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Unmasking Steps in Intramolecular Aromatic Hydroxylation by
a Synthetic Nonheme Oxoiron(IV) Complex
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Lawrence Que, Jr.*

Abstract: In this study, a methyl group on the classic
tetramethylcyclam (TMC) ligand framework is replaced with
a benzylic group to form the metastable [Fe'(O,,)-
(Bn3MC)J**  (2-syn; Bn3MC = 1-benzyl-4,8,11-trimethyl-
1,4,8,11-tetraazacyclotetradecane) species at —40°C. The de-
cay of 2-syn with time at 25°C allows the unprecedented
monitoring of the steps involved in the intramolecular
hydroxylation of the ligand phenyl ring to form the major
Fe'"=OAr product 3. At the same time, the Fe''(Bn3MC)** (1)
precursor to 2-syn is re-generated in a 1:2 molar ratio relative
to 3, accounting for the first time for all the electrons involved
and all the Fe species derived from 2-syn as shown in the
following balanced equation: 3[Fe"(O)(L™)]*" (2-syn)—
2[Fe™ (L) (3) + [Fe"(L™") P (1) + H,O. This system thus
serves as a paradigm for aryl hydroxylation by Fe" =0
oxidants described thus far. It is also observed that 2-syn can
be intercepted by certain hydrocarbon substrates, thereby
providing a means to assess the relative energetics of aliphatic
and aromatic C—H hydroxylation in this system.

Introduction

The direct functionalization of aromatic rings is by nature
of interest to researchers."!! Owing to the high stability of
aromatic rings, these synthetic methods are mostly found to
require either harsh acidic conditions or catalysis by late
transition metals.”! Nature provides us the inspiration by
utilizing the combination of iron and oxygen atoms to
generate a highly reactive oxoiron(IV) (Fe™V=0) species that
is capable of selectively hydroxylating the arene-containing
amino acids within an acid-sensitive protein framework."
Phenylalanine hydroxylase (PheH), tyrosine hydroxylase
(TyrH), and tryptophan hydroxylase (TrpH) make up this
small family of pterin-dependent nonheme iron enzymes,”! all
of which play pivotal roles in important biological trans-
formations. PheH controls the level of phenylalanine by
converting it to tyrosine, while its malfunction is associated
with a severe metabolic disorder called phenylketonuria.
TyrH and TrpH are responsible for the respective biosynthesis
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of the key precursors to dopamine and serotonin, neuro-
transmitters that affect our mood and behavior. These
enzymes utilize the combination of dioxygen and a tetrahy-
drobiopterin cofactor to generate Fe'Y=0 species from their
Fe!! resting states,”! as evidenced directly by Mossbauer
spectroscopy,¥ to incorporate an oxygen atom onto their
namesake amino acids (Scheme 1).
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Scheme 1. General mechanism proposed for pterin-dependent hydrox-
ylases with phenylalanine hydroxylase shown as an example.

On the other hand, the properties of nonheme Fe'v=

species have been broadly investigated since the report of the
first crystal structure of a synthetic Fe™=0 complex in 2003
by Que, Nam and co-workers."! Such synthetic Fe*=0
complexes have significantly increased in number over the
past twenty years and exhibit different lifetimes and a range
of reactivity properties.

Most of these complexes possess iron(IV) centers with an
intermediate spin state (S=1),/ in contrast to the more
reactive high-spin (S =2) species found in the enzymes.” The
best documented reactions performed by synthetic Fe"Y=0
species are hydrogen atom transfer (HAT) reactions,® in
which the Fe™Y=0 species abstracts an H atom from a sub-
strate C—H bond, generating a meta-stable Fe™—~OH species
and an organic radical that can in principle combine to form
the product C—OH bond by oxygen rebound. However, this
step is often not fast enough, thus allowing the substrate
radical to escape from the solvent cage and be intercepted by
Oz.[S]

To date, the reactivity of synthetic Fe'V=0 species with
respect to two-electron transfer has mainly been exemplified
by oxygen atom transfer (OAT) reactions to phosphines or
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thioethers, which are substrates that readily form correspond- +
ing oxides. Much less common are examples of more OTf Ph—I
intriguing reactions such as olefin epoxidation,””’ where the \ ,.l_\ /
O atom is transferred to a C=C bond, or aromatic hydroxyl- \’N; e"\'N\/ (1)
ation, where O atom transfer results in the functionalization o ~— /7
of the aromatic ring."”’ With respect to the latter, no Fe""=0 1= 1 2 ,9~~I
species characterized to date has been reported to convert @ IS
benzene directly to phenol. The most closely related reaction tBu
analogue is the oxidation of anthracene to anthraquinone (PhIO) (ArlO)
investigated by Nam and de Visser.!'"! More success has been 2% Ph 24
achieved in the hydroxylation of phenyl rings that are /_o‘_\ —I \ o) >—|
incorporated into the supporting ligand framework to place N :,'l_. e'V‘N\ N:u?N
them in close proximity to the Fe'Y=0 units."" 'l However, N7 SN Y}le ‘e\N‘/
it has been challenging to trap and characterize the Fe™"=0 / \Ph \':—’
oxidant prior to its reaction with its pendant phenyl group. NCMe NCMe

In fact, only in this past decade has direct evidence been (2-anti) (2-syn)

found for FeY=0 species that hydroxylate a phenyl ring built
into the supporting ligand framework to generate an Fe''—
OAr product. Using a Csy-symmetric tripodal ligand with
pendant phenyl rings, Chang reported the trapping of an
Fe"Y=0 complex at —40°C that upon warming underwent
intramolecular conversion into an FeOAr species.'"
Subsequently, Goldberg and co-workers introduced fluorine
atoms to block the 2,6-positions of the phenyl groups on
a phenyl-modified N4Py ligand (N4Py = N,N-bis(2-pyridyl-
methyl)bis(2-pyridyl)methylamine) to trap an Fe"Y=0O com-
plex, which was characterized at —20°C with cold-spray
ionization mass spectrometry (CSI-MS) and Madssbauer
spectroscopy.'™ Warming to ambient temperature led to
the unprecedented cleavage of the aromatic C—F bond to
generate the Fe""-OAr product. A subsequent study showed
that complexes with MeO-substituted phenyl groups on the
ligand accelerated the aryl hydroxylation rate, strongly
implicating the involvement of an electrophilic transition
state that generated chromophoric Fe""~OAr products.!'*

The observation of such Fe™OAr products in the
synthetic reactions instead of Fe(L*™°M) species suggests
that there is a facile subsequent one-electron oxidation step
that prevents the reaction from becoming catalytic, unlike in
the case of phenylalanine hydroxylase, in which the tyrosine
product dissociates to allow the iron center to be primed for
the next cycle of substrate oxidation. To date, however, the
mechanistic details for hydroxylating a pendant aromatic
group have not been sufficiently uncovered to provide useful
mechanistic insight into how to unleash the potential of
FeV=0 species for effecting aromatic hydroxylation reac-
tions. We describe our efforts below.

Results and Discussion

Our efforts start with Bn3MC (1-benzyl-4,8,11-trimethyl-
1,4,8,11-tetraaza-cyclotetradecane), a variant of the widely
studied macrocyclic TMC ligand framework (TMC =1,4,8,11-
tetramethyl-1,4,8,11-tetraazacyclotetradecane),  which s
known for its ability to support a relatively stable Fe'Y=0
unit with a ¢,, of 10 h at 25°C.P In this structure, the oxo atom
is bound to the iron center on the face opposite to all four
methyl groups of the TMC ligand (Scheme 2). Subsequent

© 2021 Wiley-VCH GmbH

Scheme 2. Generation of the anti (2-anti) and syn (2-syn) isomers of
[Fe"(O) (Bn3MC)]*" from Fe"(Bn3MC)(OTf) " (1) with the respective
use of PhlO and 2-(t-BuSO,)C¢H,IO (s-ArlO) as oxo-transfer reagents
in MeCN. Benzyl groups are marked in red for emphasis.

studies have led to the characterization of the isomeric
[Fe"(O,,,)(TMC)(NCMe)](OTTf), in which the oxo moiety is
positioned on the same face as all four methyl groups.'?! It is
thus anticipated that the corresponding isomers with the
Bn3MC ligand can be generated (Scheme 2), with the benzyl
group on the syn isomer expected to be in the correct
orientation for hydroxylation by the Fe™=0 unit. In fact, the
results of this investigation confirm this hypothesis.

The detailed characterization of [Fe"(Bn3MC)(OTY)]-
(OTf) (1) is described in the SI. Its crystal structure (Fig-
ure S15) shows the expected arrangement of ligating N atoms
from the macrocyclic ligand and an axial triflate. Its '"H NMR
spectrum (Figure 1) reveals features similar to those of
Fe"(TMC)(OTf), but is more complex due to the loss of C,,
symmetry upon the replacement of one of the four methyl

16 14 12 10 8 6 4 2 O

Fel(TMC)?*
A A

Fe'(Bn3MC)?* (1)
_/\

— N,

160 100 60 0

Chemical Shift (ppm)

Figure 1. 'H NMR spectra of 1 (red trace) and the TMC analogue
(black trace) in MeCN-d; at 298 K. Inset shows the 0-16 ppm region
where the sharp phenyl proton signals on 1 can be found.
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groups with a benzyl group. The remaining three methyl
groups are found at 163 and 117 ppm with an approximate 2:1
intensity ratio. These peaks exhibit a weighted average
chemical shift of 148 ppm, close to that of the 140 ppm peak
assigned to its four methyl groups in Fe'(TMC)(OTf),.?

The features arising from the benzyl substituent can be
assigned to new peaks at 70 ppm and in the 7-14 ppm range.
The 70 ppm peak has a linewidth comparable to those of
a cluster of peaks around the 40 ppm region that are
associated with CH, protons next to the N atoms of the
macrocycle and has an integration of 2 H versus 8 H for the
peak cluster at 40 ppm. The 70 ppm peak can thus be assigned
to the methylene protons of the benzyl group. On the other
hand, the three sharper peaks within the 7-14 ppm range with
relative integrations of 2:2:1 from left to right can be
associated with the ring protons of the benzyl group
introduced in 1. The broader peak at approximately 14 ppm
is assigned to the much closer ortho protons (H,), while the
two sharper peaks can be associated with the mera (H,,) and
para (H,) protons from left to right based on their relative
integrations and their narrower linewidths that reflect their
greater distance from the iron center.

Generation of [Fe"(O,,) (Bn3MC)J** (2-anti) and
[Fe"(O,,,)(Bn3MC)F** (2-syn)

Based on previous work on the TMC-supported Fe™=0
species,1? it is known that treating Fe"(TMC)(OTf), with
different oxidants, specifically iodosylbenzene (PhIO) and 2-
(tert-butylsulfonyl)iodosylbenzene (s-ArlO), results in the
generation of distinct Fe'Y=0 species, even though their UV/
Vis-NIR features look very similar. We have verified that
parallel outcomes are obtained for the benzyl-substituted
complex 1. Thus, the reaction of 1in MeCN with 1 equiv PhIO
(dissolved in CF;CH,OH) at 233 K generates 2-anti in
quantitative yield with the appearance of its characteristic
near-IR band at 831 nm (&, =400, Figure 2, top panel). ESI-
MS characterization of this new species shows a major peak at
m/z =553.2, indicating O atom incorporation into 1, while its
Raman spectrum exhibits a v(Fe=0) at 842 cm ' (Figure S2),
similar to the 839 cm ™' peak found for [Fe"(O,,)(TMC)-
(NCMe)]**.¥I The '"H NMR spectrum of 2-anti, compared to
that of the corresponding TMC complex in Figure S3, shows
similar features but is more complex due to the lower
symmetry of the former. Warming this solution to 298 K over
60 min results in the loss of only 10% of the Fe'Y=0 complex,
indicating its relative thermal stability (Figure 2, top panel).

In contrast, treating the same MeCN solution of 1 with
1.1 equiv s-ArIO (90% pure dissolved in a small amount of
CD,(Cl,) at 233 K results in the formation of a species with
a similar near-IR band at 826 nm (e, =400, Figure 2, bottom
panel) but showing a distinct Fe=O Raman vibration at
860 cm™' (Figure S2), which resembles the 858 cm™' value
associated with the w»(Fe=0) of [FeY(O,,)(TMC)-
(NCMe)]**.¥1 This species is thus assigned to 2-syn. The
Raman spectrum of the 2-syn sample also shows the presence
of some 2-anti, with relative intensities indicating a 4:1 2-syn/
2-anti ratio. This observation is corroborated by the NMR

Angew. Chem. Int. Ed. 2021, 60, 20991 —20998

Research Articles

© 2021 Wiley-VCH GmbH

Internati

Absorbance

0.0 T T T
400 600 800 1000
Wavelength (nm)
2.0 1 0.9
- 618 nm
o 1.5 f go.e
Q s
c
o Eos
5 1.0 g 950 nm
(02}
2 0.0
0 2000 4000
0.5 Time (s)

0.0

600 800 1000

Wavelength (nm)

Figure 2. Top: Generation of 2-anti (black trace) from a 0.45 mm
solution of 1 (red trace) in MeCN at 298 K, gray trace represents the
spectrum after standing for 1 h at 298 K. Bottom: Generation of 2-syn
(black trace) from a 1 mwm solution of 1 (red trace) in MeCN at 298 K;
the blue traces represent the generation of the product 3 over

a 90 min period. Inset shows that the decrease of the absorbance at
950 nm following the decay of 2-syn appears to be concomitant with
the generation of 3 as indicated by the increase in the absorbance at
618 nm. The absorbances at 618 and 950 nm were normalized for the
plot to emphasize that these steps appear to be governed by the same
rate constant.

spectrum of this sample, which exhibits resonances for both 2-
syn and 2-antiin a 4:1 intensity ratio (Figure S4), as previously
observed in the reaction of Fe'(TMC)(OTY), with s-ArIO.["?
EXAFS analysis of a frozen MeCN solution of 2-syn (Fig-
ure S16 and Table S1) reveals a first coordination sphere
consisting of 1 O atom at 1.62 A and 5 N/O atoms averaging
2.07 A, in agreement with values found in the crystal structure
of [Fe"(O,,,)(TMC)(OTY)]* (Table S2).I"l

Conversion of [Fe'"(O,,,)(Bn3MC)F" (2-syn) into 3 at 298 K

The thermal stability of 2-syn significantly differs from
that of the more stable 2-anti. Unlike the latter, 2-syn decays
rapidly upon warming from 233 to 298 K, generating a blue
species with an intense band centered at 618 nm (Figure 2,
bottom) that is often associated with Fe''~OAr complexes.'¥
This notion is confirmed by ESI-MS data that show a major
peak at m/z =552.1 with an isotope pattern associated with
the [Fe"™(Bn3MC)(OTf) +O —H]" (3) ion, implicating the
replacement of an H atom on the ligand framework by an
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O atom. Furthermore, 3 exhibits a resonance Raman spec-
trum (Figure S5) with vibrational features typical of an Fe™-
OAr chromophore.'"¥ This distinct switch in reactivity in the
case of 2-syn provides an unprecedented opportunity to
monitor steps in the hydroxylation of an aromatic ring by
a well-characterized Fe™Y=0 species. Similar hydroxylations
of phenyl rings attached to ligand frameworks with hetero-
cyclic donors have been documented previously,"!! but this
result represents the first example for a complex with
a tetraalkylcyclam framework.

A solution of 1 mMm 2-syn in MeCN has a half-life (¢,,,) of
approximately 11 min when formed at 298 K, based on the
disappearance of absorption at 950 nm (Figure 2, bottom
panel), a wavelength chosen to minimize interference from
the growth of the broad and more intense band at 618 nm
arising from the Fe™—-OAr product. An apparent “isosbestic
point” can be observed at 830 nm that appears to indicate the
clean transformation of 2-syn to 3.

Kinetic analysis shows that both the decay of 2-syn (as
monitored by the decrease in absorbance at 950 nm) and the
generation of 3 (as followed by the increase in absorbance at
618 nm) can be fit by exponential functions with comparable
first order rate constants of 1.3(1)x 107* and 1.2(1)x 10 s/,
respectively (Figures 2, bottom panel, and S6). These obser-
vations support the notion that the decay of 2-syn leads to the
formation of the 618 nm chromophore, making it the rate-
determining step (rds). Both the reaction rate and the yield of
3 (approx. 50 %, estimated from Figure S7) are found to be
insensitive to O,, so O, does not play a role.

We have also deuterated the phenyl group of 1 to perturb
its hydroxylation by the Fe»=O unit. Treatment of
Fe"(Bn3MC-d;)*" (1-ds, Figures S8 and S9) with 1.1 equiv s-
ArlIO at 298 K affords the the same near-IR band at 826 nm as
observed for 2-syn. The self-decay kinetics of 2-syn-ds has
almost the same reaction profile as its unlabeled counterpart,
with the same rate constants for 2-syn decay and 3 formation
(Figure S10). Thus, the inverse KIE typically expected for an
electrophilic aromatic substitution reaction is not observed.”
b10a1 T fact, no KIE is found for either the decay of 2-syn-d; or
the generation of 3-d,, even though ESI-MS confirms the loss
of a deuterium atom upon ring hydroxylation (Figure S8),
suggesting that aromatic C—H bond cleavage must not be
involved in the rate-determining step of the reaction.

However, there are subtle differences in the Kkinetic
behavior of the two isotopomers, which are clarified when
plots for the generation of 3 and 3-d, are compared (Figure 3).
Closer scrutiny of the 4000 s profile for the formation of 3
shows the presence of an initial lag phase (LP) in the first
35 seconds, after which the reaction exhibits a proper ex-
ponential growth behavior typical for a first-order reaction
for the 618 nm chromophore (Figure 3, left panel, red box).
The latter step, assigned to the formation of 3, has a first order
rate constant that matches that for the decay of 2-syn
(Figure 2, bottom panel inset). Interestingly, this LP becomes
more pronounced upon deuteration of the phenyl group,
doubling in length from approximately 35 to 70 s (the length
of the LP being defined by the crossing point with the time
axis of a linear extrapolation of the initial exponential growth;
Figure 3, right panel). In contrast, such a lag phase is not

© 2021 Wiley-VCH GmbH
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Figure 3. Left panel: Time traces at 618 nm reflecting the generation
of 3 (blue line) and 3-d, (red line) at 298 K. The red box is the region
that is enlarged in the right panel. Right panel: Enlarged 0-300 s
region showing the difference between the lag phases for 3 and 3-d,.
The dashed lines represent linear extrapolations from the exponential
curves in the accumulation of 3 (blue line) and 3-d, (red line) to earlier
time points, which cross the time axis, respectively at 35 and 70 s. The
black line shows the absence of a lag phase in the decay of 2-syn, as
monitored at 950 nm within the same time window.

observed in the decay profile of 2-syn (Figure 3, right panel,
black trace), suggesting that the lag phase is not connected
with the decay of 2-syn but associated only with the
generation of 3. The existence of this lag phase and its
enhancement upon deuteration of the phenyl ring suggest that
there could be an intervening step involving an as yet
unidentified intermediate between 2-syn and 3.

We have tracked the flow of electrons in as much detail as
possible to find support for the involvement of an intermedi-
ate between 2-syn and 3. From a scrutiny of their structures, it
is obvious that 2-syn must lose an H atom in order to generate
3. The ability of an Fe'Y=0 species to carry out 1 ¢~ oxidations
may be facilitated by its acquisition of some Fe™-oxyl
character along the reaction trajectory (Scheme 3). Indeed,
DFT calculations reveal the Fe™—oxyl electromer to be one of
its lower-lying excited states.'”! The hydroxylation of the
phenyl group by an Fe"™V=0 moiety can thus be considered as
initiated by oxyl radical attack on the m system of the arene,
avoiding the cleavage of its very strong aromatic C—H bond
(approx. 110 kcalmol™). Such a step should result in the
formation of a C—O bond that allows the unpaired electron to
become delocalized onto the pentadienyl moiety (Scheme 3,
intermediate R). Transfer of another electron from the
pentadienyl radical moiety to the Fe™ center generates
a Wheland intermediate bound to an Fe™ center (Scheme 3,
intermediate W), which is predicted by a computational study
to be thermodynamically more stable than intermediate R.[1%
Subsequent aromatization of W is accomplished by a proton
shift from the ipso-C atom to the O atom of the nascent
phenolate, which is the only basic site in the system, to form
an Fe''—phenol species we designate as Inty,q (Scheme 3). In
the last step of the reaction, Intg,y, is in turn oxidized to the
highly chromophoric 3 via the transfer of the H atom from the
nascent hydroxy group of the pendant phenol of Intg.qy, to
residual 2-syn.

Angew. Chem. Int. Ed. 2021, 60, 20991 —20998
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Scheme 3. A reactivity mode for aromatic substrates in which the
Fe"=0 moiety attacks a phenyl ring to form a C—O bond to generate

a pentadienyl radical intermediate (R). Tautomerization of R yields an
electromer in which the iron center is reduced to the Fe' state with

a bound Wheland intermediate (W). Subsequent conversion of W to
Int, by a proton shift from C to O and followed by loss of an H atom
generates 3.

Mechanistic Analysis

The reaction mechanism proposed in Scheme 3 involves
an initial intramolecular step with the Fe™V=O unit of 2-syn
attacking the pendant phenyl ring to effect its hydroxylation
and leading to Imtg,y,. This step is followed by the rapid
transfer of an H atom on Intg,qy, to residual 2-syn to form the
highly chromophoric 3. In the reaction mixture derived from
the reaction of s-ArlIO with 1, 2-syn and 2-anti represent the
only two potential oxidants present in solution at the start that
are the likely acceptors for the H atom generated in the
conversion of 2-syn to 3. As shown by NMR (Figure S11), 2-
anti remains unchanged throughout the reaction process. It
thus behaves merely as a spectator species, leaving 2-syn as
the only oxidant available in the reaction.

In our proposed mechanism, 2-syn must play two roles. Its
primary role is the intramolecular hydroxylation of the phenyl
ring to form Intg.y,, and its secondary role is to extract an
H atom from Intg,y, in the conversion of the latter to 3, which
is a bimolecular reaction (Scheme 3). As a consequence, the
generation of 3 should be affected by changing the concen-
tration of 2-syn as its formation is an intermolecular reaction,
but the intramolecular generation of Intg.q, should not. In
addition, a fraction of 2-syn must become reduced to balance
the reaction and convert into an Fe™—OH derivative or the
Fe"-OH, product 1.

To answer the questions raised above, we have inves-
tigated the effect of changing the concentration of 2-syn. At
0.7 mm 2-syn decays at a rate of 1.3(1)x10 s and 3 is
generated at a rate of 1.2(1)x107*s™" (Figure S10), values
that are essentially the same as those for the 1 mm experiment
(see Figure2 bottom and accompanying text). However,
when the 2-syn concentration is further reduced to 0.3 mw,
the two steps become more asynchronous. 2-syn decays as
soon as it is generated at a rate of about 1.4(1)x103s™!,
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which is comparable to values obtained at the other two
concentrations of 2-syn (Figure 4 A, gray traces and Fig-
ure S10), but the generation of 3 slows to 1.0(1)x10 s,
a rate constant distinct from that for the decay of 2-syn
(Figure 4 A, blue traces and Figure S10). As a consequence,
the crossing points of the traces progressively shift to the right
as the reaction proceeds, resulting in the disappearance of the
isosbestic point observed in the 1 mm experiment (Figure 4 A,
inset vs. Figure 2, bottom). Unlike at higher concentrations of
2-syn, the decay of 2-syn is no longer clearly the rate-
determining step and the formation of 3 has become slow
enough to become competitive with 2-syn decay. Figure 4B
compares the growth curves of the 618 nm chromophore
obtained from 0.3, 0.7, and 1.0 mm solutions of 2-syn. All are
plotted with normalized absorbance to allow a visual com-
parison of their LPs together with a first-order curve through
the zero point (Figure 4 B, red dashed trace). The decrease in
the concentration of 2-syn results in growth curves of the
corresponding 618-nm band that progressively deviate from
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Figure 4. A) Conversion of 0.3 mm 2-syn in MeCN (black trace) to 3
(blue trace) at 298 K over a 90 min period. Gray and lighter blue traces
correspond, respectively, to the decay of 2-syn and the growth of 3
during the conversion. Inset shows the enlarged 750-900 nm region,
emphasizing the asynchrony of the two steps. B) Comparison of time
traces at 618 nm associated with the generation of 3 from initial
concentrations of 2-syn of 1.0 mm (black), 0.7 mm (blue), and 0.3 mm
(red). Curves have been normalized to facilitate visual comparison.
The dashed red line represents ideal exponential behavior. Note the
more pronounced initial lag phase observed for the 0.3 mm sample.
Inset shows plots of the initial 500 seconds versus In(time) to high-
light the lengthening lag phase at the onset of the reaction with
decreasing [2-syn].
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the standard exponential curve. In particular, the curve shape
for the 0.3 mMm experiment (Figure 4B, red solid trace) does
not overlap at all with the standard, further supporting the
notion that the decay of 2-syn has become faster than the
generation of 3 in this case. Inset shows plots of the initial
500 seconds versus time in logarithmic scale to highlight the
lengthening of the LPs at the onset of the reaction with
decreasing 2-syn concentration.

These observations agree with our analysis of the reaction
scheme: the reaction leading to 3 is a bimolecular reaction
that is affected by the concentration of 2-syn. Due to its
intermolecular nature, the generation of 3 is more sensitive to
the decreasing concentration of 2-syn than the intramolecular
decay of 2-syn such that the formation of 3 becomes obviously
slower than the decay of 2-syn in the experiment with 0.3 mm
2-syn. This mechanistic hypothesis is corroborated by the
lengthening of LP upon deuteration of the phenyl ring,
reflecting the kinetic isotope effect (KIE) for the slower
“D atom” transfer step from 2-syn-d; (Figure 3). In conclu-
sion, 3 is the product of Intg,qy, reacting with residual 2-syn, in
agreement with the observed kinetic data where the gener-
ation rate of 3 drops faster than the decay rate of 2-syn, as
both reactants leading to 3 have a first-order dependence on
the concentration of 2-syn.

We have also monitored the reaction by 'HNMR to
identify other components of the reaction mixture. Over the
course of an hour, signals from 2-anti remain unchanged in
intensity relative to the residual 1-(tert-butylsulfonyl)-2-
iodobenzene (s-Arl) byproduct from the s-ArlO internal
standard (Figure 5, Figure S11). However, two sharp peaks at
11.3 and 13.5 ppm are observed to grow as the reaction
progresses and can be assigned to H, and H,, of 1 (Fig-
ure S12a); other NMR features of 1 can also be found upon
the decay of 2-syn (Figure S12b). Taken together, these data

\

20 min

16 14 12 10 8 6
chemical shift (ppm)

Figure 5. NMR spectra of the reaction taken 10, 20, and 60 min after
mixing 10 mm 1 with 1.1 equiv s-ArlO at 298 K in MeCN-d;. The sharp
peak at 8.5 ppm is associated with phenyl protons on 2-syn, which
decreases in intensity upon conversion of 2-syn to 3. Concomitantly,
the red-labeled peaks at 11.3 and 13.5 ppm assigned to the ortho and
meta proton signals of the phenyl group of 1 grow in intensity during
the course of the transformation.
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show that 11is in fact regenerated in approximately 30 % yield,
which accounts for roughly 1/3 of the starting 2-syn (approx-
imately 80 % ). Taking into consideration the approximately
50 % yield of the major product 3 and the approximately 30 %
yield of 1, it becomes clear that 2-syn decay affords 3 and 1 in
a 2:1 ratio, with the remaining approximately 20 % being 2-
anti, the typical side-product in the generation of 2-syn with s-
ArlIO, which remains uninvolved in the reaction pathway
(Figure S11).

With the spectroscopic results described above, we have
tracked the fate of 2-syn in its conversion into a 2:1 ratio of 3
and 1 products. There is no direct evidence found for the two
species that bridge the gap between 2-syn and its products.
Intg, ) is an isomer of 2-syn that when formed is proposed to
convert immediately to 3 by the loss of an H atom
(Scheme 4). The H atom released is absorbed by residual 2-
syn, which is in turn reduced back to 1 and one equivalent of
H,O. Both the starting material and the product can be
observed by NMR and quantified to establish the reaction
stoichiometry summarized in Scheme 4.

The chemistry represented by the initial step in the model
system in the conversion of 2-syn to Intg.y, corresponds to
that for the key transformation catalyzed by the nonheme
iron enzyme phenylalanine hydroxylase, in which an Fe"V=0

olo
C[ ][ II*]g’%
®®

s@ — 2@+

>N
3 Inteeq)
nle

CFe D
e ‘

Eqn 1: 3 [FeV(O)(LA-H)2* (2-syn) —

2 [FelLA-O)r (3) + [Fel(LAH)R+ (1) + H,0

Scheme 4. Top: Proposed mechanism for the aromatic hydroxylation
reaction performed by the oxoiron(IV) species 2-syn. The first step is
the conversion of 2-spn (or (IV)) into the unobserved Intg,, (or [I1*])
by insertion of the oxo atom into the target C—H bond. In the next
step, Intg, is oxidized to 3 (or (I1)) by transfer of an H atom to
residual 2-syn. Two consecutive H atom transfers to 2-syn generate

a molecule of 1 (or (I1)). Overall, the reaction converts 3 equiv 2-syn
into 2 equiv 3 and 1 equiv 1, for a theoretical yield of 67% for 3 and
33% for 1. Bottom: Structures associated with the four species
involved in the reaction.
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oxidant generated at the iron active site hydroxylates the
phenylalanine substrate to form tyrosine. In the case of the
enzyme, the tyrosine product is released from the active site,
and the starting Fe"" center is regenerated for the next cycle of
catalysis.**°l However, for our biomimetic Bn3MC complex,
the analogue to the enzyme-—product complex is in fact
Intg,q,, but it rapidly reacts with residual Fe'Y=0O oxidant,
which extracts the equivalent of an H atom from Intg,y, to
generate the blue-colored product 3 (Scheme 3), thereby
preventing the initiation of the next cycle of oxidation. It
would be impossible for this latter step to occur in the
isolation of the enzyme active site.

Lastly, the formation of chromophoric 3 provides a spec-
troscopic handle with which to probe the relative energetics of
intramolecular aromatic hydroxylation versus intermolecular
aliphatic C—H bond cleavage by the nascent 2-syn species. We
find that the addition of even 1 equiv cyclohexadiene (CHD,
Dy 76 kcalmol™') to the reaction mixture results in the
immediate interception of 2-syn, decreasing the yield of 3 to
approximately 20 % (Figure S13). The yield of 3 drops even
further to approximately 10% with 5 equiv CHD. On the
other hand, no noticeable interception is observed with
100 equiv toluene (D¢ 90 kcalmol™), thereby bracketing
the strength of aliphatic C—H bonds that can be cleaved by 2-
syn. The most intriguing result comes from using cyclohexene
(Dcy; 82kcalmol ') as the intercepting substrate. Self-
hydroxylation is predominantly observed in the presence of
10 equiv cyclohexene, but increasing to 100 equiv cyclohex-
ene results in 80 % interception (Figure S14). The clear switch
between competing reaction pathways in this series of
cyclohexene experiments demonstrates the comparable acti-
vation barriers for the two reactions described, providing
a qualitative understanding of the barriers for an oxoiron(IV)
species to hydroxylate its pendant aromatic ring versus
oxidizing an externally added substrate.

Conclusion

In the current study, we have demonstrated that the
thermal decay of [Fe™(O)(Bn3MC)]*" (2-syn) results in the
hydroxylation of the pendant phenyl ring leading to the
formation of Fe"—OAr (3) and [Fe"(Bn3MC)]*" (1) products
in a 2:1 ratio (Scheme 4). This study identifies for the first
time the formation of the latter as a byproduct of the reaction,
accounting completely for the electron flow and stoichiom-
etry within this system. Thus, our proposed reaction scheme
rationalizes the consistently observed 65 % yield of the Fe''—
OAr product reported for the three different FeV=0O
complexes that effect intramolecular arene hydroxylatio-
n."»1 With the general problem identified in our example
that the reaction between residual 2-syn and Intg,y, prevents
a proper biomimetic catalytic cycle to be completed, meas-
ures could be taken to improve the design of the biomimetic
system to minimize such side reactions.

Moreover, our results reveal that the Fe'Y=0 oxidant of
a TMC-derived ligand is actually powerful enough to
hydroxylate a pendant phenyl ring. This intramolecular
hydroxylation is in fact competitive with the intermolecular

Angew. Chem. Int. Ed. 2021, 60, 20991 —20998
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hydroxylation of cyclohexene, qualitatively providing an
experimental estimate of the activation barrier for such
a reaction for the first time. Although previous DFT
calculations by de Visser to assess the reactivity of [Fe™(O)-
(TMC)(NCMe)]*" had revealed a strong preference for the
hydroxylation for aliphatic C—H bonds over aromatic hy-
droxylation,' the experimental results reported here dem-
onstrate that this Fe™=0 unit has a more versatile reactivity
than predicted by these DFT calculations.
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