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Introduction

An investigation of steric influence on the

- \V; . .p-
reactivity of Fe"(O)(OH) tautomers in stereospecific
C-H hydroxylationt
Mainak Mitra, (2 2® Alexander Brinkmeier,® Yong Li,® Margarida Borrell, &
Arnau Call, © € Julio Lloret Fillol, ©2 @ Michael G. Richmond, {2 ¢ Miquel Costas (2 *©
and Ebbe Nordlander (2 *@
LN%), N4 = Me2Me2pyTACN (1-(2-(3,5-dimethyl-1H-pyrazol-1-yl)
ethyl)-4,7-dimethyl-1,4,7-triazacyclononane) and  Me2MeImTACN  (1-((1-methyl-1H-imidazol-1-yl)
methyl)-4,7-dimethyl-1,4,7-triazacyclononane) have been synthesized and their corresponding Fe(n)
complexes [Fe!'(Me2Me2py7TACN)(CF3SO5),l, 1P% and [Fe!(Me2MeIMmTACN)(CF35S03),], 1'™, have been pre-
pared and characterized. Complexes 17% and 1'™ catalyse the hydroxylation of C—H bonds of alkanes with
excellent efficiencies, using hydrogen peroxide as oxidant. The high H/D kinetic isotope effect values for
C—-H hydroxylation, large normalized tertiary/secondary C—H (C3/C2) bond selectivities in adamantane
oxidation, and high degrees of stereoretention in the oxidation of cis-1,2-dimethylcyclohexane are indica-

Two new tetradentate N4 ligands (

tive of metal-based oxidation processes. The complexes also catalyse the oxidation of cyclooctene to
form its corresponding epoxide and syn-diol. For 1P% the epoxide is the main product, while for the analo-
gous complex 1™ the syn-diol predominates. The active oxidant is proposed to be an [(LN*)Fe¥(O)(OH)I>*
species (277 LN = Me2Me2py TACN and 2'™, LN* = Me2MeIiTACN) which may exist in two tautomeric
forms related by a proton shift between the oxo and hydroxo ligands. Isotope labelling experiments show
that the oxygen atom in the hydroxylated products originates from both water and hydrogen peroxide,
and labelling experiments involving oxygen atom transfer to sterically bulky substrates provide indirect
information on the steric influence exerted by the two ligands in the relative reactivities of the two hyper-
valent iron tautomers. Based on these labelling studies, the steric influence exerted by each of the ligands
towards the relative reactivity of the oxo ligands of the corresponding pair of Fe(v)(O)(OH) tautomers can
be derived. Furthermore, this steric influence can be gauged relative to related complexes/ligands.

such catalytic transformations because it is inexpensive, non-
toxic and highly abundant.>* In nature, oxygenases carry out a

Over the last two decades, a number of transition metal-based
complexes have been developed as catalysts for selective oxi-
dations of hydrocarbons.™” Iron is often a metal of choice for

“Chemical Physics, Department of Chemistry, Lund University, Box 124, SE-221 00
Lund, Sweden. E-mail: Ebbe.Nordlander@chemphys.lu.se

bDepartment of Chemistry, Burdwan Raj College, Aftab Avenue, W.B. 713104, India
‘QBIS-CAT, Department of Chemistry and Institut de Quimica Computacional i
Catalisi, University of Girona, Campus Montilivi, E-17071 Girona, Spain.

E-mail: miquel.costas@udg.edu

Institute of Chemical Research of Catalonia (ICIQ), The Barcelona Institute of
Science and Technology, Avinguda Paisos Catalans 16, 43007 Tarragona, Spain
‘Department of Chemistry, University of North Texas, Denton, Texas 76203, USA

1 Electronic supplementary information (ESI) available: ESI-MS, "H-NMR, UV/Vis
and FT-IR spectra of complexes 1% and 1"™. CCDC 2154313 (1%%). For ESI and
crystallographic data in CIF or other electronic format see DOI: https://doi.org/
10.1039/d2dt00725h

3596 | Dalton Trans., 2023, 52, 3596-3609

wide range of organic substrate oxidations, and many of them
contain iron in their active sites.>® These iron oxygenases are
usually highly selective towards specific C-H bonds and utilize
atmospheric oxygen as the ultimate oxidant.® An example is the
Rieske oxygenase family of non-heme iron enzymes, which con-
tains an Fe(u) center bound to two histidine residues and one
aspartate in the active site.® This family of bacterial enzymes
catalyzes the cis-dihydroxylation of arenes via activation of dioxy-
gen (Scheme 1) as the first step in the biodegradation of pollu-
tants.® Although the identity of the active species remains a
matter of debate, one of the mechanistic proposals favours a
formally high valent Fe(v) center bound to an oxo and a hydroxo
groups that are cis to each other (Scheme 1).>*° These species
hydroxylate aliphatic C-H bonds and syn-dihydroxylate alkenes
and arenes. The mechanism of C-H hydroxylation is proposed
to consist of a two-step process that is directly related to the

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Proposed reaction mechanism for cis-dihydroxylation by naphthalene dioxygenase.

canonical “oxygen rebound” mechanism of the cytochrome
P450 family of heme oxygenases; this mechanism involves (i)
abstraction of a hydrogen atom from a substrate C-H bond by
the oxo group to form a transient substrate-based alkyl radical
and an Fe(iv)(OH), moiety, and (ii) interaction of the alkyl
radical with one of the hydroxyl groups of the Fe(i)(OH),
moiety to form the product.'® The reaction with alkenes is envi-
sioned to occur vig a 3 + 2 reaction of the Fe(v)(O)(OH) moiety
with the olefin site, akin to syn-dihydroxylations performed by
0s04, RuO, or MnO,". With the reactivities of non-heme iron
oxygenases such as Rieske oxygenases serving as an inspiration,
several mononuclear non-heme iron catalysts have been devel-
oped to address the challenging oxidations of poorly reactive
C-H and C=C bonds.""™

The Fe(PyTACN) family of complexes (PyTACN = 1-(2-pyridyl-
methyl)-4,7-dimethyl-1,4,7-triazacyclononane) has been shown
to mediate stereospecific C-H hydroxylation with excellent
efficiencies.’®"® Isotope labelling and theoretical studies
strongly indicate that the oxidations occur via the involvement
of high valent Fe(v) oxo intermediates.’®"® The reactive inter-
mediate in C-H hydroxylation reactions has been identified as
a highly electrophilic [FeV(O)(OH)(LN*)]** oxidant (L™* corres-
ponds to tetradentate TACN-based ligands), which is formed
via water-assisted O-O cleavage of the hydroperoxo precursor
[Fe™(OOH)(OH,)(LY*"." The [Fe"(0)(OH)L™)]** oxidant
can exist in two tautomeric forms, corresponding to structures
0O, and Og in Scheme 2, because of the unsymmetric nature of

/—\ R-H At
H3Cu@/\| N
(Ve
/N I OH R
HO  OH HaC o
R-OH On

the tetradentate TACN-derivatives that serve as ligands.'® The
two tautomers differ in the relative positions of the cis-co-
ordinated oxo and hydroxo groups, and are connected through
a prototopic oxo-hydroxo tautomerism. Investigations have
been made on the influence on C-H hydroxylation reactions
exerted by manipulating the electronic and steric properties
via introduction of different groups (e.g. Me, F, NO,, NMe,) in
a and y positions of the pyridine ring of the PyTACN
ligand."®?° These studies indicated that electronic properties
of the groups in y position on the pyridine ring have minor
influence on the relative reactivities between the two tauto-
mers O, and Og while, instead, the steric properties of the
groups in the « position of the pyridine ring do.'®*° The dis-
crimination between the relative reactivities of O, and Og was
found to be more pronounced in cases of substrates contain-
ing tertiary C-H bonds."® Replacement of the pyridyl arm of
the PyTACN ligand with a corresponding (N-methyl)benzimid-
azolyl arm led to the formation of the complex
[Fe"(M>M°BzImTACN)(CF;S0;),], 1%"™.%! Reactivity (catalytic
oxidation) studies on this complex were entirely in keeping
with the proposed formation of an active Fe(v)(O)(OH) oxidant,
and it was found that the (N-methyl)benzimidazolyl moiety
exerts an effect in the relative reactivities of O, and Og that lies
in between that of pyridyl and a-Me-pyridyl moieties. This
effect parallels the steric demand of the heterocyclic ligand, as
deduced from an inspection of the crystal structures of the
corresponding ferrous complexes. Importantly, 1™ was

R-OH

Scheme 2 Oxidation of alkanes (R—H) and olefins by the two tautomers, O and Og, observed in reactions catalysed by the Fe(PyTACN) family of

complexes. 182021
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Fig. 1 Structures of the tetradentate ligands PyTACN, M2MeBzImTACN,
Me2.Me|mTACN and Me2Me2py7TACN discussed in this work.

found to maintain high efficiencies and selectivities in the
hydroxylation of alkanes and olefins.*!

In this work, we describe [Fe"(LN*)(CF;SO;),] complexes
bearing two new tetradentate N4 ligands, M**™*PyzTACN and
Me2MeImTACN (Fig. 1). These ligands are based on the PyTACN
ligand scaffold, where the pyridyl side arm is replaced by
(N-methyl)imidazolyl and 3,5-dimethylpyrazolyl arms, respect-
ively. The ligand M*>™**PyzTACN contains an ethylene spacer
connecting one of the amines of the triazacyclononane (TACN)
ring and the N(2) atom of the 3,5-dimethylpyrazole, whereas
the corresponding spacer is a methylene in M**™°“ImTACN, in
direct correspondence to the ligand frameworks of BzZImTACN
and PyTACN. The (N-methyl)imidazolyl moiety (pK, of conju-
gate acid: 7.06) is more basic than (N-methyl)benzimidazolyl
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(pK, of conjugate acid: 5.41) and pyridine (pK, of conjugate
acid: 5.22), while 3,5-dimethylpyrazole is less basic (pK, of
conjugate acid: 4.12). Collectively, the different ligands dis-
cussed above are thus expected to span a range of steric and
electronic demands, while yielding structurally similar Fe(u)
complexes that in turn may give rise to analogous Fe(v)(O)(OH)
complexes that will exist in tautomeric forms (¢f Scheme 2).
Thus, the ligands are expected to exert not only electronic but
also steric influence on the relative reactivities of the Fe(v)(O)
(OH) O4 and Og tautomers operating in the C-H hydroxylation
reactions. An investigation of the catalytic hydroxylation and
olefin oxidation reactions effected by these two iron complexes
is described herein. Isotope labelling studies and compu-
tational methods have also been performed to elucidate the
reaction mechanism(s) and to assess the steric and electronic
influence of the ligands on the reactivities of the iron catalysts.

Results and discussion

Syntheses and characterization

The two new tetradentate N4 ligands M**M**PyzZTACN and
Me2MeImTACN were synthesized by reaction of TACN-3HBr
with the corresponding chloromethylene/chloroethylene
precursor complex of the five membered heterocyclic ring
(pyrazole and imidazole) as described in Scheme 3
(¢f Experimental section and ESIf for detailed characterization).

The corresponding Fe(1) complexes were synthesized inside
a dry atmosphere box. Reaction of one equiv. of
[Fe"(CH;CN),(CF;3805),] with one equiv. of M*M*2pyzTACN in
dry THF resulted in precipitation of the corresponding
complex [Fe''(M**Me2pyzTACN)(CF;S0;),] (1*%), which was col-
lected by filtration, washed with a small amount of THF and

NaOH

N

HCI.CI\/QB
N

K,CO3,in CH;CN
Reflux, 20 h, N, atm

\/

[
N N
H3c”6\N/\NW\/>
N

/
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Scheme 3 Schematic synthetic routes to the ligands Me>M2pyzTACN and M2Me|mTACN. The free base 1,4-dimethyl-1,4,7-triazacyclononane was

used for the synthesis of Me2Me2py7TACN.
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Scheme 4 Synthesis of Fe(i) complexes 17 and 1'™.

dried under vacuum (c¢f Experimental section for a detailed
description of the synthesis). The corresponding reaction with
the M*>™“ImTACN ligand in dry THF led to the formation of a
complex that mostly remained in solution. The reaction solu-
tion was evaporated under vacuum and a small amount of a
CH,Cl,:CH3CN (4:1) mixture was added to the resultant
residue. Diffusion of diethyl ether into the resultant solution
resulted in precipitation of the complex [Fe"'(***™“ImTACN)
(CF;350;),] (1™, Scheme 4).

The complexes 17 and 1™ were characterized by mass
spectrometry and '"H NMR spectroscopy. The high resolution
mass spectrum (HRMS) of 1°* in CH;CN showed prominent
mass peaks at m/z = 167.5903 and 484.1303, corresponding to
the formulations [Fe"(M**M**PyzTACN)]** (calc. 167.5881)
and [Fe"(M*>™*’PyzTACN)(CF3S0;)]" (calc. 484.1287), respect-
ively (Fig. S1-S3, ESIf). Analogously, the HRMS of complex
1™ in CH;CN showed prominent mass peaks at m/z =
153.5751 and  456.0970, corresponding  to  the
formulations [Fe"'(™**™“ImTACN)]** (cale. 153.5724) and
[Fe"(Me>MImTACN)(CF;S0;)]" (calc. 456.0974), respectively
(Fig. S4-S67). The "H NMR spectra of the two complexes were
measured in CD3;CN solvent (¢f. Fig. S7 and S8t). Both com-
plexes gave broad paramagnetically shifted spectra in spectral
windows ranging from —10 to 120 ppm, indicative of the pres-
ence of high spin ferrous ions.

In order to confirm its identity, the solid-state structure of
1®* was established by X-ray crystallography. The details of the
structure determination are collated in Table S1 (ESI}). The
X-ray structure (Fig. 2) shows that the Fe(u) center is in a
slightly distorted octahedral coordination geometry. The
ligand M**™¢*PyzTACN is tetradentate with the three nitrogens
of the triazacyclononane ring bound facially to the metal
center and the pyrazole ring providing a fourth coordinated
nitrogen. The two triflate anions are coordinated in cis posi-
tions on the Fe(u) ion. The Fe-N bond distances lie in the
range 2.2-2.25 A, which are typical distances observed for high
spin Fe(n) complexes.”>>® The Fe-Oqr¢ bond distances are
2.088(3) and 2.199(3) A. In order to ensure that coordination of

This journal is © The Royal Society of Chemistry 2023

7 THF (dry), N, atm, stirring at RT

Fig.2 A Mercury plot of structure of

the crystal
[Fe''(Me2Me2py 7 TACN)(CF3505),] (1P%) with 50% probability ellipsoids. The
hydrogens have been omitted for clarity. Selected bond distances (A)
and bond angles (°): Fe(1)-N(1) 2.209(3), Fe(1)-O(1) 2.088(3), Fe(1)-N(3)
2.227(4), Fe(1)-0O(4) 2.199(3), Fe(1)-N(4) 2.208(4), Fe(1)-N(5) 2.249(3),
N(1)-Fe(1)-N(5) 171.0(1), O(1)-Fe(1)-N(4) 166.7(1), N(3)-Fe(1)-O(4) 169.1(1).

complex

the pyrazole nitrogen would be geometrically possible, the
Me2,Me2py7TACN ligand was designed to contain an ethylene
spacer between the TACN ring and the pyrazole moiety, dis-
tinguishing this ligand from the related ligands discussed
here, all of which contain methylene spacers in the corres-
ponding positions. The Fe-N (pyrazole) bond distance is 2.209
(3) A while the Fe-N(pyridine) bond distance is 2.165(4) A in
[Fe"(MeHPyTACN)(CF;S0;),] (1%)' and 2.246(2) A in
[Fe" (MM PyTACN)(CF;S03),] (1M%),>” and the Fe-N (benzimid-
azole) bond distance is 2.134(7) A in [Fe"(™*>™°BzImTACN)
(CF380;),] (1*™™).>' The opfO-Fe-Oors angle is larger in 17
(93.6(1)°) than that of 3°™ (91.64(14)°)'® and 1%™ (89.1(3)°),>
but shorter than that of 1™ (94.9(7)°),>” implying different
steric environments around the Fe(u) center. It should be
noted that one of the methyl groups of the pyrazole moiety lies
in the same plane as the oxygen of one triflate anion (04) and

Dalton Trans., 2023, 52, 3596-3609 | 3599
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thus also in a plane roughly perpendicular to the iron-oxygen
axis of the second triflate anion (cf Fig. 2).

Catalytic C-H bond oxidation studies

1Pz llm

The catalytic properties of and were tested in the
hydroxylation of several alkanes employing H,O, as the
oxidant. In a typical catalytic experiment, 10 equiv. of H,0,
(from a stock solution of 70 mM H,0, in CH3CN) were deli-
vered by a syringe pump to a CH3CN solution containing the
Fe(u) complex (1 mM), alkane substrate (1 M) and H,O (1 M)
over a period of 30 min. The catalysis experiments were per-
formed under air at room temperature. Under these con-
ditions, both complexes oxidized cyclohexane into cyclohexa-
nol (1** TON 6.5; 1"™: TON 7.7) as the main product with high
alcohol/ketone (A/K) ratios (17% A/K 9.4; 1"™: 12) and high con-
versions of the oxidant (H,0,) into products (17% 72%; 1™:
83%). Such high conversions and high A/K ratios are compar-
able to those obtained with related iron complexes under ana-
logous experimental conditions.'®*">>>" The catalytic efficien-
cies of these two complexes with different alkane substrates
are summarized in Table 1.

The high A/K ratios observed for these complexes suggest
the involvement of a metal-based oxidant, as proposed pre-
viously.*” Several other mechanistic substrate probes were
used to verify the involvement of a metal-based active oxidant.
The kinetic isotope effect (KIE) values obtained in the oxi-
dation of a mixture of cyclohexane and its deuterated isotopo-
logue (1 : 3 molar ratio) were 4.0 for 1"* and 4.6 for 1"™. Both of
the complexes showed a preference for oxidation of tertiary
C-H bonds over secondary C-H bonds in the oxidation of ada-
mantane (normalized 3°/2° ratios were 12 for 1** and 26 for
complex 1™). Finally, in the oxidation of cis-1,2-dimethyl-
cyclohexane (cis-DMCH), the complexes provided the corres-
ponding tertiary alcohol with a high degree of stereoretention
(RC 83% for 1°* and 100% for 1™), excluding any significant
involvement of long-lived carbon-centered radicals or cations
in the C-H oxidation reactions.

Isotope labelling studies

Isotope labelling experiments were performed using H,'®0,
and H,'®0 to gain insight into the hydroxylation mechanism
by determining the origin of the oxygen atom incorporated

Table 1 Catalytic C—H bond oxidation of various alkanes by Fe-com-
plexes 1P and 1'™, using H,0,

Catalyst ~ Substrate TN (A) TN (K) A/K  Yield (%)
17 Cyclohexane 6.5 0.7 93 72
'™ Cyclohexane 7.7 0.64 12 83
1% Cyclohexane-d,, 4 0.5 8 45
1m Cyclohexane-d,, 5 0.5 10 55
17 Cyclooctane 6 0.6 10 66
'™ Cyclooctane 6.2 0.6 10.3 69
17 n-Hexane 3 0.8 3.8 38
1™ n-Hexane 3.6 0.64 56 43
17 2,3-Dimethylbutane 2.6 — — 26
'™ 2,3-Dimethylbutane 3.5 — — 35

3600 | Dalton Trans., 2023, 52, 3596-3609
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into the (alcohol) products. In the oxidation of cyclohexane
(1000 equiv.), using 10 equiv. H,O, in the presence of 1000
equiv. of H,'®0 (Table 2), 1% (1 equiv.) was found to introduce
only <3% labelled oxygen into the alcohol product. The comp-
lementary experiment performed with reverse labelling, i.e. 10
equiv. H,'®0, and 1000 equiv. H,O resulted in an '®0-label
incorporation of 86% into the alcohol. It may thus be con-
cluded that peroxide is the main source of oxygen in the
alcohol product and only 11% of oxygen atoms are incorpor-
ated from air/water (according to the oxygen mass balance) for
this specific hydroxylation reaction. In the oxidation of other
alkane substrates containing secondary C-H bonds, complex
1% with 10 equiv. H,0, and 1000 equiv. of H,"®0 gave rise to
similar low percentages of incorporated '®0 (from water) into
the alcohol (3% for cyclohexane-d,, and cyclooctane).

On the other hand, 1™ gave rise to considerably greater
incorporation of oxygen from water into the products. In the
presence of 10 equiv. H,O, and 1000 equiv. of H,'®0, complex
1" (1 equiv.) gave 39 and 43% '®O-alcohols in the oxidation of
cyclohexane and cyclooctane, respectively (Table 2). The comp-
lementary experiment with 10 equiv. H,'®0, and 1000 equiv.
H,O resulted in the formation of 55% '®0-cyclohexanol in oxi-
dation of cyclohexane. Thus, for this complex, both peroxide
and H,0 are the sources of oxygen in the alcohol products.
Again, the lack of significant incorporation of oxygen atoms
from air rules out the transient formation of long-lived carbon-
centered radicals.

In the oxidation of tertiary C-H bonds (cis-DMCH and ada-
mantane), 17 did not incorporate any oxygen from water into
the products (¢f. Table 2). On the other hand, the equivalent
experiments with 1™ led to 39% and 31% oxygen incorpor-
ations from water into product(s) in the oxidation of adaman-
tane and cis-DMCH, respectively (cf: Table 2). For comparison,
results from oxidation with structurally related catalysts are
included in Table 2.

cis-Dihydroxylation vs. epoxidation in the oxidation of alkenes

Complexes 17 and 1™ catalyzed the oxidation of alkenes in
the presence of H,0O, and H,O to give both epoxide and cis-
dihydroxylated  products. Under catalytic conditions
(1:10:1000 for catalyst : oxidant : substrate), 17 oxidized cis-
cyclooctene to give cis-cyclooctene epoxide (TON 8.2) as a
major product with the concomitant formation of a minor
amount of syn-cyclooctane-1,2-diol (TON 0.5), i.e. an epoxide :
diol (E/D) ratio of 16.5. Addition of H,O (1000 equiv.) slightly
increased the formation of syn-diol (TON 1.1), but had almost
no influence in the yield of epoxide (TON 8.2). When 100
equiv. of H,0, was employed, the yield of both epoxide (TON
53) and cis-diol (TON 4.8) was increased. In the oxidation of
1-octene, using 100 equiv. H,0,, 1% yielded 1-octene epoxide
(TON 16.5) as the major product together with a minor
amount of syn-dihydroxylated product (TON 2.5). Complex 1™,
on the other hand, preferred formation of syn-diol over
epoxide in the oxidation of cis-cyclooctene; in this reaction,
complex 1™ (1 equiv.) together with H,0, (10 equiv.) produced
syn-cyclooctane-1,2-diol with a TON of 5.9 and cis-cyclooctene

This journal is © The Royal Society of Chemistry 2023
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Table 2 80 incorporation from H,'®0 in C—H hydroxylation reactions mediated by different Fe(i) complexes. 2Unless explicitly stated, reactions

were conducted under air

CHy

CH;

N
N AT ANTS N
SRl SFell’ NTES NS N-"{Sote
. CCN i_"o" CH; o CgN inOTf I hc’ 3T hac” dr T CH ed b H
3 3
Substrate 1%z 1im 17 1 MePy 1Bz’
Cyclohexane 3 39 45 11 48
1° 36°
114 3¢
Cyclohexane-d,, 3 NA 40 NA 48
Cyclooctane 3 43 44 NA 41
cis-DMCH 0 31 79 2 26
Adamantane 0 39 74 3 28
cis-Cyclooctene” epoxide 2 36 77 5 24
114 36°
g4
syn-Cyclooctane-1,2-diol” 97 92 97 78 98
44 91°
3d

“Reaction conditions: catalyst : H,0, : H,'®0 : substrate = 1:10:1000: 1000, CH;CN, RT, air. ” cis-Cyclooctene was employed as the substrate.
Reaction performed under N,. dCatalyst: H,0, : H,0 : substrate = 1:10 : 1000 : 1000, CH;CN, RT, under **0,. ®ref. 16-18,20. ref. 21.

epoxide with a TON of 3.9 (E/D = 0.6) and an overall conversion
of 96% (w.r.t. the oxidant). In the oxidation of the terminal
alkene 1-octene, complex 1™ (1 equiv.) together with H,0, (10
equiv.) produced cis-diol with a TON of 4.4 and epoxide with a
TON of 1.5 (E/D = 3) and a conversion of approximately 36%.

In order to investigate the identity of the active oxidant,
isotope labelling studies were made for both complexes,
employing cis-cyclooctene as substrate. In the presence of 10
equiv. H,0, and 1000 equiv. H,"'®0, 1%* (1 equiv.) introduced
97% (100% and 200% account for one and two ‘0 atoms per
diol product, respectively) 0 into the product syn-cyclo-
octane-1,2-diol during the oxidation of cis-cyclooctene, while
complex 1™ gave 92% label incorporation under the same con-
ditions. These results are in full agreement with previous
isotope labelling results on the Fe(PyTACN) family of com-
plexes and of the related complex [Fe(™**™°BzZImTACN)(OTf),],
1% 21 This isotopic labelling pattern is indeed a distinctive
feature of the so called class I type of iron catalysts.'® These
catalysts are proposed to operate via a high valent Fe¥(O)(OH)
active species, formed via water assisted O-O cleavage of an
Fe"(OOH)(OH,) precursor.” In accordance with this scheme,
syn-dihydroxylation of olefins by Fe¥(O)(OH) results in diols
where one of the two oxygen atoms originates from water and
the other from hydrogen peroxide. Consequently, the isotopic
labelling data derived from the syn-dihydroxylation reactions
(Table 2) indicate that the series of complexes 1°% 1™ 1%"™
1™ and 1™® can all be categorized as class I type of iron cata-
lysts, operating via a Fe"(O)(OH) species.

On the other hand, the epoxidation reaction presents a
completely different pattern to the syn-dihydroxylation. The
isotopic labelling in the epoxidation actually parallels the
alkane hydroxylation reaction, a similarity that may be attribu-
ted to the fact that in these reactions only the oxygen atom of

’

This journal is © The Royal Society of Chemistry 2023

the oxo ligand is transferred to the substrate, while the hydrox-
ide ligand remains in the complex. Thus, interrogation of the
80 labelling in the epoxidation reaction may be used to estab-
lish the origin of the oxygen atoms in the reactive oxo ligand.

Interestingly, when the incorporation of water into cis-
cyclooctene epoxide was analyzed, complex 1°* behaved drasti-
cally different from 1"™. The incorporation of "0 using H,"®0
was 36% for the latter, while only ~2% for the former. For
comparison, for the related complexes 1°"™ and 1%, the
amount of '®*O-labeled epoxides formed were 24 and 77%,
respectively. Therefore, the origin of the oxo ligand differs in a
substantial manner in the series of complexes from 1%, where
the oxo ligand originates from H,0, in a practically quantitat-
ive manner, to 1% where it predominantly (77%) originates
from water. We thus conclude that the incorporation of water
in the reactive oxo ligand differs substantially within the series
of complexes. It may be noted that the chemoselectivity pat-
terns and the isotopic labelling data collated in Tables 1 and 2
for the five catalysts are not consistent with reactions where
Fe"(O) species are the main oxidants,'®™'%22433737

Finally, control experiments were conducted to investigate
the possible involvement of O, from air in the reactions. The
O-inventory in the reactions catalyzed by 1%, 1™® and 1®"™
has been studied previously by performing oxidation reactions
with '®0O-labelled peroxide and water, under air. In these reac-
tions it was shown that the oxygen atoms in the oxidized pro-
ducts are derived from the peroxide or water and that atmos-
pheric oxygen atoms account for <10% of incorporated
oxygen.'®'®?! In order to address the possible implication of
0, in the reactions of 1** and 1™, the following experiments
were performed, the results of which are included in Table 2; -
oxidation of cyclohexane with 1°* was performed under a N,
atmosphere and also under an '®0, atmosphere. The data
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show no significant changes between air and N, atmospheres
and a small (11%) incorporation of oxygen from '?0, in the
C-H oxidation. Oxidation of cyclooctene with 1°* was also per-
formed under '®0, and the data were compared with reactions
performed under air. The epoxide shows a small incorporation
of 0 from '®0, (11%), resembling the C-H oxidation reac-
tion. However, the cis-diol shows no significant incorporation
of 80 from ®0,. It can be concluded that O, participates to a
minor extent in the epoxidation and C-H hydroxylation reac-
tion, but not in the cis-dihydroxylation.

Oxidation of cyclohexane with 1™ was performed under a
N, atmosphere and also under an '®0, atmosphere. The data
shows no significant changes between air and N, atmospheres
and marginal (3%) incorporation of oxygen from ®0, in the
C-H oxidation. Oxidation of cyclooctene with 1°* was then per-
formed under '®0,, under N, and the data were compared
with reactions performed under air. The epoxide shows a
small incorporation of **0 from 0, (8%). However, as was
the case for 1™, the cis-diol shows again no significant incor-
poration of 0 from '®0,. We conclude again that in the cata-
lytic oxidations conducted using 1™ as a (pre)catalyst, only a
minor extent of O, participation is detected in the epoxidation
reaction but not in the cis-dihydroxylation and C-H hydroxy-
lation reactions. Overall, the data indicate that atmospheric O,
is either not implicated in the reactions, or represents only a
minor pathway in the epoxidation reactions for both catalysts,
and in the C-H hydroxylation catalyzed by 1%

In summary, the very minor involvement of O, in the reac-
tions is consistent with the mechanistic interpretation for the
C-H and C=C oxidation reactions detailed above, where a
metal based Fe'(O)(OH) oxidant is responsible for substrate
oxidation. Radical intermediates must be short lived and react
within the solvent cage.

It should be borne in mind that intramolecular C-H bond
activation/ligand oxidation in the course of the above-men-
tioned oxidation reactions cannot be ruled out, but such reac-
tions were not specifically studied. Mass spectrometric
measurements did not provide any evidence of such side
reactions.

/\ /Me
Me/,,,' \ N /\I/N
E Now,,, |2 00, (N %
Me | | 0 11
0.93
40A
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Computational modelling

In order to gain an understanding of the relative energies
of the postulated Fe'(O)(OH) tautomers, computational
modelling of the two tautomers generated from
[Fe'(M**M°BzZImTACN)(CF;S0;),] (1°"™)*" was undertaken.
The ground-state stability ordering of the two “**™°BzIm com-
pounds was computationally investigated by density functional
theory (DFT), the tautomeric species were labelled in accord-
ance with Scheme 2, i.e. the species that contains an oxo
moiety coplanar with the benzimidazole ligand is labelled as
0,, while Og represents the isomer whose oxo moiety is per-
pendicular to the heterocyclic ligand (Fig. 3). The DFT analyses
confirm the quartet state (S = 3/2) as the thermodynamically
favoured spin state for both isomers, with 0, found to lie
2.4 keal mol™ lower in energy than 40g. The locus of the
unpaired spin density in both tautomers is similar, and the
largest contributions of unpaired spin populations (Fig. 3) are
found on the iron and oxo oxygen atoms. Interestingly, each
tautomer displays a small amount of spin density at the
hydroxyl oxygen atom.

The corresponding doublet spin states of >0, and *Og (S =
1/2) lie 11.5 and 9.1 kcal mol™" higher in energy than their
respective quartet counterparts. Having established the
ground-state stability ordering and spin-state preference for
the two isomeric oxo-hydroxyl compounds, the lability of
proton transfer between these tautomers was next explored.
Proton transfer between the different oxygen centers in *O,
and *Op occurs through transition structure *TS'0,'B, as
depicted in Fig. 4, and basically involves the synchronous
transfer of the hydrogen between the two oxygen centers. The
free-energy barrier is high and in excess of 30 kcal mol™, and
these data are in keeping with the reported configurational
stability of the related pyridyl-derivatives prepared by Company
and Costas.'® The absence of facile proton transfer between
the two oxygen centers in 40, and *0g suggests that the oxo-
based C-H abstractions observed in these studies must orig-
inate from structurally different oxidants that do not allow
equilibration of the oxo moiety on the time scale of the chemi-

Me
/

N
Me/// '
///,,, |1 98\\\\\ N)/
O
0.92
Me/ OH
0.20
4OB

Fig. 3 Computed spin-density populations in the two tautomers of complex 2582'™ (cf. Scheme 2). Atoms/groups inside grey circles indicate the

ligand entities that lie in the equatorial planes of the tautomers.
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4TS%0,%0,
32.3

Fig. 4 B3LYP-optimized structures and potential energy surface for the isomerization of O, (*A) to *Og

relative to #O,.

cal reactions, a feature supported by the isotopic labelling
studies.

In order to elucidate the mechanism of the hydrogen-atom
transfer (HAT) of alkanes by ‘O, and *Og, DFT calculations
were carried out using methane (C) as the substrate.*® This
particular substrate was chosen in order to simplify the calcu-
lations and reduce the computational time. Fig. 5 shows the
geometry-optimized transition-state structures involved in the
H-abstraction and the resulting MeOH-substituted com-
pounds, while Fig. 6 shows the potential energy surface for
these reactions. Hydrogen abstraction is mediated by the oxo
moiety in 0, and “Og, leading to the respective transition-
state structures *TS*0,C°D and *TS*OxC°E, which lie 25.1 and
22.9 kecal mol ™", respectively, above the pertinent tautomer and
methane reactants. The transition state for methane activation
from the less stable tautomer lies 2.2 kcal mol™" lower in
energy from the corresponding transition state *TS*0,C°D
formed from the thermodynamically favoured tautomer *A.
The expected geminate radical pairs that follow each
H-abstraction could not be found by IRC calculations, presum-
ably a manifestation of the flat nature of the reaction surface
en route to the alcohol product. Collapse of the geminate
radical pair in each reaction via a rebound process, coupled
with a spin crossover to the thermodynamically favoured high-
spin sextet species (S = 5/2), completes the hydroxylation
sequence and affords the MeOH-substituted products °D and
°E. Both hydroxylation routes are exergonic in nature, and the
MeOH-substituted product having the alcohol ligand disposed
perpendicular to the heterocyclic ligand is more stable (by a
3.1 kecal mol™) due to reduced interactions between the co-
ordinated alcohol and ligand scaffold.

The same calculations were carried out for 2" and 2" For
both complexes, the Og tautomer is the least favoured (by
1.4 kecal mol™ for 2™, and by 3.7 kcal mol™" for 2%%.
Furthermore, in agreement with the results obtained for 25™
that are discussed above, HAT from methane is favoured for

This journal is © The Royal Society of Chemistry 2023
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B). Energy values are in AG in kcal mol™

this least stable tautomer with a transition state that is stabil-
ized by 2.5 kcal mol™" for 2™ (21.9 vs. 24.4 kcal mol™") and by
4.9 keal mol™ for 2%* (29.3 vs. 24.4 kcal mol™) (cf. ESIT).
Overall, a general trend in relative energy between the isomers
was observed. In all three cases, the computed ground state
energy for Og lies higher than that for O,. This trend can be
rationalized by considering that the iron coordination site
coplanar with the heterocycle is sterically more congested, as
rapidly deduced from an inspection of the two coordination
sites in Fig. 3. Presumably, the higher steric demand of the OH
ligand when compared with the terminal oxo, arising from the
larger Fe-O(H) distance, destabilizes isomer Og, where the
hydroxide and the heterocycle are coplanar. The more stable
isomer O, thus contains the reactive oxo ligand buried in the
sterically more congested site, which may disfavour reaction
against an external substrate. Furthermore, Ogy is relatively
more destabilized for 27 when compared to 2%”™ and 2™; the
order of this relative destabilization is 2F* > 2B4™ > 2™ ip
keeping with the relative steric hindrance for the three ligands.
In addition, the computed HAT profiles for the three complexes
(Fig. 6 and ESIT) show that the relative stabilization in the HAT
reaction, going from the transition state for O, (*TS*0,C°D, cf.
Fig. 6) to the more favoured transition state for Og (*TS*0gC®D)
also follows the order 2°* > 2%™ > 2™ The calculations thus
indicate that the least stable tautomer is also the most reactive
against the C-H bond, but differences in energy are relatively
small and may be dependent on computational details.
Consequently, the calculations support the idea that both
isomers can participate in the oxidation reactions. A perspec-
tive analysis of the results from the computations and the
experimental data suggest that indeed the observed outcome in
the isotopic labelling experiments reflects the relative partici-
pation of the two tautomers in the catalytic oxidation reactions,
which in turn result from a balance between their relative
ground state energies, and their relative reactivities toward C-H
and C=C bonds (activation energies).

Dalton Trans., 2023, 52, 3596-3609 | 3603
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D

°E

Fig. 5 B3LYP-optimized transition structures 4TS*0,C®D and *T$*0,CSE and the MeOH-substituted products °D and E from methane (C) hydroxy-

lation reaction using “O, and “O,,.

Summary and conclusions

We have previously demonstrated the steric influence exerted
by ligands on the relative reactivities of iron(v) oxo-hydroxo
tautomers operating in C-H hydroxylation reactions.>' This
study further addresses and strengthens the fact that the
ligand exerts a profound influence on the relative oxygen atom
transfer reactivity, with the steric bulk of the donor moiety of
the pendant arm attached to the TACN ligand deciding the
relative ease of approach of a substrate towards the reactive
oxo-ligand at position A (trans to N-CH,R, tautomer O,) or at
position B (trans to a N-Me, tautomer Og) of the proposed
active Fe(v)(O)(OH) oxidant. An inspection of the space-filling
diagrams generated for the series of complexes 2%, 2M¢? 2™

3604 | Dalton Trans., 2023, 52, 3596-3609

2™ and 2%* (¢f. Fig. 7) shows that position A is sensitive to
the nature of the ligand heterocycle. The crystal structures of
the Fe(u) catalysts, which are direct precursors to the active per-
ferryl (FeY(0)) oxidants, provide a structural basis for the steric
influence of the ligands.

As illustrated in Fig. 7, the oxygen atom that lies in the Nj-
donor plane of the ligand(s) in which the “pendant” N-donor
ligand is situated (i.e. corresponding to the oxo ligand in tauto-
mer O,, ¢f. Fig. 3) is positioned in a sterically more encum-
bered environment than the oxygen atom in the Og position,
which protrudes from the ligand plane. On steric grounds, it
may therefore be expected that sterically hindered C-H enti-
ties, e.g. tertiary C-H bonds, will react preferentially with the
least sterically hindered oxygen atom/oxido ligand, i.e. that of

This journal is © The Royal Society of Chemistry 2023
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4Ts*0,C®D, “TS*0OxCCE
25.1, 22.9

4OB+C
24
4OA"'C
0.0

5p
-44.6
g
-47.7

Fig. 6 Potential energy surface for the reaction of O, and “Og with
methane (C). Energy values are in AG in kcal mol™ relative to the
respective Fe(oxo)(hydroxo) tautomer and C.

the Og tautomer. As there is evidence that the oxo ligand in Oy
originates from water,"®'® the relative incorporation of oxygen
from H,"'®0 into a (sterically bulky) alkane substrate (especially
those containing tertiary C-H bonds) may be used as a guide
to the steric influence of the ligand on substrate access to the
0, oxo ligand - low incorporation of labelled oxygen into the
oxidation product indicates steric hindrance by the ligand.
The levels of incorporation of '®0 from water into the sub-
strates (cyclohexane, cyclooctane, adamantane, cis-DMCH, cis-
cyclooctene) are listed in Table 2. For complex 1% the very low
percentage of '®0 incorporation (<3%) from H,'®0 in the pro-
ducts suggests that the Og tautomer predominates over O,
(irrespective of substrates containing secondary or tertiary C-H

e et % CaARry
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H H OgH / B
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bonds) in the C-H hydroxylation reaction. On the other hand,
the levels of "®0 incorporation (within the range 30-45%) from
H,"'®0 into products for complex 1™ indicate that both O, and
Og are equally reactive towards substrates with little preference
of Oy over O, for substrates containing tertiary C-H bonds.

While the high percentage (above 90%) '®0 incorporation
in the syn-diol product in oxidation of cis-cyclooctene by com-
plexes 17 and 1™ (cf. Table 2) demonstrates the involvement
of Fe(v)(O)(OH) oxidant as observed for Fe(PyTACN) complexes,
the different ranges of '°0 incorporation into the epoxide
product also discriminate the relative reactivity between O,
and Og. The amounts of labelled epoxide were 2% and 36%
for complexes 1" and 1™, respectively, clearly implying that
epoxidation reaction catalyzed by complex 1% is performed
exclusively by O, and in complex 1™, O, and Og are active in
an approximate 2/1 ratio.

On the basis of these experimental results, the order of
steric interference of the ligand with the O, oxo ligand (cf.
Scheme 2 and Fig. 7) is 17 > 1% > 1™ > 1™ > 1™ Indeed,
it is interesting to notice that the steric bulk inside the first
coordination sphere of the different Fe(u) precursor complexes
obtained from percent buried volume (%Vpy,)*’ calculations
based on the crystallographic data for 172, 1% 13™ and 1%
follows the same order. Fig. 7 shows space filling models for
the ligand pockets and the corresponding calculated %V,
values for the crystal structures of 17%, 1%, 1*™ and 1% (¢f.
Experimental section and ESIT for details). There are no crystal
data for 1™, but the percent buried volume for this complex is
anticipated to lie between the values obtained for 1**™ and
1. The N-methyl imidazole ring has a sterically less pro-
nounced effect on the metal center compared to the N-methyl
benzimidazole ring in 1**™, but has a higher steric effect com-
pared to the pyridine ring present in 1% (Fig. 8).

The results described above indicate that the steric bulk of
the tetradentate TACN-based ligands exerts a significant influ-
ence on the relative HAT reactivities of the postulated tauto-
meric Fe¥(0)(O) oxidants. It should be noted that different

/H3

CH3
H3Cr d/\; 3C' N?
\2 .ulYN\
N,Fe

l I OsH CH;,

H OBHCH3 /

2Py

Fig. 7 Schematic depictions (top) and space filling models (bottom) of the Fe(v)(O)(OH) species 2P, 2'™, 282m 2MePy and 2PZ obtained by modifying
the crystal structures of 17, 182m 1MePY 34 1PZ by excluding most hydrogens and only displaying the oxygen atoms of the trifluoromethylsulfonate
ligands. The space-filling structure of 2'™ is derived from the structure of 18%'™, with the imidazolyl hydrogen being placed in the position benzimid-

azolyl carbon atom.

This journal is © The Royal Society of Chemistry 2023
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1°2(72.2%) 1MePY (70.4%)

1B2Im (68.5%) 17Y(67.9%)

Fig. 8 Space filling models and the corresponding percent buried volume (%V,,,) values of the ligand pockets, within a 3.5 A radius of the centrally

located iron ion, in the Fe(i) precursor complexes 1Pz, {MePy 1Bzim 54 1Py,

basicities or donor properties possessed by the side arms
((N-methyl)imidazole, (N-methyl)benzimidazole and 3,5-di-
methylpyrazole) of the tetradentate ligands might have some
influence on the reactivity of Fe(v)(O)(OH) oxidant in general,
and the relative reactivities of the two tautomers in particular.
However, the electronic effects of the side arms are not as
apparent or conclusive as the steric properties of the side arms
from the present investigation. Thus, the possible effects of
electronic properties of the ligands on the reactivities need to
be clarified, and further studies are undertaken towards this
direction.

Experimental section
Reagents and materials

Reagents and solvents were of at least 99% purity and used as
received without any further purification. H,'®0, (90%
80-enriched, 2% solution in H,'0) and H,"0 (95%
'80-enriched) were purchased from ICON isotopes. All
reagents and solvents were purchased from Sigma Aldrich or
Fisher Scientific. Dichloromethane and acetonitrile were dried
by distillation from CaH,; diethyl ether was dried by distilla-
tion from Na/benzophenone. The starting materials 1-(2-chloro-
ethyl)-3,5-dimethyl-1H-pyrazole,® 1-(2-chloromethyl)-2-methyl-
imidazole hydrochloride,41 and 4,7-dimethyl-1,4,7-triazacyclo-
nonane*? or its trihydrobromide salt** were synthesized
according to literature procedures.

Instrumentation

Infrared spectra were collected on a Nicolet Avatar 360 FTIR
spectrometer. UV-Visible spectroscopy was performed in a
1 cm quartz cell using an Agilent Technology 8453 UV-Vis
spectrophotometer equipped with a diode-array detector. NMR
spectra were recorded a Bruker DPX 400 MHz and Varian
Inova 500 MHz spectrometers in CDCl; or CD3;CN solvent
using standard conditions, and were referenced to the residual
proton signal of the solvent. Elemental analysis was performed
on a 4.1 Vario EL 3 elemental analyzer from Elementar. The
ESI-MS experiments were performed with a Bruker Esquire
6000 LC/MS chromatograph, using acetonitrile as a mobile
phase. The product analyses after catalysis experiments were
carried out on an Agilent Technology 7820A gas chromato-
graph equipped with a 16-sample automatic liquid sampler,

3606 | Dalton Trans., 2023, 52, 3596-3609

flame ionization detector and EzChrom Elite Compact soft-
ware. GC-MS analyses were performed on an Agilent
Technology 7890A GC system equipped with a 5975C inert XL
EI/CI MSD with triple-axis detector. The products were identi-
fied by comparison of their GC retention times and, in the
case of GC/MS, with those of authentic compounds.

Syntheses

Synthesis of M*>™*“’PyzTACN [1-(2-(3,5-dimethyl-1H-pyrazol-
1-yl)ethyl)-4,7-dimethyl-1,4,7-triazacyclo-nonane]. A mixture
of  1-(2-chloroethyl)-3,5-dimethyl-1H-pyrazole = (243  mg,
1.53 mmol, 1.0 equiv.), 1,4-dimethyl-1,4,7-triazacyclononane
(294 mg, 1.84 mmol, 1.2 equiv.), K,CO; (1.27 g, 9.18 mmol, 6.0
equiv.), Nal (229 mg, 1.53 mmol, 1.0 equiv.) and Na,SO,
(435 mg, 3.06 mmol, 2.0 equiv.) in CH3;CN were stirred for 5
days at 90 °C under N, atmosphere. After cooling down to
room temperature, the resultant mixture was filtered through a
Celite pad, after which the Celite pad was washed with CH,Cl,
(40 ml). The filtrate was washed with 1 M NaOH (2 x 50 ml)
and saturated brine solution (50 ml). The organic phrase was
dried over Na,SO, and the solvent was removed under reduced
pressure. Then 50 ml hexane was added to the resulting
residue and stirred overnight at room temperature. The solu-
tion was filtered through a Celite pad. Removal of the solvent
under reduced pressure gave the desired ligand as a yellow oil.
Yield: 201 mg (47%). ESI-MS: m/z 280 [M + H]"; 302 [M + Na]".
'H-NMR (500 MHz, CDCl;) 6 (ppm): 5.74 (s, 1H), 4.01 (t, 2H),
2.91 (t, 2H), 2.76-2.74 (m, 4H), 2.65 (s, 4H), 2.64-2.62 (m, 4H),
2.34 (s, 6H), 2.22 (s, 3H), 2.19 (s, 3H); *C-NMR (125 MHz,
CDCl;) § (ppm): 147.2, 138.6, 104.8, 58.2, 57.5, 56.9, 56.2, 47.0,
46.7,13.4,11.7.

Synthesis of ™*™°ImTACN [1-((1-methyl-1H-imidazol-1-yl)
methyl)-4,7-dimethyl-1,4,7-triazacyclononane]. The 1,4-
dimethyl-1,4,7-triazacyclononane-3HBr salt was converted to the
corresponding free base using NaOH followed by extraction
with CH,Cl,. A mixture of 1-(2-chloromethyl)-2-methylimidazole
hydrochloride (166 mg, 1.0 mmol, 1.0 equiv.), 1,4-dimethyl-
1,4,7-triazacyclononane (157.2 mg, 1.0 mmol, 1.0 equiv.) and
K,CO; (268 mg, 2.0 mmol, 2.0 equiv.) in extra dry CH;CN were
refluxed for about 20 h under N, atmosphere. The resulting
yellow solution was then filtered through a Celite pad and the
Celite pad was washed with CHCl;. The filtrate was evaporated
under reduced pressure and the resulting residue was stirred
overnight with hexane (30 ml) and a small amount of CH,Cl,

This journal is © The Royal Society of Chemistry 2023
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(5 ml) at room temperature. The solution was filtered through a
Celite pad and removal of the solvent gave the ligand as yellow
oil. Yield: 138 mg (55%). ESI-MS: m/z 252.1 [M + H]". "H-NMR
(500 MHz, CDCl) & (ppm): 6.87 (s, 1H), 6.8 (s, 1H), 3.71 (s, 3H),
3.66 (s, 2H), 2.75-2.73 (m, 4H), 2.67 (s, 4H), 2.59-2.57 (m, 4H),
2.29 (s, 6H); C-NMR (125 MHz, CDCl;) § (ppm): 146.1, 127.0,
121.3, 57.0, 56.7, 55.7, 55.0, 46.5, 33.0.

Synthesis of [Fe"(M*>™’PyzTACN)(CF;S0;),] (1%%). A solu-
tion of M**M*PyzTACN (190 mg, 0.68 mmol, 1.0 equiv.) in THF
(1.0 ml) was added to a solution of [Fe"(CH;CN),(CF550;),]
(296 mg, 0.68 mmol, 1.0 equiv.) in THF (2.0 ml) and stirred
overnight at room temperature inside a glove box. A white
solid was precipitated which was filtered off and washed with
THF (2 x 2 ml). After this, it was dissolved in CH,Cl,/CH;CN
(3.0 ml per three drops) and filtered through Celite. Removal
of the solvent under reduced pressure gave the desired
complex as a white solid. Yield: 199 mg (41%). X-ray quality
crystals were grown by slow diffusion of ether into a solution
of the metal complex in CH,Cl, with a few drops of CH;CN.
HRMS (m/z) 167.5903 [Fe"(M*MPyzTACN)]** (calc. 167.5881)
(z = 2); 484.1303 [Fe"(M*M>PyzTACN)(CF;S0;)]" (calc.
484.1287) (z = 1); Elemental analysis C;,H,oFsN50¢S,Fe (MW =
633.406 g mol ') Calc. (%) C 32.24, H 4.61, N 11.06; Found (%)
C 33.09, H 4.92, N 10.83; 'H-NMR (400 MHz, CD;CN) 130.4,
98.4, 66.5, 52.5, 34.6, 34.0, 13.5, —3.41; UV/Vis 1 (nm) 194 (& =
8327 M~' em™), 220 (¢ = 6922 M~' cm™"); FTIR (KBr) v (cm ™)
2963-2863, 1672, 1558, 1501, 1474, 1430, 1371, 1355, 1324,
1293, 1233, 1163, 1133, 1090, 1070, 1061, 1030, 910, 804, 788,
776, 759, 751, 638, 576, 516.

Synthesis of [Fe"(™**™“ImTACN)(CF;S03),] (1"™). A solution
of M>MIMTACN (125.6 mg, 0.5 mmol, 1.0 equiv.) in THF
(1.0 ml) was added to a solution of [Fe"(CH;CN),(CF350;),]
(217.6 mg, 0.5 mmol, 1.0 equiv.) in THF (1.5 ml) and stirred
overnight at room temperature inside a glove box. The colour
of the solution changed to pale yellow. The reaction solution
was evaporated under vacuum and the residue was dissolved
in CH,Cl,/CH3CN (4:1 mixture) and filtered through Celite.
Diffusion of ether into the resultant solution resulted in
precipitation of the complex as a light yellowish white
solid. Yield: 137 mg (45%). HRMS (m/z) 153.5751
[Fe""(M*MImTACN)]** (cale. 153.5724) (z = 2); 456.0970
[Fe" (MM ImTACN)(CF;S0;3)]" (calc. 456.0974) (z = 1);
Elemental analysis C;5H,5FsN506S,Fe (MW = 605.353 g mol )
Cale. (%) C 29.76, H 4.16, N 11.57; Found (%) C 30.55, H 4.28,
N 11.08; "H-NMR (500 MHz, CD;CN) 99.43, 82.93, 69.52, 64.56,
55.36, 50.00, 33.54, 21.24, 6.72, 4.06, 3.65, 3.59, 3.05-3.02,
2.88-2.82, 2.77-2.74, 2.66, 2.59, 2.51-2.48, 2.21, 1.94, 1.81,
1.56, 1.32, 1.24, 1.21, 0.05; UV/Vis 4 (nm) 365 (¢ = 3100 M "
em™), 512 (¢ = 60 M~ " em™"); FTIR (KBr) v (em™") 2921, 1634,
1458, 1259, 1176, 1032, 756, 642, 580, 519.

Crystal structure determination for complex 1%

Colourless crystals of 1% were grown from slow diffusion of

ethyl ether in a CH,CI, solution of the compound, and used
for low temperature (100(2) K) X-ray structure determination.
The measurement was carried out on a BRUKER SMART APEX
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CCD diffractometer using graphite-monochromated Mo Ka
radiation (1 = 0.71073 A) from an X-ray tube. The measure-
ments were made in the range 1.636 to 28.083° for 6. Hemi-
sphere data collection was carried out with @ and ¢ scans. A
total of 16 414 reflections were collected of which 6388 [R(int)
= 0.0502] were unique. Programs used: data collection,
Smart;** data reduction, Saint+;*®> absorption correction,
SADABS.*® Structure solution and refinement was done using
SHELXTL."

The structure was solved by direct methods and refined by
full-matrix least-squares methods on F°. The non-hydrogen
atoms were refined anisotropically. The H-atoms were placed
in geometrically optimized positions and forced to ride on the
atom to which they are attached. A considerable amount of
electron density attributable to a disordered ethyl ether solvent
molecule per asymmetric unit was removed with the SQUEEZE
option of PLATON.*® Those solvent molecules are, however,
included in the reported chemical formula and derived values
(e.g. formula weight, F(000), etc.).

Reaction conditions for catalysis experiments

In a typical reaction, 360 puL of H,0, (25 pmol), taken from a
70 mM H,0, stock solution in CH3CN together with 45 pL of
water (2500 pmol), was delivered by syringe pump over 30 min
at room temperature under air to a vigorously stirred CH;CN
solution (2.14 ml) containing the Fe-catalyst (2.5 umol) and
the alkane substrate (2500 pmol). The final concentrations
were 1 mM for catalyst, 10 mM for the oxidant, 1000 mM for
H,O0 and 1000 mM for substrate (1:10:1000:1000 for
cat: ox: H,O: sub). For adamantane, due to the low solubility,
only 50 pmol of the substrate was used and so the final con-
centration was 20 mM. At the conclusion of the syringe pump
addition, 500 pL of a biphenyl solution of a known concen-
tration (~25 mM) was added to the reaction mixture as an
internal standard. The reaction mixture was then passed
through a small silica column (to remove the iron complex),
followed by elusion with 2 ml ethyl acetate. Finally, the solu-
tion was subjected to GC analysis. The organic products were
identified and their yields were calculated by using authentic
compounds as quantitative standards.

For the measurement of kinetic isotope effects (KIE), a sub-
strate mixture of cyclohexane : cyclohexane-d,, in a ratio of 1: 3
was used to improve the accuracy of the obtained KIE value.

Isotope labeling studies

Catalytic reaction conditions using H,'®0. In a typical reac-
tion, 290 pL of H,0, (20 pmol), taken from a 70 mM H,0,
stock solution in CH3CN, was delivered by syringe pump over
30 min at room temperature under air to a vigorously stirred
CH;CN  solution (1.71 ml) containing the Fe-catalyst
(2.0 pmol), substrate (2000 pmol) and H,"®0 (2000 pmol). The
final concentrations were 1 mM for catalyst, 10 mM of the
oxidant, 1000 mM for H,'®0 and 1000 mM for substrate
(1:10:1000:1000 for cat:H,0,:H,"®0:sub). For adaman-
tane, due to the low solubility, only 50 pmol of the substrate
was used and so the final concentration was 20 mM.
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Catalytic reaction conditions using H,'®0,. In a typical reac-
tion, 34 pL of H,'®0, (20 pmol) taken from a 2% (wt/wt)
H,'®0, solution in H,'®0 was delivered by syringe pump over
30 min at room temperature under air to a vigorously stirred
CH;CN solution (2 ml) containing the Fe-catalyst (2.0 pmol),
substrate (2000 pmol) and 45 pL of H,O. The final concen-
trations were 1 mM for catalyst, 10 mM for the oxidant,
1000 mM for H,O0 and 1000 mM for substrate
(1:10:1000: 1000 for cat : H,0,'® : H,O : sub).

In the oxidation of adamantane and cis-1,2-dimethyl-
cyclohexane, the solution (after syringe pump addition) was
passed through a small silica column to remove the Fe-catalyst,
followed by elution with 2 ml ethyl acetate. For other sub-
strates, the reaction solution was treated with 1 ml acetic anhy-
dride and 0.1 ml of 1-methylimidazole to esterify the alcohol
products for GC-MS analyses (tertiary alcohols are not esteri-
fied under these conditions). Samples were concentrated by
removing part of the solvent under vacuum and subjected to
GC-MS analyses.

Computational details and modeling

All DFT calculations were carried out with the Gaussian 09
package of programs®® using the B3LYP hybrid functional.
This functional is comprised of Becke’s three-parameter
hybrid exchange functional (B3)*° and the correlation func-
tional of Lee, Yang, and Parr (LYP).’" The iron atom was
described with the Stuttgart-Dresden effective core potential
and SDD basis set,>**® and the 6-31G(d’) basis set>** was
employed for all remaining atoms.

All reported geometries were fully optimized, and analytical
second derivatives were evaluated at each stationary point to
determine whether the geometry was an energy minimum (no
negative eigenvalues) or a transition structure (one negative
eigenvalue). Unscaled vibrational frequencies were used to
make zero-point and thermal corrections to the electronic
energies. The resulting potential energies and enthalpies are
reported in kcal mol™' relative to the specified standard.
Standard state corrections were applied to all species to
convert concentrations from 1 atm to 1 M according to the
treatise of Cramer.>® The geometry-optimized structures have
been drawn with the JIMP2 molecular visualization and
manipulation program.>”*®

Calculation of buried volume

Calculations of buried volume were carried out using the
online version of the SambVca 2.1 program (https:/www.
molnac.unisa.it/OMtools/sambvca2.1/index.html).>®>  Atomic
radii were chosen as Bondi radii scaled by a factor of 1.17;
the sphere radius was 3.5 A around origo; the mesh spacing
for numerical integration was 0.10; all hydrogen atoms of
the ligand were included in the calculation. For each mole-
cule, the position of the iron ion was chosen as origo, the
iron-oxygen (Og) axis was chosen as the positive z-axis direc-
tion, and the iron-N(heterocycle) axis was chosen as the
X-axis.
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