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A series of photoluminescent, heteroleptic [Ru(bipy)2(L™)]1(PFe)> (2,2-bipyridine = bipy; L" = 1,10-phenan-
throline derivative) analogues have been prepared. Within the series of complexes the structural variation is
provided by the ancillary ligand, L, which is based upon a 5-substituted 1,10-phenanthroline species. The
synthesis of the ligands was achieved in two steps from 5,6-epoxy-5,6-dihydro-1,10-phenanthroline allowing a

range of different morpholine, piperazine and piperidine derivatives to be attached to the 1,10-phenanthroline
core at the 5-position. Furthermore, the synthetic utility of the piperazine derivative (L!) was demonstrated by
bioconjugating a cholesteryl moiety to the ligand (yielding L®). Following complexation, the isolated Ru(Il)
complexes show classical MLCT characteristics with phosphorescent emission at 605-610 nm.

1. Introduction

Polypyridyl complexes of Ru(Il) are ubiquitous in coordination
chemistry [1]. Building from pioneering work several decades ago, such
complexes still attract substantial attention due to the ongoing discovery
and breadth of their potential applications. The attractive optoelectronic
properties of [Ru(N"N)3]%* complexes (where N'N = polypyridine var-
iants) coupled with a detailed understanding of fundamental electronic
[2], photochemical [3] and photoredox [4] behaviours has continued to
attract the interest of researchers from diverse backgrounds, including
photocatalysis [5]. The biological applications of these complexes also
continue to develop in extensiveness: building from light switch DNA
binders [6], through to photo-cytotoxic species [7] in photodynamic [8]
or photoactivated therapy [9], and potential therapeutics [10], as well
as cellular imaging probes [11]. The demands of the applications has led
to an incredible diversity in ligand structures, which are often based
upon 2,2-bipyridine or 1,10-phenanthroline species and variations
thereof.

1,10-Phenanthroline (phen) is one of the most common ligand
structures used in coordination chemistry since the 1950s [12] and is
particularly common in Ru(II) studies. As a ligand class, the chemistry of
phen has been extensively reviewed, including a very recent focus on
different synthetic approaches for functionalisation (especially the
reactivity at the [2,9], [3,8], [4,7] and [5,6] positions) that encompasses
the current state of the art [13]. As noted by Queffelec et al.,
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functionalisation, either through convergent (functionalised precursors
to phen) or divergent synthetic strategies (building from phen), can
impart desirable properties upon the ligand and subsequent metal
complexes.

Reactions at the [5,6] positions of phen (Scheme 1) are very attrac-
tive as this allows functionalisation to occur without sterically inhibiting
the chelating ability of the phen nitrogens. Different synthetic ap-
proaches can introduce substituents and/or increase the conjugation of
the pi-system. One of the most common approaches is to form the
diketone (known as the 5,6-dione) requiring both oxidising and acidic
conditions in the treatment of phen [14]. The phen 5,6-dione species is a
very convenient precursor for targeting highly conjugated and rigid li-
gands such as dipyrido[3,2-a:2',3-c]phenazine (dppz) [15], as well as
imidazo[4,5-f]1[1,10-phenanthroline] species [16]; these two classes of
compound have seeded, in their own right, a huge diversity of ligands
available through simple variations in approach.

In comparison, the chemistry of 5,6-epoxy-5,6-dihydro-1,10-phenan-
throline [17] (Scheme 1) is far less reported. As well as a viable ligand in
its own right [18], the functionality of this species affords a different
reactivity and reports have shown that a range of nucleophiles (amine,
thiol [19], azide, cyanide) can ring-open the epoxide, initially giving a 6-
substituted, 5,6-dihydro-1,10-phenanthrolin-5-ol species. The dehydra-
tion mediated re-aromatisation of the ring, to reform an authentic 1,10-
phenanthroline species, is not always spontaneous and depends upon
the nature of the nucleophile/substituent. For example, reaction of the
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Scheme 1. A comparison of two phen structures promoting functionalisation at
the [5,6] positions: 1,10-phenanthroline-[5,6]-dione (left) and 5,6-epoxy-5,6-
dihydro-1,10-phenanthroline.

epoxide with KCN will give 5-cyano-1,10-phenanthroline [20], whereas
reaction with an amine (Ry;NH) generally will not, requiring an addi-
tional treatment with NaH to induce re-aromatisation (see Scheme 2)
[21]. Therefore 5,6-epoxy-5,6-dihydro-1,10-phenanthroline is a valu-
able entry point to mono-functionalised phen ligands, including exam-
ples focussed upon bioconjugation [22], and bioimaging probes [23],
sensing [24], polymetallic arrays for water relaxometric agents [25],
polymer networks [26], and 5-azido species for click chemistry [27].

The basis of the current work was therefore to further explore ligand
derivatives of 1,10-phenanthroline via the chemistry of 5,6-epoxy-5,6-
dihydro-1,10-phenanthroline and demonstrate their viability in photo-
luminescent Ru(II) complexes. In doing so we were able to develop a
range of monosubstituted 5-amino-1,10-phenanthroline derivatives by
utilising different morpholine, piperidine and piperazine variants
(Scheme 3). In the case of the 5-piperazinyl species, further function-
alisation was demonstrated by reaction with a cholesteryl derivative
thus showing the viability of this approach to areas of study where
bioconjugation is required.

2. Experimental

1H, 13C{IH}, g} NMR spectra were recorded on an NMR-FT
Bruker 300, 400 or 500 MHz spectrometers and recorded in CDCls,
CD5CN, CD30D, (CD5)2CO or (CD3),SO. 'H and *C{'H} NMR chemical
shifts (5) were determined relative to residual solvent peaks with digital
locking and are given in ppm. Coupling constants are quoted in Hz.
High-resolution mass spectra were obtained on a Waters QTOF instru-
ment by the staff at Cardiff University. UV-Vis studies were performed
on a Shimadzu UV-1800 spectrophotometer as MeCN or MeOH solu-
tions. Photophysical data were obtained on MeCN solutions using a
JobinYvon-Horiba Fluorolog spectrometer fitted with a JY TBX pico-
second photodetection module. The pulsed source was a Nano-LED
configured for 295 nm output operating at 1 MHz. Luminescence life-
time profiles were obtained using the JobinYvon-Horiba FluoroHub
single photon counting module and the data fits yielded the lifetime
values using the provided DAS6 deconvolution software. Quantum yield
measurements were obtained on aerated MeCN solutions of the com-
plexes using [Ru(bipy)s](PFe) in aerated MeCN as a standard (& =
0.018) [28].

e further
_R functionalisation

Scheme 2. The general synthetic route explored for the 1,10-phenanthroline
ligands described herein.
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Scheme 3. Top: Exemplar synthetic route to L! via its precursor, 1, with the
additional target ligands shown inset. Reagents and conditions: i) 3 eq. piper-
azine, EtOH, heat; ii) NaH, dry THF, heat.

2.1. Synthesis of 6-(piperazin-1-yl)-5,6-dihydro-1,10-phenanthrolin-5-
ol. (1)

5,6-epoxy-5,6-dihydro-1,10-phenanthroline (0.250 g, 1.3 mmol) and
piperazine (0.330 g, 3.9 mmol) were combined in ethanol (25 mL). The
reaction mixture was heated to reflux under a nitrogen atmosphere for
16 h. The reaction was then cooled to room temperature and the solvent
removed under vacuum. The resultant off-white residue was retrieved
through filtration and washed with toluene (3 x 10 mL) and diethyl
ether (10 mL) to yield a cream powder (0.337 g, 93 %). 1 NMR (300
MHz, (CD3)5S0, 298 K) 8y: 8.62 (1H, d,Jyy = 1.6 Hz), 8.60 (1H, d,Jyy =
1.6 Hz), 7.97 (1H, dd, Jyg = 7.7 Hz, 0.9 Hz), 7.91 (1H, dd, Jyy = 7.7 Hz,
1.2 Hz), 7.44 (1H, d [1,Juy = 4.7 Hz), 7.41 (1H, d,Juy = 4.7 Hz), 4.99
(1H, d,Jyy = 7.7 Hz), 3.84 (1H, d,Jyyg = 7.7 Hz), 3.17 (4H, app. s), 2.69
(1H, s), 2.66 (4H, app. s) ppm. 13C{*H} NMR (101 MHz, (CD3),SO, 298
K) 8¢c: 151.1, 149.9, 148.8, 148.6, 136.9, 136.7, 134.8, 132.3, 124.0,
123.9, 67.6, 67.3, 50.7, 46.7, 46.3 ppm. FTIR (solid, ATR) vmax /cm ™ :
3196 (NH), 3053 (br., OH), 2918, 2820, 1578, 1560, 1443, 1412, 1366,
1182, 1161, 1130, 1120, 1099, 1082, 1007, 984, 881, 792, 745, 658,
637, 617. UV-Vis (MeOH): Apax /nm (€ / Lmol ! cm’l): 242 (7400), 298
(8960). HRMS (ES+) found m/z 283.1560 [M + H]™, calculated m/z
283.1559 for [C16H19N4O].

2.2. Synthesis of 6-morpholino-5,6-dihydro-1,10-phenanthrolin-5-ol (2)

Same procedure as 1, but using 5,6-epoxy-5,6-dihydro-1,10-phenan-
throline (0.750 g, 3.9 mmol) and morpholine (0.33 mL, 11.7 mmol). The
resultant brown resin-like residue was purified by DCM/hexane anti-
solvent recrystallisation, the precipitate was retrieved through filtration
and washed with hexane (3 x 10 mL) to yield the product as a cream
powder (1.090 g, 100 %). *H NMR (300 MHz, (CD5)2S0, 298 K) &y: 8.61
(2H, app. d, Juy = 4.4 Hz), 8.01-7.91 (2H, m), 7.42 (2H, app. dd, Jyy =
4.5, 3.1 Hz), 5.81 (1H, d, Jyu = 5.8 Hz), 5.06-5.01 (1H, OH, m), 3.86
(1H, d, Jug = 7.9 Hz), 3.53 (4H, t, Jug = 4.6 Hz), 2.81-2.69 (2H, m),
2.61-2.43 (2H, m) ppm. >C{'H} NMR (101 MHz, (CD3),S0, 298 K) 5:
151.2, 149.8, 148.9, 148.7, 136.8, 136.5, 134.8, 132.1, 124.1, 123.9,
67.6, 66.9, 66.8, 50.0 ppm. FTIR (solid, ATR) vpax /em ™ 3240, 3051,
2951, 2845, 1578, 1560, 1450, 1427, 1414, 1152, 1113, 1069, 1005,
926, 881, 851, 799, 746, 708, 636, 546. UV-Vis (MeOH): Apax /Nm
(e/Lmol™! em™!): 243 (7360), 297 (9110). HRMS (ES+) found m/z
284.1398 [M + H]™, calculated m/z 284.1399 for [C;6H1gN305].
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2.3. Synthesis of 6-(4-methylpiperazin-1-yl)-5,6-dihydro-1,10-
phenanthrolin-5-ol. (3)

Same procedure as 1, but using 5,6-epoxy-5,6-dihydro-1,10-phenan-
throline (0.250 g, 1.3 mmol) and 4-methyl-piperazine (0.43 mL, 3.9
mmol). The resultant brown resin-like residue was purified by DCM/
hexane antisolvent recrystallisation, the precipitate was retrieved
through filtration and washed with hexane (3 x 10 mL) to yield the
product as a cream powder (0.321 g, 79 %). !H NMR (300 MHz,
(CD3)2S0, 298 K) &y: 8.61 (2H, app. td, Jyy = 5.1, 1.7 Hz), 7.95 (1H, dd,
Jyn ="7.7,0.8 Hz), 7.92 (1H, dd, Jyg = 7.7, 0.8 Hz), 7.42 (2H, app. Ddd,
Jun = 7.7, 4.8, 3.8 Hz), 5.10 (1H, d, Jyy = 8.0 Hz), 3.97 (1H, d, Juy =
8.0 Hz), 2.88 (2H, br. s), 2.65 (2H, br. dt, Jyg = 10.7, 4.6 Hz), 2.44 (4H,
br. s), 2.25 (3H, s) ppm. 13C{*H} NMR (101 MHz, (CD3)-SO, 298 K): 5:
151.1, 148.8,148.6,136.7,134.7,132.4, 124.0, 123.9, 67.6, 66.5, 55.4,
45.9 ppm. FTIR (solid, ATR) Vmax Jem ™ 3186, 3055, 2934, 2797, 1578,
1560, 1456, 1416, 1369, 1348, 1280, 1140, 1069, 1007, 800, 745, 546,
436. UV-Vis (MeOH): Apax /nm (zs/LmoF1 cm’l): 242 (6970), 297
(8510). HRMS (ES+) found m/z 297.1722 [M + H]", calculated m/z
297.1715 for [C17H21N40].

2.4. Synthesis of 6-(4-methylpiperidin-1-yD-5,6-dihydro-1,10-
phenanthrolin-5-ol. (4)

Same procedure as 1, but using 5,6-epoxy-5,6-dihydro-1,10-phenan-
throline (0.200 g, 1.0 mmol) and 4-(trifluoromethyl)piperidine (0.48
mL, 4.1 mmol). The product was precipitated out by anti-solvent
recrystallisation, using dichloromethane (1 x 20 mL) and hexane (2
x 20 mL) and filtered to yield a cream powder (0.271 g, 90 %). 1H NMR
(500 MHz, CDCl3, 298 K) 8y: 8.64 (1H, dd, Juyy = 4.7, 1.5 Hz), 8.63 (1H,
dd, Juy = 4.7, 1.5 Hz), 7.92 (1H, ddd, Juyg = 7.6, 1.2, 0.9 Hz), 7.90 (1H,
ddd, Jyy =7.7, 1.1, 1.0 Hz), 7.13 (1H, dd, Jyy = 8.0, 4.7 Hz), 7.13 (1H,
dd, Jyu = 8.0, 4.7 Hz), 4.94 (1H, d,Jyg = 10 Hz), 3.85 (1H, d,Jyg = 9.9
Hz), 2.76 (2H, td, Jyg = 11.5, 2.3 Hz), 2.66 (1H, dt, Jyy = 11.3, 3.1 Hz),
2.51 (1H, td, Jyy = 11.3, 2.4 Hz), 1.48 (2H, dt, Jyy = 12.4, 3.4 Hz), 1.25
(1H, m), 1.06 (2H, td, Jyg = 12.4, 3.1 Hz), 0.79 (3H, d,Juy = 6.5 Hz)
ppm. 3C{'H} NMR (500 MHz, CDCls, 298 K) 5¢: 151.3, 149.6, 149.5,
149.3, 136.1, 135.6, 133.8, 132.5, 124.2, 123.9, 68.5, 68.2, 50.6, 49.6,
35.6, 35.3, 31.2, 22.1 ppm. FTIR (solid, ATR) vpax /em™L: 3246 (br. OH),
2908, 2868, 2208, 1580, 1562, 1416, 1323, 1240, 1180, 1080, 976, 907,
799, 723, 640. UV-Vis (MeOH): Amax /nm (¢/Lmol™! em™'): 202
(41050), 243 (10450), 300 (11780). HRMS (ES+): found m/z 296.1773
[M + H]%, calculated m/z 296.1685 for [C1gH25N30].

2.5. Synthesis of 6-(4-trifluoromethylpiperidin-1-yl)-5,6-dihydro-1,10-
phenanthrolin-5-ol (5)

Same procedure as 1, but using 5,6-epoxy-5,6-dihydro-1,10-phenan-
throline (0.200 g, 1.0 mmol) and 4-(trifluoromethyl)piperidine (0.55
mlL, 4.1 mmol). The product was precipitated from dichloromethane and
hexane and filtered to yield a white powder (0.193 g, 54 %). 'H NMR
(500 MHz, CDCl3, 298 K) &y: 8.63 (2H, ddd, Jyy = 6.8, 4.7, 1.7 Hz),
7.97-7.89 (2H, m), 7.29 (2H, ddd, Jyy = 14.9, 7.7, 4.7 Hz), 5.14 (1H, d,
Juu = 9.8 Hz), 4.05 (1H, d, Jyy = 9.8 Hz), 3.07-2.94 (2H, m), 2.88 (2H,
dt, Jyg = 11.8, 3.8 Hz), 2.57 (1H, td, Jyy = 11.7, 2.5 Hz), 2.07-1.94 (1H,
m, CHCF3), 1.89-1.81 (2H, m), 1.67-1.52 (2H, m) ppm *3C{'H} NMR
(500 MHz, CD30D, 298 K) ¢: 151.9, 150.7, 150.1, 149.9, 138.5, 137.9,
136.3,134.0,128.0,125.8-125.7 (m), 69.6, 68.8, 53.0, 49.5, 46.9, 26.9,
26.3 ppm. °F{'H} NMR (400 MHz, CDs0D, 298 K) &p: —75.38 ppm.
FTIR (solid, ATR) vmay /cm ™ ': 3253 (br. OH), 2955, 2862, 2342, 1582,
1564, 1418, 1341, 1252, 1125, 1078, 1003, 802, 745, 629. UV-Vis
(MeOH): Apax /nm (g/Lmol ™! em™1): 203 (33720), 241 (11130), 298
(12010). HRMS (ES+) found m/z 350.1476 [M + H]™, calculated m/z
350.1401 for [C18H19F3N30].
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2.6. Synthesis of 6-(4-phenylpiperazin-1-yl)-5,6-dihydro-1,10-
phenanthrolin-5-ol (6)

Same procedure as 1, but using 5,6-epoxy-5,6-dihydro-1,10-phenan-
throline (0.200 g, 1.0 mmol), and 1-phenylpiperazine (0.62 mL, 4.1
mmol). The mixture was heated to reflux under nitrogen for 45 h. The
reaction was cooled at room temperature and the solvent was removed
in vacuo to give a light orange oil. The product was precipitated from
dichloromethane and hexane and filtered to yield a white powder
(0.126 g, 34 %). 'H NMR (500 MHz, CDCls, 298 K) 8y: 8.68 (1H, dd, Juy
= 4.5, 1.3 Hz), 8.66 (1H, dd, Jun = 4.9, 1.5 Hz), 7.98 (1H, ddd, Juuy =
7.7, 1.6, 0.9 Hz), 7.92 (1H, ddd, Jug = 7.7, 1.5, 0.7 Hz), 7.30 (1H, dd,
Juu = 7.5, 4.7 Hz), 7.27 (1H, dd, Juy = 6.0, 4.4 Hz), 7.25 (2H, dd, Jyg =
7.1, 1.4 Hz), 6.90 (2H, dd, Juyu = 8.7, 0.9 Hz), 6.87 (1H, tt, Jyy = 7.2,
1.0 Hz), 5.17 (1H, d,Jyg = 9 Hz), 4.09 (1H, d,Jyg = 9.1 Hz), 3.16 (4H, t,
Juu = 4.9 Hz), 3.04 (2H, td, Juy = 8.4, 4.7 Hz), 2.88 (2H, td, Jyu = 8.4,
4.8 Hz) ppm. 3C{*H} NMR (500 MHz, CDCls, 298 K) 5¢: 151.4, 151.2,
149.7, 149.6, 149.5, 136.7, 135.6, 134.5, 132.0, 129.5, 129.3, 124.3,
124.2,120.2, 117.2, 116.5, 68.6, 67.5, 50.4, 49.6, 47.0, 43.4 ppm. FTIR
(solid, ATR) Viax /em™L: 3296 (br. OH), 2938, 2822, 2183, 1599, 1580,
1497, 1418, 1310, 1231, 1146, 1070, 1007, 920, 800, 745, 691. UV-Vis
(MeOH): Ampax /nm (e/Lmol™! ecm™1): 203 (57240), 247 (21240), 301
(11070). HRMS (ES+) found m/z 359.1872 [M + H]™, calculated m/z
359.1794 for [C22H23N40].

2.7. Synthesis of 6-(4-benzhydrylpiperazin-1-yD-5,6-dihydro-1,10-
phenanthrolin-5-ol. (7)

Same procedure as 1, but using 5,6-epoxy-5,6-dihydro-1,10-phenan-
throline (0.200 g, 1.0 mmol), and 1-benzhydrylpiperazine (1.029 g, 4.1
mmol). The mixture was heated to reflux under nitrogen for 54 h. The
product was precipitated using chloroform and hexane (3 x 20 mL) and
filtered to yield white powder (0.125 g, 27 %). IH NMR (500 MHz,
CDCl3, 298 K) 8y: 8.69 (1H, dd, Jyg = 4.7, 1.8 Hz), 8.68 (1H, dd, Jyg =
4.7,1.9Hz),7.92 (1H, ddd, Jyg = 7.9, 1.5, 0.9 Hz), 7.90 (1H, ddd, Jyg =
7.8, 1.5, 0.8 Hz), 7.42 (4H, dd, Jyg = 7.6, 2.9 Hz), 7.29 (1H, dd, Jyg =
7.1, 4.7 Hz), 7.27 (1H, dd, Juy = 8.4, 4.8 Hz), 7.26 (4H, td, Juy = 7.7,
1.3 Hz), 7.18 (2H, tt, Jyy = 7.4, 1.2 Hz), 5.07 (1H, d,Jyy = 9.0 Hz), 4.26
(1H, s), 4.00 (1H, d,Jyy = 8.9 Hz), 2.91 (2H, t,Jyy = 5.2), 2.81 (2H, t,
Jun = 5.0 Hz), 2.45 (4H, br s) ppm. >*C{'H} NMR (500 MHz, CDCl3, 298
K) 8¢: 151.4, 150.0, 149.8, 149.7, 142.6, 142.5, 136.5, 135.1, 134.2,
131.6, 128.6, 128.9, 128.0, 127.1, 124.3, 123.9, 76.4, 68.7, 67.5, 52.9,
49.6 ppm. FTIR (solid, ATR) vpax /em™Y: 3294 (br. OH), 3059, 2808,
2151, 1580, 1560, 1418, 1279, 1136, 1005, 800, 745, 704. UV-Vis
(MeOH): Apax /nm (e/Lmol™! ecm™): 203 (70440), 253 (10930), 302
(11240). HRMS (ES+): found m/z 449.2335 [M + H] ", calculated m/z
449.2263 for [C29H29N40].

2.8. Synthesis of 5-(piperazin-1-yl)-1,10-phenthanthroline (L')

NaH (0.150 g, 3.8 mmol, 60 % dispersion in oil) was carefully added
portion-wise to a suspension of 1 (0.770 g, 2.7 mmol) in dry THF (24
mL) and heated to reflux for 16 h under nitrogen where a colour change
to a dark orange colour was observed. The excess NaH was quenched by
carefully adding MeOH (6 mL) to the reaction mixture. The reaction was
cooled to room temperature and the solvent was removed under vac-
uum. The residue was dissolved in EtOH and filtered, the filtrate was
taken, and solvent remove under vacuum to yield the product as a sticky
brown compound (0.550 g, 77 %). 'H NMR (300 MHz, (CD3)»S0, 298 K)
8y: 9.07 (1H, dd, Jyy = 4.2, 1.7 Hz), 8.92 (1H, dd, Jyy = 4.3, 1.7 Hz),
8.59 (1H, dd, Jyy = 8.4, 1.8 Hz), 8.37 (1H, dd, Jyy = 8.2, 1.7 Hz), 7.77
(1H, dd, Jyg = 8.3, 4.2 Hz), 7.68 (1H, dd, Jyy = 8.1, 4.3 Hz), 7.45 (1H,
s), 3.01 (8H, overlapping s), 2.58 (1H, s, NH) ppm. >C{'H} NMR (101
MHz, (CD3)2S0, 298 K): 8¢: 149.7, 148.2, 147.9, 146.4, 143.1, 135.4,
132.5, 128.9, 125.3, 123.5, 122.9, 112.7, 54.1, 45.9 ppm. FTIR (solid,
ATR) vmax /em™ Y 3271, 2920, 2849, 1609, 1587, 1557, 1510, 1467,
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1454, 1422, 1404, 1371, 1290, 1278, 1215, 1150, 1121, 1011, 997, 910,
864, 827, 804, 743. UV-Vis (MeCN): Amax /nm (¢/Lmol~! ecm™1): 201
(27540), 228 (31850), 278 (20780), 321 (3960). HRMS (ES+) found m/
% 265.1454 [M + H]™, calculated m/z 265.1453 for [C1¢H17N4].

2.9. Synthesis of 4-morpholine-1,10-phenanthroline (LZ)

Same procedure as L!, but using NaH (0.120 g, 3.4 mmol, 60 %
dispersion in oil), 2 (0.800 g, 2.8 mmol) and dry THF (25 mL). A cream
powder was isolated (0.693 g, 93 %). H NMR (400 MHz, (CD3)5S0, 298
K) 8y 9.06 (1H, dd, Jyy = 4.2, 1.4 Hz), 8.94 (1H, dd, Jy = 4.3, 1.4 Hz),
8.59 (1H, dd, Jyu = 8.3, 1.5 Hz), 8.36 (1H, dd, Jyy = 8.3, 1.6 Hz), 7.76
(1H, dd, Jyy = 8.3, 4.3 Hz), 7.68 (1H, dd, Jyy = 8.0, 4.2 Hz), 7.48 (1H,
s), 3.90 (4H, t,Juy = 4.4 Hz), 3.09 (4H, app. s) ppm. 13C{'H} NMR (101
MHz, (CD3),S0, 298 K): 8¢c: 149.9, 148.5, 147.1, 146.4, 143.2, 135.6,
132.5, 128.8, 125.1, 123.6, 123.0, 113.0, 66.4, 53.1 ppm. FTIR (solid,
ATR) Vmax /em™ L 3424, 1955, 2853, 1607, 1589, 1564, 1450, 1422,
1373, 1260, 1209, 1109, 1013, 924, 908, 862, 841, 808, 799, 745, 689,
625. UV-Vis (MeCN): Agay /nm (e/Lmol~! em™1): 201 (32240), 228
(38180), 278 (19470), 321 (4799). HRMS (AP+) found m/z 266.1296
[M + H]%, calculated m/z 266.1293 for [C1¢H16N30].

2.10. Synthesis of 5-(4-methylpiperazin-1-yl)-1,10-phenanthroline (L)

Same procedure as L, but using NaH (0.160 g, 0.8 mmol, 60 %), 3
(0.100 g, 0.7 mmol) and dry THF (15 mL). The product was isolated as a
sticky orange-brown compound (0.092 g, 98 %). 'H NMR (300 MHz,
(CD3)2S0, 298 K) &y: 9.06 (1H, dd, Jyy = 4.2, 1.4 Hz), 8.92 (1H, dd, Juy
=4.2,1.5Hz), 8.55 (1H, dd, Jyy = 8.3, 1.4 Hz), 8.37 (1H, dd, Jyy = 8.1,
1.3 Hz), 7.78 (1H, dd, Jyg = 8.3, 4.3 Hz), 7.68 (1H, dd, Jyy = 8.1, 4.3
Hz), 7.47 (1H, s), 3.09 (4H, app. s), 2.62 (4H, br. t,Jyy = 4.3 Hz), 2.29
(3H, s) ppm. 3C{'H} NMR (101 MHz, (CD3)2S0, 298 K): 8¢: 149.7,
148.3, 147.2, 146.5, 143.3, 135.4, 132.3, 128.8, 125.3, 123.5, 122.9,
112.9, 54.9, 52.5, 45.8 ppm. FTIR (solid, ATR) Viax /em™ L 3300, 2941,
2803, 1608, 1568, 1508, 1483, 1452, 1422, 1369, 1285, 1215, 1138,
1076, 1007, 868, 829, 793, 745. UV-Vis (MeCN): Apax /DM (e/Lmorl
cm_l): 202 (32900), 228 (35790), 279 (18240), 321 (4840). HRMS
(ES+) found m/z 279.1609 [M + H]", calculated m/z 279.1610 for
[C17H19N4].

2.11. Synthesis of 5-(4-methylpiperidin-1-yl)-1,10-phenanthroline (L*)

Same procedure as Ll, but using NaH (0.029 g, 1.0 mmol), 4 (0.169
g, 0.5 mmol) and dry THF (25 mL). The product was isolated as a brown
0il (0.037 g, 22 %). 'H NMR (500 MHz, CDCls, 298 K) &;: 9.13 (1H, dd,
JHH = 43, 1.7 HZ), 9.00 (1H, dd, JHH = 44, 1.7 HZ), 8.52 (1H, dd, JHH =
8.3, 1.8 Hz), 8.07 (1H, dd, Jyy = 8.1, 1.7 Hz), 7.59 (1H, dd, Jyz = 8.3,
4.3 Hz), 7.50 (1H, dd, Jyyg = 8.1, 4.3 Hz), 7.17 (1H, s), 3.43-3.35 (2H,
m), 2.77 (2H, app. t, Jyy = 11.6 Hz), 1.86-1.78 (2H, m), 1.66-1.50 (3H,
m), 1.05 (3H, d, Juy = 5.9 Hz) ppm. *C{*H} NMR (500 MHz, CD30D,
298 K) 8¢: 150.0, 148.8,148.4,147.2,143.9,135.0,132.7,129.2, 126.3,
123.2, 122.4,112.5, 53.9, 34.7, 31.0, 22.0 ppm. FTIR (solid, ATR) vmax
Jem™ L 2920, 2841, 1607, 1587, 1506, 1452, 1420, 1377, 1211, 1072,
978, 745. UV-Vis (MeCN): Apax /NmM (s/Lmol’1 cm’l): 229 (48730), 279
(19310), 323 (6210). HRMS (ES+): found m/z 278.1666 [M + H]™,
calculated m/z 278.1579 for [C1g8H2oN3].

2.12. Synthesis of 5-(4-trifluoromethylpiperidin-1-yD-1,10-
phenanthroline @)

Same procedure as Ll, but using NaH (0.021 g, 0.9 mmol), 5 (0.150
g, 0.4 mmol) and dry THF (25 mL). The product was isolated as a brown
solid (0.093 g, 66 %). 1H NMR (300 MHz, CDCl3, 298 K) 6y: 9.18 (1H,
dd, Jyg = 4.3, 1.8 Hz), 9.07 (1H, dd, Jyg = 4.3, 1.7 Hz), 8.53 (1H, dd,
Jun = 8.3,1.8 Hz), 8.13 (1H, dd, Jyy = 8.1, 1.7 Hz), 7.65 (1H, dd, Jyu =
8.3, 4.3 Hz), 7.57 (1H, dd, Juy = 8.0, 4.3 Hz), 7.25 (1H, s), 3.56 (2H,
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app. d, Jug = 11.6 Hz), 2.84 (2H, td, Jyg = 12.1, 2.4 Hz), 2.35-2.22 (1H,
m, CHCF3), 2.14-2.06 (2H, m), 2.06-1.93 (2H, m) ppm. '*C{'"H} NMR
(125 MHz, CDCl3, 298 K) 5¢: 150.3, 149.0, 147.9, 147.3, 144.3, 135.2,
132.3, 128.9, 128.6, 126.1, 123.4, 122.7, 113.3, 52.5, 25.4 ppm. 19p
{IH} NMR (470 MHz, CD30D, 298 K) &g: —75.2 ppm. FTIR (solid, ATR)
Vmax /Cn‘fl: 2924, 2818, 2357, 1611, 1587, 1450, 1422, 1383, 1327,
1250, 1134, 1077, 1003, 897, 745. UV-Vis (MeCN): Apax /nm
(S/Lm0171 cmfl): 229 (45740), 277 (20330), 316 (6160). HRMS (ES+)
found m/z 332.1375 [M + HI]", calculated m/z 332.1296 for
[C1gH17F3N3].

2.13. Synthesis of 5-(4-phenylpiperazin-1-yl)-1,10-phenanthroline (L6)

Same procedure as L!, but using NaH (0.012 g, 0.5 mmol), 6 (0.090
g, 0.3 mmol) and dry THF (25 mL). The product was isolated as a light
brown powder (0.058 g, 68 %). 'H NMR (500 MHz, CDCl3, 298 K) &y:
9.20 (1H, dd, Jyy = 4.3, 1.7 Hz), 9.08 (1H, dd, Jyy = 4.3, 1.7 Hz), 8.64
(1H, dd Jyy = 8.3, 1.8 Hz), 8.16 (1H, dd, Jyy = 8.1, 1.7 Hz), 7.66 (1H,
dd, Jgi = 8.3, 4.3 Hz), 7.59 (1H, dd, Jug = 8.0, 4.3 Hz), 7.37-7.30 (3H,
m), 7.08-7.03 (2H, m), 6.96-6.90 (1H, m), 3.51 (4H, s), 3.35 (4H, s)
ppm. 13C{'H} NMR (500 MHz, CDCls, 298 K) &¢: 151.2, 150.2, 148.9,
147.5, 147.3, 144.3, 135.1, 132.3, 129.3, 128.9, 125.8, 123.3, 122.5,
120.2, 116.3, 113.0, 53.0, 49.7 ppm. FTIR (solid, ATR) Vmax /em™ L
2926, 2824, 2193,1611, 1597, 1505, 1449, 1379, 1233, 1013, 928, 741.
UV-Vis (MeCN): Apax /Nm (E/Lmol’1 cm’l): 229 (43830), 246 (22650),
277 (20250), 316 (5690). HRMS (ES+): found m/z 341.1769 [M + H'],
calculated m/z 340.1688 for [CaooHogN4l.

2.14. Synthesis of 5-(4-benzhydrylpiperazin-1-yl)-1,10-phenanthroline
)

Same procedure as Ll, but using NaH (0.026 g, 0.4 mmol), 7 (0.090
g, 0.2 mmol) and dry THF (25 mL). The product was retrieved as a light
brown powder (0.082 g, 87 %). 'H NMR (500 MHz, CDCl3, 298 K) 8y:
9.14 (1H, dd, Jyg = 4.3, 1.7 Hz), 9.04 (1H, dd, Jyy = 4.3, 1.7 Hz), 8.53
(1H, dd, Jyg = 8.3, 1.8 Hz), 8.11 (1H, dd, Jyy = 8.1, 1.7 Hz), 7.59-7.52
(2H, m), 7.52-7.46 (4H, m), 7.34-7.29 (4H, m), 7.25 (1H, s), 7.24-7.19
(2H, m), 4.41 (1H, s), 3.21 (4H, s), 2.73 (4H, s) ppm. >*C{'H} NMR (500
MHz, CD30D, 298 K) 8¢ 149.6, 148.2, 147.4, 146.8, 143.7, 1425,
134.9, 132.2, 128.3, 127.6, 126.8, 125.6, 122.9, 122.1, 116.4, 112.4,
75.9, 52.8, 51.9 ppm. FTIR (solid, ATR) Vax /em™L: 2947, 2814, 2168,
1609, 1558, 1449, 1420, 1379, 1215, 1007, 964, 872, 702, 621. UV-Vis
(MeCN): Amax /nm (e/Lmol ™! em™): 229 (39550), 278 (13720), 319
(4310). HRMS (ES+): found m/z 431.2237 [M + H™1, calculated m/z
430.2157 for [C22H20N4].

2.15. Synthesis of cholesteryl carbamate-5-(piperazin-1-yl)-1,10-
phenanthroline a®

L! (0.200 g, 0.8 mmol) and cholesteryl chloroformate (0.340 g, 0.8
mmol) were dissolved in dichloromethane (30 mL). The mixture was
heated to reflux for 16 h. Once the reaction was cool, the solvent was
removed under vacuum to yield a crystalline mustard yellow product.
(0.414 g, 81 %). 'H NMR (300 MHz, CDCls, 298 K) &y: 9.38 (2H, dd, Jun
=12.5,3.8 Hz), 8.69 (1H, dd, Jyy = 8.4, 1.5 Hz), 8.44 (1H, d, Jyy = 7.8
Hz), 7.83 (2H, dd, Juy = 8.2, 4.5 Hz), 7.35 (1H, s), 5.41 (1H, s), 4.58
(1H, m) 3.77 (4H, ), 3.18 (4H, s), 1.01 (3H, s), 0.90 (3H, d,Jgy = 3.6
Hz), 0.86 (3H, d,Juy = 2.0 Hz), 0.67 (3H, s) ppm.'3C{'H} NMR (101
MHz, CDCl3, 298 K): 8¢: 155.3, 140.9, 139.5, 123.1, 121.8, 78.0, 71.9,
56.8, 56.3, 56.2, 54.6, 50.3, 50.1, 43.4, 39.1, 38.2, 37.4, 36.7, 36.3,
35.9, 32.0, 28.8, 28.4, 27.8, 24.4, 23.0, 21.2, 19.5, 18.8, 12.0 ppm. FTIR
(solid, ATR) vmay /cm™L: 3356, 2932, 2866, 1692, 1593, 1460, 1423,
1377, 1333, 1285, 1240, 1221, 1119, 1063, 1011, 766, 746, 746, 729,
596, 444, 419, 410. UV-Vis (CHCl3): Amax /nm (g/Lmol  cm™1): 298
(5700), 341 (1900). HRMS (ES+) found m/z 677.4800 [M + H™],
calculated m/z 677.4785 for [C44Hg1N405].
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2.16. Synthesis of [Ru(bipy)2(L1)](PFs)2

[Ru(bipy).Cly] (0.107 g, 0.2 mmol), L! (0.059 g, 0.2 mmol) and
NaPFg (0.082 g, 0.5 mmol) were combined in EtOH (10 mL). The
mixture was degassed with Ny for 20 min and heated to reflux for 120 h.
The reaction was partially cooled and 0.1 M NH4PFg solution (20 mL)
was added. The precipitate was retrieved through filtration and washed
with distilled water (3 x 10 mL). The product was extracted from the
filtrate into DCM/MeCN (3:1) and washed with distilled water (3 x 10
mL) and brine (1 x 10 mL). The organic layer was then dried with
anhydrous Mg(SO4) and filtered. The solvent was then removed under
vacuum to yield the product as a bright red powder. (0.104 g, 69 %). 'H
NMR (500 MHz, CD3CN, 298 K) &y: 8.71 (1H, dd, Jyg = 8.5, 1.3 Hz),
8.55-8.52 (2H, m), 8.51-8.43 (3H, m), 8.10 (2H, ddd, Jyyg = 7.9, 2.9,
1.6 Hz), 8.09-8.05 (1H, m), 8.00 (2H, app. td Jyy = 7.9, 1.5 Hz), 7.95
(1H, dd, Jyg = 5.2, 1.2 Hz), 7.88-7.80 (2H, m), 7.76 (1H, s), 7.72 (1H,
dd, Jug = 8.4, 5.2 Hz), 7.66 (1H, dd, Ji = 8.3, 5.2 Hz), 7.57-7.52 (2H,
m), 7.44 (2H, app. Tdt, Jyy = 6.3, 2.9, 1.4 Hz), 7.26-7.19 (2H, m),
3.65-3.33 (8H, m). 1*C{'H} NMR (101 MHz, CD3CN, 298 K): 8: 158.26,
158.25, 158.0, 153.4, 153.0, 152.94, 152.91, 152.86, 151.9, 149.7,
149.3, 146.4, 138.8, 138.72, 138.70, 136.8, 134.4, 132.1, 129.2,
128.53, 128.45, 128.4, 127.2, 126.6, 125.25, 125.23, 125.16, 116.0,
50.9, 45.5 ppm. FTIR (solid, ATR) vpax /cm ™ 1: 3248, 2953, 2928, 2843,
2605, 1516, 1465, 1447, 1423, 1267, 1123, 1015, 997, 826, 804, 760,
741, 729, 556, 523, 509. UV-Vis (CH3CN): Apax /Nm (ts/Lmor1 Cmfl):
225 (16760), 245 (18010), 255 (16100), 285 (28690), 334 (3990), 429
(5120), 452 (5970). HRMS (ES+) found m/z 339.0900, calculated m/z
339.0901 for [CagH3aNgRul>*.

2.17. Synthesis of [Ru(bipy)2(L2)](PFs)2

Same procedure as [Ru(bipy)g(Ll)] (PFg)2, but using [Ru(bipy)2Cls]
(0.050 g, 0.1 mmol) and L2 (0.027 g, 0.1 mmol). Product isolated as a
dark orange powder (0.067 g, 96 %). 'H NMR (500 MHz, CD3CN, 298 K)
dy: 8.75 (1H, dd, Jyy = 8.5, 1.3 Hz), 8.55-8.51 (2H, m), 8.49 (2H, dd,
Jun = 8.2, 1.9 Hz), 8.44 (1H, dd, Jyy = 8.3, 1.2 Hz), 8.09 (2H, tdd, Juu
= 8.0, 2.9, 1.5 Hz), 8.05 (1H, dd, Jyy = 5.2, 1.3 Hz), 8.02-7.96 (2H, m),
7.91 (1H, dd, Jyg = 5.2, 1.2 Hz), 7.85-7.80 (2H, m), 7.69 (1H, dd, Jyg =
8.5, 5.2 Hz), 7.67 (1H, s), 7.63 (1H, dd, Jyy = 8.3, 5.2 Hz), 7.58-7.53
(2H, m), 7.46-7.42 (2H, m), 7.24 (2H, dtd, Jyg = 7.1, 5.6, 1.3 Hz), 3.96
(4H, q, Jun = 4.1 Hz), 3.23 (4H, d, Juy = 4.9 Hz) ppm. °C{'H} NMR
(101 MHz, CD3CN, 298 K): 6¢: 158.2, 158.2, 157.9, 153.1, 152.9, 152.9,
152.8, 151.3, 150.5, 149.7, 146.0, 138.7, 138.6, 138.6, 128.5, 128.5,
128.4, 125.2, 125.1, 125.1, 114.6, 67.5, 54.3 ppm. FTIR (solid, ATR)
Vmax /Cmfl: 1620, 1603, 1466, 1447, 1422,1258,1117,1070, 887, 833,
802, 760, 729, 555. UV-Vis (CH3CN): Amgy /nm (¢/Lmol ™! ecm™): 225
(27260), 246 (32070), 286 (52340), 340 (8270), 429 (10420), 452
(12270). HRMS (ES+) found m/z 339.5825, calculated m/z 339.5822
for [C3gH29N7ORu]?*.

2.18. Synthesis of [Ru(bipy)2(L3)](PFs)2

Same procedure as [Ru(bipy)z(Ll)] (PFg)2, but using [Ru(bipy).Cls]
(0.07 g, 0.1 mmol), L3 (0.040 g, 0.1 mmol) and NaPFg (0.053 g, 0.3
mmol). The product was isolated as a red-orange powder (0.095 g, 95
%). 'H NMR (500 MHz, CD3CN, 298 K) &y: 8.69 (1H, d, Jyg = 8.5 Hz),
8.56-8.50 (2H, m), 8.51-8.46 (3H, m), 8.12-8.07 (3H, m), 8.01 (2H, d,
Juu = 1.2 Hz), 7.96 (1H, dd, Juyg = 5.1, 0.8 Hz), 7.86-7.81 (2H, m), 7.78
(1H, s), 7.73 (1H, dd, Juy = 8.4, 5.2 Hz), 7.67 (1H, dd, Juy = 8.2, 5.3
Hz), 7.55 (2H, d, Jyy = 5.4 Hz), 7.48-7.42 (2H, m), 7.24 (2H, td, Jyyg =
5.9, 1.4 Hz, 1H), 3.55 (4H, s), 3.51-3.40 (4H, m), 2.97 (3H, s) ppm. 13C
{*H} NMR (101 MHz, CD3CN, 298 K): §¢: 158.3, 158.2, 158.0, 153.5,
153.0, 152.9, 152.9, 152.9, 152.1, 149.7, 148.6, 146.5, 138.8, 138.7,
138.7, 136.8, 134.2, 132.0, 129.2, 128.6, 128.5, 128.5, 128.4, 127.3,
126.7, 125.3, 125.2, 125.2, 116.3, 55.1, 50.9, 44.3 ppm. FTIR (solid,
ATR) vpax /cm ™ 2928, 2843, 1626, 1603, 1466, 1447, 1425, 1260,
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1233, 1211, 986, 827, 764, 743, 733, 557. UV-Vis (MeCN): Aqax /NM
(e/Lmol ™! em™1): 227 (35080), 244 (38140), 255 (32330), 286 (59990),
339 (11960), 429 (14110), 451 (15790). HRMS (ES+) found m/z
346.0976, calculated m/z 346.0980 for [C37H32N8Ru]2+.

2.19. Synthesis of [Ru(bipy)2(L*)](PFs)2

Same procedure as [Ru(bipy)z(Ll)] (PF¢)2, but using [Ru(bipy).Cls]
(0.061 g, 0.1 mmol) and L4 (0.035 g, 0.1 mmol). Product isolated as an
orange solid (0.116 g, 93 %). 1H NMR (500 MHz, (CD3)2CO), 298 K) 5y:
8.86-8.77 (5H, m), 8.60 (1H, dd, Jyy = 8.3, 1.2 Hz), 8.38 (1H, dd, Jyg =
5.2, 1.2 Hz), 8.24 (2H, tdd, Jyz = 8.0, 3.0, 1.5 Hz), 8.19 (1H, dd, Jyy =
5.2, 1.2 Hz), 8.17-8.11 (4H, m), 7.93-7.86 (3H, m), 7.78 (2H, d, Jyuy =
1.1 Hz), 7.64-7.59 (2H, m), 7.43-7.36 (2H, m), 3.62-3.52 (2H, m), 2.98
(2H, dtd, Jyyg = 31.3, 11.7, 2.4 Hz), 1.93-1.84 (2H, m), 1.71-1.57 (3H,
m), 1.06 (3H, d, Juy = 6.2 Hz). 13C{'H} NMR (125 MHz, (CD3),CO),
298 K) 8¢: 158.4,158.4,158.2,158.1,153.2,152.9,152.9, 152.8, 152.7,
151.6, 151.0, 149.7, 145.8, 138.9, 138.8, 136.6, 134.8, 132.5, 129.7,
128.7,128.6,128.5,127.2,126.6,125.3, 125.2, 114.4, 54.8, 54.5, 35.2,
31.5, 22.2 ppm. FTIR (solid, ATR) vpax /cmfl: 2922, 2853, 1622, 1597,
1456, 1423, 1387, 1128, 1080, 982, 829, 556. UV-Vis (MeCN): Amax
/nm (ss/Lm0171 Cmfl): 227 (28080), 246 (34600), 286 (53120), 349
(8810), 419 (9800), 453 (12540). HRMS (ES+): found m/z 346.6071,
calculated m/z 346.6071 for [C3gHssN7Rul?*.

2.20. Synthesis of [Ru(bipy)2(L°)](PFs)2

Same procedure as [Ru(bipy)z(Ll)] (PF¢)2, but using [Ru(bipy)2Cls]
(0.117 g, 0.2 mmol), L> (0.090 g, 0.2 mmol) and ethanol (10 mL). The
product was isolated as an orange solid (0.206 g, 82 %). 'H NMR (500
MHz, CD3CN, 298 K) 8y: 8.70 (1H, dd, Jyyz = 8.5, 1.3 Hz), 8.55-8.50
(2H, m), 8.50-8.46 (2H, m), 8.43 (1H, dd, Jyg = 8.3, 1.2 Hz), 8.09 (2H,
app. Dddd, Jyy = 8.2, 7.7, 3.5, 1.5 Hz), 8.04 (1H, dd, Jyg = 5.2, 1.3 Hz),
8.02-7.96 (2H, m), 7.90 (1H, dd, Juyg = 5.2, 1.3 Hz), 7.84 (2H, app.
Dddd, Jyy = 8.7, 5.6, 1.5, 0.8 Hz), 7.70 (1H, dd, Jyg = 8.5, 5.2 Hz), 7.66
(1H,s), 7.62 (1H, dd, Jyy = 8.3, 5.2 Hz), 7.56 (2H, app. Dddd, Jyy = 5.5,
3.9, 1.5, 0.8 Hz), 7.44 (2H, app. Dddd, Juyy = 7.7, 5.6, 3.7, 1.3 Hz), 7.24
(2H, app. DAdd, Jyg = 7.7, 5.8, 4.6, 1.3 Hz), 3.72-3.54 (2H, m),
3.05-2.89 (2H, m), 2.59-2.43 (1H, m, CHCF3), 2.12-2.05 (2H, m),
2.03-1.96 (2H, m) ppm.'3C{'H} NMR (125 MHz, CD5CN, 298 K) 8¢:
158.2, 158.0, 153.2, 153.0, 152.9, 152.8, 151.3, 150.9, 149.7, 146.0,
138.8, 138.7, 136.5, 134.7, 132.4, 130,0, 129.6, 128.5, 128.4, 127.8,
127.1,126.5, 125.2, 125.1, 114.9, 53.2, 53.0, 25.8 ppm. °F{'H} NMR
(470 MHz, CD3CN, 298 K) 8g: —74.3 (s), —72.9 (d [11,Jpp = 750 Hz)
ppm. FTIR (solid, ATR) vmax /cm': 2947, 2876, 1622, 1599, 1449,
1425, 1329, 1252, 1080, 1007, 831, 760, 556. UV-Vis (MeCN): Amax
/nm (8/Lm01’1 cm’l): 225 (36490), 245 (43480), 286 (69060), 340
(11150), 429 (13200), 451 (15450). HRMS (ES+): found m/z 373.5869,
calculated m/z 373.5930 for [CsgH3aF3N7Rul?+.

2.21. Synthesis of [Ru(bipy)2(L°)](PFs),

Same procedure as [Ru(bipy)z(Ll)] (PFg)2, but using [Ru(bipy).Cls]
(0.071 g, 0.1 mmol), L% (0.050 g, 0.1 mmol) and ethanol (10 mL). The
crude product was subjected to silica gel column chromatography using
an eluent of MeCN/H20/KNO3 in a 14:2:1 ratio. The product was iso-
lated as an orange solid (0.028 g, 18 %). TH NMR (500 MHz, (CD3),CO),
298 K) 8y: 8.98-8.93 (1H, m), 8.82 (4H, ddd, Juyy = 19.6, 8.0, 3.3 Hz),
8.69-8.63 (1H, m), 8.44-8.38 (1H, m), 8.29-8.08 (7H, m), 7.91 (4H, dq,
Juyu =11.8,6.2Hz),7.82 (1H, dd, Juyy = 8.3, 5.2 Hz), 7.66-7.59 (2H, m),
7.45-7.37 (2H, m), 7.29 (2H, t, Jyg = 7.7 Hz), 7.10 (2H, d, Jyg = 8.2
Hz), 6.88 (1H, t, Juy = 7.3 Hz), 3.69-3.33 (m, 8H)-'3C{'H} NMR (125
MHz, (CD3)2CO), 298 K) &¢: 158.4, 158.2, 158.1, 153.3, 153.0, 152.9,
152.8, 151.4, 150.5, 149.8, 146.1, 138.9, 138.8, 138.8, 136.8, 134.8,
132.4, 130.0, 129.4, 128.7, 128.6, 127.3, 126.7, 125.3, 125.2, 117.1,
114.9, 53.9, 50.2 ppm. FTIR (solid, ATR) Viax /em™ L 2828, 1622, 1599,
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1447, 1423, 1227, 1161, 1020, 839, 831, 760, 556. UV-Vis (MeCN):
Amax /NM (E/Lmol_1 Cm_l): 226 (35680), 247 (50010), 286 (63080),
341 (10040), 421 (11230), 452 (13560). HRMS (ES+): found m/z
377.1060, calculated m/z 377.1126 for [C4oH3eNgRul?*.

2.22. Synthesis of [Ru(bipy)2(L”)](PFs)2

Same procedure as [Ru(bipy)z(Ll)] (PFg)2, but using [Ru(bipy).2Cls]
(0.079 g, 0.2 mmol), L7 (0.070 g, 0.2 mmol) and ethanol (10 mL). The
product was isolated as a dark red solid (0.113 g, 14 %). 'H NMR (500
MHz, (CD3),CO), 298 K) 6y: 8.86-8.76 (5H, m), 8.62 (1H, dd, Jyy = 8.3,
1.2 Hz), 8.37 (1H, dd, Jyg = 5.2, 1.2 Hz), 8.25-8.19 (3H, m), 8.16-8.09
(4H, m), 7.90-7.83 (4H, m), 7.80 (1H, dd, Jyy = 8.3, 5.2 Hz), 7.63-7.55
(6H, m), 7.42-7.31 (6H, m), 7.27-7.20 (2H, m), 4.58 (1H, s), 3.43 (4H,
s), 2.85 (4H, s) ppm. 3C{'H} NMR (125 MHz, (CD3),CO), 298 K) &¢:
158.4, 158.2, 158.1, 153.3, 152.9, 152.8, 151.3, 149.7, 146.0, 138.9,
138.8, 136.7, 134.8, 132.4, 129.5, 129.3, 128.8, 128.7, 128.6, 127.2,
126.6, 125.3, 125.2, 117.7, 114.7, 76.9, 52.91 ppm. FTIR (solid, ATR)
Umax /Cm % 2922, 2851, 1618, 1603, 1447, 1423, 1377, 1227, 1134,
1007, 934, 827, 729, 556. UV-Vis (CD3CN): Amax /Nm (8/Lm0171 cmfl):
225 (40560), 246 (39220), 286 (57420), 342 (9560), 424 (10930), 452
(13140). HRMS (ES+): found m/z 422.1291, calculated m/z 422.1361
for [C49H42N8R11] 2+.

2.23. Synthesis of [Ru(bipy)z(L‘g)](PFs)z

[Ru(bipy)2Cly] (0.050 g, 0.1 mmol), L8 (0.070 g, 0.1 mmol) and
NaPFg (0.038 g, 0.2 mmol) were combined in ethanol (5 mL). The
mixture was degassed with N3 for 20 min and heated to reflux for 72 h.
The reaction was partially cooled and 0.1 M NH4PF¢ (10 mL) was added.
The precipitated was retrieved through filtration and washed with
distilled water (3 x 5 mL) and diethyl ether (2 x 5 mL) to yield the
product as an orange powder. (0.108 g, 96 %).'H NMR (500 MHz,
CD3CN, 298 K) SHI 8.74 (1H, dd, JHH = 8.5, 1.2 HZ), 8.53 (2H, dd, JHH =
8.0, 3.5Hz), 8.49 (2H, d, Jyy = 8.3 Hz), 8.44 (1H, dd, Jyy = 8.3, 1.1 Hz),
8.08 (2H, app. Ddd, Jyy = 8.1, 3.4, 1.3 Hz), 8.05 (1H, dd, Jyy = 5.2, 1.1
Hz), 8.01-7.96 (2H, m), 7.91 (1H, dd, Jyyg = 5.2, 1.2 Hz), 7.86-7.81 (2H,
m), 7.71 (1H, dd Jyy = 8.5, 5.2 Hz), 7.67 (1H, s), 7.63 (1H, dd, Jyy =
8.3, 5.2 Hz), 7.56 (2H, dd, Juy = 6.7, 2.5 Hz), 7.45 (1H, dd, Jyg = 3.9,
1.5 Hz), 7.27-7.20 (2H, m), 5.40 (1H, d, Jyg = 5.1 Hz), 4.49-4.41 (1H,
m), 3.75 (3H, s), 3.26 (1H, d Jyg = 12.3 Hz), 3.20 (4H, s), 2.43-2.27
(2H, m), 1.04 (3H, s), 0.93 (3H, d, Juy = 6.5 Hz), 0.71 (3H, s) ppm. '3C
{1H} NMR (101 MHz, CD3CN, 298 K): §¢: 158.2, 157.9, 155.8, 153.1,
152.9, 152.8, 151.4, 150.5, 149.7, 146.0, 141.1, 138.7, 138.6, 136.5,
134.5, 132.2, 129.4, 128.44, 128.43, 128.36, 128.3, 127.0, 126.4,
125.2, 125.1, 125.07, 123.2, 115.1, 75.9, 57.6, 57.0, 53.7, 51.0, 43.1,
40.2, 37.4, 36.9, 36.6, 28.9, 29.7, 24.4, 23.0, 22.8,19.7,19.1, 12.2 ppm.
FTIR (solid, ATR) vmay /cm ™' 2945, 2868, 1695 (C=0 carbamate),
1620, 1464, 1423, 1377, 1285, 1244, 1227, 1126, 1015, 835, 762, 731,
557. UV-Vis (MeCN): Agay /nm (e/Lmol~! em™1): 226 (36240), 245
(40220), 255 (33170), 287 (65650), 340 (11310), 429 (13220), 451
(15460). HRMS (ES+) found m/z 545.2575, calculated m/z 545.2576
for [Ce4H76NgOoRul> .

3. Results and discussion
3.1. Synthesis and characterisation of the amine-functionalised ligands

A series of 1,10-phenanthroline (phen) based ligands were synthe-
sized in two steps. Firstly, 5,6-epoxy-5,6-dihydro-1,10-phenanthroline
was treated with either a morpholine, piperazine or piperidine deriva-
tive to give a 5,6-dihydro-1,10-phenanthroline-5-ol intermediate species
(in the case of piperazine the intermediate is labelled 1 — see Scheme 3)
that results from ring-opening of the epoxide group. These intermediate
species (1-7) were fully characterised (see Experimental section for full
details and SI for relevant spectra) with 'H NMR spectra showing two
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doublet resonances noted at 4.0-5.5 ppm which were indicative of the
protons at the 5,6-positions of the phenanthroline unit (i.e. confirmation
of the 5,6-dihydro form of the ligand). The resultant loss of symmetry
gave six unique proton environments around the phenanthroline ring,
however, these resonances often overlapped in the aromatic region. The
alteration of the aliphatic regions of the 'H NMR spectra were consistent
with the addition of the different amine derivatives in each case. The '3C
NMR spectra showed that the carbon environments associated with the
5,6-positions of the phenanthroline ring appeared ca. 65-70 ppm.

Treatment of 1-7 with NaH in dry THF resulted in the successful
formation of the re-aromatized (and dehydrated) 5-amino substituted
1,10-phenanthroline compounds, L7, in generally good yields. It is
noteworthy, therefore, that L! can be obtained without the need for
mono-N-Boc protection of the piperazine [29]. Again, 'H NMR spectra
were especially informative highlighting the additional aromatic reso-
nance at the 6-position of the phen species, together with retention of
the relevant amine substituent in each case. The loss of the distinctive
coupling patterns between 4 and 5 ppm (e.g. Fig. 1) that were evident in
compounds 1-7 confirmed the re-aromatization of the products. 13C
{'H} NMR also supported the transformation of the intermediates to the
target ligands with the loss of the carbon signals at 65-70 ppm; because
of the unsymmetrical nature of the ligands, overlapping peaks in the
aromatic region were often observed. For the piperazine variants the
aliphatic carbon resonances typically appeared around 50-55 ppm. In
the case of L the benzyhydryl carbon was noted at 75.9 ppm. The
presence of the CF3 group in L allowed '°F NMR data to be obtained
revealing a singlet at —75.2 ppm. All species gave satisfactory HRMS
data (see SI for all relevant data).

3.2. Synthesis and characterisation of the cholesterol variant, L8

The utility of the piperazine-terminated ligand, L!, was further
demonstrated via a simple bioconjugation to give a cholesterol func-
tionalized derivative. As part of our ongoing studies on the biological
applications of photoluminescent metal complexes [30], we determined
that the use of a cholesterol functionalised species may be of interest to a
variety of targeted bioimaging studies in the future. There is precedent
for cholesterol derivatives of metal complexes [31], and for Ru(Il) a
handful of examples have been reported. Firstly, a ligand based upon 5-
amino-1,10-phenanthroline [32] to yield a complex for lipid bilayer
studies; secondly, a monodentate thioether terminated ligand which can
be photo-released from Ru(II) upon excitation to yield a cytotoxic
product [33]; and thirdly, an ester-linked cholesterol adduct of a 2,2
bipyridine ligand, which was reported during the course of our studies
(Scheme 4) and used in plasma membrane imaging [ 34].

The synthesis of the cholesterol functionalised target ligand (L®) was
achieved using commercially available cholesteryl chloroformate. Thus,
the use of an amine terminated ligand, such as L1, allows covalent
attachment of the cholesterol via a carbamate functional group. Car-
bamates are a well-known functional group often utilized within phar-
maceutical agents implying good biocompatibility. The nature of the ‘R’
groups attached to the N and O atoms of the R-N-(C=0)-O-R’ moiety can
significantly alter the rate of hydrolysis [35] and thus stability of the
carbamate. In general, more strongly electron donating R groups will
increase the stability (both chemically, and enzymatically [36]) of the
carbamate unit [37]; the chemical and biological stability of function-
alised carbamates is an area of active research in medicinal chemistry
[38]. Scheme 5 shows the synthetic route to L8 via the reaction of Ll,
directly, with cholesteryl chloroformate in DCM [39] to yield the target
ligand as a mustard yellow solid.

The key evidence for the transformation was provided by 'H NMR
spectral analysis with the loss of the singlet at 2.58 ppm due to the NH
group in L, and the change in the appearance of the piperazine aliphatic
signals at 3-4 ppm. The signature olefinic CH within the cholesteryl
backbone was observed at 5.41 ppm, while the C=0 resonance was
observed in the 13C NMR spectrum at 155 ppm. Furthermore, the
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Scheme 5. Transformation of L! to the cholesteryl derived ligand, L8. Reagents and conditions: i) cholesteryl chloroformate, dichloromethane.
formation of the carbamate group was also indicated by the IR spectrum material. A high resolution mass spectrum was obtained showing m/z

with a strong stretch at 1692 cm™! which indicates a slightly weaker 677.4800 which is consistent with [M + H]* for L8,
C=O0 bond relative to the chloroformate (ca. 1780 c¢cm ) starting
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3.3. Synthesis of the Ruthenium Complexes

The coordination chemistry of Ru(Il) is an excellent way to establish
the behaviour of 1,10-phenanthroline ligands while yielding complexes
with interesting electronic properties that can have potential in a variety
of disciplines such as photoredox catalysis and bioimaging. Here, Ru(II)
complexes were synthesized according to well established procedures:
reaction of [RuCly(bipy)s] with stoichiometric ligand L8 and NaPFg
in refluxing EtOH resulted in the formation of red coloured solutions.
After precipitation and filtration the complexes were isolated as orange
coloured, air-stable solids in good yields. The formation of [Ru
(bipy)Z(Ll'7)](PF6)2 was initially established using 'H NMR spectros-
copy. In each case the coordination of the unsymmetrical ligands L7
led to inequivalence in both of the 2,2-bipyridine ligands and a corre-
spondingly large number of aromatic resonances (in essence the signals
are doubled). The aliphatic resonances associated with the phen sub-
stituent (piperazine, piperidine or morpholine groups) were also shown
to subtly shift downfield upon coordination to Ru(II) with additional
changes in the peak appearances. Similarly, the aromatic regions of the
13c{'H} NMR spectra were correspondingly complex with numerous
overlapping resonances. In the case of [Ru(bipy)z(Ls)] (PFg)2 a 19 NMR
spectrum was obtained and showed two types of resonance at —74.3 (s)
and — 72.9 (d,Jpp = 750 Hz) ppm, where the former is attributed to the
CF3 group and the latter is the PFg counterion. Therefore, complexation
of L® induces a very subtle downfield shift compared to the free ligand
(—75.2 ppm). All NMR spectra are presented in the SL

HRMS were obtained in each case with m/z values consistent with
either the di-cation [M — 2PFg] and/or mono-cation [M — PFg], each with
the appropriate isotopic pattern for a ruthenium-containing species
(Fig. 2). In the case of the benzyhydryl derivative, [Ru(bipy)z(L7)]
(PFg)9, an additional fragmentation was noted that related to the loss of
the diphenylmethylene moiety from the ligand.

The cholesteryl ligand, L8, was reacted in an analogous manner to
give [Ru(bipy)z(LS)] (PFg), as an orange powder. While the resultant g
NMR spectrum featured numerous additional resonances in the aliphatic
region, it was possible to identify features that confirmed chelation of L8
(e.g. downfield shift of the aliphatic protons within the bridging piper-
azine unit), and the presence of the cholesteryl unit (including an
olefinic proton ca. 5.4 ppm). Comparison of the **C NMR data for L& and
its corresponding complex identify the carbamate carbonyl '3C reso-
nance around 155 ppm, in accordance with relevant literature on a
related carbamate species [40]. Finally, the HRMS data for [Ru
(bipy)z(Ls)](PF6)2 was consistent with the identity of the double

[Ru(bipy),(L")](PFy),

100000 ) (
R J [Ru(bipy),(L?))(PFe),
e [Ru(bipy),(L*)](PFe),
L [Ru(bipy),(L*)](PF¢),
2 [Ru(bipy),(L*)(PFe),
?’; 60000 [Ru(bipy),(L®)I(PFe),
£ | [RU(bipY)z(L;)](PFe)z
o \ .
E 40000 - 1 [Ru(bipy),(L*)I(PFs),
S |
® \ |
< 200004 \
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Fig. 2. UV-vis. Spectra for the series of ruthenium complexes (293 K,
aerated MeCN).

Inorganica Chimica Acta 579 (2025) 122561

charged cation with m/z = 545.2575, showing that the cholesteryl
moiety is covalently linked to the Ru(II) complex.

Electronic properties of the ligands and complexes

Solutions of the ligands display electronic absorption spectra that
reveal strong absorptions in the UV region that relate to allowed & — n*
transitions; in each case three bands were observed between 200 and
325 nm (typically ¢ > 10* M~! em™!), consistent with an amine-
substituted 1,10-phenanthroline chromophore. The UV-vis absorption
data (Table 1) for the complexes [Ru(bipy)g(Ll"s)] (PFg)o revealed
strong similarities with the benchmark compound [Ru(bipy)g]ZJr [1].
Intense ligand-centred bands, which are subtly perturbed upon coordi-
nation and now a composite of bipy-centred transitions (particularly
noted around 290 nm) and those attributed to Ll"s, were observable
between 200 and 350 nm. A new broader band was now evident at
400-500 nm which is attributed to the spin-allowed!MLCT transition
(Mmax ~ 452 nm; £ ~ 10* M! cm’l) (see Fig. 2) that is classically
observed for polypyridine complexes of Ru(Il) [1]. The band envelope
(and associated vibronic progressions) appears consistent across the
series of complexes. The variations in the nature of the substituent
(piperazine, piperidine, morpholine based) at the 1,10-phenanthroline
ligand do not induce any notable variations within the series of com-
plexes, and further functionalisation with the cholesteryl functionalized
complex possesses the same efficient absorption in the visible region.

The luminescence properties of the complexes were also assessed
under both aerated and deoxygenated conditions (Table 1). As expected,
following excitation at the !MLCT band each complex showed a broad
featureless peak centred around 605-610 nm, which is typical of a
SMLCT emission [1]. The emission profiles are essentially superimpos-
able (Fig. 3) showing how the intrinsic electronic properties are not
influenced by the different ligand peripheries. Quantum yield values
were also typical of complexes of this type under aerated conditions
(1.8-5.0 %); slightly higher values were noted for [Ru(bipy)z(L(’)](PFﬁ)g
and [Ru(bipy)z(L7)](PF6)2 and this may be due to the larger phenyl
substituents, that are present at the ligand periphery, that may offer a
small degree of shielding from diffusing oxygen. Upon degassing the
values increase to ca. 6.2-8.8 % which again is consistent with bench-
mark compounds such as [Ru(bipy)s][PF¢la.

The associated experimental lifetimes, obtained from fitting the
decay traces via time resolved measurements (Aex = 295 nm) were

Table 1
Photoluminescence data for the family of Ru(II) complexes.”

Complex Emission  Lifetime Quantum ke/s ' kne/st
A/ nmP T/ pst yield
) d
[Ru(bipy)2(LH)] 605 0.15 0.018 9.87 x 1.20 x
[PFs]2 0.77) (0.076) 10* 10°
[Ru(bipy)2(L2)] 606 0.14 0.019 1.05 x 1.09 x
[PFela (0.84) (0.088) 10° 10°
[Ru(bipy)(L>)] 605 0.14 0.018 9.47 x 1.22 x
[PFel, (0.76) (0.072) 10* 10°
[Ru(bipy)2(Lh] 608 0.15 0.026 1.07 x 1.26 x
[PFela (0.73) (0.078) 10° 10°
[Ru(bipy)2(L%)] 610 0.15 0.016 9.88 x 1.09 x
[PFely (0.84) (0.083) 10* 10°
[Ru(bipy)2(L®)] 610 0.14 0.050 1.15 x 1.74 x
[PFs]2 (0.54) (0.062) 10° 10°
[Ru(bipy)2(L7)] 608 0.15 0.047 1.00 x 1.13 x
[PFela (0.81) (0.081) 10° 10°
[Ru(bipy)2(L¥)] 607 0.15 0.018 1.00 x 1.17 x
[PFs]2 (0.79) (0.079) 10° 10°

2 All measurements obtained in MeCN at 293 K. [a] 3.33 x 10~° M solutions in
aerated MeCN; [b] maximal phosphorescence emission wavelength; [c] aerated
phosphorescence lifetimes; values in parentheses are degassed; [d] phospho-
rescence quantum yields (Aexy = 450 nm); using [Ru(bipy)s3][PF¢l» in aerated
MeCN (@ = 0.018) in degassed MeCN (values in parentheses) as a reference (® =
0.095), errors are estimated at 15 %. Estimates of k, and k. from degassed data
using k, = @/t and k,, = (1 — ®)/7.
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Fig. 3. Normalised emission spectra for the series of ruthenium complexes
(293 K, aerated MeCN, Aoy = 450 nm).

typically around 0.14-0.15 ps in aerated MeCN while degassing led to
significant increases to 0.54-0.84 ps. Therefore the photophysical data
fully supports the assignment that these are phosphorescent MLCT
emitters (and demonstrably sensitive to molecular oxygen as a
quencher) which are closely analogous to [Ru(bipy)s](PFe)2. Again,
across the series of complexes the nature of the substituents at the
ancillary ligand induces very little perturbation of the excited state
character. This is particularly notable for the piperazine substituted
systems where the presence of the bridging amine does not lead to any
notable quenching (via photoinduced electron transfer) of the excited
state of the complex. Importantly, functionalization with the cholesteryl
moiety does not compromise the desirable MLCT photophysical prop-
erties of the Ru(II) complex. This suggests that this red-emitting complex
should be of significant interest for cellular bioimaging studies in the
future, including studies into cholesterol intracellular trafficking
experiments.

4. Conclusions

The use of 5,6-epoxy-5,6-dihydro-1,10-phenanthroline as a precur-
sor is a very convenient approach for accessing a wide range of amine-
substituted ligands with varying functionality. The synthetic method-
ology allows ligands to be isolated over two steps and shows that mor-
pholine, piperazine, and piperidine derivatives are all tolerant to the
reaction protocols. Furthermore, the use of piperazine allows the
development of ligands for further functionalisation, and very recent
studies have shown interesting precedent for peptide coupling using a
piperazine spacer on related Ir(III) complexes for bioimaging [27]. In
this case, it was demonstrated that the ligand can be easily bio-
conjugated using a cholesterol chloroformate derivative. Importantly,
the variation in functionalisation does not lead to any compromise with
regard to the >MLCT photophysical properties of the Ru(II) complexes
reported herein. Such a straightforward synthetic approach should be of
interest to those who are engaged in the development of luminescent
metal complexes for different optoelectronic applications.

Tools for probing intracellular sterol dynamics can provide an
important approach for investigating many cellular functions [41].
Luminescent sterols are one approach to be exploited in an area of active
research [42]. Our future studies will investigate the biological utility of
cholesterol functionalised [Ru(bipy)z(Ls)] (PFg)2, including cellular
studies for specific disease states where cholesterol trafficking is
important. This complex marries significant photophysical advantages
for cell imaging (visible excitation, long wavelength emission, large
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Stokes’ shift, and long luminescence lifetime) with targeted bio-
conjugation and should provide an interesting entry point for future
studies.
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