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Abstract.

In this work, we report the generation and characterization of two new Co(lll)-peroxo complexes
2 and 3. 2 is best described as a mononuclear Co'"-(O2) complex that exhibits an '®O-isotope
sensitive O-O bond stretching vibration at 845(-49) cm™, indicating a relatively weak peroxo
moiety compared to those of other Co'"'-(O2) complexes reported previously. Complex 3 is a Co"'-
peroxo-arylboronate species having a rare {Co""OOBO} five-membered metallocycle, which is
structurally characterized using X-ray crystallography. Investigations of the reaction mechanism
using density functional theory calculations show that 2 likely undergoes a nucleophilic attack to
an arylboronic acid, which is generated by hydrolysis of the BPhs anion in wet acetonitrile
solution, to first form a Co"-peroxo-arylboronic acid adduct, followed by the loss of one benzene
molecule to generate the five-membered metallocycle. The entire reaction is thermodynamically
favorable. Taken together, the conversion of 2 to 3 represents the discovery of a novel nucleophilic
reactivity that can be carried out by mononuclear Co(lll)-peroxo complexes.
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1. Introduction.

Mononuclear transition metal-peroxo species are important intermediates in the O, activation
pathway of many iron and copper-dependent metalloenzymes that utilize O, as the natural oxidant
to carry out rich and diverse substrate transformations.’* Synthetic metal-peroxo complexes play
an important role as structural and functional models for those enzymatic intermediates, providing
a better understanding about their spectroscopic properties and reactivities.>® Compared to other
first-row transition metals such as manganese, iron and copper, mononuclear Co(lll)-peroxo
(Co"-(02)) complexes are relatively stable and unreactive towards substrate oxidations,® in part
due to the inertness of ¢® Co(lll) and the difficulty of further activating the O-O bond. Nevertheless,
a number of Co"'-(O2) complexes exhibit nucleophilic reactivities with electrophilic substrates such
as aldehyde and nitrile. For example, a series of (TMC)Co"-(O,) complexes (TMC = 1,4,7,10-
tetramethyl-1,4,7,10-tetraazacyclododecane) reported by Nam and co-workers carry out
deformylation of aldehydes.®'*"" More recently, Cho and co-workers described the activation of
nitriles by a (TBDAP)Co"-(0.) complex (TBDAP = N,N-di-tert-butyl-2,11-diaza[3.3](2,6)-
pyridinophane) with or without the assistance of redox inactive Lewis acids.'>'?
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In this work, we report the generation and characterization of a new Co"-(O.) complex (2)
supported by a tetradentate TPA ligand (TPA = tris(2-pyridylmethyl)amine). Complex 2 is
characterized using UV-vis, ESI-MS and FTIR spectroscopies and DFT calculations, showing that
it is a distorted octahedral side-on Co(lll)-peroxo species with a relatively weak O-O bond. More
importantly, 2 exhibits nucleophilic reactivity with an arylboronic substrate to form a novel Co"-
peroxo-arylboronate adduct (3) having a {Co"OOBO} five-membered metallocycle that is
structurally characterized by X-ray crystallography. The conversion of 2 to 3 represents a reaction
that has yet to be observed for other first-row metal-peroxo complexes reported to date. Our
results have thus expanded the library of nucleophilic reactivities that can be carried out by
mononuclear Co(lll)-peroxo complexes.

2. Materials and Methods

2.1. General Materials and Procedures. All chemicals are of the highest commercially available
purity and used as received, unless noted otherwise. Hydrogen peroxide (H202, 30 wt % in H20),
tetrabutylammonium hydroxide (TBAOH, 1.0 M in methanol), ceric ammonium nitrate (CAN),
sodium tetraphenylborate (NaBPhs), methanol, acetonitrile and acetonitrile-ds were purchased
from Aldrich.

2.2. Physical Methods. UV-vis spectra were recorded on an Agilent Technologies Cary 8454
spectrometer equipped with a Unisoku USP-203-A cryostat for temperature control. '"H NMR
spectra were obtained with a Varian VNMRS 400 MHz spectrometer at room temperature. High-
resolution ESI-MS spectra were obtained using an Agilent 6520 Accurate-Mass Q-TOF LC/MS.
FTIR spectra were collected on a Nicolet iS10 FTIR spectrometer from Thermo Scientific using
freshly prepared solid samples of Co complexes described in the text.

2.3. Synthesis of ligand and the starting complex 1. The TPA ligand was synthesized following
an established procedure.™ The Co(ll) precursor Co'(TPA)Cl, was prepared according to the
procedure reported previously, and was recrystallized twice from diethyl ether before use.™
Complex 1 was prepared by dissolving Co'(TPA)Cl, and CAN in a 1:1 ratio in methanol and stirring
for 3h at room temperature to produce a brown solution. The solution was filtered into a
scintillation vial and diethyl ether was added to the solution to obtain a purple solid. The solid was
filtered, dried, and re-dissolved in 1 ml methanol. The vial was placed at a -80°C freezer for a
week, after which dark purple crystals of complex 1 were isolated in 55% yield. The crystal
structure of 1 shows that the divalent cation [(TPA)Co"(CI)(OH.)]** co-crystalizes with 0.5 eq. NO3”
and 0.5 eq. [Ce(llI)(NOs)e]*. Elemental Analysis for C1gH19C0oCl; sCeosNgO-, calculated: C, 35.24;

H, 3.12; Cl, 8.67; N, 13.70, found: C, 35.20; H, 3.22; CI, 8.79; N, 13.75.

2.4. Generation of the Co"-(0.) complex 2. Complex 2 was generated by reacting complex 1
with hydrogen peroxide and tetrabutylammonium hydroxide in a 1:1:2 ratio at a cryogenic
temperature below -20 °C in methanol, acetonitrile or dichloromethane. For FTIR studies, fresh
solid samples were obtained by adding diethyl ether to the solution to precipitate a brown powder,
which was then isolated by filtration.

2.5. Generation of Co"-peroxo-arylboronate complex 3. A freshly prepared methanol solution

of 2 was added an excess amount of NaBPh, pre-dissolved in methanol at -40 °C to obtain a
brown precipitate immediately. The brown solid was then isolated by filtration and re-dissolved in
cold wet acetonitrile. The glass vial containing the acetonitrile solution was then placed in a larger
vapor diffusion vial containing diethyl ether. The entire setup was then placed in a freezer of -30



°C for a few days, during which brown crystals of 3 suitable for X-ray crystallography were
obtained.

2.6. X-ray Crystallography. X-ray diffraction data for 1-N3 and Co(lll)-N3 were collected at 100 K
on a Bruker D8 Venture using MoKa-radiation (A = 0.71073 A). Data have been corrected for
absorption using SADABS'® area detector absorption correction program. Using Olex2,"” the
structure was solved with the SHELXT'® structure solution program using Direct Methods and
refined with the SHELXL'" refinement package using least squares minimization. All non-
hydrogen atoms were refined with anisotropic thermal parameters. All hydrogen atoms of the
investigated structure were located from difference Fourier maps but finally their positions were
placed in geometrically calculated positions and refined using a riding model. Isotropic thermal
parameters of the placed hydrogen atoms were fixed to 1.2 times the U value of the atoms they
are linked to (1.5 times for methyl groups). Calculations and refinement of the structure were
carried out using APEX3,%° SHELXTL,?" and Olex2 software.

2.7. DFT calculations. Avogadro software was used to build input models. Optimizations were
done with density functional theory (DFT) with the Gaussian 16,% Revision A.03 with Gaussian
09 defaults (Integral= Acc2E=10, Constants=2006).2> Geometry optimizations were carried out
with BP86%* functionals in conjunction with 6-31G(D)*® basis set for all atoms. Geometry
optimizations and frequency calculations were executed with a polarized continuum solvent model
(PCM) with acetonitrile as the solvent. Wave function stability calculations were performed to
confirm the absence of lower-energy numerical solutions for all computed structures. Fine grids
(75,302 points per atom) were used for the DFT calculations as implemented in the Gaussian
software. Tight convergence criteria were used for determining convergence of the Kohn-Sham
equations (1.00x10 a.u. for convergence on RMS density matrix and 1.00x10°® a.u. for
convergence in energy change). Electron density difference maps (EDDMs) were created using
Multiwfn software.?

3. Results and discussion.

Our starting complex is [(TPA)Co"(CI)(OH2)]** (1), which is synthesized by 1-e” oxidation of the
Co(ll)(TPA) precursor using cerium(lV) ammonium nitrate (CAN). Complex 1 exhibits two
absorption features at 372 nm and 545 nm in organic solvents such as acetonitrile and methanol
(Figure 1), which are similar to those reported in previous work.?”?® Characterization of 1 using
high-resolution electrospray ionization mass spectrometry (ESI-MS) shows three signals at m/z =
519.5379, 529.5664 and 546.5499 (Figure S1) corresponding to
[(TPA)Co"(NO3)(CH3OH)(CH3sCN)(X)I" (X = CI, HCOO and NOs, respectively). The formate anion
was intentionally added in the mobile phase to pair with multi-valent cations in the ESI
experiments. The "H NMR spectrum of 1 shows that it is a diamagnetic species with two sets of
signals in the aromatic region with an integral ratio of 2:1 assignable to the protons of three
pyridines (Figure S2). These results suggest that 1 is a low-spin (S = 0) d® Co(lll) complex with
three pyridine ligands located in two different environments. Furthermore, the crystal structure of
1 (Figure 2A) shows that it is a six-coordinated complex with two cis- labile coordination sites
occupied by one chloride ion and one water molecule. The average Co-N distance of 1.934 A is
about 0.16 A shorter than that of the Co(ll) precursor,'>?° consistent with the change of high-spin
(S = 3/2) d’ Co(ll) to low-spin (S = 0) d® Co(lll). Two pyridines are trans- to each other and the
third one is trans- to the water molecule. Results obtained from X-ray crystallography and '"H NMR



studies thus clearly indicate that complex 1 has the same structure both in the solid state and in
the solution phase.
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Figure 1. UV-vis spectra of 0.5 mM 1 (black), 2 (red) and 3 (blue) in acetonitrile. Inset: results of
a spectral titration experiment showing the absorbance monitored at 366 nm as a function of the
equivalent of H,O; added in the course of conversion from 1 to 2.
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Figure 2. (A) Crystal structure of 1. (B) Geometry-optimized DFT structure of 2. (C) and (D)
Crystal structure and Geometry-optimized DFT structure of 3. Selected bond lengths and angles
are listed in Tables 1 and S1. Thermal ellipsoids are drawn at the 50% probability level. Hydrogen
atoms are ignored for clarity.

The reaction of complex 1 with 1 eq. H20. + 2 eq. tetrabutylammonium hydroxide
(TBAOH) results in the formation of a new species 2. The base OH™ is necessary for the
conversion of 1 to 2; no reaction is observed between 1 and H>O- alone. Adding an excess amount
of H>O,/OH" does not cause 2 to form in a higher yield. The stoichiometry of 1 and H.O- is
determined as 1:1 by a titration experiment (Figure 1, inset). Complex 2 can be generated in a
variety of solvents such as acetonitrile, methanol and dichloromethane at a cryogenic temperature
below -20 °C. The optical spectrum of 2 shows a shoulder at 366 nm (Figure 1). Characterization
of 2 using ESI-MS shows one signal at m/z = 422.1216 with the mass and isotope distribution
pattern consistent with a chemical formula of [Co"(TPA)(O2)(CHsCN)]* (Figure S3). More
importantly, the solid-state Fourier transform infrared spectroscopy (FTIR) spectrum of 2 (Figure
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3) exhibits an ®0-isotope sensitive band at 845 cm™', which undergoes a red shift of 49 cm™ when
2is prepared using H2'%0,. This O-O bond stretching frequency (vo.o) indicates that the O, moiety
is a peroxo ligand.?*° Taken together, these results suggest that 2 should be best described as a
mononuclear Co(lll)-peroxo but not a Co(ll)-superoxo complex.®' The vo.o value of 2 falls on the
low end compared to those of other Co"'-(0,) complexes reported previously (Table 1). This
observation suggests that the O-O bond of 2 is likely weaker than those of other Co"-(Oy)
complexes. Several attempts to obtain single crystals of 2 suitable for X-ray crystallography are
unsuccessful. Therefore, we have turned to computational approaches and used DFT calculations
to obtain its geometry-optimized structure. As shown in Figure 2B, complex 2 is a distorted
octahedral complex with the peroxo ligand coordinated in a bidentate, side-on fashion. The
average Co-N distance of 1.93 A (Table S1) compares favorably with that of complex 1, which is
consistent with that both complexes have the Co(lll) center. The O-O bond length of 1.44 A falls
nicely in a range of values reported for other Co"-(O2) complexes but is significantly longer than
that of a Co(ll)-superoxo species (Table 1). We have recently reported that the reaction of
Co(Il)(TPA) with H,0,/OH" affords a dinuclear Co",(u-O), diamond core complex that has an
absorption band at 460 nm in methanol.*? The reaction outcome of Co(Ill)(TPA) with H,O,/OH" is
thus distinct from that of its 1-e” reduced Co(ll) derivative.
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Figure 3. FTIR spectra of 2 derived from H,'°O; (black) and H2'%0; (red).

In one attempt to crystallize 2, we have introduced BPh4™ as a counter anion. Surprisingly,
we have discovered that complex 2 in fact reacts with BPh4™ in wet acetonitrile solvent to produce
another new species 3 with absorption features at 380 nm and 470 nm (Figure 1). The ESI-MS
spectrum of 3 shows one signal at m/z = 485.1637 with the mass and isotope distribution pattern
consistent with a chemical formula of [(TPA)Co"(OOB(O)Ph)]" (Figure S4). We have successfully
crystallized 3 and obtained its structure using X-ray crystallography. As shown in Figure 2C, 3 is
a Co"-peroxo-arylboronate complex that forms a {Co"OOBO} five-membered metallocycle. The
average Co-N distance of 1.928 A is similar to those of complexes 1 and 2, indicating that the
cobalt center in 3 is also a low-spin Co(lll). On the other hand, the O-O bond length of 1.451 A is
consistent with the assignment of a peroxo moiety. The sp? hybridization of the boron atom is
evident from the 0O2-B-O3 angle of 121.12°. Furthermore, the DFT calculated structure of 3
(Figure 2D) nicely reproduces its crystal structure with the metric parameters in excellent
agreements for both structures (Table S1). For example, the calculated structure includes a long
Co-Namine bond and three shorter Co-N,, bonds with an average Co-N distance of 1.93 A.
Interestingly, the calculated Co-O1 bond is slightly (0.04 A) shorter but the O-O bond is slightly



(0.05 A) longer than the corresponding value in the crystal structure. Taken together, complex 3
represents a rare example of mononuclear first-row transition metal-peroxo complexes having a
substrate adduct that forms a five-membered metallocycle structure. Other examples reported in
previous work include a Fe'"-peroxocarbonate complex by Kitagawa et al,** a Co"-alkylperoxo
species with an iminobenzoquinone adduct by Fiedler et al,** a Co"-peroxyimidate species by
Cho et al,’® and a Ni'-alkylperoxo metallocycle by Gade et al.** Furthermore, Braun and co-
workers have described closely related Rh'-peroxoborate and Rh'-peroxoboronate complexes.*
Therefore, 3 is the only Co"-peroxo-arylboronate species that has been structurally characterized
to date.

Table 1. Summary of O-O bond lengths and stretching frequencies for Co-(O.) and five-
membered metallocycles.

Complex Ligand® 0-0 (AP v(0-0) (cm™)° Ref
Co'"-superoxo Tp’ 1.262 961(-53) 31
12-TMC 1.439 902(-57) 10
13-TMC 1.438 902(-56) 10
Mes-TPADP N.A. 888(-46) 39
TBDAP 1.456 879(-42) 13
Co'"-peroxo B 1.361 901(-53) 40
1.401 (DFT) 970 (DFT)
tmen 1.457 861 37
TIMEN®' 1.429 890(-50) 41
TPA 1.442 (DFT) 845(-49) This work
{Fe"-00-C(sp?)-0} gn 1.455 33
{Co™-00-C(sp?)}-NH} | TBDAP 1.482 12
{Co"-00-C(sp®)-0} TpMe? 1.482 34
{CO”I-OO-B-O} TPA 1.53:]4(5|§FT) This work
{Rh'-00-B-0} PEﬁ’CiBF‘:HC’ 1.497 36

@ Ligand abbreviations: Tp’ = hydrotris(3-tert-butyl-5-methylpyrazolyl)borate; TMC = 1,4,7,10-
tetramethyl-1,4,7,10-tetraazacyclododecane; Mes-TPADP = 3,6,9-trimethyl-3,6,9-triaza-1(2,6)-
pyridinacyclodecaphane; TBDAP = N,N-di-tert-butyl-2,11-diaza[3.3](2,6)-pyridinophane; L®" =
2,2,6,6-tetramethyl-3,5-bis(2,4,6-triisopropyl-phenylimido)hept-4-yl; tmen =  tetramethyl
enthylenediamine; TIMENY' = tris[2-(3-xylenylimidazol-2-ylidene)ethyllamine; TPA = tris(2-
pyridylmethyl)amine; TpM®? = hydrotris(3,5-dimethylpyrazolyl)borate; gn = quinaldinate

® Obtained by X-ray crystallography unless stated otherwise. N.A. = not available
¢ Obtained by rRaman or FTIR unless stated otherwise.

We have also used time-dependent DFT (TD-DFT) computations to obtain electronic
spectra for both complexes 2 and 3. As shown in Figure 4, the computed spectra nicely reproduce
major features of the experimental spectra for both complexes. The calculated spectrum for 2
shows a broad feature at 395 nm consisting of several transitions in reasonable agreement with
the experimental band at 366 nm. Analysis of electronic density difference maps (EDDMs) shows
that the major transitions are due to metal to ligand charge transfer (MLCT), where electrons are
removed from the cobalt 3d orbitals and the peroxo ligand to ©* orbitals of the axial pyridine
ligands (Figure S5). On the other hand, the calculated spectrum of 3 exhibits two absorptions at
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310 nm and 390 nm, in accordance of the experimental features at 380 nm and 470 nm. Similarly,
EDDMs for major electronic transitions of complex 3 also show MLCT interactions, where
electrons are transferred from the cobalt 3d orbitals and the aryl-boronate oxygen to «* orbitals of
the TPA pyridines (Figure S5). In either complex, a peroxo-to-cobalt ligand to metal charge
transfer (LMCT) band is not independently observed. Further analysis of the TD-DFT transitions
revealed that this is mainly because the peroxo-to-cobalt and cobalt-to-peroxo transitions have
very low oscillator strength values.
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Figure 4. Experimental (solid lines) and computed (dashed lines) electronic spectra of (A) 2 and
(B) 3.

A number of side-on Co"-(0,) complexes have been described in previous work, among

which a few exhibits nucleophilic reactivities with substrates.'®"*37*" For example, Co"-(O,)
complexes supported by TMC and related ligands react with aldehydes to afford deformylated
products.'®' Cho and co-authors recently reported that a Co"'-(O2) complex supported by another
tetradentate N4 ligand TBDAP is capable of activating nitrile and form a Co"-peroxyimidate
adduct in the presence of Lewis acids.'? We propose that our Co"-(0,) complex 2 acts as a
nucleophile to attack the boron atom and form an O-B bond (Scheme 1). In order for this process
to occur, the anionic, tetrahedral BPhs salt must undergo hydrolysis steps to lose at least one
phenyl group and become neutral and trigonal planar, which reduces its steric hindrance for Co"'-
(O2) to attack. Indeed, investigations of the reaction mechanism using DFT calculations (Figures
5 and S6) show that complex 2 can first form an adduct with (HO),B(Ph)s., (n = 0-2), among which
Co"-(02)-B(OH)(Ph). represents the most stable intermediate that lies above complex 2 by only
9.25 kcal/mol. This process is followed by the loss of a phenyl group and deprotonation of the
arylboronic acid (forming a benzene molecule) to generate the five-membered metallocycle with



a large stabilization energy of -50.58 kcal/mol. Overall, the conversion of 2 to 3 is highly favorable
with a Gibbs free energy change of -41.33 kcal/mol.

Notably, despite that the BPhs anion has been widely used in previous work for the
crystallization of a number of Co"-(O,) complexes,'®**! none of them has been found to react
with BPh4™ to form the peroxo-arylboronate adduct under experimental conditions similar to those
of the present work. Our discoveries have thus revealed that complex 2 has a strong
nucleophilicity to react with weak Lewis acids such as BPhs and its hydrolytic derivatives. Further
exploration of other nucleophilic reactions of this novel Co'"-(O,) complex is underway.

+ H,0, +BPhy-

0
(TPAYCO! _*20H _ (tpa)coli— P 210 _ (TPAco™” 0
,0 (0] - 3C6_H6 O0—B

. S B &

Scheme 1. Schematic illustration for transformations of 1, 2 and 3 presented in this work.

AG 40 =1
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10=
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Figure 5. The free energy diagram for the conversion of 2 to 3 [BP86/6-31G(D) +
PCM(acetonitrile)], showing the free energy of the proposed intermediate Co"-(02)-B(OH)(Ph)s.
Cobalt: pink, oxygen: red, nitrogen: blue, carbon: gray, boron: orange. Hydrogen atoms are
omitted for clarity.

4. Conclusion.

In this work, we have generated and characterized two new mononuclear Co(lll)-peroxo
complexes 2 and 3 supported by a tetradentate N4 ligand TPA. Complex 2 is a side-on Co'"'-(0,)
complex having a relatively weak O-O bond compared to other Co"-(O.) species reported
previously. 2 reacts with BPh4 in wet acetonitrile to generate complex 3 presumably via a
nucleophilic attack of the boron atom to form an O-B bond. Complex 3 is a Co(lll)-peroxo species
with a arylboronate substrate adduct, forming a rare {Co"OOBO} five-membered metallocycle
that is structurally characterized. Complexes 2 and 3 are new expansions to the library of
mononuclear Co(lll)-peroxo species. The conversion of 2 to 3 represents the discovery of a novel
nucleophilic reactivity that can be carried out by mononuclear Co(lll)-peroxo complexes.
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Appendix A. Supplementary material

Crystal structures of 1 and 3 have been deposited into the Cambridge Crystallographic Data
Centre (CCDC) with the corresponding deposition number of 2331609 and 2331611.
Supplementary data associated with this article can be found, in the online version, at...
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