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Double-rotor boron difluoride hydrazones possess tunable absorption and
photoluminescence properties, support boratahydrazyl radicals, and exhibit strong
aggregation-induced photoluminescence in thin films.
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ABSTRACT

We develop the chemistry of boron difluoride hydrazone dyes (BODIHYSs) bearing two aryl
substituents and explore their properties. The low-energy absorption bands (Amax = 427-464 nm) of
these dyes depend on the nature of the N-aryl groups appended to the BODIHY framework.
Electron-donating and extended n-conjugated groups cause a red shift, whereas electron-
withdrawing groups result in a blue shift. The title compounds were weakly photoluminescent in
solution and strongly photoluminescent as thin films (A = 525-578 nm) with quantum yields of up
to 18% and lifetimes of 1.1-1.7 ns, consistent with the dominant radiative decay through
fluorescence. Addition of water to THF solutions of the BODIHYs studied causes molecular
aggregation which restricts intramolecular motion and thereby enhances photoluminescence. The
observed photoluminescence of BODIHY thin films is likely facilitated by a similar molecular
packing effect. Finally, cyclic voltammetry studies confirmed that BODIHY derivatives bearing
para-substituted N-aryl groups could be reversibly oxidized (Eox = 0.62—1.02 V vs. Fc/Fc*) to their
radical cation forms. Chemical oxidation studies confirmed that para-substituents at the N-aryl
groups are required to circumvent radical decomposition pathways. Our findings provide new
opportunities and guiding principles for the design of sought-after multifunctional boron difluoride

complexes that are photoluminescent in the solid state.
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INTRODUCTION

The complexation of boron difluoride (BF,) units by chelating N-donor ligands with delocalized r-
electron systems is a common strategy for the production of photoluminescent dyes.!”! The efficacy
of this approach is due in part to the rigidification of the ligand backbone upon complexation and
the tendency of the BF, moiety to induce push-pull electronic effects conducive to strong
photoluminescence (PL). This class of dyes, which includes compounds derived from dipyrrin (1,
BODIPYs),PBl aza-dipyrrin (2, aza-BODIPYs),2'®! indigo-N,N’-diarylimine (3),/ anilido
pyridine (4),™ bispyrrole (5, BOPHY?5),!® and formazanate (6)!"! ligands, has been used extensively
for biological imaging applications.®!® Despite their desirable intense PL, large Stokes shifts, and
tunable properties, relatively few known BF, complexes photoluminesce in the solid state,!¥ a
result of aggregation-caused quenching that is facilitated by their planar n-electron systems.* In
order to expand the use of such materials in applications that require solid-state PL (e.g., display
technologies and solid-state sensors), it is imperative to develop new BF, complexes of N-donor

ligands and to understand their optoelectronic properties.
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Pioneering work by Aprahamian and co-workers*?™ has led to the discovery of BF,
complexes of hydrazones that adopt structures involving both five- (7) and six-membered (7',

BODIHYs) chelate rings and have unique chemistry. For example, derivatives of 7 undergo



trans/cis isomerization triggered by visible®™¥ and near-IR™* light and by controlled
aggregation.l**! Derivatives of 7' were also found to exhibit non-classical fluorescence upon
relaxation from high-energy excited states in violation of Kasha’s rule™ and undergo aggregation-
induced emission leading to PL in the solid state.'**) The latter properties originate from restricted
intramolecular motion of the N-aryl substituent which hinders =-stacking interactions upon

aggregation and often leads to aggregation-caused quenching.[*!

long A
short A
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In this paper, we investigate the effect of a C-phenyl group on the optoelectronic,
aggregation, and redox properties of BODIHYs. By appending a second aryl substituent to the
BODIHY framework we create double molecular rotors that are capable of aggregation-induced
emission and photoluminescence in the solid state, and have an extended rn-electron system that can

be potentially exploited to facilitate the stabilization of radicals.

RESULTS AND DISCUSSION

Synthesis and Characterization

Hydrazones 8a—8e were prepared by condensation reactions between aryl hydrazines and 2-
benzoylpyridine (Figures S1-S10). Hydrazone 9b was prepared by adapting a literature procedure
involving a coupling reaction between toluenediazonium chloride and 2-pyridylacetonitrile (Figures
$11-12).*4 The 'H NMR spectra for these compounds were consistent with their low symmetry
and existence as single isomers. Diagonostic NH resonances were observed between 9.11 and
10.26 ppm for 8a—8e and 14.97 ppm for 9b. The hydrazones were converted to their corresponding
BF, complexes (BODIHYs) 10a—10e and 11b by heating them in toluene in the presence of excess
BF3+OEt, and NEt; in yields of 51-92% that were largely dependent on the ease of purification for
each compound (Scheme 1). These compounds were characterized using *H, 'B, *C{*H}, and *°F

NMR spectroscopy, IR and UV-vis absorption and PL spectroscopy, and mass spectrometry



(Figures S$13-526). The *H NMR spectra for the purified BODIHY compounds were also consistent
with the proposed structures and lacked the NH resonances observed for the parent hydrazones.
Their B and °F NMR spectra revealed characteristic triplets between 0.2 and 0.7 ppm and
quartets between —133.8 and —138.9 ppm, respectively. These data confirm the presence of four

coordinate boron atoms bound to two nitrogen atoms and two fluorine atoms.

FF
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NH N| X NEt, Ar\w/ N
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A
Ph 18 Ph
8a: Ar = phenyl, 88% 10a, 92%
8b: Ar = p-tolyl, 79% 10b, 93%
8c: Ar = p-CqH,OMe, 86% 10c, 53%
8d: Ar = p-CgH,CF3, 58% 10d, 51%
8e: Ar = naphthyl, 72% 10e, 61%
b) ol BFOEt, F<B>F
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CN 18h CN
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Scheme 1. Syntheses of BODIHY's 10a—10e and 11b.

X-ray Crystallography

Single-crystal X-ray diffraction experiments (Figure 1, Tables 1 and S1) produced the solid-state
structures of 10a, 10b, and 10d that revealed several important features. The BODIHY (N1-N2-C1-
C2-N3) backbone possessed a delocalized m-electron system, as evidenced by the average N1-N2
[1.349(1) A], N2-C1 [1.308(1) A], C1-C2 [1.452(1) A], and C2-N3 [1.359(1) A] bond lengths that
were intermediate between those typically expected for single and double bonds of the respective
atoms.! Further inspection of the structures revealed that the Bl atom was displaced by
0.3795(19) A (10a), 0.367(2) A (10b), and 0.499(4) A (10d) from the plane defined by the N1, N2,
C2, C2, N3 atoms. The N-aryl [32.10(6)-40.21(6)°] and C-phenyl [44.89(5)-57.79(4)°] groups are
twisted substantially relative to the same plane. The structural metrics observed did not change

significantly when the para-substituents at the N-aryl rings were altered.



Figure 1. Solid-state structures of BODIHYs 10a, 10b, and 10d. Anisotropic displacement
ellipsoids are shown at the 50% probability level and hydrogen atoms are omitted for clarity. The
CF3 group of 10d was disordered. For clarity, the dominant conformer [82.7(4)%] is shown.



Table 1. Selected bond lengths (&), angles (°), and other metrics for BF, hydrazonate complexes
10a, 10b, and 10d.

10a 10b 10d

N1-N2 1.347(2) 1.344(2) 1.356(2)
N2-C1 1.305(2) 1.312(2) 1.306(3)
C1-C2 1.451(2) 1.450(2) 1.455(3)
C2-N3 1.358(2) 1.358(2) 1.361(3)
N3-B1 1.578(2) 1.580(2) 1.571(4)
N1-B1 1.522(2) 1.517(2) 1.516(3)
N1-B1-N3 107.0(1) 106.6(1) 106.3(2)
B1-N1-N2 123.2(1) 123.9(1) 121.2(2)
C2-N3-B1 121.4(2) 121.8(1) 120.2(2)
N2-C1-C2 124.3(1) 123.5(1) 123.7(2)
Boron displacement!® 0.3795(19) 0.367(2) 0.499(4)
Dihedral angles, N-aryl substituent! 32.10(6) 40.21(6) 37.2(1)

Dihedral angles, C-phenyl substituent! 57.79(4) 44.89(5) 45.27(8)

ElDjstance between B1 and the plane defined by N1,N2,C1,C2,N3. PIDihedral angle between the plane defined by
N1,N2,C1,C2,N3 and the plane defined by the N-aryl substituent. “/Dihedral angle between the plane defined by
N1,N2,C1,C2,N3 and the plane defined by the C-phenyl substituent.

Electronic Structure and Properties

The electronic structure of BODIHYs 10a-10e was investigated experimentally using UV-vis
absorption and PL spectroscopy and computationally using density functional theory (DFT). As we
are primarily concerned with optoelectronic properties of BODIHY dyes in the visible region, our
discussion will focus on the lowest energy bands for each complex (Figures 2 and S26, Table 2).
Substituent effects will be discussed relative to BODIHY 10a (Ar = phenyl).

In CH,Cl,, the absorption maxima (Amax) observed for BODIHY's with N-aryl groups bearing
electron-donating para-substituents were red-shifted relative to the absorption maximum of 10a
(Amax = 436 nm): for 10b (Ar = p-tolyl), AAmax =10 nm; for 10c (Ar = p-C¢H4sOMe), Almax = 19 nm.
A modest blue shift was observed when an electron-withdrawing p-CsH4CF3 N-aryl substituent was
introduced (10d, AAmax = —4 nm). Extending the size of the n-electron system by incorporating a
naphthyl substituent at nitrogen also resulted in a red shift (10e, Almax = 15 nm). Similar trends
were observed for the spectra collected in THF and toluene. The spectra collected for thin films of
10a—10e were generally red-shifted relative to those collected in solution (Figure 2b). Compared to
BODIHYs bearing cyano substituents at carbon (7%),** ¥ the low-energy absorption maxima
observed for 10a-10e were red-shifted as a result of the extended m-electron delocalization
involving the C-phenyl group. However, all of the absorption maxima were blue-shifted relative to
those of structurally-related BF, formazanate complexes (6) in which the heterocyclic framework

includes an additional nitrogen atom.™!
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Figure 2. UV-Vis absorption spectra of 10a-10e (a) ca. 3.5 uM solutions in CH,Cl, and (b) thin
films. (c) PL spectra collected for the thin films of 10a—10e.

The observed UV-vis spectra and substituent effects as discussed above were well
reproduced by adiabatic linear-response time-dependent DFT (TDDFT) calculations for the three
representative structures: 10a, 10c, and 10d (Table S2 and Figure S27). The dominant orbital pairs
implicated in the three lowest-energy transitions, in order of increasing energy, were as follows: the

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO),



HOMO and LUMO+1, and HOMO and LUMO+2 (Figures 3 and $28-S29). The HOMO and

LUMO are delocalized =-orbitals, which suggests that the lowest-energy transitions are of t—n*

type.
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Figure 3. Molecular orbitals of compound 10a.

In solution, BODIHY's 10a—10e exhibited very weak PL, likely as a result of intramolecular
motion associated with the N-aryl and C-phenyl rotors (Figure S30, Table 2). The PL maxima (Ap.)
followed trends similar to those observed in the corresponding absorbance spectra. Thin films of
10a-10e were photoluminescent, likely due to restricted intramolecular motion associated with
aggregation, with Ap; values ranging from 525 to 578 nm, Stokes shifts (vst) of 81-124 nm (3475—
5171 cm ) and quantum yields (®p,) of up to 18% (Figure 2c, Table 2) that were comparable to the
corresponding quantum yields determined for structures of type 7'.1**! In order to confirm that
restricted intramolecular motion rather than intermolecular interactions was the likely origin of the
PL enhancement, we prepared poly(methyl methacrylate) films doped with 1% BODIHY (by mass)
and showed that they also exhibit intense PL (Figure S31, Table S3). No distinct trend in the thin
film Ap_ data was observed, indicating that the structures of BODIHYs 10a—10e in the solid state

may heavily influence Ap,.



Table 2. UV-Vis absorption and emission data for BODIHYs 10a—10e.” %
Amax(NM)  g(M7Pcm™) ke (M) @p (%)  vsr(NM) vt (cm) t(ns)™
10a, Ar = phenyl

THF solution 437 20100 547 <1 110 4602 -
CH,Cl,solution 437 13200 540 <1 103 4365 -
Toluene solution 447 11600 542 <1 95 3921 -
Aggregates 454 - 567 - 113 4390 -
Thin film 444 - 525 18 81 3475 1.2
10b, Ar = p-tolyl

THF solution 445 19900 550 <1 105 4290 -
CH,Cl,solution 446 18400 565 <1 119 4722 -
Toluene solution 455 13000 556 <1 101 3991 -
Aggregates 460 - 556 - 96 3754 -
Thin film 457 - 568 5 111 4276 11
10c, Ar = p-CgH,OMe

THF solution 454 13700 577 <1 123 4695 -
CH,Cl,solution 453 22200 576 <1 123 4714 -
Toluene solution 464 11000 578 <1 114 4251 -
Aggregates 462 - 579 - 117 4374 -
Thin film 475 - 578 1 103 3751 1.7
10d, Ar = p-C6H4CF3

THF solution 428 16200 517 1 89 4022 -
CH,Cl,solution 432 25700 521 <1 89 3954 -
Toluene solution 440 21800 521 1 81 3533 -
Aggregates 434 - 527 - 93 4066 -
Thin film 427 - 548 13 121 5171 1.3
10e, Ar = naphthyl

THF solution 450 16900 561 5 111 4397 -
CH,Cl,solution 451 13600 571 5 120 4660 -
Toluene solution 461 15100 572 5 111 4209 -
Adggregates 455 - 567 - 112 4342 -
Thin film 448 - 572 5 124 4839 1.4

lsolution spectra were recorded for ca. 3.5 pM solutions of the compound in dry and degassed solvent. ™Solution-
state quantum yield experiments were estimated relative to [Ru(bipy)s][PFs]l.. [/Aggregate spectra were recorded for
200 uM solutions in 5:95 THF:H,0. [ Absolute thin film quantum yields were determined using the integrating sphere
method. [ Average values determined from FLIM micrographs of thin films.

Fluorescence-lifetime imaging microscopy (FLIM) was used to further study thin films of
BODIHYs 10a-10e (Figures 4, S32-S33 and Table 2). The resulting thin films with typical
thicknesses of ca. 0.5 um were inhomogenous due to the presence of bubbles created during the
spin-coating procedure due to solvent evaporation. The Swiss-cheese-like structures show a
distribution of holes with dimensions varying from 1 to 5 um (Figure 4). It should also be noted that
defect-heavy regions of the films were intentionally imaged to ensure appropriate image contrast
and focus. These data show that the PL lifetimes (1) have little dependence on the morphological

features of the films, as edge and solid portions of the film exhibited very similar lifetimes. For

10



films of 10a-10e, the lifetimes of the major PL intensity decay ranged from t = 1.1 to 1.7 ns,
confirming that the dominant PL mechanism is fluorescence. These average lifetimes were analyzed
by fitting the fluorescence decay of each point of the resulting fluorescence image with the
exclusion of the hollow bubble-like regions. The thin-film lifetimes measured in this study are
approximately an order of magnitude greater than those observed for viscous solutions of related
BODIHYs (7').[2%

2.5ns

0ns

Figure 4. FLIM micrographs showing lifetime distributions for thin films of 10a, 10b, and 10d.

Aggregation Studies
Given the weak PL in solution and appreciable PL of thin films of 10a—10e, we examined their
solution-phase aggregation behavior. Triplicate analysis of the PL spectra of 200 uM solutions of
each compound in THF containing varying quantities of deionized water revealed several trends
(Figures 5 and S34, Table 2). Significant PL enhancement was observed at a critical water volume
fraction (fw) of 75% for 10a, 10b, 10d, and 10e and 80% for 10c, at which point aggregation of the
dyes likely leads to restricted intramolecular motion. Inspection of the solid-state packing in the
structures obtained for 10a, 10b, and 10d revealed short intermolecular CHesnt (ca. 3.0-3.1 A),
CHe*N (ca. 2.9-3.3 A), and CHesF (ca. 2.4-3.0 A) contacts that likely restrict intramolecular
motion (Figures S35-37). The degree of enhancement was quantified by using the ratio of the
integrated PL intensities for solutions with f,, = 95% and 0%; the resulting enhancement factors
were 123 for 10a, 30 for 10b, 11 for 10c, 65 for 10d, and 35 for 10e. The trends in PL enhancement
mirrored the trends in ®p; values observed for thin films of the same compounds.

Upon the initial addition of water, the PL maxima observed for each compound blue-shifted

and the PL intensity remained relatively constant. This behavior is consistent with the ground states

11



of 10a-10e having greater polarity than the excited states involved, where an increase in solvent
polarity would widen the energy gap between the excited and ground states. We rule out twisted
intermolecular charge transfer on the basis that red-shifted PL maxima would normally be expected
when such a mechanism is operative.l*® In the case of compounds 10a, 10b, and 10e, the onset of
PL enhancement coincided with a gradual red shift in Ap_ that was consistent with decreased
polarity in the aggregates formed relative to the THF:water solution and/or the formation of J-
aggregates.*” In the solid state, intermolecular n-type interactions were observed for compounds
10a, 10b, and 10d and may support the latter conclusion, although it should be noted that the
intermolecular contact distances (ca. 4.6-5.6 A) are larger than would be expected for normal 7-n
stacking interactions. Solutions of 10d behaved similarly, although the red shift in Ap_ Was observed
at significantly lower f,, values. Conversely, Ap Values obtained for 10c consistently blue-shifted
with increasing f, values. Our inability to obtain a solid-state structure for this compound
precluded a detailed investigation of this behavior, but the PL data collected may imply the
formation of H-aggregates.

Thus, the aggregation studies support our conclusion that restricted intramolecular motion is
the dominant factor leading to PL in thin films and that appreciable PL enhancement is observed for

readily accessible BODIHYs 10a—10e despite their double-rotor structure.

12
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Figure 5. Left: PL spectra for compounds 10a, 10b, and 10d plotted as a function of f,, in THF.
Right: Integrated PL intensity (circles) and wavelength of maximum PL intensity (squares) as a
function of f,, in THF. Concentrations were held constant at 200 M. The integrated intensities and
error bars originate from the average of three independent experiments.

Redox Properties

To the best of our knowledge, the redox properties of BODIHY dyes have not been investigated to
date, prompting us to probe 10a-10e using cyclic voltammetry (Figure 6, Table 3). In doing so, we
hoped to discover oxidative chemistry that may lead to stable radicals supported by the delocalized

BODIHY heterocyclic backbone. Such species are of fundamental interest for their unique structure

13



and bonding and have potential application in areas such as redox sensing, catalysis, and molecular
magnetism.[*® All of the title compounds were irreversibly reduced at potentials of ca. —1.80 V
relative to the ferrocene/ferrocenium redox couple with little dependence on the nature of the N-aryl
groups. This observation was consistent with the relatively low LUMO density on the N-aryl rings
(Figures 3 and S28-S29). On scanning to positive potentials, oxidative events were also observed
and the potentials associated with these events tracked well with the electronics of the N-aryl groups.
That is, BODIHY's with electron-rich N-aryl groups (10b and 10c) were easier to oxidize than 10a,
whereas complex 10d, which contains a p-CgH4CF3 substituent, was more difficult to oxidize than
10a. In the case of 10c, a second oxidation wave was observed within the electrochemical window
afforded by CH3CN. More interesting is the fact that BODIHY's with p-substituted N-aryl rings (i.e.,
10b, 10c, and 10d) exhibited reversible one-electron oxidation waves, while ‘unsubstituted’
compounds 10a and 10e exhibited irreversible, multielectron oxidation waves. Examination of the
singly-occupied molecular orbitals (SOMOs) calculated for compounds 10a and 10c (Figure 7)
revealed significant unpaired electron density at both the N-aryl and C-phenyl groups, but the
electrochemical data imply that the unpaired electron density at the para-carbon of the N-aryl
substituent is leading to the reactivity observed, likely as a result of radical-radical coupling (i.e.,
dimerization). Similar trends in reactivity have been observed for triphenylmethyl radicals™ and
phenalenyl radicals,®® whereby judicious substitution at sites of significant spin density
circumvents radical decomposition. The cyclic voltammogram of BODIHY 11b was collected for
comparison (Figure S38), revealing an irreversible oxidation at 1.20 V that confirmed that the C-
phenyl substituent plays an important role in the stabilization of the radical cations generated upon

oxidation, likely due to enhanced resonance delocalization.

14
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Figure 6. Cyclic voltammograms of BODIHYs 10a-10e recorded for dry, degassed CH3;CN
solutions containing ~1 mM analyte and 0.1 M [nBusN][PF] as the supporting electrolyte at a scan
rate of 250 mV s . Arrows denote the scan direction. The dashed line for 10c represents a wider
potential scan window and revealed a second oxidation process.

Table 3. Electrochemical data for complexes 10a—10e.!

Eredl (V) onl (V) E0x2 (V)
10a ~1.85™ 0.79M -
10b -1.85!" 0.76 -
10c -1.85" 0.62 1.06!
10d ~1.75!" 1.02 -
10e -1.80™ 0.69' -
11b -1.55 1.20

Elcyclic voltammetry experiments were conducted for dry, degassed CH3;CN solutions containing 1 mM analyte and
0.1 M [nBusN][PFg] as the supporting electrolyte at a scan rate of 250 mV s *. All voltammograms were referenced
internally against the ferrocene/ferrocenium redox couple. Irreversible process, potential at maximum cathodic current
reported. “Irreversible processes, potential at maximum anodic current reported.

Figure 7. SOMOs of compound 10a™ and 10c™.
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Finally, we explored chemical oxidation reactions of 10a, 10c, and 10e. Because BODIHY
10c was the easiest to oxidize electrochemically, we assumed that its oxidation was most likely to
yield an isolable radical cation. Chemical oxidation of 10c produced radical cation 10c™ as a deep
maroon/purple solid in 84% yield (Scheme 2). Radical 10c™ was persistent enough in solution to
allow for its characterization and represents the first open-shell species derived from BODIHYs.
Solutions of 10c™ in CH,Cl, yielded a broad, isotropic electron paramagnetic resonance (EPR)
spectroscopy signal (g = 2.0031, Figure S39) and UV-vis absorption spectra that differed drastically
from 10c (Figure 8). Specifically, two relatively weak absorption maxima at 777 and 703 nm
appeared in the absorption spectrum of 10c™ and the intense absorption of 10c centered at 453 nm
disappeared. Both the EPR and UV-vis absorption spectra are consistent with those observed for

related boron adducts of redox-active formazanate ligands.® 2!

MeO
NN NOBF, LN
N L cHeNicH,Cl, &P
RT, 1h OBF,
Ph
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10c 10c**

Scheme 2. Synthesis of radical cation 10c™ via chemical oxidation.
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Figure 8. (a) UV-vis absorption spectra of 10c and 10c** collected for ca. 3 uM solutions in dry,
degassed CH,Cl,. The inset is an expansion of the low-energy region of the spectrum of 10c*".
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The chemical oxidation of BODIHYs 10a and 10e with NOBF, did not result in clean
conversion to the corresponding radical cations, as might be expected after consideration of their
cyclic voltammograms. Rather, solids that were insoluble in common organic solvents were
reproducibly formed. These solids did not give rise to observable EPR spectra, but their mass
spectra contained peaks corresponding to [2M—2H]" fragments supporting our earlier claim that the
irreversible electrochemical oxidation waves observed during our cyclic voltammetry experiments
are likely the result of radical-radical coupling reactions. We hypothesize that structures such as 12

and 13 form via sequential radical coupling and loss of two protons (Scheme 3).

F

‘M
-
-

1) radical

5 B. :
Ph SN NOBF, Ph oy N coupling
- = - =
N . CHsCN/CH,CI, O T2 2nr
RT,1h OBFy
Ph Ph
10a 10a**

Scheme 3. Potential dimer formation via chemical oxidation of BODIHY 10a.

CONCLUSIONS

By systematically studying the synthesis and properties of double-rotor BODIHY dyes, we have
arrived at the following conclusions. 1) The absorption and photoluminescence properties of these
dyes are tunable via variation of the N-aryl groups. In general, electron-donating and m-conjugated
substituents lead to red-shifted absorption and photoluminescence bands compared to the phenyl-
substituted analogue, while electron-withdrawing substituents lead to blue-shifted maxima. 2) The
double-rotor molecular architecture of BODIHYSs leads to poor photoluminescence efficiency in
solution due to non-radiative decay pathways associated with the vibration and/or rotation of the N-
aryl and C-aryl groups. However, thin films of the title BODIHYs are photoluminescent with

lifetimes on the order of 1.5 ns. Aggregation studies confirmed that restricted intramolecular motion
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is the likely origin of the differing behavior in solution and the solid state. 3) The introduction of a
C-phenyl groups at the BODIHY framework leads to accessible boratahydrazyl radical cations via
electrochemical or chemical oxidation, presumably due to enhanced resonance delocalization. The
stability of the resulting radical cations is largely dependent on the presence/absence of para-
substituents at the N-aryl rings. In the absence of these substituents it appears that radical
dimerization pathways lead to decomposition. When a p-anisole group is introduced, radical cations
with sufficient stability to allow for their characterization are produced. Collectively, these findings
open up new opportunities for materials-based applications of BODIHY dyes and provide guiding
principles for future examples of BODIHYs and related BF, complexes of chelating N-donor
ligands. Our future work will aim to exploit these unique properties in multifunctional polymer

architectures.
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METHODS

General Experimental Details

Reactions were carried out under an N, atmosphere using standard Schlenk techniques unless
otherwise stated. Solvents were obtained from Caledon Laboratories, dried using an Innovative
Technologies Inc. solvent purification system, collected under vacuum and stored under an N,
atmosphere over 4 A molecular sieves. Reagents were purchased from Sigma-Aldrich, Alfa Aesar,
or Oakwood Chemicals and used as received. Hydrazones 8a, 8b, and 8c have been reported
previously with relatively few details of their synthesis and characterization.”? Hydrazone 9b has
been synthesized previously by an alternative procedure with discrepancies between our data and
those reported.”®! For completion, full synthetic and characterization details are included below.
NMR spectra were recorded on a Bruker Avancelll HD 400 MHz Spectrometer (*H: 399.8 MHz,
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Bc{'H}: 100.6 MHz, 'B: 128.3 MHz, *F: 376.1 MHz). 'H NMR spectra were referenced to
residual CHCl; (7.26 ppm) or DMSO-ds (2.50 ppm) and *C{*H} NMR spectra were referenced to
CDCl; (77.2 ppm) or DMSO-ds (39.5 ppm). *B NMR spectra were reported relative to BF3-OEt; (0
ppm) and *°F NMR spectra were referenced to CFCl; (0 ppm). Mass spectrometry data were
recorded in positive-ion mode using a Thermo Scientific DFS (Double Focusing Sector) mass
spectrometer using electron impact ionization. UV-vis absorption spectra were recorded using a
Cary 5000 spectrophotometer between 200 and 2000 nm. Molar extinction coefficients were
determined from the slope of a plot of absorbance versus concentration containing four separate
sample concentrations. FT-IR spectra were recorded using an attenuated total reflectance (ATR)
attachment using a Perkin Elmer Spectrum Two FT-IR spectrometer. PL spectra were obtained
using a Photon Technology International QM-4 SE spectrofluorometer. Excitation wavelengths
were chosen based on Amax from the respective UV-vis absorption spectrum in the same solvent.
Solution-state quantum yields were estimated relative to [Ru(bipy)s][PFs]> under identical
conditions by established methods and corrected for wavelength-dependent detector sensitivity
(Figure S40).1*"! Solid-state absolute quantum yields were measured using a Hamamatsu C11347

Quantaurus Absolute PL Quantum Yield Spectrometer.

X-Ray Crystallography Methods

Single crystals suitable for X-ray diffraction studies were grown by vapor diffusion of hexanes into
a saturated CH,Cl, solution of 10a or by the slow evaporation of a saturated CH,Cl, solution of 10b
or 10d. The sample crystals were mounted on a MiTeGen polyimide micromounts with a small
amount of Paratone N oil. X-ray diffraction measurements were made on a Nonius KappaCCD Axis
Apex2 (10a and 10b) or Bruker Kappa Axis Apex2 (10d) diffractometer at a temperature of 110 K.
The data collection strategy included a number of w and ¢ scans. The frame integration was
performed using SAINT.*®! The resulting raw data were scaled and absorption-corrected using a
multiscan averaging of symmetry equivalent data using SADABS.??® The structures were solved
using a dual space methodology using the SHELXT program.?” All non-hydrogen atoms were
obtained from the initial solution. The CF3 group in 10d was disordered. The normalized occupancy
for the dominant conformer is 82.7(4)%. The hydrogen atoms were introduced at idealized positions
and allowed to ride on the parent atom (10a and 10b) or refined isotropically (10d). The structural
model was fit to the data using full matrix least-squares based on F2 The calculated structure

factors included corrections for anomalous dispersion from the usual tabulation. The structure was
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refined using the SHELXL program from the SHELX suite of crystallographic software.!®! Graphic
plots were produced using Mercury version 3.8. See Table S1 and CCDC 1889791-1889793 for

additional crystallographic data.

Computational Methods

Calculations were performed using the Gaussian suite of programs.’?® Molecular geometries were
optimized at the PBE1PBE/6-311+G* level of theory using the polarizable continuum model of
implicit solvation by CH,Cl,. All optimized structures were confirmed to be true minima by
performing vibrational analysis. The UV-vis absorption spectra of 10a, 10c, and 10d were
simulated using the output of adiabatic linear-response TDDFT calculations for the lowest 40

singlet-to-singlet electronic transitions; the peak width was set to 50 nm.

Thin-Film Preparation

Thin-films of BODIHY complexes 10a—e were prepared for absorption, PL, and FLIM studies by
filtering (PTFE membrane, 0.22 pm) approximately 300 pL of a 20 mg mL ™ solution of each
compound in CHCI, directly onto a quartz or glass slides. The samples were left at rest for 1 min
and then accelerated at a rate of 100 rpm s * to 500 rpm for 10 s followed by acceleration at a rate
of 500 rpm s* to 2000 rpm for 30 s before air drying. Thin-films of PMMA doped with BODIHYs
10a—e were prepared by filtering (PTFE membrane, 0.22 pm) approximately 300 pL of a 20 mg
mL " solution of 99:1 (by mass) PMMA:BODIHY in CH,Cl, directly onto a glass microscope
coverslip. The samples were left at rest for 1 min and then accelerated at a rate of 300 rpm s to
1000 rpm for 1 min. These parameters yield thin films with thickness in the range of approximately

0.5 um.

Fluorescence-Lifetime Imaging Microscopy

FLIM experiments were carried out on a Leica confocal fluorescence microscope (TCS SP2,
Wetzlar, Germany) equipped with a time-correlated single-photon counting (TCSPC) module
(PicoHarp 300, PicoQuant). Samples were excited at 800 nm with a pulsed Ti:sapphire femtosecond
laser system (Mira 900, Coherent, ~150 fs pulse duration at the sample) with a repetition rate of
76 MHz. Two-photon induced fluorescence signal was collected through an oil immersion objective
(x63, 1.32 NA), the scanning area for the image was set to 512 x 512 pixels and the emission was

collected below 750 nm.
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Aggregation Studies

Solutions containing various ratios of THF and deionized water (9.5 mL) were combined with a 4
mM stock solution of BODIHY in THF (0.5 mL) to yield 200 uM solutions of BODIHY with
volume fractions (f) of 0, 10, 20, 30, 40, 50, 60, 70, 75, 80, 82.5, 85, 87.5, 90, 92.5 and 95%. The
resulting solutions were mixed by inversion in a volumetric flask for 30 s, left to stand for an
additional 30 s, and then analyzed immediately. This entire process was repeated in triplicate for

each compound and concentration reported.

Electrochemical Methods

Cyclic voltammetry experiments were performed with a Bioanalytical Systems Inc. (BASi) Epsilon
potentiostat and analyzed using BASI Epsilon software. Electrochemical cells consisted of a three-
electrode setup including a glassy carbon working electrode, a platinum wire counter electrode and
a silver wire pseudo reference electrode. Experiments were run at scan rates of 50-1000 mV s * in
degassed solutions of CH3CN containing the analyte (~1 mM) and supporting electrolyte (0.1 M
[NBusN][PFg]). Cyclic  voltammograms  were internally  referenced against the
ferrocene/ferrocenium redox couple (~1 mM ferrocene as an internal standard) and corrected for

internal cell resistance using the BASI Epsilon software.

Electron Paramagnetic Resonance (EPR) Spectroscopy

The EPR spectrum of 10c** was obtained for a ~2 mg mL ™ solution in CH,Cl, in a 0.4 mm quartz
capillary tube using a JEOL JES-FA200 EPR spectrometer. The measurement was made at 298 K
and the g-factor determined for 10c”* was referenced relative to a built-in Mn®* marker within the
resonant cavity of the instrument. The products isolated during the attempted oxidation of

BODIHYs 10a and 10e were analyzed as powders using the same instrument.

Representative procedure for the preparation of hydrazones 8a—8e. Hydrazone 8a

In air, phenylhydrazine (2.00 g, 1.82 mL, 18.5 mmol) was added to a solution of 2-benzoylpyridine
(3.40 g, 18.5 mmol) in anhydrous EtOH (30 mL). The pale-yellow solution was refluxed with
stirring for 6 h. The reaction mixture was then concentrated in vacuo, and the resulting residue was
recrystallized from hot anhydrous EtOH to afford hydrazone 8a as a pale-yellow crystalline solid
that was collected by vacuum filtration. Yield = 4.42 g, 88%. M.p. = 176-178 °C. 'H NMR
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(399.8 MHz, DMSO-dg): & 9.11 (s, 1H, NH), 8.37 (d, *Jun = 4 Hz, 1H, aryl CH), 8.16 (d, Jun =
8 Hz, 1H, aryl CH), 7.82 (t, 3Jun = 8 Hz, 1H, aryl CH), 7.55-7.45 (m, 3H, aryl CH), 7.31-7.20 (m,
7H, aryl CH), 6.81 (t, *Jun = 7 Hz, 1H, aryl CH). BC{*H} NMR (100.6 MHz, DMSO-ds): § 156.6,
148.3, 144.9, 143.1, 136.2, 132.7, 129.4, 128.9, 128.8, 128.5, 122.2, 120.1, 119.8, 113.3. FT-IR
(ATR): 3057 (w), 2361 (W), 2334 (w), 1602 (s), 849 (m), 692 (s) cm™. UV-vis (CH2Cly): Amax =
353 nm (¢ = 23700 Mtcm™), 295 nm (¢ = 11800 M*cm™), 241 nm (¢ = 18300 M *cm™). Mass
Spec. (El, +ve mode): exact mass calculated for [C1gH14N3]", [M—H]": 272.1188; exact mass found:
272.1186; difference: —0.7 ppm.

Hydrazone 8b

From p-tolylhydrazinesHCI (2.93 g, 18.5 mmol) and 2-benzoylpyridine (3.40 g, 18.5 mmol). Yield
= 4.20 g, 79% (orange solid). M.p. = 182-183°C. 'H NMR (399.8 MHz, DMSO-dg): & 10.07 (s,
1H, NH), 8.80 (m, 1H, aryl CH), 8.33 (t, *Jun = 8 Hz, 1H, aryl CH), 7.77 (t, *Jun = 7 Hz, 1H, aryl
CH), 7.68-7.57 (m, 5H, aryl CH), 7.44 (d, *Jun = 7 Hz, 2H, aryl CH), 7.34 (d, *Jun = 8 Hz, 1H, aryl
CH), 7.07 (d, Jun = 8 Hz, 2H, aryl CH), 2.25 (s, 3H, CHs). *C{*H} NMR (100.6 MHz, DMSO-dg):
5 149.0, 145.4, 142.8, 141.2, 133.1, 130.7, 130.1, 130.0, 129.8, 129.5, 129.3, 123.7, 123.6, 115.1,
20.4. FT-IR (ATR): 3087 (W), 2361 (w), 1611 (w), 1250 (s), 818 (m) cm ™. UV-Vis (CH2Cly): Amax =
439 nm (¢ = 19800 M cm™), 331 nm (e = 8800 M * cm™), 242 nm (e = 13200 M cm™). Mass
Spec. (El, +ve mode): exact mass calculated for [C19H1sN3]", [M—H]": 286.1344; exact mass found:
286.1350 ; difference: +2.1 ppm.

Hydrazone 8c

From p-(methoxy)phenylhydrazine*HC1 (3.23 g, 18.5 mmol) and 2-benzoylpyridine (3.40 g,
18.5 mmol. Yield = 4.82 g, 86% (red solid). M.p. = 188-191 °C. *H NMR (399.8 MHz, DMSO-de):
§10.15 (s, 1H, NH), 8.82 (d, *Jun = 6 Hz, 1H, aryl CH), 8.34 (t, ®J,n = 8 Hz, 1H, aryl CH), 7.77 (t,
3Jun = 8 Hz, 1H, aryl CH), 7.70-7.60 (m, 5H, aryl CH), 7.46 (d, 2H, 3Jun = 6 Hz, aryl CH), 7.25 (d,
1H, 3J4n = 8 Hz, aryl CH), 6.86 (d, 2H, *Juy = 9 Hz, aryl CH), 3.72 (s, 3H, OCHa). “C{*H} NMR
(100.6 MHz, DMSO-dg): & 154.9, 148.9, 145.7, 142.4, 137.1, 132.1, 130.2, 130.1, 129.9, 129.5,
123.7, 123.4, 116.5, 114.1, 55.3. FT-IR (ATR): 2979 (m), 2940 (m), 2598 (s), 2495 (s), 1509
(m),1034 (s), 851 (m), 803 (M) cm ™. UV-vis (CH2Cly): Amax = 472 nm (¢ = 2700 M ' ecm™),
364 nm (¢ = 15500 M* cm™), 274 nm (e = 56300 M ' cm™). Mass Spec. (El, +ve mode): exact
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mass calculated for [CigH17N30]*, [M]": 303.1372; exact mass found: 303.1383; difference:
+3.6 ppm.

Hydrazone 8d

From p-(trifluoromethyl)phenylhydrazinesHCI (3.93 g, 18.5 mmol) and 2-benzoylpyridine (3.40 g,
18.5 mmol). Yield = 3.66 g, 58% (yellow-orange solid). M.p. = 201-202 °C. *H NMR (399.8 MHz,
DMSO-dg): & 9.63 (s, 1H, NH), 8.41-8.39 (m, 1H, aryl CH), 8.17 (d, Jun = 8 Hz, 1H, aryl CH),
7.87-7.83 (m, 1H, aryl CH), 7.58-7.52 (m, 4H, aryl CH), 7.51-7.49 (m, 1H, aryl CH), 7.47-7.44
(m, 2H, aryl CH), 7.33-7.28 (m, 3H, aryl CH). *C{*H} NMR (100.6 MHz, DMSO-d¢): & 156.7,
148.9, 148.7, 145.9, 136.9, 133.0, 129.9, 129.3, 129.2, 126.6 (q, “Jcr = 4 Hz, CF3), 123.2, 121.0,
120.1, 119.8, 113.7. **F NMR (376.1 MHz, DMSO-dg): 8 —-59.5 (s, CF3). FT-IR (ATR): 3170 (w),
2985 (w), 1741 (w), 1614 (m), 1263 (m), 837 (m) cm ™. UV-vis (CHyCl): Amax = 341 nm (e =
28300 Mtcm™), 305 nm (e = 11400 M cm™), 247 nm (e = 13900 M ' cm™). Mass Spec. (El, +ve
mode): exact mass calculated for [C1oH13F3N3]", [M—H]": 340.1062; exact mass found: 340.1062 ;
difference: 0 ppm.

Hydrazone 8e

From 2-napthylhydrazinesHCI (3.60 g, 18.5 mmol) and 2-benzoylpyridine (3.40 g, 18.5 mmol).
Yield = 4.31 g, 72% (orange solid). M.p. = 181-183 °C. *H NMR (399.8 MHz, DMSO-ds): &
10.26 (s, 1H, aryl CH), 8.80 (d, *Jun = 5 Hz, 1H, aryl CH), 8.32 (t, *Juu = 8 Hz, 1H, aryl CH), 8.07
(s, 1H, aryl CH), 7.89 (d, 34y = 9 Hz, 1H, aryl CH), 7.85-7.74 (m, 4H, aryl CH), 7.70-7.62 (m, 3H,
aryl CH), 7.54-7.40 (m, 4H, aryl CH), 7.32 (t, *Jun = 8 Hz, 1H, aryl CH). *C{*H} NMR (100.6
MHz, DMSO-dg): & 149.6, 144.9, 143.4, 141.4, 135.3, 133.9, 130.1, 129.9, 129.8, 129.7, 129.3,
128.6, 127.6, 126.9, 126.4, 123.9, 123.8, 123.7, 116.7, 109.8. FT-IR (ATR): 3290 (m), 2290 (m),
2897 (w), 1603 (m), 1546 (s), 1513 (s), 1448 (s) cm™. UV-vis (CHyCly): Amax = 443 nm (¢ =
18900 M~tcm™), 248 nm (e = 13600 M cm™), 236 nm (& = 34500 M* cm™). Mass Spec. (El, +ve
mode): exact mass calculated for [C»HisN3]*, [M—H]": 322.1344; exact mass found: 322.1347;
difference: +0.9 ppm.
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Hydrazone 9b

According to a modified literature procedure, ™ p-toluidine (1.07 g, 9.99 mmol) was dissolved in a
mixture of concentrated HCI (6 mL) and and cold deionized water (12 mL)and stirred at 0 °C for
15 min. Sodium nitrite (0.76 g, 11.0 mmol) was dissolved in 3 mL of cold deionized water and
added dropwise to the p-toluidine solution over a 30 min period. The pale-yellow solution was
stirred at 0 °C for 1 h. This solution was added dropwise to a suspension of 2-pyridylacetonitrile
(1.18 g, 9.99 mmol) and sodium acetate (4.10 g, 50.0 mmol) in cold EtOH (36 mL) and cold
deionized water (9 mL) over a 30 min period. The resulting mixture was stirred at room temperature
for 16 h before cold deionized water (100 mL) was added to induce precipitation. The resulting
pale-yellow precipitate was collected by vacuum filtration. The crude solid was dissolved in CH,Cl,
and the resulting solution was washed with saturated sodium bicarbonate solution thrice, brine
thrice, and finally dried over MgSO,4. After solvent removal, further purification by column
chromatography (1:6 ethyl acetate/hexane, silica gel) to afford 9b as a yellow powder. Yield =
1.39 g, 58%. Melting point = 170-173°C. *H NMR (399.8 MHz, CDCls): & 14.97 (s, 1H, NH),
8.65-8.60 (m, 1H, aryl CH), 7.88 (ddd, 3J.n = 8 Hz, *Jun = 8 Hz, *Jun = Hz, 1H, aryl CH), 7.76
(dt, 3Jun = 8 Hz, “Juy = 1 Hz, 1H, aryl CH), 7.34-7.29 (m, 1H, aryl CH), 7.29-7.24 (m, 2H, aryl
CH), 7.19-7.14 (m, 2H, aryl CH), 2.35 (s, 3H, CHs). *C{*H} NMR (100.6 MHz, DMSO-d¢): &
152.5, 147.2, 140.1, 137.6, 133.7, 130.0, 122.7, 121.8, 117.8, 115.0, 110.6, 21.0. FT-IR (ATR):
3077 (w), 2920 (w), 2215 (M), 1589 (s), 1524 (s), 779 (s) cm ™. UV-vis (CH,Cly): Amax = 382 nm (&
= 25700 M em™), 275 nm (e = 12300 Mt cm™), 252 nm (e = 13200 M"*cm™). Mass Spec. (El,
+ve mode): exact mass calculated for [C1sH12N4]*, [M]": 236.1062; exact mass found: 236.1068;
difference: +2.5 ppm.

Representative procedure for the preparation of BODIHYs 10a-10e. BODIHY 10a

Dry NEt; (1.12 g, 1.54 mL, 11.1 mmol) was added to a stirred solution of 8a (1.01 g, 3.70 mmol) in
dry toluene (80 mL). After 10 min, BF3*OEt, (2.62 g, 2.28 mL, 18.5 mmol) was added dropwise
and the solution rapidly changed colour from pale-yellow to deep red/purple, then to deep orange
over a 15 min period. The solution was then stirred at 80 °C for 16 h. After cooling to room
temperature, deionized water (20 mL) was added to quench reactive boron-containing species. The
deep orange solution was then washed with deionized water (3 x 20 mL), dried over MgSQy,
gravity filtered and concentrated in vacuo. The deep yellow/orange residue was triturated with ice

cold MeOH to afford 10a as a yellow solid after vacuum filtration. Yield = 1.10 g, 92%. M.p. =
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182-185 °C. 'H NMR (399.8 MHz, CDCls): & 8.77 (d, *Jun = 6 Hz, 1H, aryl CH), 8.02 (ddd, *Jyn =
9 Hz, 3Jun = 7 Hz, “Jqn = 2 Hz, 1H, aryl CH), 7.72 (t, *Jun = 8 Hz, 3H, aryl CH), 7.65-7.63 (m, 2H,
aryl CH), 7.60-7.55 (m, 1H, aryl CH), 7.52-7.47 (m, 2H, aryl CH), 7.46-7.41 (m, 1H, aryl CH),
7.39-7.34 (m, 2H, aryl CH), 7.13-7.09 (m, 1H, aryl CH). B NMR (128.3 MHz, CDCls): § 0.7 (t,
Lgr = 32 Hz). BC{*H} NMR (100.5 MHz, CDCl3): & 146.2, 141.5, 141.2, 139.9, 136.0, 133.7,
129.4, 128.9, 128.8, 128.5, 124.0, 122.9, 122.7, 119.9. *F NMR (376.1 MHz, CDCls): 5 —138.8 (q,
rs = 31 Hz). FT-IR (ATR): 3074 (w), 2955 (w), 1617 (m), 1475 (s), 760 (s) cm . UV-vis
(CH2Clo): Amax 437 nm (¢ = 13200 M* cm™), 345 nm (¢ = 3100 M cm™), 262 nm (¢ =
4200 M cm™). Mass Spec. (El, +ve mode): exact mass calculated for [CigHBF,N3]", [M]*:
321.1249; exact mass found: 321.1242; difference: —2.2 ppm.

BODIHY 10b

From 8b (1.06 g, 3.70 mmol), dry NEt; (1.12 g, 1.54 mL, 11.1 mmol), and BF3*OEt; (2.62 g, 2.28
mL 18.5 mmol). The deep yellow/orange residue was washed with ice cold MeOH and the yellow
precipitate was collected by vacuum filtration. Yield = 1.15 g, 93%. M.p. = 179-180 °C. *H NMR
(399.8 MHz, CDCls): & 8.74 (d, ®Jun = 6 Hz, 1H, aryl CH), 7.99 (ddd, 334y = 9 Hz, *Juy = 7 Hz,
*Jun = 2 Hz, 1H, aryl CH), 7.68 (d, 33 = 9 Hz, 1H, aryl CH), 7.64-7.60 (m, 4H, aryl CH), 7.57—
7.52 (m, 1H, aryl CH), 7.51-7.47 (m, 2H, aryl CH), 7.44-7.41 (m, 1H, aryl CH), 7.16 (d, *Jun =
9 Hz, 2H, aryl CH), 2.34 (s, 3H, CHs). 'B NMR (128.3 MHz, CDCls): § 0.7 (t, “Jgr = 33 Hz).
BC{'H} NMR (100.5 MHz, CDCls): § 143.9, 141.4, 141.0, 139.8 (t, Jor = 2 Hz), 136.1, 133.6,
133.2, 129.44, 129.38, 128.9, 128.4, 122.6, 122.5, 120.0 (t, Jcr = 2 Hz), 21.0. °F NMR (376.1 MHz,
CDCls): 8 —138.7 (g, "Jes = 33 Hz). FT-IR (ATR): 3032 (w), 2957 (m), 2366 (W), 1736 (w), 1612
(m), 1258 (m), 817 (m) cm ™. UV-vis (CH,Cl,): Amax= 446 nm (e = 18400 M*cm™), 347 nm (e =
4900 M*cm™), 268 nm (e = 12000 M ecm™), 251 nm (¢ = 11600 M*cm™). Mass Spec. (El, +ve
mode): exact mass calculated for [C1gH16BF2N3]*, [M]": 335.1405; exact mass found: 335.1399;
difference: —1.8 ppm.

BODIHY 10c

From 8c (1.12 g, 3.70 mmol), dry NEt; (1.12 g, 1.54 mL, 11.1 mmol), and BF;*OEt, (2.62 g,
2.28 mL, 18.5 mmol). The red solid was purified by column chromatography (CH,Cl,, basic
alumina) to afford 2c as a red semi-crystalline solid after solvent removal. Yield = 0.69 g, 53%. M.p.
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= 163-165 °C. *H NMR (399.8 MHz, CDCl5): § 8.67 (d, *Jun = 6 Hz, 1H, aryl CH), 7.91 (t, 3Jun =
7 Hz, 1H, aryl CH), 7.66—7.60 (m, 5H, aryl CH), 7.50-7.40 (m, 4H, aryl CH), 6.91 (d, 3Jun = 8 Hz,
2H, aryl CH), 3.81 (s, 3H, OCH3). 'B NMR (128.3 MHz, CDCls): & 0.7 (t, *Jgr = 32 Hz). *C{*H}
NMR (100.5 MHz, CDCls): & 156.6, 141.3, 140.9, 139.6, 136.0, 129.7, 129.3, 128.9, 128.4, 122.5,
121.3, 116.7, 114.9, 114.1, 55.7. *°F NMR (376.1 MHz, CDCls): § —-138.9 (g, *Jrs = 31 Hz). FT-IR
(ATR): 3087 (w), 2938 (w), 1721 (m), 1615 (m), 1463 (s), 1276 (s), 1248 (s), 827 (s) cm™*. UV-vis
(CH2Clo): Amax = 453 nm (e = 22200 Mt cm™), 360 nm (¢ = 6000 M cm™), 275 nm (¢ =
44900 Mt cm™). Mass Spec. (El, +ve mode): exact mass calculated for [C19H16BF2N3O]", [M]*:
351.1354; exact mass found: 351.1362; difference: +2.3 ppm.

BODIHY 10d

From 8d (1.26 g, 3.70 mmol), dry NEt; (1.12 g, 1.54 mL, 11.1 mmol), and BF3*OEt, (2.62 g,
2.28 mL, 18.5 mmol). The dark orange solid was purified by column chromatography (CH.ClI,
basic alumina) to afford 2d as an orange powder after solvent removal. Yield = 0.73 g, 51%. M.p. =
174-176 °C. *H NMR (399.8 MHz, CDCl3): & 8.77 (d, 3Jun = 6 Hz, 1H, aryl CH), 8.02 (ddd, 33 =
9 Hz, *Jun = 7 Hz, “dun = 2 Hz, 1H, aryl CH), 7.72 (t, *Jun = 8 Hz, 3H, aryl CH), 7.66-7.62 (m, 2H,
aryl CH), 7.59-7.55 (m, 1H, aryl CH), 7.51-7.47 (m, 2H, aryl CH), 7.45-7.41 (m, 1H, aryl CH),
7.37 (ddt, 3Jun = 9 Hz, Jun = 8 Hz, *Jun = 2 Hz, 2H, aryl CH), 7.13-7.09 (m, 1H, aryl CH). !'B
NMR (128.3 MHz, CDCls): § 0.7 (t, *Jgr = 33 Hz). *C{*H} (100.5 MHz, CDCls): & 167.3, 141.9,
141.5, 140.5, 135.6, 130.7, 129.4, 129.0, 128.9, 126.0 (q, “Jcr = 4 Hz, CFs) 124.7, 123.6, 123.2,
119.0, 118.6. °F NMR (376.1 MHz, CDCl3): 5 -138.6 (q, Jrs = 33 Hz, BF,), —61.8 (s, CFs). FT-
IR (ATR): 3051 (W), 2965 (w), 2862 (W), 1707 (s), 1604 (s), 1155 (s) cm ™. UV-vis (CH2Cly): Amax
= 432 nm (g = 25700 Mt cm™), 329 nm (¢ = 6100 M~ cm™), 268 nm (¢ = 16500 M cm™). Mass
Spec. (El, +ve mode): exact mass calculated for [C1oH12BFsN3]*, [M—H]": 388.1044; exact mass
found: 388.1040; difference: —1.0 ppm.

BODIHY 10e

From 8e (1.20 g, 3.70 mmol), dry NEt; (1.12 g, 1.54 mL, 11.1 mmol), and BF;*OEt, (2.62 g,
2.28 mL, 18.5 mmol). The red solid was purified by column chromatography (CH,Cl,, basic
alumina) to afford 2e as an orange/red powder after solvent removal. Yield = 0.84 g, 61%. M.p. =
187-189 °C. *H NMR (399.8 MHz, CDCls): 6 8.79 (d, *Jun = 6 Hz, 1H, aryl CH), 8.11 (br s, 1H,

26



aryl CH), 8.01-7.97 (m, 2H, aryl CH), 7.85 (t, ®Jun = 8 Hz, 2H, aryl CH), 7.78 (d, *Jun = 8 Hz, 1H,
aryl CH), 7.71-7.66 (m, 3H, aryl CH), 7.57-7.51 (m, 3H, aryl CH), 7.48-7.42 (m, 2H, aryl CH),
7.37 (ddd, 334y = 8 Hz, Jun = 7 Hz, “Jun = 1 Hz, 1H, aryl CH). *'B NMR (128.3 MHz, CDCls): &
0.9 (t, YJgr = 33 Hz). *C{"H} NMR (100.5 MHz, CDCls): & 143.9, 141.4, 141.3, 140.0 (t, Jcr =
2 Hz), 136.0, 134.1, 133.9, 130.9, 129.4, 129.0, 128.6, 128.5, 128.1, 127.6, 126.2, 124.7, 122.9,
122.7,120.1, 116.4 (t, Jcr = 3 Hz). °F NMR (376.1 MHz, CDCls): 5 —138.5 (q, *Jrs = 32 Hz). FT-
IR (ATR): 3055 (m), 1618 (s), 1597 (m), 1479 (s), 1462 (s), 1434 (s), cm ™. UV-vis (CH2Cl): Amax
=451 nm (e = 13600 M cm™), 343 nm (¢ = 3900 M cm™), 269 nm (e = 30200 M cm™). Mass
Spec. (El, +ve mode): exact mass calculated for [CxHisBF2N3]*, [M]": 371.1405; exact mass
found: 371.1411; difference: +1.6 ppm.

BODIHY 11b

From 9b, (0.874 g, 3.70 mmol), dry NEt; (1.12 g, 1.54 mL, 11.1 mmol), and BF3*OEt, (2.62 g,
2.28 mL 18.5 mmol). The yellow solid was purified by column chromatography (4:1 hexane/ethyl
acetate, silica gel) to afford 11b as a yellow semicrystalline solid after solvent removal. Yield =
0.57 g, 55%. M.p. = 182-184 °C. *H NMR (399.8 MHz, CDCls): & 8.67 (d, *Jun = 6 Hz, 1H, aryl
CH), 8.25 (ddd, *Jun = 9 Hz, %Jun = 8 Hz, “Jun = 2 Hz, 1H, aryl CH), 7.93 (d, Jun = 8 Hz, 1H, aryl
CH), 7.67-7.59 (m, 3H), 7.23 (d, *Juu = 8 Hz, 2H, aryl CH), 2.38 (s, 3H,CHs). !B NMR (128.3
MHz, CDCls): § 0.2 (t, “Jgr = 32 Hz). *C{*H} NMR (100.5 MHz, CDCls): 5 142.9, 142.5, 141.5,
140.2, 136.8, 129.7, 123.5, 120.63, 120.60, 120.58, 115.6, 21.1. **F NMR (376.1 MHz, CDCls): &
~133.8 (q, “Jrs = 31 Hz). FT-IR (ATR): 3096 (W), 2952 (W), 2223 (s), 1725 (W), 1624 (s), 1281 (m),
810 (m) cm ™. UV-vis (CH,Cly): Amax= 420 nm (e = 9400 M*cm™), 325 nm (e = 2200 M cm™),
255 nm (g = 4800 M ' cm™). Mass Spec. (El, +ve mode): exact mass calculated for [C1oH16BF2N3]",
[M]": 284.1045; exact mass found: 284.1052; difference: +2.5 ppm.

Radical cation 10c**

In an N filled glovebox, a solution of NOBF, (0.050 g, 0.43 mmol) in CH3CN (1 mL) was added
dropwise to a stirring solution of BODIHY 2c¢ (0.050 g, 0.14 mmol) in CH,Cl, (9 mL). Upon
addition, the solution changed from red to a deep maroon/purple colour and was stirred for 30 min
before it was taken to dryness in vacuo to afford a maroon/purple solid. The solid was dissolved in

CH.CI, (20 mL) and the solution was passed through a pad of celite to remove excess NOBF,
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before the solvent was once again removed in vacuo to afford 10¢** as a maroon/purple solid. Yield
= 0.052 g, 84%. M.p. = 208-210 °C. FT-IR (ATR): 3261 (w), 3118 (m), 1685 (m), 1627 (m), 1603
(m), 1543 (s), 1515 (s), 1488 (s), 1449 (m), 1118 (s) cm™ . UV-Vis (CH2Cl,): Amax = 777 nm (¢ =
300 M cm™), 703 nm (e = 200 Mt cm™), 482 nm (e = 2500 Mt cm™), 385 nm (¢ = 9400 M™*
cm™), 319 nm (¢ = 19200 M* cm™). Mass Spec. (El, +ve mode): exact mass calculated for
[C19H16BF2N30]": 351.1354; exact mass found: 351.1352; difference: —0.6 ppm.

Attempted oxidation of BODIHY 10a

In an N filled glovebox, a solution of NOBF, (0.055 g, 0.47 mmol) in CH3CN (1 mL) was added
dropwise to a stirred solution of BODIHY 10a (0.050 g, 0.16 mmol) in CH3CN (9 mL). Upon
addition, the colour of the solution changed from yellow to turquoise and it was stirred for 30 min
before it was concentrated in vacuo to afford a turquoise film that rapidly decomposed to an
insoluble brown/red solid. Yield = 0.093 g, 93%. M.p. = 239-241 °C. FT-IR (ATR): 3087 (w),
2974 (w), 1616 (m), 1477 (s), 761 (m) cm™*. Mass Spec. (El, +ve mode): exact mass calculated for
[C3sH26B2FsNg]*, [2M—2H]": 640.2341; exact mass found: 640.2341; difference: 0.0 ppm.

Attempted oxidation of BODIHY 10e

In an N filled glovebox, a solution of NOBF, (0.055 g, 0.47 mmol) in CH3CN (1 mL) was added
dropwise to a stirred solution of complex 10e (0.058 g, 0.16 mmol) in CH3CN (9 mL). Upon
addition, the colour of the solution changed from orange to deep red and it was stirred for 60 min
above before being concentrated in vacuo to afford a deep red film that rapidly decomposed to an
insoluble brown solid. Yield = 0.097 g, 84%. M.p. >250 °C. FT-IR (ATR): 3292 (w), 3110 (m),
1684 (m), 1620 (s), 1593 (m), 1488 (s), 1453 (s), 1441 (s), 1617 (m), 1053 (m) cm . Mass Spec.
(El, +ve mode): exact mass calculated for [CaH30B2F4Ng]", [2M—2H]": 740.2654; exact mass
found: 740.2651; difference: —0.4 ppm.
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