4a), whereas the atomic basin
associated with the inner nitrogen atom N'! presents a less
extended surface towards the intermolecular region, than
the corresponding N* basin surface. On the other hand, the
atomic volumes associated with both the outer N! and in-
ner N3 nitrogen atoms in the Ph,bpm molecule (Figure 4b)
have a closed shape, comparable to the basin of N'! in
Cl,bpz. We note, however, that the atomic volume of the
outer nitrogen N' in Ph,bpm is expected to be of closed
form because of the proximity of the surrounding methyl
group and the phenyl ring. This is not the case for the outer
nitrogen atom N* in the Cl,bpz molecule. Given the prop-
erty of the gradient function, the open or closed characters
of these atomic volumes can be directly related to the con-
cavity or convexity of the atomic electron density towards
the intermolecular space.

The previous electron density study of Ph,bpm!'® al-
lowed predictions to be made concerning the complexation
of a copper cation by such a molecule. We based our argu-
ments on the electrostatic potential features calculated for
the molecule in the s-cis conformation, although the model-
ling of the electron density was performed on the solid-state
s-trans conformation. The interaction properties of the py-
rimidine ring in the Ph,bpm molecule are seemingly unaf-
fected by the artificial rotation by 180° of one ring with
respect to the other. A previous study of Ph,bpm led to a
low value for the rotational energy barrier!>>! about the
C*—C* axis connecting the two pyrimidine rings in this
molecule. Both the inner and outer nitrogen atoms partici-
pate in metal complexation, as was demonstrated in a struc-
tural study of the copper(I)/2,2’-dimethyl-4,4'-bipyrimidine
complex.[’d From an electrostatic point of view, the net
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Figure 4. Gradient field of the total electron density in: a) 6,6'-
bis(chloromethyl)-2,2-bipyrazine and b) 2,2'-dimethyl-6,6"-di-
phenyl-4,4'-bipyrimidine; solid-state s-zrans conformation

charges for the nitrogen atoms in the Ph,bpm molecule
were determined as —0.31(2) e for N* and —0.21(2) ¢ for
N!, respectively, as opposed to the almost neutral N! and
N#* nitrogen atoms in Cl,bpz found in the present study
(Table 3). With a view to understanding the complexation
behaviour of the Ph,bpm and Cl,bpz molecules, we have
calculated the gradient of the electron density in the s-cis
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conformation, assuming that the electron density in the
rings is not sensitive and, to a first approximation, is not
modified by the rotation of one ring with respect to the
other. The analysis will be based on the gradient of the
electron density. A previous study by Aray and Bader, %
analysed the adsorption of CO molecules onto MgO sur-
faces using also the gradient of the electron density. They
reported that a Lewis acid/base reaction corresponds to a
build-up of charge on the base and a charge depletion on
the acid. They found that the exposed charge concentration
on the carbon atom interacts with the region of charge de-
pletion or Aole in the outer shell of the charge concentration
on the Mg atom, creating a closed-shell interaction. The
gradient vector field maps of p(r) for the MgO (100) surface
before and after the CO adsorption unambiguously illus-
trate how the interaction takes place at Mg, in that the atom
has a symmetrically convergent interatomic surface ex-
tending into the intermolecular region. Figure 5 shows
the Vp(r) field calculated in the plane of the rings for
Cl,bpz (Figure 5a) and Ph,bpm (Figure 5b) molecules in s-
cis conformation. Here, we observe a symmetrical conver-
gent interatomic surface extending into the intermolecular
region for N3,N* and N' of Ph,bpm and for N',N!" of
Cl,bpz, but a divergent interatomic surface for N* of
Clbpz. In our previous work,[”l we reported inner and
outer nitrogen Cu—N distances ranging from 2.04 to 2.08
A. If we place a hypothetical copper cation at a distance of
2 A from N' and N#, as in Figure 5a (Cl,bpz), or at 2 A
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Figure 5. Gradient field of the total electron density in: a) 6,6'-
bis(chloromethyl)-2,2-bipyrazine and b) 2,2’-dimethyl-6,6'-di-
phenyl-4,4'-bipyrimidine; solid-state s-cis conformation
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from N! and N3, as in Figure 5b (Ph,bpm), it will lie within
the atomic basins of the nitrogen atoms in all cases. How-
ever, the main difference appears when we look at the gradi-
ent vector field topologies at this distance: The reactive ni-
trogen atoms in Ph,bpm present a concave p(r) surface
towards the intermolecular region, which adapts well to the
convex p(r) surface of a non-chemically bonded cation (as
a key/lock system). In the Cl,bpz molecule, it can clearly be
seen that the couple N',N! satisfies this rule, but that N*
can be expected to be non-reactive (Figure 5a) because of
a convex electron density at this distance. Furthermore, the
low electron density that we found in the intermolecular
region at a distance of 2 A from the nitrogen nuclei (less
than 0.05 eA‘3) is also favourable with regard to an interac-
tion with a hypothetical metal cation at this distance with-
out major changes in the p(r) distribution, i.e. with minimal
energy cost. Without any electrostatic considerations, a sub-
stituent such as a methyl group near the outer nitrogen
atom of 2,2'-pyrazine would probably enhance the con-
cavity (key/lock system) of the electron density around this
atom and thereby improve its reactivity, as was found for
the external nitrogen atom N! in Ph,bpm.

Conclusion

The investigated chloromethyl bipyrazine derivatives rep-
resent useful molecules for obtaining monofunctionalized
bidendate bipyrazine units. They are more easily accessible
than our previously studied systems leading to mono-
functionalized bipyridines.?”) Regarding the reactivity of
the 2,2'-bipyrazine unit towards nucleophiles, both the
chemical behavior and the experimental electron density
clearly point to greater non-aromatic character of this het-
erocycle compared to other diazines such as pyrimidines,
and probably also monoazines such as bipyridine and phen-
anthroline. Topological analysis of the electron density has
allowed a qualitative description and a comparison of the
coordination power of the inner and outer nitrogen atoms
of the bipyrazine and the previously studied 4,4’-bipyrim-
idine rings. This description has highlighted the influence
of substituent proximity on the electron density concavity
at the nitrogen sites. This topological description should be
useful in predicting the metal complexation capacity of a
given nitrogen atom in a diazine, and should prove advan-
tageous with regard to heterotopic bidendate mixed ligands
such as bpz—byp or bpz—bpm or bpz. The latter, as well
as their metal complexes, are currently under investigation.

Experimental Section

General Aspects: All solvents were distilled prior to use; anhydrous
solvents were distilled under argon and then stored over molecular
sieves (3—4 A). — Column chromatography (CC): Merck silica gel
60 (0.040—0.063 mm). — Analytical thin-layer chromatography
(TLC): Merck silica gel or alumina 90 plates; detection by UV light
(254 nm). — Melting points: Kofler hot-stage apparatus. — 'H-
NMR spectra: Bruker DRX400 and AM250 instruments; chemical
shifts in parts per million relative to residual proton signal of sol-
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vent as internal reference ('"H: CHCl; in CDCls, § = 7.26); coup-
ling constants J in Hertz. — Mass spectrometry: EI-MS was per-
formed by the Service Commun de I'Université Henri Poincare,
Nancy 1. — Microanalyses were performed by the Service Central
de Microanalyses du CNRS, Vernaison. — 6,6'-Dimethyl-2,2’-bi-
pyrazine (1), 6,6'-bis(chloromethyl)-2,2'-bipyrazine (2), and 6-
(chloromethyl)-6"-methyl-2,2’-bipyrazine (3) were synthesized ac-
cording to literature procedures.®!

X-ray Data Collection and Processing: Crystals of Cl,bpz were
grown from hexane/Et,O solution. Good quality specimens of the
colourless parallelepiped-shaped crystals were chosen for X-ray dif-
fraction analysis. They were placed on the goniometer head of an
Enraf-Nonius CAD4 diffractometer, equipped with a liquid-nitro-
gen vapour stream low-temperature device and analyzed using Mo-
K, radiation (A = 0.70931 A). The diffractometer was housed in a
Plexiglas box to protect it from atmospheric moisture and to avoid
ice formation on the crystals. The temperature (110 + 2 K) was
monitored by a copper-constantan thermocouple positioned about
5 cm above the crystal. The first sample disintegrated within a few
minutes in the nitrogen vapour stream, showing the fragility of
these crystals upon cooling. A second crystal (0.2 X 0.3 X 0.4 mm)
was then mounted on the diffractometer and the temperature was
decreased in a more controlled manner. The orientation matrix and
the unit cell parameters were determined by a least-squares fit to
the optimized setting angles of 25 reflections in the Bragg angle
range 20° = 20 = 52°. The lattice parameters were determined as
a = 5.1452), b = 8.302(2), ¢ = 12.320(3) A, and B = 91.327(4)°.
The relative variations of these parameters compared to room tem-
perature values were evaluated as Aa/a = 0.007, Ab/b = 0.02, Ac/
¢ = 0.02, and AVIV = 0.04, respectively, where V is the unit cell
volume. Inspection of the systematic intensity extinction revealed
that the compound crystallizes in the P2,/n space group: no con-
dition for (/ikl) reflections, k = 2n + 1 for (0kO) and i + [ = 2n +
1 for (h0/). The conditions and details of the diffraction experiment
are presented in Table 5. A total of 21634 intensities were measured
in the full reciprocal sphere (—/ to h, —k to k, and —/ to /) and
recorded as ®—26 scan Bragg profiles up to a maximum resolution
Oof Gax = (SINO/A) 1y = 1.27 A1 During the data collection, three
selected reflections (0 0 —6), (2 =5 —8), and (1 0 —13) were moni-
tored every 2 h in order to check for variation of the intensities.
The intensities of the (30 —1), (2 =5 —8), and (0 7 —8) reflections
were measured every 200 reflections to check for any crystal dis-
orientation. The total X-ray exposure time of the sample was 550 h
and no temperature or crystal problems were observed during the
experiment.

Data reduction and error analysis were performed using the D.R.
E.A.D.D package of programs of Blessing.[>*!?l A Lorentzian
peak width model was used to determine the Bragg reflection limits
and to integrate the intensity profiles. The instrumental instability
coefficient based on the variation statistics of the standard reflec-
tion intensities was determined as © = 0.029(9). The variance of
each observed intensity / was estimated as 6>(1) = [s°.(]) + (pI?)?],
where s2.() was calculated from the propagation of error based on
counting statistics and scan angle uncertainties [c(®) = 0.005°]. In
accordance with the low value of the absorption coefficient (u =
0.59 mm~!) and the sample dimensions, no absorption correction
was applied. The merging and averaging of the data were per-
formed in the 2/m point group, giving rise to 5344 unique obser-
vations [/ > 3o(/)] for use in the least-squares refinements. The
statistical indices are given in Table 5.

Structure and Electron Density Refinements: The crystal structure
was solved by direct methods using SHELXS-861*%1 and refined
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with the least-squares program MOLLY.P! The form factors of
the carbon, nitrogen, and chlorine atoms were calculated from the
wavefunctions of Clementi et al.[3?! The form factors of the bound
hydrogen atoms were taken from Stewart et al.[3* The anomalous
dispersion coefficients were taken from the International Tables of
Crystallography®# in order to correct the form factors. The hydro-
gen atom positions were found by difference Fourier synthesis. The
scale factor, the atomic coordinates, and the anisotropic thermal
parameters Uj; of the non-H atoms were refined with all data. The
scale factor was then fixed and new refinements of non-H atomic
xyz and Uy values were carried out with high Bragg angle obser-
vations (sin6/A = 0.9 /u\*l). The coordinates of hydrogen atoms
were adjusted by imposing the average value found by neutron dif-
fraction studies on the C—H distances (1.08 A).?5 The isotropic
secondary extinction effects were corrected using the formalism of
Thornley et al.3% with extinction of type 1 and a Lorentzian crystal
mosaic distribution. The final extinction parameter value applied
to the diffracted intensities amounted to y = 0.46(4) X 10~*, which
corresponds to a maximum intensity loss of 20% for the (0 1 3) re-
flection.

The electron density distribution in the molecular crystal of Cl,bpz
was determined using the Hansen-Coppens model.[3!) Here, the
electron density of each atom in the asymmetric unit is expressed
as shown in Equation 1 where p.,. and p,, are Hartree-Fock
spherical core and valence densities, respectively; p,,; is normalized
to one electron so that the refined valence population parameter
P, gives the net atomic charge ¢ with respect to the number Ny
of electrons in the free atom valence orbitals, ¢ = Ny, — Pyar-

In the program MOLLY,B! the asymmetric unit is constrained to
neutrality. The y,,+ values are spherical harmonic angular func-
tions of order / in real form, while R, (r) are Slater-type radial
functions R, (r) = Ny™lexp(—{r), where N, is the normalization fac-
tor, and n; and { are parameters depending on the order / and
the atomic valence functions, respectively.[3”) P, are the multipole
population parameters of each associated spherical harmonic func-
tion y;,,+. The coefficients k¥ and k' are related to the contraction
or expansion of the electron density®! for spherical and multipolar
valence densities, respectively. In the Hansen-Coppens model,*!]
the atomic electron density is expressed in local reference frames
taking into account the chemical environment and the local sym-
metry. Figure 6 shows the local orthogonal axes chosen for the
Cl,bpz molecule. As in our previous study of Ph,bpm, the multipo-
lar expansion was truncated at the octupolar level for C, N, and CI
atoms (/. = 3) and at the dipolar level (/. = 1) for the hydrogen
atoms. No significant occupation of higher multipole levels was
observed. The radial functions of C, N, and H atoms were those
of the previous study of Ph,bpm,!, i.e. {- = 3.0 bohr™ !, { = 3.8
bohr !, (i = 2.26 bohr ! (1 bohr = 0.529177 A) and the multipole
exponents were n; = 2,2,3 for C and N up to the octupole level,
and n; = 1 for H, respectively. The best radial function for the
chlorine atom was obtained by inspection of the residual maps: 3!
Cc1 = 4.4 bohr™!, while the best exponents were found for n; =
6,6,6. The number of multipolar parameters was reduced by im-
posing planar symmetry on the atomic electron densities of the
pyrazine ring: All multipole populations associated with odd pow-
ers of z (Cartesian coordinate perpendicular to the plane) were not
refined. A similar constraint was used in the electron study of the
Ph,bpm molecule. The final statistical indices for spherical and
multipolar refinements are given in Table 6. Table 7 gives the
atomic fractional coordinates and thermal parameters and their
estimated standard deviations (e.s.d.’s) after the multipolar refine-
ment. Hirshfeld’s rigid bond test® gave a maximum value of
0.0005 A2 for the difference between the mean-squares displace-
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Table 5. Experimental details of the X-ray data collection for 6,6'-bis(chloromethyl)-2,2’-bipyrazine

Crystal data:
Empirical formula
Molecular mass [g/mol]
Cell setting

Space group

alA]

b [A]

¢ [A]

B1°]

V[A%]

VA

D, [Mg m~3]

Radiation type (graphite monochromator)
Wavelength [A]

No. of reflections for cell parameters
20 range [°]

p [mm~']

Temperature

Crystal form

Crystal size [mm]

Crystal colour

Data collection:

Diffractometer

Data collection method

Absorption correction

No. of measured reflections

No. of used unique reflections

Rl, R2, R,, S®

max [°]

Range of i, k, [

No. of standard reflections
Frequency of standard reflections [min]
Intensity decay (%)

C10H8C12N4
255.1

monoclinic
P21/n
5.145(2)
8.302(2)
12.320(3)
91.327(4)
526.09 (4)
4

1.543

0.59

110 K (lig. N, vapour stream)
parallelepiped
0.2X03X04

colourless

Enraf-Nonius CAD-4
®»—20 scans

no

21634

5344 [I > 3o(1)]
0.0277, 0.0277, 0.0582, 1.55
64.3

-13=h=13

=2l =k=21
-26=1[=29

3

120

none

N[—

N(H)

_ 2
Y piwi- T
i

N(H)

D ;- 1w |
i

NH) 2

Y I(n);
Z i

' L .

N(H)
3 ()

N =

6l The internal agreement factors are defined as R, - H
H
[ B NEH)
N(H) P I ) s
D wilwi- 1) ] Nocanred Y D i, [105- T |
i i
Ry = H 7- H

N(H) 2
Swil(H)
Z i

— H

L

Z N(H)
{Nmeasurea' - Nunique } Z Wi
i

H

) 7 .
the intensity I(H) = K |Fo(H)| ([Fo(H)| is the modulus of the observed structure factor and K, its scale factor), Nypeasured = >, N(H) and

H

Nunigue are the number of equivalent reflections and the number of unique reflections (with averaged intensity I(H)) respectively and

N
" T s2(1H))

‘ma;

!
Pm(r) = pc(r) + PvulK3p(Kr) + E() K,BRIZI(K/r)P/II'I = Yim * (eatp) (1)

Imax
=0 m=

ment along the interatomic bonds for the N!'—C* and C'—-Cl link-
ages. This is lower than 0.001 A?, which is the limiting value of
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is the statistical weight related to the diffraction intensity variance.

the test, and shows the excellent deconvolution between the atomic
thermal displacement and the electron density in the molecular
bonds. After the multipolar refinement, the maximum residual elec-
tron density does not exceed 0.1 eA3in the plane of the pyrazine
ring, as shown in Figure 7. Some peaks reaching 0.2 eA 3 remain
around the chlorine atom; the corresponding residual electron den-
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sity map has been deposited as supplementary material. These val-
ues are satisfactory when compared with the estimation of exper-
imental errors according to Equation 2,442 where |F,,((H)! and
| Feaie(H)! are the moduli of observed and calculated structure fac-
tor, respectively, at the Bragg vector H, K~ is the scale factor, and
V' is the unit cell volume.

(ap)' =

cell

[% (62<K*1|Fobs<H>|>]”2 ~ 0.06 cA~* and

(07es)? =

T |:§ (K71|F°bS(H)| - |FC‘dlc(H)|)2:|l/2 =0.05 eA’3 (2)
cell

Figure 6. Local atomic frames for the electron density multipolar
expansion

Figure 7. Residual density in the pyrazine ring of the 6,6'-bis(chlo-
romethyl)-2,2’-bipyrazine molecule; contour intervals 0.1 eA~3;
negative contours are dashed, zero contour omitted
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6-(Hydroxymethyl)-6'-methyl-2,2'-bipyrazine (4) and 3-Hydroxy-
6,6'-dimethyl-2,2'-bipyrazine (5). — Method A: A solution of
Na,CO5 (1.92 g, 18.1 mmol) in water (10 mL) was added to a solu-
tion of 6-(chloromethyl)-6’-methyl-2,2'-bipyrazine (3) (0.50 g,
2.26 mmol) in CH3CN (15 mL) and the resulting mixture was
stirred for 24 h at 70°C. After evaporation of the solvent, the con-
centrated aqueous solution was neutralized with conc. HCI and
extracted with CHCl; (2 X 20 mL). The combined organic phases
were dried with anhydrous MgSO, and the solvent was evaporated.
The solid residue was purified by column chromatography (elution:
CH,Cl,/MeOH) to provide pure 4 (0.214 g, 47%) and 5 (0.080 g,
17.5%) as white powders.

Method B: A solution of 6-(chloromethyl)-6'-methyl-2,2'-bipyra-
zine (3) (0.030 g, 0.13 mmol) in CH3;CN (15 mL) was heated with
1 N aq. NaOH (5 mL) for 24 h at 60°C. After cooling, the aceto-
nitrile was evaporated and the concentrated aqueous solution was
extracted with CHCI; (2 X 20 mL). The combined organic phases
were dried with anhydrous MgSO, and the solvent was evaporated.
The solid residue was purified by column chromatography (elution:
CH,Cl,/MeOH) to provide 4 (7 mg, 25%) and 5 (4 mg, 14%) as
pure white powders.

4: TLC (CH,Cl,/MeOH, 90:10): R; = 0.4. — '"H NMR (CDCl,):
8 =945 (s, 1 H),9.31 (s, 1 H), 8.64 (s, | H), 8.47 (s, 1 H), 4.87 (s,
2 H), 2.60 (s, 3 H). — MS (70 eV); m/z: 202 [M*], 201, 186, 173.
— CioH1oN,O (202): caled. C 59.40, H 4.95, N 27.72; found C
59.55, H 4.97, N 28.00.

5: TLC (CH,Cl/MeOH, 90:10): R; = 0.5. — 'H NMR (CDCl,):
§=9.59(s, 1 H), 8.51 (s, 1 H), 8.07 (s, 1 H), 2.60 (s, 3 H), 2.49 (s,
3 H). — MS (70 eV); m/z: 202 [M*], 174. — C1oHoN4O (202):
caled. C 59.40, H 4.95, N 27.72; found C 59.62, H 4.99, N 27.95.

6-(Methoxymethyl)-6'-methyl-2,2'-bipyrazine (6), 3-Methoxy-6,6'-
dimethyl-2,2'-bipyrazine (7), and 5-Methoxy-6,6'-dimethyl-2,2’-bi-
pyrazine (8). — Method A: A solution of NaOH (0.4 N, 1 mL) in
MeOH (3 mL) was added to a solution of 3 (0.10 g, 0.45 mmol) in
MeOH (5 mL) and the resulting mixture was stirred for 24 h at
room temperature. After evaporation of the solvent, the residue was
extracted with 20 mL of chloroform and the organic layer was dried
with anhydrous MgSO,. After concentration to dryness, the residue
was purified by column chromatography (elution: toluene/ethyl
acetate) to provide 6 (29 mg, 29.6%), 7 (12 mg, 12.3%), and 8
(20 mg, 20.4%) as pure white powders.

Method B: Under argon, 3 (0.23 g, 1.04 mmol) was added to a so-
dium methanolate solution prepared from sodium (0.015g,
0.65 mmol) and MeOH (15 mL). The reaction was allowed to pro-
ceed for 8 h at room temperature. The solvent was then evaporated
and the residue was purified by column chromatography (elution:
hexane/ethyl acetate) to provide 6 (0.133 g, 59%), 7 (0.047 g,
20.6%), and 8 (0.046 g, 20.4%) as pure white powders.

6: TLC (toluene/ethyl acetate, 40:60): Ry = 0.37. — 'H NMR
(CDCls): & = 9.46 (s, 1 H), 9.33 (s, 1 H), 8.73 (s, 1 H), 8.48 (s, 1
H), 4.69 (s, 2 H), 3.52 (s, 3 H), 2.62 (s, 3 H). — MS (70 eV); mlz:
216 [M™*1, 186. — C;;HsN4O (216): caled. C 61.11, H 5.55, N
25.92; found C 61.21, H 5.57, N 26.01.

7: TLC (toluene/ethyl acetate, 40:60): Ry = 0.22. — 'H NMR
(CDClL): 6 = 891 (s, 1 H), 8.41 (s, 1 H), 7.99 (s, | H), 3.95 (s, 3
H), 2.62 (s, 3 H), 2.53 (s, 3 H). — MS (70 eV); m/z: 216 [M*-], 199,
187. — C;;H,N4O (216): caled. C 61.11, H 5.55, N 25.92; found
C 61.31, H 5.50, N 26.03.

8: TLC (toluene/ethyl acetate, 40:60): Ry = 0.60. — 'H NMR
(CDCls): 8 = 9.17 (s, 1 H), 8.83 (s, 1 H), 8.34 (s, 1 H), 3.97 (s, 3
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Table 6. Least-squares statistical factors R, R,, and go.f. of the refinement strategies

s = (sinB)/n [A"] RE (%) R, (%) gof 1 nlal mital Type of refinement
0.0=s=127 3.21 4.77 1.61 74 5344 Spherical all data
09 =s5s=127 4.48 4.93 1.15 72 2599 Spherical high order data
0.0=s=127 3.26 4.96 1.66 2 5344 Spherical all data
00=s=127 2.51 3.18 1.09 202 5344 Multipolar all data
1
27]2
D R-1Fo(m)] - [Fe(m)| | ZWH [K-LIF o(m)| — [Fe(m))) , %
1
@ Rep) = Ruy®=| gof =| ==Y wy [K-[Fo(m)| - [Fe(B)]
K-1|F 2 H
2K IFo(e) D K2t
H
where |[Fo(H)| and [Fc(H)| are the moduli of the observed and the calculated structure factor respectively, wy = —02 (|Fl ) is the statistical
0
weight, K™ is the scale factor, » is the number of refined parameters and m the number of data.
Table 7. Fractional atomic coordinates and anisotropic thermal parameters U” [A2]
X y z
N4 0.46452(8) 0.80464(5) —0.07385(3)
N1 0.09672(7) 0.83659(4) 0.08823(3)
C7 0.27082(9) 0.60609(5) 0.18593(3)
C6 0.27986(8) 0.72241(4) 0.09347(3)
C5 0.46849(8) 0.71048(5) 0.01417(3)
C3 0.27676(8) 0.91508(5) —0.08041(2)
C2 0.09719(7) 0.93462(4) 0.00235(3)
Cl 0.01860(2) 0.45916(1) 0.15825(1)
H7 0.22167 0.67744 0.25543
H7 0.46255 0.55648 0.19788
H5 0.61646 0.62027 0.02631
H3 0.26180 0.99150 —0.15081
U1l 022 U33 U12 Ul13 23l

N4 0.0143(1) 0.0138(1) 0.0133(1) 0.0024(1) 0.0043(1) 0.0008(1)
N1 0.0130(1) 0.0119(1) 0.0103(1) 0.0017(1) 0.0018(1) 0.0016(1)
C7 0.0158(1) 0.0138(1) 0.0118(1) 0.0008(1) —0.0011(1) 0.0023(1)
C6 0.0125(1) 0.0111(1) 0.0108(1) 0.0008(1) 0.0006(1) 0.0009(1)
C5 0.0130(1) 0.0119(1) 0.0138(1) 0.0017(1) 0.0022(1) 0.0003(1)
C3 0.0142(1) 0.0132(1) 0.0109(1) 0.0015(1) 0.0030(1) 0.0013(1)
Cc2 0.0114(1) 0.0106(1) 0.0099(1) 0.0006(1) 0.0013(1) 0.0006(1)
Cl 0.01801(1) 0.01205(3) 0.01382(3) —0.00063(3) 0.00152(2) 0.00143(2)
H71 0.029(6)
H72 0.042(5)
H5 0.031(5)
H3 0.028(5)

3

2 -
ta] T(H) = exp — 27 ZUUhihja i aj*

ij=1

is the temperature factor where a;’s are the reciprocal space unit cell parameters and 4; are the H

Bragg vector components; estimated standard deviations are given in parentheses.

H), 2.54 (s, 3 H), 2.48 (s, 3 H). — MS (70 eV); m/z: 216 [M*+7], 201,
187. — C;;H;,N,O (216): caled. C 61.11, H 5.55, N 25.92; found

C 61.05, H 5.49, N 25.82.

6-(2-Hydroxyethyloxymethyl)-6'-methyl-2,2'-bipyrazine (9),
Hydroxyethyloxy)-6,6'-dimethyl-2,2'-bipyrazine (10),

3-(2-
and 5-(2-

Hydroxyethyloxy)-6,6'-dimethyl-2,2'-bipyrazine (11). — Method A:
A suspension of 3 (0.029 g, 0.13 mmol) in ethylene glycol (10 mL)
was heated with NaOH (2 N, 2 mL) until a clear solution was ob-
tained, which was then stirred for a further 72 h. After cooling
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and evaporation of the solvent, the residue was purified by column
chromatography. Two separations were needed, the first (elution:
ethyl acetate/hexane) to separate pure 10 (2 mg, 6%) and the second
(elution: CH,Cl,/MeOH) to separate 9 (18 mg, 53%) and 11
(2 mg, 6%).

Method B: Under argon, 3 (0.104 g, 0.47 mmol) was added to a
solution of sodium ethylene glycolate, prepared from ethylene gly-
col (10 mL) and sodium (0.025 g, 1.08 mmol), and the reaction
mixture was stirred for 45 h at room temperature. The solution was
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then hydrolysed by the addition of distilled water (10 mL), neu-
tralized with 5% aq. HCI, extracted with CH,Cl, (2 X 50 mL), and
the combined organic phases were dried with anhydrous MgSO,.
After evaporation of the solvent, the residue was purified by col-
umn chromatography under the same conditions as described in
Method A, to give pure 10 (21 mg, 18%), 9 (48 mg, 41%), and 11
(20 mg, 17%).

9: TLC (CH,Cl,/MeOH, 90:10): R; = 0.45. — '"H NMR (CDCly):
§=9.42(s, 1 H),9.27 (s, 1 H), 8.70 (s, 1 H), 8.45 (s, 1 H), 4.75 (s,
2 H), 3.79 (m, 2 H), 3.72 (m, 2 H), 2.58 (s, 3 H). — MS (70 eV);
miz: 247 [M* + H*], 201, 186. — C;,H,4N,O, (246): caled. C
58.53, H 5.69, N 22.76; found C 58.41, H 5.71, N 22.91.

10: TLC (hexane/ethyl acetate, 90:10): Ry = 0.10. — '"H NMR
(CDCly): 6 = 8.98 (s, 1 H), 8.45 (s, 1 H), 8.00 (s, I H), 4.53 (m, 2
H), 3.85 (m, 2 H), 2.59 (s, 3 H), 2.52 (s, 3 H). — MS (70 eV); m/z:
246 [M*1], 216, 187, 173. — C;,H 4N,O; (246): calcd. C 58.53, H
5.69, N 22.76; found C 58.61, H 5.67, N 22.93.

11: TLC (hexane/ethyl acetate, 90:10): Ry = 0.15. — '"H NMR
(CDCl3): 6 = 9.19 (s, 1 H), 8.81 (s, 1 H), 8.36 (s, | H), 4.52 (m, 2
H), 3.96 (m, 2 H), 2.55 (s, 3 H), 2.52 (s, 3 H). — MS (70 eV); m/z:
246 [M*1], 216, 187, 173. — C;,H 4N,O, (246): calcd. C 58.53, H
5.69, N 22.76; found C 58.65, H 5.72, N 22.87.

6'-Methyl-6-(4-nitrophenyloxymethyl)-2,2'-bipyrazine (12) and 6'-
Methyl-3-(4-nitrophenyloxy)-2,2’-bipyrazine (13): Sodium p-nitro-
phenolate was first prepared from p-nitrophenol (0.050 g,
0.35 mmol) and sodium (0.100 g, 4.3 mmol) in anhydrous EtOH
(20 mL). After evaporation of the solvent, the product was added
to a solution of 3 (0.049 g, 0.22 mmol) in anhydrous CH;CN (15
mL) under argon. The resulting mixture was stirred for 48 h at
70°C. After cooling, the solvent was evaporated and the residue
was purified by column chromatography (elution: CH,Cl,/MeOH)
to provide 12 and 13 as yellow-orange powders.

12: Yield: 0.025 g (35%). — TLC (CH,Cl/MeOH, 95:5): R; =
0.75. — '"H NMR (CDCL): 8 = 9.51 (s, 1 H), 9.30 (s, 1 H), 8.79
(s, 1 H), 8.48 (s, 1 H), 8.18 (d, 2 H), 7.06 (d, 2 H), 5.35 (s, 2 H),
260 (s, 3 H). — MS (70eV); miz 323 [M*], 185, 66. —
C16H,5N50; (323): caled. C 59.44, H 4.02, N 21.67; found C 59.22,
H 4.05, N 21.86.

13: Yield: 0.009 g (12.5%). — TLC (CH,Cl/MeOH, 95:5): Ry =
0.45. — 'H NMR (CDCly): 8 = 10.19 (s, 1 H), 9.76 (s, 1 H), 9.15
(s, 1 H), 7.60 (m, 2 H), 7.40 (m, 2 H), 2.85 (s, 3 H), 2.63 (s, 3 H).
— MS (70 eV); m/z: 323 [M*], 277. — C16H,3N505 (323): caled. C
59.44, H 4.02, N 21.67; found C 59.35, H 4.01, N 21.81.

6,6',6'"'-Trimethyl-3',6''-(oxymethylene)bis(2,2'-bipyrazine)  (14):
To a solution of 4 (0.033 g, 0.16 mmol) in anhydrous THF (16 mL)
under argon at 0°C was added NaH (0.005 g, 0.2 mmol). After
stirring for 30 min at 0°C, 3 (0.036 g, 0.16 mmol) was added in a
single portion and the reaction was allowed to proceed for 20 h at
50°C. After cooling, distilled water (20 mL) was carefully added.
The aqueous phase was extracted with CH,Cl, (2 X 20 mL) and the
combined organic extracts were dried with MgSO,. Evaporation of
the solvent left a solid, which was purified by column chromatogra-
phy (elution: CH,Cl,/MeOH) to provide 14 (6 mg, 10%). — TLC
(CH,Cl,/MeOH, 90:10): R; = 0.46. — "H NMR (CDCl5): § = 9.48
(s, 1 H), 933 (s, 1 H), 9.21 (s, | H), 8.86 (s, 1 H), 8.77 (s, 1 H),
8.47 (s, 1 H), 8.37 (s, | H), 5.67 (s, 2 H), 2.61 (s, 6 H), 2.55 (s, 3
H). — MS (70 eV); m/z: 386 [M*7], 201, 186. — C,,H;3sNgO (386):
caled. C 62.17, H 4.66, N 29.02; found C 62.25, H 4.68, N 29.12.

6-(Chloromethyl)-6',6'''-dimethyl-3’,6"'-(oxymethylene)bis(2,2’-bi-
pyrazine) (15) and 6-(Chloromethyl)-6',6'''-dimethyl-5',6''-(oxyme-
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thylene)bis(2,2’-bipyrazine) (16): NaH (0.012 g, 0.5 mmol) was ad-
ded to a solution of 4 in anhydrous THF (40 mL) at 0°C. The
resulting suspension was stirred vigorously for 1h, 2 (0.034 g,
0.13 mmol) was then added, and the reaction mixture was heated
at 50°C for 24 h. After cooling, water (10 mL) was carefully added,
the resulting solution was extracted with CHCl; (2 X 20 mL), and
the combined organic extracts were dried with anhydrous MgSO,.
Evaporation of the solvent left a solid, which was purified by col-
umn chromatography (elution: CH,Cl,/MeOH) to provide 15 and
16 as pale-yellow powders.

15: Yield: 0.010 g (21%). — TLC (CH,Cl,/MeOH, 90:10): R; = 0.6.
— '"H NMR (CDCLy): & = 9.49 (s, 1 H), 9.39 (s, 1 H), 9.32 (s, 1
H), 8.89 (s, 1 H), 8.77 (s, 1 H), 8.66 (s, 1 H), 8.47 (s, 1 H), 5.67 (s,
2 H), 4.68 (s, 2 H), 2.61 (s, 3 H), 2.60 (s, 3 H). — MS (70 eV); m/z:
420 [M*], 384, 201, 186. — CaoH,;CINGO (420): caled. C 57.14, H
4.04, C1 8.45, N 26.66; found C 57.21, H 4.08, C1 8.25, N 26.75.

16: Yield: 0.015 g (31%). — TLC (CH,Cl,/MeOH, 90:10): R; = 0.5.
— 'H NMR (CDCL): § = 9.46 (s, 1 H), 9.29 (s, 1 H), 9.20 (s, 1
H), 8.81 (s, 1 H), 8.75 (s, 1 H), 8.46 (s, 1 H), 8.03 (s, 1 H), 5.66 (s,
2 H), 4.77 (s, 2 H), 2.59 (s, 3 H), 2.55 (s, 3 H). — MS (70 eV); mi/z:
420 [M*], 384, 355, 293, 249, 235, 201, 186. — CoH,,CINgO (420):
C 57.14, H 4.04, C1 8.45, N 26.66; found C 57.17, H 4.07, C1 8.22,
N 26.49.

6-(Aminomethyl)-6'-methyl-2,2’-bipyrazine (17): A solution of 3
(0.320 g, 1.47 mmol) in CH,Cl, (10 mL) was added to a solution of
hexamethylenetetraamine (0.230 g, 1.64 mmol) in CH,Cl, (10 mL)
under reflux. The reaction mixture was subsequently stirred for 6 h.
A white solid was deposited during the course of the reaction,
which was filtered off, dried, and taken up in hot EtOH (7 mL)
acidified with conc. HCl (1 mL). The resulting suspension was
stirred at 80°C until a clear solution was obtained (24 h). After
cooling, the solvent was evaporated and water (2 mL) was added
to the residue. The aqueous phase was made alkaline with 10 M aq.
KOH and then extracted with CH,Cl, (2 X 25 mL). The combined
organic phases were dried with MgSO, and the solvent was evapo-
rated to leave 17 as a white powder. Yield: 0.108 g (37%). — TLC
(CH,Cl,/MeOH, 95:5): Ry = 0.1. — '"H NMR (CDCl;): § = 9.39
(s, 1 H), 9.33 (s, 1 H), 8.57 (s, 1 H), 8.45 (s, 1 H), 4.05 (s, 2 H),
2.59 (s, 3 H), 1.75 (s, 2 H). — M.p. 129°C. — MS (70 eV); m/z: 201
[M*1, 186, 173, 144. — C;oH ;N5 (201): caled. C 59.70, H 5.47, N
34.82; found C 59.58, H 5.43, N 34.58.

6,6'-Bis(azidomethyl)-2,2'-bipyrazine (18): To a solution of sodium
azide (0.283 g, 4.35 mmol) in DMSO (10 mL) at 70°C, 2 (0.19 g,
0.74 mmol) was added portionwise. The reaction mixture was
maintained at 70°C for a further 2 h. After cooling, distilled water
(10 mL) was added and the aqueous phase was extracted with tolu-
ene (2 X 20 mL). The combined organic extracts were dried with
anhydrous MgSO, and the solvent was evaporated. The residue was
purified by column chromatography (elution: CH,Cl,/MeOH) to
furnish 18 as a white powder. Yield: 0.145 g (77%). — TLC (tolu-
ene/ethyl acetate, 50:50): Ry = 0.48. — 'H NMR (CDCls): § = 9.58
(s, 2 H), 8.70 (s, 2 H), 4.60 (s, 4 H). — MS (70 €V); m/z: 268 [M*],
197, 196. — C1oHgN( (268): caled. C 44.77, H 2.98, N 52.23; found
C 44.80, H 2.97, N 52.11.

6,6'-Bis(aminomethyl)-2,2'-bipyrazine (19): To a solution of 18
(0.078 g, 0.29 mmol) in CH,CL/EtOH (1:3) (10 mL) was added
10% Pd/C (0.012 g). The reaction mixture was stirred under H, at
a pressure of 5 bar for 6 h, then filtered through Celite, and the
catalyst was washed with CH,Cl,. The solvent was evaporated from
the combined filtrate and washings, and the residue was treated
with 5% aq. HCI (5 mL). The resulting acidic aqueous phase was
extracted with CH,Cl,, then neutralized with Na,CO; and ex-
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tracted with further CH,Cl, (3 X 20 mL). The combined organic
extracts were dried with anhydrous MgSO,. After evaporation of
the solvent, 19 was obtained as a white powder. Yield: 0.031 g
(48%). — TLC (CH,Cl,/MeOH, 95:5): Ry = 0.1. — '"H NMR
(CDCly): 6 = 9.41 (s, 2 H), 8.60 (s, 2 H), 4.07 (s, 4 H), 1.77 (s, 4
H). — MS (70 eV); m/z: 216 [M*1], 199, 188. — C,o(H 5Ny (216):
caled. C 55.55, H 5.55, N 38.88; found C 55.61, H 5.52, N 39.02.

6,6'-Bis(thiomethyl)-2,2'-bipyrazine (20): A solution of 2 (0.045 g,
0.17 mmol) and thiourea (0.040 g, 0.52 mmol) in acetone (10 mL)
was stirred under reflux for 24 h. After cooling and evaporation of
the solvent, the crude solid was washed with diethyl ether (3 X 10
mL), collected by filtration, and placed in a dessicator over night.
The dry powder was subsequently dissolved in a mixture of 2 mL
of CHCl; and 1 mL of MeOH and the resulting solution was
poured into a solution of K,S,05 (0.078 g, 0.35 mmol) in water (1
mL). The mixture was stirred under reflux for a further 2 h. After
cooling, 2 mL of water was added and the mixture was extracted
with CHCl; (2 X 20 mL). The combined organic extracts were
dried with anhydrous MgSO,. After evaporation of the solvent, 20
was obtained as a pale-yellow powder. Yield: 0.037 g (84%). — TLC
(CH,Cl,/MeOH, 95:5): Ry = 0.18. — '"H NMR (CDCl,): § = 9.41
(s, 2 H), 8.63 (s, 2 H), 3.89 (s, 4 H). — MS (70 eV); m/z: 250 [M "],
218, 144. — C;oH(N4S, (250): caled. C 48.00, H 4.00, N 22.40, S
25.60; found C 48.11, H 4.02, N 22.21, S 25.34.

6'-Methyl-6-methylthio-2,2'-bipyrazine (21): A solution of 3
(0.025 g, 0.11 mmol) and thiourea (0.014 g, 0.18 mmol) in acetone
(10 mL) was stirred under reflux for 24 h. After cooling and evap-
oration of the solvent, the crude solid was washed with diethyl
ether (3 X 10 mL), collected by filtration, and placed in a dessicator
for one night. The dry powder was subsequently dissolved in a
mixture of 1 mL of CHCIl; and 0.5 mL of MeOH, and the resulting
solution was poured into a solution of K,S,05 (0.038 g, 0.17 mmol)
in water (0.2 mL). The mixture was stirred under reflux for a
further 1 h. After cooling, 2 mL of water was added and the mix-
ture was extracted with CHCl; (2 X 20 mL). The combined organic
extracts were dried with anhydrous MgSO,. After evaporation of
the solvent, 21 was obtained as a powder. Yield: 0.022 g (86%). —
TLC (CH,Cl,/MeOH, 95:5): R; = 0.35. — '"H NMR (CDCls): § =
9.35 (s, 1 H), 9.32 (s, | H), 8.61 (s, 1 H), 8.46 (s, 1 H), 3.90 (d, 2
H), 2.58 (s, 3 H). — MS (70eV); m/z: 218 [M™*1], 185, 144. —
CioH oN4S (218): caled. C 55.04, H 4.58, N 25.68, S 14.68; found
C 55.12, H 4.60, N 25.29, S 14.58.

6,6''-[(2,2'-Bipyrazin-6,6'-diyl)bis(methyleneoxymethylene)]-
6',6'''-dimethylbis(2,2'-bipyrazine) (22): Nal (0.123 g, 0.82 mmol)
was added to a solution of 2 (0.105 g, 0.41 mmol) in anhydrous
THF (30 mL) and the resulting mixture was stirred under argon at
room temperature for 4 h, whereupon a yellow-orange color ap-
peared. At the same time, another solution was prepared from 4
(0.250 g, 1.23 mmol) and NaH (0.060 g, 2.5 mmol) in anhydrous
THF (60 mL) under argon at 0°C. After allowing this solution to
warm to room temperature, it was added to the first solution and
the resulting mixture was stirred for a further 72 h. The reaction
was subsequently quenched by the careful addition of distilled
water (20 mL) and the resulting solution was extracted with
CH,Cl, (2 X 20 mL). The combined organic extracts were dried
with anhydrous MgSQ,, the solvent was evaporated, and the resi-
due was purified by column chromatography (elution: CH,Cl,/
MeOH) to provide pure 21 (9 mg, 4%) and a by-product identified
as pure dimer 15 (12 mg). — TLC (CH,Cl,/MeOH, 90:10): R; =
0.4. — "H NMR (CDCl3): 8 = 9.49 (s, 2 H), 9.47 (s, 2 H), 9.31 (s,
2 H), 8.81 (s, 2 H), 8.76 (s, 2 H), 8.46 (s, 2 H), 493 (s, 6 H),
4.72 (s, 2 H), 2.60 (s, 6 H). — MS (70 eV); m/z: 586 [M™*1], 570. —
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C30HN 1,0, (586): caled. C 61.43, H 4.43, N 28.66; found C 61.51,
H 4.45, N 28.53.
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