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Abstract: The straightforward synthesis of a series of 3-cy-
anoformazanate boron difluoride dyes is reported. Phenyl,
4-methoxyphenyl and 4-cyanophenyl N-substituted deriv-
atives were isolated and characterized by single-crystal X-
ray crystallography, cyclic voltammetry, and UV/Vis spec-
troscopy. The compounds were demonstrated to possess
tunable, substituent-dependent absorption, emission, and
electrochemical properties, which were rationalized
through electronic structure calculations.
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Boron complexes of chelating nitrogen-donor ligands have
been widely studied as functional materials with structurally
tunable properties."? The most common of these complexes
are produced via the coordination of boron difluoride [BF,]*
fragments with bidentate, monoanionic nitrogen-donor ligands
such as anilido-pyridines,” indigo-N,N'-diarylamines,* B-diketi-
minates,”” and dipyrrins,”'® resulting in structures 1-4, respec-
tively. These complexes are generally redox-active, highly ab-
sorbing and emissive, and chemically stable under diverse con-
ditions.
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BF, complexes of dipyrrin ligands (BODIPYs) 4 are by far the
best known of these chelates due to their high fluorescence
quantum yields, exceptional stability, and the ease of optical
tuning through structural variation. BODIPYs have been used
extensively as sensors, organic light-emitting diodes, and fluo-
rescent imaging agents. For the latter application, fluorescent
dyes should have high absorption coefficients, high fluores-
cence quantum yields, large Stokes shifts (SS), tunable emis-
sion and absorption spectra, and exceptional stability under
a wide range of conditions.

Formazans, which can exist as ‘closed’, ‘open’, or ‘linear’ geo-
metric isomers,” 5a-c, have long been used as dyes in the
textile industry™ and as colorimetric indicators of cell activi-
ty"! However, with the exception of a few recent examples,
their coordination chemistry remains largely undeveloped.'*"

Herein, we report the synthesis and characterization of BF,
complexes of 3-cyanoformazanate ligands and demonstrate
their readily tunable optical and electronic properties and po-
tential utility as functional materials.
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3-Cyanoformazans 6a-c, which exist in the ‘open’ form due
to the presence of a linear cyano substituent at the 3-position,
were synthesized according to a published procedure (see Fig-
ure S1 and S2 in the Supporting Information).”’ BF, complexes
7a-c were produced by reacting 3-cyanoformazans with
excess boron trifluoride diethyl etherate and triethylamine in
refluxing toluene (Scheme 1, Figure S3-S8). It is noteworthy
that the entire synthesis of 7a-c involves only inexpensive and
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Scheme 1. Synthesis of 3-cyanoformazanate BF, dyes 7 a-c.
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commercially available reagents, consists of two straightfor-
ward high-yield steps, and requires only a few hours of hands-
on bench time.

BF, dyes 7 a—c have diagnostic "B and '°F NMR spectra, each
exhibiting a 1:2:1 triplet in their "B NMR spectrum (7a: 6=
—0.8 ppm, 7b: 6=—-09ppm, and 7c: d=-0.7 ppm) and
a 1:1:1:1 quartet in their 'FNMR spectrum (7a: 6=
—133.6 ppm, 7b: 6=-129.6 ppm, and 7c: 6 =—135.4 ppm).
The appearance of these signals was accompanied by the loss
of the characteristic formazan NH signals in the 'H NMR spec-
tra. Dyes 7a-c are air- and moisture-stable in the solid state
and in solution. The solid-state structures of BF, complexes
7a-c were determined by single-crystal X-ray diffraction
(Figure 1, S9, S10, Table 1, S1). The solid-state structures show

ConformerA

Conformer B @c2

Figure 1. Solid-state structures of the two conformers of 7 c. Thermal ellip-
soids are shown at 50% probability and hydrogen atoms are removed for
clarity.

that the boron atoms in complexes 7a-c are four-coordinate
and adopt a slightly distorted tetrahedral geometry. Each com-
plex has a delocalized formazanate backbone, with all C—N
and N—-N bonds approximately half way between the standard
single and double bonds for the respective atoms involved.""

The boron atoms are displaced slightly from the N, plane of
the formazanate backbone, by 0.192 A in 7a and by 0.025 A in
7b. The unit cell of the crystalline structure of 7 ¢ contains two
molecular units in distinct conformations (Figure 1). Conformer
A is almost flat and has a geometry very similar to 7a and 7b,
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with the boron atom displaced from the N, plane by 0.143 A.
The second conformer, conformer B, is shaped like a dragonfly
and has the boron atom displaced from the N, plane by
0.376 A. The two conformers were found by electronic struc-
ture calculations to have very close energies (see below).

The aryl substituents of BF, complexes 7a, 7b, and 7 c (con-
former A) are moderately twisted with respect to the formaza-
nate backbone, with the angle between the N, plane and the
plane defined by the N-aryl substituents ranging from 4.7 to
25.4°. For comparison, the same angles in conformer B of 7c¢
are 36.6-37.6°. Similar BF, complexes of other monoanionic, bi-
dentate N-donor ligands exhibit significantly larger angles be-
tween the N-aryl substituents and the ligand backbones in-
volved. For example, the aryl substituents in anilido-pyridine
BF, complex 1 (Ar=phenyl) is twisted by 77°,“" while the aryl
substituents in (-diketiminate BF, complexes are almost per-
pendicular to the ligand backbone, with twisting of 76-88°.

Table 2 summarizes the optical characterization data for BF,
complexes 7a-c collected in THF, CH,Cl,, and toluene solu-
tions. Each complex shows strong, substituent-dependent ab-
sorption of visible light due to mw—m* transitions with 4.,
values increasing from 502 nm (7a) to 515 nm (7b) to 572 nm
(7¢) in toluene (Figure 2, S11-S13). We note that the UV/Vis
and emission spectra of 7b (R=CN) are red-shifted relative to
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Figure 2. UV/Vis absorption (left) and emission (right) spectra of 7 a—c record-
ed in 107> m degassed toluene solutions.

7 a (R=H), somewhat counterintuitively (see below). The 3-cya-
noformazan ligands 6 a—c are non-emissive across a broad con-
centration range in THF, CH,Cl,, and toluene. Under similar
conditions, BF, complexes 7 a-c are highly emissive in the visi-
ble region, with A, of 586 nm (®=0.15, SS=84 nm), 598 nm
(®=0.14, SS=83 nm), and 656 nm (& =0.77, SS=84 nm) ob-
served in toluene for 7 a-c, respectively. For comparison, a BF,

Table 1. Selected bond lengths [A] and angles [°] for BF, complexes 7 a—c, determined by X-ray diffraction.

7a (R=H)" 7b (R=CN) 7¢ (R=0Me)

Conformer A Conformer B

N1-N2, N3-N4 1.2900(15), 1.2948(15) 1.3017(15), 1.2945(15) 1.307(2), 1.304(2) 1.306(2), 1.302(2)
C1-N2, C1-N4 1.3408(17), 1.3379(17) 1.3289(17), 1.3382(17) 1.340(3), 1.335(3) 1.335(3), 1.340(3)
N1-B1, N3-B1 1.5748(18), 1.5771(17) 1.5714(18), 1.5817(18) 1.558(3), 1.567(3) 1.563(3), 1.563(3)
N1-N2-C1, N3-N4-C1 117.14(11), 117.30(11) 117.28(11), 117.76(11) 116.75(18), 116.90(18) 116.21(17), 116.21(17)
N2-C1-N4 129.33(12) 129.41(11) 130.0(2) 129.32(18)
N1-B1-N3 105.55(10) 105.65(10) 106.85(17) 104.75(16)
[a] The second molecule in the unit cell of 7a has a very similar geometry and is not reported here.
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Table 2. Solution characterization data for BF, formazanate complexes 7 a-c.
Solvent Dmax [NM] e [M'em™] Aem [NM] Stokes shift Stokes shift Quantum E° oy [VI®! E° oo [VI®!
[nm] [cm™] yield [®]®
THF 489 25400 585 96 3356 0.05
7a (R=H) CH,Cl, 491 34600 584 93 3243 0.09 —0.53 —1.68
toluene 502 30400 586 84 2855 0.15
THF 497 22600 590 93 3172 0.12
7b (R=CN) CH,Cl, 499 22400 589 920 3062 0.17 —0.21 —-1.25
toluene 515 35000 598 83 2695 0.14
THF 556 33400 662 106 2880 0.46
7c (R=0Me) CH,Cl, 558 35300 661 103 2793 0.65 —0.68 —1.82
toluene 572 42700 656 84 2239 0.77
[a] Quantum yields were measured according to a previously published method"® using ruthenium tris(bipyridine) hexafluorophosphate as a relative stan-
dard,"™ and corrected for detector non-linearity (Figure S15). [b] Cyclic voltammetry experiments were conducted in acetonitrile containing 1 mwm analyte
and 0.1 m tetrabutylammonium hexafluorophosphate at a scan rate of 100 mVs™'. All voltammograms were referenced internally against the ferrocene/fer-
rocenium redox couple.

complex of a cyano-substituted pyridomethene ligand closely
related to 7a exhibits a smaller Stokes shift (SS=6 nm) and
a quantum yield of 0.19.5"

The effect of electron-withdrawing and electron-donating
groups at the N-aryl substituents was investigated by cyclic
voltammetry (Table 2). Each complex exhibited two reversible
reduction waves (Figure 3) but only 7c gave rise to an irrever-
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Figure 3. Cyclic voltammograms of 7 a-c recorded at 100 mVs™'ina 1 mm
acetonitrile solution containing 0.1 m tetrabutylammonium hexafluorophos-
phate.

sible oxidation event within the electrochemical window of
acetonitrile (see Figure S14). The reduction potentials followed
the expected trend based on the para-substituent introduced
at the aryl rings. BF, complex 7a (R=H) is reduced to a radical
anion and then a dianion at —0.53 V and —1.68 V against the
ferrocene/ferrocenium redox couple, while 7b (R=CN) was re-
duced at —0.21V and —1.25V and 7c (R=0OMe) was reduced
at —0.68 V and —1.82 V. Previous reports of the electrochemis-
try of main-group and transition-metal complexes of formaza-
nate ligands have demonstrated reversible reduction to the
radical anion"<% and dianion" forms. In this case, BF, com-
plexes 7a-c also exhibit a second reversible one-electron re-
duction to the dianion.
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To rationalize the trends in the UV/Vis spectra and cyclic vol-
tammograms of 7a-c¢, we calculated the molecular orbitals
and the lowest electronic excitation energies of these com-
pounds with density functional theory (DFT) methods. All cal-
culations were carried out with the Gaussian 09 program!™
using the M06 functional™ and the 6-311+4G* basis set, in
vacuum and in the presence of toluene as a solvent. The sol-
vent was simulated implicitly using the self-consistent reaction
field (SCRF) method with the polarizable continuum model.
The MO06 functional was chosen because it has the best per-
formance in time-dependent DFT calculations of valence excit-
ed states among 24 common density-functional approxima-
tions."”

Because the molecules of 7a-c appear to be relatively
planar in the crystalline phase, we first optimized their geome-
tries under the constraint of C,, symmetry, but none of the G,
structures turned out to be a minimum on the potential
energy surface. Unconstrained geometry optimization yielded
structures of C; symmetry (shaped like dragonflies) which were
confirmed by vibrational analysis to be true minima. The C
structures are more stable than the corresponding G,, struc-
tures by only 3-5 kJmol™', meaning that the planar conforma-
tions are readily accessible (see Table S2). The gas-phase and
SCRF calculations for C,, and C; structures led to the same con-
clusions, so we will discuss here only the implicitly solvated
structures, while the gas-phase results are relegated to the
Supporting Information (Table S3).

To understand why the electron-withdrawing CN group red-
shifts (not blue-shifts) the UV absorption band for 7b (R=CN)
relative to 7a (R=H), we note that the HOMO and LUMO of
compounds 7 a—c are m-conjugated (see Figure 4, S16-518). Re-
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Figure 4. HOMO and LUMO for 7 c (G,,).
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placement of an H atom (7 a) with a C=N group (7b) increases
the spatial extent of m-conjugation in the molecule and there-
fore lowers the energy of the m—am* transition. The same
effect is observed for monosubstituted benzenes, Ph—R, where
the energy of the m—at* transition as a function of substituent
also decreases in the order R=H> R=CN> R=OMe (Fig-
ure S19).

In contrast to the UV/Vis absorption spectra, the cyclic vol-
tammograms of 7 a-c should correlate not with electronic exci-
tation energies but with the electron-acceptor capacity of the
substituents, which is characterized by the LUMO energies. Ex-
perimentally, the peak-current potentials decrease in the order
7b (R=CN)> 7a (R=H)> 7c (R=0Me) (Table 2). This trend is
fully consistent with the calculated LUMO energies of the sub-
stituted complexes (Table 3). Thus, electronic structure calcula-
tions support all experimental observations.
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