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1 | INTRODUCTION

Tristriazolotriazine 1 (TTT, Scheme 1), a planar, Cs-
symmetrical heterocycle, is known since 1911
(R = NH,)'"! but has been overlooked for more than
90 years, except a single comment on the structure.!
Huisgen, as part of his studies on tetrazole chemistry,[S]
reported the synthesis of a TTT 2 (R = phenyl).'¥! Both
tetracyclic isomers are composed of 1,2,4-triazoles
annulated to a central 1,3,5-triazine. Both structures are
C;-symmetrical, but the orientation of the substituents is
either “radial” for isomer 1 or “tangential” for type 2. In
2008, the tristriazolotriazine 2 was recognized as core for
discotic liquid crystals'>® and a series of mesomorphous
TTTs with a broad range of thermal and optical proper-
ties has been reported since Cristiano et al.”! In addition
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The isomerization of tristriazolotriazione with tangential substituents to radial
isomers occurs in a cascade of three ring opening/rotation/ring closure steps of
the central triazine. Donor substitution accelerates the isomerization which
can be catalyzed by Brensted acids. The velocity of the rearrangements drops
with each step by a factor of 4, whereas the gain in heat of formation increases.
Density functional theory (DFT) calculations led to transition states; their
energies correspond to the experimental data. Threefold isomerization strongly
affects the mesomorphic properties.

discotic liquid crystal, DFT calculation, heterocycles, kinetics, mesomorphism,

to the often very broad mesophases with clearing temper-
atures up to 232°C, TTTs apparently have a high thermal
stability.”®! Despite the high nitrogen content of the core,
thermogravimetric analysis (TGA) shows weight loss only
above 400°C.[°! Nevertheless, repeated differential scan-
ning calorimetry (DSC) measurements in the range
T = 20-260°C of mesomorphous alkoxyphenyl-TTTs
2 (R = dialkoxyphenyl) gave decreasing transition tem-
peratures, indicating a change in the chemical composi-
tion of the material (Scheme 1). Tartakovsky[g] has
shown that TTT 2 (R = phenyl) isomerizes at 360°C to a
mixture of nonsymmetrical isomers and proposed a
Dimroth rearrangement-like mechanism!'” for this
transformation. In the course of this rearrangement, the
triazole annulation pattern changes, bringing the tangen-
tially oriented substituents (type 2) to radial positions
(type 1). Under less forcing conditions, the controlled
thermal treatment of TTTs was developed as a successful
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method to convert tangentially substituted TTTs 2 to
radially substituted ~-TTTs 1."Y) With the exception of
two, all known r-TTTs have been prepared on this
route.l”*!12I The aim of this study is to shed light on the
mechanism of the rearrangement, factors determining
the ease of the conversion, and methods to accelerate the
tangential-radial reorganization.

2 | RESULTS AND DISCUSSION

2.1 | Synthesis

The Huisgen procedure is the only route to t-TTTs.[*!
The 5-substituted tetrazoles 3 were dissolved in xylene
with collidine as a base, and after equilibration, cyanuric
chloride was added. The mixture was heated for an
appropriate time to 80-120°C, and the product was iso-
lated via column chromatography on silica gel
(Scheme 1). The ¢TTTs 2a-2f for this study are
substituted with groups of different donor quality
(Table 1). Preparative details and analytical data are
given in the supporting information (SI) (2a, 2¢, and 2f,
p. 7-11) and in Rieth et al..l"?

N=N R >‘
n 4
N=N o . . R/< )\ /< N, )
H \ yanuric chloride N N7\ A N N\
N NH Jo I N )\ >—R
Y 2,4,6-<|:ollidine NN N octadecane N7
X' n p—
R ylene N__k
R R
3a-3f 2a - 2f 1a-1f
SCHEME 1 C s;-symmetrical TTTs 1, 2, and synthesis of 2

2.2 | Thermal rearrangement

The structural rearrangement of t-TTTs to their r-isomers
involves three isomerization steps; less symmetrical iso-
mers with mixed r- and t-annulation appear as distinct
intermediates (Scheme 2).[!]

The harsh conditions (360°C) applied by Tartakovsky
are not suitable for alkoxyphenyl substituted TTTs due to
carbonization. At lower temperatures (T < 275°C) and in
an inert solvent, quantitative f-to-r-rearrangements are
possible. For instance, the thermal treatment of 2e in
octadecane solution at 235°C proceeds within 330 h from
pure -TTT via nonsymmetrical isomers (rtt-TTT and rrt-
TTT) to pure 1e with three radially oriented substituents.
NMR spectra following the course of this process are col-
lected in Figure 1. The signal of the aromatic proton on
2e (8 = 7.43) shifts to § = 7.64 for the isomer le. The
appearance and vanishing of further aromatic proton sig-
nals prove the existence of intermediate isomers. Within
the first 16 h, the starting material 2e is completely con-
sumed and even the first intermediate (§ = 7.37, 7.55,
7.66) is gone after 41 h. But the transformation of the sec-
ond intermediate (§ = 7.44, 7.46, 7.64) requires more
than 200 h. Small variations in the chemical shift § are
due to concentration changes!'®); higher concentrations
shift the aromatic signals to higher field; this effect is
much more pronounced for radial isomers (A§ < 0.1
ppm).

As the concentration of 2e in the initial phase
decreased rapidly, a second isomerization experiment
was conducted at 195°C. As above, the cascade of
rearrangements was monitored by NMR spectroscopy
over 34 days. The molar fractions of starting material all-
t-TTT 2e (black), intermediates rtt-TTT and rrt-TTT

Entry R vield (%) m.p. (°C) TABLE 1 Synthesis of +-TTTs
2a Undecyl 59 48
2b 4-tridecyloxyphenyl 90 78
2c 4-(2-ethylhexyloxy)-2,5-dimethylphenyl 72 184
2d 3,4-di (tridecyloxy)phenyl 48 74
2e 3,4,5-tri (hexyloxy)phenyl 92 117
2f 4-N,N-di (dodecyl)aminophenyl 72 128
R
AN L O { >‘” L >’1
A L O — x Ao — L Je s
N—j\ >:hf >=N >:’—N SCHEME 2  Structural changes during

all-t-TTT (2 ) R rt-TTT R m-TTT R

all-r-TTT (1)

isomerization of +-TTTs 2 to r-TTTs 1
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FIGURE 1 H-NMR spectra
(400 MHz, CDCl;, 25°C)
monitoring the thermal
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FIGURE 2 Molar fraction of involved compounds during the

isomerization at 195°C black: 2e, red first intermediate, blue:
second intermediate, green: 1e

(red and blue), and the final all-r-TTT 1le (green) are
given in Figure 2.

The diagram shows that the isomerization is very fast
in the beginning and becomes slower in the end. An
interesting fact is that the reaction becomes kinetically
slower with every step. The integration of the curves in
Figure 3 allows to give a relative persistence of the indi-
vidual compounds and therefore a sequence of relative
rate constants. The ratio of the integral mole fractions
over time corresponds to the ratio of the inverse rate

T
748 744 740 736 732 728 724 720 716 7.2 7.08
f1 (ppm)

FIGURE 3
according to AM1 calculations

Transition state of the first rearragenment

constants (see SI, p. 20). The first isomerization step
occurs with a rate constant about 4.5 times higher than
the second and nearly 16 times higher than the rate con-
stant of the third step! Density functional theory (DFT)
calculations had shown that the first rearrangement sta-
bilizes the TTT by 8.3 kcal/mol and the second and third
by 12.3 kcal/mol each.'™ A comparison of these data
and the relative rate constant shows that this sequence of
closely related rearrangements does not follow the Bell-
Evans-Polanyi principle since the fastest reaction corre-
lates with the smallest reaction enthalpy.
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NMR spectroscopy clearly revealed that the ¢-r-
rearrangement of TTTs occurs in three consecutive steps.
Besides the rare case of a dyotopic rearrangement,[”] the
process could be a threefold sequence of triazine ring
opening, rotation of a terminal triazole around the
triazole-triazole bond, and ring closure.!!! The triazine
bond fission can be either homolytic or heterolytic.

2.3 | Substituent effect on the
isomerization

In a series of rearrangement reactions of 2a-2f
(octadecane, 235°C), the progress was monitored by
NMR after 5 and 10 h. The initial rate of the thermal
isomerization of t-TTTs increases with the electronic
donor effect of the substituent on the TTT. Alkyl
substituted TTT (2a) is less reactive than TTTs with
alkoxyphenyl (2b and 2c). More prone to rearrangement
are dialkoxyphenyl and trialkoxyphenyl TTTs (2d and
2e), while the amino-t-TTT 2f is the by far most reactive
compound. As this sequence correlates with the donor
effect, either a destabilizing effect of the electron-
donating groups on the triazine C-N bond or, more
probable, a stabilizing effect on the ring-opened interme-
diates facilitates the disruption of the triazine. This sug-
gests a polar mechanism with a positively charged
triazole unit. However, since the change of solvent from
nonpolar octadecane to very polar NMP provokes only a
marginal speeding up of the rearrangement, a polar
mechanism is not supported. On the other hand, equimo-
lar amounts of the radical scavenger additives triphenyl-
methane and hydroquinone had similarly weak but
opposite effects on the rearrangement of 2e. With
triphenylmethane, a slightly decelerated, but with hydro-
quinone, a slightly accelerated reaction was observed. As
the biradical generated by a homolytic ring opening
should have a lifetime sufficient for a reaction with the

radical trapping reagent and no open-chain tristriazoles
have been observed, this route can be excluded.

The slightly accelerated rearrangement of 2e in the
presence of hydroquinone indicates a polar interaction
since hydroquinone is not only a radical scavenger but
also a Brenstedt acid. A heterolytic fission of a triazine
C-N bond can be supported by interaction with acids or
nucleophiles; the possible pathway for interaction with a
phenol can be protonation of the TTT or attack of the
phenolate as nucleophile.

As a consequence, we investigated the action of sev-
eral nucleophilic and acidic additives on 2e in octadecane
solution; the molar ratio of TTT and additive was about
1 to 10. The presence of stearic acid on the thermal reac-
tion (235°C) of 2e provoked a fast decomposition.
According to NMR and mass spectra, the action of stearic
acid destroys the tristriazolotriazine nucleus, and the for-
mation of triazolones and triazolyl triazolones as well as
a stearyl triazolyl triazole is suggested from mass spec-
troscopy. It is known that the action of hydrochloric acid
on triphenyl-TTT (1, R = phenyl) leads to related
triazolone fragments.[g] Supposedly, the stearic acid pro-
tonates the TTT core and the carboxylate adds to central
C-N bond followed by ring opening (nucleophilic substi-
tution) or the stearate adds, after ring opening, to the cat-
ionic terminus of the tris-triazole chain (Scheme 3). In a
following syn-elimination of hexadecyl ketene, a terminal
triazolone is formed. Nucleophilic substitutions on the
3-position of 1,2,4-triazoles’'®! and the formation of
triazolone via ketene elimination!'® have been reported
earlier. Further similar degradation reactions lead to the
mononuclear and dinuclear triazolones.

Change from stearic acid to benzoic acid effectuates a
completely different outcome. Benzoic acid expedites the
rearrangement without formation of the triazolone prod-
ucts of decomposition. These findings prove the role of
the acid as catalyst and the o-methylene group as
origin for the decomposition pathway via ketene

N—N R (" CieHas /E—Br;
o
R/<N NN HO,C—Ci7Hss R/‘(N»\ro\ OR - CygH30 R™ ™ N—N
_—
—_—
J\JQN, 1 HN—\( N)\N/( -
N7 N z /4\ N \ N
\ N N N7 N= H
= \ ={
R N“( R
2e R
+ HO,C—Cy7H3s
N—NH
/
- R/QN\A\O
Ci7H3s H
OH  \_n o)\o N—N
B AN A A A
/
R/QN»\OH <~ NTONTNTR = NTONTNTR
N N= H = H
m/z = 461.3 R miz=904.6 R miz=1170.9 SCHEME 3 Degradation of the TTT nucleus in the
found: 461.4 protonated: 905.6 protonated: 1171.9 i i . .
found: 905.4 found: 1172.0 reaction with stearic acid
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syn-elimination. The role of the proton, not the nucleo-
phile, is confirmed by experiments with trihexylamine
and tris-cyclohexyl phosphine as nucleophilic additives.
These rearrangements occur with the same rate as in the
absence of additives.

With the addition of benzoic acid, better is trimethyl
benzoic due to the lower volatility, a significant
acceleration of the rearrangement was observed.
Since  4-bromobenzoic acid, and even more
tetrabutylammonium hydrogen sulfate, provoke a higher
increase in rate, pKa appears to be a rate-determining
factor. The results of a comparative study on acid-
catalyzed isomerization on some ¢-TTTs are collected in
Table 2. The noncatalyzed isomerization cascade of 2e
requires 333 h for completeness (entry 1), but in the pres-
ence of p-bromobenzoic acid, the same result is obtained
in only 22 h (entry 4). +-TTT with only one alkoxy group
(2c, entry 3) rearranges with a comparable reaction rate,
but 2a, lacking the donor group, requires 42 h, nearly
double in time. The reaction rate of 2e in the presence of
acid (entry 4) is very close to the rate of amino-TTT 2f in
the absence of acid (entry 5). Addition of acid to this
compound has a detrimental effect on the reaction
time—the isomerization is decelerated by a factor of
7. Here, protonation occurs on the amino group thus
inhibiting a charge transfer from the amino to the cat-
ionic triazole terminus. This stabilization appears to be
very efficient; it competes with the effect of protonation
on alkoxy substituted TTTs and, in combination with the
high temperature (235°C), is probably the reason for a
partial dealkylation.

From these data, we derived that the mechanism of
the isomerization reaction contains a heterolytic ring
opening (Scheme 4) which can be accelerated either
by electron-donating substituents R or through a

TABLE 2 Impact of acid catalysis

protonation at the triazine-nitrogen. A homolytic bond
breaking plays, if at all, a minor part.

2.4 | Theoretical investigation

In addition to the experimental results, DFT calculations
should illuminate the isomerization process from a theo-
retical point of view. DFT calculations!”! were performed
to find the energetic positions of the four
tristriazolotriazines (all-t, rtt, rrt, all-r) and the transition
states of the reaction path connecting these isomers.
Since nearly all experimental isomerizations had been
performed on electron-rich alkoxyaryl-TTTs, tris
(4-methoxyphenyl)-+-TTT (2, R = p-methoxyphenyl) was
chosen, ensuring the electron-rich character while keep-
ing the atom count rather low. Semiempirical methods
(MO-G/AM1)!*#*) were used to get an initial glance on
possible structural features of assumed zwitterionic tran-
sition states based on Grimme's general proceeding.!*”’
To achieve this, for each isomerization step, one C-N
bond in the triazine ring was removed and the two con-
necting bonds were rotated by their dihedral angle in
steps of 5-15° for a full rotation. These preliminary stud-
ies discovered local saddle points for perpendicular dis-
connected triazoles and a transition state; the latter was
formed by rotation of one phenyltriazolyl unit around a
triazole-triazole bond, while the other triazoles remained
in an almost coplanar geometry.

DFT calculations using the B88LYP functional and
6-31G(d,p) basis set!?>*! were performed according to
the structures obtained by semiempirical methods.
Hence, starting geometries for DFT calculations were
generated by ring opening and rotating the triazole group
with the supposed negative charge from previously

Substituent at the TTT core Additive Time (h)
on isomerization of TTTs at 235°C
1 3,4,5-trihexyloxyphenyl 2e 333
2 undecyl 2a 4-Br-CcH,COOH 42
3 2,5-dimethyl-4-(2-ethylhexyloxy)phenyl 2c 4-Br-C¢H,COOH 23
4 3,4,5-trihexyloxyphenyl 2e 4-Br-CcH4,COOH 22
5 4-(N,N-dodecylamino)phenyl 2f 23
6 4-(N,N-dodecylamino)phenyl 2f 4-Br-C¢H4COOH 163
R N—.
N—N R N—N R N—N N N R
R/(N ) { R’QN»\N/\( R /N\ N)§N R%N \ NN
)\ N—> g:y (';*~ N — )\ }:+:N/ —_— )\ N
. . . . NZTON N N7 NN NN NTONT N
SCHEME 4 Detailed reaction mechanism with \N,_k = >:N' >=N
2 R R AtTTT

ionic ring opening
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optimized structures™™! to a dihedral angle of 90°
between the disconnected rings. This led finally to a tran-
sition state for the second step of the rearrangement cas-
cade. Deducing the similarity of all three steps, starting
geometries for the other two steps were adapted accord-
ingly. These structures led to transition states connecting
the local minima. All calculated transition states showed
quite similar singular negative eigenvalues in the hessian
matrix, indicated by an imaginary IR frequency of about
490-529 cm~'. Intrinsic reaction pathway calculations
accordingly showed appropriate ring-closing movements
following the indicated eigenmodes.

In the next step, all structures of the reaction coordi-
nate were refined by optimization in orca (4.2.1)12°2%! at
the B3LYP/def2-SVP!***?! Jevel of theory, with a fine grid
being necessary for smooth convergence. Transition
states were checked for single imaginary modes. These

imaginary eigenmodes of TS1, TS2, and TS3 were found
to correspond with frequencies of —582, —582, and
—594 cm ™. Previously reported structures!'* were rec-
alculated to fit the much finer grid and update of soft-
ware version. (For comparison between results at
different levels of theory, see supporting information).

The energy differences of the starting material and
the intermediates and final product were calculated to be
—9.5, —18.9, and —32.3 kcal/mol, respectively. Regarding
the transition states, the calculated reaction barriers were
found to be 64.7, 68.9, and 72.5 kcal/mol for the three
consecutive steps (Figure 4). This sequence is in accor-
dance with the experimental data. Nevertheless, we can-
not exclude that other intermediates and transition states
of higher energy may occur.

Regarding the second rearrangement step, two possi-
ble ring openings on intermediate IM1 (rtt-TTT) are

TTT-Rearrangement single point energies B3LYP/ def2-SvP

AE(t-TTT)/ kcal/mol

An
N=—
_ / 3
O NN N
Y N
§s) e
2 N 8
/N“ / \ An /N§
Ns\ N37 C >AN NN
N An TS2a Y
11 ,N20
10N N7/ N
TN s n Ny
. Nos [~ N
NN N
\ 7|4 N
(0] N'N ’\1‘1 {
—g (VIR )Lr/uw An —0
An TS2b

IM2

SCHEME 5
second rearrangement step

Two different pathways for the
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theoretically possible. They lead via two different transi-
tion states (TS2a and TS2b; Scheme 5) to a single second
rearranged product IM2 (rrt-TTT). Both dissociation of
bond N3-C7 and of bond N11-C18 would formally enable
the next rearrangement. These pathways were investi-
gated in the DFT studies by breaking the respective bond
and searching for transition states. It was found that only
in the first case saddle points on the PES could be located
and verified on multiple runs from various starting
points, differing in the angle and the distance of the dis-
connected rings. We propose therefore that the ring
opening occurs only on the side of the already
“rearranged nitrogen,” for example, the dissociation of
the bond N3-C7 (Figure 5). QTAIM (Quantum Theory of
Atoms in Molecules) Analysis!**=>*! of the results showed
that the bond N3-C7 is 1.395 A long, while the bond
N11-C18 is significantly shorter (1.391 A). In addition,
the neighboring N10-C18 bond of the rearranged r-
triazole measures only 1.369 A, whereas the C7-N11 bond
of the still t-annulated triazole is much longer: 1.398 A.
The analysis also showed that the triazole C-N bond
lengths at the annulated positions vary with the isomeri-
zation: The first rearranged bond is only 1.369 A,

FIGURE 5 rtt-TTT with numbered TTT core as starting point
for second rearrangement step

TS2 TS3

FIGURE 6 TTT core during transition state of the second (TS2,
left) and third (TS3, right) rearrangement

whereas the r-TTT shows mean lengths of 1.379 A. t-
triazole units in contrast have a mean length of 1.392 A.
The mean bond length between triazoles is shortened by
about 0.011 A by full rearrangement (see SI for graphics
and full lists, p. 48-66).

For all obtained transition states, the common fea-
tures are approximate distances of the cationic carbon
(C4 in TS2 and C6 in TS3, Figure 6) to the carbon of the
rotating anionic ring (C2 in TS2 and C4 in TS3) of about
1.69-1.76 A and a similar distance to one of the neighbor-
ing nitrogen atoms (N3 in TS2 and N5 in TS3) in the
assumable negatively charged triazole of about 1.7 to
1.8 A. All three triazole rings are planar in themselves
but tilted towards each other as indicated by the dihedral
angles (114.2° and 38.1° in TS2). The ring with the posi-
tive charge is almost perpendicular to the negatively
charged triazole. Hence, the transition state might
include a cation-= interaction.

2.5 | Mesomorphous properties of
compounds under investigation

Tristriazolotriazines with one alkyl chain per arm are not
mesomorphous, but two or three chains of medium
length in the 3,4-positions or 3,4,5-positions are good pre-
requisites for liquid crystallinity.[7e’f] Accordingly, t-TTTs
2a-2c¢ are not mesomorphous but 2d and 2e are
(Table 3). In spite of the swallow-tail side chain'*®! N,N-di
(dodecyl)amino, 2f is not mesomorphous. The structural
change from paddle-wheel (t-TTT 2) to propeller shape
(r-TTT 1) has a strong impact on the thermal behavior.
The width of the LC phase of 2d shrinks upon t-r isomeri-
zation to 1d; this is due to both higher melting point and
lower clearing temperature. However, the opposite is true
for the trihexyloxy TTTs 2e/1e. The melting point of the
radial isomer 1le is about 100°C lower than of the t-iso-
mer, but the effect on the clearing temperature appears
to be small. X-ray diffraction of these compounds reveals
the typical hexagonal columnar arrangement in the LC
phase with a higher order for the radial isomer 1e.

TABLE 3 Transition temperatures for selected compounds
Substitution T/°C (AH/kJmol™)
2d 3,4-0Cy3H,, Cr74(12.4) M 175 (6.1) I
1d 3,4-OC13H,; Cr 94 (16.8) M 119 (9.9) I
2e 3,4,5-OC¢Hy3 Cr 116 (19.9)Colhd 184 (4.6) I
1le 3,4,5-0C¢H;3 Cr 13 (8.9) Colh 180 (POM) I

Notes: Colh(d), columnar hexagonal (disordered); Cr, crystalline; I, isotropic
phase; M, mesophase; POM, clearing point observed by polarization optical
microscopy.
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3 | CONCLUSION

Thermal isomerization -TTTs brings substituents from tan-
gential to radial positions, changing the shape of the mole-
cules from paddle-wheel to propeller, and has a strong
impact on mesomorphic properties. This alteration of
shape modifies the mesomorphic properties in an
unpredictable manner. The whole process consists in a
threefold sequence of triazine ring opening, triazole
rotation, triazine ring closure steps, and the rate constants
increase with gradual transformation. Electron-pair
donating groups on the TTT alleviate the reaction, and pro-
tonation on the triazole ring accelerates the isomerization.
Structures of transition states were obtained by DFT calcu-
lations; their energies correlate with the reaction rates.
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