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1. Abstract

Side-bridged cyclam transition metal complexes (M = Ni(ll), Cu(ll) and Zn(Il)) bearing a phenolic ether or phenolate
pendent arm have been synthesised. For [NiL']* and [CuL!]*, evidence for a phenoxyl radical was obtained (quasi
reversible peak at +0.74 V and +0.48 V respectively), as well as oxidation of OH, due to protonation of the phenolate,
at ~+1.24 V. The phenoxyl radical in [Ni(L%)]?* is harder to oxidise by 0.26 V compared with the corresponding Cu(ll)
complex. UV-Vis data for [Ni(L')]?* suggests that the Ni(ll) ion may be 4 or 6 coordinate whereas the Cu(ll) ion in
[Cu(LY)]?* is five coordinate. The Ni(ll) ion in the crystal structure of [Ni(L?)][(ClO4)2] possesses a distorted square-
planar geometry in which the phenolic ether pendent arm is not involved in the coordination sphere. The cyclam ligand

in this complex adopts a trans-11 configuration.
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2. Introduction

Chelators based on tetraazamacrocycles, such as 1,4,8,11-tetraazacyclotetradecane (cyclam), have been utilised in
medicine and biology for use as radiopharmaceuticals,* anti-cancer drugs®’, magnetic resonance imaging (MRI)
contrast agents,®® combined positron emission tomography (PET)/therapy theranostic compounds,%* and anti-HIV

(Human Immunodeficiency Virus) drugs.%2°

Cyclam rings bearing pendent arms have been the focus of many research groups.1¢21-24 The inclusion of pendent arms
in to the ligand framework enables the resulting complex to be specifically engineered towards the desired
application.?>2¢ The chemical design of the pendent arm can be used to modulate the coordination sphere surrounding
the metal to increase stability. Additionally, they can be used to provide attachment points for biomolecules to increase
the specificity of the complexes’ in vivo activity? or to act as chromophores?’ to increase quantum yields of luminescence
processes/ sensing applications.?®2° The ability of pendent arms to utilise more than one design feature is exemplified
by 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid (TETA),? an extensively used bifunctional chelator (BFC)

for copper radionuclides in clinical imaging and therapy studies involving both antibodies and peptides.

Incorporation of phenolate pendent arms to cyclam derived chelators is of interest as stabilised phenoxyl radical species
can be generated. These radical species are important in a number of copper-containing proteins such as cyctochrome ¢
oxidase, photosystem Il and galactose oxidase.3%3! The complexed metal ion influences the ease of which the phenolate
pendent arm can be oxidised and thus, selection of an appropriate metal ion can be used to tune the redox chemistry of

the resulting metal complex.3233
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Examples of cyclam ligands bearing phenolate pendent arms are known. Nirmala et al.>* have reported on the
antimicrobial and electrochemical properties of Cu(l1) and Ni(ll) dioxocyclam complexes which have phenolate pendent
arms. The inclusion of the metal into the macrocyclic cavity elevates antimicrobial and antifungal activity compared
with the free ligand. A further example uses 2,4-dimethylphenol as a pendent arm to decorate the periphery of 1,4,7-
triazacyclonane to increase the hydrophobicity of the resulting gallium(I11) complex in order to study its potential in

targeted radiotherapy.3®

Kimura and co-workers investigated the properties of a phenol containing cyclam ligand synthesised from coumarin .36
40 Several reports on this rigid phenol containing cyclam ligand and its transition metal complexes have been
published.36:3%21 The X-ray structure of the copper(l1) complex shows that the phenolic oxygen forms an axial interaction
with the copper centre which adopts a five coordinate geometry.3® An unusually large thermal motion exists between
some of the carbon atoms suggesting that the ligand has some flexibility on coordination. The nickel(I1) complex shows
a significantly lowered redox potential of +0.35 V vs SCE (0.5 M Na,SOs, pH 7.5, 25 °C) for Ni'""!" with respect to that
of nickel(ll)-cyclam (+0.50 V vs. SCE), thus highlighting the potential of these complexes to tune metal redox
properties.®® Conversely, the phenol moiety also becomes harder to oxidise upon coordination to nickel(ll) (=+0.5 V

uncoordinated, ~+0.9 V coordinated).?

More recently, Maria et al. synthesised rare earth complexes of a dianionic cyclam-based ligand which possessed
phenolic pendent arms.**4? From X-ray crystallographic studies, the preference for the formation of either distorted

octahedral or trigonal prismatic complexes was rationalised by considering the size of the rare earth ion.

Appending pendent arms to the cyclam backbone can be problematic due to the reactivity of the four nitrogen atoms.
Consequently routes to circumvent this have been designed,*3-* such as the inclusion of a bridge by reaction with glyoxal
to form the bisaminal.*6-%® The cis-configuration of the central two-carbon bridge results in a folded geometry that
governs nitrogen reactivity. Two nitrogen atoms have their lone pairs directed towards the convex side of the molecular
structure whereas the other two nitrogens have their lone pairs directed towards the concave fold. Mono -alkylation is
further favoured as the salt formed after nucleophilic attack precipitates from the reaction mixture. The bisaminal can be
reduced in subsequent steps to give the side-bridged cyclam species, which is more rigid than its cyclam analogue and,

therefore, affords the resulting metal complex increased kinetic stability.4%:5°
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Figure 1. Structures of chelators and complexes discussed in this study (M= Ni(ll), Cu(l1) or Zn(Il)).

In this paper we report on the design and synthesis of side-bridged cyclam ligands bearing phenolate (L?) or phenolic
ether (L?-L*%) pendent arms and their resulting Ni(l1), Cu(Il) and Zn(Il) complexes, as shown in Figure 1. Through the
use of electrochemical and UV-Vis studies, the effect of the chelating ligand on the redox potentials of the Cu(ll) and

Ni(l1) centres are probed and the ease of phenolate moiety oxidation for L is investigated.
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3. Experimental

All chemicals and materials for synthetic procedures were purchased from Sigma Aldrich and used as received. The
solvents used were of general purpose or HPLC grade and were purchased from Fisher Scientific. TLC analysis was
performed using aluminium-backed silica gel 60 F2s4, 0.2 (Merck plates) or aluminium-backed aluminium oxide 60 Fs4,
(Merck plates). Silica gel chromatography was performed with silica gel 60 (Davisil). When required diethyl ether,
dichloromethane, acetonitrile and acetic acid were dried as follows; diethyl ether was dried over sodium metal and
benzophenone followed by distillation; dichloromethane and acetonitrile were dried over calcium hydride for 24 h
followed by distillation; acetic acid was dried by adding acetic anhydride (3% w/v) and distilling (b.p. 118°C).

NMR spectra were recorded using a JEOL JNM-LA400 FT NMR spectrometer at a frequency of 400 MHz for *H spectra
and 100 MHz for 3C spectra. Mass spectrometry was performed using a Finnegan MAT 900 XLT system to collect
electrospray ionization (ES-MS). Accurate mass spectrometry measurements were obtained using a LTQ Orbitrap XL.

UV-Visible spectra were obtained using an Agilent 8453E UV-VIS diode array spectrometer using 1 cm® quartz cells.

Single crystal X-ray diffraction data were collected on a Stde IPDS-II imaging plate diffractometer, using MoKa X-rays
of A=0.71073 A. Crystals were cooled to 150 K during data collection, with the temperature controlled by an Oxford
Systems Cryostream Cooler. Diffraction data were solved using direct methods (SHELXS), and the refinement was by
full-matrix least squares against F? (SHELXL-97)% method. The WinGX program®? was used for refinement and
production of data tables, and the ORTEP-3 program®® was used for structural visualisation. Hydrogen atoms were fixed
in idealised positions and refined using a riding model, with C-H distances of 0.97 A, N-H distances of 0.91 A, and Uis,

1.5 times Ugq of the carrier atom. All ORTEP representations show ellipsoids at the 50% probability level.

Cyclic voltammetry was performed using a standard three-electrode configuration with platinum working (0.2 mm
diameter disk) and counter electrodes and a Ag/AgClI reference which gave the FeCp/ FeCp* couple at 0.55 V using an
Autolab 11 PGSTAT 30 system. All measurements were made in a MeCN argon/nitrogen purged solution containing the
metal complex (1 mM) and [n-BusN][CIO,] (0.2 M) over the scan rates of 0.01 V s*to 10 V sL.

Synthesis of 3,5-di-tert-butyl-2-methoxybenzaldehyde (2)

K2CO3 (1.5 g, 0.011 mol) was suspended in acetone (30 ml) and stirred at RT (room temperature) for 5 min before adding
3,5-di-tert-butyl-2-hydroxybenzaldehyde (0.5 g, 0.00214 mol) and Mel (1.3 ml, 0.0214 mol). This yellow mixture was
then stirred at RT for 15 hr, by which time the reaction was judged to be complete by TLC (5% ethyl acetate in hexane).
The solution was concentrated in vacuo and the white solid redissolved in hexane. The potassium carbonate was then
removed by filtration and the filtrate concentrated to give 2 as a yellow oil (0.44 g, 83%): R¢+= 0.5 (5% ethyl acetate in
hexane); 'H NMR (400 MHz, CDCls) & 10.22 (s, 1H, CHO), 7.61 (d, 1H, J=2.5 Hz, ArH), 7.51 (d, 1H, J=2.5 Hz, ArH),
3.82 (s, 3H, OMe), 1.32 (s, 9H, 'Bu), 1.22 (s, 9H, 'Bu); 3C NMR (100 MHz, CDCI0 & 190.7 (CHO), 166.2, 146.2, 142.8,
130.6, 129.0, 124.2 (Carom), 65.9 (OMe), 35.2, 34.6 (C('Bu)), 31.2, 30.8 (CH3('Bu)); MS (ES-MS): m/z 248 (M").

Synthesis of (3,5-di-tert-butyl-2-methoxyphenyl) methanol (5)

2 (0.44 g, 1.77 mmol) was dissolved in ethanol (30 ml) to which was added NaBH4 (0.1 g, 2.63 mmol) portionwise. This
yellow solution was then stirred at RT for 2.5 hr before concentrating under reduced pressure prior to partitioning
between CH,ClI; (60 ml) and brine (200 ml). The organic layer was collected and dried over MgSO 4 before removing the
solvent in vacuo to give a yellow oil. This was placed in a fridge overnight whereby the oil solidified to give a white
solid (0.44 g, 100%); *H NMR (400 MHz, CDCl3) & 7.30 (d, 1H, J=2.5 Hz, ArH), 7.29 (d, 1H, J=2.5 Hz, ArH), 5.26 (s,
1H, OH), 4.74 (s, 2H, CHy), 3.78 (s, 3H, OMe), 1.40 (s, 9H, 'Bu), 1.31 (s, 9H, Bu); *C NMR (100 MHz, CDCl3) &
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155.3, 146.0, 141.8, 133.4, 124.4, 123.9 (Carom), 61.9 (OMe), 61.8 (CH20H), 35.3, 34.5 (C(‘Bu)), 31.5, 31.1 (CH3(‘Bu));
MS (ES-MS): m/z 250 (M*)

Synthesis of 1-(bromomethyl)-3,5-di-tert-butyl-2-methoxybenzene (8)

5 (0.44 g, 1.41 mmol) was dissolved in CHCI; (25 ml) at 0°C. PBr3 (0.38 g, 1.41 mmol) dissolved in CHCIs (15 ml) was
then added dropwise over 30 min under a nitrogen atmosphere. The yellow solution was then stirred at 0°C for a further
1 hr before the organic layer was washed with brine (3 x 200 ml). The organic layer was collected, dried over Na;SO4
and concentrated in vacuo to give 8 as a yellow oil (0.47, 85%); *H NMR (400 MHz, CDCls) § 7.36 (d, 1H, J=2.5 Hz,
ArH), 7.34 (d, 1H, J=2.5 Hz, ArH), 4.63 (s, 2H, CH), 3.90 (s, 3H, OMe), 1.45 (s, 9H, 'Bu), 1.36 (s, 9H, ‘Bu); 1*C NMR
(100 MHz, CDCls) & 155.7, 146.3, 142.3, 130.7, 127.1, 125.1 (Carom), 62.2 (OMe), 35.4, 34.5 (C('Bu)), 31.4, 31.1
(CH3('Bu)), 23.0 (CH2Br); MS (ES-MS): m/z 312 ([M-H]*), 233 ([M-Br]*).

Synthesis of 2-(benzyloxy)-3,5-di-tert-butylbenzaldehyde (3)

3,5-Di-tert-butyl-2-hydroxybenzaldehyde (4.0 g, 0.0171 mol) and potassium carbonate (2.1 g, 0.0171 mol) were
dissolved in DMF (25 ml) at 0°C and stirred for 5 min. To the yellow solution was added benzyl bromide (2.89 g, 0.0168
mol) and the resulting mixture was heated to 75°C for 24 hr before cooling and pouring into ice-water (200 ml). The
precipitate formed by this process was then collected by filtration and washed with water (2 x 10 ml) to give 3 as fine
crystals (5.0 g, 90%); *H NMR (400 MHz, CDCls) & 10.34 (s, 1H, CHO), 7.75 (d, 1H, J=2.5 Hz, ArH), 7.66 (d, 1H,
J=2.5 Hz, ArH), 7.51-7.36 (m, 5H, Bn), 5.04 (s, 2H, CH>), 1.46 (s, 9H, 'Bu), 1.34 (s, 9H, 'Bu); 33C NMR (100 MHz,
CDCls) § 190.8 (CHO), 159.7, 146.6, 143.1, 136.6, 131.0, 129.3, 128.6, 128.1, 127.0, 124.0 (Carom), 80.4 (CHy), 35.4,
34.7 (C('Bu)), 31.3, 30.9 (Me('Bu)); MS (ES-MS): m/z 354 (M").

Synthesis of (2-(benzyloxy)-3,5-di-tert-butylphenyl)methanol (6)

To a solution of 3 (4.50 g, 0.0139 mol) dissolved in methanol (50 ml) was added NaBH4 (1.05 g, 0.0278 mol) portion
wise over 5 min. After addition was complete, the yellow solution was stirred at RT for an hour before removing the
solvent in vacuo. The white solid formed was then partitioned between CHCI3 (50 ml) and brine (200 ml). The organic
layer was collected and further washed with brine (2 x 200 ml). The organic extracts were then combined, dried over
MgSO, and concentrated in vacuo to give 6 as a pale yellow oil (4.50 g, 99%); *H NMR (400 MHz, CDCl3) § 7.50-7.30
(m, 7H, ArH), 4.97 (s, 2H, CH,, CH2Bn), 4.74 (s, 2H, CH,0H), 1.43 (s, 9H, ‘Bu), 1.32 (s, 9H, 'Bu); **C NMR (100 MHz,
CDCls) & 153.8, 146.2, 142.1, 137.6, 133.7, 128.5, 127.6, 126.8, 124.8, 124.1 (Carom), 75.8 (CH2Bn), 61.5 (CH,0H),
35.4, 34.5 (C('Bu)), 31.5, 31.2 (Me('Bu)); MS (ES-MS): m/z 356 (M*).

Synthesis of 2-(benzyloxy)-1-(bromomethyl)-3,5-di-tert-butylbenzene (9)

To 6 (2.07 g, 0.00635 mol) in CHCIs (50 ml) at 0°C under nitrogen was added PBr3 (1.72 g, 1.5 ml, 0.00635 mol) in
CHCI3 (30 ml) over 30 min. The solution was then stirred at 0°C for 1 hr before pouring into brine (200 ml). The organic
layer was extracted and then washed further with brine (3 x 200 ml). The organic extracts were combined, dried over
Na,SO. and then concentrated in vacuo to give 9 as a white solid (2.36 g, 96%); *H NMR (400 MHz, CDCl3)  7.56-
7.34 (m, 7H, ArH), 5.12 (s, 2H, CH2Bn), 4.58 (s, 2H, CH:Br), 1.43 (s, 9H, '‘Bu), 1.32 (s, 9H, 'Bu); **C NMR (100 MHz,
CDCl3) 5 154.2, 146.5, 142.5, 137.6, 130.9, 128.5, 127.7, 127.3, 126.8, 125.3 (Carom), 75.2 (CH2Bn), 35.6, 34.5 (C('Bu)),
31.4, 31.2 (Me('Bu)), 30.1 (CH2Br); MS (ES-MS): m/z 388 (M*); Calcd for C14H27Br101: C, 67.90; H, 7.40. Found: C,
68.03; H, 7.63.

Synthesis of 3,5-di-tert-butyl-2-(4-methoxybenzyloxy)benzaldehyde (4)
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3,5-Di-tert-butyl-2-hydroxy benzaldehyde (2 g, 0.0085 mol) and K,COs3 (1.18 g, 0.0085 mol) in DMF (40 ml) were
stirred together for 5 min. 1-(Bromomethyl)-4-methoxybenzene (1.89 g, 0.0094 mol) was then added and the solution
heated to 55°C for 24 hr. The reaction mixture was allowed to cool before pouring in to ice-water (60 ml). A precipitate
formed which was removed by filtration. The crude solid was then subjected to hot pentane washes (4 x 10 ml). The
resulting white solid was then recrystallised from hexane. This gave 4 as colourless crystals (2.11 g, 70%); *H NMR
(400 MHz, CDCls) 8 10.35 (CHO), 7.75 (d, 1H, J=2.67 Hz, ArH), 7.67 (d, 1H, J=2.67 Hz, ArH), 7.43 (d, 2 H, J=8.7,
ArH), 6.95 (d, 2 H, J=8.7, ArH), 4.96 (s, 2H, CH,Bn), 3.83 (s, 3H, OMe), 1.46 (s, 9H, 'Bu), 1.34 (s, 9H, '‘Bu); 1*C NMR
(100 MHz, CDCl3) & 190.8 (CHO), 159.7, 159.5, 146.4, 143.0, 130.9, 129.3, 128.7, 128.6, 123.9, 114.0 (Carom), 80.3
(CH2Bn), 55.2 (OMe), 35.3, 34.7 (C('Bu)), 31.3, 30.9 (Me('Bu)); MS (ES-MS): m/z 354 (M*).

Synthesis of (3,5-di-tert-butyl-2-(4-methoxybenzyloxy)phenyl)methanol (7)

To asolution of 4 (1.5 g, 0.0042 mol) in ethanol (40 ml) was added NaBH4 (0.16 g, 0.0042 mol) portionwise with stirring.
The solution was stirred for 3 hours at RT before concentrating the mixture under reduced pressure. The residue was
then partitioned between CH2Cl, (100 ml) and water (100 ml). The organic layer was collected, dried over MgSO4 and
concentrated under reduced pressure. This gave 7 as a white solid (1.21 g, 81%); *H NMR (400 MHz, CDCls) & 7.45 (d,
2H, J=8.4 Hz, ArH), 7.37 (d, 1H, J=2.5 Hz, ArH), 7.32 (d, 1H, J=2.53 Hz, ArH), 6.95 (d, 2H, J=8.4 Hz, ArH), 4.91 (s,
2H, CH2Bn), 4.79 (s, 2H, CH,0H), 3.82 (s, 3H, OMe), 1.45 (s, 9H, 'Bu), 1.34 (s, 9H, ‘Bu); 3C NMR (400 MHz, CDCls)
8159.2,153.9,146.2,142.1, 133.7,129.7, 128.6, 124.7, 124.2, 113.9 (Carom), 75.7 (CH2Bn), 61.8 (CH,0OH), 55.2 (OMe),
35.4, 34.5, (C('Bu)), 31.5, 31.3, (Me('Bu)); MS (ES-MS): m/z 356 (M™*); Calcd for C2303H32: C, 77.53; H 8.99. Found C,
77.54; H, 8.73.

Synthesis of 1-(bromomethyl)-3,5-di-tert-butyl-2-(4-methoxybenzyloxy)benzene (10)

7 (1 g, 0.00281 mol) and CBrs (1.4 g, 0.00421 mol) were dissolved in dry CH2Cl, (20 ml) to which was added
triphenylphosphine (1.11 g, 0.00421 mol) in dry CH,CI, (10 ml) over 5 min. A yellow solution formed which was then
stirred at RT for 18 hr. Water (150 ml) was then added and the organic layer was extracted. The aqueous layer was
further extracted with CH.Cl, (2 x 50 ml). All the organic extracts were combined and dried over MgSQO4. The crude
product was then purified by silica gel chromatography (1:1 CH,Cly/hexane v/v). The fractions containing the desired
compound were then combined and concentrated under reduced pressure to give a light pink solid (0.80 g, 68%); R+=0.58
(1:1 hexane/ CHCl; v/v); *H NMR (400 MHz, CDCls) § 7.52 (d, 2H, J=8.6 Hz, ArH), 7.38 (s, 2H, ArH), 6.89 (d, 2H,
J=8.6 Hz, ArH), 5.18 (s, 2H, CH;Bn), 4.63 (s, 2H, CH,Br), 3.86 (s, 3H, OMe), 1.47 (s, 9H, 'Bu), 1.36 (s, 9H, 'Bu); 3C
NMR (400 MHz, CDCls) 8 159.3, 154.2, 146.4, 142.5, 130.9, 129.8, 128.5, 127.3, 126.0, 114.0 (Carom), 75.1 (CH2Bn),
55.3 (OMe), 35.6, 34.5 (C('Bu)), 31.6 (CH2Br), 31.4, 31.3 (Me('Bu)); MS (ES-MS) m/z 339 ((M-Br)*), 219 ([MH-
CsHoO1BI]").

Synthesis of 2-(bromomethyl)-4,6-di-tert-butylphenyl acetate (11)

To solution of 1 (3.0 g, 0.0100 mol) in acetic anhydride (2.05 g, 0.0201 mol) was added 18 M H,SO. (5 drops). The
reaction mixture was stirred for 12 hr at which time the TLC showed complete consumption of the starting material
(silica plate using 5% EtOAc in hexane as the eluent). CH2Cl, (50 ml) was then added and the mixture washed with brine
(2 x 100 ml). The organic layer was collected and dried over MgSO, before filtering under reduced pressure. The
resulting yellow oil was placed in a freezer whereby a solid formed overnight (3.41 g, 100%); *H NMR (400 MHz,
CDCl3) 8 7.42 (s, 1H, ArH), 7.32 (s, 1H, ArH), 4.34 (s, 2H, CHBr), 2.42 (s, 3H, COMe), 1.37 (s, 9H, 'Bu), 1.33 (s, 9H,
'Bu); 13C NMR (100 MHz, CDCls) 5 169.8 (COMe), 148.7, 145.5, 141.4, 130.1, 126.4, 125.6 (Carom), 35.1, 34.8 (C('Bu)),
31.5, 30.7 (Me('Bu)), 29.7 (CH;Br), 21.6 (COCHj3); Calcd. for C170,BriHzs: C, 59.82; H, 7.33. Found: C, 60.11; H, 7.52;
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MS (ES-MS): m/z 261 ([M-Br]*), 219.2 ([MH-CH30Br]*).
Synthesis of N-3,5-di-tert-butyl-2-methoxy-benzyl-cis-3a,5a,8a,10a-tetraazaperhydropyrene bromide (14)

12 (0.21g, 0.959 mmol) and 8 (0.3g, 0.958 mmol) were dissolved in dry MeCN (20 ml) and stirred at RT for 5 days. The
solvent was removed in vacuo and the residue washed with diethyl ether (30 ml). A precipitate formed which was
collected by filtration and washed with further ether (3 x 10 ml). This gave the product as a white solid (0.33 g, 64%);
'H NMR (400 MHz, CD30D) § 7.52 (d, 1H, J=2.2 Hz, ArH), 7.33 (d, 1H, J=2.2 Hz, ArH), 4.76 (s, 5H, CH>), 4.21-4.15
(m, 2H, CH2), 3.72-3.49 (m, 1H, CH>), 3.40-3.33 (m, 1H, CH2), 3.21-2.87 (m, 12H, CH: and OMe), 2.55-2.15 (m, 6H,
CHy>), 1.33 (s, 9H, 'Bu), 1.24 (s, 9H, 'Bu);**C NMR (100 MHz, CD30D) § 155.1, 143.8, 140.6, 126.7, 124.9, 117.1 (Carom),
80.1, 73.1 (NCHN), 67.3 (OMe), 60.0 (NCH,Ph), 55.9, 55.6, 51.5, 50.9, 49.1, 48.9, 45.9, 39.3 (CH>), 32.0, 31.0 (C('Bu)),
27.2, 27.1 (Me('Bu)), 15.7, 15.6 (NCH2CH,CH:N); MS (ES-MS): m/z 455.7 (M*).

Synthesis of N-3,5-di-tert-butyl-2-benzylether-benzyl-cis 3a,5a,8a,10a-tetraazaperhydropyrene (15)

12 (0.45 g, 0.002 mmol) and 9 (0.78 g, 0.002 mmol) were dissolved in MeCN (30 ml) and stirred at RT for 3 days. The
MeCN was then removed in vacuo and the isolated oil was triturated diethyl ether (30 ml) to yield a white solid. This
white solid was then filtered off and further washed with ether (2 x 30 ml) to give 38 as a white solid (0.38 g, 66%); 'H
NMR (400 MHz, CD30OD) 6 7.67-7.35 (m, 7H, ArH), 4.13-4.05 (m, 1H, CHy), 3.59-2.80 (m, 12H, CH), 3.04-2.80 (m,
9H, CH,), 2.52-2.03 (m, 4H, CH,), 1.34 (s, 9H, 'Bu), 1.26 (s, 9H, ‘Bu); **C NMR (100 MHz, CD30OD) & 153.2, 143.9,
140.4,133.4,126.9, 125.3, 124.9, 124.8, 123.9, 117.0 (Carom), 80.3, 74.7 (NCHN), 72.9 (OCHPh), 66.9 (NCH,Ph), 56.1,
55.9,50.8,50.7, 49.0, 48.4, 39.0 (CH;), 32.0, 30.9 (C('Bu)), 27.3, 27.0 (Me('Bu)), 15.5, 15.2 (NCH,CH,CH;,N); MS (ES-
MS): m/z 532.4 (M™).

Synthesis of 3a-3,5-di-tert-butyl-2-(4-methoxy-benzyloxy)-benzyl-decahyro-5a, 8a, 10a-triaaza-3a-azonia-pyrene
bromide (16)

12 (0.53 g, 2.4 mmol) and 10 (1 g, 2.4 mmol) were dissolved in dry MeCN (20 ml) and stirred for 4 days at RT. After
this time, a precipitate had formed. The reaction mixture was then concentrated under reduced pressure and filtered. The
solid was then washed with pentane (3 x 20 ml), and the product was isolated as an orange solid (1.35 g, 88%); 'H NMR
(400 MHz, CD3sOD) & 7.57 (d, 1H, J=2.4 Hz, ArH), 7.42 (d, 2H, J=8.6 Hz, ArH), 7.39 (d, 1H, J=2.4 Hz, ArH), 6.94 (d,
2H, J=8.6 Hz, ArH), 4.78 (s, 2H, NCHyPhen); 3.73 (s, 3H, OMe), 3.50-3.20 (m, 6H, CHy), 3.01- 2.66 (m, 12H, CH)),
2.37-1.94 (m, 6H, CH,), 1.41 (s, 9H, 'Bu), 1.26 (s, 9H, 'Bu);**C NMR (100 MHz, CDs0D) § 161.5, 158.2, 148.5, 131.4,
130.6, 130.2, 129.6, 121.8, 115.5 (Carom), 85.1, 79.5 (NCHN), 77.7 (OCH,Phen), 71.6 (NCH2Phen), 60.6, 55.9, 55.4,
53.7, 53.1, 52.8, 44.8, 43.7 (CH2 and OMe), 36.7, 35.6 (C(‘Bu)), 31.9, 31.7 (Me('Bu)), 20.2, 19.9 (CH,CH,CH,); MS
(ES-MS): m/z 562.4 (M*), 222 ((macrocycle)®).

Synthesis of 3a-(2-acetoxy-3,5-di-tert-butyl-benzyl)-decahydro-5a,8a,10a-triaza-3a-azonia-pyrene bromide (13)

12 (1.36 g, 6.13 mmol) and 11 (2.09 g, 6.13 mmol) were dissolved in dry MeCN (15 ml) and stirred at RT for 3 days.
After this period, the reaction mixture was concentrated under reduced pressure and the residue taken up in to diethyl
ether (40 ml). A white solid formed which was collected by filtration (2.60 g, 75%); *H NMR (400 MHz, CD3;0D) § 7.70
(d, 1H, J=2.5 Hz, ArH), 7.48 (br s, 1H, ArH), 4.85 (s, 2H, NCH,Ph), 4.30 (br s, 2H, CH,), 3.65-3.59 (m, 2H, CH>), 3.15-
2.96 (br m, 8H, CHy), 2.69-2.47 (m, 6H, CH), 2.38-2.25 (m, 4H, CH), 2.02 (s, 3H, COMe), 1.23 (s, 9H, 'Bu), 1.22 (s,
9H, 'Bu); ¥C NMR (100 MHz, CDs0OD) § 170.5 (CO), 149.7, 147.9, 143.2, 128.4, 120.9, 117.2 (Carom), 70.8 (NCHN),
59.7 (NCH,Ph), 54.8, 54.6, 52.7, 52.5, 42.9 (CH>), 35.3, 34.9 (C('Bu)), 30.7, 30.2 (Me('Bu)), 21.4 (COOMe), 19.3, 19.2
(CH,CH,CHy); MS (ES-MS): m/z 483.3 (M™).
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Synthesis of 5-(3,5-di-tert-butyl-2-methoxybenzyl)-1,5,8,12-tetraazabicyclo[10.2.2]hexadecane (L?)

14 (250 mg, 0.467 mmol) was dissolved in ethanol (100 ml) to which was added NaBH4 (0.36 g, 9.3 mmol) portionwise.
The solution was then stirred for 7 days at RT before removing the solvent in vacuo. The white solid formed was
partitioned between CH,Cl, (60 ml) and water (pH 14, 200 ml). The organic layer was collected and dried over Na,SO,.
The solution was then filtered and the filtrate concentrated under reduced pressure to give L2 as a yellow oil (190 mg,
89%); 'H NMR (400 MHz, CDCl3) § 7.16 (d, 1H, J=2.5 Hz, ArH), 7.11 (d, 1H, J=2.5 Hz, ArH), 3.65 (s, 3H, OMe), 3.00-
2.13 (m, 26H, CHy), 1.32 (s, 9H, 'Bu), 1.23 (s, 9H, 'Bu); 13C NMR (100 MHz, CDCl3) 5 156.7, 145.0, 141.8, 126.6, 123.1
(Carom), 62.4 (OMe), 57.1 (NCH,Ph), 57.0, 54.5, 54.3, 53.7, 53.4, 51.7, 51.1, 49.8, 48.6, 48.1 (CH>), 35.3, 34.4 (C('Bu)),
31.6, 31.3 (Me('Bu)), 24.0, 19.6 (NCH2CH,CH:N); MS (ES-MS): m/z 460.5 (M*).

Synthesis of 5-(2-(benzyloxy)-3,5-di-tert-butylbenzyl)-1,5,8,12-tetraazabicyclo[10.2.2]hexadecane (L3)

15 (1.09 g, 0.00178 mol) was dissolved in methanol (40 ml) to which NaBH4 (1.36 g, 0.03568 mol) was added
portionwise over 5 min. The mixture was then stirred at RT for 2 days before heating to reflux for 2 hr. The solvent was
removed under reduced pressure and KOH g (pH 14, 200 ml) added. CH,Cl, (100 ml) was used to extract the organic
product which was then dried over MgSO, and evaporated in vacuo to afford L2 as a yellow oil (0.76 g, 80%); *H NMR
(400 MHz, CDCls) & 7.44-7.20 (m, 7H, ArH), 5.19 (s, 2H, NCH2Bn), 4.82 (s, 2H, OCH;Bn), 3.70-3.68 (m, 2H, CH>),
3.28-3.24 (m, 7H, CHy), 3.12-2.84 (m, 5H, CH>), 2.56-2.39 (m, 11H, CH,), 1.36 (s, 9H, 'Bu), 1.23 (s, 9H, 'Bu); 1*C NMR
(100 MHz, CDCls) 155.0, 145.4, 142.0, 137.9, 129.9, 128.5, 127.6, 126.7, 126.6, 123.3 (Carom), 77.0 (OCH2Ph), 56.9
(NCH,Ph), 54.5, 54.0, 53.6, 51.0, 50.7, 49.7, 48.2, 47.8 (CH>), 35.4, 34.5 (C('Bu)), 31.6, 31.3 (Me('Bu)), 25.6, 23.8
(NCH2CH3CH:N); MS (ES-MS): m/z 536.4 (MH").

Synthesis of 5-[3,5-di-tert-butyl-2-(4-methoxy-benzyloxy)-benzyl]-1,5,8,12-tetraaza-bicyclo[10.2.2]hexadecane (L*)

To 16 (1 g, 1.56 mmol) dissolved in EtOH (50 ml) was added NaBH4 (1.18 g, 31.20 mmol) portionwise. A colour change
from yellow to colourless occurred during this addition. The mixture was then left for 2 weeks stirring at RT, before
concentrating under reduced pressure. The residual solid was then partitioned between CH>Cl, (50 ml) and KOHaq) (pH
14, 200 ml). The organic layer was then collected and dried over MgSO4 before concentrating under reduced pressure.
The product was obtained as a yellow oil (0.85 g, 97%); 'H NMR (400 MHz, CDCl3) § 7.37 (d, 2H, J=8.4 Hz, ArH),
7.32 (s, 1H, ArH), 7.23 (s, 1H, ArH), 6.86 (d, 2H, J=8.4 Hz, ArH), 4.73 (s, 2H, OCH,Phen), 3.70 (s, 3H, OMe), 3.65 (s,
2H, NCHsPhen), 3.05-2.99 (m, 1H, CH>), 2.78 (br s, 6H, CH5), 2.56-2.35 (m, 12H, CHy), 2.21-1.94 (m, 6H, CHy), 1.37
(s, 9H, Bu), 1.29 (s, 9H, Bu);**C NMR (100 MHz, CDCl3) & 163.6, 159.2, 149.5, 145.9, 135.6, 134.3, 132.8, 130.6,
127.1, 117.8 (Carom), 81.5 (OCH,Phen), 61.4, 59.4, 58.2, 58.1, 57.8, 57.5, 55.6, 53.6, 52.4, 49.3 (CH; and OMe), 39.6,
38.7 (C('Bu)), 35.8, 35.5 (Me('Bu)), 24.3, 23.01 (CH,CH,CHy); MS (ES-MS): m/z 566.3 (MH*).

Synthesis of acetic acid 2,4-di-tert-butyl-6-(1,5,8,12-tetraaza-bicyclo[10.2.2]hexadec-5-yImethyl)phenyl ester (17)

13 (2.6 g, 4.62 mmol) was dissolved in ethanol (150 ml) to which was added NaBH. (3.51 g, 92.4 mmol) portion wise.
The reaction mixture was stirred at RT overnight at which time hydrogen evolution had ceased. The reaction mixture
was then concentrated under reduced pressure and the residue partitioned between CH>Cl, (100 ml) and KOH aq) (pH 14,
200 ml). The organic layer was then collected and dried over MgSO.. The filtrate was then concentrated under reduced
pressure before dissolving in the minimal amount of acetone (~10 ml) which was triturated with pentane (150 ml) to give
a cream solid which was collected by filtration (2.20 g, 98%); *H NMR (400 MHz, CDCls) & 7.37 (d, 2H, J=2.5 Hz,
ArH), 7.24 (d, 2H, J=2.5 Hz, ArH), 5.23 (s, 2H, CHy), 3.33-2.37 (m, 28H, CH; and NH), 2.25 (s, 3H, COOMe), 1.27 (s,
9H, 'Bu), 1.25 (s, 9H, Bu); *C NMR (100 MHz, CDCl3) § 166.1 (CO), 144.1, 142.3, 136.8, 127.9, 122.0, 119.3 (Carom),
53.8, 53.4, 51.4, 49.9, 48.3, 47.9, 45.0, 46.0, 45.5, 44.8, 43.5 (CH>), 31.2, 31.1 (C('Bu)), 27.7, 26.8 (Me('Bu)), 23.1,
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22.8, (CH2CH,CHy), 20.8 (COOMe); HRMS (ES-MS) expected for CagHsoN4O2H: 487.4007, found 487.3996.
Synthesis of 2,4-di-tert-butyl-6-(1,5,8,12-tetraaza-bicyclo[10.2.2] hexadec-5-ylmethyl)-phenol hydrochloride salt (L)

To 17 (1.5 g, 3.09 mmol) dissolved in MeOH (10 ml) was added 6M HCl gy (10 ml). This induced a colour change from
yellow to colourless. The solution was then heated to reflux for 24 hr before cooling to room temperature. The solution
was concentrated under reduced pressure, and the addition of acetone (30 ml) caused a yellow precipitate to form. This
was collected by filtration and dried in vacuo (1.44 g, 79%); *H NMR (400 MHz, D,0) & 7.24 (s, 1H, ArH), 7.16 (s, 1H,
ArH), 3.40-3.14 (m, 15H, CH; and NH), 2.02-1.80 (m, 10H, CH,), 1.11 (s, 9H, 'Bu), 1.01 (s, 9H, 'Bu); 3C NMR (100
MHz, D;0) § 151.7, 144.4, 140.1, 127.7, 125.6, 120.5 (Carom), 74.3 (NCH,Phen), 49.2, 48.8, 48.2, 48.0, 47.8, 46.8, 46.0
(CHy), 34.6, 33.9 (C('Bu)), 30.7, 29.5 (Me('Bu)), 21.5, 20.7 (CH.CH,CH,); HRMS (ES-MS) expected for C27H4gN4OH:
445.3901, found 445.3891.

Synthesis of copper(Il) 5-(3,5-di-tert-butyl-2-methoxybenzyl)-1,5,8,12-tetraazabicyclo[10.2.2]hexadecane perchlorate
([CuL?](ClOs)2)

To asolution of L? (100 mg, 0.218 mmol) in MeOH (10 ml) was added copper(l1) perchlorate hexahydrate (0.08 g, 0.218
mmol) in MeOH (3 ml). The blue solution was then heated to reflux for 2 hr. After this time the solution was allowed to
cool, filtered and concentrated under reduced pressure to give a blue-purple crystalline solid (154 mg, 98%); HRMS
(ES-MS) expected for C23N4Hs00sCl1Cus: 620.2760, found 620.2767; € (MeOH): 547 nm (331 moltdm3cm™).

Synthesis of zinc(ll) 5-(3,5-di-tert-butyl-2-methoxybenzyl)-1,5,8,12-tetraazabicyclo[10.2.2]hexadecane perchlorate
([ZnL?](CIOx4)2)

To a solution of L? (100 mg, 0.218 mmol) in MeOH (10 ml) was added zinc(l1) perchlorate hexahydrate (0.08 g, 0.218
mmol) in MeOH (3 ml). The yellow solution was then heated to reflux for 2 hr. After this time the solution was allowed
to cool, filtered and concentrated under reduced pressure to give a white crystalline solid (150 mg, 95%); 'H NMR (400
MHz, CDsCN) 8 7.14 (d, 1H, J=2.5 Hz, ArH), 7.10 (d, 1H, J=2.5 Hz, ArH), 3.64 (s, 3H, OMe), 2.99-2.11 (m, 26H, CH),
1.33 (s, 9H, Bu), 1.25 (s, 9H, Bu); *C NMR (400 MHz, CDsCN) § 157.5, 145.1, 141.5, 125.7, 124.3 (Carom), 62.9
(OMe), 57.8 (NCH2Ph), 56.5, 54.4, 54.3, 53.7, 53.3, 51.6, 51.2, 49.8, 48.7, 48.1 (CH>), 35.5, 34.7 (C(‘Bu)), 31.6, 31.6
(Me('Bu)), 24.1, 19.6 (NCH2CH,CH2N); HRMS (ES-MS) expected for C2gHs005N4Cl1Zn;: 621.2756, found 621.2763.

Synthesis of nickel(ll) 5-(3,5-di-tert-butyl-2-methoxybenzyl)-1,5,8,12-tetraazabicyclo[10.2.2]hexadecane perchlorate
(INiL?](ClO4)2)

To a solution of L2 (100 mg, 0.218 mmol) in MeOH (10 ml) was added nickel(I1) perchlorate hexahydrate (0.08 g, 0.218
mmol) in MeOH (3 ml). The orange solution was then heated to reflux for 2 hr. After this time the solution was allowed
to cool, filtered and concentrated under reduced pressure to give a orange crystalline solid (152 mg, 98%); HRMS (ES-
MS) expected for C2sHsoNsONi: 258.1664 (M?2*) found 258.1665; HRMS (ES-MS) expected for C2sHsoN4ONi: 615.2818
(M*) found 615.2808; € (MeOH): 477 nm (197 moltdm®cm-?).

Synthesis  of  copper(ll)  5-(2-(benzyloxy)-3,5-di-tert-butylbenzyl)-1,5,8,12-tetraazabicyclo[10.2.2]hexadecane
perchlorate ([CuL®](ClO4)2)

To L® (100 mg, 0.187 mmol) dissolved in MeOH (10 ml) was added copper(ll) perchlorate hexahydrate (0.07 g, 0.187
mmol) in MeOH (3 ml). The blue solution was then heated to reflux for 2 hr. After this time the solution was allowed to
cool, filtered and concentrated under reduced pressure to give a purple crystalline solid (130 mg, 87%); HRMS (ES-MS)
expected for C3sHs405N4Cl1Cus: 696.3073, found 696.3075; € (MeOH): 550 nm (286 mol™* dm® cm?).
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Synthesis of zinc(l1) 5-(2-(benzyloxy)-3,5-di-tert-butylbenzyl)-1,5,8,12-tetraazabicyclo[10.2.2]hexadecane perchlorate
([ZnL®1(Cl0.)2)

To L3 (100 mg, 0.187 mmol) dissolved in MeOH (10 ml) was added zinc(Il) perchlorate hexahydrate (0.0822 g, 0.187
mmol) in MeOH (3 ml). The yellow solution was then heated to reflux for 2 hr. After this time the solution was allowed
to cool, filtered and concentrated under reduced pressure to give a white crystalline solid (0.0702 mg, 47%); ‘*H NMR
(400 MHz, CD3CN) 6 7.46-7.22 (m, 7H, ArH), 5.21 (s, 2H, NCH2Bn), 4.79 (s, 2H, OCH.Bn), 3.72-3.66 (m, 2H, CH>),
3.29-3.22 (m, 7H, CHy), 3.13-2.82 (m, 5H, CH>), 2.57-2.33 (m, 11H, CH,), 1.34 (s, 9H, 'Bu), 1.26 (s, 9H, 'Bu); 1*C NMR
(100 MHz, CD3CN) 156.1, 144.4, 142.0, 137.6, 129.6, 128.8, 127.5, 126.6, 126.4, 123.3 (Carom), 77.1 (OCH2Ph), 56.4
(NCH,Ph), 54.5, 53.8, 53.6, 51.1, 50.7, 49.6, 48.2, 47.9 (CH>), 35.3, 34.7 (C('Bu)), 31.6, 31.3 (Me('Bu)), 25.6, 23.8
(NCH2CH,CH2N); HRMS (ES-MS) expected for C34Hs4N4OsZnCl: 697.3069, found 697.3060.

Synthesis ~ of  nickel(ll) 5-(2-(benzyloxy)-3,5-di-tert-butylbenzyl)-1,5,8,12-tetraazabicyclo[10.2.2]hexadecane
perchlorate ([NiL®](ClO4)2)

To L2 (150 mg, 0.281 mmol) dissolved in MeOH (10 ml) was added nickel(11) perchlorate hexahydrate (102 mg, 0.281
mmol) in MeOH (3 ml). The yellow/brown solution was then heated to reflux for 2 hr. After this time the solution was
allowed to cool, filtered and concentrated under reduced pressure to give an orange crystalline solid (0.0925 g, 42%);
HRMS (ES-MS) expected for C34Hs4N4OsNiCl: 691.3131 (M*), found 691.3122; € (MeOH): 481 nm (100 mol-* dm3 cm-

l).
Synthesis of copper(ll) 5-[3,5-di-tert-butyl-2-(4-methoxy-benzyloxy)-benzyl]-1,5,8,12-tetraaza-
bicyclo[10.2.2]hexadecane perchlorate ([CuL*](ClOa).

To L% (0.1 g, 0.1773 mmol) dissolved in MeOH (8 ml) was added copper(ll) perchlorate hexahydrate (0.657g, 0.1773
mmol) in MeOH (2 ml). The blue solution was heated to reflux for 2 hr before it was allowed to cool to RT. The solution
was then concentrated under reduced pressure before redissolving in the minimal amount of MeOH. This solution was
then eluted down a Sephadex LH-20 column with MeOH. The blue fraction was isolated and concentrated under reduced
pressure. The oily residue was triturated with ether (3 x 5 ml) to afford the title compound as a blue solid (0.0430 g,
29%); HRMS (ES-MS) expected for C3sHss02N4CuCIlO4: 726.3179, found 726.3183; £ (MeOH): 529 nm (154 mol™* dm?

cm?).

Synthesis of nickel(Il) 5-[3,5-di-tert-butyl-2-(4-methoxy-benzyloxy)-benzyl]-1,5,8,12-tetraaza-
bicyclo[10.2.2]hexadecane perchlorate ([NiL*](ClO4),)

To L* (0.1 g, 0.1773 mmol) dissolved in MeOH (8 ml) was added nickel(1l) hexahydrate (0.0648 g, 0.1773 mmol) in
MeOH (2 ml). The orange solution was heated to reflux for 2 hr before it was allowed to cool to RT. The solution was
then concentrated under reduced pressure before redissolving in the minimal amount of MeOH. This solution was then
eluted on a Sephadex LH-20 column with MeOH. The orange fraction was isolated and concentrated under reduced
pressure. The oily residue was triturated with ether (3 x 5 ml) to afford the title compound as an orange solid (0.0640 g,
44%); HRMS (ES-MS) expected for CasHsO2NsNiClO4: 721.3236, found 721.3237; & (MeOH): 478 nm (96 mol™* dm?

cm?).

Synthesis of zinc(l1) 5-[3,5-di-tert-butyl-2-(4-methoxy-benzyloxy)-benzyl]-1,5,8,12-tetraaza-bicyclo[10.2.2] hexadecane
perchlorate ([ZnL*](ClO4),)

To L*(0.1 g, 0.1773 mmol) dissolved in MeOH (8 ml) was added zinc(l1) hexahydrate (0.066 g, 0.1773 mmol) in MeOH

(2 ml). The yellow solution was heated to reflux for 2 hr before it was allowed to cool to RT. The solution was then
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concentrated under reduced pressure before redissolving in the minimal amount of MeOH. This solution was then eluted
on a Sephadex LH-20 column with MeOH. The light yellow fraction was isolated and concentrated under reduced
pressure. The oily residue was triturated with ether (3 x 5 ml) to afford the title compound as a white solid (0.0720g,
49%); 'H NMR (400 MHz, CD3CN) 6 7.35 (d, 2H, J=8.7 Hz, ArH), 7.29 (s, 1H, ArH), 7.21 (br s, 1H, ArH), 6.86 (d, 2H,
J=8.7 Hz, ArH), 4.77 (s, 2H, OCH,Phen), 3.69 (s, 3H, OMe), 3.63 (s, 2H, NCH,Phen), 3.11-3.01 (m, 1H, CH>), 2.78 (br
s, 6H, CHy), 2.56-1.92 (m, 18H, CHy), 1.34 (s, 9H, ‘Bu), 1.26 (s, 9H, 'Bu);**C NMR (100 MHz, CDCls) § 164.0, 158.9,
149.2, 146.1, 135.8, 134.3, 132.7, 130.2, 127.4, 117.6 (Carom), 81.5 (OCH3Phen), 60.5, 59.3, 58.2, 58.0, 57.8, 56.3, 55.8,
54.6, 52.8, 49.4 (CH; and OMe), 39.5, 38.6 (C('Bu)), 35.7, 35.5 (Me('Bu)), 24.7, 23.2 (CH,CH,CH>); HRMS (ES)
expected for C3aHs402N4Zn04Cl: 713.3804, found 713.3807.

Synthesis of copper(Il) 2,4-di-tert-butyl-6-(1,5,8,12-tetraaza-bicyclo[10.2.2]hexadec-5-yImethyl)-phenolate perchlorate
([CuL']CIOy)

To L?! (180 mg, 0.305 mmol) in MeOH (8 ml) was added NEt3 (150 mg, 1.5 mmol). The reaction mixture was stirred for
5 min, by which time the colour of the solution had changed from yellow to straw colour. To this solution was then added
copper(lI1) perchlorate hexahydrate (113 mg, 0.305 mmol) in MeOH (3 ml). The royal blue solution was then heated to
reflux for 2 hr before it was allowed to cool. The reaction mixture was concentrated under reduced pressure to a minimal
volume before eluting down a Sephadex LH-20 column using MeOH. The blue fraction was collected and concentrated
under reduced pressure. The oil obtained was triturated with ether (3 x 5 ml) to give a hygroscopic blue solid (0.0737 g,
40%); HRMS (ES-MS) expected for (cation-2H)* C27H4sN4O1Cu: 504.2884 found 504.2875; ¢ (MeOH): 641 nm (27

mol-t dm?® cm).

Synthesis of nickel(Il) 2,4-di-tert-butyl-6-(1,5,8,12-tetraaza-bicyclo[10.2.2]hexadec-5-yImethyl)-phenolate perchlorate
(INiLY]ClO,)

To L! (180 mg, 0.305 mmol) in MeOH (8 ml) was added NEt3 (150 mg, 1.5 mmol). The reaction mixture was stirred for
5 min, by which time the colour of the solution had changed from yellow to straw colour. To this solution was then added
nickel(Il) perchlorate hexahydrate (112 mg, 0.305 mmol) in MeOH (3 ml). The orange solution was then heated to reflux
for 2 hr before it was allowed to cool. The reaction mixture was concentrated under reduced pressure to a minimal
volume before eluting down a Sephadex LH-20 column using MeOH. The orange fraction was collected and concentrated
under reduced pressure. The oil obtained was triturated with ether (3 x 5 ml) to give a hygroscopic orange solid (0.0541
g, 30%); HRMS (ES) expected for C»7H47N4ONi: 501.3098, found 501.3093; £ (MeOH): 441 nm (12 mol* dm® cm?).

Synthesis of zinc(ll) 2,4-di-tert-butyl-6-(1,5,8,12-tetraaza-bicyclo[10.2.2]hexadec-5-ylmethyl)-phenolate perchlorate
([ZnL]ClO4)

To L! (180 mg, 0.305 mmol) in MeOH (8 ml) was added NEt3 (150 mg, 1.5 mmol). The reaction mixture was stirred for
5 min, by which time the colour of the solution had changed from yellow to straw colour. To this solution was then added
zinc(Il) perchlorate hexahydrate (113 mg, 0.305 mmol) in MeOH (3 ml). The straw coloured solution was then heated
to reflux for 2 hr before it was allowed to cool. The reaction mixture was concentrated under reduced pressure to a
minimal volume before eluting down a Sephadex LH-20 column using MeOH as the eluent. The yellow fraction was
collected and concentrated under reduced pressure. The oil obtained was triturated with ether (3 x 5 ml) to give a
hygroscopic white solid (0.0530 g, 29%); *H NMR (400 MHz, CD3CN) & 7.63 (s, 1H, ArH), 7.53 (s, 1H, ArH), 4.10-
4.09 (m, 2H, CHyPh), 3.26-2.09 (m, 25H, NH and CH,), 1.31 (s, 9H, 'Bu), 1.22 (s, 9H, 'Bu); *C NMR (100 MHz,
CDsCN) 8 152.4, 138.6, 138.0, 136.4, 132.6, 129.7 (Carom), 68.8 (CH2Ph), 51.2, 50.4, 48.3, 48.2, 48.2, 48.1, 47.9 (CH>),
31.6, 31.0 (C('Bu)), 30.3, 29.9 (Me('Bu)); HRMS (ES) expected for C,7H47N4OZn: 507.3036, found 507.3036.
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4, Results and Discussion

Pendent arm synthesis

Pendent arms incorporating a protected phenol and an alkyl bromide were required to form the desired ligand complexes
as outlined in Figure 1. Bromomethyl phenol derivatives were targeted for subsequent tethering to glyoxal bridged
cyclam (bisaminal). 2-(Bromomethyl)-4,6-di-tert-butylphenol, 1, was synthesised using a modified literature method
reported by Wieghardt and co-workers.3* Methyl-protected di-tert-butyl benzyl bromide (8) was synthesised in three
steps. The methyl protecting group was introduced using basic media in conjunction with methyl iodide. The aldehyde
was then reduced using NaBH4 to form the alcohol (5), which was then brominated using PBr3 in CHCI3 to give 8. There
are limited procedures available for cleaving methyl ethers,% and as a result benzyl ethers, which are easier to cleave,

were also synthesised.

Scheme A
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Figure 2. Synthesis of pendent arms; Scheme A : i) acetic anhydride, cat. H,SO4, RT 12 hr; ii) KoCOs, RX (X =1 or Br),
RT to 75°C, 15 — 24 hr; iii) NaBH4, RT, 1 — 3 hr; Scheme B : i) PBr3, CHCI3 (R = Me or Bn), 0°C 1 — 2.5 hr or CH,Cly,
PPhs, CBrs (R = p-OMeBn), RT, 18 hr.

The benzyl group was introduced by reaction with 2,4-di-tert-butyl-2-hydroxy benzaldehyde in the presence of potassium
carbonate using DMF to give 3 as the product. A similar type of reaction has been reported by Counsell and co-workers
in the synthesis of di-substituted 1-phenol-2-propanones,®® and by Belmar and Jiménez for preparing hindered
polyanionic chelating ligands.5” Crystals of 3 were grown from hexane by evaporation; the structure elucidated is shown
in Figure 3. The benzene rings in each molecule are rotated perpendicular to one another. This is extended to the
asymmetric unit where benzene rings opposite each other are again found to be in a perpendicular arrangement. A similar
procedure to the formation of 8 was then used to reduce the aldehyde to form the alcohol which was again brominated

using PBr3 to give 9.

Synthesis of 10 was carried out in an analogous manner to the synthesis of 9 apart from the bromination step. p-
Methoxybenzyl cleavage can occur under acidic conditions and so carbon tetrabromide/ PPh; were used to produce 13

in 68% yield after column chromatography.
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Figure 3. ORTEP representation (50% thermal ellipsoids) of the X-ray crystal structure of 3 with all non-H atoms labelled

The synthesis of 11 was initially attempted using a dimethylaminopyridine (DMAP) coupling between 2,4, -di-tert-butyl-
2-hydroxy benzaldehyde and Boc,0.%® The reaction was judged complete after 3 hr by TLC (Rf = 0.32 in 5%
EtOAc/hexane compared with 0.59 for the starting material). However, reduction of the aldehyde using NaBH, also
reduced the ester, reforming the phenol. The acetyl protected phenol compound was instead synthesised from 1.
Wieghardt and co-workers have protected 6-tert-butyl-o-cresol as the acetyl ester using acetic anhydride at RT with
H,S0, as a catalyst.>® Using the same conditions, 1 was efficiently protected using these conditions and, after an aqueous
work-up, 11 was obtained in >95% vyield. Crystals of 11 suitable for X-ray crystallography were grown by evaporation

of a toluene solution; the structure is shown in Figure 4.
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Figure 4. ORTEP representation (50% thermal ellipsoids) of the X-ray crystal structure of 11 with all non-H atoms
labelled.

Functionalised azamacrocycle synthesis

An initial attempt was made to attach 1, to the bisaminal cyclam bridged with glyoxal (12).%° Upon the addition of dry
MeCN to a mixture of 1 and 12, an immediate precipitate formed which was analysed by NMR and mass spectrometry.
Analyses provided evidence for 12 acting as a non-nucleophilic base; the precipitate was the hydrobromide salt of

cyclam. Focus was, therefore, diverted to the use of the protected phenolate pendent arms.

Reaction of the methyl ether derivative, 8, with 12 gave the desired mono-alkylated product. This bis-aminal species

12

©2019, Elsevier. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



was then reduced using NaBHy, in ethanol to form the piperazine ring, giving the side-bridged cyclam component, L2

L3 L*and 17 were synthesised in an analogous way.
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L* R = p-OMeBn
ML2R = Me

ML®R =Bn

ML* R = p-OMeBn
Figure 5. Synthesis of the macrocyclic ligands and their resulting metal complexes (M = Ni, Cu or Zn); i) 8,9, 10 or 11,
MeCN, RT, 3 days; ii) NaBH4, ethanol or methanol, 2 — 7 days, RT; iii) [M(ClO4)2], MeOH, 2 hr, reflux; iv) 6 M HCI,

24 hr, reflux; v) NEts, [M(CIO4)2], MeOH, 2 hr, reflux.

BBr; was used in an attempt to unmask the phenol®® of L2, under a series of conditions. The temperature was varied
between -80°C and RT, and the reaction time was varied, between 2, 4 and 12 hr. A subsequent reaction using the boron-
trifluoride ethyl etherate and sodium iodide reagent system®? was also attempted. Neither route was successful, and this

was attibuted to the steric hindrance around the ether group in L2,

The deprotection of L2 proved similarly challenging, even though there are a number of methologies for the removal of
benzyl protecting groups.>® Catalytic hydrogenolysis could not be successfully employed as both N-benzylic and O-
benzylic moieties are present, even though conditions similar to those reported for cleaving a benzyl group used to

protect 2,4-di-tert-butyl phenol linked to an aromatic amine by an amide bond were employed.5’

A light-initiated process was also attempted. The rapid debenzylation of sterically hindered benzyl ethers is reported by
Binkley and Hehemann,®® which has been further developed by Riley and Grindley.%* However, the conditions described
did not result in the desired product being isolated. A series of other strategies were also attempted. Boron trifluoride
ethyl etherate in conjunction with Nal,%? Amberlyst-15,%° ferric chloride,®57 and acetyl bromide®® in alcoholic media

were all utilised but none of these routes afforded the desired ligand, L.

The p-methoxybenzyl derivatives offered alternative reactions for the deprotection step. The synthesis of the protected
species was again via the bis-aminal intermediate. A variety of methods were attempted including acetic acid at a range
of temperatures®® and cerium chloride hydrate/ sodium iodide.”® However, L was again not obtained using these
deprotection strategies. Hampton and Harmata report that they too were unable to unmask a 2,4 -di-tert-butyl moiety in
their PHZ (5,6,11,12-tetrahydro-2,8-dimethylphenhomazine) based ligands, so the results reported here for L® and L*

are consistent in this regard.”™

17 was synthesised via our established route and in contrast to the previously synthesised derivatives, the acetyl group
could be successfully removed to unmask the phenol. 6 M HCI at reflux was found to be sufficient to cleave the acetyl

protecting group to afford L1.
Complex formation

The Zn(I1), Cu(l1) and Ni(Il) complexes of the phenolic ethers, L?, L% and L* were synthesised and purified by size

exclusion chromatography on a Sephadex LH-20 column. Yields for the transition metal complexes of L?, L% and L*
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were in the range of 95 - 98%, 42 - 87% and 29 - 49% respectively.

Orange crystals of the nickel(Il) complex of L2 suitable for X-ray diffraction were grown by evaporating an acetone-
ether solution at RT. The oxygen atom from the methoxy group of the pendent arm is not utilised in the coordination to
the nickel(Il) centre, which adopts a distorted square planar geometry with the four nitrogen atoms of the macrocyclic
ring (bond lengths for the nickel(ll) ion are given in Table 1). There is disorder in the tert-butyl group para to the
methoxy group, with each atom occupying two sites ~50% of the time (only one site shown in Figure 6). This structure
contrasts with the Ni(ll) cyclam complex bearing a pendent phenolate arm reported by litaka et al?%, in which the Ni(ll)
centre is octahedral. The oxygen of the phenolate fills one apical site with a Ni-O bond length of 2.015 A. This distance
is shorter than the four Ni-N bond lengths (2.072, 2.051, 2.085 and 2.078 A) and far shorter than apical bond lengths in
octahedral nickel(11)-cyclam complexes™72 (2.492 A for X = Cl, 2.169 A for X = NO3). The other apical site is filled by
an oxygen of a perchlorate anion, which has a bond length of 2.402 A. The rigidity of the side-bridged cyclam in [NiL?]?*
results in a contraction of the Ni-N bond length by ~0.1 A. The cyclam ligand adopts a trans-1I configuration which is
conistent with all other piperazino methyl cyclam-based chelators.®® To our knowledge, [NiL?]?*, is the first reported

side-bridged cyclam based species with a central Ni(ll) ion.

Figure 6. ORTEP representation (50% thermal ellipsoids) of the X-ray crystal structure of [NiL?]?* with all non-H atoms

labelled. Water molecules and perchlorate anions have been removed for clarity

Table 1. Selected bond lengths from the X-ray crystal structure of [NiL?](ClO4)..

Bond length (A)

Ni(1)-N(1) 1.941(5)
Ni(1)-N(2) 1.922(6)
Ni(1)-N(3) 1.921(5)
Ni(1)-N(4) 1.953(5)

Complexation reactions of L! to Cu(ll), Ni(ll) and Zn(lI1) were performed in basic media to ensure deprotonation of the
phenol. These complexes are very hygroscopic, and were isolated as oils in yields ranging between 29 — 40%. The 'H
NMR spectrum of [ZnL]* possessed the furthest downfield chemical shifts for the two aromatic protons in the phenol
ring compared to the analogous complexes L2-L4.
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UV-Vis spectroscopy

UV-Vis data for the Cu(ll) and Ni(Il) complexes of L!-L* are presented in table 2. The electronic spectrum of [NiL?]?*
would suggest that the ion is square planar as a single d-d transition was observed at 477 nm. Lindoy and co-workers™
observed only one band for their N-benzylated cyclam complexes in the region of 474-488 nm, all of which were square
planar. [CuL?]?* also possesses one d-d band at 547 nm in the UV, which is diagnostic of a copper(11)-N4 chromophore,
in which solvent or anion may occupy axial positions.” However, the featureless nature of the spectrum results in it

being of little use for the assignment of a detailed coordination geometry around the copper(ll) ion.

Table 2. Tabulated UV-Vis data for the Cu(ll) and Ni(Il) complexes of L-L*

Complex Amax / NM e / molt dm® cm!
[CUL](CIOq) 641 27

[CuL?](CIO,). 547 331
[CUL3](CIO,). 550 286
[CUL*(CIO,). 529 154

[NiL1](CIOx) 441 12

[NiL2](CIOs), 177 197
[NiL?](Cl04)2 481 100
[NiL*](CI04)- 478 96

Electronic spectra of [CuL3]?* and [NiL®)?* were similar to the analogous complexes formed with L?. Two single d-d
bands were observed at 550 and 481 nm for the copper(11) and nickel(I1) complexes respectively. [NiL3]?* is, therefore,
square planar whereas it is again difficult to ambiguously assign the coordination around the copper(ll) ion in [CuL3]?*.
Similar electronic spectra were observed for the copper(Il) and nickel(11) complexes of L#; two single d-d bands were
again observed at 529 and 478 nm for the copper(l1) and nickel(11) complexes respectively. The presence of the different

phenolic ethers produced would, therefore, appear to have little effect on the coordination sphere around the metal centre.

However, the electronic spectrum of [CuL]* displayed a single d-d transition at 641 nm. The shift observed is indicative
of a five-coordinate geometry (either distorted square based pyramidal or trigonal bipyramidal) being formed around the
metal ion.”® This would imply that the phenolate ligand occupies the apical site in solution. The electronic spectrum of
[NiL1]" possesses one strong d-d transition at 441 nm and a weaker one at 581 nm. In the nickel(ll) complex of a
phenolate cyclam ligand produced by Kimura and co-workers,*° different absorptions are observed dependent on pH. At
acidic and basic pH, absorptions at 424 and 559 nm were observed respectively, corresponding to a transition from low
spin to high spin.”” This data suggests that in the nickel(I1) complex of L, the nickel(Il) ion adopts either a square planar
geometry with the phenol not bound to the metal centre, or an octahedral geometry in which the phenol is bound to the

metal in the axial site and a solvent molecule occupies the remaining site.
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Cyclic voltammetry

Cyclic voltammetry was conducted to probe the redox behaviour of the Cu(ll) and Ni(Il) complexes of L -L* and the

ease that the phenolate moiety of L! could be oxidised to form a phenoxyl radical.

o

Current/ x10° A

Voltage/ V

Figure 7. Cyclic voltammograms of [CuL?]?*, [CuL®]?®* and [CuL?*]?®* at 0.2 V/s. Data collected in acetonitrile with

tetrabutylammonium perchlorate as a supporting electrolyte at RT using a Ag/AgClI reference electrode.

Figure 7 shows the cyclic voltammograms for [CuL?]?*, [CuL®]?* and [CuL*]?*. The cyclic voltammograms for [CuL?]?",
[CuL®]?* and [CuL*]?>* compare well with those obtained by Camus et. al.,”® who studied C- and N-functionalised cyclams
to tune the coordination properties of the chelated copper(ll). The irreversible copper(ll) reduction to copper(l) is
evidenced for all three complexes by the presence a wave at ~—0.8 V; the peak at ~—0.5 V is due to the same process for
metallic copper. An oxidation peak at ~—0.15 V, characteristic of copper(0) to copper(ll), is also observed. This
irreversible peak, which is due to anodic stripping caused by the redissolution of metallic copper, is indicative of
copper(0) formation due to dismutation of dissociated copper(ll) ions.”® Furthermore, this suggests that the
electrogenerated copper(l) formed is unstable and dissociates during the timescale of the electrochemical experiment.
The anodic stripping process appears to be sensitive to the alkyl group at the phenolic site, in that the current intensity
for this process is greatest for [CuL?]?* and weakest for [CuL?#]?* i.e. [CuL?]?* > [CuL3]?* > [CuL*]**
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Figure 8. Consecutive cyclic voltammograms of [CuL!]* at 0.2 V/s. Data collected in acetonitrile with

-6

tetrabutylammonium perchlorate as a supporting electrolyte at RT using a Ag/AgCl reference electrode.

Figure 8 shows the cyclic voltammagram of [CuL]*. At +0.48 V a fully reversible peak is observed, which is assigned
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to the formation of the phenoxyl radical and subsequent reduction back to the phenolate. Reversibility of this wave was
tested by plotting the peak current verses the square root of the scan rate. The resulting plot was linear; indicative of a
reversible process. Previous work by Wieghardt and co-workers has been focused on the study of numerous metal
complexes with phenolate pendent arms.>* Their studies have shown that the redox potential for the phenoxyl
radical/phenolate couple can vary depending on the metal centre. For a TACN (triazacyclononane) zinc(l1) complex with
a di-tert-butyl phenolate and two methyl pendent arms, the redox potential for the reversible formation of the phenoxyl
radical is between —0.09 V and —0.32 V. When the methyl pendent arms are exchanged for acetates, values of 0.63, 0.73
and 0.36 V are obtained for the gallium(111), iron(I11) and cobalt(111) metal complexes respectively.?? One of us has also
reported a cyclam-based ligand system analogous to L! (in terms of the pendent arm) that displays a single quasi-
reversible peak at —0.58 V in the cyclic voltammogram.®® The irreversible peak at +1.27 V is due to oxidation of an OH
group, implying that the phenolate ligand has been protonated, and as such is not coordinated to the copper(ll) centre.
The difference in peak intensity between this peak and that of the phenoxyl radical suggests that the former is dominant.
The appearance of the anodic region of the cyclic voltammaogram is very similar to that of those 7 -, 8- and 9-hydroxy-

3-ethoxycarbonyl-2,4-dimethyl coumarin[4,3-b] pyridine isomers studied by Pardo-Jiménez et al.®*

The copper-based electrochemistry of [CuL?]* is very similar to that of [CuL?]?*, [CuL®]?* and [CuL*]?*. In the cathodic
region the oxidation of copper(ll) to copper(l) is again observed for the complex as well as metallic copper. Furthermore,
anodic stripping is observed as an irreversible wave at —0.45 V.

Current/ x10° A

—NilL2
—Nil3
NiL4

— 0 =
-2 -1 0.5 - . .5 1
Voltage/ v
1

Figure 9. Cyclic voltammograms of [NiL?]?*, [NiL®]?* and [NiL*]?* recorded at 0.2 V/s. Data collected in acetonitrile

with tetrabutylammonium perchlorate as a supporting electrolyte at RT using a Ag/AgCl reference electrode.

Figure 9 shows the cyclic voltammograms of the three nickel(11) complexes of L2, L3 and L* The cyclic voltammogram
of [NiL#]?* differs considerably from [NiL?]?* and [NiL®]?*, in that the nickel(ll) to nickel(l) reduction for complexed
and metallic nickel appears as a broad wave rather than two discrete waves in the cathodic region. In addition, it also
displays a small irreversible oxidation wave at +1.22 V which is tentatively assigned to the Ni(I1)/Ni(ll1) redox couple.
Literature values for this process from other cyclam complexes vary between +1.07 and +1.52 V,* and +1.07 to +1.16

V.77 [NiL?]?* is the only complex to show some reversibility of the nickel(l1) to nickel(l) reduction (wave at —1.1 V).
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Figure 10. Consecutive cyclic voltammograms of [NiLi]* 0.2 V/s. Data collected in acetonitrile with tetra-butyl

ammonium perchlorate as a supporting electrolyte at RT using a Ag/AgCl reference electrode.

Figure 10 shows the cyclic voltammograms collected at a scan rate of 0.2 V/s for [NiL!]*. The reversible formation of
the phenoxyl radical is observed at +0.74 V (reversibility of this wave was tested by plotting peak current verses the
square root of scan rate; again a linear relationship ws observed). This is significantly more positive than for the
copper(l1) complex, meaning that the nickel(1l) ion must be stabilising this redox process to a greater extent (i.e. a more
positive potential is required to generate the radical species). Kimura and co-workers reported that the phenolate
undergoes oxidation at +0.9 V at pH 10 for their nickel(Il) complex of a cyclam ligand possessing a phenolate compared
to +0.5 V uncoordinated.?* The oxidative peak at +1.24 V is again due to the oxidation of the OH; this irreversible

reduction is only 0.03 V different to the same electrochemical process when observed for [CuL!]*.

An interesting feature of the cyclic voltammogram arises in the second and third scans in that the initial oxidation of the
phenolate to the phenoxyl radical is no longer clearly defined. Previously, nickel(Il) complexes have been observed to
possess two sets of quasi-reversible waves which are both part of the Ni(11)/Ni(l11) process.”*"" The relative size of these
pairs of waves can vary considerably with the nature of the ligand, solvent and electrode. Oxidation potentials for the
second set of waves occur between ~+0.5 to +1 V. It is, therefore, possible that a second set of waves for the Ni(I1)/Ni(111)
couple is formed after the initial scan near to the reversible wave of the phenoxyl radical. This may well lead to the

distortion of the peak shape of the latter wave to the slope that is observed in scans two and three.

5. Conclusions

Side-bridged cyclam transition based metal complexes (M = Ni(ll), Cu(ll) and Zn(ll)) bearing a phenolic ether or a
phenolate pendent arm have been synthesised and characterised. UV-vis studies revealed that the identity of the phenolic
ether had no effect on the geometry of the chelated metal ion. However, [CuL!]* and [NiL!]* showed significant
differences in that the former was square-based pyramidal whilst the Ni(ll) ion in the latter existed in either a square-
planar or an octaedral geometry. For the Ni(Il) and Cu(l1) complexes of L?, evidence for a stable phenoxyl radical species
is obtained (reversible peaks at +0.74 V and +0.48 V respectively), although evidence for the oxidation of OH, due to
protonation of phenolate, is observed for both complexes at ~+1.24 V. The phenoxyl radical in [Ni(L!)]?* complex is
much harder to oxidise by 0.26 V compared to the analogous Cu(ll) complex. The Ni(ll) ion in the crystal structure of
[Ni(LYH][(CIO4)2] possesses a distorted square-planar geometry in which the phenolic ether pendent arm is not involved
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in the coordination sphere. The cyclam ligand adopts a trans-11 configuration. To our knowledge, this represents the first

reported structural characterisation of a Ni(ll) side-bridged cyclam complex.

Supporting Information CCDC 906943-909645 contain the supplementary crystallographic data for 3, 11 and [NiL?]?*.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.
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