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Syntheses and Structural Studies of Tris(/N-phenothiazinyl)borane and

Its Radical Cation**
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n-Conjugated systems containing p-block elements other
than carbon, nitrogen, and oxygen (such as B, Al, and P) have
received growing interest in the last few decades because of
their potential physicochemical properties based on the Lewis
acid or base properties of these elements.? Open shell
molecules incorporating these elements have also emerged
under such a background,*® some of which are stable and
provide important structural information regarding chemical
bonds with odd electrons.’*3%¢4 We have focused on the B-N
bond, which may be considered as a zwitterionic double bond
in the neutral state (A), as shown in Scheme 1. According to

previous crystal structure analyses of tris(amino)-
‘0, L =t ‘. o+ N, e T|+
/B—N\ -— /B—N\ /B—N\ -— /B—N\
A A*

Scheme 1. Resonance structures of B—N bonds in the neutral (A) and
oxidized (A™") states.

organoboranes, the B—N bond lengths are typically in the
range of 1.40-1.45 A;® for example, tris(dimethylamino)bor-
ane (1.43-1.44 A)® or tris(methylphenylamino)borane
(1.44-1.45 A).P*! However, how does the situation alter if
the nitrogen center is oxidized (A**)? We can consider two
extreme situations: One is a bond avoiding the interaction
between the vacant p orbital of boron and the cationic
nitrogen p orbital; the other is that formed by a one-electron
bond. To the best of our knowledge, there have been no
experimental reports on tris(amino)organoborane radical
cations to date. Herein, we report syntheses, structures, and
properties of tris(N-phenothiazinyl)borane (1) and its radical
cation (1'"). Comparison of the crystal structures of 1 and 1**
provides the first experimental insight into the electronic
structure of A**.

Compound 1 was prepared from phenothiazine (PTZ) as
shown in Scheme 2. Lithiation of phenothiazine by n-butyl-
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Scheme 2. Synthesis of tris(N-phenothiazinyl)borane (1).

lithium in toluene/THF was followed by treatment with boron
trifluoride to give 1 in 58 % yield as a colorless solid. The
compound was easily handled under aerated conditions
because of its stability to oxygen and moisture in both
solution and solid states.

We obtained single crystals of 1 suitable for X-ray crystal
structure analysis by recrystallization from a mixture of ethyl
acetate and n-hexane.! The crystal structure is shown in
Figure 1. All of the PTZ moieties had folded structures along

Figure 1. Crystal structure of 1. a) Top and b) side views. Hydrogen
atoms are omitted for clarity. Thermal ellipsoids set at 50 %. Selected
bond lengths [A]: B-N1=1.488(2), B-N2=1.429(2), B-N3=1.435(2).

the N-S axis (butterfly structure).”” The folded angle (27.1°)
of PTZ1 is slightly smaller than those of PTZ2 and PTZ3
(49.3° and 50.8°, respectively). The summation of the bond
angles around the nitrogen atoms, N1, N2, and N3, was almost
360° (359.9° for PTZ1, 359.7° for PTZ2, and 359.8° for
PTZ3), indicating sp? hybridization for these nitrogen atoms.
The dihedral angle between Plane Nrn (defined by B, Nn (n=
1,2, or 3), and the two sp? carbon atoms directly attached to
Nn) and Plane B (defined by B, N1, N2, and N3) were 86.4°
for Plane N1/Plane B, 20.6° for Plane N2/Plane B, and 12.5°
for Plane N3/Plane B. The small angles for Plane N2/Plane B
and Plane N3/Plane B indicated the nearly parallel orienta-
tion between the vacant p orbital of the B atom and the lone-
pair p orbital of the N2 and N3 atoms, whereas the larger
dihedral angle for Plane N1/Plane B indicated a twisted
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orientation for PTZ1. Accordingly, the bond length of B—N1
(1.488(2) A) was slightly longer than those of B—N2
(1.429(2) A) and B—N3 (1.435(2) A).

We examined the temperature-dependent '"H NMR spec-
tra of 1 (Figure 2). Owing to PTZ, conspicuous pairs of triplet
and doublet peaks were seen at 273 K, and twelve distinct

a)

b)

T T T
7.5 7 6.5
Chemical Shift/ ppm

Figure 2. NMR spectra of 1 at a) 273 K and b) 173 K in [Dg]THF.

protons corresponding to the three sets of PTZ groups were
clearly observed at 173 K. The twelve distinct protons at low
temperature in solution are compatible with the X-ray
structure (Figure 1) in a pseudo-C, symmetry, assuming
rapid ring inversion of the PTZ1 ring. The observed spectral
change is thus consistent with the conformational change
from C; symmetry (273 K) to C, symmetry (173 K) by rapid
proton exchange through cooperative transformation of the
PTZ rings (PTZ1—PTZ2—PTZ3—PTZ1) through B—N
bond rotations and ring inversions. The spectral change was
analyzed using an NMR simulation program,® providing the

rate parameters of AH*=39.6kJmol”' and AS*=
—4.43JK 'mol™" (see the Supporting Information for
details).

The cyclic voltammogram of 1 showed a reversible
oxidation wave E, ! at +0.20 V vs. Fc/Fc* and an irreversible
oxidation wave E_’ at around + 1.2V as a peak potential
(E,' in Figure 3 inset, see also Supporting Information). The
E,.' value was similar to the one-electron oxidation potential
of the model compounds, 10-(4'-tert-butylphenyl)-10H-phe-
nothiazine (2) and N-methylphenpthiazine (3; see the Sup-
porting Information). To identify the oxidized species, we
monitored absorption spectra using a thin-layer cell during
electrochemical oxidation through the application of an
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Figure 3. UV/Vis spectral changes during electrochemical oxidation of
1: The dashed and solid lines show the spectra of 1 and 1+,
respectively. The dotted lines show intermediate states. Inset: cyclic
voltammogram of 1 in CH,Cl,.
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external potential of +0.40 V, which is sufficiently high to
oxidize 1. The observed spectral change is shown in Figure 3.
The UV/Vis spectrum of 1 before oxidation showed an
absorption at 1,,,=335nm and no absorption in visible
region. During electrochemical oxidation, new absorption
bands appeared at 1,,,, = 516, 778, and 874 nm. These spectral
shapes and molar absorption coefficients were quite similar to
those of 2" (see the Supporting Information), which suggests
quantitative formation of monoradical cation species 1'*, in
which the spin and charge are localized on only one of the
PTZ rings. The absorption owing to 1'* was irreversibly
decreased by further electrochemical oxidation over +1.2'V,
which suggests that the 1>* species is unstable.

We could isolate 1" by chemical oxidation. An acetoni-
trile solution of thianthrenium tetrachlorogallate salt was
added to a dichloromethane solution of 1 to give the desired
1-"-GaCl, as a deep red solid. The UV/Vis spectrum of this
compound was consistent with that in Figure 3 (see also
Figure S7 in the Supporting Information). The electron spin
resonance (ESR) spectrum recorded in dichloromethane
revealed complicated splittings with g=2.0054 (Figure 4),
which could be reproduced by spectral simulation with the aid
of calculated hyperfine coupling constants using the Gaus-
sian 09 program on the X-ray determined structure. In the
simulation, the ratio of hyperfine couplings, |a'®|/|a'®],
was assumed to be 0.335,°"! based on the ratio of nuclear
g factors of '°B and 'B."

The presence of two non-equivalent hyperfine couplings
of the nitrogen atoms (| a" |=0.627 mT (IN) and 0.087 mT
(2N) in Figure 4) indicates the localized radical cation
structure in one of the PTZ rings in 1'* as well as the slow
intramolecular hole migration in the ESR time scale at room
temperature.

a)

b)
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Figure 4. a) Observed ESR spectrum of 1"-GaCl,” recorded in CH,Cl,
at room temperature. b) Simulated ESR spectrum of 1"-GaCl,".
Parameters for simulation: g=2.0054, v,=9.447031 MHz,

|a| =0.6265 mT, |a"| (x2) =0.0873 mT, |a'"®| =0.2842 mT,

|a'%®| =0.0952 mT,'% |a" | (x2, respectively) =0.2248, 0.0947, 0.0699,
0.0272 mT (for details, see Figure S9 in the Supporting Information).

Single crystals of 1'*-GaCl,” suitable for X-ray crystal
structure analysis were obtained by recrystallization from
dichloromethane/benzene.'!! The crystal structure is shown in
Figure 5. The overall structure was similar to 1 and possessed
a pseudo-C, symmetry (1'*: 80.7° for Plane N1/Plane B, 8.1°
for Plane N2/Plane B, and 8.9° for Plane N3/Plane B). Inter-
estingly, the structure of the PTZ radical cation and those of
neutral PTZ groups could be easily distinguished in the X-ray
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Figure 5. Crystal structure of 1°"-GaCl,”. a) Top and b) side views.
Hydrogen atoms and counteranion are omitted for clarity. Thermal
ellipsoids set at 50 %. Selected bond lengths [A]: B-N1=1.529(6),
B-N2=1.423(5), B-N3=1.410(5).

structure; in contrast to the other two PTZ moieties (PTZ2,
PTZ3), PTZ1 had a planar structure, which shows that the
radical cation is localized on the PTZ1 ring. Importantly, the
longest B-N1 bond (B—N1: 1.529(6) A) was clearly distin-
guishable from the other two B—N bonds (B—N2: 1.423(5) A,
and B-N3: 1.410(5) A).

The elongation of the B—N1 bond is explained by
unfavorable electronic interactions between the vacant
B p orbital and the cationic N p orbital. Because of the
positively charged PTZ1 ring, the B atom in 1 became
much more electron deficient than that in neutral 1. For this
reason, the B—N2 and B—N3 bond lengths in 1" became
slightly shorter than those in neutral 1. A similar effect also
led to higher coplanarity in Plane N2/Plane B and Plane N3/
Plane B in 1** (see above), with the cationic PTZ1 unit being
nearly perpendicular to Plane B.

In summary, we have designed and synthesized tris(N-
phenothiazinyl)borane (1). The radical cation 1" was pre-
pared by chemical oxidation, and was found to be stable to air
in both solution and solid states. The absorption and ESR
spectra of 1" consistently showed that the spin and charge
were localized to one of the PTZ rings. X-ray structure
analysis clearly established elongation of the B—N bond
directly bound to the PTZ radical cation, resulting from
unfavorable electronic interactions between the vacant
B p orbital and the cationic N p orbital. Related studies of
open shell molecules involving pblock elements are in
progress.
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