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Ring-reduced and ring-oxidized boron subphthalocyanine complexes
have been isolated and structurally characterized. The doubly reduced
species forms a trinuclear cluster with intramolecular B—N,,,s, bonds,
while the mono-oxidized system shows minimal bond localization.
UV-visible absorption spectra and accompanying TD-DFT calculations
are indicative of the ring-oxidation state.

Containing three isoindole moieties, boron subphthalocya-
nines (*""PcBX) were first synthesized and structurally charac-
terized in the early 1970s."* They are comprised of a 14rn
electron conical macrocyclic ring and, similar to their phthalo-
cyanine cousins, they exhibit two intense electronic spectral
features (at approx. 320 nm and 570 nm) which give them a
strong purple colour; they are also often highly fluorescent.?
suPpeBX (where X is an axial ligand, commonly a halide or
oxygen-donor) materials have been the subject of great interest
due to their potential applications in organic photovoltaic cells,
organic light emitting diodes and field effect transistors in
particular, due to a combination of their absorption and ring-
based redox properties.*”® They are also used as a precursor for
synthesizing A;B unsymmetric phthalocyanines by ring expan-
sion with a diiminoisoindoline.”®

Many of these applications in materials science harness the
aforementioned redox-activity of the subphthalocyanine (*"Pc)
ring. From the standard ""Pc(2-), both ring-oxidation to
subp¢(1-) and ring-reductions to **"Pc(3-) and *“’Pc(4-) have
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been accessed (as is the case for phthalocyanines),” and these
key states have been extensively studied in solution.®'%'!
However, to our knowledge, no ring-oxidized or reduced
suPpeBX complexes have been isolated or structurally character-
ized, in part due to their air- and moisture-sensitivity (especially
on the reduction side). Given the importance of these ring-
redox states for a wide range of materials properties, we hereby
report the isolation, structural characterization and analysis of
ring-oxidized and ring-reduced *"’PcBX materials.

Ring-reduced K*“’PcB trimer (1): electrochemical data (CV)
has been previously reported for SUbpeBCI in CH,Cl,, with the
first and second ring reductions identified at —0.99 V and
—1.48 V, while ring oxidation occurred at 1.14 V (vs. SCE)."!
These reduction couples are more negative than a range of early
transition-metallophthalocyanines (PcM; M = Cr, Zr)'*"* and
can be compared with reduction and oxidation potentials of
—0.9, —1.2 and 0.78 V respectively for PcZn.'* This augmenta-
tion of the ring-redox potentials can be attributed to the relative
stabilization of the HOMO (a2) in the **’PcBCl complex when
compared to PcM systems, as shown in the previously reported
MO diagram for *""PcBCl, where the HOMO-LUMO gap is
larger than typical metallophthalocyanines, but the LUMO
(e.g.) level of *"PcBCl is nearly the same as in PcM."® To access
ring-reduced states of S""PcB chemically, the strong reducing
agent KCg was reacted with S"’PcBCl in THF. However, targeting
the mono-ring reduced species **°Pc(3-) by addition of one equiv.
of KCg instead generates a mixture of di-reduced *""Pc(4-), mono-
reduced *"PPc(3-) and insoluble unreacted species due to the
insolubility of both KCg and " PcBCl; similar mixtures are
obtained using one equivalent of soluble KEt;BH as a reducing
agent.’®"® On the other hand, using two or more equivalents of
KC;g (Scheme 1) or KEt;BH generated a purple solution, the UV-
visible absorption spectrum of which featured a Q-band at A,y =
460 nm and an additional broad peak at 750 nm. Extremely air
and moisture-sensitive purple crystals of 1 were isolated from
this reaction with KCg and recrystallization from DME.

The single-crystal structure of 1 revealed a cyclic trimer
(Fig. 1) of the form (K'[*"®PcB]); (1) where each *""Pc(2-) unit
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Scheme 1 Synthetic route to (K*[**°PcB])5 (1) and [S“chBF]SbF6 (3).

Fig.1 Two views of the molecular structure (50% ellipsoids) of 1 (top),
Chemdraw depiction of the trinuclear ring (bottom left). Bottom right:
Solid-state structure of 4 with selected bond lengths [A]: B-F 1.399(8) and
B-N 1.463(9) to 1.493(8). Colour scheme: B: light brown, K: purple, Sb:
pink, F: green, N: blue, and C: gray. All H atoms, DME molecules and co-
crystallized Ag(DME)3sSbFg (in 4) are omitted for clarity.

has been doubly ring-reduced to S“’Pc(4-). One equivalent of
KCg is oxidized to K', which presumably abstracts the axial
chloride from the reduced **"PcBCl and eliminates KCl, generat-
ing a *""Pc(3-) ring; the second equivalent of KCg delivers the
second electron to the ring to make [**°Pc(4-)B]~ and the resulting
K' cation charge-balances this anion (chloride abstraction could
also occur from the di-reduced species instead; the detailed order
of reduction and abstraction steps was not investigated). The
resulting open site on boron in [*’Pc(4-)B]” is filled by the
intermolecular Lewis acid-base axial coordination of a meso-ring
nitrogen from an adjacent molecule (Fig. 1); B-N bond distances
are 1.48(3)-1.58(3) A (within one *"PcB unit) and 1.49(3)-1.54(3) A
(for the intermolecular B-N interactions). Perhaps due to this
inter-unit B-N bond formation, the boron centre sits farther out of
the non-planar **Pc ligand, with a distance of 0.580-0.673 A,
compared to typical **°PeBX structures of 0.55 A.*'® One of the
potassium cations is solvated by DME, and the other two potas-
sium cations are bonded to each S"’PcB benzo-moiety; this
interaction impacts the B-N bonds immediately around the
binding site.

Consistent with a doubly reduced 16-electron *'"Pc(4-) ring,
the C-C bond lengths in some of the benzo-moieties were
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localized, with a significant difference of 0.1-0.15 A (Fig. 2,
left), which is similar to that observed in related Pc(4-) struc-
tures;'” the C-N bonds with the meso-nitrogen atoms are also
localized, and lengthened further by the meso-nitrogen (N,;eso)
coordination to the adjacent boron centre (1.423 and 1.382 A
compared to 1.366/1.307 and 1.370/1.360 A for the unbound
C-N, .50 UNIts; see Fig. 2, left). This represents the first example
of the isolation and structural characterization of a ring-
reduced S"PPc-based system.

Ring-oxidized [**’PcBF] cations: for the oxidation, AgSbFs is a
convenient reagent (1.4 V vs. SCE) to access the desired ring-
oxidized species.'® However, AgSbF, can also react via a salt
metathesis reaction pathway and indeed, reaction of **’PcBCl
with one equiv. of AgSbFg as a slurry in toluene generated the
previously reported S""PcBF (2), presumably by loss of AgCI and
subsequent fluoride-abstraction by the resulting [**PcB]" spe-
cies from the normally inert SbFs~ anion. Reaction in THF
generates polymeric THF-based species and thus is not clean.
This is consistent with our reports for a ring-oxidized Pc(1-)Zn
system where hydrogen-atom transfer led to the polymerization
of the solvent."® Recrystallization from benzene yielded crystals
of *"PPcBF-benzene (Fig. 2, centre), where two concave-shaped
PcBF units encapsulate two benzene molecules via n-n
interactions (Fig. S1 and S2, ESIY).

With this alternative reactivity in mind, the addition of two
equiv. of AgSbF to “*PPcBCl was successful in generating, via a
combination of metathesis and oxidation, the final ring-
oxidized product [**’PcBF][SbF¢]-toluene (3) (Scheme 1 and
Fig. S3, ESIf). The UV-visible absorption spectrum of this
ring-oxidized product 3 exhibits B and Q bands with Ay, =
310, 561 nm and a lower-energy band at 606 nm (Fig. 4), which
is absent in the neutral species.

Using a small excess (2.2 equiv.) of AgSbF¢ with **"PcBCl
in toluene generates isolable but poor-quality crystals of
[*""PcBF][SbF,]-toluene (3); washing with DME also yields a minor
product with co-crystallized AgSbFs, namely [“""PcBF|[SbF]-
Ag(DME);SbF, (4) (Fig. 1 and Fig. S4, ESIT). The isolation of
the additional salt adduct (in low yield) indicates that excess
Ag" does not access a further oxidation product; this adduct 4 is
thus not observed when AgSbF; is used stoichiometrically. The
structures of the [*"°PcBF]" cation in 3 and 4 are geometrically
similar to each other and also to that of the neutral **PcBF (2),
with tetrahedral B(m) centres protruding from the concave S""Pc
ligand 3 (0.593 A) and 2 (0.614 A). In ring-oxidized 3, the B-N
bond lengths are 1.44(3)-1.47(3) A, and the axial B-F bond
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Fig. 2 From left to right, metrical parameters for doubly ring-reduced

SUbpc(4-) in (K*[*“PPcB )5 (1), standard “°Pc(2-) in S“°PcBF (2) and ring-
oxidized SYPPc(1-) in [*“PPcBF][SbFel-Ag(DME)sSbFs (4).
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length is 1.43(3) A, all of which are slightly shorter than in
suPpcBF-benzene, 2. These data are consistent with previously
reported structures containing the "°PcBF unit.?° The oxidized
ring shows only a low level of localization in the phenyl C-C
bond lengths of 1.376(8)-1.411(9) A as compared with those in
neutral "’ PcBF of a tighter 1.381(3)-1.398(3) A (Fig. 2); this was
similarly observed in a related ring-oxidized zinc phthalocya-
nine structure, where the localization is much less pronounced
than in the di-reduced species.’® To our knowledge, these
represent the first structurally characterized ring-oxidized
subpeB complexes.

As has been observed and indeed targeted in related **"PcB-
containing systems,?! the conical ""PcB frameworks in 2-4 are
also adept at encapsulating and/or recognizing other small-
molecule units, which co-crystallize in the concave n-surface of
the ““PcB molecule or cation: specifically benzene co-
crystallizes with a m-interaction distance of 5.427 A in the
structure of *""’PcBF (2), toluene in [**’PcBF][SbF,] (3); (inter-
action distance = 4.424 A) and SbF~ in [*"’PcBF][SbF4]-AgSbF,
(4; interaction distance = 4.945 A).

The "H NMR spectrum of di-reduced 1 shows two peaks at
0 =5.24 and 4.27 ppm, significantly upfield from the equivalent
protons in *""PcBCI at § = 8.81 and 7.91 ppm. On the other
hand, the "H NMR peaks for ring-oxidized 3 are at a similar
0 = 8.67 and 7.40 ppm but are significantly broadened, as
expected for this paramagnetic system. An ESR spectrum of
[*"’PcBF|[SbF,] (3) in toluene at room temperature showed a
single signal at g = 2.001 (Fig. S5, ESIt), also consistent with a
ring-based unpaired electron, similar to ring-oxidized [Pc(1-)Zn]"
radical cations."’

Fig. 3 and 4 show the absorption spectra of 1-3 in THF. 1
showed a broad band with intermediate intensity at ca. 650—
850 nm and broad peaks at 460 and 304 nm, which resemble
those of hitherto reported doubly ring-reduced Pc(4-)
complexes.”***” For example, both the isolated and spectro-
chemically obtained [Pc(4-)Zn]*>~ species have a broad band of

460 nm

304 nm

Absorbance

Oscillator Strength

300 400 500 6(1)0 700 800 900"
Wavelength / nm

Fig. 3 (top) Absorption spectrum of 1 in THF, and (bottom) that of

calculated spectrum. Due to the large molecular size, energies in the

region above 310 nm were not calculated. DFT and TDDFT calculations

were carried out using the CAM-B3LYP functional with 6-31+G(d,p) basis

sets.
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Fig. 4 (a) UV-visible absorption spectra of S“°PcBF (2) (purple line) and
[*“PPcBF1[SbFg] (3) (blue line) in THF. Calculated absorption spectra of (b)
neutral and (c) mono-cationic S“°PcB. Note scale difference of f and ¢
between (b) and (c). DFT and TDDFT calculations were carried out using
the CAM-B3LYP functional with 6-31+G(d,p) basis sets.

intermediate intensity in THF at ca. 575-725 nm and two intense
bands at 522 and 335 nm.”> The absorption bands of 1 are
broader than that of [Pc(4-)Zn]>~, but this is acceptable, taking
into account that 1 is a cyclic trimer of subpeB, and indeed, its
broad peak at ca. 650-850 nm and two peaks at 304 and 460 nm
are at longer wavelengths, respectively of the Q (560-570 nm)
and B (Soret) bands (ca. 300 nm) of neutral *°Pc(2-).>>**

This spectrum is related to that reported for the mono-reduced
[**PPcBCI]~ species generated spectro-electrochemically (contain-
ing a *"®Pc(3-) ring), which has broad, ill-defined bands around
500 and 657 nm;'® no doubly-reduced *""PcB species has been
reported spectro-electrochemically to our knowledge.

The absorption spectrum of 2 is quite typical of neutral
subpe(2-) species,?® while the spectrum of 3, with two intense
peaks in the Q-band region, is different than the spectrum of
n-cation radicals of PcM complexes, which have a single Q peak.**
Although the process from neutral to cation radical species of
subpes was previously pursued through spectro-electrochemistry,
the m-cation radicals obtained in that process all appear to be
unstable, since an isosbestic point emerges only at an early stage
and after that the absorbance in the whole visible region decreased
to almost zero, suggesting decomposition of the products.*®
Indeed, it is known that almost all Pcs and tetraazaporphyrins
are susceptible to oxidative decomposition and produce phthali-
mide derivatives as decomposition products, although they are not
necessarily decomposed in strong acid.?® The two-peak Q band of 3
in this study is almost identical to the last stage spectrum that
appeared maintaining an isosbestic point in the electrochemical
oxidation of **"Pcs.'® Electrolysis in a cell under standard condi-
tions may not be conducive to generating a stable, isolable oxidized
SubpcB species. However, since the spectrum herein was obtained
from a solution prepared from crystals of n-cation radicals, it may
be one of the most reliable spectra of n-cation radicals of **°Pcs.

To further interpret the observed spectra, simulated absorp-
tion spectra of 1-3 were generated via TD-DFT calculations. The

This journal is © The Royal Society of Chemistry 2025
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calculated electronic absorption spectrum for 1 is shown in
Fig. 3 (bottom), with calculated data summarized in Table S2
(ESIt), and with energies and shapes of some frontier MOs
shown in Fig. S6 and S7 (ESIt). The bands at 460 and ca. 650-
850 nm are nicely reproduced. As can be judged from composi-
tion and the shape of MOs, the six orbitals from H—2-L+2
participate in the Q transition. Since 1 is composed of three
suPpcB units, this corresponds to the HOMO-LUMO transition
in a putative monomeric *"’Pc(4-)B unit.”” In 1, the higher
energy region, unoccupied MOs such as L+5, L+9-11, L+24,
L+25, L; 28, L+29, and L+34 are participating in some transi-
tions, some of which (L+5, L+9-11) do not have large coeffi-
cients in the core region of each *"’Pc(4-)B unit.

The calculated electronic absorption spectra for 2 and 3 are
shown in Fig. 4b and c, with calculated data summarized in
Table S4 (ESIt). In addition, the energies and shapes of some key
frontier MOs for 2 and 3 are shown in Fig. S11 and S13 (ESIt) and
some additional MOs are collected in Fig. S12 and S14 (ESIt)
respectively; this confirms that, as observed, only a low level of
bond localization should be expected in the oxidized species, since
one electron is removed from a symmetric HOMO in 2. Although
the calculated energies are slightly overestimated, the calculations
are consistent with the experimental spectra. In particular, the split
Q band of *""PcB(1-) is reproduced, including the relative intensity
difference of the split Q peaks. According to the data in Table S4
(ESIT), the Q absorption peaks at longer and shorter wavelengths
appear to be associated with alpha and beta spins, respectively.

In conclusion, we have reduced and oxidized *“®P¢BCl and
characterized their products structurally, spectroscopically and
using MO calculations (Fig. S15, ESIT). X-ray analysis revealed
that the two-electron reduced product was a cyclic trimer of
subpeB connected via B-N,es0 bonding. Substantial bond loca-
lization in the di-reduced species but not significantly in the
oxidized species correlate with the MO calculations. The calcu-
lated absorption spectra of the three species reproduced the
experimental spectra, with a slight overestimation of the ener-
gies. To our knowledge, these are the first structurally char-
acterized ring-reduced and ring-oxidized **’PcB complexes.
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