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Abstract

Four cobalt(IIl) complexes of the general formula [Co(Schiff base)(L),]*, where L is ammonia
(NHj3) or 3-fluorobenzylamine (3F-BnNH,), were synthesized. The complexes were
characterized by NMR spectroscopy, mass spectrometry, and X-ray crystallography. Their
electrochemical properties, ligand substitution mechanisms, and ligand exchange rates in

aqueous buffer were investigated. These physical properties were correlated to the cellular
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uptake and anticancer activities of the complexes. The complexes undergo sequential,
dissociative ligand exchange, with the exchange rates depending heavily on the axial ligands.
Eyring analyses revealed that the relative ligand exchange rates were largely impacted by
differences in the entropy, rather than enthalpy, of activation for the complexes. Performing the
substitution reactions in the presence of ascorbate led to a change in the reaction profile and
kinetics, but no change in the final product. The cytotoxic activity of the complexes correlates
with both the ligand exchange rate and reduction potential, with the more easily reduced and
rapidly substituted complexes showing higher toxicity. These relationships may be valuable for

the rational design of Co(III) complexes as anticancer or antiviral prodrugs.
Introduction

Cobalt is an essential element for human health predominately in its role as the central
metal ion in the cofactor vitamin B12.!? The in vivo compatibility of cobalt has motivated the
investigation of coordination complexes of this metal as less toxic alternatives to conventional
precious metal-based therapeutic agents, such as cisplatin.>> The medicinal applications of
cobalt complexes have been explored in the context of imaging agents,®° drug-delivery
scaffolds,®!%17 anticancer agents,'#!322 enzyme inhibitors,?>? and antiviral drugs.>33¢ The
unique chemical properties of cobalt, in comparison to other first row transition metal ions,
render it particularly useful for medicinal applications. In the +3 oxidation state, for example,
this ion is kinetically inert, undergoing ligand substitution reactions on a much slower timescale
than its neighbors on the periodic table.’’-3° In contrast, the +2 oxidation state of cobalt is labile.
The dichotomy between the inertness of these two oxidation states has enabled the development
of Co(III) prodrugs that undergo reduction in biological systems to form labile Co(Il) complexes,

which subsequently release their ligands as a cytotoxic payload.**#3 This reductive release
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strategy has been investigated for several different classes of Co(II) complexes with the ultimate
objective of selectively targeting hypoxic environments.510:12,13,17:44-48

In addition to exploiting the Co(IIl) redox properties for developing redox-activated
prodrugs, the slow ligand exchange kinetics of Co(IIl) have been used to design enzyme
inhibitors.?42¢ Within this class of Co(IIl) complexes, the most studied are those of the general
structural formula [Co(acacen)(L),]" where acacen = N,N'-bis(acetylacetone)ethylenediamine
and L is usually a neutral N-donor ligand. These octahedral [Co(acacen)(L),]* complexes
undergo ligand substitution reactions with histidine residues in the active sites of proteins to
irreversibly inhibit them.?32%49-51 Because of their efficacy against serine proteases, these
complexes have been explored for the treatment of viruses, such as HIV and herpes, which rely
heavily on these enzymes.?3-3° For example, the compound [Co(acacen)(2-methylimidazole),]" is
currently in clinical trials for the treatment of herpes.>* Functionalization of the ligand scaffold
of these complexes allows for fine tuning of the ligand substitution rate, which can dramatically
affect their enzyme-inhibitory activities.’>>* Furthermore, the facile synthesis of these
complexes has allowed for the design of light-activated®!*? and targeted versions of these
inhibitors to improve their selectivity.?42327

In this study, we aimed to investigate the physical properties, ligand exchange kinetics,
and biological activity of a small subset of [Co(Schiff base)(L),]* complexes with the objective
of understanding ligand substitution processes in this class of compounds. The complexes shown
in Chart 1, bearing either 3-fluorosalicylaldehyde ethylenediamine- (3F-salen) or
trifluoroacetylacetone ethylenediamine- (tfacen) based equatorial ligands and NHj3 or 3-
fluorobenzylamine (3F-BnNH,) axial ligands, were chosen to investigate the role of both the

equatorial and axial ligands on their activation mechanisms. The use of these fluorinated ligands
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was motivated by several reasons. First, the presence of fluorine in these complexes provides a
useful NMR handle for studying their speciation in solution via °’F NMR spectroscopy.’>>-8
Second, equatorial ligands containing electron-withdrawing groups, such as fluorine, give rise to
Co(III) complexes with slow ligand substitution kinetics,>® which may be more therapeutically
useful. The kinetic inertness of fluorinated complexes in comparison to their non-fluorinated
analogues makes them much easier to isolate, and these slow kinetics are also much more
amenable to measurement. Finally, novel imaging opportunities are available for fluorine-
containing compounds via °F magnetic resonance imaging or '8F positron emission
tomography.®>7-6! The ease of detection and altered pharmacokinetics of fluorinated compounds
make this element ideal for use in drugs, as reflected by the fact that over 20% of currently

administered drugs contain fluorine.%?

After synthesizing the complexes and confirming their basic structure and stability, the
complexes were analyzed via cyclic voltammetry to ascertain the favorability and reversibility of
reduction, and their ligand exchange rates, activation parameters, and reaction mechanisms were
evaluated. These properties were then correlated with the relative cytotoxicity and uptake of the
complexes in cancer cells. The combined results provide valuable insight into the both the
thermal and electrochemical reactivity of this class of complexes and may help future researchers

to design Co(III) complexes as enzyme inhibitors or cytotoxic agents.
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Chart 1. Structures of the [Co(Schiff base)(L),]" Complexes Investigated in This Work

NH,
L =NH;, 3-fluorobenzylamine:

F

Experimental
Materials and Methods

CoCl,6H,0, IRA410(Cl) anion exchange resin, and N-methylimidazole (Melm) were obtained
from Alfa Aesar (Tewksbury, MA) and used as received. The compound 3-fluorobenzylamine
was obtained from Oakwood Chemical (Estill, SC) and used as received. The Schiff base ligands
3F-salen® and tfacen® were synthesized according to previously published procedures. The
Co(IIT) complexes, [Co(3F-salen)(Melm),]|Cl and [Co(tfacen)(Melm),]Cl, were synthesized
following a previously described procedure.?? These complexes were used only to confirm the
identities of the final products obtained in our ligand substitution kinetic studies. Solvents were
of ACS grade or higher. CHAPS (3-[(3-chloamidopropyl)dimethylammonio]-1-
propanesulfonate) lysis buffer was prepared using 1% CHAPS buffer by mass, 5 mM
ethylenediaminetetraacetic acid (EDTA), 50 mM tris(hydroxymethyl)aminomethane (Tris), and
110 mM NacCl; the pH was adjusted to 7.4 using dilute HCIl or NaOH as necessary. Ultrapure 3-

(N-morpholino)propanesulfonic acid (MOPS) buffer was obtained from VWR Life Sciences
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(Radnor, PA). All reactions were performed under ambient atmospheric conditions without any

attempts to exclude oxygen or water.
Physical Measurements

NMR spectra were acquired on a 500 MHz Bruker AV 3HD-spectrometer equipped with
a broadband Prodigy cryoprobe. 'H and 3C{'H} NMR spectra in MeOD-d, were referenced to
the residual solvent peaks at 3.31 and 49.00 ppm, respectively, and 'H and 13C {'H} NMR spectra
in D,O were referenced to a p-dioxane internal standard at 3.75 and 67.19 ppm, respectively.®
19F NMR spectra were referenced internally to sodium trifluoroacetate (NaTFA) in H,O at —
75.51 ppm,5>-%¢ and °Co NMR spectra were referenced to an external standard of K3[Co(CN);]
in D,O at 0 ppm.®” Samples for IR spectroscopy were prepared as KBr pellets and were analyzed
on a Nicolet Avatar 370 DTG FTIR spectrometer. Graphite furnace atomic absorption
spectroscopy (GFAAS) measurements were performed with a PerkinElmer PinAAcle 900z
instrument. Electrochemical measurements were carried out using a Pine WaveNow potentiostat
with a three-electrode setup consisting of a glassy carbon working electrode, a platinum counter
electrode, and an Ag wire quasi-reference electrode. Complexes were dissolved in anhydrous
DMF with 0.10 M [BuyN][PF¢] (TBAP) as the supporting electrolyte. Potentials were referenced
using an internal standard of the ferrocene/ferricenium couple at 0.45 V vs the saturated calomel
electrode (SCE).%3%° The sample cell was deoxygenated by bubbling nitrogen gas through the
solution prior to analysis and maintained under a blanket of nitrogen during the experiment.
Analytical high-performance liquid chromatography (HPLC) was performed using a Shimadzu
LC20-AT HPLC with an Ultra Aqueous C18 column, 100 A, 5 um, 250 mm x 4.6 mm (Restek,
Bellefonte, PA) and an SPD-20AV UV/vis detector monitoring at 220 and 260 nm. The flow rate

for all HPLC analyses was 1 mL/min. Gradient elution for purity analysis was performed as
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follows: 10% methanol in water containing 0.1% TFA to 100% methanol containing 0.1% TFA
over 20 min. Gradient elution for kinetics experiments was performed using 10% methanol in
water containing 0.1% TFA to 100% methanol containing 0.1% TFA over 15 min, then
continuing at 100% methanol for 10 minutes. [socratic elution was used to determine retention
factors. The isocratic mobile phase for all complexes was 65% methanol in water containing
0.1% TFA. The dead time of the instrument was determined using thiourea as a solute. Retention
factors (RF) were calculated using the equation RF = (t, — ty)/ty, where t, is the retention time of
the complex and t is the retention time of thiourea.”®’! High-resolution mass spectra (HRMS)
were recorded on an Exactive Orbitrap mass spectrometer in positive electrospray ionization
(ESI) mode (ThermoFisher Scientific, Waltham, MA). Elemental analyses (CHN) were

performed by Atlantic Microlab Inc., Norcross, GA, USA.
[Co(3F-salen)(3F-BnNH,),]Cl

Solid CoCl,-6H,0 (0.203 g, 0.854 mmol) was added to a suspension of 3F-salen (0.26 g,
0.854 mmol) in isopropanol (10 mL). The yellow suspension of 3F-salen immediately turned
dark green, and the mixture was heated at 70 °C with stirring for 1 h. The axial ligand 3F-BnNH,
(0.63 mL, 5.5 mmol) was added, and the mixture was heated with stirring for 2 h, during which
time it slowly turned red. The resulting red-brown suspension was cooled to room temperature,
and the precipitate was collected by filtration. The solid product was washed with water,
isopropanol, and diethyl ether and dried under vacuum to yield a dark red solid. Yield 0.15 g
(27%). '"H NMR (500 MHz, MeOD-d,) 6 8.25 (s, 2H), 7.16-7.28 (m, 6H), 6.92 (td, 2H, J = 8.6,
2.5 Hz), 6.86 (d, 2H, J = 8 Hz), 6.82 (d, 2H, J = 10 Hz), 6.61-6.67 (m, 2H), 4.05 (s, 4H), 3.27 (s,
2H). %F NMR (470 MHz, H,0) 8 —113.26 (m, 2F), —135.64 (d, 2F, Jy.r = 12 Hz). BC{'H} NMR

(126 MHz, MeOD-dy)  170.9 (d, Jr.c = 3 Hz), 164.2 (d, Jp.c = 248 Hz), 157.7 (d, Jp.c = 243
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Hz), 155.0 (d, Jr.c = 13 Hz), 141.60 (d, Jg.c = 7 Hz), 141.57 (d, J..c = 7 Hz), 131.5 (d, Jp.c = 8
Hz), 131.2 (d, Jr.c = 4 Hz), 125.5 (d, Jg.c = 3 Hz), 122.0 (d, Jg.c = 5 Hz), 121.0 (d, Jr.c = 19 Hz),
116.4 (d, Jgp.c =21 Hz), 115.8 (d, Jg.c =7 Hz), 115.6 (d, Jr.c = 21 Hz), 59.6, 45.8. IR (KBr, cm~
1): 3338 w, 3271 w, 3100 m, 2944 w, 2907 m, 2857 w, 1636 s, 1614 m, 1551 w, 1453 s, 1409 w,
1395 w, 1337 w, 1351 w, 1307 s, 1298 s, 1240 °s, 1099 m, 1057 m, 865 m, 778 m, 734 s. ESI-MS
(positive ion mode): m/z [M]" 611.147, calcd 611.148. Anal. Calcd for [Co(3F-salen)(3F-

BnNH,),]CI (C;30H2sN4O,F4CoCl): C, 55.70; H, 4.36; N, 8.66. Found: C, 55.44; H, 4.63; N, 8.83.

[Co(3F-salen)(NH;),]Cl

CoCl,-6H,0 (0.52 g, 2.17 mmol) was added to 3F-salen (0.66 g, 2.17 mmol) in methanol
(35 mL). The yellow suspension of 3F-salen immediately turned dark green, and the mixture was
heated at 60 °C with stirring for 1 h. Concentrated NH4OH (1 mL, 18 mmol) was added, and the
mixture was stirred at room temperature for 2 h. The resulting red solution was filtered, and
excess aqueous NaPF4 was added to the filtrate, which resulted in the precipitation of a red-
brown solid. The solid was washed sequentially with water and diethyl ether, dissolved in
methanol (20 mL), and stirred with approximately 5 g of anion exchange resin at room
temperature for 2 h. The dark red solution was filtered to remove resin. The filtrate was
evaporated to dryness and further dried under high vacuum to yield a dark red solid. Yield 0.31 g
(33%). '"H NMR (500 MHz, D,0) 6 8.23 (s, 2H), 7.21 (d, 2H Jy.y= 7.9 Hz), 6.97 (m, 2H), 6.58
(m, 2H), 4.07 (s, 4H). °F NMR (470 MHz, H,0) 6 —135.97 (d, 2F, Jyr = 9.7 Hz). IR (KBr, cm™
1: 3300 w, 3017 w, 1652 m, 1629 s, 1587 w, 1453 s, 1324 m, 1312 m, 1241 m, 1227 m, 871 w,
792 w, 738 m. ESI-MS (positive ion mode): m/z [M]" 395.072, calcd 395.073. Anal. Calcd for
[Co(3F-salen)(NHj3),]C1-0.2H,0 (C;6H54N40,,F,CoCl): C, 44.25; H, 4.27; N, 12.90. Found: C,

44.02; H, 4.25; N, 12.99.
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[Co(tfacen)(3F-BnNH,),]CI

CoCl,-6H,0 (0.265 g, 1.11 mmol) was added to tfacen (0.37 g, 1.11 mmol) in methanol
(10 mL). The white suspension of tfacen immediately turned dark green, and the mixture was
heated at 60 °C with stirring for 1 h. The axial ligand 3F-BnNH, (0.6 mL, 5.2 mmol) was added,
and the mixture was stirred at room temperature overnight. The resulting red solution was
filtered, and excess aqueous NaPF¢ was added to the filtrate, which resulted in the precipitation
of a red-brown solid. The solid was washed with water and diethyl ether, then dissolved in
methanol (20 mL) and stirred with approximately 5 g anion exchange resin at room temperature
for 2 h. The dark red solution was filtered to remove resin, evaporated to dryness, and further
dried under high vacuum to yield a light brown solid. Yield 0.35 g (47%). '"H NMR (500 MHz,
MeOD-dy) 8 7.34 (m, 2H), 7.03 (m, 6H), 5.78 (s, 2H), 3.68 (s, 4H). I°F NMR (470 MHz, H,0)
~72.33 (s, 6F), —113.13 (m, 2F). BC{'H} NMR (126 MHz, MeOD-d,) 8 175.41, 164.30 (d, Jr.c
=245.3 Hz), 161.05 (q, Jr.c = 32.5 Hz), 141.63 (d, Jr.c = 7.2 Hz), 131.65 (d, Jr.c = 8.3 Hz),
125.65 (d, Jr.c = 2.8 Hz), 118.83 (d, Jr.c = 280.6 Hz), 116.54 (d, Jr.c = 21.8 Hz), 115.75 (d, Jr.c
=21.3 Hz), 96.54, 54.77, 45.49, 23.96. IR (KBr, cm™'): 3440 br m, 3052 br m, 1617 s, 1584 m,
1543 m, 1470 m, 1361 w, 1287 s, 1248 s, 1187 s, 1200 s, 900 m, 780 m, 800 m. ESI-MS
(positive ion mode): m/z [M]" 639.141, calcd 639.142. Anal. Calcd for [Co(tfacen)(3F-

BnNH,),]Cl (C2HosN40,F5CoCl): C, 46.27; H, 4.18; N, 8.30. Found: C, 46.00; H, 4.29; N, 8.14.
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[Co(tfacen)(NH;),]CI

CoCl,-6H,0 (0.269 g, 1.13 mmol) was added to tfacen (0.375 g, 1.13 mmol) in methanol
(15 mL). The white suspension of tfacen immediately turned dark green, and the mixture was
heated at 60 °C with stirring for 1 h. Concentrated NH,OH (0.5 mL, 9 mmol) was added, and the
mixture was stirred at room temperature for 2 h. The resulting solution was filtered, and excess
aqueous NaPF, was added to the filtrate, which resulted in the precipitation of a red-brown solid.
The solid was washed with water and diethyl ether, then dissolved in methanol (10 mL) and
stirred with approximately 5 g anion exchange resin at room temperature for 2 h. The dark red
solution was filtered to remove resin, evaporated to dryness, and further dried under high
vacuum to yield a light brown solid. Yield 0.20 g (39%). '"H NMR (500 MHz, D,0)  8.23 (s,
2H), 7.21 (d, J = 8.0 Hz, 2H), 7.03 — 6.96 (m, 2H), 6.60 (td, J= 7.9, 4.5 Hz, 4H), 4.07 (s, 4H),
3.76 (s). 'F NMR (470 MHz, H,0) 6 —72.37 (s, 6F). BC{!H} NMR (126 MHz, D,0): § 187.59,
172.35 (q, Jr.c = 32.6 Hz), 131.09 (q, Jr.c = 280.0 Hz), 109.52 (q, Jr.c = 3.1 Hz), 80.33, 36.46.
IR (KBr, cm™): 3682 w, 3513 w, 3304 w, 3104 w, 1635 m, 1543 m, 1461 m, 1304 s, 1187 s,
1117 5,900 s, 787 s. ESI-MS (positive ion mode): m/z [M]"423.066, calcd 423.067. Anal. Calcd
for [Co(tfacen)(NH3),]Cl-1.3H,0 (C,H20 6N4O3 3FsCoCl): C, 29.90; H, 4.31; N, 11.62. Found:

C,30.40; H,4.16; N, 11.14.

X-ray Crystallography

Single crystals of the tfacen complexes were obtained by vapor diffusion of diethyl ether
into methanol solutions of these compounds. Diffusion of diethyl ether into a
dimethylformamide (DMF) solution of [Co(3F-salen)(3F-BnNH,),]Cl afforded suitable crystals
for single-crystal X-ray diffraction studies. Low-temperature X-ray diffraction data for [Co(3F-

salen)(3F-BnNH;),]Cl, [Co(tfacen)( 3F-BnNH,),]Cl, and [Co(tfacen)(NHj3),]CI were collected

10
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on a Rigaku XtaLAB Synergy diffractometer coupled to a Rigaku Hypix detector with Mo Ka
radiation (A = 0.71073 A) from a PhotonJet micro-focus X-ray source at 100 K. The structures
were solved through intrinsic phasing using SHELXT? and refined against F? on all data by full-
matrix least squares with SHELXL"? following established refinement strategies.’* All non-
hydrogen atoms were refined anisotropically. All hydrogen atoms bound to carbon were included
in the model at geometrically calculated positions and refined using a riding model. Hydrogen
atoms bound to nitrogen were located in the difference Fourier synthesis map and subsequently
refined semi-freely with the help of distance restraints. The isotropic displacement parameters of
all hydrogen atoms were fixed to 1.2 times the U,y value of the atoms they are linked to (1.5
times for CH;3 or NHj; groups). The structure of [Co(3F-salen)(3F-BnNH,),]Cl contained a
disordered DMF molecule; the two disordered components were refined with appropriate
similarity restraints, allowing the occupancy of each component to refine freely with net
occupancy of both components summing to one. Likewise, in the structure of [Co(3F-salen)(3F-
BnNH,),]Cl, one of the axial 3F-BnNH, ligands is rotationally disordered about the Co—N axis.
The two disordered components were refined as described above. The complex [Co(tfacen)(3F-
BnNH,),]" resides on a crystallographic 2-fold axis. Additionally, this compound crystallized in
a chiral space group. Refinement of the absolute structure revealed a Flack parameter of —
0.006(8), indicating that this crystal was enantiomerically pure, rather than a racemic twin.
Details of the data quality and a summary of the residual values of the refinements are listed in

Table 1.

11
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Table 1. X-ray Crystallographic Data Collection and Refinement Parameters

[Co(3F-salen)(3F-BnNH,),]Cl- DMF

[Co(tfacen)(3F-BnNH,)),]Cl-Et,0

[Co(tfacen)(NH;),]C1-MeOH

formula

fw

space group
a,
b, A

c A

a, deg

B, deg

Y, deg

v, A3

V4

Peatca & €M

T,K

#(Mo Ka), mm™!

6 range, deg
completeness to 8, %
total no. of data

no. of unique data
no. of param

no. of restraints

R14, %

wR2?, %

GOF¢

max, min peaks e-A-!

Cs33H;5CoN;sO;3F,Cl
720.04

P2i/n

10.9482(2)
22.6458(5)
13.1929(3)

90

100.046(2)

90

3220.78(12)
4

1.485
100.00(10)
0.682
2.092 to 26.373
100.0

32486

6588

496

196

2.95

7.06

1.053
0.577,-0.271

CioH3sCoN,0;FsCl
749.02

P422

15.4493(3)
15.4493(3)
14.4740(5)

90

90

90

3454.67(18)
4

1.440
100.00(10)
0.654

2.336 t0 27.103
99.9

16169

3800

217

483

5.92

15.47

1.048

0.790, -0.520

C13H;,CoN,O5F(Cl
490.72

PI

7.9661(2)
11.0108(2)
11.9024(2)
65.768(2)
89.306(2)
82.092(2)

941.82(4)
2

1.730
100.00(10)
1.133
1.879 t0 29.128
100.0

23740

5022

277

7

331

6.75

1.058

0.499, ~0.406

@ R1 = X||Fo| — |Fc||/Z|Fo| for all data. ® wR2 = {Z[w(Fo? — Fc?)?]/Z[w(Fo?)?]} 2 for all data. ¢
GoF = {Z[w(Fo? — Fc?)?)/(n — p)} 2, where n is the number of data and p is the number of

refined parameters.

Ligand Exchange Experiments

To probe the axial ligand substitution of these complexes, solutions were prepared to

contain 0.5 mM Co complex, 0.5 mM NaTFA, 100 mM MOPS buffer (pH 7.4), and 12.5 mM

Melm as an entering ligand. The pH of the resulting solutions was measured to verify that the

MOPS buffer fixed it at 7.4. Immediately after preparation, samples were analyzed via °F NMR

spectroscopy using the NaTFA signal as an internal standard or by HPLC using the relative

integration of each peak. 'F NMR spectra or HPLC chromatograms were acquired periodically

to monitor the ligand substitution reaction with Melm. For reactions carried out at temperatures

greater than 37 °C, aliquots were removed and flash-frozen prior to analysis by HPLC. Pseudo

first-order rate constants for the decay of the starting complex were calculated by plotting the

12
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peak integration vs time and fitting these data to the appropriate first-order integrated rate law
using the Magic Plot Pro software. Rate constants for the reaction of the intermediate species
were calculated using the appropriate integrated rate laws for this process.”>’¢ The reported
values at 18 and 37 °C are the average of at least three independent replicates, whereas data at

higher temperatures were collected for a single kinetics run.

The ligand exchange reactions of all complexes with Melm were evaluated in the
presence of ascorbate at 37 °C. Solutions were prepared containing 0.5 mM Co complex, 0.5
mM NaTFA, 20 mM ascorbate, 100 mM MOPS buffer (pH 7.4), and 20 mM Melm as an
entering ligand. The exchange reactions were monitored via HPLC. The first order rate constants
and half-life for the decay of the starting material were calculated using the Magic Plot Pro

software by fitting the date to a standard exponential decay curve.

Cell Culture Conditions

AS549 (human lung cancer) cells were obtained from American Type Culture Collection
(ATCC). Cells were cultured as adherent monolayers in an incubator at 37 °C with a humidified
atmosphere of 5% CO,. The cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). Cells were checked for
mycoplasma contamination monthly using the PlasmoTest™ mycoplasma detection kit from

InvivoGen.

Cytotoxicity Assay

The colorimetric MTT assay was used to evaluate cytotoxicity.”” Trypsinized cells were
plated at 2000 cells/well with 100 puL/well in a 96-well plate and incubated for 24 h. The media

was then removed and replaced with 200 pL of growth media containing varying concentrations

13
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of the complexes. After 24 h, the culture medium containing the complex was removed, 200 pL
of fresh media was added, and plates were incubated an additional 48 h. After this time, the
media was removed again, and a solution of thiazolyl blue tetrazolium bromide (MTT) in
DMEM (200 uL, 1 mg/mL) was added to each well. Upon incubation for 4 h, the DMEM/MTT
solutions were aspirated, and the purple formazan crystals were dissolved in 200 puL of an 8:1
mixture of DMSO: pH 10 glycine buffer. The absorbance of each well at 570 nm was measured
using a BioTek Synergy HT platereader. Absorbance values were normalized to the untreated
wells and plotted as concentration of cobalt complex vs % viability. The resulting dose-response
curves were analyzed using a logistic sigmoid function.”® Reported ICs, values represent the
average of three independent experiments, each carried out with six replicates per concentration
level. Stock solutions of the cobalt complexes were prepared fresh in 18.2 MQ-cm H,O prior to
serial dilution in the cell culture medium. Stock solutions of free ligands were prepared in

DMSO and diluted to less than 1% DMSO by volume with cell culture medium.

Uptake Experiments

Cellular uptake of cobalt was determined by implementing slight modifications to
previously reported protocols.”3° Trypsinized cells (2 x 10%) were seeded in six 75 cm? culture
dishes and incubated for 24 h. The media was removed, and the cells were treated with either 0
or 100 uM cobalt complex for 24 h. Dishes containing no cells were also incubated with 100 pM
of the cobalt complex to correct for non-specific adsorption of cobalt to the plastic. Media was
removed from all dishes, and the cells were rinsed with 3 mL PBS and detached with trypsin (3
mL). The cells were centrifuged at 1000 rpm for 10 min. The supernatant was discarded, and the
pellet was resuspended in 1 mL PBS. Samples were centrifuged and resuspended twice more

using the same conditions to remove extracellular cobalt and centrifuged a final time to pellet

14
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cells. The pellet was resuspended in ice-cold, ultrapure 1x CHAPS lysis buffer, and samples
were gently agitated for 30 min. The protein concentration in each sample was then determined
using the Thermo Fisher Bicinchoninic Acid Protein Assay Kit according to the manufacturer’s
instructions. The cobalt concentration in each sample was determined using GFAAS. Results

were reported as the mass ratio of cobalt to protein (pg/ug) in each sample.

Results

Synthesis of [Co(Schiff base)(L),]Cl Complexes

The four complexes, shown in Chart 1, were targeted to study the effects of both the
equatorial and axial ligands on the nature of the biological activity of this class of [Co(Schiff
base)(L),]" complexes. The syntheses were straightforward, following closely with procedures
found in the literature for related complexes.? Briefly, a mixture of CoCl,-6H,0 and 1 equiv of
the Schiff base ligand was heated to reflux in methanol for 1 h to yield a dark green solution.
This dark green solution, which contains an uncharacterized intermediate, was treated with an
excess of the axial ligand to form the desired red-brown Co(III) complexes. As observed during
the synthesis of related Co(IIl) complexes, the oxidation of the initial Co(II) starting material is
most likely mediated by atmospheric oxygen. The low-spin diamagnetic nature of these
complexes was confirmed by 'H NMR spectroscopy, which showed sharp resonances within the
range of 0 to 10 ppm. Further characterization of these complexes was provided by mass
spectrometry, showing the expected ion peaks for the intact cationic complexes. *C{!H} NMR
spectroscopy further confirmed the structure and symmetry of the complexes. However, no
suitable BC{'H} NMR spectrum could be obtained for [Co(3F-salen)(NHj3),]" due to its poor
solubility. In addition to these spectroscopic methods, elemental analysis and HPLC further

verified these compounds to be greater than 95% pure. (Fig. S1-S2I7).
15
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X-Ray Crystallography

The complexes [Co(3F-salen)(3F-BnNH),]*, [Co(tfacen)(3F-BnNH,),]*, and
[Co(tfacen)(NH;),]" were further characterized by single-crystal X-ray diffraction. The crystal
structures are shown in Fig. 1, and selected interatomic distances and angles are collected in
Table 2. The Co(IIl) center attains the expected pseudo-octahedral geometry comprising the four
donor atoms of the Schiff base ligand in the equatorial plane and two of the monodentate
nitrogen donors in a trans arrangement. In these three structures, the equatorial ligand does not
reside in a perfectly planar configuration, a feature that is most notable for [Co(3F-salen)(3F-
BnNH;),]". The equatorial Co—N and Co—O distances vary slightly among the three complexes.
These distances are longest for [Co(tfacen)(NH3),]", which range from 1.904 to 1.910 A, and
shortest for [Co(3F-salen)(3F-BnNH,)]", with values between 1.894 to 1.899 A. The longer
distances observed for [Co(tfacen)(NH;3),]" may be a result of the strong electron donating
character of the axial NH; ligand, which decreases the Lewis acidity of the metal center.’! In
comparing the axial ligand distances, this trend is the opposite. Namely, the axial Co-N
distances of [Co(tfacen)(3F-BnNH,),]" (1.972 A) are longer than those of [Co(tfacen)(NH;),]*
(1.967 and 1.961 A). The smaller steric profile of the NH; may partly account for the shorter Co—

Naxial distances in [Co(tfacen)(NHj3),]* compared to [Co(tfacen)(3F-BnNH,),]".

16
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[Co(3F-salen)(3FBnNH,),|*

[Co(tfacen)(3FBnNH,),|*

Fig. 1. X-ray crystal structures of [Co(3F-salen)(3F-BnNH,),]", [Co(tfacen)(3F-BnNH,),]*, and
[Co(tfacen)(NH;3),]" Ellipsoids are drawn at the 50% probability level. Non-acidic hydrogen
atoms, counterions, and solvent molecules are omitted for clarity.

Table 2. Selected Interatomic Distances (A) and Angles (°) of [Co(3F-salen)(3F-BnNH,),]*,
[Co(tfacen)(3F-BnNH,),]*, and [Co(tfacen)(NH;3),]|" ¢

[Co(tfacen)(NH;),]*

Interatomic Distance [Co(3F-salen)(3F-BnNH,),]" [Co(tfacen)(3F-BnNH,),]™ [Co(tfacen)(NH;),]*
Co-0, 1.8966(9) 1.898(3) 1.9106(9)
Co-0, 1.8938(9) 1.9069(10)
Co—N, 1.8942(11) 1.902(4) 1.9044(12)
Co-N, 1.8990(11) 1.9056(11)
Co-N; 1.9762(12) 1.972(4) 1.9670(12)
Co—Ny 1.9803(12) 1.9614(12)
Angle [Co(3F-salen)(3F-BnNH,),]" [Co(tfacen)(3F-BnNH,),]* [Co(tfacen)(NH;),]*
0,-Co-0, 86.98(4) 84.17(19) 84.08(4)
0,-Co-N; 93.25(4) 178.40(15) 95.35(4)
0,-Co-N, 178.48(5) 94.74(15) 178.66(5)
0,—Co—Nj3 89.76(5) 90.47(16) 88.81(5)
0,-Co—Ny 89.68(4) 87.95(15) 88.72(5)
0,-Co-N; 179.13(5) 179.07(5)
0,—Co-N, 94.50(5) 94.61(5)
0,-Co—Nj3 90.24(5) 90.75(5)
0,—Co-Ny 88.52(5) 89.11(5)
N;—Co—N, 85.27(5) 86.3(3) 85.97(5)
N,—Co-Nj3 90.60(5) 90.88(16) 89.96(5)
N;—Co-N, 90.63(5) 90.67(16) 90.15(5)
N—Co—Nj 89.90(5) 90.94(5)
N,—Co—Ny 90.69(5) 91.54(5)
N;—Co-N, 178.67(5) 177.9(2) 177.52(5)

2 Atoms are labeled as indicated in Fig. 1. ® This molecule resides on a crystallographic 2-fold

rotation axis. Redundant distances and angles are omitted from the table.
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°Co NMR Spectroscopy

All four complexes were characterized by **Co NMR spectroscopy. The quadrupolar
°Co nucleus is characterized by a ground state nuclear spin of /= 7/2 and is 100% naturally
abundant. By virtue of its large quadrupole moment, this nucleus gives rise to broad NMR
signals with linewidths ranging from a few hundred to over 20,000 Hz.%” Both the chemical shift
and linewidth of >>Co NMR spectra convey valuable information about properties of the complex
being measured, such as ligand field splitting and reduction potential.®”-#2-87 In particular, upfield
chemical shifts arise from complexes with larger ligand field splitting, indicating that the
chemical shift is a useful parameter for quantifying the donor strength of a given set of ligands.
The signal linewidth is dictated by the quadrupolar relaxation rate of the 3°Co nucleus, which is a
function of the solution tumbling time and electric field gradient imposed by the ligand
environment.®® The 3°Co NMR chemical shifts and linewidths of all complexes are reported in
Table 3, and representative >>Co NMR spectra are shown in Fig. 2. Other spectra are deposited in

the Supporting Information (Fig. S22—-S257).

Table 3. %Co NMR Chemical Shifts and Linewidths®

Complex o (ppm) vin (Hz)
[Co(3F-salen)(NH3),]" 8340 4900
[Co(3F-salen)(3F-BnNH,),]*¢ 8600 10000
[Co(tfacen)(NH3),] ™ 8540 3800
[Co(tfacen)(3F-BnNH,),]*¢ 8740 5800

¢ Chemical shifts are referenced to K3[Co(CN)4] in D,O at 0 ppm. ?Obtained in D,O. “Obtained
in MeOD-d}.

In comparison to complexes bearing axial 3F-BnNHj, ligands, those with axial NH;
ligands give rise to signals that have narrower linewidths and are shifted approximately 200 ppm
upfield. This upfield shift reflects the greater ligand donor strength of NH3; compared to 3F-

BnNH,. The equatorial ligands have an equally important effect upon the chemical shift. The
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>°Co resonance of complexes containing the 3F-salen equatorial ligand are shifted approximately

200 ppm upfield and have broader linewidths compared with their tfacen counterparts.

[Co(tfacen)(3F-BnNH,),]* H [Co(tfacen)(NH;),]|"
o = 8740 ppm 0 = 8540 ppm
Vi = 5800 Hz Vip= 3800 Hz

9200 9000 8800 8600 8400 8200
Fig. 2. 3°Co (120 MHz) NMR of spectra of [Co(tfacen)(NH3),]* (red) and [Co(tfacen)(3F-

BnNH,),]" (blue), obtained in D0 and MeOD-d,, respectively at 295 K. Chemical shifts are
reported relative to K3[Co(CN)s] in D,O at 0 ppm.

Cyclic Voltammetry

Because of the potential importance of redox activation for this class of compounds, the
electrochemical properties of the complexes were analyzed by cyclic voltammetry. The cyclic
voltammograms of all complexes were obtained in DMF solution containing 0.1 M TBAP as the
supporting electrolyte. A representative voltammogram of the complex [Co(tfacen)(3F-
BnNH,),]" with redox features labeled is shown in Fig. 3, and relevant reduction potentials for
the complexes are reported in Table 4. Cyclic voltammograms of all complexes are shown in
Fig. S26-S29+.
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Table 4. Electrochemical Parameters of [Co(Schiff base)(L),]" Complexes®

Complex E,. Co(II1)/Co(II) E 1, Co(II)/Co(I)
[Co(3F-salen)(NH;3),]* —0.73 -1.07
[Co(3F-salen)(3F-BnNH,),]* —0.58 -1.10
[Co(tfacen)(NH3),]* —0.81 -1.31
[Co(tfacen)(3F-BnNH,),]* —0.67 —1.31

“Potentials are referenced to the SCE. Data were obtained in anhydrous DMF with 0.1 M TBAP

using a glassy carbon working electrode. The scan rate was 0.1 V/s, and all data were obtained at
25 °C.

Current (pLA)

-2 -15 -1 -05 0 0.5 | 1.5
Potential (V vs SCE)

Fig. 3. Cyclic voltammogram of [Co(tfacen)(3F-BnNH,),]* in DMF with 0.1 M TBAP
supporting electrolyte. Potential is referenced to the SCE based on ferrocene (E;, 0.45 V vs
SCE) as internal standard. The first scan is shown as a solid blue line, while the second scan is
shown as a dashed, red line.

The electrochemical properties of these complexes are comparable to previously studied
Co(III) Schiff base complexes.!623 Upon scanning cathodically, an initial, irreversible reduction
(A) is observed. The irreversibility of this feature, which corresponds to the Co(III)/Co(II)
couple, arises from the concomitant loss of axial ligands upon the reduction of Co(III). At more

negative potentials, a quasi-reversible redox event, corresponding to the Co(II)/Co(I) couple
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(B/C) is detected. Because at this point the Co(II) complex has lost its axial ligands, the potential
of couple B/C is only dependent on the equatorial Schiff base ligand. Scanning anodically,
oxidation back to Co(III) (D) results in the formation of a new species, presumed to be the
solvent adduct [Co(Schiff base)(DMF),]*. Subsequent reduction of this solvent-bound species on
following scans gives rise to a new reduction event (E), which occurs at a more positive potential

compared to the intact complex.

The peak potential of the Co(III)/Co(II) couple is approximately 100 mV more negative
for the tfacen complexes compared to those with the 3F-salen ligand. The axial ligands play a
more pronounced role in modifying this couple; NH; complexes are 150 mV more negative than
the corresponding 3F-BnNH, complexes. As mentioned above, the Co(I1)/Co(I) (B/C) feature is
independent of the axial ligands. This couple is approximately 200 mV more negative for the

tfacen complexes than the 3F-salen complexes.

Stability and Ligand Exchange

To assess the kinetic lability of the complexes, they were challenged with 25 equiv of
Melm, a model for a protein histidine side chain, and the ensuing axial ligand substitution
reactions were monitored by '°’F NMR spectroscopy and RP-HPLC. Under these conditions, all
of the complexes exhibit the same general behavior, undergoing two sequential stepwise axial
ligand substitution reactions with Melm (Fig. 4). These reactions are conveniently monitored by
19F NMR spectroscopy, capitalizing on the sensitivity of the '°F resonance of the equatorial
Schiff base ligand with respect to the nature of the axial ligands. In monitoring the '°F NMR
spectrum over time, an initial new species, the monosubstituted complex, is detected, followed
by the much slower formation of the disubstituted product. Representative plots of the

concentration of all species over time are shown the ESI (Fig. S30-S337). To confirm that the
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final products of these reactions were the disubstituted Melm complexes [Co(3F-

Page 22 of 44

salen)(Melm),]CI and [Co(tfacen)(Melm),]Cl, we synthesized them independently and verified

that their NMR spectroscopic signatures match those observed in our kinetics experiments (Fig.

S34 and S357). Complexes bearing axial 3F-BnNH,; ligands, which contain fluorine, could also

be monitored by the shift in the 'F NMR signal of the 3F-BnNH,. The rate of formation of the

19F resonance of free 3F-BnNH, is consistent with the rate of decay of the corresponding

resonance for the equatorial ligand of the starting complex. HPLC chromatograms of these

reactions at different time points reveal the presence of three species, which are assigned to

starting material, monosubstituted complex, and disubstituted complex. The relative peak

integrations determined by NMR spectroscopy and HPLC are consistent, indicating that both

methods are viable for determining the reaction rates.

F
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Fig. 4. Panel I: Proposed ligand exchange pathway of [Co(Schiff base)(L),]" complexes by
Melm. Panel II: '°F NMR spectra of [Co(3F-salen)( 3F-BnNH,),]|" over time. Chemical shifts are
referenced to 0.5 mM NaTFA internal standard at —75.51 ppm.

Changing the concentration of Melm while maintaining pseudo first-order conditions

does not affect the rate of the reaction, indicating that the rate law for this reaction is zero-order

with respect to this incoming ligand. For example, incubating with 200 equiv of Melm rather

than 25 equiv yields essentially the same rate constant (Fig. S367). The observed pseudo first-
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order rate constants for the decay of the starting material are within an order of magnitude of
those reported for Co(III) pentammine halide complexes.?” The independence of the reaction rate
on the concentration of Melm is consistent with a dissociative ligand substitution pathway, a
mechanism that has been observed for related [Co(acacen)(L),]* complexes.>?23 Co(III)
ammine complexes are also known to undergo ligand substitution via the conjugate-base
mechanism, which requires deprotonation of an ammine ligand to labilize the trans leaving
group.’® For this mechanism, the reaction rate is accelerated at higher pH values. When the
substitution reaction was carried out at pH 8.3 instead of pH 7.4, no increase in the reaction rate
was observed, indicating that the conjugate-base mechanism is not operative within this pH

range (Fig. S377).

Table 5. Axial Ligand Substitution Rate Constants of [Co(Schiff base)(L),]" Complexes at 37 °C
and Activation Parameters Determined by Eyring Analysis

Complex ky < 107 (s™) ky x 107 k; AH? k; AS*(J-mol™! k> AH% k> AS* (J-mol™!
(37 °C) )37 (kJ/mol)y K1) (kJ/mol)® K-1))a
OC)
[Co(3F-salen)(NH,),]" 645+06 33502 1153+18  27.6+09 130.1£2.9 69.9+23
[Co(3F-salen)(3F-BnNH,),]* 734 =40 164+9  1157+3.7  502+2.4 1193+ 1.8 493+1.8
[Co(tfacen)(NHs),]* 39.6+02 79807 115.6+07  24.0+02 137.4+3.4 78.942.9
[Co(tfacen)(3F-BnNH,),]* 172+ 1.0 225+0.7 115.0=+3.0 358+1.3 129.4+ 4.6 66.0+3.7

2Values obtained from Eyring-style plots of reaction rate constant versus temperature. The reported errors are the
standard errors based on the least square regression analysis of the data.

The rate constants of these ligand substitution processes were determined by plotting the
relative 'F NMR or HPLC peak areas of the starting complex and products versus time and
fitting this data to a series of first-order integrated rate laws for a sequential A = B = C reaction
pathway. (Equation 1, Fig. S30-S337).7>76 The resulting pseudo first-order rate constants are
given in Table 5, and representative data demonstrating the concentrations of all species over
time are shown in Fig. 5. The rate constant for the second ligand substitution step was

determined by fitting the concentration vs time data for the monosubstituted complex, [Co(Schiff
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base)(L)(Melm)]*, to Equation 2. After solving for the rate constants k; and 4, using Equations 1
and 2, Equation 3 was used to calculate the predicted product concentration over time. The
comparison between the product concentration calculated using Equation 3 and the actual
product concentration was used to verify the validity of the calculated rate constants, as shown in

Fig. 5. In these equations, A, B, and C refer to the species shown in Fig. 4.

Equation 1:
|A] = [A]oexp(—k1t)

Equation 2:

[Aok4

[B] = [B]o exp(—kyt) + Uy — k)

{exp(—Fyt) — exp(—kzt)}

Equation 3:

[C] = [Clo + [Blo{1 — exp(—kt)}+ [A]p (1 » kq exp(—kyt) — kzexp(—klt))

ko — Iy
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Fig. 5. Representative concentration vs time data for the axial ligand substitution of [Co(3F-
salen)(3F-BnNH,),]* with Melm at 37 °C. Concentrations of species (A) (solid blue line, circular
marker), (B) (broad dashed orange line, diamond marker), and (C) (short dashed green line,
square marker) were fit to equations 1, 2, and 3, respectively. Here, (A), (B), and (C) refer to
ligand substitution reactants and products shown in Fig. 4.

The resulting rate constants are strongly dependent on both the axial and equatorial
ligands. The complexes with 3F-salen equatorial ligands undergo substitution reactions faster
than the analogous tfacen complexes. Likewise, complexes with axial 3F-BnNH, ligands are
more labile than the analogous complexes with NHj3 axial ligands. The relative inertness of the
NHj; complexes is in contrast to similar acacen complexes,>? which were found to undergo fairly
rapid substitution. Related bis(thiosemicarbazone) Co(III) complexes, however, are similar to the
Schiff base complexes in this study because they are also more stable with axial NH; ligands

compared to benzylamine ligands.!¢ The axial ligands have a more pronounced effect on the

substitution rate constants compared to the equatorial ligands. This result is expected for the
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proposed dissociative mechanism because the rate of substitution for this mechanistic pathway
primarily depends on the strength of the M—L bond of the dissociating ligand. For all complexes,
the substitution of the second axial ligand with Melm is substantially slower than that of the first

axial ligand.

The activation parameters for these reactions were determined via Eyring analysis. These
values are given in Table 5, and plots of In(4/T) vs 1/T are shown in Fig. S38 and S397. The
magnitudes of the enthalpies of activation and the positive values of the entropies of activation
observed for all compounds are consistent with a dissociative ligand exchange mechanism.® In
comparing the complexes, the enthalpies of activation for the first step (k) are all similar, sitting
near a value of 115 kJ/mol. The entropies of activation vary more widely in a manner that is
dependent on both the equatorial and axial ligands. Complexes with 3F-BnNH, axial ligand
exhibit higher entropies of activation than the analogous NH; complexes. Likewise complexes
with equatorial 3F-salen ligands have a larger entropy of activation than tfacen complexes. In all

cases, the enthalpy of activation for the second step (k) is greater than that for the first step.

The ligand exchange reactions were also evaluated in the presence of ascorbate to
determine the effects of a reducing environment on the ligand exchange pathway. A comparison
of the ligand exchange reaction of [Co(3F-salen)(3F-BnNH,),]* in both the presence and absence
of ascorbate is shown in Fig. 6. The reactions of other complexes under these reducing
conditions are shown in Figs. S40-S437, and the relative rates of starting material and product
formation are shown in Table 6. Because of the increased complexity of this process in the
presence of ascorbate, the data in Table 6 as the t;, of the starting material and the amount of
species C present when t = t;,. These qualitative values provide a concise way to compare

relative rates of these reactions without assuming a specific kinetics model.
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Fig. 6. Representative concentration vs time data for the axial ligand substitution of
[Co(3F-salen)(3F-BnNH;),]" with Melm at 37 °C in the absence (left) and presence (right) of
ascorbate. Concentrations of species (A) (circular markers), (B) (diamond markers), and (C)
(square markers) refer to ligand substitution reactants and products shown in Fig. 4.

Table 6. Comparison of Ligand Exchange Reactions in the Presence and Absence of Ascorbate

COHlpOUIld tin (h) tin (h) % C at tin % C at tip
No With No Ascorbate With Ascorbate
Ascorbate Ascorbate
[Co(3F-salen)(NH3),]* 29.8+0.3 16.8 £0.1 4 30
[Co(3F-salen)(3F-BnNH,),]" 2.62+0.14 26=+0.1 9 28
[Co(tfacen)(NHj3),]* 48.6 £0.2 358+£2.6 4 34
[Co(tfacen)(3F-BnNH,),]* 11.2+0.1 11.7+£0.6 2 26

In all cases, the addition of ascorbate to the reaction mixture only marginally accelerated
the initial decay of the starting material (species A). However, ascorbate had a much more
pronounced effect on the rate of formation of the final product (species C). Species C, the
disubstituted product, accumulates rapidly, and the buildup of species B, the monosubstituted
intermediate, is greatly diminished. Thus, ascorbate dramatically increase the rate of formation
of C from B, but has little effect on the decay of A. The similar rate of decay of A suggests that

the complex reduction is gated by the loss of one axial ligand. Whereas the reactions of [Co(3F-
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salen)(3F-BnNH,),]*, [Co(tfacen)(3F-BnNH,),]*, and [Co(tfacen)(NHj3),]" yielded the same
products as the thermal reactions, the ligand exchange of [Co(3F-salen)(NHj3),]" in the presence

of ascorbate also resulted in the formation of several side products in smaller amounts.

Cytotoxicity

The cytotoxicity of all complexes and the free ligands were evaluated in A549 lung
cancer cells using the MTT assay. The 50% growth inhibitory concentration (ICsg) values for all
complexes, free ligands, and relevant control compounds are listed in Table 7. Representative
dose-response curves for [Co(3F-salen)(3F-BnNH,),]* and [Co(3F-salen)(NH3),]" are shown in
Fig. 7. Additional dose-response curves are deposited in the Supporting Information (Fig. S44—

S47%).

100

Cell Viability (%)

1 o1l 1 Ll r ol 1] 1
0.1 1 10 100 1000

Compound Concentration (LM)

Fig. 7. Cell viability in the presence of varying concentrations of [Co(3F-salen)(3F-BnNH,),]*
(solid red line, square marker) and [Co(3F-salen)(NHj3),]* (dashed blue line, circular marker) as
measured by the MTT assay.

The complexes [Co(3F-salen)(NH;3),|" and [Co(tfacen)(NHjs),]* are effectively inactive

against this cancer cell line. In contrast, complexes bearing axial 3F-BnNH, ligands [Co(3F-
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salen)(3F-BnNH;),]" and [Co(tfacen)(3F-BnNH,),]" exhibit moderate activity, as characterized
by ICsg values of 50 and 60 puM, respectively. This result indicates that the axial ligand plays the
major role in determining the activities of this class of complexes, implicating ligand exchange
mechanisms as an important component to their activities. The tfacen ligand is non-toxic, and
3F-salen is substantially less potent than the complex [Co(3F-salen)(3F-BnNH,),]", indicating

that the toxic effects are not arising from dissociation of the equatorial ligands.

Table 7. Cytotoxicity and Cellular Uptake of [Co(Schiff base)(L),]"” Complexes in A549 Lung
Cancer Cells

Compound ICs0 (uM)  Cobalt/Protein (pg/ng) HPLC Retention Factor?
[Co(3F-salen)(NH;),]* >500 43.0+ 8.4 0.21
[Co(3F-salen)(3F-BnNH,),]* 50+ 16 175+ 19 2.95
[Co(tfacen)(NHj3),]* >500 26.7+2.2 0.27
[Co(tfacen)(3F-BnNH,),]* 60+ 17 697 + 13 13.8
Co(NO;)? >500 37+£2 NA
Tfacen >200 NA NA
3F-salen 97+9.2 NA NA
cisplatin® 5.5+£3.2 NA NA

“Reported in reference 16. » Retention Factor = (t, — to)/to, where t, is the retention time of the
complex and t; is the column dead time.

Cobalt Uptake

To evaluate the relationship between complex structure and cellular uptake, the cobalt
uptake of all complexes by A549 cells was measured. Cells were treated with 100 uM cobalt
complexes for 24 h, and the uptake was quantified by the ratio of cobalt to protein in the cell
samples (pg/ng), which were determined by GFAAS and the Bicinchonic Acid Assay,
respectively. Cobalt uptake for Co(NOs),, measured previously in our lab, was used as a control
to probe the effects of supporting ligands.!® Results of the uptake experiments are shown in
Table 7. In general, complexes with the axial ligand 3F-BnNH, are taken up by cells much more
effectively than those with axial NH; ligands. However, no clear dependence on the equatorial

ligands is evidenced. For example, [Co(3F-salen)(NHj3),]" is taken up more effectively than
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[Co(tfacen)(NHj3),]", but [Co(3F-salen)(3F-BnNH,),]" is taken up less effectively than
[Co(tfacen)(3F-BnNH,),]". For related [Co(bis(thiosemicarbazone))(L),]" complexes a similar
marked dependence on the axial ligand on cell uptake was noted.!¢ The uptake of all complexes
except [Co(tfacen)(NH;),]" was greater than that of free Co?*, administered in the form of
Co(NO3),, which enters cells through both ion transporters and by transferrin-mediated
pathways.?%! To determine whether cobalt uptake correlated with the lipophilicity or
cytotoxicity of the complexes, the HPLC retention factors of all complexes were measured using
an isocratic mobile phase. Large retention factors correlate with high lipophilicity. The retention
factors of all complexes are reported in Table 7. In general, the 3F-salen complexes have lower
retention factors than the tfacen complexes, and NH; complexes have much lower retention
factors than the analogous 3F-BnNH, compounds. The complex [Co(tfacen)(3F-BnNH,),]* has a
much higher retention factor than all other compounds, which may explain its much greater cell

uptake.
Discussion

Co(III) Schiff base complexes have been employed for a wide range of biological
applications, utilizing their enzyme inhibitory,>*?74° antiviral,3*-3¢ and anticancer!?!3,16.92-94
properties. These complexes have also been studied as reduction-activated prodrugs.?!-*> Despite
these previous investigations, few studies have systematically evaluated the general activity of
the [Co(Schiff base)(L),]" scaffold. In this study, a small set of [Co(Schiff base)(L),]* complexes
was prepared and thoroughly investigated.. Two families of Co(IIl) Schiff base complexes,
bearing either ammonia (NHj3) or 3-fluorobenzylamine (3F-BnNH,) axial ligands, were studied.
These efforts are specifically focused on how ligand substitution and reduction pathways are

affected by both the equatorial and axial ligands, and how these properties manifest in biological
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activity. The data obtained in this study provides useful insight on the mechanisms of activation

of Co(III) drug candidates.

The syntheses of the four complexes followed a method that was previously reported.?
This procedure calls for the reaction of the Schiff base ligand and Co(NO3),, followed by the
addition of an excess of axial ligand. Atmospheric oxygen is presumed to be the oxidant for this
reaction, affording the diamagnetic Co(III) complexes. Although [Co(3F-salen)(3F-BnNH,),]Cl
precipitated from the reaction mixture as the analytically pure product, the other three complexes
required additional purification via precipitation from solution with NaPF¢. The PF¢~ counterion
was then replaced with CI~ using anion exchange resin. The identity and purity of the complexes
were verified by 'H, '°F, and 3C{'H} NMR spectroscopy, HPLC, elemental analysis, and X-ray
crystallography. The X-ray crystal structures of [Co(3F-salen)(3F-BnNH,),]", [Co(tfacen)(3F-
BnNH,),]", and [Co(tfacen)(NH;),]" (Fig. 1) reveal the expected octahedral coordination
geometries. A notable feature of these structures was the shorter Co—N,;,; distances of
[Co(tfacen)(NH;3),]" compared to those for [Co(3F-salen)(3F-BnNH,),]" and [Co(tfacen)(3F-
BnNH,),]". All complexes are mono-cationic, water soluble at millimolar concentrations, and

stable with respect to ambient air and light for at least several months.

The complexes were further characterized by cyclic voltammetry and **Co NMR
spectroscopy. Cyclic voltammetry is a useful method that has been employed to investigate the
reduction of biologically active Co(III) complexes. Both the relative potential and reversibility of
redox processes in Co(I1I) complexes are key parameters that dictate the suitability of a
compound for hypoxia-targeting.'%!! These properties are also important for Co(III) complexes
that are intended for activation by ligand substitution; if the redox potential is too positive,

undesired reduction to Co(Il) may occur, drastically reducing the stability of the complex and
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possibly generating reactive oxygen species via redox cycling.”®°7 The cyclic voltammograms of
the four complexes all reveal an initial irreversible reduction from Co(III) to Co(II). The
irreversible nature of this redox process is a consequence of dissociation of the axial ligands,
which occurs upon population of the 6* d,, orbital upon reduction. This electrochemical process
has been observed for related Co(III) complexes.!623-95 Consistent with the d,, LUMO, the
potential of the Co(III)/Co(II) couple is most strongly dependent on the nature of the axial
ligand, a phenomenon that has been documented for similar complexes.”®% As expected, the
more electron-donating NHj; ligands give rise to more negative reduction potentials compared to

the analogous 3F-BnNH, complexes.!%

NMR spectroscopy of NMR-active transition metal nuclei relays important information
on the chemical environment of the metal center. Under some circumstances, chemical shifts can
be correlated to ligand field splitting,33-86:101 thermodynamic stability,'%> and ligand exchange
rates.67:84103-105 For 39Co, a 100% naturally abundant nucleus with 7= 7/2, the chemical shift of
the 3°Co NMR signal is related to the energy of the lowest excited state, which is a major
contributor to the paramagnetic shielding term. The linewidth of 3°Co NMR signals is a
consequence of quadrupolar relaxation and is therefore a function of the electric field gradient at
the nucleus and the rotational correlation time of the complex.3%1% For tetragonal complexes, the
°Co chemical shift exhibits an inverse, linear correlation with the ligand field splitting of the
complex after adjusting for the nephelauxetic effect of the ligands.?>33.85.86 Thus, **Co NMR
spectroscopy provides a method to probe both the electron donating capacity and the
nephelauxetic properties of the ligand scaffolds. Furthermore, these properties that dictate the
3%Co NMR chemical shift may also relate to chemical reactivity patterns, enabling correlations

between this chemical shift and catalytic activity, for example.!?”-1% The four complexes studied
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in this work give rise to clean *>Co NMR spectra. The chemical shifts of these complexes range
from 8340 to 8740 ppm, a relatively narrow span considering that a 16,000 ppm window exists
for octahedral Co(III) complexes.?* Complexes with axial 3F-BnNH; ligands resonate
approximately 200 ppm downfield from their NH;3 counterparts. Per correlations found in the
literature,® this downfield shift reflects weaker ligand field strength of the 3F-BnNH, complexes
compared to the NH; complexes,!9%110 a feature that is most likely a consequence of the greater
steric hindrance of the larger 3F-BnNH, ligand. Because the axial ligands are exclusively sigma-
donors, this shift also indicates that the metal-ligand bond is stronger in the NH3 complexes than
in the 3F-BnNH, complexes. The equatorial Schiff base ligands also contribute to the observed
chemical shifts. The tfacen complexes resonate approximately 200 ppm downfield from the 3F-
salen complexes. The upfield shift of the 3F-salen complexes relative to the tfacen complexes
may be due to increased delocalization of the HOMO on the aromatic rings of the 3F-salen
ligand. The delocalization reflects the larger nephelauxetic effect of the m-aromatic 3F-salen
ligands compared to tfacen, which expands the apparent valence d-electron radius. This property

gives rise to greater shielding of the °Co nucleus 8284101

Many bioactive Co(III) Schiff base complexes are proposed to be activated by ligand
exchange rather than reduction.?>%32 To assess the role of ligand substitution in the activation of
the four Schiff base complexes in this study, the relative rates of this process and activation
parameters were determined. The complexes were challenged with an excess of Melm to drive
formation of [Co(Schiff Base)(Melm),], and this process was followed by '°F NMR
spectroscopy or HPLC. Varying the concentration of Melm had no effect on the rate of the
reaction. The zero-order dependence of this incoming ligand is consistent with a dissociative

mechanism.!'! A conjugate base mechanism, whereby the acidic NH protons of the axial NH; or
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3F-BnNHj, ligand are first deprotonated, was ruled out by virtue of the fact that there was no
acceleration of the reaction rate at a higher pH.3® As expected for a dissociative mechanism, the
rate of ligand substitution is highly dependent on the departing axial ligand.>” The more strongly
donating NH; complexes exhibit much slower exchange rates than the 3F-BnNH, complexes.
These results may also be due to steric effects, as dissociation of the bulkier 3F-BnNH, ligands
will be more favorable.!!? Although the effect of the equatorial Schiff base is less pronounced,
the 3F-salen complexes were consistently more reactive than their tfacen counterparts. In all
cases, the rate constant for the first exchange step (k;) was at least three times greater than that
for the second (k;). This behavior has been observed previously for the acacen family of
complexes, and it may indicate greater stabilization of the monosubstituted intermediate relative

to the starting complex.3>33

Eyring analysis of the ligand exchange reactions was performed by measuring the rate
constants for each reaction at different temperatures. In all cases, the entropies of activation are
positive, a feature that is consistent with a dissociative ligand substitution mechanism #-113.114
The magnitude of the enthalpies of activation are also consistent with a dissociative mechanism,
where the Co—N bond is weakened in the transition state.!!> These values for AH* and AS*are
similar to those reported for structurally related Co(III) haloammine complexes and Co(Ill)-trans

dioximes,!'¢118 which are known to undergo dissociative ligand substitution.

Trends are apparent in comparing the relative enthalpies and entropies of activation of the
complexes. Complexes bearing the bulkier 3F-BnNH, axial ligands have higher AS* values than
those with NHj axial ligands. The larger entropy of activation of the 3F-BnNH, complexes may
be a consequence of conformational restriction of these large ligands when bound to the

complexes that is relieved as they dissociate from the inner coordination sphere. Likewise, the
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3F-salen complexes have higher AS* values than the corresponding tfacen complexes. As
observed in the crystal structures, the 3F-salen ligands can deviate significantly from planarity
when bound to Co(III), whereas the tfacen ligand remain strictly planar. As such, we hypothesize
that the larger AS* of these complexes compared to tfacen complexes arises from the ability of
these ligands to access more conformations, manifested as deviations from planarity, as the axial
ligand departs. The enthalpies of activation for the first ligand substitution step are very similar
for all four complexes. In considering the similar pK, values of fluorobenzylammonium and
ammonium (9.1 and 9.3, respectively)'!-120_ their donor strengths as ligands are most likely
comparable. Hence the enthalpies of activation, which are expected to be related to the donor
strengths of the departing ligand, are also quite similar, and the relative reaction rates are
predominantly dictated by the entropy of activation of ligand dissociation. For the substitution of
the second axial ligand with Melm, there is more variation in the AH* values. In this second step,
3F-BnNH, complexes exhibit lower AH* values than the corresponding NH; complexes, and 3F-
salen complexes exhibit lower AH* values than their tfacen analogues. In all cases, the AH*
values for k, are greater than those for &y, suggesting that the slower rates for the second ligand
substitution step arise from enthalpic, rather than entropic, effects. The larger AH* values for the
monosubstituted complex may arise from the weaker trans-effect induced by Melm compared to

the NH; and 3F-BnNH, ligands.

Due to their tendency to undergo irreversible reduction to Co(II), many Co(III)
complexes are believed to be activated by reductive mechanism in biological systems. Because
the Co-Schiff base complexes studied in this work have moderately high reduction potentials, we
considered that reduction might also be a potential mechanism of activation for these complexes.

In order to probe the effects of a reducing environment on the ligand exchange kinetics, we
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performed the ligand exchange assays in the presence of an excess of ascorbate, a mild,
biologically relevant reductant. The addition of ascorbate to the reaction mixture had little effect
on the rate of decay of the starting material, but it led to much more rapid formation of the final,
disubstituted product. We take these data to indicate that reduction by ascorbate is cannot occur
until an axial ligand dissociates. This hypothesis is supported by the more positive reduction
potential of the mono-aquo complex that results from loss of one axial ligand. The replacement
of the axial N-donor ligand by the more poorly donating aquo-ligand decreases the electron
density at the Co(III) center, increasing the reduction potential and facilitating the electron
transfer reaction with ascorbate. The reduced Co(II) complex is much more labile than its Co(III)
counterpart, and may rapidly react with Melm to form [Co(Schiff base)(Melm),], which may
then be oxidized by oxygen in solution to yield the final product, [Co(Schiff base)(Melm),]*". A
similar mechanism for accelerated ligand exchange after reduction was proposed for an

analogous Co(III)-Shiff base enzyme inhibitor.3?

The structural, electrochemical, and kinetic data described above reveal useful
correlations between these properties. The Co—N,y;, distances measured in the crystal structures
scale directly with the axial ligand exchange rates. These long Co—N,,;, distances, in turn, may
be related to weaker coordinative bonds. Because the rate-determining step of dissociative ligand
substitution is cleavage of the M—L bond, the rates of these reactions will be related to the M—L
coordinative bond energy. Another correlation between the Co(II1)/Co(II) reduction potential and
the ligand substitution rate is observed. Complexes with more negative reduction potentials
undergo slower ligand exchange rates compared to complexes with more positive reduction
potentials. Although correlations have been reported between reduction potential and electron

transfer rate for Co(III) complexes,’® no related examples correlating ligand substitution kinetics
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and reduction potentials have been reported. Although the origins of this correlation warrant
further investigation, it may arise as a consequence of the similarity between the transition state
of dissociative ligand substitution pathway and the one-electron reduced compound. Both of
these species should attain geometries with substantially elongated axial ligand bond distances.
Although interesting, this correlation needs to be explored further in related Co(III) complexes to
assess its generality. An implication of this correlation is that easily reduced Co(IIl) complexes
are also more labile. Hence, efforts to tune the complexes for activation by reduction versus

ligand exchange may be complicated by this interdependence on one another.

The role of the physical properties of these four Schiff base complexes on their biological
activities was investigated. The in vitro anticancer activity of these complexes in A549 lung
cancer cells was evaluated, revealing a disparate range of ICs, values from 50 uM to higher than
500 uM. The NH; complexes are all inactive, whereas the 3F-BnNH, complexes are moderately
toxic. With respect to cellular uptake, the complexes bearing NHj ligands were taken up by cells
to a much smaller extent than the 3F-BnNH,. Presumably, this lower cell uptake is a
consequence of the lower lipophilicity of the NH; ligand compared to 3F-BnNH,, which is
consistent with the lower HPLC retention factors of the NH; complexes. The lower toxicity of
the NH; complexes, therefore, may be a factor of both diminished cell uptake and slower ligand
exchange kinetics. The increased toxicity of the 3F-BnNH, complexes may be due to
intracellular reduction; related Co(II) salen complexes oxidatively cleave DNA in vitro.!?! The
overall cytotoxicity of these four complexes is moderate, and it should be emphasized that the
3F-BnNH, complexes are more active than related Co Schiff base complexes!'?? and unmodified

Co(II) salen complexes, which are inactive.?

Conclusion
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Four [Co(Schiff base)(L),]" complexes were synthesized and characterized. The
complexes undergo ligand exchange in aqueous solution by a dissociative mechanism. Eyring
analysis indicates that the relative reaction rates are primarily dictated by differences in the
entropy of activation for the complexes. The rate of ligand exchange correlates with the
Co(IIT)/Co(II) reduction potential of the complexes. The ligand exchange reaction mechanism is
altered in the presence of ascorbate, leading to more rapid formation of the final disubstituted
product. The anticancer activity of the complexes depends heavily on the axial ligand, with the
more labile, easily reduced 3F-BnNH; complexes showing over an order of magnitude higher

activity than the inert NH3 complexes.
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