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ABSTRACT: While iron-catalyzed C-H activation offers an
attractive reaction methodology for organic transformations,
the lack of molecular-level insight into the in situ formed and
reactive iron species impedes continued reaction development.
Herein, freeze-trapped *"Fe Mossbauer spectroscopy and sin-
gle-crystal X-ray crystallography combined with reactivity
studies are employed to define the key cyclometalated iron spe-
cies active in triazole-assisted iron-catalyzed C-H activation.
These studies provide the first direct experimental definition of
an activated intermediate, which has been identified as the low-
spin iron(Il) complex [(sub-A)(dppbz)(THF)Fel,(n-MgX,),
where sub-A is a deprotonated benzamide substrate. Reaction
of this activated intermediate with additional diarylzinc leads to
the formation of a cyclometalated iron(Il)-aryl species, which
upon reaction with oxidant, generates C-H arylated product at a
catalytically relevant rate. Furthermore, pseudo single turnover
reactions between catalytically relevant iron intermediates and
excess nucleophile identify transmetalation as rate-determining,
whereas C-H activation is shown to be facile, even at room tem-
perature.

INTRODUCTION

The development of iron catalysts which directly activate and
functionalize C-H bonds for the synthesis of high value mole-
cules has been an area of intense research for over a decade,'™®
with iron attracting significant interest due to its low cost, lim-
ited toxicity, and rich oxidation chemistry. A key example in
this area is work by Nakamura and co-workers which pioneered
a substrate-directed approach to form new C-C bonds by cou-
pling C-H bonds with organozinc reagents using an iron cata-
lyst, ligand and 1,2-dichloroisobutane (DCIB) to afford high
product yields (up to 99 %) under mild conditions (Scheme 1a).”
Following this seminal report, iron-catalyzed C-H functionali-
zation methodologies have been expanded with key contribu-
tions from several groups, including Nakamura, Ackermann
and Cook to achieve numerous chemical transformations, in-
cluding allylation,® alkylation,”"" arylation,"”" allene and al-
kyne annulation,'*'® alkynylation'’ and amination'® of varying
C(sp’)-H"* and C(sp’)-H bond types.'> '

Despite considerable advances in directed iron-catalyzed C-
H transformations, detailed mechanistic understanding of these
systems remains under developed and poorly understood in
stark contrast to our understanding of directed C-H activation
systems which utilize precious metals.”> While Nakamura and
co-workers have postulated the formation of a cyclometalated
iron intermediate that is stabilized by substrate directing
groups,' *' no spectroscopic or structural evidence directly
identifying this species has been reported. Instead, mechanistic
knowledge is limited largely to theoretical studies as well as ex-
perimental observations such as C-C bond formation, unlike C-
H activation, requires the presence of oxidant, and thus the ox-
idation of the iron center, for subsequent product formation.'®**
For the former, Shaik, Chen and co-workers have demonstrated

Scheme 1. Selected Examples of Iron-Catalyzed C-H Activa-
tion Reactions
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computationally that the most efficient catalytic cycles for these
systems involve the evolution of iron oxidation state through
either Fe(IT)/Fe(III)/Fe(l) or Fe(Il)/Fe(0) cycles.”* While these
theoretical insights identify possible oxidation states of iron in-
termediates that might be accessible, the ability of iron to adopt
multiple oxidation and spin states as well as coordination ge-
ometries necessitate direct experimental studies to define the
iron intermediates involved in catalysis.

Previous efforts to obtain molecular-level insight into the
mechanism of catalysis in these systems were significantly lim-
ited due to the lack of direct spectroscopic and structural insight
into the nature of the in situ formed iron species. The current
study addresses these critical challenges by utilizing an experi-
mental approach combining freeze-trapped inorganic spectro-
scopic methods including *’Fe Méssbauer spectroscopy and sin-
gle-crystal X-ray diffraction (SCXRD) with concurrent reactiv-
ity and kinetic studies.”>”® Previously applied to iron-catalyzed
cross-coupling,”” " herein this approach is used to define in situ
iron speciation, reactivity and mechanism operative in iron-cat-
alyzed arylation of C(sp’)-H bonds by triazole assistance
(Scheme 1d)"2. The current study is the first to identify and char-
acterize key cyclometalated iron(Il) intermediates in this sys-
tem, including their coordination environments, rates of for-
mation and reaction pathways leading to C-C bond formation
during catalysis.

RESULTS AND ANALYSIS

Identification of a Substrate-Bound High-Spin Iron(II)
Complex. Initial studies utilized freeze-trapped 80 K *'Fe
Maéssbauer spectroscopy to evaluate iron speciation in stoichi-
ometric reactions of  *’Fe(acac)s, 1,2-bis(diphe-
nylphosphino)benzene (dppbz) and N-{2-[1-benzyl-1H-1,2,3-
triazol-4-yl]propan-2-yl}-2-methylbenzamide (H-sub-A) (Fig
1) with various equivalents of in situ generated Ar,Zn (Ar = 4-
MeOC¢H,) [from the Grignard reagent ArMgBr and
ZnBr,»TMEDA (TMEDA = N,N,N’,N -tetramethylethylenedi-
amine)] with the aim to form cyclometalated iron intermediates
previously proposed,” but never identified for related sys-
tems.'™ *' Note that all stoichiometric reactions are performed
with enriched *’Fe at the concentration observed in catalysis
(~8.3 mM) to enable analysis by freeze-trapped solution *'Fe
Maéssbauer spectroscopy. A solution of 1 equiv each of H-sub-
A and Ar,Zn in THF was stirred for 10 min at RT, followed by
the subsequent addition of a mixture containing *’Fe(acac); and
dppbz in THF at RT. Freeze-trapped >'Fe Mossbauer spectros-
copy after 10 minutes of reaction at 55 °C (the temperature em-
ployed in catalysis) of the resulting yellow solution indicated
the formation of one predominate iron species with Mossbauer
parameters of 6 = 0.94 mm/s and AEq = 3.14 mm/s (1, Fig 1A),
consistent with the formation of a high-spin iron(II) complex.”’
Analogous *'Fe Méssbauer studies indicate that 1 is stable at 55
°C for over 45 minutes in THF. The addition of dppbz to the
reaction mixture has no effect, suggesting that dppbz does not
coordinate to 1 (Fig S1). Consequently, iron species 1 can also
be generated under conditions in which H-sub-A is deproto-
nated with n-BuLi and subsequently added to FeCl, in THF,
also at 55 °C (Fig S2).

Despite extensive efforts, crystalline material of 1 suitable for
SCXRD could not be obtained. However, the generation of 1 as
the only observable iron species in solution (via *’Fe Moss-
bauer) enabled spectroscopic studies to further define its oxida-
tion state, coordination number, geometry and spin state using
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Figure 1. >’Fe Méssbauer and MCD spectroscopy of the in situ
formed iron species from the reaction of Fe(acac);, dppbz and
H-sub-A with 1 equiv of Ar,Zn. (A) The 80 K *’Fe Mssbauer
and (B) 5 K, 7 T NIR MCD spectrum with inset of VTVH-
MCD of 1 (8.3 mM) in (A) THF and (B) 1:1 THF/2-MeTHF.
Saturation magnetization data (dots) and best fit (lines) col-
lected at 6580 cm™. Peak fits are shown for the MCD spectra
(dashed lines). Inset scheme describes stoichiometry em-
ployed, as well as the proposed structure of 1.

magnetic circular dichroism (MCD) spectroscopy. The 5K, 7 T
near-infrared (NIR) MCD spectrum of 1 in 1:1 THF/2-MeTHF
is dominated by two low energy ligand-field transitions at
~6710 cm™ and ~7400 cm™ (10Dg(T,) = 7055 cm™), indicative
of a four-coordinate distorted tetrahedral complex (Fig 1B).”
Saturation magnetization data for 1 collected at 6580 cm are
well-described by a S = 2 negative zero-field split (-ZFS) non-
Kramers doublet model with ground-state spin-Hamiltonian pa-
rameters of = 1.5+ 0.2 cm™ and 2=9.0£02withD=-11=
2 em™ and |E/D| = 0.22 + 0.06 (Fig 1B, inset). These studies
combined with the reaction stoichiometry employed to generate
1(1:1 iron to H-sub-A without dppbz) and the lack of *H-NMR
resonance in the aryl region when quenched with D,O (see SI),
enabled its assignment as a distorted tetrahedral, high-spin
iron(II) species of either the general formula [Fe'(sub-A)Br,]
or [Fe"(sub-A)(Br)(THF)], where sub-A denotes the benzamide
substrate deprotonated at the amide position. The second for-
mula is included since the ligation of a solvent molecule could
not be excluded.

Synthesis, Spectroscopic Characterization and Reactivity

of Activated Low-Spin Iron(II) Intermediates. Whereas stoi-
chiometric reactions with 1 equiv of Ar,Zn led to formation of
1, analogous reactions in the presence of 2 equiv of Ar,Zn re-
sulted in further reaction of 1 with a concurrent color change
from yellow to green. Freeze-trapped 80 K *"Fe Mssbauer
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Figure 2. Freeze-trapped >’ Fe Mossbauer spectra of frozen solu-
tions of Fe(acac);, H-sub-A and dppbz under (A) stoichiometric
conditions with 3 equiv of Ar,Zn observed at 80 K and (B) cata-
lytic conditions observed at 5 K. Total fit (black line) and indi-
vidual fit components are shown.

spectroscopy after extended reaction time (1 h) at 55 °C indi-
cated the formation of 1 (47 % of all iron), as well as two addi-
tional iron species characterized by Mdssbauer parameters of d
= 0.30 mm/s and AEq= 1.92 mm/s (iron species 2, 43 % of all
iron, green component) and J = 0.24 mm/s and AEq=1.19 mm/s
(iron species 3, 10 % of all iron, blue component). Interestingly,
the isomer shifts of 2 and 3 were suggestive of six-coordinate
low-spin iron(II) species in the presence of strong ligand fields
(vide infra, Fig S3 and Table 1).*' In contrast to 1, formation of
2 and 3 requires dppbz to be present. To target increased
amounts of these low-spin iron species, a similar stoichiometric
reaction was performed utilizing 3 equiv of Ar,Zn with the hy-

H-MgX,[(sub-A)Fe(dppbz)(THF)]

Selected Bond Distances and Angles

Fe(1)-C(1) 1.968(6) A C(1)-Fe(1)-N(1)  81.9(2)°
Fe(2-C(55)  1.991(5) A N(1)-Fe(1)-N2)  80.22(17)°
Fe(1)-N(1) 1.973(5) A N(2)-Fe(1)-P(1)  101.03(13)°
Fe(1)-N(2) 1.984(4) A P(1)-Fe(1)-C(1)  96.79(18) °
Fe(1)-0(2) 2.140(5)A  C(1)Fe(1)-0(2)  90.6(2)°

pothesis that the added nucleophile would consume remaining
1 to generate additional 2 and 3. Consistent with this hypothesis,
freeze-trapped 80 K *’Fe Mdssbauer spectroscopy after 30
minutes of reaction with 3 equiv of Ar,Zn at 55 °C indicated a
decreased amount of 1 (17% of all iron), as well as increased
amounts of both low-spin iron(II) species 2 and 3, 60 % (green
component) and 17 % (blue component), respectively (Fig 2A).
A fourth minor iron species 4 with parameters J = 0.15 mm/s
and AE,= 0.54 mm/s (6 %, red component) is generated in the
presence of excess Ar,Zn (> 3 equiv, vide infra). Notably, spin-
quantitated 5 K electron paramagnetic resonance (EPR) spec-
troscopy showed a S = 1/2 iron species also formed, but only
represented < 1% of all iron in solution and therefore below the
detection limits of *’Fe Mossbauer spectroscopy (~ 3 %).

To determine whether the previously defined iron species are
also present during catalysis, the catalytic reaction was per-
formed following the reported protocol,'” and the iron specia-
tion was evaluated using freeze-trapped °'Fe Mdssbauer spec-
troscopy. Due to excess salts present in solution in catalysis (30
equiv of Zn with respect to 1 equiv of Fe), *’Fe Mossbauer sam-
ples were analyzed at 5 K for improved spectral resolution (see
Fig S4 for spectrum at 80 K). At 21 h into the 36 h catalytic
reaction, 2 was present as the major component (57% of iron)
in solution with contributions from 1 and 3 as well (20% and
23%, respectively, Fig 2B). Spin-quantitated 5 K EPR spectros-
copy indicated that < 0.5 % of all iron in solution during catal-
ysis was S = 1/2. Thus, it was clear that iron species 2 and 3 are
potential key intermediates in catalysis, and further characteri-
zation was pursued.

As 2 was the major species observed in situ in both stoichi-
ometric and catalytic reactions, extensive efforts were focused
towards its isolation and structural characterization. However,
crystallization of 2 was impeded by the formation of crystalline
zinc salt. To this end, a separate stoichiometric protocol using
ArMgBr to form 2 was developed to avoid zinc salt production.
Freeze-trapped 80 K *’Fe Méssbauer spectroscopy of the addi-
tion of dppbz and ArMgBr (1 equiv each) to sub-A (deproto-
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Figure 3. (A) Partial spheroid plot and (B) solid-state 5 K *'Fe Mossbauer spectrum of *'Fe-enriched crystalline [(sub-
A)(dppbz)(THF)Fe] (1-MgX)) (2) with selected bond lengths and angles. For clarity purposes, the second monomer, which is

connected via a MgX, bridge at Ol, is included as text. Inset scheme describes the stoichiometry employed, as well as simplified
connectivity of 2. See SI for full X-ray crystal structure report, which includes the anisotropic displacement ellipsoid plot.



Table 1. 80 K *’Fe Méssbauer parameters of identified iron
species relating to triazole-directed iron-catalyzed C-H acti-
vation.

N o]
0 (mm s I) AE, (mms )

Complex Sample

This work

1 Frozen soln 0.94 3.14

2 Frozen soln 0.30 1.92
Solid®™ 0.30 1.90

3 Frozen soln 0.24 1.19

4 Frozen soln 0.15 0.54

4* Frozen soln 0.17 0.56
Solid 0.17 0.55

5 Frozen soln 0.43 1.70

Previously reported

Fe(nﬁ—biphenyl)(SciOPP) Frozen soln 0.44 1.75

nated from n#-BuLi) and FeCl, in THF at RT resulted in a distri-
bution of iron species 1, 2 and 3, as previously observed in stoi-
chiometric and catalytic reactions (Fig S5). Air- and moisture-
sensitive green crystalline needles suitable for SCXRD were
obtained from recrystallization of this iron distribution in a mix-
ture of anisole and THF at -30 °C, permitting the assignment of
a cyclometalated iron(I) dimer [(sub-A)(dppbz)(THF)Fe],(p-
MgX,) (2), where X = Cl or Br (due to halide exchange), in
which a magnesium salt bridges two neutral monomers (Fig 3).
Each iron center is coordinated to sub-A (tridentate ligation)
and dppbz, as well as one THF molecule cis to the activated Fe-
C bond in a distorted octahedral geometry. Note that the acti-
vated iron-C(sp’) bond lengths, 1.968(6) and 1.991(5) A, are
longer than the reported activated Co(III)-C(sp’) bonds with
similar directing groups (Table S1). The 5 K >’Fe Mdssbauer
spectrum of crystalline material exhibited parameters of J =
0.30 mm/s and AE,= 1.90 mm/s (Fig 3B), confirming that this
complex represents the major iron species 2 found to form in
situ in stoichiometric and catalytic reactions. Note that the very
small change in AEq in the solid state spectrum is consistent
with a slight structural distortion between the solid and solution
states, as previously observed for other iron-bisphosphine com-
plexes.

Since both 2 and 3 have similar isomer shifts and exist in a
consistent ratio under stoichiometric and catalytic conditions,
suggesting they potentially exist in equilibrium, it was proposed
that 3 might correspond to the five-coordinate, non-THF ligated
analog of 2. Further, both 2 and 3 are simultaneously consumed
in reaction studies with excess nucleophile as expected for re-
lated species (vide infra). To test this hypothesis, 2 was gener-
ated in situ utilizing the crystallization protocol and dried in
vacuo. The remaining green residue was re-dissolved in 2-
MeTHEF, resulting in 3 as the major species by Mdssbauer spec-
troscopy (up from 19% to 80%, Fig S6). Thus, 2 can be assigned
as the THF adduct of 3. Lastly, to further probe the spin states
of 2 and 3, NMR spectra ('H, P and 2H) were collected on the
generated mixture and found to be consistent with the presence
of two activated low-spin iron(Il) species, as suggested by the
previously defined Mdssbauer parameters (see SI).

While 2 represents the first structurally characterized, cy-
clometalated iron species shown to form under both stoichio-
metric and catalytic conditions in directed iron-catalyzed C-H
activation reactions, it is noteworthy that 2 and 3 lack coordina-
tion of an aryl ligand as likely required for C-C bond formation.
It is therefore not surprising that in situ generated 2 and 3 show

no product formation by LC-MS analysis upon quenching. In-
terestingly, neither 2 or 3 react with DCIB as determined by
freeze-trapped °'Fe Mdssbauer spectroscopy (Fig S7), con-
sistent with the observation of these species during catalysis in
the presence of excess DCIB.

Finally, pseudo single turnover studies of the reaction of 1
with excess nucleophile to generate cyclometalated intermedi-
ates 2 and 3 were conducted to determine their rate of formation
using time-resolved, freeze-quenched *’Fe Mossbauer spectros-
copy as previously employed in iron cross-coupling chemis-
try.”® At catalytic temperature (55 °C), the formation of 2 and 3
results from reaction of 1 and excess Ar,Zn (14 equiv) at an
observed rate constant of 0.26 + 0.03 min™' via a pseudo-first
order kinetic fit (Fig S8-9). Interestingly, cyclometalated inter-
mediate 2 can be generated at room temperature from reaction
of 1 with dppbz and 14 equiv of Ar,Zn (within 8 min), suggest-
ing that C-H activation is facile and does not require heating
(Fig S10).

Identification of an Arylated, Cyclometalated Iron(II)
Complex for C-C Product Formation. It was hypothesized
that an arylated analog of 2, where the THF ligand is replaced
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Figure 4. (A) Partial spheroid plot and (B) solid-state 80 K >'Fe
Mossbauer spectrum  of "Fe-enriched crystalline [(sub-
B)(dppe)(Ph)Fel,(u-Mg(THF);) (4%). The second monomer,
which is connected via a Mg(THF); bridge at O1, is added in
text. Inset scheme describes the stoichiometry employed, as
well as simplified connectivity of 4*. See SI for full X-ray crys-
tal structure report, which includes the anisotropic displace-
ment ellipsoid plot.



by an aryl ligand (4-MeOC4H,), might be accessible upon fur-
ther reaction with Ar,Zn. Furthermore, such a species might be
effective for C-C bond formation due to the coordination of the
aryl group near the activated Fe-C(sp”) bond. Towards such a
species, stoichiometric addition of 2 equiv of Ar,Zn in THF to
a solution of 2 and 3 was performed, resulting in a slow color
change from green to red over 80 minutes at 55 °C. Freeze-
trapped 80 K *’Fe Massbauer spectroscopy indicated the for-
mation of two additional iron species with Mdssbauer parame-
ters of 0 = 0.15 mm/s and AE,= 0.54 mm/s (iron species 4, 71
% of all iron, red component) and 6 = 0.43 mm/s and AEy=1.70
mm/s (iron species 5, 7 % of all iron, purple component), as
well as unreacted 2 and 3 (26 % and 6 % of all iron, respec-
tively) (Fig S11, for 44 min and 80 min timepoints). Spin-quan-
titated 5 K EPR spectroscopy indicated that < 0.5 % of all iron
in solution during in situ generation of 4 was S = 1/2. Notably,
iron species 5 has Mdssbauer parameters similar to those of
iron(0) complexes, specifically Fe(n’-biphenyl)(dppbz) (Fig
S12) and Fe(n’-biphenyl)(SciOPP),” suggesting the assign-
ment Fe(n’-biaryl)(dppbz) (see Table 1). Analogous *"Fe Mss-
bauer studies indicate that 4 is stable at 55 °C for up to 2 h and
in the presence of additional Ar,Zn (10 equiv, see Fig S13).

Efforts to crystallize 4 under these conditions were unsuc-
cessful. Interestingly, an iron species with nearly identical
Maossbauer parameters to 4 was found to form in an analogous
triazole-assisted iron-catalyzed C-H functionalization system
involving 1 equiv each of FeCl,, 1,2-bis(diphe-
nylphosphino)ethane (dppe) and N-(2-[1-benzyl-1H-1,2,3-tria-
zol-4-yl]propan-2-yl)benzamide (H-sub-B) reacted with 3
equiv PhMgBr (see Scheme 1e).® Freeze-trapped solution 80 K
*"Fe Méssbauer spectroscopy of these stoichiometric conditions
indicate the formation of one predominate iron species (4%)
characterized by = 0.17 mm/s and AEq= 0.56 mm/s (97 % of
all iron, Fig S14). Fortunately, these conditions allowed for the
formation of air- and moisture-sensitive orange-red crystalline
needles obtained from a mixture of hexanes and THF at -30 °C.
SCXRD identified the structure of 4* as the cyclometalated
low-spin iron(Il)-phenyl dimer, [(sub-B)(dppe)(Ph)Fel,(p-
Mg(THF);) (Fig 4A). Notably, the iron monomers are charge-
balanced with a Mg(THF);*" bridge, allowing the dimer to have
an overall neutral charge. Furthermore, each iron center is co-
ordinated to sub-B and dppe and has replaced the THF molecule
with a phenyl molecule cis to the activated Fe-C bond in a dis-
torted octahedral geometry. The activated iron-C(sp’) bond
lengths, 1.976(3) and 1.981(3) A, are like those seen in 2 though
slightly shorter than the iron-Ph bond lengths, 2.036(3) and
2.039(3) A. The 80 K *"Fe Méssbauer spectrum of crystalline
4% is defined by 0 = 0.17 mm/s and AE,= 0.55 mm/s (Fig 4B,
see Fig S15 for solution). NMR ('H and *'P) spectra were col-
lected on crystalline 4* in THF-d” and are consistent with low-
spin iron(II) (see SI).

From the unambiguous structure of 4*, as well as > Fe Mss-
bauer analysis, 4 is assigned as the cyclometalated iron(II)-aryl
analog of 2 (i.e. aryl replaces THF). To evaluate the rate of
transmetalation of the aryl group, pseudo single turnover stud-
ies of in situ generated 4 from cyclometalated species 2 and 3
were conducted with 14 equiv of Ar,Zn at 55 °C and tracked by
freeze-trapped ~'Fe Mossbauer spectroscopy as a function of
time (Fig S16). From a pseudo-first order kinetic fit, the ob-
served rate constant of 0.06 £ 0.03 min" was estimated (Fig
S17), signifying that transmetalation occurred slower than C-H
activation though still sufficiently fast for catalytic relevance
(average turnover time of ~0.01 min™' during catalysis).

The presence of aryl ligand and cyclometalated substrate in 4
suggested that this species might be competent for C-C bond
formation. Therefore, reactivity studies using stoichiometric re-
actions of 4 with excess Ar,Zn and DCIB were conducted.
Freeze-trapped °'Fe Mssbauer spectroscopy was used to deter-
mine that 72 % of all iron initially present in stoichiometric con-
ditions involving 5 equiv of Ar,Zn at extended reaction time (90
min) at 55 °C was 4, in addition to small contributions from 5
(14 %), 2 (8 %) and 3 (5 %) (Fig S18). Aliquots of the in situ
distribution with and without 1 equiv of DCIB were chemically
quenched and analyzed by LC-MS analysis, which both showed
product formation (72 %) equal to the amount of 4 in solution.
Given that there is no change of iron speciation by *’Fe Moss-
bauer spectroscopy upon heating 4 for extended time periods
(i.e. no reaction), the product formation in the absence of DCIB
is attributed to the oxidation event of the quench rather than the
reductive elimination of iron. Thus, quantitated spectroscopic
methods which directly assess iron speciation are more reliable
in this case to evaluate in situ formed iron speciation than quan-
titation of organic products, which can artificially form due to
quenching procedures.”” ** Lastly, following the addition of
DCIB (1 equiv) to in situ 4 (72 % of all iron) at 55 °C for an
extended reaction time (50 min), freeze-trapped °'Fe Mdssbauer
analysis showed consumption of 4 and 5 (45 % and 14 %, re-
spectively), as well as the formation of a plethora of Fe(II) spe-
cies (Fig S18). Notably, the in situ quantities of activated iron
species 2 and 3 increase by a total sum of 14 %, suggesting that
iron(0) complex 5 was oxidized by DCIB and re-entered the
catalytic cycle. To determine the observed rate of reaction with
oxidant, Fe(acac); and dppbz in THF were added to a stirring
solution of H-sub-A with 5 equiv of Ar,Zn and reacted at 55 °C
for 80 minutes prior to the addition of 20 equiv DCIB (equiva-
lents of oxidant to iron under catalytic conditions). Consump-
tion of the arylated iron intermediate 4 by reaction with DCIB
was estimated by freeze-trapped, time-resolved *’Fe Mossbauer
studies to occur at an observed rate constant of 0.18 + 0.04 min’
"under pseudo-first order conditions (Fig S19-20). Conversely,
separate studies were conducted with complex 5 and DCIB.
FeCl, and dppbz were reacted with 5 equiv of ArMgBr to form
one predominate iron species with matching Mdssbauer param-
eters of complex 5 (6 = 0.43 mm/s, AE, = 1.70 mm/s, Fig S21).
Reaction of'in situ generated 5 (> 99 % of all iron) with 20 equiv
DCIB in THF at 55 °C results in rapid consumption of 5 (kops>
5 min™") to generate iron(I)-bisphosphine complexes, a reaction
rate far in excess of the rate of cyclometalated iron-aryl species
4 with oxidant.

DISCUSSION

In the present study, the use of freeze-trapped *’Fe Moss-
bauer, MCD and EPR spectroscopies combined with synthetic
and reaction studies defines the in situ formed iron species in
triazole-assisted iron-catalyzed C-H activation. These studies
provide the first direct spectroscopic and structural insight into
the nature of activated cyclometalated iron species central to
this catalysis, including critical insight into their molecular
structures, oxidation and spin states and their chemical transfor-
mations with Ar,Zn and oxidant. The major iron species identi-
fied to form in situ and their observed transformations are sum-
marized in Scheme 2.

Detailed spectroscopic studies suggest that the initial reaction
with Ar,Zn reduces Fe(IIT) to Fe(II) and generates a substrate-
bound, but non-activated intermediate of general formula



Scheme 2. Summary of observed iron intermediates and their reactive transformations in triazole-assisted iron-catalyzed C-H

activation.
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[Fe(sub-A)X,]" or [Fe(sub-A)(X)(THF)]. In the presence of
dppbz and excess Ar,Zn, C-H activation to the octahedral low-
spin iron(Il) dimer [(sub-A)(dppbz)(THF)Fel,(u-MgX,), as
well as its non-THF adduct analog, is facile, even at room tem-
perature. The quick generation of these cyclometalated interme-
diates precludes any definitive spectroscopic evidence of possi-
ble intermediates between 1 and 2/3 in stoichiometric reactions.
However, it is hypothesized that C-H activation may proceed
via arylation of 1 followed by subsequent activation coupled to
methoxybenzene formation, as previously proposed in compu-
tational studies by Shaik and Chen.**

Further reaction of 2 and 3 with additional Ar,Zn leads to
transmetalation to a cyclometalated iron(II)-aryl complex. Gen-
erated at a catalytically relevant rate, though slow in contrast to
activation, 4 reacts with DCIB to yield quantitative product for-
mation, indicating that 4 is the reactive species for C-C product
formation. It is interesting to note that at room temperature, the
generation of this arylated intermediate is extremely slow (only
20 % of all iron after 1 h of reaction time) (Fig S9). Therefore,
the high temperature in catalysis is likely needed for the for-
mation of 4, and hence for efficient C-C bond formation. The
observation that transmetalation has a high activation barrier
and is rate-determining is consistent with both previous calcu-
lations® and the in situ speciation during catalysis (activated
iron intermediates 2 and 3 are present in high quantities while
the iron-aryl species 4 is not visible, see Fig. 2).

Finally, stoichiometric reactions of in situ generated 4 and 5
with DCIB provide additional insight into the roles of the oxid-
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ant in catalysis. First, DCIB serves to oxidize off-cycle, reduced
iron species, such as 5, and transient on-cycle Fe(I) species
(vide infra), which then re-enter the catalytic cycle. Further-
more, DCIB promotes a reductive elimination pathway, as pre-
viously observed for other systems.'” Given that 4 does not react
in the absence of oxidant, a catalytic cycle involving the reduc-
tive elimination of Fe(Il) to generate Fe(0) is unlikely. Rather,
stoichiometric reactions suggest that the catalytic cycle pro-
ceeds through Fe(II)/Fe(Il)/Fe(1), as previously proposed by
detailed DFT mechanistic studies.” Here, 4 reacts with DCIB
to generate a transient Fe(I1I) complex, which reductively elim-
inates to form Fe(I) and product. Given that neither a Fe(III) or
Fe(I) complex is observed, even during catalysis, the oxidation
step from cyclometalated iron(II)-aryl to iron(IIT) must be slow
in comparison to reductive elimination and subsequent oxida-
tion of Fe(I). While the mechanism of this initial oxidation to
Fe(III) is not clear, it could proceed via outer-sphere oxidation
or displacement of a phosphine ligand.

Future studies will be directed towards the elucidation of the
mechanism underlying the C-C bond forming step, with spe-
cific focus towards the identification of these exceptionally
transient Fe(IIl) and Fe(I) species. Lastly, it is interesting to
note that similar cyclometalated iron(Il)-aryl intermediates are
accessible under varying reaction conditions (i.e. Ar,Zn vs.
ArMgBr and dppbz vs. dppe), suggesting that directed iron-cat-
alyzed C-H activation reactions may more broadly proceed
through related intermediates.



CONCLUSION

A key cyclometalated intermediate in the iron-catalyzed ary-
lation of C(sp*)-H bonds by triazole assistance was isolated and
identified as the diamagnetic iron(I) dimer [(sub-
A)(dppbz)(THF)Fe],(u-MgXs,). Reaction of this cyclometalated
intermediate with Ar,Zn leads to the formation of a cyclomet-
alated low-spin iron(Il)-aryl complex during the rate-determin-
ing catalytic transformation. The role of oxidant in these iron-
catalyzed directed C-H activations is twofold, in that it reacts
with the cyclometalated iron-aryl intermediate for C-H arylated
product formation and re-oxidizes iron(I) and iron(0) com-
plexes.

EXPERIMENTAL SECTION

General Considerations. Starting materials were synthesized
according to previously described methods.'™ ** All reagents
were purchased from commercial sources and were used with-
out further purification. Fe(acac); and “'FeCl, were synthe-
sized following a literature procedure using >’Fe metal (95% en-
riched) purchased from Isoflex. All air and moisture sensitive
manipulations were carried out in a MBraun inert-atmosphere
N,) glovebox equipped with a direct liquid nitrogen inlet line.
All anhydrous solvents were freshly dried using activated alu-
mina and 4A molecular sieves and stored under inert-atmos-
phere.

’Fe Méssbauer Spectroscopy. The solid samples 2 and 4* for
*’Fe Mossbauer spectroscopy were made from *’Fe-enriched
material and isolated from solvent. Dilute freeze-trapped solu-
tion samples for °'Fe Mdssbauer were prepared from °'Fe(acac)s
or *’FeCl, to enable data collection. All samples were prepared
in an inert-atmosphere glovebox equipped with a liquid nitro-
gen inlet line to freeze samples to 77 K within the glovebox.
Each sample was loaded into a Delrin Mssbauer sample cup
for analysis and loaded under liquid nitrogen. >'Fe Méssbauer
measurements were performed using a SeeCo. MS4 Mossbauer
spectrometer integrated with a Janis SVT-400T He/N, cryostat
for measurements at 5 and 80 K with a 0.07 T applied magnetic
field. Isomer shifts were determined relative to a-Fe at 298 K.
All Méossbauer spectra were fit using the program WMoss
(SeeCo). Errors of the fit analyses were the following: J £ 0.02
mm/s and AEq+ 3%. For multicomponent fits, the quantitation
errors were = 3% (e.g., 50 + 3%).

Magnetic Circular Dichroism (MCD) Spectroscopy. All
samples for MCD spectroscopy were prepared in an inert-at-
mosphere glovebox equipped with a liquid nitrogen fill port to
enable sample freezing to 77 K within the glovebox. MCD sam-
ples were prepared in 1:1 (v/v) THF / 2-MeTHF (to form low
temperature optical glasses) in copper cells fitted with quartz
disks and a 3 mm gasket. Low temperature near-infrared (NIR)
experiments were conducted with a Jasco J-730 spectropolar-
imeter and a liquid nitrogen cooled InSb detector. A modified
sample compartment incorporating focusing optics and an Ox-
ford Instruments SM4000-7T superconducting magnet/cryostat
was utilized. This setup permits measurements from 1.6 to 290
K with magnetic fields up to 7 T. A calibrated Cernox sensor
directly inserted in the copper sample holder is used to measure
the temperature at the sample to 0.001 K. All MCD spectra were
baseline-corrected against zero-field scans. VTVH-MCD spec-
tra wgzre3 . analyzed using previously reported fitting proce-
dures.”™ ™

Electron Paramagnetic Resonance (EPR) Spectroscopy.
Catalytic reaction solution samples for EPR spectroscopy were
prepared directly from the reaction mixture as reported in liter-
ature under N, atmosphere.12 In situ stoichiometric reaction
samples were prepared directly from the reactions as described.
All samples for EPR spectroscopy were prepared in an inert-
atmosphere glovebox equipped with a liquid nitrogen inlet line
to enable sample freezing to 77 K within the glovebox. EPR
samples for spin integration were prepared in high precision 4
mm OD Suprasil quartz EPR tubes from Wilmad Labglass to
allow for direct comparison of intensities between different
samples. X-band EPR spectra were recorded on a Bruker EMX-
plus spectrometer equipped with a 4119HS cavity and an Ox-
ford ESR-900 helium flow cryostat. The instrumental parame-
ters employed for all samples were as follows: 1 mW (power),
41 ms (time constant), 8 G (modulation amplitude), 9.38 GHz
(frequency) and 100 kHz (modulation frequency). Samples ex-
hibiting S = 1/2 EPR spectra were spin integrated using an 8.3
mM CuSOQ, standard under non-saturating conditions. Identical
instrumentation parameters were used for both iron and stand-
ard samples.

Liquid chromatography mass spectrometry (LC-MS). LC-
MS measurements were performed using an Agilent Technolo-
gies 1260 Infinity II liquid chromatogram with a Restek Ultra
C18 column and Advion Expression L mass spectrometer uti-
lizing the electron spray ionization method. All LC-MS samples
were made to a concentration of 1 mM. Details of method used
were as follows: 5 pL (injection volume), 1:1 water / acetoni-
trile with 0.1 % methanol (solvent mixture) and 28 minutes (to-
tal run time).

'H, *H and 3'P Nuclear Magnetic Resonance (NMR) spec-
troscopy. Spectra were recorded on a Bruker 400 MHz at am-
bient temperature. Chemical shifts (8) were recorded in parts
per million (ppm) and, in the case of '"H NMR, were referenced
relative to residual solvent and solvent peaks (d’-THF 1.73 /
3.58).
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