Supplementary Information (Sl) for Inorganic Chemistry Frontiers.
This journal is © the Partner Organisations 2025

Supplementary Information for

Electron-rich phenanthroline bearing N-heterocyclic imine
substituents: synthesis, optical properties, metal coordination

Jonas H. Franzen,? Xuequan Zhou,? Kelly Biv,® Alessandro Ajo,? Austin Mencke, Lukas F. B.
Wilm,? Michael Seidl,® Thomas S. Hofer,? Luisa De Cola,>® Peter Briiggeller,® Mark E.
Thompson,“* Fabian Dielmann®*

2 Institut fir Allgemeine, Anorganische und Theoretische Chemie, Leopold-Franzens-
Universitat Innsbruck, Innrain 80-82, 6020 Innsbruck (Austria)
e-mail: fabian.dielmann@uibk.ac.at

b Department of Biochemistry and Molecular Pharmacology, Istituto di Ricerche
Farmacologiche Mario Negri, IRCCS, 20156 Milano, Italy.
E-Mail: luisa.decola@unimi.it

¢ Department of Chemistry, University of Southern California, Los Angeles, CA 90089, USA.
E-Mail: met@usc.edu

4 Institut fiir Allgemeine und Anorganische Chemie, Universitidt Miinster, Corrensstrale
28/30, 48149 Munster (Germany)

¢ Department of Pharmaceutical Science, DISFARM. Universita degli Studi di Milano, Via C.
Golgi 19, 20133 Milan, Italy.



Contents:

)Y a L1 g 1] n (ol D=1 o 11 PRSP 4
Preparation of the Phenanthroline Ligand L...........coooviiiiiniiii e 5
Preparation of 2,9-diamino-1,10-phenanthroling: ..........cccoccvieeeiiiii e, 5
Preparation of 1, 1-HBF4, 1:2HBF4 and 1:2HB(C6F5)a...cccuuvreeeiiiieeceiiiee e 11
Preparation of the Zn(l1) complex 2:2IMECN .....c.cuviiieeciiee e e e e e 20
NMR StUAIES OF L1-HBF4 «.eeeeieeieeeee ettt s sneesaneen 24
Synthesis of the HBF4-salts for the assessment of the pKBH + value for 1.........cccccvenenneee. 27
Electrochemical INVESHZAatiONS.......cuiiiii i e e e e e e 38
Cyclic voltammetry studies of 1,10-phenanthrolin€.........cccccccviiiiieeiiiiccicceeeee e, 40
Cyclic voltammetry studies Of L ... e e 41
Cyclic voltammetry studies of L1-HB(CsF5)a ...ccccuiriiiiiiieeiciiiee ettt 45
Cyclic voltammetry studies of 2:2MECN ....cccciiiiicceeee e e e e 47
Photophysical INVESHZation ..........uiiiiiiii e e e e e e e nrae s 49
(7o 3 oY o T8 o T e RSP 50
(00T aqY oo U oL I K 12 o SRR 55
ComMPOUNT 2:2IMECN ... ..ttt e e e e e e e e e e e e s aataee e e e e e e sesnnssaaaeeeeaeeeseannsrnnnnes 58
Jablonski Diagrams of 1, 1-HBF4 and 2:2MEeCN ........ceeiiiiiieiee ettt eeeveree e e e e e 61
Protonation EXperiments Of L ...t e e e e e e e e e e ae e 63
Protonation of 1 and assessment of the pKBH + valuefor 1......cccccccoviiiiiiiiniiinniiennnen. 64
Protonation OF 1 ....cooiiiiiie e s 64
PKBH 4 (ACN) ValUu@ Of 1 ..eeiiiiiiiiciiee sttt ettt iae e s s sae e e s 65
EXPerimental ProCEAUIES ....ccoi ettt e e e e e et e e e e e e e e e anbaaaeeeaaeeens 67

(oo aaYo1¥] = Yu o] b | I DTS - 11 USSP 75
O NNV I e Y=ot 4 £V 12 J SRR 76
XYZ COOMAINATES ...veeneeieieeiiie ettt ettt ettt e st e n e sneesn e e saeeeneesneeeanees 78
X-ray Diffraction STUdIES.....coiiiiiieeiee e e e e e e e et rr e e e e e e e e e e anbreeeees 90
RETEIENCES ... ettt e r e st s e e n e e n e neeere e neeeas 96






Synthetic Details

General remarks: If not mentioned otherwise, all manipulations were performed under an
inert atmosphere of dry argon, using standard Schlenk and drybox techniques. Dry and
oxygen-free solvents were employed. *H, !B, 13C and '°N spectra were recorded at 300 K in
the solvent indicated on Bruker AVANCE | 400, Bruker AVANCE Il 400, Bruker AVANCE Il 200,
Bruker AVANCE NEO 500 or Bruker AVANCE IV 400 spectrometers. Chemical shifts are given
in parts per million (ppm) relative to SiMes (TMS) in CDCls (*H, 13C), 15% BF3¢Et>0 in CDCls (1!B)
or NHs (*°N) and were referenced internally to the residual solvent signals. NMR multiplicities
are abbreviated as follows: s =singlet, d = doublet, t =triplet, q = quartet, m = multiplet,
br = broad signal. IR spectra were obtained on a Bruker ALPHA Il FT-IR Spectrometer.
Intensities of the signals are abbreviated as follows: w = weak, m = medium, s =strong,
vs = very strong. Mass spectra were obtained with an Orbitrap Q Exactive (Thermo Scientific)
spectrometer.

Reagents and Handling: 1,3-Di-tert-butylchloroimidazolinium tetrafluoroborate,’?
[H(OEt,)2][B(CsFs)a)],®> NEts-HBF4* and P(NIiPr)2(iPr)> were prepared according to literature
procedures. All other compounds were purchased from commercial sources and used as
received (NIiPr = 4,5-dimethyl-N,N'-diisopropylimidazolin-2-ylidenamino).



Preparation of the Phenanthroline Ligand 1

Preparation of 2,9-diamino-1,10-phenanthroline:

The synthesis of 2,9-diamino-1,10-phenanthroline was carried out following a modified
literature procedure that describes the synthetic approach of the analogous bipyridine

compound.®
Synthesis of 2,9-dihydrazino-1,10-phenanthroline:

2,9-dihydrazino-1,10-phenanthroline was prepared using a modified

7 N/ \ literature procedure.”
—N N= 2,9-Dichloro-1,10-phenanthroline (25.0 g, 100 mmol, 1.0 eq.) was
HN\NH H N/NH suspended in hydrazine (250 mL, 80% solution in water) and heated
2 2

to reflux for four hours. The resulting red suspension was allowed to
cool to ambient temperatures and stored at +4 °C for 16 hours leading to the precipitation of
the product as a yellow solid. After filtration and washing of the solid with a copious amount
of distilled water, the product was dried in vacuo and obtained in 99% vyield (24.0 g,
99.9 mmol).

1H NMR (400 MHz, DMSO-de): 6 = 7.9 (d, 3/ = 8.8 Hz, 2H, Haryl), 7.3 (d, i = 1.1 Hz, 2H, Hary),
7.0 (d, 3Jum = 8.8 Hz, 2H, Hary), 5.9 (s, br, 6H, ~NHNH>) ppm.

B3C{IH} NMR (101 MHz, DMSO-de): & = 158.5 (S, Caryl), 142.3 (S, Caryl), 136.6 (s, Caryt), 122.6 (s,
Caryl), 1209 (S, Caryl), 1110 (S, Caryl) ppm

HRMS (ESI): m/z calculated for [C12H13Ne]* (M+H)* 241.11962, found 241.11928.

IR (neat): ¥ = 3307 (w), 3180 (V(NH:), m), 3071 (m), 2217 (w), 2170 (w), 2117 (m), 2004 (w),
1680 (s), 1618 (s), 1585 (s), 1557 (m), 1530 (m), 1509 (s), 1498 (s), 1457 (m), 1438 (m), 1379
(s), 1344 (m), 1280 (s), 1259 (m), 1238 (m), 1225 (m), 1208 (m), 1175 (m), 1143 (m), 1131 (m),
1088 (m), 1075 (m) cm™.
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Figure S1: *H NMR spectrum of 2,9-dihydrazino-1,10-phenanthroline in DMSO-ds (* = solvent residual
signal).
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Figure S3: IR spectrum of 2,9-dihydrazino-1,10-phenanthroline (neat).



Synthesis of 2,9-diazido-1,10-phenanthroline:

2,9-dihydrazino-1,10-phenanthroline (24.0g, 99.9 mmol, 1.0 eq.) was
7\ 72\ suspended in concentrated hydrochloric acid (220 mL) and cooled to 0 °C
using an ice bath. Using a dropping funnel, a solution of NaNO; (68.9 g,
N N, 999 mmol, 10 eq.) in distilled water (250 mL) was slowly added to the
suspension. CAUTION: A large volume of nitrous gases is released during
the process. The resulting orange suspension was stirred at ambient temperature for 16 hours
and then basified (pH=14) using an aqueous solution of NaOH (30%) causing the product to
precipitate. The product was isolated by filtration followed by washing with a copious amount
of water until the filtrate was neutral. The product was dried in vacuo for 16 hours and 2,9-
diazido-1,10-phenanthroline was obtained as a light-brown solid in 95% vyield. (25.0 g,
95.3 mmol).

14 NMR (400 MHz, DMSO-de): & = 8.55 (d, 3wt = 8.7 Hz, 1H, Haryl), 8.38 (d, ¥uy = 9.3 Hz, 1H),
8.32 (d, ¥un=9.3 Hz, 1H), 8.14 (d, ¥y =8.7 Hz, 1H), 8.11 (d, ¥ =8.7 Hz, 1H) 7.32 (d,
3Jun = 8.7 Hz) ppm.

13C{1H} NMR (126 MHz, DMSO-de): & = 155.3 (s, Caryl), 148.2 (s, Caryl), 140.2 (s, Caryl), 137.2 (s,
Caryl), 134.2 (s, Caryl), 127.7 (s, Caryl), 127.1(s, Caryt), 126.1 (s, Caryt), 125.8 (S, Caryl), 125.4 (s, Caryl),
115.8 (s, Caryt), 114.9 (s, Caryi) ppm.

HRMS (ESI): m/z calculated for [C12H7Ng]* (M+H)* 263.07882, found 263.07873; m/z calculated
for [C12HsNsNa]* (M+Na)* 285.06076, found 285.06064; m/z calculated for [C24H12N1sNa]*
(2M+Na)* 547.13231, found 547.13263.

IR (neat): ¥ = 3440 (w), 3058 (w), 2167 (w), 2117 (vas(N3), s), 1665 (w), 1630 (m), 1594 (m),
1557 (w), 1530 (s), 1498 (s), 1466 (w), 1435 (m), 1394 (m), 1362 (m), 1344 (s), 1282 (v(N3),s),
1259 (s), 1238 (s), 1146 (m), 1133 (s), 1088 (m), 1019 (w) cm™.
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Figure S4: *H NMR spectrum of 2,9-diazido-1,10-phenanthroline in DMSO-ds (* = residual solvent
signal).
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Figure S5: *3C{*H} NMR spectrum of 2,9-diazido-1,10-phenanthroline in DMSO-ds (* = solvent signal).
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Figure S6: IR spectrum of 2,9-diazido-1,10-phenanthroline (neat).



Synthesis of 2,9-diamino-1,10-phenanthroline:

2,9-Diazido-1,10-phenanthroline (5.00 g, 19.1 mmol, 1.0 eq.) was

7 N/ \ suspended in a degassed solution of MeOH/H,0 (ratio 5:2, 80 mL)

=N N= and stirred at ambient temperature for 20 min.

HoN NH, Tri-n-butylphosphine (14.1 mL, 57.2 mmol, 3.0 eq.) was added

dropwise. The Schlenk tube was equipped with a bubbler to release N, which was formed

during the reaction and the suspension was stirred at ambient temperatures for 16 hours. The

resulting dark red suspension was filtrated and the residue was first washed with toluene

(2x15 mL) and n-hexane (2x15 mL) and then extracted with MeOH (3x15 mL). The combined

MeOH fractions were concentrated to ~20% of the original volume and stored at —20 °C for
16 hours to precipitate the product as light-red solid.

To maximize the yield, the mother liquor of the dark red suspension was also concentrated to

~20% of its original volume and stored at +4 °C for 16 hours to precipitate the product. After

filtration, the solids were washed with toluene and n-hexane until no tri-n-butylphosphine

oxide was detected in the 3P NMR spectrum.

2,9-Diamino-1,10-phenanthroline was isolated as light-red solid in 56% vyield (2.27 g,
10.8 mmol).

The 'H NMR shifts are in agreement with previous reports.?

1H NMR (500 MHz, DMSO-ds): 6 = 7.88 (d, 3Jun = 8.6 Hz, 2H, Haryl), 7.29 (s, 2H, Haryi), 6.82 (d,
3Jun = 8.6 Hz, 2H, Haryi), 6.31 (s, 4H, NH3) ppm.

B3C{1H} NMR (126 MHz, DMSO-ds): & = 157.9 (s, Caryl), 144.2 (s, Caryl), 137.1 (s, Caryl), 122.3 (s,
Caryl), 120.8 (S, Caryl), 111.6 (S, Caryl) ppm.

HRMS (ESI): m/z calculated for [C12H11Na]* (M+H)* 211.09782, found 211.09771.

IR (neat): ¥ = 3428 (w), 3168 (w), 1618 (m), 1600 (m), 1557 (m), 1519 (m), 1490 (m), 1430 (m),
1378 (m), 1355 (m), 1312 (m), 1222 (w), 1197 (w), 1140 (m), 1081 (w), 1052 (w) cm™.
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Figure S7: 'H NMR spectrum of 2,9-diamino-1,10-phenantholine in DMSO-ds (* = residual solvent
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Preparation of 1, 1-HBF4, 1-:2HBF; and 1:2HB(CsFs)4
Synthesis of 1-HBF,:

—IBF4_ 2,9-Diamino-1,10-phenanthroline (3.00 g, 14.2 mmol,

1.0 eq.), N,N'-di-tert-butyl-2-chloroimidazolinium

tBu 2 2 tBu
N N = \ tetrafluoroborate (8.69 g, 28.5 mmol, 2.0 eq.) and KF
[ =N ® Ny~ N=( j (4.97 g, 85.6 mmol, 6.0 eq.) were suspended in MeCN
N N (25 mL) in a PTFE-sealed Schlenk tube. The suspension

/
tBu fBu was heated at 90 °C for three days and the resulting

yellow suspension was filtrated at ambient temperature. The solids were washed with distilled
water (3x10 mL) to remove KF and then Et;0 (3x10 mL). The bright-yellow product was dried
in vacuo at 140 °C for 16 hours and isolated in 98% yield (9.20 g, 13.8 mmol).

NMR analysis for 1-HBF4 is discussed in more detail below.

1H NMR (400 MHz, DCM-d>): & = 10.61 (s, br, 1H, N=H), 7.81 (d, 3Jux = 9.1 Hz, 2H, Hary1), 7.25 (s,
2H, Haryl), 6.60 (d, 3Jun = 9.1 Hz, 2H, Haryl), 3.72 (s, 8H, CHa), 1.35 (s, 36H, CH2) ppm.

118{} NMR (128 MHz, DCM-d>): § =-1.1 (s) ppm.
11B{IH} NMR (128 MHz, DCM-d,): § =-1.1 (s) ppm.
19F{} NMR (377 MHz, DCM-d>) 6 =—153.2 (s) ppm.
19F{1H} NMR (377 MHz, DCM-d>) & =—153.2 (s) ppm.

Due to signal broadening, most of the aromatic *3C resonances are not visible in the 3C{*H}
NMR spectrum (Figure S10).

HRMS (ESI): m/z calculated for [C3sHs1Ng]* (M—BF4)* 571.4236, found 571.4231; m/z calculated
for [C3sHs2Ng]?* (M+H—BF4)?* 286.2154, found: 286.2152.
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Figure S9: *H NMR spectrum of 1-HBF4 in DCM-d- (* = residual solvent signal).
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Figure S11: *F{} NMR spectrum of 1-HBF; in DCM-d,.
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Figure S12: *F{*H} NMR spectrum of 1-HBF; in DCM-d..
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Figure S13: ™1B{} NMR spectrum of 1-HBF,; in DCM-d>.
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Figure S14: *'B{*H} NMR spectrum of 1-HBF4 in DCM-d,.

Synthesis of 1:

! 1-HBFs (2.00g, 3.04 mmol, 1.0eq.) and KOtBu (1.36g,

" 7\ /2 i“tB 12.2 mmol, 4.0 eq.) were suspended in THF (25 mL) in a
N u —N 6 N=(s UN PTFE-sealed Schlenk tube and heated at 60 °C for 2 days. The
[ >=N Nﬂ\ j prolonged heating was necessary due to the low solubility of
N\ ! /N 1-HBF4. The solvent of the resulting orange suspension was
Bu Bu removed under reduced pressure and the solids were
washed first with distilled water (3x15 mL) and then n-hexane (3x5 mL) to remove excess
KOtBu and HOtBu. The solids were dried in vacuo and subsequently extracted with toluene
(3x40 mL) at 60 °C. The combined organic phases were concentrated using a rotary
evaporator. The resulting product was dried in vacuo at 100 °C for 16 hours and 1 was

obtained in 83% vyield (1.44 g, 2.52 mmol).
2D NMR analysis was performed to exactly assign all resonances.

IH-NMR (400 MHz, CeDe): 6= 7.65 (d, 3Jus = 8.6 Hz, 2H, H-3), 7.21 (s, 2H, H-1), 6.93 (d,
3Jun = 8.6 Hz, 2H, H-4), 3.05 (s, 8H, CH>), 1.33 (s, 36H, CHs) ppm.

13



13C{'H}-NMR (101 MHz, CeDe): 6 = 160.9 (s, C-5), 159.6 (s, C-7), 146.8 (s, C-6), 136.8 (s, C-3),
123.0 (s, C-2), 121.0 (s, C-1), 117.9 (s, C-4), 55.5 (s, C(CH3)s), 42.5 (s, CH2), 28.7 (s, C(CH3)s) ppm.

HRMS (ESI): m/z calculated for [C34Hs1Ng]* (1+H)* 571.4236, found 571.4232; m/z calculated

for [C3aHs2Ng]?* (1+2H)%* 286.2152 found 286.2153.
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Figure $15: *H NMR spectrum of 1 in CsDs (* = residual solvent signal).
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Figure S16: 3C{*H} NMR spectrum of 1 in CsDs (* = solvent signal).
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Synthesis of 1-2HBF4and 1-:2HB(C¢Fs)a:

72 BF, 1-HBF4 (250 mg, 379 umol, 1.0 eq.) was dissolved in
MeCN (4 mL) and HBF4OEt; (51 pL, 379 umol,
1.0eq.) was added. After stirring at ambient

N—ﬂ/ j temperatures for 4 hours, Et,0 (10 mL) was added to

precipitate the product as off-white solid. The

supernatant was filtered off via canula filtration and
the residue was washed with Et;0 (2x5 mL) and then dried in vacuo at 70 °C for 1 hour.
1-2HBF4 was obtained as off-white solid in 50% yield (110 mg, 192 umol).

For the NMR analysis, single-crystals of 1-2HBF4 were dried in vacuo and redissolved in
MeCN-ds. Note that in the *H NMR spectrum, multiple resonances are significantly broadened
and thus integration of the signals can be ambiguous (Figure S24).

The position of the protons in the solid state was confirmed by SCXRD studies
(Figure S108).

1H NMR (400 MHz, MeCN-ds): & = 10.33 (s, br, N=H), 8.14 (s, br, 2H, Har), 7.63 (s, 2H, Hary),
6.87 (s, br, 2H, Hary), 3.90 (s, 8H, CH2), 1.36 (s, 36H, C(CH3)s) ppm.

" ]2B(CeFs),~ Inan NMR tube, 1 (25.0 mg, 43.8 umol, 1.0 eq.)
was dissolved in DCM-d> and [H(OEt2)2][B(CeFs)a]
(72.6 mg, 87.6 umol, 2.0eq.) was added.
j Immediately, the orange solution turned pale
yellow. NMR experiments confirmed the full

conversion of the starting material and the NMR
characterization was carried out using the same sample without further workup.

1H NMR (400 MHz, CD>Cl,): 6 = 11.50 (s, br, 2H, N=H), 7.94 (s, br, 2H, Haryi), 7.52 (s, br, 2H,
Haryi), 6.56 (s, br, 2H, Haryi), 3.84 (s, 8H, CHy), 1.38 (s, 36H, C(CHs)3) ppm.

13C{*H} NMR (101 MHz, CD2Cl,): & = 164.0 (s, Cqaryl), 153.4 (s, Cqary), 150.0 (s, br, B(CsFs)a),
147.6 (s, br, B(CeFs)a), 142.4 (s, CHaryi), 140.0 (t, br, Jcr = 14 Hz, B(CsFs)a), 138.1 (t, br, B(CeFs)a),
137.6 (t, Jer = 14 Hz, B(CsFs)a), 135.7 (t, br, B(CsFs)a), 125.9 (s, Cqaryl), 124.5 (s, CHary), 122.8 (s,
Cq,aryl), 118.1 (s, CHaryi), 58.5 (s, C(CHs)3), 44.2 (s, CHy), 28.8 (s, C(CH3)3) ppm.

19E{} NMR (376 MHz, CD>Cl,): 6 =—=132.9 (s, br, 0-CeFs), —163.6 (t, 3 = 20 Hz), —167.5 (t,
3Jer = 20 Hz) ppm.

1F{1H} NMR (376 MHz, CD2Cly): 6§ =-132.9 (s, br, 0-CsFs), —163.6 (t, 3Jir = 20 Hz, p-CeFs),
-167.5 (t, 3JFF =20 Hgz, m—C5F5) ppm.

11B NMR (128 MHz, CD,Cl,): 6§ =—16.6 (s) ppm.

118{1H} NMR (128 MHz, CD,Cl): 6 =—16.6 (s) ppm.
15



HRMS (ESI): m/z calculated for [CssHs2Ng]?* (M—2BF4)?* 286.2154, found

calculated for [C3aHs2Ng]?* (M—H—2BF4) * 571.4231, found 571.4237.

286.2155; m/z
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Figure S17: *H NMR spectrum of 1-2HB(CeFs), in DCM-d, (* = residual solvent signal).
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Figure 518: 3C{*H} NMR spectrum of 1-2HB(CsFs)4 in DCM-d> (* = solvent signal).
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Figure $19: 3C{*H} DEPT135 NMR spectrum of 1-:2HB(CsFs)s in DCM-d,.
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Figure 520: F{} NMR spectrum of 1:2HB(CsFs)4in DCM-d.
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Figure $21: F{*H} NMR spectrum of 1-:2HB(CsFs)4in DCM-d>.
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Figure 522: ™'B{} NMR spectrum of 1-2HB(CsFs)4in DCM-d>.
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Figure $23: ™'B{*H} NMR spectrum of 1:2HB(CsFs)4in DCM-d>.
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Figure 524: *H NMR spectrum of 1-2HBF4 in MeCN-ds (* = residual solvent signal).
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Protonation experiments of 1:2HB(C¢Fs)a:

In an NMR tube, 1 was dissolved in CD,Cl, and protonated stepwise with [H(OEt2)2]1[B(CeFs)a]
until the resonances of 1-2HB(C¢Fs)s were observed in the respective *H NMR spectrum (vide
supra, Figure S17). A third equivalent of the acid was added in attempts to generate the
trication [1-3H]3*. Yet, in the 'H NMR spectrum (Figure S25), only the resonances of the starting
material, i.e. 1-2HB(CsFs)s and [H(OEt2)2][B(CsFs)a], are visible. Also, the addition of a fourth
equivalent of acid led to the same results. This indicates that a third protonation does not
occur using this acid and that the dication [1-:2H]?* possesses a lower basicity than Et,0.
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Figure S25: 'H NMR spectrum of 1-2HB(CsFs)4 in presence of 1 eq. of [H(OEt,),)][B(CsFs)4] (top) and of
2 eq. of [H(OEt,),)][B(CeFs)a] (bottom) inDCM-d, (* = residual solvent signal).
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Preparation of the Zn(ll) complex 2-:2MeCN
Synthesis of 2-:2MeCN:

20T+ 1(200 mg, 350 umol, 1.0 eq.) was dissolved in MeCN

% 7 N/ \ A( (4 mL) and Zn(OTf)2 (127 mg, 350 umol, 1.0 eq.) was
N — \ = added. The orange suspension was stirred at ambient
EN>:N Zn N_ﬂ/Nj temperature for 16 hours. To the resulting yellow
)V N/ EN #\ solution, Et;0 (10 mL) was added to precipitate a
// \\ yellow solid. The supernatant was removed via

HsC CHs cannula filtration and the residue was washed with

Et20 (2x5 mL). The SCXRD analysis of 2:2MeCN revealed that two MeCN molecules coordinate
to the Zn' metal center (see below). Drying the product in vacuo at 80 °C for 16 h removes the
ligating MeCN and complex 2 is obtained as yellow solid in 66% yield (234 mg, 230 umol). The
absence of MeCN in the 'H NMR analysis confirms the complete removal of solvent molecules.
To analyze compound 2-:2MeCN, the resulting yellow precipitate obtained after the addition
of Et20 (10 mL) was dried in an argon stream and then subjected to NMR analysis.

NMR analysis of 2:2MeCN:

1H NMR (400 MHz, DMSO-d6): & = 7.94 (d, 3Jun = 9.0 Hz, 2H, Hary), 7.33 (s, 2H, Hary), 6.62 (d,
3Jun = 9.0 Hz, 2H, Haryl), 3.73 (s, 8H, CH2), 2.1 (s, 6H, CH3CN), 1.33 (s, 36H, C(CH3)3) ppm.

19£{} NMR (377 MHz, DMSO-ds): & =—77.74 ppm.
19F{1H} NMR (377 MHz, DMSO-ds): & = —77.74 ppm.

13C{*H} NMR (101 MHz, DMSO-de): & = 163.8 (s, N=CNN), 157.1 (s, Cq, aryl), 138.1 (s, CHaryl),
137.6 (s, Cqary), 120.7 (d, Ycr = 322 Hz, CF3S057)", 119.8 (s, Caryl), 119.7 (S, Caryt), 118.1 (s, Caryl),
117.7 (s, CH3CN), 56.3 (s, C(CHs)s), 42.6 (s, CH2), 28.3 (s, C(CHs)s) ppm, 1.1 (s, CH3CN).

" For the CF3SOs™ anion, the coupling caused by the three F atoms of the 13C resonance is
expected to be a quartet. The signal is not fully resolved due to the signal to noise ratio.

NMR analysis of 2

1H NMR (400 MHz, DMSO-d6): & = 7.94 (d, 3Jun = 9.0 Hz, 2H, Hary), 7.33 (s, 2H, Haryl), 6.62 (d,
3Jum = 9.0 Hz, 2H, Haryl), 3.73 (s, 8H, CH2), 1.33 (s, 36H, C(CH3)3) ppm.

19E{} NMR (377 MHz, DMSO-ds): & =—77.74 ppm.
19F{'H} NMR (377 MHz, DMSO-ds): 6 =—77.74 ppm.

13C{*H} NMR (101 MHz, DMSO-dg): 6 = 163.8 (s, N=CNN), 157.1 (s, Cq, ary1), 138.1(s, CHaryl),
137.6 (S, quaryl), 119.8 (S, Caryl), 119.7 (S, Caryl), 117.7 (S, Caryl), 56.3 (S, C(CHS)S), 42.6 (S, CHZ),
28.3 (s, C(CH3z)3) ppm.
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The 3C resonances of the CF3SOs™ anion are not visible in the 3C{*H} NMR spectrum due to

the signal to noise ratio.

HRMS (ESI): m/z calculated for [C3sHs0NsSOsFsZn]* (M-OTf)* 783.2976, found 783.2974; m/z
calculated for [C3gHs3NeZn]** (M—20Tf+MeCN)?* 337.6852, found 337.6857; m/z calculated for

[C34Hs2NgOZn]* (M-20Tf+H,0)?** 326.1772, found 326.1778.

NMR spectra of 2:2MeCN:
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Figure S26: *H NMR spectrum of 2:2MeCN in DMSO-ds (* = residual solvent signal).
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Figure 527: 3C{*H} NMR spectrum of 2:2MeCN in DMSO-ds (* = solvent signal).
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Figure 528: *F{} NMR spectrum of 2:2MeCN in DMSO-d.
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Figure S29: F{*H} NMR spectrum of 2:2MeCN in DMSO-db.
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Figure $30: *H NMR spectrum of 2 in DMSO-ds (* = residual solvent signal).
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Figure S31: 3C{*H} NMR spectrum of 2 in DMSO-ds (* = solvent signal).
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Figure 532: F{} NMR spectrum of 2 in DMSO-d&.
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Figure $33: F{} NMR spectrum of 2 in DMSO-d&.
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NMR studies of 1-HBF,

2D-NMR, i.e. NH-HMBC, NH-HSQC, CH-HSQC, CH-HMBC and HH-NOESY, experiments were
conducted in attempts to determine the position of the acidic proton. 1-HBF4 was dissolved in
either DCM-d, or DMSO-de.

The NMR experiments in DMSO-ds were carried out at 25 °C, 75 °C and 120 °C. Unfortunately,
in all resulting spectra of the above-mentioned experiments, no N-H-,
C—H- or H-H-coupling was observed that would allow the assignment of the [1-H]* proton to
a specific N atom. At 120 °C, the postulated dynamic process involving shuttling of the proton
is accelerated and sharp signals are observed in the resulting *C{*H} NMR spectrum which
were not observed at ambient temperatures in DCM-d; or DMSO-ds (Figure S35).

Thus, the following NMR shifts are reported for DMSO-de at 120 °C:

1H NMR (400 MHz, 393.2 K, DMSO-ds): & = 10.35 (s, 1H, N=H), 7.96 (d, 3Ju = 9.1 Hz, 2H, Hary),
7.34 (s, 2H, Haryl), 6.74 (d, 3Ju = 9.1 Hz, 2H, Hary)), 3.76 (s, 8H, CH,), 1.35 (s, 36H, C(CHz)s).

B3C{*H} NMR (101 MHz, 393.2 K, DMSO-ds): & = 162.1 (s, Cqaryl), 154.4 (s, Cqaryl), 138.0 (s,
CHaryI), 1331 (S, Cq,aryl), 1192 (S, Cq,aryl), 1198 (S, CHaryI), 1183 (S, CHaryI), 557 (S, C(CH3)3), 423
(s, CHa), 27.4 (C(CH3)3).
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Figure $34: *H NMR spectrum of 1-HBF4 in DMSO-ds measured at 120 °C (* = residual solvent signal).
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Figure 5S35: 3C{*H} NMR spectrum of 1-HBF,; in DMSO-ds measured at 120 °C (* = solvent signal).

The NMR experiments in CD,Cl, were carried out at =50 °C. Similarly to the experiments in
DMSO-ds, no N—H-, C—H- or H-H-coupling was observed that would allow the assignment of
the [1-H]* proton to a specific N atom. At =50 °C, the postulated dynamic process involving
shuttling of the proton is decelerated and the resonances are slightly broadened in relation to
the measurement of 1-HBF4 at ambient temperatures. In the 3C{*H} NMR spectrum, only one
aromatic signal is detected which was also observed in the spectrum recorded at ambient

temperatures.

1H NMR (400 MHz, 223.1 K, DCM-d>): 6 = 10.65 (s, 1H, N=H), 7.78 (d, Jun = 9.1 Hz, 2H), 7.23 (s,
2H), 6.47 (d, Jun = 9.1 Hz, 2H), 3.65 (s, 8H, CH3), 1.28 (s, 36H, C(CH3)3) ppm.
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Figure 536: *H NMR spectrum of 1-HBF4 in DCM-d, measured at =50 °C (* = residual solvent signal).
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Figure S37: 3C{*H} NMR spectrum of 1-HBF,; in DCM-d> measured at =50 °C (* = solvent signal).

In summary, the NMR experiments disallow to conclude to which N atom the proton in 1-HBF4
is bound. Yet, in the solid state, the SCXRD analysis revealed that the proton is located at the
phenanthroline N atoms. Therefore, the Lewis structures of 1-HBFs and 1:2HBF4/ 1-2HB(CsFs)4

represent this conformation.
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Synthesis of the HBF;-salts for the assessment of the
pKgy+ value for 1

Synthesis of PPh3-HBFa:

_ |BF,~ The synthesis was modified from literature.®
©\H/© PPhs (1.01 g, 3.81 mmol, 1.0 eq.) was dissolved in toluene (15 mL)
P@ and HBF4-Et,0 (0.522 mL, 3.81 mmol, 1.0 eq.) was added slowly. The
© product immediately precipitates as white solid and the resulting
suspension was stirred at ambient temperature for 30 min.

PPhs-HBF4 was isolated by filtration, washed with Et,0 (3x10 mL) and dried in vacuo at 120 °C
for 3 h. Yield: 0.784 g (2.24 mmol, 58%).

1H NMR (400 MHz, MeCN-ds): 6 = 8.72 (d, Yy = 527.5 Hz, 1H), 7.95-7.86 (m, 3H, Hohenyl,para),
7.86—7.57 (m, 12H, Hphenyl,meta,ortho) PPM.

31p{} NMR (162 MHz, MeCN-ds): & = 4.9 (d, Ypy = 528 Hz).
31p{1H} NMR (162 MHz, MeCN-d3): 6 = 4.9 (s) ppm.

11B{} NMR (128 MHz, MeCN-d3): 6§ =—1.2 (s) ppm.
11B{1H} NMR (128 MHz, MeCN-d3): 6 =-1.2 (s) ppm.

19£{} NMR (377 MHz, MeCN-ds) & = —151.6 (s) ppm.

19E{1H} NMR (377 MHz, MeCN-ds) § = —151.6 (s) ppm.

e J b

11.5 11.0 10.5 10.0 9.5 9.0 85 80 75 7.0 65 6.0 55 50 45 40 35 3.0 25 20 1.5 1.0
S (ppm)

0.48 0.57 2.9312.00

Figure S38: *H NMR spectrum of PPhs-HBF, in MeCN-ds (* = residual solvent signal).
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Figure 5S39: 3'P{} NMR spectrum of PPhs-HBF, in MeCN-ds.
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Figure 540: 3'P{*H} NMR spectrum of PPh3-HBF4 in MeCN-d; (t = 3% hydrolysis).
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Figure 541: *F{} NMR spectrum of PPhs-HBF4 in MeCN-ds.
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Figure S42: F{*H} NMR spectrum of PPhs-HBF4 in MeCN-d;.
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Figure S43: "'B{} NMR spectrum of PPh3-HBF; in MeCN-d5.
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Figure 544: *'B{*H} NMR spectrum of PPh3-HBF,; in MeCN-d;.
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Synthesis of DBU-HBFa:

oH —BF, The synthesis was modified from literature.1°
Ny DBU (5.0 ml, 33.5 mmol 1.0 eq.) was dissolved in H,O (5 mL) and a
R/N solution of 50 w% HBF4 in H20 (4.17 mL, 33.5 mmol, 1.0 eq.) was added

slowly to the stirring solution. After 1 h at ambient temperature, the
solvent was removed under reduced pressure and the crude product was dissolved in DCM
(20 mL). n-Hexane was added until no further precipitation was observed and DBU-HBF4 was
isolated by filtration as white solid and washed with Et,0 (3x15 mL). The product was dried in
vacuo for 5 h at 120 °C and obtained in 86% yield (6.91 g, 28.8 mmol).

'H NMR (400 MHz, MeCN-ds): & = 7.49 (s, 1H, NH), 3.59-3.49 (m, 2H, CH>), 3.49-3.41 (m, 2H,
CH3), 3.27 (td, Jun = 5.9, 1.2 Hz, 2H, CHy), 2.68-2.43 (m, 2H, CH3), 2.01-1.95 (m, 2H, CH3), 1.80—
1.60 (m, 6H, 3xCH2) ppm.

11B{} NMR (128 MHz, MeCN-d3): 6§ =—1.2 (s) ppm.
11B{1H} NMR (128 MHz, MeCN-d3): 6 =-1.2 (s) ppm.
19¢{} NMR (377 MHz, MeCN-ds) & = —151.8 (s) ppm.

19F{1H} NMR (377 MHz, MeCN-d3) 6 =-151.8 (s) ppm.

T — R e
0.99 2.002.021.99 2.01 1.956.07

4 3 2 1 0 -1 -2 -3 -4 -5

15 14 13 12 11 10 9 8 7 6 5
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Figure S45: 'H NMR spectrum of DBU-HBF, in MeCN-ds (* = residual solvent signal, overlapping with
resonance of product).
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Figure 546: F{*H} NMR spectrum of DBU-HBF; in MeCN-ds.
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Figure S47: F{} NMR spectrum of DBU-HBF, in MeCN-d;.
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Figure 548: 'B{} NMR spectrum of DBU-HBF; in MeCN-d;.
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Figure 549: *'B{*H} NMR spectrum of DBU-HBF, in MeCN-ds.

Synthesis of TBD-HBF:

H " |BF,~ The synthesis was modified from literature.!!

g\\rN TBD (306 mg, 2.2 mmol, 1.0 eq.) was dissolved in toluene (5 mL) and
K/NJ HBF4-Et20 (0.3 mL, 2.2 mmol, 1.0 eq.) was added slowly. After stirring at

ambient temperature for 1 h, the solvent was removed under reduced
pressure and the resulting yellow oil was washed with n-hexane (3x10 mL). The oil was dried
in vacuo at 120 °C for 5 h and solidified upon cooling to ambient temperature after 1 h.
TBD-HBF4 was obtained as off-white solid in 86% yield (1.9 mmol, 431 mg).

Some resonances overlap with the solvent residual signal of MeCN-ds.

4 NMR (400 MHz, MeCN-ds): §=5.99 (s, 2H, NH), 3.27 (t, Jun=6.0 Hz, 4H, N—CH,),
3.26-3.19 (m, 4H, N—CH>), 1.96-1.91 (m, 4H, CH,—CH>—CH,).

118{} NMR (128 MHz, MeCN-ds): 6 = -1.2 (s) ppm.
11B{IH} NMR (128 MHz, MeCN-d3): 6 =-1.2 (s) ppm.
19£{} NMR (377 MHz, MeCN-ds) & = —-151.6 (s) ppm.

19F{1H} NMR (377 MHz, MeCN-d3) 6 =-151.6 (s) ppm.
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Figure S50: *H NMR spectrum of TBD-HBF4 in MeCN-ds (* = residual solvent signal, overlapping with
resonance of product).
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Figure S51: F{} NMR spectrum of TBD-HBF, in MeCN-ds.
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Figure $52: F{*H} NMR spectrum of TBD-HBF4 in MeCN-ds.
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Figure 5S53: 1B{} NMR spectrum of TBD-HBF,; in MeCN-d.
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Figure S54: *'B{*H} NMR spectrum of TBD-HBF, in MeCN-d;.
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Synthesis of P(tmg)s-HBF,:

| "~ |BF,~ The chloride salt P(tmg)s-HCl was prepared according to literature

|
/N\H/N\ procedure.'? P(tmg)s-HCI (1.00g, 2.44 mmol, 1.0eq.) was
H dissolved in DCM (10 mL), NaBF4 (295 mg, 2.68 mmol, 1.1 eq.) was
NB NS
,L | ® T added and the suspension was stirred at ambient temperature for
- \f - 16 h. The solids were filtrated off and the solvent of the filtrate was
N removed under reduced pressure. P(tmg)s-HBF4 was dried in vacuo

at 110 °Cfor 3 h and obtained in 53% yield (596 mg, 1.29 mmol).

1H NMR (400 MHz, MeCN-ds): 6 = 7.83 (d, Ypn =539.4 Hz, 1H, PH), 2.85 (d, /= 1.0 Hz, 36H,
CHs) ppm.

31p{} NMR (162 MHz, MeCN-ds): 6§ =—16.7 (d, YJpn = 539 Hz).
31p{1H} NMR (162 MHz, MeCN-ds): § = —16.7 (s) ppm.

118{} NMR (128 MHz, MeCN-ds): 6 =—1.2 (s) ppm.

11B{IH} NMR (128 MHz, MeCN-d3): 6§ =—1.2 (s) ppm.

19F{} NMR (377 MHz, MeCN-d3) 6§ =—-151.9 (s) ppm.

19E{1H} NMR (377 MHz, MeCN-ds) 6 = —151.9 (s) ppm.
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Figure S55: *H NMR spectrum of P(tmg)s-HBF4 in MeCN-ds (* = residual solvent signal).
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Figure S56: 31P{} NMR spectrum of P(tmg)s-HBF4 in MeCN-ds.
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Figure S57: 3'P{} NMR spectrum of P(tmg)s-HBF4 in MeCN-d;.
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Figure S58: F{} NMR spectrum of P(tmg)s-HBF, in MeCN-ds.
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Figure $59: F{*H} NMR spectrum of P(tmg)s-HBF, in MeCN-ds.
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Figure 560: *'B{} NMR spectrum of P(tmg)s;-HBF,; in MeCN-ds.
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Figure 561: “'B{*H} NMR spectrum of P(tmg)s-HBF4 in MeCN-ds.
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Electrochemical Investigations

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV):

All electrochemical investigations were carried out using dry and degassed MeCN as solvent
with  0.1m solution of [n-BuNs4][PFs] (1, 2:2MeCN, 1,10-phenahtroline) or
[n-BuN4][B(CeH3(CF3)2)a] (1-HB(CesFs)a) as electrolyte. The voltammograms were referenced
internally against the decamethylferrocene/decamethylferrocenium (Fc*/Fc**) redox pair but
are reported and depicted against ferrocene/ferrocenium (Fc/Fc*).13 Fc* needed to be used to
avoid signal overlapping of the substance with Fc/Fc*.

Athree-electrode setup was used: Glassy Carbon (GC) as working electrode, Pt wire as counter
electrode, Ag wire as pseudo-reference electrode.

CV measurements were carried out at scan rates of 25, 50, 100, 250, 500 and
1000 mV-s™* with a step size of 2 mV. Selected voltammograms are stacked and depicted
below. DPV measurements were carried out with a step size of 5 mV, a pulse size of 25 mV
and a pulse time of 0.1 s.

The Gamry Interface 1010B potentiostat was employed and operated using the Gamry
Framework (v. 7.8.4 Build 8183) software for data collection. The collected data were
processed using the Gamry Echem Analyst (v. 7.8.4) and OriginPro 2020 (64-bit, v.9.7.0.185)
software.

For a more accurate comparison, CV measurements of freshly sublimed 1,10-phenanthroline
(phen) were performed under the same conditions using the same experimental setup as for
1, 1-HBF4 and 2:2MeCN. Since a full scan showed no fully reversible redox events, the first
oxidation potential was used as reference pointin 1, 1-HBF4 and 2-:2MeCN. The oxidation and
reduction potentials of all compounds are listed in Table S1 for a scan rate of 100 mV-s™* and
the respective voltammograms are depicted in Figure S62.

Table S1: Oxidation E°* and reduction E"¢%potentials taken from the cyclic voltammograms measured
with a scan rate of 100 mV-s™.

Compound % nd ord Ee Elnd
phen -- -- -- -2.63V -2.82V
1 -0.03V 0.38V 0.57 -3.03V -3.18V
1-HB(CeFs)s 0.53V - - 219V -
2:2MeCN 0.75V 1.28V 2.17V —2.64V —
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Figure S62: Stacked cyclic voltammograms of 1, 1-HB(CsFs)4 and 2-2MeCN at 100 mV-s™,
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Cyclic voltammetry studies of 1,10-phenanthroline
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—— 50 mV-s™’
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—— 250 mV-s™
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E/V vs. FclFc*

Figure S$63: Cyclic voltammogram of 1,10-phenanthroline at different scan rates. Full scan (top) and
negative potentials only (bottom).
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Cyclic voltammetry studies of 1
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Figure S64: Cyclic voltammogram of 1 at different scan rates.
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Figure S65: Cyclic voltammogram of the first oxidation event only (top) and all oxidation events

(bottom) of 1 at different scan rates.
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Figure S66: Cyclic voltammogram of 1 for negative potentials at different scan rates.
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Figure S67: Stacked cyclic voltammogram of 1 at 100 mV-s™* and the corresponding differential pulse

voltammogram.
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Oxidation events of 1:

DFT calculations of 1 at the B3LYP/6-31G(d,p) level of theory revealed that the HOMO and
HOMO-1 are mostly of it character and mainly distributed across the phenanthroline moiety
and imine N atoms (see chapter below for computational details). Therefore, we reasoned
that the first oxidation occurs at the HOMO and results in the formation of a radical cation.
The positive charge is stabilized through the resonance structures involving the NHI groups
similar to the proposed mechanism reported by Henkel.!* We assume that the second
oxidation process occurs at an orbital similar to that of
HOMO-1 resulting in the formation of a dication. Again, both positive charges are stabilized
through resonance structures involving the NHI groups. For both intermediate species,
(partial) reversibility is observed in the CV study. In contrast to Henkel though, a third
irreversible oxidation process is observed for 1, indicating the formation of an unstable
tricationic species (see Figure S68).

/tBu 2 2 tBu\
N —N N= N

o
N N +e~
‘Bu tBu

_ ItBu \ \ tBu
~° N N —_e‘» decomposition
[ PH—N N—(+ j p
+e” N\ N
tBu Bu
2"d oxidation 3™ oxidation

Figure S68: Stepwise oxidation of 1 and chosen resonance structures showing the resonance
stabilization involving the NHI substituents (left). HOMO and HOMO-1 plots of 1 (right).

We propose that this is due to the different substitution pattern of the two phenanthroline
ligands. In case of the substitution in the 5,6-positions, a Lewis structure can be drawn that
depicts the resonance stabilization of the two positive charges within the guanidyl moieties as
well as an aromatic bipyridine subunit that follows the Hiickel’s rule (Figure $69).1# In contrast,
a similar resonance structure cannot be drawn for 1 and the Hiickel’s rule is not fulfilled.
Following this premise, the missing aromaticity in the intermediate 1?* renders it easier to be
irreversibly oxidized a third time, eventually leading to decomposition of the transient 13*.
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Figure S69: Resonance stabilized dication of the bisguanidyl-substituted phenanthroline ligand
reported by Henkel after two-fold oxidation in the CV study. The aromatic bipyridine subunit following
the Hickel’s rule is highlighted in red.
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Cyclic voltammetry studies of 1-HB(CgsFs)4

20 LA

—25mV:-s™

—— 50 mV-s™ 10 1A t
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-30 -25 -20 -15 -10 -05 00 05 10 15
E/V vs. Fc/Fc?

Figure S70: Cyclic voltammogram of 1-HB(C¢Fs)4 at different scan rates. Full scans (top and middle) and
of the first oxidation event only (bottom).
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Figure S71: Stacked cyclic voltammogram of 1-HB(C¢Fs)s at 100 mV-s and the corresponding
differential pulse voltammogram.
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Cyclic voltammetry studies of 2:2MeCN

—25mV-s! ——50 mV-s™
— 100 mV-s™! =250 mV-s~’
——500 mV's™' —— 1000 mV-s™’'

kS
su? N— Ny
I =N \N
A aPaws 0m|

N\ Zn N ——

Bu N/ \ tBu

& .

HaC CHs

I I 1 1 ' 1 v I N I I N I ' I I
-30 -25 -20 -15 -10 -05 0.0 0.5 1.0 1.5 2.0

E !V vs. Fc/Fc*

25

Figure S72: Cylcic voltammograms of 2:2MeCN. Full scan (top) and for positive potentials only

(bottom).
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Figure S73: Cyclic voltammogram of 2-:2MeCN of the first oxidation event.
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E/V vs. Fc/Fc*
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Figure S74: Stacked cyclic voltammogram of 2:2MeCN and the corresponding differential pulse

voltammogram.

Broad signals (CV and DPV) are likely due to dynamic processes of 2:2MeCN involving

dissociation and association processes during the measurement.
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Photophysical Investigation

General Information: Absorption spectra were recorded using a Hewlett-Packard 4853 diode
array spectrometer. Photoluminescence (PL) spectra were recorded using a Photon
Technology International Quanta Master spectrofluorometer. Excited state lifetime
measurements were performed using time-correlated single-photon counting (TCSPC) with an
IBH Fluorocube apparatus interfaced with a Horiba FluoroHub+ controller. Quantum yield (QY)
measurements were performed using a Hamamatsu C9920 integrating sphere with a xenon
lamp excitation source. Samples for PL, TCSPC, and QY measurements were prepared in a
custom-made long glass cuvette that allowed the solutions to be sparged with N; and sealed
with a PTFE valve.

The IBH Fluorocube apparatus shows a time resolution of FWHM = about 1 nanosecond.

For short lifetimes a FluoTime 300 (PicoQuant GmbH, Germany), with a PDL 820 laser pulse
driver and FWHM < 70 picoseconds was used. The photons were collected by using a PMA-C-
192 photomultiplier (PMT) single-photon-counting detector. The data was acquired by using
the commercially available software EasyTau (Pico-Quant GmbH, Germany), whereas data
analysis was performed by using the commercially available software FluoFit (PicoQuant
GmbH, Germany).
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Compound 1

Lifetime measurements of 1:

10004 —air, 440 nm — degassed, 440 nm | ‘ — air, 440 nm  — degassed, 464 nm
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Figure S75: Excited state lifetimes of 1 in THF at ambient temperature for the same concentrations of
0.5 or 100 uM, respectively (top) and comparison of different concentrations under identical
conditions (bottom). The excitation wavelength is set at 375 nm.

Table S2: Fitted lifetime data for 1 in air or degassed condition at a 0.5 or 100 uM solution in THF at

298 K.
. Lifetime 7 (ns)
Conditions
emission at A =440 nm emission at A =464 nm emission at A =550 nm
11 = 6.7840.14 (40.4%) 11 = 7.44840.067 (42.73%) 11 = 8.77240.054 (90.3%)
0.5 uM-air | 12 = 1.901+0.077 (47.54%) 75 = 2.124+0.040 (48.51%) T, = 2.31+0.33 (8.16%)
13 = 0.156+0.022 (12.01%) 73 = 0.220+0.015 (8.76%) 13 =0.112+0.056 (1.57%)
T1 = 8.44+0.11 (29.27%) 71 = 9.40%0.13 (35.13%) 71 = 10.82340.079 (80.55%)
doe‘Zaleslt/le;j T2 = 2.157+0.025 (61.68%) T2 = 2.523+0.064 (58.59%) T2 = 3.41+0.20 (17.33%)
13 = 0.188+0.011 (9.06%) 73 = 0.266+0.058 (6.28%) 13 =0.2910.11 (2.12%)
11 = 5.439+0.097 (9.33%) 71 = 5.739+0.037 (10.302%) T1 = 8.937+0.090 (48.9%)
100 uM-air | 12 = 0.7942+0.0072 (86.25%) T2 =0.7977%0.0033 (84.72%) T2 = 4.21+0.14 (34.3%)
13 =0.162+0.026 (4.43%) 13 = 0.158+0.035 (4.98%) 13 = 0.689+0.023 (16.79%)
15D o 71 = 8.24240.077 (13.323%) 11 = 8.24+0.11 (15.22%) 71 = 14.1740.59 (32.8%)
degassed 7, = 0.94740.0062 (63%) T, = 0.86440.024 (77.8%) T2 = 6.2940.24 (52.5%)
73 = 0.51+0.12 (24%) 13 = 0.217+0.084 (7.0%) 73 = 0.805+0.019 (14.72%)
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The exact evaluation of all lifetime curves of Figure S75 are given in Table S2. In every case,
simulation of the curves by three exponential functions reflecting three different lifetimes
gave appropriate fittings. The lifetimes range from 0.1140.05 ns to 14.17+0.59 ns.

Further lifetime measurements using the IBH Fluorocube gave lifetimes of t4650m = 0.9 (64%)
and 8.0 ns (36%) and tssonm = 1.2 (28%) and 10.2 ns (72%) (Figure S76).

= Prompt
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it
» 1004 w 100+
£ £
=, 3
(o] [e]
O [}
10+ 10+
14 o d o L =865 ps (64%), 8.0 ns (36%) = 14 e = = 1.2 08 (28%), 10.2 05 (72%) -
0 20 40 60 80 100 0 20 40 60 80 100
t/ns t/ns

Figure S76: Excited state lifetimes of 1 in THF at ambient temperature.

Emission / excitation spectra of 1:
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Figure S77: Excitation and emission spectra of a 10 uM solution of 1 in THF at ambient temperature.
The excitation spectra are shown for emissions at 420, 440, and 600 nm, respectively. The emission
spectrum has been taken for an excitation at 360 nm.
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Emission / excitation spectra and lifetime measurements of 1 at 77 K:

1.0 H ~
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Figure 578: Emission spectra of a 10 uM solution of 1 in glassy 2-methyl-THF at 77 K. The excitation
wavelength was 360 nm. The dashed line contains both fluorescence and phosphorescence, whereas
in the gated spectrum the fluorescence was suppressed. These spectra are independent of

concentration.
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Figure 579: Long-persistent excited state lifetime of a 10 uM solution of 1 in glassy 2-methyl-THF at
77 K. The emission was measured at 450 nm (left, above), 500 nm (right, above), 550 nm (middle,
below). The excitation wavelength was 360 nm.

52



Beer’s law plot of 1:
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Figure S80: Plot and linear fit of absorbance versus concentration of 1 at different wavelengths
measured in THF at ambient temperature.
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Emission / excitation spectra and lifetime measurements of 1 in a polystyrene (PS) matrix:
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Figure S81: Emission
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and excitation spectra of 1 in a polystyrene (PS) matrix measured at ambient

Figure S82: Lifetime measurements of 1 in a polystyrene (PS) matrix measured at ambient

temperature.
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Compound 1-HBF4

Lifetime measurements of 1-HBF4:

Table S3: Luminescence lifetimes of a 10 uM solution of 1-HBF, in degassed 2-methyl-THF at 298 K.

- Lifetime 7(ns)
Conditions o — —
emission at A = 450 nm emission at A = 500 nm emission at A = 550 nm
10 uM-air 1=2.04 (77%), 8.17 (23%) 1=30.8 t=30.9
10 uM-degassed T =3.5(68%), 15.8 (32%) t=30.3 t=30.5

Emission / excitation spectra and lifetime measurements of 1-HBF4 at 77 K:

1.25 4 — —1-HBF,, non-gated, 77 K
—— 1-HBF,, gated, 77 K

1.00
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Normalized Intensity

0.25

0.00
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A Inm
Figure S83: Emission spectra of a 10 uM solution of 1-HBF, in glassy 2-methyl-THF at 77 K. The
excitation wavelength was 360 nm. The dashed line contains both fluorescence and phosphorescence,

whereas in the gated spectrum the fluorescence was suppressed. These spectra are independent of
concentration.
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Figure S84: Long-persistent excited state lifetimes of a 10 uM solution of 1-HBF, in glassy 2-methyl-THF
at 77 K. The emissions were measured at 500 nm (top) and 530 nm (bottom). Excitation wavelength

was set to 350 nm.
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Beer’s law plot of 1-HBF,:
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Figure S85: Plot and linear fit of absorbance versus concentration of 1-HBF, at different wavelengths

measured in DMF at ambient temperature.
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Compound 2:2MeCN

Lifetime measurements of 2-:2MeCN:

Table S4: Luminescence lifetimes of a 10 UM solution of 2:2MeCN in degassed THF at 298 K.

Lifetime 7
emission at A =400 nm emission at A =450 nm emission at A =500 nm emission at A =550 nm
3.1 ns (83%) 3.4 ns (90%) 3.5 ns (87%) 3.7 ns (78%)
7.7 ns (17%) 9.9 ns (10%) 10.4 ns (13%) 11.8 ns (22%)

Emission / excitation spectra and lifetime measurements of 2:2MeCN at 77 K:

— =2-2MeCN, non-gated, 77 K
——2:2MeCN, gated, 77 K

1.00

0.75 4

0.50 +

Normalized Emission

0.25 +

e ———
400 450 500 550 600 650 700
A lnm

Figure S86: Emission spectra of a 10 uM solution of 2:2MeCN in glassy 2-methyl-THF at 77 K. The
excitation wavelength was 360 nm. The dashed line contains both fluorescence and phosphorescence,
whereas in the gated spectrum the fluorescence was suppressed. These spectra are independent of
concentration.
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Figure S87: Long-persistent excited state lifetimes of a 10 pM solution of 2:2MeCN in glassy 2-methyl-THF at 77 K. The emissions were measured at 500 nm (top,
left). 510 nm (top, middle), 518 nm (top, right), 532 nm, (bottom, left), 552 nm (bottom, middle) and 600 nm (bottom, right). Excitation wavelength was set to

380 nm (bottom, right) and 360 nm for all other.
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Beer’s law plot of 2:2MeCN:

Absorbance / a.u.

—a— absorbance @ 240 nm
6.0 1 —=— absorbance @ 330 nm
1 —&— absorbance @ 346 nm
50 - linear fit of absorbance @ 340 nm
— linear fit of absorbance @ 330 nm
linear fit of absorbance @ 346 nm
4.0 —a
3.0 5
2.0+
Equation y=a+bx
10 - Plot ‘absorbance @ 240 nm absorbance @ 330 nm_| _absorbance (@ 346 nm
Weight No Weighting
Intercept 0.32079 £ 0.21206 0.0508 £ 0.04381 0.03553 £0.02712
Slope 0.02234 £ 0.00303 0.02142 £ 68.2562TE-4 0.02B16 £+ 3.8721BE-4
Residual Sum of Squares 311886 013312 0.05099
0.0 R (557 " el e
Adj. R-Square 084228 0.88153 0.99811
T T T T T T
0 50 100 150 200

Concentration / pM

Figure S88: Plot and linear fit of absorbance versus concentration of 2-:2MeCN at different wavelengths
measured in DMF at ambient temperatures.
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Jablonski Diagrams of 1, 1-HBF4 and 2-2MeCN
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Figure S89: Jablonski diagram of compound 1 including the intermolecular TTA process with a second
molecule of 1 acting as annihilator (ISC = intersystem crossing, TTA = triplet-triplet annihilation,

PS = polystyrene).

Figure S90: Jablonski diagram of 1-HBF,.
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Figure S91: Jablonski diagram of 2:2MeCN (TTA = triplet-triplet annihilation).
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Protonation Experiments of 1

1 (50 mg, 87.6 umol) was dissolved in DCM (6 mL) and protonated successively under inert
conditions by adding a stock solution of HOTf (chorf = 285 mM) in steps of 0.5 equivalents
(150 pL) with a 1 mL syringe until 2.0 equivalents of HOTf were added. Then, a total of 3.0 and
4.0 equivalents of HOTf in steps of 1.0 equivalents, and ultimately an excess of 10 equivalents
to a total of 14 equivalents were added. After each addition of acid, the Schlenk flask was
vigorously shaken to ensure homogeneity of the solution. Pictures of each protonation step

described are shown in Figure S92.

1+0.0 HOTT 1+0.5HOTT 1+1.0HOTT 1+1.5HOTF

1+2.0HOTt 1+3.0HOT 1+4.0HOTT 1+14.0HOTt

Figure S92: Protonation experiments of 1 with HOTf in DCM under inert conditions.
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Protonation of 1 and assessment of the pKgy+ value for 1

Protonation of 1

To further investigate the protonation of compound 1, energy minimizations at
B3LYP/6-31G(d,p) level were carried out, considering a number of different protonation
states. In the mono-protonated case, two potential acceptor atoms can be identified, namely
i) a nitrogen atom of the phenanthroline moiety and ii) a nitrogen atom of an imine group.
Based on the associated free energies G, protonation at the N-atom of phenanthroline is
favored by -52.0 kJ mol over protonation at one of the imine groups.

In case of the second protonation step, three potential states were considered, namely I) both
nitrogen atoms of phenanthroline, Il) a phenanthroline nitrogen atom in addition to the
adjacent imine nitrogen atom and Ill) a phenanthroline nitrogen atom in addition to the
distant imine nitrogen atom. From the resulting free energies G, the latter case was found to
be the most stable state. Protonation of both nitrogen atoms of the phenanthroline moiety
was found to be less favorable by 12.6 k) mol?, indicating a potential competition between
these two states. In contrast, protonation at the N-atom of phenanthroline and the imine on
the same side of the molecule results in a free energy difference of 63.8 k) mol?, clearly
showing that this protonation state is the least favorable one.

Figure S93: The three potential protonation states I-lll considered for the calculation of the second
protonation. The most favorable configuration according to the calculations is highlighted in the green
frame.
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pKgy+(ACN) value of 1

DFT calculations at the B3LYP/6-31G(d,p)/SMD(ACN) level of theory were carried out in
conjunction with (de)protonation experiments to assess the pKgy+(ACN) value of 1. ACN was
chosen as solvent for the experiments and as implicit solvent for the DFT calculations. H,0 and
THF were not considered as suitable solvents since 1 and 1-HBF4 are either insoluble or only
weakly soluble in these solvents. The pKgy+(ACN) value of 1 and of [1-H]* were calculated
using pyridine/pyridinium as reference system following the equilibrium reaction (1).

X ©) X
B o+ | J = | (1)

N N
94

Previously, DFT calculations revealed that the first protonation of 1 is energetically favored to
occur at one of the phenanthroline N atoms over the imine N atom. The second protonation
at the opposite imine N atom was energetically slightly favored over the second
phenanthroline N atom (see | and lll in Figure S93). The second protonation at the imine N
atom on the same side (see Il in Figure S93) was energetically significantly disfavored by
63.8 kJ mol L. Consequently, for the calculation of their respective pKgy+(ACN) value, only the
structures | and Il were taken into consideration. The pKgy+(ACN) values of 1,10-
phenanthroline, 1 and [1-H]* were calculated at the B3LYP/6-31G(d,p)/SMD(ACN) level of
theory and are listed in Table S5. The calculations reveal that the basicity of 1 lies in the range
of amidine superbases such as DBU (pKgy+(ACN) = 24.1)% and the basicity of [1-H]* lies in the
range of pyridine (pKgy+(ACN) = 12.5).1°

Table S5: pK g+ cq1c(ACN) value of 1,10-phenanthroline, 1 and [1-H]" (I and Ill) calculated at the
B3LYP/6-31G(d,p)/SMD(ACN) level of theory. The value in parentheses for 1,10-phenanthroline is
reported in literature.

1,10-phenanthroline 1 [2-H]* (1) [2-H]* (1)

13.8 (13.7)% 25.0 11.5 13.1

To experimentally gauge the pKgy+(ACN) value of 1 (see experimental procedures), 1 was

employed as base to deprotonate the HBF; salts of

PPhs (pKgp+(ACN) = 8.0),%°

NEts (pKgp+(ACN) = 17.8),15

DBU (pKpp+(ACN) = 24.1),5

TBD (pKgy+(ACN) = 26.0)** and

P(tmg)s (pKgy+(ACN) = 32.7, tmg = tetramethylguanidyl)*?
In a similar vein, the deprotonation of 1-HBF4 using the commercially available phosphazene
base tert-butylimino-tri(pyrrolidino)phosphoran [P1-tBu(pyrr)s] (pKgy+(ACN) = 28.4)7 or the
superbasic phosphine P(NIiPr),(iPr) (pKgy+(ACN) = 29.5)° was investigated. All reactions were
performed on an NMR scale in MeCN-ds and analyzed by NMR spectroscopy. The analysis of
the NMR spectra (vide infra) revealed that addition of 1.0 eq. of 1 to the HBF4 salts of PPhs
and NEts led to a complete proton transfer forming [1-H]* within 1 h. In the case of DBU and
TBD, the addition of 1.0 eq. of 1 did not lead to a complete proton transfer according to *H
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NMR analysis. Instead, the shifts of the resonances of the reaction mixture indicate that both
the free ligand 1 and the protonated ligand 1-HBF4 are present in the equilibrium state.
Moreover, no indication of deprotonation was observed according to NMR analysis after
combining P(tmg)s-HBF4 with 1. Combining 1-HBF4 with 1.0 eq. of P1-tBu(pyrr)s or P(NIiPr)(iPr)
in MeCN-d3, led to complete proton transfer to the phosphazene base or superbasic
phosphine within 1 h, respectively.

Collectively, these experiments show that 1 is a significantly weaker base than P(NIiPr),(iPr)
and P1-tBu(pyrr)s. Moreover, an equilibrium mixture is obtained with DBU-HBF4 and TBD-HBF4
indicating similar basicity to both. Therefore, the pKgy+(ACN) value of 1 is estimated to be in
the range of pKgy+(ACN) = 25.
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Experimental procedures

General procedure for the use of 1 as base:

1 (15 mg, 26 umol, 1.0 eq.) was added to an MeCN-dj3 solution containing 1.0 eq. of the HBF4
salt of PPhs, NEts, DBU, TBD and P(tmg)s, respectively. The resulting reaction mixture was
shaken vigorously and subjected to NMR analysis after 1 h. *H NMR spectra and 3P NMR
spectra (if applicable) were recorded and used to analyze the proton transfer.

Experiment with 1-HBF4 and P1-tBu(pyrr)s as base:

1-HBFs (21.5mg, 33 umol, 1.0 eq.) was dissolved in MeCN-d3 and Pi-tBu(pyrr)s (10 pL,
33 umol, 1.0 eq.) was added using a Hamilton® syringe. The resulting reaction mixture was
subjected to *H NMR and 3'P NMR analysis after 1 h.

Experiments with 1-HBF4 and P(NIiPr),(iPr) as base:

1-HBFs (15 mg, 23 umol, 1.0 eq.) was dissolved in MeCN-dsz and P(NIiPr)2(iPr) (10.5 mg,
23 umol, 1.0 eq.) was added. The resulting reaction mixture was subjected to *H NMR and 3'P
NMR analysis after 1 h.
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NMR analysis of 1 + PPh3-HBF4:

The characteristic P-H coupling which is observed in the 'H NMR spectrum (Figure S94) at
6 =8.72 ppm with a coupling constant of Jpy =527.5 Hz and in the 3!P{} NMR spectrum
(Figure S95) at 6 =4.9 ppm with a coupling constant of Jpy =528 Hz vanishes after the
addition of 1 indicating that the [PPhs-H]* cation is deprotonated. This is further supported by
the observed new resonance attributed to PPhs at 6 =—5.9 ppm in the resulting 3!P{} NMR
spectrum.

H:

"Jpy = 527.5 Hz
0= 8.72 ppm

PPh,-HBF, J

M PPhy-HBF, + 1 > PPh; + 1-HBF; | .
o I ol o

100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
0 (ppm)

Figure S94: Stacked 'H NMR spectra of PPhs-HBF, before (top) and after the addition of 1 (bottom)
measured in MeCN-ds (* = residual solvent signal).

P

1JPH =528 Hz
0=4.9 ppm

PPhyHBF,

PPh;-HBF, + 1 > PPh; + 1-HBF, 0=-59 ppm

280 240 200 160 120 80 40 0 -40 -80 -120 -160 -200 -240 -280
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Figure S95: Stacked 3!P{} NMR spectra of PPhs-HBF, before (top) and after the addition of 1 (bottom)
measured in MeCN-ds.
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NMR analysis of 1 + NEt3-HBFa:

The 'H NMR resonance of the acidic proton in the spectrum of NEts-HBF4 (Figure S96, top)
disappears after the addition of 1 and is observed instead at § = 9.38 ppm (Figure S96, middle)
which is slightly shifted compared to the reference 'H NMR spectrum of the pure 1-HBF4
(Figure S96, bottom) at 6 = 10.04 ppm. The slight difference in the shifts of the acidic proton
resonance could be due to interactions with NEts in solution. All other signals in the aromatic
and aliphatic region of the reaction mixture nicely overlap with the reference spectrum of
1-HBF4 and the two other aliphatic signals are attributed to free NEts.

" 0= 6.49 ppm
NEt, HBF, J
0 =9.38 ppm L -
M\ “ ‘ h NEt,-HBF, + 1 > NEt, + 1-HBF,
| - HET W S W' i L I
. 0= 10.04 ppm
' i " | L 1-HBF, I
11.010.510.0 9.5 9.0 85 8.0 75 7.0 6.5 6.0 5.5 45 40 35 3.0 25 20 15 10 0.5 0.0
S (ppm) o (ppm)

Figure S96: Stacked 'H NMR spectra of NEts-HBF4 before (top), after the addition of 1 (middle) and of
a reference spectrum of 1-HBF, (bottom) measured in MeCN-ds; (* = residual solvent signal). The
aromatic H signals (left) are depicted with a 20-fold scaling for better visibility of the signals.
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NMR analysis of 1 + DBU-HBF4:

Like for NEts-HBF4, the *H NMR resonance of the acidic proton in the spectrum of DBU-HBF4 is
shifted after the addition of 1 and is observed at 6 = 10.90 ppm which is also shifted compared
to the reference 'H NMR spectrum of the pure 1-HBF, at § = 10.04 ppm (Figure S97). Yet, the
aromatic and aliphatic resonances of the reaction mixture do not align with the refence
measurements and are shifted up to A =0.14 ppm from the reference 1-HBFs 'H NMR
spectrum. The resonances of DBU are shifted as well upon addition of 1. The highlighted *H
resonances of the reaction mixture are in the between that of 1 and 1-HBF4 (Figure S97,
bottom two) and in between free DBU and DBU-HBF4 (Figure S97, top two). This indicates that
the proton transfer from DBU-HBF4 to 1 is not complete and the equilibrium is not clearly on
one side of the reaction.

H:

DBU-HBF ,

) =2.58 ppm

A 0 =7.49 ppm

DBU

40 =2.27ppm

DBU-HBF, +1 >

"’/\M 0= 3.56 ppm
0 =10.90 ppm
m J =248 ppm
\ : e g
1-HBF,
0 =3.70 ppm
WMW J = 10.04 ppm
AN // M M
1
0= 3.50 ppm
12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 1.0 0.0
0 (ppm)

Figure S97: Stacked *H NMR spectra of DBU-HBF,, free DBU, the reaction mixture of DBU-HBF4 and 1,
1-HBF,4 and the free ligand 1 measured in MeCN-ds (* = residual solvent signal).
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NMR analysis of 1 + TBD-HBFa:

Like for NEt3-HBF4, the 'H NMR resonance of the acidic proton in the spectrum of TBD-HBFg is
shifted after the addition of 1 and is observed at 6 = 9.31 ppm which is also shifted compared
to the reference 'H NMR spectrum of the pure 1-HBF, at § = 10.04 ppm (Figure S98). Yet, the
aromatic and aliphatic resonances of the reaction mixture do not align with the refence
measurements and are shifted up to Aé = 0.17 ppm. The resonances of TBD are shifted as well
upon addition of 1. The highlighted H resonances of the reaction mixture are in the between
that of 1 and 1-HBFs (Figure S98, bottom two) and in between free TBD and TBD-HBF4
(Figure S98, top two). This indicates that the proton transfer from TBD-HBF4 to 1 is not
complete and the equilibrium is not clearly on one side of the reaction.

H:

TBD-HBF,

’JL 5= 5.99 ppm

TBD

TBD-HBF,+1>

&=9.31ppm
A PP J=3.55 ppm
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o o PP 5=3.70 ppm

%

H ' 0= 3.50 ppm

T T T T T T T T T T T T T T T T TL__T_I T T T T T T T
12.0 11.5 11.0 10.5 10.0 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0
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Figure 598: S Stacked 'H NMR spectra of TBD-HBF,, free TBD, the reaction mixture of TBD-HBF; and 1,
1-HBF4 and the free ligand 1 measured in MeCN-ds (* = residual solvent signal).
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NMR analysis of 1 + P(tmg)s-HBFa:

After the addition of 1 to the solution of P(tmg)s-HBF4 in MeCN-ds, 'H and 3P NMR analysis
revealed that no deprotonation and formation of the [1-H]* cation occurs. The characteristic
P—H coupling observed in the *H NMR spectrum (Figure $99) at 6 = 7.86 ppm with a coupling
constant of YJpyy = 539.4 Hz and in the 3P NMR spectrum (Figure $100) at § = —16.7 ppm with
a coupling constant of YJpy = 539 Hz remain unchanged.

H:

Jpy = 539.4 Hz
0= 7.86 ppm l P(tmg);-HBF 4

4 4
i i

I SO B s o R N ¥ N |

T T T T T T T T T T T T T T T T T T T T

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05
o (ppm)

Figure S99: Stacked *H NMR spectra of P(tmg)s-HBF, before (top) and after the addition of 1 (bottom)
measured in MeCN-ds (* = residual solvent signal).
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Figure S100: Stacked 3!P{} NMR spectra of P(tmg)s-HBF4 before (top) and after the addition of 1
(bottom) measured in MeCN-ds.

72



NMR analysis of 1-HBF4 + P(NIiPr)2(iPr):

After the addition of P(NIiPr)2(iPr) to the solution of 1-HBFs in MeCN-ds, H and 3P NMR
analysis revealed that complete deprotonation of 1-HBF4 occurs releasing the free ligand 1,
and P(NIiPr)2(iPr)-HBF4 is formed in the process. This is evidenced by the characteristic P-H
coupling in the H NMR spectrum (Figure S101) at 6 = 7.54 ppm with a coupling constant of
Ypn =467.3 Hz and in the 3P NMR spectrum (Figure S102) at § =0.2 ppm with a coupling
constant of Ypy = 469 Hz. Furthermore, the acidic proton resonance of 1-HBF,4 disappears after
addition of the phosphine.

H:
1-HBF,
M 0 =10.04 ppm *
: : A | [
1oy = 467.3 Hz 1-HBF, + P(NIiPr)(iPr) > 1 + P(NIiPr),(iPr)-HBF ,
0 =7.54 ppm
------------------------- | J

11.5 11.0 105 100 95 9.0 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
0 (ppm)

Figure S101: Stacked H NMR spectra of 1-HBF4 before (top) and after the addition of P(NIiPr),(iPr)
(bottom) measured in MeCN-ds (* = residual solvent signal).

31P{}Z P(N|IPr)2(iPI')

1-HBF , + P(NIiPr),(iPr) > 1 + P(NIiPr),(iPr)-HBF 4
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Figure 5§102: Stacked 3'P{} NMR spectra of a reference spectrum of P(NIiPr),(iPr) (top) and of the
reaction mixture with 1-HBF, (bottom) measured in MeCN-ds.
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NMR analysis of 1-HBF4 + P1-tBu(pyrr)s:

After the addition of Pi-tBu(pyrr)s to the solution of 1:-HBF4 in MeCN-ds, *H and 3P NMR
analysis revealed that complete deprotonation of 1-HBF4 occurs releasing the free ligand 1,
and P1-tBu(pyrr)s-HBF4 is formed in the process. The resonance of the acidic proton of 1-HBF4
in the 'H NMR spectrum (Figure S103) at & = 10.4 ppm disappears upon addition of the
phosphazene base and the resonance of the 3!P resonance (Figure S104) is shifted from & = —
6.9 ppm to 6 = 21.3 ppm. The N-H proton resonance of P1-tBu(pyrr)s-HBF4 is broadened and
partially overlapping with a resonance of 1 (see cutout in Figure S103, bottom).

H:

. 0 =10.04 ppm

1-HBF, i E 1 ﬂ JJ

Il
1-HBF , + P4-tBu(pyrr); > 1 + Py-tBu(pyrr)s ‘HBF, | M I J \
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Figure $103: Stacked 'H NMR spectra of 1-HBF, before (top) and after the addition of P;-tBu(pyrr)s
(bottom) measured in MeCN-ds (* = residual solvent signal).
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Figure S104: Stacked 3'P{} NMR spectra of a reference spectrum of P:-tBu(pyrr)s (top) and of the
reaction mixture with 1-HBF, (bottom) measured in MeCN-ds.
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Computational Details

In addition to experimental measurements, theoretical calculations at density functional
theory (DFT) level were carried out to characterize the associated UV/Vis excitations and to
investigate the preferred protonation sites of compound 1.

All calculations were executed employing the B3LYP!® functional in conjunction with
6-31G(d,p) basis sets'®?! using Gaussian16.?? The influence of solvent effects in
dichloromethane (relative permittivity €=8.93) or acetonitrile (relative permittivity
€ = 35.688) was accounted for using the implicit solvent model density (SMD) approach.?3

In addition to the neutral form of compound 1 the respective protonated and two-fold
protonated states were investigated. For each of these molecular systems an energy
minimization employing tight convergence criteria of <10® E, and <1.5 x 10 E, bohr? was
carried out. To validate that the optimized structures correspond to minima on the potential
energy surface and to estimate the contributions to the free energy G, a thermochemical
analysis based on harmonic vibrational frequencies was carried out according to the method
outlined by Ochterski.?4%

In addition, UV/Vis excitations have been calculated for compound 1 using time-dependent
density functional theory (TD DFT) calculations?® employing the settings outlined above. To
match the thermal broadening of the experimental spectrum, a weighted kernel density
estimation based on Gaussian distributions was applied, setting the peak half-width at half
height to 0.185 eV.
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UV/Vis Spectrum
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Figure S105: a) A comparison of the experimental UV/Vis absorption spectrum of compound 1 (10 pM, top) and the corresponding theoretical prediction obtained
via TD-DFT calculation at B3LYP/6-31G(d,p) level of theory in implicit dichloromethane (bottom). b) Orbital contributions of the three main excitations obtained
from the TD-DFT calculation. The eigenenergies of the individual canonical molecular orbitals (MOs) are given in parentheses in units of Ep, the labels assigned to
the individual excitations correspond to the most dominant MO coefficient
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Theoretical calculations of the UV/Vis excitations have shown that three main transition near
350 and 300 nm can be identified, that can be classified to be exclusively t — rt* transitions.
Based on the free energy differences of different protonation states, the nitrogen atoms of
phenanthroline were found to be preferred over the imine group. In case of the second
protonation step, the imine group opposite to the initial protonation site was found to be

preferred, albeit a competition with the two-fold protonation of the phenanthroline moiety
can be expected.

77



XYZ Coordinates

Table S6: XYZ coordinates of the optimized geometry for 1 obtained at the
B3LYP/6-31G(d,p)/SMD(DCM) level of theory.

Atom X Y z Atom X Y z
N 1.369951 1.593310 0.015228 H -2.524484 1.191729 -2.538057
N -1.411128 1.559109 -0.061876 H -1.860005 0.539513 -4.030508
N -3.455014 0.378092 -0.067278 C -4.155821 -0.879793 -3.135019
N -2.540986 -1.490961 -1.329988 H -4.669150 -0.152725 -2.499456
N -3.443614 -1.827413 0.718849 H -4.667160 -1.844200 -3.042883
N 3.430152 0.447757 -0.091882 H -4.250595 -0.548775 -4.174590
N 3.312580 -1.827422 -0.652365 C -1.968843 -2.006802 -3.676975
N 2.922766 -1.317030 1.503232 H -0.914858 -2.129259 -3.406566
C 0.697092 2.772789 -0.031294 H -2.010495 -1.626401 -4.701272
C -0.764820 2.753696 -0.079230 H -2.447780 -2.988947 -3.676492
C -2.751747 1.533238 -0.154018 C -5.188666 -0.749834 2.132714
C -3.515955 2.746916 -0.260436 H -5.963550 -1.316278 1.604540
H -4.597023 2.679265 -0.331188 H -5.087465 0.223687 1.655188
C -2.868603 3.950234 -0.263222 H -5.519473 -0.604472 3.166555
H -3.427105 4.880658 -0.339346 C -4.100373 -2.859701 2.862263
C -1.450519 4.000707 -0.170995 H -4.869373 -3.461508 2.367239
C -0.741102 5.239793 -0.180176 H -4.451081 -2.638104 3.874337
H -1.310409 6.164394 -0.239442 H -3.190286 -3.459464 2.954701
C 0.624038 5.256997 -0.123882 C -2.755429 -0.747609 2.866889
H 1.173699 6.195129 -0.137352 H -1.829487 -1.330398 2.901242
C 1.359507 4.034628 -0.062196 H -3.065210 -0.547440 3.898327
C 2.781313 4.015917 -0.050373 H -2.541549 0.205821 2.381077
H 3.322678 4.959317 -0.067421 C 5.370423 -1.277461 -1.952772
C 3.454655 2.826676 -0.032860 H 5.955782 -2.010629 -1.386409
H 4.539152 2.782697 -0.041066 H 5.475009 -0.301916 -1.473265
C 2.713312 1.594492 -0.003383 H 5.795972 -1.215407 -2.960236
C -3.119193 -0.876399 -0.225186 C 3.076936 -0.688820 -2.863478
C -2.622712 -2.950775 -1.135427 H 3.191121 0.329678 -2.497198
H -1.725800 -3.456471 -1.493980 H 2.012634 -0.945563 -2.847770
H -3.493637 -3.362081 -1.663729 H 3.420885 -0.723970 -3.902780
C -2.795244 -3.093273 0.368827 C 3.788030 -3.064471 -2.728849
H -3.407326 -3.957916 0.625840 H 4.388392 -3.835120 -2.236837
H -1.824287 -3.188166 0.875382 H 4.163768 -2.960351 -3.750742
C -2.668354 -0.991659 -2.750164 H 2.750951 -3.411193 -2.786925
C -3.858571 -1.527192 2.128277 C 3.484055 0.645831 2.966927
C 3.176381 -0.789815 0.250790 H 4.540157 0.422025 2.786692
C 3.363318 -3.100955 0.069614 H 3.384497 0.986264 4.002332
H 4.401709 -3.409191 0.263167 H 3.188311 1.473319 2.326140
H 2.858148 -3.899352 -0.473146 C 1.113090 -0.260182 2.847277
C 2.641515 -2.752988 1.364393 H 0.507290 -1.172164 2.829165
H 1.560487 -2.934498 1.281649 H 0.819255 0.364476 2.000683
H 3.028887 -3.328001 2.203263 H 0.885936 0.272387 3.777540
C 3.888918 -1.696155 -2.028093 C 2.952785 -1.559834 3.953955
C 2.610639 -0.609951 2.785504 H 2.303587 -2.438677 3.988270
C -1.962521 0.358132 -2.955587 H 2.812111 -1.019392 4.894141
H -0.966274 0.354353 -2.507491 H 3.995292 -1.893046 3.908341
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Table S7: XYZ coordinates of the optimized geometry for [1-H]*, protonation at one phenanthroline N
atom obtained at the B3LYP/6-31G(d,p)/SMD(DCM) level of theory.

Atom X Y Z Atom X Y Z
N 1.415508 1.627949 0.000677 H -3.189927 1.418814 -1.972411
N -1.307350 1.578205 0.289032 H -3.013093 0.944375 -3.658142
N -3.348112 0.403254 0.456945 C -4.942568 -0.627520 -2.273520
N -2.861124 -1.359426 -1.106754 H -5.240044 0.024775 -1.448367
N -2.953948 -1.837005 1.094611 H -5.400082 -1.611275 -2.123452
N 3.418227 0.380906 -0.282908 H -5.344246 -0.208973 -3.202128
N 2.481164 -1.584658 -1.288920 C -3.024185 -1.640898 -3.550951
N 3.184304 -1.685405 0.847044 H -1.938096 -1.759628 -3.626030
C 0.733572 2.824336 0.119497 H -3.374145 -1.171564 -4.474285
C -0.688807 2.789272 0.284966 H -3.482824 -2.631227 -3.494983
C -2.649200 1.543783 0.434979 C -4.122005 -0.890247 3.086196
C -3.401330 2.769305 0.610051 H -5.033596 -1.426795 2.802579
H -4.475894 2.691812 0.738465 H -4.180439 0.120934 2.686155
C -2.769332 3.976267 0.597788 H -4.086901 -0.833921 4,178958
H -3.330739 4.899446 0.717044 C -2.866978 -3.028240 3.254822
C -1.353908 4.037963 0.423543 H -3.767779 -3.601995 3.015814
C -0.626702 5.259673 0.382995 H -2.842540 -2.883064 4.338339
H -1.172749 6.192880 0.491668 H -1.988895 -3.620885 2.982691
C 0.734468 5.264881 0.204316 C -1.582384 -0.899735 2.954693
H 1.292456 6.195386 0.165092 H -0.705122 -1.472844 2.634741
C 1.440055 4.036079 0.067146 H -1.522922 -0.775335 4.040947
C 2.856832 3.958276 -0.134153 H -1.532158 0.087954 2.492729
H 3.425940 4.882398 -0.186776 C 4.076137 -1.178053 -3.159035
C 3.493807 2.761816 -0.260768 H 4.541891 -2.155450 -2.994791
H 4.563872 2.695044 -0.416372 H 4.635193 -0.425074 -2.596801
C 2.767409 1.517522 -0.183763 H 4.160063 -0.940172 -4.224230
C -3.019861 -0.839953 0.161635 C 1.941887 0.174689 -3.010574
C -2.873336 -2.831288 -1.008730 H 2.543687 1.006074 -2.646332
H -2.155188 -3.287448 -1.689944 H 0.944941 0.231244 -2.563506
H -3.873501 -3.220121 -1.240721 H 1.832515 0.303483 -4.091567
C -2.515371 -3.081221 0.451313 C 1.828878 -2.240770 -3.571639
H -3.029412 -3.954428 0.851702 H 2.272104 -3.237490 -3.506361
H -1.433808 -3.222363 0.581950 H 1.857446 -1.939359 -4.621838
C -3.409220 -0.733940 -2.366070 H 0.779121 -2.300780 -3.266166
C -2.877347 -1.643642 2.581571 C 4.980198 -0.539494 2.151923
C 2.999826 -0.887735 -0.233874 H 5.730099 -1.181979 1.679193
C 2.485964 -3.020056 -0.938545 H 5.315787 -0.317530 3.169676
H 3.359208 -3.511561 -1.385047 H 4.927693 0.395827 1.595961
H 1.583410 -3.519738 -1.287519 C 2.547486 -0.368738 2.872555
C 2.576746 -3.000504 0.584296 H 1.583655 -0.886554 2.914607
H 1.585657 -3.058957 1.051072 H 2.411748 0.571517 2.335101
H 3.191232 -3.814306 0.965018 H 2.842716 -0.125756 3.898178
C 2.594251 -1.191996 -2.743575 C 3.804537 -2.521397 3.086211
C 3.621439 -1.259316 2.224033 H 2.871278 -3.075430 3.220846
C -2.788749 0.648401 -2.628560 H 4.147553 -2.209596 4.076275
H -1.701901 0.620750 -2.511449 H 4.559705 -3.194100 2.668485
H 0.823081 0.801118 0.043218
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Table S8: XYZ coordinates of the optimized geometry for [1:-H]*, protonation at one NHI N atom
obtained at the B3LYP/6-31G(d,p)/SMD(DCM) level of theory.

Atom X Y Z Atom X Y Z

N 1.701925 1.475713 0.245074 H -1.721842 1.111232 -2.729822
N -1.054279 1.675959 -0.170475 H -0.842406 0.203657 -3.951476
N -3.199122 0.707927 -0.412670 C -3.481601 -0.772757 -3.487707
N -2.388596 -1.405550 -1.326479 H -3.996423 0.081283 -3.038524
N -3.749928 -1.371757 0.485385 H -4.146719 -1.641762 -3.444590
N 3.600472 0.124287 0.586075 H -3.301812 -0.542817 -4.543094
N 3.111028 -1.975584 -0.435334 C -1.432266 -2.239294 -3.443416
N 2.055018 -1.481027 1.478602 H -0.493724 -2.476714 -2.930702
C 1.137571 2.703078 0.070048 H -1.192504 -1.968162 -4.475072
C -0.296453 2.801188 -0.180935 H -2.048686 -3.140562 -3.480483
C -2.362962 1.765327 -0.473953 C -5.624317 0.054117 1.292303

C -2.967978 3.031668 -0.797971 H -6.312846 -0.477289 0.626450

H -4.025122 3.054037 -1.041324 H -5.268470 0.947378 0.780464

C -2.211983 4,167257 -0.777545 H -6.181437 0.358165 2.184643

H -2.652709 5.134371 -1.006887 C -5.062361 -2.067564 2.459168

C -0.827837 4.093970 -0.458425 H -5.776638 -2.619936 1.840663

C -0.006455 5.259820 -0.425828 H -5.601885 -1.690724 3.332649

H -0.469316 6.222466 -0.628369 H -4.297848 -2.761978 2.819822

C 1.328123 5.171233 -0.152088 C -3.485940 -0.135659 2.648591

H 1.959099 6.055180 -0.127024 H -2.686201 -0.807767 2.975500

C 1.923406 3.894501 0.084638 H -4.021050 0.207638 3.540377

C 3.314872 3.759956 0.317602 H -3.035372 0.732864 2.166104

H 3.936393 4.650870 0.344362 C 5.507174 -2.165987 -1.089869
C 3.869474 2.518443 0.503656 H 5.577597 -3.123057 -0.563639
H 4.930702 2.384183 0.687763 H 5.854364 -1.378349 -0.412710
C 3.000629 1.400819 0.443014 H 6.196947 -2.193173 -1.938958
C -3.067126 -0.591128 -0.418870 C 3.961837 -0.585560 -2.358928
C -2.806671 -2.800367 -1.075358 H 4.415292 0.257728 -1.836491
H -1.977196 -3.497648 -1.195138 H 2.917062 -0.344204 -2.574062
H -3.610271 -3.090845 -1.764675 H 4.488911 -0.688964 -3.311678
C -3.321060 -2.764722 0.355164 C 3.697419 -3.046280 -2.580195
H -4.140905 -3.466935 0.505533 H 3.795952 -4.039964 -2.135547
H -2.525449 -3.000214 1.076087 H 4.383045 -2.998569 -3.429897
C -2.143237 -1.044901 -2.774994 H 2.679449 -2.924515 -2.962342
C -4.460436 -0.866324 1.706783 C 2.549939 0.217180 3.321110

C 2.931400 -1.072928 0.550504 H 3.629803 0.092799 3.218542

C 2.393574 -3.214207 -0.057955 H 2.332303 0.380199 4.380435

H 3.089575 -3.934963 0.388390 H 2.232573 1.109219 2.783544

H 1.909578 -3.666719 -0.919530 C 0.262755 -0.765813 2.995612

C 1.374790 -2.682061 0.943214 H -0.318116 -1.676309 2.821158

H 0.447774 -2.372379 0.448681 H -0.044874 -0.010054 2.268273

H 1.143627 -3.398458 1.727067 H 0.023576 -0.406369 4.000753

C 4.073408 -1.921486 -1.598772 C 2.191065 -2.184235 3.835699

C 1.772692 -1.034272 2.893749 H 1.636095 -3.107782 3.655101

C -1.212022 0.168646 -2.921607 H 1.992085 -1.883705 4.868462

H 4.561707 0.086205 0.274672 H 3.261159 -2.395094 3.742084

H -0.356997 0.096793 -2.245423
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Table S9: XYZ coordinates of the optimized geometry for [1-2H]*, protonation at both phenanthroline

N atoms (1) obtained at the B3LYP/6-31G(d,p)/(SMD)Dichloromethane level of theory.

Atom X Y Z Atom X Y Z

N -1.459727 1.581893 0.043862 H 3.306767 1.213597 2.209296

N 1.457295 1.576767 -0.119675 H 3.058143 0.603402 3.836694

N 3.522758 0.415018 -0.245831 C 5.077504 -0.828234 2.419085

N 3.062144 -1.497287 1.112640 H 5.399634 -0.104718 1.665254

N 3.090762 -1.745843 -1.124300 H 5.554758 -1.790855 2.208993

N -3.529620 0.423991 0.157934 H 5.431462 -0.483045 3.395549

N -2.803295 -1.592650 1.226212 C 3.125393 -1.969374 3.529200

N -3.285082 -1.644155 -0.972978 H 2.039868 -2.112977 3.546094

C -0.709727 2.753469 -0.018193 H 3.427426 -1.572518 4.501653

C 0.706769 2.750316 -0.122497 H 3.607181 -2.942604 3.409433

C 2.827659 1.518486 -0.258145 C 4.308907 -0.612729 -2.992000
C 3.508501 2.781604 -0.413885 H 5.220076 -1.151017 -2.712933
H 4.584842 2.746457 -0.527939 H 4.335048 0.372995 -2.528958
C 2.819405 3.948381 -0.395118 H 4.311242 -0.480398 -4.078091
H 3.343167 4,893937 -0.497861 C 3.093591 -2.747008 -3.381884
C 1.390834 3.980132 -0.246287 H 3.999202 -3.322697 -3.169721
C 0.679752 5.202244 -0.223915 H 3.091755 -2.509210 -4.448657
H 1.236225 6.129008 -0.317825 H 2.219595 -3.373063 -3.181938
C -0.686070 5.206531 -0.080159 C 1.765392 -0.672346 -2.945644
H -1.244073 6.136687 -0.051318 H 0.885919 -1.258328 -2.656282
C -1.395992 3.987696 0.019837 H 1.715670 -0.508290 -4.026431
C -2.826240 3.962504 0.151041 H 1.710745 0.304434 -2.460733
H -3.351958 4911632 0.193053 C -4.549796 -1.076434 2.930861

C -3.516474 2.797724 0.216129 H -5.061519 -2.020917 2.719710

H -4.594829 2.768583 0.311395 H -4.998866 -0.289856 2.318543

C -2.833695 1.528306 0.141338 H -4.721668 -0.828878 3.983026

C 3.185846 -0.874191 -0.093780 C -2.322571 0.124875 3.005967

C 3.082443 -2.957231 0.877988 H -2.836981 0.999466 2.609100

H 2.369598 -3.474675 1.517927 H -1.291171 0.119797 2.639558

H 4.087316 -3.350384 1.072866 H -2.290167 0.235680 4.093615

C 2.715214 -3.071191 -0.598863 C -2.436710 -2.293235 3.560349

H 3.264703 -3.870296 -1.092615 H -2.935222 -3.257599 3.437749

H 1.640876 -3.243400 -0.740395 H -2.560043 -1.992812 4.603900

C 3.545050 -0.962709 2.442502 H -1.365569 -2.422528 3.371950

C 3.062113 -1.423771 -2.596580 C -4.940254 -0.459047 -2.415113
C -3.173082 -0.869491 0.129208 H -5.736855 -1.108698 -2.038965
C -2.862500 -3.026023 0.865237 H -5.174623 -0.197935 -3.451486
H -3.807568 -3.458465 1.214533 H -4.933742 0.457010 -1.824553
H -2.035505 -3.583219 1.302826 C -2.450552 -0.300724 -2.910852
C -2.794418 -2.998519 -0.658691 H -1.488888 -0.823630 -2.862266
H -1.767208 -3.120134 -1.024608 H -2.369429 0.638484 -2.361329
H -3.418802 -3.769156 -1.106697 H -2.642058 -0.052827 -3.959327
C -3.038820 -1.193414 2.666949 C -3.694823 -2.435727 -3.278877
C -3.587373 -1.191542 -2.380086 H -2.758799 -3.000115 -3.325018
C 2.886414 0.385690 2.778608 H -3.928158 -2.101341 -4.292967
H 1.804463 0.350801 2.617019 H -4.498465 -3.103762 -2.956781
H 1.001964 0.694551 0.072788 H -0.992273 0.689574 -0.044285
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Table S10: XYZ coordinates of the optimized geometry for [1-2H]*, protonation at one phenanthroline
N atom and adjacent NHI N atom (ll) obtained at the B3LYP/6-31G(d,p)/SMD(DCM) level of theory.

Atom X Y Z Atom X Y Z

N 1.661834 1.465488 -0.270666 H -2.991421 1.689856 -1.875226
N -1.006421 1.681188 0.232037 H -3.103552 1.180073 -3.555082
N -3.144213 0.736706 0.585980 C -5.153864 0.048478 -1.928514
N -3.145174 -1.090536 -0.973378 H -5.221449 0.747896 -1.091457
N -3.041217 -1.530593 1.235498 H -5.783777 -0.820182 -1.709520
N 3.462675 -0.021071 -0.672547 H -5.558717 0.540348 -2.818846
N 2.131338 -1.947581 -1.198447 C -3.640577 -1.345419 -3.376252
N 2.960974 -1.776994 0.885771 H -2.617059 -1.680504 -3.574796
C 1.118432 2.724275 -0.120177 H -3.998116 -0.819822 -4.265756
C -0.279760 2.825073 0.165790 H -4.277218 -2.222667 -3.238463
C -2.329625 1.784517 0.502459 C -3.799497 -0.393443 3.325081

C -2.928444 3.084506 0.742232 H -4.814089 -0.767981 3.154625

H -3.988042 3.115274 0.972255 H -3.732459 0.614543 2.918179

C -2.184420 4,221452 0.661522 H -3.632263 -0.345081 4.405795

H -2.635135 5.196215 0.826563 C -2.903633 -2.710597 3.400999

C -0.793074 4.135536 0.352490 H -3.909096 -3.126141 3.284221

C 0.050060 5.276098 0.231935 H -2.724910 -2.566307 4.470002

H -0.389452 6.258541 0.380065 H -2.175198 -3.443048 3.041432

C 1.382793 5.153292 -0.069303 C -1.328825 -0.829760 2.906543

H 2.023459 6.023172 -0.167790 H -0.603470 -1.544194 2.498789

C 1.946404 3.858032 -0.251378 H -1.123718 -0.717332 3.976072

C 3.313196 3.629867 -0.564427 H -1.170502 0.136876 2.424235

H 3.975888 4.482116 -0.681016 C 3.444655 -2.388487 -3.255718
C 3.813916 2.360100 -0.712378 H 3.619769 -3.416066 -2.922109
H 4.858309 2.181624 -0.941602 H 4.286585 -1.765625 -2.937030
C 2.956468 1.245671 -0.544801 H 3.420257 -2.388003 -4.349580
C -3.054271 -0.544776 0.290500 C 1.868180 -0.406939 -3.196630
C -3.439116 -2.530065 -0.828691 H 2.738032 0.235962 -3.065189
H -2.927820 -3.126200 -1.583591 H 1.004492 0.041309 -2.696938
H -4.519359 -2.707406 -0.912316 H 1.650669 -0.442033 -4.267388
C -2.942595 -2.839525 0.578049 C 0.942834 -2.715585 -3.217925
H -3.558174 -3.592125 1.069091 H 1.080184 -3.776642 -2.996940
H -1.902013 -3.192100 0.570234 H 0.886197 -2.613213 -4.304212
C -3.695022 -0.372823 -2.182299 H -0.010510 -2.382240 -2.796386
C -2.764447 -1.346981 2.700250 C 4.912008 -0.494975 1.853988

C 2.847748 -1.233172 -0.325541 H 5.566286 -1.101977 1.220434

C 1.754574 -3.223309 -0.542147 H 5.427145 -0.337653 2.805251

H 2.346438 -4.034231 -0.976500 H 4.773930 0.486194 1.400453

H 0.697131 -3.436607 -0.688175 C 2.581527 -0.284410 2.835503

C 2.100881 -2.983738 0.932411 H 1.645650 -0.806090 3.053772

H 1.215822 -2.762537 1.538309 H 2.359325 0.592112 2.222823

H 2.631301 -3.826600 1.369429 H 3.001456 0.064431 3.783523

C 2.109957 -1.846586 -2.718202 C 3.900215 -2.414553 3.070311

C 3.589138 -1.219758 2.151116 H 2.999316 -2.942786 3.391403

C -2.834301 0.848396 -2.547556 H 4.392033 -2.030392 3.967038

H -1.770347 0.593662 -2.547466 H 4.580340 -3.124850 2.590177

H 0.974758 0.713001 -0.175659 H 4.455435 -0.073175 -0.880322
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Table S11: XYZ coordinates of the optimized geometry for [1-2H]*, protonation at one phenanthroline
N atom and opposite NHI N atom (lll) obtained at the B3LYP/6-31G(d,p)/SMD(DCM) level of theory.

Atom X Y Z Atom X Y Z
N -1.123204 1.709437 0.125073 C 4.431128 -1.731928 2.681866
N 1.633653 1.452093 -0.105335 H 5.117101 -1.234571 1.989544
N 3.557710 0.099210 -0.211796 H 4.495158 -2.813433 2.525719
N 2.511073 -1.604802 1.110337 H 4.767597 -1.520148 3.701338
N 2.768990 -1.977845 -1.094083 C 2.052993 -1.890687 3.518894
N -3.261923 0.672586 0.246188 H 1.019566 -1.555414 3.387366
N -2.784492 -1.518306 1.072406 H 2.372962 -1.600984 4.522904
N -3.239351 -1.264475 -1.117591 H 2.082713 -2.981188 3.469480
C -0.327707 2.839431 0.076246 C 4.092377 -0.871583 -2.957165
C 1.090274 2.704755 -0.065154 H 4.997557 -1.251667 -2.471465
C 2.944266 1.357302 -0.221743 H 3.970773 0.188625 -2.730582
C 3.814234 2.480302 -0.345158 H 4.242883 -0.949500 -4.037078
H 4.883628 2.326202 -0.447270 C 2.994478 -3.076147 -3.287733
C 3.268273 3.734432 -0.311153 H 3.894903 -3.605813 -2.961326
H 3.899084 4.614816 -0.391322 H 3.078651 -2.897781 -4.362406
C 1.865621 3.894614 -0.152574 H 2.126971 -3.720975 -3.130300
C 1.245382 5.173691 -0.077197 C 1.561648 -1.015450 -3.028720
H 1.868224 6.060582 -0.142883 H 0.688892 -1.641808 -2.819029
C -0.110524 5.276057 0.084884 H 1.593471 -0.832609 -4.107051
H -0.592958 6.245906 0.154336 H 1.437698 -0.056354 -2.518507
C -0.920637 4.108090 0.162983 C -4.466569 -0.977038 2.831305
C -2.343311 4.165227 0.334406 H -5.084848 -1.828764 2.529307
H -2.816856 5.138659 0.421935 H -4.816340 -0.085621 2.304242
C -3.094756 3.034875 0.383885 H -4.613719 -0.818163 3.904241
H -4.170252 3.063890 0.509049 C -2.109893 -0.064201 3.008959
C -2.492366 1.729183 0.247785 H -2.513195 0.899610 2.701080
C 2.932038 -1.131287 -0.071807 H -1.085818 -0.157576 2.633591
C 2.003408 -2.982931 0.908955 H -2.069395 -0.065319 4.102234
H 0.988919 -3.079881 1.295823 C -2.522211 -2.495731 3.320290
H 2.649105 -3.688305 1.436381 H -3.134786 -3.373951 3.102707
C 2.072886 -3.190042 -0.609954 H -2.613699 -2.290152 4,389955
H 2.626941 -4.088389 -0.881109 H -1.474570 -2.737629 3.113507
H 1.078948 -3.238517 -1.062372 C -4.757896 0.267248 -2.378093
C 2.992973 -1.216102 2.503395 H -5.618751 -0.305311 -2.018651
C 2.857298 -1.712840 -2.585319 H -4.990880 0.637002 -3.381203
C -3.048598 -0.633892 0.066022 H -4.616842 1.126018 -1.722371
C -3.017909 -2.883006 0.556389 C -2.278860 0.164702 -2.932548
H -4.013455 -3.231189 0.858045 H -1.399519 -0.483149 -3.009144
H -2.271788 -3.584677 0.926827 H -2.041433 0.997542 -2.268783
C -2.927911 -2.695395 -0.956162 H -2.475370 0.579478 -3.926130
H -1.920155 -2.909333 -1.333598 C -3.794822 -1.745907 -3.477492
H -3.639422 -3.326696 -1.484520 H -2.947980 -2.426390 -3.603083
C -2.978553 -1.245958 2.545771 H -3.987829 -1.277498 -4.446081
C -3.508646 -0.629190 -2.457925 H -4.680891 -2.328018 -3.207868
C 2.930107 0.297531 2.748465 H -0.632030 0.821738 0.061445
H 1.950110 0.703738 2.488018 H 4.468414 0.064502 -0.652754
H 3.701243 0.844737 2.207985 H 3.094788 0.469692 3.815809
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Table S12: XYZ coordinates of the optimized geometry for 1 obtained at the
B3LYP/6-31G(d,p)/SMD(ACN) level of theory.

Atom | X Y z Atom | X Y zZ

N -1.408325 1.540231 0.138070 H 3.018615 1.495649 2.111097
N 1.354359 1.565819 -0.150850 H 2.705224 1.007314 3.771967
N 3.398875 0.417720 -0.392658 C 4.765255 -0.524491 2.542514
N 2.796125 -1.300333 1.214210 H 5.117957 0.126928 1.737961
N 3.210463 -1.857515 -0.939491 H 5.251721 -1.500408 2.439245
N -3.416246 0.348493 0.458761 H 5.083235 -0.090282 3.496183
N -2.923043 -1.914852 0.908262 C 2.767245 -1.561679 3.670534
N -3.111125 -1.332966 -1.252406 H 1.681315 -1.701696 3.655445
C -0.761755 2.735563 0.099631 H 3.030440 -1.075364 4.613832
C 0.689901 2.748890 -0.073810 H 3.247322 -2.543032 3.665308
C 2.693527 1.567102 -0.277954 C 4.503395 -0.920348 -2.856869
C 3.430589 2.798955 -0.376211 H 5.407772 -1.412688 -2.482763
H 4.508173 2.755230 -0.499971 H 4.487384 0.101882 -2.481641
C 2.763890 3.989224 -0.298481 H 4.558250 -0.895528 -3.950275
H 3.303398 4.931953 -0.357394 C 3.350903 -3.109392 -3.061168
C 1.350996 4.010479 -0.130961 H 4.239668 -3.645100 -2.712454
C 0.624830 5.234502 -0.015777 H 3.433047 -2.995359 -4.145862
H 1.173694 6.171697 -0.068475 H 2.468766 -3.723901 -2.860927
C -0.729806 5.220905 0.168867 C 1.963446 -1.027001 -2.934408
H -1.290692 6.146957 0.269859 H 1.085028 -1.619184 -2.657562
C -1.437876 3.982741 0.235474 H 1.984114 -0.945241 -4.026435
C -2.843809 3.932139 0.449700 H 1.847086 -0.025175 -2.516280
H -3.394292 4.863228 0.565308 C -4.642146 -1.613096 2.688226
C -3.488885 2.729243 0.513299 H -5.266397 -2.400362 2.251183
H -4.558578 2.663421 0.685788 H -4.963152 -0.649290 2.286648
C -2.740012 1.511995 0.337423 H -4.812026 -1.611081 3.770273
C 3.107606 -0.814757 -0.048584 C -2.271324 -0.779541 3.034686
C 2.841799 -2.775155 1.161169 H -2.594049 0.224159 2.763370
H 2.049544 -3.225070 1.759698 H -1.226040 -0.902804 2.733052
H 3.810306 -3.141894 1.525738 H -2.325813 -0.875839 4.124146
C 2.678355 -3.075973 -0.320493 C -2.737479 -3.220179 2.989215
H 3.233417 -3.966019 -0.616417 H -3.352606 -4.046865 2.622828
H 1.621837 -3.215863 -0.587712 H -2.865097 -3.171600 4.074320
C 3.231298 -0.657243 2.510811 H -1.686031 -3.446555 2.783868
C 3.249704 -1.707376 -2.431644 C -4.287093 0.544053 -2.434803
C -3.114434 -0.863586 0.042122 H -5.231719 0.143740 -2.053224
C -2.998422 -3.179850 0.168148 H -4.468893 0.933415 -3.441495
H -4.008900 -3.609229 0.225354 H -3.987037 1.381856 -1.808671
H -2.284575 -3.913486 0.540408 C -1.848615 0.025458 -2.920174
C -2.663970 -2.734369 -1.250457 H -1.122911 -0.774774 -3.098316
H -1.585019 -2.798684 -1.448225 H -1.458542 0.673051 -2.131861
H -3.190984 -3.332558 -1.990914 H -1.937709 0.607775 -3.843883
C -3.152030 -1.864485 2.387768 C -3.676330 -1.530006 -3.642114
C -3.217956 -0.561388 -2.531870 H -2.932870 -2.301276 -3.859802
C 2.572456 0.715201 2.725391 H -3.828074 -0.956739 -4.560889
H 1.501424 0.675008 2.511772 H -4.623856 -2.015700 -3.385683
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Table S13: optimized geometry for [1-H]*, protonation at one phenanthroline N atom obtained at the
B3LYP/6-31G(d,p)/SMD(ACN) level of theory.

Atom | X Y YA Atom | X Y YA

N -1.382569 1.629948 0.098454 H 3.209044 0.968565 3.578473
N 1.328250 1.565787 -0.290839 C 5.000941 -0.714878 2.147439
N 3.352362 0.375598 -0.537475 H 5.302489 -0.086526 1.305005
N 2.846713 -1.350893 1.060635 H 5.401753 -1.722446 1.993870
N 2.849151 -1.857154 -1.135434 H 5.454826 -0.307716 3.056900
N -3.386724 0.394428 0.421397 C 3.077592 -1.612437 3.502197
N -2.451381 -1.645759 1.259791 H 1.990039 -1.673353 3.614624
N -3.192781 -1.590111 -0.862415 H 3.483698 -1.151251 4.406534
C -0.696536 2.822375 -0.030678 H 3.481780 -2.625878 3.442517
C 0.717948 2.780097 -0.254785 C 3.961046 -0.958380 -3.183238
C 2.662923 1.522133 -0.492650 H 4.872592 -1.507895 -2.924918
C 3.413777 2.743333 -0.701291 H 4.053512 0.058299 -2.804016
H 4.481074 2.660771 -0.879206 H 3.885286 -0.920425 -4.274709
C 2.790841 3.954557 -0.655410 C 2.659808 -3.071695 -3.275067
H 3.352166 4.874641 -0.797455 H 3.552834 -3.663667 -3.051496
C 1.385308 4.025214 -0.414804 H 2.609089 -2.938906 -4.359332
C 0.669557 5.251630 -0.331740 H 1.775436 -3.638448 -2.970957
H 1.216989 6.181933 -0.457711 C 1.428477 -0.914766 -2.952714
C -0.682243 5.263966 -0.090568 H 0.556294 -1.459300 -2.575393
H -1.231667 6.197554 -0.017123 H 1.320643 -0.816849 -4.038028
C -1.390270 4.038630 0.065171 H 1.423584 0.085361 -2.514818
C -2.798389 3.969438 0.325801 C -3.950635 -1.233324 3.207782
H -3.356294 4.897436 0.416390 H -4.490274 -2.165489 3.010212
C -3.439781 2.776441 0.458733 H -4.473172 -0.413784 2.707512
H -4.503596 2.716599 0.655311 H -3.978287 -1.048732 4.286475
C -2.729158 1.526866 0.325603 C -1.722641 -0.035625 3.044980
C 2.985710 -0.855667 -0.217704 H -2.259295 0.856520 2.724771
C 2.779706 -2.823542 0.982554 H -0.733573 -0.045115 2.576706
H 2.057274 -3.232350 1.688597 H -1.583299 0.039459 4.127705
H 3.764516 -3.259756 1.192954 C -1.782866 -2.479115 3.481369
C 2.369428 -3.072488 -0.463362 H -2.300528 -3.435104 3.369651
H 2.830545 -3.973003 -0.867053 H -1.767031 -2.236558 4.547162
H 1.279564 -3.159954 -0.564253 H -0.747366 -2.596919 3.146327
C 3.468210 -0.740282 2.293453 C -5.019075 -0.351317 -2.032323
C 2.722162 -1.679256 -2.620922 H -5.756885 -1.017047 -1.572716
C -2.979771 -0.873346 0.268342 H -5.387464 -0.067269 -3.022965
C -2.474195 -3.053367 0.812723 H -4.940548 0.549549 -1.424532
H -3.345020 -3.567200 1.237894 C -2.611541 -0.147972 -2.822724
H -1.570038 -3.582286 1.110414 H -1.652894 -0.665602 -2.928006
C -2.588804 -2.925012 -0.703241 H -2.453290 0.757700 -2.234425
H -1.606251 -2.954202 -1.189805 H -2.941492 0.157052 -3.821032
H -3.215592 -3.706300 -1.128484 C -3.888725 -2.275891 -3.129155
C -2.489199 -1.332328 2.735659 H -2.963842 -2.824845 -3.327050
C -3.668818 -1.072810 -2.194102 H -4.259945 -1.898582 -4.085698
C 2.931064 0.675528 2.561193 H -4.635433 -2.969401 -2.730792
H 1.840560 0.704035 2.484979 H -0.803030 0.796325 0.021134
H 3.348261 1.417197 1.881928
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Table S14: optimized geometry for [1-2H]*, protonation at both phenanthroline N atoms (I) obtained

at the B3LYP/6-31G(d,p)/SMD(ACN) level of theory.

Atom | X Y YA Atom | X Y YA

N -1.468698 1.573833 0.069847 H 3.017806 0.586204 3.819121
N 1.443217 1.582905 -0.127982 C 5.041019 -0.820463 2.387143
N 3.513722 0.428896 -0.271807 H 5.358811 -0.088092 1.639986
N 3.030382 -1.487315 1.074766 H 5.523063 -1.778506 2.166841
N 3.072835 -1.726600 -1.161975 H 5.392994 -0.482450 3.366999
N -3.529262 0.404527 0.244895 C 3.098721 -1.984849 3.486642
N -2.721490 -1.639893 1.193939 H 2.014179 -2.133776 3.505123
N -3.286912 -1.610290 -0.983722 H 3.402400 -1.595059 4.461657
C -0.725549 2.748481 0.018866 H 3.585784 -2.954028 3.354756
C 0.690092 2.752523 -0.108576 C 4.256771 -0.559896 -3.031897
C 2.811767 1.529739 -0.273540 H 5.180088 -1.079888 -2.757147
C 3.486642 2.797149 -0.424795 H 4.265357 0.426989 -2.570715
H 4.562191 2.767884 -0.549111 H 4.250381 -0.429211 -4.118339
C 2.794046 3.961651 -0.388198 C 3.077482 -2.713064 -3.423077
H 3.313515 4.910183 -0.486420 H 3.988462 -3.279802 -3.208503
C 1.367502 3.986788 -0.221360 H 3.077253 -2.468701 -4.488535
C 0.652875 5.206143 -0.165130 H 2.209442 -3.349242 -3.229963
H 1.205398 6.136055 -0.252299 C 1.715589 -0.664410 -2.964725
C -0.709562 5.202851 0.007752 H 0.851437 -1.268869 -2.669629
H -1.270029 6.130080 0.068709 H 1.654599 -0.494059 -4.044210
C -1.413502 3.979500 0.099524 H 1.647078 0.306727 -2.469878
C -2.838899 3.946235 0.274179 C -4.402276 -1.242106 2.988900
H -3.366154 4.892392 0.351475 H -4.901162 -2.187052 2.750227
C -3.521386 2.777097 0.342916 H -4.892779 -0.437155 2.434754
H -4.595616 2.741905 0.476834 H -4.535378 -1.049866 4.058271
C -2.836802 1.512193 0.218492 C -2.200550 0.008148 3.025721
C 3.167426 -0.860958 -0.126482 H -2.738506 0.885697 2.669137
C 3.016828 -2.945980 0.834001 H -1.177341 0.031596 2.638569
H 2.285469 -3.447500 1.465606 H -2.148568 0.081771 4.116028
H 4.010186 -3.364776 1.034269 C -2.237854 -2.432927 3.476721
C 2.657638 -3.044021 -0.645582 H -2.719069 -3.402816 3.329491
H 3.190108 -3.854947 -1.138696 H -2.325163 -2.180809 4.536761
H 1.580160 -3.183276 -0.795666 H -1.173196 -2.526350 3.238648
C 3.509151 -0.964499 2.409315 C -4.957517 -0.327996 -2.329561
C 3.027644 -1.394567 -2.630338 H -5.757374 -0.950704 -1.916155
C -3.148275 -0.881064 0.146609 H -5.230601 -0.059497 -3.354648
C -2.731036 -3.055912 0.768370 H -4.893533 0.587753 -1.742663
H -3.639768 -3.548263 1.134282 C -2.484208 -0.239813 -2.912385
H -1.860490 -3.590422 1.145193 H -1.539071 -0.792632 -2.905952
C -2.725032 -2.954402 -0.753945 H -2.353979 0.681290 -2.341238
H -1.708584 -3.009872 -1.162362 H -2.703232 0.040474 -3.947524
H -3.333477 -3.730093 -1.214211 C -3.821473 -2.322604 -3.284771
C -2.901180 -1.310342 2.658055 H -2.905938 -2.909700 -3.397006
C -3.630053 -1.106066 -2.361500 H -4.102090 -1.955346 -4.275390
C 2.840154 0.375259 2.760433 H -4.623109 -2.977562 -2.930726
H 1.758001 0.329183 2.604688 H -0.998987 0.686206 -0.054996
H 3.248030 1.211652 2.194023 H 0.987276 0.696905 0.048148
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Table S15: optimized geometry for [1:2H]*, protonation at one phenanthroline N atom and opposite
NHI N atom (lll) obtained at the B3LYP/6-31G(d,p)/SMD(ACN) level of theory.

Atom | X Y YA Atom | X Y YA

N -1.468698 1.573833 0.069847 H 3.017806 0.586204 3.819121
N 1.443217 1.582905 -0.127982 C 5.041019 -0.820463 2.387143
N 3.513722 0.428896 -0.271807 H 5.358811 -0.088092 1.639986
N 3.030382 -1.487315 1.074766 H 5.523063 -1.778506 2.166841
N 3.072835 -1.726600 -1.161975 H 5.392994 -0.482450 3.366999
N -3.529262 0.404527 0.244895 C 3.098721 -1.984849 3.486642
N -2.721490 -1.639893 1.193939 H 2.014179 -2.133776 3.505123
N -3.286912 -1.610290 -0.983722 H 3.402400 -1.595059 4.461657
C -0.725549 2.748481 0.018866 H 3.585784 -2.954028 3.354756
C 0.690092 2.752523 -0.108576 C 4.256771 -0.559896 -3.031897
C 2.811767 1.529739 -0.273540 H 5.180088 -1.079888 -2.757147
C 3.486642 2.797149 -0.424795 H 4.265357 0.426989 -2.570715
H 4.562191 2.767884 -0.549111 H 4.250381 -0.429211 -4.118339
C 2.794046 3.961651 -0.388198 C 3.077482 -2.713064 -3.423077
H 3.313515 4.910183 -0.486420 H 3.988462 -3.279802 -3.208503
C 1.367502 3.986788 -0.221360 H 3.077253 -2.468701 -4.488535
C 0.652875 5.206143 -0.165130 H 2.209442 -3.349242 -3.229963
H 1.205398 6.136055 -0.252299 C 1.715589 -0.664410 -2.964725
C -0.709562 5.202851 0.007752 H 0.851437 -1.268869 -2.669629
H -1.270029 6.130080 0.068709 H 1.654599 -0.494059 -4.044210
C -1.413502 3.979500 0.099524 H 1.647078 0.306727 -2.469878
C -2.838899 3.946235 0.274179 C -4.402276 -1.242106 2.988900
H -3.366154 4.892392 0.351475 H -4.901162 -2.187052 2.750227
C -3.521386 2.777097 0.342916 H -4.892779 -0.437155 2.434754
H -4.595616 2.741905 0.476834 H -4.535378 -1.049866 4.058271
C -2.836802 1.512193 0.218492 C -2.200550 0.008148 3.025721
C 3.167426 -0.860958 -0.126482 H -2.738506 0.885697 2.669137
C 3.016828 -2.945980 0.834001 H -1.177341 0.031596 2.638569
H 2.285469 -3.447500 1.465606 H -2.148568 0.081771 4.116028
H 4.010186 -3.364776 1.034269 C -2.237854 -2.432927 3.476721
C 2.657638 -3.044021 -0.645582 H -2.719069 -3.402816 3.329491
H 3.190108 -3.854947 -1.138696 H -2.325163 -2.180809 4.536761
H 1.580160 -3.183276 -0.795666 H -1.173196 -2.526350 3.238648
C 3.509151 -0.964499 2.409315 C -4.957517 -0.327996 -2.329561
C 3.027644 -1.394567 -2.630338 H -5.757374 -0.950704 -1.916155
C -3.148275 -0.881064 0.146609 H -5.230601 -0.059497 -3.354648
C -2.731036 -3.055912 0.768370 H -4.893533 0.587753 -1.742663
H -3.639768 -3.548263 1.134282 C -2.484208 -0.239813 -2.912385
H -1.860490 -3.590422 1.145193 H -1.539071 -0.792632 -2.905952
C -2.725032 -2.954402 -0.753945 H -2.353979 0.681290 -2.341238
H -1.708584 -3.009872 -1.162362 H -2.703232 0.040474 -3.947524
H -3.333477 -3.730093 -1.214211 C -3.821473 -2.322604 -3.284771
C -2.901180 -1.310342 2.658055 H -2.905938 -2.909700 -3.397006
C -3.630053 -1.106066 -2.361500 H -4.102090 -1.955346 -4.275390
C 2.840154 0.375259 2.760433 H -4.623109 -2.977562 -2.930726
H 1.758001 0.329183 2.604688 H -0.998987 0.686206 -0.054996
H 3.248030 1.211652 2.194023 H 0.987276 0.696905 0.048148
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Table S16: Optimized geometry for
B3LYP/6-31G(d,p)/SMD(ACN) level of theory.
Atom X Y z

C 0.371198 3.485441 0.000000
C -0.842623 2.829932 0.000000
C -0.869600 1.416511 0.000000
C 1.549156 2.711764 0.000000
N 1.565327 1.385491 0.000000
C 0.378512 0.729236 0.000000
C -2.102113 0.680823 0.000000
C -2.102113 -0.680823 0.000000
C -0.869600 -1.416511 0.000000
C 0.378512 -0.729236 0.000000
N 1.565327 -1.385491 0.000000
C 1.549156 -2.711764 0.000000
C -0.842623 -2.829932 0.000000
C 0.371198 -3.485441 0.000000
H 0.431265 -4.568978 0.000000
H 2.519031 -3.207538 0.000000
H -1.779731 -3.380313 0.000000
H -3.035028 1.237980 0.000000
H -3.035028 -1.237980 0.000000
H 0.431265 4.568979 0.000000
H -1.779731 3.380313 0.000000
H 2.519031 3.207538 0.000000

1,10-phenanthroline,

obtained

at

the

Table S17: Optimized geometry for the protonated 1,10-phenanthroline, obtained at the
B3LYP/6-31G(d,p)/SMD(ACN) level of theory.

Atom X Y YA

C -3.468103 -0.356023 0.000000
C -2.810256 0.864606 0.000000
C -1.398554 0.924287 0.000000
C -2.720577 -1.533639 0.000000
N -1.385784 -1.466197 0.000000
C -0.689617 -0.297797 0.000000
C -0.651847 2.150056 0.000000
C 0.712389 2.133466 0.000000
C 1.444166 0.897334 0.000000
C 0.746276 -0.336953 0.000000
N 1.346711 -1.549179 0.000000
C 2.671865 -1.574151 0.000000
C 2.857071 0.827634 0.000000
C 3.469984 -0.408847 0.000000
H 4.550868 -0.499901 0.000000
H 3.141737 -2.554966 0.000000
H 3.439141 1.744475 0.000000
H -1.200632 3.086099 0.000000
H 1.274266 3.062649 0.000000
H -4.549411 -0.415554 0.000001
H -3.376636 1.790901 0.000000
H -3.157454 -2.524330 0.000000
H -0.825151 -2.321568 0.000000
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Table S18: Optimized geometry for pyridine, obtained at the B3LYP/6-31G(d,p)/SMD(ACN) level of

theory.

Atom X Y z
N 0.000001 1.420870 0.000000
C -1.145888 0.721964 0.000000
C -1.199860 -0.672703 0.000000
C -0.000001 -1.385053 0.000000
C 1.199859 -0.672703 0.000000
C 1.145889 0.721962 0.000000
H -2.158194 -1.182500 0.000000
H -2.065629 1.304754 0.000000
H 2.158192 -1.182503 0.000000
H -0.000001 -2.471398 0.000000
H 2.065630 1.304753 0.000000
Table S19:  Optimized geometry for

B3LYP/6-31G(d,p)/SMD(ACN) level of theory.

protonated

Atom X Y YA

C 0.667197 1.187620 0.000000
C -0.716555 1.210414 0.000000
C -1.414922 -0.000005 0.000000
C -0.716547 -1.210419 0.000000
C 0.667205 -1.187615 0.000000
N 1.306015 0.000004 0.000000
H -1.233051 2.162508 0.000000
H 1.290436 2.072736 0.000000
H -1.233035 -2.162517 0.000000
H -2.500009 -0.000008 0.000000
H 1.290450 -2.072727 0.000000
H 2.324839 0.000008 0.000000

the
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X-ray Diffraction Studies

General information: Single-crystal X-ray diffraction data were collected on a Bruker D8 quest
Photon IlI diffractometer using Mo-K, radiation (A = 0.71073 A). Crystals were selected under
oil, mounted on nylon loops and then immediately placed in a cold stream of N, on a
diffractometer. Using Olex2?’, the structures were solved with the Olex2.solve?® or ShelXT%
using iterative or dual methods. The refinement was done with ShelXL?° or Olex2.refine?® using
full matrix least squares minimization on F2.

Crystallographic data have been deposited with the Cambridge Crystallographic Data Centre
as supplementary publication no. CCDC-2420826 (1), CCDC-2420827 (1-HBF4), CCDC-2420828
(1-2HBF4), CCDC-2420829 (2). These data can be obtained free of charge via
https://www.ccdc.cam.ac.uk/structures (or from the CCDC, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).

90



Single-crystal X-ray structure analysis of 1:

Yellow single crystals of 1 were obtained by letting a saturated, hot solution of 1 in THF cool
down to ambient temperature. The single-crystal X-ray structure analysis revealed that 1
crystallizes in the monoclinic space group P21/c. The asymmetric unit contains one molecule
of 1 and one THF molecule. The THF molecule was heavily disordered. Therefore, a solvent
mask was used. 172 electrons were found in a volume of 672 A3 in 1 void per unit cell. This is
consistent with the presence of one THF molecule per asymmetric unit.

Figure $106: Molecular view of 1 in the solid state with thermal ellipsoid plot at the 50% levels of
probability. Hydrogen atoms are omitted for clarity.

Identification code 2420826 Pealcg/cm? 1.159
Empirical formula C3gHssNsO u/mm? 0.072
Formula weight 642.92 F(000) 1400.0
Temperature/K 173.0 Crystal size/mm?3 0.22x0.18x0.14
Crystal system monoclinic Radiation MoKa (A =0.71073)
Space group P21/c 20 range for data collection/® 4.138t0 52

-16<h<16,-23<k
<23,-19</<17

b/A 18.7866(6) Reflections collected 64589
7233 [Rint = 0.0448,

a/A 13.3249(4) Index ranges

c/A 15.5032(4) Independent reflections
Rsigma = 00218]
af° 90 Data/restraints/parameters 7233/0/392
8/° 108.3370(10) Goodness-of-fit on F? 1.056
. . R1=0.0410, wR2 =
v/° 90 Final R indexes [/>=20 (/)]
0.1091
o . . R1=0.0502, wR2 =
Volume/A3 3683.85(19) Final R indexes [all data]
0.1157
Z 4 Largest diff. peak/hole / e A3 0.21/-0.20
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Single-crystal X-ray structure analysis of 1-HBF4:

Yellow single crystals of 1-HBF4 were obtained by diffusion of Et;0 in a solution of 1-HBF4 in
DCM/n-hexane. The single-crystal X-ray structure analysis revealed that 1-HBF, crystallizes in
the monoclinic space group C2/c. The asymmetric unit contains half of the cation [1H]* and
half of the BF4 anion. The BF4~ anion is located on an inversion center showing a disorder over
two positions (occupancy 0.25 : 0.25). The cation [1H]* is located on a 2-fold axis showing a
disorder over two positions (occupancy 0.92 : 0.08). Due to the location on a 2-fold axis it is
not possible to assign the N—H proton to a certain N atom of the phenanthroline unit.

Figure S107: Molecular view of 1-HBF, in the solid state with thermal ellipsoid plot at the 50% levels of
probability. Hydrogen atoms are omitted for clarity, except for the phenanthroline N—H protons.

Identification code 2420827
Empirical formula C34Hs1BF4Ns
Formula weight 658.63
Temperature/K 150.0
Crystal system monoclinic
Space group C2/c
a/A 28.9228(12)
b/A 7.3839(3)
c/A 16.6880(7)
af° 90
8/° 90.118(2)
v/° 90
Volume/A3 3563.9(3)
z 4

peaicg/cm?
p/mm?
F(000)
Crystal size/mm?

Radiation

o

20 range for data collection/
Index ranges
Reflections collected
Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?

Final R indexes [/>=20 (/)]

Final R indexes [all data]

Largest diff. peak/hole / e A3

Single-crystal X-ray structure analysis of 1-2HBFa:

1.228
0.089
1408.0
0.382 x 0.123 x 0.05
MoKa (A =0.71073)

4.882 t0 50.778

-34<h<34,-8<k<
8,-20</<20

31038

3244 [Rint = 0.0459,
Rsigma = 00348]

3244/181/365

1.095

R1=0.0556, wR2 =
0.1442
R1=0.0680, wR2 =
0.1529

0.23/-0.20
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Yellow single crystals of 1-2HBF4 were obtained by diffusion of Et,0 in a MeCN solution of
1-2HBF4. The single-crystal X-ray structure analysis revealed that 1-2HBF4 crystallizes in the
monoclinic space group P2i/c. The asymmetric unit contains one molecule of the cation
[1-2H]?*, two BFs anions and three MeCN solvent molecules. One tert-butyl group is
disordered over two positions (occupancy 0.81 : 0.19) and the fluoride atoms of one BF4~
anions are disordered over two positions (occupancy 0.41 : 0.59)

Figure $108: Molecular view of 1-:2HBF, in the solid state with thermal ellipsoid plot at the 50% levels
of probability. Hydrogen atoms are omitted for clarity, except for the phenanthroline N-H protons.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system

Space group

a/A

b/A

c/A

a/°

8/°

v/°
Volume/A3

z

Single-crystal X-ray structure analysis of 2:

2420828
CaoHe1B2N11Fs
869.61
153.0
monoclinic

P2i/c
17.2435(10)
21.9344(13)

12.0847(6)

90
91.033(2)

90

4570.0(4)

4

Peaicg/cm?
u/mm?
F(000)
Crystal size/mm?
Radiation

20 range for data collection/®
Index ranges
Reflections collected
Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?

Final R indexes [/>=20 (/)]

Final R indexes [all data]

Largest diff. peak/hole / e A3

1.264

0.100

1840.0
0.23x0.14x0.13
MoKa (A = 0.71073)

4.402 to 56.574

-22<h<22,-29<k
£29,-16</<14

129169

11333 [Rint = 0.0481,
Rsigma = 00222]

11333/102/641

1.032

R1=0.0558, wR> =
0.1508
R1=0.0738, wR> =
0.1682

0.42/-0.45
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Pale-yellow single crystals of 2 were obtained by diffusion of Et,0 in a MeCN solution of 2. The
single-crystal X-ray structure analysis revealed that 2 crystallizes in the monoclinic space group
P21/c. The asymmetric unit contains one molecule of the cation, two triflate anions and one
Et,0 solvent molecule. The latter was heavily disordered. Therefore, was a solvent mask
calculated, and 232 electrons were found in a volume of 784 A3 in 1 void per unit cell. This is
consistent with the presence of one Et,0 molecule per asymmetric unit. Further, both triflate
anions are disordered over two positions (occupancy 0.75 : 0.25).

Figure $109: Molecular view of 2 in the solid state with thermal ellipsoid plot at the 50% levels of
probability. Hydrogen atoms are omitted for clarity.

Identification code 2420829 Pealcg/cm? 1.384
Empirical formula CasFeHssN1007S2Zn u/mm?t 0.627
Formula weight 1090.55 F(000) 2288.0
Temperature/K 173.0 Crystal size/mm?3 0.26x0.18 x0.14
Crystal system monoclinic Radiation MoKa (A =0.71073)
Space group P21/c 20 range for data collection/® 3.988 to 51.516
a/A 17.3341(5) Index ranges “19shs21,~15<k
<15,-29</<29
b/A 12.3428(4) Reflections collected 113457
c/A 24.4948(8) Independent reflections 99:525?0:(22%?])5,
a/° 90 Data/restraints/parameters 9965/0/708

Table continued:
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8/°
v/°
Volume/A3

z

92.6004(11)

90

5235.3(3)

4

Goodness-of-fit on F2 1.090

R1=0.0484, wR2 =
Final R indexes [/>=20 (/)] ! wr

0.1278
R1=0.0583, wR2 =
Final R indexes [all data] ! w2
0.1343
Largest diff. peak/hole / e A 0.42/-0.39
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