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ABSTRACT: An axial chiral tetrachlorinated bisbenzo-
[a]phenazine has been discovered that undergoes an
alkane-induced shift in the solid state from a disordered
amorphous form to an ordered polycrystalline form. This
phase transition is caused by the formation of pores that
accommodate linear alkanes of varying lengths with a very
strong affinity as judged by differential scanning
calorimetry. Single crystal X-ray structure analysis revealed
that a series of weak phenolic OH···Cl hydrogen bonds
dictates the pore structure. These weak interactions can be
disrupted mechanically, causing the material to revert to
the amorphous form. Notably, the interchange between
the amorphous and crystalline forms is readily reversible
and is easily observed by characteristic colorimetric
changes. Measurements via photoimage processing reveal
that the degree of color change is dictated by the type of
alkane employed.

Phenazines are redox-active compounds containing an
anthracenyl ring system with a pyrazine core. Phena-

zines1−3 and the related pyrazine heterocycles have been
developed as dyes,4 heavy metal detectors,5 semiconductors,6

fluorescent probes, organic-light emitting diodes (OLEDs),7,8

and sensors.9−11 In addition, the acidochromism and photo-
physical properties have been reported recently for a number of
benzo[a]phenazines.12,13 The condensation reaction between a
phenylenediamine and a quinone provides ready access to
phenazines. Through this synthetic strategy, we envisioned
formation of several axial chiral BINOL-based phenazine
derivatives from the corresponding binaphtho-o-quinone.14

One of the bisbenzo[a]phenazines synthesized during this
effort exhibited mechanochromic15 behavior, which was
reversible upon exposure to solvent or solvent vapors. The
mechanochromism and color changes triggered by small
organic molecules could be utilized in the areas of materials
chemistry and sensor development. Herein, we overview several
phenazines and describe the unique properties and solid-state
structure of an axial chiral tetrachlorinated derivative.
Several axial chiral bisbenzo[a]phenazines were generated in

7 steps and 13−19% overall yield16 (Figure 1). The syntheses
commence with an enantioselective vanadium-catalyzed naph-
thol coupling reaction.17−21 Trituration of the resultant
binaphthol provided 99% ee material. Selective oxidation
afforded the binaphtho-o-quinones,14 which were combined
with phenylenediamines yielding 1a−f and 3. Similar axial
chiral heterocyclic structures have not been reported, although

a few carbon-based homologues have been studied.22−24

Bisphenazine-based helicenes,25 biaryl derivatives,26 and an
axially chiral bisacridine27 are other relevant examples. The in-
in-regiochemistry of 1b was verified from the crystal structure
of the racemate.16

Precipitation of tetrachlorinated 1a from a solution in
acetone with hexanes generated a yellow solid (Y-O, Figure 2A)
that was found to be mechanochromic. Specifically, shearing
the sample between glass slides led to a color change from
yellow-orange to red-orange (R-O, Figure 2B). This character-
istic was not seen with 1b−f, 2, or 3, indicating that the chloro
groups, phenol groups, dimeric assembly, and regiochemistry
are all critical to this property. The 1H NMR spectrum of Y-O
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Figure 1. New benzophenazines.

Figure 2. Mechanochromism of 1a. (A) Solid before shearing (Y-O
form). (B) Production of R-O form by shearing. (C) Reversal of R-O
solid to the Y-O solid by suspension in n-hexane.
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revealed a complex with hexane, and the spectrum of R-O
confirmed that 1a remains intact. In addition to production of
R-O by mechanical stress, concentration of 1a from a
homogeneous solution in MeOH also produces R-O.
Interestingly, the effect of the mechanical action could be
reversed with solvent. Exposure of the sheared solid (or R-O
obtained from MeOH) to alkane solvent or vapor reverts the
sample to the Y-O form (Figure 2C).
Although not soluble in hydrophobic solvents, 1a underwent

characteristic color changes when exposed to such solvents
(Table 1). Because these color changes occur in the solid phase,

quantification was not possible via UV−vis spectroscopy.
Diffuse-reflectance UV−vis spectroscopy was also not suitable;
the mechanochromism precluded grinding the materials into
powders needed for measurement. Instead, the color changes
were quantified using photoimage processing (Table 1).28−30

The mean green light intensity of the images was studied since
red combined with green produces yellow. Samples with a
stronger green light intensity in photos correspond to those
with a more yellow appearance.
Commencing from the R-O form, color changes from red-

orange to yellow were labeled a positive response, whereas
changes to red were labeled a negative response (Figure 3).
The color of the R-O material appears at a mean green light
intensity of 77 (Table 1, entry 4). Fluorinated alkanes give a

negative response (entries 1 and 2; Figure 3A), while saturated
linear alkanes produced a positive response (entries 12−14;
Figure 3C). Interestingly, branched alkanes do not produce as
strong of a response as their linear isomers (entry 6 versus 12).
Notably, tetracosane (C24H50) produces a positive response
(not shown); however, this solid has to be first dissolved in
cyclohexane. Gaseous molecules such as butane failed to cause
any response. Overall, the strongest response arises from linear
alkanes.
A similar color change upon exposure to solvent or solvent

vapor has been reported for mechanochromic crystals of a
benzo[c]thiophene derivative and was related to polymor-
phism.31 On this basis, we hypothesized that the Y-O and R-O
forms were due to color polymorphism, which may arise from
structural variations in the solid state.32,33 However, X-ray
powder diffraction (XRPD)34 of 1a did not reveal two
crystalline polymorphs. Rather, Y-O was found to be crystalline
and R-O amorphous.16 This result provides a qualitative
explanation for the observed mechanochromism of 1a:
specifically, disruption of the crystal lattice during shearing
creates an amorphous form, which is accompanied by a color
change from yellow-orange to red-orange. The XRPD spectra
revealed a similar crystalline polymorph for 1a with all linear
alkanes (see representative spectra in Figure 4).16 Notably, the
formation of a crystalline material is not observed by XRPD
when 1a is subjected to cyclohexane.

In order to understand the structural features giving rise to
the observed mechanochromism and its reversibility, single
crystal X-ray analysis was undertaken. The yellow-orange
crystals of 1a·n-hexane revealed a complex packing arrangement
and network of intermolecular hydrogen bonds with a total of
four symmetry-independent forms of bisphenazine 1a (A, B, C,
D) in the asymmetric unit. Notably, these molecules pair
together (A and B or C and D), assembling around one
molecule of hexane (Figure 5A), which explains the role of
hexanes in initiating crystallization. Each of these dimeric
assemblies, A/B and C/D, forms separate layers in the packing
diagram (Figure 5B). A complex arrangement of intermolecular
O−H···Cl and O−H···N hydrogen bonds stabilizes each layer
(Figure 5C). The network of O−H···Cl bonds (d = 2.70−2.88
Å; θ = 130.5−140.0°) occurs between two symmetry-
equivalent molecules, meaning A is hydrogen bonded only to

Table 1. Colorimetric Response of R-O to Reagents

aNumbers are an average of two trials.

Figure 3. Solvatochromism of 1a. (A) A negative response is obtained
when R-O is exposed to perfluoroalkanes (solid becomes more red).
(B) R-O produced by concentration of 1a from MeOH. (C) A
positive response occurs when R-O is exposed to linear alkanes (solid
becomes more yellow).

Figure 4. X-ray powder diffraction of the Y-O forms 1a·n-hexane (red)
and 1a·n-pentadecane (black).
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other molecules of A, B to B, etc. However, the O−H···N
hydrogen bonding (d = 2.03−2.37 Å; θ = 112.9−159.3°)
occurs between two symmetrically different molecules within
the same layer (A/B or C/D).
Notably, the packing diagram of 1a·n-hexane shows that the

pores are not aligned to allow a larger alkane to thread through
two pores. To further understand how longer alkanes can cause
similar XRPD and color changes, single crystal X-ray analysis
was undertaken with a 1a·n-tridecane crystal. This structure was
found to differ from that of 1a·n-hexane by the presence of only
two symmetry-independent molecules (A and B) in the unit
cell of the crystal, which again pair together (Figure 6A). Again,
a network of intermolecular hydrogen bonds organizes the
structure. The O−H···Cl interactions (d = 2.80−2.83 Å; θ =
145.2−151.2°) are similar, occurring between symmetry
equivalent molecules. In contrast to the n-hexane adduct, O−
H···O−H hydrogen bonds (d = 2.07−2.10 Å; θ = 167.2−
168.6°) are seen between symmetrically different molecules in
the same layer, such that A/B and A′/B′ share O−H···O−H
interactions. The O−H···O−H vs O−H···N hydrogen bonding
network shifts the molecular pores into alignment to
accommodate the longer alkane chain (Figure 6A and B),
thereby creating a more symmetrical unit cell.
The weak intermolecular O−H···Cl−C interactions found in

these structures are not common. A CSD (Cambridge
Structural Database) study found only 5% of compounds
containing both O−H and Cl−C groups have such
intermolecular interactions.35 Chlorines bound to carbon are
less adequate acceptors than free chloride ions or those bound
to metals.36 Based on the long bond distances involved (>2.2
Å), these hydrogen bonds are characterized as weak, but
stabilizing (bond energies of 0.5−4 kcal/mol).35,37

A sample of 1a·n-hexane placed under vacuum (5 Torr)
overnight (15 h) does not change appearance and hexane is still
observed by 1H NMR, indicating a strong association between

the alkane and the bisphenazine. Disassociation of hexane
accompanied by a color change is only observed with heating.
At temperatures above 200 °C, the sample gradually becomes
the color of the R-O form and 1H NMR reveals a loss of
hexane. Remarkably, modulated differential scanning calorim-
etry of this nonreversible transition16 revealed no transition
until the onset of the primary transition at 190 °C.16 Given the
much lower boiling point of n-hexane (68 °C), the C−H···π
interactions between the arene faces of the pores of 1a and n-
alkanes appear highly stabilizing.
In summary, several axially chiral bisbenzo[a]phenazines

have been synthesized, including two different regioisomers.
The solvatochromism of a tetrachlorinated derivative in the
solid phase was studied and quantified using photoimage
processing. The mechanochromism of the compound was
investigated and found to arise from the breakdown of the
crystal lattice during the shearing process as judged by XRPD.
X-ray crystallographic analysis reveals that the crystals are held
together by weak O−H···Cl−C hydrogen bonds, forming a
network of dimeric assemblies encapsulating alkane molecules.
Additional properties of 1a and the other phenazines, including
fluorescence, acidochromism, and redox activity, have also been
noted and further characterization is underway. The reversible
mechanochromic properties of this compound could be
valuable in the design of “smart” materials.38,39 One example
includes incorporating mechanochromic compounds into
polymers providing an optical response to external stress,
which would be useful in assessing the structural integrity of
plastics. We are also investigating the use of this material in
metal-free rewritable media.40−42

Figure 5. Crystal structure of 1a·hexane. (A) Asymmetric unit of the
crystal structure of 1a. (B) A/B and C/D layers in the crystal structure
of 1a. (C) Network of intermolecular O−H···Cl and O−H···N
hydrogen bonds for the A/B molecule layer.

Figure 6. Crystal structure of 1a·tridecane. (A) Phenazine molecules
caging one tridecane. (B) Two A/B layers in the crystal structure. (C)
Network of intermolecular O−H···Cl and O−H···O−H hydrogen
bonding for the A/B molecular layer.
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(36) Aulloń, G.; Bellamy, D.; Brammer, L.; Bruton, E. A.; Orpen, A.
G. Chem. Commun. 1998, 653.
(37) Taylor, M. S.; Jacoben, E. N. Angew. Chem., Int. Ed. 2006, 45,
1520.
(38) Pucci, A.; Ruggeri, G. J. Mater. Chem. 2011, 8282.
(39) Davis, D. A.; Hamilton, A.; Yang, J.; Cremar, L. D.; Gough, D.
V.; Potisek, S. L.; Ong, M. T.; Braun, P. V.; Matínez, T. J.; White, S. R.;
Moore, J. S.; Sottos, N. R. Nature 2009, 459, 68.
(40) Zhang, X.; Zhenguo, C.; Zhang, Y.; Liu, S.; Xu, J. J. Mater. Chem.
C 2013, 1, 3376.
(41) Kishimura, A.; Yamashita, T.; Yamaguchi, K.; Aida, T. Nat.
Mater. 2005, 4, 546.
(42) Ito, H.; Saito, T.; Oshima, N.; Kitamura, N.; Ishizaka, S.;
Hinatsu, Y.; Wakeshima, M.; Kato, M.; Tsuge, K.; Sawamura, M. J. Am.
Chem. Soc. 2008, 130, 10044.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja506137j | J. Am. Chem. Soc. 2014, 136, 10601−1060410604

http://pubs.acs.org
mailto:marisa@sas.upenn.edu

