Role of weak hydrogen bonds in the crystal structures of phenazine,
5,10-dihydrophenazine and their 1 : 1 and 3 : 1 molecular complexesf
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Phenazine (1) and 5,10-dihydrophenazine (2) form not only a 1 : 1 complex (3), as expected from N-H- - -N
hydrogen bond requirements, but surprisingly also a 3 : 1 complex (4). Single crystal X-ray analyses of compound 2
and complexes 3 and 4 have been carried out. While the overall packing in complex 3 is as efficient as in pure 1 and
2, acidic C-H groups, which contribute actively to the structural assembly in pure 2, are not involved in hydrogen
bonding in 3. It is shown that the quest for hydrogen bonding by these C—H groups steers the formation of complex

4 with an unprecedented N-H- - -N and C-H- - -N hydrogen bond mediated tape structure.

The hydrogen bond is the most versatile intermolecular inter-
action responsible for molecular aggregation in the biological
and material worlds.! Conventionally strong hydrogen bonds
such as O-H---O, N-H---O and O-H---N have been exten-
sively used in the area of supramolecular chemistry and
crystal engineering.> In contrast, conventionally well-known,
but somewhat weaker, N-H- - -N hydrogen bonds have been
scarcely studied. Combined use of N-H---O and N-H--‘N
hydrogen bonds in biomimetic three-point recognition has
recently attracted much interest in self-assembly.> However,
supramolecular design based solely on N-H---N hydrogen
bonding has not been explored thus far.* With this back-
ground and with our continuing interest in structures
exhibiting photochromic properties® we have studied N-
H- - -N hydrogen-bond based supramolecular systems of phe-
nazine (1) and 5,10-dihydrophenazine (2). Compounds 1 and 2
are known to form molecular complexes 3 and 4 in 1:1 and
3:1 stoichiometries, respectively,® and their UV/Vis spectra
have been studied.5® Single crystal X-ray analyses of com-
pound 2 and complexes 3 and 4 have now been performed.
These three structures, together with the structure of 1,7 reveal
interesting features of weak hydrogen bonds that are useful in
current crystal engineering approaches.®

Experimental

Compound 2 is synthesised by reducing 1 according to a liter-
ature procedure.®® Since 2 is highly sensitive towards oxida-
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+ Dedicated to Proffesor Peter Paetzold on the occasion of his 65th
birthday.
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tion the crystals of 2, 3 and 4 were grown under Ar atmo-
sphere from deoxygenated solutions of methanol and their
X-ray data were collected (Table 1) on Nicolet R3 (for 2) and
Bruker SMART (for 3 and 4) diffractometers. The structures
were solved and refined using the SHELXTL suite of pro-
grams. Differential scanning calorimetry (DSC) experiments
were carried out on a Du Pont 910 differential scanning calo-
rimeter.

CCDC reference number 440/161. See http://www.rsc.org/
suppdata/nj/a9/a908744c/ for crystallographic files in .cif
format.

Results and discussion

Compound 2 crystallises in the space group Pbca (Z =38,
Table 1) and the molecules adopt a bent geometry in the
crystal. Fig. 1 illustrates the packing features of 2. While
one of the N-H groups is involved in an N-H---N bridge
(dy..n=233 A, 0= 176°),; the other forms an N-H---&
(dy...., = 2.57 A, 0 =136°) interaction. Molecules linked by
N-H- - ‘N are also linked by two C-H- - -n (dy..., = 2.57, 2.71
A; 6 = 136, 151°) interactions,’ resulting in a three-point
recognition [Fig. 1(a)]. Molecules connected with N-H: - &t
are also linked by a C-H-- N (dy...x =266 A, 6 =160°)
interaction. In effect, each molecule is linked to four other
molecules through ten intermolecular interactions. These
interactions extend to a two-dimensional network of mol-
ecules parallel to the ab plane [Fig. 1(c)]. One way of describ-
ing this 2D-network is that N-H---N/C-H---n mediated
corrugated tapes [which run along the b axis, Fig. 1(b)] are
cross-linked by N-H---n/C-H---N interactions. Close-
packing along the ¢ axis completes the three-dimensional
structure.

The X-ray data for complex 3 were collected in a triclinic
system and in the initial attempts the structure was solved and
refined in the space group P1. During the analysis of packing
patterns it was noticed that adjacent N—H---N linked mol-
ecules could be related by a pseudo-glide symmetry. Search
for higher symmetry revealed a monoclinic system and finally
the structure was solved and refined in the space group 12/a.
However, molecules 1 and 2 now occupy the same site with
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Table 1 Crystal data and measurement details for 2—-4

2 3 4
Emp. Formula Cy,H N, C,,HgN, - C;,H N, (C1,HgN,)5 - C,H N,
Formula wt. 182.22 362.42 722.83
MP/K 449 504 491
T/K 123 300 300
Crystal system Orthorhombic Monoclinic Triclinic
Space group Pbca I2/a PT
a/A 10.7727(14) 11.6466(3) 9.026(2)
b/A 7.5924(9) 6.2335(2) 9.676(2)
¢/A 21.775(3) 12.5573(5) 11.242(2)
o/° 90 90 72.522(2)
|/ 90 97.612(2) 80.196(3)
y/° 90 90 77.597(3)
z . 8 2 1
U/A3 1781.0(4) 903.61(5) 908.7(3)
N/total® 2482 6224 3221
N/indep.? 1458 895 2294
Rin 0.020 0.022 0.053
R, 0.035 0.056 0.063
WR, 0.095 0.152 0.158
C¥¢ 0.72 0.70 0.69

¢ Number of reflections collected. * Number of independent reflections. ¢ Packing coefficient.

equal occupancies resulting in a domain disorder. Molecules
of 1 and 2 are connected with N-H---N (dy.. x = 2.10 A,
0 = 162°) hydrogen bonds, as expected, and extend to a chain
pattern along the a axis [Fig. 2(a)]. The packing in the other
two dimensions, that is in the bc plane, is governed by
aromatic- - -aromatic interactions [Fig. 2(b)], with stacking
(3.49 A, interplanar distance) along the b axis and C-H--'n
(dy. ... =2.62 A, 6 = 143°) interactions along the c axis.

A structural comparison of complex 3 (Fig. 2) and com-
pound 17 (Fig. 3) is interesting. Comparison of Figs. 2(a) and
3(a) reveals that, in the absence of N-H donors, translation
related molecules along the a axis are linked through
C-H---N dimer synthons!® in 1 and extend to a linear tape
structure. Replacement of a single N-H- - -N hydrogen bond
in 3 by a C-H: - ‘N dimer synthon leads to a parallel arrange-
ment of successive molecules in 1, as opposed to the inclined
orientation seen in complex 3. The packing in the bc plane
[Fig. 3(b)] is similar to that in complex 3 [Fig. 2(b)] governed
by stacking (3.50 A, interplanar distance) and C-H:--m
(dy.... =323 A, 60 = 133°) interactions. Effectively, the crystal
packing of 1 resembles that of 3 in these two dimensions.

At this juncture it is important to recall that compounds 1
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and 2 also form a 3:1 complex, 4.° This is surprising and
unusual. Consideration of N-H---N hydrogen bond require-
ments suggests that only a 1: 1 complex can be expected (two
N acceptors in 1 and two N-H donors in 2). Similar packing
coefficients for 1, 2 and 3 (0.70, 0.72§ and 0.70, respectively)
indicate that the gross packing in complex 3 is as efficient as
in pure 1 and 2. Structural comparison between complex 3
and compound 1 suggests that the interaction environment of
1 molecules in complex 3 is as good as in pure 1. A question
then remains. Is the interaction environment of 2 molecules in
complex 3 equally good? A closer look at the structures of 2
and 3 reveals that this is not the case. Consider Fig. 4. The
C-H groups that are involved in C-H--‘N and C-H--w
interactions in pure 2 [Fig. 4(a)] are not involved in hydrogen
bonding in complex 3 [Fig. 4(b)]. Indeed, these C-H groups
are involved in C-H- - N hydrogen bonds with the additional
two molecules of 1 present in complex 4 [Fig. 4(c)].1!

Fig. 5 displays the linear tapes along [110] in complex 4. As
in 3, N-H---N (dy...y=2.12 A 0= 176°) hydrogen-bonded
chains link alternating molecules of 1 and 2. However, the two
accompanying C-H groups of 2 also link to two additional
molecules of 1 through C-H---N (dy.. =247, 257 A

Fig. 1 Crystal structure of 2. (a) N-H- - -N and C-H- - -1 interactions on one side and N-H- - -x and C-H- - -N on the other side of the molecule.
Notice the bent geometry. (b)) N-H- - -N/C-H- - - mediated corrugated tape motif along the b axis. (c) Two-dimensional network parallel to the ab
plane. Notice the tapes shown in (b) in a different view and also the cross-linking N-H- - -nr/C-H- - -N interactions (shown as dotted lines).

144 New J. Chem., 2000, 24, 143147



Fig. 2 Crystal structure of 3. (a) N-H---N hydrogen-bonded chain
of 1 and 2 molecules. For clarity only one of the positions of the H
atoms of the N-H groups are shown. (b) Aromatic packing in the bc
plane. Notice the nt- - - stacking and C-H- - -n interactions.

0 = 152, 138°) hydrogen bonds. A three-point hydrogen bond
donation is observed. It should be noted that while three-
point donation occurs at both edges of 2 in complex 4 (Fig. 5),
it takes place only at one edge in the structure of pure 2 [Fig.
4(a)]. The recognition through three-point donation in
complex 4 is unusual in that it leads to an assembly of four
molecules. This is in contrast to the classical three-point
recognition observed in the structure of 2 where two mol-
ecules are held together by three hydrogen bonds.® A further
note of interest is that the recognition in both cases involves
conventional (N-H---N) and non-conventional (C-H---n or
C-H- - -N) hydrogen bonds.!¢

The geometrical disposition of N-H and C-H groups in 2,
coupled with the quest for N-H- - N and C-H- - -N hydrogen
bonding, requires the formation of stacked triads of 1 in
complex 4. The stacking of these stacked triads continues
along [001] and results in an infinite columnar stack of 1 (Fig.
6). The packing in the third dimension, that is along [110] is
maintained by edge-to-face interactions between 1 and 2,
respectively (Fig. 6).9

It is interesting to note that the N-H- - -N hydrogen-bonded
chains in complexes 3 and 4 have similar topology and
geometry. Adjacent molecules of 1 and 2 within these chains

Fig. 3 Crystal structure of 1. (a) C-H- - -N mediated tape motif along
a axis. (b) Aromatic packing in bc plane. Notice the n---n stacking
and C-H- - -x interactions. Notice the similarity to Fig. 2(b).

are inclined to the same extent [68° and 69° in 3 and 4, respec-
tively, Fig. 2(a) and Fig. 5]. It may then be perceived that
complex 4 is formed from complex 3 with two additional mol-
ecules of 1, which are positioned above and below the one
that is already present in the N-H---N chain. As described
above, these additional molecules allow C-H---N, C-H: - %
and 7- - -m interactions resulting in an efficient packing. At a
much deeper level, it appears in hindsight that the main
pattern of N-H---N chains is identical in the pre-nucleation
stages of both the complexes, with further differences arising
during the next stages of crystallisation.

DSC experiments were performed with finely ground mix-
tures of 1 and 2 in varied proportions. An analysis of the ther-
mograms clearly revealed two distinct peaks corresponding to
complexes 3 and 4. These experiments indicate no other
complex of a different composition. Further, it is observed
that even when the proportion of 1 is as little as 6%, complex
4 is formed (it cannot be completely ruled out that some
portion of 2 is oxidised to 1 during the experiments).
However, when 1 is in excess (=75%) complex 4 is the exclu-
sive product. These observations are further corroborated by
complexation experiments that were carried out with varying
proportions of 1 and 2.
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Fig. 4 Interaction environment of a molecule of 2 in the crystal
structures of pure 2 (a) and complexes 3 (b) and 4 (c). Only the donor
situations are shown.

Conclusion

In summary, since N-H---N hydrogen bonds and
aromatic- - -aromatic interactions are observed in both the
1:1 and 3:1 complexes, the structure-discriminating inter-
actions between these two complexes are weak C-H---N
hydrogen bonds. Again, if N-H---N hydrogen bonds were
solely operative, only the 1:1 complex 3 would be expected.
The fact that complex 4 is formed with a 3 : 1 stoichiometry,
with the tape structure described above, underscores the
structure-steering character of C-H---N hydrogen bonds.!?
Structures 1-4 present a special case for understanding how
weak interactions can steer a distinct packing of their own,
when not satisfied with a packing in which only the stronger
ones are realised. This is not always discernible. Many weak
interactions that fortify the stronger interactions in structural
assembly are usually unnoticed. It is shown here that strong
and weak interactions work in harmony and result in a 3:1
molecular complex, which in the beginning seemed anom-
alous, but when one realises the crucial role played by the
weaker hydrogen bonds, turns out to be normal.!® These
weak hydrogen bonds have the directionality similar to their
stronger counterparts (O-H---O, N-H---O, O-H---N and
N-H- - -N)!* but because of their inherent softness they can
still be formed with bent geometries. This reflects the adapt-
ability while maintaining the directionality, a feature unique
to weak hydrogen bonds. Indeed, it is this special character of
weak hydrogen bonds that makes 3 : 1 complexation possible.
Such soft character of C—H---N(O) hydrogen bonds is still
waiting to be exploited in the supramolecular construction of
functional materials.

Fig. 5 N-H:--N and C-H- - -N mediated linear tapes in complex 4. Notice the trimolecular stacks of 1.
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Fig. 6 Aromatic- - -aromatic interactions in complex 4: face-to-face between molecules of 1, edge-to-face between molecules of 1 and 2, and

edge-to-edge between molecules of 2.
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