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Abstract: We describe the synthesis of a new tetratopic phenoxyl radical ligand based on the previously
reported ditopic “baqp” radical. The tetratopic ligand is prepared in five steps from 4-tert-butylphenol.
Coordination of the ligand with Cu(OAc), produced a tetranuclear complex with an S = } ground
state featuring a coordinated hexa-anion radical with very strong intramolecular antiferromagnetic
exchange coupling.
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1. Introduction

The coordination chemistry of redox-active ligands (RALs) is currently an active area of synthetic
research with a wide scope of potential applications, including catalysis [1-3], bio-mimetics [4,5],
and materials [6-8]. Redox-active ligands share an important trait in common with transition metal
ions—the ability to exist in multiple charge and spin configurations and as a result RALs are often found
to be in paramagnetic oxidation states when coordinated to transition metal ions. This aspect of RAL
chemistry has been exploited to produce transition metal complexes with very strong intramolecular
magnetic exchange couplings leading to interesting properties, including single molecule magnet
behavior [9-11]. Recently we synthesized a ditopic bridging ligand baqp 1 (Figure 1) that when
uncoordinated provides an unusual example of a stable phenoxyl radical [12]. Herein we show that
the synthetic method used to prepare 1 can be extended to produce paramagnetic ligands with greater
topicity. The synthesis and characterization of the tetratopic analogue of 1 is described. We also
present a tetranuclear Cu?* complex containing the polytopic ligand ina S = % state with very strong
Cu-radical exchange coupling.
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Figure 1. Structure of bagp 1.
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2. Results and Discussion

The paramagnetic phenoxyl ligand 4 is prepared in five steps from 4-tert-butylphenol. Iodination,
protection of the phenol, and Buchwald-Hartwig cross-coupling [13] with one equivalent of
8-aminoquinoline afforded mono-iodosubstituted 2. Two equivalents of 2 were reacted with
commercially available 2,6-diamino-4-tert-butylanisole to produce the tri-methoxy protected 3
(Scheme 1; Figures S1-54). Crystals of 3 suitable for X-ray crystallography were obtained from
the slow diffusion of water into a THF solution of 3. The molecular structure of 3 is presented in
Figure 2 with crystallographic and metrical properties reported in Tables S1 and S2. In the crystal
structure of 3 there are three independent molecules, one of which is shown in Figure 2 (the structures
of the other two independent molecules of 3 can be found in Supplementary Materials Figure S5). In the
structure of 3, the contiguous inner three phenyl rings are out-of-plane with respect to one another,
with the central ring tilted with respect to the plane containing the two adjacent rings (the structural
properties of the two other independent molecules are similar). In Figure 2, the dihedral angle between
the central and adjacent phenyl rings is 49.9(2)° and between the central phenyl ring and the quinoline

ring is 16.9(2)°.
OMe Eandz ovvleH OMeH orvleH N ]I

C52003
Toluene
BBVSICHQCIQ

@51\55 AHEE 1\5 5 5 Bl

Scheme 1. Synthesis of paramagnetic ligand 4 and complex 5. Spectroscopic data suggests 4 is
further oxidized (oxidized 4) possibly to a triphenoxyl radical but other paramagnetic configurations
are possible.

Figure 2. Displacement ellipsoid plot (30% probability) of one of the three independent molecules of 3.
Unlabeled atoms are generated by the symmetry code (—x + 1, y, z). Crystal data. Cy57H182N18O010,
M =2481.20, orthorhombic, 2 = 40.5622(15), b = 16.6179(6), c = 11.4245(4) A, U = 7700.8(5) A3, T=147(2) K,
space group Pmc2y, Z = 2, 147,458 reflections measured, 13,873 unique (R;,; = 0.0814) which were used
in all calculations. The final wR(F?) was 0.1712 (all data). CCDC deposit 1491850.
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Deprotection of 3 in the presence of BBrs solution produced a brown paramagnetic compound 4
following work-up under an inert atmosphere that over approximately 48 h converted to a black
paramagnetic material. Based on the spectroscopic data (Figures S6-S8) from the brown material,
we conclude that 4 is a transient mono-phenoxyl radical. We were unable to acquire an NMR
spectrum from paramagnetic 4; however, Electrospray ionization (ESI) mass spectrometry presents
a base peak that is one m/z unit less than the anticipated m/z for the diamagnetic tri-phenol.
We also observed an electron paramagnetic resonance (EPR) spectrum and a low energy band in
the UV-Visible-NIR spectrum that were each similar to the spectroscopic properties of 1 [12]. Over a
period of approximately 48 h, brown compound 4 turns black in color (the black material we refer
to as oxidized 4). High-resolution mass spectrometry (Figure S8) of this black material produced
an exact mass three units less than anticipated for the fully deprotected tri-phenol; consistent with
a triphenoxyl radical structure but there are other possibilities. Our attempts to grow X-ray quality
crystals of the oxidized form of 4 have been hindered by the poor stability of this species in solution
(in the solid-state, the material is very stable). Other spectroscopic data from oxidized 4 was provided
by FI-IR spectroscopy; no OH stretching absorptions could be identified, only broad (H-bonded)
N-H stretches that are similar in energy to those found in the protected compound 3 were observed
(Figure S9). UV-Visible spectroscopy also suggests a phenoxyl radical structure for oxidized 4; a NIR
(~970 nm) absorption of moderate intensity is observed (Figure S10), which was also observed in the
electronic spectrum of 1 [12]. The higher energy observed for this absorption in oxidized 4 relative to
1is in line with the anticipated decreased planarity. The cathodic electrochemical behavior (DPV) of
oxidized 4 in CH,Cl, (Figure S11) produces a rich manifold of waves.

The EPR spectrum of oxidized 4 was recorded in the solid state and in solution (CH,Cl,) at room
temperature and at 100 K (Figure S12). In the solid state, a sharp featureless absorption centered at
g =1.986 is observed at 298 and 100 K. In CH,Cl, solution, a similar absorption is observed at 298 K
free of any hyperfine structure consistent with the proposed phenoxyl radical structure. Freezing the
solution resulted in a dramatic decrease in EPR signal intensity. We have observed similar behaviour
in solutions containing crystalline samples of 1, which we are currently investigating and preliminary
results suggest reversible formation of diamagnetic 7-dimers in solution at low temperature. Solutions
of oxidized 4 are unstable and decompose over time; therefore, we carried out coordination reactions
on fresh, deprotected solutions of 4 prior to its oxidation to black oxidized 4.

Coordination of freshly prepared 4 to an excess of Cu(OAc); in methanol in the presence of
triethylamine produced a dark purple microcrystalline precipitate over the course of about 3 weeks.
The microcrystalline material is poorly soluble in most organic solvents with the exception of methanol
but is very stable in the solid state. We were unable to grow crystals suitable for X-ray diffraction;
however, microanalysis, mass spectrometry, and UV-Vis/FT-IR spectroscopy point to the formula
CuyL(OAc); 5. Charge balance requires that in this complex the ligand (L) is bound as a hexa-anion,
and FT-IR (absence of vn_t/0-p, Figure S513) and mass spectrometry (Figures 514 and S15) confirm
the ligand is fully deprotonated and, therefore, must be paramagnetic with one unpaired electron.
The coordinated ligand hexa-anion radical can be considered to be in an iminosemiquinone oxidation
state in one interpretation of the electronic structure [14]. Further support for this electronic structure
is provided by superconducting quantum interference device (SQUID) magnetometry described later.
Two acetates are present to balance the charge and are very likely to be bridging the four coordinated
Cu?* ions (this is supported by FT-IR spectroscopy, where absorptions typical for bridging acetate are
noted). The structure that we propose for this complex is provided in Figure 3 and was optimized by
density functional theory (DFT). In this structure, four Cu?* ions are bound by the four binding pockets
of the tetratopic ligand (two of the binding pockets feature NNO donor atoms and the inner pockets
have ONO donors). Each of the Cu* ions are in a square planar coordination geometry with the fourth
coordination site occupied by an O donor from a bridging acetate. The positive ion mode ESI mass
spectrum in CH30H produced an intense base peak at /2 1159, which is consistent with the molecular
ion [M + CH30H + H*]* including the correct isotope distribution demonstrating the presence of
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four Cu ions per molecule. The MALDI mass spectrum produced a [M + Na*]* peak at m/z 1150 as
the highest m/z peak in the spectrum. Microanalysis is also consistent with the proposed structure.
The UV-Visible spectrum of 5 (Figure S16) exhibits a very intense absorption at 645 nm, which can be
typical for transition metal complexes coordinated to iminosemiquinone radical anions [15,16].

Figure 3. Geometry optimized structure of 5 [BP-86/def2-SVP]. Cu = gold spheres; N = blue spheres;
O = red spheres; C = grey spheres; H = white spheres.

The variable temperature magnetic properties of 5 were investigated by SQUID magnetometry
and the results are plotted in Figure 4. At 320 K the value of x,, T (1.03 cm3-K-mol~!) is much less than
the theoretical value for a spin system containing five uncorrelated S = % fragments from four Cu* ions
and one radical (1.875 cm3-K-mol~!). With decreasing temperature there is a steady decrease in x,, T
suggesting antiferromagnetic intramolecular interactions are operative in 5. At a very low temperature
(5 K) xuT is 0.37 cm3-K-mol !, consistent with an S = % ground state. The experimental data was fit
with a model incorporating four different intramolecular magnetic exchange coupling constants: Two
Cu-radical couplings between the two inner (J1(c;—a4)) and two terminal (Jo(cy—raq)) Cu ions with the
radical, respectively, and two Cu~Cu exchange pathways, one between the terminal (J3(c,-cy)) and
inner (J4(cy-cu)) Cuions and the other between the two inner Cu ions (Figure 5). The ligand unpaired
electron is delocalized over the entire molecule and so all four Cu?* ions would be exchanged coupled
to the ligand. It was anticipated that the two sets of Cu-radical and Cu-Cu exchange coupling constants
should be antiferromagnetic and of the same order of magnitude, which is what was obtained in the
best fit using the simulation program PHI [17] (J1(Cyrad) = —517, J2(Cu=rad) = —260, J3(cu-cuy = —192 and
Jacu-cuy = —186 cm™1; z]" = —0.93 em ™1, g4y = 2.05 (fixed), TIP = 233 x 10~® cm®-mol ™, ¢ = 0.039
(5=23/2), R = 0.0024. Other models gave similar fits but with either non-plausible exchange coupling
constants or other parameters and so they were not used. These alternate models included one that
only considered Cu-radical exchange coupling, another with four different Cu-radical exchange
coupling constants, or only one Cu-radical exchange coupling. Support for the S = 1 ground state is
also provided by EPR spectroscopy. At 100 K in the solid state an absorption centered at g = 2.059
is observed with unresolved Cu hyperfine coupling (Figure S17). Preliminary qualitative broken
symmetry (BS) DFT calculations predict a spin density distribution (Figure S18) that is consistent with
the proposed electronic structure. The calculated energy of the BS doublet is 355 cm~! less than the
sextet state.
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Figure 4. Plot of x,,T vs. T for 5. Squares represent the experimental data points and the green curve
represents the best fit to the experimental data (best fit parameters are provided in the text). External
field 5000 Oe.
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Figure 5. Magnetic exchange pathways in 5. J; and ], represent two distinct Cu-radical exchange
pathways involving inner (J;) and terminal (J;) Cu ions. J3 and J4 represent two different Cu—Cu
exchange pathways involving the terminal and inner Cu ions (J3) and the inner Cu ions (Jy).
The unpaired electron on the ligand is delocalized over the entire molecule and so all four Cu?t
would be expected to engage in an exchange interaction with the radical.

3. Materials and Methods

3.1. General Considerations

All reagents were commercially available and used as received unless otherwise stated. Anhydrous
solvents (CH,Clp, toluene, diethyl ether) were obtained by distillation over CaH; or Na/benzophenone
ketyl. 'H/!3C-NMR spectra at room temperature were recorded on a Bruker Avance III HD 400 Digital
NMR spectrometer with a 9.4 T Ascend magnet using deuterated solvents. FT-IR spectra were recorded
on a Shimadzu (IRAffinity spectrometer as KBr discs. UV-Vis measurements were recorded on a
Shimadzu 3600 UV-Vis-NIR spectrophotometer in CH,Cl, or methanol solution using quartz cuvettes.
Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) experiments were performed with
a Bioanalytical Systems Inc. (BASI) Epsilon electrochemical workstation. Oxidized 4 was dissolved
in anhydrous solvent (CH,Cl,), and then deaerated by sparging with N; gas for 10-15 min. Solution
concentrations were approximately 10~3 M in analyte containing approximately 0.5 M supporting
electrolyte (BusNPFg). A typical three-electrode set-up was used including a glassy carbon working
electrode, Ag/AgCl reference electrode, and a platinum wire auxiliary electrode. The scan rate for all
CV experiments was 100 mV /s (or 25 mV /s for DPV). Electron impact (EI) and fast atom bombardment
(FAB) mass spectra were acquired on a ThermoFisher high resolution double focusing magnetic sector
mass spectrometer system. ESI mass spectra were obtained on a Bruker HCT Plus Proteineer LC-MS
with electrospray and a syringe pump was used for direct sample infusion. MALDI mass spectra
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were obtained on a Bruker Autoflex TOF/TOF MALDI spectrometer. Variable temperature magnetic
susceptibility measurements for 5 were recorded on a Quantum Design-Magnetic Property Measuring
System (QD-MPMS) SQUID magnetometer at an external magnetic field of 5000 Oe over a temperature
range of 5-325 K. The sample was weighed into a gel cap and diamagnetic contributions were calculated
using Pascal’s constants. EPR measurements on powder samples of oxidized 4 and 5 were recorded
using a Bruker Elexsys E580 pulse spectrometer operating in continuous wave (CW) mode. Spectra
were recorded at 300 and 100 K. Microanalyses were performed by Guelph Chemical Labs (Guelph,
ON, Canada).

3.2. Computational Details

The geometry optimization and frequency calculation of 5 were carried out using the suite of
programs included in the Turbomole 6.5 package [18-20] at the def2-SVP [21,22] level of theory using
the BP86 functional [23-25] with the Resolution-of-the-Identity (RI) approximation [26-30] switched
on. The calculated geometry was checked to ensure that it was a minimum on the potential energy
surface (no negative frequencies). Single point energy calculations were performed on the optimized
geometry using the B3LYP [31,32] hybrid functional and the def2-SVP basis set on all atoms with the
Gaussian09 (Revision D.01) [33] package. Tight self-consistent field (SCF) convergence criteria were
used for all calculations. The program Chemissian [34] was used for the preparation of the spin density
distribution figure.

3.3. Synthesis of 2-5

[3-Iodo-2-methoxy-5-(tert-butyl) phenyl]-8-quinolylamine (2). 2,6-diiodo-4-tert-butylanisole
(3.54 g, 8.57 mmol), Pd(OAc); (0.096 g, 0.43 mmol, 5 mol %), rac-BINAP (0.524 g, 0.857 mmol, 10 mol %),
Cs,CO3 (5.59 g, 17.1 mmol), and 8-aminoquinoline (1.23 g, 8.54 mmol) were combined in a Schlenk flask
containing dry toluene (70 mL) under an N; atmosphere. The mixture was heated to 105 °C and stirred
rapidly at this temperature for 6 d. Reaction progress was monitored by thin layer chromatography
(TLC) (25:1 Hex/EtOAc) and small amounts of catalyst/co-catalyst and 8-aminoquinoline were added
if consumption of the starting material was not complete. Upon reaction completion the reaction
mixture was cooled to room temperature and then diluted with CH,Cl, (250 mL) and H,O (250 mL).
The organic layer was separated, pre-absorbed onto silica gel, and evaporated. The solid residue
was loaded on top of a large diameter chromatography column and eluted with 25:1 Hex/EtOAc.
The product is isolated as the first yellow band to elute from the column. Yield, 2.8 g (76%). 'H NMR
(400 MHz, CDCl3): 5 8.85 (d, 1H, ] = 3.8 Hz), 8.63 (br s, 1H), 8.16 (d, 1H, | = 8.3 Hz), 7.69 (s, 1H),
7.49-7.42 (m, 4H), 7.33-7.26 (m, 1H), 3.85 (s, 3H), 1.36 (s, 9H). 13C NMR (100 MHz, CDCl3): & 149.4,
148.6, 147.8,139.6, 139.0, 136.1, 135.0, 128.9, 128.7, 127.2, 121.7, 117.1, 116.9, 108.3, 91.8, 60.3, 34.6, 31.4.
FT-IR (KBr): 3360 (w), 3259 (w), 3043 (w), 2960 (m), 1668 (m), 1591 (m), 1573 (m), 1527 (s), 1471 (s), 1431
(m), 1379 (m), 1365 (m), 1332 (m), 1271 (m), 1201 (m), 1132 (w), 1114 (w), 1064 (w), 844 (w), 819 (m), 788
(m), 746 (m), 671 (w), 607 (w), 574 cm ™! (w). UV-Vis (CH,Cl,): Amax = 373 nm. HR-MS (EI): Calc’d for
C20H21N201 = 432.0693, found 432.0674.

2-Methoxy-1,3-bis[2-methoxy-3-(8-quinolylamino)-5-(tert-butyl) phenylamino]-5-(tert-butyl)
benzene (3). 2 (1.4 g, 3.4 mmol), Pd(OAc); (37.6 mg, 0.168 mmol, 5 mol %), and rac-BINAP (0.209 g,
0.336 mmol, 10 mol %) were combined in a Schlenk flask containing toluene (110 mL) under an N
atmosphere. The solution was stirred for 5 min at room temperature followed by the addition of
4-tert-butyl-2,6-diaminoanisole (0.261 g, 1.34 mmol) and Cs,COs3 (1.75 g, 5.37 mmol). The reaction
mixture was refluxed for 7 d. Once completion of the reaction was noted by TLC, the reaction
mixture was cooled to room temperature and then diluted with CH,Cl, (250 mL) and H,O (250 mL).
The organic layer was separated and pre-absorbed on to silica gel. Purification of 3 via column
chromatography was achieved with a gradient elution, starting at 25:1 Hex/EtoAc and changing to
10:1 Hex/EtoAc to collect a yellow band, which was evaporated to a fluffy yellow product. Crystals
can be grown by slow diffusion of water into a THF solution of 3 in a narrow diameter tube. Yield,
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3.36 g (78%). 'H NMR (400 MHz, CDCl3): & 8.87 (s, 2H), 8.60 (d, 2H, ] = 5.6 Hz), 8.16 (d, 2H, ] = 8.2 Hz),
7.60-7.43 (m, 6H), 7.37-7.25 (m, 6H), 7.22 (d, 2H, | = 6.9 Hz), 6.67 (d, 2H, | = 6.9 Hz), 3.90 (d, 3H,
] = 5.5 Hz), 3.87 (d, 6H, ] = 5.3 Hz), 1.43-1.38 (m, 27 H). 13C (100 MHz, CDCls): & 147.6, 147.4, 147.3,
140.3, 139.1, 138.3, 136.3, 136.1, 136, 135.9, 134.8, 128.9, 127.4, 121.6, 116.4, 108.6, 108.3, 107.6, 105.9,
60.1,59.9, 34.9, 31.6. FT-IR (KBr): 3421 (m), 3362 (m), 3044 (w), 2961 (s), 2902 (w), 2866 (w), 1586 (s),
1573 (s), 1519 (s), 1503 (s), 1475 (m), 1433 (s), 1381 (s), 1261 (m), 1209 (m), 1169 (w), 993 (m), 951 (w),
839 (w), 818 (w), 789 (w), 745 (w), 657 (w), 606 (w), 575 (w), 545 (w) cm~!. HR-MS (EI): Calc’d for
C51H5803N6 = 802.4565, found 802.4540.

2-Oxy-1,3-bis[2-hydroxy-3-(8-quinolylamino)-5-(tert-butyl)phenylamino]-5-(tert-butyl)benzene
(4) & (oxidized 4). 3 (0.140 g, 0.174 mmol) was dissolved in CH,Cl, (30 mL) under an N, atmosphere
and cooled in ice-water with vigorous stirring. BBrs solution (1.57 mmol, 1 M in CH,Cl,) was added
drop-wise to the solution of 3 and the reaction was left to warm to room temperature over a 12 h
period. Deoxygenated water (15 mL) was added to the reaction contents and the resulting mixture
was rapidly stirred for another 0.5 h followed by dilution with CH,Cl, (50 mL) and water (50 mL).
The aqueous layer was extracted with 3 x 50 mL CH,Cl; and all of the organic extracts were combined
and evaporated to an orange product that quickly turns brown. Yield, 0.112 g (85%). 4: MS (ESI+):
m/z 759 (M"). Over a 48 h period the brown solid turns black (oxidized 4): HR-MS (EI+): Calc’d for
Cy4sH4903Ng = 757.3861, found = 757.3894. Anal. Calc’d for C4gH49O3Ng (found): C, 76.06 (75.85); H,
6.52 (6.68); N, 11.09 (11.24). FT-IR (KBr): 3356 (m), 3050 (w), 2959 (s), 2903 (w), 2866 (w), 1703 (w), 1591
(s), 1573 (s), 1514 (s), 1473 (s), 1456 (s), 1421 (s), 1379 (s), 1361 (m), 1329 (m), 1256 (m), 1215 (s), 1198 (s),
1101 (m), 1024 (w), 951 (w), 820 (m), 789 (m), 747 (w), 651 (w), 600 (W), 575 (w), 542 cm~! (w). UV-Vis
(CH,Cly): Amax nm (¢ M~ 1.em™1)) = 371 (1.5 x 10%), 552 (2.9 x 10%), 972 (4.4 x 10°%).

Cuy(CH3C0,)2(Cy8Hy5N603°7) (5). 4 (0.150 g, 0.200 mmol) was dissolved in MeOH (40 mL),
excess triethylamine (0.4 mL) was added and the solution was left to stir for 5 min. Solid
Cu(OAc);-4H,0 (0.220 g, 1.00 mmol) was added to the solution of 4 and the flask was stoppered and
stirred for 48 h at room temperature. After this time, the reaction contents were left to slowly evaporate
for approximately 3 weeks. A dark purple microcrystalline precipitate was collected by vacuum
filtration, washed with water, and dried. Yield, 0.162 g (74%). Anal. Calc’d for CusCs;Hs5107Ng
(found): C, 55.46 (55.89); H, 4.56 (4.37); N, 7.46 (7.21). MS (ESI+, CH30OH): m/z 1159 [M + CH30H +
H*]*, 100%. MS (MALDI+): m/z 1150 (MNa*). FT-IR (KBr): 3065 (w), 2961 (m), 2868 (w), 1599 (m),
1575 (m), 1539 (m), 1499 (m), 1464 (m), 1420 (s), 1327 (m), 1273 (s), 1252 (m), 1240 (m), 1196 (m), 1175
(w), 1107 (w), 1024 (w), 989 (w), 841 (w), 820 (w), 783 (w), 733 (W), 699 (w), 638 (w), 543 (w), 436 cm ™!
(w). UV-Vis (MeOH): Apax = 645 nm.

4. Conclusions

In summary we have reported the synthesis and coordination chemistry of a novel polytopic
paramagnetic ligand. When coordinated with Cu?* this ligand adopts a hexa-anion radical oxidation
state with very strong intramolecular antiferromagnetic exchange coupling. We are developing the
coordination chemistry further and anticipate similar exchange coupling constants but larger overall
ground state spin values through ferromagnetic or ferromagnetic interaction transition metal ions other
than Cu?*. In our opinion, these redox-active ligands hold strong promise for new molecule-based
materials as well as for other aspects of RAL chemistry. The synthetic method can be expanded to
other derivatives, which we will report on in due course.

Supplementary Materials: The following are available online at www.mdpi.com/2312-7481/3/1/15/s1, various
spectroscopic data, X-ray, and electrochemical data.
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