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The synthesis of 1,2-C¢H,(NHCOCMe,NHCO),-3,3'-(2,2"-bpy) (3), a TAML (tetraamido macrocy-
clic /igand) incorporating the peripheral 2,2'-bipyridine unit, is described. Its geometry after optimi-
zation by density functional theory (DFT) indicated a rather unfavorable conformation of four N-H
amide units for forming macrocyclic transition metal complexes. This explains why the iron(III)
derivative of 3 could not be obtained even after deprotonation of the N-H bonds by n-BuLi. Never-
theless, the macrocyclic complex of Co™ was synthesized in moderate yield, characterized, and
explored by DFT. Our data suggest a strongly distorted square-planar geometry of the macrocyclic
complex between Co™" and 3. The dihedral angle between the pyridine rings equals 80° ruling out
the possibility of metal chelation by the bipyridine unit.

Keywords: Macrocyclic complex; TAML; DFT calculations; Cobalt complex

1. Introduction

The chemistry of metal complexes of TAMLs (tetraamido macrocyclic /igands) is a rapidly
developing area of modern applied and academic research [1-5]. Attention to these
compounds and particularly to the iron derivatives is inspired by their exceptional reactivity
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in peroxidase-like oxidations by hydrogen peroxide, together with their prominent opera-
tional stability and resistance to self-destruction during the catalysis [6, 7]. In particular,
iron TAMLs catalyze the oxidative bleaching of various dyes, destruction of polychlori-
nated phenols and nitroaromatics, purification of drinking water by, inter alia, efficient
decontamination of drugs, and endocrine disruptors. The catalysts convert different mole-
cules into small non-toxic fragments, which is their greatest advantage. Deep fragmentation
was shown for polychlorophenols, the fenitrothion pesticide, Orange II, and pinacyanol
chloride dyes [3—5]. Fields of application are truly vast and this inspires research to synthe-
size TAMLs with new structural elements [8—10] for solving specific academic and techno-
logical goals.

Using immobilized TAML catalysts on solid supports is an attractive technological appli-
cation. However, unlike cobalt(Il) porphyrin or phthalocyanine macrocycles, which have
extensively been studied by Costamagna and co-workers and were shown to be easily
attachable to electrode surfaces [11-13], studies on the immobilization of TAML derivatives
are limited [14, 15]. There are numerous routines for the preparation of heterogeneous cata-
lysts, including coordinative immobilization [16]. To achieve this, TAMLs should contain
peripheral coordinative centers (sites). Additional advantage of this approach is that it
allows coordination of other metal units to the peripheral sites and by such to tune elec-
tronic and steric features of the catalysts. The first step in this direction was made in the late
1990s when the “head” aryl group of the prototype TAML 1 was replaced by the pyridine
functionality (figure 1) [17]. TAML 2 is potentially a peripheral bidentate ligand due to the
pyridine nitrogen and the adjacent amide oxygen. Needless to say the oxygen is a poor
donor center and therefore alternative options for introducing stronger donor centers should
be explored. For this reason, it was decided to design TAML containing a peripheral 2,2'-
bipyridine unit such as 3 which could be advantageous when compared to 2.

In this work, a complexation between cobalt(Ill) and ligand 3 was investigated. “Triva-
lent Co is one of the most thoroughly investigated ions in transition metal chemistry ...
Six-coordinate octahedral geometry is particularly dominant in this oxidation state ...
Despite a century of exploration cobalt(IlI) chemistry continues to reward and surprise the
investigator.” These words have opened the chapter “Cobalt” by Bernhardt and Lawrence
in Volume 6 of Comprehensive Coordination Chemistry II [18]. Square-planar configura-
tions of Co™ are significantly less common than octahedral [18] and therefore the synthesis
of 4 is a valid contribution to this field. Square-planar 14-electron Co™ complexes are elec-
tron deficient species. Their axial sites are opened for various molecules and therefore the
complexes are involved in different catalytic processes such as asymmetric epoxidations by
iodosylbenzene [19] and air [20] or hydrogenation of alkenes [21]. They are viewed as
mimics of the metal core of the cobalt containing nitrile hydratase enzymes [22-25]. In fact,

0

Figure 1.  Structure of previously prepared TAMLs and of new ligand 3.
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nitrile hydratase from Pseudonocardia thermophila JCM 3095 contains Co'" stabilized by

two amide nitrogens [26]. Moreover, Co™ complex of 1 was recently shown to catalyze
cycloaddition of CO, to epoxides [27]. Therefore in this contribution we describe the
synthesis of TAML 3, its complexation with cobalt(Ill), characterization of the products
formed, and investigation of the new molecules by density functional theory (DFT)
methods.

2. Experimental

2.1. Materials and methods

The 'H (300.53 MHz) and "*C{'H} (75.56 MHz) NMR spectra were recorded on a JEOL
GX300 spectrometer in DMSO-dg or CD30D. Chemical shifts (6) and coupling constants
(J) are expressed in ppm and Hz, respectively. Two-dimensional shift-correlated experi-
ments (COSY, HETCOR) were used to unambiguously assign the chemical shifts. Elemen-
tal analyses were carried out in an Elementar Vario Micro Cube. EPR measurements were
made with a Jeol JES-TE300 spectrometer. IR spectra were recorded on a Bruker-Alpha
ATR apparatus. UV—vis spectra in methanol were obtained using a Shimadzu 2700 spectro-
photometer. Electrospray ionization mass spectra (ESI-MS) were obtained using a Bruker
Esquire spectrometer. Electrochemical measurements were performed on a PC-interfaced
potentiostat—galvanostat AUTOLAB PGSTAT 12.

All chemicals were purchased from Sigma—Aldrich and used without purification. All
preparative procedures were carried out under dry nitrogen or argon using standard Schlenk
techniques. The solvents were distilled from appropriate drying agents under nitrogen.
2-Methyl-2-phthalimidopropanoyl chloride A [28], N,N'-(1,2-phenylene)bis(2-(1,3-dioxoiso-
indolin-2-yl)-2-methylpropanamide B [29], N,N'-(1,2-phenylene)bis(-amino-2-methylpro-
panamide) C [29], and 3,3'-dicarboxybipyridine acid [30, 31] were prepared as previously
described. The [Co(CH3CN)g](BF4), precursor was synthesized according to the literature
procedure [32].

2.2. Synthesis of [2,2'-Bipyridine]-3,3"-dicarbonyl dichloride hydrochloride (D)

A solution of 1.0 g (4.1 mM) of 3,3'-dicarboxybipyridine acid in 4 mL of thionyl chloride
was stirred under argon at room temperature for 12 h. Thionyl chloride was removed under
reduced pressure and 5 mL of diethyl ether was added to the flask. The precipitate was fil-
tered off and washed three times with diethyl ether to eliminate residues of SOCl,. The
white solid was dried under vacuum. Yield: 94% (1.36 g). '"H NMR (DMSO-d¢) 8.85
(dd, 2 H, 2J=5.0, >J=1.5, H1), 8.54 (dd, 2 H, 2J=17.9, J=1.5, H3), 7.78 (dd, 2 H,
2J=179,2J=5.0, H2). FT-IR (cm™') 2454 (NH), 1711 (CO).

2.3. Synthesis of TAML 3

A mixture of 1.0 g (3.6 mM) of C, 1.27 g (3.6 mM) of D, and 2.0 mL (14.4 mM) of Et;N
in 20 mL of dry THF was stirred at 50 °C for 72 h. The mixture was cooled to room
temperature and the solvent was removed under reduced pressure. The white residue was
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suspended in 10 mL acetone and filtered off. The product was first washed with 10 mL of
2-propanol, then the remaining solid was stirred in 5 mL of 9 : 2 acetone : water mixture to
assure complete elimination of [Ets3NH]CI. The white powder was finally washed several
times with diethyl ether and dried at 80 °C for 5 h under vacuum. Yield: 65% (1.13 g). 'H
NMR (CD;OD) 8.55 (d, 2 H, °J=4.8, H1), 8.21 (d, 2 H, 2/ =7.8, H3), 7.52 (dd, 2 H,
2J=6.1, 2J=3.5, H11), 7.45 (dd, 2 H, 2J=17.8, 2J=4.9, H2), 7.30 (dd, 2 H, >J=6.1,
2J=3.5, H12), 1.64 (s,12 H, H8). >*C NMR (CD;0D) 172.01 (CO, C9), 171.18 (CO, C6),
157.60 (C5), 148.45 (C1), 137.54 (C3), 132.38 (C10), 130.42 (C4), 126.33 (C12), 125.76
(C11), 122.70 (C2), 56.77(C7), 23.81 (C8). IR (cm™'): 3253 (NH), 1659 (CO), 1593 (CO).
UV-vis (MeOH): Amax =242 nm, £=13,500 M~ cm™'. ESI-MS (positive mode): m/z 558
[M + THF]". Anal. Calcd for C5cH,6NgO4:2.5H,0 (%): C, 58.75; H, 5.88; N, 15.81. Found
(%): C, 59.03; H, 5.53; N, 15.71.

2.4. Preparation of 4

Ligand 3 (50 mg, 0.1 mM) was dissolved in 10 mL of dry THF at 0 °C and 0.25 mL
(0.4 mM) of n-BuLi (1.6 M in hexane) was added dropwise. The solution was stirred for
20 min and allowed to reach room temperature. The reaction mixture was cooled to 0 °C,
[Co(CH3CN)6](BF4), (48 mg, 0.1 mM) added, and the mixture was stirred for 18 h at room
temperature. A green brownish precipitate was formed. Air was bubbled through the solu-
tion for 2 h and the precipitate turned brown. The suspension was filtered through Celite.
The precipitate was first washed with THF and acetonitrile before elution with ethanol. The
solvent was evaporated and the green-brownish solid was washed with 3 mL of 9:1 ace-
tone : water mixture to eliminate remaining lithium salts, washed with diethyl ether, and
dried under reduced pressure. Yield: 40% (23 mg). 'H NMR (CD;0D) 8.76 (dd, 2 H,
2j=58,27=3.0, H11), 8.47 (d, 2 H, >2J=3.6, H1), 8.15 (br d, 2 H, 2J=7.5, H3), 7.44
(br, 2 H, H2), 6.95 (dd, 2 H, 2J=5.8, 2J=3.0, H12), 1.53 (s,12 H, H8). °C NMR
(CD;0D) 179.98 (CO, €9), 173.38 (CO, C6), 157.65 (C5), 147.21(C1), 144.17 (C10),
136.65(C3), 135.47 (C4), 122.45 (C2), 122.13 (C12), 120.90 (C11), 56.91(C7), 27.95
(C8). IR (cm™): 1595 (CO), 1575 (CO). UV-vis (MeOH), Amax =260 and 295 nm,
£=12,800 and 6100 M~ cm™, respectively. ESI-MS (negative mode): m/z 541 [M]". Anal.
Calcd for Cy5CoH»,LiNgO44.5H,0 (%): C, 49.61; H, 4.96; N, 13.35. Found (%): C,
49.78; H, 4.91; N, 13.05.

2.5. Computational details

The DFT calculations were performed with Gaussian 09 rev.B.01 [33] using Becke’s three
parameter hybrid functional [34, 35] along with the Lee—Yang—Parr correlation functional
[36] and basis set 6-311G. This approach appeared to be very reliable for DFT studies of
TAML complexes [37]. The geometries for 4 were obtained by full optimization in the gas
phase until the default convergence criteria were met. The multiplicity of 4 was set to 1 in
accordance with the ESR evidence. The initial model of 4 was built using the previously
reported X-ray structural data for the Co™ complex of TAML 1 [27]. Multiple conformers
were computed and the one with the lowest energy was reported. Calculations for ligand 3
were done both in the gas phase and THF solution by invoking the implicit continuum
solvent model [38].
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3. Results and discussion

3.1. Synthesis and DFT analysis of TAML ligand 3

TAML ligand 3 was prepared in five steps as shown in scheme 1. The synthesis was based
on the methodology previously developed by Collins and co-workers [39], and 3 was char-
acterized by '"H and BC NMR, ESI-MS, IR, and UV-vis spectroscopies, and elemental
analysis. Analytical data showed that despite prolonged drying under vacuum, water mole-
cules remained attached to the compound. A peak corresponding to water at 0 1.74 is also
present in the "H NMR spectrum. Characteristic carbonyl stretching frequencies can be
observed at 1659 and 1593 cm™' together with the N—H stretching at 3253 cm™ ' in the IR
spectrum of 3. The 'H NMR spectra of 3 obtained in DMSO-dg or methanol-d4 contained a
single peak at 6 1.64 from all four methyl groups of 3. This strongly suggests fluxional
behavior of the ligand in solution because the DFT-optimized structure of 3, shown in
figure 2 (vide infra), indicates clearly the non-equivalence of the methyl groups. There are
just five groups of resonances from the aromatic hydrogens and this is also consistent with
rapid transitions between possible conformers. No amide resonances were observed which
is, however, not unusual for this type of compound in polar water-containing solvents. It is
very likely that pyridine nitrogens of 3 favor the hydrogen exchange processes.

Scheme 1. Synthesis of 3: i) NH, group protection, ii) acyl chloride formation, iii) double amidation, iv)
deprotection, and v) ring-closure.

Figure 2. Left: DFT-optimized structure of 3 in the gas phase with only amide hydrogens shown for clarity (C in
gray, N in blue, O in red, H in white). Right: overlay of the structures of 3 optimized in the gas phase (red) and in
THF (blue) (see http://dx.doi.org/10.1080/00958972.2014.964224 for color version).
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The optimization of the structure of 3 using DFT (figure 2) indicated that metalation of
this TAML by a transition metal may not be easy. The ligand is highly distorted and just
two of the four amide hydrogens are reasonably directed inside a potential ligand cavity.
These are the hydrogens adjacent to the “head” aromatic ring of the ligand. The other two,
which are closer to the “tail” part, are significantly diverted from the imaginary center of
coordination. The dihedral angle of 80° between the two pyridine rings is also worth
mentioning. This ligand feature might be a limiting factor for simple chelation of transition
metals by the bipyridine unit of 3.

The structures of 3 optimized in the gas phase and in THF solution are rather similar
(figure 2, right). Both structures are strongly distorted. The amide hydrogens are directed
divergently and the two pyridine rings of the bipyridine unit are almost orthogonal (70° and
80° for the gas phase and the THF solution, respectively). The gas phase structure is more
globular. The angles between planes of rings A and B equal 95° and 102° in the gas phase
and THEF, respectively. Overall, the structural features of 3 in solid and solution are quite
comparable.

3.2. Synthesis and properties of cobalt(Ill) TAML complex 4, a derivative of 3

TAML 3 does not react with [Co(NCMe)s](BF,), in THF, suggesting that (i) the dihedral
angle of 90° as in THF is an obstacle for the binding of Co" to the bipyridine unit and (if)
Co" is unable to metalate amide N-H bonds of 3. The metalation was, however, realized in
the presence of n-butyllithium as a strong base, which is known to lithiate TAMLs readily
[1]. When the ligand was deprotonated by four equivalents of n-BuLi followed by addition
of [Co(NCMe)e](BF,4),, a highly unstable green solid precipitated, presumably a cobalt(Il)
complex, which after exposure to the air converted to a brown material, which was isolated
in moderate yield (40%) and characterized by spectral and analytical data, which allowed
assignment of the structure 4 (figure 3) to the newly prepared compound.

Different cobalt salts including CoCl,, CoCl;, and Co(acac); were also used for the syn-
thesis of 4. In all cases, 4 was obtained in low yields (~20-30%) and the formation of salts
as by-products complicated the purification. The cleanest reaction and the highest yield
were achieved when [Co(NCMe)s](BF,4), was employed. The incorporation of cobalt has
been confirmed by ESI-MS data. There are no N-H stretching bands in the IR spectrum of

0 P B )
: N / \—‘
N\Com/ —N Lit
N/ \N ] <N
H G
o) 0]
4

Figure 3. Proposed structure for cobalt(Ill) complex 4.
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Figure 4. Cyclic voltammogram of 4 (1 mM) obtained in methanol in the presence of 0.1 M (n-Bu);NPFg. Scan
rate 100mV s, glassy carbon working electrode, and auxiliary Pt electrode.

4 and the carbonyl bands are now observed at 1595 and 1575 cm ™', lower frequencies than
in the free ligand 3. The compound is EPR silent both at 77 K and room temperature, sug-
gesting that 4 is a cobalt(Ill) derivative with S = 0. Diamagnetic features of 4 are consistent
with 'H and '>C NMR data collected in methanol-d4, though this was a challenge, because
4 is only slightly soluble in alcohols and is almost insoluble in other common organic
solvents. This complicated the purification and made it impossible to grow crystals of 4 for
X-ray investigation due to a strong tendency of 4 to precipitate from all solutions tested.
Nevertheless, NMR spectra were obtained to reveal, similar to the ligand 3 case, just one
set of signals. A plane of symmetry is very unlikely for 4 and therefore the complex should
be extremely fluxional in solution at ambient conditions. There is one singlet resonance
from all four methyl groups at d 1.53 (versus at 6 1.64 for 3). The resonances from aromatic
hydrogens 11 and 12 (see figure 1 for the numbering scheme), which are the closest to
cobalt(III), are also shifted to lower field for HI11 (Ad 1.24) and to higher field for H12 (Ad
0.35), whereas the chemical shifts for the remaining aromatic protons remained practically
unchanged. These observations are also consistent with the location of Co™ inside the
macrocycle.

Redox properties of 4 studied by cyclic voltammetry and presented in figure 4 did not
prove to be promising. There is an irreversible oxidative feature seen around 0.87 V versus
Ag/AgCl. This value lies in the range typical of Co™ TAMLs and corresponds to the
Co™ — Co" transition [40, 41]. This process is reversible in TAML complexes which are
much less distorted than 4 [40, 41].

Attempts to synthesize the corresponding iron(Ill) complex, analogous to various iron
TAML derivatives possessing high catalytic activity in peroxidase-like reactions [3-5],
were, however, unsuccessful. Using iron(Il) precursors such as FeCl, and [Fe(NCMe)s]
(BF,4), the formation of a green precipitate was observed which then transformed into a
red compound on exposure to air. The same red solid was obtained starting from iron
(IIT) salts FeCl; and Fe(acac);. However, the red compound decomposed always upon
purification as a result of demetalation. This is probably because iron(Ill) complexes are
usually less robust than their cobalt counterparts and are more prone to hydrolysis and
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Figure 5. DFT-optimized structures of 4 assuming three coordinative modes of Co™: square-planar (4,), tetragonal
pyramid (4g), and octahedron (4¢). Donor centers of the “plane” are four deprotonated amide nitrogens; fifth and
sixth sites are oxygens of aqueous ligands. Hydrogens are not shown for clarity. Below are the relative energies of
4,, 4p, and 4¢.

reaction with oxygen [27]. It is also known that a distortion of the planar arrangement
of deprotonated amide nitrogens around iron(Ill) make such TAML complexes very
unstable to moisture [42].

3.3. DFT optimizations of coordinative polyhedra of 4

According to X-ray structural data of previously reported cobalt(Ill) TAML complexes,
cobalt(IIl) surrounded by four deprotonated amide nitrogens of TAMLs adopts a square-pla-
nar geometry with distortion [27, 40, 41, 43]. Our spectroscopic data agree with such a
structural model though it is natural to anticipate significantly larger distortions of the
square plane in the case of TAML 3. In the absence of crystallographic information, it was
intriguing to predict theoretically the coordinative polyhedron of Co™ in 4. Therefore, sev-
eral DFT simulations of coordinative variants of 4 have been performed. Main results are
shown in figure 5. Square plane of 4, is extremely distorted. The Co—N bond distances
vary significantly from 1.85 to 1.91 A, the longest bond being closer to the bipyridine unit.
Amide nitrogens in octahedral (or square bipyramidal) model 4¢ built up by two axial aque-
ous ligands are significantly more planar than four-coordinate model 4, and the Co—N bond
distances are 1.91-2.02 A. Model 4 is more, by 6 kcal M™", energetically favored. Interest-
ingly, the five-coordinate model 4g seems to be less advantageous energy-wise than 4,.
The amide nitrogens of 4g are similarly distorted as in 4, and the Co—N bond distances are
1.85-2.02 A, i.e. their variation is the largest for 4g. It is worth noting the Co—N bond dis-
tances are practically of the same length and equal to 1.82—1.83 A in the undistorted Co™
complex with TAML 1 [27]. To this end, the stability of computed structures decreases in
the series: 4¢c >4, > 4. The series gives some extra confidence with the assignment of
cobalt(IIl) TAML as 4. TAML complexes of Co™, Ni'!, and Co" are four coordinate in
the solid state in the absence of extra strongly coordinating ligands [27, 40, 41, 43]. TAML
complexes of Fe'" and Fe'" are five coordinate and never six as solids, provided the same
condition holds. Thus, since 4, is more energetically advantageous than 4g, we assume that
structural assignment of 4 as 4, seems to be the most probable.
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Other observations worth mentioning are as follows. The dihedral angle between the
pyridine rings is large in all three models, i.e. 97°, 85°, and 79° in 4,4, 4g, and 4¢, respec-
tively. Thus, it is rather problematic for the bipyridine unit of 4 to serve as a bidentate
ligand. In addition to 4,, we have found a configuration for 4 with significantly more planar
four amide donor nitrogens. However, it is by 6 kcal M™' less stable than structure 4, in
figure 5. Because of this unfavorable energy difference we believe that configuration 4, is
more realistic.

4. Discussion

Ligand 3 was prepared in a moderate yield and, despite its highly distorted structure, its
macrocyclic coordination with cobalt(Ill) via four deprotonated amide nitrogens was
achieved. Complex 4 is believed to be a strongly distorted square-planar Co™" derivative.
The distortion accounts for hydrolytic instability of 4 and its ease to demetalate as previ-
ously established for iron(IlI) TAMLs [42]. Our efforts are now concentrating on studying
the coordination of other metals such as nickel and copper and evaluating the properties of
the resulting compounds.

Attempts to coordinate a second metallic fragment, such as copper or ruthenium, to the
peripheral bipyridine moiety were unsuccessful. However, this negative result could be
anticipated considering the above-mentioned DFT-optimized structure. The lone pairs of the
bipyridine nitrogens are oppositely directed making impossible the bidentate coordination
of a metal center.

Addition and/or rapid exchange of aqueous ligands is relevant to catalytic reactivity.
Therefore, DFT analysis of structural changes of 4 induced by axial ligation of aqueous
ligands is of particular interest. It is clearly seen in figure 5 that consecutive ligation by two
H,O molecules introduces “non-linear” structural variations. Though addition of one water
molecule to 4, to form 4g destabilizes the complex, two water molecules bring about the
energetic stabilization of 4¢, and “in-plane” optimization of the amide nitrogens. Geometry
close to ideal was predicted in terms of a near orthogonal distribution of Co—N,,;qe and
Co—Oyaer bonds as shown for 4¢ in figure 5. The axial Co—OH, distance of ca. 1.95 A for
both water molecules is quite reasonable for the axial H,O bond with cobalt. The existence
of 4¢ with an energy minimum suggests that 4c might be a dominating species in aqueous
solution similar to iron(Ill) TAMLs, which are square pyramidal as solids but exist as octa-
hedral diaqua species in water [42].

5. Conclusion

The cobalt(IlT) complex with a new TAML incorporating the peripheral 2,2"-bipyridine unit
is described. Though the ligand geometry is rather unfavorable for the formation of macro-
cyclic complex, the Co™ containing compound obtained after deprotonation of the N-H
bonds by n-BulLi is stable and slightly soluble in alcohols. Similar iron(IlT) complex could
not obtained. The macrocyclic complex of Co™ was explored by DFT and a strongly
distorted square-planar geometry is suggested.
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