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ABSTRACT: Aerobic reactions of iron(III), nickel(II), and manganese(II) chlorides with formaldoxime cyclotrimer (tfoH;) and
1,4,7-triazacyclononane (tacn) produce indefinitely stable complexes of general formula [M(tacn)(tfo)]Cl. Although the formation
of formaldoxime complexes has been known since the end of 19th century and applied in spectrophotometric determination of p-
metals (formaldoxime method), the structure of these coordination compounds remained elusive until now. According to the X-ray
analysis, [M(tacn)(tfo)]* cation has a distorted adamantane-like structure with the metal ion being coordinated by three oxygen
atoms of deprotonated tfoHj; ligand. The metal has a formal +4 oxidation state, which is atypical for organic complexes of iron and
nickel. Electronic structure of [M(tacn)(tfo)]* cations was studied by XPS, NMR, cyclic (CV) and differential pulse (DPV)
voltammetries, Mossbauer spectroscopy, and DFT calculations. Unusual stabilization of high-valent metal ion by tfo’~ ligand was
explained by the donation of electron density from the nitrogen atom to the antibonding orbital of the metal—oxygen bond via
hyperconjugation as confirmed by the NBO analysis. All complexes [M(tacn)(tfo)]ClI exhibited high catalytic activity in the aerobic
dehydrogenative dimerization of p-thiocresol under ambient conditions.

B INTRODUCTION Given the unusual composition of metal-formaldoxime
complexes and their use in analytical chemistry and
extraction, numerous studies were performed to establish
their structure. In the 1960s, the composition of the metal-
formaldoxime anion was revised to [M(ON=CH,)(]*~,"" "
which was shown to be general at least for M = Mn, Fe, Nj,
V, and Ce (Scheme 1a)."° Several metal-formaldoxime

In 1898, Dunstan and Bossi' observed that formaldehyde
oxime (H,C=NOH) forms intensively dark-colored species
upon reaction with transition metal salts (Mn, Fe, Ni, Cu) in
alkaline solutions. In 1913, Hofmann and Ehrhardt®
succeeded in isolating some of these species, in particular
manganese, iron, and nickel complexes, for which chemical ) :
formulas Mn(ONCH,);, Na,Fe(ONCH,),, and Na;Ni- complfexes were isolated and characterized by. elemental
(ONCH,), were proposed based on elemental analysis. analysis, UV—vis, IR spectra, and electrochemical meth-

13-1s _ 2-
These authors disclosed that oxygen was required to form o'ds.. However, the structure Of‘ the [M<ON_CH2)6]
these complexes in order to oxidize the metal ion. In the dianion and related metal-formaldoxime species was a matter

reaction with formaldoxime or its cyclotrimer tfoHj, of debate (Scheme '1b), and surprisingly, it was not

i 15,17-19
manganese gave the most intensive coloring, which allowed determ}lerled yet. ded in th ) d full
the analytical determination of this metal at very low In this paper, we succeeded in the preparation an

concentrations.”™> Since then, the formaldoxime method structural characterization (X-ray, HRMS, NMR, IR, Raman,

has become one of the most reliable techniques for
colorimetric or spectrophotometric determination of man- Received: November 12, 2020 fugaic Gty
ganese in the presence of other metals.””'" Moreover, the use Published: April 7, 2021
of formaldehyde oxime as an effective extracting agent of D-

metals from several types of ores, such as pyrolusite,

malachite, heterogenite, and deep-sea manganese nodules,

was suggested.'”
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Scheme 1. Metal-Formaldoxime Complexes: Background

a. Formation of metal-formaldoxime complexes
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b. Plaussible structures of metal-formaldoxime complexes
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XPS, and Mossbauer spectroscopy) of closely related
complexes [M(ONCH,);L]*Hal~ (L, neutral polycyclic
triamine) derived from manganese, iron, and nickel. These
experimental studies together with high-level DFT calcu-
lations provide insights into the structure of metal-formal-
doxime complexes, which have been known for more than
120 years. Our results also provide background for the design
of structurally well-defined high-valent p-metal complexes for
applications in analytical chemistry and aerobic oxidation
catalysis.

B RESULTS AND DISCUSSION

Three possible constitutional isomers shown in Scheme 1b
have been proposed for the dianion [M(ON=CH,),]*~.""~"*
In structure A, the metal ion is coordinated by six
formaldoxime anions. In the other two structures B and C,
the deprotonated cyclic trimer of formaldoxime serves as a
ligand through coordination with nitrogen or oxygen atoms.
Moreover, isomeric structures with mixed coordination
modes of the ligand cannot be ruled out. In most of the
literature, structure A is postulated, yet some evidence in
support of structures B'® and C'” was obtained from IR
spectra.

A remarkable experimental observation is that [M(ON=
CH,)¢]>” complexes are formed only with formaldoxime,
while substituted oximes (even acetaldehyde oxime) are inert.
Recently, when studying the complexation of oximes with
boronic acids,”® we have shown that substituted oximes do
not undergo reversible cyclotrimerization as readily as
formaldoxime does.”® Furthermore, with formaldoxime trimer
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tfoH; (taken in the form of stable hydrochloride salt tfoH;:
HCl), the same metal complexes are formed as with
formaldoxime.> On the basis of these experimental facts,
we concluded that structure A is unlikely, and metal-
formaldoxime complexes might possess a hexahydrotriazinane
ring as the ligand. This was confirmed by DFT calculations at
the DFT-D3 BP86/jorge-atzp level of theory, which predicted
structure C to be more stable than A and B by 58.2 and 79.6
kcal/mol, respectively (for M Fe, see Supporting
Information).

Synthesis of Formaldoxime Complexes. To verify this
hypothesis, we generated several metal-formaldoxime com-
plexes Na,[M(ON=CH,);] (M = Mn, Fe, Ni) following the
procedures of Okat and Bartu$ek'” and Andersen and
Jensen'” from tfoH;-HCl or formaldoxime. However, these
compounds proved to be amorphous solids, which underwent
decomposition to form insoluble material upon attempts to
prepare suitable crystals for X-ray analysis. Our attempts to
get crystalline complexes Cat,[M(ON=CH,),] containing
organic cations derived from amine bases (Et;N, py) were
also not successful. Moreover, in the reaction of FeCl; with
tfoH;-HCl and pyridine (py), a blue complex Fe(ON=
CHNO),py, (1) was isolated in a small yield (Scheme 2).

Scheme 2. Formation of Iron(II) Nitrosolate Complex 1

NA\
\

N=0
HQ py (excess) Oa | L0~y
HOSWN—;-OH + FeCly ———> PV
_ MeOH 2NN o
ci H 2/ e
tfoHzeHCI y
1

According to the X-ray analysis of complex 1, iron(Il) was
coordinated by two deprotonated nitrosoformaldoximes
(nitrosolate anions®') and two pyridine molecules. The
formation of nitrosolate complexes in reactions of formal-
doxime or tfoH; with transition metals was never observed
previously. Interestingly, tfoH; or formaldoxime are not
oxidized to nitrosoformaldoxime with O,, suggesting that an
iron-promoted process may take place.

Since the lability of [M(ON=CH,)4]*~ complexes could
be attributed to the formation of oligomeric and polymeric
species, we reasoned that substitution of three formaldoxime
anions for a tripodal capping ligand could result in
stabilization of the complex. To test this idea, 1,4,7-
triazacyclononane (tacn) was used as a capping ligand. We
were happy to find that the reaction of Na,[Fe(ON=CH,)]
with tacn-3HCI in methanol afforded an isolable deep violet
crystalline complex [Fe(tacn)(ONCH,);]Cl (2, Scheme 3).

https://doi.org/10.1021/acs.inorgchem.0c03362
Inorg. Chem. 2021, 60, 5523—5537
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Scheme 3. Synthesis of Iron(IV)-tfo Complex

[Fe(tacn)(tfo)]ClI (2)

Naz[Fe(ON=CH2)6]

tacne3HCI
MeOH

+ -
HN\ | _NH

2 (X-ray)

In a similar fashion, an intensively wine-colored manganese
complex [Mn(tacn)(tfo)]Cl (4) was prepared from Mn-
(OAc); or MnCl, under air. The composition of 4 was
established on the basis of HRMS and elemental analysis.
Although the crystals were of poor quality, the X-ray analysis
showed that the manganese ion is coordinated by three
oxygen atoms of formaldoxime trimer as in the corresponding
iron and nickel complexes 2 and 3. Attempts to get better
crystals by the metathesis of the anion were not successful.
We, therefore, tried to use other tripodal N3-Iigands (1,3,5-

tacne3HCI trimethyl-1,3,5-triazacyclohexane, 1,4,7-triazacyclononane,
HO proton sponge 1,5,9-triazacyclododecane, trispyrazolylborate).”® Finally, we
HOFNN//\\,\]/OH + FeCly were able to get a good quality X-ray structure by using the
or 4 02, MeOH N,N’.,N”—lFrimgthyl—1,4,17—triazacKclononane (Mestacn) as a
P capping ligand (complex S, Scheme S).
H Scheme S. Synthesis of Manganese(IV)-tfo Complexes
W N El\’;n(tacn)(tfo)]Cl (4) and [Mn(Me,tacn)(tfo)]Cl-MeOH
S
proton sponge - facn - HN___NH tacne3HCI, EtzN
' R P
or - cl
HQ Mn(OAC); Mestacn <;)\l\ll/~/>
The same complex was prepared in 42% yield directly from HoFN’\L/\\,\]/OH . o proton sponge | - \h/‘n/N\R
FeCl; by the reaction with hydrochlorides of tacn and tfoH, o H 0,, MeOH o4 Q
. ST . MnCl, NN
in the presence of a proton sponge (1,8-bis(dimethylamino)- HoHHCI LN
naphthalene) under air. The use of formaldoxime (generated s
in situ from formaldehyde and hydroxylamine) instead of its 4 (R=H)
5 (R = Me)

trimer tfoH; in this reaction led to the same result. The
composition of complex 2 was proved by HRMS (electro-
spray ionization) and elemental analysis. UV—vis and FT-IR
spectra of 2 were similar to those reported previously for
Cs,[Fe(ON=CH,)¢] (see the Supporting Information),
indicating the presence of the same structural motif in
these two complexes. For crystals of complex 2, the X-ray
analysis could be performed, which revealed that the iron
atom is coordinated not by formaldoxime (as postulated
previously) but by its trimer (tfo). The N—OH groups of the
ligand are fully deprotonated, and oxy groups are bonded to
iron forming an adamantane-like structure [Fe(tacn)(tfo)]*.
Intriguingly, the formal oxidation state of iron is +4 in this
complex, assuming that tfo ligand is a trianion (vide infra).

Inspired by this result, we then tried to prepare mixed tfo-
tacn complexes with other p-metals. However, attempts to
isolate tfo-tacn complexes with cobalt, copper and vanadium
failed.”* Surprisingly, the reaction of NiCl, with tacn and
tfoH; hydrochlorides in the presence of a proton sponge in
methanol under air afforded a stable brown-colored nickel

(crystal solvate with MeOH)

It is noteworthy that metal(IV)-tfo complexes were not
formed under the argon atmosphere, indicating that oxygen is
required for the oxidation (vide infra).

The obtained metal-tfo complexes 2—35 are well-soluble in
methanol, water, and DMF and poorly soluble in Et,O, THF,
and CH,CIL,.

X-ray Structure of Metal-tfo Complexes, FT-IR and
NIR Spectroscopy. The geometry and electronic structure
of complexes 2—5 are unprecedented and require special
discussion. It is surprising that at least three D-metals with
different electronic configurations tend to form stable
complex cations of the same composition [M(tacn)(tfo)]*
with a formal +4 oxidation state of the metal. Stable
nonbiomimetic high-valent iron(IV)**™*" and nickel(IV)**~3*
complexes with organic ligands are scarcely known in the
literature. Moreover, the formation of high-valent nickel and

complex [Ni(tacn)(tfo)]CI-MeOH (3, Scheme 4). According
to the X-ray analysis, this complex had the same metal-
loadamantane motif (nickel coordinated by three N-oxy
groups of tfo’”) as the parent iron complex 2.

Scheme 4. Synthesis of Nickel(IV)-tfo Complex
[Ni(tacn)(tfo)]CI'MeOH (3)

RSN
HN__| _NH

HO tacne3HCI
\
proton sponge N\
HO\Y\IN//\\I}]’OH + NiCl, ?ED/NI\? or
CI_ H 02, MeOH N-——N
LaNd
tfoH;eHCI
3 (X-ray)

(crystal solvate with MeOH)
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iron apecies by oxidation with molecular oxygen is extremely
rare.””*' To our knowledge, compounds 2 and 3 are the first
structurally characterized organic nitroxy complexes of
iron(IV) and nickel(IV), which are formed under ambient
conditions by a spontaneous oxidation with air. Somewhat
related iron(IV) complexes with macrocyclic amides such as
TAMLs™ " and hexahydrazide cages® have been reported
in the literature. However, these complexes are stabilized by
donor effects of deprotonated amides as well as by a shielding
effect of clathrochelate,”* which is not the case in tfo
complexes.

The geometrical parameters of [M(tacn)(tfo)]* cations are
very similar for manganese, iron, and nickel (Figure 1). All
three structures consist of a distorted metalloadamantane
framework formed by coordination of the metal ion with
three axial (with respect to triazinane ring) oxy groups of the
deprotonated tfoH; ligand. The other three coordination

https://doi.org/10.1021/acs.inorgchem.0c03362
Inorg. Chem. 2021, 60, 5523—5537
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[Fe(tacn)(tfo)]*

Figure 1. Principal structural motifs and details of geometries around a metal center in complexes 2, 3, and S. Hydrogens at carbon atoms are

omitted for clarity.

vacancies on the metal are occupied by the triazacyclononane
ligand (tacn or Mejtacn). The coordination geometry around
the metal ion is close to an ideal octahedron, as follows from
the angles of distortion toward a trigonal prism in the range
49.41(4)—51.54(10) (¢ = 0° for an ideal trigonal prism, ¢ =
60° for an ideal octahedron). To better quantify this
distortion, continuous symmetry measures were used” that
measure how close the shape of the coordination polyhedron
is to a reference shape, such as an ideal octahedron (OC)
and an ideal trigonal prism (ITP). For all the complexes
synthesized, the symmetry measures S(OC) and S(TPR)
evaluated from the X-ray diffraction data confirm a very small
deviation of the shape of the coordination polyhedron from
an ideal octahedron hinted by the above distortion angles
(Table 1).

The M—-O and N-O bond distances in iron and
manganese complexes are close and lie in the range of
1.86—1.89 A and 1.39—1.41 A, respectively. In [Ni(tacn)-
(tfo)]*, the Ni—O bonds are somewhat longer (1.909—1.917

5526

Table 1. Main Geometric Parameters and Continuous
Symmetry Measures” As Obtained from X-ray Diffraction
at 120 K for 2, 3, and §

2 3 5

¢ (deg) 50.91(17) 51.54(10) 49.41(4)

h (A) 2.3353(3) 2.3435(12) 2.4339(10)
s(oC) 0.172 0.100 0.295
S(TPR) 16.185 15.784 14.847

“@ is the distortion angle of the OC-TPR polyhedron,  is the height
of this polyhedron; S(OC) and S(TPR) are octahedral and trigonal
prismatic measures, respectively.

A), and N—O bonds are considerably shorter (1.345—1.352
A) compared to manganese and iron complexes. Axial N—O
bonds in the ligand are longer (1.455 A) compared to metal-
tfo complexes as shown by X-ray analysis of tfoH;HCL
Remarkable features of all three structures are reduced
pyramidality of nitrogen atoms (deviation of nitrogen from

https://doi.org/10.1021/acs.inorgchem.0c03362
Inorg. Chem. 2021, 60, 5523—5537
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Figure 2. Curve fited Mn 2p, Mn 3s, Ni 2p, and Fe 2p photoelectron lines for metal-tfo complexes 2, 3, and § (colored peaks show
deconvolution of the experimental spectra on individual components).

the mean plane formed by substituents is ca. 0.4 A) and
shortening of N—O bonds compared to noncoordinated
derivatives of tfoH, (1.42—1.47 A*°™**). These features are
usually an indication of hyperconjugation interactions
involving a lone electron pair (n — o* donation, vide
infra).” Reduced pyramidality of nitrogen atoms in these
structures can also be explained by the distortion of bond
angles C—N—O attributed to the presence of a large p-metal
in the adamantane cage.

FT-IR spectra of [M(tacn)(tfo)]* complexes display similar
features. Characteristic bands attributed to CH, stretching,
CH, bending, CH, twistingg C—N—C stretching, N—C—N
bending, and M—O stretching were observed. In all spectra,
two bands appearing at ca. 1010—920 cm™' are the most
intensive. On the basis of the isotope frequency shifts in
complexes having '*N-labeled and deuterated tfo ligands,
DFT calculations, and previous IR studies on [M(ON=
CH,)¢]*” complexes,’” the higher-frequency band was
attributed to an almost pure N—O stretching, while the
lower one corresponds to CH, rocking (see Tables S4—S6 in
the Supporting Information). The position of v(N—O)
stretching frequency is characteristic for a sin‘gle nitrogen—
oxygen bond observed in hydroxylamanines”* and metal
hydroxamates**~* (1100—900 c¢m™). In the NIR region
(1100—2000 nm), no charge transfer bands were observed.

NMR Spectroscopy and Evans Method. The low-spin
nature of the nickel(IV) complex with a d® electronic
configuration was confirmed by its diamagnetic NMR spectra.
'H and C NMR spectra show clear signals of coordinated
tfo and tacn having diastereotopic CH,—protons. In contrast,
the NMR spectra of iron and manganese complexes were
dominated by the paramagnetic effects (see section 7 in
Supporting Information), i.e., the contact shifts that depend
on the spin density distribution in a molecule and the
pseudocontact shifts that arise from dipole—dipole electron—
nucleus interactions. While a full assignment of these signals
is outside the scope of this manuscript, the signals being
relatively narrow even for the manganese complex are
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indicative of the spin density being mostly localized on the
metal ion, thus ruling out the existence of the nitroxide
radical moiety in the molecule.

The magnetic susceptibilities yT of the iron and
manganese complexes (1.2 and 1.9 cm*mol-K™' respectively)
estimated by the Evans method®® (see Table S3 in
Supporting Information), often used for this purpose, are
close to spin-only values for S = 1 and S = 3/2 (1.00 and
1.87, respectively). This corresponds to two unpaired
electrons for a d* configuration of the iron(IV) ion and to
three unpaired electrons for a d’ configuration of the
manganese(IV) ion, thus confirming the oxidation state of
+4 for the metal ions for both paramagnetic complexes.

XPS, Méssbauer Spectroscopy, and DFT Studies of
Metal-tfo Complexes. Additionally, the electronic structure
of [M(tacn)(tfo)]Cl complexes was studied by X-ray
photoelectron spectroscopy (XPS), Mossbauer spectroscopy,
and DFT calculations. XPS data confirmed the composition
of complexes 2, 3, and § and the presence of key structural
motifs (see Supporting Information). XP spectra with respect
to the metal 2p and 3s regions are shown in Figure 2. In all
complexes, the metal atom is present in a single oxidation
state; i.e., the samples were redox pure. Although there is not
much XPS data for high-valent metal complexes with organic
ligands,49 some evidence on the metal oxidation state can still
be obtained. For complex $, the binding energy at maximum
peak height Mn 2p,,, doublet splitting (2ps/,—2p;/, = 11.6
eV), and the position and intensity (27% of Mp2p main line)
of satellite peaks are consistent with known high-valent
manganese complexes, in g)articular, Mn(IV) complexes with
amino alcohol ligands,5 Ni[Mn(CN)4],”" and K;[Mn-
(CN)g)],>" as well as with some Mn(III) complexes such
as p-diketonates.”> The position of Mn 3s peaks is
intermediate between Mn(IV) and Mn(IIl) complexes with
N,O ligands,fw’53 For nickel complex 3, the positions of main
and satellite peaks in the Ni 2p XPS spectrum are very
similar to KNilO (855.4, 861.1, 873.0, 880.2 eV>*), in which
Ni(IV) has an octahedral environment and the Ni—O bond
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length (1.88 A) is close to [Ni(tacn)(tfo)]Cl. The observed
2ps,, binding energy values are somewhat smaller than those
reported for other high-valent inorganic compounds of nickel,
such as K,NiFg and Ni,0;."” The Fe 2p XPS spectrum of
[Fe(tacn)(tfo)]ClI is more consistent with inorganic Fe(I1I)
compounds.*”>* However, the electronic effect of the organic
ligand is known to influence the binding energy state of the
electron significantly by changing the effective charge on the
metal atom.’® Thus, a direct comparison of XPS data for iron
and nickel tfo complexes with high-valent inorganic
compounds of these metals may not be reliable for
interpreting the oxidation state.

For iron complexes, Mossbauer spectra are more
informative and reliable in interpreting the metal oxidation
state. The "Fe Mossbauer spectrum of [Fe(tacn)(tfo)]Cl (2)
shows a quadrupole doublet with an isomer shift 6 =
0.155(1) mm/s and a quadrupole splitting |AE| = 3.007(1)
mm/s at room temperature (Figure 3, Table 1). Given a
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Figure 3. Mossbauer spectra of [Fe(tacn)(tfo)]Cl (2).

distorted octahedral coordination geometry of [Fe(tacn)-
(tfo)]ClL, the observed hyperfine parameters of Mossbauer
spectra are consistent with the values expected for the triplet
Fe(IV) complexes.”***7*%75% A large |AEq| indicates a
relatively enhanced value of the electric field gradient
presumably arising from deformation (e.g., stretching along
the axis of the gradient) of the coordination octahedron
around the Fe(IV) atom. No signs of decomposition were
observed in the Mossbauer spectra of [Fe(tacn)(tfo)]Cl after
40 days at room temperature.

According to DFT calculations performed at the DFT-D3
level of theory with the BP86 functional, the triplet state was
predicted to be most stable for complex [Fe(tacn)(tfo)]*.
Hypothetical singlet and pentet states were less stable by 9.0
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and 20.7 kcal/mol, respectively. The optimized geometry of
the triplet cation [Fe(tacn)(tfo)]* is in excellent agreement
with the experimental X-ray data, while the high-spin
structure shows significant deviations (see Supporting
Information). Calculated Maossbauer isomer shifts and
quadrupole splitting AEq calculated both for DFT-optimized
(S = 1) and X-ray structures are in good agreement with
experimental data (Table 2). Calculated 6 and AE, values for

Table 2. Experimental and Calculated (DFT) Mossbauer
Parameters of [Fe(tacn)(tfo)]CI (2)

approach S T,K 6 (mm/s) AEq (mm/s) T (mm/s)
experiment 295 0.155(1) 13.007(1)l  0.228(2)
experiment 90 0.218(1) 13.007(1)I 0.256(1)
calculation™? 1 0.19 —2.00
calculation™” 1 0.20 -221
calculation™* 0 0.16 —1.56
calculation™* 2 0.39 —1.51

“RHO was calculated with the B3LYP DFT functional using the
CP(PPP) basis set on Fe and the def2-TZVP basis set on other atoms.
The electric field gradient was calculated using the TPSS DFT
functional with the DKH-def2-QZVPP basis set on Fe and the def2-
TZVP basis set on other atoms was used. Relativistic effects were
taken into account by requesting a Douglas—Kroll-Hess second
order scalar relativistic calculation. ”Calculations were performed for
the X-ray structure. “Calculations were performed for the DFT-
optimized structure (DFT-D3 level of theory with BP86 functional
was used for geometry optimization and calculations of thermochem-

istry).

low and high-spin structures substantially differ from the
experiment (Table 2). According to a Mulliken population
analysis of the triplet state structure, the spin density is
almost fully localized on the iron atom (1.79 of 2 electrons,
Figure 4a). These computational data provide strong
evidence for the correct assignment of the ground state
electron configuration close to d* for the iron atom.

(a) [Fe(tacn)(yfo)]"

(b) [Mn(Mestacn)(tfo)]*

Figure 4. Calculated spin density in iron(IV)-tfo and manganese-
(IV)-tfo complexes 2 and S.

Similar DFT calculations of manganese complex [Mn-
(Mejtacn)(tfo)]* revealed that the high-spin complex (S = 3/
2) is more stable than the low-spin structure (S = 1/2) by
18.4 kcal/mol. The optimized geometrical parameters of the
high-spin complex are very close to those derived from the X-
ray analysis. The molecular orbital picture of this complex
shows that three SOMOs are almost pure d?, d¢_y and d,,
Mn-derived orbitals (Figure S). All three unpaired electrons
are localized on a manganese atom according to Mulliken
population analysis supporting the d* electronic configuration
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Figure S. Calculated SOMO orbitals of [Mn(Mestacn)(tfo)]*.
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Figure 6. Electrochemical data for a 1 mM dimethylformamide solution of the iron complex [Fe(tacn)(tfo)]Cl (2) with 0.1 M (n-
(C4Hy),N)PFq as a supporting electrolyte: (a) cyclic voltammogram for the first reduction process, (b) cyclic voltammogram for the first

oxidation process.

(Figure 4b). Interestingly, DFT calculations revealed that the
order of d orbitals (d the lowest, then d2_ and d,) is
different from typical octahedral splitting; the same splitting
caused by the trigonal symmetry is characteristic of
complexes with an encapsulated metal ion (clathrochelates”),
such as iron(IV),”* and often results in unusual magnetic
properties, such as giant magnetic anisotropy” and single
molecule magnet behavior.®'

For nickel complex [Ni(tacn)(tfo)]*, we were able to
localize only one structure with d® configuration. This
structure has the singlet (S = 0) ground state and is in
good agreement with the X-ray data for complex 3.
Interestingly, two complexes having d” and d® configurations
with large spin densities on N—O groups were also identified
as local minima (see Supporting Information). The optimized
geometry of both high-spin complexes showed significant
distortion of the metalloadamantane unit, in which one M—O
distance was elongated (2.37 A for d’, 3.50 A for d%)
compared to the other two bonds (1.91 A for d’, 1.98 A for
d®). According to Mulliken population analysis, the longer
M-O distances are formed with nitroxide radical groups.
However, these high-spin complexes were separated from the
parent diamagnetic d® complex by 22.6 and 41.3 kcal/mol,
respectively.

Electrochemical Properties. Redox properties for the
complexes obtained were accessed by cyclic (CV) and
differential pulse (DPV) voltammetries in a dimethylforma-
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mide/TBAP solution (Figure 6 and Figures S6—S8 in the
Supporting Information). For the iron and nickel complexes
2 and 3, one irreversible oxidation wave (with E, equal to
0.23 and 0.21 V referenced to the Fc/Fc* couple) and one
irreversible reduction wave (at E, = —1.0 and —1.2 V) were
detected by CV voltammetry; the manganese complex 4
features several irreversible reductions (Figure S8 in the
Supporting Information). All the above waves show an almost
irreversible behavior at a scan rate of 0.1 V s7; the increase
in the scan rate leads to a quasi-reversible behavior in the
case of the iron- and nickel-centered processes. The linear
dependence of the peak current on the square root of the
scan rate (Figures S6d, S7d in Supporting Information)
suggests a diffusion-limited process. Note that the observed
redox potentials are very close to those previously reported
for a clathrochelate iron(IV) complex with a similar trigonal
prismatic geometry.”* Thus, ligand tfo’~ provides very
efficient stabilization of the highly oxidized metal center.
The Nature of Stabilization of High-Valent Metals in
Complexes with tfo Ligand. Geometrically, [M(tacn)-
(tfo)]* cations are somewhat similar to complexes of
deprotonated all-cis-cyclohexanetriol and related ligands (in
particular, 1,3,5-triamino-1,3,5-trideoxy-inositol t‘aci).m’63
However, these ligands do not form complexes with late p-
metals in high oxidation states. Due to the presence of M—
O—N motifs, [M(tacn)(tfo)]" complexes can be considered
as analogs of metal hydroxamates, in particular hydroxamate
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sideophores.”* Although anionic hydroxamate ligands can
form M(IV) complexes, the latter are derived from early
transition metals.”>"®” Therefore, tfo>~ provides some
additional electronic stabilization for the high-valent metal
center.’”” One could assume that tfo’~ is a noninnocent
ligand, which is oxidized by the metal. Indeed, hydroxyl-
amines are known to be redox-active, forming corresponding
nitroxide radicals or oxoammonium cations upon oxidation.
Characteristic examples are nitroxide species TEMPO,
AZADO, PROXYL, PINO, etc.”' From this viewpoint,
three canonical structures Al, B1, and C1 could be proposed
to describe the electronic structure of [M(tacn)(tfo)]*
complexes (Figure 7). These structures differ in the formal
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Figure 7. Canonical structures of metal(IV)-tfo complexes.

oxidation state of metal (from +2 to +4) and the oxidation
level of the nitroxyl unit. Indeed, complexes of p-metals with
hydroxylamines, nitroxide radicals, and oxoammonium cations
having M—O—N, M—(*O-N), and M—(O=N") motifs,
respectively, have been described in the literature.””””" In
structures B1 and C1, the tfo ligand exhibits a mixed-valence
state,*”®" which may be apparent in the N—O bond
stretching frequency in the IR spectra. The N—O bond
stretching frequency strongly depends on the oxidation level
of the nitroxide group (1000—900 cm™ for hydroxylamines™**
and metal hydroxamates,**° ca. 1350 cm™ for nitroxide
radicals®” and ca. 1600 cm™ for oxoammonium cations®**).
The position of ¥(N—0O) at 1015-963 cm™' in [M(tacn)-
(tfo)]* complexes is indicative of a single nitrogen—oxygen
bond, while the mixed valency of the ligand would result in a
much higher frequency (intermediate between hydroxylamine
and nitroxide radical or oxoammonium cation).

In our view, Al, Bl, and Cl can be better viewed as
resonance forms with the real structure of [M(tacn)(tfo)]*
being likely a superposition of these canonical structures (this
treatment makes the formal oxidation state of the metal
meaningless). The relative contribution of these forms is
different and may depend on the nature of the metal.

The geometrical parameters of octahedral Mn, Ni, and Fe
complexes with nitroxide radicals substantially differ from
those observed in [M(tacn)(tfo)]* complexes: M—O bond
distances are much longer (>1.9 A), and N—O bonds are
considerably shorter (1.2—1.3 A).”>7%%% By these structural
metrics as well as v(N—O) frequencies, [M(tacn)(tfo)]*
cations are closer to complexes with reduced TEMPO,””’°
deprotonated hydroxylamines,®” hydroxamic acids,*® and N-
oxides of tertial amines.*””° Thus, the nitroxide radical
structure B1 does not seem to make a significant contribution
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to the structure of [M(tacn)(tfo)]* complexes. This is also
confirmed by DFT calculations, which show very low spin
density on the nitrogen and oxygen atoms (see Figure 4 and
Supporting Information).

As for the canonic structure C1, the formation of a chelate
would lead to a severe distortion of the sp® geometry of the
nitrogen atom. For this reason, we believe that the
contribution of the C1 form in the structure of [M(tacn)-
(tfo)]" is also small. On the other hand, canonical structure
Cl clearly demonstrates the mechanism of additional
stabilization of the p-metal ion by donation of the electron
density from the n-orbital of nitrogen to metal d orbitals. The
experimentally observed flattening of nitrogen atoms can be a
consequence of these anomeric interactions. Hyperconjuga-
tion effects are known to be strong in organic adamantane
derivatives due to their conformationally rigid structure and
optimal geometry with staggered bonds.*>”"”* Indeed, NBO
analysis of [Ni(tacn)(tfo)]* revealed the presence of strong
ny = Oni_o* and interactions ny — oc_n* with energies of
4.8 and 6.6 kcal/mol.

Thus, the stabilization of high-valent metals in [M(tacn)-
(tfo)]* complexes can be explained by a strong o-donor
capacity of three anionic N-oxy groups of tfo>~ and additional
donation of the electron density on the metal center from
nitrogen atoms via hyperconjugation. These electronic effects
are multiplied due to a tridentate nature of the tfo’~ ligand
and the formation of a stable conformationally rigid
adamantane structure.

Oxidation Reactivity and Catalytic Activity of Metal-
tfo Complexes. Given the high oxidation state of the metal
center, [M(tacn)(tfo)]* complexes are expected to exhibit
oxidative properties. Indeed, iron(IV), manganese(IV), and
nickel(IV) complexes are known to be reactive intermediates
in biological and artificial catalytic oxidation processes.””””
However, [M(tacn)(tfo)]*Cl™ complexes were found to be
indefinitely stable in the solid state and in solution (methanol
and water). The UV—vis spectra monitoring showed no signs
of decomposition of complexes 2, 3, and § in methanol and
water at least within a week (¢ = 1 mM). More surprisingly,
they were relatively stable in the acidic medium even in the
presence of 165 equiv of trifluoroacetic acid. Complexes 2, 3,
and § were resistant toward the action of oxidizable organic
substrates such as hydroquinone, triphenylphoshine, and
naphthalene (2 equiv of reducing agent, UV—vis control).
However, with sodium ascorbate, dithionite, and sulfide,
substantial changes in UV—vis spectra were observed (see
Supporting Information). For example, the addition of 2
equiv of Na,S to the nickel complex 3 resulted in an
immediate disappearance of brown color. Surprisingly, after a
few minutes under air, the initial brown color was restored.
The recovery of the complex was confirmed by UV—vis
monitoring shown in Figure 8. Similar behavior was observed
for iron and manganese complexes 2 and S.

High-resolution mass spectra of the dark-red solution
obtained by the reduction of [Fe(tacn)(tfo)]Cl (2) with
sodium ascorbate contained a single cation [Fe(tacn)(tfo)-
H]*, which corresponds to a protonated iron(III) complex.
The same ion was observed in the reaction of FeCl; with
tacn and tfoH; under an inert atmosphere (along with
iron(IV) complex [Fe(tacn)(tfo)]*). The "Fe Mdossbauer
spectra of both samples obtained by evaporation of these
solutions contained a quadrupole doublet with an isomer shift
of ca. 6 0.32 mm/s and a quadrupole splitting IAEq| of ca.
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Figure 8. UV—vis monitoring of the reaction between complex 3
and Na,S under an air atmosphere.

0.9 mm/s at room temperature. Compared to [Fe(tacn)(tfo)]
Cl (2), the signal has a more positive isomer shift (A5 = 0.17
mm/s) indicating a metal-centered reduction resulting in the
formation of the high-spin (S = 5/2) iron complex. These
Mossbauer parameters are in reasonable agreement with
calculated values for electroneutral iron(III) complex [Fe-
(tacn)(tfo)] with § = 5/2. Upon exposure to air, this doublet
disappears, and the formation of the [Fe(tacn)(tfo)]Cl
complex is observed. However, our attempts to obtain single
crystals for this complex failed. Further research will be
performed to isolate and characterize metal(IlI)-tfo com-
plexes.

The reversible character of reduction suggests that
[M(tacn)(tfo)]* complexes may be catalytically active in
the aerobic oxidation of sulfur compounds. Indeed, all three
complexes (2, 3, and §) exhibited catalytic activity in the
aerobic oxidation of p-thiocresol to the corresponding
disulfide with air under ambient conditions in methanol
(Table 3). Iron complex 2 showed the highest catalytic
activity with TON = 2000 and TOF = 83. With nickel
complex 3, 1 equiv of triethylamine was needed to achieve
full conversion of thiol. The addition of TEMPO to the iron-
catalyzed reaction did not result in a drop of the yield of

Table 3. Aerobic Oxidation of p-Thiocresol Catalyzed by
Metal(IV)-tfo Complexes

complex (mol%)
MeOH, air
additive §
_—
S
SH 24h /©/
isolated yield of
complex mol % additive conversion disulfide
[Fe(tacn)(tfo)]Cl (2)  0.1% >99% 80%
[Ni(tacn)(tfo)]Cl 0.5% Et;N >99% 78%
()

0.5% Et;N >99% 81%

[Mn(Mestacn)(tfo)]
Cl (5)
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disulfide. Moreover, in the presence of N-tert-butylmethani-
mine N-oxide, spin-trapping of thiyl radical was not observed
by ESR. These experiments suggest that the oxidation of the
thiol group proceeds via an ionic mechanism rather than a
radical pathway.”?

Catalytic aerobic oxidation of thiols received some
attention in recent years as it proves an efficient and waste-
less method for the production of disulfides compared to
conventional oxidizing reagents.””””” Although numerous
aerobic methods have been developed based on noble and
non-noble metal catalysts, they usually re%uire high catalyst
loadings,%’g7 elevated temperatures,94_ additives,” or
photochemical activation.”” To the best of our knowledge,
iron complex [Fe(tacn)(tfo)]Cl (2) exhibits much higher
activity in the oxidation of p-thiocresol compared to
previously reported catalysts. We believe this can be a good
starting point to develop a new generation of non-noble
metal catalysts for aerobic oxidation of thiols and related
sulfur compounds.

Bl CONCLUSIONS

In conclusion, the structure of transition-metal-formaldoxime
complexes (iron, nickel, and manganese) was revealed for the
first time. According to the X-ray analysis, deprotonated
formaldoxime cyclotrimer (tfo*~) binds to the metal via three
oxygen atoms forming an adamantane-like cage structure.
The other three coordination vacancies are occupied by a
macrocyclic triamine (tacn), which was used as a supporting
ligand. The metal in [M(tacn)(tfo)]Cl has a formal +4
oxidation state, which is atypical for late transition metal
complexes with organic ligands. The assignment of the
ground state electronic configuration was confirmed by XPS,
Mossbauer spectroscopy, NMR (Evans method), FT-IR
spectroscopy, and DFT calculations. Interestingly, these
indefinitely stable high-valent metal complexes are formed
from the corresponding Fe(1II), Ni(II), and Mn(II) salts by
oxidation with air.

We believe that well-defined high-valent metal-formal-
doxime complexes such as [M(tacn)(tfo)]Cl prepared in
this work may find interesting applications in catalysis
(aerobic oxidation reactions) and analytical chemistry
(spectrophotometric determination of transition metals). As
an illustration of this, we have shown that [M(tacn)(tfo)]Cl
complexes exhibit high catalytic activity in the aerobic
dehydrogenative dimerization of p-thiocresol under ambient
conditions.

B EXPERIMENTAL SECTION

General Methods and Instrumentation. All reactions were
carried out in oven-dried (150 °C) glassware. CH,Cl,, CHCl;, and
Et;N were distilled over CaH,; THF was distilled over LiAlH,.
Na,[Fe(ON=CH,),] was prepared according to a previously
described protocol.'” 1,4,7-Triazacyclononanetrihydrochloride (tacn
e3HCI), N,N’,N”-trimethyl-1,4,7-triazacyclononane (Mestacn), 1,8-
bis(dimethylamino)naphthalene (proton sponge), p-thiocresol, naph-
thalene, Ph;P, hydroquinone, sodium ascorbate, and all inorganic
reagents were commercial grade and used as received. NMR spectra
were recorded at room temperature with residual solvent peaks as
internal standards. Multiplicities are indicated by s (singlet), d
(doublet), m (multiplet), and br (broad). Melting points were
determined on a Kofler heating stage and were not corrected.
HRMS experiments were performed on a mass-spectrometer with
electrospray ionization and a time-of-flight (TOF) detector. Peaks in
FT-IR spectra data are reported in cm™' with the following relative
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intensities: s (strong), m (medium), w (weak), br (broad), and sh
(shoulder). UV—vis spectra were recorded with the use of a Jasco V-
770 spectrophotometer or SF2000 spectrophotometer for the
solutions of the investigated compounds. Raman spectra were
measured on Princeton Instruments SpectraPro with a CCD
detector at laser wavelength A = 671.7 nm, spot size ca. 2 um,
intervals 200-900 c¢m™' and 800—1400 cm™!, with 6 min of
exposition on each interval. GC-MS was performed on a Chromatec
5000 with an Agilent DB-1MS column 122—0132.

Detailed information on the X-ray diffraction experiments,
paramagnetic NMR, electrochemical measurements, XPS, S7Fe
Mossbauer absorption spectra, and DFT calculations is provided
in the Supporting Information.

Synthesis of tfoH;-HCl. Method 1. To a stirred formaldehyde
solution (37 wt % in H,O, 4.4 mL, 59 mmol) at 0 °C was added a
hydroxylamine hydrochloride (4.0 g, 57 mmol). The mixture was
stirred for S min at 0 °C, warmed up to room temperature, and
stirred for an additional 2 h. The resulting solution was concentrated
in a vacuum (80 Torr, 40 °C). Then, S mL of ethanol was added to
the residue, and the mixture was left to stay in a refrigerator at 4 °C
for 24 h. Then, another 10 mL of ethanol was added, and solid
material was filtered off and was dried in a vacuum (0.2 Torr, 25
°C) to give 2.0 g (yield 61%) of tfoH;HCI as a white solid.
Caution! The product starts to decompose above S0 °C in a vacuum
(0.1 Torr). '"H NMR spectrum of tfoH;HCI is in agreement with
the literature data.”® 'H NMR (300 MHz, HSQC, D,O, &, ppm):
453 (s, 6 H, 3 CH,). ®C NMR (75 MHz, HSQC, D,0, 8, ppm):
743 (CH,). ESI-HRMS m/z [M-Cl]* caled for [C3H,(N;0;]":
136.0717. Found: 136.0718.

Method 2 (Used to Prepare N-Labeled and Deuterated tfoH;-
HCI). To a stirred hydroxylamine hydrochloride solution (100 mg,
1.44 mmol) in H,0 (0.1 mL) was added a paraformaldehyde (43
mg, 1.44 mmol). The mixture was refluxed in a closed vial for 15
min until the formation of clear solution. The resulting solution was
concentrated in a vacuum (80 Torr, 40 °C). Then, ethanol (150
uL) was added to the residue, and the mixture was left to stay in a
refrigerator at 4 °C for 24 h. Then precipitate was separated from
mother liquor, washed with ethanol (3 X 150 xL), and dried in a
vacuum (0.2 Torr, 25 °C) to give 34 mg (yield 41%) of tfoH;-HCl
as a white solid. Mp. 108—112 °C. Caution! The product starts to
decompose above SO °C in a vacuum (0.1 Torr). '"H NMR spectrum
of tfoH;-HCI is in agreement with the literature data.”® 'H NMR
(300 MHz, D,0, 8, ppm): 4.61 (s, 6 H, 3 CH,). FT-IR (KBr):
3242 (s,br), 3034 (s,sh), 2835 (s,br), 2622 (s), 2523 (m), 2419 (w),
1541 (s), 1405 (s,br), 1348 (m), 1307 (w), 1253 (w), 1203 (s),
1178 (s), 1131 (s), 1039 (s), 973 (s), 947 (s), 889 (s), 796 (s), 709
(m), 622 (br), 557 (s), 503 (m), 431 (s). Anal. Calcd for
C,H,,CIN;O5: C, 21.00; H, 5.87; N, 24.49. Found: C, 21.16; H,
5.78; N, 23.86. Single crystals of tfoH;-HCI, suitable for X-ray
diffraction, were obtained by recrystallization from hot ethanolic
solution. Using '*N-hydroxylamine hydrochloride or D,-paraformal-
dehyde, '*N-labeled and deuterated samples of tfoH;-HCl were
prepared.

Fe(ON=CHNO),py, (1). To a solution of anhydrous FeCl; (150
mg, 0.93 mmol) in methanol (5 mL) were consequently added
tfoH;-HCl (159 mg, 0.93 mmol) and pyridine (0.63 mL, 7.8 mmol).
The purple-brown solution was stirred at room temperature
overnight under air. The resulting dark-olive solution was
concentrated under reduced pressure. The residue was dried in a
vacuum to remove the unreacted pyridine and then dissolved in
water (20 mL). The aqueous layer was washed with a mixture of
EtOAc-Et,O until the organic layer became colorless. Then, CHCl;
(20 mL) was added to the aqueous layer and the mixture was stirred
overnight with access to air. The resulting deep-blue chloroform
layer was separated and concentrated in a vacuum to give 7 mg of
dark blue crystals of complex 1 (yield: 2%). Mp. above 280 °C. FT-
IR (KBr): 3480 (br), 3074 (w), 2922 (w), 2851 (w), 1605 (m),
1487 (w), 1449 (s), 1407 (s), 1385 (s), 1373 (s), 1357 (s), 1238
(m), 1219 (m), 1096 (m), 1066 (m), 1030 (s), 876 (w), 830 (m),
799 (w), 763 (m), 695 (m), 643 (w), 606 (w). UV—vis spectrum:
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(CH,CL, ¢ = 23 x 107 M) peaks 4 nm: 600 (max. extinction
coefficient €, = 0.8 X 10%). ESI-HRMS m/z [M + H]* calcd for
[C1,H,3FeNgO,]*: 361.0342. Found: 361.0339.

[Fe(tacn)(tfo)ICl (2). To a mixture of tfoH;-HCl (34 mg, 0.2
mmol), tacn-3HCI (48 mg, 0.20 mmol), anhydrous FeCl; (32 mg,
0.20 mmol), and proton sponge (428 mg, 2.0 mmol) was added S
mL of methanol. The reaction mixture was stirred for 1 h at room
temperature under air and then kept for an additional 24 h with a
closed cap. The precipitate was centrifuged off, and a clear solution
containing complex 2 was concentrated in a vacuum. The residue
was dried at 0.1 Torr for 30 min, and a mixture of Et,0 (10 mL)
and CH,Cl, (30 mL) was added to the crude product. The mixture
was left to stay in a refrigerator at 4 °C for 4 days. Then precipitate
was separated from the mother liquor and dried at 0.1 Torr for 30
min. The residue was placed in a centrifuge cup and centrifuged
with CH,Cl, (3 X 10 mL) and THF (2 X 10 mL). The residual
solid was dissolved in 3 mL of methanol (dark maroon solution)
and centrifuged. Clear solution was separated from a small amount
of undissolved material and concentrated in a vacuum. This
operation was repeated twice. Solid material was dried in a vacuum
at 0.1 Torr to give 31 mg (yield 42%) of 2 as a black solid. Mp.
above 280 °C. FT-IR (KBr): 3449 (br), 3240 (s), 3053 (s), 2978
(s), 2924 (m), 2883 (s), 2828 (w), 1631 (br), 1485 (w), 1450 (s),
1419 (m), 1360 (m), 1329 (w), 1261 (m), 1229 (w), 1167 (m),
1101 (s), 1042 (s), 972 (s), 929 (s), 874 (m), 830 (m), 779 (s),
746 (s), 632 (s), 604 (m), 530 (s), 460 (s), 431 (m). UV—vis
spectrum (MeOH, ¢ = 6.4 X 107° M), A nm: 273 (max. extinction
coefficient €, = 5.4 X 10%), 345 (£, = 2.8 X 10%), 492 (g, =
1.9 X 10%), 578 (€ = 7.7 X 10°). Raman spectrum: 217 (intensity:
340, Fe—0),” 289 (intens.: 161), 362 (intens.: 190), 387 (intens.:
202), 429 (intens.: 209), 462 (intens.: 120), S00 (intens.: 508,
v,Fe—0 and Fe—N),”” 524 (intens.: 792), 538 (intens.: 358), 632
(intens.: 227), 748 (intens.: 105), 976 (intens.: 148), 1250 (intens.:
2354, twisting CH, from tfo and tacn),” 1357 (intens.: 115), 1424
(intens.: 5818, scissoring CH, from tfo and tacn).”*~'°" ESI-HRMS
m/z [M-Cl]* caled for [CoH,;FeN4O;]*: 317.1019. Found:
317.1021. Anal. Caled for CoH,,ClFeN4O5:0.5CH;0H: C, 30.95;
H, 6.29; N, 22.80. Found: C, 31.54; H, 5.95; N, 22.82. For synthesis
and characterization of isotope-labeled complexes 2, see Supporting
Information.

[Ni(tacn)(tfo)]CI-MeOH (3). To a mixture of tfoH;-HCl (34 mg,
0.20 mmol), tacn-3HCI (48 mg, 0.20 mmol), anhydrous NiCl, (26
mg, 0.20 mmol), and proton sponge (428 mg, 2.0 mmol) was added
S mL of methanol. The reaction mixture was stirred for 1 h at room
temperature under air and then for an additional 24 h with a closed
cap. The precipitate was centrifuged off, and clear solution was
concentrated in a vacuum. The residue was dried at 0.1 Torr for 30
min, and a mixture of Et,0 (10 mL) and CH,Cl, (30 mL) was
added to the crude product. The mixture was left to stay in a
refrigerator at 4 °C for 2 days. Then, the precipitate was separated
from the mother liquor (off-white solid was not collected) and dried
in a vacuum at 0.1 Torr for 30 min. The residue was placed in a
centrifuge cup and centrifuged with CH,Cl, (5§ X 8 mL) and THF
(2 x 10 mL). Solid residue was dissolved in 3 mL of methanol
(dark maroon solution) and concentrated in a vacuum. The
resulting crude material was dissolved in 1 mL of methanol; clear
solution was separated from a small amount of off-white solid and
evaporated again. This operation was repeated with 0.4 mL of
methanol and then with 0.2 mL of methanol (until clear solution is
formed upon dissolution in methanol). The residue was dried in a
vacuum at 0.1 Torr to give 22 mg (yield 28%) of 3 as a black solid.
Mp. above 280 °C. '"H NMR (300 MHz, HSQC, COSY, D,0, 4,
ppm, J/Hz): 2.73 (d, ] = 11.6 Hz, 3 H, CH,), 3.04 (m, 6 H, CH,—
CH,), 3.30 (m, 6 H, CH,—CH,), 3.38 (br. s, CH;OH), 3.97 (br, 3
H, NH), 5.13 (d, ] = 11.6 Hz, 3 H, CH,). *C NMR (75 MHz,
HSQC, D,0, §, ppm): 45.9 (CH,-CH,), 86.0 (CH,). FT-IR (KBr):
3434 (br), 3255 (s, br), 3195 (s, br), 2944 (m), 2893 (br), 1631
(m, br), 1454 (m), 1428 (m), 1366 (m), 1327 (m), 1278 (w), 1220
(m), 1103 (s), 1049 (s), 1015 (s), 955 (m), 925 (s), 874 (m), 831
(m), 762 (m), 625 (s), 592 (m), 539 (w), 508 (m), 445 (s), 419
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(w). UV—vis spectrum (MeOH, ¢ = 8.5 X 107 M), A nm: 211
(max. extinction coefficient &,,, = 2.5 X 10%), 256 (Emex = 1.7 X
10%), 303 (£, = 4.8 X 10%), 367 (€, = 2.8 X 10*). ES-HRMS
m/z [M-CI]* caled for [CyH,;NgNiO;]*: 319.1023. Found:
319.1016. Anal. Caled for CoH,, CINiN4O,-CH,OH: C, 31.00; H,
6.50; N, 21.69. Found: C, 30.74; H, 6.13; N, 21.29. For synthesis
and characterization of isotope-labeled complexes 3 see Supporting
Information.

[Mn(tacn)(tfo)ICl (4). To a mixture of tfoH;-HCl (64 mg, 0.38
mmol), tacn-3HCI (90 mg, 0.38 mmol) and Mn(OAc);-2H,0 (102
mg, 0.38 mmol) was added 3 mL of methanol. After 15 min of
stirring, Et;N (0.53 mL, 3.8 mmol) was added. The reaction mixture
was stirred for 1 h at room temperature under air and then for an
additional 24 h with a closed cap. The resulting mixture was
concentrated at 80 Torr. The residue was triturated with a CHCI;-
Et,0 mixture (S mL: S mL). The solid material was separated from
the mother liquor and dried in a vacuum for 8 h at 100 °C (off-
white solid was not collected). The resulting crude material was
triturated with S mL of CHCI; and dried at 0.1 Torr to give 47 mg
(yield 35%) of 4 as a black solid. Mp. above 250 °C. ESI-HRMS m/
z [M-CI]* calcd for [CoH, MnN¢O4]*: 316.1050. Found: 316.1047.
Anal. Caled for CoH,,CIMnNgOy: C, 30.74; H, 6.02; N, 23.90.
Found: C, 30.74; H, 6.07; N, 23.89.

Synthesis of [Mn(tacn)(tfo)]ICl (4) from MnCl,. To a mixture
of tfoH;-HCl (34 mg, 0.20 mmol), anhydrous MnCl, (25 mg, 0.20
mmol), tacn-3HCI (48 mg, 0.20 mmol), and proton sponge (428
mg, 2.0 mmol) was added S mL of methanol. The reaction mixture
was stirred for 1 h at room temperature under air and then for an
additional 48 h with a closed cap. The precipitate was centrifuged
off, and the solution was concentrated in a vacuum. The residue was
dried at 0.1 Torr for 1 h, and a mixture of Et,0 (20 mL) and
CH,Cl, (30 mL) was added to the crude product. The mixture was
kept at 4 °C for 3 days. Then, the precipitate was separated from
the mother liquor and dried at 0.1 Torr for 30 min (off-white solid
was not collected). The resulting brown solid was placed in a
centrifuge cup and centrifuged with CH,Cl, (3 X 10 mL). The
residual solid was dissolved in 3 mL of methanol (dark maroon
solution) and centrifuged. Clear solution was separated from a small
amount of undissolved material and concentrated in a vacuum. To
the residual solid was added 1 mL of methanol; the clear solution
was separated from insoluble solid and concentrated in a vacuum.
This operation was repeated with 0.4 mL of methanol (until clear
solution is formed upon dissolution in methanol). The residue was
dried at 0.1 Torr to give 20 mg (yield 26%) of complex 4 as a black
solid. This procedure was used to prepare isotope-labeled complexes
4 (for details, see Supporting Information).

[Mn(Mestacn)(tfo)]ClI-MeOH (5). To a mixture of tfoH;-HCl
(34 mg, 0.20 mmol), anhydrous MnCl, (25 mg, 0.20 mmol), and
proton sponge (300 mg, 1.40 mmol) were added S mL of methanol
and Mejtacn (0.39 mL, 0.20 mmol). The reaction mixture was
stirred for 1 h at room temperature under air and then for an
additional 24 h with a closed cap. The precipitate was centrifuged
off, and the solution was concentrated in a vacuum. The residue was
dried at 0.1 Torr for 1 h, and a mixture of Et,0 (20 mL) and
CH,Cl, (30 mL) was added to the crude product. The mixture was
left to stay in a refrigerator at 4 °C for 4 days. Then, precipitate was
separated from the mother liquor and dried at 0.1 Torr for 30 min
(off-white solid was not collected). The resulting brown solid was
placed in a centrifuge cup and centrifuged with a CH,Cl,-Et,O
mixture (S mL: § mL) and with a CH,Cl,-Et,O mixture (4.5 mL:
2.5 mL). To the residual solid was added 3 mL of methanol; the
clear solution was separated from insoluble crystals and concentrated
in a vacuum. The last operation was repeated with 1 mL of
methanol and then with 0.4 mL of methanol (until clear solution is
formed upon dissolution in methanol). The residue was dried at 0.1
Torr to give 14 mg (yield 15%) of S as a black solid. Mp. above 280
°C. FT-IR (KBr): 3382 (br), 2994 (m), 2934 (m), 2849 (m), 2624
(w;br), 1697 (w), 1658 (w) 1599 (w), 1501 (m), 1462 (s), 1415
(m), 1382 (m), 1345 (w), 1290 (s), 1252 (w), 1202 (w), 1160 (s),
1121 (w), 1058 (s), 1003 (s), 970 (s), 931 (s), 901 (m), 868 (w),
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784 (s), 738 (s), 661 (w), 619 (s), 591 (m), 509 (s), 451 (s). UV—
vis spectrum (MeOH, ¢ = 5.8 X 107 M), A nm: 211 (max.
extinction coefficient &, = 2.7 X 10*), 252 (&, = 3.7 X 10%), 297
(Emax = 3.6 X 10%), 451 (£, = 2.6 X 10%), 542 (£, = 6.8 X 10°).
ESI-HRMS m/z [M-Cl]* caled for [C;,H,,MnN4O,]": 358.1520.
Found: 358.1525. Anal. caled for Cj,H,,CIMnN¢O;-2CH;0H-H,0:
C, 35.34; H, 7.84; N, 17.66. Found: C, 34.89; H, 7.47; N, 17.42.
Aerobic Oxidation of p-Thiocresol Catalyzed by Fe[(tacn)-
(tfo)ICl. A solution of p-thiocresol (25 mg, 0.2 mmol, 1000 equiv)
in methanol (250 xL) was added to a 1 mM solution of
Fe[(tacn)(tfo)]*Cl™ in methanol (200 yL, 0.0002 mmol, 1 equiv).
The mixture was stirred in a closed vessel equipped with a magnetic
stirrer and an air-filled balloon for 24 h. The resulting solution was
concentrated under reduced pressure. Hexane (2 mL) and water (1
mL) were added to the residue. The organic phase was collected,
and the aqueous layer was washed with hexane (2 X 2 mL). The
combined organic phase was dried over anhydrous sodium sulfate,
concentrated under reduced pressure, and dried to a constant weight
to give 19.7 mg (80%) of p-tolyl disulfide as a white solid. Mp. 46
°C (lit.'"> 43—46 °C). GC-MS: r.t. 10.1 min; m/z = 246 ([M]**).
'"H NMR spectrum of p-tolyl disulfide is in agreement with the
literature data.'”> 'H NMR (300 MHz, CDCl,, §, ppm): 2.32 (s, 6
H), 7.09 (m, 4 H), 7.37 (m, 4 H).
Safety Note! Formaldehyde is highly toxic upon inhalation/ingestion
and corrosive upon skin and eye contact. All operations must be
conducted in a fume hood with suitable protection and precautions
taken.
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