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ABSTRACT

A series of intramolecular, donor-stabilized BF> complexes supported by phenanthridinyl-
decorated, B-ketoiminate chelating ligand scaffolds is described, along with their
characterization by spectroscopy and X-ray diffraction. In solution, the relative orientation
of the pendent phenanthridinyl arm is fixed despite not coordinating to the boron center,
and a well-resolved through-space interaction between a phenanthridinyl C-H and a single
fluorine atom can be observed by ’F-"H NOE NMR spectroscopy. The neutral compounds
are nonetheless only weakly luminescent in fluid solution, ascribed to non-radiative decay
pathways enabled by rotation of the N-heterocyclic unit. Methylation of the
phenanthridinyl nitrogen restricts this rotation, “switching on” comparably strong emission
in solution. Modelling by density functional theory (DFT) and time-dependent DFT
(TDDFT) indicates that the character of the lowest energy excitations changes upon
methylation, with shallow calculated potential energy surfaces of the neutral complexes

consistent with their lack of significant radiative decay.



Introduction

Intramolecular donor-stabilized BF2 complexes, including derivatives of the highly
popular 4,4-difluoro-4-bora-3a,4a-diaza-s-indacenes (BODIPYs; A, Figure 1) and related
diazaborinines, exhibit rich photophysical and electronic properties. Many are intensely
fluorescent, and tunable across much of the visible spectrum and into the near-infrared.
Accordingly, they have found use in a wide range of applications from photosensitization!
to optoelectronics,? as stimuli-responsive materials,®> and in biological applications.*® A
significant amount of effort has been put into developing chemical routes to modify the
chromophoric core of BODIPYs, both through their primary synthesis’ and via
postfunctionalization,® enabling the fine-tuning and improvement of specific properties
that can be tailored for bespoke applications. Beyond BODIPYs, other classes of
difluoroboron-stabilized chromophores have also been developed that attempt to conserve
the desirable characteristics of BODIPY dyes while addressing some of the drawbacks.

These include diazaborinines (B-diiminates; B),’"!! dioxaborinines (B-diketonates; C)!%!3

and asymmetric azaoxaborinines (3-ketoiminates; D, E).
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Figure 1. Selected examples of intramolecular donor-stabilized BF»-chelates.

Diaza- (B) and dioxaborinines (C) represent the two most studied classes of six-
membered  difluoroboron-containing  heterocycles. In comparison, asymmetric
azaoxaborinine analogues containing an N”O-bound BF; motif (E-G) represent an
emerging class of emissive difluoroboron complexes. While these compounds have a

14-16 the potential of these

longer history in photocycloaddition reactions with aryl alkenes,
compounds in materials chemistry is now being realized. In this context, Gardinier and
coworkers have investigated the impact on the electronic structure of difluoroboron
complexes upon mono- and di-substitution of the oxygen-donor atoms with nitrogen,
revealing the intermediacy of the difluoroboron B-ketominates as electron donors and
acceptors compared to symmetric O*O or NN chelates.” Of the various N*O-containing
difluoroboron complexes that have been reported,”!”! considerable attention has been
dedicated to the boranil analogues (D), first reported by Ziessel and co-workers,?° from
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both application?'~2} and theoretical®* points of view.



We recently reported the construction of monoanionic 4-(4-enamino-2-R-
phenanthridinyl)-3-penten-2-one (R = /Bu, CF3) ligand scaffolds bearing benzannulated
phenanthridine (3,4-benzoquinoline) units.>> The incorporation of phenanthridine into f-
ketoimine ligand-supported BF2 adducts has been previously accomplished in the form of
(2)-6-(2-((difluoroboryl)oxy)-2-phenylvinyl)phenanthridines’®  (G).  While = most
difluoroboron B-ketoiminates are at best only weakly emissive in solution,”!® these
complexes show enhanced emission quantum yields, particularly when a strongly electron-
releasing NMe> substituent is attached in the para-position of the phenyl fragment.
Encouraged by these results and intrigued by the potential effects on the electronic structure
and photophysical properties of our ligand platform, we prepared four new difluoroboron
complexes supported by deprotonated 4-(4-enamino-2-R-phenanthridinyl)-3-penten-2-one
ligands. While their neutral BF> chelates are only weakly emissive in fluid solution,
methylation of the pendent phenanthridinyl arm was found to significantly boost emission

from the resulting cation.

RESULTS AND DISCUSSION

Ligand and complex synthesis. To prepare proligands L1 and L2, we followed the
published procedure for the synthesis of L3 and L4.% Briefly, for the new compounds
described here, the acid-catalyzed condensation of 2-methyl?® and 2,6-dimethyl-substituted
4-aminophenanthridines?’ with acetylacetone (Scheme la) was used to construct the
adjoining C-N bond. Inclusion of a CH3 at the 2- and/or 6-positions of the phenanthridinyl
moiety did not significantly impact the overall reaction and the two new proligands were

isolated in similar yields (64-72%) and with sufficient purity to be used without further



purification. All four proligands exhibit similar solution NMR and IR spectra and are
predominantly in the keto-enamine tautomeric form. The presence of electron-releasing
substituents in the 2-position (CH3, L1; Bu, L3) shifts the C=0O stretching and N—-H
bending modes to lower energy in L1 and L3 compared with the electron-withdrawing
CFs-substituent in L4 (vc-o: 1617, 1617 and 1634 cm™ and van: 1569, 1570, and 1579 cm-

!'for L1, L3 and L4 respectively).

a p-tosylic acid
R! (5 mol%)
O OH 4Amol sieves
% Toluene
130 °C, 48 h
-H,0
L1 R'=CH, R2=H
L2 R' = CH,, R2 = CHj
L3R"=1Bu,R2=H
L4R' = CF3, RZ2=H
b £ B Fo i
R? Fp—0 o Ng—o0
BF (O xs NEty N ] +MeOTf YA ]
L1-L4 +Xxs t OTF
3(OFt) Toluene 0 NS 0 NX [OTT]
110°C, 18 h
-[HNEt3][BF,4]
R’ L Bu ]
1R’ =CH R?=H [3Me]OT

2 R' = CHg, R2 = CHy
3R'=Bu, R2=H
4R'=CF; R2=H

Scheme 1. Synthesis of proligands (L1-L4) and their boron difluoride complexes (1-4).

The IUPAC numbering system for phenanthridines is illustrated in italics for the proligands.

L1-L4 were reacted with boron trifluoride diethyl etherate in the presence of excess
base (NEt3) to install a BF, unit (Scheme 1b). Substitution in the 2-position of
phenanthridine (R') had no significant influence on the overall progress of the reaction,

and compounds 1, 3 and 4 were isolable as brown or orange solids in high yields (72-86%).
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A lower yield was observed for 2 (38%), possibly attributable to the presence of a more
sterically demanding CH3 at the 6-position of the phenanthridinyl arm (R?). The isolated
compounds were found to be stable to air and ambient moisture, in solution and the solid-
state, and to protic solvents such as alcohols. Both solution (NMR) and solid-state (ATR-
IR) spectra of the complexes are consistent with ligand deprotonation and binding to boron.
For example, the resonance attributed to the enamine proton in the 'H NMR spectra
(Onm/ppm: L1, 13.53; L2, 13.61; L3, 13.44; L4, 13.72) and the N-H bending mode in the
IR (vnnbend/cm: L1, 1569; L2, 1569; L3, 1570; L4, 1579) are both absent in the spectra
of the complexes. In addition, the CH resonance of the methine group of the ketoenamine
subunit is shifted downfield by ~0.3 ppm. A comparably more minor shift is observed for
the 'H resonance attributed to the CH unit in the 6-position of phenanthridine, with an
average upfield shift of ~0.09 ppm. Our previous studies on coordination complexes
supported by phenanthridine-based ligands typically saw larger shifts in the 'H resonance
of the C¢H (using the [IUPAC numbering highlighted in Scheme 1) upon binding to Lewis
acids such as transition metals, with the shift being dependent on the metal.?® Indeed, Pt(IT)
complexes of L3 and L4 exhibit a more pronounced downfield shift on the C¢H resonance
of ~0.7 ppm.2> The '"H NMR spectroscopy therefore implies that the phenanthridinyl unit
does not associate significantly with the boron center in solution. High-resolution mass
spectrometry of 1-4 supports their formulation as 1:1 ligand-BF2 complexes.

Despite the lack of phenanthridine coordination, no dynamic processes associated,
for example, with rotation about the C4—N bond axis are observed at room temperature by
solution NMR spectroscopy. 'F NMR spectra of 1-4 exhibit two distinct doublet-of-

quartet resonances due to the inequivalence of the fluorine nuclei (Figure 2a). A doublet-



of-doublets is accordingly observed in the ''B NMR spectra, consistent with a rigid BF»
unit. These signals are quite sharp and well-resolved compared to the broad resonances for
BF3(OEt>).?” Most N-aryl-substituted difluoroboron ketoiminates, in comparison, exhibit a
more symmetric boron environment with a single quartet resonance in the 'F NMR and a
triplet resonance in the "B NMR appearing at ~0 ppm.’ Increasing the steric congestion
close to boron through inclusion of substituents ortho to the nitrogen donor (e.g., when X?
= Br in F, Figure 1), however, or any introduction of asymmetry at the N-aryl substituent
does lead to similar patterns in the '°F and !'B NMR spectra, as observed for 1-4.!8 The
inequivalence of the fluorine nuclei in closely related systems (e.g., F)° has been attributed
to the magnetic anisotropy associated with the current of the chelate ring n-system, with F?
experiencing greater shielding (average '°F 6 = -139 ppm) than F! (average '°F § = -130
ppm). Here, the rigid, near-orthogonal arrangement of the phenanthridinyl unit relative to
the azaoxaborinine chelate enables close contact between the hydrogen in the 3-position of
the phenanthridinyl ring and one of the two fluorine nuclei (F'), which can be observed by
YF-TH NOE NMR spectroscopy (Figure 2b), suggesting that this interaction contributes to
the less shielded F resonance frequency of F!. This is highlighted by the strong linear
correlation between the B—F!---CsHPhenanthridinyl distance (obtained from the solid-state
structures) and the '"F resonance frequency of F! (Figure S1), with the shortest
B—F!---C3fphenantbridinyl geparation of the neutral complexes (2) exhibiting the greatest

deshielding in the 'F(F!) resonance frequency.
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[3Me]OTf -128.5 (94, 22) -141.8 (93, 10) 0.9

Figure 2. (a) '°F, "B and (b) ’F-1H NOE NMR spectra and (c) assignments for 1-4 and

[3Me]OTH.

Reacting 3 with methyl trifluoromethanesulfonate (OTf", triflate) resulted in the
selective methylation of the phenanthridinyl nitrogen, generating the N-methylated
phenanthridinium salt [3Me]OTf. A pronounced downfield shift in the CsH resonance of
0.8 ppm is observed, accompanied by a downfield shift of the methine Ci3H resonance by
0.2 ppm compared with 3. In addition, a new methyl 'H resonance appears at 4.63 ppm
(CisH), which is far more downfield than the 'H resonances of the Ci1H (2.35 ppm) and
CisH (2.03 ppm) methyl substituents of the azaoxaborinine chelate ring. The appearance
of a new 'F resonance with the correct integration for OTf™ further supports the structural
assignment, as does the high-resolution mass spectrum.

Methylation also induces steric repulsion between the N-methyl substituent and the

BF> unit, leading to a greater difference between the magnetic environments of the two F



atoms, as indicated by a downfield shift of the signal for F! (3g: -128.5 ppm, [3Me]OTT; cf:
-130.7 ppm, 3) and an upfield shift of that of F? (&g: -141.8 ppm, [3Me]OTT; -138.4 ppm,
3). The more imposing N-Me unit increases the interaction between F' and the
phenanthridinyl C3H in two ways. First, the phenanthridinyl moiety tilts to move the N-Me
unit away from the (N*O)BF> unit, in turn pushing the H atom in the 3-position closer as
illustrated in Figure S2. Second, the boron center unit drops slightly more out of the plane
formed by the ligand, evidenced by changes to the angle between the plane formed by the
N-C-C-C-O ligand backbone and that formed by the N-B-O unit (20.0°, [3Me]*; 13.2°, 3;
ground state equilibrium geometries in CH2Cl, at the SMD-CAM-B3LYP-D3(BJ)/def2-
SVP level of theory). This is accompanied by a slight upfield shift of the !'B resonance
(6("'B): 0.9 ppm, [3Me]OTT; 1.0 ppm, 3). A further consequence is a weaker interaction
between F? and the boron center in solution, as evidenced by a less well-resolved 'Jgr
coupling constant and a broader signal in both "F and !B spectra compared to 3,
suggesting elongation of the B—F bond. The 2Jr coupling constant is also slightly reduced

in [3Me]OTS (3: 2Jkr = 96 Hz; [3Me]OTS: 2/ = 94 Hz).

Solid-State Structures. The nuclearity and binding modes of the complexes in the solid
state were confirmed using single crystal X-ray diffraction (Figure 3a-d). Suitable crystals
of 1, 2, 4 and [3Me]OTf were grown by the slow diffusion of hexanes or pentane vapors
into chloroform solutions. In each structure, the boron center is monomeric and four-
coordinate. Consistent with literature boron complexes supported by ketoiminate
ligands,?>%32 the B-N bonds (1.562 A average) are ~0.09 A longer than the B—O bonds

(1.469 A; Table 1). Compared with symmetric boron diketonates, diketoiminates and
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diiminates,’ the BF> unit is displaced further away from the plane of the chelate ring which
causes the F-B—F angle to become more acute and a downfield shift to the "B NMR
resonance. The C—N and C—O bonds of the chelate ring are shorter and longer across the
series, respectively, than in the solid-state structure of the proligand L.3.2° This suggests a
switch from keto-enamine to enolato-imine tautomeric structure upon deprotonation and
binding to boron (Figure 3e). Solid-state IR spectra support this assignment, which is also
corroborated by DFT-calculated IR spectra [CAM-B3LYP-D3(BJ)/def2-SVP; gas-phase].
For example, the vibrational mode attributable to the C-O stretch shifts to lower energy in
the BF2 complexes compared with the free ligands (ve-o, sween/ cm': L1 1617 vs 1 1397; L2
1615 vs 2 1404; L3 1617 vs 3 1403; L4 1634 vs 4 1524). A similar shift to lower frequency
of the C-O stretch was observed for a series of (N-methyl-1,3-enaminoketonato)boron

difluorides.’3

e
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Figure 3. Solid-state X-ray structures of (a) 1, (b) 2, (c) 4, and (d) [3Me]OTf, with thermal
ellipsoids shown at 50% probability level. Hydrogen atoms, counterion, and co-crystallized
solvents are omitted for clarity. (e) Bonding description highlighting keto-enamine

tautomer in proligand L3 and enolato-imine tautomer in 4.

As concluded in solution, the phenanthridinyl arms are not associated with the
boron centers in the solid state. In each structure, the phenanthridinyl ring is nearly
orthogonal to the plane formed by the B-N-C-C-C-O backbone of the (N*O)BF; unit (1,
86.4°; 2, 81.2°; 4, 87.4°, [3Me]*: 88.7°; Figure S3a). The small variation between the
complexes is likely ascribable to packing effects rather than to any electronic influence of
the substituents, as values for the optimized ground-state geometries of the neutral boron
complexes in the gas phase are predicted to lie within an even narrower range (69-71°),
while the cationic analogue displays a slight decrease relative to the solid-state structure
(81.7°). The (N*O)BF: rings are not completely planar, thanks to the preference of the
four-coordinate boron for a pseudo-tetrahedral geometry, and the boron nucleus lies to one
side of the plane formed by the N-C-C-C-O atoms of the ligand backbone, distinguishing
the two B—F bonds, consistent with the solution-phase assignment described above (Figure
S3b). Analysis of extended interactions in the solid state suggests that this deviation from
planarity is not only influenced by crystal packing, but also by weak intermolecular CH---F
non-covalent interactions®* and intramolecular steric repulsion between the
phenanthridinyl moiety and (N*O)BF; unit (Figures S4-S7). As discussed above, the BF»
unit in each structure leans toward the C11-H unit and away from the C=N subunit, with

B1-F1--C11-H and B1-F2--N1=C1 separations of 2.9 A and 3.4 A, respectively. The
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solid-state structure of [3Me]" shows that both the out-of-plane positioning of the boron
relative to the chelate plane ([3Me]*: 27.7°; ¢f. 1, 25.1°; 2, 20.6°; 4, 12.1°; the BF» “pucker”
angle in Table 1) and the tilting of the phenanthridinyl plane relative to the chelate plane
increase upon N-methylation, resulting from the mutual repulsion between the methyl and
the BF» units, as predicted by the solution NMR data. The B1-F2 bond distance is also
elongated by 0.017 A compared with BI-F1. This is consistent with the smaller 'Jsr and

2Jrr coupling constants measured for [3Me]" compared to 3.

Table 1. Selected bond lengths (A), bond angles (°), and dihedral angles (°) between the

boron difluoride chelate and phenanthridine planes.

Complex 1 2 4 [3Me]*
B1-01 1.467(3) 1.471(4) 1.4698(18) 1.472(5)
BI-N2 1.563(4) 1.558(4) 1.5650(19) 1.558(5)
B1-F1 1.374(3) 1.379(3) 1.3751(19) 1.358(5)
B1-F2 1.376(3) 1.380(3) 1.3841(19) 1.375(5)

O1-BI1-N2 108.6(2) 109.4(2) 109.48(12) 108.5(3)
F1-B1-F2 110.7(2) 110.1(2) 109.86(13) 111.4(3)
O1-BI1-F1 109.5(2) 108.3(2) 109.84(12) 109.3(3)
O1-BI1-F2 108.9(2) 109.8(2) 108.99(12) 109.3(3)
N2-B1-Fl 109.3(2) 110.3(2) 109.78(11) 109.5(3)
N2-B1-F2 109.8(2) 109.0(2) 108.87(12) 108.7(3)
Interplanar angle” 86.4 81.2 87.4 88.7
BF, “pucker’” 25.1 20.6 12.1 27.7

¢ Angle between calculated planes of phenanthridinyl and the (N*O)B chelate ring (see
Figure S3a).

b Angle between N2-C15-C16-C17-O1 and N2-B1-O1 planes (see Figure S3b).

Absorption and Emission Spectroscopy

Compounds 1-3 are pale brown or orange (4) as powders and light yellow in solution.
Solution UV-vis absorption spectra accordingly lack significant absorptive cross-section

in the visible region of the spectrum but contain three notable features in the UV: two
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intense absorptions at ~225 and 300 nm, and a weak but sharp peak on the low-energy edge
of these bands at ~350 nm (Figure 4). Such features have been observed in Pt(I) complexes
with phenanthridinyl-based ligands related to those here.*>-¢ Indeed, a series of relatively
weak but well-resolved bands around 350 nm is typical of the 'Ly m-n* transitions of
azaphenanthrenes including phenathridine.?’° The lowest-energy singlet excited state of
the heterocycles remains similar to that of phenanthrene itself, despite the introduction of
the heteroatom, and its energy is largely insensitive to the local environment. In the present
instance, no significant solvatochromism was observed in the spectrum, consistent with
this assignment. N-Methylation to generate [3Me]OTT results in a red-shift and the

absorption then tails to ~400 nm, consistent with the effect of protonation or N-methylation
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Figure 4. UV-Vis absorption spectra of 1-4 in CH>Cl> at 295 K.
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For complexes 1-4 in deoxygenated dichloromethane, excitation into the lowest energy
manifold (~350 nm) produces only very weak, broad emission in the 360-600 nm region.
The most convincing data were obtained for compound 3 (Figure 5a), with an emission
maximum around 370 nm, resembling fluorescence from phenanthridine itself but lacking
the expected vibrational structure and with a much lower quantum yield (1% versus 19%
for phenanthridine*®). The excitation spectrum of 3 does show reasonable agreement with
the absorption spectrum, but for 1, 2, and 4, the excitation spectra show bands that extend
to longer wavelength than the absorption spectrum. Strikingly, the N-methylated
compound [3Me]OTf is much more brightly emissive, showing a broad, unstructured
emission band centered at 508 nm in deoxygenated CH>Cl> with a quantum yield and
emission decay time of 9 = 2 % and 2.7 + 0.5 ns (Figure 5b), respectively. The absorption
and excitation spectra now show a convincing match. There is no significant change in the
quantum yield or lifetime in air-equilibrated solution compared to the deoxygenated
conditions. The short lifetime and lack of sensitivity to dissolved oxygen point to the
emission being spin-allowed fluorescence from a singlet excited state. The emission is,
however, significantly red-shifted by about 100 nm compared to N-methylated
phenanthridines,*! and thus is unlikely to emanate from a simple phenanthridine-localised
excited state. The emission band shows only a small degree of positive solvatochromism,
being slightly blue-shifted in THF (Amax = 504 nm) and slightly red-shifted in MeCN (Amax
= 514 nm; Figure S8). The quantum yield is reduced relative to that in CH2Cl» in both cases
(1.1 and 1.9 %, respectively).

At 77 K, all five compounds display two sets of vibrational bands, one in the region

360—420 nm and the other roughly between 460—600 nm. These two sets are consistent
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with the fluorescence and phosphorescence bands, respectively, displayed by
phenanthridine at low temperature.*? This assignment is supported by very different
emission decay times (t) of the two sets of bands (9.6 ns and 750 ms, in the case of
[3Me]OTf) corresponding to spin-allowed and formally spin-forbidden transitions
respectively. The lifetimes of the phosphorescence bands of 1, 3 and 4 were similar (1 =
870, 880, 820 ms; the estimated uncertainty is +£10%), whilst that of 2 was a little longer at
1300 ms. Interestingly, the ratio of the integrated intensities of the fluorescence to
phosphorescence bands is much higher for the methylated compound (ratios are
approximately 3.5:1 for [3Me]OTf and 1:4 for 3), which might indicate that the rate of
intersystem crossing (ISC) has been retarded upon methylation. ISC competes with
fluorescence as a deactivation pathway for the singlet state, and thus a reduction in the rate
of ISC may lead to an increase in fluorescence. Meanwhile, a reduction in ISC also limits
the yield of triplet state upon light absorption, lowering the contribution from
phosphorescence. Such an effect might also account, at least in part, for the more intense
fluorescence exhibited by [3Me]OTf at room temperature. However, the earlier conclusion
that the room temperature fluorescence is not solely phenanthridine-based is reinforced by
the large bathochromic shift of the fluorescence by around 5000 cm™ on going from 77 K

to room temperature, much larger than typical rigidochromic effects for aromatics.
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Figure 5. Absorption and emission spectra of (a) 3 and (b) [3Me]OTT.

Electronic Structure Calculations. Density functional theory (DFT) calculations were
carried out on 1-4 and [3Me]" to interpret the characterization data discussed above. Gas-
phase optimizations of all compounds were first performed using the CAM-B3LYP
functional which has been shown to model donor-acceptor complexes containing BF> in
good agreement with experiment.** The structures of 3 and [3Me]" were also optimized
using the solvation model based on density approach** (SMD; CH,Cl,). The structural
metrics so-obtained are in good agreement with the solid-state structures (Table S1), with
the notable exception of the angle between the (N*O)B chelate plane and that of the
phenanthridinyl subunit, which is larger in the solid state likely due to packing effects
Better agreement is obtained for [3Me]* (gas phase DFT, 81.7°; SMD, 81.2°; X-ray, 88.7°).

Energies and isosurfaces of selected ground-state molecular orbitals (MOs) of 3
and [3Me]" are presented in Figure 6 (MO energy level diagrams of 1-4 in the gas phase
are provided as Figure S9). For 1-4, the three lowest energy vacant orbitals have both

phenanthridinyl (LUMO+2/LUMO+1/LUMO: 1, 48/77/78; 2, 50/79/68; 3, 51/74/77; 4,
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37/77/88%) and oxazaborinine (LUMO-+2/LUMO+1/LUMO: 1, 51/22/21; 2, 48/17/28/; 3,
49/24/21; 4, 63/22/10%) character (see Tables S2-S8). The highly electron-withdrawing
CF; substituent in 4 stabilizes the N-heterocyclic fragment, and the LUMO of 4 has the
lowest oxazaborinine and highest phenanthridinyl character of the series. The
phenanthridinyl substituents do not appear to impact the calculated HOMO-LUMO gaps,
mirroring the similarity in Aapsmax for 1-4, while the bathochromic shift to the lowest energy
manifold of [3Me]" compared to 3 is reproduced by computation. As with coordination
complexes of Lewis acidic metal ions supported by phenanthridine-based ligand
scaffolds,**7 the LUMO has particularly localized orbital density at the C=N subunit of
the phenanthridinyl, consistent with ‘imine-bridged biphenyl’ character to the tricyclic
moiety. This is accentuated upon methylation of the phenanthridinyl nitrogen, such that the
LUMO of 3 has 70% phenanthridine character, 21% of which is localized at the C=N sub-
unit, while the comparable numbers for [3Me]" are 94% and 38%. The HOMO and
HOMO-2 also show mixed phenanthridinyl (HOMO/HOMO-2: 1, 63/41; 2, 69/39; 3,
62/40; 4, 35/62) and oxazaborinine character (HOMO/HOMO-2: 1, 34/57; 2, 26/60; 3,
36/59; 4, 64/37). The HOMO-1, in comparison, has dominant phenanthridinyl character
and only a small but non-negligible oxazaborinine contribution in 1-3 which drops to zero
in 4. Solvation has a minor impact on the energies of the MOs and a similar HOMO-LUMO
gap is predicted for 3 in vacuum (6.52 eV) vs. CH2Cl» (6.66 eV). The characters of the
HOMO and HOMO-2, however, are quite different. The oxazaborinine contribution to the
HOMO of 3 decreases from 36% in the gas phase to 6% in CH»Cl,, while a similar decrease
in the phenanthridinyl contribution is observed for the HOMO-2 (vacuum: 40%; CH2Cla:

28%).
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Figure 6. Selected molecular orbitals (SMD-RIJCOSX-rM06-2X/def2-TZVP(-
f)+def2/J//SMD-rCAM-B3LYP-D3(BJ)/def2-SVP; solvent = CH>Cly) of 3 and [3Me]*

(isovalue = 0.04) and their relative energies.

Comparing 3 with its N-methylated congener [3Me]", the HOMO and LUMOs of
the two complexes have somewhat inverted character. In 3, the HOMO has dominant
(89%) phenanthridinyl character, while the LUMO has mixed (70:29%)
phenanthridinyl/(N*O)B character. In [3Me]*, the LUMO has dominant (94%)
phenanthridinyl  character, while the HOMO has more mixed 83:15
phenanthridinyl/(N*O)B chelate character. Overall, methylation enhances the

phenanthridinium character to both frontier orbitals, which leads to the lowest energy

19



transitions of this compound being of n-n* local excitation (LE) character, consistent with
the lack of pronounced solvatochromism.

TDDFT simulations were then conducted for 3 and [3Me]* both in vacuum and
CH:Cl: (Figures S10-S13). These calculations reveal that the major transitions responsible
for the UV-Vis absorption spectrum of 3 present significant mixed character due to
configuration interactions and cannot be fully attributed to HOMO-LUMO transitions.
Electron-hole difference density maps (Figures S14-S15) of the three dominant (fosc > 0.01)
transitions of 3 all indicate oxazaborinine—phenanthridine charge-transfer character.
Accordingly, we calculate a significant change in the dipole moment relative to the ground-
state for each of these excited-states (Au (CH2Clz): S1 9.5 D, S; 10.2 D, S4 9.8 D). In
comparison, the lowest energy transitions calculated for [3Me]" have much more
significant locally excited m-n* character originating from the redistribution of electron
density within the phenanthridinyl moiety. The calculated change in dipole moment is
accordingly smaller (Au (CH2Clz): S15.7 D, S» 7.5 D).

While the excitations associated with the lowest energy absorption of 3 and [3Me]*
are therefore clearly different, they are not so distinct as to explain the ‘switching-on’ of
emission in the methylated congener. We therefore proceeded to examine the potential
energy surfaces (PES) of the ground-state, two lowest-lying excited singlet states (S; and
S»), and lowest-lying excited triplet state (T1) of 3 by scanning about the phenanthridinyl-
oxazaborinine dihedral along the C-N bond adjoining these units and allowing for
molecular relaxation after each rotation (Figure S16, gas-phase; Figure S17, CH>Cl,). Gas
phase and solution scans gave similar results, so we limit our discussion to the solution

PES. Two minima are observed in the ground state with an associated transition energy of
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1.4-1.7 eV. The rotation about the C-N bond connecting the phenanthridinyl and
oxazaborinine units involves a transition state where the phenanthridinyl and (N*O)B ring
planes approach co-planarity, causing the geometry at the (N*O) nitrogen to become less
planar in order to minimize unfavorable steric repulsion between the two fragments. The
steep descent from the maxima indicates a discontinuity which could be from BF;
dissociation from the ligand — this may provide a pathway for non-radiative decay.

The excited singlet (S1, S2) and triplet (T1) states show multiple shallow minima
which more or less coincide with the maxima of the ground state PES of 3. These minima
are defined by reduced planarity at the (N*O) nitrogen atom, such that the phenanthridine
and (N*O)BF> units hinge about this atom. Such ‘butterfly modes’ have been invoked in
formazanate ligand BF, complexes to explain non-emissive excited states.*® The PES of
the excited singlet and triplet states exhibit several energetically close structures which
could facilitate rapid intersystem crossing (ISC) to the low-lying excited triplet state
through vibronic coupling and may explain the observed ratio of the integrated intensities
of the fluorescence to phosphorescence bands in 3 (1:4). Methylation rigidifies [3Me]*
compared to 3 and likely increases the barrier associated with the rotation about the
phenanthridine-oxazaborinine connecting C-N bond. If ISC from S; to T; requires a change
in geometry as described above, this rigidification may serve to inhibit ISC. Indeed, at 77
K, the fluorescence:phosphorescence ratio observed for [3Me]" has increased to 3.5:1. The
similarity of the orbital characters of the S; and S, states (‘n-n*) and the T, state (*n-n*)
could similarly disfavor ISC. In comparison, in 3, we find more pronounced difference in
the characters of the low-lying excited singlet states compared with the triplet state. While

the excited singlet states of 3 exhibit some CT character, the triplet state is predominantly
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phenanthridinyl n-n* character (Figure S18). As per El-Sayed’s rule,* differences in the
orbital characters between the low-lying excited singlet and triplet states should enhance
spin-orbit coupling between these states and facilitate efficient ISC. This also could
contribute to the increased quantum yield in [3Me]OTf compared to 3 in fluid solution.
Furthermore, the anomalous excitation spectra of 1-4 with respect to their UV-Vis
absorption spectra can be explained in light of the shallow PES of the excited states.
Closely related oxazaborinines exhibit extremely weak emission in solution but become
emissive in the solid-state.”!® Restriction of such motions as described above in the solid-
state could explain the increased emission. Complexes 1-4 do not emit in the solid-state,
likely due to aggregation-induced quenching, but they are emissive in frozen glass at 77 K
as discussed earlier. The spin density of the T, states of 3 and [3Me]" (Figures S18-S19)
indicates phenanthridinyl n-n* character to both, in line with our earlier interpretation of

phenanthridine-like fluorescence and phosphorescence.
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Conclusions

In this work, we present a series of four intramolecular, donor-stabilized BF, complexes
supported by phenanthridinyl-decorated B-ketoiminate chelating ligand scaffolds. The
complexes are characterized in solution using multinuclear NMR and IR spectroscopy, and
in the solid-state by X-ray diffraction. In solution, the relative orientation of the pendent
phenanthridinyl arm is fixed despite not coordinating to the boron center, and a well-
resolved through-space interaction between a phenanthridinyl C-H and a single fluorine
atom can be observed by "F-'"H NOE NMR spectroscopy. Despite this fixed orientation,
the neutral compounds are only weakly emissive in fluid solution, ascribed to non-radiative
decay pathways enabled by rotation of the N-heterocyclic unit. Methylation of the
phenanthridinyl nitrogen restricts this rotation and switches on comparably strong emission
in solution. At low temperature, emission from 3 and its methylated congener [3Me]OTf
is similar but with key differences in the relative amounts of fluorescence and
phosphorescence, supporting the proposed role for increased molecular rigidity and the
influence of methylation on the rate of ISC. The calculated potential energy surfaces of the
neutral complexes are accordingly quite shallow. Density functional theory (DFT) and
time-dependent DFT (TDDFT) modelling indicates that the character of the lowest energy
excitations changes upon methylation, accentuating phenanthridine character to the frontier
orbitals and inhibiting intersystem crossing which helps boost emission from spin-allowed

singlet excited states.
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Experimental Section

General Considerations

Air-sensitive manipulations were carried out in an N»-filled glove box or using standard
Schlenk  techniques under Ar.  6-Iodo-4-methyl-2-nitroaniline,?®  4-amino-(2-
methyl)phenanthridine,?® L3% and L4%° were synthesized according to literature
procedures. 2-Acetylphenylboronic acid (Combi-Blocks), acetylacetone (Sigma-Aldrich),
p-toluenesulfonic acid monohydrate (Sigma-Aldrich), boron trifluoride diethyl etherate
(Alfa Aesar) and other common reagents were purchased from commercial suppliers and
used without further purification. Organic solvents were dried and distilled using
appropriate drying agents. 1- and 2D NMR spectra were recorded on a Bruker Avance 300
MHz spectrometer or a Bruker Avance 500 MHz spectrometer. Structural assignments
were made with additional information from gCOSY, gHSQC, and gHMBC experiments.
'H and PC{'H} NMR spectra were referenced to residual solvent peaks. High resolution
mass spectra were recorded using a Bruker microOTOF-QIII. Attenuated total reflectance
infrared spectroscopy (ATR-IR) was collected using a Bruker Invenio R FTIR or a Perkin
Elmer Spectrum Two FTIR spectrometer. X-ray crystal structure data was using collected
on a Bruker D8 QUEST ECO diffractometer from multi-faceted crystals of suitable size
and quality selected from a representative sample of crystals of the same habit using an
optical microscope. In each case, crystals were mounted on MiTiGen loops and data
collection carried out in a cold stream of nitrogen (150 K; Mo Ko radiation). All
diffractometer manipulations were carried out using Bruker APEX3 software.’° Structure

solution and refinement was carried out using XS, XT and XL software, embedded within
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OLEX2.! For each structure, the absence of additional symmetry was confirmed using
ADDSYM incorporated in the PLATON program.>
Synthesis
2,6-Dimethyl-4-nitrophenanthridine: A Teflon-stoppered flask 7 e,
was charged with Pd(PPhs)s (1.05 g, 0.913 mmol), 2-iodo-d- "¢ 1\\<‘:§6b*<|:sf o
Cs_ _~Cia ~Co_
methyl-6-nitroaniline (5.06 g, 18.2 mmol), 2-acetylphenylboronic 1‘;‘; 2 N Cro
acid (3.59 g, 21.9 mmol), Na,COs3 (6.76 g, 63.8 mmol), 1,2-dimethoxyethane (80 mL), and
water (70 mL). The biphasic mixture was refluxed for 16 h in an oil bath set to 130 °C,
after which the mixture was cooled and the organic solvent evaporated in vacuo. The crude
product was extracted from the isolated aqueous fraction with CH>Cl, (2 x 75 mL) and
isolated as a brown solid after evaporation of CH>Cl.. A spectroscopically pure, brown
solid was isolated after stirring overnight in methanol at room temperature. A
spectroscopically pure, brown solid was isolated following stirring in methanol at room
temperature. Isolated yield = 3.05 g (75%). '"H NMR (CDCls, 500 MHz, 25 °C): 6 8.48 (d,
Jun = 8.3 Hz, 1H; C10H), 8.35 (s, 1H; C1H), 8.15 (d, Jun = 8.0; C7H), 7.82 (ddd, Jun = 8,6,
7.6, 1.3 Hz, 1H; CoH), 7.70 (ddd, Jun = 8.7, 7.7, 1.3 Hz, 1H; CsH), 7.67 (s, 1H; C3H), 2.95
(s, IH; Ci2H), 2.60 (s, 1H; C11H). BC{'H} NMR (CDCl3, 125 MHz, 25 °C): § 160.9 (Cs),
148.8 (C4), 135.5 (Caa), 133.4 (Cea), 131.1 (Coand Cep), 128.5 (Cs), 126.8(C7), 126.2 (Cap),
125.1 (Cz), 125.0 (Cy1), 123.1 (C3), 122.5 (Ch0), 23.7 (C12), 21.7 (C11). HR-MS (APCI-TOF)
m/z: [M + H]" caled for [C15H12N202]" 253.0972; Found 253.0977.

4-Amino-2,6-dimethylphenanthridine: 2,6-dimethyl-4- \
C11\C/C1\\ Cebx
o

Cs ~Csa ~-Cs
\04/ a\N/ ~

nitrophenanthridine (3.65 g, 14.5 mmol), hydrazine hydrate (18.5

mL), formic acid (2.5 mL), and zinc (1.89 g, 28.9 mmol) were NH,
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refluxed for 16 h in MeOH (90 mL). After cooling to room temperature, the mixture was
vacuum-filtered to give a yellow solution, which was concentrated in vacuo. The product
was isolated after addition of water into the concentrated solution. Brown solid. Isolated
yield = 3.01 g (94%). The isolated product was used without further purification. '"H NMR
(CDCls, 500 MHz, 25 °C): & 8.55 (d, Jun = 8.5 Hz, 1H; Ci0H), 8.16 (d, Jun = 8.5 Hz, 1H;
C7H), 7.77 (ddd, Jun = 8.7 Hz, 7.7 Hz, 1.6 Hz, 1H; CoH), 7.61-7.68 (overlapping s and m,
2H; C1H and CsH), 6.83 (s, 1H; C3H), 5.07 (br s, 2H; NH) 3.00 (s, 1H; Ci2H), 2.50 (s, 1H;
Ci1H). BC{'H} NMR (CDCls, 125 MHz, 25 °C): 8 154.7 (Cs), 143.9 (Ce), 136.9 (C2),
132.8 (Cep), 130.9 (C4), 130.1 (Co), 127.0 (Cs), 126.5 (C7), 126.3 (Céa), 124.2 (Csa), 122.9
(Cio), 113.0 (C3), 110.8 (C1), 23.3 (C12), 22.4 (C11). HR-MS (APCI-TOF) m/z: [M + H]"

calcd for [C1sH1aN2]" 223.1230; Found 223.1237.

i idi Cr__C 0w__C
4-(4-Enamino-2-methylphenanthridinyl)-3-penten-2-one (‘3‘8/ g?é s\m‘l %‘cﬁ 15
9. ~Cep _C4 N ~Cy3
Co Cw” ¢ ¢y

(L1): A Teflon-stoppered flask was charged with (4-amino-2-
methyl)phenanthridine (1.00 g, 4.80 mmol), acetylacetone (1.5 ‘
mL, 15 mmol), 4-toluenesulfonic acid monohydrate (0.0459 g, 0.241 mmol) and 4 A
molecular sieves (7 g). The mixture was sealed and stirred at reflux for 48 h in an oil bath
set to 130 °C. The reaction mixture was cooled and filtered, and the filtrate concentrated to
give a dark brown viscous oil. The product was precipitated as a brown solid by addition
of diisopropylether (20 mL) and isolated by filtration, giving a spectroscopically pure
product which could be used without further purification. Isolated yield = 1.00 g (72 %).
'"HNMR (CDCl3, 300 MHz, 25 °C): 8 13.53 (b s, 1H; NH), 9.29 (s, 1H; CsH), 8.55 (d, *Jun
= 8.2 Hz, 1H; Ci0H), 8.06 (s, 1H; C1H), 8.04 (dd, *Jun = 8.1 Hz, *Jun= 0.6 Hz, 1H; C7H),

7.69 (m, 1H; CsH), 7.83 (m, 1H; CoH), 7.34 (d, “Ju = 1.1 Hz, 1H; C3H), 5.33 (s, 1H; C13H),
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2.59 (s, 3H; Ci6H), 2.26 (s, 3H; C11H), 1.18 ppm (s, 9H; Ci5H). BC{'H} NMR (CDCl3, 75
MHz, 25 °C): § 196.4 (C1a), 158.2 (C12), 151.9 (Cs), 137.2 (Cs), 136.7 (Csa), 135.7 (C2),
132.2 (Cap), 130.9 (Cy), 128.9 (C7), 127.7 (Cs), 126.8 (Céa), 124.8 (Ceb), 122.2 (Cr0), 121.6
(C3), 117.5 (C1), 100.1 (C13), 29.6 (C15), 22.6 (Ci6), 21.4 ppm (C11). IR (ATR): Vinax 3100-
2800 (C-H stretch, broad, w), 1617 (C=O0 stretch, sharp, m), 1569 cm™' (N-H bend, sharp,
s). HRMS (APCI-TOF) m/z: [M + H]" calcd for [C19H1sN20]" 291.1942; Found 291.1493.
4-(2,6-Dimethyl-4-enaminophenanthridinyl)-3-penten-2-one G

(L2): The above procedure was followed using 2,6-dimethyl-4- T Lood
aminophenanthridine (1.00 g, 4.50 mmol), acetylacetone (1.4 Ciy s Cn
mL, 14 mmol), 4-toluenesulfonic acid monohydrate (0.0470 g,

0.247 mmol), and 4 A molecular sieves (7 g) in toluene (10 mL). Brown solid. Isolated
yield = 0.929 g (68 %). 'H NMR (CDCl3, 300 MHz, 25 °C): 8 13.59 (b s, 1H; NH), 8.50
(d, *Jun = 8.2Hz, 1H; Ci0H), 8.15 (dd, *Jun = 8.3Hz, “Jun = 0.8 Hz, 1H; C7H), 7.92 (s, 1H;
CiH), 7.75 (m, 1H; CoH), 7.63 (m, 1H; CsH), 7.329 (d, *Jun = 1.1Hz, 1H; C3H), 5.33 (s,
1H; Ci3H), 3.08 (s, 3H; Ci7H), 2.52 (s, 3H; Ci6H), 2.29 (s, 3H; C11H), 2.17 ppm (s, 3H;
CisH). BC{'H} NMR (CDCl3, 75 MHz, 25 °C): 196.0 (C14), 157.4 (C12), 157.0 (Cs), 136.7
(C2), 135.6 (Cap), 133.6 (C4), 132.1 (Céa), 130.3 (Cs), 127.4 (Co), 126.6 (C7), 126.2 (Ceb),
124.2 (C4a), 122.6 (C10), 119.9 (C3), 116.6 (C1), 100.4 (Ci13), 29.7 (C15), 23.9 (C17), 22.6
(C16), 21.8 (C11). IR (ATR): vmax 3100-2800 (C-H stretch, broad, w), 1615 (C=0 stretch,
narrow, m), 1569 cm'! (N-H bend, narrow, s). HRMS (APCI-TOF) m/z: [M + H]" calcd

for [C20H20N20]" 305.1648; Found 305.1644.
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Complex 1: In a Teflon-stoppered flask, triethylamine (148 Cr—Cq

g, 344 mmol) and boron trifluoride diethyl etherate (217 uL, B\F © G

1.76 mmol) in toluene (11 mL). The mixture was heated to reflux in an oil bath set to 110°C
for 16 h. A precipitate was observed to gradually form over this time. The resultant
suspension was then cooled to room temperature. Addition of CH2Cl> (approximately 25
mL) re-dissolved the precipitate, and the mixture was then washed with deionized water (2
x 25 mL) and 2 M HCI (2 x 25 mL). The organic layer was separated, filtered over Celite,
and dried in vacuo. The resulting solid was re-dissolved in minimal CH>Cl> and
precipitated by addition of MeOH, followed by ice-cold water. The precipitate was filtered
over Celite, then isolated using CH>Cl,. The solution was dried over Na;SO4 and dried in
vacuo to isolate a light brown solid. Isolated yield = 84 g (72 %). 'H NMR (CDCls, 300
MHz, 25 °C): § 9.22 (s, 1H; CeH), 8.59 (d, *Jun= 8.2 Hz, 1H; C10H ), 8.39 (s, 1H; C1H),
8.02 (d, *Jun = 7.9 Hz, 1H; C7H), 7.86 (m, 1 H; CoH), 7.71 (m, 1H; CsH), 7.64 (s, 1 H;
C3H), 5.65 (s, 1 H; Ci3H), 2.65 (s, 3 H; Ci5H), 2.25 (s, 3 H; Ci5H), 1.87 ppm (s, 3 H; C11H).
BC{'H} NMR (CDCls, 75 MHz, 25 °C): 6 176.9 (C14), 173.1 (C12), 153.4 (Cs), 137.9 (Cs),
137.5 (C1a), 137.2 (C2), 132.2 (Cap), 131.3 (Cv), 128.9 (C7), 128.0 (Cs), 127.9 (C3), 126.6
(Céa), 125.2 (Cep), 122.4 (C1), 122.2 (C10), 99.0 (C13), 23.2 (C15),22.1 (C15), 21.8 ppm (C11).
F NMR (CDCls, 282 MHz, 25 °C): § -129.9 (dq, 2Jrr = 96, 'Jrs =20 Hz, 1F; BF'), -139.4
ppm (dq, 2Jrr = 95, Jrs =11 Hz, 1F; BF?). "B NMR (CDCls, 160 MHz, 25 °C): § 1.0 ppm
(dd, 'Jgr= 11 Hz, 20 Hz). IR (ATR): v 3100-2800 (C-H stretch, broad, w), 1614 (C13=N
stretch, narrow, m), 1534 (C14=C;is stretch, narrow, m), 1397 (Ci5—O stretch, narrow, m),

1325 (C12—H and Ci6—H bend, narrow, m), 1260 cm™' (B—F stretch, Ce—H and C3—H bend,
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narrow, m). HR-MS (APCI-TOF) m/z: [M + Na]" calcd for [C19H17N2OBF2Na]* 361.1298;
Found 361.1311.
Complex 2: Following the procedure described above, triethylamine (142 L, 1.02 mmol)

was added to a stirring solution of L2 (0.100 g, 329 mmol) and boron trifluoride diethyl

etherate (207 uL, 1.68 mmol) in toluene (10 mL) and heated to CQZ: //CH%\B
N// G‘C\Ga ] /Cg
reflux in an oil bath set to 110°C for 16 h. Brown solid. Isolated C//cﬁ;cgfﬂ /\043- C/Cﬁb‘Cw
L 14 N—¢C’ B \4b
O LF2 & G
yield = 44 mg (38 %). 'H NMR (CDCl;, 300 MHz, 25 °C): 3 d Ca\cg
F Cie

8.61 (d, Jun = 8.2 Hz, 1H; Ci0H), 8.33 (s, 1 H; C1H), 8.18 (d, *Jun= 8.1 Hz, 1H; C:H),
7.83 (m, 1 H; CoH), 7.69 (m, 1 H; CsH ), 7.62 (s, 1 H; C3H), 5.63 (s, 1 H; C13H ), 2.93 (s,
3H; Ci7H), 2.63 (s, 3 H; Ci16H ), 2.26 (s, 3 H; C1sH ), 1.88 ppm (s, 3 H; Ci1H). BC{!H}
NMR (CDCls, 75 MHz, 25 °C): 6 176.2 (C1a), 173.1 (C12), 158.5 (Cs), 137.0 (Cs, Csa),
136.1 (C2), 132.2 (Cap), 130.5 (Co), 127.7 (Cs), 127.5 (C3), 126.6 (C7), 126.1 (Csa), 124.7
(Cev), 122.6 (Chro), 122.1 (C1), 98.9 (C13), 23.9 (C17), 23.1 (C15), 22.1 (C16), 22.0 ppm (C11).
F NMR (CDCls, 282 MHz, 25 °C): 8 -129.0 (dq, 2Jrr =95, \Urs =21 Hz, 1F; BF"), -141.4
ppm (dq, 2Jrr = 95, Jrg = 10 Hz, 1F; BF?). ''B NMR (CDCls, 160 MHz, 25 °C): § 1.0 ppm
(dd, 'Jsr= 10, 21 Hz). IR (ATR): v 3100-2800 (C-H stretch, b, w), 1620 (C14=N stretch, n,
m), 1540 (Ci5=Cis stretch, n, m), 1404 (C16—O stretch, n, m), 1326 (C13—H and C;7—H bend,
n, m), 1261 ecm™! (B-F stretch, n, m). HRMS (APCI-TOF) m/z: [M + H]" calcd for
[C20H20N20BF2]" 353.1635; Found 353.1652.

Complex 3: Triethylamine (130 xL, 0.932 mmol) was added Cr—c

. . . /C
to a stirring solution of L3 (0.100 g, 301 mmol) and boron 015\0513*01@” GGy
O\ L2 \é3 ek

trifluoride diethyl etherate (189 xL, 1.53 mmol) in toluene (9 L \Ci P
Cie
AN
mL) and heated to reflux in an oil bath set to 110°C for 16 h. Crr
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A spectroscopically pure brown solid was isolated. Isolated yield = 88 mg (76 %). 'H NMR
(CDCl3, 300 MHz, 25 °C): § 9.23 (s, 1H; CsH), 8.64 (d, *Jun = 8.3 Hz, 1H; CioH), 8.58 (s,
1 H; CiH), 8.01 (d, *Jun = 7.9 Hz, 1 H; C7H ), 7.87 (overlapped m, 2 H; C3H and CoH),
7.70 (m, 1 H; CsH ), 5.65 (s, 1 H; Ci3H ), 2.25 (s, 3 H; Cu1H), 1.87 (s, 3 H; Ci15H ), 1.51
ppm (s, 9 H; Ci7H). BC{'H} NMR (CDCl3, 75 MHz, 25 °C): & 176.7 (C14), 173.1 (C12),
153.6 (Cs), 150.2 (C2), 137.9 (C4), 137.3 (Csa), 132.5 (Cap), 131.3 (Cs), 129.0 (C7), 127.9
(Co), 126.5 (Csa), 124.9 (C3), 124.7 (Ceb), 122.0 (C1o), 118.3 (C1), 99.0 (C13), 35.5 (Cie),
31.5 (C17), 23.1 (C15), 21.8 ppm (C11)."F NMR (CDCl3, 282 MHz, 25 °C): 8 -130.7 (dq,
2Jrr = 96, 'Jrs = 18 Hz, 1F; BF'), -138.4 ppm (dq, Jrr = 96, Jrs = 11 Hz, 1F; BF?). ''B
NMR (CDCl3, 160 MHz, 25 °C): 4 1.0 ppm (dd, 'Jzr= 12, 19 Hz). IR (ATR): v 3100-2800
(C-H stretch, b, w), 1617 (C14=N stretch, n, m), 1537 (C15=C;e¢ stretch, n, m), 1403 (Cis—O
stretch, n, m), 1328 (C13-H and C,7—H bend, n, m), 1261 cm™ (B—F stretch, Ce—H and C3—
H bend, n, m). HRMS (APCI-TOF) m/z: [M + H]" calcd for [C22H24N20BF>]" 381.1948;

Found 381.1969.

Complex 4: Triethylamine (125 x«L, 0.900 mmol) was added o FT%
N// G\C\Ga ) /Cg
to a stirring solution of L4 (0.100 g, 290 mmol) and boron 015\(3;%13'02211 /\C4a:c\fbc e
O\B//NF? \‘é b
trifluoride diethyl etherate (183 xL, 1.48 mmol) in toluene (9 | 3\C< E
F e
F7ON
mL) heated to reflux in an oil bath se t to 110°C for 16 h. A Fe

spectroscopically pure orange solid was isolated. Isolated yield = 98 mg (86%). 'H NMR
(CDCl3, 300 MHz, 25 °C): 8 9.32 (s, 1 H; CeH), 8.83 (s, 1 H; C1H), 8.56 (d, *Jun = 8.3 Hz,
1 H; Ci0H ), 8.03 (overlapped m, 2 H; C3H and C7H), 7.89 (m, 1 H; CsH ), 7.74 (m, 1 H;
CoH ), 5.70 (s, 1 H; C13H), 2.26 (s, 3 H; CisH ), 1.87 ppm (s, 3 H; Ci1H). BC{'H} NMR

(CDCls, 75 MHz, 25 °C): 8 178.0 (C14), 173.5 (C12), 156.4 (Cs), 141.2 (Cs), 138.7 (C»),
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138.0 (Céa), 132.3 (Cs), 132.0 (Caa), 129.2 (C7), 129.1 (Cy), 129.1 (Capv) 126.5 (Cop), 122.8
(q, *Jer = 3.2 Hz; C3), 122.1 (Ch0), 120.4 (q, “Jcr = 4.1 Hz; C1), 99.2 (C13), 23.2 (C11), 21.8
ppm (Cis). ’F NMR (CDCls, 282 MHz, 25 °C): § -61.7 (s, 3F; C11F®), -129.8 (dq, *Jrr=
94, 'Jrg = 19 Hz, 1F; BF"), -138.1 ppm (dq, %Jrr = 95, 'Jrs =11 Hz, 1F; BF?). ''B NMR
(CDCl3, 160 MHz, 25 °C): 4 1.0 ppm (dd, 'Jsr= 12, 19 Hz). v 3100-2800 (C-H stretch, b,
w), 1616 (C14=N stretch, n, m), 1538 (C15=Cjs stretch, n, m), 1524 cm™!' (C16-O stretch, n,
m). HRMS (APCI-TOF) m/z: [M + H]" calcd for [Ci19H1sN2OBFs]* 393.1196; Found
393.1213.

[3Me]OTf: Methyl trifluoromethanesulfonate (10.0 uL, 88.4 Sug0.cr,

Cis ® Co—cZ,
\N// \6a

umol) was added to a stirring solution of 3 (0.0305 g, 80.2 015\025”"‘33,3\ CaaCp
O£ C\é %
3—C.
umol) in CH2Clz (3 mL) at room temperature. After overnight L <c -
N
Ci7

stirring, the solvent was evaporated, and the brown residue was
subjected to repeated recrystallization (3x) via vapor diffusion of pentane into a CHCl;3
solution to afford a spectroscopically pure product. Beige crystalline solid. Yield=0.0119
g (27%). '"H NMR (CDCl3, 300 MHz, 25 °C): 8 10.01 (s, 1H; CsH), 8.84 (d, “Jun = 2.3 Hz,
1H; C1H), 8.79 (d, *Juu = 8.4 Hz, 1H; C10H), 8.60 (d, *Jun = 8.4 Hz, 1H; C;H ), 8.31 (ddd,
3Jun = 8.8, 7.6 Hz, “Jun = 1.4 Hz, 1H; CoH ), 8.00 (m, 1H; CsH ), 7.92 (s, 1H; C3H), 5.87
(s, 1H; Ci3H), 4.63 (s, 3H; Ci1sH ), 2.35 (s, 3H; Ci1H), 2.03 (s, 3H; CisH), 1.53 ppm (s,
9H; Ci7H ). BC{'H} NMR (CDCl3, 125 MHz, 25 °C): § 181.7 (Ci4), 175.1 (C12), 159.1
(Cs), 154.5 (1), 138.7 (Cy), 135.1 (Caa), 133.9 (C7), 132.0 (C3), 131.7 (Cap), 131.0 (C3),
128.9 (C4), 128.3 (Csp), 124.2 (Csa), 122.7 (C10), 120.9(C1), 100.8 (C13), 51.0 (C1s), 31.1
(C17), 23.6 (Cis), 22.4 (C11) ppm.'F NMR (CDCl3, 282 MHz, 25 °C): § -78.4 (s, 3F;

SO;CF3), -128.5 (dq, 2Jrr = 94 Hz, 'Jrs = 22 Hz; 1F; BF"), -141.8 ppm (d, 2Jrr = 93 Hz,
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IJrs = 10 Hz; 1F; BF?). "B NMR (CDCls, 160 MHz, 25 °C): § 0.9 ppm (d, /g = 22, 10

Hz). HRMS (ESI-TOF) m/z: [M]" caled for [C23HasN20BF2]* 395.2105; Found 395.2120.

Crystal Structure Data

Crystal structure data for 1 (CCDC 2097101): X-ray quality crystals were grown from
vapour diffusion of chloroform with hexanes as the non-solvent. Crystal structure
parameters: Orange blocks; CioH17BF2N>O 338.15 g mol™!, orthorhombic, space group
Fdd2;a=19.2122(6) A, b=42.8928(13) A, c=7.8535(3) A, a =B=y=90°, V =6471.8(4)
A3 Z =16, peaca = 1.388 g cm™3; crystal dimensions 0.480 x 0.200 x 0.050 mm; 20max =
61.128°; 49800 reflections, 4954 independent (Rine = 0.0617), intrinsic phasing; p = 0.101
mm!, absorption correction semi-empirical from equivalents (SADABS); refinement

(against Fo?) with SHELXTL V6.1, 229 parameters, 1 restraints, R; = 0.0532 (I > 20) and

wR2 = 0.1172 (all data), Goof = 1.094, residual electron density 0.25/—0.26 A3,

Crystal structure data for 2 (CCDC 2097102): X-ray quality crystals were grown from
vapour diffusion of chloroform and hexanes. Crystal structure parameters: Orange plates;
C20H19BF2N>0 352.18 g mol™!, orthorhombic, space group Fdd2; a = 20.9666(9) A, b =
43.2401(18) A, c=7.8041(3) A, a =B =y =90°, V =7075.2(5) A%, Z = 16, pcatca = 1.323
g cm?; crystal dimensions 0.440 x 0.110 x 0.030 mm; 20max = 55.392°; 48959 reflections,
4144 independent (Rint = 0.0728), intrinsic phasing; p = 0.096 mm™!, absorption correction
semi-empirical from equivalents (SADABS); refinement (against F,?) with SHELXTL
V6.1, 239 parameters, 1 restraints, R; = 0.0431 (I > 20) and wR> = 0.0929 (all data), Goof

= 1.059, residual electron density 0.19/-0.22 A=,
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Crystal structure data for 4 (CCDC 2097104): X-ray quality crystals were grown from
vapour diffusion of chloroform and hexanes. Crystal structure parameters: Orange blocks;
C19H14BFsN>O 392.13 g mol™!, monoclinic, space group P2i/c; a = 10.3312(3) A, b =
12.1157(4) A, ¢ = 13.6022(4) A, a. =y =90°, B =90.3410(10)°, V = 1702.55(9) A3, Z = 4,
Pealed = 1.530 g cm3; crystal dimensions 0.470 x 0.410 x 0.250 mm; 20max = 72.786°; 74965
reflections, 8277 independent (Rin= 0.0578), intrinsic phasing; u=0.132 mm™!, absorption
correction semi-empirical from equivalents (SADABS); refinement (against F,%) with
SHELXTL V6.1, 255 parameters, 0 restraints, R; = 0.0696 (I > 25) and wR> = 0.1786 (all

data), Goof = 1.045, residual electron density 0.51/-0.37 A=,

Crystal structure data for [3Me]OTf (CCDC 2097103): X-ray quality crystals were grown
from vapour diffusion of pentane into a chloroform solution. Crystal structure parameters:
Colourless needles; C2sH27BCI3FsN204S 663.70 g mol ™!, monoclinic, space group P21/n;
a=14.6473(8) A, b=7.2455(4) A, c = 28.3346(15) A, a =y =90°, B = 97.785(2)°, V =
2979.4(3) A3; Z =4, peatca = 1.480 g cm3; crystal dimensions 0.80 x 0.20 x 0.07 mm; 20max
=52.730°; 64607 reflections, 6051 independent (Rine= 0.0598), intrinsic phasing; p = 0.444
mm™!, absorption correction semi-empirical from equivalents (SADABS); refinement

(against Fo?) with SHELXTL V6.1, 376 parameters, 0 restraints, R; 0.0799 (I > 2c) and

wR2 = 0.2174 (all data), Goof = 1.052, residual electron density 1.919/-0.548 A3,

UV-Vis Absorption and Luminescence Measurements. Absorption spectra were
measured on a Biotek Instruments XS spectrometer, using quartz cuvettes of 1 cm

pathlength. Steady-state luminescence spectra were measured using a Jobin Yvon
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FluoroMax-2 spectrofluorimeter, fitted with a red-sensitive Hamamatsu R928
photomultiplier tube; the spectra shown are corrected for the wavelength dependence of
the detector, and the quoted emission maxima refer to the values after correction. Degassed
samples for emission measurements were contained within quartz cuvettes of 1 cm
pathlength modified with appropriate glassware to allow connection to a high-vacuum line.
Degassing was achieved via a minimum of three freeze-pump-thaw cycles whilst
connected to the vacuum manifold. Luminescence quantum yields were determined using
quinine sulfate in 1M H,SO,(aq) as the standard (® = 0.546).3 Fluorescence lifetimes were
measured, where possible, by time-correlated single-photon counting following excitation
at 374 nm with a pulsed-diode laser. The emitted light was detected at 90° using a Peltier-
cooled R928 PMT after passage through a monochromator. Phosphorescence lifetimes at
77 K were measured following excitation with a microsecond-pulsed xenon lamp and

detection using the same PMT operating in multichannel scaling mode.

Computational Details. Optimizations and PES scans were performed using Gaussian 16
Rev.C01°4, while single points were carried out using Orca ver. 4.2.1.% Restricted and
unrestricted Kohn-Sham density functional theory (DFT) were carried out on close-shell
('So,eq) and open-shell species (*Tieq), respectively. The ground state and lowest excited
triplet state geometries of 1-4 and [3Me]" were carried out both in gas and solution phases
(SMD>¢ = CH,Cly) using the CAM-B3LYP functional®’ in combination with Grimme’s
dispersion correction with Becke-Johnson damping (D3BJ)*® and Ahlrichs double-( basis
with polarization on non-hydrogen atoms, def2-SV(P)*. The absence of imaginary

frequencies confirmed that the optimized geometries were at minima. The potential energy
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surface of 3 in gas and solution phases (SMD = CH,Cl) were scanned along the
oxazaborinine-phenanthridinyl dihedral allowing nuclear relaxation after each rotation
employing CAM-B3LYP-D3(BJ)/def2-SV(P). Single point calculations including time-
dependent DFT (TDDFT) were carried out using M062X®° with Ahlrichs triple- basis with
reduced polarization on hydrogen atom, def2-TZVP(-f)*°. The resolution of identity with
chains of spheres approximation and def2/J%! auxiliary basis sets were implemented to
speed up single-point and TDDFT calculations. DFT integration grids were set to Grid5
and Finalgrid6, while the COSX integration grids were set to intaccx: 4.34, 4.34, 4.67 and
gridx 2,2,2. SCF and energy convergence criteria were set to tightscf. Molecular orbital
isosurfaces were generated using Avogadro,’? while spin densities of the lowest-lying

t.63

excited triplet states were generated using Gabedit.®* Orbital and electronic excitation®

analyses were carried out using Multiwfn v.3.7.%° PESs were generated using Gaussview

6.66
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