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Abstract

Eight new heteroleptic ruthenium(Il) complexes of 2,2":6',2"-terpyridine derivatives are
reported and characterized by multinuclear NMR and electrospray mass spectrometry.
Complexes featuring pendant aryl bromide or pyridyl groups in the 4' position of terpyridine
are suitable for palladium(0) coupling reactions to form large metallo-supramolecular
ligands. Aryl boronic ester derivatives were found to be unstable with respect to
hydroxylation.

1 Introduction

Ruthenium(Il) -complexes of 2,2":6',2"-terpyridine are substitution-inert complexes with
redox- and_photo-properties suitable for applications as photosensitizers.[1] This class of
complexes-is also suitable as building blocks[2] for large supramolecular assemblies, such as
coordination polymers,[3] coordination networks,[4] metallo macrocycles[5] or large cage
structures[6] and other metallosupramolecular structures.[7] In order to assemble larger
structures additional metal ion binding groups are appended to form ‘expanded ligands’[8]
which can be combined with labile metal ions to self-assemble into the desired architectures.
With this goal in mind, our approach was to use Pd(0)-mediated cross-coupling reactions on
inert ruthenium(Il) complexes[9] to prepare large bridging units which feature metal ion
binding groups on the periphery. Pyridyl donor groups are particularly appealing due to their
ability to coordinate to a wide range of metal ions, including to square planar Pd(II)
centers[10] and are the basis of this work. Herein we report eight new heteroleptic
ruthenium(Il) complexes of 4'-substituted 2,2":6',2"-terpyridine ligands featuring either
pendant pyridyl units, aryl bromides or aryl boronic acids which can act as supramolecular
building blocks.[9, 11]



2 Experimental

2.1 General

The numbering scheme adopted for ligands 1-7 is shown in Figure 1. 'H and *C NMR
spectra were recorded on a Bruker Avance III-300; Avance III-400 or Avance III-600
spectrometer. The chemical shifts for the "H and '*C NMR spectra are referenced to residual
solvent resonance. Coupling constants (J) are reported in hertz (Hz). Standard abbreviations
indicating multiplicity were used as follows: s = singlet, d = doublet, t = triplet, dd. = double
doublet, q = quartet, m = multiplet, b = broad, ddd = doublet of double doublets. 'Hand PC
NMR assignments were made using 2D-NMR methods (COSY, ROESY, NOCSY, HSQC,
HMBC) and are unambiguous unless stated otherwise. Ligands 1,[12] 2,[13] 3,[14] 4,[15]
5a,[16] 5b,[6c] 6a,[11b] 6b[17] and 7[12] have been previously reported.

2.2 Ru(1)Cls

Ligand 1 (0.33 g, 0.85 mmol) and RuCl3-xH,O (0.18 g, 0.85 mmol) was suspended in EtOH
95% (30 mL) and heated at reflux for 4h. After cooling to r.t., the precipitate was collected,
washed with CH3;CN (2 x 5 mL), EtOH (5 mL) then Et;O (5 mL) and dried in air to afford
Ru(2)Cl; as a brown solid. Yield 0.42 g, 0.70 mmol, 82%.

2.3 Ru(2)Cls

Same scale and conditions as for Ru(1)Cls. Yield: brown solid, 0.38 g, 0.64 mmol, 75%.

24  Ru(5a)Cls

Ligand 5a (0.20 g, 0.47 mmol) and RuCl;-xH,0 (97 mg, 0.47 mmol) were suspended in n-
butanol (15 mL) and heated at reflux for 6h. After cooling to r.t., the precipitate was
collected, washed CH3CN (2 x 5 mL), EtOH (5 mL) then Et,O (5 mL) and dried in air to
afford Ru(5a)Cl; as a brown solid. Yield 0.20 g, 0.32 mmol, 69%. Due to difficulties
characterizing this intermediate, it is unclear whether the boronic ester remains intact, or is
hydrolyzed to form the boronic acid. Anal. Found: C, 47.77; H, 3.83; N, 6.54 %. Calc. for
CsHo4BCI:N;O5Ru-1.1H,0: C, 48.45; H, 4.07; N, 6.48 %.

2.5 Ru(6a)Cl;

Same scale and conditions as for Ru(5a)Cls. Yield: brown solid, 0.21 g, 0.33 mmol, 71%.
Due to difficulties characterizing this intermediate, it is unclear whether the boronic ester
remains intact, or is hydrolyzed to form the boronic acid. Anal. found: C, 46.24; H, 3.63; N,
6.38%. Calc. for C26H24BC13N302R11'2.2H202 C, 46.72; H, 408, N, 6.29 %.



2.6 [Ru(1)(3)](PFg);

Ru(1)ClI; (0.10 g, 0.17 mmol) and ligand 3 (0.05 g, 0.17 mmol) was suspended in ethane-1, 2-
diol (8 cm®). The suspension heated at 150 T for 2 h. The deep red solution was poured into
excess aqueous KPFq (20 mL). A red precipitate formed and was collected on Celite, washed
with HO (5 mL), EtOH (2 mL), Et,O (5 mL), and dissolved in CH3CN. The product was
purified by chromatography (SiO,, CH3CN: H,0O: saturated aqueous KNO; 14: 1.2: 0.5).
Addition of excess aqueous saturated KPF; solution and removal of CH3CN under reduced
pressure gave a red precipitate which was collected on Celite, washed with H,O (5 mL),
EtOH (2 mL), Et,0O (5 mL) and dissolved in CH3;CN. Removal of solvent gave
[Ru(1)(3)](PF¢); as a red solid (74 mg, 68 umol, 40%). 'H NMR (400 MHz, CD;CN) $ 9.39
(dd, J = 2.5, 0.9 Hz, 1H, H), 9.04 (s, 2H, H??), 9.01 (s, 2H, H®*), 8.86 (dd, J = 4.8, 1.6 Hz,
1H, H®®), 8.65 (m, 4H, H****), 8.53 (ddd, J = 8.0, 2.5, 1.6 Hz, 1H, H**), 8.43(t, J = 1.8 Hz,
1H, H), 8.19 (ddd, J = 7.8, 1.9, 1.0 Hz, 1H, H), 8.02-7.94 (m, 4H, HA***%), 7.86 (ddd, J
= 8.0, 1.9, 0.9 Hz, 1H, H), § 7.75 (dd, J = 8.0, 4.8 Hz, 1H, H®), 7.69 (t, J = 7.9 Hz, 1H,
H®), 7.46 — 7.38 (m, 4H, H***%), 7.25 — 7.14 (m, 4H, H***). 3C NMR (101 MHz,
CD;CN) & 159.0 (C*A%), 159.0 (C*¥A%), 156.6 (CP¥B?), 156.5 (CP¥P?), 153.5 (CAO*AY),
152.0 (C%), 149.6 (C*?), 147. 7 (C), 146.3 (CB*), 140.0 (C®*), 139.15 (C****), 139.12
(CAMA%)136.4 (C™, 134.1 (C%), 133.8 (C), 132.5.(CS), 131.7 (C%), 128.6 (CH),
128.6 (CMA%), 127.7 (C), 125.64 (C*¥™), 125.62 (CM'™), 125.4 (C®), 124.1 (C"),
122.8 (C®®%), 122.8 (C®¥®*). LR-ESI-MS (in' CHsCN): m/z 945.98 [M-PF¢]* requires
946.03; 400.64 [M—2PF6]2+ requires 400.53. Anal. found: C, 45.51; H, 3.70; N, 9.95 %. Calc.
for C4HasF12N7PoRu-4.5H,0- ICH;CN: C, 45.63; H, 3.56; N, 9.90.

2.7 [Ru(1)(4)](PFs):

The preparation of [Ru(1)(4)](PF6), was the same as for [Ru(1)(3)](PF¢),, starting with
Ru(1)Cl; (0.10 g, 0.17 mmol) and ligand 4 (0.05 g, 0.17 mmol). [Ru(1)(4)](PFs), was
isolated as a red solid (76 mg, 70 pmol, 41%). '"H NMR (400 MHz, CD3CN) 6 9.05 (s, 2H,
H®), 9.01 (s, 2H, H?Y), 8.97 (d, J = 5.4 Hz, 2H, H®), ), 8.70 — 8.65 (d, J = 8.1 Hz, 4H,
HA*AYY 8.43 (t, J =1.8 Hz, 1H, H%), 8.19 (d, J = 8.2 Hz, 1H, H**), 8.13 (d, J = 5.4 Hz, 2H,
H), 8.02 — 7.94 (m, 4H, H "), 7.86 (d, J = 6.5 Hz, 1H, H*®), 7.69 (t, J = 7.9 Hz, 1H,
H®), 7.48 — 7.42 (m, 4H, H***®), 7.25 — 7.17 (m, 4H, H****). 1*C NMR (101 MHz,
CD;CN) & 159.0 (C*¥4%), 158.9 (C*¥*%), 156.9 (CP¥®%), 156.4 (CBY¥BY), 153.5 (CAYA%),
153.5 (CA%A%),7151.1 (C®?), 147.9 (C®), 146.2 (C™), 145.9 (CP%, 140.0 (CB*), 139.2
(CAMA%)) 134.1 (C®), 132.5 (C), 131.7 (C%), 128.7 (CM™), 128.6 (CM'™), 127.74
(CSH, 125.7 (CAA%), 125.6 (CA¥A), 124.1 (CTY, 123.4 (C®), 122.8 (CB**B). LR-ESI-MS
(@in CH3CN): m/z 945.98 [M-PFg]" requires 946.03; 400.62 [M-2PFq]** requires 400.53. Anal.
found: C, 40.62; H, 3.7; N, 8.49%. Calc. for C41HysF;2N7P,Ru-1.5H,0: C, 41.08; H, 4.12; N,
8.18.

2.8 [Ru(2)(3)](PFs)2

The preparation of [Ru(2)(3)](PFs), was the same as for [Ru(1)(3)](PFe),, starting with
Ru(2)ClI; (0.10 g, 0.17 mmol) and ligand 3 (0.05 g, 0.17 mmol). [Ru(2)(3)](PFs), was isolated
as a red solid (72 mg, 66 pumol, 39%). '"H NMR (400 MHz, CD3;CN) 6 9.39 (dd, J = 2.5, 0.9
Hz, 1H, H), 9.04 (s, 2H, H®), 8.99 (s, 2H, H?), 8.86 (dd, J = 4.8, 1.6 Hz, 1H, H®®), 8.64
(d, J = 8.0 Hz, 4H, H*™¥), 8.53 (dt, J = 8.1, 1.9 Hz, 1H, H**), 8.12 (d, J = 8.1 Hz, 2H,



H), 8.00 — 7.91 (m, 6H, 2H® + 4H****), 7.74 (dd, J = 8.0, 4.8 Hz, 1H, H®), 7.46 — 7.40
(m, 4H, HA®*A%) 723 — 7.17 (m, 4H, H*™). C NMR (101 MHz, CDsCN) & 159.1
(CAA2Y159.0 (CAA%), 156.6 (CB¥B%), 156.5 (CB¥B?), 153.5 (CA%AY), 152.2 (C*%), 149.7
(C®), 148.1 (C), 146.3 (C®*), 139.14 (C*A*), 139.12 (C*A%) 137.0 (CB*), 136.2 (C™H,
133.7 (C%), 130.6 (C), 128.6 (CAAY), 128.5 (CAYAY), 125.6 (CA¥A3), 125.4 (CCY), 125.3
(C™), 122.8 (C), 122.6 (C®¥). LR-ESI-MS (in CH3CN): m/z 945.98 [M-PFs]" requires
946.03; m/z 400.64 [M-2PF4]** requires 400.53. Anal. found: C, 43.19; H, 3.30; N, 8.6 5%.
Calc. for C41H28F12N7P2RU'6.5H201 C, 4370, H, 367, N, 8.70.

2.9 Ru(2)(4)](PFe);

The preparation of [Ru(2)(4)](PFs), was the same as for [Ru(1)(3)](PFe),, starting with
Ru(2)Cl5 (0.10 g, 0.17 mmol) and ligand 4 (0.05 g, 0.17 mmol) to give [Ru(2)(4)](PF¢), as a
red solid (76 mg, 73 umol, 43%). "H NMR (400 MHz, CD;CN) & 9.05 (s, 2H, H?), 9.00 (s,
2H, H®"), 8.97 (d, J = 5.6 Hz, 2H, H), 8.65 (m, 4H, H**?), 8.18 —8.07 (m, 4H, H*),
8.02 — 7.90 (m, 6H, 4H*"* 4+ 2H®?), 7.49 — 7.36 (m, 4H, H***%),7.25 — 7.13 (m, 4H,
HAA5), BC NMR (101 MHz, CD;CN) § 159.0 (C*%A%y 158.9 (CA¥A?), 156.8 (CBYB),
156.4 (CB¥®%), 153.50 (CA¥A9), 153.46 (CA¥A%), 152.1.(C®?), 148.3 (CY), 146.3 (C™,
145.1 (C®%), 139.2 (CA*%), 137.0 (CB*), 133.7 (C™?), 130.6 (C), 128.6 (CM*Y), 128.5
(CPA3125.7 (CA), 125.6 (A2, 125.5 (CC1), 122.9 (CS), 122.8 (CP%), 122.6 (CB%).
LR-ESI-MS (in CH;CN): m/z 945.98 [M-PF4]" requires 946.03; 400.62 [M-2PF]** requires
400.53. Anal. found: C, 46.79; H, 3.29; N, 9.67%. Calc. for C4H»sF2N;7P,Ru-2H>0: C,
47.09; H, 3.08; N, 9.38.

2.10 Ru(5b)(3)](PFs);

The preparation of [Ru(5b)(3)](PF¢), was the same as for [Ru(1)(3)](PF¢),, starting with
Ru(5a)Cl; (0.10 g, 0.16 mmol) and ligand 3 (0.05 g, 0.17 mmol). [Ru(5b)(3)](PF¢), was
isolated as a red solid (50 mg, 46 umol, 29%). "H NMR (400 MHz, CDsCN) 6 9.39 (d, J =
2.1 Hz, 1H, H), 9.06 (s, 2H, H®?), 9.03 (s, 2H, H®), 8.86 (dd, J = 4.8, 1.5 Hz, 1H, H®®),
8.72 — 8.62 (m, 4H; HM™), 8.59 (s, 1H, H*?), 8.53 (d, J = 8.1 Hz, 1H, H**), 8.26 (d, J =
8.1 Hz, 1H, H*), 8.07 (d, J = 7.4 Hz, 1H, H®), 8.00 — 7.90 (m, 4H, HA***), 7.82 — 7.69
(m, 2H, H®*), 7.51 — 7.39 (m, 4H, HA®**%), 7.23 — 7.14 (m, 4H, H¥™), 6.42 (s, 2H,
B(OH),). *C NMR (75 MHz, CD;CN) § 159.2 (C*A%), 159.1 (C4%), 156.7 (C<B¥/B),
156.4 (CB¥B),1153.50 (CA¥A), 153.45 (CA9A%), 152.1 (C*®), 149.9 (CB*), 149.7 (C*?),
146.2 (C®%; 139.1 (CMA%), 137.2 (C), 136. 9 (C), 136.2 (C™), 134.5 (C%), 133.8
(CS, 133.1 (CY), 130.8 (C), 130.0 (C), 128.6 (CF/A%), 128.4 (CPA), 125.6 (CHA),
12537 (C®), 122.83 (CB¥®%), 122.78 (C®¥®¥). LR-ESI-MS (in MeOH): m/z 938.10
[(MeOBOMe)PFs adduct]” requires 938.16; 924.16 [(MeOBOH)PFs adduct]” requires
924.15; 396.72 [(MeOBOMe) adduct]* requires 396.60; 389.74 [(MeOBOH) adduct]**
requires 389.59. HR-ESI-MS (in MeOH): m/z 938.1621 [(MeOBOMe)PFs adduct]* requires
938.1488; 924.1337 [(MeOBOH)PF; adduct]® requires 924.1464; 396.5927 [(MeOBOMe)
adduct]* requires 396.5989; 389.5859 [(MeOBOH) adduct]** requires 389.5911.



2.11 [Ru(5b)(4)](PFs):

The preparation of [Ru(Sb)(4)](PFs), was the same as for [Ru(1)(3)[(PFe),, starting with
Ru(5a)Cl; (0.10 g, 0.16 mmol) and ligand 4 (0.05 g, 0.17 mmol). [Ru(5b)(4)](PFs), was
isolated as a red solid (59 mg, 56 pmol, 35%). '"H NMR (400 MHz, CD;CN) 6 9.05 (s, 2H,
H®%), 9.04 (s, 2H, H?*), 8.97 (d, J = 5.2 Hz, 2H, H?), 8.70 — 8.62 (m, 4H, H*****), 8.58 (s;
1H, H%), 8.26 (d, J = 7.8 Hz, 1H, H*), 8.13 (d, J = 5.3 Hz, 2H, H®), 8.07 (d, J = 7.4 Hz,
1H, H®), 8.01 — 7.90 (m, 4H, H***), 7.78 (t, J = 7.6 Hz, 1H, H), 7.52 — 7.35 (m, 4H,
HACASY 725 — 7.14 (m, 4H, H), 6.42 (s, 2H, B(OH),). *C NMR (75 MHz, CD;CN) &
159.2 (C*A%))159.0 (C*A%), 156.9 (CB¥/B?), 156.3 (CB¥P%), 153.5 (CA*A9), 152.1 (C™),
150.0 (C®), 146.2 (C™), 145.1 (CP%, 139.2 (CAA%), 139.1 (CAA*), 137.2/(CP*), 136.9
(C), 134.5 (C%), 132.9 (C"), 130.8 (C™), 130.0 (C), 128.6 (CHA%), 128.4 (CAAY),
125.7 (CMA3), 125.6 (CHA), 122.9 (C9), 122.9 (CPY, 122.8 (C®¥). LR-ESI-MS (in
MeOH): m/z 938.12 [(MeOBOMe)PFg adduct]” requires 938.16; 924.16 [(MeOBOH)PFq4
adduct]” requires 924.15; 396.70 [(MeOBOMe) adduct]2+ requires 396.60; 389.74
[(MeOBOH) adduct]2+ requires 389.59. Anal. found: C, 44.81; H, 2.70; N, 8.84 %. Calc. for
C41H30F1,N70,P,Ru-2.4H,0: C, 45.30; H, 3.23; N, 9.02.

2.12 [Ru(6b)(3)](PFs):

The preparation of [Ru(6b)(3)](PFs), was the same as for [Ru(1)(3)[(PFe),, starting with
Ru(6a)Cl; (0.10 g, 0.16 mmol) and ligand 3 (0.05 g, 0.17 mmol). [Ru(6b)(3)](PFe), was
isolated as a red solid (62 mg, 59 umol, 37%). '"H NMR (400 MHz, CDsCN) 6 9.39 (d, J =
2.6 Hz, 1H, H*), 9.04 (s, 2H, H?®), 9.04 (s, 2H, H®®), 8.86 (dd, J = 4.8, 1.6 Hz, 1H, H®),
8.70 — 8.60 (m, 4H, H***%), 8.53 (ddd, J = 8.0, 2.5, 1.6 Hz, 1H, H**), 8.21 (d, J = 7.8 Hz,
1H, H®), 8.14 (d, J = 7.7 Hz, 1H, H**), 8.00 — 7.91 (m, 4H, H****), 7.74 (dd, J = 7.9, 4.8
Hz, 1H, H®), 7.50 — 7.37 (m, 4H,H***®) 7.24 — 7.15 (m, 4H, H**), 6.52 (s, 2H,
B(OH),). °C NMR (101 MHz; CDsCN) § 159.2 (C**%), 159.0 (C*¥*%), 156.7 (CB¥B%),
156.4 (CP¥B%), 153.48 (C*%4€)7153.45 (CA%), 1522 (CTY), 149.7 (C®?), 149.3 (C™),
146.3 (C®Y), 139.6 (C*), 139.1 (C*A%), 139.1 (C**%), 136.2 (CY), 133.7 (C), 128.6
(CM/A%)128.5 (CAYAY), 128.0 (CT), 125.6 (CM™Y), 125.3 (C©), 122.8 (CB¥®), 122.7
(C®¥B%) LR-ESI-MS (in MeOH): m/z found 938.14 [(MeOBOMe)PF, adduct]® requires
938.16; 924.14 [(MeOBOH)PF;s adduct]” requires 924.15; 396.72 [(MeOBOMe) adduct]2+
requires 396.60; 389.72 [(MeOBOH) adduct]2+ requires 389.59. Anal. found: C, 45.55; H,
275, N, 9.11 %. Calc. for C41H30F12N702P2RU'2.5H202 C, 4523, H, 324, N, 9.01.

2.13" [Ru(6b)(4)](PFs);

The preparation of [Ru(6b)(4)](PFs), was the same as for [Ru(1)(3)[(PFe),, starting with
Ru(6a)Cl; (0.10 g, 0.16 mmol) and ligand 4 (0.05 g, 0.17 mmol). [Ru(6b)(4)](PFs), was
isolated as a red solid (71 mg, 67 umol, 42%). 'H NMR (400 MHz, CD3;CN) 6 9.05 (s, 2H,
H®%), 9.04 (s, 2H, H*Y), 8.97 (d, J = 5.2 Hz, 2H, H), 8.70 — 8.62 (m, 4H, H***Y), 8.24 —
8.10 (m, 6H, 2H®+ 4H®*), 8.01 — 7.91 (m, 4H, H %), 7.50 — 7.37 (m, 4H, HA*9),
7.24 — 7.14 (m, 4H, H***), 6.23 (s, 2H, B(OH),). °C NMR (151 MHz, CD;CN) § 159.1
(CAYA2y158.9 (CAA%), 156.9 (CB?B%), 156.4 (CBYBY), 154.3 (CC1), 153.5 (CA%A%) 152.1
(C®), 149.5 (C), 146.2 (C™), 145.1 (CB%, 139.5 (CB*), 139.2 (CA¥A%), 139.1 (CAYA%),
136.2 (C%), 128.6 (CAYAY), 128.5 (CAYAY), 128.0 (C™), 125.7 (CAAY), 125.6 (CAYAY),
122.9 (CP¥%), 122.8 (CB¥®%). LR-ESI-MS (in MeOH): m/z 938.12 [(MeOBOMe)PF;



adduct]* requires 938.16; 924.16 [(MeOBOH)PF, adduct]” requires 924.15; 396.72
[(MeOBOMe) adduct]** requires 396.60; 389.72 [(MeOBOH) adduct]** requires 389.59.
HR-ESI-MS (in MeOH): m/z 938.1621 [(MeOBOMe)PFs adduct]® requires 938.1488;
924.1337 [(MeOBOH)PFg adduct]” requires 924.1464; 396.5927 [(MeOBOMe) adduct]2+
requires 396.5989; 389.5859 [(MeOBOH) adduct]2+ requires 389.5911.

3 Results and Discussion
The ligands used in this study are shown in Figure 1, and have all been reported previously.

HO. OH
Cl)H ~B”
6 1
B
5 “OH 2
4 2 3
3 4
JV\TW\. JVVl\IW
5b 6b

Figure 1 Ligands used in this study and the numbering scheme adopted. Ligands 1,[12]
2,[13] 3,[14] 4,[15] 5a,[16] Sb,[6¢] 6a,[11b] 6b[17] and 7[12] have been previously reported.

3.1 Ligand synthesis

The 2,2":6',2" terpyridine ligands (1-4) were prepared using the one-pot method reported by
Hanan (Figure 2).[18] Specifically, reaction of 2-acetyl pyridine, the appropriate aryl
aldehyde, aqueous ammonia and potassium hydroxide in ethanol gave ligands 1-4 as pure
white microcrystalline solids in isolated yields of 33-43%.
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Figure 2 Ligands 1-4 and 7 were prepared using the one-pot method reported by Hanan.[18]

The boronic esters Sa and 6a[11b] were prepared from the corresponding 3-bromophenyl (1)
or 4-bromophenyl (2) functionalized terpyridine ligands following reported procedures.[11b]
Specifically, 3- or 4-bromophenyl terpyridine (ligands 1 or 2) was treated with potassium
acetate, bis(neopentyl glycolato)diboron and Pd(dppf)Cl, in DMSO at 80 C for 5.5 h under
argon to yield white solids in 55% and 60% yield respectively.[11b] Bis(neopentyl
glycolato)diboron was used in preference to bis(pinacolato)diboron as it has been reported to
readily hydrolyze to the boronic acid,[11b] increasing the reactivity of this functional group.

3.2 Ruthenium(ll) complex synthesis and characterization

The reaction of RuCls.3H,0, a starting material of ill-defined composition,[19a] and one
equivalent of a terpyridine ligand (Xtpy = a tpy derivative) in refluxing alcohols (ethanol, n-
butanol etc.) typically results in complexes of the type Ru(Xtpy)Cls as insoluble brown/black
solids (Figure 3a). Although recent progress has allowed these types of complexes to be
prepared and characterized in detail[ 19b], characterization of the complexes prepared in this
study was difficult due to solubility problems, and therefore these were used in subsequent
steps without further purification or analysis, as reported in previous studies.[20] Where
ligands 5a or 6a where used, microanalysis and FTIR spectroscopy supports the formation of
Ru(Xtpy)Cls salts as their boronic esters, with no evidence for hydrolysis to form boronic
acids (see SI for details). The reaction of a suspension of Ru(Xtpy)Cls and one equivalent of
a second terpyridine derivative (Ytpy) in ethylene glycol at 150 °C for 2h gave intensely
colored red solutions. Anion exchange with potassium hexafluorophosphate, followed by
column chromatography and work up gave pure ruthenium complexes of the type
[Ru(Xtpy)(Ytpy)](PFs), in yields of 20-33% over two steps (Figure 3b).
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Figure 3 Synthetic route to heteroleptic Ru(Il) complexes prepared in this study. *Yields are
given over 2 steps.

In the case of complexes prepared from ligands Sa or 6a, which feature boronic ester groups,
'H NMR and electrospray ionization mass spectrometry (ESI-MS) confirmed the hydrolysis
of the ester groups to form boronic acids. Similar behavior has been reported previously.[11b]
The addition of the reducing agent 4-ethylmorpholine to the second complexation reaction, as
is commonly performed,[21] was found to result poor yields in the cases of boronic ester
substituted terpyridine ligands. In all cases short reaction times proved important for the
isolation of the desired heteroleptic complexes. The ruthenium(Il) complexes were
characterized by 'H and "*C NMR, ESI-MS and elemental analysis.

3.3 Mass Spectrometry characterization

Electrospray ionization mass spectrometry (ESI-MS) was used to identify charged ions for
each complex. For complexes not containing boronic ester groups, peaks corresponding to
[M-PFq]" and [M—2PF4]*" were observed when ionized from acetonitrile solutions, with
isotope patterns matching that for the calculated ions (see Supplementary Information for
details). By comparison, complexes containing boronic acids were only found to show
meaningful signals when methanol was used as the solvent for ESI-MS, with the adducts
corresponding to [M-B(OMe), + PF¢]*, [M-B(OH)(OMe) + PF¢]*, [M-B(OMe),]**, [M-
B(OH)(OMe)]2+ being observed, where M = the complex in question. For example, for
[Ru(6b)(4)](PFs), the series of peaks were observed (calc.) at m/z 938.12 (938.16), 924.16
(924.15), 396.72 (396.60) and 389.72 (389.59) m/z with isotope distributions and peak
separations consistent with the theoretical values (see Supplementary Information for details).



3.4 Nuclear Magnetic Resonance (NMR) characterization

NMR spectra of all new compounds were assigned using '"H NMR, 'C NMR, COSY, HSQC,
HMBC and NOESY techniques in CD3;CN. The 'H NMR spectra of all complexes are shown
in Figure 4.
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Figure 4 'H NMR spectra (400 MHz, CD;CN, 298K) for Ru(Il) complexes synthesized in
this study. Top to bottom: [Ru(1)(3)I(PFs); [Ru(2)(3)I(PFs),; [Ru(Sb)(3)](PFe)2;
[Ru(6b)(3)1(PFe)2; [Ru(1)(4)](PFe)2; [Ru(2)(4)](PFe)2; [Ru(Sb)(4)](PFs)2; [Ru(6b)(4)](PFe)>
and [Ru(7);](PFe),: See Figure 1 for labelling scheme adopted.

The proton NMR signals for the metal binding terpyridine units show a very similar pattern
across all complexes studied. Due to closely overlapping multiplets, the assignment of signals
corresponding to the terminal pyridyl rings of the terpyridine units (H*, H*, H* and H*®) to
each ligand was generally not feasible. The H signals, which are expected to be more
influenced by substituents in the B4 position, show greater variation and could be assigned
for the 3-bromophenyl- or 4-bromophenyl- ligands (1 and 2). However for the boronic acid
analogues (ligands 5b, 6b), these H” 3 signals invariably occurred very close to the H? 3 of the
3-pyridyl or 4-pyridyl functionalized terpyridine on the other side of the Ru(Il) center.
Ligands 3 and 4 both have two coordination domains: the pendant pyridyl group and the
terpyridine domain. In each example containing the 3-pyridyl functionalized ligand 3 the 'H
NMR signals (8/ppm: H* 9.39; H® 8.86; H* 8.53; H® 7.69) are effectively independent of
the other terpyridine ligand coordinated to the Ru(Il) center. Similarly, the 'H NMR signals



corresponding to the pendant 4-pyridyl group of ligand 4 are constant for each complex
containing this ligand (8/ppm: H* 8.97; H® 8.13). >C NMR also confirmed that both of
these pyridyl units are independent of the other ligand coordinated to the metal center. For
complexes containing the 4-bromophenyl functionalized ligand 2, signals corresponding to
H and H® were distinguished by the appearance in the NOESY spectrum of a cross peak
between H®* and H®. Similar analysis can also distinguish the signals for H"and H® of
the 3-bromophenyl functionalized ligand 1, which appear at 8.19 ppm and 7.86 ppm. For the
3- or 4-boronic acid functionalized phenyl rings of ligands Sb and 6b, the signals around the
phenyl ring were identified based on chemical shift and coupling patterns, and NOESY cross
peaks similar to those discussed above. The B(OH), protons of this complexes, which are pH
dependent, appear in the "H NMR as a sharp singlet in the range from 6.2 ppm and 6.6 ppm.

3.5 Electronic spectroscopy and Electrochemical Characterization

The UV-visible absorption spectra of all complexes were recorded in acetonitrile. The
complexes each exhibit an intense MLCT absorption around 490 nm, typical of Ru(4'-
Artpy)22+ (Ar = aromatic) complexes, as well as higher energy ligand centred transitions. As
is well established for homoleptic complexes containing ligand 4,[15b, 21, 22] the absorption
spectra of all the complexes reported here are sensitive to protonation. The spectra of those
complexes with bromophenyl-functionalised ligands (i.e. Ru(1)(3)**, Ru(1)(4)**, Ru(2)(3)*",
Ru(2)(4)™*) have effectively identical absorption spectra, in close agreement with the
homoleptic complexes (see Table 1). Those complexes featuring boronic acid groups (i.e.
Ru(5b)(3)**, Ru(5b)(4)**, Ru(6b)(3)**; Ru(6b)(4)**) showed concentration dependent spectra,
with the emergence of shoulder at higher energy (455 nm) upon dilution. This band is
significantly and reproducibly more intense for the 4-pyridyl derivatives than the 3-pyridyl
derivatives. While it is not clear the origin of this band, it may be due to deprotonation of the
boronic acid groups at low concentrations, or photodecomposition due to the relatively high
flux of light within the spectrometer.

The cyclic voltammograms of each complex were recorded in acetonitrile and the data is
presented in Table 1. As data for the homoleptic complexes of the 3-bromophenyl- and 4-
bromophenyl ligands do not appear to be reported, we recorded these as references. For the
bromophenyl derivatives (Ru(1),”* and Ru(2),*") the Ru™ redox potential were +0.88 (vs
Fc/Fc*) in both cases, essentially identical to that of Ru(tpyPh),** (tpyPh = 4'-phenyl-
2,2":6',2"-terpyridine) and significantly lower potential than for the homoleptic 3-pyridyl and
4-pyridyl analogues (Ru(3),”* and Ru(4),”* +0.95 and +0.96 V respectively).[15b]
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Table 1 Electrochemical® and absorption data”

M Ligand reductions* MLCT Apax /nm Ref.
(Vs (V vs Fc/Fc") (e /10°dm’® mol™ cm™)
Fc/Fch)
[Ru(tpy)a](PFe)’ | +0.92 | -1.67 | -1.92 475 (10.4) [15b, 20]
[Ru(tpyPh),] (PEq)," +0.90 -1.66 -1.92 487 (26.2) [15b, 20]
[Ru(1),](PFy), +0.88 | -158 | -1.81 | -2.35 489 (24.0) This work
[Ru(2),)](PFy), +0.88 -1.59 -1.80 489 (24.6) [31]
[Ru(3),)](PFe), 1096 | -125 | -1.73 489 (30.8) 21]
[Ru(4),)](PFy), +0.95 -1.54 -1.80 488 (30.9) [15b]
[Ru(2)(4)](PFe), +0.88 | -159 | -1.82 | -221 490 (26.2) This work
[Ru(2)(3)] (PFs), +0.89 -1.61 -1.84 -2.31 490 (24.4) This work
[Ru(1)(4)] (PFs), +0.88 -1.59 -1.81 -2.23 490 (23.6) This work
[Ru(1)(3)] (PFs), +0.89 -1.60 -1.78 -2.40™ 490 (22.3) This work
[Ru(6b)(4)] (PFs), +0.90 -1.59 -1.81 -2.30 490 (23.1) This work
[Ru(6b)(3)] (PFs), +0.90 -1.61 -1.86 | -2.38™¢ 490 (21.7) This work
[Ru(5b)(4)] (PFs), +0.89 -1.60 -1.75 -2.29 490 (23.1) This work
[RuGb)3)] (PFs), | +0.89 | -1.60 | -1.81 | 223 490 (23.3) This work

*All measurements in MeCN [nBuN]PFs, with a_glassy carbon working electrode, platinum counter
electrode and silver wire reference. ® All data recorded in MeCN at concentrations below 3.4 x 10°°
mol.L"  “All processes are reversibly, except where noted irr = irreversible. ¢ tpy = 2,2":6'2"-
terpyridine; tpyPh = 4'-phenyl-2,2".6',2"-terpyridine. ° Two irreversible processes at -2.38 and -2.40V

3.6 Stability of Ru(ll) complexes

All new compounds were found to be stable during the workup (column chromatography
with silica gel; washing with water, ethanol and ether) at room temperature. Aryl bromo
functionalized complexes were stable in air, at room temperature for months. The synthesis
of boronic acid functionalized ruthenium(Il) complexes was repeated reliably many times in
our hands. However, anion exchange using ammonium hexafluorophosphate appeared to
result in decomposition of the boronic acid groups, confirmed by the disappearance of the 'H
NMR: signals for B(OH), and the appearance of new aromatic signals, which do not
correspond to the hydroxylated product (see below), and could not be identified (See Fig
S34). No such decomposition products were observed when potassium hexafluorophosphate
was used for anion exchange. Complexes with boronic acid groups were routinely collected
as red solids which could not be dissolved in acetonitrile. Attempts to dissolve these materials
by addition of dilute hydrochloric acid or trifluoroacetic acid also led to decomposition of the
boronic acid group. Most importantly, the boronic acid functionalized complexes were found
to be unstable when stored for weeks, even in the fridge. Previous reports show that the
oxidative hydroxylation of aryl boronic acids to form phenols can be photocatalyzed by
Ru(bpy)sCl, (bpy = 2,2'-bipyridine) and visible light,[24] as well as by CuCl,,[25]
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palladium(II) phosphine complexes,[26] or non-metal oxidants such as hydrogen
peroxide,[27] Oxone,[28] N-oxides[29] or hydroxylamine.[30] Similar reactions appear to
occur to the Ru(Il) complexes presented here which feature boronic acid groups, although the
exact mechanism remains unclear. Due to the hydroxylation, the result of elemental analysis
was not always satisfactory, but NMR spectra are consistent with the assigned structures.

To confirm that the isolated complexes were indeed the boronic acid derivatives, and not the
phenol decomposition products, 4'-(4-phenol)-2,2":6',2"-terpyridine (7) was synthesized
according the literature[18] and the homoleptic compound [Ru(7),](PF¢), was prepared as a
reference using the same method as for the other complexes reported here. The spectroscopic
data was consistent with the literature,[31] except for the pH sensitive OH peak. The 'H
NMR signals of the H** protons of [Ru(6b)(3)]** and [Ru(6b)(4)]** both-occur at 8.14 ppm,
whereas the equivalent peak for [Ru(7),]* appears at 7.17 ppm, overlapping with the signal
of H*. The broad peak which integrates as 1H at 7.70 ppm corresponding to the OH group
is significantly different to the signal integrating as 2H for.B(OH), which is observed
between 6.6 — 6.2 ppm and provides additional evidence for the isolation of the boronic acid
functionalized complexes.

3.7 Conclusions

Eight new heteroleptic Ru(Il) complexes of terpyridine ligands are reported. Those
terpyridine ligands featuring boronic esters were hydrolyzed to form boronic acids upon
coordination to Ru(Il) center. Furthermore, the resulting boronic acid functionalized
complexes were unstable with respect to hydroxylation to form the corresponding phenols.
The complexes reported here are suitable for Suzuki cross coupling reactions[9, 11] to form
dimetallic expanded ligands,[8] provided they are reacted soon after preparation. The bromo-
functionalized complexes are stable and also suitable for other Pd(0) catalyzed cross coupling
reactions.[9, 11b] The construction of large supramolecular structures from these building
blocks is currently under investigation.
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Graphical Abstract
Eight new heteroleptic Ru(Il) complexes of 2,2":6',2"-terpyridine which could

act as supramolecular building blocks are reported and characterized by NMR
and MS.
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