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ABSTRACT: Dipyrromethene ligand scaffolds were synthesized bearing large

H
aryl (2,4,6-Ph3C¢H,, abbreviated Ar) or alkyl (‘Bu, adamantyl) flanking groups to "":l
afford three new disubstituted ligands (RL, 1,9-R,-S-mesityldipyrromethene, R =
aryl, alkyl). While high-spin (S = 2), four-coordinate iron complexes of the type
("L)FeCl(solv) were obtained with the alkyl-substituted ligand varieties (for R =
‘Bu, Ad and solv = THF, OEt, ), use of the sterically encumbered aryl-substituted ©/\
ligand precluded binding of solvent and cleanly afforded a high-spin (S = 2),
three-coordinate complex of the type (**L)FeCl. Reaction of (*'L)FeCI(OEt,)
with alkyl azides resulted in the catalytic amination of C—H bonds or olefin
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aziridination at room temperature. Using a 5% catalystloading, 12 turnovers were NaR

obtained for the amination of toluene as a substrate, while greater than 85% of alkyl azide was converted to the corresponding
aziridine employing styrene as a substrate. A primary kinetic isotope effect of 12.8(5) was obtained for the reaction of
(AdL)FeCl(OEtZ) with adamantyl azide in an equimolar toluene/toluene-dg mixture, consistent with the amination proceeding
through a hydrogen atom abstraction, radical rebound type mechanism. Reaction of p-BuC¢H,N; with (*L)FeCl permitted
isolation of a high-spin (S = 2) iron complex featuring a terminal imido ligand, (ML)FeCI(N(p-tBuC6H4) ), as determined by "H
NMR, X-ray crystallography, and *’Fe Mdssbauer spectroscopy. The measured Fe—Njy4. bond distance (1.768(2) A) is the
longest reported for Fe(imido) complexes in any geometry or spin state, and the disruption of the bond metrics within the imido aryl
substituent suggests delocalization of a radical throughout the aryl ring. Zero-field *’Fe Mdssbauer parameters obtained for
(AIL)FeCI(N(p—tBuC6H4)) suggest a Fe' formulation and are nearly identical with those observed for a structurally similar, high-
spin Fe'' complex bearing the same dipyrromethene framework. Theoretical analyses of (**L)FeCI(N(p-BuC¢H,)) suggest a
formulation for this reactive species to be a high-spin Fe'" center antiferromagnetically coupled to an imido-based radical (J = —
673 cm” ). The terminal imido complex was effective for delivering the nitrene moiety to both C—H bond substrates (42% yield) as
well as styrene (76% vyield). Furthermore, a primary kinetic isotope effect of 24(3) was obtained for the reaction of
(AIL)FeCI(N(p—tBuC6H4)) with an equimolar toluene/toluene-dg mixture, consistent with the values obtained in the catalytic
reaction. This commonality suggests the isolated high-spin Fe' imido radical is a viable intermediate in the catalytic reaction

athway. Given the breadth of iron imido complexes spanning several oxidation states (Fe'—Fe") and several spin states (S =0—>
/»), we propose the unusual electronic structure of the described high-spin iron imido complexes contributes to the observed
catalytic reactivity.

I. INTRODUCTION

Introducing functionality into unactivated C—H bonds re-
mains a significant challenge both in the realm of complex
molecule synthesis as well as in the elaboration of simple
hydrocarbon  feedstocks into value-added commodity
chemicals."” Biological C—H bond functionalization is primarily
performed by iron-containing enzymes that utilize dioxygen as
the terminal oxidant. A key structural element of the putative
hydroxylation catalyst in both heme (where iron is embedded in
a porphyrin) and non-heme systems is a transiently formed
terminal iron oxo species, typically thought to involve multiple-
bond character.”* Furthermore, the reactivity of this intermedi-
ate is believed to be dictated by its electronic structure.”” In
non-heme enzymes four such Fe' (oxo0) complexes have been
characterized, and their reactivity has been linked to a common
electronic feature: namely a high-spin ground state (S = 2).*
However, an isolable, high-spin synthetic analogue has not
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been reported that mimics the catalytic transfer of the metal—
ligand multiply bonded functionality found in the biological
systems.® 3

Parallel to the work targeted at iron-mediated hydroxylation
chemistryy, C—H bond amination'**° and olefin
aziridination'*'**' ™% have been the focus of much recent
synthetic work, although many mechanistic details and their
interplay in effecting chemo- and regioselectivity remain poorly
understood. The synthesis and characterization of Fe(imido)
complexes as isoelectronic surrogates to Fe(oxo) functionalities
have been targeted in the pursuit of effecting viable catalytic
delivery of the nitrene functional unit to a C—H bond or olefinic
substrates. Iron imido complexes have now been characterized in
four oxidation states spanning a range of spin states (Fe'’, § = 0;**
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Scheme 1. Ligand and Metal Complex Syntheses
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Table 1. Spectral and Magnetic Properties of Complexes 1—4

complex Ut () S
("L)FeCl(thf) 5.2(2) 2
(““L)FeCI(OE,) (1) 5.1(1) 2
(*"L)FeCl (2) 5.1(2) 2
[(*"L)FeCl],(u-N(Ph)(CeH)N) (3) 7.8(2) 5/2,5/2
(*"L)FeCI(NC4H4-p-Bu) (4) 5.3(1) 2

“UV/vis reported for pyridine adduct. * Recorded at 105 K.

A/nm (¢/M ' em™ ) 0 (mm/s)® |AEq| (mm/s)®
497 (40 000)"
494 (59000)* 0.98 3.70
554 (26000) 0.68 0.68
551 (27000) 033 215
553 (26000) 029 229

Felll § =1/, 1,3/, 25 30 RelV g = 131733 eV g — 1/.34) yng
have been shown to engage in group transfer to carbon monoxide
to produce isocyanates™° and to isocyanides to produce
carbodiimides,> undergo hydro%enation,27 and perform H atom
abstraction from C—H bonds.”®*” Herein we report room-
temperature, catalytic C—H bond and olefin functionalization
from a transiently formed, high-spin (S = 2) iron imido complex.

Il. RESULTS AND DISCUSSION

During our investigations of iron dipyrromethene complexes
as heme surrogates, we observed that reaction of an Fe'' complex
with organic azides led to facile intramolecular delivery of the
nitrene functional group into a ligand C—H bond.>” The reaction
was postulated to proceed via a high-valent Fe'"(NR) species,
akin to the hydroxylation pathway of cytrochrome P450 and its
functional analogues.”®*” Extending this reactivity to an inter-
molecular reaction required removal of reactive C—H bonds
from the ligand platform. Thus, dipyrromethene platforms were
targeted featuring sterically encumbered aryl or alkyl substituents
that lack weak C—H bonds to circumvent intramolecular C—H
bond activation pathways. Pyrroles substituted in the 2-position
were afforded using modified Negishi coupling for 2-arylpyrroles
and directed Friedel—Cerafts alkylations for 2-alkylpyrroles. For
example, 2,4,6-Ph;-C¢H,Br was cleanly coupled to sodium
pyrrolide to afford 2-Ar(pyrrole) using conditions outlined by
Sadighi and co-workers (3 equiv of sodium pyrrolide, 3 equiv of
ZnCl,, Pd,(dba)s (0.67%)/S-Phos (1.33%); THF, 90 °C, 24 h,
84%; Ar = 2,4,6-Ph;C4H,; see Scheme la).40 Alkyl-substituted
pyrroles were synthesized in good yields by reaction of the
corresponding alkyl chloride (R-Cl), AlCl;, and ethyl pyrrole-2-
carboxylate following decarboxylation (KOH, glycol, 200 °C, 12

h, R = adamantyl 88%, R = ‘Bu 65%).*"** Disubstituted
dipyrromethene ligands (*L, X = 1,9-substituent) were prepared
using literature procedures to produce the ligands in good overall
yields ((*"L)H, 49%; (‘"®"L)H, 73%; (“'L)H, 71%; Scheme 1b).*’
Dipyrromethene deprotonation with phenyllithium in thawing
benzene afforded the lithium salts (*"L)Li, (**"L)Li, and (**L)Li
as brightly colored powders in nearly quantitative yields (88—
92%) for subsequent transmetalation to iron (Scheme 1b).
Formation of the iron dipyrromethene complexes proceeds
cleanly from reaction of the lithio dipyrromethene species with a
thawing slurry of FeCl, in an ethereal solvent. For example,
reaction of (**L)Li with FeCl, in thawing diethyl ether cleanly
affords the solvated complex (*IL)FeCl(OEt,) (1) as a lumines-
cent green-brown solid following precipitation (yield $8%;
Scheme 1c). Utilizing the aryl-substituted ligand (“"L)Li under
similar reaction conditions affords the three-coordinate species
(“L)FeCl (2) as a bright purple solid following crystallization
(46%). The compositions and purity of 1 and 2 were established
by 'H NMR, UV—visible spectroscopy, >’Fe Mdssbauer spec-
troscopy, and combustion analysis, the data of which are
compiled in Table 1. The respective geometries of four-coordi-
nate 1 and three-coordinate 2 were verified by X-ray diffraction
studies on a single crystal of each (Figure 1; see the Supporting
Information). The solid-state molecular structure of 1 shows a
trigonal-pyramidal geometry with a diethyl ether molecule cap-
ping the pyramid. Complex 2 has a trigonal-planar geometry
about iron, wherein the large 2,4,6-Ph3CsH, ligand substituents
flank iron above and below the [N,FeCl] plane. The average
bond lengths of the four-coordinate complex (Fe—Nj =
2.035(4) A, Fe—Cl = 2.249(1) A) are expanded relative to
three-coordinate species (Fe—Np = 1.966(7) A, Fe—Cl =
2.154(2) A). The shorter bond lengths in the three-coordinate
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Figure 1. Solid-state molecular structures for (a) ("®"L)FeCl(thf), (b) (*L)FeCI(OEt,) (1), and (*"L)FeCl (2) with thermal ellipsoids at the 50%
probability level. Color scheme: Fe, orange; Cl, green; C, black; N, blue. Hydrogens, solvent molecules, and aryl ring disorder in 2 are omitted for clarity.
Bond lengths (A) are as follows. (B"L)FeCl(thf): Fe—N1,2.026(2); Fe—N2,2.028(2); Fe—Cl,2.255(1); Fe— 0, 2.077(2). (**L)FeCI(OEt,) (1): Fe—
N1, 2.028(3); Fe—N2, 2.042(3); Fe—Cl, 2.250(2); Fe—0, 2.090(2). (L)FeCl (2): Fe—N1, 1.966(5); Fe—N2, 1.966(3); Fe—Cl, 2.154(2).

Table 2. LC/MS ("H NMR) Yields at Various Temperatures
of Products Generated in Catalytic Amination Reaction with 1

yield/1072 mmol

temp/°C BnAdNH PhC(H)NAd AdNH, PhCH,CH,Ph TON

25 65(48) 0.19(020) 012 6.7(5.0)
60  98(11)  0.19(0.10) 046 (0.17) 10(11)
90  81(8.1) 058(0.72) 21 (0.81) 8.7(8.8)
120 57(56) 029(0.13) 16 (17) 6.0(5.7)

species are likely a result of both decreased steric repulsion and
the increased electrophilicity of iron in the absence of a fourth
donor. The room-temperature solution magnetic moments
determined using the method of Evans are 5.2(2) up for 1 and
5.1(2) ug for 2, both consistent with high-spin (S =2) iron(11).*
Zero-field >’Fe Mossbauer analysis of 1 (0, |AEq| (mm/s) 0.98,
3.70) and 2 (9, |AEq| (mm/s) 0.67, 0.68) corroborate this
assignment (see Table 1). The three-coordinate iron chloride 2
features an isomer shift lower than for the other four-coordinate
dipyrromethene Fe' complexes and a particularly small quadru-
pole splitting, though these unusual parameters are similar to
those reported for structurally similar trigonal-planar, three-
coordinate 3-diketiminate complexes.

As the reaction of organic azides with (***L)FeCI(THF) gives
rise to intramolecular amination of a ligand C—H bond,>” we
canvassed the reactivity of complex 1 with organic azides. When
alkyl azides (e.g., (H3C)3CNGj, 1-azidoadamantane) are added to
1 in toluene, rapid azide consumption is evident and the product
of intermolecular nitrene insertion into a benzylic C—H bond of
toluene (PhCH,NHR) is observed. Catalytic turnover is ob-
served at room temperature when multiple equivalents of azide
are used. Reactions of 1-azidoadamantane (N3Ad) with 1 in
toluene at room temperature yielded a mixture of benzylada-
mantylamine (95%), benzyladamantylimine (2.8%), and ada-
mantylamine (1.8%) for a total of 6.7 turnovers (TON) (see
Table 2). The turnover is maximized by running the reaction at
60 °C (TON = 10—12) but decreases substantially at elevated
temperatures (TON: 8.7 at 90 °C; 6 at 120 °C). The ratios of the
amination products change at elevated temperatures as well (at
120 °C: benzyladamantylamine (75%), benzyladamantylimine
(4%), and adamantylamine (21%)). At elevated temperatures
(60—120 °C) the presence of 1,2-diphenylethane (product of

coupling two PhCH,") is also detectable by 'H NMR. While
elevated temperatures may facilitate amine dissociation from the
iron catalyst, it does so at the expense of the thermal stability
of the iron catalyst. Complex 1 is also effective for nitrene
delivery to olefinic substrates. Near-quantitative nitrene transfer
was observed when 1 is reacted with N3Ad in styrene at
room temperature, giving 85% of the corresponding aziridine
(17 TON based on 20 equiv of azide).

Catalysis screens for the amination of toluene showed com-
plex 1 to be the most active, whereas the tert-butyl analogue
(*P"L)FeCl(thf) only showed evidence for 5.6 turnovers at 60 °C,
and complex 2 showed only trace amounts of aminated product
by mass spectrometry. While THF found in the precatalyst (e.g.,
(*L)FeCI(thf)) is tolerated during catalysis, adding additional
THE to the reaction suppresses amination. Addition of 5 equiv of
THF to an amination reaction (20 equiv of N3Ad/[1]) yields
only 50% benzyladamantylamine with respect to the iron catalyst
1. Addition of 50 equivalents of THF completely suppresses the
reaction, as THF presumably outcompetes the azide from
binding to the catalyst. Addition of a Lewis acid promoter (i.e.,
1 equiv of B(C4Fs)3) to scavenge THF from the precatalyst did
not increase the turnover observed for any of the precatalysts
screened. Furthermore, the reaction is impeded by product
inhibition. Addition of 10 equiv of adamantylamine or 15 equiv
of benzyladamantylamine to 1 under typical catalytic conditions
(5% 1, toluene 60 °C) suppresses the catalytic amination to an
undetectable amount.

The detection of 1,2-diphenylethane during the formation of
benzyladamantylamine strongly suggests that an H atom abstrac-
tion pathway is operative. As a probe for direct H atom transfer, a
competition experiment employing a 1:1 ratio of toluene to its
perdeuterio analogue provides a kinetic isotope effect, kyz/kp, of
12.8(S) for precatalyst 1. The ky;/kp ratio is consistent with a
C—H bond-breaking event contributing to the rate-determining step
and the reaction proceeding by a hydrogen atom abstraction/
rebound mechanism, as illustrated in Scheme 2. The observed
KIE exceeds the values Che and co-workers r\%)orted for
stoichiometric C—H amination from isolated Ru"" bis-imido
complexes (KIE: 4.8—11)** and those reported by Warren and
co-workers for nitrene delivery from a putative [Cu],(imido)
complex (KIE: 5—6),* though the isotope effect reported for
ethylbenzene amination by a Cu(amido) species is substantially
higher (KIE: 70).*® The large KIE value exceeds the classical
value for hydrogen atom transfer (6.5)*" and is thus suggestive of
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Scheme 2. Proposed Catalytic Cycle for the Amination of
C—H Bonds by Reaction of 1 with Organic Azides

Radical [Fe''CI{OEL,)] (1)

recombination

@ [FeCl(L)]

Ligand exchange

[FeCI(N;Ad)]
H
+ H.
H)\@

Imido formation

H-atom transfer

[FeCI(NAd)]

H atom tunneling akin to that observed in TauD monooxy-
genases (KIE: 37)* and several Fe'Y-oxo model complexes
reported by Que and Nam (KIE: 18—50).'°7>*

While our proposed mechanism suggests the intermediacy of
an Fe" imido complex prior to the rate-determining step of H
atom abstraction, we sought to validate this hypothesis via
isolation or characterization of the putative intermediate. React-
ing a thawing solution of 2 in benzene with a stoichiometric
amount of phenyl azide quantitatively produces a "H NMR silent
complex following consumption of the azide, as ascertained by
the disappearance of the azide stretch (vy,) by infrared spec-
troscopy. An X-ray diffraction study on crystals grown from the
reaction mixture revealed the product to be the bimolecularly
coupled species [ (*"L)FeCl],(u-N(Ph)(C4Hs)N) (3), shown in
Scheme 3, the solid-state molecular structure of which is shown
in Figure 2a. The coupled product 3 presumably arises from
radical coupling of two monomeric (*"L)FeCl(NPh) moieties to
intermolecularly form a new N—C bond. Complex 3 features
chemically distinct amide N(Ph)R ligation to one iron center
(Fe2) and ketimide ligation to the second (Fel). The (NPh)
ketimide formulation is supported by the dearomatization of the
C1—C6 ring, featuring localized double bonds (C2—C3 =
1.328(3) A, C5—C6 = 1.331(3) A, C1—N6 = 1.276(3) A).
The room-temperature magnetic moment for 3 is 7.8(2) us,
slightly lower than the calculated value of 83 up for two
noninteracting high-spin Fe'" centers (S = °/,). The Fe'
formulation is corroborated by zero-field >’Fe Mossbauer anal-
ysis of 3 at 100 K, which reveals that both iron centers in 3 have
isomer shifts and quadrupole splitting parameters consistent with
high-spin Fe™ (0, |AEq| (mm/s) 0.33, 2.15). The parameters
are significantly distinct from those of both the Fe' precursor 2
(0, |AEq| (mm/s) 0.68, 0.68) and the four-coordinate Fe'
species 1 (0, |AEq| (mm/s) 0.98, 3.70) (Table 1).

In an effort to obtain a monomeric imido complex, 2 was
reacted with p-"BuC¢H,N3, where the aryl para substitution was
selected to sterically prevent the radical coupling pathway
observed in the formation of 3.%* In contrast to the dimerization
observed in the reaction of 2 with phenyl azide, a new product
from the reaction of 2 with p-"BuC¢H,Nj is easily discernible by

"H NMR as a C,-symmetric species distinct from the starting
material. The room-temperature magnetic moment for this
species is 5.3(1) up, consistent with an S = 2 complex. Zero-
field >’Fe Mossbauer analysis of the crude reaction product at
100 K reveals a single iron-containing species (0, | AEq| (mm/s)
0.29, 2.29) that is nearly superimposable with the spectrum
obtained for 3, suggesting the new product also contains Fe'"
(Figure 3a).

An X-ray diffraction study on single crystals grown from the
reaction of 2 with p-"BuC¢H,Nj revealed the product to be a
monomeric species bearing a terminally bound imido ligand,
(“L)FeCI(NC¢H,-p-Bu) (4) (Figure 2b). The Fe—Cl
(2210(1) A) and Fe—Np (2.005(2) A) bond lengths are
consistent with those found in the bimolecularly coupled Fe™
dimer 3. The Fe—NAr bond length in 4 (1.768(2) A) is
elongated relative to those in previously reported terminal imido
complexes (e.g, [PhBP;]Fe(N-tol) 1.658(2) A, S = '/,;**
(Menacnac)Fe(NAd) 1.662(2) A, S = 3/,;*° (*'PDI)Fe(NAr)
1.705—1.717 A, S = 1;”” [(N4Py)Fe(NTs)]** 1.73 A, § = 1°%),
suggesting any iron—imido multiple-bond character is severely
attenuated. To account for the anomalously long Fe—NAr bond
length in 4, the similar MOssbauer parameters for 3 and 4, and the
observed magnetic moment of monomeric 4, we propose 4 is
comprised of a high-spin Fe'" (d°, § = °/,) center antiferromag-
netically coupled to an imido-based radical (S = '/,). The
presence of an aryl-delocalized radical can be gleaned from the
C—C bond distances within the nitrene aryl ring (N3—Cl,
1.331(2) A; C1—C2, 1.423(3) A; C2—C3, 1.372(3) A; C3—C4,
1.406(3) A; C4—Cs, 1.405(3) A; C5—C6, 1.378(3) A; C6—Cl1,
1.414(3) A).*® In comparison , for a para-substituted Fe'"" imido
species that does not feature radical character, the average bond
distances within the imide aryl moiety are C—N = 1.383 A,
Cipso—Cortho = 1401 A, Corino— Crnera = 1.378 A, and Cppera—
Cpara = 1.387 A% Probing the electronic structure by DFT
corroborates the proposed electronic structure. Broken-symme-
try calculations estimate the antiferromagnetic magnetic ex-
change coupling ()*® to be —673 cm ™' and the calculated
Mossbauer parameters match well with those observed for 4
(calculated 0, |AEq| (mm/s) 0.34, —2.00).>”** The calculated
spin density plot (a0 — f3) for 4, shown in Figure 3b, illustrates
this exchange interaction.

Gratifyingly, monomeric 4 is a reactive source of arylnitrene.
Complex 4 reacts rapidly with 1,4-cyclohexadiene to produce
H,N(C4H4-p-Bu) and benzene, in addition to reacting with
PMe,Ph to produce the phosphinimide Me,PhP=N(C4zH,-p-Bu)
and 2. Stirring 4 in toluene at room temperature produces the
benzylic C—H amination product PhCH,NH(C4sH,-p-Bu)
(42% yield by "H NMR), where the remainder of the aryl azide
is converted into the free aniline. The kinetic isotope effect for
the putative imido species 4 was determined via a competition
experiment employing a 1:1 ratio of toluene to its perdeuterio
analogue, providing a kinetic isotope effect, kyy/kp, of 24(3).
While this value exceeds the kinetic isotope effect determined for
precatalyst 1, it is of the same order of magnitude and suggests
complex 4 is representative of the transient group transfer
reagent formed in the catalytic runs employing 1 as a precatalyst.
Reacting 4 with styrene (200 equiv) at room temperature
produces the aziridine Ph(CHCH,)N(C¢H,-p-Bu) in good
yield (76% by 'H NMR). One competitive reaction pathway
observed in the aziridination reaction is the radical polymeriza-
tion of styrene initiated by 4, though this could be minimized by
dilution of the styrene substrate. In both the amination and
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Scheme 3. Synthesis of the Bimolecularly Coupled Fe'"" Imido Precursor 3 and the Terminal Imido Complex 4 with a Delocalized
Imido-Based Radical, Fe'"("NAr), and Their Subsequent Reactivity with C—H Bonds
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- Ar

\\

\
9_@- b M N\Fe,iN
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——— N 7
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(4)

H H
Ar Cl L fag
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d / 80°C ,IJ
Ar Z H

Figure 2. Solid-state core molecular structures for (a) 3 and (b) 4. Ligand aryl substituents, hydrogen atoms, and solvent molecules are omitted for
clarity. Bond lengths (A) are as follows. For 3: Fel —N3, 1.810(2); Fel—Cl1, 2.202(1); C1—N3, 1.276(3); C1—C2, 1.462(4); C2—C3,1.328(3); C3—
C4, 1.490(4); C4—C5, 1.489(4); C5—C6, 1.331(3); C6—Cl1, 1.462(4); N4—C4, 1.484(3); Fe2—Cl2, 2.228(1); Fe2—N4, 1.886(2). For 4: Fe—Cl,
2.210(1); Fe—N3, 1.768(2); N3—Cl, 1.331(2); C1—C2, 1.423(3); C2—C3, 1.372(3); C3—C4, 1.406(3); C4—CS, 1.405(3); C5—C6, 1.378(3); C6—

Cl1, 1.414(3).

aziridination reactions free amine, HZNC6H4-p-tBu, was ob-
served by HR-MS, and 2 was formed as the predominant iron-
containing product, as ascertained by "H NMR. Heating 4 in the
presence of substrate leads to decreased yields of the correspond-
ing amine and aziridine products. Traces of diazene (RN=NR)
are also observable in the HR-MS of pure 4, though how it forms
remains unclear. Furthermore, dimeric 3 is also a reactive source
of phenylnitrene, affording PhCH,NHPh upon heating 3 in
toluene to 80 °C (observed by HR-MS). Thus, dimeric 3 must be
in equilibrium with its monomeric precursor, (A"L)FeCI(NPh),
which reacts analogously to 4 to effect intermolecular C—H bond
amination (Scheme 3).

Given the reactivity observed for 4, we propose that an imido
radical strongly coupled to a high-spin Fe'ion, (L)Fe™CI(*NR),
is the putative group-transfer reagent in both the amination and
aziridination catalytic processes. The reactive species reported
herein is a departure from the typical Fe'” assignment invoked in
Fe-mediated group transfer catalysis.>>** The isolation of the
stable terminal imido radical 4 and the imido precursor 3 lend

4921

support to this assignment. Reaction with alkyl azides in the
catalytic reaction should localize the radical character on the
imido N, giving rise to the observed enhanced reactivity toward
C—H bond or olefinic substrates. We attribute the observed
group transfer catalysis to the electronic structure, more specifi-
cally the localized radical character on the imido N, as the
reactivity reported here is distinct from that of other Fe(imido)
complexes.”* 3**5% Metal imido complexes which bear radical
character on the imido fragment have been invoked in other
transition-metal complexes to explain the observed reactivity.***¢"
Warren and co-workers invoke a terminal Cu™ (imido) species”’
and have demonstrated that a terminal Cu"(amido) com-
pound,* both of which are proposed to have radical character
at N, are key intermediates in their C—H bond amination
chemistry. A cobalt(IIl) imido species, reported by Theopold,
which aminates an intramolecular C—H bond is also believed to
have nitrogen radical character at room temperature despite a
diamagnetic ground state.” Thus, while the terminal imido
radical bound to a ferric center (4) is the first example of an
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Figure 3. Terminal imido radical complex 4 exhibiting Mossbauer metrical parameters nearly identical with those of the bimolecularly coupled diferric 3,
illustrated in (a) by the zero-field 100 K 3’Fe Mossbauer spectral data, presented as black dots with spectral fits as solid lines (6, |AEq| (mm/s)): F 2
(red) 0.68, 0.68; (Fe™), 3 (green) 0.33, 2.1S; Fe(*NAr) 4 (blue) 0.29, 2.29) and antiferromagnetic coupling between the high-spin Fe'" ion with the
terminal imido radical in 4, illustrated in (b) by the calculated spin density population (ot — 3) for 4 (S = 2) by DFT (B3LYP/TZVP, SV(P); ORCA 2.7°%).

isolated complex featuring this type of high-spin electronic
configuration, the electronic structure may arise in other syn-
thetic and biochemical catalytic cycles.4’7’63_66

Ill. CONCLUSIONS

Catalytic C—H bond amination and olefin aziridination have
been observed from the reaction of organic azides with a simple
iron(II) coordination complex supported by dipyrromethene
ligands. Kinetic isotope analysis of the amination reaction
suggests the C—H bond-breaking event contributes to the
rate-limiting step of the reaction, followed by a radical rebound.
Isolation of a reactive intermediate reveals the putative nitrene-
delivery precursor to be a high-spin (S = 2) iron complex
featuring a terminal imido ligand. Crystallographic, spectro-
scopic, and theoretical analyses suggest a formulation for this
reactive species to be a high-spin iron(III) center antiferromag-
netically coupled to an imido-based radical. The terminal imido
complex was effective for delivering the nitrene moiety to both
the C—H bond and olefinic substrates. The similarities observed
in the kinetic isotope effects observed during catalytic runs and
those using the isolated imido suggest the high-spin Fe'"(imido
radical) is representative of the group transfer reagent in the
catalytic sequence. Given the breadth of iron imido complexes
spanning several oxidation states (Fe"'—Fe") and several spin
states (S = 0 — 3/,), we propose that the unusual electronic
structure of the described high-spin iron imido complexes
contributes to the observed catalytic reactivity. The high-spin
nature and radical nitrene character serve to destabilize the Fe—
imido bond, which presumably leads to the observed reactivity.
Work is currently underway to determine the generality and
scope of the nitrene-transfer reaction and to find whether this
group transfer reaction pathway is amenable for the delivery of
other functional groups.
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